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Introduction

Let (X, g) be a Lorentz manifold or, more generally, a pseudo-Riemannian manifold. This
memory discusses 2-covariant tensors on X that are constructed out of the metric g and
another tensor field w, and which are divergence-free. These tensors are important because
any matter-energy distribution on spacetime is represented by one of these tensor fields,
where the divergence-free condition expresses an infinitesimal conservation law.

There exist plenty of examples: the Euler-Lagrange tensor associated to any variational
problem defined in the bundle of metrics, whose lagrangian function is a scalar invariant
of metrics, is automatically divergence-free. This fact is a particular case of the second
Noether’s theorem.

The study of this memory is focused on the following examples:
e The Einstein tensor, that represents the energy content of a relativistic spacetime.

» The energy tensor associated to an electromagnetic field, and its generalization to the

electromagnetism of charged p-branes.

e The Lovelock tensors, that appear in dimension greater than 4.
The main results contained in this thesis consist of different characterizations of each of

these tensors.

Preliminaries

The divergence-free tensors under consideration are naturally constructed out of a met-
ric. But what does it exactly mean that a tensor is constructed out of another tensor, and
what does the assumption of naturalness signify? This memory begins with two preliminary
chapters, where we address these questions. Our exposition differs from those encountered
in the literature, so we include complete proofs.

Tensors are sections of a bundle, so that, more generally, let us consider two bundles,

F — X and F — X, and their sheaves of smooth sections & and % over X. Let us suppose
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that, for each local section s of F', we have a procedure to assign (or “construct”) another local

section ¢(s) of F, satisfying the following reasonable assumptions:

-Local character: If the section s is defined on an open set U < X, then ¢(s) is also defined
on U, and the map ¢ is compatible with restrictions: for each open set V. c U, it holds ¢(s|v) =

@(s)v. In other words, this amounts to saying that ¢ is a morphism of sheaves ¢: & — Z.

-Regularity: If {s;};er is a smooth family of sections of F', parametrized by a smooth

manifold 7', then {¢p(s;)};e7 is also a smooth family of sections of F.
The first Chapter is devoted to give a proof of the following result:

Theorem (Slovak, [44]): Any regular morphism of sheaves ¢: F — F is a differential

operator.

This theorem responds the question of what should we understand by a tensor ¢(s) con-
structed out of another tensor s. The answer is that such a construction has to be defined by
a differential operator ¢ between the involved bundles. As an example, the map that assigns
to each metric g its corresponding Einstein tensor G defines a differential operator of order
two, g — G, between the bundle of metrics and the bundle of 2-tensors.

A differential operator ¢: F — .F is natural if its definition does not depend on choices
of local coordinates on X. As a change of coordinates is, essentially, the same thing as a
diffeomorphism, we can specify the previous definition as follows: a differential operator
¢: F — Z is natural if it commutes with the action of diffeomorphisms on the base manifold
X; that is, if for any diffeomorphism 7: U — V between open sets of X, and for any section
se Z(U), it holds @(7.(s)) = 7. (¢(s)).

The theory of natural bundles and natural operators is classical; in the second Chapter we
prove some of its basic results that will be used later on. At this stage, our presentation dif-
fers from the standard reference - the book by Kolar-Michor-Slovak ([24]) - but is equivalent
to it.

Chapter 3: Homogeneous tensors

There is an elementary observation that plays a key role in the results of this memory: if
the metric g on a spacetime (X, g) is changed by a proportional one, A2g, with 1 € R*, then
the geometry of space-time remains unaltered, whereas the measures of time and length are
modified by a constant factor. The proper time of a timelike trajectory (i.e., its arc-length)

as well as spatial lengths (of spatial-like vectors) get multiplied by A, while the Levi-Civita



connection remains unaffected. That is, replacing the metric g by a proportional one A%g
amounts to modifying the units of time and length, without varying the geometry of space-
time.

In fact, the underlying question is that the “correct” definition of a pseudo-Riemannian
structure on a manifold should not consist on a metric g, but on a one-dimensional subspace
< g >p+ of metrics, without specifying a particular generator. Therefore, any reasonable
tensor T'(g) constructed out of a metric g, should not be altered (up to a factor) when the

metric g is substituted by A2g, with A € R™; that is, it should satisfy a formula of the type
T(A%g) = A“T(g)

for all A € R*, where the exponent w indicates the kind of dependence of T' on the units of
time-length. Tensors fulfilling such a formula are called homogeneous, and the exponent w
is called the weight of the tensor.

Our conviction on this notion could be summarized in the following:

Principle of homogeneity: In Differential Geometry, any “relevant” tensor associated to

a metric g must be natural and homogeneous.

This principle could be understood as a differential geometric version of the dimensional
analysis in Physics. Examples of homogeneous tensors include the curvature tensor, R, or
the Ricci tensor, Ric, which are homogeneous of weight zero. The scalar curvature, r, is
homogeneous of weight —2, whereas the volume form wx is homogeneous of weight the di-
mension of X. The principle of homogeneity may also be applied to non-tensorial objects;
v.gr., the Levi-Civita connection satisfies V,2, =V, and D’Alembert’s differential operator
Oz = A720,.

On the other hand, this homogeneity condition has already been considered in the liter-
ature. For instance, let us highlight the characterization of the Levi-Civita connection, due
to Epstein ([13]), as the only linear connection naturally associated to a metric that satisfies
V)2g = Vg. Another important result, due to Gilkey ([17]), characterizes the Pontryagin forms
as the only differential forms naturally constructed out of a metric g, that are homogeneous
of weight zero.

The main result in Chapter 3 is a formula that allows to determine all the p-tensors
T(g,w), naturally associated to a metric g and to a k-covariant tensor w, satisfying an ho-
mogeneity condition T(A%2g,1%w) = A¥T(g,w), for certain a,w € R. The formula, inspired by
similar results due to Stredder ([47]) and Slovak ([45]), reduces the computation of such ten-

sors to a problem of invariants of the orthogonal group, which in turn may by tackled using
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classical invariant theory.
Our statement (Theorem 3.4.2) is somewhat technical to be introduced here, so let us

simply point out its main consequences as follows:

Theorem: The vector space of p-tensors T(g,w) naturally associated to a metric g and a
k-covariant tensor w, and satisfying the homogeneity condition T(A’g,A%w) = A*T(g,w), is
finite dimensional.

Moreover, it is possible to explicitly describe a system of generators of such space. These
generators are defined using tensor products and contractions of the tensors g,R, VR, V?R, ...

and w, Vo, Vo,....

Chapter 4: Characterization of the Einstein tensor

In General Relativity, spacetime is conceived as a Lorentz manifold (X, g) of dimension 4
and gravity is interpreted as a manifestation of the curvature of such manifold. To formulate
the field equation of this theory, Einstein had in mind that, in the Newtonian theory, the
mass distribution is determined by the gravitational force via the Poisson equation. As in
the relativistic theory the gravitational force is substituted by the geometry of the manifold,
the field equation of the theory should determine the mass distribution out of the metric g;

that is, it should be an equation of the form:
G(g) =uT

where G(g) is a 2-covariant tensor constructed out of g, T is the energy-momentum 2-
covariant tensor of the matter distribution and p € R is a constant depending on the fixed
units.

But the matter tensor T satisfies the condition divT = 0, that encodes the infinitesimal
conservation of impulse, so the unknown tensor G(g) has also to be divergence-free. At the
time, the only 2-tensor known to be divergence-free was Ric — 5g, so Einstein deduced that

the field equation of General Relativity should be:
r
Ric——g=uT.
2¢ 2g M

The choice of G(g) = Ric — 5g is motivated by the following result, first published by H.
Vermeil ([561]), and independently proved by E. Cartan ([9]):
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Theorem (Vermeil-Cartan): Up to a constant factor and the addition of a cosmological
term Ag, the Einstein tensor Ric— 5g is the only symmetric, divergence-free, natural 2-tensor
that is second-order (in the derivatives of the coefficients g;; of the metric) and that is linear

on these second derivatives.

Fifty years later, this result was improved by D. Lovelock ([31]), who proved that, in
dimension 4, the hypotheses of symmetry and linearity on the second derivatives are super-
fluous.

In this memory we provide a new characterization of the Einstein tensor, suppressing the
limitation on the order of derivatives used to define it, but requiring instead a condition of

independence on the units of scale:

Theorem 4.2.2: Up to a constant factor, the Einstein tensor G(g) = Ric —5g is the only
divergence-free, natural 2-tensor that is independent of the unit of scale: G(A2g) = G(g).

Even more, any divergence-free, natural 2-tensor that is homogeneous of weight w > —2 is
a constant multiple of the Einstein tensor, if w =0, or a constant multiple of the metric g, if

w=2.

In Newtonian gravitation, if we fix the unit of mass so that the constant of universal
gravitation becomes 1, then the energy-momentum tensor 7' of the matter distribution does
not depend on the time and length units. Hence, the same should occur in the relativistic
case, that approximates the Newtonian theory: the mater tensor T has to be independent
of the unit of time. Thus, the previous theorem proves that the Einstein tensor is, up to a
constant factor, the only tensor naturally associated to the metric, that satisfies the two basic
properties of the matter tensor: it is divergence-free and it is independent of the unit of scale.
That is to say, our theorem provides a strong theoretical justification for the choice of the
Einstein tensor in the field equation of General Relativity.

The application of dimensional analysis to the Einstein equation has a precedent in the
work of Aldersley ([1]), but his formulation is rather obscure (see the comment in page 56).
On the other hand, the proof of our theorem is quite simple: the condition of G(g) being
independent of the unit of scale is equivalent, in virtue of the general formula of Chapter 3,
to saying that G(g) only depends on second derivatives of g, and that it is linear on these
second derivatives. Moreover, some standard arguments using invariant theory allow to
show that G(g) has to be symmetric, hence reducing the question to the classical result of
Vermeil-Cartan.

It is worth pointing out that our characterization of the Einstein tensor also remains

valid if we consider 2-tensors 7'(g,orient) naturally associated to a metric g and an orienta-



viii Introduction

tion. The possibility of depending on the orientation is not vain, as illustrate, v.gr., the Cotton
tensors. These tensors, that depend on the metric up to its third derivatives and on the orien-
tation, are known for being the only natural 2-tensors that can be derived from a variational
principle, but for which there not exist a natural lagrangian ([5]). The Cotton tensors are

homogeneous of weight -2, so there is no contradiction with the above characterization.

The second part of the Chapter studies the field equation on a Weyl spacetime. Let us
firstly recall that a Weyl spacetime consists on a smooth manifold X of dimension 1+ n, en-
dowed with a symmetric linear connection V and a conformal Lorentzian structure [g], both

of which are compatible in the sense that

Vg=ao®g

for some 1-form a.

The 1-form a depends on the metric g representing the conformal structure. The 1-forms
associated to different representatives differ on an exact form, so the 2-form w = da is intrin-
sic, and we call it the Weyl form.

From a purely mathematical point of view, the Weyl spacetime appears as a generalization
of the Minkowski spacetime, even more faithful than that of a Lorentz spacetime. It is the
Weyl geometry, not the Lorentz’s, that possesses the same infinitesimal structure (at first
order) than the Minkowski geometry.

Back in 1918, H. Weyl ([52]) formulated this geometry as an attempt to unify gravitation
and electromagnetism, with the aim of interpreting the Weyl 2-form w as the 2-form of the
electromagnetic field. But, as already observed Einstein, this theory did not correspond with
experimental facts; Weyl himself discarded it in favour of another model that gave birth
to the modern gauge theories ([563]). In fact, the dimensional analysis already shows that,
contrary to the 2-form of the electromagnetic field, the 2-form w is independent of the units
of scale, so that w cannot be interpreted as the electromagnetic 2-form.

But the beauty of the Weyl geometry invites to study it as a pure theory of gravitation,
where the Weyl 2-form is no longer interpreted as electromagnetism, but as mere curvature.
In order to write down a field equation for this theory, we need to find all possible 2-tensors
that are divergence-free.

We solve this question with the following:
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Theorem 4.2.15: The only 2-tensors, naturally associated to a Weyl geometry (V,[g]) are the
linear combinations of:

Ricy rg w.

Up to a constant factor, the only divergence-free 2-tensor naturally associated to a Weyl
geomelry is

i r n
G := chv—§g+zw.

Nevertheless, this 2-tensor G is not symmetric: its skew-symmetric component is —%w.

By reasons that are not clear to us, it is commonly accepted that the energy-momentum

tensor T of the matter distribution should be symmetric. In such a case, a field equation G =

uT already implies w = 0, that amounts to saying that Weyl geometry is locally Lorentzian.
That is, we arrive to the conclusion that the exigence of the symmetry of 7' implies that

is not possible, at least locally, to generalize General Relativity using a Weyl geometry.

Chapter 5: Characterization of the electromagnetic energy tensor

Let (X, g) be a spacetime, i.e., an oriented Lorentz manifold of dimension 1+n. An electro-

magnetic field on it is represented by a 2-form F' on X that satisfies the Maxwell equations,
dFF =0 , oF = J*,

where o/ is the charge-current vector field.
The electromagnetic energy tensor T, corresponding to this field F is a 2-covariant

tensor, locally defined on a chart as:
i L ij
Tab = Fa Fbi_ZF Fijgab . (0.0.0.1)

Our purpose in the fifth Chapter is to prove a characterization of this tensor, motivated
by physical grounds.

The reason for the introduction of this electromagnetic energy tensor is the necessity of
preserving the principle of conservation of energy: in absence of electric charges, the energy-

momentum tensor T, of a fluid has to fulfil the condition:

divl, =0,
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that encodes the infinitesimal conservation of mass-energy and momentum. But in pres-
ence of electric charges in the fluid, movement becomes affected by the electromagnetic field,

according to the Lorentz Force Law,
diVTm = iJF = iaFF

that, in particular, would imply a violation of the conservation of energy. This can remedied
assuming that, apart from the energy-momentum 7', of matter, the electromagnetic field

itself possesses energy, Teim, in such a way that the total energy is conserved:
div(Ty, + Teim) =0 .

Therefore, we need to find a 2-tensor T, associated to the electromagnetic field F', whose
divergence cancels the divergence of the matter tensor T',, that is, divTeim = —igrF. More-
over, in order that the adding T, + Teim makes sense, both tensors should have the same
dependence of the unit of time-length: as 7', is independent of the unit of time-length, the
same should occur to Ten. Lastly, it is sensible to assume that, wherever the electromagnetic
field is null, there is no electromagnetic energy.

Our main theorem asserts that these three properties, that any reasonable definition of

Telm should hold, uniquely characterize it:

Theorem 5.2.5: The energy tensor (0.0.0.1) is the only 2-tensor T' = T(g,F) naturally associ-

ated to a Lorentzian metric g and a closed 2-form F, satisfying the following properties:
1. T is independent of the unit of scale: T(A’g,AF) = T(g,F), VAeR'.
2. divT = —-iyfrF,
3. At any point, F, =0 = T, =0.

This problem of characterizing the electromagnetic energy tensor is also classical and
has already been studied in the literature ([4], [22], [23], [32], [33]). The closest result to
our statement is Kerrighan’s ([23]), where the tensor 7T'(g,F) is assumed to be symmetric,
defined for any pair (g,F) (not only when F is closed), and its coefficients are assumed to be
functions of the coefficients of g and F (so tensors using higher derivatives of g and F' are
not considered). These restrictions are removed in our theorem where, instead, we require
independence of the unit of scale.

The energy tensor (0.0.0.1) may be defined for k-forms of arbitrary order %, or even for
more arbitrary tensors; these are the super-energy tensors introduced by Senovilla ([43]).

The energy tensor of a k-form admits a similar characterization to that stated above for
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2-forms, and this fact suggested us the idea of a possible physical interpretation for these
energy tensors. In ([15]), M. Henneaux and C. Teitelboim introduced a generalized theory
of electromagnetism where charged particles are not punctual, but have dimension p (hence
called p-branes), and where the electromagnetic field is represented by a (2 + p)-form. In this
memory, we add two basic points to their formulation: the Lorentz Force Law, introducing
the notion of acceleration of a p-brane, and the Einstein field equation. In order to write
this field equation, we explain how the energy tensor of a (2 + p)-form must be understood
as the energy tensor of the electromagnetic field of this theory, thus obtaining a physical

interpretation for these tensors.

Chapter 6: Divergence-free, second-order tensors

The final Chapter deals with the general problem of describing natural tensors that are
divergence-free. Due to the complexity of the question, we restrict our attention to second-
order tensors; i.e., tensors that are second-order in the coefficients g;; of the metric. Apart
from this, we consider an arbitrary number of indices and symmetries among them.

There exists abundant literature on this topic ([3], [12], [29], [30]). The major break-
through in the area remains the work done by D. Lovelock regarding symmetric tensors with
2 indexes. In ([30]), he introduced a sequence of tensors {L,...,L;,}, where 2m <n—1 and

n =dim X , for which he proved:

Theorem (Lovelock): The tensors {Ly,...,L}, where 2m <n —1, are a basis of the R-vector

space of second-order, natural 2-tensors that are symmetric and divergence-free.

The first two of these Lovelock tensors are the metric, Lo = g, and the Einstein tensor
L1 =G. Hence, if n =4:

Corollary: In dimension n =4, the only second-order, natural 2-tensors that are symmetric

and divergence-free are the R-linear combinations of the metric g and the Einstein tensor G.

These Lovelock tensors Ly,...,L; are closely related to the Chern-Gauss-Bonnet theo-
rem ([19]) and have received much attention by the physical community (see [11], [20] and
references therein).

Nevertheless, a similar analysis for tensors with different symmetries or with a higher
number of indices revealed difficult ([8], [12]). Some progress has been made with the aid of
computer programs ([7]), but there is still a lack of general results.

Our purpose in this Chapter is twofold: on the one hand, we aim to strengthen Lovelock’s

theorem, and, on the other, we try to simplify Lovelock’s original proof.
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As regards to the first intention, we obtain:
Theorem 6.4.3: The hypothesis of symmetry in the Lovelock’s theorem is superfluous.

In other words, we prove that the tensors {Lg,...,L,,}, where 2m < n —1, are a basis of
the R-vector space of second-order, natural 2-tensors that are divergence-free. This fact was
already proved by Lovelock himself in dimension n =4, but the general case remained open.

Moreover, our methods also allow to produce new results for tensors with more than two

indices. For instance:

Propositions 6.5.4: There are no second-order, natural p-forms (p = 1) that are divergence-
free, but the zero form.

As concerns the clarifying of Lovelock’s proof, we propose an alternative definition of the
Lovelock tensors, that makes no use of coordinates, and that allows to immediately check
their symmetry and the vanishing of their divergence.

Besides, the original proof due to Lovelock involved lengthy calculations using multi-
indexes, that we have strongly simplified, using elements from the invariant theory of the

orthogonal group, as well as elementary facts of graph theory.

a.m.D.g.



Chapter 1
Differential operators

Let F — X and F — X be bundles over a smooth manifold X. Let ¢ be an “assignment” that

maps smooth sections of F' into smooth sections of F.

Let us suppose ¢ satisfies the following conditions:

1. Local character: Tt defines a morphism of sheaves ¢: F — F between the sheaf of
smooth sections of F and that of F. In particular, the value of ¢(s) at a point x € X is

determined by the value of s in a neighbourhood of x.

2. Regularity: If {s;};er is a smooth family of sections of F', then {¢(s;)};er is a smooth

family of sections of F.

This Chapter is devoted to prove that any such a ¢ is indeed a differential operator: ¢(s)(x)

only depends on (a locally finite number of) derivatives of s at x.

The content of this Chapter is inspired in the work of Slovak ([24], [44]), although our
presentation uses the language of sheaves and ringed spaces to clarify the exposition.

1.1 Whitney’s Extension Theorem

In this Section we formulate the Whitney’s Extension Theorem, and we prove some conse-
quences that will be used in the proof of the Slovak’s Theorem 1.3.4.

For any pair of multi-indexes,

I=(ry,...,rn), JZ(Fl,...,Fn) € Ztx .n xz7*
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let us introduce the following notations:

Il:=ri+...4r, , I':=ril...r,! , I+dJ:=(r1+71,....,7n+7Ty).

Some other standard multi-index notation will be used throughout this Section, without

more explicit mention. As an example, the Taylor expansion of a smooth function f on R" at

a point a € R” is denoted:

D
Tof =Y ’Z(“) x—a) .

I

Definition. A Taylor expansion T, at a point a € R” is an arbitrary series:

A1
Ta:; Iia x-af  Arq€eR.

A family of Taylor expansions {T,}scx on a set K < R” defines functions:

A K—-R a*_’/ll,a-

Let K c R"” be a compact set and consider a family of Taylor expansions {T,},cx on the
points of K. This Section deals with the question of whether there exists a smooth function
f € €*°(R") such that T,f =T,, foralla e K.

A necessary condition is given by Taylor’s Theorem: if f is a smooth function on R” and

K cR" is a compact set, then for any m € N and € > 0, there exists § > 0 such that:

m D
x,yeK, lx-yl<é = |fnN- ) Jf(x)(y—x)"

5 <elly—x|I™. (1.1.0.1)
1J1=0 :

Whitney’s Theorem provides a sufficient condition. Here, we state the result (its proof can

be found in [50] or [54]) and derive some corollaries that are used later on.

Whitney’s Extension Theorem: Let K c R” be a compact set and let {T,}qcx be a family of
Taylor expansions on K.

There exists f € €°(R") such that T,f =T, forany a€ K
if and only if the following condition (that we will refer to as "Taylor’s condition") holds:

For any given I, m € N, and € > 0, there exists 6 > 0 such that:
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o AL+d
nyeK, la=yl<é = |Ay= 3 == (-0 | sely-a™.
[/1=0 :

Corollary 1.1.1 (Borel’s theorem). Given a Taylor expansion T, at a point a € R", there always
exists f € €°°(R") such that:
Tof =Tq .

Proposition 1.1.2. Let aj, — 0 be a sequence of points converging to the origin of R".

Assume there exist ¢ € N such that:
larl, la;ll < clla —all VE#£L,

and let {Ty,,To = O}ren be a continuous family of Taylor expansions on (ap).

If Taylor’s condition holds at the origin; i.e., for any I, m, €, there exists v € N such that :
kE>v = |A1g,l <celapl™
then there exists a global smooth function f € €°°(R") realizing those expansions:

Takf:Tak > T()f:()-

Proof: We can assume |(aj, —a;)?| < 1, for any multi-index J and any &, .

Given I,m,e, the hypothesis allows to find v € N such that, for any  with |J| < m:
E>v = |A1ige,l <elapl™.

