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FRACTIONAL VECTOR TAYLOR AND CAUCHY MEAN VALUE
FORMULAS

JINFA CHENG, WEIZHONG DAI

ABSTRACT. By defining fractional integrals and fractional derivatives along
directed line segments that correspond to multivariable, we derive fractional
vector Taylor formulas and fractional vector Cauchy mean value formulas in
the sense of the Riemann-Liouville fractional derivative, the Caputo fractional
derivative, and the sequential fractional derivative, respectively. These for-
mulas can be reduced to some well-known results and classical formulas in
calculus. Several examples are given to verify and illustrate the Taylor and
Cauchy mean value formulas as well as test the applicability of the new direc-
tional fractional derivatives to the solution of fractional differential equations.

1. INTRODUCTION

Fractional vector calculus, which includes fractional differential operators (gra-
dient, divergence, curl), fractional integral operations (flux, circulation), and frac-
tional formulas of Taylor, Green, Gauss, Stokes, etc., as well as fractional calculus,
fractionnal differential equations and fractional variational principle, has attracted
great attentions (see [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15] for example).
This is because it is an important tool for describing processes in complex media,
non-local materials and distributed systems in multi-dimensional space [8, 11, 12]
and for solving fractional partial differential equations (see [6, 10, 13] for example).
For this reason, in this study we focus on the development of the fractional Taylor
formula and the fractional Cauchy mean value formula for multivariable functions
in the sense of the Riemann-Liouville fractional order derivative, the Caputo frac-
tional order derivative, and the sequential fractional order derivative, respectively,
where the fractional order oo is in 0 < «a < 1. In particular, the Caputo frac-
tional derivative is usually convenient for dealing with the initial conditions which
are given in terms of the field variables and their integer orders in most physical
processes [16, 17].

It is noted that the fractional Taylor formulas for the single variable case have
been obtained by many researchers, such as [18, 19, 20, 21, 22, 23, 24, 25, 26|, in
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various expressions for solving fractional order differential equations. Among them,
Trujillo et al. [21] derived a fractional Taylor formula with a remainder in the form
of fractional order derivative as
n
cj ; _
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— T'((j + D) ) )/ (z—1) D F(t)dt

‘ I'((n+1a) /,
(1)

and a Taylor mean value expression
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as well as a Cauchy mean value equation
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Here, a < £ < x, D" g(x) #0,and 0 < a < 1, ¢; = I'(a)[(z — a)' =2 DI f](a+),
dj =T(a)[(z — a)1 “Divgl(a+),j=0,1,...,n, Where a+ denotes the limit obtained
based on x approaching to a from the right—hand—side of a, and D2 denotes the se-
quential fractional Riemann-Liouville derivative that is defined as D* = D¢ --- D%
repeating n times.

Odibat and Shawagfeh [22] obtained another fractional Taylor formula with a
remainder in the form of fractional order derivative
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and
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as well as a Cauchy mean value equation
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where a < ¢ < z, Dé"+1)ag(z) # 0, and “DJ denotes the sequential fractional
Caputo derivative that is defined as “ DJ* = ©D2 ... € D2 repeating j times.
In vector calculus, the classical Taylor formula can be expressed as

PO )~ £ = 3 (s 4o+ B FG)  r (). (D)
k=1 "

where x = (z1,...,2,),x+ h = (21 + h1,...,2, + hy,), and

1 ! m—1 m
1)./(1—@ (hdy + -+ hndo)™ f(x + th)dt.  (8)

Tm—1(x,h) = m—1J,
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Here, 0; is the partial derivative operator corresponding to the ith variable of f(x).
Furthermore, when lim rm—1(x,h) = 0, the formula becomes

f(x+h) :i

To our best knowledge, only few references [27, 28, 29] have generalized the
multivariate Taylor formula to the multivariable fractional case.
Jumarie [27] presented a fractional Taylor formula with two variables as

f(x1 4+ hi, 29 4+ ho) = Eo(h{O7)Ea(h505) f (1, 22)
= Eo(he®05) Ea(hTO7) f (21, 22)
= Eq[(hy01+h202)%] f(x1, x2), (10)
where 0f and 05 are Riemann-Liouville fractional partial derivatives of order «
with respect to the first and second variables of function f(z1,z2), respectively,

and E,(x) denotes the Mittage-Leffler function given by the expression [15, 17, 30,
31, 32, 33, 34]:

??"H

B . a
Pt I( ak +1)
implying
> 1
flz1 4+ hi,zo 4+ ha) = Z m(h151+h232)akf(1’17 T3). (12)
k=0

However, Eq. (10) seems not quite right since E, [(u + v)%] # Eq(u®)E,(v®) except
a = 1. This may lead to Eq. (12) to be correct only when a = 1.

