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1 Introduction

In the seminal paper [17], Lyons builds the theory of rough paths. The theory solves
rough differential equations (RDEs) of the form

dyt = f (yt) da:ta Yo = fa

where x can be highly oscillating. Under a Lipschitz condition on the vector field, Lyons
proves the unique solvability of the differential equation, and the solution obtained is
continuous with respect to the driving signal in rough paths metric. The theory has an
embedded component in stochastic analysis, and x can be Brownian motion, continuous
semi-martingales, Markov processes, Gaussian processes [11] etc.

In 1972, Butcher [4] identifies a group structure in a class of integration methods
including Runge-Kutta methods and Picard iterations, where each method can be repre-
sented by a family of real-valued functions indexed by rooted trees. In [14], Grossman
and Larson describe several Hopf algebras associated with families of trees. One Hopf
algebra of simple rooted trees, with product [14, (3.1)] and coproduct [14, p.199], is
particularly relevant to our setting, which we refer to as the Grossman Larson Hopf
algebra, denoted as H. In [6], Connes and Kreimer describe a Hopf algebra based on
rooted trees [6, Section 2] to disentangle the intricate combinatorics of divergences
in quantum field theory. We call this Hopf algebra the Connes Kreimer Hopf algebra,
denoted as Hg. The group identified by Butcher is the group of characters of Hg [7].
Based on [9, 16, 19], H is isomorphic to the graded dual of Hr.

Rough differential equations are originally driven by geometric rough paths over
Banach spaces [17]. Geometric rough paths satisfy an abstract integration by parts
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formula, and take values in a nilpotent Lie group. The nilpotent Lie group can be
expressed as a truncated group of characters of the shuffle Hopf algebra [20]. In
[12], Gubinelli defines branched rough paths. Branched rough paths take values in a
truncated group of characters of a labeled Connes Kreimer Hopf algebra. Both geometric
and branched rough paths are of finite p-variation in rough paths metric, and encode
information needed to construct solutions to differential equations. There exists a
Hopf algebra homomorphism from the Connes Kreimer Hopf algebra onto the shuffle
Hopf algebra, which induces an embedding of geometric rough paths into branched
rough paths. On the other hand, the Grossman Larson algebra is freely generated
by a collection of trees [5, 10]. Based on the freeness of Grossman Larson algebra,
Boedihardjo and Chevyrev construct an isomorphism between branched rough paths
and a class of geometric rough paths [2]. As a result, a branched RDE can be expressed
as a geometric RDE driven by a II-rough path defined by Gyurkoé [13].

Based on the isomorphism between H and the graded dual of Hy [9, 16, 19], we
clarify a relationship between rough paths taking values in the truncated group of
characters of ‘Hgr and rough paths taking values in the truncated group of grouplike
elements in H (Proposition 2.3). Based on this relationship and the freeness of the
Grossman Larson algebra, sub-Riemannian geometry [11, Section 7.5] and the neo-
classical inequality [15, 17], which are typical geometric rough paths tools, can be
applied to branched rough paths. As an application, we provide an estimate for the
remainder of the truncated Taylor expansion for the solution of a controlled differential
equation driven by a branched rough path (Theorem 2.5). The remainder estimate is in
the optimal order (Remark 2.7), which is pleasantly surprising noting the rapid increase
of the dimension of simple rooted trees.

2 Notations and results

A rooted tree is a finite connected graph that has no cycle with a distinguished
vertex called root. We call a rooted tree a tree. We assume trees are non-planar, which
means that the children trees of each vertex are commutative. A forest is a commutative
monomial of trees. The degree |p| of a forest p is given by the number of vertices. For a
given label set, a labeled forest is a forest for which each vertex is attached with a label.

Denote the label set £ :={1,2,...,d}. Let F (Tz) denote the set of L-labeled forests
(trees) of degree greater or equal to 1. Let Fév (Tév ) denote the set of elements in F
(T;) of degree 1,..., N.

