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Abstract

This thesis studies the ADM energy-momentum using a symplectic framework based
on Hamiltonian dynamical systems. The framework provides a systematic passage from
a Lagrangian field theory to a Hamiltonian description. We develop the field-theoretic
construction of Chrusciel-Jezierski-Kijowski and supply arguments for statements left
unproved in their work. We also reformulate part of their construction in more geometric
terms using jet bundle theory.

We apply this framework to general relativity, with particular emphasis on asymptotically
flat spacetimes. We show that the Hamiltonian energy-momentum obtained from the con-
struction agrees with the ADM energy-momentum. We discuss invariance of the Hamil-
tonian and we compare this framework with the ADM formalism and Christodoulou’s
Lagrangian approach. Finally, we discuss the positive mass problem and survey recent
developments for asymptotically flat, asymptotically hyperbolic, and asymptotically hy-
perboloidal settings.
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Chapter 1

Introduction

General relativity is a theory of gravity in which gravity is described in terms of the
curvature of spacetime. The Einstein equations determine the behaviour of spacetime
and hence of the gravitational field. Spacetime and therefore gravitational fields are
described by a Lorentzian metric. Since general relativity is coordinate independent, the
components g,,, depend on the chosen coordinate system even though the underlying
metric does not. This motivates separating the variables that contain the dynamical
information from those that describe the choice of coordinates.

This separation can be achieved by casting the theory into canonical Hamiltonian
form. Arnowitt, Deser and Misner [4,5], commonly abbreviated as ADM, developed such
a formulation using a 3 + 1 splitting of spacetime. In this decomposition, the canonical
variables are given by a spatial metric and its conjugate momentum, while the lapse and
shift encode how the spatial hypersurfaces are propagated through spacetime. The ADM
formulation was developed for asymptotically flat spacetimes, whose metric approaches
the Minkowski metric at spatial infinity.

The ADM formulation also yields a Hamiltonian and a notion of total energy and
momentum, known as the ADM energy-momentum. The corresponding invariant mass
is called the ADM mass. These quantities are defined by integrals at spatial infinity and
measure how the spacetime metric deviates from the Minkowski metric.

In this thesis, we study the geometric approach to Hamiltonian field theory developed
by Chrusciel, Jezierski and Kijowski [27]. We first examine the general construction for
fields on an evolving hypersurface. We then apply this framework to general relativity,
where the resulting Hamiltonian yields the ADM energy-momentum.

Geometric field theory construction

We begin with the geometric framework developed by Chrusciel, Jezierski and Kijowski
[27, Chapter 3]. Let M be an (n + 1)-dimensional manifold and let 7: F' — M be a fibre
bundle. Sections f € I'(F') represent the fields of the theory. As a simple example, one
may take F' = T'M, in which case the sections X € I'(T'M) = X(M) are vector fields.

To describe derivatives of sections in a coordinate-independent way, we use the first
jet bundle J'F'| following Saunders [71]. A first-order Lagrangian is a bundle map

L: J'F — AT M.

The dynamically admissible sections, meaning the physically relevant ones, are precisely
those that satisfy the Euler-Lagrange equation.
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Next, we introduce the momentum bundle
P:=V*F®A"T*M,

where V*F denotes the vertical cotangent bundle of F' and A"T*M the bundle of odd n-
forms; see Chrusciel-Jezierski-Kijowski [27, Appendix A]. Dynamically admissible fields
can equivalently be described by appropriate sections of this momentum bundle P.

We study the evolution of the fields by describing them relative to a hypersurface
moving through M. Let ¥ C M be a hypersurface and define its motion through M by

a map
v I XX — M,

such that v, is an embedding for every ¢t € I. Furthermore, let
U: I xd— F

be a map covering v such that, for every ¢t € I, the map W, is an isomorphism from the
fibres of ® to those of F'. Here we set ® := ¢§F. We call the pair (¢, V) a reference
system. The corresponding commutative diagram is shown in Figure 1.1.

Ixd —Y

idr x prq)%zl lerHM

IXET>M

Figure 1.1: The reference system

We also define the momentum bundle
II:=V*® @ A"T*Y.

Using the Liouville one-form construction, we obtain an antisymmetric two-form on the
space of sections I'(II).

The reference system allows us to pull back dynamically admissible sections p € T'(P)
to sections m € I'(II). We define the phase space &5 to consist of these pulled-back
sections. We then show that &5 has the structure of a dynamical system.

J'o LT SR, e s ATy

| |

Wy
[ty x & —2s Pl

l |

{1y x S —2 5 y,(2)

Figure 1.2: The pullback construction for the Lagrangian.
To construct a Hamiltonian dynamical system, we first pull back the Lagrangian L,

as illustrated in Figure 1.2. This formulation makes the role of the jet prolongation j'W,
explicit and is developed in detail in Subsection 4.3.2.



After pulling back the Lagrangian L o j'W, to the hypersurface ¥, we apply the
Legendre transformation to obtain a Hamiltonian on the phase space &s. We show
that its variation is related to the antisymmetric two-form s, so that s acquires
the structure of a Hamiltonian dynamical system. The precise construction and the
corresponding variation formula are developed in Chapter 4.

Application to general relativity

Our goal is to apply the field theory construction to asymptotically flat spacetimes and
to show that the resulting Hamiltonian yields the ADM energy-momentum. Since the
hypersurfaces under consideration are not compact, the relevant integrals are not au-
tomatically finite. Therefore, we must establish their convergence and show that the
appropriate integrals vanish in order to obtain a Hamiltonian dynamical system.

In general relativity, the gravitational field is described by a Lorentzian metric. We
consider a metric g"” of signature (—, +, +, +) satisfying the vacuum Einstein equations

R, =0.

These equations arise as the Euler-Lagrange equations of a variational principle based
on the Hilbert Lagrangian with a background connection; see Chrusciel [20].

To apply the field theory construction to general relativity, we modify the Hilbert
Lagrangian while preserving its Euler-Lagrange equations. We replace the metric with its
associated metric density and introduce a background connection. This allows us to define
suitable momentum variables and construct a first-order Lagrangian. The dynamical
variables of this Lagrangian are the metric density and its conjugate momentum. We
show that this Lagrangian differs from the Hilbert Lagrangian by a total divergence and
therefore yields the same Euler—Lagrange equations; see Anderson [1].

We construct a reference system by choosing a vector field X on M. Its flow
describes the motion of a hypersurface . through M. Having introduced the dynamical
variables, the Lagrangian, and a reference system, we apply the framework of Chapter 4
to obtain a Hamiltonian

H(X,.%,p) :/ (Phstxg™ — X L) dS,.
S

The corresponding antisymmetric two-form €25 and the variation 6 H can likewise be
expressed as integrals involving the dynamical variables.

When . is spacelike, these expressions simplify and can be analysed in the asymptoti-
cally flat setting. The asymptotic conditions imposed on the metric allow us to prove that
the relevant integrals converge. They also imply that the boundary terms obstructing
Hamiltonian evolution vanish. It follows that the resulting phase space has the structure
of a Hamiltonian dynamical system.

We explicitly compute the energy and momentum induced by the Hamiltonian and
show that they agree with the ADM energy-momentum. More precisely, we obtain

. 1
_Hboundary(aOa «7) = }%1_{20 E st) (gij,j - gjj,i) do;

for the energy, and

R—o0 871'

1 iy
_Hboundary(ai,y) = lim —/ P dO’j
S(R)
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for the momentum, where i = 1,2, 3. Finally, using the results of Bartnik [7] and Chrusciel
[22], we explain why the resulting ADM energy-momentum is invariant under the appro-
priate asymptotic coordinate transformations. In Chapter 5, we develop this framework
in detail.

To place this construction in a broader context, we compare the Chrusciel-Jezierski—
Kijowski framework [27] with the original ADM formalism [4,5] and with the Lagrangian
approach of Christodoulou [18]. We also discuss the positive mass problem and survey
recent developments in asymptotically flat, asymptotically hyperbolic, and asymptotically
hyperboloidal settings. These comparisons and results are treated in detail in Chapter 6.
A more detailed overview of the chapters is given in the organisation of the thesis below.

Main results and contributions

This thesis is largely based on the framework of Chrusciel, Jezierski and Kijowski [27]. A
substantial part of the work therefore consists of checking details and providing arguments
for statements left unproved in that source. We provide our own proofs of all results stated
in Chapter 4, as these arguments are not available in the cited literature, except for
Proposition 4.12, Lemma 4.35 and the sketch of the proof of Theorem 4.37. In addition,
Chrusciel, Jezierski and Kijowski gave an outline of the proof of Theorem 4.32, which we
made rigorous.

The same applies to Chapter 5, all statements accompanied by a proof are proved by
the author, except for Theorem 5.45, since this proof relies substantially on results that
are not established here.

We also introduce a new jet bundle formulation for the pullback of the Lagrangian to
the hypersurface. This geometric construction is discussed in detail in Subsection 4.3.2.
It requires reformulating several arguments, namely those in Lemmas 4.24, 4.29 and 4.35
and proposition 4.31.

Moreover, we prove that the Hamiltonian energy-momentum agrees with the ADM
energy-momentum; see Subsections 5.3.4 and 5.3.5 for details. To the best of our knowl-
edge, this calculation has not previously appeared in the literature. Chrusciel confirmed
in personal communication that he did not write out the calculation elsewhere.

Goal of this thesis

The goal of this thesis is threefold. First, we study in depth the field theory construc-
tion developed by Chrusciel, Jezierski and Kijowski [27]. We fill in missing details and
formulate parts of the construction more geometrically.

Second, we review the application of this framework to general relativity, with partic-
ular emphasis on asymptotically flat spacetimes. We show that the energy-momentum
induced by the Hamiltonian agrees with the ADM energy-momentum.

Third, we place this approach in a broader context by comparing it with other deriva-
tions of the ADM energy-momentum. We also discuss contemporary developments con-
cerning positive mass theorems.



Organisation of the thesis

This thesis consists of two preliminary chapters, two chapters containing the main mathe-
matical development, a comparison chapter, and a concluding chapter. Chapters 2 and 3
provide the background required for the thesis and may be skipped by readers already
familiar with the material. The central construction and its application to general rela-
tivity are developed in Chapters 4 and 5. These results are placed in a broader context
in Chapter 6, while Chapter 7 concludes the thesis and discusses directions for future
research.

In Chapter 2, we introduce the geometric background needed throughout the thesis.
Since we do not wish to restrict ourselves to orientable manifolds, we discuss integration
using densities and odd forms and state a corresponding version of Stokes’ theorem. We
also introduce the bundle notation used later and develop the basic theory of jet bundles.

In Chapter 3, we adopt a historical approach in which symplectic geometry is de-
veloped from classical mechanics. We begin with Lagrangian mechanics and pass to
Hamiltonian mechanics through the Legendre transformation. This leads naturally to
a symplectic formulation of Hamiltonian mechanics. The symplectic form associates a
Hamiltonian function with a Hamiltonian vector field, whose integral curves describe the
solutions of the equations of motion. This structure motivates the definition of a Hamil-
tonian dynamical system used throughout the thesis. We also explain how the Liouville
one-form induces the canonical symplectic form on the cotangent bundle.

In Chapter 4, the first main chapter of the thesis, we develop the geometric field
theory framework of Chrusciel-Jezierski-Kijowski [27, Chapter 3]. Using jet bundles, odd
forms and a reference system, we construct a phase space associated with an evolving
hypersurface and show that it has the structure of a Hamiltonian dynamical system. We
also give a more geometric formulation of the pullback of the Lagrangian using jet bundle
theory. At this stage, the construction requires neither a metric nor any asymptotic
assumptions.

In Chapter 5, we apply the framework developed in Chapter 4 to general relativity.
This is the second main chapter of the thesis and focuses in particular on asymptotically
flat spacetimes. After adapting the construction to a spacelike hypersurface, we show
that the resulting phase space carries the structure of a Hamiltonian dynamical system
in the asymptotically flat setting. We show in full detail that its energy-momentum
agrees with the ADM energy-momentum. We conclude by discussing the invariance of
this construction using the results of Bartnik [7] and Chrusciel [22].

In Chapter 6, we place the approach developed in this thesis in a broader context
by comparing the Chrusciel-Jezierski-Kijowski framework [27] with the original ADM
formulation [4,5] and the Lagrangian approach of Christodoulou [18]. We then give a
historical account of positive mass theorems. This is especially relevant given the recent
progress in the field. We begin with the classical results of Schoen—Yau [72,73,76] and
Witten [86], and continue to recent developments across several asymptotic settings.

Finally, in Chapter 7, we summarize the main results of the thesis and discuss several
directions for future research.
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Data management

X This thesis is based entirely on existing data, literature, and theory.
X No new research data was collected or generated.
X No data sets were stored or processed as part of this thesis.

X No personal data was processed.

No data were generated or used for the preparation of this thesis.

Use of generative Al

In parts of the research, the LLMs ChatGPT and Google Al have been used as search
engines to explore the literature. ChatGPT was used to generate Figure 5.2 based on a
sketch by the author. ChatGPT was also used to improve the spelling and grammar of
this thesis. Apart from spelling and grammar, the thesis is written without the use of any
generative Al. All mathematical arguments presented in this thesis have been developed
by the author and are the author’s responsibility.



Chapter 2

Geometric preliminaries

This chapter discusses the prerequisites from differential geometry that are needed through-
out this thesis but are not usually covered in introductory courses.

In general relativity, we do not assume that the underlying manifold is orientable.
We therefore need a notion of integration and a version of Stokes’ theorem that remain
available on non-orientable manifolds. In Section 2.1, we develop these ideas using densi-
ties and odd forms. In Section 2.2, we discuss a generalization of vector bundles, namely
fibre bundles. We give a brief overview of the relevant fibre bundle theory and introduce
notation that is used throughout the thesis. We also introduce affine bundles and the
vertical bundle, which are important special cases and constructions that will be used
later in the thesis. Finally, in Section 2.3, we discuss jet bundles. These bundles encode
information about a section and its derivatives. We introduce the relevant definitions
and develop the basic theory of jet bundles needed for the remainder of this thesis. Jet
bundles will be important for the formulation of field theories on manifolds in Chapter 4.

For Section 2.1, we use Lee [54, Chapter 16] and Chrusciel, Jezierski, and Kijowski
[27, Appendix A]. For Sections 2.2 and 2.3, we follow the exposition of Saunders [71].

2.1 Stokes’ theorem on non-orientable manifolds

The goal of this section is to develop a notion of integration on non-orientable manifolds
and to introduce a corresponding version of Stokes’ theorem using odd forms.

In Subsection 2.1.1, we begin by recalling integration on orientable manifolds. We
explain why differential forms of top degree are the natural objects to integrate and why
orientability is required in this setting. The obstruction caused by non-orientability mo-
tivates the introduction of densities, which are discussed in Subsection 2.1.2. Densities
allow one to define integration on non-orientable manifolds and can be viewed as the
non-orientable analogue of differential forms of top degree. In Subsection 2.1.3, we in-
troduce odd forms, which extend this construction to lower degrees. To describe them
in local coordinates, we refine our earlier terminology by referring to the densities intro-
duced above as scalar densities and placing them within the more general class of tensor
densities. Finally, we state a corresponding version of Stokes’ theorem.

For Subsections 2.1.1 and 2.1.2, we follow Lee’s treatment of integration and densities
[54, Chapter 16]. For Subsection 2.1.3, we follow Chrusciel, Jezierski, and Kijowski
[27, Appendix A].
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2.1.1 Integration on orientable manifolds

This subsection reviews integration using differential forms. We first explain why differ-
ential forms of top degree naturally represent volume and are therefore the appropriate
objects to integrate. We then define integration of differential forms on Euclidean space.
The transformation law for integrals shows that the sign of the Jacobian determinant
plays an essential role. When passing to manifolds, this requires compatible choices of
orientation on overlapping coordinate charts, and hence leads to the notion of an ori-
entable manifold.

To understand why the determinant appears in the transformation law for integration,
we first recall its geometric interpretation as a measure of volume.

Lemma 2.1 Let vq,...,v, be n linearly independent vectors in R™. They span the par-
allelepiped

i=1

whose volume is given by

Vol(P) = |det(vy,...,v,)|.

Proof. We apply the Gram—Schmidt process to the vectors vy, ..., v, to obtain an or-
thogonal set of vectors vy, vy, ..., v. Each vector v; is written as
V1 = U1

vy = vy + Proj, (v2)

n—1
Un = Uy 4+ Y proj, (v,),
i=1

where ( .
: Uj, V; 1
r0j, 1 (v;) = ——+v;
p J’UZL( j) <'UiJ',UZ-J'> 7
and (-, -) denotes the Euclidean inner product.
The determinant is multilinear in its columns and vanishes whenever two columns
are linearly dependent. Consequently, when expanding the determinant using the above

decompositions, all terms containing projection vectors vanish. Hence,

n—1
| det(vy,...,v,)| = |det (vl, vy + proj,. (va), ... U+ Zprojvf (vn)> '
i=1
— | det(vt,vf, .., vb)]
Since the vectors vy, vy, . .., v are mutually orthogonal, equality holds in Hadamard’s

inequality; see Axler [6]. Therefore,

n
[det(vi, ... o) = [Tl |l
i=1
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The Gram-Schmidt procedure preserves the volume of the parallelepiped, since sub-
tracting from each vector its projection onto the span of the preceding vectors does not
change the corresponding perpendicular height. Hence, the original parallelepiped P has
volume

Vol(P) = [ [llvf Il
i=1
We therefore conclude that
Vol(P) = |det(vy, ..., v,)]|
O

The determinant provides a natural way to measure volume in R™. In particular, it
is an alternating multilinear map

det: R" x --- x R" =+ R,
—_——

n times

and its absolute value gives the volume of the parallelepiped spanned by its arguments.
This suggests how to generalize the notion of a volume element to a manifold. Let M
be an n-dimensional manifold. At each point p € M, an n-form

wp € A" (T; M)
is an alternating multilinear map

Wp: TpMX--~><Tp]\4/—>R.

-
n times

Thus, an n-form has the same multilinear structure as the determinant and can be viewed
as assigning a volume to n tangent vectors. This motivates the use of differential n-forms,

we Q"(M),

as the natural objects to integrate on an n-dimensional manifold.
To use this construction to integrate functions, we relate smooth functions to differ-
ential forms of top degree. Recall that

dim AT M = (Z) (2.1)

In particular,
dim A" M = 1.

If M is orientable, the bundle A"T*M admits a nowhere vanishing section. Choosing
such a section allows us to identify smooth functions with differential n-forms.

Lemma 2.2 Let M be an n-dimensional orientable manifold and let u € Q"(M) be a
nowhere vanishing n-form. Then the map

C=(M) = Q" (M), [ fu,

is an isomorphism of C*(M)-modules.
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Proof. Notice that A"(T*M) is a line bundle over M. Since M is orientable, there exists
a nowhere vanishing n-form p € Q*(M), and hence A"(T*M) is a trivial line bundle.
The space of smooth functions

(M) = T(M x R)

can be viewed as the space of sections of the trivial line bundle M x R. Sending the
generator 1 of C*°(M) to the nowhere vanishing section p defines an isomorphism of
C°°(M)-modules,

C*(M) - Q" (M), fl— fu.

Therefore,
C>*(M) = Q™"(M).
O

We now make this identification concrete by defining the integral of a top-degree form
on Euclidean space.

Definition 2.3 (ir@gral on R") Let D C R™ be an open and bounded subset, and let
w € 2"(D), where D denotes the closure of D. There exists f € C*°(D) such that

w=fdz* A Adz"

We define the integral of w over D by

o Lo

/fdx1-~-dx"::/fdxl/\--~/\dx".
D D

The following proposition shows how the integral behaves under pullback by a dif-
feomorphism. In particular, it makes explicit the sign change that occurs when the
diffeomorphism reverses orientation. This sign change is the obstruction we must address
when passing to non-orientable manifolds.

Equivalently, we write

Proposition 2.4 Suppose D and E are open and bounded in R", and G : D — E is
a smooth map that restricts to an orientation-preserving or orientation-reversing diffeo-

morphism from D to E. If w € Q"(FE), then

J

Proof. Let (z',...,2") and (y',...,y") be coordinates on D and E, respectively, and
write

/w, if G is orientation-preserving,
G'w = E

—/ w, if G is orientation-reversing.
E

w=fdy' A Ady™.
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The transformation law for integrals gives

/Ew:/Ede:/D(foG)|detDG|dV,

where DG denotes the Jacobian of G with respect to the coordinates (z',...,z").
Since (G is either orientation-preserving or orientation-reversing, we have

| det DG| = £ det DG,

where the plus sign corresponds to the orientation-preserving case and the minus sign to
the orientation-reversing case. Hence,

/Ew:i/D(foG)(detDG)dV.

The integrand on the right is exactly the coordinate expression for the pullback of the

top-degree form w. Therefore,
/ w== / G w. O
E D

We now extend the definition of integration from Euclidean space to an oriented
manifold. The integral is defined locally in positively oriented charts, and these local
contributions are combined using a partition of unity.

Definition 2.5 Let M be an oriented n-dimensional manifold and let w € Q"(M) be
compactly supported. Let {U;} be a finite cover of supp(w) by positively oriented coordi-
nate charts (U;, ¢;), and let {1;} be a partition of unity subordinate to {U;}. We define
the integral of w over M by

o= > / RCRIC!

Remark 2.6 The assumption that w is compactly supported ensures that only finitely
many local integrals are needed and avoids convergence issues. In applications to non-
compact manifolds, we will also integrate forms that are not compactly supported. In
that case, the integral must be shown to converge.

One can prove that this definition is independent of the choice of positively oriented
charts and of the subordinate partition of unity. The integral also satisfies the usual prop-
erties, such as R-linearity and invariance under orientation-preserving diffeomorphisms.
We omit these results and their proofs. For details, see Lee [54, Chapter 16].

One of the fundamental results of integration theory on oriented manifolds is Stokes’
theorem. We use the following formulation, adapted from Jost [47] and Lee [54].

Theorem 2.7 (Stokes’ theorem) Let M be an oriented m-dimensional differentiable
manifold with smooth boundary, and let w be a smooth (m — 1)-form on M. If the

integrals exist, then
/ dw = / w.
M oM
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2.1.2 Integration on non-orientable manifolds

The preceding discussion defined integration using top-degree differential forms, which
requires a choice of orientation. Since such a choice is not available on a non-orientable
manifold, we now introduce densities, whose transformation law involves the absolute
value of the determinant. Densities therefore provide a notion of integration that does
not depend on orientability. We first present the construction in linear algebra and then
extend it to vector bundles. Most proofs are omitted; see [54, Chapter 16].

Definition 2.8 Let V' be an n-dimensional vector space. An n-density on V is a
function

p:Vx oo x V=R, (2.2)
such that for every linear map 7: V — V|
w(Toy, ..., Tv,) = |detT| p(ve, ..., v,). (2.3)

Note that  is not a tensor, since it is not R-linear in any of its arguments. We denote
the space of n-densities on V' by A"V. Although a density is not a multilinear map, the
following proposition shows that every differential n-form determines a density.

Proposition 2.9 (Properties of densities) Let V' be a vector space of dimension n > 1.
(a) A"V is a vector space under the operations

(Cllul + CQMQ)(UD s 7UTL> - Cllu’l(vlv s 7U7L) + CQMQ(Ulv s 7Un).

(b) If 1, iz € AV and
(B, .. Ey) = po(Er, ... Ey)

for some basis (Ey, ..., E,) of V, then puy = ps.
(c) If we A"(V*), then the map
lw|: V x--xV =R,
defined by
lwl(vy, ... v,) = |w(vr, ..o o0,
s a density.
(d) A"V is one-dimensional and is spanned by \w| for any nonzero w € A"(V*).
A density p on V is said to be positive if
(v, ..., v,) >0

whenever {vy,...,v,} is a linearly independent set. If w € A"(V*) is nonzero, then the
density |w| is positive.

We now extend the notion of a density to vector bundles by applying the preceding
construction fibrewise.
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Definition 2.10 Let M be a manifold. The set

AT*M = | | ATy M

peEM
is called the density bundle on M.

This set has a natural projection
7 A"T*M — M, (i, p) — p.
The following proposition shows that the term density bundle is justified.

Proposition 2.11 Let M be a manifold. Then its density bundle A"T*M is a line bundle
over M.

Definition 2.12 Let M be a manifold. A section of A"T*M is called a density on M.
The space of densities on M is denoted by
Q"(M) := T(A"T*M).
A density p on M is called positive if p, is positive for every p € M.

Proposition 2.13 Let M be a manifold. Then there exists a global smooth positive
density p on M. Choosing such a density defines an isomorphism

C=(M) = Q"(M), [ fp

Recall that, on an oriented manifold, we defined integration by using the identification
between smooth functions and top-degree forms. Similarly, using Proposition 2.13, we
can identify smooth functions with densities and thereby define integration on Euclidean
space.

Definition 2.14 Let D C R" be open and bounded, and let p € Q*(D). Then there
exists a unique function f: D — R such that

u:f‘da:l/\---/\dx"’.

We define the integral of p over D by

o

/fda:l---dm”::/f‘dazl/\---/\dx"’.
D D

To extend the definition of integration to manifolds, we need to understand how
densities behave under coordinate transformations.

Equivalently, we write

Definition 2.15 Let I': M — N be a smooth map between n-dimensional manifolds
and let p € Q"(N). We define the pullback density F*u on M by

(F*p)p(v1, -, 0n) = pp) (dE,(v1), - ., dEy(vy,)).
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We record some basic properties of the pullback density.
Lemma 2.16 Let G: P — M and F: M — N be smooth maps between n-manifolds,
with or without boundary, and let p be a density on N.
(a) For any f € C*(N),
F*(fu) = (fo F)Fp.
(b) If w is an n-form on N, then
F*w| = |F*w|.
(c) If p is smooth, then F*u is a smooth density on M.

(d)
(FoG)'u=G"(Fp).

We show that densities have the same transformation law as integrals. In particular,
the absolute value of the determinant appears in both cases.

Proposition 2.17 Suppose F: M — N is a smooth map between n-manifolds. Let {z'}
and {y’} be smooth coordinates on open subsets U C M and V C N, respectively, and let
u be a continuous real-valued function on V. Then, on U N F~YV),

F¥(uldy* A+ Ady"|) = (uo F)|det DF||dz" A - A dz"|,
where DF' denotes the Jacobian of F' in these coordinates.

This proposition follows directly from the properties in Lemma 2.16.

The transformation law in Proposition 2.17 shows that densities transform in the same
way as the Euclidean integral. The following proposition makes this compatibility precise
and is the key step that allows us to define integration without choosing an orientation.

Proposition 2.18 Suppose U and O are open subsets of R™, and let G: U — O be a
diffeomorphism. If i is a compactly supported density on O, then

[ fon
O U

This proposition shows that the value of the integral does not depend on the coordinate
chart used to represent the density. Therefore, we define integration locally and then
combine the local contributions using a partition of unity.

Definition 2.19 Let M be a manifold and let u € Q”(M ) have compact support con-
tained in a chart (U, ¢). We define the integral of p over M by

/Muz /@(U)(sfl)*u-

More generally, let {1;} be a partition of unity subordinate to an open cover of M by
smooth coordinate charts. We define

/Mu:;/Mw.

This definition is independent of the choice of coordinate charts and of the subordinate
partition of unity. The resulting integral has the usual properties of integration, but

no choice of orientation is required. We omit the proofs; they can be found in Lee
[54, Chapter 16].
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2.1.3 0Odd forms

This subsection establishes the framework needed to formulate Stokes’ theorem without
assuming a global orientation. We introduce only the terminology and constructions
needed in this thesis and do not develop the general theory. References for readers
interested in a more detailed treatment are given below.

Densities can be viewed as the non-orientable analogue of differential forms of top de-
gree. However, to formulate a version of Stokes’ theorem without assuming orientability,
we also need corresponding objects in lower degrees. Odd forms provide such a general-
ization. On an m-dimensional manifold, odd forms of top degree are naturally identified
with the densities introduced in Subsection 2.1.2. In the terminology introduced below,
these densities are called scalar densities.

To describe odd forms of lower degree, we require a more general class of objects that
also includes scalar densities as a special case. We therefore refine our terminology and
introduce tensor densities. This allows us to describe odd forms of arbitrary degree in
local coordinates. We do not develop the full theory here, since this would go beyond the
scope of this thesis.

Our presentation follows Chrusciel, Jezierski, and Kijowski [27, Appendix A], from
whom we also take the version of Stokes’ theorem for odd forms. For a more detailed
discussion, they refer to the Polish source [80]. We also refer to Bott [9] for a more
detailed treatment of odd differential forms.

Definition 2.20 Let M be an m-dimensional manifold, let p € M, and let U be an
orientable neighbourhood of p. An odd n-form on U is an equivalence class

[(Oén, ﬁ)]a

where «,, is a differential n-form on U and & is an orientation of U. The equivalence
relation is given by
(aTH ﬁ) ~ (_047% _ﬁ)a

where — ¢ denotes the orientation opposite to &'.

Odd forms can be defined globally using a partition of unity, even for non-orientable
manifolds.

For odd forms of top degree, the above equivalence relation leads to the same trans-
formation behaviour as for the densities introduced in Subsection 2.1.2. Let M be an
m-~dimensional manifold and let

am = [(am, O)]

be an odd m-form. In local coordinates (z',...,2™), an ordinary m-form is written as

O = fdz' Ao Ada™.

Under a change of coordinates, the ordinary top form transforms with the determinant
of the Jacobian. If the coordinate transformation reverses orientation, this determinant
changes sign. At the same time, the local orientation changes from & to —&. By the
equivalence relation

(C“mw ﬁ) ~ (_Oémw —ﬁ),

this change of orientation introduces an additional minus sign. Consequently, the two
signs cancel, and the coefficient of an odd top-degree form transforms with the absolute
value of the determinant.
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Thus, in local coordinates, an odd m-form has a transformation law of the form

oz
det (a@)

This is precisely the transformation law of a density. Hence, on an m-dimensional
manifold, odd m-forms are naturally identified with the densities introduced in Sub-
section 2.1.2.

To describe odd forms of lower degree in local coordinates, we need a more general
notion. The densities considered above are special cases of tensor densities, called
scalar densities.

fy: fm

Definition 2.21 A tensor density of weight 1 is an object whose transformation law
contains, in addition to the usual tensor transformation, a factor given by the determinant
of the Jacobian of the coordinate transformation. More precisely, under a change of
coordinates

F:(2h,. 2™ — (.. y™),

a tensor density of weight 1 transforms as the corresponding tensor, multiplied by the
factor
det DF,

where DF' denotes the Jacobian of F'.

More generally, the exponent of the determinant appearing in the transformation law
is called the weight of the tensor density. In this thesis, whenever the weight is not
specified, it is understood to be 1.

Locally, odd n-forms on an m-dimensional manifold are represented by antisymmetric
contravariant tensor densities of rank

r=m-—n

and weight 1. More precisely, let (o, @) be a local representative of an odd n-form,
where @ is the orientation determined by the frame (z!,... 2™). Then «,, is written
locally as

o 0 0
iy e 1 e m
=T (MhA /\axir)J(dx A ANda™),
where T is antisymmetric in its indices and transforms as a contravariant tensor
density of weight 1.

Example 2.22 If r = 0, then n = m, so the tensor density has no tensor indices. In this
case, one obtains a scalar density. Thus, odd forms of top degree correspond to scalar
densities.

If r =1, then n = m — 1. In this case, a contravariant vector density corresponds to
an odd (m — 1)-form.

For a more detailed treatment of tensor densities, see Plebariski and Krasiniski [67] or
Schouten [77].

To define the integral of an odd form over a submanifold, we must keep track of two
different notions of orientation. Besides the usual orientation of the tangent bundle of
the submanifold, we also need an orientation of the directions normal to it. Together,
these determine an orientation of the ambient manifold along the submanifold.
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Definition 2.23 Let ¥ C M be a submanifold. An exterior orientation, denoted by
Oeyt, is an orientation of the normal bundle NY. Here we denote

NS = TM|y /TY.

An interior orientation, denoted by &, is an orientation of the tangent bundle
.
An ambient orientation, denoted by €, is an orientation of 7'M |s..
The relation
(ﬁexta ﬁint) =0

means that a positively oriented basis of the normal directions, followed by a positively
oriented basis of T, gives a positively oriented basis of the ambient tangent space.

Example 2.24 Let M be an m-dimensional manifold, and let > C M be an n-dimensional
submanifold. Let

(V1y...,0p)

be a positively oriented local frame of T'Y with respect to Oy,. Furthermore, let

(€1, ym—n)

be a positively oriented local frame of the normal bundle with respect to @,,;. Then the
concatenated basis

<€1;"‘76’m—navla"'7vn)

is positively oriented with respect to the ambient orientation 0.
One can integrate odd n-forms over externally oriented n-dimensional submanifolds.

Definition 2.25 Let &, = [(an, )] be an odd n-form, and let ¥ be an n-dimensional
submanifold with exterior orientation .. We define

/ &y = / an, (2.4)
(Zgﬁext) (Eaﬁint)

where O} is the interior orientation of ¥ determined by the condition
(ﬁexta ﬁint) =0.

In other words, 0} is chosen such that a positively oriented basis of the normal directions,
followed by a positively oriented basis of T, gives the ambient orientation .

The left-hand side of Equation (2.4) denotes the integral of an odd form over an
externally oriented submanifold. The right-hand side is the integral of the differential
form «, over ¥, as defined in Subsection 2.1.1. The interior orientation used in this
integral is determined by O, and 0.

We use the following result from Chrusciel-Jezierski-Kijowski [27, Appendix A] with-
out proof.

Theorem 2.26 (Stokes’ theorem for odd forms) Let M be a smooth m-dimensional
manifold and let ¥ C M be a smooth n-dimensional submanifold with smooth boundary.
Let

Q1 = [(O‘n—la ﬁ)]
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be an odd (n — 1)-form. Then

/ d&nfl = / 62n71~
(Evﬁext) 8(E7ﬁext)

d[(ap-1,0)] = [(day—1, O)],
and the boundary 0(X, Ouy) is equipped with the exterior orientation induced by (2, Oeyy).

Here

This concludes our discussion of integration. The main point for this thesis is that odd
forms can be integrated on non-orientable manifolds and admit a corresponding version
of Stokes’ theorem. For readers unfamiliar with odd forms, it may be helpful to think of
them intuitively as differential forms adapted to settings in which no global orientation
is available.

In the remainder of this thesis, odd forms will remain mostly in the background and
will play only a minor role. This subsection therefore mainly records the framework that
permits the use of integration and Stokes’ theorem without imposing orientability. In
the following chapters, we will use the corresponding version of Stokes’ theorem without
discussing the underlying orientation issues.

2.2 Bundles

This section introduces the standard definitions and notation used throughout this thesis.
We also explain several mild abuses of notation that are adopted for the sake of readability.
We assume familiarity with vector bundles and will therefore not review these concepts
here.

In Subsection 2.2.1, we define a fibre bundle, discuss its basic properties and introduce
the notation used throughout the thesis. We then consider two related constructions in
more detail. In Subsection 2.2.2, we introduce affine bundles. This will be useful later
because jet bundles naturally carry affine-bundle structures. In Subsection 2.2.3, we
introduce the vertical bundle associated with a fibre bundle. Its fibres consist of vectors
tangent to the fibres of the original bundle. The vertical bundle arises naturally in the
study of fibre bundles and will appear in the field-theoretic constructions of Chapter 4.

This section is based on Saunders [70, Chapters 1-3].

2.2.1 Fibre bundles

Recall that a vector bundle is locally described by a product of the base manifold with a
vector space. Since every finite-dimensional vector space is naturally a smooth manifold,

this suggests replacing the vector space by an arbitrary manifold. This leads to the notion
of a fibre bundle.

Definition 2.27 A fibre bundle with typical fibre F' consists of smooth manifolds
E, M, and F, together with a surjective smooth map

T FE— M

that is locally trivial. More precisely, for every p € M, there exists an open neighbourhood
U C M of p and a diffeomorphism

hy: Ely =7 *(U) —UxF
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such that
pry ohy = |10
where pry: U X F' — U denotes the projection onto the first factor. The map hy is called
a local trivialization.
The manifold M is called the base space, I/ the total space, and F' the typical
fibre. For each p € M, the preimage

p =1 (p)
is called the fibre over p.

Remark 2.28 When the typical fibre is not relevant to the discussion or is clear from
the context, we omit it from the notation and denote the fibre bundle by the triple

<E7 7T7 M)7

or simply by
m: B — M.

Fibre bundles can locally be described as product manifolds. This local product
structure allows us to reorganize the local coordinates such that points in the same fibre

have the same first n coordinates and are distinguished by their last m coordinates, where
n = dim(M) and m = dim(F).

Lemma 2.29 Let (E,m, M) be a fibre bundle with typical fibre F. Around each e € E
there exist local coordinates

such that

Proof. Let e € E, let W C F be a neighbourhood of pry(h(e)) and let U C M be a
trivializing neighbourhood of 7(e) with a diffeomorphism

h: 7 (U) > U x F.
Locally U € M and W C F' have coordinates

z: U —=R"
u: W — R™,

where dim(M) = n and dim(F) = m. We define y: A~ (U x W) — R"™™ by
y := (z o pry oh,u o pr,oh),
which defines local coordinates around e € F. O
Remark 2.30 We write
y= (2" ..., 2"t . u™) = (2 u”).

We abuse notation and use the same symbol z* both for the i-th coordinate function on
7(V) and for the composite z' o 7 on V, where V C F is a trivializing neighbourhood.
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These coordinates are called adapted coordinates. Since we may always choose
such coordinates locally, we will use them whenever convenient without further mention.

Definition 2.31 Let (E,7, M) be a fibre bundle, and let U C M be open. A map
¢: U — FE is called a local section of E if mo¢ = idy. The set of local sections on U is
denoted by I'(E|y). Whenever U = M, the section is called a global section. The set
of global sections is denoted by I'(E).

A section can be described in terms of coordinates. Suppose ¢ € I'(E), and (2%, u®)
are coordinate functions around ¢(p) € E, where p € M. As mentioned before, we use z
for the coordinate function on the base and for the composite 2° o  on the total space.

Hence,

z'(¢(p)) = 2' o m(p(p))
= 2'(p).

This shows the first n coordinates of ¢(p) are determined by the coordinates of p. Hence,
locally the section ¢ is determined by functions ¢® defined as

P* =u" o .

Again, we abuse notation; we write ¢ for the restriction of ¢ to its coordinate neighbour-
hood.

A morphism between fibre bundles can be described as a pair of maps, one between
the base spaces and one between the total spaces. The two maps are related by the
bundle projections.

Definition 2.32 Let (E,m, M) and (H, p, N) be fibre bundles. A bundle morphism
from £ — H is a pair (f, f) where f: £ — H and f: M — N with po f = fom. The
map f is called the projection of f.

