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Abstract

The evolution equations of some forms of admissible curves in the pseudo-Galilean Space G} are investigated in this paper.
In more detail, we use two separate methods to obtain coupled nonlinear partial differential equations of time evolution in terms
of their curvatures. The first method studies the evolution equations for admissible curves via the frame field, while the second
studies the evolution equations via the velocity vector. Then, the position vectors of the evolving curves are formulated. Also, we
conduct comparative research of the evolution equations for curves in different spaces. We furthermore present some models as
an application of the evolution equations of the curvature and torsion for admissible curves, confirming our theoretical results.
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1. Introduction

In differential geometry, despite existing tons of studies regarding curves and surfaces and the way
they evolve per time, recent studies have created a massive improvement in the evolution of the curves and
surfaces. Studying evolution equations for curves and surfaces from a geometrical perspective is a core
research topic in the field of differential geometry. Evolution equations have a wide range of applications
in a wide range of fields, attracting the attention of a wide range of scholars, regardless of their theoretical
or implementation backgrounds. They usually arise from multiple applications in many engineering
and physical applications such as material science, dynamics of section boundaries in thermomechanics,
computational geometry, semiconductor industry, image processing, mathematical modelling, scientific
computing, and computer vision. Also, they can be investigated in a purely mathematical context [9, 17,
19, 25, 31-34]. In physics, evolution equations of curves have many critical applications such as magnetic
spin chains and vortex filaments [5, 16, 21, 29]. Obtaining the evolution equations and learning how the
curves evolve over time is an exciting and difficult problem that has been reviewed in a variety of spaces
by several research studies, [1, 2, 18, 24]. Another related work is [3], in which Abdel-All et al. took a
novel approach to the time evolution of a curve by obtaining the evolution equations of a generalized
space curve. Then, Yildiz et al. studied the evolution of the generalized space curve in Minkowski Space,
[35]. Several scholars have recently studied geometric flow problems for curves, [4, 20].
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In our work, the evolution of curves via the velocities of their moving frame in pseudo-Galilean space
G} has been studied. Then, we acquire a combination of coupled nonlinear partial differential equations
that govern the time evolution of the curvatures for the meant curves in pseudo-Galilean space G.. The
solution of the coupled nonlinear partial differential equations was found by the Mathematica software
system employing a package that applies tanh-sech methods [6]. To obtain curves from their curvatures
we expand the Frenet equations numerically up to their position [2, 6]. Then curves and their position
vectors that correspond to those solutions are shown.

The following is how the rest of the paper is organized. Section 1 contains an introduction to the work
and the aim of this paper. In Section 2, we offer a short outline of the fundamentals and preliminaries
for the geometry of curves in pseudo-Galilean space Gi. The evolution equations of admissible curves
and how to obtain them have been studied using their frame field in Section 3 and using their velocity
vector in Section 4. In Section 5, we compare the evolution equations for different spaces. Finally, Section
6 concludes the paper.

2. Preliminaries on pseudo-Galilean geometry

This section covers the fundamental concepts as well as the theory of curves in pseudo-Galilean space
GJ; for more details, see [11, 12]. The pseudo-Galilean geometry is one of the core geometries of Cayley-
Klein with a signature metric of (0,0, +,—). The pseudo-Galilean space G} is a three-dimensional projec-
tive space in which the absolute figure is an ordered triple (o, g, M), where ¢ is the absolute plane, g is
the absolute line in o and M is the fixed hyperbolic spin of points of g [8]. If a plane contains g, it is called
a pseudo-Euclidean plane; otherwise, it is called isotropic.The planes IT = const, as well as the planes o,
are pseudo-Euclidean planes. The rest of the planes are isotropic.

In pseudo-Galilean G 1 the inner product of two vectors a = (ay, az, az) and b = (by, by, b3) is outlined
by

<(1 b> = { albl, ifal#Oorbl#O,
¢ G; azbz — (13b3, if a; = 0 and b1 =0.

