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ABSTRACT. On the basis of fractional calculus, we introduce an explicit formu-
lation of the integral of controlled paths along Holder rough paths in terms of
Lebesgue integrals for fractional derivatives. The additivity with respect to the
interval of integration, a fundamental property of the integral, is not apparent
under the formulation because the fractional derivatives depend heavily on the
endpoints of the interval of integration. In this paper, we provide a proof of
the additivity of the integral under the formulation. Our proof seems to be
simpler than those provided in previous studies and is suitable for utilizing the
fractional calculus approach to rough path analysis.

1. INTRODUCTION

Since Terry Lyons introduced rough path analysis in the seminal paper [18],
several different approaches to the fundamental theory of rough path analysis
have been proposed. One of them is based on fractional calculus, which was
introduced by Hu and Nualart [11]. In [11], using basic formulas of fractional
calculus and ideas from rough path analysis, they introduced an integral with
respect to Holder continuous functions of order f € (1/3,1/2), and established
a differential equation driven by the Holder continuous functions by using the
integral. The results of [11] have been applied to the study of stochastic calcu-
lus, particularly stochastic differential equations driven by fractional Brownian
motions with Hurst parameter H € (1/3,1/2), for example, [2,3,6,7,21]. The
integral introduced in [11] is given explicitly by Lebesgue integrals for fractional
derivatives, unlike the usual rough integral given by the limit of the compensated
Riemann—Stieltjes sums. (The integrals with respect to rough paths are called
rough integrals.) The usual rough integral is based on a discrete approxima-
tion argument from the Riemann—Stieltjes integration due to Young [23], called
the Young integral, whereas the integral in [11] is derived from such an explicit
definition via fractional calculus for Young integrals with respect to Holder con-
tinuous functions provided in the integration by Zéhle [24]. The author’s previous
study [15] provided a slight reformulation of the integral in [11] in the setting of
controlled path theory [10] and showed that it is consistent with the usual rough
integral of controlled paths along Hélder rough paths of order 5 € (1/3,1/2]. (For
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a study related to [15], we refer the reader to [14].) Such explicit definitions in
terms of Lebesgue integrals for fractional derivatives enable us to provide direct
quantitative estimates of rough integrals and solutions to differential equations
driven by rough paths [1,8,9,11,17,21].

The purpose of this paper is to further investigate the rough integral based on
fractional calculus in [11,15]. In particular, we are interested in finding a proof of
additivity with respect to the interval of integration, namely, equality

s t t
/YuquJr/ Yuqu:/ Y, dX, (1.1)

for 0 < r < s <t <T. Here, T denotes a positive constant, and the integrals
above stand for the rough integral of an X-controlled path (Y,Y”) along a Holder
rough path (X, X) of order g € (1/3,1/2]. Additivity is a fundamental property
of rough integrals and is usually used to prove the well-posedness of differential
equations driven by rough paths. However, it is not obvious for rough integrals
based on fractional calculus because the left- and right-sided fractional derivatives
in the above-mentioned explicit definition depend heavily on the left- and right-
endpoints, respectively, of the interval of integration. (See Definitions 2.1 and 2.9
for further details.) One can verify the additivity of the rough integrals based
on fractional calculus by using the following two types of argument: (a) one
utilizes the consistency of the rough integrals with the Riemann—Stieltjes integrals
for a smooth approximation of Holder rough paths and continuity of the rough
integrals with respect to a suitable rough path metric as in [11-13]; or (b) one
utilizes consistency with the limit of compensated Riemann-Stieltjes sums, that
is, the usual rough integral as in [14,15]. Argument (a) corresponds to the case
of geometric Holder rough paths, and is not a strict limit for applications to
stochastic calculus. Although the consistency shown in [14,15] is not limited to
geometric Holder rough paths, (a) and (b) rely on the additivity of the Riemann—
Stieltjes integrals and usual rough integrals, respectively. The argument of this
paper for proof of the additivity of the rough integral seems to be simpler than
both (a) and (b).

