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Kurzfassung

Der erste Teil dieser Arbeit behandelt Punkt- und Kontinuumsmechanik mit den Mitteln,
welche die Differentialgeometrie bereitstellt. Der Schwerpunkt dieser Dissertation liegt
vor allem in der Interpretation bekannter Konzepte der Mechanik mithilfe geometrischer
Methoden, und deren Verallgemeinerung basierend auf den Resultaten, welche aus dieser
geometrischen Sichtweise herriihren. Ausgangspunkt der Untersuchungen bildet die Ana-
lyse der Newtonschen Gleichungen fiir einen Massenpunkt, der sich in einem Inertial-
system bewegt. Es stellt sich heraus, dass diesen wohlbekannten Relationen sehr tief-
greifende geometrische Strukturen zugrunde liegen, was sich vor allem bei der Definition
der Beschleunigung eines Masseteilchens zeigt, wenn andere als Euklidische Koordinaten
gewahlt werden. Fiir die geometrische Darstellung der Newtonschen Gleichungen wird
zur Beschreibung des Massepunktes eine Konfigurationsmannigfaltigkeit betrachtet und
alle weiteren wesentlichen Grofsen wie zum Beispiel Energie, Geschwindigkeit, Impuls
und Beschleunigung werden durch geeignete Biindelstrukturen sowie spezielle Ableitungs-
operatoren, die sich durch die Wahl von bestimmen Zusammenhidngen (Konnexionen)
auf diesen Biindeln ergeben, dargestellt. Als wesentliches intrinsisches Objekt erlangt die
Metrik auf der Konfigurationsmannigfaltigkeit jenen ausgezeichneten Stellenwert, als dass
sich alle weiteren Konstrukte durch sie zwangslaufig ergeben.

Die Verallgemeinerung auf den Fall beschleunigter Bezugssysteme gelingt, indem man
die Konfigurationsmannigfaltigkeit durch ein Biindel ersetzt, wobei nun der wesentliche
Unterschied darin besteht, dass die Zeit nun kein Kurvenparameter sondern eine Koor-
dinate ist. Die Beschleunigung des Koordinatensystems im Verhéltnis zu einem Iner-
tialsystem kann nun geometrisch wieder durch einen Zusammenhang dargestellt wer-
den, welcher zusatzlich zur Metrik, die jetzt auch explizit zeitabhdngig sein kann, eine
wesentliche Grof3e zur intrinsischen Beschreibung ist. Weiters wird gezeigt, dass die La-
grange und die Hamiltonsche Betrachtungsweise, welche in der Regelungstheorie eine
herausragende Rolle spielen, auch auf den Fall von Nichtinertialsystemen {ibertragen wer-
den kann.

Ein weiterer essentieller Punkt dieser Arbeit ist die Analyse der Bewegung und De-
formation eines Kontinuums aufbauend auf den Erkenntnissen der Punktmechanik. Hier
spielen die Eulersche sowie die Lagrange Betrachtungsweise eine ausgezeichnete Rolle.
Die Eulersche Betrachtung folgt unmittelbar aus der Punktmechanik, indem man anstatt
von Vektoren und einer Punktmasse nun Massedichten und vektorwertige Formen be-
trachtet. Ausgehend von dieser Formulierung folgt die Lagrange Beschreibung indem man
geometrische Objekte geeignet beziiglich einer Referenzkonfiguration beschreibt.

Der zweite Teil dieser Dissertation beschaftigt sich mit der geometrischen Analyse von
zeitvarianten Hamiltonschen Systemen, wobei wieder die koordinatenfreie Darstellung
eine wesentliche Rolle spielt. Diese Systeme treten in der Regelungstechnik beispiels-
weise auf, wenn man das Fehlersystem einer Trajektorienfolgeregelung in Hamiltonscher
Schreibweise formulieren kann.



Abstract

The first part of this thesis discusses point and continuum mechanics using differential
geometric methods. Special emphasis is placed on the interpretation of well known results
using the geometric machinery and their generalization from a geometric point of view.
The point of origin of the investigations are the well known equations from Newton de-
scribing how a mass point is moving in an inertial system. These well known equations
possess a deep geometric structure, which is easily seen, when the definition of the accel-
eration of a mass point is given in non Euclidean coordinates. To describe the evolution of
the mass point a configuration manifold is chosen and all other essential quantities such as
the velocity, the momentum, the acceleration, and the energy are introduced with respect
to adequate bundles as well as with respect to differential operators which stem from the
choice of special connections. The main intrinsic object on the configuration manifold is
the metric since all other objects essential for a coordinate free description depend on the
metric, which is defined by the choice of a coordinate system.

The generalization to the case of accelerated coordinate systems can be performed by
the replacement of the configuration manifold by a bundle, where the essential difference
is given by the fact, that the time becomes a coordinate in contrast to the case where the
time is only a curve parameter. The acceleration of the coordinate system with respect to
an inertial system can be accomplished in this geometric formulation by a connection as
well, which beside the metric that might be time dependent in this setting is now the key
ingredient in this intrinsic description. Furthermore, it will be shown that the Lagrangian
and the Hamiltonian point of view, which are also important concepts in control theory,
can be formulated with respect to non inertial systems.

An essential demand of this thesis is the analysis of the motion and the deformation
of a continuum based on the constructions gained when analyzing point mechanics. In
this context the Eulerian and the Lagrangian formulation are important to mention. The
Eulerian picture follows as a straightforward generalization from the case of particle me-
chanics, if instead of vectors and a point mass, now mass densities and vector valued
forms are considered. Based on this formulation the Lagrangian picture is obtained, by
considering geometric objects with respect to a so-called reference configuration.

The second part of this dissertation is focused on the geometric analysis of time variant
Hamiltonian systems, where again the coordinate free description plays a key role. These
systems arise in the context of control theory for example when the error system with
respect to a certain trajectory can be expressed as a Hamiltonian system.
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Chapter

Introduction

Modeling of physical systems has a long tradition and the main tools are non relativistic
theory, relativistic theory, and quantum theory. These concepts were developed driven by
the human curiosity to analyze nature. Even more important is the fact that we do not only
want to comprehend the physical systems but also want to manipulate them and this often
leads to a control engineering problem. In both disciplines, modeling and control, geomet-
ric methods have become very popular during the years. The reason is obvious, since the
desire of concepts that allow a general coordinate invariance can be satisfied using geome-
try in a comfortable way. In this context it is important to mention that modeling which is
based on physical considerations often leads to mathematical representations, which pos-
sess several structural properties that are not dependent on the chosen coordinate system
and therefore termed ’covariant’. Covariance is understood in the sense of Einstein, such
that the laws of physics should be intrinsic with respect to the change of coordinates of
space-time. However, since the non relativistic case is our objective we will consider only
special morphisms of the space-time which preserve the fibering over the time.

The main part of this thesis is devoted to an important subclass of physical systems,
namely non relativistic mechanics. Mechanics is of course a term of wide comprehension
and lot of different theories and concepts could fit in this area. In this work we want to
consider very elementary concepts using a modern mathematical language. More precisely,
we want to focus on the problem to give a covariant description of particle mechanics and
based on these investigations to generalize the concepts to a continuum, where the geo-
metric structures that already arise analyzing a mass particle should also be exploited as
much as possible for the case of continuum mechanics. With respect to classical mechanics
let us quote for example the books [Abraham and Marsden, 1978, Arnold, 1989] and con-
cerning continuum mechanics and field theories [Marsden and Hughes, 1994, Prastaro,
1996, Truesdell and Noll, 3rd ed. 2004] are noteworthy beside many others. Of course
it has to be mentioned that the literature available seems exhaustless and here only some
selected works have been cited. With respect to the demand that we want to use modern
mathematical tools we refer to [Giachetta et al., 1997, Saunders, 1989] where most of
the geometric concepts used in this thesis can be found. The goal of this work to bring
together concepts of mechanics and the language of modern differential geometry is of
course treated in the literature as well, for example in [Mangiarotti and Sardanashvily,
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1998, Giachetta et al., 1997, Modugno et al., 2005, Jadczyk et al., 1998] but our approach
differs in some constructions, especially in the choice of some connections and the rigorous
use of the vertical machinery, but of course the equations for covariant particle mechanics
coincide. The extension to continuum mechanics the way it is presented here is based on
[Schlacher et al., 2004], which treats continuum mechanics in an inertial system with a
curved space-time and this thesis generalizes the governing equations for a continuum in
the Eulerian and the Lagrangian description such that they are independent of a splitting
of space and time.

This geometric analysis is of course not restricted to mechanics and can be generalized
to another important subclass of physical systems, namely Hamiltonian systems. These
systems are well known in the literature, see for instance [Olver, 1986] and their extension
for control purposes [Kugi, 2001, van der Schaft, 2000] and references therein. We will
analyze time variant Hamiltonian control systems again in a covariant fashion and show
how this formulation can be useful for a geometric interpretation of so-called error systems
when tracking control is the demand.

In chapter 2 the relevant mathematical tools are summarized briefly, where most of
those and detailed discussions and proofs can be found in [Giachetta et al., 1997, Saun-
ders, 1989]. Then point mechanics is in the focus of chapter 3. We start with a rather
general discussion of well known relations that are given in a geometric language needed
for a generalization to a pure covariant description. Also the Lagrangian and the Hamil-
tonian approach are considered and compared to the relations obtained using differential
operators, which are constructed with respect to several connections. Chapter 4 is devoted
to the discussion of continuum mechanics where most of the topics that are considered
are based on the results of chapter 3. The balance equations, namely, conservation of
mass and energy, and balance of linear momentum are treated in the Eulerian and the
Lagrangian description and furthermore a variational approach is proposed. Finally, chap-
ter 5 is devoted to the discussion of an intrinsic description of time variant Hamiltonian
control systems.

It is worth mentioning at this stage that during this thesis most of the proofs and
coordinate calculations are omitted to increase the readability. Nevertheless, all these
details can be found in a rather formal way in the Appendix and the reader is advised
to consult this part of the thesis while reading the main chapters, since the usefulness of
the geometric machinery becomes more clearly when examining the equations in detail.
At first sight the equations also in the time variant setting look very familiar, but this is a
consequence of the vertical machinery as a closer look on the derivation of the relations
will show.



Chapter 2

Geometric Preliminaries

This chapter summarizes the relevant topics of standard differential geometric concepts,
which will be needed in the sequel. Basic constructions of fibered manifolds, tangent and
cotangent bundles will be assumed to be known. The notation used in the following is
similar to [Giachetta et al., 1997] and [Saunders, 1989].

2.1 Exact Sequences

The splitting of bundles, which is one of the key geometric tools in the following, can be
expressed using exact sequences, therefore we want to recall some basic facts here. We
will only define the sequences for vector spaces since the generalization for vector bundles
over the same base is straightforward. Given linear spaces U* and the linear maps f* the
sequence of spaces

Uk:—l fkfl Uk fk Uk:—f—l karl

is said to be a complex if the composition of any two neighboring arrows is the zero map,
which means f*o f*~! = (0. By definition we have im(f*~!) C ker(f*). A complex is said to
be exact (or acyclic) in degree k, if im(f*~1) = ker(f*). If a complex is exact in all degrees,
it is called an exact sequence.

Example 2.1 The sequence

f g

0 U V w 0

is a complex, if g o f = 0. Exactness at U means that f is injective and exactness at W means
that g is surjective. In addition, if imf = ker g then the sequence is called a short exact
sequence. If there is another map h : W — V such that g o h = idy is met then V. =U & W
and the sequence splits.
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2.2 Vertical Bundles

We consider the bundle 7 : £ — X with local coordinates x* for X and coordinates (z*, y)
for £. The tangent bundle 7¢ : 7(£) — £ is equipped with the corresponding induced
coordinates (z*,y*, 2, y*) and the cotangent bundle 7% : 7*(£) — & possesses the induced
coordinates (z', y“, #;, . ) with respect to the holonomic bases (9;, 9, ) and (dz’, dy®). There
is an important subbundle of the tangent bundle 7 (£) — £ which is called the vertical
tangent bundle v¢ : V() — £ which meets V() = ker(r,), where 7, denotes the tan-
gent map. V() is provided with the induced coordinates (z°,y*,y*) with respect to the
holonomic fibre base 0,. Elements of V(£) are vectors which are tangent to the fibres of
&E—X.

The vertical cotangent bundle v} : V*(£) — £ is the bundle dual to v¢ : V(£) — & but
fails to be a subbundle of 7*(£) — £ as can be verified easily by the transition functions.

Remark 2.2 Given a vector bundle = : £ — X we have V(€) ~ £x £ by a natural isomor-
phism. To see this let us consider a change of coordinates j* = ¢f (x)y®, &' = ¢' (), since
E — X is a vector bundle. The transition functions for V(€) read as

F o= ¢ )
o= (@)Y’
i = )

because ©* = 0 and the isomorphism is readily observed by comparing the transition functions
of y® and y°.

2.3 First-order Jet Bundles

Given the bundle 7 : £ — X again with local coordinates z* for X and coordinates (z¢, y*)
for £ we are interested in the following in equivalence classes of sections s and $ of .
We define two sections s and $ to be 1-equivalent at € X if in some adapted coordinate
system
s(z) =4(z), 05, = 0;57, .

This means that two sections are identified by their values and their values of the first
partial derivatives at the point z € X. The equivalence class containing s is called the
1-jet and is denoted j'(s). The set of all the 1-jets of local sections of £ — X has a natural

structure of a differentiable manifold which is denoted by [7'(€). Further bundles can be
constructed, which are given by the following surjective submersions

™ o J(E) =X
o JHE)—E.
For an extended discussion and especially for the case where £ — X is only a fibred

manifold we refer to [Giachetta et al., 1997, Saunders, 1989] and omit the technical details
here.



2 Geometric Preliminaries 2.3 First-order Jet Bundles 8

Based on the bundle coordinates (z*, y*) one can construct the adapted coordinates for
the manifold J'(£) which follow to (z°,y*, y%) where the coordinates y{* are called the
derivative coordinates

vi'(Jx(s)) = (05"l -
They possess the transition functions

= (0" + eyl ) 0 (67)'
= (@cpa‘ + (%cpa‘yiﬁ) @&i (2.1)

with respect to the bundle morphism 7® = ¢® (y,z), 7 = ¢' (z) .

From the transformation law (2.1) it is seen that the bundle J'(£) — & is an affine one,
which is modeled over the vector bundle 7*(X') ®: V(£) — £. There exist two important
canonical morphisms which allow us to identify jets as tangent-valued forms. In fact, there
is a unique bundle monomorphism?!

A THE) = THX)RT(E)
A = do' @ (0; +y0,) = da' @ d;
and the complementary monomorphism

9 THE) = T*(E) @ V(E)
0 = (dya — yf‘dxi) ® 0y = 0% ® 04

where d; and 0“ are called the total derivative and contact form, respectively, see [Gia-
chetta et al., 1997]. The morphisms A and # allow a canonical horizontal splitting of

()" T(€) = TUE) xe T(E) = MT(X)) Byre)V(E)
(m0) T5(E) = T'E) xe THE) = T (X)® 71,0 (V(E))

which in coordinates reads as

B0+ y*0a = &' (0 +yf0a) + (§° — YY) Oa (2.2)
Bida’ + gady® = (4 + Jayf) dz’ + go (dy®* — yiidz’) . (2.3)

The importance of these constructions lies in the fact that V(£) has no distinguished com-
plement in 7(£) and that H*(€) which is the annihilator of V(&) has no distinguished
complement in 7*(&) without the specification of a connection. However, the pull backs
(78)" T (£) of T(€) and (n})" T*(&) of T*(E) possess this splitting due to the tangent-valued
forms A and 6.

UIn the sequel J'(£) x¢ 7(£) which is equivalent to (7§)” 7(&) is sometimes simply written as 7 (£)
when the pull back is clear form the context. This convention is used for pull back bundles in general.
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2.4 Connections

A connection on the bundle 7 : £ — X is the choice of a splitting I' of the exact sequence

0 — V(E) o T(E)SEXAT(X) — 0. 2.4)
Therefore a connection is a map
I: ExxT(X) — 7€)
(¢! y d") (2t Yo, 2, T

where the local functions I'¢ € C*(€) are called the components of the connection. This
map I can also be represented as

I'=ds' ® (0; + T90.)

and the image of £xx7 (X)) under I" defines the horizontal subbundle H(£) — &£ which
splits 7(€) as 7T(£) = V() & H(E). The dual construction involves the splitting of the
sequence

0 — ExxTH(X) = T (E)SVHE) — 0
and in this case the map I' is represented as
I'= (dy* —T¢da’) ® 0, -
It follows that we have
'O+ 900 = @' (0 +T%0s) + (§* — #,1%) O (2.5)
Gida’ + gody® = (& + 9uI9) da’ + go (dy® — T9da?) (2.6)

and this suggests (compare (2.2) with (2.5) and (2.3) with (2.6)) that a connection can
be defined as a section of the affine jet bundle 7!(£) — £ and consequently

r: E —  JYE)
(" y*) — (2", y*T9)
is met.

Remark 2.3 The transition functions for ' = dz' ® (9; + I'¢0,) when the bundle morphism
7 = ¢ (y,x), T = ¢' (z) is applied follow by elementary computations. To see this let us
compute

S|

0,0 %"
Jt = 0% + 0% y"

g

QI

and therefore we obtain
d' — 0,0d7
9 — 0,0'0;+ 050" 0a
Ff‘@a — P?aOAOaa@
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as well as v
0 AT° @ (0;0'0; + 0;p"0a + 5 0ap“0a)
This can be written as
A7 @ (0 + 06 (0™ + T00a") 05 ) = AT @ (05 + [70%)
and we immediately obtain the transition functions for the connection coefficients
% = 8, (910" + [%0,%) 2.7)

where it is readily observed that this corresponds to the transition functions for the 1-jet
variables. This is no coincidence but a consequence of the fact that the affine bundle J'(£) —
& is modeled over the vector bundle 7*(X) ®¢ V(E) — €.

2.4.1 Covariant Differential and Covariant Derivative

Given a connection there exists a first order differential operator which is called covariant
differential relative to the connection. Since a connection is a section of the affine bundle
JHE) — &, it defines the morphism

vho jl(g)?T*(X) @ V(E)
Vi = (*-T9)dr' ®0, . (2.8)
Let us consider a section s : X — £ then we obtain the covariant derivative of s as

Vi) @ X = TH(X)V(€)
Vis) = (9is* —T%0s)dz' ® 0, . (2.9)

Given a section v : X — T (X), v = v'(z)d; we can define the covariant derivative of the
section s : X — & along v which reads as

vV (s) = 0" (0;5% —T% 05) 0, .

2.4.2 Linear Connections

Let us consider a vector bundle £ — X and its dual vector bundle £* — X'. The connection
I is a linear connection on £& — X if it is a linear bundle morphism I' : £ — J'(€) over
X, which means that the map y® = T'¢(y”, 27) is linear in the fibre coordinates y”. In
coordinates the connection coefficients read

yr =8 =Tgy’, TfHec™(X).

From the canonical map (,) : Exx&* — C>(X) given by y“y, and its lift to the first jet
JHG))  THE) X RTHET) — TH(X)xR with #; = (Y*)iYa + y*(ya); We derive the dual
connection I'* of I' demanding ;' ((I',T*)) = 0. From

(D2ye + y°Ta) da’ = (Toyay” + y°ysTos ) da’ = (T + T5) yay’da’
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it follows that
Iip = =T

has to be met which is also illustrated in the following commutative diagram

Jl(S)xle(S*)f(—(’)») T*(X) xR

T x I'* 0,1d

SXXS* <’>

where X' xR corresponds to C*(X).

2.4.3 Composite Connections

Let us consider the composite bundle structure £ — Z — X with adapted coordinates
(2%, 2%, y*) as well as ‘

and '
Y =dr' @ (0 + 2%0,) + d2* @ (O + X50a)

The connection I splits 7 (Z) with respect to the bundle Z — X and ¥ splits 7(£) with
respect to the bundle £ — Z.

Remark 2.4 To simplify the notation with respect to composite bundles we denote the jet
bundle with respect to £ — X by J'(€) and the jet bundle with respect to £ — Z by J1(E).