Furthermore, Anastassiou [28, 29] obtained a fractional vector Taylor formula
with the remainder consisting of two Riemann-Liouville fractional integrals as fol-
lows:

1) = 5+ 3l ) 2000 5 (St 201 ) 0

L _ 71 (m—~) 7’m N .
) /[ (1=8)"""Dy (EEI{ -} ) (x+t(y—x))dt. (13)

0

From our view, Eq. (13) is the first correct and significant generalization of the
classical multivariate Taylor formula. The only drawback seems that the expression
is not concise as desired and its proof is a little tediou, and in addition, Eq. (13)
was given based on the Caputo fractional derivative, and on the other hand, Cauchy
mean value formulas were not given there. Thus, simplifying the expression in Eq.
(13) and further obtaining multivariate fractional Taylor formulas based on other
definitions such as the Riemann-Liouville derivative and the sequential fractional
derivative, as well as obtaining multivariate fractional Cauchy mean value formulas
are interesting and could be useful for the reason aforementioned. For this purpose,
in our manuscript, the novelty idea is that we firstly define fractional integrals and
fractional derivatives along directed line segments which correspond to multivari-
able and then we find that it is very convenient to use them to derive fractional
vector Taylor formulas and fractional vector Cauchy mean value formulas in the



JFCA-2020/11(2) FRACTIONAL VECTOR TAYLOR 133

sense of the Riemann-Liouville fractional order derivative, the Caputo fractional
order derivative, and the sequential fractional order derivative, respectively, where
the fractional order o is in 0 < a < 1. Several examples are given to verify and
illustrate Taylor and Cauchy mean value formulas as well as test the applicability
of the new directional fractional derivatives to the solution of fractional differential
equations.

2. DEFINITIONS AND LEMMAS

We start with some fundamental fractional definitions. For the detailed infor-
mation on them, we refer the readers to these articles and books in the literature
[3, 5, 15, 17, 21, 29, 30, 31, 32, 33, 34].

Definition 2.1 [21, 22] A function ¢(s)(s > 0) is said to be in the space C,(v €
R) if it can be written as ¢(s) = sPy1(s) for p > v where ¢;1(s) is continuous in
[0,00), and it is said to be in the space cim™ if pm e Cy,,meN.

Definition 2.2 [17, 32, 33] Assume ¢(s) € C,(a,00). The Riemann-Liouville
integral operator of order v > 0 is defined as

1

D77¢)(s) = ——

(D20)5) = 15

Definition 2.3 [17, 32, 33] The Riemann-Liouville fractional derivative of ¢(s)
of order p > 0 is defined as

/S (s —t)" tp(t)dt, s> a. (14)

am _ am 1 s o(t)
DEG)(s) = ~—(DE ) (s) = ~— dt 15
(D)) = g DI = gl [ a0
form—-1<pu<m,meN,s>a.

Definition 2.4 [17, 32, 33] The Caputo fractional derivative of ¢(s) of order
1 > 0 is defined as

1

CDEe)e) = (D)) = s [ | (

o™ (t)
)p+1—m

dt  (16)

form—-—1<pu<m,meN,s>a.

The fractional Taylor formulas, Taylor mean value theorems, and Cauchy mean
value theorems in one variable have been developed by many researchers in various
expressions. Here, we list some important results for reference and comparison
later.

Theorem 2.1 [32, 33] (Univariate fractional Taylor theorem with Riemann-
Liouville derivative). Assume v > 0, m is the smallest integer exceeding v, and
¢ € C*([a,b]). Then

~ Dy ¢p(a)

4 F(V_J_'_l)(b—a)”_J—&—D;”[Dggo(t)]

p(b) = ,

m

v—j ) b
ZFDV_;/’H (b—a)%uﬁ/ (b— 1" Dlo)dt.  (17)

Theorem 2.2 [32, 33] (Univariate fractional Taylor theorem with Caputo
derivative). Assume v > 0, m is the smallest integer exceeding v, and ¢ €
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C*([a,b]). Then

m—1 (k) a
w(b) = - k'( )(b - a)k + D;V[CDg‘P(t)]
k=0 ’
m—l k) (q s
=Y -t [ -0 Onget a9
k=0 ’

Using the classical Cauchy integral mean value theorem and the Lagrange mean
value theorem together with Eq. (17), one may easily obtain the following corollary.

Corollary 2.1 [32, 33] (Univariate fractional Taylor and Cauchy mean
formulas with Riemann-Liouville derivative). Assume v > 0 and m is the
smallest integer exceeding . Then, there exists £ € (a,b) such that

Ui DZ jso v—j DSQ@(&) v
;F(V—J—i-l (b-a) Jer(bia)? )
and
& DY I p(a) h— —=J
p(b) — é; =0 (0~ @) _ Dfe(6) (20)
v - 5 B o —aps PO

where ¢ D¥1)(x) # 0.

