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ABSTRACT

In this paper, for a given curve in the Euclidean 3-space R3 we introduce new invariants such as
arc-length, curvature and torsion with fractional-order and provide certain relations between these
and the standart invariants. We obtain the Frenet-Serret formulas in R3 and then construct the ways
of determining a curve in R2 and R3 in terms of the new invariants. Several examples are also given
by figures.
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1. Introduction

Fractional Calculus has been investigated and developed since seventeenth century by a larger group of
mathematicians led by Leibniz, Bernoulli, L’Hôpital, Euler, Laplace among others. See [2, 34] for details of the
process. This branch of Mathematics is an extension of the notion of ordinary differentiation and integration to
non-integer orders.

When it comes to a fractional derivative operator, owing to the fact that the ordinary derivative possesses
well-known physical and geometric responses, it is immediately questioned whether the fractional operator
also presents a physical or geometric interpretation. In fact, it is supposed to have larger physical and geometric
properties than that of the ordinary derivative, given that it generalizes operators of integer order. In order to
satisfy the expectation, from the physical point of view, there have recently been published a great number of
papers, see [1, 3, 6, 7, 11, 12, 14, 15, 18, 24, 31, 32, 40, 41]. Besides the physical capabilities, it is worth to mention
that Fractional Calculus acknowledges a wide range of applications in science [10, 19, 21, 30, 35, 36, 38, 44].

Most recently there has been an ascending attention to bring in a geometric approach to a fractional
derivative, mainly focusing on Differential Geometry, Fractal Geometry and Vector Calculus of which classic
geometry are subclasses. See [3, 4, 13, 16, 20, 27, 28, 29, 42, 43]. Despite diversity of fractional derivative
operators used in these approaches, they mostly fail to perform Leibniz rule and various composition rules
[37]. Nevertheless, these are indispensable tools to establish a theory in differential geometry of curves, which
is our main interest in the present study.

Before presenting how to tackle this obstruction, for a function f (t) , let us first introduce the Riemann-
Liouville fractional integral and derivative and the Caputo fractional derivative of order α as ([5, 8, 34])

(
Iα0+f

)
(t) =

1

Γ (α)

∫ t

0

f (u)

(t− u)
1−α du
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and (
Dα

0+f
)

(t) =
d
(
I1−α
0+ f

)
dt

(t) =
1

Γ (1− α)

d

dt

∫ t

0

f (u)

(t− u)
α du (1.1)

and (
CDα

0+f
)

(t) =

(
I1−α
0+

df

du

)
(t) =

1

Γ (1− α)

∫ t

0

1

(t− u)
α
df

du
du,

respectively. We remark that f is supposed to be smooth in the case of Caputo derivative and Γ (α) denote the
Euler gamma function of the parameter α given by ([23])

Γ (α) =

∫ ∞
0

tα−1e−tdt.

As clearly seen in (1.1), the fractional derivative of the function f is defined by the ordinary integration of f,
presenting non-locality associated with the long range interactions in a space or a past history. Furthermore,
this kind of ’fractional derivative’ is non-local; that is, at a point t0 the fractional derivative of f (t) is determined
by non-local values of f (t) .

Among the fractional derivatives, because the Caputo fractional derivative of a constant function vanishes
([3, 4]), it is the most preferred to construct a theory in the context of Differential Geometry, for example see
[3, 4, 42, 43]. Besides, for a given curve in the Euclidean 3-space R3 Gozutok et al. [16] introduced curvature,
torsion and Frenet-Serret formulas by using the conformable fractional derivative. In [27], local properties of
curves and surfaces in R3 were considered via the Leibniz fractional derivative.

Aside from the mentioned advantage of the Caputo fractional derivative, it exhibits some difficulties as do
other fractional derivative operators. More clearly, for the Caputo fractional derivative, the Leibniz rule and
derivative of composite function appear in the form of infinite series given by respectively [6]

(
CDα

0+fg
)

(t) =

∞∑
i=0

(
α

i

)
dif

dti
(
Dα−i

0+ g
)

(t)− t−α

Γ (1− α)
f (0) g (0)

and (
CDα

0+f
)

(g (t)) =
f (g (t))− f (g (0))

Γ (1− α)
t−α +

∞∑
i=0

(
α

i

)
ti−α

Γ (i− α+ 1)

dif (g (t))

dti
. (1.2)

These infinite series make difficulties to introduce basic geometric objects of a curve as the tangent vector,
curvature and etc. For this reason the authors in [43] were forced to impose a certain simplification for (1.2) as
follows: for given smooth functions f (t) and t = g (s)

(
CDα

0+f
)

(g (s)) =
αs1−α

Γ(2− α)

df

dt

dg

ds
, (1.3)

where and hereinafter we assume 0 < α ≤ 1.
In this paper, based on the simplification (1.3) we generalize for a given curve x (s) in R3 the arguments

defined in R2 by Yajima et al. [43], introducing the arc-length paramater s, curvature κα and torsion τα with
fractional-order α. We provide some relations between κα, τα and the standard curvatures of x (s). By showing
that κα and τα are invariants under the Euclidean motions of R3, we prove the Fundamental Theorems of
curves in R2 and R3 in terms of the curvatures with fractional-order. Several examples are also provided by
figures.

