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Abstract

In this thesis, the construction of a specific family of linear functionals with support on a
closed embedding ¢ : R < M upon a manifold is discussed. The construction is performed
in a purely coordinate free fashion, based on the De Rham push-forward approach and
generalised to define "tensorial currents" called "multipoles". Several geometrical and
algebraic properties are investigated and two main useful classes of non-trivial coordinate
representations are compared and related to the choices of some extra structures on the
manifold (i.e. affine connection, foliation, adapted atlas, adapted frames). It is shown
that in general, the transformation rules are not given by the action of the linear group,
unless some information upon the "transverse" directions with respect to the closed em-
bedding is provided. It is shown how the multipoles are the geometrical objects naturally
arising when some specific one parameter families of compact support tensor fields are
expanded asymptotically around the closed embedding. In case a one parameter family
satisfies also an extra condition (i.e. self similarity) it is shown how to recover the well
known standard definition of "moments", opening the door to a new completely covari-
ant and coordinate free meaning of the concept of "multipole expansion" of functions
and tensor field upon the differential manifolds. It is shown how these linear functionals
admit a coordinates representation coinciding with the moments commonly defined to
perform the Pole-Dipole approximation of an Energy-Momentum Tensor field in General
Relativity, and when a Levi Civita connection is assumed on a pseudo-Riemmanian man-
ifold, the first two multipoles related to an Energy Momentum tensor field expansion can
easily satisfy the well known Mathisson-Papapetrou-Dixon equation. Since the proposed
method of construction of the multipoles does not rely on a specific metric or a specific
affine connection, a generalisation of the Pole-Dipole approximation for a non metric
connection is easily achieved, casting the Mathisson-Papapetrou-Dixon equation in pres-
ence of a non null torsion. Because of this, there is hence the possibility to interpret the
test particles and test charges within the Relativistic Theories (possibly beyond General
Relativity) just as the multipole approximation of the regular sources of the interaction
fields, with a new clear geometrical background.
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Introduction

It has been several decades since Schwartz’s theory of Distributions began to play a
fundamental role in Science, thank to the ability to formalise rigorously some intuitions
subtending fundamental mathematical concepts like Green functions, Laplace and Fourier
transforms or integration and derivation of non-regular functions.

Concerning the Physics, in Continuum Classical Mechanics, Statistical Mechanics and
Classical Field Theory as well as in Quantum Mechanics and Quantum Field theory, the
distributions are essential mathematical tools with which, sooner or later, it is required
to deal with. In Classical Electrodynamics, the only way to obtain the correct solution to
the Maxwell’s Equations for an electromagnetic field generated by point-like charges (the
poles) without excluding the region where the charges are located, is to model the sources
using non regular Schwartz distributions (i.e. the Dirac delta) and since the Maxwell’s
Equations are linear, it is possible to prove how the Electromagnetic Field of an arbitrary
regular source admits a weak approximation in terms of a (possibly infinite) superposition
of elementary Electromagnetic Fields generated by several poles spread appropriately in
the space (multipole expansion).

Therefore in Classical Electromagnetism, the distributions provide a formal tool to
describe the point-like sources and interpret them just as an ideal approximation of realis-
tic regular sources when their size is beyond the scale fixed for the theory. The very same
conclusion can be achieved within the Classical theory of Gravitation, where the point-
like masses generating the Gravitational Field are interpreted as an ideal approximation
of massive extended objects.

So, because of these aspects, the distributions seem to be the natural way to express
classical point-like particles within the Classical Field Theories.

However, despite the many successful applications of the Schwartz’s distributions in
several branches of the Physics, their use in Relativistic Theories like General Relativity
(GR) is still quite problematic.

In fact, even if the technology of the multipole expansion is massively and success-
fully used within perturbative approaches to find extraordinary important relativistic
predictions such as weak lensing or gravitational waves radiation, the distributions are
still basically used just as tools in order to find an approximation for the local coordi-
nate expression of the geometrical objects encoding the physical information expressed in
some fixed local charts, perhaps even after performing a non-covariant post-Newtonian
approximation procedure or a non-general covariant linearisation.

In contrast with the Classical Theories, since one of the most stringent paradigm char-
acterising the Relativistic Theories prescribes the mathematical objects carrying physical
information must not depend at all on the choices made by the observers to map the
events of the spacetime, it is clear that, in this perspective, usually the distributions are
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no more than a very powerful analysis tool, unable to carry true physical information and
describe relativistic physical objects accordingly to a true full relativistic framework.

However, a very specific exception is provided by the attempt to approximate the
motion of a free falling "spinning" extended object in Standard General Relativity. This
approach, commonly known as the "Pole-Dipole approximation", despite its complicated
intricacies, is able to provide a covariant method to characterise the motion of an ex-
tended "test" body with two tensor fields called Spin and Momentum, defined upon an
appropriate worldline commonly interpreted as the trajectory of the object [1][2][3].

During the steps required to define the pole-dipole it is clear how the distributions
definitely play a role defining the coordinate local expression of the Spin and the Momen-
tum, but once again it is quite obscure if they are just mathematical tools to analyse local
expressions for the Energy-Momentum tensor fields or are themselves the local expression
of some more fundamental hidden geometrical object, maybe with a physical relevance
(L2 31[41151(6]17).

So usually the distributions are just relegated to a shady gray zone, and it is preferred
to focusing mainly on the terms that at fixed local coordinate system determine the action
of these functionals, fixing step by step several constraints on them, in order to obtain
something that can be possibly manipulated and interpreted a posteriori with physical
considerations.|6][8][9][10][11]

This approach hides definitely non negligible potential risks, because it is almost
impossible to distinguish clearly which assumptions made on the distributions are de-
pending on the chosen physical model and which constraints, independently from the
physics, must be fixed to obtain a well defined mathematical objects (linear functionals)
with no caveats. Furthermore it is very obscure to understand, even at fixed physical
model, which assumptions are just mere choices induced by usual customs and which
constraints are essential to preserve the self-consistency of the theory.[7] [12] [9] [10]

Probably this is one of the main reasons that still prevents a massive methodical
asymptotic approach (possibly to higher orders) to the dynamics within the relativis-
tic theory beyond General Relativity or even when in General Relativity, other field of
interactions are added to the model.[10]

Aimed by the purpose of mitigating this problem, in this work a new intrinsic geo-
metrical covariant definition of a specific family of global continuous linear functionals
acting on the smooth compact support tensor fields is given. These geometrical objects,
very closely related to the De Rham currents [13] [14], provide a generalisation of the
Schwartz distribution on the differential manifolds, formalising the intuitive concept of
"distributional tensor fields". We will see how these linear functionals are able to approx-
imate some specific one parameter families of regular compact support tensor fields and
how one of their possible local coordinate representation coincides exactly with the usual
definition of the moments of the local scalar fields characterising the coordinate expres-
sion of a regular compact support tensor field. Because of this strong correspondence,
these specific kind of functionals are then simply called "multipoles".

Within this framework, we will see how the well known "Pole-Dipole" approximation
of the Energy Momentum tensor related to an extended body in General Relativity
admits a completely covariant and coordinate free geometrical interpretation in terms
of this kind of linear functional. Thence in this perspective it is potentially allowed
to interpret a point-like spinning free falling test particle as a first order multipole with
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support on a worldline which is packing, in a purely intrinsic coordinate free fashion, some
relevant physical information concerning the first order approximation of the dynamics
of an extended free falling object.

Since the proposed approach to the multipoles does not assume any specific metric or
affine connection, we are able in principle to cast the pole and pole-dipole approximation
even for a non fixed metric background and without assuming any a-priori constraints on
the affine connection (i.e. Levi Civita connection).

In this perpective, the role played by the "transverse Dixon vector field" in order to
fix the uniqueness [1][2][3] of the moments is shown to be one of the infinite possible
method to establish a one to one relationship between the considered linear functionals
and a specific set of tensor fields, so it is just a matter of choice to split the geometrical
information carried by the multipoles. On the other hand the symmetry conditions
usually imposed on the covariant derivatives has a much more deep nature, linked directly
with the coordinate free definition of the multipoles [1][2][3].

To show the mathematical generality of these approach, the dynamical equation con-
straining the multipoles related to the first order asymptotic expansion of a compactly
supported Energy Momentum tensor field for a non negligible torsion contribution is
given, showing that in principle the torsion affects just the dynamics beyond the trivial
order finding very similar result as shown in [9] [10] [14] [15].

However, even if the generalised Mathisson-Papapetrou-Dixon equation for the pole-
dipole approximation for non torsion-less spaces is achieved, we would like to stress that
one should consider this work just as a methodological introduction to the problem of
interpreting geometrically the multipoles and the moments within relativistic models,
rather than a concrete physical proposal, since no consideration about the physical in-
terpretation and the physical aspects are made. Furthermore the relevant problem of
back-reactions and divergences is completely ignored at this stage, and it must be deeply
analysed separately in case one decides to promote the multipoles to be true physical
sources for the interaction fields, rather than just an asymptotic intrinsic approximation
of them.

Outline

In the beginning of the first chapter a brief review of the standard R-linear operations
upon tensor fields on differential manifolds is given, offering to the reader the possibility
to become confident with the slightly different tensorial notation needed to play smoothly
with the multipoles. The following section fixes some fundamental lemmas characterising
the properties of higher order derivations upon tensor fields strongly needed to investigate
multipoles coordinate expressions later.

The second chapter introduces the concept of R-linear functionals acting on the class
of smooth test tensor fields upon a differential manifold. The given definition is very
general and despite the nice algebraic structure inherited naturally from the operations
defined upon the tensor fields, the set of these linear functionals is extremely wide and
it contains also a lot of pathological objects. This is not a concern, since the purpose
of this chapter is to show the reader that, in principle, it is possible to translate all the
operations upon tensor fields directly on the functionals, just relying on the definition of



the action of such functionals on the test tensor fields.

In the third chapter, putting together the statements achieved previously, we will pro-
vide a general coordinate-free definition for two very specific subset of R-linear functionals
acting on the test tensor fields, named in order "Ellis set of multipoles" and "Dixon set of
multipoles". These definitions are both strongly founded on the closed embedding con-
cept as well as the De Rham push-forward concept, representing a natural generalisation
of it. The general properties of rank, support and order of both this kind of multipole are
discussed as well as how they are affected by the standard operations on functionals. It
is shown how, the two sets coming from the two very different definitions given at the be-
ginning, in practice each set is contained in the other set, so it is possible to conclude that
the Ellis multipoles definition is completely equivalent to the Dixon multipole definition
and the set of the multipoles is unique. Considering this, the two main local coordinates
representation induced by the two equivalent definition are provided. Closing the chapter
some considerations on the algebraic structure of C*°(R)-module of the set of multipoles
are discussed.

The fourth chapter and fifth chapter are completely dedicated to the investigation of
the Ellis local representation of multipoles and the Dixon local representation of mul-
tipoles, respectively. It is shown how both local representations are affected by severe
issues when pursuing the attempt to associate uniquely a multipole to its local coordi-
nate expression called "moments". In general there are infinite ways to work around this
problem and all of them provides pros and cons. In these chapters several approaches to
the uniqueness problem of the moments are investigated and their transformation rules
are analysed when a change in the atlas of the manifold is performed.

In chapter four, using the Ellis local representation we are able to interpret the multi-
poles as the coefficients of an asymptotic expansion approximating a specific one param-
eter family of compactly supported tensor fields when the one parameter family tends to
zero. In the very special case the one parameter family satisfies also the self-similarity
condition, the moments induced by the Ellis representation coincide exactly with the stan-
dard usual definition of multipole moments of the coordinates expression for a specific
tensor field belonging to the given family.

In chapter five using the Dixon local representation, it is proven how the "moments"
coincides with the moments definition given by Dixon and widely use in General Rela-
tivity to perform the Pole-Dipole approximation. Despite the Ellis case, it is shown that
the Dixon moments can be associated to a n-tuple of tensor fields with support on the
image of the embedding, opening the door to possible interpretations about the physical
information encoded inside the Dixon moments.

In the sixth chapter, we will show a specific application of the multipoles in Rela-
tivistic Theories reproducing the free falling particle dynamics directly imposing on the
multipoles the same condition that must be satisfied by the Energy Momentum tensor
(i.e. divergenceless and symmetry) inspired by the correspondence between multipoles
and regular fields previously discussed. Assuming the Levi Civita connection it is shown
how an order 0 multipole (a monopole) is able to reproduce the dynamics of a free falling
particle and an order 1 multipole (a dipole) satisfies the Mathisson-Papapetrou-Dixon
equations. Since no assumption upon the relation between metric and connection is
needed, in the second part of the sixth chapter the generalised Mathisson-Papapetrou-
Dixon equations are provided in case of non Levi Civita connection. It is interesting to
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notice that the contribution of the torsion affects the dynamics of the multipoles starting
just from the first order, without any influence on the dynamics of the monopoles.

In the last chapter all the fundamental statements are recollected and some final
comments concerning the nature of the multipoles and possible applications in Relativistic
Theories are discussed. Some aspects of this work have been published in [20]
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Chapter 1

R-linear Operations on Smooth Tensor
Fields

1.1 (C*°(M)-linear operations on tensor fields

In this chapter we are going to analyse several operations that can be performed upon the
space of the smooth tensor fields. Some of them are standard, others are not so popular
but fundamental to achieving the definition of the linear functionals we are interested
in. All of them are needed to guarantee a correct approach to the multipoles as we
will see in the next chapters. Because of this we decide to start from scratch, making
explicit all we know about operations on tensor fields taking account of the slightly
different notation defined in the appendix, required to face easily the multipoles. A lot
of interesting properties for these operations are made explicit, some of them are very
well known, others are quite specific and not so commonly used. However even if the
approach can seem pedantic or even sterile, all the relevant properties of the multipoles
are inherited directly from the behaviour of the many operations defined on the tensor
fields on which they can act. We will work in a purely coordinate-free fashion as much as
possible, in order to understand the intrinsic nature of the objects we are dealing with,
independently with respect to the local coordinate charts chosen on the manifold. For
any problem concerning the notation or the fundamental concepts related to the theory
of bundles and tangent tensors, the reader is suggested to check the appendices.

1.1.1 Introductory comments concerning the notation related to
the lists of objects

Considering we are going to massively manipulate indices and lists related to the coordi-
nate expression of tensors and multipoles, a clear multi-index notation is required. A full
explanation of it is given in the appendix. However we will briefly summarise some aspects
of it. Let us consider N7 the set of all non-null natural numbers. Given a,b € N|a < b we
denote with [a,b] = {z € N|a < x < b} a generic interval. Given aset U and [ € NT, a list
I of elements in U with length [ is a function [ : [a, a+[{—1] — U. Hence a list is isomorphic
to an indexed n-tuple of elements in U. We can use the standard round bracket notation
(Uq, ---Uqri—1) to denote the indexed n-tuples I = {(u(p), p) |u(p) € U,Vu € [a,a+1—1]}.
The letter p is called index and it points uniquely to an element inside the list, therefore



given a list I we can denote uniquely an element of it by just specifying the name of the
list and the corresponding index. Given a list I we can define a sub-list J a subset of
such that it is a list. For instance given the list (t3, t4, t5, ts, t7, ts) a good sub-list is given
by (t4,ts,t6). A natural generalisation of a list is the multi-indexed list. Given a set U
and [ € N, a multi-indexed list I of elements in U is a function

I:]ar, a0 + 1 — 1] x [ag,a0 + 1o — 1] X ... X [an,an + 1, — 1] = U (1.1.1)

Hence a generic multi-indexed list can be written as:

I = {(U(M17u27 "'a/‘Ln)a (:U’lnu% 7:“71)) | U(MI)M% nun) € valul € [ai7ai + lz - 1]}

There are several different lists and multi-indexed list in our work, all of them are used
for different purposes. Often it is mandatory to face lists of lists, lists of indices or lists
with unfixed length. There is no way to single out just one specific notation for the lists
adapted to all the needs in a satisfactory way. We decided to be pragmatic, prioritising
the attempt to make the operations and manipulations on tensors and multipoles as
easy as possible. A list of natural numbers starting from 1 and ending at a € N7 is
denoted by a. Hence accordingly to this notation @ = (1, ...,a). A list of natural numbers
starting from a € N* and ending in b € N*,b > a is denoted by b\ @ The length of
the list is just b — a. By convention the empty list can be denoted both by 0. This is
compatible with the previous notation in fact @ \ @ = 0 = @. Accordingly to this, when
it is convenient, a list (ug,...,u,) of elements in U, can be denoted just with ugz. For
list starting not from 1 for instance (g1, Ugr2, ---, Up—1, Up) We use the following notation
up 4. By convention a list as ug is the empty list as well as ugg. In our work we are
going to use just specific multi-indexed lists. As stated before a multi-indexed list can be
interpreted just as a list in which each element is singled out by a list of indices rather
than just one index. Therefore a compact notation for the list of indices is required. The
lists of indices by convention start from a number greater that 0 making the counting
of the of indices more intuitive, hence it could be something like (11411, flas2---, fo—1, [b)-
To express it in a compact way also for a list of indices of unfixed length we decided to
use this notation (g1, ..., tp) = Ip\a accordingly with the previous notation set up for
the list of natural numbers. The most common lists of indices start from 1 and end in a,
making the notation very easy: (p1, ..., fta) = ftz. By convention the list ug is the empty
list as well as pg\q.

1.1.2 Intrinsic definition for C°(M)-linear operations on tensor
fields

Considering the fact in this work we are going to use mainly local and global fields
on manifolds, we decided to denote them using the very same notation indicating the
tangent tensor. If talking about tangent tensors at a point, expressions as T* mean a



multi-indexed list of numbers, here T} means a multi-indexed list of fields. Concerning
the tangent geometrical object at a point (i.e tangent tensors and tangent vectors), we
can interpret them just as a restriction of a field to a point on the manifold, using the
standard notation accordingly, therefore no ambiguity raises from this change. In case
the reader is not familiar with this, one can consult the section concerning the notations
in the appendix. As it is showed in the appendix, rank p,q tensor fields are defined
to be the sections of the bundle TPM, but they can be naturally interpreted as the
module of F(M)-linear maps sending n-tuples of vector and covectors fields into F(M).
Let us forget temporarily the tensor bundle structure existing on a manifold and let us
investigate the tensor fields just from the algebraic perspective.

Definition 1: Given U C M, the set of all scalar fields f : U — R is denoted by F(U)

Definition 2: Given U C M, a local tensor field T on U with rank p,q € N is a map:

T (XPTyT* M) x (xTyTM) — F(U) (1.1.2)

such that it is multilinear: Vi € [1,p], V5 € [1,q], Yf1, f2, 1,92 € F(U), Vo, €
LyT M, Yw,u € U'yT M

T(w -t f104+915, Uﬁa faw + gau, vy 5 ) = (1.1.3)
=fifoT(w 1o, WPV , V5=, W, vg\3) + 1927 (W' 1 a, w\ U515 U, V) + (1.1.4)
+g1foT (W, B, WPV, VI, W, U\ 5) + 19T (w1, B, 0P ' v Up\7) (1.1.5)

If U = M then T is called global tensor field.

Definition 3: The set of all local tensor fields with rank p, ¢ defined on the open set
U is denoted by I'yT? M. The set of all global tensor fields with rank p, g is denoted
by L'y TP M.

All the discussions here concerning the tensor fields are done without specifying the
domain U unless some specific constraints on the domains are required. However when a
tensor is applied to vector fields and covector fields, we implicitly assume that they share
the same domain U (or at least the domain of the tensor field is included in the domain of
the arguments) unless the action is not defined. All the C'*°(M )-linear operations defined
for the smooth tensor fields can be defined in the same way in case the considered fields
are not smooth, but this cannot be done anymore for the differential operations defined
in the following sections, therefore from here, unless explicitly specified, we are going to
consider just global smooth tensor fields acting on smooth vector and covector fields. In



this particular case we have that the smooth tensor fields are:

T: (XPTyT*M) x (XTyTM) — C*(U) (1.1.6)

Inspired by the approach to the tangent tensors at a point, we can try to replicate on
['TP M the same algebraic structures and operations defined for the tangent tensors:

Definition 4: Given two tensor fields 7', S € I'TY, M we define a sum of tensor fields
the map + : I'TPM x I'TPM — I'TP M such that:

[T+ S|(a?,vg) = T(aP,v7) + S(aP,vg) , VaP € XPTT*M | Yoz € xTTM  (1.1.7)

Definition 5: Given a tensor field 7' € T'TP M and a scalar field f € C°°(M) we define
a multiplication by a scalar field the map - : C°(M) x I'TP M — I'T? M such that:

[fT)(a?,vq) = fIT(aP,v5)] , VaP € XPTT*M , Yoz € XITTM ,Vf € C®(M) (1.1.8)

Property 1: The algebraic structure (I'TPM, +, -) satisfies all the requirements to be a
module on the ring (C*°(M), +, -). Furthermore it is a finitely generated C*°(M) module.
The null tensor field is by definition identified with the null map 0 € TP M such that

0(aP,v5) =0 , VaP € XPTiM | Yoz € XT, M (1.1.9)

In general there is no way to build a global basis for the whole module. This is deeply
related with the topology of the manifold on which the fields are defined (i.e. parallelizable
manifolds) and must be investigated with the bundle technology.

The algebraic operations defined above are enough to endow (77 ,M) with a linear
structure that characterises it as a module, but these are not the only useful operations we
are able to define on tensor fields. The standard multiplication of functions defined on the
ring C*°(M), induces another very important binary operation called tensor product. The
definition of tensor product of sections on vector bundles is very abstract, it can be given
in a very general way and it is deeply rooted in the bundles theory, but it is beyond our
purposes to analyse in detail how it is possible to establish general canonical isomorphism
and correspondences between algebraic structures on bundles. Again we settle here to
give a simplistic definition of tensor product that is very effective for achieve our purposes.



Definition 6: Given two tensor fields T' € I'T lfM and S € FT;”,/M we define a tensor
product of tensor fields the map ® : I'TPM x I‘T;i/M — FT;ZZ?IM such that:

[T ® S](a®, B, vg, ug ) = T(a?, vg)S(ﬂﬁ/, uz) (1.1.10)

VaP € xXPTT*M , Yoz € XTTM , VB7 € xPTT*M , Yug € xTTM  (1.1.11)

Considering the tensor fields are multi-linear maps, they must act on n-tuples of vector
and covector fields. Therefore we have a natural action of the group of permutations on
I'T? M induced by the permutations on the n-tuples of vector and covector fields.

Definition 7: Let I and J be two of permutations of p and ¢ elements respectively. Let
Pr and P; be their representations, acting respectively on the n-tuples o € xPT'T*M
and vz € xXI'T, M as following:

I(aP) = (1) (1.1.12)
J(aF) = (vp,() (1.1.13)

Given a tensor field T € I'T? M we define a braiding map the map ol T JM — TP M
such that

[0 T](?,vq) = T(I(aP), J (v)) = T(a™P, vp, q)) (1.1.14)

Of course anyone is free to choose its own notation to express the permutation [
and J, however we decided to use the standard cycle decomposition because it offers
a direct representation of the action upon the list of indices related to the coordinate
representation of the tensors. It is very interesting to notice how the action of tensor
fields upon vector fields and covector fields induces canonically an action of vector fields
and covectors fields on the tensors fields:

Definition 8: Given a tensor field 7" € I'TPM, with ¢ > 1 we define a contraction
with a vector field the map o : I'TM x I'T?M — I'T; | such that

[usT) (P, v=) = T(oP, u,v;7) (1.1.15)

Given a tensor T' € I'T? M, with p > 1 we define a contraction with a covector field



the map ': I'T"M X I'TPM — FTg’*lM such that:

BT)(0" vg=r) = T(B, 0P, v5=y) (1.1.16)

q—1

The definition of internal contraction can still be provided but, since in general T'M
and T*M does not admit any global frame, it is much more tricky. Luckily we can account
on the existence of a smooth partition of unity.

Definition 9: Let be T'M and T*M respectively, the tangent and cotangent bundles of
a differential manifold M. Let be A = (U;, ¢;) an atlas on M, we know that it induces a
local trivialisation of 7'M denoted by (U; x R™) via the existence of a bunch of m C'*(M)-
linearly independent smooth local sections (ej),) such that e(j), : U — 73/ (U;). Let (1)
be a smooth partition of the unity subordinate to (U;). Given a tensor T' € TF M, with

p,q > 1 we define an internal contraction the map ¢ : TP M — Tf:ll:BM such that:

[ET) (0P vgmr) = > g T(el, o ey, 1) (1.1.17)
UjG.A

Property 2: One can prove that, even if the definition is given for a fixed local charts
and basis, the internal contraction of a tensor field is a tensor field, furthermore this
operation preserves globally the sections and it does not depend on the choice of local
basis and local coordinates on the manifold.

Proof. Given T' € I'T' M, Let us suppose to have two different trivialisation of T'M de-
noted by (U, t(;)) and (Uj, t(;)) induced by the local frames (e,(;)) and (e,(;)) respectively.
For each U; € A let us define a set of local sections e(;), (e(;2T) : U; — i (U;) C

TfffM Let U;; = U; N U; be the overlaps, then Vo € Uj;:

e(j),f(e“ A1) = (1.1.18)

1 =B o 1 .
:T<66)7 a? 17 E(j )V —1)\w = AZ|xA,LL\zT(€(z)7 a? 17 65(7')7 Z‘q—l)

- = (1.1.19)

= €(i)u—'(€ﬁ-)—'T) (l.l.Q())

=05 T(eGy, o ep(i), vmn)l, = Tefyy, 0", o vg=1)

x

Therfore the local sections e(;), ' (ef;)-T") : Uy — 7 (Uj) C qu:fM satisfy the compati-
bility conditions and they can be glued toghether to define a global section. Furthermore



we have that Vx € U;,VU; € A:

[iT](apil’ Z i T( ] ar~t e(J)M’Uq Dl = (1.1.21)
UjeA

= D Tl o e, v, = (1.1.22)
J | w€supp(ih;)

= D Ty 0P e ) = (1.1.23)
J | x€supp(i;)

=T (e, €y & *1,6(1');“ lhq_l)bc Z Yjl, = T(eé)’al’*lye(i)w1,q7_1)|x = (1.1.24)

J | z€supp(ih;)
=e@u (e(-T) (1.1.25)
]

So we must conclude that [¢7] is a true global section that does not depend on the
choice of frame.

Since I'TPM is a C°°(M) module, it is natural to define the C°°(M)-linear maps
acting on them.

Definition 10: Given two tensor fields 7' € I'TP M and S € FTgM we define a C°(M)-
linear map £ : I'TPM — FTgM such that:

L(fT+gS)=fL(T)+gL(S) , Vf,geC*(M) (1.1.26)

It is very interesting and useful to notice that there is an isomorphism between the
linear maps on tensors fields and the tensor fields themselves. In general the existence
of this isomorphism strongly depends on the facts that the two tensor spaces admits the
same trivialisation. In general there is no way to interpret the linear maps as tensors
when two different trivialisation are chosen. This aspect is crucial during the study of
the totally antisymmetric tensors, leading to the concept of "tensor density". Let TP M

and TgM be two bundles, and Lin(p, q,p',¢') = {L: TTPM — FTp/M} be the space of

the linear maps, there always exists a unique tensor field L € I'T| 5:5 M such that:

L(T) = [i]PH[cPT)P(T ® L) (1.1.27)

T’H—p

. AP :
therefore Lin(p, q,p’,q') is isomorphic to I'T’\/

M as a vector space and we can perform



on them all the operation defined on tensors. The proof will be provided in the following
section because extra structures are needed.

Property 3: The sum, multiplication by a scalar, tensor product, braiding maps, con-
tractions and internal contractions are all C*°(M)-linear maps. Furthermore all of them
are smooth.

Proof. The sum and the multiplication by scalar are trivially C*°(M)-linear by definition.
The tensor product is C*°(M)-linear due to its definition and by the distributivity of the
multiplication with respect to the sum. The braiding map is C°° (M )-linear because of the
commutativity of the sum and the multiplication, the contraction are linear by definition
as well as the internal contraction that is a sum of contractions. The smoothness can
be easily checked by fixing local smooth frames and analysing the local expression of the
operations provided in the following section. O

1.1.3 Pull-back and push-forward of tensor fields

When one has two manifolds and a smooth map between them there is a canonical
natural way to transport back and forward tangent structures between them called pull-
back and push-forward. In the appendix the way to transport back and forward tangent
structures at a single point of the manifold is defined. Here we will see how it is possible
to transport also whole sections of the tangent, cotangent and tangent tensor bundles.
There are some different way to interpret the pull-back and push-forward, some of them
are very sophisticated involving functor and categories theory. Once again we prefer
being pragmatic and we settle here to provide an operational definition of pull-back and
push-forward of tensor fields without investigating in detail all the properties in terms of
maps between categories. Let us recall the definition of pull-back and push-forward of
functions. Let M and N be two manifolds and ¢ : U C M — V C N is a local generic
map between them. We define the pull-back of functions as the map ¢* : F(V) — F(U)
such that:

o*(f)=fod , VfeF(V) (1.1.28)

Let us stress again that any function can be pulled back along any map. On the contrary,
this is not the case for the push-forward. Given a function on M there is no general
way to define a function on N. For pushing forward functions, one has to either restrict
functions or restrict maps. If ¢ : U C M — V C N is a local invertible map then we can
define the push-forward of functions as the map ¢, : F(U) — F(V) such that:

o.(f)=foo™" |, VfeFU) (1.1.29)



It is trivial to check that for an invertible map ¢ the push-forward is just the inverse map
of the pull-back, furthermore ¢* = (¢~ 1),

Definition 11: Let be M and N two manifolds with the respective tangent bundles
(TM, M, 1y, R™) and (TN, N, 7y,R"). Let ¢ : U C M — V C N such that V = ¢(U)
be a local smooth map between them. We define the push-forward of local vector
fields the map ¢, : I'yT'M — I'yT'N such that:

[0 (W)](f) = v(¢™(f)) =v(fo) , YvelyTM,VfeC*(V) (1.1.30)

Since ¢ is smooth then ¢, (v) is well defined and if v is smooth obviously ¢,(v) must be
smooth as well.

Let us stress that any vector field can be pushed forward along any smooth map. On
the contrary, this is not the case for the pull-back.

Definition 12: Let M and N be two manifolds with the respective tangent bundles
(TM, M, 1, R™) and (TN, N, 7y,R"). Let ¢ : U C M — V C N such that V = ¢(U)
be a diffeomorphism between them. We define the pull-back of local vector fields the
map ¢* : I'yvI'N — I'yT'M such that:

[0*(W)](f) = v(du(f)) =v(fog™") , YwelyTN,VfeC™U) (1.1.31)

Since ¢ is a diffeomorphism then ¢*(v) is well defined and if v is smooth obviously ¢*(v)
must be smooth as well.

Again for an invertible map ¢ the push-forward is just the inverse map of the pull-back,
furthermore ¢, = (¢~1)*.

Definition 13: Let M and N be two manifolds with the respective cotangent bundles
(T*M, M, 75, R™) and (T*N,N,7n,R™). Let ¢ : U C M -V C N |V = ¢(U) be a
local smooth map between them. We define the pull-back of local covector fields the
map ¢* : I'yI'N — I'yT'M such that:

[0 (a)](v) = a(pu(v)) , YvelyTM,Vael'yT*N (1.1.32)

Since ¢ is smooth then ¢*(«) is well defined and if « is smooth obviously ¢*(«) must be
smooth as well.



Let us stress once again that any covector field can be pulled back along any smooth
map but this is not the case for the push-forward.

Definition 14: Let be M and N two manifolds with the respective cotangent bundles
(T*M, M,y ,R™) and (T*N, N, 75,R™). Let ¢ : U C M — V C N|V = ¢(U) be alocal
diffeomorphism between them. We define the push-forward of local covector fields
the map ¢y : 'yT'M — I'yT*M such that:

[Px()](v) = a(¢*(v)) = (¢, (v)) , YveTlyTN,VaelyT*M (1.1.33)

Since ¢ is smooth then ¢, («) is well defined and if « is smooth obviously ¢,(«) must be
smooth as well.

Again for an invertible map ¢ the push-forward is just the inverse map of the pull-back,
and the relation ¢* = (¢ 1), can be easily checked.

Definition 15: Let be M and N two manifolds and ¢ : U C M — V C N be a local
smooth map between them. Let x € U a point, then we define the push-forward of
covariant tensor fields the map ¢, : I'yTPM — I'yyTPN such that:

(6. (T))(a?) = T([¢*()]P) , Vaf € xPTyT*N , VT € TyT*M (1.1.34)

In the same way we define a pull-back of contravariant tensors fields the map
¢* : I'vITyN — I'yT, M such that:

0*(T)|(vg) = T([6(v)]lg) , Vog € xPTy TN, VT € TyT,N (1.1.35)

Definition 16: Let be M and N two manifolds and ¢ : U C M — V C N be a local
diffeomorphism between them. Let x € U a point, then we define the pull-back of
covariant tensor fields the map ¢, : I'vTPN — I'yTP M such that:

[ (D7) = T([6x()]F) = T([¢7"(@)]) . VoP € x'TyT"M , VT € TyI’N

(1.1.36)

In the same way we define a push-forward of contravariant tensor fields at x the
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map ¢* : I'yT,M — I'yT,N such that:

(6.(T))(v) = T(16* (0)]g) = T((6~,@)P) . Veg € x’TYTN, VT € DyT,M (1.1.37)

Definition 17: Let be M and N two manifolds and ¢ : U C M — V C N be a local
diffeomorphism between them. Let x € U a point, then we define the push-forward
of tensor fields the map ¢, : TyTPM — T'yTPN such that VaP € xPT'yT*N , Vo7 €
XyTN , VT € I'yTY M:

[0 (D)])(0”,vg) = T([0" ()], ([¢"(v)]g) = T([¢" ()], [o7". (v)]q) (1.1.38)

In the same way we define a pull-back of tensor fields the map ¢* : I'vITN — Ty TP M
such that Vo? € xPT'yT*M , Vw7 € xTyTM , VT € T'yTPN:

[ (D))", vg) = T([6.()]7, [94(v)]g) = T([¢™" ()], [$x(v)]g) (1.1.39)

Property 4: One can easily check from the given definition of pull-back and push-
forward of vectors, covectors and tensors are all R-linear, hence the linear structures on
the vector spaces are preserved. Furthermore since the pull-back and push-forwards are
R-linear maps between finite dimensional vector spaces, due to theorems of standard
linear algebra, we know that fixing two basis on T, M and T, /N they can be expressed by
matrices. Since ¢ : U C M — V C N is a diffeomorphism it is trivial to check from the
definition that

¢P* o by = P 0" =1id (1.1.40)

therefore the pull-back is the inverse of the push-forward and vice-versa.

1.1.4 Local expressions for C*°(M)-linear operations on tensor
fields

Since at fixed frame there is a one to one smooth relation between a tensor and its local
expression, we can ask ourselves how the operations defined in the previous section affect
the local expression of a tensors field. This is very useful because it allows us to single out
for each operation defined above, the rules to manipulate directly the local expressions and
to check local properties i.e. the smoothness. Finding the local expression manipulation
rules can be performed easily given a smooth local frame and proceeding as it was done
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before in the case of tangent tensors. We have to remark that, since 'y TP M is a F(U)-
linear module, the multi-indexed list of coefficients are not just real number but belongs
to F(U). If the tensor field is smooth then its local expression is a multi-indexed list
of C*(U) functions. Let us suppose we have an open set U on which is defined a local
smooth frame (e, ® €"7) € ['yTPM that fixes a local trivialisation of the vector bundle
TP M.

1. Sum:

(T + S)yr = [T+ Sl en,) =T (", e,,) + S(e7,e,) =Ty + Spr - (1.1.41)

lﬁ
Example: (g + 1) (7) = g (@) + by (2)

2. Multiplication by a scalar field:

(fT)r = [[TI(e, e,) = - [T(e"7, e0,)] = fT)P (1.1.42)

Example: (fg),.(z) = f(x)gu(2)

3. Tensor product:

(T X S)’Z:;‘;/ = [T X S](GME eaﬁ/, eyq, 65@,) = T(e“ﬁ’ qu)S(eaﬁ/’ 666’) = T#;S;‘;/
(1.1.43)

Example: (¢ ® h)uwas(x) = g (x)has(2)

4. Braiding:

(o) T)z(z) = [o3T)(e47, e,) () = T(e"1® ey, N(x) =Top' D () (1.1.44)

VP;(@)

Example: (0(12)g)w(9€) = Gyu()
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5. Contractions:

(UJT)‘,jfTl = [ T](e", e, ) =T(e", v, ey ) =T (", €0, €0 ) = v IET

(@ T),2 " = [ T (e, ev,) = T(a, €T e, ) = a®T (e, €71, eq, €, ) = a®T, "t

(1.1.46)
Example: (v.g),(x) = v"g,.(x)
6. Internal contraction:
(Z'T)“;1 T, e, ) =T (e, "7 T, eq, €, ) = Tjﬁg (1.1.47)

Example: (i Tor),(z) = Tor},(x)

Lemma 1: Let TPM and Tp/M be two tangent tensor bundles, and Lin(p,q,p’,q') =
{£:1r. M — Tp M} be the space of the linear map between them. There always exists
an unique tensor L € FTq+p M such that:

L(T) = [i(]PH[c P 1P(T @ L) (1.1.48)
therefore Lin(p, q,p’,q’) is isomorphic to I'T] 5:5 M as a module and we can perform on

them all the operation defined on tensor fields.

Proof. Let us fix a trivialisation (U;, t(;)) on T'M fixing the local smooth frames e,;), and

let us induce from it the local trivialisation on T};M and on T (f,/M . Then for each U; we
can write :

Considering the definition of £ and since at fixed indices ;1 and v we have a tensor, we
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; vg vg ap/ Pz ap .
can write L£(e) ® e,;0)) = [/j(e(i) ® euﬁ(i))]ﬁﬁl €a (i) ® €. Where [L(e)? ew) ® €uy (2)))] is a

multi-indexed list of functions in F(U;). Hence defining the functions:

2

ZZZ (@) = [Lled @ ey (x) . Ve el (1.1.50)

we can recast the expression as follow:

v Ve fe Bt P

L(T)= Ti”(l)ﬁ(e(f) ® eu,(i)) Tff’(l) [L(eq) ® 6%(@'))]5;, €a(i) ® €y = (1.1.51)

_pkp o Yaop A _ kp 7 Yaoy ' By
=Tl Ly o ® €5 = Thg Litel iy oty ® €] (1.1.52)

On the other hand we have that on U; the following holds:
[i]PH[o Pt g PP (L @ T) = (1.1.53)
. B

={[i]P* [U(p+q+q )J(p+q+p,)](p+q)(L ® T)}Bq/(‘ Cay (i) ® €y = (1.1.54)

T oy ® €y (1.1.55)

/

={[i]P*1[cPT(T & L)}(e(g ’eﬁa'(i)) €a (i) ® e(iq) = L7 7/,11,( 0

/
So, via a linear combination, we can define a local section of T 515, M for each U; such
that:

By
GR
(1.1.56)

Q1 Vg Uy B L v
Ly iy Cap(i) ® €nyti) @ e @ € = [L{e(f @ €], Cay i) ® €yti) @ € @€

Due to the linearity of the map it is very easy to check that given another trivialisation
(Uj, t¢;)) of TM, on the overlap U;; = U; N U; the following holds:

%a/

. pHq q Byt 1 - ~
[{]PT Pt (T & L) = Tﬁ(l)[/%ﬁi/(,) Cay (i) D € = (1.1.57)

. Ve Ot/ o5 /(Zj
=Ty Lot o) ® €0 = A N R i Kot

My Aﬂ*’ ﬁ*/
vg(§) " 1pBy (5) 1) By Tqu(i)Lpﬁ;(j) Cagi (i) @ €(3)

(1.1.58)
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Therefore we can conclude that the transition functions are:

0{

L T = N7 A ATy AT L (1.1.59)

By 15 (4) pw(i) " By (i7) Y (i5) ™ ppog (5)

and we can state that this can be interpreted as the local expression of a global section
L e FT;fi;i,M . To prove the relation is an isomorphism of modules one should prove that
the sum and multiplication by scalar are preserved. This can be trivially verified from the
definition of L, £ and the trivialisation induced by the choice of the smooth frame. Let
us remark that the existence of this isomorphism strongly depends on the facts that the
two tensor spaces admits the same trivialisation. In general there is no way to interpret
the linear maps as tensors when another trivialisation is chosen. We will see that this
aspect can is crucial when we will define the basis of the totally anti-symmetric tensor.
As we previously said, concerning the pull-back and the push-forward it is extremely easy
to show that the action of the pull-back and the push-forward upon the local coordinate
expression can be expressed by a matrix called the "Jacobian" matrix related to the
transformation. O

1.2 Differential operators acting on tensor fields and
their properties

As we will see later the multipoles are founded on the concept of derivations upon the test
tensor fields. Considering that, a relevant section of the introductory chapter must be
dedicated to their investigation. Once again since we want to achieve an analysis of the
multipoles, we are not interested here in a complete review of the differential operators
on tensor fields. We are going to focus ourselves mainly on their algebraic properties and
on their coordinate expressions.

1.2.1 Definitions

Given a manifold M endowed with an atlas (U;, ¢(;)), let us consider the tangent tensor
bundle TP M and a section T' € I'TPM. We know that at fixed trivialisation (Uj, ti)) we

can induce local representatives of the tensor field denoted by Ty’; ?i) :U; — R™"™ such
that:

T“f. () =T(e", ey (i), (1.2.1)

q

If T' is a smooth section, by definition the local expression Tlf; 5(1)(@ must be a multi-index
list of smooth functions. Therefore using the coordinate ;) it is possible to define a new
list of functions T“ 7 R™ — R™" usually called the the coordinates of the local
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expression, such that:

A

TP (I) = [T"5 o gp(;)l](:(:’é)) (1.2.2)

vg (1) va (i)

and Tli; 5@) must be a multi-indexed list of smooth maps from R™ to R™" so they can
be differentiated in a standard way. Considering this it is natural to ask ourselves if
it is possible to define intrinsic global differential operators on tensor fields such that
coordinate expressions of the local expression are closely related to the standard differ-
ential operators defined on maps R™ to R™ ™. If this was possible one can say that
the information about the differentiable property of the sections in I'TP M does not de-
pend on trivialisation or coordinates but it is purely geometrical information encoded
eventually, at fixed trivialisation, inside the derivatives of the local expression of tensor
fields. Several different approach can be pursued to reach this goal. The most common
consist in fixing the trivialisation in defining some differential operations that map the
coordinates of local expressions into coordinates of local expressions, then checking if the
compatibility condition is satisfied. Another very elegant approach focused on the very
geometrical perspective, defines specific flows of diffeomorphisms on 77 M (i.e parallel
transport, pull-back and push-forward) such that they act naturally on the sections as
derivations. In this work we are not going to follow one of these two paths. Considering
our purposes we prefer to focus directly on the operative aspects of the the differential
operators, defining them by imposing intrinsically the constraints concerning how they
can act on the smooth sections in I'T? M. Then using the definitions and the properties,
we will provide the local expression of these operators. Let us just remark that at this
stage all the considered fields must be smooth.

Definition 18: Given a manifold M, let TM and TPM be the tangent and tangent
tensor bundles respectively. We define the Lie derivative of tensor field the map

L:TTM x TTPM :— I'TPM (1.2.3)

such that:

1. it satisfies the R-linearity in the first and second arguments, VA, u € R, VT, S €
I'TPM, Vv, u € I'TM :

L,(AT + pS) = ALy(T) + Ly (S) (1.2.4)
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2. it satisfies the Leibniz rule with respect to the tensor product, VT, S € T'TP M, Vv €
'’ M:

L(T®S)=L,(T)® S +T ® Ly(5) (1.2.6)

3. it satisfies the Leibniz rule with respect to the multiplication by a scalar, VI €
LTPM,Vv,u € T'TM , Vf € C*(M)

Lu(fT) = Lo(f)T + fL.(T) (1.2.7)

4. it satisfies the Leibniz rule with respect to both contractions, V1" € I'T? M, Vv, u €
I'TM , Yo e TT"M

Lo(usT) = Ly(u)s T + us Ly (T) (1.2.8)

L,(a"T)=Ly(a)"T + ™ L,(T) (1.2.9)

5. it satisfies the Jacobi Identity V1" € T'TP M, Vv,u € T'TM

[Lus LoJ(T) = Ly (T) (1.2.10)

6. it commutes with the internal contraction V1" € I'TP M, Vu € I'T'M

iLy(T) = Ly(iT) (1.2.11)
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7. it commutes with the braiding maps VI' € I'T? M, Vu € I'T'M

oL L (T) = L,(o'T) (1.2.12)

8. it satisfies the rule for scalar fields V1" € I'TPM,Vu € I'TM, Vf € C*(M):

Ly(f) = v(f) = d[f](v) (1.2.13)

9. it satisfies the rule for vector fields L,(u) = [v,u] , Yu € I'TM

Property 5: Let us notice that the Lie Derivative satisfies all the properties needed to
be a well defined derivation on the C"*°-module of the smooth tensor fields.

The Lie derivative is a very nice and useful operator, it has a very important geomet-
rical meaning deeply rooted in the concept of the flow of diffeomorphisms of the manifold
M in itself. Although this perspective is very interesting and powerful, especially to
model and express how the flows of transformations on the basis act naturally on the
sections of I M via the pull-back and push-forward functor of bundles, this definition
is all we need for the purpose of this work. The Lie derivatives play an essential role in
the definition of the symmetries of geometrical and physical objects, but unfortunately
an exhaustive show of these very important concepts cannot be provided properly in this
work, because it would be out of the main topic. We suggest the casual reader to have
a look to the book [21], to get familiar with the concepts of smooth bundle morphisms,
pull-back and push-forward of structures and symmetries. The Lie Derivative is not the
only derivation which can be defined. In contrast with the Lie derivative which does
not require any structure other than the differentiable structure of M, introducing an
extra structure called "affine connection", it is possible to define another derivation on
the tensor fields.

Definition 19: Given a manifold M let T'M and T?M be the tangent and the tangent
tensor bundles respectively. We define the Covariant derivative of tensor field the
map

V:ITM x I'TPM — TP M (1.2.14)

such that:

1. it satisfies the R-linearity in the second argument, VA, un € R, VT, S € I'T? M, Vv €
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I'T'M

V(AT + uS) = AVo(T) + puV,(S) (1.2.15)

2. it satisfies the C°°(M)-linearity in the first argument, Vf,g € C*(M) , VI €
TP M, Vv, u € TTM :

VpusgulT) = FVL(T) + gVu(S) (1.2.16)

3. it satisfies the Leibniz rule with respect to the tensor product, VT, S € T'TP M, Vv €
'’ M:

Vo(T®S) = Vo(T)® S +T & Vy(S) (1.2.17)

4. it satisfies the Leibniz rule with respect to multiplication by a scalar, VI' € T'TP M, Vv, u €
I'TM ,NVfeC®M)

Vo(fT) = V()T + fVu(T) (1.2.18)

5. it satisfies the Leibniz rule with respect to both contractions, VI' € I'TP M, Vv, u €
I'TM, Ya e I'T*M

Vo(usT) =Vy(u)s T +usV,(T) (1.2.19)

Vo (a1T) = V(@) T+ a V,(T) (1.2.20

DO
[\
@)
=

6. it commutes with the internal contraction VI' € I'TPM,Vu € I'T'M

iVu(T) = V,(iT) (1.2.

DO
DO
—_
SN—
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7. it commutes with the braiding maps VI' € I'T? M, Vu € I'T'M

oV (T) =V, (aiT) (1.2.22)

8. it satisfies the rule for scalar fields V1" € I'TPM,Vu € I'TM, Vf € C*(M):

Vo(f) = v(f) = d[f](v) (1.2.23)

In contrast with the Lie Derivative, because of the C'*°(M)-linearity in the first term,
we can interpret V in different way with respect to the previous definition. The new
interpretation will be very useful to define the multipoles. Given a tensor field 7', let us
consider V(T') : I'TM — I'TPM defined as:

[V(T)(a?, u,v5) = [Vo(T)](a”, vg) (1.2.24)

Since V,(T) is C*°(M)-linear in the first argument, we must conclude that V(T') is a

C*°-multilinear map in all its arguments therefore V(T') € I'T}’,; M. Furthermore from

the properties of the covariant derivative one can prove that it must be a smooth tensor
field since 7" is smooth. Considering this we induce another definition of V:

Definition 20: Given a manifold M let T'M and T?M be the tangent and the tangent
tensor bundles respectively. We define the covariant differential as the map

V:ITPM — TTP M (1.2.25)

such that:

u V(T) =V, (T) Yu e TTM (1.2.

[\
[\
(@)
Nl

where V,(T') satisfies all the properties defining the covariant derivative.

Definition 21: Given a manifold M let T7 M (with p > 1) be the tangent tensor bundle.

20



We define the divergence as the map

div : TTPM — TP ' M (1.2.27)

such that:

div(T) = i[V(T)] (1.2.28)

Definition 22: Given a manifold M let T'M and T?M be the tangent and the tangent
tensor bundles respectively. We define recursively the k-th covariant differential as
the map

VF:TTPM — TP M (1.2.29)
such that:
VUT)=T , VT e€Tl’M (1.2.30)
(1.2.31)
V(T)=V(T) , VI e€Tl’M (1.2.32)
and
VET)=V(V¥Y(T) , VI'eT’M , VkeN' (1.2.33)

Definition 23: Given a manifold M let T'M and T?M be the tangent and the tangent
tensor bundles respectively. We define recursively the k-th covariant derivative the
map

VP x*TTM x TTPM — TTP M (1.2.34)
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such that:
VFWF, T) = VFA(T) = upee o, SVH(T) VT € TPM,Vk € N* (1.2.35)

Definition 24: Given a manifold M let TM and TPM (with p > k) be the tangent and
tangent tensor bundles respectively. We define recursively the k-th divergence the map

div: TTPM — TTP*M (1.2.36)
such that:
div'(T) = div(T) (1.2.37)
and
div®(T) = div(div*(T)) (1.2.38)

By convention div® = id

Definition 25: From the higher order covariant derivatives we can extract two useful
differential operators. Let be { K} with i € [1, k!] the set of all the possible permutations
upon k elements:

Vi : TTPM — T'T},

!
1 1 0 «
(h+qM  such that V](“)(T) = E ox, {V*(T)} (1.2.39)
i=1

k!
1 ,
Vi TTPM =TT, M such that  V{(T) = o > (—1) g {VHT)} (1.2.40)
Ti=1
where #(K;) is the sign of the permutation K
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These two operators will be extremely useful later, when casting one of the two defi-
nition of the multipoles.

1.2.2 Fundamental properties

In this subsection we are going to list and prove a lot of useful properties concerning the
derivations defined above. These will be widely used in the analysis of the multipoles.

Property 6: The covariant differential V commutes with respect to the braiding map o
but it does not commute with all the other braiding maps as ¢, in particular it commutes
with just braiding map of permutation such that J(1) = 1. In other words it commutes
just if the braiding map acts without touching the first argument.

Proof. 1t is enough to notice that the covariant derivative commutes with both braiding
maps to write

[0V T) (o, u,vg) = [VT) (TP u,v5) = V, T(a"® 47) = (1.2.41)
=o' [V T)(a?,vg) = [Vu(o'T)](aP,vg) = V(a'T) (P, u, vg) (1.2.42)

[0,V T)(aP, vg41) = [0,VT(aP, 01, v.1) = VTP, vp,0), Vp,@anyy) = (1.2:43)
= Yy, 0 TP 0 1) (1.2.44)

If P;(1) =1 then vp,1) = v; then we have that:

[UJVT] (Oéﬁ7 ’Uﬁ) = VUPJ(l)T<aPI(T7)7 vPJ(ﬁ\T))) — vvlT(OéPI(TJ), UPJ(m\T))) - <l245)
= 0y [Vo, (D), vgm1) = [V (05T (@, vgma) = [V(esT)] (e, vggr) (1.2.46)

Property 7: The covariant differential satisfies:

1. the "generalised Leibniz" rule with respect to the product ®:

V(T®S)=V(T)® S+ o:1(T @ V(S)) (1.2.47)
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2. a "generalised Leibniz" rule with respect to the contraction with covector fields ™

V(aT) = i(oan[V(a) ® T]) + o V(T) (1.2.48)

3. a "generalised Leibniz" rule with respect to the contraction with vector fields

V(viT) = i(0a2)[V(v) @ T]) + va(oagyV(T)) (1.2.49)

Proof. Given T and S arbitrary tensor fields, let v and « be a vector and a covector field
respectively, therefore

1. using the definitions and the properties of the covariant derivatives:

ulVITe8S)=V,(T®S)=V,(T)®@S+T®V,(S5) = (1.2.50)
=[u V()] @S+ T @ uisV(S)] = (1.2.51)
=ua[V(T) ® S| + uslo5(T @ V(9))] = (1.2.52)
=u [V(T)® S +o,7(T®V(S))] , VuelTM (1.2.53)

2. in the same way we can prove:
usV( @) =V, (aT) =V () (T) + a 'V, (T) = (1.2.54)
=uo{i(oqy[V(a) @ T))} + us{a'V(T)} = (1.2.55)
=ulli(oay[V(a) @ T]) +a'V(T)] , YuelTM (1.2.56)

3. as well as:

usV(viT) =V (viT) = V,(0)3(T) + vaV,(T) = (1.2.57)
:u_l{i(a(lg) V(v)®T])} + UJ{U_IO'(IQ)V(T)} = (1.2.58)
:UJ[?:(O'@Q) [V(U) & T]) + UJU(lQ)V(T)] s Yue I''M (1259)
O
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Property 8: The covariant differential V does not commute with the internal contrac-
tion. In particular we have that given 7" € I'TP M.

V(iT) = iloay V(T)] (1.2.60)
On the other hand using the definition of the covariant derivative we can state that:
W(usV(T)) = (usV (iT)) (1.2.61)
Proof. Considering the properties of the covariant derivatives:

iV (T)) = i(Vo(T)) = Vo (iT) = (usV(iT)) (1.2.62)

Combining the properties above with the definition of ¢ we can prove trivially the thesis.

O
Property 9: The covariant divergence satisfies the following rule
div(v@T) =div(v) @ T + V,(T) (1.2.63)
Proof.
divlveT)=i(VeeT))=i(Vu) T +ve V(T)) = (1.2.64)
=i(V(v)@T+i(ve V(T)) =div(v) @ T + V,(T) (1.2.65)
O

In contrast to the higher order differentials and divergences, the higher order covariant
derivatives are not merely the composition of lower order covariant derivatives.

VE(T) (P, uz, vg) # Vi (. Vo, (T)) (P, vg) (1.2.66)
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In fact the second term is not a C°°(M)-multi-linear in the w;.

Property 10: From the definition one can express recursively the action of Vﬁg on T as

composition of lower order covariant derivatives:

(V3 (T)] =

Proof. Let us start computing explicitly VUI{Vﬁ;\IT(T ) HaP, vg):

Vu{ Vi (1)} = Vi {gup VI =
—UkJ..._lUQJvul(vk I(T))—f—vul(uk)J aup(VEH(T)) +

=Uk .. _IUQJVUI Vk 1 ‘I’Z{vkl T vu1 u;) uk\Z(T)}

Example: Let us consider a remarkable instance:

Vu(Vo(T)) = Vu(vaV(T)) = Viu(v)aV(T) + 02V (V(T))
=Vu(0)2[V(T)] + v0ua[V(V(T))] =

Therefore we can conclude that:

viv(T) = vuvv(T) - vVu(v) (T)

k: 1
Vi (1)}~ Z{ e Turt) e (D}

Vo (0)3[V(T)] + vausV*(T)

(1.2.67)

(1.2.68)
(1.2.69)

(1.2.70)

(1.2.73)

Lemma 2: Given T' € I'T?M and a connection V there always exists a set of maps:

Zingy : X" (PTM) — Ty M
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not linear in all the arguments such that:

Vit (Vo (T) =

([ Z gy (uz)] @ VE(T)) (1.2.75
k=1

Proof. We can prove the statement by induction:

1. For n =1 it is trivial:

Vu(Vio(T)) = Vi (T) + Ve,u(T) = *(u@wv

2. Let us suppose that the statement is true for the step n

3. If we are able to prove the statement for the n + 1 using 1) and 2) then the thesis
is true Vn € N

Ve (Vin (1)) = Vi, (Vi (Vi (1)) = (1.2.78)
—Z{ ity Vo () s Vansa (1)) (1.2.79)

Now we can use the inductive step:

Vi (Vipir (1)) = Vi, O ([ Z oy (1)) @ VH(T)))— (1.2.80)
- E{Z ([ Z gy (umnngs Vo (w3), )] © VE(T))} (1.2.81)
1=2 k=1

and considering that the covariant derivative V, commutes with the contraction ¢
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n

Vo (Vi (1) = > 5 (Vi [Z sy (1)) © VH(T))— (1.2.82)

- 22{; Zngo) (U1, Vi (w2), )] @ VE(T) } = (1.2.83)
- Z Vo [Z ) (urnig)] © VH(T))+ (1.2.84)
+Zz ) (U )] ® Vi VH(T)) — (1.2.85)
—ZQ{; Uy Ve (i), tegm)] © VH(T)} = (1.2.86)
- Z (¥, Zui )] © V() (1287
- zn: T (ur @ [Zu ey (umng)] © VFH(T))— (1.2.88)
- é{; F([Zingo (wimng, Vi (i), tigr)] @ VH(T))} = (1.2.89)
= ]; (Vi [Z i) ()] © V(D)) + (1.2.90)
+§ (u1 @ [Ziny (Usrm1)] © VHT))— (1.2.91)
- k; Z;{ik ([Z ey (wimnz, Vi (i) )] @ VH(T))} = (1.2.92)

(1.2.93)

Now we can re-sum order by order in & defining some new non linear maps Z;, 1) :
X" MM — T'T¥M as linear combinations, composition with covariant derivatives
and tensor products of maps Z, ;), therefore we have:

(n+1)

Vi (Vo) = Y (121 (uzer)] © VH(T)) (1.2.94)

k=1
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Lemma 3: Given T' € I'TPM, the following two hold:

1. The higher order differential commutes with the upper braiding maps o’

VE(e!T) = o' V*(T) (1.2.95)

2. The higher order differential does not commute with the lower braiding maps o;.
In general given a permutation J of ¢ vector fields one can state that:

V(o;T) = 0 VH(T) (1.2.96)

where J' is a new permutation of ¢ + k vector fields such that

{vpj/m) =Um , Yme[LA] (1.2.97)

VP, (1+k) = UP;(1) vie[l,r]

Proof.

1. The first is trivial because the first differential commutes with o/ as proven before.
therefore:

Vi (T)) = VYV (o' (T))) = V1! (VT)) (1.2.98)
Iterating the process k times we have the thesis.

2. The second is a bit more tricky and it must be proved by induction. For £k = 1 we
have

V(D)@ vg51) = [Vuu (05(T))? vna) = os[VT(@P vgng) = (1.2.99)

= [Vo, T)(?, vp, ) = Vo T(@F vp, ) = o [V(D) (0P, vg7)  (1.2.100)

Now let us suppose this is true for the step k therefore we can prove the relation
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still holds for k + 1

[V oD (0, vrrr) = Vol (os(T)N, viraern) = (1.2.101)
k+1
=V, [V 0s(D) = D Vi v ) v (O (T IO, v
1=2
(1.2.102)

Now using the inductive steps

[V o)) (P, vgry) = (1.2.103)
=V, [05(Vi (D), vomes) — (1.2.104)
k+1
-> 05 (Vi1 Furton) v (DN V) = (1.2.105)
= k+1
=0 {Vu Vi (D] =D Vi v v (D NP vgmmr) = (1.2.100)
.
:{VUI [vﬁm\T (T)] - Z vﬁﬁ\i Vo (v5) vm\;<T>}(aﬁ7 ,UPJ(W\TH)) = (l2l()7>
=2

k+1 P k+1 P
:{V%<T)}(apvUPJ(q+k+1\k,T1)) = {V " (T)}(@p, bk+1>“PJ(q+k+1\W1)) =

=0 5[V (D)) (0P, vgpgrr) (1.2.109)

Lemma 4: Let T € FT;’M a tensor field and let L : FT;M — FTgM be a smooth

C°°(M)-linear map. We know that L € TT%E M due to the isomorphism. The following
relation holds:

pt+q

V(L(T)) = {VLY(T) + {I® L}(VT) (1.2.110)

Proof. The proof is easily performed fixing an arbitrary local frame (e,) on T'M and the
canonic dual (€”) on T*M and using the standard properties of the covariant differential:

V(L(T)) = V(L(T)l ey, ® €7) = (1.2.111)
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V(L(T’\ﬁe)\, ® epa)llfg €y ®€ET) = V(T)‘FL(e,\, ® epa))ﬁ?/le,k, ® T = (1.2.112)
DI 0 @ ) = VIV L e 6+ THV(LN e, @ 0 =

rhog
(1.2.113)
==V,(T) p5"Lg§5“’, T®e,, ®eT + T’\ v (L)i?fe” ®e,, ®T = (1.2.114)
== {VLNT) + {I® L}VT) (1.2.115)
O

Lemma 5: Let be L : T'TPM — FTq’ilM a smooth C* linear application on the tensor

fields. We know that L € FTfj_rgM due to the isomorphism between linear applications
on tensors fields and tensor fields. The following holds:

VML(T)) =Y Apy (VFT) (1.2.116)

k=0

where A, x) is a bunch of smooth C'*°-linear applications I'T}, M — T Tff;q,M
In particular one has that:

V'(L(T)) = Y (Z) [0+ IRV (L)(V*T) (1.2.117)
k=0

Proof. The proof is easily performed by induction: For n=1 the proof is given by the
previous lemma, then let us suppose that the formula holds for the step n, then we have
that at the step n+1:

VY(L(T)) = V(V" :vZ( ) ) [PV F(L)(VFT)) = (1.2.118)

n
n

V{[o) TV 7)) = (1.2.119)

i
=}
o

M-

(2
(")v{[aﬂﬂ”) 18] V" (L) }(V*T)+ (1.2.120)
(:)

k
k=0
+ Z ) T vk (L) (VFHT) = (1.2.121)
k=0
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n

=3 () 1 1) e s
+n2+1 (kﬁl)[ ) 1@k (L) (VAT =

=V"*(L)(T) +Z <Z){[ ) 1)1 (L)L (VFT)+

k=1

V"L +Z [( ) ( 1)]{[a<l+p’> IRV (L)} (VFT)+

+{[a<1+P IR] ”L} (V"T) =

—vH (L +Z [(n—l—l)} o) T W+ (L )}(va +{ 1+p)

n+1 n+ 1 L
=2 [( k )} {0 T v D) VT
and now it’s enough to define the new linear application

Amirp) = [(n—]glﬂ{[g(w) Ie]"V (L)}

to end up with

n+1

VHLT)) = Ay (VFT)

k=0

Lemma 6: Let V" : I'TPM — rre

n—+q

M be the n-th covariant differential.

(1.2.122)

(1.2.123)

(1.2.124)

(1.2.125)

(1.2.126)

(1.2.127)

IQ]"L}(V"T) =

(1.2.128)

(1.2.129)

(1.2.130)

]

Given an

arbitrary tensor field T 6 [TPM , there always exists a set of C°°(M) — linear maps
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Hgmy FT,fiéiq,M — FTfig;q,M, (Vs € [0,n]) such that:

VHS®T) =Y Hun(VHT) & VH9)) (1.2.131)
k=0

Proof. The proof can be performed by induction. The first case:
V(S®T)=V(T)® S+ or5(T @ V(S)) (1.2.132)

has already been proved. Now let us suppose the thesis holds for the case V(S ®T') and
let us prove it for the next step:

V(S ®T) = V[zn: Heny (V" H(T) @ VF(9))] = (1.2.133)
= AVIHEn)(V"HT) @ VH(S)) + [0 1@ Hyon))|(V(V"HT) @ VH(S)))) =

- (1.2.134)
:iV[H(k,n)](v”—k(T) ® VE(S))+ (1.2.135)

Ho I L0 Hi (VD) @ VH(S) + 0nirgia VITHT) @ V() }
(1.2.136)

Now it is enough to re-sum order by order in k redefining appropriate new C*° (M )-linear
maps H, n41) to end up with :

VS ®T) =) Hipen) (V' HT) @ VH(9)) (1.2.137)

k=0

1.2.3 Local expression of derivations on tensor fields

Let us suppose to fix a local frame (e,,) on T'M, we know that this choice induces a local
trivialisation of the bundles TM , T*M and T?M. Let us consider the Lie derivative

33



first. The action on the functions is given by:

Lo(f) =v(f) , YfeC®M) (1.2.138)

therefore the coordinate expression induced by the local frame:

Ly(f) =v'e,(f) , YfeC®(M) (1.2.139)

If a natural frame 0, is chosen then:

Ly(f) =v"0u(f) , VfeC¥(M) (1.2.140)

Concerning the vector fields we have that:

{Lu(0)}(f) = [u, v](f) = w'eu(v"e,(f)) — v'eu(u”e,(f)) = (1.2.141)
e (0")eu () + W eu(en( 1)) = wie fen( ) — veu(wen(f) = (12.142)
= e, (v")e, (f) — v'e,(u”)e, (f) + viutle,, e, en(f) = (1.2.143)
=u'e,(v")e, (f) — vle,(u”)e, (f) + U“u“C’ﬁyeA(f) (1.2.144)

Let us remark that C’ﬁy cannot be considered the components of a tensor field because it
does not change with the usual linear rule when the frame transforms. If a natural frame
0y is chosen then:

{Lu()}(f) = [w,0](f) = "0, (v") 0, (f) — 0" Ou(w”) 0, (f) + 0"y, 0,)(f) =
(1.2.145)

= 9,(v)0,(f) = v 0u(u)L(f) . VF € C¥(M) (1.2.146)

For the covector fields

(Lula(0))} = u(@(v)) = {Lu(@)}©) + alLu(v) = {Lu(@)}©) + alLu(0))  (12:147
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therefore we have:

{Lu(@)}(v) = w(a(v)) = a(Lu(v)) = (1.2.148)
=ue,(a,v") — aute, (V") + vle, (U )y, — v“u"C’;\VaA = (1.2.149)
=ule,(a,)v” + v a,e, (V") — aute, (V7)o + vle, (U)o, — v“u“C’;\VozA = (1.2.150)
=ule,(a,)v” + vte,(u”)oy, — v“u"C’;\VaA (1.2.151)

If a natural frame 0, is chosen then C//L\I/ = 0:
{Ly() }(v) = v"{u"0,(cw) + 0, (u")ar, } (1.2.152)
For the tensor fields we can follow the same procedure to state:
L [T(o? vg)] = Ly[vga..v1 5027 T = (1.2.153)

q

p
= L {T}HoP, vg) + Y _T(a'", Ly(a), oV vg) + Y T(oP, w573, Lu(v;), v35) (1.2.154)

i=1 j=1
Therefore we can write for each o € xPI'T*M and for each v; € x1I'T'M:

p q

L{T}(a% vg) = Lu[T(a,vg)] = D T('", Lu(a’), oV vg) = Y T (v, Lu(vy), v 7)

=1 j=1

(1.2.155)

Substituting the coordinate expression of L,(v) and L,(«), expanding the coordinate
expression of T and using the Leibniz rules we can conclude easily that:

LT} (o, vg) = {u ex(TV?) ZT’“ R e () — O]+ (1.2.156)
+ZT,“L5V7 ey, (u”) — CF /\u)‘]}(a%, ) (1.2.157)
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If a natural frame 0, is chosen then C’ﬁy = 0 and we can conclude that:

LT} (P, vy) :{ AT, ZT’” RN, () + (1.2.158)

+ Z AP 5)}(0%, ) (1.2.159)

Concerning the covariant derivatives the approach is identical:

Vo(f) = o(f) = veulf) L Vf e Cx(M) (1.2.160)

let us remark that I'/', cannot be interpreted as the coordinate expression of a tensor field
because it does not change with the right transformation rules when the trivialisation is
changed. If a natural frame is chosen then:

Vo(f) = o(f) = v0u(f) . Ve (M) (1.2.161)

Concerning vector fields one has:

{Vu(0)}(f) = {Vu(v"e,)}(f) = u(v”)eu(f) + v"{Vule,)}(f) = (1.2.162)
=ute,(v)e, (f) +v"u'{V,, ()} (f) = (1.2.163)
=ue, (v")e, (f) + v u{V.,(e,)ex(f) = (1.2.164)
=u'e,(v")e,(f) + v”u“TﬁyeA(f) (1.2.165)

If a natural trivialization is chosen then we have:
{Vu()}(f) = w0, (vM)OA(f) + v u'T},07(f) (1.2.166)

For the covector fields it is enough to calculate:

Vul(a(v)) = u(a(v)) = {Vu(@)} () + a({Vu(v)}) (1.2.167)
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Therefore for a generic vector field v € I'T'M we can state:

{Vu(a)}(v) = u(a(v)) — a({Vu(v)}) = (1.2.168)
=ute,(a,v") — ayure,(v*) — aAv”u“Ff‘w = (1.2.169)
=ute, (o, )v” + ute,(v")a, — ayute, (v) — a,\v”u“F;\w = (1.2.170)
=ule,(a,)v” — ayv u“F’\ (1.2.171)
In case of natural frame:

{Vu(a)}(v) = u"0,(a)v” — aw”u“f’zy (1.2.172)

For the tensor field the calculation can be performed in the same way:
V[T (P, v5)] = Vy[vga...v1 50”7 T = (1.2.173)

p _ ) . q _
=V {THP, vg) + ) T(a' 1, Vou(a), oV vg) + Y T(aP, v5=1, Vu(v)), v3:5)

i=1 j=1
(1.2.174)
Therefore we can write for each o? € xPT'T*M and for each vg € xXII'T'M:
V{TH,vg) = Vu[T (P, vg)] = > T, Viu(a'), oV vg) = > T(aP, v5, Vau(v;), vp15)
i=1 j=1
(1.2.175)

Substituting the coordinate expression of L,(v) and L,(«), expanding the coordinate
expression of T" and using the Leibniz rules we can conclude easily that:

VAT P, vg) = {u ex(T, +ZT”’ BN Ve (1.2.176)
q —
- Z Tfj"jﬁ%\jfi/\u)‘} (s, 077) (1.2.177)
j=1
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If a natural frame 0, is chosen then we can conclude that:

VTP, vy) :{ AON(T] +ZT’“ BT (1.2.178)

Z 77 o, T ’\}(a%, ) (1.2.179)

Considering this we can find the local coordinate expression related to the covariant
differential and divergence:

V(T)NP — 6)\ T,U«p _{_ZT/% 1 W\’LFML ZTIf‘L Vo 5 (12180>

”J
=1

- HT=T O G s o
V(T)r, = eun (1)) + ZT R Z T e, (1.2.181)
and if the natural frame is chosen:

Hi=TOHp\7 Nz Hp 1 0 10¢

V()5 ) + ZT e TZ,L%J o~ (1.2.182)
=T Oup d

P 1O\ g tip o 1o

V(T = ) + Z T P, = YT 6, T (1.2.183)
j=1

1.2.4 More properties

Now that we have made explicit the coordinate expression of the actions of the derivations
upon the local coordinate expression of a tensor field, we are able to prove more properties
concerning these differential operators.
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Property 11: Let 7" € T'TPM be a tensor field , f € C*°(M) be a scalar field and
u € I'T'M a vector field . The Lie derivative behaves as follow:

{Lp(T)} = (1.2.184)

q

—fL{T} — ija_{u ® [dfﬂag(T)]} + Za_;{df ® [u"aF(T)]} (1.2.185)

r=1

where o® and @7 are respectively the inverse briding maps of ¢° and o7

Proof. The proof can be performed locally and then we can glue together the local sections
as proven in the first chapter. Let us fix the natural trivialisation choosing the natural
local frame (0,,).

Lp{T}H(e", e,,) = fulOn(T7) ZT“’ T O (ful)+ (1.2.186)

+Z o O () = (1.2.187)
M Oep d

_ tp =TT, i g HE B _ 1.9.188

=fLAT}(e" e,.) ZT f)+ZITVJ_j o 1000, (f) (1.2.188)
J

q

[fL (T} - Zas{u@) [df o }+Zar{df® won(T )]}] (e, e,)  (1.2.189)

r=1

O
Corollary 1: From the property we can state trivially that:
p q
LpdT} = fLu(T) = Y {i[e @ @ua )|} + Y {iloa,m@r o ua )}
s=1 r=1
(1.2.190)

Proof. The required result follows trivially from the coordinate expression found above.
O
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Corollary 2: From the previous property we can cast the following statement:

e Mo ¢
LT3, _qu)e(i)aT(.) = (1.2.191)
q
=v}) La T, Z o° d( o) (" DE, + Y FFld(vf) @ (eaaorT)F,
r=1
(1.2.192)

or equivalently

152 _ 152 _ 1 9 10°
L'“T(ifuq - Lv(ofi)e(i)aT(i;Jq = (1.2.193)
p
Q P ; s a Hp PR
=0y LTl = ) {Z [0(1’ (d(vE) @ egiya ® T)] }(%+ (1.2.194)
s=1
s
- Z { [0(1 1) (A(Vf) ® €gya ® T)} }(’; (1.2.195)
i)vg
where we used the notation L,T{; = LemaT.

Lemma 7: Let T' € I'TPM be a tensor field, f € C*°(M) an arbitrary scalar field and
(ex) an arbitrary local frame defined on the open U C M. There always exists a bunch

of local smooth scalar fields fo’“ml" U — M such that the following relation about the

local expression is satisfied:

Lo (T = Lo () [2007 (1.2.196)

J

Proof. We can prove it easily via induction. The step 1 is trivial because of the Leibniz
rule:

La(fT)4r = L(f)TE7 + fLA(T)%? (1.2.197)

If we suppose the thesis holds for the generic step k we can use again the Leibniz rule to
prove it for the step k£ + 1. Now we can use the inductive step. Let us suppose that the
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thesis holds for the case k£ and let us prove that it still holds for &£ + 1.

(L (FT0E = Loy (Lo s (FD]07 = (1.2.198)
k+1 . 1
=Ly, [Z Lo (D) 3 ey © ew] = (1.2.199)
k+1 5 5 o
op £5Pa°p o5 £Y5PTPP 7 P
= [LML (T),,ffml\lgﬁ} s, @74 Lo (DR [LAI (e, ® ew)] ”
Jj=0 q

(1.2.200)

A this point it is enough to re-sum order by order, defining a new bunch of local smooth
azpgPp
E+1\1°P 17

]Pﬁﬁp

scalar fields g Iro— as appropriate linear combinations of f,”" and Lie derivatives

of the frame to obtam

(k+1)+1 -
D (LoD = Y LoD 000 (1.2.201)
j=0

O
Corollary 3: In the very same way it is possible to prove that:
k
— Nn-=0g, /J, L . .
Lo (fFTVT = L (T)SE fripprr (1.2.202)

where my and n; are bunches of indices running in [1, dim(M) — 1] C N

Lemma 8: Given a tensor field ' € I'TPM , and an arbitrary vector field v € I'I'M and
an arbitrary local frame (e)) defined on the open U C M. There always exists a bunch
of local smooth scalar fields fg’“f“p U — M such that the following relation about the

local expression is satified:

k+1
(g (Lo(T) e = Lo ()52 oo, (1.2.203)
j=0
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Proof. We can prove it via induction. Let us start with £ = 1. Therefore:

L)\(Lv(T))I!/L; L, (L)\(T)) - L[ex,v}"eg (T)ﬁg = (12204>
p _
LoDz~ 7 en ® [d(va)ﬂag(LAT)]}“’# (1.2.205)
s=1 va
Hp _ )
+ZUT{ ® [ea UT(LAT)]} + Ligyjeea (T)17 = (1.2.206)
P i
=0 Lo(La(T))17 —Zag{ea(@ [d(v®) 0™ (L\T))] } + (1.2.207)
s=1 Ve
Hp — - 153
—i—Zar{ [ex, v]Y) ® leq 'or(L)\T)] } Zas{ea ® [d([ex, v )—lUS(T)]} +
) 1.2.208)
g Hp
+ Za—?{d(va) ® [ea"'aF(T)]} + [ers 0] Le, (T2 (1.2.209)
r=1 va

Now one can notice that the operations inside the sums are C°°(M)-linear in the terms
L, T and T therefore, we can decompose them using the local frame obtaining:

La(Ly(T))kr = (1.2.210)
—* Lo(L\(T)) = Y o7 {ea ® [d(ua)ﬂag(LAT)]}f v (1.2.211)
s=1 q

+ Z 7o dllen 1) ® e or (LT " = 30T ea @ dllen ) o (T} "+
- (1.2.212)
+ Za{d<va) ® [eaw(m}“ﬁ + [ex 0] Lo, (T)17 = (1.2.213)
U La(La(T) + [ex, v]° Lo, (T)+ (12.914)
- Za_g{ea @ [d(v*) 0™ (LT ey, @ e%))]}“ﬂ (1.2.215)
—|—ZO’T{ lex, v]Y) ® [ea—'UF(LATg€%®ep§)]}%+ (1.2.216)
- Za_g{ea ® [d([ex, v]*) 0 (T, © epa)]}“l (1.2.217)
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q _
+ Za_;{d(vo‘) @ [ea 07(TTeq, @ e%)]}% = (1.2.218)
r=1 Ve
=0 Lo(LA(T))}7 + [ex, v]* Le, (T)32+ (1.2.219)
p
_ — - 7
~LITEY ag{ea @ [d(v™) 0 (e, ® e%))]} v (1.2.220)
s=1 e
‘|‘L)\T 4 Z O-T{ 6)\7 ® [6(1_\0'?(605 ® 6p§)]}uﬁ+ (71 '2'221)
d — Hp
17N o {ea®[d([e,\,v]“)—'as(egﬁ®e"?)]} + (1.2.222)
s=1 Ve
q e
+T57 Za_F{d(va) ® [ea 0x(€0, @ ePQ)]} = (1.2.223)
r=1 e
— 0 Lo(LA(T))E7 + [er, 0] Lo (T + (1.2.224)
p
+LAT;’§[ - Za_g{ea @ [d(v®) 0% (e,, @ e@))]}+ (1.2.225)
s=1
+ Z o—r{ [ex, 0]) @ [ea (e, @ 7)) H Ty (1.2.226)
L — — Hp
+ng[ -3 ag{ea @ [d([ex, v]*) 0% (eq, ® e%)]} n (1.2.227)
s=1 Ve
i 1y
+ Za{d(v“) ® [ea 0r(ey, ® €T)] H (1.2.228)
r=1 Vg

It is enough to consider the action of the maps upon the local tensor frame (e, ® €7)
and re-sum order by order in the Lie derivatives to define the local smooth scalar fields:

LA(Lo(T))5? = Lay (Lay (D) oo™+ Loy (D) fr oo + (T)57 friny,  (1.2.229)

Aoprg A oplg P’ A oprg

Now we can use the inductive step. Let us suppose that the thesis holds for the case
k and let us prove that it still holds for k + 1.

Do (Lo(TD]7 = D[ (Lo(T))1E = (1.2.230)
k+1 . "
]W D g o o N
=L [Z L V Ak+1\1"ﬁ €y ® GT]V‘? = (1.2.231)
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k+1

o= r%; Wﬁp az ﬁkﬂp | HP
- Z |:L>\1 Laf(T) d Ak+1\10i’7ﬁ eﬁp ® e"/q + L (T> Ak+1\1”ﬂq [L)‘l (655 ® eﬂ/q)] Vg
7=0
(1.2.232)

A this point re-summing order by order, defining a new bunch of local smooth scalar

azpgPp

fields /\Jp@gﬁ as an appropriate linear combinations of f,” " and Lie derivatives of

R+1\19P 7T
the frame we can obtain:
(k+1)+1
_ o a=pglp 1 ) )«
[L,\m(LU(T))]ffg = E L%,_(T)pggA%U;,q (1.2.233)

]

Property 12: Given a tensor field 7" € I'TPM and a vector field u € I'T'M the lie
derivative can always be written in terms of covariant derivatives as follows:

{Lu(T)}(a?, vg) = (1.2.234)
(VTP 1) ~ 3 T 0 (T ()]0 ) + 3 T (0, 5, 0,090 )
} - (1.2.235)

Proof. The proof can be performed locally and then we can glue together the local sections
as described in the appendix. Let us fix a local natural trivialisation by choosing the local
frame 0,,.

LT} e4) = {u0r (T2 Zﬂwwwwzwgﬁmmz
j=1
(1.2.236)
{ \\(T1) ZTW TR, () +ZT51;5V\ ﬂ)}+ (1.2.237)
Hi—TOHp\3 i P 1 9 992K
:FZT VT ( iZTlLBVq\J paut) = (1.2.238)
{ N +ZT’“ THRH (y ZTL‘L&L\ rfjA(M)}Jr (1.2.239)
7j=1
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i=1 7=1
(1.2.240)
p " e q
— Hp _ i—170p\i i Hp
W(T)EP Zl{Tyﬁ Vo (u) }+Zl{ LV () } (1.2.241)
i= j=
O
Corollary 4: From the property we can state trivially that:
p q
LT} = VulT) =34l N 0 D+ 3 iV o 7] §
s=1 r=1
(1.2.242)

Proof. the required result follows trivially from the coordinate expression found above [

Lemma 9: Given a tensor field 7" € I'TPM , and an arbitrary vector field v € I'T'M and
an arbitrary local frame (e)) defined on the open U C M. There always exists a bunch

of local smooth scalar fields fg’“,f“” U — M such that the following relation about the
local expression is satified:

(g (Val D) = Lo (T)7 frlnr (1.2.243)
Proof. We can prove it via induction. Let us start with £ = 1. Therefore:

Li(Vu(1))y7 ( +Z{ [ (Lstl) (7 )®T)]}+ (1.2.244)

q

- Z {Z |:O-(17T+1)(v(u

r=1

) ®
=Ly (Lu(T)>: + L ( Zp:
) ®

-3 (i@ e ) 1) (12247

r=1

T)} })“5 _ (1.2.245)
[

{z' otV (u) @ T)] }+ (1.2.246)
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By previous lemma we know that there must exists a bunch of local smooth scalar fields
denoted by f/\’ g allowing us to rewrite the first term as:

k+1
(L (L ZL T)7 farmy (1.2.248)
and recast the expression as follow:

LA(V (7)) = (1.2.249)

s Ld Hp
- Z Lo (T)fr0m7 13 LA{z [0(1’5+1)(V(u) ® T)} } + (1.2.250)

s=1 Yq
- ZLA{ (Vi e D]} = (1.2.251)

k+1

_ZL T)7 frlomr (1.2.252)
+Z{ [ (st (L, [V (w)] ®T+V(u)®LA[T])]}%+ (1.2.253)
- Z {ilo0rn (IAV@)] & T+ V() ® Li[T])| }’; (1.2.254)

Now one can notice that the operations inside the sums are C°°(M)-linear in the terms
L\T and T therefore, we can decompose them using the local frame obtaining:

LA(Vu(T))52() = (1.2.255)
k+1 .

