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DECAY RATE OF ITERATED INTEGRALS OF BRANCHED
ROUGH PATHS

HORATIO BOEDIHARDJO

ABSTRACT. Iterated integrals of paths arise frequently in the study of the
Taylor’s expansion for controlled differential equations. We will prove a fac-
torial decay estimate, conjectured by M. Gubinelli, for the iterated integrals
of non-geometric rough paths. We will explain, with a counter example, why
the conventional approach of using the neoclassical inequality fails. Our proof
involves a concavity estimate for sums over rooted trees and a non-trivial ex-
tension of T. Lyons’ proof in 1994 for the factorial decay of iterated Young’s
integrals.

1. INTRODUCTION

The iterated integrals of a path arise naturally from the Taylor’s expansion of a
controlled differential equation driven by the path and play a fundamental role in
the theory of rough paths [7]. Given a path z, we are interested in the behaviour
of the iterated integral

(1.1) X¢ :/ dz,, ® ... ® da,,
0<s1<...<85,<1

as n varies. The solution for a linear controlled differential equation has a series
expansion that is linear in these iterated integrals. The convergence of the series
expansion is often studied using the decay of these iterated integrals. The sim-
plest example is the case when x takes value in R? and has an almost everywhere
derivative in L°°, in which case
|7

n!

[R GRS

The problem becomes much harder when z does not have a derivative, such as in
the case when the iterated integral (1.1) is defined in terms of Young’s integration.
It was proved by Lyons [6] that if = is v-Holder, v > 1, and ||| , denotes the

27
~-Hélder norm of x, then

e

nly

(1.2) X5l < (1+C(27))

where ( is the classical Riemann Zeta function. For 0 < v < % and N = [y 1], a
~ -Holder geometric rough path takes value in the unital tensor algebra

T (R*) = 1@ R* ... @ (R*)™Y

)
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where R%* denotes the dual of R?. Lyons [7] showed that a v -Holder rough path
x can be extended uniquely to a ~ -Holder path X in 7 (Rd*) for any n > N.
He defined the n-th order iterated integrals of x up to time 1 as the n-th tensor
component of this extended path at time 1, which we will denote for latter use as
X{¢'1, and showed that

[
I'(ny+1)
where I' is the Gamma function and [|z]|, denotes the y-Hélder norm of the rough
path x.

Recently Gubinelli [4] proposed a non-geometric theory of rough path, known
as the branched rough paths. The phrase “non-geometric” here refers to that the

calculus with respect to branched rough paths does not have to satisfy the chain
rule

X5 <97 (142007 (v + 1))

d(XY) =YdX + XdY

which Lyons’ geometric rough paths must satisfy. For the Brownian motion B, the
rough path (almost surely defined)

( /stl,// dB81®dBS2>

is geometric if the integration is defined in the sense of Stratonovich and non-
geometric if the integration is defined in the sense of It6. Branched rough paths
are indexed by the Connes-Kremier Hopf algebra of labelled rooted trees, which we
will denote by H, and will recall in Section 2. The multiplication of trees in H,
corresponds to the multiplication of the coordinate components of the path, while
the operation of joining forests to a single root corresponds to integrating against
the path. The theory of branched rough paths is a rough path analogue Butcher’s
tree-indexed series expansions of solutions to differential equations and has also
been motivated by expansions in stochastic partial differential equations. We now
recall an equivalent definition of branched rough path due to Hairer-Kelly [3].

Definition 1. ([4], [3])Let 0 < v < 1. Let (Hz,-, A, S) be the Connes-Kremier
Hopf algebra of rooted trees labelled by a finite set £. Let (H},*,d, s) be the dual
Hopf algebra of (H., -, A, S). A y-branched rough path is a map X : [0,1] x[0,1] —
H7 such that

1. for all s <t and all hy, hy € H,

(1.3) (X0, h1) (X1, ho) = (Xg 4, b1 - ha).
2. for all u < s <t
(14) Xu,s *Xs,t = Xs,t~

3.for all labelled rooted tree 7, if |7| denote the number of vertices in 7, then

X
= supil< el < 00

(1.5) X1, -
e st |t— s|7|"’\

Remark 2. Hairer-Kelly [3] pointed out that the product x in #} is induced by
the coproduct A on H, in the following sense: If h € H, is a rooted tree and
Ah =5 h® @ h? then for X,Y € H,

(X *Y k) => (X, W)Y, h?).
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Hairer-Kelly also realised that condition 1. in the Definition 1 of branched rough
path is equivalent to X taking value in the group of characters of the Hopf algebra,
known as the Butcher group, analogous to the nilpotent Lie group in the geometric
case.

Example 3. Let £ <y <1,and z = (¢!,...,2%) : [0,1] — R? be a y-Hélder path

in the sense that
| — sl

sup < 00

s#t [t —s|”
The v > % assumption allows us to use Young’s integration. According to Gubinelli
[4], we may lift « to a y-branched rough path X in the following way:

Let o; be a vertex labelled by ¢ € {1,...,d}. Let 7q,...,7, be rooted trees la-
belled by {1,...,d}, and [71,. .., Ts]e, denote the labelled tree obtained by connect-
ing the roots of 7, ..., 7, to the labelled vertex e;,. Then X is defined inductively
by (X5, ;) =2t — 2% and

t
(1.6) <Xs7t,[7'1,...,7'n}.i>:/ Iy (X, 75)das,

We now explain why the integration in (1.6) can be defined in the sense of Young: if
u — (X5 u,7;) is 7-Holder, then the product I17_; (X; 4, 75) is also 7-Hélder. By for
example Theorem 1.16 in [8], the integral in (1.6) is also v-Holder. More generally,
in [3], Hairer-Kelly gave an explicit way of extending a y-geometric rough path to
a y-branched rough path.

For general 0 < v < 1, let N = |y~!], then by Theorem 7.3 in [4], given a
family of real-valued functions ((X...,7)) ¢y, |;j<n o1 [0,1] x [0,1] satisfying the
conditions (1),(2) and (3) in Definition 1 of branched rough path, there is a unique
way of extending (<X.,A,T>)‘T|§N to a y-branched rough path (<X'v"7>)T€Hc7\TIZO‘
Gubinelli [4] conjectured that this extension, which can be interpreted as the iter-
ated integrals of the truncated branched rough path ((X. ., T>>¢€H,|T\SN has a tree

factorial decay. Our main result, stated below, is a proof of this conjecture.

