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The aim of this work is twofold: First, we extend the multisymplectic geometry already
done for field theories to the relativistic mechanics by introducing an appropriate con-
figuration bundle. In particular, we developed the model to obtain the Hamilton—De
Donder-Weyl equations to the movement of a relativistic charged particle immerged
in an electromagnetic field. Second, we have found a direct relationship between the
multisymplectic geometry and the k-cosymplectic structure of a physical system.
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1. Introduction

In recent years much work has been done with the aim of establishing the suitable
geometrical models for making a covariant description for both models: the field
theories and the relativistic mechanics.

There are different kinds of geometrical models. We have the so-called k-
symplectic formalism which uses the k-symplectic forms introduced by Awane [1-3],
and which coincides with the polysymplectic formalism described by Giinther [4].
From this geometrical model many of the characteristics of the autonomous Hamil-
tonian systems arise from the existence of a natural geometric structure with which
the phase space of the systems is endowed by the symplectic form (a closed and
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one-nondegenerate two-form). A natural extension of this is the k-cosymplectic for-
malism which is the generalization to field theories of the cosymplectic (k = 1)
description of non-autonomous mechanical systems [5,6]. On linear frame bundle,
soldering forms are also polysymplectic forms where their study and applications
to field theories constitute the k-symplectic geometry developed by Norris [7-9].

Among the different geometrical models cited above for describing field the-
ories, there are multisymplectic models [10-13], first introduced by Kijowski and
Tulczyjew [14-16].

On this model, the multisymplectic manifold is endowed with a closed and
one-nondegenerate k-form. In this study, we are interested on the Lagrangian and
Hamiltonian formalisms.

The jet bundles J'7 are the appropriate domain for the construction of the
Lagrangian formalism [17-22]. In particular, this formalism is constructed for
(hyper)-regular and singular field theories Roman-Roy [23].

The Hamiltonian description presents different kinds of problems because the
choice of the multimomentum bundle for developing the theory is not unique [24]
and different kinds of Hamiltonian systems can be defined depending on this choice
and on the way of introducing the physical content the “Hamiltonian” [25-30]. To
overcome this difficulty [25], all kinds of multimomentum bundle are subbundle
of a larger one which is the extended multimomentum bundle. In the Hamilto-
nian formalism, the standard way of defining Hamiltonian systems is based on
using Hamiltonian sections [31] and which are the Hamiltonian counterparts of
Lagrangian systems. The construction of these Hamiltonian systems is carried out
by using the Legendre map associated with the Lagrangian system. This problem
is particularly studied for the (hyper)-regular case [22,32] which is developed in
the restricted multimomentum bundle and for the singular (almost-regular) case
[21, 33, 34] is not defined everywhere in the restricted or the extended multimomen-
tum bundles, but it is developed in certain submanifolds in one or the other of
them. These constructions are reviewed in [23].

In the geometric description of field theories, the most interesting subject con-
cerns the field equations. In the multisymplectic models, both in the Lagrangian
and Hamiltonian formalisms, these equations can be derived from a suitable vari-
ation principle: the so-called Hamilton principle in the Lagrangian formalism and
Hamilton—Jacobi principle in the Hamiltonian formalism [17, 19,24, 25]. Particu-
larly, for the hyper-regular theories, the variation principle leads to Hamilton—De
Donder—Weyl (HDW) equations by using special kinds of integrable multivector
fields (holonome multivector fields) [23,25], which make these equations in a suit-
able geometric formulation [35].

The purpose of this paper is to extend the multisymplectic geometry already
done for the field theories to the relativistic mechanics. Using this extension, we can
define new kinds of holonome multivector fields which verify the Hamilton principle.
In particular, in Hamiltonian formalism, we obtained the HDW equations describing
the movement in mechanics.
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The paper is organized as follows: First, we summarize the multisymplec-
tic geometry field theories, in particular in our work, we pointed out that the
hyper-regular field theories can be developed on a configuration whose base is iden-
tified with the flat space: Minkowski space. All these aspects are discussed in Sec. 2.
Then, we develop our model of multisymplectic geometry for relativistic mechan-
ics in Sec. 3. Section 4 is devoted to retrieve a relationship between the symplectic
two-form wy, of the k-structure (k-symplectic and k-cosymplectic) and the Poincaré—
Cartan form €7, of the multisymplectic geometry. Finally, in Sec. 5, we develop the
multisymplectic model given above in Secs. 2 and 3 separately to study the dynamic
of a free electromagnetic field and the movement of a charged particle immerged in
an electromagnetic field A, respectively.