Corollary 2.2 [32, 33] (Univariate fractional Taylor and Cauchy mean
formulas with Caputo derivative). Assume v > 0 and m is the smallest integer
exceeding v. Then, there exists ¢ € (a,b) such that

m-l &) (q C v
o= 3 S0t 4 o 0o 1
and
S oM@ g gk
m—1 (k) Dyw(g) (22)
v) = X St -af

where €Dy (z) # 0

3. FRACTIONAL VECTOR TAYLOR AND CAUCHY FORMULAS

In order to derive fractional vector Taylor formulas and Cauchy mean value for-
mulas, we first give some related definitions about fractional integral and derivative
corresponding to multivariable.

Consider two points Py : x = (z1,...,2,) and Py : y = (y1,...,Yn) in Q, where
Q C R" is a compact and convex domain. Let h =y — x = (hy, ..., h,,). For any
0 < s <1, denote P, : z = x + sh, and assume f(z) € C(Q). It can be seen that
every point P; is in the directed line segment PyP;. Define

o(s) = f(x+sh), 0<s<L, (23)
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Then, for v > 0, Definition 2.2 gives

D30 =155 | 50" etat
_ 1 B s — v—1 x
= F(V)/O (s =t)" " f(x+th)dt. (24)

From Eq. (24), we can define the Riemann-Liouville fractional integral of f(z) of
order v > 0 along the directed line segment PyP;.

Definition 3.1. For fixed points Py : x = (1,...,zpn), P1 1y = (Y1, .., Yn) In
Q and for any point Ps : z = x + sh,assume f(z) € C(Q). Define the Riemann-
Liouville fractional integral of f(z) of order v along the directed line segment PP
as

(DY f)(x+sh) = ﬁ /0 ) (s — )" f(x + th)dt, (25)

where h =y —x and 0 < s < 1. In particular, when s = 1, it gives

. 1t e
D00 = 557 [ (=077 e myar (26)
0
Remark 3.1. If h; =y; —2; #0,hy =---=h;_1 = h;41 =+ = hy, =0, then
Eq. (26) can be reduced to
1 1
(D;Vf)(y) = F(y)/ (1 — t)uilf(xh ooy Lj—1, T4 =+ t(yz — Ii)7l‘i+17...,$n)dt
0

| i b
= (y; — x;) m/ (y —7) 1f(l‘1,...,Z‘i_l,T,J?H_l,...,Jﬁn)dT

= (yi — xi)iV[D;Vf](xlv oy T 1, Yiy Tig 1 5eees T )
From Eqgs. (23)-(26), one may obtain the following lemma.
Lemma 3.1. For fixed vectors x,y € 2 C R" and any vector z = x+ sh, (0 <
s <1), assume f(z) € C(2). Then it holds
(DY f)(x4sh) = (D *p)(s), 0<s<1, (27)
and
(D" Hy) = (Dy e)(1), (D" f)(x) = (Dy9)(0). (28)

Lemma 3.2. For o, 8 > 0 and fixed vectors x,y € Q C R", and for any vector
z=x+sh, (0 <s<1), assume f(z) € C(2). Then it holds

Dy Di” f(x + sh) = D *F) f(x + sh), (29)

and

DD f(y) = D™ f(y). (30)
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Proof. By Definition 3.1 and Lemma 3.1, we obtain
1 8 -
D7*DP f(x + sh) = 7/ (s — )" 'DLP f(x + th)dt
I'(a) Jo

1 /S a—1 -0

= — s—t Dy Po(t)dt
F(Oé) 0 ( ) 0

= Dy * Dy p(s)

DO—(OH-/B)

o(s)
= D7 (@A) f(x + sh).
When s = 1,the above equation becomes

D, D, f(y) = DM f(y),
which completes the proof.
Again, from ¢(s) = f(x + sh),0 < s < 1,we may obtain the derivative of ¢(s)
of order k € N as

P8 (s) = (1101 + - + hn0p)* f(x + sh), (31)
and by Definition 2.2 and Definition 2.3, we further obtain the Riemann-Liouville
fractional derivative of order y € RT and the Caputo fractional derivative of order
€ R for p(s) as

Dip(s) = D*[DG ™ e (s)], (32)
“Dijp(s) = Dy~ ™ (s)], (33)
where k is the smallest integer exceeding p. Based on Eq. (31), we define
D f(x + sh) = (h101 + - - - + h,0p)* f(x + sh)
and
D*f(y) = (h101 + - + haa)" f(y),
when s = 1.

We now define directional Riemann-Liouville and Caputo fractional derivatives
of order y for f(z) along the directed line segment PoP.