2. Basics of differential geometry of curves

We briefly provide the differential geometric objects of curves in Rn from [9, 17, 33].
Let 〈·, ·〉 and ‖·‖ denote the scalar product and induced norm in Rn, respectively. Let y : Ĩ → Rn be a regular

curve , i.e. ‖ẏ‖ 6= 0, for each t ∈ Ĩ and ẏ = dy
dt . Remark that the derivative with respect to the parameter t

is denoted by a dot throughout the paper. Then there exist a unit speed reparameterization x of the curve y,
x = y ◦ u−1 : I → Rn, such that

u (t) =

∫ t

t0

∥∥∥∥dydσ
∥∥∥∥ dσ, t0 ∈ Ĩ (2.1)
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and
∥∥dx
du

∥∥ = 1. The parameter u is said to be arc-length. Point out that the arc-length parameter u is invariant
under the Euclidean motions of Rn. We seperate the formulas for local properties of the curves into two
subsections:

2.1. Plane curves

Let x : I → R2 be a unit speed curve. Then the curvature κ of x at u ∈ I is defined by κ (u) =
∥∥∥d2x
du2

∥∥∥ . The

Frenet-Serret frame of x at u consists of t (u) = dx
du

∣∣
u

and n (u) = J
(
dx
du

∣∣
u

)
, where J is the complex structure of

R2 given by (v, w) 7→ J (v, w) = (−w, v) . For an arbitrary parameter t, κ is calculated by

κ (t) =
〈ẍ (t) , J (ẋ (t))〉
‖ẋ (t)‖3

.

Thus the Frenet-Serret formulas follow

dt

du
= κn,

dn

du
= −κt.

On the other hand, because dx
du

∣∣
u

is a unit vector for each u ∈ I, there exists a smooth function θ (u) , called
turning angle of x, such that

dx

du
= (cos θ (u) , sin θ (u)) .

The value k (u) = |u is referred to as signed curvature of x at u. Note that k (u) is unchanged by the Euclidean
motions of R2 and κ = |k| . The Fundamental Theorem of plane curves states that for a given smooth function
k (u) , u ∈ I, there exist a unique plane curve x up to a Euclidean motion of R2 such that k and u are the signed
curvature and arc-length parameter of x, respectively.

2.2. Space curves

Let x : I → R3 be a unit speed curve. Then the curvature κ of x at u ∈ I is defined by κ (u) =
∥∥∥d2x
du2

∥∥∥ . The

Frenet-Serret frame of x at u consists of t (u) = dx
du

∣∣
u

and n (u) = 1
κ(u)

d2x
du2

∣∣∣
u
, κ (u) 6= 0, and b (u) = t (u)× n (u) ,

where × is the cross product in R3. Thus the Frenet-Serret formulas follow
dt
du = κn,
dn
du = −κt + τb,
db
du = −τn,

where the value τ (u) =
〈
dn
du

∣∣
u
,b (u)

〉
is called the torsion of x at u. Note that κ and |τ | are invariant under the

Euclidean motions of R3. For an arbitrary parameter t, κ and τ are calculated by

κ (t) =
‖ẋ (t)× ẍ (t)‖
‖ẋ (t)‖3

, τ (t) =
〈ẋ (t)× ẍ (t) ,

...
x (t)〉

‖ẋ (t)× ẍ (t)‖2
. (2.2)

The curve x turns to a straight-line (resp. planar curve) when κ (resp. τ ) vanishes identically. A curve x is
called a general helix if there is a fixed unit vector u such that for each u ∈ I the function 〈t (u) ,u〉 is constant.
The Lancret Theorem [26] states that the ratio τ

κ is constant for each u ∈ I if and only if x is a general helix.
Furthermore, x turns to a circular helix provided both κ and τ are constant.

The Fundamental Theorem of space curves states that for given smooth functions κ (u) > 0 and τ (u) , u ∈ I,
there exist a unique space curve x up to a Euclidean motion of R3 such that κ, τ and u are the curvature, torsion
and arc-length parameter of x, respectively.

