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Abstract Recently, a solution theory for one-dimensional stochastic PDEs of Burgers
type driven by space-time white noise was developed. In particular, it was shown that
natural numerical approximations of these equations converge and that their conver-
gence rate in the uniform topology is arbitrarily close to é. In the present article we
improve this result in the case of additive noise by proving that the optimal rate of
convergence is arbitrarily close to %
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1 Introduction

The goal of this article is to study numerical approximations of stochastic PDEs of
Burgers type on the circle T = R/(277Z) given by

du = [vAu + F(u) + G(u)oyuldt + odW(t), u(0) = u®, (1.1)

Here, u : Ry x T x @ — R", where (2, F, P) is a probability space, A = 8)% is
the Laplace operator on the circle T, the derivative 9, is understood in the sense of
distributions, the function F : R" — R" is of class C!, the function G : R" — R"*"
is of class C*°, and v, 0 € R are positive constants. Finally, W is an L>-cylindrical
Wiener process [6], i.e. Eq.(1.1) is driven by space-time white noise. The product
appearing in the term G (u) 0, u is matrix-vector multiplication.

The difficulty in dealing with (1.1) comes from the nonlinearity G (u)d,u and is
caused by the low space-time regularity of the driving noise. Indeed, it is well-known
that the pairing
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C¥ x CP > (v, u) > vou

is well defined if and only if « + 8 > 1 (see Appendix 1; [2]). On the other hand, one
expects solutions to (1.1) to have the spatial regularity of the solution of the linearised
equation

dX(t) = vAXdt +odW(1). (1.2)

For any fixed time 7 > 0, the solution to the stochastic heat equation (1.2) has Holder
regularity o < %, but is not %—Hélder continuous (see [6,17,29]). This implies in
particular that the product G(X)d, X is not well-defined in this case, and it is not a
priori clear how to define a solution to the Eq. (1.1).

In the case G = 0 this problem does of course not occur. Equations of this type
and their numerical approximations were well studied and the results can be found in
[15,16]. Moreover, it was shown in [5] that the optimal rate of uniform convergence
in this case is % — k, for every k > 0, as the spatial discretisation tends to zero.

For non-zero G, the difficulty can easily be overcome in the gradient case, i.e. when
G = V(G for some smooth function G : R” — R”. In this case, postulating the chain
rule, the nonlinear term can be rewritten as

G (u(t, x)) oxu(t, x) = 0:G (u(t, x)), (1.3)

which is a well-defined distribution as soon as u is continuous. The existence and
uniqueness results in the gradient case can be found in [7,14]. In the article [1], the
finite difference scheme was studied for the case G (1) = u, and Lz—convergence was
shown with rate y, for every y < % The same rate of convergence was obtained in
[3] in the L* topology for Galerkin approximations.

For a general sufficiently smooth function G, a notion of solution was given in [18].
The key idea of the approach was to test the nonlinearity with a smooth test function
¢ and to formally rewrite it as

T

/n 0(x)G (u(t, x)) dyul(t, x)dx =/ 0(x)G (u(t, x)) dyu(t, x). (1.4)

-7 -7

As it was stated above, we expect u to behave locally like the solution to the linearised
equation (1.2). It was shown in [18] that the latter can be viewed in a canonical way as
a process with values in a space of rough paths. This correctly suggests that the theory
of controlled rough paths [11,12] could be used to deal with the integral (1.4) in the
pathwise sense. The quantity (1.4) is uniquely defined up to a choice of the iterated
integral which represents the integral of u with respect to itself. This implies that for
different choices of the iterated integral we obtain different solutions, which is similar
to the choice between Itd and Stratonovich stochastic integrals in the theory of SDEs.
In the present situation however, there is a unique choice for the iterated integral which
respects the symmetry of the linearised equation under the substitution x — —x, and
this corresponds to the “Stratonovich solution”. This natural choice is also the one for
which the chain rule (1.3) holds in the particular case when G is a gradient.
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Using the rough path approach, numerical approximations to (1.1) in the gradient
case without using the chain rule were studied in [19]. It was shown that the corre-
sponding approximate solutions converge in suitable Sobolev spaces to a limit which
solves (1.1) with an additional correction term, which can be computed explicitly. This
term is an analogue to the Itd-Stratonovich correction term in the classical theory of
SDE:s.

In [20], the solution theory was extended to Burgers-type equations with multi-
plicative noise (i.e. when the multiplier of the noise term is a nonlinear local function
0 (u) of the solution). Analysis of numerical schemes approximating the equation in
the multiplicative case was performed in [21], where the appearance of a correction
term was observed and the rate of convergence in the uniform topology was shown to
be of order % — «, for every k > 0.

In this article, we prove that in the case of additive noise the rate of convergence in
the supremum norm is % — k., for every k¥ > 0. Actually, it turns out to be technically
advantageous to consider convergence in Holder spaces with Holder exponent very
close to zero. The main difference to [21] is that we cannot use the classical theory
of controlled rough paths which applies only in the Holder spaces of regularity from
(%, %], to approximate the rough integral (1.4). To show the convergence in the Holder
spaces of lower regularity, we use the results from [12], which generalize the theory
of controlled rough paths for functions of any positive regularity.

1.1 Assumptions and statement of the main result

As before we assume that F € C' and G € C*® in (1.1). For ¢ > 0 we consider the
approximate stochastic PDEs on the circle T given by

du, = [vVAgue + F(uy) + G(ug)Deugldt + 0 H.dW, u.(0) = ug. (1.5)
Here, the operators A,, D, and H, are defined as Fourier multipliers providing approx-
imations of A, d, and the identity operator respectively, and are given by

Acu(k) = —k> f(ek)i(k), Deulk) = ikg(ek)i(k), H.W (k) = h(ek)W (k).

Below we provide the assumptions on the functions f, g and h. We start with the
assumptions on f.

Assumption 1 The function f : R — (0, oo] is even, satisfies f(0) = 1, is continu-
ously differentiable on the interval [4, §] for some § > 0, and there exists ¢y € (0, 1)
such that f > cy.

Furthermore, the functions b; given by b;(x) := exp (—x2 f (x)t) are uniformly
bounded in ¢ > 0 in the bounded variation norm, i.e. sup,. ¢ |b;|py < oo.

Our next assumption concerns g, which defines the approximation to the spatial
derivative.
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Assumption 2 There exists a signed Borel measure p on R such that f]R ek (dx) =
ikg(k), and such that

W) =0, pI®) <o, [ xun =1.
Moreover, the measure p has all finite moments, i.e. fR lx|%|u|(dx) < oo, for any
integer k > 1.

In particular, the approximate derivative can be expressed as

1
(Dett) (x) = ~ / u(x + ey)u(dy),
e Jr

where we identify # : T — R with its periodic extension to all R. Our last assumption
is on the function &, which defines the approximation of noise.

Assumption 3 The function % is even, bounded, and such that #2/f and h/(f + 1)
are of bounded variation. Furthermore, & is twice differentiable at the origin with
h(0) =1and 4’ (0) = 0.

The difference with the assumptions in [21] is that we require in Assumption 2 all
the moments of the measure  to be finite and in Assumption 3 the function 2/(f +1)
to be of bounded variation. We use the latter assumption in Lemma 4.1 in order to use
the bounds on lifted rough paths obtained in [10]. All the examples of approximations
provided in [19] (including finite difference schemes) still satisfy our assumptions.

Let u be the solution to the modified equation (1.1),

dii = [vAi + F(@@) + G@i)dit]dt +odW, @(0) = u”, (1.6)
where, fori = 1, ..., n, the modified reaction term is given by
Fl’ = F,' — A diVG,'.

Here, we denote by G; the ith row of the matrix-valued function G, and the correction
constant is defined by

(1 — cos(yt))h%(t)
= 270 /R+ 2ra Ay

It follows from the assumptions that A is well-defined. In fact, the Assumption 3 says
that |h%/f| is bounded, and by the Assumption 2 the measure 1 has a finite second
moment, what yields the existence of A.

As we do not assume boundedness of the functions F and G, and their derivatives,
the solution can blow up in finite time. To overcome this difficulty we consider solutions
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only up to some stopping times. More precisely, for any K > 0 we define the stopping
times

T c=inf{t > 0 : |lia(?)|lco = K},

where || - ||co is the supremum norm. The blow-up time of i is then defined as t* :=
limg yo0 Tf in probability.

Our main theorem gives the convergence rate of the solutions of the approximate
equations (1.5) to the solution of the modified equation (1.6).