Theorem 4. Let 0 <y <1 and N = |y~ !|. Let X be a y—branched rough path.
For all rooted trees 7 and all s <'t,

Tl I7|
cy (t—s)”
(1.7) (X m)| < B2
where
v : 2—2
ey = 6exp (7 S (N+ 1)”1) | TN 2D (N 4 1) y) N  Jnax X1
1=0 So|s

| X1, , is the Hélder norm of X as defined in (1.5) and TN is the set of unlabelled
rooted trees with at most N wvertices.

Remark 5. For v = 1, Gubinelli [4] showed that the decay rate in (1.7) is attained
for the identity path X, defined for all rooted trees 7 by
I7]
t—s
(Koo = L2
Remark 6. Gubinelli [5] used a similar type of factorial decay estimate to prove
the convergence of his series expansion for the solution of the three-dimensional
Navier-Stokes equation for sufficiently small initial data.

o~
QTGN
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n vertices

FIGURE 1.1. Tree with n branches

Theorem 4, together with the Hairer-Kelly result [3] that geometric rough paths
are branched rough paths, gives another proof for the factorial decay for geometric
rough paths. In some cases, our main result gives a sharper estimate for the shuffled
sum of the iterated integrals than the one derived using shuffle product and the
factorial decay for geometric rough paths, as the following example demonstrates.

Example 7. Let  and y be real valued y—Hélder paths on [0, 1], % <~ < 1. Then
we may estimate absolute value of the integral

1
/ xhdys
0

by the “geometric method”
1 1 S So
/ zhdys / / / dzs, ...dxs, dys
0 o Jo 0
1
(z, )5 "

(19) < marce I

where the inequality follows from Lyons’ factorial decay estimate (1.2).

By Example 3, we may extend the two-dimensional path (z,y) to a y—branched
rough path X. Let o, be the labelled forest defined inductively by o7 = e; and
o, = 0,_1 - e where the operation - is the formal multiplication of rooted trees.
Let 7, = [op],,. Graphically, 7, takes the following form:

Then

= nl

1
<Xa7-n> :/ xgdys
0

and our main result Theorem 4 gives the estimate

1
/ rgdys
0

where ¢; is the constant (independent of n) appearing in our main result Theorem
4. As n — oo, this growth rate is a much better rate than the factorial growth
given by the geometric estimate (1.8).

One reason why the geometric method fares badly here is that it bounds the
slowest decaying coordinate iterated integrals. This particular integral

1 S So
/ / ... / dxs, ...dzs, dys
0 0 0

decays a lot faster than the slowest decaying coordinate integral of order n+1. The
failure of the geometric method demonstrates that the case of “fat tree” in Figure

—n+1 —n+1
-l ‘1

(1.9) T (1)

<
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1.1 is delicate and requires a different type of estimate, which is the purpose of
Section 5. This problem of fat tree will be explored in more details in Section 3.

1.1. The strategy of proof. Lyons [7] proved the factorial decay for y-geometric
rough paths using the following inductive definition of X™

(1.10) X = ‘h‘m > Zxﬁnk titipa”
Clu, ]t iEP k=1

This approach requires the use of a highly non-trivial binomial-type inequality,
known as the neoclassical inequality, of the form

n apn—v Ly (a+0)"
(1.11) ;F(iﬁl . <Y i

)T ((n—i)y+1) T'(ny+1)

which is proved Lyons’ 98 paper [7]. A sharp version of this inequality latter
appeared in the work of Hara and Hino [2]. Gubinelli showed in [4] that a sufficient
condition for the factorial decay for branched rough paths is a neoclassical inequality
for rooted trees. Unfortunately, we are able to give a counter example for such
inequality (see Lemma 10 in Section 3). Lyons’ 94 approach [6], which proved the
factorial decay for the v > % case, did not use the neoclassical inequality and use
instead the equivalent definition

n k k
(1.12) Xiw= fm, > E Xetd Xt i
PClu, t]t €P k=1

where N = |y~ !|. This approach also has its own difficulty, due to the fact that
the function (s,t) — wy, (s,t) defined by

m s )k () T
wu(S,t):< > ! (n)ﬂ,,—k:)(!k:! )>

k=N+1

is not a control in the sense that wy, (s,v) 4+ wy (v,t) £ wy (s,t). The control prop-
erty is essential in the use of Young’s method of estimating (1.12) by successively
removing partition points from the partition. Lyons’ 94 approach [6] gets around
this problem by using a control function (s,t) — R, (s,t) which dominates w, (s, )
and satisfies some binomial properties similar to that of w, (s,t). A key difficulty
in this paper is to find the right function R in the case of branched rough paths.
Our strategy consists of:

(1) Proving a bound for the multiplication operator * with respect to some
norm, analogous to the following bound of tensor product

la @bl < |lal|[|b]

for a € V™ and b € V®" in the geometric case.

(2) Prove that our function R is compatible with the tree multiplication.

(3) Prove that our function R is compatible with the operation of joining forests
to a single root.
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2. BRANCHED ROUGH PATHS: NOTATION AND TERMINOLOGY

We first recall the setting of the Connes-Kreimer [1] Hopf algebra which indexes
Branched rough paths. A rooted tree is a connected, rooted graph such that for
every vertex in the graph, there exists a unique path from the root to the vertex.
Let 7 denote the set of rooted trees. The empty tree will be denoted by 1. A forest
is a finite set of rooted trees. The set of forests will be denoted by F. We will
identify two trees 71 and 75 if the forests obtained by removing the respective roots
from 7 and 75 are equal. We define a commutative multiplication - on F by

r-y=xUuy.

Let e denote the rooted tree consisted of a single vertex. We will use a bold symbol
(e.g. T) to denote a forest while using the normal symbol (e.g. 7) to denote a rooted
tree. For o = {r,...,7,} € F, where 71,...,7, are rooted non-empty trees, let
[o], denote the rooted tree obtained by joining the roots of 74, ..., 7, to the vertex
e. Note that F is the set freely generated by elements of the form {e}, through the
operations of - and o — [o],. These two operations in fact correspond to the two
fundamental operations in rough path theory, namely the multiplication between
path components and the integration against a path.

To simplify our notation, we will denote the element {7,...,7,} in F simply by
Ty ...7Tn. We will let H denote the formal vector space spanned by F over R. For a
forest 7, ¢ (7) will denote the number of non-empty trees in 7 and |7| denote the
total number of vertices in the forest. For each tree 7, the tree factorial is defined
inductively as

ol = 1
[T1,-- ) = |m, -l ol

The factorial of a forest 7 ... 7, is defined to be 71!...7,!.
A coproduct of rooted trees can be inductively defined as A : H — H Q H,

Al = 1®1;
. T1...Tn = [T1...Tnl,®1+ T LT, & |17 ... T, ;
1) Aol = [[emlel+ > D e [P 2]
A(ri...mn) = A1 AT

1)

where the sum in (2.1) denotes summing over all terms 7,/ and 7@

> T,i(l) ® Tl-(Z). While the coproduct was defined by Connes-Kreimer [1], this partic-
ular formulation was borrowed from Hairer-Kelly [3]. Here we define the product -
on H ® H by extending linearly the relation

(a®b) - (c@d)=(a-c)®(b-d).

