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Abstract The aim of this paper is to apply the necessary and sufficient conditions of well-known Lagrangian equations
with time dependent case for Minkowski 4-space. Many fundamental geometrical properties for time dependent Minkowski
4-space have been obtained in this paper. The energy equations have been applied to the numerical example in order to test
its performance. In the numerical examples, we have studied with two time parameters (earth and space time) for accordance
to Minkowski 4-space coordinates. This idea is an interesting approach to energy function with Earth-time and Space-time in
physical comment. Moreover, velocity and two time dimensions for energy movement equations have been presented a new
concept. This study show some physical application of those equations and interpretations are made in Minkowski space too.
Results showed that Lagrangian functions for any surface are same type and depend on time coordinates.

Keywords Minkowski 4-space, Jet Bundle, Lagrangian Mechanical System, Euler-Lagrange Equation

1 Introduction

Many of the problems in classical mechanics may be solved based on Lagrangian energy equations using Euclidian space,
but none of them are calculated on the Minkowski 4-space. Metric structure of Minkowski-4 space different from Euclidian
space. For that reason, to solve mechanical problems on jet bundles is difficult. Therefore, this study obtains coordinates
Minkowski 4-space by forming jet bundles at first. Second energy equations are solved using a mentioned equations.

In mathematical physics, Minkowski spacetime is a combination of the three-dimensional Euclidean space and time into
a four dimensional manifold. Higher dimensional spaces have since became one of the foundations for formally expressing
modern mathematics and physics. Time is divided into world time and spacetime. As the union of these times with Euclidean
space, it is convenient to use Minkowski 4-space in mathematical physics. The generalization of classical spacetime is
permanently a subject of the contemporary mathematical investigations as we can see for example in the references [1, 7, 8] .
To follow these research in physics as a first step, we prefer to solve Lagrangian energy equations on the Minkowski 4-space
which is based on a jet bundle structure.Works on generalized Minkowski spaces in the references [2, 3, 12], the time-space
manifolds and studies for time-dependent Lagrangians can be seen in the references [4, 17].

Inclusion of time dimension for solving Lagrangian energy equations on Minkowski 4-space is an important parameter
that improves the Lagrangian system for which we propose to take time derivative coordinates on Jet bundle.

The constraint, real, complex and Para-complex structures on the time-dependent Lagrangian systems can be researched
in [7], [13] and [16].

Aycan [7] proved that the jet bundle structures are not changed for Lagrangian energy equations. But, since jet bundle
structure included time dimension, it may be easy to solve energy equations with this parameter.Furthermore Aycan and
Dagli [8] improved Lagrangian energy equations on complex jet bundles. Also, the presented method in [8] has easily
indicate Lagrangian mechanism formulation on a space which has a complex dimension.
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Lagrangian equations are solved with real bundles by [14] and [16]. Minkowski 3-space and its geometrical properties
were researched in [5]. Mechanical systems with time parameter were investigated in [9] and [10]. But none of them as
far as our knowledge not solved with Minkowski jet bundles using time dimension and time derivatives on coordinates in
Minkowski 4-space.

The brief introduction of Lagrangian systems are given in the following way.

If Q is an m-dimensional configuration manifold and L : T'() — R is a regular Lagrangian function, then there is a unique
vector field X on T'Q and w is a 2-form on 7™, such that

iXLwL :dEL (ll)

where E, is energy associated to L ([14] and [16]). The so-called Euler-Lagrange vector field X is a semi-spray or second
order differential equation on @ since its integral curves are the solutions of the Euler-Lagrange equations ([14] and [16]).
The triple(T'Q, wy, L) is called Lagrangian system on the tangent bundle 7'Q [15].

Let, L : RxTQ = J(R,Q) = Rand TQ = {t} x TQ be Lagrangian function. The coordinate system on 7'Q is
{gi,vi}.

The Poincare cartan 1-form on the 7*() associated with L is;

arp = dyjL+ Ldv;
oL
= -—dg; + Ldv;
(%i

The Poincare cartan 2-form associated with L is
Qp =ddyL+dL A dv;
If the paths of semisprays verify the following expressions;

d 0L oL

ﬁ(@)_@ = (1.2)

1.2 is called as Euler-Lagrange equation.