2. Multisymplectic Geometry for Classical Field Theories
2.1. Lagrangian formalism

The field theories are the classical limit of quantum fields’ theories. Those are
the fields, such as gauge fields of Yang—Mills, which interact with matter fields.
A geometric description has already been done [36] in building a principal fiber
bundle G x S%2 where G = Lie group associated in this case to the quantum
fields of Yang—Mills. This fiber is above a database the flat space: Minkowski space
(k = 4) which coincides with the form of the Lagrangian of fields that we studied
(i.e. Lagrangian which is only explicit on fields not on the database coordinates
(2),,—53)- The classical limit of these Lagrangians corresponds to the study of fields
without constraints (this coincides with the abstraction of ghosts which corresponds
to the S%2 group). The favorable principal fiber of configuration is E = G(G = N)
and the structure in this case is four-symplectic (i.e. Lo € (T{N)). How to use the
multisymplectic geometry of such theories? This problem is solved in Sec. 4.

In this section, we are going to summarize the multisymplectic geometry given
for studying the dynamic of field theories [23, 25]. In particular, we are going to con-
centrate ourselves on dynamic of most general case of field theories: theories whose
Lagrangians are explicit on database coordinates (z#),_g3 = (z° = ct, (2'),_13)
and are hyper-regular. So, we follow the following steps.

Let w : E — M be a fiber bundle with M the base space, that we choose, is a flat
manifold i.e. the Minkowski space with global coordinates {z*}. 7 is the pull-back
of a section ¢ : M — E

xﬂ—>(xM7yA:¢A(xp)); M:O7"'; Azl?""d’

where {y} = physical fields. These fields {y*} are presented by a fiber above each
(z#) of the base space M. The set of fibers is denoted by the space N so the fiber
bundle £ will be

E=R'xN. (1)
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Let 7! : J'm — E be the first-order jet bundle of 7. By using (1),
J'n = R* x T} N, (2)

where T} N is the Whitney sum of four-copies of the tangent space TN at the
space N with local coordinates (y#,vA),dim T}/N = 5d. ©' is the pullback of a
section which is a mapping ¢ : E — J'z. If ¢ is a global section of 7! such that
7t o = Idg, 1 is called a jet field. In this case ¢ is an integral section of ¢ and
Y o¢=jl¢ (where jl¢ : M — J'm denotes the canonical lifting of ¢) and 1 is the
integral jet field.

If (x,) is a natural local system on M, (x,,y*, v2) is the induced local coordi-

nates system on J'7 where

j1¢(xv) = (xvvyA7v;;4) = (xv7¢A(xP)v 8U¢A(.%'p)), (3)
with
A
= 99~ 2 = velocity of field.

Let ™ = mon!: J'w — M, where 7' is the pullback of the section J'¢.
A Lagrangian density is usually written as L = L(7'*n) where L € C>(J'r) is
the Lagrangian function and 7 is the volume form on M (n € Q*(M)) with

n=dz® = da® Adaxt Ada? ANda®, k=4
By using the natural system of coordinates defined on J!7, the expression of the
Lagrangian density is:

L = L(z", y*, vf)dwo Adat A da® A dad. (4)
And the expressions of 0 and €, the Poincaré—Cartan four- and five-forms are
respectively [23]:

oL

L
0y, = dyA/\dk_lacv—<a A

v
ATv
vy

Sod L) d*z and Qp = —dfy € Q°(J'7),
(5)

where d* 1z, = i( 52 )d" .

Let T'(M,E) be the set of sections {¢} cited above and (J'm, Q) be the
Lagrangian system. The Lagrangian field equations can be derived from a vari-
ational principle called the Hamilton principle associated to the Lagrangian for-
malism which is given by:

(X)L =0, (6)
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where {X1} C x}(J'm) is a class of holonomic multivector fields associated to
jl¢ (X1 is ®'-transverse, integrable and SOPDE). The local expression of X, is
given by:

) L0

0
X, — FA— v
L= Qv v oyA Yo’ (M)

A_ A A _ Py*
where Fv =, and va— Doz

By substituting (7) and (5) in (6), the Euler-Lagrange equations for the fields

satisfy:
oL 0 oL SN -14d
(@7_@<w)>03¢_0 vA=Ld ®

In this case av‘{f# # 0, V(y) € J'm, the Lagrangian is hyper-regular (reg-
I v

ular globally), so we can associate a Hamiltonian formalism equivalent to the

Lagrangian one.

2.2. Hamaltonian formalism

At this (J'm,Qp) the associated extended Hamiltonian system is (M, 2) where
M is a subbundle of the multicotangent bundle of E (i.e. Mm C /\4 T E the total
exterior algebra bundle) Mm = /\;L T*E,dimMnr=d+4+4d+1=5d+5 [25].

