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Abstract. In rough stochastic PDE theory of Hairer type, rough path lifts with respect
to the space variable of two-parameter continuous Gaussian processes play a main role. A
prominent example of such processes is the solution of the stochastic heat equation under the
periodic condition. The main objective of this paper is to show that the law of the spatial lift
of this process satisfies a Schilder type large deviation principle on the continuous path space
over a geometric rough path space.

1. Introduction and main result. In rough path theory of T. Lyons, the notion of
paths is generalized to a great extent and so is that of ordinary differential equations. They
are called rough paths and rough differential equations (RDEs), respectively. The solution
map of an RDE is called an It6 map, which is defined for every rough path and, moreover, is
continuous with respect to the topology of rough path space (Lyons’ continuity theorem). As
a result, stochastic differential equations (SDEs) in the usual sense are made deterministic or
“dis-randomized”.

Even though It6 maps are deterministic, the probabilistic aspect of the theory is still
very important undoubtedly. In a biased view of the author, a large deviation principle of
Schilder type is a central issue in stochastic analysis on rough path spaces. This kind of large
deviations was first shown by Ledoux, Qian, and Zhang [15] for the law of Brownian rough
path. Combined with Lyons’ continuity theorem, this result immediately recovers well-known
Freidlin-Wentzell type large deviations for solutions of SDEs. Since then many papers have
been published on this topic [2, 3, 5, 6, 12, 13, 18].

Naturally, one would like to apply rough path theory to stochastic PDEs. There have been
some successful attempts. In this paper, we focus on M. Hairer’s theory [8, 10, 11], which
is based on M. Gubinelli’s controlled path formalism. In this theory, rough path integration
is used for the space variable x € S! = R/Z for each fixed time variable > 0. This
is surprising because almost everyone regarded solutions of stochastic PDEs as processes
indexed by f-variable that take values in function spaces of x-variable and then modify and
apply infinite dimensional rough path theory. Not only this point of view is novel, but this
theory also turned out to be very powerful when he rigorously solved KPZ equation in the
periodic case for the first time [9].
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Under these circumstances, it seems natural and necessary to develop stochastic analysis
in this framework. In this paper we will prove a large deviation principle of Schilder type for
the spatial lift of the (scaled) solution ¥ of the stochastic heat equation on S!. This process ¥
plays a crucial role in [10, 11]. To our knowledge, a large deviation principle is new in rough
stochastic PDE theories of any kind.

Now we introduce our setting. We will give precise definitions and detailed explanations
in later sections. Let us recall the stochastic heat equation on S'. As usual S! = R/Z is
regarded as [0, 1] with the two end points identified and A = Ag: stands for the periodic
Laplacian. Let & = &(t,x)' (1 < i < d) be independent copies of the space-time white
noise associated with L?([0, 7] x S!) with the (formal) covariance E[£(z, x)'&(s, y)/] =
8ij - 81—s - 6x—y. Let Yy = (¢, x) be a unique solution of the following R-valued stochastic
PDE.

(1.1) W =Ny +&  with ¢ (0,x)=0.

Then, ¥ = (Y (t, x))o<r<T.0<x<1 1S a two-parameter continuous Gaussian process. It was
shown in [10] that, (i) for each ¢, x — v (¢, x) admits a natural lift to a geometric rough path
(x,y) — ¥(t; x,y) a.s. and (ii) there exists a modification of ¥ such that t — W(¢; e, %)
is continuous in the geometric rough path space a.s. In this theory, a solution of a rough
stochastic PDE is obtained from ¥. Therefore, it is important to analyze (the law of) ¥.

Let 1/3 < o < 1/2. We denote by GQO};’ (RY) the a-Holder geometric rough path
space over R?. The first level path of X € G.Qf (R?) is a usual path in R? which starts
at 0. Let GRHRY) = R? x G2 (RY) be the a-Holder geometric rough path space in
an extended sense so that information of the initial values of the first level paths are added.
For each ¢, the random variable ¥ (¢; e, %) takes values in this Polish space G[}f (Rd). Let
POOGQf(Rd) = C([0, T], G[}f (R?)) be the continuous path space over G[}f (RY). Tts
topology is given by the uniform convergence in ¢ as usual. The random variable ¥ takes
values in this Polish space and hence its law is a probability measure on this space.

Introduce a small parameter 0 < ¢ < 1. Let e¥ is the dilation of ¥ by &, which is equal
to the natural lift of evr, anyway. Denote by v, the law of e¥ on POQG.QO};] (R?). Our main
result is the following:

MAIN RESULT. For any o € (1/3, 1/2), the family (v¢)o<c<1 of probability measures on
Poo GQO{{ (RY) satisfies a large deviation principle as ¢ \, 0 with a good rate function I.

See Theorem 5.6 below for a precise statement of our main result. A concrete expres-
sion of I will be given in Section 5. A comment on a Freidlin-Wentzell type large deviation
principle for solutions of rough stochastic PDEs will also be given after the main theorem.

The organization of this paper is as follows. In Section 2 we introduce several kind of
path spaces over geometric rough path spaces and show basic properties between them. In
Section 3 we prove a few properties of the covariance of ¢ in one-dimensional case. We use
them in the following section to prove convergence of the dyadic polygonal approximations.
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In Section 4 we prove that the spatial lift of the dyadic polygonal approximations of
Y converge with respect to a Besov type topology which is stronger than the topology of
PoonZ(f (Rd). Unlike preceding examples in [4, 8, 11, 10, 21], in which Kolmogorov’s
continuity criterion is used to obtain regularity in 7-variable, we directly prove a.s. and L?”-
convergence in function spaces of space-time variables. In this respect, the argument in this
section may be new.

In Section 5 we prove our main result, namely, large deviations for the law of e¥. Our
method is based on Friz and Victoir’s in [6]. Their method is general and moreover is available
even when regularity of Cameron-Martin paths is not understood very well. (Sometimes,
lifting a Gaussian process may be easier than lifting its Cameron-Martin paths.) Neither in
our case do we know much about (the lift of) Cameron-Martin elements of . So we use their
method.

Throughout this paper, ¢ denotes an unimportant positive constant which may change
from line to line.

2. Path space over geometric rough path space. In this section we recall the def-
initions and some basic facts of the geometric rough path spaces, which are endowed with
Holder, Besov, and the uniform norms. Then we consider continuous path spaces over geo-
metric rough path spaces and introduce several kinds of norms on them. All the ingredients of
this section are either known or easily derived from known facts. We refer to Appendix A.2
in Friz and Victoir [7] for basic information on Hélder and Besov norms.

Let us first recall Holder and Besov norms on continuous path space over a real Banach
space. Let V be areal Banach space. The set of continuous path f : [0, T] — V is denoted by
C([0, T'], V). Itis areal Banach space with the usual uniform norm || f ||leo := supg<, <7 | filv-
The subspace of all the continuous paths which start at 0 is denoted by Co ([0, T'1, V).

Fora € (0, 1] and f € C([0, T], V), we define ¢-Holder norm of f by

I fllf:e == 1folv+ sup ———=
0<s<t<T |t — 5]
The subspace of all the paths with || f|g.« < o0 is denoted by CH:e ([0, T1, V). Next we
introduce Besov norm. For « € (0, 1] and m > 1 with « > 1/m, we define («, m)-Besov

norm of f by
o= £l g
1 gz = | foly + //5 — e dsdt (]

(T) |t — S
Here, S(T) = {(s,t) |0 <s <t < T}. (WhenT = 1 we write S = S(1) for simplicity). The
subspace of all the paths with || f|| p.o.m < 00 is denoted by cBem((0, T1, V). It is obvious
that || fl| g:am < c|| f | .o for some constant ¢ = ¢4 o' > 0if @ < o’. By Besov-Holder
embedding theorem (e.g. Corollary A.2, [7]), it also holds that || fl| g;q—1/m =< NN Biam
for some constant ¢’ = ¢, ,, > 0. In particular, C Biesm ([0, T1, V) is continuously imbedded
in cHie—1/ "([0, T1,V). The subspace of all the Besov or Holder paths which start at O is

denoted with the subscript “0”.
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Let us next recall geometric rough path spaces. Throughout this paper, the parameter
interval for rough paths is [0, 1] and we set S = S(1) = {(x,y) |0 < x <y < 1}
Let A € C(S,R?) vanish on the diagonal. (The totality of such A’s will be denoted by
Co(S, RY).) We set

1Ayl
@2.1) IAlge = sup ——— O<a<l,
O<x<y<l ly — x|
|Ax, y|m 1/m
22 Algan = ( Rryer dxdy) O<l/m<a<l).

These are called a-Holder norm and (o, m)-Besov norm, respectively.

Let T?(RY) = R @ R? @ (RY)®? be the truncated tensor algebra of step 2. The set of
elements of the form (1, e, x) forms a non-abelian group under the tensor multiplication ®.
The unit element is 1 = (1, 0, 0). A scalar action (1, ai, a2) — (1, Aaq, Azaz) for A € Ris
called the dilation.