A typical element of 7(X) is written as i'0; and in the following we consider the
horizontal lift of '9; with respect to ¥ o I'. This gives

i’ (0 +T00,) | = @ (0 + X70a) + &'TY (9 + E50a)
= @ (0 + T + (X0 + TV5)) 0a)

and therefore we observe that there is a connection that splits £ — & which produces the
same result and is called the composite connection

I=ds'® (&‘ + 120, + (Eza + F?EI?) 80<)

since ' '
0, |11 = &9, |T | .
The covariant differential with respect to II is a map
vt o JHE) - T (X)) V(E€)
VT = do' @ ((27 = 1Y) 0y + (v — S — IVSy) a) (2.10)



2 Geometric Preliminaries 2.5 Brackets and Differentials 12

and it is worth mentioning that due to the composite structure £ — Z — X  the ver-
tical bundle V() — X possesses the fibre base (0,,0,) and the adapted coordinates
(2%, 2%y, 2b ). Let us consider the splitting of an element of V(€) with respect to the
connection Y

O+ § 00 = 2" (O + 0a) + (9% — 255 On -

If we apply this splitting to the vector part of (2.10), we obtain the vertical covariant
differential relative to the connection X

~ 3

= (yp =S¢ —Tisp — (2 —TY) Ep) do’ ® 0,
= (g =3¢ —5p2) da’ @0, - (2.11)

2.5 Brackets and Differentials

Let us consider a manifold M together with the space of all vector valued forms on M
which is denoted by A(M) ® 7(M). The Frolicher Nijenhuis bracket (F-N bracket) is a
map

[yt AT (M) T (M)x A* (M) &T (M) — AT (M) RT (M) .

fa:M—=AN (M), : M— N (M), u,v: M — T(M) then the F-N bracket reads as

a®@u,BRvpy = aABu(v)+ (aAu(f)@v— (v(a)AF)u
+(=1)" (daAu]B)@v+(—1) (v]JaAndb) @u

where u(v), u(f3) denote the Lie derivative of a field and a form, respectively. Given a
vector valued form ¢ : M — A (M) ® 7 (M) then the Nijenhuis differential is defined to
be

dy v —dyv = [0, V] g

forv: M —A(M)®T(M). Let us investigate again the bundle = : £ — A and we assume
that a connection v : £ — J'(&) exists, which is a tensor

vy =da' @ (9 +70a)

and therefore an object A'(X) ® P(), where P(£) denotes that the field 9; + ¢, is
projectable. The F-N covariant differential associated with ~ is the Nijenhuis differential

d, : A(X)@P(E) — NTHX) @ V(E)

which plays a crucial role in continuum mechanics as will be seen. The coordinate expres-
sion for d, (¢) with ¢ € A"(X) ® P(&) reads as

4 (0) = (=000, s, ~ 017 L, i, HOE, i 17 0s0%, s 057007, i, )Aa Ada A A @0,
Example 2.5 Let us consider the form ¢ € A\"(X) ® V(E) which in coordinates reads

o . dx" AL Ad2" ® 0,

1.y
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such that ¢7: , € C*>(X) and the linear connection

1.0y
y=dz' ® (ai + vf‘ﬂyﬁaa) )
Then the F-N covariant differential associated with ~ of the vector valued form ¢ is given as

dv(@ = (al(bzalzr - 7?@@56 )dxi Adz AL Ada @ d,

1.0

k

1.0y

since the coefficients ¢
form.

are all zero because in this example we consider a vertical valued

2.6 Some Topics of Riemannian Geometry

Given an oriented manifold M with coordinates z* we consider a non-degenerate metric
g: T(M) — T (M) that is represented by the tensor

with ¢;; = g;; and the inverse of the metric is a map ¢ : 7*(M) — 7 (M) which is given as

Remark 2.6 The tensors g and § can be interpreted as sections g : M — T*(M) V T*(M)
and g : M — T (M) V T (M), where \ denotes the symmetric tensor product.

The associated volume form is given as

vol = y/|det (gi;)|dz' A ... Ada™ .

The components of the Levi-Civita connection, associated with g obey the relations
A 1.,
Iy = 59 Y0591 + Okgji — Oigsx) (2.12)

1
I et (o) 0;1/|det (gi5)] (2.13)

and it is worth mentioning that the Levi-Civita connection is a linear connection that splits
T (7T (M)) with respect to the bundle 7 (M) — M. The details will be discussed in the
forthcoming sections with regard to mechanics.

Remark 2.7 It is important to stress out that we use the sign convention which is compatible
to [Giachetta et al., 1997], since in the physicist literature often a different one is used.

The covariant derivative of the metric ¢ with respect to the Levi-Civita connection reads
as
V' (9) = (Digr + Ujpgra + L goie) da’ @ 0" @ 0 (2.14)

where V(7% (M)) is equipped with the induced base (9*).
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2.7 Integration on Manifolds

Furthermore integration on manifolds will be important in the sequel, but we only reca-
pitulate the theorem of Stokes here and refer for all further constructions and details to
[Abraham et al., 1988, Boothby, 1986].

Theorem 2.8 Let M be an oriented manifold of dimension p with coherently oriented bound-
ary OM and w a form of degree p — 1 of compact support. Then we have

Lo

where . denotes the inclusion  : OM — M.



Chapter

Point Mechanics

Classical mechanics is one of the best analyzed scientific disciplines since centuries and
most of the achievements made so far allow a wonderful geometric interpretation. There-
fore, studying mechanics shows preeminently a fusion of geometry and physics. The in-
tention of this chapter is to analyze Newton’s famous second law. This seems surprising
on first sight since this result is well known for a very long time, but the geometric ideas
behind the equations are sophisticated already when other than Euclidean coordinates are
used.

A standard construction to describe the evolution of a mass particle on a configuration
manifold is the use of a covariant derivative with respect to the Levi-Civita connection. In
the literature this is often interpreted as a map that assigns to two tangent vectors on the
configuration manifold a third one. Of course, this is correct, but there is so much more
geometry involved in this construction which will be essential, if the generalization to non
inertial systems is the demand.

In this approach, close attention is paid to the splitting of several tangent bundles
which can be accomplished by a connection and this is the key observation for a geometric
analysis of mechanics.

In section 3.1 the equations describing the motion of a mass point on a configura-
tion manifold regarded as an inertial system are recapitulated. This is accomplished in a
rather geometric way, already introducing concepts which allow a generalization to the
case where the chosen coordinate system does not qualify as an inertial system. This
means for example that the motion of the mass point is observed from an accelerated co-
ordinate system with respect to the inertial one. Section 3.2 presents point mechanics in
a pure covariant fashion, such that the equations are formulated with respect to covariant
derivatives and they will remain correct even if a time variant coordinate change is con-
sidered, which corresponds to the change of the observer. As an example we want to study
the motion of a mass particle observed from a moving and a rotating coordinate system
with respect to an Euclidean one. It is well known that in this case fictitious forces such
as the Coriolis acceleration or the Centrifugal acceleration arise and it is our goal to give
an interpretation of this classical example in terms of jet theory and connections. This
intrinsic approach is definitely not limited to the case of rigid transformations, since any
superposed motion with respect to an inertial coordinate system can be described by a

15
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connection and thus no restrictions arise.

Since the Lagrangian and the Hamiltonian description are well known concepts in me-
chanics, these topics are also presented compatible with the intrinsic formulations. Espe-
cially the Hamiltonian formulation allows some interesting new aspects. A connection will
be presented that can be used to split the Hamiltonian vector field, which gives insights
with respect to the energy balance of the system in the time variant case as well, see also
[Schoberl and Schlacher, 2006a].

3.1 Classical Formulation

This part of the thesis is introductory and reviews some well known results of classical non-
relativistic particle mechanics, where classical means that it is a kind of standard in the
literature, as for example in [Abraham and Marsden, 1978]. However, we will reformulate
these results using jet theory and connections to prepare for a discussion of the analogies
and the differences to the case where the splitting into time and space is not fixed a priori.

3.1.1 Configuration Manifold, Motion, Velocity and Momentum

Let us consider the configuration manifold M, where we use coordinates ¢, with o =
1...dim(M). It is important to stress out the fact that the time in this setting is used
as a curve parameter on the manifold M. Consequently, the time which is labeled ¢°
for reasons that become obvious later, is not a coordinate and therefore changes of co-
ordinates of the form ¢® = ¢%(¢”) are considered only, which do not involve ¢°. From
standard constructions we are able to introduce the tangent bundle 7, : 7(M) — M
with coordinates (¢%,¢*) for 7(M) and the cotangent bundle 7%, : 7*(M) — M with
coordinates (¢%,¢,) for 7*(M). A motion of a mass particle m € R* can be described
by a curve ¢* = s%(t°) where ¢° is clearly used as the curve parameter. The velocity of a
mass point is a tangent vector on the manifold M or equivalent a section of the bundle
7 (M) — M and the momentum can be introduced as the dual object of the velocity with
respect to a non-degenerate Riemannian metric on M. Consequently the metric is a map
g: T(M) — T"(M) represented by the tensor

9 = gopdg® @ dg°

with g.3 = g3, and the inverse of the metric is a map ¢ : 7*(M) — 7 (M) which is given
as
g = Aaﬁaa ® aﬁ

as introduced in section 2.6.

Remark 3.1 In an inertial system with Euclidean coordinates we have by definition a trivial
metric gop = 043, Where 0 denotes the Kronecker symbol.

Remark 3.2 The transition rules for the metric follow from

7 =0%(¢%), dg® = 0s¢%d¢®, dg® = 8s¢ A7
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as o 5
9ap = 9ap0a® 8@@5 :
The momentum is a section of the bundle 7*(M) — M and can be expressed as

p=m®]g), Pa=mgasv”’.

Remark 3.3 To be more precise we notice that there is an object dual to v : M — T(M),
with respect to the metric which reads as v* = v|g. The momentum is then introduced by an
additional map T*(M) — T*(M) such that p = mv*.

The velocity of a mass particle can be interpreted as a curve in the tangent bundle
T (M) with ¢ = s*(t%), ¢* o s = (v* o 5)(t"). Consequently, the momentum is a curve
in the cotangent bundle 7*(M) with ¢ = 5%(t°), 4o 0 8 = (pa © 5) (t°) = Mm(gag 0 5)(v° ©
s)(tY). It is worth mentioning that the change of the velocity is tangent to 7 (M). There-
fore we introduce the bundle 77 : 7(7 (M)) — T (M) with coordinates (¢%, ¢*, %, ¢*)
for T(7(M)). To compute the change of the momentum we need the bundle 77+ :
T(T*(M)) — T*(M) with coordinates (¢, 4u, %, ¢o) for T(T*(M)). A typical element ¢
of 7(7 (M)) is then written in coordinates as

£ = "0 + 0
and in the same spirit we have for an element ¢* of 7 (7 *(M)) the coordinate expression
5* = (jaaoc + (j’aa'a )

where we used the holonomic bases 8a,3a> , <8a,3a>, respectively. To compute the

change of v : M — 7T(M) a connection that splits 7 (M) — M is necessary. Such a con-
nection is given by the tensor

A=d® (aa + Aga'ﬁ) . A e (T(M))

and the dual construction allows to determine the change of p : M — 7*(M) and thus a
connection on 7*(M) — M which is given as

A = dg® @ (aa + A;ﬁaﬂ) AL €07 (THM))

is needed. Roughly speaking these tensors are nothing else than a specification of a hori-
zontal direction of 7 (7 (M)) at any point on 7 (M) or a horizontal direction of 7 (7*(M))
at any point on 7*(M).

Remark 3.4 The transition functions for A follow from equation (2.7) and read as
3 -5 3 ;
A% — 0.4 (aﬁmﬁq + Agap¢ﬁ) (3.1)
where ¢° = ¢*(¢%), I = 0,0%¢* = ©%(¢°, ") and the transition functions for A* read as
= N N .
N = 020" (8,507 0,0u0” + Ns050 ) (3.2)

& & - ~B. .
where 7 = ¢%(¢°), 4a = 0a® 45 = v5(¢°, 4s).
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Remark 3.5 For a linear connection we obtain from the relation (3.1)

NS = 0a8 00ud 050" T + N0y 0ad 0,°F
_ 3B
= Aapqp
with - NP 5
R = M 050" 008 0p0” — 0> 050"
where we used equation (A.2) from the Appendix and except for the sign this corresponds to
[Marsden and Hughes, 1994]. From the equation (3.2) we have

T x 9 7 ~Q ~B " .
A@B - a@B¢pap¢ ¢= + 020 aB¢ Agﬁapqﬁ q-
= /_\T%QL%

with B e o
AT5 = N50a0" 050 0,07 + 0450 0,07 .
From a mathematical point of view A is a splitting of the exact sequence (2.4) which in
this case reads as
A
0 —V(T(M)) = T(T(M)STM)x \ T(M) —0

and for A* we have

*

0 — V(T (M)) = T(T"(M))ST(M)x,, T(M)—0.
Remark 3.6 Let us apply remark 2.2 to this special situation and we immediately have
V(T (M) = T(M)x (T(M) .

In coordinates this can be shown easily since for an element ( € V(7 (M)) the transformation
rules follow to 5

7 =¢"(¢"), §"=0s0"0", ¢ =030"¢"
because §* = 0 and the transformation rules of the two latter ones coincide. A similar argu-

ment holds for
V(T (M) = T (M)x  T*(M) .

3.1.2 Connection Coefficients

It remains to choose the coefficients AJ and A’;. A connection on 7 (M) — M that splits
7 (7T (M)) can be represented as the map

A:T(M)— T (T(M))

according to section 2.4. Following [Schlacher et al., 2004] we use the metric which is a
map g : T(M) — T (M) to obtain the coefficients A7 and A},;. The extension of the map
g to its first jet

3'(9) : THT (M) — T (TH(M))
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will turn out to be important for the following. The demand that j!(g) is a linear map
leads to the desired connection A as will be shown. The map j'(g) is given in coordinates
as

(4a), = 908(0")p + (Op9as) &”
which is affine.
Remark 3.7 The coordinates of the jet manifold J' (7 (M)) are denoted <qa, q“, (q"l)p) and
the jet manifold J' (T*(M)) possesses the coordinates <q0‘, as (q’a)p> :

To make the map j'(g) linear we choose a linear connection A and its dual A*, such
that

(da), = Aoy = 9ap((d7) — A))

is met. Rewriting the expressions gives

gaﬁ((qﬁ>p - Aff) + AZp = gaﬁ(qﬁ)p + (apgaﬁ) qﬁ
¢]

_gaﬁAfjnq% + A;}:CJT = (apgaﬂ) q
_gaﬁAgmq% - A;pgmq% = (apgom) C}”
and
(apgas) = —gnsAZp - gaﬁAgg . (33)

Remark 3.8 The relation (3.3) can be also interpreted differently, since it corresponds to
Vi (g) =0

From the sum of the relations

(DpGae) + greAsy + Garl\ye = 0
—(0-9pa) — gnaAZs — 9ol = 0
(Oabep) + GrpAia + g, =
which is
(OpGae) + grely) = (0:9pa) + (0agep) + genhyy, =0
we finally obtain
QAZp = -9 (aagpe + Opgea — aegocp) . (3.4)

These are the Christoffel symbols of the second kind with respect to the metric g and this
coincides with the relation (2.12).
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3.1.3 Covariant Derivatives

The covariant differential, see equation (2.8), with respect to the linear connection
A=dg" @ (0 +M2,0°05)  AQ, € C™M)
is a map

vA o THT (M) = TH(M) @ V(T (M))
VA (@), — ML) A 9 0,
Let us plug in a section v : M — 7(M), v = 4“9, = v*(q)J, and a contraction with the

field v~0, gives
0] VA () = v* (9a0” — AL 7)) 05,

where the isomorphism V(7 (M)) =~ T (M) x ,,T (M) is crucial.

Remark 3.9 It is worth mentioning that alternatively also the notation V*(j'(v)) is appro-
priate, however, for simplicity we will use the one presented above.

Since in this case the time is the curve parameter we can set ¢* = s*(t°) and v* o s =
Dps®(t°) and then we have

(v]VA(W)) os = (9h(v° os)— (A2 os)dysps”) I
= (aoosﬁ — (Agp o S) 8030‘805’)) 8ﬁ
which is a standard result in point mechanics. The dual construction is based on the linear

connection
A= dg*® (0 + A5d,0")

and again the covariant differential with respect to A* is
VY THTHM)) = THM) @ V(T(M))
VY ((d), — Ad,) g @ 7
The change of p : M — T*(M), p = §.dq® = pa(q)d¢* along the field v*0, consequently
reads as
vV (p) = v* (0aps — A5p,) dg”

where the isomorphism V(7" (M)) = T*(M)x ,,T*(M) is essential. This can be rewritten
as

(017 0) 05 = (Oulpros) = - (@A) o) d’

and will be discussed in more detail in the section 3.2.

/N
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3.1.4 Examples

Example 3.10 Let us consider an inertial system with Euclidean coordinates (¢*). Then the
connection A reads as A = dg¢* ® J, with A8 = 0. A change of coordinates of the form
q® = ¢°(q°) leads with relation (3.1) to

R = 008 030’4 = 0ad 0300’ 0,0" 7 = AP
and it follows immediately from equation (A.2) that we have
ny B Ba oo 34 8
Ay = 060 05007050 = —05¢" 050 .

This is the standard result, see for example [Marsden and Hughes, 1994] except for the sign.
From remark 3.5 we have

A = 0ap0" 0,07

for the case AZ’; = 0 and it is immediately observed that
]\gﬁ - —A?Ji

is met, which is discussed in general in section 2.4.2. This of course applies here, since we are
dealing with linear connections on vector bundles.

Example 3.11 With the same situation as in the previous example the metric in the inertial
system is given as g = d,3dq® ® dq°. Then we evaluate the equation (3.4) and obtain in the

new coordinates with the metric g,3 = (5ag6&<}5a83q3ﬁ
QA% = _f]% (8&?];35 + apgéa - aégap)
_ _ ~K AT ~ AN ~ AW
= —070,0% 030" (3570 (950" 0:07) + 0,005 (00"0:0") = 0,0 (9,096 )
— - ~K AT ~ AN
= —00,0" 030" (0,r0ap) =0 + 0,\pad D=0
= 20,0 00 .

This obviously coincides with the result of the foregoing example.

3.2 Covariant Formulation

The purpose of this section is to generalize the formulas of section 3.1 to a pure covariant
description. The key assumption of the previous section was that the time t° is a curve
parameter on the configuration manifold M. If we consider the time as a coordinate then
an obvious procedure will be the choice of the product manifold M x B, where BB possesses
the coordinate ¢°. This self-evident selection has a disadvantage, namely the choice of a
product manifold implies that a splitting into the spatial and temporal coordinates has been
proposed implicitly. This may be reasonable from a physical point of view for a concrete
problem, but from a geometric point of view such a splitting is not preserved by arbitrary
bundle morphisms. Therefore the concept of a connection is indispensable for a pure
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covariant formulation, which of course should produce the correct equations also when
coordinates are chosen which are not fixed to the inertial system. The main observation
for this intrinsic setting will be that in place of M x B, we use a bundle 7 : Q@ — B.
Then the splitting of time and spatial coordinates will be represented by a connection
on Q — B which splits 7(Q), see [Giachetta et al., 1997, Mangiarotti and Sardanashvily,
1998, Modugno et al., 2005]. At this point it is crucial to remark that due to the bundle
structure the projection on the time manifold Q@ — B is well defined without a connection
whereas a projection on the fibre Q — Q0 requires the definition of a horizontal direction,
which is clearly given by a connection on Q — B. In contrast to the foregoing section
the space of the velocities will be V(Q) instead of 7 (M) and the space of the momentum
will be V*(Q) instead of 7*(M). To define the change of the velocity or the momentum
connections on V(Q) — Q and V*(Q) — Q will play the same role as the connections on
7 (M) - M and 7*(M) — M did before.

3.2.1 Space-Time and Reference Frame

Let us consider the bundle 7 : @ — B with coordinate ¢° for the time manifold B and for Q
we introduce coordinates (t°, ¢*). The tangent bundle 7 (Q) is provided with the adapted
coordinates (%, ¢®, 1%, ¢*) and the dual vector bundle, namely the cotangent bundle 7*(Q),
possesses the coordinates (¢, ¢, o, ¢, ). From the constructions in sections 2.2 and 2.4 we
derive the vertical bundle V(Q) — Q with the induced coordinates (t°, ¢*, ¢*). To define the
horizontal bundle H(Q) — Q a connection ~ that splits 7 (Q) is required. In the context
with mechanics a connection on Q constitutes a reference frame, which can be interpreted
as the velocity of an observer, see [Mangiarotti and Sardanashvily, 1998, Modugno et al.,
2005], which can be stated as

y=d® ® (8 +150.) , 2 €C®(Q). (3.5)

It follows that we have the splitting 7(Q) = V(Q) & H(Q) which can be visualized by the
splitting of the exact sequence

0 — V(Q) > T(Q)SOx5T (B) — 0.

These constructions can easily be assigned to 7*(Q). Here the choice of a connection gives
us the possibility to construct V*(Q), which is the annihilator of H(Q), where we use the
induced coordinates (t°, ¢, ¢,) for V*(Q) and in this case the sequence

0 — OxsT*(B) — T (Q)SV*(Q) — 0

is of importance. From remark 2.3 it follows that when we apply bundle morphisms of
the form ¢* = ¢%(¢?,1°), t° = ¢°(t°) the transition functions for the connection coefficients
read as o

Yo = 0590 (Oo9™ +750a4") - (3.6)

Remark 3.12 In an inertial system the connection v reads as v = dt° ® 9, and it follows
from equation (3.6) that this trivial connection will be preserved only, if Jyp® = 0 is met.
This means that ¢ = ©°®(q®) and this corresponds to the fact that then the product manifold
structure is preserved M x B — M x B.



3 Point Mechanics 3.2.2 The Vertical Metric 23

Remark 3.13 In the following we mostly do not consider time reparameterizations. This
means that in the sequel 1° = 63t° unless indicated differently.