Let 0 and €2, the multimomentum Liouville four- and five-forms defined on M.
If the local coordinates (x", yA,pf47p) in M, the local expressions of these forms
are:

0 = p’j\dyA ANdF 1z, — pdFa,

(9)
Q= —df = —dpY A dy* Nd* 'z, +dp A dFx.

Let FL be the extended Legendre map FL : J'7 — M. In natural coordinates:

oL
OvA’

v

FL 2" = 2", FL*yA = yA, FL*P? =
(10)

L - ~
=v)=——F—L, FL'9=0, and FL*Q=Qy.
ov;,

FL*p
Because (J'm,Qp) is hyper-regular, it is equivalent to a Hamiltonian system
(J17*,Q1) by a global diffeomorphism FL called the restricted Legendre map
associated at L. Let J'7* be the restricted multimomentum bundle associated
at 7 : E — M, so, Jl7* = R* x (T})*N where (T})*N is the Whitney
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sum of four-copies of the cotangent space T*N at N spawned by (y4,p2) and
dim J'7* = 5d + 4(dim (T})*N = 5d).

Let the natural submersion p : M7 — J'7* and FL := puo FL: J'm — J'n*.
The coordinates of both bundles are related by:

oL

FL'z’ =o', FLy'=y*, FLp} = 2=,
’U’U

(11)

where (z,,y?, p:}) is a natural coordinate system defined on J'7*.

To the projection p, we associate a section h : Jlm* — M. It is called a
Hamiltonian section which carries the physical information of the system. We can
do the following remark that, in the case of free fields, the Hamiltonian section
is specified by a Hamiltonian function h € C*(J'7*) (i.e. h is defined globally
on J'7*), thus the map h = p~! = FLo FL™'. Locally, the Hamiltonian section
h(z®,y4,p4) = (2°, 94,04, p = —h(z”,yB,p})) is specified by the Hamiltonian
function

h = (FL™Y)*L — p%(FL™')*vA. (12)

On J'7*, the local expressions of the Hamilton-Cartan four- and five-forms are
defined by:

0y = pYdy™ Ad* 1z, + hd"z, (13)
Q= —dby, = —dpy Ndy® Nd*rx, — dh A dFe.

By substituting (11) in (13), we obtain (5):
FL*0;, =0, FL*Qn,=Qr.

In order to obtain the Hamiltonian fields’ equations equivalent to those obtained
by the Lagrangian formalism (8), we use the Hamilton—Jacobi principal:

i(Xn)Q = 0, (14)

where X, is the HDW multivector field (i.e. HDW multivector field is a class of
integrable and 7-transverse the multivector fields {X,} C x*(J17*)):

0 4 0 , 0
X = gy + F; Gy +GA”(9pi‘ (15)
with
A oh . _ Oh

v o @7 Av — _ay—A
and 7 : J'7* — M pullback of an integral section ¥ associated at ¢ such that:
FLoJ'¢:=V:M — J'n*. (16)
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Finally, in a natural system of coordinates (z", yA7p’j4) in Jl7*, W satisfies the
following system of equations:

Ay o 1) Oh _ Oh
_— = ) \I] = — s
oxv opYy oY |y
(17)
dwiow) _ on L on
Oxv Oy oyt

These equations are known as the HDW equations of the restricted Hamiltonian

system.

We define the vector Z = (y#,p}4)? and Vz = (Oya,Opu) for A = 1,d and
p = 0,3 where both the components {y*} and {p;} are unconstrained in Jl7*.
Having regards to the choice of the configuration bundle E and the Lagrangian of

fields, if we explicit the Hamiltonian equation fields (17), we obtain:

oh
dyA
Oh yA yA
oY 0 -1 0 0 O 0 0 0 -1 0 O 0
oh 1 0 0 00 P4 0 0 0 0O Pa
ot | =0 0 o0 ofa|p [+t o 0 0 ofaph
0 0 0 0 O 2 00 0 00 2
Oh Pa DA
— 0 0 0 0 O 3 00 0 0O 3
o Da Da
ah Jo J1
op3
A A
000 10 Y 0000 -1 Y
0 0
000 0 0 Pa 0000 0 Pa
000 0 O0fd]|py|+|0 000 0/1]0]0pry
10 0 0 O 2 0 000 O 2
PA P4
000 0 0 : 1000 0 :
Pa Pa
J? 3
(18)
The system (18) can be contracted naturally [35] in:
(J10,)Z =V zh. (19)
~——
Ja

Equation (19) is the contracted form of the HDW equations for fields whose com-
ponents are independents (i.e. unconstrained).