Hence, for any &,l > v:

Z (ar—ap)’ A l(ar —ar)’|
Ala,— Y /11+J,alT < Arg,l+ D |/11+J,al|T
|J1=0 : 1J1=0 :
m

<ellarl™ +ella ™ 7
=0 ¢/

<e(c™lar—a/l™+c"Mlar —a;ll™) < €llar —arl™ .

Therefore, Whitney’s Theorem applies and the thesis follows. O
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Proposition 1.1.3. Let K c R" be the truncated cone on R" defined by the equations:
Ki={xeR": 2¥+.. . +x2_;<x2 , |xnl=1} (1.1.0.2)

and let K1 := K n{x, =0} and K9 := K n{x, <0}
If u,v € €°(R") are smooth functions with the same Taylor expansion at the origin, Tou =
Tov, then there exists [ € €°(R") such that

fri=u , fik,=v.

Proof: 1t is enough to argue the case v = 0. To do so, let us check we can apply Whitney’s

Theorem to the following family of Taylor expansions:

Tou, ifa€e Ky
0, ifa e Ko

Ty =

Taylor’s condition trivially holds whenever x,y € K1 or x,y € Ko. If x € K1 and y € Ko (the

case where x and y are interchanged is analogous), then:

Il Iyl < lly—=xIl .

Given I,m,e, the hypothesis Tou = 0 implies there exists 6 > 0 such that, for any J with
lJ|<m,

x€Ky, lxll<6 = |Aprgal<elx]™.

A smaller §, if necessary, also guarantees |(y —x)?| <1 whenever ||x — yll <6 and |J| <m.

Therefore, whenever x € K1 and y € K, satisfy |x—y| <9,

Al+d x I(y —x)?| mo1 _
Ay= Y -0 | <0+ Y [Aere] o < ellal™| Y —| < @ly-x)™.
|J|=m J! |J|<m J! |J|_0J.
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1.2 Differential operators and spaces of jets

In this Section we define the notion of differential operator (of infinite order) and the spaces

of co-jets. We assume a basic knowledge of the bundles of jets of finite order.

Definition. A smooth map n: F — X will be called a fibre bundle if it is a submersion.
If 7: F — X is another fibre bundle, a morphism of bundles P: F — F is a smooth map
such that 7o P = 7.

Let F,F — X be fibre bundles over a smooth manifold X.

Definition. A differential operator P: F ~ F of finite order < k is a morphism of bundles:
P:J*F—-F

where J*F — X denotes the bundle of k-jets of sections of F.

In order to deal with differential operators of arbitrary order, it will be necessary to in-
troduce the space of co-jets of sections, J°F. As the category of smooth manifolds does not
possess inverse limits, the smooth structure of this space will be worked out in the larger

category of ringed spaces:

Definition. A ringed space is a pair (X,0x), where X is a topological space and Oy is a
subalgebra of the sheaf of real-valued continuous functions on X.
A morphism of ringed spaces ¢: (X,0x) — (Y,0y) is a continuous map ¢: X — Y such

that composition with ¢ induces a morphism of sheaves:

¢*: 0y — ¢.0x ,
that is, for any open set V < Y and any function f € Oy(V), the composition f o ¢ lies in
Ox(p~1V).

Example. Any smooth manifold X is a ringed space, where Ox = €%’ is the sheaf of smooth
real-valued functions. If X and Y are smooth manifolds, a morphism of ringed spaces X — Y

is just a smooth map.

In the category of ringed spaces there exist inverse limits; as a particular case, consider

a sequence of smooth manifolds and smooth maps between them:

Pr+1 3
o X1 — Xy — Xp 1 — .
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Definition. Its inverse limit is the ringed space (X,,0,) defined as follows:

- The underlying topological space is the inverse limit of the topological spaces Xy; i.e.,
the set:
Xoo :=1lim Xy,

endowed with the minimum topology for which the canonical projections 73 : Xoo — X},

are continuous.

- On any open set U c X, the “smooth” functions G.,(U) are those continuous maps

f: U — R that locally factor through a smooth function defined on some Xj,.

That is, a continuous map f: U — R lies in O (U) if and only if for any point x € U, there
exist an open neighbourhood x € V and a smooth map f3: X; — R such that the following

V%R .
N
Xr

A morphism of ringed spaces Y — X, or Xo, — Z, where Y,Z are smooth manifolds, is

triangle commutes:

called a smooth map.
Example. The space J®F of co-jets of sections of a fibre bundle F' is the inverse limit of the
sequence of k-jets prolongations:
om JF - JIF - F X
If {N;}ien is a countable family of finite dimensional R-vector spaces, the vector space
[132 N; is the inverse limit of the projections:
k+1 k

e HNi—>HNi—>...—>N2XN1—>N1 .
=1 =1

Universal Property. For any smooth manifold Y, the projections ny: Xoo — X3, induce a
bijection:
Hom(Y,X,) = lim Hom(Y,X}),

where Hom(_,_) denotes the set of smooth maps.

Proof: The projections 7, are smooth maps, so one inclusion follows. As for the other, let

¢:Y — X be a continuous map such that 7z, o ¢ is smooth, for any £ € N.
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Let f € Os(U) be a smooth function and let y € ¢~ (U). On a neighbourhood V of ¢(y),
there exists f: Xz — R such that f = f3 o1, and therefore:

0" f =@ (fromr) = (mro@) fr
that is smooth because 7 o ¢ is a smooth map. U

Proposition 1.2.1. Let Z be a smooth manifold. A continuous map ¢: Xoo — Z is smooth if

and only if it locally factors through a smooth map defined on some Xp,.

Proof: Let ¢: X, — Z be a smooth map; let x € X, be a point and let (U, z1,...,2,) be a coordi-
nate chart around ¢(x) in Z. Each of the functions z10¢,...,z,0p € @,o((p_lU ) locally factors
through some X;; as they are a finite number, there exists £ € N and an open neighbourhood
V of x such that all of them, when restricted to V, factor through X;. Hence, ¢|v = (¢ o)y,
where @, =(z100¢,...,z,00).

Conversely, let f be a smooth function on U < Z. On a neighbourhood of any point in
¢ U, it holds ¢ = @pp omy, so that ¢*f = fop=foppomy, = (¢, f)om, on that neighbourhood.
Hence, ¢*f is a smooth function on X, and ¢ is a smooth map. 0

Definition. A differential operator P: F ~~ F is a morphism of ringed spaces over X:
P:J°F —F.

Due to the previous Proposition, differential operators have finite order locally on J*°F.

1.3 Slovak’s characterization of differential operators

Let T be a smooth manifold and let X7 :=T x X.
Any open set U c X7 can be thought as a family of open sets U; c X, where Uy is the fibre
of U —>T overteT.

A family of sections {s;: U; — F };c7 defines a map:
s:U—-F , s(t,x):=s:x)

and {s;};e7 is said smooth (with respect to the parameters ¢ € T') precisely when the map

s: U — F is smooth:
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Definition. A smooth family of sections of F parametrized by T is a section of F' with support

-

XTDU —

on an open set U of X:

Example. Let X =R", F =R" xR" and let T := Pol;(R",R") be the smooth manifold of polyno-
mial maps f: R” — R" of degree less or equal than %.
The universal family ¢ is defined in U = J*F = Pol,(R*,R") x R" by the formula:

EU-F=R"xR" |, (f,x) — (f(x),x);
thatis, {f: R" =X — F =R" xR" is the section defined by the polynomial f.

Definition. A morphism of sheaves ¢: & — & is regular if, for any smooth family of sections
{s¢: Uy — Flier, the family {¢(sy): Uy — Fler is also smooth.

Example. Any differential operator P: F ~~ F allows to define a morphism of sheaves:
bp: F—F ,  ¢p(s)x):i=P(iPs)

that is regular.

Arbitrary morphisms of sheaves

Let F,F — X be fibre bundles and let &, & be their sheaves of smooth sections.

Proposition 1.3.1. Let ¢: F — F be a morphism of sheaves. For any sections s,s' of F
defined on a neighbourhood of a point x € X :

IRs=j0s" > P(s)x) = P(s')(x) .

Proof: As the statement is local, we can suppose x = 0 is the origin of X =R"” and F' =R" x R"
is trivial. We can also assume F =R x R” is trivial, with one-dimensional fibres.

Hence, let s = (s1,...,5,),s' =(s],...,s.): R* = R" be smooth maps with the same co-jet at
the origin. Let K = K7 UKy cR" be a truncated cone as in (1.1.0.2).
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In this situation, Lemma 1.1.3 proves the existence of smooth functions fi,...f on R"
such that:

[ .
fik, =sik, > fik,=Sjg, i=1,..m.
The section f = (f1,...,f;) satisfies fix, = six,, fik, = s?Kz, and, consequently, as ¢ com-
mutes with restrictions to open sets:

¢(f)|1§1 = (D(S)lKg1 ) ¢(f)|152 =¢(s) o .

K2

By continuity,
P(s)(x) = P(f)x) = Pp(s')x) .

O

As a consequence, if ¢: F — & is a morphism of sheaves, the following map (between

sets) is well-defined:
Py: JPF —F , Py(j%s):=p(s)(x) .

Proposition 1.3.2. Let ¢: & — F be a morphism of sheaves. If s,s' are sections of F and

Xp — X IS a sequence converging to a point x € X, then,

jhs=jks ,VEeEN = Tko: ¢s)xp)=s)xr) Yh>k.

Proof: Again, we can suppose X =R” and F =R” xR", F =R x R” are trivial bundles.
If the statement is not true, taking a subsequence we can assume there exists s,s’ such

that, for any k:
jﬁks :jfﬁks' , P8 ap) # P(s)xz)
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Let us consider another sequence y, — x such that:

lp(s)(xcp) — p(s ) yp)l > R llyp —xzl (1.3.0.3)
Xp # Y1 VEk,l. (1.3.0.4)

Let us now apply Whitney’s Extension Theorem on the compact (xz) U (yz) U {0} to the
family of jets:
{Js, s, Jos=j3s'}. (1.3.0.5)

Due to Taylor’s Theorem (1.1.0.1), given I,m,e, there exists 6 > 0 such that, for any i =

1,...,m and any points a,b in the compact, the condition |la — b| < § implies:

_ J
‘(Dlsi)(a)— Z(D[+JSL)(b)( o) <ecla-b|™ (1.3.0.6)
|J]=0
(a b)J m
(Drs')a) - Z (D1+g85)(b) < ella-b| (1.3.0.7)
|J]=0

A smaller 6, if necessary, also guarantees:
lxr —yil<6 = EkI>|Il+m=M,

and this allows to invoke Whitney’s Theorem:

- If lxp — x7l, lye — y11l < 8, then (1.3.0.7) is just Taylor’s condition.
- If |x; — 11l < 6, then k,1 > M = |I|+m; as j% s = M5’ it holds:

J
D15y - Z <D,+Js>(xk)M (2

(D1s)(y) - Z (Dr+5")xp)

and inequality (1.3.0.7) proves this quantity is less or equal than €| y; — xz|™.

Therefore, there exists a smooth map f: R* — R” realizing the family of jets (1.3.0.5). Due
to Proposition 1.3.1, this map f satisfies:

O(F)xr) = p(s)xr) A yr) = P(s)yr)

and (1.3.0.3) contradicts the smoothness of ¢(f). U
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Regular morphisms of sheaves

Let ¢: & — Z be a regular morphism of sheaves. By Proposition 1.3.1, the following map

between sets is well-defined:
Py: J°F —F , Py(jTs):=¢(s)x) .

Lemma 1.33. If ¢: & — F is a regular morphism of sheaves, then the map Py: J°F — F
locally factors through some finite jet space.

That is, for any j3°s € JF there exist an open neighbourhood V, a natural number k €N
and a commutative triangle of maps:
P _
1% d F .

N S

JEF

Proof: Tt is a local problem, so we can assume X =R", F =R” x R"” and x = 0. Moreover, we
can assume the section s: R" — R representing the jet ji°s is the zero section s = 0.

For each k € N, consider the following neighbourhood of j3’s:
.— ;00 1 1 g ] —

If the thesis is not true, for any £ € N we can find j3 f k iy h* € Uy, such that
FEE=E R but () # pF)w)

If we could find smooth sections f, of F such that j2f = j&f k. Jah = j;";hk, then the

above statement contradicts Proposition 1.3.2, as it would be, for any % € N:
JEE=J%h but  o(F)) = o)) # GhF) ) = pl)xe)

But, in order to apply Whitney’s Theorem and extend j3 f 3 j;j:hk, the points x; may be
inconveniently placed. To overcome this difficulty, let us parametrize by R and consider the

points

. —— 1 n
2p = 2—k,xk eRxR™,
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that satisfy:

— =<lzl= lzell lzell < 4llzp -zl VE#L

2k —
Let us extend each section s of F' over X = R" to the constant family s(¢,x) := s(x) over
RxX =RxR".

For any fixed I, m, a sufficiently large k& assures:

9k-1 ’

1 k 1 k—m
|D1fik(2k)| = |D1fik(xk)| < (2—k) = (2—k) lzell™ = ellzz ™

and idem for the h’f.
In this situation, Proposition 1.1.2 proves there exist smooth sections f = (f1,...,f), h =
(h1,...,h;) such that, for any %:

JRF =i jRh=j2RF , VkeN.
Thus, these sections f,h of F satisfy:
JEF=j8 R but ¢(f)er)#PANzr) , VEREN

in contradiction with Proposition 1.3.2. 0]

The following statement is inspired in more general results due to Slovak ([44]):

Theorem 1.3.4. Let F,F be the sheaves of smooth sections of two fibre bundles F,F over a
smooth manifold X.
The map P — ¢p establishes a bijection:

Hom .z (F, %) = Diff(F,F)

where Hom ,¢4(F ,F) and DIff(F,F) stand for the sets of regular morphisms of sheaves and

differential operators, respectively.

Proof: Let ¢: F — Z Dbe a regular morphism of sheaves.
In virtue of Lemma 1.3.3, any point in J°F has an open neighbourhood V such that the
following triangle commutes:
P _
1% d F .

N A

JEF
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It only rests to check that Py : J*F — F, jfs — p(s)(x) is smooth, and, to this end, we can
suppose X =R"” and F =R” x R" is trivial.
Let ¢ be the universal family of k-jets (Example 1.3). The smoothness of P;, follows from
the regularity of ¢, because:
Py(iks) = p(&p)) ,

where f: X — F is the only polynomial whose k-jet at x is jﬁs. 0
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Differential operators



Chapter 2

Natural bundles

In this thesis, we consider tensors 7T'(g) intrinsically associated to a pseudo-Riemannian
metric g; that is, tensors such that the assignment g — T'(g) is independent of coordinates.

The concept of natural morphism formalizes the idea of a morphism of bundles whose
definition does not depend on choices of coordinates. As a change of coordinates is, essentially,
the same thing as a diffeomorphism, natural morphisms are defined as morphisms of bundles
equivariant with respect to the action of diffeomorphisms of the base manifold.

The theory of natural bundles is classical, and its modern development is mainly due o
the work of Nijenhuis ([39], [40]), Atiyah-Bott-Patodi ([6]), Palais-Terng ([41], [48]), Epstein-
Thurston ([14]) and Slovak ([45]), among many others. Our presentation differs from the
standard references (the book by Kolar-Michor-Slovak, [24]) but is equivalent to it.

2.1 Notion of natural bundle

Let us fix a smooth manifold X of dimension n.
Let Diff X denote the set of diffeomorphisms 7: U — V between open sets in X. If n: F —
X is a fibre bundle, a lift of a diffeomorphism 7: U — V between open sets on X is any diffeo-

morphism 7, : Fy := 71" 1(U) — Fy := 7~ }(U) such that the following square is commutative:

Definition. A natural bundle over X is a fibre bundle F' — X together with a lifting of dif-
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feomorphisms:
DiffX — DiffF , 7 — 1,

that satisfies:
* Functoriality: Id, =Id and (101'), =7, 07,.

* Locality: For any diffeomorphism 7: U — V between open sets on X, and for any open
set U' cU:

(T|U’)* = (T*)lFU/ .

* Regularity: If {t;: U; — Vi}ier is a smooth family of diffeomorphisms between open sets
on X, parametrized by a smooth manifold T, then {7, : Fyy, — Fv,}er is a smooth family

of diffeomorphisms between open sets on F'.

Let F,F — X be natural bundles over X. A morphism of natural bundles (or natural
morphism) ¢: F — F is a morphism of bundles that commutes with the action of DiffX; that
is, such that for any diffeomorphism 7: U — V between open sets on X, the following square
is commutative:

Fy—2>Fy

| I |

Fvi)ﬁv

The regularity condition is introduced in the definition for simplicity, but it can be deduced
from the other two ([14]).

Examples. The trivial bundle F =Y x X — X, with the lifting 7.(y,x) = (y,7(x)), is a natural
bundle.

The tangent bundle TX — X is a natural bundle: the lifting of a diffeomorphism7: U -V
is its tangent linear map 7. : TU — T'V. More generally, any bundle of tensors ?T*X ¢ TX
is natural.

If F — X is a natural bundle, then J*F — X is also a natural bundle, for any k € N.

Definition. A natural bundle F — X has order < & if for any diffeomorphims 7,7’: U -V
defined between open sets of X, and any x € U, it holds

jfér = jﬁr' = 71,=71, when restricted to the fibre F,
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Although it will not be used in this memory, it can be proved that any natural bundle
has finite order. To be precise, if the fibres of a natural bundle have dimension < d, then the
bundle has order < 2d +1 ([14]).

Example. Any bundle of tensors is a natural bundle of order 1.

An alternative definition of natural bundle

The definition of natural bundle presented so far was indicated to us by Juan B. Sancho
Guimera. In this Section, we briefly comment the standard definition in the literature, origi-
nally formulated by Nijenhuis ([40]), and the equivalence between them.

Let Man,, be the category of smooth manifolds of dimension n and local diffeomorphisms
between them.

On the other hand, let Bund be the category whose objects are fibre bundles F — X, and
whose morphisms f: {F — X} — {F — X} are smooth maps f : F — F transforming each fibre
of F into a fibre of F, so that that there exists a smooth map f: X — X making the square
commutative:

F—

.7 .
nl lﬁ
7 -
X—X

Definition. A natural bundle is a covariant functor:
§: Man,, — Bund

satisfying the following properties:

e If °%5: Bund — Man denotes the base functor, B(F — X) := X, then the composition
5 o§: Man, — Man, is the identity functor Idman, -
For any smooth n-manifold X, let us denote §(X)={rx: §x — X}.

* Locality: For any open inclusion i: U — X, the bundle §y is identified with n}}l(U) via
the map §(7).

* Regularity: If {f;: X; — Y:}ser is a smooth family of local diffeomorphisms between n-
manifolds, parametrized by a smooth manifold 7', then {F(f;): §(X;) — $(Y)}ier is also
a smooth family.

A morphism of natural bundles is a morphism of functors ®: § — §
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Definition. A natural bundle % has order < % if for any local diffeomorphisms between

n-manifolds f,g: X — Y and any point x € X, the following holds:
*f=j*g = F(f)=3F(g) when restricted to the fibre (Fx); .

The proof of the following Proposition is not difficult (see Remark in page 25):

Proposition 2.1.1. Let X be a smooth manifold of dimension n, and let Natx and Nat, be
the categories of natural bundles defined in page 15 and page 17, respectively.

The functor § — §(X) establishes an equivalence of categories:

Nat,, ——— Natyx

In this memory, we will use the first definition, due to its simplicity and its emphasis in
the property of lifting of diffeomorphisms. The advantage of the second one lies in the fact

that it makes clear that each natural bundle is simultaneously defined over all n-manifolds.

2.2 Natural morphisms

Let x € X be a point and let Diff, denote the group of germs of diffeomorphisms of X leaving
the point x fixed.

If F — X is a natural bundle, the group Diff, acts on the fibre F,, due to the natural lift.
Ifp: F— Fisa morphism of natural bundles then its restriction to the fibre, ¢, : F, — F,,is

a Diff, -equivariant smooth map.

Proposition 2.2.1. Let F ,F — X be natural bundles. Given any point x € X, the assignment
¢ — @y defines a bijection:

{ Morphisms of natural bundles } { Diff, — equivariant smooth maps }

F—F F.—F,

Proof: Firstly, let us check that any natural morphism ¢: F — F is determined by its restric-

tion ¢, : Fy — F . to the fibre over x.
At any other point y € X, consider a diffeomorphism 7: X — X such that 7(x) = y; the
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condition 7, 0@ = @o1, restricted to F, produces the commutative square:

{1

and therefore ¢, =7, 0¢,0 77! is determined by ¢,.

'11I<_ '11I

Let us now check that any Diff,-equivariant smooth map ¢: F, — F is the restriction to
F, of a natural morphism ¢: F — F.

To do so, define ¢ on each fibre F', by the formula:
Py=Tiopor,!
where 7: X --» X is any diffeomorphism such that 7(x) = y.

This definition does not depend on this choice: if 7: X --+ X is another diffeomorphism
such that 7T(x) = y, then 7717 € Diff, so ¢o(r;17,)=(1;17.)o¢, and 7,001 =T, 00T, .

Finally, let us prove the smoothness of ¢: F — F. If y € X is any point, let V = R” be a
chart centred on it and fix a diffeomorphism 7: X 2U — V € X such that 7(x) =y

Let 7,: V =R"® — R"™ =V be the translation with respect to v € R”?, so that 7,7: U -V
satisfies

(Ty7)x)=y+v.

As {ty,07: U — V},ern is a smooth family of diffeomorphisms, its lifting {(tr,07).: Fy —

Fy}yern is also a smooth family. Then, the map under consideration:
¢: Fy _’FV s P(sytp) = [(TUT)*O(PO(TUT);l](Sy-FU)
is smooth, because it is the composition of three smooth maps. O

Definition. Let Gﬁ be the Lie group of k-jets jﬁr of germs of diffeomorphisms 7: X --+ X
leaving the point x fixed.

Let G = @Gﬁ be the group of oco-jets j°7 of germs of diffeomorphisms 7: X --» X
leaving the point x fixed.

Lemma 2.2.2. Let F — X be a natural fibre bundle and let t € Diff,.

Jrr=j3Id = 71.=Id onF,.
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Proof: As it is a local problem, we can assume X =R” and x = 0. Let us consider a truncated
cone K = K{UK> as in Proposition 1.1.3. By this result, there exists a smooth map o: R* — R"
such that

Oo =To and oo =Id. .
K1 K1 K, Ko

Observe o is a diffeomorphism in a neighbourhood of 0 because ji o = j°Id.