E—L s H
e lp

We characterize a bundle morphism in the following way.

Lemma 2.33 Let f: E — H be a map between fibre bundles, possibly over different
bases. There exists a bundle morphism (f, f) if and only if for every p € M and all
a,b € E|, we have:

Furthermore, the map f is unique.

This means that a bundle map must send fibres to fibres. Usually, we omit the
projection map and write only the map between the bundles.
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To describe bundle morphisms in local coordinates, let (f, f) be a bundle morphism
between (E, 7, M) and (H,p, N). Suppose (y/,v4) is a coordinate system on (H, p, N).
Then we have functions f7, f4 defined by

ff=yof

fA=vt0f.
Note that f7 is constant on the fibres since f maps fibres to fibres. In the same manner,
we find a function f’ defined by

F=yoT,

where 3/ are local coordinates on N. Applying the definition of bundle morphisms, and
using the fact that 3/ may be regarded as coordinate functions on both N and H, we
obtain

yo(pof)=y o(fon)
yof=@of)or
f=Fonm

By a mild abuse of notation, we also denote the corresponding function by f/ on M and
on E. More precisely, we write

fl=y'of.

To conclude this subsection, we introduce the notions of a fibred product bundle and
a pullback bundle.

Definition 2.34 Let (E, 7, M) and (H, p, M) be fibre bundles over the same base man-
ifold M. Their fibred product bundle is the fibre bundle

(E Xy Hym xpr p, M),
where the total space is defined by
E xy H:={(a,b) € Ex H | m(a) = p(b)},
and the projection is given by
T Xy p: Exy H— M, (a,b) — m(a) = p(b).

The terminology agrees with the geometric intuition, since the fibre over each point
x € M is
(Exy H), =FE, x H,.

The local trivializations of £ and H combine to give local trivializations of E x,; H,
showing that it is indeed a fibre bundle.

Sections of the two original bundles naturally determine a section of their fibred
product. Conversely, every section of the fibred product determines a section of each
factor by composition with the canonical projections.
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ExyH -2+ E

o | lw

H——F— M
Figure 2.1: The commutative diagram defining the fibred product bundle.

The ordinary product projections restrict to maps
pry: Exy H— E, pry: E Xy H— H.

These maps form the commutative diagram shown in Figure 2.1.

The pullback bundle is obtained from the same construction when one of the two maps
to the common base is not required to be a bundle projection. More precisely, given a
fibre bundle 7: £ — M and a smooth map f: N — M, we form the fibred product of
and N over M.

Definition 2.35 Let (E,m, M) be a fibre bundle, and let f: N — M be a smooth map
between manifolds. The pullback bundle of F along f is the fibre bundle

(f“E, f*m, N),

whose total space is
J'E:=A{(z,e) e N x E| f(x) =m(e)},

and whose bundle projection is
ffm: f*E — N, (x,€) —> x.
The restriction of the projection onto the second component gives a smooth map
pry: f*E — F.
By the definition of f*F, these maps satisfy
mopry, = fo f'm,

as illustrated in Figure 2.2.

f*E 224 F

f*W:Prll lﬂ

Figure 2.2: The commutative diagram defining the pullback bundle.

If E has typical fibre F', then f*FE also has typical fibre F. Indeed, every local
trivialization of E over an open set U C M induces a local trivialization of f*FE over
f1(U)C N.

Let ¢ € T'(E|y) be a local section over an open set U C M. The pullback section

1o et (f Bl )

is defined by
(f*¢)(a) = (a,6(f(a))),  a€ f(U).



2.2. BUNDLES 23

2.2.2 Affine bundles

This subsection introduces affine bundles. The motivation for this material comes from
jet bundles, which naturally carry affine-bundle structures. In particular, the affine struc-
ture underlies their coordinate transformation laws, which will be used later in Subsec-
tion 4.3.3. The connection with jet bundles will be discussed when they are introduced.
The presentation follows Saunders [70, Chapter 2].

We begin by defining affine spaces and affine maps in the linear algebraic setting. We
then extend these notions to bundles over manifolds and define affine bundles. Finally,
we discuss some of their basic properties.

The idea of an affine space is to retain the notions of translation and of the differ-
ence between two points, without distinguishing a particular point as the origin. More
precisely, we define an affine space as follows.

Definition 2.36 Let V' be a vector space, A be a set and a: A x V — A be a function.
The triple (A, V, a) is called an affine space if it satisfies the following three axioms:

1. forall z € A, a(x,0) = x;
2. for all x € A and for all v,w € V, a(a(z,v),w) = a(z,v + w);
3. if z,y € A, then there exists a unique v € V' satisfying a(z,v) = y.

We define the dimension of an affine space to be equal to the dimension of the underlying
vector space.

Often, we refer simply to A as the affine space rather than mentioning the triple
(A, V, ) with underlying vector space V.

Example 2.37 The real number line is a one-dimensional affine space. More precisely,
let A be the underlying set of R, and let V = R. Define

a: AxR— A, a(z,v) =z + .

Then (A, R, @) is a one-dimensional affine space modelled on R. Although the action is
defined using addition, no point of A is distinguished as the origin.

The function « can be regarded as a displacement of a € A by a vector v € V. We
may suggestively write 4 instead of «, in which case the axioms become

r+0=zx
(x+v)+w=z+ (v+w)
TH+v=Y < V=Y —T.

Remark 2.38 This definition formalizes the intuition that an affine space is a vector
space without an origin. Indeed, once we fix a point p € A, one can assign to each vector
v € V a unique element z € A by setting x = a(p,v). For z,y € A and A € R, we define
addition and scalar multiplication as

r+y:=alp, (@ —p)+ Y —-p),
Az = a(p, AN(z — p)).
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When the model vector space V' is finite-dimensional, an affine space admits coordinate
systems after choosing a point that serves as an origin. The affine coordinates of a point
x € A are the coordinates, with respect to a chosen basis of V', of the unique vector that
translates the chosen origin to x.

Definition 2.39 Let A be an affine space modelled on an n-dimensional vector space V.
Let (eq,...,e,) beabasis of V, and let p € A. For each x € A, the affine coordinates of
x with respect to the affine frame (p, e1,...,e,) are the unique real numbers (z!,. .., z")

such that .
= a(p, inei).
i=1

When the origin is changed while the basis of the model vector space is kept fixed, the
affine coordinates transform by a translation. Let ¢ € A be the new origin, with affine

coordinates (¢, ..., ¢") with respect to the affine frame (p,e1,...,e,). Thus,
n
g=alp,> de).
i=1
Let x € A have affine coordinates (z!, ..., z") with respect to (p,ey,...,e,). Starting

from the original origin p, we rewrite the expression for x relative to the new origin ¢ as
follows:

n
Tr = Oé(p, Z xiei)
i=1

—a(p, Y g+ > (@ - q)er)
=1 =1

= a(a(p, Zqiei), Z(HTZ —q')es)

=a(g, Y (¢' = ¢)e).

i=1
Therefore, the affine coordinates of x with respect to the affine frame (g, ey, ..., e,) are
' — ¢, 1=1,...,n.

Similarly, one can change to the basis {f;} obtained from {e;} by a linear transfor-
mation

e; =T/ f;.

It follows that  has affine coordinates 2T} with respect to {f;}.
We are interested in describing morphisms between affine spaces, since they will be
essential for understanding coordinate transformations in affine bundles.

Definition 2.40 Let (A, V,«) and (B, W, ) be affine spaces. A map T: A — B is called
an affine morphism if there exists a linear map

T:V W
such that, for every x € A and v € V,
T(a(z,v)) = A(T(@), T(v)).
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Remark 2.41 The map T is called the linear part of 7. It is uniquely determined by
T. Furthermore, T is an affine isomorphism if and only if its linear part T is a linear
isomorphism.

To obtain the coordinate representation of an affine morphism 7: A — B, choose
affine frames (p,e1,...,e,) and (q, fi1,..., fm) on A and B, respectively.
Let (c!,...,c™) be the affine coordinates of T(p) with respect to the affine frame

(q, f1,---, fm). Thus, '
T(p) = B(a,c f;)-

Write the linear part of T" in the chosen bases as

Now let # € A have affine coordinates (z!,...,2") with respect to (p,eq,...,e,).

Then

=T(a(p, z'e )

= 5(T(p (x'e;) )

= 5(5@ ij] x T(62>)

= B(B(g, ¢ 1), ' T [;)

= 5(% CJ + TJ fj)
Therefore, (¢! + T;'zt, ..., ¢™ + T;™x%) are the affine coordinates of T'(x) with respect
to (¢, f1,.-., fm). Thus, an affine morphism is represented by a linear transformation

followed by a translation.
Having discussed affine spaces and their morphisms, we now introduce the correspond-
ing notion of an affine bundle.

Definition 2.42 Let (E, 7, M) be a vector bundle. An affine bundle modelled on 7
is a quadruple (A, p, M, «) such that

1. (A, p, M) is a bundle

2. (a) a: Axy E — A satisfies, for each p € M, a(A, x E,) C A,
(b) for each p € M, (Ap, E,, &|a,xE,) is an affine space

3. for each p € M there exists an open neighbourhood W C M with an affine local
trivialization

h: Alw =p'(W) S W x R”
such that the restriction to each fibre
hy :=hl|a,: Az = {2} xR"
is an affine isomorphism onto {z} x R™.

Example 2.43 A vector bundle (E, w, M) can be regarded as an affine bundle (E, 7, M, «)
by defining
a:Exy E—FE
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to be fibrewise addition. Thus, for u,v € E,,
alu,v) =u+wv.

Conversely, a global section of an affine bundle determines a vector bundle structure
on it by selecting an origin in each fibre. This is analogous to the fact that an affine space
becomes a vector space once a base point has been chosen.

Let (A, p, M,a) be an affine bundle modelled on the vector bundle (E,r, M) with
local coordinates (z*,u?). To describe this affine bundle locally, we introduce local affine
coordinates (z,a’). These coordinates (z’,a’) have the property that o’ is an affine
map on each fibre, whose linear part is the corresponding vector bundle coordinate map
w.

The last part of this subsection introduces affine bundle morphisms. These are bundle
morphisms whose restrictions to the corresponding fibres are affine maps.

Definition 2.44 Let (A, p, M, «) and (B, 0, N, 3) be affine bundles. A bundle morphism
(f,f): A — B is called an affine bundle morphism if, for each p € M, f|a,: A, —
By, is an affine morphism.

As in the case of vector bundles, one can define a local matrix representation of an
affine bundle morphism. Let A and B be modelled on E and H, respectively. Analogously
to the case of affine spaces, for a neighbourhood U C M we choose an affine local frame
(z,e;) where z € T'(A]y) is a section that serves as a choice of base point in each fibre
and {e;} is a local frame of E|y. Moreover, let (s, h;) be an affine local frame for Blz ).

We express the matrix representation of the linear part of f, denoted by f, for every
pelU C M as

Folei(p)) = M;(p)hs(f(p)).

For x € A, with affine coordinates z7, the local matrix representation of the affine
morphism f is then given by

():fw(()x%(m
= B(f(z(p)), F(x7e;(p)))
= B(s,q"hi + 2 f(e;(p)))
= B(s, (¢" + 2/ M))hi(f(p))).

The matrix with components ¢’ + 27 M is the local representation of the affine bundle
morphism f.

2.2.3 The vertical bundle

In the study of fibre bundles, questions concerning tangent vectors to the fibres arise
naturally. This subsection introduces the vertical bundle and develops the basic tools
needed to work with these fibrewise tangent spaces. The vertical bundle will later be
used to reformulate the momentum bundle in Subsection 4.2.2.

We omit most proofs which can be found in Saunders [70, Chapter 3].

We begin by precisely defining tangent vectors along the fibres.
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Definition 2.45 Let 7: EE — M be a fibre bundle over a base manifold M. For e € E
we define the vertical space to be V.E = ker(dr.), where dm.: T.E — T, M is the
differential with mw(e) = x. The collection of all vertical spaces is called the vertical
bundle

VE = |_| V.E.

eck
The following proposition shows that the vertical bundle is indeed a vector bundle.

Proposition 2.46 Let m: E — M be a fibre bundle. Then V E is a vector subbundle of
TE.

Proof. We show that V E has a local frame which is a subset of the local frame of T'E.
Since 7 is a submersion, it follows by the rank-nullity theorem that the kernel has constant
rank, i.e.,

dim(T.F) — dim(T, M) = dim(ker(dr,)).

1%

Let U C M be a trivializing neighbourhood of the fibre bundle E so that E|y = 7~ 1(U)
U x F, where F is the typical fibre. By [54, Prop. 3.14], we find the tangent space in
this neighbourhood to be

TEqply = T,U & T} F.

A calculation with curves shows that, on this trivializing neighbourhood dr|y = pr;. We
conclude that kerdn|y = TF. For a local frame {vy,...,v,,y1,...,y} of TU @ TF =
TE|y, we find that V,E = ker(dn,) = span{yi(e),...,y(e)} for all e € 771 (U) C E.
This shows that VE C T'F is a subbundle. [

As mentioned in the introduction, the vertical space at a point of the total space is
precisely the tangent space to the fibre through that point. More precisely, we have the
following lemma.

Lemma 2.47 Let (E,m, M) be a bundle. If a € E, then To(Exq)) = Vo E.

The vertical bundle also provides a useful criterion for determining whether a smooth
map between fibre bundles is a bundle morphism.

Lemma 2.48 Let (E, 7w, M) and (F,p,N) be bundles, and let f: E — F be a smooth
map. Then f is a bundle morphism if and only if df(VE) C VF.

For proofs of these statements, see [70, Lemmas 3.1.2 and 3.1.3].

2.3 Jet Bundles

This section provides a brief introduction to the geometry of jet bundles. We define jet
bundles, discuss their basic properties, and present several examples. Jet bundles encode
derivatives of local sections in a coordinate-independent manner. Therefore, they provide
a geometric framework for describing partial differential equations on manifolds. In this
thesis, they play a central role in the geometric formulation of the Lagrangian as a bundle
morphism in Subsection 4.2.1.
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In Subsection 2.3.1, we introduce the equivalence relation on local sections that defines
the first jet manifold. In Subsection 2.3.2, we make the affine structure of jet bundles
explicit. We also explain how bundle morphisms extend to morphisms between jet bun-
dles, called prolongations. These prolongations are used in Subsection 4.3.2 to formulate
the construction more geometrically.

Our treatment follows Saunders [70, Chapter 4].

2.3.1 Equivalence of local sections

Recall that a tangent vector at a point can be defined as an equivalence class of curves
through that point that have the same first derivative there. The notion of a first jet man-
ifold generalizes this idea to sections of a bundle. Informally, two sections are equivalent
at a point if they have the same value and the same derivative in every direction.

Definition 2.49 Let (E, 7, M) be a bundle and let p € M. Let ¢,¢ € I',(E), where
I',(E) denotes the set of local sections defined on a neighbourhood of p € M. We say
¢ and 1 are 1-equivalent at p if ¢(p) = 1(p) and if, in a coordinate system (z°,u®)
around ¢(p),

0p”
oxt

_ oyt

o i
» ox

(2.5)

p

for 1 <7 <m and 1 < a <n. The equivalence class containing ¢ is called the 1-jet of ¢
at p and is denoted by j}¢.

Although the definition is formulated in terms of local coordinates, the following
lemma shows that the resulting notion of 1-equivalence is independent of the choice of
coordinates.

Lemma 2.50 Let (E,m, M) be a bundle, and let p € M. Suppose that ¢,7p € T'p(E)
satisfy ¢(p) = (p). Let (z*,u®) and (y7,v°) be two coordinate systems around ¢(p), and
suppose also that

ou oqb) —a(uo. ) for1<i<mand 1l <a<n.
oxt ) oxt )
Then
b b
o O.¢> :8(11 O.w) fori1<j<mand1<b<n.
Ay’ P Ay’ p
Proof. By the chain rule,
OwPog)| O og)| Oz
ay |, ozt |, 0y |,

Since v°0¢ = v°(z70 ¢, u?0p) and (u?od)(z) depends on local coordinates ¢, we compute

Az’ 0 p) d(u® o @)
ox’ ox’

o1’ o @)

o

n ovb
oxt

p

ox?

P #(p) P
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Note that 2 o ¢ = 2%, hence

A o )‘ B (8vb o’

+
ou®

Dy oz

O(us o ¢) oz’
xt |, | Oy

#(p) #(p) P

The same computation holds for ¢. Since ¢(p) = 1(p), the partial derivatives of v* agree,
and by hypothesis

Ou" o) _ O(uov)
ozt |, - Ogt » ‘
It follows that
9w’ 0 ¢) CEXD)
dyi |, oy .
This proves the claim. O

Having shown that 1-equivalence is independent of the choice of coordinates, we now
consider the set of all equivalence classes and introduce natural coordinate charts on
this set. Then we show in Proposition 2.53 that these charts define a smooth manifold
structure.

Definition 2.51 The first jet manifold of a fibre bundle (E,x, M) is the set

J'E = {jl¢ | p€ M, ¢ €T,(E)}.

The functions 7 and 7, called the source and target projections, respectively, are
defined by

m: JIE — M
Jad D,
and
mo: J'E— E
e (p).

Definition 2.52 Let (E, 7, M) be a bundle, and let (U, u) be a coordinate chart on E,
where u = (z,u?) with 1 < i < m and 1 < a < n. The induced coordinate chart
(U, u') on J'E is defined by

Ut ={j,0 € J'E | ¢(p) € U}
ut = (o', u®, ud),

where z(j)¢) = 2*(p), u®(j,¢) = u*(¢(p)), and the mn new functions

ul: U = R
are specified by
0p®
a/ -1 o
U, (.]p¢) - E)x" )

and are known as derivative coordinates.
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The notation for the derivative coordinates is somewhat unfortunate. For example,
upper and lower indices are also used for coefficients of covariant and contravariant ten-
sors. In later chapters, there will be instances when upper and lower indices are also used
in contexts unrelated to the jet bundle. To avoid confusion, we will write the derivative
coordinates in full. Thus, instead of u$, we write %Q;(Z.

The following result justifies the terminology used in Definition 2.51.

Proposition 2.53 Given a smooth structure on E consisting of the charts (U,u), there
is an induced smooth structure on J'E consisting of charts (U, u'). Furthermore, J'E
is Hausdorff, second-countable and connected, making J'E into a manifold.

Sketch of proof. First note that every 1-jet j;gb lies in the domain of some induced
coordinate chart, since one can choose a coordinate neighbourhood U containing ¢(p).
To obtain a smooth structure, it remains to verify that the transition functions be-

tween induced coordinate charts are smooth. Let u' := (z°, u?, %) be coordinates on U!

and let v! := (371", 22) be coordinates on V. On the overlap u!(U* N V1) we have the

» OyT
transition function

vto (ul)_llul(Ulmvl) :

The first and second components of the transition function are given by

v o) =y ouopr,

vPo (u) Tt =vPout opry,

and therefore are smooth.
For the third component, we compute

b . A(vb o
e(];¢) = ¥
oy’ oyl |,
B (81/’ ' du (j1¢)> 8xi'
0zt |y Ouly 02|, 777 | O],

Therefore each 27”3 o (u')~! is a smooth function. Hence, all components of the transition
functions are smooth, and the induced coordinate charts define a smooth structure on
J'E.

The Hausdorff, second-countable, and connected properties of J'E follow from topo-
logical arguments. We omit these details, since including them would not clarify the
present discussion and they are not essential for the thesis. O

The following example, taken from [70, Chapter 4], illustrates concretely the informa-
tion encoded by a first jet.

Example 2.54 Consider the trivial line bundle (R?* x R, pr;,R?). Let (z',2% u') be
global coordinates on R? x R. Then the induced coordinates on J*(R? x R) are

1 9,1
1 92 1 Ou Ou
x?'r 7u )

" Ozt Ox?
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where ¢' = u' 0 ¢. To each 1-jet j ¢ € J'(R? x R), where p = (p', p*) € R?, we associate
a map ¢: R? — R defined by

Op! 0!

_ 41 oy 11 9P 1 2 9

where ¢ = (¢',¢%) € R*. We then define a global section ¢ = (idge, ), and it follows
that ji¢ = jiv. But ¢ is simply the first-order Taylor polynomial of ¢ at p. This
example shows that the first jet captures, in a coordinate-free manner, the same derivative
information as this polynomial.

2.3.2 The first jet bundle

Having introduced 1-jets and the first jet manifold, we now study its bundle structure.
We show that the first jet manifold naturally carries the structure of an affine bundle.
We then introduce first-order differential equations and illustrate the use of jet bundles
with an example. Finally, we introduce prolongations, which extend bundle morphisms
to morphisms between jet bundles.

We begin by describing the bundle structures carried by the first jet manifold. One
can show that both the source and target projections, denoted by 7; and 7 o, respectively,
are smooth surjective submersions. The affine-bundle structure associated with 7 ¢ is
described by the following theorem.

Theorem 2.55 Let (E,m, M) be a smooth bundle, and let (z',u®) be local coordinates
on E around a € E. Then (J'E,m o, E,0) is an affine bundle modelled on the vector
bundle

T (IT"M)® VE — E,
where the action
o: J'Exg (7" (I"M)®VE) - J'E
15 given by
(Jn(@) @ €) — 0 (riy® €),

and transforms the derivative coordinates as follows:

ou” ou® , |

0
ort (O-(j}r(a)gba f)) = %(]W(a)gﬁ) + f;)‘ — ¢

ozt

+ &
(a)

where

a ) a
£=¢ (d:c ®%)a.

Furthermore, for each chart (U,u) on E, we obtain an affine local trivialization

b ) 2 U xR o (00 (55600 )
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Proof. The coordinate independence of the action o follows from a computation similar
to the one in Lemma 2.50. It remains to show that ¢, is an affine local trivialization. The
map t, is given by the composition

tu = (uil X idRmn) o ul.

Since pr, ot,, = 71 0|;1, we conclude that ¢, is a diffeomorphism.
To verify that the restriction of ¢, to each fibre over a € U is an affine morphism, we

define

given by

tua = DIy Ot"‘n;é(a): mo(a) — R
tua(jn() @) = (gf: (j;'(a)qb)) = <gﬁj W(@)) :
To show that ?,., is an affine map, let
B: R™ x R™ — R"™, B(z,v) =z + v,
be the standard affine action on R™. Let
tua: TiaoM @V, E — R™

be the linear map
=& de'® 2 (&)
‘ oue ), o

Then, for every jl ¢ € m1.0(a) and every £ € Ty M @ V,E, we have
: ou® .
tusa (O—(ji(a)¢7€)) = <8wi 0(];((1)@5))
ou® . N
= (axl (]71(a)¢) + ’51 )
= 6 (tu;a (j71r(a)¢>7 %u;a (f)) .

Hence, 1., preserves the affine structure and is therefore an affine morphism in the sense
of Definition 2.40. Since this holds for every a € U and t, is a diffeomorphism, we
conclude that ¢, is an affine local trivialization. O

The affine structure of the jet bundle has several further consequences. For example,
the pullback bundle of T'E' along m , admits a canonical decomposition, and sections of
this affine bundle correspond to connections on the bundle E. These topics lie beyond
the scope of this thesis, but can be found in [70, Chapter 4].

We now return to the two projections of the first jet manifold. By Theorem 2.55, the
target projection

mo: J'E—FE

makes J!'E into an affine bundle over E. The source projection
m:J'E— M

also defines a fibre-bundle structure, as stated in the following proposition.
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Proposition 2.56 Let (E, 7, M) be a fibre bundle. Then (J'E,m, M) is a fibre bundle.

The bundle structures established in Theorem 2.55 and proposition 2.56 fit into the
following commutative diagram. The vertical maps are fibre-bundle projections, while
10 is an affine-bundle projection.

J'E—"" L F

M—— M
ldM

An important application of jet bundles is the formulation of differential equations in
a coordinate-free manner.

Definition 2.57 Let (E, 7, M) be a bundle. A first-order differential equation on
E is a closed embedded submanifold S of the first jet manifold J'E. A solution of
the differential equation S is a local section ¢ € I'(E|w ), for some W C M, such that
Jp(¢) € S for every p € W.

The following example, taken from [70, Chapter 4], illustrates this somewhat abstract
definition.

Example 2.58 Consider the trivial line bundle (R? x R, pr;, R?) with global coordinates
(z', 2% u'). The map F': J'E — R defined by

gives rise to an embedded submanifold

ou' oul ,
e 02 2¢°u")(j,¢) = 0}

Hence, S is a differential equation. The section ¢: R? — R? x R defined by
o(p',p*) = (0", p%,p' (1)*)

is a solution of the differential equation S.

S:={jpeJE](

We conclude this chapter by introducing the notion of prolongation. Intuitively, pro-
longation extends a morphism between fibre bundles to a morphism between their first
jet bundles.

Definition 2.59 Let (E, 7, M) and (F, p, N) be fibre bundles, and let (f, f) be a bundle
morphism, where B
fi E—=F and f: M — N,

with f a diffeomorphism. The first prolongation of (f, f) is the map
jif: J'E = J'F
defined by B
7 f (ip®) = 374, (F(9)).
where, for a local section ¢ € T'(E|w),
(@)= foso ()

Using the chain rule, one can verify that this definition is independent of the choice
of local section representing the jet j;(b.



Chapter 3

Hamiltonian mechanics and
symplectic geometry

In this chapter, we discuss the concepts from mechanics and symplectic geometry that
are used throughout this thesis. The chapter follows a broadly historical approach. More
specifically, we show how Hamiltonian mechanics gives rise to symplectic geometry. We
explain why symplectic geometry provides a natural framework for formulating Hamilto-
nian mechanics. Finally, we extend this discussion to field theories and introduce dynam-
ical systems. These dynamical systems mimic the structure of Hamiltonian mechanics
and therefore allow us to describe field theories within a Hamiltonian framework.

We begin in Section 3.1 by discussing Lagrangian mechanics. We introduce the Euler—
Lagrange equations and explain how the Legendre transform is used to pass from La-
grangian to Hamiltonian mechanics. In Section 3.2, we discuss several important features
of Hamiltonian mechanics, with particular emphasis on the Hamiltonian vector field. We
then introduce symplectic geometry and formulate Hamiltonian mechanics in symplec-
tic terms. Furthermore, we introduce the Liouville one-form construction, which will be
critical for defining a symplectic form in Chapter 4. Finally, in Section 3.3, we intro-
duce dynamical systems and explain how they mimic the Hamiltonian structure. These
dynamical systems will later be used to formulate general relativity in Hamiltonian terms.

In the first part of this chapter, we mainly follow Arnold [3] and McDuff [63]. The
final section is based on the Hamiltonian framework developed by Chrusciel, Jezierski,
and Kijowski in [27].

3.1 From Lagrangian to Hamiltonian mechanics

In this section, we introduce Hamiltonian mechanics. In Subsection 3.1.1, we introduce
the calculus of variations and derive the equations of motion from the Lagrangian us-
ing variational methods. We also consider the example of a bead constrained to move
along a circular path. This system would be difficult to analyse directly using Newto-
nian mechanics, but it can be treated relatively easily using Lagrangian mechanics. In
Subsection 3.1.2; we show how to pass from Lagrangian mechanics to Hamiltonian me-
chanics using the Legendre transform. We then return to the bead example and show
that the Hamiltonian formulation yields the same equations of motion. Finally, in Subsec-
tion 3.1.3, we define Hamiltonian vector fields and explain how they encode the equations
of motion of a mechanical system. We conclude the section with an example illustrating
this concept, since it will play an important role throughout the remainder of the chapter.

34
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In this section, we use theorems and definitions from McDuff [63] and Arnold [3].

3.1.1 The Euler-Lagrange equation

In the calculus of variations, we study extremals of functions whose domains are infinite-
dimensional spaces. Such functions are called functionals. An example of a functional
is the length of a curve « in the Euclidean plane.

Definition 3.1 A functional ¢ is called differentiable if

(v +h)—9(v) = F+R,

where F' depends linearly on h. The linear part F'(h) is called the differential or vari-
ation, and R(h,v) = O(h?).

We restrict our attention to functionals of the following form. Let
v=(t,z(t)) € I xR"
be a curve, and let L(xz(t),#(t),t) be a function of three variables, where we write

&

We define the functional

Definition 3.2 We call a curve 7 an extremal of ¢ if F'(h) = 0 for all h.

The extremals of the functional under consideration satisfy a particular differential
equation.

Definition 3.3 The equation
d /0L oL
(=) - = = 1
dt <8$> ox 0 (3:-1)

is called the Euler—Lagrange equation associated with the functional

6= /[L(x,j:,t) dt.

The Euler—Lagrange equations characterize precisely when a curve is an extremal of
the functional defined above.

Theorem 3.4 A curve v is an extremal of the functional

b(7) = /L(:c,x’,t) dt

I

if and only if the Euler—Lagrange equations are satisfied along .
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In mechanics, the function L(z, #,t) is called the Lagrangian of the system whenever
L=T-U,

where 1" is the kinetic energy and U is the potential energy. In classical mechanics, one
assumes the following principle.

Proposition 3.5 A path v through physical space is an extremal of the functional

6(7) = / L(z i 1) dt.

I

This statement is known as Hamilton’s principle of least action. It implies that
the curves satisfying the Euler—-Lagrange equations describe the equations of motion of
the mechanical system.

To illustrate the theory, we consider the following example.

z

Tl ~w

Figure 3.1: Bead on a rotating circle

Example 3.6 We illustrate the Lagrangian formalism with a bead constrained to move
along a rotating vertical circle. This example is adapted from Arnold [3], but we present
the calculations in greater detail to show explicitly how the Euler-Lagrange equations
yield the equations of motion.

Consider a vertical circle of radius r centred at the origin in R?, as shown in Figure 3.1.
We use Cartesian coordinates (x,y, z), with the z-axis vertical. The circle rotates about
the z-axis with constant angular velocity w, while a bead is free to move along the circle.
We take the configuration manifold M to be the circle and denote by ¢ the angular
position of the bead, measured from its highest point. Let ¢ denote the angle between
the plane of the circle and the vertical plane y = 0. Since the angular velocity is constant,

P = wt.

The mapping
ii: M xR— R’
is given by
i(gq,t) = (rsin(q) cos(wt),rsin(g) sin(wt), r cos(q)).
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First, we calculate the kinetic energy

2

T=-m|L
2"t

Y

1 ’d.

where ‘%i} is the speed and m is the mass. Since ¢ = ¢(t), a straightforward calculation
gives
2
m
=5 (w2r2 sin? q -+ r2q2) .

d .

= —|—1

2 |dt
The height of the bead is z = r cos(q), so its gravitational potential energy is

U = mgh = mgr cos(q).
The Lagrangian is therefore

L=T-U-= % ( 22 sian—i—rzch) — mgr cos(q)

= %QQTQ — (mgrcos(q) — %73 sin2(q)w2)
=Ty — V(Q)~

Although the constraint depends explicitly on time, the resulting Lagrangian is inde-
pendent of ¢t. The final expression shows that the Lagrangian has the form of a one-
dimensional mechanical system with kinetic energy

M

TO = 7(_227 M = m,rQa

and potential energy

m
V = Acosq — Bsin?q, A =mgr, B = Ew%z.

We now derive the equation of motion from the Euler-Lagrange equation.

d (OL\ ., oL 5 4 . .
o (8{1) = mgr=, 90 mrw*sin(q) cos(q) + mgrsin(q).

Substituting these formulas into the Euler-Lagrange equations gives

§ — w?sin(q) cos(q) — J sin(q) = 0.
r
Solving this differential equation determines the motion ¢(t). We reconstruct the trajec-
tory of the bead in R? from

(x,y,z) = (rsin(q(t)) cos(wt), rsin(q(t)) sin(wt), r cos(q(t))).

The preceding example illustrates how the Euler—Lagrange equation determines the
motion of a mechanical system. To represent the possible states of such a system ge-
ometrically, one introduces its phase space. In the Lagrangian formulation, a state is
described by its position and velocity. Rather than constructing the phase portrait of
the rotating-bead system, we illustrate this idea using the simpler example of a harmonic
oscillator.
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Time series Phase portrait

NS

Velocity

Velocity ;

Magnitude

:

L -
Position

Figure 3.2:  Phase portrait of a harmonic oscillator in phase space (position versus
velocity). Adapted from [85].

Every mechanical system admits a phase space describing its possible states. In
the Lagrangian formulation, a state is determined by its position and velocity, so the
phase space is naturally even-dimensional. This observation has a natural geometric
interpretation. If the configuration space of the mechanical system is a manifold M, then
its velocity phase space is the tangent bundle TM. Although this geometric formulation
does not yet offer significant advantages, it provides the natural setting for the transition
to Hamiltonian mechanics, where the phase space will instead be the cotangent bundle
T*M.

3.1.2 The Legendre transform and the Hamiltonian

In the previous subsection, we introduced the Lagrangian formulation of mechanics. In
this subsection, we explain how to pass from the Lagrangian formulation to the Hamil-
tonian formulation. In the Lagrangian setting, we derive the equations of motion from
the Euler-Lagrange equations. The Legendre transform converts these equations into

Hamilton’s equations.
0*L
det 0
¢ (a:bjaj;k) 7

The Legendre condition
guarantees that the Euler—Lagrange equations form a regular system of second-order
differential equations in the n variables x1, ..., z,. Using the Legendre transform, this
system can locally be rewritten as a regular system of first-order differential equations in
2n variables.

Definition 3.7 Let f be a differentiable function and define

p = j—‘i(m)

The Legendre transform of f is the function ¢ defined by
9(p) = px — f(z),
where x is expressed as a function of p.

The Legendre condition ensures that the Legendre transform is locally well defined.
To conform with the standard notation in Hamiltonian mechanics, we now write the
position coordinates as ¢ instead of x. No mathematical change is intended.
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Proposition 3.8 Let L(q,q,t) be a Lagrangian satisfying the Legendre condition. Define
the conjugate momenta by

oL
= k=1,...,n.
Pk aqk7 ) y I

The Legendre transform of L is given by
H((Lpa t) = Zkak - L(Q? Q7 t)7
k=1

where G is expressed locally as a function of (q,p,t). The function H is called the Hamil-
tonian.

Proof. We regard L(q, ¢,t) as a function of ¢, with ¢ and ¢ fixed. Its Legendre transform
is therefore

" OL . :
Z e~ L(q,q,t).
ey YUk

By the Legendre condition and the implicit function theorem, we can express ¢ locally as
a function of (¢, p,t), denoted by

Qk:Gk(qap7t>a kzlw"an'

Hence, the Hamiltonian depends only on (¢, p,t) and is given by

H(q,p,t) =Y pkGilg,p,t) — L(q, G(q, p, 1), 1). (3.2)

From (3.2) in the proof of Proposition 3.8, we obtain the relations

oH 9L  OH

Lo Zog
dqy, oqy, Opy, "

The Euler—Lagrange equations are rewritten as the Hamiltonian equations of mo-
tion

oH , oH

pkf:__a qk;:_, k::].,...,n.
oqr, Opr

Example 3.9 To verify that the Hamiltonian formulation yields the same equation of
motion, we return to the mechanical system from Example 3.6, consisting of a bead
constrained to move along a rotating circular path. Recall that the Lagrangian is given
by
m m
L= 5(?7“2 — mgrcos(q) + 57"2(,02 sin?(q)
=T — V(q)
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The conjugate momentum is

oL 5.
= — =mr.
p ER: q
Since mr? > 0, the Legendre transformation is invertible, with
i P
mr2’

The Hamiltonian is defined by

H(q,p) = pq — L(q,q)

=5 + mgr cos(q) — %w2r2 sin?(q).
Equivalently,
2
H = V
(@p) =5 —5 + V()
Hamilton’s equations are

. OH p

1= dp  mr?
and

. OH

= mgrsin(q) + mw?r? sin(q) cos(q).

Differentiating the first Hamilton equation and substituting the second gives

. D g . 9 .
= —— = —=8In + w”sin(q) cos(q).
G=—5=sin) () cos(q)
Hence, we obtain the same equation of motion, namely

§ — w?sin(q) cos(q) — gsin(q) =0.

In a Hamiltonian formulation of mechanics, the variables describing the system are
position and momentum rather than position and velocity. Accordingly, the Hamiltonian
phase space is formulated in terms of position and momentum. In Example 3.13, we
illustrate this using the phase space of a harmonic oscillator. In geometric terms, this
amounts to considering the cotangent bundle T*M of the configuration manifold M
instead of its tangent bundle T'M.

3.1.3 Hamiltonian vector fields

In this subsection, we introduce a special vector field associated with a Hamiltonian,
called the Hamiltonian vector field. Its integral curves describe the equations of motion
of the mechanical system. We also introduce coordinate transformations that preserve
the Hamiltonian structure. These transformations are called symplectomorphisms and
foreshadow the introduction of symplectic geometry in the next section. Finally, we give
an example involving a Hamiltonian vector field and a symplectomorphism, since both
concepts will be important throughout the remainder of the chapter.
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Let
H:R™ 5 R
be a Hamiltonian, and write

Z = (qla'--7Qn7p17--~7pn) G RQ’N/

The Hamiltonian equations of motion are given by

& q
—vi = () = (7).

In the Hamiltonian formulation, the vector field associated with the Hamiltonian
represents the equations of motion on phase space.

where

Definition 3.10 The Hamiltonian vector field associated with a Hamiltonian H is
defined by

OH
Xp=—JoVH = < %) : R — R*™. (3.3)

— %

We obtain the equations of motion from the flow of the Hamiltonian vector field. The
flow of Xy is a map

S RxR™ = R, (t,q,p) — ¢ (q,p),
where ¢%(q,p) = z(t) is the trajectory through (g, p). The flow satisfies
0
g = Xu o by,

t1 to __ iti+to 0 __:
goony =05, oy =1id.

Such a flow is called a Hamiltonian flow.
The Hamiltonian vector field encodes the equations of motion. We now introduce
transformations that preserve the Hamiltonian structure.

Definition 3.11 A symplectomorphism, historically called a canonical transfor-
mation, is a diffeomorphism
P R*™ — R*™
such that
dip(Q)" Todp(C) = Jo,
for every ¢ € R*".

As a first example of a symplectomorphism, for every time for which it is defined, the
map ¢4 of a Hamiltonian flow is a symplectomorphism.

The following lemma, quoted from McDuff [63], describes how symplectomorphisms
preserve the Hamiltonian structure.
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Lemma 3.12 Let 1: R?*™ — R?" be a symplectomorphism and let H: R*™ — R be a
smooth Hamiltonian function. Suppose that ((t) is a solution of the Hamiltonian differ-
ential equation

¢ = Xuoy(C).
Then z(t) :== ¥(((t)) is a solution of ¢ = %_I;v p= —%—I;. In other words,

Xpoy = V" Xy

The pullback of the vector field is well-defined and defines a vector field since 1 is a
diffeomorphism.