The explicit matrices {J#} ,_g= [37] associated to the operator Jy are obtained
naturally, where J# are 5 x 5 skew-symmetric constant matrix for “A” fixed. The
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partial differential 0,, appearing in Jp is associated to the coordinates (z,) of the
flat space: Minkowski space. The system (19) can also be written as:

Vzh=—i(iJ"d,)Z = (e7™ —1)Z. (20)
N—_——
X

3. Multisymplectic Geometry for the Relativistic Mechanics
3.1. Lagrangian formalism

By analogy with the work already done for the field theories, we extend the idea to
the relativistic mechanics.

Let m: E = Rx N — R, where FE is the configuration bundle, R as a base space
spawned by (ct) as global coordinate and N = R? is the fiber above each point of
the database (dim N = 3 and dim & = 4). Let (¢"),_53 = (q° = ct, (qi)i:ﬁ) be
a natural coordinate defined in E. If the configuration bundle E can be equipped
with a metric n** = (1, -1, —1, —1) such that ¢* = n*”q,, in this case E coincides
with the Minkowski space. We note that “c” is speed of light and (qi)i:ﬁ are the
generalized coordinates. 7! : J'm — FE is the first-order jet bundle of 7. In this
case, the section j'¢: R — J'm := R x TN and where dim J'r = 7.

The natural coordinates defined on J'm as done in (3) is (¢", ¢*,¢*) and the
global integral section j'¢ such that:

19() = (.06 = 610 = a0, 50" = 0 = S0 = T 7).

We define the Lagrange function L : Rx TN — R. We define on J!'7, the Poincaré-
Cartan one-form 6, and two-form €, associated at L as in (5) by:

o1 aLdi—3<aL' L)dqo,

= ——aq 4 —
aq* c \ 9¢; (22)
Qr = —doy,.
‘We put
dg*, . i g, Gt i
L =q') md Lo =T =70,

where ¢%(t) and G(t) are the velocity and the acceleration of the mechanical system
respectively. For the relativistic mechanics, at the Hamilton principal (6), we can
associate the following holonomic multivector field, (7) becomes:

8 —.ii =1 8

Xp=— , -
L aq0+q aq1+q 6q1

(23)
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We can do the following remark that

oo1(a Lo 0N 1
XL E(E—Fq@qi—i_q 8q’i>_cXL'

For this dynamic, the first-order jet bundle J'7 is generated by the HDW multi-
vector field X 7, (i.e. HDW multivector field is a class of integrable) and 7-transverse
multivector fields {X 1} C x'(J'x). The Lagrangian is hyper-regular, so (J'm, Qz)
is equivalent to a Hamiltonian system (J1m* Q).

3.2. Hamaltonian formalism

Let M7 = /\; T*E = R x R x T*N be the extended multimomentum bun-
dle, dim M7 = 8. The multimomentum Liouville forms, in a natural coordinates
(¢°,q¢",p',p) defined in M are:

0 = pidq" — pdq®,

, (24)
Q= —df = —dp; Ndq' + dp A dgP.

The first-order jet bundle associated at E is J'7* := RxT*N at which we associate
the following forms defined in natural coordinate (¢°, ¢*, p’):
On = pidq" + podq’,

. (25)
Qp = —dp; A dg® — dpo N dgP.

By analogy with (10) and (12) the Hamiltonian function for the mechanic is gen-
erally the following non-autonomous Hamiltonian:

h(t,q'(8),pi(t)) = (FL™Y)"L — pi(FL™)*¢", (26)
where
, , I
FL't=t, FL'¢"'=¢', FL'p;= 8— (27)
aqt
From (22), (25) and (26), we find naturally
h
= - 28
po = (28)
In Eq. (22), we identify the terms
oL . . -
BYE dql = @L i pidql = @Liouville one-form
q
—d | —d | (29)

oL ; FL ;
wL = —d <8q1> A dql — W= dqz A dpl = Wecanonical symplectic two-form-
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By substituting (27) in (25), we obtain (22):
FL*Gh = GL and FL*Q}L = QL.
The corresponding multivector field equivalent to (23) which satisfies the Hamilton—
Jacobi principal (14) is:
- 0 -=i0 =i0
Xp==—+4+q4¢ — +p .,
h 9q° +da oq* b op?
The HDW equations obtained can be identified by the ODE equations for the curves
in relativistic mechanics:

(30)

dg' o U =i dpo

q = ,
qu api N (31)
dpioV - 9po
a0 VT Tag -

We put Z = (¢*,pi),Vz = (8,,0p,);i = 1,3, the system ODE of the HDW can be
written by:

Ipo ]
g’ —1\ (%d' =4
O (0 1) "T =) for i fixed and 9y = 2 (32)
Ipo L0 dopi = D; dq
Op; Ji
The system (31) can be contracted naturally in:
Vzh, = Jodo Z = Jo Z. (33)
~—~—

