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Abstract: Geodesic vector fields and other distinguished vector fields on a Riemann manifold were
used in the study of free motions on such a manifold, and we applied the geometric Hamilton-Jacobi
theory for the search of geodesic vector fields from Hamilton-Jacobi vector fields and the same for
closed vector fields. These properties were appropriately extended to the framework of Newtonian
and generalised Newtonian systems, in particular systems defined by Lagrangians of the mechanical
type and velocity-dependent forces. Conserved quantities and a generalised concept of symmetry
were developed, particularly for Killing vector fields. Nonholonomic constrained Newtonian systems
were also analysed from this perspective, as well as the relation among Newtonian vector fields and
Hamilton—Jacobi equations for conformally related metrics.
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1. Introduction

The active interface between mathematics and theoretical physics during the last
few years has been very useful for both disciplines. This interaction is very efficient,
and in particular, the modern tools of differential geometry have been used to deal with
old problems of classical and quantum mechanics, offering a new perspective to analyse
conceptual problems, as, for instance, the existence and non-uniqueness of the solution of
the inverse problem for a given system of second-order differential equations describing a
time evolution. However, many physical theories have also motivated mathematicians, a
good example being the theory of group representations, because of its usefulness in the
symmetry theory of quantum mechanics.

Riemannian geometry is very relevant in the geometric reformulation of classical
systems of a mechanical type, a Riemann metric allowing us the definition, in an intrinsic
way, of kinetic energy. Free motions of holonomic constrained systems correspond to
geodesic curves of their associated Levi-Civita connection, and the physical systems under
the action of external forces can also be dealt with, the curves of motion corresponding
to integral curves of an appropriately defined dynamical vector field. In this sense, the
Riemannian approach is closer to the elementary and original ideas of Newton on the
description of mechanical systems.

The importance of geodesics leads to the study of geodesic vector fields in a Riemann
manifold, i.e., vector fields whose integral curves are geodesics. These vector fields are
used in the study of Yamabe solitons (see, e.g., [1]) and are also useful in many other fields
of physics, where they appear as solutions of the eikonal equation and even in medical
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imaging [2]. Unfortunately, these autoparallel vector fields have scarcely been studied
in the literature, and we hope that the application of well-known ingredients of classical
mechanics, as the Hamilton—Jacobi equation, conveniently reformulated in a geometric
way, may shed some light on the characterisation and determination of such an interesting
class of vector fields. This is the main aim of the first part of this paper.

Once the study of these notions on the geodesic flow is performed, it is natural to ask
about their possible extension to more general second-order vector fields, in particular those
coming from mechanical systems subjected to external forces. We developed this extension
including the case of nonholonomic mechanical systems with nonholonomic constraints.
Then, we studied not only the geodesic case, for which many results are known, but also
the unknown case of mechanical and generalized mechanical systems, with external forces
possibly depending on the velocity.

The structure of this article is as follows. In Section 2, we quickly review the theory
of the Levi-Civita connection on a Riemann manifold, mainly to fix the notation to be
used. A quick review of the geometric approach to Lagrangian and Hamiltonian systems
is given, and the geodesic flow appears as the flow of a Hamiltonian vector field. In
Section 3, we review the properties of some distinguished vector fields in Riemannian
manifolds with a special emphasis on geodesic vector fields, which are our main aim.
The geometric approach to the Hamilton-Jacobi theory, whose fundamental ideas were
developed in a series of articles elaborated by the authors and their coworkers, is reviewed
in Section 4, where the concept of the Hamilton—Jacobi vector field is also introduced.
The search for Hamilton—Jacobi vector fields for the second-order geodesic vector field
and their relations with autoparallel vector fields are studied in Section 5, and the relation
between a geodesic vector field, its tangent lift, and the second-order geodesic vector field
is studied in Section 6. General Newtonian dynamical systems, the existence of Noether
conserved quantities, and Newtonian vector fields and their properties are studied in
Section 7, and an application for studying some relations between two conformally related
metrics is studied in Section 8. Conclusions and an outlook on future work are given in
Section 9. Finally, in order for the paper to be self-contained, we added an Appendix A
with some definitions and mathematical results on tensor fields along maps.

2. Notation, Basic Definitions, and Geometric Preliminaries
2.1. Riemannian Manifolds and Levi-Civita Connection

Let M be an n-dimensional differentiable manifold. A Riemannian metric on M is
a two-times covariant symmetric tensor field g, which is positive definite, hence non-
degenerate. The pair (M, g) is called a Riemann manifold.

Non-degeneracy implies that the map § : TM —T*M from the tangent bundle,
M : TM— M, to the cotangent bundle, 7tj; : T*M — M, defined by (3(v), w) = g(v,w),
where v, w € TxM, is a vector bundle isomorphism. As g is a fibred map over the identity
on M, it induces a natural map between the C*® (M) modules of sections of the tangent and
cotangent bundles, denoted by the same letter ¢ : X(M) —Q!(M): (g(X),Y) = g(X,Y),
ie., g(X) =1i(X)g.

Given a local chart (U, q,...,4") on M, we can consider the coordinate basis of X(U),
usually denoted {0/d¢/ | j = 1,...,n}, and its dual basis for Q' (U), {d¢/ | j = 1,...,n}.

n n .
. . _ i i SSVE _ J
Then, any v € T;M, withg € U, isv = ];v] (a/aq])q, andany { € TyMis{ = ];pj d‘ﬂq,
with v/ = (dq]“q, v) and p; = (Z, (9/ 9¢/),) being the usual velocities and momenta.

The local coordinate expression for the Riemannian metric g in the open set U is:

n , _— 0 0 . .
g= Y gi(q)dq ®dg, with g;;(q) _g(q)<8qi'8qf>' i,j=1,...,n=dimM. (1)

ij=1
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The arc-length of a curve v : R—=M, (t) = (g'(t),...,q"(t)), between the points
v(t1) and 7(t,) is given by

s(r) = [ 10l = [ g0, 7(0)) de = /wigq i, @

ij=1

n
i.e., the classical local expression for the arc-length ds is given by ds? = ) Sij dqidgl.
ij=1

Recall (see, e.g., [3,4]) that a linear connection V on a manifold ]M isamap V :
X(M) x X(M)—X(M), which is R-linear on both inputs, C*°(M)-linear on the first one,
and satisfies the rule Vx(fY) = (Xf)Y + f VxY, for X,Y € X(M) and f € C®(M). Itis
easy to prove that Vx Y|y depends only on X and Y on U C M; hence, in a local coordinate
system (U, XL, x™), the connection symbols l";k are defined by

0\ o 9 L.
vaxt ax] ;r]l W’ L] = 1,...,n, (3)

while VY is given by

VxY =V, fyfi :ZX o +fyr ? )
X X% = o) - oxt oxk’
Recall that VxY is known as the covariant derivative of the vector field Y with respect
to the vector field X. Observe from the above local expression that the value of VxY on a
point g € M only depends, with respect to X, on X,.
Moreover, each linear connection has associated a (1,2) tensor field T, called the torsion
tensor, which is skew-symmetric in the two subscripts, and it is defined as follows:

T(X,Y) = VxY — VyX — [X,Y]. ®)
A connection V on a Riemann manifold (M, g) is metric when, given X, Y, Z € X(M),

h that
we have tha Ex(g(ylz)) — g(VXY,Z) —I—g(Y,VXZ)/ (6)

where Lx denotes Lie derivative with respect to the vector field X. This is equivalent to
saying that Vxg = 0. Recall that the operator Vy, for X € X(M), can be extended as
a derivation that commutes with the tensor contractions, on all the tensor fields on M.
In particular, Vxg is defined by the expression:

Vx(8(Y,2)) = (Vxg)(Y, Z) +8(VxY, Z) + 8(Y,VxZ),Y,ZX(M),

because g is non-degenerate. See, e.g., [3,4] for more details on the covariant derivative of
tensor fields.

In the particular case of (6) in which the two arguments Y and Z coincide, that is,
Y = Z, we obtain

Lx(g(Y,Y)) =g(VxY,Y)+g(Y,VxY) =2g(VxY,Y). 7)

It is a fundamental result that every Riemann manifold (M, g) is endowed with a
uniquely determined torsionless metric connection V, called the Levi-Civita connection,
which is given by the so-called Koszul formula:

23(VxY,Z) = Lx(8(Y,Z))+ Ly(g(Z, X)) = Lz(8(X,Y))

- (XY, Z]) +g(Y,[Z,X]) + 8(Z,[X,Y]),

®)
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forevery X,Y,Z € X(M). In terms of local coordinates on M, the Koszul formula gives

d o\ 98k  Odgx 98 ..,
2g<va/a‘7i<aqj>'é)11’<) = aql + aq] - aqk, l,],k—l,...,l’l,

and, by the above definition of connection symbols (usually called second-class Christoffel
symbols),

. 1 /99 0 ag;j ..
i il j Sk Jk
o _ Ly _ 2 i k=1,...,n, 9
ik 21221:57 <8qk g aql> L] n )

n
where ) "¢Ygj = 6L. On the other hand, the vanishing of the torsion tensor is equivalent
j=1
to the symmetry property of the Christoffel symbols: l";k = 1";'( j- As indicated above, these
symbols I ;'k locally determine VxY for every pair of vector fields X, Y € X(M) by making
use of (4).

2.2. Geodesics: Definition and Second-Order Geodesic Vector Field

Let 7 : [—= M be a curve in the manifold M. For each t € I, y(t) € T, ;)M denotes
the tangent vector to the curve v at the point y(t). This shows that we can define a curve

YonTM, 7 :1—TM, by §(t) = %’y(s)|s:t. As Ty 0 7 = 7, the curve  defines a vector
field along v, i.e., 7 € X(7). However, we remark that the curve 7 on TM can also be

considered as the lift to the tangent bundle TM of the curve -. To distinguish both roles
of , when necessary, we will denote such a lifted curve as 47 (t) = (y(t), ¥(t)) instead of

simply 7. Observe that
d
T()
r)/ (t) - Tt’Y(dS)t‘

Let V be a connection on a manifold M. It is a remarkable fact (see, e.g., [3,4] for
details, or have a look at the expression (4) above) that the value of VxY at a point
x € M, (VxY)(x), only depends, with respect to X, on the value of X at such a point and,
with respect to Y, on the value of Y along any segment of the curve representing the tangent
vector X (x) € TxM.

Then, for each v € TyM, we can define V,Y = (VxY)(x), where X is any vector field
X € X(M) such that X(x) = v. Moreover, given a curve y in M, if Y € X(-y), we can define
ViY € X(7) by (V4Y)(t) = V)Y, while when Y € X(M), V4Y € X(7) is defined as
(V4Y)(t) = V(Y o). Similarly, if X,Y € X(7), we can define VxY € X(7) as the
vector field along -y given by (VxY)(t) = V(Y.

This allows us to introduce the concept of the parallelism of a vector field along a
curve as follows: a vector field, Y € X(vy), along the curve y : | — M, is parallel along
if VY =0, forall f € I. Observe that this expression is correct by the comments in the
previous paragraph.

In the particular case of Y = § € X(), every curve 7 such that its velocity vector field
is parallel along the curve, thatis V)7 = 0forall f € I, is called a geodesic.

Definition 1. We call geodesics of the connection V the curves <y in M whose velocity vector field
is parallel along the curve, V47 = 0.

In the case of a Riemann manifold (M, g) and its Levi-Civita connection V, the geodesic
curves are uniquely defined by the Riemannian metric g, and they are local extrema of the
distance function as defined in (2).

Recalling the expression (4), given a curve y : [—=M, 7(s) = (g'(s),...,4"(s)), which
we can assume to be parametrised by its arc-length s, that is || (s)|| = 1 for every s, we have
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Vit = Z(Zq] +Z Thd/g ) qov—2<q+Zqu’ )E; 0.

jk=1
Then, the local equation of the geodesic lines, V57 = 0, is the second-order
differential equation:
. n . .
i+ Y Thgldt=0, i=1,..,n. (10)
k=1

If we consider a reparametrisation of a solution of (10) with a generic parameter T
defined, as a given function of s, by

ds
E_C(T)'
we have
d 1d d2 1d/14d d@/drd 1 42
—_—= e = —— = —— | = — = —’——7,
ds ¢&drt ds?  Zdt\Zdt B dr | 2dr?

and the corresponding differential Equation (10) for geodesics in such a generic parametri-

sation is qui . dq dq dqi '
dr? +j,kz—:1 kgt dr (T)E' t=1..m, b
with s/ den 1 Pt/ ds\2
AT) = T (dr) , orequivalently, A(s) = e (dr) . (12)

Hence, as A = 0if, and only if, T = as 4 b, we can conclude that, as indicated in [5-7],
a geodesic curve is parametrised by a parameter that is an affine function of its arc-length,
T=as+b,wherea,b € R, ie., ageodesic is essentially parametrised by its arc-length s.