Definition 3.2. Assume p > 0 and k is the smallest integer exceeding p. For
fixed points Py : x = (21,...,2n), P1 1 ¥y = (Y1,..,yn) € @ C R", and any point
P, iz =x+ sh,(0 < s < 1), define the directional Riemann-Liouville fractional
derivative of order u for f(z) along the directed line segment PoP; as follows:

(DEf)(x + sh) = (D*DE7F £)(x + sh). (34)
In particular, when s = 1, it gives
(DX f)(y) = (DEDE™ (). (35)

Definition 3.3. Assume p > 0 and k is the smallest integer exceeding p. For
fixed points Py : x = (21,...,2n), P1 1 y=(y1,..,yn) € @ C R™ and any point
Ps : z = x + sh, define the directional Caputo fractional derivative of f(z) of order
u along the directed line segment PoP as follows:

(“D4f)(x + sh) = (D"D"f)(x + sh). (36)
In particular, when s = 1, it gives

(“DLH)(y) = (DLFDEf)(y). (37)
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Definition 3.4. Let 0 < o < 1 and n € N. D}* f(x+ sh) denotes the sequential
directional fractional Riemann-Liouville derivative along the directed line segment
PoP,, which is defined as

Di*f(x+ sh)=Dg§ ---D§ - Dg f(x + sh), (38)

where D§ is given in Eq. (32) and Dg - - - D§ indicates repeating D§ (n— 1) times.
In particular, when s = 1, it gives

D f(y)=Dg - Dg - DL f(y)-
On the other hand, “ D2 f(x + sh) denotes the sequential directional fractional
Caputo derivative along the directed line segment PoP, which is defined as
“Di f(x + sh) = (“Dg) - (“DF) - (DG f)(x + sh), (39)

where ©Dg is given in Eq. (33) and (°D§)---(“D§) indicates repeating ©Dg
(n — 1) times. When s =1, it gives

Dy f(y) = (CD§) -~ (DF) - (DL f)(y)-

Lemma 3.3. Assume p > 0 and k is the smallest integer exceeding u. For fixed
vectors X,y € Q and any vector z = x + sh, (0 < s < 1), it holds

DF f(x + sh) = ™) (s), (40)

D*f(y) = ¢®(1), D*f(x)=¢"(0). (41)

For the directional Riemann-Liouville fractional derivative, it holds

(DLS)(x + sh) = (Dge)(s), (42)
(DENy) = (Dge)(1),  (DLF)(x) = (Dye)(0). (43)
For the directional Caputo fractional derivative, it holds that
(“DLf)(x + sh) = (CDf)(s), (44)
(“DLA) = (“DEe)(1),  (CDLf)(x) = (“DFe)(0). (45)

Proof. Egs. (40) and (41) can be easily obtained based on the definition of
D* f(x + sh). By Definition 3.2 and Lemma 3.1, we have

(D% f)(x + sh) = (D" D" f)(x + sh)
= D*[DL* f(x + sh)]
= DADlFo(s
= Dyep(s),

implying that

(DENy) = (Dhe)(1),  (DLf)(x) = (Dge)(0).
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On the other hand, by Definition 3.1 and Definition 3.3, we obtain

(CDLf)(x+ sh) = (DLFDF f)(x + sh)
— DU H[DF f(x + sh)

= ﬁ /Os(s —t)*=r=IDE f(x + th)dt
= (“D"p)(s),

implying that
(“DENy) = (“Dge)(1).  (CDLf)(x) = (CDge)(0).

By Lemma 3.3, the following lemma can be obtained.
Lemma 3.4. For a > 0 and fixed vectors x,y € Q C R", denote h =y — x.
For any vector z = x + sh, (0 < s < 1),it holds

D f(x + sh) = Dg%p(s), “Dp*f(x+ sh) = (“Dg*p)(s), 0<s<1,
and

DX f(y) = Dy®e(1), D f(x) = Dy®e(0),
DL fly) = (CDF (1), DL f(x) = (CDg ) (0),

where D%¢(s) and (“ D§®p)(s) denote the sequential fractional Riemann-Liouville
and Caputo derivatives, respectively.
Remark 3.2. If h; =y; —x; #0,hy =---=h;_1 = hj41 =+ = h,, = 0, then

o(s) = f(z1, ..o, i1, @i + shy Tip1, .., zy), 0<s<1,
and

w(”)(s) =h"Or f(x1, ey i1, T + SR, Tig1, ooy )

= (yz — xl)"al”f(xl, vy Ti—1,Ti + sh,xi_,_l, ,J}n)

Thus, along this special directed line segment, the Riemann-Liouville fractional
derivative in Eq. (35) becomes