We briefly sketch the proof of equality (1.1) provided in this paper as follows:
Let us consider the function h defined by

t s
h(x) ::/ Yuqu—/ Y, dX,

for x € [0, s]. It is clear that (1.1) is equivalent to h(r) = h(s). Thus, it suffices
to show that h is a constant function on [0, s|]. By the definition of h, we have

h(y) — h(z) = (/:Yuqu—/sYuqu) - (/;Yuqu—/tYuqu)

for 0 < x <y <s. As we will see in subsequent sections, the first and second
terms on the right-hand side of the preceding equality are suitable for use of
the rough integral in [11,15] because the two integrals of each term possess the
same right-endpoint. Indeed, by using the explicit definition and quantitative
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estimates of the rough integral, we can take 6 > 1 and easily show that the
inequality |h(y) —h(z)| < C(y—=z)? holds for 0 < x < y < s. Here, C is a positive
constant that is independent of z and y. Therefore, it follows from 6 > 1 that h is
a constant function on [0, s]. (See the proofs of Propositions 2.7 and 2.15 for more
details.) The argument of this paper described above is valid for general Holder
rough paths and makes the fundamental property (1.1) self-contained. Since it
seems to be suitable for rough integrals based on fractional calculus, our proof may
be useful for further developments of the fractional calculus approach to rough
path analysis. We now comment on the author’s previous study [16], which can be
regarded as an extension of [15] to any Holder exponent € (0, 1]. Combining the
argument of this paper with [16], it is straightforward to show that the additivity
of the rough integral in [16] holds for geometric S-Hélder rough paths in the case
B € (0,1/3]. We restrict our attention to the case f§ € (1/3,1] for the sake of
simplicity.

The remainder of this paper is organized as follows. In Sections 2.1 and 2.2,
we briefly define the notation and terminology, which includes the definition of
fractional derivatives and their slight generalizations. Section 2.3 demonstrates
that the additivity of the Young integral based on fractional calculus in [24] follows
from the aforementioned argument. Section 2.4 focuses on the additivity of the
rough integral in [11,15].

2. FRAMEWORK AND RESULTS

In this section, we briefly review both the Young integral and the rough integral
based on fractional calculus in [24] and [11,15], respectively, and provide proofs of
additivity with respect to the interval of integration for these integrals. We also
briefly review concepts, such as fractional derivatives, Holder rough paths, and
controlled paths. We followed standard treatments for rough path analysis [4, 5,
10,18-20] and fractional calculus [22, 24].

2.1. Notation. Let V and W be finite-dimensional normed spaces with norms
Il - |lv and || - ||w, respectively. Although the fundamental theories of rough paths
and controlled paths are valid for suitable infinite-dimensional Banach spaces, we
consider only finite-dimensional cases in this paper to avoid technical difficulties
that are not relevant to our theme. Let L(V, W) denote the set of all linear maps
from V to W. Let T" denote a positive constant that is fixed throughout this paper.
Simplex {(s,t) € R? : 0 < s <t < T} is denoted by A and is a closed subset of
R% Let C([0,T],V) and C(A,V) denote the spaces of all V-valued continuous
functions on the interval [0, 7] and A, respectively. Let a,b € [0,7] with a < b.
For ¢ € C([0,T],V), we set [[¢)|locfap] := SUPa<s<p [[¥e]lv. Let X € (0,1]. We set
_ 19 = ¥sllv _ %
Follien = agsslili?gb (t—s)? and [ ¥llxgas = agsslilit)gb (t —s)
for v € C([0,T],V) and ¥ € C(A,V). We set C}(V) = {v € C([0,T],V) :
U] xor < oo} and C3(V) := {¥ € C(A,V) : [|[¥| o1 < oo}. Hereafter, d
and dy denote positive integers, E and F denote the Euclidean spaces R% and
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R% respectively, and | - | denotes the Euclidean norms of E, F', and their tensor
spaces. For a € R, we set (—1)* := ™. Let 1,4 denote the indicator function of
a subset A C R; in fact, A is taken as a half-open interval (a, b].