=> Lo (T)r e (1.2.256)
7=0

—I—Z{Z[a(l (LAY ()] @T)}}”ﬂz{z[ L+ (7 )®LA[T])H "L (1.2.257)

=S {ilrarn@mvelen)|} " =3 {ilownn (V@ e L]} = (1:225)
o A

= Lo ()P fin + (1.2.259)
=0
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+ {z L (L [V ()] © T7re,, ® eP)| } + (1.2.260)
s=1 B e
p
r 7Y Mp
+3° {z o1 (V (w) @ [T e,, © ¢7) } n (1.2.261)
s=1 B )
q _ 17
-3 {z o1y (IA[V ()] ® TPe,, © ¢07) } n (1.2.262)
r=1 B ]
q
r 1Y Mp )
-3 {@ 011y (V (1) ® Ly[T]S7e,, @ €f7) } - (1.2.263)
r=1 B )
am Jfkﬂp o A
=3 Lo (D)7 /o (1.2.264)
§=0
p - _
+T7 Y {z [a(l’sﬂ)(L)\[V(u)] ® ey, ® €97) }”p+ (1.2.265)
s=1 ]
p - _
+LA[T)7? {z [0(1’8+1)(V(u) ® €y ® €°7) }“”+ (1.2.266)
s=1 )
q
- 1Y #p A e
Ty {z [0(1 rin (LAY ()] ® €5, @ 7) }w+ (1.2.267)
r=1 a
a 1Y Mp
—L\[T)7F {z [0(1,T+1)(V(u) ® €5, ® epﬁ)_ } (1.2.268)

r=1

Now it is enough to consider the action of the maps upon the local tensor frame (e, ®e7)
and re-sum order by order in the Lie derivatives to define the local smooth scalar fields

La(Vo(T))yr = (1.2.269)
k+1
= Z Lo ()52 0t + Loy (Lay (T))5205 ™+ (1.2.270)
+La1(T) TG T+ (T) 72 ghT, = (1.2.271)
k+1

—Z Fommr (1.2.272)

Now we can use the inductive step. Let us suppose that the thesis holds for the case k
and let us prove that it still holds for k£ + 1.

(VD) = Lo Lo, (LT = (1.2.273)
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e Wﬁp ol 1 0 Orr
=L [Z ( ) pf)‘zj+1\1ozﬂﬁ B ® ewq] = (1.2.274)
j=0 g
k+1 op « Wﬁp Ky - op Oz]*-paﬂ; - Hp
= Z |:L)\1 Loz]f(T)pff)\k_‘_l\lg—ﬁ} ﬁp X el 4 L (T>P§ Am\jaﬁ"la |:L)\1 (eﬁ5 X e ):|
Jj=0 vg

(1.2.275)

At this point it is enough to re-sum order by order, defining a new bunch of local smooth

azpgPp

scalar fields h, JW& _as appropriate linear combinations of f)\ and Lie derivatives

+\19P7T
to obtain:
(k+1)+1
— o1 OGPTHT
Lo (Vo)) = ) Lo (T)7ehy ", (1.2.276)
j=0

]

Lemma 10: Given a tensor field 7" € I'TPM , and an arbitrary vector field u € I'I'M
and an arbitrary local frame (e)) defined on the open U C M. There always exists a

bunch of local smooth scalar fields fg’“,f“p U — M such that the following relation

about the local expression is satisfied:

k+1
[V3.(L Z Vi ( apfkgm (1.2.277)

Proof. We can prove it via induction. Let us start with & = 1. Therefore:

VA(Lu(T))7 = ¥ ( zp:{ [ (Let1)( (u)®T)]}+ (1.2.278)

+i iloarm (Ve })" = (1.2.279)
—VA(VU(T)>: 4V, ( zp: {z[ WL+ (7 () © T)} }+ (1.2.280)
S {ifrurm@en]})” (12.251)
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By the previous lemma we know we can write

k+1
Vae(Vu(D) = D VAT Z(W) g i3m (1.2:282)
7=0

where Z(u) ; ,:)éizz are the local expression of C*°(M) linear maps acting on the tensor
fields V/(T). Then recasting the expression as follow:

Va(La(T))7 = (1.2.283)
—iw )72 () 10 — va{ [t V(u)@T)H:Jr (1.2.284)
+ZVA{ [a(ml V(u)@T)]}:: (1.2.285)
=§VQ<T 7 Z(8) G ey (1.2.286)
—Z{z[ V@) @ T+ V() @ VAT 4 (1.2.287)
+ Z {ifo0rm@iv@l o+ v e v} (1.2.288)

Now one can notice that the operations inside the sums are C*°(M)-linear in the terms
VT and T therefore, we can decompose them using the local frame obtaining:

VaLu(T))2() = (1.2.289)
1+1 - B
—ZVJ T)7Z(1) ;1 hm (1.2.290)

_ Z { [ Lt (7, [V (u)] @ T)] }”ﬁ B zp: {2 [U(l’SH)(V(u) 2 V,\[T])} }up+ (1.2.201)

S

{ioarin (V@ @ viT)]}7 = (12202)

Vg

M=

t Z { [‘7(1 1) (ValV(u)] ® T)] }f +

4 r=1

1+1

. o= azPgs 1 0 < ;
=) Vi (T Z(W) e+ (1.2.293)

49



iS]

- {i-a(l VAV (u)] @ Tre,, @ e7) }%Jr (1.2.294)
s=1 B ]
p _ . _
-> {z o (V(u) @ VAT TPe,, © e7) }””Jr (1.2.295)
s=1 B )
4 - 1\ Hp
—|—Z{z 011 (VA[V ()] @ TPer, @ €) } + (1.2.296)
r=1 ) va
q
r Hp
+3° {z 0141 (V (1) ® VA[T]SPe,, © o) } - (1.2.207)
r=1 B Ve
1+1
=Y V(D)7 Z(u) 1yt (1.2.298)
=0
p _
~T57 {@ [0(1 VLV (u)] @ e, @ e7) }”p+ (1.2.299)
s=1 va
p _
W1z Y {i[r (V) @ e, @ )] } T+ (1.2.300)
s=1 va
q
Hp
+T”p2{z[au+1 (ValV(u)] ® e, © €77) } + (1.2.301)
I Hp L
VAT S {i]owrin (V) @ ery @ )] } (1.2.302)
r=1 Ve

Now it is enough to consider the action of the maps upon the local tensor frame (e, ®e7)
and re-sum order by order in the covariant derivatives to define the local smooth scalar
fields

1+1
VA(Lu<T))5§ = Z ( ) f}\]fﬂp (1.2.303)
=0

Now we can use the inductive step. Let us prove that it still holds for & + 1.

I=k+1
(VAL (L) = V[V (LD = Y AVA L 9 iy, Lo D)HE =
=2
(1.2.304)
I=k+1
=V Vi (Lu(D)]7 — 12: Vaex) {VA L one, (Lu(D)}E = (1.2.305)
=2
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k+1

=V DV DE AT, (e, @ €T+

>‘k+1\1‘7§'7§
I=k+1 k41
_ B J op £O5PIHP _
Z Vai(ex) ZV%"(T)ng/\ﬁ\TﬁAm\zaﬁ% -
_ j=0
k+1 5
a7 PgPp _
n Z v)\l >‘k+1\10-#( B @ eﬁ)]ﬁ;—i—
Vo (T)SIV | f“‘fﬁ“ (eg, © €))7t
ag pg ¥ M AEF\TOP YT By vg
I=k+1 E+1

_ ﬁ ] T 0'5 a?pﬁﬂﬁ —
— i—=0
k+1

—th TN F7 (egy @ 7))l

E+1\19P7q

o [ 05770 .
+V£7(T)pgvh K (es, ® €T+

AFFT\I9P T
I=k+1 k+1

_ E B E J )7p Nl
Vi (ex) VO‘?‘( 4 /\z I\1A T oPYe

k+1

J
-2 Vi () +
l

+va;<T>%vh[ o (€8 ® €T+

1
. 9P o=pals _
V(e Vi oxon ()] ot g, © i+
=2

o
I=k+1 E+1
(OGP
— E Vi, (e g V2 (TP f,?
nlex) 0‘?‘< Joif eV =]
7=0
k+1
j+1 a
= E Vha p—i—
k+1 j=1

o a;pgPp N7 [
+Z [Zv)‘l eal O‘l\lﬁ)‘]ﬂ\l( ) p] f>‘15+1\1p‘7#( By ® eﬁyq)]ﬁ;—i_

=0 =2
i azpgPp
FYL (TR

I=k+1 k+1

a5palp
— J Up
Z v)‘l e/\l ZV W >‘l NPT oPYe

(eg, @ ) ]pr+

The reader can easily notice that the expression is completely C*(M

(1.2.308)
(1.2.309)

(1.2.310)

~—~
—_
[}
o
o
—_
(@)

~—

(1.2.318)
(1.2.319)

(1.2.320)

)- linear in all the

terms like V/(T'), therefore it is possible to resum order by order, defining a new bunch of

local smooth scalar fields h, ”W& as appropriate linear combinations of f,”""

o1

;pgPp
k+1\19P 77
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covariant derivatives to obtain:

(k+1)+1
[VEHL (L, Z Lo (T)52hy"7 (1.2.321)

AEFT W %+19PYq

Therefore we have the thesis. O]

1.2.5 Torsion and Curvature

Given the definition of higher order covariant differential, it is possible to recast the
concepts of Torsion tensor field and the Riemann Curvature tensor field, accordingly to
our intrinsic operatorial language. This will be very useful to split the action of the higher
order covariant differential, taking account the symmetric and anti-symmetric parts.

Definition 26: Given the covariant differential operator V we can define the torsion
of V the C*°(M)-multilinear map Tor : I'TM x I'T'M — I'T'M such that Vv, u € I'T'M:

Tor(u,v) =vauiTor =V, (v) — V,(u) — L,(v) = V,(v) = V,(u) — [u,v]  (1.2.322)
Property 13: The local coordinate expression for the torsion is just:
Tort(e,,ex)e, = Ve, (ex) — Ve, (e,) — [ex, e ] =T, —TX, — [ex, e, F (1.2.323)
If a natural trivialization is chosen then:
Tor*(e,,ex)e, =TI —T%, (1.2.324)

Definition 27: Given the covariant differential operator V we can define the curva-
ture of V or equivalently the Riemann tensor field the C'°°(M)-multilinear map
R:TTM xT'TM x I'TM — I'I'M such that Yv,u,w € I'T'M:

R(u, v, w) = Vu(Vy(w)) = Vo (Vy(w)) = Vi, @) (w) = (
:VU(VU(w)> - vv(vu(w>> - v[u,v} (w) (

—_ =
DN DO
wW W
o DN
ot

Nl

DO
(@) I
.
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Property 14: Given the covariant differential operator V, the curvature operator can

be defined equivalently by:

R(u,v,w) =2V, (w) + Tor(u,v)2V(w) , Vu,v,w € I'TM

[uv]

Proof.

R(u,v,w) = Vu(Vy(w)) = Vo (Vy(w)) = Vi (w) =
=Viu(W) + Vy,w)(w) = Vi, (W) = Ve, @) (w) = Vi (w) =
=Viw(@) = Vi, (0) + Vv, 0)-9, (w—fu) (W) =
=R(u,v,w) = 2V[2uv (w) + Tor(u,v)sV(w)

Property 15: The local coordinate expression for the curvature is just:

Rf(ey, ex,ep)en = Ve, (Vey(€y) = Ve, (Ve, (€)p)) — Viee(€p) =
=V, (F?jpea) - Ve, (F3p€a> - v[ex,eu](ep) =
ZBV(FI;p)eu + ngveu (€a) — ek(rﬁp)eu - FSpVBA (ea) — V[ex,eu}(ep) =
:ey(f";p)eu + IS, Taen — ex(Tl))e, — ngrf;aeu — Vieye(€p)

Ap— va

If a natural trivialization is chosen then:
ApT va

R'u(eln €, ep) = 8V(Fl/<p) - aA(Flsz> - ngrl)fa + 5,10

Property 16: Given a € I'T*M, the following holds:

VEa(f) = —%Tor(u,v)JV(f)

[uv]
Proof.
0= Vu(Vu(f) = Vo(Vulf)) = Viwu (f) =
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(1.2.337)

(1.2.338)



=V.(vaV(f)) = Vo (usV(f)) — [u,v]aV(f) = (1.2.339)
=Vu(0)2aV(f) + vaVu(V(f)) = Vo(u) 2V (f) = uaVo(V(f)) = [u, 0] 0V (f) = (1.2.340)
=Tor(u,v)aV(f) +uwiV(V(f)) —vousV(V(f)) = (1.2.341)
=Tor(u,v) 2V (f) + 2V, (f) (1.2.342)
O

Property 17: Given a € I'T*M, the following holds:
— a(R(u,v,w)) = Vo (Vy(a))(w) = Vy(Vi(a)) (W) = Vig(a)(w) (1.2.343)

Proof. Considering that the covariant derivative must satisfy the Leibniz rule with respect
to the contraction we can state:

0 = Vu(Vy(a(w))) — Vo(Va(a(w))) — Vi (aw)) = (1.2.344)
—V (V@) () + a(V,(w))) = Vo(Vi(a) (@) + a(Ve(w))) = Vi (a(w)) = (1.2.315)
[V V(@) () + [Vo(@)[(V(w)) + [Tu(@] (Vo(w) + [V V(@) )t (1.2.316)
[V Vu(@)] (@) — [Vl @) (Vo)) — [Vo(@] (Va(w) — [VuVo(@)(w)+  (1.2.347)
Vi (0]()) = (Vi () = =V V() = Vo V() = Yy (w))+ (1.2.345)
HYL V(@) (w) ~ (Vo V@) (w) — (Vi (@))(w) = (1.2.349)
—a(R(u,v,w)) + [V Vo (@)] () = [V V(@) (@) = [V g ()] () (1.2.350)
]

Definition 28: Given the covariant differential operator V we can define a C*°(M)-linear
map P : I'TPM — FT[% +qM anti-symmetric in the first two arguments: u_iviP(T) =
—v_uaP(T) such that the local coordinate expression is :

p

q
ap ) ap ) o Q7T M Op\ 7 agp
wsusP(T))5 = u’ P(T), 5% = u'v { SR TET N R T BN}
=1 =1
(1.2.351)

Definition 29: Given Tor the torsion of V, we can define a C*°(M) linear map @ :
[Ty M =TT, M antisymmetric in the first two arguments: uw.Q(T) = —vousQ(T)
such that the local coordinate expression is:
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vousQ(T )5 = w0’ Q(T )75[3@% =u UETO’I‘(SET ? (1.2.352)

Lemma 11: The linear map P satisfies a generalised Leibniz rule with respect to the
tensor product of tensor fields:

P(T®S) = P(T)® S + (0.52)°[T @ P(S)] (1.2.353)

Proof. 1t is quite trivial if we fix a local trivialisation:

P(T®S), 7 = 1.2.354

( ® )75% ( J )
p+p’ o q+q’

QTR YT p+p’ 19 QK-

ZRML (T®S); ZRwﬁ (T® )75 = (1.2.355)

_ o i—1 M Op \z '\P [ OC QAp\p 1 0 9Fp

_ZR,WT p :\qp ZR,YM To7 s Saor+ (1.2.356)

YT\p K '\ hQp \p oy o 9

+ Z ROy Semnwh i Z R o S5 s, TH7 = (1.2.357)
1=p+1 i=q+1

=P(T), 5;‘;35 TV TR P(S), 5 Bjé = (1.2.358)

={P(T )®S—|—(am)2[T®P(S)]}MgZ:: (1.2.359)

0

Property 18: By fixing a local trivialisation, one can easily check that given u,v,w €
I'T'M and o € T'T*M the following holds:

vauaP(w) = R(v, u, w) (1.2.360)

{vousP(a)}(w) = —a(R(v,u,w)) (1.2.361)
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Since the scalar fields can be interpreted as rank 0,0 tensor fields it is natural to
investigate what happens to P when applied to the tensor fields.

Lemma 12: Let f € C°°(M) a smooth scalar field. We have that:
P(f)=0 (1.2.362)
Proof. P is C*°(M)-linear hence:
P(fu) = fP(u) YueTTM (1.2.363)
but to satifies Leibniz we need:

P(fu)=P(f®u)=P(f)®u+ f® Pu)=P(f) ®u+ f(P(u)) VUGF’_(Z—'M
1.2.364)

therefore we must conclude the thesis. O

Lemma 13: The action of the anti-symmetrised second covariant differential Vf] on a
generic tensor field T € I'TTM can be written in terms of the maps P and @) defined
above:

1 1 ,
VH(T) = 5P(T) — 5Q(VT) (1.2.365)
Proof. Let us consider the scalar field first.
Vil (f) = 0= 5 Tor(w,0) V(f) = wausl 5 P(F) = 5QVUNY  (12.360)

The remaining part of the proof can be performed by induction on the rank of the tensor.

1. Let us suppose that T' € T'M, therefore:
R(u,v,w) = Vy(Vy(T)) = Vu(Vu(T)) = Viuu(T) = (1.2.367)
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=Vl D) + Vy,)(T) = Voo (T) = Vo,)(T) = Vi (T) = (1.2.368)

=ViolT) = Vi (T) + V9,0) -9, )~ (T) = (1.2.369)

=R(u,v,T) =2V uv]( )+ Tor(u,v)V(T) (1.2.370)

and we can conclude that:
1 1 o an
Vi (T) = 2R(u,v,T) — §TOT<U,U>JV(T) = (1.2.371)
1
:UJUJ{§P(T) — §Q<V(T))} (1.2.372)
Let us suppose now that T' € T*M. By the previous lemma we know that:
uwiP(T) = =T(R(u,v,w)) = (1.2.373)
(Vo) (W) — Vol TulT)) () = Vi (T) () (1.2.574)
Using it in the explicit expression of Vf] we can state:

Q{V[uv](T)}( w) = (1.2.375)
={Vu(Vu(T)) = Vo,)(T) = Vo(Vu(T)) = Vo, (T) }w) = (1.2.376)
{Vu(VolT)) = Vou)(T) = Vol VulT)) = Vo (T} w)+  (1.2577)
Vi (T)(w) = =T (R(u,v,w)) — Tor(u,w)V(T) = (1.2.378)
=v_u{P(T) — Q(V(T)) (1.2.379)

. Now let us assume the thesis holds for a generic tensor S € I'TP M, we can prove

that it must be true also for T' € FT;’“ or equivalently for T &€ FTq 41 Let us
consider T' € TP M and let us fix a local frame {e,}:
2V o) (T) = 2 upuy oV (T) = 2V3, 1 (€0 @ T) (1.2.380)

where T is an n-tuple of tensors belonging to I'TPM. So it’s enough to use the
definition of V2 and the Leibniz rule:

Vio(€a ® T%) = Vo(Vo(ea @ T%)) — Vg, (€ ® T?) = (1.2.381)
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=Vu(Vy(ea)) T+ €, @ Vo (Vo (T)) + Viu(es) @ Vo (T)+ (1.2.¢
+V,(eq) @V, (T) — Vvu(v)(ea) QT —e, ® Vv, () (T) (1.2.¢

So the anti-symmetrized part is:

V[u(vv](ea)) RT" + e, @ Viu(Vy (T*)+ (1.2.384)
+V[u(ea) ® Vv] (Ta) + V[U(ea) ® Vu]( a) (1.2.385)
—Vvu ( ) RT*—e, ® Vvu ( ) (1.2.386)
Vg0 (€a) ® T — €0 & Vg, () (T ) (1.2.387)
Vi (Vag(ea) © T = Ve, plea) @ T (1.2.388)
+V v, (€a) @ T + €, @ Vi, (Vo (T )) (1.2.389)
1 1
=53¢ ® [vausP(T)] + E[v_nu_nP(ea)] ® T+ (1.2.390)
1 1
—EUJUJQ(V(GG)) QT — 5Ca ® [vouaQ(V(T?))] = (1.2.391)
1
:i'l)_l’U/J[P(T) —Q(VT)] (1.2.392)
The proof for T' € I'T},; M follows in the same way.
0
Lemma 14: The following holds:
V"(P)(f)=0 , VYfeC>®M),¥neNTt (1.2.393)

Proof. The proof can be performed by induction. The step 1 is trivial because considering
the properties of the covariant derivative, the covariant differential of the null tensor field
is null. So if P(f) = 0= V[P(f)] = 0. This means that Vv € I'T'M we have that

0=V, [P(f)] = Vo(P)(f) + P(Vo(f)) = Vo(P)(f) + 0 Yo e ITM  (1.2.304)

So we end up with:

Vo € TTM, V,(P)(f) =0= V(P)(f) =0 (1.2.395)
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If we suppose that the step n is satisfied, it is trivial to prove that also the n+1 step holds
in the same way as we did in the step one , so the thesis follows. ]

Lemma 15: Let L : I'TPM — FT;,,M be a C'* linear map then Vk € NT the following
holds:

VHPYHL(T)] = {VH(P)LII(T) — {[I&]" = LYV*(P)[T]] (1.2.396)

Proof. The proof can be easily performed locally by fixing a local frame. As usual as
proven in the first chapter we can glue together the local sections to prove the relation
still holds for global sections.

{VE(PYHL(T)], 5. 5] = (1.2.397)
p
= VAR D)5 ZV’“ PR LACY) P (1.2.:308)
i=1
_ka 1 L a— 1aapmel ka )2 alLC o Tlmaﬁf\fwTTv%] — (1.2.399)
k al i— 1O-C!P\’LTT'1 vr k G’ ap T O S
_Zv R)y. Lyt o Zv )3 Ls T gy Tract (1.2.400)
:I:ZVI: R L ;ﬁl m\zﬁ:nlqEZV%(R)gw[L];;;i W\*T%: (1.2.401)
=1
Z[V'“( WD), g0 50+ (1.2.402)
—ZV S +ZV% el LI g T = (1.2.403)
[V’“{P}( N, 550+ (1.2.404)
—ZV R)§ . L Trl Zarm\ﬂrzv R)5 LG Tr Y = (1.2.405)
=1
Z{V’“( WLINT), 5057 — U2 LVE(PYT)) 5. 5, = (1.2.406)
k q
={[V'PILN@) - (e 2Ly v P} (1.2.407)
Cp @ €0g
0

Lemma 16: Let T' € I'I; M be a tensor field and let K be a permutation of ¢ elements.
Given (ixjx) the list of transposition decomposition of K (with & € [1,a] C NT ), there
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always exists an n-tuple of linear maps C*°(M) linear map Ax
such that:

: TTPM — TP M

)ikik

(L= ox)(T) = [T~ ox(T Z Ay ({T = 0,5 }H(T)) (1.2.408)

Proof. The proof follows immediately considering that all the permutations form a group
with respect the composition and each permutation can be created by many compositions
of transpositions. Let us suppose that the permutation K can be written (not uniquely)
as a composition of transpositions (ijx) with k& € [1,a] C N therefore:

[T —0,(T)] = (1.2.409)
=T & 0(3,51) (T) £ 0(i151) (O (i) (T') )+ (1.2.410)
£ (i) (O(iga) (- (Oamrjan) (1)) — 04(T') = (1.2.411)
={T = (i) (T )}+0zm>{T U(i2j2( ) (1.2.412)
+0(i131) 0 2i) AT = 0iaga) (1)} + - O (i) Oliardu-){T = Oiaj) (1) } (1.2.413)

This is a sum of C°°(M)-linear maps acting on {T" — o, (T)} for each k € [1,al,
therefore it is a C'°°(M)-linear combination {T"— o, ;,)(T)} for each k € [1,a]. If for each
t

transposition in the list (7;j) we define the linear maps A(x;,j, as follow

A(K)ikjk = 0415, © - O 04 _1ju_1 (1.2.414)

we can recast the previous expression:

= ox](T) =T = ok (T Z Atying ({1 = 0,5 HT)) (1.2.415)

]

Let us remark that since each permutation cannot always be decomposed uniquely
as a composition of transposition, in general for the same permutation K we can admit
different equivalent linear combination, one for each different decomposition.

Lemma 17: Let T € T'T,M be a tensor field an let (ij) (with 4,5 € [1,n] C NT) a
transposition. There always exists an n-tuple of linear maps C*°(M) linear map Bk
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FT;’M — FT;”M such that:

1 . d ) . o
SL=0@)V'T = 3 | BV VAV (D)} (1.2.416)
k=i+1

Proof. For each n-tuple of vector fields uz; € xX"I'T'M we can write:

1 n 1 n n 10 41
unJ"'Ju1J§(H - U(U)>V T = §{Vuﬂ<T) - vumujujj\;uiuﬁ\j(T)} = (124l7>
1 n n I A1¢
ZE{VUW(T) — Vs (T)F (1.2.418)
j—1
+ ) (/I ¢ B (1.2.419)
k=i42
j—1
k=i42
j—1
- Z [Vzﬁum\;[uiuk]ujj\gwuﬁ\g (T) - vzmum\;[ujuk]ujj\guiuﬁ\j(T)] + (lZ—lQl)
k=i+1
+vzﬁtmﬂumﬂuﬁ\j(zﬁ)} - (1.2.422)
7—1
:UnJ..._JUdJ{ Z <]I — U(z’j)) [UE\{{Vk_IV[Z]Vn_k_l(T)H + a;\g{Vj‘IV[Q]V"_j_l(T)}}
k=i+1

(1.2.423)

If we define the C*°(M)-linear maps B, such that:

Biijje = o5 k=1
then we can rewrite the expression as follow:
1 J
5 (1= 00))V"T = > Bup{ VFIVEVTRN(T)) (1.2.425)

k=i+1
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]

Theorem 1: Let V" : I'TPM — I'T; ;M be the n-th covariant differential. Given
an arbitrary tensor field T € I'TTM, there always exists a set of C(M)-linear maps
Clomy : I'T2 M — TT), M (Vs € [0,n — 1]) such that the covariant differential can
be always decomposed in a totally symmetric part plus a C°°(M)-linear combination of

lower order covariant differentials as follow:

VNT) = VH(T) + > Clomy[V*(T)] (1.2.426)

Proof. The proof can be performed using the previous lemmas. Let us start considering
this:

n — l n i n _ 19 497
VH(T) = !V (T) £ — Ker%)\idoK[V (1)) = (1.2.427)
1 -1 1
== D ox[V'(Dl+ - VM) - Y oxk[V(T)] = (1.2.428)
" Ke[[(n) ’ " Ke[](n)\id
=V (T) + % > {T— o}V (1.2.429)

" Ke[(n)\id

where [[(n) denotes the set of all permutation of n elements. Now we can use the previous
lemma to express {I — ok }[V™(T')] as a linear combination of transpositions:

1

VIH(T) = Vi (T) + — > A{T- ok} VD)) = (1.2.430)
" Ke[](n)\id
VT2 YD AT o T (1.2.431)

" Ke[(n)\id m=1

where ag € N is the length of the chosen transposition decomposition of K denoted by
(iK7%). Now again using the previous lemma we can rewrite the terms {I—o;x x) }[V"(T)]
as follow:

" Ke[](n)\id m=1
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ZV?>(T)+% > ZAme[ Z Bascsen (V' VRV (T )}} = (1.2433)

Kel[(n)\id m=1 I=ik+1

:v?)(T)+% >y zm: AKyimsm (B { VT (VH(VTH(T)))Y) (1.2.434)

" Ke[I(n)\id m=1 1=K +1

If we write the operator V[Q] in terms of the C*°(M) linear maps P and ) defined previ-
ously we obtain:

VO =0 4 S S A, Bugnd V@) =

" Ke[l(n)\id m=1 1=K 41

UM+ Y Y Awun (Bugd U PV - VD))

" Ke[I(n)\id m=1 1=K +1

At last we can use the rule found previously stating the action of V" on L(T') where L is
an arbitrary C°°(M)-linear map. Let us just consider the terms V!=1[P(V"~=1(T)] and
VIHQ(VYT)]}. They can be rewritten as:

votp@m) = (1) (e serv e )

.
(1.2.437)

v @=L [ e sy @pe ey 1

Therefore:

Ve P(VTENT)) = Q(VTHT)) = (1.2.439)
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:Z (l ; 1) [{[U(m) ]I@]TVZ’PT(P)}(Vr(vnflfl(T)))‘f‘ (1.2.440)

r=0

—{[T T& V(@}V (VD)) (1.2.441)
Substituting this expression into the previous one we have:

VY(T) = (1.2.442)

ax X -1
l _
=V{(T) +% YYD Awivin <B(iTKnj5)lZO( . 1){ (1.2.443)

" Ke[I(n)\id m=1 1=K +1

(o™ 1e' V' (P} (V' (VD) — (o™ 1e] V(@}V (v )
(1.2.444)

K

n 1 SR L /1-1 o

0+ X 3> A (B X () (1.2.485)
" KelI(n)\id m=1[=iK 41 r=0

{7 1V (P} (VD)) = [T 1) (@)} () )
(1.2.446)

At this point it is enough to notice that the whole expression is just a very complicated
C*°(M)-linear combination of C°°(M)-linear maps acting on the set

{V¥(T) , Vsel0,n—1]}

hence it is enough to re-sum together order by order all the covariant differentials defining
a new set of linear maps C,py : I'TY, ;M — T, M as linear combinations and compo-
sitions of the linear maps A(xyi,.j,.» Berjry » V77 (P) and VI7'77(Q) to rewrite the

previous expression as:
VMT) =V (T) + > Com[V(T)] (1.2.447)

]

Corollary 5: Let V" : I'TPM — T'T; M be the n-th covariant differential. Given

an arbitrary tensor field ' € I'TPM, there always exists a set of C°°(M)-linear maps
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Dy : TT7 (M =TT M (Vs € [0,n —1])such that the covariant differential can be

decomposed in a totally symmetric part plus a C°°(M)-linear combination of lower order
symmetrized covariant differentials as follow:

VHT) = VH(T) + > D) [V{H(T)] (1.2.448)

Proof. The proof can be easily performed by induction: The case n=2 is trivial, it is
enough to consider V*(T) = V%)(T) + V[Q] (T) = V%)(T) —1Q(V(T)) + LP(T) Let us
suppose this is true for a generic n and let us prove it for the step n + 1. Using the
previous theorem we can state that:

n—1
VMHT) = VETHT) + ) Clamy(V3(T)) (1.2.449)
s=0

and using the inductive step we can conclude:

n s—1
Vn—i-l(T) = V?;H(T) + Z O(s,n+1) (Vf)(T) + Z D(T,s)(Vf)(T))> (1.2.450)
5=0 r=0

Resumming order by order the covariant differentials and defining D, 41) the new set
of C*°(M)-linear maps obtained summing and composing D, s and C; ,41) We can con-
clude:

VIT) = V) + 3 D) (9 (7)] (12.451)
s=0

Property 19: Let us remark a very important property concerning the higher order
covariant differential enlightened by the corollary. The action of an higher order covariant
differential V™ upon a tensor field can be written as a C°°(M)-linear combination of lower
order symmetrized covariant differentials.

Lemma 18: Let v : R — M be a geodesic curve, V4(7) =0, Vt€Randlet T € TP M
be a tensor field. The following relation between the higher order covariant derivatives
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along the curves and the higher order covariant differentials holds:

D’I"L

(1) = (1)"V(T) = i"((@") © VT (1.2.452)

Proof. We can prove it by induction, let’s start from n =1

(1) = V5(T) =4.9(T) (1.2.453)

Let us suppose this is true for the step n and lets prove it for the step n + 1

%(T) = %[%(Tﬂ = %[(%)”V”(T)] = (%)”%[V”(T)] (1.2.454)

because 2 (¥) = V(%) = 0. So one has:

pr+! D

ger (D) = ()" (VAT = (52)" V5 [VH(T)] = (72)" 1V IVHT)] = ()" V()]
(1.2.455)
So we have the thesis. O

Lemma 19: Let U C M be an open subset of the manifold and let ¢ : R < M be
a closed embedding such that ¢(R) N U # @. Let (eg...;»—1) be a local frame on TM
with support on U inducing a local trivialization of TP M such that eq), g, = ¢. Given a
tensor field T' € Ty TP M, then the following rules on the local expressions of T" hold:

Loy (T)7) = %(&(Ty;)) (1.2.456)
. D _ B
(Veo(T)7) = a(T)’;,‘g (1.2.457)
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Proof. The proof follows immediately using the coordinate expressions of the given dif-
ferential operations as well as the definition of pull-back of scalar fields. ]

This result will be massively used later to perform the proofs related to the properties
of the local representations of the multipoles.
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Chapter 2

Functionals on Test Tensors Fields

In this chapter we are going to define the general concept of R-linear functionals acting
upon the C*°(M)-module of the compactly supported smooth tensor fields. At this
stage no concept of topology is given on the set of the functionals since the definition
is just algebraic. We are going to show then that some operation can be naturally
defined due to the R™-linearity therefore they form an algebraic structure. In general
the set of all R-linear functionals can be very large, including an infinite number of
very pathological objects. Furthermore since no topology is fixed, at this point there
is still no concept of "neighborhood of a functionals", "continuity" and "convergence
of the sequences" without mention concepts like metric, norm and distances. However
to perform some kind of functional analysis a topology is required. Fixing the weak
topology on the test tensor fields, it is possible to consider just the linear functionals
preserving the topological structures. This aspect is fundamental expecially to perform
standard analysis on manifolds and to cast theorems and properties, however again the
topic would be too wide to be treated here in details. Once again we settle here to provide
an essential but self-consistent approach to the mathematical objects we are interested
in, then focusing ourselves strictly on the intrinsic geometrical and algebraic operative
definition of the multipoles, that by definition inherits automatically the continuity with
respect to the weak topology of the test tensor field set on which they act.

2.1 Definitions and standard linear operations

Definition 30: Given a tensor field 7" € I'TPM we define the support of T to be the
closure of the set of points where 7" is not null :

supp(T) = {x e M|T(x)# 0} (2.1.1)

Definition 31: Given the tangent tensor bundle TP M we define the set of the smooth
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compact support tensor fields as:

LoTiM = {¢ € I'TIM | ¢ has a compact support on M} (2.1.2)

By notation, the action of the functional on a test tensor field is written as T (¢) =
[¢, T using the standard convention about the Schwartz distribution.

Definition 32: We define a R-linear functional T on I'yT?(M) as a map

T :ToI*M — R (2.1.3)

such that:

VA€ R, Vi, ¢ € ToTPM = [Np+ ), T] = A, T + ule, 7] (2.1.4)

We denote with J¢(M) the set of all these R-linear functionals acting on I'yTP M

Definition 33: Given 7,S € JJ(M) define an equality of functionals as the following
relation:

T =8 [6.T]=[6.8].V ¢ € TIIM (2.1.5)

Property 20: It’s easy to check that = is symmetric, reflexive and transitive with car-
dinality of each equivalence class equal to 1.

With no effort it is possible to define some operation over the functional as well as
we have done before with the tensor fields. Many of them are induced by the operations
defined on tensor fields due to the R™-linearity.

Definition 34: Given JP(M) we define the sum of functionals the map + : JJ(M) x
JI(M) — JJ(M) such that:

(0. T +S8]= 1[0, T]+ [9,S] (2.1.6)
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Definition 35: Given JP(M) we define the product with a smooth function the
map - : O x JH(M) — Ji(M) such that:

[0,f- T =[fo,T] (2.1.7)

Definition 36: Given JJ(M) we define the a product with tensor field the map
TTY (M) x JI(M) — J4H(M) such that:

p'+p
[ ®¢,S T = {7+ Ho" (S @ ¢)¢, T] (2.1.8)

Property 21: In case v € I'T'M we have that [p,v-T] = [vs¢,T]. In case « € I'TM
we have that [¢, - T] = [a” ¢, T]|

Property 22: The definition of product with vector fields satisfies:

1. Associativity with respect to the tensor product, V.S € FT;,,M ,VQ € ngM , VT €
TH(M):

S®Q)-T=5S-(Q-T) (2.1.9)

2. Distributivity wii/;/h respect to the sum of functionals and the sum of tensors, V@) €
Ty M, VS el},M,VT,S € JJ(M)

Q(T+S8)=Q-T+Q-S (2.1.10)

(@+R)-(T)=Q-T+R-T (2.1.11)

The same holds for the product with a scalar field identifying the tensor product with
the standard product.

Proof. These properties follow trivially from the definition of "product with scalar fields"
and "product with tensor fields" and from the properties of the operation on tensor
fields. m
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Definition 37: Let [ and J be two of permutations of p and ¢ elements respectively.
Let of : [TPM — T'TPM be the braiding map of tensor fields. Given JP(M) we define
the braiding map of functionals the map o7 : JI(M) — JJ(M) such that:

[6,07(T)] = [o5(¢), T] (2.1.12)

Of course anyone is free to choose their own notation to express the permutation I and
J, however we decided to use the standard cycle decomposition because it offers a direct
representation of their action on the list of indices related to the coordinate representation
of the tensors. It is very interesting to notice how the action of tensor fields upon vector
fields and covector fields induces canonically an action of vector fields and covectors fields
on the tensor fields:

Definition 38: Given JJ(M) (with p > 1) we define the contraction with a vector
field the map o : I'TM x JJ(M) — J' (M) such that:

(6, vT] = [v® ¢, T] (2.1.13)

Given JJ(M) (with ¢ > 1) we define the contraction with a covector field the map
VL TTM x J9(M) — J9H(M) such that:

(9,07 T]=[a®,T] (2.1.14)

Definition 39: Let be A = (Uj, ¢;) an atlas on M , we know that it induces a local
trivialisation of T'M and T*M denoted by (U; x R™) via the existence of a bunch of

m C*°(M)-linearly independent smooth local sections (e(;),) and (ef;)). Let (1) be a
smooth partition of the unity subordinate to (U;). Given J(M) (with ¢ > 1) , (with

p,q > 1) we define an internal contraction the map i : JJ(M) — qu:f(M ) such that:

[0,1T] = 6, Y bieua(ely) " T)] (2.1.15)

Uj €A

Property 23: Even if the definition of internal contraction is given at fixed frame, the
operation does not depend on the frame and it defines intrinsically a good R™ linear
functional on M.

Proof. Tt follows immediately from the fact that, fixed another local trivialisation (U, ¢;)
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and another local frame e'( ) N the overlap with (U;, ¢;), we have :

9, ¢;¢i6/(j)pJ(el(?)—lT)] = (9, @b;@bie(i)uAﬁJ(e?i)KZjT) = o, ¢;¢i€(j)uJ(@ﬁ)—'T)] (2.1.16)

Given two atlases A = (U;, ¢;) and B = (U}, ¢;) and two smooth partition of the unity
(15) and (¥}) respectively since (U;) and (U}) both cover all M we have:

9, Z viewu(en T = [0, Z (0 Z bieqyu(efy ' T)] (2.1.17)
Uic A UleB  UicA
=6, > > Uitiewualely, =16, > > Wthielyalely D= (2118)
U’.eBU'EB U'eAU’.eB
=[6, > Wi Y el =16, > whelyyaely )] (2.1.19)
U,eA U’EB U’EB
]

Property 24: The braiding map, both the contractions and the internal contraction are
C>°(M) linear.

Proof. 1t follows trivially from the definitions and the properties of the operation on

tensor fields O

We are going now to define the derivations upon the functionals. The definition can
be weird in appearance but we will motivate it a-posteriori checking it is compatible with
the standard definitions of derivations upon the tensor fields satisfying the same property
and defining the same algebra.

Definition 40: Let JJ(M) be the space of the R-linear functionals on the test tensor
fields I'0TPM and define the Lie derivative of functionals the map L : I'TM X
JI(M) — JJ(M) defined as:

(6, L,T] = —[Loé, T] , Vo € TyIPM , Yo € TTM , VT € J(M) (2.1.20)

Property 25: The definition of Lie derivative satisfies all the standard good properties:

1. Tt is R-linear with respect to both the first and second argument, VA, u € R, VT, Vv, w €
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ITM , VT,S € J4M):

L,(AT + puS) = ALy(T) + pLy(S) (2.1.21)

Lwsyw(T) = ALy(T) + Loy (T) (2.1.22)

2. It satisfies the Le}ibniz rule with respect to the product with a tensor field, Vv €
I'TM, VS e FT;,M, VT € JHM):

Lo(S-T)=Ly(S)-T+S-L,(T) (2.1.23)

3. It satisfies the Leibniz rule with respect to the product with a scalar field, Vo €
ITM ,VfeCO®(M), VT € JI(M):

Ly(S-T)=L,(S)-T+S-L,T) (2.1.24)

4. It satisfies the Leibniz rule with respect to both the contractions, Vv, u € I'T'M,Va €
IT*M , YT € JHM):

Ly(usT) = Ly(u) 3T +usL,(T) (2.1.

DO
—_
DO
Ot
N

L,(aT) = Ly(a) T + aL,(T) (2.1.26)

5. Tt satisfies the Jacobi identity, Vv,u € T'TM , VT € JJ(M):
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6. It commutes with the internal contraction Vv € I'TM , VT € J3(M):

i(Lo(T)) = Lu(i(T)) (2.1.28)

Proof. These properties follow trivially from the definition of Lie derivative of functionals
and from the properties of the Lie derivative of tensor fields. ]

Definition 41: Let JJ(M) be the space of the R-linear functionals on the test tensor
fields I'gT? M and define the covariant derivative of functionals the map V : I'T'M x
JIM) = JI(M) defined as V¢ € ['\TPM , Yo € I'TM , VYT € JI(M):

[0, V, T] = =V + div(v)p, T| = —[div(v ® ¢), T (2.1.29)

Property 26: The definition of covariant derivative satisfies all the standard good prop-
erties:

1. Tt is C"°° M-linear with respect to the first argument and R-linear with respect to the
second argument, Vf,g € C*M , VA\,u € R, VT , YVo,w € I'TM ,¥T,S € J}(M):

VAT 4+ u8) = AV (T) + uV,(S) (2.1.30)

Livigu(T) = fLo(T) + gLu(T) (2.1.31)

2. It satisfies the Le/ibniz rule with respect to the product with a tensor field, Vv €
I'TM , VS e FT;,M, VT € JHM):

Vo(S-T)=V,(S)-T+S-V,(T) (2.1.32)

3. It satisfies the Leibniz rule with respect to the product with a scalar field, Vo €
ITM ,VfeCO®(M), VT € JH(M):

Vo(S-T) =Vuo(S) - T+ 8-V (T) (2.1.33)
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4. It satisfies the Leibniz rule with respect to both the contractions, Vv, u € I'T'M ,Va €
IT*M , VT € Jj(M):

Vo(usT) =V (u)oT + usV,(T) (2.1.34)

Vo(aT) = V(o) T +a 'V, (T) (2.1.35)
5. It commutes with the internal contraction Vo € I'TM , VT € JI(M):

i(Vo(T)) = Vu(i(T)) (2.1.36)

Proof. These properties follows trivially from the definition of Lie derivative of functionals
and from the properties of the Lie derivative of tensor fields. For the linearity in the first
term:

[0V poiguT] = =[[Vu(®)] = [9Vu(9), T] — [div(fv)e, T] — [div(fv)e, T] = (2.1.37)
=~ [fVu(6), T] — Vol £, T] — [div(v) f&, T)- (2.1.38)
—gVu(9), T] = [Vu(9)9, T] = [div(w)ge, T = (2.1.39)

— [Vu(f9), T] = [div(v) fo, T] = [Vu(g9), T] — [div(w)ge, T] = (2.1.40)
=[¢, fVuT] + [, gV T] (2.1.41)

Concerning the Leibniz rule with respect to the product "-":

[ ® ¢, V(S T ==[Vo(¥ ®¢),(5T)] - [div(v)y ® ¢,(S - T)] = (2.1.42)
=-S5V ())®¢>,T)] (2.1.43)
= [S(W) @ Vy(9), T)] = [div(v)S(¥) ® ¢, (S - T)] = (2.1.44)
=—[Vu(SW) ® ¢ = (VuS)(¥) ® ¢, T)] — [S(¥) ® Vu(9), T)]+ (2.1.45)
— [div(v)S(¥) ® ¢, (5 T)] = (2.1.46)
=—[Vo,(S@) ® @), T)] + [Vo(0), Vo(S) - T)] — [div(v)S() @ ¢, (S - T)] = (2.1.47)
= ® ¢, SV, T+ [Vu(9), Vu(S) - T)] (2.1.48)
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In the same manner one can prove the Leibniz rule respect to the contraction and that
the covariant derivative commutes with "¢" O]

Because of the C'°°(M)-linearity in the first term of the covariant derivative, we can
define the V operator as well as it has been done before with the tensor fields.

Definition 42: Let JJ(M) be the space of the R-linear functionals on the test ten-
sor fields I'g7?M and define the covariant differential of functionals the map V :
JI(M) — T} (M) defined as Vo € I'TM , VT € JJ(M):

va(V(T)) = Vu(T) (2.1.49)

Definition 43: Let JJ(M) (with ¢ > 1 ) be the space of the R-linear functionals on
the test tensor fields I'y7T7M and define the divergence of functionals the map div :
TI(M) = T3 (M) defined as VT € JJ(M):

div(T) = i(V(T)) (2.1.50)

Lemma 20: Let JJ(M) (with ¢ > 1) be the space of the R-linear functionals on the test
tensor fields T'y7P M. The following relations between the divergence and the covariant
differential hold

6, VT] = —[div(¢), T] (2.1.51)

(6, div(T)] = —[Vé, T) (2.1.52)

Proof. Let us fix an atlas A = (U;,¢;) on M inducing a trivialization on T'M due to
the local frame (e(;,) and let (1;) be a smooth partition of the unity subordinate to the
covering (U;). Considering that all the sections ¢ € T'\T¢*' M can be generated locally
from elements of T'yT}{ M with a linear combination, we can write:

$= Ui ew, e (2.1.53)

U,eA
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where gb'(’;) € [T} M a sum is implicitly assumed over the repeating indices as prescribed

by the standard Einstein convention.

(6, VT =Y [t e @ 6, VT = > [ 65, eV T] =

U,eA U;eA
= S [ 6 Ve TI= S0 (Ve (i) + div(e
U;eA U;cA
WUZN%1®W‘ﬂ=—Wwwﬂ
U;,eA

In the same way we can say that:

(6, div(T)] = Y [6, Vie@uaely T V(T = Y 6, el
U,eA U;eA
- Z (z ® 'sz Ve(l)ttﬂ -
U;eA
= Z —[Ve(i)# (wz‘elé) ® @)+ div(e(i)u)eé) R Yip, T] =
U;eA
- Z'A 6(1)M )¢1) ® ¢ + ¢’L€Z) ® VE(Z-)H (gb) + dZU( l)u)
Use
—Z [div(Yie ® efgy) @ ¢+ Yieyy @ Ve, 0, T] =
U;eA
=Y el ® Ve, 6, T = =[V(¢), T]
U;eA

where

Z div(vieq, ® e)) = div( Z Vieiu @ ;) = Z vidiv(eqy ® ;) =

U;eA U;cA U;eA

)iy, T) =

6(,’)M_IV(T)] ==

= D bii(Viewn ® cfy)) = > vii(Vlewn) @ €y + eou ® V(e")) =

U;,eA U;,eA
A v A v
Z i(Thxen @ €y ® ey — €@ @ Trei @ ef;) =0
U,eA
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and

VY ilefy ® Ve, (8) = Y ity Ve, (0) = Vi(¢) = 07 V(9) (2.1.66)

U,eA U,e A

holding Vv € I'T'M has been used. Therefore:

V()= diely © Ve, (6)

U,eA

O

Definition 44: Let J7(M) the space of the R-linear functionals on the test tensor fields
LoTPM we define recursively the k-th covariant differential of functionals the map
A JIM) — I;ﬂrk(]\/[) defined as VT € JJ(M):

{VO(T) =T (2.1.67)
VET)) = V(VFUT)) , VE>0

Definition 45: Let J¢(M) (with ¢ > k) the space of the R-linear functionals on the test
tensor fields I'(TFM we define recursively the k-th covariant differential of func-
tionals the map V¥ : J9(M) — J¢%(M) defined as VT € JI(M):

d?UO(T) =7 (2.1.68)
div*(T)) = div(div*"Y(T)) , Vk>0

Lemma 21: Let JJ(M) (with ¢ > 1) the space of the R-linear functionals on the test
tensor fields I'y7TPM. The following relations between the k-th divergence and the k-th
covariant differential hold

6. V5T = (~1)!din*(6), 7] (2.1.60)
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[0, div™(T)] = (=1)*[V* ¢, T] (2.1.70)

Proof. We can prove it via induction. The step & = 1 was already proven, let us suppose
that the thesis holds for k£ and let us prove it in case of k + 1.

[0, VFIT] = [0, V(VET] = —[div(9), VFT] = (=1)* [div* (div(9))] = (2.1.71)
=(=1)" [div(div*(9))] = (1) [div* ' (9)] (2.1.72)

(6, div*(T)] = [, div(div"(T)] = = [V(¢), div*(T)] = (—U’““[V’“(V(d)))](: -
2.1.73
=(=1)"HV(VH9)] = (=) [V (9)] (2.1.74)

]

Property 27: It is trivial to check that JJ(M) together, with the sum of functionals
and the product with scalar fields, forms a left module over the ring (C*°(M), +,-)
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Chapter 3

Multipoles on Differential Manifolds

As it has been already stated, the whole set of the R™-linear functionals on the test tensor
fields is very wide and it includes a huge number of pathological objects. The majority
of them are affected by a lot of mathematical "issues" and they do not satisfy even
the most basical topological requirements (for instance the continuity) usually needed
when attempting to build mathematical models of the world around us. We are going
then to restrict our investigation to a subset of the linear functionals acting on the test
tensor fields called the "multipole set". Loosely speaking, our definition of multipoles
can be considered a sort of generalisation of the concept of De Rham currents to the
tensor field algebra [13|[14]. In [13] the De Rham push-forward of forms is defined in
order to study homology, here the definition is recalled to interpret a 1-form on R as a
linear functional and then to push it forward through a closed embedding ¢ : R — M
to induce naturally some linear functionals on M. One can recall the standard definition
of currents just restricting ourselves to the completely anti-symmetric test tensor fields
on which the R-linear functionals must act and defining the wedge product of forms and
a distribution and the differential as particular cases of the operations we defined on
generic R-linear functionals on test tensor fields. Although a complete analysis of the set
of the multipoles as a topological space with respect to several possible topologies should
be provided, this would be too long to be shown here as a mere part of this work. To
show the geometrical properties and some possible applications of the multipoles upon the
differential manifolds, a topological analysis is not really fundamental, since the definition
implies automatically the continuity of these kind of functionals with respect the standard
weak topology of the test tensor fields. So looking forward to the purposes we would like
to achieve, it can be omitted. Despite this, let us stress that a complete investigation of
this aspect is however essential for a complete study of the multipoles, expecially when
trying to formalize the concept of weak limits, squeezed tensor fields and the convergence
of multipoles. Since we are focusing mainly on how to intrinsically build some geometrical
objects which can be interpreted as a formalization of the standard concept of multipoles
and moments, we are going to provide a reasonable definition of the multipoles and then
check that this is able to single out the geometrical object related with the common
already well known definition of "moments" for the coordinate expression of the compact
support scalar fields and more generally of the compact support tensor fields. In analogy
with the standard De Rham currents, we are going to show that this particular class
of R-linear functional is continuous with respect the weak topology defined on the test
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tensor fields space. As showed later, since the multipoles are the functionals playing
an essential role in the considered scenarios, we are not investigating here if the given
definition is able to cover all the possible tensor-valued distributions that can be built on
a differential manifold. Although this is a crucial aspect, is beyond the purpose of this
work to show that all the possible tensor-valued distributions are multipoles. So this is
still an open question. However we will see later how the set of the multipoles is closed
with respect to the operations involved to perform the asymptotic expansions.

3.1 Coordinate-free definitions and basic properties

We are going now to propose what we think can be considered a nice coordinate free
definition of the multipoles. Despite in the beginning it could seem very obscure and
abstract, we will prove how, from that one, it is possible to recall all the already existing
usual definitions of "multipoles moments" in several different context (General Relativity,
Special Relativity, Newtonian Mechanics, Standard Analysis on R and R™, Statistics).
Without any extra work, the minimal algebraic environment defined above for generic
R-linear functionals can be entirely inherited, allowing us to perform standard operations
on the multipoles as a specific case of what has been already defined in the previous
chapter.

3.1.1 Two multipoles coordinate free definitions

Let ¢ : R < M be a closed embedding that is also called worldline. Let o« € TA'R be a
global smooth one form. There is a natural way to induce from « a R-linear functional
on test tensor fields with support on the image of the embedding c.

Definition 46: Let ¢ : N < M be a closed embedding and o € TA*N a smooth global
k-form over N. We define the De Rham push-forward of o through the embedding

¢ of the linear functionals acting on the set of the compact support smooth forms over
M:

cc(a) :ToAM — R (3.1.1)
such that:

[0, cc(a)] = [y (@) N, V¢ € TyAM |deg(¢) = dim(N) — deg(a)

[0, cc(@)] =0, Vo€ ToAM [ deg(¢) # dim(N) — deg(c)

where ¢* is the usual pullback of differential forms along the embedding c.
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Example: We would like to show here the particular case in which N = R. This is very
important since it will be the case we are interested in trying to define the multipoles
along the worldlines. Let ¢ : R < M be a closed embedding, called also worldline and
a € 'AR a smooth form over R. We define the De Rham push-forward of o through
the worldline c the linear functionals acting on the set of the compact support smooth
forms over M:

ce(a) : ToAM — R (3.1.3)

such that:

[P, cc(a)] = [ (@) N, Vo e ToAM | deg(¢) =1 — deg(w)

(6, cc(@)] =0, Vo €ToAM | deg(p) # 1 — deg(a)

where ¢* is the usual pullback of differential forms along worldline c.

Definition 47: Let ¢ : R < M be a worldline. We define the De Rham top core of
¢ the set :

Cor(c) = {cc(a) ,Va € TA'R}

—
w
—_
Ut

N

the set of all the functionals induced by the smooth global top forms on R through the
De Rham push-forward.

Property 28: Let us notice that, from the definition of De Rham push-forward and top
core of ¢, if & € TA'R therefore ¢;(a) can just acts with a non null result over ['yA"M.
Since the space TyA°M = T'yT{ M of the compact support scalar field can be interpreted
also as set of all the rank 0 smooth test tensor fields, we can say that Cor(c) C JP (M)
interpreting it as a set of R-linear functionals acting on the rank 0 smooth test tensor
fields.

This property is fundamental, allowing us to interpret the De Rham push-forward of
the top forms also as R-linear functionals on the test tensor fields. Once this identification
has been done, it is enough to use the the standard operation on the R-linear functionals
on the test tensor fields restricted to the Cor(c) to define new specific subset of R-linear
functionals on the test tensor fields.
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Definition 48: We define the De Rham p-q core of ¢ the set of R-linear functionals
CorP(c) C JP(M) satisfying:

Cori(c) ={T - c/(a),Yoa e TA'R,VT € I'TIM} (3.1.6)

Property 29: Let us stress that the set Cor{(c) is not just the set of the couples like
(T,a), Yo € TA'R,VT € T'TIM, in fact the couples (T,a) and (kT,k 'a) for each
k € R,k # 0 define the same object belonging in Cor{(c).

Definition 49: We define the set of the Ellis multipoles T?(c) C JP(M) the closure
of the set Corf(c) with respect three operations:

1. Sum of functionals:

T+SeTlc), VT,5 € Th(c) (3.1.7)

2. Product with scalar fields:

f-T eXt(c), VT € Th(c),Vf e TA°M (3.1.8)

3. Lie Derivative:

L, T € Y(c), VT € Ti(c),Yv e I'TM (3.1.9)

Definition 50: Given a connection V on the manifold M, we define the set of the
Dizon multipoles Ab(c) C JP(M) to be the closure of Corf(c) with respect three
operations:

1. Sum of functionals:

T+8eTc), VT, S € T2(c) (3.1.10)
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2. Product with scalar fields:

[T eThc), VT € Th(c),Vf € TA°M (3.1.11)

3. Divergence of a contraction with a vector field:

div(v-T) € Ab(c), VT € Al(c),Yv € I'TM (3.1.12)

Although T?(c) and AP(c) seem to denote two very different sets of R-linear function-
als, we will be able to prove that Y?(c) = AP(c). Therefore a-posteriori we can state that
these two definitions are completely equivalent. Considering this, a careful reader could
ask which role is played by the connection V used in the definition of Dixon multipoles
since the same set can be defined without any connection V due to the Ellis definition.
We will see that V will give an essential contribution to define easily in a completely
covariant way some particular classes of C°°(R)-linear independent multipoles. These
can be used to generate via C°(R)-linear combinations the whole set of multipoles and
we will be able to link AP (¢) with the space of the tensor fields with support on the image
of the worldline I"Tf v <M. This very important geometrical structure emerges just if we
fix a connection on the manifold M, without which we would not be able to cast tensorial
equations defining the generators. This would cause a lot of trouble when trying to sep-
arate the covariant mathematical and physical information from coordinate dependent
properties occurring just when a particular coordinate system on the manifold is chosen.
Because of this result we definitely prefer to talk about "Ellis and Dixon representation
of the multipoles" rather than "Dixon or Ellis multipoles" in the next chapters.

3.1.2 Rank, support and order of a multipole

Even though it has not been proved yet that Ti(c) = Af(c) we are able to define three
fundamental concept concerning the multipoles independently from which definition has
been chosen.

Definition 51: Let ¢ : R < M be a worldline and 7 € Al(c) or equivalently 7" € T7(c)
a multipole. The rank of a multipole is defined to be rank(T) = (q, p).

Definition 52: Let ¢ : R < M be a worldline and 7 € Af(c) or equivalently 7" € T(c)
a multipole. We define the order of a multipole as:

ord(T) = min{k € N| [\ T]=0,Vn e N, V¢ € [)TPM , YA € TA°M | ¢*()) = 0}
(3.1.13)

o
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Definition 53: Let ¢ : R < M be a worldline and 7 € Af(c) or equivalently 7" € T(c)
a multipole. We define the support of a multipole as:

supp(T) =N{M/U |U C M is open and [¢,T] =0, (3.1.14)

Vo € ToTP M | supp(¢) C U}

Lemma 22: Let ¢ : R < M be a worldline and 7 € Al(c) or equivalently 7 € T{(c) a
multipole, then:

supp(T) C ¢(N) (3.1.15)

Proof. To prove it, it’s enough to show that VT € Corf(c) holds. In fact we know using
the sum, the product with tensors the Covariant Derivative and the Lie Derivative, the
support is still a subset of ¢(N).

Let us start fixing A = (U;, ¢@;)) an atlas of M, 1); an arbitary smooth partition of the
unity subordinate to the atlas and let (e(;,) be the local frames defined on U; inducing
a trivialisation of T'M, T*M and T? M. In this way:

6= wid= D it} o © (3.1.16)

U;eA U;eA

Let us consider U = M \ ¢(NV) then since ¢ is a closed embedding we have that U is open.
V¢ e T ITPM | supp(¢) C U. We have that VT € Cori(c):

[0, T] = [0, T - cc(@)] = (3.1.17)
:/ HT(P)) N = / Z Wb(l oeClius ® € O A= (3.1.18)
N U;eA
/ (Y bt T (e, ® ed)) Aa = (3.1.19)
U;eA
—Z/ (D) ( /\a—Z/O (TS, YA =0 (3.1.20)
U;,eA U;eA

Hence from the definition of support, VT € Corg(c) we have that supp(T) C ¢(N). Now
considering that Yo € TM = supp(V,(¢)) C supp(¢) C U, Yv € TM = supp(L,(¢)) C
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supp(¢) C Uand supp(S + T) C supp(S) U supp(T) we can conclude the thesis. O

Lemma 23: Let ¢ : R < M be a worldline and 7,8 € A(c) or alternatively 7,8 €
T4(c) a multipole. The following statements on the order of the multipoles hold:

1. ord(T +8) < max{ord(T),ord(S)}

2. ord(T) =0, VT € Cor(c)

3. ord(f-T) = ord(T)

4. If 7,8 € AY(c) then ord(div(v-T)) < ord(T) + 1.
5. If T,8 € T4(c) then ord(L,(T)) < ord(T) + 1

Proof. Let us consider a non null 7 € Cori(c). We know by definition that 3T €
I'TPM and Ja € TA'R such that 7 =T - c¢(«). We know that

ord(T) = min{k € N|[\*"""1¢, T] =0, V¢ € [,TPM, VneN, VAeTA°M|c*(\) =0}

So

0= [Ntmtle 7] = / (TN Ao = (3.1.21)
N

— [ @@ s aa

N
The minimum integer value of k we can have to satisfy the equation is 0 so we conclude
that ord(7) =0 For f - T the prove is trivial:

NG, f - T) = NTE(f), T] = V), T, (31.22)

So the order is preserved.
For § + T we have two different cases ord(S) < ord(T) or ord(S) > ord(T). Let us
suppose to have the first case, the other can be proved in the same manner:

[/\k+n+1¢’7~_|_ S| = [)\k’+n+1¢’ﬂ + [)\k‘*‘"‘*‘lqs’ S] (3.1.23)

87



If we set k = ord(T) we have:

[/\ord(T)+n+1¢7 T+ S] _ P\ord(T)+n+1¢’ 7-] + [/\ord(T)+n+1¢, S] —04+0=0 (3.1.24)

So by definition of order we have that ord(7T + ) < ord(T). For div(v - T) we have:

N div(v - T)] = =[NV, (N)g, T] — NV, (¢), T) (3.1.25)

If we set k = ord(T) + 1 we have:

AT+ 7 T = —[NTUDHEG (X)) b, T] — N4 (6), T] =0+ 0=0
(3.1.26)

So by definition of order we have that ord(div(v-T)) < ord(T) + 1. The identical proof
can be performed for the Lie derivative. O

Lemma 24: Let ¢ : R < M be a worldline and 7 € AP(c) or equivalently 7€ TP(c) a
multipole. The order of a multipole always exists and it is unique:

Ak eN: ord(T) =k (3.1.27)

therefore ord is a function mapping surjectively the multipoles into N

Proof. The existence is trivial. Since VT € Corf(c) the order is well defined and it
is 0. We already proved that taken a multipole with order k the action of the sums,
multiplications with scalars and derivatives affect the order as expressed by the previous
lemma, thence the definition is compatible with respect to all the operations needed to
define the multipoles, hence all the multipoles admits a well defined order. The uniqueness
is also trivial because the order is defined as the minimum of a well defined subset of N. [

Property 30: Let us stress that even if ord(7T) = ord(S) = k we have that ord(T +8) <
k. So the set of all the multipoles with fixed order k cannot be interpreted as a module (or
a vector space) (e.g div(v-cc(a)) +div(w-c¢(o)) v, = fe+u ,w, = gé—u ,Yu € I'T.M
). By contrast the set

(k)

Al(c) ={T € Al(c) | ord(T) < k} (3.1.28)
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is closed with respect to the sum and "product with scalar field". In the same way the
set of all the multipoles with fixed order k£ cannot be interpreted as a module (or a vector
space) (e.g Ly(Lw((T))) = Lw(Ly((T'))) = Liw,uwT). By contrast the set

(k)

Yi(e) ={T € Tl(c) |ord(T) <k} (3.1.29)

is closed with respect to the sum and "product with scalar field".
(k)
So considering the properties of the product respect the sum one can say that Ag(c)

*
and Y?(c) are modules over the ring (C*(M), +, ).

Definition 54: Let T](c) be the set of the Ellis multipoles. We define the subset of

")
the Ellis multipoles up to the order k the set TI(c) satisfying:

Yi(e) = {T € T9(c) | ord(T) < k} (3.1.30)

Let Af(c) be the set of the Dixon multipoles. We define the subset of the Dixon

*)
multipoles up to the order k the set Al(c) satisfying:

(k)

Al(c) = {T € Al(c) |ord(T) < k} (3.1.31)
Property 31: Trivially we have that:

(h) (k)
Vh,k € N|h < k= Al(c) € Al(c) (3.1.32)

(h) (k)
Ad(c) is then a submodule of Af(c). In the same way:

(h) (k)
Vi k € N|h < k= Ti(c) C T4(c) (3.1.33)

m (k)
T9(c) is then a submodule of T(c)
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k k
These properties are very important. The fact that (T%(c) and (A)g(c) can be considered
as C°°(M)-modules allows us to express each multipole up to the k order as a linear
combination of several generators induced by the choice of the atlas on the manifold so
the trivialisation of the tangent bundle T'M.

3.1.3 Multipoles as continuous maps

As stated previously the multipoles are continuous linear functionals. With the term
"continuity" we refer to the common meaning made explicit in [13] slightly generalized
for the test tensor fields. In this perspective the multipoles are continuous with respect
the usual weak topology defined on the smooth test tensor fields.

Definition 55: Let M be a manifold,let A = (U;, ¢(;)) be an atlas and let 7 be a R-
linear functional. We define 7 to be continuous if given an arbitrary sequence of smooth
test tensor field {¢, | » € N} with supports all contained in a compact set K C U; and
satisfying:

VkeN = lim LAE(%)(SZ =0
n—o00 q
the following holds:
lim [¢,, 7] =0 (3.1.34)
n—oo

Loosely speaking we say that a linear functional is "continuous" with respect to the
weak topology defined on the smooth test tensor field if it preserves the uniform conver-
gence of the sequences of smooth test tensor fields to 0. This notion of continuity can be
considered an adaptation of the one introduced by Schwartz and by De Rham [13].

Given the definition of multipoles in terms of De Rham push-forward together with
the definition of continuity, it is easy to check that all the multipoles must be continuous
with respect to the weak topology.

Lemma 25: Let M be a manifold, let A = (U;, ¢(;)) be an atlas. Let ¢ : R < M be a
worldline and 7~ € T¢(c) a multipole of rank (¢, p). For each arbitrary sequence of smooth
test tensor fields {¢, | n € N} with supports all contained in a compact set K C U; and
satisfying:

VkeN = lim LAE(%)(S’; =0
n—oo a
the following holds:

lim [¢n, 7] =0 (3.1.35)
n—oo

therefore all the multipoles are continuous functionals.

Proof. To show the thesis it is enough to check that Corf(c) is a set of continuous func-
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tionals and that the operations with respect is required the algebraic closure of Corg(c)
are able to preserve the continuity of the functionals. Let us start considering the man-
ifold M, a closed embedding ¢ : R < M and the set Cor(c). This is the set of the
standard De Rham m — 1 currents (with m the dimension of the manifold) with support
on the image of the embedding c¢. As showed by De Rham in [13| these functionals are
continuous. Now let us consider the set

Cori(c) ={T - c/(a),Yoa e TA'R,VT € I'TIM} (3.1.36)

The action of these functionals on a sequence of test tensor fields is given by the definition
of the product with a tensor field:

(60 T - ()] = [{#HHo" P (T © ), cc(@)] = [0, -cc(a)] (3.1.37)

where ¢, = {iP*1}{oP}P(T ® ¢,) is a sequence of smooth test scalar fields and c¢(a) a
De Rham m — 1 current belongings to Cor(c). Because of the continuity of the tensor
product, the braiding map and the internal contraction, if ¢,, converges to 0 as required
in the previous definition then ¢!, converges to 0 in the same way. Hence, for an arbitrary
sequence ¢, converging to 0 as required when n — oo, we have:

lim (¢, T - cc(a)] = lim [¢),, -cc(a)] =0 (3.1.38)

n—oo n—oo

So referring to [13] once again, we can conclude that also T" - ¢¢(a) must be continuous.
Hence we can state that all the functionals in Corf(c) must be continuous. Now we
must show that the operations with respect to which is required the algebraic closure of
Cor{(c) are able to preserve the continuity of the R-linear functionals.

1. Sum. Let 7 and S be two continuous R-linear functionals. The action of the
functional 7 + S on a sequence of test tensor fields is given by the definition of
sum:

[0, T + 8] = [, T] + [pn, S] (3.1.39)

So using the continuity and the linearity of the two functionals we have:
lim[p,, T + S| = lim{[o,, T] + [¢n, S|} = lim[¢,, T] + lim[p,,S] =0 (3.1.40)
n—0 n—0 n—0 n—0
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2. Let T be a continuous R-linear functionals and f € C*°(M). The action of the
functional f -7 on a sequence of test tensor fields is given by:

If ¢,, converges to 0 as required in the previous definition then ¢! = f¢, converges
to 0 in the same way. Hence, for an arbitrary sequence ¢, converging to 0 as
required when n — oo, using the continuity of 7, we have:

lim[6,,, f - T = lim|[g},, T] = 0 (3.1.42)

3. Let T be a continuous R-linear functionals and v € I'T'M. The action of the
functional L,7 on a sequence of test tensor fields is given by:

[¢nv Lvﬂ = _[Lv(¢n)>ﬂ = _[qs’n"]’] (3.1.43)

If ¢, converges to 0 as required in the definition of continuity, then ¢/ = L,(¢,)
converges to 0 in the same way. Hence, for an arbitrary sequence ¢,, converging to
0 as required when n — oo, using the continuity of 7, we have:

lim ¢, L,T] = lim[¢),, T] = 0 (3.1.44)
n—0 n—0

Therefore, considering this, we can state that the set Corl(c) is a set of continuous
linear functionals and all the operations used to define the closure automatically preserve
the continuity of each element. So the whole set of multipoles T¢(c), must be continuous.

]

3.2 Local representation of the Ellis multipoles

In the previous section the Ellis multipoles T?(c) have been defined in a coordinate free
manner, interpreting them as a specific family of R-linear functionals acting on the test
tensor fields. This is very useful because this definition show how the multipoles on the
manifolds, as well as tensor fields, connection and curves, can be considered as primitive
intrinsic geometric objects, not necessarily linked to any "regular" field. However at this
stage we have to face two big problems. First of all, for now, these particular functionals
are called multipoles by definition, and we have still to show if and how they can be linked
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and compared with the standard definition of multipoles (e.g the multipole of a probability
distribution or a multipole related to an extended bodies in classical mechanics). What
has been done until now does not provide any formal element or rigorous methods to
relate them. The second problem arises from the fact that, in practice, we are not able
to achieve all our purposes just working with intrinsic abstract objects on the manifolds.
As well as we manipulate directly the local expressions of the fields (e.g tensor fields) to
perform easily the operations defined on them, we need to express the multipoles directly
in terms of their action on the local expressions of the test tensor fields. We are going to
see how the Ellis definition of the multipoles leads us naturally to an explicit expression
of the action of a multipole in terms of contraction, derivations and integration of the
local expressions of the test tensor fields. This is what we are going to call the "Ellis
local expression of the action of a multipole". Since the R-linear functionals are entirely
defined by their action on the test tensor fields, we can use the Ellis local expression
of the action of the multipoles, to define a local expression of the multipole themselves.
Considering that the R-linear functionals are entirely defined by how they act on the
test tensor fields, once the Ellis local expression of the action of the multipoles has been
made explicit, we can use it to define "a local expression of the multipole" as a C*°(R)-
linear combination with respect to an elementary set of multipoles with compact support
generating the whole module.

3.2.1 Local expression of the action induced by a trivialization
of T'M and the Ellis definition

k

Let us remark that at this stage, the elements belonging to ”(f%,(c) are intrinsic geometrical
objects and their definition depends just on the existence of compactly supported forms
over M and a closed embedding ¢ : R < M, and not at all on other structures like
coordinates, metric , Killing vectors, Levi Civita connection, ADM fibration, just to
quote some. The obtained local expression coincides exactly with the generalisation of
the functionals defined in [17][18] on the manifold and we will see that they are related
to the usual concept of multipole expansion of a tensor field. Since ¢ is assumed to be a
closed embedding we know that there must exist a specific atlas such that the worldline
can be covered by a single adapted local chart. However, since we do not want to restrict
ourselves using a very specific local chart, in general no constraints are given on the choice
of the atlas covering the manifold. In some specific cases the adapted local charts are
used as a tool to perform the proofs.

Lemma 26: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M inducing
a local trivialisation of TM due to the local frame (e(;,). Let ds be a global coframe of
I'A'R and v; a smooth partition of the unity subordinate to (U;). For each test tensor
¢ € L'yIPM, there exists a N € N and at least one appropriate bunch of local smooth

iy € Lonynu, AR | U; € A} defining a global smooth section of TA'R

Agvg
scalar fields {o/)
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via the linear combination:

N

>, (% > LAE<¢)(SZ>OZE\£V§“FCZS e TA'R (3.2.1)
U,eA k=0
UiNc(R)£2

Proof. We provide here a sketch of proof about the existence of at least one non trivial set
of local scalar field defining a global smooth 1-form over R. Let us start by considering
the atlas A = (U;, p(;)) an atlas of M inducing a local trivialisation of 7'M due to the local
frame (e(;),). Since T'M is a vector bundle and the chosen trivialisation is compatible
with the vector structure then we know that on each overlap U; N U; we have that
el = e(j)VA(”ij)M. As it has been showed in the first chapter this induces a trivialisation
on T*M and TP M compatible with vector structures of these bundles. Knowing this, to
show that V¢ € I'0TP M the expression defines a good global one form on I'A°R is enough
AR Vg

to prove that we can build a bunch of smooth local scalar fields ag such that they

define a good global smooth section of TA’R (in other words a good smooth global scalar
field) via the linear combination:

N N
— )y — —
> (X D@ o = D e (D Inglo) i, otk
U;,eA k=0 U,eA k=0
U;Nc(R)#2 U;Nc(R)#2

Let us fix the index ¢ and let us consider an arbitrary bunch of smooth scalar fields
A% Vg

ag ", c¢(R)NU; — M, then the expression:

N

3 )\f% 9 A )
I CRETATEN (323)
k=

0

is still a good smooth local scalar field defined on ¢(R) N U; because the components
L,\E(gb) (1“)2 are smooth local scalar fields and we are performing just pullbacks and sums
preserving the smoothness. From the bundle theory we know that it can be considered
the local expression of a global section if and only if the local sections are compatible,

in other words if given two arbitrary ¢ N U; and ¢ N U; with a non empty overlap, Vo €
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(c(R)NU;) N (c(R) NU;) we have that:

(e (b )als™) = [ (bl oo

k=0

=L L

C@)a_ SO €A
% 1 k
tive, we can use the local trivialisation induced by (e, ) calculating explicitly the trans-

formation rules for the components Ly_(¢) (52 in terms of (in general very complicated)

Since ¢ is a tensor and Ly_ = L is the composition of k£ Lie deriva-

linear combination of Lie derivatives of A’(‘ij)y up to the N-th order and the new compo-
nents Ly_(¢) (j)ﬁ% as follows:

k=0
N N k
- * by g Vg _ * by ApVaPp QT 20
= > (Ex@)E, ) ot ] LT |22 (B, ) Bty ™ | , (326)
k=0 k=0 s=0

where 6 (i) n’juqi is a bunch of scalar fields formed by linear combinations of pullbacks

along ¢ of Lie derivatives of A“.. ), With respect the local frame (e(;,). The explicit
expression of ﬁ i) n’jﬂ"’:ls very comphcated and there is no general rule to find it, unless

computing it in each case for each different atlas. For brevity we are not going to consider
them in detail here however in principle they can always be calculated at fixed order N

for each k. Considering this, if we have a bunch of scalar fields oz(AquW such that:

A vg A g, 5 O oo -
a5 =Y Bl Yk € 0,NLYULU; € A|UNU; £ (3.27)
s=1

they satisfy the compatibility condition for each test tensor ¢, therefore they are able to
define a good global smooth scalar field on R so a global 1-form on R. In general this
is a very strong constraint, possibly depending on the properties of the manifold M, but
we are able to find at least two examples showing that gluing in an appropriate way the
local scalar fields ozz\f) . is always possible. The first case is trivial. For each value of
k € [0,N] and for each open set U; € A let us consider a set of null local scalar field

Vg
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az\glﬁ% = (0. Therefore:

* P A% Vg oo o
Z c (¢z Z LAE(QZs)(iM)Vq) a(ili MﬁdS =0 (<,).2.8)

U,eA k=0
U; ﬂC(R);ﬁ@

is the global null top form over R formed by gluing together trivially the null local scalar
fields. The second example is more relevant. Let us suppose A being a minimal atlas
of M, therefore there must exists at least an U; € A such that VU, € A = U; #
U{U; € A|U; # U;}. Let b, : U C M — R be a smooth bump function such that
supp(b) C U; \ U{U; € A|U; # U,} therefore given an arbitrary bunch of smooth scalar

fields f/\ﬂ'g : U; = R we can define:

Apvg AR vg
YO b S s (3.2.9)
a(.’g qu—:O A EX) ’
It is easy to check that it satisfies the compatibility conditions. O]

Although we did not write explicitly each transition functions, this lemma is funda-
mental, in fact it shows how there exists some appropriate linear combinations of local
sections of A'R defined by

S Lo (0) o, ds € TuA'R (3.2.10)

that can be glued together to form a global top form over R. The transition functions can
be calculated and presented case by case by fixing N for each k. In general they are very
complicated involving a large number of terms growing almost factorially with respect
to N, however to provide the definition of Ellis local representation it is just enough to
prove the existence.

Theorem 2: Let ¢: R — M be a worldline and A = (U;, ¢(;)) an atlas of M inducing a
local trivialisation of T'M due to the local frame (e(;,). Let (¢;) be a smooth partition
of the unity subordinate to (U;) and let ds be a global coframe of TA'R. For each Ellis
multipole 7 € T%(c), there always exists at least an N € N| N > ord(T) and bunch of
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local smooth scalar field O‘(AS qu € Ty, AR defining a global smooth top form:

N
(X v D@, )y, ds € TAR (3.2.11)
U;cA k=0
Uiﬂc(]R);é@

such that, V¢ € I¢TPM , T acts on the local expression of ¢ as follow:

6, 71= % / (O ) Wagh ™, ds (3.2.12)
UrgJCGA

Proof. To prove the statement it’s enough to show that all C'ori(c) can be written in
that way and then prove that the given expression is closed under the operations we used
to define Y{(c). Let us consider a functional S € Cor{(c), we know by definition that
there exists at least a 7' € T} and a a € PA'R such that § = T - ¢¢(«) So we can write
the action of this functional on an arbitrary test tensor field ¢ as an action on its local
coordinate expression:

8] = [6,T - ce(a)] :/RC*(T(gzﬁ))/\oz: (3.2.13)

%
/c [Zw oL els ®el)“]) o= (3.2.14)

R < U;eA
:/Rc ( Z @/J,gb(“p T[e(l) ®61)u§]> Ao = (3.2.15)
U,eA
- Z Lo (o m,)na= S [e(of,)ewoemy,) s
UGA U,eA
(®)#o Uinc(®)#2

We know that ord(S) = 0 ,therefore fixed arbitrarily an N € N we can define a bunch of
local scalar fields:

~ A Ug .
Meve ag ' Vi< ord(S)
. 0 , ord(S)<j<N
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and rewrite the expression as follow:

6,8 = > / )(l)%) *(wi)ag”?%ds (3.2.18)
UrgJCeA

A% Vg

Since by construction, V¢ € I'¢TPM the local scalar fields ag satisfies :

N
* P A% Vg * q
Z ¢ (1/11 Z LAE(¢>(SV§) agy ", ds=c (T(9)) N (3.2.19)
U;cA k=0
U;Nc(R)#2

we have immediately that:

N
* 3 Ap v 9 0«
Y e (LAE(QS)(S%)(M(S . ds (3.2.20)

k=0

which can be interpreted as a local expression of the global smooth form ¢*(T'(¢)) A a €
I'A'R. So we have the thesis for each element of Coor?(c).

(k)
Now let us assume that a generic 7,8 € Ti(c) satisfy the thesis, then we would like
to prove that Vo € I'oTPM:

1. there always exists L € N| L > ord(S+ T) a bunch of local smooth scalar field
Mg vg

5(1') i € L, AR defining a global smooth top form:

L

* 7\ g ke 0
> (0 Inl0), )8, ds € TAR (3.2
U;eA k=0
U;Nc(R)#2

w
[\
(N}
—_
N

such that, 7 4+ S acts on the local expressions of ¢ as follows:
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2. there always exists L € N| L > ord(f - T) a bunch of local smooth scalar field
A vg
ﬁ k74q

@ € L., AR defining a global smooth top form:

A vg 9 0 O«
By ds € TA’R (3.2.23)

such that, f -7 acts on the local expressions of ¢ as follows:

L
0. TI= > / (D Ialo) iy, ) w5y, ds (3.2.24)
ot

3. For each smooth global vector field v € T'T'M there always exists M € N| M >
ord(L,T) a bunch of local smooth scalar field ’y()‘g V?% € Ty, A°R defining a global
smooth top form:

M
S (Y @) ), ds € TAR (3.2.25)
U;,eA k=0
UiﬂC(R)#Q

such that, L, 7T acts on the local expressions of ¢ as follows:

M
* B * )\*Vﬁ QO O
b.LT= 3 [ (S n@,)e i (3.2.26)
U;eA R k=0
U;Nc(R)#£2
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Let us start with the first:

[0, S+ T] = [0, ][%ﬂz (3.2.27)
7o\, Mg g o o a0
= > / (@) ),,6>C (i)og) ", ds+ (3.2.28)
UeA
U;Ne(R
A)‘j q
+ Z / Z LA S;) (¢z)a(,) N5d3 = (3.2.29)
U; GA
U;Nec(R
A ! A
> / “ (@), ) Wags™™ 4 ¢ (30 La@) )¢ (ags ™, |ds
UE.A j=0
U;Ne(R
(3.2.30)

Let us suppose to have J < K, the other case follows in the same manner. Since J < K
we can always define a M > K and new bunch of smooth local scalar fields:

N &L & k<
BFE=8a " J<k<K (3.2.31)

0, K<k<M

Therefore using it on the expression

[0, S+ T] = (3.2.32)
J
& * Ap Vg * = A AT Vg
UZA / NS%)C (Wi)ag) ™, +¢ <ZOLM(¢)<S2)C*(WO‘<5“ quf} ds =
Uina(B)4o .
(3.2.33)
A d A
= > / NS%)C*WZ‘)O‘(Z? Lt C*<ZLAE(¢)<S%)C*(W')5‘(5 quf} ds =
U;eA =0
U; ﬂc(eR VAT ’
(3.2.34)
1o Ve ()BT d 3.2.35
Z )(i)% < (Ui) B ) 1 @S (3.2.35)
A
U; rﬁi(eR 3%
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By construction, the relation ord(S +7) < max{S,7T} < K < M , furthermore

2. (Z Lag( ) (%)Bé?”@%ds - (3.2.36)

U;eA

U;Ne(R)#2
K J
* P * Mg v P * % Va
- Y ¢ (ZLAE(@(;;W)C ($i)agi"" ds+c (ZLAE(@(;;W)C ()at", ds
U,eA k=0 7=0

U;Nc(R)#2

Since we assumed both S and T satisfy the thesis, then both the second terms in the right
hand side of the equation are well defined global smooth 1-forms on R. Considering that
the sum of two smooth global 1-forms is still a smooth one form we have immediately
that

¢ ( > Ly (9) (SZ) BV ds (3.2.38)

can be interpreted as the local expression of a global smooth form defined on the whole
R. To prove the closure with respect the product with scalar let us suppose that 7 satisfy
the thesis, then we can use the previous lemma:

k
a Oglp PR
=D LD L inms (3.2.39)
j=0
to manipulate the expression:
[0, f-T]= ﬂ = (3.2.40)
5 * Ao vg oo
-y / Lng(FO) 28, ) a5, ds = (3:2.41)
UE.A
U;Ne(R
N k .
* op AZOqHp * o Vg o e e
- ¥ /RC (D02 Ly 00 oo ) (0005 (3242
U;eA k=0 j=0
UiNc(R)#2
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Now it is enough to re-sum order by order all the terms defining a new bunch of scalar

;/\quw) and az‘g . to end up with:
k P

fields B?g iy 35 linear combinations of ¢*( f( "

N k
* op 50T\ x g Vg 29 A,
N Z /IR{C (D D Ll @) e ) (Wi)gs ™ s = (3.2.44)

U; ﬁc (R)#£o

= > / )W> c(W)Bg . d (3.2.45)

Uic A
U;Nc(R)#£2

A% Vg

Since by hypothesis, V¢ € T'gT?M the local scalar fields o)

smooth form on R with

. define a good global

N
> A Vg o )
Z ¢’ (@Dzi :L/\z(gb)(g%)a(s q%ds (3.2.46)
U,eA k=0
UiﬁC(R)#Q

and since Vo € oTPM,Vf € C*(M) : f¢ € TyTP M, we have that by construction:

N N
> (0 IO o s = 0 (0D Loy @), ) B s

U,eA k=0 U,eA =0
Uine(R)£@ Uine(R)£2
(3.2.47)
is a global smooth 1- form over R and:
N
(D Lasl@) ) B3 s (3.2.48)

J=0

can be interpreted as its local expression. To prove the closure with respect the Lie
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derivatives let us suppose that 7 satisfy the thesis, then we can use the previous lemma:

k+1
> o= Q=0gU5 o
LAE(L”<¢)>€L£% = Z Lajf-((b)(spﬁf(i;)\;p;a (3.2.49)
7=0

U;eA R k=0
U;Nc(R)#£2
N k+1 \
o5 pO50qhHE Fva -
S 0.3 Dl O C e
veAa VR k=0 j=0
U;Nc(R)#£2

Now it is enough to re-sum order by order all the terms defining a new bunch of scalar

fields vaj% ~as linear combinations of ¢* f%ﬂ?% and a/\.z%q ~ to end up with:
(@) wp () Agprpvg (@) wp

[, L, T] = (3.2.53)
N k+1 \
N o= azoglp * T Vg Q9 K/
= Y [ g S el s = 250
Uea VR k=0 j=0
Uine(R)#2
N+1 B
= [ (T ) (3259
viea YR §=0
U;Nc(R)#£2

Since by hypothesis, V¢ € T'gT?M the local scalar fields a?f)%% define a good global
smooth form on R with

* 7\ AEVT -
o (mZLx@(cﬁ)(S%)a(g . ds (3.2.56)

U,eA k=0
UiﬂC(R);ﬁZ
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and since V¢ € I'gIPM,Vv € I'TM = L,¢ € I'yTP M, we have that by construction:

N N+1
* Hp % Vg _ ﬂ 7Va
DRCH SN LA A ED MR (D DML AT A
Ui A k=0 U;cA
Uﬂqc(R)#@ UJWC(R)#@
(3.2.57)
is a global smooth 1- form over R and:
N+1 )
C*< > Lay(¢)(52> Y upS (3.2.58)
§=0
can be interpreted as its local expression. O

Theorem 3: Let ¢ : R < M . For each Ellis multipole 7 € T4(c), Vu € I'TM then
div(u-T) € Ti(c). In other words the set T{(c) is closed with respect to the "divergence
of a contraction with a vector field".