1

R / (1 — £ p(t) ]

n—pu) Jo

B (yi — )™ o 1 1 _ gyn—n1 , 4 th. xs dt
_m[ " (1—1%) flx1, @iy, + thyzivq, ..., xy)dl]

_ i—=)" R, . n—p—1 . . d
= m(yz—xl) [0; g (y—71) f(@y, s i1, Ty T 1y oo, T ) AT
= (yi — x)"[DY fI(@1, 0o i1, Y, Tigp 150, Tn),
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and the Caputo fractional derivative in Eq. (37) becomes

_ ' _ p\n—p—1 (n)
_7“%#)/0 (1 — 5 1o™ (1)t

o 1
= M/ (L=8)" #7100 f(@n, ooy Tim 1, @ + th, Tigr, ooy T )dE
0

(“DLf)(y)

_ ( e BT (yl — xl)n v _ n—u—lan . ) d
=Y xz) F(’I’L—,U,) (y T) 7 f(x17"'7x17177-7$1+17-"Jmn) T

= (yi — )" [O DY f1(®1, s Tim1, Yir Tit1seoer Tn)-

Using a similar argument, we can obtain the sequential directional fractional deriva-
tives along the directed line segment as

DY f(y) = (yi — )" [ Dy fl@1, ooy Tim 1y Yis Tig1yeens Tna),
CD;Laf(y) = (yz — Ii)na[CD;zia ](1‘1, --~7$i—17yi71'i+17~-~7xn)-

Based on the above definitions and lemmas, we now are in the position to state
the main results of this article.

Theorem 3.1 (Fractional vector Taylor formula with Riemann-Liouville
derivative). Assume that Q C R" is a compact and convex domain and D% f(y) €
C (). Let v > 0 and m be the smallest integer exceeding v. Then, for any vectors
x,y € €, it holds

D + DY Dy 46
Y) =3 po s + DR D)) (46)
j=1

Proof. Let ¢(t) = f(x+t(y —x)) = f(x+th) and a = 0,0 = 1. By Theorem
2.1, we have

m v—j )
-2 FJ(DVO— C'PELO)l) + r(ly) /0 (1 —t)[Dgep(t))dt. (47)

=1 J

From Eq. (43) and by Lemma 3.3, we further obtain

e(1) = f(y), Dy7¢(0) = DL f(x), (48a)
L ypsemi = L [ i
m/o (1—1) Dogo(t)dt_r(y)/o (1 —t)""1 DY f(x+th)dt
= DD f(y)]- (48b)

Thus, substituting them into Eq. (47) gives Eq. (46).

Theorem 3.2 (Fractional vector Taylor formula with Caputo deriva-
tive). Assume that  C R" is a compact and convex domain and ¢ DY f(y) €
C(f2). Let v > 0 and m being the smallest integer exceeding v. Then, for any
vectors x,y € €, it holds

m—1

):ZDfX

k=0

DL€ Dy f(y))- (49)
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Proof. Let ¢(t) = f(x +t(y —x)) = f(x + th) and denote ¢ = 0,b = 1. By
Theorem 2.2, we obtain

) (0 1
Z AL o / (1— )~ [C Dy p(t)dr. (50)
From Eq. (45) and by Lemma 3.3, we further obtain
e(1) = f(y), ¢®(0)= DEf(x), (51a)
ﬁ / (1= )~ 1[C Dy p(t)dt = % / (1— )"~ [ DY f (x+th)]dt
= Dy [° DL (y)]. (51b)

Thus, substituting them into Eq. (50) gives Eq. (49).

Remark 3.3. It should be pointed out that Eq. (49) is essentially the same as
Eq. (13), and however, the expression in Eq. (49) looks much more concise than
that in Eq. (13). Also, the proof for Eq. (49) is much simpler than that for Eq.
(13).

Theorem 3.3 (Fractional vector Taylor formula with sequential Caputo
derivative). Assume that Q@ C R™ is a compact and convex domain and the
sequential Caputo derivative Dk f(y) € C(Q),k = 0,1,..m+ 1,0 < a < 1.
Then, for any vectors x,y € 2 and h =y — x, it holds

m C nka 1
Dx f(X) 1 ) ) / (1 . t)(m,—i-l)oz—l CD)((m+1)af(X 4 th)dt
0

IO = 2 Tha+1) T T(m+1)a

k=0

(52)

Proof. Let p(t) = f(x + th). Replacing f by ¢ with a =0,b =1 in Eq. (4),
we obtain

m C nka 1
=3 A i | A0 EDE ) e, (53)

From Eqs. (44)-(45), we further obtain
(“DLS)(x + sh) = (CDy)(s), (54)

(“DLNy) = (CDge)(1),  (“Dif)(@) = (“Dge)(0). (55)
Thus, substituting them into Eq. (53) gives Eq. (52).

