1101.5902v9 [math.PR] 17 Nov 2015

arXiv

The Annals of Probability

2015, Vol. 43, No. 5, 2729-2762

DOI: 10.1214/14-A0P949

© Institute of Mathematical Statistics, 2015

EXPECTED SIGNATURE OF BROWNIAN MOTION UP TO THE
FIRST EXIT TIME FROM A BOUNDED DOMAIN

By TERRY Lyons! AND Hao N2
University of Ozford

The signature of a path provides a top down description of the
path in terms of its effects as a control [Differential Equations Driven
by Rough Paths (2007) Springer]. The signature transforms a path
into a group-like element in the tensor algebra and is an essential
object in rough path theory. The expected signature of a stochas-
tic process plays a similar role to that played by the characteristic
function of a random variable. In [Chevyrev (2013)], it is proved that
under certain boundedness conditions, the expected value of a ran-
dom signature already determines the law of this random signature.
It becomes of great interest to be able to compute examples of ex-
pected signatures and obtain the upper bounds for the decay rates
of expected signatures. For instance, the computation for Brownian
motion on [0,1] leads to the “cubature on Wiener space” method-
ology [Lyons and Victoir, Proc. R. Soc. Lond. Ser. A Math. Phys.
Eng. Sci. 460 (2004) 169-198]. In this paper we fix a bounded do-
main ' in a Euclidean space E and study the expected signature of
a Brownian path starting at z € I' and stopped at the first exit time
from I'. We denote this tensor series valued function by ®r(z) and
focus on the case E =R%. We show that ®r(z) satisfies an elliptic
PDE system and a boundary condition. The equations determining
®r can be recursively solved; by an iterative application of Sobolev
estimates we are able, under certain smoothness and boundedness
condition of the domain I', to prove geometric bounds for the terms
in ®r(z). However, there is still a gap and we have not shown that
®r(z) determines the law of the signature of this stopped Brownian
motion even if I' is a unit ball.
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2 T. LYONS AND H. NI

1. Introduction. An essential notion in the theory of rough paths is the
signature of a path, which represents the path information in terms of its
effects as a control [12]. In [11], Lyons and Victoir developed a methodology
called a cubature on the Wiener Space to numerically solve high dimensional
SDEs and semi-elliptic PDEs, which can be seen as an alternative to the
Monte Carlo method. The Lyons—Victoir method relies on the computation
of the expected signature of the Brownian motion up to an arbitrarily fixed
time T € Rt. Let S (Bjo,71) denote the signature of the Brownian motion up
to time T In [3], a closed-form expression for the expected signature of the
Brownian motion up to time 7', that is, the expectation of S (B[O,T]), is given
by the following:

(1) E[S(Bjo,11)] —exp( Zez®ez>

where B is a standard d-dimensional Brownian motion with canonical basis
(e1,ea,...,eq) for RY,

In [4], Fawcett’s formula (1) has been extended to Lévy processes up to
fixed time. In this paper, we consider the Brownian case when 7' is a certain
kind of the stopping time as another extension of Fawcett’s formula (1).
More specifically, we consider the first exit time of the Brownian motion B
from T, denoted by m, where I' is a bounded domain in E := R?. Denote
the expected signature of the Brownian motion B starting at z € I' up to
by ®r(z) := E*[S(Bjo,r.])]- We prove that ®r satisfies an elliptic PDE taking
values in the tensor algebra space, with a boundary condition and an initial
condition given as follows:

d d
A(Pp(z)) =— (Z e; ® ei> ®Pp(z) — 22 e; ® O(I;FZ(Z) , Vzel,

i=1 i=1

}1m<1>p(Bt)—1 a.s. P?, Vzel
TF

po(®r(z)) =1, p1(Pr(2)) =0, vzerl,

where p,, is defined in Definition 2.10.

Using this PDE, we compute each term of the expected signature recur-
sively. In the case of the domain I' being a unit disk we extend this result
further, by demonstrating that the expected signature has polynomial form
with common factor (1 —|z|?). In addition we derive a finite difference equa-
tion that characterizes the expected signature of a simple d-dimensional
random walk up to the first exit time from a bounded domain.

In Section 3.5, we study the decay rate of each term in ®r and prove that
®p(z) is geometrically bounded if I is strongly Lipschitz and belongs to the
class C™ where m = L%J +1 by using our PDE approach in conjunction with
Sobolev’s theorem. This is motivated by a series of studies on whether the
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law of a signature can be determined by its expectation. The first relevant
result was due to Fawcett [3]. Recently this result has been extended sig-
nificantly in [2], and a sufficient condition for the law of random signature
S(X) to be uniquely determined by its expected value is that its expected
signature is compact-like in the sense of the second version of the paper [2],
that is, for every d > 0, there exists a positive integer Ng, such that for every
n > Ns,

[on (E[S(X)])[| < 6™

However, the geometric boundedness of ®r does not imply that ®r(z) is
compact-like. It is still an open question whether ®r(z) determines the law
of the signature of the Brownian motion up to .

In [14], a parabolic result of the expected signature of a general time-
homogenous Ito6 diffusion up to fixed time 7' is obtained using the similar
PDE approach. More specifically, let X; be a time-homogeneous F-valued
Ito diffusion satisfying the following SDE:

dXt = H(Xt) dt + V(Xt) th,

where W; is a standard multi-dimensional Brownian motion. Let ®(7,z)
denote the expected signature of X from time 0 to 7. Under some regularity
assumptions of p, V and ®, ¢ satisfies the following PDE:

7 d d
(—a% +A><I>(T,93) +Z(Z bjl,j($)€j1> © %Z;w)

J=1 \j1=1
d ' 1 d d
+ <Z W (z)e; + 9 Z Z bj1.j»()ej, @ €j2> ®@®(T,z) =0,
J=1 J1=1j2=1

\ ©(0,2) =1,p0(P(T,2)) =1,
where b(z) =V (z)V (z)T.

2. Preliminary. In this paper, we are mostly interested in describing
probability measures on paths. Despite our examples being quite specific,
they can be understood in a more wider context. For the sake of precision,
we start by introducing some notation, making essential definitions and stat-
ing the basic results we require. These can also be found in [12]. A reader
experienced in rough path theory might prefer to go directly to Section 3.

2.1. Tensors products. Throughout the rest of the paper, fix E = R4
as the space in which paths will take their values. Then FE has the basis
{e1,...,eq}. Consider the successive tensor powers E®" of F (equipped with
some tensor norm). If we think of the elements e; as letters, then E®™ is



4 T. LYONS AND H. NI

spanned by the words of length n in the letters {ei,...,eq}, and can be
identified with the space of real homogeneous noncommuting polynomials
of degree n in d variables. We note that E®° =R. In order for our analysis
to work it will be necessary to constrain the norms we use when considering
tensor products (the injective and projective norms satisfy our constraints).

DEFINITION 2.1. We say that the tensor powers of F are endowed with
an admissible norm |- |, if the following conditions hold:

(1) for each m > 1, the symmetric group S, acts by isometry on E®"
that is,

lov| = |v] Yo € E®" Yo € Sp;
(2) the tensor product has norm 1, that is, Vn,m > 1,

lv®@w| < |v||w] Yo € E®" we B9,
2.2. The algebra of tensor series.

DEFINITION 2.2. A formal E-tensor series is a sequence of tensors, de-
noted by (a, € E®"),en, which we write a = (ag,a1,...). There are two
binary operations on E-tensor series, an addition 4+ and a product ®, which
are defined as follows. Let a = (ag,a1,...) and b = (bg,by,...) be two E-
tensor series. Then we define

(2) a—l—b:(ao—l—bo,al—i—bl,...)
and
(3) a®b:(60701,...),

where for each n >0,

n
(4) cn:Zak(@bn,k.
k=0

The product a ® b is also denoted by ab. We use the notation 1 for the
series (1,0,...), and O for the series (0,0,...). If A € R, then we define A\a to
be (Aag, Aag,...).