2.3. Lagrangian Dynamical Systems

A Lagrangian dynamical system is a pair (M, L), where M is a differentiable manifold,
the configuration manifold, and L : TM —R is the Lagrangian function. The associated
dynamical system is defined with the following elements (see [8,9] for details):

1.  The Cartan Lagrangian one-form 6, = d°L = dL o S, with S being the vertical
endomorphism on the tangent bundle TM.

2. The Cartan Lagrangian two-form w; = —d0y.

3. The energy function E; = AL — L, with A the Liouville vector field on TM.

4. Assuming that w is a symplectic form (see below), a unique vector field I' € X(TM)
solution to the Hamilton dynamical equation is defined:

i(F)wL = dEL. (13)

The vector field I is called the Lagrangian dynamical vector field, and it is the
Hamiltonian vector field, defined by the energy function E;, for the Hamiltonian sys-
tem (TM, wy, Er). Furthermore, T is an SODE vector field in TM, that is its integral curves
0 : R—=TM are canonical lifts to TM of curves y : R—=M, ie., o = (7,7) = yL.

In local natural coordinates, (qi, vi), of TM, the expressions of the above elements are:

2 27
GL:iaL.dqi,a)L:—i(a.L,dqf/\dqi+ oL dvU\dq) EL—ZU——L
i= V' =1 \0q/9v! 9v/0v!
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and the dynamical second-order vector field is:

L ) 0 tOPL o PL ;oL
= — +Ti(q, ith I +—,j=1,...,n
Z <U aq! T >8 ) " Z E)vfavl lZ; awaq og/ J "

The differential equations for the integral curves, ¢ = (a, §), of I are
i = p pi=ri

giving §' = T (g, v), that is a second-order differential equation.
The condition for the Lagrangian two-form wy, to be symplectic is related to the partial
Hessian of L with respect to the velocities: wy, is symplectic if, and only if, wﬁ” # 0, which,

in local coordinates, reads
det( PL > # 0
oI 9ot

As a consequence, the coefficients T are univocally determined if w; is symplectic.

2.4. The Geodesic Flow as a Lagrangian Dynamical System

If 7 is a geodesic curve in the Riemannian manifold (M, g), its lift to TM, v (t) =
(7(t),7(t)), is an integral curve of a vector field I' € X(TM) (see, e.g., [5,10]); this T is
the Hamiltonian dynamical vector field defined by the Lagrangian L = T, which gives
the Lagrangian system (TM, wr,, Tg), i.e., I'y is the unique solution of the Hamiltonian
equation i(T'g)wr, = dT,, where the kinetic energy function, T : TM —R, is defined by

n

1 1 .
Ty (v) = Eg(v, v), v € TM; T,(q, v) = 5 Z gl-]-(q) ', (14)
ij=1

and the Cartan one-form 67, is given by

n . .
01,(9,0) = &(v,-), b1, = ) gi(q)0'dq, (15)
=y

the associated symplectic two-form on TM being wr, = —dfr,.
The dynamical vector field corresponding to the Lagrangian system (M, Ty) is the
unique solution to the equation:

i(Tg)wr, = dT, (16)

whose local expression is given by

n
rg_zv - X Tolo %. (17)
i=1 i,j,k=1

The integral curves of I'q are liftings of curves in M that are solutions of the system of
differential equations for geodesic curves, V;(;y7(t) = 0, i.e., the system (10).

Observe that 67, is such that, if Lx07, = 0, for a vector field X € X(M) and X°
its complete lift to TM, then from the relation Exc9Tg =0r,c T, = GTLXg’ we obtain that
QTLXg = 0, and this is only possible when X is a Killing vector field, that is if, and only if,
Lxg = 0. Moreover, if ﬁXfng =0,ie., EXcHTg is closed, then eTﬁxg is a closed semibasic
one-form, and therefore basic, and this implies that QTLXg =0,ie., L Xc9Tg = 0; we have
that Lxcwr, = 0if, and only if, X is a Killing vector field.
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2.5. Hamiltonian Dynamical Systems

Going to T* M, we know that there is a canonical symplectic structure coming from the
symplectic form wy; defined by wy; = —d0)1, where 60) is the Liouville one-form in T* M.
See [11,12] for details. Their local expressions in natural coordinate systems, (7', p;), are:

n n

Opm = Zpidqi, wyp = qui/\dpi.
i=1 i=1

Given a function, the Hamiltonian, H : T*M —R, we can obtain a dynamical vector
field Xy € X(T*M) defined univocally by the equation i(Xy)wy = d H. Locally, the
expression of the integral curves, o(t) = (q(t), p(t)), of this vector field is

. 9H JoH
1 ), = ——— i:1/-'-/n/

17 - Tp{ pl aql 7
which are known as Hamilton dynamical equations.

2.6. The Geodesic Flow as a Hamiltonian Dynamical System

We study in this paragraph the case of the geodesic flow corresponding to the La-
grangian system (TM, Ty), where g is a Riemannian metric on M.

Associated with this system in TM, there is a Hamiltonian system in T* M obtained
through the Legendre map; see [11,12] for details.

Given the geodesic Lagrangian system (TM, Ty ) on the Riemann manifold (M, g), the as-

n
1 ..
sociated Hamiltonian system is (T*M, Hy), with Hamiltonian Hg(q, p) = 4215 s (q)pipj,
ij=
n
where ) g Sjk = 5t; hence, (g") is the corresponding matrix of the metric in the fibres
j=1
of T*M.
The Hamiltonian vector field for (T*M, Hy), X, € X(T*M), is given by

n B d n agij P}
Xe= 2. 8" @piz=— ), —xPiPiz —
¢ z‘,]; ‘og) i,j,;:l oq* " 9px

Thus, the Hamilton differential equations of a geodesic o : R—T*M, o (t) = (q(t),

p(t)), are
. . ndoli
S @pi, =Y aiqkp,»pj, k=1,...,n.
ij=1

g =

M-

l
—

n
Asp; = Z gl-]-qf , the second set of these equations can be reduced, by making use of
j=1
the expression of the Christoffel symbols, to Equations (10).

3. Distinguished Vector Fields in a Riemann Manifold

The aim of this section is to review some known properties of Killing vector fields and
obtain new ones related to geodesic, and other kinds, of vector fields.

3.1. Definitions and Initial Relations

There are distinguished classes of vector fields on a Riemann manifold (M, g). If V
denotes its associated Levi-Civita connection, then:

Definition 2. (i) We say that a vector field X € X(M) is a conformal Killing vector field if there
exists a function p € C*(M) such that Lxg = 21pg. A conformal Killing vector field X € X(M)
is homothetic when the function 1 is a constant.
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(ii) We say that a vector field X € X(M) is a Killing vector field if X is such that Lxg = 0,
i.e., the local flow of the vector field X preserves g.

(iii) We say that a vector field X € X(M) is an autoparallel vector field if VxX = 0.

(iv) We say that a vector field X € X(M) is a geodesic vector field if each integral curve of
X is a geodesic curve of the associated Levi-Civita connection.

It is well known that the set of conformal Killing vector fields is a Lie algebra called
the conformal Lie algebra [13], which contains two Lie subalgebras, the homothetic Lie
subalgebra and the Killing Lie algebra, because if Lxg = 2y g and Lyg = 2¢g, then

Lixy18 = Lx(Lyg) — Ly(Lxg) = 2Lx(P28) — 2Ly (Y1g) = 2(Lx(2) — Ly (¥1))8-

In particular, when X and Y are homothetic, then £ x y;g = 0.

As indicated in [5], one can see that a Killing vector field X € X(M) has constant
length if, and only if, every integral curve of X is a geodesic, i.e., X is a geodesic vector field
(see, e.g., Lemma 3 in [14]). We can also see that, as will be proven later on, if the vector
field X € X(M) is autoparallel, then g(X, X) is constant along the integral curves of X, that
is Lx(g(X,X)) =0.

The condition for X € X(M ) to be a Killing vector field, £xg = 0, can be rewritten,
using only norms, as

(Lxg)(Y,Y) =0, VY€ X(M), (18)

because
2(Lx9)(Y,Z) = (Lxg) Y+ Z,Y+2Z)— (Lxg)(Y,Y) - (Lxg)(Z,Z), VY,Z e X(M).

For the local expression of Killing vector fields, let X € X(M) be the vector field with
local expression in a local chart:

n . a
X=3 X(q) P (19)

then the Lie derivative with respect to X of the metric tensor field g is

S gl]' - X X k
Lxg = 2 X dq ®dg + Sij ( - dq ®dg + kdq'®dq )
ijk=1 ijk=1 9q 9q

or using the symmetry property of the metric tensor field,

Lk 98i ox* X
Lxg = 21<Z xk 204 11 4 Zglk o1 —l-ng]k o >dq ®dq/, (20)
ij

which shows that the condition for X to be a Killing vector field, i.e., Lxg = 0, is written in
local coordinates as

iz Bgz] axk oxk
+g + 9k = dq ® dq7 =0.
Z]él < aq ! aq

Thus, the local conditions for a vector field X € X(M) to be a Killing symmetry are:

; 98ij aX* axk
k gl] oy — Lo — C
kzzl (X aqk + 8ik aq] T &jk aql > 0, 1,] 1,...,n. (21)

We can show (see next subsection) that a vector field X € X(M) is a geodesic vector
field if, and only if, it is an autoparallel vector field, i.e., if VxX = 0, because the vector
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field X is a geodesic vector field if, and only if, its integral curves <y are geodesics, i.e., they
satisfy the condition V;;y7(t) = 0 (see, e.g., [1]).

It has also been remarked in [5] that, for each nonvanishing function f € C*(M), if
X € X(M) is an autoparallel vector field, then Y = f X satisfies VyY = (Xf)Y. How-
ever, each integral curve of the vector field X coincides with one of f X, up to a reparametri-
sation, and therefore, the preceding property can be used to derive that each integral curve
of a vector field X can be reparametrised to be a geodesic curve if, and only if, Vx X = f X,
where f is a nonvanishing function f € C*°(M). Moreover, it was proven in [5] that all the
integral curves of a vector field X € X(M) can be transformed by a Sundman transforma-
tion (see [5] and the references therein) into geodesic curves of the metric g if, and only
if, X is a pregeodesic vector field, that is there exists a function f € C®(M) such that
VxX = f X. This leads to the following definition:

Definition 3. We say that a vector field X € X(M) is a generalised geodesic vector field,
sometimes also-called pregeodesic vector field, if there is a nonvanishing function f € C*(M)
such that VxX = f X.

Observe that an integral curve of such a vector field is such that its acceleration is
proportional to its velocity. It was proven in [1] that a nonzero generalised geodesic vector
field of constant length is a geodesic vector field.

Using that the metric g provides an identification of X(M) and Q' (M), and as closed
and exact one-forms are distinguished ones, we can correspondingly introduce the defini-
tion of closed and gradient vector fields [15] and some of their properties:

Definition 4. We say that a vector field X € X(M) is a closed vector field when its corresponding
one-form i(X)g is closed, d(i(X)g) = 0. In the special case of exact one-forms, we say that the
vector field X is a gradient vector field: if i(X)g = df, the vector field X is said to be the gradient

of f.
As an immediate application of (6), we see the above-mentioned property: if a vector
field X € X(M) is autoparallel, then g(X, X) is constant along the integral curves of X,

that is
Lx(8(X, X)) =0. (22)

Having in mind also that (£xg)(Y,Z) = Lx(g(Y,Z)) — g([X,Y],Z) — g(Y, [X, Z]),
we obtain from (6) and the torsionless condition for the Levi-Civita connection that

(Lxg)(Y, Z) = g(VyX,Z) +g(Y,VzX). (23)
In particular, for Z = Y, we have
(Lxg)(Y,Y) =2¢(VyX,Y). (24)

Similarly,
d(i(X)8)(Y,Z) = Lyg(X,Z) — L28(X,Y) = g(X,[Y, Z]), (25)

and then, as the connection is metric,
d(i(X)8)(Y, Z) = g(Vy X, Z) + ¢(X, VyZ) = g(VzX,Y) = g(X, VzY) = g(X,[Y, Z]),
and as the connection is torsionless, such an expression reduces to
d(i(X)8)(Y, Z) = g(VyX,Z) = g(VzX,Y), (26)

which can also be rewritten as
d(i(X)g)(Y,Z2) = g(VyX,Z) —g(VzX,Y) = 2¢(VyX,Z) — (Lxg)(Y, Z);  (27)



Symmetry 2023, 15, 181

10 of 39

therefore, when X is a closed vector field,
1
$(V¥X,2) = 3 (£Lxg) (Y, 2). 8)

Some of these expressions will be used in the sequel.

