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Abstract: In this study, we define a variational field for constructing a family of Frenet curves of the length [ lying on a
connected oriented hypersurface and calculate the length of the variational curves due to the ED-frame field in Euclidean
4-space. And then, we derive the intrinsic equations for the variational curves and also obtain boundary conditions for

this type of curves due to the ED-frame field in Euclidean 4-space.
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1. Introduction

An elastic line of the length [ is defined as a curve with associated energy
1
K = [ kids,
0

where s is the arc-length parameter and k; is the first curvature of the curve [8]. The integral K is called the
total square curvature. If the curve is an extremal for the variation problem that minimizes the value of K,
then this curve is called a relaxed elastic line [8]. Besides, Nickerson and Manning [10] derived the boundary
conditions for a relaxed elastic line on an oriented surface in Euclidean 3-space. In addition, similar applications
of the elasticity theory in different spaces can be found in [2, 5, 7]. So far, studies have been about elastic energy
problems that occur in the absence of any external force on the elastic line mentioned. Manning [8] solved the
problem of minimizing the sum of the energies of elasticity and the energy that is created due to the stationary
force when the force acts on an elastic line. The physical motivation for the problem of elastic lines on surfaces
may be found in the investigation of the nucleosome core particle of a DNA molecule [9, 12].

Frame fields constitute a very useful tool for studying curves and surfaces. It is well known that a regular
space curve in R? is 3-times continuously differentiable for the construction of its Frenet frame. In general,
the Frenet—Serret frame field was well defined by Guggenheimer [6]. Another one of the most important frame
fields of the differential geometry is the Darboux frame field which is a natural moving frame constructed on
a surface. It is the analogous of the Frenet—Serret frame field as applied to surface geometry [3, 11]. There
are many studies about the Frenet—Serret frame field into higher dimensional spaces but the Darboux frame

field even into 4-space was not available in the literature. Recently, Diildil et al. studied the generalization of
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Darboux frame field to higher dimensional spaces and they called this new frame field ”the extended Darboux
frame field (ED-frame field)” [4].

In this study, we define a variational field for constructing a family of Frenet curves of the length [ lying
on a connected oriented hypersurface and calculate the length of the variational curves due to the ED-frame
field in Euclidean 4-space. And then, we derive the intrinsic equations for the variational curves and also obtain

boundary conditions for this type of curves due to the ED-frame field in Euclidean 4-space.

2. Preliminaries

Definition 2.1 Let {e;, ey, e;,e,} be the standard basis of R*. The vector product of the vectors

4 4 4
X= ) xi€, y=) Y€, z= ) ze; is defined by [1{]
=1 =1 =1

€1 €2 €3 €4
€T T T T
XXy Xz= 1 2 3 4
Y1 Y2 Y3 Ya
z1 zZ9 z3 Z4

Definition 2.2 A unit-speed curve o :1 — E™ of class C™ is called a Frenet curve if the vectors

o (8),a"(s),...,a" "V (s) are linearly independent at each point along the curve [1].

Let M be a hypersurface oriented by the unit normal vector field N in E* and a be a Frenet curve of
class C™ (n > 4) with the arc-length parameter s lying on M. We denote the unit tangent vector field of the
curve by T and denote unit normal vector field of the hypersurface restricted to the curve by N(s)=N(a(s)).

Case 1. If the set {N,T,o”} is linearly independent, then the Gram—Schmidt orthonormalization

o — (", N)N
lo” — (o, N) N||*

Case 2. If the set {N,T,a”} is linearly dependent, i.e. if o’ is in the direction of the normal vector N,
applying the Gram—Schmidt orthonormalization method to {N, T,a/”} yields the orthonormal set {N, T, E},

o — (/" NYN— (/) T) T
[ = (a’”,N) N— (", T) T|
In each case, if we define D =N x T x E, the orthonormal frame field {T,E, D, N} is obtained along

method gives the orthonormal set {IN, T, E}, where E =

where E =

the curve « instead of its Frenet frame field. It is obvious that E(s) and D(s) are also tangent to the
hypersurface M for all s. Thus, the set {T(s),E(s),D(s)} spans the tangent hyperplane of the hypersurface
at the point «a(s). The derivative formulas of the ED-frame field (the extended Darboux frame field) have the

matrix form for Case 1:

T 0 m; 0 Kn T
i E _ —/-i}] 0 KZ?] T; E (2.1)
ds | D 0 —/@5 0 ng D [’
2
N —kn, —Tgl —T, 0 N
and for Case 2:
T 0 0 0 &k T
d E 0 0 K2 Tl E
el — g Tg
ds | D 0 w? 0 0 D |’ (2.2)
N —kn —Tg 0 0 N
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where K, ng, and T; are the normal curvature, geodesic curvature, and geodesic torsion of order ¢, (i = 1,2),
respectively, such that (T',N) = k,, (E,N)=r7;, (D',N) =72, (T',E) =&, and (E',D) =7 [4].

g9’ g7 g

Theorem 2.3 Let a be a unit-speed curve parameterized by the arc-length s on an oriented hypersurface M

in Buclidean 4-space. If « is a line of curvature on M if and only if
iHs) =712(s) =0 (2.3)
for Case 1 [4].

Theorem 2.4 Let « be a unit-speed curve parameterized by the arc-length s on an oriented hypersurface M

in BEuclidean 4-space. If « is a geodesic curve on M, then
ng(s) = ks(s), T;(S) = —kao(s), kn(s) = k1(s), (2.4)
where k; (i =1,2,3) denotes the i—th curvature functions of a [4].

Theorem 2.5 Let a be a unit-speed curve parameterized by the arc-length s on an oriented hypersurface M

in Buclidean 4-space. If « is an asymptotic curve on M, then
kg(s) = ki(s), k2(s) = ka(s)cosp, 7,(s) = —ka(s)sing, 77(s) = ks(s) + i, kn(s) =0, (2.5)
where k; (i =1,2,3) denotes the i—th curvature functions of o [4].

Definition 2.6 A variation of a curve segment «: [a,b] = M is a two-parameter mapping
x:[a,b] x (=6,0) = M

such that a(u) =x(u,0) forall a<u<b. [11]

3. On the variational curves due to the ED-frame field in Euclidean 4-space

Let x be a coordinate patch of M (uy,us,us) and the partial velocities of = are given by

ox oz oz
ur — 4 us — /. us — o 31
T (’)ul v (’)ug v 6’11,3 ( )

in Euclidean 4-space.
A curve a € M can be written «(s) = z(ui(s), uz(s),us(s)), 0 < s <. Then, the unit tangent vector

of « is expressed with

duy dus dug
T(s) = &/(s) =z, Ts + Tuy = + Tuy = (3.2)
and for any suitable scalar functions p(s), ¢(s), 7(s), we can write
E(s) = p(s)zu, + q(8)xu, +r(s)2u,, (3.3)

where s is the arc-length parameter.
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To obtain variational curves of the length [, it is generally necessary to extend « to an arc a*(s) defined

for 0<s<Il* with [*>1[, but sufficiently close to [ so that a* lies in the coordinate patch.

Let p(s), 0 <s<I* be a sufficiently smooth scalar, non-vanishing function. Then it can be defined as

1(s) = p(s)p™(s), &(s) = pu(s)q™(s), o(s) = pu(s)r(s), (3.4)

where p*(s), ¢*(s), r*(s) are the coefficients of E(s) for a newly obtained curve. In this case, we denote the

variational vector field

()2, +&(8)Tu, + 0(8)2us = p(s)E(s) (3.5)

along a.
Suppose that
1(0) =0 and p’(0) = 0. (3.6)

For 0<d <1I* a variational of « is defined by
B(8;t) = a (u1(0) + tn(5), u2(0) + t£(0), uz(d) + ¢ (d)). (3.7)
9B(8; 1)
95 |s5_ N
the variational curves have the same initial point and initial direction.