Let G¥ denote the set of degree-N characters of the £-labeled Connes Kreimer Hopf
algebra [6, p.214]. a is an element of GY, if a is an R-linear map RFY — R that satisfies

(a;p1) (a, p3) = (a, p1ps)

for every p;,ps € F¥,|p1| + |po| < N, where p,p, denotes the multiplication of commuta-
tive monomials of trees. Let /A denote the coproduct of the Connes Kreimer Hopf algebra
based on admissible cuts [6, p.215]. Then Gg is a group with the multiplication given by

(ab, p) := (a ® b, Ap)

for every p € F). GY is a labeled truncated Butcher group [4]. We equip G} with the
norm )
l|la|| ;== max |(a, p)|TT . (2.1)
peFN
With £ = {1,2,...,d}, let H, denote the L-labeled Grossman Larson Hopf algebra
with product [14, (3.1)] and coproduct [14, p.199]. Denote the product and coproduct
of H, as x and ¢ respectively. We consider # as a Hopf algebra of labeled forests (by
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deleting the additional root in [14]). An element a € H is grouplike if da = a ® a. Let
G, denote the group of grouplike elements in H . For integer N > 1, the set of series
b=23,cr..p/>n (b,p) p form an ideal of H.. Let HY denote the quotient algebra. Denote
GY =G, NHY. GY is a group. We equip G with a continuous homogeneous norm.

Let o, denote the labeled tree of one vertex with a label a € £ on the vertex. Let
[T1--- Tk]a denote the labeled tree with children trees 74, ..., 7, on the root and a label
a € L on the root. Define ¢ : Fx — IN as the symmetry factor given inductively by
o (ey) :=1and

1 Nk

oty =o ([rptemk],) =l onglo (7)™ o (Te)™

where 7; € T, are different labeled trees (with labels counted). o is the order of the
permutation group on vertices in a tree that keeps the tree unchanged.

Let A denote the coproduct of the Connes Kreimer Hopf algebra, and let « denote
the product of the Grossman Larson Hopf algebra. Based on [9, Theorem 43] and [16,
Proposition 4.4], for p € F,

o (p)
Np= E —_ , ® py. (2.2)
P e o (,01) 0'(/)2) (pl * P p) P1 P2

Definition 2.1. Suppose G is a group with norm ||-||. Let X : [0,T] — (G, ||-||). Denote
X = X1X,.

Forp > 1, define

n—1 P
||XHp7'uar,[0,T] = < sup Z HXti7t'i+1 Hp> :

0=to< - <tn=T,n>1 g

For p > 1, let [p] denote the largest integer that is less or equal to p.

Definition 2.2. Forp > 1, X is a branched p-rough path if X : [0,T] — G[Lp] is continuous
and of finite p-variation.

Proposition 2.3. Forp > 1, suppose X : [0,T] — G[Lp] is a branched p-rough path. Define
X :[0,7] — (Fép] — R) as

(Xta p)

o (p)

fort € [0,7] and p € F}p]. Then X takes values in (][Lp], is continuous and of finite
p-variation, and

(X4 p) =

(Xs,typ)
o (p)

for0<s<t<Tandpe Fg’ ]. For integer N > [p] + 1, there exists a unique extension of
X resp. X to a continuous path of finite p-variation taking values in G¥ resp. GY. Still
denote their extension as X resp. X. Then (2.3) holds for0 < s <t <T andp € Fl":\’
Remark 2.4. Since the Grossman Larson algebra is free on a collection of trees [5, 10],
X acts as a bridge between X and geometric rough paths. In particular, sub-Riemannian
geometry technique [11, Section 7.5] and the neo-classical inequality [15,17] can be
applied to X. Then results are transferred back to X based on (2.3).

Let L (R4, R¢) denote the set of linear mappings from R to R®. For f = (fi,..., fq) :
R¢ — L (R% R°) that is sufficiently smooth, define f : T, — (R® — R®) inductively as

f(9a):=faand f([r1---7kl,) i= (d"fa) (f (71) -+ f (74)) (2.4)

(Xot:p) = (2.3)

ECP 27 (2022), paper 46. https://www.imstat.org/ecp
Page 3/12


https://doi.org/10.1214/22-ECP473
https://imstat.org/journals-and-publications/electronic-communications-in-probability/

A remainder estimate for branched rough differential equations

for 7; € T, and a € £, where d* f, denotes the kth Fréchet derivative of f,.
Lipschitz functions and norms are defined as in [17, Definition 1.2.4, p.230]. For
~v > 1, let |v] denote the largest integer that is strictly less than ~.