3.2. Some Properties of Geodesic Vector Fields

For the sake of completeness, we give here a brief account of some known results on
geodesic vector fields and references relating them to other specific classes of vector fields.
The proofs we include are slightly different from the original ones in the given references
(see, e.g., [5] and the references therein):

1. Our first remark is that a vector field X € X(M) is an autoparallel vector field if,
and only if, its integral curves <y are geodesics, i.e., they satisfy the equation V4 ¢ = 0,
and then, when lifted to the tangent bundle TM, are integral curves of Ty, the second-order
geodesic vector field.

In fact, suppose that VxX = 0, and let v : I C R— M be an integral curve of X, that
is ¥ = X o . Then:

Vimy T () =V (xoq) 1) (X o7)(t) = (VxX)(7(t)) =0,

and therefore, 1y is a geodesic curve in M. If, on the contrary, we suppose that every integral
curve of X satisfies the equation V. ;)¥(t) = 0and let p € Mand 7 : I C R— M be the
integral curve of X with initial condition p, we have

(VxX)(p) = Vx(pX = Vi 7(t) = (Vi1 (t)) =0 = 0.

However, as this is true for every p € M, we have VxX = 0.

Because of this property, the autoparallel vector fields are also-called geodesic vector
fields [16]. In the definitions we introduced at the beginning of the section, for a vector field,
it is the same to be geodesic as to be autoparallel. We remark that, for each real number 4,
if X is a geodesic vector field, then a X is geodesic also.

2. There are some relations between autoparallel and Killing vector fields, as the
following ones.

It was proven in [14], Lemma 3, and it was used in [7,17] that a Killing vector field
X € X(M) has constant length if, and only if, every integral curve of X is a geodesic, that is
X is a geodesic vector field. We can give a little more general proof:

Proof. (a) Using that the connection V is metric and torsionless, we have, on the one hand,
that, for arbitrary vector fields X, Y € X(M),

Lx(g(X,Y)) = (£x8)(X,Y) +g(LxX,Y) +8(X, LxY)
= (Lx@)(X,Y) +8(X, VxY) - g(X, VyX),

because LxX = 0 and, according to (5), LxY = VxY — VyX. However, by making use of
(7) with an interchange of the roles of X and Y,

1
Lx(8(X,Y)) = (Lxg)(X,Y) + (X, VxY) — 5 Ly(8(X, X)), (29)
and on the other hand,

Lx(8(X,Y)) =g(VxX,Y)+g(X,VxY). (30)
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Comparing both expressions, we have that, for arbitrary vector fields X, Y € X(M),

$(VxX,Y) = (£x8)(X,Y) — 3 Ly (3(X, X)).

(b) If X =Y, the expression (30) reduces to Lx(g(X, X)) = 2¢(VxX, X) and this
relation shows that if X is a geodesic vector field, VxX = 0, then Lx(g(X, X)) = 0, that is
the norm of X is constant along the integral curves of X, in agreement with Property (22).

(c) Moreover, if X is a Killing vector field, we have that g(VxX,Y) = —%,Cy( (X, X)),

and consequently, as Y is an arbitrary vector field, we see that, then, X is a geodesic vector
field, i.e., VxX = 0, if, and only if, (X, X) is a real constant, as we wanted. [J

3. As far as the more general class of vector fields in a Riemannian manifold is
concerned, that of the so-called generalised geodesic vector fields, usually also-called pregeodesic
vector fields, which are those such that there exists a function f satisfying VxX = f X, a
remarkable property was proven in [1]: a generalised geodesic vector field X of constant
length on a Riemannian manifold is a geodesic vector field, because if ¢ is the function

defined by ¢ = %g(X, X),as VxX = f X, we have that

1 1
Lx(¢) = Eg(VXX/ X) + Eg(X,VXX) =2fg,

and equivalently, 2f = Lx(log ¢), which shows that as ¢ is constant, then f = 0; therefore,
X is a geodesic vector field.

3.3. Another Interesting Property of Killing Vector Fields

First of all, we establish a lemma whose result is to be used later on:

Lemma 1. Let (M, g) be a Riemannian manifold. The vector field X € X (M) is a Killing vector
field if, and only if, we have that g(VyX,Y) = 0, for every vector field Y € X(M).

Proof. Consider the following chain of identities for X, Y € X(M):
S(VYX,Y) = g(VxY+[Y,X]Y) = g(VxY,Y) — g([X, Y], Y)
1 1 1
= 3£x(s0r ) — (38600 1) - 3(Lx) (¥, 1))
1
= e y),

obtained by using the properties of the Levi-Civita connection. This shows that the con-
dition g(VyX,Y) = 0, for every vector field Y € X (M), is equivalent to (Lxg)(Y,Y) =0,
for every vector field Y € X (M), and therefore, Condition (18) for a Killing vector field
holds; this proves the result of the lemma. [

There is a kind of Noether theorem associated with a Killing vector field X € X(M),
to which we can associate a one-form Iy € Q!(M). We recall that, given a one-form
a € Ql(M), we can define an associated, linear in the fibres, function @ : TQ —R,
by @(q,v) = (a4, v). In particular, the one-form a = w;(q) dq' has associated the function
@(q,v) = a;(q) v'. Therefore, the one-form Iy has associated the function Iy € C®(TM),
and then, we can prove that if X € X(M) is a Killing vector field, the function f;\( is
invariant along geodesics. More specifically, we have:

Proposition 1. Let be (M, g) a Riemannian manifold and X € X (M) a Killing vector field. If
v : R—= M is a geodesic curve and Iy = i(X)g € Q! (M), then the function Ix is constant along
the lifted to TM curve 'yT, that is
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—(Ix o) =0.

Proof. We have:

T (T30 d) = Tg(Xom,4) = V(8(X,4)) = $(V4X,7) + 8(X, V43) =0,

and both summands on the right-hand side are null, the first one as a consequence of the
preceding lemma and the second one because 7 is a geodesic. O

In classical mechanics, the differential one-form Ix = i(X)g € Q'(M) is related
to the so-called momentum form associated with the vector field X for geodesic motion.
For instance, if M = R3 with the usual metric, the infinitesimal generators of translations
and rotations give rise to Killing vector fields whose associated momenta are the linear
momentum form and the angular momentum form. More specifically, recall the important
property (see, e.g., [18]) that, if X is a vector field on M, X € X(M), and X denotes its
complete lift, X¢ € X(TM), then

LxeTy = Tryg (31)

because, by using the definition of the Lie derivative of the function Ty and that if ¢; is the
flow of X and the flow of X¢ is T¢p;, we have that, for all v € TM,

Lol () - ;Tgowt(vnt_o:jt@g(m(v),wt(v)))

- ;;t((l)tg (v, |t -0~ (EXS)(UIU) = Tryg(0).

|t=0

Consequently, X € X(M) is a Killing vector field for the Riemann structure g if,
and only if, X° € X(TM) is a symmetry for the corresponding kinetic energy function
defined by g, and if we consider the symplectic manifold (TM,ng), when X € X(M)
is a Killing vector field, then the vector field X° € X(TM) is a Hamiltonian vector field,
because EXcGT = GXcT = 0; then, Exch = wxer, = = 0. Its Hamilton function is the linear
in velocities functlon correspondmg to the one- form i(X )QT ,because L XcQT = 0 implies
that i(X)wr, = d(i(X°)f7, ). )

In order to clarify the meaning of the function z(/XTg : TM—R, we remark that, if
X € X(M) is given in a chart by (19), namely

n i i
X—EX(q) 57 € x(M),

then the coordinate expression of its complete lift X© € X(TM) is

n aXl
xi2 -+ = (32)
g 1]231 aq] az;l
and that of the one-form i(X)g on M is
n . .
X)g =) &ij(q)X dq, (33)
ij=1
whose associated function i(X ) g €C®(TM)is
i(X)8(q,0) = ) 8ij(9)X/(q) " (34)

ij=1
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We remark also that, as indicated above, the contraction of the complete lift vector
field X¢ with the semibasic one-form:

o1, (q,0 Z gij(q) o dq’, (35)
i,j=1
is given by
(i(X) HTS q,v Z gl] (36)
i,j=1

and therefore, 1(/X)\g = i(X)0r,.

In this sense, the one-form Ix = i(X)g € Q' (M) corresponds to a function on TM
that is the Hamiltonian function of the vector field X¢, as shown by a comparison of (33)
with (36).

For instance, in the particular case of M = R3 endowed with the Euclidean metric,

if X is the vector field:
0 5}

X:ya_X@

the infinitesimal generator of rotations along the third axis, such a vector field is a Killing
vector field, and we obtain the one-form Ix = ydx — xdy, whose associated function
Ix(x,y,2, 0y, vy, Vz) = Y Ux — X Uy is constant along a geodesic line, i.e., the corresponding
constant of the motion is the third component of the angular momentum.

With our understanding of I'¢ as the dynamical Lagrangian vector field of the La-

7

grangian system (M, T ), the function i(X)g is the Noether invariant corresponding to

the symmetry X¢ of the Lagrangian T,. This is because 1( )8 = i(X°)bg, as we have
shown above.

Note also that, as the coordinate expression of the vertical lift X” € X (TM) of the
vector field given by (19) is

we have

EXng - ZX gl]( ) - i(X)g'

3.4. Killing Vector Fields and the Geodesic Flow

In Equation (31) and the following paragraphs of Section 3.3, we proved that, if X is a
Killing vector field on the Riemannian manifold (M, g), then its complete lift to TM, X¢, is
a symmetry of the kinetic energy function Ty, and consequently we have that Lx:07, = 0
and Lxcwr, = 0. From these properties, we have the following:

Proposition 2. Let be X € X(M) a Killing vector field on (M, g), X¢ € X(TM) its complete lift
to TM, and ¢ the local flow of X. We have the following:

(i) If Ty € X(TM) is the second-order geodesic vector field, then LxcT'q = 0.
(i) If v : R—= M is a geodesic curve, then ¢pX o y is also a geodesic curve.

(i) If Y € X (M) is a geodesic vector field, i.e., VyY = 0, then (¢{X).Y is a geodesic vector field,
that is
i f)ﬂ(‘PtX)*Y =

Proof. (i) From Relation (16), i(Fg)ng = dTg, we have

Lxe (i(l"g)ng) = i(LxeTg)wr, +i(Tg)Lxe wr, = i(LxTg)wr, .
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However, LxdTy = d(Lx:Tg) = 0, by Equation (31). Hence, i(Lx<I'y)wr, = 0, and wr,
being a symplectic form, we have that Lx<I'y = 0.

(ii) If 7y is a geodesic curve, then 7T is an integral curve of I'y. From (i), we have that
(Tp{).T¢ = Iy; hence, if 47 is an integral curve of I'g, then (Tp)) o ¥ is an integral curve
of (Tg{). Ty = T.

We have then that ¢ oy is a geodesic because (T¢X) o 7 = (¢ 0 7).

(iii) If Y € X(M) is a geodesic vector field, then its integral curves - are geodesics.
However, the integral curves of (¢X).Y are of the form ¢ o v, which, by Item (ii), are
geodesics; hence, (¢).Y is a geodesic vector field by Item 1 in Section 3.2, because all its
integral curves are geodesic curves. [J

4. Hamilton-Jacobi Vector Fields

There are several methods to integrate systems of differential equations, and one of
the most significant is to reduce the dimension of the manifold where the vector field
corresponding to the system of differential equation is defined. Generically, this method
allows us to obtain not all the solutions, but only a subset. As an instance with these ideas,
a modern geometric approach to the Hamilton—Jacobi theory was developed in [19]. Even
if such a theory is always developed in a Hamiltonian context, we can also consider the
framework of the tangent bundle of the given Riemann manifold (M, ) and extend the
theory to a Lagrangian setting. In some cases, we can obtain what is called a complete
solution to the Hamilton—Jacobi problem and, through it, all the solutions of the initial
equation if the full set of reduced equations can be solved.

In the next subsections, we develop a quick survey of the general theory of Hamilton-
Jacobi reduction and the particular cases of the Lagrangian and Hamiltonian formalism
with their differences and relations.

4.1. Geometric Hamilton—Jacobi Theory

Let 7 : E— M be a differentiable vector bundle and Z € X(E). We say that a pair
(X,s) € X(M) x I'(rr), where T'(7r) denotes the set of sections of 7, i.e., the set of maps
s : M— E such that 7t o s = idy, is a Hamilton-Jacobi pair for the vector field Z if X ? Z,
thatis X € X(M) is s-related with Z. Equivalently, Zos = Ts o X.