DEFINITION 2.3. The space T'((E)) is defined to be the vector space of
all formal E-tensors series.

REMARK 2.1. The space T((E)) with + and ® and the action of R is
an associative and unital algebra over R. An element of a = (ag,a,...) of
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T((E)) is invertible if and only if ag # 0. Its inverse is then given by the
series

® oag(w)

which is well defined because, for each given degree, only finitely many terms
of the sum produce nonzero tensors of this degree. In particular, the subset
{a€eT((EF))|ap =1} forms a group.

DEFINITION 2.4. The dilation operator denoted by J. is a mapping from
RT x T((E)) = T((E)) defined by
d-(a) = (ap,eai,...,e"ap,...) VecRT,ac T((E)).
DEFINITION 2.5. Let n > 1 be an integer. Let B, = {a = (ag, a1, ...)|ap =

.-+ =a, = 0}. The truncated tensor algebra T (E) of order n over F is de-
fined as the quotient algebra

(6) T"(E) = T((E))/Bn.
The canonical homomorphism T'((E)) — T (E) is denoted by 7.

2.3. Paths. Paths also have algebraic properties:

DEFINITION 2.6. Let X:[r,s] — E and Y :[s,t]| — E be two continu-
ous paths. Their concatenation is the path X %Y defined by

(Xmu:{

Xu, u € [r,s],
Xo4+Yy—Ys, uwelsi.

REMARK 2.2. xis an associative operation. Let X : [r,s] — E,| Y :[s,t] —
E and Z:[t,v] — E be three continuous paths. Then

(X*Y)xZ=X=*(Y*Z2).
2.4. The signature of a path.

DEFINITION 2.7. Let J denote a compact interval. Let X :J — FE be a
path of bounded variation or a rough path of finite p-variation such that the
following integration makes sense. The signature of X, denoted by S(X),
is an element (1, X!,..., X",...) of T((E)) defined for each n > 1 as follows:

X // dXy, @ ® dXa,.

U< Uy UL ey U €T

The truncated signature of X of order n is denoted by S™(X), that is,
S™MX) =7m,(S(X)), for every n € Z.
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ExaMPLE 2.1. (1) If X; is a continuous path with finite p-variation,
where 1 < p < 2, then its signature can be defined in the sense of the Young
integral [12]. More generally, if X; is a p-rough path (p > 1), then the inte-
grals will exist as a result of the general theory of rough paths (Theorem 3.7,
page 45, [12]).

(2) For a Brownian path, its signature can be defined in the sense of the
Ito integral or the Stratonovich integral. There is a simple rewriting rule
that allows one to go between them [7]. Almost all Brownian paths, with
their Lévy area processes, are p-rough paths for any p > 2. With probability
one, for all (s,t) the Stratonovich signature agrees with the canonical rough
path signature ([12], page 57).

Chen’s identity is a fundamental theorem, which asserts that the signature
is a homomorphism between path space and rough path space.

THEOREM 2.1. Let X :[r,s] — E and Y :[s,t] — E be two continuous
paths with finite p-variation where 1 <p < 2. Then

(7) S(X*xY)=5X)®S(Y).
The proof can be found in [12].

2.5. Real-valued functions on the signatures of paths. We now introduce
a special class of linear forms on T'((E)); see [12]. Suppose (€], ...,€!,...) are
elements of E*. We can introduce coordinate iterated integrals by setting
Xz(j) = <e:aXu>
and rewriting (e}, ® -+ ®e; ,S(X)) as the scalar iterated integral of coor-
dinate projections

dx{ e @ dxi.
UL<-<un
UL yeeeyUn €J
In this way, we realize nth degree coordinate iterated integrals as the re-
strictions of linear functionals in E®™ to the space of signatures of paths. If
(€1,...,eq) is a basis for a finite dimensional space E, and (ej,...,e}) is a
basis for the dual space E*, we can write

x;=> Y / ngll)®"'®dXz(f:)>€il®“‘®ein'

n:Oil,...,’inE{l,...,d} U< <Un
UL yeersUn €J
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DEFINITION 2.8. We define T'(E) C T((E)) to be the tensor series a =
(ag,aq,...) for which there exists N depending on a so that a; =0 for all
i > N. In other words it is the space of polynomials (instead of series) in
elements of F.

REMARK 2.3. There is a natural inclusion

T(E*) = T((E))".

REMARK 2.4. For any e* € T(E*), we denote by Ue+ the restriction of
the linear map (e*,-) to the range of the signature. It is a real-valued function
on the set of the signature of paths. It is well known that for any e* and f*
in T'(E™), the pointwise product Ue«Us~ equals Ue-¢+ for the shuffle product
e*f* € T(E*). In other words any polynomial in coordinate iterated integrals
can be written as a linear combination of iterated integrals [12].

REMARK 2.5. The previous remark explains why, if we have the prob-
ability measure on the signatures of paths, then the expected signature is
a powerful piece of information if it exists. The integral of any polynomial
against this measure can be calculated as follows. Use the shuffle product to
identify the linear functional on tensors that coincides with the polynomial
on the set of signatures. The polynomial and the linear functional have the
same integral, and this will be the contraction of the linear functional with
the expectation of the measure (the expected signature). So the expected
signature determines the integral of the measure against any polynomial.
Of course if the measure were compactly supported, then the polynomials
are dense in the continuous real-valued functions and the measure would be
completely determined by its expectation. This theorem has been extended
in [2] recently.

REMARK 2.6. Re-parameterizing a path inside the interval of definition
does not change its signature over the maximal interval. Translating a path
does not change its signature. We may define an equivalence relation between
paths by asking that they have the same signature.

Returning to the finite dimensional example and the notation introduced
above, the linear forms e}, as I spans the set of finite words in the dual
letters ef,..., e}, form a basis for T'(£*). For convenience, we fix two useful
functions on T'((E)): 7! and p,,.

DEFINITION 2.9. 7! is defined by
7! :T(E)) = R;

ar— ej(a).
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In particular,

A SO0 =Ug(SC0) = [ [ X @ o axf),
U <---<un
UL yeeyUn €J
where I = (i1,...,i,). We call 7/(S(X)) the coordinate signature of X in-
dexed by I.

DEFINITION 2.10. p, is defined by
pn:T((E)) — E®",
(ag,ai,...)— ap,

where a,, € E®™ and n € N.

2.6. The homogeneous Carnot—Caratheodory norm on the truncated sig-
nature of a path. In this subsection, we consider continuous paths of finite
1-variation and look at their signatures truncated to order n. The range of
this signature map, a subset of 7" (E), forms a group. We will work with
the Carnot—Caratheodory norm (CC norm) on this space. We refer to [6]
for a detailed discussion of this norm but note that it is obvious from the
definition that the CC norm is invariant under rotation of paths. We start
with the definition of the space of continuous paths of finite 1-variation.

DEFINITION 2.11. Let E be a Euclidean space endowed with Euclidean
metric d and z:[0,7] — E. For 0 <t <t <T, the l-variation of z on [t,{] is
defined as

n—1
‘x|1—var;[t,ﬂ = sup Z d(xui7$u¢+1)'
D=(t=u1<uz<--<un=t) ;_
If |2|1-var;e,y < 00, We say that z is of bounded variation or of finite 1-

variation on [¢,¢]. The space of continuous paths of finite 1-variation on
[0,T] is denoted by C*™va([0,T], E).