Theorem 1.1 Let for every 0 < n < % the initial values satisfy

Ellu’len < 00, sup Efulller < oco.
0<e<l

Moreover, we assume that for every o > 0 small enough the following estimate holds
1
Ellu® — udllex S &27%,

where the proportionality constant can depend on «. Then, for every such o > 0, there
exists a sequence of stopping times T, satisfying limg o . = * in probability, such
that the following convergence holds

. _ 1_
tim B[ sup () — us(0)len = 37| = 0.

0<r=t,

Remark 1.2 The rate of convergence obtained in [21] was “almost” %, in the sense
that it is % — « for any k¥ > 0. To improve this result we consider convergence of the
solutions in the Holder spaces of the regularities close to zero. This approach creates
difficulties when working with the rough integrals (1.4). In fact, the bounds on the
rough integrals, in particular in [21, Lemma 5.3], hold only in the Holder spaces C*
witha € (%, %) and the norms explode as « approaches % To have reasonable bounds
in the Holder spaces of lower regularity, we have to include into the definition of the
rough integrals the iterated integrals of the controlling process X of higher order. In
[21] it was enough to consider only the iterated integrals of order two. In particular,
the smaller « is in Theorem 1.1, the more iterated integrals we have to consider to
define the rough integral (1.4) (see Sect. 2 for more details).

If the function G is only of class C? for some p > 3, we can consider the iterated
integrals of X only up to the order p—1 (see Sect.4.1). As a consequence, the argument
in the proof of Theorem 1.1 gives the rate of convergence only “almost” % — L This
is precisely the rate of convergence obtained in [21], where p was taken to be 3.

Remark 1.3 By changing the time variable and the functions in (1.1) by a constant

multiplier, we can obtain an equivalent equation with v = 1. Moreover, we can assume
o = 1. In what follows we only consider these values of the constants.
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1.2 Structure of the article

In Sect.2 we review the theories of rough paths and controlled rough paths. Section 3
is devoted to the results obtained in [18]. In particular, here we provide a notion
of solution and the existence and uniqueness results for the Burgers type equations
with additive noise. In Sect.4 we define the rough integrals and formulate the mild
solution to the approximate equation (1.5) in a way appropriate for working in the
Holder spaces of low regularity. The proof of Theorem 1.1 is provided in Sect.5.
The following sections give bounds on the corresponding terms in the equations (1.6)
and (1.5): in Sects.6 and 7 we consider the reaction terms and Sect. 8 is devoted to
the terms involving the rough integrals. In Appendix 1 we prove a Kolmogorov-like
criterion for distribution-valued processes. Appendix 2 provides regularity properties
of the heat semigroup and its approximate counterpart on the Holder spaces.

1.3 Spaces, norms and notation

Throughout this article, we denote by C° the space of continuous functions on the
circle T endowed with the supremum norm.

For functions X : R — R” (or R”*") and R : R> — R” (or R"*"), such that
R vanishes on the diagonal, we define respectively Holder seminorms with a given
parameter o € (0, 1):

| X (x) = X (VI |R(x, y)|
Xl = sup =R 5= sup

xX#y lx — y|* xX#y lx — y|* .

By C% and B“ respectively we denote the spaces of functions for which these semi-
norms are finite. Then C* endowed with the norm || - |[c« = || - [|co + || - ||l is @ Banach
space. B* is a Banach space endowed with || - ||ge = || - ||¢-

The Holder space C* of regularity o > 1 consists of |« ] times continuously differ-
entiable functions whose |« |-th derivative is (o« — |« |)-Holder continuous. Fora < 0
we denote by C* the Besov space B, , (see Appendix 1 for the definition).

We also define space-time Holder norms, i.e. for some 7 > 0 and functions X :
[0,T] x T — R” (or R™")and R : [0, T] x T? — R”" (or R"*"), any « € R and
any B > 0 we define

IXllce :== sup [ X(s)lce, IRl zp := sup [[R(s)lIgs- (1.7)
T Br ™ seo.r

s€[0,T]

We denote by C7. and B%. respectively the spaces of functions/distributions for which
the norms (1.7) are finite. Furthermore, in order to deal with functions X exhibiting a
blow-up with rate n > 0 near r = 0, we define the norm

IXlice, == sup s"[X(s)lice-
' 5€(0,T]

Similarly to above, we denote by Cg r the space of functions/distributions for which
this norm is finite.
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By || - llce—cs We denote the operator norm of a linear map acting from the space
C% to CP. When we write x < y, we mean that there is a constant C, independent of
the relevant quantities, such that x < Cy.

2 Elements of rough path theory

In this section we provide an overview of rough path theory and controlled rough
paths. For more information on rough paths theory we refer to the original article [23]
and to the monographs [8,9,24,25].

One of the aims of rough paths theory is to provide a consistent and robust way of
defining the integral

t
/ Y(r)@dX(r), 2.1

for processes Y, X € C* with any Holder exponent o € (0, %] Ifa > %, then the
integral can be defined in Young’s sense [30] as the limit of Riemann sums. If &« < l,
however, the Riemann sums may diverge (or fail to converge to a limit independent
of the partition) and the integral cannot be defined in this way. Given X € C* with
o € (0, %], the theory of (controlled) rough paths allows to define (2.1) in a consistent
way for a certain class of integrands Y. To this end however, one has to consider not
only the processes X and Y, but suitable additional “higher order” information.

We fix 0 < o < % and p = [1/«] to be the largest integer such that po < 1. We
then define the p-step truncated tensor algebra

p

TP ®R") = R,

k=0

whose basis elements can be labelled by words of length not exceeding p (including
the empty word), based on the alphabet A = {1, ..., n}. We denote this set of words
by A,. Then the correspondence A, — TP)(R") is given by w > e,, with e,, =
ey ®...Qey,,forw=w|...wrandey =1¢€ (R”)®O ~ R, where {e;};c 4 is the
canonical basis of R".

There is an operation w, called shuffle product [27], defined on the free algebra
generated by A. For any two words the shuffle product gives all the possible ways
of interleaving them in the ways that preserve the original order of the letters. For
example, if a, b and c are letters from .A, then one has the identity

abwac = abac + 2aabc + 2aacb + acab.

We also define both the shuffle and the concatenation product of two elements from
T (]R”), i.e. for any two words w, w € A, we define

ey ey 1= eyww, ey ® ey = eyw,
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if the sums of the lengths of the two words do notexceed p and ey, ey = e, ey = 0
otherwise. This is extended to all of T'(7) (R”) by linearity. With these notations at hand,
we give the following definition:

Definition 2.1 A geometric rough path of regularity & € (0, 1] is a map X : R? —
2 (R”), where as above p = [1/«], such that

L (X(s,1), eywey) = (X(s,1), ey)(X(s, 1), e), for any w, w € A, with |w| +
lw| < p,

2. X(s,1) = X(s,u) ® X(u, t), forany s, u, t € R,

3. I{X, ew)llgewi < oo, for any word w € A, of length |w].

If we define X' (¢) := (X(0, 1), ¢;) for any i € A, then the components of X(s, 1)
of higher order should be thought of as defining the iterated integrals

t T
(X(s, 1), ey) ::/ .../de““ (r1) ... dX"(rp), (2.2)

forw = wy ... wr € Ap. Of course, the integrals on the right hand side of (2.2) are
not defined, as mentioned at the start of this section. Hence, for a given rough path X,
then the left hand side of (2.2) is the definition of the right hand side.

The conditions in Definition 2.1 ensure that the quantities (2.2) behave like iter-
ated integrals. In particular, if X is a smooth function and we define X by (2.2) in
Young’s sense, then X satisfies the conditions of Definition 2.1, as was shown in [4].
In particular, if x = ¢; and y = e}, for any two letters i, j € A, then the first property
gives

(X(s,1), e ®ej) + (X(s,1),e; ®e;) = X' (s, )X/ (s, 1),

where we write X'(s,1) := X'(t) — X'(s). This is the usual integration by parts
formula. The second condition of Definition 2.1 provides the additivity property of
the integral over consecutive intervals.

Given an «-regular rough path X, we define the following quantity

IXho := D" 10X, ew) | gutu- (2.3)
weA,\14)

2.1 Controlled rough paths

The theory of controlled rough paths was introduced in [11] for geometric rough paths
of Holder regularity from (%, %] In [12], the theory was generalised to rough paths
of arbitrary positive regularity.