In a neighbourhood of the origin, for any section s of F' it holds:

U*(S)IIO{ = T*(S)IID{ , U*(S)|1°{2 = Id*(S)Mo{2 =S o

1 1 Ko

0, by continuity, 7.(s)(0) = s(0), that is, 7, is the identity on F,—. ]

As a consequence, on any natural bundle F' — X, the action of Diff, on the fibre F, factors
through the quotient Diff, — G$°, 7 — j$°7.

Thus, we can reformulate Proposition 2.2.1 as follows:

Proposition 2.2.3. Let F,F — X be natural bundles. Given any point x € X, the assignment
¢ — @y defines a bijection:

{ Morphisms of natural bundles } { G — equivariant smooth maps }

The condition of a natural bundle F — X being of order < £ amounts to saying that the
fibre F', over any point x € X is a Gﬁ-manifold, since the action of Diff, on F, factors through
the quotient Diff, — G%, 7 — j*1.

Therefore, Proposition 2.2.1 may be rephrased for natural bundles of order < &:

Proposition 2.2.4 (Terng). Let F,F — X be natural bundles of order < k. Given any point

x € X, the assignment ¢ — @, defines a bijection:

Morphisms of natural bundles
F—F

Gﬁ —equivariant smooth maps
F,—F,

Example. The only morphisms of vector bundles ¢: TX — TX that are natural are the ho-
motheties, ¢(D) = AD, because:

Homy,o(TX, TX) = Homg1 (T X, T X) = Homgyr, x)(Tx X, T:X) =R



Natural operators 21

2.3 Natural operators

Let F,F — X be natural bundles.

Definition. A differential operator P: F ~~ F or order < r is natural if the morphism of
bundles P: J"F — F is natural.

If F — X is a natural bundle of order < &, then J"F — X is a natural bundle of order

<k +r. Therefore, Proposition 2.2.4 implies:

Proposition 2.3.1 (Terng). Let F,F — X be natural bundles of order < k. Given any point

x € X, the assignment P — P, defines a bijection:

{ Natural differential operators } { Gfé”—equivariant smooth maps }

F~F oforder <r JIF —F,
Examples. In some cases, this proposition allows to completely describe all the natural differ-
ential operators of a certain kind. As an illustration, let us point out that the only R-bilinear,
natural differential operators

TXxTX ~TX

are the constant multiples of the Lie bracket ([27]).

Also, the only natural differential operators
APT*X ~ APTIT*X . p>0,

are the constant multiples of the exterior differential ([25]).

Example. Let F — X be a natural bundle of order %, and let Ry := R x X — X be the trivial
bundle. By definition, a scalar differential invariant of order < r associated to the bundle
F — X, is a natural differential operator F ~~ Rx or order <r.

By Proposition 2.3, it holds:

Scalar invariants of order <r
associated to F — X

} > (JIF,R) 4> ((JIF)/GIT R)

where the last equality makes sense whenever the quotient J F/ Gf‘;” admits an adequate
smooth structure. This quotient has been studied in the case of linear frames ([16]) and that

of Riemannian metrics ([21]).
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On the other hand, the bundle J°F — X of oco-jets of sections of F' also has a lifting of
diffeomorphisms; therefore, it can also be considered as a “natural bundle”, with the only

proviso that J°°F has not finite dimension.

Definition. A differential operator P: J®°F — F is natural if it is a morphism of natural

bundles; that is, if it commutes with the lifting of diffeomorphisms.
The proof of the following result is similar to that of the Proposition 2.2.1:

Proposition 2.3.2. Let F,F — X be natural bundles. Given any point x € X, the assignment
P — P, defines a bijection:

Natural diferential operators G’—equivariant smooth maps
F~F JF —F,

Finally, let us remark that the notion of natural differential operator between natural
bundles can be expressed in terms of their sheaves of smooth sections, & and .
The naturalness of F' implies that any diffeomorphism 7: U — V between open sets of X

defines a bijection:
FU) —— F(V) , T.s)=T.o0s.

Definition. A natural operator ¢: & — Z is a regular morphism of sheaves such that, for

any diffeomorphism 7: U — V between open sets of X, the following square is commutative:

FU) 2 Zw)
(p _
FV) — F (V)

In virtue of Slovak’s Theorem 1.3.4, the previous Proposition 2.3.2 can be reformulated as

follows:

Proposition 2.3.3. Let F,F — X be natural bundles. Given any point x € X, the assignments
®p — P — P, define bijections:

Natural operators Natural diferential G’—equivariant smooth maps

F—F operators F ~»F JXF —F,
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2.4 Theorem of equivalence

In what follows, let X be a smooth manifold of dimension n and let us fix a point xg € X.

We have seen that, if F — X is a natural bundle of order %, then the group Gfo acts on
the fibre F',,. Moreover, morphisms between natural bundles of order % are in bijection with
smooth Gﬁo -equivariant maps between the corresponding fibres.

This fact suggests an equivalence of categories, that we proceed to detail in this Section.

The universal natural bundle of order %

Definition. Let 2% be the smooth manifold formed by jets jféa of diffeomorphisms o: X --»
X that map an arbitrary point x € X into the prefixed point x.

The universal bundle of order % is the projection:

Ut —— X , jro—x.

The Lie group Gﬁo acts on *:

(j5,8)- (o) = j(go0)
and, via this action, the universal bundle becomes a principal bundle of group G,’ﬁo.

The universal bundle %* — X is natural of order %: the lifting of a diffeomorphism 7: U —

V between open sets of X is defined as:

k T k kY. sk
%IU SELLEEN %IV , T*(JxU).—]T(x)

(ooT71).
Let Eg be a Gﬁo -manifold; that is, E( is a smooth manifold together with a smooth action:
Gféo xEy —— Eg.
The group Gﬁo acts on %* x E, via the action on each factor.
Definition. For any Gfﬁo -manifold E, its associated bundle is defined as:

E=@"xE)GEt, — X , [(to,e)]l—x.

The associated bundle E — X is natural of order k: the lifting of a diffeomorphism 7: U —
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V between open sets of X is defined by the formula:

Tx

Ey =Wk x Eo)GE,

(U% xEo)GE =Evy
7, ([jﬁa,e]) =10, el .

This lifting is well defined because the actions of 7. and Gféo on %* commute:

. (Uhe- ko) = 7. (fhgoo) = ik, (oo o)

= Ghe) (i) = (L) 1.0

The theorem of equivalence

Let Natf;{ denote the category of natural bundles of order < £ over X, and let GﬁO-Man denote
the category of G];O -manifolds and equivariant smooth maps.

Let us consider the functor “associated bundle”:
G} -Man —Nat}, , Ey — E=@"xE)/GE, .

This functor transforms a morphism of Gﬁo -manifolds f: Eq — E, into the following mor-
phism of natural bundles:

E =" x E))Gt, ==L @t xBpIGE =E' | [jto,e] — [ito,fle)].
Theorem 2.4.1. The functor “associated bundle” establishes an equivalence of categories:
GﬁO-Man s Natljf .
Proof. The inverse functor is the “functor fibre”:
Naté‘} — GfO-Man , E— E.

Let us check both functors are inverse to each other: if E is a Gﬁo-manifold and £ — X

is the associated bundle, then we have a diffeomorphism

Ey

[(%* x Eo)GY,)], = Ex
e [(j% 1d,e)]
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which is Gﬁo -equivariant:

ik g1k Id,e]l = g.[j% Id, el = [g.(j% Id),e] = [j% (Idog™h),e]
= [%e el =% g -Gk g7t e =1j%1d, % g el .

Conversely, if E — X is a natural bundle of order ., then we define a bundle isomorphism

between E and the associated bundle to E,:

(U* xEy)/Gt —— E

) -1
[JxU’exO] — O, €xy -

This is well defined: if we change the pair ( jféa,exo) by the equivalent element jﬁog-
(j§‘7>exo) = (J'ﬁ(ga),jﬁog'exo) = (jﬁ(ga),g*exo), then:

[*(g0),gxex0] — (80), guery =01 e, -

U

Remark. The universal bundle can be simultaneously defined for all n-manifolds: given an
n-manifold Z, let %é be the manifold formed by jets j’z“a of diffeomorphisms o: Z --+» X
satisfying 0(z) = xg. The universal bundle for Z is the projection 02/§ -7, j’zga — Z.

As a consequence, the functor “associated bundle” is defined for any n-manifold. This

allows to extend the previous argument to obtain an equivalence of categories:

GﬁO-Man — Nat?

,  F(@) = (UL xFo)GE, .

As a consequence, the equivalence Natf’i = Nat;e( of Proposicion 2.1.1 follows.

Examples. Consider the standard linear representation of the linear group G}CO =GUT,X)
on T, X. The corresponding natural bundle is the tangent bundle TX — X.

More generally, the natural bundle corresponding to the linear representation of G,ll in
®PT; X ®? Ty, X is the vector bundle of (p, g)-tensors.

Consider the action of G}CO = GIU(T,,X) by translations on the quotient group 7/27 =
G1/G1°. The corresponding natural bundle is the orientation covering X — X.

The group G% acts on P¥ :={j% f: f € €°(X)} as follows: (j% g)-(j% f)=jk (fog™). The
corresponding natural bundle is the bundle J*(X,R) — X of k-jets of smooth functions on X.
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Chapter 3
Homogeneous tensors

Let us fix a pseudo-Riemannian metric g and another tensor field w; let R be the curvature
tensor of g. A classical observation, probably due to Schouten ([42]), affirms that any tensor
naturally constructed out of g and w with differential operations can also be obtained using
multilinear operations (tensor products, contractions) out of the tensors g, R, w and the
iterated covariant derivatives VR, V2R,... Vo, VZw,...

Many authors have given more precise formulations or variations of this observation:
Atiyah-Bott-Patodi ([6]), Epstein ([13]), Stredder ([47]), Krupka-Janyska ([26]), Slovak ([45])
or Kolar-Michor-Slovak ([24]), among many others.

Within this trend, in this Chapter we prove a formula that allows to determine the tensors

T associated to g and w, and satisfying an homogeneity condition of the form
T(A%g, A%w) = A’ T(g,w), forall 1>0.

We make repeated use of particular cases of this formula in the rest of the thesis.
In the literature, the closest result to our statement is Stredder’s ([47]). Nevertheless,
as this author uses a different notion of naturalness, both results are not directly related to

each other (see our comment in page 40).

3.1 Definition of natural tensors

Let M — X be the bundle of pseudo-Riemannian metrics on X with a fixed signature. As the
rising and lowering of indices is an intrinsic operation, we can restrict our attention to the

bundle ®”T*X — X of p-covariant tensors on X, with no loss of generality.
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The sheaves of smooth sections of these bundles will be written, respectively,
Metrics , p-Tensors .
Definition. A natural p-tensor associated to a metric is a natural operator:
T:Metrics — p-Tensors ,

that is, a regular morphism of sheaves T': Metrics — p-Tensors such that, for any diffeo-

morphism 7: U — V between open sets of X, satisfies T(7.g) =1.T(g).

The Einstein and the Lovelock tensors introduced in Chapters 4 and 6 are examples of
natural 2-tensors.

The energy tensor of a k-form, introduced in page 69, is a natural tensor in a wider sense:

Definition. A natural p-tensor associated to a metric and a k-tensor is a natural operator:
T: Metrics x k-Tensors — p-Tensors .

By abuse of language, tensors of the form T'(g,w), where g is a metric, w is a k-tensor
and T: Metrics x k-Tensors — p-Tensors is a natural operator, will also be called natural

tensors.

3.2 Normal tensors

Let g be a germ of pseudo-Riemannian metric at a point x € X, and let V be its Levi-Civita
connection.
The exponential map of V, exp,.: T, X — X, is a diffeomorphism on a neighbourhood of the

origin; hence, the corresponding neighbourhood of x inherits an affine structure:

Definition. The flat connection associated to V around x is the linear connection V corre-
sponding, via the exponential map, to the canonical flat connection on 7', X (this construction
depends on the point x).

A chart (z1,...,2,) centred at x is a normal system for V at the point x if, via the exponen-

tial map, it corresponds to a linear system of coordinates in 7', X .

Definition. Let A be a germ of p-covariant tensor at x. The r**-normal tensor of A at the

point x is defined as:
AT :=(V A), .
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To our knowledge, these tensors were first introduced by Thomas ([49]).
If (z1,...,2,) is a normal system centred at x, then the coefficients of A’ are:

0"A

024, ...02q,

i1.ip

() (3.2.0.1)

Ail...ip,al...ar .

As partial derivatives commute, the r**-normal tensor of A at x lies in:
V= PT; X®S'T;X

which is called the space of p-normal tensors of order r at x.

Let us write g7 € S2TX ® S"T: X for the r**-normal tensor of the metric g at x. These
tensors have additional symmetries that can be characterized using the following lemma
(v.gr., [13]):

Gauss Lemma. Let (z1,...,2,) be a chart centred at x € X. This chart is a normal system for

Vif and only if the coefficients g;; satisfy the equations:

(gij—&ijx)z; =0.
0

n

J

Corollary 3.2.1. The cyclic sum over the last r + 1 indices of the normal tensor g’ is zero.

Proof: Differentiating r + 1 times the identity of the Gauss Lemma and evaluating at «, it

follows:

gijki byt &iki ko krjt  t8&ikyj kg =0.
4

Definition. The vector space of metric normal tensors or order r at x is the vector subspace
N,cS’T:X®S'T:X

of tensors such that the cyclic sum over their last » + 1 indices is zero.
For r =0, Ny := M, is defined to be the space of pseudo-Riemannian metrics at x of the

fixed signature.

As an example, observe N is always zero, for if g}c € N1, then:

8ijk=—8ikj=—8kij=8kji=8jki=—8jik = —8ijk -
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Later on, we prove that any normal tensor g’. € N, is the normal tensor associated to
a metric (Lemma 3.3.4). Let us also remark that these vector spaces N, are irreducible

representations of the general linear group ([13]).
Lemma 3.2.2. Metric normal tensors of order two have the following symmetries:

1. They are symmetric under the interchange of the first pair with the second pair of indices:
8ijkl = 8klij -
2. The symmetrization of their last three indices is zero.
Proof: Let us only check the first one, for the other is trivial. If g2 € Ny, then:

8ijkl = —8il,jk —8ik,lj= —8li,jk — 8ki,jl
=8ikijt8ijkit8ElLijt8Ejli
=28%k1,ijt &ji ki + 8hjli

=28%k1,ij— 8jilk — 8jk,il T 8kjli =28kl,ij—&ijkl -

Relation with the curvature and its covariant derivatives

The sequence {g2,g3,..., gﬁ} of metric normal tensors at a point x, and the sequence of tensors
{R,,ViR,..., Vi’_zR} formed by the curvature and its covariant derivatives at x, mutually
determine each other.

The simplest case of this assertion is easily checked by direct computation:

Proposition 3.2.3 (Thomas). The second normal tensor and the Riemann-Christoffel tensor
of a metric mutually determine each other, via the formulae:

Rijri=8i1jr—8ikji > gij,kl:?(Riljk‘FRikjl)-

Proof: In a chart where g;; = u;;j (the diagonal matrix with as many +1 as the fixed signature)

and g;;, =0, a direct computation shows:

Rijr = 5 (gir.j1— &it,jr +&j1,ik — &jk,il) -



Normal tensors 31

The first equality then follows because, in normal coordinates, g;;j % = gs,ij. The second

equality follows from the first one, using the cyclic identity of ggzc. [

In general, it is clear that R,,..., Vf‘zR can be written in terms of the derivatives of g at
x in normal coordinates. To prove the converse, let us briefly recall an elegant computation,
due to Atiyah-Bott-Patodi ([6]).

Let x1,...,x, be a normal chart around x € X, and let H = x;0,; be the field of homotheties
in those coordinates (we use summation over repeated indices).

Let Dq,...,D, be the orthonormal basis of vector fields obtained by parallel transport of
the orthonormal basis (O, )x,...,(0x,)x along the geodesics passing through x. Let 61,...,0"
be the dual basis of 1-forms and w; the connection 1-forms.

The geometric assumptions correspond to the following formulae:
igh'=x' , igwi=0 , g=6'06".
Let aé., b; be the smooth functions relating the basis {8;} and {dx;}:
6" :a;'.dxj , dx’/ = bi@k .

In this normal chart, g;; = a a . Hence, it is enough to prove that the Taylor expansion

of R at x determines the Taylor expansmn of the functions al at x.

Lemma 3.2.4. It holds:
(H? + H)a) = akb RS, x/x"

and, as a consequence,
(n®+n) @jln] = x/x*albiRY, Mn 21,

where }? [n] denotes the homogeneous component of degree n in the Taylor expansion of the

smooth function [ at the point x.

Proof: First of all, as the Levi-Civita connection is symmetric, we have d6* = a)j. AB7, so:

HY9 =igdoi +dx' =i H(w;'. AO7)+dxt = —wix/ +dxt

HLo! = (Ha +a )de J



32 Homogeneous tensors

For the curvature to appear, we need to differentiate again. To this end, observe that the

second Cartan structural equation, for the frames {D;} and {6/}, reads:

k

i k I _ i i
Kjkldx Adx —dwj—wk/\wj ,

for some smooth functions KJ’k ; related to the coefficients R;.k ; of the curvature tensor, which

is defined in terms of the {4,;} and {dx’}, as follows:

i _ _iph

On the other hand, it will be useful to consider the function r? = x'x*. As Hr = r it also
holds: .
i 1 )
H(x—) -0 , H- (—dx‘) -0,
r r

because these expressions are homogeneous of degree zero on r.

Now we can adequately differentiate twice the frame 6%; on the one hand:

r-HY .2 HYG = HY [ — 0L | +0= —— HY'0' = &/ i gdw®, = —x/ zH(daﬂ.—w; Aw’?)
r r J r J J J J

=~/ ipg (Kl def ndx!) = —2072 Ky dod = al bR, oot !

and, on the other, this expression can also be computed in terms of the ai.:

1 , Ha' a’ .
r-HE.Z . HE9 = HEY | —L + L | da/
r r r

H2%4a' Hal _ —-Hal -db ~ (Hd' a )
=r Ly —Lda! + | —L + —L|da! + | —L + L | dw!

r r r r r r

= (H2a§. +Ha§.) dx’ .
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3.3 Replacement Theorem

Let T: Metrics — p-Tensors be a natural tensor of finite order.

On any coordinate chart (x1,...,x,), the coefficients of T'(g) are

ag.. 62g..
T(giy..i, = Fiy.i, (g & - )

PPy ——
77 3x, ” 0x,0xs

for certain smooth functions Fi i,

Choosing normal coordinates (z1,...,2,) for g at a point x, this formula becomes

T i @ =Fi i g0, 280
g l1...1p - 11...lp gl] ’ ’ aZraZs AR

2,

where, in this case, the functions :zr%;s (x) are the coefficients of the second normal tensor g2,
3g..

the functions 6;3 afsngt(x) are the coefficients of the third normal tensor g3,...

In other words, the natural tensor T'(g) is determined by a smooth function of the metric
g and its normal tensors (ggzc,gi, ...) at a point x. This fact was called Replacement Theorem
by Thomas.

The purpose of this Section is to prove a more complete formulation of this Replacement
Theorem (see Theorem 3.3.7).

Quotients by the actions of Lie groups

Let (X,0x) be a ringed space and let G be a group acting on X; that is, a group G together
with a morphism of groups G — AutX.

Definition. The quotient space (X/G,0x/g) is the ringed space defined as:
* The set X/G is endowed with the final topology of the quotient map 7: X — X/G.

¢ On any open set U of X/(G, the structural sheaf is defined as:

OxicU):={f €6U,R): foreOx(n *U)}.

This quotient space (X/G,0x/,z) has the corresponding universal property: for any given
morphism of ringed spaces ¢: X — Y such that ¢(g(x)) = ¢(x), for any x € X, g € G, there

exists a unique morphism of ringed spaces ¢: X/G — Y such that ¢ =¢pom.
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For what follows, we will need the following well-known results! regarding quotients of

smooth manifolds by the action of Lie groups:

Proposition 3.3.1. Let H be a closed, Lie subgroup of a Lie group G. Then, the quotient space

G/H is a smooth manifold and the quotient map n: G — G/H is a submersion.

Proposition 3.3.2. Let G be a Lie group and let G x Z — Z be a smooth action of G on a
smooth manifold Z.

If the action is transitive, then at any point z € Z the following diffeomorphism of smooth
manifolds holds:
Gl,=2 , [gl— gz

where 1, is the isotropy subgroup of z.

Let M, be the smooth manifold of pseudo-Riemannian metrics with the fixed signature at
a point x € X.

The linear group Gl, := GI(T,X) acts on M, and the isotropy subgroup of a metric g, is
the orthogonal group O, := O(T X, g).

As a particular case of the previous Proposition, it follows:
Corollary 3.3.3. Fixing a metric g, € M,, there exists a diffeomorphism:

Reduction to normal form

Recall G* denotes the Lie group of m-jets j7't of germs of diffeomorphisms of X leaving the
point x fixed, and let H := {r e G : j}cr = j}C(Id)} be the subgroup of jets whose tangent
linear map is the identity.

Let us recall that M — X denotes the bundle of pseudo-Riemannian metrics on X with a

fixed signature. For any such a metric g, let us denote

the sequence of its normal tensors at x.

1See, v. gr., N. Bourbaki, Groupes et algébres de Lie, Masson, Paris (1982).
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Lemma 3.3.4. For any m =0, the canonical map:
J'M 2~ Nox...xNp, , jmg — (°...,8™

is a submersion, whose fibres are the orbits of H}".

Therefore, it induces a diffeomorphism of smooth manifolds:

(JI'M)/H? = Nox...xNp, .

Proof: The maps n,, are G '-equivariant, for they are canonically defined. Hence, the orbits

of H" are inside its fibres, because H" acts by the identity on the spaces of normal tensors.

Conversely, let j7'g,j7' g be metric jets with the same normal tensors at x. Fix a basis on
T:X, and let z;,z; be the corresponding normal charts produced by g and g; i.e., d,z; = d,2;
is the chosen basis.

As g and g have the same normal tensors at x, it follows:

for any i1...i;, with [l <m.

The diffeomorphism 7(z;) := z; belongs to H, because d,z* = dei , and it satisfies:

m n m n agij i iy i j
T-(Jy8)=1" Z )zt 2 dez @dyz
i=1i=0iy,.5=102"...02"
=> > il—Jil(x)zll...z”dsz@dsz =jrg.
iJ=11=0i1,.i;=102'1...02

To check 7, is a submersion, let us construct sections of 7, passing through any point of
J7*M. To this end, fix a chart (z1,...,2,) centred at x.

Let (T°,...,T™) € Ng x ... x N, be a sequence of normal tensors and let Tfj . be its

ai...a
components.