A continuous map A = (1, A!, A?) : S — T?(R?) is called multiplicative if it satisfies
that
(23) A, =A, +Al AT = A + A2+ A ®A]

Z,y° X,y z,y 7y’ x=z=y).
This relation is called Chen’s identity and can also be writtenas Ay y = Ay ;® A, where ®
stands for the multiplication of 72(R?). In particular, A, y is a “difference” of a group-valued
path, since Ay y = (Ao,x)_l ® Ao,y. Note that A'! and A? vanish on the diagonal if they are
multiplicative. We denote by £2,, (R?) the set of such continuous multiplicative functionals.
A distance on 25, (R?) is given by d(A, B) = |A! — B!|lo + [|AZ — B?||s0, Where || - [loo
denotes the sup-norm over S as usual.
Let 1/3 < a < 1/2. The space of R?-valued a-Holder rough path is defined by

QFRY) ={A=(1,4A", A% e C(S. T*RY)
| multiplicative and [|A!|| .o < 00, ||A%||f:20 < 00} .

The topology of this space is naturally induced by the following distance: d(A, B) = ||A' —
B! lH:o + 1A% — Bz||H;2a. In the same way, (o, m)-Besov rough path is defined for m > 2
and 1/3 < a < 1/2 witha —m~! > 1/3 as follows;

28 RN ={A=(1,4" 4% e CS, T*RY)
| multiplicative and [|A"[| p.g.m < 00, | A || B:2g.m/2 < 00} .

The topology of this space is naturally induced by the following distance: d(A, B) = ||A! —
B g:a.m + IIA% — B?||g.2a,m/2- In what follows, we will often write A = (A!, A?) for
simplicity, since the Oth component “1” is obvious.

A Lipschitz continuous path (i.e., 1-Holder continuous path) x € C(I)L] ;1([0, 11, R%) ad-
mits a natural lift to a rough path by setting

)7
A}(’y =ay —ay, A)ZC’y :=/ (a; — ayx) ®dag, (x,y)€S.
X
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It is easy to see that A € 27 (RY) N 28, (R?). We call a rough path A obtained in this way
a smooth rough path lying above a, or the natural lift of a. The natural lift map is denoted by
Lo, ie., A= Ly(a).

Now we introduce geometric rough path spaces. Let G2 (R) be the closure of the
set of smooth rough paths in £/ (RY). This is called the geometric rough path space with
a-Holder norm. The geometric rough path space GQﬁm(R") with (o, m)-Besov norm is
similarly defined. Hence, we have the following inclusions;

GRERY) c HRY), 628, RH c 2l ®RY.
Moreover, by Besov-Holder embedding in Proposition 2.1 below, we also have

Gel,RYH cel’,, R, 28 RYH cl, , ®RY,

a—1/m a—1/m
if1/3 <o <1/2,m>2,anda — 1/m > 1/3. Note that these continuous inclusions are
bounded (in the sense that they map any bounded set to a bounded set).

PROPOSITION 2.1. Assume 1/3 < a < 1/2,m > 2, and a — 1/m > 1/3. Then,
95 m(Rd) is continuously embedded in .Qlf_l Jm (RY). Consequently, (i) G.Qtﬁ m (R?) is con-
tinuously embedded in G.Q(f]_ \/m

G.Qtﬁ m (R?) is a Polish space.

(R?) and (ii) .Q(f m(Rd) is a complete metric space and

PROOF. Recall the following inequalities for Besov-Holder embedding: For some pos-
itive constant ¢ = ¢ 5, independent of A, B € 2 (Rd), we have

1 _ pl 1 _ pl
A" = B llH:a—1/m < cllA" — B || By »

1A% — B2\l g2a0—2/m < c(IA" = B || gim + 1A% — B2l g;20m/2)
(2.4) x (1AM Bsam + 1A% N :20ms2 + 1B 1 Brasm + 1B 8:20m)2) -

The first one has already been explained. The second one is found in Proposition A.10,
pp. 576-579, [7]. (In the proof, only multiplicativity of A and B is used. In other words,
t — Ao, Bo, need not take their values in the free nilpotent group of step 2. See [7] for
details.) From these inequalities, we can easily see that 'sz, m (RY) is continuously embedded
in2!,, RY.

Now we prove the rest of the proposition. The only non-trivial part is completeness of
Q(fm(Rd). Let A(n) (n =1, 2,...) be a Cauchy sequence in («, m)-Besov topology. In the
Besov topology, there exists a limit A(co). But, A(co) is continuous and multiplicative on &
since convergence is also in (o« — 1/m)-Holder topology. Hence, 'Qf, m(Rd) is complete. O

In the above definition, the first level path of a rough path is naturally identified with a
path in the usual sense which starts at origin. Now we slightly modify the definition so that
the first level path can start at any point.

Set Qoo (Rd) =R? x 200 (Rd ). The distance on it is the natural one for a product space.
The path [0, 1] > x —> v + A(l)’x is said to be the first level path of (v, A) € oo (RY). v is
called the initial value The dilation naturally extends on this space by A(v, A) = (Av, AA). In
the same way, fz(ﬁm (RY) and 2/ (R?) are defined.
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Conversely, fora € C:1([0, 1], RY), we set La(a) = (ao, L2(a. — ap)) € $200(RY) and
call it a natural lift of a or a smooth rough path lying above a. Geometric rough path spaces
G.Qoo (RY), Gégm(Rd), and G.Qf (R?) in this extended sense are defined as the closure of
the set of smooth rough paths as before.

REMARK 2.2. (i) For (v, A) = (v, A!, A%) € 2+ ([R?), we will sometimes write
(a, A?), where a, = v+ A{ .. In particular, for b € C*:1([0, 1], R?), (b, B?) stands for the
smooth rough path lying above b.

(i) Almost all the results for G2 (R) etc. also hold for GR2H (R?) etc. with trivial
modifications.

(iii) .Q,f (R%) is basically the same rough path space as in [8, 10, 11, 9], etc., in which the
rough path space is denoted by D (R?). The only difference is that in this paper a rough path
is defined on the simplex S, while in these papers it is defined on the simplex [0, 1]%. How-
ever, under Chen’s identity values of rough paths on [0, 1]?\ S are automatically determined.
Hence, there is essentially no difference.

Now we consider several kind of path spaces over geometric rough path space. Let 7 > 0
and assume 1/3 < o < 1/2,m > 2,and ¢ — 1/m > 1/3. We first define continuous path
spaces over geometric rough path spaces with the usual sup-distance. Let ”POOG[AZO{{ RY) =
c([o, T], G.Q,f (R?)) be a continuous path space over G.Q,f (R?). An element of this set is of
the form (v, A'(; x, y), A%(t; x, y)). (We often write A(¢; x, y) = Al(x, y) for simplicity.)
The distance on this space is defined by

dist((v, A', A%), (u, B', B?))
= sup |o —ul+ sup |A; — B/lma+ sup IIA7 — Bl -
1€[0,T] 1€[0,T] 1€[0,T]
This space is the one used in M. Hairer’s rough stochastic PDE theory (see [8, 10, 11, 9]). In
the same way, we define POOGQ(fm (RY) and Poo G 250 (R?) as well as their distances.
Let0 < 8 < 1. Set

PHGRIRY) = {(v. A", A?) € PuGR RY) | 1+ v,
At1 is B-Holder continuous, A,2 is 28-Holder continuous} .

Of course, t > Al is if-Holder continuous with respect to || - ||y fori = 1,2, that is,
SUpg<s<r<7 1A} — Al Hsia/(t — 5) < 0o. The distance on this space is defined by

dist((v, A", A%), (u, B', B%))
= v —ullg:p+ Y N[A" = B, ([0, T), ¢ (S. R)®))]
i=1,2
=lv—ullup+ Y 1A} = Bjllusic
i=1,2
n Z sup [(Aj(x,y) = B} (x, y)) — (Ai(x, y) — Bi(x, y))|
D] S<LX<y (t —$)B(y —x)ie ’
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Here N[ -; V] denotes the norm of a Banach space V. In the same way, 7351 GQDIEm (R" ) and

7751 G 20 (R?) can be defined, but details are omitted.
Assume in addition that 8 > 1/m. We set (8, m)-Besov path spaces over geometric
rough path spaces as follows;

PhnGRE, RN ={(v. A", A) € PuGRE,RY) |1 > v,
A,1 is (B8, m)-Besov continuous, At2 is (28, m/2)-Besov continuous} .

Of course, t — Ai is (iB, m/i)-Besov continuous with respect to || - || g;iq,m/i fori =1, 2.
The spaces Pg mG[}f (RY) and 735 mG[}oo (R?), and the distances on these spaces are also

defined in a similar way. The distance on 735 mGQ(f m (R9) has the following form:;
dist((v, A', A?), (u, B, B?))
=|v— u”B;/S,m + Z N[Al _ Bi; CB;iﬂ’m/i([O, T1, COB;Z'C{,M/I'(S’ (Rd)®l))]

i=1,2
= v —ullppm+ Y 1Ay = BillBiicumsi
i=1,2
Y i// dsdt// I(Ai(x,y)—Bf(x,y))—(Af;(x,y)—Bé'(xvymm/idxdy}i/m
S(T) S (t — s)1HPm(y — x)l+em )

i=1,2

Finally, note that all of these PG$2’s introduced above are complete.
There are of course natural inclusions between these PG £2’s. Now we discuss two of
them for later use.

