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Abstract: Recently, the conformable derivative and its properties have been introduced. In this work we have
investigated in more detail some new properties of this derivative and we have proved some useful related theorems.
Also, some new definitions have been introduced.
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1 Introduction

Over the last decade, numerous explanations of fractional derivative have been recommended because of the rewards
provided by this concept for modelling real world problems. We recall that the fractional partial derivatives are
difficult to handle analytically, especially those describing real world processes, and the researchers sometimes
have to rely on the numerical methods to solve these equations. One of the well-known fractional derivatives is the
Riemann-Liouville fractional order derivative, which is not always appropriate for modelling real world problems.
The second one is the so-called Caputo derivative; this one is opposite with relation to displaying physical field
complications and has been intensively used for this purpose. However, new derivatives should be proposed in order
to deal better with the dynamics of the complex systems [2-9]. We have noticed that recently a new derivative has
been suggested in [1, 17,21, 22] and it seems to satisfy all the requirements of the standard derivative. However, there
is no discretization of this version in the literature. This paper will, therefore, be devoted to the discussion supporting
the detailed investigation of the properties and useful theorems related to this derivative and its applications in real
world problem [11-17]. The new derivative under investigation here is given in Definition.

2 Theorems, properties and definitions

Definition 2.1. We denote a function f : [0,00) — R. The conformable derivative of the function f with order a
is defined by [1]
St +et' =) — f(0)

To(f)(t) = lim D
e—0 &

forallt > 0, € (0,1) [1, 16].
We shall present some properties of this new derivative.
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Properties ([1]).
1. To(af +bg) = aTyu(f) + bTy(g) for all real constant a, b,
To(fg) = fTu(g) + gTu(f).
Toa(t?) = pt?~% forall p,
T (L) — 8To(H=STu(2)
o g g2 ’

A

T« (c) = 0 with c is a constant.
Remark 2.2. The new derivative is the generalized g-derivative or a fractal derivative

Proof. By definition we have that

fle+et' ™ — f(0)

&

Ta(f)() = lim

From the above definition, let us put
g=1+e7¢,

such that when ¢ — 0,¢ — 1, then equation (1) can be converted to

(0 = im L4010

—1 q[O(_tOl

Theorem 2.3. Assuming that the function f is infinitly deferentiable at the point a, then the Taylor series of f with
respect to the conformable derivative is given as [18-21]

@)
T

n

FT(f(x) =) a""*(x—a)"

n=0

(@)

where n! denotes the factorial of n and f(a) is the nth derivative of f evaluated at the point a.

Proof. Assuming that f is infinitely differentiable at the point a, then by definition we have:

1—oy _
To(f(a)) = 81210 fla+ea : )= f(a) N

1= then we shall have the following

To(fla)) = '~ tim JOFRIZI@

However, if we put k = ea

a'=* f'(a). “
Henceforth, assume by induction, that for all m > 1, we have the following

m—ma | (@)
m!

Tma(f(a)) =a (&)

We shall prove that this relation holds for the next step, which is at m+1. However by definition, we have the
following formula

Tin+1ye(f(@) = Toy (Tna(f(a)))

which by induction formula equation (5) can be converted to the following

—ma S (@) — £ D (a)
Tin+1ya(f(a)) =Ty (Tna(f(a) = Ty (am maT =a"l cx)(m—i—l)m (6)
The property is also verified at m + 1, and then, the relation is true for all n. O

Theorem 2.4. Let f and g be two function differentiable, such that g is differentiable at any t, and f is differentiable

at any g(t), and then the conformable derivative obeys the Chain rule, meaning

Ta((fog)(x) = x'""%g(x)! g/ () Tu (f (1)) lr=g(x) - 7
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Proof. Assuming that g is differentiable function at any given ¢, and f is differentiable at any g(¢) then by definition
we have the following

11—« .
To((fog) () = lim (fog) (x +ex : ) — (fog) (x) ©

1—

Now if we put k = ex' —%, we obtain

—o 1 0g) (x + k) — (fog) (x
T (ory) — x4 tim 29 G+ 0) = (fog) () o
k—0 k
with
i 28) (r + k) — (fog) (x)
im
k—0 k
as the derivative of composite function, so if we apply the chain rule for the ordinary derivative, we obtain
i S8 (x+h) —(fog)(x) _ . f8(¥) +K) — f(g(x))
im = lim . (10)
k—0 k k—0 k
Now we put
k =eg(x)!—.
Then the above equation (10) can be transform into
_ I—oy _
i SO GHR =(o) ) oy o S50 + 6800 ™) — f(g() an
k—0 k e—0 3
Now replacing (11) in (9) we obtain the following
1—oy _
Ta((ng)(X)) — xl—ag(x)a—] hmo f(g(-x) + 8g(-x) ) f(g(-x)) (12)
E—> 1
with of course .
- f(g(x) +eg(x) ) — f(g(x))
Ta(f(1) l1=g(x)= lim ! ! .
e—0 &
This completes the proof. O

Theorem 2.5. Let o, B be positive constants such, that 0 < «, 8 < 1, and f be a function (non-constant) 2 times
differentiable on a open real interval (a, b), then the conformable derivative obeys to the following

Tat8(f(x) # To (Tg(f(x))) . (13)
Proof. Under the condition that the function f is differentiable, we have the following

_ O+ ex! TP - f(x)
T (T,Bf(x)) =Ta (812)“0 . ) .