Consider the germ defined in these coordinates as follows:

m n n ) )
gmi=2_1> Tisjﬂl._.aszo‘l...zo‘S dz' ®dz’

s=0\i,j=1laj...as=1
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The (global) section s,,, that depends on the chosen coordinates, is defined as:

sm(T%,...,T™) = j"gm .

The symmetries of the tensors TO,...,T" guarantee that (z1,...,2,) is a normal system

for g,, at x, and therefore, the normal tensors of j7'g,, at x are TO,....T™.

The section s,, can pass through any prefixed point j7'g, by choosing (z1,...,2,) to be a
normal system for g. [

An extension: pair of metric and k-tensor

Later on, we will need a more general version of this Lemma.

Let T}, := ®*T*X denote the bundle of £-covariant tensors on X, and let:
b4 i i 0
JIMxJIT, —— [[N-x[]Vs , (Tgjtw) — (g4...,00)
r=0 s=0
be the map sending a pair of m-jets to their normal tensors.

An analogous reasoning to that of Lemma 3.3.4 proves:

Lemma 3.3.5. For any m =0, the canonical map:

m m
IPMxIPTy —— [[N.x[]Ve , (Fg.jtw) — (&....,0
r=0 s=0

)

is a submersion, whose fibres are the orbits of H}".

Therefore, it induces a diffeomorphism of smooth manifolds:

(JIM x JTTE)/H = Nox...xVp, .

Let G{° be the inverse limit of the G7* and let HY° < G° be the group of jets of diffeomor-

phisms whose tangent linear map at x is the identity.

The smooth sections s, constructed as in the proof of Theorem 3.3.4 make the following
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squares commutative:

m m Sm
1Ny x [1 Ve —2—s J™M x J™T,.

m-—1 m—1
[1 Npx [1 Vo224 gm=1M x g7y,

r=0 s=0

Taking inverse limits, it follows:

Lemma 3.3.6. The fibres of the canonical map:

Moo

JOM x JT, — [N x[]Vs , (%g,jZ0) — (g2...,0%..)
r=0 s=0

are the orbits of H.

Moreover, there exist global sections of n., passing through any point of J°M x J2°T},.

Therefore, this map ms, induces an isomorphism of ringed spaces:
o0 o0

(J°M x J°Ty)/ HY = HNr X HVS .
r=0 s=0

Remark. As a consequence of this isomorphism and the exact sequence
0 —H — G —Gl, — 0,

the map 7, also induces a bijection:

{ G¥-equivariant smooth maps T: J°M x J°T), — @PT: X }

— o0 o0
{ Gl;-equivariant smooth maps t: [[ N, x [[ Vs — T X }
r=0 s=0

Theorem 3.3.7. Let x € X be any point. There exists an isomorphism of R-vector spaces:
{ Natural tensors T: Metrics x k-Tensors — p-Tensors }

e )

- (0,0]
{ Gl,-equivariant smooth maps t: [] N, x [[ Vo — T X }
r=0 s=0
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The relation between a natural tensor T and the corresponding smooth map t is given by

the formula:

(0 2 0 1
T(g,w)=1t(g,,85% -3 Wy, Wy,...)
where (gg,gg%, ... ;wg,w}c, ...) is the sequence of normal tensors of g and w at x.

Proof: Due to Proposition 2.3.3 and the remark above, the map of the statement establishes

bijections:

{ Natural tensors T': Metrics x k-Tensors — p-Tensors }

|

{ GP-equivariant smooth maps T : J°M x J°T), — P T X }

H

— oo (o¢)
{ Gli-equivariant smooth maps t: N, x [ Vs — ePT:X}
r=0 s=0

As these spaces consist on maps taking values on vector spaces, they inherit a linear

structure, and these bijections are compatible with this linear structure. 0

Once a metric g, is fixed at the point x, the diffeomorphism (G/,/O; ) = M, of Corollary
3.3.3 makes it possible to substitute the linear group by the orthogonal group.

Theorem 3.3.8. Let x € X be a point and let g, € M, be a pseudo-Riemannian metric at x.

There exists an R-linear isomorphism:

{ Natural tensors T': Metrics x k-Tensors — p-Tensors}

0

o0 o0
{ O4,-equivariant smooth maps t: [[ N, x [ Vo — @PT X }
r=2 s=0

On any metric g having the value g, at x, the relation between a natural tensor T and the

corresponding smooth map t is given by the formula:

T(g,0)x = t(g2,85,...;05,0y,...) .

Proof: Once a metric g, is fixed, we only have to prove the isomorphism between the vector
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space of Gl -equivariant smooth maps

t

o0 o0
Nox [[ Ny x [] Vs T X
r=2 s=0

and that of O, _-equivariant smooth maps:

[IN, x Vs —— &?T:X .
r=2 s=0

Given such an t, the corresponding O g.-€quivariant map is obtained by restriction:

[[N,x ]V —— &PT:X.

{gx}x TT Ny x ]I Vs
r=2 s=0

-~

Conversely, if t is a Og, -equivariant map, we first define:

CGLx [N x[[Vs — &PTiX , ta,_, )=t )],
r=2 s=0
that satisfies t((r-01,0_,0_)=1(1,_,_)forany o € Og.,.

Hence, it factors through the quotient by the action of O, (recall that G/,/O,4, = Ny, by

Corollary 3.3.3):
t

o0 o0
NOXHNrXHVs PT X .
r=2 s=0

g

Corollary 3.3.9. Let x € X be a point and let g, € M, be a pseudo-Riemannian metric at x.

There exists an R-linear isomorphism:

{ Natural tensors T: Metrics — p-Tensors of order <k}

{ O4,-equivariant smooth maps t: Nox...x N, — @PT X }

Remark. A natural tensor T': Metrics — p-Tensors of finite order is algebraic (or poly-

nomial) if, in any coordinate chart (x1,...,x,), the coefficients of T(g)iln_ip are universal
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polynomials in the variables

dgij 0%gij

-1
i, —, ,...;ldetg;;
8ij 0x, 0x,.0xg ( ¢ g”)

In this context and for Riemannian metrics, Stredder ([47]) proved a similar result to

Corollary 3.3.9 that can be reformulated as follows:

Theorem 3.3.10. Let x € X be a point and let g, € M, be a pseudo-Riemannian metric at x.

There exists an R-linear isomorphism:

{ Algebraic natural tensors T: Metrics — p-Tensors of order <k}

|

{ Og,-equivariant polynomial maps t: Ngx...x N — @PT X }

This statement can be proved in a similar manner to Theorem 3.3.8, but considering
algebraic maps instead of smooth maps at each step. In particular, it requires to study the

relation between the algebraic structures on GI/,/O; and M, (see Appendix I of [6]).

3.4 Homogeneous natural tensors

Definition. A natural tensor T': Metrics — p-Tensors is homogeneous of weight w € R if

for any metric g and any real number A > 0, it holds:
T(A’g) =" T(g) .
If w =0, we say T is independent of the unit of scale.

The Ricci tensor or the Einstein tensor are examples of natural 2-tensor independent of
the unit of scale.
The energy tensor T(g,w) associated to a metric g and a k-form w, (see page 69), is a

natural tensor that, for any real number 1 > 0, satisfies the homogeneity condition:
T(A2g, 2 tw) = T(g,w) .

Definition. A natural tensor T': Metrics xk-Tensors — p-Tensors is homogeneous of rel-

ative weight (a;w), with a € Z and w € R, if, for any metric g, any (%, 0)-tensor w and any real
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number A > 0, it holds:
T(A?g,1%w) = A* T(g,w) .
Let T'(g,w) be a natural p-tensor and let:
o0 o0

[N, x[]Ve —— &’T.X
r=2 s=0

be the associated O, -equivariant map.

Lemma 3.4.1. The condition of T(g,w) being homogeneous of relative weight (a;w) is equiv-

alent to the following homogeneity condition on t, for all A > 0:

t(AZg2, . ATgh, A0 ARTSTeyS ) = AP (g2, .00, ).

Proof: Let 7 denote the local homothety of ratio A on some coordinates centred at x, so that
7, 1s the homothety of ratio A” when acting on p-tensors.
First of all, let us check

T(t.(A2g),1.(A %)), = t(A2g2,... A, ... AF90, ARFs=ays ).

To see this, we have to prove that the normal tensors associated to 7.(172g) and 7.,(1 %w) at

X are

Ak+s—a s
*

0 722 k-a, 0
oDy il - e Ll - LA , A% w3, ...

X o

that is due to the fact that normal tensors are natural:
[ (A2, = 7. ([A 2]} = 7. (A%gL) = A"*22 28] = g,

and analogously for 7.(17%w).
On the other hand,

T(r.(A28),T.(A %))y = 74 [T(A 2g, A %0)], = A* TA g, A w),

that amounts to
WP T(g,0), = APV Hg2,...,0°,...)

if and only if 7' is homogeneous of relative weight (a;w). O

The following theorem is borrowed from the book by Kolar-Michor-Slovak ([24], 24.1),
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where the statement is presented for a finite sequence of vector spaces. Our generalization

to a countable family is straightforward.

Homogeneous Function Theorem: Let {E;};cn be finite dimensional vector spaces.
Let f: [I52, E; — R be a smooth function such that there exist positive real numbers a; >0,
and w € R satisfying:
f(A%eq,...,A%e;,..)= A" f(eq,...,ei,...) (3.4.0.2)

for any positive real number A >0 and any (ey,...,e;,... ) €72, E;.
Then, [ depends on a finite number of variables eq,...,e, and it is a sum of monomials of

degree d; in e; satisfying the relation
aidi+---+apdp=w . (3.4.0.3)

If there are no natural numbers d1,...,d, € NU{0} satisfying this equation, then f is the

Zero map.

In other words, for any finite dimensional vector space W, there exists an R-linear isomor-
phism:
o0
Smooth maps f: [[ E; — W satisfying (3.4.0.2)
i=1

@ Homp(SME;®...9SUE, W)
di,...,dp

where d1,...,d; run over the non-negative integers solutions of (3.4.0.3).

Proof: Firstly, observe w = 0 because, otherwise, (3.4.0.2) is contradictory when A — 0.

As f is smooth, there exists a neighbourhood U = {le1| <e,...,lex| <€} < [[;2; E; of the
origin and a smooth map f :m1,(U) — R such that filu = (fonk)m.

As the aj,...,a; are positive, there exist a neighbourhood of zero, Vy c R, and a neigh-
bourhood of the origin V c n;,(U), such that for any (eq,...,ez) €V, and any 1 € Vo positive,
the vector (1%teq,...,A%e;) liesin V.

On that neighbourhood V, the function f satisfies the homogeneity condition:
f(A%eq,... . A%ep) =AY f(eq,...,ep) (3.4.0.4)

for any positive real number A € V.

Differentiating this equation, we obtain analogous conditions for the partial derivatives
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of f; v.gr.: _ _
ﬁ(ﬂalel,...,ﬂakek) = A i(el,...,ek) .
0x1 O0x1
If the order of derivation is big enough, the corresponding partial derivative is homoge-
neous of negative weight, and hence zero. This implies that f is a polynomial; the homo-
geneity condition (3.4.0.4) is then satisfied for any positive A € V if and only if its monomials
satisfy (3.4.0.3).
Finally, given any e = (e1,...,e,,...) € [[72, E;, take 1 € R* such that (A%eq,...,A%ey;,...)
lies in U. Then:

fle)=A"YF(A%eq,...,A%e,,..) =AY f(A%eq,...,A\%e}) = f(e1,...,ex)
and f only depends on the first £ variables.

Theorem 3.4.2. Let x € X be a point and let g, be a pseudo-Riemannian metric at x.

There exists an R-linear isomorphism:

Natural tensors T': Metrics x k-Tensors — p-Tensors

homogeneous of relative weight (a;w), with a <k

@ Homo, (S%Ny8--9 SN, 0SHVye.. .85V, 0P T;X |
d;

&

J

where the summation is over all sequences {do,...,d,} and {30, ... ,33}, of non-negative integers
satisfying:
2do+...+rd,+(E—a)do+...+(k+s—a)ds =p-w. (3.4.0.5)

If this equation has no solutions, the above vector space reduces to zero.

Proof: Tt is an immediate consequence of Theorem 3.3.8, using Lemma 3.4.1 and the Homo-

geneous Function Theorem above.

O

Remark. The O4 -equivariant linear maps that appear in the theorem can be explicitly com-

puted using the isomorphism:

Homg, (E,F)=Homg,, (E®F*,R)



44 Homogeneous tensors

and applying the Main Theorem for the orthogonal group ((Theorem A.0.5), which says that

the vector space Homg,_ (®r T:X, R) is spanned by iterated contraction of indices:

e1®...08e, — g(eo'(l)’eo'(2)) tae. ~g(egr71,eg(r))
where o is a permutation of 1,...,r.

This procedure will systematically applied in the following three Chapters.

Corollary 3.4.3. Any natural tensor T': Metrics x k-Tensors — p-Tensors homogeneous of

relative weight (a;w), with a <k, has finite order.

Moreover, w is an integer number and the vector space of such tensors is finite dimensional.

As a corollary, it also follows a remarkable characterization of the Levi-Civita connection,
due to Epstein ([13]):

Corollary 3.4.4. The only linear connection V 4, naturally associated to a pseudo-Riemannian

metric g, that is independent of the unit of scale (i.e., V)2, = V) is the Levi-Civita connection.

Proof: Any other such linear connection ﬁg differs from the Levi-Civita connection V. in
a 3-tensor of weight 2: T(D1,D9,D3) := D3-(Vp,D2—Vp,Ds). As equation (3.4.0.5) has no
solutions in this case, that tensor has to be zero.

O

Remark. In presence of an orientation, there exists a similar result to Theorem 3.4.2, but

replacing the orthogonal group O, _by the special orthogonal group SO, .

If Orient denotes the sheaf of orientations on X, a natural operator:
T: Metrics xOrient — p-Tensors
is said homogeneous of relative weight (a;w) if it satisfies:

T(A%g, A%, or) = A*T(g,w,0r), Y AeR"'.

An analogous reasoning to that proving Theorem 3.4.2 shows that, if x € X is a point and



Homogeneous natural tensors 45

gy 1s a pseudo-Riemannian metric at x, then there exists an R-linear isomorphism:

Natural tensors T': Metrics x k-Tensors x Orient — p-Tensors

homogeneous of relative weight (a;w)

@ Hom so,, (S“Nz 0 8SU N, 8S0Vy®...0 5%V, , P T;X
didj

where the summation is over all sequences {d;} of non-negative integers fulfilling (3.4.0.5).
Thus, the use of Theorem A.0.5 also allows, in certain cases, an explicit computation of

the vector spaces under consideration.
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Chapter 4

Characterization of the Einstein tensor

In General Relativity, it is supposed a field equation of the following type:
Gig=T

where T is the energy-momentum 2-covariant tensor of the matter distribution and G(g) is
a suitable natural tensor associated to the time metric g of space-time.

The infinitesimal conservation of mass-energy is encoded in the equation div7T = 0, so
one is forced to choose for the left-hand side of this equation a natural tensor G(g) that is
divergence-free.

On the other hand, the dimensional analysis on Newtonian gravitation shows that the
2-covariant matter tensor T is independent of the unit of time. In General Relativity, the
time metric g measures proper time, so that changing the unit of time amounts to replacing

g by A2g. Hence, a tensor G(g) is said independent of the unit of scale if it satisfies:
G(A\%g)=G(g) , VAeR'. (4.0.0.1)

The main result of this Chapter (Corollary 4.2.3) characterizes the Einstein tensor of a
pseudo-Riemannian metric as the only natural 2-tensor G(g) which is divergence-free and
independent of the unit of scale; i.e., satisfies condition (4.0.0.1). In contrast to other classical
results, this characterization is valid in any dimension, there is no symmetry hypothesis and
the dependence of G(g) is not even assumed to be through derivatives of the metric g.

We also compute all natural 2-tensors G(g) with zero divergence and that are homoge-
neous of weight greater than —2 (i.e., satisfying G(A%2g) = A¥*G(g), for some w > —2). Once
again, the Einstein tensor is essentially the only possibility (Theorem 4.2.2). In General Rel-
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ativity, the meaning of this result is that is not possible to find a field equation, alternative
to Einstein’s equation, that give rise, in the newtonian approximation, to a law of universal
gravitation different from the traditional inverse-square force law (see our comment in page
52).

In the last Section of the Chapter, we extend these ideas to a Weyl spacetime.

Part of the original results of this Chapter have been published in [36].

4.1 The matter energy-momentum tensor

To begin with, let us briefly comment on the definition of the energy-momentum tensor T' of
the matter distribution in a relativistic spacetime.

Throughout this Section, a space-time (X, g,wx) is an oriented Lorentz manifold of dimen-
sion 4; that is, X is a smooth manifold endowed with a non-singular metric g of signature
(+,—,—,-), called the time metric, and with a volume form wyx. If necessary, we will also as-

sume X is time-oriented; i.e., that there is a fixed equivalence class of timelike vector fields.

4.1.1 Representation of matter

Definition. A particle is an oriented smooth curve S < X, called trajectory, with a future

pointing tangent vector field I, called its impulse, of constant modulus m = 0, called mass.

The representation of a fluid of particles is achieved describing the impulse on any in-
finitesimal region of spacetime.

Indeed, it is enough to specify the impulse crossing each 3-dimensional region, since tra-
jectories are curves and any such a region will intersect the trajectory of some particles of the
fluid at single points. The impulse crossing a small oriented 3-dimensional region is defined
to be the sum of the impulses of the particles intersecting it, with sign +1 if the impulse points
outside the oriented region, sign 0 if it is tangent and sign -1 if it points inside. Moreover, as

these regions are infinitesimal, it is enough to consider the case of parallelograms.

Summing up, the representation of a continuum distribution of matter is accomplished

by means of a a vector-valued 3-form, I13, with the following intuitive interpretation:

Sum with sign of the impulses of the particles crossing
l3(D1,D9D3) = e .
the infinitesimal oriented parallelogram (D1,D2,D3)
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for any vectors D1,D9,D3 € T X, the sign of the impulse I of a particle being the sign of
(wx)x(I,D1,D9,D3).

Definition. A continuum distribution of particles on spacetime is represented by a 3-form
[13 on X with values on T'X, called the impulse form of the fluid.

Example. In a dust, close particles are assumed to have the same velocity, so that the motion
of near particles is defined by some future pointing, unitary vector field U.

The idea is that any integral curve of U represents the motion of a small spatial region,
so that the mass density may change form one region to another.

To write down the impulse form, let (D1,D9,D3) be an orthonormal basis of space-like
vector fields, and let (8¢, 01,02,603) be the dual basis of (U,D1,D9,D3).

Since the impulse of any particle is proportional to U, we have:
[3(D1,D2,D3) = pU

where p is the mass contained in the unit cube (D1,D2,D3); i.e., p is the mass density.
On the other hand, II3(U,D;,D;) = 0, because in this case the impulse is tangent to the
considered parallelogram.
Since wx =09 AO1 A O2 A O3, the impulse 3-form of a dust of mass density p and velocity U
is defined to be:
I3 =01 A02703)0(pU) = pliywx)eU .

Infinitesimal conservation of impulse

This sign convention in the definition of Il3 is adopted so that the following interpretation
holds: let (X, g) = (R*,d¢? - dx% - dx% - dxg) be the Minkowski spacetime and consider a spa-

tially compact tube K between two instants #g, 1.
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If we consider on its boundary 0K the orientation needed to apply Stoke’s theorem, then:

fdvn3=f I3 = +f I3,
K 0K lateral

where the signs on the first two addends appear because in K;, (resp. K;,) the impulse of any

Impulse in
K;,

Impulse in
K;,

particle points outside (inside) K.
In the lateral side of the tube, if the impulse points outside, then it is a particle going out

of K whereas if it points inside, then it is a particle going into K. Hence,

f dylls =
K

Therefore, the condition dyll3 = 0 amounts to the following infinitesimal conservation of

Impulse in Impulse Impulse

K;,

Impulse in
K;,

going out going in

impulse:

Impulse in Impulse Impulse

K;,

Impulse in
K;,

going in going out

Energy-momentum tensors

In the literature, the standard procedure to describe the impulse of a fluid is via its energy-
momentum tensor. This tensor is related with the impulse form via the isomorphism of
Corollary 4.1.2. But first, let us prove a general version of this statement, that will also be

used in Chapter 5.

Let E — X be a vector bundle endowed with a linear connection V'.
The pair of connections V,V’ on TX and E allow to define a linear connection V on TX ®E,

whose associated differential is:
dg: TX®E~~T"X®TX®E , D®e — (dyD)®e+Ddye.

Definition. The divergence of a vector field J with values on E is the contraction of the first

covariant and first contravariant indices of dgJ/:
divg: TX®E ~ E , J— ci(dsd).

If E is a bundle of tensors, this operator divg coincides with the standard divergence of
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tensor fields.

Proposition 4.1.1. Let (X,g,wx) be an oriented smooth manifold of dimension n. The fol-

lowing map is a linear isomorphism.:
TX®E — A" 'T*X®E , D®e — ipwxoe.

Moreover, if J and Il are a vector field and a (n — 1)-form corresponding via this isomor-
phism, then:
dyll=wx ® diVﬁJ .

Proof: The isomorphism being clear, let us only check the differential property. On a neigh-
bourhood of a point x € X, let D1,...,D, be an orthonormal basis of TX and let e,...,e,, be
a basis of E such that (dvD;), =0=(dyre;)y.

Let J = JYD; ®e; be a vector field with values on E and let I = Jijipin ® e be the
corresponding form (we use summation over repeated indices).

Then:

(divgd)y = cl (dJif ®D;®e;+J7(dyD;)®e;+JVD; @(dvrej))

X

= Ci (dJij®Di®ej

= ((DLJLJ)eJ)
X X

(dy/ D), = ((dJif Nip,ox)®ej+J7 (DFwx)®e;+JYip,0x ®(dvrej))

X

= (iDl.dJij)wX®ej+Jij(divDi)wX®ej) =

X

wX®(DiJij)ej)

X

Corollary 4.1.2. The following map is a linear isomorphism:
TX®TX — A" T*XeTX , DoD' — ipwxeD'.

Moreover, if T and I1,,_1 are a 2-tensor and a (n — 1)-form corresponding via this isomor-
phism, then:
dVHn—l =0 < divl' =0.

Definition. Returning to the case n =4, the energy-momentum tensor 7' of a fluid is the

2-contravariant tensor corresponding to the impulse form I13 via the isomorphism above.
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Example. We have already showed that the impulse form of a dust with density p and velocity
Uis Il3 = p(iwa)® U.

