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LOCALLY CONFORMAL HIGHER ORDER LAGRANGIAN
DYNAMICS

SERDAR CITE AND OGUL ESEN

Abstract. This work presents higher order Lagrangian dynamics pos-
sessing locally conformal character. More concretely, locally conformal
higher order Euler-Lagrange equations are written with particular focus
on the second- and the third-order cases.

1. Introduction

The existence of global Hamiltonian dynamics defined on a whole (symplectic
or Poisson) manifold reads local Hamiltonian dynamics in each local chart [1, 2,

|. However, the inverse of this assertion does not generally hold; having local
Hamiltonian dynamics in each chart does not guarantee the existence of global
Hamiltonian dynamics. An example of this is provided by locally conformally
symplectic (abbreviated as LCS) manifolds and the dynamics on this manifold
that is locally conformal Hamiltonian dynamics [4, 24, 34, 35, 30].

Locally conformal analysis has been extensively studied through various ap-
proaches in recent literature. We refer to [10, 33] for foundational work on LCS
geometry in the context of cotangent bundles, which underpins the rationale of
the present work, given that cotangent bundles can be considered generic for LCS
manifolds. In [34], reduction theories have been applied to LCS dynamics. For
a discussion on Hamilton-Jacobi theory within an LCS framework, see [158]. In
the context of field theories, see [16, 17], and for time-dependent Hamiltonian
dynamics, refer to [3].

An obvious question is to investigate the Lagrangian counterpart of locally con-
formal dynamics. This is established in [19, 20] by computing locally conformal
Euler-Lagrange equations.

In the present work, we extend locally conformal Lagrangian dynamics to
higher order tangent bundles. This includes dynamical equations governed by
Lagrangian functions that depend on higher order terms beyond just position
and velocity. More concretely, we present the locally conformal higher order
Euler-Lagrange equations.

In Section 2, we provide a concise yet explicit presentation of locally con-
formal Hamiltonian dynamics, whereas in Section 3, we review locally conformal
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Lagrangian dynamics. Section 4 summarizes the fundamentals of higher order La-
grangian theory. Before proceeding to the n-th order theories, we derive our first
novel result—the locally conformal second order Euler-Lagrange equations—in
Section 5. In Section 6, we examine locally conformal n-th order Lagrangian
functions, while Section 7 introduces a compact notation for the terms required
in n-th order Lagrangian dynamics within the locally conformal framework. Sub-
sequently, in Section 8, we present our novel result: the locally conformal n-th
order Euler-Lagrange equations. Finally, Section 9 provides an example that ap-
plies the theories we have developed—a locally conformal analysis of the chiral
oscillator.

2. Locally Conformally Symplectic Geometry

There are alternative ways to define locally conformally symplectic (LCS) man-
ifolds. We begin with the one involving the Lichnerowicz-deRham (LdR) differ-
ential then we shall elaborate what we call the local-to-global approach.

Locally Conformally Symplectic Manifolds. An LCS manifold (M, €, )
consists of an even dimensional manifold M and an almost symplectic two-form
Q (non-degenerate but not closed) satisfying

dyQ):=dl—pANQ =0 (2.1)

for a closed (called as Lee) one-form ¢, [5, 24, 25, 35]. Here, d, stands for the
Lichnerowicz-deRham differential. For a Hamiltonian function H, the locally
conformal Hamiltonian dynamics is determined through the locally conformal
Hamilton’s equation:

LgHQ = d@H, (2.2)
where &gy called locally conformal Hamiltonian vector field.