3. Curvatures of space curves with fractional-order

Let x : I → R3 be parameterized by the arc-length u. Consider another parameter s given by

u→ s =

[
α2

Γ(2− α)
u

] 1
α

, (3.1)
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where Γ is the Euler gamma function and 0 < α ≤ 1. Due to (2.1), s is also a function of t. Let us put s = h (t).
Then (3.1) gives

h (t) =

 α2

Γ(2− α)

t∫
t0

∥∥∥∥dxdσ
∥∥∥∥ dσ


1
α

. (3.2)

It follows from (3.2) that

ḣ =
dh

dt
=
αh1−α (t)

Γ(2− α)
‖ẋ‖ , (3.3)

which implies that ḣ is positive for each t and so its inverse function t = h−1 (s) exists.
Remark 3.1. Throughout the paper we use the notation(

CDα
0+f

)
(t) =

dαf (t)

dtα
.

Morever, the dash ′ denotes the derivative with respect to s.
Following Yajima et al. [43], for the simplification of Caputo fractional derivative of composite function given

by (1.3) we can take the monomial
dαx (h (t))

dsα
=
αh1−α (t)

Γ(2− α)

(
h−1

)′
ẋ. (3.4)

After considering (3.2) and (3.3) into (3.4), we conclude
∥∥ dαx
dsα

∣∣
s

∥∥ = 1 for each s, namely s is the arc-length
parameter of x by the virtue of (3.1) and (3.4). Hence we call the parameterized curve x by (3.1) with (3.4) unit
speed. In the meanwhile, this is the justification why the parameter s is chosen as in (3.1).

In order to obtain the Frenet-Serret formulas with fractional-order αwe firstly point out that the Frenet-Serret
frame {t,n,b} is independent of the choice of parametrization, namely

Span

{
dαx

dsα
,

(
dαx

dsα

)′
,

(
dαx

dsα

)′′}
= Span

{
dx

du
,
d2x

du2
,
d3x

du3

}
.

This means that t (s) = dαx
dsα

∣∣
s

is the unit tangent vector of x at s. Because 〈t, t〉 = 1, we deduce that t′ = dt
ds is

perpendicular to t. We take n (s) = t′(s)
‖t′(s)‖ as unit principal normal vector of x at s. We call κα (s) = ‖t′ (s)‖

curvature of x at s with fractional-order α. The vector b (s) = t (s)× n (s) is the binormal vector of x at s.
For the Frenet-Serret formulas of x we have

Theorem 3.1. Let x be a parameterized curve in R3 by (3.1) with (3.4). Then we have

t′ = καn,
n′ = −καt + ταb,
b′ = −ταn,

(3.5)

where τα (s) = 〈n′ (s) ,b (s)〉 is called torsion of x at s with fractional-order α.

Proof. The first equality in (3.5) is obvious. The proof of other equalities can be done by a similar way in usual
case (i.e. the case α = 1), for instance see [33, p. 50].

Remark 3.2. For the standard curvature κ and torsion τ of the curve x, we have κ1 = κ and τ1 = τ . We also call
κ and τ the curvature and torsion of x with integer-order.

Theorem 3.2. Let x be a parameterized curve in R3 by an arbitrary parameter t and let

φ (t) =

(
Γ(2− α)

α

) 1
α

α t∫
t0

∥∥∥∥dxdu
∥∥∥∥ du

1− 1
α

.

Then the following occurs
κα(t) = φ (t)κ(t), τα(t) = φ (t) τ(t), (3.6)

where κα, τα and κ, τ are respectively the curvatures and torsions of x with fractional-order α and integer-order.
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Proof. Taking ordinary derivative of (3.4) with respect to s gives

t′ =

[
αs−α

Γ(2− α)

(
(1− α)

(
h−1

)′
+ s

(
h−1

)′′)]
ẋ +

αs1−α

Γ(2− α)

(
h−1

)′2
ẍ. (3.7)

Substituting (3.4) and (3.7) into (2.2) leads to

κα(s) =
Γ(2− α)

αs1−α κ (s) . (3.8)

By considering (3.1) into (3.8) we obtain the first equality of (3.6). Next we write

τα = 〈n′, t× n〉 =

〈(
1

κα

)′
t′ +

1

κα
t′′, t× 1

κα
t′

〉
=

1

(κα)
2 〈t
′′, t× t′〉 (3.9)

Taking ordinary derivative of (3.7) with respect to s and substituting it into (3.9) yields

τα =
1

(κα)
2

(
αs1−α

Γ(2− α)

)3

(t′)
6 〈...x, ẋ× ẍ〉 . (3.10)

The proof is completed by considering (2.2) and (3.8) into (3.10).

By (3.6) we have the following results.

Corollary 3.1. Let x be a parameterized curve in R3 with nonzero curvatures κ, κα and torsions τ, τα. Then the following
holds

κ

κα
=

τ

τα
.

Corollary 3.2. Let x be a parameterized curve in R3 with the curvature κα and torsion τα of fractional-order α. Then
x is a straight-line if κα = 0, a planar curve if τα = 0 and a general helix if κατα = const. 6= 0. The converses are true as
well.