The corresponding energy-momentum tensor is:
T=pUsU.

As divT = (div(pU))U + pVyU and these two addends are orthogonal, the infinitesimal

conservation of impulse divT = 0 is equivalent to the following two conditions:

1. Infinitesimal Conservation of Mass: div(pU) = 0.

2. Freely Falling Motion: ViU =0 in the open set p # 0.

4.1.2 Dimensional analysis in Newtonian gravitation

Let us informally discuss the dimensional analysis in the Newtonian gravitation on X = A4.

When lengths and measures of mass and time are modified by some positive factors A, u, 1,
if a magnitude, or a mathematical concept, is affected by the factor A¢ ubrc, then we say that
the dimensions of this magnitude are L*M®T¢. If the magnitude remains unchanged (i.e.,

a =b=c=0), it is said to be independent of the units of scale.

Examples. The time metric g = d¢2 in the Galilean spacetime has dimension T? and the
space metric dx%+dx§+dx§, has dimension L2. The hypervolume form wx = dtAdx; AdxgAdas

has dimensions L3T, and we write
[wx]=L3T.

The unitary tangent vector U to a particle satisfies [U]= T~!, so that its impulse I =
mU has dimensions T~'M. Consequently, the impulse form of a continuum of particles also
satisfies [[I3]=T~IM.

Hence, the contravariant energy-momentum tensor 72, defined by the formula I3 =

c%(wX ® T?) has dimensions [T?] = MT~2L73, and the corresponding covariant version:
[Ty] = MT2L73 . (4.1.2.1)

Law of Universal Gravitation

Assume that the force acting on two punctual masses m; and mg, with distance r between

them, is proportional to
mima

rb
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for some positive real number b € R*; that is, we assume that the force decreases with dis-

tance.

Fixing units of length, mass and time so that the universal gravitational constant becomes

1, it follows that *17*2 has also dimensions of a force. Hence:

MPL™P =MLT? = M=L"T72,

Introducing this relation into the dimensional analysis (4.1.2.1) of the mater tensor T,
we observe that a Newtonian gravitational force that decreases with distance corresponds to
[T2] =LY with w=b—-2> -2, whereas the inverse square force law, b =2, corresponds to the

condition of Ty being independent of the units of scale (w=b—-2=0).

4.2 Characterizations of the Einstein tensor

Let us now prove that the divergence-free condition, together with the independence of the

unit of scale, characterize the Einstein tensor of a pseudo-Riemannian manifold.
In this Section, X will denote a manifold of arbitrary dimension n, and Metrics will stand

for the sheaf of pseudo-Riemannian metrics on X with a fixed signature.

Lemma 4.2.1. If T: Metrics — 2-Tensors is a natural tensor independent of the unit of

scale, then it is an R-linear combination of the following tensors:

Ric , rg.

Proof: We apply Theorem 3.4.2. In the case p =2 and w =0, formula (3.4.0.5) reads:

2do+...+rd, = 2.

As the only solution is do =1, dg =...=d, =0, the space of tensors under consideration

is isomorphic to:
Homp, (N2, T:XeT;X)= Homp, (N2®T: X ®T X ,R).

The invariant theory of the orthogonal group (Theorem A.0.5) assures that the latter vec-

tor space is spanned by iterated contractions. Due to the symmetries of N9, these generators
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reduce, up to signs, to the following two:
Tijijkk Tijikjk

whose corresponding natural tensors are rg and Ric, respectively.

Theorem 4.2.2. Let T': Metrics — 2-Tensors be a natural tensor satisfying:

1. It is homogeneous of weight w > —2; that is, there exists a real number w > —2 such that,
for any A e R*:
T(A%g)=A"T(g).
2. It is divergence-free.

Then, there exist constants i, A € R such that:

Ag if w=2.
p(Ric-%5g) ifw=0.

T =

Proof: By Theorem 3.4.2, we have to study the non-negative integer solutions d; to the
equation:
2do+...+rd, =2-w, (4.2.0.2)

where w > —2. In particular, observe w has to be an integer number.
In case w > 2 or w =1, this equation has no solutions, so there are no natural tensors
with those weights.

If w = 2, there only exists the trivial solution dg =...=d, =0. Moreover,
Homg, (R,®°T;X) = (&%T; X)%: = (g,),

so the vector space of natural 2-tensors homogeneous of weight w = 2 is one-dimensional.
Hence, it is generated by the metric g, which is divergence-free.

The case w = 0 follows from the previous Lemma and the identities:
. . 1 .
div(Ric) = §gradr , div(rg)=gradr . (4.2.0.3)

Finally, if w = —1 the only solution to (4.2.0.2) is d3 =1, do =d4 =... =d, =0, that

corresponds to the vector space of O, -equivariant linear maps N3 — 2T X.
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Nevertheless, there are no natural tensors with this weight, because there are no such
maps:
Homo, (N3, 8*T;X) =~ Homp, (N3®T,X®T.X,R) =0,

where the last equality easily follows because the total order (covariant plus contravariant)
of the space of tensors N3® T, X ® T, X is odd (Theorem A.0.5).
O

Remarks. This statement also holds, with analogous proof, in presence of an orientation and

for dimension n > 2: if a divergence-free, natural operator
T: Metrics x Orient — 2-Tensors

is homogeneous of weight w > —2 (i.e., there exists w > —2 satisfying T(A2g, or) = A¥T(g, or),
for all 1 € R"), then there exist A, u € R such that:

Ag fw=2, AcR.
p(Ric-%5g) ifw=0, peR.

T =

If X is of dimension 2, then the Einstein tensor is zero, but the homogeneity condition also
allows, in the oriented case, the natural tensors wx,rwx. Among the linear combinations of

Ric=5g, g, rox and wx, only those involving g and wx are divergence-free.

As it has already been mentioned, this theorem, probably the most significant of the
thesis, discards the possibility of another field equation, different from Einstein’s equation -
and hence an alternative law of universal gravitation, different from the inverse-square force
law - on the grounds of the conservation of mass-energy, divT = 0, and simple dimensional

analysis.

Due to its importance, let us highlight the case w = 0, that provides a new characteriza-

tion of the Einstein tensor:
Corollary 4.2.3. If T: Metrics — 2-Tensors is a natural tensor satisfying:

1. It is independent of the unit of scale.

2. It is divergence-free.

then T is a constant multiple of the Einstein tensor:

T:u(Ric—gg), pLeR.
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Remark. This Corollary is closely related to a result of Aldersley ([1]). This author considers
a divergence-free, 2-contravariant tensor A2 constructed from a metric g, whose coefficients
A% depend on a finite number of derivatives of the coefficients of the metric. It is also as-
sumed that these coefficients satisfy, with respect to a suitable system of coordinates, the

following condition (that he calls axiom of dimensional analysis):

Aij(grS> Agrs,tl ) /l2grs,t1t2> ceey /lkgrs,tl---tk) = /12Aij(grs,grs,t1 g ,grs,tln-tk)

for all A > 0. Then it is proved that A? coincides (up to a constant factor) with the contravari-
ant Einstein tensor 72.

Although the above axiom is not intrinsic, it is not difficult to show that Aldersley’s axiom
for A? is equivalent, in the case of a natural tensor, to the condition of A2 having weight
—4 or, in other words, of As having weight 0, where Ao is the 2-covariant tensor metrically

equivalent to AZ.

4.2.1 Classical results

Let us consider a second-order, natural tensor 7': Metrics — 2-Tensors;i.e., a morphism of
natural bundles T': J°M — ®2TX, which is linear in the second derivatives of the metric.
The following classical theorem, with the additional assumption of 7' being symmetric, is

generally attributed to H. Vermeil:

Theorem 4.2.4. Let T': Metrics — 2-Tensors be a second-order, natural tensor satisfying:
e [t is linear on the second derivatives of the metric.
o [t is divergence-free.

Then there exist universal constants 1, A € R such that:
. r
T = ,U(RLC—Eg) +Ag.
Proof: Fix a metric g, at a point x € X. By Corollary 3.3.9, a second-order, natural tensor 7'
corresponds to a smooth O, -equivariant map:

2%
t: Ny — 2T'X .
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The condition of T' being linear on the second derivatives of the metric amounts to saying
that t is an affine map. Then, the tangent linear map is the same at any point and is an
Og, -equivariant linear map t.: No — ®2T;Ck X.

We have already showed that the vector space of these linear maps has dimension two
(see the proof of Lemma 4.2.1), and the corresponding space of natural tensors is (Ric,rg).
On the other hand, the O, -equivariant map t—t. is constant; hence it corresponds to an
element of (®2T;X)0gx =(g).

That is, all the second-order, natural tensors T' that are linear in the second derivatives
of the metric are the linear combinations of Ric,rg, and g.

The identities (4.2.0.3) allow to conclude the proof.

In dimension 4, D. Lovelock showed that the linearity assumption can be removed:
Theorem 4.2.5 (Lovelock, [31]). Let T': Metrics — 2-Tensors be a natural tensor satisfying:

* It is second-order.

* [t is divergence-free.

If X is of dimension 4, then there exist u,\ € R such that:

T:,u(Ric—%g)+Ag .
We detail a new proof of this result in Chapter VI.

4.2.2 Characterization on a Weyl geometry

Definition. A Weyl spacetime (X,V,< g >) consists of a smooth manifold X of dimension
1+n, endowed with a symmetric linear connection V and a conformal lorentzian structure

< g >, both of which are compatible in the sense that:
Vg=aog

for some 1-form «a.

This 1-form a depends on the chosen representative g of the conformal structure < g >.
As the 1-forms associated to different representatives differ on an exact form, the 2-form

w :=da is intrinsic, and is called the Weyl form.
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It holds:
Zg=weg

so the Weyl 2-form w is the curvature 2-form of V, understood as a connection on the line

bundle < g >. As a consequence:

Proposition 4.2.6. The vanishing of w amounts to the local existence of a representative g of

the conformal structure such that Vg = 0.

In other words, the vanishing of w amounts, locally, to V being the Levi-Civita connection
of some representative g of the conformal structure (this representative is unique, up to a
constant factor).

Nevertheless, even in the case w = 0, the Weyl geometry may not be globally Lorentzian,
the obstruction being the cohomology class [a] € H(X,R). Hence, topological assumptions
(v.gr., if X is simply connected) may guarantee that, if w = 0, then there exists a global
representative g of the conformal structure such that Vg =0.

For a fixed representative g of the conformal structure, the compatibility with V reads:
Dy(g(D1,D32)) = g(Vp,D1,D2)+g(D1,Vp,D2)+ a(D¢)g(D1,D2) .

Analogously to construction of the Levi-Civita connection of a pseudo-Riemannian metric,

it can be proved:

Fundamental Lemma. For any given Lorentzian metric g and any 1-form a, there exists a

unique symmetric linear connection V such that Vg =a® g.

Therefore, any pair (g, a) of a Lorentz metric and a 1-form a on X, defines a Weyl space-
time (X,V,<g>).

Proposition 4.2.7. Let (X,V,<g>) be a Weyl spacetime, and let us fix a representative g of
the conformal structure.
The difference between the connection V and the Levi-Civita connection Vg of g is the

following (2,1)-tensor:
1
Y(D1,D2):=(Vp, —(Vg)p,) D2 = 5 (g(D1,D2)A —a(D1)Da—a(D2)Dy) ,

where A is the vector field metrically equivalent to the 1-form a.
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Proof: The skew-symmetric part (in the covariant indices) of the difference y between two
connections equals the difference between their torsion tensors. As both connections are
symmetric, y is a symmetric tensor.

Subtracting the following equations:

Dy(g(D1,D32)) = g(Vp,D1,D2)+g(D1,Vp,D2)+ a(Dg)g(D1,D3) ,
Dy(g(D1,D32)) = g((Vg)pyD1,D2)+g(D1,(Vg)p,D2) ,

we obtain:
0=g(y(Do,D1),D2)+g(D1,y(Dg,D2))+ a(Dy)g(D1,Dy) .

The thesis follows by adding three times this equation, with adequate sign and with a

cyclic permutation of its indices. 0

Computations

Let (X,V,<g>) a Weyl spacetime and p € X be a point.
Consider a chart xo,...,x, centred at p and such that the Christoffel symbols of V vanish
at p:
Th(p)=0 , (Vdxp), =0,

and such that the metric:

n
8p = Z(Sidxi ®dx;
=0

where 6 =1,6; =-1,i=1,...,n, represents the conformal structure at p.
Let us extend g, by parallel transport along the radial lines, so that we obtain a metric g
in a neighbourhood of p satisfying:
Vug=0,

where H =3} ,x;0y, is the field of the homotheties on those coordinates.

Let a= Z?ZO a;dx; be the 1-form associated to g. As

n
0=VEr xo0.,)8 = 06(2 xiaxi) ®g,
i=0

it follows

no. n .
0= a(z xlaxi) =) aix'. (4.2.2.1)
1=0 1=0
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Lemma 4.2.8. With the previous notations, it holds:

1 1
=0 , Vo), = [w), =0, , g”() 0.

Proof: Differentiating in (4.2.2.1) and taking value at p implies a;(p) =0, so that a, =0.
604 9a,
57 (P)=0,s0 that:

n ) da; ) )
(Va), = (Z dai®dxl) = Z aj ® dx’
=0 p b 0x
l 6 14 6 1 a i
- Z(a“ & (p)) A/ ®dx’ + = 2(6“ )~ & (p))dx @ dx/
- 0+§(da)p .

Finally, the metric g is parallel along the lines {x? = 1%%,..., x* = A"¢}, so that:

0= (Vg o€ =X 3 14284 | () dxl @ ded
(Zk:Oll axk) p lJ frt axk ’

and, as the A! are arbitrary, it follows g” L(p) = ]
The conditions g” Z(p) = 0 imply that the Christoffel symbols of the Levi-Civita connection

Vg of g satisfy Fij(p) =0, so that (Vg), =V,.

Lemma 4.2.9. With the previous notations, it holds:

. . 1+n
(Ricy)p = (Ricg)p — Twp

where Ricy and Ricg denote the Ricci tensors of V and g, respectively.

Proof: Let R;, and }_th be the coefficients at p of the tensors Ricy and Ricg, respectively.
Let us use the following standard formulae:

Rjp = (r;h i _rih )

thz

( Jhi lh,J)

where the index after the colon denotes partial derivative at p.
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On the other hand,
i _Fto_ ja271 Al
rjh —Ljn = 7(04;,0x,) ) (gjh —ajbp; — ahé\ji) .
Therefore,
Rjn—Rjn =} (F;hl T ) Z( i~ lh’J)

~.
I
(=]

(gjhAi_aj5hi_ah5jz) . i %(gihAi_ai(Shi_ahéii) .

i ) :
2
i=0

~
Il
(=)

Il
™M=

Il
=
Nl N+

(gih(p)Afj — @, jOhi — ah,j5ii)

DN | =

i

0
(gjh(p)A —@ji0pi — Qp ﬂ)
Al

0
1 1
=3 (g_]h(p)ZA —Qjh— ah,J) 5 ghh(p)A —ah,j—(1+n)ah,j) :

=0
As (Va), is skew-symmetric, we have Al . =06;a;; =0, so the previous computation equals:

1+n l1+n
ah,j: 4

— 1
Rj,—Rj, = 5(_05j,h_05h,j)+ —(wp)jn ,

the last equality because a;; + ap; = 0 (recall (Va), is skew-symmetric), and ay ; is the
coefficient jh of (Va), = %wp. O

Corollary 4.2.10. The skew-symmetric component of Ricy is —ITT’L w.
Let Rfjh denote the coefficients at p of the curvature tensor R, let Rfjh . be its partial
derivatives at p, and let w;; be the coefficients of w at p.

The proof of the following proposition is routine:

Proposition 4.2.11. The curvature tensor R possesses the the following symmetries:

It is skew-symmetric in the first two indices: RLJ n = —Rfl B

The last two indices satisfy: 6ka’jh = —6hR for k #h, and Ruk %wij.

* Bianchi linear identity: Rk +Rf”J +Rf’hl =0.
* Bianchi differential identity: Rf s +szh ; +Rfsh .=0.
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Tensors associated to a Weyl spacetime

If (X,V,<g>) is a Weyl spacetime, consider the following covariant 2-tensors: Ricy, w and
rg, where r is the total contraction of Ricy respect to any metric g of the conformal structure
(the value of r depends on the chosen metric, but the tensor rg is intrinsic). Our purpose is
to show that any 2-tensor naturally associated to the Weyl spacetime is a linear combination
of these three tensors.

Weyl geometries on a manifolds do not correspond with the sections of any bundle, so the

notion of naturalness has to be redefined in this setting.

On a smooth manifold X, let Weyl and 1-Forms denote the sheaf of Weyl structures and
1-forms on X, respectively. The fundamental lemma on page 58 allows to define a morphism
of sheaves:

Metrics x 1-Forms —— Weyl , (g,a) — (V,<g>)

Observe this map satisfies the homogeneity condition p(12g,a) = ¢(g,a), for all A € RT.
Definition. A morphism of sheaves T: Weyl — 2-Tensors is natural if the composition

Metrics x 1-Forms —-— Weyl T . 2. Tensors

is a natural morphism.

The composition 7' o ¢ fulfils the homogeneity condition
(Top)A?g,a) = (Top)g,a) .

Lemma 4.2.12. Any natural tensor T': Metrics x 1-Forms — 2-Tensors satisfying the ho-
mogeneity condition T'(A%g,a) =T'(g,a), for all A€R*, is a linear combination of the follow-
ing seven tensors:

Ricciy , rgg , aoa , |af’g

Vga tr(Vga)g , da .

Proof: By Theorem 3.4.2, the space of tensors under consideration is isomorphic to the vector
space of O, -equivariant linear maps:

S©N,®..9SUN,8S%A;®...0S% A, ®2T:X
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where A, =T X®S™T;X,m=0,...,s, and the coefficients di,aj € N satisfy the equation:
2do+...+rd,+do+2d1+...+(s+1Dds=2.

If some d; is non zero, then there are only two possibilities:
edy=2,d1=...=ds=d = 0. In this case, we are reduced to compute O, _-equivariant
linear maps:
SAT*X)e T, X®T,X —R.

Those linear maps are linear combinations of iterated contractions; due to symmetries,

any such an iterated contraction is a linear combination of:

Taabb Tabab

These contractions, in turn, correspond, respectively, with the tensors:

la?g  , aea.
edi=1,dy=dsy...=ds=d j=0: In this case, the space of O, -equivariant linear maps:
T XeT; XT ,XeT,X —R

has dimension 3, for it is generated by the total contractions:

Taabb Tabab Tabba

Therefore, the corresponding space of natural tensors is generated by:
t
tr(Vga)g , Vea , (Vga)

where (Vga) (D1,D3) := (Vga)(D2,Dy).

Therefore, this vector space is also generated by:

tr(Vga) g , Vea , da .

Finally, if the d; are all zero, then the tensor 7' does not depend on a and therefore is a
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linear combination of Ricg and rgg (Lemma 4.2.1). 0

Theorem 4.2.13. Any natural tensor T: Weyl — 2-Tensors is a linear combination of the
following three tensors

Ricy , rg , w.

Proof: By the previous lemma, the composition 7' = T o ¢ is a linear combination of seven
tensors. Given a Weyl structure (V,<g>) and a point p € X, let us consider a pair (g,a) as

in the precedent subsection of computations.

By Lemma 4.2.8, it follows

1 1

Consequently, the tensors (a ® a),, (|a|2g)p and ((divga)g), are all zero.

On the other hand, by Lemma 4.2.9, the tensor (Ricg), is a linear combination of (Ricy),
and wp.

That is, the tensor T(V,<g>), = T'(g,a),, that in principle is a linear combination of the
seven tensors enumerated in Lemma 4.2.12, is indeed a linear combination of (Ricy),, (rg),
and wp.

O

Definition. A 2-tensor 7' on a Weyl spacetime (X,V,<g>) is divergence-free if the contrac-
tion of the first two indices of VT (with respect to any metric of the conformal structure) is

Zero.

Given a point p on a Weyl spacetime (X,V,<g>), let us consider a pair (g, @), chosen as in
the subsection of computations. Given a 2-tensor T, let us call divergence of T to the 1-form
obtained by contracting the first two indices of VT with respect to the metric g. This notion

is not intrinsic.

Lemma 4.2.14. With the previous conventions, the divergence of the tensor Ricy at the point
pis
) ) 1._. n ..
div(Ricy) = Edlv(rg) ) divew .
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Proof: Let us compute the divergence of Ric at p. Using the Bianchi linear identity, it follows

(leRlC)J Z6R1Jl Z6Rkljl_ ZaR_]kll ZaRl_]kl

+2l Z(SRJk”+ Zaww_ Z6Rjk”+ L divoy .

Applying the Bianchi differential identity, one of the last addends is equal to:

ZaR]kll ZaRl]Lk-i_ZéRku] Z6lelk+r

= ZaiRiji E +(d1V(rg))] .
ik ’
Applying the symmetry of the last 2 indices of R (item 2 in Proposition 4.2.11),
25 Rm k= Z6kRuk p=—2 0rRjrr = —(divSy
k

where S is the symmetric part of Ricy. According to Corollary 4.2.10, the skew-symmetric

component of Ricy is —1Z”w so that S=Ricy + 1;”

Summing up,
. . 1+n
div(Ricy) = —dlva) +div(rg) —div (chv + Ta)) ,

and the thesis follows.

As a consequence of this Lemma and Theorem 4.2.13, it follows:

Theorem 4.2.15. Up to a constant factor, the only natural 2-tensor G: Weyl — 2-Tensors

that is divergence-free is:

G::Ricv—§g+%w dimX =1+n) .

Observe this tensor G is not symmetric; its skew-symmetric component is

1+n n 1
—wt—w=—0w.
4 4 4
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Chapter 5

Characterization of the

electromagnetic energy tensor

Let X be a smooth manifold of dimension 1+7n and let g be a Lorentzian metric on it, of
signature (+,—,...,—). An electromagnetic field on X is represented by a differential 2-form
F, and its electromagnetic energy tensor T is a 2-covariant tensor defined in a local chart by

the formula: 1
Top = — Faini—ZFijFijgab . (5.0.2.1)

As it has been explained in Chapter 4, the matter content of a relativistic spacetime X is
represented by a 2-covariant tensor T',, called the matter energy-momentum tensor, and, in
absence of electric charges, the mass-energy and impulse conservation laws are encoded in

the equation:
divl, =0.

Nevertheless, when dealing with charged matter, the Lorentz force law imposes:
divly, = igF = igpF

where J is the charge-current vector field and 0F = J* because of the second Maxwell equa-

tion (see our notations in page 68).