Proof. Given T € Ti(c) we have that:

b, div(u-T)] = —[Vu(@), T == 3 / (V) 0 ) s ds
U; GA
U;Nec(R
(3.2.59)

Using the result of a previous lemma we can state that, fixing a local frame, the local
components of a tensor fields must satisfy:

(k+1)+1
L (VoD = Y Lo (T fi 000, (3.2.60)
=0

Therefore we can use it to manipulate the expression:

[0, div(v-T)] = =[Vug, T] = (3.2.61)
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- Z / (Vu9) S%)c*(wi)a?g%%ds = (3.2.62)

UicA
U;Nc(R)#@
g @59qH & () ¢ 3
=— > / Lo (0) B pef (3 :,,f,ﬁ) c(Wi)ags”, ds (3.2.63)
UicA
U;Nc(R)#

Now it is enough to re-sum order by order all the terms defining a new bunch of scalar
a;Va . . . " CM;O’E}LF
fields Vi) oy B linear combinations of ¢*( f(l.) Neppa

)\kq

) and o i, b0 end up with:

6, L,T] = (3.2.64)
N k+1 \
* g O'q/,bp * % Vq Q< >
= X [ O S ) e T ds = (3269
vied R k=0 j=0
U;Nc(R)#A2
N+1 B
- 3 / ZL ) (Wi ds (3.2.66)
U;cA
U;Nc(R)#£2

Since by hypothesis, V¢ € I'¢TPM the local scalar fields a?f)uq% defines a good global
smooth form on R with

Z c* (%ZL,\E(@(S‘;) az\gyauﬁds (3.2.67)

U;,eA k=0
UiﬂC(R);ﬁZ

and since V¢ € I'yTPM,Yv € I'TM = L,¢ € I'yT? M, we have that by construction:

N N+1

> Ay Vg = Vg
RGO O AL DR COMEOE AL
U,eA k=0 U,eA
U;Ne(R)#£o U;Nc(R)#£2
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is a global smooth 1- form over R and:

N Ly o= Vg o
c <Z Lo (9) . )’y(ig o ds (3.2.69)
j=0
can be interpreted as its local expression. O]

Corollary 6: Since VT € Ti(c), Vu € I'I'M we have that div(u-T) € Ti(c), the
set T(c) is closed with respect the "divergence of a contraction with a vector field".
Therefore by definition V7~ € Ti(c) = T € Af(c). This means that Ti(c) C Ai(c) in
other words the Ellis multipoles are just a subset of the Dixon multipoles.

We will prove later that on the other hand the Dixon multipoles are just a subset of
the Ellis multipoles, hence the Ellis and Dixon definition define the same set of geomet-
rical objects called simply multipoles. For this reason we definitely prefer to talk about
Ellis and Dixon local representation (or equivalently Ellis and Dixon local expression)
of the multipoles rather than the Ellis and Dixon multipoles, to avoid any misleading
redundancy talking about the intrinsic geometrical objects.

Definition 56: Let ¢ : R < M be a worldline and A = (U, (;)) an atlas of M inducing
a local trivialisation of T'M due to the local frame (e(;,). Let (¢;) be a smooth partition
of the unity subordinate to (U;) and let ds be a global coframe of TA'R. Given a multipole
T € Yi(c), we define the local Ellis representation of the action of T the integral:

N
* 7 * AR vg 3.2.7
3 /c (§ :LAE(¢)(SV(7>C (a5’ ds . Ve TIM (3.2.70)
veA IR k=0
U;Nc(R)#£2

satisfying the following condition:

1. the 1-form:

N

S (0 bl ol e e TR 271
U,e A k=0
U;Nc(R)#£2

is a global smooth form on R.
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2. V¢ € I'yTPM , the action of T can be expressed with that integral:

[N}
-3
[\
SN—

N
0TI= ¥ [ mog)ew s s
R k=0

U,eA
U;Nc(R)#£o

Property 32: The existence of the Ellis representation of the action for each multipole
T € Ti(c) is guaranteed by the previous theorem.

3.2.2 Ellis local expression of the multipoles

Since the R-linear functionals are entirely defined by their action on the test tensor fields
we can use the Ellis local expression of the action of the multipoles, to define a local
expression of the multipole themselves.

Corollary 7: Let ¢ : R < M be a worldline and A = (U, (;)) an atlas of M inducing a
local trivialisation of T'M due to the local frame (e(;,). Let (¢;) be a smooth partition
of the unity subordinate to (U;) and let ds be a global coframe of TA'R. For each Ellis
multipole 7 € T4(c), there always exists at least an N € N| N > ord(T) and bunch of

Vg

local smooth scalar field az\f) s € [ v, A°R defining a global smooth top form:

N
+* D A Vg P —
>, ¢ (%ZLAE((;S)(SZ@)@(;; ",.ds € TA'R (3.2.73)
U;eA k=0
Uiﬁc(R);ﬁ@

such that, 7 can be written as:

Proof. Tt follows directly from the previous theorem and from the definition of action
of a R-linear functionals on the test tensor fields. V¢ € I'yTPM , T acts on the local
expression of ¢ as follow:
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UicA
U; ﬂc(R #
- A\ vg 90 =
E E (—1k)L)\E{77DZ [Gl(j;) X e(i)uq] C¢ (Oé(llg qﬂﬁds) }] <,’>,2,( t)
U,eA k=0
U;Ne(R)#2

m
Property 33: From the standard bundle theory we can state that if
N
ST (w D L@, )ags T, ds € TATR (3.2.78)
U;,eA k=0
Uiﬂc(R);ﬁ@

is good global smooth top form on R, therefore it cannot depend on the choices of the
smooth partition of the unity (1);), therefore the multipole 7 must not depend on the
chosen smooth partition of the unity.

Definition 57: Let ¢ : R < M be a worldline and A = (U, ¢(;)) an atlas of M inducing
a local trivialisation of TM due to the local frame (e;),). Let (¢;) be a smooth partition
of the unity subordinate to (U;) and let ds be a global coframe of TA'R. Given a multipole

T € Ti(c), let

> / s @) ) Wiagy"  ds . Vo € ToTIM (3.2.79)
U;eA
U;Nc(R)#2

be the local Ellis representation of the action of 7. Since

T- 3 f:( D Lo { |l @ ey ec (005, d5) } (3.2.80)

U;eA k=0

we define the right hand term the Ellis local representation of the multipole T.

Example: It is very easy to see how this expression represents a generalisation of the
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Ellis multipoles given in [17][18]. Let us fix the manifold M to be R* endowed with
a metric n = diag(—1,1,1,1). Let ¢ : R — R* a worldline parametrized such that
n(é(t),é(r)) = —1. Let us fix a global coordinate system T = (2°, 2!, 2%, 23). An arbitrary
multipole action on ¢ € I'('TPM can be then expressed as:

N
/&(ZLM ) R dr = (3.2.81)
=0
N
:Z/c*<8,\kqbu’;”>a/\kzd72 (3.2.82)
k=0 /R
Y Y
:Z/[ﬁAkqﬁVg‘P]|c(T)a Frdr = (3.2.83)
k=0 “ R
N
= / / 5T —o(t ))8Az¢gﬁ(f)d4x} o/\E,VfﬁdT = (3.2.84)
;
= / / o) T — c(T))gzﬁV?(E)d‘lx] OéAE,lng = (3.2.85)

2

:Z /R /ak (T — (7))o A’“Z%dT](bV?(f)d‘lx: (3.2.86)

If p=0and ¢ =1 and « is renamed j (absorbing a sign factor), then the expression is
reduced just to the usual one cast in [17]

/Rc* (L,\E(gb)#)j)‘?“dT = /11@4 [i/R@Ak54(E—E(T))j)‘k“dT] ¢ (T)d'z = (3.2.87)
k=0
:<¢,§:/R@\k54(f—E(T))j)‘k”d7'> - <¢, (ij)t> (3.2.88)
k=0
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and one can interpret as usual:

(N)

N
=3 [ 0nst(a—etr) s (32:89)
k=0

a multipolar singular electromagnetic current [17]. For the monopole case N = 0 the
current J* can represent the electromagnetic current of a point-like charge moving on
the space-time just if and only if it satisfy the conservation law

(N) ,

0J" =0 (3.2.90)
and this fix uniquely the form for the distributional electromagnetic monopole:

dc

_ A= =\ 2 0o
j“—q/Ré (T —2(1)) - dr (3.2.91)

Solving the Maxwell equations for this distributional current leads us to the well know
Liénard-Wiechert electromagnetic potential that according to the experiments, seems to
be able to provide a satisfactory representation of the field generated by a moving point-
like charge. For higher order distributional currents it is possible to find some generalised
predictions as showed in [17][18][19]

Property 34: The existence of the Ellis representation for each multipole 7" € T(c) is
guaranteed by the previous corollary.

As we can see, loosely speaking, the Ellis representation of a multipole consists in
writing a multipole T € Tg(c) as a linear combination of a bunch of specific multipoles
with support on the patches U; of the atlas A and glued together such that, for each test
tensor field, they can induce a a global smooth 1-form on R (depending on the test tensor
field and its Lie derivatives) which, if integrated, gives exactly the action of the multipole
upon the test tensor field. However, as we stated from the beginning the rules defining
the gluing conditions are in general extremely non trivial, and they must be calculated
case by case by asking the integrand to be a global smooth top form over R.

Corollary 8: Let ¢ : R < M be a worldline and A = (U, (;)) an atlas of M inducing a
local trivialisation of T'M due to the local frame (e;,). Let (1;) be a smooth partition of
the unity subordinate to (U;) and let ds be a global coframe of TA'R. A bunch of scalar
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fields oz?f)%% : U; € M — R defining a global top form on R by:

N

S <¢i > Lxg(qb)(f);) ags", ds e TA'R (3.2.92)
U,eA k=0
UJTC(R)#@

always identify also a multipole due to the Ellis local representation:

N

T= S S0 e @ e ec(als™, ds)} (3.2.99)

U,eA k=0
UiﬂC(R);ﬁQ

Definition 58: Let ¢ : R < M be a worldline and A = (U, ¢(;)) an atlas of M inducing
a local trivialisation of T'M due to the local frame (e(;,). Let (¢;) be a smooth partition
of the unity subordinate to (U;) and let ds be a global coframe of TA'R. A bunch of

AR Vg

scalar fields agy ", U, € M — R defining a global top form on R by:

>, ¢ (% > sz(qb)(ﬁ;iﬁ) a(s", ds € TA'R (3.2.94)
U;,eA k=0
Uiﬂc(R);ﬁ@

are called FEllis local parameters of the multipole T

N

T = Z Z(—l)kL,\E{wi[e?g®e(i)yﬁ]c¢<az\f)%%ds>} (3.2.95)

U,eA k=0
U;Nc(R)#£2

3.3 Local representation of the Dixon multipoles

In the previous section the Ellis representation of the multipoles has been defined. This
is very convenient because it allows us to write explicitly the result of the action of a
multipole just in terms of R-linear operations on the components of the test tensor fields.
This local representation depends just on the choice of a trivialisation of T'M, therefore
it is very essential and no extra structure is needed. Although this can seem a very
strong advantage, actually the absence of further structure,(i.e the affine structure) can
lead us to some relevant practical problems. Analysing in detail the properties of the

111



Ellis representation in the further chapter, the reader can realise how the lack of any
structure beyond just the differential structure of the manifold causes a lot of issues. In
general the Ellis local representation of a multipole is not unique, there is no way to
link covariantly the order of the multipole with the number of Lie derivatives forming
the representation and the equations and constraints concerning the multipoles in general
cannot be translated into equation and constraints on local representation in a unique and
covariant way, creating a lot of trouble when trying to separate the relevant coordinate
independent pieces of information from the properties that hold just fixing a specific
trivialization of T'M possibly induced by a particular coordinate system. An additional
source of trouble is given also by the very tricky way the local Ellis parameters glue
together to define a smooth global one form built from the Lie derivatives of the test tensor
fields taken with respect to the local frames. As it will be discussed in the third part,
for several reasons these issues are not something we can just ignore, if we want to work
within a fully relativistic framework (i.e General Relativity, Covariant Electromagnetism,
Extended Theories of Gravitation). Luckily, we will see how, adding an affine structure
on the manifold M encoded by a global connection V and defining the multipoles in the
Dixon way, it is possible to define a much more convenient local representation of the
multipoles in terms of covariant derivatives rather than Lie derivatives, without losing any
generality. As we are going to show in the next chapters the Dixon local representation
of the multipoles will satisfies many more nice properties at the price of introducing an
affine structure on M. We will see how this local expression is in the very same form
found by Dixon and Tulezyjew in [1][2][3]]4].

3.3.1 Local expression of the action induced by a trivialisation
of 7'M and the Dixon definition

Let us remark that at this stage, the elements belonging to Af(c) are intrinsic geometrical
objects and their definition depends just on the existence of compact support forms
over M and a closed embedding ¢ : R < M, and not at all on other structures like
coordinates except a connection V. Let us specify here that no assumption are made on
the connection apart the globality, no constraints concerning metric compatibility or null
torsion are assumed.

Lemma 27: Let ¢ : R < M be a worldline and A = (U;, p(;)) an atlas of M inducing
a local trivialization of T'M due the local frame (e(;),). Let ds be a global coframe of
I'A'R and v; a smooth partition of the unity subordinate to (U;). For each test tensor
¢ € I'¢TPM, there exists at least one appropriate bunch of local smooth completely
simmetric in the indices A; scalar fields {a?‘gl@ uy € Lonynu, AR | U; € A} defining a
global smooth section of AR via the linear combination:

U;e A k=0

U;Nc(R)#£2
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Proof. We provide here a sketch of proof about the existence of local scalar fields defining
a global smooth 1-form over R. Let start considering the atlas A = (U;, p(;)) an atlas of
M inducing a local trivialisation of TM due to the local frame (e(;),). Since TM is a
vector bundle and the chosen trivialisation is compatible with the vector structure then
we know that on each overlap U; N U; we have that e, = e(j)VA’(’ij)H. As it has been
showed in the first chapter this induces a trivialisation on 7*M and TPM compatible
with vector structures of these bundles. Known this, to show that Vo € I'¢TPM the
expression defines a good global one form on I'A°R is enough to prove that we can build

]

a bunch of smooth local scalar fields 04?) . such that they define a good global smooth
section of TA°R (aka a good smooth global scalar field) via the linear combination:

N

2. (1/)1 Z Vi) )a(xf)ug% = D, W) ( > Vi (qb)(f);) Oé(Af)VqW

UieA U,eA k=0
U;Nc(R)#2 U;Ne(R)#2

where just the terms V’(‘/’/\E)(@(%” completely symmetric in Ay can survive to the contrac-
tion with the completely symmetric bunch of scalars fields. Let us fix the index ¢ and let

us consider an arbitrary bunch of smooth scalar fields O‘E\f) T c¢(R)NU; — M, then the
P
expression:

Al A
ZC*<V<A> o )%’3 " (3.3.3)

k=0

is still a good smooth local scalar field defined on ¢(R) N U; because the components
Vl(“/\z)(@ i)y A€ smooth local scalar fields and we are performing just pullback and sums
preserving the smoothness. From the bundle theory we know that it can be considered
the local expression of a global section if and only if the local sections are compatible,

in other words if given two arbitrary ¢ N U; and ¢ N U; with a non empty overlap, Vo €
(¢(R)NU;) N (c(R) NU;) we have that:

Since ¢ is a global test tensor field and V'(“)(gb) is a global test tensor field as well, we can
use the local trivialisation induced by (e(;,) and calculate explicitly the transformation

rules for the components V’(“/\E)(gb)(gp in terms of linear combination of products of A(U
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and the new components V’(“AE)(QZ))(;)Z as follows:

N
« [k pip (A5) vg _ o
[ZC (Vu;)(@(j)uq)a(j)k A LT (3.3.5)
k=0
N A N N
_ * k Hp % Vq o * k 157 * T %% s 0q
—[ZC (Vw)(@(z) )%’3 Mﬁ] T [ZC (Vu@(@(m)c (AN A 2™ ,
k=0 k=0
(3.3.6)
where A ..’\EA A’F is a bunch of scalar fields formed by linear combinations of

7 Jv)p g
pullbackéj z)ﬁgong cpof products of Aéj)y with respect the local frame. Considering this,
knowing that the symmetric part of the differential operators V’(“) are completely C°(M)
linear independent, we can state that the only way to satisfy the compatibility condition
for each test tensor ¢ is to have a bunch of scalar fields a?’; qu completely symmetric in

Az such that:

M (A PR AT )R Yk € [0, N], VUL U € A|UNU; # @

(Giyng ~UDpp” (ji)vg/ (1) pp
(3.3.7)

Just in this case, they are able to define a good global smooth scalar field on R so a global
1-form on R. It is very interesting to notice that the transformation rules this the bunch
of scalar fields a?’; qup is completely tensorial and does not mix the different orders in

k. []

It is interesting to notice that without requiring the complete symmetry in the indices
contracted with the first & indices of the covariant differential, we are not able to split
uniquely the different orders and when changing the local frame, the terms contracted
with the higher order differentials are mixed together in a tensorial way. This time we are
able to write explicitly, without any trouble, the transformation rules split for each order.
They are very simple because we are just involving linear combinations of the components
of the tensor fields and the transformation matrix ruling the change of frame, without any
interference of terms related to different order covariant differentials. So in contrast with
the Ellis case, this time the gluing condition we need in order to define a smooth global
top form on R are very simple and can be easily expressed at each order without any
trouble. So we can conclude that there always exists an appropriate linear combination
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of local sections of A'R defined by
S VA (@) fr a8, ds € TuA'R (3.3.8)

that can be glued toghether to form a global top form over R and the bunch of local

k Vg

smooth scalar fields a( ) ., must transform like the components of a tensor field when a

change of local frame is performed

Lemma 28: Let ¢ : R < M be a worldline and A = (U;, p(;)) an atlas of M inducing
a local trivialization of T'M due to the local frame (e(;,). Let ds be a global coframe of
I'A'R and v; a smooth partition of the unity subordinate to (U;). For each test tensor a

bunch of local smooth scalar field {oz?g'/q% € Loynynv, A’R|U; € A} completely symmetric
in Az defines a global smooth section of lA'R via the linear combination:

* o A Vg o e
E ¢ <¢i E Vﬁz(ﬁlﬁ)(gfﬁ)a(i’j " ds € FA'R (3.3.9)
U;eA k=0
U;Nc(R)#£2

if and only if there exists a set of global sections a®) & FT(qu MYk € 0,N] C N

¢(R)
completely symmetric in k such that:
k A v T Vg o oo
o )(6(5’ €y Clmp) = Q) " (3.3.10)

Proof. Given ¢ : R < M, the bundle T;”q

C(R)M is the bundle defined as:

(UT“Q¢4RWRWWﬂ (3.3.11)

seR

where the projection 7 : Tk+q( )M — R is defined as W(agk)) =s ‘v’ozc(s) T§+qc(s)

Given an open set U C M and I C R such that UNc¢(I) # @ we can always induce local
sections in T’ IT;WC(R)M from local sections in Iy Ty t7M due to the composition with the
map ¢ : R < M. Since c is a smooth closed embedding the induced smooth sections
are smooth. Because of this reason, fixing A4 = (UZ, ¢()) an atlas of M inducing a local
trivialisation of T'M due to the local frame e, : U — T'M, also induces automatically a
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trivialisation of Tk+qc(R)M just composing the local frame with the closed embedding c.

This bundle is a vector bundle and this kind of trivialisation compatible with the vector
structure. Given two open sets I;, I; C R such that I; N I; # @ using the definition of
this particular trivialisation we have that:

Apvg . A7 05 05
5 = C A G A G NG

)&7(7505% , VI, e A|UNU; # @ (3.3.12)

therefore the same condition about the compatibility coincides exactly with the request

to be a good smooth global section of the bundle T§+qc(R)M . In addition to this we are

imposing the total symmetry in the A\; indices. Since az\jﬁ)%

rules of a tensor fields restricted to ¢(R) we know that the property of symmetry is
preserved, this means that is an intrinsic property and the sections itself must belong
to FTp(k)tq M the smooth tensor fields restricted to ¢(R) and symmetric in the first &

(R)
arguments. 0

. satisfies the transformation

This lemma is very important because it fixes a one to one relation between the
smooth tangent tensor field of M restricted to the sub-manifold ¢(R) and the 1-form on
R defined above. We will see how this form fixes the local Dixon representation of the
action of a multipole, therefore this lemma will allow us to associate to the multipoles
a bunch of smooth tensor field restricted on the worldline. This link is very useful and
we will analyse it in detail in the next chapters. For now we just settle to make explicit
the geometrical nature of the smooth local scalar fields ayf)aapﬁ : R = R showing that
they can be interpreted as the local expression of an appropriate bunch a*) € I'T’ p(k)t‘(IR)of
global smooth tensors fields restricted on the sub-manifold ¢(R). Since this identification
is done we gain automatically the good transformation rules that we need to define the
1- form
al py

* k Hp % Vg a9 1¢
K (sz(qﬁ)(,-)%) oy ds (3.3.13)
k=

0

we are going to use that later to explicit the Dixon local representation of the multipoles.

Theorem 4: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M inducing
a local trivialization of T'M due to the local frame (e(;,). Let ds be a global coframe
of TA'R and v; a smooth partition of the unity subordinate to (U;). For each Dixon

multipole 7 € AP(c), there always exists at least N € N| N > ord(T) and a bunch of

global smooth sections a¥) € FT;k)t‘(lR)M completely symmetric in the first k£ arguments
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such that V¢ € I'yTPM the multipole 7" acts on the local expression of ¢ as follows:

N
6. T]= 3 }:jga(vﬁﬁ¢%g%)@3”ugk (3.3.14)

U,eA k=0
U;Nc(R)#£2

Proof. To prove the statement it’s enough to show that all C'ori(c) can be written in
that way and then prove that the given expression is closed under the operations we used
to define Al(c). Let us consider a functional S € Cori(c), we know by definition that
there exists at least a T' € T}l and a a € IA'R such that § =T - ¢(a) So we can write
the action of this functional on an arbitrary test tensor field ¢ as an action on its local
coordinate expression:

6.8 = 0T cc(3)] = [ (T(@) n 5= (33.15)
:/ (T D2 vion.eld @ e ) 78 = (3:3.16)
R U;eA
:/@(Zwi¢(gi§T[€g®€(z)#p])/\ﬁ: (3.3.17)
R U;eA
> /RC* (wodr,Ti5,) NE= D /RC*@(S?) ()M (T(5,,) - Bds
Uik Uik

We know that ord(S) = 0 ,therefore fixed an arbitrary N € N we can define a bunch of
local scalar fields:

aE\E Vﬁlr = {C*(T(igup) B, VE=0 3.3.19)

2 92
(3.3.1¢
0 , otherwise

and rewrite the expression as follow:

[¢,S] = Z / (Vi) ds (3.3.20)

UeA
U;Ne(R
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Since by construction, V¢ € I'gTP M the local scalar fields « "7 satisfy the transformation

(Z)Np
rules :

vg Vg P vg  Pp P oo o
Oé(])(/]iﬁ = C*(T(‘jquf) . B = C (A(]qz)&A(ij)/Lp ) 6 <3321)

w/Ave  Bp /Y 9 9 o
=" (Ao NG ) (T(3) B (3.3.22)

which can be interpreted as the local expression induced by the atlas A and the triviali-
sation (e(),) of a smooth global section a € I'T} ) M. So we have the thesis for each

elements of Cor?(c).
Now let us assume that a generic 7,8 € Al(c) satisfies the thesis, then we would like
to prove that Vo € I'ogTPM:

1. there always exists at least a N € N|N > ord(S + T') and a bunch of global smooth

sections B*) € FT;k)t‘(ZR)M such that, 7 4+ S acts on the local expressions of ¢ as
follow:

P * AR Vg (9 9 99
. S+TI= E / Vk ’§w> ¢ ()35, ds (3.3.23)
U;eA k=0
U;Nc(R)#2

2. there always exists at least a N € N| N > ord(f - T) a bunch of global smooth

sections B%) € FTp(k)t‘(IR)M such that, f -7 acts on the local expressions of ¢ as
follow:

o, f-TI= > Z/ V’“ (f}) (wz)ﬁﬁg”‘?%ds (3.3.24)

U;eA k=0
UiNe(R)#£@

3. For each smooth global vector field v € I'T'M there always exists at least a N e
N| N > ord(div(v - T)) a bunch of global smooth sections y*) € FTp »M such

that div(v - T) acts on the local expressions of ¢ as follow:
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N
P * AR Vg 5=
6, divio-T)= Y }:/C(vkwug)(mwﬁ - ds (3.3.25)
UeA k=0’R
UsNe(R)#£2
Let us start with the first:
6,8+ T] =105+ 1[¢,T] = (3.3.26)
= > Z/ vk )ér ) “(i)a, T ds+ (3.3.27)
U,eA k=0
U;Ne(R)#@
D * A)‘*Vﬁ Q) Q<
+ Y }:/ vk ‘”)(MM& s = (3.3.28)
UieA k=0
U;Nc(R)#2
J
A g Vg * A ~ A Vg
= 3 [ (V@) e, e (X Vh @, ) a7, s
U;eA k=0
UiNe(R)#2
(3.3.29)

Let us suppose to have ord(S) < ord(T) < K, the other case follow in the same manner
Since ord(S) < ord(T) we can always define an N > K > ord(T) > ord(S+T7) and a

new bunch of smooth local scalar fields:

AR vg 5
Ay oy TG oy =
(3.3.30)

Therefore using it on the expression

[0, 8+ T] = (3.3.31)
J
7 * AL Vg * 7 * q
= > / ¢><g%>c (Wi)agy ", + ¢ (Zviz(@(SQC (¥i)ag) uf] ds =
U;,eA k=0
U;Nc(R)#2
(3.3.32)
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_ * ~)\7V§ I
= > / ¢>(§§Zﬁ)c (i)agy ™, ds (3.3.33)

UieA
U;Ne(R)#@

Since by construction, V¢ € I'¢TPM the local scalar fields a(il)jzﬁ and a(il)/zﬁ satisfies the
right linear transformation rules therefore the sum of them still satisfies the same trans-
formation rule, therefore it can be interpreted as the local expression induced by the
atlas A and the trivialisation (e(;,) of a smooth global sections 3% € 'y . mM. To
prove the closure with respect the multiplication with scalar fields it is enough to use the
previous lemma

k
F(fo) =D Hum VI ())VV(9)] (3.3.34)
7=0

and explicit the local coordinate expression:

k
k B HpPatxak—j j o5 9 9 9r
Vi (fo)r =) Hyponomos Vo (NVh (@)7 (3.3.35)
7=0
We can use it in the equation:
(0. f-T|=[fo,T] = (3.3.36)
N
- ¥ Z/c vk (f), ) “(W)agy ", ds = (3.3.37)
UieA k=0"R
U;Nc(R)#£2
N k
— * HpP ek ~—k—j i o « -
= Y [ (D T (09 @0 ) e s
viea YR k=0 =0
Uine(R)£2

(3.3.38)

At this stage it is enough to re-sum order by order in V7 defining a new bunch of scalar

T ()

A= . . . . o
fields Vi) unﬁ as appropriate (a quite complicated) linear combination of ¢*(H Gk non Y
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and o] . Therefore we have:
(%) 157

N
* j * Ajvg Q2 99
[¢7f7—] = Z Z/C <V&;(¢)>C (1/)1-)’}/(2.) Mﬁds (o.o.ug)
vied j=0"FR
UiﬂC(R)#Q

We still miss the symmetry in the A; indices but this is not an issue. In fact we know
from the previous lemma that each term V7(¢) can be written in the following way:

j—1
VI(9) = V()T + > Ds[V()(9)] (3.3.40)
s=0
so we have:
(0. f-T]= (3.3.41)
N )
= ¥ (X P o) el s )
Uea VR j=0 s=0
U;Nc(R)#£2

Once again, one can re-sum order by order in V* defining a new bunch of scalar fields

As Vg . . . . (a5 A= v
B !, as an appropriate linear combination of c*(D(S,j) Ak“y”qof;)pa ) and V) q,@ to end up

with:

N
x / * Ajva 29 492
0.0-T1= Y 3 [ (Vi @) was, ds = (3343
UeA k=0"’R
U;Nc(R)#2
N
* j * A}'l’? 929 A/
YD / o (V3,(0)) e (e ™, ds (3.3.44)
UieA k=0"R
U;Nc(R)#£2

Let us stress that by construction the bunch of local scalar fields B(Ag%

symmetric in the Az indices.

i 18 completely
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The previous definition leads us to conclude also:

N N
> (VAU ) Waags s = S (Vg ), ) (oo ™, s =

k=0 k=0

— o

J

-

N
VI(0)) e B ds = (D Vi (0)) By ds (33.40)
=0

A= vg
then it is enough to use the previous lemma to state that 5(5 ! iy ATC the local expression

of a bunch of global sections ) € I'T p(j )JFC%R)M . Concerning the closure with respect the
"divergence of the product with vector fields" it is enough to explicit the expression:

(¢, div(u-T)] = —[Vu(9), T] = (3.3.47)
N
== 2 /R C*<Zvij(vucb))c*(wi)a?g”ﬁ%ds (3.3.48)
U;eA j=0
U;Nc(R)#£2

Now using the lemma in the first section we can say that there always exists a set of
smooth maps (in general they are not C'* -linear)

Zjgy - xITHOTM) — TTyM (3.3.49)

such that for each bunch of smooth local frame e A and a vector field u:

VA (Vu(@) = D i*([Zm (erpa)] @ VE(9)) (3.3.50)

J
k=1

and using the other lemma about the symmetric decomposition of the covariant derivative
we can write:

VA (Vu(@) =D i*([Zw(exca)] © VH(9)) = (3.3.51)
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Jj+1

=Y i"([Zym(er u ®ZD<M (3.3.52)

k=1

where D(; ;) are smooth C°°(M)-linear maps acting on the tensor fields. Now let us point
out that, even if the expression is not C°°(M)-linear in (ex.) or w, it is C°°(M)-linear in
the Vl()(gb) arguments. Therefore we can re-sum order by order in [ defining a new set of

local maps Fj; : x3THTyTM) x Ty M — TYM
J+1 j+1 k '
> Eunlen,w, Vo) = D i ([Zgw(er, w)] ® Y Daw [V (9)] = V3 (Vu(9))
=0 k=1 =0

(3.3.53)

and they are C°°(M)-linear. In general the explicit expression of E(;; can be very
complicated but for the purpose of our theorem we just need to know that they there exist.
Now we can use the statement above to manipulate the original expression obtaining:

[, div(u - T)] > / ZVJ (Vud)( ) (wz)a?i@”quﬁds: (3.3.54)
A
Urgjc(%&);é@
J+1 N
— ¥ [ z S Eunlen T}y ) oyt
A i)vg
Urg]c%R);éz
N j +1 o \
o+ D « = Ve
- Z / Z Eg eA .U, V (qb)(pf)%e(;) ®e7(7f) ®e(i)pﬁ}%>c (@Di)a(;) q%ds =
A i=0 =
Uinc®)ro ! "
(3.3.56)
N
=— Z Z E- (ex.,u, e/l ® et ®eg v ()77 c*(w‘)a/\j% ds =
= G0\ s €y € €6) O Clidop f V(o) Py ) Vi)V S =
U,eA =0
Uﬁc%)#@ ’
(3.3.57)
N
OMgtp « A= vg
— ¥ [e(Xf E<>} Vi (@105 ) " (803 s =
U;,eA 7=0 Prta
U;Nc(R)#£2
(3.3.58)
l j B (eDngrs _, o5 N Xz vg oo
_ 24 Z Ejo(ex )}W vaf(gb)(i)%)c ()ag) ,ds  (3.3.59)
U :o 1=0 v
Uﬁc%&);ﬁ@ ’
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Now it is enough to re-sum order by order in V' defining a new bunch of scalar fields
- > Az
V) Vq% as appropriate linear combination of ¢*(E;;)(e A u)Z;’,T‘;“” ) and o) Vq% completely

symmetrised with respect the indices o7, to conclude that:

(¢, div(u-T)| = (3.3.60)

Umct(R);é@
(3.3.61)
N+1
= [ ) e = (3352)
U,eA =0
U;Nc(R)#£2
N+1
= [ (v @i e (3369
U;eA
U;Ne(R)#2

By construction, since the complete symmetry is satisfied on the o7 indices:

N N
E * * AR v E * P\ x AR vg
C (Vk u¢ (Z),ﬁ> ('(ﬁz)Oé(S Mﬁds = c <V6§)(V“¢)(ZI‘;V¢7)C ('(ﬂZ)Oé(S Mﬁds =

k=0 k=0
(3.3.64)
N+l N N+l N
= c*< Z vg\;((é))C*(l/Jz)’Y(;) q;ﬁds — C*( Z VZAF)(¢)>C*(¢1)7(ZJ) q“ﬁds <3$()"))
Jj=0 j=0

then it is enough to use the previous lemma to state that 7() .- nust be the local
P

expression of a bunch of global sections vU) € FT; it C(R)M . O

Theorem 5: Let ¢ : R < M . For each Dixon multipole 7 € A(c), Yu € I'TM then
L.(T) € Al(c). In other words the set AZ(c) is closed with respect the Lie derivative.

Proof. Given T € Af(c) we have that:

B * A% Vg 29 AR
[¢7 Lu; - _[Lu( E / u¢>(g2)c (wz)a(f 'uﬁdS <!,).!).()()>
U;eA
U;Nc(R)#2
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Using the result of a previous lemma we can write the local expression of the Lie derivative
in terms of C*°(M)-linear combinations of covariant derivatives:

(k1)
VA (LoD = D Vi (@) (3.3.67)
7=0

and then we can use the lemma about the symmetric decomposition of the higher order
derivatives we can write:

(k+1) 4

9p YjParp 29 £Q

[VALu(ONz = > > Dy [Viesy (@)Igh or, = (3.3.68)
7=0 1[=0

where D(; ;) are smooth C°°(M)-linear maps acting on the tensor fields. Now let us point
out that the expression is completely C*°(M)-linear in the Vl()(¢) arguments. So:

(k+1) 4 o
(V3. (Lo =Y > Dqy [ (@)7(e® T @ ey)| hyony = (3.3.69)
k ] = =0 pﬁ k“PYq
(k+1) 3 B
- 9P a=pgly R
=D > Visy (@)D, [(e‘% ®6W®enﬁ)] hA;Z?Z = (3.3.70)
=0 1=0 e
(k+1) j .
T39P | a-pomy PR
= Visy (@)% [Du,j)} DN (3.3.71)
j=0 1=0 oPa

and re-sum order by order in Vlo(gb) we can define a new bunch of smooth local scalar
fields fA]FWp such that:

(%

(k+1)

[VE (L, = Z Vian (@) e (3.3.72)

k

In general the explicit expression of g/\J giind depends on v in a very complicated non linear
way, but for the purpose of our theorem we just need to know that they there always exist.
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Now we can use the statement above to manipulate the original expression obtaining:

[0, L, T =— Z / u¢)(52> c*(wi)a?f%%ds = (3.3.73)

U;eA
U; ﬂc(lR #O
N (k+1)
= — op TPTHPD * ) A v o PR
N 24 / Z Z V (a7) (z ;r (zj))\ apw>c (@/),)04(5 q%ds = (3.3.74)
U k=0 j=0
Uind®)so 7=
N (k+1) X
= — ATPgHp * ) o Vg oo =
a UZA / k;z ZO v(a ) ) <g(ij)/\gaﬁu§>c (1/}74)05(1’3 quﬁds <!))L))(r)>
0
Uind®)so !

Once again it is enough to re-sum order by order in V7 defining a new bunch of scalar fields
7?5% ,- as an appropriate linear combination of O‘E\f) unf and ¢ (g(/)j\ﬂ;pw) completely
P P

symmetrized with respect to the indices a5 to conclude that:

N k+1
6, LT =- > / Z Y (W) Wiy ", ds (3.3.76)
U;eA =0 j=0 J
U;Ne(R)#2

Since by hypothesis, V¢ € I'gT? M the local scalar fields oz?f%uﬁ completely symmetric

in A; defines the a good global smooth form on R with

c*( 3 szLA j‘f’q)a?k”?%ds (3.3.77)

U,e A
U;Nc(R)#2

and since V¢ € I'gTPM,Vu € I'T'M = L,¢ € I'¢TF’ M, we have that by construction:

N N+1
* 7 Apvg * > g Vg
(Y e VL) Jais s = (D0 oD Var0)dn )i s
U,eA k=0 U;eA §=0

UﬁjC(R)#@ UJWC(R)#@
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is a global smooth 1- form over R and:

C*< > Va;(@(ﬁ;’;)V o ds (3.3.79)
§=0
can be interpreted as its local expressions. =

Corollary 9: Since VT € Al(c), Vu € I'TM we have that L,(7) € Al(c), the set Al(c)
is closed with respect the "Lie Derivative". Therefore by definition VT € AP(c) = T €
T9(c). This means that Af(c) € Ti(c) in other words the Dixon multipoles are just a
subset of the Ellis multipoles.

Corollary 10: Since we proved that Af(c) C Ti(c) and Al(c) 2 Ti(c) at the same time,
we have to conclude that Al(c) = T9(c). Therefore the Ellis and Dixon definitions of
multipoles single out the same set.

This is a fundamental result. Despite we use two very different definitions at the
end there is no difference between the Ellis and the Dixon multipoles. However the two
different definitions lead us to two different local expressions of the multipoles.

Definition 59: Let ¢ : R < M be a worldline and A = (U, ¢(;)) an atlas of M inducing a
local trivialisation of T'M due to the local frame (e(;,). Let (¢;) be a smooth partition of
the unity subordinate to (U;) , let V be a connection on M and let ds be a global coframe
of PA'R. Given a multipole 7 € T{(c), we define the local Dizon representation of
the action of T the integral:

) / )m;) C*(wz-)a?im%ds , Vo elgIrM (3.3.80)
U,eA
Uinc(R)#o

satisfying the following condition:

1. there must exists a bunch of global sections a® € FT;+QC(R)M completely anti-

symmetric in the first k£ indices such that their local expression with respect to the
k+q Vg

Ky

induced trivialisation of 77 «®M is given by O‘E\f)
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2. V¢ € I'yTPM , the action of T can be expressed with that integral:

B * A% Vg Qe
6. T1= > / )(S%)c(wi)oz(s o ds (3.3.81)
vineErto

Property 35: The existence of the Dixon representation of the action for each multipole
T € Ti(c) is guaranteed by the previous theorem.

3.3.2 Dixon local expression of the multipoles

Since the R-linear functionals are entirely defined by their action on the test tensor fields
we can use the Dixon local expression of the action of the multipoles, to define a local
expression of the multipole themselves. Furthermore since we proved that no difference
occurs between the Dixon and the Ellis multipoles we denote with T{(c) the set of all the
multipoles induced by the embedding ¢ : R < M and acting on T'qT?(M) .

Corollary 11: Let ¢ : R < M be a worldline and A = (U;, p(;)) an atlas of M inducing
a local trivialization of T'M due to the local frame (e(;),). Let (1;) be a smooth partition
of the unity subordinate to (U;), let V be a connection on M and let ds be a global
coframe of I'A'R. For each Dixon multipole 7 € T4(c), there always exists at least an

N € N| N > ord(T) and bunch of smooth global sections of I'T kH? M completely

symmetric in the first k indices and locally expressed by oz?f)uqlk € Ty, AR such that,
P
T can be written as:

N

i3 )\7,/6 Q QD Q¢
T = Z Z 1) div® { [ ey @ €(iyg @ eé)}cc (O‘(S Mﬁds)} (3.3.82)

U,e A k=0
U;Nc(R)#2

Proof. 1t follows directly from the previous theorem and from the definition of action
of a R-linear functionals on the test tensor fields. V¢ € I'yTPM , T acts on the local
expression of ¢ as follow:

(9, T] = (3.3.83)
= > / )<§§2> c*wi)a?g”zpds = (3.3.84)
U; E.A

U;Ne(R
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=l Y i(—lk)v‘;k{wi [e(% ® ey, ® ef;ﬂ cc (az\f)%%ds) }] (3.3.85)

U; k=0
UﬂTC(R);ﬁg

m
=~

O
Property 36: From the standard bundle theory we can state that if
a A
(Y v Vh@), )y ,ds € TA'R (3.3.86)
U,eA k=0
U;Nc(R)#£o

is good global smooth top form on R, therefore it cannot depend on the choices of the
smooth partition of the unity (1);), therefore the multipole 7 must not depend on the
chosen smooth partition of the unity.

Definition 60: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M inducing
a local trivialisation of T'M due to the local frame (e(;,). Let (¢;) be a smooth partition

of the unity subordinate to (U;), let V a connection on M and let ds be a global coframe
of TA'R. Given a multipole 7 € T{(c), let

* )\7% 0 9 or
2. / )u)w) i)y, ds . Vo e ToTyM (3.3.87)
UicA
U;Nc(R)#

be the local Dixon representation of the action of 7. Since

N

k 7 Apvg Q < 2
T = Z Z div { [ (i)Az®e(i)%®e’é’;}c<(&(i§ %ds)} (3.3.88)

UiecA k=0
U; ﬂc(R);rﬁ@

we define the right hand term the Dixon local representation of the multipole T .

Property 37: The existence of the Dixon representation for each multipole 7 € T%(c)
is guaranteed by the previous corollary.

Example: It is very easy to see how this expression represent a generalisation of the
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Dixon multipoles given in [1][2][3][4][7], and widely used to express the Pole-Dipole ap-
proximation of an extended body in General Relativity . Let us fix the manifold M
endowed with a Lorentzian metric g and a local chart (U;, ¢@;)). Let ¢ : R — R* be a
worldline parametrized such that g(¢(1),¢é(7)) = —1. Let us fix a local coordinate system
7 = (2%, 2!, 22, 2%).The action of an arbitrary multipole with support in U; on ¢ € LoTP M

test tensor ﬁeld can be then expressed as:

/ (ka u,,> A o (3.3.89)
:/C*<Zvl(€)\1m)\k)( )Oé k,“pdT - <559()>

N

> [ [V ¢>u§”]| o* 7 = (3:3.91)
0 o(7)

N

I
Q.
4;
8
(@9
W~
]
|
Al
N
Nt
<
¥
>
S

)(cb)y’f(f)] o’ T dr (3.3.92)

However, despite what is usually written, we cannot just discharge the covariant
derivatives on the delta Dirac without a well posed definition of the meaning of the ob-
ject "V0(T)" as a distribution. But this task is not trivial and straightforward as it can
apparently appear, since given a test function ¢ on R* the standard distributional defini-
tion of the derivation would be [¢(Z), Vd*(Z)] = —[Vad(T), 64 (T)] = —[0\p(T), 04 (T)] =
[6(T), 0x6*(Z)] concluding that the connection does not contribute. But expliciting the
form of the covariant derivative in the integral there is no chance that the terms related
to the connections just cancel out, so discharging naively the covariant derivations on
the Dirac delta inside the integral, we would have a contradiction. Because of this, in [2]
(page 538) the expression is recast in a very obscure way as follow:

Z/ s Vod'z6* (T —e(r ))[V(Al (0,07 (@ )}o/\’c ' gy — (3393
_Z/R4 /54 (T —¢(r ))V(M ,\k)(gb) 7(T)a ku(;dT} \/_d4a:_ (3.3.94)

N
/ 67 (-1 /R 54( — e(r))a* dr] /' = (3.3.95)
k=0

(N)
/¢up 7;7@ (3.3.96)

oo
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This cannot be considered more than a formal writing, because with this approach, no
clear formal definition of the expression is given. However, despite no adequate inves-
tigation of the geometrical meaning of this object is usually given, the expression is
commonly considered reasonable to express some linear functionals in the Pole-Dipole
approximation. For example

) N .
Tri=> (=1)*Vi, / 5@ —o(r)a’F Ldr (3.3.97)
R

(1)
If g=2and p=0, and N = 1 and imposing that 7"” must be the "skeleton of an energy
momentum tensor field" [2][3][4][7] [20] then

(1)
T = V)\/ SAH§HT — e(7))dr + / P& (T — (r))dr (3.3.98)
R R

As we can see, loosely speaking, the Dixon representation of a multipole consists in
writing a multipole 7~ € TI(c) as a linear combination of bunch of specific multipoles
with support on the patches U; of the atlas A and glued together such that, for each
test tensor field, they can induce a a global smooth 1-form on R (depending to the test
tensor field and its Lie derivatives) which, if integrated, gives exactly the action of the
multipole upon the test tensor field. The gluing condition are very easy and it is possible
to associate to each multipole a set of global smooth test tensor field restricted to the
sub-manifold R.

Corollary 12: Let ¢ : R — M be a worldline and A = (U;, ¢(;)) an atlas of M inducing a
local trivialisation of T'M due to the local frame (e;,). Let (1;) be a smooth partition of
the unity subordinate to (U;), let V be a connection on M and let ds be a global coframe

of TA'R. A bunch of smooth global sections a®) T;k)t((}R)M completely symmetric in
the first k indices always identify also a multipole due to the Dixon local representation:

N
Ti= 3 S0 i [elh @ e |ec(aff ™, ds) b (3.3.99)

Definition 61: Let ¢ : R < M be a worldline and A = (Uj, ¢(;)) an atlas of M inducing a
local trivialisation of 7'M due to the local frame (e(;,). Let (1;) be a smooth partition of
the unity subordinate to (U;), let V be a connection on M and let ds be a global coframe

of TA'R. A bunch of smooth global sections a®) T;k)t((}R)M completely symmetric in
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the first k£ indices, locally expressed by Oz?l) . and defining a global top form on R by:

N
D )\f% o . \
(X wYVh@OW )y, ds € TAR (3.3.100)
U;cA k=0
U;Ne(R)#2

are called Dizon parameters of the multipole T

T= Y i(—l)kvlik{wi[eéf)'®e(i)yﬁ]c<<az\i’§%ﬂpds>} (3.3.101)

U,eA k=0
U;Nc(R)#£2

q

The local expression 042\) _related to the Dixon parameters a®) are called Dizon local

parameters of the multzpole T

Theorem 6: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M inducing a
local trivialization of 7'M due to the local frame (e(;,). Let (1;) be a smooth partition
of the unity subordinate to (U;), let V a connection on M and let ds be a global coframe
of TA'R. Given a multipole 7 € T{(c) the following hold:

1. Given the braiding map o’ the functional ¢//(7) € T4(c)

2. Given a global smooth vector field v € TTM then v - T € T2 (c)

3. Given a global smooth covector field o € I'T*M then o - T € Y], (c)
4. Given a global smooth vector field v € I'T'M then v,T € T} (c)

5. Given a global smooth covector field o € TT*M then a7 € T4 '(c)

Proof. We provide here a sketch of proof because it follows the same procedure adopted to
prove the closure with respect to the Lie derivative. The first is trivial and it follow from
the lemma about the behaviour of the braiding map with respect to the k-th covariant
differential.

6, o) T =[0{. T = Y / v gb)j;’;q) “(W)ags”, ds = (33.102)

U,eA
U;Nc(R)#@
HJ(P) . o
= ) / A9 V,’Zq>) W)y, ds = (3.3.103)
U;eA
U; ﬂc(R +0
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= > / )S;) “(i)ags "D ds (3.3.104)

UieA
U;Ne(R)#@

Defining locally a bunch of sections of FTp(k)JE%)

we have the thesis. The second can be proved easily as follow

M with the relation 6(/\5 Vﬁﬂﬁ = O‘ig VJ(Z;O
p

b0 T =t T = Y / VE (0a6) (5, ) (Wl T, ds = (3:3.10)

U,eA
Uinc(R)£@
N &k o R
P * - Vg P )
= X [N A en) e, is - (33100
U;eA k=0 j=0 (Ogva

UiNc(R)#£@

Using the generalised Leibniz rule as proved in the previous lemma. Considering that
each A ;) is C°°(M)-linear in each term V7(T) we can write:

N
* P\L | % A; Vg
oo Ti=fo Tl = 3 [ (30 Tk )ewoals",, ds=
U;eA k=0
UiNc(R)#£@

(3.3.107)

N k
— * j op 7 Pq %\T * A Vg
= > /R c (Z Z Vo @)orAwg () ® ey ® 6@%)) )y, ds

U-(GJ)L\;Ié k=0 j=0 (D) zvg
U;Nc(R)#2
(3.3.108)
N k
* j o5 A QTPIFR\T\ « Az vz U
- 2 / ¢ (sziy(d))éfl(i)i;%’ﬁ;)c (i)ah ™, ds = (3.3.100)
U,eA R k=0 j=0
U;Ne(R)#
N k
j o= % AZPq 5\ T * A Vg e
= Y [T vh@me (A wal, ds 33110
U,eA k=0 j=0
U;Ne(R)#

Now it is enough re-sum as usual order by order in V’(¢) to define a new bunch of

local smooth scalar fields ﬁfg pa% as an appropriate linear combination of A, . J/\pﬁ;j\; and
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A Vg .
Q) to end up with

3.111)

Qo

[(ba v - ﬂ - (;
N

S /R (Y V) e sy, ds (3.3.112)
=0

U;eA
UZmC(R)#@

Using the previous lemma, since by construction:

N
* P\L | * g Vg 29 ‘
Yo (ZV%(“J@(SZ} >c (¥)agh™, ds = (3.3.113)
U,eA k=0
U;Ne(R)#2
al A
_ c*(ZV’a;(@Zg) ()", ds (3.3.114)
U,eA =0
U;Nc(R)#£o

is a global smooth top form on R we have that 52?25 can be interpreted as the local

expression of bunch of global smooth sections of Y FT]Ej )JFC%R)M . So the thesis. The
third follow exactly in the same way. The fourth and the fifth follow in the same way
using the definitions of contraction with a tensor and the lemma about the generalised
Leibnitz rule of the higher order differential with respect to the tensor product. O

3.4 C*(R) module structure of the multipoles up to
order k

It has been proved above that no difference about the Dixon and Ellis multipole definitions
occurs and Yi(c) = Ai(c). The only difference between the two definitions resides in
the two different local expressions they lead to. Therefore it makes more sense just to
talk about multipoles, eventually specifying the preferred representation when needed
rather than continuing to distinguish two identical objects. Given a closed embedding
c: R < M the set of all the multipoles defined from ¢ acting on I'¢T?M will be always
denoted just by T?(c). The symbol AZ(c) is no more needed so it is deprecated.

3.4.1 The multipoles set as a C*°(R)-module.

(k)
As it has been already stated, fixed an arbitrary k € N, the set TI(c) is a module over
the C*°(M) ring. This is not the only interesting linear algebraic structure we can define

(k)
upon the Ti(c). Let f : R — R be a global smooth scalar field. We can easily define
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an useful operation that takes a real scalar field on R and a multipole and it gives us a
multipole. The definition is given in a constructive way (in the very same fashion of the
Lie Derivative case) fixing the explicit action on the subset C'or(c), then extending them
to whole set of multipoles using the other properties given in the definition.

(k)
Definition 62: Let ¢ : R < M be a worldline and T%(c) the set of all the multipoles up
to the k-th order. Let C*°(RR) be the set of all smooth scalar field defined on the domain
of the embedding. We define the multiplication with a scalar field on R the map

> C(R) x %jg(c) — T(c) (3.4.1)

such that:

1. the scalar product acting on Cor(c) is defined as:

frea)=cf-a) , VfeC®R),Ya e A'R (3.4.2)
2. It is distributive with respect to the sum of multipoles:
fo(T+8) = [>T+ 158 . YfeC™(R)YT,S e Ti(c) (3.4.3)
3. it is distributive with respect to the sum of scalar fields:
F4g)s(T)=foT+gsT , Yfge C*RVT €Ti(e)  (3.44)
4. it is associative with respect to the product of scalar fields:
F 9o (T+8) =fo(geT) ., VgeC*R)NTeTi(e)  (3.45)
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5. it commutes with all the other operations defined on the multipoles:

fo(S-T)=S-(f>T) . ¥feC®R)YT €Tic)¥S € ITEM  (3.1.6)
fo(oh-TY=cb-(foT) . VfeC®R).YT € Ti(c) (3.4.7)
fo s T)=vs(f>T) . Vf e C=(R),¥T € Ti(c),Yu € ITM (3.4.8)
fo(@T)=a (foT) , VfeC®R)NT € Ti().Ya e TT*M  (3.49)
foUT)=i(feT) . ¥feC=(R),YT € Ti(c) (3.4.10)
[o(VT)=V(fsT) . VfeC®R)YT e Ti(c) (3.4.11)
fodio(T) = div(f>T) . VfeC®R).YT e Ti(c) (3.4.12)

fo(LT) = Lo(foT) . VfeC®R)VT € Ti(e), Yo e ITM  (3.413)
(3.4.14)

Property 38: The first property defines explicitly the action of this operation upon the
small subset of multipoles C'or(c) and then using the other properties it is possible to
extend the operation to the whole set of multipoles. This multiplication always exists
and it is unique since f -« € I'A'R | since the map ¢ is injective and since the other
operations commutes with it. This operation automatically satisfies by definition all the
property needed to be interpreted as a scalar multiplication with respect to the abelian

*) *)
group (Y(c),+). Therefore (Y{(c),+,>) is a C*°(R)-module. With a bit of effort, we
*)
will able to prove later that a finite linearly independent set of elements of T?(c) there

(*)
always exists and it is able to generate the whole space, therefore (1T(c), +,>) is also a
free module.

Let us stress that we do not expect the Leibniz rule from the derivatives because the
derivations are operators acting on C*°(M) but their action is not defined on the field with
support on the domain of the map ¢ : R < M. Although this apparently could seem quite
a sterile artefact, it is actually a very interesting structure because it allows us to define
upon the multipoles some concepts like basis, generators and components, coordinates
and eventually some more advanced concept like a metric upon that space and eventually
different topologies (with respect to the usual weak topology) induced by the existence
of a local coordinate system. However for more immediate purposes, this structure is
definitely needed if we want to attempt to express the intrinsic operations upon the
multipoles just like simpler operations on the coefficients identifying the multipole as a
linear combination of a smaller finite set of elementary generators.
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Chapter 4

Concerning the Ellis Local
Representation

In this chapter we are going to analyze in detail the characteristic of the Ellis local rep-
resentation of the multipoles. Let us stress once again that, at this stage, the elements of

k

(Tjg(c) are intrinsic geometrical objects and they depend just on the existence of the set
LoTP M (always guaranteed on each differential manifold by the existence of the smooth
cutoff or bump functions) and the closed embedding ¢ : R < M. No other structures
(like coordinates, metric, killing vectors, Connection, Adm fibration just to quote some)
are needed to define and guarantee the existence of the multipoles. At this point not
much can be done to investigate further, from an intrinsic point of view the properties of
the multipoles. Luckily we proved that a differential manifold and a closed embedding c,
have enough structure to guarantee the existence of a local expression for the action of
the multipoles in terms of integration of an appropriate global form on R built by directly
glueing together the pullback of several Lie derivatives taken with respect to the local
frame induced by the trivialization of T'M of the test tensor fields. Although this very
primitive local expression is very useful, we will see how in general, this is not enough
to fix a correspondence between the operation upon the multipoles and the operation
upon the local Ellis parameters in a satisfactory way (e.g. preserving at the same time
the covariance and the uniqueness of the parameters, fixing uniquely the representation
of the null multipole or having a linear transformation rule of the parameters when the
trivialization of T'M is changed) without adding extra geometrical information. Hence, al-
though the local Ellis representation is probably the one requiring the minimal structure,
in most scenarios it does not satisfy all we need from a local expression of a geometrical
object. In the very first beginning of this chapter we are going to analyse an example
enlightening the problems affecting the Ellis representation, then in the later parts we
are going to fix some constraints on the acceptable representations defining some specific
ways to express the multipoles in a more convenient way accordingly to our needs. An
intepretation is given for each different specific Ellis representation singled out as well
as the analysis of the pros and cons. However some issues still remain not solved and
some aspects are actual matter of research and investigation. However, Although all the
issues, thanking the Ellis representation, we will be able to show that the multipoles
can be interpreted as the coefficients of the asymptotic expansion related to specific one
parameter families of compact support tensor fields called "squeezed tensors". Further-
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more, defining a self similar squeezing of a compact support tensor field, we will see how
the adapted Ellis moments related to its expansion, coincide exactly with the well known
standard definition of moments for the local expression of the given tensor field.

4.1 Problems arising from the general Ellis representa-
tion

If after the big effort put in showing the existence of a local Ellis representation, we
have been convinced that we are ready to use the multipoles to model problems and
possibly solve them, we are making a big mistake. Although the Ellis representation is
a very good starting point trying to express the multipoles using their explicit action on
the local expression of the tensor fields, this approach is not satisfactory because it is
affected by several non negligible issues that can be immediately expressed by some very
basic examples.

4.1.1 A specific trivial example

Let us consider R? as a differential manifold on itself. R? always admits a global atlas
where the points of R? are mapped into itself due to the identity functions. Let us denote
by (2°, 2') the coordinate expression of an arbitrary point z € R?. Now let us consider a
closed embedding ¢ : R — R? defined by c(t) = (¢,0), Vt € R. Since R? is a manifold, we
can build the tangent bundle TIR? the cotangent bundle 7T*R? as well as the tangent tensor
bundle Tg’]RQ. A global natural trivialisation of TR? can be fixed by (eq = 8%0, e = %)
and this induces a global trivialisation of T*R? and TPM. Let us consider, for instance,

(0)
the multipole 7" € Y}(c) defined by:

[, T] :/c*(¢5)a;dt , V¢ € TyTIR? (4.1.1)
R
where o, : R? — R,Vu,v € [0,1] are smooth scalar fields. Therefore:
0.7) = [ oot = [ {(@ad + ' (@hat + (@aj + (Dal)de (112)
R R

But this is not the only way to express the same distribution with the Ellis representation.
Let us consider:

6.5 = [ {c@m@mey +cehsta . voenm®r (1)
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where 37 : R? — R,Vu,v € [0,1] and Bﬁ” :R? - R,Vpu,v € [0, 1] are smooth scalar fields

satisfying:

5 =0
— B+ By —al =0

Substituting it in the integral we obtain:

s1= [ {ewomsy + @ fa -
(e (Lo(@))BY + ¢ (Li(@))8Y + e (94) By fdt =
{

SN + (LB + " (84)5, bt =

d
d
— [ Gleemara [oarr [ o -
d
—— [ ctengimd [ consa-
d
:/M =g 071t + B3t =

— [ e (etpatan = (6.7

5

Another instance can be given by considering:
6.51= [ Lan@idt . Vo€ TTIR?
R

where ”yﬁl’\”’ :R? — R, Vu, v € [0,1] are smooth scalar fields satisfying:

7;1111/ =0
V;ILOV + ,ylli()u =0
2
] —al =0
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In this case we have that:

6.5 = [ {eantorie = (4.1.14)

= /R {C*(Lm(cﬁ)é‘)vﬂl” + M (Lao(@))V™ + ¢ (Loo (@) )0 + C*(Ln(gb)‘lf)fy;l”}dt _
(4.1.15)
d2
= /R *(Loo(d)) 1, M dt = /R *(LoLo(e)l)y, " dt = /R (@Mt = (11.16)

2

=1 [ (@) gahid = [ lotjati= (o.7] (417)

since Loy = Lig — Lie, eq) = L1o — 0 = Lyp. Hence it is clear that even in this very trivial
example the Ellis representation of a multipole is not unique and several different sets
of parameters can define the same distribution. This shows explicitly why we prefer to
describe o | ( l’)”, pH) or 7,’)“2” just as "parameters" rather than "components". They
completely define the multipoles but not in a unique C*°(R) linearly independent way.
Things turn even much worse if we try to change the atlas, so the charts. Let us suppose
to have another global atlas defining a new coordinate system (29, 2'!) linked to the old

ones with:
20 — x/()(xo xl)
’ (4.1.18)
't = y

This automatically induces a new trivialisation of TR*, T*R* and TPR? therefore a differ-
ent set of Ellis parameters. It is extremely annoying to realise how the different choices
of the Ellis parametrization defining the same multipole 7 behave in a very different way
satisfying very weird transformation rules, involving integrals of the Jacobian matrix. To
make matter even more problematic, if a change of local trivialisation is performed, for
instance due to the change of coordinate system, we are no more able to understand if two
Ellis local representation are related to the same distribution or if the Ellis parameters
define the multipole in a C*°(R) linearly independent way, because we are not able to
integrate explicitly the components of the Lie Derivatives. Let us show it. Changing the
coordinates on R?, we induce another global natural trivialisation of TR? fixed by (e}, €})
satisfying

el _ i/ — jﬂe
0 owe A (4.1.19)
61 — 921 - (]1 €u
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and this induces a new global trivialisation of 7*R? and TfRz . If we consider the first
case, the multipole T is expressed by:

[0, T] = /]Rc*(¢ﬁ)aZdt (4.1.20)
using the old trivialization and by:

0.7 = [ oy (4.1.21)

using the new one. By definition of the Ellis representation c*(¢f)aydt must be a
global smooth top form over R independently from the chosen trivialisation, hence,
c*(oh)aydt = c*(¢))a’,dt. This fixes a constraint on the transformation rules for the
local Ellis parameters:

S (P)a'Sdt = c(@)aldt = H(d(e", e,))aldt = ¢ (G(Tre™, T el)aldt = (4.1.22)
=c*(p(e"*, €)) e (JH) e (T, )dt (4.1.23)

concluding that:
o' = (T (J0) o (4.1.24)
and:

(6,71 = /RC*(¢’J)aZdt: / (1) (Ta)e (T et = / Cgl)eldt (1.1.25)

C
R R

If we consider the second case, the same multipole 7 can be expressed also by another
Ellis representation:

0.71= [ {eW@may sl . voe (4.1.26)
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where 37 : R? — R,Vu,v € [0,1] and Bﬁ” :R? - R,Vpu,v € [0, 1] are smooth scalar fields
satisfying:

511/ =0 ” .
{_M%[ﬁgy]+ﬁz—a5:0 (4.1.27)

using the old trivialisation and by:
0.7 = [ {e@@msy +e@nsfa , voerire (41.28)

where 8 : R* = R,Vu,v € [0,1] and 8 : R* — R,Vpu,v € [0,1] are smooth scalar
fields satisfying:

{B}/( n20)) =0 (4.1.29)

— 10, B + BB B = el

using the new one. The reader can immediately notice how, although the constraint
seems pretty simple when expressed on the Ellis representation induced by the first trivi-
alisation, in general this cannot be stated when using a new Ellis representation induced
by a new trivialisation of the tangent bundle. We will explicate the constraints after we
explicate the transformation rules for this second representation. By definition of the

Ellis representation {c*(LA(gb)fj)ﬁﬁ‘” + c*(gbﬁ,“)ﬁ’i:}dt must be a global smooth top form
over R independently from the chosen trivialisation, hence:

{c*(L;(d»)’;‘)ﬁ’j” + c*(¢;“)ﬁ’;}dt - {c*(LA(W)B,i” + c*(qb/;)ﬁ;}dt (4.1.30)

must be satisfied. This automatically fixes the form for the transition functions of the
local Ellis parameters:

{e (@) + ()80 fat = { e (LA(0))BY + (0 pat = (4.131)
{e (Lo (@))BY + (o251 bt = (4.1.32)
(L (@)BY + @R To00)8 + ¢ (O, T o) BY + (eh)By bt = (1.1.33)
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:{c*(Jnggﬁng)ﬁgV — M0, T] T T D) B + (4.1.34)

+cH (D, LTSS T T B + c*((bg*ngf)ﬁ;}dt (4.1.35)

concluding that:

B _ x(TH v * THTO v * TPTH v
{% = H(ThI) By — (0, JITTLIE) B + (8,7 T ThT2) 8 (41.36)

v v av v aYp
B = (ST I B

To explicate the equation for the constraints for this new parameters we need to invert
the transformation rules

B _ x(TH v * THTO v * TPTH v
{6@ = (Ta ) — 0 RTTLTBY + (Do LTI T)6) (4137)

- v oy Toene
C*(Jy‘]ﬁJB)ﬁIlB — B;\V
U\ o x( 7TV 050 < *(JoT)c* 7T 5
B = T ) e+ (T )¢ Op T T T )8 — e (i Tg)et O 2 T T o ) B3
HITETBY = B
(4.1.38)
*( T TV Al * T\ gev * T B
B = e U T8 + e @u T8 = ¢ (0T T8 (4.1.39)
AT T)8 = By
x( T TV Q1 * 0N x(TE o TV pr * TN (T T T !
Bi = (i T)B ot OTIT)e (T TR = e Oy JIT)e (T, T T5) B
(TSI By = B

(4.1.40)
B = T+ ¢ QI T TR = & 0, J1 T, T, I T8 (4.1.41)
(T Ti T8 = By
and plug it in the constraint expression:
BB, Br) =0 (4.1.42)
— B (B, B + (B, ) — adi(entt) = 0 N

{a(jijgjg)@'gﬁ =0

— e (LTINS Y) + TR + O T T3 — O JIT T I TH A% — ol

ey pp

(4.1.43)
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We do not even try to explicate the coordinate change rules and the constraints in a new
coordinate system for the third Ellis expression of T because involving the second order
Lie derivatives would be terribly painful. However we reached our purpose showing that
each multipole admits several (in general infinite) different Ellis representations and the
parameters related to them do not share the same transformation rules which in general
can be very complicated even in the simpler cases. Things get definitely and dramatically
worse in case we are trying to consider higher order multipoles, stopping us to find any
general algorithm or procedure to study in a systematic general way the properties of
the multipoles and to cast functional equations involving multipoles as unique covariant
equations on the parameters defining the multipoles.

4.1.2 Considerations

From the analysis of the very simple example presented above, the reader can be convinced
about the fact that, despite the quite straightforward intrinsic definition, the multipoles
can be very treacherous geometrical objects. Let us try to extrapolate from the examples
of what we think the problems affecting the Ellis representation are and their causes.

The non-uniqueness problem.

The first relevant issue we faced in the example was given by the non unique represen-
tation of the multipoles in terms of Lie derivatives. This can be extremely problematic
because the structure provided for the Ellis representation (i.e a closed embedding, an
atlas, a smooth partition of the unity subordinate to the atlas and smooth local frame)
is not enough to fix a one to one relationship between the multipole and its local repre-
sentative. This is directly caused by the non-uniqueness of the Ellis local representation
of the action of the multipoles that does not allow to single out a set of C'°(R)-linearly
independent multipoles that generate the whole module. Although this can seem a minor
issue apparently, in practice this causes the failure of a unique representation of the null
multipole, for instance as a set of null scalar fields. So we must admit that at this stage
we are not able to fix an isomorphism between the C'*°(R)-module of the multipoles and
the module (C*°(R), +, -). Because of this, at least at this stage, we avoid the term "com-
ponents" when we are referring to the Ellis parameters of a multipole. The lack of any
isomorphism between a multipole and its Ellis parameters causes also the failure of the
attempt to define the operation on the multipoles in terms of operations upon the local
representations. For instance the sum of two multipoles can produce a null distribution,
that can be expressed by a set of parameters that are not equal to the sum of two starting
multipoles parameters. As it has been already widely explained, considering that a clear
correspondence between the operations on the multipoles and operations upon their local
expressions is essential to express intrinsic functional equations, constraints and proper-
ties of the multipoles in terms of standard C*°(R)-functional equations eventually solvable
with known techniques, the Ellis local representation without any additional structure is
not enough to satisfy our requirements.
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Causes of the non-uniqueness.

The non uniqueness of the Ellis representation can be directly traced back mainly to
two things: the algebra of the Lie derivatives and the Stokes theorem. We know that
L,L,—L,L, = Ly, therefore fixing a local frame and a local C'*°(M)-linear combination
of Lie derivatives:

oMLy (T) = a™Le, L, (T) = aLe, Le, (T) + o™ Lie, ¢,jve, (T) = (4.1.44)
=aM Ly, (T) + a™[ex, e, L, (T)+ (4.1.45)
p q

+at Y27 e, @ dller e ) ()| + o Do dleneu)) @ o)} (4140

s=1 r=1

So as one can see, the anti-symmetric part of a linear combination of two Lie derivative
taken both with respect to a local frame (e,) are not C'°°(M)-linear independent from
the lower order Lie derivatives:

aM Ly (T) — a™ Ly, (T) = (4.1.47)
=aM[ex, e, L (T)+ (4.1.48)
HaM Za_g{ey ® d([ey, eu]”)—'ag(T)} + oM Za_F{d([e)\, eu)”) ® el,JO'g(T)} (4.1.49)

If we take a C*°(R) linear combinations of pullbacks of Lie derivatives with respect to a
closed embedding ¢ : R — M we have that:

e — ) (LM(T);;) — (4.1.50)
:a;\;‘”ﬁc*([e,\,eu]”)c*<Ly(T)Z§>+ (4.1.51)
rayre (35 e, @ dlen e o (D)} + 3 o dllen ) @ D)) ) (1152)

s=1 r=1

hence we can conclude that the anti-symmetric part of the pullback of Lie derivative
taken with respect to the local frame (e,) are not C°°(R)-linear independent from the
pullbacks of the lower order Lie derivatives. Since the Ellis representation is given by
a linear combination of several compositions of higher order Lie derivatives, it is clear
that it cannot be unique. Another different cause of non uniqueness of the Ellis local
representation is the fact that the multipoles act with an integral on R on the pullback
of the Lie derivatives of the tensor fields. In fact, according to the previous lemma, since
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c is a closed embedding, we have that:

Vs €R|c(s)NU #0, Veg € 'yTM |eg,,, =¢c(s) = I (Le(T))F) = - (T)7)
3

Let us suppose to have a local trivialisation (e;,) such that Vs € R|c(s)NU # 0, Veg €
LyTM | ey, = ¢(s) and multipole defined by its local action:

UG.A
U;Ne(s)
(4.1.54)
d Vg * * d Vg *
=3 [ Sl e wads =3 [ C@n )Tl e wds = (115
d Vg * P d vq * =
= /R PP SCHRLEMEEDS /R C(O8) 7 [0l (Wi)ds = (4.1.56)
vg « d. o, %
= Ad[c*(¢ﬁgw)a<f>up] - /RC (Fiwe) 75 Gyl (i) ds = (4.1.57)
Vg * P d Vg * 4
= /Rd[c*(‘ﬁﬁ%)%fm] -2 /RC (F) 35 il (i)l (4.1.58)

then using the Stokes theorem we conclude that:

> / Le( (¢ Qc*(%)a’{;’}%ds: (4.1.59)

U; eA
U;Ne(s)
=0- Z / D) O‘I{gui]C*(¢i)d5 (4.1.60)

(4.1.61)

Since the Ellis representation is given by the integration of a linear combination of several
compositions of higher order Lie derivatives, it is clear that it cannot be unique. Despite
some people like to regard the non uniqueness of the Ellis parameters as a "degree of
freedom" interpreting it as a "gauge" and following old fashion analogies with the Classi-
cal Electromagnetism, we argue that in this case this can be misleading. Given a vector
bundle or a principal bundle, a gauge transformation is an automorphism of the bundle
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in itself preserving the linear structure or the right action of the group respectively and
that is a symmetry for the Lagrangian action. Therefore before talking about "gauge
transformations", one should define a vector or a principal bundle where the Ellis pa-
rameters and the associated multipoles can be interpreted respectively as sections and
actions, and finally to provide an explicit form for the action of the linear group that fixes
the symmetry. This in principle can be done using the formalism of the Jet Bundles and
sub-manifold Jet Bundles but it should be fully formalised first, then the compatibility
between the module structure of the Distribution should be carefully checked. If other
bundles are built (i.e Sub-Manifold Distribution Bundle) one should prove that the degree
of freedom in the choice of the Ellis parameters can be always interpreted as a switch
between compatible local trivialisation, with some transformation rules satisfying the co-
cycle identities. We have already seen how all the changes of Ellis parameters induced by
a change of representation is not in general compatible with the action of a C*°(R)-linear
transformation (unless to consider the Jets Submanifold Bundle) because it involves non
trivial differential equations due to the existence of an integration process, therefore the
most general change of parametrization could not be even expressed as the action of
a group of transformation upon the bundles, therefore it could not be interpreted as a
change of trivialisation. To conclude we are not excluding a-priori the possibility that the
change of parametrization in the Ellis parameters can be considered as a real gauge, we
are just pointing out how one should clearly show the appropriate bundle and eventual
extra structure first.

The general covariance implementation problem

We will deeply discuss later about the nature and the meaning of the general covariance
and why it must be considered a fundamental requirement (especially in the framework
of General Relativity) satisfied by the equation encoding physical laws. We can resume
here the covariance principle: the change of local observer must be a a symmetry for the
dynamical field equations. In terms of bundle theory this means that the equations must
be invariant under change of all possible trivialisation. At this stage let us just assume
that the general covariance of the equations is an essential condition we cannot drop. Let
us suppose to have the simplest multipole equations :

T=0,T €T (4.1.62)

As it is an intrinsic equation, it automatically implements the covariance principle since
it does not depend on the coordinate system, but there is nothing we can do to find an
explicit form for the solution at this stage. As well as it is usually done when solving
tensor field dynamical equations (i.e Maxwell’s Equations, Einstein equations), the only
thing we can do is try to recast the intrinsic multipole equation as a functional equation on
the parameters defining the multipole itself. Doing so, we can try to solve the equations
for the Ellis parameters, and so we can write the functional solving the equation simply
using the Ellis local representation. We know that, since the Ellis representation in not
unique, the equation 7 = 0 can be recast as an equation on the parameters in several
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different ways depending on which parametrization is chosen. Recalling the example, we
choose to express the multipole equation as follow:

0, T] = / cH(py)ands =0 , Vo€ [T R? (4.1.63)
R
or in a different way:

0.71= [{ewa@nay +ewslis—o . wenn® (o)

where the parameters are coupled together by the constraint:

611/ =0 o
{—#%[62”] + 8L —al =0 (4.1.65)

If we consider the first representation of the equation, we say that the only way to have
a null integral V¢ € TyT}R? is to admit that all the parameters are null. Therefore we
have a first local Ellis representation for the given equation:

al =0 (4.1.66)

If we consider the second representation of the equation, we cannot state again that the
only way to have a null integral V¢ € T'yT}R? is to admit that all the parameters are
null, because they are not linearly independent. Luckily we obtained the detail of the
link between the two parametrizations, hence knowing the representation of the equation

in terms of o}, we can cast easily the equation in terms of ( ;}”, Br)

OZZ =0 Blu =0
_%[5gy]+ﬂz_oéz:0 dt U= p %
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Although both the Ellis representations seem to lead both to good equations, the first
one is completely invariant under transformations induced by local diffeomorphisms:

= JoJ5al =0 (4.1.68)

but the second one is not:

(_ SJ )6/%3 -0
0 *( 7o TV * a TETY o
— [ (T IET) B+ (I T )8 + (0, 2T, )80 — (0,02 T T, 00 T5) 8% =0
(4.1.69)

0
This means that the multipole equation 7 =0, T € ﬁ(f])g(c) admits a generally covariant
local representation in terms of algebraic constraints o, = 0 but equivalently admits also
a non generally covariant (the equation is not invariant under transformation induced by
local diffeomorphism) representation in terms of coupled algebraic and differential equa-
tions on the parameters ( 3”, ﬁ;) Therefore, we must conclude that not all the Ellis
representations of the multipoles lead to covariant equations for the local parameters,
even in the most trivial cases. One could state that this can be assumed to be a good
criterion to choose acceptable Ellis parametrizations but is not trivial to prove that such
a representation always exists. Although one can argue that this is just a minor problem,
as we will discuss later this does not allow us to extrapolate any physical information
directly from the Ellis parameters solving the equations (unless very specific and trivial
cases) because the Ellis parameters defining a solution to a given multipole equation must
solve a different equation in each distinct coordinate system. So concluding the analysis
we can state that, in general, given a multipole equation, no direct general way to write
it uniquely in terms of equations upon the Ellis local parameters exists, unless consider-
ing very specific representation. Some of them can be easily defined using a particular
trivialisation of T'M at the price that the local representation of the multipole equations
are not invariant under diffeomorphism, thence they are not generally covariant. Taking
apart very specific trivial cases, the Ellis parameters solving the local representations
of non covariant multipole equations cannot be associated directly to meaningful geo-
metrical properties (or physical observables) independently from the conventions set by
the local coordinate system. An interesting geometrical interpretation of what happens
can be done in terms of bundles. In fact the general covariance problem arises directly
when we examine the compatibility between two structures, the action of the group of
the diffeomorphism on the parameters induced by the Ellis representation and the iso-

k
morphisms (as C*°(R)-modules) of &“f)q’ (c) with at least one Ellis representation. Fixing
a specific isomorphism could be incompatible with respect to the action of Diff (M) on
the parameters, therefore Diff (M) cannot be a symmetry for the local representation of
the multipole equation. In other words the request of a particular isomorphism between
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the multipoles and their Ellis parameters could fix too strong constraints upon the com-
patible trivialisation of T'M defining the Ellis representation, such that the covariance is
broken. On the other hand if one wants to preserve the general covariance (i.e. inducing
the Ellis representation without directly linking them to a particular coordinate system),
several possible isomorphisms must be excluded.

The local Ellis parameters gluing problem

In the example above we considered a very trivial case in which the manifold admits an
atlas formed by one global chart. If we do not restrict ourselves to these specific cases
we have to consider that the local Ellis parameters must be "glued" in an appropriate
way in order to create a global smooth top form over R which must be integrated. This
requirement follows directly from the definition of the Ellis representation of the multi-
poles and we proved that it is always possible to build at least one non null smooth global
fo)l\rm defining a non null multipole via the Ellis representation. However the request that
ai

. must define a smooth global 1-form on R via:

N
* > A vg _
c ( > i) LAE(¢)(§§‘;E)a(;; " ,.ds € TA'R (4.1.70)
U;eA k=0
U;Nc(R)#£2

is in general a very strong constraint. In fact, in order to be a good global smooth section
of A'R, from the bundle theory, we know that given two overlapping charts (U;, ¢@)) and
(Uj, ¢)) such that U; N U; N c(R) # @ we need to satisfy the compatibility condition

N N
* B Apvg * B Apvg _
S e <LAE(¢)($V§> T ds= e (LAE(@(;‘W)%'; ods . Vs e UNTU Ne(R)]

(4.1.71)

hence
N N
Zc* Ly ()7 )a &7 = Zc* Ly (¢),/7 a7 Vs € ¢ HU; NU; N e(R)]
Me\P (ivg ) @) wp s M\ (Gvg )76 i T ! J
k=0 k=0

(4.1.72)

In general this is a non trivial condition, some obstructions could occur depending on the
topology of M and the explicit form of the embedding c. Analysing the behaviour of the
Lie derivatives with respect to the change of local natural frame, we concluded that the
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condition above fixes a sort of transition function from the local Ellis parameters in the
generic form:

N N k
* HE AL vg _ * M5 AL Vg0p Y5 Pg 4 o
| Y (L@, ) o qup]s = [ (L), ) B s ) , LTS

iy
=)
»
Il
o

where ﬁ(/\ﬁ)l;ifwa is a bunch of smooth local scalar fields on R formed by a very tricky

linear combination of Lie derivatives of the Jacobian matrices ruling the gluing of the
parameters. In general there is no way to recast this constraint in a general expression
due to the very awful non C°°(M)-linearity of the Lie Derivative. What one can do is
try to explicate the condition for very specific small values of IV, or alternatively check
the compatibility condition of the parameters by directly substituting them inside the
previous equation. It is clear that both of these approaches are not satisfactory because
both of them do not offer a systematic way to cast a transformation rule for the local
parameters, satisfied in order to be considered a well defined Ellis representation of a
multipole. This could lead us to very serious issues when trying to define explicitly an
arbitrary multipole directly through an Ellis local representation, because no explicit
systematic method can be given to state how an Ellis representation is affected by the
change of atlas on the manifold.Although one cannot say that it is a severe problem, this
aspect is definitely problematic. In fact we would like to be very efficient when analysing
the compatibility condition satisfied by an Ellis local representation, in order to check if
a set of local equations fixed for the local Ellis parameters can be interpreted as the local
expression of a well defined intrinsic equation of multipoles. Unfortunately a satisfactory
solution to this problem is still a matter of investigation.