Definition 2.2 Givena € (0, 1], p = |1/, a geometric rough path X of regularity
o, and a function Y : R — (T(" -b (R”))* (the dual of the truncated tensor algebra),
we say that Y is controlled by X if, for every word w € A,_1, one has the bound
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(Y (1), ew) — (Y (5), X(5,7) ® ey)] < Cl|t — s|P7IwD

for some constant C > 0.

An alternative statement of Definition 2.2 is that for every word w € A,_ there
exists a function Ry € B(P=Iwhe guch that

(Y(), ew) = Z (Y(s), en ® ew)(X(s, 1), en) + Ry (s, 7). 2.4

II)E.Ap—|w|—l

Given an «-regular geometric rough path X, we then endow the space of all controlled
paths Y with the semi-norm

Wheg == D 1Y ewllee + D IRVl gw-twbe-

wEAl,,l wE.AP,Q

Given a rough path Y controlled by X, one can define the integral (2.1) by

N

l .
][ Y(r)dX'(r) = wgllgo[uvz];dp E;(u, v), 2.5)

where we denoted X (¢) := (X(0, t), ¢;) fori € A, and

Zi(u,v) = Z (Y(u), ep)(X(u, v), ey, @ ;) . (2.6)

weA,_|

Here, the limit is taken over a sequence of partitions P of the interval [s, 7], whose
diameters |P| tend to 0. It was proved in [12, Theorem 8.5] that the rough integral
(2.5) is well defined, i.e. the limit in (2.5) exists and is independent of the choice of
partitions P.

If every coordinate Y/ of the process Y is controlled by X, then we denote the rough
integral of Y with respect to X by

t
(][ Y(r)®dX(r)) :z][t Y (rydX (r).
s ij s

We use the symbol § for the rough integral in (2.5), in order to remind the abuse
of notation, since the integral depends not only on X’ and Y/, but on much more
information contained in X and Y. In the following proposition we provide several
bounds on the rough integrals.

Proposition 2.3 Let Y be controlled by a geometric rough path X of regularity « €
(O, %] Then there is a constant C, independent of Y and X, such that

t
][ Y(r) ®dX(r) — E(s. )| < CIXlallY llg |t — s]*PFD, 2.7

N
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f Y 0dxo)| < XY g, 28)

Moreover, if Y is controlled by another rough path X of regularity «, then there is
a constant C, independent of X, X, Y and Y, such that

froeaxe - f ioeaxe|, = cx-Xi. (1V1eg +171c;)

N N

+C (IXlla + IXlla) 1. Yllce . 2.9
where we have used the quantity

1Y, Vliex == > Yeew) = (Frew)liee + D IRY = REllio-pwie.

weA,_ weA, 2
Proof The bounds follow from [12, Theorem 8.5, Proposition 6.1]. O

Remark 2.4 The notation [|X — X||o is a slight abuse of notation since X — X is not
arough path in general. The definition (2.3) does however make perfect sense for the
difference.

In fact, the article [12] gives more precise bounds on the rough integrals than those
provided in Proposition 2.3, but we prefer to have them in this form for the sake of
conciseness.

3 Definition and well-posedness of the solution

Let us now give a short discussion of what we mean by “solutions” to (1.1), as intro-
duced in [18]. The idea is to find a process X such that v = u — X is of class C! (in
space), so that the definition of the integral (1.4) boils down to defining the integral

/n ()G (u(t, x)) de X (2, X).

—7T

If we have a canonical way of lifting X to arough path X, this integral can be interpreted
in the sense of rough paths.

A natural choice for X is the solution to the linear stochastic heat equation. In order
to get nice properties for this process, we build it in a slightly different way from [18].
First, we define the stationary solution to the modified SPDE on the circle T,

dY = AYdt + TdW, 3.1)

where IT denotes the orthogonal projection in L2 onto the space of functions with zero
mean. Second, we define the process
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X(t,x):=Y(t,x) + Lwo(z), (3.2)

V2

where w? if the zeroth Fourier mode of W.

Remark 3.1 We need to use ITin (3.1) in order to obtain a stationary solution. In [18],
the author used instead the stationary solution to dX = AXdt — Xdt + dW as a
reference path. Our choice of X was used in [21] and does not change the results of
[18].

The following lemma shows that there is a natural way to extend X to a rough path.

Lemma 3.2 For every % <a < %, the stochastic process X can be canonically lifted

to a process X : R x T2 — 7@ (R”), such that for every fixed t € R, the process
X(t) is a geometric a-rough path.

The term “canonically” means that for a large class of natural approximations of
the process X by smooth Gaussian processes X,, the iterated integrals of X,, defined
by (2.2), converge in L? to the corresponding elements of X (see [9] for a precise
definition and the proof). Denote by S; = ¢’® the heat semigroup, which is given by
convolution on the circle with the heat kernel

1 —tk? ikx
X)) = — e et 3.3
Pr(x) mkzz (3.3)

Assuming that the rough path-valued process X is given, we then define solutions to
(1.1) as follows:

Definition 3.3 Setting U (¢) := S; (u(0) — X (0)), a stochastic process u is a mild
solution to the Eq. (1.1) if the process v(¢) := u(t) — X (t) — U(t) belongs to C} and
the identity

t
v(t, x) :/0 Si—s (F(u(s)) + G(u(s))dx (v(s) + U(5))) (x) ds
t
—|—/ Si—s0x Z(s)(x)ds. 34
0

holds almost surely. Here, we write for brevity u(¢) = v(t) + X (¢) + U(t), and the
process Z (s, x) is a rough integral

Z(s,x) ::][ G(u(s,y)dyX(s,y), 3.5)

—7T
whose derivative we consider in the sense of distributions.

Remark 3.4 In [18], the last integral in (3.4) was defined by
t b4
/O ][ Pi—s(x — )G (uls, y) dyX (s, y)ds,
-
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but as noticed in [21], the notion of solution in Definition 3.3 is more convenient, as
it simplifies treatment of the rough integral. This change does not affect the existence
and uniqueness results of [18], and the resulting solutions are the same.

For our convenience we rewrite the mild formulation of (1.6) as
0(1) = ®"(1) + W) + B () — Y (0), (3.6)

where we have set

t
V(1) = / Si—s F(ii(s)) ds,

0

t

Y1) ::A/ S, divG; (i1(s)) ds,

0

~ t
wr(1) :=/ Si—sGu(s))ox (v(s) + U(s)) ds,

0

_ t t
B'(t) = /0 Si—s0xZ(s)ds = /O A (Si—s Z(s)) ds, (3.7
andasbeforei =0+ X+ U, U(®t) = S,® — X(0)) and

Z(t, x) ::][ Gu(t,y))dyX(t,y).

—TT

Although the two terms ®¥ and Y? are of the same type, we give them different names
since they will arise in completely different ways from the approximation.

3.1 Existence and uniqueness results

The next theorem provides the well-posedness result for amild solution to the Eq. (1.1).

Theorem 3.5 Let us assume that u® € CP for some % < B < % Furthermore, let

F € C' and G € C3. Then for almost every realisation of the driving noise, there is
T > 0such that there exists a unique mild solution to (1.1) on the interval [0, T] taking
values in C([O, T1,CP (T)). If moreover, F, G and all their derivatives are bounded,
then the solution is global (i.e. T = 00).

Proof The proof can be done by performing a classical Picard iteration for v given by
(3.4) on the space C} for some T < 1, see [18]. O

Remark 3.6 The argument of [18, Theorem 3.7] also works in the space C ;72%, for

any o € [O, %) Hence, the real regularity of v(¢) is 1 + « rather than 1. This fact will
be used in Sect. 6 to estimate how close the approximate derivative of v is to d,v.
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4 Solutions of the approximate equations

In this section we rewrite the mild solution to the approximate equation (1.5) in a way
convenient for working in Holder spaces of low regularity. In particular, we define the
iterated integrals of higher order of the controlling process.