3.2.2 The Vertical Metric

A vertical metric is a map g : V(Q) — V*(Q), with ¢, = g.s¢® which in coordinates is
represented by a symmetric tensor

9 = gap(dg® — 75dt°) @ (dg® — v5dt®) (3.7)
with g.p, 7§ € C*(Q) and g.s = gs.- The inverse of the metric will be denoted § :
V*(Q) — V(Q) which is represented as
Remark 3.14 As tensors g and g can be interpreted as sections g : Q@ — V*(Q) V V*(Q) and
g:Q—=V(Q)VVQ).

The metric allows us to measure the distance between two simultaneous events that lie
in the same fibre Q, for a given time ¢°.
Example 3.15 In an inertial system with Euclidean coordinates the metric reads as g =
Sa5dg® ® dg®. A bundle morphism of the form q® = ¢®(¢°,1°), 1* = 6,t° leads to the relation
dq® = o dt° + 93p™dg? and df° = §3dt°. Therefore we obtain dq® = 9,¢” (d7™ — D™ dt®)
and consequently the new metric reads as
7 = 0030 3" 050™(dq" — 53009" A1) @ (dg° — 5300 dE°)

and this is exactly a metric of the form (3.7) with g, = 5a58&@585@aand 78 = 600"

3.2.3 Motion, Velocity and Momentum

A motion of a mass point is defined by a section s : 5 — Q of the configuration bundle. In
order to calculate the change of the motion we use a covariant differential with respect to
the reference frame, see also [Mangiarotti and Sardanashvily, 1998],

V1 TJHQ) - TH(B)®V(Q)

VY =dt’ ® (g5 —§) Oa (3.8)
and the covariant derivative of a section s with respect to the reference frame
¥ . *
Vi(s): B—T*(B) @V (Q) (3.9)

V(s) =dt’ @ (ps* — 75 08) O

The velocity v is a vertical vector field and can be interpreted as a section of the bundle
(m5)" (V(Q)) — J(Q) where 7} : 7'(Q) — Q and follows as

v =200V = (q5 —5) Oa - (3.10)
If we restrict the velocity to the motion we have
vojl(s) =0V (s) = (0ps* — 75 05)0y .

These constructions are visualized in Figure (3.1).
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/ Vertical Velocity Field v

Fibres of Q

Figure 3.1: The Configuration Bundle

Remark 3.16 It should be emphasized that this description of the velocity corresponds to a
relative velocity with respect to an inertial reference frame which reads as 75 = 0 in the bundle
coordinates (t° = t°, g%).

The dual construction is based on the momentum which is introduced as the dual object
to the velocity with respect to the metric and is given by a section

p:THQ) = (m)” (V'(Q))
as
p=m(v]g) .

To be able to derive the change of the velocity along the motion we introduce a connection
that splits 75(V(Q)). Such a connection is given by

A=t 3+ D, ) +dg® @ (0 +AS0,) . AGAL € CE(V(Q)) (3.11)

where the standard holonomic base for 7(V(Q)) is given by (9, du,d,). The following
commutative diagram illustrates the geometric constructions presented so far, involving
the connections v and A.

V(Q) —— T(V(Q)) ——=V(V(Q) e H(V(Q))
A
Q T(Q)——=H(Q) @ V(Q)=T(Q)
gl
B T(B) T(B)
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The transition functions for the connection (3.11) read as
AN = 0:0%(0ureq” + 0,0"AL)
_ ~0 _ _ %D
Al = 006 (Dope”d” + O Ay — o™ AL) (3.12)

where the detailed computation can be found in the Appendix A.2.1. We will study only
linear connections and so we have the relations

A= NGq A= AL

To study the change of the momentum a connection on V*(Q) — Q is of importance that
splits 7o(V*(Q)) which is given by

N = di® (9 + A5,0 ) +da” @ (D0 + AL,0") (3.13)

with the standard holonomic base (9, d,,0”) for T(V*(Q)). The transition functions for
the connection (3.13) read as

Arp = 050059 08000" + 0,075 )
A * ~ B - 50 A T - A * QA
Ay, = 05905+ 050 (05507000 4s + 0:¢° N — D™ A%) (3.14)

where the detailed computation can be found in the Appendix A.2.2. Considering a linear
connection, it is easily observed that the relations

AOp = AOpqﬂ ) Apa = Agaqﬁ

are met.
It is important to mention that A and A* are linear connections on dual vector bundles
and therefore they fulfill
%
Age = _Age ) Agca = —AZL

ag )

see section 2.4.2.

3.2.4 Covariant Derivatives

The covariant derivative of a section w : @ —V(Q) with respect to the linear connection A
is given by

VAw) : @ — T5(Q) ® Vo(V(Q))

VA (w) = (Bpw? — Ajgw®) dt® © 8, + (Daw” — A uw)dg” ® 8, (3.15)

where the natural isomorphism Vo (V(Q)) =~ V(Q)x ,V(Q) was used. The covariant deriv-
ative of a section w : @ —V*(Q) with respect to the linear connection A* reads as

VM (w): Q@ — THQ) ® Vo(V*(Q))

* « « 3.16
VA (W) = ((Opws — AGfw,)dt° 4 (Baws — Aljw,)dg®) ® (dqﬁ - ygdt()) (3.16)

where the natural isomorphism Vo (V"(Q)) = V*(Q) x o V*(Q) is of importance.
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The Connection Coefficients

To determine the coefficients Ag,, AL ; we consider the map g : V(Q) — V"(Q) and proceed
as described in section 3.1.2 using the vertical metric. The extension of the map ¢, = gasq”
to its first jet

7'(9) : To(V(Q)) — To(V*(Q))
yields the following relations

(Qa)o = gaﬁ(qﬁ)o + (aogaﬁ) qﬁ ) <Qa)p = gaﬁ(qﬂ)p + (apgaﬁ) qﬁ

which are affine.
Remark 3.17 The first jet manifolds jé(V(Q)) and Jé(V*(Q)) possess the coordinates
JoV(Q) = (t%4%, 4% (4%, (4%),)
ToV*(Q) + (1°,4% da; (da)y » (4a),) -
To make the map j'(g) linear, a linear connection A and its dual A* is chosen such that
(da)o — Moo = ap((6%)0 — AG) + (da), — ALy, = Gas((d”), — AD)
is met. Rewriting the expressions we get
(D09ac) = —Grel\oy — gaﬁAga , (0pgac) = _gNEAZp - gaﬁA;ﬁ;e . (3.17)

Remark 3.18 At this point again it is worth mentioning that the relations (3.17) can be
interpreted as V* (g) = 0 for a time dependent metric.

Remark 3.19 We additionally have

1
———a/ldet(gup)| = A, (3.18)
[det(90)

which is the analogy to the relation (2.13) for the time components, where the proof can be
found in the Appendix A.3.

Remark 3.20 Let us consider a motion s*(t°) and the corresponding generator 9y + 0ys*0,
together with the sections u,v : @ — V(Q), which are parallel along the motion s*(1°). A field
u: Q — V(Q) is parallel along 0y + 0ys*0, if

(Do + D05“04) |V (w0 5) = (Do(u” 0 s) — Afqu™ — Agﬁuﬂaosa) 0,=0
is fulfilled. The formal expression
o (gaguavﬁ 0 5) = (Oogap + 005°0pgas) uV? + gagv® O (u® 0 8) + gasu®y(v’ o s)
which is
o (gasu®v” 0 5) = (O0gap + 005" 0pgas + Gus (Moa + MoaDo”) + gap (Abg + Abydos”) ) uv”

shows that the vertical metric will preserve the inner product along a motion if the relations
(3.17) hold.
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The second equation of (3.17) is exactly the same as in section 3.1.2 and therefore we
obtain the same result for the coefficients A7

QAZp = _gﬂﬁ (aagpﬁ + apgﬁoz - aﬁgap> . (319)

The equation (3.19) relates the connection coefficients AL, with the metric g and the
demand to obtain a similar expression for Aj,, can not be achieved, since the first equation
of (3.17) is much more delicate and we will show that to proceed one can obtain an
expression that relates dyg,. with the connection v and the metric g. Therefore let us
consider an inertial system where the manifold Q possesses the coordinates (¢*,t°) and a
trivial connection v = dt® ® J, with v = 0. Then the metric is given by g = g,sd¢® @ d¢”.
Again a bundle morphism of the type §* = ¢®(¢°, %), £* = ¢°(¢°) is considered.

Remark 3.21 In this case we use exceptionally ©° = ¢°(t°) instead of I = 58150 in order to be
more general.

The computation proceeds as follows. Let us consider
0(3ap) = 5 (905 © ¢) (0a?) (0597)) - (3.20)
The right hand side of equation (3.20) can be evaluated as
9o ((6a9™) (952") + (8a9") (05597)) + (8a9™) (95¢°) (Dr9as) (86¢7)

and using equation (A.5) this consequently leads to
((95%")0a (0057000 0,0°) + (0a2") (D5(— "D 0"
9as ( (9597)05(=000 Oo¢ 0p0%) + (0ap™) (05(—00p"0od 05¢"))
.o . o N
—(0a9") (93¢") (9rgap) (3,07 (809" )¢ - (3.21)

The next step involves the transition function for the connection coefficients (3.6) and
therefore we can use

_ ~0 _
75 = 000 0"
This leads to

96(Gap) = —Gap ((5’3@5)%@5%@&) + (9a®”) 3@(125};@")) — (0a®") (aﬁ@ﬁ) (0rGap) (35@7)72 .
(3.22)
Let us consider the formal expression

59ap = 0Op ((gaﬁ 0 @) (9a9”) (3@@5)) (3.23)
= Gap ((35a9") (0307) + (0a9") (8,3%")) + (8-9ap) (0p¢7) (0ap®) (95¢°)

and combining equation (3.23) with (3.22) we obtain
36(9ap) = —(059a3)75 — 935(0a75) — 9an(9575)
and omitting the bars we have the relation

AGap = —(0a70)9p8 — (0576)9Ipa — (0pgas) V6 - (3.24)
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Combining the first equation of (3.17) and (3.24) the desired result follows as
Abo = (0af) — Moot - (3.25)

We see that Af, are obviously the Christoffel symbols of the second kind and Af, play a
crucial role when the space-time connection - is not trivial.

Remark 3.22 The connection A in an inertial coordinate system with Euclidean coordinates
(q*, %) reads as
A=dt’ ® 9y + dg* ® 0,

and the transitions functions after a bundle morphism of the type ¢® = ¢®(¢°, %), * = ¢°(t°)
follow from the relations (3.12) to

AL = 0ap"0ur "0 q" = Norl"
. ~0 _ . S L
A§ = 00 Qs 0P T — A5NE = (075 — A5 M%) §7 = N.T"
and this is exactly the result of relation (3.25). The dual result follows from the relations
(3.14) as

Aoy = Owp?’059"Gs = Aipdn
A%p = 05" 96+30¢ (0:5p 0074 + 050" Afg — Qo™ A%5)
= (%ps@ Dpp™ + 000 Orp @O 30" — 00 o™ ML) s
= <a’(_8090&86¢ 0:3°)050" + Do 0rp@ Do Dpip™ — Do 30905“]\22 dx
= (—(O98)0a505¢" — 15 0pa 00" + 08 Do Orp D™ — 00 D" AT )
= (=07 —15A%;) &= = Ag;qf%
where essential use of the equation (A.5) was made. This of course shows again the relation-

ship
A2, = —AZ

(67,7

AG, = A
where we used the equation (A.2)
(Oasp™) (052°) (0,0) = — (0s9") (0,52

from the Appendix.

Some Important Formulas

This paragraph is devoted to the introduction of two useful relations involving covariant
derivatives. The first one is given by

VA(w) g = V" (w]g) (3.26)
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for any vertical field w : @ — V(Q) and the metric g : V(Q) — V*(Q) and this can be easily
verified in coordinates since

VA (w) g = gps (00w — Ajw®) At + (Qw’ — AL, w")dg”) ® (dg” — yydt?)

WWMDI(%W%@—%WEMW+QM@W—M%MM®ﬂ®@f—%w>
= (grp00w™ +w Dogrp — AswTg,,)dt’ @ (dqﬁ — *ygdto)
+@w%w“+wﬂww—A%wmef®(@B—ﬁ&ﬂ'
With the relations (3.17) which were given as
(00975) = —9upNor — 9rulos s (Oagrp) = —gupNiy — Grulogs

and the fact that
%
Aga = _Aga ) Age = _Agz

is met, we obtain
vA (w]g) = g-5 ((80wT — Agﬁw”)dto + (Ow™ — A;Kw”)dqo‘) ® <dq6 — vgdt0>

which proofs the equation (3.26).
The second construction is given by

VA (w) w4+ w] VA (w) = dp(wPw,)dt® 4+ On(w,w?)dg®
with w: @ -V(Q) and w : Q —V*(Q). We derive the expression
VAw)]w +w] VA (W) = d(w]w) (3.27)
since in coordinates it is obvious that we have

VAW)|w+w] V(W) = w, ((Gow” — Aj,w®) dt° + (0w’ — Agﬂwﬁ)dqa)
+w” ((ows — Mypw,)dt® + (Baws — Aljw,)dg®)

«,

and since the dual connection coefficients cancel we obtain
VMNw)w +w| VY (W) = (w,0ow” + w’dws)dt® + (w,0aw” + 0’ Oyws)dg”
= Op(ww,)dt® + 9, (w,w”)dg” .
The Vertical Covariant Differential

To compute the change of the velocity of a mass point along a motion the vertical vector
field v has to be restricted to the motion. This means that we have to focus on V*(vo ! (s))
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and we see that the bundle V(Q) — B plays a key role in point mechanics. Let us consider
the composite bundle V(Q) — Q — B and the connection v on Q — B

v =dt" ® (0 +750a)
as well as the connection A on V(Q) — Q that splits 7 (V(Q))
A=d’® (ao + A&q%’;) +dg* ® (aa + Agﬁqﬁép) :
The composite connection as described in section 2.4.3 reads as
= = dt°® (8 + 750 + (9a70)i"0, )
where we used
Afo = (8a76) = Mao -
Thus the covariant derivative with respect to this composite connection is
VE(s,5) = dt° ® <(8030‘ A8 08) D+ (905 — ((BaD) © 5)5°) 5;)

where (s,5) : B—V(Q), in coordinates ¢* = s*(t°) and ¢* = 5%(#°). Following the defini-
tions of section 2.4.3, the vertical part with respect to the connection A is

V' (s5,5) = dt° @ (005" — ((0a7l) © 5)5%) — (AY 508)8" (05 — 7§ 05)) 9,
and setting 5 = v o j! (s) delivers
O @A(s,v oj'(s)) = (80('0 051 (8))” — (v*0af) 0 5" (s) — (Agﬂvavﬁ) o j! (3)) 3p . (3.28)

To compute the change of the momentum similar arguments as above hold. Now we have
the composite bundle structure V*(Q) — Q — B and the connection v on Q — B as before
as well as the connection A* on V*(Q) — Q that splits 7 (V*(Q))

p

A= dt @ (ao + Ag*qfép) +dge ® (aa + A;;:qTa'ﬂ) .
The composite connection =* in this case splits 75(V*(Q)) and reads as
= =dt'® (80 + 760 — (3a78)61'p30‘>
and the covariant derivative with respect to the connection =* is
V= (5,5) = di® @ (Do = 75 0 5) Ou + (050 + ((078) 0 )3,) 0°)

where (s,5) : B —=V*(Q), in coordinates ¢* = s*(°) and ¢, = 5,(t°). The vertical part with
respect to the connection A* follows as
VY (5,5) = 4t @ (0050 + ((9a78) 0 5)3,) — (A0 5)3, (B = f 05) ) &
and setting 5 = p o j! (s) gives
001" (5,005 (5)) = (B (pa 05" (5)) + (2, 8a78) © 1 (5) = (ALfsmp0™) 0 1 (5)) B . (3.29)

It should be observed that in contrast to A and A* the connections = and =* are not
dual since V(Q) — B is not a vector bundle.
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3.2.5 Equations of Motion

Let us consider a motion s : B —Q together with v, = 9y + 9ys“0,. The velocity of a
motion s is a vertical field v and the momentum has been introduced as the object dual to
v with respect to the metric. To derive the evolution of a mass particle we are interested
in the change of the velocity or equivalently the momentum along the field v,. Forces can
be handled using Newton’s postulate that the total change of the momentum of a mass
point equals the force acting on it. The results here are given in a pure covariant fashion
formulated with respect to a space time connection, which allows to consider non trivial
observers.

The Change of the Velocity

We use the covariant derivative (3.15) and the demand that the vertical velocity field is
parallel along the motion s, leads us to compute

v JVA(vo il (s)) =0
which reads as
(80 + 005°0.)] (B0 0 5 (5)) — A (1" 0 51 (5))) dt® — A% (v 0 3" () dg*) © 8, = 0
and this results in the first order differential equations
Oo(v” 03" (5)) = (M) © ' (5) = ((AZg0%) 0 5" (5)) (B05”) =0

If we plug in the connection coefficients (3.25) we obtain
000" 0 5" (5)) = (1°0u18) 0 5" (5) = ((AL0%) 0 5 () (Ds* — 4§ 0 ) = 0
and finally if we use v* o j! (s) = 9ps* — 7§ o s we have
Do0s” — 0o(5 0 5) — (V*0u¥h) 0 5 (8) — (Agﬁfu%ﬁ) ojl(s)=0 (3.30)

and this result obviously coincides with the relation (3.28) which reads as

9|V (s,v03'(5))=0.

Remark 3.23 It is worth mentioning that there is a difference between v,|V*(v o j' (s)) and

| @A(s, voj!(s)), although they produce the same set of equations. The connection A splits
the bundle T (V(Q)) with respect to V(Q) — Q and therefore the covariant differential V*
is used to compute the change of sections w : Q — V(Q), which means ¢® = w*(t°,¢%). In
point mechanics this section w is identified with the velocity which has to be restricted to the
motion of a single mass point, which explains the use of V*(v o j' (s)). The vertical covariant
differential already is appropriate for the bundle structure V(Q) — B, which is the desired
form since in point mechanics the motion and the velocity are functions of time.
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The Change of the Momentum

The dual construction is based on the use of the covariant derivative (3.16) and we com-
pute

v )V (pojt(s)) =0
which gives

A(ps o' (s)) — (AGsp,) 0 5' (s) — Bos* (Algpy) 0 7' (s) = 0.
With
Afs = (0576) — A2go
this follows to

Ao(ps o' (5)) + (8576 — Aog1G) pp) 0 5" (8) + Bos™ (Abgp,) 0§ () =0.
Consequently
o(ps 0 (5)) + (pp (9576 + ALgv™)) 04" (5) =0
and this is exactly the equation (3.29) which was given as

V" (s,po " (s)) =0

and furthermore we have
do(psoj'(s)) + (ppamo + Apgs?“pfpp) 0j'(s)=0.
From the relation
(AL50" popr) 0§ (s) = 5" (%(% (Ppo ' (5)) 4" (pro g (S))))
which is given in full details in the Appendix A.4 we obtain
Oh(po () + (Ba(y (93" (9) 27 (o3 () + 078 ) 0 () = 0.

If we introduce the kinetic energy of the mass particle as

we can write

Qo(ps o 3" (5)) + (P0s75) 04" (s) = = ((9H) o p) 0 5" (5)

and furthermore from

<<3ﬂH> °p> 01 (s) = 5= (7 Pr + o) 0 (5)

om
1 (g "pr) o gt (s)

we additionally obtain

As® — Al os = <<8ﬁH> Op) oj'(s) .
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Forces

In the following, we treat the case where forces act on a point mass. Let m € R* denote
the mass of the considered point mass and the force field that acts on the point mass is
givenby F': Q —»7*(Q) as F = F,dt® + F3dg®. The equations of motion follow to

m (vs]VA(v o' (s) = (§]F)os. (3.31)

Remark 3.24 The case where the force field depends on the velocity for example can be ac-
complished by the choice of F : Q — (vg)" (T*(Q)) with vg : V(Q) — Q.

It is worth mentioning that ¢|F contains the vertical part of the force, only. From
(3.31) and (3.26) we easily see that

v VY (poj'(s) = (7. F)os (3.32)

is met with ~, = (dg” — 47dt°) ® d5. If the force field admits a potential, we can introduce
a function V' € C*(Q) such that dV = —F' is met.

3.2.6 Energy
Let us consider the relation (3.27) which reads as
d(w]po ' (s)) =V wo ' (s)] (poj'(s)) + (voi' (s)]V¥(poj'(s)).

A contraction with v, leads to
%60 (v]vlgoj' (s)) == (v]dV o 5 (s)) (3.33)

where the computation can be found in the Appendix A.5. The total energy of a mass point
is given by
m
E = §UJ vlg+V

and the change of the energy along the motion s can be expressed as
0 (B o) () =0 (Gulvlgos' (s)+Vos) .
This can be rewritten with the help of (3.33) to obtain

A (E o j! (s)) = - (deV o j! (s)) + 0y (Vos)
= (OV +750.V)0s.