Let L*(¢) denote the length of the variational 3(d;t), for fixed ¢, such that |t| <e, 0 <4 <I*. Then, we

have

Oa(0)
)

Because of (3.6), the variational (3.7) has £(0;t) = «(0), = o/(0). It means that

6=0

1
ein /08 o 9B o\ |2 (3.8)
L(t)—b/’ <a§(5,t),85(6,t)>' ddé
with
L0y =1* > 1. (3.9)

It is clear from the expressions (3.7) and (3.8) that L*(¢) is continuous in ¢. It follows from the expression
(3.9), we have
I+1*

L*(t) > > 1, |t < €', (3.10)

for a suitable €* satisfying 0 < e* <e.

If the parameter ¢ is restricted to an interval 0 < & < ~(¢) <I* with the condition

1
<36 3ﬂ>‘2d5_l (3.11)

v(t)

!

357 96

then [(d;t) is bounded to an arc of length .
Note that ~(0) =1, where the function v(¢) need not be determined explicitly, but we shall need its derivative

(given in Lemma 3.1).
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3.1. The variational calculations due to the ED-frame field for Case 1 in Euclidean 4-space

Some partial derivatives of the variational 8(4;¢) with respect to ¢ are calculated as

op

a5 =T (3.12)

t=0

and
0
062

=T =r,E+ r,N. (3.13)
t=0

The first derivative of the variational §(d;t) with respect to ¢ is obtained as

08

T I (3.14)

t=0

Using the expressions (3.14) and (2.1), then we have the following mixed derivatives of the variational 5(J;¢)

0?3 0?3

= = —pk; T+ p/'E ’D 'N 3.15
9108 |,_,  d80t|,_,  MMeT THET DTS, (3.15)
and
938 — (20K} — p(kl) — prira)T
OtH52 o g g gn
+M//*N512*MH22*M712E
( (kg)™ = plrg)® — u(74)7) (3.16)
2 2 1,2
+(2M/Hg + H’(Kg)l - IU/Tg Tg)D
+2u' k2 + pu(ry) + pr2Te — k)N
Lemma 3.1 Due to the ED-frame field for Case 1, the following relation is obtained:
dry ! 1
— = [ ukids. (3.17)
0t |,y = s
Proof Differentiating the expression (3.11) with respect to ¢, then we find
9 6
dry ap 0B L\ 06 050t
—_— — —_— d =
al, . ’<85, 2% +{ (3.18)

——AS
[y

Using the expressions (3.12) and (3.15) with ~(0) =1 at t=0 into the expression (3.18), the proof is
completed. O
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We can obtain equations which satisfy condition K’(0) =0 for arbitrary u satisfying (3.6). The omitted

o &°p
a5’ 95

L, dy [ /0B 0B\ /0?8 0?8
K= dt{<aa’aa><aaz’aaz>}

terms are those with the factor < > which vanishes at ¢ = 0. Hence, we have

)
1/ 52 25 52 -5
Ly (0 08\ (2% 05\ 05 05\ 6.19)
o \96ot™ 96 0627 062 987 96
3
() B 9B\ /9B 9B\ 2
2 — (==, == dé
+ bf<652at’ 95? > <a(5’ a5>
Using the expressions (3.12), (3.13), (3.15), and (3.16) into the expression (3.19), then we find
!
K'(t) = <Of /m},ds> ((rg (D) + (kn(1))?)
l
+ [ ((5))? + Kkl — 260 (K2)? — 260 (T0)% + 26270 kin + 2(7; ) i) dis (3.20)
0
l l
+4 [/ (1ykn)ds + 2 [ p K} ds.
0 0
Integrating by parts together with (3.6), we get
l 1
Ofﬂ”ﬂﬁd& = rg(Du' (1) = (rg(1)) (1) + Ofﬂ(ﬁé)'/d& (3.21)
and
1 1
Ofu’(Tglnn)ds =7y (Drn(l)p(l) — {u ((73) 6in + 7o ki1,) dis. (3.22)
If we use partial integration to remove derivative of p, we obtain the following equation
l
K'(0) = Of/,b[(/i;)3 + lié/{% — 2&}7(/{3)2 — 2/1;(7'91)2 + 2/13792.%”
—2(1g) tin — A7y hy, + 2(rg)" + kg (15 (1)) + (ki (1))?]ds (3.23)