Corollary 3.3. Let x be a parameterized curve in R3 with constant curvature κ0
α of fractional-order α. Then the following

ODE holds

dκ

ds
+ κ0

α(α− 1)κ = 0.

In addition, if x has constant torsion τ0
α with fractional-order α then

dτ

ds
+ τ0

α(α− 1)τ = 0,

where κ and τ are the curvature and torsion of x with integer-order.

Proof. It can be easily proved by using (3.6).

4. Fundamental Theorems of plane and space curves

We first concern the case that x is a plane curve: let x be parameterized curve in R2 by the arc-length
parameter u and κ the curvature of x with integer-order. Likewise 3−dimensional case, we have the arc-length
parameter s given by (3.1) with (3.4) and the relation

κα(s) =
Γ(2− α)

αs1−α κ(s),

called curvature of x in R2 at s with fractional-order α (see [43, p. 1499]). For the Frenet-Serret formulas of x we
have

t′ = καn,

n′ = −καt,
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where t (s) = dαx
dsα

∣∣
s

and n (s) = J (t (s)) are unit tangent and principal normal vectors of x at s. Because t′ (s)

is perpendicular to t (s) for each s, we conclude that
(
dαx
dsα

)′
and n are linearly dependent and so there exists a

function kα (s) , called signed curvature of x with fractional-order α, such that(
dαx

dsα

)′
(s) = kα (s)n (s) ,

which implies |kα| = κα. Because dαx
dsα

∣∣
s

is a unit vector at s we write

dαx

dsα

∣∣∣∣
s

= (cos θ (s) , sin θ (s)) ,

for a smooth function θ (s) yielding θ′ (s) = kα (s) .

Theorem 4.1. (Fundamental Theorem of Plane Curves) Let kα be a real-valued smooth function on an open interval I which
does not contain zero. Then there exists a unit speed curve x : I → R2 parameterized by (3.1) with (3.4) such that kα
is the signed curvature of x with fractional-order α. Further if y : I → R2 is another curve admitting kα as the signed
curvature with fractional-order α then y (s) = M (x (s)) , for a Euclidean motion M of R2.

Proof. The invariance of the derivative of the arc-length s and signed curvature kα under a Euclidean motion
can be easliy shown by a similar way in [17, p. 136]. This can be concluded by (3.1) and (3.6) as well. Let us
introduce θ (s) =

∫ s
s0
kα (t) dt for a fix s0 ∈ I, and

x (s) =
Γ (2− α)

α

(∫ s

s0

tα−1 cos θ (t) dt,

∫ s

s0

tα−1 sin θ (t) dt

)
. (4.1)

If we differentiate (4.1) by using (3.4) then we easily achieve that kα is the signed curvature of x with fractional-
order α, implying the first part of the proof. For the second part, let

y (s) =
Γ (2− α)

α

(∫ s

s0

tα−1 cos (θ (t) + θ0) dt,

∫ s

s0

tα−1 sin (θ (t) + θ0) dt

)
+ y0, (4.2)

where y0 and θ0 are a constant vector and scalar. By using the addition formulas for Sine and Cosine into (4.2),
we conclude

y (s) = Ty0
Rθ0 (x (s)) ,

where Rθ0 denotes the anticlockwise rotation by the angle θ0 about the origin and Ty0
the translation by the

vector y0. This completes the proof.

Theorem 4.2. (Fundamental Theorem of Space Curves) Let κα > 0 and τα be real-valued smooth functions on an open interval I
which does not contain zero. Then there exists a unit speed curve x : I → R3 parameterized by (3.1) with (3.4) such that
κα and τα are the curvature and torsion of x with fractional-order α. Further if y : I → R2 is another curve admitting
κα and τα as the curvature and torsion with fractional-order α, then y (s) = M (x (s)) , for a Euclidean motion M of R3.

Remark 4.1. The proof performs similar techniques used in the usual case, namely the case α = 1, for instance
see [17, p. 219-222].

Proof. We divide the proof into two parts:
The uniqueness part. The invariance of the derivative of the arc-length s, the curvature κα and absolute value
of the torsion τα under a Euclidean motion can be easliy shown by a similar way in [17, p. 218]. Furthermore,
this can be concluded by (3.1) and (3.6). Let {tx,nx,bx} and {ty,ny,by} denote the Frenet frames of x and y,
respectively, and fix s0 ∈ I. By applying a translation and a rotation R of R3 we may assume that the following
quadruples coincide

{x (s0) , tx (s0) ,nx (s0) ,bx (s0)} and {y (s0) , ty (s0) ,ny (s0) ,by (s0)} .