4.2 Isomorphism between multipoles and the Ellis rep-
resentation induced by a the choice of an adapted
coordinate system.

In this section we are going to show that an isomorphism between the multipoles and
a very specific Ellis local representation exists. This bijection preserves the structure of

k
C*°R-module and it allows us to show how, for each k£ € N, the space “(f{);(c) is actually
a free-module with a well defined finite dimension. We will see how this isomorphism
between the multipoles and this specific Ellis representation is induced by the choice
of a particular atlas A adapted to the embedding. The choice of an adapted atlas is
needed to regularise and Kkill the redundancy in the Ellis representation occurring due
to the integration process characterising the action of the multipoles. This approach
can be very useful to single out a minimal set of C°(R)-linearly independent generators
for the multipoles up to the order k£ but it leads to some problems. First of all, the
covariance is broken, because since the isomorphism depends on the choice of a very
specific coordinate system, the action of the diffeomorphisms on the parameters (induced

151



by the Ellis representation) is not compatible with it. We will see how this problem can
be avoided using the transverse frame formalism very closely related with the "vielbein"
formalism to define in a coordinate independent way the same isomorphism. The second
aspect is much more subtle and concerns the choice of the the transverse frame (or
equivalently the choice of an adapted coordinate system) that fix the isomorphism. In
fact since there exists infinite set of transverse frames, they fix infinite different isomorphic
Ellis parametrization. Hence we will see that, for the multipoles, a degree of freedom to
choose appropriately different Ellis parameters induced by different transverse frames
exist. The investigation of this degree of freedom is absolutely not trivial, creating a
lot of problems while interpreting this representation just as particular trivialization of
a specific bundle. The existence and the details of a bundle structure (possibly a vector
bundle) built upon the worldine ¢(R) encoding (as an actual gauge symmetry) both the
invariance under the action of the local diffeomorphism of M and the different choices of
transverse frames is still unknown and an actual matter of investigation.

4.2.1 Coordinate system adapted to the closed embedding and
transverse space

Lemma 29: Let M be a manifold and let us suppose that ¢ : R < M is a closed
embedding. Then at each point ¢ € R there exist at least two charts (/,%) and (U, ¢)
of R and M respectively, with t € I and ¢(I) C U, such that the local expression of
¢ : R < M is just the restriction on I of the standard inclusion of 7 : I C R < R™.

Proof. We provide here a sketch of proof. Let (I,1) and (U, ¢) be local charts of R and
M around t and ¢(t) respectively such that ¢(I) C U. Let us denote by ¢ : (1) — ¢(U)
the local expression of ¢ defined by ¢ = ¢ o co¢~!. The differential at () defined
as d(¢)),, R = Rx R™ 1 always exists and is injective, therefore, up to rearranging
indices, considering the canonical standard projection m; : R x R™~! — R into the first
factor we can define the map:

mod(é),, - R—R (4.2.1)

L 8

which is an isomorphism. By the inverse function theorem, by shrinking enough I, we
can assume that m o¢:(l) — Vy C R is a local diffeomorphism from (/) to its image
V. Let us call (m0¢)™1 : Vy — 9(I) the smooth inverse map. Now if we consider 7, the
canonical projection m : R x R™™! — R™~! onto the second factor, then ¢((I)) can be
interpreted as the graph of:

moco(moe) t:VyCR—R™! (4.2.2)

It is easy to check that m; o ¢(¢(I)) is a sub-manifold of R x R™! and the map 7 :
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Vo x R™ 1 — V x R™! such that:

7(s,y) = (s,y —moco(moc) '(s)) (4.2.3)

is a diffeomorphism such that 7(¢(¢(1)) = Vo x {0}. It is enough to build a new set of

local charts (I,4) and (U, @) as follow:

{%’Zﬁoeo@b (4.2.4)
b=r0¢
and they satisfy:
[ggocoqﬂ_l] = {To¢oco1/1_lo(7rloé)_1}(s) =(s,0) , Vtel (4.2.5)
|J,(t):s
O

Definition 63: Given a closed embedding ¢ : R < M, a local chart (U, ¢) on a manifold
M is called a adapted chart if satisfies:

1. U is diffeomorphic to I x V C R x R™!, where I and V are open subsets of R and
R™~! respectively

2. there always exists two maps ¢ : U — I C Rand ¢ : U — V C R™ ! such that
o(x) = (¢Y(z), p(x)), Vo € U is just the Cartesian product of the images of the point
through ¢ (x) and ¢(z).

3. the embedding ¢ : R — M is locally expressed by ¢(s) = (s,0") withi € [1,m—1] C
N.

Definition 64: Given a closed embedding ¢ : R < M, an atlas A = (U;, p(;)) of M is
called atlas adapted to c if there exists a covering of the sub-manifold ¢(R) defined by
the embedding made by adapted local chart.

Definition 65: Given a closed embedding ¢ : R < M and an adapted atlas A = (U;, ¢(;))
of the manifold M, the natural local frame (9;),,) on the open U; C M is called an adapted
local frame.

Definition 66: Given a closed embedding ¢ : R < M, an adapted atlas A of M induces
a trivialisation of T'M,T*M and T?M called trivialisation adapted to c
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Property 39: The existence of an adapted local chart as well as the existence of an
adapted local Atlas, an adapted local frame and an adapted trivialisation are guaranteed
at each point on the image of ¢(R) by the previous lemma. Furthermore it is obvious
how the natural projection m; : U — I makes the open U a fibered manifold on I.

Property 40: It is trivial to notice that given an atlas A of M and a closed embedding
c¢: R < M, it is always possible to build a non-minimal adapted atlas just adding to A
enough adapted local charts in order to cover the sub-manifold ¢(R) or alternatively just
the single adapted local chart covering the whole ¢(R)

4.2.2 Ellis representation fixed by an adapted atlas and adapted
Ellis moments of a multipole

We are going to see a possible way to fix the isomorphism between the multipoles and one
Ellis representation. By choosing a specific set of local adapted coordinates covering all
the manifold, we are able to kill the degree of freedom in the choice of the Ellis parameters.
As we are going to see, although this approach is very straightforward and immediate, we
must pay the price of introducing a new geometrical structure hidden inside the choice of
adapted coordinates. Furthermore since this isomorphism between multipoles and Ellis
parameters is strongly dependent just on the specific natural local trivialisation induced
by a specific set of coordinates, the structure is not invariant under diffeomorphisms, so
it is not covariant. From here we are going to use the split Einstein condensed convention
upon the indices. The greek letters are related to indices running from 0 to m — 1, the
latin letters instead are related to indices running from 1 to m — 1

Theorem 7: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M adapted
to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (J;),.)-
Let (1;) be a smooth partition of the unity subordinate to (U;) and let ds be a global
coframe of 'A'R. For each Ellis multipole 7 € T(c), there always exists a unique bunch

of local smooth scalar fields oz?z)’“ quﬁ € T'enu, AR completely symmetric in my and defining
a global smooth top form:

c*< Z (08 Z L (¢ “p )a?}f”ﬁ%ds € 'A'R (4.2.6)
U;eA
U;Nc(R)#£2

such that, V¢ € I¢TPM , T acts on the local expression of ¢ as follow:

ord(T)

o= X [ ZLmk Yo (e)ags T, ds (42.7)
Ui
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Proof. To prove the statement it is enough to show that given an adapted atlas, each
multipole must be written uniquely in that way. First of all let us consider that since
ey = Ow)u therefore the commutator is always trivially [0g).,0u)] = 0 due to the
Schwartz theorem concerning the commutation of partial derivatives. Hence we can state
that:

Laﬁ((b)(gz = LaLB((b)(Sia = LgLa (?b)(z)w - L[a(i)ﬂﬂa(i)a}((ﬁ)(gz = LﬁLa((b)(S; = Lﬁa(@(gz
(4.2.8)

Let us suppose now that for a generic k£ € N, the composition of k Lie derivatives with
respect to a natural frame (0(;),) is completely symmetric:

Lo () r. = Lo, (D) VI e[ (4.2.9)

then we have that:

vy by B bE
Laﬁg(¢)(i)2ﬁ - LaL(ﬁl LﬁE\T) (¢)(i)]1‘;§ - L(ﬁl LQLBE\D (¢)(i)€@ - L[a(i)(ﬂl 9(8)a Lﬁ;\D (¢)(i)i§ -
(4.2.10)

O

Iterating the same process for each index it is possible to show that o commutes with
each [ Therefore we must to conclude that the composition of an arbitrary number of
Lie Derivatives Lﬂg(gb)(gl = Ley (-(Ley, (gb)))(gi7 of a tensor field must be completely
symmetric in the indices related to the derivations. At this point, to prove the statement
it’s enough to show that all Cor{(c) can be written in that way and then prove that the
given expression is closed under the operations we used to define T%(c). Let us consider
a functional S € Cor{(c). We know by definition that there exists at least a 7' € T} and
a o € TA'R such that S = T - ¢¢(«) . So we can write the action of this functional on an

arbitrary test tensor field ¢ as an action on its local coordinate expression:

6.8 = 0T ccle)] = [ @(T@)na- (12.12)
/ ( [Z¢ Dy l(/g®€z>up]> a = (4.2.13)
U;eA
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- [ (5 vl o) o=

U;eA

= Y [e@enas,)ro= X [e(od)ewem,

U;cA Ui A
UiNc(R)#2 Uinc(R)#2

(4.2.14)

) - ads

(4.2.15)

We know that ord(S) = 0 ,therefore fixed arbitrarily an N € N we can define a bunch of

local scalar fields:

(Z) Hp

my vy a F T Yk < ord(S)
0 , ordS)<k

and rewrite the expression as follows:

0= X [ (S bl ) el

UEA
U;Nec(R

Since by construction, V¢ € I'¢TPM the local scalar fields ozzrilf unﬁ satisfies :

ord(S)

> (v > Luglo ) ol ds = (T(6)) Ao

U,e A

U;Nc(R)#2
we have immediately that:

ord(S)
2. ¢ <L (@(l)%)a%@ s
k=0

(4.2.17)

(4.2.18)

(4.2.19)

can be interpreted as a local expression of the global smooth form ¢*(T(¢)) A a € TA'R

(k)
induced by the adapted atlas A. Now let us assume that a generic 7,8 € T{(c) satisfies

the thesis. Then we would like to prove that V¢ € I'gTPM:
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1. there always exists a bunch of local smooth scalar field BE\SW € T, AR com-

pletely symmetric in mz defining a global smooth top form:

57

ord(T+S)
> ( Z Ly (¢ Z;;q)ﬂi)k 7 ds € TAR (4.2.20)
U;eA
U;Nc(R)#2

such that, 7 4+ S acts on the local expressions of ¢ as follow:

6.5+T= Y / mz<¢>(;;;)c*<¢i>6$%”zﬁds (1.2.21)
vindErto

2. there always exists a bunch of local smooth scalar field BE?)E Vq% € Ty, AR com-
pletely symmetric in mz defining a global smooth top form:

ord(-T)
oo (@Z/z’ > ng(cb)(f;@) Bir'®, ds € TAR (4.2.22)
U;eA k=0

U; ﬂc(R);éZ

such that, f - 7T acts on the local expressions of ¢ as follow:

6. f-TI= > / mg(cb)l),ﬁ) ()BT, ds (4.2.23)

U,eA
U; ﬂc(R);ﬁZ

3. For each smooth global vector field v € I'T'M there always exists a bunch of local

smooth scalar field ’yzf%ﬁ € Lep, AR completely symmetric in my, defining a
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global smooth top form:

ord(LyT)
> o« (wi > L (9) (52) Yoy, ds € TAR (4.2.24)
U,eA k=0

U;Nc(R)#£2
such that, L, 7T acts on the local expressions of ¢ as follow:
(¢, L, T] = Z / Ly (®) z)%) (%) 7ds (4.2.25)

U,eA
U; ﬁc(R)#@

Let us start with the first:

[0, S+ T| =19, ] [cb,ﬂ = (4.2.26)
= > / me(0) g V) “(i)ag ", ds+ (4.2.27)
U,eA

UiNc(R)#@

ord(T B
+ 0> / Z Ly (¢ %2) (i)ag; T, ds = (4.2.28)
U;,eA
U; ﬁc(R +0
ord(T)
-2 / Lng (@), )€ WG + ¢ (0 Lngl@)(i7, ) ()T, s
UieA j=0

U; ﬂc(R #

(4.2.29)

Let us suppose to have ord(7T) < ord(S), the other case follow in the same manner. Since
ord(T) < ord(S) we can always choose a new bunch of smooth local scalar fields:

o+ &M Yk < ord(T)
BRI =" ord(T) < k < ord(S) (4.2.30)
0 , ordlS)<k
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Therefore using it on the expression

6.5+T= 3 / Lug ()45, )¢ (B, ds (12.31)
U; rg]c(%R{)Lt;é@

Now let us consider the property of the multipoles V7,8 € Ti(c) = ord(S+T) <
max{S, T} therefore we can state that ord(S + T) < ord(S). Then the expression can
be recast as:

6.5+T]= 3 / L (@) ) WoE T ds = (1232)

U;eA
U;Nc(R)#A2
ord (T+S)
= 2. / Z i ( ) () By (4.2.33)
U;cA
Uﬂc( 3%
ord
D / ng(cb) W) () By, ds (4.2.34)
U;cA k=ord( T+S)
U;Nc(R)#2

We can easily prove that the second integral must be null otherwise we are going to
have a contradiction. In fact by the definition of order, Vj € N,V¢ € I'(/TYM,V\ €
C*®M | ¢*(A) = 0 we must have:

0 = AT+ +4ig T 4 g] (4.2.35)

This leads us to:

> / (X’”‘“T*S’*”jcb)(é?) (i) By, dst (4.2.36)
U; E.A
U;Nec(R

ord(S)

+ ) / LmE(AOTd(T +3>+1+j¢)(;;;)c*(wi)ﬁg‘f”q‘%ds =0 (4.2.37)
UicA k= ord(T+8)
U;Nc(R)#£@
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The first integral it is always null because there are not enough Lie derivatives to Kkill
all the powers of A7UT+S)+1+7 and we can conclude that Vj € N,V¢ € LoTPM, VA €
C*®M | ¢*(X) = 0 the second integral must vanish as well:

ord(S)

Z / LmE(AOTd(T+S)+1+j¢)(52) C*(w»ﬁg)z”q‘wds -0 (4.2.38)

U; EA k= ord(T+S
U;Ne(R

Since 683? V‘lﬁds are symmetric and each term c¢* Lmz()\ord(TJ“S)““ o) (52) is composed
by derivations along linearly independent vectors with respect to ¢ there is no chance to
have a null result for each ¢ € I'yT? M unless all the Ellis parameters are constrained by:

BET =0, Vk>ordS+T) (4.2.39)

So finally we have to conclude that:

psei= Y [e( S L)l (1240
U;eA
U;Ne(R)#2

By construction we have that:

ord(T+S)
Sooe(X DulO)dn, ) B, ds = (4:241)
Uiy =
Nc %]
ord(T) ord(S)
= > (X me(@(gpw)“(%)agf quﬁd3+c*( > Lm*@)(?w)“(m)o‘(z)k s
U,eA k=0 7=0
U;Nc(R)#£2

Since we assumed both S and 7T satisfy the thesis, then both the second terms in the right
hand side of the equation are well defined global smooth 1-forms on R. Considering that
the sum of two smooth global 1-forms is still a smooth one form we have immediately
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that

ord(T+S)

Z Ly (¢ Vﬁ) By, ds (4.2.43)

can be interpreted as the local expression of a global smooth form defined on the whole
R. To prove the closure with respect to the product with scalars let us suppose that T
satisfy the thesis, then we can use a special case of the previous lemma:

k
L (F )8 = D L) o S imepns (4.2.44)
7=0
to manipulate the expression:
9. f-T]= ﬂ = (4.2.45)
> / me(J0) ()¢ (i)alf 7, ds = (4.2.46)
U, EA
U;Ne(R
or (T k
n oqh * mr Vg PR
Z / ZL” (%) ml;iw) (wi)a(i)k q'uﬁds (4.2.47)
U;eA k=0 j5=0
U;Ne(R)#2

Now it is enough to re-sum order by order all the terms deﬁning a new bunch of scalar
fields f;] q% as linear combinations of ¢*( f(zgmtg;;q) and « )’“ "u to end up with:

9. 7] = (4.2.48)
ord(T k
Z / : :L" z)w z)mq:o:ﬁ>0*(,’7bi)a$)k Viﬁdg: (lQlO)
U; ﬂc(R #&
ord(f-T)
> / ( Z Ly (0) ) t(Wi)Bg) . ds (4.2.50)
U;eA j=
U;Ne(R)#£2

where the property ord(7T) = ord(f-T) has been used. Since by hypothesis, Vo € [T} M
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the local scalar fields agb)% V?% defines a good global smooth form on R with

ord(f-T) -
S (Y L)l a2
U,eA k=0

U;iNc(R)#£@

and since Vo € DoTPM,Vf € C°(M) = f¢ € ['\TP M, we have that by construction:

ord(T) ord(f-T)
My my Vg _ % n= Vg
> (v 3 Lulfo)f, ol s = 3 (e 3o Lu(@)f, )8, ds
UieA k=0 Ui A =0
U;Nc(R)#£2 U;Nc(R)#£2
(4.2.52)
is a global smooth 1- form over R and:
ord(fT) .
(D La0)n, )85, ds (4.2.53)
=0

can be interpreted as its local expression. The proof of the closure with respect to the
"transverse" Lie derivatives is a bit painful and requires some lemmas stated in the
previous chapters.

[¢aLv7—]—_[Lv¢>ﬂ_ (1251)
ord(T)
S /c< S L (L) 2, )€ (W)ale ™, ds = (4.2.55)
Uea VR k=0
U;Nc(R)#2
ord(T)
- ¥ /C< 3 LmE(UALm)()%) ()l ds+ (4.2.56)
vea R k=0
U;Nc(R)#2
ord(T p
+ Z / Z Z ng{i [U(l’sﬂ)(d(v(z)) ® e@n ® <Z5)} } ) *(aag A5+
U;c A k=0 s=1 (g
U;Nc(R)#£2
(4.2.57)

162



ord(T q

Z Z Lmz{i [U(U"H)(d(“é)) B e ® ¢)] }(z)

k=0 r=1

A

UeA
U;Ne(R

To proceed in the proof it can be useful to analyse separately the first term.

1. Let us consider temporarily just the first term: It is possible to use the Leibnitz
rule to write the expression as:

S [ (X bt o) )e a5 s - (4259)
U,eA
U;Nc(R)#£2
ord('T) k L
- [e(X z(.)Lmjwa»Lmk\jo@(zs;)c*wa%f il -
U;,eA k=0 j=0 J
U;Nc(R)#2
(4.2.60)
ord(T) k L
= X [e( S (8) rn btk 01, s st
viea VR k=0 j=o \J
U;Nc(R)#2

U; ﬂc(R);ﬁ@

Now integrating by parts the pullback of the Lie derivative taken along eq = 0,
since the boundary term vanishes due the compact support of ¢:

ord('T

> / Z Lng (v La0) ) w) “(W)agy ", ds = (4.2.63)
U;eA
U;Nc(R)#2
ord(T k L
= 3 [ (S 2 (5) et i 008 ) ol o
UicA =0 j= J
U;Nc(R)#2

(4.2.64)
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U;,eA k=0 7=0 J
UiﬂC(R);ﬁQ
(4.2.65)
ord(T) &k L
= > / c*< > (j)Lmj(vZ))Lank\j(@ g;>c*(wi)a(i)k " ds+
vied YR k=0 j=0
UiﬂC(R)yéQ
(4.2.66)
OT‘d(T) k k N (¢) P‘F *<w> d * L ( 0 ) % Va d
- D . ch mp g \P iy ) © i) 7 € [\ Fmi Vo)) )Xy iy ] 45
U;eA k=0 j=0
U;Nc(R)#£2
(4.2.67)

. Let us consider temporarily just the second term. It is possible to use the local
frame to write explicitly:

v ’
Lmz{i [U(I’SH)(d(U(Az’)) ® e ® ¢)} }(i)% = (4.2.68)
. s o 1 o
Hp .
ZLmz{aa(Uf\,,))@ [0(1’5“)(63) ® emn ® gb)] }(i)ya = (4.2.70)
k
k A (1,541) [ a i -
:Z ; Lm;.{aa(v(z))}Lmz\E{Z[a (€fhy ® e @ ¢)]} o (4.2.71)
j=1 7
b k U
=y (;) Lm?{ﬁa(va))}LmE\;{i [0(1’5“)(6@) ® €@ ® ¢)] }(,) = (4272
j=1 Vv
kg -
=5 () {008} e 1 127
— \J
j
The same can be done to obtain:
1 i
ng{i [0<1,r+1>(d(vé)) ® e @ qﬁ)] }(i)w = (4.2.74)
Lk
_ B Hp 1O e
S Dl () R CAEH) . (12.75)
j=1
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Therefore considering what we have obtained it is enough to put together all the pieces
composing the original expression:

(¢, L,T] = (4.2.76)
ord(T) k i
== > /R C*( > D (j>Lmj(v’i))Lank\j(¢) 5‘;) (1) ds+  (4.2.77)
U;eA k=0 j=0
UiNc(R)#2
ord(T)

U; ﬁc(R);ﬁ@
(4.2.78)
ord(T) p k L
* s S—1OHp\5 my Vg
0 5 [ (0 (§) {0t 0 5 e el s
U,eA k=0 s=1 j=1
U;Nc(R)#£2
(4.2.79)
ord(T) q k L
* B Hp * my Vg
- /RC ( 2.2 (j)Lmj{a”r(“m)}Lmk\j(@(i)’f»ﬁﬁvq\r)C (Woag) "umds
UicA k=0 r=1 j=1
Uine(R)#2
(4.2.80)

Now it is enough to re-sum order by order all the terms contracted with the Lie Deriva-
tives to define a new appropriate bunch of scalar fields Y )’“ qup allowing us to recast the
expression as follow:

OTd(T)+1
0. LT = >, / > Lmg(@) %)C*(wi)vg)’“ o ds (4.2.81)
UeA R k=0

U; ﬁc(R);ﬁ@

Now using the property ord(L,T) < ord(7T + 1) we can recast the expression as:

ord(T—H
0,5+ T)1= ) / Z i f;‘,iﬁ)c*(wi)v?ff”"%ds = (4.2.82)
U; eA
U;Ne(R ;ﬁ@
ord Lv
= > / f(¢)(§§i§) ()BT, ds+ (4.2.83)
UlGA
U;Nec(R
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ord
D / L (9) W) Wiy, ds (4.2.84)

U,eA k= ord(LvT)+l
U;Ne(R)#@

We can easily prove that the second integral must be null otherwise we are going to
have a contradiction. In fact by the definition of order, Vj € N,V¢ € I'(/TYM,V\ €
C*®M | ¢*(A) = 0 we must have:

0= [NrdETIH I g 1 T (4.2.85)

leading us to:

3 / NPT ) 8 Y o () G157y (4.2.86)

P
UGA
U;Ne(R

ord
U,eA k ord(LvT)+1
U;Nc(R)#£2

The first integral is always null because there are not enough Lie derivatives to Kkill
all the powers of A(T+&)¥1+7 "and we can conclude that Vj € N,V¢ € T\TPM, VX €
C°M | ¢*(N\) = 0 the second integral must vanish as well:

Z / ng()‘ord(T+S)+1+j¢)(SZ> C*(,ébi),y(mi)ﬁ unﬁds =0 <4288>
U; EA k= ord T)+1
U;Ne(R

Since 72?)% Viﬁds are symmetric and each term c* ng()\ord(7+s)“+j ®) é;i) is composed
P q

by derivations along linearly independent vectors with respect to ¢, there is no chance to

have a null result for each ¢ € I'yTP M unless all the Ellis parameters are constrained by:

V) V?% =0 , Vk>ordL,T) (4.2.89)
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So finally we have to conclude that:

m"d(Lv
(¢, L,T] = Z mg(¢)(52> c*(wi)”yzgwiﬁds (4.2.90)
U,eA
U;Nc(R)#£2

Since by hypothesis, V¢ € T'¢T?M the local scalar fields Oz?f)%% define a good global
smooth form on R with

N
> o« (wi > Lmz(as)(giq) g, ds (4.2.91)
U;eA k=0
U;Nc(R)#£2

and since V¢ € I'\TPM,Yv € I'TM = L,¢ € I'yT? M, we have that by construction:

ord(T) ord(LyT)
I3 my Vg . U5 my Vg
> < (77/’2' > Lmz(Lv@(i)’lq)O‘(i)k Rds= ) <¢i > Lmz(ﬁf’)(i)%) Ty S
UieA k=0 Uie A k=0
UiﬂC(R);AZ UiﬂC(R);ﬁ@
(4.2.92)
is a global smooth 1- form over R and:
ord(LyT)
c*( N L), ) Eds (4.2.93)
k=0

can be interpreted as its local expression. To complete the proof we need finally to check
the uniqueness of this Ellis representation. Let us suppose by contradiction that given an
arbitrary multipole S there exists two distinct bunches of these specific Ellis parameters,
namely aygf V?% and BE?)E Viﬁ defining the same multipole. This means that V¢ € T\TPM
we must have that:

0=1[,8-[8= > / (¢)(g¢ja)c*(wi)ag?f%ds+ (4.2.94)
Urg]c%R{J)L‘;é@

167



U;e A k=0
U;Ne(R)#@
ord(S
> / § L (¢ ) * () [a”;‘)k T By ”15] ds (4.2.96)
UicA
U; ﬂc(]R);é@

Since the parameters are completely symmetric in the indices mz and since each term
c* (ng(@ é;i) is composed by derivations along linearly independent vectors with re-
q

spect to ¢, there is no chance to have a null result for each ¢ € I'gTFM unless all the Ellis
parameters are constrained by:

00— Bl =0 = Al =B, (4.2.97)

that is a contradiction since we assumed that the two sets of Ellis parameters are not
equal. So we have the thesis.

Let us remark that the uniqueness strongly depends on the choices of the adapted
atlas.

Definition 67: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M adapted
to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (J;),.)-
Let (1;) be a smooth partition of the unity subordinate to (U;) and let ds be a global
coframe of A'R. The set of Ellis parameters az)z Va% € Ty, A°R completely symmetric
in mz and defining a global smooth top form:

ord(T)
Yoo > e (% m( )a’g)k”q%dsemll& (4.2.98)
U;jeA k=0
UJTC(R)#@

such that, Vo € DogTPM , T € Ti(c) acts on the local expression of ¢ as follow:

ord(T

EXIEDY / Z Lmk<¢)(g;>c*( dagr ", ds (4.2.99)
U;eA
U;Ne(R)#@
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are called adapted Ellis moments of the multipole T with respect to the adapted atlas
(Ui, ¢@y)- The local Ellis representation induced by the adapted Ellis moments

ord(T)

T- ¥ 3 (—1)kLmE{¢i [e’(‘g ® e(%] & (aZdes) } (4.2.100)
U;e A k=0
U;Nc(R)#2

is called adapted Ellis local representation with respect to the adapted atlas (U;, ).

Corollary 13: Let ¢ : R < M be a worldline and A = (U;, (;)) an atlas of M adapted to
c inducing a local adapted trivialisation of 7'M due to the local adapted frame (J(;),,). Let
(1;) be a smooth partition of the unity subordinate to (U;) and let ds be a global coframe
of TA'R. The adapted Ellis local representation with respect to the given adapted atlas
is an isomorphism (of modules) between the T4(c) and the set of the Ellis parameters.

Proof. Tt is quite trivial. We already proved in the previous theorem that the adapted
Ellis local representation is able to express all the elements in Tg(c) in an unique way. It
is very easy to check that the sum of distribution is mapped into the sum of parameters as
well as the scalar multiplication, therefore it is a bijection preserving the linear structure,
hence an isomorphism. O

Let us stress once again that this particular isomorphism is strongly dependent on the
choices of the adapted atlas. If another atlas is chosen then this isomorphism does not
occur anymore. If the new atlas is still adapted, then a new isomorphism can be built with
the same approach, however the link between two different adapted Ellis representation
can be very tricky. In case the new atlas is no more adapted, then one cannot define
this kind of isomorphism. This is very problematic because the way we decided to link
the adapted Ellis parameter to the multipoles is not compatible with the invariance
under local diffeomorphisms or equivalently for a general local coordinate transformation,
therefore the covariance principle is broken.

4.2.3 The C*(R) free module structure of T?(c)

Since fixing an adapted atlas and using the induced Ellis local representation maps iso-
morphically T?(c) as a C°°(R) module into the set of the adapted Ellis moments, it is
enough to analyse them to extrapolate some information about the algebraic structure of
T?(c) and its subsets T(c). Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of
M adapted to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted
frame (0;),). Let (¢;) be a smooth partition of the unity subordinate to (U;) and let ds
be a global coframe of lA'R. Given 7 € T?(c) and the set of its adapted Ellis moments
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aF"  we have that:
(%) 157

ord(T)
T= > > (- mz{wi [efg ® e(i)yﬁ] ¢ (agf’:j;ds) } (4.2.101)
U;eA k=0

Uine(R)#o

Using the C*°(R) module scalar multiplication we can recast the expression as follow:

re 2 S (il dsa}) 02
U;cA k=0

U;Nc(R)#2

Fixing the order k£ and fixing the lists of indices mg, 1z and 14, each term:

(—1)“/‘%{% [egg ® e(i),,q] CC(ds)} (4.2.103)

(k)
can be interpreted as a multipole belonging to T(c), defined by its action on I'yT} M by:

[0V L el © conlectin}] = [ ¢ (Lmgloli, Jas = (42100

/ Z W) *($:)0(j, K)o dreeds (4.2.105)
Let us then denote these multipoles with :

\Ilé’smfw = (—1)kLmE{¢i [e’(g ® e(i)l,q] cc(ds)} (4.2.106)
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then we have that an arbitrary multipole 7 can be written simply as a C*°(R) combina-
tion:

ord(T
= K 10 1N~
T= Z Z a(z ,up \Il(lpmk% (—121()1)
UicA k=0
Uinc(R)£@
So we have to conclude that the set (‘1’( \ k € N) is a set of generators for the module

Ti(c).

Lemma 30: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M adapted
to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (J;),.).
Let (¢;) be a smooth partition of the unity subordinate to (U;) and let ds be a global
coframe of TA'R. The multi-indexed list (\I/“l ? | k € N) of multipoles defined as:

\Ill(gmm = (—1)kLmE{zpi [e’(g ® e(i),,q] cc(ds)} (4.2.108)
is a basis of T1(c ) In the same way the sublist (\I/ | k € [0, N] C N) is a basis for

@
the submodule Tg(c) C Ti(c) of the multipoles up to the order N.

Proof. We already have seen how an arbitrary distribution can be written as a C*°(R)-
linear combination of elements of the list (\I/”Z " | k € N). We need to check the C*(R)-
linear independence. This can be done by sunply checking that the null distribution can
be written uniquely as a linear combination of null coefficients. The uniqueness of the
adapted Ellis moments with respect to an adapted atlas is guaranteed by the previous
theorem, therefore it is enough to check just that the null multipole can be written via a
linear combination of null coefficients. This is trivial because V¢ € T'yTP M we have that:

ord(T)
o, > S o ((—1)kLmE{¢i [e%@e(i)%]q(ds)}m - (4.2.109)
U;eA k=0
U;Nc(R)#@
ord(T
= Y / Z Ly (¢ ’;w> *(1;)0 k%updSZ/O-dSZO (4.2.110)
U;e A R
U;Nc(R)#2

@)
The same reasoning can be repeated identically for the sub-module Tg(c) generated by
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the list (\I/’(%

Dmevy | k € [0, N] € N). Thence we have the thesis. ]
Definition 68: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M adapted
to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (J;),.)-
Let (¢;) be a smooth partition of the unity subordinate to (U;) and let ds be a global
coframe of TA'R. The multi-indexed list OI]?SWE% | k € N) of multipoles defined as:

v = (_1)’%%{% [egg ® e(i),,q] Cg(ds)} (4.2.111)

is called adapted FEllis basis of the multipoles and the sublist (\I/’(L&W,a |k e [0,N] C
N) is called adapted Ellis basis of the multipoles up to the order N.

Let us notice that since Ti(c) is a C°°(R)-free module and since C*°(R) is not a
division ring, the cardinality of the basis is no more guaranteed. At this purpose let
us consider to have two adapted atlas A and A’ such that they cover the sub-manifold
¢(R) with a different number of local charts. Both of them induce a bijection between
the multipoles and their own adapted Ellis moments and such that the linear structure
is preserved. However the number of the adapted Ellis moments strongly depends on
the number of charts covering ¢(R), the cardinality of the adapted Ellis moments is not
preserved, therefore T4(c) does not own the invariant basis number property. Considering

this, we must admit that T?(c) has no concept of dimension. The same argument can
(k)
be proposed concerning the structure of T4(c) as a sub-module of T9(c). Despite this

behaviour could seem awful, in practice it is not a problem, and several mathematical
standard objects we already defined, like the space of smooth sections of TP M or C>°(M)
just to quote some, share this property.

Property 41: From the adapted local Ellis representation of the multipoles it is trivial
to realise that the order of the multipole is equal to the maximum number of derivations
acting on the test tensor fields before the integration process.

Considering this property, we provide the following definition.

Definition 69: Let ¢ : R — M be a worldline and A = (Uj, (;)) an atlas of M adapted to
c inducing a local adapted trivialisation of 7'M due to the local adapted frame (J(;),,). Let
(1;) be a smooth partition of the unity subordinate to (U;) and let ds be a global coframe
of TA'R. The adapted Ellis local representation with respect to the given adapted atlas
is the isomorphism (of modules) between the T9(c) and the set of the Ellis parameters
induced by the given atlas.

172



4.3 Transverse basis for low order multipoles fixed by
a transverse frame

We have seen how fixing an adapted atlas introduces enough structure to establish an
isomorphism between the multipoles and a specific Ellis representation. Since the bijec-
tion strongly depends on the choice of a particular adapted atlas, this approach spoils
the covariance. In fact the choices of this basis for T¢(c) is not invariant under local
diffeomorphism. At this point a natural question arises: is it possible to find a isomor-
phism between the multipoles and a specific local Ellis representation without relying on
a specific coordinate system in order to preserve the covariance? Or equivalently, is it
possible to induce an Ellis basis of T7(c) preserving the invariance under general changes
of coordinates? For the actual state of the art, the answer is yes and no at the same time,
because the question is not well posed. As far as we know, the definition of the Ellis
representation does not includes enough structure allowing us to select a C'*°(R)-linearly
independent set of generators of T{(c) at all. If the question is, "It is possible to estab-
lish an isomorphism between the multipoles and a particular Ellis representation of them
without requiring more than the Ellis definition?" then the answer is: definitely no. At
the same time we have to consider that, loosely speaking, if one introduces an adapted
atlas, a unique Ellis representation not involving Lie derivatives along the direction tan-
gent to the sub-manifold ¢(R) can be singled out and the bijection between the multipoles
and the adapted Ellis moments preserve the C°°(M)-linear structure. Considering this,
the reader could ask: "Which geometrical additional structure is covertly introduced by
choosing a particular adapted atlas? There is a chance to express this additional struc-
ture independently from the choices of a particular coordinate system?". In this section
we are going to try to fix at least a starting point in the research of an exhaustive and
complete mathematical formalisation of the answer. The investigation of this aspect is
deeply non trivial and it is still at the early stages. A lot of work needs still to be done.

4.3.1 Transverse basis for the multipoles up to order 2

Let us start recalling the definition of adapted local charts. Given a closed embedding
c¢:R < M, alocal chart (U, ¢) on a manifold M is called a adapted chart if it satisfies:

1. U is diffeomorphic to I x V C R x R™™! where I and V are open subsets of R and
R™~! respectively

2. there always exists two maps such that v : U —- I C Rand ¢ : U = V C R such
that ¢(z) = (¢(x), ¢(x)),Vx € U is just the Cartesian product.

3. the embedding ¢ : R — M is locally expressed by ¢(s) = (s,0%) withi € [1,m—1] C
N.

A local adapted coordinate system induces naturally a local frame (9,) such that:

d 0

)iy = (550 i et (4.3.1)
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as well as a natural local projection m : U — I = ¢ (UN¢(R)) C R making the open set
U a fibered manifold on /. So essentially, the choice of a local adapted coordinate system
introduces an additional bundle structure on each open set of the adapted atlas encoding
a concept of splitting the longitudinal and transversal directions in a neighbourhood
of each point of the sub-manifold ¢(R). This concept seems to be very closely related
to the definition of connections upon bundles but the actual possibility to encode this
geometrical information as a standard vertical and horizontal splitting of the tangent
space of a proper global bundle structure built upon ¢(R) compatible with the invariance
under diffeomorphism is still a matter of investigation. To understand why this extra
structure is needed it is necessary to consider that the multipoles act on the test tensor
fields with several derivations then integrated along the sub-manifold ¢(R). We can realise
how the contribution to the result of the integral given by higher order derivatives of the
test tensor fields taken with respect to a non-longitudinal directions is identical to the one
given by an appropriate C*°(R)-linear combination of lower order transverse derivatives
due to the integration by parts. In this fashion if we are able to fix an adapted local
frame, we are able to kill the ambiguity into the Ellis parameters arising by the integration
process. The interesting thing is that the information we need about the transversality
is completely encoded inside the adapted local frame and it plays an essential role just
to define the transverse directions of the derivations. Of course this frame can be built
naturally by the adapted coordinate system but since a frame is formed just by a list of
C*°(M) linearly independent smooth vector fields, that are intrinsic geometrical objects,
we should not be forced to use a specific local chart to express it. So in this perspective,
let us consider a multipole 7 whose action can be written uniquely with respect to an
adapted local frame (e;,) as:

ord(T)
0. TI=[o. > Y alime () Lo fuer @) cclds) ] = (132)
U;eA k=0
U;Nc(R)#£2
ord(T)
= > Y /c*(Lmk(gb)Z’SVq>c*(1/zi)a?Z)Zf (4.3.3)
UieA k=0 YR

U;Nc(R)#2

Focusing on the action of 7, we can see how the adapted frame (e(;,) plays two roles
here. First of all it induces the tensor frame (e*? ® e,,) that is responsible to extract all
the components of the tensor fields ng(¢) € TyTPM , Vk < ord(T) inside the integral.
But the frame also fixes the transverse direction with respect to which the Lie derivatives
are taken. As we already stated, all the problems concerning the non uniqueness of the
Ellis representation are caused by the chance to integrate by parts the Lie derivative
taken in non transverse directions, but no problems arises at all if the Lie derivatives are
taken with respect to the same direction. So a natural way to work around the problem
could simply consist to avoid any change in the directions with respect tothe derivations
are taken, when a change of natural frame is induced by a change of local charts. Very
easily we can interpret temporarily L., (¢) exactly as it is, a test tensor field obtained
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from ¢ acting with k Lie derivatives taken with respect to several directions expressed by
the multi-indexed lists of local vector fields (e, ..., €m, ) as follow:

Ly (¢) = Le,,, - Le,, (¢) = Le,, (¢) (4.3.4)

k

Let us consider arbitrary local chart (U;, p(;)) on the manifold M inducing a natural local
frame (0y;),,) and let us consider to have an adapted local frame (e(;),) defined on U from
an adapted coordinate system. The adapted local frame can be expressed as a linear
combination:

ey = MOty (4.3.5)

where A, : M — GL(R™) are the matrices of coefficients that express the adapted
frame as a linear combination of the new one. Since both of the frames are natural, it
follows A’(’i) L 18 equal to the Jacobian of the coordinate transformation between adapted
and general local charts. Without showing all the details we can simply say that A?Z.)M can
be also interpreted themselves as the local section of a principal fiber bundle called the
"tangent frame bundle" denoted by L(M). The local smooth sections of this bundle are
all the possible smooth local frames one can define on T'M. This is usually the starting
point to define the vielbein formalism. Starting from the expression above we can split
the adapted frame into a first vector field, longitudinal with respect to ¢(R), from the
other m — 1 vector fields related to the transverse directions:

{emo = AgyoOin = KG9 (4.3.6)
eliym = MmO

Since (e,) are the members of natural frame of an adapted coordinate system they must
satisfy the commutation rules:

(=
BN |
~—

[eciyo; €qim] =0 (4.3,
[e(iym €(iyn) = 0
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This fixes a very strong constraint upon the matrices A’(’i)m and K ok

K q v N =
{[K@-)@(z)w AlymOiy] =0 (4.3.8)

(Al m Oy My Oiiy] = 0

which tell us in an algebraic fashion that K (‘Z) and Aé)m must be equal to the components
of the Jacobian of the coordinate transformation between an adapted and a general local
chart. Fixing a specific adapted frame we can just decide to perform another general
change of local charts, then the transformation rules follows immediately:

PR ~a/ I~V g 'R ¥
{6@0 = K(/i)a(i)u = Ky Ju 0
_ 1 / _ 1 v o
eim = Aomi = Moym 710,

{K’M = KV, JV

Y%

(@) A (4.3.10)
v _ 1 v
L

In principle one could use this relations to express L., (¢) as a C*°(M )-linear combination
of derivations with respect to the natural frame induced by an arbitrary local chart.
Although this could seem trivial in appearance, in practice this process is extremely
tricky and complicated due to the non C°°(M)-linearity of the Lie derivatives. This
prevent us to find some regularities in the formulas needed defining the basis for each
arbitrary local chart. At the end of the day this is a practical approach just for low order

multipoles when k£ = 0, 1, 2, then it can be used explicitely to express covariantly the basis

em—

k
of (T;){(c). In principle nothing forbids us to use this approach also to construct a basis
for the higher order multipoles sub-sets, but the complexity of the expressions and the
number of different terms involved make the life very problematic. At the actual state of
the art, as far as we know, there is no way to fix a simple general covariant expression for
an Ellis local representation that preserve the module structure of T%(c). We are going
to explicitly show now the first three simpler cases.

(0)
Transverse basis of monopoles module T?(c)

(0)
Let us suppose to have a generic multipole T € T{;(c). This is usually called a monopole.
Accordingly to the adapted Ellis representation:

ord(T)
T = Z Z 04?;)%:2 > ((—1)"3ng{¢¢ [eg ® e(i)%} cdds)}) = (4.3.11)
€A k=0
U;Nc(R)#@
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= Z 04(2) pu {wl[ TR e )Vﬁ] cc(ds)} = Z o/('f) %D\Ijégwq (4.3.12)

U;eA U,eA
U;Nc(R)#£2 U;Nc(R)#£2

Let us try to express the same expression for a natural local frame induced by a generic
coordinate system:

vg 7 Bg ap 19 e
T= 3 o, v {wi [A";; G, e @ }cc(ds)} (4.3.13)
U;eA
UiﬁC(%R);ﬁ@
* (1B Bg vg ap ey
= > A AE el %D{wi {dx(;;@a(i)@q}q(ds)} - (4.3.14)
U,eA
U;Nc(R)#£2
= > B3 ,.rer, (4.3.15)
U,eA
U;Nc(R)#£2

where by definition we have that:

1)& = [dfﬁ ® 0 @)[%} ce(ds) (4.3.16)

are a new set of generators and
AHP Pz e 1217
5(2 )ap (A, DG, )0 4y (4.3.17)

_ (0)
are a new set of Ellis parameters. Therefore (@Z’;Va) is a set of generators for T(c). It is

trivial to show (@?g%) is also a basis because the null multipole can be written uniquely
as a linear combination of null coefficients. In fact:

= vq Hp P N 21
> BE .00, =06 Y A5, rOF, ], Vel IIM  (43.18)
U,eA U,eA

U;Nc(R)#£2 U;Nc(R)#£2
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This means that Vo € T'oTP M

> / ) (i)B ds =0 (4.3.19)

U,eA
U; ﬂc(R #

that we know can be satisfied if and only if all the B are null.

As one can see the monopole case is extremely tr1v1a1 since the 0-th order does not
allow the existence of any derivation along a transverse directions, no adapted coordinates
or adapted frames are really required to define a "transverse" direction, then the basis

<@Egﬂa) = 1) [dx?g@a@ 5&] c¢(ds) can be singled out without effort for each local coordinate
system.

(1)
Transverse basis of dipole module T}(c)

The dipole case is trickier than the monopole one. First of all let us stress once again that

© )
the module of the monopoles T%(c) C TI(c) is a submodule. Let us suppose to have a

(1)
generic multipole 7" € T?(c). This is usually called a dipole. Accordingly to the adapted
Ellis representation:

ord(T)
T= 3 A ((—1)’“%{% [e’(ﬁ@e( )4 cC(ds)}) — (4.3.20)
U,eA k=0
U;Nc(R)#2
= Z al(jf) iy > {1/11 [e(l) ® e(l),,q} c<(ds)} — aq?)”‘zﬁ > Lem{%[ e @ € }cc(ds)}
U,eA
U;Nc(R)#@
(4.3.21)
- Vg 1% mvg 25 ¢
= D 0w Y, 0 Y, (4.3.22)
U;eA
UiNc(R)#£2

Let us try to express the same expression for a natural local frame induced by a generic
coordinate system but keeping attention to do not change the direction with respect to
which the Lie derivatives are taken:

Vg A Hp 67 A 9 D)
T= 3 i, v {1/11- [AZ’;%A(C’)V& 7 ® Oy ]CC(ds)} (4.3.23)
U;,eA
UiﬂC(R)#Q
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U,eA
U;Nc(R)#£2
* (A Hp * Bg Vg
= > O AE alh e {|dal @, | cclds) |+
U,eA
U;Nc(R)#£2

*(NHP N k(A BT myg ap
— Z c (A’é)%)c (A(i)vﬁ)a(i) i Lem{wi [d:r;(i) ® 8(1-)54 cc(ds)} =

U,eA
U;Nc(R)#£2
_ vq Hp mug HE
= D B0t Dl B0 e O
U,eA U,eA
U;Nc(R)#£2 U;Nc(R)#£2

where by definition we have that:

=1 [ T " ® O0ua ]Cg(ds)

G(i)m,ﬁa = (—1)Le {ﬂ’z [d$(z ® i) }cc(ds)}

are a new set of generators and

. AHP Ba Vg
B o = (A(i'SaZ,)C*(Ag%)O‘(f) .
—Hp + 7 mug
B(z ocp (A(Sag)c (A(lq)Vq>B i) (LF

are a new set of Ellis parameters. Therefore (@%w

(0) _
Ti(c). Tt is trivial to show (@“” I

(i)vg’ (Z)mlfq)
be written uniquely as a linear combination of null coefficients. Tn fact:

k=0 U;eA
U;Nc(R)#£2
1
mrvg I i
< [0, S oBiree, ,1=0 , ¥éeTIIM
k=0 U,eA
Umc(]R);éz
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(4.3.28)

(4.3.29)

@gm%) is a set of generators for

is also a basis because the null multipole can

(4.3.30)

(4.3.31)



This means that Vo € T'oTP M

> / (), ds + / (L @5, ) (W) B ds =0 (4.3.32)
U;eA (R c(R)
U;Nc(R)#@

which we know can be satisfied if and only if all the ﬁé’g i ATe null, because the e,, are

linearly independent with respect to ¢ = £¢(t) when restricted on ¢(R), so no integration
by part can be performed to manipulate these derivations. Let us notice that the 7 can
be expressed as a linear combination of the monopole basis and some other first order
distributions. By convention the set of all C*>°(R) linear combination defined as:

{ RS @up

@) pp” Oliymg

VB 3 € C(L) [ L= ¢ H(UiN c(R))} (4.3.33)

1
is also a C°°(R)-sub-module of &”j‘g(c) We call it the Ellis local pure dipole module
with respect to the given adapted frame and the related adapted Ellis moments are
called the local adapted pure dipole moments with respect to the given adapted
frame. Let us stress that this split strongly depends on the choices of the adapted
local frame (e,). We will see later how this split is not preserved when a change in the
adapted local frame is performed. Therefore a dipole being "pure" with respect to one
adapted frame in general is not "pure" with respect to another adapted frame. The

_ (0)
generators (@(i)u; 7) related to T{(c) have been already made explicit in the monopole

case. The other generators G)((lgmﬁq = (-1)L em{qpl [daz ® 81)[4 c<(ds)} have not been

made explicit. In fact the members e,, of the new frame, should be written as a linear
combination of the memebers of the natural local frame ;.. By definition we have
that, V¢ € ['yTPM the action of @/(igmva is:

[0, @(i)mf] :/ﬂgc*(Lem(qﬁ)é’;Vq)c*(%)ds (4.3.34)

To express the derivatives along the transverse directions (e,,) as a linear combination of
Lie derivatives with respect to the natural frame induced by an arbitrary local coordinate
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system:

> @(i)mf] - /RC* <Lem (qﬁ)’(g%) ¢ (Wi)ds = /R (LA(Awm@(z)A(gb)(z w> *(i)ds =
(4.3.35)
:/Rc* <AE\Z) (%) Za AMS "(‘Zs TOHP\5 + ZE)W l)m (s q\r> *(¢Z)d8
(4.3.36)

But we can recognise that this is a possible Ellis representation of the action of the
generators @( m . Therefore we can write:

o . = (—1)’“A§1LA{1/;¢ [d:cg‘g ® a(i),,ﬁ] cc(ds)}—i— (4.3.37)
zp: ) A“l)m {@DZ [dw“s '® d:v | ® dx”p\s ® O ]CC(ds)}jL (4.3.38)
s=1

+ Z (0, AL, {z/;i [da:’(g ® Aiyur ® Aoy @ 8(1»)%] cc(ds)} (4.3.39)

Since we have explicitly chosen a specific adapted coordinate frame (e(;,) with which
the Lie derivatives have been defined, the rectangular matrices A’(‘i)m are known, as

well as their derivatives 5@4/\’&)”1- Therefore we can conclude that by choosing a local
adapted coordinate system (or equivalently a local adapted frame) we can always induce

(1) q
a basm(@“l’;w, @%mw) of T ,(c) that can be expressed as where by definition we have that:

@(();z;ﬁq = ¢Z |:dl‘((xg & 8(1)5§:| CC(dS)

@l(;gmuq = ( )kA)\ L)\{¢Z |:dl‘ ® a ]Cc(ds)}—f—
— S (aA ){wi dat T @ dxﬁ.‘)* ® dzl7 @ O, CC(dS)}—i—
( + 2 wAﬂ ){% dﬂ?up v ® Oiyp ® 3(@')%\4 Cg(ds)}
(4.3.40)
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(2)
Transverse basis of quadrupole module T{(c)

The quadrupole case is trickier than the dipole one and much more complicated than the
1) @)
monopole. First of all let us stress once again that the dipole module T%(c) C Ti(c) is a
(1)
submodule. Let us suppose to have a generic multipole 7 € Tg(c). This is usually called
a quadrupole. Accordingly to the adapted Ellis representation:

ord(T)
T= > Y offis ((-1)’“%{% [e’g@e(i)yﬁ] cdds)}) — (4.3.41)
U;eA k=0
U;Nc(R)#£2
= 2 o Ul @ conectdn) | o e (el @ el }+
U,eA
U;Nc(R)#@
(4.3.42)
—I—Oé(i) DLenLem{wz[ ®e(z)w]cg(ds)} (4.3.43)
(4.3.44)
_ vg v mug v b 19
= 2 G Y~ O i Yimes + O > Uy (4.3.45)
U;,eA
U;Ne(R)#£2

Let us try to express the same expression for a natural local frame induced by a generic
coordinate system but without make any change in the directions with respect to the Lie
derivatives are taken:

T= Y o, v {¢[ ugﬁA%ﬁdm?;?@@(i)gﬁ]cc(ds)}—i— (4.3.46)
U,eA
UiﬂC(R);ﬁQ
- 2 O‘Zﬁywem{%[/\ﬁ NG, de(y ®3z>&}0<(d8)} (4.3.47)
U,eA
U;Nc(R)#2
S Al Lo Lo, {0 [R, AT el @ 0, |eclds) b = (43.48)
U;eA
Umc(]R);éz
= > ) (Ai")w)a(”f} o {wz[dx)eaa( ]Cg(dS)} (4.3.49)
U,eA
U;Ne(R)#2
= > @ )EAG, aly >Lem{¢z[d:c ® O ]cg(ds)}Jr (4.3.50)
U,eA
Umc(]R);éz
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+ Y GO, al e Le, L, {%[dx%@a ]cc(ds)} (4.3.51)

U,eA
U;Nc(R)#£2
o Vg 5 173 nmuvg
o Z ﬁ(lq) Hp @ P _'_ Z 5 G(ipm + Z ﬁl) #p z)nm’/ﬁ
U;e A U;c A U;c A
Uinc(R)£@ Uine(R)#£2 Uine(R)#£2
(4.3.52)
where by definition we have that:
=1 [d:c ® 9 ]cc(ds)
@@PW — (—1)L, {@zjl da!7 @ 9y, (ds)} (4.3.53)
O sy = LenLen{ s el & a(z | c(ds)§
are a new set of generators and
Bq * (N Hp </ AD Vg
ﬁ(f v = (&g, )e (Aﬁﬁy )G iy
A Mp q mvg -
nmﬁ « /N Hp " B nmug
/B(l o;; =cC (A(Z’Saﬁ)c (A ’Lq)l, )a 7,) N‘;
are a new set of Ellis parameters. Therefore (@”Sw, @”@ pm%, @?gnm%) is a set of generators

(0)
for T4(c). It is trivial to show (@“fﬁw @“Z - @“l pnmyq) is also a basis because the null

multipole can be written uniquely as a hnear comblnation of null coefficients. In fact:

2
mglg Hp o .
2 2 B> O, =0 (43.55)
k=0 U,eA
UiNe(R)#£0
2
mglq My _ p PR
Sl Y. Byieef, 1=0 . ¥6elIrM (4.3.56)
k=0 U,eA
U;Nc(R)#@
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This means that Vo € T'oTP M

) / CWIBT, ds+ Y / TN (BB dst

U,eA (R U,eA c(R
U;Nc(R)#@ U; ﬂc(R);ﬁ@
(4.3.57)
o / *(Ley Ly 85, )¢ (i) By . ds = 0 (4.3.58)

U;eA (R
U;Nc(R)#@

that we know can be satisfied if and only if all the ﬁ , BT and 587)”;“; are null,

(@) pp (4) pp’
d

because the e, are linearly independents with respect to ¢ = $c(t) when restricted
on ¢(R), so no integration by part can be performed to manipulate these derivations.
Furthermore since (e(;),) is an adapted frame then [e,,, e,] = 0. Let us notice that the 7
can be expressed as a linear combination of the dipole basis and some other second order

distributions. By convention the set of all C*>°(R) linear combination defined as:

{53;”2» o'r VAT e C(E) | L= ¢ (UiN C(R))} (4.3.59)

(i)nmug

2
is also a C*°(R)-submodule of “(f;‘ﬁ(c). We call it the FEllis local pure quadrupole
module with respect to the given adapted frame and the related adapted Ellis
moments are called the local adapted pure quadrupole moments with respect to
the given adapted frame. Let us stress that this split strongly depends on the choices
of the adapted local frame (e, ). We will see later how this split is not preserved when a
change in the adapted local frame is performed, therefore a quadrupole being "pure" with
respect to an adapted frame in general is no more "pure" with respect to another adapted

_ _ (1)
frame. The generators (9(1‘)1/; 7, @(i)mgqf) related to T7(c) have been already made explicit

in the dipole case. The other generators @“Z pnm% =L, Lem{wl [d:v ® Oy ]CC(dS)} are

not yet fully explicited. In fact when the directions e,, with respect to the L1e derivatives
are taken, they should be written as a linear combination of the generic natural local
frame as well. This time this is much more longer and difficult with respect to the dipole

case. By definition we have that, V¢ € I'eT? M the action of @(Z S— is:
CACTSA LS / ¢t (LenLem(cb)‘i’;,ﬁ) *(i)ds (4.3.60)
R
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To express the derivatives along the transverse directions (e,,) as a linear combination of
Lie derivatives with respect to the natural frame induced by an arbitrary local coordinate:

LenLem (gb)g - LA%B/\ (Lemgzﬁ)‘lqu - (43()1)
P
—AALA(Le, 87 — 37 Da(A) L, ()07 +Zam Lep (8 g, = (43.62)
s=1
=A20,(Le,, 0L7) Z@ ABYL, ()L +Zaw APYL VLew( D s, (4.3.63)
r=1
where we used that for each tensor field, locally we have Ly(T),7 = L5§3P(T5§ ) =

00,(T,7) — 0+ 0 = O\(T,7) since we are considering the natural local frame. Hence:

Le,Le, ()7 = (4.3.64)
p q
A0, (AAON6) = 3 OO + 3 0 (LN g )+ (13.65)
s=1 r=1
t—1
_ Za Aut {A)\ ( “ﬂ“ﬁ\t) N Zaa(Aus) Hs—1OM—TI\sVHp\E R (A’y) Nt 10‘Mp\t+
s=1
(4.3.66)
q
- Z D (AL )T +Za,,r(A£1)(¢)’j§g’:§\\;}+ (4.3.67)
s=t+1 r=1
p
d A s MS_1O‘N5\S ﬂ
+Zal/“ A {A a)‘ W 151/ \* Zao‘ A“ _1(51/?\7 + ZaVr A Vr— 1611— 1\r5w\u+
u=1
(4.3.68)
u—1
+05(AR)O 5, ;ayr(/\ﬁ BT s, W\T} (4.3.69)
Now distributing the sums and the partial derivatives:
Le,Le, ()7 = (4.3.70)
p J—
=60, (Ah0N(02)) = N0, ( DT da(N ) (@) "7 ) + (4.3.71)
s=1
q
T, (D2 0 (AL O ) )+ (43.72)
r=1
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-1

_QpAwm Wﬂw+§yAmz Bu (M) BLETHTIRT L (43 7
s=1
p

+Z@w%a “1W+20Mt2 o(Al) g T L (4.3.74)
s=t+1
—Za (Ak) Zaw (A2)( “ﬂ“j\\j (4.3.75)
L 6
+Zauu (ADALOALT 5 ) — Z%(AZ)Z%(A#)( 5155;’\% (4.3.76)
u=1 u=1 s=1

q

+Zf’)’uu (A%) Za”’" (A2)HT o 1\75Vq\u+ZaVu (ADB(ARIOLT g, + (43.77)

9 ﬁ 127
+Zayu (A9) Zaw (AR)O 50 s (4.3.78)

to end up with:

Le,Le, ()7 = (4.3.79)
=ALA), Ly LA(9h7) + Apap(AA)L,\(qﬁ“ﬁ) (4.3.80)
—ZA 0pOa (ML) 17 Za AEVAL L, (@) P+ (4.3.81)
+ZAP8 0 (AR)DLT_5,, +Za,,r (ARIALL (D)7 5, ) (4.3.82)

r=1 r=1

p t—1
—Za MYANLA(@)ve P ) 0D "0, (AR D (A )y T L (13.83)
t=1 s=1
(6% P P «
+Z<‘37(Af;t)8a( e TR TN T O (A0 (A ) T (13.84)
t=1 s=t+1
—ZZG (AR)D,, (M) (9), 0 + (4.3.85)
t=1 r=1
+Z:8yu (ADALLAON? 5 2126% (A3)Da (Al ) (@)=t (4.3.86)
q u—1
+Zza”u Aé VT AB) vr_1Brg_1\rOVg\u +Zal/“ Aé aé(Aﬁ) vg—1Bvqpm <1387>
u=1 r=1
é B 12
+ZZ@Vu A, (AIDY 5 v (4.3.88)
u=1 r=1
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Substituting this into the definition:

(6,0 s ] = / ¢ (LewLen (@), )¢ (i)ds (4.3.80)
R
we obtain:
(6,07 | = /R c*<Af(°i)nA(Ai)mLpLA(¢)(z)w+AZ)na (Ay) IA(S)(Z, -+ (4.3.90)
—ZAP 00 AL, )BT Za (AL Lo(@) e "+ (4.3.91)
(@)n“PYa\t iym ()% ()m (i)vg R
P Hp B A2 Q°
+ ZA n0pDe (NGB i + Z%(A@mm on LoD (4.3.92)
—ZWA?MA?» T+ 3 T OO T (4.0
t=1 s=1
m 7 Nt T l’l’p\t m s HE—T YR\t OHp\s
+20 (A% DD RICRENICIY i +
t=1 s=t+1
(4.3.94)
He=TYHp\ 12 aK
B Z Za z)m)<¢)(z)yij LG\F—{_ <45()-)>
t=1 r=1
+Zauu ) Ay L (0) ZZ@U o (A ) (@) (i
u=1 s=1
(4.3.96)
q u—1 q
19 Hp 1)
+Zza"“ (A7)0, ( (Z)m)(b(i)l'?—lﬁ%q\r&a\a ™ Za”“(A(i) )0 ( >¢(z)w 15Vq\u+
u=1 r=1 u=1
(4.3.97)
q u—1
3 O (N (AL O i, ) () (4.3.98)

u=1 r=1

But we can recognise that this is a possible Ellis representation of the action of the

generators @(Z)nm,ﬁ Therefore we can write:

O e =" (A@-)n/\é)m> > LPLA{QbZ-(dx“F ® al,a)cc(ds)}ju (4.3.99)
ter (Af ap(A(Ai)m)) >LA{¢i(dw ® ayq)cc(ds)}+ (4.3.100)
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e ((%(Af;gm)Ag.)n) DLA{wi(dag#ﬁ%\f ® 0, )cc(ds) }+ (4.3.101)
Sjl
+3 e (ayr (AZ)M)A@.)”) > L {¢ (" @ Oy )ec(ds) }+ (4.3.102)
r=1
P
-y (av(Aggnmg)m) > Lk{wi(dx“ﬁwﬁ\? ® a,,a)c<<ds)}+ (4.3.103)
t=1
q
+3 e (ayu (Afi)n)Ag)m) > L)\{@Z)i(dxﬂﬁ @ Oy 0 ) (d) }+ (4.3.104)
u=1
. i & (A@)na,,aa(Ag;;m)> > {wi(dx“ﬁ““ﬁ\g ® 0, )ec(ds) }+ (4.3.105)
Sjl
~S e (A@)napaw(/\@)m)> > {@bi(d;puy ® 8Vﬁ5%\?)cc(ds)}+ (4.3.106)
r=1
t—1
+ i c* (87(Aé‘it)n)8a(A’é3m)) > {wi(dxﬂﬁaﬂm\wﬁ\f ® 8,,?)c<(ds)}—|— (4.3.107)
t=1 s=1
p
+3 e (&,(A;;gn)aa</\gi)m)> > {@/}i(da:“ﬁa“ﬁ\? ® &,a)CC(ds)}—i— (4.3.108)
t=1
+ i 3 *(aY Dal N5 )) > {wi(dx“m“ﬁ\?o‘“ﬁ\g ® 8%)c<(ds)}+ (4.3.109)
t=1 s=t+1
- zp: Zq: (aV (A% ) @-)m)) > {m(dxum%\z ® ayﬁﬁwcc(ds)h (4.3.110)
t=1 r=1
q p
™ Z Z (ay“ (Zs)m)) > {wi(dlﬂ“ﬁa#ﬁ\? X anlsl’a\a)cC(dS) }+ (—lﬂlll)
o
30 (A0 (00,) ) & {i(de @ Dy s Jeclds) f+ (43112)
u=1 r=1
+Z (00, (M )05(Ny,) ) o {027 @ 0y g Dec(ds) o+ (4.3.113)
q u—1
+ Z C*< Vu A( )n (A(ﬁl)m)> > {wi(dl‘uﬁ ® 8(i)VE—15V7_1\uﬁV§\?>CC(ds)} (13111>
u=1 r=1

Since we have explicitly chosen a specific adapted coordinate frame (e(;,) with which
the Lie derivatives have been defined, the rectangular matrices Aﬁ‘)m are known, as well
as their derivatives 8aAé)m and 8p8aA€‘i)m. Therefore we can conclude that by choos-
ing a local adapted coordinate system (or equivalently a local adapted frame) we can

27
always induce a basis (@“ ro,err @gnm%) of T ,(c) that can be expressed as where

(3)mug?
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by definition we have that:

e — 05 [dl’lgg X 6(2-)1,7] Cc(dS)

O = (DFH(A)) > LA{@Z% [dx’;g ® a(i)l,?} c<<ds)}+
— > o1 C(OaAG,,) B {wz dxu.sf1 ® dr@; ® da:g\g ® iy, cc(ds)}—i—
2 wAﬁ m) > {% da§ @ Oiyw, ® Oy @ 3(1’)%\4 Cc(dS)}

Oy = ¢ (M) B Lol {012 @ D, )ec(ds) } +
(4.3.115)

As one can see, the explicit expression for a transverse basis of Tg(c) is very complicated

(1)
if compared with a transverse basis of T4(c).

Brief mention of higher order

As it has been already stated we do not have a general method to make the generator
explicit. This is a direct consequence of the non C*°(M)-linearity of the Lie derivatives.
However let us just give some hints concerning how this approach can be theoretically

)
applied to find a basis of Tg(c) for each N € N. Let us suppose to have a generic multipole

(N)
T € TP(c). Accordingly to the adapted Ellis representation:

7= 3 O%:a s (—) mk{qp[ ®e(w}c<(ds)}> (4.3.116)
U;eA k=0

U;Nc(R)#2

Let us try to express the same expression for a natural local frame induced by a generic
coordinate system but keeping attention to not changing the direction in which the Lie
derivatives are taken:

ord(T

ro ¥ B (rdeleadae) = won

U;eA k=0
UiﬂC(R)#Q
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ord(T

= > Z <—) mk{wz[AW AT dah @ 8, }CddS)})Z (4.3.118)

UicA k=0
U;Ne(R)#@
ord(T
v _
= > Z ot et (85, )¢ (NG, o (1) L {0 [d275 @ 0 eclds) ) =
UicA k=0
UJ‘IC(R)#@
(4.3.119)
ord(T
= > Z By on > O (4.3.120)
UicA k=0
UJ\C(R)#@
where by definition we have that:
O mwy = (1) Le,, - emk{l/}z [da:“” iy q]q(ds)} (4.3.121)
are a new set of generators and
mVq * (A OP *( AVT mzBg 1 9 19¢
By s =€ (A(i’)’ui)c (A(z‘)%)o‘(i)ka(; (4.3.122)
are a new set of Ellis parameters. Therefore (@ \ k € [0, N]) is a set of generators

for Tg(c). It is trivial to show that this is also a basis because the null multipole can be
written uniquely as a linear combination of null coefficients. In fact:

ord(T
Z Z 5 0 i >@“’3m vy =0 (4.3.123)
k=0  U;cA

UiﬂC(R);Jé@

ord(T)

< ¢, Z Y. Bt Of. Vel IIM (4.3.124)
= U,eA
U;Nc(R)#£@
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This means that Vo € T'oTP M

ord(T
2 / Z () (i) B ds = 0 (4.3.125)
UicA (R
UiNe(R)#@

which we know can be satisfied if and only if all the coefficients are null, because the

ey, are linearly independent with respect to ¢ = £¢(t) when restricted on ¢(R), so no

integration by part can be performed to manipulate these derivations. Let us notice that
(N-1)

the 7 can be expressed as a linear combination of the Y% (c) basis and some other k

order multipoles. By convention the set of all C*°(R) linear combination defined as:

{B(Z Lol L VAT e O | 1, c-l(Umc(R))} (4.3.126)

k

is also a C"°(R)-sub-module of (Tj‘i(c). We call it the Ellis local pure N-pole module
with respect to the given adapted frame and the related adapted Ellis moments are
called the local adapted pure N -pole moments with respect to the given adapted
frame. Let us stress that this split strongly depends on the choices of the adapted local
frame (eii)p). We will see later how this split is not preserved when a changing in the
adapted local frame is performed. Therefore a k-pole being "pure" with respect to an
adapted frame in general is no more "pure" with respect to another adapted frame. The
generators @’(‘me . (=1L, {qpi [d:cé‘g ® 8(1-),,4 ce (ds)} always exists but they have not
been made fully explicit. In fact the directions e(;),, with respect to the Lie derivatives
are taken, should be written as a linear combination of the generic natural local frame
as well. This is very complicated for higher order multipoles and a general method to
predict the explicit form of their Ellis local expression does not exist. The only possibility
is to calculate explicitly the enormous amount of terms, expressing the transverse adapted
frame with ey, = Al(’i)mﬁ(i),,, calculating how each Lie derivative taken with respect to
the "transverse directions" can be written as a linear combination of lower order Lie
derivatives taken with respect to the generic natural frame then finally iterating the
Leibniz rule many times.

(&)
Definition 70: Let 7 € T{(c) be a multipole up to order N. Given a transverse basis
_ (k)
(@“.p = (“1)*L,,, .. %{m [dﬂp q]cc(ds)} 'k e o, N]> for the module T4(c)

())ymgvq
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the unique set of local smooth scalar fields satisfying:

ord(T)
T= > > Biared, ., (4.3.127)
UieA k=0
U;Nc(R)#£2

are called transverse Ellis moments with respect to the transverse local basis (9 P ke

()mgpg
[0, N]).

However this problem is essentially a matter of computational power and theoretically
it can be solved using enough powerful computing machines executing the algorithm

needed to calculate explicitly the transverse local Ellis representation of the generator of
(k)
T?(c) | k € N. Considering this we would like to explicate the algorithm that eventually

can be used by a machine to perform the calculation at each order. The algorithm is
(k—1) (k)
inductively recursive since the basis of T (c) is a sub-basis for T7(c):

1. Step 0: Let us choose an arbitrary atlas A of M. Let us fix the set of local adapted
frames e;), = Af}),0, defined on U; such that {U;} covers the whole worldline ¢(R)
and let us choose wi a smooth partition of the unity subordinate to the covering

{Ui}.

2. Step 1: Let us calculate the generic expression of the following first order Lie
derivative defined on each open set U :

Leg, (9)ih, = LAE\Z)nak(QS)/(Lqu: (4.3.128)
)\ us )TN s B
A ’)'* Z@ A z)% ’ +Z&’T 1) vimtBrge
(4.3.129)
__AP Ms Mslalu’\s Us 19 q¢
=700 (D(5,.) Zé’ (A% 7 +Zé’w N gy (4:3.130)

Set then k=1.

3. Step 2: Let us suppose to know how to express explicitly:

Leqye (9047 = Loy - Legy (0)47 (4.3.131)

192



in terms of C'°°(M)-linear combinations of Lie derivatives taken with respect to the
local natural frame 0, for the fixed value of k:

’U \

k
Leg,, (¢ =35, AR YR VI () (4.3.132)

nfo'f

J=0

where B( PP are appropriate scalar fields formed by a linear combination of par-
"k°pPq

tial derlvatlves of A} up to the order k

. Step 3: Let let us calculate inductively:

e(z‘)nlCJrl (¢)5§ = Le(i)nl (Ije(i)n2 "'Le(i)nkﬂ <¢))5§ = ('—1.3.133)

A - .

=M La(Leg,, ---Le<i)nk+1(¢))(£%+ (4.3.134)
Hs Hs—TOHp\5 e .

Za A(z )n1 6( )HQ"'Le(i)nk+1 (qb))(z)yq : + (—15155)

Hs _ 19 192n

+ Z Oy, (A (z n Le(z')nQ "'L€(¢>nk+1 (gb))(i)'/mﬁ%w = (4.3.136)

ILL7 A « > Yod

' 8)\( €(iyny "'Lff(z')nk+1 ((ﬁ)(;;yq—)‘F (4.3.137)
Hs Hs—TCHp\5 e .

B Z a A(z )n1 6( i)ng '”Le(i)nk+1 (qb))(z)w ! + (—15158)
Hs 19 q¢

+ Z al/r (1 nl e(z>n2 "'Le(i)nk+1 (gb))(l)umﬁyﬁ\F (—13) 13())

Now it is enough to substitute the explicit expression taken from the step k inside
the expression above and using the Leibnitz rule:

7 = 4.3.14
ey m(@ﬁ (4.3.140)
/\ Wup _ ‘
i ( Ly,...Ly.(¢)P 4.3.141
(7, ni Z )‘ k+1\1 ﬁ"a) A Aj (¢)p§+ ( )
A v 9% A < A<
Ay ZB S La(Lay Loy (9)57)+ (4.3.142)
"E+I\T7P T
A5pghs=TOlp 7
=2 0alAG L L 4.3.143
; (i1 ZB "EFI\IPYT Areee A <¢)(1) >+ ( )
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k
AgParp op 1914/
+ Z al/r <A€')n1)<z B(Z]);ri Tomv— U L)‘l"‘L)\ (gb)(z)pf) (43144>

ST :(—1)k{zk:c*(/\gl)m@éfm"q"pw) > Ly, . LAM{;@[ " ® o } C(ds)}—l—

"E+I\T7P T

(4.3.145)

+ Zk: " <A(Az>maA(58ZZ;)> > Ly, ... {wz [dl’ ® Iy } Cg(ds)}

7=0
(4.3.146)
E p
=22 (AT ) o e {7 © Bt} +
=0 s=1 k+1\1°P 7
(4.3.147)
k q \~
+ Z ¢ (aVT(Aé)”l)B( )p:ii\l plﬁﬁvq\r) > Loy {% [dx% q] CC(dS)}
7j=0 r=1
(4.3.148)

Now increase the counter £ by 1 and go to step 2.

4.3.2 Degree of freedom in the choice of the general local charts

We have proved how, given an adapted local frame e(;, A (9( y» on each open U CM

(0) (1)
covering c¢(R), it is possible to induce a transverse basis of T(c), Tg(c) and Tg(c) from

an arbitrary general local chart (U;, ). In the same way, a basis could be found for
(k)

every Ti(c) with & € N but expliciting the generators is extremely hard and painful.

It is appropriate at this point to ask ourselves what is the relationship linking different

basis induced by natural frames associated to different local charts (U;, p(;)) and how

this change affects the transverse Ellis moments. Let (U;, ¢()), (Us, $()) two local charts

defining two natural local frames 0,, and @. With respect to the first chart we can induce
a transverse local basis

o =(-1FL {1/12 [dx ® H cc(ds)} (4.3.149)
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such that:

ord(T)
T= > > Biired, ., (4.3.150)
UieA k=0
U;Nc(R)#A2

while with respect to the first chart we can induce another transverse local basis:

O w, = (~1'L {wz [d““” (0 q]cc(ds)} (4.3.151)
such that:
ord(T)
T= > > Bumeod. (4.3.152)
UieA k=0
Uine(R)#@
We must have then:
ord(T ord(T
3 = = /N - <
>, Z By b O =T = > Z e e . (43.153)
UZQC(R)#@ UZOC(R)
Hence we can conclude that
ord(T
> Z Byt o {wz [dx“‘” q]CC(dS)} - (4.3.154)
U;eA k=0
U;Nc(R)#£2
ord(T
= > Z ﬁ{?’ci {wz [dm ® Jiys ]cc(ds)} = (4.3.155)
U;eA k=0
U;Nc(R)#£2
ord(T
Z Z Bmk& {%[ apj qd /up ®8Z)%} cC(ds)} = (4.3.156)
UieA k=0
UﬂTC(R)#@
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ord(T

= D Z (T B o (- )Lemg{%[dx,(’g@8fi)%}c<(ds)} (4.3.157)

U;eA k=0
U;Nc(R)#£2

Therefore this leads us to the following transformation rules when a local change in the
coordinate functions is performed:

/Bmzl’; _ C*(jaﬁ)c*((]gg)/@mgﬁ? (—Lg))l 58)

%3 (@) op

where J,,7 is the Jacobian matrix of the coordinate transformation. This tells us the link
occurring between the two different sets of transverse Ellis moments of a multipole when
a changing of basis induced by a local coordinate transformation is performed. In the
same way we can conclude that the relation between the two bases must be:

e (Jim) et (7,007 (4.3.159)

Vg (Z)mkﬁq

for each k € [0, N]. Considering this, we can conclude that all the transverse basis built
with respect to a fixed adapted local frame transform very nicely with a C°°(R)-linear
application. Since this transformation does not mix up the generators of the each "pure"
multipoles modules, then the splitting of a multipole into a C*°(R) linear combination
of "pure" multipole terms is preserved under changing of transverse basis induced by
a changing of local charts. Since the adapted local frame defining the direction of the
derivations does not change, then a change in the local charts induces a C*°(R)-linear
transformation on the transverse moments.

4.3.3 Degree of freedom in the choice of the adapted local frame
defining the transverse directions

We have proved how, fixing and adapted local frame, for each general local chart it is
(0) (2)
possible to explicitely induce a basis of Ti(c), Ti(c) and Ti(c) that can be expressed

in terms of a specific Ellis representation. In principle, in the same way, a basis could

k
be found for every (T%,(c) with £ € N but expressing the generators is extremely hard.
It is natural at this point to investigate the relationship linking different bases induced
by different choices in the adapted frames, for at least the simpler cases. Let us start
by considering an arbitrary local chart (U;, go’(i)) and two adapted local frames eg;), =

A'(i)ua(,-)y and égy, = /A\l(’i)ua(i)y defined on the same open set U; C M. By definition
of adapted local frame, there must exist two adapted local charts (Uz, ’()) and (U;, ;)

defined on the same open set such that e, = 8’ (i = = Al 06y and €

(Dp
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Using this we can state:
Oy = K10y, (4.3.160)

where K/ is the Jacobian xﬁ(@” o 1) related to the change of adapted coordinates. We

o
decided to use K, to avoid any confusion with the role played by the Jacobian J; related
to a general change of coordinates. The K/ must satisfy very strong constraints coming

from the definition of adapted coordinates. The first one is given by

d 4 \
= a0 = i Hayo  (4.3.161)

Pl = (30) =5 [3(el) = () =
o™ (e(s)) =0 #m(e(s)) =0

telling us that ¢*(Kg) = 1 and ¢*(K}),) = 0. The other one comes from the fact that since
(9,,) is a natural frame as well as (9/,) we must have that the commutator of vector fields:

[K!0,, KS0,) = K10, (K2)0, — KSO(K)0, = K0,(K2)0, — KLo,(K)ds =0 |
(4.3.162

telling us that K, is just the Jacobian related to the transformation between two local
coordinates. Considering this, theoretically we can write with a little effort the transverse
generators induced by the new adapted frame ¢, as a linear combination of the generators
induced by the old adapted frame. In practice this is possible just up to the quadrupole
order.

Monopole

0
The monopole case is trivial, no derivations are involved to define (T%’(c) therefore a
change of adapted frame does not affect the Ellis transverse representation. This is very
interesting to notice, the monopole module does not need any extra information to be
represented in an unique way by the transverse Ellis representation.

Dipole

The dipole case is more complicated, since there are some Lie derivatives taken along the
transverse directions fixed by an adapted frame. Given two adapted local frames(é;),)
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and (e(;),), the dipoles generators can be expressed as:

@“”

(i)vg

= il © By cds)

O n = Ly {02 @ 0y | cc(ds)}

@’é‘;w =1 [dx’(g ® 3(1'),,4 c¢(ds)
(4.3.164)
(g = e(mn{qu [dm ® i) }cc(ds)}

respectively. Let us notice that trivially @“ = (:)“ N _as we expected since they are also

the generators for the monopoles. Concernmg @ we can express them as a linear

(i)ymug
Hp ) .

combination of the older generators (@“p (§)mvg

Oy = ~Legy {wz [dw @ © 9 H Cc(dS)} = _LK},Le(,-),\{wz [dﬂf“p ® Ay }Cc(dS)}

(4.3.165)
— KN b Le, )A{m [dx ® O ]CC(ds)}+ (4.3.166)
- Z ) o { | daliy T @ dafy @ dals @ Oy | cclds) }+ (4.3.167)
+ Z Oy, ( Kﬁ ) > {@/}l [d:l?l:g & (9@),,? & a(i)g & 8(1-),,6\4 CC(dS)} (4.3.168)

Let us now consider just the first term —c*(K)) > Le(m{wi [d:cé‘g ® 8@),4 cc(ds)}. Its
action on the test tensor fields ¢ € I'¢TPM is given by:

() DLW{MCM ® 9 ,ﬁ} C(ds)H - (4.3.169)

[0,

:/c* Lo (0)/7 >c*(an)c*(¢i)ds: (4.3.170)
R
I

cton ()50 ) € ) (1) ds + /R ¢ (Lewo ()5, ) (KD)e" (i)ds = (13.171)

9
>1»
h
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_/C*(Le(i)n
R

:/C*(Le(“n
R

Lot wads+ [ e (10, )e e s -

O
(@5 e s — [ e ((0)f5,) oo (K9 (i)ds =

(4.3.172)

(4.3.173)

=6, () > Lagy, {uis el @ Dy eclds) ) — et (50) o L[l @ D | ectds) }] =

ds
(4.3.174)
* n D d * D ; —
- [¢, (1) > OF,,,, — ¢ (K3) @(;;VJ (4.3.175)
Therefore substituting it in the previous expression we have that:
O e =C" (K1) > 0T — L (10 o, + (4.3.176)
(i)ymug m (i)nvg ds z)w 0.
p
= A Ou(KLE)) > O, +Z 0 (KL OF, g, (43.177)
s=1

b %
vy = Oty
Oy = —C (KR > O, — LKD) > S

= 220 ¢ (0alKE)) & O, + Xy ¢ (O (KR) > O

(Dv—1Brg\r

(4.3.178)

It is very interesting to notice that the linear combination expressing the new basis mixes
up the monopoles and pure dipole generators induced by the old adapted frame in a non
trivial way. So the basis of the pure dipoles with respect to the adapted frame €, is not
a basis for the pure dipoles with respect to the old adapted frame e(;),. Let us stress also
that the linear combination involves the partial derivatives of K* which is the Hessian
matrix of the adapted coordinate transformation.