Theorem 2.5. Fory > p > 1, suppose X : [0,T] — G[ﬁp] is a branched p-rough path over
base space R?, and f : R — L (R%,R°) is Lip (7). Let y denote the unique solution of
the branched rough differential equation

dy: = f (ye) dXy, 90 = £ € R°.

Then with N := |v|, there exist two positive constants c! podw(o,) and ¢, 4 such that,

(Xs,t,7) w(s,t)?
Z f(r T chla,d,w(o,T)N!(NH) (2.5)

TETN

where w (s,t) = ¢ 4 [|f [T 1X11;

p—var,[s,t]"

The solution to branched RDEs is defined as in [12, Section 8.1]. The existing
Taylor remainder estimates for the solution of branched RDEs only deal with the case
N = [p] [12, Theorem 8.8]. Theorem 2.5 considers the general case N > [p], and the
estimate (2.5) is in the optimal order (Remark 2.7).

-1
Remark 2.6. Whenp = land ||f||L1p(oo) < o0, suppose Hf”Llp(oo) ||X||17va'r,[5,t] < (C%,d) .
Then the Taylor series converges [12, Theorem 5.1].

Remark 2.7. Suppose z : [0,7] — R? is continuous and of bounded variation, and
f:R¢— L (R% R) is sufficiently smooth. Consider the ODE

dy; = f (yt) dxg, yo = &.

Based on the fundamental theorem of calculus, for s <t¢,

Yt —ys+ZfOk ys // fO(N+1) (yu1)dxu1 "'dxuz\f+1

s<up<--<un4+1<t

where o := f, o) = dfoF (f)and XEF, = [ [ L, o dTu, @@ dey,.

Suppose X is a geometric p-rough path. Let X gt“ denote the (N + 1)th level element
of X on [s,t]. Based on Lyons’ extension Theorem [17, Theorem 2.2.1, p.242], there
exists a positive constant 3, such that

e s <80

for every s < t and every N. On the other hand, consider f (t) = e~*. Then || f|| Lip(n) =1
ont>0forn=1,2,... and

FO ()] = v

The estimate (2.5) states that the remainder can be bounded similarly to
FONHD) () X‘ﬁ\fﬁl that is in the optimal order even in the geometric case. The dimension
of trees contributes a geometric increase factor! that is part of the control w.

1Based on [8, Section 1.5.2], the number of unlabeled simple rooted trees is EIS A000081, and H, ~
AB™n—3/2 with X\ approximately 0.43992 and 8 approximately 2.95576.
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The proof of Theorem 2.5 is based on a mathematical induction that is an inho-
mogeneous analogue of [3]. The main estimate (2.5) is obtained by exploring the
sub-Riemannian geometry of the truncated group of grouplike elements in the Gross-
man Larson Hopf algebra. The sub-Riemannian geometry structure is similar to that
of the nilpotent Lie group [11, Theorem 7.32]. The factor ((IV + 1) /p)! is obtained by
the neo-classical inequality [15,17]. The tree neo-classical inequality is known to be
false [1, Section 3]. Since the Grossman Larson algebra is free on a collection of trees,
the analysis can be transferred back to the Tensor algebra where the neo-classical
inequality holds. Our estimates rely critically on the simple fact that the number of
words generated by a finite set of letters grows geometrically (Lemma 3.7).

3 Proofs

Proof of Proposition 2.3. Since (Xy, p) /o (p) = (Xy,p) for p € Fr, |p| =1,...,[p], it can
be proved inductively based on (2.2) that for p € Fg, |[p| = 1,...,[p], and s <+,

- _(Xs,tap)
(Kool =550y

The existence and uniqueness of the extension of X and X can be proved similarly
to [17, Theorem 2.2.1]. Based on (2.2), when p € Fg, |p| =n,n > [p] + 1,

(Xs,tvp)
. (Xto t17p1) (thflvtk7pk)
— o(p) __lm ) LTIV (pr %+ % pis )
pefsdipio e o (p1) 7 (Pr)

= o(p) Dc[s,lg]r,r\lDHo Z (Xto,tlap1) (th,l,tkvpk) (p1 % * gy p)
PiEFL,|p;|<pl

= o(p) (Xs’t,p). O

Based on [10, Section 8] and [5], the Grossman Larson algebra is freely generated by
a collection of unlabeled trees. Denote this collection of trees as B. Let B, denote the
L-labeled version of B with £ = {1,2,...,d}.

