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Abstract

The aim of this thesis is to develop two new types of reduction by symmetries for covariant La-
grangian field theories; namely, reduction by fiberwise actions, also known as local gauge reduction
or, simply, gauge reduction, and higher-order Euler—Poincaré reduction. The technique utilized in
both cases consists of studying the geometry of the reduced configuration bundle, i.e., the quotient
of the original configuration bundle by the corresponding action, and next transferring the prin-
ciple of stationary action or Hamilton’s principle to that reduced bundle. The reduced variations
are not free any more, but they are restricted, and when applied to the reduced Lagrangian they
yield the reduced field equations. In addition, the reconstruction problem, which consists of finding
the compatibility condition that guarantee that the solutions of the reduced equations come from
solutions of the original equations, and the relation of the reduced equations (or some of them)
with the Noether conservation law are addressed.

In the gauge reduction case, a Lie group fiber bundle acts fiberwisely in the configuration bundle
of the theory and the Lagrangian is invariant by an affine Lie group subbundle of the first jet lift of
this action. The geometry of the quotient is studied by means of an Ehresmann connection that is
equivariant for the fibered action. For this reason, we include a chapter devoted to the study of the
properties and the curvature of this type of connections, which generalize the notions of principal
connection and affine connection. For higher-order Euler—Poincaré reduction, the Lagrangian is
defined in the higher-order jet bundle of a principal bundle and it is invariant by the action of the
structure group of the principal bundle. The geometry of the reduced bundle is studied canonically,
i.e., without using a connection.

Lastly, the theoretical results are illustrated through several examples. More specifically, gauge
reduction is applied to the classical case of global symmetries (Lagrange—Poincaré reduction), to
the invariance by the full jet, to Electromagnetism (including Electromagnetism with higher-order
forms as well as symmetry breaking) and to non-Abelian gauge theories (in particular, to the
Yang—Mills theory, where we obtain the well-known Utiyama theorem). For this last instance, the
Lie groupoid structure of the 2-jet bundle of functions from a smooth manifold to a Lie group
has to be trivialized with the aid of a linear connection. Hence, a chapter investigating this jet
bundles is included. To conclude, higher-order Euler—Poincaré reduction is applied to higher-order
multivariate splines on Riemannian Lie groups. This type of splines is used to interpolate data on
Lie groups while minimizing higher-order derivatives, such as the acceleration.

vii






Resumen

El objetivo de esta tesis es desarrollar dos nuevos tipos de reduccion por simetrias para teorias de
campos lagrangianas covariantes, a saber, reduccién por accién fibrada, también conocida como
reduccién gauge local o, simplemente, reduccion gauge, y reduccién de Euler—Poincaré de orden
superior. En ambos casos, la técnica empleada consiste en estudiar la geometria del fibrado de
configuracién reducido, esto es, el cociente del fibrado de configuracién original por la accién corre-
spondiente, y a continuacién transferir el principio de accién estacionaria o principio de Hamilton
a dicho fibrado reducido. Las variaciones reducidas ya no son libres, sino que estan restringidas, y
al aplicarlas a la lagrangiana reducida se obtienen las ecuaciones de campo reducidas. Ademas de
lo anterior, se abordan el problema de reconstruccién, dando las condiciones de compatibilidad que
garantizan que las soluciones de las ecuaciones reducidas proceden de soluciones de las ecuaciones
originales, y la relacién de las ecuaciones reducidas (o parte de ellas) con las leyes de conservacién
dadas por el teorema de Noether.

En el caso de reduccién gauge, un fibrado de grupos de Lie actia fibra a fibra en el fibrado
de configuracion de la teoria y la lagrangiana es invariante por un subfibrado de grupos de Lie
afin de la prolongacion al primer jet de esta accién. La geometria del cociente se estudia mediante
una conexién de Ehresmann equivariante por la accién fibrada, por lo que se incluye un capitulo
estudiando las propiedades de este tipo de conexiones y su curvatura, las cuales generalizan las
nociones de conexién principal y de conexion afin. En el caso de reduccién de Euler—Poincaré de
orden superior, la lagrangiana estd definida en el fibrado de jets de orden superior de un fibrado
principal y es invariante por la accién del grupo de estructura del fibrado principal. La geometria
del fibrado reducido se estudia de forma candnica, es decir, sin necesidad de utilizar una conexion.

Por ultimo, los resultados tedricos se ilustran mediante diferentes ejemplos. Especificamente, la
reduccién gauge se aplica al caso cldsico de simetrias globales (reduccién de Lagrange—Poincaré), a
la invarianza por el jet completo, al electromagnetismo (incluyendo electromagnetismo con formas
de orden superior y ruptura esponténea de simetria) y a teorias gauge no-abelianas (en particular,
a la teoria de Yang—Mills, obteniendo el conocido teorema de Utiyama). Para este ultimo ejemplo
es preciso trivializar la estructura de grupoide de Lie del fibrado de 2-jets de funciones de una
variedad diferenciable a un grupo de Lie mediante una conexién lineal, por lo que se incluye un
capitulo estudiando estos fibrados. Finalmente, la reduccién de Euler—Poincaré de orden superior
se aplica a splines de orden superior multivariables definidos en grupos de Lie riemannianos. Este
tipo de splines son ttiles para interpolar datos en grupos de Lie minimizando derivadas de orden
superior, como la aceleracion.






Introduction

Reduction in geometric Mechanics exploits the symmetries of many physical systems to formulate
the dynamical equations in lower dimensional spaces and obtain conserved quantities. In the math-
ematical model, symmetry means the invariance of the functions describing the system (either the
Lagrangian or the Hamiltonian, the constraints, the external forces, etc.) by the action of a Lie
group. This invariance allows for transferring the variational and geometric structures to a lower
dimensional space: the space of orbits of the group action, leading to the reduced equations of the
system. The modern formulation of reduction by symmetries utilizes differential geometric tools
and was introduced in the seminal works of Arnold [2], Smale [88], Meyer [75], and Marsden and
Weinstein [73], although these ideas were present in earlier works of Lagrange, Poisson, Jacobi,
and Noether. Thereafter, this method has been investigated in many other situations including
Lagrangian reduction [22, 23, 71, 72], where the reduced equations come from a reduced variational
principle.

This philosophy has been extended successfully to the realm of Classical Field Theory [15, 43]
and, in particular, to covariant field theories [3, 11, 12, 13, 14, 15, 16, 17, 32, 43], among others.
Here, the configuration space is a fiber bundle, the objects under study are sections of this bundle
(the fields) and the phase space is the corresponding jet bundle. The base manifold can be the space-
time or, for non-dynamical problems, any manifold. One of the key differences between reduction
in Mechanics and Field Theory is that, in the former, the solutions of the reduced equations always
come from solutions of the original equations (at least locally), whereas this is not true for the
latter. In order for a solution of the reduced field equations to come from a solution of the original
equations an additional requirement, known as the compatibility condition, has to be satisfied. This
is due to the fact that every Ehresmann connection on a bundle over a 1-dimensional base space
is (locally) integrable, but this does not hold for higher dimensional base manifolds. Therefore,
the compatibility condition is given by the vanishing of the curvature of a certain connection. The
problem of finding the appropriate connection in order to ensure that solutions of the original
equations can be recovered, which is somehow the inverse problem to reduction, is known as the
reconstruction problem. For instance, for covariant Euler—Poincaré reduction, the reduced bundle
is nothing but the bundle of connections of a principal bundle. Therefore, the reduced sections are
connections themselves and the compatibility condition establishes that their own curvature must
vanish. For other types of reduction the compatibility condition is not that immediate, but it still
depends on some connection build from the reduced section.

The first attempts to carry out reduction by symmetries in the realm of Lagrangian field theories
were given in [12, 17], and dealt with theories with a principal bundle as configuration bundle
of theory that are invariant by the structure group of that bundle. The corresponding reduced
equations are known as the covariant Euler—Poincaré equations. This was later generalized to other
situations, leading to the covariant Lagrange—Poincaré equations [13, 16, 32], where the group of
symmetries is given by a Lie group acting vertically on the total space of the configuration bundle
of the theory. This type of symmetries are known as global symmetries. Nevertheless, there is a
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wide variety of field theories where symmetries are not global but local, that is, the action of the
symmetry group depends on the point of the base manifold. This is also known as local gauge
symmetry (or simply gauge symmetry) and its geometric model is written in terms of a Lie group
fiber bundle acting fiberwisely on the configuration bundle. The main instances of this framework
are pure gauge theories such as Electromagnetism or Yang—Mills, where gauge transformations
are sections of the cotangent bundle of the base manifold or the jet space of an adjoint bundle,
respectively [37, 66]. Interestingly, these gauge theories possess a particular kind of reduction result:
the Utiyama’s theorem [39, 89], also generalized to the setting of interaction [4]. This theorem proves
that gauge invariant Lagrangian densities only depend on the curvature (force), instead of depending
on the principal connection itself (potential). Nevertheless, it is frustrating to see that the standard
field theory reduction scheme (the aforementioned Lagrange—Poincaré reduction) stemmed from
geometric Mechanics does not cover gauge symmetries, a fact that has prevented the gauge case
from taking advantage of the rich geometric interpretations and constructions that the powerful
reduction program has provided so far (for example, geometric integrators just to mention one of
them). On the other hand, Lagrangian reduction in Mechanics (and, in particular, Euler—Poincaré
reduction) has been extended to higher-order systems, i.e., those systems whose Lagrangian density
depends on higher-order derivatives, such as the acceleration (see for example [40, 41, 42]). However,
there is not a counterpart in field theory yet, not even for the Euler—Poincaré case, despite the fact
that there are interesting systems and situations that fit in this context.

The purpose of the present thesis is to address the aforementioned situations by providing two
new reduction schemes for covariant field theories: reduction by (local) gauge symmetries, and
higher-order Euler—Poincaré reduction. More specifically, the mathematical model for these two
types of reduction is the following:

(i) Gauge reduction or reduction by fiberwise actions. The configuration bundle of the
system is a (smooth) fiber bundle Y - X, and a Lie group fiber bundle G - X acts fiberwisely
on it. Unlike the Lagrange-Poincaré case, the Lie group bundle does not act on the first jet
bundle of the configuration bundle, J'Y - X, but its jet bundle has to be considered, J'G - X.
In addition, we consider the fibered action restricted to an affine Lie group subbundle, H c J'G,
since most physical systems are not invariant by the full jet bundle. The reduced configuration
bundle is thus the ‘fibered’ quotient (J 1Y) /H — Y /G. This reduction theory is presented in
Chapter 4 and some applications are discussed in Chapter 5.

(ii) Higher-order Euler—Poincaré reduction. The configuration bundle is given by a principal
G-bundle, P - X, and the Lagrangian density depends on higher-order derivatives, i.e., it
is defined on J*P, the k-th order jet bundle of the configuration bundle. Unlike the gauge
reduction case, here we only consider the global action of G on J*P. The reduced configuration
bundle is thus (J kP) /G — X. This type of reduction is developed in Chapter 6 and it is also
applied to multivariate splines on Lie groups.

Although there exist different approaches to reduction, such as dynamical reduction [15, 43] or
Hamiltonian reduction [3, 14], we confine ourselves to the covariant Lagrangian formulation and,
thus, the reduction technique involves the transfer of the variational principle to the reduced spaces.
More specifically, the steps performed are the following:

(i) Identification of the reduced bundle. The first step after posing the problem is to study
the geometry of the reduced configuration bundle, i.e., the quotient of the bundle where the
Lagrangian density is defined by the group of symmetries. For reduction by fiberwise actions,
the reduced bundle is (J 1Y) /H - Y /G and, in order to study its geometry, we need to fix an
Ehresmann connection on Y — Y /G that is equivariant by the fibered action. Since this kind
of connections were not studied in the previous literature, we introduce them and study their
main properties in Chapter 2. We call them generalized principal connections as they extend the
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(iii)

notion of principal connection on a principal bundle. On the other hand, for higher-order Euler—
Poincaré reduction the reduced bundle is (J kP) /G — X, which turns out to be isomorphic to
the subbundle of J*"'C(P), where C(P) = (J 1P) /G is the bundle of connections, given by
(pointwise) connections with vanishing curvature (up to certain order). This identification is
canonical, i.e., it does not involve any connections.

Reduction of the variational principle. Once the reduced bundle is properly identified, the
original variational principle —the principle of stationary action, also known as the Hamilton’s
principle—, has to be transferred to the reduced bundle by means of the corresponding isomor-
phism. Furthermore, thanks to the symmetry invariance, the reduced Lagrangian, also known
as the dropped Lagrangian, is well-defined on the reduced space. By applying the reduced vari-
ational principle to the reduced Lagrangian, we arrive at the main result of the theory, the
reduced field equations.

Reconstruction problem. As explained above, the solutions of the reduced field equations
do not need to come from solutions of the original equations (not even locally). For this rea-
son, it is convenient to find conditions that guarantee the equivalence between solutions of
the original and the reduced equations. For reduction by fiberwise actions, this condition is
given the vanishing curvature of some generalized principal connection built from the reduced
solution. However, for higher-order Euler—Poincaré reduction, the reconstruction condition is
surprisingly given a priori and, thus, every solution of the reduced equations on the reduced
space is originated by a solution of the original equations.

Noether’s theorem. It is usually possible to reinterpret some of the reduced equations as a
Noether conservation law, meaning that these equations are satisfied if and only if the Noether
current is preserved. We show that this is the case for the reduction problems considered in this
work.

After performing the aforementioned reduction procedures, some illustrative examples are pre-

sented. In particular, for the last application of the gauge reduction theory, non-Abelian gauge
theories, the Lie group bundle of symmetries is G = J'G, where G = (P x G)/G is the Lie group
bundle associated to a given principal G-bundle, P - X, via the conjugacy. The affine Lie group
subbundle of symmetries is H = J2G, which locally reads as J?(X,G), the bundle of 2-jets of func-
tions from X to G. In order to obtain the reduced equations, the Lie group bundle structure of this
bundle is needed. For this reason, we include Chapter 3, where the bundles J*(X,G) - X, ke Z*,
together with their Lie group bundle structure, are trivialized by using a linear connection on the
tangent bundle of X. On the other hand, the higher-order Euler—Poincaré reduction procedure is
applied to the analysis of multivariate k-splines on Lie groups, which are utilized to interpolate
data while minimizing some cost functional.

1.

2.

3.

4.

The research carried out during the doctoral period has led to the following articles:

M. Castrilléon Lopez and A. Rodriguez Abella, Gauge reduction in covariant field theory, 2023,
https://arxiv.org/abs/2202.04578.

M. Castrillon Lopez and A. Rodriguez Abella, Higher order jet bundles of Lie group-valued
functions, Journal of Lie Theory 33 (2023), no. 3, 831-844, https://www.heldermann.de/JLT/
JLT33/JLT333/j1t33037.htm.

M. Castrillon Lépez and A. Rodriguez Abella, Higher-order Euler—Poincaré field equations,
2023, https://arxiv.org/abs/2311.18462.

M. Castrillén Lépez and A. Rodriguez Abella, Principal bundles and connections modelled by Lie
group bundles, Geometriae Dedicata 217 (2023), no. 32, 1-26, https://link.springer.com/article
/10.1007/s10711-023-00766-2.
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https://link.springer.com/article/10.1007/s10711-023-00766-2
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5. A. Rodriguez Abella, Interconnection of Lagrange—Dirac systems through nonstandard interac-
tion structures, International Journal of Geometric Methods in Modern Physics 20 (2023), no.
07, 2350124, https://www.worldscientific.com/doi/10.1142/S0219887823501244.

6. A. Rodriguez Abella and L.J. Colombo, Nonholonomic reduction for mechanical systems with
collisions, 2023, https://arxiv.org/abs/2311.07707.

7. A. Rodriguez Abella and M. Leok, Discrete Dirac reduction of implicit Lagrangian systems
with abelian symmetry groups, Journal of Geometric Mechanics 15 (2023), no. 1, 319-356,
https://www.aimspress.com/article/doi/10.3934/jgm.2023013.

The contents of this dissertation are organized as follows:

§ Chapter 1 is devoted to recall the geometric formulation of Lagrangian field theories as well as
the classical Lagrange-Poincaré reduction scheme developed in [32] for systems invariant by the
action of a Lie group bundle. We recover the Euler—Poincaré field equations as a particular case
when the configuration bundle of the theory is a principal bundle and the group of symmetries
is the corresponding structure group.

§ In Chapter 2 we investigate the geometry of principal bundles when the structure group is substi-
tuted by a Lie group fiber bundle acting fiberwisely. This is the situation that appears naturally
when performing gauge reduction. Moreover, we study some properties of the Ehresmann con-
nections that are equivariant by the fiberwise action and, in particular, we conclude that they
always exist and are associated to a connection on the corresponding Lie group bundle. We also
present several examples including standard principal connections and affine connections.

§ Chapter 3 is devoted to study the bundle of k-th order jets of functions from a smooth manifold
to a Lie group. More specifically, the Lie groupoid structure of this bundle is trivialized by
means of a linear connection. The geometric results presented here are utilized to apply the
gauge reduction theory to non-Abelian gauge theories such as Yang—Mills theory.

Chapters 4, 5 and 6 constitute the core of this work, as they present the aforementioned reduction
results: gauge reduction and higher-order covariant Euler—Poincaré reduction.

§ In Chapter 4 we start by studying the geometry of the reduced configuration bundle with the
aid of a generalized principal connection. After that, we transfer the variational principle to
the reduced bundle and apply it to the reduced Lagrangian, thus obtaining the reduced field
equations. We conclude the chapter by addressing the reconstruction problem and the relation
of the reduced equations with the Noether theorem.

§ Chapter 5 presents some applications of the gauge reduction theory; namely, classical Lagrange—
Poincaré reduction, invariance by the full jet, Electromagnetism (including k-form Electromag-
netism and symmetry breaking by product groups) and non-Abelian gauge theories (recovering
the well known Utiyama theorem and the Yang—Mills equations as a particular case).

§ Chapter 6 starts by extending the Lagrangian formulation of field theories to the higher-order
setting, i.e., for the case where the Lagrangian density depends on higher-order derivatives of
the fields. After that, the geometry of the reduced configuration bundle is studied. Unlike the
case of gauge symmetries, here we do not require a connection to define the identification, i.e., it
is canonical. This identification allows for transferring the higher-order Hamilton’s principle to
the reduced configuration bundle and, thus, to compute the higher-order Euler—Poincaré field
equations after applying it to the reduced Lagrangian. As for gauge reduction, we address the
reconstruction problem, which turns out to be trivial, i.e., all sections of the reduced bundle
satisfy the compatibility condition, and we relate the reduced equations with the Noether theo-
rem. At last, the higher-order Euler—Poincaré reduction theory is applied to multivariate splines
on Riemannian Lie groups.


https://www.worldscientific.com/doi/10.1142/S0219887823501244
https://arxiv.org/abs/2311.07707
https://www.aimspress.com/article/doi/10.3934/jgm.2023013
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Notations and conventions

Every manifold or map is assumed to be smooth, meaning C'*, unless otherwise stated. Let X and Y
be smooth manifolds with dim X =n and dimY = n+m, and 7y x : Y - X be a (locally trivial) fiber
bundle. The fiber over each z € X is denoted by Y, = W;}X({l'}) and the family of (global) sections
of my x : Y — X is denoted either by I'(my x ) or by I'(Y") when there is no possible confusion about
the base space. In particular, the family of vector fields on X is denoted by X(X) = I'(TX), where
TX is the tangent bundle of X, and the family of k-forms on X is denoted by 2%(X) = I" (/\k T*X),
where T X is the cotangent bundle of X. Likewise, the space of local sections on an open set U c¢ X
is denoted by I'(U, 7y x ). Given a vector field U € X(X), the left interior multiplication by U is
denoted by 1y : 2F(X) - 2F1(X). The tangent map of f € C*(X,X’), where X’ is another
manifold, is denoted either by df : TX —» TX' or f, : TX — TX'. In the same vein, the pull-back of
a e 2F(X') is denoted by f*a e 2F(X) and its exterior derivative is denoted by da e 2F*1(X"). A
compact interval will be denoted by I = [a,b] c R. When working in local coordinates, the Einstein
summation convention for repeated indices and multi-indices will be assumed. In addition, indices
will be denoted by lowercase letters (u € N, etc.), and multi-indices by capital letters (J € N", etc.).
Given two multi-indices J = (J1,...,Jp), I = (I1,...,I,) € N*, we write

J J1) (Jn>
JU= Ty T - .
! (I) (11 I,

Given k € Z*, the k-th order jet bundle of 7y, x (cf., for instance, [87]) is denoted by 7 iy x :
J*Y - X and its elements by j;fs. Similarly, its fibers are denoted by Jg]jY, for each x € X. The k-th
jet lift of a section s € I'(my,x ) is denoted by jkserl (7r JEY, X) and it is called holonomic section.
Recall that, for 0 <[ < k, the maps 7y JFY - Jly, ﬂk’l(jﬁs) = jls, are fiber bundles, where we
denote J°Y =Y. In particular, the first jet bundle of Ty, x may be regarded as

JY = {v :ToX > T,Y |y linear, z =7y x(y), (dny,x)yoyy =idn,x},

where id7, x denotes the identity map on T,X. Subsequently, 1-jets may be regarded as tangent
maps, j;s =(ds)y : T, X — TS(I)Y. Recall that 7jyy is an affine bundle modelled on 77+ xgvy,y,
where VY = ker(my, x ). is the so-called vertical bundle. Given a manifold F', the k-th order jet
bundle of the trivial bundle, mxxr x : X x F' = X, is known as the k-th order jet of functions from
X to F. Since any section s € I'(mxxr x) is of the form s = (idx, f) for some function f: X — F,
elements of J*(X, F) = J*(X x F) are denoted by j¥ f.

An Ehresmann connection on myx : Y — X (see, for example, [76, Ch.IV]) is a fiber map
J:TY - VY such that J|yy = idyy. Similarly, we can understand an Ehresmann connection as
a horizontal distribution, i.e., a vector subbundle HY c TY complementary to VY. Finally, an
Ehresmann connection can also be regarded as a section of the first jet bundle, v € I'(mj1yy ).
In addition, a linear connection on a vector bundle 7y x : V - X is denoted by V : I'(my,x) —
QY X,V)=I(rr+xev.x), and the corresponding covariant derivative is denoted by V/dt.

Given a (connected) Lie group, G, its Lie algebra is denoted by g = T.G. The adjoint representa-
tions of G and g are denoted by Ad, € Aut(g) and ad(&) = ad¢ € End(g), respectively, for each g € G
and £ € g. The dual of g will be denoted by g* and the coadjoint representation will be denoted
by ad®(§) = adg € End(g”). Let P be a smooth manifold and ¥ : P x G — P be a free and proper
right action of G on P. Then the corresponding quotient projection, mp x : P — X is a principal
G-bundle (cf., for example, [55, Ch.II] or [56, Ch.III]), where we denote X = P/G. Recall that the
vertical bundle of a principal bundle is trivial, VP ~ P x g, where g = T,G is the Lie algebra of
G. Hence, an Ehresmann connection on mp x may be regarded as a g-valued 1-form A e 2'(P,g)
such that A(£*) = £ for each & € g, where £* € X(P) is the fundamental field or infinitesimal gen-
erator of the action. Moreover, A is said to be a principal connection if it is G-equivariant, i.e.,
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(Wy)*A = Ady1 0 A for each g € G, where ¥y(y) = ¥(y,g) for each y € P. The curvature of the
principal connection, F4 € 2%(P,g), is a basic form of the adjoint type, thus inducing the reduced
curvature, F4 ¢ !22(X g), where g = (P x g)/G is the adjoint bundle of mp x. Lastly, recall that
mg,x is the Lie algebra bundle of the Lie group bundle Tex ' :G - X, where G = (X x G)/G with
the action on G on itself given by conjugacy (this will be further developed in Chapter 2) The
coadjoint bundle of 7p x is dual of the adjoint bundle and it will be denoted by 73 x : " - X,
where g = (P x g*)/G. The (fiberwise) adjoint and coadjoint representations are denoted by the
same symbols for brevity, i.e., Ad; € Aut(g,), ad(€) = adg € End(g,) and ad*(€) = adét € End(g})

for each e Gy, €€y and z € X.



Chapter 1

Preliminaries on covariant Lagrange—Poincaré
reduction

This thesis is framed in the context of the geometric formulation of Lagrangian field theories,
which relies on a comprehensive use of differential geometric tools and calculus of variations to
obtain the dynamical equations for the systems under study. As explained in the Introduction,
our main goal is to generalize the Lagrange—Poincaré reduction scheme to systems satisfying a
gauge invariance, i.e., those whose symmetries are given by a fiberwise action (see Chapter 4). A
particular case of the Lagrange—Poincaré equations are the Euler—Poincaré equations, which are
obtained when the configuration bundle of the theory is a principal bundle. Our second main goal
is to generalize the Euler—Poincaré reduction to account for higher-order field theories, i.e., those
theories whose Lagrangian densities depend on higher-order derivatives of the fields (see Chapter
6). For this reason, in this introductory chapter we briefly recall the geometric construction of
Lagrangian field theories (see [47, 48, 66] for a detailed exposition of these contents), as well as the
Lagrange—Poincaré reduction procedure for such theories (cf. [16, 32]).

1.1 Geometric formulation of Lagrangian field theories

A (first order) Lagrangian density on a fiber bundle my x : Y — X is a bundle morphism £: JY -
A" T* X covering the identity on X, where n = dim X . Assuming that X is orientable and v € 2™(X)
is a volume form, we can write £ = Lo for certain L : J'Y — R called Lagrangian function or simply
Lagrangian. Henceforth, we suppose that X is compact for simplicity. The action functional defined
by £ is the map

S: I'(ry x) -~ R, s'—>[X2(jls).

A wvariation of a section s € I' (my,x) is a smooth 1-parameter family {s; € I'(my x) |t € (—€,€)}
such that sy = s. The vector field ds = ds;/dt|,_, € I' (7s+7y,x) along s is called the infinitesimal
variation. In what follows, we consider only 7y, x-vertical variations, that is, dmy,x o ds = 0.

Definition 1.1 A section s € I' (wy,x ) is critical for the variational problem defined by £ if the
variation of the corresponding action functional' vanishes for every vertical variation of s, that is,

d d
(58(8) = E 0 S(St) = %

f £(j15t):0, V(SSEF(WS*TYJ(').
t=0 J X

In addition, the Fuler—Lagrange operator associated to £ is the bundle morphism

EL(L):J?Y - V'Y QAN'"T*X,

! The variation of S only depends on the infinitesimal variation. This means that if {s;} and {s,} are two variations
of s such that ds = ds’, then dS(s;)/dt|,_, = dS(s;)/dt|,_,
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over J'Y', where we omit the necessary pull-backs for simplicity (see [16, §2.4] for details). If (z*,y%)
are bundle coordinates for 7y x, v = d"z, and (z*,y®, Yiis yz‘y) are the induced bundle coordinates
on T2y x, then the Euler-Lagrange operator locally reads

EL(L) = —( oL 0 ( oL ))dyo‘ ®d"x.

oy™ Ok dyq

The following theorem states that, as in Classical Mechanics, a section is stationary if and only
if it satisfies the Euler—Lagrange equations.

Theorem 1.1 ([48, Theorem 3.1]). Let £:J'Y — A"T*X be a Lagrangian density and s €
I'(my x). Then the following statements are equivalent:

(i) The section s is critical for the variational problem defined by £.

(ii) The section s satisfies the Euler—Lagrange field equations, EL£(£) (j25) =0.

(iii) In local coordinates such that £ = Lv, v =d"z, the section s satisfies the following equations:

oL , , d

oL , 4
- | = = 1 .
e j's o (ayﬁ(] s)) 0, <as<m

Remark 1.1 (Noncompact base space) The calculus of variations described above is straight-
forwardly extended to a non-compact base manifold X by considering compactly supported varia-
tions. In other words, given a section s € I'(mwy,x ), the only variations ds allowed are those for
which {x € X | 0s(x) + 0} is contained in some open subset U c X with compact closure. Observe
that, in particular, 0s vanishes on the boundary of U.

1.2 Covariant Lagrange—Poincaré reduction

Let £=Lv: J'Y - A"T*X be a Lagrangian density, as in the previous section. Let G be a Lie
group and ¥ : Y x G = Y be a free and proper (right) action that preserves the fibers, i.e.,

7TY7XO!pg=7TY7X7 gGG, (1.1)

where we denote by ¥, : Y — Y the map defined as ¥,(y) = ¥(y,g) = y-g for each y € Y. This
action may be lifted to the (first) jet bundle of 7y x as follows:

oW JY <G T, (Gis,g) e LW, 08) = ji(s-g). (1.2)

Henceforth, we assume that our Lagrangian is invariant by the lifted action, i.e., Lo Wél) =L.In
this situation, G is said to be a group of symmetries of the system, and the reduced or dropped
Lagrangian is well defined as

1:(J'Y) /G =R, [iisle = 1([Gas]e) = L(as).

where [-]¢ denotes the equivalence class given by the G-action.

1.2.1 Reduced configuration space

As the G-action is free and proper, the quotient X = Y/G is a smooth manifold. Moreover, the
quotient projection my,x; : Y — X' is a principal G-bundle, and the map 7y x : ' — X given by
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75 x([yla) = 7y, x (y) for each [y]g € X (which is well defined thanks to (1.1)) is a fiber bundle. In
summary, we have the following commutative diagram:

A NS

I=Y/G

In order to study the geometry of the reduced configuration bundle, i.e., of the quotient (JlY) /G,
we fix a principal connection A € 2'(Y,g) on 7y 5. Recall that it induces a linear connection vA
on the adjoint bundle 73 5; (cf. [32, Equation (2.6)]). We have the following isomorphism of affine
bundles over the identity idy : X — X

(J'Y)|G—> T Exg (T*X8), [jis],~ (Jeos [s(x),(s"A)ala), (1.3)

where xx denotes the fibered product. Note that the elements of T* X ® g may be regarded as
covectors taking values in the adjoint bundle. Therefore, the reduced Lagrangian may be regarded
as defined on J'X x5 (T*X ® g) and given a section s € I'(my.x), the reduced section is 5 =
[s,5"A]q € I'(mr+xgg,x ). Observe that both the original and the reduced sections project to the
same section of 7wy x; namely, o5 = Ty, 08 = T+ xg3,5 5. The infinitesimal variation of the reduced
section induced by an infinitesimal variation of the original section may be computed with the aid
of the connections A and V4 (see Theorem 1.2 below).

1.2.2 Lagrange—Poincaré field equations

Let V¥ be a linear connection on the tangent bundle of X projectable onto a linear connection V=
on the tangent bundle of X. Then the connections A and V¥ induce an affine connection V* on
the reduced bundle, 7 1 v, (7 xg5),5> Which enables us to compute the horizontal derivative of the
reduced Lagrangian, §l/dog € I'(mr+x x):

4
dt

l(’yU(t)h), Uz ETUS(x)Z,

t=0

(2).U,) -

(605

where vy : (=€, €) - X is such that 7/(0) = U, and yy (t)" € J' Xxx(T*X ® §) is the horizontal lift of
v at (jlos,5(x)) given by V*. As usual, (-,-) denotes the corresponding dual pairing. Furthermore,
the fiber derivatives of the reduced Lagrangian are the sections

ol ol
57T e I'(mrxev+x,x) 53 € I'(Trxes,x),
are defined as
( i @)V)—i‘ 1(jpos +tVi,3()) VeeT:XQV, (2
5j10's y Va | = dt o Jz0s T ) T T os(x)<>
<ﬂ(x)W>—i‘ 1(jz0s,5(z) +tWy) WyeT:X ®§
5_ ) o dt =0 ]m Sy ) x xT gas(z‘)'

Lastly, in order to write the equations we define the following operators (cf. [32, Equation (3.7)]):
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A [e]
TR < D) > D), (00 () )= TE2DO) 1y
t=0
z (e}
V7 X(X) x D(rrsx) = T(rrs x), (a@»(ﬁ%)(@:% . (15)
t=0

for each x € X, where v : (—¢,¢) > X is such that 7/(0) = U(z). The corresponding divergences,
i.e., minus the adjoints of the previous operators, are denoted by

div*: I' (mrxeg x) = I (75 x) » (1.6)
diVEIF(ﬂ'TX@V*E’X) —>F(7rv*27x). (17)

Note that for the latter we restrict ourselves to vertical sections, which is possible thanks to V¥
being projectable. More explicitly, they are defined by the following conditions:

[T eo=- [fav'ce)o. [ (5.57a)o=- [ (av¥p.a)0,

for each C € F(WTX@*,X), e F(WQ,X), Bel'(rrxev+y x) and a € '(myx x).

Given a reduced section 5 € I'(77+ xgg,x ), the coadjoint representation of g* induces a map:

ads : I'(mrxeg,x) = (75 x),

which is well-defined for every € I'(mrxgg+,x) such that mpxez+ o o( = T+ X@§,% © 5.

Theorem 1.2 ([32, Theorem 3.5]). Let X be a oriented manifold with volume form v e 2"(X),
m:Y — X be a fiber bundle, G be a Lie group and ¥ : Y x G = Y be a free and proper action
satisfying (1.1). Let £ = Lv : J'Y - A"T*X be a Lagrangian density invariant by the first jet lift
of the G-action.

Given a principal connection A € 21(Y,g) on Ty,s, where ¥ =Y |G, the reduced Lagrangian is
denoted by [ : (JlY) |G = 'Y x5 (T*X ®§) - R. Let V= be a torsionless linear connection on

the tangent bundle of X projectable onto a linear connection V> on the tangent bundle of X, and
consider the induced affine connection on the reduced bundle.

Let s € I'(my.x), 5 = [s,5"A]q be the reduced section and os = wy,x o s. Then the following
statements are equivalent:
(i) The variational principle & [ £(j's) = 0 holds for arbitrary vertical variations 6s € I'(Ts+ry x)-
(ii) The section s satisfies the Euler—Lagrange field equations for L, EL(L) (j28) =0.

(iii) The variational principle 6 [y (jlas,E) v holds for variations of the form
645 = V77 - ads (7) + F* (00, do) € I'(7g15.x),

where 845 denotes the vertical part of 65, FA ¢ 2%(X,8) denotes the reduced curvature of A,
and 00 € I'(Tyr75.x) and ) € I'(Tq+5 x) are arbitrary.
(iv) The reduced section's satisfies the Lagrange—Poincaré field equations:

Sl s Ol 5l ~A>
-d =\ o F 5
sos Y (5]'105) (55”‘1 :

LAk ﬂ)_
(dlv adg)(ég =0.

Note that the first equation, which is known as the horizontal equation, holds on mexy+y x,
whereas the second equation, which is known as the vertical equation, holds in w5« x.
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Example 1.1 (Euler—Poincaré reduction) For the case ¥ ~ X, i.e., when mwy x is a principal
G-bundle, the horizontal reduced equation does not appear and the quotient

C(Y) = (J'Y)/G ~ X,

is nothing but the bundle of connections of my,x, which is an affine bundle modelled on T* X ®g — X.
Hence, the quotient of a section s € I'(my,x) defines a principal connection [s]lg € I'(mc(yvy,x) of
Ty, x . It is easy to check that the reduced section satisfies [s]q = A—3 when the principal connection
A is regarded as a section of the bundle of connections. In this case, the vertical reduced equation
is known as the Euler—Poincaré equation (cf. [12, 16]).