DEFINITION 2.12. The set of all signatures, truncated at order N, of
bounded variation paths is denoted by
GV (E) = {SV (@)1 :2 € CT([0,1], E)}.
The group GV (E) admits a number of equivalent metric structures. Two

will be important in this paper. The so-called Carnot-Caratheodory norm is
defined (and is finite) for every g € GV (E) as

gl = it {[[ylh-var : S (7) = 9,7 € CT ([0, 1], B }.
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A second “norm” can be built directly out of the signature
1/i N
llgh = max |pi()|'"  VgeGV(E).

Both “norms” are homogeneous of degree 1 in scaling d.. The group is finite
dimensional. Therefore ||g|| and [|g|| are equivalent (page 11, [6]).

DEFINITION 2.13. The p-variation of a geometric rough path v defined
on [0,7], and written ||SN(’Y)||p-var;[o,T]> is defined on paths in GV (E) to be

1/p
I O parton =, 0 (I sl
=(0=u1<us < <Un= D

where || - || is the Carnot-Caratheodory norm.

LEMMA 2.1.  There is a constant C depending on d and p such that for
any path v of bounded variation,

1/N
/ Yy @+ @ dryuy
O<uy <---<un<T

<IS¥@l < s )l

< CHSN(’Y)Hp—var;[O,T}'
2.7. Sobolev space.

DEFINITION 2.14. Let u be a locally integrable function in I" and « be
a multi-index. Then a locally integrable function r,u such that for every
9 € C(G),

)1y (2) de = (—1)l Yo(x)u(x) dx
/Fguaud (-1) /FDg()()d,

will be called the weak derivatives of u, and r, is denoted by D%u. By
convention, D% = u if |a| = 0.

Throughout the rest of discussion in this subsection, I' is a subset of
E:=R<.

DEFINITION 2.15. The Sobolev space is defined to be the set of all R
valued functions u € LP(I") such that for every multi-index o with |a| <k,
the weak partial derivative Dyu belongs to LP(T"), that is,

WkP(D) = {u e LP(T'): D € LP(T) V|a| < k},

where k € N, and I' is an open set.

3l -1l and || - || are different.
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The Sobolev norm is defined as follows:

> /F | Do ()P dx> Up.

lof <k

d
el = Z(

j=1
When k=0, [[ullyesry is also LP(I')-norm, that is,

[l @y = llullLe(r)-

DEFINITION 2.16. A domain I' C F is said to be strongly Lipschitz if and
only if I' is bounded and each point xg of JI' is in a neighborhood R which
is the image under a rotation and translation of axes of a domain {z :=
(@1,...,2q):|2))| < R,|zq| < 2LR} in which zo corresponds to the origin,
R NOI corresponds to the locus zq = f(z},) where z/, = (z1,...,24-1), and
f satisfies the Lipschitz condition with constant L as well as

f(RNT)={z:|z})| <R, f(z})) < x4 < 2LR}.

Let us introduce one useful theorem, which states how the L° norm of «
can be controlled in terms of LP norm of the weak derivatives of v up to some
degree under certain regularity condition of a domain I'; see Theorem 3.5.1
in [13].

THEOREM 2.2.  Suppose u € W"P(T") where I is strongly Lipschitz in E
andm > d/p. Then u is continuous on I' and there is a constant C(d, m,p,I")
such that

m—1 ;

- R, ., R™

()| < CIT| I/P{Ej—j, 97t gey + (m = /)™ gl unm)},
j=0 " ’

where R:= R(T) is the diameter of T' and u can be a vector valued function.

LEMMA 2.2. Let u:T — R? where T is a strongly Lipschitz domain in
E. Let m=[d/2] +1 and w € W™2%(T'). Then u is continuous on I' and
there is a constant C := C(d,T") such that

—~1/2 m—1 Rj R™
)] < O ik (5 ), = e,

where R is the diameter of I'.

PRrROOF. This is just a special case when p=2, m = [d/2] + 1 in Theo-
rem 2.2. The proof is completed by noticing that

m
i 110
> Iy < mlfulwmaqry.
J=0 (]
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Then we will introduce an auxiliary result about boundary regularity
for solutions of linear elliptic equations [9]. Let D(z,r) denote an open d-
dimensional ball centered at z with radius r, and for simplicity let ID denote
the d-dimensional open unit ball centered at the origin. To state it precisely,
we introduce the definition of a domain of the class C¥.

DEFINITION 2.17. An open and bounded set I' C E is of class CF(k =
0,1,...,00) if for any zp € OI' there exist » > 0 and a bijective map F':
D(z9,7) C R? with the following properties:

(1) FI'ND(zo,7)) C {(z1,...,2q) 24 > 0}.
(2) F(@I‘ N ]D)(.I‘(),T)) - {(.1‘1, R ,.I‘d) 1Tg = 0}
(3) F and F~! are of class C*.

REMARK 2.7. This means that oI is a (d — 1)-dimensional C* subman-
ifold of RY.

Let us consider the following class of elliptic differential equations:
0 > 0
o— 2¥
Mu = Eij o0 <a (m)a$iu(:c)>>

where a’/ satisfies the ellipticity condition, namely that, there exists some
A >0, with

d

D ai(@)&g = MEP VreTl,(eRY
i,j=1

THEOREM 2.3. Let u be a weak solution of
Mu=f(z)el,
u—ge Hy*(T).

Suppose that the ellipticity condition holds. Let f € WK2(T), g € Wk+2’2(1:).
Let T' be of class C**2, and let the coefficients of M be of class C*+(T').
Then

ullwrra2ry < e[ fllwezmy + l9llwrrz2m)

with ¢ depending on \,d, T and on the C**1-norms for the a*J.

PRrROOF. The proof of Lemma 8.3.3 is given on page 207 in [9]. O
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3. Expected signature of planar Brownian motion up to the first exit time
from a bounded domain. Recall that £ = R? and so it has a canonical
basis (eq,...,eq). Let (Bt)i>0 denote a standard d-dimensional Brownian
motion on F under a probability space (£2, P?, F) with its canonical filtration
F= (ft)tzo where Pa:(BO = Z) =land z€ FE.

DEFINITION 3.1. Let I' be a domain (a connected open subset) in E.
Then 7 = inf{t > 0: B, € I'°} is the first exit time of Brownian motion from
I

The (Stratonovich) signature is defined for almost every Brownian path
B, and for all pairs of times (s,t). We are interested in the random signature
S(Big,r]) of the Brownian path up to the first exit time from the domain I".

DEFINITION 3.2 (Expected signature of Brownian motion). Assume 7 <
o0 a.s. and the componentwise integrability of S(Bjg .)). We denote by ®r(z)
the expected signature of Brownian motion starting at z and stopped upon
the first exit time 7p from a domain I', that is,

(8) Or(z) = E*[S(Bjo,r))]-

REMARK 3.1. For the case of Brownian motion in the upper half plane
H, the projection 7(1) of the signature at the exit time onto the horizontal
axis has a Cauchy distribution, and therefore does not have finite expecta-
tion. Similarly the projection 7(1:1) is positive and has a %—stable distribution
and so more obviously does not have finite expectation.

In order to discuss the expected signature of Brownian motion further,
we introduce an auxiliary function ¥ mapping F to T'((E)).

DEFINITION 3.3.  We denote by ¥(z) the expected signature of a Brown-
ian motion started at 0, run until it leaves the ball D(0, |z|), and conditioned
to exit the ball at the point z. In formula,

U(2) = E°[S(Bjo,myq0,.)) 1 Brogo ) = 2)-

In particular, ¥(0) =1 = (1,0,0,...). The function ¥ plays an important
role in the rest of the paper. In part, its importance comes from the strong
Markov property. In Lemma 3.6, we easily prove that W is well defined, and a
smooth function of z. A more serious challenge is to show that the bounded-
ness of the domain I' can guarantee the existence and twice differentiability
of ®p. Then we will be in the position to derive a PDE which characterizes

Dr.
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In the case of the disk, which is clearly a bounded domain, the PDE is
so explicit that one can use it to identify the solution as a combination
of polynomials in an explicit manner. The solution to this PDE contains
an enormous amount of information about Brownian motion in the disk,
and, for example, it easily gives the moments of the Lévy area for Brownian
motion stopped at the first exit time from the disk in a quite explicit form;
see [14].