It is worth mentioning that in an inertial system with trivial connection v = dt° ® 9, this
reproduces a well known relation.
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3.2.7 Application - Rigid Transformation

When the motion of a mass point is observed from a moving and rotating coordinate
system it is well known that several fictitious forces appear, see for example [Arnold,
1989]. We want to study this classical example, using jet theory and connections and
describe especially the acceleration of the coordinate system using the developed theory.
Let us consider an inertial system with Euclidean coordinates (¢*, t°) with trivial metric

g = 0a3dg® ® dg”

and a rotating and moving coordinate system with coordinates (g%, °). The relation be-
tween these systems is given by

¢ = B5(1") (¢ = a3(1")) = ¢"(a, )

with _ ;
R36*P RS = 57 (3.34)

where Rj is a classical rotation matrix and the functions ¢5(1°) describe how the origin
of the moving coordinate system is translating. It is worth mentioning that the metric
stays constant, since we use a rigid transformation. The important fact is that we have to
introduce a non trivial space time connection which in the moving system is given as

36 = 0(9"(¢”, )5 = 5(°)8” — R3(1)dod

with Qg = 80RgRg(58. Now let us evaluate the equation (3.24) and since the metric in the
rotating coordinate system stays trivial because of (3.34) as mentioned already, we obtain

O0s3 = _nggqaﬁg) __géﬁ(aB:Y@
and this just says that ) is skew-symmetric as it should be since by a slight abuse of
notation we obtain

0l = —0s.
This is easily verified also from
RS0°PRE = §°F
(00R5) 6" R} + R36™" (aoR7) = 0%
(00F25) R + (9o R)) R = 0%
AaspB | aBspa _
Q0677 + Qo™ = 0%

and this shows that the equation (3.24), which is crucial when time variant metrics appear,
is also meaningful for this classical example.
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The acceleration follows from the equation (3.30) with t° = 58?6 and reads as
0505 — 05(75 0 5) — Oah (055° — 75 0 5)
since the Christoffel symbols Ag 3 vanish, because the metric is preserved trivial by our
transformation, we obtain
Onos® — 00 (055" — R500a3) — O (005" — (@5 — R}0va)))
which follows to

g5 — Op (Qg) 50 — 2@%8655 + 0 Qggf’ - Rgaaﬁqg . (3.35)

In expression (3.35) J; (Qg) 57 is the inertial force of rotation, 2@%8055 the Coriolis force

and Q%Qg s the Centrifugal force with respect to a unit mass and this is a classical relation
which in most books is written as

gtt—F(DtX§—|—2U_)X§t+(DXU_)X§+RQBn

where @ is the associated vector to . This example shows that the classical formulas
of rigid body dynamics can easily be derived and interpreted by the use of a space time
connection and the covariant formulation, which in this case involves the so-called angular
velocity tensor (.

3.3 The Lagrangian Picture

3.3.1 The Euler Lagrange Operator

This section is devoted to the description of point mechanics in a Lagrangian formulation.
This is a well known topic and the first part summarizes just a few familiar facts. Then it
is our goal to find a formulation which fits to the covariant treatment of section 3.2. We
again use the bundle Q — 5 and we consider a variational problem such that

L Gt (e, 09))" (£at?)

0=
de D : e=0

is met for variations of the motion s : B — Q, with an admissible vertical vector field
n: Q@ —V(Q), whose flow is denoted by ¢, with ¢ € (—a,a), a € R and D denotes the
interval [t] ¢;]. This leads to (see [Saunders, 1989, Giachetta et al., 1997])

0 = /D(jl(s))*(jl(n)(L))
B /p (7' ()" (G'(m))dL) + / (7" ()" (" (L)

oD

with the Lagrangian density L = £dt°. We use a Lepagian equivalent for L = £dt° and
choose the well known Poincaré-Cartan form

pr = LAt° + 8g£(dq0‘ - qS‘dtO) }
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Remark 3.25 For this particular example a Lepagian equivalent meets

L@ = [ 16 e

and the important fact with respect to Lepagian forms is that j' (n)|(dp,) does only depend
on the components of the vector field n, hence not on their derivatives.

Given a bundle £ — X, exterior n—forms on J"(£) are denoted by A"(J"(€)) and
the horizontal projection A, then is a map hy, : A*(J>®(£)) — A"k (T>(E)), where el-
ements of APk (7(€)) are denoted k-contact forms, see [Giachetta et al., 1997] for
an extensive discussion. The horizontal projection hq for this particular case of a bun-
dle with 1—dimensional base and first order Lagrangian (see [Krupka, 1981]) is a map

ho : AYTYHQ)) — A®H(JT(Q)) and reads
dt® — dt® ,  dg® —— ¢gdt®,  dgy — q5dt” .
Thus we have

ho (" (m)](dpy)) = n*(0aL)dt°
= 1] ((0.L)6% A dt°)

with the variational derivative
5a:aa_d0827 d0280+qgaa+qgoag

and the contact forms
0% = dg* — gydt”

where the detailed computations can be found in the Appendix A.6.1. The operator

& o JXQ) — T (Q)AT*(B)
EL = (6.L)0%Adt°

is called the Euler-Lagrange operator associated with the Lagrangian density £dt°, see
[Giachetta et al., 1997].

3.3.2 Covariant Mechanics

In context with point mechanics we consider the Lagrangian density L = £dt° with La-
grangian £ € J'(Q)). In particular we consider the special Lagrangian density

LA’ = <%UJUJQ) dt’ (3.36)
1 (0% (07 (0% o0
= 500545 — (g — )t gap, 7§ €CZ(Q) .

From the calculations above we immediately observe that the variational problem has to
satisfy the Lagrangian equations

52(5)* (do (82L) — 8aL) = 0. (3.37)
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If we plug in the Lagrangian from (3.36) into the equations (3.37), then a straightforward
calculation, which is given in full details in the Appendix A.6.2, leads to

() (0aL) = 725)" (ao — ol — (0a70) (6§ = 73)) = 3 ()" (AL, (a8 —78) (a§ = §)
Ooos” — (doyg) © " (s) = (v70arp) 0 J* () = (A” v*v7) 0 5t (s)

= 0y’ — (150 5) — (179ap) 0 ' (5) — (AL, v%07) 0 5 (s)

with
31 (s)" (g6 —75) = os™ — 7§ o s = v 0 j' (s)
and this is the same as the equation (3.30). Therefore it can be concluded that the co-
variant approach based on connections and the corresponding differential operators as
described in section 3.2 is equivalent to a variational problem using the Lagrangian den-
sity (3.36).
Remark 3.26 It is easy to verify that the Lagrangian
1
L =5m (v]v]g) =V

yields the same equations as the relations (3.31) with dV = —F.

3.4 The Hamiltonian Picture

Let us introduce the Liouville form ¥ : 7*(Q) — 77(7*(Q)) which in coordinates follows
to
Y= t‘OdtO + Qqua .
The Hamilton form wy is defined by ~*(X) with a section h : V*(Q) — 77 (Q) and reads as
WH = padqa - (H +pa781> dto
with the Hamiltonian function H € C>*(V*(Q)).

Remark 3.27 In this section we do not distinguish the coordinates ¢, and the functions p,, €
C*(Q) as rigorously as in section 3.2.5. Furthermore, to obtain the results compatible with
the standard literature the coordinates for V*(Q) are denoted (1°, q*, p,,) instead of (t°, 4%, q.) -

Example 3.28 The classical Hamilton form as it can be found in [Abraham and Marsden,
1978, Frankel, 2nd ed. 2004] reads as

wy = padg® — Hdt"
and a change of coordinates §® = ¢®(¢°,1°), ©* = 58750 leads obviously to
Wi = Pa(0a@™(dg* — 6380 dt%)) — HSAE

and therefore

©p = Padq® — (H + pa7g)dt’
which is of the desired form.
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The Hamiltonian vector field vy : V*(Q) — 7 (V*(Q) follows from the relations
UHJdu)HZO, UHJdt():l

as
v = 8o + O“(H + pay) 0o — Ou(H + paya) 0™ . (3.38)

To see this let us compute

dwy = dpa Adg® —dH Adt® — d(payg) A dt
= dpa Adg® — (AdH + 7§dpa + Pa(9575)dq”) A dt® .

The contraction with the field
v = 0 + O — Pald”
leads to
virldwy = 0aHdg" + 0" Hdpa + 75dpa + pa(9575)dq” — padg® — 4*dpa
I(%H+%@w®—mwf+<mH+ﬁ—¢ﬁ®a
and the result follows at once to
§* = PH+A5=0" <H+pm§>
Pa = OoH +p-(0a7)) = 0u(H + pr7p) -

3.4.1 The Composite Bundle Structure

Now we discuss the composite bundle structure as it appears in this Hamiltonian setting.
Therefore, let us inspect the composite bundle V*(Q) — Q — B, as well as the bundles
Q — B, V*(Q) — Qand V*(Q) — B which are visualized in the following diagram.

VH(Q) (1 ¢% pa) VH(Q) (t°,¢% pa)

Vo
Q¢ Q¢ Vo,
o o
B (1) B (°) B (t°)

We have a connection v on Q — B that splits 7 (Q)
v =dt° ® (9y + 75 0a)

and we have another connection A* on V*(Q) — Q that splits 7 (V*(Q))

N = di®@ (9 + Ajpr0”) +dg* @ (0 + Ajyird”)
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From section 2.4.3 we immediately obtain the composite connection on V*(Q) — B as
Ty =dt’® (80 + 7600 + (Afpd- + 78‘%2%)3”)
and with the equation (3.25) which can be written as
AGr=—0075) — Ao

it follows that _
Dy = dt° @ (9 + 7500 — (9,70)ps0" ) (3.39)

is met, which will be called the Hamiltonian connection.

Remark 3.29 Of course the Hamiltonian connection (3.39) already appeared in the section
3.2.4 and was termed there =* and used to construct a covariant derivative. Since we will
use the connection here to split the Hamiltonian field, we have decided to call it Hamiltonian
connection.

3.4.2 The Splitting of the Hamiltonian field

This connection (3.39) enables us to split the Hamiltonian vector field (3.38) into a vertical
and horizontal part, respectively. We easily see that

vgy = O0°HOy — 0,HO" (3.40)
vy = 0o+ 750a — (8,)76})]9@3” (3.41)

is met according to the Hamiltonian connection (3.39). The computation of the change of
the form Hdt° along the Hamiltonian vector field is based on the very useful formula

v (HA®) = d(vy | HAP) + vy |d(Hd)
= ’UH7H(H)dtO (342)

with vy 3 from (3.41), where the detailed calculation can be found in the Appendix A.7.1.
Now we consider an extended Hamiltonian of the form

H=Hy— Hu’, Hy, H,cC™V*(Q)) (3.43)

with the input functions v” € C>(B). From the relation (3.42) together with (3.43) we see
that

v (Hodt?) = d(vy | Hodt®) + vy |d(Hodt?)
= (UH,H(HO) + UHvy(HE)UE) dto

is met, where the details are omitted and can be found in the Appendix A.7.2. Obviously
the choice of the output y. = vy (H.) allows a physical interpretation of the power flows
of the system, since vy 7(H,) corresponds to the power caused by the free Hamiltonian H,
and the product y.u® describes the power flow into the system caused by the input.
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Remark 3.30 Furthermore, from the Liouville form ¥ : T*(Q) — T~ (T*(Q)) one derives
the symplectic form
Q = dig A dt® + dga A dg”

and the corresponding Poisson bracket
{f,9} = "f00g — 0°g00f + 0" fOag — 0" g0uf (3.44)

for f.g € C(T*(Q)). In [Giachetta et al., 1997] it is shown that there exists a vertical
restriction of the relation (3.44) which reads as

{f. g}y = 0% f0ug — 0%gO0uf

which will be used in the following. Let us compute the Lie derivative of a function f €
C*>(V*(Q)) along the field vy which reads as

v () = (9 + 960 = (9,)asd”) £ + LH.
therefore the change of the Hamiltonian along vy follows to
v (H) = (8 + 7600 — O0)isd” ) H (3.45)

since {H, H},, = 0. This obviously corresponds to the formula (3.42). It is worth mentioning
that 'y is a Hamiltonian connection in the sense of [Giachetta et al., 1997], since the form

Tr] (dga A dg® Adt® ® 0p) (3.46)
is closed. In this concrete example we evaluate (3.46) and obtain
At (8 + 750 — (9,90)ds0” ) | (dda A dg® A dt” @ )

which is
dt’ ® <dqa A dg® — A§dde A dt® — (808 )Gadg™ A dt0> ® 0 . (3.47)

The requirement that the form part of (3.47) is closed leads us to compute
—dye Adge Adt? —d ((aayfj)qﬁ) A dg® A dt°

which is
—0375dg” Adge A dt® — (Dug)dds A dg* Adt® =0

and shows the assertion.

Example 3.31 Let us consider an inertial system with Euclidean coordinates (¢®,t°) and a
rotating coordinate system with respect to the inertial one such that the relation

@ = R3(t°)¢" =¢"(¢",1")

0 = 5%
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with . )
R36*PRE = 5%

is given. The Hamiltonian of a mass particle in the non moving system is given as

1
H=—p,0*°
2mp Ps

and the space time connection follows to
76 = 0(R5(t°)¢”)83 = 0o(R5)d5¢” = o(RE)Ryd0a” = Q5@

which should be compared with section 3.2.7. The Hamiltonian in the rotating coordinate

system is
1 1

_ - _ 1 - _ .
H = —0,9"p30"°03¢"Pa = — P3R5’ Rops = —p56™ Pa
om ¥ Pp BY P 2mpﬁ « %14 2mpﬁ
and it is worth mentioning that )
OH =0
is met because of the rigidity of the transformation. The change of the Hamiltonian computed
in the moving system gives

v (HAP) = vg (H)dP = (a@H + 73 (0sH) — Pads (6?’}’1)) a0
and in this concrete example

] _ o al s I e L s B
virn(H) = —pads7; Epa(; P = —pafl] Epgcwp = —Epaﬂppgéﬁp =0

because §2 is skew symmetric.

Example 3.32 Let us consider a similar situation as in the foregoing example but we do not
use a rigid transformation but

7" = ¢"(q.1°) = R5(t°)¢"

with ) ) B
RE6“PRE £ 5°7 .

The space time connection follows to

§ = Oo(R3(t")¢°)53 = 00(R5)53q” = 0o(RS) RI050°

Y

and the Hamiltonian in new coordinates is

_ 1 = _ 1 = _
H = —0,9"p30"05¢"Pa = —paR26*’ R5ps
om ¥ Dp BY P 2mpﬁ « P

where it is worth mentioning that now

OoH # 0
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is met. The change of the Hamiltonian in this example reads as

_ 1 . _ . _ _ _
UH,H(H)) = % <86(Rg)pf}5aﬁR§p& + 352%5“530(3%)25@ - Qﬁaﬁa(R§)5aﬁRZﬁg> =0

where the usability of the operator (3.42) is shown and the essential conclusion is that al-
though H seems time dependent, the conservation of energy is obtained, because of the special
intrinsic construction of the operator (3.42).

Remark 3.33 The case of a general transformation

7 = ¢"(q,1°)

can be treated in a similar way.



Chapter

Continuum Mechanics

The analysis of the deformation and the motion of a continuum is rich of geometric ideas.
In literature multilinear algebra is necessarily introduced for the consideration of con-
tinuum mechanics, but in many cases only the components of the involved tensors are
considered in the manipulations and a detailed description of the spaces, where these ten-
sors are defined, is missing. An exception with regard to these circumstances are beside
others of course [Marsden and Hughes, 1994, Prastaro, 1996] who use advanced differ-
ential geometric methods and self evident treat tensor algebra in a much more detailed
way.

The goal of this chapter is to extend the constructions gained when examining the
motion of a mass point moving in space to the case of a continuum, where we want to
pay attention to a rigorous geometric specification of all the involved maps and tensorial
objects. We will use the configuration bundle 7 : Q — B presented in section 3.2 and
it is worth mentioning that all the results concerning the metric, especially the covariant
derivatives, can be used to describe continuum mechanics. The main difference to the case
of point mechanics is the consideration of mass densities and the appearance of vector
valued forms instead of vectors. The covariant derivatives we have constructed so far will
be used in the forthcoming, however, in the Eulerian formulation V*(v) is used instead of
V(v o j! (s)) as for point mechanics. This leads to a construction which is well known as
the material time derivative. The main purpose of this chapter, which is based on [Schoberl
and Schlacher, 2006b], is the derivation of the conservation of mass and the balance
of linear momentum. The balance of moment of momentum will not be considered by
making the constitutive assumption that the Cauchy stress tensor (or equivalent the 2nd
Piola tensor) is symmetric. This guarantees that the balance of moment of momentum is
fulfilled.

In section 4.1 the Eulerian picture of a continuum is analyzed. This part shows how the
geometric ideas presented so far can be generalized when mass densities and vector valued
forms appear. An important tool will be the Nijenhuis differential which is a covariant
derivative applicable to vector valued forms and was presented already in section 2.5.
Beside the balance of mass and linear momentum also an energy relation will be derived in
section 4.1.3. Section 4.2 is devoted to the Lagrangian picture of a continuum. This part is
dominated by the description of the so-called Piola transformation which allows to express

43
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the spatial quantities used in the Eulerian setting in material quantities. In addition, a
variational approach and the Hamiltonian description of a continuum are presented in
section 4.2.5 and 4.2.6.

4.1 The Eulerian Picture

The Eulerian description of a continuum is based on the ideas presented for point me-
chanics in section 3.2. We use the same configuration bundle as in Figure (3.1) but we
replace the point mass by a mass density as shown in Figure (4.1). The Eulerian picture
describes the motion of a continuum in a spatial description and this is very popular in
fluid dynamics.

Generator vy

Continuum

Fibre B

Figure 4.1: The Configuration Bundle in the Eulerian Picture

An alternative approach concerning fluid dynamics can be found in [Luo and Bewely,
2004], where the authors consider the Navier stokes equations in general time variant
curvilinear coordinate systems. In contrast to the approach proposed in this thesis they do
not use the splitting of vector bundles to derive the differential operators.

The same vertical metric is considered as in section 3.2

9= gp (dg™ = 75dt°) @ (dg” = 75dt%) , 75, gas € C(Q)
and a volume form vol : @ —A" (V*(Q)) is introduced as
vol = 4 /|det(gap)|(dg" — 7odt") A A (dg™ = 75dt") , 5, gas € C(Q) 4.1)

in order to be able to carry out integrations over the fibres. A motion in the Eulerian
picture is an isomorphism ¢_ : @ — Q that maps a configuration at ¢° to a configuration at
¢? = t° + 7. The infinitesimal generator of ¢, is the field v, = dy + 0G0, With v§ € C*(Q).
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Remark 4.1 The construction of the velocity is based on the observations introduced in section
3.2.5. The field vy, = 0y + v§0a, which generates the flow, leads to a vertical velocity field
vg — g~ This is the desired analogy since from v, = 9y + 9ps“ 0, we constructed Jys™ — g o s.
The main difference is that in point mechanics the velocity field is restricted to the motion of a
single mass point. This is the reason why we used V(v o j' (s)) or the corresponding vertical

covariant derivative @A(s, vojl(s)).

4.1.1 The Mass Balance

The principle of conservation of mass states that the mass of a material region is constant
with respect to time. We assume that there exists a function p € C>*(Q) called the mass
density. The mass of the continuum is defined as

m:/pvolzc
u

with ¢ € R*, where this integral has to be evaluated at a fixed time t° and &/ C C C Qo
where U/ is a nice domain of integration and C corresponds to a configuration of the con-
tinuum. The conservation of mass states that

d

— pvol A dt°
A7 Jo, @)

—0 (4.2)

7=0

has to be met.

Remark 4.2 Roughly speaking the wedge product with dt° is equivalent to the restriction of
pvol to dt’ = 0, which is a fixed fibre of Q.

The relation (4.2) is equivalent to

/ vg(pvol Adt?) =0 |
b, (Ut)

see for example [Frankel, 2nd ed. 2004]. Finally the conservation of mass reads as
vg(p) + pdiv(vg) =0 (4.3)

since U has to be arbitrary with

div(vy) = m (80\/ |det(gag)| + Oa(vg 4/ Idet(gaﬁ)l)) (4.4)

where a detailed computation can be found in the Appendix A.8.1.

Remark 4.3 We want to point out here that the equation (4.3) is the standard equation as
can be found for example in [Marsden and Hughes, 1994] for the case of a trivial space time
connection v = dt° @ 0y and the novelty considering the relation (4.4) is the fact that the
mass balance can be formulated with respect to a non rigid coordinate system, i.e. the metric
becomes time dependent. This is easily verified by the equation (4.4) since the time variance
of the metric can be taken into account.
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Remark 4.4 With

1 1
AL, = — Oy [ |det(gag)| . Af, = —————=00/|det(gas)|
" Vldet(gap)] " Vldet(gap)]

the equation (4.3) follows as

1
)+ (—As,)\/met(gam 4 0a (051t (gom)]| + v;aa<\/|det<gaﬁ>|>) 0

or
ve(p) + p (Bavy — Af, —v3AL,) = 0.

Then by applying
A, = (08) — A5, 76
we have
valp) + p (0av3 = (9,78) + Aj,70 — v3AS,) = 0
vs(p) +p (Oalvg —75) — (vg —16)AG,) = 0.

The final result reads as
vg(p) + p (Oav™ —v*AL) =0, (4.5)

where it is worth mentioning that both v, and v* = v — ~§ appear.