PROPOSITION 2.3. Let1/3 <o’ <a <1/2,0 < B < 1,m > 2 such that &' <
o —1/mand B > 1/m. Then, we have the following bounded, continuous inclusions;

PhnGRE, RN & PuGRERY) — PouGR260(RY).

Moreover, the left inclusion is compact in the sense that it maps any bounded subset to a
precompact subset.

PROOF. The right inclusion is obvious. Now we consider the left one. From (2.4) and
Besov-Holder embedding in #-variable, we easily obtain

sup [|A} — BN .or < A" = BB povms
t

sup |AZ — B i2er < c(I1A" = B g gam + I1A* — B[l 528, 20m/2)
t

(2.5) x (1A 8. g.am + 1A% B:28,20m2 + |1 B 1 g + 1B 8:28,20,m2) -

Here, the norms stand for [ -; cBiB-m/2([0, T, Cg;m’m/i(S, (Rd)®i))] fori = 1,2. In-
equalities (2.5) show that the left map is a continuous inclusion.

We prove compactness. First, the inclusion sz(ﬁm(Rd) SN G[}g (RY) is compact.
Second, if {(v(n), A(n)", A(n)*)},=1..... is a bounded sequence in Pgmez,ﬁm(Rd), they
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are bounded and uniformly continuous szg m (R%)-valued paths since 8 > 1/m and Besov-
Holder embedding. By (2.4) they are also bounded and uniformly continuous as G2 5 (RY)-
valued paths.

Now we can use Ascoli-Arzela type argument as follows. By the diagonalization ar-
gument, there exists a subsequence {rny}r=1,2,... such that {(v(ng);, A(nk)tl, A(nk)tz)}kzl,zw
converges in G[}(f{ (RY) for any t € [0,T] N Q. Let & > 0 be arbitrary. By the uniform
continuity and compactness of [0, T'], there exists finitely many (relatively) open intervals
Uj (1 < j <Dsuchthat (i) [0, T] = u’jzluj and (ii) it satisfy that

d(wm), Am)}, A}, w(n)s, AL, A)D)) <e  (s,teld;, 1<j<).
Here, d denotes the distance on G.(AZ(E(R"). Next choose t; € U; NQ (1 < j < ). Since [ is
finite, there exists kg € N such that if k, m > ko then

Ay, A AR, ey, Ay, A);)) <& (1< <D).
The 3¢-argument implies that if k, m > ko then

OsupTd((v(nk», Aot A, W), Alnm);, Ala)?D) < 3e,
<t<

which shows that this subsequence is Cauchy in POQG.Q 5 (RY). O

3. Covariance. The most important data for Gaussian processes are their covari-
ances. In this section we will calculate the covariance of 1. Throughout this section, the
dimension is always d = 1.

Lett > 0 and x € R/Z = S'. As usual, we identify S' with [0, 1]. A = A denotes
the periodic Laplacian. £ = &(¢, x) is the space-time white noise with the formal covariance
E[§(t, x)§(s, y)] = &i—s - 0x—y. Let ¢y = (¢, x) be a unique solution of the following
real-valued stochastic PDE.

q = Ay +&,  with  ¥(0,x)=0.

Y is a two-parameter Gaussian process and can be written down as follows;

t t 1
v =[ [ et 9as)o0 = [Cas [ piess = ey,
Here,
= 1 x2
@ =Y patn.  p) = ——=exp(-7)

’ n;oo ’ O i T

are the heat kernels of S! and R, respectively.
First, we give an explicit expression of the covariance. Observe that it has a few kinds of

symmetries.

LEMMA 3.1. Foranys,t >0andx,y € R,

1 s+t 1 o )
Bl (v (9] = 7= 2 /| lﬁ exp(~EZ2=
nez st
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PROOF. From the explicit expression of v, we have

E[y (s, x)y (2, y)]

Ky t
_ / / drdr’ / / dzdz ps—r(x — 2)pr_p(y — EIE( DEG, )]
0 0 AL

SAt 1
_ / dr / Beor (5 — D Br—r(y — 2)d2

G.1) = [T [ h—ope 4o,
0

neZ

A well-known calculation for the heat kernel p; yields;

B R [
4 Jo o doona=n P\Tas—n T 3a-n

2

1 SAL x
=— d r—2r)"1/2 -
2\/_/ r(s + r) exp( 4(s+t—2r)>

4\/—/“ t|feXp(__)d

forall s, > Oand x € R. Here, we performed completing the square for the first equality and
changed variables by s 4+ ¢ — 2r = [ for the second equality. From this, (3.1), and translation
invariance, we prove the lemma.

In the above argument, we used the space-time white noise to calculate the covariance.
However, some readers may think this is not so mathematically rigorous. Hence, we will give
another proof by using Fourier series. Remember that both Fourier analysis and Gaussian
measure theory work perfectly in L2-setting.

Set vg(x) = 1. Forn > 0, set also v, (x) = /2 cos(2rnx) and v_, (x) = v/2sin(27nx).
Then, {v; },,ez forms an orthonormal basis of LZ(SI). For each n, v, is an eigenfunction of A
with eigenvalue 477212, The heat kernel admits Fourier expansion as follows;

Bl =y =Y e T, (ua () -
nez

Using these, we can easily check that

1
- - CAr2n2 (e CA+2,204
/ Psor(x —2)Pr—r(y —2)dz =Y e W™y, (), (y) .
0

neZ

In a similar way, since £(t, x)dt is the increment of an L2(S 1)-cylindrical Brownian
motion, we have

£, x)d1 =) dby(D)va(x)
neZ

where (b, (t));>0 are independent copies of the standard real-valued Brownian motion.
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If we expand ¥ (t,x) = ),z 1},1 (v, (x), then we see the Fourier coefficient @n (1)
satisfies the following SDE;

AV (1) = 47°n* P ()dt +dby (1), Y (0) = 0.
This SDE has an explicit solution, that is, 12/,, t) = fé 6_4”2"2(’_’)(117” (r). Hence,

s t
ELY (s, )t I=E[ Y /0 e~ ab, (r) - /O eI (1) - 0y ()0 ()]

n,meZ

SNt
=2 f dre= 4Dy, (), (y)
0

neZ

SAL 1
- / dr / By (x — D Prr(y — 2)dz.
0 0

This coincides with (3.1). Thus, we have obtained the covariance of ¢ via Fourier analysis,
too. O

Next we calculate variance for the two-parameter increment of . Set

2
D5, x3 1,3) i= B[ [t ) = 96,0 = (s, + 9, 0)| |
This quantity plays a very important role in this paper.

LEMMA 3.2. Forany T > 0 and « € (0, 1), there exists a positive constant ¢ =
c(T, k) such that

D(s,x;t,y) < clt — s|*/*distg (x, y)' 7%

foralls,t € [0,T]andx,y € R. Here, distgi (x, y) = inf,cz |x — y + n| is the distance on
S (If|x — y| < 1/2, then distgi (x, y) = |x — y|.)

PROOF. Due to the periodicity, the invariance under the translation and the inversion
X — —x, we may assume that s < ¢, x = 0 and 0 < y < 1/2 without loss of generality. In
this proof, the positive constant ¢ may change from line to line.

Set v; = ¥ (¢, y) — ¥ (¢, 0). Then, we have

Hence,

D(s,0;1,y) = E[(v, — v5)?]

2t s+t 2s n2 n 2
s 2 [l (-

There are two cases.
CASE (i), t —s < 2s. Then, up to a Lebesgue zero set,

110,20) = 211 —s, 1451 + 110,251 = 21[0,1—s51 — I[25,1+5] + {14521 5



LARGE DEVIATION PRINCIPLE FOR GAUSSIAN ROUGH PATH 443

where /4 stands for the indicator function of A C R. Note that length of all the intervals on
the right hand side is dominated by # — s.
CASE (ii), t — s > 2s. Then, 2t < 3(t — s) and
110,261 = 21 [1—s,14s1 + 110,251] = 41[0,3(—5)] -

Either way, it is sufficient to prove an inequality of the following form;

(3.2) Z/MM @‘exp(—i—j) —exp( L-{-n) )‘dl < 05’(/2 1—«
nez "

forallu > 0,8 > Osuchthatu + 6§ < 3T.
First, we estimate the Oth term in the sum (3.2). We will change variables from [ to z by
y2/1 = z below, then dl = —(y/z)zdz

/Mf —exp _r /f l—exp ——))dl

(3.3) < y/ (1 - ez
y2/8
We will show that
o
(3.4) / 77320 = e *ydz < or /2 (0 <r < o0)
r

for some constant ¢ = ¢, > 0. When r Y\ 0, there is no problem since the integral is con-
vergent. When r — 00, the integral is dominated by froo z732dz = 0r=V%) = O(r—"/?).
This proves (3.4). From (3.3) and (3.4), we have

/uu+a /;(1 —exp(—ﬁ—j))dl < e/

Here, the constant ¢ > 0 does not depend on y, 8, u.
Next, we estimate the ), _, part of the sum (3.2). By (e_"z/‘”)/ — XM (x/2I) and
the mean value theorem,
2 2

exp(-2) - exp(_%) < exp(~ 4)% < exp(-1)™2.

where weusedn > land0 <y < 1/2.
By Schwarz’s inequality and change of variables by n?/I = z, we have

[ Hoo(g) ol )
<yn /u+81_3/2 exp(—Z—j)di
u
< yn{/uuM l"‘ldl}%{/oural‘(KJrz) exp(—Z—j)dl}%
u+s8 2 1
< cySK/zn{/u [~ k+2) exp(—’;—l)dl}2
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00 1
<cys*n - n_(H"){ zKe_z/zdz} :
n2/3T
/2 n?
< cy§*/“ex (——),
= P\t

since there exists ¢ > 0 such that z€e~%/2 < ce~%/* for all z > 0. Since

oo n2 00 x2
rgexp<—m) S/O exp(—m)dx <JorT,

we have

> [ () e~ O ar < v
n=1

Using the condition that 0 < y < 1/2, we can also estimate the Zn <o part of (3.2) with a
slight modification. Thus we have shown (3.2) and consequently Lemma 3.2. O

By the previous lemma and Kolmogorov-Cencov’s continuity criterion, we can obtain
the regularity of sample sheet of .