However, by changing the variable ex! =% = &, we obtain the following relation
h) —
TO{ (Tﬂf(x)) = TO( (XI_B hhmo W) — TD( (xl_ﬂf/f(x)) . (14)
—

Now, making use of the second property we arrive at

To (Tp(0) = To (x' ) 1700 + X' 7PTo (f/(0) = ' P74 [A =B f'0) +xf"@)]. (15

On the other hand,

/ 2—a—pBy _ ’
Ta+ﬁ(f(x)>=elgnof (x + ex : )= /(%) -

Again making the change of variable | = ex2—%—#

have

and using the fact that the function is 2-times differentiable, we

Tytp(f(x) = x2>72F8 lim S+ 11) -/ _

and we have that T 4-8(f(x)) # To (Tg(f(x))), and then the proof is completed. O

xz—a—Bf//(x)’
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Corollary 2.6. Let o, S be positive constants, suchthat0 <« < 1, 8 = 1, and f be a function 2 times differentiable
on a open real interval (a, b), then the conformable derivative obeys to the following

Tat+8(f(0) = T (Tp(f(x))) -

The proof follows directly from the one of Theorem 2.5, by letting = 1.

Theorem 2.7. Let «, B be positive constants, such that 0 < «, B < 1, and f be a function (non-constant) 2 times
differentiable on a open real interval (a, b), then the conformable derivative obeys to the following

To (T f(x))) # Tg (T (f(x))). (17)
Proof. By using the definition, we have the following relation
To (Tp f(x)) = Ta(x"78) f1(x) + x BT (f () = X787 = B) 1 (x) + xf ()], (18)
Tg (To f(x))) = Tp(x' ") £ (x) + x' 79T (f'(x)) = x7 P71 —a) £/ (x) + xf" (%))

Therefore, the proof is completed. O

Theorem 2.8. Allow f to be a function m-time (m > 2) differentiable on an open real interval (a,b) and 0 < o < 1,
then the conformable derivative obeys the following relation

Toa(To(oonn. (Ta () # Trme (f(X)). (19)

Proof. We can verify the above by choosing m = 2. The proof can be achieved using the routine used in
Theorem 2.7. It is important to mention that many physical problems are described with partial differential equation,
in order to fit the new derivative in this folder; we shall propose the following definition for the case of a function
with many variables. O

Definition 2.9. Let f be a function with m variables xi,......... Xm, and the conformable partial derivative of f
of order 0 < o < 1 in x; is defined as follows

0% X1y Xie 1, X +exi ™ xm) = f(x1,....x
Wf(xla"'sxm): lim f( 1 i—1,X; i m) f( 1 m) (20)
X; e—0 &

Before we continue with our investigation we shall first verify the Clairaut’s theorem for partial derivatives of
conformable fractional orders.

Theorem 2.10. Assume that f(x,y) is function for which 0% [35 (f(x, y))] and 85 [3% (f(x, y))] exist and are
continous over the domain D C R then

0% [ e ] = oo ). @

Proof. By definition as in equation (2.21) we have that

. X,y +¢ 1=8y _ X,
o [ )] = o [hm ey der DN y)} )
e—0 &
Making the change of variable £y!~# = k we obtain
[ 48 _ dBaa| o SV HE) - (X )
0 [0y = 1P [ lim ) |
Since f is differentiable in y direction we have that,
—Baa;f
0% [35(f(x,y))] =y! Bag[g(x,y)] (23)
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Again by definition we have the following

U (x +ex17 y) — 2L (x, y)
o [0 x ] =y tim 2 N o)) 24
Y e—0 &
After making a change of variable, we obtain
Ha Ly — G
0% [ (rCr )] = 1 7Ex1 lim 2 o (25)
[—0 l
Since the function f is differentiable in x—direction, we have that
9 f(x,y)
B _ ,1=B 11— ’
3?; [ay(f(X,y))] =) X QW. (26)
Since f is continuous, by using the Clairaut’s theorem for partial derivatives, we have that,
92 92
fy) _ RSy o
axdy dydx
then the equation (26) becomes
0% f(x.y) Ty +D -y
o [ 98 _ ,1-B_ 1-« ) — (l—a 1-8 1 dx dx
[ ] = AT = G i 1 28)
By making a change of variable meaning ¢ = /y!~# and later ¢ = hx!~% we arrive at
Y (x,y+1)—L(x,y)
B a8 F) » )Y 3 » ) _ a8
a())é I:ay(f(x’y)):l _ay |:]l£>n0 = l = _ay [ag(f(an))]v
and this completes the proof. O