Similarly to (3.1) and (3.2) we define the stationary process Y, and X, by

1
dYe = A Yedt + TH AW,  Xe(t,x) := Ye(t,x) + —w'(@),  4.1)

V2

where w is the zeroth Fourier mode of W. Moreover, we define the approximate semi-

group SZ(S) = ¢!+ generated by the approximate Laplacian and given by convolution
on the circle T with the approximate heat kernel

P () = IR F () gikx 4.2)

1

Furthermore, we define U, () := St(s) (ug(0) — X.(0)) and vg := uy, — Xy — U,. Then
the mild version of the approximate equation (1.5) can be rewritten as

t
Ve (t) = DY (1) + WP (1) + / 5 G (ue(s)) De Xe(s) ds, (4.3)
0

where we write for brevity u; = vy + X, + U,, and set

t
V(1) = / S Fug(s)) ds,
0
t
Wl (1) = / S Gug(s)) Dy (ve(s) + Ue(5)) ds. (4.4)
0

As already mentioned in Sect. 2, the rough integrals are approximated by Riemann-like
sums, but these include additional higher-order correction terms. Hence, we cannot
expect in general that Z (s, x), defined in (3.5), is approximated by

/ Gue(s, y))DeXe(s, y)dy, 4.5

-7

as ¢ | 0. In order to approximate Z(s, x), we have to add some extra terms to (4.5).
These extra terms give raise to the correction term in the limiting equation, mentioned
in the introduction. In the rest of this section we build these missing extra terms.

4.1 Iterated integrals

In order to use the theory of rough paths with regularities close to zero, we need to build
the iterated integrals of arbitrarily high orders of X and X, with respect to themselves.
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The expansion of X, defined in (4.1) in the Fourier basis is given by

1 2
Xe(t,x) = —wo(t) + —— / &KX oK S EOC=) b (e k) dwy (s)
V2 2 keZZ\{O}

oo (e)

\/l_wo(t) b — Z G ( ) (1) sin(kx) + 1) (1) cos(kx)) (4.6)

Here, wy are C"-valued standard Brownian motions (i.e. real and imaginary parts of
every component are independent real-valued Brownian motions so that ]Elwf{ N1 =
t), which are independent up to the constraint wy = w_j ensuring that X, is real-
valued. Furthermore, for every fixedt > 0, n(s)(t) are independent R"-valued standard
Gaussian random vectors such that

I: )(0) ® n(s) (Z)] — e—sz(é‘k)tld’

and the coefficients q ) are defined by

h(ek)
(&)
q, = for k>1. .7
CVTER
Similarly, the Fourier expansion of the process X is
X(t,x) = : () + OOE 1( (1) sin(kx) + n—i(r) cos(kx)), (4.8)
, — — - sin —k(t) cos , .
x mwo k: % (M X) + -k x

where 1y (t) are independent R”-valued standard Gaussian random vectors such that
—k%t
E [n:(0) @ mi(1)] = e '1d.

Furthermore, the random vectors {(n(g) (), k(1)) : k € Z \ {0}} are independent and
satisfy

NSER) e

&)
B[ 0 omo] = o=

The following lemma provides bounds on the canonical lifts of X (f) and X, (¢) to
Gaussian rough paths.

Lemma 4.1 For a € (0, 2) t > 0and p = |1/al, consider the canonical lifts
X(1), X, (t) : T2 - 7@ (R") of the processes X (t) and X.(t) to Gaussian rough
paths of regularity « given by Lemma 3.2.

Furthermore, for any A < % — o and any T > 0 the following bounds hold

ElXlles S 1. EIX — Xllex < ™. 4.9)
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Moreover, for any word w € A, with |w| > 2 we have

E|IXY <1, E|X"-X" (4.10)

) Se
1 g1t I gwe S

where we use the notation X" = (X, ey).

Proof The proof of (4.9) is provided in [21, Lemma 3.3]. We only have to show that
there exist the claimed lifts which satisfy the estimates (4.10). To this end, we define,
for some k > 0, the following sequences

h(ek)? ex)  h(ek)

(H)
P = e P T e GE + )

where k > 1. First, for the increments of ﬂ(s ) we have

(&,1) (a 9]
B -

< |(a2) o e =
(a2) = ()

for some constant C > 0, where q(g) is defined in (4.7). To get the last inequality we
have used the bounds on the functions f and &, provided in Assumptions 1 and 3, and

the estimate
(&) (&)
‘ (qk-H) (qk )

which follows from the bound on the total variation of the function 4%/ f, provided by

+ k" < Ck~'7*,

<ck 1,

Assumption 3. Second, the convergence ,B,ES’K) logk — 0 holds as k — co.
Using these properties of ﬂ,ﬁg"(), we obtain from [28, Theorem 4] that the series

Zk 1 ,3(8 ) cos kx converge in L' as N — oo, and the L'-norm of the limit is

independent of &, which proves that for any x > 0 the parametrized sequence (&)

is uniformly negligible in € € (0, 1) in the sense of [10, Definition 3.6].

Similarly, using the bound on the total variation of 4 /(f 4 1), which is stated in
Assumption 3, we can obtain that for any x > 0 the sequence p,ES’K)
negligible in ¢ € (0, 1) as well.

Noticing that the coefficients of the Fourier expansions (4.6) and (4.8) satisfy

qlgs) ﬂ(é‘ LK) ‘I]Eg)%gs) B plga,lc)
k) Tk K2 kK

we can apply [10, Theorem 3.14] and obtain that for every ¢ and o < % the processes
X (1) and X, (¢) can indeed be lifted to «-regular rough paths X(¢) and X (¢) respec-

is uniformly
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tively, such that for any word w € A, with |w| > 2 the bounds

EIXY)lgwe S 1, EIXZ Ol gwe S 1 (4.11)
hold uniformly in ¢ € [0, T']. Furthermore, by [10, Theorem 3.15] we obtain that for
ally < % — o and ¥ > 0 small enough,

Y+
EIX" (1) = Xg )l gwle S (Sup E|X(#, x) — Xs(t,X)Iz) Se’, (412

~
xeT

uniformly in # € [0, T']. The last bound can be shown almost identically to [21,
(3.16d)], but taking 6 = 1 and the time interval from —oo.

Now we will investigate the temporal regularity of X,. Our aim is to apply [10,
Theorem 3.15] to the processes X (s) and X (z), with s, ¢ € [0, T]. To this end, let
us define T = |t — 5| and the parametrized sequence ,u,(:’s) — ¢~K* /T Then, in the
same way as in the beginning of the proof and using Assumptions 1 and 3, we obtain
that for any « > 0O the sequence ﬁ,i”’s)u,(:’g) is uniformly negligible in t > 0 and

e € (0, 1) and by [10, Theorem 3.15] we obtain, for any word w € A, with |[w| > 2,

Y
EX (1) — X2 )l guie < (supE|Xg(s,x> - Xs<t,x>|2) <le—sl¥, @13

~Y
xeT

forall y < % — «. Here, the last bound can be derived similarly to [21, (3.16a)], but

with & = 1 and the time interval from —oo. In the same way, we get
Y
EIXY () = XY glwe S|t —s]2. (4.14)

Applying the Kolmogorov criterion [22] together with the bounds (4.11) and (4.14),
we get the first estimate in (4.10).

Now, let us take any word w € A,, with |w| > 2. Then, on the one hand, the
estimate (4.12) gives

]E”Xw(t) —_ Xg)(l) —_ Xw(s) + Xg}(s)”lga\wl
< EIX"(®) — X Ol getwr + EIIX" () — X7 ()| el < 7"

On the other hand, from (4.14) and (4.13) the following estimate follows

E[IX"(@#) — X' (1) — X" (s) + X' () | getw
< E[X2 () — XY () ot + EIX (1) = X”(5)ll gt S It — 512

Combining these two bunds we obtain

EIX" () — X" (1) — X"(5) + X2 ()|l g S ¥ At — 5|7 <e2=078)r — g3,

~
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for any 6 > 0 small enough and uniformly in s, ¢ € [0, T']. From this bound, estimate
(4.12) and the Kolmogorov criterion [22] we obtain the second bound in (4.10). O

4.2 Approximation of the rough integral

Now, having defined the iterated integrals of X,, we can build an approximation of
the process Z defined in (3.5).

The idea comes from the fact that if u(z) is controlled by X(#), then the process
G (u(t)) is controlled by X(#) as well. The Taylor expansion gives an approximation
for G (u(t)),

Gyt ) ~ Gy, )+ > CuD Gyt ) (@l ¥) — u(t, 1), .
weA, 1\

Here, C w are combinatorial factors which can be calculated explicitly. Furthermore,
we use the following notation: for w = wj---wy € Ap_1 and k > 1 we denote
DY = D" ... DY and u(t, x)y = thy, (t, X) - - - Uy, (2, X).