Ja

If we explicit the index i = 1,3 the system ODE (32) becomes:

9po

oq

9po J

Ip1 0 -1 0 0 0 0\~

dpo 1 0 0 0 0 of[™

dg2 | [0 0 0 -1 0 0 da (34)

o 00 1 0 0 0]]%,

Ops 0.0 0 0 0 -1)]-
00 0 0 1 0 3

9po By

Jqs3 Jo

9po

Ops

where Jy is 6 x 6 skew-symmetric constant matrix and Jy depends only on the
partial differential 9y associated to the base space coordinates (¢°).
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4. Relation between Multisymplectic Geometry and the
k-Structure

4.1. The multisymplectic geometry and k-cosymplectic structure

We are going to concentrate ourselves on fields’ theory; the result is the same
for the mechanic theory, so: let the fiber bundle cited above be E = R* x N.
On the associated first-jet bundle jlm = R* x T} N, we have the local coordinate
(x#,yA, u) p =10,3,A = 1,d. Let the Lagrangian function L € C®(J'x) (i.e

L(xy,y?,v2)) and x4 (J'7 = R* x T]N) be the set of the holonomic k-vector fields
on Jlr (See [9]), such that:

0 + FA 0 + G2 0 (35)

Xv - )
ox? v oyA ”pavA

2, A
where FA = v and Gfp = %. These multivector fields, in four-cosymplectic

Lagrangian formalism, are solutions for the following equation:

L
ix,wl = —dEL + %dx“, (36)
where
) L
w? =—d <av;\ dyA), (37)
L
o7 dy?,
vt (38)
L
Ep=-v}—+L
L Yo BpA +

By putting (37) and (38) in (36), we obtain:

. OL  4\| _ (. 40L oL,
e ()] = a0 2 ) s g -

Because the base space is flat, we can use the following relations:

dlaNfG] =danp+(=1)"ands,
ix(aNB)=ixaAG+ (—1)"aNixp, (40)
r = d°a = degrees of «.
And “d” the total differential is defined on J!m by:

0

= Oxv dyA

d
Soadv v (41)
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By multiplying (39) by the volume element 1 = da* = da® A da' A d2z? A dx®, we
obtain:
{—ixvd@z—d< A;i—L>—§Ld }/\dkxzo. (42)
By using (40), the following term gives:
—ixed®Y Ada® = —ix.(dOY Ada") + (—1)%dOY Aix.dz®
= —ixo[d(©Y AdzF) — (=1)'0Y Ad(dz")]
+d(0Y Aixedz®) — (=1)'0Y A d(ixvdz"). (43)

By contracting (35) by 7, we have:

ixvdr® = dak=t, (44)
Finally (43) gives:
—ix,dOY Ada® = —ix, d(©Y Ada®) +d(OY AdeETT). (45)
The term
gTI;dx” Ade* =0 Yv=0,3. (46)

Inserting (45) and (46) in (42), we obtain:

v — oL . v
d[@L Adxh=t — < Aa—A ) A dack] = ix.d(©Y Ada"). (47)
We identify the term in (47)
., ) oL
L A dxif L < Aa A ) A dxk — 0multisympleCtiC7 (48)
QL multisymplectic = _doL multisymplectic = _iX“d(@z A dxk) (49)

4.2. The multisymplectic geometry and k-symplectic structure

By analogy with the work done for the k-cosymplectic structure, but in this case
E = N, the Lagrangian function L € C°°(T}N) and x} (T} N) be the set of k-vector
fields in T} N (see [9]), such that:

0 4 0
Xv - Ffa— vaa A’
(50)
FA — yA GA _ 82yA
v v’ Oxv0xP’
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The relation (36) becomes:

inwZ = —dEL, (51)

where the term ggfv = 0, Vv = 0,3 and the expressions (37) and (38) of w?
and Ep,0Y respectively seen in four-cosymplectic differ for four-symplectic in the
expression of the Lagrangian (i.e. L does not depend on z¥) and “d” the total
differential, in this case, is given by:

i=-2 4 A+idv;j‘. (52)

T oA T GuA

Given the expression of k-vector field X, we have ix»dz® = 0. The same calculus
can be done for k-symplectic as it was done for four-cosymplectic, but in this case
the term (©Y A dzk~1!) disappears automatically from (48) which it becomes

oL
- <v;}46”0—‘4 - ) A dxk 7é amultisymplectic- (53)

We can make the following remark that the contribution of the term gsz vanishes
in both cases if it is k-symplectic or k-cosymplectic. So, to study the dynamic of
a k-symplectic physical system, we can recalculate demonstration for the relation-
ship between k-symplectic and multisymplectic treating the dynamic in the first-jet
bundle j'7 = RF x TIN as if it was k-cosymplectic with gﬁ =0.