3.1. The componentwise smoothness of ®r. We start by proving that the
signature of Brownian motion upon its first exit time 7 from a bounded
domain I'" has finite expectation, and so ®r is well defined. We will then go
on to discuss the componentwise smoothness of ®r. The expectation can be
controlled by using extension of Lepingle’s BDG inequality obtained in [5].

DEFINITION 3.4. We say that F:RT — R™ is moderate if:

(1) F is continuous and increasing;
(2) F(x)=0 if and only if = =0;
(3) for some (and thus for every o > 1)

F(azx)
w0 F(2)

< 00

THEOREM 3.1. Let M be a continuous, R%-valued local martingale start-
ing at 0 and S™(M) be the truncated Stratonovich signature of M up to level
n viewed as a path in T™ (RY). Then for any moderate function F, there
exists C; = Ci(n, F,d,|-|) for i=1,2 such that for all stopping times T,

1/n
(#(() )
O<uy <ug<-<unp<T

< ClE(F(HSn(M)||p—var;[0,7']))

odMy, o---odM,,

< GR(F(|(M);]'/%).
The proof can be found in [5].

COROLLARY 3.1. Let I' be a bounded domain. Then for every n € NT,
there exists a constant C = C(n) such that for every z € T,

EZ|:// odBulo...odBu"
O<ul <ua<---<unp<Tr

< C(n)EZ [HSn(B) ||Z—Var;[0,7']]

<C(n) sup{Ez[Tff/Q]} < +o00.
zel
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PROOF. Applying Theorem 3.1 to the case with M; = By and F(z) = 2™,
we get

EZ|:// odBtlo...odBtn
0<ty1 <to<--<tn<Tm

The only thing we need to show that is sup,r{E* [T{f/Q]} < 400. It can be
shown that there exists a positive number « > 0 such that

] < C(mE[|5™(B)|

» ]
p-var;[0,7]

< C(n)E* [,

E%[e*™] < 400,
and due to the Brownian scaling property we have
¥r>0  E%[ec™] =0/ m0n),

Since I' is bounded, there exists a positive constant R > 0 such that I' C
D(0, R). Thus 0 < 7r < 7p(o,r)- This implies that

E? [ea/(4R2)TF] < E* [ea/(4R2)TD(z,2R)] — RO [ea/(4R2)TD(O,2R)] — O [e°™] < o0.

Thus 7t has finite moments, since for every z € I,

1 n
m(%m) E?[rt] < EZ[e/ ] < EO[e™] < oo

Then it follows that

VneN sup{E*[m]} < 00
zel

sup{E*[m/?]} < [sup{E*[m]} < oc.
zel zel

Now our proof is complete. [

and

In the rest of this subsection, we are going to discuss the smoothness of
®r in componentwise sense providing that ¥ is a smooth function, which is
proved later in Lemma 3.6.

THEOREM 3.2. Suppose that I' is a nonempty bounded domain in E.
Then the following statements are true:

(1) ®r is a well defined function and moreover ®r € L*;
(2) @r is twice differentiable in componentwise sense, that is, for all index
I, !l o ®r is twice differentiable.
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PrROOF. We start with proving the first statement. By Corollary 3.1, it
is easy to see that ®r is well defined and uniformly bounded in I', since for
every index I, there exists a constant C' > 0, such that

I I
sup|m (Pr(2))| < supE*[|m" (S(Bjo,rp)))|] < C.
zel zel
Obviously ®r is a measurable function. Furthermore, 7/ (®r) has a compact
support. Hence for every index I,

/F|7TI(‘I)F(Z))| dz < CA(T) < o0,

where A(T) is the volume of I'. So ®r € L!. Thus the proof of the first
statement is complete. Now the only thing left to prove is that ®p is twice
differentiable.

For every € >0, let I'; = {z € I"| dist(z,0I") > e}. The Markov property of
the expected signature of Brownian motion, which is described in detail in
Lemma 3.8, ensures that for every z € I',,

1 / U(y) ® r(z +y)do(y),
oD(0,r)

Pr(z) = dogr =T

where 7 < 5, wy is the volume of the unit ball, and o(y) is the d — 1-
dimensional surface measure.
Then this implies that

© o= [ (e | o HD @O+ do(y) ) K. (r)

dwgrd—1

for a smooth distribution K.(r) with compact support [0, 5]. Let F. be a
map from F to T'((E)) defined by

Fe(2) = W(=2)Kc(]2))-

Rewriting (9) we have

Dr(z) = /F Fu(z —y) ® Bp(y) dy = Fo # @p(2),

where * is the convolution. Since V¥ is smooth and K. is a smooth function
with compact support, F. is a smooth function with compact support. It is
easy to show that

[Fellpr + 17 Fellpr + [[AF| g1 < +o0.
On the other hand, ®r € L' as well, and so we have
|F % @pllp + 1|7 F % @rll s + [ AF. Bl < +os.

Thus F; % ®r is twice differentiable, since F x ®r, (VF:) * P and (AF;)

o € L'. Moreover, because I' = Uzsol'es @r is smooth on I [
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REMARK 3.2. Actually following this proof we can show that ®r is
infinitely differentiable in a bounded domain. Alternatively, since we have
proved that ®r is twice differentiable so that our PDE provides the integral
representation for ®r, this also implies that ®r is infinitely differentiable.

3.2. Properties of the expected signature of stopped Brownian mo-
tion. Throughout this subsection, suppose that I' is a bounded domain. In
view of Theorem 3.2 ®r(z) is well defined and twice differentiable. Moreover
®r(z) has the following properties.

3.2.1. Translation invariance.

LEMMA 3.1 (Translation invariance). Let z+T'={z+yly €I'}. Then
E*[S(Bjo,r..))] = E°[S(Bjo. )],
E*[S(Bjo,r. )| Br.,r = 2 +a] = E[S(Bjo )| B = al,

where a € OI'.
3.2.2. Scaling property.

LEMMA 3.2 (Scaling property). Forn €N and € € [0,+00), we have that

D.p(0) = 6:(Pp(0)), that is, pn(Pep(0)) =" pn(Pn(0));
V() =0 (W(L)),  that is, pa((E)) = "pa(W(1)).

3.2.3. Rotation property. Let O(d) denote the rotation group in d dimen-
sions. Let us introduce the rotation operator dp on T'((E)), where ¢ € O(d).
The rotation operator 0y is defined as follows: for every a = (ag,a1,...) €
T((E)),

og(a) = (ag,fay,...,0%"ay,,...),

where -® is the Kronecker power, and bc is the matrix multiplication of b
and c.

LEMMA 3.3 (Rotation property). For every fized x € 0D and some neigh-
borhood U contained in OD around x, there is a smooth map u from U into
O(d) so that for every y € U, u(y)e; =y. Then
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Proor. Let B; be the Brownian motion starting at the origin and
stopped for the first exit time of the unit disk on condition that the exit
point is e;. Then for every y € U, B; = u(y)B; is the Brownian motion
starting at the origin and stopped at the first exit time from the unit disk
on condition that the exit point is y. It is obvious that By is just a linear
transformation of B;. Then immediately it follows that for every y € U,

P (T(y)) =uly)®"p" (¥(e1))

or equivalently

3.2.4. An application of the strong Markov property.

LEMMA 3.4 (Strong Markov property). For every € > 0 such that
D(z,e) CT,
1

Pr(z) = doged T

(10)
<[ BBy By = 1] 8 Br(s 1) o),
OD(0,¢)

where 0D(0,¢) denotes the boundary of D(0,e), wq is the volume of d-
dimensional unit ball and o is the d — 1-dimensional surface measure.