Notation 3.1. Let B%)] = {vy,...,vk} denote the set of elements in B, with degree less
or equal to [p].

Definition 3.2. Fora € Qg’], define

K
lal|” := inf > [|a"
v =1

where the infimum is taken over all continuous bounded variation paths x = (z**,..., xY¥) :
[0,1] — RX that satisfy

1

= (3.1)

1—var

v v
(a7vi1*...*vik): dxuil"'dxukk

O<u; < <up<l

forv;; € B[ﬁp], viy |+ -+ v, | < [p]. The infimum in (3.1) can be obtained at a continuous

bounded variation path x, which is called a geodesic associated with a € Q[Lp].

Remark 3.3. Such z exists based on Chow-Rashevskii Theorem [11, Theorem 7.28].
Based on Arzela-Ascoli Theorem and lower semi-continuity of 1-variation, the infimum
can be obtained at some x that is continuous and of bounded variation.
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Fora : FY — R and ¢ > 0, define d.a : FY — R as (J.a,p) := c”l (a,p). A norm

||| is homogeneous if ||§.a|| = c||a|| for every ¢ > 0 and every a. |-||' is a continuous
homogeneous norm. The continuity of ||-|' can be proved similarly as [11, Proposition
7.40(v)].

Proposition 3.4. Continuous homogeneous norms on gﬁf’] are equivalent up to a constant
depending on p and d.

Proof. The proof is similar to [11, Theorem 7.44]. O

Lemma 3.5. Let z = (z1,...,2Y%) : [0,1] — RX be a geodesic associated with X ;.
Then there exists M, 4 > 0 such that

12 |y _par < (M) | X1

p—var,[s,{]

for every v; € B%)].

A

Proof. Define a norm on G as |a|, = max o |(a,p)|*T. Based on the definition
L

of ||-||’, equivalency of continuous homogeneous norms as in Proposition 3.4 and that

(Xs,t,p) = (Xs1,p) /o (p), the proposed inequality holds. O

Notation 3.6. Let }V denote the set of finite sequences t; ---t; of t; € B[Lp], including
the empty sequence denoted as 1. The degree |w| of w =t - -ty is |t1]| + - - - + |tx|. The
degree of 1) is 0.

Lemma 3.7. Let T;, denote the number of elements in VW of degree n. Then there exists
K, > 1 such that forn =1,2,3,...

T, < (Kpd)".

Proof. Recall that B denotes the collection of trees that freely generate the Grossman
Larson algebra. Fori = 1,2,...,[p], let I; denote the number of trees in B of degree

i. Then T, < S T, ;l;d'. Set Ty =1and T_,, = 0 for n = 1,2,...[p]. Forp > 1, let
K, > 1 be a number such that ZE”:] 1 li (K,)™" < 1. Then it can be proved inductively
T, < (Kyd)". O

Define I (z) := x for x € Re.
Notation 3.8. Fort € Bg’] and w € W, denote F" := I, F' := f (t) as at (2.4) and

Ft .= dF" (f (1)).

Notation 3.9. With f (¢;) defined at (2.4), let 1 ; denote the R-linear map from RFy to
differential operators, given by ¢ ; (t1---tx) (¢) := d"¢ (f (t1)--- f (t)) for t; € T, and
smooth ¢ : R® — R°.

For trees t; and a forest p, define (¢1---t;) ~ p as the sum of |p|* forests that are
obtained by linking each of the roots of ¢;,7 = 1,...,k to a vertex of p by a new edge.
Recall that *x denotes the product in the Grossman Larson Hopf algebra (we delete the
additional root in [14]). Then for trees ¢ and ¢;, ¢ * (t1 -+ tg) =ty -+t +t ~ (t1 -+ tg).