Theorem 3.4 (Fractional vector Taylor mean value theorem with se-
quential Caputo derivative). Assume that Q C R"™ is a compact and convex
domain and the sequential Caputo derivative © DX f(y) € C(Q),k =0,1,....,m+1,
0 < a < 1. Then, for any points x,y € €2, it holds

N ODEf(x) | ODETf ()

Iy) = ;; T(ka+1)  T((m+Da+1)

where £ = x+ 0(y — x) for some #in 0 < < 1.
Proof. Let ¢(t) = f(x+t(y — x)) and denote a = 0,b = 1. From Eq. (4), we
obtain

(56)

=y EDER0) Dy 0(0)

I'(ka+1) F((m+ Da+1)’ (57)

k=0
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for some 0 in 0 < § < 1. From Eq. (45), we further obtain

p(1) = f(z,y), (CDE¢)(0) = “DEf(x), DY p(0) = “DEHf(¢).
(58)
Thus, substituting them into Eq. (57) gives Eq. (56).

To verify the above Theorems 3.3 and 3.4, we consider the following simple
example.

Example 3.1. Consider f(y) = (yi*+ -+ y2%)/T(2a + 1), where 0 < a < 1,
and Q = {y? + -+ + y2 < 1}. Here, we choose x =0 = (0,---,0) and ob-
tain f(0) = 0. For any vector y € , we denote ¢(t) = f(ty) = t2*(y3* +
s+ Y2 /T(2a+1). This gives “Dgo(t) = t*(y3* + -+ + y2*)/T(a+ 1) and
CD3p(t) =y "+ -+y2*, implying that f(0) = ¢(0) = 0, Dg f(0) = “Dgp(0) =
0, and “D2*f(z) :CDgago(s) = 2 + ... + 92 Note that “DE*f(z) € C(Q),
k=0,1,2. Thus, from Eq. (53) with m = 1, we obtain

C Do 1
0‘)0(0) 1 / 2a—1 C N2«
1-—-t¢ D t)|dt
2a 2a
yim oty
—0+0+ L T In
PO T e

(1) = »(0) +

(59)

implying that
g

fly) =

2 2

I'2a+1) I'2a+1)
C na 1
— 1O+ Tt g [ 007 D ek e, (60)

Hence, we have verified Eq. (52) to be true when m = 1.

Furthermore, from “ D§p(t) = t*(y2%+ - -4+42%) /T(a + 1) and © D2%p(t) = y?aﬁ—
o ynt, we see DG f(y) = “DF(1) = (i + - +yp%) /T + 1), “Dg f(0) =
“Dgp(0) = 0, “D3 f(y) =" D3p(1) = yi* + - + y2*, and

« C a c a 2 @
“DEf(€) = Dg*f(0y) = Di%p(0) =y, +-+ +yp.

Note that “DE*f(y) € C(Q), k = 0,1,2. Thus, from Eq. (56) with m = 1, we
obtain

“Dgp(0)  “D3*o(6)

Fa+1) TQRa+1)’

p(1) = ¢(0) +
implying that

A S Sl e
I'(2a + 1) ['(2a + 1)

“D§f(0) , “Dg*f(¢)
Fa+1) TR2a+1)’
where £ = 0y for 6 in 0 < 6 < 1. Hence, we have verified Eq. (56) to be true when
m = 1.

To illustrate the applicability of the fractional vector Taylor formula, we consider
the following simple example.

Example 3.2. Let 0 < a < 1. Given points Py : X = (21, ..., Zn ), P1 1y = (Y1, -, Yn) €
2 C R", and given f(x)= Cy and the directional fractional derivative at P as
CD2f(z) = s*[(y1 — 21)?* + -+ + (yn — 25)?**]/T(2a + 1), where z = x + sh,h =

fly)=

= f(0) + (61)
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y —x = (hy,....h,), and 0 < s < 1. We will use the multivariate fractional Taylor
formula in Eq. (56) to evaluate f(y).
To this end, we denote © D2 f(x + sh) = s2¥(h3* +- - + h2*) /T (2a + 1) as g(s).
It can be seen that © D2 f(x)= 11r(1)1+ g(s) = lir(r)1+ s2¢(h3*+- - -+h2*) T (2a + 1) = 0,
s— s—
CD2 f(x)= lir(r)l+ “Dgg(s) = lir(r)l+ s¥(h¥ 4 +h2) /T (a+ 1) = 0, and “ D3 f(x + sh) =
s5— s—
CDZ%%g(s) = h3* + .. + h2®. By Theorem 3.4, we obtain
f(y) = f(x+h)
CDa C’D2a CD3a
g CDRIG) | CDESG) | CDEF(E)
I'a+1) TQ2a+1) TBa+1l)
h%oé 4ot h%@
I'Ba+1)
Theorem 3.5 (Fractional vector Cauchy mean value theorem with Ca-
puto derivative). Assume that  C R™ is a compact and convex domain and

the sequential Caputo derivatives © DX f(y),¢ Dkog(y) € C(Q),k =0,1,...m+1,
0 < a < 1. Then, for any vectors x,y € €, it holds