In conclusion, we deduce that the multisymplectic geometry is k-cosymplectic
structure such that the fibers of the first-jet bundle J'7 for the Lagrangian formal-
ism are constructed based on the two-symplectic form w} = —d(a‘z—%dyA) defined on
each point of the fiber. So, wj forms the structure of the multisymplectic geometry.

We remark also that, in physics, if the theory is explicit so the Lagrangian
depends on the local coordinates (z,,y* = ¢%(z,),v3 = 0,0 (z,)) (i.e. L(z,,
y4,v4) and ng # 0), the structure of the geometry is k-cosymplectic and the
dynamic of fields is studied on a first-jet bundle J'm = R* x T{N. But if the
Lagrangian depends only on the following coordinates (y4,v) and (%Lv =0, Vo=
0, 3, the theory is said to be implicit and the structure is k-symplectic and can be
also constructed on the fiber bundle J'7 = R* x TN above the database R*:

FL:R*xT}N — R* x (T})*N.

By using the Legendre map

0L
(wvoronl) = (matt = %), (54)

without any demonstration, we can use the same method done for the Lagrangian
formalism and by using FL; the same results will be deduced for the Hamiltonian
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formalism. In this case, the k-cosymplectic structure of the geometry is based on
the symplectic two-form

wy = dya Adp? = FL w?.

We can use the same method of demonstration and without doing any calculus
using the fiber bundle cited above in Sec. 3 for the relativistic mechanic, we will
find a result similar to Eq. (49) just by making the following change of variables:

(zo,y™,v) and k=4 — (ct,¢',¢") and k=1. (55)

We can construct the multisymplectic geometry for the relativistic mechanics based
onto the canonical symplectic two-form (29), Eq. (36) becomes in this case:

L
ixwr = —dE7 + %—tdt. (56)

Unless, in this case, we can make the following remark that the relativistic mechanic
is implicit (i.e. %—% =0 and L(q%,¢")), the theory is said to be autonomous. If the
theory of relativistic mechanics is explicit (i.e. & # 0 and L(t,¢*,¢")), it is called
non-autonomous.

5. Dynamic of Physical Systems

By using the multisymplectic geometry studied in sections cited above, and having
regard to the relationship between the k-cosymplectic (k-symplectic respectively)
and multisymplectic geometry in Sec. 4. Here, we are going to develop the model
for studying separately the dynamic of a relativistic charged particle immerged in
a weak field: the electromagnetic field A, = (¢, 4;) and in the absence of the grav-
itational field (a strong field), then the dynamic of a classical free electromagnetic
field.

5.1. Dynamic of a relativistic charged particle

A geometric formulation of the Lagrangian of relativistic mechanics in terms of jets
bundle was already treated in [38—40], but in this subsection, we are going to treat
the Hamiltonian of relativistic mechanics in the geometrical model cited above in
Sec. 3.

The Lagrangian function of a relativistic particle immerged in an electromag-
netic field

L(ta qia ql) = MoCy/ q.,uq.'u + Eq.uA#(ta q1)7

. . / ’U2 . - . (57)
L(taqlaql) :m0C2 1- C—2+6¢(t,ql) _eﬁ'A(t7ql)7
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where my is the rest mass of the particle. Where the four-vector ¢, is given by:

d (jO =,
Q=g = { | ) (58)
(Qi)i:1,2,3 = .

By using the metric n* defined in Minkowski space in Sec. 3, the four-vector of
the electromagnetic field is

A% = Ay = ?7
AP = c (59)

(A)iz123 = —(Ai)iz1,23 = —A.

The four-momentum vector

P+ e% =2, (60a)
L " 1-2
p“=g—.=moc L 4 eqr " i
o i Pl= gt e A, (60b)
=
We do the following change of coordinate
PO =p0 —eAY = me, (61a)
Pl =pl —eAl =mg?, (61Db)

mo
_ w2

c2
Hamiltonians in different system of coordinates) of the particle moving at the
speed v.