If u; # 0, a vector u = (uy,up,u3) is said to be non-isotropic. As a consequence, all unit non-isotropic
vectors have the form u = (1, up, usz). For isotropic vectors, u; = 0 holds true. There are four major kinds of
isotropic vectors; spacelike (u; =0, u% — u% > 0), timelike (u; =0, u% — u% < 0) and two kinds of lightlike
vectors if (u; =0, up = +u3). A non-lightlike isotropic vector is a unit vector if u% — u% = +1 [11, 12]. See
[13-15] for more information. The orthogonality of the vectors a = (0, a3, az) and b = (0, by, b3),ie, a L b
means ab = 0. The pseudo-Galilean vector product of two vectors a = (aj, a, az) and b = (b, by, bs) is
defined as

0 —e2 €3
aNgib=|a a as|=(0,a3b;—arbs azb; —arby),
by by bs

where e; = (0,1,0) and e3 = (0,0, 1).

In pseudo-Galilean space G}, a curve T is defined as " : T — G%, I'(t) = (¢(t),d(t), p(t)), where I € R
and ¢(t),d(t), p(t) € C3. A given curve I'(t) is said to be admissible, if {'(t) # 0 [11, 12]. Any admissible
curve has the form I'(¢) = (¢, 9(C), p(¢)), which is referred to as an admissible curve of the first type. For
simplicity, we assume that ds = d( and s = C as the arc-length parameter of I'. The following two forms
of admissible curves are discussed using the absolute figure of pseudo-Galilean space G3.

2.1. The admissible curves of the first type
Allow T : I — G}, I C R be an admissible curve parametrized by the pseudo-Galilean invariant
parameter s = (, as mentioned previously. Then Frenet formulas are as follows [7, 12, 13]

T(c) 0 «(¢) 0 T(¢)
n@ | =({0 0 () n(d) |, (2.1)
p(Q) /. 0 t(d) 0 p(d)
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where,
T(C) =T = (1,9'(0), 0'(0)),
n(¢) = £(0,9”(¢),0"(0)),
p(Q) = 1(0,€p”(0), e9"(Q)),

are the vectors of the tangent, the central isotropic normal (simply it is known as principal normal or
normal), and the binormal line of T'((), respectively. The functions k() = \/ 19 (2)2 — p”(0)?| and T(¢) =
> det [I",T",T"""] are geometric parameters that represent, respectively, the curvature and torsion of T'(()
and e = %1, are chosen by criterion det [T,n, p] = 1. Through this paper, the subscripts describe partial
derivatives. An admissible curve I'(() is timelike (resp. spacelike) if the principal normal n is a spacelike
(resp. timelike) vector. The normal vectors spacelike when they are € = +1 and timelike whenever
they are e = —1 [7, 12]. As known, when the Frenet frame {T,n, p } moves along an admissible curve
I in pseudo-Galilean space G}, the shear motion is determined by an angular velocity vector (Darboux
vector), which has the equation

W(Q) = e (t(QT() —x(Q)p(C)), (2.2)

where € = +1 depending on the normal type as mentioned before. The Darboux vector satisfies Darboux
equations which are given by

dT dn dp

—_— = /\ —_— = -_ = /\ . .

G =WOAT, E=wan, P owap 23)
The related trihedron’s Frenet vector is often split into two shear motions: p binormal vector shear with

—e k angular speed along absolutely the line, that is
dT

— = (= AT
7= (CexPIAT,
and n normal vector shear with € T angular speed along the absolute line, that is
32 =(etT)An.

2.2. The admissible curves of the second type
In this case, an admissible curve « are often written as

x(C) = (0,9(C), p(C)).

Then the Frenet formulae of «(() are given as in (2.1) with tangent, normal, and the binormal lines,
respectively given by,

T(C) = (1, a2(Q), a3(C)),
n(¢) = (0,p'(¢),¥'(C)),
p(¢) = (0,9'(¢), 0’ (C)),
where a(() = (1, ax((), a3({)) is a unit vector field. The curvature and the torsion of « are, respectively,
8//
K(C) = —%, Q)=
Also, we have the same Darboux vector as given in (2.2) which satisfies Darboux equations (2.3) too.