The coproduct operator A is coassociative. In Connes-Kreimer’s original work
[1], an antipode operator S has been constructed explicitly for H, so that the
bialgebra (H,-,A\,S) becomes a Hopf algebra. This Hopf algebra is called the
Connes-Kreimer Hopf algebra.

in ATZ' =

Example 8. The following are all the non-empty rooted trees with 3 or less vertices

ARy
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The coproduct A also has an interpretation in terms of cuts. A cut of a rooted
tree is a set of edges in a rooted tree. A cut is admissible for a rooted tree 7 if for
any vertex in 7, the path from the root to the vertex passes through at most one
element in the cut. For each admissible cuts ¢, let Tc(l)and Téz)denote, respectively
the components in 7\c¢ that is disconnected from the the root and the component
that is connected to the root. Then

(2:2) I e C)
Admissible cuts ¢

Given a forest 7 = 71 ... 7, and (), in F, we will define the counting function
¢ (1,00 ,0®@) to be the number of times oM ® o(® appears in the sum (2.2).
We will follow the notation of Gubinelli [4] and use

Sf (T, . T<2))

to denote the summation over all 7(1) and 7(2) which appears in the sum (2.2).

Remark 9. Although the definition of branched rough paths requires the rooted
trees to be labelled, the assumption and conclusion of our main result Theorem 4
are uniform estimates across all labellings. Therefore we can forget that there is
any labelling and deal with only unlabelled rooted trees or forests. We will let 7™
and F" denote, respectively, the set of all (unlabelled) rooted trees and forests with
n vertices.

We say g € H* lies in the group of characters of H*, which we will denote by G,
if for all forests 7 and T,

(9,7 -T) = (X, T{(X,T).

In other words, G contains all the homomorphisms g with respect to the tree mul-
tiplication -. This formulation can be found in, for instance Hairer-Kelly [3].

3. COUNTER EXAMPLE TO THE TREE NEOCLASSICAL INEQUALITY

We now give a counter example for a weaker version of the neoclassical inequality,
which would have been sufficient in proving the factorial decay for the iterated
integrals of branched rough paths. The notation ™ will denote the forest

L2 L
n

Lemma 10. Let 7, be the tree [o"],. Then for all0 <~y < 1, for all § > 0, there
exists a,b > 0 such that as n — oo,

¥
_ ! 1 (1) (2

3.1 a+b) ™ n T2 L o,

(3.1) @ +?) 2 TP ) gelrD)re(ri?)

Proof. By definition, 7,,! = n + 1. Observe that by the definition of coproduct A

(see (2.1)),

n

AT" = Z (7) .l RTn—1 +Tn ® 17

=0
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where (7) denotes the binomial coefficient ("_”7;),“ Therefore,

B ! v 1 (1) (2)
py Il ( n ) a”lm [y
(a+0) 2 W12 5c<rg>>+cmf>>

1
S ~(n+1) n -+ oy (n+1=D)
2 (a+b) Z(n+1—l) 51+1 b
3.2 > (a+b) 7Y m + b
(3:2) (a+0)"

where in the last line we used that for I <n,(n+1)/(n+1—-1) > 1 and the
binomial theorem. Since 0 <~y < 1 and a > 0,

(1+a)” <1+na.

Therefore, for all 0 < a < (ﬂry)ﬁ7

.
(1+a)7<1+%.

Hence for a < (ﬂv)ﬁ and b =1, (3.2) diverges as n tends to infinity. O

4. BOUND FOR THE MULTIPLICATION OPERATOR *

The multiplication x in the Hopf algebra #H plays the role of the tensor product
® in the theory of geometric rough paths. In that case, one of the key assumptions
made about the tensor norms is that for all X™ € V®" and Y* € V&,

|xm @y <X lven [Vl e

so that the tensor multiplication has norm 1. We might hope that the multiplication
with respect to x would also have norm 1. Unfortunately, given any numbers n and
k, rooted trees in general has more than one way of being cut into two components
of sizes n and k respectively. This causes the multiplication operation to have a
norm that potentially depends on n and k. Fortunately, and it is a key observation
in our proof, the norm can be bounded by a function of k, independently of n. Let
us first describe the norm that we use.

Let X € H*. Define a linear functional X* € H* by

k _ <X77_>’ ‘T|:k§
(X5 = {0, 7| # k.

We define X™ % Y* such that for all forests 7
(X"*xYFE ) =(X"®YF AT).

[

Let (r)
BTy
Xk = max X, 7| ———
N (e o ey
and ()
BT Ty
Xk = max X)) ———
|| H]:,’Yﬁ |r|=k,= forests |< | |7'|!’y

In this section we will prove a bound on the norm of the multiplication x with
respect to [|-[| , 5, which is the first of three main steps in proving our main result.
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Lemma 11. (Multiplication is bounded in tree norm) Let v < 1 and that

Cr 1= exp Zkzl— , B> cp.

Let X,Y € H*. Then forn > 1,

HX”*YkHTWB < ck’Tk‘l B HXanmﬁ HYkHTa%ﬁ’

where T denotes the set of rooted trees with k vertices.
The proof will require a series of preliminary lemmas involving the combinatorics
of rooted trees. We will use > to denote the sum over all admissible cuts ¢

such that 7(2) = ¢. The following combinatorial lemma is crucial to proving our
desired lemma by induction.