+u(D)[Arg (D) = 2(kg(1D)'] + 1’ (1264 (D)].

The given curve must satisfy the following conditions and the differential equation for all of u, since «
is to minimize K:
(D rmg(1) =0
1) (kp) (1) =27} (D)kn(l), (3.24)
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and

(DE)  b(3)? o+ 12 = 2063)% = 2(m) + (s3(1)* + (5u (D))
(3.25)
JrQIﬁngzlin — 2(7’91)/”” _ 47—;/{; + 2(/{;)" —0.

Consequently, we can say that the given curve is a relaxed elastic line:

Theorem 3.2 The intrinsic equations for a relaxed elastic line due to the ED-frame field for Case 1 on a

connected oriented hypersurface M in Euclidean 4-space are given by the differential equation (3.25) and the

boundary conditions (3.24) at the free end, where mg, Ty, and Ky, are the functions giving the geodesic curvature

of order i, geodesic torsion of order i and normal curvature.

3.2. The variational calculations due to the ED-frame field for Case 2 in Euclidean 4-space

Some partial derivatives of the variational 8(4;¢) with respect to ¢ are calculated as

op

00

=T, (3.26)
t=0

and
0%

t=0

The first derivative of the variational B(d;t) with respect to t is obtained as

8

| = HE. (3.28)

t=0

From the expressions (3.28) and (2.2), we have the following derivatives of the variational 5(d;t)

OB 0’ , ) )
o105 |,_, ~ oson|,_, MDD T aT N, (3.29)
and
835 _ 1 T " 2\2 172 E
otos2 - (*l”g k)T + (0" — ,u(/fg) — M(Tg) )

t=0 (3.30)
+(20'K% + p(r3) D + (244'7y + pu(ry))N.

Lemma 3.3 Due to the ED-frame field for Case 2, the following relation is obtained:

&y

= 0. 31
i, (3.31)

Proof Using the expressions (3.26) and (3.29) into the expression (3.18), then the proof is completed. O
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When we write obtained equations for ¢ =0 in the expression (3.19), we have the following:
l
K'(t) = [(4p/'7)kin +20(7y) Kn)ds. (3.32)
0

However, using integration by parts and the relation (3.6), we can write

o

1
W (T kn)ds = 7y (D) (D) p(l) — {u ((Tgl)’/-in + T;Ii/n) ds. (3.33)
Using the partial integration (3.33) to remove derivative of p, we arrive at the following equation:

l
K'(0)= - OfM@(Tgl)'Hn +drgry,)ds + du(l)g (1) (1) (3.34)

According to the expression (3.34) and the relation (3.6), we obtain

@) 7Dra(l) =0. (3.35)

and
(DE)  2(7y)'kn + 47}k, = 0. (3.36)

Then, we can give the following theorem:

Theorem 3.4 Let a be a curve on a connected oriented hypersurface M in Euclidean 4-space. If the curve «
lying on M is a line of curvature or an asymptotic curve, then the given curve is a relaxed elastic line due to
the ED-frame field for Case 2 in Fuclidean 4-space.