This means that there exists a Euclidean motion M of R3 such that M (x (s0)) = y (s0) and R (tx (s0)) = ty (s0) ,
R (nx (s0)) = ny (s0) , R (bx (s0)) = by (s0) , where R is the so-called linear part of M. For s ∈ I, let us introduce
the following

f (s) =
1

2
[〈R (tx (s))− ty (s) , R (tx (s))− ty (s)〉+

+ 〈R (nx (s))− ny (s) , R (nx (s))− ny (s)〉
+ 〈R (bx (s))− by (s) , R (bx (s))− by (s)〉] .
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By using (3.5) and the assumption that x and y have the same curvature and torsion with fractional-order α
we obtain df

ds = 0. This follows that f is a zero function because f (s0) = 0. Thereby we obtain

dαM (x (s))

dsα
= R (tx (s)) = ty (s) =

dαy (s)

dsα
. (4.3)

After considering (3.4) into (4.3) we get M (x (s))
′

= y′ (s) , yielding

M (x (s)) = y (s) + z,

for each s and a constant vector z. Notice also that z = 0 because M (x (s0)) = y (s0).
The existence part. We use the techniques from the theory of systems of ordinary differential equations. For
j = 1, 2, 3, let us consider the following system

x′j = φtj ,
t′j = καnj ,
n′j = −καtj + ταbj ,
b′j = −ταnj

(4.4)

with the initial conditions

xj (s0) = λj , tj (s0) = µj , nj (s0) = ξj , bj (s0) = µρ(j)ξρ(j+1) − µρ(j+1)ξρ(j), (4.5)

where φ (s) = Γ(2−α)
αs1−α and ρ (j) = j + 1 (mod3). In addition let

3∑
j=1

µ2
j =

3∑
j=1

ξ2
j = 1 and

3∑
j=1

µjξj = 0.

It is known that the system (4.4) with (4.5) admits a unique solution. Putting

x = (x1, x2, x3) , t = (t1, t2, t3) , n = (n1, n2, n3) , b = (b1, b2, b3) ,

then the system (4.4) can be associated to into the equations

dαx

dsα
= t,

t′ = καn,

n′ = −καt + ταb,

b′ = −ταn.

This implies from (3.5) that x is a unit speed curve parameterized by (3.1) with (3.4) admitting κα and τα as the
curvature and torsion with fractional-order α.

5. Examples

Example 5.1. Let x be a parameterized curve in R2 given by (3.1) with (3.4) and let κα = 1 identically. By (4.1)
we can get

x (s) =
Γ (2− α)

α

(∫
sα−1 cos sds,

∫
sα−1 sin sds

)
.

For the different values of α, x can be plotted as in Figure 1.

Example 5.1 puts forward a construction method of a plane curve x from its curvature κα with fractional-
order α. In addition, Figure 1 shows the change of the curve x with κα = 1 about the value of α. As α goes
to 1, x closes to a standard circle with radius 1, conforming to the fact that every plane curve having consant
curvature with integer-order is a standard circle.
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Figure 1. Plane curves with κα = 1 for α ∈ {0.1, 0.5, 0.9, 1} .

Example 5.2. Let κα = 1 = τα identically. (4.4) follows

x′j = Γ(2−α)
αs1−α tj ,

t′j = nj ,
n′j = −tj + bj
bj = −nj , j = 1, 2, 3.

(5.1)

Put t = (t1, t2, t3) , n = (n1, n2, n3) , b = (b1, b2, b3) with the intial conditions

t

(
π√
2

)
= (1, 0, 0) , n

(
π√
2

)
= (0, 1, 0) , b

(
π√
2

)
= (0, 1, 0) . (5.2)
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After we solve (5.1) with (5.2) by considering (3.4) we derive

t (s) =
1

2

(
− cos

(√
2s
)

+ 1,−
√

2 sin
(√

2s
)
, cos

(√
2s
)

+ 1
)
,

n (s) =
1√
2

(
sin
(√

2s
)
,−
√

2 cos
(√

2s
)
,− sin

(√
2s
))

,

b (s) =
1

2

(
cos
(√

2s
)

+ 1,
√

2 sin
(√

2s
)
,− cos

(√
2s
)

+ 1
)
,

and

x (s) =
Γ (2− α)

2α

(∫
sα−1

[
− cos

(√
2s
)

+ 1
]
ds,∫

sα−1
[
−
√

2 sin
(√

2s
)]
ds,

∫
sα−1

[
cos
(√

2s
)

+ 1
]
ds

)
.

For different values of α, x can be plotted as in Figure 2.

Figure 2. Space curves with κα = τα = 1 for α ∈ {0.1, 0.5, 0.9, 1} .

Example 5.2 puts forward a construction method of a space curve x from its curvature κα and torsion τα with
fractional-order α. In addition, Figure 2 shows the change of the curve x with κα = τα = 1 about the value of
α. As α goes to 1, x closes to a standard circular helix, conforming to the fact that every space curve having
consant curvature and torsion with integer-order is a standard circular helix.