2 Bundles on Minkowski 4-Space

Let (E, 7, M) is a bundle where E and M are manifolds and 7 : E — M is a surjective submersion. F is called the total
space, 7 is the the projection and M is the base space. This bundle denoted by 7 or E. The first jet manifold of 7 is the set
{J;d) peM,pel’y, (7r)} and denoted by J'E. Here, ¢ : M — E ¢ is a map and called as section of 7. If it is satisfies
the condition 7 o ¢ = id}, then the set of all sections of 7 will be denoted I ().

Let (U, u) be an adapted coordinate system on E, where u = (z;, u, ). The induced coordinate system (U, u!) on J'E
is defined by

Ut {Jpd:0(p) €U}
! (xhuouug)

u

where z;(J)¢) = i(p), ua(Jyd) = ua(p(p)) and new functions uf, : U' — R are specified by u/,(J)¢) = ?9(% (p) and
;

are known as derivative coordinates [7]. Using those coordinate system, the following coordinate system are proposed to
Minkowski 4-space.

Let the bundle structure (Ei‘, T, R) and the coordinates of the manifold Efare (x1,x2,x3,24), the coordinate of the
manifold R is (¢). In addition the coordinates of the manifold J' E{ are (¢, 1, x2, ¥3, £4%1, T2, T3, 24).

Then derivative coordinates are writen as

Xr; = .

dt

3 Lagrangian Mechanical Systems For Minkowski Space with Jet Bundle

The Minkowski 4-space E7 is the Euclidean 4-space E* provided that the standard metric given by

g = —da? + da3 + dai + da?
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where (21, 2, 23, 24) is a rectangular coordinate system of E*. Here, g denoted the metric construction and d is the dif-
ferential form. Since ¢ is an indefinite metric, vector v € Ei‘ is one of three Lorentzian characters; it can be space -like if
g (v,v) > 0org(v) =0, time-like if g (v,v) < 0 and null if g (v) = 0 and v # 0. Similarly, an arbitrary curve oo = o (s) in
E{ can locally be space-like, time-like, or null(light-like), if all of its velocity vectors o are respectively space-like, time-like
or null, for every s.

T is the set of all time-like vectors in Ei‘. For Vu € 7; the set

C(W)={Z er: (U, 7)<0}={T €B}:g9(x—ux—u) <0}
defined as timecone [1] and [11].

Theorem 1. The time-like vectors @ and 7 in Minkowski 4-space E} are in the same timecone (Figure-1),

C timecone

v
<

Light-like

Figure 1. Figure-1,timecone

(Z,Y) = — | Z|| /|| cosh 6 and here 0 is the Lorentz time-like angle between & and yf vectors.

Definition 1. Let J is a tensor field of type first-order covariant and first-order contra-variant such that J : T (J 1Eil) —
T (J'EY) by

0 0 0 0 0 0
J(axl) T J(m) diy’ J(axg) J(au) i
0 0 0
J (ax) =7 (m) / (ax) <ax>

J 9 ——‘xi#:c im 0 +x
ot) — o | 0re | Oas 4ax4

(3.1)
J can be calculated as a tensor field from 3.1, as
J = (—d.’)ﬁl — .’lfldt) X i + (dmz + fzdt) X i
0% 07
+ (das + 2sdt) x 2, (dawy + Z4dt) x 9 3.2)
03 0xy
This tensor field is the almost tangent structure and especially J? = 0.
A semi-spray is a vector field over E} and defined as below;
e = 9 5% 2 20
ot oy P ows P Ory ' Om
0 0 0 0
°1 8331 te 8372 tes 8.’173 tee 8$4 ( )
By calculate J(¢), then equation 3.4 are found
0 0 0 0
V=Je=-201—+420— +2x3—— + 204 —— (3.4)

a 82 83 8$4
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which is called " Liouville vector field”.
Moreover, ”Poincare-Cartan I-form” is written as:

OzL:dJL+Ldt

oL oL oL oL
= - dt dt dt dt
ar 96181 +$282 +$383 +$4a4
oL oL oL oL
——d d —d —d Ldt
95 0, T B
Then we can write differential operator d,
0 0 0 0 0
d = —dt—_——d —d —d
ot T B M T Gy 1 g, M g,

. 0 0 a .
———dzr1 + —dxy + —dxs + —dzx
8$1 1 8 i) T2 8 €T3 3 8$4 .
By differentiating oy, to d, ”Poincare-Cartan 2-form” is obtained by

Qp=dd;L+dL Adt

But, for this writting, we can assume notations for negative terms. We denote this notations as follows;