Therefore, in order to fulfil the aforementioned conservation laws, it is necessary to as-
sume that, apart from the energy-momentum tensor T, of the matter distribution, there also

exists some kind of energy associated to the electromagnetic field itself, represented by some
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2-covariant tensor Ty, such that:

div(Tm + Teim) =0 . (5.0.2.2)

Of course, this equality implies divT ey = —igrF .

As regards to dimensional analysis, it is easy to check that a change of the time unit
g = A2g implies a modification of the type F = AF in the mathematical representation of the
electromagnetic field. In Chapter 4 we explained that the matter tensor remains invariable,
T'm = T, so that for equation (5.0.2.2) to make sense it is necessary that the electromagnetic

energy tensor also stands invariable: Teim = Teim-

Finally, it is sensible to assume that the electromagnetic energy is null wherever the field

is null.

Summing up, these are three properties that have to be satisfied by any physically rea-
sonable definition of electromagnetic energy. Our main result, Theorem 5.2.4, proves that

these conditions uniquely characterize the energy tensor (5.0.2.1) of a 2-form.

Finally, the existence of an energy tensor associated to a differential 2-form, with % ar-
bitrary, suggests the question of a possible physical interpretation for it. In the last two
Sections, we consider a generalized theory of electromagnetism for charged p-branes, intro-
duced by Henneaux and Teitelboim ([15]), where the electromagnetic field F is a differential
form of order 2+ p. We extend this theory up to the point of including fluids of charged
p-branes; the corresponding Maxwell-Einstein equations require an electromagnetic energy

tensor, which turns out to be the energy tensor associated to the form F'.

The original results of this Chapter have been published in [38].

5.1 Energy tensor of a differential form

Throughout this Chapter, let (X, g,wx) be an oriented and time-oriented pseudo-Riemannian
manifold of dimension 1+ n, whose metric has signature (+,—,.?.,—). We adopt this signature
for consistency with the last two Sections, although the results of the first two are valid on

pseudo-Riemannian manifolds or arbitrary signature.

Given a g-vector D1 A...AD, and a differential k-form w, with q <k, we write:

iDl/\.../\qu = i]_)q...ipla) =w(D1,...,Dg,_,...,_).
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Analogously, if w is a k-form and @ is a g-form, with q <k, we write:
i,;,w = i@*(x)

where @™ is the g-vector metrically equivalent to @.

With these notations, the metric induced on the bundle of £-forms is:
SN 1 J1-Jk
(W, 0) 1= 1y0 = ¢ Wjy...jp, -
The Hodge star is the linear isomorphism *: A*T*X — A7 kT*X defined as
*W 1= LyWX ,

and, with these conventions, it holds * * @ = (=1)k+Dng,,
The codifferential 3: A*T*X ~» A*~1T*X is the following differential operator:

9:=(=1)1*"* wdx | or, equivalently, *d:= (—1)fd=* .

In a local chart:

a
(aw)il...ik_l =-V wail...ik_l .

Definition and main properties

Let w be a differential £-form on X.

Definition. Let U be an observer at a point x (that is, U is a unitary timelike vector oriented
to the future). Let us consider an orthonormal frame (Do =U,D1,...,D,) of T, X and the
corresponding dual base (6 =U*,04,...,0,).

In terms of this basis, the k-form w decomposes as a multiple of 6, called the electric part

Ey, and other terms without 6, called the magnetic part By:
w = Ey + By = (terms with 6g) + (terms without 6) .

In other words:
Ey = U*/\an) , By = iU(U*/\w),

so these k-forms Ey, By depend on the observer U but not on the chosen basis.
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Moreover, as Eyy and By are orthogonal:
(w,w) = (Ey,Ey) +(By,Buy) .
These two addends have definite signs, that we modify to make them positive:

Eyl?:= (- YEy,Ep) = (-1 Nigw,iyw)
IByl?:=(-1* (By,By) = (-1)* ({U* A0, U* Aw).

Hence,
(w,0) = (-1 (|Ey®>-|Byl?)

and the right hand side of this equation does not depend on the observer.

Definition. The energy of a differential 2-form w with respect to an observer U is the smooth
function: 1
W)= (Eyl® +Byl?) .

Unfolding the definitions, we see the energy is quadratic on U:

1
eU) =5 (Eul” +1Bul?) = 5 (IBul + (-1 w,) + By l’)

1
2
=(-1)F1 ((iUw,anD—%«u,w) <U,U>) ,

so we are led to consider the corresponding symmetric tensor:

Definition. The energy tensor of a differential 2-form w is the 2-covariant symmetric tensor
T defined as: 1
(-1 T(D1,D3) := (ip,0,ip,w) - 5 (@) g(D1,Dy) .

This definition is made so that T'(U,U) = e(U) for every observer U.

Remark. These energy tensors are a particular case of the superenergy tensors introduced by
Senovilla ([43]): the superenergy tensor associated to a differential 2-form is precisely the
energy tensor defined above.

Nevertheless, the superenergy construction can be applied to any kind of tensors, not nec-
essarily skew-symmetric, and the result obtained may have more than 2 indices, depending

on the symmetries of the original tensor.
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Next, we prove the main property of the energy tensors ([43], Thm. 4.1), although we will
not use it in this memory:

Dominant Energy Condition: For any pair Ui,Uy of observers (unitary timelike vector

fields oriented to the future), the energy tensor satisfies:

T(Ul,UQ) =>0.

Proof: Let U1,Us be unitary timelike vector fields oriented to the future and let Dy, D4, ...,D,
be an orthonormal basis such that U; =Dy and Ug =Dy +vDq, with 0<v < 1.
Let Og,...,0,, be the dual basis and let us write:

w=00ANwg+01ANwg+0pANO1 ANy + w5

where wq,wg,wy,ws are not multiples neither of 0y nor of 0.
Then,

(DT, UD = (-1 (700, D0+ v (Do, D)
: : 1 . .
= <lD0w’ 1D0w> - §<waw> + U<lD0(l), lD1w>
1
= (Wq, Wq) — (Wy,Wy) — 5 ((wa;wa> —(wp,wp) — Wy, wy) + <w()‘,w6>)
+v{wa + 01 ANwy,wp— 00 Awy)

1
=3 ((wa,wa> +{wp,wp) — (Wy,Wy) — (W5, Ws) | + V{Wa,wp)

1
= 5 ((wa +vwg,we tvwg) +(1- vz)(wﬁ,wﬁ) —(wy,wy) — (wg,wg)) .
That is to say, 2T (U1,Uz) equals:

(1 Ny +vwps,wq +vwp) + (=111 - v2)ws,0p)

+ (=D 2wy, 0p) + (-1 (w5, ws)

which is a strictly positive quantity, because (wq,wq) = (wg,wp) = (-1F 1, (Wy,wy) = (—1)k2
and {(ws,ws) = (-1)%. O

For any observer U, the Hodge star maps the electric and magnetic parts of w into the
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magnetic and electric parts (up to signs) of *w:
+*Ey(w) = +By(xw) *By(w) = +Ey(xw) .

Therefore, w and *w have the same energy respect to any observer U and, consequently, both
forms have the same energy tensor.

Indeed, it can be checked that:

(-1 T(D,Dy) = il

(ip,w,ip,w) + (-1 (ip, *w,ip, *W) | .

1
2

Let us write T'(g,w) to indicate that the energy tensor depends on the metric g and on the

k-form w. The following three properties will suffice to characterize these energy tensors:
Proposition 5.1.1. The energy tensor T of a k-form w satisfies:

i) For any 1 >0,
T(A2g, A w) = T(g,w) .

iii) At any point x€ X,

T,.=0 < w,=0.

Proof: The first property easily follows from the definition of energy tensor, and the third one

is a consequence that e(U)(x) = 0 if and only if w, = 0, at any point x € X and for any observer
U.

To compute the divergence of the energy tensor, firstly observe the following local formu-
lae for the components of i3,w and i,dw:

. (G2
(oWl = e 1),Vaw Wiy
. D 1
(la)dw)b = Bl wllmlkvbwil...ik + (k _ 1)'wllnlkvi1wi2...ikb .
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Then,
: o _ G aig...if Lo i a
(divT)y = VT = mva WS Wiy iy T o 0T Wiy oy
(=1)¢1 o . 1 . .
= 27 (Va0 )by iy + 02 (Vapiy...iy) = 7 0 Vowiy L,
(k-1 k
. i -k
= —(igow)p + 51 W'Y w4y i o AN TR

—(iawa))b +(iwdw)b

The following computation will be used in the proof of Theorem 5.2.3.

Corollary 5.1.2. For any k-form w, the 2-covariant tensor (i —w,i_w) satisfies:
.. ) ho1,. . 1
div{ii_w,i_w) = (-1)*" " ([ydw—isyw)+ éd(w,w) .
Proof: By definition of 7', we have:

(_w,i_w) = (11T + %(w,w)g .

Hence:

1
div(i_w,i_w) = (1) 1divT + 5 div(@,0)g)

1
= (—l)k_l(iwdw —lgpw)+ §d(w,w) .

O

Remark. Analogously to the case of a 2-form, the energy tensor T of a k-form also appears
as the Euler-Lagrange tensor of a variational principle. Namely, if we fix a A-form w and
consider the variational problem of order O defined by the lagrangian density (w,w)wx on

the bundle of Lorentzian metrics, then its Euler-Lagrange equations are precisely T = 0.
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5.2 Characterization of the energy tensors

Let us analyse separately the consequences of each of the three hypothesis that characterize

the energy tensors.

Lemma 5.2.1. Let T: Metrics x k-Forms — 2-Tensors be a natural tensor, with k # 1,3,

that is homogeneous of relative degree (k —1;0); i.e., for all A € R*:
T(A2g, 2 tw) = T(g,w) .
Then T is an R-linear combination of the following four tensors:

Ric rg (l-w,i_w) (w,w)g .

Proof: By Theorem 3.4.2, the space of tensors under consideration is isomorphic to the vector

space of O, _-equivariant linear maps:

S“Ny®...8S¥ N, SN\ e...8S%A, ®2T*X

where A,, := AkT;X®SmT;X, m=0,...,s, and the coefficients di,C_lj € N satisfy the equation:
2do+...+rd,+do+2d1+...+(s+1)d;=2.

If some d; is non zero, then there are only two possibilities:

edop=2,d1=...=ds = d;j=0. In this case, we are reduced to compute O, -equivariant

linear maps:

SEAPT!X)e T X 0T X —R.

Those linear maps are linear combinations of iterated contractions; due to symmetries,

any such an iterated contraction is a linear combination of:

Tal...akal...akbb Tbaz...akcag...akbc

These contractions, in turn, correspond, respectively, with the tensors:

(w,w)g , (-w,i_w).
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edi=1,do=dy...=ds = d;j=0: We have to compute O, -equivariant linear maps:
AT XeT!XeT,XeT,X —R.

But there are no such maps for £ even or & =5 (the contraction of two skew-symmetric indices

is zero).

Finally, if the d; are all zero, then the tensor T does not depend on w and therefore is a

linear combination of Ric and rg (Lemma 4.2.1). O

Remark. In the previous Proposition, if £ = 3 there also exists the O, _-invariant linear map:
AT XeT:XeT . XoT. X —R

defined by Typcape, that corresponds to the natural tensor cg1(Vw), where cg; denotes the
contraction of the first two indices.

If £ =1, there also exist the linear maps:
T XeT: XT, XeT, X - R

defined by the iterated contractions:

bbd bab bbd
Taa Taba Tabba ,

These maps correspond, respectively, with the natural tensors:
(divw)g , Vo , (Vo)

where (Vo) (D1,D3) := (Vw)(Dg,D1).

Lemma 5.2.2. Let T': Metrics x k-Forms — 2-Tensors be a natural tensor satisfying:
1. It is homogeneous of relative degree (k — 1;0).
2. At any point x€ X, if vy =0 then T, =0.

Then, T is an R-linear combination of the tensors:

(l-w,i-w) , (w,w)g .
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Proof: The second condition rules out the tensors Ric and rg in the previous Lemma, as

well as the other exceptional tensors in the cases £ =1, 3. [

Theorem 5.2.3. If a natural tensor T: Metrics x k-Forms — 2-Tensors satisfies:
1. It is independent of the unit of scale: T(A%2g,A*"1w)=T(g,w) for all 1 >0,
2. At any point, w,=0 = T(g,w), =0,
3. divy T(g,w) = 0 whenever w is closed and co-closed,

then T(g,w) is a constant multiple of the energy tensor:

E(g,w):= (-1)F1 (I_w,i_w)— %(a),w)g .

Proof: By the previous Lemma, there exist universal constants u1, u2 € R such that:
T(g,w) = p1{i-w,i-w)+ p{w,w) g .
Then, writing T' = T'(g, w),

divTl = p1div({(i—w,i-w)) + pa div({w,w) g)

1
L% ((—l)k_l(iwdw —lgw®) + §d<w,w>) T pzd,0) -

By hypothesis (3), if w is closed and co-closed, then divT = 0. Comparing with the previous
equation, we have
1
0=divT = w1 (0 + §d<w,w)) + pg d{w,w) ,

hence g = —p11/2 and we conclude:

T = p1di_w,i_w)— %«u,a»g = (-1 E

We may reformulate the above theorem so as to eliminate the constant factor:

Theorem 5.2.4. If a natural tensor T: Metrics x k-Forms — 2-Tensors satisfies:

1. It is independent of the unit of scale: T(A2g,A*1w) = T(g,w) for all 1 >0,
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2. At any point, w,=0 = T(g,w), =0,
3. divy T'(g,w) = —igyw whenever w is closed,

then T(g,w) coincides with the energy tensor E(g,w).

Proof: The tensor T satisfies the hypotheses of the previous theorem, so it is a constant
multiple of the energy tensor E. As both tensors have the same divergence whenever o is

closed, that constant has to be one.
O

Finally, let us also remark another possible variation of this result. Let ClosedFormsjy,
be the sheaf of closed k-forms on X.

Theorem 5.2.5. Let T : Metrics x ClosedFormsy, — 2-Tensors be a natural operator. If it

satisfies:
1. It is independent of the unit of scale: T(A2g,A*"1w) = T(g,w) for all 1> 0.
2. At any point, w,=0 = T(g,w), =0.
3. divg T'(g,w) = —iguw.

then T(g,w) coincides with the energy tensor E(g,w).
Proof: The exterior differential defines a morphism of sheaves:
(k—1)-Forms 4, ClosedFormsy,

that is surjective because any closed form is locally exact.

Hence, any natural operator T as in the statement induces a natural tensor 7" = T od:
. Idxd . T
Metrics x (k—1)-Forms ——— Metrics x ClosedForms, —— 2-Tensors
satisfying the homogeneity condition:
T'A2g, A Ywp_1) = T'(g,wp-1), ¥V AERT, (5.2.0.3)
and other two hypothesis, corresponding to items 2 and 3 of the statement:

dew=0 = T'(g,w);=0, and  divgT'(g,0)=—isudw .
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To finish the proof, it is enough to prove that T’ =T od is the tensor:
/ k=1, : 1
T (g,w) =(-1) <L_dw,z—dw>—§<dw,dw>g ,

so that the original operator T'(g,w) coincides with the energy tensor.
To begin with, it is not difficult to check that the natural tensors 7' = T od satisfying

(5.2.0.3) are in bijection with O, -equivariant linear maps:
S“Nye...8S N, S A;®...0 ST A, — &T:X

where A,, := A* T:X®S™T;X, for m=1,...,s (observe the spaces of k-forms at the point, not
(k — 1)-forms), and the non-negative integers d;, d ;j satisfy the equation:

2do+...+rd,+do+...+(s+1)d;=2. (5.2.0.4)

Now, the computations proceed in analogy with those in Lemma 5.2.1 and Theorem 5.2.4.

If some d; is non zero, then there are only two possibilities:
edyp=2,d1=...=ds=d; =0. In this case, a similar analysis to that in page 74 shows
that the only natural tensors are the linear combinations of:

(dw,dw)g , (i_dw,i_dw)

edi=1,dy=dy...=ds = dj = 0: For this solution, the only possible tensors are co1(Vdw),
if £ =3, and (div(dw)) g, Vdw, (Vdw)?, if & = 3.

The hypothesis number 2 rules out these last tensors, as well as those not explicitly de-
pending on w.

That is, there exist A, u € R such that the tensor 7" = T od is of the form:

T' = Mdw,dw)g + p(i_dw, i_dw) .
Applying hypothesis number 3, we can fix the scalars:

—ipdwdw = divg (T'(g,w)) = Ad((dw, dw)) + pdivg ((i_dw, i_dw))

2 1d(dw, do)) + p(-1)F iggudw + §d<dw’dw> ’

_ (;L+ g) d((dw, dw)) + (=1 isgedw
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that implies 1 = —g and p=(-1)*"1.

5.3 Electromagnetism of branes

There exists a theory of electromagnetism for charged p-branes ([15]), where the electromag-
netic field is represented by a differential (p + 2)-form F'. In the rest of the Chapter, we shall
extend this theory up to the point of including a force law for fluids of charged p-branes and
an electromagnetic energy tensor, necessary to state the Einstein equation. This tensor is

precisely the energy tensor of the form F introduced in page 70.

But firstly, let us analyse in this Section the interaction of a charged p-brane with an ar-
bitrary electromagnetic field. Our analysis is developed at the classical (non quantum) level
and, in contrast to [15], it is based on the elementary concepts of impulse and acceleration of
a p-brane.

From now on, let us fix an integer p, such that 0 < p <n, and let us write q :=n —p.

Definition. The trajectory of a p-brane is, by definition, an oriented smooth submanifold
S c X of dimension p + 1, whose metric g|s has signature (+,—,.2.,-).
Associated to any p-brane, we also assume two constants, called tension t > 0 (or mass, in

the case p =0 of punctual particles), and electric charge qe€R.

5.3.1 Impulse of a brane

In absence of external forces, the trajectory of a punctual particle is a geodesic of spacetime.
To extend this fundamental principle to the movement of a p-brane, let us recall two different

characterizations of geodesics:

1. The trajectory of a particle is a geodesic if the impulse vector mU is parallel along the
trajectory (where m is the mass of the particle and U is the future pointing, unitary

tangent vector to the trajectory).

2. The trajectory of a particle is a geodesic if it minimizes the action m [ dz, where 7 is the

proper time of the trajectory.

In the literature, in order to determine the movement of a p-brane in absence of external

forces, it is common to follow the second approach, using variational principles. To be precise,
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the generalized action is the Nambu-Goto action, t fS wgs, where wg is the (p + 1)-volume of
the trajectory S of the brane.
Instead of that, let us generalize the concept of impulse to a p-brane, arriving to the same

equations of motion.

Let S < X be the trajectory of a p-brane and let wg be the (p + 1)-volume form of S. Rising
the first index of wg and multiplying it by the tension t, we obtain a p-form with values on

tangent vectors, that is called the impulse form of S:

Definition. The impulse form of a p-brane S is the p-form on S with values on T'S:
IIg : TSNP ATS —— TS c(TX)s

defined by the following property:
8WDo,MIs(D1,...,Dp)) = twsDo,...,Dp)

for any Dy, ...,D, tangent vectors to S.
If Dy,...,D, is an orthonormal frame of vector fields on S, where the matrix of g|g is
diagonal (+1, -1, ..., -1), then:

p
IIg =t Z(iDij)®6ij
7=0
where 6p=1and §;=—1for j #0.
Examples. In the case of a particle (p = 0), the trajectory S is a curve and the impulse form
I[1g is a vector-valued O-form; that is, it is simply a tangent vector Ilg = mU, where m is the
mass of the particle and U is the unitary tangent vector to the curve.

If (X =RV, g =dt®- Zidx?) is the Minkowski spacetime, then the impulse form of a

p-brane S can be written as:
IIs =wo®0; +w1®0x, +... +w, ®0y,

for some ordinary differential p-forms w; on S.
If S;, :=Sn{t =to} is the particle at the instant ¢(, then the vector:

[, ns= f)a(f

0

wn) Oy,

to
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can be understood as the total energy-impulse vector of the p-brane at #.

The differential p-form wq is called energy form of the brane respect to the chosen inertial
frame (¢,x1,...,%,), and the integral |, 81y 0 is understood as the total energy of the brane at
to.

5.3.2 Acceleration of a brane

Let S ¢ X be the trajectory of a p-brane, and let us write V for the Levi-Civita connection
of (X,g). For any pair of tangent vector fields D,D’ on S, the covariant derivative DVD’

decomposes as a tangent vector to S plus a vector orthogonal to S:
DD’ = tang(DVD") +nor(D'D’) .

The first addend DVD' := tang(DVD') is precisely the covariant derivative with respect to
the Levi-Civita connection V of the submanifold (S, g1s)- The second addend is, by definition,
the second fundamental form of S, which is a symmetric tensor with values on the normal
bundle of S:

®g5: TS xTS — (TS): , @®5(D,D'):=nor(D'D").

The trace of the second fundamental form, tr &g, is a field of normal vectors to S.
Proposition 5.3.1. The impulse form Ilg of a p-brane S satisfies:

dylls = wg ® t-tr(dg) .

Proof: Let (Do, ...,D,) be an orthonormal basis of vector fields on X, such that (Dy,...,D,) is
an orthonormal basis of vector fields on S.

Let w;; be the connection 1-forms, so that dyD; = Zgl:o w;; ® D; and hence:
n _ P
DiDj=3 w;j(D)D; and DD;j=) w;(D)D;, j<p.
i=0 i=0

Let IIg and T's be the impulse form and the energy-momentum tensor of S, respectively.

Locally:
b b
Ilg :fZ(iDiws)®5iDi , Tg :’(ZDi®Di
1=0 i=0

where we write 69 =1, 6; = —1 for i #0.
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When considered as tensors with values on TX,g, both T's and [Ig correspond via the
isomorphism of Proposition 4.1.1. Therefore, if V denotes the connection induced on T'S ®

TX|s by the pair of connections V and V, we only have to check that divgTg = tr®g:

p p p p n
dgTS = ZdVDj@)Dj"'ZDj@dVDj: Z wij®Di®Dj+ ZDj@’Zwij@Di .
j=0 j=0 i,j=0 J=0 1=0
1 p P p n
dngTS = Cl(dgTs) = - Z Z wji(Di)Dj + Z Z w,;j(Dj)Di
i=0 \j=0 J=0\i=0

p _ p p _ p
==Y DiDi+ ). D;D; = ZO(DJVDJ—DJVDJ] = L ®D;D) = trs
1= J= J= j=

O

Example. If p =0, let S be the trajectory of a particle with impulse IIg = mU, where m is
the mass of the particle and U is the future-pointing unitary tangent vector of the curve S.
Since:

O5(U,U) =nor(UU)=U"U

we observe tr®g = UV U is the acceleration of the particle.