7(2) =0

Lemma 12. LetT = [1y...7T,],, where T, ..., T, are non-empty. Letoc = [01...04], #

1 be a rooted tree. Let ~, be a relation on the permutation group S, on {1,...,n}
defined so that my ~ T if O (i) = O, (i) for alli. Let P, be the set of ~,-equivalent
classes in the permutation group S,. Then for all 5,y > 0,

c(‘r(l))

B ﬁc(‘r
(; O ﬁ;ﬂ ! Z ~Op }

i _‘7()

Proof. Note that by the definition of A,
(4.1) ZT(I) ®t® = r@1+ Z‘rl(l) e 7'7(11) ® [71(2) .- .7',82)}

We define a linear functional o such that for each tree a,

o(a) = 1,ifa=o,
= 0,ifa#o.
Let f be a linear functional defined such that for each forest 7,
Be(m)
f() el

Note that f is a tree multiplication homomorphism. Define
foo(a®b)=Ff(a)o().
By applying f ® o to (4.1)

ger™®) gl —me(ri)
(;U T(l)l’y [ﬁ”..%ﬁ,:a Tl(l)!»y o .,.r(Ll)!v
As [7'1(2)7 ... ,T»,(LQ)]. = [052), e UT(LQ)]. if and only if there exists 7 € P, such that

Ti( ) = o) for all 4,

c(‘r(l)) c(‘r(l))

B B~
Z O Z iy Z (1)|7

7(2)=¢ TeP, _aﬂ( )
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Corollary 13. Let 7 = [r1...Ty],, where T1,...,T, are non-empty. Let o =
[01...00], # 1 be a rooted tree. Let P’ denote the set of all T € P, such that
T (i) C 7; for all i. Then for all B,y > 0
7 1)
ge ) Belm )
Z 7.(1);7 Z HiiUw(z‘)Qi[ Z (1)W
72 =0 meP, ():Uw(a) Ti
Proof. We have just shown in Lemma 12 that
(1) (1)
B ﬁ c(T,;
(42) > T(lm =2 UL ) T
r@ =g 7eP, (2>_Uﬂ(l) Ti

For m € Py, if an index ¢ is such that o (;) is not a subtree of 7;, then
)
Wz e
(1)17
P=on)
Therefore, in (4.2), summing over P, is equivalent to summing over P/ . Further-
more, as Ti(l) =1if 7(2) =T

(1) (1))

Be g
(4.3) Z (1),7 = Z Wiio iy om [ Z LM

72)=¢ WGP{,.,U 7(”( ) i

O

A key step in most factorial decay estimates for rough paths is to take the
fractional power v outside a sum. In the geometric case, the job is done by the neo-
classical inequality. We need the following concavity estimate in the non-geometric
case.

Lemma 14. (Concavity estimate) Let v < 1. For any rooted tree o, let

lo|

(4.4) Clo| = €Xp [Z lo|*(1 — } and B > ¢|q|.

For all rooted trees T and o C 7, we have

c(r ™)

B~ _ L \7
Z —op S b (X m) :

(2= 72 =0o

Remark 15. The key point is that the constant we lose by taking the power v outside
the sum, ¢,|, depends only on |o| but not |7|. To achieve this, the conventional
estimate for sums

n n
(4.5) z:al7 < nl_'y(Zai)w

i=1 i=1
is insufficient by itself. We must use the tree-multiplicative property of the tree-
factorial.

To prove the concavity estimate, Lemma 14, we first need a counting lemma.
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Lemma 16. Let 0 = [01,...,04]e and T = [T1,...,Tn]e be To0ted trees such that
7 # 1 for alli. Let k; ; = mingecp; |{z Coniy © TZ}| Then k., > 1 and

P | < exp(|o] ko).

Proof. As 7 # o there does not exist permutation 7 such that o) = 7; for all i.
In particular, we have k, , > 1, which proves the first part of the lemma.

Let m be defined by m = [{i : 0; = 1}|. As g; = oy for all 5,1 € {i : 0; = 1},
each equivalence class in P, must contain at least m! elements. Therefore,

!
P < |P,| < % =nn—1)...(m+1).

Since

n=m+|{i:o;# 1} <m+]o,
we have
(4.6) P < (met o]

Note that as 7; is assumed to be non-empty for all 7,

(4.7) m = |{i:o; =1} Sﬂgggal{izaw(i) C 7} = kro

Using that for x > 1 and b € NU {0},
(z +b)" < exp (b’z)
in combination with the estimates (4.6) and (4.7) earlier in this proof,
P | < (m+ o) < (kro + |07 < exp (Jof?kro) -

O

Proof of concavity estimate Lemma 15. We will prove the lemma by induction on
lo|. If |o| =0, then 0 =1 and as o # 7,

(1)

v _ st
7-(1)w o

T2 =0

which is exactly the content of the present lemma for the case |o| = 0. Let 7 =
[11...7n],, where 71, ..., 7, are all non-empty, and o = [0 . .. 0y,],. Using Corollary
13 that relates the sum ) _,__ to foz):"m)’

(1) C(T(l))

Be g
(4.8) Z T(l)l’Y = Z Hi:aﬂ(ngﬁ[ o Z (I)I’Y

=0 TeP, P =0 T
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By the induction hypothesis and that k. , = mingep: f{z Lory & 7’7,}| by Lemma
16,

(1))

5 c(T;
(4.9) Z Hi:ffﬂwgﬂ{ Z +D1y }
mePl ) —o’.,r( ) i
lo|—1 kr.o
(4.10) < (ﬁ‘leXp( > (ol =101 —7))) |
j=1
1
(4.11) X Z (Hiiﬂwmgﬂ' Z (1)|)’Y'
mEP” 71(2):07,( ) T; ¢

i=1 aj < n' (Z?:l a;)7,

(4.12) > (Maorpen %1),)7

By the conventional concavity estimate for sum

meP’ P =0 Ti
1—v 71 !
(4.13) < | ( Z IL;. O (i) G T Z (1)|) '
ﬂ'EP’W Ti(z)zgﬂ ) T, -
Using our estimate for [P’ | in Lemma 16,
1 ik
(4.14) Z (Hi:"ﬂi)g” Z (1)1)
TeP! 752):07\'(1) T -
1 Y
(4.15) < exp(lokr o (1 -~ ( Y Wiopen D [€) ) '
WGP,, '(2):0'7.-(7‘,) Ti '

Combining the identity (4.8) with all the inequalities we have so far, namely (4.10)
and (4.14),

(1)

B
Z 7-(1)17

72 =0
lo|—1

< (B lemli-n |a|2+2 (ol - 1))
1
( Z Hi:o.,r(i)g'ri Z (71)')7

neP TP gy T8

Finally, as k; , > 1 (see counting lemma, Lemma 16) and 8 > exp [Z‘;‘l lo]t(1
v)],

(D) [ 1

B~
2. Sp SPTee (P Y Mo wen >, —ay)"

@ =¢ j=1 S OB
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Note now by the v =1 and 5 =1 case of Corollary 13,

1 1
Z Wio )G Z —@yy Z TR

S T PDmgy T8 T@=0

]

We now state a lemma that is equivalent to Gubinelli’s tree-binomial theorem
[4]. It allows us to rewrite sum over rooted trees to a sum over integers.