If, in (2.1), the Lee-form is identically zero then € turns out to be a symplectic
two-form hence we arrive at a symplectic manifold (M, ). In this case, the
locally conformal dynamics in (2.2) becomes the Hamiltonian equation in its
very classical form:

tx, ) =dH. (2.3)
The generic example of a symplectic manifold is the cotangent bundle T*Q of
a manifold @ [1, 26, 31]. In this case, the canonical symplectic two-form on 7%Q
is given by the negative exterior derivative
Qg = —dBOg (2.4)
of the canonical (Liouville) one-form Og.
Generic examples of LCS manifolds are cotangent bundles as well [10]. Con-

sider a closed one-form ¢ on a manifold . Pull this one-form back to the cotan-
gent bundle using the cotangent bundle projection mg : T*Q) +— @, then obtain a
closed and semi-basic one-form

¢ = (mQ)™0. (2.5)
The negative LdR differential with respect to ¢ of the canonical one-form O, is
an LCS two-form

Qy,=—-d,0g =—-dOg +pNOg =g+ ¢ ABOg. (2.6)
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Therefore, the triple (T*Q, €2, ¢) is an LCS manifold.

Local to Global Analysis. For an LCS manifold (M, €, ¢), each local chart
of the manifold M is a symplectic space (Uy, ) where €, is a local symplectic
two-form. On the intersection U, N Ug of two local symplectic charts (Uy, Qq)
and (Ug, Q2g) of M, we have the equality

e Qqy = 753, (2.7)

where {e?>}’s are called conformal factors. The existences of the conformal fac-
tors read that local symplectic two-forms {4} cannot be glued up to a (real-
valued) two-form on the whole manifold M. On the other hand, we can define
local two-forms

Qo = e7%Q,, (2.8)
which fail to be symplectic since they are not closed. But one can glue up local
two-forms {Q|,} define a global two-form which we denote by Q. This two-form
is the one in the definition of the LCS manifold (M, 2, ¢). The exterior derivative

Qo = dog A Qa, (2.9)

determines the Lee one-form ¢|, = do, in the local picture.
For the dynamics, we start with the local symplectic Hamiltonian flow on a
local symplectic space (U, §2,) given by
1x, 0 = dH,, (2.10)

where X,, is the local Hamiltonian vector field. On the intersection U, N Ug, we
assume the local equality

e’*H, = e’P Hg. (2.11)
This leads us to determine a global function H on M so that its local picture is
H|, =e’*H,. (2.12)

In accordance with, we glue the local Hamilton’s equation (2.10) to the LCS
Hamilton’s equation (2.2).

Coordinate Realizations. Consider the cotangent bundle LCS manifold given
by (T*Q, €, ¢). Assume an open covering for a manifold @ with dimension r:

Q=| |V (2.13)

This induces manifold structures on the tangent and the cotangent bundles as

TQ=| |TVa =| [VaxR", TQ=||TVa=||Vax®)", (214

respectively. The Darboux coordinates (q*, p;) on T*V,, reads the global canonical
one-form ©¢ and the global symplectic two-form )¢ as
OQla = pidq’, Qgla = dq' A dp;, (2.15)

respectively. On the other hand, there exist Darboux coordinates (¢°,r;) that
yield the local canonical one-form 6, (which is not global) and the local canonical
symplectic two-form €, (which is also not global) as

On = 13dq’, Qo = dg* A dr, (2.16)
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respectively. The relationship between local momentum coordinates is
ri =e 7°p;. (2.17)

Without loss of generalization, we take the conformal factors o, = 0,(¢q) depend
only on the coordinates of the base manifold Q. Then, the local symplectic
two-form Q, in (2.15), in terms of the coordinates (¢*, p;), is computed to be

. . 1 . .
O = —dO, = dg* A dr; = e~ (dql Adpi + 5 Aiydg' Add), (2.18)
where we define the following tensorial object:
0o,
Aij = QiPj — Pjbiy P g (2.19)

Thus LCS two-form €, defined in (2.6) is written in terms of the coordinates
(¢, pi) as
, 1 . .
Qola =dq" Adp; + §AijdqZ ANdg’. (2.20)
In terms of the Darboux coordinates (¢°, p;), writing H instead of H,, we arrive

at the following proposition which states the Hamiltonian motion possessing local
conformal character.