The Hamiltonian function for a relativistic particle is given by:

where m = and P pY are respectively the mass and the energies (the

L
P L= 0"~ eA)(pu = A) ~mat =0 and p=2E(02)
m
By substituting (57) and (61) in (62), we obtain:
0_ 0 o_ L ¢ - A
PP =p’ —eA’ = ——es= Vmoc? — (pi — eAd)(p; — eA;). (63)

Having regard to the relationship (61a) between ¢* and p®, more of this, seeing the
relation (63), only the components {¢'}, 3 and {p'},_15 respectively are inde-
pendents, so, the multisymplectic model cited in Sec. 3.2 and the result found in
Sec. 4.2 are valid for the study of the dynamics in the jet bundle J'7 = R x TR?
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generated by (ct, ¢%, ¢%):
82L mo

d4roq Ji-z

The Lagrangian is hyper-regular. The Lagrangian formalism in the first-jet bun-
dle J'7 is equivalent to a Hamiltonian one treated on the first-jet bundle J'7*
generated by the following local coordinate system (ct,q’,p’) as in Sec. 3.2. The
Hamilton-Jacobi principal (14) is verified for:

[77’“’+ Il }#07 ¥p=v=03.
cT =0

Qn = —dp; Adq" — dpo A dg°,

64)
N (
=20 Tl TP oy

Because the laws of physics must be invariant of a system of coordinates to another,
in this case, the dynamic of the particle can be studied on the first-jet bundle
Jin* = R x T*N generated by the following coordinate system (ct,q’, P*). The
Hamilton-Jacobi principal (14) becomes:

Qn = —dP; Adg' — dPy N dg® = —dPy, N dg",

- B ;0 =i 9 (65)
Xy = 80+ 8i+P8Pi'

By using the change of coordinates (61), we have

Q) = —dP, Ndg" = —dp, Ndg" + edA, N dg". (66)

By using dg" A dq” = —dq® N dg", Y pu,v =10,3,

dA, A dg" = dAg A dg° + dA; A dg

A 7 i

= g0 i+ e o0
(04 04, 04 OAN
_( - W)d Adgi+ = <8qJ aq)d A dg'

_ [Fm dg° + %Fj dqj} A dg’
1 1
= §FM,,dq” Adqg’ = §F1,M dq’ A dg". (67)
Inserting (67) in (66)
O = —dPy A dg* = — (dp, + ngdq“) A dg"
= —dpy A dg® — dp; A dg' — gFij dg’ A dg* — eFo;dg* A dg°. (68)
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By using the contraction (38):

8 8 v v v
<8q/’) dg" =0} and <8—q/’) (dg" N dq”)dg" = 6ydq"” — 6,dg". (69)

The Hamilton—Jacobi principal (14) gives:

i(Xn)Q = 8pod +8p0dp — e Fydq' —qlapodjdq +7 (Vdpl
oq op* g
¢ SPeja i wPsi g g ~J ci
— §Fij [§"67dq" — q"5%de’ | + eFioqj(deqO
jgpoyd 0 _ P;sldg' = 0. (70)

Knowing that %(dpj) — ¢ and P’ = p’ — eA. By collecting the terms in (70):

PP i Si0py 7 dq'  —idpo) , o
X)) = (eFioqg' — P == — P, —— ) ) d
i(Xn)n (e 0d oo i —q o ) %

0 —j , Opo
+ < pQ — €Fi0 — €C]JFij) d(]z + (

o o + ql> dp' = 0. (71)

By geometric construction that was made and without going through the derivation
of the Hamiltonian (63), if we identify term-by-term in equality (71), the system
of the HDW equations (31) which describes the dynamic of a particle plunged in
electromagnetic field gives:

b _ )

(1;;0 = _q.z = q ) (72&)
8 _.' — —
8];0 = e Fy; — ef Fij = e(Foi + 4, Fij) = b, (72b)

Inserting Eqs. (72a) and (72b) in the first bracket of the relation (71),

ipo & dg'  -idpo _ —ij

erOQ _Pal— zd_qo_q 81 equzj—O

By multiplying the system (72) by “c¢”,

oh i
op 1 (73a)
oh . o o .
—aqi = €(E +q A B)z = I'i Lorentz force = Pi- (73b)
In particular Pi» %};‘) e%; —ef F
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We conclude that such a geometrical construction lets one to identify the
Hamilton—Carton two-form €, (65) to the charged two-symplectic form already
used in the work [41]. This geometrical model is invariant by boosts when mov-
ing from one fiber to another horizontally on Minkowski space which coincides, in
this model, with the configuration bundle E. The relation (68) shows how changes
Qy, from the coordinate system (ct, ¢, P?) to the other one (ct, ¢*, p') which is the
result already put in [41] where Qh(65) was defined on the base space M taken as
Minkowski space.

We can also do the following remark that the contribution of the term g—gﬁ
disappears naturally in the expression of €, (71). This is explained by the fact that
the expression (63) of p” is time implicit.