=Cp+ (62)

m o ~ka x
fly) - D)

— T(ka+1) _ CD)(cm+1)af(£) (63)
M ¢ pDkag(x c nim+a ’
g(y) — kZ_:O F(I:Tj-(l)) Dx 9(§)

where £ = x+0(y —x) = x + 6h for some 6 in 0 < 6 < 1. Here, it is assumed that
CDkeg(x) # 0 in O\ {x}.

Proof. Denoting ¢(t) = f(x+th) and ¢(t) = g(x+ th), and replacing function
f by ¢, g by ¥ with a =0,b =1 in Eq. (6), we obtain

m c
P(1)= X Tty opmtie

— « D 0

;’ ¢ Dgvy(0) B CD(()mH)azEa;’ (64)
$(1) - Z T(ka+1) 0

for some 0 in 0 < § < 1. From Eq. (45), we further obtain
e(1) = f(x). (“DE*@)(0) = “Di*f(x), “DF"™Vp(6) = DLV F().

(65a)
Y(1) = g(x), (CDE9)(0) = “DEg(x), CD{"TV(0) = DLV,
(65Db)

Thus, substituting them into Eq. (64) gives Eq. (63).

To verify Theorem 3.5, we consider the following simple example.

Example 3.3. Consider f(y) = (y7* + --- 4+ y2%)/T'(2a+ 1) and g(y) =
(yi* + ... + y2)/T(4a+ 1), where 0 < o < 1 and Q = {y? +--- +y2 < 1}.
Here, we choose x =0 = (0,---,0) and obtain f(0) =0, g(0) = 0. For any vector
y € Q, we denote ¢(t) = f(ty) = **(yi* + -+ y2*)/T(2a + 1), %(t) = g(ty) =
tho(yt® 4+ - + y2o) /T (4a + 1). Taking the sequential Caputo fractional deriva-
tives, we obtain D¢ (t) = t*(y2* + - + y2*) /T (a + 1), *D3%(t) = y?a +-+
yoo, and CDGY(t) = 3 (yi* + -+ + yp*) /T(3a + 1), and “DFp(t) = 2> (y{* +

-+ y2)/T(2a + 1). These indicate that “Dg f(y) = “Dge(1) = (y2* + --- +

22) /T(a+ 1), CDGf(0) = CDg(0) = 0, CDFf(y) = D3 (1) = 3 + - +
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Y22, D3 f(€) = CDEf(0y) = CD3p(0) =y;" + -+ + 2%, and “Dggly) =
CDgP(1) = (i + -+ + yp®)/T(3a + 1), “Dgg(0) = “Dg(0) = 0, “Dg*g(y) =
“Dg* (1) = (yi* + - +ya*)/T(2a +1), “Dg*g(€) = “Dg*g(0y) = “Dg*¢(0) =
02 (y1*+- - +yp*) /T (2a + 1). Note that “Dg f(y), “Dg*g(y) € C(Q2),k = 0,1,2,
and “D2%g(y) = (yi*+-- -+ y2) /T (2a+1) #0in {0 < y? +---+y2 < 1}. Thus,
from Eq. (64) with m = 1, we obtain

C na
(1) = (0) — 228 ¢ paagp)

_ 66)
C Do C N2« ) (
(1) = (0) — TS Do)
implying that
°Dg f(0) Pty
fly) = f0) — w7y et — 00
CDQ 0 - 4o Ao
g(y) — g(0) — TRLE  wEetlt g g
Tt f)
T(2a+1)
_ “Dgf(©) (67)
“D3*g(&)’

where the value of 6 is calculated to be § = [[2(2a+1)/T'(4a +1)]2s < 1 for
0 < @ <1 and £ = 0y. Hence, we have verified Eq. (63) to be true for m = 1.
Remark 3.4. Here, we would like to discuss some special cases of Theorem 3.3.
Case 1. When n =1 (i.e., one-dimensional space R) and 0 < a < 1, Eq. (52)
gives

— - CDI;af(x) 1 ' _ \(m+a—-1 (m+1)a _
9 =2 T D TS T | =it p e oty i,
(68)
Based on Eq. (26) in one-dimensional space R, we obtain
(D5 1)) = 755 [ (1 =07 o bl —
7VL Y T v—1 Vdr
=2 g [ =
= (y =)D f1(y), (69)

where [D_ " f](y) is the Riemann-Liouville integral and v > 0. Similarly, by Defini-
tion 3.3 and Lemma 3.3 in one dimension, we obtain