Thus, a symplectomorphism transforms the trajectories of H o) into trajectories of
H. The following example verifies this relation explicitly for a harmonic oscillator and a
linear symplectomorphism.

Example 3.13 Consider a harmonic oscillator without resistance, whose phase portrait
is shown in Figure 3.2. This example has two purposes. First, we illustrate how the
Hamiltonian vector field determines trajectories through phase space. Second, we show
how a symplectomorphism transforms the Hamiltonian while preserving the relation be-
tween the vector field and its trajectories.

The Hamiltonian of the system is

1
H:R* =R, Hgp)=5(¢"+p).

Hamilton’s equations give
q=p,  P=-q
Consequently,

d . )
(@ + ") =294+ 2pp = 0.

Thus, the trajectories lie on the level sets of H, which are circles in phase space.
We now introduce the following symplectomorphism

1
¥: R* = R% (g, p) = (54, 2p).

2
o 0w 0
w= g & :( 2).
dq op

The transformed Hamiltonian is given by

The Jacobian is given by

Ol

(Hov)(q,p) = 1(lq2 + 4p?).

Calculating the Hamiltonian vector field of H o gives

8(Hoz[))
o 4p
Xoy = (_a?éw)) = <—iq) :
q
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Next, we calculate the pullback of the Hamiltonian vector field Xy by .

wx)aon) =avCeevien) = (5 1) (21) = (1),

Here, we have used the inverse Jacobian

w2

together with the Hamiltonian vector field

- () ()

We therefore obtain Xpoy, = ¥*Xy. The two vector fields are shown in Figure 3.3.
In both diagrams, the black curve represents a trajectory through phase space, and
the arrows of the corresponding Hamiltonian vector field are tangent to this trajectory.
The transformation ¢ changes the circular trajectories into elliptical trajectories while
preserving this relation.

DO [

p p

2
-2-h\2\/12 5 A3 2 -1 0 1 2 3 _4 5
2

Xn XHoy

Figure 3.3: The Hamiltonian vector fields Xy and Xgoy.

3.2 From Hamiltonian mechanics to symplectic ge-
ometry

The previous section explained how to pass from a Lagrangian formulation of mechanics to
a Hamiltonian formulation using the Legendre transform. We introduced the Hamiltonian
vector field and explained how its flow determines the trajectories of the mechanical
system in phase space. Finally, we discussed symplectomorphisms as transformations
that preserve the Hamiltonian structure and illustrated their effect on Hamiltonian vector
fields in an explicit example.

In this section, we reformulate Hamiltonian mechanics in the language of symplectic
geometry. In Subsection 3.2.1, we introduce the canonical symplectic form on Euclidean
space and use it to express Hamiltonian mechanics geometrically. We then introduce the
historical definition of a symplectic manifold and show, using Darboux’s theorem, that
it is equivalent to the modern definition in terms of a closed non-degenerate two-form.
Finally, in Subsection 3.2.2, we construct the Liouville one-form on a cotangent bundle.
This construction will play a critical role in Chapter 4.

For a more detailed treatment of symplectic geometry, we refer to McDuff [63].
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3.2.1 Symplectic formulation of Hamiltonian mechanics

We begin by introducing the canonical symplectic form on Euclidean space and use it to
reformulate the Hamiltonian equations geometrically.
On R?", with coordinates (qi, ..., qu,P1;- - -, Pn), we define the 2-form

Wean - — Z dq] A dpj

This form is called the canonical symplectic form.
For vectors X,Y € R?", the canonical symplectic form is written as

wcan(Xa Y) = _XTJ0Y7

where X7 denotes the transpose of X, and

0 —1
)

Using this identity, we express the Hamiltonian vector field in terms of the canonical
symplectic form.

Lemma 3.14 Let H: R*™ — R be a smooth Hamiltonian. Then the Hamiltonian vector
field Xy is characterized by the following relation

XHchan = —dH, (34)
where dH denotes the differential of H.

Proof. For Y € R?" we obtain

(XHchan) (Y) = wcan(XH, Y)
= XL Y
—(JoVH)' JY
—(vHTJL Iy
—(VH)TY
= —dH(Y).

Since JI Jy = I, and the differential of H is given by

Zaqj Z nﬂ_ VH)

we obtain

—~(VH)'Y = —dH(Y).

Since this holds for every Y € R?", we conclude that

XHJWCan = —dH D
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Hence, the symplectic form we,, characterizes the Hamiltonian vector field and there-
fore determines the trajectories of the mechanical system. In Lemma 3.12; we showed
that symplectomorphisms preserve the Hamiltonian structure. This suggests that a sym-
plectomorphism should preserve the symplectic form itself, as the terminology indicates.

Lemma 3.15 Let ¢: R*™ — R?" be a diffeomorphism. Then 1) is a symplectomorphism
if and only if
w*wcan = Wecan-

Proof. Assume first that 1) is a symplectomorphism. For X,Y € R?", we have

Y Wean (X, Y) = Wean (AP X, dYY)
= —(dyX)" JodyY
= —XTadypT JydypY
= —XTJY
= Wean(X,Y).

Hence,
,lvb*wcan = Wecan-
Conversely, assume that
’lvb*wcan = Wecan-
Then, for all X,Y € R?",
—XTdyT JodyY = —XTJ,Y.
Therefore, it follows that
dyt Jodyp = J.
Hence, v is a symplectomorphism. O]

We conclude that the symplectic form also characterizes symplectomorphisms.

Definition 3.16 Let M be a manifold equipped with an atlas whose transition maps are
symplectomorphisms. We call such a manifold a symplectic manifold.

Thus, a symplectic manifold is a manifold whose coordinate changes preserve the
symplectic, and hence the Hamiltonian, structure. This shows why symplectic geometry
provides a natural framework for Hamiltonian mechanics.

We now relate the historical, atlas-based description of a symplectic manifold to the
modern formulation in terms of differential forms.

Proposition 3.17 Let M be a symplectic manifold. Then there exists a global closed
non-degenerate two-form w € Q*(M).

Proof. Let (Uy,x) and (Us, ) be coordinate charts belonging to the symplectic atlas.
On the overlap U; N Us, the transition map is a symplectomorphism, so

(X © 5_1)*Wcan = Wecan-

Define

* *
Wy = X Wean and we = £ Wean
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on U; and U,, respectively. On the overlap U; N Us, we have
Wy = X Wean
= (x 0 & 0 &) Wean
=& (xo 5_1>*Wcan
= {"Wean
= we.

Hence, the locally defined forms agree on overlaps and therefore determine a global two-
form w on M. Since each local form is the pullback of we,,, the form w is closed and
non-degenerate. O

We have shown that a symplectic atlas determines a global closed non-degenerate
two-form. We now introduce the modern definition of a symplectic manifold and prove
the converse implication.

Definition 3.18 A symplectic form on a manifold M is a two-form w € Q?(M) that
is closed and non-degenerate. More precisely,

dw =0,
and, for every p € M and X € T, M,
w(X,Y)=0 foralY e T,M = X=0.
A manifold equipped with a symplectic form is called a symplectic manifold.
Remark 3.19 The canonical form we,, is a symplectic form on R?".

To prove that this modern definition is equivalent to the historical atlas-based defini-
tion, we use Darboux’s theorem.

Theorem 3.20 (Darboux’s theorem) Let (M,w) be a 2n-dimensional symplectic mani-
fold and let p € M. Then there exist neighbourhoods U of p and V of 0 € R?", together
with a diffeomorphism ¢: U — V', such that (p) =0 and

O Wean = W]y
A proof can be found in McDuff [63, Theorem 3.2.2].

Proposition 3.21 Let M be a manifold equipped with a symplectic form w € Q*(M).
Then M admits a symplectic atlas.

Proof. By Darboux’s theorem, for every point of M there exists a chart (U;, ¢;), where
i U =V, Cc R™,
such that

*
©; Wean — W

On an overlap U; N Uj, the transition map satisfies

U+

(i © 95 Wean = (9] 1)* ¥} Wean
= (o] )'w
= Wean-

Hence, the transition maps are symplectomorphisms, and the charts (U, ¢;) form a sym-
plectic atlas on M. O
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Thus, the atlas-based and differential-form definitions of a symplectic manifold are
equivalent. In this thesis, we use both formulations interchangeably.
We now define a Hamiltonian vector field in the modern setting.

Definition 3.22 Let (M, w) be a symplectic manifold. A vector field X € X(M) is called
a Hamiltonian vector field if the one-form X |w is exact. More explicitly, there exists
a smooth function H: M — R such that

X|w=—dH. (3.5)

Remark 3.23 Given a Hamiltonian H, the associated Hamiltonian vector field Xy is
uniquely determined by the non-degeneracy of w.

3.2.2 The Liouville one-form on a cotangent bundle

The previous subsection showed how Hamiltonian mechanics is expressed using the sym-
plectic form. This subsection shows how to define a symplectic form on the cotangent
bundle of any manifold. Since the phase space associated with a configuration mani-
fold M is its cotangent bundle T* M, this construction provides the natural symplectic
structure used in Hamiltonian mechanics. We now introduce the Liouville one-form from
which this symplectic form is obtained.

Proposition 3.24 Let L be a manifold. Then (T*L,wean) is a symplectic manifold, where
Wean = _d)\can-

Proof. Let
m: T*L — L

denote the canonical projection. For p = (z,§) € T*L, where £ € T L, we define the
Liouville one-form by

(Aean)p: TL,T*L — R, (Acan)p = (dmp)*E = € o dmy.

We define
Wean = _d)\cam

We verify in local coordinates that this is a symplectic form.
Let U C L be an open set with coordinates (z1,...,z,). Then (dzy,...,dx,) is a
basis for 77 L, and every £ € T*L can be written as

§= &(duy),.
i=1

These coordinates induce coordinates on T*U given by
T*U — R*",
(2,8) = (1, .., 2n, &1y, 6n)-
Since x; o m = x;, Lee [54, Proposition 11.25] gives
(dmp)*(dx;), = d(x; 0 ),
= (dxi)p.
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Hence, the Liouville one-form is given in these coordinates by
(Acan)p = (dmp)*E
= Z &i(d;)p.
i=1

Therefore,
Wean = _d)\can
== dg Ada
i=1
= dw; Ad;.
i=1

This is the canonical symplectic form on R?". In particular, it is closed and non-
degenerate, SO Weay is @ symplectic form on T L. O

3.3 From mechanics to field theory

The previous section formulated Hamiltonian mechanics in the language of symplectic
geometry. In this section, we generalize the concepts introduced in Subsection 3.2.2 to
describe field theories. So far, we have considered systems of particles. We now develop
the tools to describe fields and their evolution. In this setting, the phase space is typically
a function space and may therefore be infinite-dimensional.

A complete treatment of the infinite-dimensional case would require a careful dis-
cussion of the manifold structure of the spaces involved. In particular, one would need
suitable notions of tangent vectors and differential forms, as well as notions of non-
degeneracy and closedness for the symplectic form. Chrudciel, Jezierski and Kijowski
avoid these analytical and geometric complications by introducing dynamical systems
that mimic the essential structure of Hamiltonian mechanics.

The following definitions and constructions are adapted from Chrusciel, Jezierski and
Kijowski’s treatment of Hamiltonian field theory in [27]. We reproduce them here because
they provide the framework used throughout the remainder of this thesis.

3.3.1 Dynamical system

We define the notion of a dynamical system and explain when such a system is Hamil-
tonian. The idea is to mimic the relation satisfied by a Hamiltonian vector field, so that
the resulting dynamical system generates trajectories in phase space.

We first introduce the notion of a differentiable curve.

Definition 3.25 Let & be a vector space of differentiable functions on a set . A curve
fr € & is called a differentiable curve if the family of functions f, is differentiable
bothin A€ Randinz € 0.

We now introduce the notion of a dynamical system.
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Definition 3.26 Let & be a vector space of differentiable functions on a set &'. A family

of maps
T)\Zc@%e@, )\ER,

is called a differentiable dynamical system on & if the following three properties
hold:

1. Ty = id, where id denotes the identity map on &;
2. Ta o Tb = Ta+b for all a, be R,

3. for every p € &, the map
A= T/\(p)

is a differentiable curve in .

Furthermore, we define the vector field generating the dynamics as

d

2 (p) = o (p) .

It is important to note that the fundamental objects are the maps T. No assumption
is made that the family 7T can be recovered from its generating vector field 2.
Before introducing Hamiltonian dynamical systems, we fix an antisymmetric two-form

Q: P x P — R

Remark 3.27 The precise non-degeneracy conditions that should be imposed on €2 re-
quire further study. In the framework adopted from Chrusciel, Jezierski and Kijowski
[27], these conditions are not stated explicitly.

Definition 3.28 Let & be a vector space of differentiable functions. A dynamical system
T, on & is said to be Hamiltonian if there exists a function H: & — R such that, for
every differentiable curve f, in &2, the map

o H(f,)

is differentiable at o = 0 and satisfies

-’ (35 4z )
o=0 do o=0

The function H is called a Hamiltonian for the dynamical system (£, T)).

d
%H(fo)

Remark 3.29 The dynamical systems considered here are autonomous. Later, the
Hamiltonian will be constructed on a spacelike hypersurface at a fixed value of the time
parameter. For each fixed time, the resulting Hamiltonian is therefore treated as gener-
ating an autonomous dynamical system.

The family of maps T) plays the role of the flow of a vector field. However, since we
have not introduced the required geometric structure on &, we do not attempt to formu-
late this relation rigorously. Recall that, in finite-dimensional Hamiltonian mechanics,
the flow of the Hamiltonian vector field determines the trajectories of the mechanical
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system. Here, the family T similarly describes the evolution of the system, while the
Hamiltonian condition
0:0)

closely resembles the defining relation for a Hamiltonian vector field,

d

%H(fa)

df,
=-Q\Z 0)y 5
( (), I

Xy |w = —dH.

The integral curves of Xy determine the trajectories of the corresponding mechanical
system. In this sense, a Hamiltonian dynamical system mimics the essential structure of
Hamiltonian mechanics.

A rigorous treatment of this construction in the infinite-dimensional setting would re-
quire additional functional analytic and differential geometric machinery and lies beyond
the scope of this thesis.



Chapter 4

Geometry of Hamiltonian field
theory

A field theory provides a framework for determining the evolution of a field in time. We
begin with an (n + 1)-dimensional manifold M, which may be regarded intuitively as an
(n + 1)-dimensional spacetime. However, no metric is assumed on M, so this interpre-
tation serves only as motivation. To study fields on M, we consider their restrictions to
hypersurfaces > C M and examine how these restricted fields evolve in time. The goal
of this chapter is to describe the evolution of fields on a hypersurface > by means of a
Hamiltonian dynamical system, in the sense discussed in Section 3.3.

We begin in Section 4.1 by describing the geometric framework used throughout the
chapter. We start with a manifold M equipped with a fibre bundle F' — M, called the
field bundle. Sections f € I'(F') represent the fields of the theory. Since we wish to
study the field theory on hypersurfaces, we choose a hypersurface > C M and pull
back the bundle F' to ¥ along its embedding. To describe how ¥ moves through M,
we introduce a reference system. This construction tracks the motion of ¥ in M and
identifies the corresponding fibres of F' with those of the fixed pullback bundle over .
The reference system may be viewed as analogous to a reference frame: just as particle
dynamics is described relative to a chosen reference frame, the field dynamics will be
described relative to the chosen reference system.

In Section 4.2, we explain how to obtain dynamics on the hypersurface. To define
a field theory on M, we introduce a Lagrangian, which is a bundle map from the
first jet bundle of F' to the bundle of top-degree odd forms on M. The Lagrangian
determines which sections satisfy the Euler-Lagrange equations and are therefore dy-
namically admissible. We then introduce a momentum bundle P associated with
M. This momentum bundle allows us to express the Euler—Lagrange equations in terms
of a section of P. We also introduce a momentum bundle II associated with the hy-
persurface . Using the reference system, dynamically admissible momentum data in
P are transported to sections m € I'(IT). We define the phase space over ¥ in terms of
the admissible hypersurface data obtained by this construction. Finally, we show that,
under suitable assumptions on the evolution, this phase space carries the structure of a
dynamical system.

In Section 4.3, we define a Hamiltonian .74, associated with the hypersurface 3. We
formulate geometrically the pullback of the Lagrangian to I x . Chrusciel, Jezierski,
and Kijowski [27] formulate the construction pointwise, we reformulate it geometrically
using jet bundles and bundle maps. We then apply a Legendre transformation in the

51
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velocity variables to obtain a Hamiltonian on the phase space.

In Section 4.4, we show that the dynamical system on the phase space is Hamiltonian
with respect to 4, in the sense of Section 3.3. We first construct an antisymmetric
two-form on the space of sections of the momentum bundle. We then compute the varia-
tion 0775 and establish the relation between this variation, the antisymmetric two-form,
and the vector field generating the dynamics. Finally, we consider an explicit reference
system and derive the corresponding expressions for the Hamiltonian, the antisymmetric
two-form, and the variation of the Hamiltonian. This reference system will be used in
Chapter 5.

Some terminology, including field bundle, phase bundle, Lagrangian, and Hamiltonian,
is borrowed from physics. At this stage, these terms are used only to name the relevant
geometric objects; their physical interpretation will be discussed later.

This chapter relies heavily on fibre bundles, jet bundles, and dynamical systems. For
a review of these concepts and the notation used throughout the chapter, we refer to
Section 2.2, Section 2.3, and Section 3.3, respectively.

This chapter is based primarily on Chapter 3 of Chrusciel, Jezierski, and Kijowski
[27, Chapter 3|. The order of presentation has been modified for didactic purposes.

4.1 Geometric setup

In this section, we introduce the basic geometric objects used to describe a field theory on
a hypersurface. The main goal is to define a reference system that allows us to describe
the motion of a fixed hypersurface through the manifold M.

In Subsection 4.1.1, we begin with a fibre bundle F' — M over an (n+ 1)-dimensional
manifold M, which we call the field bundle over M. We then choose a hypersurface
3 C M and construct, by pullback, a field bundle ® — 3.

In Subsection 4.1.2, we use the bundles introduced in Subsection 4.1.1 to define a
reference system. We then show how the reference system transforms a section f € I'(F)
into a one-parameter family of sections ¢, € T'(®).

4.1.1 Fields restricted to a hypersurface

Consider a fibre bundle F' over an (n + 1)-dimensional manifold M

F

ler_) M

M

The map pry_,,, denotes the surjective submersion associated with the fibre bundle ¥
over M. We omit the subscript when it is clear from the context which bundle projection
1s meant.

Let ¥ be an n-dimensional smooth manifold and let 7: ¥ — M be an embedding.
Then (X)) is an embedded smooth hypersurface of M. We define the pullback bundle of
I along 7 by

:=i"F ={({x) € X x F[i(§) =prpn(x)}- (4.1)
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This bundle is equipped with the projection map prg_,5,: ® — X given by projection onto
the first coordinate

prg (& x) =&

We denote the fibre of ® above { € ¥ by ®.. By construction, this fibre is naturally
identified with the fibre of F' above (&)

P = (i"F)e = Figg).-
Lemma 4.1 The map h: ® — F, defined by projection onto the second coordinate,

h(&x) = X,

makes the following diagram commute:
o> L F
pras | .y
¥— M
Hence h is a bundle map covering i. Furthermore, for every & € X3, the restriction
he == hla.: @ — Fige

is a fibre isomorphism. Consequently, sections of the restricted bundle F|;xy are in one-
to-one correspondence with sections of ®.

Proof. Let (£, x) € . Then

10 pr@%E(ga X) = Z(f)?
DTz OR(§5 X) = Prp—ar(X)-
By construction of the pullback bundle in Equation (4.1), we have
2(5) = er—>M<X)'
Therefore
10 Pry 5 = Prp Oh.

Thus the diagram commutes, and h is a bundle map from ® to F' covering i.
For fixed £ € X, the map

he: @ — Fi)
is given by
he(€,x) = X

Its inverse is

he ') = (€,%),

for x € Fj). Hence h¢ is an isomorphism.
Let f be a smooth section of F|;xy. Then we define a section ¢ € I'(®) by

$(€) = he (f(i(€))) = (&, f(i(€))). (4.2)

Conversely, if ¢ € T'(®), then ho¢oi_1|i(z) defines a section of Fl;xy. These two
constructions are inverse to each other. This proves the claimed correspondence. O
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4.1.2 Motions and reference systems

In the previous subsection, we chose a hypersurface ¥ C M and constructed the associated
pullback bundle & — 3. In this subsection, we describe how Y may move through M and
introduce a reference system that identifies the fibres of ® with the corresponding fibres
of F' along this motion. This construction plays a role analogous to that of a reference
frame and will allow us to represent fields on M as time-dependent sections of the fixed
bundle .

We begin by formalizing what it means for the hypersurface ¥ to move through M.

Definition 4.2 Let I C R be an interval. A motion of the hypersurface ¥ in M is
a smooth map ¢ : I x ¥ — M such that, for every ¢t € I, the map

U X — M, &—YP(t,§), (4.3)

is an embedding. Equivalently, v, is a diffeomorphism from ¥ onto its image ¥ (X%).
Moreover, we require that

,QZ)U = i;
where 7: ¥ — M is the embedding introduced at the start of this chapter.

The map 1) describes a one-parameter family of hypersurfaces ¢,(3) in M. Notice
that the full map ¢: I x ¥ — M does not need to be injective. For example, differ-
ent hypersurfaces in the family may intersect. Thus, although each 1, parametrizes an
embedded hypersurface, the map 1 need not define a diffeomorphism.

Example 4.3 Suppose that X € X(M) is a smooth vector field whose flow ¢: [ x M —
M is defined on all of I x M. Then

v Ix =M, () = eulil)),

defines a motion of Y. Indeed, since each ¢, is a diffeomorphism of M, the map 1, = ;01
is an embedding, and ¢y = ¢. This construction will be considered in more detail in
Subsection 4.4.4.

Remark 4.4 For readers familiar with general relativity, the preceding definition is
reminiscent of a spacetime splitting. If (M, g) is globally hyperbolic, the Geroch—Bernal—
Sanchez characterization guarantees the existence of a Cauchy time function whose level
sets are Cauchy surfaces; see Burtscher and Garcia-Heveling [13, Theorem 1.3]. These
level sets motivate a family of hypersurfaces analogous to {¢:(X) }her.

The definition of a motion used here is more general, it assumes neither a Lorentzian
metric nor global hyperbolicity, and it does not require the hypersurfaces (%) to be
disjoint or to cover M. Additional smoothness and identification data are therefore
required to obtain a motion and a reference system from a spacetime splitting. These
issues will be discussed in Chapter 5; see also Subsection 5.3.3.

To compare fields on different hypersurfaces, we need a way to identify the fibres of
the field bundle ' — M along these hypersurfaces with the fibres of the fixed bundle
® — ¥, This is the role of a reference system.
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Definition 4.5 A bundle map ¥: I x & — F together with a motion v is called a
reference system if the following diagram commutes

Ixd —Y L F

idg x prq,_}zl J/er%]\/I

IXET>M

Moreover, we assume that for every (¢,£) € I x X, the induced map on fibres
‘Iftjgi CI)S — qu(t,g) (44)
is an isomorphism. We refer to the pair (V,) as a reference system.

We do not investigate the general existence of reference systems in this thesis. The
construction in this chapter can be carried out for any fixed reference system and therefore
does not require a particular choice of (¥, ).

The choice of a reference system is generally not unique, since both the motion
and the bundle map ¥ may be chosen in different ways. A given choice determines the
field and momentum variables on the fixed hypersurface ¥, and hence the corresponding
expression for the Hamiltonian. Different choices may therefore lead to different hyper-
surface variables and different expressions for the Hamiltonian. These should be regarded
as different representations of the same field theory, relative to different choices of motion
and fibrewise identification.

When applying the formalism to a specific field theory, one must choose an appropriate
reference system and identify the abstract variables introduced here with the variables
used in that theory. This is done for general relativity in Chapter 5. We postpone the
construction of a particular reference system until Subsection 4.4.4, where the motion is
induced by the flow of a vector field on M and the corresponding bundle map is obtained
from a lift of this flow.

From this point onward, we fix a reference system (¥, 1)). Recall that fields on M are
represented by sections f € I'(F') of the field bundle F' — M. The reference system allows
us to represent the restriction of such a field to each hypersurface ¢(X) as a section of
the fixed bundle ® — ¥. More precisely, a section f € I'(F') determines a one-parameter
family of sections of ®, as shown in the following proposition.

Proposition 4.6 Let f € ['(F). For every t € I, the reference system defines a section
¢r € T'(P) by

$i(&) = V¢ (f((t.6))). (4.5)
Hence, {¢}ier is a one-parameter family of sections of ®. We write ¢(t,€) := ¢(§).
Proof. Since f is a section of F', we have

fW(t,€)) € Fye)-

By definition of a reference system, the map W;¢: ®¢ — Fy ¢ is an isomorphism. There-
fore \Ilt_g(f(@/)(t, €))) is a well-defined element of ®,. Hence ¢, is a section of ®.
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The construction can be summarized by the following diagram

1

61() = WA (F((E€))) e F((1,))

q 1

Eex il » (&) e M

Since f, ¢, and ¥ are smooth, the resulting map ¢: I x ¥ — & is smooth. Thus {¢; }er
is a smooth one-parameter family of sections of ®. m

Remark 4.7 The relation between f and ¢, can be written without explicitly using ¥, 51
For each t € I, it is equivalent to

fot =W, 0¢;.

If a section f € I'(F') and a section ¢, € I'(®) satisfy this relation, we say that they are
related by a reference system.

4.2 Lagrangian field theory and hypersurface dynam-
ics

In the previous section, we introduced a reference system to describe the motion of
a hypersurface through the ambient manifold M. Its essential role is that it allows
geometric and field-theoretic data on the moving hypersurfaces in M to be represented
as time-dependent data on a single fixed hypersurface ¥. In particular, a field on M can
be transported by the reference system to a one-parameter family of fields on >. We
therefore refer to ¥ as the model hypersurface. Whenever a reference system and a
hypersurface ¥ are considered together, > will be understood to have this role, and we
will usually omit the qualifier “model.”

This fixed-hypersurface description is the basis of the constructions that follow. Be-
cause all transported field data are represented on the same hypersurface >, they can be
organized into a single phase space, and their evolution can be described as a dynamical
system on that phase space. In this section, we begin the construction of this hypersurface
formulation. Starting from a Lagrangian field theory on M, we use the reference system
to construct a phase space on ¥ and to describe the induced field dynamics entirely in
terms of time-dependent data on this fixed hypersurface.

In Subsection 4.2.1, we explain how to formulate a Lagrangian field theory on M.
The Lagrangian determines which sections are dynamically admissible through the Euler—
Lagrange equations. We then introduce the momentum bundle P associated with the
field bundle F' — M and show how sections of P can be used to describe dynamically
admissible sections of F. Finally, we show an identity for the first variation of the
Lagrangian, which will be used in Subsection 4.4.2 when passing to the Hamiltonian
formulation.

In Subsection 4.2.2, we introduce the momentum bundle II associated with ®. We
define II as the disjoint union of the momentum spaces Il over all { € 3. This fibrewise
description will later allow us to construct a canonical symplectic form on each momentum
space. By integrating these forms over X, we obtain an antisymmetric two-form on the
space of sections of II. We postpone this construction until Subsection 4.4.1.
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In Subsection 4.2.3, we define the phase space on Y by transporting dynamically
admissible sections of P to the hypersurface using the reference system. We then show
that, under suitable assumptions on the evolution, this phase space carries the structure
of a dynamical system.

4.2.1 Lagrangian field theory on M

To formulate a field theory on M, we define a Lagrangian on the first jet bundle J'F.
The Lagrangian determines which sections f € I'(F’) are dynamically admissible through
the Euler—Lagrange equations. More precisely, we define the Lagrangian as follows.

Definition 4.8 Let F' — M be a fibre bundle over an (n 4 1)-dimensional manifold M.
A Lagrangian for the field theory on M is a smooth bundle map

L: J'F — A"t )M

After choosing local bundle coordinates and a local orientation, the Lagrangian can be
written as

(¥, fA4,0,fY) = L(z*, fA,0,fY da' A -+ Ada™, (4.6)

where (z#, f4,0,f4) are local coordinates on J'F and 9, f* := %.

For a review of first jet bundles and odd forms, see Section 2.3 and Subsection 2.1.3,
respectively.

A section f € I'(F) is called dynamically admissible if it satisfies the Euler—
Lagrange equation

8M< oL > = GL. (4.7)
ouft))  oft

For a physical example of the Euler-Lagrange equations, see Example 3.6. We do
not specify a particular Lagrangian in this chapter. For general relativity, however, an
explicit Lagrangian is introduced in Subsection 5.1.2.

To construct the phase space, we need an alternative description of dynamically ad-
missible fields. This is where the notion of a momentum bundle enters.

Definition 4.9 Let FF — M be a fibre bundle. We define the momentum bundle P
over M by

P:=V*F @ A"T*M. (4.8)
The bundle A"T*M of odd n-forms on M has rank
(dim M ) (n + 1)
= =n+ 1
n n
In local coordinates, a basis is given by

{0,)da A+ A d:c"“};jj,

where 0, := 8%. Therefore, a local section p of P can be written as
p=padf* @ (9,)(dz" A+ Ada™)).

Thus, a section p is locally described by the functions p4* together with the component
functions f4.
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Remark 4.10 Throughout this thesis, we use the notation of (4.8), which should be
interpreted as defining a bundle over either F' or M, according to the context. More
precisely, V*F is a vector bundle over F, while A"T*M is a vector bundle over M.
Since both interpretations will be used interchangeably, we briefly clarify this notational
convention here.

When P is viewed as a vector bundle over F', the precise expression is

P=V'F@prs, (]\”T*M) _
We express a local section p: F' — P as
p(x, f) = pat(z, f)df* @ (0, )da" A -+ Adz™ ).

If instead P is viewed as a bundle over M, then we work with the pullback bundle
f*P := f*(V*F) @ A"T*M over M, along a section f € I'(F'). A local section p of f*P
can be written as'

n+1
p(z) = Z (ZPA“(:[) de|f(m)> ® (@ujdxl A A dZBn+1) ‘x
pn=1 A
= pa"(z) df o) ® (Op)da’ A+ Ada™) |

T

(4.9)
Here we use the Einstein summation convention.

The momentum bundle P introduced above provides the geometric setting for mo-
mentum variables over M. We can rewrite the Euler-Lagrange equation in terms of this
momentum bundle.

Definition 4.11 Define the canonical momenta associated with f by

oL
Al = ———. 4.10
90,17) 10
In terms of the canonical momenta, the Euler—Lagrange equation becomes
oL
Oupa” = W. (4.11)

For any section f € I'(F), equation (4.10) determines an associated section p € I'(P).
It follows from Definition 4.11 that f is dynamically admissible if and only if the associated
components (4, pa*) satisfy equations (4.10)—(4.11). A dynamically admissible field may

1Strictly speaking, de|f(a:) is a vertical covector at the point f(x) € F, while a section of f*P is
defined over x € M. The corresponding covector over x is obtained by pulling back along f:

7 (4 0y) = Ao 1),

From now on, we identify these two expressions by abuse of notation and write both simply as df* ’ @)

or just as df* when the base point is clear. Furthermore, we use the same symbol f4 for the fibre
coordinate on ® and for the corresponding component function f4 o f of the section f. In this notation,

fA=ftof.
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therefore be described in terms of the field variables f4 together with the momentum
variables p4*.

Physically, p4* is the canonical momentum associated with the derivative 9, f 4 Thus,
the momentum bundle P provides the geometric setting in which the field variables and
their associated momentum variables are combined. After choosing a hypersurface and
a reference system, these variables give rise to the corresponding dynamical variables on
3. This will be discussed in Subsection 4.2.3.

One can rewrite (4.10)—(4.11) in a compact form using variations. Let p(A) be a one-
parameter family of sections of P, with underlying family of sections f(\) € I'(F). We
write

d d
- a )\:07 5f T a o .f(>\)

Thus, df is a vertical vector field along f := f(0).

0:

Proposition 4.12 Let p(\) be a one-parameter family of sections of P, defined for
in an interval containing 0, with local coordinate representation (pA“(/\), fB()\)). Sup-
pose that these components satisfy the Euler—Lagrange equations (4.10)—(4.11). We write

pa* = pa*(0), fB:= fB(0). Then
SL(x", [0, 1) = Ou(pa®d ). (4.12)
Equivalently,
SL(j'f) = d(p(3f)), (4.13)

where d is the exterior derivative on M and p(df) € F(A"T*M) s the odd n-form
obtained by pairing the vertical covector component of p with the vertical variation field
0f. Pointwise, this pairing is given by

p(0f)(w) = p(x)(0f (x))
In local coordinates,
p(6f) = pasf* (9] (dz' A -+ Ada™tT)). (4.14)
Proof. By the chain rule, we have

oL ., 0L
oL =52t e

Since §(9,f4) = 0,(6f4) and ps# = %, this becomes

5(0.f).

oL

54+ pal 0, (0 f™).
Using (4.11), O,pa* = 3‘9f—LA, we obtain
SL = 0,pa' 0 f* + pat0,(0f*) = Oulpa®o f*).

In terms of differential forms, this is precisely

SL(j'f) = au(pAude)d;cl Ao Adp™ L
= dlpa A @, A A dr )
=d(p(0/)). -
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4.2.2 Momentum bundle on X

In the previous subsection, we showed that a dynamically admissible section f € I'(F)
can be represented by an associated section p € I'(P) of the momentum bundle. We now
construct the corresponding momentum bundle over X..

We formulate the momentum bundle on X as a disjoint union of momentum spaces.
This fibrewise description will be used in Subsection 4.4.1 to construct an antisymmetric
two-form on the space of sections of the momentum bundle. We then show that this

disjoint union has the structure of the momentum bundle naturally associated with & —
X

Definition 4.13 For any point £ € ¥, we define the momentum space at £ by
I == T"®¢ ® A"T¢'S, (4.15)
where ®; is the fibre of ® over &, and A”TgZ is the space of top-degree odd forms at &.

The collection of all momentum spaces II¢ over £ € ¥ will be denoted by II and will
be called the momentum bundle. We use the vertical bundle of & — I to express this
collection in a coordinate-free way.

Proposition 4.14 Let ® — X be the field bundle of . The momentum bundle 11
associated to the field bundle is given by

I=| | =Voe ATy
£ex

Proof. Recall that the tangent space of a fibre can be identified with the vertical space
above that point. More precisely, by Lemma 2.47, for € ®¢ we have

Ve® = T, P,.
Dualizing both sides and taking the disjoint union yields
|| vie= | | 70 =10,
rede red;
Substituting this expression into the definition of II¢, we obtain
e =T @ ATy S = (| | Vy@) @ ATS.
red;

Taking the disjoint union over all £ € ¥, we find

me | | ((| | vie) e ATEs)

ey IG(Pg
=V*d @ A"T*Y. (4.16)
This proves the claimed identification. O

Sections m € I'(II) can locally be expressed as
T =madd @ dEY N - A dE™. (4.17)

Hence, we can describe by the collection of functions (74, ¢*).
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Remark 4.15 As discussed in Remark 4.10, the expression
M=V A"T*Y

involves bundles that naturally live over different base spaces. Throughout this thesis,
we interpret II as a bundle over either ® or ¥, according to the context. Since both
interpretations will be used interchangeably, we briefly clarify this notational convention
here.

If we view II as a bundle over ®, the correct expression is obtained by pulling back
the bundle of odd forms along the projection prg_5.: & — ¥. Hence, we obtain

=V ® prh_y (A”T*z) .
A section m: ® — II can then locally be expressed as

(&, ¢) = mal(é, ¢)d¢A ® d(fl o pro_y) A+ Ad(€" o prey)
= ma(, @)t @ dE" A -+ N dE,

where we use the standard abuse of notation in which the coordinates £ on X are also
used for their pullbacks to ®.

If we view II as a bundle over @, along a section ¢ € I'(®), we express the momentum
bundle ¢*II := ¢*(V*®) @ A"T*X locally as

Here (&%, ¢*)? are local coordinates on .

In this section, we constructed the geometric data associated with a fixed hypersurface
3 C M. Starting from the field bundle F' — M, we obtained the pulled-back bundle & —
3], whose sections describe field configurations on the hypersurface. We then introduced
the momentum bundle II, which encodes the corresponding momentum variables.

The momentum bundle carries a natural symplectic structure, analogous to the canon-
ical symplectic form on a cotangent bundle. We postpone its construction until it is
needed for the Hamiltonian dynamics at the end of the chapter. In the next section, we
allow the hypersurface to move through M and use a reference system to describe the
dynamics on the fixed hypersurface 3.

2Strictly speaking, d¢A’¢(E) is a vertical covector at the point ¢(¢) € ®, while a section of ¢*II is
defined over £ € X. The corresponding covector over £ is obtained by pulling back along ¢:

¢ (d¢A|¢(£>) = d(¢" 0 )]

From now on, we identify these two expressions by abuse of notation and write both simply as d¢* | 5(6)

or just as d¢” when the base point is clear. Furthermore, we use the same symbol ¢4 for the fibre
coordinate on ® and for the corresponding component function ¢4 o ¢ of the section ¢. In this notation,

¢ = 9" 0.
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4.2.3 From fields on M to dynamics on X

In the previous subsections, we introduced the momentum bundles P and II. In this
subsection, we use the reference system (¥, ) introduced in Subsection 4.1.2 to define a
phase space on ¥. We do this by transporting a dynamically admissible section p € I'(P)
to a one-parameter family of sections {m };e; of II. After imposing the appropriate
evolution condition on this family, we show that the resulting phase space carries the
structure of a dynamical system.

We begin by establishing the construction of the family {7 }e;.

Proposition 4.16 Let (V,1)) be a reference system, let f € T'(F), and let p € T'(P).
Then (V) determines a one-parameter family of sections m, € I'(Il), defined by

m(€) = ((Wee)" @ Uy) p(U(t, €))- (4.18)

Here Wy¢: @ = Fyg) denotes the fibrewise diffeomorphism from ®¢ to Fyug), and Vie
denotes the pullback of n-forms induced by 1, := (t,-) at &.
In local coordinates, m; is written as

T = ma(t)ddt(t) @ dE A - A dET,

where ¢; = (¢P(t)) is related to f by the reference system. As before, when no ambiguity
can occur, we write m(t, &) = m(§).

Proof. The definition of m;(€) is fibrewise. We first check that the right-hand side of
equation (4.18) lies in the correct fibre. The map W, induces a diffeomorphism between
tangent bundles

d\Iftgi T(I)g :> TFWt{).