2.2. Fractional derivatives. Let a,b € R with a < b. For p € [1,00), let LP(a,b)
denote the complex LP-space on the interval [a,b] with respect to the Lebesgue
measure. Let f € L'(a,b) and a € (0,00). The left- and right-sided Riemann-—

Liouville fractional integrals of f of order a are defined for almost all ¢ € (a,b)
by

1

ﬁJ@%ZFGy/U—ﬁflﬂﬁﬁ

and

0 =0 [e= s

respectively, where I" denotes the gamma function. For p € [1,00), let I, (L?) and
I (LP) denote the images of LP(a,b) by the operators I¢, and I;* , respectively.
Let f € I2 (L') with 0 < a < 1. The left-sided Weyl-Marchaud fractional
derivative of f of order « is defined for almost all ¢t € (a,b) by

R A L) — 1(s)
D“@"_N1—®<@—®a+al @—QMI“)

Similarly, let f € I (L') with 0 < a < 1. The right-sided Weyl-Marchaud
fractional derivative of f of order « is defined for almost all ¢ € (a, b) by

Lo b f () — £(s)
l%j@”‘ra—m<w—wa+“[ w—wwlﬁ)

Here, the integrals above are well-defined for almost all t € (a,b). Let f be a
real-valued Hoélder continuous function of order A € (0, 1] on the interval [a,b]
and o € (0,A). Then, D¢, f(t) and Dy f(t) are well-defined for all ¢ € (a,b] and
t € [a,b), respectively. In addition, we define D, (f — f(a))(a) := 0 and Dy* (f —
f(0)(b) := 0. For further details on the fractional integrals and derivatives,
see [22,24].

To describe our integration, we introduce slight generalizations of the fractional
derivatives of Holder continuous functions. Let a € [0,7), b € (0,7], A € (0,1],
and a € (0, \). First, for U € C3(V), we define D, ¥ and D¢ ¥ by

D2, U(a) := 0,

P = iy (o o e )
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for u € (a,T] and

DY W (b) =0,

D W(u) = é(_f)_lz; ( (bqi“’;’)a +a / b (U:P#d”)

for u € [0,b). It follows from a straightforward computation that

1 A
DY U < Ty, —a)* 2.1
P2, Wy < Frar e =) (2.
for u € [a,T] and
Dy (u)||v < ! 4 1] x;fupy (b — w)* (2.2)
b= Vo= rl—a)\—« Alwb) '

for u € [0,b]. If U € C(V) is of the form V., = 1, — ¢, for (s,t) € A for
some 1) € C}(V), then D2, ¥ = D2, (¢ — 1),) and Dy U = D" (1) — 1) holds by
definition. Next, we consider ¥ € C(A, V) such that

1= Ty
o<s<t<r  (t —8)

For v € (a,T], we define Dy, V. ,(u) € V by

1 \\J vy —
D& v, = Y L T
ot ¥a) ru—m(w—aw+“£ w—wﬁl“>

Let z,y € [a,T] with z < y. For u € (a,T], we define D§, (V. ,1(,,)(u) € V by

D:+(\Ij-,u1(a?,y]>(u)
= 1 ) (\III(L,ul(I,y] (U) Lo /u \Ilu7u1(x’y} (U) B \Ijv»ul(zzy] (/U) d/U) ]

T T(l-a u—a)® (u — v)ot!

By dividing the domain (a,T] into (a,z], (z,y], and (y,T], it is easy to see that
Dg (V. 1) (u) is well-defined for v € (a,T]. If ¥ is of the form W,, = 1
for (s,t) € A for some ¢ € C}(V), then for u € (a,T], D2, V., (u) = D ¢(u)
holds and Dg, (V. ,1(5,)(u) = Dy, (¢¥1(zy)(u) is well-defined. We refer to (2.8)
and (2.9) for an example of D¢, W. ,(u), which is fundamental to the argument in
Section 2.4.

2.3. Additivity of Young integral. In Section 2.3, we introduce the Young
integral based on fractional calculus in [24] (Definition 2.1 below) and provide a
proof of the additivity with respect to the interval of integration for the Young
integral (Theorem 2.8). Theorem 2.8 follows from Proposition 2.7. To prove
Proposition 2.7, we introduce the following lemmas and propositions. The symbol
Ix(Y)s+ in Definition 2.1 denotes the integral of Y along X on [s, t].
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Definition 2.1. Let Y € C}MNL(E,F)) and X € C{(E) with A + p > 1. Take
a € (1—p,A). For (s,t) € A, we define Ix(Y)s: € F by

Ix(Y)sr = Yi(X; — / D¢, Y)(u) D}~ (X — X,)(u) du.