Quadrupole

The quadrupole case can be analysed with the same approach of the dipole case. The
approach requires first of all to explicate the change of the basis of the quadrupole induced
by a different choice of the local adapted frame. Given (é:;),) and (eq),) The dipoles
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generators can be expressed as:

( _ _
@?5% = ’@Dl |:df1§'él)7 ® 8(1)%] CC(dS)
@’(‘gm% = Leg,. {m [d:c’”? ® 0 l),ﬁ] cc(ds)} (4.3.179)
or = L W d.r“p@)a ce(ds)
(1)mimavg €(i)ymy e(z)mg ( ¢

(A 1% M5
@(i)zxq = (% |:d$(z) ® a(i)mj] CC(dS)
o, = Lo, {1/,1 [da:”’” %0 W] cC(ds)} (4.3.180)
&' ~ L {w [dx“P ® ]c (ds)}

L (i)mimavg €(iymy €(z)m2 t ¢

The generators (:)?qu and (:)’(Lgm% have been already presented as linear combination of
the new generators (@”Z r (:)’(‘gm%) in the previous analysis. We need just to expand the
with respect to the new basis (€7 @7 @F? ):

remaining generators @” (i)vg® 2 (D)mrg> = (iymimavg

(i)ymimavg

O mmars = Lo Loy {14215 © D | ccds) } = (4.3.181)
~Lion o Bia 3[4l @ 0o, | ecas) | = (4.3.182)
—c* (K;;IKQQ) > Loy Lew, {wi(dx”? ® a,,q)cc(ds)}Jr (4.3.183)
+c*(K,§“8p(K,§w)) e M{%(dx“ ® 0 )c,;(ds)}Jr (4.3.184)
—i&(@a KK, ) e )A{?ﬁz(dx“s TR\ @ 0, )c<(d8)}+ (4.3.185)

q
+3 e (aw( Kg2)K;1) > Lo, {@(dxuﬁ & Oy )cc(ds) }+ (4.3.186)
r=1
- Zp:c* (0, (15K, ) o Ly {009 @ 0, )ec(ds) }+ (4.3.187)
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p

c* (ayu b K 2) > Le(m{wi(dﬁ‘? ® al,ﬁ_u;ya\i)c(;(ds)}Jr (4.3.188)
S (K” 0,00 (K2 ) > > {m (datm=Toks &,q)cc(ds)}jt (4.3.189)
. Zq:c* <Kp 9,0, ) {wl (dz#? @ 0, ,,q\r)cc(ds)}—l— (4.3.190)

+§Z < (K5, ) Oa (KT >D{¢z (dats=ToH=1THe\E @ ), )cc(ds)}+ (4.3.191)

t=1 s=1

+Z ( (KH) > {wz (dah=Totp @ 8, )cc(ds)}—i— (4.3.192)

+zp: zp: o+ (ay(Kﬁfl)@a(Kﬁ;» B> {¢i<dxuﬁ7um\$auﬁ\g ® 8V§)c<(ds)}+ (4.3.193)
t=1 s=t+1

—zp:f: (av(mt >>{¢Z (dab =T © 0, g, CC(ds)} (4.3.194)
t;l r;l

+3° 3 e (a,,u (K ) ) { (dat=ToHms ®al,m%w)c<(ds)}+ (4.3.195)
u=1 s=1
qg u—1

+> e <ayu(K6 )aVT(K(ﬂmQ)) {zp (d2"" @ By 1,60 i)CC(dS)}—f— (4.3.196)
u=1 r=1

+Z ( (K3 )oy(KP, )) {¢i<dxuﬁ@amﬁya\ﬂ)cg(ds)% (4.3.197)
qg u—1

+> e < 0, (K5 )) {@pi(dxuﬁ®a(imfldhl\u%w)q(ds)} (4.3.198)
u=1 r=1

Now as well as it has been done for the dipole case, we can separate the Lie Derivatives
taken with respect to the transverse directions with respect to the longitudinal one. The
Lie derivatives taken with respect to ey can integrated by parts by expanding the action
of the basis of the multipoles on an arbitrary test tensor field ¢ € ['¢T?M. Let us do it
term by term separately and then let us put them together later.

& (th K;,Z) > Loy Legy,s {wi(dxﬂf ® a,,q)cg(ds)} - (4.3.199)
=" (K K ) > Ly, Ly, {0t @ 0, )ec(ds) |+ (4.3.200)
- %c* (KBMK;‘M n K32K;1) o {¢,( 27 @ ayq)CC(ds)}+ (4.3.201)
+C;'l—;c* (KBHK&Q) > Lo, {wi(da:“ﬁ ® 8V§)c<(ds)} - (4.3.202)
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—c (KK ) v O

d2
—i-ﬁc

0 n 0 n Hp
iy~ g5 (K FG 4 K ) o 6,

(K&lK%2> >elr

The terms related to the Lie derivatives are:

o (Kglap(K;2)> > L%)A{%(dxu; ® ayq)q(ds)}—{—

W), ) B Lo, {i(da =00 @ 0, ) (ds) }+

9, ) > Loy {qu(dx P @ Dy )cc(ds)}

_|_

q S e (0K ) > Lew{w(dw ® %71%\5)%@8)} _

:C*<K£uap(K,?h)> ciom {wz(dgj 720, )Cc(ds)}+
g (.8 {0 a9}

u=1

c* (aa(Kng)Kgl> > Le(i)n {¢i(dxﬂﬁauﬁ\§ ® ayq)CC(ds)}—k

- (8 (K )Kfm) > {wi(dxurl%\g ® a%>c<(ds)}+

K3, ) o Loy, {04007 © 0,y Jec(ds) |+
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(4.3.203)

(4.3.204)

(4.3.208)

(4.3.209)
(4.3.210)

(4.3.211)

(4.3.218)

(4.3.219)



o (K,@ O, (K™, )) >0+ %c* (K&lﬁp(K&2)> >0l + (4.3.220)

z)w

—Z ( (K KD +aa(K;;;1)K;;2) > O T+ (4.3.221)
- Z ¢ (ulBL5 ) D, + 00K KD, ) o O (43.222)

* n n Hp N« )¢
+ Z (O (KRBT, + 00, (KK, ) 2 O, + (4.3.223)

L d

* 0 0 Hp 1299/

Yo (a,,r(K,ém)Kml + GVT(KﬁI)Km2> S (4.3.224)
r=1

The terms without any Lie derivatives can be easily recast as follow:

p
Y Kglapaa(Kgsz)) > O, 1P (4.3.225)
s=1
q
—Z (K8, 0,00 (K5,) ) 2 008, + (4.3.226)
¢ =T OHE=T\5 Y i\
+ZZ (0K )0u KL ) & O, T (4.3.227)
t=1 s=1
t He=T*Hp\t 19 ¢
+Z ( (K3 )0a( K5, )) > O (4.3.228)
+Z Z *(a7 (K7 ) Do (K1 )) > @ Ty (4.3.229)
t=1 s=t+1
p q
N (a7 (Kb ) ) > 60,0+ (4.3.230)
t=1 r=1
q p "
* ,U«s s —TOHp\5 19 991
+Z;Z;c (ayu (K ) > O i ) (4.3.231)
q u—1
Hp 1 O )¢
+3 3 e (ayu K], )) SO, ot (4.3.232)
u=1 r=1
q
—l—Zc*(& 5 Vos(K? )) > O, et (4.3.233)
q u—1
* B Hp N/
I (00, (53,0, (K5.)) 2 O, 5 (4.3.234)
u=1 r=
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So we can put together all the terms to find the expression of @ as a linear

(i)mimavg
combination of the old basis (@“fya, @“fm,a, @“anmﬁ):
- - s
O i = (4.3.235)
d )

__ ni rone Hp 0 n 0 n 127 19 09p
=" (K 502 ) 2 Oy — 70 (K0 B, + KK ) 0 O(F,, 4+ (43.230)
d? 0 70 1y 2 -
e (K K, ) 2 O, + (4.3.237)

d |

+e* <Kfn d,(K™ )) > Oy + " (K;lap(Kg2)> >0l + (4.3.238)
—Z ( (Kt K™ +8Q(Kﬁ;1)f<;;2) > O Ty (4.3.239)
- Z ¢ (Ou B ) KD, + Da (K1) KD, ) & O3, 177+ (4.3.240)
+ Z; & (aW(KﬁQ)K:;“ +0, (KP K ) SO (4.3.241)

. d
+ 30 (O (B KD, + 0, (K5 KD, ) » O, s, (4.3.242)

=1

p
+ (KP 0,00 (K )) > O/ TP (4.3.243)
s=1

q
=3 (K00, (K5, ) 2 05, + (4.3.244)

r=1

p t—1 o B
+3 Y e <8V(K$1)8Q(Kﬁ; )) > @), T (4.3.245)

t=1 s=1

P o
+3 e (87(}(7‘7‘;1)8&(}(%2)) > Oy (4.3.246)

t=1

p P o
F0N e (oK) ) O (4.3.247)

t=1 s=t+1

'U« TYHp\E

l> ﬁl’q\r

P4
_ZZC <37(Kut
t=1 r=1

)
+ i i &~ (ayu< (K1) ) > @Fs=TP\s )+ (4.3.249)

(4 )V—&lﬁ

(4.3.248)

u=1 s=1
q u—1

+Z ZC* <8V“ ([(gll)a (K&Bm )> > @u;;w 1Bvg— 1\r q\ﬂ+ (VV'LS’Q'BO)

u=1 r=1
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q

+ c* (ayu 05(KE )) >0, et (4.3.251)
qg u—1

+Z (0 (D)0 (K2 ) 2 O, s o (4.3.252)
u=1 r=1

As one can see, the expression is very long and complicated. Qualitatively, the complex-
ity of the linear combinations rises almost factorially with respect to the order of the
multipoles. It is very interesting to notice that the linear combination expressing the new
basis mixes up the monopoles and pure dipoles and the pure quadrupoles induced by the
old adapted frame in a non trivial way. So the basis of the pure quadrupoles with respect
to the adapted frame é(;), is not a basis for the pure quadrupoles with respect to the old
adapted frame e(;), . Let us stress also that the linear combination involves the second
order partial derivatives of K i.e. the third order derivatives of the adapted coordinate
transformation.

Brief mention to higher order

We have seen how even for the module formed by the multipoles up to the second order
the expression linking different transverse Ellis basis induced by different choices of local
transverse frames is very complicated. In principle the same approach could be applied

k
for each ”(f;)g(c) | k € N, but in practice this is extremely hard because of the combinatorics
and the almost factorial growth of the number of terms involved in the linear combina-
tion. However this a matter of computational power and theoretically it can be solved
using enough powerful computing machines executing the algorithm needed to calculate
explicitly the linear combination. Considering this we would like to present the algorithm
that eventually can be used by a machine to perform the calculation at each order:

1. Step 0: Let us choose an arbitrary atlas A of M. Let us fix two set of local adapted
frames é;), = K{j),e, = K{;),0, defined on U; such that {U;} covers the whole
worldline ¢(R) and let us choose v; a smooth partition of the unity subordinate to

the covering {U; }.

2. Step 1: Let us calculate the generic expression of the following first order Lie
derivative defined on each open set U; :

Ly, (0) 5, = LK@)na (@), = (4.3.253)

/ s Ns 10‘:%\& / 5 Hz _
=K La(0)3,, Za (K5 +Za (K =

1 r— 161}11\7

(4.3.254)

U = SR 4 3OO, (13259
q\7
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Then set k=1.

. Step 2: Let us suppose to know how to express explicitly:
Le(z')nE(qj)ﬁq—ﬁ = Le(i)nl"'Le(i)nk (cﬁ)’“g (4.3.256)

in terms of C'°°(M )-linear combinations of Lie derivatives taken with respect to the
adapted local frame e, = ), for the fixed value of k:

)\,zr,u oy 10 o~
%)nf Z g z)nﬂ: L., (qb)pg (4.3.257)

J

Nopo
where (3 7 are appropriate scalar fields formed by a linear combination of sev-
(Z)ngaypq

eral partial derivatives e, = @/, acting on K\ up to the order k.

. Step 3: Let let us calculate inductively:

Le(i)n o (¢)5§ = LE(i)nl (LE(i)TLQ-"LB(i)nkJrl (QS))/;; = (1 J. 2 8)
:K() La(Legy,, -+Legy, (¢))§;§%+ (4.3.259)
/ s Hs=TOlp\s 19 O

- Za (K5 ) Ly -+ Ly (O (4.3.260)
/ 6 s — A D O

+ Z aw (K(’L)’ru ) (Le(i)n2 "'Le(i)nk+1 (gb))(l)’/mﬁ”ﬁ\? — (—132() 1 )
A / Hp 1 9 opc
KO\ (Legyy -+ Loy, (0)(0,)+ (4.3.262)

/ s Hs—TOHp\5 10 ope
Za K(l nl e( )nz"'Le(“”kﬂ ((b))(i)’/ﬁl T Gd'Zbd)

/ B I3 19 9,
S0 () EensEeny (O (4.3.264)

Now it is enough to substitute the explicit expression taken from the step k inside
the expression above obtaining and using the Leibnitz rule:

o)y = (4.3.265)
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>\ P Op / ‘¢ I's Al
l)mza' S ey Loy (9)77+ (4.3.266)

k+1\1 pYq

A5pghp o .
+K (1)n1 ZB TP Le/\ (Le/\l ...Lekj <¢)p§)+ (4320/)
P k
— Pl ST on o
_Z Zﬁj) j{; i\ €A1"'L€Aj(¢)(5p§)+ (4.3.268)
s=1

J

I
> o

q
Pty op 19 9n
+Z z)m E ﬁ Ley, - Ley (0)),0) = (4.3.269)
r=1 ]:0

k+1\1 oV r—TPVq\F

Considering this, the generators are:

k
A Ly * J Pakp
@é‘i)nm%q :(—1)k{ Z c (K(’\Z;n 5(1):1\1 ) > Ley oo Le, - {% [das ® 0 l),k] CC(ds)}

E+1\1°P T

(4.3.270)

+ Zk: c* < Kg)ma;wéii’j;)) > Ley, ...L {wz [dx ® O }Cc(ds)}Jr

=0
(4.3.271)
S o (KPe VgarmsT ) L 42T © 8 d
_Z oL ()n1)5( Dngrr pomen > Ly, - Ly, i Ty @ Oiyvg ce(ds) p+
7=0 s=1
(13.272)
k q N
* / B TPTHD o5
S L Yt {17 009}
7j=0 r=1
(4.3.273)

So it is enough to split each Lie derivative (L, ) = (L
by partial the terms contracted with each L

ey Lewy,) and integrating

e = La{-m to obtain the expression of

(:)“Z N, 88 & C*R-linear combination of the old basis <@l(gn—w)
E+1 E+1va

the counter k£ by 1 and go to step 2.

Now increase

4.4 Brief discussion on the Ellis top order local repre-

sentation

In the previous sections we have seen how the geometrical information carried by an
adapted coordinate system (or equivalently by an adapted frame) can be used to estab-
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lish an isomorphism of modules between the multipoles and specific Ellis representations.
It has been shown that keeping constant the "transverse direction" of the derivation, each
general local chart induces a basis for the multipoles due to the natural local frame and
the transformation rules are C°°(R)-linear. Of course, since there are an infinite number
of different Ellis representations for the multipoles, the transverse and the adapted Ellis
local representations are not the only possibilities that we have to express the multipoles.
We have seen how the transverse Ellis representation is very convenient if we want to
preserve the free module structure of T¢(c) independently from the local charts chosen.
Unfortunately this is not the most common representation that historically has been given
to the multipoles [17][19]. For the sake of completeness we discuss very briefly the usual
representation given for the multipoles called here the Ellis top order local represen-
tation. Very soon we are going to realise that this representation is affected by all the
problems we discussed previously when the trivial examples were analysed, furthermore
the very weird transformation rules induced by a local coordinate transformation can
cause a lot of troubles. For these reason this representation is not able to match the
requirements needed to satisfy our purposes listed above.

4.4.1 The Ellis top order local representation
It is possible to prove that given an atlas A on the Manifold M inducing a natural local

&)
trivialisation (J;)x) of TM an arbitrary multipole 7 € T{(c) it can be always expressed
with a specific Ellis representation:

T= X [ el @R - (041)
UE.A (R
U;Ne(R
> / “(Ony - Ony G5, ) (i) B ds (4.4.2)
UleA (R
U;Ne(R

This can be easily proved considering the following lemma:

Lemma 31: Let az\f):? be a bunch of local smooth scalar fields on I; C R defining a

global smooth form over R. There always exists a second bunch of local smooth scalar
fields ’y?g:g defined on I; C R such that:

N
> / Zc*(LAE((b)‘é%)c*(@Di)az\f):;ds: (4.4.3)

U;cA c(R) k=0
U;Ne(R)#2
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- ¥ / O )t (WL ds (1.4.4)

UEA
U;Ne(R

Proof. Let us prove it via induction. For the step N =1 we have

x P Avg * (AP vg x
> / {C (L) i) X i € Z‘)w)“(z)w}c (ti)ds = (4.4.5)
U;eA c(R)
U; ﬂc(R);ﬁ@
_ * P Avg *( 4 HD d ’ vg * _
= Z / {c (LA(¢)(Z)V§)Q(Z)M5 +c (gb(l)ya)% [/ o %dt} }c (;)ds = (4.4.6)
Uie A ¢(R) a
U; ﬁc(]R);é@
* D Avg d P ° vg * ~
= Y [ {e@on@s e, - Sle@s)] [ o] bewds = 1
U,eA C(R)
U;Nc(R)#2
x 7 Avg d * 7 ’ vg *
= > / {C (967 (@) ) Vi — [0 (P, [ / a(z‘)wdt] }C (ti)ds =
UieA c(R) a
U; ﬂc(R);ﬁ@
(4.4.8)
= ¥ [ codln)ewn (419)
U;eA (R
U; ﬂc(R #+0
where a € I; C R and the fields 7()\1‘,)/25 are defined by
Avg Avg d \ ’ vg VE
Ty = Yoy [@%] o), dt (4.4.10)

Let us suppose the thesis holds for the case N and let us prove for the case N + 1

N+1
Z / Z L)‘ (zkui c*(¢i)ds (4.4.11)
UicA
U; ﬂc(R #+0
Vg
> / e (OO + Z (o b (Wi)ds =
U,e A
U;Ne(R)#2

(4.4.12)
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5\ AWV N o
= X[ OB A s = (1419
UieA (R
U;Ne(R)#£2
_ Mg
= X [ ettt ol ool g [ ] e =
U;eA
U;Nc(R)#£2
(4.4.14)
_ S N
= 2 / COnre i o5, D = 5o O 0005, ) [ O] e =
UieA (R
U;Nc(R)#£2
(4.4.15)
_ AoV .
= ) (OnyOnn 1 (0, Dy T+ (4.4.16)
U;eA (R)
U;Ne(R)#£2
d A * 17
_£[01N+1] (8)\N+1a>\1 a)\NQS(’L% /ﬁ(zNuth }C (¢z)d3: (1-1-1",)
= / “(Ors Do a1, VT T (1) (4.4.18)
U;eA
U;Ne(R)£2
where a € I; C R and the fields 7(*53? are defined by
)\*w_ AvT1Vq d A s Alg T
W = o e [ s (4419
O

By convention we are going to use the term FEllis top order local representation
referring to this specific local Ellis representation. To find more details about this specific
representation one can see [19].

4.4.2 Issues concerning the Ellis top order local representation

Although this is the most common representation usually given for the multipoles, we are
going to see how from our point of view it is not the most convenient. We are going to
show it by considering a very trivial example. Let us consider R? as a differential manifold
on itself. R? always admits a global atlas where the points of R? are mapped into itself
due to the identity functions. Let us denote by (z°, z') the coordinate expression of an
arbitrary point # € R% Now let us consider a closed embedding ¢ : R — R? defined
by ¢(t) = (t,0), Vt € R. Since R? is a manifold, we can build the tangent bundle TR?
the cotangent bundle T*R? as well as the tangent tensor bundle T?R?. A global natural

trivialisation of T'M can be fixed by (ey = %,el = a%l) and this induces a global
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(1)
trivialisation of 7*M and TPM. Let us consider for instance the multipole 7 € Ti(c)

defined by:
0.7 = [ [eotial +c@tar]d . vo TR (44.20)

where o : R? — R,Vu, v € [0,1] are smooth scalar fields. We know that each multipole
can be written also using the local top order Ellis representation :

.71 = [ @ty = [ [ (Laotal + clopag]de . Vo e TR (1421
R R

where the previous lemma fixed already the relationship between the couple (af;”,oz;:)
and 72” to be:

c(i)}/ apdt , a€eR (4.4.22)

Since no restriction are given on the lower bound a € R of the integral defining the
coefficients of this representation, one is free to choose any value without really affecting
the multipole 7. Hence supposing that a < b € R we have can define a new set of
coefficients:

[ AV v d ° v v d ° v d ’ v )¢
fyit‘ :aﬁ —[acf‘i)]/b audt:aﬁ —[d—c)‘i)]/a audt—i—[d—cf‘i)]/a aydt = (4.4.23)

S S

d b , \
=7’ + [—SC(%] / oy dt (4.4.24)
and they still define the same multipole T through the local top order Ellis representation.
.71 = [ c(@onia (4.4.25)

R

Therefore even when a local coordinate system is fixed, this particular representation is
not unique. This is quite inconvenient, in fact the 0 dipole can be expressed in an infinite
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number of different representations with non null coefficients, for instance:

v d Ao
g/ L (4.4.26)

where % is just the Kronecker delta. In fact:

.71 = [ c(@orrds = (4.4.27)
R
— [ c@engiemas = [ Tewnas—— [ cenpias= @i
:/ H(p)0ds =0 , Vo € [T} R? (4.4.29)
R

To conclude the example let us show what happens to the parameters of the top order local
Ellis representation when a change of local chart is performed. Changing the coordinates
on M, we induce another global natural trivialisation of T'M fixed by (0}, 0}) satisfying

{a’: 0. =T.0, (4.4.30)

and this induces a new global trivialisation of 7*M and TPM . Then multipole 7" can
be expressed by:

[0, T] = /R (Onel)7n"ds (4.4.31)

using the top order Ellis representation induced by the old trivialisation and by:

[, 7] :/Rc*( MDY ds (4.4.32)
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using the new one. This fixes a constraint on the transformation rules for the parameters
related to the top order local Ellis representation:

[e@atyyyas= [ c@onias = [ ot - (4.4.33)
_ / & (ONTa) 205 + Tn (TN + Tad on(6f5) ) s = (4.4.34)
R
= [ (os@aos st [ (Todes)wrds+ [ e (T soie) s
R R R
(4.4.35)

Let us just consider the first integral:

/R c*(ak(jg){]fgb’ﬁa)'yﬁ”ds - /R c*(¢g¥)c*<ak(7g)J5)73”ds — (4.4.36)
_ /R c*(qs’;)dii[ / S e (00(74)J7 )] ds = (4.4.37)
— —/R%c*(gb’ﬁa)[/; c*(@A(jg)Jf>72”dt] ds = (4.4.38)
_ /]R %[cw]c*(a;(qs';)) [ / S ¢ (O(T) J¢ ) | ds = (4.4.39)
- o (apt05)) e () e / o (onTIE )] s (4.4.40)

The second integral follows in the same way:

/ ¢ <7z3,\(<]f)¢’§“>72”d3 = (4.4.41)
R

* o * d ° * (77 v y ¢
_— /R ¢ (a;,(qs'ﬁ))c (J;f)%[c’p][ / ¢ (JZ@A(JE))WQ dt}ds (4.4.42)
Thence, putting together all the terms we obtain:

/c*(af@";)fy’i”ds = (4.4.43)
R

= [ c@en{e (Trn) -] [ e (o) al+  aa
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—c*(JUp)%[c”\] [/S c* (jgﬁp((]f»vz”dt] }ds (4.4.45)

and we can conclude that the transformation rules for the parameters are given by:

= (Tt ) = O] [ e @@+ )
—c*(Jg)dii[c'A] [ / e <7i8p(<]f))7£”dt] (4.4.47)

The reader can immediately notice how some problems occurs:

1. The parameters are not unique then in general and the module of the multipoles is
not isomorphic to the set of the top order local Ellis representation.

2. The transformation rules are not uniquely determined since a € R is not fixed

3. Even if an isomorphism can be established between the multipoles and the param-
eters, for instance fixing the lower bound of the integral, the transformation rules
are not C*°(R)-linear so the C*°(R) module structure is not preserved by a change
of local chart.

4. Although in the example above this aspect is not crucial (just a global coordinate
system is considered on R?), in general for atlas formed by more than one local
chart, the gluing condition satisfied by the local parameters 7()5:; in order to define

a global smooth 1-form over R are extremely complicated involving higher order

derivatives of the Jacobians.

Quadrupoles examples and representations can be found in [19] as well as some aspect
concerning the transformation rules of this representation for a electromagnetic 3-current
quadrupole.

As one can see, although this representation is the most immediate and often used
in physics (expecially in covariant electromagnetism) [17][19], actually this is not a good
choice from our perspective because it is affected by all the problems already singled out
for the general Ellis representation. Because at this stage the relationship between the
given definition of multipoles and the usual classical notion of multipoles and moments
is still not clear, we are going to investigate it in the following section.

4.5 Squeezed Tensor fields, Weak Asymptotic Expan-
sions and Adapted Ellis Moments

In this section we are going to propose the concept of "approximation" of specific one
parameter families of smooth compact support tensor fields. From this we will be able
to cast a specific coordinate-free definition of asymptotic expansion of smooth compact
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support tensor fields and we will see how the coefficients of such expansion are the R-
linear functionals defined in the third chapter generalising the concept of De Rham push-
forward. We will see how, in this case, the adapted Ellis moments of the functionals
characterising the expansions, coincides exactly with the common definition of "multipole
moments" widely used in Mathematics, Physics, Engineering and Statistics.

4.5.1 A specific realisation

Let us consider for simplicity a compactly supported real function f : R x R® — R,
as instance a probability distribution changing with time or a mass distribution non
constant in time (a massive blob or a fluid). One could argue that this kind of functions
are not able to represent anything physical, but this is a philosophical matter, since in
practice we do not have any evidence that physical objects can exists for an infinite
amount of time. On the other hand the support of a compactly supported function can
be quite wide in time, even more then the actual age of the universe, so the support
of compactly supported functions can cover any interval of time related to measurable
physical phenomena happening in the universe.

The first two standard spatial raw moments about the point (¢,0,0,0) are defined as:

The normalization factor or total mass: v(t) = / ft,7)d*x (4.5.1)
The mean: pi(t) = / 2 f(t,7)d*x (4.5.2)
(4.5.3)
The n-th raw moment: ptten(t) = / g f (T dP (4.5.4)
(4.5.5)

Normalising the mean with respect to the normalization factor we can define the the
baricenter:

The baricentre: BUt) = % /00 o f(t,T)d>x (4.5.6)

oo
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If a translation is performed as follow:

t =

V=gl —pl(t ,
oo “2() (4.5.8)
y? = a® — p3(t)

y =t — (1)

the standard central spatial moments with respect to the "adapted coordinate system"
of the centre of mass are the well known:

The normalization factor or total mass: v(t) = /OO f(t, ) d%y (4.5.9)
The mean: u(t) = /00 Y f(t,7)dPy =0 (4.5.10)
The variance: p(t) = /00 y b f(t,7)d>y (4.5.11)
The skewness: pe(t) = /OO y byl f(t, ) d? (4.5.12)
The kurtosis: el (t) = /OO vyt (L, 7)dPy (4.5.13)

(4.5.14)
The n-th central moment: plteen(t) = /OO Yyt f (T APy (4.5.15)

In this case the list of coefficients defining the baricenter (5(¢)) is null. Let us notice
that (t,3(t)) represent at each time a point on R® so it is a curve and since f has a
compact support (,7i(t)) is a closed embedding R < R x R3 and the coordinates (,7)
are just an adapted coordinate system for that particular embedding. In the very same
fashion, let p : R x R3 — R a compactly supported function expressing at each time the
density of a fluid flowing in a pipe, and let us consider a compactly supported vector field
V :R x R?® — R, expressing at each time its velocity. The current density can be defined
as the compactly supported vector field J = o - p. The first two standard spatial raw
moments about the point (¢,0,0,0) are defined as:

The total current I(t) = / Jo(t,7)d*x (4.5.17)
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The first raw moment: I°°(t) = / 2 J(t,T)dPx (4.5.18)

(4.5.19)
The n-th raw moment: ptrmt () = / g™ g JO (T dP (4.5.20)
(4.5.21)

Let us notice that now there is no preferred choice to fix a specific closed embedding
unless considering the "mean of the density p" (something quite hard if we know just the
expression of J) or adding an extra structure. These rules fix the standard definition of
moments for scalar and vector fields, and can be easily generalised for the tensor fields
depending on time 7' : R x R* — R¥*™ in an obvious way. We will see how it is possible
to interpret these "moments" just as a specific case of adapted "Ellis moments" of the
linear functionals we defined in the third chapter.

4.5.2 Weak asymptotic expansions of "squeezed tensor fields"

Definition 71: Let M be a manifold with an atlas A = (U;, ;) inducing a local
trivialisation of 7'M with the local frame (e(;,). Let (¢;) be a smooth partition of the

unity subordinate to (U;). Given a smooth global top form w € I'A"™M we define the
map ( ), : [TIM — JJ(M) such that

ot
[\
[\
SN—

(¢ ()] = Z /M ( Z.%T(lg%wo W (4.5.2:

U,eA

Property 42: Although the definition is given in terms of fixed local frame it is very
easy to show that it still holds for each different choice of atlases and local frames.

Lemma 32: Let M be a manifold with an atlas A = (U;, ¢(;)) inducing a local trivialisa-
tion of T'M with the local frame (e(;,). Let (1;) be a smooth partition of the unity subor-
dinate to (U;). Given a smooth global top form w € TA™M let be [y gupp o TFM € ToTP M
the compact support tensor fields such that supp(T) C supp(w). Let be

(Co suppwTIM)y = {1 | T € Ty suppuT I M} (4.5.23)

p p

The restriction of the map ()., upon the set Ty gupp, T M is an isomorphism of C°°(M)-
modules between ' supp o Ty M and (T'o supp o T7 M)

Proof. Let us start noting the map is an homomorphism because it preserves the C*°-
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linearity

[0, f - (T) +g-(S)] = (4.5.24)
_ QS“P i ,u % w + z W= (4525)
- Z / <¢ Vq[fT + gS](l)#p¢ ) W= [gba <fT + gS)w] <4r)26)

U,eA M

By definition it is a surjection (each element of (I'g suppT7M),, is defined from an element
of T'g supp T} M). It is also injective because considering two element (7)., and (S)., we
have:

<T>w = <S>w S Voe FngM ) [¢a <T>w] = [Cb; <S>w] (4.5.27)

Vel IPM, Z/ s Lo ,;)w: Z /M( ’(*gyas(’g%wi)w (4.5.28)

U;eA

Hp Ve vg _
SVoeTTIM, / (605,15, = S5, 000) 0 =0
U,eA Y supp(T)Usupp(S)
Since w is always non vanishing the only way to have always a null integral is to have

[T(lg% — SE?)MF] = 0 and this is true just if "= S hence it is also an injection. So we have
the thesis. O

Corollary 14: If w is a global volume form upon a differential manifold then (), is an
isomorphism of C'*°(M)-modules between I'T)YM and (I'T}7 M),

Due to the previous lemma we can then state that o suppwTf M = (To supp TIM).,

Definition 72: Let be M a differential manifold. Let us consider a subset V' C M and
a one parameter family of closed subsets U. C M. We say that slio’(i)iUE = V if and only
E—

if:

Jep>0:VCU. , Vee(0,e) (4.5.29)
YA€ TN M | A, =0= sup{])\( )|} =0(e) (4.5.30)
zeUe
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Definition 73: Let be ¢ : R < M a closed embedding and Y a subset of M with
dim(X) = dim(M) — dim(R) = m — 1. We define a smooth one parameter family of
embedding transverse to c a set of closed embedding 3R x ¥ < M such that 3 is
smoothly dependent on the first term and Vs € R = 3,(2) N ¢(R) = ¢(s)

Property 43: Given a closed embedding ¢ : R < M let (U, ¢(;)) a local chart adapted
to ¢ such that pg(z) = (s, yZ’Z)) gives rise to a smooth one parameter family of transverse

embeddings SR x X < M as follow:
gm-1]p) (Ui)] = X Ss(y™) = ¢ (5, 4™V(s,y™) € ooy (Uy)  (4.5.31)

where Ilgm-1 is just the natural projection of R™ on R™~!,

Lemma 33: Given a closed embedding ¢ : R < M then a smooth family of closed
embedding ¥ : R x ¥ < M gives rise to a local chart (U, ¢) adapted to c:

Proof. We provide here a sketch of proof. Let be a : R — ¥ the curve satisfying
S.(a(s)) = c(s). Let (V,n) a local chart on ¥ such that Je > 0 — a(s) € VVs €
[so — &, 50 + €] and n(c(s)) = 0Vs € [so — &, 50 4+ €]. Since X is a smooth family of
transverse embeddings such a local chart must exist. If we define U C M such that
U=2%,(V)and p~! = X (n~") then it is easy to check the (U, ) are well defined local
charts adapted to c. O

Definition 74: Given a closed embedding ¢ : R < M let us consider a one parameter
family of transverse embeddings 3 : R x 3 < M. Denoting by (U, ¢) an adapted local
chart with ¢(z) = (©%(z), ¢™(x)) we call it a local chart adapted to ¢ and ¥ if and
only if %(3,(X)) = s

Definition 75: Let M be a manifold with an atlas A = (U;, ¢(;)) inducing a local
trivialisation of 7'M with the local frame (e(;),). Let (1;) be a smooth partition of the
unity subordinate to (U;). Let us consider the open interval (0,e9) C R and a closed
embedding ¢ : R < M. Let us consider a smooth one parameter family of compactly
supported tensor fields 7" : (0,e9) — [oT M such that

. ) -
1 sglirg)z supp(T.) C ¢(R)

2. Yo € M, Yor..v, € I'TPM | Vay..aq € TTPM = T.(a7,vp),, € O(e~ ™D+ for
e—0

3. Vo € D TP M .V family of transverse embedding respect to ¢, Voo € TA%mM) =171 —
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3{¢ € C*(R), k=0,...,k} such that:

N

) TR ED SACE R TG IS

U;,eA k=0

ot
(W)
DO
N

We call this family a squeezed tensor field over ¢ with rank q,p. We denote with
Sg(c) the set of all the squeezed tensors fields over ¢ with rank q,p.

Once again one could argue that this kind of compact support tensor field is not able
to represent anything physical, but as stated previously, we have not any evidence that
the physical objects can exists for an infinite amount of time. On the other hand the
support can cover any interval of time related to each real (and measurable) physical
phenomenon.

Lemma 34: The first two intrinsic requirements above are satisfied if and only if:

1. Given any arbitrary adapted local coordinate system (U, ¢) such that U Nc # @
we have:

O(e) (4.5.3:

ot
o
w
N

a .
SO‘Suw(Te) -

2. Given any arbitrary adapted local coordinate system (U, ) defining a natural frame
(0,) and coframe dx* we have that the components of the squeezed tensors must
satisfy:

Proof. Clearly SliT(T)l supp(1:) € ¢(R) implies ¢f = O(e) because of the definition of
e— supp(Te

adapted coordinates. In the other hand let us consider A € TA°M | ¢*(\) = 0. Then for
x € U since A is smooth, we may write

M~ (5,9") = Mo (5,0)) + 5" [0aA (97" (5, 0)) + £°(5,5")] (4.5.35)

A~ (s,9) = 0+ 4 [0 (07" (5,0)) + £%(s,5%)] (4.5.36)
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where £ is a list of m—1 smooth real functions defined by Taylor’s theorem and satisfying

lim (£%) =0 (4.5.37)
yb—0
), Yooty = Pl = O(e) by hypothesis and since

Then since ¢(z) = (s(x), y*(x)
DuM(p71(s,0)) + £%(s,y*) = O(1) we have:

=0(e) = sli%z supp(T:) C ¢(R). (4.5.38)
e—

‘supp(Ts)

For the second statement again when e — 0 the condition Vzr € M, Vv;...v, € TTP M, Vay...aq €
LTPM = To(o?, vp), € O(e~4mDH1) implies automatically [Tt],f = O(e~ M) | In

the other hand if [TL];7 = O(e~#mM)*H) holds then Vuy...v, € TTPM | Vou...aq € TTPM
then

T:(a vp)), = [TE]pzoMvfra o™ = O(e~mIDIO(1) = O(e=dmM+L) (4 530

Lemma 35: Let M be a manifold, ¢ : R < M a closed embedding. let us consider an
open set U such that U N ¢(R) = @ and a compact set K C U. Given a squeezed tensor
field T. € Sj(c) there always exists a small enough &y > 0 such that,

supp(T.) N K = @ , Ve € (0,¢0) (4.5.40)

Proof. Since the compact K is a subset of U it is always possible to build a smooth cutoff
function £ € T'yA°M such that
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Therefore §|,,, = 0 and we can use the definition of squeezed tensor to say that:

sup{|{(z)[} = O(e) = limsup{|{(z)[} =0 (4.5.42)
zeU: e=UzeU.
This means that:
Vi>0, 36 | Ve, 0<e<dé = sup{|{(x)|} <t (4.5.43)

zeUg

Let us choose t = 1 and let us define ¢y = d1, then Ve € (0,e0) we have by definition of
limit that:

sup{[{(2)|} < 1 (4.5.44)

zeU.

So this condition can be satified Ve € (0, &q) just if supp(T:) N K = & otherwise we have
a contradiction. In fact, let us suppose that there exists at least a value of € € (0,¢)
such that supp(Ts) N K # @ then by definition, (x) =1 , V& € supp(Tz) N K, but
again by definition of cutoff function the maximum value of £ is 1 hence

sup{J¢(a)[} =1 (45.45)
CEEUg
so we should conclude
sup{[{(2)]} =1<1 (4.5.46)
IEUg
which is a contradiction. Hence we have the thesis. O

Lemma 36: Let M be a manifold, ¢ : R < M a closed embedding and A = (U, ¢(;))
an atlas adapted to it. Let fl(i) : R x ¥; < M a smooth family of transverse embedding
induced by an the adapted local chart satisfying U; N ¢(s) # @. Given a squeezed tensor
field T. € Si(c) and an arbitrary global form o € CA4mM=1NT there always exists a set
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of smooth scalar fields {C .« _€C™(R), e [k, N|, k € [0, N]} such that:

Proof. Since (U;, ;) is an adapted chart U; N c(s) # @ inducing the embedding i](i) we
have:

oU) =0 =1, x ¥ (4.5.48)
and given a z € U; then the coordinate expression is (z) = (s(x), 5™ '(z)) Considering
that U; N c(s) # @ by definition of adapted coordinates we have ¢ = (s,0™~1) so

0m~! € 3;. From the property of the standard topology defined on ]Rm ! we know there
must exists a real number » > 0 such that the closed ball

Browy = {yiy € R™ My yem < 7} (4.5.49)

for which the statement 0! € B,o@) C X is true. Let us fix s € I and the closed subset
la;,b;] C I; C R such that s € [a;,b;], which is a compact with respect to its standard
topology, so it is B, with respect to the standard topology of R™! Let us define
Wis = ¢ ([as, bi], Brogi)), it must be a compact set because it is the image of a compact
set through the continuous map ¢~ and W;, C U;. Therefore, for each s € I it is always
possible to build a smooth cutoff function & € T'yA°M such that

Let us define a set of auxiliary compact support tensor fields qb?z)i’f € ToTPM at fixed
adapted frame:

ot
ot
—_
~—

B = P POy ey © € (45.5
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S [ S0 T i) = (4.5.52)

U;ceA
- A* m m pard ﬁ — A b ¢
— . E(i)s( kfs5 iﬂ: sq apw) = <1'5.55>
:/ Bl (905 215 ST pt) = (4.5.54)
i
:/ yz?)l yT)k Asfsﬁ)uﬁwdyf (4.5.55)
X

But due to the definition of squeezed tensor field we know that there always exists a

set of smooth scalar fields {C Vz € C*(R), l € [k,N], k €[0,N]} such that:
N
> / SO0 ) 5, Ty i) = D Gl + O(NH) (4.5.56)
U;cA 1=0

hence we can say that:

Let us suppose to be able to prove the ex1stence of an g0 > 0 such that Ve € (0,2¢) =
S H&T) C By therefore Ve € (0,¢0) = §5 =1- T = T( . Substituting it
in the equation above we would have 1mmed1ately

e(Dpp

Mz

l(z 8 +O N+1)

A
IS
Ut
Ut
oo

N

m mp - ~ mi
/E Ui Yoy Tl
i =0

But such an ¢y always exists. In fact since T, is a squeezed tensor field, it follows that
&T. is also a squeezed tensor field and furthermore since the smooth cutoff function &
has a compact support, then by definition supp(§,7.) C U; is a compact set. Considering
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this we can define another smooth cutoff function 7, € I'yA°M such that
(4.5.59)

and we can use it to construct a set of compactly supported scalar field no™ € T'yA° M.
By construction we have that

ngpz})‘sulﬂp(fsq‘s) - LPE?NSUPPKSTE) <456()>

both their limits must coincide:

. m - m -~
lim ( sup o)) =lim ( sup [ngfy (o)) (45.61)

xesupp(§sTe) e=0 xesupp(§sTe)

and both of them must be null on U; N ¢(R). Hence we can state from the definition of
squeezed tensor field that:

lim( sup ]gp%(:c)]) = lim( sup ]ngp’g)(xﬂ) =0 (4.5.62)

£=0 \gesupp(€.Tr) €20 Neesupp(€sT:)

This means that V& >0 ,36; > 0|Ve,0<e <& = sup |pf(z)] <t
xesul’p(fsTs)
So defining ¢y = d;, we can state that V¢ > 0, since the square root is monotonic,

there must exist €y > 0 such that Ve € (0,e0) the following is satisfied:

sup el (@)p@m() <vVm—1-t (4.5.63)

z€supp(EsTe)

r

If we choose t = Tt We have that the following must be satisfied:

su(p )\/wz?)(x)go(i)m(.r) <r (4.5.64)

xesupp(&s
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meaning that
Vz € supp(&T.) = X' (2) € Brow (4.5.65)
therefore by definition there exists a small enough £y > 0 such that Ve € (0, ;) we have:

supp(1z) = supp(&1:) (4.5.66)

So we must conclude there exists a small enough €y > 0 such that Ve € (0,e9) we have:

N
/ ygl...y’;;ijg)uﬁ@dy";)—l - Z g‘(';f)”jﬁgl + O(eNTh (4.5.67)
3
To prove the first k terms of the right hand side sum must be null, we can consider that:

|/ l i sz Wdy | </ |y kasyﬁi J’&dyF| S (45()8)
G G g 5in%5 ! (supp(T:)) ) ey

30(5’“)/ TE”(‘?;) Qdyly” m=l < O(e )O(eO)O(s—m“)/ dyfy ™t < O(e") (4.5.69)
Ei Ez‘
therefore the sum must start from [ = k& and we have the thesis. O

Theorem 8: Let M be a manifold and ¢: R — ¢ a closed embedding. Let us denote by
A = (Ui, p()) an adapted atlas inducing an adapted local natural trivialisation of 7'M
with the local frame (0;,). Let (1;) be a smooth partition of the unity subordinate to
(Ui). Given a smooth global top form w € T'A™M let be [y uppoTiM C ToTPM the
compact support tensor fields such that supp(T) C supp(w) and let (o suppn T M), C
JJ(M) be the set of linear functionals induced by ( ),. For each tensor field T' €

(k)
Lo suppwT}} M there exists a unique set of multipoles Wy € T7(c) such that V¢ € IoTPM:

(6, (Tl = (6, Tyl + O (4.5.70)

k=0
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Proof. Let us start by considering the adapted coordinate system (Ui,gpé)) and €); =
gp’(‘i)(U(i)). The local coordinate expression of ¢ on U,

¢ = Gy Oy @ d ) = b3y © 0 © 0p(@) 7 0iyyiy © dav ) = (4.5.71)

=Py (P00) ) uy © ) (4.5.72)

The bunch of scalar functions gg(l)’z : Q; € R#™M) 5 R are the local coordinate
expressions of the test tensor ¢, so they are C"°R™ and thence they can be even-
tually expanded using the Taylor theorem. Let us consider an adapted chart in the
adapted atlas A such that U; N ¢(R) # 0, thence from the definition of adapted chart
we have that ¢(U N ¢(R)) = (s,0™"1) and each point € U; can be represented by
¢y () = (s(z),y™ ' (x)). We can then expand the local coordinate expression of ¢ using
Taylor’s theorem as:

N
1 A= re— 7 " a e
¢(z)w(5 Yy ) Z ELaE(Zﬁ(i)HVI;(Sa 0 l)y(z) y(Z + AMZ Vq(su Y )y( )Y ])\erl <J‘r) "*3)

N+1

Hence we can state:

Z / (Z Vg Eug Up w - Z / (’L vg Ag ¢ZW(Z dey <4F)74>

U;eA U;ceA

where w;) 1/11, gb 5% and Ta(q iy ATC coordinate expressions of w , ¥, ¢M£ and T (i)
q

respectively in the adapted coordinates (U;, ¢@y). So let us split the integral in two parts:

[0, (Te)w] = Z / Cbupw Aa( . l/hwdsdym m=l g Z / ()w Aa( i 1/12w( dsdyr

U,eA U,eA
UiNc(R)=2 Uinc(R)#2

Concerning the first term we have:

Z / z)w AE ()i szdey (4.5.76)

U; eA
U; ﬂc(R
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A Qﬁlwdsdy = (4.5.77)

(3)vg 8(’L

UicA /90(¢>(Umsupp(Ts))
UJ\C(R)Z@

= Mo wzwdsdyzn (4.5.78)

(4)vg 5(1

U;eA /(p(i)(supp(wi)ﬂSupp(Tg))
U; ﬂC(R):@

As we stated in the previous lemma, if U; is an open set such that U; N¢(R) = & and
supp();) C Uy is the compact support of 1);, then for a small enough &,

Ve € (0,e9) = supp(T.) N supp(v;) = & (4.5.79)

so the contribution of the first term must be identically null when 0 < € < g.
Let us consider now just the second term:

/ S To e Dilogdsdyly = (4.5.80)
U;e A
Ulﬂc(e)yég
= X3 0, T, didsa = (45.81)
U;eA IU A
Uﬂc(e);«é@ ©
N 1 o
= > / S il 07 (D0 Ly (5, 0™ Dy (4.5.82)
U;eA tU;eA k=
Uﬂc(e);éra i 0
H m\,,a a NG §
AL (TG U ) T2, i sy = (4.5.83)
|
= 7 m 1 oMp —1\ a a e
- ¥ Z/ﬂ 5(s,0 )(ZHLaEQb(])VPq(S,O i y(jk))Tg(q])M iy dsdyf+
A €A —
Uir?c&);e@ vi€ h=0
(4.5.84)

oY D / 0y som Y — <57ymwf?)"'y(ﬁ“)Teé)u;wi%)dey?}):

UicA UjeA
U;Nc(R)#2

-y X[

UieA UjeA NG, k=0
U;Nc(R)#2
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7 m\ ( AMP m\, o an g ~ mo_
- Z /Qﬂﬂ. ¥;(s,0™) <A(j?)aN+1Vq(37 Y )y(jl)-”y(j)H)TEé)uﬁ 7»Dz‘W(j)de?J(j) =
i35

U;eA UjE.A
UiﬁC(R)#Q
(4.5.87)
i
_ 7 m 1 Mp m—1\,.a a UG 7 A m
= ZA :4 /9%(870 (D e (.07 iy - ) T, i sy
U, e U,e J k=0
Ujﬂcj(R)#g
(4.5.88)
P my [ AHP my, o a Vg oA m e
2. 2 /Q%-(s,o (Al WG 05 ) T2, Doy dsdy Ty (45.50)
UieAd Ujed 7%
Ujne(R) 42

When ¢ — 0 since T is a squeezed tensor we can say that the integrals

~ 7y AHP TN a a P o _— Nt
24 24 /Q V;(s,0 )(A(f)am,,q(s, y(j))y(jl)...y(]{;“rl)Tg(qj)% Vi) dsdy(y = O(eNth
U;e U,e J

UjﬂC(R)#@
(4.5.90)
in fact when ¢ — 0 we have:
7 m A LD m\,,a a Vg 7oA m
‘ > > / ¥;(s,0 )(Au?)am%(&y(jﬂyd)“'y JN“>Te<qj>uﬁ viwgdsdy) | <
U,eA UjG.A Q;
U;jNc(R)#2
(4.5.91)
N m AMD ™, ,a a Vg 7oA m
< > > / (5,0 )’ <A<j>aqu—(37y(ﬁ)y(jl)"'y(j])m)Tsow v dsdyg) | <
Uic A UjeA 7S
Uine(R)#2 U;ne(R)£2
(4.5.92)
<OE 010 Emonty 3 / dsdyTT < (4.5.93)
UjeA o) (supp(T)NUj)
U;Nc(R)#2
SO(5N+1)O(1)O(g_dim(M)+1)O<5dim(M)_l) < O(£N+1) _ O(€N+1) (45()—1)
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Thence for € — 0 the integral behaves like:

ot
Neo)
ot
—

/ Qb (i)vg As (1) pp 77Z)’ l)dey - (4 - Je

UieA
U;Ne(R)#@

L ) m—1 T m
-y ¥ / 5 0 0 3 ey Gty + 01 1)

UieA UjeA
UJmC( )£D
(4.5.96)
= > ilA-(s 0™) La ¢ \7 (5,0 D)yl )T'* jdsdyl + O(eN +1)
- o JEREASE 5P (Gyrg\ 5 Yio)-Y6) ) *eyms v
U;eA i k=0
U;ne(R) 42
(4.5.97)

Since (U;¢(;)) are charts adapted to the embedding ¢ then they define a one parameter
families of smooth transverse embeddings via

Mgm-1[pa) (Us)] = X Ss(y™) = ¢ (59" (s,y™) € ooy (Un)  (4.5.98)

where IIgm-1 is just the natural projection of R™ on R™"!. So ; can be written just as
I; x ¥;, then the integral can be separated in the following way:

Z / gf) )w i wlwdsdy( = (4.5.99)
U,eA
Ulﬂc(]R);é@
Y onp . Ty ar L an\ve - m N1y _
—Z > / 0™) Laz®jysr (5,0 )yu'l)“-yf>Ts(qj>uﬁ“’<f'>d3dy(j>+O(5 )=
k=0 UjeA
U; ﬁc( V#D

i Z 2 /f % 1/)] % 07) L5, Om_l)y@l>-~y@k>>TaV@>uﬁ gy dsdyll + OV =
k=0 U cA X .
UJmC( )#2

N
m A Hp m—1 1 al ar Vg ~ m
:Z Z / ¥;(s,0 Lo J)W( 0 1)<H/Z.y(j)...y J@Ta(j)%w(j)dy(j))ds+O(5N+1)

k=0 UjeA I
U; ﬂc( V#D
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Using the previous lemma we can say that

Y-
/2 70

J

YTy ) G Z€l o (8) + 0N (4.5.103)

then using the definition of squeezed tensor we are allowed to expand the inner integral
as follow:

N N
S S [ e 0 Y s £ O = (4501
k=0 UjG.A Ij =k

UjﬂC(R);éQ

Now using the trick S0 | Sy = S0, SOF_ axy we can rewrite the integral as:

N

IS Z/ Lazd )0, “F *(W5)aly (s)ds +O(N ) = (4.5.105)

=0 UjeA k=0
Uymc( )#D

This is very close to what we want to achieve but we should still prove that these coeffi-
cients are actually able to define a multipole because nothing guarantees that they define
a smooth global top form over R. However this is not a problem because we are going
to see that this expression is equal to a sum of multipoles with support on each U; so it
must be a multipole as well. Consider the expression:

/ D T i dsdyly = (4.5.106)

Nl 7 Hp m—1\, a1, ar Vg S T P

:/Qi (; HL“E¢(i)Va(S’O )y(i)"'y(i)>Ta(i)uF Yiwydsdyy+ (4.5.107)

+ /Q (Afbgawuq(s’ym)yéﬂ---y?“ﬁﬁ)% Dilogeydsdy(yy = (4.5.108)

:/ ( N iL b, L7 (s, 0m Ty a!c)f’”? Dby dsdyT + O(ENH) (4.5.109)
o, N RO YY) ) L ety Vi¥0) 450Y ) 2 5
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So with the very same procedure used before we obtain:

q

/Q I AR (4.5.110)

m— 1 al ay Vg 1 5 T
_Z/Lak%w 0 1)(1:;!/ Yoy STy >d5+0( N+L) (4.5.111)

Now considering that v; is a smooth compact support scalar field, we are allowed to
expand the inner integral as done before obtaining:

/ LGy Vi dsdyly " = (4.5.112)
Q;
L .LLP Om 1 | pAxVa d O N 1 — —L— 113
—Z g Y £ (s)ds + O(N + 1) (4.5.113)
=0
N N -
=> ¢ Z / Lagh gy (5,0 )35 (s)ds + O™ + 1) (4.5.114)
=0 k=0

But from the definition, supp(ﬁfj%q(s)) C I, therefore defining:

B (5) 5 i=1 L
Nifn(5) = {O”“" -y (4.5.115)
we have that
N
@ Vq P m—1 ar; I/q S
> Z’m’;% ffi;(s,o )=c* ( ZA l;;”p l;‘;) (4.5.116)
Uine®)te Uine(B)4o

define a global smooth top form over R, and the integral can be written as:

/Q H e i dsdyl " = (4.5.117)

J
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Diﬂz
M=
g

T

lijuy

N
 (Lap ) Nia(s)ds + 0N +1) = Y " '[6, Wy + O™ + 1)
=0

(4.5.118)

So at the end for ¢ — 0 we have:

N
PIEEDS Z/ La &y, ﬁw ¢ (Wy)apln ds +O(E"H) = (4.5.119)

=0 UjeA k=0
Uﬂc( VAL
N N
:Z S (6Tl +0ENT) =) " Elp, U] + O (4.5.120)
=0 UjeA 1=0
U;jNe(R)#2

O
Corollary 15: The adapted Ellis moments are defined inductively by :
n—1
aglg 7. —-n a ar Vg A m l—n _aQplq NE ¢
0, = Im (2 /E Ui T Sy, — D ) L nz k(45120
J =0
ozn’zj)q% =0 , n<k (4.5.122)
Proof. Tt follows directly from the previous theorem when we evaluated
/ Yy Ta”(j Oyl = Zsl oy (8)ds + O(NTT) (4.5.123)
Ej
Considering that
a ay, Vg A m k A= 19,
/2~ Yiiy--Y ]?“)Tgé)%w(j)dy% = 0(e") (4.5.124)
J
splitting the sum, dividing by €™ and taking the limit, we have the thesis. [
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Corollary 16: The sum in the previous expression can be reduced to:

n—1
aglqg 7. —-n a a Vg ~ m . l—-n _agVg D
0 = i (¢ /E Ui T S — D) L nzk (45.125)
J =k
a%% =0 , n<k (4.5.126)
Proof. 1t follows trivially from the previous statement neglecting the null terms O

Property 44: Considering subjective preferences it is possible to re-scale the previous
equation with a k! combinatory factor defining the same moments re-scaled by a combina-
tory factor due to the symmetry of the higher order Lie derivations. This is just a matter
of preference in the definitions and nothing affects the theory of the Ellis moments.

Property 45: Let us stress that the list of multipoles ¥; strongly depends on the choice
of the top form w on M

4.5.3 Transverse self-similar squeezing of a compact support ten-
sor field

We are going to introduce now a very specific case for which one can prove how the
adapted Ellis moments of a particular class of squeezed tensor fields coincide exactly
with the standard definition of moments given in statistics and in physics (moments of
continuous mass or charge densities). This very specific case allow us to interpret the
linear functionals defined in this work as a generalisation to the manifold of the cartesian
multipole moments of densities defined on R"

Definition 76: Let M be a manifold, ¢ < M a closed embedding and A = (U;, ¢(;))
an adapted atlas. Let w be a global top form. Let be T € I'('T?M a compact support
tensor field on M such that supp(T) C | J{U; € A|U;Nc(R) # @}. Let V € M be an
open set satisfying supp(T) C V and @ : (0,1) x V' — M a one parameter family of local
diffeomorphism such that its adapted coordinate expression is given by:

o, — {5 - (4.5.127)

We define a transverse self similar squeezing of T upon ¢ with respect to ® the
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squeezed tensor fields T. € Si(c) satisfying:
T. = @ (T) (4.5.128)

Property 46: It is easy to check using the adapted atlas that this one family of smooth
tensor fields satisfies all the requirements to be a squeezed tensor field.

We are going to show how at least some compact support tensors fields admit a well
defined self similar squeezing, so at least a case of self similar squeezing exists. However
the study of the necessary condition that must be satified by a compact support tensor
field to admit a well defined self similar squeezing is still a matter of investigation.

Lemma 37: Let M be a manifold, ¢ < M a closed embedding and A = (U;, ¢(;)) an
adapted atlas. Let w be a global top form. Let be T" € I'yT7M a compact support tensor
field on M such that supp(T) C | J{U; € A|U;N¢c(R) # @}. Let V€ M be an open
set satisfying supp(T) € V and ® : (0,1) x V. — M a one parameter family of local
diffeomorphism such that its adapted coordinate expression is given by:

Q. = 228 L (4.5.129)
Y = 2Y

Let be T" a compact support tensor field and 7T its self similar squeezing build up on &,
then the adapted Ellis moments related to the multipoles expansion:

N
=> Ep, W]+ 0(E" (4.5.130)
1=0
can be easily computed as follow:
O‘nlfj)q% = /2 gj(jl)...g(f) 5 E(IJ dy G » n=k (4.5.131)
J
afff% =0 , n#k (4.5.132)

where w(;) and T . are the coordinate expressions in the new chart (s,9™) of T and w
respectlvely
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Proof. Let us consider the previous corollary fixing n < k then we have that the moments
must be null. In the other hand, setting n = k we have:

G’EV‘T — 13 —k . m . l—k aEVﬁ JE 199
k(s = }:l—{r(l) (8 /E y(]) y(])T e(j)up ])dy(j) ; € al(j);@) (4.5.133)
J =
So we can state:
YT —k_ a1 akAW A E 19/
Yoy lﬂ% . € YigyYg )T(qj) )dy (4.5.134)
J

If we consider the given diffeomorphism defining the squeezed tensor field, can be inter-
preted in a passive way simply as a change of local chart, so considering the transformation
rules, we can easily reduce the calculation in adapted coordinates of the previous integral
simply to:

g 3 —k, a ag Vg o~ g T ~q ~ Vg
Uy = I | €YY Loy G = /Z oy I Lha
J

fny GAiE,  (4.5.135)

where @(;) and T(?)w are the coordinate expressions in the new chart (s,4™) of T and w
P
respectively. Now considering the case such that n > k£ we have

n—1
Oy = i (EiMH /E Ueh U L Gy — ZEF%‘%L) = (45.136)
o Ji =k
iy (& alf, - 3o alE,) o
(4.5.138)

Now using induction on n starting from n = k + 1 we have :

e—0

k
0y = lim (570l = > ain )~ 0 (45.139)
=k
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and supposing true the strong inductive step ai@iﬁ = 0 for each n > k we can easily
P
prove:

Vg _1; —n—1+k Og¥g l—n—1_GpVq . ey
Lt 1)y lli% (5 Qe € Q. ,> =0 (4.5.140)

Considering this result we can see how, given a compact support tensor field 7', the
standard calculation of the usual moments very well known in several branches of mathe-
matics, physics and statistics, is just a very specific case of calculation of the Ellis moments
of a multipole, in adapted chart, approximating a transverse self similar squeezing of the
tensor field 7" upon a "worldline-like" curve c¢. These considerations include naturally
the well known particular cases in which standard moments of functions f : R” — R
are considered as instance when the moments of a regular probability distributions are
computed in Statistics or the inertia moments are calculated for a rigid body in special
relativity or standard classical mechanics.

4.6 Final considerations on the Ellis local representa-
tions

We have deeply analysed how the Ellis definition of the multipoles induces naturally an
explicit expression for the multipoles in terms of C*°(R)-linear combinations (in terms of
restrictions on ¢(R) of local expressions) related to the higher order Lie derivatives of the
test tensor fields, then appropriately integrated on the whole worldline. We have seen
how the most general Ellis representation does not own enough structure to guarantee
the uniqueness of the representation or translating the module structure of the multipoles
on the local parametrization. It is possible to fix some constraints on the admissible Ellis
representations killing the redundancy of the parametrization but more structures (i.e.
adapted local frames or charts) must be introduced. One should be very careful to fix
the constraints, because a lot of them are not compatible with the covariance. Although
this could seem a minor problem, in practice this would prevent us from mapping the
intrinsic multipole equations into unique equations for the parameters, valid for each local
charts chosen on the manifold. If we are working within a fully relativistic framework,
from a physical point of view this is not acceptable, in fact the physical laws must be
expressed independently from the observers, therefore the physical equations exhibit a
symmetry under local charts transformations (local diffeomorphisms). The most usual
way of expressing the multipole is (called here the top order local Ellis representation)

k
seems to be not so good because it is not isomorphic to the multipole module (T%(c) |k e N
nor does it map the multipole equation into a covariant set of equations for the param-
eters. An alternative representation called transverse local Ellis representation has
been proposed. This specific Ellis representation derived directly from the adapted lo-
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cal Ellis representation is an attempt to work around the problem of fixing an unique
representation preserving at the same time the module structure and the covariance of
the equations like 7 = 0 for each 7 € T{(c). This is very useful because given an ar-
bitrary map Fq : Ti(c) — TZi(c) the equation in the form E¢(7) = 0 can be mapped
into an equation on the transverse local Ellis parameters called transverse local Ellis
moments such that all the local coordinates transformations are symmetries for the
equation. The process needed to express explicitly a multipole using the transverse El-
lis local representation is in general very complicated and can be practically performed
just for very low orders, however nothing forbids the using of the computer to make the
calculations for the higher order multipoles. Since the transverse Ellis local representa-
tion is fixed by choosing arbitrarily an extra structure (i.e. the adapted local frames)
we investigated how this representation is affected if another structure is chosen (i.e a
different adapted local frame) for the lower order cases, but in principle with enough
computational power it can be done for each order £ € N. Other alternative approaches
are definitely possible. For instance, following the variational Lagrangian formalism on
the fiber bundles, one could interpret the multipoles as a set of different actions taking
sections of appropriate jet bundles built upon ¢(R) [43]. Doing so it would be possible to
interpret the degree of freedom in the choice of the adapted frame and the choices of local
coordinate system as an actual gauge. In this perspective the theory of multipoles could
be simply recasted in a Gauge-Natural theory built upon an appropriate bundle, where
the naturality is expressed by the invariance of the multipoles (interpreted as a set of
actions) under local diffeomorphism or equivalently under local chart transformation and
the gauge- symmetry is given by the degree of freedom in the choice of the "transverse
directions" with respect to the sub-manifold ¢(R) embedded into the manifold M. If
the multipole can be interpreted as an action then the 1-form inside the integral can be
interpreted as a Lagrangian by following the same analogy. The way in which the local
expression of the Lagrangian can be glued together defining a global Lagrangian should
be able to fix the explicit form of the structure group and the compatible trivialisation
of this particular bundle. This approach still needs to be formalised and it is an actual
matter of investigation. We are looking forward to express the multipole theory with
a single appropriate bundle structure on ¢(R) encoding naturally the symmetries in the
multipoles Ellis representation allowing us to interpret the non uniqueness of it as a nat-
ural gauge theory as well as other physical theories. Although the Ellis representation is
quite tricky and treacherous it is very useful to formalise the concept of asymptotic ex-
pansions for specific one parameter families of smooth compactly supported tensor fields,
called in order "squeezed tensor fields". In this case, the R-linear functionals defined
with the generalisation of the De Rham push-forward plays a fundamental role inside the
coordinate-free weak asymptotic expansion of the families about a neighbourhood of the
null value of the parameter. Considering this, it is clear now how the usual moments
of the local coordinate expressions of the compactly supported tensor fields (or scalar
fields equivalently) admits a clear geometrical interpretation, in fact they are just the
adapted Ellis moments of the linear functionals related to the weak asymptotic expan-
sion of the self similar squeezing of the given tensor field (or scalar fields equivalently).
This closes the circle then, motivating the choice of the name "multipoles" for such a
family of R-linear functionals.
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Chapter 5

Concerning the Dixon Local
Representation

In this chapter we are going to analyze in detail the characteristics of the Dixon local
representation of the multipoles. Despite the existence of several very detailed stud-
ies [1][2][3][4] |7] and physical interpretations [5][6][8][9][10][11][12] [15][18][23] [24][25]]26]
[27][28]]29] [30] of this representation, we are going here to propose another different way
to interpret the Dixon representation of the multipoles. This interpretation is purely ge-
ometrical and does not involve any physical consideration. First of all we are well aware
that the multipoles are well defined primitive intrinsic geometrical objects, completely
independent from structures like coordinates, metric, Killing vectors, connection, ADM
fibration and so on. Considering this, we know that we are going to investigate just a set
of possible representations for the multipoles induced by a connection on the manifold.
We are going to see how the Dixon representation of the multipoles does not require nec-
essarily all the structures and constraints used by Dixon in his work [1][2][3] to be defined
(as already partially noted in [7]), but some constraints are required to fix a one to one re-
lationship between the local representations. Other more restrictive constraints imposed
by Dixon, are related to particular physical considerations holding just within General
Relativity, and we will see that these constraints do not affect neither the mathemati-
cal definition of the multipoles, nor eventually the uniqueness fixed by coordinate free,
model independent constraints. Clearly, separating the model-dependent "constraints"
with respect the "unique-representation" constraints, we are able to represent the mul-
tipoles in a nice useful way without being forced to assume any model constraining the
geometry or the existence of particular symmetries upon the considered manifold. In the
very first beginning of this chapter we are going to analyse an example enlightening the
behaviour of the Dixon representation, then in the later parts we are going to fix some
restrictions to express the multipoles in a more convenient way accordingly to the usual
Dixon one. However some issues still remains not solved and some aspect are actual
matter of research and investigation.

5.1 Problems arising from the Dixon representation

As well as the Ellis representation, the "Dixon" one is affected by some issues that can
became problematic when trying to express uniquely the multipoles. However, in contrast
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with the Ellis representation, we will see how the parameters naturally admits a covariant
interpretation thanks to the affine structure fixed by the connection.

5.1.1 A specific trivial example

Let us consider R? as a differential manifold on itself. R? always admits a global atlas
where the points of R? are mapped into itself due to the identity functions. Let us denote
by (2°,2') the coordinate expression of an arbitrary point z € R?. Now let us consider a
closed embedding ¢ : R — R? defined by ¢(t) = (¢,0), V¢ € R. Since R? is a manifold, we
can build the tangent bundle TR? the cotangent bundle 7*R? as well as the tangent tensor
bundle T(g’RQ. A global natural trivialisation of TM can be fixed by (eg = -2, e1 = -21)

920 9z
and this induces a global trivialisation of 7*M and TP M. Let us consider as instance the

(0)
multipole 7 € T1(c) defined by:

0.7)= [ cleyagar . Vo e TR (5.1.1)
R
where ] : R? — R,Vu,v € [0,1] are smooth scalar fields. Therefore:
0.71= [ oo = [ {(@ag + c*(0h)al + ' (@a + (@Dathde (5.12)
R R

But this is not the only way to express the same distribution with the Dixon representa-
tion. Let us consider:

0.5 = [{emaemay +censta . wenn® Gy

where 3 : R? — R,Vu,v € [0,1] and Bﬁ” : R? — R, Vpu, v € [0, 1] are smooth scalar fields
satisfying:

i =0 |
5.1.4
{_%[ﬁgu] 4 C*(P8u>ﬁgy o C*(Fgg)ﬁgg + ﬁz o Oé’,j -0 (;J >
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Substituting it in the integral we obtain:

[

<

8] = / { (VAGKIEY + ¢ ()5}t = (515

I
—

¢ (Vo(9))BY + ¢ (Vi(0))BY + ¢ (0)By fdt = (5.1.6)

G
(Gl
i
{-

DN + ¢ (D5, 00)85 = o (T, @) + ¢ (Li(@)BY + ' (¢L)B) fdt =

=1

(61
RN + R0 — (T8 i+ [ oars [ (on)siae =
R R

(e
_ /R Cle
(5.1.8)
_ /R B 4+ (T, )8 — (T, ) B2 + Bl f(ol)dt = (5.1.9)
— [ etz = (6.7 (5.1.10)
R

Hence it is clear that even in this very trivial example the Dixon representation of a multi-
pole is not unique and several different sets of parameters can define the same distribution.
This show explicitly why we prefer to denote o or ( ;}”, pE) just as "parameters" rather
than "components". They completely define the multipoles but not in a unique C*°(R)
linearly independent way. The Dixon representation does not behave as badly as the Ellis
one, when a change of coordinates is performed Let us suppose to have another global
atlas defining a new coordinate system (z'°, z'!) linked to the old ones with:

0 _ ,.70/(,.0 1
v =) (5.1.11)
2 = 2 (20, 1))

This automatically induces a new trivialisation of TIR?, T*R? and Tg’RQ therefore a differ-
ent set of Dixon parameters. Let us show it. Changing the coordinates on M, we induce
another global natural trivialisation of 7'M fixed by (ej, €}) satisfying

eh = =2 —J e
v 6950 : (5.1.12)
€1 = g1 = Jleu
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and this induces a new global trivialisation of 7*M and TPM . If we consider the first
case, the multipole T is expressed by:

[0, T] = /]Rc*(¢ﬁ)aZdt (5.1.13)
using the old trivialisation and by:
0.7 = [ oy (5.1.14)

using the new one. By definition of the Dixon representation ¢*(¢)a;,dt must be a global
smooth top form over R independently from the chosen trivialisation, hence, c*(qﬁ’,j)ocht =
c*(¢)a’,dt. This fixes a constraint on the transformation rules for the local Dixon
parameters:

C(9l5)oadt = ¢* () aldt = *(Ble" e,))aldt = c*(o(Jie™ Tpeh)akdt = (5.1.1)
=c*(p(e"*, €)) e (JH) e (T, )dt (5.1.16)

concluding that:
o' = (T (J0) o (5.1.17)
and:

16,7] = / A ()aldt = / (@) (TA)er (TP )atdt = / Fatdt  (5.118)

C
R R

If we consider the second case, the same multipole 7 can be expressed also by another
Dixon representation:

0.71= [ {eW@may sl . voe (5..19)
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where 37 : R? — R,Vu,v € [0,1] and Bﬁ” :R? - R,Vpu,v € [0, 1] are smooth scalar fields
satisfying:

v __
Bﬂd _00 (5.1.20)
—#B 1+ B —al =0

using the old trivialisation and by:

[0, 7] = /R {(Va@m8 + (9B}t o e ToTIR? (5.1.21)

where 8 : R* = R,Vu,v € [0,1] and 8 : R* — R,Vpu,v € [0,1] are smooth scalar
fields satisfying:

By (BN, BE) =0
— BB, B 4 e (T5,) 82 (B, B) — (T, ) B (B2, B1) + B (B, B1) — adi(ad) = 0
(5.1.22)

using the new one. We will explore the constraints after have determined the transfor-
mation rules for this second representation. By definition of the Dixon representation

{c*(V,\(qﬁ)‘;)ﬁﬁ‘” - c*(qﬁfj“)ﬁ’;:}dt must be a global smooth top form over R independently
from the chosen trivialisation, hence:

{08 + (@8 bt = { e (TA@MBY + (ehgi pat (5.1.23)

must be satisfied. This automatically fixes the form for the transition functions of the
local Dixon parameters:

VB + Bt = { e (VAGBY + (ol pdt = (5.1.21)
Ve (OB + e (64)81 bt = (5.1.25)
TV (OB + e (64)8: bt = (5.1.26)
TS ThIdBY + (o5 o) bt (5.1.27)

= =
—~ /\* Yy Yy
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concluding that:

{6’5 = (Jod)B; (5.1.28)

B = (I T0JE) B

To explicitly express the equation for the constraints for these new parameters we need
to invert the transformation rules

_ (TP R
{ﬁﬁ = (8B, (5.1.29)

(T _ﬂ v
B = c*(J\JET,) B

As we can see, they transform linearly just as tensors, therefore they can be interpreted
as the local components of some local tensor fields with support on the worldline c. We
can plug it in the constraint expression to obtain:

( 6;/( IAV B/u) -0
5.1.30
\ _%[601/( v , B + (Fgﬂ)ﬁgu( v B — ¢ (FSU)/BOU( IAv B+ ( )
\ _|_ﬁz< IAv /Blu) ( V):O
(5.1.31)
(T, JeT B =0
J.JoT, 5.1.32
ﬁwﬁﬁ%ww]c@&gwmww oy Paeryere O
+eM (T Tg) B — af(al) =

Unlike the Ellis case, we will be able to prove that the equations expressing the constraints
above, can be interpreted as the local expression of an intrinsic tensorial equation, there-
fore the constraints expressed by the equations above do not depend on the choices of the
coordinate system. However we have showed that, even if the Dixon parameters trans-
form just as tensor fields, the uniqueness problem still remains and we are not able to
set a one to one relationship between the multipoles and the Dixon parameters. To show
another issue affecting the Dixon parametrization, let us consider the following multipole:

(6, T] = / (Vi (@))arevdt . V¢ € ToT{R? (5.1.33)
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with 7’\1)‘2” a bunch of scalar fields on the worldline completely symmetric in A\; and \s.

Let us suppose to be interested to express it in an equivalent way, integrating by parts all
the covariant derivatives taken with respect to the direction along the worldline ey = ¢ as
well as it has been performed in the example above. Therefore considering our adapted
coordinate system, we have that:

[0, T] = / (V30 (0))ya 2 dt = (5.1.34)
— [ { (TR + (TROINE" + (TG + ¢ (Tl e =
(5.1.35)

= /R { SV, + 2 (Vo (@) — 2¢ (Vi (@)™ + c*(V(Q)O(@’j)ng}dt:
(5.1.36)

= [ {e @@l + 2 (T = ¢ (a0t = Qu(T@DENR + (Tl b

(5.1.37)

with P and () the linear maps defined in the first section satisfying:
2T—1PT L T VT € TTPM 5.1.38
Vii( )—5 ( )—§Q(V( ) SR (5.1.38)

Hence we have:
[gb,ﬂ = (5.1.39)
= [ {e(Th@mni + 26 (Va(Va(6)): - T+ (5.1.40)
R

—*(Por(9)l — Qui(V ()" + ¢ (Vo(Vo(9))s — V(e Ooy}dt (5.1.41)

As one can notice, even at the second order, the non commutativity of the covariant
derivatives related to the the affine structure hidden in the higher order covariant dif-
ferentials make the things much more complicated with respect the Ellis representation
case. We will show that all the terms can be interpreted as the the local expression of
some intrinsic tensor fields, however, as the reader can realize, the scenario is definitely
tricky due to the presence of the Riemman tensor and the Torsion inside the maps P
and (). The situation get even much worse if we consider multipoles beyond the third
order. In that case a lot of covariant derivatives of the Torsion and the Riemman tensor
rise naturally from the manipulation of the higher order covariant derivatives making any
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attempt of explicit calculation very complicated.

5.1.2 Considerations

From the analysis of the very simple example presented above, the reader can be convinced
about the fact that, despite the quite straightforward intrinsic definition, the multipoles
can be very treacherous geometrical objects. Let us try to extract from the examples
what we think the problems affecting the Dixon representation are and which are their
causes.

The non-uniqueness problem.

As well as in the Ellis case, the first relevant issue was given by the non unique repre-
sentation of the multipoles in terms of higher order covariant differentials. This can be
extremely problematic because the structure provided for the Dixon representation (i.e a
closed embedding, an atlas, a smooth partition of the unity subordinate to the atlas and
smooth local frame and a global connection) is not enough to fix a one to one relationship
between the multipole and its local representative. This is directly caused by the non
uniqueness of the Dixon local representation of the action of the multipoles, which does
not allow to single out a set of C'°°(R)-linearly independent multipoles that are able to
generate the whole module. Although this can seem a minor issue apparently, in practice
this causes the failure of a unique representation of the null multipole, as instance as a
set of null scalar fields. So we must admit that at this stage we are not able to fix an iso-
morphism between the C*°(R)-module of the multipoles and the module (C*°(R), +, ).
Because of this, at least at this stage, we avoid the term "components" when we are
referring to the Dixon parameters of a multipole. The lack of any isomorphism between
a multipole and its Dixon parameters causes also the failure of attempting to define the
operation on the multipoles in terms of operations upon the local representations. As
instance the sum of two multipoles can produce a null distribution,that can be expressed
by a set of parameters that are not equals to the sum of two starting multipoles param-
eters. As it has been already widely explained, considering that a clear correspondence
between the operations on the multipoles and operations upon their local expressions is
essential to express intrinsic functional equations, constraints and properties of the mul-
tipoles in terms of standard C'*°(R)-functional equations eventually solvable with known
techniques, the Ellis local representation without any additional structure is not enough
to satisfy our requirements.

Causes of the non uniqueness

The non uniqueness of the Dixon representation can be directly traced back mainly to two
things: the algebra of the higher order covariant derivatives and the Stokes theorem. We
know by the lemmas showed in the first chapter that each antisymmetrisation of at least
two indices of some higher order covariant derivatives can be written as a linear combi-
nation of totally symmetric lower order covariant derivatives. This is not a real problem
as long as we defined the Dixon representation solely in terms of Dixon parameters com-
pletely symmetric in the indices contracted with the higher order covariant derivatives.
In this way any antisymmetric part of the higher order covariant derivatives does not
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play any role giving a null contribution to the multipoles. So the only real cause of non
uniqueness affecting the Dixon representation is given by the possibility to integrate by
parts some terms due to the Stokes theorem. In fact, accordingly to the previous lemma,
since c¢ is a closed embedding, we have that:

d
Vs €R|c(s)NU # @,Veq € TyTM | e, Y= i(s) = eo(T}r)) = %c*(T;?)
(5.1.42)

Let us suppose to have a local trivialisation (e(;,) such that Vs € R|c(s) NU # @, Ve €
IyTM | e, o= ¢(s) and a multipole defined by its local action:

> / Voo @))€ (W)l ds = (5.1.43)

UeA
U;Ne(s

q

Z / e (D, qu*’n SV _Z ’,f’;gy, OV]) (i), ds =

U;eA j=1
U;Ne(s)#D

(5.1.44)

- X L) e (Z¢“’ T, Zmﬁuq\] o) e (iais, ds =

UeA
U;Ne(s

Z / (%)O‘(Z)H ds+ (5.1.46)

UG.A
U;Ne(s)#

q
DI EI0 T e B oA EIIOE TR

Uie A j=1
U; ﬂc(s

U,eA

)42
/ cb“p% (i) o [a'{f)%]ds+ (5.1.48)
U;Ne(s)#D

q

+ Z / Z¢M2 ' MP\ZFHZ o Z ’/j;ﬂvf 01/]> (%)Oél(jf)upds = <514()>

U; EA j=1
U;Ne(s

D |
- ¥ / 5,0 )¢ ) 2o, ds (5.1.50)

UEA
U;Ne(s
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where we have interpreted a( iy 85 the local components of a the tensor field o defined
on the worldline since they change tensorially when a coordinate transformation is per-
formed. Then using the Stokes theorem we conclude that:

> / Vego(9 f)yq)C*(wi)a(”z%dsz (5.1.51)

U; GA
U;Ne(s)
=0- >, / @),ﬁ T(?)uﬁc*(wi)ds (5.1.52)
UicA
U; ﬁc( )37

Since the Dixon representation is given by the integration of a linear combination of
several of higher order covariant differentials, it is clear that it cannot be unique.

The general covariance implementation and the gluing problems

In contrast with the Ellis representation, as we have already proved, all the local Dixon
parameters can be interpreted as the local expression of an appropriate bunch of tensor
fields defined on the worldline ¢. Considering this, we will be able to show that all the
constraints and equations fixed on the multipoles can be recast as intrinsic constraints
and intrinsic tensorial equations. This automatically recovers the general covariance
principle allowing us to write the dynamical equation on the Dixon parameters in a
diffeomorphically invariant fashion. Furthermore we have a clear intrinsic coordinate free
geometrical interpretation of the Dixon parameters related to a given multipole.

5.2 Isomorphism between multipoles and the Dixon
representation induced by a choice of an adapted
coordinate system

In this section we are going to show that an isomorphism between the multipoles and
a very specific Dixon local representation occurs, translating the structure of C*°(R)-
module on the Dixon moments. In this section the concept of adapted atlas is considered.
It has been already defined previously at the beginning of the section concerning the
adapted Ellis representation, so eventually the reader is suggested to have a look to it in
case it is needed.