Proposition 2.1. In Darbouz’ coordinates (q',p;), the LCS Hamilton’s equation
generated by a Hamiltonian function H = H(q,p) is

dq¢® OH dp; 0H oOH
dg* @i _ 9% 4 9 g 2.21
dt ~ op;’ dt ¢’ 7 Op; M (221)

where the quantities A;j and @; are those given in (2.19).

3. Locally Conformally Lagrangian Dynamics

Consider the tangent bundle T'QQ covered by local charts TV, (as defined in
(2.14)), each equipped with a local Lagrangian function L, = La(q%, ¢%). It
is assumed that these local Lagrangian functions satisfy conformal relations on
intersections, say TV, NT'Vg, as

¢’ W La(g,4) = ¢ Lg(q, d), (3.1)

where {0, }’s represent a family of smooth functions. Once again, the conformal
factor does not permit us to glue the local Lagrangian functions {L,} into a real-
valued Lagrangian function on the tangent bundle T'Q). However, local functions

Llg = €7@, (3.2)

determine a global real-valued function L on T'Q). Notice that, without loss of
generality, we choose the conformal factor to depend only on the position (¢).
See the discussion done in the previous section, or [20] for the reasoning behind
this choice.

In the induced coordinates (q%,¢%) on the tangent bundle T'Q, we arrive at
the following proposition [20, 19] writing by using the notation presented in this
subsection.
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Proposition 3.1. For a given Lagrangian function L = L(q, q), the locally con-

formal Euler-Lagrange equations of first order is

or_dor
Oqt  dt 0qt

= A[L], (3.3)

where the quantity on the right hand side is

oL
g

AlL] = il — ;¢! (3.4)
The locally conformal Hamilton’s equations in (2.21) and the locally conformal
Euler-Lagrange equations in (3.4) are related with the Legendre transformation:

FLy : TV, — T*V,, (q,q)H(q,ri):(q,a—q_i). (3.5)

See that when the conformal factor is zero, we have ¢, = 0 hence A; = 0 then
from the locally conformal Euler-Lagrange equations (of the first order) (3.3), we
obtain the Euler-Lagrange equation in its very classical form:

L d oL

o~ o= (3.6)

4. Higher Order Lagrangian Dynamics

In the classical picture (3.6), the Lagrangian function is defined on the tangent
bundle T'Q hence it depends on position and velocity, that is, L = L(q,q). The
variation of the action integral yields the Euler-Lagrange equations (3.6). To gen-
eralize this, we may define higher order Lagrangian functions on the higher order
tangent bundles, [1, 12, 13]. In this subsection, we briefly recall the higher order
Euler-Lagrange equations, with particular interest in the second order theory.

We denote the n-th order tangent bundle by 7" with induced coordinates
(¢%, ¢, d, ..., qén)). In this case, the Lagrangian L depends on the base coordi-
nates and their derivatives up to the n-th order, that is, L = L(q,¢,q,- - -, qm));
where qfn) denotes the n-th time derivative of the position ¢°. Consequently, the
variation of the action integral yields the higher order Euler-Lagrange equations,
given by

n

,d° oL
> (1) %8% =0. (4.1)

s=0

A second order Lagrangian function is defined on the second order tangent
bundle 72Q), so it depends on the acceleration in addition to position and velocity.
That is, L = L(q,q,§). If Q is an r-dimensional manifold then 72Q is a 3r
dimensional. For a second order Lagrangian function, we have the second order
Euler-Lagrange equations as

oL _d oL & oL _
dqt  dtogt  dt?9g

(4.2)
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5. Locally Conformal Second Order Lagrangian Dynamics

We begin with the locally conformal analysis of the second order Lagrangian
dynamics (4.2) on the second order tangent bundle 72Q. Consider the local
charts {V,}, as given in (2.13), for Q. We then define the local chart for the
second order tangent bundle as

T2Q = |_|T2Va = |_|va x R" x R”. (5.1)

We consider a local Lagrangian on T?V,, as

L, = La(Qa q, Q) (52)