In the setting of Definition 2.1, D, (Y —Y;) and D;~%(X — X,) are well-defined
from o < XA and 1 —a < p, respectlvely In addition, from (2.1) and (2.2), we see
that there exists a positive constant C', depending only on A and «, such that

[Ix(Y)sx = Yo(Xe = Xo)| < ClY g1 X s (t = )™

for (s,t) € A. Although the preceding inequality is not required in this paper, a
similar inequality (2.7) is used in the proof of Proposition 2.7. As Lemma 2.2 and
Proposition 2.3 are provided in [24], we omit these proofs.

Lemma 2.2. Let X € C/'(E) and « € (1 —p,1). Fiz (s,t) € A with s <t. Then,
for z,y € [s,t] with x <y,
t
X, =X, = (1) [ D 1) DI (X = X)) du

For the indicator function 1, of (z,y] C [s,t], it is known that (1) 1(,, €
I (L) if and only if ap < 1; and (2) the equality

1 l(x ] (u) 1(y t] (u) )
D21, (u) = ’ - —=
e = ey (s~
holds for u € (s,t). For further details, see Proposition 2.2 in [24]. Proposition 2.3
follows from Definition 2.1 and Lemma 2.2 immediately.

Proposition 2.3. Let Y € C}NL(E,F)) and X € CHE) with A+ p > 1 and
a € (1 —pu,\). Then, for (s,t) € A,

Ie(V)es = /D W) DI (X — X)) (u) du.

Although Lemma 2.4 is elementary, it plays a key role in this paper.

Lemma 2.4. Let Y € C}NF) and a € (0, ). Fiz s € (0,T) and x,y € [0, s] with
x <y. Then, foru € (x,s],

D (Yyg)(u) = Dy Y (u)1y,5)(w).
Proof. From the definition of D2, (Y1, q)(u),

D2 (V1)) = =y (’?ul_yjs () Diaf Yulw’s}(g&“)_;)ﬁw ®) dv)

for u € (z, s]. Hence, for u € (y, s], we have

Y, Y Y, “Y, =Y,
I'(1 =) D3y (Y1) (u) = (u—a) +04/ de‘f'&/ (—dv
T Y

(u—2x u—v u—v)ett

Y, “Y,-Y,
= —u)a-I—a/ (u—vdvzf(l—a)D;‘JrY(u).
v
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Clearly, for u € (z,y|, Dy, (Y1,q)(uw) = 0. Thus, the proof is complete. O

Using the lemmas and proposition above, we obtain the following equality.

Proposition 2.5. Let Y € CMNL(E,F)) and X € C{'(E) with A +pu > 1 and
a€(l—pu,N). Fizse€ (0,T]. Then, for z,y € [0,s] with x <y,

Ix(V)as — Ix(Y),s — Ya(X, — Xo)
/ DE((Y = V)l () D (X = X))

Proof. By Proposition 2.3 and Lemma 2.4, we have
]X (Y)w,s - IX (Y)y,s

— IV} = (1) [ D5 Y ()19 (DI = X)) du

= (1" [ (DY () = DS (Y1) (@) DX = X)) du

= (1" [ D (VL)@ DI X - Xo)(w) 23)

By Lemma 2.2, we have
VX, — X.) / D2, ) (W) DX — X)) (u) du. (2.4)
Combining (2.3) and (2.4) yields the desired equality. O

To provide a quantitative estimate of the right-hand side of the equality in
Proposition 2.5, we introduce Proposition 2.6.