COROLLARY 3.3. (i) Forany T > 0, there exists a positive constant ¢ = ct such that

E[lyt.x) —y(s, 0] <cle —sI"2  E[|[y@,x) — v, »|] < cly -zl
holds for all s,t € [0, T]and x, y € [0, 1].

(ii) Forany B < 1/4 and B’ < 1/2, (t,x) — ¥ (t,x) is (B, B)-Holder continuous
almost surely. That is,
|1/f(s7 x) - W(tv )’)|
It —sf +1x —y|f
Here, sup runs over all (s, x), (t,y) € [0, T] x [0, 1] such that (s, x) # (¢, y).

1916, = sup| (60 £E) <o as.

PROOF. By repeating a similar calculation as in the proof of Lemma 3.2, we can prove
the first assertion. (This is actually easier than Lemma 3.2. Note that one should not take limit
(k \yOork 7 1)in Lemma 3.2, since the constant ¢ may depend on «.)

To prove the second assertion, we use Kolmogorov-Cencov’s continuity criterion (see
e.g. Theorem 1.4.4, p. 36, Kunita [14]). From the first assertion and Lemma 3.2, we see that,
for any fixedk € (0,1)NQand y € N,

E[Jy(t,x) — v, ) ] <clt —s/"*, E[|yt.x) — v, »)]"] < ely — x|/,
E[[(t, y) — ¥ (t.x) — ¥ (s, y) + ¥ (s, 0)|"] < clt — s[V/Hx — y|707/2,

Here, ¢ > 0 may depend on y. Hence, by the continuity criterion, there exists a modification
of ¥ (which is again denoted by the same symbol) which is a.s. (8, §")-Holder continuous for

any (8, 8') such that
1—« 1

2 v

, 8 <
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First choose 1 and y; so that B < «k1/4 — 1/y1. We set §; = f and take & so that 0 < 8] <
(1 = k1)/2 — 1/y1. Next choose k7 and y» so that " < (1 —«2)/2 — 1/y>. We set 8, = p’
and take 8, so that 0 < 8> < x2/4 — 1/y>. We now have two modifications, but they coincide
a.s. anyway. Hence, we have

[V (s,x) =t )| < [Y(s,x) =¥, )| + ¥ (@, x) =¥, y)l
< Wluoaplt =P + W lwaple =17, as.
This proves the second assertion. O
Now we check that v satisfies a condition of Coutin-Qian type (see Definition 4.4.1,
Lyons and Qian [17]). Ours is slightly weaker than the one in Definition 4.4.1, [17], but
practically there is no problem. This kind of condition implies that the lift of the dyadic

piecewise linear approximation of Gaussian process converges in the geometric rough path
space.

LEMMA 3.4. Forany T > 0, there exists a positive constant ¢ = ct such that

ch?

(3.5) [ELY (1, x 4+ h) = g, )HY (s, y + 1) = ¥, Y| < -

holds for all s,t € [0, T]and all0 <x <y <1,h > Osuchthat2h <y —x <1/2.

PROOF. In this proof, the constant ¢ > 0 may change from line to line. As before, it is
sufficient to prove the lemma when x = 0.

Let h > 0 and let g be a real-valued, C?-function defined on a certain interval which
includes [y — h, y 4+ h]. By Taylor’s theorem,

1
lg(y +h)+ gy —h) —29(»)| = hz‘/o (1 —0){g"(y+6h) +¢"(y — 9h)}d9‘

1
_ hz\f ((1=6) A (1 +0))"(y +61)de)
-1
(3.6) <h* sup |g"()].
y—h=<n=y+h

We will use (3.6) for g(y) = exp(—y?/4l). Itis easy to see that ¢’ (y) = —(y/2) exp(—y?/4l)
and ¢"(y) = {(y?/41%) — (1/2D)} exp(—y? /41).

From the covariance formula for 1/ in Lemma 3.1, the left hand side of (3.5) is dominated
by a constant multiple of

3 [ oS (- a0

We will denote by A(n) the nth summand in the above sum.
First we estimate A(0). From (3. 6) and 0 < h < y/2, we see that

2 (3y/2>2 (y/2)*
AO) =<k / 412 2z}eXp<_ 41 )‘”
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2T
< ChZ/ \/7 l2 —yz/lﬁldl

Change variables from [ to z by y?/[ = z. Then, dl = —(y?/z%)dz and we have

2

hZ [ h?
(3.7) A0) < C—/ (12 4 712y~ < E1
y y2/2T

Note that the integral above is convergent on (0, 00).
Next we estimate A(n) for n > 0. Using (3.6) with y + n instead of y and repeating a
similar computation, we have

(By/2+n)> (y/2+n)
ZA(n)<hZZ/ \[ y4l2n E}e"p<_y 41n )‘”

< ch? XE/OZT \E(’;—z n 7)6‘"2/41011

h2 00
—/2 2 4+ 77V e 44y
n2/2T

n

ch / 1262184,
n2/2T

2
L/ g, < en? < S
2 Ty

IA

(3.8)

IA

i E%g 10

Here, we used z + 1 < ce?/8 (z > 0) forsome ¢ > Oand 1 < (2y)~ L.
Using the assumption that y < 1/2, we can also prove Y oo | A(—n) < ch?/y essentially
in the same way. Combining this with (3.7) and (3.8), we have shown the lemma. O

The following is a generalized version of Coutin-Qian’s condition in the sense that the
regularity with respect to ¢-variable is also taken into account. This is a key technical lemma
and will play a crucial role in the next section when we prove convergence of dyadic polygonal
approximation on the path space over the geometric rough path space.

LEMMA 3.5. Forany T > 0and « € (0, 1), there exists a positive constant ¢ =
c(T, k) such that

E[{ x4+ 1) =9, 0) = @, x + 1) = (5,00}

clt —s|"/2h2
(v _x)1+/(
holds forall s,t € [0, T]and all0 <x <y <1,h > Osuchthat2h <y —x <1/2.

(3.9) X (Wt v+ ) = () = WGy + ) = s )] | =

PROOF. In this proof, the constant ¢ > 0 may change from line to line. As before, it is
sufficient to prove the lemma when x = 0.
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From the covariance formula in Lemma 3.1, the left hand side of (3.5) is dominated by a
constant multiple of ), ., |B(n)|, where

2t s+t 2s 1
v ([ [+ [}
(n) / /; —t| /0 } l

It is obvious from (3.10) that we may assume s < ¢t without loss of generality.
For the same reason as in the proof of Lemma 3.2 (see Cases (i)(ii)), it is sufficient to
prove the following inequality: There exists ¢ > 0 such that

c5<1212

(3.11) ZC(n)<7K (u>0,8>0withu+8 <37),
neZ
where
u+s 2 2 2
y+h+n) O—h+n (y+n)
R R e B

Using (3.6), we calculate C (0) in the same way as for A(0) in the proof of Lemma 3.4.

C) < hz/u - 1/2{(31;22) 21} ( (y/2)2)dl

<ch2/ I~ 3/2(l +1) —y*/16l g

<ch2{/ s 2dl {f l—”iz +1) _yz/gldl}

1 ch?8x/2
20k/2 2 —z/8
< ch*§" [—y2+2"// (z+ D%t dl} el

In the last line above, we changed variables by y?/1 = z again.
Let us estimate C(n) for n > 0. In the same way as in the proof of Lemma 3.4,

Z Clm <17 Z/ h \fi (Sy/jlj " ta } eXp(‘W)dl
< Chz,;/u 1‘3/2<n7 + l)e‘"2/4ldl
= Chz’ii/uw(lkz')zdl}; {fuu+5(l—”?2>2(”72 + 1)26—»12/41(”}%

1

o0
< ch2s</? Z{ L[~ @+ 1)2e—z/4dl}7
- n2+2 23T

n=1

25K/2
20k/2 R2s/2 < ch”$
<ch“§ E h=$ 7}]”’( .
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Using the condition y < 1/2, we can also prove the same estimate for Z;O:I C(—n). Thus,
we have shown (3.11). O

4. Dyadic polygonal approximation. In this section we again consider the multi-
dimensional case of (1.1); ¥ = (¥, ..., ¥%). Here, ¥', ..., ¥ are independent copies of
the one-dimensional process studied in the previous section. For the dyadic partition Py =
{(i/2K10 <i <25} of [0, 1] with k = 1,2, ..., we denote by ¥ (k)(z, x) the piecewise linear
approximation in x associated with P for each fixed ¢. Thatis, forall r and i, ¥ (k) (¢, i 27K =
W (t,i27F) and x — ¥ (k)(¢, x) is linear on each [(i — 1)27%, i27¥]. The main objective of
this section is to prove that the spatial lift ¥ (k) = L2 (¥ (k)) of ¥ (k) converges as k — o0 in
Pg mGQ(ﬁ m (Rd) for suitable parameters 8, «, m.