Suppose that (X, s) is a Hamilton-Jacobi pair for Z and v is an integral curve of X,
¥ = X o 7, then we have that

soy=Tsojy=TsoXoy=Zosoy=Zo(sory),

and then, the curve s o ¢ in E is an integral curve of Z. It is easy to see that the converse
property is true: if Z and (X, s) are such that every integral curve of X lifted to E by s is an
integral curve of Z, then X ~ Z, which can be seen by using that, for every point p € M,

S
there is an integral curve of X with the initial condition at p.
We can summarize the situation in the following diagram:

TTM

E<—_TE

R— M= TM,
X

where the initial data are the vector field Z, the Hamilton—Jacobi pair is (X,s), and the
diagram is commutative.

4.2. Lagrangian Theory

In the Lagrangian case, the initial bundle E is a tangent bundle E = TQ, 7o : TQ—Q,
Z € X(TQ), and (X,s) € X(Q) x X(Q); hence, the section s is another vector field, s = Y €
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X(Q), and we have that, if (X, Y) is a Hamilton-Jacobi pair, then X ? Z, or equivalently,

ZoY =TY o X. The corresponding commutative diagram is

TQ <2 T(TQ)

TQDY ’ TTQUTY

Y Q
R Q=—-T0Q
X

and therefore, if y is an integral curve of X, then Y o 7 is an integral curve of Z.

A particular case, very relevant in the Lagrangian framework, is when the vector
field Z € X(TQ) is an SODE, a second-order differential equation, vector field. Then,
as indicated above, (X,Y) with X € ¥(TQ) and Y € ¥(Q) is a Hamilton-Jacobi pair if
ZoY = TY o X. However, if 7 is an integral curve of X, i.e.,, 7 = X o 7, the relatedness
condition shows that the curve Y o ¢ in TQ is an integral curve of the Z, but as Z is assumed
to be a SODE vector field, its integral curves are canonical lifts of curves in Q; hence, we
have that, necessarily, Y o v = , because the curve Y oy in TQ is an integral curve of Z,
and this implies that Y = X, because 7 is an arbitrary integral curve of X. Thus, in this case,
given Z, we look for a vector field X such that Z o X = TX o X, or equivalently, X ¥ Z,

and the relevant commutative diagram is

TQ <2 T(TQ)

Tgwx ? TTQwa

v Q
Q=——_TQ
X

R

This is a specific characteristic of the Hamilton-Jacobi problem in the case of second-
order differential equations: we have only one vector field, which plays a double role, first,
as a vector field on Q and, second, as a section for 7, as solution of the Hamilton-Jacobi
problem associated with a vector field Z.

4.3. Hamiltonian Theory

In this case, the initial bundle is the cotangent bundle 775 : T*Q—Q, Z € X(T*Q),
and (X,s) € X(Q) x Q'(Q), i.e., the section s is a one-form on Q, s = a € O}(Q); we
have that (X, «) is a Hamilton—Jacobi par for Z if, and only if, X ? Z, or equivalently,

Z o = Ta o X. The corresponding commutative diagram is

T*Q << T(T*Q)
e
R—>Q=—""TQ
X

We can ask ourselves if there is any relation between the vector field X and the one-
form «. Actually, from the relation Z o x = Ta o X and as « is a section of o, We have
that

TngoZoa =TrngoTaoX =T(mgoa)o X = X.

Thus, we have that
X=TngoZoa. (37)

In this case, we have two relevant specific situations. Recall first that a cotangent
bundle g : T*Q — Q, with dim Q = 7, is endowed with a canonical one-form 6, called



Symmetry 2023, 15, 181

16 of 39

the Liouville one-form, such that a*0 = w, for each « € Q! (Q). Moreover, the two-form
w = —d0 is a symplectic form. Then, the first relevant situation is when the one-form « of
the Hamilton—Jacobi pair (X, «) is a closed (and therefore, locally exact) one-form, « = dU,
where U : Q—R is a differentiable function. This is equivalent to saying that the image of
a is a Lagrangian submanifold of the natural symplectic manifold (T*Q, w), because it is
an n-dimensional submanifold such that, since a*w = —a*df = —d(a*0) = —da, by the
definition of the canonical one-form 6 of T*(Q, we see that, as « is a closed one-form, we
have a*w = 0, i.e., the image of & is a Lagrangian submanifold of T*Q.

The second relevant situation is when the considered vector field Z € X(T*Q) is
a Hamiltonian vector field, namely i(Z)w = dH, with H : T*Q — R being a differen-
tiable function, the Hamiltonian function associated with Z. In this case, we have the
following result:

Proposition 3. Suppose that Z € X(T*Q) is a Hamiltonian vector field, with Hamiltonian
function H, i.e., i(Z)w = dH, and that (X, «) is a Hamilton—Jacobi pair for Z with « a closed
one-form, duw = 0. Then, a*dH = d(Hoa) = 0.

Proof. From i(Z)w = dH, we have that a* (i(Z)w) = a*dH. However, using that Zo a =
Ta o X because (X, «) a Hamilton-Jacobi pair for Z, the left-hand side of this relation is

o (i(Z)w) =i(X)a*w, (38)
because, for any vector field Y € X(Q),
a(((Z2)w)(Y) =w(Zowa, TaoY) =w(Tao X, TaoY) =a*w(X,Y) = (i(X)a*w)(Y).

We proved before that the closedness of the one-form « implies that a*w = 0, and from
the relation a*(i(Z)w) = a*(dH), we obtain that d(Hoa) = a*dH = 0. O

Consequently, when Q is connected, locally, H o « = constant, and if, also locally,
« = dU by the Poincaré lemma, then H o dU = constant, that is

H q,a—u. = constant,
oq'

which is the classical Hamilton—Jacobi equation. Recall that, as indicated in (37), the vector
field X can be recovered from the vector field Z and the one-form a as X = Trg o Z o a.

5. Hamilton—-Jacobi Vector Fields for the Second-Order Geodesic Vector Field

In this section, we fix our attention on the particular case of Hamilton—Jacobi vector
fields for a second-order geodesic vector field according to the theory developed in [19],
but not only in a Hamiltonian context, but also in the Lagrangian setting for systems of a
mechanical type developed in the framework of the tangent bundle of the given Riemann
manifold (M, g) (see, e.g., [5]).

Recall that, as indicated in the preceding section, a Hamilton-Jacobi pair for a vector
field in the tangent bundle TQ reduces to only a vector field in Q playing a double role.
More explicitly, we establish the following definition:

Definition 5. Given an SODE wvector field Z € X(TQ), a vector field X € X(Q) is said to
be a Hamilton—Jacobi vector field for Z if, for every integral curve v : R—Q of X, the curve
X oy : R—TQ is an integral curve of Z.

In [19-22], some useful properties of these Hamilton—Jacobi vector fields were studied.
Recall that, alternatively, a vector field X € X(M) is a Hamilton-Jacobi vector field for an
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SODE vector field Z if, and only if, TX 0 X = Z 0 X, i.e., X and Z are X-related vector fields,
X > Z, or equivalently, if the following diagram is commutative:

TTQ
TQ <—T(TQ)

. UF’% )2

v Q
Q=—2_TQ
X

R

Let now (M, g) be an n-dimensional Riemann manifold and V denote its associated
Levi-Civita connection. The relation among autoparallel vector fields and Hamilton—Jacobi
vector fields for the second-order geodesic vector fields I' is given in the following statement:

Proposition 4. A vector field X € X(M) is an autoparallel vector field on a Riemann manifold
(M, g), that is VxX = 0, if, and only if, it is a Hamilton—Jacobi vector field for the second-order
geodesic vector field T of g, i.e., ToX =TX o X.

Proof. Suppose that the vector field X € X(M) is autoparallel. If p € M and 7 is the
integral curve of the vector field X, ¥ = X o 7, with initial condition (0) = p, then we
know that the tangent lift 47 of 7 from M to TM is an integral curve of I', and hence,
as 7 = X o7, X o is an integral curve of I'; therefore, I' and X are X-related, i.e,, X isa
Hamilton-Jacobi vector field for T'.

Conversely, suppose that 7 is the integral curve with initial condition p € M of a
vector field X € X(M), i.e., 7+ = X o . If X is a Hamilton—Jacobi vector field for T, then
'yT is an integral curve of I'. Hence, vy is a geodesic curve, and then, Vﬂ-r(t)')'/(t) = 0, which
implies that V XPX = 0. However, as p € M is arbitrary, we have VxX = 0, i.e.,, and X is
autoparallel. O

Observe that, in that case, the curve (X o 7y) Tis given in local coordinates as

; n y aXi
(7 ,]; 7 ( an'> ov) : (39)

Hence, the local condition for X to be geodesic is

to(oX SR
.Ev']<aqf)0’r— - L TpXX oy, i=1n

j=1 k=1

for every integral curve  of X. Equivalently:

n axl n . .
ZXJa—q]. oy = _Zr;kxka oy, i=1,...,n. (40)

j=1 jk=1
As there are integral curves of X passing through every point in M, we have

n ]aXZ 1 i / k .
ZXTWZ_.Z TRXIXE, i=1,...,n, (41)
j=1 j k=1

as the set of local conditions for a vector field X in M to be a geodesic vector field.

Now, we go to the problem of how to find geodesic vector fields because Equation (41)
is not easy to solve, nor is it even easy to know whether it has solutions. As far as closed
Hamilton-Jacobi fields are concerned, we have the following:

Proposition 5. (Hamilton—Jacobi equation)
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Let X € X(M) be a closed vector field on a Riemann manifold (M, g), i.e., satisfying the
condition d(i(X)g) = 0. Then, X is an autoparallel vector field, VxX = 0, i.e., X is a geodesic
vector field, if, and only if, the function Tg o X on M satisfies d(Tg 0 X) = 0, where Tg : TM—=R
is the kinetic energy function defined by (14).

1
Proof. For each vector field Y € X(M),as Ty 0 X = Eg(X, X), we have:

A(Tgo X)(Y) = Ly(Tyo X) = 3 Ly(3(X, X)) = g(VyX, X), )

where use has been made of (7).
Now, taking into account (26), i.e., that

d(i(X)g)(Y,Z2) = g(VyX, Z) — g(VzX,Y),
when the vector field X is closed and Z = X, we have
S(VyX, X) =¢g(VxX,Y), (43)

and then, (42) shows that d(T; o X)(Y) = g(VxX,Y). Therefore, as Y € X(M) is an
arbitrary vector field, we proved that, for closed vector fields X, i.e., such that d(i(X)g) = 0,

d(TeoX) =0 <= VxX=0.
O

As indicated above, the closedness condition d(i(X)g) = 0 tells us that the image of
the differential one-form i(X)g on T*M is a Lagrangian submanifold of T*M endowed with
its canonical symplectic structure. Of course, as each exact form is closed, the closedness
condition d(i(X)g) = 0 is satisfied for the particular case of gradient vector fields.

According to the Poincaré lemma, condition d(Tg o X) = 0 is equivalent to saying that
the function Tg o X is locally constant, and this is the standard Hamilton-Jacobi equation.
In fact, in local coordinates, it reads as

n . .
) gijX'X] = constant.

ii=1
" oU 9
When X is a gradient vector field, X = grad U, then X = ) _ ¢ PN and as
ij=1 X
1 & oo 1L LauaU
TgoX =5 L &X' X' =5 Y & 55w
ij= ik=

the Hamilton—Jacobi equation is the standard one:

1 & i ou ou
— — — = constant.
2 z-,k; § ax oxF

This last equation provides a method for finding Hamilton-Jacobi gradient vector
fields for the second-order geodesic dynamical vector field I'y of the metric g, by solving
the preceding partial differential equation for the function U. This is, once again, another
particular expression of the Hamilton—Jacobi equation.

From a complete solution of this PDE, we can obtain all the geodesics of the metric by
integrating vector fields on M, that is systems of first-order ordinary differential equations.

Observe that, if X is a gradient vector field, then X is a geodesic vector field, VxX = 0,
if, and only if, g(X, X) = constant, because if X is a gradient, then it satisfies d(i(X)g) = 0.
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Therefore, by taking into account the three conditions for vector fields in a
Riemann manifold:

a)VxX =0, b)g(X,X)=constant, ¢)d(i(X)g) =0,
we proved the following logical relations for vector fields:
bAc=a, bha=c¢, c=(a&b), b= (as0).

In the case where X is a gradient, it satisfies c¢) and the corresponding logical relations.

Finally, we remark that, if VxX = 0, the length of X, the function g(X, X), is constant
along the integral curves of X, but this does not imply that ¢(X, X) must be a real constant.
For example, in the ordinary Euclidean plane (x,y), the vector field X = yd/dx is a
geodesic vector field, but g(X, X) is not a constant.