PROOF. By Chen’s identity (Theorem 2.1) and the fact that S(Bo,r, . 1)
is fTD(Z,E)

Ez [S(B[O,TF} ) “F—T]D)(z,s) ] = S(B[07Tz+slﬂ>} ) ® E[S(B[TD(Z,E) 77—1—‘} ) ‘FTD(Z,E) ] ’

where D(z,¢) CT" and F is defined as before, that is, the filtration generated
by the Brownian motion.
As it is known that B has the strong Markov property,

-measurable, we obtain

E? [S(B[TD(Z,S)JF})“FTD(Z,E)] = EZ[S(B[TD(Z,E)vTT])|BT]DJ(Z,5)] = (I)F(BTJD(Z,S))’
which implies that
(11) EZ[S(B[O,TT})"FTD(Z,E)] = S(B[Oﬁm(z,s)}) ® (I)F(BTD(Z,E) )-

By the tower property, we have
(12) ®r(z) = E*[E*[S(Bjo,r) )| Frp..oy 1]-
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Substituting equation (11) into it, we obtain

(PF(Z) = EZ [S(B[O,Tz_‘_a]])}) ® (PF(BTD(Z,E) )]
B 1
N dwdEdfl

X / Ez [S(B[O’Tz+6D])|BTz+a]DJ =z + y] ® ®F(Z + y) dU(y) D
OD(0,¢)

3.2.5. The smoothness of ¥. In this subsection, we focus on the discus-
sion of the componentwise smoothness of W. We start with the proof of the
finiteness of W(e;), and then show that the function ¥ is smooth. We end
with the derivation of the first two gradings of W, which is important for us
to derive the PDE for ® later.

LEMMA 3.5. U(ey) is well defined.

PROOF. Let B; be a d-dimensional Brownian motion starting at zero

in the unit ball. Let M; = Bm At be the stopped process. It is obvious from
BDG inequality that the exit time 7 of B; from the ball (or any bounded
set) has finite moments of all orders.

By the theorem of the equivalence of homogeneous norms on GV (E)
(Lemma 2.1), we have

< C|sN ()l

p-var;[0,mp]

odMy, o---odM,,

/O<u1<u2<---<uN<TD
Thus it holds that

.

By the definition of the Carnot—Caratheodory norm, it is obvious that for
every 6 € O(d)

odMy, o ---odM,,

/ ‘MTD - el]
O<ul <ug<--<un<T

< CE[S™ (M) vars[0,7p] | Moy = €1]-

1™ (00)]

p-var;[0,7]

does not depend on #. Therefore

E°[IS™ (M) vaso.nm] Mo = €1] = EO[IS™ (M) arifo )]

because there is nothing significant in choosing the exit point to be e provid-
ing the norm used is invariant under rotation; using extension of Lepingle’s
BDG inequality obtained in [5] one can control the p-variation of a martin-
gale in terms of its bracket process, and so there exists a positive constant
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C > 0 such that
E%[||S™ (M) < CE°[ry"?).
Finally we have that there exists a constant C' > 0 such that

N
- 0,71

owva] =[] [ o o0 M 7, =1]]
O<uy<ug<--<un<mp
SEO[/ odMy, o---odM,, ‘Mmzl]
O<ur<ug<--<un<mp
< CE[r)"?] < +o0. .

LEMMA 3.6. VU is a componentwise smooth function in E\ {0}, that is,
for every index I, 7' (W) is a smooth function.

PROOF. We recall the definition of W(z). It is clear that if « >0 and 6
is a rotation, then

U (0(aw)) = 0o (¥ (0))

= da (06 (T (2))).
In particular the map (a, 0) — ¥(0(ax)) is smooth and defined on RT x O(d)
to T((E)). Fix x on the sphere and some small neighborhood U contained
in 0D around x chosen so that there is a smooth map u from U into O(d)
so that for every y € U, u(y)(e1) =y. We observe that on R* x U,

V(ay) = ba(u(y) (¥(e1)))-
As the right-hand side is the composition of two smooth maps J, and Su(x),

the left-hand side must be smooth on R™ x U. Since z is an arbitrary point
in the sphere, we have proved the result. [

LEMMA 3.7. VW is a twice continuously differentiable function in E in
componentwise sense. Moreover,

d d
1
ﬂg(‘l/(z)) =1+ Zziei + Z 52’2261 & e;,
=1 =1

)
0 (0):€i fori=1,2,...,d and
82’2'
d
A‘I’(O):Zeiééei.
i=1

PRrROOF. The term of tensor degree one in W is the expected increment of
the conditioned path, so it is not random and p;(¥(z)) = z. The expectation
of the Lévy area of the Brownian motion conditioned on leaving the disk at
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any particular point equals to zero due to the symmetry of the Brownian
motion. Thus the term p2(W¥(z)) only contains the symmetric “increment
squared” part, thus we have

d d
1
m(W(z)) =1+ Zziei + Z §Zi2€i ® e;.
i=1 i=1

This implies that mo(¥(z)) is smooth in E, and moreover it follows that

Om(YO) _ . fori=1.2.....d and
0z;
d
Ama(W(0)) =D ei e
=1

Now let us focus on p, o ¥ for any n > 3. By Lemma 3.6, ¥ is smooth in
E\ {0}; the scaling property of ¥ can guarantee the smoothness of ¥ at
the origin, which we explain in more detail as follows. By the definition of
U, ¥(0) =1. By the scaling property of p, o W, it is easy to verify that for

every integer n > 3,
0pn(¥(0 . U(ae;)) — U0 . _
pnéz( )) :(}}L% pn( ( ))a pn( ( )) :(yi%an lpn(‘l/(ei)) :0;

Opu (¥ (zi€i) _ 927 pu(¥(er)) — 02" (W(ey))  Vze (—1,1);

&zi &zz v
aZPn(‘Il(O)) — lim l apn(‘ll(aei)) - apn(‘l/(()))
821»2 a—0 « 8ZZ' 8zi
= lim na™ 2p, (¥ (e;)) = 0.
a—0

Thus it follows that for every integer n > 3,
Apn(¥(0)) =0.
The proof is complete. [J

3.3. The PDE for the expected signature of multi-dimensional Brownian
motion up to the first exit time from a bounded domain. In this section, our
goal is to derive the PDE for the expected signature of Brownian motion up
to the first exit time from a bounded domain.

LEMMA 3.8.  For every z € I' and every € > 0 sufficiently small such that
D(z,e) C T, it holds that

1

(13) Pr(z) = doged=T

/ (y) @ (= + ) do(y),
OD(0,¢)
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where wq is the volume of the d-dimensional unit ball, and o is the (d —1)-
dimensional surface measure.