4.1.2 The Balance of Linear Momentum

In contrast to point mechanics the equations for the balance of momentum are much more
intricate since we are confronted with vector valued forms as can be seen from the relation

d
— </ pvol ® vo‘ﬁa) = / pvol ® b0, + / ao‘ﬁaajvol ® 0g , (4.6)
d7 \Jo, @) 6, U.L0) 6. (UL)

which is evaluated at a fixed point of time t°. The equation (4.6) states that the total time
change of the momentum equals the force acting on U/, where v : @ —)V(Q) is again the
vertical part of the the field v, and meets v* = v — 7. The right hand side of equation
(4.6) corresponds to the forces, where

pvol ® b = pvol ® b0,
represents the volume density of the body forces and
o = 0*%9,]vol ® 0

is the Cauchy stress form, which describes the density of the surface forces. The symmetry
0% = oP is assumed.
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Remark 4.5 In chapter 3 the momentum and the forces have been considered as elements of
V*(Q). Itis important to stress out the fact that in equation (4.6) the metric g : V*(Q) — V(Q)
was used to convert the covector valued forms, which appear naturally being conform with
our previous definitions, into vector valued forms, using ¢~ = §*°js.

As already mentioned the difficulty here is the treatment of vector valued forms. To
overcome this problem we follow the approach proposed in [Schlacher et al., 2004]. We
choose a section ¢ : Q —V*(Q) that meets V*"(7) = 0 which enables us to convert the
vector valued forms into true forms

d pelvlg) = |

E & (U,t0) 6. UL) pVOI(qu) +/ qﬁaaﬁanVOl ) (47)

$,(0U,10)

Remark 4.6 It is worth mentioning that the condition V*"(§) = 0 is important to guarantee
that the total time change of the momentum is computed correctly, i.e. it is not affected by q.
This fact will be discussed later on in this section.

The surface integral of equation (4.7) can be reformulated by applying the theorem of
Stokes, see (2.8), to get the relation

/ Gpo™" 0, |vol = / d (g30°? 0, |vol) . (4.8)
¢ (0U,1°) ¢ (Ut°)

The Nijenhuis Differential of the stress form

Let us consider the vertical bundle V(Q) — Q and the connection A that splits 75(V(Q)).
In the forthcoming we want to apply the Nijenhuis differential, which was introduced in
section 2.5, to continuum mechanics. For this bundle construction it is a map

da : (NTH(Q)) @ Po(V(Q)) — (NT'T*(Q)) ® Vo(V(Q))

where Pg(V(Q)) is a projectable vector field on V(Q) — Q. We consider the vector valued
form
o =0"%0,]vol ® 95 € (N""'V*(Q)) @ V(Q)

together with the natural isomorphism Vo (V(Q)) = V(Q)x o V(Q). It is worth mentioning
that this case was treated in example (2.5). The Nijenhuis differential applied to o is a
map

da : (A"VH(Q)) @ V(Q) — (A"TH(Q)) ® V(Q)

and in coordinates we have
da(o) = [d(ao‘ﬂﬁaj vol) — <AgTamdt0 + Agfamdqp) A anV01i| ® 0g . (4.9)

The goal is to rewrite the right hand side of the equation (4.8) and with the presented map
(4.9) we obtain the result as

d(c]q) =& (o] V(7)) + dal0)]q (4.10)
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where ®(r) denotes the replacement of ® by A in the expression r. Equation (4.10) follows
easily from

d(c]q) = d(gzo*?9,]vol) = dgz A 0*?0,|vol + s (d (aaﬁaaj Vol)) (4.11)
and
® (a]VY(9) = ©® (*°0a |vol ® ((os — A5G, At + (0,5 — A5q,)dq"))

The equation (4.10) will turn out to be one of the key relations for an intrinsic formulation
of continuum mechanics.

Dynamic Equations

With the latter results the balance of momentum relation (4.6) can be analyzed closer. We
again integrate for fixed time t°, thus we consider

/ vg (pvol A dt°(v]q)) = / pvol A dt°(b]q) +d (o]q) Adt°. (4.12)
b, (UL0) b, (Ut0)

Remark 4.7 The wedge product with dt° has the same interpretation as already discussed in
remark 4.2.

The left hand side of equation (4.12) can be expressed as
/ vg (pvol A dt°(v]q)) = / vy(v]q)pvol A dt” (4.13)
¢, (U,9) ¢ (U,t0)

since the balance of mass implies

/ (v]q)vy (pvol Adt®) =0 .
¢ (U,t0)
To analyze the right hand side of (4.13) we make use of the equation (3.27) and derive

6(v]q) = v4)d(v]7) = vy] (V (V)]G +v]V¥(q)) -

Therefore, the balance of momentum relation can be rewritten as

/ (ve) V™ (v) ) pvol A dt° = / (pvol Adt® ® b+ da(o) Adt°)]q (4.14)
b, (Ut) GRS

where V**(¢) = 0 was used. Let us rewrite the equation (4.14) as

/ o [(v) VA (v) = b) ® (pvol A dt®) — dp(o) Adt’]]g=0 (4.15)
o (U,9)

/

-

v

where
v €V(Q)® (A" (V(Q)) AT*(B))
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is met. If we plug in a solution, the expression v has to be annihilated by all admissible
g € V*(Q) which meet V**(7) = 0 or, equivalently, ¢ has to lie in the kernel with respect
to the associated inner product V(Q) x V(Q) — C>(Q) where we used the inverse of the
metric g : V*(Q) — V(Q). In this context it is worth mentioning that the admissible ¢ can
be interpreted as geodesics with respect to the covariant derivative V**. Since the relation
(4.15) has to hold for any ¢/ we conclude that ¢ has to be annihilated by the geodesics g
implying that

(pvol A dt’) @ vy | VA (v) — (pvol A dt?) @ b— dp(o) Adt® =0 (4.16)

has to be met. This equation (4.16) is the balance of momentum relation which is valid
also when the reference frame is changed, since we use an intrinsic definition of the ac-
celeration term and the volume form and the Nijenhuis differential of the stress d, (o) are
formulated with respect to the connections v and A.

The coordinate expression of equation (4.16) can be computed as follows
vy VA (v) = (Oov” + V5 0,0" — v 0avl — Ao gv*0”) 8,
and the more intricate expression d, (o) A dt" reads as
da(o) Adt® = (d(c*?) A Dy ]vol + c*Pd(D, ] vol) + Agjawdq” A Oy vol) A dt® ® D5

= (8a(aaﬁ) + 001/ |det(gap)] (\det(gaﬁ)D*% + Agjam) vol A dt’ ® 0 .

From the formula (2.13)

1
Ag =94, \det(ga )\ 4.17)
¢ Jdet(gap)] "V o

we finally have
da(o) Adt” = [(8a0™ — 0*PAL, — AS 0°T) vol Adt°] @ 05 .
In the end the balance relation in coordinates is given by
P (000”4 05 040" — v D0yl — Agﬂvavﬁ) = pb’ + 00" — cPAE_— NP o7 .

Example 4.8 In order to show that this equation reproduces the standard equations for a
non flat metric let us consider the case of an inertial system with v = dt° ® 9y and v* = v.
We then obtain

(000" + 0°0a” — A2 0P0%) p = pbf + 0a0°" — G*PAL, — AL 7

which coincides with the results of [Marsden and Hughes, 1994].



4 Continuum Mechanics 4.1.3 The Balance of Energy 50

4.1.3 The Balance of Energy

In order to derive an energy relation let us consider the vertical metric g : V(Q) — V*(Q)
which can be interpreted as a map ¢ : V(Q) x V(Q) — C>(Q). We use this map to rewrite
the equation of balance of momentum (4.16) such that

(pvol A dt®) @ (ve| VA (v) = b) Ju]g = (da(o)]v]g) A dt°
is met. By means of (4.10) the right hand side can be rewritten as
(dr(0)Jo)g) A dt® = (d (o]u]g) — & (o] V™ (0]g))) A

A calculation in coordinates, see the Appendix A.8.2, gives

& (o] VY (v]g)) Ad° = & (JJ (%%(g))) Adi? (4.18)

where v,4(g) denotes the Lie derivative of the metric along the field v,. Therefore, we
obtain the relation

~

(pvol A dt®) @ (vy| VA (v) — b) Ju]g = (d (clv]g) —® (UJ %%(g))) Adt” . (4.19)

In coordinates, see again the Appendix A.8.2, one can verify that

(vo] VA () Jv]g = vy <%vjng)

is met. Finally the equation describing the energy flows can be expressed as

1
/ <'U¢, (—’Uo‘gagvﬁ) p+ O’ppoT) volAdtY = / (bo‘gaﬁfuﬁ) pvol A dt°
6, (U) 2 6, (U19)

+ / (V79,507 0o Jvol) A dt°
¢, (9U,9)

with the components of the rate of the deformation

1
dop = 5 (gag (6av5 — Azpv”) + Gae (351)5 — Azﬂv’))) )

Some remarks on the rate of the deformation tensor and the proof of
T 0 S 1 0
o’ d,vol Ndt” = ® | o] §v¢(g) A dt

can be found in the Appendix A.8.2.
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4.1.4 Application - Stagnation Point Flow

Motivated by the work of [Luo and Bewely, 2004] let us show how the derived relations
look like for the problem of a stagnation point flow. We consider a configuration bundle
& — B with Euclidean coordinates (t°, ¢!, ¢*) for £ and t° for B, with trivial metric and
trivial space time connection

9 ="0updg® ®dq”, y=dt"®8 .
The Euler equations, see [Marsden and Hughes, 1994], read as
(Oov” + v 0a0") p = =0 (pG™*)

with the pressure function p, where 0* = —pg** was used. For
a? 2 2
p=—py ((ql) +(¢%) ) , a€R
it is verified that
vt = oqu . v = —oqu

holds and the balance of mass is fulfilled with p € R. The flow ¢ is given as
¢ =e"q, ¢F=e¢, t"=7+1.

Let us consider a diffeomorphic change of coordinates of the form ¢® = ¢%(¢°, t°) with

¢ = ¢ 1) = (¢ +rd)e
62 — (,02((]1,(]2,150) — <q2 _,}/ql)eﬁt
Po—= 0

and v, # € R, which coincides with the one presented in[Luo and Bewely, 2004] for o = (3,
~ = 0. Then it is verified from the transformation law for the connection coefficients (3.6)
that we have ) ) ) ) )

b= (") oo =—8a", 7= (0?) 0= 52
since 7§ = 0, which means, that in contrast to the inertial space we have a non trivial
space time connection 4. From the trivial metric in the inertial system g = §,3d¢® ® d¢”
and the transformation law

Jap = 9apOa 058"
we obtain the nonzero metric elements in the new coordinates
eQﬁtO 672@&0

(1472 (1+7?)
which are time dependent. The flow ¢ in the new coordinates meets ¢ = (p o ¢) o ¢, and
reads with g¢' = ¢(q;, g2, £2) as

— e(_B(T'H(S))) ~1( ar —ar 2/ —aT— ar—
' = on(q, 10 = L <Q§( A P o) 4 yg2(em P — e ﬁtg))

gii = J33 =

T+y
-1 _ B(r+t9)) T, 0 0 5, _ . 30 _ 340
P = on(a, B 12) = ST (ke — ot 4 2 (emer B o 2ear) )
=gt =7 +10.

(4.20)
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We have to verify that

-0 — 6"‘8*7%) = —05(pg™) (4.21)
750a7° — 70 73) = —95(pg™) (4.22)
is met with

_ 1 ~1 =2 2
—'Ua)—’}/(), 'U—U&—")/G.

=1 =2
U(Eg: T¢T 0’ U(Eﬁ: T¢T

The pressure function in the new coordinates is given as

a2€2ﬁt0((qi)z + (qz)ze—wto)
2(1++?)

p=-p
and therefore B ) B )
~093(pg™) = pa®q" . —95(p3™) = pa’’

follows. The expressions for the velocities read as

1 5 _ 9370 _7

g @2 - )

1+ 92
2 P 420 1 )

14 ~2

and it can be verified that we have

050" + 050:0" — 0" 0y = o’F'
060° + V500" — 00y = o’

and therefore the equations (4.21) and (4.22) hold. The mass balance is fulfilled also,
since (4.5) is met with A%, = 0 as well as

and p € R.

Remark 4.9 From the transformation (4.20) one easily sees that the transition functions for
vertical vectors hold because

1—}54 — a(p@,ua

is met. Therefore, let us stress out again the fact that in Euclidean coordinates ¢* the com-
ponents of the velocities v® are tangent to the flow lines and measure the velocity of the fluid
particles. In the coordinates g the vectors tangent to the flow lines Eg‘ do not measure the
velocity of the fluid particles in general and one has to take into account the velocity of the
coordinate system itself to obtain the correct relations. It is worth mentioning again that only
for a trivial space time connection one has v® = vj and the importance of this example lies in
the fact to demonstrate the validity of the equations (4.3) and (4.16) when the metric becomes
time dependent and the space time connection is not trivial. The case where the Christoffel
symbols of the second kind are nonzero can be treated in the same manner. Of course the
computations are much more extensive then but nothing essential changes.
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4.2 The Lagrangian Picture

In contrast to the Eulerian picture the Lagrangian approach makes explicit use of the refer-
ence manifold which is used to identify material points. The Eulerian point of view allows
the interpretation that the configuration and the reference bundle are identical. This per-
ception will be abandoned in the Lagrangian formulation, which means that the equations
of motions are expressed in material quantities. This can be achieved by a special trans-
formation, the Piola transformation which will be discussed in the sequel. The reference
bundle R — B is introduced with coordinates (t°, X*) for R. The configuration bundle
O — B will be extended to the bundle C, — R, with

Ce: QXBR

and coordinates (t°, X*, ¢*) for C.. A motion in the Lagrangian setting is a map ® : R — C,
with '
qa — P© (tO,XZ) )

Furthermore, we introduce a vertical metric
G =Gi(dX —Tidt®) ® (dX? —T)dt"), Ti, Gy € C°(R)
and a volume form
VOL =4/|det(Gy)|(dX" = Todt®) A... A (AX™ —Tpdt?), T§, Gij € C*(R) .

Remark 4.10 The choice of a coordinate system apparently leads to a metric and a volume
form on the fibres of R. The connection coefficients T}, have computational reasons and their
appearance will be discussed thereinafter.

For simplicity we only discuss the case dim(Q) = dim(R). The tangent map of ¢ :
R —C.

T(®) : T(R)—T(C)
T(®) = dt®® (9 + V0,) +dX' @ (0; + F0,)

involves the well known quantity of the deformation gradient F* = 9,®*. Care must be
taken since V* = Jy®* does not correspond to the material velocity due to similar argu-
ments as presented in section 3.2. Consequently, the velocity of a material point is defined
by

VA=V —v50® =00@* —y5o® (4.23)

and it can be seen that VV* is a material quantity.

Remark 4.11 From the equation (4.23) it is seen that the definition of the velocity cor-
responds to the one used for point mechanics in section 3.2. This is obvious since in the
Lagrangian description one is interested in the evolution of a fixed distinguished mass point
selected from the continuum.
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If the map @ is invertible, the vertical field v : @ — V(Q)
V40, = (VO‘ o CD_l) Oy = (VOO‘ odp~t — 78‘) Oa

can be constructed. With the help of the map ¢ : R — C. we can pull back the form pvol
to
pr VOL =" (pvol)

where p; is the mass density in the reference configuration meeting

[det(gag)] )
pr = | p—== 0P | det[F]. (4.24)
" ( [det(Gy)]

The Figure (4.2) illustrates the constructions concerning the Lagrangian approach.

Continuum

Fibre of R
Fibres of Q

\

B

Figure 4.2: The Configuration Bundle in the Lagrangian Picture

Remark 4.12 Let us consider the two dimensional case with
vol = 1/|det(gag)|(dg" — 70dt®) A (dg* — 75dt?)
= \/Idet(gap)|(dg" A dg® — 75dt® Adg® — dg" A§di”)

and
¢ =X X1, ¢ =X X2 00).
Consequently we obtain
dgt = 0x, ®'dX' + 0x,®'dX? + 9p® dt”
di? = 0x, ®*dX' + 0x,®*dX? + 9y®*dt"
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and

®*(vol) = @*y/|det(gap)| ((Ox,P'Ox, P* — Ox, @' Ox, ®*)d X' A dX?
+(0x, @1 (0g®* — 73) — Ox, D*(0p®" — 75))d X A dt”
+(0x, 2" (00 ®* — 73) — Ox, P* (0o ®" — 7p))dX? A dt”) .

Furthermore, we can write

®*(vol) = (M o @) det[F*]VOL

|det(Gag)]
with
VOL =4 /|det(Gap)|(dX' — T5dt?) A (dX? — T3dt°)
and
. V20x,d' — V'0x,d?
° det[F7]
e —V20x,® + V'0x, ®?
" det[F}] ’

It is worth mentioning that the reference bundle is used to bookmark material points at a
fixed time and therefore the connection coefficients T}y are not used in calculations. They only
appear formally due to the presented construction. This construction can be generalized such
that we have ) )

I'y=—-FV*, F.F} =29,
but will not be discussed here lengthy since the coefficients T, are dispensable for all further
investigations.

4.2.1 The Piola Transformation

The Piola transformation is an important concept that allows to express spatial quantities
in a material form.

Piola Tensors and Cauchy Green Tensor
Let us consider the Cauchy stress form
o= oaﬂﬁaj vol ® O (4.25)

together with the map ® : R — C,. that allows to pull back the form part of (4.25). This
leads to the 1st Piola stress tensor

P = ®* (0°79,]vol) ® 85 = P"9;]VOL ® 95 (4.26)
with
‘ det(gas)| - L .
pif = (aaﬁMF; det[F] ) ojl®, FLF*=4". (4.27)

Vdet(Gij)|



4 Continuum Mechanics 4.2.1 The Piola Transformation 56

Remark 4.13 In order to explain how 0,, is pulled back along ® let us consider the map
Xi— i (¢, 1)
as well as
X' = 930" + 9,9%° .
The push forward ®, of d,, yields 8, — 0,'d; which is equivalent to 9, — F'd,.

The 2nd Piola stress tensor is given as

S = ®* (0°70,]vol ® 95) = SY9;]VOL ® 9;

with
3 V1det(Gag)] -~
SZ] — O.Oéﬁ | € (g ﬂ)|FéFé det[F;a] Ojlq)
|d€t(le)|
and in coordinates one has the relation

S = PPF).
The Cauchy Green tensor is obtained by pulling back the metric g by the map & : R — C..
By means of '
dg® = 0;0*dX" + 9, ®“dt°
we obtain
C' =" (g) = (gap © ®) (90X’ + (9D —15)dt°) @ (9,9 A X + (9p®” — 7)dt”)
and . .
C = (gap © D) 9;0°0;,9°(AX" + FLV*dt°) @ (dX7 + FLV dt°) .
From remark 4.12 we finally have
C = Cy(dX" —Tidt") ® (dX7 — T}dt°)
with
Cij = (gag © D) FY'F) .
Remark 4.14 We have to introduce a bit more of notation especially for the variational ap-
proach which follows. Since the motion ® : R — C. is the wanted term, the pull back opera-
tion carried out to obtain the first Piola tensor P, the second Piola tensor S and the Cauchy

Green tensor C' can be accomplished only when the solution ® of the problem is known. There-
fore the following quantities are adopted which do not require the knowledge of ®. We have

PPojle = p¥
éij ojl® = Cy
which means that P"?, 5% C;; € C~(J" (C.)). Then the relation
P# = S}

reads
P = giig?
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Remark 4.15 In the following the composition with the function ® resulting from the pull
back is only indicated when necessary, for example when derivations appear. The quantities
P, S, and C are treated as described above and, of course, the Christoffel symbols A} ; and
AZ} and all other quantities will be evaluated by plugging in the motion ®. This is omitted
sometimes to enhance the readability.

Pull back of the Nijenhuis Differential of the Stress Form

To deal with the stress in the material picture we have to pull back the Nijenhuis differen-
tial of the stress form which was given in section 4.1.2 and for convenience we give here
again the coordinate relation which is

da(0) = [d(0°70,vol) — (Af0°7dt” + AZo™dg? ) A daJvol| @ .
The pull back the form part of d,(¢) along the map & is
" (da(0)) = dX(P) .