4. Geometrical interpretations

Corollary 4.1 Let a be a curve on a connected oriented hypersurface M in Fuclidean 4-space. If the curve «
lying on. M is a line of curvature, then we obtain the following intrinsic equations for a relazed elastic line due
to the ED-frame field for Case 1:

(D) k(1) =0
(1) (rg)'(1) =0,

and
(DE)  kyl(kg)? + k7 —2(kg)? + (kn(1))?] + 2(kg)" = 0. (4.2)

Proof We know that Tgl = T; = 0. Hence, the intrinsic equations for a relaxed elastic line due to the ED-

frame field for Case 1 on a connected oriented hypersurface in Euclidean 4-space provide the conditions (4.1)
and (4.2). O
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Corollary 4.2 Let a be a curve on a connected oriented hypersurface M in Fuclidean 4-space. If the curve «
lying on M is a geodesic curve, then we have the following boundary conditions and differential equation for a
relaxed elastic line due to the ED-frame field for Case 1:

() rg(D)=0

N (4.3)
(D) (kg)' (1) = =2k2(Dka (1),
and
(DE) ZkglegQ + 2]€1ké + 4k2k’1 =0. (44)
Proof According to Theorem 2.4, the proof is completed. O

Corollary 4.3 Let a be a curve on a connected oriented hypersurface M in Euclidean 4-space. If the curve a
lying on M is an asymptotic curve, then we have the following boundary conditions and differential equation
for a relaxed elastic line due to the ED-frame field for Case 1:

(D) k@)=0 (45)
(I k() =0, '
and
(DE)  k} — 2k1k3 + k% — 2k3 + 2k = 0. (4.6)

Proof Using the expression (2.5) into the expressions (3.24) and (3.25), we obtain the expressions (4.5) and
(4.6). O

5. Applications
In this section, we shall give the following applications for the hypersphere and hypercylinder.

Example 5.1 Let us consider the unit-speed curve

1= (sony By B o T T
v(s) = | cos 33,5111 Bs,cos 35,5111 35

lying on the hypersphere M given by its implicit equation =2 +y? + 22 + w? = 2.

The unit normal vector of M along v is N(s) = 1(7(5)) and the unit tangent vector field of the curve ~y

2

T(s) = —\/gsin\/gs \/§COS \/53 —\/Tsin \/Ts \/Tcos \/Ts
- 3 37V 3 37 V3 37V 3 37

Differentiating the tangent vector field T with respect to s, then we find

, 2 2 2. [2 1 T 1. 1
T(s) = —30084/35,—gsing/3s,—gcosy/as, —gsing/as |

s as follows:
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Since T’ is linear independent with N, then Case 1 is valid.

1 2 2 1 1
E(s) = \/; <— cos \/;s, —sin \/;s,cos \/;9,5111 \/;9> _

/1 1
7 .1 1
From T = HQE—H{nN, we get Ky = 5 and g, = — 3

According to Theorems 2.4, 2.5, and 3.2, the given curve is not a geodesic curve, an asymptotic curve, a relaxed

Thus, we obtain

elastic line.
Example 5.2 Assume that the unit-speed curve

2
v(s) = (ﬂcosg, ?S’ V3 cos g, /5 sin ;)

lying on the hypercylinder f(z,y,z,w) = 2*> + 22 +w? =5 [13].

1
The unit normal vector of the hypercylinder is N(s) = %(I,O, z,w), namely,

2 3
N(s) = <\/;COS§,O, 5cos§,sin§> .

The unit tangent vector field of v is as follows:

Since the curvature vector field T'(s) =~"(s) = (— sin > is linear indepen-

dent with N(s); Case 2 is valid along the curve ~.

Thus, we obtain

COS —

B(s) 2\/§S,ns 5 2\/§S,ns 2 s
S)=|—F=sn-,—=, —=sln-,—= .
3v5 3'3v5°3/5 3 3 3

Since T' = k,N, then we get g, = —%.

According to Theorem 2.5, the curve v is mot an asymptotic curve.

Now, calculate Tgl = (E',N). Differentiating E and using N, then we find 7—; = %

From Theorem 2.3, the curve v is not a line of curvature. According to Theorem 3.4, the curve is not a relaxed

elastic line.
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