Recalling that we will look for solutions such that u(r) — X (¢) € C!, we obtain an
approximation of G;; (u(t)) via X(z),

k
Giju(t, y) ~ Gijut, )+ D CuD"Gijult, ) [ [(Xt; x, y), ew).
weA,_1\{4) =1

W=w]...Wk

Symmetrising this expression and using Definition 2.1, this can be rewritten as

Giju(t, y)) ~ Z CwD"Gjj(u(t, ))(X(t; x, y), ew), (4.15)

weA, |
for some slightly different constants C,,. This expansion motivates our choice of the
terms in the approximation of the rough integral.

In view of Assumption 2, it is natural to define the process DX, : Ry x T —
TP)(R") in the following way: for any word w € A, we set

1
(DeXe (1 y), ew) := ;/R<Xg(t; Y,y +€2), ew)u(dz). (4.16)

Combining the expansion (4.15) with the definition (2.6), it appears plausible that a
good approximation of Z is given by

Z:(t.x)i = Y. Cu / D" Gij(ue (1, )DeXe (15 7). €w ® €) dy. (4.17)

weA, |

Here, to simplify the notation we have omitted the sum over ;.
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Now we can rewrite the mild solution (4.3) as
Ve(1) = BY (1) + WP (1) + B (1) — 1L (1) — Y2 (1), (4.18)

where the functions ®;° and W.* are defined in (4.4). The term involving the rough
integral is denoted by

t
EY (1) ::/ S© o, Zg(s)ds—/ 3, (S, Z: (s)) ds (4.19)
0 0

The additional terms in (4.18) which we used to approximate the rough integral we
denote by

TV (1, x); Z/ Sﬂ DFGij(ue (s, ) (DeXe(s3 ), ek,>)(x)ds
ke A

T = 0 Gy / S (DG ae s, MUDXe (53 ), €0)) ) () .

weA, |
[w[=2

(4.20)

In the next sections we will show that the term Y,* tends to 0 and the other terms
in (4.18) converge to the corresponding terms in (3.6) in the space C}.

5 Convergence of the solutions of the approximate equations

In this section we provide a proof of Theorem 1.1. In what follows we use the constant
oy = % a, for some fixed small « > 0. This constant represents the real spatial
regularity of the process X defined in (3.2). To obtain better bounds we will work
in the spaces of regularity «, which is close to 0. The constants « and «, are used
throughout the article as fixed values.

To shorten notations we define the norm

XN, 7 == sup [IX(®)ll,- (5.1
1€[0,7}

See (2.3) for the definition of the norm of a rough path. For any K > 0 we define the
stopping time

ok = inf [r >0: ||X||C;x* > K, or [|X|lg,.: > K, or ||17||cl+/az, > K,
/2.t

or [lley = K. orllvelley = K} AT.
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Note that in view of Remark 3.6, the condition on the norm ||v|| i+« is reasonable.
ow /2,1

For any two letters i, j € A we define the process
Hel (1, x) 1= Abi.j — (DeXe(1:0), ¢ ® €j),

where § is the Kronecker delta. To have a priori bounds on the corresponding &-
quantities we introduce the stopping time

ok i=inf {1205 X = Xellgm = 1, or IX = Xellaws = 1,

;%M > 1, or [|[v—uellce = 1, or [[v— Us||c(117a)/2_,

or ||7-[8||c > 1] AT.

The blow-up of the norm [|v(¢) — vg(#)]|o1 comes from the regularization property of
the heat semigroup and the fact that we work in the a-regular spaces, i.e. we use the
bound

a—1
U@l S 17 (1 llex + 1X O llee ) -

See Appendix 2 for the properties of the heat semigroup. Finally, we define the stopping
time og . := 0k A 0k ¢ and write in what follows

te ==t NQOK.e- (5.2)

Remark 5.1 In the article we always consider time intervals up to the stopping time
0k .- Therefore, all the quantities involved in the definition of ok . are bounded by
K + 1 and all the proportionality constants can depend on K.

Proof of Theorem 1.1 For a > 0 as in the beginning of this section we define p =
|1/a]. From the derivation of the bounds below we will see how small the value of «
must be. To make the notation shorter, we introduce the following norm

- B =1 e+ 0l -

For t < ok ¢, we obtain from (3.6) and (4.18) the bound

15 = vellar < 197 = Wl + 07 — @Y [l + [ T7 = 12 las
+ I e + 1EY = B e (5.3)
We consider only time periods ¢ < 1, for larger times the claim can easily be obtained

by iteration. To find a bound on the first term in (5.3) we use the results of Sect. 6.
Applying Proposition 6.1 with a small constant k = o we get

= 1
WY — Wl S 2210 = Vel + X — Xellco
+ 1u® — u||ce + %7, (5.4)
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In order to bound the second term in (5.3), we use Proposition 6.2 with k = «,
5 loa _
10Y — @ lla S 12 110 = velleo + 1 X = Xelleo
+ [lu® = u)l o + %9 (5.5)

Applying Proposition 7.2 with the parameter k = «, we bound the expectation of
the third term in (5.3) by

E|T? — Y|, <: 2 E|5— E|X — X
1Y =2l S 12 END — vellgo +EIX — Xellgo

+E[u® — u|| oo 4 £% 7. (5.6)

A bound on the fourth term in (5.3) is a straightforward application of Proposition
6.4,

I ey + 1T gy < €% (5.7)

Using Proposition 8.2 with the small parameter x = «/2 we can bound the last term
in (5.3) by

187 — E%|lg,, S 19De(r) + %732, (5.8)

where D, is defined in (8.1).
Combining the bounds (5.3)—(5.8) together we obtain

- &= 0_ 0
Ellv —vella, < t4ENV = vellas + Ellu” —ugllee + EIX — Xellcx

1
+EIX — Xellor +273, (5.9)

where we have used o, = % — «. By Lemma 4.1 we can bound the norms of the
controlling processes,

1_
EIX — Xelles +EIX — Xello,r S 272

~

Furthermore, by choosing ¢t = #, small enough we can absorb the first term on the
right-hand side of (5.9) into the left-hand side and obtain

1
EI7 — vellay, < C (E||u0 —u%lcs + 87—3") . (5.10)

From the definition of & via v and (5.10) we conclude

Elld — el < ElI5 — vellcs +EIX — Xellee +ENU — Uslice

1
< CE[lu’® — ulllce + &2 7%
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Here, we have also used Lemma 4.1 and the bound

1U (1) — Ue(®)llce S Nu® = ulllce + 1X(0) — Xe(0)]l o
672 (ulllcar + 1XeO)llcan )

which can be derived similarly to (6.7). The rest of the proof is almost identical to the
proof of [21, Theorem 1.5]. O

6 Estimates on the reaction term

In this section we prove convergence of the reaction terms of the approximate equa-
tion (4.18) to the corresponding terms of (3.6). Let us recall the notation (5.2) and
Remark 5.1, which says that all the quantities involved in the definition of the stop-
ping time o . are bounded on the interval (0, #.] by the constant K + 1 and all the
proportionality constants below can depend on K.

The next proposition gives a bound on the terms W? and W* defined in (3.7) and
(4.4) respectively.

Proposition 6.1 For any y € (0,1], t > 0 and k > 0 small enough the following
bound holds

14a—y

197G = W ler St * (15 = velleg + 15— velley_ )

(1—a)/2,1¢

X = Xeller + 14 — ulice +&7. (6.1)
Proof For any ¢t > 0, using the notation (5.2), we can rewrite

WO(te) — Wl (t,)

Ie
=/ St—s G (i1()) (0x0(s) — De0(s)) ds
0

Ie

+ [ S—sGs)(3:U(s) — D:U(s)) ds

Ie
+ Ste_SG(IZ(s))(Dgﬁ(s) — stg(s)) ds

&

St.—sG((5)) (DU () — DeUs (s)) ds

=~

t:3

+ [ Si—s(G () — Gue(5))) De (ve(s) + U (s)) ds

te
+ [ (Sums = ST )GUe($) De (ve(s) + Up(s)) ds =t > Jj.

1<j=<6

J’_
S S — S — S —S—
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To bound the term J;, we first investigate how good the operator D, approximates
d,. Let us take a function ¢ € C!*%(T). Then by the Assumption 2, we can rewrite

1
(De — 3y) p(x) = - /R (p(x +ey) — (x) — 3y @(x)ey) u(dy).