3. Evolution equations of admissible curves via their frame fields in pseudo-Galilean space

In pseudo-Galilean space G%, let I'(C) = (¢, 9(C), p(C)) be an admissible curve of the first type. Then
the associated trihedron (Eq. (2.1)) of the curve I" can then be represented in a matrix form as

JE
2 =AF (3.1)
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T(C) 0 k(¢) O
E(nm),A(o ) Tm).
p(Q) 0 ©(¢) O

If I'(C) moves with time t; then the trihedron {T, n, p} and the curvatures become functions of both ¢ and
t, we can compute the time evolution of T, n, and p to get

where,

OE
with noting that
T(( 1) 0 eQ3(¢t) eM(Gt)
E= n(C/t) ’ F= 0 0 _€Q1(C/t) .
p(C/t) 0 —€ Ql(C/t) 0

The motion of the curve I is detected by (1,05, and Q3 (which are the velocities of the moving frame).
One of the main results in this paper can be stated as in the following Theorem 3.1.

Theorem 3.1 (Equations of motion for an admissible curve of first type). Let I" be an admissible curve of the
first type in pesudo-Galilean space GL. For T curove, the compatibility condition is satisfied between (3.1) and (3.2),

ie.,
0 0E 0 OE

otdc  acat’
and we get a system of coupled non linear partial differential equations that describe the motion equations of the
curve via its frame field {T,n, p}

(3.3)

{Kt = e (—(XE%) 1 r0y), (3.4)

Tt = —GQlc.

Proof. Using the compatibility condition (eq (3.3)), which after some calculations yields the following
equation:

0A OF
a - aic + [A/ F] - 03><3/ (35)

where,
[A,F] = AF—-FA

is Lie bracket of F and A. In view of the above, Eq. (3.5) reads as follows:

0 kt—e€ (Qg,c +TQ2) —€ (KQl + QZC +TQ3)
0 0 Te+eQq¢ = O3x3, (3.6)
0 Tt +€Qq¢ 0
that gives
Kt = € (Q3¢ +1Q2),
Qo +xQ
Q3 =— (259, (3.7)
€-O-1C = —Tg,

which can be reduced to a set of coupled nonlinear partial differential equations in the form of (3.4). O

By dissolving the system (3.4) with the Mathematica software program [30], we can get the equations
of motion of the admissible curve I" for a given Q1, Q), (3 and the curvatures of the admissible curve
through numerical integration of Frenet equations (1). After choosing {Q1, Qj, Q3} in terms of the {k, T}
and their derivatives, the parameters {k, T, Q1, Qj, Q3} are a description of the moving admissible curve,
and the solutions generate the evolution of the admissible curve with time t.
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If {Q1, Oy, O3} ={71,0, k}, then the system (3.7) above takes the form:
Kt = —€ K¢,
Tt = —€ Tg,

k="f((—et), T=g(C—et),

which has the solution

where f and g are arbitrary functions of ¢, t.
The following sections some alternative models for specific curvature and torsion values, as well as
their representations in the pseudo-Galilean space G3.

First Model. Let I be a spacelike admissible curve with timelike normal. The curvature and torsion are,
respectively k = constant = —1, T = constant = 1, then the position vector of I" at t = 0 is [28]:

(0 = (¢, J (J[—Cosh(C + A)]dC)dC,J(J[—sinh(C + A)ld0)dD),

as well as,
() = (¢, —cosh({+ A) +B{+ D, —sinh({+ A) + CC+ F),

integration constants are A, B, C, D, and F. Also, the representation of the evolves curve can be seen in

. rirers

(b)t=0 ©t=1

Figure 1: With curve length 20 (—10 < ¢ < 10).

If we set A=B = C =D =TF =0, we obtain the position vector as

r(¢) = (¢, —cosh(), —sinh(C)),

which has the shape shown in Figure 2 in pseudo-Galilean space G..

Figure 2: With curve length 20 (—10 < ¢ < 10).

We get the numerical representation of the curve (as in Figure 1 at t = 0) is identical to the represen-
tation of the curve from its position vector as in Figure 2.
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Second Model. For a given I' as above, take k = cos(C+t), T = 2. The position vector of the curve is then
given relative to its frame from [28]:

f(() = (c,J(J[cos(acosh(J2dcndcmc,J(J[cosmsinh( J 240)1d0)d2),

which yields,
r(¢) = (¢, A(sin {sinh() + B{ + C, A(cosh(sin () + D{+ F),

the integration constants A, B, C, and D are used. And, the admissible curve T is represented by Figure 3.
Let'ssay A =1and B = C =D = F = 0, the position vector will be as follows:

e el

(b)t=0 ©t=1

Figure 3: With curve length 20 (—10 < ¢ < 10).

r(¢) = (¢, sin ¢sinh(, cosh{sin (),

which has the representation as in Figure 4.