In this case f has a partial conformable derivative with respect to each variable, y. At the point a, these partial
conformable derivatives define the conformable vector

Va f(@) = (0%(f(@). 9 (@), 29)

We shall present the next definition as

Definition 2.11. Consider the scalar field f(x) and the vector field F(x) that are assumed to possess partial
conformable derivative of order o with respect to all the Cartesian coordinates x;,i = 1,2,3. We define the
conformable gradient of order a as being the vector field

3
VEf =) 0% e 30)
i=1

ITEEL)

with, of course, e; the unit vector in the “i” direction.

The conformable of order « as the scalar field is defined as

3
VEf =) (0% F). (3D

i=1
and the conformable curl of order « as the vector field is hence defined as follows

3

3 3
VEXf=Y | Y > eijnd, Fx (32)

i=1|j=1k=1

where of course ¢; j is the Levi-Civita symbol.
Having these definitions in hand we can present the following properties. Assuming that the different operations
for the scalar and vector fields exist, we have
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V¥(af +bg) =aVg(f) +bVE(g),

VY.(aF + bG) = aV¥.(F) + bV.(G)

VY x (aF + bG) = aV¥ x (F) + bV x (G),
VE[VExF]=0 h

V¢ x [VE.F] = 0.

AR

We shall present the proof for the above properties, but the first three properties are a direct effect of the linear
representative of the different operations and are fairly trivial to obtain. Nonetheless, the last two relations rely on
Clairaut’s result established in Theorem 2.10. We shall present the proof for the relation 4, which from the definition
of the conformable divergence and conformable curl of order U(3b1) is

3 3 3
VEIVEXF] =) Y eijk 0%,V Fr. (33)

i=1j=1k=1
However, the Levi-Civita symbol equals to zero whenever two or more indexes take the same value, that is
1if (4, j,k)is (1,2,3), (3,1,2) or (2,3, 1),

eijk =4 —lif (i, j,k)is (1,3,2), (3,1,2) or (2, 1, 3), 34)
Oifi =jorj=kori =k,

and the triple sum in the relation is reduced to
3 3 3 3
DD ek d% VY Fro = Y (eijnd%,[0%, Fx — 0% FjD i # j # k. (35)
i=1j=1k=1 i=1
or the above can be converted to
Vg.[vg x F] = 3%[, [3% Fr — 3(;,( Fil+ a%j [azk F; — 8‘}5’. Frl+ B‘jjk [a%i F; — azj F;]1 =0, (36)

by direct application of the conformable Clairaut’s theorem. The last property is established using similar arguments
as for property 4.

2.1 The conformable divergence theorem

For remembrance, let the vector field V' have a continuous derivative on an open region space [§-10] D containing
the volume V' and surface S of V positively outward orientated

///V.EdV://E.QdS. 37

Therefore within the framework of the conformable fractional derivatives, this theorem can be rephrased; we shall
present the following definition.

Definition 2.12. Ler the vector field F have the partial conformable derivatives of order B with respect to all
variables x=(x1,...,xm)T on D. Then we denote by H££ the vector

HEE = 30T [0 e ew, = 3 08 Fusess &

i=1 i=1

We shall then propose the following theorem.

Theorem 2.13. Let the vector field F have the continuous partial conformable derivatives of order o on an open
region of the space D containing the volume V and S is the boundary surface of V positively outward oriented.
Then we have the following relation

///nabla;EdV“lph“=//H§_IE.QdS“, (39)
1% S
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with
dve = x4 1ye= 10" Vv dydz and dS® = x*~ 1 y*~ldxdy,

which is in accordance with the conformable derivative as anti-derivative of conformable derivative.

Proof. To achieve this we must first remark that

///vg.gdva =//H§‘_1E.Qd5“
|4 S

and this completes the proof. O

In an analogous way, the distinguished theorem of Green and Stokes of the vector calculus can perhaps be
appropriately modified to acclimatise straightforwardly the perception of conformable derivative; we therefore have
the following theorems.