Using the fact, that the Holder regularity of ¢ is 1 + «,, we obtain

1+,

lp(x +ey) —o(x) — dr@(x)ey] < ley] ™ ll@llor+an -

This yields the estimate
| (De — 3x) @llco S e llelicr+as (6.2)

where we have used the boundedness of the (1 + «,)th moment of ..
Using this estimate we derive

te
IJ1ller S/O ISt —s llco—.cr 1G (@ (s)) llco | 8xv(s) — Dev(s)llco ds

ytox

1,
e v -
< e / (te = )70 llorse ds S 6%t 2, 6.3
0

where we have used boundedness of ||u|| ) and ||v|| cltas -
€ ax/2,te

To derive a bound on J,, we notice that
_1
UG llersen S 572 (1 llce +1XO)lce )
which follows from Lemma 8.7. Hence, using the estimate (6.2) for U, we obtain

te
[ /2llcr S/O ISt —sllcoscr 1G @) lcolldx U (s) — DU ($)llo ds

-y

te 1-y
S / (te =) TNUG) lerrar ds S ™17 6.4)
0
Note, that for any function ¢ € C'(T) we have by Assumption 2,
1 €lz|
[Dep(x)] < E/R/ l0xe(x + Wdylnldz) S llelier- (6.5)
0
Using this bound we obtain
e
1/3llcr 5/ 151, —sllco.cr 1G (@ (s))llgo | Dev(s) — Deve(s)lico ds
0

(6.6)

Ie
Y a—1 1+a—y
Sllv—v te—8)"2s 2 ds Ste” 2 |lv—v
Sto-ule, [ 6-9 < -l

where we have used boundedness of ||u ”C? .
&
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To bound J4 we note that

1UGs) = Ue@lier < 1S (1® = u)ller + 1155 (X(0) — X (0)) [l
(S = 59) (2 = X,0) e
S 7 (1 = ullies + 1X0) = Xe () e )

1 _
5786 (Jullice + 1Xe Ol ) (6.7)

for any « > O sufficiently small. Here, in the last estimate we used Lemma 8.8 with
A = o, — k. Using this estimate and (6.5) we obtain

te
[Jallcr = /o 151, —sllco.cr G () ol DeU (s) — DeUe(s)llco ds

fe )
5/0 (e — ) F|UGs) = Us(s)llcn ds

~ ‘e

I+a—y
St T (1 = ulllee +1XO) = Xe@llee) +6475 (68)
Exploiting continuous differentiability of the function G we get
te
IJsler < / 1S —sllcocr 1G () = G (e () o [ Devi () + D Us(s) o ds
0
/ (te — )7 553 a(s) — us () o ds

14ax—y—k

Ste 7 v —veller + 11X — Xellee + 1u® — ulllce +&7¢, (6.9)

where in the second line we have used a bound, similar to (6.7),

ax—1—k
[DUs($)llco S NUe@ler S 2. (6.10)
Moreover, in the estimate (6.9) we have used the bound
1U(s) = Us(s)lleo < N1u® = ulleo + 11X (0) — Xe(0)[lgo + £%7%,  (6.11)

which is obtained in a way similar to (6.7).
Using Lemma 8.8, the integral Jg can be bounded by

te
IJsller < /O 1S, =5 — S\ lleos v G e ()l o | Deve (s) + DeUs(s) o ds

-y

le ety —k/2  ax—1—k/2 v
< 8“*_K/ (te—s)" 2 s 2z ds<it? e™Tr, (6.12)
0

where we have used the bound (6.10).
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Combining the bounds (6.3)—(6.12) we obtain the claimed estimate (6.1). O

In the following proposition we provide a bound on the terms ®V and ®;* defined
in (3.7) and (4.4) respectively.

Proposition 6.2 For any y € (0, 1] and « > 0 small enough the following bound
holds

_ 1-r _ _
197 (1e) — @Y (te)ller Ste 11D — vellgy + I1X — Xellgo + llu® — ulllco + %7

Proof Using continuous differentiability of the function F, Lemma 8.8 and recalling
thatu = v+ X + U we get

197 (te) — @ (1)l cr
te
< / 1St —sllcocy 1 F ((s)) — F(ue(s))llco ds
0
te
+ /0 11, —s — S slleo v I F (e (s))llo dis
fe _Y - 1_ fe _l_y
< (te —5) " Z|li(s) — ue(s)|lcods + €27 (te —8) 372 ds
0 0
< 17% = X _ X 0 _ 0 Uy —K
Ste 25— velly + X = Xellgp + u® = ullco + &%
Here, we have used boundedness of ||u|| ) and the estimate (6.11). O

The following lemma shows how the processes (4.16) behave in the supremum
norm. In particular, it shows that they converge to 0 as soon as |w| > 2.

Lemma 6.3 For any word w € A, the bound

w—1
sup [[(DeXe(s: ), ew)lleo S et
s€[0,z¢]

holds uniformly in € and t.

Proof Since X, (s) is a rough path of regularity «,, we can use the third property in
Definition 2.1 to get

1
[(DeXe (55 X), ew)| < E/IR{ [(Xe(s; x, x + €2), ey)| nl(dz)
< 8|w|%—1/ |Z||w|a'|ﬂ|(dz) < glwlow—=1
R

Here, we have used the assumption on the moments of |u|. O

In the following proposition we obtain a bound on the term Y.* defined in (4.20).
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Proposition 6.4 For any y € (0, 1] we have the estimate || Y¢* || cr < gl

Proof We use Lemma 8.9 to estimate the approximate heat semigroup, and Lemma
6.3:

te
T Eller S /0 (te = )™ E DG us () o [ (DeXe (3 ). ew ® e1)llo ds

weA, 1"

[w|=2
s > (T a1 < el
weAp_|
[w|=2
for k > 0 small enough. This is the claimed bound. O

7 Convergence of the correction term

In this section we show that the term Y, defined in (4.20), converges to the correction
term YU from (3.7). In view of Remark 5.1, we only consider time intervals up to the
stopping time ok ., by using the notation (5.2).

To shorten the notation we define X, (7) to be the projection of the rough path
X, (?) to the second level of the tensor algebra. The following lemma is similar to [21,
Proposition 4.1], but the bound is in a Holder norm rather than a Sobolev norm.

Lemma 7.1 Foranyy € (0, %), any t > 0 and any k > 0 small enough we have

E| sup [[D:Xc(s, ) — Ald| oy S, eV =x,
s€[0,z:]

Proof The proof is almost identical to that of [21, Proposition 4.1], but we use
Lemma 8.5 to reduce oneself to moment bounds on the Paley-Littlewood blocks
of D.X,, instead of using pointwise bounds. O

A bound on Y? and YY¢, defined in (3.7) and (4.20) respectively, is given in the
next proposition.

Proposition 7.2 For any y € (0, 1] and any k > O sufficiently small we have

_ 1-Y _
ENT(te) — YE(t)ller Ste “Elv — vsllcg +EIX - Xsllcg
+Eu® — ulllco + 7.

Proof Let us define the functions F(u); = A divG; (1) and

Fe@)i(s, x) = D" DVGijuls, ) (DeXe(s, ), e @ €)),
weA
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where as usual the sum over j is omitted. Then we can write

_ le
TH) = Y1) = /0 Sio—s (Flue) = Fo o)) ) ds
Ie
- / Sie—s (F@) = Fe) ) ) ds
0
Ie
[ (Sums = S Rt ds
0
= J1+ .+ /3
To bound J; we note that we can rewrite

(Fue)=Fewe)); (5, X)= D D" Gij(ue(s, x)) (Aby j — (DeXe(s, %), e ®0e;)) .
weA

Therefore, applying Lemma 8.7 with n € (0, o) and Lemma 8.6, we obtain

te
[ tller 5/0 I1St.—sllc-n—cr | (Fue) — Felue)) (s)llc—n ds

e _nty
S osup [DeXe(s, o) — Aldle— ||DG('48)”C;"*/ (t: —5)" 2 ds.
s€l0,z:] ¢ Jo

That gives us, using the boundedness of | u || oo and Lemma 7.1,

nty

ElJillgy St ° &', .1)

A bound on J; follows from Lemma 8.7 and regularity of G,

e _Y _
I hller < / (te — )" F1F () — Flue(s) oo ds
0
le Y. _
5/ (te — )" 5 lli(s) — e (s)l|co ds
0
<1 vello + X — Xello + 1u® — ullleo + €575, (7.2
NRZ e Cg & C?g u u€||c()+8 . ( . )

Here, we have used the representation of « via v and the bound (6.11).
For the third term we use Lemma 8.8 with A = % — K,

1_ l—% }/+% 1 3_
13lley < &2t ( )Ilfs(ua)llcg SerTf 2, (1.3)

IR

where we have used boundedness of the second-order iterated integral X, and || u, ||ch .
Combining the estimates (7.1), (7.2) and (7.3) we obtain the claimed bound. O
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8 Estimates on rough terms

In this section we obtain bounds on the terms involving rough integrals. As usual, we
will use the notation (5.2), which in view of Remark 5.1 means that all the quantities
involved in the definition of ok . are bounded. Furthermore, let us define the quantity

De(te) = 1X = Xellco + IX = Xellas, + 10 = vellcg
- 0_ 00,
0= velley e =l 8.1)
where the norm || - |l4,;. Was introduced in (5.1).