Lemma 3.10. With f (¢) defined at (2.4), fort; € Tp,i=1,...,k,
Ftvote = f(tl a% (tz no-ee (tk,1 mtk))) = Ql}f (tl EIRI *tk) (I) .

Proof. Since df (t2) f (t1) = f (t1 ~ ta) for t1,t9 € T, the first equality holds. For trees
t1,to and a forest p, t1 ~ (p ~t2) = (t1 * p) ~ t2. Then it can be proved inductively
that, fort; € Te, t1 ~ (to ~ -+ (tg—1 ~tg)) = (t1 * o * -+ x tx_1) ~ tg. Then the second
equality holds based on f ((t1 *to * - *tr_1) ) = Yp (b xto* vty * tp)(I). O
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For v > p > 1, suppose X : [0,7] — G[f:’] is a branched p-rough path and suppose
f:R®— L (R% R°) is Lip (7). Define w : {(s,)[0 < s <t < T} — [0,00) as

w (5:8) = [1F i) 1 X Mo var (s -

By rescaling ||f||£i;(,y) f and 5||f|\mp<7>X' we assume || f||1,.,) = 1-
Denote N := |v| and {v} :=~v — [v].
Lemma 3.11. Forw € W, |w| < N,

[F (y1) — F* (y2)[| < |w|![[yr — yal
fory; € R¢. Forw € W,|w| < N and t € Bg’],

sup HF“" (y)H < (N -1)!

yeRe
Proof. All trees here are labeled by £ = {1,2,...,d}. Based on Lemma 3.10, F't =
[t~ (ta ~ - (tg—1 ~ t))). Then F* ' is the sum of the image of

[kl ([tk] 4 [Er—a]) - (Jtr] + [Er—a] + - - + [t2])

trees. Hence, for w € Y/, the number of trees in F is bounded by (Jw| — 1)!. Each
of these trees t is of degree |w| and corresponds to f(¢) : R® — R that is at least
Lip (1 + {v}) as |w| < N. Then df (¢) is a sum of |w| terms, as the differential d chooses a
vertex in t. Hence, df (t) is bounded by |w|, because f and its derivatives of order up to
N are uniformly bounded by 1 (we rescaled f by Hf”i;(y))- As a result, for each tree ¢
of degree |wl, [ f () (y2) — f () (w2)ll < lldf (D)l 11 = w2ll < |wlllyr — y2||- Then the first
estimate follows, as there are at most (Jw| — 1)! such trees in F'*.

’

For w € W,|w| < N and t € BE’:’], the number of trees in F'* is bounded by |w|! <
(N —1)!. Each tree corresponds to a map that is bounded on R¢ by 1. O
Recall that BE”] = {vy,...,vx}. For s <t letz = (z'1,...,2%) : [s,t] = RX be a

geodesic associated with X, ;. With f (v;) defined at (2.4), let y*! denote the unique
solution of the ODE

K
dyy' =" f (i) (') daty, st =y,
=1
where y denotes the unique solution of the branched RDE

dy: = [ (y¢) dX¢, 90 = &.

The existence and uniqueness of y is based on [18, Theorem 22].
Lemma 3.12. Forw e W, |[w|=N —[p],...,N —1,

FY (y7") = F* (ys)

_ Z Fiietew (ys) / . / dlel .. 'dﬂff},;

[t1]4+|tg]=1,..,N—|w]| s<uy < <up<t

byt ot byt ¢ t
= Z o / (F rew (3/51) — prte (ys)) dmu11 T dmukk
[l e [=N=w] sy < <ugp<t

t1-trw s,t t1 tr
+ g // F (yul)dxul---dm,uk
[t2]4F[te [<N—|w|  scu) < <up<t
[ta]+[ta |+ [t >N —|w]|

where t;,© = 1,2,... range over elements in Bg’].
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Proof. The equality can be obtained by iteratively applying the fundamental theorem of
calculus. O

Lemma 3.13.