Theorem 2.14 (The conformable Green’s theorem). Let C be a simple positively oriented, piecewise smooth and
closed curve in Ry, say for instance the x — y plane, furthermore assume D is the interior of C. If f(x,y) and
g(x, y) are two functions having continuous partial conformable fractional derivative on D then

/ / (0%g — 3% f)dS* = / 091 fax® 4+ 9% gdy®. (40
Proof. This is clearly a direct application of the classical version of Green’s theorem. Now, since
[ [@se-aznase = [ [ov@stor- o057 ase. (41)
D D

then, by applying the Green function theorem, we have

[ / (0%g — 9% f)dS* = [ 09! fdx® + 0% gdy®. (42)

It should be reminded that for supplementary determinations this relation into the plane can be articulated in terms
of the conformable fractional of the vector field F = (f, g, h), h being an arbitrary function in D. O

Theorem 2.15 (Conformable Stockes’s theorem). Let S be a regular surface of class C? described by the paramet-
ric equations
P(u,v) = (x(u,v), y(u,v),z(u,v)), u,v e s, (43)

where x, y, z are the Cartesian coordinates. Consider a simple positively oriented, piecewise smooth, closed curve
Cy in the plane u — v, assume K to be the interior of Cx. S and C are images of the domain K and its boundary
Cy in the Cartesian space, and F is a vector field having continuous partial derivatives of conformable order « on
S, then

[ 198 % E 4+ GuIkE 1 Fren)es + G0IKE ) Faeo)es + (o1KE ) Frees]ndS®
- /ag—ldex“ + 09 Fydy® + 9% Fodz®,
with

[K$™' = —V¢ = (0% — 0%)ex + (0% — 0%)ey + (07 — 0)e-.

where 7 is the unit positive outside normal to S
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Proof. To prove this theorem we shall firstly spit the line of the integral

/ag—ldex“ + ag_ledy“ + ag‘—ledz“,

into the three following components:

f ¥ Fedx®, / 3% 1 F,dy® and / 09 Fodz”.

c c c
Therefore, without the loss of generality, we shall consider the first component. In the meantime, we shall presume
that the boundary Cx can be explained by the mean of one single parametric relation Cx : (u(¢),v(t)), t € [a, b].
Then the corresponding curve C in the Cartesian space of coordinates is given by

P(t) = (x(u@),v()), y@ (), v(t)), z(u(), v(t))). (44)
Consequently:
g1 = 0% 1 Fx® (45)
Thus, we shall have the following
b
d
[erax = [ oo SO, (46)
C a
b
= /gl (u(t),v(1)) Buxd—udt + g1 (u(t),v(t)) Bvxd—udt = /gl (u,v) 0yxdu + g1 (u,v) dyxdv.
dt dt
a Ck

Henceforward, employing the Green’s theorem in its conventional form to this last outcome contributes to

/gldx :f/au(gl (u,v) dyx) + 9y (g1 (u,v) 3y x)dudv,
c S

=//[8xg18ux+8yg18yy+82g18u2] 0px — [0xg10uX + 0yg10yy + 02810y2] dyxdudv (47)

//[zg'

Note that, n_y and n_z are referred as the components of the normal to S, that is

9z, X) I(x, y)

a(u,v)

H dudv =//[82g1ny—32g1nz]dudv.
S

0yX X 0pXx
= 9 bl = — — . 48
(nx ny nz) |3u£>< 8v£| (48)

Now, repeating the same for two other integral components and adding those three relations, the rearrangement of
the terms with respect to the components of the normal vector yields

/B‘Z)‘_ldex“ + aﬁ_ledya + a;‘—ledz“
C

(49)
= //[3Zf|ny — 0z finy] + [0y finx — 0x finy] + [0z finz — 0x finy]dudv.
S

This, in other terms, gives

/ag‘—l Fedx® + 0% Fydy® + 0% ' F.dz® (50)

[ 198 x B+ ulkE L Frenses + 0oIKE L Faeoe + (GalKE ) Frewesnds®.

This completes the proof. O
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We shall conclude this paper by proposing the following Jacobian matrices.
Let f and g be two functions of two variables, such that their respective partial derivatives exist and are
continuous, then the conformable fractional Jacobian matrix associate is given as:

0% f 9% f xl—cx% 1—a 3f
9xe gy — adx ay 351
%g g | T\ yl-adg 1-adg
ox® 9y« X y a9y

This can be generalized in higher dimension.

3 Conclusion

The concept of derivative with fractional parameter has recently captured the minds of scholars. For instance,
Riemann-Liouville proposed the idea of fractional order derivative. Caputo and others later modified this fractional
derivative. These fractional derivatives have been employed to model many real world problems with success due
to their physical properties. A derivative based upon the classical derivative with fractional parameter has been
proposed recently. The derivative has very interesting properties and, therefore, in this work we have undertaken an
investigation regarding more details around this new derivative. We have first remarked that, there is a relationship
between this derivative, the well-known g-derivative and fractal derivatives. Furthermore, we presented novel
theorems, properties and remarks in connection with the classical derivatives. As a result, the new derivative obeys
several properties followed by the classical derivative.
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