The next lemma provides bounds on the rough integrals Z and Z, defined in (3.5)
and (4.17) respectively.

Lemma 8.1 Fort > 0 we have the following results

Px

IZ(t) e Ste 2 (8.2)
Z(ts) - Zs(ta) =T (ts) + TZ(ts)s (8-3)

where, for k > 0 small enough, the bounds

o—1 [
2 * . *71 -7
IT1 () lee S 12 (Delte) +62797), ITat)llce S &3 e 7,

hold with D, defined in (8.1).

Proof Sinceii(s)—X(s) € C!, fors < t,,the process Y;j(s) = G;j(u(s)) is controlled
by the a,-regular rough path X(s) with the rough path derivative Yl.’/. (s) = DG;j(u(s))
and the remainder '

Ry, (s;x,y) = DGij(u(s, x)) (v(s; x, y) + U(s; x, y))

!
+/ (DGij(i(s, y) + (1 — ia(s, x)) — DG (s, x))) (s; x, y) di,
0

where we use the notation v(s; x, y) = v(s, y) — v(s, y) and respectively for U and
u. Here, by the rough path derivative we mean the projection of the controlled rough
path on (R")* in Definition 2.2, and the remainder is a collection of all the processes
R} from (2.4).

From the regularity assumptions for the function G and the processes i and v, we
obtain the bounds

1Yij@llces S 1, 1Y;)llcar S 1, IRy )llgoen S5 7 (8.4)

The power of s in the last estimate comes from the bound [|U (5) |24, < s™7 , which

is a consequence of Lemma 8.7. The estimate (8.2) follows from (2.8) and (8.4).
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Similarly, for s < t, the process Y, ;j(s) = G;j(us(s)) is controlled by the a,-
regular rough path X, (s) with the rough path derivative Y, g/’i ; (s) = DG;j(us(s)) and
the remainder Ry, ; (s), such that the following bounds hold

Yeij@llee ST YO leew ST IRy, ;g Ss77. 0 (85)

To prove the bound (8.3), we consider the processes u(s) and u.(s) to be of
Holder regularity . Then they are controlled by the a-regular rough paths X(s) and
X, (s) respectively. Hence, we can extend G;;(it(s)) to the process G;j(s) : T —
(T(p -b (R”))* which is controlled by X(s) as well and such that

(Gij(s, x), ew) = DV Gij(u(s, x)),

forw € .Ap_ 1. Then, as it was noticed in Sect. 4.2, for every w € .Ap_ 1 the following
expansion holds

(Gij(s,y), ew) — (Gij(s, x), ey)

= D CalGils, ), eq @ ew)(X(s; x, ¥), ea) + R (s %, y).
weAp_jw—1\9

For any word w € A,_1, the assumptions on G and i imply [[(G;;(s), ew)llce < 1.
Furthermore, from the argument of Sect.4.2, it is not difficult to obtain the esti-

w—1

mate on the remainder: ||R5__(s)|| Bir—lwhe S 5“7 . The latter bound follows from
ij

~

li(s; x, V)l < |y —x|®~1whe for any word w such that || = p — |w|, and

li(s; x, ) — X(s3x, Yol S luls; x, y) — X(s:x, y)|
ax—1

Sy =2 (IB@ler +1Uler) S by =l (1+557),

for any word w € A,_|y|—1 \ {#}. Here, in the last line we have used the bound

ax—1

1l S 57 (Iallcer + 1X O llce: )
which follows from Lemma 8.7.

In the same way the process G;;(u:(s)) can be extended to gfj(s) T —

(T»=D(R"))" which is controlled by X, (s). We denote the remainders by RY: .
L

Furthermore, the corresponding bounds hold
ax—l
G (), ewllce S 1, IIRE;]_ Ogep-twe S5 7,
for any word w € A, _1.
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The following estimate follows from the regularity of the function G,

14Gij () — GF; (). ewdllce S Mlia(s) — ue(s) e
SNX () = Xe($)llee + 15(5) — ve()llca + 14 — ullce, (8.6)

where w € A p—1. Furthermore, the following bound holds

lii(s; x, ) — ue(s; X, Ml S 1y —x[P7V i) — ue(s) e
for a word w such that |w| = p — |w|, and for any word w € A,_j,|—1 \ {#} one has

lie(s; x, Yo — X (5%, Yo — ue(s; %, V)i + Xe (55 X, ¥)wl
Slia(s;x,y) — X(s3x,y) —ug(s; x, y) + Xe(s5 x, )|
Sy = xl (196s) = ve(®)ller + 1U(s) — Ug(9)ller)

a—1 _
Sly=xlsT (15 =vellgy_  +1X6) = Xe(®lex

2
+ 1 — ulllee + e 707) .

Here, in the last line we have used the bound

1U(s) = Us(s)ller S 1Ss(X(0) — Xe(0) — u® + a9l
+11(Ss — SEY(Xe(0) — ud)ller
a—1
ST (IXO) = Xe@llee + 4 = ulllex +677),

for any x > O sufficiently small, which follows from Lemmas 8.7 and 8.8. From these
bounds and Sect.4.2 we obtain

a-1 _
IRE, ) = RE ©)ligo-wne S 57 (19— velley | +1X = Xelles

+ = ullle + %70 7). 87)

In order to prove (8.3), we define

y . .
Qf(ts; X, y) ;:][ Gij(ue(te, 2)) dzxg(tsv 2) — Gij(ue(te, x))Xé(le; x,y)

X

— D DYGijuete, ) (Xe (15 x, ), € @ ¢j),
weA

Ti(teix,y) = D CulGl(te, %), e0)(Xe(te: X, ¥), €0 @ ¢)),

weA, |
[w|>2
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where we have omitted as usual the sum over j. From (2.7), (8.5) and Definition 2.1
we obtain

Ox

10f (te) o Ste >0 TS (te) | o S 1. (8.8)
Next, we can rewrite Z' — Z! in the following way
ZM(te, x) = Zy (16, x)

= (][ Gi(u(te, y))dyX(te, y) —][ Gi(ua(ts,y))dyxs(ta,y))

—TT

—mT+Ez _
/ ][ BT Y G e ter 1)) dy Xo e, y) 12(d2)

y—¢

x+ez _
i /R][ +Gi(“e% V) dyXe(te, y) p(dz)

T Qi (tes y, ¥+ €2)
—/ %dyu(dz)

RJ—-m
YTty y+ez
+// %dy,u(dz) = Z 1;(te, x).
RJ—-m

I<j=<5

Here, we have used the Fubini-type result proved in [20, Lemma 2.10].
To bound 77 we apply (2.9) and use the bounds (8.6), (8.7),

”Il(ts)”CO‘ < tg (Dg(tg) 4 g /c) ’

where D, is defined in (8.1). It follows from (8.8) that

O

AR /R 2P 1 (dz) 31 0F (1) | gaew S 3% 1 2.
In the same way from the second bound in (8.8) we derive
15t ller < /R |21 w(dz) 3% N TE (1) | oo S €371

To bound the integral I3 let us define the process uy ; ¢ (fe, y) := ug(te, €y —€7—X)
and the rough path X, ; o (¢:; ¥, y) := X (te; €y — ez — x, €y — ez — x). Then we can
perform the change of variables y = (y — €z — x)/¢ in the integral I3 and obtain

0
I; = /R][ Yize(te,y) dyXx,z,g(tg, ¥) n(dz),
—z
where Xy ; ¢ (fe, ¥) — Xx 2.6 (fe, y) is the projection of Xy . - (Z; y, y) onto R”" and

Yx,z,s(taa )_7) = yGi(ux,z,a(ISv }_)))
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Taking into account the a priori bounds on u., we obtain from [18, Lemma 2.2] that
Yy z.¢(te) 1s controlled by X, ; ¢ (¢:) with the rough path derivative

Y)éyzyg(t&‘v V) =YDG(uy ¢, y))
and the remainder Ry, _, (#;) such that

Ox

e ze@)lea ST, Yy )llces ST, Ry, () g Ste ”

Hence, the following bound follows from Proposition 2.3 and the simple estimate
X, z,6 (t) e, < ¥ 1K (te) e :

|z|** p(dz)

0
I3 (te) | cos S/RH][ Yize(le, Y) dy Xy ze(te, )
. Cu*

< /Rmxx,z,a(ts)l"m (1Yx,z,6 () llca + 1Yy o (7e)llces

Ox

+ IRy, . ()l g ) |2|* p(dz) S e%ts 7.

