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Introduction

Lagrangian mechanics appeared in 1788 in the treatise Mécanique Analytique by Joseph-Louis La-
grange as an alternative to the newtonian formulation of mechanics. Lagrange’s work attempts to
detach the problem solving from the use of diagrams and intuition, inherent in Newton’s work.
Therefore, lagrangian formulation is a rather analytical approach to mechanics, i.e., using R—valued
functions and differential equations. The laws of movement in the new context become the Euler-
Lagrange (EL) equations. One of the purposes in this thesis is to translate Lagrange’s formalism to
geometric terms, i.e., to the language of vector fields and differential forms on manifolds instead of
differential equations, i.e., an intrinsic formulation of the EL equation.

A situation where lagrangian mechanics manifests its advantages over the newtonian, is in the
presence of holonomic constraints. In this case, if the configuration manifold is R”*!, the movement
of the particle is constrained to certain submanifold M of R”*! and the Euler-Lagrange equation
preserves its form for any chart of M. Moreover, if we restrict the velocities of the system to certain
non-integrable distribution N ¢ TM, we are dealing with nonholonomic constraints and Lagrange’s
equations no longer hold. Therefore, one more purpose in this thesis is to provide a generalization
of the intrinsic EL equation to include nonholonomic constraints. In the following, we review part of
the philosophy of lagrangian mechanics comparing it to newtonian mechanics, since the latter is more
intuitive. Then, we proceed to explain the geometric structures used to achieve our purposes.

On the principles of mechanics

To determine the physical state of a mechanical system, one is required to provide the coordinates of
position and velocity at each given time. Thus, a system of differential equations solves the problem:

x=G(x,y), y=F(x,y), )]

where (x,y) € TR3 are coordinates in the tangent bundle of the configuration space R® and G,F €
C®(TR3,R3?). Classical mechanics is best known formulated in Newton’s laws of motion. The first and
second laws provide us a notion of force, we cite them for reference:
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1stlaw A body remains at rest or in uniform motion unless acted upon by a force.

2nd law A body acted upon by a force moves in such a manner that the time rate change of momentum
equals the force.

The concept of force requires more elaboration, it becomes pertinent also in lagrangian mechanics. We
will consider the mass of the body as 1, then, y is the momentum of the body. In this way, the second
law is just the equation y = F(x, y), with F(x, y) being the force. The first law is a condition for a system
to be in equilibrium, we could rephrase it as: X = cnt = F =0, thus, relating the equations x = G(x, y)
and y = F(x, y) for the case of equilibrium. In fact, for this case we can write ¥ = y = F(x, y) = 0, which,
the newtonian formulation uses to extend the equilibrium condition to include dynamical systems
(X # 0), arriving at the popular equation:

d?x 3 B

- F(x,y) = force. 2)
Therefore, newtonian mechanics is formulated in second order differential equations (SODEs), from
which we get positions and velocities (x,y = %) € TR3. As vector fields .2 € X(TR?) on TR3, equations
1 are of the form:

ox!
In general, vector fields on tangent bundles TR” that satisfy X = y are called semisprays on TR".

Semisprays are of special interest in analytical mechanics since they represent SODEs, e.g., in this case
d?x!
dr?

.0 - 0
%:yl—-l-Fl(x,y)a—yi, i:1,2,3. 3

— F(x,y) = 0. Hence, the use of semisprays will be recurrent along the thesis.

From equilibrium to dynamics The method of extending an equilibrium principle to set a dynamical
formulation is found also in the D’Alembert principle. We elaborate on this. The conditions for a system
to be in static equilibrium, i.e., total force and torque both equals zero, are replaced by the principle of
virtual work which allows taking constraint forces into consideration. As mentioned above, constraints
(holonomic) are submanifolds in where particles are restricted to move, e.g., a pendulum is a particle
in R? constrained to a circle S'.

Recall the definition of work done by a force F through a path y : [0,1] — R":
Wiyl = f F-dx = work.
Y
In equilibrium, the total force equals zero and as such, exerts no work on the particle. In this case,

F-dx = 0. Constraints forces are forces produced on the particle to keep it in the constraint. An
important physical assumption is that constraint forces do not work under any displacement, meaning,
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the movement is generated only by non-constraint forces. Thus, under equilibrium, the principle of
virtual work asserts that no work is done on the system through any displacement in the constraint. To
enunciate the principle, the following definitions are useful.

Definition 0.0.1. Let xo € R™"! represent the position of a system and M < R""! a constraint
submanifold. A virtual displacement § x is a displacement 6 x = x; —xp such that x; € M and 6 x € Ty, M.

Definition 0.0.2. Given a force F and a virtual displacement 6 x € Ty, M, the virtual work is defined as
OW:=F.bx.

The adjective virtualis to differentiate virtual displacements from displacements corresponding to
a translation in time of the state of the system.

Principle of virtual work Let x € R” denote the position of a system and F a vector field representing
the total force applied to it (including constraint forces). If the system is in equilibrium, then the virtual
work done by the force is zero, i.e.,

x=cnt = F-6x=0. 4

O
In general, if the system is not in equilibrium, then F = y. D’Alembert uses this equation to extend the
principle of virtual work for static systems to include dynamical systems:

D’Alembert’s principle Let (x,y) € TR" represent the state of a system, F the force applied and M c
R"™*! a constraint submanifold. Then:
(F—y)-6x=0. ®)

Euler-Lagrange equations

If we consider the submanifold M < R"*! as the configuration manifold, we regard TM as the phase
space and we determine the state with points in TM. Recall the definition of kinetic energy and
conservative force, T = %” y||2 and F = —VV, respectively. From the d’Alembert’s principle, we can
deduce a new set of equations modeling mechanical systems, the so-called Euler-Lagrange equations

([ D:

———_:0; izl)---)n) (x’y)eTM’ (6)
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where L = T -V, and thus, replacing Newton’s second law. The function L € C*(TM) is called
lagrangian function. Euler-Lagrange equations are also derived from the Hamilton'’s principle, which
states that over all admissible paths (i.e., through virtual displacements) of a particle from a point to
another in M, the path y: [0,1] — M taken by the particle is such that extremizes:

1
fo L(y(t),y(1)dt, (7

where L : TM — R is a lagrangian function. This method is used in Chapter 2 to get equation 6
in invariant form. More specifically, we will construct a symplectic form Q; € Q?(TM) such that a
particular hamiltonian field on the symplectic manifold (7 M,Q;) has as integral curves the curves
(y,7) : 10,1] — T M that extremizes 7. This is resembles to the hamiltonian formulation of mechanics.

Hamilton equations

The hamiltonian formulation of mechanics is an application of symplectic geometry. Here, instead of
describing the state of a system as points in the tangent bundle TM we describe it as points in the
cotangent bundle T* M, and the vector fields on T*M whose integral lines are the states are called
hamiltonian vector fields. The cotangent bundle carries a canonical symplectic form w € Q?(T*M). A
hamiltonian vector field 2" € X(T* M) is one for which there exists a function H € C*°(T* M) such that:

l9w=—dH. (8)

Due to Darboux theorem, in local coordinates (x, p) € T* M hamiltonian vector fields are in the form of

Hamilton’s equations:

(O OH . 0HO 0HO o
~op’ 0x ~ dpox 0xOp’

Take for example, H=1p- p+ V(x) € C*(T*R%), then

.0 oV o
~P ok oxi apt’

In addition, if we suppose that the momentum is just the mass times the velocity of the particle, then
this vector field is the same semispray we gave in (3) with F* = -V /0x".

The tangent bundle doesn’'t have naturally a symplectic structure associated. Nevertheless, a la-
grangian function L: TM — R can be manipulated to define a suitable (pre)symplectic form on T M.
Hence, the lagrangian formulation can be seen as an application of a geometric structure, where the
objects defining the structure are the configuration manifold M and a lagrangian function L: TM — R.
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Lagrange geometry

Lagrange geometry studies properties emerging from the two fundamental objects in problems of
lagrangian mechanics: the configuration manifold and the lagrangian function. Let M be a manifold
and L : TM — R a lagrangian function, the pair (M, L) is called a Lagrange space. Our priority
is to define a symplectic form Q; € Q?(TM) (in general presymplectic but we focus only on the
symplectic case) such that hamiltonian vector fields 2" € X(T M) of a particular hamiltonian function
E;:TM—R,

lg{QL: —dEL, (10)

are semisprays such that their integral curves project under the natural projection 75;: TM — M to the
solutions of the Euler-Lagrange equation. Consider the function J locally given by:

J:TTM—TTM : (x,y;A,B) — (x,y;0, A).

Then, the 2—form
Q;=d(dLoJ), (1D

satisfies our requirements, as proved in Chapter 2. We remark that the 2—form Q; is in general
presymplectic, and it is non-degenerated for a special type of lagrangians called regulars. We see that
Equation (10) in the form 1 9-Q; + dE; = 0 is locally the EL equation.

As mentioned, then EL equation no longer holds in presence of nonholonomic constraints. In Chapter
3 we provide a way of incorporating external forces to the system as a special kind of differential
1-forms, the so-called semibasic 1—-forms, and we define mechanical systems as triples (M, L, w) where
(M, L) is a Lagrange space and w a force. Then, the Lagrange-d’Alembert principle follows the same
philosophy we have been carrying around: use an equilibrium principle to set a dynamical formulation.
The equilibrium principle in this case is that of forces annihilating under addition. We prove that
ANZ) = 19°Qr +dE; where 2 is any semispray, is always a semibasic 1-form, thus, a force. If
—w € Q' (T M) is an external force, then the Lagrange-d’Alembert principle says:

Lagrange-d’Alembert principle The trajectories y : [0,1] — T M of a mechanical system (M, L, w) are
integral curves of the semispray 2" € X4 (T M) such that

ANZE)-w=0. (12)

After this fundamental principle, we are ready to incorporate nonholonomic constraints. We define
in Chapter 5 nonholonomic constraints as submanifolds N ¢ TM. Providing a physical acceptable
solution to a mechanical system with constraints is to find the reaction force and the correspondent
admissible semispray, i.e., the force w such that the semispray A(Z") = w is tangent to N (it is admissible
in the sense that its integral curves are in N).
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In this way, we have set a fine notion of a constraint in lagrangian mechanics, i.e., we have restrict
the motion and velocities to certain N < T M and we found the semispray describing the trajectories of
the mechanical system (a SODE, in accordance with the laws of physics).

Thesis structure

We now summarize the contents of each chapter of this work:

Ch. 1 ¢ The second tangent bundle Working on the tangent bundle of a manifold and with vector
fields on it, requires a study of the second tangent ([ 1). This chapter is considered
preliminary, it contains mathematical objects associated to TTM and properties of them that
will be used along the thesis, e.g., the vertical endomorphism, the liouville vector field, semisprays,
semi-basic forms ([ ]and [ D).

Ch. 2 ¢ Lagrangian mechanics - Interlude In this chapter we focus on the derivation of the Euler-
Lagrange equation. The EL equation is derived in an invariant way (without the use of
coordinates) and a local expression is shown to be the classical EL equation (| 1.

Ch. 3 e Lagrange geometry Since the phase space of lagrangian mechanics is the tangent bundle, it
is well suited in the formalism of the second tangent. In this chapter we study properties of
lagrangian functions and the corresponding symplectic structures associated. We introduce the
notions of forces and accelerations in the formalism in order to look for physical acceptable solu-
tions to mechanical systems ([ ] and [ ). In
this view, we finish with the Lagrange-d’Alembert principle (| D.

Ch. 4 « Connections Ehresmann connections define a subbundle of the second tangent bundle com-
plementary to the kernel of the tangent map of the tangent bundle projection (the vertical
subbundle), called horizontal subbundle. Connections are relevant in lagrangian mechanics
since we can find horizontal subbundles that are lagrangian with respect to the lagrangian
2—form. Moreover, it is posible to define geodesics in terms of connections ([ ]
and | 1) which allow us to verify the variational nature of lagrangian
mechanics.

5. Constraints Constraints restrict the movement of a given mechanical system. We are interested
on nonholonomic constraints, those constraints that restrict the movement to a nonintegralbe
distribution N < T M. It turns out, that we can a associate with N a set of forces that modify the
semispray in the Lagrangrange-d’Alembert principle, in order to maintain the integral curves of

the modified semispray in N ([ ] and [ D). The
new semispray is called admissible semispray. We workout the example of a free particle on a
nonholonomic constraint and the vertical disk rolling without slipping ([ D.



Chapter 1

The second tangent bundle

Along the thesis, the vector bundle 7); : TM — M plays a fundamental role for endowing TM
with a geometric structure, needed to study geometrically lagrangian mechanics with nonholonomic
constraints. In this chapter we work with the vector bundle 77, : TTM — T M, the so-called second
tangent bundle. The existence of the vertical endomorphism J: TTM — TTM (Definition 1.2.3),
allows several useful constructions in the second tangent, one of which was already illustrated in
the introduction (the presymplectic form Q;, Equation (11)). Another application of the vertical
endomorphism is the characterization of semisprays (Definition 1.3.1), these are vector fields on TM
whose integral curves (say ¥) are at every time the velocity vectors of its projection under 7, (this is,
Y(®) =d/dt(Tpoy(0).

In the first section, Two vector bundles, we present another vector bundle 7y : TTM — TM and
its relation with 71,,. The section Vertical subbundle includes the formal definition of the vertical
endomorphism. In the section Second order differential equations we show how the previously
elucidated properties of the second tangent allow a simple and convenient definition of semisprays.
The last section is devoted to semibasic forms, whose relevance is seen in subsequent chapters as they
allow us to define mathematically a notion of force. All these constructions are found in the books
[ 1 [ land [ l.

1.1 Twovectorbundles TTM — TM

We already have the vector bundles, 7y, : TM — M and 77y, : TTM — TM. The differential of the
tangent bundle 7, : TM — M, induces another vector bundle 7). : TTM — TM, so that, together
with 775 : TTM — TM have two vector bundles on TM. For a local coordinate chart (U, ¢) of M,
U cR", we write elementsin TU = U xR" as (x,y) € TU, and elementsin TTU = (U xR") x (R" xR") as
(x,y; A, B). The coordinates (x, y) are called associated coordinates with the base coordinates, induced
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by the chart (U, ¢p). We are using the following abuse of notation when dealing with local coordinates:
(x,y)€ TM, (x,y; A, B) € TTM. Then, each bundle projection is locally

trm: TTM—TM:(x,y;A,B)— (x,y) and
Ty« TTM—TM:(x,y;A B)— (x,A).

Now, we present two important functions for the construction of the vertical endomorphism. First, we
have the following commutative diagram

TTM ™

TM=
TTM[ tTM
T™ ™ M
and the exact sequence
0— TMxy TM —— TTM —— TMxy TM — 0. (1.1)

Here, TM xp TM :={(v,w)e TM x TM | T);(v) = Tpy(w)} and

d
i(v,w):= — (v+tw), and Ji=@rm Tams)- (1.2)
dt =0
The functions (1.2) are used to define the vertical endomorphism. Now, elements in TM x s TM are
locally of the form ((x, y), (x, z)). Thus,

i((x,y),(x,2)=(x,02), and jx, A B)=((x,1Y),(x,A). (1.3)

Example 1.1.1. Consider de circle S!, then TS! = S!'xRand TTS! = S!xRxRxR. If (0, y; A,B) e TTS',
thent7y(0,y;A,B) = (0,y) and T+ (0, y; A, B) = (0, A).