Before we calculate the dyadic polygonal approximations, we provide a proposition on
equivalence of a Banach space-valued Wiener chaos. This proposition is quite useful for our
purpose and will be used frequently. It is well-known that, on a fixed real-valued Wiener
chaos, all LP-norm are equivalent (I < p < 00). This is still true in the case of a Banach
space-valued Wiener functionals. For instance, see Friz and Victoir [6] or Maas [19]. (By the
way, large deviations for the elements of Wiener chaos indexed by the time parameter was
already studied in [20], though we do not use it in this paper.)

The following is a quantified version of this fact (Lemmas 2 and 3, [6]). It is worth noting
that it holds for any real Banach space V without any additional condition.

PROPOSITION 4.1. Let (X, H, n) be an abstract Wiener space. For a real Banach
space V, denote by C,, (V) the V-valued nth inhomogeneous Wiener chaos.

(i) Restricted on a fixed Wiener chaos C,(V), all LP-norm are equivalent (1 < p < 00).

(i1) For any n, there exists a positive constant ¢ = ¢, such that

1Zlr < 1 ZllLe < enlg — D" Z]|Lr

holds forall2 < p <g <oocand Z € C,(V).

Let g€ Co([0, T1, X), where X =CB:@™ ([0, 1], RY). As before, we write G (r; x, y) =
G} (x,y) = g(t,y) — g(¢, x). By slightly abusing notations, we set

m R 1ym
1915 g.m = 1G . g.am

=// dsdt// Ig(t”“)_g(s’x)—g(t,y)Jrg(s,y)l’”dxd
S(T) S [t — s|1+Bm|xy — y|l+am y.

Recall that we assumed ¢(0, x) = 0.

Assume that o € (1/3,1/2) and B > 0 with 48 < 1 — 2. Then, we can find « € (0, 1)
such that @ < (1 — «)/2 and B < «/4 hold. Assume further thatm > 1, § > 1/m, and
a—1/m>1/3.

By Corollary 3.3, we can easily estimate (8, m)-Besov norm of ¢ +— (¢, 0). It holds
that ]E[||1p(-,0)||’l’;;ﬁ,m] < oo and hence || (-,0)||g.g,m < 00, a.s. Note that ¥(z,0) =
Y (k)(t,0) for all ¢t and k.
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By Lemma 3.2, we have ]E[||1p||’g;ﬂ’a’m] < oo and hence ||¥]|B;g,a,m < 00, as. Ina
similar way, E[ ||y (k) ||’g,ﬁ a.m] < 0o for each fixed k. As a result, the laws of v and ¥ (k) are
Gaussian measures on c(f”s””([o, T1, X) with X = CB:®m ([0, 1], RY).

Now we prove the convergence of {1 (k)}72, as k — oo in (B, a, m)-Besov norm.

LEMMA 4.2. Assume a € (1/3,1/2) and 0 < 48 < 1 — 2«a. In addition, assume

m > 1 satisfies that « — (1/m) > 1/3 and B > 1/m. Then, there are constants ¢ > 0,
n € (0, 1) independent of k such that

1/m
@.1) E[I®k+ D) =y ®lg 0] =< en”

for all k. In particular, {{ (k)}}2., converges to ¥ in (B, &, m)-Besov topology almost surely
and in L? forall p € (1, 00).

PROOF. First, we give an integration formula for later use. This is useful when we
estimate Besov norms. For any 7' > 0, there exists a constant c7 > 0 such that

EA|x— yla 8(a—b+l)/a
4.2 —— dxdy < , 0<e<l,a>b—-1>0).
) )// Ty YT G@-b+ -1 ( )

To check this formula, change variables by u = s, v = ¢t — 5. Then, the integral domain
becomes {0 <u <1, 0 <v <1, u+ v < 1}. The rest is easy.

In this proof the positive constant ¢ may change from line to line. Fork = 1,2, ... and
1 < j <2k weset A’J?i//, =Y(t, j/25) = (t, (j—1)/2F). We write A(k) = ¥ (k+1) — (k)
for simplicity.

When (j — 1)/2" < x < j/2,

2 )
(e ) (o

This is just a product of functions in ¢ and in x. Hence, when (j — 1)/2F < x,y < j/2, we
have

Ak)(t, y) = A(k)(t, x) — A(k)(s, y) + A(k) (s, x)

- )2 () (-5 )

) {(ASH = ASTL ) — (A5 — AfT )y

By using Lemma 3.2, we can estimate the variance of this Gaussian random variable as fol-
lows:

E[|2.(k) (1, y) = A(Kk)(2, x) = A(K) (s, ) + A(K) (s, X)]*]

< 2% x — yPQTHITF — 512 < eft — 5| x -y "
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Next we consider the case that x and y are in distinct subintervals. We may assume
there exist j < [ such that (j — 1)/2F < x < j/2¥ < (1 — 1)/2k < y < 1/2%. Since
A(k)(t,i/2%) =0 forall i,

AU, y) — (k) (2, x) — A(k)(s, y) + A(k) (s, x)
= (AR (1, y) = Ak (1, (L = 1/2%) = (k) (5. y) + 1K) (s, (1 = 1)/25))
AR /25 = MR (1, 0) = 1K) Gs, /29 + 2(R) (s, 1))
Now we can use the result for the previous case to obtain
E[(K) (1, y) = 2() (1, %) = 1K) (s, y) + 2(K) (s, 0)|*] < elt = s[> 27917
From these we can easily see that, for all s, ¢ and x, y,
E[A(K) (¢, y) = MK) (2, x) = A(k) (s, y) + AK) (s, x)[*]
SE[[9k+ D] () = @0} (v, ) = @k + D, ) + 0 0} 0x )P
@3)  =clt—sH A e -y
Using (4.2) and choosing ¥ € (0, 1) so that 8 < k/4 and o < (1 — k) /2, we have
B[4k +1) = ¥ 0|

T pt 1 y 2—k (1—k)m/2 Alx — (1—k)m/2
< c/ / |t —s|<m/4>_<1+ﬁ’”>dsdz/ / S Ix — | dxdy
0o Jo 0 Jo

|)C _ y|1+am

1\ (I—k—2a)mk/2

< o(}) |
2

Thus, we have shown (4.1) with n = 2=0=¥=20/2 ¢ (0, 1). Almost sure convergence and

L™-convergence are immediate from (4.1). By Proposition 4.1, convergence is also in L? for
all p (1 < p < 00). O

As usual we define the second level path of ¥ (k) as follows. Forall0 <x <y < 1, we
set

y
W (k)*(; x, y) 2=/ W)@, u) =y k)1, x)} @ duy (k) (1, u) .

We will often write lll(k),z(x, y) for the left hand side when there is no possibility of confu-
sion. By a slight abuse of notation, £, also stands for this natural spatial lift, i.e., L2 (¥ (k)) =
W (k) = (Y k), ¥ (k)2 = W (-, 0, ¥k, k).

For an appropriate choice of the parameters, ¥ (k) is a random variable taking its values

in Cf‘zﬁ””/z([o, T], X). Here, X is the closure of COB;Za,m/Z(S’ R? ® Rd) with respect to
(2, m/2)-Besov norm. Recall that, for G € cf?zﬂ*’"/z([o, T1, X), its (28, 2a, m/2)-Besov

norm is given by

. . 2
m2 L IG(t: x,y) = G(s; x, p)|"™
1503225 20mp2 * = //sm asas /s sl —yrrem O
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Our purpose in this section is to prove that {l,lf(k)z}l‘zi1 converges as k — 00 in
(28, 2, m/2)-Besov norm for suitable parameters m, o, .

LEMMA 4.3. Assume @ € (1/3,1/2) and 0 < 48 < 1 — 2«. In addition, assume
m > 2 satisfies that « — (1/m) > 1/3 and B > 1/m. Then, there are constants ¢ > 0,
n € (0, 1) independent of k such that

< cnk

2/m
(4.4) ]E[||l1/(k 12 = R 3 2m /2]

for all k. In particular, {!I/(k)z},fil converges in (28, 2a, m/2)-Besov norm almost surely
and in L? for all p € (1, 00). Consequently, under the assumptions of the lemma, {¥ (k)}2
converges a.s. in PgmGQ(fm (RY).

PROOF. In this proof the positive constant ¢ may change from line to line. We will
use Proposition 4.1 which states that, on a fixed inhomogeneous Wiener chaos, all L”-norms
(1 < p < o0) are equivalent.