The classical limit which is the development to the first order of the theory

leaves invariant the model built where just tender the terms % — 0 and
1 v\ v?
——a=1-—= =1 —.
(1-%) (1-5) -1+
The classical limit of the term
1/2
1 ; v? (pi — eA;)?
1— ——q4"4¢ =1+ ——==14——. 74
[ c2( _Z_j)qq] +2c2 i 2c? (74)

Inserting (74) in (61b) and (63), the classical limit of the Hamiltonian of the particle

h = moc® + %(pi —eA)? + e, (75)

if we take the origin of energies hg = moc?. Inserting (60b) in (73b), we retrieve
the Newton’s law

mo' = —edip + e(qT' A E)Z (76)

In this case, the theory is invariant by Galilean transformation which is the classical
limit of boosts.

By using the result found in Sec. 4.2, the model built in Sec. 3.2 remains valid
for the study of the dynamics of free particle (i.e. A, = 0) in the jet bundle
Jin* = R x T*R3 generated by (ct,q',p’) and the last remark that we can do is
that the multisymplectic Hamiltonian formalism for relativistic mechanics is the
familiar homogeneous Hamiltonian formalism of non-relativistic mechanics.

5.2. Dynamic of the free electromagnetic field

Recall the expression of the Lagrangian of a free electromagnetic field

1 v
L=~ F"Fp,

where F,, = 0,A, — 0,A,, A,(x") is the electromagnetic field and v, = 9,4,
is the velocity of the field A4,,0, = %. Having regarded to the expression of the

1350001-18



Multisymplectic Geometry and k-Cosymplectic Structure

Lagrangian L(9,A,) and z* is implicit, the theory is four-symplectic. By using the
result obtained in Sec. 4.2, we can study the dynamic of the field, by using the
multisymplectic geometry studied in Sec. 2.2, on Ji7* = R* x (T})*N where N is
the space of the field A, where group of symmetry is U(1).

1 1
L= F"Fy = —2(0,A, — 0,A,) (0" A" - 9" A")

1 1
= —5(0uA0) (9 A%) = (9"A")(0uAv)] = — 5 (D Au) FM, (77)
oL oL
pNV:W:_FNV:FVN’ 8?:0

The Hamiltonian of the field

oL 1 , 1 ,
h = L — Uuyav—w = —5(8uAU)F” — (@LAU)(—F” ) = 5(8#AU)F#
1 " 1 v
= ZF F;U/ = Zp Puv = h(p;u/) (78)
SO,
oh
G Y72 7 n%
dh = 0" = FyudF™.

By using (13) and (15), we obtain

Qp = —dp"” NdA, NdPx, — dh A d'x
= dF,, NdA" N dPz" — F*"dF,, Ad'z
DA,

Er

= 0, A, dF"™ Nd*z — F,,dF"™ A d'z

= dF" N =2dx? NdPx, — F,dF" A dhe

1
= 0, A dF"™ N dia = —§Fm,dF‘“’ Adra (79)
and
d 9 d
X, =— f' — G .
= gar 9 ar 9 v gEe

Knowing that dF*" is one-form on J'7* and by using (40), we have

e 1 , ) )
Z <M) QU = =3[0 Fyu AdF™ N da® + Fyu (0, F*)0)d"w + F dFy A dap).
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The Hamilton—Jacobi principal (14) gives:

1
i(Xn) = =5 [0p Fyus A AF™ A da* + Fp (0, F")8) d* e + F*dF,, N d’z,]

1
— 5 (=G7,)081dF A da

= (0,F" — G" ,)dF,, Adx* +2F,,0,F"d*x = 0. (80)

By identification the terms in (80), we obtain
h
0 F* —G", =0= G", = 0,F"", in particular for p =y, 0, F"" =0= %

i
DAY — 99, A" =0
——

Lorentz gauge=0

i
propagation equation for

OAY =0 | the free electromagnetic |,
field AY

2F,,(8,F")d*x = 0,(F,,, F**)d*z = 0 = h = constant. (81)

Because the k-vector-field X, is holonomic (SOPDE and integrable), S, = 0,A°.

In conclusion of this Sec. 5, we deduce that the multisymplectic geometry is
the favorable geometry for describing both the relativistic dynamics for gauge the-
ories (boson fields) (i.e. the electromagnetic field) which dynamic obeys at Maxwell
equations, e.g. Sec. 5.2 and the mechanic which obeys at Newton equations in the
classical limit, e.g. Sec. 5.1 respectively.

6. Conclusion

After this study, we deduce that the extension of the multisymplectic geometry
to the relativistic mechanics operates successfully. Furthermore, we have proved
that in the absence of the gravitational field, both the propagation of a free field
(the movement of a free particle or a particle immerged in a weak field as the
electromagnetic field) on the space respectively lead to a construction of a multi-
symplectic geometry on the first-jet bundle whose base space is treated globally.
Finally, we have found a direct relationship between the k-cosymplectic structure
and the multisymplectic geometry.
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