From
®* (d(0*70,)vol)) = d (®*(6*70,]vol)) = d(P"8;|VOL)

and
o ((Aé’TJ‘”dtO + AgTaf”dqﬂ) A D jvol) — pir <A§’TFde" + (A,ﬂ;vop + Aéi) dt0> A8, VOL
the coordinate expression

d2(P) = <P” (Agjpfdxi + (Aﬁ:vop + Ag*;f) dt0> A 0;|VOL + d(P?9; jVOL)) 205 (4.28)
is obtained. Furthermore, from the equation (4.28) one has

. 1 .
d2(P) A dt® = <P”A§mp + W@- <\/|det(sz)|P’ﬂ>> VOL A dt° @ 8
kl

as well as ‘ ' ‘
d}(P) A dt® = (0;P% — PPN} — PTAS FP) VOL A dt° ® 9y (4.29)

where we used the equation (2.13) and A, denote the Christoffel symbols with respect to
the metric G.
Material Covariant Derivatives

Let us inspect how the covariant derivatives (3.15) and (3.16) can be pulled back along the
map ¢ : R — C.. Therefore the notation

Va(w) = &* (Vw)) (4.30)
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and
Vs () =0 (VY (w)) (4.31)

will be used. In coordinates we obtain for the relation (4.30)
Vaw) = ((Gow’” — Afyw®) dt® + (Oqw” — AL gw®)(FPdX" + Virdt®)) ® Flo,

where the right hand side can be rewritten as

((9o (W’ 0 @) = (Afy + ALV ) w?) dt” + (0; (w” 0 @) — A FPw’)dX') @ i, (4.32)
and for the relation (4.31)

Vs () = ((ows — Asw,)dt® + (Oaws — Ajw,) (FrAX' 4 Vi'dt?)) ® (Fdei + Vﬁdt())
where the right hand side follows to
(Oolws 0 @) — (AGh + ViEALS) w,) di @ (F/dX + VAdt?) (4.33)

+ (0 (wp 0 ®) = AZFrw,) dXY) @ (FPAX' + voar)

The Nijenhuis Relation

The next step is to construct a counterpart to the expression (4.10) which can be done in
the following way. We first analyze the relation

d(P|q) = d(gsP"9;]VOL) = dgs A P0;]VOL + g5 (d (P*9;]VOL))

where the section g : @ — V*(Q) is evaluated along the map ®, which means that we have
7= (Go o @) (dg® — v5dt?) . It follows from the equation (4.28) and the expression

® (S]VE (@) = & (PY0;VOL ® ((0o(qs 0 @) — (Afy + Vi*ALY) G,))dt?))
+& (PP9;]VOL @ ((0; (@5 ) — AL Fg,)dX"))
that
d(P|q) = d}(P)|a+ & (S|Vy (D) (4.34)

is met. Furthermore, the counterpart to the relation (4.18) in the Lagrangian setting is
given as

® (S|VE (V]g) Adt’ =& (SJ% (800)) AdtY (4.35)

The details of the derivation are omitted and can be found in the Appendix A.8.3, where
also the rate of the deformation tensor is presented in the material form in remark A.2.
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4.2.2 The Mass Balance

The balance of mass, as stated in the section 4.1.1, can also be formulated with respect to
material quantities. Therefore, the mass of a continuous region in the Lagrangian descrip-
tion is given as

m= / prVOL = ¢ (4.36)
S

with ¢ € RT where S C R is a nice domain of integration. The conservation of mass states
that

/ do (prVOL A dt®) =0 (4.37)
S

has to be met and since S is arbitrary we conclude that dy(pz+/|det(G;;)|) = 0 holds, where
the detailed computation is given in the Appendix A.8.4.

4.2.3 The Balance of Linear Momentum

The formulation of the equations (4.14) and (4.16) in the material picture requires to
express the acceleration term and the force term with respect to material quantities. This
is easy for the forces since we have B0, = (b’ o ®) 0, and for the expression involving
the covariant derivative of the vertical velocity field ®* (v,|V*(v)) = 9] V§(V) holds. In
coordinates

8] Va(V) = (8V? — (VAL 0 ®) — (VrAL,V7) 0 @),

is met, where the equation (4.32) was used.
Remark 4.16 We used the expression
Va(w) = ((Bow” — Ajyw®) dt® + (Oaw” — AL ju”) (FFdX' + Vi'dt%)) @ 0,
which differs from (4.32) by the fact that we did not pull back the vertical part 0,.
Again, using the equation (3.25) it follows that
IVa(V) = @V = (V* (026 = Ajil) 0 @) = (VirAZV7) 0 @)0,

= (BV" = (V0arf) 0o @ — (Vi — 7 0 ®) (VAL 0 9)),
= (V= (V) 0 ® — (VAVIAL ;0 @),

is met, where it is worth mentioning that we have
VP=V —~50d.

Only in the case of a trivial space time connection the standard expression follows, because
then we have V? = V' = 9,9”. Finally we end up with

/ 3] VA(V) ® ppVOL A dt° = / (B8, ® prVOL + d%(P)) A dt° (4.38)
S S
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and since S is arbitrary it follows
9| V5(V)® prVOL A dt° = (B9, ® prVOL + d} (P)) A dt® . (4.39)
The right hand side of the equation (4.39) can be expressed as
(Bpg + ;P — PP}, — PTAD FF) VOL A dt° ® 94

where the equation (4.29) was used.

Example 4.17 The case of a trivial space time connection follows easily again by setting
v4 = 0. Then, the equations of motion read as

pr (BV? — V“VﬁAZﬁ) = BPpy + 0; P — P*\, — P"A’_Ff
with V? =V = 9y®” which can be found in [Marsden and Hughes, 1994].
Remark 4.18 From remark 4.14 it is clear that we have
;PP = d; P
and furthermore
d(PP9,|VOL) = j2(®)" (dH(ﬁi%y JVOL))

with the horizontal differential dy, see for example [Giachetta et al., 1997].

4.2.4 The Balance of Energy

To derive an energy relation in the same spirit as in section 4.1.3 we start again with
the equation of motion (4.39) and use the metric as a map ¢ : V(Q) x V(Q) — C*(Q).
Consequently, we obtain

D Va(V)|V]g @ prVOL A dt° = ((B]V |g) pr VOL + djy(P)|V ] g) A dt°
and from the relation (4.34) given as
d(Pq) = d}(P)|q+ & (S|V3 ()
the expression
(80)V5(V)]V]g ® prVOL — (B]V ] g) pr VOL) A" = (d(P]V ]g) — & (S] V5 (V]g))) Adt°

follows. Using the equation (4.35) we get
. 1
(c%JV{{\)(V)J V]g® prVOL + ® (SJ ) (800)) ) Adt® = ((B]V ]g) pr VOL + d(P]V | g))Adt"

which is the analogy to the relation (4.19) in the Eulerian description. The next step is to
introduce the stored energy function, see [Marsden and Hughes, 1994]

0

QpRWEel = Sij .
ij
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Then we have

1 0 _ 0 0
/360 (aVJVJ (go@)+Eel) prVOL Adt —/S(BJVJg)pRVOL/\dt +/aS(PJVJg)/\dt :

This comes from the fact that
0 1
0o (Eer) pr = pR@Eel (00Cyj) = 5”5 (00 Cij)
and .
avEIVIg = (VIV] (o))

which is a similar calculation as in the Appendix A.8.2. With the help of the rate of
the deformation tensor whose components are given, as described in remark A.2 of the
Appendix A.8.3, as

Dy; = %gaﬂ ((aiva — VPAS FY) FP + (0;V° — VPAD FY) Fg)

prT g

we have the coordinate expression
1 1 .
/ o (§VJ V](go®)+ Eel) prVOLAdL® = / (PR§50 (VOVOgap 0 ®) + S”Dij) VOLAdt’ .
S S

4.2.5 A Variational Approach

Let us recapitulate the bundle structure which was used in the Lagrangian setting. We
obviously considered the bundle C, — R with coordinates (¢°, X, ¢*) for C, and (¢°, X?)
for R, which is visualized in the following diagram.

Ce—QxBR (toaXi7qa>
R——R (2, X7)

We investigate only first order Lagrangians and the variational derivative for this setting
looks in coordinates as ‘
501 = 8a - dzaé - doag
with
di =0i + ;' 0n , do =0y + 0 -

Remark 4.19 In the following essential use is made of the quantities C', S and IBU instead of
C, S and P. In particular the components of the Cauchy Green tensor are given as C;; (¢,t°) =

65" 9apd] (4,1°).
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Let us consider the density of the kinetic energy

1
Ex, = pr5(4h — 73 9ap(g5 — 74)VOL A dt°

with the corresponding kinetic energy function

1

Ey, = 5(@1 —78)9a5(ah —73)

and the stored energy function which meets
0
2pp—=—Ea = SV
aCy; be
We use the variational principle and compute

Oa (Ek\/ |det(Gij)lpr — Eery/ \det(Gij)\PR) + pry/1det(Gij)|gapB” = 0 . (4.40)

The expressions

0o (p’REel Idet(sz)\) = =/ 1det(Giy) [P gya T3 — di(\/1det(G) | P*) gar

%@#%RM@M):

—pry\/1det(Gij)|gsn [qS’o — 0 (vg o ¢>> — (a5 = 78) 0wyl — AG, (qg - vé’) (45 — 78)}

as shown in the Appendix A.8.5, consequently lead to

PR [qgo = (790 ®) = (g5 —75) Fero — Aj, ( - ’Yo) 0 78)]

15]”/\?2(15 + de(\/ ‘det(Gij”P ") + prB"
ij

which can be rewritten using the pullback by & as
prO0|Vo(V) = prB" + 0 P — PFALF] — PRIAL, (4.41)

and

since
jl(cb) (CIO_ ) V()_’Yooq) aq)ﬁ_%ocp &

and this corresponds to the relation (4.39). Therefore, it can be concluded that the equa-

tions of motion
5a() + /140t (Giy)lgup BY = 0

L =pry/|det(Giy)| (Ex — Eo)

are represented as a variational problem in the Lagrangian picture.

with

Remark 4.20 This should be compared with section 3.3 where in contrast to L = Ldt" we
are dealing with L = L(dX' A ... A dX™) A dt®, which is obvious, since the independent
quantities are (t°, X).
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4.2.6 The Hamiltonian Structure

Combining the results of section 3.2.5 and 4.2.5 we are able to give a Hamiltonian inter-
pretation of the governing equations of a continuum in the Lagrangian setting. Let us start
to introduce the momentum in the spatial description which can be given as

Pa = Gasldy —75)prr/|det(Gy)]
= gagV’pry/|det(Gyj)] - (4.42)

In the material description we obtain

Pa = paojl(q))

= (9050 ®) (960" =75 0 ®) proy/ldet(Gy)|
= (gap 0 @) VIpry/|det(Gy)| ,

where the symbol of the momentum P should not be confused with the one of the Piola
tensor. The total energy is the sum of the kinetic and the stored energy function. It is
termed the Hamiltonian and reads as

L §”pepp
H=— + Eapra/|det(Gij)] -
2 pr/|det(Gyj)] !

The equations of motion, as given in equation (4.39), can be written as

D’ —Alod = (55}]) oj (®)
0o(Ps) + Pp(0s75) 0 ® = —(d3H) 0 j' (@) + 1/ |det(Gij)|prgpy B” (4.43)
where the balance of mass was used.

Remark 4.21 In the set of equations (4.43) the variational derivatives read as

& = 0
55 = 05— d;0},

in addition, a direct computation in coordinates gives

6PH) o jH (@) = 7, o (®
e = Y

= 170" (D)

where the relation (4.42) was used. Thus the desired result is obtained by

gpﬂ pp 8

pr/Idet(Gy)]

80@ﬁ—*ygoq):
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The expression A
(05H) 0 j* (2) = (95 — di}) H) © j* (&)

can be decomposed into

(5aH) o (@) (aﬁép T )|>ojl<<1>>
RV A€ i)

+ ((36 — di0j) Eapr Idet(sz)l) °j' (@) .

From section 3.2.5 we have

L 9™ppy 1 1 . 1
s> oj (®) = PNy | 057 (@)
( 2 pr |det<Gz-j>|> pr/1det(G)] ps

= (v“pp/\ﬁg) © jl (@)

which in material coordinates gives

1 g
R,

5=
2;OR\/ |det(Gz‘j)|

and from section 4.2.5 we have

(95 — i) (EelpR |det<Gz~j>|) = [det(C)| P e AT — di(1/[det( G| P g

Therefore the second equation of (4.43) is

90(Ps) + Pp(0p70) + VEPAL; = |det(Gi) | P* guaAT5a; + di(y/|det(Giy)| PF7) gar
+\/ |det(Gij>|PR9ﬁan

where the left hand side is clearly the covariant derivative of the momentum in the Lagrangian
description

0o)V(P) = (9oPs+ (9575 — A2y + ViALy) P,) (dg” — 75dt®)
= (0oPs + P07 + P,VAL,) (dg” —~5dt”)

which should be compared with the results of section (3.2.5). Then, the equations of motion
follow to

(9o Ps + P06 + PV AL5) = /det(Gyj)lgs- (akPkT — PYALE] — Ay P+ PRBT>

which are the counterpart to the relations (4.41).



Chapter 5

Time Variant Hamiltonian Systems

Hamiltonian systems are well known in the literature in the finite dimensional as well
as in the infinite dimensional case in the context with modeling and control, see for in-
stance [van der Schaft, 2000, Kugi, 2001, Olver, 1986, Schlacher, 2006]. This chapter
is devoted to a generalization of these systems for the lumped parameter case, such that
they are covariant with respect to the change of the frame of reference. We will use the
same mathematical machinery as in the previous chapters, which means that the covari-
ance is achieved by an adequate formulation of the mathematical objects with respect to
connections and the appropriate covariant derivatives.

5.1 Geometric Analysis

Let us consider the bundle 7 : £ — B where we introduce the coordinates (¢°, z¢) for £ and
the coordinate t° for the time manifold B. In order to cope with the situation of a control
system, we additionally need the vector bundle p : Z— £ with coordinates (t°, z*, u*) for
Z.

Remark 5.1 The fact that p : Z — £ is a vector bundle has the consequence that the following
bundle morphism is appropriate

=010, 7%= %%, @ =it aP)us

where the fibres of the vector bundle are linear spaces and are denoted by U. The case where
Z— £ is an affine bundle will be treated with respect to control theory later on in this chapter.

A connection on the bundle £ — B follows in coordinates as
dt® @ (0 +T50,) , T§eC>(€).
We consider a lumped parameter Hamiltonian control system which is given as

(g —T'G) On = V504 (5.1)

65
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with
vy = (J* — R*) OsH + Gou

and H, G, J*#, R*% € C>*(€). Furthermore
) ==l (] = (] 2o

is met, which means that the matrix representation of the operator J is skew symmetric
and of the operator R symmetric and positive semi definite.

Remark 5.2 This special form of the control system (5.1) is considered, since its structure is
invariant with respect to the bundle morphism given in remark 5.1 except for a time repara-
meterization, but this will be discussed in more detail in section 5.1.1.

Some additional comments on the representation (5.1) are necessary. Let us consider
the splitting of the total differential of the Hamiltonian dH. From the relation (2.6) we
immediately have

QoHAt® + 95 Hdz® = 05 H (dxf’ - rgdto) + (80H + rgaﬁH> dt’ .

Since the field (z§ — I'§) 9, is a section of (7})" V(E) we have the interpretation that the
maps J and R can be expressed as

J, R:V*(E) = V(E)

with
J=J0,20;, R=R*P0,®0;.

Remark 5.3 Furthermore
G=G ®0,, Y =span{e}
is fulfilled, where ) is the dual space to the input space U and meets Y* = U.

Let us consider now the right hand side of the relation (5.1). For an input which is
a section vy : £ — Z we have vy : £ — V(&) but control theory has to deal with under-
determined systems and this allows the interpretation vy : Z —p*(V(€)). Let us consider
amapy: € — Z, such that u® = v° (t°,27) , then a solution of the system (5.1) is a section
¢ : B — & such that we have

gt(e)* (xy —Ig) =c" ((Jaﬁ - Raﬁ) OsH + G?*yg)

which is
doc* —T§oc= ((J* = R*¥)9sH + G2+*) oc.

Furthermore, this suggests
9|V (c) = ((J - R)|dH + (Glu) o) o c, (5.2)

which is the intrinsic definition of a Hamiltonian control system.
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5.1.1 Transformations

If we apply a bundle morphism of the form
P ="t =8 +a, =", @ = P, 2, a€eR
to the system (5.1) which means that we do not consider time reparameterization then the
transformed system follows as
25 = (o™ + Baip”x5) 5
as well as
7% = (Do™ + 0ap®T2) 82 + Ds® ((Jaﬁ — R%) 05 H + G?@bza?) 50

From the relation (2.7) we have

75— Tg = (J° = %) 95 H + G2 (5.3)
where we used )

03 (H 0 ¢) 99" = (0sH) 0 ¢ .

This points out once again the tensorial transformation properties of J, R, G and T, since
we have

Jo = (8a§0&Jaﬂﬁgg0B> op
R = <0a905‘Raﬂ 05" ) o
6 = ((Qo¢™ +0a¢T5) 65) 0 &
as well as

A avas A

G2 = (Dug G2 ) 0 9
It is worth to mention that the system (5.3) is a Hamiltonian system that describes the
evolution of the system (5.1) with respect to a coordinate system that possesses the con-
nection . o

di’ @ (05 + T§0s) -

To be more precise, this means for instance, if the system (5.1) is modeled in an inertial
system with I' = dt° ® 9, such that I'¢ = 0, then (5.3) will describe the observed evolution
in a Hamiltonian formulation. It is essential to take into account the effect of a non trivial
connection, which in this case reads I'§ = (5880<p5‘) o ¢. The most general case of a time
variant coordinate transformation of course also includes time reparameterization, such
that additionally 2° = ¢°(¢°) is met. In this case the system (5.1) has to be identified with

the tensor
dt’ @ (2§ —T9) 0, = dt° @ v%0, (5.4)

and it is easily seen that a transformation z® = ¢%(t°, 2%), 1 = ¢°(t°) preserves this tensor.
The left hand side of (5.4) corresponds to the morphism (2.8) which corroborates the use
of the covariant derivative in the relation (5.2). In the sequel we only consider the case
10 = §0t° for simplicity.
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5.1.2 Change of the Hamiltonian

The total time change of the Hamiltonian H along the motion ¢ is computed as 9, (H o ¢)
and this can be written as

(doH)oc= (0oH + 250,H) o c
which follows to
doH = (8 +T50,) H — (0o H) R* (95 H) + 0, HGu*® . (5.5)

The relation (5.5) is well known for the case of I'j = 0, which corresponds to an inertial
system and the choice of y. = 0,HG? shows that the product of input and collocated
output affects the power flows of the system. Furthermore, we have the decomposition of
the relation (5.5) as

doH = w)'(H) + vy (H) (5.6)

where w)t = 9y + I'§9, corresponds to the horizontal derivative induced by the connection
' and vy represents a vertical derivative in this sense of course.

Example 5.4 Let us consider the system modeled on the trivial bundle £ = X xR — R, with
H, Go, J**, R*F € C>(X) and

x§ = (J*¥ — R*P) 9sH + Gu* .
When we apply a bundle morphism of the form
% = (1%, 2%, 10 =80t
the transformed system reads as
7§ — Ty = (J°7 = R*%) 95 + G
The horizontal derivative leads to
wiH = (05+T50s) (Ho )
= 83 ((0oH + 05HO@") 0 ¢ + T804(H 0 ) .
With the formula (A.5) from the Appendix we obtain

witd = 63 ((80H — 05HO0p"0a9") 0 ¢+ T30:(H 0 @)
= 63(00H)o ¢

which shows that the horizontal derivative w can be interpreted as an intrinsic time deriva-

tive which takes into account the case where the connection T is not trivial.

Remark 5.5 It is seen from the previous example that the total change of a function along
the motion of the system is, of course, independent of the chosen coordinates, but care must
be taken if this result is used for stability arguments as the next section will show.
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5.1.3 Stability Analysis
Stability of nonautonomous systems of the form
zy = fo(1°, 27) (5.7)

is well analyzed in the literature, see for example [H.K. Khalil, 1996] and references
therein. In context with systems of the form

(x5 —T§) = (J* — R*P) 9H + G**

asin (5.1) care must be taken, because if the connection I' is not trivial, these equations are
not of the form (5.7) unless the interpretation as a Hamiltonian system is discarded. How-
ever, if we choose coordinates such that in these coordinates the connection I' is trivial,
then the coordinates will be called adapted to the frame. In these adapted coordinates the
covariant differential corresponds to the classical time derivative and therefore the equi-
librium equation is v;; = 0, and the stability analysis can be accomplished as for example
described in [H.K. Khalil, 1996].

Remark 5.6 If in the coordinates which are adapted to the frame, which means that I'§ = 0,
the equilibrium does not meet x® = 0 a transformation 7% = p®(2°) = 6% (z* — &%), @* =
8¢ (u® — 4°) can be used which does not necessarily destroy the Hamiltonian structure as will
be shown in the forthcoming section 5.2.1.

If the coordinates are not adapted to the frame, the condition vy = 0 expresses the
equilibrium obtained in an adapted set of coordinates formulated in the non inertial frame.
Therefore, if one is interested in a stability analysis with respect to the reference frame care
must be taken which equilibrium is considered, since the system

z§ =T+ (J* — R*P) 9sH + G2° (5.8)

together with z§ = 0, describes the equilibrium condition with respect to the frame of
reference.

Remark 5.7 A special case of this construction arises when the stability with respect to a
trajectory is in the focus. Roughly speaking the stability analysis of a solution of a system of
ordinary differential equations is treated by examining the stability of the origin of a system
in transformed coordinates.

But from (5.8) it is seen that this interpretation does not allow the exploitation of the
pleasing properties of a Hamiltonian system. A strategy to overcome this problem will be
discussed in section 5.2.2, where the effect of the nontrivial frame of reference will be
hidden in a modified Hamiltonian such that the classical stability analysis can be used.