-1, 1=7=1
5ij: 1, 222 ve Z:]
—1, i>2 ve i#]

. 0, 1=y
Hii = -1, i#j
SO
4 82L 4 32
Qp = 0; dr; \dt (5

n oL I oL

0?L 2L oL
+ ( * xj)'ujaxif)xj] 8.1‘1

. 0?L
(dz; A dt) (Z J; xﬂamza )

- il [(dxg A da;) 8

ijq -
i,j= 61‘161’]

Definition 2. Solutions of the Euler-Lagrange equation can be found by assuming i.Qp, = Qp, (¢) = 0.

i.Qr = Qp (¢)

4 oL 5 4 oL
-4 ataxﬁg S 2

i/ oL oL )
i 20;€; 261 ——dt
E(””m* g >+5131

4 oL
Z 7 &rlaxj)

117

(3.5)

(3.6)

3.7)
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)=

4 0%L oL 4 0%L 0“L
+ {22 ((%é)xi 833%) + i'z,:1 ( €J 8.’17181‘7 + H ]l' 8wi8xj

0?L . 9L

3,7=1 t,j=1

By equalizing equation 3.8 to zero, then 3.9 are obtained.

0?L 81; 4 9 /A4
— Z . L - i
Btaxl 81‘1 (lg: 6 Ti + > 6 (Z &i 6le>

4 ) o2
+i:§:1 Hig%s (63@@9&7 Ox. 8x1>

0?L oL 0 oL
C9tdr,  Owg (E 6% : +L) * 0y (Z Elaxl)

111

* Dtozs 8t8x3 61'3

4 . 0*L 0*L
_1:22,]:‘:1 ﬂijl'j (8:@8% axj(?:m) 0
>0 JCZ 5 —I— L>

9?L oL <4

4 . 0%L 0%L
— il — — . =0
1‘:3%:1 Hig®; (61‘161‘] 8l‘j8$i>

%L oL (& 0 1 OL
v ML, Oz (1¥ b xz .i > - 0y <1¥1 Ezafﬂz)

4 . 0%’L 0%L
_ i i =0
1 427;‘—1N i (8&618% 8;@8%)

4 4
V:i. Zéiria—LJrL +i Zria—L—L =0

0L 4 0L 4 9L
{ Z Y Som otoxz; + Z 0iiti (Z % o 0z;0x; + Z € 8x18x3>

=1

oL |
+ 3 dyh i g0 { 2 O (Ij 05,07, " 04,04,

(3.8)
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4 oL oL oL
i + 20,6, — 2e =
) (‘” oz, © sa:cz)* o 1} 0

(3.9)

3.9 represents a non-linear equations system. For solution of this non-linear equations system, we can assume a special
initial condition as follows,
€1 =1, €2 =T, €3 =1I3, €4 =14 (3.10)

In equation 3.10, first term must be negative, because, Minkowski metric is defined as (—,+,+,+) in this study. Then
following equalities can be hold;

@y (1) = 2o (IT) — Zs(I11) — Z4(IV) + 21 (V) — 29(VI) — 23 (VII) — 24 (VIII) + (IX) = 0

(3.11)
Solving 3.11 the following equation can be obtained. We can write 3.11 in a general form as follows,
0 oL . 8L 1 0L & oL
~ 5 (sz l) T (5 szaxl Z; Z; l)
oL 4 oL oL oL
+ (0 2a0r ) (z% ) (Zagr) <z Jax)
4 oL 4
(5 Emz +Z xz . )—&-le -
" (3.12)

This is Euler-Lagrange equation and its solution is the semi-spray on the bundle J E?.
Following examples show an application of equation 3.12.

Example 1. We are analyzing the energy emerging by the movement of a particle 'm’. First, we assume that this particle
in the space. It moves on a space-like curve towards to earth. If it falls on the earth surface, it will be on a null vector in
Minkowski timecone. Then its movement continues on a time-like vector. Also, we can accept the movement in timecone
occurs on a helix curve, which is lay in timecone. For examine the occurence energy for this movement, we can constitute
Jjet bundle structure for this helix for time parameter. On this cone, when it can be said for the time past or future, then it
can be studied only time-like vectors.Also, first jets must be time-like vectors. Because, space-like and null vectors define in
this space, but it can’t define continuity the movement of the particle. The event must be materializing in timecone, also the
vectors, which we use, can be time-like vectors. Now, we take into account the helix curve in the cone.
Figure-2 denoted the helix curve on the sphere in Minkowski 4-space,

Figure 2. Figure-2,helix on timecone.