Example 5.3. Let x be a curve in R3 parameterized by

x (s) = (3 cosψ (s) , 3 sinψ (s) , 4ψ (s)) , (5.3)

where ψ (s) = Γ(2−α)sα

5α2 . By the virtue of (3.4) we conclude from (5.3) that s is the arc-length parameter and

t (s) =
dαx (s)

dsα
=

1

5
(−3 sinψ (s) , 3 cosψ (s) , 4) ,

n (s) = (− cosψ (s) ,− sinψ (s) , 0) ,

b (s) =
1

5
(4 sinψ (s) ,−4 cosψ (s) , 3) ,

κα (s) =
3Γ (2− α) sα−1

25α
, τα (s) =

4Γ (2− α) sα−1

25α
,

κ (s) =
3

25
, τ (s) =

4

25
.

For different values of α the graphs of the curvature κα and torsion τα with fractional-order and the curve x
can be drawn as in Figures 3,4.
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Figure 3. Graphs of κα (s) =
3Γ(2−α)sα−1

25α (left-hand side) and τα (s) =
4Γ(2−α)sα−1

25α (right-hand side) for α ∈ {0.1, 0.5, 0.9, 0.99, 1} .

As can be seen in Example 5.3, the part sα−1 of the curvature and torsion with fractional-order points to
the effect of fractional derivative, intrinsically given by (3.4). The curvature and torsion takes a large value
around an initial time and converges to zero for a long period of time, reflecting the memory effect of fractional
derivative which is progressively declined for a long period of time.

Furthermore, Figure 4 shows the change of the curve x with τα (s) = 4κα(s)
3 = 4Γ(2−α)sα−1

25α about the value of
α. As α goes to 1, x closes to a standard circular helix.

6. Remarks and Discussions

By Figures 1,2,4 we can figure out that the curves given in Examples 1,2,3 close to the standard objects as α
goes to 1, which implies that our approach conforms to the well-known geometric aspects. Figure 3 indicates
the change of the curvature κα and torsion τα with fractional-order α about the value of α and these converge
to zero for s→∞. It means that this intention of κα and τα points the memory effect of fractional derivative
decreasing for a long period of time. In other words, our results and examples suggest that the property of
fractional derivative associates with the differential geometry of plane and space curves based on the equation
(3.4)

Furthermore, the approach carrying out in the present study puts forward a novelty from physical point of
view, a geodesic with fractional-order α parameterized by

x (s) = p+
Γ(2− α)sα

α2
v, p,v ∈ Rn. (6.1)

The following can be immediately checked by (3.1) and (3.4)

∇tt =
d

ds

(
dαx

dsα

)
= 0,

which conforms with the usual geodesic equation in Rn. Here t (s) = dαx
dsα

∣∣
s

and∇ is the Levi-Civita connection
in Rn [39]. Notice that (6.1) is geometrically nothing but a straight line.

7. Conclusions

The main goal of this paper was to make a conribution to the intersecting of two different disciplines such
as Differential Geometry and Fractional Calculus. We remark that this contribution was mostly realized to the
differential geometric parts of the intersecting. What we presented in our study can be summarized as follows:

We firstly introduced new invariants for a parameterized curve x (s) in R3, i.e. the curvature κα and torsion
τα with fractional-order α, 0 < α ≤ 1. Meanwhile, new geometric objects could be defined by using these
invariants, for example
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Figure 4. Space curves with τα (s) =
4κα(s)

3 =
4Γ(2−α)sα−1

25α for α ∈ {0.1, 0.5, 0.9, 1} .

• a circle with fractional-order α, i.e. a curve with κα = const. and τα = 0,
• a circular helix with fractional-order α, i.e. a curve with κα = const. and τα = const.,
• a slant helix (see [22, 25]) with fractional-order α, i.e. a curve with

(κα)
2(

(κα)
2

+ (τα)
2
)3/2

(
τα
κα

)′
= const.

Investigating these objects could be an interesting problem.
We then provided the relations between the invariants with fractional-order α and standard invariants of

x (s) . We finally gave several examples illustrating the curves in both R2 and R3 with constant curvature and
torsion with fractional-order α. Point out that we benefited from the Fundamental Theorems for plane and
space curves stated in terms of the new invariants in order to illustrate these.

www.iejgeo.com 142

http://www.iej.geo.com


M. E. Aydın et al.

8. Conflict of Interests

The authors declare that they have no conflict of interests.