1.2.3 Reconstruction

Unlike Mechanics (i.e., X = R), where the solutions of the reduced equations always come from
solutions of the original equations, in field theories there are differential and topological obstructions
to this situation and, thus, certain compatibility conditions are to be imposed in order to achieve
reconstruction. For any 5 € I'(77+ xgg,x ), we define

Y7 =myy (0(X)) = {yeY mys(y) = (domyx)(y)} c V.

where 0 = Tp«xgg w05 € I'(ms x). The G-action restricts to Y7 and Y7/G ~ X. Hence, myo x :
Y? - X is a principal G-bundle and the principal connection A € £2'(Y,g) may be restricted to
a principal connection A% € 2'(Y?,g) on mye x. In addition, the section 5 may be regarded as
section of T* X ® g7 — X, where g” = (Y7 xg)/G is the adjoint bundle of 7y+ x, that is, as a 1-form
5 € 21(X,§%). Recall that there is a bijection 21(X,g%) 35 < w® € o' (Y?,g), where the latter
denotes the family of basic forms of the adjoint type, and that the family of principal connections
on mye y is an affine space modelled on EI(Y”, g) [55, Chapter 2]. Therefore, we have the principal
connection A% = A7 - w® e N1(Y7, g) on myo x.

Theorem 1.3 ([32, Theorem 3.6]). Let s € I'(my,x) be a solution of the Euler—Lagrange equa-
tions. Then the reduced section s = [s,s* Al is a solution of the Lagrange—Poincaré equations and
the principal connection A° = A% —w?® € Ql(Y",g) on mye x s flat, where o5 = Ty, 5 © s.

Conwversely, let 5 € I'(Tr+xgg,x) be a solution of the Lagrange—Poincaré equations and o =
T+ Xeg,x © 8- If the principal connection AS =A% -5 e QY(Y7,g) on mye x 18 flat and has trivial
holonomy, then the integral leaves of A® (which define sections of my+ x and, thus, sections of Ty x )
are solutions of the Fuler—Lagrange equations. Furthermore, if L c'Y is one of such integral leaves,
any other solution of the Euler-Lagrange equations is obtained as W,(L) for some g€ G.

Observe that if A® is flat, we can always restrict ourselves to an open, simply connected subset U c
X. Hence the holonomy of A%|;; vanishes and the reconstruction condition holds locally. However,
if the base manifold is not simply connected, the flatness of A® is not enough to ensure that the
reduced section can be reconstructed, as illustrated in the following example.

Example 1.2 ([11, §5.2]) Let S* be the unit circle and Y = S* x R. Then the projection onto the
first component, m Y — S, is a principal bundle with structure group R acting by translation.
Since it is a trivial bundle, J'Y = T*S' ® TR and a section s € I'(m1) may be written as s(¢) =
(¢,5(p)) for each ¢ € S*, where 3 € C*=(SY). Hence, we can consider the following Lagrangian,

L:T*S'® TR >R, (3,5)~ ()",
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The corresponding Euler—Lagrange equation is readily seen to be 3" = 0, whose solutions are constant
functions on S* (due to the periodicity).

On the other hand, L is clearly R-invariant. The reduced configuration bundle is given by
(T*S1 ®TR) /R = T*SY. Similarly, the reduced Lagrangian reads [(c) = |o|* for each o = fd¢ €
I(T*SY) = RY(SY), where f e C°(SY). The corresponding Euler—Poincaré equations read df = 0.
In this case, there are solutions of the reduced equations that do mot come from solutions of the
original equations. For instance, o = d¢ is a flat connection and locally defines § as a determination
of the angle, which is not globally defined as it has a discontinuity. Geometrically, the horizontal
bundle of the principal connection defined by o is given by HY = span{d, -0}, where t denotes the
global coordinate of R. Note that HY is integrable and its integral leaves are helices, which do not
define sections of my.

1.2.4 Noether theorem

The Noether theorem takes advantage of the symmetries of a system to provide conserved quantities
along the solutions. More specifically, a vector field U € X(Y") is said to be an infinitesimal symmetry
of the Lagrangian L : J'Y - R when £ L = 0 or, equivalently, when £;,1)0¢ = 0, where £ denotes
the Lie derivative, U(") € X(J'Y) is the first jet prolongation of U (cf. [87, Definition 6.4.16]) and
O¢ € Q"(JYY) is the (covariant) Cartan form of the Lagrangian density (cf. [87, §5]). In such
case, given a solution of the Euler-Lagrange equations s € I'(my, x ), the Noether theorem gives the
following conservation law (cf. [48, §4D]):

d((jls)*LUu)@g) =0. (1.8)

In our case, the G-invariance of the Lagrangian ensures that the fundamental field £* € X(Y") is
an infinitesimal symmetry of £ for each £ € g. In order to gather these infinitesimal symmetries, we
define the Noether current (also known as the covariant momentum map or multimomentum map)
as the g*-valued form J € 2" '(J'P,g*) given by

(T (528) €)= ey B2 (dss),  deseJ'P, Eeg,

where (-,-) denotes the dual pairing. Hence, the Noether theorem ensures that d (( J ls)* J ) =0 for
each solution of the Euler-Lagrange equations s € I'(my, x ).

In addition, the Noether current is a tensorial form of the adjoint type (cf. [55, §I1.5]) on
JY - (JlY) /G =~ J'X x5 (T*X ® §). Subsequently, it can be projected to the reduced con-
figuration bundle, i.e., it defines a &*-valued form J e 27! (JlE X5 (T*X@@),(’B*), where
B = (J'Y xg) /G is the adjoint bundle of J'Y — (J'Y)/G. Note that B* = 7*§*, where
7w J'Y xx (T*X ® g) - X is the natural projection. As a result, if 5 = [s,5*A]g is the re-
duced section of a solution of the Euler-Lagrange equations s € I'(my x ) and o5 = 7y, 5; 0 s, then the
Noether conservation law reads d4 ((jlas,E)* j) =0, where d4 : 2F(X,§*) - 21 (X,§*) is the
covariant exterior derivative induced by A.

Theorem 1.4 (Noether theorem). Let 5 € I'(mr+xgg,x) and 0 = Tpsxgg 05 € I'(nx x). Then

the Noether conservation law d4 ((jla, 3)yr j) = 0 holds if and only if the vertical Lagrange—Poincaré

ol
equation, (divA —adg) (§) =0, holds.
5



Chapter 2

Principal bundles and connections modelled by Lie
group bundles

This chapter is based on our first work [21], where we provide a new geometric tool needed to
perform the gauge reduction procedure in Chapter 4 below, namely: generalized principal bundles
and connections (see also [36]). This type of bundles arise from the quotient of a smooth bundle by
a Lie group bundle and they extend the standard notion of principal bundle. Lie group bundles,
along with their infinitesimal counterparts, Lie algebra bundles, have been extensively studied in
the literature (cf. [31]) as they naturally emerge in various geometric contexts and find applications
in different areas. It is noteworthy that Lie group bundles may have non-isomorphic algebraic
structures among different fibers. This situation was addressed in the seminal work by Douady and
Lazard [31] (see [1] for a recent approach). While this scenario is interesting, our focus is confined
to the case where the fibers are algebraically isomorphic and, thus, the bundle is locally trivial from
an algebraic viewpoint. This decision is primarily motivated by the prevalence of such bundles in
applications, particularly when dealing with reduction by local symmetries, as detailed in Chapter
4 (see also [37, 81]). It is worth noting that fibered actions can also be extended to the Lie groupoid
setting (as seen in [26, 29, 64]), although this aspect is not discussed in this work.

Furthermore, we study the main properties and the curvature of Ehresmann connections that are
equivariant with respect to the fibered action, which we call generalized principal connections. This
type of connections require a careful approach given that, unlike standard principal connections,
they are always associated to a Lie group bundle connection, i.e., a connection that respects the
multiplicative structure of the Lie group bundle. This situation yields an additional term in the
equivariance formula and does not have a counterpart in the standard case. From the perspective
of fibered actions, standard principal connections may be regarded as a particular case of gener-
alized principal connections where the Lie group bundle and the corresponding Lie group bundle
connection are both trivial. Hence, the setting here presented is also useful for classical reduction
—i.e., reduction by global symmetries— within Mechanics [22, 23, 72] and Field Theory [12, 16, 32].

2.1 Generalized principal bundles
2.1.1 Actions of Lie group bundles

A Lie group fiber bundle with typical fiber a Lie group G is a fiber bundle 7g x : G — X such that
for any point x € X the fiber G, is equipped with a Lie group structure and there is a neighborhood
U c X and a diffeomorphism z e x G - ﬂé}X (U) preserving the Lie group structure fiberwisely.

Note that the multiplication map M : G xx G — G and the inversion map 1. G > G are bundle
morphisms covering the identity idx : X — X. Likewise, the map 1 : X — G that assigns the identity
element 1, € G, to each z € X is a global section (called the unit section) of mg x. Any Lie group
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bundle defines a Lie algebra bundle mg x : g — X as the vector bundle whose fiber g, at each x € X
is the Lie algebra of G,. That is, the Lie algebra bundle is the pull-back bundle g = 1*(VG), where
VG c TG is the vertical bundle of g x, i.e., the kernel of (7g x)«.

Remark 2.1 (Jets of Lie group fiber bundles) Let ng x : G - X be a Lie group fiber bundle
and r > 0 be an integer. Then the r-th jet bundle of g x, J'G = X, is again a Lie group fiber
bundle (see, for example, [37, §3, Th. 1]). The multiplication is inherited from the Lie group bundle
structure of mg x, that is,

M (jo71:9572) = Jo (M o (71,72)) , Jx:dzv2€J'G.
We consider subgroups of Lie group bundles in the following sense.

Definition 2.1 A Lie group subbundle of a Lie group bundle ng x : G - X is a Lie group bundle
T, x * H = X such that H is a submanifold of G and H, is a Lie subgroup of G, for each v € X. It
is said to be closed if H, is a closed Lie subgroup of G, for every x € X.

Let 7y, x be a fiber bundle and 7g x be a Lie group fiber bundle.

Definition 2.2 A (right) fibered action of ng x on my x is a bundle morphism
P:YxxG->Y

covering the identity idx : X — X such that ®(y,hg) = ®(P(y,h),g9) and P(y,1;) =y, for all
(,9),(y;h) €Y xx G, mg x(y) = z.

For the sake of simplicity, we will denote @(y, g) = y-¢g and we will say that mg x acts fiberwisely on
the right on 7y, x. Note that @ induces a right action on each fiber, @, = ®ly, «g, : Yz x Gy = Y. The
fibered action is said to be free if y-g =y for some (y,g) € Y xx G implies that g = 1., z = 7y x (y).
In the same way, it is said to be proper if the bundle morphism Y xx G5 (y,9) = (y,y-g) €Y xx Y
is proper. If @ is free and proper, so is each action @,, since the fibers of a bundle are closed.

As the fibered action is vertical (i.e., it covers the identity idx), we may regard the quotient
space Y /G as the disjoint union of the quotients of the fibers by the induced actions, that is,

Y/G= I_)I(Yx/gx ={lylg = (#,[ylg.) 1w e X,y e Vo).

Obviously, the following diagram is commutative:

v TY, X ¥ - .
wy,yx/x /f/g,x \ / (2.1)
Y /G [y]g

Example 2.1 (Jet lift of fibered actions) Let & :Y xx G - Y be a (right) fibered action of a
Lie group bundle mg x on a fiber bundle Ty, x. The first jet extension of ¢ turns out to be a (right)
fibered action of ™ g x on whny x,

oW J'Y xx J'G - T, (jhs.iy) m ja(Do (5,7)).

If we regard 1-jets as tangent maps of sections at a point, that is, jis = (ds), and jivy = (dv)s for
certain local sections s and vy, then o) may be seen as

é(l)(jisvjalc’}/) = (dgp)(s(z),'y(m)) o ((ds)a, (dv)s) : T X — Ts(m)-w(m)y'
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2.1.2 Smooth structure of fibered quotients

Theorem 2.1. If g x acts on 7y x freely and properly, then'Y |G admits a unique smooth structure
such that

(i) my,y g is a fiber bundle with typical fiber G, called generalized principal bundle.

(i) Ty g, x s a fibered manifold, i.e., a surjective submersion.

Proof. Taking trivializations of my, x and mg x on the same neighborhood U c X, the local expression
of the actions is:
UxY xG->UXY,

where Y is the typical fiber of Y. This can be seen as a standard Lie group action acting trivially
on U. The classical results on Lie group actions (for example, see [60, Theorem 7.10]) provide a
unique smooth structure on (U x 17) /G that can be used as a chart on Y/G. In these trivializations,
the projections myy /g and 7wy g x are U x Y - (UxY)/G and (U xY)/G — U which gives (i) and

Remark 2.2 If a Lie group G acts freely, properly and fiberwisely on a bundle my,x : Y — X, then
Ty /G, X Y /G - X is a bundle with typical fiber Y/G However, in the case of action of Lie group
bundle, since the action depends on X, the notion of typical fiber is more delicate. For example, if
X is not connected, the topology of the typical fiber may differ on each component. This is the case
of the action of X xZ on X x (S* xR) with X =R {0} defined as

D:Y xxG-Y, ((t (cosb,sind),z),(t,n))~ (¢ (sgn(t)” cosf,sind),z+n).

The typical fiber is a Klein bottle for t <0 and a torus for t > 0.

For a connected base manifold X, the quotient Y/G is well-defined (up to diffeomorphisms).
Indeed, given any two points p,q € X connected by a path, p = v(0),q = (1), the action on
Y; = TF{/}X("}/(t)) can be regarded (from the local trivializations of G and Y ) as a homotopy of

diffeomorphisms of G on Y. This gives a diffeomorphism of the fibers of Y /G on p and q.

We can build a trivializing atlas for Ty y g starting from a trivializing atlas {(Ua,wg) T € /1}
of mg x. For ace A, let V, = W{,l/g’X (Ua) and pick a local section € I'(Va, Ty,y/g) (the existence of
that local section may require the choice of a smaller U, ). We define

1/}% : Y‘Voz = W;}y/g(va) - VoaxG, y~ ([y]ga ib) ) (2-2)

where h € G is such that y = §([y]g) - g, with g = (wg)’l (Wy/g’X([y]g), il) € G. The element / exists
since Orb(y) = 3 /G ([y]lg) and it is unique because the fibered action is free. It turns out that
(Va,¥y) is a trivialization for my,yg. Indeed, its inverse is given by

(W) VaxG =Y, ([Wlg:h) = 3([yle) - ()" (mysg.x([¥]a), ).

As aresult, {(Va, 9y ) | a € A} is an atlas for 7y y/g.

Observe that, by definition of Lie group bundle, the maps ¥g|g, : G = {2} x G, z € Uy, are Lie
group homomorphisms. It is thus straightforward that the fibered action is locally given by the
right multiplication on the Lie group G.

Corollary 2.2. Let x € Uy, y = ()" ([y]g, ﬁ) €Y, and g = (wg)_l (z,4) € Gy, then

y-g=$)" (ylg hi). (2.3)
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By construction, y = $([y]g) - (Qj)g)_l (z, ﬁ) Hence,

o(y,9) = (3([yle) - (W) ™" (=, h)) - ()" (x,9) = 5([ylg) - (¥§) " (w,hg)

Moreover, for each x € U, the following diagram is commutative

G. ¢g|Qz {x} e
exp‘ ’ (id{z}, exp)
(d¥glg. ).
8, {z}xg

where mg x is the Lie algebra bundle of g x, g is the Lie algebra of G' and exp is the exponential map
between the Lie algebra and its corresponding Lie group. Furthermore, note that (dyglg, )1, is a
linear isomorphism, since ¥g|g, is a diffecomorphism. In other words, for each & = (dyg|g, )i} (z, 13 ) €
g, we have

exp (&) = (¥§) ™" (,exp £). (2.4)
In fact, we can define a linear trivialization (Ua, g ) for mg x from (Ua,?g). Namely,

2.1.3 Infinitesimal generators

If we fix z € X, yg €Y, and gg € G, we can consider the maps
Dy :Ge > Yo, g yo-9; Dgy: Yo > Yz, yry-go

In the same way, we denote by Ly, : G, - G, and Ry, : G, — G, the left and right multiplication
by go € G, respectively. Infinitesimal generators (or fundamental fields) are defined in the same
fashion as in classical actions of Lie groups. Namely, for each & € g, then £* € X(Y,,) is defined as

. d
&= ] vexpt0) = @), 0. ey (26)
Fundamental vector fields are 7y y/g-vertical, i.e., { € VY = ker(dmyy/g)y for each y € Y. Of
course, they are also my, x-vertical.

Proposition 2.3. Let mg x be the Lie algebra bundle of mg x. The following map is a vertical
isomorphism of vector bundles over Y :

Yxxg->VY,  (y,§) =&, (2.7)

In addition, for any (g,§) € G xx &, we have:
(€4)+(£7) = (Ady1(9)) (2.8)

Proof. It is clear that the morphism is vertical by definition. Fix y € Y with 7y x(y) = «. Let us
see that the map YV xx g, =g, 3~ £ € VY is a linear isomorphism. The linearity is clear from
the second equality of (2.6). Since dimg, = dim G, = dim V,Y (the last equality is for being my;y /g
a submersion), we just need to prove the injectivity to conclude. Let £ € g, be such that & =0.
Then, y-exptf =y for every t € (—¢,€). Since the action is free, this says that expt¢ = 1, for every
t € (—€,€) and, hence, £ = 0. The second part is a straightforward computation.
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2.1.4 Generalized associated bundles

Let mpx : F' — X be a fiber bundle on which 7g x acts fiberwisely on the left. This yields a right
fibered action of mg x on product bundle 7y, r x. Namely,

v, /) 9= 99" f), (WfgeYxxFxxg.

If the fibered action of mg x on my x is free and proper, so is the induced action on Ty, rx. In
such case, we have the smooth manifold

YXgF:(YXXF)/g.

We denote the equivalence classes by [y, flg €Y xg F.

Proposition 2.4. In the above conditions, if F is the typical fiber of mpx, then Ty, ry/g s a
fiber bundle with typical fiber F, called generalized associated bundle, where

Tyxgry)g Y xg F = Y[G, [y, flg~ [vlg-

Proof. Tt is clear that the projection is well-defined and surjective. For each [y, fo]g € Y xg F, let us
find a trivialization through that point. Let ¢/ ¢ X be a trivializing set of both 7g x and 7r x, such
that my x (yo) = rx (fo) eU. Let V = W;l/gx (U) and suppose that it is a trivializing set of 7y y/g
(maybe we need to choose a smaller ¢ in order to achieve this). Using the above trivializations, we
define

(ﬁZ(YXgF)‘y%VXF, [(U7g)a($7f)]g'_>(07g'f)7

where the action G x F' - F' is induced by the fibered action of mg x on 7g x. Observe that this
action may depend on the base point x. Nevertheless, the condition of @ : Y xx G - Y is smooth
ensures that ¢ is also smooth.

Of course, [yo, folg € (Y xg F)|y, since my, x(yo) = 7rx(fo) € U. In fact, the pair (V,¢) is a
trivialization of 7y, ry/g- Indeed, the inverse map is given by

¢ VX E > (Yxg Fly, (0,f)~[(0,1),(x, /)],

where again z = 7y /g x (7).

Example 2.2 (Conjugacy bundle) A Lie group bundle mg x acts fiberwisely on the left on itself
by conjugation: g-h = cg(h) = ghg™t, (g,h) € GxxG. We can thus consider the generalized conjugacy
bundle, Y xg G, which inherits the Lie group bundle structure from mg x.

Example 2.3 (Adjoint bundle) In the same vein, ng x acts fiberwisely on the left on mg x via
the adjoint map: g-& = Adg(§) = (deg)1,(§), (9,€) € G xx 6. The corresponding quotient is the
generalized adjoint bundle, which we will denote by g =Y xgg. It is a vector bundle equipped with
a Lie algebra bundle structure.

Example 2.4 (Coadjoint bundle) Let g* be the dual vector bundle of mg x, where mg x acts
fiberwisely on the left via the coadjoint representation, g-n = Ad;_l (n), (g,m) € G xxg*. Using this
action we get the generalized coadjoint bundle, §* =Y xg g*, which is a vector bundle.
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2.2 Generalized principal connections
2.2.1 Lie group bundle connections

If mg x is a Lie group bundle, an Ehresmann connection
v:TG - VG, Uy~ Uy,
can be also regarded as a vertical bundle map (denoted by the same letter for the sake of simplicity)
viTG~g, Uy (dRy1) (U).
Furthermore, it is natural to impose a compatibility of v with the algebraic structure of G.

Definition 2.3 A Lie group bundle connection on 7g x is an Ehresmann connection v:TG - VG
satisfying

(i) kervy, = (d1),(T,X) for each z € X.
(it) For every (g,h) € G xx G and (Uy,Up) € T,G x1,x ThG, x = 1g x(g), then:
Vgh ((dM)(g,h)(Ugﬂ Uh)) = (dRp)g (vg(Uyg)) + (dLg)n (vn(Un)),
where M : G xx G = G is the fiber multiplication map.
The corresponding conditions when regarded as a map v:TG — g are
(i) kervy, = (d1),(TxX) for each z € X.
(it) For every (g,h) € G xx G and (Uy,Up) € T4G x7,x T1G, © = mg x(g), then:

Vgh ((dM)(g,h)(Ugv Uh)) =vy(Uy) + Adg (va(Uh)) -

Geometric interpretations of Lie group bundle connections are provided by the following results.
We denote by ¥ H the parallel transport of v and by Hory : T, X — T,G its horizontal lift at any

g€G, r=mgx(g).

Proposition 2.5. Let v be an Ehresmann connection on mg x such that kervy, = (d1),(T,X) for
each x € X. Then v is a Lie group connection if and only if for any curve x : I - X we have

L oh) = (I 9) (1Emn) s 9he Gaay. (2.9)

Consequently,

z(b z(b z(b
HIEG)) ( Huvga)) ) ) H$§a)) z(a) = 1ac(b)- (2.10)

Proof. Suppose that v is a Lie group connection. Let z: I - X be a curve and g, h € G, (,). Denote
ai(t) = Hac(a)g7 as(t) = Hx(t) h,tel, and a = M o (ay,a2). To show that a(t) = Hx(t) (gh), tel,

we use the uniqueness of the parallel transport. It is clear that mg x oo = x and a(a) gh, so we
only need to check that it is horizontal,

Va(ty (0 (1)) = Vagy ((dM) (a, (1),0s (1)) (4 (1), a5(2)))
= (dRas(t)) 0, 1) (Vo) (1 (D)) + (dLay (1)), (1) (Paz (o) (02())) = 0
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since a1 and ag are horizontal.

Conversely, suppose that v satisfies (2.9). Let x € X, g,h € G, and (Ug,Uy) € T4G x7,x T1G.
Then there exists a = (aq,a2) : (—€,€) - G xx G such that o'(0) = («](0),a5(0)) = (U, Up).
Denote x = g x o1 = Mg x o aa. We conclude that v is a Lie group connection as a straightforward
consequence of (2.9) and the definition of covariant derivative,

Vgh ((dM)(g’h)(Ug, Uh)) = Ugh ((M o Oé)’(O))

_ DY (M o )(0)
Dt
- )y (T2 (P2

= (dRp)g (vg(Uyg)) + (dLg)n (vr(Un)) -

Proposition 2.6. Let v be an Ehresmann connection on wg x and consider the corresponding jet
section U € I'(mjigg). Then v is a Lie group bundle connection if and only if

(i)pol=41=dl,

(ii) for each (g,h) € G xx G, we have that 0(gh) = 0(g) U(h) with respect to the Lie group bundle
structure in J1G.

Proof. 1t is clear that (i) is equivalent to the condition: kervy, = (d1),(7,X) for each =z € X.
Thanks to the previous Proposition, it is enough to show that (i7) is equivalent to (2.9). Let x € X,
Uy € T,X and g,h € G, and pick a curve « : (-¢,6) > X such that o/(0) = U,. We define the
following curve:

vlje(t
B =" te(eo).

We have 3;(0) = Hory (Us) = ©(g9)(Us), where Hory : T, X — T,G is the horizontal lifting given by
v. Performing the same construction with i and gh we obtain curves S, Bgp, : (—€,€) = TG.

Suppose that (2.9) is satisfied, then By, = M o (84, Bp). Therefore
2(gh)(Us) = By, (0)

= (dM)(g,n) (B4(0), 84(0))
= (dM)gn) (2(9)(Us), (h)(Uz)) -

Since the equality is valid for every U, € T, X, we conclude that ©(gh) = 0(g) ©(h).

Conversely, if (ii) holds, then 54,(0) = gh = 84(0) 84(0) and B, (0) = (dM)(g,n)(B4(0), 8;(0)) =
(M o (By,81))" (0). By uniqueness of the parallel transport we obtain that Bgnh = M o (Bg, By) for
each local curve a: (-¢,€) - X such that a(0) = z.

From the proof above we also deduce that the condition
Horg, = (dM) g o (Hory, Hory), (9,h) €Gxx G,

together with (i) of Definition 2.3 characterize Lie group connections. More generally, we have the
following property.

Proposition 2.7. Let v be a Lie group connection on g x. Then for each (g,h) € GxxG, Uy € T, X,
x =g x(g), and Uy € TG such that (dng x)n(Up) = U we have

(dM) gy (Hory (Uz),Up) = Horlyy, (Uz) + (dLyg),, (vi(Un)) -
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Proof. Thanks to the uniqueness of the horizontal lifting, it is enough to show that
U = (dM) (g ny (Horl (Uy),Up) = (dLyg),, (vh(Un))
is horizontal and projects to U,. For horizontality we have that
ven(U) = (dRy),, (vg (Hory (Uz))) + (dLy),, (vi (Un)) = vgn ((dLg),, (vi(Un)))
= (dLyg),, (vn (Un)) = vgn ((dLy),, (va(Un))) = 0.

The last equality is a particular case of property (ii) of the definition of Lie group connection with
Uy = 0. In such case, we have (dM ), 5) (0,Un) = (dL,) (Up) and, thus,

vgh ((dLg) (Un)) = vgn ((dM)(g,) (0,Un)) = (dLg), (vn (Un))-
At last, we check that it projects to U,. In order to do so, let a = (a1, 2) : (—€,€) > G xx G such
that a(0) = (g,h) and o'(0) = (HorZ(Ux),Uh),

(drg,x)gn(U) = (drg,x)gn ((dM) (g n) (Hory (Us),Un)) = (dmg x ) gn ((dLg),, (v (Un)))
d(mg,x o M) gny (Horl (U,),Up)

L (rgx o Moa)(t)
t=0

dt
d

dt ‘t()
(dmg.x)g (Hory(Uy)) = U..

(mg,x o a1)(t)

With respect to this last Proposition, if the vector Uy is horizontal, then
(dM)g.n) (Hg, Up) = Hyp, Un € T)G, mg.x(g) =g x(h),

an identity that is similar to the corresponding property of connections on standard principal
bundles.

2.2.2 Induced connection on the Lie algebra bundle

A Lie group connection induces a linear connection on the corresponding Lie algebra bundle.

Proposition 2.8. Let x: I - X be a smooth curve. Then the map gHzgz)) “B2(a) ~ Bu(p) defined as

gle® , _ 4 ‘ vz (b)
Hx(a)§ T de =0 H:p(a) eXp(Ef), §e B2(a)
is a linear parallel transport on mg x .

z(b)
) z(a)
)\gHiga))f for each & € g,(,) and A € R. To conclude, let §,7n € g,(,) and € € R “small enough”. We
apply the Zassenhaus formula (for example, cf. [10]):

Proof. The map is well-defined, since VHiEZ)) Lo(a) = Lo(v)- Likewise, it is easy to check that QH A =

exp(e(€ + 1)) = exp(e€) exp(en) ﬁ exp(Cu(e€,em)),
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where C,, (€&, en) is a homogeneous Lie polynomial in {e&, en} for each n > 2. Thus, exp(e(§+7)) =
exp(e&) exp(en) exp (o(e?)) and are done:

. d| e
5[0 (€ + ) el 1) exp(e(& +n))

= % G:OVH;EZ)) (exp(eg) exp(en)exp (0 (62)))

= (I exptee)) (1) exvtem) (1170 exv (o))

d w o .
- FOVHJL"E“)) exp(ef) + —’ ngl;)) exp(en) + —’ ngz)) ( ))

z(b) z(b)
= Hlagay& + Fllagay

This linear parallel transport naturally respects the adjoint representation of g.
Proposition 2.9. Let x: [ - X. Then

g”igz))Adg(f) = Adu“igz)) ( ngz)) ) ge gw(a)v 5 € Bzr(a)-

Proof. Consider the curves a(t) = AdV”gc(t) (QH (a)f) and S(t) = gHzEZ))Adg(f), t € I, which satisfy

a(a) = f(a) = Ady(§) and 7mg x o a = mg x o B = x. Thanks to the uniqueness of parallel transport,
to show that o = 3 it is enough to check that o’ = 3’. For each ¢ € I, using the definition of g” we
have

d d
o'(t) = d_ d_ Cl,Hz(t) ( Hw(a) eXp(ef))
(; dt de Hx(a)cg (exp(e€))
Hd dl e
U el e e (eg), ) (<)
= B'(t),

where (*) is due to v being a Lie group connection and (1) comes from the fact that ¢, : G,(q) = Ga(a)
is a Lie group homomorphism.

We denote by V& and V8/dt the linear connection and the covariant derivative on g x corre-
sponding to this parallel transport g”, respectively. A more practical way of regarding V% may be
the following. Consider the Lie group bundle connection as a map v : T'G — g. Then, for any section
£ e I'(mg,x ), we have

d
V8¢ = %LOI/OdeXp(tE)' (2.11)

The next result is the infinitesimal version of Proposition 2.9.

Proposition 2.10. Let g: I —» G and § : I — g be such that mg x og = mg x o0& =x. Then for allt el

we have
Ve Adg o t vEE(t R ;_V t Ad
( ; 5) ( ) = Adg(t) ( ft( )) + |:(d g(t)—l )g(t) ( glt( )) 9 g(t) (g(t))]g
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Proof. Fix t € I and denote z = mg x og. Let a : (-¢,¢) — G,) be the curve given by
a(s) = ”Hx(t) g(t +s) for each s € (—¢,6). We have «(0) = g(¢t) and &'(0) = V¥g(t)/dt. De-

z(t+s)
noting B(s) = a(s)g(t)™ = Ry1)-1 (a(s)), s € (=¢,€), we have that 5(0) = 1,4y and 5'(0) =
(ng(t)’l)g(t) (V¥g(t)/dt). Hence,

dsls=0

Adys) (£(2)) = %LO Adgs) (Adgry (€(1)))
=ad(8'(0)) (Ady) (£(1)))

- |0, (T2 ]

Using this, we conclude

VE(Adgo&)(t) d g
0D ) Ay €+ 9)
d .
= ol Adeo g)g(ﬂs)( Hx(m)é(t ))
d o
T sl Adg(t)( Hx(t+s)5(t+s)) s o Adny(t) o(t+3) (&(t))

z(t+s)

= Adyp (V jt(t)) + [(ng(t)l)g(t) (Vst(t)) 7Adg(t)(§(t)):|g

2.2.3 Generalized principal connections

Let my,x : Y — X be a fiber bundle on which a Lie group bundle 7g x : ¢ - X acts freely and
properly on the right, and denote by @:Y xx G — Y the fibered action.

Lemma 2.11. For every (y,9) €Y xx G and {,neq,, x =7g x(g), we have

(dP) (y,9) (&5:15) = (Adg1 (€+1))y,

where 1, = dfdt|i-o exp(tn)g is the infinitesimal generator of n at g.

Proof. Observe that

(‘Adg’1 (77));9

gl yraew (tAdg-1(n))

d .
= — y-geXP(tE glexp(sn)g))

dt li=o0

s=0

= — -exp (t
¥ p(tn)g

=—| Py(exp(tn)g).
t=0

The result is a straightforward computation using the previous equation and (2.8),
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(dD)(y,9)(&y15) = pn tzoéﬁ(y -exp (t€),exp (1) g)

= — t=0§l5(y-exp (t€),9) + 4 P (y,exp(tn) g)

dt ’tzO
D, (exp (tn) g)

d
=2 P, (y- t il
2 - expe)) + dt\t_o

(dg)y (&) + (Adyr (0)),,
= (Adg1(9)),, +Adgr (n)y,
= Adg—l (f + n);_g .

Ehresmann connections on 7y y g are identified with forms as follows.

Proposition 2.12. There is a bijective correspondence between Ehresmann connections on Tyy g
and 1-forms* w e 2Y(Y,g) such that

wy(&y)=§,  (1,§) €Y xxu.

Furthermore, such forms satisfy
Wy-g ((dgpg)y(f;)) = Adg-1 (wy(f;)) ) (¥,9.§) €Y xx G xx 8.

Proof. The equivalence between Ehresmann connections on 7y y g and the 1-forms as in the state-
ment is a consequence of the isomorphism (2.7).

For the second part, let (y,9,£) € Y xx G xx g, then:

Wy-g ((dDg)y(&)) = wyg (Adg1€)55) = Adg-1(€) = Adgr (wy (&)

where equation (2.8) has been taken into account.

Observe that Uy = w,(Uy), for each U, € T,Y, y € Y, and, thus U, is horizontal if and only if
wy(Uy) = 0. We are ready to introduce generalized principal connections.

Definition 2.4 Let v be an Ehresmann connection on the Lie group bundle mg x. A generalized
principal connection on myy g associated to v is an Ehresmann connection H ¢ TY on Tyy/g
satisfying:

[(dé)(y,g) (Uya Ug)]v = (d@g)y(U;) + (dLgfl)g(’/g(Ug));y

for every (y,g9) €Y xx G and (Uy,Uy) € T,)Y x7,x T,G, where x =y, x(y).

Thanks to Proposition 2.12, it is easy to check that the following is an equivalent way of defining
a generalized principal connection.

Definition 2.5 Let v be an Ehresmann connection on the Lie group bundle mg x. A generalized
principal connection on 7y y g associated to v is a form w € 2 (Y,g) satisfying:

(i) (Complementarity) wy(&;) =& for every (y,§) €Y xx g.
(71) (Ad-equivariance) For each (y,9) €Y xx G and (Uy,Uy) € T,)Y x7, x T,G, x =y, x (x), then

Wy.g ((d@)(y,g)(va Ug)) = Adg1 (wy(Uy) +v4(Uy)) -

! In fact, we are considering forms with values in (my,x )" (8) =Y xx g but, for the sake of simplicity, we do not write
it. In the same fashion, abusing the notation we suppose that w, € T, Y ® g, for each y € Y, z = 1y, x (v).
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Roughly speaking, generalized principal connections extend the property given in Lemma 2.11
and Proposition 2.12 to non-necessarily vertical vectors U, with respect to v.

The next result gives a geometric interpretation of the above Definitions in terms of the parallel
transports ¥ H and WH, in the same vein as Proposition 2.5.

Proposition 2.13. Let v : TG — g and w € 2* (Y, g) be Ehresmann connections on Tg,x and Tyy /g,
respectively. Then w is a generalized principal connection associated to v if and only if for any curve
~v:1—>Y/G, the corresponding parallel transports satisfy

w”zgi))(y : g) = (w‘ ;EZ))y) : (Vuig?)g) ) g€ gz(a)a A ny(a)7 le Iv (212)

where x =Ty g x ©7.