Lemma 17. (Tree binomial theorem) Let T be a rooted tree. Then
Z T! - <|T|>

— o = .
ol W1 (2)) l

Proof. By the tree binomial theorem, Lemma 4.4 in [4], we have for z € R,

(1+z)7 ™|
7! e D@1
The result follows by comparing the coefficients of z! with the classical binomial
theorem. (]

We now prove the bound on the Hopf algebra multiplication .
Proof of boundednes of tree multiplication Lemma 11. Note first that by the defi-
nition of x, if |7| =n + k,
(X" * YR 1)
(4.16) = | Y (xm Oy r3))

[T |=k
< D IO (YR )
7@ |=k
By the definition of Ho||}-mﬁ and ||~HT7%5,
> X T )R )
[T |=k

N B- e(rM)-1
(4.17) < ||X'||meHY'HT,~y,ﬁ (n!k1)” Z 7_(1)|T 1)y

=k

As we assumed that n > 1, we have k < |7| and hence we may apply the concavity
estimate for trees, Lemma 14, to obtain

B_C(T(l))

1 B
2 Gopmy S 2gn 2

|7 |=k

A
2
N
]
3
—
]
3
E»—
—

A
(@)
il
=
2
—
HM\
1
L
= =
\]
T
N
N
2
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We now use the tree binomial theorem (Lemma 17) to deduce that

(e

g E|l=7p-1_1 IT\”

(4.18) Z o S <c|T*| 7B .
|7 |=k (T(l)h—(z) ) k

Therefore, for all rooted trees 7 such that |7| = n + k, by substituting (4.18) into

(4.17),

_ !
st )] < el 7 (a2

7_! HT,’Y,B

and we have

| X" *Y*

T
s = max, BIXTYED] S

|7|=n+k,r trees

IN

e TH T BTX e 1V s

5. COMPATIBILITY OF OUR ESTIMATE WITH TREE MULTIPLICATION
We showed in the last section the multiplicative bound

k k|1=7 p—1 k
B X < el T e Y
with 8 > ¢;. That we can choose a large 8 is very useful. It will help us to
annihilate any constant depending on k. Suppose that X.. is a branched rough

path and X, denotes the restriction of the branched rough path X on trees with

n vertices. Let (to,...,t,) be a partition for [s, ], then in a similar spirit to Lyons
94’[6], we have

r—1 L J
(5.2) Xt = > Z GRS G

t,t —
1“' =0 k=1

We would like to apply the multiplicative bound (5.1) to estimate the Riemann
sum

rflt J
(5.3) D SR &

f77t1+1
=0 k=1

==

T8

A crucial point is that the biggest k& can be here is L%J which is independent of
: k

n. The constant in front of [[X"| - 4 |y HT,%B

is therefore independent of n. If we had use the following formula instead (as in
Lyons 98’[7])

in the multiplicative bound (5.1)

r—1 n

(5.4) Xrft= lim E:Ej XU XE
Iti_t'H»l‘_)O —0 k=1

then the biggest k can be is n, and the constant in (5.1) would depend on n. This
is the fundamental reason why we must use the approach in Lyons 94’ (5.2) instead
of using (5.4) as in Lyons 98’.

After applying the bound (5.1) to estimate the Riemann sum (5.3), we should
have a bound for the tree norm

1 s
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However, to use the multiplicative bound (5.1) for estimating the tree norm HX 2?2 ||7_ e

it is not enough to know only the tree norm HX g;"l We must also know the

HT/y”B'

forest norm HX;L;FIH Fy That is why we must find a way of bounding the forest

norm ||X;fzr1|’}_’y 5 In terms of ||X;f1||7_7 5 (with 3 > ), which we aim to achieve
in this section through a lemma. We first present the form of our estimate.
Let A, (r,7") denote the m-dimensional simplex

{(s1,.-,8m) ERM™ir <51 <...< 8y, <7'}.

For a one-dimensional path p, we will define
S = [ dp(s)dpGon).
Ao (s,t)

For each a,b > 0 define a one-dimensional path p by

1 b
P = (i)'
Define the function RI™(s,t) by
Ry (s,t) = 8™ (")

The construction of our estimate is based on the following lemma, which says that

our estimate dominates the tail of a binomial sum. Its proof can be found in the
Appendix.

Lemma 18. Let N e NU{0} andn > N+1. Forallu<s<t

N (s—w)" T (- s) 1 1Ln
(5.5) j:%‘rl (n — j)',]' < mRi\u" (S, t).

The following lemma is the main result of this section and allows us to convert
our bound from one about the tree norm to the forest norm.

Lemma 19. (Compatibility with tree multiplication) Let 0 < v <1 and N = |y~1].
Let X be a ~y-branched rough path. Let

en = 3TV V(N +1)20Vexp2(N +1), 8> én.
Suppose that for alln < M and u < s <t,

1 Yy
56 | S Xr Xl < [Rff“*"(s,w].
kgv:H : A5 (n—N—1)!

Then for alln < M,

1 Y
n—k k N+1,n
H k§+1 Xu,s *Xs,t”}‘/y,ﬂé;]l S |:(n__]\[_]_)lRu (S,t):| .

We will once again need a series of lemmas. The first of which states that for
factorial decay estimates the forest norm ||-|| 7 5 g is the same as tree norm ||-||7 .3

Lemma 20. Let X € G. Let k>0 and
k

B=exp[ D K (1-7)].

=1
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If there exists a > 0 such that

n a™™
(57) X7 <
then

" a’m
(53) X7 < S

Proof. By the assumption (5.7), for all rooted trees 7 such that |7| = n,
a’"

Briv’

Therefore, for any forest 7 = 7 ... 7y, where |7| = n and 71 ... 7, are rooted trees,
by the

(X" <

(X7 = KX, 7)
|<X77—1>|""<X’Tm>|
(X)L 7))

a™m
< -
- pgmri’
which is equivalent to our desired factorial decay estimate (5.8). g

To extend estimates about rooted trees to estimates about forests, we usually
need to carry out induction on the number of components in the forest. To carry
out such induction, the following algebraic identity is very useful.

Lemma 21. (Forest factorisation lemma) Let X, Y € G. Then for any forests T
and T such that n+k = |1| + |7,

(X YhrE) = 30 (XITR oy R ) (xR ke g,
ki1+ko=k

Proof. By definition of x and that the coproduct A is compatible with tree multi-
plication,

(X"*Yk,Tf') (X"®Yk,A(7-7”-)>

(X" @Yk ATATF)

(5.9) = Z <Xn,T(1)‘T'(1)><Yk,7(2)?(2)>_
|7@ |+ 7 |=k

As n+k = |7| + || and that we are summing over |7®| + |#?| = k, we have in
particular that n = ||+ |7V] in the sum. As X € H*,
<Xn77-(1)7‘:(1)> — <X7.,.(1)7’:(1)>
(X, T, F)
<X‘T(1)|,T(1)><X|%(1)|,7‘=(1)>,
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Analogous expression also holds for (Y*, 7(2)7’(2)> with the same proof. Therefore,
by our earlier calculation (5.9) and the definition of ,

(X" xY", TF)
Z (X1 2Oy IFOL Oy ym P 2@y iy 7P 7))
T |4+|F@|=k

> (XTI cy R ) (X ITIR v R R,
ki1+ko=k

O

The following lemma states that if we assume X™ and Y* have factorial decay
estimates, then the forest norm of X™ x Y* can be bounded by the tree norms of
X™ and Y*.