The extreme values of the local action integral defined by L, are computed
through its variation:

(5/ o(q,q,¢)dt = 0. (5.3)

In this picture, we have the local second order Euler-Lagrange equations:
0L, d 0L, n ﬁ OLo
oqt  dt 8¢ ' dt2 9§t

Assume that on the (non-trivial) intersection of two local charts, say T?V,NT?Vj,
the two local Lagrangians are related as follows

eaa(q)La(q’ q, q) — eUﬁ(Q)Lﬁ(% q, q) (55)

The locally conformal character in (5.5) does not allow us to glue the set {Lq}
of local second order Lagrangians or the local Euler-Lagrange equations (5.4)
in global pictures. To define a global picture, we introduce the following local
second order Lagrangian function:

Lla(q,4,4) = "D Ly (q, 4, G).- (5.6)

In light of (5.5), the local Lagrangian functions defined through (5.6) can be
glued up to a global Lagrangian function, which we denote by L, on T2Q. That,
we now have a global Lagrangian function L with local realization L|, on T2V,
We apply variational analysis to arrive at the equations of motion governed by
this Lagrangian L. To this end, we replace L, in the action (5.3) with L then we

compute
b b
. _ L00a o OL
5/ae Ldt—/a(e 311’5 'te 315q

—0q oL -1 —0q oL )
+e éhjiéq +e 8éji5q)dt

for fixed endpoints. By applying the method of integration by parts iteratively,
and omitting the boundary terms, one arrives at the following:

b b
. _ —ou do, B oL
5/@6 Ldt—/a(e aqiLJre o0

d, 8L) d2(
¢ T og) T a2

(5.4)

(5.7)

oL (5.8)
—a o ))5 idt.
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We assume the arbitrariness of §¢° and we take the variation to be zero, the result

reads
OL d oL d? oL 0o,
oo e ) b (e ) —e TS L =0 :
€ of i (e 8le> + o (e 8('1") e g 0 (5.9)

We expand each term in (5.9) using the Leibnitz rule, and then arrive at a
more explicit formulation of the locally conformal second order Euler-Lagrange

equations. We record this in the following proposition which is the first novel
result in this work.

Proposition 5.1. The locally conformal Lagrangian dynamics generated by a
second order Lagrangian function L with the set of conformal factors {o} is

oL doL & oL
_dob  d oL o 1
o¢ ~diog aeay ~ M (5.10)

where the quantity on the right-hand side is given by

. OL . L. 2 d 2.\ OL
A2[L) = ¢; L — wquafq.i + (wqu + ond"d + 2@%61’“& — sowzqkq’) prt (5.11)

with the following notation:

_ 0Oog 9%,

Pr = qua Pkl = W (5'12)

Notice that if the conformal relation is trivial, then we have A?(L) = 0, hence
(5.10) turns out to be the second order Euler-Lagrange equations (4.2). On the
other hand, if the Lagrangian L does not depend on the acceleration, then the
third term in (5.10) drops, and the quantities A?[L] in (5.11) reduce to A;[L]
in (3.4), and thus the locally conformal second order Euler-Lagrange equations
(5.10) become the locally conformal Euler-Lagrange equations (3.3) of first order.

6. Locally Conformal Higher Order Lagrangian Functions

In this and the following two sections, we generalize the locally conformal
second order Lagrangian theory developed in the previous section to the m-th
order. To this end, at first, we consider the local charts {V,} in (2.13) for a
manifold @ then assume the induced local chart for the n-th order tangent bundle
T"(Q) as follows

T"Q =| |T"Va=| [VaxR" xR x--- xR". (6.1)

Notice that if @ is an r dimensional manifold, then 7"Q is (n + 1)r-dimensional.
Assume a local n-th order Lagrangian function that depends up to n-th time
derivative of position g¢:

Lo = La(qua Q77q(n)) (62)