Figure 4: With curve length 20 (—10 < ¢ < 10).

It’s worth noting that the numerical (Figure 3 b) and exact (Figure 4) representations of the curve vary
slightly.

Third Model. Similarly, Consider I" be a timelike admissible curve with spacelike normal. The curvature
and the torsion of I" are, respectively k = cos(C—1), T = sin({—t). When t = 0, the position vector of the
curve with respect to its standard frame can be represented as [28],

(0 = (¢, J (J[cosmcosh(ﬁsm(cndcndadc,J(J[cos(msinh( J [sin(¢)]d)1d0)d0),

or
(0) = (¢, % cos(C)cosh(e?) 1 cos?(C)cosh(c?) + CL-+ F, » cos(C)sinh(e?) 1 cos?(C)sinh(c%) + DL+ G),

with constants of integration A, B, C, D, F, G. The representation of the evolves curve is in Figure 5.

Now, after performing similar calculations to the ones we performed to find the evolution equations of
the curvature and torsion for the admissible curve of the first type, we found that the evolution equations
for the second type correspond precisely to the admissible curve of the first type if it is timelike, as stated
in the next Theorem 3.2.
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ey

(b)t=0 t=1

Figure 5: With curve length 20 (—10 < ¢ < 10).

Theorem 3.2 (Equations of motion for an admissible curve of second type). Let «(C) = (0,9(C), p(C)), be
an admissible curve of the second type in pseudo-Galilean space G}. The evolution equations for the second type
correspond exactly to the admissible curve of the first type if it is timelike. These equations are:

ke = (525220 1 10y,
Ty = —Q]C

Remark 3.3. We note that from the previous theorem the equations of motion are the same evolution
equations of the first type at € = 1. These equations correspond to the curve I" being of a timelike and its
principal normal n of a spacelike vector.

4. Evolution equations for an admissible curve via velocity vector

Let in pseudo-Galilean G}, I'(C) = (g, 9(C), p(C)) be an admissible curve of the first type. The relation
between motion of curves and also integrable evolution in several spaces, e.g., Euclidean, Minkowski and

Galilean spaces, has been studied in [1, 2, 22, 23, 26, 27]. ' =T'((, t) is assumed to be a point at time t on

the plane curve. The velocity fields of the traditional geometrical model, I (¢) = ﬁ—i =, such that

= AT+on+Yp, 4.1)

where

A=A(K Ks,...,T,T¢,...),

0=0(K,Kg, oo, T,Te)--),

Y =Y(KKepeoo)T,To,-0),
are velocity functions of (,t corresponding to the tangent, normal, and binormal along the curve, i.e,, it
is intrinsic quantities. Also, A, o, Y are the velocities in the tangential, normal, and binormal directions.

By using the Frenet frame (3.1), the dynamical equations of the tangent, normal, and binormal will be
obtained within the next Theorem 4.1.

Theorem 4.1 (The dynamical equations via velocity vector). In a pseudo-Galilean space G}, the dynamical
equations of the curvature and torsion of the evolving curve can be expressed in terms of velocities N\, o,V as

{Kt:(AK+GC+YT)C+(GT+YC)T, 42)
Tt

= [ (Ak+ o+ YD1+ (0T+ V) o)l
Proof. The condition of compatibility is specified as follows:

e =Tc,
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by comparing coefficients of T, n, p in the above equation, one gets

Ac =0,
€Q3=Ak+o0;+ YT, (4.3)
€Q2 = GT—FYc.

From (3.7) and (4.3), we have:

eQ = —%[(/\K-i- oc+YT)t+ (0oTt+ Y )cl,
€y =0T+,
€eQ3=Ak+o0;+ YT,

and the dynamical equations of the curvature and torsion of the evolving curve can be expressed in terms
of velocities A, 0,V as

ke = €2 [(Ak+ 0¢ + V)¢ + (0T+Y )1,

T = 2 [L(Ak+ o +YT)T+ (0T+Y ) e

Since, always €2 = 1, then the dynamical system (4.2) is obtained. O

We now consider, as an application, a model of curve evolution through local geometry using specific
values for the intrinsic functions A, 1, Y without losing generality.