1.2 Vertical subbundle

We provide a special subbundle of T'T M, the vertical subbundle. Note in the definition of the functions
(1.2), that the codomain of j coincides with the domain of i. The composition of these functions is
called vertical endomorphism and this endomorphism provides another characterization of the vertical
subbundle (for this particular bundle) as both the kernel and the image the vertical endomorphism. We
begin with the usual definition.
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Definition 1.2.1. Consider the vector bundle t7);: TTM — T M, the vertical subbundle V c TT M of
Trym: TTM — TM is defined as
V:i=ker(ty: TTM — TM). (1.4)

Vectors w € V,, v € TM, are called vertical vectors and vector fields .2" € I'(V) are called vertical vector
fields.

It is convenient to have at hand a basis for each vertical subspace. In fact, we see in the following
lemma that the partial derivatives of the fiber coordinates serve as basis for the vertical subspaces.

Lemma 1.2.1. Let M be a n—dimensional manifold. Then, for every v € TM, the vertical subspace
V, c T, TM is an n—dimensional subspace. Moreover, if (x,y) € TM are local coordinates, with x € M

such thatv e TyM, then
{i i} (1.5)
a1 By .

Proof. The linear map (tp+)y : T, TM — TxM sends the basis ((aa ) (W) ) of T, TM to a basis of

T M. Since (7ps+)y is surjective we have that dimker(t p+), + rank(TM*)v = Zn hence dimV, = n. The
0

is a basis of V.

vectors 3,7 are vertical, for any f € C®°(M):
0 of fo
M (G_y’) (f) —(f ™) = ox ]ay ’
Therefore, the vectors == ,7 Span V. O

The following definition is precisely the isomorphism between vertical subspaces and tangent
spaces, as is proved in Proposition 1.2.1.

Definition 1.2.2. Let v € T, M, we define the vertical lift of w € T,,M to v as the map
vl,: TyM -V, : w—vl,(w):=i(v,w). (1.6)

Proposition 1.2.1. The tangent space T,yM is canonically and linearly isomorphic to the vertical
subspaceV , via the vertical lift.

Proof. Note from the definition of i that vl,(w) = 0 if and only if w = 0. O
Remark 1.2.1. Note that the vertical subbundle can be regarded equivalently as:
V =1imi =kerj. (1.7

Indeed, just note that elements w € V are of the form w = (x, y; 07, A).
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Given a smooth map ¢ : M — N between the manifolds M and N, we say that two vector fields
Z € X(M) and % € X(N) are p—related if ¢, o 2" = % o . Moreover, if 27, 2> € X(M) are ¢p—related
to #,%, € X(N), respectively, then [27, 23] is ¢—related to [#;,%;]. The following lemma is a
characterization of vertical vector fields in this terminology and in this way we prove that vertical vector
fields are a Lie subalgebra of vector fields on T M.

Lemma 1.2.2. A vector field 2 € X(T M) is vertical if and only if 2 is 1 p;—related to the zero section
OTM € %(M)

Proof. Suppose 2" € X(TM) is vertical, this is 7p.(Z}) = 0;,,(y) for every y € TM, or equivalently
Ty« Z =0rpmoTy, thiSiS%~rM Orp. L]

Proposition 1.2.2. Vertical vector fields T'(V) form a Lie subalgebra of X(T M).

Proof. Indeed, since Z°,% € T'(V) are both 7,—related to Oy, [Z7, %] s Ty —related to [07p7,07p] =

OTM; i.e.,
OrpmoTy =TM[ 2, %],

and thus, [Z, %] is vertical. O

1.2.1 Vertical endomorphism

In this subsection we exploit the diagram (1.1) and functions (1.2) to construct the vertical endomor-
phism. The existence of this map is particular of the tangent bundle and it is of special relevance along
the thesis. For example, the definition of the presymplectic form on T M takes advantage of the vertical
endomorphism as an intrinsic object to the tangent bundle to construct the 2—form only depending
on the Lagrangian function.

Definition 1.2.3. The vertical endomorphism, also called (canonical) almost-tangent structure on
TM is the bundle map J: TTM — TTM (or J € QYTM, TTM)) defined as the function j:TTM —
TM xp; TM composedwithi:TM xp TM — TTM:

J:i=ioj. (1.8)

In local coordinates (x, y) € T M we can write the vertical endomorphism as

.0
J=dx'® —, (1.9)
0y!

and therefore, for the vertical endomorphism acting on a vector field (x, y; A(x, y), B(x, y)) is

J(x,y, Alx, y),B(x, ) = (x,,0, A(x, y)).

10
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It readily follows from the local expression of J that
V=imJ=kerd and J*=07rry. (1.10)
Hence, we have alternative characterizations of the vertical subbundle as the image and the kernel of

the vertical subbundle.

An important property of the vertical endomorphism is the vanishing of the Nijenhuis tensor (or
Nijenhuis torsion) of the vertical endomorphism. Given a vector-valued 1-form Q € Q' (TM, TTM),
the Nijenhuis torsion of Q is defined as the vector-valued 2—form Ng € Q*(TM, T T M) given by

Nqo =1Q,Qlrn. (1.11)
Here, [+, ] ry stands for the Frélicher-Nijenhuis bracket (see Appendix A and references therein).
Proposition 1.2.3. The Nijenhuis tensor of the vertical endomorphism vanishes, i.e.,

Ny(Z', %) =0,
forevery ', % € X(TM).

Proof. From Proposition A.2.2 we have that the expression for the Nijenhuis bracket evaluated in vector
fields 27, % € X(TM) is

Ny(Z,9) =2, 32 -IVZ, %1 -IZ,I¥].

Since N is a tensor it is sufficient to evaluate it in a local basis of vector fields, say {%, aiyi}' Then,

calculating each term in the basic elements % and % we have

0 0 ] 0 0 0 0 0 0 0 ] 0
\D—.,J]—. = —.,0 :0, J]—.,—‘ =\l —| =Y, —.,\D—. = —.,0 :0,
oxt oyl oy! oxt oyl oyt oyl oxt oyl ox!
and similar for the remaining combinations of the basic elements. O

1.2.2 Liouville vector field and homogeneity

The following is the definition of the Liouville vector field. Together with the vertical endomorphism,
the Liouville vector field is part of our collection of canonical objects ascribed to TTM. In fact, this
vector field exists in every vector bundle since its construction only requires the i function. Never-
theless, in our context, the Liouville vector field is used, together with the vertical endomorphism,
to characterize second order differential equations. Also, we introduce the notion of homogeneity
of functions and tensor fields, a useful property in subsequent calculations. For example, the
homogeneity property of the vertical endomorphism follows from the fact that its Lie derivative along
the Liouville vector field equals minus the vertical endomorphism (Example 1.2.1).

11
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Definition 1.2.4. The Liouville vector field 7" € X(T M) is the vector field defined by:
YV:TM—TTM : v—i(v,v). (1.12)

Locally, the expression for the Liouville vector field in (x, y) € TM is

.0
V=yo (1.13)
y

Evidently, the Liouville vector field is vertical. For now on, the letter ¥  is reserved for the Liouville
vector field.

Definition 1.2.5. Define the homothetic of ratio A, where A € (0,00), as the function hy : TM — TM
defined by
ha(x,y) = (x,Ay).

Remark 1.2.2. The set of all homothetics is a one-parameter group and the Liouville vector field has
the group of homothetics as one-parameter group.

Definition 1.2.6. A function f € C*°(T M) is called homogeneous of degree r if
fohy=A"f, A>0.

Proposition 1.2.4 (Euler type theorem for homogeneous functions). A function f € C*(TM) is
homogeneous of degree r if and only if the Lie derivative of f along f isequaltorf,i.e.,

Ly f=rf.

In local coordinates g—){i yi=rf.

Definition 1.2.7. A vector field 2" € X(T M) is called homogeneous of degree r if
Xom=A"hY.2, A>0.

Proposition 1.2.5 (Euler type theorem for homogeneous vector fields). A vector field 2 € X(TM) is
homogeneous of degree r if and only if

Ly X =r-1DZ.

Remark 1.2.3. The Euler type theorem for homogeneous vector fields in local coordinates says that
2 =(x,y; Alx,y), B(x,y)) is homogeneous of degree r if and only if A(x, y) is homogeneous of degree
r—1 and B(x, y) is homogeneous of degree r. Indeed,

Ly 2=y 6yj ox! Oyj

0y!
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1.3. Second order differential equation Chapter 1. The second tangent bundle

therefore, L (Z) = (r —1) 2" if and only if

0Al(x, . 0B’ (x,
yjﬂz(r—l)A’(x,y), and yfM

_nl — _ i
oy 3yl B'(x,y)=(r-1)B(x,)).

Definition 1.2.8. A tensor field T of (1, s)-type is homogeneous of degree r if
LyT=a-1T.
Example 1.2.1.
a. The Liouville vector field 7" is homogeneous of degree 1.
b. The vertical endomorphism Jis a (1, 1)—type homogeneous tensor of degree 0, i.e.,
Ly J=-J.
Indeed, by the Leibniz identity we have that this is equivalent to
[V, IZ 1=V, Z1=-I2, forevery Z € X(TM),

which is immediate by evaluating in the vector fields % and aiyi‘

1.3 Second order differential equation

In this section we provide a convenient definition of second order differential equations (SODEs) on
manifolds in terms of vector fields on the tangent bundle, by means of the notion of semispray. The
importance of these vector fields was already emphasized in the Introduction of the thesis and in the
introduction of this Chapter: their integral curves represent at each time the velocity of their projection
under 7, (Corollary 1.3.1), which gives these vector fields the character of SODEs.

Definition 1.3.1. A semispray or second order differential equation (SODE) 2" over M is a section of
Trm: TTM — TM such that
JZ =7. (1.14)

The semispray 2 € X(T M) is called spray if additionally satisfies:
(v, Z1=2Z, (1.15)

i.e., Z is an homogeneous vector field of order 2.

13



1.3. Second order differential equation Chapter 1. The second tangent bundle

Remark 1.3.1. Note that if 2~ € X(T M) is a semispray, then for any vertical vector field % € T'(V), the
vector field 2"+ ¢ is also a semispray, and conversely. Therefore, the set of semisprays over M is an
affine space modelled over the vertical vector fields on TT M.

The following proposition provides a characterization of semisprays which justifies the name SODE
for semisprays (see Remark 1.3.2).

Proposition 1.3.1. A vector field 2" € X(T M) is a semispray if and only if for any local chart (x, y) of
T M there exist functions G' € C*°(T M) such that

2 =(xy;7,-2G(x,y)),  where G:=(G,...,G"), G' € C®°(TM).
Moreover, 2" € X(T M) is a spray if and only if:
Gi(x, Ay) = /lzGi(x, y), forany A>0.

Proof. Avector field in a local chart (x, y) is of the form 2" = (x, y; A(x, y), B(x, ¥)). From the condition
for 2" to be a semispray, we have

IZ) =I(x, ¥, A%, ¥), B(x, ) = (x,¥;07m, A(x, ) =7, where ¥ =(x,y;07.m, ).
Thus, A’(x,y) = y*. Choosing G'(x, y) = —(1/2) B (x, y) we get
Z =(xy5-2G(x,y)).
The second part is due to the Euler type theorem for homogeneous vector fields. O

The functions —2G’(x, y) are called local coefficients of the semispray. In the following remark we
elaborate on the interpretation of semisprays as second order differential equations.

Remark 1.3.2. The integral curves of 2" are solutions of the equations

dx! dy’ ;

. = ’ . = _ZGl ) )

ar U Tdr )

which, replacing y* by dx’/d¢, gives the second order differential equations on M:
20

dr?

+2G'(x,)=0, i=1,...,n. (1.16)

The -2 factor in the coefficients of the semisprays is relevant until Chapter 4, where we define
connections determined by semisprays and the —2 simplifies the expression of the coefficients of the
connection. The following proposition says that semisprays are sections of both bundles 7. : TTM —
TMand try: TTM — TM simultaneously.

14
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Proposition 1.3.2. A vector field 2" € X(T M) is a semispray if and only if
Tym«o X =lrum,
i.e, Z isasectionof iy, : TTM — TM.
Proof. Write 2" in local coordinates, 2™ = (x, y; A(x, ¥), B(x, ¥)). Then,
i« (2) = Tu((x, y; Alx, ), B(x, ) = (%, A(x, y)).

By noticing that .2 is a semispray if and only if A(x, y) = y, the result follows. O

As a final characterization of semisprays, we show what was mentioned at the beginning: semis-
prays are those vector fields on TM whose integral curves are at each time the velocities of their
projection to M.

Corollary 1.3.1. A vector field 2" € X(T M) is a semispray if and only if each integral curvey :[0,1] - M
of X is satisfies

d 3 X
g7 (TMeT0) = 7).

Proof. From the chain rule, % (TMO)?(I)) =Ty 0 X oy(t) =lppoy(t) =y(1). a

The following proposition shows a property of semisprays resulting from the nullity of the Nijenhuis
tensor and the homogeneity of the vertical endomorphism.

Proposition 1.3.3. Let 2" € X(T M) be a semispray. Then, for any vector field % € X (T M),we have
NIFANEAIEENZS (1.17)

Proof. From Proposition 1.2.3 we have that the Nijenhuis torsion of the vertical endomorphism is zero,
this is,
Ny(Z,2)=0Z ,IZ]-IZ, 3% -IIZ, %] =0.

If 2 is a semispray, then
[V, 3% - I Z,IZ1-IV,%1=0.

From Example 1.2.1 we know that J is homogeneous of degree 0, i.e., [V,J¥?]—J[V, %] = —J¥.
Therefore,
J% - I X, 0% =0.
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1.4. Semibasic forms Chapter 1. The second tangent bundle

1.4 Semibasic forms

Semibasic forms are a particular kind of differential forms essential for the thesis objectives, since
1-forms of this kind represent forces in mechanical systems. Furthermore, we see that semibasic
1-forms are in bijection with vertical vector fields (Corollary 3.2.3), and interpreting vertical vector
fields as accelerations we have a correspondence between forces and accelerations.

In the following definition we use the adjoint of the map J: TTM — TTM as the natural extension
JNT*TM—-NT*TM.

Definition 1.4.1. A semibasic form on TM is a form w € Q° (T M) such that w € Im J*.

Remark 1.4.1. Since semibasic 1-forms are given by w = J*a for some a € Q}(TM), it annihilates
vertical vector fields, i.e.,

w(Z)=0"a(Z)=acd(Z)=0, forany Z €T (V).

In local coordinates (x,y) € TM, semibasic 1-forms are spanned by {dx!,...,dx"} and semibasic
k—forms by

{dx“/\---/\dx’k | 15i1<-~-<ik5n}.

The following is a useful characterization of semibasic 1-forms that complements the observations
of the previous remark. Denote by Qéb(TM) the set of semibasic 1-forms.

Proposition 1.4.1. Let w € QY (TM) be a 1-form on TM, then w is a semibasic form if and only if it
annihilates vertical vector fields.