Proposition 2.6. Let Y € C}NF) and a € (0,)\). Fiz s € (0,T]. Then, there
exists a positive constant Cy that depends only on A and o such that for z,y € [0, s]
with x <y,

[ D2 = Yot ] du < CUY gl — 2~

Proof. From the definition of D (Y — Y3)1(zy)(u),

Dr (Y = Yo)lea)w) = 15 L 5 (<Yu U@;ﬂ; ()
¢ (Yu = Vo) Lagy(w) — (Vo = Vo)l (v)
+ a/x (o)t dv)

for u € (z,s]. Hence, for u € (z,y], we have

Dg‘+((Y - Yz)l(%y])(u) = D?+(Y —Y2) ().
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Thus, from (2.1),

— 1D v = Vo) (w) du

T+
1 A Yy
< Y. — )M
< sl e [ (=P du
=L (et 1)y — o (2.5)
F(I—a)A—q W ' ‘

Additionally, for u € (y, s|, we have

DY = Yolli)0) = s [ i o

Thus, a straightforward computation yields

/S|Dz+<<y—n>1m>< ) du

T —a) H,\[xy]// v—x)Mu—v)"*  dvdu

< WHYH)\[CEZ/]( )
xa l(l—a) {s—y) = (s—a) "+ (y—2)""}

1
< Yt (1 — @)y — z) ot 06
<tV e —a) "y =) (26)

Therefore, from (2.5) and (2.6), we have
D2 = Vo)1) @) du

- / 1D (Y~ Ya)Loy) () du + / D2 (Y — Ya) o) ()] du

SF(l—a)()\ia

This completes the proof. U

A=t 1) +(1- a)1> 1V o (4 — )

By using Propositions 2.5 and 2.6, we prove Proposition 2.7.

Proposition 2.7. Let Y € C}NL(E,F)) and X € C/'(E
a€ (l—p,\). Fizs,t e (0,7T] withs <t and set g(x) :=
x € (0,s]. Then, g is a constant function on |0, s].

) with A+ p > 1 and
Ix(Y

Jap = Ix (Y )5 for



A PROOF OF THE ADDITIVITY OF ROUGH INTEGRAL 9

Proof. Suppose s < t because g(x) = 0 obviously holds for x € [0, s] when s = ¢.
Then, for z,y € [0, s] with = < y,

9() —9(x) = (Ux(Y)ys = Ix(Y)ys) = Ux(V)ap = Ix(Y)a,s)
= (Ux(Y)es = Ix(Y)ys) = Ux(Y)ap — Ix(Y)ye)
= (Ux(Y)as — ( Jy.s = Ve (X )

= (Ix(Y)ag = Ix(Y)ye — Ya(X, — X
By Propositions 2.5 and 2.6, we have
[x(Y)ap = Ix(Y)yp — Ya(Xy — X))

2))-

)
< [ D2 = Yol @)(-D* DX = X)(w)] du

< CullY ey (v = @)D= (X = Xo)loosfa iy (2.7)
for b € [s,t]. Thus, by the triangle inequality and (2.7) with b = s,t, we have
9(y) — 9(2)] < CUIY [xgo.Coie(y — @),

where we write C2 := | Di=%(X — X,)||oc;j0,) + [| Di=*(X — X4)||oesjo,g. Therefore,
it follows from A — a + 1 > 1 that g is a constant function on [0, s] O

We now prove the additivity of Ix(Y)s.

Theorem 2.8. Let Y € CML(E,F)) and X € C{'(E) with A\ +pu > 1 and a €
(1 — p, N). Then, the equality Ix(Y),s + Ix(Y)st = Ix(Y )yt holds for 0 < r <
s<t<T.

Proof. Suppose s > 0 because the equality obviously holds when s = 0. Then, it
follows from Proposition 2.7 that

IX(Y)r,t - [X(Y)r,s = g(T) = g(S) = IX(Y)S,t - IX(Y)S7S = [X(Y)s,t
Thus, the proof is complete. Il

2.4. Additivity of rough integral. In Section 2.4, following the steps in Sec-
tion 2.3, we provide a proof of the additivity of the rough integral (Theorem 2.16).
First, we recall the definitions of Holder rough paths and controlled paths and in-
troduce the rough integral based on fractional calculus in [11,15] (Definition 2.9
below). Let 5 denote a real number with 1/3 < g < 1/2. This number is fixed
throughout Section 2.4. We say that pair (X, X) is a S-Holder rough path in F if
(X, X) satisfies the following two conditions:

(1) X e C/(E) and X € C3°(E @ E);

(2) Xop — X — Xyt = (Xy — X5) @ (Xp — X)) holds for 0 < s <u <t <T.
The space of all 3-Hélder rough paths in E is denoted by Q3(E). Let X € C/(E).
We say that pair (Y, Y”) is an X-controlled path with values in F'if (Y, Y”) satisfies
the following two conditions:

(1) Y € CY(F) and Y’ € C2(L(E, F));

(2) RY e C3P(F), where RY, =Y, - Y, - Y/(X, - X,) for (s,1) € A.
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The space of all X-controlled paths with values in F' is denoted by Qi(F ). For
further details and examples of Holder rough paths and controlled paths, see
[4,5,10]. Let ~ denote a real number with (1 — 3)/2 < v < . This number is
fixed throughout Section 2.4. The symbol [ x x)(Y,Y”’ )st in Definition 2.9 denotes
the rough integral of (Y,Y”) along (X, X) on [s, ] in this paper.

Definition 2.9. Let (X,X) € Q3(E) and (Y,Y") € Q% (L(E, F)). For (s,t) € A,
we define I x x)(Y,Y")s+ € F by
[(X,X) (}/7 Y/)s,t = Y;;(Xt - Xs) + YZXs,t

(-1 / DR ()} (X — X,)(u) du
+ (=) / DN (Y! = Y!)(w) D] (D}_X) (u) du.

In the setting of Definition 2.9, D:T"RY, D7*'(Y' —Y!), and D] (X — X,) are
well-defined from 1—v < 28, 1-2v < §, and v < (3, respectively. In addition, from
v < B, D]_(D]_X) is well-defined on [0, ¢] because D;_X is -Holder continuous on
0,¢] and D}_X(t) = 0 holds by definition. For a proof of the Holder continuity of
D] X, see, e.g., Lemma 6.3 in [11]. Furthermore, in the setting of Definition 2.9,
there exists a positive constant C', depending only on 3 and +, such that

’[(X,X) <Y7 Yl)s,t - }/;(Xt - Xs) - YZXs,t’
< C{IRY llasito.t |1 X o) + 1Y Nssn (1K ll2g150 + 11X M13150) 3 (2 — )*

for (s,t) € A. This easily follows from (2.1), (2.2), and Lemma 3.6 in [15]. We
omit the proof of the preceding inequality because it is not required in this paper.
However, a similar inequality (2.14) is used in the proof of Proposition 2.15.

Next, we prove the additivity of I x x)(Y,Y”)s: (Theorem 2.16). This result fol-
lows from Proposition 2.15. To prove Proposition 2.15, we introduce the following
lemmas and propositions. For proofs of Lemma 2.10 and Proposition 2.11, we
refer to those of Lemmas 3.5 and 3.7 in [15], respectively.

Lemma 2.10. Let (X,X) € Qg(E). Fiz (s,t) € A with s < t. Then, for
x,y € [s,t] with x <y,

/ Dy My (w) (X — X)) @ DL(X — Xi)(u) du
)= / D" (4 (w) D) (D]_X) (u) du.

Let X € C/(E) and (Y,Y") € Q% (F). We define ® € C(A, F) by
(p&t = Y; + }/S,(Xt — XS) (28)

for (s,t) € A. It is clear that ®;; — ®,; = RY, holds for (s,t) € A. Therefore,
from RY e CF(F), D¢ ., (u) and D¢ (P.,1¢;4)(u) introduced in Section 2.2
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are well-defined for a € (0,23). We note that DJ, ®. ,(u) is consistent with the
compensated fractional derivative introduced in [11]; namely, the equality

D32.0(0) = 1_ = <(u i”ua)a ta / ' % dv) (2.9)

holds for u € (a,T]. Using the above notation, we state Proposition 2.11, which
can be regarded as a rough integral version of Proposition 2.3.

Proposition 2.11. Let (X,X) € Q3(E) and (Y,Y") € Q% (L(E, F)). Then, for
(s,t) € A,

Ixx) (YY), —W/ D@ (u)D] (X — X;)(u) du

+ (=) / DY (u) D) (D]_X) (u) du.