Example 5.8 It is easily seen that the equilibrium condition x§ = 0 in an inertial system
with trivial connection I'§ is transformed to

75 = (09" + Bagaf) 0y
80<p0‘(58
.
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Remark 5.9 It is worth mentioning that the horizontal derivative w)’ presented in the pre-
vious section is important for instance when the analysis of the change of the energy is of
importance. However, one has to be aware that the energy is always formulated with re-
spect to a frame as described in section 3.2.6 where the kinetic energy of a mass particle was

introduced as .

(6% (0% 6
E = Sgas (a6 = 8) (4 = 0) -
It is obvious that in these coordinates the energy has a minimum for q§ = ~(, whereas if the

coordinates are adapted to the frame we have v§ = 0, which obviously leads to q¢§ = 0.

5.2 Control Theoretic Aspects

From the control theoretic point of view it is sometimes beneficial to describe a time invari-
ant Hamiltonian system with respect to an equilibrium point or with respect to so-called
error or displacement coordinates.

5.2.1 Equilibrium Points

Let us consider a control system modeled on the trivial bundle £ = XxR — R with the
trivial connection I' = dt° ® 0, that reads as

xy = (J*° — R*P) 0sH + Gu* (5.9)

such that H, G, J**, R*¥ € C>*(X) is met. The equilibrium condition for the system
(5.9) follows as

0= ((J — R*") OsH + G24*) o ¢ (5.10)
A change of coordinates of the form
% = %(2?) = 6% (z* — &) (5.11)

where we again do not consider time reparameterization, as well as an input transforma-
tion i
=06 (ut —7°) (5.12)
lead to a system of the form
zd = (53 (J° — R*%) 505 H + 62G2 (a5 + %g)) o .

Remark 5.10 It is worth mentioning that a transformation of the type as in equation (5.12)
has the consequence that the bundle Z — & is an affine one.

For systems that meet J*’, R*’,G* € R one can take into account the equilibrium
relation (5.10) rather easily in order to obtain

7 = (00 (I = R) 6305 H + 506 (w6%) — 04 ()7 = R*P) 9sH 0¢) ) 0 5

= (TP = RP) g1 + G
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with
H = H-3%(0sH)o¢
T = 50J°%55, R =6iR%6;, G2 =065Gs: .

An application can be found in [Schlacher and Kugi, 2002], where also a more detailed
discussion of this topic is presented.

Remark 5.11 For systems that do not have the pleasing property that J*°, R*’,G* € R is
met, further investigations are necessary.

Remark 5.12 It is worth mentioning at this stage that the transformation (5.11) preserves
the trivial connection, such that we have I' = di® ® ;. This is obvious since dye® = 0. A
transformation with respect to displacement coordinates changes the connection as the next
section will show.

5.2.2 Reference Trajectories

The analysis of the dynamics of a control system with respect to error or so-called dis-
placement coordinates leads to a time variant Hamiltonian system and fits exactly in this
geometric setting as the following shows. Let us consider the system (5.9) and a bundle
morphism of the form

% = (1%, 2°) = 6% (2 — ¢5) (5.13)

with ¢§ € C>(B). By a straightforward calculation we obtain the system
8 + (0ocg) 6269 = 6% (J*¥ — R*P) 5@8;,?[ + 00Gu* (5.14)
which of course corresponds to the system (5.3) with
8= — (90c§) 0283, JOP = 63J°885 R = 03Rs), G =§2G2 .
A solution of the partial differential equations
(797 = B*7) 05 = — (Do) 02

allows a different representation of the system (5.14), since then we obtain a Hamiltonian
system which describes the evolution of the error coordinates z* and reads as

75 = (17 = R) 0 (A + ) + G

which corresponds to a system modeled on a trivial bundle with the connection d® ® 0.
This is obvious, because the effect of the nontrivial connection is now hidden in a modified
Hamiltonian. Additionally, if the functions ¢ € C*>(B) correspond to a solution of the
system such that

docy = ((J* = R*%) 9gH) o ¢§ + (G250 ¢5) (5.15)
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is met, where 7, : £ — Z correspond to the input functions then it may be of interest to
consider an input transformation as well. Therefore, let us examine the transformation

@ = ¢ (73 (5.16)

with ¢¢ € C*°(X), where again Z — £ is now understood as an affine bundle. Then the
system (5.14) reads as

T8+ (90c§) 8283 = 62 (J°° — R*P) 6305 H + 653G (@ Pt +75)
and again a solution of the partial differential equation
(J&B - R&B> 5 = — (Boc5) 0% + 6%G25, (5.17)
allows a representation as
78 = (J&B — R@B) 03 (H + H) + Ge (5.18)

with G2 = §2G%@:. The Hamiltonian system (5.18) describes the evolution of the error
coordinates with respect to a desired solution of the system c¢j. The special case, where
the functions G¢ are constant and 3 € C*°(B) can be treated easily since then it can be
verified that plugging in the equation (5.15) in (5.17) leads to

(799 = B2) 05 = (53 ()~ B°) 03 o 5

which arises in many applications.

5.3 Application

As a simple academic example we consider the magnetically levitated ball as shown in
Figure 5.1, where the control problem is the demand to track the position of the ball s.
The main focus in this example lies in the fact that we want to show how the time variant
coordinate transformation changes the connection and, additionally, how this nontrivial
connection can be included in an extended Hamiltonian to obtain the error system in a
Hamiltonian formulation modeled on a bundle whose horizontal derivative is again trivial.
The system can be described in a straightforward fashion on a bundle X xR — R with a
trivial connection on £ = X xR, which reads as I" = dt’ ® 9,. The equations of motion with
the momentum p and the flux ¢) can be written as a Hamiltonian system with = = (¢, s, p),
the control input u, which is the input voltage and

0 R,
0
-1

e R

o O O
S = O

0
0
0

QL O O

0
0
2 2

p
o — 50( —
|:g§] S 2mB +mBgS+ 2L<S) )
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Figure 5.1: Magnetic Levitated Ball

with the inductance L(s) = k/(1 —s), the mass of the ball mp, the resistance in the
electrical circuit R;, and the damping, which takes into account eddy currents and possible
mechanical damping in a first order approximation for simplicity, with damping constant
d. The theory of flatness based control, see for example [Fliess et al., 1995] now suggests
to parameterize the system by means of the flat output s = s;. By an easy calculation one
finds that

Vg = V/2k(mp (g4 Ooosa) + dOosa)
Pa = mpoysq
and uy = uy(s4), which can be calculated rather easily. A bundle morphism £ — &, 7% =

¢%(2*,1°), = (¥, 5,p) of the type as in the relations (5.13) and (5.16) leads to non trivial
connection coefficients

mpOoosd + dOoSa
\/2]{3 (mB (g + 8008(1) + d@osd)

and it is straightforward to verify that a solution of the pde (5.17) is given as

1:‘878& =—k 8@ — 808da§ — mBaoosdﬁﬁ

H=—(dH])%7%05) o ¢,

therefore the error system describing the evolution of z* in a Hamiltonian description on
a bundle with trivial connection d’ ® 9 is given with

(7] =o)L (R = (2] L[] = o]

and a Hamiltonian # = H o ¢ + H. The error system can be stabilized for example by
means of the IDA-PBC approach, see [Ortega et al., 2002].

Remark 5.13 This approach allows some flexibility in the design, since it may turn out that
not all the states have to be measured because the control is designed in such a way that it does
not depend on them. This can avoid the necessity of the velocity measurement for instance in
some applications.
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Let us assume there exist constants c;, ¢y, c3, ¢4 € RT such that
|sal <c1, |00sal <c2, [On0sal < e3|,  Oooosal < ca

and the desired trajectory s, fulfills mg (g + Jyosq) + ddysq > 0. Then the classical IDA-PBC
approach with the desired structure and dissipation matrices

. 0 0 -p o rn 0 —p
T =10 0 a |, [RBP= 0 o0
6 —a 0 —p 0 ad

leads to an asymptotically stable closed loop system. It can be verified after some lengthy
calculation, which will not be presented here in full details, that locally W,(z) > H; >
Wa(z) > 0, and dgHy; < —Wj3(Z), with W3(Z) > 0 can be achieved by proper choice of
c1, ¢, c3,c4 and a proper adjustment of «, 3,711 7, p > 0, where H, is a solution of the
matching pde’s of the IDA-PBC approach which was chosen as

g <(ﬁ+p)pm+(5+p)sa+a%+awm>2+ W
6(

3

Ha 22 (8 + p) B+ p)k

+m @2\/5\/k (mg + d 0ysq + mDpoSa)
1 —
G B0+ D (atdr) x

<<%sa+ prgg) (B+p) + %@Ea (a+dr22)) '

Remark 5.14 In order to show Wy(z) > Hy > Wo(&) > 0 locally a Taylor series expansion of
H, was accomplished and the analysis of the Hessian at the point = 0, yields the conditions

av/2y/k (mg + d ysq + moosa) (2am — 1)

0
(B4 p)kmrs,
\/5\/16 (mg + d 0ysq + mOypsq) (2am — 1)
: > 0
(B + p)kmrs,
o (20m — 1) (a + dryy)’ n V2y/k (mg + d dosa + mooSa) 0
(8 + p)*mrd, 8+ p)k

which are easy to fulfill. The functions W; ,i = 1,2 follow from the fact that the time variance
only arises from the trajectory s, and its time derivatives and therefore for a given trajectory
the bounds ¢; , 1 = 1...4 are known and can be used to derive W; locally. A similar approach
can be used to show dyH,; < —W5(Z) but the expressions are very complicated and therefore
only a numeric analysis was enforced with the parameter values given in the sequel.

5.3.1 Simulation Results

In Figure 5.2 a simulation result is shown for the parameter values mp = 0.5, k = 1,
Ri=2,d=0landa=2,0=1,r1 = 10,1990 = 4, p = 1. After 15 seconds an additive
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disturbance 0.3(c(t — 15) — o(t — 15.5)) acts on the input voltage of the system and the
reference trajectory was chosen as s4(t°) = 0.5sin(¢°). In the Figure 5.2 u corresponds to
the flatnessbased control signal, « = u.. is the tracking controller which stabilizes the error
system and e = (e, ey, e3) = (¥, 5, D).

sd,sin[m]

-1 i i i i i
0 5 10 15 20 25 30

timein sec

in[V]

u_ in
c
o
(

-5 i i i i i
0 5 10 15 20 25 30
timein sec
0.4 e, in [Wb] e, in [m] e, in [kgm/s] ]
0.2 i
o of
_0.2 L -
-0.4 i i i i i
0 5 10 15 20 25 30
timein sec

uin[Vv]

2 | | | | |
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timein sec

Figure 5.2: Simulation Results
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5.4 Hamiltonian Mechanics

Let us recapitulate the observations of section 3.4, where we used the same bundle struc-
tures. We have the correspondence that the analogy to the bundle & — B is now V*(Q) — B.
A simple mechanical control system without dissipation in canonical representation reads
as

s — % = O°H (5.19)
do(ps o 8) +p, 037 = —0sH + Gaeut (5.20)

with s : B— Q and p : @ — V*(Q). The Hamiltonian corresponds to the total energy
which is )

H= aqamaﬁqﬂ +V
where the tensor m : V(Q) — V*(Q) is the mass metric. The connection that splits the

state bundle is in this case of course not the space-time connection -, but the Hamilton
connection that splits 75(V*(Q)) and reads as

Ty =d'® (ao D — (aﬂg)qﬁap) , (5.21)

where the holonomic base for 7(V*(Q)) is given as (0, 9, d?). This is readily observed
from the relations (5.19) and (5.20) by a comparison with (5.1). The connection coeffi-
cients of (5.21) can be also derived easily considering a mechanical system modeled on
the trivial bundle Q@ = M xR, with a connection on V*(Q) — B that reads as dt° ® dy. A
change of coordinates of the form

= "¢
= 45 (0a9") oo =0 (14", d5)

leads to the nontrivial connection as stated in (5.21), where we again do not consider time
reparameterization. To see this let us evaluate the equation (2.7) which leads to

B Qé\

Ql

(0500¢%) © ¢ = 75
and from
B = 03ds (90a?” + 050’00
— 385 (Oa(~000"0,2") + 03" 0”
= —05 (9a75)
we obtain exactly the coefficients of the tensor (5.21).

Remark 5.15 The formula (5.6) should be compared with the expression (3.42) in section
3.4. Due to the previous discussion it is clear that the horizontal part of the derivative w)'(H)
in (5.6) corresponds to vy (H) in (3.42) since the connection

dt’ @ (0p + IT'§0,)
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that splits T (£) with respect to £ — B is in mechanics represented as
At @ (8 + 1500 — (9,10)d0")

and splits T (V*(Q)) with respect to V*(Q) — B.



Appendix l \

Proofs and Detailed Computations

The aim of this part is to present in some detail computations which are used in this thesis.

A.1 Frequently used Relations

Many calculations are based on some tricky indices manipulations and indices shiftings
and some of them which were often used are presented in this section. Let us start with a
well known formula. Suppose we have two manifolds M and M with coordinates ¢* and
q“, respectively and a diffeomorphism

From

the result follows immediately to

65 = (059") (939") - (A.D)
From equation (A.1) it follows by another differentiation that we have
) = 0a((959) (85¢”))
0 = (Bapy®) (@5)+3ﬁ@ o (05¢7)
) = (95¢%) 0a (059”)
— (Dap™) (05¢°) (3:0%) = (3:¢°) (Dpp )(3 577) (0a”)
o ) = —05(0s9) (8,59

(0ape™) (050°) (0:0%) = — (959") (8,5¢") . (A.2)

78
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The next calculation is essentially used in the case of time variant transformations. There-
fore we consider the bundles Q — B and Q — B with the coordinates (t°, ¢°) and (#°, %),
respectively. We consider the bundle morphism

@ = " ("1, = D)

£ = ¢, =9
and successively we obtain
- - - ~0
@ = (3o<p”‘ + 059”0 ) 9o (A.3)
and ) )
d = (969" +0:0"03) os” . (A4

Substituting equation (A.4) in equation (A.3) we get
@ = (00¢" + 09" (009" + 0:0°a8) 006") o6
B = g b + 0o 07" + 055 .

Therefore the result follows to
05" 069" = —00p"000

P’ = 00”05 0ap” . (A.5)

A.2 Transition Functions

A.2.1 The Connection A

Let us consider the connection A on V(Q) — Q where we have coordinates (%, ¢*, *) for
V(Q) and the holonomic base (9, d,, d,) for 7(V(Q)) which reads as

A=dt® @ (3 + AgD,) + da® @ (0 + A0, ) (A.6)
as it appears in section 3.2 and consider a change of coordinates of the form
=6, ¢ =¢"" 1", =",

Successively we obtain

t{) - 80(b6tvo
@ = 0™+ 95p°°
7 = Oop”d "t + 0up® 3’3 + 059"

and consequently
a0 = 9y%dt®,  dt® = 9y di°
Ag" = O dt’ + 05p°dq” , dg® = 0,9 (dg® — A ded Al’) (A7)
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as well as
8 — 0’05 + Do s + Bop"d° 0,
Oo — 009®0a + 0arp”q70,
Agds — 03”30,
AD, — B,p"ALD, (A.8)

is met. Plugging in the expressions (A.7) and (A.8) into (A.6) we obtain
950 AP (aoqsoao 0670 + Bos? 0, + Dsp” AL, )
+05p” (dq’& — D™Dy fﬁ) < Onp™ 0% + Onrp” qTa + 8,;@”/\”8 )
Rearranging the expressions we have
ai @ (00 + 006 Qo™ 0a + o> (aoﬁgoﬁqﬁ + 057N ) 05
i @ (00000 0n + 0005000 (Durst?d” + 045" A2) 35 )
+dg" @ (aa + 050" (Oarq” + 8pso”’AQ)5‘p)
and finally
A @ (9 + (006" 00se"d” + 000 0" A] — 000008 (Dar " + 0e"A2)) 0y
A3 © (0a + 0ad” (Ourd”d” + 0p"M2)D,)

This result can be written

A=dP® (3() + Agé%) +d7* ® (aa + ]\23,;)
with

A 0P (0ar”q" + 00" AL)
AP = %@O(aomﬁpdﬁ + 0" Ay — Bop™AL) .

QI
|

A.2.2 The Connection A*

Let us consider the connection A* on V*(Q) — Q where we have coordinates (%, ¢%, o)
for V*(Q) and the holonomic base (9, d,,9%) for 7(V*(Q)) which reads as

N = dt®@ (9 + A5,0) +dg” @ (00 + AL,0) (A.9)
as it appears in section 3.2 and consider a change of coordinates of the form

EO - ¢0(t0) ) q& = (pa(qﬁ7t0) ) (j& - &@ﬂ(.iﬂ .
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We obtain successively
0 = §yo't°

@ = 0ot + 050"’

Ga = 0 ((0:0") 000 8) st + 052" 450u 2 4" + a2’
and consequently

A0 = 9y%dt®,  dt® = 9y di°

Ag" = "t +0p7de” , dg® = 0a3° (43" — "0 ) (A10)
as well as
8 — 90’ + s + 0 ((3,0°) 0 p 0 §) 450”
— 0009 + 000 + 0052 000 450" + 0=, P D" 450"
On — O0ap®0a + 05,0 450.9"0°
Agﬁaﬁ - aﬁ@ﬂ/\gﬁép
AL = O NL,0° (A.11)

is met. Plugging in the expressions (A.10) and (A.11) into (A.9) we obtain
8o AP © <80¢68() + 8005 + 05,0000 430 + =P B0 0” (0 + a;,@ﬁA;ﬁaf’)
FO,0° <dq‘5‘ - 80<p5‘8@[b0d£6> ® (aawaﬁ + 05,0750 070 + 0, N7 ) .
Rearranging the expressions we have
A @ (3 + 066 000" + 060 (002006 + 000" 4 + 05735 )
~di® @ (0" O + 0000000 (055 1500 + 057" 1) )
+4g° & (0a + 0a2™ (93,2 100a5" + 07701 )
and finally
A @ (8 + (000 Qs 060 4s0P + 006 01y 4 + 00 0,675 07
i © (96" 00" 000 (5" 150u” + 057" 135) )
A" @ (0n + 0ad” (0352 dsDa” + 057" N3) O )
This result can be written

AM=d (c% + I\gpé‘ﬁ) +dg® ® (a@ + _/‘\gpc‘}ﬁ>

with
]\zp = a@¢a(aﬁp@ﬁ%aa<ﬂﬁ + aﬁSbﬁAZﬁ)
Ak ~B . 50 ~ 7 - ~ * a p *
0p — aﬁﬁ‘PBQB + 00 (aﬁ)@ﬁamp qs + aﬁ‘PBAOﬁ — o Aap) .
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A.3 Christoffel Symbols Relation

We want to proof the equation (3.18) and start with

gae (aogoca) = _gaegneAga - gaagaﬂA(ﬁ)E
g*° (aogas) = _ZASH
as well as
gas(aogas) = _ZASH
0o (det(gap))
det(gas)

where we used the well known formula
O,(detY) = det(Y) - tr(Y19,Y)
for an invertible matrix Y. Furthermore, from
9 (|det(gag)|)
9o/ |det(gap)| = ———=
24/|det(gag)|

we have

o (det(gq .
0( (g 5)) — _21\0/€
det(QOxﬁ)
and
80\/|det(ga5)|\/|det(gaﬂ)| — _AH
det(gas) o
1

—————=001\/|det(gap)| = —Ag,
[det(gas)] "

where it is worth mentioning that we only consider the case of a Riemannian metric, which

is positive definite by definition.

A.4 Computation with Respect to the Momentum

We have to show that

(M43 pyp) 0 71 (5) = s° (@a(

| —

(507" (5)) 47 (pr o J! <s>)>)

is met. We have

. % T . * I ., por
j' (s) (Aﬁgg PrDp) = j' (s) (_ﬁppgp (090 + O59us — Ougip) g pr)

- * 1 ~ pU ~ARKT
= 1) (~5nd” @007 )
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A simple calculation gives

9" G = 5Z
(0" )(Opgus) + (959" )(gus) = 0
and then
: * ART : * 1 ~pV ~KT
3t (s) (Mg pepy) = 5 (s) <§ppg” (959 )gyﬂp7>
-1 * 1 ~pT
= Jj (s) épp(aﬁg )P~

= 5 (0 (3o D05 ) )

which is the desired result.