We use the standard identification of the vertical space with the tangent space of the
fibre, and after dualizing we obtain the diffeomorphism

d\Iftv{: V*F|Fw(t,§) = T ®,

where we denote VFlea,g) = uaer(t,@ VoF' and use V to denote the dual, to avoid

overloading the notation. Hence elements in the pullback bundle (W;¢)* (V*F| Fu 5)) can

be identified with elements in 7™ ®,.
For the second tensor factor of P, note that the map v;: ¥ — M is an embedding.
Therefore, for each £ € ¥, its differential is injective

d£¢t2 TEE — NTw(té)M.
It induces the pullback map
Ure = AT o M 5 AMTES,

Hence, the second factor of p(¢(t,€)) is pulled back to an odd n-form at &.
Combining the two pullbacks, we obtain

m(€) € T*®e @ A"TYY =TI,
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The maps involved in this construction depend smoothly on . Since p, ¥, and i are
smooth, the map

§ = mi(§)

is smooth for every fixed t € I. Hence, 7; is a section of II.
It remains to describe the local form. Let (z#, f4) be local coordinates on F, and
write

p(a) = pa(2) df | p) © (Bu)dat A--- Ada" ) |

T

The reference system transports the fibre coordinates f4 on F to fibre coordinates on ®
by

QZS? = fA [e] \Ijt.
Therefore

(Wee)* (df Y peeey) = doiloue)-

After choosing compatible local orientations, the pullback of each odd n-form can be
written as

Uie ((Oudda® Ao nde™ ) [ o) = Jult € d€T A+ A dE”,
for suitable smooth functions J,(¢,£)*. Consequently,

7Tt<5) = pA“W(t, 6))‘]#@7 5) d¢24|¢z(§) & dél ANRRRA dfn
= ﬂ—A(ta f) dd)tA’@(&) &® dfl VANRRIVAY dfn,

where

ma(t,§) = pa"(V(t, §)) Ju(t, §).
Using the convention of Remark 4.10, we write this locally as
T = ma(t) do?(t) @ dEY A -+ - A dE™, O

The construction in Proposition 4.16 associates with every section p of P a one-
parameter family of sections {m }c; of II. To define the phase space, we restrict this
construction to sections p satisfying the field equations (4.10)—(4.11) and consider the
resulting data at t = 0.

Definition 4.17 We define the phase space on Y, denoted by &5, as the set of all
sections of IT obtained at ¢ = 0 by the construction of Proposition 4.16 from sections of
P satisfying the field equations (4.10)—(4.11).

3An analogous coordinate transformation is carried out in the proof of Lemma 4.22, where the cor-
responding coefficient functions are written explicitly in terms of the Jacobian determinant and the
derivatives of the coordinate transformation.
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Remark 4.18 This definition implicitly requires suitable regularity conditions on the
sections of P. These conditions are needed to ensure that the Euler-Lagrange equations
(4.10)—(4.11) are well defined and admit solutions with the required regularity. We do
not address these analytical issues here, but return to them in the setting of general
relativity.

There, the canonical variables on a hypersurface are the induced Riemannian metric
7;; and its canonically conjugate momentum 7. Rather than proving a general existence
result, we work with Cauchy data induced by a smooth Lorentzian metric satisfying the
Einstein equations. Under this assumption, v;; and 7% have the required regularity. See
Section 5.2 for further details.

We interpret the phase space Yy, as the space of admissible initial data on the reference
hypersurface . Given a section of P, Proposition 4.16 produces a one-parameter family
of sections of II,

t—> T € F(H)

The reference system identifies each hypersurface ¢,(X) with the fixed hypersurface X.
Consequently, every 7; is represented as hypersurface data on the same fixed manifold X.
By shifting the origin of the time parameter from 0 to ¢, the section 7m; may therefore be
regarded as new initial data, provided that m; € Ps.

Definition 4.19 Suppose that for every m(0) € Py there is a unique transported family
7(t) € Py, defined for all t € I, arising from the construction of Proposition 4.16. Then
we define the time-evolution map

T,: Py, — Py
by
Ty(ma(s), ¢ (s)) := (mals + 1), 6" (s + 1)),
whenever s,t,s +t € I.

Remark 4.20 The assumption in Definition 4.19 is essential for the time-evolution map
to be well defined. For a discussion of the difficulties that may arise, see [27, p. 32]. In
our treatment of general relativity, we do not assume in advance that the construction
yields a well-defined time-evolution map. Instead, we address this issue when applying

the construction to general relativity in Subsection 5.3.3.

Theorem 4.21 Suppose that the time-evolution maps {T,}ic; satisfy the conditions of
Definition 4.19. Then {T, }ier is a dynamical system on Py, as defined in Subsection 5.5.1.
Furthermore, the vector field generating the dynamics is locally given by
2 () = (74, ")

Proof. By definition, Ty = idg,.. Let (ma(s),¢P(s)) € Ps. Then, whenever t1,tq,t1 +
ty € I, we have
B(s)) = (mals +t1 + t2), 0" (s + t1 + 12)),
() = Tu(ma(s + t2), 6" (s + 1))

= (ma(s +t1+12), 0" (s + 11 + 1))

T;h-l-tz (WA(S)v

¢
Tt1 © T;f2 (WA(S)a ¢
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Hence T}, 44, =T}, o T4,.

Moreover, we check that for 7 € P5, the map t — Ti(n) is a differentiable curve in
Ps. By construction, the curve t — 7(t) is obtained from the smooth section p and the
smooth reference system (W,v). Hence ¢t — 7(t) depends smoothly on ¢, and therefore
t — Ty(m) is differentiable. Thus {T;}};c; is a dynamical system on Ps..

Lastly, the generating vector field is defined by differentiating the time-evolution map
at t =0:

d
X (m) = p t_OTt(w).
In local coordinates, if 7 = (74, ¢?), then
(d il
= (74, 9").

4.3 From Lagrangian to Hamiltonian

In Subsection 4.2.3, we showed how a reference system allows us to transport dynamically
admissible field data on M to time-dependent data on the fixed hypersurface 3. This
led to the definition of the phase space 5, as the space of admissible initial data on
Y. Under the assumption that the transported data remain in &5 and are uniquely
determined by their initial values, we obtained a family of time-evolution maps {7} }ic;
and hence a dynamical system on Ps.

The goal of this chapter is to show that the phase space &5 carries the structure of
a Hamiltonian dynamical system. As an intermediate step toward this goal, this section
constructs the Hamiltonian associated with the dynamics on the hypersurface X.

In Subsection 4.3.1, we introduce an auxiliary geometric object that records the mo-
mentum data obtained from a section p of P after transporting it to I x ¥ using the
reference system. This construction will be used later to show that the dynamical system
defined above is Hamiltonian.

In Subsection 4.3.2, we explain how the Lagrangian L on M gives rise to a pulled-
back Lagrangian on [ x >, and hence to a time-dependent Lagrangian on the fixed
hypersurface . This construction uses the first prolongation of the reference system to
the corresponding jet bundles, as discussed in Subsection 2.3.2. Chrusciel, Jezierski, and
Kijowski [27] formulate the construction pointwise, we reformulate it geometrically using
jet bundles and bundle maps.

Finally, in Subsection 4.3.3, we construct the Hamiltonian on &5 by applying the
Legendre transformation to the hypersurface Lagrangian with respect to the velocity
variables. More precisely, for a one-parameter family of field configurations {¢;}icr, we
define the velocity of the component ¢4 by the variation

. 007
"= ot

We then perform the Legendre transformation with respect to the variables gz.SA. For a
review of the Legendre transformation, see Subsection 3.1.2.
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4.3.1 Total pullback of the momentum section

In Proposition 4.16, we transported a section p € I'(P) to the model hypersurface ¥ at
each fixed time t € I. The resulting fixed-time pullback retains only the data obtained
after restricting to the time slice {t} x X. To record simultaneously the time dependence
and all components of p transported by the reference system, we instead pullback before
restricting to a fixed time. The resulting object, denoted by 7, encodes all the information
carried by p. We call 7 the total pullback of p.

Lemma 4.22 Let U and ¢ be a reference system as in Definition 4.5. For a section
p: F— P, we define

7= (V" ®¢Y")p. (4.19)
In local coordinates, after choosing a local orientation, 7@ can be written as
= mad¢? @ dEV N - NdE™ + T AP @ Oy |dt N dEL A -+ A dET, (4.20)
Proof. Recall that a section p: ' — P can be written locally as
p=pldft ® Ouldaxt Ao Ada"t
where (2#, f4) are local coordinates on F. Applying the pullback (¥* ® *) gives

= (V' ®y") (pA”de ® O, )dx' Ao Ada™)

n+1
= Z(pA” oWd(fAoW)@d(at o) A--- Ad(zr o)) A--- Ad(z" o),  (4.21)

where the hat indicates the omitted term.
Since p takes values in the vertical cotangent bundle, we only keep track of the vertical
part of the first factor. Writing U4 := f4 o U, we obtain

owA
d(f*o0) = —do”. 4.22
(140 0) = Gz (122
For the second tensor factor, write y := (¢,£%) and ¢* := 2 o 1). The coordinate trans-
formation gives

oy

awdylA---/\Ey\V/\---Ady"“.

d@/}l/\---/\d/w\“/\~~-/\d¢”+lzdet(D¢)Z

Hence the coefficient of d€' A -+ A d€™ in * (9, |dxt A -+ Adx™ ) is

det(w)a%, (4.23)

while the coefficient of 9, |dt A dEY A -+ A dE™ is

o¢?
opr”

det(D1) (4.24)
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Substituting (4.22), (4.23) and (4.24) into (4.21) gives

ovt ot "
T = det(Dw) “EA (pA‘u o \I/)Wg—wdgﬁB (%9 d£1 VAN dg
+det(Dy) Y (pao @)M 0c dg® @ 0, |dt A dE* A -+ A dE™ (4.25)
A i OB O ‘ ' '

We define m5 and wg® to be the coefficients that absorb the coordinate change. Therefore,
we obtain

7w = 1pd¢® @ dE N - N dE™ + mEddP ® 0, |dt NdEY A - A dET. O

4.3.2 Lagrangian on the hypersurface X

In this subsection, we construct a Lagrangian on the model hypersurface ¥ from the
Lagrangian on the total manifold M. Our construction follows the approach of Chrusciel,
Jezierski, and Kijowski [27, pp. 32-33], but we formulate it geometrically in terms of
bundle maps rather than pointwise expressions.

Since the Lagrangian is defined on the first jet bundle J'F, we first discuss the pro-
longation of the reference system. This prolongation defines the bundle map between the
relevant first jet bundles that is needed to transport the Lagrangian from M to [ x ¥,
and hence to the hypersurface ¥ at each fixed time.

Let (¥, ) be a reference system as in Definition 4.5, and fix ¢ € I. Restricting the
reference system to this time gives a bundle morphism

(qjtal/)t): ¢ — F7
where W, := W(t,-) and ¢ := ¢(¢,-). By definition of a motion, ¢, is a diffecomorphism
from ¥ onto its image 1;(%).

We now introduce the first prolongation of this bundle morphism, as defined in Defi-
nition 2.59. It defines a bundle morphism

0 J'e — TN (Flys)) -

For ¢ € T'(®) and £ € X3, it is given by

70 (5 0) = Gy (Un(9)),

where

Ui(9) = Wropoty € T(Flyy) - (4.26)

For a section ¢ defined only on an open subset U C X, the corresponding transported
section 1)y is defined on ¢, (U). We suppress these domains when they are clear from the
context.
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The prolongation j1¥, is a bundle morphism. Composing j1W, with the Lagrangian
L yields a bundle map from J'® to A""™'T* M, as illustrated in the diagram below.

T LY P, g — AT

| |

Wy

l |

{1} xS —2 5 y,(2)

We assume that the sections ¢, € I'(®) and f € ['(F) are related by the reference
system, as discussed in Remark 4.7. Recall that this means that

fo =V, 00¢,.

This relation simplifies the composition with j'W,. Let jgl(gbt) € J'® be a point in
our jet bundle. We compute

Lo j'W,(jde) = Lljy, e (@Dt(ﬁbt)))

j (t,g)f)v (4.27)

where Jt(qbt) is defined as in (4.26). Since ¥, 9, ¢, and L are smooth, the composition
L o j'¥, depends smoothly on ¢. This construction transports the Lagrangian on the
total manifold M to the hypersurface .

Definition 4.23 Let (¥,1)) be a reference system, and let L be the Lagrangian on M.
We define a one-parameter family of pulled-back Lagrangians on ¥ by

L= w:(thL © jl‘I’t)v (4-28)

where

0

§e) = v (5

o
) = St € T
Since the construction is smooth in ¢, this gives a smooth one-parameter family of
Lagrangians, denoted by {.% }:er. More explicitly, let (z#, f4) be local coordinates on F'
and f € I'(F) and ¢, € I'(®) be sections related by the reference system. The pullback
(4.28) is pointwise given by

ﬁ(]g(‘lﬁt)) wt<¢tJ (Jw(tg f))

ofA .
=L (:L‘”(jilp(tf)f)?fA(jllp(t,g)f)a m(ﬁ(té)ﬁ) D@ dat A - A da™
A (@]

(4.29)
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Here " = x* o 1), and D1 denotes the Jacobian of 1. We denote the coefficient of the
Lagrangian .Z; by

— I(f4o
Z=1 (w“(t,f), e Nwieg), 120 ( 5)) det(Dy). (430
»(t,
Thus we write
L= LdE A A dE. (4.31)

A section f € I'(F) gives rise, by means of the reference system, to a one-parameter
family of sections {¢;},c; of ®. However, multiple sections of F' may induce the same
one-parameter family {¢; };c;. This does not cause a problem, because j}p(t 6 f is uniquely

determined by j(lt g)gf). We make this statement precise in the following lemma.

Lemma 4.24 Let f € T'(F) be a section and let {¢:}ier be a one-parameter family in
['(®), defined pointwise by ¢(t, &) = ‘Il(tlf)f(w(t, €)). The pulled-back Lagrangian

Zi(jto) = 0" (Lo ) (it6n) = v (Y Likuef)
does not depend on the choice of f. Hence, £, is uniquely determined.

Proof. We argue pointwise. Assume that di¢) is invertible. By the inverse function
theorem, 1), is a local diffeomorphism near £. Hence, in a neighbourhood of v (t,£), the
section f is determined by ¢; through

f:‘l’toﬁbto%,_l'

Therefore ji(t,g) f is uniquely determined by j%t’£)¢. Since L depends only on j! £, it follows
that the Lagrangian is uniquely determined by j(lt g)gb.

Now assume that di ) is not invertible. Then 1 is not a local diffeomorphism at
(t,€), and the pullback vanishes

wg‘t@(@/}t Jdzt A A da™t) = det(dipe )dEN A - A dE™ = 0.

The last computation implies that Z( jglgf)t) is zero. Hence, it does not depend on the
choice of f. Thus in both cases the pulled-back Lagrangian density is uniquely deter-
mined. O

4.3.3 Hamiltonian on the phase space s

In this subsection, we obtain the Hamiltonian function on the hypersurface. We derive
it by applying the Legendre transform, as discussed in Subsection 3.1.2, to the local
coefficient .Z; of the pulled-back Lagrangian. This coefficient is defined in (4.31) and
expressed locally in (4.30) and (4.29).

__The following lemma identifies the momentum conjugate to ¢4 with the derivative of
%, with respect to the velocity QBA, thereby providing the relation needed to perform the
Legendre transform.
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Lemma 4.25 Let {¢; }icr be a one-parameter family of sections of ® related to f € T'(F)

by the reference system. The coefficient £, of the Lagrangian £ on the hypersurface
satisfies

0%
—— = T4,
04
where we denote (bA = % and where w4 is obtained from the pullback discussed in

Lemma 4.22.

Proof. Let (y) = (¢,&") be local coordinates on I x ¥, and assume that p is an admissible
section of P. We write p locally as (pa”, f*), where

oL

pat = oo

O(0uf*)
Using equation (4.30), the derivative of ,Z is given by
0% oL
= — det(Dy))—.
04 04
The function L depends on the local jet coordinates of J'F. More precisely, in local
coordinates the Lagrangian is given by

(@, f2 0, ) = Lz f2,0,f) dat A -+ Ada™t

For details, see Definition 4.8. Since the jet coordinates depend on the derivatives of the
section, the chain rule implies

0<%, oL  9(8,VP)
— = det(Dv) —— (4.32)
057 250,97 o5
where we denote 0, := % and U8B := fBo U,

The functions U? appear because the reference system induces an affine coordinate
change on the jet coordinates:

: O(f" o f)
Ouf " Uieef) = =5
OV ey
owh
= 5 (4.33)
B(t:€)
ot ows ot oy’
= (_a ) T oo 5 ~(Jpe ) 90n : (4.34)
Y loe) o(t.e) 9Y (56)
We now evaluate both the derivatives 8(8if1,3) and a(g‘;ﬁB) of equation (4.32).

Since only the last argument of the function L depends on ¥, taking the derivative
with respect to f4 o ¥ is the same as composing the derivative of f4 with . Expressed
in formulas, this yields

)
0(0,97)  0(0,f")

o, (4.35)
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Moreover, we use equations (4.33) and (4.34) to compute the derivative of 9, 9" with
respect to ¢4. We obtain

0(0,97) U ot

: = . 4.36
DA g4 O (4.36)
Combining equations (4.32), (4.35) and (4.36), we obtain
0%, ( OL ) NGY
— = det(D —o0 -
oi PN 2\ G,m ") o7 i
oUs ot
_ w I
= det(D1)) Z (p" o U) 997 04
w,B
By the computation in Lemma 4.22, this is precisely the coefficient 74. Therefore,
0%,
— =7
agr
as desired. 0

Lemma 4.25 identifies the variables needed to apply the Legendre transformation
described in Definition 3.7. The time derivative ¢# plays the role of the original variable
with respect to which the transformation is performed, while the transformed variable is
the momentum

_ 04
DA

A

Thus, the pair (qz'SA, 74) is the field-theoretic analogue of the pair of variables appearing in
the Legendre transformation discussed in Proposition 3.8. It follows that the Hamiltonian
density on the hypersurface is given locally by

(ra()d* () — Z) d" A+ n g™

Since the dynamical variables are fields on X, the corresponding Hamiltonian function is
obtained by integrating this density over .

Definition 4.26 Let 7(t) be a one-parameter family of sections of II obtained from an
admissible section of P. For fixed t € I, we define the Hamiltonian on the phase space
92 by

S 1) o= Hoo(ma 6 1) = / (ra(t)d (1) — D), (4.37)

b
where .:?z denotes the coefficient of the pulled-back Lagrangian at fixed time ¢ € I.

Remark 4.27 We have considered the possibility of reformulating the Legendre trans-
formation using the language of jet bundles. Such a reformulation could provide a more
intrinsic explanation of the passage from the Lagrangian theory on spacetime to the
Hamiltonian theory on the model hypersurface 3.
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In studying this question, we considered the geometric treatment of Legendre transfor-
mations developed by Saunders [71] and the related field-theoretic constructions discussed
by Forger and Romero [35]. Recall that, in classical mechanics, the cotangent bundle is
the natural target of the Legendre transformation. The idea would be to extend this
construction to jet bundles. Since jet bundles have the structure of affine bundles, one
must consider an appropriate affine dual in order to define a Legendre transformation.
The precise application of these ideas to the hypersurface-based framework of Chrusciel,
Jezierski, and Kijowski remains to be worked out.

In the final section of this chapter, we will relate this Hamiltonian .745; to the dynamical
system on the phase space Hs..

4.4 Symplectic structure and Hamiltonian dynamics

The goal of this final section is to show that the Hamiltonian J%; constructed above
equips the dynamical system on the phase space, introduced in Theorem 4.21, with the
structure of a Hamiltonian dynamical system in the sense of Definition 3.28. To this end,
we relate the Hamiltonian function J4;, the symplectic form on the phase space, and the
vector field generating the dynamics.

In Subsection 4.4.1, we use the Liouville one-form construction to obtain a symplectic
form on the momentum space defined in Definition 4.13. By integrating the resulting
fibrewise symplectic form over ¥, we construct an antisymmetric two-form on the space
of sections of the momentum bundle II associated with ®.

In Subsection 4.4.2, we establish a technical identity for the first variation of the
pulled-back Lagrangian. Readers who are primarily interested in the final result may
skip the details of the calculation and proceed directly to Proposition 4.31.

In Subsection 4.4.3,; we prove Theorem 4.32, which shows that J4; equips the phase
space with the structure of a Hamiltonian dynamical system.

Finally, in Subsection 4.4.4, we construct a reference system from the flow of a global
vector field on M. This construction yields a corresponding set of dynamical variables
and allows us to determine the resulting form of the Hamiltonian and its variation. The
Hamiltonian obtained in this setting will provide the foundation for the Hamiltonian
formulation of general relativity developed in Chapter 5.

4.4.1 Antisymmetric two-form on the momentum bundle

In this subsection, we associate an antisymmetric two-form with the momentum bundle.
We first construct the form fibrewise. For each £ € X, we define a canonical symplectic
form ¢ on Il using the Liouville one-form construction. Readers who are unfamiliar
with this construction may consult Subsection 3.2.2. We then integrate these fibrewise
forms over Y to obtain a two-form (25, on the space of sections of the momentum bundle
I1.

It is not a priori clear that 2y, is itself a symplectic form, as this requires additional
properties, in particular nondegeneracy, to be verified on the space of sections. Such
properties generally have to be checked on a case-by-case basis. Since the arguments
below require only that {25, be an antisymmetric two-form, we do not address this question
in full generality.
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We begin by constructing a symplectic form on the momentum space, as defined in
Definition 4.13. Let (£%) be local coordinates on ¥ and let (¢#, &%) be local coordinates
on ®. For each ¢ € X, recall that

e = 70 ® A"T; Y. (4.38)

For fixed &, the density factor /NX”TgE is independent of the point of the fibre ®,. Thus II¢

is a density-valued cotangent bundle over ®,. Since A”Tg Y’ is one-dimensional, a choice
of local orientation gives a local generator d¢' A --- A d¢™. Hence every element of II¢ can
be written locally as

Taddpt @ (dEV A - A dEM).

The coefficients 74, together with the coordinates (&%, ¢*), form the local coordinates
(€, ¢4, 74) on I

Following Subsection 3.2.2) we now construct the Liouville 1-form on a cotangent
bundle to each fibre. Let pry_g: II — ® denote the canonical projection. For 7 € Ilg,
the Liouville 1-form O, on Il is defined by the pullback

O () := pri_q 7. (4.39)
The canonical symplectic form on Il¢ is then defined by
Qg = d@g, (440)

where d denotes the exterior derivative on the manifold II, for fixed &.
Let us compute O locally. A tangent vector Y € T, Il is of the form

0 0
YV =ud — 40—
871',4 agbA
The projection forgets the coordinates 74, so
4 0

der—><I>(Y> =V 0

Therefore

= vt (dEV A - A dEM).
Hence, locally the Liouville 1-form reads
O = madp” @ (dE" N --- N dE),
and the canonical symplectic form is

Qe = (dma A dp™) @ (dEV A -+ A dE™). (4.41)
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We now integrate these fibrewise symplectic forms over 3. Let o € T'(Il), and let X;
and X5 be tangent vectors to the space of sections at . Thus, for each £ € X, the vectors
X;(€) and X5(€) are based at the same point o(§) € IIe. We define

0 (X1, Xa) i= [ 26X (6), Xal6)) (4.42)
)
In local coordinates, write
X,(€) = 6,7a(8) +8,07(€) =2 a=1,2
a = 0q7TA a_ a a A ) = L4
Omalae) 06 o

where 8,74 and §,0? denote the coefficient functions of the corresponding components
of X,. We use this convention throughout the thesis. It follows that

Qs(X1, Xp) = /E(dWA A dg?) (X1(8), Xa(€)) dEM A+ A dE™

= /E (0174 (£)020™(§) — doma(€)019(€)) dE" A -+ - A dE™, (4.43)

provided that the integrand belongs to L'(X), so that the integral is well defined. Since
the fibrewise canonical symplectic form (4.41) is defined independently of the choice of
coordinates, the local expression (4.43) is also coordinate independent.

Remark 4.28 In the construction considered here, this form is obtained by integrating
a family of symplectic forms over X. To place this argument on a firmer geometric foun-
dation, one would first need to determine conditions under which integration preserves
closedness and nondegeneracy.

In Chapter 5, it will be necessary to express the antisymmetric two-form €2y, in terms
of the variables of the momentum bundle P restricted to the hypersurface i(X) C M.
Recall that (74, »*) is obtained by pulling back the corresponding data (p4*, f4) along
1y, and that 1)y = i. We may therefore rewrite (4.43) as an antisymmetric two-form on
variations of the momentum data along ().

Let X,, for a = 1,2, be vector fields as above, and let )Z'a denote the corresponding
vector fields along i(X). Locally, these are written as

> 0

8
X, = (0, ®
(6ap) 4 o)

A
+ (0af) oA

We then obtain
Qs (X1, Xy) = /E (6174 0a9p™ — Somra 019™) dE' A -+ - A dE™
= [ 0@y = G5 a5, (140
= Qi (X1, Xo),
where dS,, denotes the odd n-form

as, : i (alx1 /\---/\dx”“).

~ O
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4.4.2 First variation of the pulled-back Lagrangian

This subsection proves the identity

5L (1)) = dr(66(1)), (4.45)

together with its local coordinate expression. These identities are stated and proved in
Proposition 4.31.

Let (U,9) be a reference system and let py € I'(P) be a one-parameter family of
sections satisfying the field equations (4.10)—(4.11). By Proposition 4.16, this induces a
two-parameter family of sections 7, € I'(II). The family p, also induces sections of F
by

i =prp L p(py)

Throughout this subsection, § denotes differentiation with respect to A at A = 0. To
keep the notation readable, we suppress the A-dependence when no ambiguity can arise.
Thus we write f, p, ¢(t), and = for the corresponding A-dependent families, with the
understanding that after applying ¢ all quantities are evaluated at A = 0. We keep the
dependence on t visible, because the pulled-back Lagrangian is defined on I x .

The proof of Proposition 4.31 is split into two lemmas: the first shows that variation
commutes with the pullback by v, and the second identifies the pulled-back term p(d f)
with 7 (d¢).

Lemma 4.29 Let § denote differentiation with respect to X at A = 0, and let L be the
Lagrangian for the field theory. Suppose that the reference system (¥, 1)) is independent
of \. Then, for eacht € I,

o (vi (BLG'N)) = vi (Yo(Li'n))

Moreover, let {¢(t)}er be the one-parameter family of sections of ® related to f
through the reference system, as in Remark 4.7. Then, for everyt € I and £ € X,

52, (jto(1) = v (Vo(Liikee)))

Proof. We verify the identity pointwise. Let vq,...,v, € T¢X. By the definitions of
contraction and pullback,

Ui (VLGbae ) @)
— (Lo /) (D), dirle(vn), ... dtle(vn))

Since the reference system does not depend on A, both 1); and its first variation ¢t are
independent of \. Differentiating at A = 0 therefore gives

o (vi (4G ) = i ($onG'n) -

Since f and ¢(t) are related by the reference system, the definition of the pulled-back
Lagrangian gives

Z(jéo®) = vi (VLUkee ) -

Differentiating this identity with respect to A at A = 0 proves the second statement. [J



76 CHAPTER 4. GEOMETRY OF HAMILTONIAN FIELD THEORY

Lemma 4.30 With the setup of Lemma J.29, we have

U (p(6f)) = w(06(1)). (4.46)
Proof. We write the variations locally as

o
ofA

6 = 5¢A(t)%.

5f =ofA

From an earlier equation (4.14), we have
p(6f) = PA“(SfA@MJ (dz' A - Ada™th),

where we regard p as a section from M — P. Hence, pa* = pat o f and f4 = f4o f.
Pulling this expression back along ) gives

(p(6f)) = (pa™ o [ o)W S f)* (D) (dat A--- Ada™t)). (4.47)
Since ¥ does not depend on A, it can be moved through the variation
cipa_ Af1of)
VROfT == - X
_d(f*o for)
N d\ —o

Using the reference system and the chain rule, with ¥4 := f4 o ¥, we find

copa d(ftoWog(t))
YrOfe = ™

OUA dpPB(t)
T 908  d\
~ouA

= %&p%).

A=0

Substituting this into the previous expression (4.47) and using the definitions of the
coefficients mg and w5 from the total pullback, we obtain

U (p(6f)) = mpdp” (t) dE' A -+ A dE"
+ 76T (t) Op) (dt A dEX N -+ A dE™).

This is precisely the total pullback 7 evaluated on d¢, so
V(p(of)) = w(66(t)). —~

We now combine the Lemmas 4.29 and 4.30 to obtain the desired first-variation iden-
tity.



4.4. SYMPLECTIC STRUCTURE AND HAMILTONIAN DYNAMICS 7

Proposition 4.31 With the setup of Lemma 4.29, let
LN — I x %, 1(&) == (t,§).
Then
. . 0
625" 6(1) = vi (VLG ) ) = vi (dld(p(6))) ) =i <§Jd(ﬂ(5¢(t)))) -
(4.48)

In local coordinates (t,£%) on I x 3, this becomes

S (jo() = <8<”A(tgf¢A<t)) " a(”Aaggﬁ(bA(t))) A A ndEL (449)

Proof of Proposition 4.31. By the definition of the pulled-back Lagrangian and Lemma 4.29,
we have

545 0(0) = i (4J5(LG))).
By Proposition 4.12,
S(L(j' ) = d(p(6))).
It follows that
SL(70) = i (Vd(p)).

Since vy = 1 o 1; and

contraction and pullback satisfy

vi (dua) =i (e

for every differential form a on M. Taking o = d(p(df)) and using the commutativity of
the exterior derivative with pullback gives

v (da(esf))
=i (1A pen) )
By Lemma 4.30,

V*(p(6f)) = w(90(t)).
Therefore,

s2i(1*o(0) = i (g Ja(e(o0(0) )
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It remains to compute the local expression. We have
7 (60(t)) = ma(t)6p™ (t) dE' A -+ AdE™ + A" (£)0¢™ () Oa) (dt AdE' A -+ N dE™).
Taking the exterior derivative yields

d(m(60(1))) - (8(”A<tg‘j¢/*<f>> . a<w,4a(;§w<t>>> dNdE A den

Contracting with 9/9t and pulling back along ¢; removes the factor dt. Consequently,

S L) = (6(7r,4(tgz¢fl(t)) . 6(ma(§§¢A(t))> LN A de

This proves the local expression and completes the proof. O

4.4.3 Hamiltonian dynamics

In the previous subsection, we showed that the first variation of the pulled-back La-
grangian can be expressed in terms of the exterior derivative of 7w(d¢(t)). In this subsec-
tion, we use this identity to relate the variation of the Hamiltonian 7%, to the antisym-
metric two-form €2y, This relation shows that the dynamical system on the phase space
is Hamiltonian.

We restate the definition of the dynamical system using the notation introduced in
this chapter and summarize the results established so far.

The phase space Py, associated with X, defined in Definition 4.17, together with the
time-evolution maps

T,: Py — Py, tel,

defined by
Ti(ma(s), 87 (s)) = (ma(s + 1), 6" (s + 1)),

was shown in Theorem 4.21 to form a dynamical system. In particular, the following
three properties are satisfied:

1. Ty = id, where id denotes the identity map on Hs;
2. T,oTy, =T, for all a,b € I;

3. for every m € 5, the map
t— Ty(m)

is a differentiable curve in Hs..
Moreover, we showed that the vector field generating the dynamics was given by
2 () = (74, 6").

Recall that the dynamical system (7}, &) is said to be Hamiltonian if for every
curve
A— T A
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in Py, the function J&;(my, t) is differentiable at A = 0 and satisfies

d
a Aﬂ)%%(m,t) = —QOy <5&”

d7T)\

" dh

) = = (0.6, (m0,007)).

A=0

To show that the phase space has the structure of a Hamiltonian dynamical system,
we must assume that the boundary integral over 9% vanishes and that J&; is differentiable
along the admissible curves in phase space. Neither issue is treated in full generality here;
both will be addressed in Subsection 5.3.3.

Theorem 4.32 Let T;: Ps — P, be the dynamical system, defined by
Ty(ma(s), 97 (5)) := (mal(s + 1), 6" (s +1)).

Suppose the hypersurface ¥ is compact, and that the boundary term

/ 7TAG5¢A do,
)

vanishes. Then the Hamiltonian function 65 makes this dynamical system into a Hamil-
tonian dynamical system. More precisely,

d

X

(i t) = —Os (55 dmy ) ) , (4.50)

AN |y,

A=0
where Z is the vector field generating the dynamics.

Proof. To improve readability, we suppress the index A in m,. We first evaluate the
right-hand side of (4.50). By Theorem 4.21, the vector field generating the dynamics T;
is locally given by

X (r) = (wa, "),
The variation of the curve 7 is written locally as

dm

an s B
A o = (014, 007).

Using the local expression (4.43) for ()5, we obtain
Qs((7ra, 67), (674, 66F)) = / (méw . ¢A5WA> dEV A - A dEm
2

We now evaluate the left-hand side of (4.50). Differentiation with respect to the
parameter A means taking the first variation. Hence

_ dA(m 1)
d\

(s 6P ) = —6/ (rad — Z) de' A nde
>

A=0
Since the domain ¥ is compact, we may differentiate under the integral sign. This yields

:_/ <WA¢ .,E?jdg A- (4.51)

A1)
dA

A=0
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Proposition 4.31 gave

O (ma(t)dp(t)) N A(ma®(t)0p™ (1))
ot oge

EACRI0) :ngw.--/\d@( )dglA-.-Adgn.

Hence, the variation of the integrand

5(7TA§£>A - 5?;) = Q.SA(STFA + 7TA5€5A - 502:
_ A a4 O(ma(t)oe(t) A a(t)dd™ (1))
= @7 0mA + TA0P" — ot - oga
= (A0m g + TA0Pt — (Fa0P + Ta0P?) — Da(mA%PN)

= ¢A0m g — Ta0PN — Da(mA%0™).

Substituting this expression into (4.51) and applying Stokes’ theorem Theorem 2.26 yield

A (T, t)
d\

:—/5(7rAq’sA— LNAEV A - A dEm
>

_ /Z (rad0' = Goma) s+ | masotio,  (452)

1)

where
dog := Og| (dEY N -+ A dE™)

is the surface element induced on 9¥. By assumption, the boundary integral vanishes.
Therefore,

 dA(n )
dA

N / 7TAa(5¢Adaa = QE((ﬁ-x‘b ¢3)7 (67TA’ 5¢B))
A=0 ()

Hence, (4.50) holds with 2" = (74, ¢®), and we have shown that the dynamical system
is Hamiltonian. O

Remark 4.33 The theorem is stated here in a simplified setting that is sufficient for the
present discussion. In the noncompact case, both differentiation under the integral sign
and the application of Stokes’ theorem require additional care. To interchange the vari-
ation and the integral, one must impose suitable regularity and integrability conditions
on the one-parameter families under consideration. In the asymptotically flat setting
relevant to this thesis, additional issues concerning compactification and regularity arise.
In particular, requiring the compactification to be smooth is generally too restrictive.
We do not discuss these matters here; see Van Voorthuizen [81, Section 3.3| for further
details.

On a noncompact hypersurface, Stokes’ theorem is typically applied to an exhaustion
of ¥ by compact submanifolds. The resulting boundary integral must then be understood
as a limit, and the convergence of this limit must be verified. The corresponding analysis
in the asymptotically flat case will be discussed in Section 5.3.
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4.4.4 Hamiltonian for reference system for general relativity

We conclude this chapter by specifying the Hamiltonian for a particular choice of reference
system. The Hamiltonian has already been formulated on the model hypersurface . In
this section, we show that this specific reference system allows both the Hamiltonian and
its variation to be rewritten as integrals over the corresponding embedded hypersurface
& = (X) C M. This reformulation is needed in Section 5.1, where both the model
hypersurface > and the embedded hypersurface . are used.

Let X € 2 (M) be a vector field on M and let ¢: I x 3 — M be its flow. Then 1),
is an embedding. Therefore, ¢ defines a motion of the hypersurface > C M. We use the
following result from Chrusciel, Jezierski, and Kijowski [27, p. 27].

Proposition 4.34 Let F' be a tensor bundle over M, and let 1) be the flow of a vector
field X € & (M). Then the diffeomorphisms 1y induce a canonical lifted flow

U:[xF —F.

Thus, after restricting the lifted flow to the pullback bundle ® = ¢jF, we obtain a
reference system (W, ), as illustrated below.

Ixd —Y

| !

IXZTM

The following lemma is useful for expressing the Hamiltonian as an integral over the
embedded hypersurface 1,(3) C M.

Lemma 4.35 Let ¢: I x ¥ — M be induced by the flow of a vector field X € & (M).
Let f € T'(F) and {¢:}er be related by the reference system. Then, for everyt € I, the
Lagrangian defined in Definition 4.23 is given by

Z(Jgor) = ¥ (XpeeJLlgeef)) - (4.53)
Equivalently, using the coefficient (,52: defined in (4.31), we obtain

Lrde' A N g =7 (X]L(LS)) - (4.54)
Proof. By definition of the pulled-back Lagrangian,

Z(jt0r) = i (4L (o))
where
Ui(€) = = (t,€).
Since v is the flow of X, we have

() = Xyeo)-



82 CHAPTER 4. GEOMETRY OF HAMILTONIAN FIELD THEORY

Substituting this identity into the definition of %, gives
ZLi(Jetr) = U (Xpwe ) L(pee f)) -
Finally, by the definition of the local coefficient D@;
L= LrdeN A - N dE™,

Hence .
Lidet N NdET =) (XILG)) - O

For fixed t € I, we rewrite the Hamiltonian as an integral over the embedded hyper-
surface ¢;(X) C M in a form that will be used in Section 5.1.

Theorem 4.36 Let M be an oriented (n + 1)-dimensional manifold, and let F' — M
be a tensor bundle representing the fields of the theory. Let f € T'(F) be a field, and let
p € T'(P) be a corresponding momentum section, locally written as

p = patdf* @ (9,)dat A - A da"T).

Let L be the Lagrangian, locally given by

A
LOL) = L 98

Suppose that 1 is a motion, as in D(ffﬁnmon 4.2, obtained from the flow of X € & (M),
and that W is the canonical lift of this flow to the tensor bundle F'. Then on .7 := 1py(%)
the Hamiltonian can be written as

Huwt) = [ patLaft = x0LES,
B2

x“)da: A Ada

where £x 4 denotes the Lie derivative of f with respect to X, and
8 n
dSM = %JdJTl A~ Ndx +1.