Proof. Suppose that w is a generalized principal connection associated to v. Let v : I - Y /G
wH'Y() Yy, o () _ I/H‘T()
v(a)?r 72 z(a)

(y-g) we use the uniqueness of the parallel transport.

be a curve, x = Ty;g.x °©7, Y € Yw(a) and g € gx(a). Denote a1(-) =
a=Po (ay,az). To show that a(-) = WHZEJ)

It is clear that myy /g o o =~ and a(a) = y-g, so we only need to check that « is horizontal. For
each t € I we have

o (£)” = (dD) (a; (1),00(t)) (@1 (), a5 (1))"
= (d%ay1)) o, 1) (1)) + (L)1) 0, (1) (P (@2(1))) 1y = O

since o and « are horizontal for the corresponding connections.

g and

Conversely, suppose that w and v satisfy (2.12). Let (y,g) € Y xx G and (Uy,Uy) € T,)Y x7, x Ty,.
We consider a = (ai1,a2) : (—€,€) - Y xx G such that o’'(0) = (a](0),a5(0)) = (Uy,U,) and we
denote v = myy g o a1 and x = Ty, x o 1 = Tg x © ag. A straightforward consequence of (2.12) and
the definition of covariant derivative is the following:

(Poa)(0) = W o
= (ddy), ( % t:O) +(d®y), ( % t=0)

= (d®y), (Uy) + (d®y)4 (Uy)) .
Furthermore, note that (d®y), (U;’) = (dDy.g)1, ((dLg—l)g (U;’)) = (dLg), (U;’);g. Thus, we con-
clude that w is a generalized principal connection associated to v:

(dD)(y.q) (Uy: Ug)" = (D0 @) (0)" = (dg)y (U}) + (dLy1)4 (U,)

*

yg -

Proposition 2.14. Let v : TG — g and w € 2(Y,g) be Ehresmann connections on 7g,x and Ty y /g,
respectively, and suppose that Y |G = X. Let @ € I'(mj1yy ) and 0 € I'(m j1g. ) be the corresponding
jet sections. Then w is a generalized principal connection associated to v if and only if

w(y-g)=w(y) v(g), (y,9) €Y xx g, (2.13)

where the fibered action of mpg x on Ty x is given by the first jet extension of @ (recall Example
2.1).

Proof. Thanks to Proposition 2.13 we only need to show that (2.13) is equivalent to (2.12). Let
(y,9) €Y xx G, z =y x(y) and U, € T, X, and pick a curve «a: (—¢,¢) —» X with o/(0) = U,. We
define the curves
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w|e(®) w(|e(®) a(t)
5y(t) = Ha(o)y’ Byg(t) Ha(O) (y-9), ?J = Ha(o) 9s
This way, we have 3, (0) = Hory (Usy) = (g)(Uz) and 8,(0) = Hory/(Uy) = &(y)(Uz), and analogous
for By.q.
Suppose that (2.12) is satisfied. Then .4 = @ o (5, 54). Hence

O(y-9)(Us) = By,(0)
= (d®) (y,9) (8,(0), 54(0))
= (d@)(y,g) (w(y)(U:p)a ﬁ(g)(Um)) .

This equation is valid for every U, € T, X, whence @w(y-¢g) = w(y) - v(g).
Conversely, if (2.13) is satisfied, then £,.4(0) =y - g = 8,(0) - 54(0) = (P o (By,By))(0) and

Byg(0) = (y - g)(Us)
= (w(y)-2(9)) (Uz)
= (d®)(y.g) (W(¥)(Uz), 2(9)(Us))
= (dD) y.q) (8,(0), B5(0))
= (P 0 (By,B4))(0).

By uniqueness of the parallel transport we conclude that . = @ o (5y, 5y).

We denote by Hory : 1,1, (Y /G) — T,Y the horizontal lift given by w at y € Y. A different
geometric interpretation of generalized principal connections is the following.

Proposition 2.15. Let (y,9) € Y xx G and (U, Uy) € 11y, (Y/G) x1,x T,G, where x = Ty, x (y).
Then
(A2) (y.g) (Hory (Uy)5),Us) = Horg (Uyg) + (ALg1)g (9 (Ug)) -

Proof. We just need to prove that U = (d®)(, g (Horgj(U[y]g),Ug) = (dLy1)g(v4(Uy)),.q is hori-
zontal and projects to Up,),. With respect to the former

U = (d®)y,q) (HOT;O(U[y]g)v Ug)v = (dLg1)g(vg(Ug))y.g
= (d®g)y (Hory (Up,)") = 0.

For the latter let o = (a1, a2) : (—¢,€) > Y xx G be such that o’(0) = (Hor;’(U[y]g), Uy). We then
have

(dWY,Y/g)y-g(U) = (dWY,Y/Q)yy ((d@)(y,g) (HOT;)(U[y]g ), Ug))

=d(7y,y /g ° D) (y,9) (HOT;(U[ZI]Q)’ Ug)
d

= E’t:O (Tyyjgo®oa)(t)

d

- Sl g ean

= (dmyy g)y (HOT;(U[y]g))
=Ulylg-

Theorem 2.16 (Existence of generalized principal connections). If X is a paracompact
smooth manifold, then there exists an Ehresmann connection v on wg x and a generalized principal
connection w on Ty,y /g associated to v.
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Proof. Let {(Ua,g) | o € A} be a trivializing atlas for g x, {(Va = 7Ty/g (Ua), by ) | o€ A} be the
induced trivializing atlas for 7y,y g, as in (2.2), and {(Ua, Vg) | v € /1} be the induced trivializing
atlas for mg x, as in (2.5). For g € G, we denote by Lg G - G and R : G > @ the left and right
multiplication by g, respectively. In the same way, we denote by Ad the adjoint representation of

G.

Fixed a € A, we define the local Ehresmann connection vy, : TGy, = V Gy, on 7g x|u, : Glu, = Ua
as follows

(va)g ((d§)y" (U, (dLg), (7)) = (d§)," (0a: (dLg), (7)),  UseToX, feg,

where # € Uy, § € G and g = (¥3)' (2,9) € Gly,. Likewise, we define the local 1-form w, €
2" (Ylv,, 8l as

(wa)y ((@5)," (Unggs (43), (€))) = (W)™ (2,€), Upygg € Tpype (Y/9), €,

where [y]g € Va, h € G and y = (¥$)7 ([y]g,h) € Y]v,. We show that v, and we satisfy both
properties of Definition 2.5:

(i) (Complementarity) Let £ = (1/)&‘)_1 (z, é) egly, and y = (¥$) ™ ([y]g, fL) € Y|y, . Using Corollary
2.2 and equation (2.4) we get
55 - (dw%); (O[y]g’ (df’fz)1 (é)) : (2.14)
Thence, X R R
(Wa)y (fzj) = (wa)y ((Cw%);l (O[y]g> (dLE)1 (5))) = (¢g)_1 (9375) =&

(i) (Ad-equivariance) Let h,§ € G and [y]g € Va, and consider y = (%) Y[yl ) and g =

(wg)—l (x(’ig), where z = my/g x ([ylg) € Ua. Likewise, let f,ﬁ € g and Uy, € T, (Y/9),
and consider

U, = (@) (Ui (d13), () € TY, Uy = (03" (U (dLg), (1)) € TyG.

where Uy = (dmy /g x)[y]g (U[y]g) € T, X. Consider curves 7 : (—€,¢) - Y]y, and 5 : (-¢,€) >
Glu,, such that v'(0) = U, and B’(O) Uy Then we have that 1 oy = (v1,72) and ¥gof = (51, B2)
for certain curves 1 : (=€,€) > Vo, 721 (—€,€) > G, B1: (—€,€) > Uy and B2 : (—€,¢€) - G such
that 71(0) = Upyjg, 12(0) = (dL )1( ), B1(0) = U, and B5(0) = (dﬁg)l (). Note that we can
always Choose the curves satisfying 7y g x ©71 = S1. Using these curves, Corollary 2.2 and
Equation (2.14) it can be seen that

d
(@) (U Up) = 5| (a(0).5())
- (dwY)yg ( (dL ) (17171@71 (é))) + (wg)71 (x’ ﬁ);g ’
This, together with property (i), lead to

(Wa)y'g ((ddj)yy(va Ug)) = (1/1;)_1 (177 @gfl (é)) + (¢g)_1 (z,7)
= Adg ((¢g) 7" (2,€)) + (dw§)i} (02,
= Adyt ((wa)y(Uy)) + Adgr ((dRy ), ((va)g(Uy)))
= Adg1 ((wa)y(Uy) + (va)g(Ug)) ,

where we have used (2.5) and the fact that (dwg)ﬁ (0z,7) = (d1/18‘|gz)fi(m,ﬁ).
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Therefore, w,, is a generalized principal connection on 7y.y glv, : Y|y, = Va associated to v,. At
last, we take a smooth partition of unity {6, | « € A} on X subordinated to {U, | o € A}. It is easy
to check that {Oq = 0, 0 Ty /g x | @ € A} is a smooth partition of unity on Y/G subordinated to
Vo laeA}. Now set w=3,4(OaoTyy/g)wa and v = ¥4 (00 07g, x) Va- They are a well defined
1-form w € Ql(Y, g) and a well defined Ehresmann connection v : TG — VG. It is straightforward
that v and w satisfy both properties of Definition 2.5. Thus, w is a generalized principal connection
associated to v.

A 1-form o € 2(Y,g) is said to be tensorial of the adjoint type if it is horizontal, i.e., ay(Uy) =0
for each Uy € V)Y =ker(dmyy/g)y, y € Y, and Ad-equivariant, i.e.,

Qy.g ((dé)(y,g)(Uy’ Ug)) = Adg-l (ay(Uy))

for each (Uy,Uy) € T,)Y x1,x T4G, (y,9) €Y xx G, = 1y, x (y). The family of tensorial 1-forms of

the adjoint type is denoted by ﬁl(Y, g). These forms can be reduced to Y/G in the sense that we
have a bijection

7'(Y,0) > 2Y(Y/G.5), aw-a,

given by a1, (Upy1g) = [y ay(Uy)lg, where Uy, € T,)Y projects to Uy, € T1y,(Y/G), y € Y. By
an abuse of notation, we identify o = &. This construction can be straightforwardly generalized to
k-forms.

Proposition 2.17. Let v: TG — g be an Ehresmann connection on mg x. The family of generalized

—1
principal connections on Tyy g associated to v is an affine space modelled on 2" (Y,g).

Proof. On the one hand, if wy,ws € 2'(Y,g) are generalized principal connections on Tyy g as-

sociated to v, then w; — wy € ﬁl (Y,g). The Ad-equivariance comes from the Ad-equivariance
of wy and wy and the fact that the adjoint map is linear. For the horizontality, let y € Y and
Vy € V)Y =ker (dmyyg)y, we have

(w1 =wa)y(Vy)y = (wi)y(Vy)y = (w2)y (Vy)y = V3 =V = 0.

As the map (2.7) is an isomorphism, we deduce that (w; —ws2)y(V,) = 0.

On the other hand, given a generalized principal connection w € 2'(Y,g) associated to v and

-1 . . . . .
a 1-form w € 2 (Y,g), a straightforward computation shows that w + @ is a generalized principal
connection, since w vanish on vertical vectors.

Now we give another interpretation of a generalized principal connection as a connection on
TyxxG,x equivariant under the fibered action.

Proposition 2.18. Let w € 2'(Y,q) be a generalized principal connection on Ty,y /g associated to
an Ehresmann connection v:TG — VG on g x. Then the map

w:T(Y xx G) » V(Y xx G), (UyaUg) ind (wy(Uy);’Vg(Ug)) )

where V(Y xx G) = ker (Ty«,g,x),, s an Ehresmann connection on Ty g x equivariant under
the map ®:Y xx G- Y xx G defined as ®(y,9) =(y-9,9), i.e.,

(dq))(yag) (w(y,g) (Uy, Ug)) = Wa(y,g9) ((d®)y,4(Uy,Uy)),

for each (Uy,Uy) € T,Y x7,x T4G and (y,g9) €Y xx G.
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Proof. To begin with, observe that w is well defined, i.e., @, ) (Uy,Uy) € Vi, (Y xx G) for
every (Uy,Ug) € T,)Y x1,x T4G, (y,g9) € Y xx G. This is a straightforward consequence of equality
Vig,g) (Y xx G) =V, Y xV,G, where VY = ker(7y, x )+, and the fact that infinitesimal generators are
Ty, x-vertical. Likewise, it is clear that w is a vertical vector bundle morphism over ¥ xx G, since
wy, Vg and the infinitesimal generator are linear maps. To conclude, let us check the ®-equivariance.
Note that (d®),.q) (Uy,Uy) = ((d®)(, ) (Uy, Uy),Uy). Hence,

(d®) (y,9) (w(yﬁg) (Uy, Ug)) = (d®)y,q) (“y(Uy);’ Vg(Ug))
= ((dgp)(y,g) (wy(Uy)Zan(Ug)) vVg(Ug))
= (Adg-l (wy(Uy) + Vg(Ug));(y,g) an(Ug))
= (“45(21,9) ((d@)(y,g)(va Ug));(w) 7Vg(Ug))

= W(P(y,9).9) ((dé)(y,g) Uy, Uy), Ug)
= Wa(y,g) ((dq))(y,g) (Uy, Ug)) .

So far, we have considered generalized principal connections associated to arbitrary Ehresmann
connections on G - X. We now prove that this Ehresmann connections must be a Lie group bundle
connection, that is, they must respect the algebraic structure of g x.

Proposition 2.19. Let w € 2(Y,g) be a generalized principal connection on Ty,y /g associated to
an Ehresmann connection v:TG — g on 7g x. Then v is a Lie group bundle connection.

Proof. Let vv: I - Y /G projecting onto x : I » X. Thanks to (2.12) for each y € Y, (,) and g,h € G;(q)

we have
(“Iiw) - (e (M) = (I -9) - (“royn)

=l (-9h)
(“Thiow) - (e am).

Since the action is free, we conclude that property (2.9) holds.

On the other hand, applying (2.12) with g = 1,(,) and using again the fact that the action is
free, we get
"0 =1
"Iy a Leta) = Lary-
This gives that kervy, = (d1),(7,X) for each x € X and we conclude thanks to Proposition 2.5.
Indeed, let U, € kervy, = Hy, and denote u, = (drng x)1,(Us) € T, X. Let x : (—€,€) - X be such
that 2'(0) = uy. Then we have that

o T = Gy bt = (@)

Therefore, ker vy, c (d1),(7,X). The other inclusion is due to the fact that both are vector spaces
of the same dimension.

2.2.4 Curvature

The curvature w as an Ehresmann connection (see, for example [56, §9.4]) is the VY -valued 2-form
2e2%(Y,VY) defined as
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U, U2) =-[U —w(Uy)*, Uz —w(Us)*], Ui, Uz e X(Y).
This is equivalent, by the identification (2.7), to the g-valued 2-form (2 € £2%(Y,g)
U1, Uz) = ~w ([Ur - w(U1)", Uz —~w(U2)"]),
which will be denoted the same.
The linear connection V% induced on mg x by v enables us to express the curvature as follows.
Proposition 2.20. Let d® be the exterior covariant derivative’ associated to V8. Then®

QUL U2) =dBw (UM UY),  Ui,UseX(Y).

As in the case of (standard) principal connections, it is possible to regard the curvature as a
2-form on the base space Y /G with values in g.

Definition 2.6 The reduced curvature of w is the 2-form 2 € 2%(Y/G,&) taking values in the
adjoint bundle given by

Q) (U1, U2) = [y, 2y (Hory (Un), Hory (Us)) ]

for each [ylg €Y /G and Uy, Uz € 11,1, (Y /G), where y € Y is such that wyyg(y) = [ylg-

The reduced curvature is well-defined, i.e., it does not depend on the choice of y € Y. Indeed, let
g € Gu, where z = 7y x(y), ui = (dmy g x )y (Ui) € Tx X for i =1,2 and v € I'(mg x ) be such that
v(x) = g and vy o (dy)z = 0. Prop051t10n 2 15 gives

ory.(Ui) = (dD)(y.9) (Hor‘;(Ui), (dy)a(us)), i=1,2.
Hence, we have
[y 0,824 (Hor‘?j_g(Ul), Hor‘?j_g(Ug))]g = [y g, —Wy.g ([Hm“;’,g(Ul)7 Hor;’,g(Ug)])]g
= [y 9,=wyg ([(dP) ¢y 5) (Hor (U1), (d7)a (1)), (dB) . 5) (Hory (Ua), (dv)a(u2))]) ]

v [Z/ 9 Wyg((d@)(yg)([Horg(Ul)’Hor;(UQ)]’[(dV)w(ul)’(dry)x(w)]))]g
(190 (@) . ([Hor§ (U), Hor (U2)], () ([us,ua))] 219
[y 9,~Adgr (wy ([Horg (U), Horsy (U2)]))],
[
[v. 2

Y, - ([Hor‘“(Ul) Hor;’(Ug)])]g
(Hor;”(Ul),Hor;”(UQ))]g

where we have used that [(d7y)z(u1), (dy)z(u2)] = (dy) s ([u1,usz]).

2 The exterior covariant derivative of a linear connection V¥ on a vector bundle Tg,x is an operator on the family
of E-valued forms on X, d¥ : Q¥(X, E) - Q**'(X,E). For a 1-form a € 2*(X, E) it is given by

d"a(Ur,U2) = V0, (a(U2)) = Vi, (a(U1)) = a([U, U2]),  Un, Uz € X(X).
3 The generalized connection w takes values on the vector bundle 7y 4 «8,v, which is the pull-back of g x by 7v,x.

Hence, we also need to pull-back the linear connection 8 to compute the exterior covariant derivative of w. Abusing
the notation, we denote the pull-back connection by the same symbol: 73 x (Vg) =v8.
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2.3 Examples
2.3.1 Standard principal bundles and connections

Generalized principal connections reduce to usual principal connections on (standard) principal
bundles. Let mp x be a principal G-bundle and denote by ¥ : P x G — P the corresponding right
action. We define a fibered action of the trivial Lie group bundle G = X x G on 7p x as

P:PxxG-P, (y,(2,9) =%y =y-g.

Note that P/G ~ X, so we can regard mp x as a generalized principal bundle with respect to this
fibered action.

Let 1 be the trivial connection on 7g x, that is, the one given by
(0) .5) (UesU) = (02,U5),  (UaUg) € Ta 96 = To X @ TG
In addition, note that the Lie algebra bundle of mg x is g= X x g.
Proposition 2.21. Let A€ 2Y(P,g) and w e 2'(P,g) be such that
wy(Uy) = (z, Ay(Uy)), yeP, UyeTyP, z=mpx(y).

Then w is a generalized principal connection associated to vy if and only if A is a (standard)
principal connection.

Proof. Let (y,£) € P xx ¢ and denote & = (z,§), x = mpx(y), for some ¢ € g. Observe that

y-exp (&) =¢;,
t=0

y- (z,exp(t€)) = d

d d
§= | yrexp(té) = — pm

T dt =0 dt L:o

where é; is the infinitesimal generator of é € g at y in the sense of principal bundles. Hence,

w(g)=¢ = (24(§)=(8 = 4(§)-¢

Subsequently, we only need to check Ad-equivariance to conclude.

(=) Suppose that w is a generalized principal connection on 7p x associated to vy. Let y € P,
Uy eT,P and g € G, and denote g = (z,§), z = mp x(y). Pick a : (—¢,€) = P such that a(0) =y
and o'(0) = Uy, we have

(d¥)y(Uy) = %t:() @ (a(t)) = %hoé(a(t)”@(t)) = (d®) (a(0,5(0)) (2 (0),8(0)),,

where 8 : (-€,€) - G is given by ((t) = ((mpx o a)(t),§). Note that 8(0) = (z,9) = g and
B'(0) = (Uy, 04) for Uy = (dmp,x)y(Uy) € T X. As a result,
(dwé)y(Uy) = (d¢)(y,g) (va Ug), Ug = (Uxaos})-
Now, property (it) of Definition 2.5 ensures that A is a principal connection on 7p x:
(z, Ay ((d%)y(Uy)) = Wyyg ((dds)(y,g) (Uya Ug))

= Adg—l(Wy(Uy) + (VO)Q(U%OQ))
= Adgf1 (Z‘,Ay(Uy))

= (x7Ad§1‘1 (Ay(Uy))) .
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(=) Suppose that A is a principal connection on mp x. Let (y,9) € P xx G with g = (z,§), and
(Uy,Uy) € TyP x7,x T,G with Uy = (Uy,Uy) € T, X & T;G. Observe that

(dgp)(y,g) Uy, Uy) = (dw)(yvé) (va Ué)
= (d¥;)y(Uy) + (d¥y)4(Us)
= (d3), (Uy) + (d¥yg)1 ((dLg1)5(Up))
= (%) (Uy) + (dLg-1)3(Ug)y4:

where ¥, : G — P is given by ¥,(§) =y-¢ and L; : G - G denotes the left multiplication by g.
By using this, we conclude

Wy-g ((dP) (y.9)(Uy, Ug)) = (2, Ay ((d¥5)y (Uy) + (dLg1)4(Ug);5))
= (x7Ade‘1 (Ay(Uy)) + (dLg—l)g(Ug))

= Adg1 (wy(Uy)) + (dLy1)g ((10)g(Uy))
= Adg—l (wy(Uy) + (VO)g(Ug)) :

2.3.2 Affine bundles and connections

Generalized principal connections on an affine bundle are just affine connections (see [55, 86])
associated to linear connections on the modelling vector bundle. A vector bundle 7%  is an abelian

Lie group bundle with the additive structure. A Lie group connection v : TE — E is just a linear
connection, since it respects this additive structure. If we consider linear bundle coordinates (x*,v®)
corresponding to a basis of local sections {eq : 1 < a <m} of 75 -, then we may write

v(zh,v®) = vy g(a") VP dat @ eq + dv® ® eq,

for some (local) functions v} 5 € C*(X), 1<p<n, 1 <o, f<m.

Now consider an affine bundle 7g x modelled on 7 . We have the following fibered action
EXXE_)Ev (y,v)'—>y+v.

This action is clearly free and proper, and it satisfies that E/E ~ X, so we can regard TE,X as a
generalized principal bundle. In the following result we see that generalized principal connections
for this action are just affine connections.

Proposition 2.22. Let w e 2! (E,E) and v be a linear connection on wf . Then w is an affine
connection on T x with v as underlying linear connection if and only if w is a generalized principal
connection on g x associated to v.

Proof. Let (z*,y“) be affine bundle coordinates for mg x associated to (z*,v®). First, we suppose
that w is an affine connection with v as underlying linear connection. The local expression of w is

w(zh, y*) = (Vﬁ‘ﬁ(z“)yﬁ +F5($“))dﬂ:“ ® e +dy* ® eq

for some (local) functions I'Y € C*(X), 1 < p < n, 1 < a < m. It is straightforward to check
the equivariance condition from Definition 2.5, that for this case reads wy., = wy + v, for each
(y,v) € E xx E (observe that the adjoint representation is trivial, since the group is abelian).

Conversely, suppose that w is a generalized principal connection associated to v. Locally, w will
be given by
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w(@h,y®) =w;(@",y") dz" ® e + dy* ® eq

for some (local) functions wy € C®(E), 1 <pu<n,1<a<m. It must satisfy the equivariance
condition, that is, w(z”, y® +v®) = w(z*,y®) + v(z*,v®) for every (z#,y%,v") € E xx E. This gives

wi (@, Y™ +v%) = Wi (@t y*) + v g2 )P, 1<p<n, 1<a<m.

Thence, wy (2", y*) = Iy (a") + I/E‘ﬂ(x“)yﬁ for 1 <p<nand 1 <a<m, where I (2") = wi(z",0).
This is the local expression of an affine connection with v as underlying linear connection.

2.3.3 Gauge transformations

Let mpx : P - X be a (standard) principal bundle with structure group G. Recall that gauge
transformations on 7p y are in a bijective correspondence with sections of the Lie group bundle

G=(PxQ)/G~X,

where the right action of G on PxG is given by conjugacy, i.e., (p, g)-h = (p-h, c;-1(g)) = (p-h, h"gh)
for each p € P and g,h € G. This provides a fibered action of Ta x O TP X. This bundle is a main
instance of a Lie group bundle and, in particular, the question of when an arbitrary Lie group
bundle G - X is the adjoint bundle of a (standard) principal bundle has interesting topological
consequences (for example, see [63]).

Principal connections on 7p x are in a bijective correspondence with sections of the bundle of
connections, m¢(py,x- The group of gauge transformations acts on connections; namely, this action
is fiberwisely expressed as

J'Gxx C(P) = C(P), (g7 [izs]) = [Ga(y 0 5)]-
The 1-jet lift of this action is
JHI'G) xx J'O(P) > J'C(P).

This is again a (left) fibered action, but it is not free. Nevertheless, we may consider the following
Lie group subbundle of J* (J 1G),

oG ={jiy e G| v(x) =1¢g } c J?G e J' (J'G).
The restriction of the action to this Lie group subbundle is free and proper, making
JiC(P) - J'C(P)|J2G

a generalized principal bundle that is not a (standard) principal bundle. Furthermore, the quotient

is isomorphic to the curvature bundle of mp x,
JIC(P)IG> N T X 08, [134] g = F

where we denote by F4 ¢ 2%(X,g) the reduced curvature corresponding to a principal connection

A e 2Y(P,g). This is (the main part of) the geometric statement of the well-known Utiyama
theorem (for example, see [39, §5]).
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2.3.3.1 An example of generalized principal connection

Within the framework of gauge field theories analyzed above, we now present a simple example of
a generalized principal connection. Even though one initially would like to have such connection
on C(P) = (J'P)/G, the action of J'G on C(P) is not free. To remedy this, we may consider the
action on J'P instead,

@ J'Gxx J'P > J'P, (jle,jis) e ja(pos),

that is free and and proper. Actually, this construction is conceptually close to the case of affine
connections (see §2.3.2 above), since J1G acts transitively on J!P.

For the sake of brevity, in the following we work in a trivializing chart of mp y, i.e., we pick
U c X with U ~R", so that we can write Pl =U x G, G|y =U x G and g|y = U x g. For the sake of
simplicity, we write U = X. Furthermore, consider the right trivialization

TG=~Gxg, Uyr (g,(dRy1)g(Uy)).
By using this, we have
J'P=J'G=Gx(T"X®g), Jg=ge(IT*"X®jyg),
where the (fiberwise) semidirect product x is given by the adjoint representation, that is,
(9:6)(96) = (99", &+ Adgo&y),  (9:6).(¢,6) € oG =G (T; X ®9).
The same expression holds for the trivialized (left) fibered action, i.e.,

(9,62) - (hy Ay) = (gh, &z + Ady 0 A,), (9,62) € JEG = JLP > (h, A). (2.16)

Remark 2.3 It is easy to check that (g,&;) " = (g‘l, ~Adg10 §x) for each (g,&,) € J'G. In addi-

tion, the adjoint representation of J'G is given by

Ad(gvfz)(’m ¢$) = (Adg(n)a Adg ° Qbm - [Adg(n)agx])

for each (g,&;) € J'G and (n, ¢5) € J', where [-,-] is the Lie bracket of g.
On the other hand, the trivialization P = X x G also allows us to identify
JHI'P)=J'(J'G)=Gx ((T"X ®g)e (T"X®g) e (T" X 0T X ®g)).

Moreover, the jet extension of the action (2.16) is given by

(g7£x777x>¢x) : (h7Ax7Xx’aa:)
= (gh,Adgo Ay + &3 Adg 0 X + Mz, Adg 0 g + (g + [1)2, Adg 0 Az ]) (2.17)

fOI' each (gvgzan:mgbw) € Jl(‘]lé) and (h7A€E7Xw7aZL") € Jl(‘]lp)
Lemma 2.23. The jet section U € F(?TJl(Jlé) Jlé) defined as

ﬁ(gagx) = (g7§$70w70$)7 (g7§$) € Jlé:

is a Lie group bundle connection on Tna x-
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Proof. Tt is clear that (o 1)(xz) =2(1,0;) = (1,0,,0,,0,) = (d1), for each x € X. Besides, we have

0((9.6)(9.€,)) =0 (99’ & + Adg 0 &)
= (99'.&s + Adg 0 &}, 0,,0,)
= (9:62,02,02) - (¢, &3, 02, 02
=0(9,&)-7(9',¢)

and we conclude by Proposition 2.6.

Observe that the Lie algebra bundle of J'G is J'§. Theorem 2.16 ensures that there exists a
generalized principal connection w € 21(J'P, .J'g§) associated to v.

Proposition 2.24. An Ehresmann connection w € Q' (J'P, J'g) with corresponding jet section
we F(7rJ1(J1P)7J1p) is a generalized principal connection on T px associated to v if and only if

@(h,Ag) = (hy Ay, Ady o f(2),Adp 0 g(x)),  (h,Ay)eJ'P,
for some sections f € I'(mr+xeq,x) and g € I'(Tr+xeT*Xog,X )-
Proof. Observe that we may write
&(h, Ap) = (hy Ay (h, Ag) @ (h, A)), (b Ag) e J'P,
for some w: J'P > T*X ®gand @: J'P - T*X ® T*X ® g. By choosing (h, A;) = (1,0,) we get

w ((gvém) : (17031:)) =w (gagm) = (g,{x,w(g,ﬁx),?ﬁ(g,@)) .

Likewise, from (2.17) we have

l)(g,gx) "':)(1701‘) = (9751;,0:(;,0:(;) ’ (1,055,@(1,036),@(1,03;))
(9,62,Adgow(1,0,),Adg05(1,0;)).

Proposition 2.14 ensures that w is a generalized principal connection on 71 p x associated to v if
and only if
w(g,fx):Adgow(l,Ox), @(97590) :Adgoﬁ(laox%

for each (g,&,) € JLP. We conclude by denoting f(z) = w(1,0,) and g(z) = &(1,0,) for each x € X.



Chapter 3

Higher-order jet bundles of Lie group-valued functions

This short chapter corresponds to our paper [20], where the bundle of k-jets of functions from a
smooth manifold, X, to a Lie group, G, is investigated, for any positive integer k. Our goal is to
trivialize this bundle by using a linear connection on the tangent bundle of X, and to obtain the
explicit expression of the groupoid multiplication on the trivialized space, as well as the formula for
the inverse element. Furthermore, in the last section we give the local expression of the trivialization
on a coordinated chart of X.

Recall, for each k € Z*, the family of k-jets of smooth curves, ¢: R - G, where G is a Lie group,
is naturally a Lie group fiber bundle over R. We denote it by J*¥(R,G), and its fiber over each
t e R by th(R, G). In fact, these spaces are frequently known as higher-order tangent spaces and
denoted by T*G. In [93], the Lie group structure of J&§(R,G) was investigated. Namely, the space
was trivialized by the right, yielding an isomorphism of bundles over G,

k
JER,G)=Gx (g .7 . ®g).

Following that, the explicit expression of the multiplication, as well as the inverse element, were
studied under this identification.

We aim to generalize the results in [93] when an arbitrary manifold, X, is considered instead of
R. As we will see, a linear connection on the cotangent bundle of X is necessary in order to trivialize
the jet bundle, J*(X,G). It is important to point out that the generalization analyzed here goes
beyond a mere complication of the computations occurring in higher-order tangent bundles of Lie
groups. The situation for dimX > 2 implies qualitative and important differences that entail the
structure jet bundles in their full complexity. In particular, in this case the trivialization is not an
isomorphism any more, but only an injective morphism. Notwithstanding, we take advantage of
this injection to compute explicit formulas for the fibered multiplication and the inverse element.
At last, the local expression of the trivialization is given after choosing a coordinates chart of X.
In particular, this enables us to compute the image of the injective morphism for k = 2.

Jets of curves on Lie groups are essential in the analysis of higher-order Lagrangian mechanical
systems over Lie groups [33], as well as in the higher-order Euler—Poincaré reduction procedure [40]
and its applications to optimal control theory [25]. In turn, our generalization to jets of functions
defined on arbitrary manifolds is of great relevance in the field theoretical counterpart of such
systems and, in particular, in the analysis of non-Abelian gauge theories from the gauge reduction
perspective, as we will see in Chapter 5.

29
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3.1 Partly ordered and anti-lexicographically ordered partitions

Let j € Z*. A partition of {1,...,5} of length [ € {1,...,5} is a tuple A = (\1,...,\;) where
AM,..s N c{l,...,j} are disjoint subsets such that \yu---uX\; ={1,...,j}. We denote by P(j) the
family of all partitions of {1,...,j}. Likewise, we denote j; = |\;|, the cardinality of A\;, 1 <i<l. Of
course, ji +---+j; = j for each partition A = (A1,...,\) € P(j).

Definition 3.1 A partition A\ = (A\1,...,\;) € P(j) is partly ordered if ot < --- < 04;.1_ for each
1 <i <1, where we denote \; = {at,... ,aéi}.

Observe that we ask for the integers to be ordered only within each subset A;, 1 <i <. The set
of all partly ordered partitions of {1,...,5} is denoted by P*(j). At last, we consider the family of
partly ordered partitions with ai = 1, i.e.,

Pr()={A=1,... ;M) eP () [Le}.

Proposition 3.1. Let j € Z" and 1 <1 < j. Fized jy,...,5; € {1,...,j} such that j1 +---+ j; = J,

there are exactly
__ j—l) ’ (jz-+---+jl)
CJLs---5J1 :(. .
( ) n-1 g Ji
different partitions X\ = (A1,...,N) € P{(j) with |\i| = 7i, 1 <i < 1. In particular, the cardinality of
Pr(d) is
J
Prl=> > clt,-i)

=1 ji+-+ji=j

Proof. For the ﬁrst part, we write A\; = {al =1<a} << O‘gl‘l} for each A = (A1,...,\) € P{(5).
Thus, there are (jjl__l'l)' ways of choosing the elements as, .. ., oz;-l. We have n— jl' rgma'ining elements,
whence there are (] ;23 1) choices for the elements of \g. Generally, there are (J - l'j'ff]i‘l
the elements of \;, 2 <4 <. In short, the number of partitions in Py (j) with |\;| =75, 1 <i <, is

exactly
' ‘ ._1 l s .2-7
C(J1,~-7Jl)=(] )H(j Jed 1).

J1—1/ 23 Ji

) choices for

We conclude by recalling that j; +--- + j; = j. The second part is a straightforward consequence of
the first one.

Given a partition X\ = (A1,...,\;) € P(j), we consider two ways to derive a new partition of
{1,...,7+1}. Namely, fixed 1 < s <[ we define

(i) )\E'S] = (/\1, .. .,/\5_1,/\5 U {j + 1},)\3+1, .. .,)\l).
(ii) )\[_s] = ()\1,...,)\3,{j + 1},)\s+1,. .. ,)\l).
For instance, given X = ({23},{1}) € P(3), we have )\E’H = ({234},{1}) and Al = ({23}, {4}, {1}).

We have the following lemmas.

Lemma 3.2. Let j e Z*, A= (A1,...,N) € P{(j) and 1 <s<l. Then )\ES],/\[‘S] ePy(j+1).

Lemma 3.3. Let j € Z" and A= (A1,..., ) € P{(j +1). Then there exists a unique AePi(j) and

1<s< such thatA:;\E’S] or)\:/\[_s].
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Proof. Let 1 < s <1 be such that j+ 1€ \;. If |\g| > 1, we pick
A= A ds = {+ 15 Asrts - N) € PE(G).

It is thus clear that 5‘?3] = \. Analogously, if |As| = 1, then s > 2 and we choose

5\ = ()\1,.. .,)\5_1,)\S+1,. ..,)\l) [S 'Pf(])

It is straightforward that 5\[_5_1] =\

Lastly, observe that if we have two different partitions A, A € P§ (), then 5‘[2]7 AL
are all distinct, whenever they are defined. Hence, the partition A yielding X is unique.

and A\~

Y+
A (5]

[s]

The previous lemmas have the following straightforward result.

Proposition 3.4. Let j € Z* and denote by U the disjoint union. Then

PG+ = U U({Pfu{g)):

APF(j) =1
Additionally, we are interested in anti-lexicographically ordered partitions.

Definition 3.2 A partition X = (\1,...,\;) € P(j) is anti-lexicographically ordered if max\; <
--- < max A, that is to say, if each subset contains the highest available number when going from
right to left.

We denote by P%(j) the set of all anti-lexicographically ordered partitions. In order to illustrate
both definitions, consider P(3). Then A = ({12},{3}) is both partly and anti-lexicographically
ordered, A = ({3},{12}) is partly ordered but not anti-lexicographically ordered, A = ({21},{3})
is anti-lexicographically ordered, but not partly ordered, and A = ({3},{21}) is not partly nor
anti-lexicographically ordered.