Lemma 22. (Multiplication is bounded in forest norm) Let X,Y € H*. Let k > 0
and

k
B=exp[Y K (1-7)]

If there exists a > 0 and b > 0 such that
a’m bk
n k
X 78 <~ IYV5 (6 < 250

then k
. X a’"by
||X *Y |‘F7’y7é;15 < W7
where ¢, = ¢, ((k+ 1) [Te)! 7.

Proof. We need to show that for all forests 7, and (n, k) such that n + k = |7|,

~c(T) ynpvk el
n k u |T|
(5.10) (X" Y*,7)| < BT (k '

We shall prove it by induction on ¢(7). If n = 0, then present lemma directly
follows from assumption and we will henceforth assume n > 1. For ¢(7) = 1, note
that in this case 7 is a tree. By the boundedness of group multiplication in tree
norm, Lemma 11, and that the tree norm of X is the same as the forest norm of X
(see Lemma 20),
a "k

kI

k k|1=7 p-1
X" > YE|p g < el TH 87
which implies our desired estimate (5.10) in the case when 7 is a rooted tree. For
the induction step, let 7 = 772, where 7y is a non-empty tree and 75 is a forest. If
n+ k = ||, then by the forest factorisation lemma, Lemma 21, and the induction

hypothesis,

K = [(X"*YF 710)
< Y Iy ) iy )
l+m=k

_ ~ c(‘r'2 Ck|Tk 1 v ’an’yk Z |T1| |T2‘ .
- 56(” 1 (milTo!)? I+m=k
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Using the conventional concavity estimate for sum Zf\il a] <M 177(21‘]\11 a;)” and
that ¢, = cp((k + 1)|T*))17,

~ c(T2) |7‘k|17'y
"\ ey Ak 1— T (1721
K S S (@ G+ D) (lg:_k( U
< 5k(c(T2)+1) |Tl| + |7-2| ! ’ynb'yk:
= Belma)tl (7l k “ ’
which in particular implies our desired estimate (5.10). O

We will also need the following binomial lemma that describes the product of our
estimate over [s, t] with the length of the overlapping interval [u, t], where u < s < ¢.

Lemma 23. (Binomial lemma for overlapping time intervals) Let N € N U {0}.
Letn>N+1andm >0, and u < s <t,

(5.11) Ml_l)!Ri\[-i_l’"(S, t)(t—u)"
(5.12) (M pNtm g gy,

(n4+m—-N-—1)!
The proof of Lemma 23 can be found in the Appendix.

Proof of the compatibility with tree multiplication, Lemma 20. We need to show that
for all forests T,

xn—k Xk, < éiNC(ﬂ 7! RN+LI7| t v
(2 XuteXinl < GV oo y=y ()

and will do so via induction on ¢ (7). The case ¢(7) = 1 follows directly from the
assumption.

By putting u = s in the assumed estimate (5.6) for trees and using (N + 1) ™' [(N +1)1] 7" <
exp (N + 1), we have that for all forests 7 with |7| < M,

) (1 gy71™

< YN
(5.13) (Xt T)| < Gerirh
where Cny = exp (IV + 1) and hence for all n < M and all s <,
n (t — S)vn
”Xs,t”]-‘mgc;1 < T

The estimate (5.13) in particular says that our estimate is a factorial decay estimate.
For the induction step, we let 71 be a non-empty rooted tree and 79 be a forest
such that 7 = 7;72. By the forest factorisation lemma, Lemma 21,

(Y Xphe Xk mis)

E>N+1
= ) (XXt nxdmra x T )
l+m>N+1
Gi= (> + >+ D pxlx! nyxlnlm X7 ).
I>N+1 I<KN I,m<N

m>N+1 N+1-i<m
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We will denote the three terms in this decomposition (5.14) as K;, Ky and Kj
respectively. Using the assumed estimate (5.6) for trees and factorial decay estimate
(5.13),

(5.15) K, = ’ Z <X1|L77'é\*l *Xé,t,7'1><X1|:§|7m*X:,lt,T2>|.
I>N+1
o ! (t—w)™
1 < N |: N+1,|7| t 7} )
(5.16) - B Ln!l(m| - N - 1)!R“ (s:%) To!

Using the binomial lemma for overlapping intervals, Lemma 23,

R [ ]!
pe Lrl(lr] = N - 1)!

~
(5.17) K < R;V“"T‘(s,t)} .

We now estimate the second term in the decomposition (5.14). Using that multipli-
cation is bounded in tree norm (see Lemma 22, applicable as 8 > exp (Zf\il N’))
and the factorial decay estimate (5.13),

= 02 Y ol
e exton] s GRS (M) o
I<N

I<N Ay
ENC]QV(N + 1)1_7 ( ‘7'1| ) 1)7
5.18 < — t—
(5.15) < 2O (Z (V) emu ey
eNCR(N + 1) A
(5.19) < BT (t —u) .
Applying the induction hypothesis and (5.19),
Ky = | > (XX ) (X m w XT )
I<SN,m>N+1
ENCE(N + 1)1 { 7ot (¢ — u) ™! RN+LIml (5 t)]v
= Be(7) Tol (|72 = N = D)lry! T

By the binomial lemma for overlapping intervals (5.11)

EnC2 (N + 1)) [ 17|l
Be™) (|- N — 1)

5
(5.20)  K»< RN+LITI(s, t)} .
Finally, we estimate the third term in the decomposition (5.14) at the beginning of
this proof. By factorial decay estimate (5.13) and applying Lemma 22, which asserts
that the multiplication is bounded in forest norm for factorial decay estimates,

Ky o= | Y (xIne X!t m)(Xm o X )
I,m<N
N+1-1<m
<y @y () () ez e gt
- L=y B l m 75!