Proof. By definition, Q;b(T M) =ImJ* = (ker J)° = V°, where V° denotes the annihilator of V. O

Definition 1.4.2. A semibasic 1—form w € Q! (T M) is called basic if there exists a 1—form a € Q! (M) on
M such that
w=TyQ. (1.18)

Proposition 1.4.2. Letw € Q' (T M) be a1—form on TM, then w is a basic 1—form if and only if
lgw=0 and Ly w=0, foranyZ €T (V). (1.19)

Proof. Let w be a semibasic 1—form, then we can write it locally as w = w;(x, y)dx’. Since the bundle
projection is (x, y) — x, just observe that if w is basic, w = w; (x)dx’. O
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Chapter 2

Lagrangian mechanics - Interlude

The purpose of this chapter is to derive the Euler-Lagrange (EL) equation on its invariant form
(Theorem 2.2.1) using the constructions of the previous chapter. The idea is to define a suitable
(pre)symplectic form Q; on the tangent bundle T M which only depends on the configuration manifold
M and the lagrangian L: T M — R; by suitable we mean that we construct it so that a hamiltonian vector
field of the (pre)symplectic manifold (7'M, Q) represents the EL equation as a SODE (i.e., a semispray).

In the first section, Lagrangian forms, we define the presymplectic structure Q that serves for our
purposes. The second section, Variational calculus, contains the main result (the Theorem 2.2.1).
Since the EL equation is of variational nature, we provide a framework for variational calculus. With
this, we show that the solutions of the EL are curves extremizing the functional [ L in the fundamental
problem. Moreover, this result also holds for the intrinsic EL equation as we see in the Theorem, in this
case curves extremizing the functional [ L are the integral curves of a hamiltonian 15 Q; = —dE; . We
mainly follow [ l.

2.1 Lagrangian forms

The tangent bundle TM doesn't carries a natural symplectic structure. In this section we define a
presymplectic form on T M, the so-called lagrangian 2—form. Then, we show the case for when the
lagrangian 2—form is non-degenerate, i.e., symplectic. Lagrangian functions giving place to symplectic
lagrangian 2—forms are called regular lagrangians.

Definition 2.1.1. Let L : TM — R be a lagrangian function and J: TTM — TTM the vertical
endomorphism. The differential forms,

O,:=LyL=dLoJe QYTM) 2.1)
and Q:=d(L L) =d(dLoJ) e Q*(TM), (2.2)

17



2.1. Lagrangian forms Chapter 2. Lagrangian mechanics - Interlude

are called lagrangian 1-form and lagrangian 2—form, respectively.

Symplectic lagrangian 2—form Note that the lagrangian 2—form Q; is closed since by definition is
exact, therefore, (T'M, ) is a presymplectic manifold. We shall describe the case when it is symplectic.
In local coordinates (x, y) € TM, we have that

oL 0°L 0°L

Q; =dO; = d(—.dx") =—— dx/ Adx' +
0y! 0xJay!

3370y dy/ ndx'. (2.3)

Therefore, we see that the associated matrix to ; takes the form

[ PL L ] _[ 2L

_ | loxioyi  oxiay ayiayt

Q)= . ' (2.4)
ayJoy!

From this matrix we see that the 2—form Q is non-degenerate if and only if the matrix [0°L/dy/dy']
is invertible.Whether Q; is symplectic or presymplectic depends only on the lagrangian function. For
those lagrangians inducing a symplectic 2—form by the construction we gave, there is a special name.

Definition 2.1.2. A lagrangian function L: TM — R s said to be regular if the lagrangian 2—form Qj =
Ly Lis asymplectic form on T M.

2.1.1 A hamiltonian vector field on (T M, Q;)

We describe the hamiltonian vector field associated with a particular hamiltonian function, the so-
called energy function. We see that, in the special case when Q; is symplectic, this hamiltonian vector
field locally represents the EL equation. In the symplectic case it can be shown, moreover, that this
hamiltonian vector field is a semispray. We prove this fact in local coordinates in this section and the
intrinsic prove is given in Chapter 3.

Definition 2.1.3. Let L: TM — R be a lagrangian function and ¥ € X(T M) the Liouville vector field.
The energy function E; : T M — R associated with the lagrangian is defined as

Ep:=LyL-L. (2.5)

Now, a hamiltonian vector field 2" € X(T M) associated with E; is such that 19-Q; = —dE;. Note
that since the 2—form is in general degenerate, the hamiltonian vector field might not exists or might
not be unique for each hamiltonian. In the following we suppose that at least one hamiltonian vector
field exists for the energy function.

18
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Proposition 2.1.1. Let L: TM — R be a lagrangian function and consider the presymplectic manifold
(M,Qp). Then, vector fields 2" € X(T M) such that

lg{QL = —dEL, (2-6)

locally seen as & = (x, y; A(x, y), B(x, ), satisfy

L Al(x, ) + FL [" Al (x ))+ " Bite - 2L _g 2.7)
oxiayi Y 0x/ oyt Y Y ayiayi VT okl T '
2
d — (Al(x,y) -y =0. 2.8
an Oyfay’( x,»-y) (2.8)

Proof. We just calculate each side of Equation (2.6),

2L . ) 27, ) .
ngL:l%-( ——dx/ Adx’ + — .dy]/\dx’)
0xJ/ay! 0ylay!

’L S L S
= — .(A]dx’—A’dxf)+ . .(dex’—A’dyf)

0xJay! 0ylay!

0°L L \ ; 0L _,\.: 0L .

:(( — - — .)A’+ - .B’)dx]— —— A'dy/

0x'oyl 0xJoy! oytoyl oylay!

and

 OL

dEL:d(yl—.—L)
0y!

L ;. . 0L ,; . oL ,; 0L ,; OL
=—y'dx/ + ——y'dy! + —dy' - —dx' — —dy’
0xJ/ay! 0ylay! oy! o0x! 0y!

L , OL Y 5 A
:( —— ' — .)df —— y'dy/.
ox/oy! 0x/ 0yJoy!

Therefore, we have

0°L L \ ; 0L _; °L ; oL

—— ——— | A+ ——B =———y + —, (2.9)
o0x'oyl 0xJoy! oytoyl oxJ/oy! ox/
L ; 0°L

Al = vl (2.10)

oylayt Bl aylayt
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2.2. Variational calculus Chapter 2. Lagrangian mechanics - Interlude

The following corollary and its remark show how we can regard 15-Q; + dE; = 0 in coordinates as
the EL equation for the particular case when Q; is non-degenerate. In the next section we prove this
fact departing from a variational principle and in a coordinate-free manner. Furthermore, we can see
locally that this vector field is a semispray.

Corollary 2.1.1. Ifthe lagrangian is regular, then equations (2.7) and (2.8) reduce to

0°L °L , OL
—B'(x, )+ ——y —— =0. (2.11)
oytoy/ oxtoyl o0xJ

Proof. For the lagrangian L being regular is equivalent to [0°L/8yldy'] being invertible, which implies
in (2.8)that A'(x, y) = y* and the result follows. O

Remark 2.1.1. For a regular Lagrangian, the hamiltonian vector field associated to the energy E1 is a
semispray Z = (x,y;y,B(x,y)) since A(x, y) = y, therefore, X = y. The intrinsic proof of the semispray
property of this vector field is given in Proposition 3.1.3. Moreover, if we consider the EL equation

ddL_aL_O 2.12)
dtoy/ ox/ '
then we can see that it is exactly the Equation (2.11),
d oL oL  0°L 0°L _; OL
_— - = — Y (X, )) + ———X — - =0, (2.13)
dtoyl oxJ] 0Oyloy/ oxtoy’ o0x/

since y = B(x, y).

2.2 Variational calculus

In this section we review some variational calculus. We enunciate the fundamental problem of
variational calculus from where it is derived the Euler-Lagrange (EL) equation in a classical manner
by means of local coordinates. The subsection Intrinsic Euler-Lagrange equation dedicates a few
paragraphs to translate the classical notion of virtual displacement to the language of vector fields
on T M and then, with this construction, the coordinate-free (intrinsic) EL equation is derived.

Recall from the introduction the definition of virtual displacement: in a surface M c R" a virtual
displacement is a displacement 6x = x; — xp such that x; € A and 6 x € Ty,A. Note that the following
definition generalize the previous one for the case of y(f) = x¢ for all ¢ and arbitrary variations.

Definition 2.2.1. Let M be a manifold, and y : [0,1] — M a smooth curve. A variation of y is a C?
function 9: [0,1] x (—&,€) — M such that
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a. 9(¢,0) =y(1), forall £ €0,1], and
b. 9(0,u) =y(0) and 9(1,u) =y(1) forall u € (—¢,¢).

The J—virtual displacement of y : [0,1] — M at ¢ is defined by

9]
oy(t) = —

5 A(t,u) € Ty(t)M.

u=0

Notation We simplify the notation for velocities of a given curve y with y:[0,1] = TM : t— (1) :=
(y(®,y(1)). Then, 7 is a curve in TM. Given a variation 9 of y, we can define a variation of }:

9:10,1] x (—=¢,6) — TM : (t,u) — (¢, u) := (ﬁ(t, u),%{)(t, u)).

The d—virtual displacement at ¢ is, therefore,

2

19(ty u); a—

0
oy(t)=|—
Y( ) ( u=0 auat

ou

(¢, u)) € Tf,([) TM.

u=0

In order to extremize functionals we need to derivate in a space of curves. The family of curves given in
variations serves for this purpose and the method is to derive along the variation parameter. First, we
see how to define the variations of functions along curves and then we show the use of the variational
derivative in the fundamental problem.

Definition 2.2.2. The J—variation of a smooth function L : TM — R along the curve y is defined by
the Lie derivative of L along 67:
OLly]:= L(WL =dL (5)7) .

The following statement is considered the fundamental problem of variational calculus, from where
the Euler-Lagrange equation is deduced.

The fundamental problem Given two points xy, x; € M in a manifold M, find a curvey :[0,1] — M,
withy(0) = xo and y(1) = x1, such that extremizes (1)

1
Iyl = fo L(p(0)dt. (2.14)

The fundamental problem is referred as problem &1 and I is called the action functional.
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Solution of 1. The well known method for solving it is by evaluating the action functional on
arbitrary variations 9 = 9(t, u) of y, taking the variational derivative of the action functional,

1
olly]:= i I19(t, w)] :f dL(oy(1))dt,
0

ou

u=0

and imposing it to be zero in order for y to extremize I,
oIyl =0.

This problem is easily solved in local coordinates and the resultis thaty : [0, 1] — M is the solution of the
Euler-Lagrange equation corresponding to L. Let 6y be a 9—virtual displacement of y, and consider the
parametrizations y(t) = (y(£),y(2)) = (x1(8),..., X, (), y1(8),..., yu(2)) and 9(¢) = @Y (p),...,9"(1), then:

1
O:f dL(67(0)dt,
0
_fl(aL 09" oL d aai)
0

—— b ——
0x' du Oy'dt du

fl ( 0L d oL ) 09’ 0L 09"
= — T —dt+ ke
ox! dtdy') ou 0y Ou

=1

t=0

Since virtual displacements are null at end points (they are fixed under variations, i.e., 9(0, u) = y(0)
and 9(1, u) = y(1)), the last term is zero:

fl(aL d aL)aai
o \0x! dtrdy') ou
At this point we require the fundamental lemma of variational calculus. The proof is found in

[ ].

Lemma 2.2.1 (Fundamental lemma of variational calculus). Ifa function f :R" > U — R is such that

f fgx)dx=0,
U

for all compactly supported smooth function g: U — R, then f = 0.

Taking into account arbitrary virtual displacements 7y, by the fundamental lemma of variational calculus,
we get the EL equations:

——-—=0, i=1,...,dimM. (2.15)

O
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Our aim is to get the Euler-Lagrange equation in intrinsic form. The intrinsic version of the EL
equation has as solution vector fields on TM whose integral curves project to M to solutions of the
coordinate version. Therefore, we require to substitute the constructions of variations and virtual
displacements for analogous constructions in the language of vector fields to substitute the derivation
in coordinates.

2.2.1 Intrinsic Euler-Lagrange equation

To derive the intrinsic EL equation we need to characterize vector fields on T M, whose flows deform
curves (y,y) : [0,1] — TM to variations of these curves. We need to do this in such a way that each
deformed curve is an integral curve of a semispray. The following lemma aims to this purpose.

Lemma 2.2.2. Lety:[0,1] — M be an integral curve of a semispray 2 € X(T M) and consider another
vector field % € X(TM). Let FI” andF1” be the flows of 2 and %, respectively. Then, the vector field

4 e
¥ = dt(Flu oFl ) (2.16)
for fixed u € R, defines a semispray if and only if

JY, Z1=0rTM. (2.17)

Proof. Expanding the vector field around u = 0 we have,

» (% (Flf{/ oFl1Z ))
d

oa( li'/oFlfK)+o(u2)
u=

oo ,,k dk
g P
:3{+u% uzo((Flgfu)*o%)+o(u2)

=2 +ul?, 21+o0(u?).

We ignore the terms in o (u?). Since 2 is a semispray, we have that J2 = ¥ if and only if J|%, 2] =

To complete the characterization of vector field generating variations of (y,y), we note that such
vector fields have to be vertical on the extremes of the curves. Indeed, 9—-virtual displacements 6} are
vector fields along the curve 7: [0,1] — T M such that J6y(0) = J67(1) = 07 7ps; indeed,

Joy(8) = |y(0),y(1);0 9
Y =Y, yu)Vrm, ou

I(t, u)), (2.18)
u=0
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and the claim follows from the definition of variations of y (condition b. in definition 2.2.1). Therefore,
if % € X(T M) is a vector field generating variation of y = (y,y) : [0, 1] — T M, we require them to satisfy

JZ (1(0) =IZ (1)) =07 7M, (2.19)

in addition to 2.17. Due to the fact that vector fields replacing virtual displacements are not arbitrary
(they require to satisfy (2.17)) we can not use the fundamental lemma of variational calculus. The
following lemma serves for the purpose of allowing the use of the fundamental lemma of variational
calculus in the proof of the theorem by means of describing arbitrary vector fields in a convenient
manner.

Lemma 2.2.3. Every vector field W € X(T M) can be written as W =% +J%, where % € X(T M) satisfies
(2.17) and Z € X(T M) is an arbitrary vector field.

Proof. The proof lies on the fact that vector fields % € X(TM) satisfying (2.17) are of the form
% = (x,y;A L 9 A) where 2 is the semispray in (2.17). To see this, write the semispray 2 as
Z =(x,y;¥,—-2G(x, y)) and a vector field % as % = (x, y; A(x, ), B(x, )). Then, calculate the bracket,

;0 ; o 0 . 0 ;OAT ;0AT ) 0 0
yV'—-2G'(x,y)—, Al (x, ) — +B' (x,y)— | = |y —-2G'—-B/ | — +| -+ |—
o0x! 0y! 0x/ oyl o0x! 0y! 0x/ 0y/
and then, ‘ _
0A 0A/ .
J[%,@]:(y’a .—2G’a .—Bf) a..
0x! dy! o0yl

Hence, in order for y’ %—’J‘zf - 2G"%f — B/ to be zero, we have that B(x,y) = L4 A. Therefore, we
can write every vector field # = (x,y; A(x,y),W(x,y)) € X(TM) as # = % +JZ, where % =

(x,y; A(x, ¥), L 9 A(x, y)) and Z is of the form 2 = (x, y; W (x, y) — L 2 A(x, y), C(x, y)). O

The main theorem We are ready to enunciate and prove the result that we have announced: the EL
equation is the local form the equation 149-Q + dE; = 0 (Remark 2.1.1). This is, the integral curves
¥ =(y,7):10,1] = TM of the vector field 2" € X(T M) are the ones that extrimizes the action functional
J L. The Remark 2.1.1 gives the result for the particular case of regular lagrangians, i.e., for when the
lagrangian 2—form Q; is symplectic. Note that the proof of the following theorem does not requires
this condition.