5.2.1 Dixon representation fixed by an adapted atlas and adapted
Dixon moments of a multipole

We are going to see a possible way to fix the isomorphism between the multipoles and one
Dixon representation. By choosing a specific set of local adapted coordinates covering all
the manifold, we are able to kill the degree of freedom in the choice of the Ellis parameters.
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As we are going to see, despite this approach is very straightforward and immediate, we
must pay the price of introducing a new geometrical structure hidden inside the choice of
adapted coordinates. Furthermore since this isomorphism between multipoles and Dixon
parameters is strongly dependent just on the specific natural local trivialisation induced
by a specific set of coordinates, the structure is not invariant under diffeomorphisms, so
it is not covariant. From here we are going to use the split Einstein condensed convention
upon the indices. The greek letters are related to indices running from 0 to m — 1, the
latin letters instead are related to indices running from 1 to m — 1

Lemma 38: Let c: R — M be a closed embedding, U an open set and v € I“qungl +pM]supp(’y) -
U. Let us consider {e,} an arbitrary local frame defined on U and adapted to the em-
bedding ¢, 5o {€q}|. = {¢, v} and let {e*} the algebraic dual such that e®(eg) = 5 and
{e®},. = {¢,e™}. The following holds:

V5P D Vo
[ewbii@mnras =~ [ (W @m e s (620
Proof.
[ = [ (TENOmE )Y ds - (5:22)
= [ (TP (O E ) s - Z [ 7, e (O E ) s =
(5.2.3)

_/ (Ve [Vk (d))]ﬁq)(cj i ds B Z/ 0% 'Yﬁa’f\ <¢)§;)(C—' ’Y)Taﬂﬁads -

C

(5.2.4)

d p
:/{E[C*(Vﬁk(d))ﬁ;)]ntzl ¢ (Tha, VA (D)o 50, )F (5.2.5)
—ZC (D (@) ™) HE 7)™ ds+ (5.2.6)
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p

= /C%[C*W%(@ZZWv>”fa5;ds+ / [>T (VO 50 )+ (528)

le i—1 P\
=1
! Bi=1 6 By
=T S VE (@) () L ds (5.2.9)
=1
k ~
=S / O3, (V5 s ()(E 7)™ ds = (5.2.10)
i=1"Y¢

:_/C*(V%(qb)gz)i( %ap dS—{_/{ZFOaZ . vk ¢)§§ o )+ (5211)

- TG C*(V%(cb)ijdﬁ"“)}( ) * S ds+ (5.2.12)
7,:1
—Z/F&i (VS (P)i) (¢ )G ds = (5.2.13)
i=1 Y€
-- / (VA (O)) () dsuzrm VEO o (5210
—ZF E (@) )t (5.2.15)
ZFo% LV sy (02 HET )G ds = (5.2.16)
= — / (V5 (9)7) y (¢ )5 ds (5.2.17)
0

Lemma 39: Let ¢: R < M be a closed embedding, U an open set and vy € I‘Tq(kJrl +pM]supp('y) C
U. Let us consider {e,} an arbitary local frame defined on U and adapted to the
embedding ¢, so {ea}|, = {¢ vm} and let {e%} the dual such that e®(es) = d§ and

{e*}. = {¢,e™}. There always exists a bunch of C®-linear map F : v € FTq(kCH)JrPM _
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T 01 such that:
" 7 0 M=\ 705
Vs o) 2T s -

Jj+1
‘féw%mwbiwﬂ%%d—Z/ (Vi (0)5) F 52 (v V) ds (5.2.18)

Proof.
« 7 0 M=\ 705 o
wammw@vaﬁw: (5.2.19)
_ * (k+1 k+1 B\ OmMirmior -
= / (Vo v (9) szm—l[m morer g (Bag) ¥ Y gds = (5.2.20)
, D ~ MGV GOP 0m~7H —a
— * (\7k Bg\ TP k+ Bg R\GTP 3.
[T @R s [ ZWZWM%Mﬁ@@h s =
(5.2.21)
—— [Tl ) T s
. TN P (g
_ i—1w2 wk—i-1 B\ JOMIRGP 5 9 o
Z/ 2V e e (0)E) s ds (5.2.22)
where several lemmas in section 1 have been used. Let us analyze just the term inside
the second integral:
* i—1w2 wk—i—1 g\ Omprmgor 5 o
/Cc 2[VTiVHV }mﬁﬂmimﬂm - $)aT) T ds (5.2.23)
_ * i—1 k—i—1 Bg i—1 k—i—1 Bq
_ / (VTP O 0 e Wa‘; — [VHQUYYVE () s 0 s s )
ap
PRI g = (5.2.24)
Bz ° s
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:/Cc*(

¥

Since { (

[

11—

c*(z

=

i—1

> §

=0

1
0

= / c([VEHPVRH9) = VEHQVYSTH (0],

i—1

z )[U(W) H®]lviflfl(P)} and {(Fll)[a(m) H®]lviflfl(Q)}

(Z’ - 1) 0T Tl V@)V (6) )

1—1
l

{ (Z I 1) T 2] v Q)T (9) }

0m5RGoP 5o
808 =

) ([T L8] V() (T (6)) =PI T Q)T ()]

0m7TmGor

ds =

q

) TP v (P (T (o)) )

g
mi=1 0M5\i TR\7OP
) o TP v (P (TR () )

Ba

are both multilinear applications we can say:
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Ba

mi=1 0m75\7 ¥5\59F

Bg

mi=1 0m7\7 15\79F

Ba

AT TR oy

(5.2.26)

0 m=y3\ 705
J Tk\J Bids—i_
q

Umm\;%d _
Bg"°

(5.2.27)

0m3g;op

ﬁads—i—

0 MY\ 705
JTk\j P _
Bqu =

(5.2.28)

m

i—1

On



e ey )T = ({0 ) e ey )} T
[ V36 By l v 6 Barp

(5.2.29)
and

[{ (Z —l 1) [O_(M)]I@]lvi—l—l(Q)}(T)} j?; . _ [{ <Z —l 1) [a(lﬂ))]l@]lvi_l_l(Q)Hjj;mT‘ff

So we can use it in the previous expression to say that:

; i ) 0m agp .
/ VIV (@F) 7 s = (5.2.31)

[

: . ) — - . Bz  Sg=—i7 D m ap
= /C*(Vlgz'lJrl((b)Z;){(l l 1) [0.(1+p)1[®]lvzflfl<P)} . Pp )70 TVE\T d +

E—i—1+1 0 M- Y Qs O
E mi=1 0mM75\7 15\7%F 77

- ,— 1 — A Bz Og=r PP M50
-y / c*(v’gjfj(cb)Z;){(z l )[auwm@lvz—l—l(cz)} o ) TR g

mi=1 0m3\7 ¥5\79% 97

1=0
(5.2.32)
So we can substitute this expression into the main one to obtain:
= m# (075 a o«
/ (Vi (9)20) 7 7Y g ds = (5.2.33)
== [T @I T s
. PTG P (g
J .
—1 — ) Bs Op——71 PP 0m fon
_ Z/C k i— 1+l )W){C )[U(ler)]I@]lvzll(P)} 7 Tk—i—14l TP )’Y 7RG pd +
i1 P [ M= 0 M= Yo\ 705 0
i=1 l 0 3 7\t TE\;9P 99
d k z+l =1\ 1) i—1-1 Ba k=m1 P 0 mzyg\0p
+ZZ (@@ {("] )™ v@)} 4
=1 =0 mi=1 0m7\7 7%\ 97
(5.2.34)

Now it is possible to resum order by order the terms, first of all we consider:

J -1 J J—i
> AiuBi =) (A Bi) (5.2.35)
=0

1=1 =0 1=1
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that can be easily proved by induction on j, and we can use this result to re-sum each
term order by order:

, Om;.'ﬁ 74P - o on
e (Vi () 2" s = (5.2.30
— * Vk Bg D . mﬁvapd
(Vo (@) 2 v
J J—i .
% i o= 1+1—1 T, i— Bg ==t rp 0 m3vg Jozp
-3 [emem () e e}
i;l c . Z;O itl—1 F\itl TE\FP 97
J J—1 .
% — o 1 —1+1 i Bg o= rp 0 mzv5\7o%
o3 [e@em ST o) T e,
i=1 v¢ 1—0 M =1 Y5\ TR\FOP 94
(5.2.37)
* D m;"}’* JCYp
— = [T @ T s
Jj+1 j—i+1 .
& i o= 1+1—2 15 i Bz o= rp 0 M7\ 0%
-3 [emizem () e e TR gy
=2 ¢ 1=0 iri—2 Y \i—111 YE\FP 97
J 71 .
* —1 oG i—1+1 1+p i Bz = pp 0 mzyp 505
+Z/C (Vlgkﬂ(cb)p;) {( I )[0(1+p)]1®]lv 1(@)} R 7)’7 k\Jﬁ?dS
i=1 Y¢ 1—0 Mer—1 Y M5\l Te\7Y 99
(5.2.38)
J+1
— * vk D e m%\]apd _ vk i 0'7 Ffsmpﬁ (k+1) d
== [ (Vi (002D —[6M] Z or (Y )ds
(5.2.39)

Lemma 40: Let ¢ : R < M be a closed embedding, U an open set and 7y € FTq(k:(rj)HpM|supp(’y) C

U. Let us consider {e,} an arbitary local frame defined on U and adapted to the
embedding ¢, so {eqa}|, = {¢vm} and let {e*} the dual such that e®(es) = d§ and

{e*}. = {¢,e™}. There always exists a bunch of smooth local scalar fields S, Jup €
C>U,Vj € [0,k — 1] C N such that:

/ (V3 (0)27) vgfﬁds = (5.2.40)

_ /Rc*(vfnkw) Yoy %ds+Z / 1) By ds = (5.2.41)

254



Proof. We provide here an hint of proof by noticing that the following split is always
possible:

[k e s = (5.2.42)
* E—19P 0Ag—1ap Y 5
= [T ) A s [ (T () s = (5.2.43)
* mAg—70p * — D e
= [Tk 0 s~ [V @) @A = 2
= / (Vo (@)21) 5 2T ds + / (VE o (0)51) 7 dst (5.2.45)
D - MAT—50%5 D - ON—sap
* (7k—1 AN E—29P . *x(7k—1 Ba\ (- k—29P _
- [T @) L EE T [ (TR e ZEmT s -
(5.2.46)
. * k Bg mnA;—505 B 2 ~ MA 505 E o g
= [ (Phr O s =2 [ (I (o)) ZENE T s (247
* — DD - 29 Ly
+ [V @ P EMLT s~ [ (Vi @ FE 6 s
(5.2.48)

It is trivial to realise that it is always possible to apply the same procedure iteratively
such that all the greek indices related to the higher order covariant derivatives can be
split into the 0-th component and the remaining others. In general this expression can be
extremely complicate but since all the 0-th components can be integrated by part using
the previous lemma, it is possible to end up with an expression involving just higher order
covariant derivatives taken with respect the basis vectors (eq, ..., €;,). Re-summing order
by order all the surviving terms it is possible to obtain the thesis.

O

Theorem 9: Let ¢ : R < M be a worldline and A = (U;, p(;)) atlas of M adapted to
¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (O),).-
Let (¢;) be a smooth partition of the unity subordinate to (U;) and let ds be a global
coframe of A'R. For each multipole T € Ti(c), there always exists a unique a bunch of
local smooth tensor field aZL)E Vﬁ% € T'enp, A’R completely symmeteric in mz and defining
a global smooth top form:

ord(T)
c*< > Z v ) ds € TA'R (5.2.49)
U,eA
U;Nc(R)#£2
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such that, V¢ € I¢TPM , T acts on the local expression of ¢ as follow:

ord
6, T = > / (¢)(52> H(i)agy ", ds (5.2.50)
U;cA
U;Ne(R)#2

Proof. Let us starting to prove the existence of the expression, later we will prove the
uniqueness. The first part of the thesis can be easily proven by using the previous lemma.

* Mg Vg 59 5T
[0, T] = Z / >(z)1ﬁ> (wi)f}/(i) Hﬁds (5.2.51)
U;eA
U;Ne(R)#£2

with M € N| M > ord(T). So by using the lemma we can state:

6T Y% [ (a0, ) wonly s = (52:52)

U,eA k=0
Uzﬂc(]R)yé@

S DD 3 o) K L RCT A e R 5259

U,eA k=0 7=0
U;Ne(R)#2

Now it is possible to resum order by order in j deﬁnlng a new set of local scalar fields
(Z) qW as an appropriate linear combination of B( . Symmetric in my. Hence we
P P
have:

EXIEY Z/ )c*(@/)i)oz?guq%ds (5.2.54)

U,eA j=0
U;Ne(R)#@

It is possible to show how for j > ord(7) all the terms give no contribution to the integral
otherwise we lead to a contradiction with the definition of order.
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Infact by definition, Vs € N, V¢ € [oyTF M, VA € C*°M | c*(A) = 0 we must have:

0= [/\ord(T)-‘rl-f-S, ﬂ (5255>
therefore:
ord(T)
Z Z / )\ord(T +1+s¢) S;) C*(wi)a(i)] quﬁds_‘_ (5250)
U,eA
Uine®to

+ Z Z / VJ )\ord(T)+1+s¢) ) *(wi)a?;)j’/ﬁufds <5.2.57>

U;e A j=ord(T
U;Ne(R)#£2

The first integral is always null because there are not enough derivation to kill all the
powers of A7) +1+s hence we can say that Vs € N, V¢ € LoTP M, YA € C°M |c*(\) =0
the second integral must vanish as well:

Z Z / /\ord 7—)+1+s¢>(2);) *(wz)azj)j Vﬁuﬁds 0 <5258)

U;c A j=ord(T)+1
U;Ne(R)#2

7and each term ¢* <VZ,1,_(/\OM( St g) z)w)

is composed by derivations along linearly independent vectors with respect to ¢ there is
no chance to have a null result for each ¢ € I''TPM unless all the Ellis parameters are
constrained by:

Since a?g V?Mids are completely symmetric in m
P

Vi > ord(T) (5.2.59)

Therefore the action of each multipole can be written as:

ord
o= Y [e(X V) e, a 620
U;cA
U;Nc(R)#2
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To show that the differential form

ord(T)
(Y v Z Vi (@) )air ", ds € TA'R (5.2.61)
U;eA
U;Nc(R)#£2

is a global smooth 1-form one can repeat exactly the same reasoning explicited for the
Ellis case. The uniqueness of this representation follows exactly from the same prove
given for the adapted Ellis representation.

O

Let us remark that the uniqueness strongly depends on the choices of the adapted
atlas.

Definition 77: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M adapted
to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (J;),.)-
Let (1;) be a smooth partition of the unity subordinate to (U;) and let ds be a global
coframe of TA'R. The set of Dixon parameters a?;f V‘T% € Ty, A°R completely symmetric
in mz and defining a global smooth top form:

) N <@/J¢anz(¢)(g’;> agy ", ds € TA'R (5.2.62)
;EA k=0
U;Nc(R)#£2

such that, Vo € ToTP M , T € Ti(c) acts on the local expression of ¢ as follow:

or‘d
0. T = ) / (qs)(g;) H(i)agr ", ds (5.2.63)
U;cA
U; ﬂc(R #

are called the adapted Dixon parameters of the multipole 7 with respect to the
adapted atlas (U;, ¢(;)). The local Dixon representation induced by the adapted Dixon

258



parameters.

ord(T)
T = Z (‘dewk{% [emg @ iy @ 6673} ( (1’“ . ds) } (5.2.64)
U,eA k=0
U;Nc(R)#£2

is called adapted Dixon local representation with respect to the adapted atlas (U;, ¢(;)).

Corollary 17: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M adapted
to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (J;),.)-
Let (¢;) be a smooth partition of the unity subordinate to (U;) and let ds be a global
coframe of PA'R. The adapted Dixon parameters o )’“: associated to the adapted Dixon
local representation

ord(T

T= 2 Z 1)*div* {wi [emg ® €(iy @ e’éﬂ cc (aglf:;ds) } (5.2.65)
U;eA k=0
Uinc(R)#£2

can be interpreted as the components with respect to the given adapted frame of some

)+q

local sections a() € T(k M defined on U; N ¢ and satisfying c( ) a ag =0,

Proof. 1t is trivial to check that the components with respect to the given adapted frame of
this kind of local sections are exactly in the form of the Dixon parameters. Furthermore
they both change with the same transformation rules when a change of local frame is
performed, then we have the thesis. O

Definition 78: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M adapted
to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (J;),.)-
Let (¢;) be a smooth partition of the unity subordinate to (U;) and let ds be a global

coframe of TA'R. The set of local sections @ () € T;k)ﬂ C(S)]W defined on U;Nc , satisfying

c'(if(dz) (i) which components define the adapted Dixon representation via:

ord
(6, T] = Z / (gzﬁ)(f);)c*(M)aZ)E%%ds (5.2.66)

are called the adapted local Dixon moments.
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Corollary 18: Let ¢ : R < M be a worldline and A = (U;, ¢;)) an atlas of M adapted
to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (J;),.)-
Let (1;) be a smooth partition of the unity subordinate to (U;) and let ds be a global
coframe of FA'R. The adapted Dixon local representation with respect to the given
adapted atlas is an isomorphism (of modules) between the T¢(c) and the set of the Dixon
parameters.

Proof. 1t is quite trivial. We already proved in the previous theorem that the adapted
Ellis local representation is able to express all the elements in Tg(c) in an unique way. It
is very easy to check that the sum of distribution is mapped into the sum of parameters as
well as the scalar multiplication, therefore it is a bijection preserving the linear structure,
hence an isomorphism. O

Let us stress once again that this particular isomorphism is strongly dependent on
the choices of the adapted atlas. If another atlas is chosen then this isomorphism does
not occur anymore. If the new atlas is still adapted, then a new isomorphism can be
built with the same approach, however the link between two different adapted Dixon
representations can be very tricky. In case the new atlas is no more adapted, then one
cannot define this kind of isomorphism. This is very problematic because the way we
decided to link the adapted Dixon parameter to the multipoles is not compatible with
the invariance under local diffeomorphisms or equivalently for a general local coordinate
transformation, therefore the covariance principle seems to be broken. Luckily we will
see how there is a coordinate free way to fix the very same isomorphism so at the end of
the day the covariance principle is safe.

5.3 Intrinsic interpretation of the Dixon parameters

We are now going to show how the Dixon representation admits a purely coordinate-
free interpretation of the Dixon parameters. This is very important considering that,
for physical applications, we would like the information encoded in the multipoles not
to depend on a particular coordinate system. So from this perspective, we will see how
the Dixon parameters can be associated canonically to some tensor field defined on the
sub-manifold ¢(R) therefore eventually, some C*°(M)-linear equations on them can be im-
mediately interpreted as purely covariant constraints, independently from the coordinate
system.

5.3.1 The Dixon Generators

Let us start first pointing out a specific family of dipoles able to generate the whole
module T(c)

Lemma 41: Let ¢ : R < M be a worldline and A = (U, p(;)) atlas of M with a local
natural frame ((;),) inducing a trivialisation of TM and a coframe (dz(;) inducing a
trivialization of T7*M. Let (¢;) be a smooth partition of the unity subordinate to (U;)
and let ds be a global coframe of TA'R. For each multipole 7~ € T¥(c), there always
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exists at least a set of smooth scalar field 7 F"7 € [en, AR completely symmetric in
V6 pp i

A; and defining a global smooth top form:

ord(T

c*< Yo Z v (9) 7 )ﬁg " ds € TA'R (5.3.

U,eA
U;Ne(R)#£2

Ot
[
—_
~—

such that, V¢ € I'¢TPM , T acts on the local expression of ¢ as follow:

ord(T
7 * A vg 5o ¢
6T= 3 / Z V() )¢ WS, ds (5.3.2)
U;cA
UiNec(R)#

Proof. Let us choose a local adapted atlas A = (Uj, (p’(z.)) and a natural trivialization of
TM by the local frame %M. By the previous theorem we know that the action of each
multipole can be written as:

ord(T)
* ! * 'm+ Vg
0TI= 3 /Rc (3 Vialondn)e@haifds = (:3)
U;c A k=
U; ﬂc(% V#£D ’
5 A vg
_ / VE(0)i42 ) (WA, ds (5.3.4)
U;eA
U; ﬂce
where Bg\f %q% are defined in the following way:
ﬁ’mEV& — o
5’%?”? N RO N O (5.3.5)
@ wp 0, otherwise o

% Va

Let us stress that by construction since oz( ) _ is symmetric in mz Now let us consider

the change of local trivialisation of T'M due to the general change of local charts, then
Oy = Jﬁa’i ” and we have:
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ord(T)
6.7 = 3 /R (S0 Vh o) e s, ds = (5.3.0)
k=0

U,eA
U;Nc(R)#2
ord(T)
o * k By 'Yl Yk * g Vg _
= 3 [ (X T, O T TR T ) 0B, ds =
U;e A k=0
U;Nc(R)#£2
(5.3.7)
ord (7)
& * A1 Y * Ap Vg
= 3 [ a0 (R T T T ) s =
Ui A
UiNe(R)£@
(5.3.8)
ord(T)
* B .
_ /c (3 V@) ) et @y, ds (5.3.9)
UeA YR k=0
U;Nc(R)#2
where fy(/\g Vﬁ% is a set of scalar fields defined as
D 01 oYL Yk \ p\E Vg .
T =c (Jg;...Jg:J TSI Jl,k> CAa (5.3.10)
By construction we have that:
ord(T)
3 ( Z vE ’“P) “(WagyE ds = (5.3.11)
Uic A
U; ﬁc(R);é@
ord(T)
5 A Vg o e
- ¥ (X v e, 512
U;,eA
UJTC(R)#@

therefore, since the first term must be a global smooth 1-form over R, the local scalar
fields 7?5 %ﬂﬁ define a global smooth 1-form over R. O

Corollary 19: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M and let
(e(i)n) and (ef;)) be a local frame and the dual coframe tr1v1ahslng respectively TM and
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T*M. Let (¢;) be a smooth partition of the unity subordinate to (U;) and let ds be a
global coframe of "A'R. Given 7 € T%(c) and the set of its adapted Dixon moments we
have that:

ord(T
= A Vg PR
T- % Z Dfdiv®{ s e, @ e, @ el |ec(aff 7 ds) | (5:3.13)
U,eA k=0

U;Nc(R)#£2

where oz?g%/r can be always interpreted as the local expressions of a set of tensor fields
P

(completely symmetric in the first & upper indices) a®) € FT(kH?R)M with respect the
given frame.

Proof. The proof is trivial and follows directly form the C’OO( ) hnearlty of the higher
order covariant derivatives. Let be (e(;), = Afj),0u)) and (ef; A yudx(;) be local frame
and the dual local coframe.

[0, T] = (5.3.14)
ord (T)
! /Bp q * )‘7%
= > / D Vhe ent e (O K A, A i1>u1'"A?i)uq>C CORGI
UGA =0 (1)>\ 1 (Z)A
U;Ne(R
(5.3.15)
ord T)
! Bp - oo
- ¥ / (qs)(m) (5.3.16)
UeA
U;Ne(R
«a ayg A * (A Hp * * q A
c (¢z‘) "(AG) - (AT, ) (K, )€ (A, ) (AT, ) (A, ) @S =
(5.3.17)
ord(T)
=y /c< > v’;,(qs)’(if;) (5.3.18)
Uea VR k=0 * !
U;Nc(R)#2
al ag * A M * A Mp * * q Mg vg
(WD (AR ) (MG, ) (R ) (A, ) (AT, ) (AT, ) s =
(5.3.19)
ord(T)
= Y / c*< > v’;y,(@’(f;)c*(w;)fygf)ﬁ&ds (5.3.20)
vea “R k=0 ' ! !

U;Nc(R)#£2

263



where we defined:
ryzgzﬁﬁp (Aa1)>\1> *(A?;I;)\k)c*(xl(?)ﬂl) (A (4)Bp ) (A%)m) ’ (A%I)quy(zli Hp <5l321>

Therefore one can see how, under the change of local frame, the set of scalar fields ’y(/\g V?%
change exactly as the components of a local section of Tp(k)t‘(IS)M (the ¢(R)-constrained
rank(p, q) tangent tensor bundle on M), so they are the local expression of some set of

tensor fields a®) FT( )J“(] )M symmetric in the first £ upper indices and constrained on
c(R) O

Definition 79: Let ¢ : R — M be a worldline and A = (U;, ¢(;)) an atlas of M. Let us
suppose to trivialise M using the local frame (e(;),) and T*M using the local coframe
(z) .Let 1; be a smooth partition of the unity subordinate to (U;) and let ds be a global

coframe of 'A'R. The representation:

ord(T
5 A vg Py
T = Z Z kdw {1/11 [e(i))\z ® €(iy; @ eﬁ-ﬂ c¢ <Oz(£ l@ds) } (5.3.22)
cA =0
Uﬂc( VAT

is called truncated Dixon representation for the multipoles

Using the C*°(R) module scalar multiplication it is possible to write the truncated
Dixon representation of a multipole as follow:

ord(T)
Ail}a 9 O~
T ol %><(—1)’“dw {¢[ " ®e(z)w®e(z]c<(ds)}> (5.3.23)
U,eA k=0
U;Nc(R)#£2

therefore in this perspective, the bunch multipoles

<_1)kdwk{¢i [e(% ® ey, ® e’(j,ﬂ cc(ds)} (5.3.24)
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defined by the action:

[gb,(—l)kdw {@b[ e ® iy ® € ]cc(ds)H :/Rc*<v§k(¢)§g%)ds: (5.3.25)

/ Z v ( “;;[ﬁ)c*wi)a( k)5 8Lrtads (5.3.26)

are the generators of the whole modules of the multipoles.

Definition 80: Let ¢ : R — M be a worldline and A = (U;, ¢(;)) an atlas of M. Let us
suppose to trivialise 7'M using the local frame (e(;),) and T*M using the local coframe
(e(;)) Let ¢; be a smooth partition of the unity subordinate to (U;) and let ds be a global

coframe of TA'R. The multi-indexed list A‘éﬁ))‘?l’a | k € N of multipoles defined as:

Ay = (D i i ex, @ e, @ €(F ] cclds) | (5.3.27)

is called Dizon generators of the multipoles and the sub-list A( Dvs |k €[0,N]CN
is called Dixzon generators of the multipoles up to the order N

Property 47: If a change of local frame is performed it is trivial to check from the
definition that a new set of Dixon generators is induced. The relationship between the
old set of generator and the new one can be easily found:

[cb, AT ,ﬁ] = [éy(—l)kdw {@b[ o ® €l @ el ]q(ds)H - (5.3.28)
z/Rc*(V’ik(qb)’(‘;;,,q)ds = (5.3.29)

* Bp * (A * (A * (A * q\ * 1 * o _ =9 9
_ /R ¢ (vt’;?(d))(%)c (A3 AN (AL ) (R (ALt (A )ds = (5.3.30)

:[gb,c*(Kf\lll)...c*(Kf\x:)c*(KZ)...c*(KZZ)c*(Aﬁi) (AR)ATE, (5.3.31)
therefore we have that:
A’é‘gwﬁq = c*(Kii)...c*(Ki:)c*(KZI)...c*(KZZ)c*(Aﬁi) (AﬂP)A(Z)aﬁ (5.3.32)
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It is very interesting to notice that, in contrast with the Ellis representation case,
an arbitrary change of frame does not mix up together all the generators, therefore
the structure of the linear combination expressing a multipole with a truncated Dixon
representation is preserved under general coordinate transformation or under a generic
change of trivialisation of the bundle T'M

5.3.2 Adapted Dixon basis for the multipoles

Since fixing an adapted atlas the induced Dixon local representation maps isomorphically
T?(c) as a C°(R) module into the set of the adapted Ellis moments, it is enough to
analyse them to extrapolate some information about the algebraic structure of Y% (c) and
its subsets T5(c). Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M adapted
to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (J;),.)-
Let (¢;) be a smooth partition of the unity subordinate to (U;) and let ds be a global
coframe of PA'R. Given 7 € T?(c) and the set of its adapted Dixon moments a, )k q%
we have that:

ord(T)
T Z Z kdw { [ E(iyme ® (i @ 675] ( ()kuq ds)} (5.3.33)
U;eA k=0
UimC(R)7£Z

Using the C*°(R) module scalar multiplication we can recast the expression as follow:

ord(T
T= > 3 ol e (D it {viem, @ ciow, @ eff|eclds)}  (5.3.31)
U,eA k=
U;Ne(R)#2

Fixing the order £ and fixing the lists of indices mg, 11z and 14, each term:

(—1)*div* {%[ (iymy @ €(iyvy @ e?g] cc(ds)} (5.3.35)
(k)
can be interpreted as a multipole belonging to T7(c), defined by its action on I'¢T? M by:

[¢,(—1)kdw {¢[ (ymz ® (i ®eﬁ.ﬁ)]cc(ds)H _ /RC*<mG(¢)Z§VE>dS —  (5.3.36)
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-/ Z (O07,.) W3 K)o s (5337)
Let us then denote these multipoles with :

A e = (<1 i {0 eyme ® e, ® €f | ec(ds) | (5.3.38)

then we have that an arbitrary multipole 7 can be written simply as a C*°(R) combina-
tion:

ord(T)
T= Y Y aiieAl,.,. (5.3.39)
U;eA k=0
Uiﬂc(%%)yéﬁ

So we have to conclude that the set (A”Sm ve |k € N) is a set of generators for the module
T3(c).

Lemma 42: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M adapted
to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (J;),.)-
Let (¢;) be a smooth partition of the unity subordinate to (U;) and let ds be a global
coframe of TA'R. The multi-indexed list (A’(‘f)mpﬁ | k € N) of multipoles defined as:

A?gmﬂa = (=1DFdiv* {wl[ E(iyme © €(iy, ®e( }cc(ds)} (5.3.40)

is a basis of T4(c). In the same way sublist the (A’{gmm | k € [0, N] C N) is a basis for
()
the submodule T¢(c) C T%(c) of the multipoles up to the order N.

Proof. We already have seen how the list an arbitrary distribution can be written as a
C*°(R)-linear combination of elements of the list (A“@’;m v | k € N). We need to check the
C*°(R)-linear independence. This can be done simply checklng that the null distribution
can be written uniquely as a linear combination of null coefficients. The uniqueness of
the adapted Dixon moments with respect an adapted atlas is guaranteed by the previous

theorem, therefore it is enough to check just that the null multipole can be written via a
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linear combination of null coefficients. This is trivial because Vo € T'yTPM we have that:

ord(T
Y Z ( (—1)rdiv* {w[ (. ® €y ® €l }cdds)})] —  (5.3.41)
UieA k=0
Uﬂc(R)yé@
ord(T
= > / Z Vo (¢ l),ﬁ) ()0, ds = / 0-ds=0 (5.3.42)
UicA R
U; ﬂc( VAT
(V)
the same reasoning can be repeated identically for the submodule T{(c) generated by the
list (A‘{gmﬂa | k € [0, N] C N). Thence we have the thesis. O

Definition 81: Let ¢ : R < M be a worldline and A = (U;, ¢(;)) an atlas of M adapted
to ¢ inducing a local adapted trivialisation of 7'M due to the local adapted frame (J;),,)-
Let (¢;) be a smooth partition of the unity subordinate to (U;) and let ds be a global
coframe of TA'R. The multi-indexed list (5?57%% | k € N) of multipoles defined as:

Al&lgmzyq ( ) div {% |: (t)ymyg ® €l ® 6 i|CC<d3)} <53—13>
is called adapted Dizon basis of the multipoles and the sub-list (AZ e vk €10,N] C

N) is called adapted Dixon basis of the multipoles up to the order N

Let us notice that since T(c) is a C*°(R)-free module and since C*°(R) is not a
division ring, the cardinality of the basis is no more guaranteed. At this purpose let us
consider to have two adapted atlas A and A’ such that they cover the sub-manifold ¢(R)
with a different number of local charts. Both of them induce a bijection between the
multipoles and their own adapted Dixon moments and such that the linear structure is
preserved, however the number of the adapted Dixon moments strongly depends on the
number of charts covering ¢(R), the cardinality of the adapted Dixon generators is not
preserved, therefore T7(c) does not own the invariant basis number property. Considering
this, we must admit that T9(c) has no concept of dimension. The same argument can

k
be proposed concerning the structure of '(T;’,(c) as a sub-module of T{(c). Despite this
behaviour could seem awful, in practice it is not a problem, and several mathematical
standard objects we already defined like the space of smooth sections of T} M or C*°(M)
just to quote some share this property.

Property 48: From the adapted local Ellis representation of the multipoles it is trivial
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to realise that the order of the multipole is equal to the maximum number of derivations
acting on the test tensor fields before the integration process.

5.3.3 Dixon parameters of the multipoles as tensor field restricted
on a worldline

We have already proven how the set of Dixon generators of the multipoles strongly de-
pends on the trivialisation of T'M. If a change of trivialisation is performed then the new
set of generators are linked with the old one with the action of the linear group:

AT = AN (RS (AL ) (AU A (AL (AP AT

(D) Agvg

B (5.3.44)

where A is the linear map defining locally the change of frames on T'M. Considering this
it is easy to show that the transformation rules for the local Dixon parameters coincides

with the rules for the local sections of Tp(kc)(t ;JM . Let us consider an arbitrary multipole

)
T € Ti(c) as follow:

N
T= 3 A, - (5:3.45)
U;eA k=0
U;Nc(R)#£2
al A
©Yq * (AN ACkN kAT A Yay x
> Zo/(;);ﬁ»c(AA;)...C*(AA;;)C (A))-c* (A (AR, (Aﬁp)A()W—
U;eA k=
Uiﬂc(%@)#@ 0
(5.3.46)
N
[t By o A=
Z Do al A (5.3.47)
k=0
( )

Having that:

A*Va*a *a*l*q*_ﬁ Bp_aq 2 AQ
g (AN (ASE) e (ML) (AJ) (A )" (A)) = o/ (3G (5.3.48)

Thence considering what we know about the bundle theory we have to admit that the

Dixon parameters a?’; Z are the local expressions of an appropriate set of global sections

o€ FT(k JrqJM |k € [0, N] C N. In fact since the local expression satisfies the appropriate
cocycle rules we know that it is possible to glue together all the local sections into a single
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global section.

Definition 82: Let ¢ : R — M be a worldline and A = (U;, ¢¢;)) an atlas of M. Let us
(i)

suppose to trivialize TM using the local frame (e(;),) and T*M using the local coframe

(e(;))- Fixing a smooth partition of the unity t; subordinate to (U;) and a global coframe

of TA'R denoted by ds, let (A?g/\?ja | k € [0, N] C N) be the set of Dixon generators for

()
the multipoles up to order N. Given a multipole 7 € T{(c):

N
arYg B
T = Z STl g e AT (5.3.49)

U;e k=0
U;Nc(R )75@

()
we define the Dizon tensor parameters related to the multipole 7 € T9(c) the n-tuple
of global sections:

such that:

%2(8(1')55, e?g, e?f)) = Oz?mf VU, e A|U;Nc(R) # 2 Vk e [0,N]CN (5.3.51)

Property 49: Let us stress that by definition, each Dixon tensor parameter W related

(N)
to a multipole T € Tg(c) must be completely symmetric in the first £ upper indices.

Property 50: Let ¢ : R — M be a worldline and A = (U;, ¢(;)) an atlas of M. Let us
suppose to trivialise 7'M using the local frame (e(;),) and T*M using the local coframe
(e (l)) Fixing a smooth partition of the unity v; subordinate to (U;) and a global coframe

of TA'R denoted by ds, let (AZ’; Nev | k € [0, N] C N) be the set of Dixon generators for
the multipoles T?(c). A set of Dixon tensor parameters

ot

w0
ot
(\)

~—

(@,..,'a) @FT(’“”M (5.3.5
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()
always defines canonically a multipole 7 € T{(c) via:

N
(k) af Bs .
T= D D olewmn o) > Moy (5.3.53)
U,eA k=0
UJTC(R);&@

Proof. The proof trivially follows from the property of the Dixon tensor parameters and

their local expression with respect to the given frame. Acting with the give expression

with an arbitrary test tensor field one can see how it is a multipole. To prove that each
. (k) . . o

bunch of Dixon tensor parameters « defines canonically a multipole 7 it is enough to

check that the local expression is preserved under change of local frames, therefore despite

the given definition of 7 is invariant under the change of local frame. O

Considering the previous properties one can realise that, it is always possible to asso-
ciate a set of Dixon tensor parameters & € I'T kc)+qM |k € [0, N] C N to a multipole 7 €
using the Dixon representation. Although in appearance this link should strongly depend
on the frame used to induce a specific set of local Dixon generators, at the end of the day,
it does not depend on the chosen trivialisation of T'M. This result is quite important
because it shows how the Dixon tensor parameters and the multipoles are linked by an
intrinsic correspondence of geometrical objects rather than just correspondence of local
coordinate expressions.

Definition 83: Let c ]R — M be a worldline and A = (U;, ¢(;)) an atlas of M, and let
(&, ..., 0) € P, T p C(S "M be a set of Dixon parameters.

Choosmg arbitrarily a local frame (e(;),), the local coframe (e ()) a smooth partition
of the unity 1); subordinate to (U;) and a global coframe of TA'R denoted by ds, let
(A“’;/\ v | Kk € [0,N] C N) be the set of Dixon generators for the multipoles £f\%(c).
We deﬁne the Dizon Tensorial Parametrization the C*(R)-linear canonical map

o D, TT M — Tq( ) such that:

p c(s)

N
N (0 (N) (k > By ‘
Q(a,.., a)= E E (i)By» € (Z (z)DA(l O‘W_T (5.3.54)
U;eA k=0
U;Nc(R)#£2
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Using the definition of the Dixon generator, the action of such a multipole is written as:

ACHICY IO <k> ag x Qr
0, Q(a, ..., )] = E / a(e(i)gf,e(s,ezg)c (¢i)ds  (5.3.55)
UieA k=0
U;Nc(R)#£2

Property 51: It is trivial to notice that the map is C*°(R)-linear by definition as well

N N

as surjective, therefore <Q) : @gzo FTIEkC)(Jg )qM — (T;%(c) is a surjective homomorphisms
of modules (epimorphism) by construction. It is enough to check the example given
previously at the beginning of the chapter to realise that in general the Dixon Tensorial
Parametrization is not injective because several different Dixon tensor Parameters can
define the same multipole, however it represents a canonical way to map canonically an
appropriate set of tensors field defined upon the image of a closed embedding into the
space of the multipoles preserving the linear structure.

Definition 84: Given the equality of funtionals "=", we define the equivalence relation
of Dixon Tensor Parameters "

© © @ (N) ~. MO W) S
(@, ~ (B, oy B) & Q. 'a) = (B, B) (5.3.56)
(0)
with (@, ..,'a") € @, PT*) M and (B, B e o TT AN . We define then the

equwalence class of Dixon tensor parameters:

() (N) (0) (N)

[(82,...,@)]:{ B GEBFTIE’“ngM| AR,y = QB 5)) (5357)

Property 52: From the property of the surjective maps it is obvious to conclude that
()
the Dixon tensorial parametrization ) restricted upon the quotien set @ka 0 FT +qM /~

is a bijective map.
Definition 85: The quotient set @, rr® +qM/N is called set of footprmts of Tq( )

p c(s)
induced by the Dixon representation or simply set of footprints of Tg(c). The
)
elements belonging to it, called footprints, define uniquely all the multipoles in Tg(c)

(N)

due to the morphism 2.
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Property 53: The following property for the Dixon Tensorial Parametrization follows
immediately from the definition:

(N)

+Q(a,..,d) (5.3.58)

(NFD (0 (N+1) (N+1) (N+1)
a’) )

= Q(0,..,0,

g eeey

(N) (N+1)

Since T4(c) C T¥ (c) the sum of a order N multipole with an N + 1 order multipole is
well defined.

5.3.4 Covariant choice of the Dixon moments induced by a cov-
ector field on the worldline
We have seen how the Dixon Parametrization fixes a canonical covariant bijective map

o)
between @,]CVZO FT;kc)(Jg ;IM /~ and Ti(c). It is very interesting at this stage to investigate
the structure of the footprints interpreted as equivalence classes of n-tuples of tensor fields
and to choose explicitly at least one representative of the footprints. We start with the
lemma:

™)
Lemma 43: Let T%(c) and D, FTp(kc)Z; ;]M /~ the module of the multipoles and the set

©
of the footprints. Let us denote with [(0,..., 0)] € FT +qM/N the footprint related

to the null multipole. Given an arbitrary footprint [(&, (m)} c®, FT;kcng/N
© @
be (%z), s (gz)) an arbitrary representative. We have that (3,..., §) € [((84), s @ )} if and
© @
only if there exists ((%), o (%)) € [(0,..., 0)] such that:
© , :
B,y B)=(a,... )+, ... ) (5.3.59)

In other words each footprint can be obtained just by summing (with the standard sum)
a representative (chosen arbitrarily) with all the members belonging to the footprint of
the distribution. We can then write with an abuse of notation:

N
<o> (N) k © @) © @ @ -
V(& e Pr®im/. = [(@,... ) = {(a,..., &) +1(0,..., 0 )}} (5.3.60)
k=0
: : : © @ N (k © W)
Proof. Given an arbitrary footprint [(a,..., a')] € @,_ OFTp C)SIM/N t (a,..., a) be
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(N) (0) (V)

an arbitrary representative. For each ((%), ey 7 ) €1(0,...; 0)] we have:

RS RGO © W) ooy oo oo
6, Q... )+ (Y, ... ’y)]} - [¢>, Q@ .+, ..., 7)] —  (5.3.61)
r @ (N) (N)

—|o, Q((SZ,...,%’)} + [¢, Q((%),...,%] = [qﬁ, Q(‘E’.Z,...,(gz’)} +0= (5.3.62)
T

—o, Q(%Z,...,%?)} (5.3.63)

therefore, from the definition, we have to conclude that
© @ @ @ © @ © @) © @ .

V(4,0 v)ENO0, ., 0)] = (a, ., &) ~ (e, @)+ (7,0, 7)) (5.3.64)

© W
By contrast let us suppose that there exists some Dixon parameters (3, ..., 5) € [(g, -

such that

(V)

)]

© @ © @ © @ @ @ C o e
By B) £ (a0, @)+ (7,0, 7) , V(v,....,v)€(0,.., 0)] (5.3.65)

© @
Hence V(@y}, . (%)) €[(0,..., 0)] we can state:

(0) (N)

By B) = (0, 0) £ (Y, A (5.3.66)
and we must conclude that:

BBy = (% 10,0 (5.3.67)
]_]%Vutosince I(V%), ,;g)) € [((004) o (gz))] we must have that (%), o (%)) ~ (gz), . (gz)) that means
N © W)

Q(B,.., 8)=Q ((gy), ...,%), so we must admit that

(N) (0) (N) (N) (N)

0=[6.Q(5,.. 5) - Q@ .. D) = [0, QB,... 5) - (@ W] 36s)
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leading to the contradiction:

) el(0,.., 0] (5.3.69)

Considering the lemma we can then give another equivalent definition of footprint

)
Definition 86: The footprint associated to the null distribution 0 € T?(c) can be defined

as:
© @ ()
[(0,..,0)] = Ker(Q) (5.3.70)
ghe footprint represented by the Dixon moments (gz) (N)) c P, FT +qM is spanned
Y
© @) © @) © @y O ) C e
(&) = {8 &)+ (G (D) € Ker(@)) (5.3.71)

This is very useful because it is enough to investigate the structure of the footprint

related to the null distribution to get the information we need to define all the footprints
()
of each multipole. Unfortunately the structure of Ker(§2) is very complicated. For an

arbitrary order multipole is beyond our possibilities to provide an explicit form of the
equivalence class, but we will see how there always exists at least a way to choose a
representative for each footprint in a completely covariant fashion.

Property 54: It is easy to check that @g 0 FTpkc)gM/N is a C*°(R)-module, in fact the
equivalence relation is C°°(R)-linear, so it preserves C°°(R)-linear combinations. How-
ever, if this consideration is not enough,it is sufficient to chose the representative of each
equivalence class by fixing a representative of the null distribution, and to check that the
sum and multiplication by a scalar defined on the representatives satisfy the condition

required by the C*°(R)-module definition.

(N
Property 55 Since the Dixon tensorial parametrization €2 restricted upon the module

P, T p C(S "M/ is a bijective C°°(R)-linear map therefore it is an isomorphism of
modules. In this perspective we can state that the set of multipoles is isomorphic to the
set of its footprints.
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Property 56: This is a key result, since the set of all the Dixon moments is isomorphic
with respect the set of multipoles, so a Dixon moments is able to identify uniquely a
multipole and the C'*°(R)-linear operations on the multipoles can be directly cast in
C>°(R)-linear operations upon the Dixon moments.

We are going to see how there always exists at least one coordinate free choice to fix
uniquely the representative of the footprints.

Theorem 10: Let ¢ : R — M be a worldline and A = (U;, ¢(;)) an atlas of M. Let
us suppose to trivialize T'M using an adapted local frame (e(;),) and let us denote with
(e(iyulesy) = (€, v@ym) its restriction on the image of the worldline. Let us define the
induced adapted local coframe (e(;) ) using the relationship e{; (e, ) = 6/ and let us denote
with (efj, ( )) = (C(3), U(3) its restriction on the image of the worldline. Let n € I'T} j M

be a smooth covector field defined upon the whole image of the worldline ¢(s) satisfying

(N)
n(c')|c(s) #0 , Vs &R For each multipole 7 € TI(c) there always exists a unique set

(N)

of Dixon moments (<9y),. L) E®Y, FT +qM satisfying

(N)
QM V) =T (5.3.72)
such that
n1%Y =0, Vke[l,N]CN (5.3.73)

()
Proof. To prove the thesis we need to show that (2 is a bijection between the set of the

Dixon moments satisfying the condition and the set of the multipoles %ng( ) Let us start
with some preliminary considerations. Let us denote by u the n-tuple ( Z.)) and let
us consider the n-tuple w() = (n,0f;) of local covector ﬁelds defined on c(s). We can
then define a local linear map A such that w = A“u in the following explicit way

n = noc) + nav®(y (5.3.74)
vy = 650

This defines a triangular matrix at each point of ¢(s), linking (n, 9f;)) with (CGiy, 0;))- Since
n(c')|c(s) #0 , Vs & Rwehavethat ny # 0 for each value of s, it is obvious to notice that
this map is a maximum rank linear map due to this non null determinant at each point
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belonging to the worldline ¢(s). Therefore since (E(i),ﬁ?)) is a local coframe of T} M,

(2

the n-tuple (n, 0f;)) is still local coframe of T )M well defined on U; N c(s). Because

of the duality relationship we can then define a local frame w;, = (g ) v( ym) as usual
as wy; )( (iyv) = OF. Now let us consider some arbitrary Dixon moments Y e ((%), . (%))
satisfying n™ 7 = 0 for each k € [1, N] C N. Considering the hypothesis, they can be
expressed locally with respect w( ) = (n, Gy) and Wiy, = (), veym):
®  wlEva - .
Y =Y @y w(i)lz®w(i)%®wé§’)’ (5.3.75)

and they must be completely symmetric in the first & upper indices. They can also be
expressed locally with respect u’(“tz.) = (n, 176)) and w(), = (), Veym):

®  wlEva a -1 = PR
7= G Alll AlkkAZ; "'AZZAﬁl Ag: U(i)ag ® U(i)yg & U,(;S = (53 (())
apYg
Y sy Upag @ Uiy O U (5:377)
Vs Wior © Uiy @ U 5.3.7

and they must be still completely symmetric in the first k£ upper indices.
At this stage we have all we need to perform the proof via induction upon the order

)
N. First, let us prove the thesis for the multipoles belonging in T%(c). Given an arbitrary
set of Dixon multipoles ((O'y), (%)) such that n—'%) = 0 we have V¢ € I'(T7 M:

(1) 0) (1) (1)05711 o
6. 8E = T [ CTalo), )W s ds+ (5.378)
U;eA
U;Nc(R)#2
5 OXC
+ D / D) (W)Y 1yg,ds = (5.3.79)
UeA
U;Ne(R
& 1)¥a ’
= > / ()3, ) ¢ (Wi)Y 3y, d5+ (5.3.80)
UeA
U;Nec(R
ﬁ *( o /3 (g
P p o
+ Z / Vi)Y 5,618— Z / »yq %) [(1) 7]() _ds =
U;eA U,eA
Uine(R)#£2 Uinc(R)#£2
(5.3.81)
= Y / fgﬁ (¢,)< ) Z) APAY LAY A ds+ (5.3.82)
UeA
U;Nc(R

277



N 1)1y e TH1 T 9 Q
+ ) / (85 )¢ W5 [c(z)w]}(gu,Az; AJ N R ds = (5.3.83)

UGA
U;Nc(R
& a * 2 Q/
= 2 / @)+ Y [ e e waf,ds (5550
UGA UicA
U;Ne(R UiNc(R)#

But this is an adapted Dixon representation of a multipole induced by the adapted local
frame e(;),, where the adapted Dixon moments are defined as:

ma ~, AHp _ _anvg
7(())WAM ATZ)A Ag, =g, (5.3.85)

0 - 1 ", —u J.J.0¢
"% Dl fy]}(f)%AZi...AZZAﬁI...Aﬁz = O‘(Wj)ﬁﬁ

_ AT R KYAG AP
(Dps — O‘(z‘)[gﬁA'yl”'A%Aui Ny

O¥T oy o v 8 By T oWy
Y oy = X Mg ALY+ 2 e VG,

(5.3.86)

Since each bunch of adapted Dixon moments defines uniquely a multipole then we

avg

can conclude that the components fy( there always exist and must be unique for each

l)u
multipole in T‘? c), so it is . Since 7 and /7, the components Y. exist and are
D ﬁy fy (1)Bp Fy(z)up

unique. So (’Oy) exists and it is unique. Hence we must admit that the Dixon moments

((’Oy) (fy) ) such that njfy = 0 define uniquely all multipoles in Tq( )

)
Now let us suppose the thesis holds for the multipoles belonging to Tg(c) and let us
(N+1)

prove it for the multipoles belonging to T (c).

(N+1) (0) (N+1) 9 or
b, Q@ (v,..., 7)) = (5.3.87)
(N) (N+1) )
=16, QY. Y)Y+ Q (0,..,0,"7") = (5.3.88)
& o W (N11) (N+1) .
6. O N+ 6 Q(0,,0,°5)] (5.3.89)
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Let us consider the second term in the expression:

(N+1) (N+1)0¢N+1’Y§

6, @ (0,..,0,"3") = Y /c*(vaw(@ffm) (W) v @, ds (5390

U; ﬂc(]R);é@
Using the preliminary considerations we can recast the expression as follow:

(N+1) (N+1)0‘N+1"F

(6, Q (0,...0,"3) = > / Vare(@) 5, ) (W) 7 s, ds = (5:3.91)

U;eA
U;Nc(R)#£2
& (N1 N+1 LCEN @ ML R 9 O¢
§ / (D)) (W) Y AR AT AN A s (5.3.92)
U;eA
UzﬁcE

From the previous lemma we can state that there always exists a bunch of smooth local
scalar fields B, © € C™U,Vj € [0,k — 1] C N such that:

(N+D)AN+19P

/c*(vfj“ (@) o 5 ds= (5.3.93)

N+1

(N+1)N 4199

N
- / (VIO o s ds+ ) / Vi, (0)) B3 ds (5.3.94)
R =0 R J

The smooth local scalar fields g’ anup C>°U can be defined from the components of ’;1)

acting with several Sums, Covariant Derivations, Contractions and C*°R-linear maps.
. .. mziyp . .
Despite the explicit form of each S’ l,;up is extremely complicated, at least we can say

that all of them must be functions of the components of <N7+1). So once <N7+ Vs fixed, then
e

all the Byqfup are fixed as well uniquely. Let us take now the first term: we can use the

adapted Dixon representation to express it:

(N)

N
6, 2, ... V)] = > Z/awg@wﬁp o/ ds (5.3.95)

UicA j=0"R
U;Nc(R)#2

Where the o g?% are the adapted Dixon moments. Let us stress once again the
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o)
adapted Dixon moments are associated uniquely to each multipole in T%(c). Furthermore
taking into account the inductive hypothesis, each set of Dixon moments ((foy) R (%)) is also

)
associated uniquely to each multipole in Tq(c). Therefore there must exist a bijection

between ((9y> . ,U’;)) and ( .. a’glN“ap) and the choice of ((foy> ,...,%)) fixes uniquely
(o gf, e giN 1P ) and Vice versa. Hence putting together the expressions we have:

(N+1)MN4+19P

/Rc*(Vﬁ,fl(@ﬁi) s ds—i—Z/ fr) {77 + B Yds  (5.3.90)

(N) (N+1)

o (N)

where each term {a’ 7P 4 B'Z;jap} is uniquely fixed by the set 2 ((%>, e, ¥, 7). But this

is an adapted Dlxon representation therefore for each multipole this must be unique. So
(N+1)"N 4197

the components By there always exist and must be unique for each multipole in

(N+1)

T4 (c) so with the same reasoning performed for the N = 1 case we can say that for each

multipole the Dixon moment <N7+1> such that nj(]%rl) = 0 always exists and it is unique.

But since (N§1) is fixed uniquely for each multipole, then each set of scalar fields B’Z)?;; r

are uniquely determined for each multipole. Likewise, each set of scalar fields o/ ZL);;; 7 s

/MG

uniquely determined because {a + 7 Zg%} is related to the adapted Dixon represen-

tation. But due the existence of the bijection, fixing all the n-tuple (o/g;, ey QX giN +1Ol'”)
we select uniquely the set of Dixon moments ((foy), ,(%)) | n—'(fy) = 0,Vk € [1,N] C N.
Therefore we can conclude that for each multipole T € sz;)( ) the set ((foy) s (N’Jyrl)) such
that T = Q —|— 1((0> (N7+ )) satisfying n 7 =0,Vk € [1, N + 1] C N always exists and it
is unique. O

So finally we reached our achievement: we are now able to associate uniquely all the

N N
elements of £I”;)J,(c) to a subset of I'T’ nggg ;1 M through the map (Q). Let us remark that this
bijection is completely covariant (is a bijection between well defined geometrical objects
and does not depend on the choices of atlas on M) and completely canonical (does not
depend on the local frames used to trivialise the tangent bundle T'M). The bijection
is however depending on the choice of the covector field n defining the polarisation of
the Dixon moments. This choice is in principle completely arbitrary and it represents a

degree of freedom.

Definition 87: Let ¢ : R — M be a worldline and A = (U;, ¢(;)) an atlas of M. Let
n € FTC*(S)M be a smooth covector field defined upon the whole image of the worldline
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c(s) satistying n(¢), #0 , Vs & R. The set of Dixon moments

‘c(s)

N
(0) () (k)+ 2 07
(7, v) e Priiim (5.3.97)
k=0
satisfying:
n1% =0,vk €[1,N]C N (5.3.98)

are called transverse polarised Dixon moments with respect to n or just n-

. . *) . .
transverse Diron moments. Each Dixon moment = is then called Dixon k-pole
moment transverse to n.

This very important result closes the circle, allowing us to write all the multipoles
using the transverse polarised Dixon representation. Therefore, given a smooth covector
field n such that n(¢).s) # 0 for each s € R the generic linear functionals we called
multipoles always admits a local expression of the action on the tensor fields as follow :

N
AU IO * g FOF 2 0C
0. T =16, 2(Y,.. = > / (VE(0)(5,) YiNards (5.3.99)
UieA k=0"R
U;Nc(R)#£2

with
nY =0 , Vke[,N]CN (5.3.100)

that coincides exactly with the result given by Dixon in its work [1][2][3]| except for some

combinatoric factors overall easily absorbed in the definition of (’ky) . However despite what
Dixon claimed in this method, the construction of this unique set of moments does depend
just on the existence of an affine connection on the manifold, the existence of a closed
embedding ¢ : R < M and the choice of a global covector field n on ¢(R) satisfying the
previous constraint. In general no metric is required as already noted by [7].
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5.4 Final considerations on the Dixon local represen-
tations

In this chapter we have proved how the Dixon representation of the multipoles naturally
induces an explicit expression for the multipoles, as linear combination of higher order
covariant differentials of the test tensor fields, integrated on a worldline. We have seen
how, the most general Dixon representation, as well as the Ellis representation, is not
endowed with enough structure to provide an isomorphism of modules with the set of the
moments but despite the Ellis case, a clear immediate coordinate free interpretation of
the Dixon parameters as tensor fields defined on the the image of the worldline can be
easily achieved. If from a point of view this is very convenient, on the other hand we have
that performing the calculations accounting on the Dixon representation is much more
treacherous than relying on the Ellis representation, due to the non trivial commutation
algebra of the higher order covariant differentials and their split in linear combination of
symmetric parts. However it is still the most convenient known representation when the
multipoles are used within fully relativistic frameworks as weak asymptotic expansions
of regular compact support tensor fields, because it guarantees naturally a geometric
coordinate free interpretation of the moments so possibly they are able to encode some
physical information independently from the choices made by the observers to map the
events on the space-time into R™ with a particular local chart. Some proposal concern-
ing how to fix the uniqueness of the moments are provided. The Dixon representation
induced by an adapted local chart can be very convenient for the calculations, but it is
strongly dependent on the choice of a particular local chart so it is not compatible with
the principle of general covariance. Another method independent from the choices of
a particular local chart have been shown, involving the concept of transverse polarised
frame with respect to a covector field defined on ¢(R). This method leads us to find for
the multipoles the very same local representation used by Dixon to interpret his definition
of moments in terms of functionals acting on the local expression of the test tensor fields,
widely used in the Pole-Dipole expansion of the energy-momentum of extended objects
in General Relativity, ruled by the Mathisson-Papapetrou-Dixon equation. Although the
standard method used by Dixon to achieve a decent mathematical definition of moments
is strongly dependent on a particular choice of classes of space-times (the connection is
the Levi Civita connection of the Lorentzian metric tensor) as well as some other physi-
cal choices (centre of mass), it has been proved here that the Dixon representation does
not require any of that structures and can be still used within more general Relativistic
and Geometrical Theories (e.g. f(R)-Palatini or other modified gravity theories). Fur-
thermore this approach is not constrained to a particular model of tensor field, therefore
in principle it can be applied also to define, in the same very coordinate free fashion,
the multipole expansions of currents and sources related to other interaction fields play
fundamental roles in the physical theories, for instance in Electromagnetism and other
Gauge theories.
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Chapter 6

Specific applications of the multipoles
to the Relativistic Dynamics

In this chapter we are going to see how, using the self similar squeezing tensor field
technology, it is possible to cast the equations for the moments of the multipoles related
to the first and second order of the weak asymptotic expansion of the Energy-Momentum
tensor fields of a free falling extended body both in General Relativity and when the
connection is not fixed to be the Levi Civita connection of a specific metric. This approach
provides also a clear coordinate-free interpretation of the geometrical meaning of Pole-
Dipole approximation (and possibly beyond) for the dynamics of an extended object
within a relativistic framework. In General Relativity several predictions are based on the
dynamics of the "moments" in Pole-Dipole approximation [4][5][6][8][9][10][11][12][15]|22]
[23][24][25][26]]27][28](29] [30], some of them attempting to extend the "moments" to non
standard General Relativity [7][15][16]. Here the physics is not discussed since the only
purpose is to show just that theoretically there is no mathematical limitation to the Dixon
representation even for an arbitrary conection and without a metric. We want to stress
that the physical meaning of the given generalisation is not discussed so it should not be
considered as a realistic physical model. Let be M a manifold , ¢ : R — M a worldline.
Let T € T'yT?M be a smooth compact support tensor field associated to an extended free
falling object. Let us also assume that T satisfy two strong requirements.

(6.0.1)

oL =T
div(T) =0

Usually, within General Relativity, the Energy-Momentum tensor field associated to an
extended free falling object satisfies these two constraints, so in this perspective T' can play
the role of an Energy-Momentum tensor field. However at this stage, we are completely
ignoring the physical nature of it. This can be an issue since in some other physical
models outside of G.R. the divergence-less symmetric condition required on the Energy-
Momentum tensor can be too strong (i.e. Einstein-Cartan theory). However the following
derivation can be interpreted more as a methodological procedure rather than a full
consistent physical model. The reader, if not completely comfortable with that, can
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interpret this approach just as a way to derive the dynamical equation of the multipoles
related to a generic divergence-less symmetric rank two tensor field, without being forced
to interpret it as the Energy-Momentum tensor. Obviously in that case the interpretation
related to the free fall of spinning test particles is completely lost. However, in case the
Energy-Momentum tensor cannot be symmetric, one can drop the constraint and follow
the same procedure to find different equations of motion for the multipoles. Let us suppose
that there exists on M a smooth top form w such that V(w) = 0 and supp(T") C supp(w).
Therefore we can easily prove using the definition of ( )w that:

0= [¢, (div(T))w] = [V, (T).] (6.0.2)

Let us suppose to build an appropriate one smooth parameter family of symmetric and
divergenceless squeezed tensor fields 7. with support on a worldline ¢, such that div(7;) =
0 , Ve e (0,1) and for e = g9 € (0,1) = T = T.,. Let be M a manifold ,
¢ : R — M a worldline. At this point we can perform a weak asymptotic expansion of
the one parameter family in a neighbourhood of the parameter ¢ = 0 as proven in the
previous chapter obtaining:

N N
0 = [, (div(T2)).] = =Y [V, Tile* + OV = 3 [V, Tile* + O™
k=0 k=0

(6.0.3)

)
for each e € (0,¢9), for each ¢ € IoTPM smooth test tensor field, with 7, € T?(c) .

Therefore we must conclude that for each order k € [0, N] we must satisfy:
Vo, Ti] =0 (6.0.4)
therefore:

¢, div(Ty)] = 0 (6.0.5)
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Furthermore considering the symmetry of the tensor T, and the linearity of the braiding
map we can state that:

N
D6 Tile" + O™ = [0, (Te)] = [¢, (0" (L))l = o0, (T)u] = (6.0.6)
k;O N

=Y o029 Tt + O =) 6,00 Tile* + O ) (6.0.7)
k=0 k=0

(k)
for each € € (0, &¢), for each ¢ € TyTPM smooth test tensor field, with 7y, € T?(c). Hence

this leads us to conclude that:

6, Ta] = [¢, 02 T3] (6.0.8)

(k)
Considering this analogy, given 7 € T?(c) such that:

1L2)7 —
ot =T (6.0.9)
div(T) =0 \

If T' can be interpreted as an Energy-Momentum tensor field we call such multipole
the Energy-Momentum k-pole because in this perspective it satisfies the constraints
required to be eventually interpreted as the k-th term in the weak asymptotic expansion
of a one parameter family of squeezed Energy-Momentum tensor fields.

6.1 Dynamics of a free falling test particle modelled as
a Dixon monopole

Let be M a manifold , ¢ : R — M a worldline and let us suppose for simplicity that there
exists an adapted A = (U, p(;)) such that ¢ C U; and ¢, is an adapted local chart. Let
us consider {e,} an arbitrary local frame defined on U and adapted to the embedding c
(for instance 0, from an adapted local chart), so {e,}|. = {¢,vm}. Let {e*} the algebraic
dual defined by €”(e,) = 62 (for instance dx” from the local frame 9,) and let us denote
{e®}|. = {¢,e™} the restriction of the local coframe on the image of the embedding. Let
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(0)
T € T?(c) be a monopole satisfying two conditions:

(172) —
{0 T=T (6.1.1)

div(T) =0

in case T is an Energy-Momentum tensor field, such a monopole is an Energy-Momentum
Monopole. Being a an Energy-Momentum Monopole is a very restrictive requirement
and it fixes very strong constraints not just on the transverse Dixon monopole moments
but even upon the closed embedding ¢ on which the monopole can be defined. Let us
express the monopole using the adapted Dixon representation induced by the adapted
local chart. The symmetry condition tells us:

/RC*(%V)&“”% =6, T] = [, VDT = [01.9)0, T] = /Rc*(gzﬁw,)oz”“ds (6.1.2)

So we have to conclude that o = o"*. So the symmetry condition is recast as a
symmetry of the local adapted Dixon moments. The divergenceless condition tells us:

0= [, div(T)] = —[Ve,T] = —/RC*(VMQbV)a“”ds = (6.1.3)
* my * D 9 v S
——/Rc (Vi) ds—i—/Rc ((bl,)E[c al’ds (6.1.4)

The only way to have a null result for each test tensor field ¢ is to have:
o () (6.1.5)

from the first two condition we have to conclude that the only non null components of
adapted Dixon moments must be the local scalar field . Let us suppose that agy > 0 and
let us denote it with m. Therefore the adapted Dixon monopole moment can be written
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as m[¢ ® ¢] and the condition can be recast as:

a=ml[¢R®{ a=ml[¢® | .
{%[mé] =0 ~ {%[é] = — 4 (In(m))¢ (6.1.6)

The second condition is very interesting because it is telling us the image of the embedding
must be a geodesic trajectory and the parametrization must be related to the variation
of the positive scalar field m along the worldline. Considering this we can say that it is
always possible to choose an appropriate reparametrization of the worldline defined as:

1 -1
t(s) = —/mds (6.1.7)

and the condition became:

a=m[é® ¢ a=m[¢®
Ly = = m(t) = const (6.1.8)
blg=o0 Vi(¢) =0

It is very interesting to see how the condition m(t) = const is strongly related to the
chosen parametrization of the worldline, so is strongly related to the definition of the
congruence of clocks chosen in a neighbourhood of the worldline ¢. Let us remark how
the constraints on the monopoles are not affected by any Torsion contribution. In fact
the worldline must satisfy the tensorial equation:

D d ,
2= —— : 5.1
s 7] = (In(m))e (6.1.9)
expressed in local coordinates by:
) Y A v d A .
9, + 1,7t + d—(ln(m))c =0 (6.1.10)
s
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We can always split the Connection in symmetric and antisymmetric part obtaining;:

d
&0, 4+ T}, et 4 Torp ¢t + E(ln(m))c”\ =0 (6.1.11)

and since the Torsion is completely antisymmetric we can end up with:

d
&0y 4+ T, et + d—(ln(m))éA =0 (6.1.12)
S

so the equation fixing the worldline on which a symmetric divergenceless monopole is
defined does not involve the contribution of the Torsion.

In this perspective, when the symmetry and divergenceless conditions are compatible
with the physical model, our proposal is to model a free falling test particle simply as
a divergenceless Energy-Momentum monopole. Then the trajectory related to a free
falling test particle is just the support ¢ of the monopole so a geodesic trajectory, the
vector ¢ tangent to the trajectory is the velocity of the test particle. The trajectory can
always be reparametrized appropriately such that the Energy-Momentum monopole can
be generated just by a constant m over the worldline, usually interpreted as the mass of
the considered test particle. In this case the trajectory of the particle is also a geodesic
curve satisfying V.(¢) = 0. It is extremely interesting to notice how different values of
m (even the non constant values) define always the same geodesics trajectory, recovering
automatically the "Einstein Equivalence Principle" on the universality of the free falling
motion. Accepting this interpretation, we can automatically state that the dynamics of a
free falling test particle should not depends on the torsion, so just observing the motion
of free falling monopole test particles we should be not able to distinguish a spacetime
with Torsion from a Torsion free spacetime.

6.2 Dynamics of a free falling spinning test particles
modelled as a Dixon dipole

The dynamics of a spinning free falling object within the General Relativity theory,
is usually believed to be well modelled by the Mathisson Papapetrou Dixon Equation.
Usually the procedure involved to find this equation is very tricky and complicated. The
Dixon approach is fully given within standard General Relativity model and it is not
very clear which structures are required for the proofs, which are assumed because of the
physical evidences and which are taken because of the standard conventions set usually in
General Relativity. We are going to see how these equations are direct consequences of the
symmetry and divergenceless conditions imposed on the dipoles. To find the equations
in their common form, it will be also necessary to fix some simple covariant constraints
on the moments. Some of them depends on the usual convention adopted in G.R. (i.e.
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the fixing of a specific worldline parametrization), others are consequences of the physical
interpretation of them (i.e. the momentum and the angular momentum). We are not
investigating the physical meaning of them, since here we are interested just to show how
to recover the standard equations from the adopted formalism. However, the relevant
result is that, just asking for a torsionless affine connection, we are able to reproduce the
Mathisson Papapetrou Dixon equation, even in case the connection is not Levi Civita
or a Lorentzian metric does not exist. So from this perspective, one could state that
the dynamics of a massive free falling particle does not depend a priori on the choice
of a specific metric, as found by Ehlers, Pirani and Schild in their work. In fact just
requiring with the extra axiom (motivated by the experiments on the propagation of the
electromagnetic waves) that the light trajectories must be also free falling trajectories
(compatibility condition) then we can partially relate the metric to the affine connection.
Let be M a manifold , ¢ : R — M a worldline and let us suppose for simplicity that
there exists an adapted atlas A = (U, go(i)) such that ¢ C U; and ¢, is an adapted local
chart. Let us consider {e,} an arbitrary local frame defined on U and adapted to the
embedding ¢ (for instance d, from an adapted local chart), so {eq}|, = {¢,vn }. Let {e*}
be the algebraic dual defined by e?(e,) = 02 (for instance dz® from the local frame 9,,)

and let us denote {e*}|, = {¢, €™} the restriction of the local coframe on the image of the
()
embedding. Let 7 € T?(c) be a dipole satisfying two conditions:

(6.2.1)

cIAT =T
div(T) =0

Such a dipole is called Energy Momentum Dipole. Being an Energy-Momentum Monopole
is a very restrictive requirement and it fixes very strong constraints not just on the
transverse Dixon monopole moments. In contrast with the monopole case this condition
are not strong enought to fix the closed embedding ¢ on which the dipole can be defined.
So we will see how this condition is not able to fix the kinematics of the trajectory of
the spinning objects. Let us express the Dipole using the adapted Dixon representation
induced by the adapted local chart.

0.7 = [ ¢ (Va@))a" s+ [ (s (6:22)

where [ is the adapted Dixon dipole moment and « is the adapted Dixon monopole
moment. Both together («, 3) are the representative of the footprint of the Dipole. Let
us stress that by definition automatically ¢73 = 0 so using the adapted frame 3% = 0
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and eventually the dipole can be written as:

(6. 7] = /RC*(VZ(¢)uu)ﬁl“"ds+ éc*(cbw)a“”ds (6.2:3)

The symmetry condition tells us:

/RC*(V)\(¢)/W)5)\/W(13 + /RC*(QSMV)alwdS = [¢>ﬂ = [¢70—(172)7—] = [0(1,2)¢7ﬂ =
(6.2.4)

= / H(Va()u) B ds + / *(pu)a”ds (6.2.5)
R

R

So we have to conclude that o’ = o and ¥ = 4. So the symmetry condition
is recast as a symmetry with respect to the last two indices of the local adapted Dixon
moments. The divergenceless condition tells us:

0=[¢,div(T)] = —[Ve, T] = — /R (V3,(0),) M ds — / H(V,(0),) M ds  (6.2.6)

R

(1) @)
As one can notice, since T € T?(c), then T € T?(c) so it belongs to the quadrupole space.

If we want to solve this multipolar equation we must recast it using the adapted Dixon
representation and find the value of the adapted Dixon moments that are solutions to it.

0= /R (V2,(0),) BN ds + /R H(V (), ds = (6.2.7)
o AR REC AR (6.2.8)
R R
= [ (@) ds + [ (V@008 s+ [ @(9,(0),)8%ds = (6:29)
R R R
-~ / (Vi (0),) 8N ds — % / (RS, (0)6) BN ds+ (6.2.10)
R R
—%/Rc*(Torj\'u(VU@,,)ﬂ[’\“]”ds—|—/Rc*(V“(¢)l,)oﬂ”ds (6.2.11)

Now we must perform the 3 + 1 split of the first term taking account of the condition
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B = (. The first term can be split as:

/R (T (6),) 8007 ds = /R (V2,(6),) 8 ds = (6.2.12)
2/C*(V30(¢)V)B(°°)”d8+/C*(Vﬁa(¢)y)6(0“)”ds+ (6.2.13)
R R
+ [ (T ds + [ (Vo)) ds = (6.2.14)
R R
1 ]
:O+/Rc*(vga(¢)y)§5“0”ds+ (6.2.15)
1
+ /R c*(VZO(¢)y)§5“O”ds+ /R (V2 (4),) " ds = (6.2.16)
= [ (@5 12 [ ¢ (Thg(0))55 s+ [ ¢ (T(6),)5ds =
R R R
(6.2.17)
D - 1
- / (Val0)) P F D B s — / (R, (6),) B ds+ (6.2.18)
=5 | e@oriy(Va@nr s+ [ (9050 s (6.2.19)
R R
We can notice that the term
/ (V2 (¢),) 5% ds (6.2.20)
R

is the higher order term of the adapted Dixon representation of div(7). So to have
div(T) = 0, we must conclude that 34" = 0.

So we have the constraints for the Dipole Dixon adapted moments with respect an
adapted frame:

ﬁ)\;w — 6)\1/#
ﬁ[}uu =0 <()221)
ﬁ(lm)r/ =0

The entire expression for a divergenceless symmetric dipole will be reduced then to:
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_ * D ~ -(1,2) prav _1 o alv 2 ) )¢
0= / ¢ (Va(0)) 2 o) ds — / (Rop(8))Fdst  (6.2.22)

S
1 1
—g/R H(Torgy(Vo(),) 3" ds — 2/}Rc*( L (8)e) BN ds+ (6.2.23)
1
-3 /R H(Tor3, (Vod),) BN ds + /]R H(V (@), ds (6.2.24)

Now performing again the 3 + 1 split on the remaining terms:

0=~ [ (VD ZE DB s~ 5 [ (R0 st (6229
= /R ¢ (Torfy(Va(é)) 5 ds — /R H(Tor'y(Vo(d),)8™ st (6.2.26)

5 | 03 ds = 5 [ o (Torg, (,0),)5% s+ (62.27)

_% /R ¢ (Tord, (Vos),) B ds + /R H(Va())a™ dst (6.2.28)

+ RC*(VO(QS),,)aOl’dS (6.2.29)

0—— /]R (V) dz E0 (2 g g — % /R (BT, 68" ds+ (6.2.30)
—% /]R H(Torgy(Va(o), ),Bbo”der; / (gbg) [c_'Tor(ea, ¢)ée B 7ds+  (6.2.31)
=5 008 s = 5 [ o (Tors, (Tuop )i (6232
+% /R (¢a) [c—'Tor(eA,eu)e”—'e)‘—'ﬂ]"ds—|— /R A (Val(d),)a™ds+ (6.2.33)

- /R c*(gbU)E[E—'a]"ds (6.2.34)

This leads us directly to the full set of constraints for a divergenceless symmetric Dipole
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at fixed adapted frame:

(/6)\;1,1/ — B/\V,u
/Bop,l/ =0
ﬁ(lm)u =0

(6.2.35)

a®™ — D [6770.(1,2)5]al/ _ %Torgoﬁbo” _ %TOTiuﬂ)\,uy =0

ds

%%[EjTor(ea, c')cT_‘e“—'ﬁ]U + %%[CT—‘TOT(G)\, e,)er e8]+
\ _% goyﬂaoy _ %RK;WBMW _ %[C’ﬂa]a =0

As one can notice, as well as in case of the Monopoles, the equations fix a relationship
between the parametrization of the worldline ¢ and the adapted Dixon moments. How-
ever, in contrast with the monopole case, the equations do not impose any condition on
the image of the embedding, so the support of a divergenceless symmetric dipole can be
in principle any arbitrary worldline. The chosen parametrization of the worldline fixes
the form of the constraints. Standard General Relativity is a very particular relativis-
tic theory due to the fact that a very specific assumption on the observer’s conventions
are fixed. The existence of a global Lorentzian metric determining the distances on the
spacetime is assumed and the connection determinig the free falling is assumed to be the
Levi Civita connection of that particular metric. This implies that the worldlines solving
the geodesic curve equation are parametrized by the arc length induced by the metric, so
it fixes a very strong relationship between the free falling and the clocks used to defining
the proper times of the physical objects. As showed in [31][32]|33] this assumption can
be too restrictive with respect to the physical evidence and possibly non compatible with
the actual protocols used to measure the proper time with the atomic transitions (atomic
clocks). The effects of the discrepancy between the proper time fixed by an arbitrary
congruence of clocks (i.e atomic processes) and the "gravitational" clocks (i.e. celestial
object motion) is deeply investigated in [31][32][33] and in some cases it is able to affect
the observations in the same manner as a Cosmological Constant. Because of this reason
we did not assume anything about the nature of the connection needed to define the
Dixon Multipoles, so the given equations are as general as possible.

However it is interesting to show that, under the very specific assumptions of Standard
General Relativity it is possible to show how the Dixon Moments of a divergenceless
symmetric dipole must satisfy the Mathisson Papaetrou Dixon Equations.

If the following extra conditions are assumed:

1. The dipole moment M = SAkv)
2. The tensor SM = —SHA,

3. The tensor S%¢¥ = — S0 ¢,
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4. The monopole moment aM = —PA¢H)

5. The scalar m = ¢ P satisfies L(me)=0

we are going to show that is possible to recover the usual Mathisson Papapetrou Dixon
Equations. Despite these assumptions could seem quite an artifact, they are strongly
motivated in several works [1][2]|3] and it is widely proved they are needed to extend
the standard non relativistic definition of Momentum and Spin of an extended object to
the relativistic cases, being consistent with the Standard General Relativity framework.
Therefore in this perspective, as shown in [3] we are allowed to interpret the following
quantities as:

1. The tensor field S is the total Spin of the Relativistic Extended object
2. The vector field P is the total Momentum of the Relativistic Extended object

3. The scalar m = ¢'P is the non-rotating rest mass of the Relativistic Extended
object

4. The vector field £(me) = 0 is the contribution to the total Energy of the non-
rotating rest mass.

Other extensions can be made changing slightly the given assumptions but without
affecting the given interpretation of S and P as Spin and Momentum as shown by Dixon
in his works. If these extensions of the Spin and Momentum are the only one consistent
with the Standard General Relativity prescriptions, this is still a matter of investigation.
For sure we can say that they are definitely non strictly necessary when no assumptions
on the parametrization of the worldlines are made. In case of Extended Relativistic The-
ories, when no relationships between the Lorentzian metric inducing distances and the
Connection determining the free falling are a priori assumed, things get even messier and
the interpretation of the Dipole and Monopole moments are much more tricky. In general
it seems that there exist an infinite number of different ways with which a Multipole can
be associated to a regular compact support tensor field such that it contain some "infor-
mation" about the structure of the regular compact support tensor field. In some cases
it is even possible to show that the Multipoles can be considered weak approximations
of one parameter families of regular compact support tensor fields, in the very same way
it is possible to interpret some distributions on R as the weak approximations of the one
parameter families of real functions. However, how to link a multipole to an extended
regular tensor field, how many different ways there exists, which choices determine them,
which links and which representation of the multipoles offer the best useful way to ex-
press physical and geometrical information we are interested in and how to interpret them
consistently with the prescription fixed by the considered physical and mathematical as-
sumptions is still a matter of investigation. We can say that in general a unique answer
cannot be provided because it depends on the different frameworks needed to create the
mathematical or physical model. However, despite this is fundamental crucial aspects, we
are not interested here to validate or reject the motivation or the interpretation provided
above. We are settling here to show just that, assuming them, the constraints on the
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divergence-less symmetric dipole become simply the well known Mathisson-Papapetrou-
Dixon Equations. If the 6 extra conditions are assumed, at fixed adapted frame, the first
3 constraints become just identities :

0=0 (6.2.36)

0=0
{0=0 (6.2.37)
0=0

The two remaining equations then can be reduced to the Mathisson-Papapetrou-Dixon
Equations. First of all let us set to 0 the Torsion contribution, as assumed in Standard
General Relativity. Therefore

a®¥ — d_li[é‘lo.(lﬂ)ﬁ}ay =0

(6.2.38)
LR, B + SRS, A + R[Ea]” = 0

a®% — %[510(1,2)5](1V =0

(6.2.39)
%RgoyﬁaOV + %RU ﬁa;w + %[E‘IQ]J =0

ey
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_Pe@) — D90, @ e, = 0

5R70,5° 0 + L Rg S — Z[POe,]7 =0

—Poer — B[S e\ ®@e, + SMPey @ e, )™ =0

5R30,5°0c + LRy Sewer) — ZIPOe,]o = 0

—Peer — 2S¢, @ e, + SV ey ® e, + SNy @ e, ] =0

5R%0,5°0c) + $Rg,, S0we) — B[POe ] =0

— P — ﬁ[—SO“é”ea ®e, +0+S"ley ®e, ] =0

$R2,50cm + LR Selue) — BIpOie ]7 =0

—poer — B[-S%e, @ e, + 0+ SMPey@e, )™ =0

5R%0,5°0c + LRy Sewer) — ZIPOie, )7 = 0

—pogv — dQS[O 104+ S)\VC'OG)\ ® eu]au =0

5R70,5° 0 + L Rg, Sewe) — B[POe,]7 =0
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— P — 2[SVve, @6, ] =0
(6.2.46)

5R70,5° 0 + L Rg S — Z[POe,]7 =0

Let us consider the first equation. Since ¢* = 0 at fixed adapted frame, we can add
the term — P without affecting the equation,

D
P — PYé + —[S]™ =0 (6.2.47)
ds
D
2Pl 4 Z[S]™ =0 (6.2.48)
ds
0 _ D

Now considering that 2PP¢
must be automatically satisfied

LIS = 0 we can state that another trivial identity

2P0+ —[S]° =0 (6.2.49)
ds
Therefore:
2plaerl — Digilavl — D

ds Aopl _ Zrae fo

{QP[OC'O] _ dQ[S][OO] —0 = 2P%¢ ds 5] 0 (6.2.50)
The second equation is then:

1 ag a b 1 g a vV D X% g N =

§RaOuS (Ocﬂ) + ERGMVS (Nc ) — %[P(OC )ea] =0 <()2)1)
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Appliying the condition onthe Energy conservation of the un-rotating rest mass:

D

a0 - ap -0 o ap v o av o __ 0 B
RaO,uS c+ RaOp,S Hes + RaWS HeV 4 RaWS - £[P] =0 (6.2.52)
Now using S%¢ = —S%¢#* we have
D
+= RaObS“bco + = RabOSabco + = RaObS“bc‘O - d—[P]“ =0 (6.2.53)
s

Since the assumption of Standard General Relativity is the Levi-Civita connection,
the first Bianchi Identity holds, so R}, = —R,,,, therefore:

puov

— RabOS“”cO + = Rabosabco — —Rabosab 0 %[P]” =0 (6.2.54)
to end up with the constraint at fixed adapted frame:
abOS“bco + CZ[P]“ =0 (6.2.55)
Since ¢ = 0 and S%¢” = —S%¢é#, we can add some extra null terms into the equation to
end up with
D —[P]° + 1RWSA“c'” =0 (6.2.56)

ds

So under the prescription of Standard General Relativity, if we assume the Dixon gener-
alisation and interpretation of the standard concepts of momentum and spin associated
to an extended relativistic object, the divergence-less symmetric multipole admits the
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adapted Dixon moments satisfying:

Q[S]W —9oplel =
(6.2.57)
Q[P]” + %RU S)\,uc'z/ =0

ds Auv

Although we performed the calculation using an adapted local frame, the equations are
completely covariant because both of the right hand sides transform linearly when a
change of frame is performed.

So from this perspective, our proposal is to model a free falling point-like spinning par-
ticle simply as divergence-less Energy Momentum dipole. Additional constraints needed
to extract and interpret the physical quantities in several different relativistic frameworks
beyond Standard General Relativity are still matter of investigation

6.3 Dynamics of a divergenceless symmetric Dixon dipole
when Torsion occur

We have already found the constraints for a divergence-less symmetric multipoles

'ﬁ)\;w — 5)\z/u
ﬁO/u/ =0
B(lm)u =0

(6.3.1)

o™ — %[610(172)5]QV . %TOTgOﬁbOV . %Toriuﬁ)\uu =0

S0 [T or(eq,¢)c e B)7 + 32 (6T or (e, €,) e e 18]+

2 ds
_1po aOv _ 1 po v _ Do
\ 2+ Yalv QR/\;wﬂ ds [C Ck] - O

If no assumptions on the relationship between connection and metric are given, then it
is possible to find a generalisation of the Mathisson-Papapetrou-Dixon Equations. How-
ever, before showing the derivation of such equations a clear disclaimer is needed. First
of all, at this stage, we are completely ignoring the physical interpretation of the diver-
genceless symmetric tensor field 7' from which the Dixon dipole is coming from. The
interpretation of the originary 7' as an Energy-Momentum tensor field could be an is-
sue since in some physical models beyond G.R. the divergence-less symmetric condition
required on it can be too strong (i.e. Einstein-Cartan theory). However the following
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derivation can be interpreted as a methodological procedure rather than a full consistent
physical model. The reader, if not completely comfortable with that, can interpret this
approach just as a way to derive the dynamical equation of the multipoles related to a
generic divergenceless symmetric rank two tensor field, without be forced to interpret
it as the Energy-Momentum tensor. Obviously in that case the interpretation related
to the free fall of spinning test particles is completely lost. However in the case when
the Energy-Momentum tensor cannot be symmetric, one can drop the constraint and
follow the same procedure to find different equations of motion for the multipoles. Let
us suppose to be happy to have a divergenceless symmetric energy momentum tensor, a
second possible issue could be the interpretation of S and P. Usually the tensors S and
P are interpreted as the spin and the momentum of some extended object, because the
rigorous definition of these two tensor fields coincides with the usual definition of spin and
momentum given in Special Relativity so in this perspective they are considered as a well
defined generalisation of the concept of spin and momentum of an extended relativistic
object within the Standard General Relativity theory. As far as we know, nothing has
been done yet to investigate and interpret these physical quantities in other relativistic
models for instance when no relationship about metric and connection is assumed, when
parametrizations other than the arc length are used to express the worldline or when a
Torsion contribution occurs. Even in the simplest extensions of Standard General Rel-
ativity the interpretation of simpler dynamical quantities is usually very tricky and a
very careful analysis on the foundation of even the most elementary common physical
concept should be performed to avoid any unwanted inner contradictions of the theories
[31] [32]|33]. The validity of the statements and the properties concerning the object of
relativistic theories slightly differing from Standard General Relativity (even the most
natural and fundamental) should be then proved again from scratch and cannot be taken
for granted|34][35][36] [37][38][39][40][41]. In this perspective, outside the strong bound-
aries fixed in Standard General Relativity, we have no elements to say that S and P
exists and can be interpreted as the Spin and the momentum associated to an extended
relativistic object. As instance the presence of a non null Torsion contribution to the
connection could eventually affect the definition of S and P so they can be no more
interpreted as the usual Spin and the Momentum. The possibility to provide a well de-
fined quantities S and P interpreted as Spin and momentum in other relativistic models
without leading to contradictions is very tricky and it is an actual matter of investigation.