Consider the case (j — 1)/2% < x <y < j/2F. Since ¥ (k)(¢, -) is linear on [x, y], it
is obvious that lll(k)tz(x, y) = 2% /2)(y — x)2AI;~’ﬁt ® Aljwt. From this and Lemma 3.2, we
see that

B[ (07, y) = W (02, »P| = 2%y — 2l - 5275727
(4.5) <clt —s|?|y — x>
If (j — 1)/2F < x < j/2K <y < (j + 1)/2%. From Chen’s identity, we have
(k)7 (x. y) = W07 (x. /25 + WG/ 3) + W )] (x, /25 @ W k), (/25 y).
This implies the inequality (4.5) in this case, too (for different ¢ > 0). Thanks to repeated
use of Chen’s identity, a similar inequality still holds even if ¥ (k) is replaced with ¥ (k + 1).
Combining these we have
E[ Wk + DI0r,y) = WRF0x, ) = Wk + D20x,y) + k2, 0P
4.6) <clt—=sPly —xP G |y — x| < 1/29).
Now we estimate the left hand side of (4.5), when x = /2K and y = J/2% with I < J.

For simplicity we will write zf»‘ = i/2*. In the same way as in pp. 69-71, Lyons and Qian
[17],

J
kRIS = D wRIG D+ Y. WG ) @), (2. 2)
[=1+1 I+1<r<i<J

J
1
=5 Z A;CWt ® Af’ﬁt + Z Alfl”t ® A%ﬁt .

I=I+1 I+1<r<i<J

Here, we used Chen’s identity and the fact that ¥ (k)(z, -) is linear on each [zf_ |, zF] as a
function of x. Since lI/(k)tl(z];, Z'}) = lI/t1 (z];, Z'}) = Z,J:IH Af’ﬁr, we have
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1 1
V7). 2p) = 5% @G P+ 5 D0 (A5 ® Afyn — Afvn ® Afn)
I1+1<r<i<J

We can compute ¥ (k + l)tz(zlﬁl, zlz‘}rl) v(k+ l)tz(zll‘, zlj) in the same way. By subtracting
them, we obtain

v (k + 1),2(21;, ZI}) — lI/(k)tZ(zI;, z'})

J
1
.7 =3 2 (M @ a5 v — A7 v @ Ay ).
I=I+1

Since (i, i )-components of the right hand side of (4.7) vanish, we have only to compute (i, j)-
components for distinct Z, j. It is immediate from (4.7) that

i i i i
wk+ D@ R —w o @ L) — e+ DI L A e oFt @ )

J
1 k+1 k+1 k+1 k+1
=5 2 (A5l as ! — A5 as )
I=I+1

_ Z Ak-‘rl Ak-‘rllwt Ak+11//' Agl—‘rllwcf)

l I+1
1 < 1 : :
=5 2 A0l = AR oM — 5 0 Ay as el — Ay
I=1+1 I=1+1
l I+1 1 I+1
1 .. 1 :: 1 :: 1 ::
4.8) =: EA'IJ - 5A’zf - 5Agf + EAQJ.
From the independence of ith and jth components, we have
J
E(AYPl= Y B wl — Ay abit i — bty BLab Ty abily))
I,m=I+1
=2 ) By - A D@l vl - agtl v
I+1<l<m<J
4.9) x ELA5 ! A1+ Z E[ A5yl — A wiy - Enal el A

I=I+1

From Lemma 3.2 andy —x = (J — [ )2, the second term on the right hand side of
(4.9) is dominated by

C(J _ I)|t _ le/22—(k+1)(1—K) . 2—(k+1) S C|t _ S|K/2(y _ x)z—k(l—K).
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Assume that y — x = (J — I)Z_k < 1/2. Then, we may use Lemmas 3.4 and 3.5 to see
that the first term on the right hand side of (4.9) is dominated by
|t _ le/22—2(k+l) 2—2(k+1)
c > :
{(m — D2~k 1+x  (m — )2k

I+1<l<m=<J
1
< Clt _ sll{/22—k(2—l{) Z 72
= — 2+
I+1<l<m<J (m l) ‘
/27 —k(1—c) ) — 1 x/2 —k(1—k)
(4.10) <clt —s|*/2 T <clt—s|""“(y —x)2 .

Thus, we have estimated E[lAil’j|2]. We can also estimate E[|A§;j|2] for p = 2,3,4 in the
same way.

To sum up, we have obtained the following inequality: For x = I27%, y = J27% with
O0=y—-x=1/2

E[ Wk + DI, ) = W (R (x, ) = Wk + D20x,y) + W20, )

1\1—«
@.11) <clt sy —xl(5) -

We will check that the above estimate (4.11) also holds when y — x > 1/2. In this case,
divide the interval as [127%, J27%] = [x, y] = [x,1/2] U [1/2, y] and use Chen’s identity.
Then, we have

W (k)7 (x, y) = W (R)7(x, 1/2) + W (07 (1/2,y) + ¥ ()] (x,1/2) @ W (k) (1/2, y)

=W (k)2 (x, 1/2) + W (RF1/2, )+ ¥ (x, 1/2) @ ¥ (1/2, y).
Since a similar equality holds for ¥ (k 4 1)%, we see that
Wk + D7 (x, y) = ¥ 07 (x, y)
= v+ DX 1 —vwie )+ [vk+ DIaz ) - wwiaz ).
We can easily see from this that (4.11) holds (for a possibly different constant ¢ > 0) even
wheny —x = (J —1)/2F > 1/2.

Now, let us consider the general case 0 < x < y < 1 withy — x > 2% Take two
integers I and J with I < J sothat 0 < 127% —x <2 %and0 < y— J27% < 27k hold. Let
us again divide the interval as [x, y] = [x, I127¥]U[127%, J27%]U[J27*, y] and use Chen’s
identity. Then, we have
W (k)7 (x, y) = W ()7, 1275 + W (k)7 (1275, 7275 + w ()7 (J27F, y)

+w )] 127 a2k 2w (. 127 @ Wk (275 y)
+yl 27t s e wk) (278, y)
=:Bi(k;t)+---+ Bg(k; ).
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From (4.6) and (4.11), we can easily estimate B; (1 <i < 3) as follows;
B[ 1Bk + 151) = Bi(ks 1) — Bi(k + 15) + Bi(k; )]

1 \1—«
(4.12) 5c|t—s|K/2|y—x|(F)
fori =1,2,3.
Estimates for B; (4 < i < 6) are similar, but slightly more complicated. For example,
B4 can be calculated as follows;

By(k + 1; 1) — Ba(k; 1) — Ba(k + 15 5) + Ba(k; 5)
- {W(k + D, 1275 —w ko)) (x, 12—k)} @wlu2=*, j27
- {W(k F Dl 1270 — ), 12—")} ®wl27*, J27%)
= {wk+ Dl 27 - w127
Wk + D, 275+ v, 12"‘)} @wlu2=*, j27
_ {W(k + D @ 1270 —w )l 12—")} ® {lp} (127F, j2=*%y — wl (2, J2_k)} .
From (4.3) and Lemma 3.2, we see that
E[IBathk + 151) = Batk; 1) = Ba(k + 13 5) + Back; )]
<c(t -2 -y« —r127*

Le(I27F —x) - (1 — )P — 2 kyox

y—x | -0'"*
(4.13) < c(t—s)"/z((zk)l_K +2= )
If 2% < y — x, the right hand side is dominated by c(r — )</?>(y — x)27%(1=)_ Bs and Bs
are dominated in the same way. Hence, the inequality (4.11) holds for all 7, s and all x, y with
y—x > 27k,
From this and (4.6), we finally obtain

E[ 19k + D3, ) = W (006, ) = Wk + DI, 3) + ¥ (0, »F]
1 \1—«
(“.14) <clt sy —xi{ly =2 A (5) |
forallt,s € [0,T],keNand0) <x <y < 1.
From (4.14) and Proposition 4.1 in the finite dimensional case, we see that

2
E[HlI/(k +1)? - w(k)zurg;/Zﬁ,Za,m/Z:I

|t — s|m/8y — xl’”“!ly (= A (2%)“"%/4}
<c// dsdt// dxdy .
S s

B o = s| TRy — x| TFem
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If « € (0,1) is chosen so that 48 < /2 < 1 — 2«, then the integral on the right hand
side converges. Moreover, we can see from (4.2) that the inequality (4.4) holds with n =
2-{1-20=(/2)} ¢ (0, 1). From the inequality in the lemma, almost sure and L™/2 conver-
gences of {W (k)?} are immediate. Using Proposition 4.1, we finish the proof of the lemma.
O

As a corollary, we obtain convergence of {¥ (k)} in PocG2H (R?) by using Besov-
Holder embedding.

COROLLARY 4.4. Assume o € (1/3,1/2). Then, {lI/(k)},‘zi1 converges to ¥ a.s. as
k — 00 in Py G[AZO{{ (RY). Moreover,

sup |W (k) — ¥ o + sup W (K)F — V2120
0<t<T 0<t<T

convergesto 0in L? ask — oo forall 1 < p < oo.