6. Hamilton-Jacobi Vector Fields and Complete Lift of Vector Fields

In Section 4.2, we saw that, when looking for Hamilton-Jacobi vector fields for an
SODE Z € X(TM), we must take as the section s : M—=TM appearing in a Hamilton—
Jacobi pair (X, s), the same Hamilton-Jacobi vector field X € X(M). Hence, the Hamilton—
Jacobi pair is (X, X). We analyse a similar situation where this also happens.

Let X € X(M) be a vector field and X¢ € X(TM) denote its complete lift from
M to TM. We can ask whether (X, X) is a Hamilton-Jacobi pair for X¢, i.e., whether
XoX =TXoX.

Proposition 6. If X € X(M) is a vector field on a Riemann manifold (M, g), then X o X =
TX o X, and therefore, X is a Hamilton—Jacobi vector field for X¢.

Proof. In local coordinates (4') for M and the induced ones (', v') for TM, respectively,
the local expressions of X and its complete lift are

n n an P}
i(q
;1 aqf 21 X! aqf ],kzl g/ 9ok

Hence,
n axk
Y Xt L X o
(1—1 = aq] avk>
which is equal to TX o X, as it can be easily computed. Consequently, X % X¢, ie., (X, X)

is a Hamilton—Jacobi pair. O

For a geodesic vector field X on a Riemann manifold (M, g), for which VxX = 0, we
have that X is a Hamilton—Jacobi vector field for I'; and for X°. The results of Proposition 4
and Proposition 6 are summarised as follows:

Proposition 7. Let X € X (M) be a geodesic vector field on a Riemann manifold (M, g) and Tq
the second-order geodesic vector field on TM. Then, I'¢ o X = X o X, and X is a Hamilton—Jacobi
vector field for X© and also for T'y.

7. General Newtonian Dynamical Systems and Newtonian Vector Fields

Up to now, we have studied geodesic motions on Riemann manifolds; from the point of
view of dynamical systems, they are called free systems. In the coming sections, we extend
our study to motions under the action of external forces acting on the system, i.e., forced
geodesic motions. We will define Newtonian systems and give the dynamical equations,
the notion of symmetry, and a kind of Noether theorem. We will finish the section by
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introducing the idea of Newtonian vector fields and the Hamilton-Jacobi equation. We will
follow the notation used in [5].

7.1. Newtonian Systems and Their Dynamical Equations

Let (M, g) be an n-dimensional Riemann manifold, and consider a semibasic one-form
F called the force form or work form. The dynamics is given by the SODE vector field I
solution of the dynamical equation:

i(Twr, —dTy = F, (44)
instead of the corresponding one for the free case, i(I'g)wr, = dT;. When the one-form F is

basic, F = ZF ) dq', the system is said to be Newtonian. In this last case, given the force
=1
form F, then I = l"g + X, where I'q is the second-order geodesic vector field defined by

(16) and Xr = Z $'F; ai is the local expression of the vector field of force, which is the
ij=1 2
vertical lift to TM of the vector ﬁeld Zr on M such that —z(Zp) g = F ie., Xp = Z}. The

local expression of Zr is Zr = E Z19/9q', with F = ZF dg/ = 2 gUZ’qu.
ij=1 ij=1
Moreover, when F is exact, F = —15,(dV) with V M —R, we say that F is a force
of potential type, and then, if we introduce a Lagrange function on TM by L = T, — V,
and therefore E; = T, + V, the dynamical vector field I' is the solution of

i(I’)wL = dEL. (45)

When the one-form F can be written as a sum F = —7;,(dV) + F, if we define the
Lagrangian function L as L = Ty — V, the dynamical Equation (44) becomes

i(F)wL - dEL =F. (46)

See [23] for a more detailed study on Lagrangian systems with external forces.

Going back to the above general case, as indicated in [5], the projections on M of
the integral curves of the SODE vector field I corresponding to Equation (44) satisfy the
second-order differential equation:

. n . .
i = — Zl"}quql—i—Z’, i=1,...,n, (47)
kI1=1

and a curve v : I C R— M is a solution of this system if, and only if, it satisfies the
following condition:
Vytv=Zpovy, (48)

as we can prove by expressing both members of the last equation in local coordinates. The
trajectories vy : I — M of the mechanical system defined on (M, g) we are studying are
therefore solutions of the dynamical Equation (48), which only uses tensorial objects on the
base manifold M

We denote this system by (M, g, F) and collect this notion in the following:

Definition 6. A Newtonian dynamical system is given by (M, g, F), where (M, §) is a Riemann
manifold and F is a basic one-form on TM, and its dynamical equation is

v"y').’:ZFO'Y/ (49)

where Zp € X(M) is the vector field such that i(Zp)g = —F. The solution curves to this equation
are called trajectories of the system.
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Observe that, when F = 0, then we obtain the equation of geodesic curves, V7 = 0.
Recall that we say that (M, g, F) is a simple mechanical-type system if F is an exact one-form,
F = —15,(dV).

We are also interested in the relevant case in which the external force F is a semibasic
one-form, which can also be seen as a one-form along the map 1)y : TM—M, ie., F :
TM —T*M is such that 71p; o F = Tj. In this more general case of generalised Newtonian
systems for which F may be strictly semibasic, we must use the formalism of tensor fields
along maps, and a short summary of this theory is summarised in the Appendix A. Now,
F is not a basic one-form on TM, but a semibasic one. The vector field I" solution of the
dynamical Equation (44) when F is semibasic is said to be the second-order dynamical vector
field associated with the given system (M, g, F), and it is given by

[ =Tg+ Xp,
where Xr € X(TM) is the vertical vector field of force whose local coordinate expression is

d
-~y g ) 55" (50)

ij=1

In order to recover in an intrinsic way such a vector field, observe first that there is
one vector field along Ty, Zr € X(Ty), such thatiz g = —F, where izg is the one-form on
TM defined for Z € X(ty) by [24,25]

(iz8(Y))(q,0) = &4(Z(q,0), Tats(g,0) (Y(q,0))), VY € X(TM). (51)

Remark that izg is semibasic because when Y is a 1) vertical vector field, then,
according to the definition (51), (izg)(Y) = 0.

Then, the vector field Xf is defined as the vertical lift to TM of the mentioned Zr €
X(tMm), a vector field along Ty, that is:

Xp(q,0) = (Ao Zp)(q,0) = M7 (Zg(g,0)),

where qu,v) : TyM —T, ) TM is the usual vertical lifting.
The local coordinate expressions of Zr and F are, respectively,

noo /9 n o
ZF: ZZI(iOTM>, F:—ZgijZ’dq],
9q ij=1
where, now, Z' are functions on TM. The vector field of force Xr is as defined above, and
its coordinate expression is
n

Xp= Y. Zi00) o, Zig.0)=- Y g0) Ea,0)

ij=1 j=1

The trajectories of (M, g, F) are the projections on M of the integral curves of T and
satisfy the system of second-order differential equations

. n . .
§ = — Z r;d(q)qkql +ZYg,0), i=1,...,n (52)
kI1=1

This system corresponds to the SODE vector field:

n

= Zvi% + ) ( q)vIv* 4+ Z1(q, v))% (53)

i=1 % ijk=1
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A curve v : I C R— M is a solution of the system (52) if, and only if, it satisfies the
following condition:
Vit =Zro7, (54)

as we can prove by expressing both members of the equation in local coordinates.

We remark first that, if Z € X(ty), i.e., Z : TM —TM is such that Ty 0 Z = 1), then
Zog:I—=TMissuchthattyo(Zo§) = (tpyoZ) oy = Ty 0§ = 7, and therefore, Z o
is a vector field along 1, thatis Z o ¢ € X(v). Consequently, both sides of the equality (54)
are vector fields along the curve 7.

The trajectories v : I — M of the mechanical system defined on (M, g, F) we are
studying are therefore solutions of the dynamical Equation (54).

As basic one-forms are also semibasic ones, the apparent difference between the
dynamical Equations (48) and (54) may seem a surprise. Note, however, that, given a vector
field Zr € X(M) as in (48), it has associated a Zr € X (1)) by means of Zr = Zf o Ty, and
using such Z in (54), we see that Zp o ¥ = Zp o Ty 0 ¥ = Zf o 7, which shows the identity
of the dynamical Equations (48) and (54) for basic force one-forms. More explicitly:

Definition 7. A generalised Newtonian dynamical system is given by (M, g, F), where (M, g)
is a Riemann manifold and F is a semibasic one-form on TM, and its dynamical equation is

Vit =Zro7y, (55)
where Zp is the vector field along Tyy defined by i(Zp)g = —F.

As we have shown in the previous comments, this definition includes as a particular
case the case of Newtonian dynamical systems. From now on, we will study the gener-
alised systems and only comment on the particular case when necessary. This situation
corresponds to the case where the forces on a mechanical system depend not only on the
positions, but also on the velocities.

7.2. Conserved Quantities and Dynamical Symmetries

The reduction processes of the integrability problem of a system make mainly use of
infinitesimal symmetries and of constants of motion, and sometimes, there exist relations
among these ingredients when a compatible geometric structure is known, using results
similar to those of the well-known Noether’s theorem.

The concept of (infinitesimal) symmetry plays a relevant role. We have seen that, for
free geodesic motions, the symmetries are given by the Killing vector fields, because if
X € X(M) is a Killing vector field, then its complete lift X € X(TM) preserves both the
symplectic form wr, and the free Lagrangian Tg. Moreover, Lx:07, = 0 shows that the
vector field X¢ is Hamiltonian with corresponding Hamiltonian function i(X¢)0r,, which
is, moreover, a conserved quantity for the second-order geodesic vector field Fg, as we
showed in Proposition 1 and the associated comments.

We can ask for the vector fields playing in the case of forced geodesic motions the role
of Killing vector fields in the case of free geodesic flow, that is we look for a generalisation
of Killing vector fields for this kind of Newtonian systems.

We devote the first part of this section to a kind of Noether theorem for these Newto-
nian, and even for generalised Newtonian, dynamical systems. According to Definition 7
and the previous comments, the Newtonian systems can be considered as a particular case
of generalised Newtonian dynamical systems; hence, we develop our results for these vec-
tor fields and only comment on the particular case when there are some specific differences.

Given a vector field X € X(M), consider the one-form i(X)g on M and its associated

function Ix = z(/)\g defined on TM as i(X)g(q,v) = g( (9),v). We study under what
conditions the function IX is constant along the lifts 7T to TM of the trajectories 7y of
a generalised Newtonian system (M, g, F), that is v7(t) = (v(t),¥(t)). Then, if v is a
trajectory of the dynamical system on M defined by (M, g, F), i.e., it is the projection onto



Symmetry 2023, 15, 181

23 of 39

M of an integral curve of the associated dynamical SODE vector field I', and thus, -y satisfies
(55), we have that

IRGT0) = SeX(r(0),4(1) = Vi (8(1(8), X(x(1))))

= 8(Vim7(t), X(v(£)) +8(¥(t), Vi X(7(8)))-

Hence, if F is a semibasic one-form on M, and Zr € X(ty) is the vector field along T
such thatiz.¢ = —F, then

%I/;E(WTU)) = 8(Zr, X)(rT (1) +8(7(1), Vi X(7(1))) - (56)

We can change the expression of the second element of the right-hand side to a more
suitable one with the following lemma:

Lemma 2. Let be (M, g) a Riemannian manifold and Ty : TM —R the associated kinetic energy.
Forany X,Y € X(M), we have that

(LxeTo)(Y) = g(VyX,Y).