Lemma 2.12, Propositions 2.13, 2.14, and 2.15 can be regarded as rough integral
versions of Lemma 2.4, Propositions 2.5, 2.6, and 2.7, respectively.

Lemma 2.12. Let X € C/(E), (Y,Y") € Q%(F) and o € (0,28). Fiz s € (0,T]
and x,y € [0, s| with x <y. Then, for u € (z,s|,

D?.}.((I)‘,ul(y,s})(u) = D§+Q)‘7u(u)1(y,s}(u).
Proof. From the definition of DS, (®. ,1(y.4)(u),
D (®uly,s) (1)

_ 1 ) (©z7U1(y’S] (u) N a/u CI)%ul(y,s}(u) — va,ul(y,s] (U) dv)

I'l —« u—x)® (u—wv)ott
for u € (z, s]. Hence, for u € (y, s], we have
I'(1 - a)D:CcMJr((D-,ul(yVS])(U)

Pt o [P dvra [T B
= —"" +ta ——av t « —
a—ap %) oo . (w—v)ert
o “d, —P
__ Twu Md =1(1 = DO‘QU .
g | T =T D)2

Clearly, for u € (z,y], D2, (®.41(y,s)(uw) = 0. Thus, the proof is complete. d

Proposition 2.13. Let (X,X) € Qg(E) and (Y,Y') € Q%(L(E,F)). Fiz s €
(0,T]. Then, for z,y €0, s| with x <y,

[(XX)(YY IS—IXX)(YY) -Y.(X, - X,) - Y.X,,
/ DE((®. = B L) (0D (X = X.)(0)

i / DY — YY) ()DL (DY X)(u) du
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Proof. By Proposition 2.11, Lemmas 2.12, and 2.4, we have
Ixx) (Y, Y )as — Iix ) (Y, Y )y
— oYY e = (<1 [ DT 1)1 (D] (X = X))
— (=)t / S D, Y (u) 1y 5 (u) DI_(D]_X)(u) du
= (1 [ (DE ) = DE(® )W) DY (X — X)) du
+ (-0 [(DEY(0) - DI (Y 1.9) ) D} (D X)(w) du
— (0 [ D@ ) @D (X - X,)(w) du
+ (=) /5 D, (Y L ny) (w) DY (D]_X)(u) du. (2.10)
By Lemmas 2.2 and 2.10, we have
V(X = X) 4 Yy = (-1 [ D (@l @D (X - X)(u) du
0 DI 10) ) D (D] X)(w) du
: (2.11)
Combining (2.10) and (2.11) yields the desired equality. 0
Proposition 2.14. Let X € CJ(E) and (Y,Y') € Q% (F). Fiz s € (0,T]. Then,

there exists a positive constant Csy that depends only on B and v such that for
z,y € [0,s] with x <y,

/ DY (. — ) L)) ()| du
< 02(||RY||25;[x,y] + “Y/”ﬁ;[x,y] ||X||5;[x,s])<y - $)25+’\/_

Proof. We set o := 1 —~ and note that § < a < 2 holds. From the definition of
D (Do — o) Lz ) (w),

D3 (P = o) Lay)) (1)
_ 1 (((I)u,u - (I)x,Uﬂ(x,y](u)
I'l—a) (u—x)

+ o /u (q)u,u - (I):v,u)l(z,y] (U) - ((I)'U,u - (I):v,u)l(z,y] ('U) dv
T (U - U)a+1
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for u € (z,s]. Hence, for u € (z,y], we have

a 1 (I)u,u - (I)m,u “ (I)u,u - (I)v,u
D:c+<<(1)-,u - (I):r,Uﬂ(z,y])(u) = F(l — a) ( o T O‘/ (u _ v)aﬂ dv)

(u—x)
— D% _RY ().
Thus, from (2.1),
/ D%y = Op)1ay)) (w)] du
- / D3, RY (u)| du
1 23 v y "
< N B oy
S Ta— w25 —al s ,y}/m (u—2)*~ du
e L @t P (1)
I'l—a)28 -« ilzy