PROOF. Take @ € (a, 1/2). Choose 8 > Oandm > 2sothat 8 > I/m,a — 1/m > «
and 48 < 1 — 2a. Then, the corollary is immediate from Lemma 4.2, Lemma 4.3, and
Propoition 2.3 (in particular, Eq. (2.5)). O

5. Large deviation principle. In this section we will state and prove our main the-
orem (Theorem 5.6), using the method developed by Friz and Victoir in [6]. First, we will
study the regularity of a generic element of Cameron-Martin space. Next, we will prove a
large deviation principle for a weaker topology. Finally, we will strengthen the topology by
using the inverse contraction principle and exponential tightness.

We denote by p the law of the two parameter process ¥ = (Y (¢, x))o<s<T.0<x<1. For
ae(1/3,1/2),8>0,andm > 1l suchthatoe — 1/m > 1/3,8 > 1/m,and 48 < 1 — 2,
is a Gaussian measure on cf”s””([o, T1, X) with X = C5%™([0, 1], RY). We denote by H
Cameron-Martin space of u.

First we investigate the regularity of x — h(¢, x) for 1 € H to make sure that & admits a
spatial lift £, (k). (Lemma 5.1 below also follows from a fact that the Cameron-Matin space
X +— Y (t, x) is quite similar to that of the pinned Brownian motion. But, we use a rough path
argument here.)

LEMMA 5.1. Leth € Handt €[0,T].

@) h(t,-) is 1/2-Holder continuous and its 1/2-Holder norm is dominated by c||h| 4 for
some positive constant ¢ = ct independent of h and t.

(1) h(t, -) is of finite q-variation for any q € (4/3, 2) and its q-variation norm is domi-
nated by c||h|y for some positive constant ¢ = cr 4 independent of h and t.

PROOF. We may assume d = 1. Let Z be the measurable linear functional (i.e., the
element in the first order Wiener chaos) associated with 4. Z is a mean-zero Gaussian ran-
dom variable with variance || A ||%_[. Then, from the general theory of abstract Wiener spaces
and the fact that the evaluation map at (¢, x) is a continuous linear functional, we see that
E[Zy (t, x)] = h(t, x). Here, E stands for the expectation with respect to .
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By Corollary 3.3 and Schwarz’ inequality, we can easily see that
Ih(t, ) = h(t, )| < EIZ1 PRIV M, y) = (2, 0] < cllhliggle = s/

Thus we have proved the first assertion.
Now we show the second assertion, following p. 783, Friz and Victoir [6]. Recall that
Wick’s formula implies that

E[U?V?] =2E[UV]*> + E[UIE[V?] or  Cov(U? V?) =2E[UV]?

for two mean-zero Gaussian random variables U, V. Then

i i\ & i—1 i\7
_ - (-
(3)-(5) - Sl (59
i=1
2/(

2k-1 . . 2
(5 £ Mo (5t )] =

=1 j=ok-lq

2k

Qk:=Z

i=1

The first term Q,({l) on the right hand side is dominated as follows:
k=1 . ) . )
o =zl (5 w) v (5 9) ]
i=1 .

1 49172 i—=1 iN2 =1 I \2\y1/2

= ZElZ7 {ZCOV@( 2k 2_k> ’lpf( ok ?) )}
il=1

2k-1 . . 241/2
2 fi—1 i f1—=1 1
= C||h||7.¢{ E[Wt (2—,(1 ?>Wz (2—k, 2% .
il=1
From Corollary 3.3 and Lemma 3.4, we have

2 1 I—1 I\
1t~ l 1!
Sul (3 ) (5 )

i,l=1

i—1 i -1 1\7?
Z{ ) + ) }E[lpfl< x ’_k) wtl( 7 7)}
1<il<2k=L:ji—l|<l  1<il<2k=1:|i—]|>2 2 2 2 2
—ky\2
k—1,~7—k\2 (2 ) 2 —k
1<i,l<2n=1)i—1]|>2

Here, we have used Z[’il 172 < 00. The second term Q,(Cz) can be dominated in the same
way. Consequently, Oy < c||h||%{2_k/2.
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We use the following inequality (see Proposition 4.1.1 in p. 62, [17]): for y > g — 1,
there is a positive constant ¢ = ¢, such that
i i—1
h (t, ?> —h (t, 2—k>
The right hand side is dominated by
oo oo
c ZkV Qz/zzk(1—4/2) < C”h”Z-l Zk)/zk{l—@q)/‘ﬂ ,
k=1 k=1

2k

o0
1At ey <y YK

k=1 i=1

q

which is convergent if ¢ > 4/3. This proves the second assertion of Lemma 5.1. O

By Lemma 5.1, the spatial lift H = £, (h) exists for all . A natural question is whether
and in which topology H (k) = L;(h(k)) converges to L, (h). Actually, it seems rather diffi-
cult to prove the convergence with respect to Holder or Besov topology. However, it is much
easier to prove it with respect to a weaker topology, namely, the uniform topology.

LEMMA 5.2. ForanyL > 0Oandi =1, 2,
sup{[H (k)}(x, y) — H/ (x. )| | (x.y) € S.1 €[0,T], h € Hwith |hllyy < L}
converges to zero as k —> OQ.
PROOF. From Lemma 5.1 (i),
h(t, x) — h(k)(t, x)| < 2[1h(t, )lp:12Q79Y? < L2727

The constant ¢ on the right hand side is independent of ¢, x, k, L. Taking a difference we can
easily prove the case i = 1.

Next we consider the case i = 2. Let4/3 < g < r < 2. From Lemma 1.12 in p. §,
Lyons, Caruana, and Levy [16] and Lemma 5.1 (ii) above, we see that

1A @, Hllvarg < A, Hllvarg < cL
and
M), ) = h(t, gy,
< cllh(t, ) = h(t, e @, Iy, + W I, < cLr2 k=072,

Therefore, the left hand side converges to zero uniformly in ¢ and & with ||#]ly < L. By the
theory of Young integral, we have

|H (k) (x, y) — HA(x, y)|
y
< |/ {H(k)} (x,2) — H' (x,2)} ® d:h(k)(t, 2)|

,
+ |f H} (x.2) ® d:(h(k)(1.2) — h(t, 2)}|

< cllhk)(t, ) —ht, var: NREE, vars + 10T lvar} < cL?27FI=a/0/2,
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The constant ¢ on the right hand side is independent of ¢, x, y, k, L. Letting k — oo, we
prove the case i = 2. O

We will show below that {¢¥ (k)} is an exponentially good approximation of e¥ with
respect to the uniform topology.

LEMMA 5.3. There exists a distance dists, on POQG.QOQ (Rd) which induces the same
uniform topology on this set and satisfies the following property: For any § > 0, it holds that
lim lim sup &2 log ]P’(distoo(slll, ev(k)) > 8) = —00.

k—o00 e\0
PROOF. A geometric rough path is a continuous path that takes values in the free nilpo-
tent group G2 = G*(RY) of step 2. We take this viewpoint, following p. 776, [6] and Chapters
7-9, [7]. G*isasubsetof {(1, g1, ) | g1 € R%, o € (R?)®?} ¢ T?(R?). The multiplication
of G? is the tensor product ® in T2(R?), which will be suppressed. On G there exists a
homogeneous and symmetric norm || - ||. It satisfies that || g|| = [|¢~"|| and ||Ag|| = |Alllg]l
for the dilation by A € R. Moreover, there exists a constant ¢ > 1 such that

—_ 1/2
Mgl < g1 Ie + 192 fryen < €l

forall g = (1, g1, ) € G*. A distance d > is defined by dg2(g, §) == llg~" gl = 13~ " gll.
It is known that, for A € G2 (Rd), [0,1] 2 x — (1, A(l)’x, A(z)’x) is a continuous path
in G? which starts at the unit element. Conversely, for a continuous path a in G? which starts
at the unit element, A, y = a lay defines an element in G 24 (R" ). Hence, these spaces sets
G (Rd) and Cypie ([0, 1], G2) can be identified as sets. Topology of uniform convergence
is induced by the following distance; d(a,b) = supg<,<1 dg2(ax, by). It is easy to see that
for some constant ¢ > 1
Y@ b) = sup {1B), — A1+ 1(B — AF ) — A}, @ (B, — Ab I} < cda, b
0<x<l1
Note that limg_ o0 A(k) = A in G20 (R?) (that is, limg—_ oo SUP(y y)eS |A(k)
i =1, 2)is equivalent to limy_, a(a (k),a) = 0.
Let us consider Poo G 200 (R?), which can be identified with C([0, T, G20 (R%)) as
sets. Uniform convergence on this set is induced by the following distance;

— A | for

i
X,y

distoo(a, b) = sup a(at,bt) = sup sup dg2(arx, brx).,

0<t<T 0<t<T 0<x<1
where a, b € C([0, T1, G240 (R?)) = C([0, T, Cunit([0, 11, G?)). For some constant ¢ > 1,
¢ Udisteo(a, b) < sup sup {|B(0,x) — A0, x)|

0<t<T 0<x<l1
+[(B2(0,x) = A2(0,)) = A0, x) ® (B (0. x) — 4]0,
5.1 < cdisty(a, b) .

Again limy— o0 SUP; ¢[0, 7], (x,y)eS |A(k)i(x, y) — Al(x, y)| fori = 1,2 is equivalent to conver-
gence with respect to dist,. This distance naturally extends to a distance on Pao G £200 (R?)
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with a trivial modification and is again denoted by dist,,. The reason why we introduce this
distance is that disto (¢a, €b) = edistso(a, b) for the dilation by ¢ > 0.