Model 1. Consider the admissible curve I' moving in the space according to
It = 1p,

where we compensated in the equation (4.1) by the values A =1 =0,V = 1. Accordingly, the equations
of evolution (4.2) are translated into

2

Kt =T +TCT/

R o
T = [ (T +Te)le

which have two solutions as follows.

First Solution. One of the solutions of the system of equations (4.4) is given from:

K = 2C2( 1 +3tanh(c1t—|-02C+C3) ),
= —2cptanh (¢t +col+c3),

with arbitrary real constants cq,cp, and c3, as in Figures 6, 7, and 8.

FHY

(b)t=0 ©t=1

Figure 6: With curve length 20 and constants ¢; =c¢; = —2 and ¢3 = —1.
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i

b)t=0 ©t=1

Figure 7: With curve length 20 and constants ¢; = —0.2,c, = —3, and ¢3 = 0.1.

balbailal

(b)t=0 ©t=1
Figure 8: With curve length 20 and constants ¢; = ¢ = —1 and c3 =0.

Second solution. The second solution to the system (4.4) is written on the form:

K= 2C2( 1+3tanh (cit+col+c3)?),
T= Zcztanh (c1t 4+ caC+c3).

Likewise, graphs corresponding to some specific values of the constants ¢y, c2, and c3 can be seen through

Figures 9, 10, and 11.

(b)t=0 ©t=1

Figure 9: With curve length 20 and constants ¢; = ¢ = —1 and c3 =0.

@@@

(b)t=0 ©t=1

Figure 10: With curve length 20 and constants ¢; = c3 = -2 and ¢, = —1.
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@t=-1 (b)t=0 @©t=1

Figure 11: With curve length 20 and constants ¢c; =1, ¢c; =2, and c3 = 3.

5. Comparison between evolution equations in the different spaces

The properties of moving frames associated with curves differ from one space to another, such as the
Euclidean space [2], the Minkowski space [10], the Galilean space [23] and the pseudo-Galilean space
in this work. After studying the evolution equations in the pseudo-Galilean space, we found that these
equations are functions in the velocities. The choice of velocities has an effect on these functions. This
choice is based on space’s characteristics. It is possible to choose some values of the velocities according
to which the system of equations can be solved. Also, these values are not suitable for solution in another
space, due to the different properties of each space. We illustrate an example by choosing values for
velocities that solve equations in the Euclidean and Minkowski spaces [2], but they are not suitable for
solving in the pseudo-Galilean space, which indicates that the equations of motion depend on velocities
and these velocities differ in each space. We tend to conclude that the equations of motion have the
following form:

e first, the evolution via Frenet frame:
ke = f((Q1,02,Q3), Tt =9(0Q1,Q2,0Q3);
e second, the evolution via velocity vector field:

Kt = h(/\/nr T)/ Ty = W(/\,ﬂ/ Y)/

where f, g, h, and w have different values in each space. This means the equations of motion depend on
the velocities which differ according to each space.

6. Conclusion

The evolution equations for curvature and torsion for the admissible curves were obtained in the
three dimensional pseudo-Galileo space G3. This was accomplished by applying compatibility conditions
using the curve Frenet frame differentials for arc curve length parameter and time. Then we solved the
resulting system of coupled nonlinear partial differential equations numerically using the Mathematica
software program. As an important result, we observed that all evolution equations could be obtained by
researchers in Euclidean and Minkowski 3-dimensional spaces via frame fields or via the velocity vector
are consistent with our study in the pseudo-Galilean space G.. In these studies, they all depend on their
velocities, but velocities do not have to be the same. For example, velocities values can be chosen in one of
the spaces to provide a solution to the system of evolution equations that cannot be provided in another.
Also, we provided some models as application for the evolution equations for admissible curves and get
the solutions for these new equations. A natural extension of this work is to generate surfaces from the
given evolving curves and to study the evolution equations of surfaces in the pseudo-Galilean space G3.
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