ProOOF. From the strong Markov property, we have
1

Pr(z) = diogedT

(14)
X /BD(O )EZ [S(B[OvTD(ZvS)])|B7—H]J(z,5) =z 4+ y] ® (I)F(Z -+ y) dU(y)

By the translation invariance property, substituting

U(y) =E*[S(Bjo, . .))| Brog..y = 2 + 9l
into (14), we obtain that

B 1
T dwged1

where ¢ is sufficiently small such that D(z,¢) CT'. O

Dr(2) / U(y) ® (= +y) do(y).
OD(0,¢)

LEMMA 3.9. If T is a bounded domain, then
lim ®p(B;) =1 a.s. P*,zel.
tr

Proor. Fix z €T, and let B; be the Brownian motion starting at z-
defined on (Q, P?, (F3), F). Let Ny :=E*[S(Bjg )| Fiam]. By Corollary 3.1,
the boundedness of T' ensures that S(Bj ) is Li-integrable, and it im-
plies that N; is a uniformly integrable martingale and by the martingale
convergence theorem limgy,, Ny exists a.s. and in L'. Since T is bounded,
E[rr] < 0o, and thus 7 is finite a.s. in P?. Therefore it follows that

gg Ny = }grl E*[S(Bo,rp]) | F2)-
Let {Dy} be an increasing sequence of open sets such that Dy CCI' and
I' = Dg- Let 7 :=7p,, and let Fj, denote the o-algebra generated by the
Brownian motion up to 7. Since 7, is finite a.s., limpoo 7 = 7r. Let Foo be
the o-algebra generated by {Fj }r,>0. Since S(Bg ) is L1-integrable, then
Mj, := N, is a discrete martingale. By the martingale convergence theorem,

it holds both a.s. and in LP(P?) for every p > 0 that

(15) Jim My =EZ[S(Bjo )| Foo] = S(Bjo])-

Since 71, T 71 a.s., and limypo IV; exists, then limgyo, Ny must coincide with
limytoo N7, = S(Bjo,rp), that is,

(16) tl%ITTFl B2 [S(Bjo,m)|Ft] =S(Bjo))  as.
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Recall that ®r(z) := E*[S(B[g ). By the strong Markov property of Brow-
nian motion, the multiplicativity of the signatures and L! integrability of
the signature of the stopped Brownian motion, we have that

(17) EZ[S(B[OJF}”]'}] :S(B[o,t})®(1>l“(3t) if t <mp.
Substituting (17) into (16), we obtain that

limS(B[Ot})(@(I)F(Bt):S(B[Oqﬂ) a.s. PY xeTl.

thr ' '
Due to the continuity of the signature with respect to time, it is obvious
that
(18) tl%m S(B[(]’t]) = S(B[O,Tp}) a.s. PY xeTl.

T

Since S(B|,) is invertible and it is nothing else but the signature of the

Brownian motion running backward from time ¢ to 0, (18) implies that
(19) lim (S (Biog) ' = (S(Br)™" s PYzeT.
Combining (18) and (19), we obtain that
lim ®r(B;) = lim(S(By )~ @ lim S(Bjy ) ® or(B
fim r(Bt) tTTF( (Bjo,g)) Jim (Blo,)) ® ®r(Bt)
= (S(Bjo.y))) ' ® S(Bpp.p)) =1
Now the proof is complete. [

THEOREM 3.3 (A PDE for the expected signature of Brownian motion).
Assume T is a bounded domain. Then ®p satisfies the following PDE:

(20) Adp(z) (Ze@ez)@@p Z( 8% > if zeT,

=1

with the boundary condition that for every z €T,
(21) lim & (B,;) = a.s. in P?,

ttr

and the initial condition:
(22) po(®r(2)) =1  ifzel,
(23) p1(Pr(2)) =0  ifzel.
PrOOF. For any fixed z € I, let us consider a function
p:eD — T((E)),
y—=V(y) @ r(z+y),
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where & = dist(z, ).
By Lemma 3.8, for every ¢ < &,

1
b= [ W)@+ y)daty)
dwqe aD(0,¢)
for every z €.
This implies that ¢ satisfies the mean value property at 0, that is,

) 0= VOB o) =)= oy [ ol)doty)

for every e <é&.

Since I' is a bounded domain, and in Lemma 3.6 we prove that ®r is a
well defined and twice differentiable function in the componentwise sense,
we see that so is ¢. By the mean value property and differentiability of ¢ at
point 0 we immediately have that

A(p(y))ly=0 = 0.

By the chain rule, we obtain

Ap(y))ly=o0
d
(25)  =A(V(0)) @ Pp(2)+2) 8(‘;9)) ® a((;’f)) +0(0) @ A(®r(z))
i=1 ! E
=0.

Recalling Lemma 3.7, we have the following equalities:
(26) w(0) =1,
(27) 8(\;50)) =¢; fori=1,2,....,d and

d
(28) A(T(0) =D e @e;.

i=1
Thus after substituting these into (25) and rearranging the equation, we
finally obtain
d

(29) A@r(z):—<26i®ei>®@p —22( aq;pz )>.

i=1

The boundary condition is proved in Lemma 3.9. Moreover by the definition
of the signature, it is obvious that po(®(z)) =1 and

d

pl(@(z)):ZEz[/OTFodB] ZEZ @) _ 2(De; =0,

i=1
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since Brownian motion is a martingale. [J

REMARK 3.3. In the proof of Theorem 3.3, the essential condition for
the domain I is actually the well definedness and the componentwise differ-
entiability of the function ®r, for which the boundedness of the domain is
a sufficient, but not a necessary condition.

The following corollary is an equivalent statement of Theorem 3.3, which
states how to use the PDE system to solve each term of the expected signa-
ture recursively.

COROLLARY 3.2. Let I' be a bounded domain. For every n € N and n >
2, the nth term of ®r satisfies the following PDE:

Apn(®r(2)))

d
22 e ® Opn— gjf( z)) . <Z€i®ei) ® pn—2(Pr(2)),

i=1
with the boundary condztzon that for each z € T,

0, ifn>1;
li Or(By)) =
ﬂl‘ITr[‘lpn( r(Bt)) {1, ifn=0.

Moreover po(®r(z)) =1, p1(®r(z)) =0,vz €.

(30

REMARK 3.4. From the corollary it is important to notice that if we
have computed the (n — 1)th and (n — 2)th term of expected signature, the
right-hand side of the PDE of the nth term is known. There is a stochastic
representation to the solution to this generalized Poisson equation problem
with the appropriate Dirichlet boundary condition (Lemma 3.9), and as the
solutions are all bounded, this implies that from the PDE and the boundary
condition we can resolve all the terms of expected signature recursively [15].
The result is summarized in the following theorem.

THEOREM 3.4. LetT' be a bounded domain. For each n €N,

d d
Pn(z) = — (Z € ® ei> @ pr_a(Pr(2)) — 2 (Z e ® %jﬂ@))

i=1 i=1
Suppose for each n € N,

T
E? [/ gon(Bt)dt] <00 Vzel.
0

Then it follows that

pni@c() =5 | [ (B |
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3.4. A concrete example: Brownian motion in the unit ball. Recall that
E =TR? and D denotes the open unit ball in F centered at the origin. In this
subsection, we will discuss the expected signature of d-dimensional Brownian
motion starting at z € D upon the first exit time from D, denoted by ®p(z)
as before.

Let us start with the one-dimensional case, where ®p can be solved ex-
plicitly. For d =1, D is just the interval (—1,1). After an easy computation,
the probability of hitting 1 at the exit time is

z+1
]P>$(BT(_1’1) = 1) = 2 )
and it follows immediately that
pn(®—11)) = TP (Br_yy =1+ T]P’ (Br_yyy=-1)
_ 1 2 n—1 n—1
= (1= (=2 = (1)),

It is easy to verify that ®_;)(z) satisfies the following ODE, which is
consistent with Corollary 3.2:

2 T
d (pn(@d(x;l)( ) _ —pn—l(@(—l,l)(aj)) —2

with the boundary condition

d(pn—2(®(—1,1)(2)))
dx

Vn > 2,

pn(®—1,1y(2)) =0 ifr=+1VYn>2
and the initial condition

pO((I)(_Ll)(l‘)) =1 and
p1(P11(x)=0  Vae[-1,1].

After computing ®(_; 1), we are going to show that the expected signature
of the d-dimensional Brownian motion upon the first exit time from the unit
ball is in polynomial form using Corollary 3.2. To be precise, we introduce
the definition of a polynomial form for a function mapping from a domain
I'C E to E®™.