Theorem 2.2.1. Let L : TM — R be a lagrangian function and Qp € QY (TM) the corresponding
lagrangian 2—form. Then, the integral curves vy : [0,1] — TM of a semispray & € X(TM) extremize

the funcitonal
f L (2.20)
7

Z%QL-I-dEL:O. (2.21)

if and only if
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Proof. We consider a curve ¥ = (y,7) : [0,1] — M and vector field ¢ € X(T M) generating variations of
this curve, i.e., % satisfies

JY, Z1=0rrm, and JIZ(7(0) =IZ (1) =0r1m

after Proposition 2.2.2 and Equation (2.19). We denote by 9(¢, u) the variations of y(t) generated by %/
Then, as in the solution of &7}, we impose the variational derivative to be zero and compute:

0 0 f L:fﬁg/(L):deogz(deog)—dLOJ@(?(l))+dLOJ@.
u=0Jddw  Jy 7 7

" ou

The added terms in the last equality are zero since J% (y(0)) = J% (y(1)) = 0. We put these terms inside
the integral by using the fundamental theorem of calculus:

([dLOW)—dLOJJ@(}?(l))+dL0J@:de0@—d(dLOJ@)O%
Y Y
:deo@—ﬁgg(dLo\ﬂ@)
Y

:deO@—(L%‘@L)O@—@LO(L%@)
Y

=0.

The last equality is obtained from ©; = dLo J and the Leibniz rule for the Lie derivative. Moreover,
deo@—(ngG)L)o@/—G)Lo(ng@) :fdLoZ”—(L%GL)o@/—dLoJ[%,@]
¥ ¥
and since J[Z", %] = 0r1p, We get

deo@—(L%®L)o@—dLoJ[%,@l=[dLo@—(£%®L)°9/
')/ Y
:ﬁdLo@—(z%-d+dl%)®L0@
Y
:deo@—(z%QL+d13y(dLOJ))°@
Y

:[dLo@—(Z%QL+d(dLo\D%))OQ/.
Y

Since 2 is a semispray we have JZ = 7 and by using the definition of the energy function E; =
Ly L-L,we get

[dLog—(ngL+d(dL0J%))og:fAdLog—(z%QL+d(dL0”l/))0@
Y Y

=—f(dEL+l%QL)0@.
7
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2.2. Variational calculus Chapter 2. Lagrangian mechanics - Interlude

The field ¢ is not arbitrary, hence we can not claim that dE; + 19-Q, has to be zero by using the
fundamental lemma of variational calculus. However, due to the fact (proved in the following chapter)
that the 1-form dE; + 1 9-Q is semibasic (Proposition 3.2.1) and noting that we can generate arbitrary
vector fields, due to the Lemma 2.2.3, adding a vertical vector field J.Z° to ¢, where & € X(M) is
arbitrary, we achieve the result. Since dE; + 1.9 Q; is a semibasic 1-form, it annihilates J.2°. Therefore,

f(dEL+l%QL)0(@+JQ€):O
7

for % generating variations of y and arbitrary 2 € X(T M) if and only if
1 %Q 1 +dE; =0.
0

We finish this chapter by mentioning a result of Chapter 3: the Lagrange-d’Alembert principle
(Theorem 3.2.2). This result generalizes Theorem 2.2.1 in order to include into the integral a semibasic
1—form w € QY (T M) after taking the variational derivative of the action functional, i.e.,

5fL+fw(€”):O.
Y ¥

In this way, we get a generalization of the intrinsic Euler-Lagrange equation,
19 Qp + dE; = w,

where 2" € X(T M) is still a semispray, thus, allowing to model physical systems.
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Chapter 3

Lagrange geometry

In this chapter we will develop more properties of the geometric structure introduced in Chapter 2,
namely, the (pre)symplectic lagrangian 2—form

Qr=dl;L),

associated with a lagrangian function L: TM — R. All these constructions and properties only depend
on the lagrangian function and the configuration manifold M in conjunction with canonical objects of
the tangent bundle TM — M. Therefore, it is natural to regard the pair (M, L) as the object of study, in
the following called Lagrange space.

The section Lagrange spaces includes the definition of Lagrange space and some properties that
facilitate calculations. In the section Mechanics we make sense of the concept force as semibasic
1-forms; this drives us to a formulation of the Lagrange-d’Alembert principle which provides a
generalization of the intrinsic EL equation, following [ 1.

We consider only regular lagrangians so the 2—form Q; is symplectic. First, we recall some concepts of
Section 2.1.

Remainder of definitions Consider a manifold M and a C*°(T M) function L: TM — R. Then, M is
called configuration manifold; T M, phase space and L : TM — R, lagrangian function. Moreover, let
J:TTM — TTM be the vertical endomorphism, then we have the following definitions:

* The lagrangian 1—-form and the lagrangian 2—form are (Definition 2.1.1)
@L = LJ]L and QL = d@L = d(LJ] L),

respectively.
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3.1. Lagrange spaces Chapter 3. Lagrange geometry

» The energy function associated with L is (Definition 2.1.3)
E:TM—R,EL=LyL-1L,
where ¥ € X(T M) is the Liouville vector field (Definition 1.2.4).

* A regular lagrangian is a lagrangian function L: TM — M such that the lagrangian 2—form Q is
non-degenerate. (Definition 2.1.2)

3.1 Lagrange spaces

The purpose of this section is to define an important canonical vector field to each lagrangian function
together with its configuration manifold, the canonical semispray. Given a regular lagrangian function
L: TM — R, we know from Corollary 2.1.1 and Remark 2.1.1 that the solution 2" € X(T M) to

19°Qp =—dEp, 3.1)

exists, is unique and is a semispray. Recall that integral curves ¥ of semisprays projectunder ty;: TM —
M to curves such that they velocity vectors are the same curves ¥ on TM (Corollary 1.3.1), i.e.,

d

— y(1) =7(8), 3.2

dt(TMOY( ) =y(1) (3.2)
which in local coordinates (x, y) € TM, for 2 = (x, y; ¥, —2G(x, y)), translates to

d?x(¢) ;
T =26 (xy), (3.3)

evoking Newton’s second law. Indeed, the integral curves of the semispray .2~ are of physical interest,
since they extremize the functional fy L (Theorem 2.2.1).

These properties are canonical to the given configuration manifold together with the lagrangian
function. This motivates the definition of a Lagrange space as the pair (M, L), and the definition of
canonical semispray as the one whose integral curves extremize the functional f? L. First, we show
some properties of the symplectic Lagrange spaces and then we reserve a subsection The canonical
semispray.

Definition 3.1.1. A Lagrange space is a pair L" := (M, L) where M is a n—dimensional manifold and
L:TM — Ris a regular lagrangian function, i.e, such that the 2—form Q; = d £ jL is non-degenerate.
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3.1. Lagrange spaces Chapter 3. Lagrange geometry

The following are properties of the lagrangian 2—form associated with a given Lagrange space
useful for calculations.

Proposition 3.1.1. Consider a Lagrange space (M,L) and let Q; € Q?>(TM) be the corresponding
lagrangian 2— form. Then, for any vector fields 2 ,% € X(T M), we have

QLUE )= (Z oI - 0 IZ - IZ,ZN(L). (3.4)
Proof. By direct calculation,

Qu(Z, %) = (d(dLo (X, %)
=2 ([dLIX) - ([dLIZ) -dLUIIZ, 2]
=(Z odY —H o IZ —IX, ().

O
Proposition 3.1.2. The insertion of the vertical endomorphism annihilates Qy, i.e.,
ZJJQL = 0, (3.5)
or equivalently, forany &', % € X(TM):
QLIZ,2)+Qu(Z,3%) =0. (3.6)
Proof. By definition of the insertion of vector-valued 1-forms,
QL Y)=Q,0Z, %) - QL% , 2).
Moreover, by Proposition 3.1.1,
QUL D)+ QU2 D)= DL 0dW —W o P 2 - IIZ , Y]
+ X oW —IW 0 I = IZ,IZ (L)
=(JZ I -I0Z,%1-JIZ,I¥])L
=Ny(Z,#) (L) =0.
O

The followinglemma is used in the next subsection to show intrinsically that the hamiltonian vector
field associated with the energy function is a semispray.

Lemma 3.1.1. Consider the lagrangian 2—form Qp and the energy E; = Ly L— L. Then,

1w Q=L E]. (3.7)
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3.1. Lagrange spaces Chapter 3. Lagrange geometry

Proof. Since the Lie derivative commutes with the exterior derivative, we have that [£ j,d] = £jod +
doLjy=0. Thus, 14Qp =1y d(LyL) = —1y LjdL. Then, the formula (A.5) says that 1y L3+ Ly1y = 1.
Therefore,

1y Qr=Lyty—19)dL=Ly(Ly (L)L) =L, E].

3.1.1 The canonical semispray

For each Lagrange space, the hamiltonian vector field associated with the energy function deserves a
special name. First it is important to note that this vector field is a semispray, as has been mentioned
above. We provide an intrinsic prove of this fact and then we define this vector field as the canonical
semispray.

Proposition 3.1.3. Consider a Lagrange space (M, L). The hamiltonian vector field associated with the
energy function is a semispray.

Proof. We need to show the vector field 2, € X(T M) such that 19 Q; = —dE satisfies J.Z, = /. First,
we have 1519;,Qr = —1ydE; = — L Er. Now, by the insertion of J at both sides of 19 Q; = —dE;, from
formula (A.9) and Proposition 3.1.2 we have that the left side is

Ly, Q=0 to—192)QL=—192Q,
and from Lemma 3.1.1 we have that the right side is
—1ydE; =—LgEr = —14Qy.
Hence, we conclude that 159 Q; = 14Q; and therefore, J. 2 = 7. O

Now the definition of canonical semispray can be given.

Definition 3.1.2. The canonical semispray or inertial semispray of a Lagrange space L" := (M, L) is
the semispray 2, € X(T M) such that:

19, Qp+dEL =0, (3.8)

i.e., the hamiltonian vector field on the symplectic manifold (T M, Q) associated with the hamiltonian
function Ej.
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3.2. Mechanics Chapter 3. Lagrange geometry

The canonical semispray is used, for example, in the next section to construct semisprays relevant
for analytical mechanics. The idea is to associate the zero 1-form to the canonical semispray
and a vertical vector field to any other semibasic 1-form. In this way, while vertical vector fields
are accelerations, we see that 1-forms are a mathematical definition of force; then, the canonical
semispray corresponds to the dynamics free of forces. We finish the section by proving that if the
lagrangian is homogeneous of degree 2, then the canonical semispray is a spray, i.e., an homogeneous
vector field of degree 2, i.e., Ly 2, = 2.

Proposition 3.1.4. Ifin a given Lagrange space (M, L) the lagrangian is homogeneous of degree 2 (i.e.,
Ly L =2L), then the lagrangian 2—form is homogeneous of degree 2 and the canonical semispray is a
spray; these properties are

LyQr=Qr and Ly Zo=1V,Zol = Zo, (3.9
respectively.

Proof. The proofis found in [ 1. O

3.2 Mechanics

In this section we give a mathematical definition of force and we relate it to the notion of acceleration,
as Newton’s second law. This allow us to generate new semisprays from a given one, say the canonical
semispray. More precisely, we can modify the canonical semispray adding vertical vector fields to it,
leading to a new semispray, but the equality 7 2-Q; + dE; = 0 no longer holds. Nevertheless, we see that
19-Qr+dE] is semibasic and that there is a bijective correspondence between vertical vector fields and
semibasic forms. Before introducing the formal definitions, we make some comments on these ideas.
The main result in this section is Theorem 3.2.2 (Lagrange-d’Alembert principle), which generalizes
Theorem 2.2.1

3.2.1 Forces

Recall from the coefficient expression of semisprays that its coefficients represent the second time
derivative of the configuration coordinate, i.e., if 2" = (x,y;y,—2G(x,¥)), so that ¥ = —2G(x, y).
Adding vertical vector fields to 2" modify X¥. Therefore, we see that vertical vector fields are in
accordance with the notion of accelerations. Since vertical vector fields are in bijection with semibasic
1-forms (Proposition 3.2.3) via the map QbL : X(TM) — QY(T M), we interpret semibasic 1-forms as
the forces producing these accelerations. The analogy with the physical concepts is

Qb
W) L Qib(T M) : Accelerations —— Forces (3.10)
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3.2. Mechanics Chapter 3. Lagrange geometry

where Qib (T M) denotes the space of semibasic 1-forms. We denote by X (T M) := {2 € X(TM) | Tpr40
Z =17y} the set of semisprays.

Definition 3.2.1. Let L" := (M, L) be a Lagrange space. The semibasic 1- forms Q;b(TM) are called
forces. The set (L", w) is called mechanical system and the force —w, external force of the mechanical
system.

A way of associating semibasic 1-forms to a semispray 2" is just by 19 Qj + dE;. This 1-form is
called the lagrangian force of 2. Before giving the definition, we prove that this 1-form is semibasic.

Proposition 3.2.1. Let L = (M, L) be a Lagrange space. Then, for any Z € Xs(TM) thel—form A(Z") €
QY (TM) given by
ANZ)=19Qr+dEL,

is semibasic, i.e., a force.

Proof. To prove that A(Z") is semibasic is equivalent to show that it annihilates vertical vector fields
(Proposition 1.4.1). We evaluate J% in A(Z") for arbitrary % € X(T M) and, by using Proposition 3.1.1,
we have

Ly MNZ) = 19 Q%) +dEL(I¥)

= (X o PPY - IY 0L - IZ,IVN(L) +I¥ (Ep).
Now, the definition of the energy function (E; = #' (L) — L) and the fact that 2" is a semispray imply that

Ly NZ) = (I o IZ = I X, I+ I oV — I¥) (L)
= (I oV —IZ ,IXN+I% oV —IX)(L).

Finally, we just need to use the equality J[.Z, J%] = —J%  from Proposition 1.3.3 to conclude the proof,

Ly AM2) =Y - IZ) (L)
=0.
O

Definition 3.2.2. Let L" = (M, L) be a Lagrange space and consider the map A : Xs(TM) — QY (TM)
given by
AN:Z —ANZ):=19Qr+dE].

Then, A(Z") is called the lagrangian force associated to 2" € Z(TM).

Evidently, if Z; is the canonical semispray, then A(Zp) is the semibasic 1-form representing
the Euler-Lagrange equation in invariant form, this is, A(Zp) = 14,Q +dE; = 0. In fact, the map
A X (TM) — QF (TM) is a bijection.
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Proposition 3.2.2. Let L" := (M, L) be a Lagrange space and w € QYT M) a semibasic1— form. Then, the
solution 2" € X(T M) of the equation
lgngL+dEL:w (3.11)

is a unique semispray. In other words, there exists a unique 2" € X (T M) such that A(Z) = w.