N+1-1<m
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where ¢y = cNC’ . By the conventional concavity estimate for sum ZZ 1 Z <
Ml ’Y(Zz 1 al) ’

e ()78 ()T

m<N
N+1—-1<m

where co v = (N+1)21=7éyC%,. Using the binomial identity >, ., (A/lh) (M"’) =

(M, "

o ()R ()

As our estimate dominates the tail of the binomial sum (see Lemma 18),
() ¥
Ca,N . N+1,l7]
5.21 K3 < | —== R, t
(5:21) 3—(5> L!(|T—N—1)! w )

Therefore, substituting the estimates for Ky (5.17), K3 (5.20) and K3 (5.21) into
the decomposition (5.14), we have

( Z X‘Tl k*Xfta >’
E>N+1

< BTD(CRT + (N + 120 ey CR) " + anCR (N + 1)1 e )

N+1,|7 Y
(R (s, 1)
and the Lemma follows by 3éyC% (N + 1)201=7) < éy. O

6. THE PROOF

Let X be a y—branched rough path and let N = |y~!|. We will use the following
identity that is implicit in Gubinelli’s construction of iterated integrals of branched
rough path (see Theorem 7.3 in [4])

m—1 N

(6.1) X2t = lim YOS XIRexE
‘fpl_ﬂ) - sli islit
1= =

for n > N + 1, where the limit is taken as the mesh size maxy,cp |t;41 — t;| of the
partition

P=0=ty<...<tm=1)

goes to zero. Alternatively, one can check directly that the limit on the right
hand side of (6.1) converges, has the multiplicative property and is y-Ho6lder, which
by Theorem 7.3 in [4] would imply (6.1). We will estimate the double sum on
the right hand side in (6.1) by dropping points successively from the partition P.
The following lemma carries out the algebra of removing partition points from a
Riemann sum.

Lemma 24. Let X be a y—branched rough path and let N = |y~1|. For each
partition P of the interval [s,t], define X7"™ : [0,1] x [0,1] — H* such that
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P _
X57t - Z Z X tut7+1

t;€P 1<k<N
Then for any ¢; € P,
(6.2) ST XpR e (xDF - xR
E>N+1
ko—Fk k k
(6.3) = DD PR CLIIED LI
k2+k3>N+1
1<ks<N
Proof. Note first that
Pk P\{t;hk l k—1 l k—1 l
Xoi =X = Z Xs o * X T X * X X 2 X e
1<ISN
By applying the multiplicativity of X to the third term,
Pk P\{t;}.k  _ k—la—1 l l
(64) Xs,t - Xs,t ’ - Z Xé ,tj 21 ° ok X ; —15t5 * th’tj"'l.
1<I3<N
1o>N+1-l3

From this, we observe that th’k — th\{t'j}’k is nonzero only when £k > N + 1.
Therefore,

6.5) > xpFw (XDF - xDMEHY ZX o (XD xPMEDRY,
k>N+1

By substituting (6.4) into (6.5) and applying the associativity of *, we see that

§ : n— k Pk P\{t; 1.k _ E n—la—l3 2 l3
X X Xs,t )_ Xu sti—1 *X — ,thtj,tj+1'
E>N-+1 1<I3<N
2> N+1-13

O

We now once again require some binomial-type lemmas which we will prove in
the Appendix. The following says that our estimate is decreasing in some sense.

Lemma 25. For all0 <k<m<nandu<s<t,

1 expm

m,n <
(5 ) < (n—m+k)!

(6.6) o

RmM=Fn (s t).
The following is at the heart of the proof of our main result. It describes the
product of our estimates over adjacent time intervals.

Lemma 26. (Chen’s identity for R function) For allu <v <s<tand N+1<mn,
N ( _ )'yk
Z RLVJrl—k:,nfk(v, S)WW < (N + 1)1*7R5+1’”(v,t)v.
k=1 ’

The following result gives an estimate for the remainder of a coproduct sum of
branched rough paths. It may look like we are proving more than the factorial decay
result we need, but in fact such estimate provides exactly the necessary induction
hypothesis to prove the factorial decay estimate.
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Lemma 27. Let 0 <~y <1 and N = |y~ '] . Let X be a y—branched rough path.
If for any 0 <n < N,

n (t — S)”’Y

(6.7) X2l < S,
and

N+1 ] 0o 9 (N+1)vy
(6.8) B> 6exp (7 > (N + 1)l> > <r1 A 1) [T |7

i=1 r=2
then the following holds for all n,

~
6.9 | Y. XiF R XEl7ap < {MRLVH’"(SJ)} Lin>N+1}-
E>N+1

Proof. We shall prove this by induction on n. The base induction n = N is triv-
ial as both sides in equation (6.9) is zero. By the induction hypothesis and the
compatibility of our estimate with tree multiplication (Lemma 19), for all m < n,

| § : Xiys l*Xi$t| Foy.ey' 8 < [(m - N — 1)|R711V+17 (S’t)} Lim>N+13
I>N+1 ’

and as our estimate is decreasing (see Lemma 25),

me exp (N +1)
| Z X ! *Xé,tH]-','y,é;,lﬁ < {

Y
I>N+1

for any 1 < r < N. As multiplication is bounded in forest norm (see Lemma 22)
for factorial decay estimates, we have for all 1 <r < N,

-l l
K = | Z X *Xs,tllfm(éNCN)*lB
r<I<SN
—1 l
< D XIS s evem) 8l Xl evow 16

r<I<N

As our estimate is a factorial decay estimate,

, s —u)""Y (¢ — g
Ke 3 &_z)!fm =

r<I<N
By the conventional concavity estimate for sum,

(s—w)'"™ "V (t—s) -
(m — D! )

K <(N+D)'Y7( Y

r<I<N

By the binomial Lemma which bounds the remainder of a binomial sum by our
estimate (Lemma 18),

1
K < (N+1)'] 'RZ’m(s,t)F.

m—r)!
In particular, since ¢y > ¢nyClh, for all r < N,

m— 1 T,m K
(6.10) HZXu,sl*Xi,tH]:,'y,é;,lﬁ < osN {(m—T)IR“’ (s,t)] ,

r<l
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where ¢5 v = 2exp(N + 1). Note first that as multiplication x is bounded in tree
norm (Lemma 11),

—l—k l k
I Z Xgatj—l*th—l:tj*thath”TméX,lﬂ

1<k<N
I>N+1—k

- —l-k l k
< onp ' Z I Z X;Lvtj—l *th—htj”}'méﬁlﬁnththlHTméX,lﬁ'
1<k<N I>N+1-k

N

By our assumption that we have a factorial decay estimate for X1,... , X (see

(6.7)) and (6.10),

. —l—k k k
K = | Z Xg,tj,l *th,l,tjHf,»y,afvlg||th,tj+1HT,%aI*Vlg
I>N+1-k
k
1 Nt1-kn—k (tjt1 —t5)" 1y
By Chen’s identity for R function, Lemma 26,
—l—k l k
Z I Z Xgatj—l *th—lvtjHJ",'Y,é,QlﬁHthatHl”Try,égflﬁ
1<k<N I>N+1-k
6671\[ 1 ¥
(6.11) < 5 [(n_N_ 1)'R;V“’”(tj_1,tj+1)] ,

where cg v = c5 n(N + 1)177. Note that by explicit computation, there is some
constant ¢y, independent of u, vy, vz such that

N+1,n _ . B N+1
Ru (U17U2)—CN,n (UQ_U) + —(Ul—u) +

Since

there exists a j such that

(6.12) < 2 ((tfu)N“f(sfu)N“).