8=

sup ||ysf — vs|| < C (p.d,w (0,T)) w (s,t)

uE[s,t]

Proof. Since K is the number of elements in B[Lp] with £ = {1,...,d}, K only depends on
p,d. Since [[f||;,,) = 1, based on Lemma 3.5,

K
[ —ysl <D

ue i=1

D=
(]

<C(p,d,w(0,T))w(s,t)

l—var —

Recall that * denotes the product of the Grossman Larson Hopf algebra.
Notation 3.14. Define T as

(Ts},(ﬁtl"‘tk) = (Xs,tatl **tk)
fors <tandt,---ty € W fort; € BY, [ta] + -+ + [tx] < [p].

[p]+1
Denote 3, := p? <1 + D 0o (2) * )

Lemma 3.15. Denote & := (K,d)" =N-[p],...,N—1,
£ (yts’t) - F" (ye) - Z o (ye) (TgX,hl)
1EW,|l|=1,....N —|w]

5 ( t)N+lf\'w\
@ (s, »

< C(p,dyw(O’T))N!TM'~
5, ()1

wl =0,...,N—[p] -1,
FU @) = F(ys) — >, F"(ya) (T5,1)

LEW,[I[=1,....[p]
[p]+1

< Cp,d,w(0,7)) (Jwl + [p)w (s, 1) 7

Proof. We prove the first estimate. The proof for the second estimate is similar. Recall
that 7,, denotes the number of elements in W of degree n. Based on Lemma 3.12,
Lemma 3.11, Lemma 3.13, Lemma 3.5 and that 7}, < (K,d)" in Lemma 3.7, we have

FY (") = F (ys) — > F™ (ys) (TS, 1)
lew,li|=1,...,N—|w|
N+1—|w| N—|w|+j
< C(p,d w 0 T Tn_ |w|w S, t P Z Th_ |w|+5W ) P
N+1—|w]|
< C(p,d,w(0,T)) N ((Kp s,t) 7
( N+1 \w
< C(pd,w(0, T))NW
B, (257
as MElolwl < [P+l < 9 \where ¢ = (Kpd)” w. O
p P
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Proposition 3.16. For integer N > [p],

> >
S F(TN) =Y F(n) ”’

lew,|i|=1 TeTy
Proof. According to T, t in Notation 3.14,
(Ts,tatl"'tk) = (X&t,tl *~-~*t;€) (32)

for ¢; € B JJt1] + -+ + [tx] < [p]. Then based on the construction of the extension
of TX and X [17, Theorem 2.2.1], it can be proved inductively that (3.2) holds for

t; € B/; Jtil+ -+ [tn] < N, N > [p]. Moreover, if there exists i € {1,...,k} such that
t; € B[:\B[Ep], then (Xs,tatl E I tk) =0.

Xs,t = E (Xs,t;tl*"'*tk)tl*"‘*tk
t;€BE) [ty [+ |tk | <N

Z (Xs,tvp) P
pEFY |p|<N
_ (Xs,tvp)
= 2

peFY |p|<N

where the last step is based on Proposition 2.3. Combined with Lemma 3.10,

Z FHTE) = (X)) I= > f(r ”’)) O

lew,|i|=1 reTy

Proposition 3.17.

[p]+1
lye — 13| < C (0, dyw (0, 1)) w (s,8) 7

Proof. Let F* = I with |w| = 0 in the second estimate of Lemma 3.15, and combine with
Proposition 3.16,

Z f(r 57“7) §C(p,d,w(0,T))w(s,t)[p]%.

TeT, (] (T)

Based on [18, Lemma 17],

5ta ) lpl+1
- > I b < C(p,dyw (0,T))w (s, t) 7 . (3.3)

TET[p] (T)

The estimate (3.3) can be proved based on the uniform bound on Picard series [18,
Definition 9, Lemma 17] and that Picard series converges to the unique solution [18,

Theorem 22]. O
Lemma 3.18. Set & := (K,d)” =N-—[p],...,N,
FY (ye) — F* (ys) — > F (ys) (T3 1) (3.4)
lew,|l|=1,...,N—|w|
@) 7
< C(pdw(0,T) N2
6 (N+1—|w|)|
p D .
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w=0,...,N—[p] -1,

FU(y) = F"(ys) — Y, F" (o) (T5,1) (3.5)
lew,|l|=1,...,[p]
< C(pydw(0,7)) (Jw] + )@ (s,8)

Proof. Combine Lemma 3.11 with Proposition 3.17,

1+

[pl+1
[F2 (y7") = F* (o] < lwlt |y = wel| < C (p,d,w (0,T)) [l (s, 8) >

When |w| < N — 1, the results follow from Lemma 3.15. When |w| = N, based on
Lemma 3.11,

IF* (ye) = F (ws)ll < NVlye —ysll < NU([Jye = " || + v = vsl])
t
< C(padaw(ovT))N'LB
5 (3)
where the last step follows from Proposition 3.17 and Lemma 3.13. O

Lemma 3.19. Forl e W,|l|=1,2,...