Proof. We transport the Hamiltonian to spacetime using the reference system (W, ).
By Proposition 4.6,
¢A(t,€) = U (fA(¥(t,€)))-
Since W is the canonical lift to a tensor bundle, we have
o, _
o (WA (€)= Lx ™,

Using Lemma 4.35 for the Lagrangian term, we obtain

AV, —

= [ma2 0 Zare
a\lft fl(t, € .
— [t m(t( L)
o T ey g1 O it o

t

pA“£Xf(w(t,£)) XﬂLaiJ(dx A Adr™th)

pa' Lxf— X LAS,. O

| Il |
"\Q\QQ\ \ —
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To indicate the dependence on X, we denote the Hamiltonian as follows:
H(X, %, p):= / paA'Lxf— X LdS,. (4.55)
7

To establish a Hamiltonian dynamical system in general relativity, as developed in
Chapter 5, we compute the variation of the Hamiltonian function H. We first clarify
the meaning of 7, which denotes the time derivative of the canonical momentum after it
has been pulled back along the reference system (¥, ). The reference system allows us
to identify and compare the momentum data on hypersurfaces corresponding to different
times. As shown in Proposition 4.16, the pulled-back momentum therefore defines a curve

t — 7(t)
in Y5, and hence
) dm
= —
dt

is well defined.
This should not be confused with a canonical spacetime derivative of the full momen-
tum pa*. In general, differentiating p4* along the curve

e(t) == (¢, €)

requires the choice of a connection on the momentum bundle P, and hence a covariant
derivative along 7¢. There is no canonical choice of such a derivative. Although this ap-
pears to introduce an arbitrariness, we will show that it does not affect the final variation
formula, because only the terms corresponding to 7 contribute after integration.

In the present setting, the motion is induced by the flow of a global spacetime vector
field X, and the relevant bundles are tensor bundles. The flow induces a canonical Lie
derivative £x on the fields. We denote the corresponding derivative on sections of the
momentum bundle P by £x. Following Chrusciel-Jezierski-Kijowski [27, p. 35], we
require £ x to be compatible with £y in the sense that

i (Bxn)() +p(£xD)) = 2 i), (1.56)

This is the only property of £x needed for rewriting the variation of the Hamiltonian in
Theorem 4.37.

Theorem 4.37 Let M be an oriented (n + 1)-dimensional manifold, and let F — M
be a tensor bundle representing the fields of the theory. Let f € T'(F) be a field, and let
p € I'(P) be a corresponding momentum section, locally written as

p =patdf* ® (9,]dz" A+ A da™t).
Let L be the Lagrangian, locally given by

A
L) = LA G at)det e n o,
T
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Suppose that 1 is a motion, as in Definition /.2, obtained from the flow of X € Z° (M),
and that ¥ is the canonical lift of this flow to the tensor bundle F. Then the variation
of the Hamiltonian H, defined in (4.55), is given by

—0H :/ {(£xpa")S f* — (£x f1)0pa"} dS, +/ XUp 15 £4dS,,
7 Py

= Qo ((£xpa™, £x [, Gpah, of* N + [ Xbps5f4dS,,. (4.57)
0.7

Here the odd form dS,,, is defined by

dS,, = (0, N 9,)|dz" A+ Ada" T
—dz' Ao ANdah A Ada A A da

where the hat indicates that we omit that term.

Sketch of proof. We prove the result for a scalar field f. The general case, f € T'(F),
follows analogously.
Taking the first variation of (4.55), while keeping X and .¥ fixed, gives

5H = /y [(£xf)op" + p"S(£xf) — X"SL] dS,.

Since X is independent of the variation parameter, the variation commutes with the Lie
derivative. Moreover, because f is a scalar field,

Exf=X0f,  £x(6f) = X0u(5).

Using Proposition 4.12, namely 6L = 0, (pa5f), we obtain

6H = | [(£xf)op" + p'X*0u(5f) — X" 0o (p*3f)] dS,. (4.58)
B

The momentum p* is a vector; see Subsection 2.1.3. Its Lie derivative is given by
Lxp' = 0a(pP'X*) — p 0a X" (4.59)
A direct calculation using (4.59) yields
P'XY0a(0f) = X0 (p*0f) = O [(P"X™ — X"p™)d f] — (£Lxp")df.

Substituting this identity into (4.58), we find
6H :/ [(£x[)op — (£xp")df] dSM+/ Do [(P"X* — XMp*)of] dS,.  (4.60)
% 5%
Applying Stokes’ theorem to the final term gives

—0H = Q ((£xp”, £x[), (09" 61)) + [ XW¥pléfds,,. O
0.7



Chapter 5

Hamiltonian formulation of
asymptotically flat spacetimes

The goal of this chapter is to apply the Hamiltonian framework developed in Chapter 4
to general relativity, with particular emphasis on the asymptotically flat case. In this
setting, the Hamiltonian is related to the ADM energy-momentum. We do not give a
systematic account of general relativity here. For a more detailed treatment, we refer to
the standard textbooks [14,19,50,79,82].

The general construction from Chapter 4 already provides the abstract Hamiltonian
framework. To apply it to general relativity, however, we must specify the geometric data
to which the framework is applied. This means identifying the field bundle F', choosing the
gravitational field variables, constructing the corresponding momenta, and specifying the
Lagrangian. We must also describe the reference systems appropriate for these variables.
Once this is done, the general Hamiltonian formalism is applied to general relativity on
arbitrary spacetimes.

The asymptotically flat case requires additional work. In the general framework, the
phase space and the reference system were described abstractly. For asymptotically flat
spacetimes, we must specify the asymptotic conditions, define a suitable phase space, and
choose appropriate reference systems. We must also check the convergence of the relevant
integrals, and the boundary terms that should vanish must indeed vanish. These checks
are what allow the Hamiltonian construction to define a Hamiltonian dynamical system
in the asymptotically flat setting.

We begin in Section 5.1 by formulating vacuum general relativity as a Lagrangian
field theory. Following Chrusciel, Jezierski, and Kijowski [27], we use the contravariant
metric density as the field variable. We introduce a first-order Lagrangian obtained from
the Hilbert Lagrangian by subtracting a total divergence. This formulation naturally
determines the field bundle used in the Hamiltonian construction. After introducing this
Lagrangian field theory, we construct the appropriate reference system. This allows us
to apply the construction from Chapter 4 to general relativity.

In Section 5.2, we reduce the resulting spacetime formulas to a spacelike hypersur-
face and compare them with the usual ADM variables. Section 5.3 then specializes this
construction to asymptotically flat spacetimes. We introduce the relevant asymptotic
conditions and use the reduced formulas from Section 5.2 to prove convergence and van-
ishing of the relevant integrals. We also discuss the phase space on which the Hamiltonian
formulation is defined, and study the Hamiltonian terms that arise in this setting. These
Hamiltonian terms are then related to the ADM energy-momentum.

85
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Finally, in Section 5.4, we discuss the invariance of the ADM mass on a spacelike
hypersurface in an asymptotically flat manifold. We also examine its invariance under
changes of spacetime foliation. For the invariance on a fixed hypersurface, we use the
work of Bartnik [7]. For the spacetime invariance, we follow Chrusciel’s work on the
invariant mass conjecture [22].

The exposition follows Chrusciel, Jezierski, and Kijowski [27, Chapter 5|, supple-
mented by the work of Bartnik [7] and Chrusciel [22] on the invariance of the ADM
mass.

5.1 General relativity as a Hamiltonian field theory

In this section we apply the construction from Chapter 4 to general relativity. We con-
sider vacuum general relativity on a four-dimensional spacetime manifold M. The field
configurations are Lorentzian metrics g on M with signature (—, +, +, +). In the vacuum
case, the corresponding field equations are the vacuum Einstein equations

R (g) = 0. (5.1)

For details on variational principles that generate the Einstein equations, see Wald or
Landsman [50,82]. The aim of this section is to describe these equations within the
Hamiltonian framework developed earlier.

Subsection 5.1.1 introduces the field bundle used to describe gravitational fields. In-
stead of working directly with the metric tensor, we use the contravariant metric density
as the field variable. Subsection 5.1.2 introduces the momentum tensor and constructs
the first-order Lagrangian used in the field theory. This subsection is rather technical,
and most of the proofs consist of direct coordinate calculations with Christoffel symbols
and metric densities. For this reason, the main text only states the required identities;
the details are given in Appendix A. The purpose of this subsection is to show that the
first-order Lagrangian is equivalent to the Hilbert Lagrangian up to a total divergence.
Moreover, we show that the Lagrangian identifies the momentum tensor as the canonical
momentum conjugate to the metric density.

Finally, Subsection 5.1.3 introduces the appropriate reference system and outlines
the transition from the Lagrangian formulation to the Hamiltonian formulation. Using
the field bundle, the first-order Lagrangian, and the reference system, we construct the
Hamiltonian associated with general relativity. The resulting expression is written in
terms of the Freud superpotential [36].

Throughout this section we follow the background-connection approach of Chrusciel,
Jezierski, and Kijowski, as developed in [27, Chapter 5].

5.1.1 Metric density and the gravitational field bundle

Throughout this section, M denotes a four-dimensional spacetime.

We begin by identifying the field variable and the corresponding configuration bundle.
Instead of working directly with a Lorentzian metric g on M, we use the contravariant
metric density

1
g = F\/—detgg’“’. (5.2)
T
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For Lorentzian metrics, describing ¢ is equivalent to describing g"”. We will therefore
regard g"” as the field variable describing the gravitational field on M.

In Chapter 4, fields were modelled as sections of a fibre bundle over the base manifold.
We now identify the corresponding bundle for the gravitational field.

Lemma 5.1 The object g"” is a symmetric contravariant tensor density. Hence, it de-
fines a section of

SoT?M @ A*T* M,

where SyT*M denotes the bundle of non-degenerate symmetric contravariant tensors over

M.

Proof. We show that g'” is a symmetric tensor density by showing it satisfies the correct
transformation laws.
Let (z*) and (Z7) be two coordinate systems on an overlapping domain. Since
oxt
dzt = —di°,
0x°

the metric components transform as

oxt Ox”

Yoo = e oI
Hence

d t(~> = det _Jf 2(] t( )
eulg 97 €ug),
ox

where 2% denotes the Jacobian matrix of the coordinate transform. Therefore, we obtain
Ox
det 9 v/ — det(g).
z

Thus /— det(g) transforms as a density.

The inverse metric transforms contravariantly

03 03

—det(7) =

soa Ny
oat 9z
Combining this with the transformation law for y/— det(g), we obtain
Ox '\ | 027 0z
% = |det | == uv
g ¢ (8%) Bt D

This is precisely the transformation law for a symmetric tensor density. Since ¢ is non-
degenerate and Lorentzian, g"” defines a section of

SoT?M @ A*T* M. 0
We conclude that gravitational fields can be viewed as sections of the tensor bundle

F = SyT>M @ AT*M

lerﬂM

M

Hence F'is the natural choice for the configuration bundle over M in the gravitational
field theory.
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5.1.2 The gravitational Lagrangian

The goal of this subsection is to construct the first-order Lagrangian used for the Hamil-
tonian formulation of general relativity. We identified the gravitational field with the
metric density g, viewed as a section of

F = SoT?M @ AN*T*M.

We now describe the corresponding Lagrangian density. Following the background-
connection formalism from Chrusciel, Jezierski, and Kijowski [27], we replace the Hilbert
Lagrangian density by a first-order Lagrangian that differs by a total divergence from the
Hilbert Lagrangian. Both Lagrangians therefore give the same Euler—Lagrange equations.

The construction proceeds as follows. We introduce a symmetric connection B, called
the background connection, and compare it with the Levi-Civita connection I' of the
metric g. From the difference between these two connections we define a tensor py,.
Once the background connection B is fixed, this tensor contains the same information as
the Levi-Civita connection I'. It is then used to define the first-order Lagrangian density
L. Finally, we show that the canonical momentum associated with the field variable g*”
is precisely p),,.

This subsection is technical, most of the intermediate identities are direct coordinate
calculations involving Christoffel symbols, metric densities, and the background connec-
tion. To keep the main text readable, we state the required identities here and give the
detailed calculations in Appendix A. When an identity is used only as a standard com-
putational tool, we briefly explain it. For identities that are central to the construction,
we include a proof sketch in the main text. Readers interested only in the final outcome
of the construction may skip to Theorem 5.12.

We first recall the coordinate expression for the Ricci tensor. It is obtained by con-
tracting the Riemann curvature tensor, and in local coordinates it is given by

Ry = 0., — 0,00, — T2, 00, —T7, T4, ], (5.3)

avs po purvs oo

where I'), denotes the Christoffel symbols of the Levi-Civita connection of g.
Using the Ricci tensor, the Hilbert Lagrangian density is locally written as

~ 1 1
L:=—y/—detgR=—+/—detgg"R,, = g""R,.. 5.4
167V I T 1ep VT OIS T = 8 M (54)
To manipulate this density, we now rewrite it in terms of Christoffel symbols.

Lemma 5.2 For a metric density g"” one can express the Hilbert Lagrangian as follows

0" Ry = 0, (6"T%,) — 0u(e'T,) + g [T2,17, —T5,T%,]. (5.5)

oguT av oo v

The proof of Lemma 5.2 uses the following coordinate identity for the derivative of
the metric density

Oag"” = g0, — 07T, — 0" 15, (5.6)

This identity follows from metric compatibility of the Levi-Civita connection, together
with the standard formula for the derivative of the determinant of the metric. The full
coordinate calculation is given in Lemma A.1.

We now introduce the background connection. Let B be a symmetric connection on
M, and denote its Ricci tensor by 7,,. In local coordinates,

Tww = a()éBsy - auBgy - [BZVBzo— - B/.OI:VBSO'} :
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Remark 5.3 The construction used here resembles the construction of Chrusciel [20],
where one assumes the existence of a background metric b,, and takes the background
connection B to be the Levi-Civita connection of b. We follow Chrusciel, Jezierski,
and Kijowski [27], who generalize this approach somewhat by requiring only that the
background connection be symmetric. In particular, the background connection need not
arise from a metric.

Using equation (5.6), we obtain the contraction gt'r,,,.

Lemma 5.4 Let B be a symmetric background connection on M, and let r,,, be its Ricci
tensor. The contraction is locally written as

0" = 0a(¢" By,) — 9u(8"Bs,) — 8" B, By, — By, Ba,)
+g"[l7,B, + 17,85, — 17, B, — T, B (5.7)
Proof sketch. Multiply the coordinate expression for r,, by g"” and apply the product
rule to the terms g"’9, B}, and g""0,Bg,. The derivatives of g are then eliminated
using (5.6). After relabelling dummy indices, one obtains (5.7). The full coordinate
calculation is given in Lemma A.2. n

Before introducing the tensor pfw, we fix some notation. For a tensor with two indices,
we define symmetrization by

1
Tiyw) = ) (Tow + o) -

More generally, symmetrization over n indices is defined by

1
T(t1...tn) = E Z Ea(l)"'to(’rL)’

aEGn

where &,, is the symmetric group of degree n.
Lemma 5.5 The Ricci tensor is expressed using symmetrization, as follows

RNV = 804 [qu - Exu S)n:| - [FZVF;O;O' - FZVFgJ} .
This is only a rewriting of the coordinate expression for the Ricci tensor using the
symmetrization convention introduced above. The full calculation is given in Lemma A.3.
We now introduce the tensor pf;l,. Let B be the fixed symmetric background connec-
tion introduced above, and let I' be the Levi-Civita connection of g. We define

v = (Ba, = 30.B5,) = (To, = 06,T%,.). (5.8)

Although this expression is written in terms of connection coefficients, pj, is a tensor,
since it is obtained from the difference between the two symmetric connections B and
I'. This tensor is central to the construction, it will be used to define the first-order
Lagrangian and will later be identified with the momentum canonically conjugate to gt”.
Once the background connection B is fixed, the tensor pj, contains the same infor-
mation as the Levi-Civita connection I". This is made explicit by the following lemma.



90 CHAPTER 5. ASYMPTOTICALLY FLAT SPACETIMES

Lemma 5.6 The Christoffel symbols of g are recovered from the background connection
Bp, and the tensor py, by

uv

fel @ fe! 2 oK
F;u/ = B/.Ll/ - p;u/ + gé(p,pl/)li' (59)

Proof sketch. From the definition of pj,, we solve for I'};, as

L = By = P = 00 B0y + 00,105

It remains to rewrite the last two terms. Contracting the definition of pjj, over a and v
gives, using dim M = 4,

K 3 K 3 K
Pux = _§B;ui + ir/u@'

Hence
260( K 50{ K 50{ K
300Pyn = ~0G B 0G0k
Substituting this into the expression for I}, gives
(0% (0% (03 2 « K
U = By = P + 56(#1911)%'
The full calculation is given in Lemma A.4. n
We now introduce the density that will be the Lagrangian of the field theory
L= g'wj [(Fg,u - B;O:cr)(rgoz - Bgu) - (FZZV - Bf:u)<rgo - Bga) + TW’] . (510)

The following proposition shows that this density differs from the Hilbert Lagrangian
density only by a divergence.

Proposition 5.7 The Hilbert Lagrangian density is expressed in terms of p and L as
g" Ry = —0a(8"'pj,) + L, (5.11)
where L is defined by (5.10).

Proof sketch. The identity is obtained by subtracting the contraction (5.7) from the
expression (5.5) for the Hilbert Lagrangian density. The derivative terms combine as

ngij - gw/r,&w - _aa (przy) + K7

where we collect all the remaining terms in K. To complete the proof we need to show
91, + K = L. This calculation is given in Proposition A.5. O

The Lagrangian L and the Hilbert Lagrangian L differ by a total divergence. By
Anderson [1], total divergences are variationally trivial for the Euler-Lagrange equations.
Hence, L and L define the same equations of motion.



5.1. GENERAL RELATIVITY AS A HAMILTONIAN FIELD THEORY 91

Remark 5.8 This is enough for the present purpose, because the goal is to replace the
Hilbert Lagrangian by a first-order Lagrangian suitable for the Hamiltonian construction.

The corresponding variational problems are more delicate. To obtain the same varia-
tional problem, one has to impose boundary conditions that make the resulting boundary
variation vanish. Indeed, using Proposition 5.7, the Einstein—Hilbert action is written as

Si(g9) = /MQ“VRW d'x
= —/ da (6"D5,) d4x+/ Ld'z
M M
. / D, (D) d'z) + S1(g).
oM

Thus the two actions differ by the boundary integral

- / g pi, (0o ) d*).
oM

Consequently, their first variations differ by the variation of this boundary integral

55;(g) — 6S1(g) = / 5 (g"p%) (a)d'a).

oM

Therefore, although the total divergence does not change the Euler-Lagrange equations,
the two variational problems are identical only after imposing boundary conditions that
make this boundary variation vanish. We do not analyze these boundary conditions
here. For compactly supported variations, see Landsman [50, Section 7.2]. For boundary
conditions of a non-compact case, see Chrusciel-Jezierski-Kijowski [27, Section 2.2].

This replacement is useful because L can be expressed in terms of the first derivatives
of g"”. We state this explicitly in Proposition 5.11. Before proving this proposition, we
introduce two auxiliary lemmas.

Lemma 5.9 Let VP denote the covariant derivative associated to the background con-
nection B. Then

gMV;a = gm/(rgo - BZO’) - gMU(I‘Za - Bga) - gya(rga - Bﬁa)’ (512)
where g"., := VEg.

This follows by applying the covariant derivative to a contravariant tensor density
and then using (5.6). The full coordinate calculation is given in Lemma A.6.

To write L in terms of g"”, we first express pf,, in terms of the background-covariant
derivative of g”.

Lemma 5.10 The tensor py, can be written as

1 1

1 1
pfj\,y - Eguagka;u + §guag>\a;u - §g>\agaugpugap;a + Zg)\aguygapgap;a- (513)

Here g, denotes the inverse of g, so that g,,9" = 9;,.
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Proof sketch. Lemma 5.9 expresses the background covariant derivative g”., in terms
of the difference between the Levi-Civita connection I' and the background connection
B. Computing the contractions and using the fact that dim M = 4 gives the formula
above. The full calculation is given in Lemma A.7. ]

Using the expression for pﬁy obtained in Lemma 5.10, we rewrite the Lagrangian L
entirely in terms of the background covariant derivatives of the metric density g*”.

Proposition 5.11 The Lagrangian L is written in terms of the background covariant
deriatives of g"¥ as

1 14 e} 1 (o v ez
L= Eguagu ;Ag)\ HZ2 Zg/\ gougpugﬂ Y p;a (514)
1 a v o v
+ ggA g;wgu ;)\gapg p;a +g“ T;w- (515)

Proof. Starting from the definition of the Lagrangian
L= gwj [(Fg,u - B;C;U)(Fga - Bgu) - (Fij - Bﬁu)(rga’ - ngﬂ + gl“’rw” (516)

we rewrite the differences I' — B in terms of pi‘w using Lemma 5.6
re —Ba——a+25a“ (5.17)
p pr = " P T 300uPy)s: :

We then substitute the expression for py,, from Lemma 5.10, into (5.17). We expand the
products in (5.16) and collect the resulting quadratic factors. Rewriting these factors in
terms of g"”., gives the stated expression. The calculation is a direct substitution and
involves no additional geometric idea. O

The preceding lemmas and proposition allow us to identify the canonical momenta
associated with the Lagrangian L.

Theorem 5.12 Let (M, g) be a (3+1)-dimensional spacetime equipped with a connection
[, and let B be a symmetric background connection on M. Define the metric density by

y 1

= —/—detg g™
167 Y 9T

gu
and define the tensor pf, by
v = (Bl = 6080 ) = (T = 60T,
Let the gravitational Lagrangian be
L= gMV [(Fgu - Bga)(FZa - Bgu) - (F;Oju - BSI/)(FZU - ng) + TMV} :
Then pf;,/ 15 the canonical momentum associated with the metric density g, that is,

)
Dgiv \ — Oghv

= D), (5.18)

Here, g" \ denotes the partial derivative of the metric density, whereas g\ denotes its
covariant derivative with respect to the background connection B.
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Proof sketch. By definition of the background covariant derivative V¥, we have
g =g s+ BLe™ + B¢ — B¢

Thus g, differs from g"” ) only by terms depending on g"” and the background connec-
tion B. Therefore, differentiating L with respect to g"” ) is equivalent to differentiating
it with respect to gh..

We now differentiate the expression for L obtained in Proposition 5.11. The term
g"”r,, does not depend on g"”.), so it does not contribute. The remaining terms give
precisely p;\w. For a full calculation, see Theorem A 8. O]

5.1.3 Hamiltonian dynamical system for general relativity

Subsection 5.1.2 identified the gravitational Lagrangian L with the abstract Lagrangian
framework developed in Chapter 4. In this subsection, we construct a reference system
and apply the Hamiltonian framework from Chapter 4 to general relativity.

In Subsection 4.4.4, we described the Hamiltonian associated with a reference system
on a tensor bundle. Since the gravitational field is represented by the metric density g,
viewed as a section of the tensor bundle

F = SyT?M @ A*T*M,

we apply that construction to the gravitational variables g”” and pi‘w.

The goal of this subsection is to specialize the general Hamiltonian formula from
Chapter 4 to the gravitational Lagrangian L. The resulting Hamiltonian is written com-
pactly using the Freud superpotential [36]. We will use this superpotential only as a
computational tool. We state the formula needed below, but do not derive it.

Let X C M be a hypersurface, let X € 27 (M) be a global vector field on M, and let
¥ I x ¥ — M be its flow. Since

F = ST*M @ A*T*M
is a tensor bundle, the flow ¢, induces a flow ¥, on F'. Thus, as in Subsection 4.4.4, we

obtain a reference system
Ix® —2Y— F

| |

IXETM

where ® = ()" F.
We now specialize the general Hamiltonian construction to the gravitational variables.
The field variable is

A v
=",
and, by Theorem 5.12; the corresponding canonical momentum is
A A
ba _puu‘

The Lagrangian density is the gravitational Lagrangian L obtained in Proposition 5.11.
Recall that the spacetime momentum bundle is

P :=V*F ® A*T* M.
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In the present case, a section of P is locally described by the variables (gh, pf;l,), and is
written as
p=p),dg"” @ (0z]da® Adz' A da® A da®)

As discussed in Definition 4.17, the phase space on the hypersurface ¥ is obtained by
pulling back dynamically admissible sections to that hypersurface. A dynamically admis-
sible gravitational field is described by a metric density g"” together with its canonical
momentum p;\w that satisfy the Euler-Lagrange equation associated to L.

Remark 5.13 (Convention one-parameter families and first variations.) The use of one-
parameter families is implicit throughout this chapter. Recall from Subsection 4.4.2 that,
in order to establish the Hamiltonian structure of the phase space %5, we introduced a
one-parameter family of dynamical variables

The dependence on the parameter s was subsequently suppressed to improve readability.
The same convention is used in the present chapter. Thus, the gravitational variables

(8°7(s), Phs(s))

and the metric g are always understood to belong to a differentiable one-parameter family,
even when the parameter s is not displayed explicitly. Every quantity constructed from
these variables is likewise understood to depend on s.

For any such one-parameter family ¢(s), its first variation is denoted by

d

0q == —
! ds s=0

q(s)-
Accordingly, every occurrence of ¢ in this chapter refers to differentiation along the un-
derlying one-parameter family at s = 0.

Using the construction outlined at the end of Subsection 4.4.1, we transport the anti-
symmetric two-form on the phase space of ¥ to the hypersurface . C M. Substituting
the dynamical variables (p;,, g*) into (4.44), we obtain

QY((élpzua 519a5)a (5219,/),/» 529aﬁ)) = / (51p555290ﬁ - 522925519“5)615“- (5.19)
%
Here the odd form dS,, is defined by

%Jdmo A~ ANdz",

and we have abbreviated' the vector fields

0 0
_ 5 o) of
Xo = 0apy, o + 049 Bg°7
nv

by their components (6,p},, 5.9°°).

'We abbreviate vector fields by their components using J,. We use this convention throughout the
chapter.
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Substituting the gravitational field variable f4 = g*’ and its canonical momentum
pa* = pl,5 into the Hamiltonian formula (4.55), we obtain

H(X,.7,p) = / (Phs£xg™ — XFL)dS,, (5.20)
4

where p = (g, péﬁ). To shorten notation, we will suppress the dependence on p and
write H(X,.7).

The corresponding variation formula is obtained from (4.57) by substituting the grav-
itational field variables. This gives

—0H = /Sﬂ (£xp),08" — £xg"0p),) dSx
+ / xbeptl 5g9dsS,,,. (5.21)
a.7
where dS,,, is defined as
dS,y = (0, ND,)|dz® A+ N da?®.

Following Chrusciel [20], the integrand of the Hamiltonian is decomposed into a di-
vergence term involving a Freud-type superpotential” plus an additional term. In the
notation used here, this identity is

paﬁofxg — XHL = 8QWW — 29*8[76“] (X7.8y — B3y X"), (5.22)
v v o nly afv gA
WA (Qg“[ Dy — 200 g — Zg'ls ]pw) XP —2g°lglIX7 . (5.23)
Here a semicolon denotes the covariant derivative with respect to the background connec-

tion B. Furthermore, B, is the curvature tensor of the connection B3, and the square

brackets denote the antisymmetrization with a factor % when two indices are involved.

We rewrite the Hamiltonian in a form that does not contain the background connec-
tion. For this purpose, define

A% =T% — 00,1k, (5.24)
and, similarly, for the background connection,
A%, = B, — 68,B",).. (5.25)
By the definition of the canonical momentum, we have
P = A% — A%, (5.26)
We use the following formula for the Lie derivative of a connection

£xB*,, = X", — B ,,X°.

2We use (5.22) as a quoted identity. For more details on the Freud superpotential (5.23), see Freud
[36].
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Here the semicolon denotes covariant differentiation with respect to the background con-
nection B. A direct calculation shows that

g £x AN, = 207060 (X745, — B3, X7) . (5.27)

Assume that . is a compact hypersurface. Using this identity and Stokes’ theorem,
the Hamiltonian is decomposed as

H(X7 y) - Hboundary(Xa y) + Hvolume(X7 y), (528)
1
Hboundary(Xa y) - _/ WeH dsa;u (529)
2 Jos
Hvolume(X7 y) - _/ QW £XA)\,LL1/ dSA
4
=— / 20" (X745, — B3, X*) dSh. (5.30)
54

For the variation formula, we use (4.57) and rewrite the volume integrand in terms of
(5.24).

_6Hb0undary(X, y) - /7 (‘EXng 5_/4)\“” - £XA)\,uu 59“”) dsS,

+ [ Xyl 5gof ds,,. (5.31)
0.7
In the asymptotically flat setting, Hpoundary Will be used to recover the ADM energy-
momentum as defined by Arnowitt, Deser, and Misner in [4,5].

Remark 5.14 The assumption that .% is compact is sufficient for the present discussion.
In applications to asymptotically flat spacetimes, one has to deal with additional issues
concerning compactification and regularity. In particular, smoothness of the compactifi-
cation is generally too strong an assumption. We do not discuss these details here; see
Van Voorthuizen [81, Section 3.3] for further discussion.

5.2 Reduction to a spacelike hypersurface

In Section 5.1, we identified the correct tensor bundle F', the Lagrangian L, and the
appropriate reference system. This allowed us to apply the construction from Chapter 4
to general relativity. In this section we reduce the formulas for the Hamiltonian and
antisymmetric two-form, using the assumption that the hypersurface . is spacelike.

In Subsection 5.2.1, we rewrite the antisymmetric two-form €2 . We also introduce the
Gauss—Codazzi constraint equations. In Subsection 5.2.2, we decompose the spacetime
metric into the induced metric on the hypersurface and the lapse and shift variables
governing its evolution through spacetime. We use this decomposition to rewrite the
variation of the Hamiltonian in a form suited for the asymptotically flat setting.

5.2.1 Reduction of the antisymmetric two-form and Gauss—Codazzi
equations

From now on, we assume that the embedded hypersurface . C M is spacelike. We

choose local coordinates (2°, 2!, 22, 2%) on ., so that 2° on .% is constant. In these

coordinates, the spacetime expression for the antisymmetric two-form simplifies.
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Lemma 5.15 Let (z° z', 2% 2°) be coordinates on ¥ such that 2° is constant on ..

Then the antisymmetric two form Qys, given in (5.19), is written as
QY(<51pi\W7 519a5)a (52]?21/» 529a5)) = / (51p3g529a6 - 52pgﬁ519aﬁ)d3x
5%
= — /y(51A3552ga5 — 62Agﬁ(slga’8)d3$. (532)

Proof. The first coordinate 2 is constant on the hypersurface .7, consequently the form
d1’|» = 0. This simplifies the odd form dS,, because only terms without dz° remain.
Hence we find

Substituting this into equation (5.19), we obtain

Qo (6107, 618", (02p),,, 029°7)) = /y (0192 5029°° — 0op05019°7)d°x

Recall that the background metric is fixed, so its variation vanishes. From 5pgﬁ =
0AQ; — 6 A0, = —0AY,, it follows that

Qo (6117, 618, (02p),,, 029°7)) = / (0142 3059"" — 62A% 56197 )d’x (5.33)

This proves the claim. O]

Note that the information about the momentum pgﬂ canonically conjugate to g®? is
encoded in the ten components Agﬁ of the connection I". However, these components are
not independent. They satisfy constraints coming from the metricity condition (5.6).

Lemma 5.16 For k > 0 and | > 0, we obtain the following two constraints
1
Agy = @(@eg% + ARe"™), (5.34)

AS, = — (Org™ +2A70,g%). (5.35)

1
200
Proof. Proving these constraint equations is a straightforward calculation, therefore we
only give the calculation of equation (5.34).

Recall that £ > 0 and [ > 0, while other dummy variables may be zero. Note the
following identities

Agl = Fgl - 5?k 7)0 = Fgl
and

Ago = Fgo - 5?0Fg)0' = _Flgk



98 CHAPTER 5. ASYMPTOTICALLY FLAT SPACETIMES

We prove (5.34) by rewriting Christoffel symbols and introducing [ > 0 as a dummy
variable. Using (5.6), we find

g™ = QOkPZo - gogrik - Qkargk

= QOkFga - goorlgk - QOlka - QOkrgk - gklr?k

We collect the terms g°* and interchange the dummy indices k£ and [ in the third term.
This gives

Og™ = QOkrék - goorlgk - gOkrgcl - leF?k
= _goorlgk - gklrgz
= gAY — g™ Ay

Rearranging the terms proves (5.34). O

We now use a result from Chrusciel, Jezierski and Kijowski [27] which rewrites Q..
For a more detailed treatment, see Kijowski [19, Section 5]. The theorem below shows
that, up to a boundary term, the spacetime antisymmetric two-form can be written in
terms of the induced metric g on the hypersurface . and its conjugate momentum P*.

Theorem 5.17 Suppose that . is a hypersurface of M which has compact closure
and smooth compact boundary 0.. On an open subset & C M we take coordinates
(2% 2!, 2% 23) that satisfy S N O = {2° =0} and 0/ N O = {2° = 0,2 = 1}. The

antisymmetric two-form Qg from equation (5.19) reduces to

1
Qo ((61),,,018%), (021}, 626°7)) = 6 /y(519kl52pkl — Sagr6 P*)dPx (5.36)
1 det det
e (51N352_ve9kl _ gy, Vet gu ) o,
Y 0.9 N N
where
1 03 0k

, Nt = gor, N3:(93k—g J )Nk

V9% g

and P* = \/det g (g7 K; 3" — KM) with Ky = —1/+/]|g"|AY,, and with 3g" being
the three-dimensional inverse of the induced metric gy on ..

N =

Remark 5.18 The theorem is stated here in a simplified setting sufficient for the present
discussion. In applications to asymptotically flat spacetimes, one has to deal with addi-
tional issues concerning compactification and regularity. In particular, smoothness of the
compactification is generally too strong an assumption. We do not discuss these details
here; see Van Voorthuizen [81, Section 3.3] for further discussion.

In Subsection 5.3.2, in the asymptotically flat setting, we will see that the boundary
integral vanishes due to the asymptotic conditions on the metric.

The induced data on the hypersurface . satisfy the Gauss—Codazzi constraint equa-
tions. We follow the convention of Chrusciel-Jezierski-Kijowski [27].
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Proposition 5.19 The tensor fields (gu, P*) satisfy the Gauss-Codazzi constraint equa-
tions

Pl = 8my/det gy Ty, (5.37)
1
(det gpn )% — PH'p, + §(Pklgkl)2 = 16m(det gy ) Tntn”, (5.38)

where T, denotes the energy-momentum tensor of matter fields, # denotes the three-
dimensional scalar curvature of gy, n = n*0, is a future timelike four-vector normal to
the hypersurface . and “” denotes the three-dimensional covariant derivative induced

by Gri-

Remark 5.20 The Gauss—Codazzi equations arise from the geometry of an embedded
hypersurface. When the ambient manifold satisfies the Einstein equations, they give rise
to the constraint equations (5.37)—(5.38).

5.2.2 Lapse function and shift vector field

In this subsection, we describe how a spacelike hypersurface moves through spacetime. We
pull back the metric g to I x 3. Using the assumption that each embedded hypersurface
is spacelike, we obtain a Riemannian metric v on >. We then introduce the lapse function
v and the shift vector field £, which allow us to write ¢)*g in terms of v, v, and 5. We also
introduce a momentum 7 canonically conjugate to 7. These variables satisfy certain
relations, which will be used to reduce the variation of the Hamiltonian Hyoundary, given
by (5.31).

Let 1 be a motion, as defined in Definition 4.2, and let 3 be a model hypersurface in
M. We assume that for every ¢ € I, the image 14(X) is a spacelike hypersurface in M.
This ensures that for every time t € I, pulling back the metric g along the embedding 1),
gives a Riemannian metric 7; on ¥. We denote this Riemannian metric by

Ve = %,z‘jdxidxj = (¢t)*g-

To describe how the hypersurface evolves in time, we define a one-parameter® family
of lapse functions on X.

Definition 5.21 Let ¢: I x ¥ — M be a map such that for all t € I, the map ¢/, is an
embedding with spacelike image. The lapse functions are the one-parameter family of
functions v;: ¥ — M defined by

0
Vy = g<d¢§7nt) o 1/%7

where n; denotes the unit future timelike four-vector normal to the hypersurface ¢, (%).

3Recall from Remark 5.13 that the metric g = g(s) and the corresponding dynamical variables g*?(s)
and p” P (s) are understood to belong to differentiable one-parameter families, although their dependence
on the variation parameter s is suppressed. Consequently, the quantities introduced through the time
evolution are, strictly speaking, two-parameter families. For example,

(s,t) = big(s),

and similarly for the lapse, shift, and canonical momentum. Here s is the variation parameter, whereas ¢
is the evolution parameter. We continue to suppress the dependence on s and write these quantities as ¢,
vy, By, and ;. Accordingly, § denotes differentiation with respect to s, while a dot denotes differentiation
with respect to t.
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The lapse function measures the normal component of the time-evolution vector field.
Thus the lapse vanishes when the hypersurface is moved tangentially to itself.

Lemma 5.22 For each t € I, the vector field given by

0
dwg + Vg » (nt O wt)
1s orthogonal to ny.

Proof. Let t € I. Using the bilinearity of the metric we find

0 0
g(d?ﬂg + v (e o), ngoy) = g(dibaa ny o) + g - (ng 0 Pp),mp 0 Yy

0
= g(dlﬁa, ne) © Yy + g (ng © Pr, my 0 Yy)
= Vi — V¢ = 0

Since n; is a unit timelike normal to the hypersurface v,(3), g(ny,n;) = —1. This
completes the proof. O

is tangent to 14(2). Hence there exists a one-parameter family of vector fields f(t,-) on
) such that

0
Aoy T (ne o thy) = dipyB(¢, ).
The vector field d(1;)B(t, -) is called the shift vector field.

The lapse function and shift vector field now allow us to decompose the pulled back
metric 1*¢g into the metric induced on the hypersurfaces and the variables describing the
choice of time evolution. The following formula gives this decomposition.

Proposition 5.23 In local coordinates on I x 33, the pulled back metric is given by
Yrg = —2dt? + vi(dot 4 Bldt) (da? + BUdt). (5.39)
Equivalently,
Yrg = —12dt? + v da'da? + v F datdt + yBldal dt + i 567 di, (5.40)
where i = 1,2,3 in both formulas.

For a derivation of this decomposition, see Gourgoulhon [37, Section 4.2.3].

Although =, is Riemannian on each hypersurface ¥, the metric ¢*¢g on I x ¥ is only
Lorentzian whenever the lapse is non-zero.