As (6.12) would still hold if we replace —2; by 1, we have

n n

(i1 —w) ¥ = (G —u) ¥

< ( 2 m)((tu)NL(SU)NL)

r—1
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Using this particular j in the expression (6.11) as well as the algebraic Lemma 24,
we have

_ Pk P\(t;).k
” Z X;L,sk*(Xs,t _Xs,t\( ) )”T,'y,éx,lﬁ

k>N+1
(N+1)y
¢6,N 2 1 N+1
< = Al —— R, T"(s,t)7.
= B <7“—1 ) m-nN-pne &
By iteratively removing points and observing that

X =
for £ > N + 1, we have that for all partitions P,

_ Pk
H Z X;L,sk*Xs,t HT,%éXJIﬂ
E>N+1

C6,.N o 2 N+ 1 N+1
< : Al — R (s, t)7.
- 8 72_22(7"—1 ) (n—N-1)I"™ (s,2)

In particular,

- P,k
” Z X;L,sk*Xs,t ”7_7%/3
k>N+1
= ovll Y Xihe X
E>N+1

< CG,NéNi 2 Al N+ 1 RN+Ln (s 1)
R AV (n—N_Dh v Y

=2

7508

We have the desired estimate if we let |P| — 0 and choose

x ) (N+1)y
ﬁ206,NéNZ(T1/\1) .

O

Proof of main result Theorem 4. Let Cn denote the right hand side of (6.8). For
X € H*, let ||-|| denote the following normalised Holder norm of X for degrees up
to N,
IXl = max 070
1<|7|<N,r trees T

where Hoélder norm || - ||,,» of each degree is define in (1.5) in the definition of
branched rough path. Applying Lemma 27, which we have just proved, to the
branched rough path Y defined for each rooted tree 7 by

1
<Y ,taT> = ~ <X ,t77—>
Ty eRt e
with 8 = Cy, we have by taking u = s that for |7 > N +1,
1 A |7]!
X < — (N XINTTER | s Rl 1)
‘< u,taT>| = CN ( || H) N 7 (|T| _N— 1)| U (U, )
2exp (N + 1 it (=)
< 2D (il ot
Cn T
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7. APPENDIX: BINOMIAL-TYPE LEMMAS

Lemma. Let N e NU{0} andn> N+1. Forallu<s<t

i (s—u)"7 (t—s) _ 1

——RN*Ln(5 ).
(n— ! S Gonote 0

j=N+1

Proof. The following identity can be proved using an induction on N or Taylor’s
theorem,

o mw e —s)
(7.1) J = j:zN:H )

1 n—N-1
(7.2) = 7/ (s1—u) dsy...dsy41-
(’I”A -N - 1)! ANy1(s,t) ’

Note that as we are integrating over the domain s; < s5... < sy41,

1 n—_N-—-1
J s m/A ( )vajll(si—u) M dsy .. dsnas
: N+1(s,t

1 N+]_ n
= 75(1\”‘1) <(._U)N+1>
N ' s,t

n

O

Lemma. (Binomial lemma for overlapping intervals) Let N € NU {0}. Let n >
N+4+1andm >0, andu <s<t,

(7.3) (n_]?;b;_l)!R]uV“’"(& £ (t—u)™
(7.4) (A ml pxtrntmg gy

(n+m—N—1)!
Proof. Using that for any b > a and ¢ > d, ¢(b — a) < (bc — ad),
RYFL%(5,) (¢ — )"

[(t—u) ™ — (s —u) ¥ [V (=)™

(N +1)!
§ [(t—u) ¥5F — (s — ) ¥51 |V
= (N +1)!

(7.5) = RNTLntm(g 4,

The lemma now follows by noting that as n +m > n,

R A C
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Lemma. (The estimate is decreasing) For all0 <k <m <n and u < s <t,

1
R <
n—m):

(7.7) SRR (s, ).

(n—m+k)

Proof. Since for any p > 1 and a > b, (a — b)? < aP — bP,

1
J = 7(nim)!RZm’"(s,t)

(n—m)! \n m!
- n m—Fk
oy (=07 — (5 - )7
< o () ( - )

As ™ < exp (m), n™(n —m)! > n™"*(n —m + k)! and % >1,

exp (m) (m - k)m—k (6= w7 — (s - wyws)"

' (n—m+k)! n (m —k)!
= (neXl:)fT)k)!RZM’n(S’t)‘

O

Lemma 28. (Binomial lemma for adjacent intervals) Let 0 < k < m < n and
u<s<t<w, then

o mten U < s () 50 (),

) )

Proof. Recall that

R e I
n s,t

Sy

In the third line below, we used that s; > s; form—k+1 < j <mand1 <i <m—k,

k
(m_k) L_k J— m,ik' (U — t)

s

ek ntk—m
= % (s —uw) ™% dsy...dsm—k
§<81<... <8<t

X / dSm_k+1 N dSm
t<sm—k+1<...<8m <V

m—Fk n+k—m
I (s —uw) ™ dsi...dsm—g
§<851<...<8m—<t

IN

m nt+k—m
X I, i (si—u) ™ dspm_pqr...dsp,
t<sm—_k4+1<...<85m <V

(m—k) [TV \EE k) (™ N
5 (”Jrk( ¥ >s,tS <n+k( %) t,v.
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Corollary 29. (Chen’s identity for R function) For allu <v <s<tand N+1<
n?

ZN (t—s)"

Ri\ﬂrl—k,nfk(v7 s)? T < (N + 1)1*7Rff“*”(v,t)”.
k=1 (k1)

Proof. By the binomial Lemma for adjacent intervals, Lemma 28 |

(t—s)"
(k)7
S0 () 1

U7S El

Ri\f—&—l—k,n—k(v7 S)'y

< [S(N+17k) (pﬁ)

From here we use the classical concavity estimate for sums and Chen'’s identity (see
for example Theorem 2.1.2 in [7]) to obtain

ko t—s)"
R1127+1 kn—k v, s 7(
1§;N (v, 5) (k)
N
S (N+1 1 ’y Z N+1 k) 1)USS(k)( )St]’Y
k=1 '
|
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