The extreme values of the local action are computed through the variation as
follows:

b
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This yields the local Euler-Lagrange equations for L, as
n
dt OL
Z(_l)k@a < =0. (6.4)
k=0 )
We further assume that on the intersections of the local charts, the local La-

grangian functions do not coincide but are related by conformal factors. For
example, on 1"V, N T" Vg, we have that

ega(q)La(% 4G, Q(n)) = egﬁ(q)L,B(q’ 4G - - ,Q(n))' (6'5)

The conformal relations on local Lagrangian functions, given in (6.5), do not
allow us to glue local higher order Lagrangians into a global one. Accordingly,
we define the following local n-th order Lagrangian function:

L‘a(Qa Gy Gy -y Q(n)) = ega(q)La(Qa Gy Gy s q(n)) (66)

See that, the local Lagrangian functions defined through (6.6) can be glued up
to a global Lagrangian function L on T"(@Q. In this case, the local picture of the
global Lagrangian function L on T"Q is L|,. To get the equation of motion for
the Lagrangian function L, we substitute the local Lagrangian functions L, in
the action (6.3) with L in (6.6). Accordingly, we have

b b
—ou _ 0, 004 i o OL
5/a e Ldt—/a (—e aqiLéq +e 8qi6q

o OL . 0L
+e 7 —6"+ - +e Tr—
q dq;

(n)
for fixed endpoints. After applying the method of integration by parts, then
omitting the boundary terms, the variation turns out to be

b b
oo, OL
e dt = —e T 2Ap TOa
1) /a e dt /a ( e g +e g
d

| (6.7)

6.8)
oL dr oL ; (
— — (e Ta_— 1V (e T tdt.
We set the variation (6.8) to zero and get
= d* oL o
—1)y—(e 7" ——) —e 7 —>L=0. :

To obtain a more explicit expression for the dynamical equations (6.9), we expand
each term individually. This requires a substantial study of the Leibnitz and chain
rules in combinatorial notation, which will be addressed in the upcoming section.

7. Some Combinatorial Notations and Bell’s Polynomials

This section examines the terms in (6.9). This leads us to get rid of the
exponential functions and permits us to write the dynamical equations in a more
compact form. The combinatorial properties of the chain rule for composition of
functions are studied in [23].
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We begin with the k-th time derivative term (for n > k > 1) in (6.9) as follows

ds o 6[/ _ S s dsfa Cou da 8[/

Observe that, in (7.1), there appear the higher order derivatives of the conformal
factor e, A straightforward but tedious calculation using repeated applica-
tions of the chain rule yields

s —0, —0
%(e *) =e 7*B;, (7.2)

where the second term on the right-hand side is

S

Bs = Z |:(I)m : Bs,m(Q) (j? T Q(s)) : (73)

m=1

Let us precisely define the terms in (7.3) one by one.
The first term ®,,, in (7.3) refers to the combinatorial product

018l
O =Y (D] « (7.4)

peP Sep [ues 94"

determining the partial derivatives of the conformal factor o,. To define ®,,
more explicitly and show its relation to m, we consider the index set M =
{i1,i2,...,im}. The set P consists of all partitions of M. We denote by p a
partition in P and by S a block of the partition p. Here, |S| denotes the number
of elements in the block S, while |p| denotes the number of blocks in the partition

p.

Example 7.1. In the first-order theory, where n = 1, we have k = 1 in (6.9), and
m is also equal to 1. In this case, the partition set is a singleton, i.e., P = {i},
hence M = {i}. Therefore, we have only one block, and the combinatorial
notation is

oSl Jo do
1= (W=D V' =50 =% (T5)
ey i [L.cs9q eih 0q(P) 0q

where d0,/0q" = ;.