Proof. Using that Lx<Ty; = Ty, ¢ and the torsionless property of the Levi-Civita connection,
we have that

(LxT(Y) = Toge(Y) = 5(Lxg)(¥,¥) = 2 Lx(8(Y,Y)) ~ g(LxY,Y)

= SVx(8(Y,Y)) ~ $(£LxY,Y) = g(VxY,Y) — g(£LxY,Y)

= g(VyX, Y) +g(£xY, Y) — g(ﬁxY,Y)
= g(VYXr Y)/

from which the result of the lemma follows. [

As a consequence, we have the following result:

Proposition 8. Let be (M, g, F) a generalised Newtonian dynamical system and X € X(M) and

X¢ € X(TM) its complete lift. Then, the function i(X)g : TM —=R is constant along the lifts /T
to TM of the trajectories vy of the given system on M if, and only if,

LxeTy —i(X)F=0. (57)

Proof. Considering the two sides of the Equation (56), we remark that if Zr € X(1) is
such thatiz.¢ = —F,

8(Zr(v" (1), X(v(1))) = (((ZF)) (X)) (Y1 (1) = —({(X)F) (v (1)),
while, as a result of the preceding lemma,

(Vi X(v(£),7(1) = (Lx<Tg)(¥(1)),

and therefore, by (56), we see that the function z(X/)\g is constant along the lifts 77 to TM of
the trajectories v if, and only if,
LxTg —i(X°)F =0,

because the trajectory v is arbitrary. [
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Particularly interesting cases are those corresponding to Killing vector fields X ¢
X(M), for which LxcT, = Trye = 0, and then, Condition (57) reduces to i(X9)F =0,
or what is equivalent ¢(Zp, X) = 0, that is, at every vector vy € TM, the vector Zr(vy)
is orthogonal to X(x). One says that the Killing vector field X € X(M) satisfying the
condition i(X)F = 0 is a Killing symmetry of the generalised Newtonian system (M, g, F)
and the function 1(/)-()\g is the associated conserved quantity. Summing up, we obtained the
following proposition:

Proposition 9. Let be (M, g, F) a generalised Newtonian dynamical system, Zr € X(Tp) such
that iz,g = —F, X € X(M) a Killing vector field, and X¢ € X(TM) its complete lift. Then,
the function i(X)g : TM —=R is constant along the lifts T to TM of the trajectories <y of the
given system if, and only if, the semibasic one-form F vanishes on X¢, i.e., i(X°)F = 0.

Comments:

1. Observe that i(X°)F = i(X)F = —g(Zf, X); hence, the condition in the above propo-
sition is that Zr and X are orthogonal.

2. If F is a basic one-form, that is (M, g, F) is a Newtonian dynamical system, the result
is the same.

3. In the case of the geodesic systems, F = 0, the condition g(X,Zr) = 0 is trivially
satisfied, and we obtain the result of Proposition 1 as a particular case.

4. If the system is a conservative simple mechanical one and its potential function is

V:M—R, then Zr = gradV and F = —dV. In this situation, the condition
i(X°)F = 01is LxV = 0, that is the potential function V is invariant by the vector
field X.

Now, we go to the dynamical symmetries of a Newtonian system.
Recall that a vector field Y € X(TM) is a dynamical symmetry for the dynamics
I' e X(TM) if [Y,T] = 0, i.e., the flow of the vector field Y preserves I'.

Definition 8. A vector field X € X(M) is called a Lie symmetry of the dynamics defined by
the generalised Newtonian system (M, g, F), when X is a dynamical symmetry of the associated
dynamical vector field T, namely [X,T] = 0.

To characterise the dynamical symmetries of a generalised Newtonian system (M, g, F),
we need to have an expression of the dynamical vector field I'. We know that the curves -y
in M solutions to the dynamical Equation (55), when lifted to TM, are the integral curves
of the SODE vector field I', the uniquely defined solution to the equation:

i(T)wr, —dTy = F, (58)

then applying the exterior differential to both sides, we obtain that the SODE vector field T’
satisfies
Eerg =dF, (59)

and therefore, I is not a locally Hamiltonian vector field when F is not closed, but only
when F is closed.

With this interpretation of the dynamical vector field, we can obtain Proposition 8 and
Proposition 9 in this different approach for the generalised Newtonian system (M, g, F):

Proposition 10. (i) Given a vector field X € X(M), the function 1(/X)\g is a conserved quantity
for the generalised Newtonian system (M, g, F) if, and only if, Lxc(Ty) = i(X)F.

(ii) If X € X(M) is a Killing vector field, then the function i(X)g is a conserved quantity for
the generalised Newtonian system (M, g, F) if, and only if, i(X)F = 0.
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Proof. (i) The contraction with the complete lift X of the vector field X € X(M) of both
sides of Relation (58) leads to

i(Xc)i(F)ng =i(X)dTy +i(X)F. (60)
The left-hand side can be rewritten as
wr, (I, X) = —dbr, (I, X°) = —Lr(07,(X)) + Lx< (67, (T)) + 07, ([T, X)),
and having in mind that
n o n L
O, (I) = i; 8ij(q)v'v) =2Tg, 07, (X) = ij;gfj(q)vfxl = i(X9)g,

and that [I', X‘] is a vertical vector field on which 61, vanishes, the relation (60) becomes

—

—Lr(i(X)8) + Lxe(Tg) —i(X)F =0,

—

and therefore, i(X¢)g is a conserved quantity if, and only if, Lxc(Ty) = i(X°)F.

(ii) In the particular case of a Killing vector field, as Lx(Tg) = 0, we have that 1(/X)\g
is a conserved quantity if, and only if, i(X°)F = 0. O

As far as the dynamical symmetries are concerned, we have the following:

Proposition 11. Given a generalised Newtonian system (M, g, F), a Killing vector field X €
X(M) is a Lie symmetry of the dynamical vector field T € X(TM) solution of (58) if, and only if,
LxcF =0.

Proof. Using the relation:
i([XC, I’])ng = (,Cxc o 1(F) — 1(F) o EXC)(UTX,

we obtain
i([XC,l"])a)Tg = EXc(dTg +F)— i(l—')a)TLXg = LxF,

because, as X is a Killing vector, LxcT; = 0 and Exchg = 0. Since wr, is nonde-
generate, i([X, I'])wr, vanishes if, and only if, [X% I'| does, and then, the result of the
proposition follows. [

Another approach to a similar result, but related to the case of conserved quantities, is
the following property:

Proposition 12. For a generalised Newtonian system (M, g, F), if a Killing vector field X € X(M)
is such that i(X°)F = 0, then X is a Lie symmetry of T if, and only if, i(X)dF = 0.

Proof. We first remark about an important relation that we can derive by making use of
the relation £Xc9Tg =0ryc T, = QTEXg’ from which we see that

(X )wr, = —i(X)dOr, = —Lx0r, +d(i(X)0r,) = =01, +d(i(X°)0r,). (61)
As the dynamical vector field I satisfies (59), we can write
(XA = i(X%) Lreor, = Lr(i(X)ar,) + (X, Tawr,,
and from the expression (61) for i(X°)wr,, the preceding equation becomes

i(X°)dF = _EF(QT[:Xg) + Lr(d(i(X°)0r,) +i([X, T)wr,;
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if X € X(M) is a Killing vector field, £Lxg = 0 reduces the preceding relation to

—

i(X)dF = Lr(di(X)g) +i([X, T)wr, = Lr(d(i(X)8z,) + i([X,T])eor, -

This shows that, if i(X°)F = 0 and, therefore, Er(di(/X)\g) = 0, we have that [X‘,T]) =
0 if, and only if, i(X°)dF = 0. Recall that i(X°)F = 0 and i(X°)dF = 0 imply that
LxcF=0. O

Comments:

1.  We remark about the difference between Proposition 9 and Proposition 12 for the
characterisation of the vector field X as a generator of a conserved quantity or as a
dynamical symmetry.

2. In the case of a conservative simple mechanical system, thatis F = —dV, if X is a
Killing vector field, we have that:

-

(a) If LxV = 0, then the quantity i(X)g is conserved by the dynamics;

(b) If LxdV = 0, then the vector field X¢ is a dynamical symmetry of I'. This condition
on V and X is equivalent to dLxV = 0, which is a condition weaker than Condition
(a).

In fact, we have that Condition (a) implies Condition (b), then we can have a dynamical
symmetry X such that i(X)g is not a conserved quantity. In these circumstances,
the vector fields X satisfying Condition (a) are usually called Noether symmetries.
Obviously, a Noether symmetry is a dynamical symmetry, but not the contrary.

As we said above, see [23] for a comparison of the obtained results and used methods.

7.3. Newtonian Vector Fields

Similar to the definition of geodesic vector fields, we introduce the following definitions:

Definition 9. (i) A Newtonian vector field for the Newtonian system (M, g, F) is a vector field
X € X(M) satisfying the equation:
VxX =727, (62)

where the vector field Zr € X(M) is such that i(Zp)g = —F.
(ii) A generalised Newtonian vector field for the generalised Newtonian system (M, g, F)
is a vector field X € X(M) such that

VxX=2ZroX, (63)
where Zr € X(Ty) is such thatiz,.g = —F.

We remark that, when Zr € X(M), we can replace Zr on the right-hand side of (62)
by (Zp o Tp1) o X, and this fact identifies (62) with (63), because the remark preceding
Definition 7 leads to considering as equivalent both definitions (62) and (63), and hereafter,
we only consider the generalised case and Condition (63).

These concepts play an interesting role when studying relations among geodesics for
conformal metrics in the next section.

The first interesting property of this kind of vector fields is similar to the characterisa-
tion of the geodesic vector fields for the second-order geodesic vector field.

Proposition 13. A vector field X € X (M) is a generalised Newtonian vector field for the gener-
alised Newtonian system (M, g, F) if, and only if, its integral curves satisfy the dynamical equation
V/y’)/ = ZF o) ’)/
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Proof. Let X € X (M), and suppose that its integral curves y : [— M satisfy the dynamical
Equation (54). If p € M and vy : | — M is the integral curve of X with the initial condition
7(0) = p, we have that ¥ = X oy and V47 = Zr o . Then,

(VxX)(p) = Vx,X = V) 7(t) = Zr(7(0)) = (Zr 0 X)(7(0)) = (Zr o X)(p) -

However, the point p € M is arbitrary; hence, VxX = Zr o X.
Conversely, suppose that X € X(M) satisfies the equation VxX = Zr o X, and let
v : [— M be an integral curve of X, thatis ¥ = X o . Then,

(VxX)(v(t)) = (Zpo X)(7(1));
hence, as 1 is arbitrary, V¢ = Zroy. O

We can extend some results on geodesic vector fields contained in Proposition 2 to
the case of generalised Newtonian vector fields. In fact, recall first that, according to
Proposition 12, if X € X(M) is a Killing vector field of the Riemann manifold (M, g) and
X¢ € X(TM) denotes its complete lift, then the vector field X is a Lie symmetry of T if,
and only if, i(X“)dF = 0. Two important properties are then the following;:

Proposition 14. (i) Let be X € X(M) a Lie symmetry of the generalised Newtonian system
(M, g, F) and ¢} its local flow. If v : R—= M is a trajectory of the generalised Newtonian system
(M, g, F), then ¢ o «y is also a trajectory.

(i) If Y € X(M) is a generalised Newtonian vector field for (M, g, F), i.e., VyY = ZpoY,
then (¢X).Y is also a generalised Newtonian vector field for the same system, that is

V(). (95) Y = Zg o ((97)-Y).

Proof. (i) Let y be a trajectory of the system (M, g, F), then 47 is an integral curve of T.
As [X,T] = 0, we have that (T¢).I' = I'. Hence being 4T an integral curve of T, we have
that (T¢) o 4T is an integral curve of (T).T = T. Thus, ¢ o is a trajectory of the
system because (T¢pX) o7 = (¢ o 7).

(ii) Let Y € X(M) be a generalised Newtonian vector field, then its integral curves
7 are trajectories of the system. However, the integral curves of (¢}X).Y are of the form
<th o 7, which, by Item (i), are also trajectories; hence, (4)tx) +Y is a Newtonian vector field
by Proposition 13. [J

The geodesic systems are characterized by F = 0, and then, all the results on geodesic
vector fields appear as particular cases of Newtonian systems. Moreover, in these geodesic
cases, the condition Lx< Ty, = 0 is equivalent to Lxg = 0, that is X is a Killing vector field,
and the above results correspond to those in Proposition 2.

In [23], several different situations with symmetries of a Lagrangian system with
external forces were studied. We only work here with geodesic systems whose Lagrangian
is Ty and forced geodesic systems, where external forces depending on the velocities may
appear, and we study them as generalised Newtonian systems. In the coming sections, we
will try to generalise the ideas of geodesic vector fields and apply them to conformal metrics.

7.4. Hamilton—Jacobi Vector Fields for Generalised Newtonian Systems

This section is devoted to generalising to the framework of generalised Newtonian
systems the results obtained in Section 5.

Consider a generalised Newtonian system (M, g, F) as above, and let ' = e+ XE,
with Xp = Z7, the corresponding dynamical SODE vector field. We say that a vector field
X € X(M) is a Hamilton-Jacobi vector field for the system if, for every integral curve 7y
of X, we have that X o v is an integral curve of I'. As in the geodesic case, we have the
following equivalence:
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Proposition 15. A vector field X € X (M) is a generalised Newtonian vector field for the gen-
eralised Newtonian system (M, g, F) if, and only if, it is a Hamilton—Jacobi vector field for the
same system.

Proof. Suppose that X € X(M) is a Hamilton-Jacobi vector field for the generalised
Newtonian system (M, g, F), and let v be an integral curve of X. Then, ¥ = X oy is an
integral curve of I'. Hence, - satisfies the equation V¥ = Zr o . By Proposition 13, we
have that VxX = Zr o X, because 7 is arbitrary, and consequently, X is a generalised
Newtonian vector field.