Figure-3 denoted the movement our particle.
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null

space-like

'\, time:like

future \,

Figure 3. Figure-3, Movement of article on Minkowski helix

Minkowski helix is defined as (r sinh u6, r cosh u# sin 0, r cosh uf cos 0) [1]. Here r is radius function and related to time
parameter, v = r(t). 0 is the angle, which is between tangent vector and curve in all points and it is a fixed angle. If this

helix curve be time-like, then it must be provided the inequality <o/7 oz/> < 0 and the angle 0 in two time-like vectors can be
defined with equality (7', ) = — || Z|| ||/ || cosh 0. The velocity vector for this curve is

o' (0) = (rsinhub, r coshuf sin 0, r cosh uf cos )
= ur cosh uf, ur sinh uf sin 6 + r cosh uf cos 0, ur sinh uf cos @ — r cosh uf sin 6)
If this curve is time-like, then it will satisfy following equality

<a/,oz/> =2 (cosh2 uf — u2) (3.13)
So, parameter u can be provided the inequality
—u < coshuf < u (3.14)
The jet bundle coordinates for this helix are
(s,t,7sinh uf, r cosh uf sin 0, r cosh ub cos 0,
i, sinh ud, 7 cosh uf sin , 7 cosh uf cos 6
(3.15)

Here s is a space-time parameter, t is earth-time parameter. In this example, for the harmony with the number jet bundle
coordinates in Minkowski 4-space E{ and for the physical comment, we must accept two-time parameter. On the other hand,
this is a reality, because time for space and earth different each other. With using this coordinates and with simplication in
terms in the equation 3.12, we can obtain Euler-Lagrange equation for this helix as follows,

1’582L 5 2L 2 2L i 02L +i8L
_ _ 3 _ oL
st Jsor IOt otor Ot
. O%L 2 592

iy OL g2 0L | g 0L 2 O°L

Arot oror or Aot

2 2 2

i L g2 0L g O L GO0

orot oror orot or

(3.16)

Now, we calculate the solution of this Euler-Lagrange equation. Here, the Lagrange function is L = L(r,t) and radius
Sunction is r = r(t); so Lagrange function is connected with time and radius parameters, radius is connected with time
parameter.

For calculating this equation, we consider

dt
— =k, (kisa constant)

ds
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It can be a fixed relation in space-time and earth-time parameters. Furthermore, this assumption is not enough alone. Hence,
we consider

%:)\éL:M'and%:uiL:ui.

dr dt

We know that L energy function include time and radius parameter, and then it included derivative time and radius
parameters coming from jet bundle structure too.

With calculation the equation 3.16, we get solution of Lagrange energy function;

3
L=—=-)\r (3.17)
2
Furthermore, radius function
ﬁ—férér—e*%‘“
ds 2 B
_31
= r—=e€ 2k
Then the energy Lagrange energy function can writen as
3
L= 75)\6*%% (3.18)

From 3.18, with our acceptance, time parameter is one of the main parameter. Time has an important role on the
occurence energy for the movement. On the other hand, when the ratio of the time in Minkowski and earth space is k, the
ratio of the speeds in Minkowski and earth space is k too. So we can write,

2
‘ Cﬂ% \/1 + <Z:;) cosh 2u0
da - dr\ 2 =k
ds (d) cosh 2uf — k2
s

and

9 3
\/1+4er = cosh 2uf

=k

\/2635 cosh 2uf — k2

also we obtain

t=—-1 3.1
3" 9 (k* — 1) cosh 2uf (3-19)

k l 4k (1 + k4 1

with this conclusion we can calculate the Lagrangian energy in following way. When we write this values in equation 3.19,
we calculate k parameters for A = —1. Then,

t=1=k=—4,302932807 = L = 2, 125622176
t=2=k=—5 336423366 = L = 2, 631724656
t=3=k=—6251374542 = L = 2, 149823941
t=4=k=—7093059294 = L = 3,495101613

This is showed that, when time is larger, the Lagrangian energy values are almost same. Lagrangian energy values are
accelerate slowly, because the movement on the helix curve are occured regularly.
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null .
e -

space-like

future

Figure 4. Figure 4. Circle on timecone

Example 2. In this example, we define a circle in timecone (Figure-4).And, we are analyzing the movement of the particle
‘'m’ in this circle. For this reason we want to define the jet bundle structure for the circle. The jet bundle coordinates are,