We show a few elementary identities that will be used in Section 5.3. They follow
directly from the decomposition of the metric ¢*g and from the compatibility of the
Levi-Civita connection of v;;. Recording them here keeps the proofs in Section 5.3 from
being interrupted by coordinate calculations.
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Lemma 5.24 In local coordinates, the decomposition of 1*g is given by

(V*g)oo = —v* + %jﬁiﬁj7 (5.41)
(V*9)ij = Vi (5.42)
()0 = Vi (5.43)
In particular,
Bi = (V" 9)oi, Bi = ’y”(w*g)m- (5.44)

Proof. The second identity of equation (5.44) is obtained by using the inverse metric.
The first identity is obtained by lowering indices

Bi = %’jﬁj = (¥"9)os-
The identities (5.42) and (5.43) are obtained directly from the decomposition of the metric
Vg H

The induced metric 7;; and its canonically conjugate momentum 7/ satisfy the stan-
dard ADM evolution equations. We will only need the following relation

_— 2v
Ykl Lot e

where | denotes the covariant derivative with respect to v;;, and

(Wu — %%z tr(W)) + B + Bk, (5.45)

tr(r) = 7.
For a derivation of the full set of constraints, see Misner—Thorne-Wheeler [79, p. 525].

Lemma 5.25 The covariant deriwative of the lowered shift vector is given by

B = il (5.46)

Proof. Since 8 = vx;/4’, the components f;, define a one-form. We therefore expand Sy
as the covariant derivative of a one-form, and then use the metric compatibility of the
Levi—Civita connection of . This gives

B = V(i )
= 0 ~ Thimid’
= (Oyir) B" + v (OB") — T ymiB’ (5.47)
By metric compatibility
Ok = L ni + L ven.
Substituting this into (5.47) gives
Bt = Dk B + DjeyinB + Yik(08°) — T ymil3’
= (08" + T}, 8")
= i1

This proves the desired identity. O
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We now quote the corresponding reduction of the variation of the Hamiltonian, anal-
ogous to the reduction of the antisymmetric two-form above. We do not reproduce the
coordinate calculation here, since it will not be needed later. For a proof, see Kijowski
[49, Section 5.6 and Appendix A]. We follow the formulation of Chrusciel, Jezierski, and
Kijowski [27].

Theorem 5.26 (Reduced variation formula for the gravitational boundary Hamiltonian)
Let (M, g) be a four-dimensional vacuum spacetime, let B be a fixed symmetric connection
on M, and let ¥ be a compact® three-dimensional manifold with smooth boundary.
Let
VI xYX— M

be a smooth motion generated by a vector field X € X(M). Set 7 := (%), S = S,
and suppose that ., is spacelike for everyt € I.
Define the metric density and the corresponding canonical momentum by

1
b= —\/—detgg*
g 167 etgg

p)\;w = (BA/J,V - (5>\(;,LBHV)I{) - (F)\;w - 5>\(MFHV)H) )

where I' is the Levi—Civita connection of g.
Write the pullback of the spacetime metric to I x X in the form

Vg = -2 dt* + v (dxi + B dt) (dxj + 5 dt),

where v, ', and v;;° are, respectively, the lapse, the shift, and the induced Rieman-
nian metric. Let K;; denote the second fundamental form of %, and define the ADM
momentum density by

7 e o (Ko = KY), K = A,

3 vdet v
o= 0", W= —

Recall that we suppress the notation for the variation of the dynamical variables (g, p).
The same is true for the variables obtained from this pair. For every quantity q(\) induced
by this family, define

Set

d
- = \).
7 A:OQ()

The background connection B, the vector field X, and the motion v are held fized under
the variation. A dot denotes differentiation with respect to the evolution parameter t:

.._@
1= 5y

Let Hpoundary (X, ) be the gravitational boundary Hamiltonian defined in (5.29).
Then

0q :

t=0

1 ) :
- 6Hboundary(X7 <Sﬂ) - 16_7T /E (Trkl 5’7kl — Ykl 67Tkl) d3l’

1
+ E s (,U oo — 06:“) d21’ + /ay <X0p3a659a5 _ X3p0aﬁ59aﬁ) d2£l§'. (548)

4For a discussion on this assumption, see Remark 5.18
5We suppress notation of the evolution parameter t.
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5.3 Asymptotically flat spacetime

In Section 5.2, we assumed the hypersurface . was spacelike. This reduced the formulas
for the antisymmetric two-form €25 and the variation of the Hamiltonian dHyoundary
substantially. In this section, we use Theorem 5.26 and Theorem 5.17 to construct a
Hamiltonian dynamical system for asymptotically flat spacetimes.

We now apply the Hamiltonian formulation of Chrusciel, Jezierski, and Kijowski [27]
to asymptotically flat spacetimes, schematically illustrated in Figure 5.1. Roughly speak-
ing, asymptotic flatness allows the geometry to be highly nontrivial in a bounded region
while requiring it to approach that of Minkowski spacetime at spatial infinity. More
precisely, for a spacelike hypersurface .7, there exists a compact set K C .% such that,
outside K, the metric approaches the Minkowski metric under the prescribed asymptotic
conditions.

Figure 5.1: Schematic picture of an asymptotically flat hypersurface .. The compact
region K represents the part where the geometry may be strongly curved or otherwise
nontrivial. Outside this region, the metric approaches the flat Minkowski metric.

In Subsection 5.3.1, we introduce the precise asymptotic conditions and begin the con-
struction of the corresponding phase space. Subsection 5.3.2 continues this construction
by imposing further restrictions on the initial data. We then use an idea by Lichnerow-
icz [56] to rewrite part of the antisymmetric two-form and prove the convergence and
vanishing of the relevant integrals.

In Subsection 5.3.3, we show that, under the asymptotic conditions chosen earlier,
the variation of the Hamiltonian agrees with the antisymmetric two-form. This gives a
Hamiltonian dynamical system on the asymptotically flat phase space. Finally, in Sub-
section 5.3.4, we show that the ADM four-momentum is obtained from the Hamiltonian.
We first give a sketch of the argument. Since we did not find this calculation in the
literature, we include the full computation in Subsection 5.3.5.

5.3.1 Asymptotic conditions

We begin this subsection by specifying what we mean by an asymptotically flat spacetime.
We then introduce the corresponding initial data, which will be used in Subsection 5.3.3
to construct the phase space.

Definition 5.27 A 4-dimensional spacetime (M, g) is asymptotically flat if there exists
a compact set K C M such that M \ K is a finite union of ends M, ..., M;, and for each
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end M;, there exists a diffeomorphism
®;: M; — R x R*\ Bg(0),

where Bgr(0) is the closed ball with radius R centred at the origin. We regard ®; as an
asymptotically flat coordinate chart, with coordinates ¢, z,y, z. In this coordinate chart,
the metric g satisfies

|gw/ - 77,ul/| = O(T_l)a ’agmx| = O(T_Q)a ’829;w| = O(T_g)a (549)

where 7, denotes the Minkowski metric and r is the Euclidean radial coordinate on the
asymptotic end.

Remark 5.28 The asymptotic conditions used here are the classical fall-off conditions.
They can be optimized in more refined treatments. For further discussion, see Chrusciel—
Jezierski—Kijowski [27].

Example 5.29 The Schwarzschild spacetime provides a standard example of an asymp-
totically flat spacetime. In suitable asymptotic coordinates, its metric satisfies the pre-
scribed decay conditions.

In this thesis, we restrict attention to asymptotically flat spacetimes with a single
end. As Chrusciel, Jezierski, and Kijowski note in [27, p. 76], the extension to finitely
many ends is a straightforward generalization.

We assume that ¥, the model space for our hypersurfaces, is an asymptotically
flat Riemannian manifold. Thus ¥ can be decomposed as

Y= Eint U Zext7

where ;¢ is compact and
Yext = R\ Bg(0).

We now choose a fixed background metric on the model spacetime R x . On the
asymptotic region R X ¥, we choose this background metric to be the Minkowski metric,

b= —dt* + dz? + dy* + d2>.
The restriction of b to ey 1s the Euclidean metric
dz? + dy? + d=>.

Remark 5.30 The physical metric g is defined on the spacetime M, whereas the back-
ground metric b is defined on the model spacetime R x Y. To compare these metrics, one
has to transport g to R x . We return to this point in Subsection 5.3.3.

We will define the phase space in several steps. We begin by choosing initial refer-
ence data, which is a pair

(%/Zjv ﬁjﬁl)) (550)

where %;; is a Riemannian metric on ¥ and 7" is its conjugate momentum on . We
require this pair to satisfy the vacuum Gauss-Codazzi constraint equations (5.37)—(5.38),
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with the induced metric and momentum variables replaced by ¥;; and 7%, and with the
energy-momentum tensor of the matter fields 7),, = 0.

In addition, we assume that the pair (%5, 7%) arises from an asymptotically flat space-
time. Thus it is induced by a spacetime metric satisfying the asymptotic conditions in
(5.49). We denote

tr(7) = A7 (5.51)
We approximate the trace by tr(7) = O(r=2).
Lemma 5.31 The trace of the initial reference data satisfies the fall-off

tr(7) = O(r~?).

Proof. To avoid overloading the notation, we omit the circles in this proof. Recall
equation (5.45)

) 2v 1
Vol = —F——= (Wkl — 5kl tf(”)) + Brie + By (5.52)
V/det i 2

By (5.46), we have
Ben = vinBj-

Contracting (5.52) with v* gives

kl \/m kl 2 kl ik |l

2v 1 4
= —— (v’“’m — 57" tr(ﬂ)) + 29" B
\/ det Yij 2
2v 3 .
= — (te(m) = 2tx(r) ) + 28,
Vdet yi; ( (m) 2 ( )> b

Rearranging gives

\V d i i .
tr(m) = # (28} — v"mr) - (5.53)

We now estimate the right-hand side using the asymptotic conditions (5.49). Since
V=07 =00,

we also have B B

¥ =07 + 0.
Since the Minkowski metric contributes the leading term, we conclude that v = O(1).
Moreover, the asymptotic conditions imply 4;; = O(r~2). Hence

i = 0(1)0(r™?). (5.54)

It remains to estimate 3%;. By (5.44), we have
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Thus, for the approximation of 6{2 we find

OB" = 0,(+"") B + 7" 0 (5:)
= 0> Ho(1) +0(M)0(r %)
=0(r ). (5.55)

Furthermore, we have

VI _ o), (5.56)

v
Substituting (5.56), (5.55) and (5.54) into (5.53) gives

tr(m) = O(1) (20(r—2) = O(r2)) = O(r?). O

5.3.2 Convergence of antisymmetric two-form

In Subsection 5.3.1 we fixed the asymptotic setting and chose the initial reference data
around which the phase space will be constructed. The goal of this subsection is to
determine the conditions under which the reduced antisymmetric two-form ¢, given in
(5.57), is well-defined on a non-compact hypersurface .. Moreover, we show that the
boundary term vanishes under these conditions. This vanishing of the boundary integral
is important because it allows the antisymmetric two-form €24 to be identified with the
variation of the Hamiltonian 6 Hyoundary-

We do not give a full proof of the convergence of the antisymmetric two-form. Instead,
following Chrusciel, Jezierski, and Kijowski [27], we state the fall-off conditions that
ensure convergence of the volume term and vanishing of the boundary term. The main
idea comes from a method due to Lichnerowicz [56]. One uses a conformal transformation
of the spatial metric to rewrite the integrand of the volume term. This separates the
different contributions to the integrand and makes clear which fall-off conditions are
needed to control them. These conditions will then be incorporated into the definition of
the asymptotically flat phase space.

Recall from (5.36) that, after pulling back to the model hypersurface ¥, the antisym-
metric two-form takes the form

1
Qy((51p2\w 519a6), (52PZ\W7 529a5)) = E/z (51%l Fym™ — 02kt 517Tkl) d’x (5.57)
1 v/ W
L= 51]\[352%_52]\7351% &P

Here, we replace the induced metric gy; and momentum P* by the Riemannian metric
7w and the momentum 7% canonically conjugate to it.

Definition 5.32 Let X be a manifold. Two Riemannian metrics v;; and 4;; on X are
called conformal if there exists a smooth positive function f: 3 — (0, 00) such that

Yij = f%j'

The Lichnerowicz conformal method rewrites the Gauss—Codazzi scalar constraint
equation (5.38) as an elliptic equation for a conformal factor. This has the following
consequence. For more details, see Lichnerowicz [56].
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Theorem 5.33 Let ;; be an Riemannian metric. Suppose that the metric vy;; is written
in the conformal form

Yij = €%
Then the integrand of
/ (81791 827 — Gaypa 617™) AP
D

18 written as

(51’ykl(52ﬂ'kl — (51 e (52) =
51002 (V™) — 2 [T 01009 K — G1AK0m™] — 81 ¢ By (5.58)

Here 61 <> 05 denotes the preceding expression with 61 and 6o interchanged.

In the asymptotically flat setting, the conformal factor can in general be chosen so
that

o=0(r").

The fall-off of the conformal metric 4;; can be freely chosen. Since ¢ = O(r~'), the Taylor
expansion of e? gives
e =1+0(@"),

and in particular ¢® = O(1). Thus the factor e does not affect the integrability of the
corresponding terms in (5.58).
Under suitable fall-off assumptions on 4;; and 7', the terms involving

e? (016 629 — 61 b
are integrable. Thus, the only problematic term in equation (5.58) is

(51¢ 52<’)/klﬂ'kl) — ((51 e 52)

We therefore impose an extra condition on the fall-off of v;7*, or more precisely on its
deviation from the trace of the chosen initial reference data (7;;, ;).

We now continue the construction of the phase space from the initial reference data
introduced in Subsection 5.3.1. Fix the reference data

(535> 7).
The phase space Z, () consists of initial data
(i, ©7) € Pusiiy
that satisfy the following asymptotic conditions on Ye:

AR — tr(7)

¢=0(0"1), € L'(Zext) (5.59)

r

where ¢ is the conformal factor determined by 7;; = €?4;;. Furthermore, we assume that

’%j - 6ij S L2<Zext)a Wij S L2<Eext)- (560)
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Remark 5.34 The definition of the phase space is not yet complete. We will still need
to impose conditions on the evolution of the initial data, which will be done in Sub-
section 5.3.3. The assumptions introduced here are sufficient for the purpose of this
subsection, namely to prove convergence of the antisymmetric two-form.

Example 5.35 To make the assumptions more concrete, we give fall-off conditions that
imply (5.59) and (5.60). The conditions in (5.59) are satisfied if

=001, Y —tr(w) = O(r=®)
for some o > 2. Indeed, in this case

! — tr(7) _ O(r—1),
r
which is integrable on Y when o > 2.
Similarly, the conditions in (5.60) are satisfied if
Fij =0 =0(°), w7 =0("7)
for some 0 > 3/2 and 5 > 3/2.

Following Chrusciel, Jezierski, and Kijowski, we use the following consequence of the
fall-off conditions. The statement will be used without proof.

Theorem 5.36 (Well-definedness of the antisymmetric form) Let (M, g) be a vacuum
asymptotically flat spacetime, where g satisfies the asymptotic conditions (5.49). Let 3
be the model hypersurface, and let

1 — M

be an embedding whose image . = i(X) is spacelike.
Fiz a reference initial data set (fyij,fr“) on Y satisfying the vacuum Gauss—Codazzi
equations (5.37) and (5.38), and denote the trace as

o . o okl
T i= YT .

Let (yij, 7)) be an initial data set on ¥ satisfying the vacuum constraint equations.
On the asymptotic region Yey, write

Vij = 6(@@']’-
Suppose that

AV — tr(7)

¢=0(r1), € LN (Sext), (5.61)

r

and
Aij — 0ij € L*(Bext), 77 € L*(Dext)- (5.62)
Then the volume integral defining the reduced antisymmetric form o is convergent.
Moreover, the boundary term in (5.57) vanishes. Consequently,

1

Qy ((51]?21/7 5lgaﬂ)’ (52]?2”7 529046)) = 16_77/ (51'7kl 527Tkl — 52719! (517Tkl) d3l'. (563)
2
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5.3.3 Hamiltonian dynamical system

In this subsection we use the Hamiltonian formalism developed in Section 5.1 to construct
a Hamiltonian dynamical system for asymptotically flat spacetimes.

The construction is done in several steps. We first complete the definition of the
local phase space Py, (x) associated with fixed reference initial data (7;;, 7), as defined
in (5.50). In Subsection 5.3.2, we imposed the required conditions on initial data sets
(7ij, ™). It remains to specify the evolution of these data and to verify that the prescribed
conditions are preserved by this evolution.

We then pass from these local phase spaces to the ADM phase space, by taking the
union of the local phase spaces. In this sense, the local phase spaces may be regarded
as local patches of the full ADM phase space. This interpretation is intended only as a
heuristic, since we do not develop a manifold structure on the ADM phase space.

Finally, we state a convergence result for the variation of the Hamiltonian. Together
with Theorem 5.36, this shows that the ADM phase space carries the structure of a
Hamiltonian dynamical system.

We begin by addressing the problem of identifying the physical spacetime with the
model spacetime I x . Let (v;;, 77) be a candidate initial data pair satisfying the con-
ditions (5.59) and (5.60). By Choquet-Bruhat and Geroch [17, Theorem 3], we associate
with this data a maximal globally hyperbolic development

(M(’y,ﬂ')v 9)7

which is unique up to isometry. We also fix an embedding
12— M(%ﬂ)
such that
i'g =", i'P=m,

where the momentum P is defined as in Theorem 5.17. Let O(,r C M be a neigh-
bourhood of (X)) such that i(X) is a Cauchy surface for 0, ). To construct the desired
identification with I x X, we first introduce the notion of a time function.

Definition 5.37 A differentiable function f: M — R is called a time function if its
gradient V f is timelike.

Let
T ﬁ(%ﬂ-) —R

be a time function. The level sets of 7 give a foliation of &, . The integral curves of V7
then define a diffeomorphism

5(7777): ﬁ("/aﬂ') - (t*JtJr) X 27 p = (t,l’),

where ¢t = 7(p), and the point x € ¥ is obtained as follows: Let 67 denote the integral
curve of V7 through p. This curve intersects i(32) in a unique point, say

(1) Ni() = {i(x)}.

We then set
g(v,ﬂ)(p) = (T(p),x)

The following Figure 5.2 illustrates this construction.
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O(’y,‘rr) integral curves (t_,t+) X X
of Vr
t
ty
7 ST G e e |
0

o

* 7: Oy, — R is a time function.

The level sets =t} foliate ;.
* The level sets {7 = t} foliate O, x) B tevelsetsctr
o Integral curves of V7 are orthogonal to the leaves.

 Each curve meets the initial hypersurface i(X) at a unique point i(z). integral curves of Vr

- 5(7,#)(17) = (1(p),x) € (t-,t4+) X Z.

Figure 5.2: Schematic construction of the diffeomorphism &y y: Oy — (t-,t4) x X.
The integral curves of the timelike vector field V7 intersect the initial hypersurface i(3)
and are used to assign to each point p € 0, ) a time coordinate ¢ = 7(p) and a spatial
point x € Y.

Remark 5.38 The construction is not canonical, as it depends in particular on the choice
of time function and hence on the induced foliation. These uniqueness issues are related
to the invariance of the ADM mass and will be discussed in Section 5.4.

The map &, ) identifies a neighbourhood of the initial hypersurface with the model
spacetime (t_,t,) x ¥. Equivalently, its inverse

17/)(%71-)1 (t_,t+) X 2 — ﬁ(%ﬂ-) (564)

defines a motion of hypersurfaces in the sense of Definition 4.2. For each ¢t € (t_,t,), the
map

¢t: Y — M('y,ﬂ')a ¢t($) = 'QZ)('y,Tr)(ta {L‘),

embeds ¥ C M as the hypersurface at 7 = t.

Thus, the time function determines a foliation of a neighbourhood of i(X). Using
the associated identification of each level set with 3, the spacetime metric g induces a
one-parameter family of Cauchy data on the fixed model hypersurface X.

In this way the chosen time function determines a curve in the space of initial data,
as follows:

t = (1), 77 (1))
Here we denote (t) := 9y g, and 7(t) := 1y P, where P is defined as in Theorem 5.17.

We now require this curve to remain in the phase space. In other words, the conditions
imposed on the initial data at t = 0 should also be satisfied by the evolved data

(73 (£), T (¢)).
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Following Chrusciel-Jezierski-Kijowski [27, p. 79], we enforce this requirement by choos-
ing the time function so that the trace ;7 is preserved along the evolution:

Yij(t, o) (¢, 2) = 735(0, )7 (0, x). (5.65)
We now complete the definition of the phase space Py #).

Definition 5.39 The local phase space %, ;) consists of the initial data such that the
asymptotic conditions (5.49) together with the assumptions (5.59)—(5.60) are preserved
by the implicit evolution equation (5.65).

Remark 5.40 The choice of time function allows us to represent the spacetime evolution
as a curve of initial data on the fixed hypersurface ¥. Since the definition of &, ;) requires
this curve to remain in the phase space, the evolution defines a dynamical system on

Prr(7)-

The phase space P, (x) was constructed for a fixed reference initial data set (;;, 7).
Since there are many possible choices of reference data, we obtain the full asymptotically
flat phase space by taking the union over all admissible reference traces.

Definition 5.41 We define the ADM phase space as

yADM = U ytr(fr)y (5-66)
tr(7)

where the union is taken over all initial data (¥;;, 7) such that
tr(7) = O(r~2).

Remark 5.42 Chrusciel, Jezierski, and Kijowski note that Zypy may be viewed as
a manifold in a loose sense, with the spaces . (z) playing the role of local coordinate
patches. The idea is that, near a given reference trace tr(m), the vacuum Einstein evolu-
tion allows one to pass from one admissible trace to nearby admissible traces. Thus the
local phase spaces are not isolated objects, but overlap through the dynamics.

We will not develop this analytic manifold structure in detail. For our purposes, it is
enough to use these local phase spaces as local descriptions of the full ADM phase space.
The Hamiltonian will be described locally on each such phase space, and the compatibility
of these local descriptions is understood in the sense explained by Chrusciel, Jezierski,
and Kijowski [27, p. 79].

We showed that, with each initial data set (7, ), we can associate a reference system
Y(y,x), given in (5.64). The field bundle F, the dynamical variables (g, pﬁy), and the
gravitational Lagrangian L have already been specified in Section 5.1. The choice of refer-
ence system therefore provides the remaining ingredient needed to apply the Hamiltonian
construction of Subsection 5.1.3 to asymptotically flat manifolds. Hence, we obtain the
Hamiltonian

H(X7 y) = Hboundary(Xa y) + Hvolume(X7 y)

Here, the boundary and volume Hamiltonian are given by

1
Hboundary<X7 y) = 5 /a/ Wy dscma
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and

Hvolume(X7 <Sﬂ) - _/ glw £XA)\W/ dS)\,
B

where
A%, = Bﬁy — (S&BS)H.

Remark 5.43 Strictly speaking, the preceding construction yields a Hamiltonian on
the maximal globally hyperbolic development of the initial data set (v, m). Using Re-
mark 5.42; these local Hamiltonian descriptions may be regarded as fitting together to
define a Hamiltonian on the full ADM phase space.

In Subsection 5.3.1, we chose the background metric b to be the Minkowski metric.
Hence, By, is the Levi-Civita connection of b. We now choose X to be a translation
vector field of the form

X =a"0,,

where the coefficients a* are constant. Translation vector fields are Killing vector fields
of the Minkowski metric b. Consequently,

£xB,, =0.
Moreover,
£xAN = £x (B), - 60,B5,) = 0.

Hence, for every translation vector field X, we have
Hvolume(X7 tSﬂ) = 0.

Therefore, only Hyoundary remains, when working with translation vector fields X.
The conditions imposed on the initial data in Zapy guarantee that the integral defining
the variation 0 Hpoundary converges. This is made precise by the following result from
Chrusciel-Jezierski-Kijowski [27, p. 79].

Proposition 5.44 Let the data belong to Papm, and let X be a translation vector field.
Then the volume integral in (5.48) is convergent, and the two boundary integrals vanish.
Consequently, the variation of the boundary Hamiltonian is well-defined and is given by

1 ) .
_5Hboundary(X7 y) = 16_7'('/2 (ﬂ'klé"ykl — ’ykl(Sﬂ'kl) dgib'. (567)

Furthermore, one can show that the boundary Hamiltonian

1
Hboundary(X7 y) = 5 oy WeH dSa,u

converges; for details, see Wald [83].
Using Proposition 5.44, we establish the Hamiltonian character of ZZxpy.
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Theorem 5.45 Let (M, g) be an asymptotically flat (3 4 1)-dimensional spacetime, and
let Papm be the ADM phase space defined in Definition 5.41. Let (vij, ©7) € Papm be
initial data on 3, and let . = i(X) be the corresponding spacelike hypersurface in M.
Suppose that the evolution is determined by a motion

17/)(,},7#): (t_,t+) X > — ﬁ(%ﬂ),

where Oy C M s a spacetime neighbourhood of .7 and 1y x) 0 = i.

Let X be a translation vector field, that is, X = a*0,, where the coefficients a* are
constant.

Recall that we suppress the dependence on the variation parameter of the dynamical
variables (go‘ﬁ,pﬁy). Thus, for a differentiable one-parameter family s — q(s), we write

The vector field X and the motion ) r) are held fized under the variation. Likewise, we
suppress the dependence on the evolution parameter t and write

.'_@
= ot

t=0

Then for data in Pxpy, we obtain
=0 Hyoumdary (X, ) = 2 (2, (5735,077)),

where X = (Yij, ) is the vector field generated by the dynamics. Hence, Papn carries
the structure of a Hamiltonian dynamical system, with Hamiltonian Hyoundary (X, 7).

Proof. By the construction of the time evolution and Theorem 4.21, the dynamics de-
termines the vector field

2 = (Yij, )
on Zxpm. From Proposition 5.44, we have

1

—§Hb0undary(X, 5’) = E/E (ﬂ.k’lé‘,.ykl _ ,.'ykl(sﬂ_k:l) de.

On the other hand, Theorem 5.36 gives

1 . .
Qo (2, 0m) = 16_7r/2 (7k157kl - ’Ykz57Tkl) d’x.

These two expressions agree. Hence
_5Hb0undary(Xa y) = Q&"<<%'a 571'),

which is the Hamiltonian relation. Therefore &2,py\ carries the structure of a dynamical
system. O
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5.3.4 Calculation of ADM four-momentum

The previous subsection showed that the boundary Hamiltonian gives rise to a Hamilto-
nian dynamical system on Zpyn. We now use this Hamiltonian to define the energy-
momentum of the system.

Definition 5.46 We define the four-momentum p* as
puau = _Hboundary(aua/u 5/),
for every constant vector field a*0,.

We verify that this four-momentum coincides with the Arnowitt—Deser—Misner four-
momentum defined in [4,5]. We do this by evaluating the boundary Hamiltonian on the
vector fields 0, separately. Because the computation is rather long, this subsection gives
a sketch of the argument and records the main steps. Subsection 5.3.5 completes the
proofs by calculating the expressions in full.

In the proofs below, Greek indices range from 0 to 3, while Latin indices range from
1 to 3. Furthermore, we denote

dSep = (0a NO,)|dz® A -+ A da. (5.68)

Theorem 5.47 Let . be an asymptotically flat hypersurface. We choose coordinates
for which z° is constant on .#. Then the ADM energy, or first component of the ADM
energy-momentum vector, agrees with —Hyoundary (0o, ), explicitly

. 1
— Hyoundary (0o, -7) = Eapm := I%I_{ilo = s (9i5.5 — 9j.4)doi, (5.69)

where do; := dSy;, as defined in (5.68), and S(R) is the 2-sphere with radius R.

Sketch of the proof. We prove the theorem by calculating

1
_Hboundary(807 y) = _5/ Wa#dsa/,w (570)
07

where dS,,, is defined as
dSep = (0a NO,)|dz® A -+ A da®.

The details of the calculation are outlined in the proof of Theorem 5.52. The calculation
involves rewriting Christoffel symbols and using the asymptotic conditions to approxi-
mate the metric to get the ADM formula.

Step 1. Reduction of the superpotential. The integral (5.70) consists of 16 compo-
nents. Since ¥ is constant on ., the only nonzero terms are W%dSy; and W*dS;,, for
i = 1,2,3. By antisymmetry of both W% and dSp;, we only need to calculate W%dS,.
Furthermore, since the background metric b is the Minkowski metric in the asymptotic
coordinates, the corresponding connection coefficients Bgﬁ vanish. Hence the superpo-
tential reduces to

i % 7 o 2 i] o
WOz _ (zg,u[(]pllo . 26([)0]9;109# _ 59#[050117#0) . (571)
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Step 2. Christoffel symbol manipulations. We now rewrite W, First, we expand
the antisymmetrization in (5.71), we find

7 % oK) 1 (el
W = g0 — 0" Pjio — 9"7Plu + 38D

After calculating this termwise we obtain the formula

Woi — guj Fi ngJ

ny

where j = 1,2, 3.

Step 3. Using the asymptotic conditions to approzimate W, Recall that in the
asymptotic end the metric ¢ = n + h, and it satisfies the asymptotic conditions (5.49).
Using Lemmas 5.50 and 5.51, we approximate

1
gT), = Tom "I, + O(hoh).

Since the Minkowski metric acts as a Kronecker 6 when the indices are greater than
zero, we approximate the potential by

, 1
W = I —T7) + O(hoh).
(I, = T) + O(ho)
Rewriting the Christoffel symbols in terms of the metric and using Lemma 5.49 gives
; 1
WY = ((9jgz'j — aigjj) + O(hoh).

167
The antisymmetry of both the potential W% and the odd form dSy; give

WiOdSZ'Q - —WOZ<—dSOz) - WOZdSOZ

Since O(hdh) = O(r~?), the integral over O(hOh) vanishes at infinity. Subsection 5.3.3
already addressed the issue of convergence of these integrals. Hence, we find

1
EADM = 5 Waudsau
0.
1
~ 167 . 0;9i; — 05955 + O(hOh)dSy;
. 1
= Jim T (9ij; — 955.5) ASos- =

The remaining components of the four-momentum are obtained by applying the same
boundary Hamiltonian formula to the spatial vector fields d;. The calculation is similar
in spirit to the one in the proof of Theorem 5.47.

Theorem 5.48 Let .7 be an asymptotically flat hypersurface. We choose coordinates for
which 2° is constant on .#. Then the ADM momentum PIZXDM agrees with —Hyoundary (01, ),
explicitly

1 ,
_Hboundary(ahy) pADM - hm _/ Pl]d&j, (572)
S(R)

—o00 87T

where do; == —dSpj, as defined in (5.68), and S(R) is the 2-sphere with radius R.
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Sketch of proof. The momentum component is obtained by evaluating the boundary
Hamiltonian on the vector field 9;. Thus we calculate

1
_Hboundary(alyy) == _5 Waudgw‘ (573)
0.7

The details of the calculation are outlined in the proof of Theorem 5.54. The computa-
tion is similar to the one in Theorem 5.47, but now the vector field is 9;, with [ = 1, 2, 3,
rather than 0.

Step 1. Reduction of the superpotential. As in the proof of Theorem 5.47, the
antisymmetry of W and dS,, reduces the calculation to the components W”dSy;. For
X = 0;, the reduced expression for the superpotential is

7 7 7 7 o ]' o
WY = g"%pl, — g"'p); + 6 (9“ Phy — 59‘”%) :

Here the factor 6} cannot be simplified further, since i is summed over the forms dSy;
while [ denotes the fixed spatial translation direction.
Step 2. Christoffel symbol manipulations. Rewriting the momenta pf;u in terms of
Christoffel symbols gives
W = =g, + "' T + 61 (—9" T, + 9°T).

Step 3. Using the asymptotic conditions to approzimate W, Using Lemma 5.51 to
approximate the metric density together with the fact that the Minkowski metric acts as
a Kronecker delta on spatial indices, we obtain

7 1 7 1
WY = —— (g, + T + 5(T5, — r;?j —1I%,)) + O(hoh)

167
where 7 = 1,2,3. We use Lemma 5.50 to approximate the Christoffel symbols. This gives
. 1 .
WOZ = 16_7T [aogil - (9,;901 + 5;(83'903' - 8093']')} + O(hé’h)
On the other hand, using Lemma 5.53 we approximate the ADM momentum P by

1
2
Hence, we express the potential W% in terms of the ADM momentum P as

167W% = 2P + 9;(67 gio — 01g,0) + O(hOh)

) . 1
P = §i(0;950 — 530%]') + =(—=0;910 — Q19i0 + Goga) + O(hOh)

Using both the antisymmetry of dS,, and W, we obtain

P = - / WOdSy,
0.

1 . 1 . .
——— [ P! hoh)dSy; + —— (87 gio — 61g50)dSo;
87 /.. + O(hOh)dSy; + 167 /ayaj( 1 9i0 1950)dSo;

1 .
= lim — / Pds;.
R—00 8T /5o
The second integral vanishes in the last equality due to the boundary of the boundary

being empty, and the O(hoh) term has vanishing surface integral under the ADM fall-off
assumptions. This completes the proof. O
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5.3.5 Details of the ADM four-momentum calculation

This subsection fills in the gaps left in the proof sketches of the two theorems in Sub-
section 5.3.4. We also prove the auxiliary lemmas that were used there. These lemmas
mainly provide the asymptotic approximations for the quantities appearing in the bound-
ary Hamiltonian.

We prove the lemmas first, before giving the complete proofs of the theorems. This
order allows the final calculations to proceed without interrupting them with repeated
approximation arguments.

Lemma 5.49 In asymptotic coordinates, suppose that

Guv = N + h/un

where h,, = O(r~*). Then
g =" +0(h).

More precisely,
g¥ =" =0 by, + O(h?).

Proof. In matrix notation, we write
g=n+h=n+n"h).

Set
A:=n""th.

Since h = O(r™!'), we have A = O(r~1). Hence, all eigenvalues satisfy |\;| < 1. We
approximate (I + A)~! with the Neumann series; see [66, Section 3.4]. This gives

(I+A) P=T—-A+A*—....

Thus
glt=I+A) Iyt =UT—-A+0(A%))n .

Since A = n~1h, we obtain
g =0t =0T+ O(R?).

In components, this is
g¥ =" =0 by, + O(h?).

In particular,
g¥ ="+ O(h).

Lemma 5.50 In asymptotic coordinates, the Christoffel symbols satisfy

I, = O(dh)
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Proof. Recall that the Christoffel symbols are given by

1
Ffw - 59)\/)(8#9011 + 0 Gou — OpGuw)-

Using Lemma 5.49 to approximate the inverse metric, we obtain

1
F:\w = 5(77>\p + O(h))(@ugﬁw + augpu - @pg;w)
Since g, = N + hy and 1, is constant in the asymptotic coordinates, we have
0,9, = O(Oh), O(h)0,9, = O(hOh).

Hence, we find
A _
I = O(0h) + O(hoh) = O(0h). m

Lemma 5.51 In asymptotic coordinates, the metric density satisfies

1
g = EUW + O(h)

Proof. We write the metric in matrix form
g=n+h=nI+n"h).
Set A :=n~1th. As in the proof of Lemma 5.49, we have
A=0(h)=001).
Taking determinants gives

—det(g) = — det(n) det({ + A)
=1+ tr(A4) + 0(A?)
=1+ tr(A) + O(h?).

Since tr(A) = O(h), the Taylor expansion

1
\/1+m:1+§x+0(x2)

gives
—det(g) =1+ %tr(A) +O(h*) =1+ O(h).
By Lemma 5.49, we also have
g =n""+O(h).
Substituting these estimates into the definition of the metric density gives
g = o/ detlg) ¢ = (14 O(W) (1 + O()).

Therefore

1
g = EUW + O(h).
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We use Lemmas 5.49 to 5.51 to prove the following theorem.

Theorem 5.52 Let . be an asymptotically flat hypersurface. We choose coordinates
for which 2° is constant on .. Then the ADM energy, or first component of the ADM
energy-momentum vector, agrees with —Hyoundary (0o, ), explicitly

. 1
—Hyoundary (0o, -7) = Eapm := 1%1—{20 = . (9455 — 9jj.0)doi, (5.74)

where do; == dSy;, as defined in (5.68), and S(R) is the 2-sphere with radius R.
Proof. We follow the three steps outlined in the proof sketch.
Step 1. Reduction of the superpotential. We compute
1
Hboundary(aoa y) = = Waudsau-
2 Jos
This integral is a sum over the components W*#dS,,,. Recall
dSay = (00 N 0,)] (da® A da' A da® A da?) .
Since 2° is constant on .#, the only components contributing on 0.7 are the components
dSp; and dS;jy, with i = 1,2,3. By antisymmetry of both W* and dS,,, it suffices to
compute only the terms W%dS;.
Since the background metric b is the Minkowski metric in the asymptotic coordinates,
the corresponding background connection has vanishing connection coefficients. Thus
X? = Xa(0) =0,

and (5.23), the formula for W%, reduces to

. . A 2 A
W = (29"[019110 — 260l " — —9“[056]pia) 1-0

3
= ¢"Plo — 0"'Dho — | 0P, 8" — o, 8"
=0
_1 u05i o _ ui(SO o
3 g Opp,a g Op;u)'
~—
=0
10, 7 ui, 0 no 1 1 ui, o
= 0" Do — 8P — 8P + 58D (5.75)
Step 2. Christoffel symbol manipulations. To keep the notation readable, set
T, = FZK.

We compute (5.75) term by term.
For the first term, we have
i i L L
0o = 0" = Tpo + 50,To + 50T, |
=0

. 1 .
= gL o+ 50”5, T

. 1 .
= —g"T o+ 59’0%.
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For the second term, we have
i i 1 1
—g" pﬁo =g" [Pgo - §5BT0 - iégTu}
. 1 .. 1 .
_ 170 0z i
=g"T 0 — L Ty — 59“ Ty

For the third term, we have

o1 o % 1 ) 1 i
_g,U» py,a' = gH |:Fp,a' - §5MTO' - §5UTH:|
o1 1 o 1 4
=01, — 50T — 50T,
=g"T,, —0"T,.
For the fourth term, we have

1 (el 1 7 1 o 1 o
_g# p,ua = ggﬂ |:_T/L + §6NT‘7 + §5O'T/'L:|

3
1 11
= gg'u |:—T‘u + 5 m + §4T‘u:|
1 .
= 59/“7—'“.