1
|0 < 207

s,t)

where W = ¢, qw for some constant c, q depending on p, d.

Proof. Define two norms on QE)] as |lal|; :=max__ i |(a, p)|\%l and
pEFL;

lally := max |(a,t1*---*tn)\m_
t€BEL ||+ [tn] <[]

Based on the definition of 7% in Notation 3.14, equivalency of continuous homogeneous
norms on Qg’] as in Proposition 3.4 and (X, p) = (X4, p) /o (p), we have, for | € W,
[l =1,...,[p], with || X, | defined at (2.1),

T D™

1
17

< Xsilly < epal|Xoally <

sl < cpalX]

p—var,[s,t]
p
Then the estimate follows from [17, Theorem 2.2.1] with ¢, 4 := (cll)_’dﬁp> . O

Proof of Theorem 2.5. With K, in Lemma 3.7 and ¢, 4 in Lemma 3.19, denote ¢ od =
(Kpd)” (cpa V1) and set & := ¢ w. Denote V" := F* (y;) for w € W, |w| < N'and
t e [0,7].

Inductive hypothesis: fix w € W, |w| < N — [p] — 1. Suppose for every w; € W,
|wi| = |w|+1,..., N and every s < ¢,

N—|wi| - Nti-jwg|

w w lw X (S,t) ’
it =Y - Z Yoo TS t’l) < Cpfiw(o T)N'm.
lew,|i|=1 By (f)

The statement holds when |w| = N — [p] — 1 based on (3.4).
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Denote
N—|w|

Legi= Y Y (TX1).
lew,|l|=1

Based on Lemma 3.11,
and Lemma 3.19,

YSWH < (N =D!forl,we W,|l| + |w| < N. Combined with (3.5)

1Y} =Y = L4l

(] N—|uw|

< Y;w _ }/Sw _ Z }/slw (Ts{(“ l) + Z Y;,lw (Ts)fn l)
lew,|l|=1 leW,|l|=[p]+1
[p]+1
< C(p,d,w(0,T),N)w(s,t) 7 .
Then
YV -YY = li Li v ..
¢ S T D> 0.DCs] . tZE:D birtit

For s <u <t,

Ls,u + Lu,t - Ls,t

N—|w] N—|w] N—|w|
= D Y@L+ > V(TR - > V(T
lew,|l|=1 lew,|l|=1 lew,|l|=1
N —|w]| N—|w|—|l|
= 2 |nre > Y@ ) (T
lew,|l|=1 l1EW,|l11]|=0

Combine the inductive hypothesis and Lemma 3.19,

||Ls,u + Lu,t - Ls,t”
N—|w| NAl-n—|w|

@(s,u) 7 (Cp.aw (u, 1)) 7
< Cpawon V! Z Tn .

=T, (el g (2):

where T,, denotes the number of elements in W of order n, and 7T,, < (Kpd)" based on
Lemma 3.7.
Since & = (K,d)" (¢p,a V 1) w, based on the neo-classical inequality [15,17],

N+1—|w]|

P @(s,t) 7

(5, (ReLmy

Since |w| < N — [p] — 1, NHTM > [”]TH. Successively dropping points similarly to the
proof of [17, Theorem 2.2.1],

||Ls,u + Lu,t - Ls,t” S Cllg,dﬁw(()’T)N!

N—|w| 5 ( t) N41—|w|
! X 1 w (s, P
Y-Yr - ) Y (T S Gason N A
lew,|i=1 By ( P )

The induction is complete.
Let w be the empty sequence. Then |w| = 0 and Y;* = y;. Combined with Proposi-
tion 3.16, the proposed estimate holds. O
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