Example 7.2. For the second order theory (n = 2), we have k = 1 and k = 2.
The former case was examined in the previous paragraph, so we now study k = 2.
In this case, P = {i,j}. The set P has two partitions: {{i},{j}} and {{i,;}}.
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We get:
ISl
Py = Z(—l)'”' H 7au
peP Sep [ues 94
L GIEP o 918l
ER N URT T 4 (—q)Hedt Y Ya
=) H oy Hues 04" =1) H [L.es 9a"
sellih i} sel{ig}) (7.6)
olitly. oMy, oIt UM g,
Huegiy 00" Huegy 04*  Tueqiy 53y 99"
_aaaaaa_ 0?0y, o 9?0, o
— 3qi 6qi aqiaqj = Qi¥; — Pij, 8qi8qj = Pij-

Example 7.3. For the third-order theory (n = 3), k runs from 1 to 3. The cases
k =1 and k = 2 are the same as those computed in the previous examples. Now,
we take k = 3. In this case, we get the set M = {4, j, k}, which has five partitions:

{4y, 3 ARy, {6, Gu k) {Uh ki), {{k3 4603} {{ 4 k). (7.7)

Therefore, ®3 has five terms calculated as follows:

ol8lg, L lSlg,,
Py = Z(_l)ln\ H 9, — (_1)|{{l},{3}7{k}}| H Y %a

pep sep LLues 00" Sellih iy ryy Hues 94"

L {4 a|5‘0' o 8|S|0
+ (_1)\{1},{1,/%}}\ H T (_1)|{{]},{’L,k}}| H _07oa
8 u a U

et (i ves 2 se(() fiky LLues 94

NGRS o g W8lgy
+(-1) +(=1) _

Se{{{k}{i.i}} Hues 9 Sef{ijk}} [Tues 94

We count the number of elements in the partition, and run the multiplication
in the denominators according to the partitions. These lead us to the following
calculation:

olitly,  oltillg, 9k, olitly. ik,
_|_
[Tucgi 00" uegy 0% Hueqry 90 Tlueqiy 00" Hueging 99"
oMitlg,  gliktg, Mkg,  gliddlg,
+ +
[Lucgy 00" Hucgipy 94 1uery 94" Iuegiyy 94
oI GI AN g

By = —

i jmpyes 00" (7.8)
B _80a 0oy 0oy, n doy %0, n Do, 020y, n do, 0%0,,
 0qt O¢9 OgF  Oqt 0¢0gk  Oq¢7 Ogkdqt T gk Dqidqi

o,
 0q'0¢i Oq*
_ PBoy B
= YiPik + ©iPri + PrPi; — PiP;PE — Pijks W = Pijk-

We have defined the combinatorial quantities ®,, in (7.3) and have examined
particular cases m = 1,2 and 3. Now, we define the second term B, ,, in the
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notation (7.3). They are the partial exponential Bell polynomials [6] with its
variables being the time derivatives of ¢ [11]:

Cs

- . s! 4 g "-Q(s)
B Qo) = ) cileal et (Lh)er(20)ez .. (sh)es

(7.9)

where the sum is taken over all non-negative integers ¢; such that the following
two equations

c1+2c2+4 - +scs=s,

(7.10)
cit+ca+--+cs=m

hold. In Equation (7.9), ¢“* denotes the c¢;’th power of ¢. Its meaning in index
notation will be clear in the examples given below.

Let us present some examples of these polynomials and calculate B, terms.
These will be useful for the corollaries that will be recorded in the upcoming
section.

Example 7.4. If v = 1 for B, ;,,, then m can only take the value 1. In this
case, we have the Bell’s polynomial Bj1(4) = ¢'. Then, to multiply the Bell’s
polynomial B with the combinatorial quantity ®; in (7.5) leads us to arrive at
B appearing in (7.3):

Bi=Bi1(q) 1=~ dqi ' = —pig". (7.11)

Example 7.5. If v = 2 for B, ,, then m can take the values 1 and 2. These give
the following Bell’s polynomials

B21(4,d) = §', Baald,q) = ¢'¢’. (7.12)

Multiplying the Bell’s polynomials with the combinatorial quantities ®1 in (7.5)
and @9 in (7.6), we determine By (in (7.3)) as