Proposition 3.5 ([93]). Let j € Z" and 1 <1< j. Fized ji,...,5€{1,...,7} such that j1+--+j; = J,
there are exactly

l . .
. . ]1+...+]._1
N(]l;--',Jl)=H( o )
i=2 Ji—1

different partitions A = (A1,...,N) € PX(J) with |\;| =7;, 1 <i <.

Given a partition A = (A1,...,\;) € P(j), we derive a partition of {1,...,7 + 1} as follows. Fix
1< s <!l and define R R R
)‘[s] :(Al,...,)\su{l},...)\l),

where \; = {ai +1,...,a% +1} for each 1 <4 <. Similarly, we define

Ji
)‘[0] = ({1}75‘17"-75\0 .

Lemma 3.6. Let j € Z", A= (A1,...,N) € PU(j) and 0<s<I. Then A\ € P(j +1).

Lemma 3.7 ([93]). Letj € Z" and A = (A1, ..., \) € P4(j+1). Then there exists a unique A e PA(4)
and 0 < s <1 such that A = A[5).

Proposition 3.8. For each j € Z* we have

PUi+1)= | IiI{A[s]}-

AePa(j) s=0
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3.2 Trivialization for the higher-order jet bundle

Let G be a Lie group, g be its Lie algebra and X be a smooth manifold. In the following, we regard
the jet defined by a (local) function g : X — G as an element of the vector bundle jlg = (dg), €
T*X®TG over X. Let VX : I'(TX) - I'(T*X ® TX) be a linear connection on the tangent bundle
of X, and consider the dual connection, V: I'(T*X) - I'(T*X ® T* X'), on the cotangent bundle.
For each k € Z*, let

v M (@FT*X » X) » '@ T*X - X)

be the corresponding tensor product connection on ®* 7% X — X, which is again a linear connection
[65, §2.4]. Note that v = v. At last, we extend our linear connections to maps,

VR (@ T X @g > X) > (@' T"X®g -~ X),

In the previous expression, the tensor product only concerns the cotangent bundles, but the paren-
thesis is omitted for brevity, i.e.,

R T"Xeg=(®"T"X)®g.

Observe that this works although V) is not tensorial, since g is not a vector bundle, but a vector
space. Indeed, if (U, ) is a coordinated chart of X, where we write = = (z*) = (z!,...,2"), and
{By,...,By,} is a basis of g, we set

v (k) ( a o dr" @ - ® drt* ® Ba) -y (531,---7/% A" @ - ® dl.uk) ® B,,

foreach £, U >R 1<py,...,pup<n, 1<a<m.

Hk
Theorem 3.9. For each k € Z*, the following is an injective morphism of bundles over X x G,
JHX,G) > Gx@f, (9T X ®g),  jhgr (9(2),6M(x),....6M(a)), (3.1)
where
{(1)(1') = (ng(z)—l)g(z) o(dg), T, X ®g,
and

N (@)= (VO DU (2) e@ Ty X @9, 2<j<k.

Proof. We show the result by induction in k. For k = 1, the first jet defined by a (local) function
g: X — G is given by jlg = (dg), : T, X — Ty(2) G- Subsequently, the map is given by composing
this jet with the right trivialization T,G 3 Uy + (g, (dR,-1)4(Uy)) € G x g. Namely,

Jl(XvG) =>Gx (T*X ® g)a jig i (g(x)v (ng(z)‘l) °© (dg)x)7

which is injective since it is an isomorphism of fiber bundles.

Now, given k > 1, we assume that (3.1) is injective for k1. Let j¥g, j%h € J¥(X, G) be such that
(9(2),€D@),....€9 @) # (W), V@), ... .n* (@),

where ¢ = (ng_l)g odg, n(M) = (dRp-1),, o dh, €W = gDl and pl@) = gU-DHG-D 9 <
j < k. If either g(z) # h(z) or £€9)(z) # nU)(x) for some 1 <j < k-1, then j%g # jkh by the
induction hypothesis. At last, suppose that g(z) = h(z), £€9)(z) = nW(z), 1 < j < k-1 and
W) (z) # n®) (). Recall that, in coordinates, we may write (cf. [65, §2.4]) v*D = d + (-1,
whered : I” (®k_1 T X ) - I (®k T X ) is the exterior derivative (which is well-defined, since we are
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working on a coordinated chart) and r&=nep (T*X ® End (®k_1 T*X)), where End (®k_1 T*X)
is the bundle of endomorphisms of ®*! T*X. We have

(k1) (f(k_l)(aj)) - (k-1 (n(k—l)(:c))

and
v(k—l)g(k—l)(w) + V(k_l)n(k_l)(x).

Thence (dé(k_l))x * (dn(k_l))x. Subsequently, j’;g # j];;’h, and we conclude.
By means of this map, we denote elements of the k-th order jet bundle by
(9:6M,....e®) e Jh(x, ),
for some g € G and §(j) e® T*X ®g, 1< j<k, all of them projecting to certain z € X.

Remark 3.1 Except for k =1, the morphism (3.1) does not need to be surjective, that is, there are
elements in G x EB?:l (®J T°X ® g), k > 2, that do not represent an element of J*(X,G). However,
Ezample 3.2 below will show that (3.1) is always bijective for the particular case X =R.

3.3 Lie groupoid structure of the higher-order jet bundle

Since G is a Lie group, for each k € Z* the jet bundle J*(X,G) - X is endowed with a natural
fibered multiplication. More specifically, the following map is well-defined:

JHNX,G) xx JH(X,G) - J(X,G),  (j%g,55n) = jE(gh),

where x x denotes the fibered product of bundles over X . Therefore, J*(X,G) = X is a Lie groupoid
with both the source and the target maps being 7 7x(x ), x - The aim of this section is to compute the
expression of the fibered multiplication under the identification (3.1). We start with the following
technical lemma.

Lemma 3.10. Letj€Z", g: X - G and x(j) el (®j T"X®g—> X), and denote x = (ngf1)godg €
I'(T*X ®g). Then for each U € X(X) we have

@I(Jj) (Adg o X(j)) =ad(x(U)) (Adg o X(j)) +Adg o @g)x(j).

Proof. Let Uy, ...,U;j € X(X), and recall that we denote by v the linear connection on the tangent
bundle, TX. We pick a curve 7 : (=¢,€) - X such that v(0) = » and 7(0) = U(x). For the sake of
brevity, we denote by ¢ : X — g the map defined as z = ) (2)(Uy(x),...,U;(z)). Therefore,

U (Ady()) (2) = | Adggory (001 ()= 5| Aoy s (Mg (09)) (8
= ad (\(2) (U(@)) (Adys) (9(2))) + Adyy () (U (2)))
= ad (&) (U(@))) (Ady(o) (9(2))) + Adyy (U () (9(2)).

As a result, we get
U (Ady(p)) =ad (x(U)) (Ady(p)) + Ady(U(p)).

By using this, we conclude
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v (Adgox D) (th,..., 1))

U ((Adgox) (..., U))) - i(Adg o XD) (U, VU, ..., Us)
i=1

:ad(X(U))(Adg(cp))+Adg(U(<p))—Adg(éx(j)(Ul,...,vf](Ui --.,Uj))

=ad (x(U)) (Ady(p)) + Ad, (U(gp) - ix(” (Uh,..., Vi Us,... ,Uj))

i=1

=ad(x (1)) ((Adg o xD) (U1, Up) ) + Ady (VXD (U1, .., U7)).

Recall that for each k,7 € Z* there is an injective map J’“’”(X,G) o JR(JN(X,Q)) ,j§+rg .
3% (§"g). This allows us to identify

THX,G) 3 kg~ i g) e SN (TFH(X, @) (3.2)

Theorem 3.11. Let z € X and (g,g(l), . ,f(k)) , (h,n(l), e ,n(k)) e J*(X,@). Then their fibered
product is given by

(g,f(1)7...,§(k)) (h,n(l),...,n(k)) - (gh,C(l),--.,C(k)),

where
¢ =D s 3 ad(eU)).ad (€90) (Adgon@),  1<i<k. (3.3)
AePa(5)

Proof. We prove it by induction in k. For k = 1, consider two (local) functions g.h:X > G
such that §(z) = g, h(z) = h, (dRy1) o (d§)s = ¢M and (dRj1), o (dh) = 7M. Recall that
(9,5(1)) (h,n(l)) o ];(gﬁ) By using this, (3.1) and the Leibniz rule, it can be checked that

(9:61) (7™ = (9 (AR gay) 0 d (h), ) = (97, €D + Ady o V) = (gh,¢ V).

Now, given k > 1, we assume that the result holds for k-1 and we pick a (local) function g : X - G
such that j¥§ ~ (g,f(l),...,f(k)) via (3.1). Moreover, we have j*1§ ~ (§,§<1>,...,§(’€—1>). In the
same vein, we pick a (local) function h: X — G such that jﬁz ~ (h, 77(1), e ,n("‘)). By the induction
hypothesis, (jk‘lg) (jk_lfz) ~ (gﬁ,fﬂ), .. .,f(k‘l)). Thanks to this and (3.2), we may write

(gag(l)v s 7§(k)) (hﬂ?(l), s 777(k)) = ]alc ((Jk_lg) (jk_lil))
~ (gh,g“(l), o 7C(k_1)7 @(k—l)g(k—l)(x)).

By recalling that V@0 (z) = ¢U+) 1< j < k-1, and analogous for 70, and by using Proposition
3.8, we finish

§-D 1) () = GO-D) (g(kl) + Y ad (g(jm)) ad (g(jl)) (Adg o ﬁ(jz))) (z)

AePe(k-1)

= ¢ 4 » liad (é‘(jl—l))".ad (5(j3+1))...ad(§(j1))(Adgon(jl))

AePa(k-1) s=1

+ Wag(k_l) ad (€0-).....ad (609) (ad (1) (Ady 0 7)) + Ady 0 0i*D)

- f(k) n Z ad (é‘(jl—l)) ad (5(11)) (Adg on(jz)) - C(k)-

AePa (k)
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For the second equation, we have used that for each j € Z* and j1, js € Z* such that j; + jo = j we
have

@g)ad (X(jl)) (Adg o X(j2)) - ad (@gl)x(h)) (Adg o X(Jz)) (3.4)
+ad (X(jl)) (ad (x(0)) (Adg ° X(jz)) +Ad, o @g2)x(j2))
for each (local) vector field U € X(X), each (local) section
X er(@ T Xeg-X), i=12,

and each (local) function g : X — G, where y = (ng—l)g odg e I'(T" X ®g— X). This is a
straightforward consequence of the Leibniz rule, Lemma 3.10 and the associativity of the tensor
product of linear connections, i.e., V) = v @ 702),

Observe that the identity element is given by (e,0,...,0) € J*(X,G), where e € G is the identity
element.

Corollary 3.12. Let (g,g(l), e ,§(k)) e J*(X,G). Then its inverse is given by (g,ﬁ(l), e ,§(k))_1 =
(g’l,w(l),...,w(k)), where

w® = 3 (1) Adgor o (ad (€99) . ad (£0-0) (¢00)),  1<ji<h. (3.5)

XePe(4)
Proof. For k =1, given (g,g(l)) e JI(X,@), it is easy to check using (3.3) that
(9:€M) (g7, -Adg 0 €M) = (e,0),

whence (¢,60) " = (g7, ~Ad,-1 0 €M),

Now, given k > 1, we assume that the result holds for k- 1. Let §: X — G be a (local) function
such that j¥g ~ (g, cW ,f(k)) via (3.1). Thanks to (3.2) and the induction hypothersis, we may

write
(975(1)7 . 7€(k)),1 ~ (.7’59)_1 - 1 (j’“g)_l i (9717@(1)7 o 7‘:}(k71))'
Hence,

(9.60.... ,§<k>)‘1 = (7w, (FEDEED) (@),

By recalling that (@(j)é(j)) (x) = f(j”), 1<j<k-1, and by using Proposition 3.8, we conclude:

(@(k_l)@(k_l))(gg):w-l)( S (-1) Adg_lo(ad(gul)),,.ad(g(jl_l))(g(m))))(;p)

AePa(k-1)
- Aepaz(kl)(_l)m ad (Ady1 0 €M) (Ad, 1o (ad (€90 . ad (660 (600)))
-1 ) ' ' '
" AeP;kl)(_l)l Adgre 521 (ad (é(h)) ---ad (g(hﬂ)) -.-ad (5(]1_1)) (g(ﬂ)))
+ AEpgk_l)(—l)l Ady 1o (ad (5(11)) ad (g(jm)) (g(jﬁl)))
- AEpza(k)(_l)zAdg_l o (ad (g(m) ad (5(3'171)) (é(jl))) =)

where we have used (3.4) and the fact that ad (Ad,(§)) (Adn(n)) = Ady (ad(§)(n)) for each he G
and £,m€g.
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Thanks to Proposition 3.5, for 1 < j < k, we may rewrite (3.3) as

C(j)zg(j)Jri S NG1,--00) ad(g(jl—l))'”ad(g(jl))(Adgon(jl)).

=1 ji1+-+j;=J

Similarly, (3.5) may be expressed as

WD =3 T (D) N ) Adgor o (ad (€9) . ad (£670) (€00)).

=1 ji+ti=)

Example 3.1 (Second order jet) Let us compute the explicit expressions for the case k = 2. Let
(g,f(l),£(2)) , (h,n(l),n@)) € J2(X,G) and denote by [-,-] the Lie bracket on g. An easy check from
(3.3) yields

(Lq?g(l)’g(?)) (h’n(l),n@)) - (gh,ﬁ(l) +Ady o M, e 4 Ady o n® + [f(l),Adg ° 77(1)]) )

In the same vein, from (3.5) we obtain

<g’§(1)7£(2))—1 _ (9_1’_Adg_1 05(1),—Adg_1 05(2) +Adg_1 o [5(1)’§(1)]).

3.4 Local expression of the trivialization

In this section, we work in a coordinated chart (U, x) of X, where we write = (z#) = (z!,...,2").
This enables us to (locally) identify X = R™ and, hence, " T* X = X x ®" R". Note that sections of
that bundle are of the form £®*) = (idx,g(k)) for some function £*) : X > @*R™. By abusing the

notation, we identify ¢ = é (k)| This way, if we pick the canonical flat connection on the trivial
bundle T* X = X x R" - X, then we have V(*)a = da for each o € F(X x @FR" — X).

Example 3.2 Let X =R and denote by t € R its global coordinate. In this case, a function g: R - G
is a just curve on G and, thus, its derivative, dg: TR — TG, is uniquely determined by its velocity,
g:R - ¢g*(TG). Namely, for each t € R we have

(dg)i: IR =R — Ty G, v+ (dg)i(v) = g(t)v.

By using the velocity instead of the derivative, we get a map analogous to (3.1),
JHR,G) > Gxkg,  jfg (90,60 @),....eM ),

where kg =g ® ]f ®g and
g(l)(t) = (ng(t)‘l)g(t) (g(t)) €9
D)=V D) eg. 255 <k

Note that the information about the base point t € R is lost and, subsequently, the new map is not
injective anymore. Nevertheless, if we restrict ourselves to a single fiber —for instance, the fiber
over t = 0— we obtain an isomorphism of bundles over G: Jé“(R,G) ~ G x kg. The group structure
of Jé“(]R, G) under this identification was originally investigated in [93].

Additionally, we now assume that we are working with a matrix group, i.e., G ¢ GL(N,R) and
N € Z". Hence, (dRp)4(Uy) = Ugh, is the matrix multiplication for each g,h € G and U, € T,G.
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Let g = (gab)é\,{bzl : X - G be a (local) function, where gq, : X - R, 1 < a,b < N. Then, for each
multi-index J, we may consider the partial derivative of g as the following (local) function

aIJlg B (3|J|gab

N
ZJ_ : X - gl(N,R).
6$J )a,b:l

Subsequently, the tangent map of g is given by dg = (9g/dz")dz*, and analogous for higher-order
tangent maps: d?g = d(dg) = (0%g/0x"0x")dz” ® dr*, and so on. In order to keep the notation
simple, it will be useful to define the maps

ng

-1, .
ém...uj:mg : X > gl(N,R), I<py, .. p5<n, jeZ”.

Observe that gugl(l).,_%j(j) = &y, for any permutation o = (o1,...,0;) € S;. Hence, we can

always rearrange the indices to be in ascending order. By the Leibniz’s rule, it is easily checked
that
85#1-4@'

ozV
Lastly, given 1 < py,..., ¢ <n and a subset k = {k1,...,k-} c {1,...,7}, 1 <r <j, we denote

:f;“...ujl/_gul...ujgl/? 1 S:ulu"":l*l’j)VST% j€Z+. (36)

Erclprnny) = Spony bty

This way, given a partition A = (A1,..., ;) € P(j) we denote
!
g>\(u1..~uj) = qfx\i(ul..-uj) = 5/\1(/141~-+Lj) - '§AZ(N1~~-NJ')' (3.7)

Lemma 3.13. For each k€ Z*, k>2, 1 <y, ..., ux <n and X € P{(k-1) we have

o l
MSA(#1'~~#k—1) = Zl (f)fs](#lmﬂk) - gkfg](uu#k)) ‘

+

Proof. Tt is a computation using (3.6), as well as the definitions of )\[S] and )\[_S]. Indeed,

0 0

S M) = 5o |

:((
i(i

(ix[g](m...uk) - fk[‘s](m...uk)) .

::]N

Ex (p1-e-prr-1)

) l
fAi(Hl---Hk—l)) (wéAs(ltl---Hk—l)) (Hl fAi(Hl---Hk—l)))

=S+

= =

1l
[P

]

_

»
Il

MN

l
fxi(m.l.uk_l)) (€00t D) et = EnaCrin ) Se) (Hlfxi(ul...uk_l)))

1=5+

Ju

»
Il

MN

»
1l
—

We are ready to compute the coordinated expression of the injective morphism J* (X,G) =
G x @?zl (®7 T X ®g).

Theorem 3.14. Let k,N € Z*, V be the canonical flat connection on the trivial bundle T*X =
R" xR"™ and G ¢ GL(N,R) (and, thus, g c gl(N,R)). Then the components of the map (3.1) are
given by
ED@) = Y e\ gy (@) d" @ @dati,  1<j<k, (3.8)
XePf(5)
where € : P{(j) - {-1,1} is defined by recurrence as follows: e({1}) = 1, e(AE’S]) = ¢(\) and
e(/\[‘s]) =—€(\) for each j e Z*, X e Py (j) and 1 <s<j.
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Proof. Again, we show the result by induction in k. For k = 1, we have

¢W (@) = (dg)ag(a)™ = (99/02") (x)g(w) " da' = &, (x)dat"

Note that this expression agrees with (3.8) since Py (1) = {({1})} and e({1}) = 1.

To conclude, given k > 1, we assume that the result holds for & — 1. Hence,

g(k)(x) = (dg(k_l))x - d( > €Nyt @ ® d’xuk_l)

(k-
AeP; (k-1) N

9
_ e(A)(—gA o )(x)dx“1®---®dx“k
)\epf(k_l) 8:[;‘“’6 (lu‘l MK 1)

l

= Z Z e(A) (5/\f's](m-~uk)($) - gkfs](uuﬂk)(‘/z)) dz"t @ -+ ® dat*
NPT (k-1) 5=1

= Z G(A)g)\(ul,..pk)(x)dx'ul ® - @ drt*,
XePf (k)

where we have used Proposition 3.4 and Lemma 3.13.

Recall that given a Lie algebra g there exists an associative algebra with identity, which is called
universal enveloping algebra of g (cf. [49, 92]) and is denoted by U(g), together with a linear map
t:g— U(g) such that

(1) ¢([&,m]) = e(&)e(n) — v(n)e(€) for each &, n € g.
(i1) U(g) is generated, as an algebra, by {¢(§) | £ € g}.

(iii) If Ais an associative algebra with identity and i : g - A is linear and i([£,n]) = i(£)i(n)—i(n)i(&)
for each £,n € g, then there exists a unique algebra homomorphism ¢ : U(g) — A such that
1=¢olL.

The following result ensures that we may identify g3 & = 1(€) € U(g) and we regard g c U(g) as
a vector subspace.

Theorem 3.15 (Poincaré—Birkhoff-Witt [92, Theorem 3.2.2]). Let {Bi,..., By} be a basis
of g, then
span{¢(&1)* ... (&)™ | € Z, a; >0, 1<i<m},

where 1(€)° = 1, the identity of U(g), is a basis of U(g) as a vector space. In particular, the map
t:g—Ul(g) is injective.

In the vein of future generalization of Theorem 3.14 to non-matrix groups we note that the
maps &, .., take values in the universal enveloping algebra of g. This can be checked by induction;
namely, for each j e Z*, £, ., : X — U;j(g), where we define

Uj(g) = g+span{Bl-1 .. B,LJ | (il,. ..,ij) € Sj} C U(g),

the sum being the one of vector subspaces. Note that the sum becomes direct sum, &, for j > 1,
whereas U1(g) = g+ ¢ = g. In any case, despite expression (3.8), the elements £ () take values in g
by construction.

Lastly, we use the previous theorem to compute the image of the map (3.1) for k£ = 2. We denote
by
Sym: Q*T*X - VFT*X, Skew: @ T*X - NFT*X
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the symmetrization and skew-symmetrization maps, respectively. Recall that for & = 2 these maps
induce the decomposition T*X @ T*X = (T*X vT*X) @ (T*X AT*X). Similarly, for each &,&5 €
U(g) we denote by [£1,82] = &1€2 — 261 the commutator, and by {&1,§2} = §162 + £2&1 the anti-

commutator.

Corollary 3.16. Let X =R" and G c GL(N,R) (and, thus, g c gl(N,R)). Then
JA(X,G)2GxVhcGx(T"X®g)e (T XeT "X ®g),

where Vs is the affine sub-bundle defined as
1
i {(€nan e ("X e g 8 ("X 6 T X 0) [ Skew(ar) =566}

In particular,
, 1
Sym(a) = & (z)dst ® da” - é{ﬁx,&v}.

Proof. Since the map (3.1) is an injective morphism, it is enough to show that its image is, precisely,
Gx ((T*X ® g) ® Vo). Thank to the previous theorem, we know that (3.1) is given by

j2g = (9(), 60 (@) = u(@)da’, €2 () = (§u(7) = §u(2)6(2))da" @ da”),

where &,(z) = (9g/0z")(x)g(z)™" and &,,(x) = (0%g/0z"0z")(x)g(x)". Tt is clear that the first
and second components of the map are surjective onto G and T X ® g, respectively. Additionally,
it is easy to check that

Skew (€2)(2)) = - [€D (@), €D @)]
Analogously,
Sym (5(2)(33)) =& (z)da" @ dx” - % {f(l)(:c), 5(1)(33)} ,

and we conclude.






Chapter 4

Gauge reduction in covariant field theory

This chapter is based on our work [18], where we develop a Lagrangian reduction theory for covari-
ant field theories with gauge symmetries. Some preliminary results were presented in [81]. These
symmetries are modeled by a Lie group fiber bundle acting fiberwisely on a configuration bun-
dle. In order to reduce the variational principle, we utilize generalized principal connections. After
obtaining the reduced equations, we give the reconstruction condition and we relate the vertical
reduced equation with the Noether theorem. Some applications to illustrate the theory are given
in Chapter 5. The construction of a general Lagrangian reduction procedure for (covariant) field
theories with local symmetries here presented extends the classical case investigated in [32] for
global symmetries. In some sense, we can say that this is the culmination of the reduction program
in its generality.

As explained in the introduction, for this type of reduction we consider a fibered action of a Lie
group bundle 7g x : G - X on the configuration bundle of the theory 7y, x : ¥ — X. Since the
Lagrangian density is defined on the first jet bundle J'Y, we lift the action to the first jets, thus
yielding a fibered action of 7 1¢ y : J'G - X on Thyx JYY - X. In most examples found in the
literature the Lagrangian density is not invariant by the whole jet bundle, but only by an affine Lie
group subbundle H c J 1G. This bundle H - X can be thought as a non-holonomic constraint in
the nature of the derivatives of the symmetries. The existence of this constraint is the main source
of complexity of the gauge reduction theory, since the invariance by the full jet is actually rather
trivial as we show in the examples of the next chapter. Therefore, the reduced configuration bundle
is (J'Y)/H - Y |G. We start the chapter by analyzing the geometry of (J'Y)/H. with the aid of a
generalized principal connection. Next, we drop the Hamilton’s variational principle to the reduced
bundle and we apply it to the reduced Lagrangian in order to obtain the reduced field equations.
We finish by investigating the reconstruction problem and the relation of the reduced equations
with the Noether theorem.

4.1 Geometry of the reduced configuration space

Let mg x be a Lie group bundle. A Lie group bundle connection v provides an identification of the
affine bundle J'G — G with its model vector bundle 7*X @ VG ~ G x x (T*X ®g). If the Lie group
bundle connection is regarded as a 1-form v taking values in g, the identification is given explicitly
as

0,:J'G>Gxx (T X ®1), jn+ (n(x),vo(dn)s). (4.1)

We can transfer the Lie group bundle structure of J'G - X (for example, cf. [37, §3, Theorem 1])
via the above identification, as

(g,{x) (hﬂ]:c) = (ghagx +Adg O77x)> (gagx)7 (h,m:) €G, x (T;X ®gx)7 zelX.

41
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Note that the identity element is (1,,0,) € G xx (T* X ®g).

Assumption. Henceforth, let my x be a fiber bundle on which 7g x acts fiberwisely, freely and
properly, and 7y x be a closed Lie group subbundle H c J'G of 7 g x such that 75 6(H) = G.
Besides, we suppose that 7 g is an affine subbundle of 715 g. Identification (4.1) enables us to
regard

0,(H) c G xx (T*X @1),

We denote O, (H) by the same symbol, H, since the context will clarify the distinction between
the two objects. Then H c G xx (T*X ®g) is both a closed Lie group subbundle over X and an
affine subbundle over G.

Proposition 4.1. Let H c J'G be a closed Lie group subbundle of mng.x and an affine subbundle
of mpgg. Let ¢ : G - T*X ®g be a bundle morphism such that (g,¢(g)) € H for each g € G
and' (1) = 0, for each x € X. Taking into account the identification (4.1) there exists a vector
subbundle $c T* X ® g such that

H = {(9777%) €G xx (T*X®g) | ﬁx = 80(9) +Nzy Nz Eﬁz}

Furthermore, $ is Ad-invariant, i.e., Adg($z) c $5 for each x € X and g € G,.

Proof. Let g € G and z = g x(g) € X. Since Hy c {g}x (T X ®g, ) is an affine subspace, we may write
Hy ={g} x(¢(g)+85y) for certain vector subspace $4 c Ty X ®g,.. In addition, H, c G, x (T; X ®g,)
is a Lie subgroup, whence

(1z:m2) - (9,9(9)) = (9,0(9) + 1) € Hgy M € N1,
Hence, $4 = $1, and we denote $), = $1,. We thus define § = [ |cx H. - X.

For the second part, observe that for each 7, € ), and g € G, we have
(9,¢(9))(1a;nz) = (9,9(g) + Adg o) € Hy.

Note that, as a vector subbundle, we may consider the quotient (7*X ® g)/$, which is again a
vector bundle over X. We denote the corresponding elements by [£;]5.

Lemma 4.2. The map ¢ : G - T*X ®g satisfies
[p(gh)]s = [w(9) + Adgop(R)]y,  g,heGy, zeX.
Proof. We have that

(9,9(9)) - (h,o(h)) = (gh,o(g) + Adgop(h)) € Hyp

Hence, ¢(g) + Adgo p(h) — p(gh) € $H, and we conclude.

Now we define the following map

Py (Y xx (T*X ®8)/9) xx G~ Y xx (T*X ®5)/9

(0[&10)9) = (v-9.[Ady 1o (& +0(9))]s) 42
Remark 4.1 If the action of G on Y is left, then the map (4.2) should be
By:Gxx (Vxx (T'X80)/9) > ¥ xx ("X 80)/9 s

(9: (y:[€2]9)) = (9, [Adg e &+ 0(9)]5)
! Observe that (1,,0,) € Hi,, since H c G xx (T*X ®g) is a Lie group subbundle (over X).
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Thanks to the Ad-invariance of ), the map (4.2) is well-defined. Moreover, a straightforward
computation shows that it is a (free and proper) right fibered action. As a result, we may consider
the corresponding quotient, which is a fiber bundle over Y'/G:

Y xx (T*X ®g)/§§

T°X ® =
( Q)cp,ﬁ ¢g0

(4.4)

The elements of this quotient are denoted by [y,&;]q., where y € Yy, & € (T"X ®g), and x € X.
Analogously, we have the fibered action given by (4.2) with ¢ = 0, which yields the quotient

Y xx (T*X ®g)/9

T°X ® =
( )05 2,

Proposition 4.3. In the above conditions, the following statements are true:

(1) (T"X ®a)o,5 = Y /G is a vector bundle.
(ii) (T* X ®8) 5 = Y /G is an affine bundle modelled on (T X ®g)o5 = Y/G.

Proof. For (i), it is easy to check that the following operations are well-defined

v, &0 + [y Glso = [W, & + Glso. Aly:&ls0 = [ys Aels0,

for each [y,&:]9.0,[v, CGlso € (T7X ® 8)0n and A € R. Likewise, for (i7), the following map is
well-defined

[[ya gx]]ﬁ,tp + [[yv Cr]].ﬁ,o = [[ya §$ + Cwﬂﬁ,cpv
for each [y,&:]0n,0 € (T"X ®8)y,5 and [y, Gls0 € (T X ®8)0,5-

Remark 4.2 Observe that, given a Lie group subbundle H c J'G, the map ¢:G - T*X ®g is not
unique. Furthermore, H c G xx (T*X ®g) is a vector subbundle over G (that is, (T"X ® §),¢ =
(T X ®8)0.5) if and only we can choose the map ¢ = 0. This is equivalent to the condition v(G) c H
when we regard H as a Lie group subbundle of J'G.

Even though the case ¢ =0 is very relevant in examples, in the following we will assume that ¢
does not necessartly vanish.

Analogous to the adjoint bundle defined in Example 2.3, we can consider the tensor product
T*X ® g as the quotient

B Y xx (T*X ® g)
B g

by letting G act trivially on T* X. As the vector subbundle $) ¢ T* X ® g obtained in Proposition
4.1 is Ad-equivariant, the action of G on Y xx (T* X ®g) restricts to Y xx $ and we may consider
the corresponding quotient

T*X @8 -Y/G

Y xx 9
9= g

In addition, g ;g is a vector subbundle of Tr«xefy/g: S0 it makes sense to consider the cor-

cT*X®§—Y/G (4.5)

responding quotient vector bundle, (7*X ® &)/, whose elements are denoted by [y, £,] 5, Where
yeYy, & e (T"X ®g), and 2 € X. Moreover, it is easily seen to be isomorphic to (77X ® g)¢ 5.

Lemma 4.4. In the above conditions, we have the following isomorphism of vector bundles over

Y/G,
T*'X @8 Y xx (T"X @g)/9

9 Do

= (T*X ® Q)Oj;-
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On the other hand, the first jet extension of the fibered action @ is a right fibered action of

WJlg,X on 7TJ1Y,X
oW JY xx J'G > T, (Gas,day) = Ga(@(5,7))- (4.6)

where, for (local) sections s € I'(wy,x) and v € I'(7g x ), we have the (local) section @(s,v)(z) =
d(s(z),v(x)), x € X. If we regard 1-jets as tangent maps of sections at a point, that is, jls = (ds),
and jlvy = (dv)., we may rewrite ! as

@(1)(];87];7) = (dé)(s(x),'y(a:)) ° (de,d’}/x) T X — Ts(x)'y(a:)Y

The following result studies the geometry of the quotient of 71y x by the fibered action (4.6)
when restricted to the Lie group subbundle H c J'G.

Theorem 4.5. Let w € 21(Y,g) be a generalized principal connection on Ty,y /g associated to a Lie
group connection v on g x and consider a Lie group subbundle H c JYG as in Proposition J.1.
Then the following map is a bundle isomorphism over Y [G:

(J'Y)/H > JYY/G) xy ;g (T*X ®1),.5
[]:}:S]H g (];O'Sa [[S('T)aws(:r;) ° (ds)x]]f),go)’

where os = [s]g = Ty,y/G©S € F(WY/Q,X)'

(4.7)

Proof. For jls e J'Y and jln e H, let s and 1 be (local) sections defining those jet elements. On
one hand, it is clear that og(s,) = 0s. On the other, by (4.1) we have gin ~ (n(x),vo (dn),) € H,
whence v o (dn)z = ¢(n(zx)) + 1, for some 7, € 9, by Proposition 4.1. Therefore,
[[@(57 "7)(53)7 W (s,m) () © (d@(s, 77))1"]]5,90

$(2) 0(2), Ws(2)n(w) © (AP) (s(2),n(x)) © ((dS)as (d)a)] g

(:C) 77(93) Adn(alc) 1 ( Ws(z) © (ds)ft tvo dﬁ)z)]];) o

(x) Ws(x) © ds)x + 7790]]5
S($) Ws(x) © ds) ]]5(’0

I
s=||=|s=¢|=¢

Subsequently, the map is well-defined. A straightforward computation shows that the inverse map
is

Jl (Y/g) ><Y/g (T*X ® g)cp,ﬁ - (JlY) /Hv (j;m [[yagx]]ﬁ,@) e [HOTZJ ° (da)x + (gx);]H

where Hory' : Tj,,(Y/G) - T,Y is the horizontal lifting given by w at y € Y. Observe that it is
well-defined thanks to Lemma 2.11 and Proposition 2.15.

4.1.1 Connections on the reduced spaces

Let w be a generalized principal connection on myy g associated to a Lie group connection v
on mg x and V¥ be a linear connection on the tangent bundle of X. These connections induce
a linear connection on the vector bundle mgy /g, and an affine connection on the affine bundle
T(T*X®R),.5,Y/G 8 follows. Consider the linear connection V& on mg x induced by v (cf. Proposition
2.8). As above, denote by ¥ “’H the corresponding parallel transports. It is easy to check
from the definition that the connections v and V% satisfy the following compatibility relation:
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z(b) z(b)
g'lx(a)Adg(g) = Adu”igl;)) ( ”x(a) ) ge g;c(a)7 e 82(a) (48)
for every curve = : I - X. Indeed, consider the curves a: I - g and §: I — g given by

o(t) = A, (). BO=S[Ad(©).  ter.

Note that a(a) = B(a) = Ady(X) and 7mg x o o = . Thanks to the uniqueness of parallel transport,
to show that o= 3 it is enough to check that o’ = 8’. This holds, as for each ¢ € I we have

d d
- 2
a() t( VHzEa))g de €

vz(t)
I entes)

d
_d d (t)
" dt deleo V||§§”g( e exp(ef))
dd| ,
T dt del. HH cg (exp(€f))
d d x(t) .
" dt dele H eXp((ng)lua)(ef)) =B'(t),

where we have used that v is a Lie group connection and ¢; : G(4) = Gu(q) 18 @ Lie group ho-
momorphism. Equation (4.8) and Proposition 2.13 ensure that the following parallel transport is
well-defined.

Proposition 4.6. The assignment sending any curve v: 1 - Y [/G to the map

() . (®) x(b)
Hz(a) ) > &) [9:¢g [ HZ(a) ’ng(a) ]

is a linear parallel transport on gy g, where x = Ty g x © .

We denote by V8 the corresponding linear connection on gy /G and by Vﬁ/dt the corresponding
covariant derivative.

Lemma 4.7. Let V¥ be a linear connection on mg,x - The assignment sending a curve x: I — X to
the map

z(b) z(b) v(|(®) v||z() (b)
HHx(a) : Hx(a) - Hm(b)7 HHm(a) (gv 4,0(9) + nx(a)) = ( Hx(a)g’ QD( H:v(a)g) +5Hm(a)77:v(a))
for each (g,0(9g) +Nz(a)) € Hya) is a parallel transport on mp x .