References

[1] Bagley, R.L., Torvik, P.J.: A theoretical basis for the application of fractional calculus to viscoelasticity. J. Rheol. 27 (3), 201–210 (1983).
[2] Baleanu, D., Fernandez, A.: On fractional operators and their classifications. Mathematics 2019, 7, 830; doi:10.3390/math7090830.
[3] Baleanu, D., Vacaru, S.I.: Constant curvature coefficients and exact solutions in fractional gravity and geometric mechanics. Cent. Eur. J. Phys. 9

(5), 1267–1279 (2011).
[4] Baleanu, D., Vacaru, S.I.: Fractional almost Kähler-Lagrange geometry. Nonlinear Dyn. 64 (4), 365–373 (2011).
[5] Baleanu, D., Diethelm, K., Scalas, E., Trujillo J.J.: Fractional Calculus: Models and Numerical Methods. World Scientific, New Jersey (2012).
[6] Baleanu, D., Trujillo, J.J.: A new method of finding the fractional Euler-Lagrange and Hamilton equations within Caputo fractional derivatives.

Comm. Nonlin. Sci. Numer. Simul. 15 (5), 1111–1115 (2010).
[7] Bas, E., Ozarslan, R.: Real world applications of fractional models by Atangana–Baleanu fractional derivative. Chaos Solit. Fractals 116, 121–125

(2018).
[8] Caputo, M.: Linear models of dissipation whose Q is almost frequency independent-II. Geophys. J. R. Astr. Soc. 13 (5), 529-539 (1967).
[9] do Carmo, M.: Differential Geometry of Curves and Surfaces. Prentice-Hall, Englewood Cliffs (1976).

[10] Dokuyucu, M.A., Celik, E., Bulut, H., Baskonus, H.M.: Cancer treatment model with the Caputo-Fabrizio fractional derivative. Eur. Phys. J. Plus
133 (92) (2018). doi:10.1140/epjp/i2018-11950-y.

[11] De Espíndola, J., Bavastri, C., De Oliveira Lopes, E.: Design of optimum systems of viscoelastic vibration absorbers for a given material based on
the fractional calculus model. J. Vib. Control 14 (9–10), 1607-1630 (2008).

[12] El-Nabulsi, R.A.: Fractional derivatives generalization of Einstein’s field equations. Ind. J. Phys. 87 (2), 195-200 (2013).
[13] El-Nabulsi, R.A.: Modifications at large distances from fractional and fractal arguments. Fractals 18 (02), 185-190 (2010).
[14] El-Nabulsi, R.A.: Fractional nonlocal Newton’s law of motion and emergence of Bagley-Torvik equation. J. Peridyn Nonlocal Model. 2, 50-58

(2020).
[15] El-Nabulsi, R.A.: On a new fractional uncertainty relation and its implications in quantum mechanics and molecular physics. Proc. Royal Society

A 476, 20190729, (2020).
[16] Gozutok, U., Coban, H.A., Sagiroglu, Y.: Frenet frame with respect to conformable derivative. Filomat 33 (6), 1541-1550 (2019).
[17] Gray, A.: Modern Differential Geometry of Curves and Surfaces with Mathematica. Second Ed. CRC Press, (1998).
[18] Grigorenko, I., Grigorenko, E.: Chaotic dynamics of the fractional Lorenz system. Phys. Rev. Lett. 91 (3) (2003), 034101; doi:

10.1103/PhysRevLett.91.034101.
[19] Haba, T.C., Ablart, G., Camps, T., Olivie, F.: Influence of the electrical parameters on the input impedance of a fractal structure realised on silicon.

Chaos, Solit. Fractals 24 (2), 479-490 (2005).
[20] Herrmann, R.: Towards a geometric interpretation of generalized fractional integrals-Erdelyi-Kober type integrals on RN as an example. Fract. Calc.

Appl. Anal. 17 (2), 361-370 (2014).
[21] Heymans, N.: Dynamic measurements in long-memory materials: fractional calculus evaluation of approach to steady state. J. Vib. Control 14

(9–10), 1587–1596 (2008).
[22] Izumiya, S., Takeuchi, N.: New special curves and developable surfaces. Turk. J. Math. 28 153-163, (2004).
[23] Kilbas, A., Srivastava, H., Trujillo, J.J.: Theory and Applications of Fractional Differential Equations. Math. Studies. North-Holland, New

York (2006).
[24] Koeller, R.C.: Applications of fractional calculus to the theory of viscoelasticity. J. Appl. Mech. 51 (2), 299–307 (1984).
[25] Kula, L., Ekmekci, N., Yayli, Y., Ilarslan, K.: Characterizations of slant helices in Euclidean 3-space. Turk. J. Math. 34, 261–273 (2010).
[26] Lancret, M.A.: Mémoire sur les courbes à double courbure. Mémoires présentés à l’Institut 1, 416-454 (1806).
[27] Lazopoulos, K.A., Lazopoulos, A.K.: Fractional differential geometry of curves & surfaces. Progr. Fract. Differ. Appl. 2 (3), 169–186 (2016).
[28] Lazopoulos, K.A., Lazopoulos, A.K.: Fractional vector calculus and fractional continuum mechanics. Progr. Fract. Differ. Appl. 2 (2), 85–104