Conversely, if X € X(M) is a generalised Newtonian vector field, then, for any integral
curve y, we have that V57 = Zr o 4, and therefore, 7 is an integral curve of I'. [

Apart from the definition, we have no explicit characterisation of the generalised
Newtonian vector fields, but, using the preceding proposition, we can try to obtain a local
equation for them.

Suppose that X € X(M) is a Hamilton—Jacobi vector field for the generalised Newto-
nian system (M, g, F), and let y be an integral curve of X. Then, (X o) =T o X o7, that
is TX oy =T o X o 4. Inlocal natural coordinates, we have:

no/axi . n . .
Z<af> V= (- L XX +Zeq, i=1...n
T/

j=1 jk=1 pe

for every integral curve y of X. Equivalently:

1 axi . |
ZX]aqf oq=(— ¥ ThXX ) oqtZiod, i=1..n

=1 k=1

However, as ¥ = X o ¢ and there are integral curves through every point in M, we

have 4
= 0X R
] = — . .:
Yy X g jk;r]kxx +Z'oX, i=1,...,n, (64)

j=1
as the local condition for a vector field X in M to be a generalised Newtonian vector field.
Observe that, if the external force vanishes, F = 0, hence Z! = 0, then we obtain the
corresponding expression (41) for geodesic vector fields.
In parallel with Proposition 5, we have the following result for a generalised Newto-
nian system (M, g, F):

Proposition 16. (Hamilton—Jacobi equation)
Let be X € X (M) a closed vector field, i.e., satisfying the condition d(i(X)g) = 0,and (M, g, F)
a general Newtonian system. The following conditions are equivalent:
(i) X is a generalised Newtonian vector field, VxX = Zr o X.
(i) The function Tg o X on M satisfies the condition d(Ty o X) = —F o X, where Ty : TM—R
is the kinetic energy function defined by (14).

Proof. We know (see (42)) that, for each vector field Y € X(M), we have:
d(Tg 0o X)(Y) = g(VyX, X).

Now, as indicated in Section 5, taking into account that X is closed and using (26), we
have that g(Vy X, X) = g(VxX,Y). Consequently, if X is a generalised Newtonian vector
field, using (63), d(Tg 0 X)(Y) = ¢(VxX,Y) = g(Zro X,Y) = —(F o X)(Y). However, Y €
X(M) is an arbitrary vector field, then for closed vector fields, i.e., such that d(i(X)g) = 0,
we have that

d(TgoX) = —FoX. (65)
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If, conversely, the vector field X € X (M) satisfies (65), then, from Equation (42), we
obtain that g(VyX, X) = —(F o X)(Y), and using (43), because X is a closed vector field,
this can be rewritten as g(VxX,Y) = —(F o X)(Y). However, Zr satisfies iz,g§ = —F, then
we obtain g(VxX,Y) = g(Zr o X, Y); and as the vector field Y is arbitrary, this implies that
VxX,= ZroX,ie, the vector field X is a generalised Newtonian vector field. O

The expression (65) is the Hamilton-Jacobi equation for a generalised Newtonian
system (M, g F ) for an associated closed generalised Newtonian vector field X, and as

d(TgoX) =d(X*'Ty) = X*dTy = —Fo X,
we can rewrite such an equation as
d(X*Tg) +FoX =0, (66)

which, in the case of F being an exact one-form, gives the usual expression of the Hamilton—
Jacobi equation for simple mechanical systems.
In local coordinates Equation (66) gives

;d< y. gij(q)Xi(Q)Xj(4)> + iFj(q,X(q)) dgl = 0.
=

ij=1

7.5. The Case of Nonholonomic Generalised Newtonian Systems

Consider now a generalised Newtonian system (M, g, F), with F € Q'(ty), and sup-
pose the system is constrained to move on a submanifold C C TM, with 1y;(C) = M. Then,
we have a nonholonomic system, and the dynamical equation is obtained supposing there
exists a constraint force R € X(ty), which forces the system to move on the submanifold
C. Hence, the dynamical equation is

Vivy=Zroy+Ro7y (67)

and by the application of the d’Alembert nonholonomic principle (see [10] for more details),
we impose that the constraint force R € X(1y) is such that its vertical lift R” € X(TM) is
orthogonal to C: for every (q,u) € TM, we suppose that

R(g,u) € (ViguyTMNT(,,C)y -

Recall that R(g, u) € T;M.

Comment: For every (g,u) € C, we used the notation (V{, ,, TM N T(, ,,C)4 to denote the
subspace of T;M such that its vertical lifting gives (V(,,) TM N T, ,)C). As (V(,,,) TM N
TuC )q is a linear subspace of T;M, the meaning of its orthogonal complement with
respect to the metric g is clear.

One of the most-interesting cases is when the constraint submanifold C is defined by
the annihilation of a family of functions ¢* : TM—R, « = 1,...,h, independent with
respect to the velocities, that is such that d”cpl, eeey dU<ph are linearly independent at every
point of C (recall that d°¢ = d¢ o S, where S is the vertical endomorphism in TM). Locally,
this condition is equivalent to saying that, for a natural coordinate system on TM, (', v'),

they satisfy that
1 h
rank AP/ 97) =h,
a(vl,...,om)
at every point of C.

In this situation, in order to satisfy the d’Alembert nonholonomic principle, see [10],
we have that there exist functions A, : TM —R, called Lagrange multipliers, such that
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h
R = AaZﬂC:Alzl—i—...—i—)\hZh,

a=1
where the vector fields along Ty, Zy € X(tpm), are defined by iz,g = —d’¢%, and the
dynamical equation is:

h
Vit =Zrov+ Y AaZa.
a=1

To solve this equation for the trajectory v and the Lagrange multipliers A,, we need
to add the equations cpl =0,..., 4>h = 0, which are the constraint functions defining C.
Observe that we also have the constraint form Fg € Q!(ty), defined by irg = —Fgr, whose
expression is given by:

h
Fr=—Y Aud’p".
a=1

Going to conserved quantities, we can apply Propositions 8 and 9 to the dynamical
Equation (67) and obtain, by direct application, the following results for a nonholonomic
system defined by (M, g, F) and the constraint submanifold C, with the above notations:

Proposition 17. Let be X € X (M) and X¢ € X(TM) its complete lift. Then, the function

i(X)g : TM —=R is constant along the lifts T to TM of the trajectories *y of the given system on
M if, and only if,
LxcTg —i(X)F —i(X°)Fg = 0. (68)

Proposition 18. Let be X € X (M) a Killing vector field and X¢ € X(TM) its complete lift. Then,

the function i(X)g : TM—=R is constant along the lifts 4T to TM of the trajectories 7y of the given
system if, and only if, the semibasic one-form F + Fg vanishes on X¢, i.e., i(X)(F + Fg) = 0.

Proposition 19. Let X € X(M) be a Killing vector field and X¢ € X(TM) its complete lift.

Suppose that i(X¢)Fr = 0. Then, the function i(X)g : TM —=R is constant along the lifts T to
TM of the trajectories -y of the given system if, and only if, the semibasic one-form F vanishes on X¢,
ie,i(X)F =0.

If the constraint submanifold C is C = {(q,u) € TM | ¢* =0,...,¢" = 0}, the condi-
tion i(X)Fg = 0 can be reduced to

h h
0=i(X)Fgr = Y Aai(X)d"¢" = ) Aai(X)d"¢",

a=1 a=1

because d”¢* are semibasic forms. Hence, in order to satisfy the condition i(X°)Fg = 0, itis
enough to satisfy i(X)d’¢* = 0, « = 1,...,h. This is equivalent to saying that g(X,R) =0
at every point of C.

With respect to the Newtonian and Hamilton-Jacobi vector fields, we can extend to
this case Propositions 13, 14, and 16 and Hamilton—Jacobi Equation (66) without change,
but including the constraint force.

8. Application to Conformal Metrics
8.1. Conformal Metrics: Definitions And Geodesics

Definition 10. Two metrics g and g on the manifold M are conformally related if there exists a
function ¢ : M—R such that § = exp(2¢) g.
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This definition allows us to establish an equivalence relation in the set of metrics.
A conformal structure is an equivalence class of metrics. The covariant derivatives with
respect to both metrics ¢ and § are related by (see [5] for details):

VxY = VxY+ (ﬁx(p)y + (EygD)X — g(X, Y) gradggo

(69)
= VxY+ (Lx@)Y + (Lyg)X — (X, Y) grad¢.
In the case of X =Y, the above expression reduces to
VXX = Vxx—‘rZ(Ex(P)X—g(X,X) gradg(p. (70)

The new Christoffel symbols of the second kind of the Levi-Civita connection are
related to the previous ones by (see [5]):

_ ) L .
;’k_ (5;8;’)‘+5k Zg] g 8 l’ i,jk=1,...,dimM, (71)

where 6! denotes the Kronecker delta symbol.

How related are the geodesic curves of conformally related Riemannian metrics? This
is the question we will study now. Recall that, as we stated in Section 2, given a Riemann
manifold (M, g), the geodesic curves are the curves y in M whose velocity vector field - is
parallel along the curve, V;(;y7(t) = 0. They satisfy that g(-y(¢), 7(t)) is a constant function,
and we can parametrise the curves with the arc parameter, then g(y(t), ¥(t)) = 1. Locally,
the geodesics are the solutions to the system of second-order differential Equations (10).

. n . .
q + %: Thdlq =0, i=1,..n, (72)
jk=1

where the functions F;.k are the Christoffel symbols corresponding to the Levi-Civita con-
nection of the Riemannian metric g. This equation corresponds to an SODE vector field on
the tangent bundle TM, the so-called second-order geodesic vector field, denoted by Iy,
whose local expression is given by

LI oL D

rgZZUZa——Z ;kU]U @

As indicated above I’ is the only vector field on TM satisfying (16):
i(Tg)wg = dTy,

that is I' is the Hamiltonian dynamical vector field defined by the Lagrangian dynamical
system, (TM, wy, Ty ), where the kinetic energy function T is defined in (14) and wy is the
associated Cartan two-form.

Now, we go to the expression of the geodesic curves of the conformal metric
g =exp(29)g.

As the Christoffel symbols corresponding to § = exp(2¢) g are given by (71), we
have that

Zn: Z (q 42 Xn: a(p k i
= avl T avz a

n

ook ol! q)a
Zg gaqlavl

i
U ijki=1

which gives
Ig=T¢+Z°,
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where ; ;
99 y ;0 ki1 99 9
z0=2) Lo —— ) g L —,
s o9 ovf ijkl=1 ! aq' 0o’
namely

"Ap D) 4 Cendg d )
ZU‘GZW aq> ‘QZ S o)

ik=1

We can rewrite it as Z = Z; + Z, with

09 D 1
Zr== ) gldsl S = —exp(-2p)grad g = sgrad(exp(~29)),

because exp(2¢) gjkvj vk = 1, as we consider the geodesic curves parametrised by the
parameter arc defined by g.

We obtained in this way that the geodesic curves of the metric § = exp(2¢) g are the
trajectories of a generalised Newtonian system (M, g, F), where F = F; + F, with

b = -2dgiy,,s, F, = _Ed(exp(_Z(P)) .

As the one-form F; is exact, following the terminology of [23] and Expression (46),
we can consider the system as the Lagrangian system on M with Lagrangian function
L = T, + 3 (exp(—2¢)) and external force Fy.

We remark that, in the expression of Fy, Ity : TM —TM appears as a vector field
along Tjs. This Ity corresponds to the classical evolution operator for functions defined on
the configuration space M, thatis, for f : M—R,

d n
Ef:HTM ;af

If 7 is a trajectory of the system, that is 77 = (7, 7) is an integral curve of the SODE
dynamical vector field I';, then

d

dt f:HTM(’Y(t),"y(t))f: of
7(t)

i (t).
o7 | ()

Wi M:

See [26] and the references therein for a detailed exposition on the evolution operator
and its extension to functions defined on the phase space.

8.2. Newtonian Vector Fields and Hamilton—Jacobi Equation for Geodesics of the Metric
§=exp(29)g
We know that the geodesic vector fields X € X (M) of the metric § satisfy the equation

VxX =0, (73)

where V denotes the Levi-Civita connection for the Riemann structure g.
However, we proved that the geodesic curves of the metric § = exp(2¢) g are the
trajectories of a generalised Newtonian system (M, g, F) with

. 1
F=h+h=-2dgiy,g - 5d(exp(-2¢)),
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and then, according to (63), the associated Newtonian vector fields X € X(M) satisfy
the equation

VxX=ZoX=Z1oX+Zy0X= 2(@HTM) o X + %grad(exp(—Zgo)) oX.