2
Br= Y [Bom(@,d) ®m| = Boi(d, ) - @1 + Baald, i) - @
m=1 (7.13)
dog wi 0oy 004 820'04 g v i oj
gl Tt (W od aqiaqj)q ¢ = —piG" + (piv; — pi;)d' ¢
Example 7.6. For v = 3 for B, ,,, m can take three values, namely 1, 2 and 3.
Hence, we have three polynomials:

B 1(d,d,4(3) = a(3),  Bs2(d,d,qe3) = 3d'd’,  Baplddq3) = ¢'d’'d". (7.14)
By multiplying the Bell’s polynomials with the combinatorial quantities ®; in
(7.5), @2 in (7.6), and P3 in (7.8), we compute B3 in (7.3) as

3
Bs = Z |:BS,m(CL 4,q(3)) - ‘Pm]

m=1

= B31(4,G,q(3)) - ®1 + B32(4,G,q3)) - P2 + B33(4, G, q3)) - P3 (7.15)
= —piq(z + 3(%‘%‘ - %’j)q'iqj
+ (= Qivior + 0ipik + ©iPri + PrPi; — ik ) 4P -
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After examining the tensorial quantities and the Bell’s polynomials, we are
ready to arrive at the locally conformal n-th order Euler-Lagrange equations.

8. Locally Conformal Higher Order Euler-Lagrange Equations

In this section, we start with the dynamical equations in (6.9) then substitute
the combinatorial notation and Bell’s polynomials into them. This gives our main
result, locally conformal higher order Lagrangian dynamics.

Accordingly, we consider (6.9) and write it as

n S a
s=0 s

For the s-th derivative terms, we substitute the binomial expansion given in (7.1),
hence arrive at

- ox (s\ d* __d* oL
> (1) Z<a>dtsa(e Q)%aqg)_e Wil =0. (82)

s=0 a=0

Then for the derivatives of e~ we substitute (7.2). So, we get the following
expression

- o= (5, d* oL o
SZ:;)(—].) ;} <a>€ Bs_aﬁ% — € SO’LL =0. (83)

It is now possible to cancel out the exponential terms e~?«. Later, we collect the

terms involving the partial derivatives to the right hand side as
- & L - = (s " 9L
-1 ——— =,L —1)*+t Bs—a— 8.4
SV g = DTS (2)B g a6

Thus, we arrive at the following proposition, which encapsulates the primary goal
of this work: locally conformal n-th order Euler-Lagrange equations.

Proposition 8.1. The locally conformal Lagrangian dynamics generated by an
n-th order Lagrangian function L with the set of conformal factors {o4} is

= ,d* 0L N
s;(l) ar g, A (L] (8.5)

where the quantity on the right-hand side is given by

n s—1
n s S d* OL
AVL] =il +) (=1 (a> Bea gz i~ (8.6)
s=1 a=0 (s)

Here, {Bs_o} s are the quantities in (7.3) and @; = 004/0q¢".

We refer to the system (8.5) as the locally conformal n-th order Euler-Lagrange
equations. Let us examine Proposition 8.1 for the case n =1, n =2 and n = 3,
one by one. We start with the case n = 1.
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Example 8.1. For n = 1, we have locally conformal Fuler-Lagrange equations
(of the first order) as

1
& dL
S SR (8.7
s=0 (s)
where
oL
ALL] = pil+Bigo (8.8)

Here, B is in (7.11). The dynamics in (8.7) is exactly as described in Section 3
and explicitly stated in Proposition 3.1.