(2016).
[29] Lazopoulos, K.A., Lazopoulos, A.K.: On the mathematical formulation of fractional derivatives. Progr. Fract. Differ. Appl. 5 (4), 261–267 (2019).
[30] Magin, R. L.: Fractional Calculus in Bioengineering. Begell House, Connecticut, UK, (2006).
[31] Moshrefi-Torbati, M., Hammond, J.K.: Physical and geometrical interpretation of fractional operators. J. Franklin Inst. 335 B(6), 1077-1086 (1998).
[32] Ozarslan, R., Ercan, A., Bas, E.: Novel fractional models compatible with real world problems. Fractal Fract. 3 (15), (2019)

doi:10.3390/fractalfract3020015.
[33] Pressley, A.: Elementary Differential Geometry, Springer Verlag, Berlin (2010).
[34] Samko, S.G., Kilbas, A.A., Marichev, O.I.: Fractional Integrals and Derivatives. Theory and Applications. Gordon and Breach Science

Publishers, London (1993).
[35] Silva, M.F., MacHado, J.A.T.: Fractional order PDαjoint control of legged robot. J. Vib. Control, 12 (12), 1483-1501 (2006).
[36] Sommacal, L., Melchior, P., Oustaloup, A., Cabelguen, J.-M., Ijspeert, A. J.: Fractional multi-models of the frog gastrocnemius muscle. J. Vib.

Control 14 (9-10), 1415-1430 (2008).
[37] Tarasov, V.E.: No violation of the Leibniz rule. No fractional derivative. Commun. Nonlinear Sci. Numer. Simulat. 18, 2945–2948 (2013).
[38] Veeresha, P., Prakasha, D.G., Baskonus, H.M.: New numerical surfaces to the mathematical model of cancer chemotherapy effect in Caputo fractional

derivatives. Chaos 29, 013119 (2019), doi.org/10.1063/1.5074099.
[39] Yano, K., Kon, M.: Structures on Manifolds. World Sci. 1985.
[40] Yajima, T., Nagahama, H.: Differential geometry of viscoelastic models with fractional-order derivatives. J. Phys. A: Math. Theor. 43 (38) (2010),

385207; doi: 10.1088/1751-8113/43/38/385207.

143 www.iejgeo.com

http://www.iej.geo.com


Differential Geometry of Curves in Euclidean 3-Space with Fractional Order

[41] Yajima, T., Nagahama, H.: Geometric structures of fractional dynamical systems in non-Riemannian space: Applications to mechanical and
electromechanical systems. Ann. Phys. (Berlin) 530 (5) (2018), 1700391; doi: 10.1002/andp.201700391.

[42] Yajima, T., Yamasaki, K.: Geometry of surfaces with Caputo fractional derivatives and applications to incompressible two-dimensional flows. J. Phys.
A: Math. Theor. 45(6) (2012), 065201; doi:10.1088/17518113/45/6/065201.

[43] Yajima, T., Oiwa, S., Yamasaki, K.: Geometry of curves with fractional-order tangent vector and Frenet-Serret formulas. Fract. Calc. Appl. Anal.
21 (6), 1493–1505 (2018).

[44] Ye, H., Ding, Y.: Nonlinear dynamics and chaos in a fractional-order HIV model. Mathematical Problems in Engineering, 2009, Article ID
378614, 12 pages, 2009. https://doi.org/10.1155/2009/378614.

Affiliations

MUHITTIN EVREN AYDIN
ADDRESS: Firat University, Faculty of Science, Dept. of Mathematics, 23200, Elazig-Turkey.
E-MAIL: meaydin@firat.edu.tr
ORCID ID:orcid.org/0000-0001-9337-8165

MEHMET BEKTAS
ADDRESS: Firat University, Faculty of Science, Dept. of Mathematics, 23200, Elazig-Turkey.
E-MAIL: mbektas@firat.edu.tr
ORCID ID:orcid.org/0000-0002-5797-4944

ALPER OSMAN OGRENMIS
ADDRESS: Firat University, Faculty of Science, Dept. of Mathematics, 23200, Elazig-Turkey.
E-MAIL: aogrenmis@firat.edu.tr
ORCID ID:orcid.org/0000-0001-5008-2655

ASIF YOKUS
ADDRESS: Firat University, Faculty of Science, Dept. of Actuary, 23200, Elazig-Turkey.
E-MAIL: asfyokus@yahoo.com.tr
ORCID ID:orcid.org/0000-0002-1460-8573

www.iejgeo.com 144

http://www.iej.geo.com

	1 Introduction
	2 Basics of differential geometry of curves
	2.1 Plane curves
	2.2 Space curves

	3 Curvatures of space curves with fractional-order
	4 Fundamental Theorems of plane and space curves
	5  Examples
	6 Remarks and Discussions
	7 Conclusions
	8 Conflict of Interests