Proof. The solution 2" € X(TM) to 19-Q; = —dE + w exists and is unique since ; is non-degenerate.
Note from the formula (A.4) that

Wiy Qr=0g1g—139)Qr=—-139Q5,
where we have used Proposition 3.1.2. Moreover, by doing an insertion of J in both sides of (3.11):
1919 Q+dEp) = yyo.

And 1yw = 0 since w is semibasic we have 1519-Q; = —1ydE;. Then, using the equality 1519 Q) =
—132° Qr and from Lemma 3.1.1:

ljgg'QL = lJ]dEL = ﬂ\]] EL = ly/QL.
Therefore, J.2" = ¥ since Q is non-degenerate. O

The following corollary says that the force in correspondence with the canonical semispray via the
map A : Xg(TM) — Qg (T M) is the zero 1-form. We can interpret this fact as saying that the canonical
semisprays corresponds to the dynamics free of forces.

Corollary 3.2.1. If w = 0, then the solution to A(Z") = w is the canonical semispray of the Lagrange
space.

With Proposition 3.2.2 we get the following important consequences that were mentioned at the
beginning of the section.

Corollary 3.2.2. The lagrangian force map A : Zs(TM) — QY (TM) establishes an isomorphism
between semisprays and semibasic 1—forms.

Proof. This is due to Proposition 3.2.1 and Proposition 3.2.2, and to the non-degeneracy of the
lagrangian 2—form. O

Corollary 3.2.3 (Bijection between forces and accelerations). The map QbL : X(TM) — QYTM)
restricted to vertical vector fields, i.e.,

Qly:T(V) = QY TM) : 2 — 150y, (3.12)

is an isomorphism between vertical vector fields and semibasic forms.
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Proof. Let 2y € Zss(T M) be the canonical semispray of L" = (M, L). Then,
A(%) = Z%QL +dE; =0.

Any vertical vector field % € T'(V) is of the form % = 2 — 2, for some semispray 2 € Zs(TM).
Moreover, there exists a unique semibasic form w € Q(T M) such that:

ANZ)=19Q;+dEL = w.
Thus,
w=AN2Z)-ANZ)=19Q+dE[—19,Q1—dEL=19_9,Q1=15Q;.
Therefore, from 14 Q; = w the claim holds. O

Now, we have set up the relation between vertical vector fields and semibasics 1-forms. Hence,
have the identification:

Qb
T'(WV) L ng(TM) . Accelerations Forces. (3.13)

As a final remark, note that every semispray is written as 2 = 2+ %/, where 2 is the canonical
semispray and % € I'(V) is some vertical vector field. Thus, if A(Z) =w e Q;b(TM), we have:

MZ) = M2y +Q)(#) = w.

3.2.2 Lagrange-d’Alembert principle

In this subsection we enunciate the main theorem that allow us to introduce nonholonomic con-
straints in a mechanical system. The fact that semibasic 1-forms w are in bijection with vertical vector
fields throughout the map Q, provides a way of generate different dynamics on the configuration
manifold M since the solution of A(Z") = w is a semispray. This is in accordance with the Lagrange-
d’Alembert principle, which we elaborate in this subsection.

To enunciate the principle, recall from Lemma 2.2.2 and Equation 2.19 that variations of curves
¥:=(y,7) :10,1] — T M are generated by vector fields % € X(T M) such that

JZ,21=0rrMm and JZ (7(0)) =JI% (y(1)) =071p, (3.14)

where 2" € X(TM) is the semispray with integral curve y. Then, as in Theorem 2.2.1, we found
sufficient a necessary conditions for y : [0,1] — TM to extremize the action functional f?L by taking
the variational derivative,

ngL:deOZ”:O. (3.15)
¥ ¥

The Lagrange-d’Alembert principle extends this condition to include semibasics 1-forms in the
integrand, in order to obtain trajectories of the mechanical system.

34



3.2. Mechanics Chapter 3. Lagrange geometry

Definition 3.2.3. (The Lagrange-d’Alembert principle) The trajectories y : [0,1] — T M of a mechani-
cal system (L", w) are integral curves of the semispray 2" € X (T M) such that the sum of the lagrangian
force associated with 2™ and the external force —w equals zero, i.e.,

AMZ)-w=0. (3.16)

Work done by a force Before continuing with Lagrange-d’Alembert principle, we introduce a com-
mon notion in physics: the work done by a force. From this definition we arrive at the work-energy
theorem. The work-energy theorem provides a geometrical picture of the situation when external
forces are involved, since we cannot longer expect that trajectories remain in an level set of the energy
function.

Definition 3.2.4. Given a force w € Q;b(TM) and a curve 7 : [0,1] — T M the work done by the force w
through 7 is defined by
[ o (3.17)
7

Theorem 3.2.1 (Work-Energy theorem). The work done by w through a trajectoryy : [0,11 — TM of a
mechanical system (L, w) equals the difference of the energy E; fromy(1) toy(0), i.e.,

f w = EL(y(1)) - EL(7(0)). (3.18)

Y

Proof. The calculus is direct:

1 1 1 1
[o=[7a@=[ 7 urouram = [ 7dm= [ d(Eoq)=Erotih
Y

O

The work-energy theorem provides more insight in the non-free of forces dynamics. As we know,
the canonical semispray .2 is a hamiltonian vector field on (T'M, Q;) with hamiltonian function Ej,
thus, the energy E; is constant along the flow of .2y, i.e., the trajectories of a mechanical system with
no external forces remain in a level set of the energy. The work-energy theorem tells us that in the
presence of an external force, the trajectory from one point to another is such that the difference of the
value of the energy at the points equals the work done by the force.

Lagrange-d’Alembert principle in integral form We can see that, defining the trajectories of a
mechanical system is describing the curves satisfying certain functional condition which resembles
the condition for extremizing the action functional f?L but including the external force. This is the
theorem we enunciate here.
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Theorem 3.2.2 (Lagrange-d’Alembert principle, [ ). Consider a Lagrange space
L":= (M, L) and let (L",w) be a mechanical system. Then, the curvey : [0,1] — T M is a trajectory of the
mechanical system, i.e.,

ANZ)=19Q.+EL=w, where 2 (y(1)) = %ff(t), (3.19)

if and only if
6]L+fw(6}7) =0. (3.20)
7 7

Proof. From the integral (3.20) proceed to expand the term [dLo % as in the proof of Theorem 2.2.1,
in this way we get that

deo@: —f(lgg;QL+EL)OZV: —fA(%)o@.
7 7 7
Then, adding the external force to the integrand,

f(dL+w)o@:f(—A(%)+w)o@.
Y Y

The arguments to finish te proof are the same as in Theorem 2.2.1, A(Z") and w are semibasic, their
sum is semibasic. Thus,

[(A(%)—w)0(9+\ﬂ5’f):0,
Y

for arbitrary 2 € X(T M) and, due to Lemma 2.2.3, every vector field can be written in the form % +J.%,
where % satisfies (3.14). Therefore, A(Z") = w. O

Corollary 3.2.4. Suppose the external force of the mechanical system is an exact 1—-form, i.e., = dF
for some F € C*°(TM). Then, the Theorem 3.2.2 reduces to the Theorem 2.2.1 for the case where the
lagrangian functionis L+ F: TM — R.

Proof. If w=dF then [d(L+ F)o% =0 is the extremal condition for the action functional [(L+F). O

Remark 3.2.1. Curves satisfying the extremal condition for the lagrangian L + F are integral curves of
the semispray 2" € X(TM) such that 19 Q+r) +dEr+r = 0. With a few calculations we return to
(3.19), first

Z%Q(L+F) +dE(L+F) = lgg'd(d(L+F) oJ) +d([;~y(L+F) —L-F).
Since dF is semibasic, we have that dFoJ=0and Ly F =dF o ¥ = 0. Therefore,

Z%Q(u_p) +dE(L+F) =ly d(dLo ) +d(L41/L—L—F)
= Z%QL-I-dEL%-dF:O.
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Chapter 4

Connections

When considering a Lagrange space (M, L) we know that its canonical semispray is of variational
nature, i.e., the problem of extremize the functional [ L for a given lagrangian is equivalent to the
problem of finding the semispray that has zero lagrange force associated. On the other hand, when
considering a mechanical system (M, L, w) we cannot assure that the semispray 2 € X¢(T M) solving
for the Lagrange-d’Alembert problem A(%Z") = w, is of variational nature.

Curves extremizing a functional are usually called geodesics. With this in mind, we characterize
geodesics to identify semisprays that has a variational character. Geodesics are given in terms of
the covariant derivative induced by a connection. This becomes useful since we also see a method
to determine a connection departing from a semispray.

We begin this chapter with a review of the theory of connections.Connections are a way of decompose
a bundle into the vertical subbundle and a horizontal subbundle, this is the notion of Ehresmann con-
nections. On the tangent bundle T M, besides the characterization of connections on vector bundles as
almost-product structures, we have a characterization in terms of the vertical endomorphism. The
main interest in this is to relate connections with semisprays. A section is devoted to Lagrangian
connections, here we decompose the bundle TTM into two lagrangian subbundles. We pay special
interest in homogeneous lagrangians of degree 2 since their canonical semisprays provide lagrangian
connections, then we relate their geodesics to the geodesics of a metric induced by the lagrangian
2—form.

Our main references for this chapter are [ ]Jand [ 1.
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4.1 Connections ala Ehresmann

The Ehresmann’s definition of connections provides a very visual manner of seeing them, this is, by
splitting the total space of the vector bundle 77y : TTM — TM in two components: the vertical
subdundle and a horizontal subbundle. Hence, it gives us a fine intuition for the developments in
theory of connections. We just need to recall the vertical subbundle V = ker(rp;. : TTM — T M).

Definition 4.1.1. An (Ehresmann) connection or horizontal subbundle on T M is a subbundle H c
TTM of the vector bundle 775, : TTM — TM complementary to the vertical subbundle V, i.e., H is
such that

TTM=HeaV,

where & is the Whitney sum.

An easy example clarify even further the concept of connection and some of its properties that we
prove afterwards. In this view, we return to the simplest case: the circle.

Example 4.1.1. Consider the circle M = S! with coordinate ¢ € S! and for its tangent bundle (¢, y)
TM = S! x R. We know from Proposition 1.2.1 that {%} is a basis of V. Hence, we identify that ai

2]

serves as basis for a horizontal subbundle H := span { %}. Hence,

0 0
TTS'=HeV, where [I-ﬂ:span{—} and \/:Span{—}.
0p dy

In fact, we can recognize H(y ;) as the tangent space T¢§1 since {%} spans the tangent space. This
property is common to horizontal subbundles (Proposition 4.1.1). Now, note that adding an extra term
to % in the y direction, say N(¢, y)ai where N € C®(TS"), still serves as a basis for a complementary

subbundle to the vertical subbundle. Therefore,

TTS'=HeV, where H:=s an{i—N( x)i}
= ) =Sp ¢ P, 3y .
The minus sign is a convention. More generally, horizontal subbundles can be constructed in this way,
providing a set of function Nl.J € C*°(TM), where i,j=1,...,n, to define locally a basis
{ 0 N 0 0 N 0 0 N 0 }

axl oyl axi iyl oxn oy

for a horizontal subbundle. The functions Nl.j are called local coefficients of the connection, a basis
constructed in this way is called Berwald basis and the map of a basis for TxM to the corresponding
Berwald basis is called horizontal lift.
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In the example we have shown that the fibers of horizontal subbundle are isomorphic to the tangent
spaces of the circle. The next proposition establishes this fact for the general situation.

Proposition 4.1.1. Given a connectionH on T M, therestriction of Ty« : TTM — TM toH is a morphism
of vector bundles and the restriction to fibers are isomorphisms.

Proof. Just note that ker7 ;. =V and rankH = dim M. Therefore, the linear map
T M« II]-I],, ‘Hy — TTM(V)M
is a linear isomorphism. O

Then, it is possible to lift each vector field on M to a unique vector on T M via the map 7y« : H —
T M, as stated in the following corollary.

Corollary 4.1.1. Given a connectionH on T M, for each vector field u € X (M) there exists a unique vector
field 27 € T(H) such that Ty (2 7) = u.

Definition 4.1.2. The horizontal lift is defined as the map hl: X(M) = T'(H) : 2" — 2!, where 2"
is such that 7. (2 H) = 2.

From this we have that 7. ohl = [7); and then, as we see in the following proposition, the horizontal
lift is directly related to the vertical lift.

Proposition 4.1.2. LetH be a connection on T M. Then, the horizontal lift and the vertical lift are related

by
Johl =vl. (4.1)

Proof. Let u € X(M) and calculating Johl(u) = iojohl(u) = i(trap(hl(w)), Tar« (Wl(w)) =i(rrpr (1), w) O

Since we have decomposed the second tangent bundle as a Whitney sum TTM =V & H, we can
write each vector field 2 € X(TM) as 2 = 2V + 27 H, where 2’V eT'(V) and 2 H e T(H), i.e.,

X(TM)=TH) & I'(V).

Sections of V are already called vertical vector fields, then we call horizontal vector fields to sections of
H. Next, we introduce a way of decomposing vector fields in these two components.

Definition 4.1.3. Given a connection H we define the two mapsh:TTM —Hand v: TTM — V by
2 =h(Z)+v(Z), forevery & € TTM. 4.2)
Then, h: TTM —Hand v: TTM — V are called horizontal and vertical projection, respectively.
Remark 4.1.1. The horizontal and vertical projectors satisfy the following properties:
h?=h, v’ =v, v=Ixrm —h hov=voh=0rr). (4.3)
Consequently, we can characterize a connection by a function h : X(T M) — X(T M) such that

hoh=h, kerh=T(V). (4.4)
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4.2 Ehresmann connections as vector-valued 1 -forms

We begin the section with a characterization of connections in terms of a vector-valued 1-form such
that it is an almost-product structure and has as vertical subbundle the eigenbundle corresponding to
the eigenvalue —1. The interest in determining connections trough a vector-valued 1-form is due to
the fact that this provides a convenient characterization in terms of the vertical endomorphism for the
particular case of the tangent bundle (Proposition 4.2.2).

Proposition 4.2.1. A connection on T M is equivalent to an almost-product structureP € Q(TM, T T M)
on T M such the eigenbundle corresponding to the eigenvalue —1 is the vertical subbundle, i.e.,

a. PoP=Irruy. (almost-product property)
b. E_;(P) :=ker(P+0rrp) = V.

Proof. Consider the vertical projection v of a connection , define P := 77y, — 2v. Then, P’ is an almost-
product structure, i.e., P> = 77y, and

P(Z)=-%, forevery 2 e€T(V).

Conversely, if P € Q(TM, TT M) satisfies a. and b., define h := %(I]TTM +P). Then, h: TTM —- TTM
satisfies:
hoh=h. and kerh=V.

O

Remark 4.2.1. From a connection given by an almost product structure P € Q'(TM, TTM) we can
characterize the horizontal subbundle as the eigenbundle corresponding to the eigenvalue 1. Thus,

E_i(P):=kerP+lrrp) =V, and E 1(P):=ker(P—Ilrrp) =H. (4.5)

Remark 4.2.2. It is clear, therefore, that given a connection by an almost-product structure P €
QYTM, TT M), the horizontal and vertical projectors are

1 1
V= E(I]TTM_”:D) and hZE(I]TTM_'-ﬂ:D)r (4.6)

respectively.