Definition. By analogy with the particle case just explained, if S is the trajectory of a p-

brane, then the normal vector tr ®g is interpreted as the acceleration of the brane.

If there are no external forces, the trajectory S of a brane should have null acceleration.
For a particle, this amounts to saying that it is a geodesic: UYU = 0. For a p-brane, this

amounts to the equation:

Inertial Motion: trdog =0

By Proposition 5.3.1, this equation is equivalent to dyllg = 0, which is an infinitesimal
conservation law for the impulse.

Moreover, this equation tr®g = 0 is precisely the Euler-Lagrange equation for the varia-
tional problem defined by the Nambu-Goto action.

5.3.3 Electromagnetic field

A distribution of charged p-branes produces an electromagnetic field over the spacetime X.
To specify this field we have to say, at any point x, the acceleration measured by a brane S

with unitary charge, which is a vector field orthogonal to the brane.
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For simplicity, we assume this assignment is linear, thus arriving to the following defini-

tion:

Definition. An electromagnetic field over the spacetime X is a skew-symmetric tensor:

satisfying the following property:
F(Dy,...,D,) € <Dy,...,D, >*

for any collection Dy,...,D, of vector fields on X.

The value F(Do,...,Dp)x may be understood as the force at the point x that suffers a
brane with (p + 1)-volume vector Do A ... AD, and unitary charge (see the force law below).

The definition of F amounts to saying that the tensor:
F(DO)"')Dp-F].) = g(F(DO,---,Dp),Dp+1)

is a (p + 2)-differential form on X, and we will say that F is the (p + 2)-form of the electro-
magnetic field.

Force Law for a p-brane

Let S be the trajectory of a p-brane with tension t and electric charge q.

Definition. The charge-current vector of this brane is the only (p + 1)-vector Jg on S satis-
fying
ws(Js) =q.

If (Dy,...,Dp) is an oriented orthonormal frame of vector fields on S, then:
Jg = qD()/\.../\Dp .

Let F be an electromagnetic force and assume that the p-brane S does not substantially
modify the electromagnetic field. Nevertheless, the p-brane S does suffer an acceleration due

to the force F, that we postulate to be governed by the following equation:

Lorentz Force Law: | dyllg = wg ®F(JS)
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Using Proposition 5.3.1, this equation is equivalent to t-tr &g = F(Js), which, substituting

the value of Jg, is in turn equivalent to:

t-trdg = q- F(Dy,...,D}) .

Observe the typical form of this equation: mass x acceleration = force; the definition of

F has been dictated by the need of giving sense to this expression.

Examples. In the case p =0, the charge-current vector of a particle is simply a vector Jg =qU,
where U is the future-pointing, unitary tangent vector of the trajectory S of the particle.

Since the impulse of the particle is mU, the force law reads:
dy(mU) = dr e qF(U)

where 7 stands for the proper time of the curve.

As dyU = dr ®8Y U, this force law is equivalent to the equation:
m-0YU = q-F(U)

which is precisely the classical Lorentz Force Law for a particle of mass m and charge q.

Let (X =R g =d¢2 - 7 dx?) be the Minkowski spacetime. The trajectory of a brane S
can be written as x; = f;(¢t,u1,...,up), where (¢,u1,...,u,) are local coordinates on S.

On these coordinates (¢,u1,...,up), the force law t-tr® = F(JS) produces a system of sec-
ond order partial differential equations, that is quasi-linear and hyperbolic.

For these kind of systems, the Cauchy problem has a unique local solution, so the force

law uniquely determines the trajectory of the p-brane, for adequate initial conditions.

5.3.4 Maxwell equations

Definition. A distribution of charged p-branes on the spacetime X will be represented by

means of a differential g-form C, called the charge-density form.

The intuitive interpretation of this q-form is the following: given ¢ := n — p linearly inde-
pendent vectors D1,...,D, € T, X, that we understand as an oriented infinitesimal parallelo-

gram at the point x, we have:

Sum, affected with a sign, of the charges of the p—branes
C(Dl,...,Dq):{ g g P } .

transversally crossing the parallelogram D1,...,D,
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We say that a p-brane with a trajectory S transversally crosses the parallelogram D1, ...,D,
whenever T, X =T, S ®(D1,...,Dy). If the orientation of Ty X coincides with the product of
the orientations on T'.S and (D1,...,D,), then the charge of the p-brane counts with positive

sign; otherwise, we affect the charge with a negative sign.

Definition. The charge-current (p + 1)-vector of a distribution of charged p-branes is the
only (p + 1)-vector J satisfying:
iJwX =C.

Equivalently, if * is the (p + 1)-form metrically equivalent to J and * stands for the
Hodge operator,
J* =P xC .

Example. When p = 0, the charge-density form C is a differential n-form, and the charge-
current vector o/ is simply a vector field on X.
In this case, the electromagnetic field F' is a 2-form, related to the distribution of charges
by the Maxwell equations:
dF =0 , oOF =J* .

Let us consider a distribution of charged p-branes, represented by a charge-density g-
form C or, equivalently, by a charge-current (p + 1)-vector J. Such a distribution of charges
“produces" an electromagnetic field, represented by a (p + 2)-form F. By analogy with the
particle case, we postulate that both fields are related by the following:

Maxwell Equations: dF =0 , 0F=J"

or equivalently
dF =0 , d=F)=(-1)"C.

The second Maxwell equation implies an infinitesimal charge conservation law dC = 0
(equivalently, dJ* = 0). The operators d and 0 are, essentially, the only first-order natu-
ral linear differential operators between differential forms. Therefore, in a certain sense,

Maxwell equations are the only possible first-order equations that may arise.

Remark. In a similar vein to what is done for charged particles (p = 0), the Lorentz force
law and the Maxwell equations may be derived from variational principles: let us write

F =dA where A is a (p + 1)-form on spacetime, called the electromagnetic potential. For each
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trajectory S of a p-brane with tension t and electric charge (, consider the action:

A(S):= —tf ws +(—1)quA .
S S

Extremals of this action are precisely the trajectories that satisfy the Lorentz force law.
On the other hand, let us fix a closed g-form C on the spacetime X. For any (p + 1)-form

A, consider the action:
1
,szf(A)::f —F/\*F—f AnC,
X 2 X

where F := dA. The Euler-Lagrange equations for this action amount to the Maxwell equa-

tion OF = J*, where i jox =C.

5.4 Fluids of charged branes

Now we shall extend the notion of impulse of a p-brane and the force law to the case of a fluid
of charged p-branes. We shall also define the electromagnetic energy tensor associated to the

electromagnetic field strength ¥, which is necessary to formulate the Einstein equation.

5.4.1 Impulse form and force law

Definition. The energy-momentum distribution of a fluid of charged p-branes is represented
by a differential n-form II,, with values on T'X, called the impulse form of the fluid.
The 2-covariant tensor T'9 corresponding to II,, via the isomorphism of Proposition 4.1.1

is called the energy-momentum tensor of the fluid.

The interpretation of the impulse n-form II,, is the following: assume the ambient mani-
fold X is the Minkowski spacetime and let H be an oriented hypersurface.

If S is the trajectory of a p-brane transversally crossing the hypersurface H, and Ilg is
the vector-valued impulse p-form of the p-brane, then the vector [g.;Ils is said to be the
total impulse of the particle in the hypersurface H (see Example in page 80).

Now, the vector [;II, is understood as the sum of total impulses of all the charged p-

branes transversally crossing the hypersurface H.

Let us consider a fluid of charged p-branes, with impulse form II,, and charge-current
(p + 1)-vector J.
In absence of external forces, the variation of the impulse should be null: dyII,, = 0. By

analogy with the case of a single brane, we postulate that, in presence of an electromagnetic
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field, the movement of the fluid satisfies the Force Law:
dvIl, = wx ® F(J) .

In virtue of Proposition 4.1.1, this equation is equivalent to div7T? = F(J), or to divTy =
igF . Combining it with the Maxwell equation 0F = J*, we obtain another equivalent for-

mulation:

divTy = i3 F

An example: dusts of charged branes

Let us consider a fluid of charged branes without pressure and where all the branes in the
fluid have the same tension t and the same electric charge q. The general idea is that each
brane has approximately the same velocity as the surrounding ones; hence, we give the fol-
lowing definition:

A dust of p-branes is described by an integrable distribution on X of rank p + 1, for which
each integrable submanifold represents the mean trajectory of an infinitesimal portion of
p-branes.

Let (Do,...,Dp) be an orthonormal basis (+,—,...,~) of the distribution. Such a basis
defines an orientation on each integral submanifold. By analogy with the case of a single

p-brane, the charge-current (p + 1)-vector of the dust is defined as:
J:=peDoN...ADp ,

for some charge density function p,.

The contravariant stress-energy tensor of the dust is defined by the formula:

p
T?:=pn, Y 6;D;®D;
j=0
where 69 = 1, § jx0 = —1, and the function p,, := (t/q)p. is called the mass density (that is, on
each trajectory S of the dust we consider the dual metric (g,5)* multiplied by the function

Pm)- According 4.1.1, the corresponding impulse form is:

b
I, = pm Z(ipij)®5ij .

J=0
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Proposition 5.4.1. If the charge conservation law dC = 0 holds, then the impulse form of a
charged dust satisfies:
dvll, = ppoox @tr®

where @ is the second fundamental form of the trajectories of the dust.

Proof: Let us complete the orthonormal basis (Dy,...,D) of the distribution up to an oriented
orthonormal basis (Dy,...,D,) of tangent fields on X, and let (0y,...,0,) be the corresponding
dual basis of 1-forms.

The charge-density g-form is:
C=igux =ij0gN--NOp) = peOpi1A---NO, .
We have:

p p
Hn = Pm Z(ipij)®5ij = pmZiDj(HO/\~"/\9p)/\(0p+1/\"~/\0n)®6ij

J=0 Jj=0

p
= (ZiDj(Go/\"'/\ep)®6ij)/\(,Omep+1/\"'/\6n).
j=0

and therefore,

dyll, =

P
dvZiDJ.(GO/\---/\Hp)®6J-Dj)A(pm9p+1/\---/\9n)
j=0

p

+ (-1)® (Z ip;(6o /\---/\Hp)®5ij) NAd(Pm Ops1 A= AOy) .
7=0

The second addend is null because d(p,,0p+1 A+ A0,) = d(éC) = 0. With respect to the

first one, the term which is differentiated has the same expression than the impulse form of

each integral submanifold (considered as the trajectory S of a p-brane of tension 1). Applying

Proposition 5.3.1, we obtain:

dVHn =

b
dvziDj(H()/\"'/\Hp)®5ij)/\(pmep+1/\“-/\9n)
Jj=0

=(OoA--NOp ®tr D) A (P Ops1 A+ NOy) = prvx trd .

0

As a consequence, if the electromagnetic field F' satisfies the Maxwell equations (so, in
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particular, the charge conservation law holds), then the force law for a dust divT? = F(J) is
equivalent to:
POmtr® = F(J) ,

which is consistent with the force law t-tr ® = F(Jg) for each test particle of the dust.

5.4.2 Electromagnetic energy tensor

Definition. Let F' be an electromagnetic field. Its electromagnetic energy tensor is the 2-
covariant tensor T}y, associated to the (p + 2)-differential form F' according to the definition

in page 69.

Let F be the electromagnetic field produced by a fluid of charged p-branes with stress-
energy tensor Tp,. The Lorentz force law divT,, = isrF and Proposition 5.1.1 produce an

infinitesimal conservation law:
diV(Tm+Telm) =igrF +(—ispF)=0.

Indeed, this property is the main motivation for the definition of the electromagnetic
energy tensor.

Finally, as in the particle case, we postulate that the electromagnetic energy has a gravi-
tational effect through the Einstein equation.

To sum up, a fluid of charged p-branes is described by four tensor fields on spacetime:
an energy-momentum tensor 7', and a charge-current (p + 1)-vector J representing the dis-
tributions of mass and charge, and a differential (p + 2)-form F and its energy tensor T.;n,,
representing the electromagnetic field and its electromagnetic energy.

They are related by the following equations:

Maxwell equations: dF =0 , oF =J".

r
Einstein equation: Ric—- 3 g=Tn + Teim
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Chapter 6
Second-order, divergence-free tensors

In this Chapter we consider the problem of describing natural tensors associated to a metric
that are divergence-free. We restrict our attention to second-order tensors (i.e. tensors whose
coefficients involve second derivatives of the metric only) but, apart from this, we consider an
arbitrary number of indices and symmetries among them.

The main outcome of our investigations is a procedure to describe the vector space of
second order p-tensors that are divergence-free as a certain space of tensors invariant under
the action of the orthogonal group.

The first step in this procedure is to prove that tensors with zero divergence are “alge-
braic”, in the sense that their coefficients are polynomial functions of the second derivatives

of the metric:

Theorem 6.2.4: Any second-order, natural tensor that is divergence-free is polynomial, of

degree <(n—1)/2 in the second derivatives of the metric (n = dim X).

In particular, the vector space of second-order, natural tensors that are divergence-free is
finite dimensional.

The proof of this statement relies on some techniques introduced by Lovelock, that we
develop so as to show the vanishing of derivatives of sufficiently large order. In the process,
we make use of simple facts of graph theory, that allows to avoid lengthy calculations using
symmetries of indices.

Secondly, it is easy to see that a polynomial tensor is divergence-free if and only if its
homogeneous components are divergence-free (Proposition 6.3.2).

Then, we introduce certain spaces of tensors, Divﬁ, depending on the symmetries and the

number p of indices of the tensors under consideration, and we prove:
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Theorem 6.3.1 Let g, be a pseudo-Riemannian metric at a point x € X with the fixed
signature and let Og_ be the orthogonal group of (T, X, gx).

For any m =1 there exists an injective map:

Divergence-free, second-order, natural p-tensors Og,

. 7SO | ¢ (D)
homogeneous of degree m in the second derivatives

Altogether, these results reduce the original question to computing the space (Div;”)ogx
of invariant tensors under the action of the orthogonal Lie group O, , where the classical
theory of invariants can be applied.

In the last Sections of the Chapter, we apply this technique to compute basis for these
spaces of divergence-free tensors in some particular cases.

In the simplest situation, that of tensors with p = 2 indices, we recover the celebrated
Lovelock’s result. Indeed, we prove a stronger statement, as we show that the Lovelock’s
tensors are also a basis for the vector space of second-order, divergence-free 2-tensors, but

not necessarily symmetric:

Theorem 6.4.3: The Lovelock tensors Ly,...,L,,, where 2m <n —1, are a basis for the

R-vector space of second-order, natural 2-tensors that are divergence-free.

In dimension 4, this refined version was already established by Lovelock himself ([31]),
but the situation in higher dimensions remained open.

Finally, as regards to tensors with some of their indices symmetric, we recover some of the
results of [8] and [7]. We also prove a new statement on the non-existence of skew-symmetric
tensors with zero divergence.

Some of the original results of this Chapter have been published in [37].

6.1 Derivative of second-order tensors

Let M — X be the bundle of pseudo-Riemannian metrics with a fixed signature. For sim-
plicity, from now on we will only consider contravariant tensors, in contrast to the previous

Chapters:

Definition. A second-order p-tensor (not necessarily natural) is a second-order differential

operator T: M ~~ ®”TX , that is, a morphism of bundles:

T: J?M — @PTX .
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In local coordinates, the components of a second-order p-tensor are smooth functions

T(g)jlmjp = lemjp(xiagab,gab,Cagab,cd) .

Definition. The divergence of a p-tensor T' on a pseudo-Riemannian manifold (X, g) is the
(p — 1)-tensor:
divg T :=c(VgT),

and its local expression, using summation over repeated indices, is:
(divg TY1/p-1 =V, Ti1--dp-1k

The divergence of a second-order p-tensor T: M ~ @”TX is the third order differential
operator divT: M ~» ®” 1TX defined as:

(divT)(g) :=divg(T(g)) .

A second-order p-tensor T is divergence-free if divT is the zero map.

Proposition 6.1.1. If a second-order p-tensor T is divergence-free, then, on any chart, the

functions T71Ir satisfy:
ale...jp ale...d ale...c

+ +
agab,cd agab,jpc agab,djp

Proof: In local coordinates:

alek
Oxk

n ale...k
=22 X
asb

¢=d k=008ab,cd

(divTyt-/et =

J1rms..k k mji1..8
+FskT +...+1“SkT

8ab,cdk T F(Xi,8ab,8ab,c>8ab,cd)
for some smooth function F on J2M.
Reordering this sum, we obtain:

Z alek ale...d QTJ1-+¢
+ +
a=beedsh \O8abed O08abek 08abdk

Sab,cdk T F(xi,8ab,8ab,c)8ab,cd) »

and the thesis follows because g, cqr are elements of a chart on J M.
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The fibre A il of the projection J2M — J1M on jlg is an affine space, modelled on the

vector space Sgg := SZ(T;X)®SQ(T;X). Hence, S332 is the tangent space of Aj}cg at any

point.

Let d denote the flat connection of the affine space A g

Let T: J2M — ®”TX be a morphism of bundles. The restriction of T to any of these

fibres is a smooth map:
T,: Ajlg — T X ,

whose tangent linear map at a point j2g € A il is the tensor:
More generally, the m?”-covariant derivative defines the tensor:

™ = d% (T): 8™ (Sp2) — &FT.X .

X

Definition. The derivative of T': J2M — ®PTX is the morphism of bundles:

T': J*M — «PTX ® (S TX ® S*’TX) , j2g— T;Zg .

Analogously, the higher derivatives are

T™: J°M — e TX ® S™ (S’°TX  S’TX) , jig— T;;“g :

In local coordinates, the coefficients of 7" are

oT/1+Jp
agotb,cd

le..‘jp;abcd —

K

and, analogously, the coefficients of the m*-derivative T™ are:

amle...jp
08ayby,c1dy -+ 08 ambmemdn

le...jp;a1b101d1 cOmbmemdm —

(6.1.0.1)

The local expression of the derivative (6.1.0.1) together with Proposition 6.1.1 imply:

Corollary 6.1.2 (Lovelock). If a second-order p-tensor T is divergence-free, then its derivative
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T' satisfies the following linear symmetry:

0= Z le...jp;abcd = le...jp;abcd+Tj1...d;abjpc+Tj1...c;abdjp )
(pecd)

Natural tensors

Recall that a second-order tensor T': J2M — ®PTX is natural if it is a morphism of natural
bundles.
That is, if for any diffeomorphism 7: U — V between open sets of X, it holds:

T(1.j28) = 1.T(j%g) .

Proposition 6.1.3. The derivative of a second-order, natural p-tensor is also a natural tensor.

Proof: At any point jig € JIM, the naturalness of T implies the commutativity of:

T
4 — 7 @b
A]}Cg LT, X

|
Ar*j}cg — T (nX

Hence, the corresponding tangent linear maps at any point j?cg €A il satisfy the commu-

tative diagram:

T’.2
Sos i o T, X
| i
Sz,z ®P TT(x)X

that amounts to the naturalness of 7".
O

The space N2 c 822 := S%(T, X)®S2(T,X) of contravariant normal tensors of order 2 is
defined as the kernel of the symmetrization in the last 3 indices.

Let jlg e J'M and consider the map that sends a 2-jet to its normal tensor:

2 2
m: A, — Ny , J 88— 8% -

This map is affine and it can be checked that the equations of its tangent linear map 7.
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are:

. 1
So9 ——Ny gijkrl = §(ZSij,kl—Sik,jz—Sil,jk) .

Moreover, it is a retract of the inclusion Ny © S22, and hence S 2 = No @ Kerm,.

Lemma 6.1.4. The subspace of S?? = S5 o incident with Kerm. is the space of contravariant

normal tensors N2.

Proof: Taking duals in 0 — Kern, — S22 LN So 2, it follows that Im(n*) is the incident
of Kerm,:

* * " *

But Im(7*) = N2, because the dual map n*: S>% =S5, — S}, =S%?2 can be checked to be
defined by the same formula of 7., but for contravariant indexes.
O

Proposition 6.1.5 (Symmetries of the derivative). If T: J2M — ®PTX is a second-order,

natural p-tensor, then its derivative T' takes its values in ®”TX & N?:

T : J°M —— @PTX ® S22 | (6.1.0.2)

|

®PTX ® N2

Proof: Let jig € J2M and let j,lcg be its 1-jet, so that jig € Aj}cg'
As T is a natural tensor, there exists a O -equivariant smooth map t: Ny — T, X
such that

T(j38) = t(&7)
for any j2g with the prefixed value g, at x.

That is, the following triangle commutes:

T
Aj;g—'>®PTxX . (6.1.0.3)

| A

Ny
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Hence, their tangent linear maps at j2g also commute:

T/
i2g
Sgo —* +&PT, X

N

Ny

that proves T}Z annihilates Kerm, < Sg 9.

Therefore, xvia Lemma 6.1.4 and the following isomorphisms
Homgp(S22, ®° T, X) = @ T, X ®(S22)* = ®” T, X ® S>?

the map T'(j2g) defines an element in ®” T, X ® N2.

6.2 Polynomial character of second-order, divergence-free

tensors

Let us begin with a short digression on graphs, that will be understood as finite CW-complexes

of dimension 1:

Definition. A graph is a compact Hausdorff topological space K, together with a finite subset

Kyc K, whose elements will be called vertices, such that:

1. K- K is a disjoint union of a finite collection of subspaces e;, called edges, each of

which is homeomorphic to an open interval.
2. The boundary of each edge is a pair of vertices or a single vertex.

Edges with equal endpoints will be called loops. Also, there can possibly be several edges

between the same pair of vertices, v. gr:

Let us denote e and v the number of edges and vertices of a graph.
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Definition. A cycle is a finite sequence of different edges ko — k1, k1 —ko,...,km — ko, with
ki #kj,for i # j. A tree is a connected graph with no cycles.

Any cycle satisfies the relation e = v, and any tree, the relation e=v —1.

Definition. A hair is a topological space homeomorphic to [0,1).

—)

A connected graph is a hairy cycle if it contains a cycle whose removal produces a disjoint

union of hairs, v. gr:

In particular, any cycle is a hairy cycle (the bald case, so to speak). Any hairy cycle also

satisfies the relation e =v.

Finally, let us say a vertex is simple if there is only one edge arriving to it (the vertex of
a loop is not considered to be simple), and that a vertex is connected to a cycle if there is a

cycle in its connected component.