Here we have also used the bound on the «,th moment of the measure . Similarly,

Ox

we can obtain the bound || I3 () ||cex < g%ty 2.
Now we set Ty = Iy and T» = I, + I3 + 14 + I5 and obtain the claim. O

In the following proposition we prove a bound on 2% and E;° defined in (3.7) and
(4.19) respectively.

Proposition 8.2 Fory € (0, 1] and k > 0 small enough we have the estimate

BY 2 a—3(y+x) o
”Dv(l{;‘) - Dgg([g)”CV 5 te 2 (Dg(l@) + 80!* o K) ,

where Dy is defined in (8.1).
Proof We can rewrite 2% — 2}° in the following way

_ te te
27(t) — BV (1) = / 0x(Sp—s — S ) Z(s)ds + / 0,55 (Z(5) — Ze(s)) ds
0 0
= J1 + L.

By (8.2) and Lemma 8.8 with A = a, — o — k we obtain for any ¥ > 0 small enough

te
Iiller < /0 1S, —s — S llgwecrev 1Z(5) e ds

le i as T(l—y+a—a,
sga,_a_K/ (t, — 5)~20Hy—0 =% dsg;g( vheme) a—a—k (g gy
0
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The second term can be estimated using Lemma 8.9 and (8.3) by
S G
& &
I 2ller < /0 IS, Zsllcacr+v IT1(s) llce ds +/0 151, Zs lcos s 147 1 T2(8) | o s
te .
< / (1o — )72V EHOGET (D, () + %70 dis
0

te 1 x
+83Ot*—1/ (tg _ 5)_§(l+7’_a*+’()s_7 dS
0

_1 lq—y—
S 1720 (D (1) 4 ) gl 12T (8.10)
Combining (8.9) and (8.10) we obtain the claimed bound. O
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Appendix 1: Regularity of distribution-valued processes

In this section we introduce the Besov spaces and give a Kolmogorov-like criterion
for distribution-valued processes to belong to these spaces.
Any distribution ¥ defined on the circle T can be written as the Fourier series

1 ~ :
— k th.
¥ (x) N kEEZ Y (k)e

For m > 1 we define the mth Paley—Littlewood block of ¥ as

1 N ,
Sm S — k th’
W(X) \/E 2m1§k|<2m w( )e

and by definition do¢ = 3@ 0)/+/2m.

Definition 8.3 For any o € R, the Besov space B3, ,,(T) consists of those distribu-
tions on T, for which the norm

1¥llBg, ., == sup 2*™[[8m¥llco

m>0
is finite. We denote C*(T) = B5, ,(T) fora < 0.

For o € (0, 1) the Besov space B, ., (T) coincides with the Holder space C* (T).
The proof of this fact and more information on the Besov spaces can be found in [2].
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For m > 1 we define the Dirichlet kernel

D, (x) =

e ik — 1 sin ((2" - %) x)
V2 Z V27 sin (%x)

k|<2m

and Dy = 1.
The following Lemma provides a bound on the Dirichlet kernel D,, in L? spaces.

Lemma 8.4 For every 1 < p < oo there is a constant C = C(p) such that

| Dy llLr Ty < C27'

holds for every m > 0, where p' is the conjugate exponent of p.

Proof In the case p = 00, the function can be bounded by its value at 0, which gives
Dy (x)] < 2mTL I ] < p < 00, then we can rewrite

p

sin (20 = Y))[

sin (%x)
sin ((1 — 2_(m+1)) x)
27 sin (2= +Dy)

1 bid
1Dwll} ooy = 573
milppr(T) (27.[)[7/2

-
om (p—1) 2"

~ emprP /_ﬂzm

The latter integral is bounded by a constant C (p), since the integrand can be estimated
up to a constant multiplier by 1 A |x|~P. That gives the claimed estimate. O

p
dx.

Now, we provide a Kolmogorov-like criterion for distribution-valued processes.

Lemma 8.5 Letr be a random field on [0, T x T, such that foreveryt € [0, T, ¥ (¢)
is a distribution taking values in a fixed Wiener chaos. Furthermore, let us assume
that for every m > 0 the mth Paley—Littlewood block satisfies

E [|5m1/f(t, x)|2] < AD2ma

E 80t ) = 810 (5, 01| = B272 )0 = s,

forevery x € T, and t,s € [0, T], and some constants A, B > 0,§ > 0and o < 1,
o # 0. Then, forany y < o, y # 0, there is a constant C = C(«, y) such that

Ellylley < C(A+ B)2. 8.11)

Proof We can notice that §,,¥ (t,x) = Dy, * §,¥ (¢, x), where the convolution is
taken over the variable x € T. Therefore, the Holder inequality yields

18m Y (8, )| < 11Dl Lot ey 18m ¥ O N e (T (8.12)
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forany p > 1, where as usual p’ is the exponent conjugate of p. Since v (¢) belongs to
a fixed Wiener chaos, the same is true for the Paley-Littlewood block §,, v (¢), and we
can apply Nelson’s lemma to it [26], saying that all moments of §,,1(¢) are bounded
up to a constant multiplier by its second moment. Therefore,

1
Ell$my (D llr(my < CEISmY (Dl L2(ry < CAZ27™E, (8.13)

Combining the bounds (8.12), (8.13) together with Lemma 8.4, we derive

1_
Ellspyr (1) o0 < CAd2" (7).

Since for y < 1, y # 0, the space C¥ coincides with the Besov space Bgo,oo, we
obtain

EllY @) ller = B sup 2" I3 0lco]

< D 2"E|Suyr (1) lco

m>0

<cary 2’”(”%“"),

m>0

which is finiteif y < o — %. Finally, we can notice that for any y < «, we can choose

p > 1 large enough such that y < o — %, so that

Elly ()ller < Cla, y)A?, (8.14)

for every y < «. Repeating the same argument for §,, % (t) — 6,, ¥ (s), we derive

Ely(t) — ¥ (s)ller < Clat y)Bi|r — 5|3 (8.15)

We finish the proof by applying the Banach space-valued version of the Kolmogorov
continuity criterion [22], which gives the estimate (8.11) from (8.14) and (8.15). O

The following Lemma provides a bound on the product of two distributions from
certain Holder spaces.

Lemma 8.6 Let ¢ € C* and W € CP, where B <0 < o < 1 witha + B > 0. Then
there is a constant C = C(«, B) such that

levlics = Cllelice v lics-

The proof of this result can be found in [2, Theorem 2.85].
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Appendix 2: Regularity properties of the semigroups

In this appendix we list some properties of the heat semigroup S; = e’ defined as
a convolution on the circle T with the heat kernel (3.3), and the approximate heat
semigroup St(e) = ¢'®¢, which is defined as a convolution with the approximate heat
kernel (4.2).

The following Lemma provides the regularising property of the heat semigroup S;
in the Holder spaces.

a—p
Lemma 8.7 Lera < B, B > 0, then fort > 0 one has ||S;||ce_ycp St 2 .

For ¢ < 0 and integer B, one can easily show this bound by the definition of the
Holder spaces. For non-integer 8 the bound follows by interpolation. A proof of the
Lemma for « > 0 and 8 < « + 1 can be found in [13, Lemma 47]. For larger values
of B, the estimate can be shown by using the semigroup property of ;.

The following results provide the regularizing properties of the approximate semi-
group S¢, defined in the beginning of Sect.4. All the missing proofs can be found in
[21, Sect. 6]. We assume that Assumption 1 holds in order to derive these bounds.

First, we give a bound on the difference between S; and S,(E).

Lemma 8.8 Let A € [0, 1] and @ < y + A. Then for k > O sufficiently small and
t > 0 one has ||S; — S,(S)Ilca_)cy < (2=t g

The following result is analogous to the regularisation property of the heat semi-
group.

Lemma 8.9 Forany y,y > 0, any t > 0 and any k > 0 sufficiently small one has

1SNl er s orer—r 7.

SUPge(0,1)
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