Note that vertical vector fields ¢ € T'(V) are the ones that v(%#) = %. Analogously, we define
horizontal vector fields in the following way. A vector field 2" € X(T M) is called horizontal if h(Z") =
2. In this sense, sections of H — T M are the horizontal vector fields.
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4.2.1 In terms of the vertical endomorphism

The existence of the vertical endomorphism provides an additional characterization of Ehresmann
connections on the tangent bundle. This fact facilitate the study of connections in our context and
allows to construct connections from a given semispray.

Proposition 4.2.2. A vector-valued 1-formP € Q(TM, T T M) determines a connection if and only if
JoP=J, and PoJ=-J. 4.7)

Proof. We prove that P is an almost-product structure such that E_; (P) = V. First, to see that P is an
almost-product structure, observe that

JoP=J = Jo(P-lrrm) =070 = im(IP—I]TTM)CkerJ]:\/,

and
Pod=-J = (P+lrrpm) ol =070 = imJ:\/cker(P+ﬂTTM).

Thus,
imP -Irrym) cker(P+lrrym) = P+Irram) o P —Irrm) =077 = PoP =lrra,

therefore, P is an almost-product structure. It remains to prove E_; () = ker(P +l775s) =V, for which
we already have V c ker(P +I77p). Let 2 € ker(P +l77)), then, from (4.7),

P+lrra) X =07y = JoP+Irrm) Z =017 = IZ =07 = 2V,

Therefore, V = E_;(P). Conversely, if P is an almost-product structure such that ker(P + lrrp) =V,
then we have that vectors 2" € TT M satisfying (P +l77p) 2 = 077 are of the form 27 = J%. Hence,
PoJ = —J. Moreover, since (P + 7)o (P —I77a) = 0 we have that vectors in the image of (P —Irra)
are of the form J%. Therefore, Jo (P — 7)) annihilates every vector in TTM and this finishes the
proof. O

4.3 Berwald basis of a connection

Before passing to relate connections to semisprays we introduce an appropriate kind of bases of TT M
for doing local calculations when dealing with Ehresmann connections on T M: the Berwald bases. An
example of these was already elucidated in the example of the circle (Example 4.1.1). We see in the
next section, that the coefficients of a semispray provides a simple way of construct the connection
determined by the semispray in terms of a Berwald basis (Proposition 4.17).
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Proposition 4.3.1. Let H be an Ehresmann connection on TM and let {%, oo azn} be a basis of TxM.
Then, the set
0 0 o 0
— ey, Where — :=hll—|,
{5)61 6x”} oxt (dx’)

is a basis of Hy,, where 7 p;(u) = x.

Definition 4.3.1. The basis set defined in Proposition 4.3.1 is called a Berwald basis of the connection.

If (x, y) are local coordinates of T M, then a basis for TTxM is given by {%, aiyi}’ since {aiyi} isa
basis for V,,. This is called a local basis adapted to the connection.
Remark 4.3.1 (Local coefficients of the connection). Recall that the horizontal lift is an isomorphism
from T,M to H,, (Tp(u) = x) and that it gives the unique 2 € I'(H) such that 7y (2 %) = 2.
Therefore, from the condition:
6) 0
) 5

we have that the basic elements of H are locally written as

J —i—Nj(x )i (4.8)
oxi oxi vy oyl '

The set of functions { N’} are called local coefficients of the connection. From this observation, we see
inmediatly that the vertical endomorphism acts on Berwald bases as

5\ 0

The dual basis of the adapted basis is given by {dx, 5y}, where
8y'=dy"+ Nj(x, y)dx/. (4.10)

Now, we show how can we write the local expression for an almost-product structure describing a
connection in terms of an adapted local basis.

Proposition 4.3.2. Let P be an almost-product structure describing an Ehresmann connection on T M.

Then with respect to a local basis {%, 6%.} adapted to the connection, we have
0 : .0
P=—®dx'-6y'® —. (4.11)
ox! 0y!

42



4.4. Semisprays and Ehresmann connections Chapter 4. Connections

Proof. From the properties in Proposition 4.2.2, the action of P is

( 0 ) 0 j 0 ( 0 ) 0
Pl—|==—-N;—, and P - | = ——.
ox') 0x! Loyl 0y! 0y"

This allows to write P as Equation (4.11). O
With this, we can express the horizontal and vertical projectors in terms of the adapted basis.

Corollary 4.3.1. The horizontal and vertical projectors of a connection can be written with respect to an
adapted basis as

.5 .0
h=dx'® —, and v=0y'®—. 4.12
ox! Y 0y! 412
Proof. Together with te proof of the previous proposition, recall that V is the eigenbundle correspond-
ing to the eigenvalue —1 of P. O

4.4 Semisprays and Ehresmann connections

Relating semisprays and connections is necessary in order to determine geodesic solutions in me-
chanical systems, due to the fact that trajectories are integral curves of semisprays. This section
has two purposes concerning semisprays and Ehresmann connections: (1) to associate a special
semispray to each connection and (2) to determine a connection via a given semispray. At the end,
we see the case when these relations are equivalent: if and only if the given semispray is a spray (a
semispray homogeneous of degree 2). In this section we see that connections determine a special
semispray, called the semispray associated with the connnection. We begin associating a semispray
with a connection and then determining a connection given a semispray.

4.4.1 Semispray associated with a connection

To make sense of the following definition, first note that, given a semispray 2~ and a horizontal
projector h: TTM — H, the vector field h(.2") is a semispray. Indeed, let P € Q'(TM, TTM) be the
almost-product structure associated with the connection, then we can write h = %(I]TT m+P). Thus,

JJOh(%):%(JJ+JJOIP)(%)=J]3{:”//,

taking into consideration Proposition 4.2.2, from where we know JoP = J. Now, we define the
semispray h(Z") as the associated semispray with the connection and then, we show that it is well
defined.
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Definition 4.4.1. Consider a connection H and let h: TTM — TTM be the associated horizontal
projector. Then, the semispray associated with the connection is 2} € X(T M) given by

Zn:=h(Z), (4.13)
where 2" € X(T M) is an arbitrary semispray.

To prove that the semispray 2}y associated with the connection is well defined, observe that given
two semisprays 21, 2> € X(T M), the vector field 27 — 2> is a vertical. Then,

h(Z21 - 22) =0r1Mm-
Note also that, if N ]’.'(x, y) € C*®°(TM) are local coefficients of the connection, then the associated

semispray is locally

9 . o
In=y' 55~V N, Vo (4.14)

4.4.2 Connection determined by a semispray

We proceed to define an Ehresmann connection from a given semispray. For this, we take advantage
of the vertical endomorphism J: TTM — TTM and the characterization of connections in terms
of J. The following proposition introduces already the definition of the connection determined by
a semispray.

Proposition 4.4.1. Consider a semispray 2 € X (T M). Then, the vector-valued 1—form

P:=[J,Z1rn (4.15)
determines an Ehresmann connection.
Proof. We show that the vector-valued 1-form P = [Z", J] gy satisfies Proposition 4.2.2, i.e.,

JoP =, PoJ=-J.
From the Frolicher-Nijenhuis calculus (formula A.2.1) we have that
P(#)=1d, ZNpn(@) = 0¥, 2= ¥, 2],
for any ¢ € X (T M). From Proposition 1.3.3 we now that J[.Z", J%'] = —J% . Therefore, we get
JoP(#) =JI%, 21 =I% and PolJ=-JJ%,Z1=-J%.
0

Definition 4.4.2. Let 2" € X (T M) be a semispray. The Ehresmann connection determined by 2" is
P:.= [% , J]] FN-
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Local coefficients of the connection In view of Proposition 1.3.1, we can write the semispray locally
as Z = (x,y;5,—2G(x,y)). The local coefficients of the connection determined by 2" has the simple
expression
4G (x,y)

oyl
To see this, compute P(¥) for a vector field % = (x, y; A(x, y), B(x, y)). We get that

Ni(x,y) = (4.16)

, 0 , - G (x,y)\ 0
P#)=A"(x,y)— — |B'(x,y) +2A (x, y) ———— | —.
@)= Ay 5 (x, ) =50 |5y
Then, just compare the result with the expression for P in terms of an adapted basis to the connection
(Equation 4.11),

) .0
P=dxi®— -5y e-",
Oxt oy!
where
2 0  NwpL  and sy =dy +Ni(x ydi! (4.17)
oxt axt LT oyl 7 . .

In general, the semispray associated with the connection [J, Z ]y is not the semispray 2 . To finish
this section, we show that this is the case if and only if .2~ is a spray, i.e., a homogeneous semispray of
degree 2,ie., Ly X =2 .

Proposition 4.4.2. Let a semispray 2" € X(TM) and P = [J, 2 |1rn the connection determined by 2 .
Then, the semispray associated with the connection is the same 2 if and only if 2" is a spray.

Proof. Choose the semispray 2" € X(T M) to compute the horizontal projection,
1 1
h(Z') = 5(%+ [J, Z1pn(2) = E(%— (2, 7).

Then h(%2) = Z ifandonlyif Ly Z =V, Z1=Z . O

4.5 Lagrangian connection

Now we introduce Lagrange spaces and the corresponding lagrangian 2—forms into the study of
connection. The natural question is what structure has a horizontal subbundle with respect to
the symplectic form Q; € Q?(TM), given a lagrangian L : TM — R. Since the rank of horizontal
distributions is the dimension of the base manifold M we can only hope that it is lagrangian with
respect to Q. If this is the case, then we have a decomposition of the second tangent TTM in
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lagrangian subbundles since the vertical subbdunle is always lagrangian with respect to lagrangian
2—forms. Indeed, we can see that QO; restricted to vertical vector fields is zero,

QLI X)) = (X od-H o IZ -IZ, %) (L) =0, for every 2, % € T'(V).

Connections whose corresponding horizontal subbundle is lagrangian receive the special name of
lagrangian connections. We study in this section some properties of such connections.

Definition 4.5.1. Let L" := (M, L) be a Lagrange space. A lagrangian connection is a connection H c
T TM such that it is a lagrangian subbundle with respect to the lagrangian 2—form Q;, i.e.,

Q,(h(2),h(#)) =0, (4.18)
forevery 2, % € X(TM).
The following characterizations of lagrangian connections are useful for calculations.

Proposition 4.5.1. LetP € Q' (T M, T T M) be the almost-product structure determining a connection and
h: TTM — TTM the horizontal projector. Then, the following statements are equivalent:

a. The connection is lagrangian.
b. 1pQr =0.
c. 12 Q=10 =0Q;.
Proof. First, we prove that a. is equivalent to c.

1. We show by direct calcution of 1,Q; on vector fields 2°,% € X(T M) that it is equal to Q7 (2", %)
if and only if the connection is lagrangian, this is,

QL2 ,2)=Qr(W(2), %)+ Qr(Z,h(#))
=Qr(h(2),h(@) +v(#) + QL(h(Z) +v(Z), h(¥))
=Qr(h(2),v(#) +QL(v(Z),h(#) + QLh(Z),h(#@) + QLV(Z),v(¥)
=Qp(h(Z) +v(Z2),h(#¥) +v(¥)
=Qu(Z,%).

The calculation for 1,Q; is analogous.

2. To prove that b. is equivalent to c. use c. and Proposition 4.3.2. We have that

pQr = 1h_vQr = 1hQr —1,Qp =0.
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O

In turns out that if we have a lagrangian connection, the symplectic lagrangian 2—form has a
simpler expression in terms of an adapted basis to any connection, since evaluating the symplectic
form on the adapted basis, we have

QL(i,i)Zbij, QL(i,i):—gU 4.19)
oxt oxJ oxt 0yJ
0 o 0 0
QL(—.,—.):gi]’, QL(—.,—.):C,']'ZO, (4.20)
oyt 6x/ oy oy’

and the connection is lagrangian if and only if b;; = 0. Then, if the connection is lagrangian, we have

that
0°L

" aylayl
which can be seen from the local expression of the lagrangian 2—form,

Q= g,-]-5yi Adx/, where g;;: (4.21)

0°L . . #%L ‘ .
= ———dx' Adx! + ——dy* Adx/,
o0xtoy/ oytoy!

Qr

by replacing dy’ = 6y’ — N,idxk into Q;. Lagrangian connections indeed always exists, since we
already have the lagrangian subbundle V and we can find a lagrangian complement to this subbundle.
Moreover, we can see that in the case of an homogeneous lagrangian L : TM — R of degree 2, the
canonical semispray of the corresponding Lagrange space determines a lagrangian connection.

Proposition 4.5.2. Let (M, L) be a Lagrange space where L: T M — R is homogeneous of degree 2. Then,
the canonical semispray Z, determines a lagrangian connection, P = [J, Z,]1gN.

Proof. By using formula (A.10), we have that
Q= 1k, 2120 = 1y oLg+Lgorg —La)Qr=(Lyorg —Ly)Qp =(-LydEr —diy)Q;.
Since - L ydE; =dLyEr and £ jdEr = 14Qp by Lemma 3.1.1, we conclude that 1pQ; = 0. O

Recall from Definition 4.4.1 that the semispray associated with the connection H is given by 2}y =
h(%Z"), where h: TTM — H is the horizontal projector an 2 an arbitrary spray. Then, the following
proposition states that the semispray 2y is the canonical semispray if and only if the horizontal
subbundle is tangent to the level sets of the energy E.

Proposition 4.5.3. Consider a Lagrange space L" := (M,L) and h : TTM — TTM the horizontal
projector of a lagrangian connection. Then the semispray associated with the connection is the canonical
semispray of L" if and only if:

LhEL:dELOhIO. (4.22)
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Proof. Let 2 € X(TM) be the semispray associated with the connection , i.e., Zy = h(Z") for an
arbitrary semispray 2" € X(TM). Then, computing:

h(12;,Qr +dEL) = 19, 10Q1 — 1h2;,Qr +dELoh

=12;, QL —12,Qr+dE oh h(Zn) = Zn)
= 193401 —12;,QL+dELoh (1hnQr = Qp, proposition 4.5.1)
= dELOh.

Since, 14;,€; +dE} is semibasic we have that 1,(1.9;,Qr + dE7) = 19;,Q7 + dEy, then:
12;,Qr+dE; =dEroh.
Therefore, 2y is the canonical semispray of L, meaning:
12:, Q2+ Ep =0,

ifand onlyifdE; och =0. O

4.5.1 The adapted metric

In this subsection we provide a metric tensor on 7'M such that the horizontal and vertical subbundles
are orthogonal with respect to the given metric. In order to define a metric from a given lagrangian
2—form we need to consider the almost-product structure associated with a connection. Details of this

structure can be consulted on | ]. Consider a connection on TM and an adapted basis
{%, aiyi}’ letF: X(TM) — X(T M) be the C*°(T M)-linear mapping given by
0 0 0 0
Fl—|=z=—— and F|—|=—. (423)
ox! 0y! ayt) 6xt

This function satisfies the following properties:

1. In terms of the adapted basis it is given by

+ 2 5y (4.24)

F=-dx'e®— -
oyt ox!