DEFINITION 3.5. Let f,, be a map from I' to E®", where I is a domain
in I/ endowed with the canonical basis. Let g be a polynomial in £. We
say that f,, is in polynomial form with a factor g if for every index I with
length n, 7! o f,, is a polynomial with a common factor ¢g. The degree of the
polynomial form f, is defined as the maximum of degrees of all 7/ o f,, over
all the indexes I of length n.
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To show that for every n € N, p, o ®p is in polynomial form, which is
summarized in Theorem 3.5, we need the following auxiliary lemma.

LEMMA 3.10. For any given polynomial of degree n denoted by f:1D —
R, the solution to the PDE

{AF(Z) = f(2), if zeD;
F(z)=0, if |z| =1

exists and it is unique. Moreover it is a polynomial of degree n + 2 with a

factor of (1 — Zle 22).

PRrOOF. For any fixed n € N, let us denote the space of the polynomials
with degree no more than n by P[n]. Define the linear operator L which
maps P[n]| to P[n| as follows:

d
L(f)() == A((l - sz> f<z>),

i=1
where f € Pn].
We are going to show that dim(Im(L)) = dim(P[n]). Let us consider
Ker(L) ={g € P[n]|L(g) = 0}. For every g € Ker(L), let G be G(z) := (1 —
S 22)g(2). Then G € Pln + 2] and satisfies the PDE problem

i=1%
AG(z)=0 if zeD,
and the boundary condition
G(z)=0 if [z| =1.

By the strong maximum principle G(z) =0 is the unique solution to this
PDE problem, so we have Ker(L) = {0} and dim(Ker(L)) =0. Since L is a
linear operator, by rank-nullity theorem, it is easy to see that Im(L) C P[n].
Then we can claim that L is a bijection and Im(L) = P[n], which means
that for every f € P[n], there exists a unique polynomial g € P[n] such that

L(g)=f.

Equivalently for every f € P[n], there exits a unique polynomial F' € P[n+ 2]
such that F'is the unique solution to the following PDE:

AF(z) = f(2), if z € Dj
r e i ]2 = 1,

and moreover F'(z) has a factor (1 — Zle 22). O

The following proof is an alternative way to prove Lemma 3.10 restricted
for the two-dimensional case, but it gives us an algorithm to compute F
explicitly.
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PROOF OF LEMMA 3.10. We adopt the notation of P[n] and the linear
operator L used in the above proof. To prove the lemma, it is equivalent to
prove that for f € P[n| with n > 0, there exists a homogeneous polynomial
denoted by g, and a polynomial R,, which is a polynomial of degree strictly
less than n if n > 1 and Ry =0 such that

where f* is the leading term of f.
For n =0, each polynomial f € P[n| is a constant function, that is,
f(z) =cVz=(21,22) €D. Then g(z) := —7 satisfies

2
(31) A((l -y g<z>) — f(@)=c.
=1

It is easy to show that the solution to this PDE is unique. Thus the statement
is true for n=0.
For n > 1, since g, is a homogeneous polynomial of degree n, we have

2
L(gn)(2) = —4(n + 1)ga(= ( Z >

The leading term of L(g,)(z) is

—4(n+1)gn(z ZZAgn

which should match f*.
Let us write g, in the form

n
— L J o nd
z)= E ;2 %
J=0

and f* in the form

n
2) = Z bjz]zy 7
j=0
Then

—4(n+1)gn(z ZZAgn

_Z 4n+1) = j(J — Dlpo<j<ny
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—(n—j§)(n—j—Dlcjcn_oylajzizs

2

n

(G +2)G + Dajrazizy

Ing

= 1

J
N (=i +2)(n—j+1)aj ozl
j=2

Whether there exists g,, such that the leading term of A((1— 32, 22)g,(2))

i=1%i
is f*(z) depends on whether the following linear equation has solution or
not:

[—4(n+1) =57 — Dla<jcny — (=) (n —J — D)ljo<j<n—2}]a;
—(J+2)(J +Dajraliocjcn—2) — aj—2(n—j+2)(n—j+1)1la<jcn)

— b

for =0,1,...,n, or equivalently in the matrix form

(32) M, @ ="b,
ao bo

where @ = | ' |, b= b:1 ,and M, is a (n+1) x (n+ 1) matrix which is
an bn

defined as below:
My (j,j) = [-4(n+1) = (n = j)(n—j—1)],

if j <2;
[—4(n+1) =i -1 —(n—j)n—7-1)

if j>2,5<n-2;
My (j,j) = [-4(n+1) = j(j = 1)],

ifj>n—27<mn;

Mn(j,j+2) == +2)(7 +1),

if j <n-—2;
My(j,j—2)==(n—j+2)(n—j+1),
if j > 2

M, (i,7) =0, otherwise.

The final step is to prove that M, is invertible. It is easily verified that M,
is strictly diagonally dominant, since we have

| M (3, )] =Y | M (i, )| =4(n+1) > 0.
=0
i#£]
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By the Gershgorin’s theorem [8], a strictly diagonally dominant matrix is
nonsingular. So M, is invertible, and there exists a unique solution @ to
equation (32),

a=M;'b

that is, there exists a unique g, such that the leading term of A((1 —
ZZZ 122)gn(2)) equals to f*. By induction, we conclude that for every poly-
nomial f of degree n, there exists a unique polynomial g of degree n such

that
L(g)(z) = f(2). O

THEOREM 3.5. For each n € Nt p, o ®p(2) is in polynomial form of
degree no more than n with a factor (1 — Zle 22).

ProoOF. We prove this by induction.

For n=1, p1(®p(z)) =0 and trivially has a factor of (1 — Zle 22).

For n =2, by Corollary 3.2 we have that ps(®p(z)) satisfies the following
PDE:

(33) Apo(Pp(z Zez®ez, if ze Dy

pa(@p(2)) =0, i 2] = 1.
By Lemma 3.10,

d 1 d
p2(Pp(z)) = Z 24 <1 — Z Zf) e; ® e
=1 j

is the unique solution to (33). So our statement is true for n =1, 2.
Suppose that the statement is true for every n < N. We are going to prove
that it is true for n = N.
By Corollary 3.2, we obtain that for every n > 2,

Apn(‘PD( ) <Z€Z®€Z> & Pp— 2(@]]) —22(@2 %,?W)

=1 =1

By the induction hypothesis, it is easy to show that the right-hand side
should be in polynomial form of degree no more than n—2. Using Lemma 3.10,
each 7!/ o ®p with || =n should be a polynomial of degree no more than n
with a factor of 1 — Z?Zl 22, 50 pp(®p) is in polynomial form of degree no

d

i1 Z . Now our proof is complete.

more than n with a common factor 1 —
O
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REMARK 3.5. It is natural to guess that ®p(z) has a common factor
1 — |2|%, since it would automatically satisfy the boundary condition that

O(z)=1 V|z| =1.
In the last part of this section, we give the following truncated expected

signature of two-dimensional Brownian motion upon the first exit time from
the unit disk up to degree 4:

1 2 2
p2(Pp(2)) = (1 - Zﬁ) <Z € ®€z‘>,

4 :
=1 =1
2 2 1 2
p3(‘I>]])(Z)) = <1 — ZZ?) (— Z §2’262> & (Z € X ei) and
i=1 i=1 =1
2
pa(®p(2)) = <1 - z?)
=1
2129
X <D1(Z)€1 ®er + ﬂ(ﬁ Qe +ea®er) + Da(2)ea ® 62)
2
& <Z e; X ei> ,
=1
where

7 2 1.2, 1
D1(2) = 15521 — 19322 T 61>

Dy(2) = &Z% — ﬁz% + 6—14.

3.5. The geometric bounds for ®r. In this subsection, we aim to show
that under certain smoothness condition of a bounded domain I', each term
of ®r is geometrically bounded. In order to do so, we start with estimating
the upper bounds for W2 norm of p, o ®r, using our PDE theorem and
then show that p,(®r)(z) is geometrically bounded by the Sobolev theorem.