However, let us suppose that there exists at least a relativistic model in which the
connection is not fixed to be Levi Civita, the parametrization is not fixed necessarily to
the arc length of the worldline but it is possible to define coherently a concept of Spin
and Momentum satisfying the following condition

1. The dipole moment M = SAkv)
2. The tensor SM = —SHA,

3. The monopole moment a* = —PX¢)

Let us stress once again that this is an extremely strong conjecture and one should
check the consistency of these assumption within a model that could be quite different
to standard General Relativity. One again we state than that rather than a concrete
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physical model this procedure should be interpreted more like an inspiring example on
how there are no mathematical or geometrical limitation to this approach. However in
this scenario it is possible to derive the generalisation of the Mathisson-Papapetrou-Dixon
Equations. Let us substitute the assumptions on the equations of the dipole using the
adapted local frame:

0=0
0=0
Somer = — S0

(6.3.2)

a® — ﬁ[é‘lo.(lﬂ)ﬁ]au _ %TOTgOﬁbOV _ %Toriuﬂ)\yu =0

s[CTor(eq, ¢)ce 5] + 3 2 [ Tor(ex, e, )e e8]+

1 0 1 A D> _
\ ) Z:Ollﬁa Y- §RK;,LV/6 i E[C—la]g - 0

where two constraints are automatically reduced to identities. We can use the first
equation into the others to find:

(S0ney = — S0
—Pav — %[SA”@\ ® e,|™ — TorgOSb(Oc'”) — TOTKMS)‘(%”) =0

LTorl S0, |7 + 52 (Torg, SMeve, |7+

+3 RG5O 4+ SRy, S — Z[POe,]” =0

1
2

\

Now keeping in mind the first equation we can manipulate the second as follow:

D 1 1 1
—pPe — %[SA”@A ® e, ™ — §T0rf\MS’\”c'“ — §T0r§MS)‘“c'” — §T0r§u5)‘”c’“ =0 (6.3.4)

Considering that using an adapted frame ¢* = 0 we can say that P"¢* = 0 as well as
—%TOTKMS)‘”C'(I = 0. So we can add it to the equation without affecting it:
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D 1 1
—P%" + PY¢* — E[S)‘”e,\ ® e, — ToriuSA”c'“ — §T0r§MS)‘“c'” — §TOTKMS/\“éa =0

(6.3.5)

D
—opleg — d—[S’\”e,\ ® €, — Tor§, S™ & — Tor{.¢)SM = 0 (6.3.6)
s
and splitting the symmetric and antisymmetric parts:

—2Plel — D[SV, @ e, )™ — Torl SMer = 0
—Torg\‘;SA”) ct — Torg\‘;c"’) SA =)

—2PP — DISIV — Torg),Seer = 0 .
@ ds @ . (6.3.8)
TO?”AMSAV)C.“ + Tor/\ﬂc"’)S’\“ =0 ’
Ending up with
—2pP — DIgv _ Topl Sevlen = (63.9)
[Tor —é¢Tor ® c']gitsg%“ + [Tor — Tor & c']g’LS%é”) =0 o

it is interesting to notice how the dynamics depends just on the antisymmetric part of
the equation. The symmetric part is an additional algebraic constraint on the dipole
moments:

[Tor — ¢ Tor ® é]5, B2 = 0 (6.3.10)

We believe this additional non dynamical constraint can be directly satisfied by casting an
appropriate definition of the Spin of an extended object in presence of Torsion. So once
again we remark the need of a more fundamental approach to define and interpret the
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moments of a multipole as physical quantities beyond the standard General Relativity.
However, let us suppose to be able to define the spin S in a way it satisfy automatically
the algebraic constraint we have still another dynamical equation.

1D (0 v 1D ) o .
2d3 —[Tor%, 85" ©e, ] + §d—[T0r§uSA(“c Ve, |7+ (6.3.11)

a ag a v D (64 S B 3
+ RaOMS O + = RQWS e = [PPEe,]7 = 0 (6.3.12)

1D . 1D .
2ds —[Tor%,8* e, ]” + §£[T07‘MS’\ He, )7 4 (6.3.13)

o af o a(p ~v) 1D 1D - 1o 2 Q1
+—Ra0u5 0em) 4 RWS W) 52 Pl = 5 [(EP)d7 =0 (6.3.14)

Manipulating the torsion bit as done before we obtain:

1D 1D D D -
— §E[P]” — 55[(0 P)d)° + %[Torgysw”ey]” + E[(é—'Tor) AN+ (6.3.15)
1
+§RZOMS“(OC“ + zRgWSa%V) =0 (6.3.16)
hence
1D 1D . D
— 5%[P]" - §£[{(07P) i[(¢"Tor) @ S}é] + £[T07"2VS’\“6”6V]"—|— (6.3.17)
1
5 R S0 + RgWS“(“(‘:” =0 (6.3.18)
that can be recast using ¢* = 0 as well as S%¢” = —S% ¢t
1D 1D . D
— 5%[P]" - §£[{(07P) i[(¢"Tor) @ S}e] + £[T07"2VS’\“6”6V]"+ (6.3.19)
1
- 4RWSA“C + RAWSA”C'“ =0 (6.3.20)

303



Finally using the antisymmetry of S and R in the first two indices we can write:

1D 1D - ~ D
- o_ ___ 5 210 Slo - 0 Q v, 1o noo o«
5 ds [P] 5 ds {(c"P) = *[(¢"Tor) ® S}e]” + s [Tory, S e, |+  (6.3.21)
1
—Zng,SA“é” + RS, SMe =0 (6.3.22)

So we have the dynamical equations generalising the Mathisson-Papapetrou-Dixon
Equations:

—2PP& — DI Torl), 5ot = 0

ds
_1Diploe _ 1LD[fZapy _ ;2[(i o . D 0 i 1o (6.3.23)
5| Pl7 — s {(e"P) —i?[(¢Tor) @ S}el” + Z[Tory, S Ve, |7+
—1 R3S + R, SMe” =0
and the additional algebraic constraint:
[Tor — éTor @ c']((;)LSQ”)c'“ + [Tor — Tor @ c‘]f,)l‘LS%c'”) =0 (6.3.24)
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Chapter 7

Conclusions

In this work we saw how the usual definition of "moments", already well known and
applied in several branches of Mathematics, Physics and Statistics (just to quote some),
can be interpreted as the local coordinate expression of a geometrical object defined
intrinsically by a generalisation of the De Rham push-forward [13][14]taken with respect
a given closed embedding ¢ : R < M (worldline).

Since the natural action on the class of smooth compact support tensor fields (test
tensor fields) of such objects is R-linear, they can be interpreted as R-linear functionals.

Using specific representations of them, it has been proved how these geometrical ob-
jects play an essential role during the asymptotic expansions of specific one parameter
families of smooth compact support tensor fields called squeezed tensor fields, therefore
we definitely prefer to refer to them as "multipoles" rather than "tensorial currents", in
order to emphasise the very strong correspondence occurring with the weak asymptotic
expansions and to emphasise the analogy with the multipole expansion of the electro-
magnetic sources, already well known in Classical Electromagnetism.

It has been proved as well that it is possible to define the multipoles in two different
coordinate free ways, and although the two definitions could seem very different, they are
completely equivalent and they define the very same set of R-linear functionals acting on
the test tensor fields.

Due to the R-linearity of the action, it is possible to extend to the set of the multipoles
all the operations defined usually upon the smooth tensor fields (sum, product with scalar
field, internal contraction, contractions with vector and covector fields, covariant and Lie
derivative and divergence just to quote some). Other more advanced operations are
specifically built on them considering they are functionals (e.g. product with tensor
fields).

We have seen how the multipoles have got three main intrinsic characteristics: the
rank, the support and the order. The first two can be considered just as a mere trans-
position in terms of functionals of the standard concepts of rank and support of tensor
fields, the second one is closed related with the "number of derivations" acting on the
test tensor fields through the given multipole.

Unlike the rank and the support, the order of the multipoles exhibits an odd behaviour
when even the most trivial operations are performed, for instance the sum of two order
two multipoles can be eventually an order one multipole. This aspect, combined with
other properties owned by the multipoles, can be problematic when trying to achieve a
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unique local coordinate expression of these functionals.

Considering this, the inclusion chain that constrains the set of all the multipoles with
order N to be included in the set of all multipoles with order N + 1 has been studied, as
well as the algebraic structure of C*°(M)-module that these sets naturally exhibit. This
is very convenient, allowing us to express each multipole as a C°°(M)-linear combination.

The two equivalent definitions of multipoles are then analysed, leading us to two
different classes of representations for these objects, in order the Ellis [17][18] and the
Dixon [1] [2] [3] representations. The first one represents the actions of the multipoles
in terms of the coordinate expression of linear combinations of several Lie derivatives of
the test tensor fields, summed together and integrated on the image of the embedding
c:R— M.

This representation is very minimal and general, and does not require other than the
differential structure owned naturally by the considered differential manifold, so it always
exists without any constraint. The second one represents the actions of the multipoles in
terms of the coordinate expressions of linear combinations of several covariant derivatives
of the test tensor fields, summed together and integrated on the image of the embedding.
This representation is still minimal but it requires the existence of an affine structure
(affine connection) defined on the manifold. In general this is not a problem, since no
assumptions on the affine connection (i.e. Levi Civita) are needed.

Let us stress that the two definitions of multipoles, and so the two classes of repre-
sentations, do not rely on the existence of any metric, or other extra structures on the
manifold, so in principle there are no geometrical restrictions on the existence of such ob-
jects on arbitrary space-times with non trivial geometry (non torsionless spaces, bimetric
spaces and Weyl spaces just to quote some). Both of these two representations have some
pros and cons and, as widely discussed, the Dixon and the Ellis representations provide
a natural way to express the multipoles (and their actions) in terms of operations upon
the local coordinates expression of the test tensor fields, so they induce a local expression
for the multipoles.

This is very important, since the manipulation and the study of the geometrical objects
upon the manifolds often can be done in practice by just manipulating and studying their
local coordinate expression, using standard analysis tools defined on R™ and relaying on
the local diffeomorphism of it with subsets of the manifolds. However, as showed and
widely discussed, the achievement of a satisfactory local coordinate expressions can be
extremely problematic when dealing with the multipoles.

Let us summarise briefly what has been found crucial both in the Ellis and in the
Dixon representations.

The first relevant issue we faced is that, even fixing the standard differential struc-
ture on the manifold (i.e a closed embedding, an atlas, a smooth partition of the unity
subordinate to the atlas and smooth local frame), this is not enough to fix a unique Ellis
local representation for each multipole. This is directly caused by the failure in finding a
unique Ellis representation of the null multipole. As consequence, the lack of any isomor-
phism between a multipole and its Ellis parameters causes both the failure of the attempt
to create local expressions of the operations upon the multipoles and the impossibility
to bound the equality of multipoles to the equality of their local expressions. Another
non-negligible problem is that, by construction, the Ellis local representation does not
exhibit a linear transformation rule like vectors or tensor fields, therefore even the simpler
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mathematical expression equating the Ellis local components of the multipoles to zero,
is not invariant under diffeomorphims so it is not compatible with the general covariance
principle.

Several approaches are discussed to working around these two problems. Adding
extra structures makes it possible to work around the non uniqueness problem saving the
covariance or not, but in general it seems quite clear that the Ellis representation is not
so useful for practical applications when the invariance under local diffeomorphisms is
required (i.e. relativistic models). On the contrary, a specific Ellis representation called
adapted Ellis representation is an essential tool to prove specific intrinsic mathematical
properties of the multipoles, to study the algebraic structure and to link them to the
weak asymptotic expansion of the compact support tensor fields.

As showed, given a one parameter family of smooth compact support tensor fields
satisfying very specific conditions (in order squeezed tensor fields), its weak asymptotic
expansion can be cast as a coordinate-free asymptotic expansion in a neighbourhood of
the null value of the parameter, and the coefficients can be identified intrinsically just
as multipoles. Furthermore, if an adapted local coordinate system is chosen, then the
adapted Ellis representation of such multipoles coincides just with the usual well known
moments defined commonly in Statistics, Mathematics, Classical Mechanics and Classical
Electromagnetism, computed by simply integrating, in an appropriate way, the local
expression of the given tensor field multiplied by powers of the coordinate functions. This
provides a clear geometrical coordinate-free interpretation of what a multipole expansion
of a compact support tensor field is (so the geometrical interpretation of the multipole
expansion of a physical source), and how to interpret geometrically the standard moments
related to it.

In the other hand, the very same linear functionals, can be represented also using the
Dixon method which, from a covariant point of view, is much more preferable to deal
with when trying to extract and classify physical information within a fully Relativistic
Theory.

As well as the Ellis representation, the standard differential structure on the manifold
is not enough to fix a unique Dixon local representation for each multipole, but despite
the Ellis case, because of the affine structure brought by the affine connection on the
manifold, the Dixon representation produces a local representation that changes with the
very same linear rules characterising the local expressions of vector and tensor fields.

In contrast with respect to the Ellis case, it is possible to easily kill the redundancy
in the local representation in a completely coordinate-free way, therefore with this rep-
resentation it is possible to fix an isomorphism between the multipoles and their local
expressions preserving the invariance under local diffeomeorphism.

Furthermore, despite in the Ellis case, since the transformation rules for the Dixon
local representation are linear with respect to the Jacobian of the coordinate transforma-
tions, it is possible to interpret the Dixon moments in a coordinate-free manner just as
the local expressions of specific smooth tensor fields restricted on the worldline. So they
can be eventually interpreted like physical quantities in a fully relativistic framework, as
it is already implicitly done in the standard pole dipole approximation within General
Relativity|L][2][3][4][5][6][7][8][91[10][11][12].

Let us stress once again that the given approach does not require a specific metric,
or a specific connection, therefore in principle it is possible to represent the multipoles in
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a nice useful way without being forced to assume any model subtending the physics and
the geometry or the existence of particular symmetries upon the considered manifold.

Considering this, the "transverse polarised Dixon representation", can be eventually
used to provide a unique local expression of the multipoles even within relativistic models
beyond General Relativity.

To conclude the analysis, we showed a possible specific application of the multipoles
to the relativistic models, the dynamics of the monopoles and the dipoles, respectively
related to the first two terms in the asymptotic expansion of a divergence-less symmetric
Energy Momentum tensor field about a worldline.

It has been shown that in this scenario, for an assumed Levi Civita connection, the
monopole support must satisfy the geodesic equation and the dipole term must satisfy
the Mathisson-Papapetrou-Dixon equations. For a non metric connection, the dynamical
equations of the monopole is affected just by a reparametrization factor without affecting
the geodesic trajectory, while the dynamics of the dipole is coupled with an additional
torsion term.

As already stated in the introductory section, because of the non negligible back re-
action problem, even if the generalised Mathisson-Papapetrou-Dixon equations for the
Pole-Dipole approximation is achieved, one should consider this work more as a method-
ological introduction to the problem of approximating the dynamics of extended objects in
Relativistic Models (possibly beyond General Relativity) rather than a concrete physical
proposal. However with this work we showed that in principle there is a clear geometrical
meaning in terms of De Rham push-forward and linear functionals upon the differen-
tial manifolds, subtending the calculation of both the standard "moments" [13][14] and
the ones used in the Pole-Dipole [1][2][3][7] approximation to describe the dynamics of a
relativistic free falling spinning particle.

These geometrical objects, that seem to be good candidates to model the test particles
within relativistic frameworks, do not depend on any extra structure defined on the
manifold except the closed embedding ¢ — M, but their local representations do. It is
clear now that different representations exhibits different pros and cons and the choice of a
particular way to express the multipoles, in general, strongly depends on the prescriptions
and the axioms characterising the theories as well as the general purpose subtending the
use of such geometrical objects.

In conclusion, with this work, a general framework characterising in a model-independent
way the pure geometrical meaning of the multipoles upon a differential manifold has been
provided, showing that a slight generalisation of the De Rham push-forward [13|[14] can
be linked to several well known mathematical tools, apparently unrelated until now.

The strength of the coordinate-free and model-independent approach shows how, theo-
retically, the moments are not just some useful quantities computed within specific models
but they can be fully interpreted as the local expression of some well founded geometrical
objects defined on the differential manifolds. The moments of the extended objects or
sources, rising naturally in Classical Field Theory, Statistics, Classical Mechanics and
in Special Relativity now can be easily interpreted just as specific local expressions of a
very particular set of R-linear functionals defined upon the manifolds by the De Rham
push-forward and approximating the tensor fields at a deep coordinate-free geometrical
level, allowing us to fully understand in a pure covariant way, the meaning of "multipole
approximation" of compact support tensor fields within relativistic models eventually
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beyond General Relativity.

Since in General Relativity the dynamics of the first two multipoles of an energy
momentum tensor field coincides exactly with the dynamics of a free falling point-like
test particle and a free falling spinning test particle respectively, we believe that there is
a nice chance that multipoles are able to represent eventually an effective pure geometrical
way to model test particles and test charges. They provide an interpretation of them just
as a "geometrical weak asymptotic expansion" of the extended sources of the interaction
fields in the relativistic theories.
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Appendix A

Conventions and Notation

In this chapter the conventions and notations used in this work are collected and shown.
Some of them are pretty standard and commonly used in maths and physics. Others
are created from scratch specifically to deal as straightforwardly as possible with some
required calculations and analysis concerning the mathematical objects we are investi-
gating.

A.1 Indices and Lists and Multi-indexed Lists

Considering we massively manipulate indices and lists related to the coordinate expression
of tensors and multipoles, a clear multi-index notation is required. It should be simple
to use, compact, quite intuitive and straightforward to be able to implement comfortably
the standard operations about arbitrary rank tensor field and multipoles local coordinate
expressions.

A.1.1 Introduction

Let us consider N* the set of all non-negative natural numbers. Given a,b € N|a < b we
denote with [a, b] = {z € N|a < z < b} a generic interval. Given aset U and [ € NT, a list
I of elements in U with length [ is a function [ : [a, a+[—1] — U. Hence a list is isomorphic
to an indexed n-tuple of elements in U. We can use the standard round bracket notation
(Uq, ---Uqri—1) to denote the indexed n-tuples I = {(u(p), p) |u(p) € U,Vu € [a,a+1—1]}.
The letter p is called index and it point uniquely to an element inside the list, therefore
given a list I we can denote uniquely an element of it just specifying the name of the list
and the corresponding index. Let us remark that the indices of a list with length | must
cover all the values in the interval [a,a+ [ — 1], for instance the n-tuple (3, t4, ts, tg, t7, t3)
is a good list but (1, 13,14, 5,6, t7) is not. Given a list I we can define a sub-list J a
subset of I such that it is a list. For instance given the list (¢s,%4, 5,6, t7,t3) a good
sub-list is given by (t4,15,ts). A natural generalisation of a list is the multi-indexed list.
Given a set U and | € NT, a multi-indexed list I of elements in U is a function

I:]ay, a0+ 11 — 1] x [ag, a0 + 1o — 1] X ... X [an,an + 1, — 1] =5 U
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Hence a generic multi-indexed list can be written as:

I = {(U(,LLl,,LLQ, "'Jlun)7 (:ulvlu’Qv Jlun)) | u(/“L17/L27 JIU’TL> € U7vlu’l € [ai7ai + ll - 1]}

As one can easily realise, the multi-indexed lists can be interpreted just as normal lists
for which each element can be uniquely identified by a list of indices rather than a single
index. The using of a multi-indexed list can be very useful in case one need to separate
a list in several sub-list and operating separately on each of them (i.e. linear algebra,
tensor calculus or cycle decomposition of permutations). There are several different lists
and multi-indexed list in our work, all of them are used for different purposes. Often it
is mandatory to face lists of lists, lists of indices or lists with unfixed length. There is
no way to single out just one specific notation for the lists adapted to all the needs in
a satisfactory way. We decided to be pragmatic, prioritising the attempt to make the
operations and manipulations on tensors and multipoles easier as possible, but at the
same time we tried to be minimal and conservative, keeping the standard conventions
whenever a new notation is not strictly necessary and providing the reader an user-friendly
environment. The result is a blend of some different notations based on the role the lists
play in the game.

A.1.2 Notation about the lists indexed by positive natural num-
bers

The choice of a good notation is very important to avoid as much as possible confusion and
misunderstandings, making easy the lists easy to manipulate. As stated above we tried
to be pragmatic, defining a notation adapted to our purposes. A list of natural numbers
starting from 1 and ending at a € NT is denoted by a@. Hence accordingly to this notation
a=(1,...,a). Alist of natural number starting from a € N* and ending in b € Nt b > a
is denoted by b\@. The length of the list is just b—a. By convention the empty list can be
denoted both by 0. This is compatible with the previous notation in fact @\ a =0 = @.
Accordingly to this,when it is convenient, a list (uq,...,u,) of elements in U, can be
denoted just with ug. For list starting not from 1 for instance (ugy1, Ugr2, vy Up—1, Up) WE
use the following notation up,. By convention a list as ug is the empty list as well as
ug\a- In our work we are going to use just specific multi-indexed lists. As stated before
a multi-indexed list can be interpreted just as a list in which each element is pointed by
a list of indices rather than just one index. Therefore a compact notation for the list
of indices is required. The lists of indices by convention start from a number greater
than 0 making the counting of the of indices more intuitive, hence it could be something
like this (fa+1, flat2--s lo—1, tp). TO express it in a compact way also for a list of indices
of unfixed length we decided to use this notation (ugi1, ..., p) = [5z accordingly with
the previous notation set up for the list of natural numbers. The most common lists of
indices start from 1 and end in a, making the notation very easy: (1, ..., fta) = pz. By
convention a list as pg is the empty list as well as jiz\z As we can see in the following
sections, to express the geometrical objects we are interested in, all the greek indices of
the multi-indexed lists must run from 0 to a fixed constant value I € N*. Hence is not
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important to pay attention to the range of each index, since it is shared by all of them.

A.1.3 Local coordinate expressions of points on the manifold

To denote a list of object concerning the local coordinate expressions of standard geo-
metrical objects like curves, functions, vectors, tensors and connection, we use the usual
standard Einstein summation convention. Let M be the differential manifold we are
working on, let dim(M) = m be the dimension of it and let (U, ¢) with ¢ : U C M — R™
a local chart. Then the image of a generic point x € U C M through ¢ is a list of real
numbers. The convention provides a list of real number for the local expression of points
on the manifold, it is indexed from 0 to m — 1: ¢(x) = (¢(x)(0), ..., d(T)(m-1y). By con-
vention, an element of the list related to the local expression of a point x can be singled

out just naming the point and fixing the index on the top of it as follow: z' = z(0)

therefore we can cast the coordinate expression for a point as ¢(x) = (2°,...,2™ ). If we
switch fom the local coordinate system (U, ¢) to a new one (U, ¢') then by convention
we have the new list: ¢(z) = (2/°, ...,z "). Sometimes it can be very useful to express
an arbitrary element into the list, it can be done just specifying the element accordingly
the previous convention, but without fixing explicitly the value of the index. Therefore,
when we write z# with a greek letter as index, we mean an arbitrary element inside the
list (2°,...,2™7 ). A lot of time it is very convenient to express an arbitrary element
inside the the list, which is not the first element. In this case we write 2’ with the latin
index, and we mean an arbitrary element of the sub-list (z!,...,z™ 1) C (29, ...,2™1).
Due to the properties of the coordinate system and of the differential manifolds, we can
say that z is diffeomorphic to its coordinate expression, hence it is diffeomorphic to the
list (2°,...,2™1). Sometime it is useful to identify the lists of the local expression of a
point with the set of it’s own elements but without specifying them explicitly. In that
case accordingly to this notation we write a generic list (z°,...,2™ 1) as (). Then the
expression (z*) can also be used to denote the whole list of coordinates related to the

point z.

A.1.4 Local coordinate expression for tangent vectors

To perform easily the operations with vectors, and low rank tensors we use the standard
Einstein notation. It was developed by Einstein to make very easy the multi-linear
operations due to the action of tensors on tangent vectors. Given M a differential manifold
with dim(M) = m and x a point on it, let T,,M be the vector space tangent to M at the
point z. We can always single out lists of length m of linearly independent vectors that
span the whole space called basis. It is known by theorem that given a local coordinate
system (z*) a particular basis called "natural basis" always exists and its coordinate
expression is given by the list of partial derivatives (%, . #) also denoted as (0,).
The existence of a natural basis induces a natural set of coordinate on T, M and a generic
vector v € T, M can be always expressed by an R-linear combination of partial derivatives
as follow: v = v°9y + ... + v™ 10,1 = Z,T:_ol v*0, where for each value of p, v* is an
element of a list of real numbers (v*) called "components" representing the natural local
coordinate expression of v. By this convention we have some advantages. First of all,
the local expression of a vector can be written using exactly the same conventions on
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the lists used to indicate the local expression of the points on M. As second instance, a
natural basis is denoted using lower indices, accordingly to the standard notation used
for the partial derivatives. For this reason we fix our notation extending the convention
of lower indices to each basis of T, M to remark that each element acts as a derivation
on C*°M. Hence an arbitrary basis of T, M can be expressed by the list of linearly
independent vectors (e,). We can see how the fundamental property that makes this
notation so useful and powerful rises combining the two convention above and the local
expression of a vector. In fact, fixed a local basis (e,) on T, M, we can see how the valid
linear combinations of vectors must be always express by a sum of m terms which are
composed multiplying an element of the list of components v* with an element of the
basis with same index e,. Since the index p runs over all its possible values and the sum
is commutative and associative we can decide just to omit the symbol of sum letting it
be implicitly implied by the presence of the index p in both upper and lower position
inside the expression. Hence the vector v = E;T:_ol v, can be expressed in a much more
simple way as follows v = v#0,. Hence by convention when an index is repeated twice
both in upper and lower position inside an expression, then a sum over all the possible
values of the index is implicitly meant. In this case the index is defined contracted or
"dummy index" because it cannot anymore be fixed arbitrarily to single out a specific
element inside the related list, but it is forced to run all over the range of its possible
values. Sometimes, at fixed frame it is useful to identify the lists of the local expression
of a vector with the set of its own elements but without specifying them explicitly. In
that case accordingly to this notation we write a generic list (v, ...,9™ ') as (v*). Then
the expression (v*) can also be used to denote the whole list of coordinate related to the
vector v.

A.1.5 Local coordinate expression for covectors.

We can see how the Einstein notation for vectors fixed above is able to induce an useful
convention for the R-linear functionals acting on tangent vectors also called covectors or
1-forms. Let o« € Ty M be a 1-form. Given (e,) a local basis of T, M we can always
induces the local expression of « in the following way 04(2:7:_01 vte,) = ZZ:Ol vrale,) =
ZZ:OI v*a, using the R-linearity. The list {(a(ey), i) | €, € (eu),Vu € [0,m — 1]} is
called local expression of the 1-form and it is by definition the action « on each vector
of the basis (e,), therefore it is a list of real numbers. A generic element in this list
can be written as ay,, with lower index. The convention of lower index concerning the
list associated to the local expression of covectors is consistent with the definition of «
and the convention about the basis of 7, M. Furthermore fixed (e,), the action of a on
v is always expressed by a linear combination of elements in (a,) with elements in (v*)
therefore using the convention of lower indices we gain for free the "implicit sum" and
"dummy indices" rules also for the local expression of actions of 1-forms over vectors. By
theorem we know that fixed a basis on T, M we can always induce canonically a basis of
T*M in the following way:

{(f (), ) [ f(p) € TEM, f(p)(en) = 0(p,v), Vi, v € [0,m — 1]}
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where d(p, v) is the standard Kronecker delta. A generic element can be denoted by f*.
We use the upper index notation for the basis of 7*M and once again this is consistent
with the previous notation. Furthermore we gain for free the Einstein convention for the
covectors as a linear combination of basis covectors of TXM: o = Z 0 a,f* = a,f*. So,

the action of a one form over a vector at fixed frame, usually expressed quite pedantically
by:

m—1m—1 m—1
=2 > aufrve) =) "
pn=0 v=0 u=0

can be recast in a much more compact way as:

a(v) = a,ff(v"e,) = a,v*

Considering that fixed a basis (e,) there always exists just one canonically induced basis
of T*M which we denote with (e#) rather that (f*) and no ambiguity rises from that.
Finally we can state the coordinate expression of a 1-form can be written simply as:
a,e? Let us remark that the action of o on v induces a dual action of v on o due to
v(a) := a(v). From the local expressions point of view this isomorphism is even more
obvious because their actions are indistinguishable. Sometimes, at fixed frame it is useful
to identify the lists of the local expression of a covector with the set of its own elements
but without specifying them explicitly. In that case accordingly to this notation we write
a generic list (v, ..., m—1) as (a,). Then the expression (a*) can also be used to denote
the whole list of coordinate related to the covector a.

A.1.6 Local expression for small rank tensors

Let us consider 7" € TP M a tensor. A tensor is a R multi-linear map acting on vectors
and covectors. Due to canonical isomorphism we can say that vectors and covectors
can be interpreted as a very special tensors too. Let us start from the simplest case:
T:TyM x T,M. Let us fix a basis of TM (e,) and let us induce a basis of T*M (e*).
The action of T" at fixed frame will be:

m—1 m—1 m—1m—1 m—1m—1
T(a,v) =T( g a,et, g ve,) = a,v"T(et e,) = a, 0Tl =
pn=0 v=0 pn=0 v=0 pn=0 v=0
m—1m—1 m—1m—1
_ I [ Vg .
= E E Tha,w” = 5 E vy, = etc...
:O v=0 ,u:O v=0

using the R- multlhnearlty The multi-indexed list:
{(T(e",e.), (m,v)) [ e € (e"), e, € (ey), Y, v € [0,m — 1]}
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is called local expression of T" and it is given by definition, acting with T" on each ordered
couple (e, e,) of elements belonging to the two bases, therefore it is a multi-indexed list
of real numbers. A generic element of the multi-indexed list is denoted by T*. Let us
remark that with this notation both the indices run from 0 to m — 1 covering all the
values. One can see how, using the convention of lower and upper indices we gain for free
the "implicit sum" and "dummy indices" rules also for the local expression of actions of
tensors over vectors and covectors.

By the property of the tensor product and due to the isomorphism between rank
one tensors, vectors and covectors, we know that fixing a basis on T, M expressed as
(eu) we are always able to induce a basis on TP M via the tensor product @. Let
us consider our case, T € T} ,M. A basis of that space is given by a list (E(k)) =
(@€ ....,eo@e™ e ®e .. ,ep®@e™ . en 1 ®e™ 1), the length of the list is now
m?. Considering this, it is much more convenient to use a multi-indexed list expressing
the basis of T}, M in the following way

{(B(n,v), (,0)) | E(u,v) € T{, M, E(p,v) (€, ) = (1, A) - 6(v, p)}

where §(u, A) and d(v, p) are the standard Kronecker deltas, rather than expressing the
basis of the tensor space just a single list. A generic element of the multi-indexed list can
be denoted as E* = e, ® e*. We use the upper index notation for the basis of T} M and
once again this is consistent with the previous notation. Furthermore we gain for free
the Einstein convention for the tensors as a R-linear combination of the basis of T}l M:
T = ZL”:_‘; mITE e, @e” =T e, ®e”. So, the action of T over a vector and a
covector at fixed frame, usually expressed quite pedantically by:

m—1m—1 m—1 m—1 m—1m—1m—-1m-—1
v A v A
T(a,v) = E E T} e, ®e”|( g ae', » vle,) = a v’The,@e"](e", e,) =
©u=0 v=0 A=0 p=0 p=0 v=0 A\=0 p=0
m—1m—1m—-1m-—1 m—1m—1
_ PR SASY v
= g a\vT}'6,0) = g E a, 7T
=0 v=0 A\=0 p=0 pn=0 v=0

W v
can be recast in a much more compact way as:

T(a,v) =T [e, @ e’](are*,ve,) = ayv’TH [e, @ €”](e,e,) =

v

= ozprféiéz = a,'TV
Given a basis (e,,) there always exists just one canonically induced basis of TP M which
we denote it with (e, ® e”). Finally we can state the coordinate expression of 7" can be

written simply as: T e, ® e”. Sometimes, at fixed frame it is useful to identify the lists
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of the local expression of a tensor with the set of its own elements but without specifying
them explicitly. In that case accordingly to this notation we write a generic multi-indexed
list (73, ..., T/"!) as (T*). Then the expression (T*) can also be used to denote the whole
multi-indexed list of coordinates related to the covector T'.

A.1.7 Recalling the standard Einstein notation

Considering all we have seen in the previous section we can cast the set of rules known as
Einstein convention allowing us to perform easily multi-linear operation on vectors,covectors
and tensors:

1. Local coordinates for a points x on M must be expressed by a list of real numbers
with upper index (z#). The length is always m and the index runs from 0 to m — 1.
A single element can be expressed by z*.

2. A basis of T, M must be expressed by a list of vectors with lower index. The length
is always m and the index runs from 0 to m — 1.

3. Given a basis (e,) of T,;M the components of a vector v with respect (e,) should
be expressed by a list of real numbers with upper index (v*). The length is always
m and the index runs from 0 to m — 1.

4. A basis of Ty M must be expressed by a list of covectors with upper index. The
length is always m and the index runs from 0 to m — 1.

5. Given the dual basis (e) of T, M the components of a covector o with respect to
(e,) should be expressed by a list of real numbers with lower index (v*). The length
is always m and the index runs from 0 to m — 1.

6. Given (e) and (e,), the components of a tensor 7' can be expressed by a multi-
indexed list of real numbers with upper and lower indices accordingly to their action
on vectors and covectors of the given basis. The number of components are m’ (1)
and all the indices run from 0 to m — 1.

7. In a local expression an index appearing just once, is called "free index" and it can
assume an arbitrary value from 0 to m — 1, an index appearing two times both
in upper and lower position is called "dummy index". A dummy index implicitly
implies a sum over all the possible values of the index it can be renamed arbitrarily
without changing the meaning of the expression.

8. Valid local expressions of intrinsic geometrical objects allow just the use of free or
dummy indices.

9. The notation still works even to express sum over indices of non-tensorial objects,
but one has to keep in mind that for local expressions of non tensorial equations
the covariant meaning could be lost.
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A.1.8 Generalisation for arbitrary rank tensors and condensed
Einstein notation

The Einstein convention for tensor calculus is very powerful and very reliable to both
perform very complicated tensorial calculations and check the accuracy of the local coor-
dinate expression for tensorial equations but unfortunately it is not able to deal efficiently
with arbitrary rank tensors contraction and calculation. Usually for standard purposes
in General Relativity and Electromagnetism this is not a real problem because the ranks
of the involved tensors are quite small and always fixed. But if one want to perform
some calculation or proofs about sequences and series of increasing rank tensors (i.e.
asymptotic expansions of tensor fields or linear functional analysis), the standard Ein-
stein notation becomes pedantic and inefficient very quickly. Luckily, with a very little
effort, it is possible to generalise the Einstein convention adapting it to the situation in
which the ranks of the tensors involved in the calculation is arbitrary and unspecified.
Without this improved notation, performing the proofs about the multipoles at each or-
der would not have been possible. The main key here is to merge the Einstein notation
with the notation on the lists of indices defined in the section above, generating what
we call the "condensed Einstein notation". It is very interesting to notice that the new
notation inherits all the nice property of the both previous notations and no collisions of
conventions rises from that.
Let us start by considering an expression with all dummy indices:

T:TC’,J/)”AGM@@V@@A@@”@@” (A.1.1)

We would like to provide a notation for it whose length and complexity does not depend
linearly on the rank of the considered tensor. First of all, knowing that the dummy indices
can be renamed, we can decide to use the same greek letter indexed by a a positive natural
number to distinguish between different indices obtaining:

T =Tr"se, ®@ey @ e, @™ @e” (A.1.2)

viv2

Now we can perform the following translation of notations:

THibeps — T}f‘}
{ b =T (A13)

vy vy __ Vs
e ® ey, ®ey, et Ve =g, Qe
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inspired by the list of indices notation used previously. Hence we can write:

T =Tke, @ ey, e, @ @e”? =T,7 ¢, @ (A.1.4)

viv2

This notation is very compact and the information about the index structure of 7' is not
lost. Considering this, we can write the local expression of a generic tensor T' € TP M in
a very compact way, without being forced to fix a priori the value of p and ¢:

T =T}reu,®e™ =T, iir e, ®e,®...Qc,, ,®€, " ®e”®...Qe" ' ®eT (A.1.5)

We define a "dummy list of indices" a list composed just by dummy indices, accordingly
we define a a "free list of indices" a list composed just by dummy indices. At this point the
definition of two operations on the lists of indices is required. Let us consider two lists of
indices (fiq...t;) and (pi11...1p). We can see that if we merge the elements of the first with
the element of the second we can create a new indexed n-tuple: (pta, .., fhis flis1s -y fo). 1t
is trivial to notice that this new collection of objects satisfies all the properties required
to be a good list of indices. Two lists satisfying this property are called adjoining lists.
Given a generic list of indices (pq, ..., p) and given i € [a, b] we can always extract two
adjoining sub-lists of indices (pq...44;) and (p;41...15) due to the "choice axiom".

Therefore we can define the split of a list of indices the operation which extracts
two adjoining sub-lists from a given list and we define the join of two adjoining list the
operation which merges two adjoining list.

It is quite obvious to notice that the splitting lists of indices and joining adjoining
lists of indices does not affect at all the meaning of our local coordinate expression. In

fact:
THE — T — THL-Rilig1opp _ THTHPAT (A.1.6)

vg V1.-.Vq V1. VjVj41...Vq Vita\i

In the same way we have that:

" Re, =" ®. Q" Re, ®..Qe, = (A.1.7)
=" ®..Qe" QMM R..QT"Re, ®...Q€,, Qe B...Qe, = (A.1.8)
= QN e, ®e, - (A.1.9)

This property leads naturally us to deal easily with more complicated expressions
involving lists having both free and dummy indices.
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For instance let us consider the following equation:

A?6€ — Tg?/;’z‘sesgzvb (All())

where it is clear that both dummy and free indices are involved. Now the translation
into a more compact notation is not as straightforward as before. Let us analyse the
expression trying to guess some general rules. Let us start from the side of the expression
with the greater number of contractions, in this case the right hand side and let us start
to rename all the dummy indices accordingly to the previous method. If we decide to
use the same greek letter indexed by a a positive natural number to distinguish between
different indices then we obtain:

5 306 @Aadz, A 1.11
A" = T?Al;i\iifsusugv ) (A-1.11)

Hence performing the following translation of notations inspired by the lists of indices:

(Ta#2u356 __ a1
CA2dzAs T T QAT
A, — 1 1¢
Aodz _ QBT A.1.12
\ SM§M§ - Sﬂ?\f ( )
U)\s — U)‘Z\E
\
we can write the equation as:
P e A A.1.13)
C - C)\Z\T Mg\T’U (‘ s

This is better than the original expression but we have still to deal with the free indices.
Hence we can rename the free indices in both sides of the equation obtaining:

pipaps _ pHIHRTRARS (AT Mg g 1,
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Now it is enough to join the adjoining sublist of indices to achieve the final expression:

HIPB\3 _ iy @*3\T, Ag , -
Ay, = TAZ Spgr ¥ (A.1.15)

As one can easily check that no information about the free and dummy indices is lost and
one can keep easily trace of the contractions. Since we gave some examples of common
scenarios and we were able to deal easily with them, we are able to introduce some
general rules for the condensed Einstein notation. The fundamental prescription is: We
use the convention given on lists to express in a compact way whole bunches of indices.
But in each list of indices, each index must follow the usual Einstein convention. If we
expand the condensed convention we must recall the standard Einstein notation. This
prescription is very strong and leads us to conclude the following rules concerning the
condensed Einstein notation:

1. Lists of indices are denoted by the name of the index with an overlined subscript
denoting the range of the list: pugz = (1, ..., fta) and Hpa = (Hat1y -y 1o)

2. Given T' € TP .M the local expression is given by the condensed representation T,ﬁff
of T),w". A basis of TP M is expressed by:e"? ® e, the condensed representation
ofe"®..ReM"Re, ®...Q¢,,

3. In each expression the same list of indices can appear just once or twice. If it is
present twice it must appear both as an upper and a lower list of indices.

4. A list can be split into two adjoining sublist without affect the expression.
5. Two adjoining sublists can be joined together without affect the expression.

6. A dummy sublist implies implicit summation over all the values of all their indices.
They can be renamed without affecting the expression.

7. Expanding the condensed notation we must be able to obtain the standard Einstein
notation.

8. The notation still works even to express sums over indices of non-tensorial objects,
but one has to keep in mind that for local expressions of non tensorial equations
the covariant meaning could be lost.

A.1.9 Split notation for multipoles

Analysing deeply the multipole structure one can see how it is necessary sometimes to
split the list related to the local expression of the geometrical object’s distinct part. For
our purposes it is enough to separate the terms pointed to by the index p = 0 from the
others. Hence we decided to use the standard convention about greek and latin indices
to separate the list of real numbers representing the local expressions in several sub-lists.
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Hence by convention if the greek indices run from 0 to m — 1 then the latin indices run
from 1 to m — 1. The result is the following:

) = (2% (z")),7 € [1,m — 1] for points
o) = (v°, (v')),i € [1,m — 1] for vectors

A'\. .V )
) (A.1.16)
(

,i € [1,m — 1] for covectors

T)) for tensors and other indexed objects

This is useful if we want to single out a specific contribution of a specific component in
a linear combination:

m—1m—1 m—1 m—1
T o, = Z Z TijOéZ‘(A)j + T%aqwo + Z TOawy + Z TOjozowj (A.1.17)
i=1 j=1 i=1 j=1

The prescription to perform this splitting is that the latin indices must not be contracted
with the greek indices otherwise we have a mismatch of the number of terms in the
the sums. Considering that the greek and latin indices never interact, it is possible to
use both the Einstein and condensed Einstein convention on the latin indices, always
reminding that the lists of latin indices must be separated from the list of greek indices.
The previous expression can be written as follow

T" ayw, = T“Oa#wo + T“joc#wj = Tijoziwj + TP pwo + T awo + Tojaowj (A.1.18)

where the standard Einstein convention is applied to the latin indices. Furthermore we
have always to keep in mind that this split is made just for algebraic purposes, a linear
combination of terms indexed just by a latin indices is not covariant hence it does not
admit in general an intrinsic geometrical meaning. Let us remark that this convention is
applied just for local expression and not for lists of intrinsic geometrical objects.

A.1.10 Recalling the "Split Condensed Einstein Convention"

Considering all we have seen in the previous section we can cast a complete set of rules
known as split condensed Einstein convention allowing us to perform easily multilin-
ear operation on vectors, covectors, tensors as well as tensor fields and R-linear funtionals
on test tensor fields:

1. Local coordinates for a points  on M must be expressed by a list of real number
with upper index (z#). The length is always m and the index runs from 0 to m — 1.
A single element can be expressed by x*.
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10.
11.

12.

13.

14.

15.

. A basis of T, M must be expressed by a list of vectors with lower index. The length

is always m and the index runs from 0 to m — 1.

Given a basis (e,) of T, M the components of a vector v with respect (e,) should
be expressed by a list of real number with upper index (v*). The length is always
m and the index runs from 0 to m — 1.

A basis of T*M must be expressed by a list of covectors with upper index. The
length is always m and the index runs from 0 to m — 1.

Given a basis (e#) of T,,M the components of a covector o with respect (e,,) should
be expressed by a list of real number with lower index (v*). The length is always
m and the index runs from 0 to m — 1.

In a local expression greek indices can assume values from 0 to m — 1, the latin
indices from 1 to m — 1. The latin indices and the greek never interact and they
cannot be packed into the same list.

The lists of indices are denoted by the name of the index with an bar subscript
denoting the range of the list: pz = (pi1, ..., o) and iz = (Hat1s -, o)

. Given T' € TP .M the local expression is given by T.7 the condensed representation

of T/ . A basis of T, 7+ M is expressed by:e" @ e, the condensed representation
of e ®..Qe"Re, ®...Q0¢,,

In each expression the same list of indices can appear just once or twice. If it is
present twice it must appear both as an upper and a lower list of indices. In that
case it is called "dummy list".

A list can be split in two adjoining sub-lists without affecting the expression.
Two adjoining sub-lists can be joined together without affecting the expression.

Dummy sub-lists implies implicitly sums over all the values of all their indices.
They can be renamed without affect the expression.

Valid local expressions of intrinsic geometrical objects allow just the use of free or
dummy sub-lists of greek indices.

Expanding the condensed notation we must be able to obtain the standard Einstein
notation.

The notation still works even to express sum over indices of non-tensorial objects,
but one has to keep in mind that for local expressions of non tensorial equations
the covariant meaning could be lost.
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Appendix B

Fiber Bundles, Tangent Tensors and
Tensors Fields

As it has been outlined in the introduction, one of the main purposes of this work is to
provide a satisfactory geometrical intrinsic interpretation of what a multipole on a differ-
ential manifold is. The definition of tangent tensors fields and intrinsic operations acting
on them is definitely needed to build step by step all the elements needed to achieve our
purposes. In this chapter we assume the reader is familiar with the standard structures
that can be built on a differential manifolds as curves, vectors, covectors, tangent and
cotangent spaces at a point of a manifold, however a brief review of this common struc-
tures is given. In this chapter both the standard and the condensed Einstein notations
are widely used, the reader can find details and explanations about this convention in
the appendix.

B.1 Tangent and cotangent bundles

It is very convenient to use the Fiber Bundles technology for defining, from scratch, what
a tensor field on a manifold M is and which are their standard properties. It allow us to
show the geometrical structure subtending the concept of field on a manifold.

B.1.1 Elements of fiber bundles and fields

Let M be a smooth manifold. A fiber bundle over the base M is, loosely speaking, a
differential manifold B admitting locally the product topology U; x F', where (U;) |j € I
is an open covering of M, F' a manifold called standard fiber and [ any set of indices.
The local models (U; x F'), in general, can be "glued together" with some prescriptions
in a very non-trivial way such that the topology of B may be different from the topology
of a global Cartesian product M x F' . The mathematical meaning of "glueing together"
consists of choosing at each point of each intersection Uj, = U; U Uy # @ a group of
transformations on the fiber G C Diff (F'), that establishes how to switch from a local
model to another, called structure group.

Definition 88: A fiber bundle is a quadruple B = (B, M, 7, F') such that:
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1. B, M, F are differential manifolds called respectively total space, base and stan-
dard fiber

2. m: B — M is a maximal rank surjective map called projection and for each v € M
we call 771(z) a fiber at x

3. there must exist an open covering (U;) of the base M such that VU; € (U;) there
exists a diffeomorphism ¢; : 771(U;) — U; x F. The pair (U;, ;) is called local
trivialisation. The set of all local trivialisation is called simply trivialisation of
B and (U; x F) are the local models.

For simplicity, when we have to denote the bundle B with its total space B explicitly,
we are talking about a bundle. Let us remark that a trivialisation is simply required to
exist, in general each bundle admits infinite equivalent trivialisations defining the same
bundle structure.

Definition 89: Let us fix the trivialization (U, ;) on a fiber bundle (B, M, m, F') and
let us denote by U;; = U; N U; the overlaps of the covering (U;) on the base M. Let
t@y(z) : 71 (x) = & x F >~ F be the restriction of ¢;) on the fiber 7*(z). We define the
transition functions the map §;) : Uy; — Diff (F') such that:

A

Jap (@) =t (2) ot (v) (B.1.1)

where Diff (F') denotes the group of diffeomorphisms on the fiber F'.

Sometimes the trivialisation induces automatically a set of charts on the bundle B
but we stress however that the trivialisation domain need not be a coordinate domain.
For instance the cylinder allows a global trivialisation S* x R even if there is no global
coordinate on the circle.

Property 57: Given a bundle B, let {(U;,t;)} be a trivialisation and let g;; = t(;)(x) o
t(_; (x) be the transition functions. Then it is easy to check the following cocycle identity
holds:
96 (@) = idp
96 () = [gj ()] (B.1.2)
965) (@) © Gk (T) © Grs) () = idp
where idp is the identity transformation on the fiber.

Proposition 1: Let us remark a very useful and interesting property of bundles, for
which just a sketch of proof is provided. Let F' and M be two manifolds, let (U;) be a
covering of M that overlaps in U;; = U; NU; and let g5 : Us; — Diff (F)) . There always
exists a unique bundle (B, M, r, F') (modulo isomorphisms) which admits (U; x F) as
local models and g;;) as transition functions.
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Proof. The sketch of proof can be performed as follow. Let F' and M be two manifolds
with x,2” € M and ¢,¢' € F. Let us define the space A as the disjoint union A =

| |(U; x F) and the equivalence relation:
i€l

x=2a

(i,z,0) ~ (j, 2, ¢) & {¢ @@ (B.1.3)

We denote the equivalence classes by [z, ¢];). Now it is possible to define the quadruple
(B, M, 7, F) where:

1. B=A,_
2. w([z, dly) ==

One can check that this is a good fiber bundle. To show the uniqueness it is sufficient to
consider a fundamental property from the fiber bundle theory: two bundles having the
same base M and standard fiber ' admitting the same transition functions with respect
to the same open covering U; are isomorphic. Therefore we must conclude that all the
bundles defined above must be isomorphic then they define the same bundle structure. [

Definition 90: Let us consider a bundle (B, M, 7, F') and let U be an open set of M. A
local section of the bundle is a map o : U — 71 (U) such that m oo = idy where id(U)
is the identity transformation on U. If U = M then the map o is called a global section

The existence of local sections is guaranteed in any fibered bundle due to the existence
of the local trivialisation, in fact each map « : U; — F induces a local section:

Definition 91: Given a local trivialisation (U, ;) and a map « : U; — F we can define
the #nduced local section the map:

-1

0o T =ty (2, a(z)) = [z, a(z)]s (B.1.4)

Given a local section o(;), we define its local representative the map
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In contrast, global sections may not exists, depending on the topology of the consid-

ered bundle.

Definition 92: Given a bundle B we denote by I'B the set of all sections.Let U be an
open set of the base M, we denote by I'yB all the local sections with domain on U.
Accordingly to this we denote the set of all the global sections with 'y, B.

The local sections of a bundle (B, M, r, F') form a sheaf. In fact, let us consider two
open sets U; and U; on the base M such that U;NU; = Us; # @, and let o, : U; — B and
o) : Uj — B be two local sections defined on them. If the sections satisfy the constraint

O-(i)|Uij = O'(j)lU (Bl.(;)

ij

called compatibility condition then obviously there exists a unique local section o)
defined on U; U U; such that:
(i), = O
OGid)yy, = O6)
Given a bundle B let us denote by (U;, ;) and (Uj,t(;)) two local trivializations such

that Uj; = U;NU; # @. Let f : U; — F and g : U; — F be two maps, then we can
induce two local sections oy(;) : Uy — B and oy;) : U; — B written as:

(B.1.7)

o5y (7) = [, f(@)o) =t (@, f(2))  ogi() = [2,9(2)lg) =t (@, 9(2))  (B.18)

The two sections are compatible if they satisfy the compatibility condition Tf),,
ij

ag(j)l%, therefore we can recast the compatibility condition directly upon the local rep-

resentative of the two sections:

o)y, = t (@, 9(2),, =t (@, f (@),
& (2,9(2), =ty oty (@, f(@)y, = gz, f(2)) (B.1.10)

= O—f(i)‘Uij = (Bl()>

Property 58: Two local sections are "glued together" (in other words are compatible)
if their local representative satisfy the compatibility condition stated above:

(@, 9@, = Gui (@ f())1y,, (B.1.11)
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Definition 93: Let B be a bundle and {(U;, %))} a trivialisation. Let us suppose that
B admits a global section o : M — B. The restrictions of ¢ to each set U; in the open
cover of the base M define uniquely a family of local compatible sections, therefore a
family of local representatives {(z, f,(;))} (depending on the trivialisation) related to o.
The family of local representatives {(x, f,(;))} is called the local representative of the
global section o

Property 59: Let B be a bundle and {(U;, ¢(;))} a trivialisation. Due to the compatibility
condition, each local expression of a section must satisfy :

(@, fo)(®))10,, = 60 (@, fo) (@)1 (B.1.12)

ij

Property 60: Given a bundle B with a trivialisation {(U;,t¢;))} and a family of maps
fw(x) : Uy = B for each open U;.The family {(z, fo;(x))} can be interpreted as the
local representative of a global section if and only if:

(@, fo)(®))10,, = 60 (@, fo) (@)1 (B.1.13)

ij

Proof. We proved already that due the compatibility condition, given a section, each local
representative must satisfy the condition. In the other hand one can ask when, given a
bundle B with a trivialisation {(U;,t¢;))}, a family of local representative (x, f,¢;)(x)) can
define a global section. It can be performed only gluing inductively on each set U; all the
local sections related to each local representative. But "gluing" sections means satisfying
the compatibility condition, hence the family {(z, f,u)(x))} can be glued into a global
section just if the condition is satisfied. m

Depending on the particular form of the transition function, gluing together local
representatives can be very difficult. Sometimes for each arbitrary (z, f,)(x)), satisfying
it is just impossible, therefore the non trivial topological structure of B encoded by the
transition functions, fixes very strong topological constraints about the properties and
the existence of global sections on B. Let (B, M, w, F') be a bundle and let b € B, x € M,
y € F be arbitrary points. Let us fix a local trivialisation (U;, ;) such that t(b) = (z,y)
and denote briefly b = [z, y];). We can choose the open neighbourhood U; of z € M to
be the domain of a local chart ¢ : U; € M — R¥™(M) guch that 2# = ¢*(x). In the same
way we can choose the open neighbourhood W of y € F' to be the domain of a local chart
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¢ U € M — R*™M) guch that y* = ¢*(x). Hereafter, unless an explicit warning is
given, greek indices will be used to label coordinates in the base manifold and capital
latin indices will label coordinates in the standard fiber, both with the usual conventions
on lists. In this way one can produce a local coordinate system (z#,y“) on B supported
in the product U; x W due to the local diffeomorphisms between B and M x F' fixed by
the trivialisation. In general given a base M one can build many different type of bundles
considering different standard fibers F' and different trivialisations. Here we are going to
introduce three very important classes of fiber bundles:

Definition 94: We define a vector bundle a bundle (B, M, 7, A) where the standard
fiber A is an affine space and ex1sts at least one trivialisation {(Ul,t y)} such that the
transition functions gg;) = t@) o ¢ ﬁll a subgroup of the affine transformatlons GA(A).

Definition 95: We define a vector bundle a bundle (B, M, n, V) where the standard
fiber V' is a vector space and there exists at least one trivialization {(U;,(;)} such that
the transition functions gg; = tq) o t(_J; fill a subgroup of GL(V).

Property 61: Each vector bundle admits global sections.

Proof. Given a trivialisation {(U;,t(t))} of a vector bundle one can define the null local
sections as:

Oy =t (2,0) (B.1.14)
The family of local null sections are compatible because the null element in V' is preserved
by the linear transformations and since g;j) : U;; — GL(V') the compatibility condition:

is always satisfied. Hence there exists at least a global null section 0. By smoothly
deforming the null section on a compact support one can define many non null global
sections. [

Given a trivialisation of a finite dimensional vector bundle, if we choose a basis (e4)
on the fiber V' we are inducing a set of fiber coordinates on it and in that case we have
the local expression of the transition functions:

= 9y (@, v() ()10, (B.1.16)
& (v {U(z €(i) A} D, = dun (@ Avlem s} (@), (B.1.17)
) ( )Bg(ji)%<x>e(i)A(x)>|U-- (B.1.18)

ij
therefore the local expression of the transition functions are just standard matrices de-
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pending on the point z.

Definition 96: Let (B, M, 7, F') be a fiber bundle with a local trivialization (U, ¢(;) and
let ((¢, @), (V,W)) alocal chart on M x F with V' C U;. Let pry; and prg the canonical
projection on M x F. We define a fiber coordinate a local coordinate (((b oprarotyy, Po
preoty), té)l(V x W)) on B induced by the local trivialization (U;,t(;).

Definition 97: We define a principal bundle a bundle (B, M, m, G) where the standard
fiber G is Lie Group and exists at least one trivialisation {(Uj;,(;)} such that the transi-
tion functions gy = ¢ © t(’; act on G via the left translation L, : G — G | Ly(h) = gh.

Both the affine and principal bundles have some very interesting properties and very
peculiar characteristics. A deep investigation of them is beyond our purposes. The reader
can find more details in [21]. In physics, fiber bundles often come with a preferred group of
transformations, usually the symmetry group of the system. This group as a fundamental
structure which should be implemented from a very beginning. This endows bundles
with a further structure. As any manifold structure is fully defined by a maximal atlas,
geometric bundles are associated with the concept of "maximal trivialisation". However
one can decide to restrict the allowed local trivialisation such that the same geometrical
bundle can be trivialised using a smaller class of local representatives. From a geometrical
point of view it means to impose a further structure on the bare bundle. Examples
have been already introduced: vector bundles are characterised to allow a linear local
trivialisation, affine bundles must admit an affine local trivialisation, principal bundles
require the existence of a trivialisation with transition functions valued in the left action
of the fiber group. Further examples come from physics: gauge transformations are used
as transition functions from a configuration bundle of any gauge theory. It is clear that
for physical applications the concept of bare bundle is not enough, we need to enrich the
concept of bundle with some information about the allowed trivialisation.

Definition 98: A fiber bundle with a structure group G is a sex-tuple (B, M, 7, F, \, )
such that:

1. (B,M,n, F) is a fiber bundle. The structure group is a Lie group G and A : G —
Diff (F) defines the left action of G on the standard fiber F'.

2. There must exist a family of preferred trivialisation {(U;, ¢(;))} of the bundle (B, M, m, F')
and a family of maps g : Uj; — G such that they satisfy the following:
(a) defining as usual the transition functions g : Us; = Diff (F) | §ujy =t © t(_ﬁ
on the overlaps U;; we have that

96y (@) = Mgy (@) (B.1.19)
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b) defining e the neutral element of G then Vx € U, = U; N U; N Uy, the cocycle
j j
identity is satisfied:

(i) (x) =e
960 () = [geg ()] (B.1.20)
965 (%) - 9wy (T) - gy () = e

This preferred trivialisation is said to be compatible with the structure.

Property 62: Given a fiber bundle with structure group (B, M, 7, F, A\, G), there always
exists a related principal bundle (P, M, p, G).

Proof. Given a fiber bundle with structure group (B, M, w, F, A\, G), let us fix a compatible
trivialization {(U;,%(;))} and let g;; be the transition function valued in G. Due to the left
action of the transformation group on itself we can define the maps [A/gw) : Ui; — Diff (G)
as: X

Lg(ij)(l') = Lg(ij)(af) (B.l.Ql)
One can check easily that they satisfies the cocycle identity hence they can be interpreted
as the transition functions between local representatives {U; x G}. We know by a property
of the fiber bundles that each bundle can be uniquely defined modulo isomorphism just
specifying the local representatives {U; x G’} and the transition functions. Let us define

the space A as the disjoint union A = | |(U; x G) the equivalence relation:
i€l

/

(i, 2,h) ~ (j, &', 1) & {x:x (B.1.22)

- [f/g(ij) (ZE)] (h/)

We denote the equivalence classes by [z, ¢];). Now it is possible to define the quadruple
(P, M, p,G) where:

1.P=A,
2. p([z,h]u) =
3. tw([z, h];) = (x,h)

This is by definition for a principal bundle. O

Definition 99: Given a fiber bundle with structure group (B, M, 7, F, A\, G) the related
principal bundle (P, M, p, G) built above is called structure bundle.
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One can prove that each automorphism of the structure bundle induces a transforma-
tion on the related bundle with structure group. In this way (B, M, m, F), A, G) is endowed
with a preferred group of transformations represented by the canonical action on it due
to the group automorphisms of its structure bundle. These transformations are called
generalised gauge transformations. Showing the details of these features is once
again beyond the purpose of this work. The reader can find them in [21].

B.1.2 Tangent bundle of a smooth manifold

Let us recall briefly how to build the tangent space of a manifold. We assume the details
are already known and the reader is familiar with them. This is needed to introduce the
concept of the tangent bundle of a differential manifold. Given a differential manifold
M with dim(M) = m, let U C M be an arbitrary open subset. Let F be the sheaf of
local functions f : U — R and F(U) be the set of global functions over U which can be
identified as the global section of the trivial bundle U x R. For any U, F(U) forms an
infinite dimensional real algebra with respect to the point-wise sum [f+g¢|(z) = f(z)+g(z)
and the point-wise product fg(z) = f(z)g(x). We can denote by Fj,.(M) the class of all
local function defined on an any arbitrary open subset U of M. When speaking of a local
function f € Fioe(M) we shall just write for simplicity f : M — M keeping in mind the
local character of f. Let C;2.(M) C Fioe(M) the subset of all the smooth local functions.

Definition 100: For each point € M we can define the tangent space at x denoted
by T, M the set of all equivalence classes of curves based on = defined by:

v~ (B.1.23)
& [Forl0) = [for)0), S1F oD = S1f o)D)y, ¥ € CRsM) | € dom()
(B.1.24)

Definition 101: The tangent space of a manifold M, denoted by T'M is the set:

T™ = | | .M (B.1.25)

zeM

The tangent space of a manifold can be regarded just as the collection of all the
tangent spaces at each point of it, but with a very little effort we can prove that T'M
admits naturally a bundle structure called tangent bundle of M.

Definition 102: Due to the property of the disjoint union, given T'M we can always
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define a canonical surjective map 73, : TM — M such that:

v (V) =T (B.1.26)

Property 63: Let M be a m-dimensional manifold, let TM be the tangent space and
Ty @ TM — M be the projection defined above . The quadruple (T'M, M, )/, R™) is a
good fiber bundle with standard fiber R™.

Proof. Let us fix an atlas on M denoted by {(U;, ¢;))}. Each local chart (U;, ¢;)) induces
a local coordinates expression x( ) = gp( (x) for each point x € U; C M. Let us consider

now a list of curves ¢, : R — R™ | ¢, = zff + 0kt (where 6% is a Kronecker delta)
based on xzy € U; € M, due to the local charts it induces a list of local curves ¢, :
R — U;|c(t) = go(_l)l(éu) = @@;(xg + 6¢t) called coordinate curves of the chart.
Let be 8M(,~)‘IO = [cu(i)] = ¢,(;) the equivalence class associated to each coordinate curve,
therefore by definition au(i)\zo € TM and we have that TM((()W)‘IO) = x9. Each au(i)\zo
acts on C2° (M) as follows:

d - 1 O~

A (')\I0 (f) = d_(f © 90@)1 O Y() © Cu('))h_o = (B.1.27)
d v 14 ~ -

51‘ (fe 90 )“P(z')(zo)ﬁ(% T 5#” - (f 4'0(1 )|w<)<zo) (B.1.28)

so we can say that the equivalence classes of the coordinate curves act as the partial
derivatives on the coordinate expression of the functions. The preimage 77! () is just the
set of all equivalence classes of curves based in zg, therefore by definition 77! (zq) = T,,, M
hence it is a real m-dimensional vector space. An arbitrary element 7,, € T,,M acts on
(M) as follows:

loc

. d \

Vao (f) = Fao (f) = Z(F oy } 0 ) © Yao)limo = (B.1.29)
0 d o

zaxy (f SO( ) )|<p< (zq) dt< Vmo)lt 0 = ’lj”@M(i)le (f) (B 1 3())

(@)

therefore we can say that for each point xq € U; C M the equivalence classes of coordinate
curves based on g denoted by 0,(;) is a R-linear set of independent generators of T, M
because it spans all the derivations and the 0 derivation can be written uniquely. From
this we can conclude that T, M must be a m-dimensional real vector spaces. This means
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that (8ﬂ(i)\z0) is a basis for T, ,M,Vxy € U; called natural basis. One can easily check
that, fixing a natural basis, the map t;) : 71/ (Us) = U; x R™ defined as:

t i) (V) — (o, V") (B.1.31)

is invertible and differentiable, hence it is a diffeomorphism and defines a local trivialisa-
tion (one for each open set U; in the atlas of M). Let us remark that this trivialisation
depends just on the chosen charts (U;, p(;)), they are thence called natural trivialisa-
tion because no extra structure (i.e symmetry conditions or gauge transformation) is
needed to induce this trivialisation. O]

Corollary 20: As a consequence of the trivialisation process, we proved that T, M must
be a real m-dimensional vector space. Given two vectors the sum and the multiplication
by a scalar can be induced directly from the sum and multiplication by a scalar defined
on R™

Definition 103: The quadruple (T'M, M, 15, R™) is called tangent bundle of M.

Property 64: Given a smooth manifold M, a tangent bundle is vector bundle because
the natural trivialization admits transition functions in GL(R™) C Diff (RM).

Proof. Let us suppose to have two local charts (Us, o)) and (Uj, ¢(;)) overlapping in
Uij = U;NU,. As proved before the two charts induce a natural local trivialization of
the tangent bundle TM denoted by (U;,ts)) and (Uj,t;)). Let ¢y, and ¢, be the
coordinate curves induced respectively by the first and the second charts. For each point
xo € U;; we have:

e} -1
au(i)ho (f) = W(f © SO(Z) )l‘P(i)(“‘O)

% (B.1.32)
_ _0 -1
a#(j)h:o (f) = ol (fo W(j))\%)(wo)
that leads to:

d - DX
au(j)uo (f) = %(f © 90(]; © 9(4) © Cu(j) jomo = (B.1.33)

d _ _ _ o
=g\fe PG) © P6) © P © P © P © Ph) © Culi)leco = (B.1.34)

_8 - - d - 1% «

= o7, (F 080 © L) © 91 oy 37 P00 © 95 (@0 + )] = (B.1.35)
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d )\ et 74
o PG i B.1.36
ax (f ('0 >|‘P(i)(xo)ax€\j) [SO(Z) (’0( )]‘ap( (zo )dt( +9 t) a”(l)\xo Ml (o) ( 36)
where JY - is used to denote the Jacobian of the coordinates transformations at a
(i) (%0
point zy. Therefore on the overlaps U;; we have:
=\
. P . 1 ) o o
Ugg = Umoa)éidzh = x0(1<] gy o Mgy e O (B.1.37)
ok o
=Uro(3) Jﬁﬁw( M)a iy = Voo() O, (B.1.38)

and we can conclude the transition functions that glue the standard fibers R™ are:

o = X

— M 14
= Vo) i

(B.1.39)

v

zo(J) Lo iy (o)

[]

Let us remark that the cocycle is by definition completely determined by the at-
las {U;, @)} In other words, the tangent bundle encodes just the information already
encoded on the base manifold M. This is a key feature of the tangent bundle.

Definition 104: A bundle completely defined by the differential structure of the base
M is called natural bundle.

Definition 105: A local section of the tangent bundle o : U C M — T M is called local
vector field. The set of all the section of T'M defined on the open U are denoted by
IyTM. If U = M then o is called global vector field.

Let us suppose to have a vector field v € I'T'M, the restriction of v|, to each point is
a tangent vector which have a natural action on C°(U) defined previously. Thus given
a smooth function f € C°°(M) it is possible to define a new function v(f) € F(U) such
that:

v(f)rx =, (f) (B.1.40)
Therefore a vector field v € T'yTM can be interpreted as a map v : C>*°(U) — F(U).

Property 65: Given a vector field v : C*°(U) — F(U), one can easily check the following
rules hold:

L v(Af +pg) = (f) +uv(g)  Vu,AER,Vf,ge C®(U)
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2. v(fg) =v(f)g+ fvlg) , VYf,geC=U)

If the vector field v € I'yT'M is also a smooth section then v : C*(U) — C*(U),
then in this way the smooth vector fields can be regarded as a derivation on the infinite-
dimensional real algebra C*°(U) because they are R-linear and satisfy the Leibniz rule.
Since smooth vector fields are differential operators, it is possible to define the commutator
of them.

Definition 106: Given two smooth vector fields v,w € I'I'M we can define a binary
R-linear operation [, | : I'TM x I'T'M — I'I'M called commutator such that:

[0, w](f) = v(w(f)) —w(w(f)) , VfeC™(M) (B.1.41)

Property 66: It is easy to check just using the natural trivialisation that the commutator
of two vector fields is a good vector field and satisfies the Jacobi identity, hence the set
of all smooth vector fields with the commutator forms a good Lie algebra.

Definition 107: On I'yT'M we can define two useful operations:

1. Sum: +: I'yTM x I'yTM — I'y;T M such that:

v+ w|(f) = v(f) +w(f) VfeC®U),Yo,weTyTM (B.1.42)

2. Product by a scalar field: - : F(U) x I'yTM — I'yT'M such that:

[fv]l(g) = f-v(g) YgeC®U), YvelyTMVf e FU) (B.1.43)

Property 67: One can easily check that (I'y/T'M, +, -) satisfies all the conditions to be a
module on the ring of functions (F(U),+, ). As we proved before if there exists a smooth
global frame on U then I'yT'M can be spanned by a unique F(U)-linear combination of
sections belonging to the chosen frame, therefore it is a free module.

For our purposes in this work we are going to consider mainly smooth vector fields,
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therefore unless it is explicitly specified we assume from here all the considered vector
fields are smooth sections of the tangent bundle.

Let us conclude our brief review on the tangent bundles analysing the case in which
the tangent bundle is trivialised in a slightly different way still compatible with the vector
bundle structure of T'M.

Definition 108: Given U an open set of the base M we define a local frame on T'M
the list (e,,) of local sections e, : U € M — 73,/ (U) € TM such that Vo € U = (ep,) is
a basis of T, M. If for each u the section e, is smooth then (e,) is called smooth local
frame.

The existence of at least a smooth local frame for each open set in the atlas associated
to a manifold is guaranteed by the existence of a point-wise natural basis. It is very easy to
check from the definition that since the charts {(U;, ¢))} are smooth, then the sections
Oy + Uy — TA_41(UZ-) are smooth local frames. Let us suppose to have a manifold M
endowed with an atlas {(U;, p:))}. Let (euu)) be a smooth local frame (we know that
at least the natural one exists), any other tangent vectors v, € 7, (U;) may be uniquely
written as v, = 04e,(),, so a local trivialisation can be defined by:

~

Let us suppose to have (e,(;)) another smooth local frame defined on U; inducing in
the same way another local trivialisation (Uj,f(j)). The transition functions between
the trivialisations (U;,1;)) and (Uj,%(;)) can be easily computed considering that on the
overlaps U;; = U; N U; each tangent vector ey, € 7., (Ui;) can be expressed as a
point-wise R-linear combination of the vector basis e,;), such that

eu@)l: = Magig),, €vG)le (B.1.45)
where AZ(ij)‘ is the image of the point x through the map Ayj) : Uy — GL(R™).
Therefore:

Vyp = vfj)eu(j) = vé)eu(i) = UZ)AZ(UNQ: €v(5)la (B.1.46)

and we can conclude that:
v _ M 14 1 ~
satisfies all requirements to be a cocycle we can conclude

(i)
that it can be interpreted as a good transition function valued in GL(R™), hence the local
trivialisations induced by the choice of some local smooth frames are still compatible with

the vector bundle structure (T'M, M, 1p, R™, X\, GL(R™)).

Since one can check that A

Definition 109: Let M be a manifold and ¢ : R — Diff (M) a smooth one family of
diffeomorphisms such that:
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1. o = idy
2. ¢t o Qbs = ¢t+s

then by definition this family is an abelian subgroup of diffeomorphisms and it is called
flow on M.

Definition 110: Given a flow ¢ : R — Diff (M) and a point x € M the restriction
¢, - R — M is a local smooth curve called integral curve of ¢ based in x. The
equivalence class of integral curves

. (f) = %[f SR [ (B.1.48)

at each point is a tangent vector called infinitesimal generator of ¢ at x.

Definition 111: Given a local smooth flow ¢ : R — Diff (M) we can define a smooth
local vector field denoted by ¢ : U — T'M such that

BN = 6. (5 = S 0 D1l (B.1.49)

The vector field is called infinitesimal generator of ¢

Definition 112: Let be M a manifold and let v : M — T'M be a smooth global vector
field on U. We define the integral curve the maps v, : I, C R — M solving the ordinary
differential equation:

(for(t) =v(f),e . Yf€C®MNVreM o

If I, = R,Vx € M then the vector field is called complete.

Property 68: The existence and the uniqueness of the integral curves is guaranteed by
the Picard-Lindeloff theorem, furthermore using the theorem one can state that since the
vector field is smooth its integral curves must depend smoothly on the initial condition
v|,. Therefore, as one can easily check, a complete vector field can be associated uniquely
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to flow on M defined as:

po(zx) =2 , VeeM i
L(foo(x) =v(f,,e » YfEC®MNVreM :

Definition 113: Given a smooth complete vector field v € I'T'M a flow ¢ : R — Diff (M)
satisfying the equation:

{ bo(@) =z , VreM (B.1.52)

L(fop(@) =v(f),. » YIeO*MNreM

is called integral flow of v

B.1.3 Cotangent bundle

There another important natural vector bundle that one can define on a smooth dif-
ferential manifold called cotangent bundle. Loosely speaking the cotangent bundle is
the set of all the covectors tangent to each point on the manifold. Due to the duality
relation between vectors and covectors, one can prove that the tangent bundle and the
cotangent bundle are completely isomorphic. As we will prove, the choice of a compat-
ible trivialisation on the tangent vector bundle induces immediately a trivialisation on
the cotangent bundle compatible with the vector structure. Let us begin recalling the
definition of cotangent space at a point:

Definition 114: Let M be a smooth m-dimensional differential manifold. Given T, M
the tangent space at © we can define the cotangent space T M as follows:

ToM = {o: T,M — Rla(M+pw) = Aa(v)+po(w), Vo, w € T, M, VA, p € R} (B.1.53)

In other words 777 M is the set of all the R-linear functionals acting on tangent vectors at
x.

Definition 115: Given 7)M we can define trivially two operations due to the linear
action of covectors on vectors:
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1. Sum: +:T;M x TxM — T M such that

[a+ B](v) = a(v) + Bv) , VYa,B€TIM, YveT,M (B.1.54)

2. Multiplication by a scalar: - : R x T*M — T M such that

Aa](v) =A-alv) , YaeTiM,YveT,M,YN\eR (B.1.55)

Property 69: It is very easy to check that (T*M,+,-) is a good real vector space. The
0 covector is defined as
O(v)=0 , YveTl,M (B.1.56)

Property 70: Let M be a smooth m-dimensional differential manifold, a choice of basis
on T, M induces an isomorphisms between 7*M and R™, therefore since T, M and T*M
are both isomorphic to R™, they must be isomorphic.

Proof. Let us consider o € TxM and let (e,) be a basis of T, M. Due the linearity we
can write:

a(v) = a(v’e,) =v"ale,) ="'y, , VYae T, M, K YveT,M (B.1.57)

where «, is a list of m real number defined as the action of « on the basis ¢, := a(e,,)
Now let us define the list of covectors (e*) such that:

v=-e(v)e, , Yvel,M (B.1.58)

This list always exist because it is formed just by the linear maps that associate to a
vector its components with respect the basis (e,). This list must satisfy trivially the
duality relation:

et(e,) = o (B.1.59)
where 0% is just the standard Kronecker delta. It is easy to show that (e*) is a basis of
T*M therefore is called dual basis. First of all let us prove that (e#) span the cotangent
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space at x:

a(v) = v'a, = v, q, = v'e’(e,)a, = (B.1.60)

=e’(v'e,)on, = ae’(v) , YaeT, M, YveT,M (B.1.61)

Then considering that the 0 covector can be written as a linear combination 0,v", its
definition

0=0(v) =0,e"(v) =00 , YoeTI,M (B.1.62)
is satisfied if and only if 0, = (0, ..,0) in other words its components must be all null. [

Definition 116: Given a basis (e,,) on T, M we define the dual basis the basis on T M
satisfing the duality relation:
et(e,) = o (B.1.63)

The natural R-linear action of covectors on vectors induces an R-linear action of
vectors on covectors, therefore the tangent vectors can be interpreted as linear functionals
acting on the covectors and one can easily prove T*>M = T, M

Definition 117: Given a € T;M and v € T, M we define the R-linear action of v on «
as follow:
v(a) = a(v) (B.1.64)

Definition 118: The cotangent space of a manifold M, denoted by T'M is the set:

"M = | | T;M (B.1.65)

zeM

The cotangent space of a manifold can be regarded just as the collection of all the
cotangent spaces at each point of it, but with a very little effort we can prove that T*M
admits naturally a bundle structure called cotangent bundle of M.

Definition 119: Due to the property of the disjoint union, given T*M we can always
define a canonical surjective map 7, : T*M — M such that:

(o) = (B.1.66)

342



Property 71: Let M be a m-dimensional manifold, let 7*M be the cotangent space and
7ar : T*M — M be the projection defined above . The quadruple (T*M, M, 7/, R™) is a
good fiber bundle with standard fiber R™.

Proof. Let us consider a smooth manifold M with an atlas (U;, ¢@)), let T*M be the
cotangent space to M, let T'M be the tangent bundle of M and let (U;,t.z)) a lo-
cal trivialisation of the tangent bundle induced by the choice of a smooth local frame
(Ui, eui))- For each Uy, for each z € U, for each o, € 771(U;) | 7m(,) = @ and for each
vy € 77 HU;) | Tar(vz) = z as showed before we can write:

az(vz) = o (Vhe,n)),) = vhay, (B.1.67)

Then considering that a basis on T, M induce a basis on T} M we can use the frame e,
to induce a basis on TyM at each point of U; via the point-wise relation:

el Wa)en, = v Yo, € TN (B.1.68)

To each point, the existence of the dual basis is guaranteed as proven before hence one
can write:

a(vg) = viay = aueq (vs) (B.1.69)
where o, is an n-tuple of real number. One can easily check that, fixing a smooth local
frame (e,)), the map t(;) : 771(U;) — U; x R™ defined as:

tiy(ag) = (z,0,) (B.1.70)

is invertible and differentiable, hence it is a diffeomorphisms and it defines a local trivi-
alisation of T*M (one for each open set U; in the atlas of M). O

Definition 120: The quadruple (T*M, M, 7y, R™) is called cotangent bundle of M.
Property 72: Given a smooth manifold M, a cotangent bundle is a vector bundle be-

cause the given trivialization admits transition functions in GL(R™) C Diff (R™)

Proof. Let T'M be the tangent bundle of M and let us suppose to have two local trivialisa-
tion (U;, t(;)) and (Uj, t(;)) induced by two local smooth frames (e,(;)) and (e,(;)) such that
U;NU; = Ui; # @. We know that these induce two local trivialisations of T*M, (U, ta)
and (Uj,1(;)) respectively. As proven previously we know that the transition functions
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related to these trivialisation of T'M are characterised by:

therefore on the overlaps U;; the following holds:

g (vz) = O‘u(i)eé)h(%) = au(j)eé)\z(vx) = O‘u(a‘)”é) = O‘/M(j)U(Vi)Alzj(ij)\z = O'/N(j)Aﬁ(ij)\zel(/j”x(vI)

(B.1.72)

and we must conclude the transition functions are:
iy = M. aug) = awnhhos = i), (B.1.73)
O

The local trivialization of the cotangent bundle induced by the tangent bundle is
compatible with the vector bundle structure (T*M, M, 75, R™, A, GL(R™)).

Definition 121: A local section of the cotangent bundle o : U C M — T'M is called
local covector field or 1-form. The set of all sections defined on the open set U are
denoted by I'yT*M. If U = M then o is called global covector field.

Property 73: Covector fields can be interpreted as specific maps on vector fields and
and vice-versa. Given a l-form a € I'yT*M and a vector field v € I'yT'M then we can
define the function a(v) : U — R as follows:

a(v), =o,(v,) , VeeU (B.1.74)

Hence we can state:

1. o € TyT*M can be interpreted as a map « : T'yTM — F(U)

2. v € I'yT'M can be interpreted as a map v : I'yT*M — F(U)

These maps are both F(U)-linear in their arguments in fact:

a(fv+gw)(z) = a, ((fv), + (gw),) = o, (fl.v, + gw,) = (B.1.75)
=fl.a,(v,) + 9,0, (w,) = f(z)a(v)(z) + g(x)a(w)(x) , VrelU (B.1.76)
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Definition 122: Given a local smooth frame (e,;)) on U; € TM we define the local

dual frame or simply local coframe the list of local sections e’(‘i) U — 7Y U) CTrM

satisfing the pointwise duality relation:

ey, (evl.) = 00 (B.1.77)

Property 74: Since at fixed basis, the function mapping a vector in its own components
are smooth then the local coframe of a smooth frame is smooth as well.

Definition 123: On I'yT'M we can define two useful operations:

1. Sum: +: I'yTM x T'yTM — I'yT M such that:

[v+w|(f) =v(f) +w(f) VfeC®U),Yv,we yTM (B.1.78)

2. Product by a scalar field: - : F(U) x I'yTM — I'yT'M such that:

[fa](v)=f-aw) YaelyT*M,VveyTMVfe FU) (B.1.79)

Property 75: One can easily check that (I'yT*M, +, -) satisfies all the conditions to be a
module on the ring of functions (F(U),+, ). As we proved before if there exists a smooth
global frame on U then I'y'T*M can be spanned by a unique F(U)-linear combination of
sections belonging to the chosen frame, therefore it is a free module.

Given a smooth function defined on U € M, it is possible to define a canonical R-linear
map that induces a local section of T*M.

Definition 124: Let M be a smooth manifold, C*°(U) the set of the smooth functions
defined on the open set U C M and T*M be the cotangent bundle. We define a differ-
ential the map d : C>*°(U) — I'yT*M such that:

[d(NIw) =v(f) , YvelyTM (B.1.80)
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Property 76: Since the vector fields are derivations on the C*>°U algebra, it is trivial to
check that d is R-linear and it satisfies the Leibniz rule.

Property 77: Let M be a smooth manifold with an atlas {U;, ¢;}. The smooth charts
guarantee the existence of a local smooth coframe (dx’(‘i)) on T*M such that (dzf;) is the
local dual frame with respect (0y)

Proof. As we proved before, for each U; the smooth local charts guarantee the existence
of a local smooth frame (J,(;) on T'M. Introduce the local trivialisation (U;, ;) where
gp’é)(az) = x’é) are the coordinate functions. Then using the definition of differential:

a 14 - ~ -
dffl(ji”z(au(i)h) = 8V(i)|z<xl(2)|z> = @(i)‘ ($Z)|z) =0, , Voel (B.1.81)

]
Considering this proof, we must admit that (T M, 75, R™ A, GL(R™)) is a natural

vector bundle over M.

For our purposes in this work we are going to consider mainly smooth covector fields,
therefore unless it is explicitly specified we assume from here all the considered 1-forms
are smooth sections of the cotangent bundle.

B.2 Tangent tensors at a point

B.2.1 Introduction to tangent tensors

Let us consider a differential manifold M with dimension dim(M) = m. Let us denote by
x € M a generic point on the manifold and let T, M and T M respectively the tangent
and the cotangent spaces to M at the point x.