2. Itis an almost-product structure, i.e., F2 = —lp7p.
3. With the horizontal projector h: TTM — H, we have

Foh=J and FoJ=-h. (4.25)
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4. Moreover,
Fod+JoF=lrrpm. (4.26)

The function F : X(TM) — X(TM) is called the almost-complex structure associated with the
connection. This function is used to define a metric on TM in the following way.

Definition 4.5.2. Let (M, L) be a Lagrange space and [F : X(T M) — X(T M) the almost-product structure
associated with a connection P on TM. The adapted metric to the connection is the 2—form gp €
Q?(T M) given by

(2, %) = QX ,FY), (4.27)

forevery 2, % € X(TM).

Orthogonality of H with V. We can readily see that the horizontal and vertical subbundles are

orthogonal with respect to gp, i.e., gp( 0 forevery i, j =1...,n, since the vertical subbundle

ay'’ 6xJ )
is lagrangian. Moreover, gp is non-degenerate due to the non—degeneracy of Q; and the definition

; e Qi o & 0 0 |_ 0 o | — 0 b
of F, and is symmetric since gp (5xi’ 6xf) +g[p>(ayi, Oyf) = QL(ﬁxi, ay]) QL(ay,,éx]) QL(ayj! 5xi) +
d 5 6
(537, ~377) = 80 (537 337) + & (53 337
Furthermore, it is immediate to see (by evaluating on an adapted basis) that the coefficients of the

metric tensor are precisely the coefficients of the 2—form (4.21). Therefore, in terms of the dual of an
adapted basis we can write the adapted metric as

oL

gp=gijdx'®dx’ +g;;6y'®6y/,  where g;; = ayiayT (4.28)
Geodesics of ametric From | 1, we take the definition of geodesics of the metric gp as
the solutions of the equation '
d?x! N dx/ dx* 0 (4.29)
ez~ kdr dr '
where the functions N]’: . are the so-called Christoffel symbols (of the second kind),
. 1 .,(981 0gr 98jk iy B
i 24l J kI ~aJ iy — (. "1
Njwi=58" S+ 3~ 5o and (g') = (gi)7". (4.30)

4.5.2 Covariant derivative

This section presents the definition of covariant derivative and of geodesics of a connection. Geodesics
are curves in M whose accelerations remain horizontal with respect to a connection . In particular,
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we see that for a homogeneous lagrangian L: TM — R of degree 2 the solutions of the Euler-Lagrange
equation are geodesics with respect to the connection determined by the canonical semispray (Propo-
sition 4.5.5).

Definition 4.5.3 ([ ). Let N and M be manifolds and H a connection on T M.
The covariant derivitarive V induced by the connection is given by

Voy X =voZ,o¥, (4.31)
where v: TTM — V is the vertical projector of the connection, % € X(N) and Z amap Z : N — TM.
Example 4.5.1 (Covariant derivative along a curve y). Let N = [0,1] and &% = %. Consider a curve

y:[0,1] — M and a vector field .2": [0,1] — T M along the curve, i.e., Tpjo 2 =Y. Parametrize the curve
asy(r) = (x'(9),...,x"(1)) € M, and the vector field as 2" (1) = (x' (1),...,x" (), y (1),..., y" (1)) € Ty M.
Then,

0
(j’dr*)to

3" (x(1), y(2); x(1), y(1)),

and

V% X =v(x(@), y(@); x(1), y(1)

i 6 . .
. (5y ®f) (x(0), Y (03 2(8), 9(1))
0y!

= (dyi + N]’ﬁdxj) ® i(x(t),y(t);fc(t),y(t))
0y!
_ (yi(t) +xf(r)N]li(x,y)) 9
oy!

Definition 4.5.4. Consider a connection on T M and the induced covariant derivative V. A vector field
Z € X(M) along a curve is called parallel if its covariant derivative is zero, i.e.,

V%(%) =0rTM.

This notion allows us to introduce a definition for when the accelerations of a given curve y : [0,1] —
2
M are horizontal, i.e., v (%y) = 077pm- This is the concept of geodesic or autoparallel curve.

Definition 4.5.5. Consider a connection on 7'M and the induced covariant derivative V. A geodesic of
the connection is a curve y: [0,1] — M such that

V% () =0r7M, (4.32)

where 7:= (y,y) : [0,1] = TM.
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From the Example 4.5.1 we can see that, in local coordinates, the condition for a curve to be a
geodesic is equivalent to satisfy the equation
d?x! dx’

; X
N;(x,y)—=0. 4.33
az PN (4.33)

We can easily verify that the paths 7p;07 :[0,1] — M, where y : [0,1] — TM is integral curve of the
semispray Zy € Xgs(T M) associated with the connection, are geodesics of the connection.

Proposition 4.5.4. Consider the connection H, the semispray Xy € X(TM) associated with the
connection and an integral curvey : [0,1] — TM of Z. Then, y = Tp07 is geodesic of H.

Proof. Indeed, since 2y = h(%2") for any semispray 2 € Xs(TM). If 7 is integral curve of 2 then
Vag(f/):VO%H:VOhO%andVOh:O. O

The following proposition is consequence of the latter. It states the case for when the solutions of
the Euler-Lagrange equations are geodesics of the connection determined by the canonical semispray.
We need to recall from Proposition 3.1.4 that if the lagrangian is homogeneous of degree 2, then the
canonical semispray is a spray.

Proposition 4.5.5. Let L : TM — R be a homogeneous lagrangian of degree 2 and Z, € Xs(TM) the
canonical spray of (L, M). Then, the projections to M of the integral curves of Z, are geodesics of the
connectionP = [J, Z,1rn. In other words, the solutions of the EL equation are geodesics of P.

Proof. Given that the lagrangian function is homogeneous of degree 2, due to Proposition 3.1.4 we
have that the canonical semispray % is a spray, thisis, Ly Z, = [V, Zo] = Z,.

From Proposition 4.4.2 we know that the semispray .2} associated with the connection [J, Z,] is Z,
if and only 2, is a spray, which is the case that concerns to us. Therefore, by using Proposition 4.5.4
we can assure that integral curves of the canonical spray 2, provide geodesics of P = [J, Z,] via their
projection to M. O
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Chapter 5

Constraints

In Chapter 3 we see that given a Lagrange space (M, L), any semispray can be constructed from the
canonical semispray by adding vertical vector fields. In this chapter we take advantage of the Lagrange-
d’Alembert principle to find semisprays such that their integral curves are resticted to a submanifold N
of TM, i.e., we provide a mechanical system (M, L, w) such that the semispray 2" satisfying A(Z") = w
is tangent to N.

The first section, Nonholonomic constraints, formulates the theory of constraints on the phase space
TM in a way that we incorporate the constraint into a system as a set of forces, called reaction forces.
In the section Mechanical systems with constraints we provide the method for treating constraints in
mechanical systems. The last section, Examples, includes the free particle in R3 with a nonholonomic
constraint and the coin rolling without slipping on R?.

5.1 Nonholonomic constraints

As is noted in the Introduction, nonholonomic constraints are non-integrable distributions on the
configuration manifold M that are used as a restriction on the movement on the phase space T M of a
given mechaical system. In this manner, the definition of nonholonomic constraint is independent of
any other structure such as Lagrange spaces or symplectic forms.

Definition 5.1.1 ([ D). Consider a manifold M. An (admissible nonholonomic)
constraint is a codistribution W < T* T M such that

dimW =dimJ*W. (5.1)
Moreover,

a. The semibasic 1-forms w € J* W are called reaction forces.
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b. The constraint W < T*TM is called ideal constraint if it annihilates the Liouville vector field
YV eX(TM),ie,a(?)=0foreveryae W.

c. An admissible semispray for the constraint W is a semispray 2~ € Xss(T M) such that a(Z") =0
foreverya e W.

Note that condition (5.1) says that the number of independent reaction forces at every point is
equal to the number of conditions defining the constraint, ([ 1). The following
proposition characterizations of nonholonomic constraints in terms of a distribution N ¢ TM. This
allows to interpret constraints as a relation between coordinates of configurtation and of velocities.
The ° symbol represents the annihilator.

Proposition 5.1.1. Let N c TM be a subset of T M. The following statements are equivalent,
a. (TN)° is a nonholonomic constraint, i.e., dim(TN)° = dim J* (T N)°.
b. (TN)° does not contains semibasic 1-forms, i.e., V° N (T N)° = {0}.
c¢. N is transversal to the vertical subbundleN c TTM, i.e, TN+V =TTM.

Proof. The equivalence between a. and b. is due to the fact that dim(7N)° = dim J* (T N)°. Therefore,
the map (TN)° — J*(TN)° given by w — J*w = w o J is injective, the kernel of this map is (TN)° nV°
and V° = Q;b(TM). The equivalence between c. and b. is seen by taking the annihilator on both sides
of TN+V =TTM,thisis, (TN)°nV° = {0}. O

Regarding N c TM as a nonholonomic constraint we can rephrase definitions in 5.1.1 as follows,

a. The constraint N ¢ TM is ideal if the Liouville vector field 7 € X(T M) is tangent to N, i.e., 7|y €
X(N).

b. A semispray 2" € X (T M) is admissibleif 2 |y € X(N).
Remark5.1.1. The condition for the constraint to be ideal expresses that the work of the reaction forces

is zero (see Proposition 5.1.2 below).

Remark 5.1.2. The condition for a vector field to be an admissible semispray expresses that their
integral curves project to curves on M such that their velocities are constrained to V.

The example given below provides an easy way to manage examples of mechanical systems with
constraints. Here, the relations between configurations and velocities are given as functions f;: TM —
R and we take as constraint the kernel of these functions.
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Example 5.1.1. Consider a submersion F = (fy,..., fp—x) : TM — R"k where fi € C®°(TM). Then,
consider the kernel of the submersion, N := ker F. In this case, the annihilator of TN is the set of
1-forms

TN°={a e Q" (TM) | a=Mdfi ++ Ap_gdfni, Ai € C°(TM)}.

Now, N (or the codistribution (T N)°) is a nonholonomic constraint if (T N)° satisfies the condition
(5.1), i.e., if the n — k 1-forms
dfied,dfz0J,..., dfy—koJ, (5.2)

are linearly independent.

To finish this section we prove that reaction forces of ideal constraints do not work on curves subject
to the constraint.

Proposition 5.1.2. Let N € TM be an ideal nonholonomic constraint and w € J*(T N)° a reaction force.
Then, the work done by reaction forces trough curves in N is zero, i.e.,

fw:O, forevery weJ*(TN)° and 7:[0,1] — N. (5.3)
¥
Proof. 1f the constraint N ¢ TM is ideal, then ¥ € TN. Thus, for every @ € (TN)° we have a(¥) = 0.
Reaction forces are of the form w = 1ja for some a € (TN)°. Then, for semisprays generating curves
Y :10,1] = TN, we have

w(Z)=aodZ =a(¥)=0.

1 1
fw:f ?*w:f woV,=0.
7 0 0

Therefore,

5.2 Mechanical systems with constraints

We consider a mechanical system with a nonholonomic constraint as (M, L,w, N), where (M, L) is a
Lagrange space, w € Q;b(TM) a semibasic 1-form and N := ker F a nonholonomic constraint given by

a function F := (fi, ..., fu—x) : TM — R"F_ In this case, there are another external forces in the system
due to the constraint. We need to find a physically acceptable solution to the system, this is, we require
an admissible semispray 2 € X (T M) such that

AMNZ)-we I (TN)°. (5.4)

In fact, we can prove that there exists only one semispray satisfying this condition.
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Proposition 5.2.1. Let (M, L,w, N) be a mechanical system with a nonholonomic constraint, where N :=
ker(F: TM — R"K). Then, there exists a unique admissible semispray such that the force A(2") —w is a
reaction force of the constraint, i.e., a semispray 2 € Zs(T M) such that

a. dF(Z) =0and (admissible semispray)
b. A(Z)—-we J*(TN)°.

Proof. For a constraint given by a submersion F:= (fi,..., fu_x) : TM — R"~¥, reaction forces are of the
form
wy=Mdfiod+Adfood+ -+ A,_rdf_roJdeI*(TN)®,

where A4,...,A,,_r € C®°(T M). We know that for each w; € J*(TN)° the vector field 2" € X(T M) such
that A(Z") = w + w, exists and is a semispray (Proposition 3.2.2). Hence, we only have to prove there
exists a unique reaction force w; € J*(TN)° that makes the semispray admissible. Denote by Z; €
X (T M) each hamiltonian vector field

lgyl. QL = —df,'.
Then, by formula A.9 we have that

lJl%QLZ Z%Z\DQL_l\ﬂ%QL:_l\D%QL:_lJ]dﬂ =—dfjoJ.
In this way, reaction forces are of the form
w1 =M Q2D+ + Ak Q) (I 2 )

Let 2, € Xss(T M) be the canonical semispray and % € I'(V) the acceleration corresponding to the
force w. Thus, semisprays in the Lagrange-d’Alembert principle are

I=Zo+ W + I+ + Ay i I X k.
The admissibility condition is d f;(:Z)) = 0 for every i =, ..., n — k. Therefore, we have
dfi(Zo+%)=-A;dfi 2P,
and replacing 14 = —df; into this expression, we have
QuZIZ DA =dfi( X+ D),

which is is a linear system for the A’s and has a unique solution due to the non-degeneracy of the
2—form Q; and the independence of the vector fields 2;’s and Z’s. O
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5.3 Examples

In this section we give examples of Lagrange spaces and nonholonomic constraints. First, we study the
simplest case: a free particle in the space with no constraints. The configuration manifold in this case
is M := R3 and the lagragian is just the kinetic energy. Next, following the same example, we include
a nonholonomic and we find the admissible semispray in accordance with the Lagrange-d’Alembert
principle.

The second example is a coin on the table, i.e., a vertical disk rolling without slipping over a plane. The
configuration manifold is R2x S x S. This example is taken from [ ]. We study the
Ehresmann connection determined by the solution of this example and their geodesics.

5.3.1 Free particle

The free particle is described just by the kinetic energy in the corresponding phase space. We work on
the configuration manifold M := R3. The coordinates for the phase space T M are (x1, X2, X3, Y1, Y2, V3) €
TR3 (we lower the indices in order to not confuse with exponents). Therefore, the Lagrange space is
(M, L), where

M=R’ and (Vi +y5+33).

NI»—-

The lagrangian 2—form To calculate the lagrangian 2—form, first compute the lagrangian 1—- form
@L:LJ]L:dLOJ]: (yldy1+y2dy2+y3dy3)0\ﬂ. (5.5)
The lagrangian 2—form is the differential of ®;, so we have

Qr=dy; Adx; +dy2 Adxe +dys Adxs. (5.6)

The canonical semispray Observe that the lagrangian function is homogeneous of degree 2, there-
fore, by Proposition 3.1.4 we know that the canonical semispray is a spray. Moreover, also by the
homogeneity of the lagrangian, the energy function E; equals the lagrangian. Hence, the canonical
spray of (M, L) is the hamiltonian vector field .2, € X(TR3) associated with L, i.e., 2, satisfies

19,0 =—dL. (6.7)
In coordinates, writing the spray as .2, = (x, y; ¥, G(x, ¥)), the this expression is
_yldyl - ygdyz - ygdyg - 2G1dx1 - ZGZdXZ - 2G3dX3 = —(yldyl + ygdyg + ygdyg) (5.8)
Therefore, all the coefficients of the spray are zero and the spray is simply
0 0
Zo=y—+ 5.9
n %1 Yo— 0% + V35— 9% (5.9)
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The Lagrangian connection Since all the coefficients of the lagrangian are zero, the coefficients

of the connection determined by the spray are zero. Therefore, the horizontal subbundle is H :=

span {aixl, ceey %} and it is lagrangian with respecto to (5.6).