3.5.1. W™?2 bounds for p, o ®r.

LEMMA 3.11. Let T be a bounded domain of class C™ in E =R%, where
m = ng + 1. Then there exists a constant C' only depending on 1" and d,
such that for every positive integer n > 2,

(34) lpn(@r)llwmemry < CUlpn-1(r)lymamr) + lon—2(2r) [l yym2r)-
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PrOOF. Since I is a bounded domain of class C™, according to Theo-
rem 2.3 there exists a constant C; depending only on I' and d, independent
of pp(®r), such that

||pn(q>F)HWm»2(F) < ClHApn((I)F)HWm*QQ(F)'
Recall the PDE of p,(®r), that is,
Alpn(®r(2)))

:—22 Z®8pn ij( 2) (Z@@ez) ® pn—2(Pr(2)).

=1

(35)

Then it follows 1mmed1ately that
l[on () [l yyrm.2(ry

<y <zd: 7807171(‘1)1‘)

0z;
i=1 g

+d|| pn—2(®r(2)) me—w(r))
Wm=2.2(I)

d
Ch (Zﬂpn—l(q’r)ﬂwm—w(r) + d||ﬂn—2(‘1’r(z))||wm—2,2(r)>-

i=1
Since for every f € W*2(I), [ fllwr—120y < [ fllwr2(ry, then we choose C' =
Chd, and (34) follows. O

LEMMA 3.12. Let I' be a bounded domain of class C™ in R?, where
= L%J + 1. Then there exists a constant C' only depending on 1" and d,
such that for every integer n >0,

1o (@r) .2y < ITI2C™.
Proor. By Lemma 3.11, there exists a constant C; > 0 such that

lon(@r)llwmery < Crlllpn—1(@r) lwmer) + [lon—2(Pr)lwmar))-

We choose C'=C7 4 1. Let us prove this statement by induction on n. If
n=20, po(Pr(z)) =1 where z € T, thus

1o (®@r)llyymaqry = L1 < [T/2C°.
It is obvious that if n =1, p1(®p(z)) =0 where z € ', thus
11 (®@r)lymaqry = 0 < [T/2C.
By the induction hypothesis, we have that
ln © @I, vy < CL(IT|2Cm 4 |T[V20m72)
=[0["2cm 2oy (C + 1) < [T VPem
since C=C1+1and C1(C+1)=C?—-1<C? O
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3.5.2. The geometric bounds for |p,(Pr(x))|.

THEOREM 3.6. Let ' be of the class C™ and strong Lipschitz in R<.
Then there exists a constant C' depending on d and I, such that for every
x €T, for every positive integer n,

o (Pr(2))| < C™.

PrOOF. By Lemma 3.12, there exists a constant C7 such that for every
neN,

om0 @rlly, oy < CT-

According to Theorem 2.2, there is a constant C(d,T") such that

| 0 @r(2)| < Ca(d, D)l 0 Prllwm.2(r)-
Let C = Cymax{C>,1}. Then it obvious that for every z €I,

|pn 0 ®r(z)| < CodClt < C™. O

REMARK 3.6. According to Chevyrev [2], when the expected signature
is compact-like, it determines the law of the signature. This result directs us
to study the decay rates of ®r. So far our best result is that ®p is geomet-
rically bounded, and it provides insufficient information for us to conclude
whether ®r is compact-like or not. Because the geometric boundedness of
a tensor series does not imply that this tensor series is compact-like. It
would be still unclear even in the simplest case that I' =D whether the ex-
pected signature of Brownian motion characterizes the law of the signature
of stopped Brownian motion. One difficulty comes from the tail behavior of
higher-order iterated integrals of Brownian motion; for example, the Lévy
area of the Brownian motion stopped at the exit time from the disk is shown
to have only exponential tail [14]. However, the story is not simply about
tail behavior. The interaction between iterated integrals is clearly of great
importance. We can see this by looking at the one-dimensional Gaussian
random variable X. The law of X is certainly determined by its moments.
On the other hand, it is known that the law of Y := X? is not determined via
its moments [1]. Nonetheless the joint distribution of (X,Y") is determined
by its moments. This is because one can deduce from the moments of (X,Y")
that the expected value of (X3 — Y)? is zero, hence recovering the algebraic
relation X2 =Y almost surely.
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3.6. A discrete analogy: The expected signature of a simple random walk
up to an exit time. Let X1, Xo,... be independent, identically distributed
random variables on a probability space (€2, F,P) taking values in the integer
lattice Z% with

1
P{Xj:e}:ﬁ, le] = 1.

A simple random walk starting at € Z¢ is a stochastic process S,, indexed
by the nonnegative integers, with So = . We denote by I' a regular domain of
the integer lattice and denote by 7 the first exit time from I'; the definition
of a regular domain can be found in [10]. The process S, can be viewed
as a random lattice path of step n, so that its iterated integrals are well
defined. Moreover ®p(z) is defined as the expected signature of a simple
random walk starting at = and ending at the first exit time from I' (I"' C
7% is a finite set). By the multiplicative property of the signature and the
strong Markov property of the simple random walk, we have the following
important equation: for every x € I,

1
(36) Pr(z)= ) 5iexp(ej) @ Pr(z +e¢)),
lejl=1
where for j € {1,...,d}, e; is the unit vector in Z¢ with jth component

1, and for j € {d+1,...,2d}, e; is the unit vector in Z¢ with (j — d)th
component —1.
Rewriting equation (36), we have

Lo~ ()
pn(®r(z)) = Z ﬁz q ® pp—i(Pr(z + €;)).

lej|=1 =0
This is equivalent to
1o~ ()%
(37) — App(Pr(z)) = Z 24 i Pr—i(®r(z +€5)),
lejl=1 =1

where A denotes the discrete Laplace operator; that is, for any function
f:T — E®n,
2d

D (fla+e) — f(x)).

i=1

1
A =—
It is also easy to verify that for every x € I'“| the following equation holds:
(38) Op(z)=1=(1,0,0,...),

where I'¢ is the complement of T in Z¢.
We summarize our result in the following theorem.



34 T. LYONS AND H. NI

THEOREM 3.7. Let I' CZ% be a finite set. Then ®r:Z% — T((E)) satis-
fies the following conditions:
(1) Ve eI, ®p(x) =1;

(2) Vo el po(Pr(z)) =1,p1(Pr(x)) = 0;
(3) Vn>2,VxeTl,

n ®
Apn(®r(z)) =— Z %ZJ_,(@pn i(®r(z +¢)).

lej|=1 i=1

REMARK 3.7. Notice that the right-hand side of (37) is determined to-
tally by the truncated expected signature up to degree n — 1. This indicates
that we can solve ®r(x) recursively just as in the Brownian motion case.
Classical potential theory guarantees that we can recursively solve a system
of finite difference problems to obtain the whole expected signature of a
simple random walk up to the first exit time.

THEOREM 3.8. Let I CZ? be a finite set, F:T° = R,g:T — R. Then
the unique function f:7% — R satisfying

(a) Af(x)=-g(x), weT,
(b) flz)=F(z), xel’

18

flz)=E*|F

Immediately we have the following theorem in our setting.
THEOREM 3.9. Let I' CZ% be a finite set. Then ®r:Z¢ — T((E)) is
given as follows:

(1) Ve eTc, ®op(x) =
(2) Vo €T, po(Pr(z )— 1, p1(®r(z)) =0;
(3) Vn>2,Vxel,

pn(®r(z)) =E*

T—1

3 (5|

j=0

where the integration is understood in componentwise sense and

1 — e]@”
m)= Y o>

esl=1 7 i=1

,‘((191“(1‘ + ej)).
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