In the same vein, a parallel transport may be defined on the vector bundle H = G xx $ - X as

follows,

T7E®)  — — (b) z(b) z(b)
HHx(a) FHo(a) = Hav), Hm(a)(g e(a)) = ( Hg;(a) vﬁ”z(a)nfc(a))

Now we extend V¥ to a linear connection V® on T*X ® g that is compatible with v, i.e., the
relation (4.8) holds for ®|| instead of QH Similarly, V® is said to be compatible with ¢ if it satisfies

z(b
®Hacga)) SO(Q) S0( Hz(a) ) ge g;r,‘(a)7 (49)

for each curve x : I - X. Henceforth, we assume that V® is compatible with v and ¢. We are ready
to define a linear connection on the reduced bundle.



46 4 Gauge reduction in covariant field theory

Proposition 4.8. The assignment that each curve v:1 - Y |G corresponds to the map

7(b) z(b)

(b) % * w
|D(a) : ((T X ®g)@75)'y(a) - ((T X ®Q)<P,f.))»y(b)7 [[yagx]]ﬁ,cp = [[ H’y(a) y’®Hm(a) ém]]f),tp7

where x =Ty g x ©7, 15 an affine parallel transport on T(T* X&) p.5.Y /G-

Proposition 2.13, (4.8), together with the Ad-invariance of §) and (4.9), guarantee that it is well-
defined. Besides, it is affine thanks to the linearity of V®. We denote by V the affine connection on
T(T*Xeg),,.q,Y/¢ associated to H and by V/dt the corresponding covariant derivative.

4.2 Reduced variations on (T*X ®41),.5

Given a section s € I' (my,x ), the corresponding reduced section is defined to be

S = [[S, S*w]]ﬁ’(’p el (W(T*X®g)%g,,X) .
Observe that the projection m(p« Xef),.5,v/g © 5 is nothing but the quotient section o, = [s]g =
Tyyjgosel (7ry /G, X). We aim to compute the variation s of the reduced section induced by a
variation ds of the unreduced section. More particularly, we are first interested in the vertical part
V§t(x)
dt |,
of that reduced variation with respect to the connection V on mp- Xef), 5.y /g built in Proposition

§V3(x) = 63(x)Y = reX,

4.8. For that, we analyze below the corresponding expression of 6¥5 when the variation és =
dsy/dt|s=q is vertical or horizontal with respect to w. By linearity, the expression of 6V5 will be the
combination of both terms. In addition, since (T*X ® ), 5 — Y /G is an affine bundle, we will
identify the tangent space of each fiber with the associated vector space, i.e.,

V(T X ©0)p5) = T3 (T X ©8),5),) = (T°X ®2)oys),, .

for each € (I X ® 1), ¢, where o = T(T*Xeg), +.v/6(¥) € Y/G. Analogously, the restriction of the
tangent map of p: G > T*X ®g to g=1*(VG) yields the following morphism of vector bundles,

pu=dolgig>T"X®q.

Lemma 4.9. If {s:} is a my,yg-vertical variation, that is, ds = § for some & € I'(mg x ), then we
can suppose that it is of the form sy = s-exp(t§). In that case,

d

il Adespre © (57 + p(exp(-1)) = VHE = 0.6,

Proof. The first statement is because the variation of the functional only depends on the infinites-
imal variation. For the second part, we have

2| Ad fw=—|  stw+—| Ad .
dt =0 exp(tf) o Stw dt 0 St w + ; L:O exp(tf) oS W
d *
= L] “ PP (6) ((dD) (s,exp(te)) (ds,dexp(t€))) +ad(€)(s*w)
d . .
= a o Adexp(—tg) (S w+vo deXp(tf)) + [5,8 w]
_d vodex (t§)+i‘ Ad ovodl
B dt t=0 P dt t=0 exp(~t)
«) d
) EL:Oyodexp(tg)

= vi¢.
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Equality (*) comes from property (i) in the definition of Lie group connection. Similarly,

% -0 Adexp(tﬁ) © SO(eXp(_tf)) = % -0 @(exp(_tf)) + % 0 Adexp(té’) o <p(exp(()))
= —p« ((dexp)o(§)) +ad(§)(¢(1))
= _So*é-a

where we have used that ¢(1) =0 and (dexp)o = idg.

Proposition 4.10 (65 for vertical variations). If {s;} is myy g-vertical, that is, ds = £ for
some & € I'(mg x ), then:

5V3(x) = [5(2). (V%) (@) - (0 (@0)] o, wEX.
Proof. The reduced variations are
5i(x) = [s(x) -exp(t&(2)), (s{w),lg , = [5(2), Adexpire(ay) © ((57w), + plexp(=t&(@)))] -

Since (1« xeg),. v/ © 5t = 0s for all t € (—€,€), we have that {5} is a T(7+xeg), ,,v/g-Vertical
variation and Vs;(x)/dt|,_, = d5;(x)/dt|,_,. Subsequently, the previous Lemma results in

575(a) = [s(0). S| Adugueton o (i) + plexp(-16:0)]

= [5(2). (V2 (@) - (£:O) (1) g0 -

‘5’0

Lemma 4.11. If {s;} is w-horizontal, i.e., w(ds) = 0, then the horizontal component of 63 with
respect to V is

— d *
65(x)" = EL_O [st(2), (s"w)alg xeX.

Proof. Let Horgv(z) Ty () (Y/G) = T52)((T* X ®8),,55) be the horizontal lift given by V at 5(x).
Then §5(z)" = Horgv(w) (605(x)), since (dn(p-xeg), 5.v/G)3() © 05(x) = dos(x). By construction of

v, we have’:

w ®
Horgv(a;) (50—3('%')) = (dQ)(s(x),(s*w)x) (Hors(x) (50'3(.%')) 1HOT(VS*W)I(OIE)) )
where ¢ : Y xx (T"X ®g) - (I'"X ®1),4 is the quotient projection. The horizontality of ds(x)

yields Hor ) (00s(x)) = ds(x), and it is clear that Hor(vﬁw)z(om) = 0(s+w), - Hence,

55(2)" = Horl, (0.(a) = 4 @on(®)= 5| [s(o). (")l

where for the computation of the tangent map dq, we consider the curve v : (=¢,e) > Y xx (T* X ®g),
Y(t) = (s¢(2), (s*w)z), since ¥(0) = (s(z), (s*w)z) and 7(0) = (ds(x), 0z).

Proposition 4.12 (65 for horizontal variations). If {s;} is w-horizontal, i.e., w(ds) =0, then

§Vs(z) = [s(x), Q4(2) (05(), (ds)x)]]ﬁo, reX.

? Recall that (d7my/g,x ). () (90s(x)) = 0, since the variation {s¢} is Ty, x-vertical.
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Proof. Thanks to the previous Lemma:

6Vs(z) = 05(x) - 63(x)"

d . p *
= a‘t:O [[St(ﬂf)a (St W)x]]j'g#, - %Lzo [[St(x), (s w)x]]ﬁ(p
d . i}
= E‘t:o [[St(x)a (Stw)m - (8 w)d]sa’o

<szw>m]]

Hs(m’ %L:o

570

Since the formula that we are proving is local, we can suppose that our bundles are trivial, that
is, G=XxG,g=Xxgand Y =Y/G x G, where g is the Lie algebra of G. We can thus regard w
as a 1-form on Y with values in g. Then

%‘to (Szw)x = 5*£550J = 5*(i55dw + d(i(gsw)) = dws(a:)((SS, dS),
where £ is the Lie derivative and w(ds) = 0. Then
d *
%’t—o (s10)z = desa) (95, (ds)") + dws(z) (s, (ds)”)

= dws(az) (587 (ds)h)

= dBw(ds, ds) = Q42 (05,ds),
since dw, (g (95, (ds)?) = ds(w((ds)")) — ws(z) ([0s, (ds)"]) = 0. Indeed, we are working on a trivial-
ization, so we can write (ds)? = &* for some £ € g. Thus, w((ds)?) = w(é*) = ¢ and 65(€) = 0. In

addition, we have

[0s,(ds)"] = (£(d8)v58)

d

= EL:O (dP) (s.4(t)) (ds, Og(t))
d
dtleg '~

where g : (—€,€) > G is defined as g(t) = exp (té) Note that U € T5Y is my,yg-horizontal since so
is each Z; € T Y

Wag(t) ((AP) s g(1) (55, 041))) = Adgey1 (ws(95(2)) +v(0y(y)) = 0.

Since every arbitrary variation ds can be split into its my;yg-vertical and horizontal parts, we
obtain the following result. We also make use of Lemma 4.4.

Corollary 4.13. Let §s be a variation of a section s € I'(my x) and consider the induced variation
6Vs of the reduced section's = [s,s5*w]g,, € I(m(rxeg),.qx) Then:

§Vs =[5, VB — 0. & + 02 (85, ds)]];5 , E=w(0s).

At last, we express the reduced variation in terms of the reduced section. To that end, we define

the operator v F(ng) - F(”T*X@Q,X) as

V8 (o) (1)

dt ’
t=0

(79¢) (20) = e l(ngy), UeX(X), m€ X, (4.10)

where z : (—¢,€) > X is a curve such that 2'(0) = U(xo).
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Lemma 4.14. For each & = [s,{]g € I'(mg x ), we have

vgg = [87 vg§ + ads*w(ﬁ)]g‘

Proof. Given U € X(X) and zg € X, let  : (=¢,¢) » X be such that z/(0) = U(xo). Let v =
Tyyjgosox:(~¢¢€) —>Y/G and write

(s02)(t) = (“|[0)5(x0)) - 9(t) (4.11)

for some g : (—€,€) - G. Observe that mg x o g =« and g(0) = 1;,. From Proposition 4.6 and (4.8),

we get

V8 (o) (1)

dt

IR I ION IO
dt =g "M@

d 7(0) [y (8)
Tt t:(]gH'Y(t) [ ‘D(g)s(xo)’Adg(t) °© (€ °© l‘)(t)]g

d w -
= oo LT (CIliys@) S (A 0 €0y (0)]
z(0)
B E t=0 I:S(xo)7Ad”|ig?))g(t) QH (t) (6 ° x)(t):lg
= [s(20), (V) (o) +ad(€(w0))] 5+

(75€) (20) -

t=0

where we denote ( = v ||i$)) g(t) €g,,. By taking the covariant derivative in (4.11), we obtain

dt‘t 0

D¥ J
Dil (sox)(t) = il va(t) (so0z)(t)
_d w||70) ( (w7 (t)
T dt 1=0 H—y(t) (( HV(O)S(!EO))'g(t))
_d 2(0)
1IN CCORWHIT0)
= Cs(ao)

where Proposition 2.13 has been used. We conclude by applying w at both sides of the previous
equation:

(S*W)mo(U(xO)) = Ws(zq) ((ds)xo(U(xO)))
d
autan (5], om))
DDJ
o ( |, o m)0)

= Waao) (Caw))
= ¢,

where () of Definition 2.5 has been used.

By linearity, the following map is well defined

P 8->T"X®8, [y,&]g~ [V, 8- (4.12)
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Moreover, given a ® ¢ € T* X ® §, we define the vector bundle morphism
ad,g; 8> T"X ®8, &~ a®ads(f), (4.13)

which is well defined provided g /g(f~ )=Tgy /g(f ), where ad : g xy g § — § is the (fibered) adjoint
representation on the (generalized) adjoint bundle. Note that we keep the same symbol for both
maps for simplicity. By denoting 3 = [s,5"w]g € I'(Tp+ x5 x) and & = [s,{]g € I'(7g x ), it is clear
that [s,ads,(€)]g = ads(€). Thence, the following result is now straightforward.

Corollary 4.15. Let §s be a variation of a section s € I'(my x) and consider the induced variation
of the reduced section s = [[s,s*w]g . Then for each x € X we have

675 (w) = [73 - ads(§) - 2. + 2004, o) . .
where &(z) = [5(7),ws(a)(65(2))]g and 5(x) = [s(x), (s*w)z]g for each x € X.

4.3 Variations on J1(Y/G)

The induced variations dos of o5 = Ty y g o s are just the projection of the variations of s, that is,
dos =dmyyg(ds).

In particular, these reduced variations are free, with no particular constraints (in contrast with
the constraints for §s analyzed in the previous section). For later convenience, we now analyze the
vertical part of the 1-jet lift of o, to J'(Y/G) with respect to a suitable connection.

Let V¥/9 be a linear connection on the tangent bundle T(Y/G) - Y'/G and consider the operator
—Y/G
v/ :D(mryg),x) = I'(7r«xer(v/g),x ) defined as

v 9 (aory)(t)

dt ’

(V%) (@) = )

O[EF(’R’T(Y/Q)J(), UE%(X), IEEX, (414)

where 7 : (-€,¢) - X is such that 7/(0) = U(x). The following Lemma is an adaptation of [32,
Corollary 3.4].

Lemma 4.16. Let {s;} be a variation of a section s € I'(my x) and consider the induced variation
Of Og € F(ﬂ'y/g)(). Then:

vY9d(04)(Us)
dt

= (Vg/géas) () +TY9 ((505(3:),]';05(&5)) , reX, Uy eT, X,
t=0

where U € X(X) is such that U(z) = Uy, and TY/9 € T} (Y /G) is the torsion tensor of V¥/9.

The connection VY79 is said to be projectable on a linear connection VX on mp x,x if the following

diagram is commutative:

VYIS
T(T(Y/9)) T(Y/G)
d(dmry g, x) dmy g, x
T(TX) v
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where vY/9 and v are the vertical projections of the connections VY79 and V¥, respectively.

Consider the vector bundle
VY /G " V=T"X® T(Y/Q) - Y/Q

A section p € I'(mji(y/g)y/g) can be regarded as a section p € I'(myyg) since J'(Y/G) c V.
Likewise, p can be regarded as a connection on 7y g x. The next Proposition is an adaptation of
[54, Theorem 3.1, Lemma 3.1] to our case. See also [32, Equations (3.13), (3.14)].

Proposition 4.17. If VY19 s projectable onto V| then it induces an affine connection v/ (Y/9)
on Ty /g,y /G gwen by

1
vy, Y= (idevt)ovlp,  ZeX(Y/G)., pe I (mneyigyio):

where id : T*X — T*X is the identity map, v* is the vertical projection associated to p, and V" is
the linear connection induced on' V =T*X®T (Y |G) = Y |G by the tensor product of the connections
vY/9 and v¥.

Corollary 4.18. For any variation dos = d/dt|i=o(0s)r of a reduced variation o, the vertical part
with respect to the comnection v/ (Y/9) of its 1-jet lift is given by

571G g v/ Y9 (o),

7 = ﬁy/géas +TY/9 (00s,dos) .

t=0

Proof. Given z € X and U, € T, X, the tensor product connection V" satisfies

VV]':%(US)t (U,) = vy/gj:%(US)t(Ux) —( '103) (VXU?C) = VY/gj;(o-S)t(Ux)'

dt dt Ja dt dt

Since the projection of j1(os)¢(U), by dry g, x is constantly U, we have that VY195l (0)(U,)/dt
is my /g x vertical so that

Vy/gj; (0s)t
dt

dt dt ’

and the proof is complete by Lemma 4.16.

If the connection V¥ is torsionless (and that will be our choice from now on), the formula above
simply reads
519 1o T 50,

4.4 Reduced field equations

Let £:JY — A"T*X be a (first order) Lagrangian density on a fiber bundle my,x + Y — X with
compact base manifold X. Assuming that X is orientable and v € 27(X) is a volume form, we
write £ = Lv for certain L : J'Y - R. Let 7g,x : G - X be a Lie group bundle and H c J1G be a
closed, affine, Lie group subbundle, as in Proposition 4.1. If L is H-invariant, i.e., if

L(#W (jys,dan)) = L(iks), ¥ (jas,din) € J'Y xx H,

then the dropped or reduced Lagrangian is well defined as
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U:(J'Y) H R, [jisly =~ 1([iis],) = L(irs).

Let w € 2'(Y,g) be a generalized principal connection on Ty,y)g associated to a Lie group
connection v on 7g x, and choose a map ¢ : G - T*X ® g for the Lie group subbundle H as in
Proposition 4.1. Thanks to Theorem 4.5, we may regard the reduced Lagrangian as defined on
JHY /G) xy g (T*X ®1)y.5. Recall that, given s € I' (my,x ), the corresponding reduced section is

S = [[S, S*W]]f),w el’ (W(T*X®g)¢_@,X) .

A variation {s;} of s induces a variation {5; = [s¢, s;w]g e} of the reduced section s = [s, s*w]g .
By construction, L (jlst) =1 (jl(as)t,Et) for every t € (—¢,€). Therefore:

: t=0])-( L(jlst)v=% /X 1(5'(05)e,3¢) v (4.15)

dt

t=0

7
7
/

[

Let H°cTX ® g* be the annihilator of $§ ¢ 7*X ® g. Then, H° = (Y xx 9H°)/GcTX ®@g" is the
annihilator of ) c 7" X ® g. This space is canonically isomorphic to the dual vector bundle

7= ((T"X 08)/9)",
where the dual pairing is given by ([y,Cxlg, [y; &]5) = (Gor &) for each [y, Cp]g € $° and [y, & €
(T"X ®§)/9.

On the other hand, J'(Y/G) xy)g (I X ®8),5 — Y/G is an affine bundle, since both JHY/G)
and (T"X ® ), are affine bundles over Y'/G. Let V* be the affine connection on this bundle

induced by the affine connections v’ '(Y/9) and v introduced above.

Definition 4.1 Let s € I'(ny,x) and consider the reduced section s = [s,s*w]g 4, as well as o5 =
Ty,y)g © 8. The partial derivatives of the reduced Lagrangian

LN (Y [G) %y g (T X ®8)p5 > R

are the sections
ol

Yo

ol
djtos

ol
EF(T['T*(y/g)’X), GF(WTX®V*(Y/Q),X)’ % EF(WET’,X)

defined as
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ol d L
2)=—| {w®"®)), VU, €T,y (Y /G),
<50's ) dt =0 (PYU( ) ( )) €loy( )( /g)
ol d 1 B .
<5j1gs(x),V$> T t:OZ(Jxas +tVz,s(x)), VVe e Ty X @V, (1) (Y/G),
ol d 1 . o
(%(m)va> = tzol(chas,s(:c) +th), VW, €= ((T X ®g)/g)as(x)’

for each © € X, where 'yU(t)h is the horizontal lift with respect to the connection V™ of a curve
Yo : (—€,€) > Y /G such that 4'(0) = U,. As usual, (-,-) denotes the corresponding dual pairings.

We remark that, whereas the two latter derivatives are (intrinsic) fiber derivatives, the par-
tial derivative 6l/dos depends on the choice of the connections. Anyway, all of them are sections
projecting onto oy.

Since 61/6% lies in the annihilator of £, then for each [s, flgel (W(T*X@)Q)/f) X) the dual pairing

satisfies
ol

(S5 1515 = (52 051 (4.16)

Indeed, let g € I'(mg x) and n € I'(mg x). Then [s-g,Adg_l o(§+17)]g = [5,&]g + [s,m]g and
<5l/5§, [s,n]g) =0, since [s,7]g €9.

Definition 4.2 The divergence of the operator v* defined in (4.10) is minus the adjoint of ﬁg,
i.e., the operator div®: F(WTX@* X) - I (Wﬁ* X) given by:

[ e TBeyo=- [ {anice)o

for every C € F<7TTX®Q*,X) and & € F(Trix).

Analogously, the divergence of ?Y/ 9 is minus the adjoint of (4.14) restricted to vertical sec-
tions (the restriction is allowed since the linear connection VY19 s projectable), that is, div¥79 .

F(WTX@:V*(Y/Q),X) - F(Wv*(y/g),x)-

In the same vein, the dual operator of ¢, : g8 - T*X @ g given in (4.12) is denoted by (,5,7: :
TX®g —§ .

The (pointwise) coadjoint representation of the morphism ads : g - T X ®g introduced in (4.13),
i.e., minus its dual morphism, is denoted by ad} : TX @ g* — g".

Lemma 4.19. In the previous conditions, the coadjoint representation can be restricted to H° yield-
ing the following vector bundle morphism:

adi:H° &, (> adi(C).

Proof. Let x € X. As a consequence of the Ad-invariance of §), we have that adn(f ) € § for each
7 € 5305(1,) and € € 85,(z)- Indeed, adj (5) [5 n] = d/dt|- OAdexp(tg) o7 € 9. Hence, the map

a(}* : $° — §° is well defined. Indeed, for each ¢ € $° we have (ads(x)m(() £) = (f,ads(x)m(g)) -
(¢, adg(x)(g)) (ad*(x)(C) €), where Proposition 4.3 and Lemma 4.4 have been taken into account.

Theorem 4.20 (Reduced field equations). Let my x be a fiber bundle over a compact manifold
X, mg x be a Lie group bundle and mg x be its Lie algebra bundle. Suppose that mg x acts fiberwisely,
freely and properly on the right on my x. Let w € 21 (Y, 1) be a generalized principal connection on
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Ty,y)g associated to a Lie group connection v on mg x. Let H c JYG be a Lie group subbundle
projecting surjectively onto G and such that, with the identification J'G ~ G xx T*X ® g given by
v, it is an affine subbundle v + $ as in Proposition 4.1.

For an H-invariant Lagrangian density £ = Lv : J'Y - A" T*X we consider the corresponding
reduced Lagrangian | : J'(Y|G) xy1g (T X ®8),.5 —~ R. Then, for any section s € I'(Ty,x) and its
reduced section s = [[s,s"w]g,, and o = Tyy g © S, the following assertions are equivalent:

(i) The variational principle (5[X £(j's) = 0 holds for arbitrary (vertical) variations of s.
(7i) The section s satisfies the Euler—Lagrange equations for L, i.e., EL(L) (jzs) =0.
(iii) The variational principle 6])( 1(jlos,5)v =0 holds for variations of the form:
§Vs = [§Qg~_ ad;z (g) — @*§N+ .(2(50‘3, do-s):lfj R

where ée F(WQ’X) is an arbitrary section and dos is an arbitrary variation of os.

(iv) The reduced section s satisfies the reduced field equations:

i —divY/g(—.(Sl ) (gﬁ,bdas(»

O djlos
(le —ad: + ~f)(§—é):0.

The expressions above take into account the connections described in §4.1.1.

Proof. The equivalence of (i) and (i7) is a well-known fact as stated above. The equivalence of (i)
and (i11) is a straightforward consequence of equation (4.15) and Corollary 4.15. To complete the
proof, we show the equivalence of (iii) and (iv).

Let 0s be a my, x-vertical variation of s and consider induced variations of o, and 5. Then:

[ G eem) o= [ a3 (en5)e
- [ (5('0e5)" Yo+ [ ai(5(ion5)")0
1)

l ol 1 ol
- — b0 /( L5719 51 ) [ (_ 5% ) v,
/;(<5as U>U+ djiloy’ v x 63’

4
dt

t=0

where the vertical parts 6J1(Y/g)jlas and 65 are defined with the connections v/ (V/9) and v
respectively. Making use of Corollaries 4.15 and 4.18 (with vanishing torsion) we get

. _ ol ol —vyg >
1 —
t=0/Xl(j (os)t,st)v—f (508 5Js> +fX<(5j105’v dos)v

(5 s (O e+ P00 o

4
dt

Thanks to (4.16), we may write:

(55 [7% - ads (§) - 6.8 + Q00 dor) | ) = (55 7% - 0ds () - .8 + 26, o))
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Analogously, thanks to Lemma 4.19, we have
ol ~ oLy ~
— d§ = d§ — | .
<5§’a (5)> (a (55) 5)
Using this and the divergence operators defined above we get:
d 1 _ ol .y ol
oo [ so)oe | [ () o
o t:O/X (] (os)t st)v 50 Os) U+ . iv 5l os)v
CdivBaadr — st (24 £
+fX<( div® +ad; go*)(dg),f)v
+/ (—(6—5,%09@),508)@.
X 0s’
As a result, the variational principle of (i) reads
ol Y% ol ol ~
o) (f o))
A(aas Y\ GjTa, ) \os e 0% Y
_ w8 a4 st (L) &)y -
f){((dlv ads+<p*)(5§),§>v—0

for every section € € I’ (77@ X) and every variation doy of .

The previous Theorem is the main result of this Chapter. In §5.1 we will see that this result is
a generalization of Theorem 1.2.

Remark 4.3 The first equation holds on Tgsy+(yg),x, and the second one on Tosg X On the

other hand, if the connection VY9 had non-vanishing torsion, then the reduced equations would

reod ol ol ol ol
os v djlos ’ 5jlas’bd : 55 o=l |
(divﬁ —ad: + @I) (%) =0.

4.5 Reconstruction

Let 5 be a section of the reduced bundle (7T*X ® g), 4 — X and let
0 = M(T*X®R),.5.Y/G ° S
be the induced section of Y'/G - X. We consider the subset
Y7 =yl g (0(X)) ={y e Y :myyig(y) = o(my,x(y))} c Y.

The action of G on Y restricts to Y7 and Y?/G ~ X. In fact, we can regard Y7 as a pull-back
bundle Y? ~ ¢*Y — X on which the Lie group bundle G acts transitively along the fibers:




56 4 Gauge reduction in covariant field theory

In particular, the adjoint bundle of Y7 - X is the pull-back o*g — X. From this point of view, the
section s can be also considered as a section of the pull-backed bundle

UXX (T*X®Q)/.F) N

* * Y
o ((T X®g)§07~6) = @ 9
©

Moreover, the restriction of the connection form w to Y7 is a generalized principal connection
on Y7 — X associated to the Lie group connection v, which we denote by o*w. From Proposition
2.17 we know that, for any section § of T* X ® o*g — X, the form o*w - 5 is a generalized principal
connection on Y7 - X.

Proposition 4.21. Let s € I'(my x ). We regard s as a section of Y - X, where o = Tyy|g © -
Then the generalized principal connection defined as

wP=0"w-3§

is flat, where 5 = [s,5*w]g € I'(Tp« xgog,x ) -

Proof. To begin with, we have that s(X) c Y7 is an integral leaf of o*w — §. Indeed, it is easy to

check that (ds). (T, X) is w®-horizontal for each x € X. This means that Curv (wg)s @)= 0 for each

x € X, where Curv (wg) is the curvature of w®.

An analogous computation to (2.15) yields
[s(:r) - g, Curv (wg)s(x).g] [s(:c) Curv( )s(x)] =0, reX, geG,,

whence Curv (wg)y =0 for every y € Y.

Theorem 4.22 (Reconstruction). Let 5 € I’ (W(T*X®g)%ﬁ,X) be a critical section for the varia-
tional problem defined in (iii) of Theorem .20, and 0 = m(1+xeg), ., v/G ° S € L' (Ty/g x). Let § be
a section of T* X ® 08 - X such that 5(z) = [y,&:]s,, for each x € X, where 5(z) = [y,&:]g. If the
connection

Wwi=o*w-3
is flat and has trivial holonomy, then the integral leaves of the w® are critical sections of the varia-
tional problem defined by L. Furthermore, any critical section of L is obtained in this way.

Proof. The trivial holonomy of w® implies that its integral leaves are sections of ¢*Y — X that
project to the reduced section 5. According to Theorem 4.20, these sections are critical.

Conversely, if s is a critical section of L, then w® is flat and s is an integral leaf of w®, by
Proposition 4.21.

Corollary 4.23. If X is simply connected, then any connection has trivial holonomy and we have

the following equivalence of equations
ol ol ol ~
o~ (57157) = (55-100.9)

O djtos
Sﬁ(L)(jls):O — (le —ad* f)((;l)zo
>(- 5_
Curv (wg) =0

For non-simply connected manifolds, the equivalence above holds locally only. There are topo-
logical obstructions and examples of reduced sections that do not admit global unreduced sections

(ct. [11, §5.2)).
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Remark 4.4 Given a reduced section s, there may be many sections § satisfying the conditions of
Theorem 4.22. Each choice will induce different solution s, and the transitions between them are
governed by the symmetries of the system, that is, sections of G - X with 1-jets lying on H - X.

4.6 Noether theorem

The well known Noether’s theorem establishes that infinitesimal symmetries of the Lagrangian
density yield preserved quantities for the dynamics of the system. The aim of this section is to
show that the vertical part of the reduced equation is equivalent to the Noether’s conservation law
defined by the action of a Lie group bundle. As before, let £ = Lv be an H-invariant Lagrangian
density for some H c JIG ~ G xx (T" X ®g) as in Proposition 4.1

Definition 4.3 An infinitesimal symmetry of £ is a vector field U € X(J'Y) such that £;£ =0 or,
equivalently, £170¢ =0, where £ denotes the Lie derivative and Og € 2"(J'Y) is the (covariant)
Cartan form of £ (cf., for instance, [87, §5]).

If s € I'(my.x) is a critical section for £ and U € X(J'Y) is an infinitesimal symmetry of the
Lagrangian density, the Noether’s theorem gives (see, for example, [38]) the following conservation
law

d((jls)* LU@Q) =0.

In particular, if £ € I'(mg x ) is such that its 1-jet extension falls in the Lie algebra bundle Lie(H) of
H, it is clear that (£*)() € (J'Y) is an infinitesimal symmetry of £, thanks to the H-invariance.
Recall that, from Proposition 4.1, we know that

Lie(H) = {(&7:) e g xx (T X ©) | s = 92 (€) + 100, Mo € D2} € J'a. (4.17)

Theorem 4.24. Let L : J'Y — R be an H-invariant Lagrangian for some subgroup bundle H ¢ J'G
as in Proposition 4.1 and let s be a section of my,x. If 5 = [s,5"w]g,, is the induced section of
T(T*Xeg),.X ond l: JYY/G) xy1g (T* X ®8) .5 — R is the reduced Lagrangian, then the Noether
conservation law

d((j'8) ey Os) = 0

holds for any section & € I'(mg x) such that e ¢ I'(TLie(m),x ) of and only if the vertical reduced

equation
(div8 - adg + ¢!) (%) =0

is satisfied for s.

Proof. The result being local enables us to work in coordinates. Some conditions on these coordi-
nates will be imposed along the proof.

Let (2, 9", y*) be bundle coordinates for 7y x and consider the corresponding bundle coordinates
(9", y*, v, vyy) for mpy, x. Suppose that they are chosen so that (z#,y") are bundle coordinates
for my g x and, thus, (w“,yi,vi) are bundle coordinates for 71 (y/g) x- Let {Ba:1<a <m} be a
basis of local sections of mg x and {B®: 1<« <m} be its dual basis. For a fixed z¢ = (z) € X, we
suppose that, using these coordinates, we have

Lie(H )y, = span{(dz!)z, ® Ba(zg) : 1< p<rl<a<sc Ty X ®a,, (4.18)

for some r, 1 <7 <n, and s, 1 <s <m. We start by finding the local expression of the infinitesimal
symmetries of our Lagrangian density.
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We also suppose that (y*) are normal coordinates of G on a neighbourhood U ¢ G of the identity
element, 1. This means that there exist gg € C*™ UxU), 1<a,B,7 <m, such that
v (9192) =y™ (90) +37 (92) + 95, (91,32) " (@) 7 (32),  L<asm,
for each g1, go € U such that §1G2 € U. Hence, the infinitesimal generators are given by
(Bﬁ); = (65 +955(3: )y7(9)) Oa)y,  y=(0.9)€Y/GxU, 1<B<m.
Denote by §: R™ — G the inverse of (y*) : G — R™, and define f;ﬁ e C*°(R™), 1 <a, B,y <m, as
fas(¥®) = 925(9(y"), 1)
Therefore, given & = £° Bg € I'(mg,x ), where &% e C*(X), 1 <3 <m, the previous expressions yield
& (@t yy™) = €0(") (35 + £55(y™)y") Do
From the formula of 1-jet lift of vector fields (for example, see, [87]), we get
(€)W =7 (05 + 15507) Oa + (9" (55 + 15507 + 06" (05 535y + f55)) Ok (4.19)
On the other hand, in coordinates the map ¢ : G - T* X ® g reads
ot y*) = ¢ (2", y*)da" ® Ba,
for some ¢ € C*(G). By denoting ¢j] 5(a#) = (8@ﬁ/8y5)(x“,y°‘ =0), we have

0 () = €73 gdat ® Bo,  £=E"BaeI(myx). (4.20)
Similarly, our generalized principal connection, w € 2'(Y,g), locally reads
w(@,y',y®) = (w2, y")da' + Wi (2, ' )dy' + dy™) ® Ba,

for some functions wy, w;* € C®(Y/G),1<pu<n,1<i<k,1<a<m,being k € Z* the dimension
of the fiber of my g x. Furthermore, there exist bundle coordinates (xH, yi,vi; wl‘f) for the reduced
space, where the indices of wj; go through p e {r+1,...,n} and a € {s+1,...,m}, such that

identification of Theorem 4.5 is given by

(FY)/H > JNYG) v (T"X ©8)ps

e I ) e T ,,Q
[x#7y 7y 7UH7U/L]H = (w‘u?y 7,UIJ/7wIJ,

and, in the fiber over xg, they satisfy

«

wy, = gog(asg,O) +w2‘(m€,yi) +wf‘(xg,yi)vz + %

0 r+l<pu<n, s+1<a<m.

Likewise, using the definition of reduced Lagrangian, i.e.,
@y v wi) = L 'y, v, 08,
it is easy to find the local expression of the vertical equation. Namely, the local expression of the
partial derivative of [ is

0s'(zH)

(Sl 8l 7 o o
gx“):a—%(:c“,s(x“), oy ;wu(a:“))ﬁutX)B,

and then, the vertical reduced equation becomes
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(div8 -ad; +<p*)(aaaa @Ba) = 0. (4.21)

From Lemma 4.14, we may locally write div® = div® +adZ, where div® is the divergence of V5.
Observe that o () ~ g, since we are working locally. By definition, div((,¢) = (divgI ¢ f) + (C, V%),
for each ¢ = (40, ® B € I'(mrxeg+,x) and & = £*B, € I'(mg x ). An easy computation using this
expression shows that

div ¢ = (¢ - I} C ) B°

where [ﬁa eC*®(X),1<pu<n, 1<a,B<m, are the Christoffel symbols of V&, i.e.,
V8¢ = (0,6" + I 567) dat ® B,  £=¢Bg e I'(mgx).

We choose the bundle coordinates on 7g x so that V8 is flat at z = (z}), i.e., Fﬁa(xg) =0 for each
1<p<nand 1<a,f <m. Analogously, (¢.(£),() = ({,gpi (C)) Thus, from (4.20) we get

(C) Soua HBO[? C:Cgall@BaeF(ﬂ-TX@Q*,X)‘

As a result, (4.21) reads

(0%
8w“ "

(aﬂ( ol )+¢>§7 a(z)l )(xO)B“(ago) 0, (4.22)

where we recall that the summation is for r+1<pu<nand s+1<a,5<m.

Using the expression for the coordinates wy; at zo we have

0, 1<pu<r, 1<a<s,
oL
O (ap)=1 0
oo ——(x0), r+1<p<n, s+l<a<m.
z 8wu
avz( 0); l<p<r,
8l Z 0l
X 1<pu<n.
ur 20) 2 g relgpsn

In addition, if the volume form is given by v = d"x = dz' A---Adz"™, then the local expression of the
Poincaré-Cartan form is

oL 1 oL o )
O¢ = o0, (dy v d:c“)/\d xu+8—vg(dy0‘_vﬁdxu)/\d 2, + Ld"z,

where d" 'z, = tg,d"x. By using (4.19), we obtain

oL
L(g*)(l)@ﬂ( ’y y ) ,u,’ g):%( 7y y ) p,v )gﬂ(mu) (5,8+ (y )y ) ll‘u
m

ol o « « « n—
= 5 (20 vl wid) €7 (") (65 + fo5(y™)y7) d"
m

The last condition on the coordinates is the requirement that s(xg) = (05(x0),1) €Y /G x G, i.e.,
s*(xfy) = 0, 1 < a < m. Therefore,

(55)" (ery O2) (ah) = (xo, (), 0,8 (alh); Wl (ahh)) €2 () d™ L,
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Observe that the jet extension of ¢ is given by j1¢ = (£,d€) e I’ (Tgx x (T* X &g),x )- Subsequently, from
(4.17), (4.18) and (4.20) we deduce that the condition &) € I'(Tiie(ay,x) at oo reads

(0u€%) (w0) = &% (w0) ¢k s(w0),  r+l<p<n, s+l<a<m.