Nonholonomic constraint We introduce a nonholonomic constraint to the dynamics of the free
particle. This is done with a function f: TM — R given by

f(x1,%2,%3, 1,2, ¥3) := y3— X2)1. (5.10)

The particle is restricted to move on ker f. The constraint codistributionis W := {a € Q' | @ = Adf} and
since d f o J = dx3 — xp,dx; we verify that dim W = dim J*W.

Lagrange-d’Alembert Principle We look for an admissible semispray to the constraint satisfying the
Lagrange-d’Alembert principle for a reaction force. Reaction forces are of the form w; = A (dx3 — xodx;).
Then, from the Lagrange-d’Alembert principle, the trajectories of a mechanical system (M, L,w,) are
integral curves of the semispray 2) = 2, + %) € Xss(T M) (where %) € T'(V)) satisfying

ML) = NIy + Q5 (P)) = wy. (5.11)

Write the vertical vector field as %) = (x;, ¥i,07um, —2G§L(x, ¥)), then the Lagrange-d’Alembert principle
in coordinates is
—2G;dx; —2G5dx, — 2G5 dxz = Adxz — Axpdx;. (5.12)

The admissible semispray The coefficients of the semisprays satisfying the Lagrange-d’Alembert
principle are of the form

2G (x,y)=Ax2,  2G5(x,»)=0 and 2G;(x,y)=A. (5.13)

Moreover, an admissible semispray has to saistify df(.2) =0, i.e,

0 ; 0
(dys — x2dy; — y1dx2) Xig = 2G'(x, y)é_y- = —y1X2 +2A(x2)* =21 =0. (5.14)
l 1
Then, the value of A for the admissible semispray is A = %((x);l)—fil), with (x2)2 # 1, and the admissible
semispray is
0 0 0 2.9 0
X =y s +y y1(x2) Yyix2

S A L I £ L R 5.15
0x1 ox, 00xs ((x2)2—1) 0y1  ((x2)?—1)0dys (5.15)
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5.3.2 A coin on the table

Consider a circular thin disk (imagine a coin of negligible thickness) rolling over a plane without
slipping (the velocity at the contact point of the coin with the plain is zero). In this example the
configuration manifold is M := R?> x S x S. The R? factor represents the plane; the first S, the precession
of the disk and the second S, the spin. Then, we denote the coordinates of T M as:

TM=R*xSxS)x R xRxR)> (x1,%2,,%; Y1, V2, Yoy V)~ (5.16)

Note that the velocity of the contact point is the sum of the velocity of the center of the disk (y;, y») and
the velocity at the base point of the disk (- yy cos¢, —yy sin¢). Thus, the condition of rolling without
slipping provides the following conditions

y1—Yycos¢p=0 and  yo»—yysing =0. (5.17)

The Lagrange space To construct our Lagrange space, we need a lagrangian function, this is the
kinetic energy L: T M — R of the system,

1
L:= E(yf + Y5+ 1y5+Tvy). (5.18)

where I and J are the moments of inertia.

The lagrangian 2—form To define the symplectic manifold (7'M, Q) with Q; the lagrangian 2—form
corresponding to (M, L), calculate the lagrangian 1—form,

O =LyL=dLoJ=(y1dy1 + y2dys + Iypdys + Jyydyy) o d = y1dxy + yodxz + Iypdep + Jyydy. (5.19)
Then, the lagrangian 2—form is

Qr;=dO; =dy; Adx; +dy, Adxo + Idy¢ /\d(/)+]dyw Ady. (5.20)

The canonical semispray As in the example of the free particle, we have that the canonical semispray
is a spray since the lagrangian function is homogeneous of degree 2.The canonical spray is

% — i+ i_*_ i+ i
0= o %k, e T ey
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The nonholonomic constraint We see that the conditions 5.17 define a nonholonomic constraint.
Consider the function F := ({1, f2) : TM — R given by

h=y—-yycos¢p and fo=y—yysing. (5.21)
Then, N :=ker F c T M is a nonholonomic constraint. Indeed, we see that
(TN)° ={a e Q(TM) | a =M dfi + A2dfo},

where df; = dy; — cos¢dyy + yy singde and df; = dy, —sin¢gdy, — yy cos¢pdep. Hence, the reaction
forces are
J(TN)° = {wy € QYT M) | wy = A1 (dx; — cos pdyy) + A2 (dx —sinpdy)},

and dim(7T'N)° = dim J* (T N)°. Therefore, by Proposition 5.1.1, N ¢ T M is a nonholonomic constraint.
The Lagrange-d’Alembert principle If we regard each reaction force wy € J*(TN)° as an external

force, then the Lagrange-d’Alembert principle asserts that trajectories of the mechanical system are
solutions of the semispray 2} € X(T M) such that

12, Q+dE = w,,

where w = 1;(dx; — cospdy) + A2 (dy» — singpdy). Thus, for each w) € J* (T N)°, the coefficients of the
semispray 2 € X(T M) are

1
—2Gy(x, ) =M1, —2G5(x,7) =z, —2Gf(x,y):0 and —ZGf(x,y):—}(Alcos,(pmzsincp).

(5.22)
The semispray is

0 0 0 0 0 0o 1 0
Zr=N—+Vo—+Vo—+Vv—+ A1 — +Ar— — =(A1cos¢p+ Ay singp) —.
AN Va0, Y05 TV gy T MGy, T2y, T oSt asindls

Admissible semispray We look for an admissible semispray due to its physical significance: their
integral curves are constrained to N (Remark 5.1.2). If 2, is an admissible semispray then

dfitZ) =0 and dfp(2)) =0,

which implies
1
AL+ }(/11 cos¢ + Az sing) cos¢ + yp yy sing =0

1
and A+ }(/11 cos¢p + Az sing) sing — yy yy cosp = 0.
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Then, the solution for the functions A;,1, € C*°(T M) is

A= =YpYysing and A2 = Yo Yy COS . (5.23)

Therefore, the admissible semispray is
2 = 0+ 6+ 0+ 9 sina+ cos¢>a
=50 2wy TV ap H Y oy T Ve <!>ay1 YoYy 3y,

We can write the admissible semispray in the form of equations of motion,

X1=y, V1= —YpYysing, (5.24)
X2 = Yo, Y2 = YpYyCcosep (5.25)
=14 yp=0 5.27)
which are the equations found in [ | for this example. The solutions to this system of

equations are the trajectories of the mechanical system.

5.3.3 Connections associated to the semisprays

Now we study the connections related with the example of the coin on the table. For example, the
canonical semispray of the Lagrange space of the coin is

0 0 0 0

Zo=y— _— — —_— 5.28
0 y10x1+y20x2+y¢6<p+yw0w (5.28)

Evidently, the nonlinear connection P = [J, 2]y determined by 2, has as semispray associated the
same Z, since X, is homogeneous of degree 2, i.e, h(Z,) = Z,. The coefficients of this nonlinear
connection are just N]’: =0, hence, the horizontal projector is justh = dx; ® aixi (take x3 = ¢p and x4 = y).
Since the lagrange 2—form is Q1 = dy; A dx; it follows that this connection is a lagrangian connection,
ie., Qr(hZ" ,h#) =0forevery Z',% € X(TM).

The admissible semispray resulting from the Lagrange-d’Alembert principle is more interesting since
in includes the acceleration due to the reaction force of the constraint, we found it to be

2 = i+ i+ i+ 9 sinc/)i+ cos 2 (5.29)
_ylaxl yzaxz yWaw y‘Pa(p Yo Yy 6_)/1 Yo Yy Wayz .

To find the coefficients of the connection determined by this semispray we have to use the coefficients
of the semispray G*' € C*°(T M), which are

1 1
Gl (x, y) = Eyu,yd, siny, G*(x, y) = —Eyd,yu, cos ¢, G?(x, =0 and GY(x,y)=0.
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Now, using Equation (4.16):

we calculate the coefficients of the connection.

1
N} =0,
2
leo,
N? =0,
v _
NY =0,

From Equation (4.33), geodesics satisfy

With the notation ‘il—tle =y' and ‘h—xtl = x' we get the set of equations:

: G (x,
Nigr,y = 228D
1 11 .
N, =0, N¢7 = Eyw sin¢,
2 2 1
N5 =0, N¢:—Eywcoscp,
¢ _ ¢ _
N; =0, N¢7 =0,
v _ v _
N, =0, N(p =0,
d2xi dx/

dr2 o

i _
+N](x,y)d— 0.

Chapter 5. Constraints

1
Nth = Ey(/, sing,

5 1
Ny, = —§y¢cos¢,

$ _
N, =0,
4 _
Ny, =0.

(5.30)

; 1 . o1 ) .
1+ N} (x, X! =y + >V sing + >Ve singy,

; 1 .1 .
Vo + N]?(x, Nx =y, - > Yy cospd — >Ve cos i,

Yo+ NY (6, 1) = 3,

iy + N;.//(x, N =y

Then, replacing the equations of motion (5.24), (5.25), (5.26) and (5.27) we get the desired result:

N+ Nj(x i =0,
2+ Ni(x, )i/ =0,
. 0 cj o

yu,+N]. (x,y)x. =0,
Vo + N;.’/(x, il =o0.

Conclusion of the example We have obtained the motion of a vertical disk rolling on a plane. This
is, for the configuration manifold M = R? x S! x S! and lagrangian function L= 3 (y3 + y5 + I yé +Jyy)
we have constructed a mechanical system (M, L, w) such that its trajectories on T M are restricted to
N c TM, where N is determined by the constraints:

y1—yycos¢p=0, and y,—yysing=0.
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Moreover, we found that these trajectories are the velocities at each point of the geodesics of the
connection determined by the admissible semispray semispray satisfying the Lagrange-d’Alembert
principle.
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Appendix A

Frolicher-Nijenhuis calculus

In this appendix we present the required calculus of differential forms used in the thesis. The reference
where proofs of the unproved facts we enunciate here are found is [ ]. Besides, we mention
particular cases of some formulas that are recurrent along the thesis.

A.1 Derivation and the algebra of differential forms

Consider in a manifold M, the graded algebra of differential forms:
Q' Mm= @ o'wm.
I=—00
Definition A.1.1. A graded derivation of degree k is a linear map:
D: Q" (M) — Q" F (M,

such that:
D@ Ay) =D Ay + (-1 p A D),

where ¢ € Q! (M). We denote by Der,(M) the space of all graded derivations of degree k.

Example A.1.1. The exterior derivative d is a graded derivation of degree 1. Let 2" € X(M) be a vector
field. Then, the insertion 13- of 2 into a differential form is a graded derivation of degree —1. The Lie
derivative £ 4- along 2" is a graded derivation of degree 0.

A.1.1 Algebraic derivation

Algebraic derivations generalize the notion of the insertion 1 - € Der_; (M) of vector fields 2" € X(M).
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Definition A.1.2. A derivation D € Derg (M) is called algebraic if
D|QO(M = 0,
i.e.,, D(f) =0forevery f € C*(M).

Since derivations are determined by their action on 0—forms and 1-forms, it follows that an
algebraic derivation are determined by its restriction to 1-forms. If Dy € Derg(A Ty M) is algebraic,
then Dy|rrp: Ty M — AL T M may be viewed as an element K, € N+ TiM e T M. To express this
dependence we write:

k+1
D=1g, where KeT(/\ T"MeoTM).
Denote the space of vector valued k—forms as

k+1
Qf M, TM):=T(\ T*Me TM),

and the space of vector valued differential forms
dim M
Q' (M, TM):= @ Q'M, TM).
1=0
Summarizing this discussion we have:

Theorem A.1.1. Let K € QX+ (M, TM) and w € Q' (M). Then, for any 21, ..., Zi+1 € X(M), we have that

1
yere = i K yeee ) yere Al
IkW(Z21, s Zkrl) TESTITES UE%HSlgHU o (K(Zoq),-- Zotern), Lo Zoksn) A1

is and algebraic derivation of degree k and any algebraic derivation is of this form.

A.1.2 Liederivation

Lie derivations generalize the usual definition of Lie derivative £ 4 € Dery(M) along a vector field 2" €
X(M).

Lemma A.1.1. Let Dy € Dery(M) and D; € Der;(M). Then, the graded commutator
[Dy, Dil := Dgo Dy — (-1)¥'Djo Dy

is a graded derivation of degree k + I.
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Definition A.1.3. Let K € QX(M, TM), the Lie derivative £ k € Derg (M) is defined by
L=l dl = 1xd = (-1)* dig, (A2)
where d € Der; (M) is the exterior derivative.

Theorem A.1.2 (Frolicher-Nijenhuis decomposition). Let D € Dery(M). Then, there are unique K €
QX (M, TM) and L € Q¥ (M, TM) such that

DZLK+1L. (A.3)

Corollary A.1.1. A derivation D = L +11, is algebraic if and only if K = 0. Moreover, a derivation D =
L +1z satisfies [D,d] =0 if and only if L= 0.

Corollary A.1.2. If 2" € X(TM) is a semispray and J € Q' (TM, TTM) the vertical endomorphism,
then:

[tz gl =1 01y—1g01y =1y (A.4)
1y, Lol =1y Ly+Lgiy =1y (A.5)

A.2 Frolicher-Nijenhuis bracket

Note that if L € Dery(M) and £} € Der;(M) are derivation commuting with the exterior derivative d,
then we have that
[[LK)LL])d] =0.

Therefore, by the Frolicher-Nijenhuis decomposition theorem there exists a vector-valued form [K, L] gy €
Q%+ (M) such that we can write the commutator [Lx, £1] as

(L, L] =LK, Lipy -
This vector-valued 1-form is called the Frilicher-Nijenhuis bracket of K and L.
Definition A.2.1. The Frolicher-Nijenhuis bracket is the unique vector valued differential form
[ Jen : QK (M, TM) x Q' (M, TM) — Q! 2 (K, L) — [K, Llgn, (A.6)

such that
Lk = Lx, L1l (A.7)

Proposition A.2.1. IfK € Q°(M, TM) = X(M) and L. € Q' (M, T M), then for any vector field 2" € X(M)
we have
[K, LIgn(2) = [K, LZ] = LIK, Z']. (A.8)
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Proposition A.2.2. IfK,Le QY(M, TM), then for any vector fields Z°,% € X(M), we have

(K, LIpn( 2, 2) =IKZ , LY+ [LE ,K¥ 1+ (KoL+ Lo K)[Z, %]
—-K(LZ 9+ 2, LY ) - LUKZ , 21+ X ,K¥1).

Proposition A.2.3. LetK € QY (M, TM) and Z € X(M), then:

[ta ikl =1a 0k —1koly =1k, (A.9)
19, Lkl =19 0L+ Lgorg =Lk +iK, 2 m (A.10)
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