Proposition 6.2.1. If a graph satisfies e = v, then one of the following options necessarily
holds:

1. There exists an edge k —1 such that:

- both k and | are not simple vertices;

- after the removal of the edge k — 1, the vertex k is still connected with a cycle.

2. The graph is a disjoint union of hairy cycles.

Proof: If 1 is not satisfied, let us prove that the connected component of a cycle is a hairy
cycle.
Any vertex h connected to the cycle, and not inside the cycle, has to be on an edge whose

opposite endpoint is inside the cycle; otherwise there exists an edge k — 1 satisfying I (see
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figure). Moreover, ~ has to be simple; otherwise, the previous edge satisfies 1. Finally, there
does not exist an edge k —[ between two vertices of the cycle, different from the edges of the
cycle, because such an edge would satisfy 1.

Therefore, the connected components of the graph are hairy cycles or trees.

As any hairy cycle satisfies e = v, and any tree e < v —1, the hypothesis e = v for the

graph implies no connected component is a tree.

4

Vanishing of derivatives

Definition. A second-order p-tensor T': J°M — ®PTX is polynomial (in the second deriva-

tives gqp cq) of degree < m if its restrictions to the affine spaces A ilg
. &P
T:A e PTX

are polynomial maps of degree < m, for any fibre A g
This condition is equivalent to saying that the m*-derivative 7™ is null.

Definition. For m > 1, let Div"” < ®” T, X ® S"N? be the vector subspace whose elements

satisfy:

0= Z T.jl---.jp;alblcldl--- .
(.jp c1d1)

Due to the symmetries of S™N? (any quatern a;b;c;d; can be put in the first position,

and, by Lemma 3.2.2, a1b1 can be interchanged with c1d;), any element in Div]" satisfies:

T1dp3a1d1ecmdm _ () = ) TJ1ip;a1bi..cmdm (6.2.0.4)
(Jpaibi) (Upcidi)

As a consequence, if the three indices j,a;b; are equal, then

pidile — o
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Due to Corollary 6.1.2 and Theorem 6.1.5, if a natural tensor T': J2M — &P TX is divergence-

free, then its m?”- derivative takes value in this subspace:

™): J:M — ®PT, X ® S®N? . (6.2.0.5)

T~

Div}"
Therefore,

Proposition 6.2.2. If there exist m € N such that Div)' =0, then any divergence-free, natural
p-tensor T: J°M — ®PTX has to be polynomial (in the second derivatives of the metric), of

degree less than m.
Consider a component of an element in Div]':

T= lejp ;a1bi...cmdm

that we understand as a linear function on Div’'.
Definition. Its associated graph is defined as follows:
¢ It has n vertices, labelled by i € {1,...,n}, where n =dimX.

e For each pair of indexes a;b; (or ¢;d;) in TJ/1-Jp:@1b1--cmdm there is one edge a; — b;

joining the vertices a; and b; (resp. an edge c; —d; joining ¢; and d;).

The indexes ji...j, areirrelevant to construct the graph. As an illustration, consider the

following example, in which n =6 and m =3:

T-= le...jp ;1112;4312;6261 : (6.2.0.6)

whose associated graph is:
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Lemma 6.2.3. Consider a component of an element in Div’':

T= lejp ;a1b1...cmdm .

If, in the associated graph, the vertex j, €{1,...,n} is connected to a cycle, then this com-

ponent is zero.

Proof: By hypothesis, there exist sequences of edges j, —k1, k1 — k2, ..., k. — 1 connecting j,
with a cyclel —-mq,...,ms—1.

Iterated use of (6.2.0.4) yields (~ denotes proportional by a non-zero factor):

T...jp;...jpkl... - T...kl;...jpjp...klkz... - T...kz;...klkl...kzkg... _

- T...l;...lml... - T...ml;...ll...mlmg... - T...mg;...ll...mgmg... -

il Z

Theorem 6.2.4. If m = n/2, then:

Div” =0 .

As a consequence, any divergence-free, natural tensor T: J?M — ®PTX is polynomial (in

the second derivatives of the metric), of degree less or equal than (n —1)/2.

Proof: Let m = n/2 and suppose there exist a component T which does not vanish identically
on Div".

Another component T’ is considered equivalent to T if there exists A # 0 such that T =
AT’ (as linear functions on Div}') and if the last 4m + 1 indices of T’ are a permutation of
those in T.

Among all the elements equivalent to T, let

TR — T‘]l‘]p ;a1by...cmdm,

be one with the highest number of loops (i.e., edges k£ — %k with equal endpoints) in the as-
sociated graph. As 2m = n, the graph associated to Ty satisfies e = v, and we can invoke
Proposition 6.2.1.

If the graph associated to Tg is a disjoint union of hairy cycles, then any vertex is con-
nected with a cycle, and hence Tg =0 (Lemma 6.2.3), in contradiction with the hypothesis.
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Otherwise, let £ — 1 be an edge as in I in Proposition 6.2.1. Then:

edpiekle = kool _dsokip..
The first addend is zero because % is connected to a cycle in the graph of T'-*:-Jpl-,
If [ =k, the second addend is also zero and thus Tz =0.

In other case, [ # k and, as [ is not simple, there exists at least another edge / —m in the
graph of T'+kip- If m =1, then Tg = 0, because:

Tl Z g

and, if m # [, we also arrive to a contradiction, because we produce a component equivalent

to T but with a greater number of loops:

T...jp;...kl... - T...l;...lm... - T...m;...ll... )

6.3 Computation of divergence-free tensors

Let us explain how the results in the precedent Section allow to reduce the computation of

second-order p-tensors that are divergence-free to a problem of invariants for the orthogonal

group.

Let g, be a fixed metric at a point x € X. By Corollary 3.3.9, any natural p-tensor
T: J?M — ®PTX corresponds with a smooth O g.-equivariant map t: Ny — ®°T, X, satis-
fying T(j2g) = t(g2) on each metric jet j2g having the prefixed value at x.
In particular, the following commutative triangle holds:
T

q{ — s QP
Angcg LT, X

”l/

Ny

where 7(j%g) = g2, and jlg is any jet with the prefixed value at x.
As 7 is a surjective affine map, 7| is a homogeneous polynomial of degree m if and only if

so it is {. Therefore, the following bijections holds:



Computation of divergence-free tensors 103

Second-order natural tensors T: J2M — @PTX

homogeneous of degree m in the second derivatives

O, -equivariant polynomials t: N — &’ T, X

homogeneous of degree m

Homo, (S™N3,®"T.X) = (®”T.X ® S"N?)

Zeroth-order natural tensors

ng

T: M — @PTX ® S"N?

We use the symbol N2 to denote the space of contravariant normal tensors at x, as well
as to denote the bundle of such tensors.

This sequence of maps sends each natural tensor T': J2M — ®”TX, homogeneous of
degree m in the second derivatives of g, to its corresponding m!”*-derivative T™: M —
®2TX ® S™N2. Observe that, after differentiating m times, the tensor 7™ does no longer
depend on the second derivatives of the metric; hence, by naturalness, nor does it on the first
derivatives.

By formula (6.2.0.5), if the p-tensor T is divergence-free, then its mth-derivative (at x),
T™: J2M — ®@PT, X ® S™N? takes its values inside the subspace Div" c ®? T, X ® S™N2.

Summing up, we have proved the following inclusion:

Theorem 6.3.1. Let g, be a metric at a point x € X. For any m =1 there exists an injective

map
Divergence free, natural tensors T: J*M — ®PTX

homogeneous of degree m in the second derivatives

N
(Div?) %

that sends a tensor T to its m'"-derivative T™ at the point x.

Again, let T: J°M — ®PTX be a second-order, natural p-tensor that is divergence-free.

By Theorem 6.2.4, 6.2.4 T is polynomial on the second derivatives of the metric, of degree
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m < (n —1)/2. Let us decompose this tensor as
T=To++Tp,

where the tensors 7', are homogeneous polynomials of degree k& in the second derivatives of
the metric. As any diffeomorphism of the base manifold X acts linearly on the coordinates
8ab,cd of J 2M, it is trivial to check that each tensor T is natural.

Let t: Ny — ®”T, X be the O, -equivariant polynomial corresponding to the tensor T'. If
t=1y+...+ t,, is the decomposition into homogeneous components, then it is easy to check
that each addend t; corresponds to the p-tensor 7',. This shows that the natural p-tensor
T is homogeneous of weight —2 — 2k respect to the metric and, consequently, so does its

divergence divT}. In the equality
0=divT =divTg+---+divT,,

each addend has a different weight, so each div7}, is zero.

That is, we have proved:
Proposition 6.3.2. Any divergence free, second-order, natural p-tensor T admits a decompo-
sition
T=Ty+-+T,,

where each addend T}, is a divergence free, second-order, natural p-tensor which is a homoge-

neous polynomial of degree k in the second derivatives of the metric.

6.4 Lovelock tensors
In this Section, let us consider tensors with p = 2 indices.

Lemma 6.4.1. For any m = 1:
dim (Div?) %= <1

Proof: The vector space (Div;”)ogx = Homo,_(R, Div}") is isomorphic to:
Homo, ((Divy)",R)

which, in turn, is spanned by iterated contraction of indices (Theorem A.0.5).
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Let us prove that any total contraction of indices is proportional to:

Ti6J7 :

where equal letters denote contraction of the corresponding positions.
We argue by descendent induction on the number of contracted pairs (i.e., contraction of
an index in an odd position with the index in the following position).

Given a total contraction, if the first index is not contracted with the second one, then:

ik _ ik ji.

and the induction hypothesis applies.

Otherwise, we can assume the third index is not contracted with the fourth, and hence:

Tii;jk... — _Tij;ik...jm... _Tik;ij...kl... - TLm,JJ +Til;...kk... )

This two addends have the same number of contracted pairs as the original one, so we are

reduced to the previous case. 0

As a consequence, the vector space of divergence-free 2-tensors, homogeneous of degree
k < (n—1)/2, has dimension at most one. In the following subsection, let us define explicit

generators for these spaces.

Definition of the Lovelock tensors

Let g be a pseudo-Riemannian metric and let us consider it as a one-form with values on
one-forms.

Its Riemann-Christoffel tensor R can also be understood as a 2-form with values on 2-
forms that is symmetric, i.e., a section of S2 (AZT*X) cA°T*X @ A°T*X.

With this language, the differential Bianchi identity and the torsion-free property of the
Levi-Civita connection V amount to the equations:

dyR=0 , dyg=0. (6.4.0.7)

With respect to the wedge product of forms, consider the following (n — 1)-forms with

values on (n — 1)-forms:

Lp:=RA X ARANgAP2k-1pg
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where £ runs from 0 to the integer part of (n — 1)/2.
These L;, are clearly symmetric, i.e., sections of S2(A" 1T*X)c A» {(T*X) e A" H(T*X),
and also satisfy dyL; =0, in virtue of (6.4.0.7).

The following statement is a corollary of Proposition 4.1.1:

Proposition 6.4.2. Contraction with a volume form, wx, defines a linear isomorphism:
TXeoTX = NN T*X)e A" Y(T*X) , DeD' ~ ipwx®ipwx,

and symmetric 2-tensors correspond with sections of S2(A"1T*X).
Moreover, if T and Il are a 2-tensor and a valued (n — 1)-form corresponding via this iso-
morphism, then:
dylI=0 < divT=0.

Definition. The Lovelock’s tensors Lj, are the 2-tensors on X corresponding to the forms L,
via the isomorphism above.

Hence, they are symmetric 2-tensors that are divergence-free.

Examples. Apart from the trivial case of the dual metric, Ly = g*, the simplest Lovelock
tensor, L1, is proportional to the contravariant Einstein tensor; i.e., via the isomorphism
above,

RAgA™SBAg — (~1)T(n-3) (Ric—gg*) (6.4.0.8)

where g stands for the number of —1 in the signature (p,q) of g.

In particular, if X is four-dimensional and g is of signature (+,—,—,—), then the valued
form R A g exactly corresponds with the contravariant Einstein tensor Ric—5g" via the
isomorphism of Proposition 6.4.2.

Let us outline how to check this formula: let (6,...,0,) be the dual basis of an oriented
orthonormal basis (Dy,...,D},), so that

n . .
g=) 6,020 , wx=0pA-AO, ,
i-1

with §; =+1and (-1)? =61-...-0,.
As formula (6.4.0.8) is linear on R, it is enough to prove it for a basis. Let us only sketch
the case R =616201 AB2 ® 01 A B9, the other elements in the basis being similar.

A direct computation shows:

Ragnntng= ¥ S0 o oip oy — S22

Z D;®D;.
i#1,2 ¥

0 i#1,2
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On the other hand, Ric =0§102® 01+ 6902 ® 05 and r =2, so that

Ric——g*=-Y 6;D;®D;.
2 i£1,2

In general, it is easy to check that the k**-Lovelock tensor L;, is a homogeneous polyno-
mial of degree £ on the second-derivatives of the metric. Therefore, L; generates the vector
space of divergence-free tensors T': J2M — ®2TX that are homogeneous polynomials of de-
gree k on the second derivatives of the metric.

To be precise:

Theorem 6.4.3. The Lovelock tensors Ly,...,L,,, where 2m <dimX — 1, are a basis for the
R-vector space of second-order, natural 2-tensors that are divergence-free.

That is,
Natural tensors T: J2M — @2TX

that are divergence-free = Loy lomd
Proof: By Theorem 6.2.4, any tensor T of the type under consideration is polynomial, of
degree m <(n —1)/2 in the second derivatives of the metric.
By Proposition 6.3.2, T =Ty +---+T,,, where each T}, is divergence-free and is homoge-
neous of degree % in the second derivatives of the metric.
As the space of such tensors has dimension < 1, due to Theorem 6.3.1 and Lemma 6.4.1,
the tensor T, coincides, up to a constant factor, with L.
O

Remarks. Our proof also characterizes the - Lovelock tensor Lj as the only, up to a con-
stant factor, second-order, natural 2-contravariant tensor which is divergence-free and homo-
geneous of weight w = -2 — 2k.

In ([30]), Lovelock proved a similar statement to Theorem 6.4.3, but with the additional
hypothesis of symmetry on the tensors T under consideration. Later ([31]), he also estab-

lished this refined version without symmetry, but only in the particular case dimX =4.

6.5 Other computations

Let p =4 (recall there are no second-order, natural tensors with an odd number of indices).

As an illustration of the techniques explained above, let us firstly consider tensors that
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are symmetric in 3 indices; i.e., sections of:
®P 3T, X ST, X .

Definition. Form =1, let S 3Div;” c®P 3T, X0S3T,. X ®S™N? be the vector subspace whose

elements satisfy:

0= Z T---J’1j2j3;a1b101d1---.
(jsc1d1)

The same computation as in Lemma 3.2.2 shows that elements in this space fulfil the

symmetry:
T--Jij2js;aibicidr... _ mp..c1dijz;aibijijs...

Proposition 6.5.1 ([8]). For any m = 1:
S3Div™® =0.

As a consequence, any divergence-free, natural tensor T: J?M — @?3TX ® S3TX (in one

of the symmetric indices) is indeed a zeroth-order tensor.

Proof: Due to the previous symmetry:

3T---J1j2j3;a1b101d1--- — T--c1dijs;arbijije ... | pe-c1dijziarbijsji.. o pecidijiiaibijajs .. — 0

If p =2k, with k& = 2, consider the following totally symmetric, natural 2k-tensors:
Sop :=sym(g*® k. ®g") .
As Vg* =0, these tensors Sy, are divergence-free.

Theorem 6.5.2. If k = 2, any divergence-free, natural tensor T: J°M — S?*TX is a constant
multiple of Sop,.

Proof: Due to the previous Proposition, any totally symmetric, divergence-free tensor has to

be zeroth order.
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By Theorem 3.4.2, the space of zeroth-order natural tensors is isomorphic to Homo, (R,S 2kTX) =
(SZETX)O%x | 50 the statement follows from:

dimg (SZkTX)ng -1, VkeN,

which is a trivial computation, using Theorem A.0.5.

Non-existence of differential forms

Definition. For m =1 and p >0, let ADiv' c A’T, X ® S™N 2 be the vector subspace whose

elements satisfy:

0= Z le---jp;alblcldl... )
(Upci1di)

Lemma 6.5.3. For any m = 1:
Ogy
dimg (ADIVY'| = 0.

Proof: The proof is similar to that of Lemma 6.4.1: let us prove that any total contraction of

indices is proportional to:
i) kk...

and therefore vanishes, because the contraction of two skew-symmetric indices is zero.
We argue by descendent induction on the number of contracted pairs. Given a total
contraction, the first index cannot be contracted with the second one (as they are skew-

symmetric), but then:
ideseibe. | phjos.ii..

and the induction hypothesis applies.
O

Theorem 6.5.4. There are no divergence-free natural tensors w: J?M — APTX, for any p >0,

but the zero p-vector.

Proof: Due to the previous Lemma, any skew-symmetric tensor that is divergence-free has to

be zeroth order, and the space of zeroth-order natural tensors is isomorphic to

Homo,, (R, APTX) = (APTX)% =0,
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because the contraction of two skew-symmetric indices is zero.



Appendix A

Invariant theory of the orthogonal

group

Let E be a finite dimensional R-vector space and let g be a non-singular metric of signature
(p,q) onit. Let O(p,q) and SO(p, q) be the orthogonal and special orthogonal groups of linear
isometries of (¥, g), respectively.

In the last three Chapters of this memory, we make a strong use of:

Theorem A.0.5. The vector space Homg, 4)(®"E,R) of invariant linear forms on ®"E van-

ishes if r is odd, while, for r even, it is spanned by contractions of the type:
e1®...0e, — (g®...98)(es1),---,0(r)

where o is a permutation of 1,...,r.

The generators of Homgo(p,q)(® E,R) also include linear maps of the type:
e1®...8e, — (£®...080Wg®...0Wg)(ex(1),.--,0(r))

where wg is a volume form and o is a permutation of 1,...,r.

In particular, both spaces coincide if r < n.

This statement is well-known! if the orthogonal group is considered as an affine algebraic
group; that is, if the invariance of linear forms is understood as invariance under the action

of all the points of the algebraic variety O(p, q).

ISee, v.gr., Theorem 19.6 in Grupos algebraicos y teoria de invariantes, by C. Sancho, Sociedad Matemaética
Mexicana, 2001.
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Nevertheless, in this memory the orthogonal group is considered as a Lie group; cor-
respondingly, the invariance condition is understood as invariance under the action of the
rational(i.e., real) points of the algebraic variety O(p, q) only.

The aim of this Appendix is to prove that Theorem A.0.5 still holds in this setting. This

fact has already been noticed in the literature ([10], [19]), using different arguments.

Rational points of affine R-groups

Let X = SpecA be a smooth affine variety over R; that is, A is a finitely generated R-algebra
whose local rings are regular. We assume X has not imaginary connected components.

The set of rational points, X (R), has a canonical topology: the minimal topology for which
the maps f: X(R) — R, f € A, are continuous.

Moreover, as X is smooth, X(R) has a canonical structure of smooth manifold of the same

dimension than X. This implies:

Lemma A.0.6. The set of rational points X(R) is Zariski dense on X.

Proof: 1If X is one-dimensional, the zero-set of any algebraic function is finite; as X(R) is a
smooth manifold of dimension one, its cardinal is infinite and hence is Zariski dense.

In general, let f € A be a function vanishing on the set of rational points and let us
argue on a neighbourhood of a rational point x € X(R). Choose non-proportional functions
hi,h3,... € my/m2 defining smooth hypersurfaces. As f vanishes on the rational points of
these hypersurfaces, the induction hypothesis says f € (h;) for any i € N.

As these ideals (h;) are prime,

f=hifi=hihefo=... = femgVneN = f=0.

The functor Affiner — Liep

Let Affiney be the category of affine R-groups (without imaginary connected components)
algebraic maps, and let Lieg be the category finite dimensional real Lie groups and smooth
maps.

Affine R-groups are smooth, so there exists a canonical functor:

Affineg —Lieg , G — G(R).
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Theorem A.0.7. This functor Affiner — Lieg is faithful and preserves Lie algebras.

Proof: The inclusion Homg;¢(G,G')  Homgs,(G(R), G'(R)) follows because the set of rational
points G(R) is dense on G.
If G = SpecA is an affine group and G(R) is its associated Lie group, let:

g:=Dergr(A,R) , g(R):=Derg(€(G(R)),R)

be their corresponding Lie algebras.
As G(R) is a smooth manifold whose dimension is the Krull dimension of A, both vector

spaces have the same dimension, and the canonical map g(R) — g is an isomorphism. U

Let G = SpecA be an affine R-group; let m; be the maximal ideal of the identity element

and let E be a finite dimensional R-vector space.

Although the following definition of linear representation is not standard, it is well suited

for our purposes, as it involves the ring of algebraic functions A:

Definition. A linear representation of G on E is a linear map:
E = AQRE

such that the following diagrams are commutative:

E—X S AQE , E—= S AQE
\‘ l xl lm@ld
E~A/m®FE AcE 1% AgAQE

where m: A — A ® A stands for the co-product of the Hopf algebra A.
If E and E are linear representations of G, a morphism of representations between E and

E is a linear map ¢: E — E such that the following square is commutative:

E—~-A®E

al [aee

E-XAQE.

The category of linear representations of G is denoted Rep(G).
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Let G(R) be the Lie group associated to G = SpecA. Its ring of algebraic functions is:
Fog:={f:GR)—=R, feA}cE€(GR)) .

Definition. Let G = SpecA be an affine R-group. An algebraic linear representation of the

Lie group G(R) on a finite dimensional vector space E is a linear map:
E = F,,®FE

such that? 1-v=v and (gg’)-v = g-(g’-v), for any rational points g, g’ € G(R) and any vector
vek.

The morphisms between algebraic linear representations of G(R) are defined analogously
as it has been done above, but replacing the algebra A by the algebra F,;, of algebraic func-
tions over the rational points.

The category of algebraic linear representations of G(R) is denoted Rep,4(G(R)).

There exists a canonical map A — F; ., that defines a "restriction” functor:
Rep(G) — Rep,4(G[R)) .

Theorem A.0.8. For any affine R-group G without imaginary connected components, the re-

striction functor is an equivalence of categories:

Rep(G) — Rep,14,(G(R)) .

Proof: We have a natural identification F;; = A/I where I is the ideal of elements vanishing
on all the rational points.
By Lemma A.0.6, the set of rational points is dense, so I = 0. Hence, F;; = A and the

statement follows. R

Theorem A.0.5, in the case of the Lie group O(p, g) and the algebraic linear representation

®*E*, follows as a corollary of this equivalence of categories.

2Here, g -v denotes the composition (& ¢ ®Id)o(x-)(v), where 6, is the evaluation map at g.
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