Therefore, the Noether conservation law reads

d( al gadn—lxu) (1,0) — |:8,u (ila)fa + al 8,u§a:| (-TO)(dnx)xo

6wﬁ ow ° awﬁ‘

[a( ol ) o ﬂ] (20)€% (0) (d")y = 0.

=)

As £(x0) = £¥(x0)Ba(z0) €8y, is arbitrary, this is equivalent to (4.22), and we conclude.



Chapter 5
Applications of the gauge reduction theory

This chapter is devoted to provide some applications to illustrate the significance of the gauge
reduction theory developed in the previous chapter. We begin with classical reduction in field
theories (global symmetries), followed by reduction under the full jet symmetry. We continue with
Electromagnetism in vacuum, as well as k-form Electromagnetism. Moreover, the case of symmetry
breaking when there is a product of groups is analyzed for Electromagnetism. The last application
is to non-Abelian gauge theories, where the Lie group bundle of symmetries is G = J'G, being
G = (P x G)/G the Lie group bundle associated to a given principal G-bundle, P - X, via the
conjugacy. The affine Lie group subbundle corresponding to gauge transformations is H = J*G,
which locally reads as J2(X,G), the bundle of 2-jets of functions from X to G. In order to obtain
the reduced equations, the trivialized Lie group bundle structure considered in Chapter 3 is utilized.
In particular, we get a new proof of Utiyama theorem from a reduction point of view. In addition,
the reduced equations, together with the reconstruction condition, are the celebrated Yang—Mills
equations for the appropriated Lagrangian density. In fact, the reduction technique of this work
sheds light to an uncomfortable situation that Utiyama reduction does not fully explain: even
though the reduced Lagrangian depends on curvature only, the equations still depend on both
curvature and connection. Surprisingly, we prove that this is connected with the fact that the non-
Abelian gauge symmetry is not a free action and the reduction is, in principle, singular. There is not,
even in Mechanics, a well defined theory of Lagrangian singular reduction. The way to overcome
this difficulty is to enlarge the phase bundle (from the bundle of connections C(P) = (J'P) /G to
its 1-jet bundle J! P) before reduction. It turns out that the reduced phase bundle comprises both
connections and curvature and thus the equations as well. But the elimination of that augmented
geometry after reduction (in a sort of unreduction-reduction process) gives that the Lagrangian
does not depend on the connection, without eliminating that dependence in the equations.

5.1 Classical case: global symmetries

The Lagrange—Poincaré reduction scheme recalled in §1.2 may be recovered as a particular case of
our theory. Namely, the action considered in that section may be regarded as a fibered action of
the trivial Lie group bundle,

Gg=XxG@G,
by setting ¢(y,g) = ¥;(y) =y- g for each (y,g) € Y xx G, with g = (x,§). It is clear that the fibered
and the standard quotients agree, i.e., Y/G~Y /G = X.

Recall that 7y s; is a principal bundle and the Lie algebra bundle of 7g x is g = X x g, where
g is the Lie algebra of G. From Proposition 2.21 we know that a generalized principal connection
we NY(Y,g) on my /g associated to the trivial connection vy on 7g x is simply a principal connection
A e 2Y(Y,g). Thanks to the bijective correspondence between (local) sections of 7g x and (local)

61
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functions X — G, the identification (4.1) for vy may be written as
J'G=GxT'Xog, 57~ (¥(2).d(Ry)1 09)a).

where v = (idx,%) and Ry : G - G denotes the right multiplication by g € G. Let H be the Lie
group subbundle of 715 x corresponding to locally constant functions, i.e.,

H~GxT"X®{0}~XxG=g.

Note that H* = TX ®g* and, hence, Y xg H* ~ TX ® g*. The first jet extension of the fibered action
(4.6) restricted to my x and first jet extension of the Lie group action (1.2) yield the same quotient:

(J'Y)/H ~ (J'Y) /G.

Since ¢ =0 and $) = {0}, the quotient (4.4) is isomorphic to

(T'X ®9)os>T" X8, |v,(2. %) = [v.%],

5/:)70

where g = (Y x g)/G is the adjoint bundle of 7y 5.

Theorem 5.1. Let A e 2Y(Y,g) be a principal connection on my,x and consider the corresponding
generalized principal connection w € 2Y(Y,g) on Ty,y /g associated to the canonical connection vo
on mg x. Then the fiber diffeomorphism (4.7) reduces to (1.3) under the previous identifications.

Let A€ £2'(Y,g) be a principal connection on TY,s, Vg be the canonical connection on 7y x and
v~¥ be a linear connection on 7y x,x, and consider the linear connection Ve =V'® Vg O TT+* X g, X »
where V* is the dual of V. They yield a linear connection V on T(T* X®©8)0.5,Y /G ~ TT* X®§,5: 88
we have seen in Proposition 4.8. By using bases of local sections of these vector bundles, it can
be seen that V agrees with the linear connection defined in [32, Equation (3.19)]. Recall that the
linear connection V# on 75,5 associated to A descends to (1.4), whose divergence is denoted by
(1.6). Lastly, given a torsion free linear connection v on mp x5 projectable onto vX , consider the
lez

induced affine connection on 7y y, as well as the operator (1.5) and its divergence (1.7).

Theorem 5.2. Let L: J'Y —» R be a G-invariant Lagrangian and | : J'X x5 (T*X ®§) - R be the
reduced Lagrangian. Let s € I" (my,x ) and consider the reduced section’s = [s,s* Alg € I' (1 xe5,x ) -
Then the reduced equations for s given in Theorem /.20 are equivalent to the Lagrange—Poincaré
field equations given in Theorem 1.2.

5.2 Full jet symmetry

Let g x be a Lie group bundle endowed with a Lie group connection v, and suppose that it acts
(on the right) on a fiber bundle 7y, x freely and properly. In this example we consider a Lagrangian
L:JY - R which is invariant by the whole jet bundle, that is,

H=J'G=2Gxx (T"X ®g).

It is clear that (T* X ®g), ¢ = X. Consequently, the identification of Theorem 4.5 can be performed
without fixing a generalized principal connection:

(J'Y)[J'G > TNYG),  [das] g = daos: (5.1)
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In the same way, since the reduced section s vanishes, the second equation of (iv) in Theorem
4.20 does not appear. Therefore, the reduced equations are the usual Fuler—Lagrange equations for
the reduced Lagrangian [ : J'(Y/G) - R:

Sy Ol
-d /9(_):0
dos v djtos

Of course, in order to write them we have fixed a linear connection vV¥/9 on Tr(v/g),y /g Projectable
onto a linear connection VX on 7y X, X -

5.3 Electromagnetism in vacuum

To describe Electromagnetism in vacuum as an Abelian geometric Yang-Mills theory, let (X, g)
be a 4-dimensional, compact, oriented pseudo-Riemannian manifold with volume form v, € 24(X),
and let 7p x : P - X be a principal U(1)-bundle. The configuration bundle of this theory is the
bundle of connections of 7p x, i.e.,

C(P)=(J'P)/U1) - X.

Recall that it is an affine bundle modelled on T* X — X.

Definition 5.1 The Maxwell Lagrangian density for Electromagnetism in vacuum is £ = Lvg with:
L(j*A) = g(F4 F4), Ael(me(py,x),
where F4 ¢ 2%(X) is the reduced curvature of the principal connection A.

Gauge transformations are defined by maps g : X — U(1), that is, sections of the trivial bundle
X xU(1) » X. The Maxwell Lagrangian is invariant with respect to the transformation

Ay Ay + (dg)xg(m)_l, reX,

which can be understood as a symmetry by the fibered action C(P)x J1(X,U(1)) - C(P) defined
above. Note that the value g(x) € U(1) does not play an essential role and that (dg), g(z)™' €
TrX ®@u(l) ~T;X. Subsequently, this fibered action induces another one,

C(P) XX T"X - C(P)a (A:L"aaz) g Aw + Qg (52)

which can be straightforwardly extended to the first jets, J'C(P) xx JY(T*X) - J'C(P). By
virtue of this, the Lie group bundle of symmetries for Electromagnetism is the cotangent bundle of
X with the additive structure,

G=T"X - X.

Second derivatives of gauge transformations correspond to the Lie group subbundle J?(X,U(1)) c
J'(J'(X,U(1))). One can readily obtain the corresponding subbundle of jet symmetries as

H={jiaeJ(T*X): (da), =0} c J"(T*X).

Note that C(P)/T*X = X. In order to study the quotient J'C(P)/H we need to consider a
generalized principal connection on 7¢(py x- The following lemma can be easily proven using local
coordinates.
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Lemma 5.3. Let v be a linear connection on mr+x x, then it is Lie group bundle connection and
any affine connection w on mo(py x modelled on v is a generalized principal connection associated

to v. Furthermore, if the connection v is torsionless, then v(T*X) c H, where 0 € I' (TFJI(T*X)7T>&X)
15 the section induced by v.

The identification (4.1) reads J'(T*X) = T* X xx (T*X ® T* X)) and for a torsionless connection
v we have

H=2T*X xx V2T*X. (5.3)
Subsequently, in Proposition 4.1 we may choose ¢ =0 and $ = V2 T*X.

Proposition 5.4. Let w be the affine connection on wc(py x induced by a torsionless linear con-
nection v on mr+x x. Then the isomorphism of Theorem 4.5 is the curvature mapping (up to a
minus sign), that is,

JIC(P)/H - N*T*X, [jiA],, = Skew (A*w), = -F},
where Skew : T*X @ T*X — A2T*X is the skew-symmetrization.

Proof. Firstly, note that (T*X ® T*X)/V?T*X ~ A2T* X via the skew-symmetrization. Likewise,
as ¢ =0 and the Lie group is Abelian, the action (4.2) reads

(C(P)xx V2T*X) xx T*X - C(P) xx V*T*X, ((Az,&) ,ne) » (Aa+ 10, 6a) -

Subsequently, (77X ® T"X)pq = A?T*X, whence the isomorphism of Theorem 4.5 becomes
JYC(P)/H ~ N>*T*X, since C(P)/T*X ~ X. To conclude, by using local coordinates it can be
checked that Skew(A*w) = —F4 for each A ¢ I'(mecpy,x)-

Therefore, for each F4 e I’ (7r A2T*X, X), the reduced Lagrangian is given by

for which the partial derivative is'

ol
— = 2LFA9 € F(ﬂ—/\QTX,X) .

Let V* : I'(mp+x,x) = I'(mr*xe7*x,x ) be the covariant derivative on mp+x x corresponding to
the linear connection v and div* : I'(mrxerx,x) = I (7rx x) be its divergence. From Theorem
4.20 we know that if A€ I'(m¢(p) x) is a solution of the Euler-Lagrange equations for L, then the

reduced section F4 e I” (7r AZT*X, X) satisfies the following reduced equation,
div* (¢749) = 0. (5.4)
Recall that the Hodge star operator : 2F(X) - 247*(X) is defined implicitly as:

anxf=g(a,B)uy, a,BEQk(X), (5.5)

and it satisfies xx = (~1)*(*"®)¢(g) on 2%(X), being €(g) the parity of the signature of g.

! Observe that (A*T*X)" = A2TX = (V2T*°X)" = (I"X @ T*X) [V T*X )"
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Theorem 5.5 (Maxwell equations). In the above conditions, the reduced equation (5.4) is equiv-
alent to the Maxwell equation in vacuum, that is:

d*F4 =0,

where d* = x od o x : NF(X) - ¥ 1(X) denotes the codifferential.

The equivalence is proved in local charts, making use of the isomorphisms f : 7" X — T'X and
b:TX - T*X implicitly defined as g (a!,U) = g (o, Uy) = (U), (a,U)eT" X xxTX.

Theorem 5.6 (Reconstruction). Let U ¢ X be a simply connected domain and let
FEF(Z/{,T('/\QT*XJ()

be a solution of the Maxwell’s equations in vacuum. Then there exists a solution A€ I’ (Z/{,Wc(P)7x)

of the Euler—Lagrange equations for L such that F = F2 if and only if the following compatibility
condition holds:
dF =0.

In short, we have the following local equivalence for sections A € I'(mo(py x):

d*FA=0,

EL(L)(j'A)=0 {dFA o

5.3.1 k -form Electromagnetism

When the principal bundle P is trivial P = X x U(1), the bundle of connections is 7 X and the
Maxwell formulation of the previous section is defined on 1-forms. This can be generalized to k-form
Electromagnetism, k € N (see for example [78]). In this case, both the configuration and Lie group
bundle are the same so that the fiberwise actions is

ANFT*X xx NFT*X > NPT X, (Ap,0p) = Ay + 0.

A generalized principal connection w € £2* (/\k T* X, \F T*X) On Takp«x x 18 just a linear con-
nection on that vector bundle, and it is associated to itself. The corresponding isomorphism (4.1)
is

JHNFTX) > NPT X 0 (T* X @ AFT7 X)), jlas (a(z), (a*w).).

Analogous to classical Electromagnetism, we pick the Lie group subbundle of closed forms and we
restrict the previous isomorphism to it, i.e.,

H={jlae " (N*"T*X): (da), =0} E AP T"X & (T*X v AFT*X).

By using local coordinates, it can be shown that the identification of Theorem 4.5 reads (compare
to Proposition 5.4)

T (AT X))/ H > AR T X, [jA], ~ Skew(A*w), = —(dA),.

The Yang-Mills Lagrangian L : J' (A*T*X) — R is defined as

L(j'A)=g(dA,dA),  Ael (mpwiqex.x)-



66 5 Applications of the gauge reduction theory

It is H-invariant, so we may consider the reduced Lagrangian [ : A¥*! T* X — R. Namely, it is given
by
I(C)=9(C,C),  Cel(mpepex.x)-

Fixed C € F(WNMT*XX), the partial derivative is 61/6C = 21cg e I (7T/\k+1TX7X) and, hence, the
reduced equation is
div* (tcg) = 0.

In the previous expression, div® : I (7rTX® AF TX) - I (7T AFTX, X) is the divergence of the linear
connection w. Similarly to classical Electromagnetism, this reduced equation is equivalent to the
Maxwell equations,

d*C =0.

5.4 Symmetry breaking by product groups

In this example, we consider a gauge theory whose structure group is a direct product and we
suppose that the gauge symmetry is broken to the subgroup given by one of the factors. More
specifically, let 7p x : P - X be a principal G-bundle with

G =N xU(1),

being N a semisimple Lie group, and denote by g =n & R the corresponding Lie algebra. Consider
the Lie subgroup Go = {1} xU(1) =~ U(1). Since action of G on Gy by conjugation is trivial, we have
G=(PxG)/G~(PxN)/GxU(1). Hence, we may write:

PxN

Jléle( )xx JY(X,U(1)).

As a usual gauge theory, the configuration bundle is the bundle of connections of 7p x, that
is, To(p),x, but we suppose that the symmetry is broken to Go, i.e., we only consider gauge
transformations coming from elements of this subgroup. In other words, we restrict the right fibered
action C(P)xx J'G - C(P) to the Lie group subbundle J'(X,U(1)) =~ {1} xx J'(X,U(1)) c J'G.
A quick computation shows that it is given by:

O(P) xx JHX,U(1)) » C(P),  (As,ja9) = As + (dg)ag(x) ™.

Analogous to Electromagnetism in vacuum, 7" X may be taken as the Lie group bundle of symme-
tries,

C(P) X x T*X—)C(P), (Amaax)'_’Am“'Oéx (56)
A trivialization of mp x enables us to prove the following result.

Lemma 5.7. Let Py = P/Gy, which is a principal N -bundle over X, and consider the corresponding
bundle of connections, C'(Py) - X. Then there exists a bundle isomorphism given by

C(P)/T"X - C(Po), [Azlpx = (Ao)a-

On the other hand, from the jet extension of the fibered action (5.6), we are only interested
in elements coming from J2(X,U(1)) ¢ J*(J'(X,U(1))), which correspond to the Lie group
subbundle

H={jlaeJ(T"X): (da), =0} c JH(T*X).
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Let v be a linear connection on mr+x x such that (7*X) c H. Note that equation (5.3) is also
valid for this case, so we may choose ¢ = 0 and, hence, $ = V2T*X. Similarly, we have

(T"X@T*X)o5~C(Py) xx N2T*X.

A slight modification of the proof of Proposition 5.4 leads to the following result.

Proposition 5.8. Let w € 2Y(C(P),T*X) be a generalized principal connection on TC(P),C(Py)
associated to v. Then the identification of Theorem 4.5 reads

J'C(P)[H » J'C(PRy) xx C(Po) xx N*T*X, [jiA], = (jaAo, Ao(z),-F2).
Thanks to this identification, for each section A € I'(m¢(p),x) we define the reduced section as
a A
AZ(A(),F ) GF(FC(PO)XX/\QT*X,X)'

Let L: J'C(P) — R be an H-invariant Lagrangian density and consider the reduced Lagrangian,
1: J'C(Py) xx C(Py) xx A2°T*X — R. Let v° be a torsion free linear connection on T (C(P))
projectable onto a linear connection V¥ on T'X. We know that it induces an affine connection v
ON T j10(Py),C(Ry)- 10t addition, we assume that v is the dual connection of v, These connections
induce an affine connection on the reduced space, as described in Proposition 4.8. The partial
derivatives of the reduced Lagrangian are

6l ol ol
5—140 € F(WT*(C(P())),X)7 M € F(FTX®V*(C(P0)),X)7 ﬁ € F(?T/\2TX’X) .

oF
Let V* : I'(mp+x,x) = I'(mr+xer+x,x) be the covariant derivative associated to v and denote
by div* : I'(rrxerx.x) — I'(7rx.x) its divergence. Likewise, let div® : I(Trxevs(C(py)),x) =
I'(Ty+(c(py)),x) be the divergence of the operator V" defined from Vv° in (4.14). The reduced
equations are straightforwardly obtained from (iv) of Theorem 4.20.

Theorem 5.9. Let w € 21 (C(P), T*X) be a generalized principal connection on TC(P),C(Py) @S-
sociated to v, and A € F(’ﬂ'c(P)’X) be a solution of the Euler—Lagrange equations for L. Then the

reduced section A = (AO7 I:’A) € I'(To(py)xx A2 T+ x,x) Satisfies the following reduced equations:
ol ol ol ~
st (5 = (g )
oA, \GjTAy) T \gpa it

ol
v (L) 0.
v 5FA

5.5 Non-Abelian gauge theories

In §5.3 we presented Electromagnetism, which constitutes an instance of an Abelian gauge theory.
In this last example, those results are extended to non-Abelian gauge theories. In particular, we
show that the Utiyama theorem (see [89] for the original version, and [39] for the geometric version)
and the Yang—Mills equations may be obtained through the gauge reduction process described in
the previous chapter.
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5.5.1 Geometric formulation

Let 7px : P - X be a (standard) principal bundle with a semisimple structure group G. The
configuration bundle of gauge theories is the bundle of connections:

mop)x 1 C(P) = (J'P) |G~ X,

whose sections define principal connections on 7p x, and which is an affine bundle modelled on
Trexegx 1 X ®g - X, the bundle of covectors taking values in the adjoint bundle g = (P xg)/G,
where g is the Lie algebra of G and the action of G on g is given by the adjoint representation.

The main instance in this framework is the Yang—Mills theory. In this case, given a pseudo-
Riemannian metric, g, on X and the Killing metric, K : g x g - R, on the Lie algebra, we first
define a fibered inner product:

() (NT*X @g) xx (NPT*X ®§) =R, (a1®[p,&le,a2®[p,&]a) = glar, az) K(&1,£).

Then the Yang-Mills Lagrangian density is £ = Lv,, where v, € 2"(X) is the pseudo-Riemannian
volume form and

L:J'C(P)->R, jld~ (F;‘,Ff)g. (5.7)

The Yang—Mills Lagrangian density is a particular case of a gauge invariant Lagrangian. From the
perspective of fibered actions, gauge transformations can be regarded as sections of the associated
bundle 7 y : G = (Px@G)/G — X, where the action of G on itself is by conjugation, which is a Lie
group bundle with the fiberwise group structure inherited from G. This Lie group bundle acts on
the left on 7p x. In order to have a fiber action on C'(P), we need first derivatives of the sections
of TG X i.e., we consider its first jet bundle. More precisely, we define

J'Gxx C(P)—~C(P), (iyv,lizsla) = [iz(v-9)],- (5.8)

Following the notation in the previous chapter, G = J 1G is the Lie group bundle of the reduction.
Furthermore, the gauge invariance of a Lagrangian is understood with respect to the Lie group
subbundle H = J?G c J' (J'G) = J'G.

Unfortunately, since the fibered action (5.8) is not free, the corresponding quotients fail to be
manifolds and our results cannot be applied as they are. However, this singular situation can be
fixed by extending the configuration bundle of the theory; namely, we take 7 ;1 p x instead of o (py, x

as the configuration bundle. The action of J'G is now free and, in fact, fiberwisely transitive, i.e.,
(J'P)/J'G =~ X.

Observe that any Lagrangian L : J'C(P) — R may be lifted to a new (unreduced) Lagrangian
L:J'(J'P) >R, jlsw L(jL8)=L(jil8]c). (5.9)

As a straightforward consequence of (5.1), a function LeC® (J ! (J 1P)) comes from a function
LeC>(J'C(P)) if and only if it is invariant with respect to the following (right) fibered action:

JHI'P) xx JN(X,G) - J'(J'P),  (jas,jzh) = s (3-1). (5.10)
5.5.2 Trivialized spaces and actions

Since all the results concerning reduction are local, for simplicity of the exposition, we will confine
ourselves to trivializing charts. More precisely, we may assume that P = X x G with X = R". Hence,
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G = X xG and § = X x g. Moreover, sections s = (idx,g) € I'(mp x ) may be identified with functions
g: X — @G, as in Chapter 3. Recall from Theorem 3.11 that by means of the right trivialization of
the tangent bundle of G,

TG ~G x g, Uy~ (g,£= (ng-1)g(Ug)),
we have the following identifications:
J'P=J'G=Gx(T*X®g), J'g=gx(T"X®4g), (5.11)
where the (fibered) semidirect product is given with respect to the adjoint representation, i.e.,

(9,&) - (h, Ay) = (gh,& + Adgo Ay),  (9,&), (h,Ay) € J'G, (5.12)

This expression also holds for the fibered action of 7 ;15 - on 751 p x. The inverse element is given
by
(9:6) = (g7 ~Adg10&),  (9:6) eGx(T"X ®g),

and the adjoint representation reads
Ad(ge,) (1, ¢2) = (Adg(n), Adg 0 dy + [§2, Adg(n)]) (5.13)

for every (g,&,) e Gx(T*X ®g) and (1, ¢,) € gx (T*X ®g), where [-,-] is the Lie bracket of g. With
the aid of a linear connection VX on the tangent bundle of X, Theorem 3.9 yields the following
identification of the iterated jet:

JUI'P)=J N (J'G) =~ Gx (T" X ®g) xx (T"X ®g) xx (["X ®T*X ®g)

o L o (5.14)
32 (5:€) = (9= 9(2), €@); (ARy) o (d7),, V()
where V is the dual connection of VX and V is the extension of V to g-valued forms on X.
Lastly, Corollary 3.16 ensures that the second jet bundle takes the form
~ ~ 1
H=02G={(g.&imedn) € I (T'G) 56 =y Skew(0) = (€&}, (5.19)

where Skew : T* X ® T*X - A2T*X is the skew-symmetrization map.

Remark 5.1 The previous identification hold provided we are dealing with a matriz group, as in
§3.4. Therefore, we assume this is the case in the following. Furthermore, recall that the bracket of
1-forms is understood as follows:

5.5.3 Reduced configuration space

Consider the Lie group bundle connection v on J'G = Gx T*X ® g - X given in Lemma 2.23, as
well as the generalized principal connection w associated to v given in Proposition 2.24 with f =0
and g =0, that is,

©:J'P - J(J'P), (hAy) e (hyAy;04,0,). (5.16)

Clearly, the isomorphism (4.1) reduces to the identity map and, from (5.15), the affine map defining
the subbundle H is
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~ . ~ 1
G T X 1 (9.6 - (- 56:61). (5.17)
Moreover, the vector subbundle from Proposition 4.1 is given by

H={0}xx (V*T*"X ®g)c (T"X®g)xx (T"X®T*X®g)=T"X ® J'g,

From (5.13), we know that the quotient (4.5) is given by $) = §.

Proposition 5.10. Let x € X and § = (g,é) el (7rJ1P7X), and write 15 = (9,&2: M0, d2) € T (JlP)
under the identification (5.14). Then the pull-back by § of the connection 1-form corresponding to
(5.16) is given by

(8"w), = ey o + [§ay M2 ]) -

Proof. Recall that (5.16) is understood through identification (5.14). More specifically, if (v, p) €
I (mppyx) is such that ji(v,p) = &(g,&) via (5.14), then v(x) = g, p(x) = &, (dv), = 0 and
Vp(z) = 0. Observe that p: X — T*X ® g can always be chosen so that (dp)” = (dé)z, where the
superscript h denotes the horizontal part given by V. As a result,

(d3); = (d3), - d(7,p)x = ((d7), , VE(x)) = ((dRg)1 0 1y 2 (5.18)
where the superscript v denotes the vertical part given by w.

On the other hand, we compute the infinitesimal generator of (o, 3;) € J'g for the fibered action
(5.12). Namely, (2.6) leads to

(eXp(ta)a tﬁx) : (g, fa:)

. d
(@ Ba)(g..) = @L_O

dt ’t:o (exp(ta)g, tﬂx + Adexp(ta) o 59{:)
= ((dRg)1(a), Bz = [&2: a]) -

Lastly, by using this expression with « =7, and 3, = ¢, + [€4,72], together with (5.18) and (%)
of Definition 2.5, we conclude:

(8%w), = wi(a) © (dS),
= w(gg,) © (d3);
= W(ge,) © ((ARg)1 0Ny, Pz)
= W(g.ep) © (Mo B+ [Eas12]) (g 60)
= (Ns o + [E2,ma]) -

Proposition 5.11 (Reduced configuration space). In the above conditions, the identification
(4.7) reads

(J'(J'P))] G ~ (T"X o g) @ (AN’ T* X ®g)

1 (5.19)
[g>€m§77ra¢x]ﬂé = (Adg*1 o (1 - El")vAdg’l ° (Skew oy — 5[5907598])) :
Proof. Observe that
T*X®J'g . i )
— -4 = (T X® g) XX (/\2T X® g) ) [7793, ¢x].7) = (77277 ¢z = Skew O(lsz) . (5'20)

9
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By using this, (5.12) and (5.13), it can be checked that the action (4.3) is given by

(haAai) ’ ((gvgx)7 (nfb?(lgf)) =
((hg7A;p + Adh 0535)7 (Adh oM + AxaAdh o an: + SkeWO[A‘T’Adh ° 771] B %[Ax,Ax]))’

for each (¢,&,), (h,Ag) € J'P = J'G and (1y, dg) € (T*X ® g) xx (/\2 X ®g). Subsequently,

[(9.), (12, 0:)]i =
11,00 (8,10 (1 €. Ay o (Skewe(or = o) - 5l66))|

N0

for each (g,&;) € J'P and (1, ¢,) € T*X ® J'g. Observe that, for each U,,V, € T, X, we have

Skew o[&x, 12| (Us, Vi) = % ([€(Uz)s 2 (Va)] = [€2 (V2 ), 12 (Uz)])
1

= 2([77:0(Ux)7§z(vx)] - [nz(vx)agz(Ux)])
= Skew o[nz, {2 ](Uz, Vi)
By using this and Proposition 5.10, we conclude:

(4.7)

[97£x§77x7¢x:|J2é = [(g,ﬁx)a(ﬁxa¢x+[fxaﬁx])]]f,,@

(5.20)

2 (Adyr 0 O - €0, Adg o (Skewo(60) - 5 (6.6

5.5.4 Utiyama’s theorem

In order to show Utiyama’s theorem we now present two auxiliary results that allow for reformulate
the identification of the reduced configuration space.

Lemma 5.12. The (right) fibered action (5.10) induces the following (right) fibered action on the
reduced space:
(Az, F) - (hs pa) = (Adp-1 0 (Ag + pig), Adp-1 0 Frp)

for each (Az, Fy) e (T*X ®g) xx (N°T*X ®g) and (h,ps) € G (T*X ® g).
Proof. Firstly, we transfer the right action
J'PxG = J'P (jag.h) = gz (3h),
to the trivialized space (5.11), yielding
JIPxG TP ((9:6)h) = (gh.&).
As a result, the right fibered action (5.10) reads
JHI'P)xx JNX,G) > T (J'P),  (Ja(3,€).5ih) = ja (3R.€).
By taking the identification (5.14) into account, we arrive at

(9,823M2, 0z) - (hy i) = (gh, Ex3 e + Adg 0 g, Gz ).
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At last, we transfer this fibered action through identification (5.19), i.e,

1
Av=Adpro(n-6),  Fo=Adgro(Skewos, - 2[6.6]).

which gives
(Ag, Fy) - (hypy) = (Adp-1 0 (Ap + piz), Adp-1 0 Fy) .

Lemma 5.13. Under the above trivializations, the projection of the bundle of connections reads
J'P > C(P), (9,&) Ay=-Ady10&,.
Furthermore, by identifying
J'C(P) =~ (T*X @g) xx (T X ®T*X ®g), jiAw (A, =A(z), B, =VA(z)),
the jet lift of the projection reads
JHT'P) = J'C(P),  (9,6wimesba) > (Ao = ~Adgr 0 &s, Bo= ~Adg o (¢~ [00,6])).
Proof. A connection form A, € Ty X ® g defines a principal connection on 7p x as follows,
T.XeT,G~g, (UsUy)w (dLg_l)g (Uy) + Az (Uy).

On the other hand, let §: X - G be a local function such that g(x) = g and (dR;-1)40 (dg)s = &
Thus, the principal connection defined by (g,&;) reads

T XeT,G—g, (UgUj)r (dLy1)g(Uy)—Ady-1(8:(Us)),

where we have used that (U, Uy)" = (U, Uy) —d (idx, §), (Uz) = (04,Uy—(dg), (Uy)). By equating
the two previous expression we conclude that A, = —Adg-10&,.

For the second part, let §: X — G and £ € I'(77+ x@g,x) be such that g(z) = g, (dRy-1)g0(dg)s
Nes é(:z) = & and @é(m) = ¢;. By using Lemma 3.10 and the fact that (dRg), o (dg—l)x
—Adg-1 o1, we conclude:

BI = _@ (Adg—l o g)m
=_ (—[Adgf1 o nx,Adgq o0& ]+ Adgi1 ° %)
= —Adg1 0 (2 = [1,:]) -

A straightforward consequence of the previous Lemma is that the curvature of the connection
Ay =-Adg1 0§, Teads

Figg)=~Adgo (SkeWO(% ~ 12, &:]) - %[&c,&c]) eN'T*X ®g. (5.21)

Locally, the reduced curvature is obtained when the previous expression is evaluated at the identity
element g =1, i.e., F4 = F(‘?E ) € ANT*X ®g.

Corollary 5.14 (Reduced configuration space). The identification (5.19) may be written as

(J'(J'P)) PG~ (T" X ®g) @ (AN’ T*X ®g), [1,6;00,0uljog = (Az,—F7).
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Proof. Given [1,£4;04,¢z] 2 it is a straightforward consequence of Lemma 5.13 and equa-
tion (5.21). To conclude, let us check that we can always choose representatives of the form
(1,64:04,¢p) € J* (le). Indeed, given (g,&z; N, ) € J* (le), let

1 ~
(g_l, —Adg-1 0ng;—Adg1 ony, —§Ad971 o [nm,nx]) e J°G.

Hence,

) 1
(g L —Ady1 0my;—Adyr o N, —5Adgr 0 [nx,m]) (9,&3 M0, )

(1A 0 (6 =502 Adyr o (60 = [ &a] = S a1 ).

Therefore, [97595; Nz, ¢x]]2é = [Léx; Oz, QEI]Jzéu where

1
§e = Adg’l o (& —Nx), Gz = Adg’1 °© (¢x = [N2,&] - 5[7796’7730]) :

The Utiyama’s theorem is now straightforward.

Corollary 5.15 (Utiyama’s theorem). A Lagrangian L: J'C(P) - R is gauge invariant if and
only if L=10o F, where . )
F:J'C(P) > NT*X®§, jlAw-FA

is the reduced curvature map, and [ : A2°T*X ® g — R is an Ad-invariant function.

Proof. As above, we work locally. Let L : J* (JlP) — R be the lifting of L, as in (5.9), which is
JY(X, G)-invariant. Let (1,&;04, ¢;) € J' (J'P) projecting to jiA € J'C(P) (recall Lemma 5.13).
Then Corollary 5.14 ensures the existence of a reduced Lagrangian, | : (T"X®g)a (/\2 T"X® g) -
R, such that L(j;A) = I:(l,fx;Ox,d)I) = Z(Ax,—ﬁ’;f). Lastly, from Lemma 5.12 we know that [ do

not depend on its first variable and it is Ad-invariant on its second variable, that is, there exists
an Ad-invariant function [ : AT*X ® g — R such that l(Ax, —Ff) =1 (Ff), and we conclude.

This represents an alternative proof of the Utiyama’s theorem that relies on the gauge reduction
theory developed in the previous chapter. Roughly speaking, this new approach takes advantage of
the gauge invariance of the Lagrangian density to transfer it to the corresponding fibered quotient
and, by means of the identification of Corollary 5.14, this quotient space is seen to be nothing but
the curvature bundle of the theory. Of course, the Ad-invariance of the reduced Lagrangian is also
taken into account from our perspective.

5.5.5 Reduced field equations

Lastly, we present two lemmas in order to compute the reduced equations given in (iv) of Theorem
4.20 for non-Abelian gauge theories.

Lemma 5.16. Let ¢ : J'G » T* X xx J'§ be the bundle morphism defined in (5.17). Then the map
(4.12) reads
pui g T X @ TG, (0.¢2) = (dr,0a).

Therefore, its adjoint is given by

(pi TX® (Jlﬁ)* - (Jlﬁ)*, (a:caﬁ:c) e (07ax)'
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Proof. The vertical space of 7 ;15 y at each (g,&;) € JLG reads
Vigen) (G (T"X ®9)) ~ TG x (T, X ®4g),
where we identify

d
T;Xog=Ve, (T"X®g), ¢ur —

x t xX-
7 t:0€ + 1o

In particular, for (g,&;) = (1,0,) we have
E Vo) (G (T"X ®g))~gx (T; X ®g).
As a result, for each (7, ¢,) € J1g we get
P+ (1, bz) = (d) (1,0,) (1, )

o(exp(tn),0q + toz)

dt L:U
d

t2
EL_O (t¢x7 _5[¢xa QZ)x])

(¢2,0;) € Ty X x J, .

For the second part, let (o, () € T X ® (J%ﬁ)*. Thence,

(60, 0) = {(62,00), (0, B2)) = (04 (0, 62), (0, B2)) = (0, 62), 0L (00 B2)) .

Since the previous expression is valid for every (n, ¢,) € J1g, we conclude.

The exponential map on the Lie group G is denoted by exp : g — G. Note that the exponential
map on 77X ® g is the identity as it is a vector bundle. The exponential map on the fibered
semidirect product is denoted by

exp: Jig=gx (T"X®g) > J'G=Gx (T*X ®g).