Definition 125: A tangent tensor T at x with rank p,q € NT is a map:
T:(XPTyM) x (x9T,M) — R (B.2.1)

such that it is multi-linear: Vi € [1,p], Vi € [1,q], YA, Ao, i1, 00 € R, Vo8 €

T;M, Yw,u € T,M, Yw'=! € xI7'T*M, VPV € xPT*M, Yo € xI'TM, Vv, €
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xITM =

T(w' ' Ma + B, WPV, ],)\gw + Hat, vy ) = (B.2.2)
=M AT (w 1 a, wp\ ,UJ,U) v7) + ApeT (w i1, wp\ ,v]—,u,vq\j)—i— (B.2.3)
+lu1)\2 ( 757 ,vj,w vq\]) + ﬂl#’2T( 75a ’ J?uvvq\]) (BQ_U

Definition 126: The set of all tangent tensors at x with rank p,q is denoted by
P M.
qx

Considering that all the vectors, covectors and tensors used in this work are tangent
to M, there is no need to specify they are tangent. From here, each time we refer to
vectors, covectors and tensors we mean implicitly they are tangent to M. Due to the
multi-linearity ot the action of its elements upon vectors and covectors, TP M naturally
inherits two operations:

Definition 127: Given two tensors 7,5 € T? M we define a sum of tensors the map
+: TP, M X TP M — TP M such that:

[T+ S)|(a?,vg) = T(a?,v7) + S(aP,vg) , VaP € XPTrM , Yvg; € XIT,M  (B.2.5)
Definition 128: Given a tensor 7' € TP M and a scalar A € R we define a multiplica-
tion by a scalar the map - : R x TP M — TP M such that:

NT] (P, v7) = A[T(a?,vg)] , VaoP € xPTiM , Yvg € xXT, M (B.2.6)
Property 78: It is very easy to check that the algebraic structure (szM ,+, ) satisfies

all the requirements to be a good vector space on the field R. The null vector of the
tensor space is identifed with the null map 0 € T? M such that

0P, vg) =0 , VaoP € xPTiM , Vvg € xXT, M (B.2.7)
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The algebraic operations defined above are enough to endow (77 M) with a linear
structure that characterise it as a vector space, but these are not the only useful opera-
tion we are able to define on tensors. The standard multiplication on R induces another
very important binary operation called tensor product. The definition of tensor product
of vector spaces is very fundamental in mathematics, it can be given in a very general
way and it is deeply rooted in the category theory. However it is beyond our purposes to
analyse in detail how to establish general canonical universal isomorphism and correspon-
dences between algebraic structures. We settle here to give a definition of tensor product
that may be a bit simplistic but definitely very effective for achieving our purposes.

Definition 129: Given two tensors T € TP M and S € TgxM we define a tensor

product the map ® : TP M x TgxM — T;’EZ/IM such that:

[T ® S](a”, A7, vg, ug) = T(aP,v)S(B” , ug) , (B.2.8)
Vol € xPTrM , Vv € XIT,M , VB € xPTrM , Yug € xIT, M (B.2.9)

Considering the tensors are multi-linear maps, they must act on n-tuples of vectors
and covectors. Therefore we have a natural action of the group of permutations on 77, M
induced by the permutations on the arguments.

Definition 130: Let I and J be two of permutations of p and ¢ elements respectively.
Let P; and P; be their representation acting respectively on the n-tuples of € xPT*M
and vz € XTI, M as following:

I(a?) = (aP1®) (B.2.10)
J(aF) = (vp,() (B.2.11)

Given a tensor T' € T? M we define a braiding map the map o : T?, M — T? M such
that

[0 T)(a?, vg) = T(1(a”), J(vg)) = T(a"™, vp,q)) (B-2.12)

Of course anyone is free to choose their own notation to express the permutation [
and J, however we decided to use the standard cycle decomposition because it offers
a direct representation of their action on the list of indices related to the coordinate
representation of the tensors.
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Example: We give here some very useful particular cases of braiding maps which are
widely used in standard tensor manipulation. Let us suppose to have a transposition
(¢,7) 1,5 € NT, i < j:

U(ij)T(aﬁa U@) = T(aﬁa aj7 Oﬁ\ga Oéiv 0470\37 Uﬁ) <B'2'13>

O'(ij)T(Ogﬁ, /Uﬁ) = T(Czﬁ’ Vi1, V5, U}\i_’ UZ'_, Ua\g) (BZl—l)
Let us suppose to have a cycle of subsequent elements (5 \ i) |4,j € Nt i < j:

N7 (a2, vg) = T(of, 0l ad =1V PN, Vg) (B.2.15)
o T (a?,vg) = T (o, v7,v5, V571, U\ 7) (B.2.16)

It is very interesting to notice how the action of tensors upon vectors and covectors
induces canonically an action of vectors and covectors on the tensors themselves:

Definition 131: Given a tensor 7' € TP, M, with ¢ > 1 we define a contraction with
a vector the map o : T,M x TP M — T}, , such that

uiT(oP  v—) = T(aP, u, v;—1) (B.2.17)

Given a tensor T' € T? M, with p > 1 we define a contraction with a covector the
map " : TyM x TP M — TP *M such that:

B—lT(apTla vﬁ) = T(ﬁ’apj’ u, Uﬁ) <B218>

Definition 132: Let (e,) and (e*) be respectively the basis of T, M and T} M. Given a
tensor T' € TP M, with p,q > 1 we define an internal contraction the map i : 7 M —

T(f__llx]\/[ such that:
[Z'T](Oépil, q—il) = T(e“7 Oépila Cus Uqu) (BQU))
where the dummy index g implies a sum accordingly to the Einstein notation. As it is
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proved in the following sections, even if the definition is basis dependent, the operator ¢
does not depend on a specific choice of it.

Since T?, M is a vector space, it is natural to define the R-linear maps acting on them.

Definition 133: Given two tensor spaces 17, M and TgxM we define a R-linear map
L.TP M — Té’,,xM such that:

LOT + uS) = AL(T) + pL(S) , VA ueR , VT,Se€T’,M (B.2.20)

It is very interesting and useful to notice that there is a canonical isomorphism between
the linear maps on tensors and the tensors themselves. Let 77, M and T, ,M be two

. _ . p/ .
tensor spaces, and Lin(p, q,p',¢') = {L : T? .M — T, M} be the space of the linear map

between them. There always exists an unique tensor L € ngf;’//zM such that:

L(T) = [i]PH1[cPTDP(T ® L) (B.2.21)

therefore Lin(p,q,p’,q') is isomorphic to Tg:gxM as a vector space and we can perform
on them all the operations defined on tensors. The proof will be provided in the following

section because extra structures are needed.

Property 79: The sum, multiplication by a scalar, tensor product, braiding maps, con-
tractions and internal contractions are all R-linear maps.

Proof. The sum and the multiplication by scalar are trivially R-linear by definition. The
tensor product is R-linear due to its definition and by the distributivity of the multipli-
cation with respect the sum. The braiding map is R-linear because of the commutativity
of the sum and the multiplication, the contractions are linear by definition as well as the
internal contraction that is a sum of contractions. O]

B.2.2 Coordinate expressions induced by the choice of basis

Let be M a smooth manifold with dim(M) = m, then (T? M, +,-) is a mP*? dimensional
vector space. Fixed a basis (e,) on T, M we induce a basis (e,, ®€"7) on TP M. Then we
can write uniquely 7' = T,ﬁ?e% ® e"1. To show it, let us recall briefly some fundamental
concepts of differential geometry. We assume the reader is already familiar with the
details. First of all let us remark that due to the action of a covector on vectors we
are able to induce an action of a vector on the covectors, hence there is a canonical
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isomorphism between the vectors and the R linear functionals acting on the covectors.
Hence given a € T)M and v € T, M, the action of v on « is given by definition as
v(a) := a(v). Keeping this in mind, let us start by considering the fact that 7, M and
TxM, are both vector spaces with dimension M. We know also that the choice of a
basis (e,) of T, M induces naturally a basis on 7*M denoted by (e*) due to the relation
et(e,) = e, (e*) = 0¥ (where 0* is just the standard Kronecker delta). Hence given a
tensor 7' € TP, M using the multi-linearity and the definition of tensor product, one can
write:

T(aP, vg) = T, e, v"e,.) = a,, v T (€' e,,) = i oy 0" = (B.2.22)
:Tlﬁ‘géigép”gaAﬁvpﬁ = Tlf‘;e%(e’\?)e”ﬁ €py )N VT = (B.2.23)
=T}7le, ® "] (e, €pg) 07T = T}7 ey, @ e”ﬁ](akﬁe’\f, vPie, ) = (B.2.24)
=Tyrle,, ® e”](a”, vg) (B.2.25)

where T},7 := T(e*7, e,,) is a multi-indexed list of real numbers produced by acting with
T upon the list of basis vectors (e/?, e,,). This means each tensor of 77, M can be written
as an R-linear combination of tensors singled out from the list (e,, ® €"7) by fixing the
value of each index y1; and v;. Hence the multi-indexed list (e, ®¢e"7) is a set of generators
for TP M. Tt is easy to prove that the given set of generator is linearly independent, in
fact if they are, the linear combination expressing the 0 tensor must be uniquely written
as a linear combination of null coefficients Oﬁg . This requirement is satisfied, in fact:

VaoP € xPTrM |, Vvg € xXIT, M = (B.2.26)
0 = 0(a?,vg) = 0)7[e,, @ e](a, vg) = O)Fa, 0" (B.2.27)

and this equation is satisfied for all the n-tuples o and vy if and only if:
07 = (0,...,0), Vs, v5 € [0,m — 1], Vi € [1,p],Vj € [1, 4] (B.2.28)

Therefore we can conclude that given a basis (e,) on 7, M we are able to induce canoni-
cally a basis (e,, ® 7) on TP M. From a geometrical perspective, the choice of a basis
on T, M induces a unique way to map diffeomorphically and globally the vector space
TP M into R™" due to:

Tir=T(e", ey,) (B.2.29)
hence TP M is a vector space but also a differential manifold globally diffeomorphic to

R™" whose coordinates functions are exactly the vectors belonging to the basis.
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Definition 134: Let (e,, ® €7) a basis on TP M. The coordinate expression of a
tensor T' € TP M with respect the chosen basis is given by the multi-indexed list of real
scalars (T},7) defined by T,7 = T(e*7,e,_). At fixed basis the coordinate expression is
unique and it can be used to write the tensor via a linear combination 1" = T,’%ﬁeuF ® eva,

B.2.3 Pull-back and Push-forward of tensors

When one has two manifolds and a smooth map between them there is a canonical
natural way to transport back and forward tangent structures between them called pull-
back and push-forward. As usual there are different ways to interpret the pull-back and
push-forward, some of them are very sophisticated involving functor and category theory.
Once again we must be pragmatic and we settle here to providing an operative definition
of pull-back and push-forward without investigating in detail all the properties in terms
of maps between categories.

Definition 135: Let be M and N two manifolds and ¢ : U C M — V C N be
a local generic map between them. We define the pull-back of functions the map
¢*: F(V) — F(U) such that:

o(f)=feo , VfeFV)

—
o
Do
w
@)

S—

Let us stress that any function can be pulled back along any map. On the contrary,
this is not the case for push-forward. Given a function on M there is no general way to
define a function on N. For pushing forward functions, one has to either restrict functions
or restrict maps.

Definition 136: Let be M and N two manifolds and ¢ : U C M — V C N be a
local invertible map between them. We define the push-forward of functions the map
¢s : F(U) — F(V) such that:

¢(f)=foo™" , VfeF({U)

—~
o
DO
w
—_

~—

It is trivial to check that for an invertible map ¢ the push-forward is just the inverse
map of the pull-back, furthermore ¢* = (¢~1),

Definition 137: Let be M and N two manifolds and ¢ : U C M — V C N be a local
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smooth map between them. Let x € U a point, then we define the push-forward of
vectors at x the map ¢, : T, M — Ty, N such that:

[0 (W)](f) = v(¢"(f)) =v(feo9) , Ywel,M, VfeFV) (B.2.32)

Sometimes the push-forward of vectors ¢, : T, M — Ty, N is denoted by d¢|, and is
called the differential of the map ¢ at the point x

Let us stress that any vector can be pushed forward along any smooth map. On the
contrary, this is not the case for the pull-back.

Definition 138: Let be M and N two manifolds and ¢ : U C M — V C N be a
diffeomorphism between them. Let y € V a point, then we define the pull-back of
vectors at y the map ¢, : Ty,) N — T M such that:

o)
!\4
w
w
SN—

[ )](f) =v(e(f)) =v(food™) , YweTyumN,VfeF{U) (B.2.3:

Again for an invertible map ¢ the push-forward is just the inverse map of the pull-back,
furthermore ¢, = (¢~1)*.

Definition 139: Let be M and N two manifolds and ¢ : U C M — V C N be a local
smooth map between them. Let x € U be a point, we define the pull-back of covectors
the map ¢* : T;(x)N — T M such that:

[ (@)](v) = a(du(v) , VaeTj, N, VveTl,M (B.2.34)

Let us stress once again that any covector can be pulled back along any smooth map
but this is not the case for the push-forward.

Definition 140: Let be M and N two manifolds and ¢ : U C M — V C N be a
diffeomorphism between them. Let z € U be a point, we define the push-forward of
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covectors the map ¢* : T/M — T7 N such that:

[P«(@)](v) = a(¢*(v)) , VaeTj, N, VveTl,M (B.2.35)

Again for an invertible map ¢ the push-forward is just the inverse map of the pull-back,
and the relation ¢* = (¢~'), can be easily checked.

Definition 141: Let be M and N two manifolds and ¢ : U C M — V C N be a local
smooth map between them. Let x € U be a point, then we define the push-forward of
covariant tensors at x the map ¢, : TPM — Tg(m)N such that:

[6.(T))(aP) = T([$*()]P) , VaP € xPTj, M, VT € T?M (B.2.36)

In the same way we define the pull-back of contravariant tensors at r the map
¢* Ty gw)N — Ty M such that:

(0" (T)](vg) = T([¢x(v)]g) , Vvge xXPT,M VT € T, )M (B.2.37)
Definition 142: Let be M and N two manifolds and ¢ : U C M — V C N be a local

diffeomorphism between them. Let x € U be a point, then we define the pull-back of
covariant tensors at x the map ¢, : Té’(m)N — TP M such that:

[*(D))(0) = T([9u(e)]) = T(l¢" " ())") . Vol € xPT;M , VT € Tj,, M (13.2.35)

In the same way we define a push-forward of contravariant tensors at x the map
¢* Ty p(xyN — T4 M such that:

0(T))(vg) = T(*@)]g) = T(6™ W), Vog € XPTy)M , VT € T, .M (B.2.30)
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Definition 143: Let be M and N two manifolds and ¢ : U C M — V C N be a local
diffeomorphism between them. Let x € U be a point, then we define the push-forward

of tensors at x the map ¢, : TPM — Té’(x)N such that VoP € XPT5 M Yol €
XqT¢(m)M , VT e Tgx]\/[:
[0.(T)](a7, vg) = T([¢* ()], ([¢"(v)]g) = T([¢"(@)]7, [67".(v)]q) (B.2.40)

In the same way we define a pull-back of tensors at x the map ¢* : T gy N — Ty .M
such that Ya? € xPTxM |, Vvl € x9T,M , VT € Tq”¢(z)M:

[6(T))(eP,vg) = T([6. ()T, [6.(0)]g) = T(I6™ (@7, [6.(0)]) (B.2.41)

Let us remark that due to the isomorphisms between rank 0, 1 tensors and covectors,
the pull-back of covectors is just a particular case of push-forward of contravariant tensors.
In the same way due to the isomorphisms between rank 1,0 tensors and vectors, we can
state that the push-forward of vectors is just a specific case of pull-back of covariant
tensors.

Property 80: If ¢ is a diffeomorphism then the pull-back and push-forward of vectors,
covectors and tensor is a maximum rank map therefore they map basis into basis.

Proof. Let ¢ be a diffeomorphism and ¢ the local coordinate expression. Given an
arbitrary basis of T, Mdenoted by e, and the natural one 9,), we know that there must
exists a maximum rank matrix of real numbers A}, such that e, = A}d,,, therefore

¢*e,(f) = 0" (AJOu.)(f) = doy, (A0, ) (f) = ALd¢y, (D) (f) = (B.2.42)
M&bA 0 y 0O

— (f) = Aﬁdqﬁmmﬁ (f). (B.2.43)
Y @

—AED, (fod) = AL
/'L‘ ( ) ax’ull ay)\|¢(w)

To be a diffeomorphism ¢ must be invertible and the inverse must be differentiable, there-
A

fore the matrix dqbl’)'w = g%| must be invertible then its rank is maximum. Comparing

the first and the last element we have

A a

¢*e, = Aodo AT (B.2.44)
Kl 3y’\‘

é(z)
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Since A and d¢ are maximum rank linear operators and since a‘% is a basis of Tj,)

we can conclude the thesis. For covectors and tensors the proof follows in the same
way. O

Corollary 21: The differential d¢ of a diffeomorphism ¢ acts on the natural basis with
the Jacobian matrix related to the map ¢:

)

A (B.2.45)
A
8y | () - 0w, Oy lo ()

0} ( ) = d¢u\z

therefore 22 is the coordinate expression of d¢ with respect the natural basis d,, and

ozt |,
au|¢<z)‘

Property 81: The pull-back of contravariant tensors and the push-forward of covariant
tensors satisfy the following properties:

1. they are R-linear and commute with the multiplication by a scalar
2. they are distributive with respect to the tensor product
3. they commute with the braiding map
Proof. All of them are trivial due to the definitions:
1.
¢*(AT)(vg) = AT (4 (v)g) = AT (¢4(v)5)) = A[¢"(T)](vg) (B.2.46)

6. (AT)(a) = AT(¢*(a)") = M(T(¢*(2)")) = Au(T)]() (B.2.47)

(T ® 8)(vg,uy) = [T ® S)(6.(0); .6, (0)y) = T(62(0))S(u(w)y) = (B.2.1%)
—6* (1) (17)6*(5)(ug) = [6*(T) ® 6*(S)](vg , uy) (B.2.49)

=/ =/

60.(T @ S)(a?, By) = [T @ S)(@*(a)", 6" (B)) = T(¢"(c)")S(¢*(B)")

=pu(T)(a)9.(5)(87) = [6.(T) ® 6.(5)](05 , ) (
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¢*(05[T)(vg) = 05[T)(¢e(v),) = (B.2.52)
=[T)(6(v) p, ) = [6"T1(vp, @) = 04[¢*[T])](vy) (B.2.53)
6u(o![T])(oP) = o’ [T)(¢*(a)) = (B.2.54)
=[T)(¢* ()" P) = [, T)(a"1P)) = o' [¢*[T])] (a7) (B.2.55)

Il

Property 82: Let ¢ : U C M — V C N be a diffeomorphism, then the following hold:
1. ¢* 0, = 00" =id
2. ¢* and ¢, are distributive with both the contractions
3. since the map is a difffeomorphism ¢* and ¢, commute with the internal contraction

Proof. 1. The first is trivial starting from the definition of pull-back and push-forward
of functions:

G0 0" (f) = (¢ (f) = du(fod) =¢ " (fog)=fogod ' =f (B250)

6. 0 " (@)1(F) = [B(&" @DI(f) = [(6* (NG"F) = v(ba(6" ) = vlf)  (B.257)
(60 0 " (0)(v) = [6.(¢" (@))](v) = [(#*(@)](#0) = a(bu(¢0)) = afv)  (B.258)

[0+ 0 9 (T))(07, v) = [$x(¢" ()07, vg) = [(@*(T))(¢" ()", ¢ (v)y) = (B
=T(6.(¢"(a))", 66" (v))g) = ‘

2. It is enough to calculate explicitly:

[D(uD)](a7,vq) = udT (6" (@), ¢*(v)g) = T(¢* ()", u, 9" (v)) = (B.2.61)
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=T (¢* ()", ¢*(¢s(1)), ¢*(v);) = Gu[T] (P, pu(u),vg) = (B.2.62)
= (u) 2 [T](aF, vg) (B.2.63)

[0.(87T))(a?, vg) = BT(¢" ()", ¢*(v)y) = T(B, 6" (@), ¢ (v)g) = (B.2.64)
=T(¢*(6x(8)), 0" ()", " (64 (w)), " (v)g) = D:[T1(04(B), AP, vg) = (B.2.65)
:Qﬁ*(ﬁ)—lqﬁ* [T] (O‘ﬁ7 Uﬁ) (B'2'66>

The same calculation can be performed to prove this property in case of pull-backs.

3. Using the previous properties we have:

3. [i(D))(0”, vg) = ((T)(¢™ (), ¢ (v)g) = T(e", ¢" (@) ey, 6" (v)g) = (B.2.67)

( (0n(e)), 0"(@), 6" (0ule)), 07 (v)g) = (B.2.68)

O (T)(pule"), o, ™ (epn), vg) = ¢*(en) 10, (e") 0" (T) (o, vg) = (B.2.69)

=z[¢*( )J(a”, vg) (B.2.70)
because it does not depend on the choice of the basis.

[

B.2.4 Coordinate expression for standard operations on tensors

Since at fixed basis there is a one to one relation between a tensor and its coordinate
expression, we can ask ourselves how the operations defined in the previous section affect
the coordinates of a tensors. This is very useful because it allows us to single out for each
operation defined above, the rules to manipulate directly the coordinate expressions for
the tensors. Finding the coordinate manipulation rules for the coordinates is very easy,
it is enough to fix a basis on T, M and apply both the definition of tensor coordinates
and the definition of the operations:

1. Sum:

(T + S)yr = [T+ S)(e", ey,) = T(e", e0,) + S(eM7,€,) = T)7 + Sp7 (B.2.71)

Example: (g4 h) = g + by
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2. Multiplication by a scalar:

(AT)yr = [AT](e'7, en,) = A - [T(e'7, €4,)] = ATYP (B.2.72)

Example: (\g),, = Aguw

3. Tensor product:

(T @ S)757 = (T8 S)(E, e vy 5,) = T(eh7, ) S(e 5,) = TS}

vaBy vg By
(B.2.73)
Example: (g ® h)vas = Guhap
4. Braiding:
_ _ _ 1Py (5 o
()T = [0S T)(e7, e,) = T ("1 e, ) = Top! D (B.2.74)

Example: (0(12)0)uw = Gupu

5. Contractions:

(UJT)‘V‘(IFTl = [ T)(e", ey ) = T(e", v, 6, ) = v"T(eM, €q, €, ) = vaTélej

(B.2.75)
(of'T)Zﬁpf1 = [aT]|(e"T,ey,) = T(a, e 1 e, ) = a®T (e 1, eq,¢,,) = ao‘Tf;pj

(B.2.76)

Example: (vig), = v*g,,
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6. Internal contraction:

(zT)l,,Z”TfI1 =T ("7, ey ) = 1T (%, €T, eq, €0 ) = TSVME (B.2.77)

Example: (i Tor), = Torﬁu

Lemma 44: Let TP M and T(f,,xM be two tensor spaces, and Lin(p,q,p’,q¢) = {L :
r.M — Tqrﬁ,xM } be the space of the linear map between them, there always exists an

unique tensor L € T’ gj:;ilxM such that:

L(T) = [i]PH[cPTDP(T ® L) (B.2.78)

therefore Lin(p,q,p’,q') is isomorphic to ng_ré’,lxM as a vector space and we can perform

on them all the operations defined on tensors.

Proof. Let us fix the basis on T;;M, and let us induce from it the basis on TP M and on

/
T;ﬂ .M. Then we can write:

L(T) = LT} @ e,,) = TUPL(" @ ¢y,) (B.2.79)

V=

Considering the definition of £ and since at fixed indices p and v we have a tensor, we can
(6727

write L(e"7 ®e,,) = [L(eT@e,,)|g), €a, @ P where [L(e"7 ® e%)]gil is a multi-indexed

ﬁql
list of real numbers. Hence defining LZ;? = [L(e ®e%)]/§i’ we can recast the expression
q q
as follow:
L(T) = TL(e" © €,,) = TEIL(ET @ e, )5 oy @ €M = (5.2.80)
=TILT, oy ® (B.2:81)

In the other hand we have that:

[P 1lo P OP(T @ L) = {[i{P o (T @ L)} ea, ® ™ = (B.2.82)
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= {[PH o PTOP(T @ L)} ,e5,) €a, @M =TIPLTT e e’ (B.283)

Vg Nﬁﬁq/

OLEI

Since L:iﬁf, is the coordinate expression of the tensor L it must be unique hence there
q

must be a one to one relation between £ : TP M — T(f,/xM and the tensor L € T;:;’,;M ,
given explicit at fixed basis by the relation:

LZ(;Z ey, ®ea, ® 7 @ e = [L(eT® euﬁ)]gj €uy ® €a, @ e’ ® 7 (B.2.84)

Although the proof is given at fixed basis, this hold for an arbitrary basis, hence the
bijection does not depend on the basis. To prove the relation is an isomorphism of vector
spaces one should prove that the sum and multiplication by scalars are preserved. This
can be trivially verified from the definition of L, £ and the bijection. O

Property 83: Since the pull-back and push-forward of tangent tensors are R-linear maps
they are tensors itself. In particular we have that ¢, : 7% M — Té’(w)qN is isomorphic
to the tensor (®7d(¢)),) ® (®9d(¢7")),,,) and ¢* : Tg(x) NN — TP M is isomorphic to the
tensor (RPd(d7"),,,) ® (@%d(¢)),)

Proof. Let x and y = ¢(z) be two point on M and N respectively and z# and y* be the

coordinates of the two points. It is enough to use the definitions and to use the chain
rules for the derivations:

[0()](f) = v(0x(f)) = vVeu(f 0 ¢) = v"ddy en(f) (B.2.85)
[0"()](v) = (@u(v)) = a(dp(vVey)) = av"de] e)) = (B.2.86)
O

B.2.5 Coordinate transformations and basis changes.

Inspired by the differential manifolds theory, it is natural to ask ourselves how the co-
ordinate expressions transform when a change of coordinate is performed, therefore how
the coordinate expression of a tensor is affected by the change of basis (e,) on T, M. To
do it, let us recall briefly some theory about the basis of vector spaces. We know from
the fundamental theorem of the linear applications, that given two arbitrary basis (GL)
and (e,) of T,M we can express each vector of the first as a linear combination of the
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vectors of the second basis obtaining:

e, =c"(e,)e, = K:e,, (B.2.87)

where K; is a multi-indexed list of real numbers expressing the new basis as a linear
combination of the old one. In this case the multi-index list is just called the tnverse
transformation matriz and it is defined as the action of the (e”) on (e},). There is also

another completely equivalent intrinsic way to interpret Kff as a tensor. Let us fix given
two basis (e},) and (e,) of T, M with the respective basis (e’*) and (¢”) on T;M and let
v € T,M and a € T)M be a vector and a covector respectively. Given the identity map
Id:T,M — T,M |Id(v) =v , Yve&T,M due to the canonical isomorphism, we can
define uniquely an isomorphic tensor § € T\ M such that

da,v) = [Id(v)](a) = v(a) = a(v) (B.2.88)
Its coordinate expression can be obtained from the tensor coordinates definition:

o =0d(et e,) = [Id(e")](e,) = e*(e,) (B.2.89)

v

hence we can conclude that the coordinate expression of the § tensor must be just the
Kronecker delta. Let us remark that this property is completely independent from the
choice of basis, in fact it holds for each generic basis arbitrarily chosen. From the § tensor
we are able to characterise easily the inverse transformation matrix A’ in fact:

e, 1(et8) = 6(et €)= et(el) = AL (B.2.90)

v

Hence we can conclude that the transformation matrix A, is just the ¢ tensor contracted

with the old basis (e*) and the new basis (e/,). Considering this, we can rewrite the

change of basis as operations with the delta tensor:

=V

e, =c’(e,)e, = Ne, =d(e e )e, = e, ("0 @ ey (B.2.91)
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Let us remark that a change of basis on 7, M induces a change on the basis on 7M. If
A’ is the inverse transformation matrix then:

e, = e (") =e"(e,)e, = e (B.2.92)

To satisfy the duality relation for the new basis e#(e!,) = 0¥ we must have

ot = et(el) = e (Koen) = Ao (ex) = AL (B.2.93)

v

From this we can conclude that the matrix A% must be the inverse of A}, therefore we
call it transformation matrix. The transformation matrix A% can be associated to the
§ tensor as well as A :

e, (e"70) = (e, e,) = e (e,) = A* (B.2.94)

v

Considering this, we can rewrite the change of basis as operations with the delta tensor:

d* =e, (")’ = e*(e,)e” = Ae” =6(e* e, )e” = e, a(e™ o @ €Y) (B.2.95)

Property 84: Let (e,) be a basis on T, M and let (¢*) and (e, ®€"7) be respectively the

induced basis on Ty M and T? M. Then a change of basis €], = KZel, induces a change of
basis on TP, M as follows:

e:% ®el=¢ ®..® e, ®e"®.. @M = (B.2.96)
-\ - .
=Aen ® .. 0N ey, @AM © .. @At = (B.2.97)
— )\ va — . i
=N, N e\ @ e (B.2.98)

q Ay . . . . Vg—
where A”2 and A7 are just the condensed Einstein expressions for A2 A2, Ay} Aj? and
rg 1 pri¥pg - Bpa—143pg

/\1 )\2 >‘Pfl /\P
AMA A A,

Property 85: Let (e,) and (e},) be two bases on T, M linked by an inverse transformation
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matrix A}, let (e”) and (e) be respectively the two induced basis on T;M and let
(eu; @ €"7) and (€], ® €"7) be the two induced basis on 77, M. When a change of basis

. 3RV . .
is performed e; = A,e,, the coordinate expression for vectors, covectors, and tensors
change as follows:

v = () = et (v) = Ale?(v) = Al

o, = ale,) = Oz(K:e,,) = K:a(e,,) = K:o/’ (B.2.99)
g 5 P Ay AP4 pAPe 7 PAPLTp
Th” = T(e'", e,.) = T(Aype', Areey) = A‘/\‘gAZ%T(e)‘P, €py) = AﬁgA%Tp&

Lemma 45: Let T,f‘; be a multi-index list and (e,,) be a basis on T, M, then there must
exists a tensor 1" € TP M such that T, ’\f = T(e*, e,.) if and only if for any change of basis

€, = A:e,, the multi-index list T,f‘f changes as follow:

T)7 = MZAT (B.2.100)

APV pg

Proof.

Ap _ iy B A 03D
L AT eTPM |T,F = T (e, €py) = T = A’;gAﬁng;
This is already showed above.
2. T = NPALAT,? = 3T € TPM | T,7 = T(e, e,,.)
To prove this let us consider a generic basis (e;l) linked with the old one by €], =
K:e,,. We can always define a tensor 7" to be a valid linear combination of the new

induced basis (¢, ® €"7) on Tj, M with coefficients T as follow:

T =T ¢\ ®"n (B.2.101)

Therefore
T(ey,, ) = [T;;f ey, ® €7](ey,, €7) = (B.2.102)
=[ASNATST € @ (e, €7) = NDA IS RAPALT = (B.2.103)
=Tgrokro,t = T7 (B.2.104)
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Due to this lemma we are able to state that a generic multi-index list of real numbers is
a coordinate expression for a tensor if and only if it changes with a very specific rule when
a change of basis is performed. This is very important because it allow us to distinguish
the multi-index list related to the coordinate expression of a tensor from the others, just
observing the way they transform.

Property 86: As a consequence of the lemma, a multi-indexed T,f‘f is the coordinate
expression for a tensor 7" € TP M if and only if the coordinate transformation rule is:

AP VAT pg

where Ag and Kﬁg are the condensed Einstein expressions for AﬁiAiZ and KZ...KZ,
with A% the transformation matrix related to change of basis.

Property 87: As a consequence of the lemma, if 7" is an unknown geometrical object
for which the coordinate expression Tﬂ; is provided, then T is a tensor if and only if the
coordinate expression satisfies:
- DA P\ o e
T = NPRITY (B.2.106)
when we perform a change of basis ¢, = Aje, on T, M.

Property 88: The internal contraction does not depend on basis, although its definition
does:

Proof.

[iT) (o vg) = T(e*, aP~ L e vo—g) = T(Ae”, aP 1 Ne,, vo) = (B3.2.107)

= NN T(e”, Pt %, vp) = 80T (e”, oL ey vpy) = T(e”, 0P 1 ey v=y)  (B.2.108)

]

Property 89: One can check very easily the following relations between the tensor
product and the contractions:
i(v@T) =viT (B.2.109)

la®T)=aT (B.2.110)
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B.3 Tensor fields

B.3.1 The tangent tensor bundle

Definition 144: The rank p,q tangent tensor space of a manifold M, denoted by
TPM is the set:
M= | | TP, M (B.3.1)

reM

Property 90: The tangent and cotangent spaces are particular cases of tangent tensor
spaces. Since the definition coincide we can say that of TyM = T),M hence T*M =
T, .M. Due the actions of vectors on covectors we have stated that T*;M = T,M
therefore TM = T'M.

The rank p, ¢ tangent tensor space of a manifold can be regarded just as the collection
of all the rank p, ¢ tensor spaces tangent at each point of M, but with a very little effort
we can prove that TPM admits naturally a bundle structure called rank p,q tangent
tensor bundle of M.

Definition 145: Due to the property of the disjoint union, given TFM we can always
define a canonical surjective map 7a; : TP M — M such that:

Fu(T,) = (B.3.2)

Property 91: Let M be a m-dimensional manifold, let 77 M be the cotangent space and
Tar - T*M — M be the projection defined above . The quadruple (T?M, M, Far, R
is a good fiber bundle with standard fiber R™"™.

Proof. The proof is just a generalisation of what has been done previously to build the
cotangent bundle. Let us consider a smooth manifold M with an atlas (U;, @), let
T*M be the cotangent space to M, let T'M and T*M be the tangent and cotangent
bundles of M respectively and let (U;,,.z)), (Ui,fu(i)) and (U, e‘(‘i)) be respectively the
local trivialisation of T'M and T* M, and the cotangent local frame induced by the choice
of a smooth local frame (Uj, e,(;y). Then can state that

1. For each U;, for each x € Uj,
2. for each T, € 7,,'(U;) | 7 (T) = ,
3. for each o? € xP[r71(U;)] | Tm(ad) =z, Vs € [1, p)

4. and for each v,z € xr YU;) | Tar(ver) =z, V7 € [1, 4]
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the following holds:

Vg

To(0f, vag) = Qa0 T (€p(ih)as €0,) = Qa0 T7 (B.3.3)

Then considering that a basis on T, M induce a basis on T;M and TP M we can use the
frame e, ;) to induce a basis on T? M at each point of U; via the pointwise relation:

(e ® €7)a = ey i)), @ - @ Ey(i)), O €y, ® - B €y = ey, ey, (B34)

To each point, the existence of this basis is guaranteed as proven before hence one can
write:

) To(ad, vag) = Qg 0 TN = THP ey, © e( " J(a®,vg) (B.3.5)
where 7,7 is multi-indexed list of real numbers. One can easily check that, fixing a
smooth local frame (e,), the map £ : 77 1(U;) — U; x R™"" defined as:

b (Te) = (x,TL7) (B.3.6)

is invertible and differentiable, hence it is a diffeomorphism and it defines a local trivial-
isation of TP M (one for each open set U, in the atlas of M) O

Definition 146: The quadruple (T*M, M, 7, R™ ") is called rank p,q tangent ten-
sor bundle of M.

Property 92: Given a smooth manifold M, a cotangent bundle is a vector bundle be-
cause the given trivialisation admits transition functions in GL(R™ ™) c Diff (R™")

Proof. Let T'M be the tangent bundle of M and let us suppose to have two local triviali-
sations (U, t(;)) and (Uj, ;) induced by two local smooth frames (e,;)) and (e,(;)) such
that U; N U; = U;; # @. We know that these induce two local trivialisations on 7™M
and TP M, denoted by (Ui,f(i)), (Uj,f(j)) and (Ui,f(i)), (Uj,f(j)) respectively. As proven
previously we know that the transition functions related to these trivialisations of T'M
ans T*M are characterised by:

_ Iz
{%) Vi) Au(w (B.3.7)

(i) = iy M,
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therefore on the overlaps U;; the following holds:

To(af, v5g) = TUP (el @ €0y )(00, 0g) = TP (e, @ ey (a2, 05g) = (B3.8)
Hp iy ﬁq T ‘
= p5(j) Vs (])T () = Qa pp( )Aap(w)lm z(j A (i) | 5q(]) (B.&.f))
Bg AHD )
=N, it Montinte Do) sl ® €y, 1(0F, Uxa) (B.3.10)

and we must conclude the transition functions are:

A Hp Bg _ magp Hp “Ba ‘ 1
Narile Mt Tony = T € Tty = Nt Mot Tigto (B.3.11)
where A“ v e = Aai (i)l a2 (” AZ ’; 1 z])|zAZ (i)l according to the condensed Einstein
notatlon ]

The given local trivialisation of TPM is thence compatible with the vector bundle
structure (Té’M’ ]\47 71M7 :[anf”ﬂl7 )\’ GL(Rmerq))

Definition 147: A local section of the rank p,q tangent tensor bundle ¢ : U C M —
TPM is called local rank p,q tensor field. The set of all sections defined on the open
set U are denoted by 'y TP M. If U = M then o is called global rank p,q tensor field.

Property 93: Tensor fields can be interpreted as specific maps on n-tuples of vector
and covector fields . Given of € xPT'yT*M and v; € X'y TM then we can define the
function T'(a®, vg) : U — R as follow:

T(aP,vg)|, = ‘x(ozli,vmx) , YxeU (B.3.12)
Hence we can state that a tensor field 7' € I'yTP M can be interpreted as a map
T:(XPTyT M) x (xTyTM) — F(U) (B.3.13)

Tensor fields are then F(U)-multi-linear in their arguments because:
L viell,p], Vjellq
2. V1, f2, 91,92 € CFM

3. Vo, B € TT*M,Yw,u € TTM
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T(w'™, fia+ 18,0, vy, fzw + gau, v 5)(z) = (B.3.14)
=1, (wiz_l,fuza\z + 9118, W} ‘I s V51, ol WL+ Gol U, VpG,) (B.3.15)
=f L. T (W g, w WP v W, v )+ (B.3.16)
+ 11,921, T (w \Z 04|z, i\;, V3| Ulys V3310 ) T (B.3.17)
g1, fol, Tl (Wi B, 0 v, Wy, v g, )+ (B.3.18)
+011,921. T (@] By ol vg, 0, v5,) = (B.3.19)
=fi(z)f (:z:)T(w w”\z,vj,w va7)(2) (B.3.20)
+fi(2)ga ()T (W', Lvsu, v ) ()4 (B.3.21)
+01(2) fo(2)T (W1, B, PN, v, w0, v55) (2)+ (B.3.22)
+1(2) g ()T (! ,B,wp ’,v; u, v57) () , VeeU (B.3.23)

Definition 148: Given a local smooth frame (e,;)) on U; C TM we define the local
tensor frame the multi-indexed list of local sections e,,_(;) ® 6(1 U — 71 U) CTeM
satisfying the point-wise duality relation:

(e €M) = €py ()], D D, (5) ®e’(’i1)|z®...®el(;?)‘z = (l)|z®e(l)‘ , VxelU; (B.3.24)

|2 |2 .

Property 94: Due to the definition of tensor product, it is easy to check that since e,
is smooth, then the previous relation is differentiable, therefore the local tensor frames
induced by a smooth frame is smooth as well.

Property 95: Let M be a smooth manifold with an atlas {U;, ¢;}. The smooth charts
guarantee the existence of a local smooth tensor frame (8%(i)®dx(”f)) onTPM. Considering

this, we must admit that (T, M, 7y, R™ X\, GL(R™)) is a natural vector bundle over M.

Definition 149: On I'yTPM we can introduce two useful operations which will be ana-
lyzed in details later:

L Sum: +: T'yTPM x T'yTPM — Ty TP M such that:

o+ w|(f) =v(f) +w(f) VfeFU)Vo,weyTIM (B.3.25)
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2. Product by a scalar field: - : F(U) x T'yTPM — T'yTPM such that:

[fol(g) = f-v(g) Vg€ FU), Yve Ty ITPM,Vf € F(U) (B.3.26)

Property 96: One can easily check that (I'yT' M, +, ) satisfies all the conditions to be a
module on the ring of functions (F(U), +, ). As we proved before if there exists a smooth
global frame on U then I'yT'M can be spanned by a unique F(U)-linear combination of
sections belonging to the chosen frame, therefore it is a free module.

For our purposes in this work we are going to consider mainly smooth tensor fields,
therefore unless it is explicitly specified we assume from here all the considered 1-forms
are smooth sections of the cotangent bundle.

B.3.2 The ¢(R)-constrained tangent tensor bundle 7} M

(R)

We are going now to build a very specific bundle that is fundamental foor understanding
the multipoles. In fact we in the main body of the thesis how this geometrical structure
encodes pieces of information carried by the multipoles in a complete covariant coordinate-
free way. We show there exists at least one trivialisation that is characterised by linear
transformations of the fiber, therefore it is a vector bundle. This feature is very useful as
we see in the main body of the thesis.

Definition 150: Let ¢ : R < M a closed embedding. We define the rank (p,q)
tangent tensor space of M restricted to the sub-manifold c(R) the set:

M= || T7.M (B.3.27)

z€c(R)

Property 97: Since ¢ : R — M is an embedding then it is an injective map, therefore
distinct elements are mapped into distinct elements. Therefore ¢ is a bijection between
R and the image set ¢(R). So we have automatically that:

/4 _ _ /4
TP M = |_| .M = |17,

z€c(R) seER

oM (B.3.28)
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Property 98: Trivially we have that:

TrwM= || T7,MC | |T?,M =T/M (B.3.29)

z€c(R) xeM

therefore the "rank (p,q) tangent tensor space of M restricted to the sub-manifold ¢(R)"
is a subset of the "rank (p,q) tangent tensor space of M".

Definition 151: Due to the property of the disjointed union given T; C(R)M we can
always define a canonical surjective map 7 : Té’ C(R)M — R such that

T(Tos) =s , Vi) €17, C Ty (B.3.30)

(s) (R)

Let us remark that 7 is a good surjective map just because ¢ : R < M is injective.

Property 99: Let TP M be the tangent tensor space at M and 7y @ TPM — M the
canonical projection induced by the disjointed union. We have that from the definition:

(B.3.31)

Proof. Since 7j; is a good map defined globally on the whole space TP M then its re-
striction to the subset Tf C(R)M' is still a well defined projection. By definition of 73, and

Ty M we have that VT, € T} )M = 7a(T;) € c(R) therefore the map ¢! o7A‘M|T50(R)M

is well defined. One can check then that Vs € R we have:

clo M, Le(s) = c_l(%M|Tp Tus) =c (c(s)) =s (B.3.32)

g c®™ g c®™

]

Property 100: . Let M be a m-dimensional manifold, let ¢ < M a closed embedding,
let T, )M De the tangent tensor space restricted to ¢(R) and let w : T7 5 M — R be the

projection defined above . The quadruple (T MR, 7, R™") is a good fiber bundle
with standard fiber R™"™.

Proof. Let us suppose to have fixed an arbitrary trivialisation of T? M denoted by (U;, €(;),,®
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el(/g). Due to the closed embedding ¢ we are able to build easily a trivialisation of Tf; C(R)]M
in the following way:

1. Since (U;) is a covering of M and c is a closed embedding, therefore
() = {cHU; N c(R))} (B.3.33)

is a well defined open covering of R.

2. Since e(j),,; @ e(”g U — 7 HUy) C TP M we can define

(i ® €() 0 e I = (1) C TV oy M (B.3.34)

Let us prove that (Ii, (e(iyuy ® el('g) o c) induces a well defined trivialization. As stated
already (I;) is a covering of R. For each I;, for each s € I; C R, we can use (e(i)%@)e”g) oc

to induce a basis of T}, M. Then for each T} € 7 YI) | m(Ts) = s we have that:

T, :T.“F[(e(i)%®el(g) oc, (B.3.35)

(Dvg

where T{gy@ is an n-tuple of real number. One can easily check how, fixing (e, ® el(’g) oc

induced by the smooth frame (e, ® e'(’g), the map t¢) : 7 H([;) — I; x R™ " defined as:

tw(Ts) = (s, T(7,) (B.3.36)

(D)vg

is invertible and differentiable, hence it is a diffeomorphism and it defines a local trivial-
isation of T;D M (one for each open set U; in the atlas of M ). Therefore by definition

of a fiber bundle we have the thesis. O]

Definition 152: We define the ¢(R)-constrained rank (p,q) tangent tensor bundle
of M to be the quadruple (77, M, R, , R

Property 101: Let U C M to be an open set such that U N ¢(R) # @. For each local
section oy : M — 7,,(U) C TPM the closed embedding ¢ induces a local section on
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Tp

qC(R)M as follows:

pr:I=c*(UNncR)CR— 7 YI) CT'M (B.3.:

(GV]
o
=J

~—

such that
pr=oyoc (B.3.38)

The smoothness of ¢ guarantees that smooth local sections always induce smooth local
sections.

Property 102: Given a smooth manifold M and a closed embedding ¢ : R < M. The

¢(R)-constrained tangent tensor bundle of M admits transition functions in GL(R™"") c
Diff (R™").

Proof. Let TPM be the tangent tensor bundle of M and let us suppose to have the

trivialisation (U;, #(;)) induced by the choice of some local frames (e(i)%®e'(’g). As we have

seen this induces a trivialisation (;,¢(;) of the bundle T7 (M due to (eg), @ e(”g) oc,
the composition of the local frame Wlth the embeddmg c. Let us consider two local
trivialisations (I;,t¢;)) and (/;,%(;)) such that I; N I; # @. Then Vs € I; N I; we have by
definition that:

T ey © eh) o cll, = T = T ey @ €) o ), (B.3.39)

We showed in the previous section that given two local smooth frames they must be

linked with (e, ® € ))|x Kﬂol:’;/\(ﬂ 5 (€G)ap D € ))|x therefore we have that:

(e @ e) 0 cli. = (A (]Z)ng( oy @ €] 0}y, = (B.3.40)
:C*<K(ji)c;i)|sc*<A(]z O Al(ea, @ e )] och, (B.3.41)

The given local trivialisation of Tf C(R)M is thence compatible with the vector bundle
structure (77 MR, m, R™™ X, GL(R™™)) ]
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Appendix C

K-forms, operations and integration

Forms are a very specific class of tensor field. It turns out that they play a prominent role
in geometry, encoding the information of volume of a space and are related to the integral
calculus on a manifold. The constraints concerning the existence and the globality of
particular classes and chains of forms on a manifold provides a lot of pieces of information
related to the topology of the manifold itself. We are not pretending here to provide a
detailed description of all the aspects concerning the forms expecially those related to
the topological properties, however they are very important both in physics and maths,
and an interested reader can find some details on standard textbooks. As usual trying to
be pragmatic, we settle here to recap briefly the main concept subtending the wide world
of the differential forms, focusing on the element needed to define the multipoles on the
differential manifold.

C.1 K-forms as antisymmetric tensor fields

C.1.1 Definitions

Definition 153: Let be M an m dimensional manifold and U C M an open subset. A
scalar field f € F(U) is called 0-form, a covector field o € T'T; M is called 1-form.

Definition 154: Let be M an m dimensional manifold. We define a k-form (with
k> 2k eN) a tensor field w € T'T;, M such that

os(w) = (-1)"Mw . vJe ]k (C.1.1)

where #(.J) is the sign of the permutation J, and [](k) is the set of all permutations of k
elements. In other words a k-forms w is a completely antisymmetric C'°° (M )-multilinear
map such that w : x*I'TM — C*°(M)

A smooth k-form is usually called & differential form. The set of all the smooth k-form
defined on arbitrary subsets of the manifold M is denoted by QF(M).
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Definition 155: Given a k-form w € QF(M), k is called the degree of w. If the degree
is not immediately specified w can be just called differential form. From here we are
going to consider just smooth forms, therefore, if not specified, when we refer simply to
a form we mean "differential form".

Property 103: Given a form w € QF(M), with & > 2 the contraction with the same
vector more than once is always 0.

uauow =0, VueI'TM (C.1.2)

Proof.
UUIw = usua[oa(w)] = (—1)* Dy yaw = —uouw (C.1.3)
[

Lemma 46: A list of fixed indices (i1, ..., fi) satisfying the property:
Gy €0,m—1CN, u#jy; Yije[LCNt i£j  (C14)

exists just for £k < m

Proof. Let us suppose by contradiction that such a list can exists for & > m. Let us
consider two generic distinct elements fi;, and fi;, in the list. Since they are distinct
elements then iy # i; and we have that [i;, # fi;,, Via € [1,k]. This means that:

i € {10,m =1\ {pui } (C.15)

If we consider a third arbitrary element p;, distinct with respect to the first two, then
13 # 19 # 11, and following the same reasoning we must conclude that:

iy € {10,m = 1\ Ly, i} | (C.1.6)

Since k > m, iterating the reasoning m+-1 times we are able to state that for the arbitrary
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(m + 1)-th element in the list:

Hipyr € {[O>m - 1] \ {,Uip -'-aﬂim}} ((31-‘7)

Now let us remark the set {p,, ..., it;,, } by construction is formed by m distinct element
picked from the set [0, m — 1] hence we have to conclude that:

{:uilw'-a,uim} - [Ovm_l] (C18>

At the same time the number of elements of {p;,, ..., p;,, } and [0, m — 1] are both equal
to m and therefore each element belonging to [0, m — 1] must belong to {u,, ..., ti,, } too.
This leads us to:

Jinoy € {[o,m 1\ {pa,,s ...,uim}} -y (C.1.9)

and we must conclude that the m + 1-th arbitrary element of this list does not exist, so
the list can just admit at most m distinct elements. O

Property 104: Let be M an m dimensional manifold. For k > m we have QF = {0}

Proof. Let us suppose by contradiction that for £ > m there must exist at least an
w € QF(M) |w # 0 therefore this means that there must exists at least a bunch of vector
fields uz € x*T'T'M such that w(uz). Hence fixing arbitrarily a local frame (e,_) we can
state locally:

0 # wlug) = u'Fw(e, ) = mz_ utt . mz_ urw(eu s -y e )] (C.1.10)

p1=0 pe=0

where we have explicitely stated the the sum over the dummy indices imposed by the
condensed Einstein notation. Considering this, we can notice that the only way to have
a non null result is to admits that there must exist at least a list of fixed value indices
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such that:

w(eﬂl,...,eﬂk) 750 (Cll?)

Now considering the properties of the forms, we can state that the list of fixed indices
(fi1, ..., fy;) must satisfy the property:

fli # fiy Vi,j € [1k], i # ] (C.1.13)
otherwise:

W€y ey €figs -vs €figs ooy Efigy) = (C.1.14)
:€ﬂkJ..._|€ﬂj+1Jeﬂjil_l...JeﬂHl_leﬂiilJ...eﬂl_leﬂi_leﬂi_laga'jw = (CllB)
:eﬂk_l..._leﬂj+1_|€[L]._1_I..._I€[Li+1_16ﬂi_1J...€ﬂ1_Ieﬂi_leﬂi_l{<—1)ﬁ(g)ﬂ6)w} = (C.1.16)
:<—1)ﬂ(g)ﬁ6)6ﬂkJ..._I€ﬂj+1Jeﬂj71J...J@ﬂi+1J€ﬂi71J...€ﬂ1J{eﬂiJeﬂiJW} = (C.1.17)
:(—1)ﬂ(g)ﬁ(5)€ﬂkJ...JeﬂjJrlJGﬂj71J...Jeﬂi+1J€ﬂi71_l...eﬂlJ{O} =0 (C.1.18)

Therefore to have a non null k-form there must exist at least a list of fixed value indices
such that:

(ﬂl?""/lk)lﬂi7/lj€ [Ovm_l]a ﬂz?éﬂj Viuje [17k]7 27&] (C‘llS))

But this is clearly a contradiction because it has been already proven in the previous
lemma that such a list cannot exists for £ > m O

Property 105: It is easy to check that QF(M) is closed with respect all the R-linear
operations on tensor fields preserving the rank and commuting with the "lower" braiding
maps. For this reason we can state that: sum, product by scalar fields, pullback and
pushforward along diffeomorphisms, Lie derivative, covariant derivative and higher order
covariant derivatives of forms are forms.

Proof. Let be O : I'l}; M — T'Tp;M a generic map on the tensor fields such that it
commutes with the "lower" braiding maps. Therefore given a form w € QF for each
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permutation J € [[(k) we have:

and we must conclude that O(w) is still a form. O

C.1.2 Specific operations on forms

The space QF(M) is not closed with respect the tensor product, the covariant differential,
the higher order covariant differentials and the contraction by a vector. It is however
possible to define on the forms specific operations that are very close related to those
mentioned above but are able to map Q¥(M) into Q¥ (M) preserving the antisymmetric
structure that characterize the forms.

Definition 156: Given QF(M) (with k > 1) the space of k-form on the manifold M, we
define the contraction of a form with a vector field the map L : TTM x QF(M) —
QF~Y(M) such that

[usw)(vi—) = w(u,ve—) , Yu €TTM, Yor— € x"TTM (C.1.21)

Often the contraction of a form with a vector field u is denoted by ¢,

Property 106: Let us notice that the definition of contraction for the forms is a good
definition and it coincides with the contraction of tensor in case of antisymmetric con-
travariant tensor fields. Therefore it inherits all the good properties of 4 i.e. C*(M)-
linearity

Proof. To prove that the contraction maps k-forms to k— 1-forms it is enough to check the
antisymmetry is preserved. This is always true since the permutations of k£ — 1 elements
form a subgroup of the permutations of k elements.

o { o]} (05=r) = w(t, 0p, =) = (~ 1w, v) (C.1:22)

Since it is just the restriction of the usual J on the class of antisymmetric tensor fields
then it satisfies all the properties of the standard contraction by vector fields. O
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Property 107: It is trivial to check due to the antisymmetry that:
ULV IW = Ty (Tyw) = —y (1yw) = —VIu_w (C.1.23)
In the same way we can conclude that:

Tplyw = vav_aw = 0 (C.1.24)

Inspired by the tensor product we can define a binary operation on forms acting in
the same way as the standard tensor product.

Definition 157: Given 2*(M) and 29(M) the space of k-forms on the manifold M, we
define the wedge product the map A : QP(M) x QI(M) — QPTI(M) such that:

1 ,
aAf=—= > (=1)Doxlaef] (C.1.25)
PE kel

Property 108: It is easy to check the wedge product of two forms is by construction a
good antisymmetric covariant tensor and hence it is a form. The A inherits the C*°(M)
linearity in both the arguments as well as the associativity. Furthermore the following
holds:

aNf=(-1)BANa (C.1.26)

Proof. The first and second are trivial. Tho prove the formula a A f = (—=1)" A a we
can consider the explicit definition of the wedge. We have that Vuyr; € xPTTTM:

1 Al s \vd
(an B uprg) = oy >0 (1ol ) (g uprgy) = (C1.27)
- Kell (pt+a)
1 o
:p_| g Z (_]')ﬁ(K)a(uPK@))/B(UPK(M\@): (C.1.28)
-7 Ke[l (p+a)
1 N«
ol D (DOB(up, g (upem) = (C.1.29)
-7 Ke[l (p+a)
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1

= p'_q' Ker%:Jr )(—1)W()UK[6 ® a]}(um\ﬁ,up) = (C.1.30)
1 |

:[Uqﬂo\p]q{p|_q| > (D) eks ®a]}(uﬁ> UpTa\p) = (C.1.31)

- Kell(pt+a)
:(_1)“[%(1\?”){% Y (1) ®o[pe a]}(um) = (C.1.32)
P4 kel
1 |
=o{ o > U oklB@al fupr) = (CDM(B Aad () (C13)
Kell(p+q)
0

As we stated before, it is easy to check how the forms are not closed with respect the
covariant differential. A possibility is to take account just of the total antisymmetric part
of the covariant differential of a form:

Definition 158: We define the exterior covariant differential the map dv : QF —
Q*+1 such that:

k+1
dVw = il E : (=1 B g (Vw) = E (=) oy (Vw) (C.1.34)
" Ke[l(k+1) i=1

Lemma 47: Given w € QF(M) the exterior covariant differential d¥(w) can always be
written as the sum of two k£ + 1 forms: the first denoted by dw is not dependent on the
choice of V while the second one is a C*°(M)-linear combination of w depending on Tor

Proof. The proof can be performed by fixing a local frame and then glueing together the
results. Let (9,) be the natural local frame induced on the open set U C M by a local
chart.

dv( 'U‘ak - Z O-K(vw),ua? = (Cl&r))
Ke[l(k+1)
kE+1 X o
:k +1! Z (_1)ﬁ( )O-K(vw),uag = (k + 1)Vw[p,o¢§] = ((13())
Kel](k+1)
=(k + 1){0pway — Z [} Warsog 1} = (C.1.37)

=(k + 1){0way — Zrﬂ w } = (C.1.38)

[,ual ﬁéaﬁ\i}
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=(k + ){0pway) — Z Torual Hgak\l]}— (C.1.39)

k
1 i— A
=k + D{0pag — 5 N (-1 Torf, Woarragil} = (C.1.40)
i=1
1
=(k + 1){0wa,) — 5 Z( 1)1 HZTOT[yalwﬂ% S %\Z]} (C.1.41)
i=1
k 1 g
:<I€ + 1){8@&)0%} + 5@(&))[#0@} (C.1.42)
k(k+1 o
:d(,g)uoéE + %Q(w)[ﬂak] (C .1.43)

where we defined dw,o, = (k + 1)Jwa. The term @Q(w)[mﬂ is the coordinate
expression of a completely antisymmetric C* (M )-linear application acting on w, there-
fore can be interpreted as the local expression of a k£ + 1 form. The term dw,,_ can be
interpreted as the local expression of a k+ 1-form as well, in fact it is completely antisym-
metric and it changes with the correct transformation rules when another trivialization
is chosen (because it is a subtraction of two tensorial quantities). In fact considering the
previous calculation:

k(k+1 .
dw/wtz = (k) + 1)6[Mwaﬂ = dv(w)lw% — %Q(w)[uak} (( 1 _44)

Therefore there must exist a local section dw for each local natural trivialization of the
tangent tensor bundle and they glue together with the right tensorial transition function.
Hence since w € QF(M) we can say that dw € QF1(M). O

Definition 159: We define the the differential of forms the map
d:QF — Q! (C.1.45)

such that:

1. Tt is the usual differential when applied to the scalar function:

[d(f)()=v(f) , YoelITM,VfeQ(M)=C®M) (C.1.46)
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2. It is R-linear:

dAw + pn) = Md(w) +pd(n) , Yu,A€R, Yw,n € Q*(M), Yk € [0,m] CN
(C.1.47)

3. It satisfies the graded Leibniz rule with respect to the A. We have Yw € QP (M), Vn €
QU(M), Vp,q € [0,m] CN:

dlwAn)=dw)An+ (=1)Pw Ad(n) (C.1.48)

4. Tt is nilpotent:

ddw)) =0 , Ywe Q"(M)Vk <€ [0,m] (C.1.49)

Property 109: Using the definition of differential is very easy to check that fixing the
natural trivialization (e, = d,), the following holds

dw), = d[w](eum) = (k+ 1)8[H1wﬂm\ﬂ (C.1.50)

Definition 160: We define the n-th exterior covariant differential the map dV :
OF — Q¥ such that:

AV — o Z (—1)* X g (VW) (C.1.51)
" Ke[](k+n)

Property 110: Given the higher order differential dv" : Q¥ — Q**" the following holds:

d¥(d¥" (w)) = d¥"" (w) (C.1.52)
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1 1
Vv _ 1)) — —1)#E) n
e S (el Y )
Je[I(k+n+1) Ke[](k+n)
(C.1.53)
If we define a new permutation K’ € [[(k 4+ n + 1) such that:
K1) =) (C.1.54)
K'(i+1)=K@) ., Yiellk+n] |

we can write:

1 1
VIigV" o = —1)t) — 1K) n -
W7 = S (- aJ(v{ S () (v w)})
Je[I(k+n+1) Ke[](k+n)
(C.1.55)
1 1 , .
:(k—f—n)! Z (_1)ti(J)UJ<H Z (_1)li(K)0/Kv{<v w)}) —
Jel1(k+n+1) K'e[](k+n+1) | K'(1)=1
(C.1.56)
k ,
Eki ; ( S (—1)ﬁ<K>a’K(V”+IM)>+ (C.1.57)
K'e[T(k-+n+1) | K'(1)=1
(k + >' 1 ﬁ(J) n+1 _ N1 EQ
o 3 (—1) aJ(v w) - (C.1.58)
JeTT(k+n+1) | J(1)#1
:i‘ (—1) B (VW) = dV " (w) (C.1.59)
" Ke[[(k4+n+1)
0
Property 111: Given a connection V such that Tor = 0 the following holds:
dV'w = dw
dV’w = d(dw) =0 (C.1.60)

dV'w = d*2(d(dw)) =0 , Yk >2
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Proof. Since Tor = 0, we have @ = 0, then from the previous definition of d¥ we can
easily realize the thesis. The other statments follow immediately from the property of d
and from the property proved above. O

Property 112: Since the forms are antisymmetric tensor fields, it is possible to take the
Lie derivative of them. it is possible to show the following properties:

1. the Cartan formula holds: L,(«) = (i,d + di,)(«) , Voo € TAM

2. it commutes with respect to the differential: L,(da) = dL,(«), Yoo € TAM

3. the Cartan formula holds: L, (o) = fL,(«) +df Avoa, Vo € TAM, VfeTA"M

4. satisfies the Leibniz rule with respect to the wedge product:L,(a A B) = L,(a) A
B+ aA L,(B)

5. it satisfies: L, Ly, (@) — Ly Ly (@) = Lpy ()

6. it satisfies: L, (ui(a)) — ua(Ly(@)) = [v, u]u(@)

C.1.3 Elements concerning orientation and integration of differ-
ential forms

The concept of orientability is a fundamental concept subtending the topological and
geometrical properties of the differential manifolds. The existence of some structures and
operation on R™ are strongly dependent on the fact that R™ is an orientable vector space.

Definition 161: Let V be an m-dimensional vector space. Given an arbitrary non null
totally antisymmetric maximum rank multilinear map w : x™V — R we can induce an
equivalence relation of basis called orientation of w:

/
(e) w () & w(eg, -y Em_1) _ w(eo,...,e:,%l) (C.161)

Property 113: Since ‘:’Eeo”“’em’l)‘ € {41, —1} there are two equivalence classes of bases.

60,...,6m,1)

Definition 162: Let be V' an m-dimensional vector space and w a non null totally
antisymmetric maximum rank multilinear map. A basis (e,) satisfying:

w(egy vy m—1)
lw(eg, vy €m—1)]

=1 (C.1.62)
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is defined a right handed basis with respect to w. Its equivalence class is then denoted
by [w, R]. A basis (e,) satisfying:

w(€g, oy €m_1)

=—1 C.1.63
lw(eg, vy €m—1)] ( )

is defined a left handed basis with respect to w. Its equivalence class is then denoted
by [w, L].

At this point one can ask themmself how many different orientations can be induced
by different non null totally antisymmetric maximum rank multilinear maps

Property 114: Two non null totally antisymmetric maximum rank multilinear map
define the same orientation if and only if there exists a basis (e,) such that:

W(eo, ey €m,1) _ 05(60, vy em,l)
lw(eg, oy em—1)] (e, ..., em_1)]

(C.1.64)

Proof. Let be (e},) and (e,) two arbitrary bases. We know that there must exist a
maximum rank linear map A : V' — V such that ¢, = A¥e,. We already proved
previously that for a maximum rank totally antisymmetric multilinear map we have

w(ep, ..., e, _1)det(A) = w(eo, ..., ey,—1) therefore we can state:

w(ep; - pq)  det(Mw(eg,...,em—1) (C.1.65)
|w(egs )| [det(A)||w(ep, ... em—1)]
_det(Na(er,....,em)  aley, €, ) (C.1.66)
" ldet(M)]|aleo, o em1)| (e, el ) Y
Therefore we have:
w(eg, .. €hq) _ w(eg, -y Em_1) o aleg, ..., em_1) _ aley, ..., e ) (C.1.67)
lw(eg, ....el, | |w(eo, vy €m—1)] la(eg, vy €m1)| (e, ....el )| o
and
(e},) ~ (eu) < (€],) ~ (e,) (C.1.68)
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Definition 163: Let V' be an m-dimensional vector space. Given an arbitrary basis (e,)
we can define the equivalence relation of non null totally antisymmetric maximum rank
multilinear maps inducing the same orientation:

a ~w < 3 a basis (e,) such that (€0, s Em-1) = a(€y; -+ €m-1) (C.1.69)

|u)(60,...,€m_1)| |Oz(60,...,€m_1)|

This equivalence relation is called orientation of (e,)

w(el,...,em)

Property 115: Fixed a basis oo e € {+1, —1} therefore there exists two equiva-
lence classes of non null totally antisymmetric maximum rank multilinear maps inducing
the same orientation.

Definition 164: Let V' be an m-dimensional vector space and (e,) a basis. A non null
totally antisymmetric maximum rank multilinear map w satisfying;:

w(er, ..oy €m)

=1 C.1.70
lw(er, ..., em)| ( )

is called positive oriented with respect the basis (e,). Its equivalence class is then
denoted by [(e,),+]. A non null totally antisymmetric maximum rank multilinear map
w satisfying:

w(ery ...y em)

=—1 C.1.71
lw(er, .., em)| ( 1)

is defined a negative oriented with respect the basis (e,). Its equivalence class is
then denoted by [(e,), —].

Property 116: Let be V a vector space, (e,) a basis and (e*) the natural induced dual
basis of V* such that e*(e,) = 6. The standard duality relation between vector and cov-
ectors fixes a one to one relationship between the equivalence classes ([(e,), +], [(eu), —])
and ([w, L], [w, R]), therefore they share equivalently the same geometrical information
about the structures built upon V' (i.e. basis and top forms).

Proof. Given a basis (e,) there always exist the dual basis (e#) and the basis of the top
forms €® A ... A e™ L. The top form ¢° A ... A €™~ ! induce an orientation. Considering
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the duality and the wedge definition, the basis (e,) belongs to [e? A ... A €™ !, R] and
e® A ... Ae™ ! belongs to [(e,),+]. Due to this, considering that each top form can be
expressed in the top form basis as follow w = @ e® A ... A €™~ ! we can see there is a one
to one relationship (i.e. duality) between the two equivalence classes. ]

Considering this there is no difference between the orientation of a top form and the
orientation of a basis, therefore on a vector spaces there is no need to distinguish them
and we will use just the word orientation keeping in mind that we can express it as
an equivalence class of bases or as an equivalence class of top forms according to our
purposes. We can also unify the notation of the equivalence classes of forms and bases
to avoid redundant notation identifying the equivalence class fixed by [¢° A ... A e™ ! R]
with the equivalence class fixed by [e,,+]. This does not mean that we are identifying
the element €’ A... Ae™ ! with the element e,,. Since there is just the same single concept
of orientation both on forms and vectors, then we use [e,, +] to identify it.

Definition 165: Given R™ the existence of the standard basis (E,) fixes a preferred
orientation [(E,), +] called standard orientation. The standard representative for
the positive oriented forms with respect to [(E,), +] is given by E° A ... A E™ L.

Definition 166: Let be U and V' two vector spaces and ¢ : U — V' a linear invertible
map (i.e. an isomoprhism). Given a non null top form w on V there is a natural way to
induce an orientation on U via the pullback of w

¢*(w) (C.1.72)

Property 117: Since the pullback along an isomorphism of a non null form is always
non null and preserves the degree of the form then ¢*(w) is a good non null top form on
U. Therefore it induces equivalence class of bases of U and hence it induces an orientation
on U.

Property 118: Le U be an arbitrary p-dimensional subspace of V' and 7y each totally
antisymmetric multilinear map w : x?V — R | wyy # 0 induces an orientation on U.

Proof. Since U is a p-dimensional subspace of V' therefore U must be also a p-dimensional
vector space. The restriction wjy is by definition a non null antisymmetric maximum rank
multilinear map on the vector space U therefore it induces equivalent classes of basis of
U, hence it induces an orientation on U. O

Property 119: Let U and W be two vector spaces. Let us denote by V.= U & W
the direct sum vector space endowed with the standard projections myy : V' — U and
mw V. — W. Given two non null top forms ¢ and n on U and W respectively, we can
induce naturally an orientation on the direct sum V = U @ W via the pullback and the
wedge product w = 70 A myn
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Proof. This follow directly from the properies of the direct sum, pullback and wedge
product Let (eq, ...,e,—1) and (fo, ..., fy—1) be two arbitrary bases of U and W respectively.
By definition of direct sum we can say that (eq, ..., €y_1, fo, ..., f;—1) must be a basis of V.
Since 6 and 7 are not non null top form the pull back along the projections 77,0 and 7,7
are non null forms. Then

a0 ATy =50 7 el A APTEANFON LA P (C.1.73)

is a non null top form over V. Therefore it induces equivalence class of bases and forms
on V and therefore it fixes an orientation on V. m

Property 120: Let be U and W two vector spaces. Let us denote by V. = U @ W
the direct sum vector space endowed with the standard projections 7y : V. — U and
mw : V — W and the standard coprojection ay : U — V and aw : W — V. Fixing a
positive oriented basis of U denoted by (ey, ..., €,_1) and w a non null top form on V', we
can induce an orientation on W defining a representative as follow:

Oz; [iaU*(ep—ﬂ“'iaU*(eo) (w)] ((,‘.1.7—1)

Proof. Trivially one can check that o [ia (e, 1)-lay.(eo)T7(w)] the defined form on W
is a good non null top form on W and therefore it induces an orientation in W [

It is very interesting to notice what happes when a vector space U can be decomposed
as the direct sum of two identical copies of the same vector space U. The orientation
fixed on U induces naturally an orientation on U & U and an orientation on the subspaces
embedded into it.

Property 121: Let be U a vector spaces. Let us denote by V = U & U the direct sum
vector space endowed with the standard projections 71 : V' — U and 7w : V — U and
the standard coprojection « : U — V and ay : U — V. Fixing a positive oriented basis
(€0, -..;ep—1) on U, we induce the the orientation of oy(U) as a subspace of V via
the form:

i (e A AePT? (C.1.75
1 (
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and we induce the the orientation of as(U) as a subspace of V
Z’aU*(epfl)'"iaU*(eo) <7TI(€O A A epil) A 7'(';(60 VANRRVAN €p71)> (C.I.TG)

Proof. Trivially one can check that all of them are good non null top forms on ay(U) and
ap(U) O

Let us notice that this induced orientation is completely compatible with the natural

m
inclusion and natural projections defined on U@ U. Since R™ = @R, given an orientation
on R we can induce naturally an orientation compatible with all the projections and
coprojections naturally defined on the chains:

R R? < ... — R™ 1 R™ (C.1.77)

R™ - R™! -5 .. - R* =R (C.1.78)

Definition 167: Given R™ and given an orientation [(e, ), +| we define the orientation
operator the map O : x™R"™ — {41, —1} such that:

O@y, oy xp) =1, (z1,...,zm) € [(ey), +]
O, ;) = =1, (@1,...,Tm) € [(€u), +] (C.1.79)
O(x1,...,x,) =0 , otherwise (i.e they are not linearly independent)

We are going now to introduce here the concept of orientable manifold. There are
several equivalent definitions of it, some of them very interesting, deep rooted in the
vector bundle theory. Again we are forced to be pragmatic, therefore we are going to
give just the definition of orientability propaedeutic to our purposes. The motivation
that leads us to define the orientability of a manifold can be quite obscure here, in fact
for a full understanding of it one should prove the equivalence between this definition
and the more advanced fundamental definition involving advanced branches of maths i.e.
homology and fiber bundle. Intuitively one can say that a manifold is orientable if it can
be mapped locally into R™ preserving the concept of orientation when we glue together
local representations since R™ is a vector space. This is enough to motivate the following
definition.
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Definition 168: A m-dimensional manifold M is defined orientable if and only if it
admits at least an atlas (U;, ¢(;)) such that, Vi, j | U; N U; # 0, and the determinant of

the Jacobian J;;) of the transition functions ¢ o gp(_J% : R™ — R™ is always positive .

Property 122: An m-dimensional manifold M is defined orientable if and only if there
exists a global smooth from w € I'y;A*M such that:

Wi, (U1, .y Um) # 0 Vo € M, Vo € x™T,M (C.1.80)

In other words the above holds if and only if there exists a non vanishing smooth global
top form on the whole manifold.

Proof. We provide here just a sketch of proof. Let us remark that since R can always
be mapped globally on itself by the identity map, and the determinant Jacobian of the
identity map is n so R is an orientable manifold. Let us suppose that such an atlas
exists. Let us denote that by (Ui, ¢(;)). Since R™ is a vector space let us denote by
(E,) an arbitary basis and (E*) the natural cobasis. The natural cobasis induced by
the local chart is then (dmé‘i)) = (¢;)(E")), therefore a non null smooth local m-form
(d:c%i) A oA da:?;)) can be built in the same way we previously built the basis of the
local m-forms on AJ}M. Let us suppose to have a smooth partition of the unity ()
subordinate to the family of open sets (U;). We can always define the following top form:

w= Zzﬁi(dx?i) A A dx?z)_l) = Zl/}i(go@)(EO A NE™) (C.1.81)

This form is clearly smooth because it is built using a sum of locally smooth forms, pulled
back along a local diffeomorphism and modulated with a smooth partition of unity. The
only thing we have to check is this form does not vanish in each point of the manifold.
For each U; composing the atlas, let us suppose to have x € U; but z ¢ U; N U; , Vj # i
therefore the restriction of w to z can be reduced to w, = (da:(()i) AN dzz?)_l)h due
to the definition of the partition of the unity subordinate to (U;). Furthermore by the
definition of pullback along a local chart, ¢, is an isomorphism from R™"" and ThM
for each = € U;, hence (da(y A ... Adxfy)), = ¢ (E° A ... A E™ 1), is null if and only if
(E°A ... AE™1) ., is null. So we have to conclude that w), = (dzf; A ... A dx?z)_l)z #0
for each U; in the atlas, for each point x € U;, v ¢ U;NU;, Vj # i. Let us consider now,
for each U; in the atlas, that remaining points « € U; | 3U; , j # i = x € U; N U;. In this
case we have that

xh

wy, = Uil(dxly A A, yl(daly A AdaT]|, = (C.1.82)
=il(day Ao A x|, + 5[0 G (dafy A Ada(]|, = (C.1.83)
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=i[(day Ao Al + 000 o o) (BP A AE™ = 1)), = (C.1.84)
=il(day A e A dl’(”) Y+ 5leh) (det(Jaj) ECA . ANE™Y)]), = (C.1.85)
=[(dxly Ao A dx e + 5 1(det(Jgz))dadyy Ao A d:c’(?;)’l)]|x = (C.1.86)
={¢; + det(J(U )%}\ (alzzc(Z A A dxz’;)_l)h (C.1.87)

By the property of the partition of the umity if det(Ju;) > 0 we have that {v; +
‘det.(J(ij))wj}u #0 , Vo e U NU; and since [(bfi)(dx?i) Ao A dx?;‘)’l)]‘x is non van-
ishing Vo € U; N U; we have to conclude that:

In the other way we can prove that given a global non vanishing top form on the manifold
M we can always build an atlas (U;, ¢(;)) such that det(J;;) > 0. First of all let us
recall that for a scalar function f € C°(R™) the theorem of the sign permanence implies
automatically that

flz) #0,Ye € D CR™, 3zg € | f(zo) >0= f(x) >0,V €D (C.1.89)

Therefore given the Jacobian of the coordinate changes between two charts ¢;) and ¢;),
since it is a diffeomorphism, its determinant must be non zero on the whole U; N U; and
we can state that det(.J) cannot change its sign on the whole set U;NU;. At this point let
us suppose to have a global form w never vanishing on M, this means that Vo € U; N U;
we must satisfy the proper transformation rules for the top forms:

w= &J(j)dx?j) ARA dazg)’l = cb(j)det(J(ij))dx?i) AN dx?})’l ., YzeUNnU; (C.1.90)

Since dx?j) A /\da:’(?;)_l is a basis for the local top forms on Uy;), we have w # 0 < @; # 0
therefore we can conclude that:

dayy A o Nda(H = det(Jgp)daly A AdaTh o Yo e UpnU; (C.1.91)

Since dx?j) AN dx?;)_ ! and dx?i) A A d:L‘Z.L)_l are both valid natural bases induced by
the charts ;) and ;) on U; N U; they cannot vanish Va € U; N U; therefore to satisfy
the equation we have that det(J; ) # 0Vx € U;NU,. Let us suppose there exists at least

a point xy € U; N U; such that det(J ey > 0 therefore due to the sign permanence we
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can say that det(J;) ), .. > 0. In the other hand, let us suppose that exists at least a
iy
point zo € U; N U; such that det(J;;),, < 0, for the sign permanence we can state that

det(J;;) < 0 but we can always define a new chart (Uj, ¢{;)) such that:

‘UiﬂUj

0 0
7o) = ~¥0) (C.1.92)
Sy = ¢y SvkELm—1] \

The Jacobian of this transformation between (Uj, ¢(;)) and (Uj, ¢(;) is just Jyj) =
diag(—1,1,...,1) so det(J:y) = —1. Therefore we can define the transformation between
the new chart (Uj, ¢(;)) and the old one (U;, ¢(;)) just composing the two transformations
and the compatibility rule states:

da'(yy A o Nda' (T = det(J g )det(Jap)daly A Adaft . Ve e UinU; (C.1.93)

and we can conclude that:

0 -1 m— N
dx' iy A ... Nda' (T = —det(Jj)day A ... A dx L Yz eUny; (C.1.94)

Considering this, the transformation from (U; gp’( j)) to (Ui, ¢@;)) must admit a positive

determinant, and we can define a new atlas substituting (Uj, ¢(;)) with (Uy, ¢(;)-
Iterating the process over the charts in the atlas we are able to define a new atlas

such that the determinant of the change of charts is always positive. m

From the property above, we can then state that the existence of a global non vanishing
top form on a manifold is constrained by the "orientability" of a manifold as well as the
existence of a global frame is constrained by the "parallelizability". Inspired by the
standard linear algebra we can define now a concept of "volume" on T, M.

Definition 169: Let be T, M the tangent space at x of an m-dimensional manifold M.
Given a list of vectors v € X™T, M and a non null top form w € A, M, we define the
oriented volume with respect w or equivalently the volume charge with respect w
bounded by the vectors as:

Q=w(v1,.... vm) = w(vm) (C.1.95)
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Definition 170: Let M be an orientable manifold, a global non vanishing top form is
called volume form.

Definition 171: Let M be a m-dimensional manifold and D C M a k dimensional
orientable subset of M. Let A = (U;, p(;)) be an atlas such that it is a natural restriction
on D and is a positive oriented atlas of D . Given (1(;) a smooth partition of the unity
subordinate to the atlas, and a k-form w € QF we can define the operation of integration
of the k- form upon D, to be:

[e=X

> / oy daf, (C.1.96)
U;eA o(DNU;)

U,eA

[ (oo -
»(DNU;)

where

/ oy daf, (C.1.97)
»(DNU;)

is the standard Lebesgue integration process defined on subsets of R*

Property 123: It is possible to show that the given definition does not depend on a
specific choice of the used partion of the unity or from the choices of local charts [44].

Property 124: The integration on manifold, share all the well known properties of the
standard Lebesgue integration upon R*. For instance:

/w+n:/w+/n
D D D

2. Additivity: given Dy and D such that Dy N Dy = & we have:

/ w:/ w—l—/ w
D1UD> D1 Do

3. Stokes’s theorem: given D let 9D be the oriented boundary we have:

/dw:/w
D aD
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It is clear from the given definition that the integration of a k-form can be performed
just on k dimensional orientable domain. Even if much more advanced definitions are
casted (involving sequences of chains on the manifolds) one is forced to realise that there is
no way to perform an integration of differential forms without accounting on the concept
of orientability. However, it is possible to define other geometrical objects very closely-
related to the differential forms that can be integrated over non-orientable domain called
densities. A complete analysis of the theory of the densities is beyond the goal of this
work, therefore we settle here just to recall the definition and the main properties.

C.1.4 Densities

Let us remark that, loosely speaking, an orientable manifold admits a smooth definition
of volume at each point, or equivalently that each fiber of the tangent bundle admits a
concept of volume compatible with the trivialisation. It is very interesting to notice that
this definition would be a good definition of "volume" unless the sign. In fact, while
the usual standard concept of volume spanned by a set of linearly independent vectors
is greater than 0 and null otherwise, the volume form is positive when acting on a righ-
handed lists of linearly independent vectors but negative on the left-handed lists. This is
the reason because the definition of "charged volume" has been introduced. A top form
define a volume on T, M but taking account on the orientation of the domain bounding
that volume by a sign overall. However, the standard volume defined usually on an m-
dimensional vector space V' (or simply on R”) must satisfiy Vol(vi) >0, Vozi € x™V
and this property is fundamental as long as it is used to define a measure on finite
dimensional topological vector spaces. It is possible then to define in a geometrical way
some new objects called densities that define in terms of maps the concept of (uncharged)
volume on 1T, M.

Definition 172: Let us consider an m-dimensional manifold M. Given T, M the tangent
vector space. We define a density the map:

fi o x™(TyM) — M (C.1.98)

such that: Vi € [1,m], VA € R, Yoz € x"T, M =

1. it scales with the absolute value of the scalar:

(V= Avi, v ) = Al (U=, vi, U 7) (C.1.99)

2. Given a linear map A : T,M — T, M

iAW), o A(vp)) = |det(A)|fi(vr, ... vpn) (C.1.100)



Observe that a density is not linear in any of its arguments therefore is not a tensor.
However we will see that it is possible to induce densities from top forms, in fact they
are very closely related.

Property 125: Given M a m-dimensional manifold, let w € A'M be a tangent top
form at x € M. The map |w|: x™T, M — R such that:

lw|(vm) = |w(vm)| , Yom € XTT,M (C.1.101)

is a good density tangent at x

Proof. The proof is trivial, it is enough to combine the property of the modulus with the
behaviour of the top forms under a generic endomorphism A to show that |w| satisfies all
the requirements to be a good density. O

Definition 173: Let us consider an m-dimensional manifold M. Given T, M the tangent
vector space. We denote with A, M the set of all densities tangent at z

Two operations can be naturally induced on densities from the standard sum and
multiplication on R.

Definition 174: We define the sum of densities the map

+ i AM x A,M — A M (C.1.102)

such that:

[ + B](vm) = (V) + B(vm) (C.1.103)

Definition 175: We define the multiplication by a scalar the map

‘R x AgM — A, M (C.1.104)

such that:

D] (0m) = AD(vpn) (C.1.105)
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Property 126: Let us consider an m-dimensional manifold M. Given T, M the tangent
vector space the following properties for the densities holds:

1. (A,M,+,-) is a real vector space

2. Let (e,) and (e*) be a basis on T, M and T*M respectively. A basis for A, M is
given by |e! A ... Ae™|.

3. dim(A,M) =1

Given a k-form over a k-orientable domain it is always possible to associate to it a
density at each point of the domain in a following way:

Property 127: Given D a k-orientable domain, let w € A*D be a tangent top form at
x €D C M. The map |w|: x"I'T'D — R such that:

{lwl(vm)}), = lw(vm)l. , Ve €D, Vuye x"TD (C.1.106)

is a good density field over D

Definition 176: Let M be a m-dimensional manifold and D C M a k dimensional
subset of M. Let A = (U;, p(;)) be an atlas. Given (¢(;)) a smooth partition of the unity
subordinate to the atlas, and a k-form w € Q*, we can define the operation of integration
of the k- density |w| associate to w upon D, to be:

IR

(v ) (W@w)| = / |l | (C.1.107)
> et = X oy

U;eA U;ea ’e(DNU;)

where

/ (o1 dfy| (C.1.108)
Lp(DﬂUi)

is the standard Lebesgue volume integration process defined on subsets of R¥

Property 128: Let M be a m-dimensional manifold and D C M a k orientable subset
of M. Let D™ and D~ be the set D endowed respectively with a positive and negative
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orientation with respect to the one induced by a k-form w. The following holds:

/ w:/ |w|:—/ w (C.1.109)
Dt D D~
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