Substituting all the terms back into (5.75) gives

7 7 ) o, 1 i, .0
W = ¢"plo — 8P — 8"7Plus + 387D
) 1 . ) 1 .. 1 .
= (—g"T}, o + §9ZOT0) + (9" — §EOZT0 - §QWTM)

o i L
("1, — 0" T0) + (56"T)
= —Q“OFL ot g“ifzo + GWFZU - ngu'
Splitting the time and space indices, we obtain

W = —g"'T, o + ¢"' T + 0", — 0T,
_ j i iTJ
- g‘”Fuj - Fuj’

where j = 1,2,3. Step 3. Using the asymptotic conditions to approzimate W . We

approximate the metric density and the Christoffel symbols using Lemmas 5.50 and 5.51,

respectively. We obtain

1
,uz/r)\ (T h 1-\)\
g, = (" + O(W)T,

1
— T WA A
6= Toe + O,

1
= m—ﬂnuyrz\a + O(h@h)
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Hence, we approximate W% by
7 1 i g
WO = T6m (n“JF —nt Fij) + O(hoh).
Since ¢ and j are spatial indices and 7 is the Minkowski metric, we obtain

1

167
1

167T

We now compute the two Christoffel symbols appearing in (5.76). Using Lemma 5.49
to approximate the inverse metric and the fact that ¢ > 0 yields

WY = — (64T, — 6/'T%, ;) + O(hdh)

J g

— (T, —T9) + O(hoh). (5.76)

Tl = 56 0,005 + Oy0s — )
= %gw (20,905 — 05955)
— 50, 0; — %5;’,00% +O(hoh)
= 8,05 — 5005 + O(hdD), (5.77)
and
I = =g (0i90) + 0i9oi — 0uij)
(620;90j + 620;90i — 02.059;) + O(hOh)

5 (9ig55 + 9595 — 09i5) + O(hOh)

I»—[\D )—‘[\DIH[\DI)—‘

= 28z-gjj + O(hf&h) (578)
Substituting (5.77) and (5.78) into (5.76) gives

1 1 1

1
167
Using the antisymmetry of both W** and dS,,, we have

WPdSsy = —WY(—dSy;) = W*dS;.

WOi —

(0;9i5 — 0igj;) + O(hoh).

Hence we find the formula

pO = —Po = Hboundary(am y)
1

. / Werds,,
2 Josw

1
= ﬁ o (ajgij - aigjj + O(hah)) dSoi
) 1
= lim — (9ij.; — 9jj.i) dSoi- (5.79)
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The integral of the error term vanishes in the limit, since O(hdh) = O(r~?). This
completes the proof. O

Before giving the Hamiltonian momentum, we prove an auxiliary lemma that approx-
imates the ADM momentum using the asymptotic conditions.

Lemma 5.53 In asymptotic coordinates, the ADM momentum satisfies
: , 1 1
P = §"(0;90 — §3ogjj) — i(aigzo + 019i0 — Ooga) + O(hOh)
Proof. Recall from Theorem 5.17 that
Pkl = M(ng]Kljggkl o Kkl),
where 3g" denotes the induced inverse metric on . and Kj; is given by
1
BRIV I

We first estimate the Christoffel symbol

(5.80)

1
Y = 5(9%) (955 + 019 — 0p9i5)

2
1
= §(U0p + O(h))(9igjp + 03Gip — OpGij)
1
= —552(@9” + 0;9ip — 0,gi5) + O(hOh)

1
= _5(81'%0 + 0jgi0 — Gogiz) + O(hOh).
Since g% = —1 + O(h), the Taylor expansion

(142 =1 2o+ 0@

gives

=1+ 0(h).

1
V9%

Substituting this into (5.80), we obtain

1
Kij = —(1+O(h)) —5(@'93'0 + 0;9i0 — 009:5) + O(hOh)

1
= 5(81'93‘0 + 0;9i0 — Oogij) + O(hOh).

We now approximate the trace term K = 3¢ K;;. The induced metric gives
39 = 69 + O(h).
The leading term of K;; is O(0h). Thus

K = (694 O(h)) Ky
= 0" K;; + O(hoh),
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Thus, we find
1
K = 5(2059j0 — dogjj) + O(hOh),

where 7 = 1,2, 3.
We also approximate K%
K= 8gm3ginge
= (6" + O(h))(6™) Kyn
— K,; + O(hdh).

From the proof of Lemma 5.51, we have

Vdet g = 1+ O(h).
Thus
pli — \/m(Kzagli — K
= (1+ O(h))(K (8" + O(h)) — K;; + O(hOh))
="K — Kj; + O(hoh).
Substituting the expressions for K and Kj; gives

) ) 1 1
pi = 5h(8jgj0 — 5(909]']') - E(aiglo + O1gi0 — Gogu) + O(hoh).

]

We now prove that the ADM momentum coincides with the momentum defined by
the boundary Hamiltonian.

Theorem 5.54 Let .7 be an asymptotically flat hypersurface. We choose coordinates for
which x° is constant on .. Then the ADM momentum PADM agrees with —Hyoundary (01, )
explicitly

R—o0 871'

1 :
_Hboundary(al7y> :pfADM = lim _/ Pl]de, (581)
S(R)

where do; = —dSy;, as defined in (5.68), and S(R) is the 2-sphere with radius R.

Proof. Step 1. Reduction of the superpotential. We use the same assumptions as in
Theorem 5.52. Hence, it is enough to compute W% defined in (5.23), for the vector field
X =0, where [ =1,2,3 and i = 1,2,3. We find

i 4 i o 2 i o
WO - (Q‘gu[opil o 25l[0p}lag'u - §gu[0§l]pug)

= g"pl — 0Dy — | 0P} 0" —0ip, 6"
—_——

=0

Wl

g5, — 08" P},
=0

7 % 7 o 1 o
- g‘uop,u,l - g‘u p?],l + 5l (gﬂ p?w' - gguop;m'> : (582)
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Step 2. Christoffel symbol manipulations. We compute (5.82) term by term.
The first term

gﬂopid =g [_FLI + §5LT1 + 55;74

. 1 . 1 ..
— T}, + 58T+ 568" T,

The second term
wi, 0 wi 0 1 0 1 0
—¢ pul =49 Ful - 55117—2 - §6l TM

. 1 . 1.
=g"T) — 5901T1 - §5z()ngu
>

— gulrgl _ égolﬂ‘

The third term
6i po, 0 __ 51 no FO 160T 150T
19 pp,o_lg _uo+§u0+§alt
1 o0 1 1 0o 1 7 10
=—0¢"l,, + 5519 T, + 5519 1
— g, + T,
The fourth term
21 o 11 o 1 o 1 o
_5l ggy‘oplu,a' = 6[ ggﬂo |:F;L0' - 56/1,1_’0' - E(SoT.U':|
1 1
= 5lZ§QMO {Tu - §Tu - QTM}
L
= —§5lg“OTu.
We substitute all the terms into (5.82) and find

, , 1 . 1. ) 1,
WO = (9T}, + 20T + S G0T,) + (0T — 0T
. ) 1.
+ (=69 TS, + 5g°T,) - (556" T,)
= ="'l + 0T + 01 (=9I, + ¢"T)).

Step 3. Using the asymptotic conditions to approzimate WY . Using the approxima-
tion of the metric density in Lemma 5.51, we obtain

i1 ; . o
WO = m_ﬂ(_nﬂor,ul + T]“ F?Ll + 5l(—n“ F?Ao‘ -+ nHOT#)) + O(h&h)
1 . i
— ﬁ(égrul + 8/T0, + 6/(T — L'y, — 04T,,)) + O(hoh)

1 Z,
= 16 (o + T+ 6 (TG — T3, = T,)) + O(hoh), (5.83)
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where j = 1,2, 3.
We approximate the Christoffels in (5.83) using Lemma 5.50. The first term gives

Fél = 577”)(809/)1 + alng - apQOl) + O(h@h)

= %5;(609;»5 + Oigp0 — 9pga1) + O(hOh)
= %(aogil + 0igi0 — Oigar) + O(hOh).
For the second term, we have
ry = %no”(&gpz + 019pi — 0p91) + O(hOh)

1
= —552(@-9,)1 + 019pi — 0p9:) + O(hOh)

1
= 5(—@901 — O190i + Goga) + O(hOh).

For the third term, we have

1
oo = 5770p(809p0 + 9ogpo — 9pg00) + O(hOh)

1
= —552(809,)0 + ogpo — 0pgoo) + O(hOh)
_1
2
1
= —580900 + O(hoh).

(—90g00 — ogoo + Gogoo) + O(hOh)

For fourth term, we have

1
—T55 = =51 (905 + 9390; — Dp935) + O(hh)

1
= 552((93'9;)3‘ + 09,5 — 0p945) + O(hOh)
1
= 0905 — 53093']' + O(hoh).
For fifth term, we have

1
_Fgu = _énup(aogup + @gop - 3pg#o) + O(hah)

1 .
= =(=069 + 67)(—00gp — Ouop + Opguo) + O(hOh)

[\]

1
= _552(_80g0p — 0090p + 0p900)

1 .
552(—8093‘/) - 5jgo,) + 6pgjo) + O(h@h)

+
1
= E(aogoo + 90900 — FoGoo)
1
+ 5(—309]5 — 0;90; + 9;g40) + O(hoh)

1 1
= 580900 — 58()9]']‘ + O(hah)
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We substitute all the terms back into (5.83) and obtain

. 1 1
W = 167 [g(aogiz + 019i0 — Oigor) + 5(—31'901 — 0190i + 009a1)
o1 1 1 1
+ 5Z<—§aogoo + 9;90; — iaogjj + 580900 — éaogjj)} + O(hoh)
1 .
= 16r [00gu — Digor + 6,(0;90; — Dogjj)] + O(hOh).

Using Lemma 5.53, we approximate the ADM momentum as
. . 1 1
P = 6"(0;950 — 590955) + 5(=0ig10 — Ougio + Goga) + O(hOh).

Expressing WY in terms of the ADM momentum gives

167 W% = 2pi — 5;8]‘93'0 + O0ygi0 + O(h(‘?h)
= 2P" + 9;(8] gio — 01 gjo) + O(hOh).

Finally, we compute the momentum component

pl =p = _Hboundary(817 ,5/)
1

S / Wards,,.
2 Joy

Using both the antisymmetry of dS,, and W, we obtain

1 ,
pl:—— W%d Sy
2 0
1 . 1 . )
- —— P+ O(hoh)dSy; + — | 0:(67 gio — 61 g,0)dSo:
| P otonisy + 1= [ 06— sigds:

The second integral vanishes in the last equality due to the boundary of the boundary
being empty, and the O(hOh) term has vanishing surface integral under the ADM fall-off
assumptions. This completes the proof. O]

5.4 Invariance of the ADM mass

One can use the ADM energy-momentum vector to define the ADM mass. The ADM
mass is an invariant of asymptotically flat manifolds. This section outlines the definitions
and theorems needed to prove these invariance results.

Before discussing the invariance results in detail, we distinguish between two settings:
asymptotically flat Riemannian manifolds and asymptotically flat spacetimes. In an
asymptotically flat spacetime, the ADM energy-momentum is described by the four-
vector

" o 1 2 3
Papm = (EADMvaDMapADMvaDM) )

where Fapym and plp,, are given in Theorem 5.47 and Theorem 5.48, respectively, with
l=1,2,3.
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The ADM mass is defined as the Lorentz-invariant norm of this four-vector. We obtain

Maon = \/ By — | Panul”, (5.84)

where Papy = (PApan Papas Papa)- For a more detailed treatment of the ADM mass in
the spacetime setting, see Jaramillo and Gourgoulhon [45].
For an asymptotically flat Riemannian 3-manifold, the ADM mass is defined as

. 1
Eapm = ngréo Ton . (935 — i) doi, (5.85)

where do; := dSp;, as defined in (5.68), and S(R) is the 2-sphere with radius R. This
quantity corresponds to the energy component of the ADM energy-momentum in the
spacetime setting. For more details about the ADM mass in the Riemannian setting, see
Lee [51, Chapter 3]. It is important to keep the distinction between these two settings
in mind, even though both quantities are often referred to as the ADM mass or ADM
energy.

In Subsection 5.4.1, we address the coordinate invariance of the ADM mass on an
asymptotically flat Riemannian manifold. Since the definition of the ADM mass uses co-
ordinates, one must show that the resulting value is independent of the choice of asymp-
totic coordinate system. This is achieved by defining asymptotic coordinates on an end
of an asymptotically flat manifold and then proving that the masses computed in any two
such coordinate systems are well defined and coincide. This exposition follows Bartnik
[7].

In Subsection 5.4.2, we show that the ADM mass is an invariant of an asymptoti-
cally flat spacetime. The key ingredient is the asymptotic symmetries theorem, which
establishes the invariance of the ADM mass under changes of spacetime coordinates. Our
exposition follows the treatment of Chrusciel [22].

5.4.1 Invariance of ADM mass on a Riemannian manifold

It is natural to begin by studying the invariance of the ADM mass on Riemannian man-
ifolds, since, in the spacetime setting, one restricts attention to spacelike hypersurfaces.
Equivalently, the metric induced on each hypersurface is required to be Riemannian.

Bartnik [7] proves the coordinate invariance of the ADM mass, defined in (5.85), by
formulating the asymptotic flatness conditions in terms of weighted Sobolev spaces. The
invariance of the ADM mass is then proved for asymptotically flat manifolds satisfying
the appropriate analytical conditions.

For completeness, we define weighted Sobolev spaces.

Definition 5.55 The weighted Lebesgue spaces L%, Lgp, 1 < p < o0, with weight
d € R, are the spaces of measurable functions in L} (R™), L} (R™\ {0}), respectively,
such that the norms || - [|,5, || - ||}, 5 defined by

1/p
(/ |u|Po 0P~ dx) , p <00,
. (5.86)

ess SUPgn (U*5|u|) , p = 00,

LL |u

p,d —
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and

1/p
) / </ | [P 0P dx) , p< oo,
Ly ulls = § \rmioy (5.87)

€sS SUDRn 0} (r=°ul) , p = 00,

are finite. Here, the essential supremum is defined by
ess sup,epn (0(7) " |u(z)]) = inf{C > 0: o(x)°|u(z)| < C for almost every = € R"}.

The weighted Sobolev spaces are defined as

k
Wit Nullkgs = D I1D%ullpsmg, (5.88)

and

Wi ullips = Z 1Dl 55 (5.89)

Bartnik uses a more analytic definition of asymptotic flatness. In particular, he refor-
mulates the asymptotic conditions in terms of weighted Sobolev spaces.

Definition 5.56 A smooth n-dimensional manifold (M, g) with complete Riemannian
metric g € W,24(M) for some n < ¢ < oo is said to be asymptotically flat if there is
a compact subset K C M such that M \ K has a structure of infinity: There is an
R > 1 and a diffeomorphism ®: M \ K — R™\ Bg, where By is the closed ball with
radius R and centre 0. We denote R" \ Bg := Fg. The diffecomorphism ¢ satisfies the
following axioms

1. The differential (®g);; is uniformly equivalent to the flat metric 7;; on R" \ Bpg.
More precisely, there exists a A > 1 such that

%W < ((d®)g)i; ()67 < MéPfor all @ € Ep, ¢ € R?

2. (d®g);; — mij € WEH(ER) for some decay rate t > 0.

The convention for the weights differs from some commonly used conventions, but has
the advantage that it directly describes the growth at infinity. The condition

9ij — Nij € wk Y (Er)

ensures that the Riemannian metric approaches the flat metric sufficiently fast at infinity.
Bartnik’s exposition assumes that the asymptotically flat manifold has one end and that
the metric is complete. The definition above gives a structure at infinity, denoted by
(@, z), where ' = ®(m) for m € M.

One can show that two structures at infinity differ only by a rigid motion and by
terms which decay as o(r'™"), for a decay rate t > 0. In this sense, the structure at
infinity is almost unique. To show that the mass is well-defined, we impose one additional
assumption.

Definition 5.57 A Riemannian manifold (M, g) satisfies the mass decay conditions
if there is an asymptotic structure ® such that
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1. ((d®)g —n) € W*!(Eg,) for some Ry > 1, ¢ >n and t > 2(n —2),
2. The scalar curvature must be integrable. Hence, we have R(g) € L'(M).
Using this mass decay condition, one defines the mass of an asymptotic structure.

Proposition 5.58 Suppose that (M, g, ®) satisfies the mass decay conditions. Let { Dy},
be an exhaustion of M by closed sets, and set

Assume that each Sy is a connected (n—1)-dimensional C* submanifold without boundary
m R™, and that

Ry = inf{|z]: 2 € Sy} — o0 as k — oo,

R,;(n_l) area(Sy) is bounded as k — oc.

Suppose also that Ry > Ry. Then the limit

mass(g, ®) := lim ((d®g)i;; — (d®g),;.) dS"

k—o0 Sk

exists and is independent of the sequence {Sk}.

Using Proposition 5.58 and the almost uniqueness of the structure at infinity gives
the uniqueness of mass.

Theorem 5.59 Let (,x) and (V, z) be two structures of infinity for (M, g) in the sense
of Definition 5.56. Suppose that both (®,x) and (¥, z) satisfy the mass decay conditions,
as in Definition 5.57, with decay rates ti,ty respectively such that t = min(ty,ty) >
$(n —2). Then mass(g, ®) and mass(g, ¥) are well defined and equal.

This last theorem shows that the mass is indeed an invariant of a Riemannian asymp-
totically flat manifold (M, g).

5.4.2 Invariance under changes of foliation

In this subsection, we return to the spacetime setting. We outline how to show that the
ADM mass, as defined in (5.84), is an invariant of an asymptotically flat spacetime. Our
exposition follows Chrusciel [22].

First, we show that a Lorentz transformation preserves the ADM mass. Then, we
explain why restrictions on the allowed coordinate transformations are necessary, by ex-
hibiting coordinate transformations that generate non-zero mass in Minkowski spacetime.
Finally, we introduce the asymptotic symmetry theorem and the regularity assumptions
under which such pathological transformations are excluded.

We begin by rigorously defining a Lorentz transformation.

Definition 5.60 A Lorentz transformation is a linear transformation A such that
A"pA =,

where 7 is the Minkowski metric.
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A boost is a Lorentz transformation from the reference frame of an observer A to the
reference frame of an observer B moving with constant velocity relative to A.

Lemma 5.61 If two ADM energy-momenta are related by a Lorentz transformation, then
they determine the same ADM mass.

Proof. Let pipy and pipy be two ADM energy-momenta related by a Lorentz trans-
formation:

pX/DM = AMVPZDM- (5-90)

For notational simplicity, we suppress the ADM subscript. Since A is a Lorentz matrix,
it satisfies

naﬁAauAﬁu = Nuv-
It follows that

PP, = 0P °P? = NapA® " N opY = 1agA AP = 0w’ = p'py. (5.91)

Recall that we use the (—,+,+,+) convention for the Lorentzian metric. Thus, the
contraction is

3
PPy = nwp'p’ = —(p") + Y _ (')

i=1
Consequently, we rewrite the ADM energy equation (5.84) as

Mapym = /—P'Pu.

Applying (5.91), we obtain

Mypn = \/ PP, =/ —P"Pp = Mapwm.

Therefore, the two ADM energy-momenta determine the same ADM mass. m

Let X1 C M and ¥y C M be two spacelike hypersurfaces with initial data sets

(2)

1 77 17
Do) and (407,

(%‘] » (1)
respectively. The two hypersurfaces are associated with different foliations of the space-
time. Let Hpoundary,1 and Hpoundary,2 denote the corresponding boundary Hamiltonians,
expressed in the asymptotic coordinate systems z# and y*, respectively. Suppose that
the coordinate systems x* and y* are related by an asymptotically Lorentzian trans-
formation, that is,

Y= At g = Oy ) (5.92)

where A is a Lorentz matrix and o > 1/2. Then the two ADM four-momenta, expressed
using the boundary Hamiltonians, are related by the Lorentz transformation A. Hence,
their ADM masses agree. For more details, see Chrusciel [21].

6We use a version of the Big-O notation that also records the decay of derivatives. We write f =
Ok (TO‘) if
o'f = 0@

for all derivatives of order | < k.
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When no restrictions are imposed on the coordinate transformations, one can con-
struct mass generating coordinate transformation. For example, in Minkowski spacetime
the ADM energy-momentum four-vector is zero, and hence the ADM mass is zero. How-
ever, if one performs the coordinate transformation

y0:x0+a\/17,y‘:(1+ )xl, a,b € R,

N
where r denotes the radius from the origin, then the resulting energy-momentum four-
vector plypy is nonzero whenever a # +b. Thus, without suitable restrictions on the
allowed coordinate transformations, even Minkowski spacetime can be assigned nonzero
ADM mass.

The following two conjectures describe the geometric mechanism that is expected to
underlie the invariance of the ADM mass. The first concerns the asymptotic form of the
coordinate transformations. The second expresses the resulting independence of the mass
from the choice of asymptotically flat hypersurface.

We include these conjectures to motivate the more precise results below. They will
not be used as established statements. Chrusciel proves a refined asymptotic symmetry
theorem under additional hypotheses and derives an invariant mass result in the situations
covered by those hypotheses.

Conjecture 5.62 (Asymptotic symmetries) Let x* and y* be two coordinate systems in
which the metric satisfies

1
G — N = O1(r™7), g<asl

Then every C? coordinate transformation between these coordinate systems that preserves
this asymptotic form is of the form

g = A 4 X,
where A*, is a Lorentz matriz and
X“ = 02(,,41—&).

The preceding conjecture shows that all twice differentiable asymptotic coordinate
transformations are in fact asymptotically Lorentz. Hence, these coordinate changes
transform the ADM energy-momentum as a Lorentz transformation. Therefore, both
coordinate systems determine the same ADM mass. We conclude that the asymptotic
symmetries conjecture implies the invariance of the ADM mass. More precisely, we obtain
the following conjecture.

Conjecture 5.63 (Invariant mass) Let M be an asymptotically flat end of a Lorentzian
manifold (M ,g) satisfying the vacuum FEinstein equations. Let N1, No C M be two
asymptotically flat three-ends, and let m(Ny) and m(Ny) denote their associated ADM
masses. Then

To obtain a rigorous result, we introduce the additional hypotheses. The resulting
statement is a refined version of the preceding conjectures. We formulate this result as a
theorem.
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The situation is restricted to four-dimensional asymptotic regions whose time-width
grows linearly with the spatial radius. More precisely, we define a boost-type domain
as

Qorr={a"|r>R,|t| <Or+T}, forsome §,R >0, T € R.

It is boost-type because the region 2y r 7 is large enough to contain hypersurfaces that
are related by a finite Lorentz boost. Here finite means that the time grows at most
linearly with spatial radius.

Boost-type domains provide enough overlap to compare hypersurfaces related by finite
boosts. However, they do not control the asymptotic behaviour of the corresponding co-
ordinate systems. We therefore impose conditions on each asymptotic coordinate system
individually. Their role in establishing coordinate invariance becomes apparent when two
admissible coordinate systems are compared. The conditions on the individual systems
constrain the transition map between them, thereby excluding pathological coordinate
changes.

Definition 5.64 A coordinate system ®, = {z#} defined on a subset M, of a Lorentzian
manifold .# will be called a-admissible or, shortly, admissible, if there exist 6., R, €
R*, T, € R such that:

1. ©,(M,) =Q, r, 1, Where Qo g, 17, ={2" 7> Ry, [t| < 0,0+ T}
2. In 0, = ®,(M,) we have, with g, = ¢ (i 0 ) e C*0,),

oxk )’ dxv

0 < —goo, VX' e Rnil, 0< g”XZXJ

3. For 0 < ¥ <0, for x € Qy g, 1, with o(z) = (1 + Zi(xi)2)1/2, we have

G (&) = Ty < Co(W)or(2), 'ag—” < Co(T)o(z) ",

o0x°

with some function C, (V) < oo.

The first condition ensures that the coordinate system covers a large, boost-type
region. The second requires ¢ to be a regular time coordinate and that the slices ¢ = const
are spacelike hypersurfaces, so that their induced metrics are Riemannian. The final
condition ensures that the metric tends uniformly to the flat one in spacelike directions.

To compare the ADM quantities computed in two admissible coordinate systems, it is
not enough that each system separately satisfies the required asymptotic conditions. We
must also ensure that the asymptotic hypersurface associated with one coordinate system
lies within the region covered by the other, and that it remains strictly inside the latter’s
boost-type domain. This motivates the following notion of a three-end lying within an
asymptotic four-end.

Definition 5.65 Let x* and y* be admissible coordinate systems, with appropriate con-
stants 0., Ry, 0,, Ry, T, T, € R. The three-end Nj = {z* :2° =0, r(z) > R}, R > R,,
will be said to lie within the asymptotic four-end defined by the coordinates y*
and the three-end Np = {y": y° =0, r(y) > R,} if the following two conditions are
satisfied:

1. ;' (NE) € M, where M, C M is the subset on which the coordinates y* are
defined.
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2. @, 00" (N}) C Qf p for some 0 < 0,.
If 6, > 1, we shall say that the metric ¢ is a no-radiation metric.

Having specified both the admissibility conditions for the coordinate systems and the
required inclusion of one asymptotic end within the other, we are now in a position to
formulate the corresponding asymptotic symmetries theorem.

Theorem 5.66 (Asymptotic Symmetries at Spatial Infinity) Let the coordinates {x*}
and {y"} be a-admissible, 0 < o < 1. Let y(x) be twice differentiable and suppose that
there ewist constants R = R, and 0 < 0, such that

Ni={a":2°=0, r(z) > R} C Wor, 1, = {v" :r(y) > Ry, |¥°| <Or(y) +T,}.
There exists a Lorentz matrix A and a constant C' such that, for every x € N,

yr= A O (¢ SO )T | S O+ )T
ICH < C(1+7) for 0 < a <1, (M <C(1+In(l+7r)) ifa=1 (3.21)

Thus, under the assumptions of Theorem 5.66, the transition map between the two
admissible coordinate systems, and hence between the foliations defined by the level sets
of their respective time coordinates, is asymptotically Lorentz in the sense of (5.92). Its
leading linear part is a Lorentz transformation, while the remainder is of lower order and
its derivatives decay at the stated rates. The inclusion condition ensures that the corre-
sponding spatial ends can be compared within a common boost-type region. Therefore,
the ADM four-momenta, and hence the boundary Hamiltonians, associated with the two
asymptotic coordinate systems are related by a Lorentz transformation. Consequently,
they determine the same ADM mass.



Chapter 6

Comparison with other approaches
and positive mass results

This chapter places the results of this thesis in a broader context. In Section 6.1, we
discuss several derivations of and motivations for the ADM mass. We first review the
original approach developed by Arnowitt, Deser, and Misner [4,5]. We then consider an
alternative approach due to Christodoulou [18], which uses the gravitational Lagrangian
and Noether’s theorem to motivate the ADM mass. In the final subsection, we compare
these approaches with the Hamiltonian framework developed by Chrusciel, Jezierksi, and
Kijowski [27]. We also briefly discuss work by Michel [64], which identifies an algebraic
mechanism underlying, among other asymptotic invariants, the ADM mass.

In Section 6.2, we discuss positive mass theorems in several Riemannian and Lorentzian
asymptotic settings. We begin with a historical overview of the positive mass theorem for
asymptotically flat Riemannian manifolds and asymptotically flat spacetimes. We first
review the work of Schoen and Yau [72,73,76] on the positive mass theorem, including
their generalization up to dimension 7. We then discuss Witten’s alternative proof for
spin manifolds [86] and briefly consider Reula’s work [68] on the analytic foundations of
Witten’s argument. We subsequently turn to recent developments, including preprints
appearing in 2026 by Bi, Hao, He, Shi, Zhu and Jintian [8] and by Brendle and Wang
[10,11]. We also highlight several results concerning metrics of lower regularity. Next, we
discuss notions of mass for asymptotically hyperbolic Riemannian manifolds and asymp-
totically anti-de Sitter spacetimes, together with an overview of positive mass results in
these settings. Finally, we mention two additional notions of mass or energy arising in
these geometries and provide references for further reading.

6.1 Hamiltonian and Lagrangian perspectives on the
ADM mass

In 1916, Einstein [34] published his paper on the foundations of general relativity. In this
theory, gravity is described by the Lorentzian geometry of a four-dimensional spacetime.
The curvature of spacetime gives rise to gravitational effects. The gravitational field is
represented by a Lorentzian metric, and the Einstein equations determine how this metric
is related to the distribution of matter and energy.

General relativity is invariant under changes of coordinates. More precisely, metrics
related by a diffeomorphism represent the same physical geometry. This creates a diffi-
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culty when one attempts to describe the evolution of the gravitational field through time.
Suitable initial data satisfying the Einstein constraint equations determine a spacetime
development only up to diffeomorphism. Consequently, a canonical description must
distinguish genuine dynamical evolution from changes arising solely from the choice of
coordinates.

This section discusses several perspectives on this problem and on the resulting defini-
tion of gravitational energy. In Subsection 6.1.1, we review the Hamiltonian formulation
introduced by Arnowitt, Deser, and Misner [5]. Their construction rewrites the Einstein
equations as a constrained Hamiltonian system and leads, for asymptotically flat initial
data, to the asymptotic energy now known as the ADM mass [4].

In Subsection 6.1.2, we discuss Christodoulou’s Lagrangian approach to motivating
the ADM mass [18]. This approach uses Noether’s theorem to obtain conserved quan-
tities and identifies the ADM mass with the quantity associated with asymptotic time
translations. Finally, in Subsection 6.1.3, we compare the original ADM construction and
Christodoulou’s approach with the Hamiltonian framework of Chrusciel, Jezierksi, and
Kijowski used in this thesis. The aim is to clarify where the three approaches agree, how
they differ, and what each perspective contributes.

Throughout this section, Greek indices range from 0 to 3, whereas Latin indices range
from 1 to 3. To facilitate comparison, we express the constructions of Arnowitt, Deser,
and Misner and of Christodoulou in the notation used throughout this thesis.

6.1.1 The original ADM Hamiltonian formulation

Arnowitt, Deser, and Misner introduced a Hamiltonian formulation of general relativity
in which spacetime is decomposed into a family of three-dimensional hypersurfaces. Their
construction separates the variables describing the gravitational field on each hypersurface
from the quantities describing how the hypersurfaces are related within spacetime. In this
way, the ADM construction rewrites the Einstein equations as a constrained Hamiltonian
system with first-order evolution equations.

The ADM formulation therefore has two main features. First, it singles out a time
coordinate and recasts the four-dimensional theory in a 3 + 1-dimensional form. Second,
it provides a Hamiltonian description from which, under suitable asymptotic conditions,
the total energy of the gravitational system can be obtained.

The following exposition is based on the treatment of Arnowitt, Deser, and Misner
[5], which republishes their original 1962 work.

To obtain a first-order formulation of the field equations, ADM begin with the Einstein—
Hilbert action

I= / V/—detg Rd*x. (6.1)

Here, we omit the normalization factor ﬁ and adopt the units of ADM in this subsection.
The integrand in (6.1) is the Hilbert Lagrangian density introduced in Subsection 5.1.2.
ADM then rewrite this action in the first-order Palatini form

]:/Zd4x:/g“”RMV d*x,

g = /—detgg".

where
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Here L denotes the Palatini Lagrangian density, as in Subsection 5.1.2. In this formu-
lation, g"” and I'}, are treated as independent variables. Variation with respect to g
gives the vacuum Einstein equations, while variation with respect to I'], recovers the
usual relation between the connection and the metric. In this way, the field equations are
expressed as a first-order system.

The next step is to single out the time coordinate and perform a 3 4+ 1 decomposition.
To remain consistent with the notation used throughout this thesis, we denote the induced
spatial metric by ®¢;; and its conjugate momentum Pf\ij, together with the lapse IV and
shift N*. ADM denote the canonical momentum introduced here by 7. We use Py, to
remain consistent with the notation of this thesis. The sign convention for the canonical
momentum differs from the convention used by Chrusciel-Jezierksi-Kijowski. In this
subsection, we follow the ADM convention, since our exposition is based on their paper.
These quantities are given by

1
3
9ij == Gij, N = , Nj = goj,
/— 400

P}i\jﬁM = \/Tetg(rgq - ggpqrgsggrs)ggipggjq-

Here g, and I'}, denote four-dimensional quantities, whereas 3g;; denotes the induced
three-dimensional metric. The function N is called the lapse, and N* is called the shift
vector. Chruéciel-Jezierksi-Kijowski use the symbols v and 3! for the corresponding
quantities in the model-space formulation developed earlier in this thesis. To distinguish

that construction from the historical ADM presentation, we retain the notation N and
N? here.

i .__ 3 1]

Remark 6.1 In the asymptotically flat setting considered by ADM, the induced metric
3g,; approaches the Euclidean metric d;;, while the conjugate momentum PijbM satisfies
an appropriate fall-off condition. Under suitable asymptotic assumptions, the resulting
Hamiltonian gives rise to the ADM mass.

Several important observations now follow. The spatial metric 3g;; is geometrically
defined on a fixed t = const hypersurface and does not depend on how the coordinates are
continued away from this hypersurface. By contrast, the lapse N and shift N; describe
this continuation of the coordinate system.

The canonical momentum can also be expressed in terms of the second fundamental
form K;;. Loosely speaking, K;; measures how the normal to the hypersurface changes
from point to point and therefore describes how the hypersurface is embedded in the
four-dimensional spacetime. Like the spatial metric, it does not depend on how the
coordinates are continued away from the hypersurface. Using the sign convention of

ADM, one obtains B
Py = —V/det3g (Kij — 3gin) ,

where

Subject to four constraint equations, the variables (*g;;, Png) form a complete set
of Cauchy data. After discarding a spatial divergence and a total time derivative, ADM
rewrite the Lagrangian density as

L= P& 0%g; — NR* — N;R,
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where R® and R are the ADM constraint functions. We will not require the explicit form
of these constraints here.

ADM subsequently solve the four constraint equations and impose four coordinate
conditions. We state the result of this reduction without proof. Using the transverse-
traceless decomposition of the spatial metric and its conjugate momentum, the reduced
Lagrangian density becomes

rd _ ptjTT 93 TT 0
Lred_PADMat gz‘j +E 0-

Here T'T denotes the transverse-traceless components obtained from the linear orthogonal
decomposition of symmetric tensors. The quantity % is determined implicitly by solving
the constraint equations and satisfies

(IOO — v2 T

where g denotes the trace of the transverse part of the spatial metric and V? is the
flat-space Laplacian. For details of the decomposition and the subsequent reduction, see
Sections 4.2 and 4.5 of [5].

Comparing the reduced Lagrangian with the standard Legendre relation

we find that the reduced Hamiltonian density is
Hed = =T = —V3g".

Consequently, the reduced Hamiltonian is

H= —/ T dPr = —/ V2! dPe,
S St

where ., denotes the spacelike hypersurface corresponding to the time coordinate t.
For a particular solution, the numerical value of this Hamiltonian equals the gravita-
tional energy. Applying the divergence theorem, ADM obtain

E = —/ Vng de = — lim &gT dSl = lim % (8j3gij — 8i3gjj) dSl
s - 7—00 S,

7—00 S

Here dS; denotes the oriented two-dimensional surface element on the coordinate sphere
S,, and
1
V2
with % denoting the inverse flat-space Laplacian.
In a similar manner, ADM obtain the total spatial momentum. It is given by

T

g = ng‘z‘ - ai8j3gija

P'=—21lim ¢ P, dS;.

In [4], ADM compare several expressions for gravitational energy and examine their
behaviour under coordinate transformations at spatial infinity. Their analysis shows
that coordinate invariance requires suitable asymptotic assumptions. The coordinate
invariance of the ADM mass was later established under precise decay and regularity
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assumptions by Bartnik [7] and Chrusciel [22]. For a more detailed discussion, we refer
to Section 5.4.

In summary, the ADM formulation rewrites general relativity as a constrained Hamil-
tonian system on a family of spacelike hypersurfaces. After solving the constraint equa-
tions and imposing suitable coordinate conditions, ADM express the gravitational energy
and momentum as surface integrals at spatial infinity. The resulting energy integral is
the quantity now known as the ADM mass.

6.1.2 Christodoulou’s motivation for the ADM energy

Christodoulou gives an alternative, Lagrangian motivation for the ADM mass. Unlike the
original ADM construction, his approach does not begin by rewriting general relativity
as a constrained Hamiltonian system. Instead, he applies Noether’s theorem to the
gravitational Lagrangian and associates conserved currents with symmetries of a reference
Minkowski metric. Under suitable asymptotic conditions, these currents yield well-defined
surface integrals, and the integrals associated with translations agree with the ADM mass.

The starting point of Christodoulou’s construction is Noether’s theorem. We recall
the following standard form of the theorem without proof.

Theorem 6.2 (Noether’s theorem) In the framework of a Lagrangian theory, to each
continuous group of transformations leaving the Lagrangian invariant there corresponds
a quantity which is conserved. In particular:

e Energy is conserved when the Lagrangian s left invariant under time translations.

e Linear momentum is conserved when the Lagrangian is left invariant under space
translations.

Again, we use the notation adopted throughout this thesis, which follows Chrusciel-
Jezierksi—Kijowski, but retain the normalization used by Christodoulou. In particular, L
denotes the Hilbert Lagrangian density, whereas L will denote the corresponding first-
order Lagrangian density.

Christodoulou begins with the action

~ 1
I:/ Ld4x:——/ Rdu,,
M 4y

L= —}l\/—deth.

Here R is the scalar curvature of the spacetime metric g, and

dpy = \/—det gd*x

where

is its volume form.

The Hilbert Lagrangian density contains second derivatives of the metric. The version
of Noether’s theorem used in Christodoulou’s construction is most conveniently applied
to a Lagrangian density depending only on the fields and their first derivatives. Following
Einstein and Weyl, Christodoulou therefore removes a total divergence and introduces
the first-order Lagrangian density

=1 — Ou 1%,
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where .
I .= _ZV —detg (g””FzV — g“af‘l”w) .

The second-derivative terms contained in L are absorbed into the divergence 0,1%, so
that L depends only on the metric and its first derivatives.

Since L and L differ by a total divergence, they give rise to the same Euler—Lagrange
equations. One can use an argument similar to that in Subsection 5.1.2; for details, see

[1].
Using the first-order Lagrangian density L, we introduce the field momentum and the
associated canonical stress.

Definition 6.3 The momentum conjugate to the derivative 0,95 is defined by

oL

e —
9(0pgap)

The corresponding canonical stress is
T, == p"**0,g.5 — 0", L.

Let X be a vector field whose flow leaves the Lagrangian form L d"x invariant. The
Noether current associated with X is defined by

Jh = THXY

Furthermore, this current satisfies

0, J% =0.
Equivalently, the (n — 1)-form associated with J% is closed.

Example 6.4 As an example, suppose that the Lagrangian L is invariant under trans-
lations
at — at 4

where the ¢* are constants. The corresponding translation vector field has constant
components. Hence, its Noether current satisfies

9,J% = 0.

Since
wo_ v
Jy =T, c

and the constants ¢ are arbitrary, it follows that
0,T", = 0.
This expresses the conservation of the canonical stress.

The Noether current associated with translations yields conserved energy and mo-
mentum. More precisely, the current satisfies

0,J" = 0.
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In differential-form notation, the components J* determine the (n — 1)-form
J = JMg, (d"z),
and the conservation law is equivalent to
dJ = 0.

Thus, J is a closed form.