(“DEf)(y) = (y — 2)*[“ Di f1(y). (70)

where [¢ D! f](y) is the Caputo fractional derivative. Substituting Eq. (70) into
Eq. (68), we obtain a fractional Taylor formula with an integral remainder via the
sequential fractional Caputo derivative as

Fly) = Zm: M[CD;;af](m)
= [(ka+1)
+ m /y (y — t)(m+1)a71 CDJ(Cerl)af(t)dt’ (71)
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which is the same as Eq. (4) obtained by Odibat and Shawagfeh [22].
In particular, when oo = 1, Eq. (71) becomes

m o k y
) =3 @+ [ ea @)

k=0

which is the same as classical Taylor formula in calculus.
Especially, when m = 0, Eq. (72) further simplifies to the well-known Newton-
Leibnitz fundamental theorem in calculus as

f) = s)+ [ " pror.

Case 2. When n > 1 (i.e., multi-dimensional space R™) and o = 1, by Definition
3.2, Eq. (52) becomes

&1, D ) d
f(Y)—kzz()E(hlafm+h2afm+"'+hnai%) f(x)
1
+i'/ (1 —t)™D™* ! f(x + th)dt, (73)
m! Jo

which is the classical multivariate Taylor formula in Egs. (7) and (8).
Especially, when m = 0, Eq. (73) further simplifies to

1
0 0
= hi— 4+ hp=— th)dt, 74
£ = £60 + [ gt oo+ g o+ ) (74)
which is the famous Hadamard formula.

Case 3. Based on the classical Cauchy mean value theorem of integral, the
integral term in Eq. (52) can be re-written as

1
/ (1 _ t)(m+1)a71 CD,((erl)af(X + sh)ds
0

1
= Do f(x + eh)/ (1 —t)tmthelgs
0

(D" f)e)
- , (75)
(m+ 1o
where £ = x + 6h for some 6 in 0 < 6§ < 1. This indicates that the multivariate
fractional Taylor formula in Eq. (56) can also be obtained from Eq. (52).

It should be pointed out that by using the definitions of fractional integrals and
fractional derivatives along directed line segments corresponding to multivariable,
we have derived fractional vector Taylor formulas and Cauchy mean value formulas.
Here, we further give couple of examples for solving directional fractional differential
equations along directed line segments.

Example 3.4. Given two vectors x,y € 2 C R", any vector z = x + sh, where
0<s<1landh=y—x Assume 0 < a < 1 and f(z) € C(2). Consider the
Cauchy initial value problem with the directional Caputo derivative as

{CDi‘f(Z) = Af(z),

fx) = 1. (76)
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To find its solution, we use those fractional integrals and fractional derivatives
along directed line segments defined in the previous text and obtain that Eq. (76)

is equivalent to
<p(0) = 1
where the solution is given as

Ak gka

o(s) = Ba(As?) =Zrka+ (78)

Hence, the solution of Eq. (76) is

= E () = A 7
) = Eals) = 3 iy (79)

Example 3.5. Given two vectors x,y € Q@ C R"™, any z = x + sh, where
0<s<1landh=y—x Assume 0 < a < 1 and f(z) € C(2). Consider the
Cauchy initial value problem with the directional Riemann-Liouville derivative as

D3 f(z) = Af(z),
DT (x) =
To find its solution, again, we use those fractional integrals and fractional deriva-

tives along directed line segments defined in the previous text and obtain that Eq.
(80) is equivalent to

(80)

Dg~lp(0) =1,
where the solution of Eq. (81) is given as
> kgka
p(s) = 5* ' Baa(As?) = 5271 Y 2ot (82)
=T (ka + a)
Hence, the solution of Eq. (80) is
a— Q kgka
f(2) = 5 By o (As®) = 12F2a—|—a (83)
where E, 5(t) is defined by
=y (84)
— r ka +8)

4. CONCLUSION

By defining fractional integrals and fractional derivatives along directed line seg-
ments corresponding to multivariable, we derive fractional vector Taylor formulas
and fractional vector Cauchy mean value formulas in the sense of the Riemann-
Liouville fractional order derivative, the Caputo fractional order derivative, and
the sequential fractional order derivative, respectively, where the fractional order «
isin 0 < @ < 1. When a = 1, these formulas can be reduced to the corresponding
classical Taylor formula and Cauchy mean value formula. These new formulas and
directional fractional derivatives are verified and illustrated by several examples.
The obtained formulas may be useful in fractional vector calculus which is an im-
portant tool for describing processes in complex media, non-local materials and
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distributed systems in multi-dimensional space and for solving fractional partial
differential equations.
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