If we look for the corresponding Hamilton—Jacobi equation, corresponding to (65),
we have

dT,0X = —FoX = 2dpi(X)g + %d(exp(—Zgo)),
or equivalently,

d (Tg+;(exp(_2¢))> o X =2dgoXi(X)g, (74)

which is the classical Hamilton-Jacobi equation for a simple mechanical system with
external force given by Z;. Compare with similar expressions in [27].

If we consider our system as the Lagrangian system defined on the Riemann manifold
(M, g) by the Lagrangian function L = T, + J(exp(—2¢)) and with an external force

one-form F; = —2 Ep i1;;&, then Equation (74) can be written as
dEp o X =2d¢ o Xi(X)g,

where Ej is the Lagrangian energy corresponding to L. This last expression is the classical
Hamilton—Jacobi equation in Lagrangian form for our Lagrangian system. See [19,27] for
a comparison.

9. Conclusions and Future Work

We developed a detailed study from the perspective of the geometric mechanics of the
properties of geodesic vector fields, i.e., autoparallel vector fields, on a Riemann manifold.
Geodesic motion then corresponds to free motions of mechanical systems on a Riemann
manifold, and therefore, the relevant tools in classical mechanics, as Hamilton—Jacobi
theory, must shed light on the properties on geodesic motions and related vector fields.
As the autoparallel vector fields are very helpful in such a study, one can try to introduce
an analogous concept for classical systems of the mechanical type, also-called natural
Lagrangian systems, or even for systems under the action of additional external forces,
even in the case of velocity-dependent forces. We identified autoparallel vector fields on a
Riemann manifold (M, ¢) as Hamilton-Jacobi vector fields for the second-order geodesic
vector field of the given metric g, and furthermore, we showed that closed vector fields are
autoparallel vector fields and satisfy d(T; o X) = 0, the classical Hamilton-Jacobi equation.
We also remarked that each vector field X € X(M) is a Hamilton-Jacobi vector field for its
complete lift X and that each geodesic vector field X € X(M) is a Hamilton-Jacobi vector
field for both its complete lift X° and the second-order geodesic vector field of the given
metric g.

These properties were appropriately extended to the framework of Newtonian and
generalised Newtonian systems, in particular systems defined by Lagrangians of the
mechanical type. Conserved quantities and a generalised concept of symmetry were
developed, particularly for the case of Killing vector fields. The role of geodesic vector
fields is now played by the so-called Newtonian vector fields, and their properties
were studied, in particular the relation with Hamilton—Jacobi theory. The properties
of generalised Newtonian systems subjected to nonholonomic constraints were also
analysed from this perspective, and the relation among Newtonian vector fields and
Hamilton-Jacobi equations for conformally related metrics was displayed. This last
property is a consequence of the understanding of the geodesic flow of a conformal metric
as a generalised mechanical system on the Riemann manifold of the initial metric.

There are other interesting systems to continue studying with the same methods.
First is the particular case where the velocity-dependent forces come from a Rayleigh
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function and the study of the associated dissipated quantities. See [23] for another approach
and [28,29] for several generalizations and nice examples.

Finally, there is another geometric way of dealing with dissipative systems, which
comes from contact mechanics. We hope that the application of similar techniques to
those of our approach may be interesting. Therefore, we will study one of the simplest
mechanical contact systems, where the Lagrangian has, in addition to the kinetic energy
coming from the metric, a velocity-dependent potential with an extra variable, usually
called s, to describe the dissipation, that is L = Tg — V(q,v,s). The variational principle
is due to Herglotz /9see [30] and the references therein), and the dynamical equations
contain another term coming from the potential, the gradient as in the usual situation, and a
dissipation term. Furthermore, another dynamical equation for the dissipation variable
isneeded, $ = L(g,v,s). See [31,32] for other approaches. We also aim to use in the near
future all the geometric machinery here developed to deal with these contact dissipative
systems and complete the application to the study of conformal metrics, started in Section 8,
together with the utilisation of the Sundman transformation; see [5,33].
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Appendix A. Sections along Maps and External Forces

Recall the concept of section along a map, [24,25,34-36]. Let 7t : E— M be a fibre
bundle and ¢ : N — M a differentiable map. A section along ¢ is a map ¢ : N— E such
that moo = ¢.

They are in a 1-1 correspondence with sections of the induced bundle ¢*E

¢[7]

¢E ——

o

—_

¢

where
¢p*E={(n,e) e NXE|¢(n)=m(e)} C NxE.

The set of sections along ¢ will be noted ¥ (7). When E is a vector bundle the set
Ly (7r) is endowed with a C*(N)-module structure.
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In particular we will be interested in the vector bundles 7y : TM — M, nf/[ :
(T*M)"? — M, ph,; = (T*M)"? @ TM—= M for p € N, and in these cases we will
denote, respectively,

X(9) =Zp(tm), (P =Zp(my),  VP(P) =Zg(py)-

When N = M and ¢ = id the set X(id ) coincides with X(M) and the set Q7 (id )
reduces to OF (M).

As an example, if ¥ : R— M is a curve on M, the tangent vectors  define a section
¥ : R—=TM of 1y along y. The restriction of X € X(M) on the curve 7, that is the
composition X o 7, defines also a vector field along 7.

The generalisation of these examples is:

Let ¢ be a map from N to M. A vector field Y € X(N) defines a vector field along ¢
by T oY € X(¢). Similarly, when X € X(M) the restriction X o ¢ of X on the image by
¢ is a vector field along ¢. The above vector fields X and Y are said to be ¢-related when
Xo¢and Tp oY coincide along ¢.

To
™ TN —TM
T ol
X ™ Y N ™
N—M N—M
¢ ¢

If B is a p-form in M, the restriction o ¢ of B on the image ¢(N) of ¢ is a p-form
along ¢.

Given « € OF(¢), T*¢p o is a p-form in N. The pull-back by ¢ of p € OF (M) is
obtained by iteration of both processes ¢*(B) = T*¢p o o ¢.

T M TN < e ppne
P ﬁ?in}} ngi/ln;}
N M N M
P P

Local expressions:
When E is a vector bundle and {c,} is a local basis of (), then {0, o ¢} is a local
basis of X (7r), and o € L can be written as

=" (0o 9) I € C2(N).

In the above case, taking local coordinates (z#) in N and (x') in M we have

_ xigAy[ 9o
xex(p) X=X 00)
n€P(p)  a=aj i (z")dxToP) A A(dxP o @),

Observe that X/, Wi i, and Lﬁlmip are functions in N.

When N = TM and ¢ is the projection s the vector fields and forms along s are
written as

X = X'(x,0) (aaxl o ‘L'M>

& =, (x,0)(dx" o Tyy) AL A (dX'7 0 Ty)



Symmetry 2023, 15, 181

36 of 39

Vector fields along ¢ act on functions on M giving rise to functions on N. If X € X(¢)
and n € N then X(n) is a tangent vector to M at the point ¢(n) which acts on a function
h € C®°(M) by (Xh)(n) = X(n)h. The Leibniz rule for tangent vectors implies that

X(hlhz) = qb*hl Xhy + 47*112 Xh,.

A map satisfying this property is called a ¢*-derivation (of degree 0).
Pidello and Tulczijev generalised in [37] the theory of Frolicher and Nijenhuis for these
new derivations:

Definition Al. Given a differentiable map ¢ : N —= M, a ¢*-derivation of degree r of scalar on
M is a R-linear map D : (M) — Q(N) satisfying

D(QP(M)) C QPT(N)

D(aAB) =DaN¢*B+ (—1)"p*a ADB

for B € Q1(M) and « € QF (M). It is said to be of type i, when Dg = 0Yg € C*(M).

For instance, given a vector field along ¢ : N— M, X € X(¢), a type i, ¢-derivation
ix : QP(M) —=QP~1(N) of degree —1 is defined by ixg = 0,Vg € C®(M) and if
w e: OF (M),
(ixw)z(v1, ..., Vp-1) = We(z) (Xz) PuzV1, - -+, Ps2Up—1)
where vy, ...,v, 1 € Tz(N).
By a type d. ¢-derivation of degree r we mean a ¢-derivation such that
Dodyy = (—1)"d(n) © D. An example of such a type ¢-derivation, dy, is defined by

dx =ixo d(M) + d(N) oiy,
where d 1) stands for the operator of exterior differentiation in M. This is of type d., i.e.,
dX e} d(M) = d(N) e} dx.

Note that when X € X(id p;) = X(M) the id y-derivations ix and dx are but the
contraction or inner product i(X) (or ix) and the Lie derivative L, respectively. For this
reason, ix and dx will be called contraction and Lie derivative, respectively.

Appendix A.1. The Case of a Riemannian Manifold

We are especially interested in the case of vector fields and one-forms along the
projection Ty : TM — M on a Riemann manifold (M, g). The metric induces natural
isomorphisms between the C®-modules of vector fields X(M) and one-forms Q!(M).
They are given by the musical isomorphisms between the tangent and cotangent bundles

b: TM—T*M, f: T"M—TM,

one inverse of the other, defined by

b(up) =i(up)g,  #(y) =i(wy)g ",

and extended by C*®-linearity to the sections X (M) and Q' (M). We use the same notation,
b and f, for the maps on the bundles and the sections, as usual.

These isomorphisms can be extended in the same way to the spaces of vector fields
and one-forms along 7y. In fact, given Ty : TM—= M, X € X (1), a € Q! (1), we have

CX)(p, ) (p,v) = (ix(pa8)(0) = &p(X(p,u), v)

(t(@) (p, 1)) (P, B) = (ia(pu)8p ) (B) = & (a(p, u), )
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for (p,v) € T,Mand (p, B) € T, M.
For sections along Ty in general, X € X(tum), & € Q(tm), and (p,u) € T,M, we
have:
b(X)(pou) = ix(puy8p € TpM,  #(@)(p,1) = ig(pug ™' € TyM,

and there is a duality relation between X (1) and Q! (1) given by
(0, X) : TM—R, (&, X)(p,u) = {a(p,u), X(p,u)).

Appendix A.2. External Forces Depending on Velocities

The use we make of the above notions is the following: the elements of Q! (ty;) are
the forms of force, or external forces, acting on a system in the case they depend not only
on the positions but on the velocities also. Then the elements of X (7)) are the vector forces
depending on the positions and velocities. The musical isomorphisms give the way to pass
from one to the other depending on the form of the equations we use.

For the Lagrangian formulation, in the phase space TM, we use expressions with
Q' (1), but for Riemannian expressions, in the configuration manifold M, is more suitable
to use X(7p1). Musical isomorphisms and the duality relation helps us to pass form one
formulation to the other.

Observe that if v : R— M is a curve, 7 : R—TM its tangent prolongation and
X € X(tym), then Xo§ : R—=TM is a vector field along v, that is X o € X(v),
because Ty 0 7 = 7.

On the same way we have that if & € Q!(1), then a o 7 € Q' ().

Appendix A.3. External Forces as Semibasic Forms on TM

Usually in the study of Lagrangian systems we say that an external force is a semibasic
one-form on TM, that is « € Q' (TM) such that ixa = 0 for any vertical vector field on TM.
The local expression of such kind of forces is

o= ocj(x,v)dxj,

in a natural coordinate system (x,v) of TM. In the case that the coordinates a;(x,v) of
a do not depend on the velocities, «;(x), then the form « is basic and there exists a one-
form & € Q'(M) such that a = Tys&. The set of semibasic one-forms on TM is denoted
by Q}(TM) with the subindex indicating that the contraction with a vertical vector field
is null.

Is there any relation between the sets Q% (TM), of semibasic one-forms and Q!(7y),
the set of one-forms along the map 1) : TM — M? Let see how it goes:

Leta € QF(TM) and (p,u) € TM. Then a(p,u) € Tz‘p,u)(TM). We can consider that

a(p,u) acts on T,M as
a(p,u): (p,v) —=alp,u)((p,u), W), WEeETq,,(TM), (tm)+(W)=r10.

Observe that this is well defined because « is semibasic, hence if (Tp1)« (W) = (ta1)«(W) =
v, then W — W is vertical hence a(p,u)((p,u), W) = a(p,u)((p, u), W).

On the other side Ty o &(p, 1) = tpm(p, 1), hence we have defined amap & : TM—T*M
which is an element of Q!(ty), that is, we have a map:

QH(TM) —Ql (1),

which is C*°(TM)-linear. This map is an isomorphism with inverse given by the following
map: if B € O (1), and ((p, u), W) € T(,,,,)(TM), then take

Bl(p,u), W) = B(p,u)((ta)« (W),
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then, clearly, B € Q% (TM). That this last one is the inverse of the other is easy to prove.
Hence we have proven that both C*(TM)-modules are canonically isomorphic.
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