Example 8.2. For n = 2, we have locally conformal second order Euler-Lagrange
equations

2
sfa[’ _ 2
D1 s g = A (8.9)

where

oL oL
201 — _
A2[L) = gL + B 22 (82 + 2B, dt) (8.10)

oq* ot
Here B; is in (7.11), and By is in (7.13). The dynamics (8.9) is is identical to
that outlined in Proposition 5.1 of Section 5

Example 8.3. For n = 3, we have locally conformal third order Euler-Lagrange
equations:

3
5 0L
Sl O . (©.11)
— dtsaqzs)
where
oL oL d?y\ 0L
3 —_—
ANL) = i+ By (BQ+281 )81 (83+332 +3Bldt2)8l (8.12)

4s)
Here B; is in (7.11), Bz is in (7.13), amd Bz is in (7.15).

9. A Locally Conformal Chiral Oscillator

As the base manifold, consider two dimensional punctured Euclidean space
Q = R? — {0} where 0 stands for the origin, then present the closed one-form

xdy — ydx

P =2
T2 + 12

(9.1)
which fails to be exact on the whole Q). After a cut in ), we determine polar
coordinates x = rcos¢, y = rsin¢. In this local chart, the closed one-form J
becomes the exact one-form 2d¢, so o, = 2¢.

The Lagrangian function for the chiral oscillator [25] in Cartesian coordinates
is

L(¢',4q",q") = —ywaq] + qu-ql (9.2)
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Here, A\ and m are nonzero constants, ¢* = (x,y) and €;j is the skew-symmetric
Levi-Civita symbol with €10 = 1 such that ¢, j runs from 1 to 2. Euler-Lagrange
equations for the chiral oscillator are

)\Ei]’q{?)) - qu = 0. (93)

We cite [9] for the Dirac analysis of this formalism.
In the locally conformal picture, we take the following Lagrangian function:
o by o .
La(q' ') = =5 Deyii i + 5e g (9.4)
Then we plug this local Lagrangian into Equation (5.4). The resulting expansion
is of the form in (5.9). Direct calculation gives the following locally conformal
Euler-Lagrange equations

Xeij@lyy — mii = oi(—S e i + o akd") — w1d' (=5 ed + +-6i)
3) 2 2 2 2 (9.5)
+ (210 + pmd ¢ = om0 G eid’ + Mpd' e
Notice that this has exactly the same form with Equation (5.11) if we set
oL . oL X .

10. Conclusion and Future Work

In this work, we have explored the locally conformal analysis of higher order
Lagrangian dynamics. Following a brief review of the fundamental structures of
LCS manifolds, we revisited the locally conformal Euler-Lagrange equations, as
outlined in Proposition 3.1. We then reviewed higher order Lagrangian dynamics
and presented, as the first novel result, the locally conformal second order Euler-
Lagrange equations in Proposition 5.1. Subsequently, we extended the analysis to
an arbitrary n-th order, deriving the locally conformal n-th order Euler-Lagrange
equations in Proposition 8.1.

We list two open questions for further investigation:

e LCS manifolds are specific examples of Jacobi manifolds [27]. More pre-
cisely, a Jacobi manifold is integrable, with its even-dimensional leaves
being LCS manifolds and its odd-dimensional leaves being contact mani-
folds. A geometric Hamilton-Jacobi theory for contact dynamics has been
studied in the continuous framework [11] and the discrete framework [21].
Similarly, a geometric Hamilton-Jacobi theory for LCS dynamics is pre-
sented in [18], and for higher order Lagrangian dynamics in [15]. We plan
to develop a geometric Hamilton-Jacobi theory for the locally conformal
higher order Euler-Lagrange equations derived herein.

e Another approach for discussing locally conformal higher order Lagrangian
dynamics is discrete framework. The discretization of Lagrangian dynam-

ics (of the first order) is available in the literature, see [32]. We refer to
[3, 30] for discrete Lagrangian dynamics from a reduction perspective,
and to [22, 29] for discrete dynamics within the Lie groupoid setting.

The study of discrete Lagrangian dynamics for higher order Lagrangian
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dynamics is given in [7]. Additionally, the discretization of locally con-
formal Lagrangian dynamics in the first-order case is established in [19].
In an upcoming work, we aim to study the locally conformal higher order
Euler-Lagrange equations within a discrete framework.
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