Take any «, 8, m which satisfy the assumptions of Lemmas 4.2 and 4.3. By Proposition
2.3, W (k) also converges to ¥ in Poo G200 (R?) a.s. Moreover, we see from (2.5) and Lemmas
4.2, 4.3 that sup, o 71, (x.yyes |¥ (k) (x, y) — ¥/ (x, y)| converges to 0 in any LP-norm (1 <
p < o).

Let s; be the maximum of (i) L*norm of SUP; (x,y) |l1/(k)t1(x, y) — W,l (x, I,
(ii) L*-norm of sup, (, . [¥ (k)7 (x, y) =% (x, y)|, and (iii) L?-norm of sup; (, ., [¥! (x, y)®
(W,l (x,y) — lI/(k)}(x, ¥))|. Then, limk_, o s = 0. By Proposition 4.1, we have

: 1 1
|diste . w )], < sup 100} ) = vl el
5 5 1/2
tcf sup W@y - 2w
1,(x,y) L=
1 1 1 172 ’
+ef| sup (¥ (x,y) @ (¥ (x. y) = ¥ (k) . )|, = Cskv/4q -

£,(x,y)

Here, ¢, ¢’ are positive constants independentof g > 1 andk =1, 2,....
Therefore, for sufficiently large g, we have

P(distos (e W, £¥ (k) > 8) = P(distoo (¥, ¥ (k) > 8/¢)
< 8/e)7 5] \/q"

exp[q log(%dsk\/ﬁ)] .

Choosing ¢ = 1/¢2, we have

C/
&2 log P(disteo (6 ¥, eW (k) > §) < 10g<gsk) .
First taking lim sup,\ ( and then letting k — oo, we complete the proof. O

Using Lemmas 5.2 and 5.3, we can prove a Schilder-type large deviation principle for v,
which is the laws of e, with respect to a weaker topology. Let us define a rate function / by
I(A) = ||h||7,/2if A = La(h) forsome h € Hand I (A) = coif A € PooG 2o R\ Lo (H).
Here, £ denotes the natural lift with respect to the spatial parameter.

PROPOSITION 5.4. Let the notations be as above. Then, (V¢)o<e<1 satisfies a large
deviation principle as & \{ 0 in PooG 200(R?) with a good rate function I.

PROOF. The laws of ey induces scaled Gaussian measures on Co([0, 7], C([0, 1], R%)).
By the general theory of abstract Wiener spaces, they satisfy Schilder’s large deviation with
a good rate function J. Here, J(h) = ||h||%{/2 if h € Hand J(h) = coif h ¢ H. The map
a — A(k) = La(a(k)) is clearly continuous for each fixed k = 1, 2, . ... Therefore, the laws
of eW (k) satisfies a large deviation with a good rate function since it is a continuous image of
ey (see Theorem 4.2.1, [1]).
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From Lemma 5.2 and (5.1), it is immediate that SUP 415 <L distoo(H (k), H) — 0 as
k — O for each L > 0. Combining this with Lemma 5.3, we can use exponentially good
approximation (Theorem 4.2.23, [1]) to finish the proof. O

We prove that the laws of e are exponentially tight on the path space over the geometric
rough path space. To strengthen the topology, exponential tightness is the key.

LEMMA 5.5. (ve)o<e<1 are exponentially tight on POOG[}D{{(R”Z) for any
a € (1/3,1/2).

PROOF. Take o’ € (o, 1/2) and B > 0 so that48 < 1 — 2a’. Take m > 2 sufficiently
large so thata’ — 1/m > o and B > 1/m. Then, Lemmas 4.2 and 4.3 hold.

1/2 -
Set Z = |1y(-, 0. gm + ||W1||B;/5,a/’m orZ = ||¥/2||B/;2I3’2a,’m/2. By Proposition 4.1,

I Zllrs < c./q for some ¢ > 0. This implies that E[e"?’] < 00 if € (0, (2c%e)™"). Indeed,

E[er;Zz] _ i nkE[ZZk] - nkCZk(zk)k

k! - k! ’
k=0 k=0

o]

which converges as a power series of 7 if || < 1/(2c%e). By Chebyshev’s inequality, this
square exponential integrability implies that for some constant ¢ > 0 it holds that P(Z > r) <
ce™" forall r > 0.

For r > 0, we set

B, : = {(a, A%) = (ap. A", A%) € PG 2J RY) |

1/2
lla(-, O)HB;ﬂ,m + ”Al”B;ﬂ,a’,m =r, ”A2”B/;2ﬂ,2a’,m/2 <r}.

From Proposition 2.3, its closure B, is compact in PoonZ(f] (R?). The complement set (B,)¢
1/2

is contained in {|la(-, 0)l|g;g.m + A ..o’ > 7 oF ||/42||B;2ﬂ’2a,,m/2

> r}. Noting that

1/2 1/2 .
||(8A)2||B,/;2/5’205,m/2 = 8||A2||B/;2/5’2a/’m/2, we can easily see that
lim sup &2 log ve ((B,)°) < —nr?.
e\0
Letting r — 00, we prove exponential tightness. O

Now we state and prove our main theorem. Thanks to exponential tightness in Lemma
5.5, we can prove a large deviation principle of Schilder type with respect to the desired
topology using the inverse contraction principle. It is a little bit interesting that we can show
Lo(H) C ”PoonZ(f] (RY) in a rather indirect way like this.

THEOREM 5.6. Let a € (1/3,1/2) and let v, be the law of e¥. Then, (V¢)o<e<1
satisfies a large deviation principle as ¢ \ 0 in Ps G.Q,f (RY) with a good rate function 1.
In particular, the effective domain of 1, i.e., L2(H), is a subset ofPOOG.QOf] (Rd).

PROOF. By Lemma 5.5, we can use the inverse contraction principle. (See Theorem
4.2.4 and Remarks in pp.127-129, [1].) The inclusion L(H) C PwGQDfI(Rd) is a part
of the inverse contraction principle, but we will prove it now for the reader’s convenience.
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Suppose Lo(h) ¢ PoonZ(f (R?) for some h € H. By exponential tightness, there exists a
compact subset K C POOG[}O{{(R") such that lim sup, o &2 logve (K€) < —(1 + IIhII%_l/Z).
Since the injection is continuous (Proposition 2.3), K is also compact in P G[}oo (Rd) and,
in particular, K¢ is open. By Proposition 5.4, lim infe\ o g2 logve (K€) > —||h||%{/2, since
L>(h) € K€. This is a contradiction. O

Before we end this section, we give a comment on Freidlin-Wentzell type large devia-
tions. By the well-known contraction principle (Theorem 4.2.1, [1]), the laws of F(¢¥) also
satisfies a large deviation principle for any continuous map F from POOGQOfI (RY) to any
Hausdorff space.

Hairer and Weber [10] considered the following rough stochastic PDE;

(5.2) diu = [Axu + f(u) + g(u)axu]dt + 0 (u)d Wy, with (0, x) = up(x).

Here, (i) the solution u = u(¢, x) is a function from [0, T] x S Lo RY; (i1) the coefficients
f:RT - RY g:RY - RH®2, 9 : RY - (RY)®?, are sufficiently regular functions;
(iii) up(x) is a given initial condition at t = 0; (iv) (W;)o<;<r is an LZ(SI, Rd)-cylindrical
Brownian motion. Note that # = ¢ when f =0 = gand 0 = Id.

In the additive noise case, i.e., 8 = Id, it is proved in [10] that under mild assumptions
on the coefficients and the initial condition, stochastic PDE (5.2) is well-defined in rough
path sense and has a unique global solution. Moreover, u is a continuous image of ¥ with
respect to POOG.QD‘;I (RY)-topology for some & € (1/3, 1/2). (For precise information on the
sufficient conditions for f, g, uo and on the topology of the space in which the solution u
lives, see [10, 11], etc.)

As a result, we see from our main theorem and the contraction principle that a large
deviation principle of Freidlin-Wentzell type holds in this case for the laws of the solution
u® = u®(t, x) of the following rough SPDE;

diu® = [Axus + f@®) + g(u‘s)axus]dt + edW;, with #°(0, x) = ug(x).

Freidlin-Wentzell type large deviations for various stochastic PDEs were extensively studied.
In none of them was rough path theory used, however. (Unfortunately, in the multiplicative
case, i.e., the case 6 is not a constant, the continuity of the map is not known. So we cannot
use the contraction priciple to prove Freidlin-Wentzell type large deviations at present.) We
remark here that ||k]l3y = [|(3; — Ax)h|l ;2 holds for i € H since there is a natural unitary
correspondence between H and LZ([O, T] x St, R¢ ). Moreover, the rate function [ of the
large deviation for the law of u® can be explicitly written as

T
fuw) = %/0 /Sl |du — (D + f ) + g(u)axu}|2dtdx

for u with u (0, x) = uo(x).

REMARK 5.7. We studied (the lift of) the solution of stochastic heat equation (1.1). In
Hairer’s theory, however, two-parameter Gaussian processes differ from paper to paper. See
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[4, 8, 9]. Therefore, it may be interesting to study whether similar large deviations hold for
the lifts of these processes, too.
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