Lemma 5.17. The covariant derivative on 7 g x induced by the Lie group connection v is given

by V7' 3(n,¢) = (dn, V¢) for each (n,¢) € (715 x).
Proof. To begin with, from [80, Theorem 3.1] we know that
eip(tnv t¢>) = (exp(tn)a Adexp(tr]) ot + O(t2)> : (522)

Furthermore, recall from the proof of Proposition 5.10 that the infinitesimal generator of (a, ;) €
J'g for the fibered action (5.12) is given by (O"fBI)Zg €)= ((dRy)1(), By — [&s, r]). Subsequently,

v reads
v:T(J'G) > I8, (Ug,Us,) = ((dRy1)g(Uy), UE, = [&: (dR1)4(Ug)]),  (5.23)
where the superscript v denotes the vertical part given by V and the identification Ve,(T" X ®g) =
T, X ® g has been used.
On the other hand, recall that (cf., for instance, [92, Theorem 2.14.3))

1 —exp(-ady,)
(dexp)tn = (dLexp(tn))e o Tn = (dLeXp(tn))e + O(t) ‘g Texp(tn)G7
n

being
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1 -exp(-adsy) i": (-1)!
adtn i=0 (’L + 1)'

audi77 € End(g).
From this and Lemma 3.10, we get

o dexp(tn) = (dexp)tn otdn = (dLexp(tn))e otdn+ O(tz)v

- i , (5.24)
o V (Adexp(tn) o t(Z)) = Adexp(tn) o tv¢ + O(t )

By gathering all, we conclude:

- 1) d
v7'5(n, 6) GID L), dexp(tn, o)
dt l¢=0

= dtlizo vo (dexp(tn),d (Adexp(tn) o tg) +o(t”))

= dtl=o ((dRexp(-tn))exp(tn) © dexp(tn), V (Adexp(eny 0 16) + o(t*))

= % (AdeXp(tn) o td?] + O(tz)’ Adexp(tn) o t@gb + O(tQ))
t=0

= (dn, @qﬁ) .

Lemma 5.18. Let j33 = (1,&;04,¢5) € J* (J'P) under the identification (5.14). From Corollary
5.14, we may write 3(x) = (Ay, —F,) € (T* X ®g) x (A2°T*X ®g). Then the coadjoint representation
introduced in Lemma 4.19 is given by

ads: $H° > (Jlg)*, (g, 1) (adj‘x 0 Wy —ad}x oIl,, ad}_o Hw) :
where $° = (TX ® g*) xx (/\QTX ®g*).

Proof. Firstly, we compute the adjoint representation corresponding to (5.13). Let (o, 8z), (1, ¢%) €
gx (T; X ®g), then

d
ad(n,%) (Oé, Bl‘) = E =0 Adeip(tn,t%c) (()[7 /61’)
(5.22) d

dtlizo A(exp(tn), Adesp oy ottt +o(12)) (@5 Br)
(5.13) d
= % 0 (Adexp(tn)(a); Adexp(tn) o ,81’ +t (Adexp(tn) o [(25;7 Oé]) + O(tz))
= (adn(a), ad, o By +ady, (a)) .

Subsequently, for each (o, ;) € gx (T X ® g) and (w,, ;) e (TX g ) x (TX®TX ®g"), we
have
(a3 (@0, I1), (@, 82)) = = (0, [L),ad 4y, (@, B2)
=— ((wx,ﬂx), (adAI oa,ady, o By — adﬁz(a)))
= (adzz o wx,oz> + (adzz o Hx,ﬁx) - (ad} o Hx,a).

Since the previous expression is valid for every («, 5;) € g x (T X ® g), we conclude.

Theorem 5.19 (Reduced field equations). Let di\i I'(TX®TX®g") > I['(TX ®¢g") be the
divergence of V, i.e., minus its adjoint. A section (A,~F) eI’ (T*X ®g)® (/\2 "X ® g)) is critical
for [ if and only if
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ol
ad: (—~) = 0, 5.25
55 (5.25)
(div - ad}) (ﬂ) = 0. (5.26)
0F
Proof. From (iv) of Theorem 4.20, it is clear that the horizontal equation vanishes since
(J'P)] J'G =~ X.

Similarly, the vertical equation reads

ey (Y
(le ads+<p*)(514,5}31 =0,

where div’'? is the divergence of v/'8. By using Lemmas 5.16, 5.17 and 5.18, we get

*5ZA * 5i * 62
da—adAoﬁ+adF0m= ;
) 6l ol

div— —ad?¥ o 0.
s A

—_—+ — =
§F  0A
We conclude by using Corollary 5.15, which yields

R ]
SA  6A SF  OF

In fact, the next result ensures that the first equation is nothing but the already known Ad-
invariance of [.

Proposition 5.20. Equation (5.25) is equivalent to the Ad-invariance of the reduced Lagrangian
AN’T*X®g—>R, ie., loAdy =1 for each g€ G.

Proof. Given Fe N2 T*X ® g, the Ad-equivariance of [ reads
d

dt

. d
H(Adexp(re) o F) = —

L y I(F)=0, Veg.

t=0

Additionally, we have
d

dt

tzoz(AdeXp(t@ oF)= <;—}é,ad§ o F) = (;—;,—adp(g)> = —<ad; (5—;) ,5).

Since the previous expression is valid for every £ € g, we conclude.

We have thus the single equation (5.26). Note that, even though the reduced Lagrangian [ does
not depend on A, this variable is still a variational field of the reduced problem and it appears in
the equations.

In particular, for the YangMills reduced Lagrangian, [(F) = (F, F),, we recover half of the
Yang—Mills equations. In order to prove that, recall that the Hodge star operator (5.5) is may
be extended to vector bundle valued forms, * : 2%(X,g) - 2" %(X,§). Additionally, a principal
connection A € I'(m¢(p),x) yields a covariant exterior derivative d4 . F(X,§) - 2F1(X,5).
Hence, we can define the covariant codifferential as

(dA)* = % odAo * 1 Qk(X,g) - Qkil(ng)
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Theorem 5.21. Equation (5.26) for the Yang—Mills Lagrangian (5.7) is equivalent to
()" F=o. (5.27)

Proof. Let (z*) be local coordinates for X, {B, |1 <a <m} be a basis of g and {B*|1< a<m}
be its dual basis. The Riemannian metric and the Killing form are locally given by

9= guo dzt ® da?, K:KQBBO‘(XJBﬁ,

for some local functions g,, € C*(X) such that g, = gou, 1 < p,0 < n, and K, € R such
that K,3 = Kgo, 1 < o, < m. The induced metric on 1-forms reads g = ¢"° d, ® 05, where
(9") = (guo)~" as matrices. Moreover, let 7 = ny dzt ® B € I'(T* X ® g). The linear connection
V:I(T*X ®g) > I'(T*X ® T*X ® g) locally reads

- oy,
Vn =\ 5 twh,n, | det ® dr” ® By,
0x°
for certain functions wzo € C*°(X), 1 < p,0,p < n, which can be assumed to satisfy wﬁg = wf;“
for each 1 < p,0,p < n, that is, V is assumed to be torsionless. In the same fashion, given A =
A% dz! ® B, € I'(T* X ® g), the adjoint representation ads : I'(T"X ®g) - ['(T"X @ T*X ® g)
reads
ada(n) = c5, AE n) dz" @ dz° ® B,

where Cgv’ 1< a, 8,7 <m, are the structure constants of the basis {B, | 1 < @ < m}. In addition,
recall that the covariant exterior derivative for 1-forms is locally given by

(o7

Aty = dn + [A] = (2 AP Y| dat & da” © B
n=dn+[A,n]= 50 + G,y " ® dz’ ® B,.

Let £ = €470, ® 0, ® B* ¢ I'(AN°TX ®g*), that is, €47 + £ =0, 1 < p,0 <n, 1 < a <m, and

denote & = gup gor KP el daP @ da’ ® Bgel (/\2 T"X ® g), where (K%)= (Kap)™! as matrices.
On the one hand, by using the previous expressions, we get

[ (div=ad3) ©) vy = [ {(T+ada) ().€) v,

(67

) fx ((a_sz Wy + By Ay n;’) dr" & da® ® By, €70, ® 0, ® B°

) L(dAUaQ vy

9 [l @) &) w

For equality (1) we have used that wh, My A7 =0 due to the symmetry properties, and for equality
(%) we have used that the codifferential is the adjoint of the exterior derivative. Since this is valid
for every ne I'(T*X ® g), we conclude that (div — adZ) (&) = (dA)* &.

Obs~erve that the Yang-Mills Lagrangian (5.7) is locally given by [(F) = K5 g"° g°™ F, vo I, fT for
each F' = Fi dz" ® dz” ® By € I’ (/\2 T"X® g), whence we conclude:

5l ol n
— =K,pg"¢°" F% 9,00, ® B®, (—~) = F da’ ® d2” ® Bg = F.
5F B9 Y o =P oF/y ’ ’

Equation (5.27) may be rewritten as «(d x F+[A,*F]) =0 and, together with the reconstruction
equation, dAF = dF+[A F] 0, are the Yang—Mills equations. In conclusion, the reduced equations
consists of the Ad-invariance condition for the reduced Lagrangian [ : A>T*X ® g — R, as well as
the dynamical equations. When the original Lagrangian is the Yang-Mills Lagrangian, then the
dynamical equations, together with the reconstruction condition, are the Yang—Mills equations.






Chapter 6

Higher-order Euler—Poincaré reduction

This chapter is based on our work [19], where the Euler-Poincaré reduction theory for covariant
field theory investigated in [12] is extended to higher-order theories, i.e., those theories whose
Lagrangian densities not only depend on the values of the field and its velocities, but also on
higher-order derivatives.

Firstly, some essential facts about higher-order jet bundles are recalled in Section 6.1, including
the total partial derivatives and the jet prolongation of vector fields. The formulation of higher-
order Lagrangian field theories is recalled in 6.2. Next, in Section 6.3 the geometry of the reduced
configuration space (JkP) /G for a k-th order Lagrangian theory on a principal bundle is inves-
tigated. The understanding of this reduced phase bundle is essential for a correct analysis of the
reduced variational principle. For first order theories, this reduced bundle is the bundle of con-
nections C'(P), the sections of which are principal connections on P. However, even though one
might suspect that (J*P)/G ~ J¥'C(P), k > 2, it turns out that this reduced phase bundle is
the space of (k- 1)-th order pointwise principal connections with vanishing curvature up to k — 2
order. This fact is already shown for particular cases in [53] and is analyzed in depth in [34]. We
follow the strategy of the latter. The main result of the paper is established in Section 6.4, where
we compute the reduced equations, i.e., the higher-order Euler—Poincaré field equations. For k > 2
the reconstruction process providing solutions of the original problem from solution of the reduced
equations is given in detail (at least locally). In this case, the situation k = 1 and k > 2 show a dif-
ferent conceptual behaviour, since the first order case requires an auxiliary compatibility condition,
whereas that condition is implicit in the set of admissible solution for higher-order Lagrangians.
Furthermore, the reduced equations are reinterpreted as a Noether conservation law in Section 6.5.
At last, Section 6.6 is devoted to illustrate the previous theory by computing the reduced equations
for multivariate k-splines (brane splines) on Lie groups.

6.1 Higher-order jet bundles

We summarize the main results about higher-order jet bundles that we will need in the following
(see, for example, [87, Chapter 6]). Let my x : Y — X be a fiber bundle and k € Z*. The k-th order
jet bundle of my x is denoted by

Toryx i Y — X,

and its elements by j¥s. The k-th jet lift of a section s € I'(my x) is denoted by j*s e I’ (WJkY’X).
Recall that the maps 7 : JYY - J'Y, jFsw jls, 0 <1 <k, are fiber bundles, where we denote
JOY =Y. In addition, Tk k-1 is an affine bundle modelled on

Ty x (VET*X) @ mp_y o(VY),

where VY = ker(7y, x )« is the vertical bundle of 7y x.

79
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Let (x*,y*) be bundle coordinates for my x. The induced coordinates on J*Y are (z#,y%; Y9),
1 < |J| <k, where |J| = Jy +---+ J,, is the length of J. If, locally, s(a*) = (a*,s%(z")) for some
(local) functions 5% € C°(X), 1< a <m, then j*s(z#) = (z#,s%(x"); s%(2*)) with

() ()

Definition 6.1 Let wy x and mys x+ be fiber bundles, k € Z*, and F : Y - Y' be a bundle morphism
covering a diffeomorphism f: X — X'. The k-th order jet lift of F' is the map j*F : J*Y — JkY’
defined as j;fs Hj];(x) (Fo so f‘l).

7]
() =

5 s%(z), 1<|J|<k.
T

x=(ak)

z=(zt)

If 7yn x» :Y" - X" is another fiber bundle and G : Y’ — Y" is bundle morphism covering a
diffeomorphism ¢ : X’ - X", then j*(G o F) = j*G o j*F. In other words, the following diagram is
commutative.

J¥(Fo @)
JkY JkEY! Jky"
Tk,0 l l 7Tl/<:,0 l ”i/clo
Y F YI G Yll
TY, X J l Ty’ X’ l Ty, X"
X f Xl g X/I

(6.1)

Proposition 6.1. The following is a canonical decomposition of vector bundles over JXY,
WZH,k (T(Jky)) = 7T1:+1,k (V(Jky)) @ H(Wk+1,k)7

where V(J*Y) = ker( jry x )« is the vertical bundle of myry x and H(mps1 k) jres = d(j%8) (T X)
for each jFtls e JEHY .

Given j¥*1s ¢ J*1Y and U, € T, X, the vector Uj’“,yls = d(j*s):(Us) € H(Tp41x) is called k-th

holonomic lift of U, by j**1s. In coordinates, if we write j5*1s = (z",y*;y5) and U, = U*0,, then

k
k J
Uj;;Jrls = U” (8/14 + yiaa + Z y?_‘_l#aa) 5
1T1

where 1, is the multi-index given by (1,), = ., and 9, 0, and 97 are the partial derivatives of
the coordinates z*, y®, y9, respectively, 1 < p,v <n, 1 <a <m, 1 <|J| <k. In particular, the k-th
holonomic lifts of the partial vector fields, 9, 1 < < n, are called coordinate total derivatives and
are given by

k J
da,:u = (811)]];‘*'13 = 8,“4 + y?ﬂaa + y..C;Jrl’uaa'
Example 6.1 (Total time derivative) Let QQ be a smooth manifold and consider the trivial bun-
dle Trxqr with (local) coordinates (t,q“). Given q(t) = (t,q*(t)), the total time derivative is given
by

k j+1
d 0 0q¢“ I

ai o ot L g
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Note that given a (local) function f e C*°(J*Y") and a multi-index J = (J%,...,J"), then

A kil

Furthermore, for a section s € I'(my,x ) we have

d’lf o ikl M (f o j*s)
dz’ 7 oz’ '

Next, we define the prolongation of vector fields.

Definition 6.2 Let | € Z*. A generalized vector field on J'Y is a section U € I’ (Trl*OTY - JIY).
Furthermore, it is said to be vertical if U(jls) € Vi)Y for each jlse Jy.

Note that (standard) vector fields on Y would be regarded as a generalized vector fields for [ = 0.
Locally, generalized vector fields are given by

U =U"0, +U%d,, UH U JY >R, 1<p<n, 1<a<m.

This way, vertical generalized vector fields are those ones such that U* =0 for 1 < u < n.

Given a generalized vector field, U € I (WZOTY - JZY), and k € Z*, it may be defined the k-th
order prolongation of U, which is a section U®) e I" (77,:+l7k (T (JkY)) - Jk”Y) (cf. [87, Definition
6.4.16]). In particular, k-the prolongations of (standard) vector fields on Y are (standard) vector
fields on J*Y.

Proposition 6.2. Let k € Z*, (2*,y*;y%) be bundle coordinates for J¥Y and V = V0, € X(Y) be
a vertical vector field on Y, where V¢ :Y - R, 1 < a < m. Then k-th order prolongation of V is
given by

d’lve

)

v =veg, + 05 e X (J'Y).

Proposition 6.3. Let k € Z* and U € X(Y') be a my, x -projectable vector field on Y. Then the flow
of its k-th order prolongation, U®*) e X(J*Y), is {j"¢i | t e (—€€)}, where {¢y |t € (—€,€)} is the
flow of U.

To conclude this brief overview, we present the Leibniz rule for higher-order, multivariable cal-
culus, which can be straightforwardly proven by induction in the number of factors (see [50, Propo-

sition 6] for two factors).

Lemma 6.4 (Higher-order Leibniz rule). Let meZ* and f1,..., fm € C*(R™). Then

ol m I m Al g
g - , I]>0.
ox! ol;[l fa 1(1)+..§(m):1 T m)) 0131 8&:1(“) ‘ ’

6.2 Calculus of variations for higher-order Lagrangian densities

We now recall higher-order calculus of variations (for a comprehensive exposition see, for example,
[7, 35, 77]). Let X be a compact, my,x : ¥ — X be a fiber bundle, and k € Z*. A k-th order
Lagrangian density on my,x is a bundle morphism



82 6 Higher-order Euler—Poincaré reduction

e JFY s APTHX

covering the identity on X. If X is oriented by a volume form v € 2"(X), we will write £ = Lv for
a function L e C* (J kY) known as Lagrangian. The action functional defined by £ is

S: I'(my,x) > R, SH])-(Q(ij)-

A wvariation of s € I' (my x) is a 1-parameter family of sections {s; € I' (my,x) | t € (—€,€), sp = s}.
The corresponding infinitesimal variation is

d
0s = —‘ s € I (g .
i (Ts*Ty,X)
Henceforth, only 7y, x-vertical variations are considered, that is, those ones satisfying ds(x) € Vi)Y
for each x € X. The variation of the action functional induced by {s;} is defined as

and it only depends on the infinitesimal variation. That is to say, if {s;} and {s}} are two variations
of s such that ds = ds’, then dS[s;]/dt|,_, = dS[s;]/dt|,_,-

Definition 6.3 A section s € I' (my x) is critical or stationary for S if the variation of the corre-
sponding action functional vanishes for every vertical variation of s, i.e.,

58[8] = 0, osel’ (ﬂs*vij) .

Unlike the first order case, the covariant Cartan form,
Og € Q" (J**1Y),

is not uniquely defined for higher-order Lagrangians if dim X = n > 1. The main reason is that,
although there is a canonical embedding J*Y - J! (J k_lY), there are many different choices for
the corresponding projection. Nevertheless, it is always possible to construct a globally defined
projection by means of tubular neighborhoods, thus yielding a globally defined covariant Cartan
form on J*Y (cf. [87, Theorem 6.5.13]). In any case, there is a unique choice for the Euler—Lagrange
form associated to £,

EL(L) e Q" (J*Y, 73,0 (V'Y)),

where my+yy is the dual of the vertical bundle myyy . There exist adapted coordinates (z*,y*;y5)
for J?*Y such that the covariant Cartan form is locally given by'

k-1 k-|I|-1 ! 4l oL
Oe=> Y (-1) o — (dyf —yfo1,dz”) A (ea,v) + Lo, (6.3)
11=0 |J]=0 T\ Y41,

where ¢ : (X)) x 2F1(X) - 2%(X) denotes the left interior product. Similarly, the Euler-Lagrange
form is given by

EL(L) = Z( Ml d I( > )v@dy (6.4)
J

J
17120 dx

! Since the higher-order covariant Cartan form is not uniquely determined, its local expression depends on the choice
of bundle coordinates (cf. [48, §3B], [87, §5.5] for first order, and [28, §5], [87, §6.5] for higher orders).
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Proposition 6.5. Let 0s € I'(mg+yy,x) be a variation of a section s € I'(mwy,x ). Then the variation
of the action functional is given by

5S[s]=[X((j2’“s)*5£(£),5s),

where (-,-) denotes the dual pairing within the vector bundle VY - Y.
Proof. Since the variation is vertical, we have s; = ¢, 0 s, t € (—¢,€), where {¢;: Y > Y |t e (—¢,¢€)}
is the flow of a vertical, my x-projectable vector field V' e X(Y"). Subsequently,

4
dt l-o0

2(hs) = G| R (etan) - () (5]

s(j%t)) - (%) (Eyw ), (6.5)

where £ denotes the Lie derivative and we have used the commutativity of (6.1) and Proposition
6.3. Since X is boundaryless, the Stokes theorem leads to

[ G*s) dvwe) = [ a((*s) D)= [ (") Grw ) =0. (6.6)

Similarly, we pick bundle coordinates (z*,y*;y5) for J kY, which allows us to write V = V%9, for
certain (local) functions V*: X — R, 1 < & < m. Thus, Proposition 6.2 yields

Plhves
8Lva oL d V) 6.7)

de =
v (3y0‘ " oy dx’

Lastly, the higher-order integration by parts formula for boundaryless manifolds (see, for example,
[9, Lemma 4.5]), together with (6.2), give

k(oL dlve N ooy alve
S0 (555 )= oo et e o)
ol
o 5 g o)
Ul (oL
_ | 2k (47 (9L ) {a
Y f (deJ (ayJ)V v)'

On the other hand, it is clear that ds = (d/dt)|,_q (¢r0s) =V os=V0y € I' (mgvy,x ). Hence, form
the local expression of the Euler-Lagrange form (6.4) we get

((7%s)" ec(2).65) = (* )(Z( )'J'j;l(aL))vav. (6.9)

|J]=0 93

By using Cartan’s formula, i.e., £ = do ¢+t 0d, and by gathering the previous expressions, we
d
OS[s] = —

finish
%\ (6.5) s
dt [t=0 L < (jkst) - L (]ks) (£V(k)2)

B\t . (6.6),(6.7) wax+ (0L, OLd'lve
S e [ a7 [y (G G

©68) [ .on \* [ OL AN (DL (69) o \*
= -/)((] S) (@‘f‘(—l) dx_J a_y?]‘ Vv = A((] S) 85(2),55)

The following result is a straightforward consequence of the previous Proposition and it gives
the higher-order version of the well-known Euler-Lagrange equations.
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Theorem 6.6. Let £ = Lv : J*Y - A"T*X be a k-th order Lagrangian density, and consider
the corresponding Euler—Lagrange form, EL(L). Then the following statements for a section s €
I' (ry,x) are equivalent:

(i) The variational principle §S[s] = 0 holds for arbitrary variations ds € I'(Ts+yy, x).

(ii) s satisfies the k-th order Euler-Lagrange field equations, i.e., (j2¥s)*€£(£) = 0.

From (6.2) and (6.4), we obtain the local expression of the higher-order Euler-Lagrange equa-
tions:

o] (aL )
| ik -
-~ U"s)] =0, 1<a<m.
ayJ( )

Remark 6.1 The calculus of variations described above is straightforwardly extended to a mon-
compact base manifold X by considering compactly supported variations. In other words, given a
section s € I'(my, x ), the only variations ds allowed are those satisfying

jEles=0,  xzedld,

for some open subset U c X with compact closure, U. Locally, this condition ensures that s as well
as its partial derivatives up to order k — 1 vanish on the boundary, OU. As a result, no boundary
terms appear when integrating by parts and, thus, Proposition 6.5 is still valid.

6.3 Geometry of the reduced configuration space

Let G be a Lie group, g = T.G be its Lie algebra, e € G being the identity element, and g* be the
dual of the Lie algebra. The corresponding exponential map is denoted by exp : g — G, and the
adjoint representation of G is denoted by Ad, : g — g for each g € G. In the same vein, the adjoint
and coadjoint representations of g are denoted by ad¢ : g — g and adg 1 g* - g*, respectively, for
each £ e g.

Let mp x : P — X be a principal G-bundle. The corresponding right action is denoted by
U:PxG->P o (y,9) > ¥(9) =Y (y)=y-g.

Recall that the infinitesimal generator of £ € g is the vertical vector field £* € X(P) given by

&= 5| vewe)-@n), ©  yer

For each k € Z*, the k-th jet extension of the action,
v JEPx G > JFP, (jis,g) = i (s g),

is again free and proper, thus yielding a principal G-bundle, J*P — J*P/G.

We denote by C(P) = (J'P) /G — X the bundle of connections of mp x, which is an affine bundle
modelled on 7% X ® g - X. Recall that there is a bijective correspondence between (local) sections
of T¢(p),x and (local) principal connections on 7p x, which we denote by

1:1
.Ql(P,g) 5A «— gp € F(WC(P),X)'

The following result ensures that holonomic sections of the jet bundle yield flat principal connec-
tions.
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Lemma 6.7. Let s € [},.(mpx ), where I'o.(mp x) denotes the family of local sections of mpx, and
define o 5 = [jls] € Doc(To(py,x)- Then the local connection A € 2L (P,g) is flat.

Proof. The local section s induces a trivialization of mp x on its domain ¢ c X,

0:UxG > Py, (z,9) =~ p(x,9) =s(x)-g.

Recall that any connection is unlquely determined by its horizontal lift at each point. Given y
s(x) - g € Ply, we denote by Hor : T, X — T P the horizontal lifting of A at y. Since o4 = [ ]G,
we have

Hory(Uy) = d(¥y 0 8)o(Uy) € T,P, Uy e TX. (6.10)

On the other hand, consider the canonical flat connection Ag € 2'(X x G, g) on the trivial bundle
Txxq,x- For each (x,g) € X x G it is defined as

HOT&%Q)(ULU) - (Uw’og) € T(mvg)(X X G), Uy eT, X.

It turns out that A = Ag|,, s0 A is a flat connection. Indeed, let (z,9) €U x G and U, € T, X
Since ¢ covers the identity on U, we have

Horf ) (Us) = (de™), ), (Hor gy (U)) = (d9™) ) 5 (d(Fg 0 9)o(U2))
:d(SO_ owgos) (Uz) = (dig)z(Usz) = (Us,0g) = HOT )(U)

where X 3z = 14(x) = (z,9) e X xG.

The main goal of this section is to study the geometry of the quotient (JkP) / G, which was
first investigated in [34]. For the convenience of the reader, we present a detailed proof of the main
result (see Corollary 6.14 below). To begin with, we introduce the following bundle morphisms.

Proposition 6.8. For ecach k > 2, the bundle morphism Oy, : J*P — J*1C(P) defined as j;fs >
jE[j's]e is well-defined and it descends to a map on the quotient, =y : (J*P)/G - J*1C(P).

Proof. To begin with, note that @y, is the composition of the natural immersion J*P — J#~1 (J1P
with the (k - 1)-th jet lift of the canonical projection my : J'P — C(P). Thus, it is well-defined.

For the second part, let g € G. Then
Or ((Jrs)-9) = Ok (42(s-9)) = s 13" (s- 9))a = 45 '[(G's) - 9la = 4z '[5's)a = Ok ()

The previous result may be summarized in the following commutative diagram.

Jkp J1o(P) jhs ———— i [j's]la
T _ n / (6.11)
Zk
(J*P)/ G E

Consider the curvature map, i.e.,

F:J'0(P) > NT*X®§,  jloa~ FA(2),
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where F4 e 22(X,§) is curvature of the (local) principal connection A € 2'(P,g) regarded as a
2-from on M with values in the adjoint bundle. By lifting it to the (k —2)-jet and by composing it
with the natural immersion of J*"1C(P) « J*=2 (J'C(P)) we obtain

jk—QF . Jk:—lc(P) N Jk—2 (/\2 T*X ® g) , jit—lo_A > j];_2FA.

Let 0 : X > A2T*X ® § be the zero section, and consider its (k - 2)-jet lift, 20 X -
Jh (/\2 "X e® Q). We define the kernel of j*72F as

ker jF2F = {5 oy e JFLO(P) | A2 FA = jE20)
Proposition 6.9. For each k > 2, we have

(i) =y is an injective bundle morphism over X.

(ii) im =, c ker j*2F.

Proof. To check (i), let [ji“s]G # [jﬁs']G be two different elements in (JkP)/G. In other words,
jks # (jks') - g = jk(s" - g) for each g € G. Subsequently, [jls]g # [jis']g and, thus, =y ([jﬁs]G) *
g ([j’;js’]G). On the other hand, (i) is a straightforward consequence of Lemma 6.7.

Let us introduce a trivializing chart of 7p x, i.e., we pick an open subset U ¢ X with ¢/ ~R" via
the local coordinates x = (z*) and such that Pl ~ U x G. To keep the notation simple, we write
U = X. Likewise, let {By € g |1 < a <m} be a basis of g and consider normal coordinates (y“)
in a neighborhood of the identity element e € G, i.e., g = exp(y*By). This way, we have normal
bundle coordinates (z*,y®) for mp x. Note that for each g = exp(y*Ba),h = exp(2*B,) € G close
enough to the identity, we have gh = exp (ngyCzDBa), where C' = (C4,...,C),) is a multi-index,
y© = (yH .. (y™)Cm and fép, 1 <a<m,|Cl|,|D| >0, are the constants of the Baker-Campbell-
Hausdorff formula (cf. [92, §2.15] and [34, Theorem 4.1]). By using this, it can be checked that

Pxg=VP,  ((a"y"),£"Ba) = a3e’da, (6.12)
where
af(y',... y™) = fé,u°
Note that for y = (x,e) we have ag(O, ...,0) = 0%, 1 < o < m. Hence, the inverse of the matrix

(aj(y™)) is well defined in a neighbourhood of y = (z,¢), and we denote it by (bg(yl, o y™)). In
such case, the inverse of the previous isomorphism is given by

VP~Pxg,  (y,U%a) " (y,b3U"By). (6.13)

We pick bundle coordinates (a:“,AZ‘) and (2, Fj,) for mg(p) x and TAZT* X g, X T€SPec-

tively. Similarly, we consider the corresponding bundle coordinates (z*,y%;y%), (=", A%; Al ;) and

xt Fo Fe ) for JEP, JF1C(P) and J* 2 (A2T*X ® §), respectively. In order to keep the no-
pvs pwJ
tation simple, we will write y§ =y, A} ; = A} and FJ, ; = Fj, for Jy = 0,...,0).

Remark 6.2 Given two multi-indices I, J, the inequality I < J means that 1, < J, for 1 <p<n.
Likewise, we denote I < J when I < J and I # J, that is, 1, < J, for 1 < <n and there exists
po € {1,...,n} such that I,, < Jy,.

Let us compute the coordinated expression of ©.
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Proposition 6.10. For each k > 2 and each (x*,y%;y5) € JFP with |y®| small enough, 1 < o <m,
we have O (z",y* y7) = (2, Ay AL ), where?

ol

:Jﬁwami, Aw_a J(gwami) , 1<p<n, 1<a<m, 1<|J|<k-1.

xT

Proof. We denote jis = (z,y*;y%). Recall from (6.10) that the horizontal lift given by [j's]g €
C(P) reads Horﬁx) =da" ® 0, + yf' dz"' ® On. From this and (6.13), we get

Aga) = b3 (5% (—yfﬂdm“ +dy® ) ® Bo € T}, P ® 3.
Then [j's]g = (z*, Al = b5(y” )y1 ). By taking partial derivatives, we conclude.

Now some technical lemmas are presented.

Lemma 6.11. Let k > 2 and 55 oy = (z, AT AT ) € e JF1C(P). Then jEF2F4 = (z, FoiEL, 7)€
Jk2 (/\2 T X ®§) s given by

1

ﬁyy,J = 5( ICJY,J+1# ,u, J+1, T Z ( )057 AZJ_])’ (6.14)
1<J

foreach 1 <p,v<n,0<|J|<k-2 and 1 < a<m, where we denote by Gy =2fT,, 1<a, B,y <m,

the structure constants of g.

Proof. We show it by induction in 0 < |J| < k — 2. The case |J| = 0 is straightforward, since the
curvature of jlo = (xM, A A ) is given by (cf. [86, Chapter 1, §4])

1
Fpy =5 (A5, - AR, + 3, ARA7).

v,1,

Now assume that (6.14) holds for 1 <|J|(< k - 2). To conclude, we need to show that it holds for
J' =J+1, for each 1 <o <n. Note that

D)), ) e

Furthermore, note that

I<J’, <J’
15=0 15=0 Ip=Js+1 Ip=Js+1
Hence,
!/
2202 (GG 2 (2020 2,65
I<J! I I<J, I lo<I<J I I-1, I<J’, I-1, I<J I 1o<I<J! I-1,

I,=0 Is=Js+1

By using this and by taking the partial derivative of (6.14) with respect to 27, we finish

2 By abusing the notation, for each multi-index J we denote

anB

oy
oy (¥)

()‘

y*=0
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1
_ g
FSV,J’_E Ay g1, — Au, +IZ:]( )Cﬁv( ,I+1, AV,J—I+A AVJ I+1, ))
<

J 8
A g, —Au i, t (I_ 1 )C,BvA A) i+ ), ( )Cﬂv A
1,<I<J’ I<J

[0 Y
Ay, —A W, t > ( )Cﬂv AV,J’I)'
I<J’

Lemma 6.12. Let k > 2 and g = exp(y*By) € G with |[y®| small enough, 1 <o <m. Then

abA abA

Cgvbg(y)bZ(y) = 1<a, e, A<m.

Proof. For each 1 < B,y <m and y = (z",y*) € P, the infinitesimal generator is given in coordinates
by (Bg), = a3(y)0a and, from the equality [Bg, By] = ¢, Ba, they satisfy

a 0 a 8 a%(ya)
a0 ()05 = [a (y)Da, al ()95 = ag(y) (y)—%@—ya(y) s. (6.15)

Since (ag(y)) (bg(y)) =1I, the identity matrix, we have ai(y)b?(y) = 65 and, thus,

dal o’
(y)bﬁ(y)my(y) (y )(y) =0, l<a,By<m.

As a result,
dal o’
(y) = —ag(y)ay(y) ~(y), l<a,y,6<m.

By substituting this into (6.15) and rearranging indices, we get
b} abA )

1<6,v,0 <m.

cgwa,‘i(y) = ag(y)ai(y)ai(y) (

Lastly, we multiply each side by bgl(y)bg‘,(y)bg,(y) and we sum over «, 0 and e€:

abA 8b’\
%b (y)bl (y) = (y) - ( )s I<a,e,A<m.

We are ready to show the main result about the map =j.

Theorem 6.13. For each k > 2, we have that:

(i) im =y, = ker j*72F c J*1C(P) and,

(ii) Zy is a proper map.

Proof. To begin with, we show (7). Thanks to Proposition 6.9(ii), we only need to prove that
ker j*72F c im 5},. Similarly, the commutativity of (6.11) yields im 5}, = im O

The fact that the maps are local enables us to work locally. More specifically, we employ the
bundle coordinates introduced above. Let j*~! O'A = (aM, A A J) € ker j*2F. We need to find
jks = (z*,y*y5) € J*P, such that O (j¥s) = j¥ 1o 4. For that matter, we set y* =0, 1 <a<m.
Besides, we define y9, 1 <|J| < k, by recurrence. Namely, fix 0 <7 <k -1, and assume that y5 has
been defined for 1 <o <m, 0<|J| <7 -1 in such a way that they satisfy
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11
(6.16)

d
ﬁ@g(y)yi) 0<|J|<sr=2,1<pu<n, 1<a<m.

«
Hyd>

T

Now pick J e N® with |J| = r and consider 1 < 1 <n such that J, >0. Then we set

J-1,\ 07+ s (y)
yilw) = A, = 2 ( I“)W Vi, lgasm
x

1<J-1,
Observe that it makes sense, since the elements 35 considered in the RHS are only up to order

r — 1. In addition, for each 1 < a < m we have

ol=tul N T-1,\ Mgy o
Ozd—1u (bﬂ(y)th) = yJ(M) + I<JZ:1 ( I ) Oz 1u—T y1+1u = AM,J—IW
x —lu T

since b3 (y = 0) = 5. Hence, y5 () keeps satisfying (6.16).