(t,rcos 0,7rsind,u,rcosf,rsin 9,0) (3.20)

Here s is a space-time parameter, t is earth-time parameter. On the other hand it can be seen from the figure-4, this
circle exist in any plane on the z axis. From this the paramater u, has a constant value. With using this coordinates and with
simplication in terms in the equation 3.12, we can obtain Euler-Lagrange equation for this circle as follows;

o 8L Y 0L B iz 9L ok 0L N tai
OOt 0sOr ot otor ot

0%L 2 0%L 0L  20%L
-+ 4r -+ 2r— +t ——
Arot oror or Btot

—2t7

2 2 2
OL | 20 L 5 0L 90y
orot oror Arot or
(3.21)

+2t7

Here we assume that
dt
— =k, (kis a constant)

ds

too. Also, the following equation is obtained in similarly way

I g \r (3.22)

Futhermore
dr 4 N _%9
B e 1
ds 3

_4
3

e+

=r=e

Then,
4 ,
L= —gAe—%% (3.23)

If it is noticed that, Lagrange function in 3.18 and 3.23 is similar. The difference between this equations is the constant term
in exponential phase. Also, we can calculate the Lagrange energy in the similar way with example one. Here we obtain
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,/1+(
dar
ds

16
9k2©

ﬁ 2
dt
=k
2
— k2
8t
3k
k2

da
dt
dal| —
ds

il

_8
—e 3% —

and

N

t=—

2 4
3k [91@ (1+KY) G24)

8| 16(k1—1)

Then, with this conclusion we can the Lagrangian energy for circle in following way. When we write time values in equation
3.24, we can calculate k parameters for A = —1. Also,

t=1=k=—2297972884 = L = 2,38191218
t=2=k=—3 109688970 = L = 3,14312310
t=3=k=—1,00009442, = L = 72, 77004149
t =4 = k=—1,000006557 = L = 276, 1600076

It is showed that, when time is larger, then Lagrangian energy values increase very fast. Because, the mobile object on
the circle falls free, also this object speed up very quickly. Finally, it arrives the speed of light.

4 Conclusion and Discussion

This study investigates the possible enhancement of Lagrangian equations on Minkowski space. Furthermore, in a dif-
ferent space model, jet bundle structure on Minkowski 4-manifold has been constitued in this paper. This bundle has been
generated a form from real bundle structure. The application of energy equations with respect to two time parameter have
been taken into account on jet bundles on the helix curve and on the circle on timecone provide for testing the solution
methods. The following results can be droven from this study.

1)Lagrangian energy equation for Minkowski 4-space can be improved by taking into account time dimension using jet
bundles.

2)Explanation about negative defined metric form for Lagrange equations on Minkowski 4-space using jet bundles are
corresponded to equation 3.12, that leades to a general form of Lagrange equation in 1.2. The main difference in this
equations is the negative term coming from Minkowski metric and derivative coordinates coming from Jet bundle structure.
If this metric takes positive in all terms, then we can calculate the Euler-Lagrange function in Euclid space in the same form.

3)Given examples showed that proposed non-linear partial differential equations can be solved with respect to special
acceptance, which are compatible to physical and mathematical reality.

4)Physical interpretation of this improved Lagrangian equations in this paper may be leaded to further invastigates. This
is a interesting study, because this space model is preferred for physicants. One of the interesting conclusion of this study is,
when the time is very big, the Lagrangian energy of a movement particle can be seen in a static case. Two time parameter is
a reality for a space model. Thus, studying with Minkowski 4-space is a natural phenomena. And this study is a generally
research for Lagrangian energy depended on time.

5)As a result of equation 3.18 and 3.23, if a partial is too fast then the Lagrangian energy is a stably state case. Similarly,
if time is too long, then the Lagrangian energy is a stably state case.
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6)All examples showed that, Lagrangian energy values increasing in a certain role and approach a fixed value. Obviously,
this energy converge the speed of light. In the example one, the movement on the helix curve is a regaularly movement. This
movement occurs the form of slip on helix. Also, energy values accelerate slowly. But, in the example two the movement
on the circle is a free movement. This movement occurs in the form of falling, so the energy accelerate very speedly. This
conclusion is the most striking results of this study.
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