A.5 Energy
The relation to be shown is that a contraction of
d(v]poj'(s)) =V (vo i (s)] (poi'(s)) + (voj'(s))]V¥(poj'(s))
with v, = 9y + 0ys“0, leads to
S (vJulgo () = - (vdV o' (s)) -
The left hand side is rather easy, since

(Do + 09s0a)Jd(m (v]v]g) 0 j' (s)) = (8o + 0os"0a)|0o (m (v]v]g) o j' (s)) dt®
= mdy (v|vlgoj'(s))

and for the right hand side we use (3.31) and (3.32) together with p = m(v]g) to obtain
successively

0 (Vo (Do + 07 (o ()es' () = (5 (0] = aV) Jp+ o] (] = V) )it ()
and

vs] (VAo ' ()]p +v] V¥ (o' (s) 05" (s) = (~v]dV —v]dV)o ' (s)

with
e = (dg® —42dt%) © 85 .
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A.6 Lagrangian Mechanics

A.6.1 Variational Derivative in Point Mechanics

We want to show the relation

ho (51 ()] (dpr)) = n*(8,L)dt°

treated in section (3.3), where we already introduced the horizontal projection hq. There-
fore we start with
dpy = d (£dt° + 92L(dg™ — g5 di”))

dp, = dLAd +d(02L) A (dg* — g5dt®) — 82 Ldgy A dt”
= 0, Ldg™ Adt® + 2 Ldgs A dt® 4 9p0° LAt® A dg® + 0500 LAgP A (dg™ — ¢gdt®)
+0500Ldgy A (dg* — q§dt) — 2Ldgs A dt°
= 0,Ldg* Adt” + 9y LAt° A dg® + 050°Ldg” A (dg® — ¢dt?)
+8288L’dqg A (dg™ — g5dt?)
and compute
Jt (m(dpy) -
We use
Gt () = 00 + 150,
and consequently we obtain
' )(dpy) = 7*(0uLdt’ — 9LAL" — 0500Ldg” + 9,05L(dg” — gy dt®) — 8500Ldgy)
g 0R05L(dg” — gpdt®) .
Now we apply the horizontal projection
dt® — dt’ ,  dg® —— ¢gdt?,  dgf — g5dt’
and obtain
ho(G ()] (dpr)) = 1%(0aLdt’ — BOLLAL — (9500L) 4y dt” — (95OLL) dpodt”)
= 0%(0aL — Q0L — (9590L) a5 — (9500L) ago)dt”
= (0L — dod°L)dt"

which is the desired result.

A.6.2 Covariant Lagrangian Equations
We start with

1

£ = 5905(a5 = 76)(a — 7o)
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and consequently we evaluate
6oL =dy (O)L) — O, L

therefore we obtain successively

1 o o ]- e « o
0L = S(0900)(a — 1) — 4 + 5900 ((=035)(a5 = 0) + (65 — 1) (=01))
1
= 5(0900)(65 = 75)(a8 = 70) = 9es (073 a8 — )

as well as
aBE :gua<qg - 78[) .
Now we evaluate
o (0L) = WL + (0,91L) g + (200.) aiy

with

aOaBE = (aogva><qg - 73) - guaaofyg
aUaB‘C - (6091/06)((]8 - '78) - guan/YSC
NAL = g,r.

Then this follows to

0 = —d6.L

= (009aw)(@5 —76) — 900075 + ((Os9va) (@5 —70) — 9va0s70)40 + G0
1

—5(0u8as)(g5 — Y)(dy —79) + Gas(0u75) (a5 — 74) -

From section 3.2 we have the relation

oG = _(aa'yg)gpv - (aVVIO))gpa — (0pYow) Yo

and consequently we obtain

0 = (—(9a70)9pr — (3u70)9pa — (DpGar) 70)(46 — V0) — GvaOoVo

+((0s9va) (@0 — 70) — 9va0576)40 + Jurdoo
1

—5(0,905) (45 — Y (a5 = 78) + 9as(078) (@5 —5) -

Using the inverse of the metric we have

0 = —(@u¥)(a5 —78) — 6 (0,78) 9o (a5 — 1) — 5% (Dpgow) Vo (0§ — V) — DoV§
+3% (Or o) (@5 — 7§45 — Oovias + ao

~ Ul (0% (07 ~ QU (0%
=075 (0,908) (a5 = 16) (@5 —%0) + 5" 95(078) (a5 — 75)
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and

0 = oo — 075 — D759 — (Bar3) (g5 —5)

1
~9” 5 (D090)(45 — YOG = A3 + 9% (0p90a) (a5 — 75 (gl — ) .

This finally leads to

- S | o
0 = g — 0075 — Dod3 — (Ba9) (a6 —6) — 97 50v9a5)(a5 — 76) (g6 — 7o)
1., o 1 o
+§g¢ (apgua)(QO - 70)((18 - 78) + §g¢ (aagz/p)(QQ - ’YO)(QS — ’}/8)

and

0 = g — 007y — 97505 — (Bav) (g5 — 75)
1 ~ QU (07 (0%
"‘§9¢ (apgua + OaGpy — augap) (qo - 70)(‘18 - 78) .

The relation
2Agp = _gne (aocgpa + apgaa - aagocp)

then gives the desired result

0 = g — o7y — 07595 — (Pu¥)(a§ —7§) — A% (a5 — ¥§)(ah — 75)
= g — do(v) — (Bavd)(a§ — 7)) — AL (a5 — ¥§)(ah — +5) -

A.7 Hamiltonian Mechanics

A.7.1 Splittings - The Autonomous Case
We want to show the relation (3.42)
UH(HdtO) = UH7H(H)dtO

and we start with
v (HAt®) = d(vy | HA®) + vy |d(HAY)

where we used Cartan’s magic formula, see [Frankel, 2nd ed. 2004], which immediately
gives
vy (Hdt®) = d(H) + vy | (dH A dt%)

with the relation (3.38) which was given as
vg = 0y + a’a([{ +pg*y€)8a — 0u(H +pm§)3a )
Consequently we derive

v (HAt®) = 9y Hdt® + 03 Hdq® + 0*Hdp, + vy | (9o Hdg® A dt° + 0% Hdp, A dt°)
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and from

v |(OuHdg® A dt® + 0“Hdp, A dt°) = —0,Hdg™ — 0*Hdp,
+OLHO(H + pyd)dt® — 0*HOL(H + psyi)dt®

it follows that the relation
v (HA) = <80H + O HO(H + psl) — 0°HOL(H + pm@) at°
is met. This simplifies to
v(HAt") = (0H + 0, HO (ps70) = 0 Ha(psy) ) dt”
_ (aOH 4O HAS — pgéaHaavg) at°

and this is ‘
v (HA) = (ao 00, — pﬁawgaa> (H)AL® = vgg 5(H)dt®

which completes the proof.

A.7.2 Splittings - The Case of Inputs

Let us consider the case of the extended Hamiltonian
H=H,-Hyu, Hy, H,cC*V'(Q))
with the input functions u” € C*>(B) and we want to show that
v (Hodt?) = (vg3(Ho) + vay(He)u®) dt°
is met. From the same considerations as above we successively have
v (Hodt®) = 8y Hodt 4+ 9sHodq” + 9° Hodpa + v | (8 Hodg® A dt® + 0% Hydp, A dt°)

and the expression _
UHJ (8aH0dq°‘ A dto + 8“H0dpa AN dto)

can be rewritten as
— Dy Hodq® — 0% Hydpy 4 0y HoO*(Hy — H,u? + pgya)dt® — 0 Hydo(Ho — HuP + payl)dt°

with
vy = 0y + 0% (Hy — H,u” —|—pg”yg)8a — O0u(Hy — Hyu” +pm€)aa )

Consequently we have

v (Hodt®) = <80H0 + 0 HoO“(Hy — HyuP 4 pgyl) — 0“HoOo(Hy — H,u’ + pmg)) dto
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which gives
org(Hodt") = (9o Ho + 0 Hod (— Hyu + psy§) — 0 Hoda(— Hy + pg{) ) dt”
Finally we obtain

vir(Hodt®) = (aOHO 42 Hy — pad® Hodur? + (a’aHOaaHp - aaHOa'aHp) up) dt’ .

Since
VHY = 6aHaa — 8QH3Q
= 0%(Hy — Hyu")dy — 0o (Hy — H,u?)d°
we have
vgy(H,) = 0%(Hy— Hu")0oH, — 0,(Hy — H-u")0H,
= 0“HyDouH, — 0°H 0o Hu" — O, Hod*H, + 00 H,0“H u
= O HoduH, — Do Hod* H, + (0uH 0" Hy — 0" HL0,H, ) "
and

vy (Hpur = (0" HoDoH, — 0 Hod" H, ) u” + (00" H, — 8 H0,H, ) uu?
v (H )P = <3O‘H08aHp - 8aH08“Hp> u’
and therefore the final result follows to

UH(HodtO) = (’U]-LH(H()) + ’lJHy(Hp)Up) dto .

A.8 Continuum Mechanics

A.8.1 Mass Balance Eulerian Picture

We consider the field
Vyp = 80 + Ugaa

and compute
vg(vol A dt°) .

The following abbreviation will simplify the calculation. We use the volume form

vol A dt® = y/|det(gas)|dg" A ... Adg™ A dt

vol® =dg' A ... Adg™ A dt°

and define
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consequently we use
vol A dt°=1/|det(gas)|vol” .

Successively we obtain

vy(vol Adt?) = (80 |det(gap)| + v50ar/ det(gas)| vol’

)
+ |det(ga5)|d((80 + Ugaa)Jvolo)

)
= (80 |det(gap)| + v50ar/|det(gag)| | vol® + 1/|det(gas)|dvg A Osvol”

= (avlettanal + 04 s/ laen(anan ) ) vor

Do/ |det(gug)|) + On (vg\/|det(gaﬂ)|)) vol’

i

il

vy (vol A dt?) =

/N

and finally the result follows to

vg(vol A dt®) = div(vg) (vol A dt°)

div(vg) = ;ﬂ (am/\deugam 1 0u(15/ |det<gaﬁ>|>) |

|det (gaﬂ

with

A.8.2 Energy Principles

This part gives coordinate proofs of the relations

®

—~

o]V (v]g) Adt’ =& <aJ (%%(g))) A dt? (A.12)

and X
(quj VA(U))JUJQ = Uy <§vjng) = vy (€ex) . (A.13)

We start with the proof of relation (A.12) and observe that the left hand side can be
rewritten as

& (o] VY (v]g)) Adt® =& (o] VA (v)]g) A dt°
with the help of the relation (3.26). This yields

& (o) VA)]g) Adt® = & (0] ((Oov” — Agyov®) dt° @ 9,)]g) A dt°
+@ (0] ((Oa® — AL v7)dg™ © 8,)|g) A dt°

= ® (0°0,|vol ® 0, ] ((0av” — Agﬁvﬂ)dqa)gfp ®dq") A dt°
= 0" gyp(0av” — Ab v )vol A di” .
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Next we inspect the right side of the equation (A.12) and compute

vs(9) = o(gap)(dg® — v5dt) @ (dg” — 75dt")
+ap (%(dq“ —75dt%) @ (dg” — 74dt°) + (dg* — v dt®) @ vy(dg” — ] dto))

with
Vg = 80 + Ugap

and

ve(dg® —5dt®) = vy (—dy5 A dt) 4 d (v)(dg™ — 75dt?))
= vy (—0s75dq” A dt) + d(v§ — 7§)
= 0s73dq” — vJOpy5dt” + d(vg —7§)
= (Bo(vg —5) — v30575) dt° + Ogv5dg”

we end up with

vs(9) = (00gas +v50,g0p) (dg” — 75 dt") @ (dg” — 7 dt)
+gap ((90(vg = 78) — V30575 dt° + 0.v3dg7) @ (dg” — 7dt”)

+gap(dg® — v5dt%) ® ((80(05 — 0 - vy ﬂﬁ) dt® + (’“)pvgdqp> :
Now we use equation (3.24) and derive

ve(9) = (=0a709r8 — 0575 9ra + (V5 — ¥0)0pgas) (dg® — 75dt°) & (dg” — vdt®)
+gas (Do (v —78) — v30575) dt° + 0.05dg7) @ (dg” — 7dt”)

+gap(dg® — v5dt°) @ ((80(U£ —9) - vy ,/yﬁ) dt® + @,'Uidqp) :
From
1 0 1 av T T a 5] 0
ol 5%(9) ANdEY = 30 0y | Vol @ On | (=000 975 — 0570 Gra) dg* @ dg” A dt
1 av P AP o B 0
—1—20 0, |vol ® 0, | ((% Y0)0p9ap) dg® @ dg” A dt
1
+§ao‘”8ijol ® O | (gﬁgaavg + gmﬁgv;) dg® @ d¢” A dt°
we derive
S 1 0 1 af P P € 5 0
® (o] §v¢(g) Adt” = 2° ((vq5 — 75)0pGa8 + 9epOat® + gacOsv") vol A dt” .
With the equation (3.17) which reads as

(apgas) = _gliEAZp - gomA,;e
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the result follows to
& (UJ <%v¢(g))) Adt® = gg,0°" (90" — AZ vT) vol A dt°
where it is worth mentioning that we have
o =~
and this proves the relation (A.12).
Remark A.1 The tensor d which meets
dAdt = %%(g) A dt’
which in coordinates gives
dAdt’ = % (928 (0av® = AL,0°) + Gae (050" — ASp°)) dg® @ dg” A dt’
is called the rate of the deformation and has the components

(9e5 (Oar® — A‘;pvp) + Gae (950° — A;ﬁvp)) .

1
dys= =
P79

Therefore we conclude that we have

A 1
® (UJ (5%(9))) Adt® = 0®Pdggvol A dt° .
Let us now proceed with the equation (A.13). The left hand side in coordinates gives

(0] VEW)) Jv]g = ((Oov” — Afuv®) + U5 (0" — Agﬁfuﬁ)) V" Gpr
= (80" + v50u0” — (Bav)v™ — AL 50 0%)) V7 g

where essential use of the relation (3.25)
Aga = (aa’}/8> - Aga’yoﬁ

was made. The right hand side of the equation (A.13) is more crucial and we have

1 1 T (e} 1 T
vo (501010 ) = D507 00 + 50 30700

which leads to

1 1 1 1
Vg <§vj ng) = 5 (Oov?) V7 gpr + 3 (Oov™) v g, + év”vT (Oogpr)

—_

a T 1 « T 1 o T
+_(U¢aa'0p)v Gpr + §(U¢>aav )UngT - §U¢UPU (aag/ﬁ') :

\)
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The relations (3.17)
(Dp9ac) = —greNp — GanNje
and (3.24)
O0Gar = —(0a76)9pw — (0u76)9pa — (OpGaw) 715
are again used and we successively obtain

1 1
Vs (EUJ v 9) = (Q0v") V7 gpr + S0V (<0590 = OpV5Gwr — (Ongpr) 5)

a T 1 a T K K
+(U¢>aav )vngT + évqﬁvpv (_gﬂpAaT - gTﬁAap)

and this this is

2

+(vg0a0T )V’ gpr — V5V VT grp Ay,

]- T T K ]‘ T R
Vg (§’UJ v] g) = (Ov’) V" gpr — VPV OYGGkp — VU7 (OnGpr) V0

Again using (3.17) we end up with

1 T K T T K
Vg (§UJ v] g) = (00v”) V" gpr — Or V5 9rpv"v" + 007 (92pAL,) 75)
F(Vg0a 0 )V gpr — VUV (greAG,)

and finally

1
Vg (ifuj v g) = (Bov” — v 0ah + V50u0" — vo‘vﬁAZﬁ) VT Gpr

this proofs that
1
el TN elg = v, (5ol0lo )

is met.

A.8.3 Piola Transformation Relations
In the following we show a relation involving the 2nd Piola tensor and the Cauchy Green
tensor discussed in section (4.2.1). The expression to be shown is

A . N 1

& (S|VE (V]g) Adt’ =& (SJ5 (80(])> Adt .
We start with

® (S|VE (V]g) Adt’ =& (S|VE(V)]g) A dt°
and obtain

® (SIVe(V)]g) Adt® = & (SY8;|VOL ® ((8; (V*) = Ao, FPVP)dX') g, F7) A dt’°
= SY(0; (V) = NoyFVP) g, FTVOL A dt° .
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The next step is to consider
(€)= 0 ({930 ®) FPF)) (dX* = Tidt") @ (dX/ — T{ae")
—GasFPF) 0oTdt’ @ (X7 — T§At’) — gasFPF0pTH(dX" — Tidt”) @ dt’

since ‘ A A
Oo(dX" — Thdt?) = -9 dt°
and therefore

~

1 . - 1 4 .
® (Sb (800)) Adt? =® (S”&JVOL ® 8]-J§80 <(gaﬁ o ®) FﬁFf) dX'® dXJ) Adt° .
Let us inspect the expression
0 ({903 0 ®) F7FY)
which follows to
(009as + V§0pgap) FEFY + gag (00:9%) FY + gagFy* (00;07)
and therefore we obtain
do ((gaﬁ o ®) F'F f) = (0ogap + Vi 0y9ap) FEFL + gapOiVE'FY + gagFLo;Vy .
The relations (3.17)
(apgocﬁ) = _gmﬂAgp - ganAzﬁ
and (3.24)
aOgozﬁ = _(aa78>gpﬁ - (aﬁ78>gpa - (apgaﬁ) 78
are used to get
o <(gaﬂ o @) F'FY ) = (=(0a8)9p8 — 087 gpa + (V& = 78) (—grsAL, — gan\is)) FOFY
+9asO V' F + gapFYO;Vy
Additionally we obtain
00 (G030 @) FEF) ) = (=(0u78)9p3 = (@570) 900 + V7 (~9e50, — 9anys)) FEFY
+gapOi VY + gapFL 0,V
= Gap (OV*) F) + gagFL OV = VP (gL, + Ganis) FOFY
and
00 (g0 0 @) FPFY) = (90 (OV™) = VPgush5, F2) FY + (Gusds VP = VPguuhsFY ) FE

Since S is symmetric we finally have

~

& (SJ% (300)) Adt =

& (S”@-JVQL ® 9, ((aiva — A% VPET) gaﬁFf> dXi ® de> A di°
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and

A

1 L
® (SJ 5 (800)) AdtY =S4 (&-VO‘ - AfprF[) gaﬁFjﬁVOL A dt°
which proves the assertion.
Remark A.2 The tensor D which meets

D Adt’ = = (9,C) A dt°

1
2
and in coordinates this gives

pH g

1 « « v « 7 ]
DAdt® = 3 (gaﬁ 0V = VPALFY) FY + gog (0,7 — VPAS FIY) F ) dX’ ®dX’ Adt’
is called the rate of the deformation and has the components
1 (0% [e% v [e%
Dij = S0 (V" = VINGFY) ) + (95V7 = VNS FI) F)

pr g

A.8.4 Mass Balance Lagrangian Picture

We want to show that
/ 60 (pRVOL A dto) =0
S

Ao(pr/Idet(Gy)]) =0

v/ |det(Gi)|[dX T AL A X A dto)
\/ \det(Gw)WOLO) .

implies the condition

and therefore we start with

9o (prgVOL A L) = 9y (pR
= D (PR
We obtain

9o (prVOL A dt°) = 9y (pm / |det(Gij)|) VOL +pg/|det(Gi;)] (06 |d(VOL®)+d(d | VOL?))

which follows to

do (prVOL A dt°) = 9y (pR, /\det(Gij)|) VOL® .
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A.8.5 \Variational Principles

We first want to prove the relation concerning the stored energy function

S (pREel Idet(Gij)|) = —\/1det(Gij) | P gnaAT5qy — dis(y/1det(Gij) PP gar

with 3
2 By =5
PR = P Cz‘j !
and y
Cij = q?gocﬁqjﬁ .
Consequently

5 <pREez |det<Gz-j>|) — (0 — i) (o B /1 det(Goy)])

and the right hand side gives

0 0 o
\/ |det(G zy)‘PRaC Ee10a CzJ (\/ ‘det(Gij”PRﬁEelagCij)
ij

]

as well as

1...
06t(Go) 5570, o)) — e ( 5/ laet (G50 L) )

This follows to
1.
da <10RE61 |det(Gz‘j)|) = |det(Gij)|§S”qz qj OaGpr

1
—dk( det (G (89 gur? + smq@gw))

and

5 (pREez |det<Gz~j>|) 46t (Gog) 2 5907 gy — i (1008(Gy) [ )

The relations (3.17) which read as

(aang) gﬁpAm gTﬁA

lead to

Oa (p’REel |det(Gz‘j)|) = —\/1det(Gi))157 4! 45 (95pA7) — di(y/1det(Giy) 5% gard)



A Proofs and Detailed Computations A.8.5 Variational Principles 96

and

O, (pREeMMdet ) \/|det(Gy; |P”’qj gpp\
—di(1/1det(Gi) |[P*") gar — \/|det(Gj)| P¥ 05(gar)ay
Finally we obtain
Oa (pREe“ /|det(G ) \/1det(Gi) | PP qT g, A% — di(4/]det(Gi;)| P*7) gar
—/ |det (Gij) | P* (ga Nt + gor Aos)ay

Oa (anez\/ |det(sz)\) = =/ 1det(Giy) [P*" gyal T — di(y/1det(G) | P*7) gar

which is the desired relation.
The expression involving the kinetic energy function

and

oo (prilaet(G)1) =
—pr/14et(Gi)lg0a |afo — 0 (16 0 @) — (a5 = 76) 9evd — MG, (4§ =4 (aF — )]

can be shown rather easily based on the calculations given in the sections A.6.2 and A.8.4
of the Appendix, since we have

ou (P05 = )aualal =150 l0n Gl ) =
(8o — dol) </)R%(q3 —¥3)908(d0 = 70) |det(Gij)|>

and the observation that

0. (pryflaetG)l) = o
o (e 10t(G)l) = b (/a6 ) =0

where the second equation follows from the mass balance in the Lagrangian description.



Appendix B

Afterword

This work has been done in the context of a DOC scholarship of the Austrian Academy of
Sciences (OEAW).
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