Additionally, for u € (y, s|, we have

o —« Y q)v,u - (I)ac,u
D@0~ Bl (0 = iy [ T
—a (YR, + (Y] - Y)(Xu - X,)
= : dv
I'l—a) / (u—v)atl

Thus, a straightforward computation yields

105 (@ = a1 )] du

o s [y o
S(—_HRszﬁ;[z,y} [ [t
Fr g el Xl / / v — 29 (u — 0)"2 dv du

< WHR 2610 (v — )

< a1 — )" (s — )" — (5 — &)= 4 (y — 2)1=}
+ ﬁHY/HB;[x,y]HXHB;[%S] (v — 2)°
(@Bt B s~ 1) (5 — ) 4y 2y
= ﬁﬂRszﬁ;u,y](l )Yy — p)2e

(6
77—y 1Y st [ X e (e = B) 711 = Yy — )P (213
T a)ll 82 1 X 5w (@ = B) (L —a+ B) " (y — x) (2.13)
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Therefore, from (2.12) and (2.13), we have
/ D%, (@ — D)L o) ()] du
Y s
- / D2, (@ — By ()] du + / D2 (@0 — By )Ly (1)
x Yy

1 203 B B - B
Sr(1_a)(25_a(26—a+1) +(1—a) +ala—B)"t1—a+p) )
X (1R 2. + 1Yl piian 1 X 1 gige,s)) (y — )77

This completes the proof. U

Proposition 2.15. Let (X,X) € Q4(E) and (Y,Y') € Q3 (L(E, F)). Fix s,t €
(0, 7] with s < t and set h(x) = Ixx)(Y, Y )ar — Lixx) (Y, Y )as for x € [0, 5].
Then, h is a constant function on [0, s].

Proof. Suppose s < t because h(x) = 0 obviously holds for x € [0, s] when s = ¢.
Then, for z,y € [0, s] with = < y,

h(y) — h(z)
= Uxx (Y Y )y — Lix (Y. Y )ys) — Ux (Yo Y )ap — Lix o (Y, Y)as)
= Ixx) Y Y )as = Ix (V.Y )ys) — Uxy (VoY )a — Iy (Y Y )y )
= xx) (V.Y )es — LIxxy (Y, Yo = Ya(X, — X,) = V)Xo ,)
— T (VoY )ar — I (VoY )yr — Ya(Xy — Xo) — V7Xo ).
By Propositions 2.13, 2.14, and 2.6, we have
Tixx) (Y, Y )ap = Iix ) (Y, Y )yp — Yo (X, — X)) = VX

x x7y|

< D (@0 = @) L) (W) (1) DX = X) (u)] du

+ [ D (Y = Y)(ag) () (= 1) D) (D)_X) (u)| du

T

< Col| B llagoan + 1Y g | X o) (v — 2)* 77N DY_(X = X0) oo
+ CllY e (y — )72 N DY (DY-X) oo (2.14)
for b € [s,t]. Thus, by the triangle inequality and (2.14) with b = s, ¢, we have
[1(y) = h(@)] < {Co (IR |l2510.5 + 1Y 0,511 X ] 35008 7C2
+ CillY [0, Co Hy — 2)777,
where we write O3, 1= ||DI_(X — X,)|lossio,s] + DL (X — Xi)|locso and CF, :=

| D)_(D]_X)|lswsj0,5] + 1D (D_X)|locsj0,4- Therefore, it follows from 3+ 2y > 1
that h is a constant function on |0, s].

O

We can now prove the additivity of /(xx)(Y,Y”")ss
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Theorem 2.16. Let (X,X) € Q4(E) and (Y,Y') € Q% (L(E,F)). Then, the
equality Iixx) (Y, Y )rs + Iixx) (Y, Y )se = Iixx)(Y,Y')rs holds for 0 < r < s <
t<T.

Proof. Suppose s > 0 because the equality obviously holds when s = 0. Then, it
follows from Proposition 2.15 that

I(X,X) (}/; Y/)r,t - I(X,X) <Y7 Yl)r,s
= h(r) = h(s) = ](X,X)(Y, Y/)s,t — Iixx (Y, Y,)s,s = I(X,X)(Y, Y/)s,t-

Thus, the proof is complete. O
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