Let us check that the definition do not depend on the j chosen, so we can write y5 =45 (p). Let

1 < v < n be another index such that J, > 0. This enables us to write J = J' + 1, + 1, for some
multi-index J" with |J'| =7 —-2. Hence, J -1, =J"+1, and J -1, = J' +1,,. Therefore,

J'+1,) O+ I'b I, DS ,
I<J'+1u( I ) W(y) ?JlmM I<JZ;1H( 7 ) W(y) myhlu (6.17)
- % (55w, - 3';,— (651, I
a((?,';;J’ ( - (y) b, WY, - 8—21% ) W)y v), - bg(y)yfwlu)
- (5000 i 5 ) 7.1 ) x

Similarly, by inserting the condition j Lo 4 € ker jF- 2F, ie. jk 2pA = j§*2(), in Lemma 6.11, and
by using (6.16), we obtain
(6.18)

Jl
Az,J’HV - AS,J’+1N = Z (I )CAeA/\ IAV J-

I<J!
J’! oMl oIl .
_1;,,( ) a_( Bwl,) ou T (b5t )
ol N .
= 55 (S5, v, )

for each 1 <a<m, and 1< p,v < n. By gathering (6.17) and (6.18), and by making use of Lemma

6.12, we conclude

a o a a o'l ([ 0Ob b3 5
() =y () = Ay, = Av g, - oz7 \\ ayP 5 () - oy () vi,, z
o'l N . PYd
= 90T (C)\eb?\y(y)bg(y)yiyuylﬁy) rm (C/\6 (y)b (y)ylu%,) =0.

Once we have defined j¥s = (z#,y%;y%) € J¥P, the last step is to check that O (j¥s) = j

which is straightforward from (6.16) and Proposition 6.10.
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Lastly, we show that = is proper. Let ([Ja:nSn] ) be a sequence in (JkP)/G such that
(5 1oy, = E’k([j];nsn]g))::l converges to some j 1oy € JF1C(P). Slnce k- 2Fy, = = j*=20 for
each n € N, by continuity we conclude that jﬁ‘QFA = j’; 20, that is, ]x Loy € ker j*2F = im 5.
Thus, there exists j¥s € J*P such that Zj([j¥s]g) = j¥ 'oa. In coordinates, we write j]:,fnsn =
(h,ys (Un)5)s b oa, = (h, (An)%; (An)% 1), dks = (2,9 y5) and jiloa = (2, A% A% ).
Without loss of generality, we may assume that y;, = 0 and y* = 0, 1 < a < m. This way, by recalling
Proposition 6.10, we have

7]

1 88 J (bﬁ(yn)(yn)l ) o

=m(Au)fy = ALy = 5 (B,

Tn

T

foreach 0 < |J|<k-1,1<a<m and 1< p < n. Subsequently, by recurrence as above, it can be
checked that limy,(y,)5 =y for each 0 < |J| <k and 1 < o <'m and, thus, (j’;nsn):zl converges to

jI;s.
By gathering the previous results, we obtain the geometry of the reduced configuration bundle.

Corollary 6.14. For each k > 2, there is an isomorphism of fiber bundles covering the identity id x,
(J¥P) |G ~ker j*2F = {jF o4 e JF1O(P) | jE2F4 = 5720}

Proof. Let us show that =} is an immersion, i.e., that d=}, is everywhere injective. Since the property
is local we can work in a trivialization of 7p x, that is, we assume that P = X xG. Given two sections
s = (idy, f),s" = (idx, f') € I'(7px), we define 7: P —» P as 7(x,9) = (=, f'(z) f(z)*g) for each
x € X, which is a principal bundle automorphism such that 7o s = s’. Besides, the jet extension
gilr: JLP - J'Pis G-equivariant, i.e., j'7(jls)-g = ji7 ((];8) -g) for each g € G and each jls e J1P
Hence, it induces an automorphism of the bundle of connections, 7 = [j!7]g : C(P) - C(P). By
taking the jet lift of these maps, we arrive at the following commutative diagram

Jkp Jlo(p)
Jkp J1o(p)

Therefore, @ has constant rank, since 7 and 7 are isomorphisms and this construction can be
done for every pair of sections s, s’ € I'(mp x ). By using this and the fact that 7 is a submersion,
and by recalling (6.11), we conclude that =} has constant rank too. Since =} is injective (recall
Proposition 6.9(7)), the Global Rank Theorem (see, for example, [60, Theorem 4.14]) ensures that
=), is an immersion.

In short, Zj is an injective immersion and proper (by (ii) of Theorem 6.13), whence it is an
embedding (cf. [60, Proposition 4.22]). Hence, im 5 = ker j*72F is a submanifold of JELe(p)
and, again by the Global Rank Theorem, =} : (J kP) / G - ker j*72F is a diffeomorphism.

Notation. Henceforth, we will denote

“Y(P) =im 5}, = ker j*2F.
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6.4 Higher-order Euler—Poincaré reduction

At this point, we are ready to develop the Euler—Poincaré reduction for higher-order field theories.
Given a principal G-bundle, 7p x : P — X, over a boundaryless manifold X and k > 2, we consider
a k-th order Lagrangian density, £ = Lv: J*P - A" T* X, that is G-invariant, i.e.,

LowM =L, VgeG.
As a result, we have a dropped or reduced Lagrangian,
[=lv: (J*P)/G > A"T*X,  [jks], ~ U([iFs],) = £(iks).
By means of Corollary 6.14, we may regard the reduced Lagrangian as defined on C’(’)““‘l(P) =
ker j*2F c J*1C(P). For an open subset i ¢ X with compact closure and s € I'U,mpx), the
corresponding reduced section is defined as
oa=[i's]g e T Usmcer).x).

A variation ds of the original section induces a variation do 4 of the reduced section. By construction,
the original and the reduced variations satisfy £ (jkst) = [(jk‘1 (EA)t) for all ¢ € (—€,€) and, thus,

; =0 ]1-4 £(is1) = %Lzo [u (5 (o). (6.19)

dt
If we choose a fixed principal connection Ag € 2'(P,g) on 7p,x, we can identify the bundle of
connections with the modelling vector bundle,

C(P)30a(z) <> Ga(z) = oa(z) - ouy(z) e T*X ® . (6.20)

By taking the (k- 1)-jet lift of this map, we can also identify the reduced configuration space with
some subbundle of J¥1 (T*X ® g), that is,

JFIO(P) s CFH(P) <= CF 1 (P) c JF (T X @ ),
so that the reduced Lagrangian could be regarded as
[:CE-Y(P) > A\"T*X.

The whole situation is summarized in the following commutative diagram:

Jkp
//ﬂ K
(J*P)/ G —E b1 (P) —"— CFL(P)
ks JLP
\\ K&
P (J'P)/G —"— O(P) ———T"X ®§
\\8( / ’ ///
U(cX) Ta-T
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Definition 6.4 Let VA0 : F(W@X) - T (WT*X@,Q’)() be the linear connection on the adjoint bundle,
75,x, induced by Ag. The divergence of VA is minus the adjoint of VA, i.e., the map divAo
F(WTX@)Q*,X) - F(Wg*,X) implicitly defined by

_/X(n,VAof)v=—fX(diVA°7l,€)v, ¢el (m5.x), nel (mrxes x)-

Given g4 € I' (7TT*X®Q7)(), we define the map adgA : F(WTX@,@*,X) - I (7’[’@*7)() as the coadjoint
representation of g* and the dual pairing of TX and T X. In the following, since mp:xggz x is a
vector bundle, we identify its vertical bundle with itself, V (T*X ® g) ~ T*X ® g, and analogous
for its dual.

Theorem 6.15 (Higher-order Euler—Poincaré field equations). Let k> 2, npx : P - X be a
principal G-bundle and £: J*P - A" T*X be a k-th order, G-invariant Lagrangian density. Let |
Ch1(P) - \"T*X be the reduced Lagrangian density, where C51(P) ~ (JkP)/G c J1(C(P))
is the reduced space, and consider an extension L: J*=* (C(P)) > A" T*X of the reduced Lagrangian
[ to the whole jet. Let Ag € 2Y(P,g) be a principal connection on wp,x, which enables us to identify
C(P)=T*X ®§, and let VA be the linear connection on 75, x induced by Ay.

Given a (local) section s € I'(U,mp x), where U c X is an open subset with compact closure, and
the corresponding reduced section o4 € F(u,’]’('c(p)7x), the following statements are equivalent:

(i) The variational principle & fu £ (jks) =0 holds for arbitrary variations of s such that jglj‘l 0s=0
for each x € OU.

(ii) The section s satisfies the Euler—Lagrange field equations, (j%s)* EL(L)=0.

(iii) The variational principle 6 [u[(jk_laA) =0 holds for variations of the form

5UA = vAOg - [EAvg] el (u7 7TT*)(@@,X’) P
where § € I'(U, g x ) is an arbitrary section such that jg’j‘lf =0 for each x € OU.
(iv) The reduced section @4 satisfies the k-th order Euler—Poincaré field equations:
(div? - adz, ) (% 20a)" €L (1)) =0, (6.21)

where EL (f) e " (J%‘Q(C(P)),TX ® f;*) is the Buler—Lagrange form of .

Proof. The equivalence between (i) and (74) is established in Theorem 6.6. In addition, the induced
variations of the reduced section were computed in [12, Theorem 1]. Hence, the equivalence between
(i) and (7i7) is straightforward from this fact and equation (6.19). To conclude, let us show the
equivalence between (iii) and (iv). Firstly, note that given a variation of the original section,
together with the induced variation of the reduced section, we have j*™! (04), € C¥71(P) for all

te(—¢,€) and z e Y. Hence, § (557 1o4) (2) = (5UA)(k_1) (7) € Tjr,, (CE-1(P)). By applying the
explicit expression of the reduced variations and Proposition 6.5, we obtain

5 fu (750 4) = fu ((7%204)" €L (1) .604)
- [ 20a) £ (1), 976 - [74.€))
- _fu(divAO ((ij’QaA)*SL' (i))—ad;A ((j%*QaA)*sz (i)),g) = 0.

Since this holds for every £ € I' (u , TG, X) vanishing at the boundary, we conclude.
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Remark 6.3 Since (the (k—1)-th jet lift of ) the reduced section lies in CE1(P) and the infinites-
imal reduced variations are tangent to this space, the solutions of the reduced equations do not
depend on the choice of the extended Lagmngwni Jk- lC(P) - A" T*X. That is, if we have two
such extensions [1, [2 with [ﬂok L(p) = [2]Ck L(P) then a reduced section is critical with respect for [1

if and only if it is critical for ly. In other words, 1(P) c J*1C(P) may be regarded as a kind
of holonomic constraint.

Remark 6.4 If we choose the connection Ay = A itself, that is, the connection defined by the
reduced section o = [j's]q, the reduced equation (6.21) has the simpler form

div? (( k=25 )*Eﬁ(f)) =0

Let us find the local expression of the reduced equations. As in Section 6.3, let {B, | 1 < a <m} be
a basis of g, (z#,y“) be normal bundle coordinates for my,x and (z*, Aj}) be bundle coordinates for
To(p),x- Similarly, consider the adapted coordinates (a#,y%;y5) and (z*, Aj; A7 ;) for J kY and
Jo (P), respectively. For the sake of simplicity, we fix the flat connection on 7y x under these
coordinates, i.e., Ag = dy® ® B,. This way, (z", Az‘) may also be regarded as bundle coordinates on
T+ xej,x, and we denote by (z#,v) the bundle coordinates on the dual bundle, mpx gz« x-

Lemma 6.16. With the above bundle coordinates, let n = nh 9, ® B* € F(’]TTX®g*,X) and 04 =
o,dit® By eI’ (ﬂ'T*X®§ X). Then we have

divAo(n) = ounh B, adz , (1) = -3, mh o, 8B,

Proof. Let £ =€&*B, € I (ﬂ'ﬁ,X) and note that v40¢ = 0,€%dx" ® B,. By definition of divergence
and the integration by parts formula [9, Lemma 4.5], we finish

A(divAO(n),§>v=—L(n,VA°§>v

=—f< 19, ® B, 8,£%dz" ® Ba) v

—— [ houE v = [ (@i v.
For the second part, we have
(adz, (1), €) = = (n,adz,,(€)) = - (n O ® B, [0}, da"" ® Ba, " Ba)
—(nh 0, ® B, Gy 05 ¢V da" ® B,) = ~C3y M O, Ber,
Corollary 6.17 (Local equations). With the above coordinates, we write
Ga=0,dz" ® By el (U,WT*X@@X)

for the reduced section. Then the local expression of the k-th order Fuler—Poincaré field equations
is given by

o+l (ol o al .,
L;o( DM( Oz +u (aAO‘J(]k 1UA)) 5“0583;J 8AVJ(=7k '5a)|] =0, l<a<m.
s 122

Proof. From (6.4) and (6.2), it is clear that

||
(#-47)" ££(7) - z<1>“'§x](a§i (e ))mdm

Recall that we are identifying V* (T"X ®g) ~TX ® g*, i.e., dAj; ~ 0, ® B®. The result is now an
straightforward consequence of (iv) of Theorem 6.15 and Lemma 6.16.
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At last, note that a solution of the reduced equations lying in the reduced space corresponds to
a flat principal connection and, thus, the reconstruction condition is automatically satisfied.

Theorem 6.18 (Reconstruction). In the conditions of Theorem 6.15, let o4 € F(u,ﬁc(p)J()
be a solution of the k-th order Euler-Poincaré field equations (6.21) such that A € 2'(Ply,g)

has trivial holonomy on a domain and j* lo, € F(u,ﬂ'c(l)c—l(P)’X). Then there exists a section

s € I'(U,mpx) that is critical for the original variational problem defined by £ and such that
op = [jls]G. Furthermore, any critical section on U of £ is of the form s-g for certain g € G.

Proof. From the condition j* o4 € I’ (U, ﬂcg_l(PLX) we know that A € 21(Ply,g) is a flat connec-

tion. Therefore, there exists a foliation of P, given by the integral leaves of A. The trivial holonomy
ensures that each integral leaf intersects once and only once each fiber of P;;. Subsequently, given
a integral leaf of A, it defines a section s € I'(U, mp x ) projecting onto o 4. This section is critical
thanks to theorem 6.15. Moreover, the remaining integral leaves of A are obtained from s as follows,

Fg=sU)-gc Py, geG.

Hence, given another critical section, § € I'(U, mp x ), projecting onto o4, we conclude that §=s-g¢
for some g € G, since §(U) must belong to the previous family.

If X is a simply connected manifold, then every flat connection has trivial holonomy and we
have the following equivalence

(div? —adz, ) (5% %5a)" €L (1)) = 0,

2k \* _ —
(7%s) €L£(L)=0 {FAzO.

In an arbitrary manifold the equivalence above is valid locally only.

Remark 6.5 That fact that the reconstruction process requires the flatness of a connection is a
characteristic trait in Field Theories that does mot show up in Mechanics, i.e., when dim X = 1
(see for example [12, 32] for comments on this situation). However, there is a significant difference
from first order to higher-order reduction. Indeed, the flatness condition is a compatibility equation
that must be incorporated by hand for k = 1 theories, whereas this condition comes directly from
the geometry of the reduced phase space for k> 1. In other words, for higher-order Euler—Poincaré
reduction the reconstruction is not inserted ad hoc, but it is intrinsic in the nature of the reduced
sections.

6.5 Noether theorem

The well-known Noether theorem establishes that infinitesimal symmetries of a Lagrangian density
lead to conserved quantities for the dynamics of the system. As in the previous section, let £ = Lo :
J¥P - A"T*X be a G-invariant k-th order Lagrangian on a principal G-bundle, mpx : P - X.
The aim of this section is to prove that the conservation laws of £ arising from its G-invariance are
equivalent to the higher-order Euler—Poincaré field equations.

We start by recalling the definition of an infinitesimal symmetry and the Noether theorem for
higher-order Lagrangian densities. (cf. [77, §10]).

Definition 6.5 An infinitesimal symmetry of £ is a projectable vector field U € X(P) such that
LymL =0, where £ denotes the Lie derivative and Uk ¢ X(J*P) is the k-th order prolongation
of U.
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For a vertical vector field V' € X(P), being an infinitesimal symmetry is equivalent to £,(2x-1)O¢ =
0, for any covariant Cartan form, Q¢ € 2™(J?*71P), of £.

Theorem 6.19 (Noether theorem). Let s € I'(npx) and U € X(U) be a critical section and an
infinitesimal symmetry of £, respectively. Then

d ((j%_ls)* LU(2k-1)@2) -

for any covariant Cartan form, Og, of £.

Henceforth, we focus on the covariant Cartan form given locally by (6.3). As our Lagrangian is
G-invariant, each infinitesimal generator £* € X(Y") of an element & € g is an infinitesimal symmetry
of £. We define the Noether current as the g*-valued form J € 2" (J2k_1P, g*) given by

(7 (j;%kfls) €)= Ligryer-1) Og (j§k715)7 joF s e JPMIP, Ceg,

where (-,-) denotes the dual pairing, as usual. Observe that the Noether theorem ensures that
d((*7s)"7) =0 (6.22)
for every critical section s € I'(my,x ). We are ready to show the main theorem of this section.

Theorem 6.20. Let mpx : P - X be a principal G-bundle, £ = Lv : JEP > A"T*X be
a G-invariant Lagrangian, | = v : Cé“‘l(P) - A"T*X be the reduced Lagrangian, and J €
ot (JZk—lP,g*) be the Noether current given by the Cartan form Og € Q"(]Qk—lp) locally defined

by (6.3). Consider a section, s € I'(my,x ) and the corresponding reduced section, o € I' (7TC(PLX).
Then the Noether equation (6.22) holds if and only if the k-th order Euler—Poincaré field equations
hold for the principal connection A € 2'(P,g), i.e

div? (( 2h=2 5 )*EE (Z)) =0,
where [ : J*1(C(P)) = A" T*X is an extension of the reduced Lagrangian.

Proof. Let (z#,y%;y5) be adapted coordinates for J 2k p. Some conditions will be imposed on these
coordinates along the proof. Firstly, suppose that (y*) are normal coordinates on some neighbor-
hood of the identity element. Hence, given a basis {B, | 1 < a < m} of g, we may use equation
(6.12) and Proposition 6.2 (recall that £* € X(P) is a vertical vector field) to obtain

2%-1 d”la B(y)
(€ = €Pag(y) 0 + € —7 0 J, y=(aty*)eP.

If the coordinates are chosen so that the volume form is given by v = d"z = da' A --- A da™, the left
interior product of the covariant Cartan form (6.3) by (¢*)*~1 reads

oL )d"a 5

da! x”,

k-1 k-|I]-1 S
L Og = Y, Y, (-1) ‘ﬁﬁde

[I]=0 |J|=0 ayI+J+1u

where d"'z,, = 19,d"z. In coordinates, the critical section is written as s(z#) = (z#,s*(z*)), for
some local functions s* € C*°(X), 1 < a <m. From the previous expression and (6.2), we get

ko1 h—|I-1 M ( or ., \Mag(s*)
( 2k-1 ) T = u; ‘J; (- 1)|J|£/3 (W (]ks)) #d" lfcu' (6.23)
0 0 +J+1,
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On the other hand, let (z*, A7}; A7) ;) be adapted coordinates for .J 2k=1C(P). Observe that locally
C(P)~T*X ® g, so we will use these coordinates for both spaces indifferently. For the reduced
section, we write o4(z") =7 a(2") = (2,07 (2")) for some local functions oj; e C*(X), 1 <p<n,
1<a<m. Since o4 = [jls]G, Proposition 6.10 yields

ol =b3(s*)0us”,  l<p<n, 1<a<m,

From this and Lemma 6.4, we get

B 8|I+J+K| 3
(8$I+J+K (b’}’(sa)aﬂsw)) (6.24)

(6%
891+J+1M

) ( 5 (I+J+K) a7 (s) af(”a,ﬁV)
Y7 yer, \10 s ippgre IO D 0!
(I+J+K)0EIpE (s2)

T KII+J) 02K

foreach 1<pu<n, 1<a,8<m, 0<|I|<k-1,0<|J|<k-|I|-1and 0< |K|<k-|I|-]|J]-1.
Moreover, by definition the extension of the reduced Lagrangian satisfies

i@, o5 (@");0s05: (")) = 15577 a) = L(js) = L(a", 8% (2); 557 (a)),
where 07 = 8/0z”. By using this relation and equation (6.24), we obtain

oL IV (v g+ K)ol
*)- T (7*14)

0L, ko KT+ ) 8145 I+J+K

IR (s2)
oxK 7

for each 1 < p<n, 0<|I[<k-1and 0<|[J|<k-|I]-1. For brevity, we have denoted A} ; = Aj
for Jo = (0,...,0). By introducing this in (6.23) and by using Lemma 6.4, we obtain

k=1 k=|I|-1 k~[I|-|J|~ 1( 1)|J|([+J+K)!

ARSI

120 |T0 K]0
ol ( ol el a|K|b5(Sa)) 8|I\aa(8a)
("7a
dAP

¢? (6.25)

J K Ji 7
X i T
0 wI+J+K 0 0

i S o U B ) B (I+J+ K g

_ 171
g::o ‘JZF:O ‘KZ‘ZO \;o( ) KI(I+J)\LI(J-1L)!

oLl ( ol (jk_l )3|J+K L|b6(8a)a\llaa(sa)
oA

.%' .
w
OxL 546 J OxJ+K-L ox!

In addition, we have bg(sa)ag(so‘) =m. Hence, from Lemma (6.4) we get

2 o
M1 gMDIE ey I lal ()
MM ggM® OrM®

oM
oxM

(0o(sM)aG(sM)) = X

M) L (2 =M

=0, |M]| > 0.
By introducing this in (6.25), we arrive at

Gy e S e g o 0o

o
710 OA;

Thence, the Noether conservation law, d (( j2k-1 ) J ) =0, locally reads
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Al +1ul ol
; DA (7% 'oa)]=0, 1<as<m, (6.26)
yJ

where we have used that £ = €% B, € g is arbitrary.

Lastly, fix z9 = (2f;) € X and assume that our adapted coordinates are chosen so that A is flat at
y = s(w0), i-e., Agzg) = (YY) s(zy) ® Ba- It is now clear that (6.26) are exactly the local equations
computed in Corollary 6.17 for 54 = 0, i.e., o,=0for1<pu<nandl<a<m.

6.6 Multivariate k-splines on Lie groups

Variational splines are piecewise polynomial functions that allow for interpolating while minimizing
some cost functional. For this reason, they have many applications in different areas such as optimal
control theory, medical imaging or robotics (cf., for instance, [59]). Here we focus on higher-order
splines, i.e., those in which the cost functional depends on higher-order derivatives. Namely, the
reduction theory for 1-dimensional k-splines on Lie groups developed in [40, §3.2] (see also [62]) is
extended to multivariate functions on Lie groups (cf. [24]).

Let G be a Lie group endowed with a right-invariant, (pseudo-)Riemannian metric, g. The inner
product induced on the Lie algebra, g, is denoted by the same symbol, g : g x g - R, and the
induced norms on T'G and g are denoted by |-, : TG -~ R and ||, : g > R, respectively. Similarly,

the adjoint of ad¢ induced by g is denoted by adz 1g— g, le.,

g(ade(n),¢) = g(n,ad{(¢)),  &m.Cep.

On the other hand, let X = R" (recall Remark 6.1) with the standard (global) coordinates and
volume form given by (z#) = (z!,...,2") and d"z = dz* A --- A dz™, respectively. The configuration
bundle is given by

tpx :P=XxG->X, (x,9)z.

The bundle being trivial yields J*P = J*(X,G), the family of k-jets of functions ¢ : X - G, whose
clements are denoted by j¥¢. Let v : X(G) x X(G) - X(G) be the Levi-Civita connection of g. Its
pull-back by a (local) function ¢ : X — G, which is a linear connection on me+rg x : ¢*TG - X, is
denoted by ¢*V and, given 1 < u < n, the corresponding covariant derivative is denoted by

\Y% %
@ =S Vap. : F(T(g*TG7X) - F(T‘—g*TG,X)

Definition 6.6 The Lagrangian for multivariate k-splines on G is given by

2
. s e JMX,Q), (6.27)
g

gh-1
O(xr)k-1

1
Ly (jk¢) = ol

(@Lc)
€T
for certain k* € R, 0 < u < n.

Given a (local) function ¢: X - G, we set
0=dRc10ds = (dRc1 0d,5) dr* € I'(mrexeg.x) = 2°(X, 9),
where R, : G — G denotes the right multiplication by g € G. This induces the following isomorphism,

THX,G)=Gx (T"X ®9), Jjos = (s(x),0(2)),
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where x denotes the fibered semidirect product given by the adjoint representation (cf. [21, §4.3.1]).
Hence, the isomorphism =} given in (6.11) becomes

JHX,G)[G > jis = jyto e CFTH(P).
Observe that for the canonical principal connection on the trivial bundle 7wp x, the isomorphism

(6.20) reduces to the identity and, thus, CF~1(P) = C§~1(P).

Proposition 6.21. The Lagrangian (6.27) is right invariant. Furthermore, a (natural) extended
reduced Lagrangian is

L) = g e @, e o), (6.25)

where o = o,dx" and 5}1 : X — g are defined recursively as follows,

. - 1 - . .
& =0, gﬂ:8“§i1+§(adf,u(§l{1)+adT (U#)—ad%(fﬂl)),1$]§/~€—1.

g
Proof. Given a (local) function ¢: X — G, suppose that

kal

i Ous) =dReo g, 1<psn, (6.29)

In such case, the Lagrangian (6.27) may be written as

L (756) = 30 | (@), (€5 @) = 500 €67 @)

where right invariance of g has been used. It is now clear that L is right invariant, since the maps
fl’j’l do not depend on the value of ¢, but only on its derivatives (regarded as elements of the Lie
algebra). By recalling that o = dR_-1 o dg, i.e., 0, = dR.-1 0 0,¢, the reduced Lagrangian reads

2
g’

om . 1 _ 2
L (741) = L (35) = 3 et -
Although the reduced Lagrangian is computed for elements jl;_la € C'(")‘“"I(P)7 it can extended
straightforwardly to the whole jet, I, : J*"1C(P) — R, by taking arbitrary functions o, X - g,
1<pu<n.

Lastly, let us check (6.29) by induction. For k = 1 it is straightforward. Now let & > 1. The
formula for the Levi-Civita covariant derivative of the right-invariant metric g (cf. [40, Eq. (3.13)]
or [58, §46.5]), together with the definition of pull-back connection, yield

* * * 1 ]- ]-
S va#§ U = 9 (vdg(au)U) = ng [¢] (d¢U SAY + 5&(12.“(@5[]) + éadLU (O'“) - §ad0'#(¢U)) o¢
for each U € X(G), where ¢y € O (G, g) is given by ¢y (g) = (dRy1)4(U(g)), g € G. By using this
and the induction hypothesis, we finish:

—vkil * v * k-2
i 000 =%, yen 009 =67, (1R o)

1 1 1

k-2 k-2 k-2 k-1

=dR<°(3u€u +Zadl (€ )+§ad§ﬁ_2 (o) - 3ado,, (€5 )) =dR.o &
Let us compute explicitly the reduced equations for k£ = 2. This corresponds to the minimization

of the accelerations, which in specific applications is directly related with the fuel expenditure

of trajectories (cf. [51]). In such case, for each o = o,dat € 2'(X,g), it is easy to check that

5; =00, + adi,# (ou), 1<p<n.
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Theorem 6.22. The Euler—Poincaré field equations for (6.28) with k=2, i.e.,

2

A 1
Is (ja0) = 35 |0uoy +adf (0,,)] . jao e J'C(P),

are given by
Kt (0, - adj;u) (ad;fm (o) +ady, (0,) + ) =0, (6.30)

where 1, = 0,0, + adgu(au) for each 1 < pu<n.
Proof. Let o = o, dz" € (X, g). The musical isomorphisms defined by g are denoted by §:g* — g
and b:g— g*. For each 1< u,v <n, it can be easily checked that

al,
9(0yop)

—8l3 (jlo) = 5””,%”7);, 0, (

9(0,0,) (]-10)) = KM Oum,- (6.31)

As straightforward computation shows that adz(( ) = adg(¢ ")¥ for each &,¢ € g. Thus, for each
1< u<n we have

% (jla) = kg (N, ad'(o,) + adj,ﬂ(-)) (6.32)
= & (g (ad(nu), o) + g (ada, (n).°)) = 5 (=g (ady, (), 0,.) - g (ady, (0, )
=-r'g (ad:rm () +ady, (0,),-) = =K (ad;u (U,Il) + adm(a“)b) :

By gathering (6.31) and (6.32), the Euler—Lagrange form of I, = lyd"s : JIC(P) - \"T*X is

readily seen to be

3 Nk aly ;. als . n
(20) e (i) - (80_# (o) _ay(m(jla)))d 290, (6.33)

= -k (ad,’;u (O'Z) + adm(au)l’ + 8#?7;) d"r®0,e "X, TX®g").

On the other hand, since we have chosen Ag as the canonical connection, we obtain the standard
divergence, that is,

div?? : I'(7rxee x) > C%(X,0), k0, ® B = (du) B,

where {By, €g|1<a<m}isabasis of gand {B* € g* | 1 <o <m} is its dual basis. In the same
fashion, we have

ad; : I' (mrxegr,x) > C7(X,97), 140, ® B* = 1gad; (BY).
From this and (6.33), we obtain the Euler-Poincaré field equations for I,
0=r" (divA0 ~ad}) (ad;;u (O’Z) +ady, (0,)" + 8,mZ) d"z® 0,
= gH (8u - adéu) (ad;# (O’L) + adm(au)b + 8,m}1) d"z.
By applying f, we conclude.
Corollary 6.23. If the metric g is bi-invariant, then the Euler—Poincaré field equations for 2-

splines (6.30) become
KH (aiau + [au, 85(7“]) =0.

Proof. For a bi-invariant metric, we have adz(C) = —ad¢(C) for each &, € g. Therefore, 1, = 0,0,
for each 1 < <n and we finish.
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Remark 6.6 (Elastica) The incorporation of elastic terms to the Lagrangian for multivariate k-
splines is motivated by optimal control problems where the velocities (first order derivatives) have
to be minimized together with their accelerations [8, 51, 79]. In such case, the Lagrangian is given

by

, , 1 ,
Le(72s) = Ls (7<) + 57" 1Ouslg, s € 5(X,G), (6:34)

for certain 7" € R, 1 < < n, with Ly : J*(X,G) - R as in (6.27). The reduced Lagrangian, as well
as the reduced equations, are computed by adding the extra term in the above results. Namely, it is
clear that

S ke S ke 1 e _
le (87" 0) = 15 (42 1U)+§T“ louly, i loed (P,

with I : JF1C(P) - R as in (6.28). The corresponding Euler—Poincaré field equations for k = 2
are given by
K (0, - adiu) (ad;rm(a“) +ady, (0,) + Ounyu) = 7 (0 - adgu) Tp-

Lastly, when the metric g is bi-invariant, the previous equations boil down to

K (820u + [Uw 8ZUM]) =1M0u0,. (6.35)



Conclusions and further directions

In this thesis, two new types of covariant reduction by symmetries for Lagrangian field theories have
been developed. On the one hand, we have generalized the Lagrange—Poincaré reduction theory to
account for local gauge symmetries, which have been modelled by fiberwise actions of Lie group
bundles. As most physical systems are not invariant by the full jet extension of the fibered action, we
have studied the reduction procedure when the Lagrangian is invariant only by an affine Lie group
subbundle. In order to study the geometry of the reduced configuration bundle and to drop the
variational principle, an Ehresmann connection equivariant by the fiberwise action has been utilized.
This has led to the notion of generalized principal connection, a natural generalization of principal
connections. Furthermore, the gauge reduction scheme has been applied to several examples, such
as the classical case of global symmetries (Lagrange—Poincaré reduction) and Electromagnetism
(including k-form electromagnetism and symmetry breaking by product groups). We have also
considered non-Abelian gauge theories, leading to the well-known Utiyama theorem and the Yang—
Mills equations. In this application, the fibered action is not free, so our theory cannot be applied
a priori. This situation has been handled through a sort of unreduction-reduction procedure in
which higher-order jets of functions with values on a Lie group have arisen. For this reason, the
Lie groupoid structure of those jets has been studied using a trivialization. On the other hand,
we have extended the covariant Euler—Poincaré reduction to higher-order theories. In this case,
the geometry of the reduced configuration space has been identified canonically, i.e., without using
any connections. Lastly, the reduced field equations have been applied to higher-order, multivariate
splines on Lie groups.

The reduction schemes investigated in this work open new interesting questions for future work:

1. Gauge reduction. Even though the gauge examples examined have symmetries defined by an
affine subbundle, the generalization of our theory to any subbundle H c J'G is a valuable topic.
However, in this case the reduction of the configuration bundle is more intricate, as Proposition
4.1 is not available. In addition, it would be interesting to connect the present reduction ap-
proach to some constructions of curved gauge theories [36, 57]. In short, curved gauge theories
are constructed as standard gauge theories by substituting the principal bundle by a general-
ized principal bundle. For that reason, the fiberwise approach to local gauge symmetries here
developed is suitable to analyze those theories. The singular actions in these cases could be
tackled again with the unreduction-reduction idea used for Yang—Mills in Chapter 5. Lastly, the
next natural step in the study of local symmetries would be to substitute the Lie group bundle
of symmetries by a Lie groupoid [26, 64], which will allow to study symmetries that are not
vertical, i.e., when the action moves the base point of the manifold, as well as local symmetries
where the dimension of the Lie group is not constant, but it varies with the point of the base
manifold.

2. Hamiltonian reduction. In the Hamiltonian formulation of mechanics, reduction is performed
on each level set of the momentum map (cf. [67, 73]). An alternative approach to Hamiltonian
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reduction that avoids the use of momentum maps consists of reducing the Poisson bracket [70].
This latter approach has been extended to covariant field theories yielding the Hamiltonian
counterparts of the Euler—Poincaré and the Lagrange—Poincaré reduction theories, that is, the
Lie—Poisson [14] and the Poisson—Poincaré [3] reduction theories, respectively. Of course, the
Lagrangian and Hamiltonian viewpoints are related via the Legendre transform. It would be
highly desirable to extend the covariant Poisson reduction to account for local gauge symmetries,
yielding the Hamiltonian counterpart of the theory developed in Chapter 4.

3. Higher-order reduction. The higher-order Euler—Poincaré reduction developed in Chapter
6 constitutes the first step towards a comprehensive understanding of reduction in higher-
order field theories, but much work to provide more general higher-order reduction schemes is
yet to be done. For example, Euler—Poincaré reduction by a subgroup of the structure group,
Lagrange—Poincaré reduction and gauge reduction could be extended to the higher-order realm.
One paradigmatic example of application would be higher-order gauge theories [27].

4. Multi-Dirac reduction. The Lagrange-Dirac formulation of mechanics [94, 95] provides a
unifying framework to deal with degenerate systems with nonholonomic constraints that al-
lows for treating interconnected systems [52, 82], infinite dimensional systems [84] or systems
with irreversible processes (thermodynamics) [45, 46], among others. Of course, reduction by
symmetries has also been developed from the Dirac point of view [44, 83, 85, 96, 97]. Given
the relevance of the Dirac approach in mechanics, it has been extended to covariant field theo-
ries by means of the so-called multi-Dirac structures [91]. Nevertheless, the different reduction
schemes coming from Lagrangian field theories (Euler—Poincaré, Lagrange—Poincaré and gauge
reduction) have not been explored in this context yet.

5. Discrete reduction. The construction of discrete theories mimicking the continuous ones has
been a fruitful approach to obtain variational and geometric integrators for the dynamical
equations of the systems (see, for example, [74] for Mechanics or [30, 61] for field theories). In
the same vein, reduction by symmetries has also been analyzed in the discrete setting for both
mechanics [5, 6, 68, 69, 85] and field theories [90]. The construction of variational integrators
for gauge theories and higher-order theories is a big goal that will require a careful analysis of
the discrete analogs of the objects introduced here.
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