Integrating J over a spacelike hypersurface yields the corresponding conserved quan-
tity. To express this quantity as an integral over the boundary of the hypersurface, as
required for comparison with the ADM surface integral, one seeks an (n —2)-form G such
that

J =dG.

7= 1.6

However, a closed form need not be exact. Additional assumptions or a more specific
construction are therefore required to obtain an exact Noether current.

Christodoulou then introduces a Minkowski background metric. Its isometry group
is the ten-parameter Poincaré group, whose infinitesimal generators consist of four trans-
lations, three spatial rotations, and three boosts. For each Killing vector field X of the
background metric, Christodoulou shows that, along solutions of the vacuum Einstein
equations, the associated Noether current is exact:

Stokes’ theorem then gives

Jx =dGx,

where Jy is a 3-form and Gx is a 2-form.
Let 2 be a compact region in a spacelike hypersurface and let S = 9€2. Christodoulou
defines the surface integral associated with X by

Qx(8) = / Cx.

QX(S):/(MGX:/QJX-

For the Killing vector field generating time translations, the corresponding asymptotic
surface integral is the total energy. If S, denotes a coordinate sphere of radius r, then

By Stokes’ theorem,

E = lim e’ dsS;,

r—00 S,
r

where

) £/det 3 g ) . y
et = n (3gjm3gzn - 3gz]3gmn) ajggmn-
Here 3 gi; denotes the induced three-dimensional metric and d.S; is the Euclidean oriented
surface element on S,.. Christodoulou mentions that this expression agrees with the ADM
energy.
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Remark 6.5 Under the prescribed asymptotic decay assumptions, Christodoulou defines
the surface integral at spatial infinity by

Qx(soo) = hm Qx(sr)

Here S, is notation for the limiting process. Christodoulou proves that, for translation
vector fields, this limiting surface integral is a geometric invariant. His argument follows
the approach of Bartnik [7]. For details, see Sections 3.1 and 3.2 of [18].

Christodoulou’s construction uses Noether’s theorem to associate conserved quantities
with the symmetries of a reference Minkowski metric. For asymptotic translations, the
corresponding surface integrals yield the total energy and momentum, and the energy
integral agrees with the ADM mass. This approach therefore provides a clear geometric
motivation for interpreting the ADM mass as an invariant of asymptotically flat initial
data.

6.1.3 Comparison with the ADM formalism and Christodoulou’s
construction

In 1959, Arnowitt, Deser, and Misner formulated general relativity as a canonical Hamil-
tonian system. Their approach begins directly with a 3 + 1 decomposition of spacetime
and proceeds by identifying the constraint equations, imposing coordinate conditions,
and reducing the system to its independent dynamical variables.

The construction of Chrusciel, Jezierksi, and Kijowski [27], which is followed in this
thesis, starts from a more general and geometric Hamiltonian framework for Lagrangian
field theories and then specializes it to general relativity. The construction follows the
same principle of studying field theories by examining their behaviour on a hypersurface.
This seems to be a natural generalization of the ADM approach, which studies general
relativity by splitting spacetime into 3 + 1 dimensions. This requires a more abstract
setup at the outset, but it has the advantage that the Hamiltonian and its boundary
terms arise naturally from the underlying structure. The same framework can also be
applied in several different asymptotic settings.

When specialized to general relativity, the two approaches begin with closely related
Lagrangian formulations, as discussed in Section 5.1. Their emphases are different. ADM
carry out an explicit canonical reduction by solving the constraint equations and imposing
coordinate conditions, whereas Chrusciel-Jezierksi-Kijowski derive a general Hamiltonian
identity and then study the resulting boundary terms and the conditions under which
the corresponding integrals converge. Under the asymptotically flat assumptions consid-
ered here, both constructions lead to the same expression for the ADM mass, up to the
normalization and sign conventions adopted in each treatment. The ADM approach is
more direct and historically foundational, while the formulation by Chrusciel, Jezierksi,
and Kijowski makes the underlying geometric structure and the role of the Hamiltonian
more explicit.

Christodoulou’s construction differs substantially from the Hamiltonian approach of
Chrusciel, Jezierksi, and Kijowski. Christodoulou works directly with the Lagrangian
and applies Noether’s theorem, rather than first passing to a Hamiltonian formulation.
This elegantly motivates interpreting the ADM mass as the conserved surface integral
associated with asymptotic translations.
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The main advantage of the construction by Chrusciel, Jezierksi, and Kijowski is its
versatility. Their Hamiltonian framework is formulated for general Lagrangian field the-
ories and can be applied in a variety of asymptotic spacetime settings. By contrast, in
the discussion presented here, Christodoulou’s construction is applied to the Poincaré
symmetries of asymptotically flat spacetimes, with particular emphasis on the energy
associated with asymptotic time translations.

It is also worth mentioning Michel’s work [64], which identifies a common algebraic
mechanism underlying the geometric invariance of several asymptotic mass quantities.
Although we do not discuss this framework, it provides a broader explanation for why
many mass and energy constructions in different asymptotic settings share similar struc-
tural properties.

6.2 Positive mass theorems

From a physical perspective, one expects the total energy of a gravitational system to
be nonnegative. However, rigorously proving that the total energy is nonnegative is a
difficult mathematical problem. Results of this type are collectively known as positive
mass theorems. The first proofs were obtained by Schoen and Yau in the late 1970s,
initially in dimension three, and their arguments were later extended to dimensions up
to seven. Recent preprints from 2026 present new arguments for the Riemannian and
spacetime positive mass theorems in arbitrary dimensions [10, 11].

In this section, we review the historical development of positive mass theorems. We
state several of the principal results but omit their proofs. In Subsection 6.2.1, we focus on
the asymptotically flat setting and highlight several important developments, including
results concerning metrics of lower regularity. In Subsection 6.2.2, we discuss notions
of mass for asymptotically hyperbolic Riemannian manifolds and asymptotically anti-de
Sitter spacetimes, together with an overview of corresponding positive mass results.

For several results of Schoen and Yau, we use the modern formulations presented by
Lee [52]. These formulations allow the original results to be stated consistently with the
notation and terminology used throughout this thesis.

6.2.1 The positive mass theorem for asymptotically flat space-
times

In the asymptotically flat setting, the positive mass theorem concerns the ADM mass of
a Riemannian manifold or the ADM energy-momentum of a Lorentzian manifold. Under
suitable geometric conditions, the theorem asserts that this mass or energy-momentum
is nonnegative. Furthermore, the statement characterizes the case of zero mass with the
absence of curvature.

The curvature and asymptotic hypotheses are essential. In the Riemannian setting,
one assumes in particular that the scalar curvature is nonnegative. Standard definitions
of asymptotic flatness frequently also require the scalar curvature to be integrable,

Re L' (M),

or impose stronger decay assumptions from which this integrability follows. Consequently,
the integrability condition may be contained implicitly in the phrase asymptotically flat
rather than stated separately in each positive mass theorem.
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The first proof of the positive mass theorem was obtained by Schoen and Yau in
1979 [72]. Their paper contains two principal Riemannian results, which we state in the
modern form presented by Lee [51].

Theorem 6.6 (Riemannian positive mass theorem) Let (M,g) be a complete asymp-
totically flat three-dimensional Riemannian manifold with nonnegative scalar curvature.
Then the ADM mass of each end of M is nonnegative.

The same paper also established a rigidity result for the zero-mass case under an
additional asymptotic regularity and decay assumption. Writing

gij — 0ij = hij,

and assuming that the metric satisfies the asymptotic conditions specified in Subsec-
tion 5.3.1, Schoen and Yau impose the additional condition

900h| + |9000hs;| + 100000k < - k

+ 75’

(6.2)

where k is a positive constant.

Theorem 6.7 (Positive mass rigidity) Let (M, g) be a complete asymptotically flat three-
dimensional Riemannian manifold with nonnegative scalar curvature. Suppose, in addi-

tion, that (6.2) holds on some end My and that the ADM mass of My, is zero. Then g is
flat. In fact, (M, g) is isometric to R® equipped with the standard Euclidean metric.

Later in 1979, Schoen and Yau [76] announced a higher-dimensional extension of their
argument.

Theorem 6.8 Let (M, g) be a complete asymptotically flat Riemannian manifold of di-
mension 3 < n < 7 with nonnegative scalar curvature. Then the ADM mass of each end
of M is nonnegative. Furthermore, if the ADM mass of one end is zero, then g is flat.

In 1981, Schoen and Yau gave a proof of the positive mass theorem for general 3 + 1-
dimensional asymptotically flat initial data sets [73]. An initial data set consists of a
three-dimensional manifold M, a Riemannian metric g, and a symmetric two-tensor K
representing the second fundamental form. The associated local energy density p and
momentum density J are related to (g, K) through the Einstein constraint equations.
Under the relevant asymptotic conditions, the total mass of each end is nonnegative.
If one end has zero total mass, then the initial data arise as the metric and second
fundamental form induced on a spacelike hypersurface in Minkowski spacetime.

In 1981, Witten [86] proved the positive energy theorem by an alternative spinorial
method. In the Riemannian setting, his method yields the positive mass theorem for
asymptotically flat spin manifolds in arbitrary dimension. We state this result in its
modern Riemannian form.

Theorem 6.9 (Positive mass theorem for spin manifolds) Let (M", g) be a complete
asymptotically flat spin manifold of dimension n > 3 with nonnegative scalar curvature.
Then the ADM mass of each end of M is nonnegative. Moreover, if the ADM mass of
any end is zero, then (M, g) is isometric to Euclidean space (R™,0).
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In 1982, Parker and Taubes [65] gave a complete and mathematically rigorous treat-
ment of Witten’s argument. In a related contribution published in the same year, Reula
[68] proved an existence theorem for solutions of Witten’s equation, thereby addressing
the solvability required in the spinorial proof. Both Witten and Yau received the Fields
Medal in part for their work on this topic.

An important obstruction to positive scalar curvature provides one route to the Rie-
mannian positive mass theorem. We state the result without proof and summarize its
historical development below.

Theorem 6.10 (Torus connected-sum obstruction) Let T™ be the n-dimensional torus,
and let M be a closed n-dimensional manifold. Then T"#M cannot carry a metric of
positive scalar curvature.

Remark 6.11 The operation # denotes the connected sum. Informally, it produces a
new manifold from two manifolds by removing the interior of a small ball from each and
gluing the resulting boundary spheres together. In the present setting, this construction
can be written schematically as

T"4M = (T \ int(B")) Ugn-s (M \ int(B")),

where B™ is an n-dimensional ball and S"~! = dB" is its (n — 1)-dimensional boundary
sphere.

For n < 7, Theorem 6.10 was proved by Schoen and Yau in their 1979 work on
manifolds of positive scalar curvature [74]. In 1980, Gromov and Lawson proved the
corresponding result in arbitrary dimensions under a spin assumption [38]. In 1993,
Smale [78] proved a result that implied the n = 8 case.

Lohkamp later presented an independent all-dimensional approach in a series of preprints
beginning in 2006 and developed further through 2016 [57-60]. Independently, Schoen
and Yau [75] proved Theorem 6.10 in all dimensions. For an explanation of how this
scalar-curvature obstruction can be used to prove the Riemannian positive mass theo-
rem, see Section 3.3 of Lee [52].

The year 2026 saw several major developments concerning the positive mass theorem
in higher dimensions. In March, Bi, Hao, He, Shi, and Zhu proved the Riemannian
positive mass theorem in dimensions up to 19 [8], building on the work of He, Shi, and
Yu [40], as well as Chodosh, Mantoulidis and Schulze [15, 16].

In April 2026, Brendle and Wang presented a proof of the Riemannian positive mass
theorem in arbitrary dimensions [10]. Their proof develops a new dimension-descent
scheme and uses an argument inspired by the work of Bi, Hao, He, Shi, and Zhu [8].
Later that month, Brendle and Wang extended these ideas to the spacetime positive
energy theorem in arbitrary dimensions [11]. At the time of writing, these results are
available as arXiv preprints.

In June 2026, Khuri, Jian Wang, and Jinmin Wang proved an all-dimensional Rieman-
nian positive mass theorem for asymptotically flat L°>°-metrics with subcritical singular
sets [48]. Their proof uses arguments from both Bi, Hao, He, Shi, and Zhu [8] and Brendle
and Wang [10].

Before turning to asymptotically hyperbolic geometry, it is worth mentioning the ac-
tive study of low-regularity metrics in mathematical general relativity. In the Lorentzian
setting, weak notions of curvature allow one to study spacetimes containing impulsive
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gravitational waves. For an overview, see LeFloch [55]. In the Riemannian setting, re-
lated techniques make it possible to formulate notions of scalar curvature and mass for
metrics that are not smooth.

Lundgren and Meco [61] generalized the ADM mass to asymptotically Euclidean man-
ifolds with metrics of local Sobolev regularity

Wige N L.

Under suitable asymptotic assumptions, they prove that this mass is finite and invariant
under admissible changes of coordinates at infinity, and that it agrees with the classical
ADM mass in the smooth setting. They also derive an expression involving the Ricci
tensor which, for sufficiently regular metrics, agrees with the Ricci-tensor formulation of
the ADM mass studied by Herzlich [43].

In February 2026, Hafemann [39] established a low-regularity Riemannian positive
mass theorem for non-spin manifolds. More precisely, he considers asymptotically flat
metrics in

cOnwhn

loc

that are smooth outside a compact set and have nonnegative scalar curvature. His work
builds on the formulation of scalar curvature and mass developed by Lee and LeFloch
[53], and the work of Jiang, Sheng, and Zhang [40].

In June 2026, Mazurowski and Yao [62] introduced a harmonic mass for continuous
asymptotically flat metrics on R®. This quantity agrees with the usual ADM mass when-
ever the metric is sufficiently regular and satisfies the appropriate fall-off conditions. It
can also be recovered as a limit of the C° local mass introduced by Burkhardt-Guim
[12]. Under their approximation and scalar-curvature hypotheses, Mazurowski and Yao
prove that the harmonic mass is nonnegative and that vanishing harmonic mass implies
flatness.

6.2.2 Positive mass results in asymptotically hyperbolic geome-
tries

We now turn to positive mass results in asymptotically hyperbolic and asymptotically
anti-de Sitter geometries. Although these settings differ substantially from the asymp-
totically flat case, they form an active area of research in mathematical general relativity
and geometric analysis. In the Riemannian setting, one considers asymptotically hy-
perbolic manifolds, whereas in the Lorentzian setting the corresponding geometries are
asymptotically anti-de Sitter spacetimes.

We do not rigorously define mass in these settings. Roughly speaking, in the Rie-
mannian case one compares the metric with a fixed hyperbolic background metric and
evaluates the asymptotic deviation against hyperbolic static potentials V. This leads
to a boundary integral at infinity which defines the corresponding mass functional or
energy—momentum vector.

For a more detailed treatment of mass in asymptotically hyperbolic Riemannian ge-
ometry, several sources are available. Wang’s 2001 paper [84] is one of the foundational
works in this area. Wang defines an invariant called the total mass and proves a pos-
itive mass theorem using spinorial methods. Chrusciel and Herzlich [26] subsequently
introduced mass integrals for a broader class of asymptotically hyperbolic Riemannian
manifolds. For a more expository account of these mass formulas, see also Herzlich [42].
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In the Lorentzian setting, the work of Henneaux and Teitelboim [41] is an important
early source on asymptotically anti-de Sitter spacetimes. Chrusciel and Nagy [28, 29]
later gave a Hamiltonian definition of mass for spacelike hypersurfaces in spacetimes that
are asymptotic to anti-de Sitter spacetime. They also proved that the resulting mass
defines a geometric invariant of the spacelike hypersurface. For a discussion of how the
Hamiltonian framework reviewed earlier in this thesis applies in this setting, see Section
5.5 of [27]. From this point onward, we abbreviate anti-de Sitter as AdS.

Andersson, Cai, and Galloway [2] proved an important non-spin positive mass result in
the asymptotically hyperbolic Riemannian setting. They prove a scalar-curvature rigidity
theorem and derive a positive mass theorem without assuming that the manifold is spin.

In 2019, Chrusciel and Delay [23] proved a positive mass theorem for asymptoti-
cally hyperbolic Riemannian manifolds with spherical conformal infinity. They related
the asymptotically hyperbolic energy—momentum vector to the corresponding positive
mass theorem for asymptotically flat initial data sets satisfying the appropriate energy
conditions.

In 2021, Sakovich [69] solved the Jang equation for three-dimensional asymptotically
hyperbolic initial data sets and used this construction to prove the positive mass theorem
without spinorial methods. For the well-definedness and coordinate invariance of the
mass vector, Sakovich refers to the general framework developed by Michel [64].

Later that year, Chrusciel and Galloway [25] proved positive mass theorems for asymp-
totically hyperbolic and asymptotically locally hyperbolic Riemannian manifolds with
black-hole-type boundaries.

Finally, Chrusciel, Delay, and Wutte [24] derived a formula for the energy of an
asymptotically locally hyperbolic manifold obtained by gluing two such manifolds at
conformal infinity.

In 2023, Dahl, Kroncke, and McCormick [32] introduced a new geometric quantity for
asymptotically hyperbolic manifolds, called the volume-renormalized mass. This quantity
is well defined under weaker fall-off assumptions than those generally required for the
usual mass surface integrals. The authors also establish several positivity results for the
volume-renormalized mass. In a subsequent paper [33], they show that this mass can be
recovered from a reduced Hamiltonian framework.

In 2026, Hirsch, Khuri, Lesourd, and Zhang [44] used the recent Riemannian positive
mass theorem of Brendle and Wang [10] to prove the spacetime positive mass theorem
for asymptotically flat and asymptotically hyperboloidal initial data sets in arbitrary
dimensions.

Recent preprints by Chrusciel and Wutte study holographic energy in spacetimes
with negative cosmological constant [30,31]. Under specific hypotheses on the conformal
boundary, they prove positivity of a weighted holographic energy. They also show that
a relative holographic energy agrees with the corresponding relative Hamiltonian energy.
We do not discuss these constructions in further detail here.



Chapter 7

Conclusion and outlook

Summary and main results

In this thesis, we have studied the Hamiltonian formulation of general relativity devel-
oped by Chrusciel, Jezierski, and Kijowski [27], with particular emphasis on its geometric
and symplectic structure and on the resulting notion of energy. The thesis’s princi-
pal contributions are that it derives this construction in detail, reformulates some of its
geometric ingredients using jet bundles, and explicitly verifies that the resulting Hamil-
tonian energy-momentum agrees with the ADM energy-momentum. To the best of our
knowledge, this calculation has not previously appeared in the literature. Chrusciel has
confirmed in personal communication that he did not write out the calculation elsewhere.

The first four chapters develop the geometric and analytical framework needed for
the main construction. In Chapter 2, we introduced the relevant tools from differential
geometry, including integration on orientable and non-orientable manifolds, fibre bundles,
and jet bundles. In particular, differential odd forms provide a coordinate-invariant theory
of integration on non-orientable manifolds, while jet bundles encode derivatives of sections
and therefore provide a natural setting for first-order Lagrangian field theories.

In Chapter 3, we reviewed the passage from Lagrangian mechanics to Hamiltonian
mechanics and introduced the required concepts from symplectic geometry, including
Hamiltonian vector fields and the Liouville one-form. We then formulated the notion
of a dynamical system used throughout the thesis. Rather than treating the space of
fields as an infinite-dimensional symplectic manifold, we work directly with a phase space
of sections, a Hamiltonian function, and an antisymmetric two-form that encodes the
corresponding Hamiltonian evolution.

In Chapter 4, we studied in detail the Hamiltonian field-theory framework developed
by Chrusciel, Jezierski, and Kijowski [27]. We used jet bundle theory to formulate the
Lagrangian field theory, while a reference system identified the evolving fields with fields
on a fixed model hypersurface ¥. Pulling the Lagrangian back to > and applying a Leg-
endre transformation then produced a Hamiltonian formulation on the associated phase
space. As part of this discussion, we reformulated the pointwise pullback construction in
a coordinate-invariant jet bundle language and worked out several details of the resulting
Hamiltonian dynamical system. We concluded by specialising the construction to the
reference system later used for asymptotically flat spacetimes.

In Chapter 5, we applied this framework to general relativity. We represented grav-
itational fields as sections of an appropriate tensor bundle and constructed a reference
system from the flow of a global spacetime vector field. After restricting to spacelike
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hypersurfaces, we reduced the symplectic form and the variation of the Hamiltonian to
expressions involving the induced geometric data. In the asymptotically flat setting,
the imposed decay conditions ensured the convergence of the relevant integrals and the
vanishing of the required boundary terms. We then explicitly verified that the Hamil-
tonian energy-momentum arising from this construction agrees with the ADM energy-
momentum. Finally, drawing on the work of Bartnik [7] and Chrusciel [22], we examined
the invariance of the resulting asymptotic quantities.

Broader context

In Chapter 6, we placed the Hamiltonian construction studied in the preceding chapters
within the broader theory of gravitational energy. We first compared the original ADM
Hamiltonian formulation [4,5] with Christodoulou’s [18] Lagrangian motivation and with
the Hamiltonian framework of Chrusciel, Jezierski, and Kijowski [27]. Although these
approaches give different geometric perspectives, they lead to the same notion of energy
in the asymptotically flat setting.

We then reviewed the historical development of positive mass theorems in asymptoti-
cally flat, asymptotically hyperbolic, and asymptotically AdS geometries. We particularly
emphasized recent progress in arbitrary dimensions. These developments illustrate both
the robustness of mass as a geometric invariant and the wide range of geometric and
analytical settings in which positive mass results have been established.

Outlook

Several questions arising from the constructions studied in this thesis suggest directions
for further investigation. First, the Legendre transformation used in Chapter 4 could
be reformulated more systematically in the language of jet bundles. In studying this
question, we considered the geometric treatment of Legendre transformations developed
by Saunders [71] and the related field-theoretic constructions discussed by Forger and
Romero [35]. Their precise application to the hypersurface-based framework of Chrusciel,
Jezierski, and Kijowski remains to be worked out. Such a reformulation could provide
a more intrinsic explanation of the passage from the Lagrangian theory on spacetime to
the Hamiltonian theory on the model hypersurface X..

A second question concerns the antisymmetric two-form on the phase space. In the
construction considered here, this form is obtained by integrating a family of symplectic
forms over X. It would be interesting to determine conditions under which integration
preserves closedness and nondegeneracy. Furthermore, the phase space appearing in the
construction is not the full space of sections of the momentum bundle associated to X,
but a distinguished subset consisting of pulled back sections satisfying the conditions
imposed by the theory. Consequently, a symplectic form on the full section space would
not by itself provide a symplectic structure on the phase space. These issues are not
addressed explicitly in the framework as presented by Chrusciel, Jezierski, and Kijowski
and provide a natural direction for further investigation.

A final direction is to extend the Hamiltonian framework to hypersurfaces or space-
times with boundary. This would require identifying the additional boundary contribu-
tions in the variation of the Hamiltonian, determining suitable boundary conditions, and
studying how these choices affect the resulting Hamiltonian and notion of energy.



Appendix A

Technical details of Subsection 5.1.2

In this appendix we restate the lemmas of Subsection 5.1.2 and give the corresponding
proofs.

Lemma A.1 For a metric density g"* one can express the Hilbert—Lagrangian as follows
9" R, = 0, (g“”Fij) — 0u(g"'Ts,) + g [FO‘ re —re re } (A.1)

our av aoc™ pv

Proof. Using the coordinate expression for the Ricci tensor, we obtain

g R = g (@Iﬁy — 0.5, — [FU Lo =TT ])

av’ o uvt ac
= gwaargu - g#”@urgy - gwj [ngfzg - FZVFgU]

We can move the metric density inside the derivative by using the product rule
0" 01, = Oa (g“’Tﬂy) — (Oag"" )T}, (A.2)

To evaluate the partial derivative of our density we again use the product rule

O g™ = L ((8a\/ —det g)g"" + 0a(g")\/ — det g) (A.3)

- 167

1 1
— Oa(— det g)g" + (—g7TH_ — ghT”_)/— det )
167r<2\/Tetg (—detg)g" + (=97 Th, — ¢"'T%,;) etg

The last equality is because we are using the Levi-Civita connection, which in particular
is compatible with our metric g and ¢g—!. This is show below in local coordinates:

0=9"a=0a(g")+ 9" T4 +9"Tes (A.4)
0= Juvia = aoa(g/u/) - gaurgu - guargy' (A5)

We continue the rewriting of equation A.3, notice the trace we obtained from the deriva-
tive of the determinant expressed as a contraction in local coordinates

v 1 1 v 1% oV g 14
Dag"” = Ton (5 —det 99" 009 g™ + (—9" Thy — 9" Tog)/ — det g)
v ]' o g v oV o\
= gﬂ §(Faugtﬂ/ + Faug/w')g'u -9 Fga - gu Faa
1
= g5 (05,04 +T0,0,) — g7 Th, — T,

=010, — 70, — T,
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With this expression we can go back and rewrite the Hilbert-Lagrange density A.2
‘Z = gwaapzéu - gwjaﬂrgu - g,ull [Fgqua - FZVrgo'}
= aa (gwrgy) - 8N<g/“’rgy)
— (0ag" )y, + (9ug)T5, — o [0, 15, — I7,T0,]
— aa (gﬂyrzu) - all(g'wjrgu)
- (g,ulfrga - gUl/I“gU - gugrga)rgu + (gijZa - gUVFZJ - gMUFZu)FgV
- g'w/ [ngrza - FZVF(;U}
= aa (gﬂyrzu) - aﬂ<guvrgy>
o g,LLl/FU re + gauru re + gual—w re

act pv act pv ocat pv
+ gHVI‘ZUFZU - gmjrﬁorgu - gHUFZ”I‘gV
- g,ull [FZVF?;O' - FZVFEU}

= 0a(9"T},) — 0u(g"T5,)
+guu[ra re —r1° re ] +gau[ru re —T» 1re ]

uot av aot pv aot pv uot av
+ g/uT [Fgarﬁu - Fgurgu] - g,ull [FguFfja - FZVrgo'}

= aa (gwrgy) - all(guyrcayy)
+guu[ra e 19 1@ ] +guu[ra | I I ]

uot av aot pv ap ov out av
+ g,ul/ [anrzo - Fz,urgo] - gwj [FZWFZLJ - Ffwrga]
= aa (g,ullrzy) - aﬂ (g#l’rgy> + gul/ [Fgurgu - qurga} :

Notice that we switched aroqnd the I'’s which can be done since both are smooth func-
tions. In conclusion we find L = 8, (g"T%,) — d,(g"T%,) + ¢ [T, 7, —T5,T9,]. O

ou av

Lemma A.2 Let B be a symmetric background connection on M, and let r,, be its Ricct
tensor. The contraction is locally written as

9", = aa(gWBgV) —0,(g"BS,) — g [BguBﬁa — BZVBgU] (A.6)
+ gMV [FZaBio + FZMBSV - F?/;J,Bga - FZUB}?V] (A7)

Proof. Starting from the coordinate expression for the Ricci tensor of B, we have

8 = 0 (0uBE, — 0,5 — (BB, — B, B%])

av puo pr— oo
= g" 0B}, — ¢"0.Bs, — ¢ B, By, — B), B, ).

Applying the product rule to the first two terms gives
guyrﬂl’ = aOé (gﬂllBﬁu) - 8;1(9’“/83,/) - Bﬁl/a&gm/ + Bguaﬂgwj - g/“/ [BgyB;oja - BZVBgO'] :
Recall the equivalent of the metricity condition of I', given in equation (5.6)
0sg" = 8" 15, — 87T, — ¢"T5,.
Substituting this for f = a and = u, we obtain
gMVrMV = aa(gMVB;O;V) - aﬂ(gMVBgu) - g,UV [BZVBE[U - BZVBSU]
- <g/WFZU - gO'VFZO_ - gHUFZO') B;(jl/
+ (¢ T, — 87T, — ¢"T),) Ba,.
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After relabelling dummy indices and using the symmetry of g””, the terms involving I’
and B become

guu[ra B« +FO’ BY 19 B _T° Ba:|'

va' po ap—ov vu— ao ao— pv
Therefore
glﬂ’r/ﬂ/ = aa(QWBgu) - aﬂ(g'ijgl/) - gm/ [BguB;Yo - BZuBgo]
+ g,LLV [FgaBgo + FguBaazz - FguBgo' - FZUB;O;I/] )
which proves the desired identity. O]

Lemma A.3 The Ricci tensor can be expressed using symmetrization, as follows

Ry = 8a[I%, — 60,0, ] — [0, 00, —T7,T%,].

(- v)k avt uo ur- aoc

Proof. We only need to prove that

Do (521%.) = 8,T2,.

('t v)n

By the definition of symmetrization, we have

Oa (00T5, + 6517,

8a( ?u 5)N) -

N =D =

(0,15, + ayrgﬁ) :

Since the Levi-Civita connection is torsion-free, we have I'j, = I'%;,. Moreover, for the
Levi-Civita connection,

1
I =———09,detg=03,Iny/—detg.

o 2detyg
Hence
oL, =01,
= 0,0,In/—detg
= 0,0,In/—detg
=00,
Therefore

o Tk 1 K K
Da ( (e l/)fi) = 5 (aﬂrnu + aﬂr,‘ﬂ/)
— 9T

Relabelling the dummy index x as « gives

Do (521%.) = 8,2,

('t v)n

This proves the claimed rewriting of the Ricci tensor. O]
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Lemma A.4 The Christoffel symbols of g can be recovered from the background connec-
tion Bj}, and the tensor py, by

(6% (0% (o3 2 « K
PMV = Bl“/ _pFW + gé(ﬂp’/)“' (AS)
Proof. We first begin by rewriting our tensor p to get the Christoffel symbols I"
v = (Bl = 90.B0) — (T — 900
= Ul = By = D = 0By + 00,10
We now look at the only tensor that differs in both expressions

2
3
1 « K K loa K K loa
= g(s,u |:(B1/I€ - 5(VBI€)O‘> - (Pw{ - 5(1/Fm)o'>}
1 (03 K K g K K ag
(- 5m) — (- 5r.)
We now apply that we work in a 4 dimensional spacetime and work out the symmetric
tensors involving B

gé(upu)f'i = [ﬁéupm + §5pr}

K RO 1 K RO K DO 1 - o 5 o
5(VBK)U - 2 [5VB'W t 5”31"7} - 2 [Bva + 4Bzx0} - iBua
K O 1 K RO K O 5 pu
00Bos = 5 (67 Bg, + 6:B5,] = B

We do the same for the symmetric tensors involving I’

K O 1 KO KO 5 o
6(VFH)O' = 5 [5urm7 + 6HFVO':| = §FVO'
K To 1 KO KO o o
5(MF,€)U - 5 [5u1—‘l€0' + 5,€FW] - 51—‘“0_.

Notice that the 0 and x are dummy variables so we can switch them. We then recover
our original symmetric tensors

2 (0% K 1 (0% K 5 K K 5 K
gé(upy)n = §6N I:(BVK - §Byn> - (Fun - §Fuﬁ)}

2185 555) = (T 5]
(50‘[— gBl’fK—i— Spw | +62[- 3 + S ])

o 9 VK 2 k2
1 a DK a Dk 1 ars b
- _5 |:5NBVI§ + 5VBNH:| + § [6NFVH + 5/11—‘”’J

= 03Bl + O

(p=v)r

+

3
1
3

[]

Proposition A.5 We can express the Hilbert Lagrangian, using the momentum p and
the Lagrangian L as follows

gleMV = _aoz(g/wpzy) + L7 (Ag)

where L is defined as above.
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Proof. We can obtain the identity by substracting the contraction 5.7 on our connection
B from the Hilbert Lagrangian density 5.5. More precisely, we find

gm/Ruu - g“l/r,uu = 8a (ng(FZéV - 5?MF5)K)> + g,uu [Fgurgy - Fgarzu}
~|0a 0By, - 65,B2)] — 9 (B2, B, — Bi,BS, )

av Ho HY-T oo

_|_gw/[ra B¢ +Fa BY 19 B~ _T° Ba}]

va' uo ap -~ ov v oo aoc ™ uv

= —0a(g"Dj) + K,

where we catch all the rest terms with the variable K. To complete the proof we need to
show g"”r,, + K = L. This is a straight forward calculation, shown below

¢"r + K = g™[ (T2 7, —T%,BS, — B%T%, + B2 BY,)

op av op— av pot va po— av

—(Te.10, — 10, By, — 15, By, + BBy ,) + 1w

ao oo pv pur-oa pur-oa

= guV _(F?u - B;O;U)<Fgoz - Bgu) - (F;Oju - Bﬁu)(rga - Bga) + TNV:|
O

Lemma A.6 Let V? denote the covariant derivative associated to the background con-
nection B. Then

9" = 0"(U%, — Bg,) — 0" (Lge = Byo) = 877 (g, — Bla), (A.10)
where g'., := VEg.

Proof. We compute the covariant derivative of g*” with respect to the background con-
nection B. Since

1

= —/—detgg™
167 Y~ IT

g

the product rule gives

0" = oo [(VEV/detg) ¢ + v/ deig V] (A1)

167

We first compute the covariant derivative of the density factor. Since V7, = B0, the
induced covariant derivative on densities gives

VE\/—detg = 0,\/—detg— B \/—detg.

Moreover,

1
On/ — det =5 —det g 9" 0aGpo-

Because I is the Levi-Civita connection of g, metric compatibility gives

aozgpa = g)\arg\ép + gp)\rga'
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Hence
lg”(’aagpa = l9”” (92T, + 9oaT0)
2 2 p
=T,
Therefore

VE\/—detg=(I'%, — B?)+/—detg.

(A.12)

Next, since g is a contravariant tensor, its covariant derivative with respect to B is

Vag" = 0ag" + Bh,g”" + Biyg"”.
Using metric compatibility of the Levi-Civita connection again,
Oug"’ = —Th, 97" = T0,q".
Thus
Vag" =—(Th, — Bh,) 97 — (Toy — Biy) 97
Substituting both expressions (A.12)—(A.13) into the equation (A.11) gives
g = 0" (I, — BZ,) — 97" (I, — B,) — 9" (I'e, — B, ) -

This proves the identity.

Lemma A.7 The tensor pj,, can be written as

1 Q 1 (0% 1 (0% g 1 (e g
P = §9ua9A w §gmgA o §gA 9ou8p8” 0 + ZQA 908008 a-
Here g,, denotes the inverse matriz of g, so that g,.g*" = 0y,.

Proof. Define

o o 67
Co =T, — B,

(A.13)

(A.14)

Since both I and B are symmetric connections, C7, is symmetric in the lower indices.

In terms of C, the definition of pi‘w becomes

A A A K
pl“/ = _CMV + 5(NC

)k
By the previous lemma, we have
g% =9"Co, — 97 Cy, — 977 Ch,.
We now compute the four terms appearing in the claimed expression. First,

1 1
§guag)\a;v = 59#01 (g)\acga - gAUC:V - gaacéu)

1 g ag (6%
=3 (672C0, — 8,00 C2, — C;‘l,) .

w~'vo
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Similarly,

1 Ao l (5>\CJ o )\Jca o C)\ )

291/049 woT 2 v~ uo gyag gl pv) c
Next,

gougpuggp;a = g/“/C;T - gPVcﬁa - gU#Cga'

Hence

1 (6% g 1 (6% T 1 (6%

—59)\ Gop 809 p;a = _§g>\ gw/Ca—r + 59)\ gpucﬁa
1
+ 59/\agou03a‘

Finally, since dim M = 4,
gapgffﬂ;a = gUP (ngC;T - gm—Cfa - ngOga)
= 40;7 - Cppa - Cga
=2C,,.

Therefore

1 Aa g 1 Aa T
Zg 9uvBopY p;oc = 59 g,“,CaT.

Adding the four expressions, the terms involving g**g,,C7_ cancel. The remaining
mixed terms also cancel after relabelling dummy indices and using the symmetry of Cj,
in its lower indices. We are left with

1 1
A A Yo A Yo
—Cp, + 55#0,,0 + 55,/0“0.
This is precisely
A Ao oA
_C;w + 5(uCV)U = P
Hence the claimed identity follows. ]

Theorem A.8 Let (M,g) be a (3+1)-dimensional spacetime equipped with a connection
I', and let B be a symmetric background connection on M. Define the metric density by

1
g \/—det g g"”.

~ 167
and define the tensor pf, by

s = (B = 9B35x) — (T — 500 ).
Let the gravitational Lagrangian be
L:= gwj [(Fgu - Bﬁa)(FZa - Bglj) - (F;O;V - BSV)(FZU - Bga) + Tuzx} .
Then pﬁy 15 the canonical momentum associated with the metric density g, that is,

OL OL N
= = A.15
aghv . O0ghv.\ Puar ( )

Here, g" \ denotes the partial derivative of the metric density, whereas g\ denotes its
covariant derivative with respect to the background connection B.
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Proof. Calculating the covariant derivative of the background connection gives
9" = 0" A+ By, 87" + B},0" — BS,g".

Since g, differs from g\’ by terms depending only on g"” and B, differentiating with
respect to g"” , is equivalent to differentiating with respect to g"”,\. We now differentiate
the expression for L obtained in lemma 5.11. The term g*’r,, does not depend on g,
so it does not contribute.
First consider the term

1
590049’)/8;77977&;/3-
When differentiating with respect to gy, this term gives two contributions, because the
derivative variable occurs in both factors. Differentiating the first factor gives

1

Aa
59;@9 N2

while differentiating the second factor gives

1

5 0va 8"
Hence
% (%gpagpﬂ mﬂ”“;g) - %guag)\a;u + %gmgm;u-
Next consider the term
1 no pB  LOT
—=07 050889 00 a-

4

Again the derivative variable occurs in both factors. Differentiating the first factor gives

1 (073 oT
—Z—lgA LT Y L

and differentiating the second factor gives

1 a o
_z_l‘gA GonYpr 9 p;a-

After relabelling dummy indices, these two terms are equal. Therefore

1

0 1
o pB qOoT — A op
ag;w.)\ < 49 Yop8788" 1m0 ;Oé> 29 ou9p9 " a-

Finally, consider

1
ggnagpﬁgpﬁ;ngaTgaT;a'

Differentiating the first factor gives

1 Aa oT
gg ngwg ;009
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and differentiating the second factor gives the same expression after relabelling dummy
indices. Hence

0 1 1
Zqhe pB oT _ A op
agl“';,\ (89 988" 8079 ;a) = 49 9urYop9 -

Combining these three computations, we obtain

oL 1

= g g)\oc. + lg g)\a'
ag,uy;/\ 9 po v 9 vo iy

1 e o 1 a o
- 59)\ JouYpr 8 p;a + Zg/\ GuwBopy p;a-

By Lemma A.7, the right-hand side is precisely pfw. Therefore

oL oL

ogv \ — Ogva T

This proves the theorem. O
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