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Abstract

Einstein’s theory of general relativity is described mathematically by a particular coupled
system of ten time-dependent non-linear partial differential equations (PDEs). These equa-
tions describe how the presence of matter and energy curve space-time and give rise to what
we experience as gravity. Although mathematically elegant, these equations are extremely
difficult to solve (either analytically or computationally) due to the complex coupled non-
linear nature of the PDEs.

We begin by giving derivations of the system via Lagrangian formalism. From there we
discuss the 3 + 1 splitting of the system which gives rise to the six dynamical equations
and the four spatial “constraints.” We will then focus our attention for the remainder of
the paper on one of these four constraints, collectively referred to as the Hamiltonian en-
ergy constraint. Working on a compact Riemannian 3-manifold (33 ,gij) with boundary,
we derive a priori L°°-bounds on solutions to the Hamiltonian constraint, and establish the
existence of weak solutions.

This thesis is part of a larger joint work with M. Holst and G. Nagy.
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Chapter 1

Notation and Conventions

We will denote as ¥ a space-like hypersurface of a Lorentzian 4-manifold (M, Guv). Given
the imbedding ¢ : ¥3 < M, the induced Riemannian metric g is given by ¢*g. Let V be the
unique torsion-free affine connection of the metric g. In local co-ordinates,

Vel = 056" + 178" (1.1)

We follow the convention where Greek letters are summed over 0,1,2,3 and Roman letters
over 1,2, 3.

Domain and Boundary

Let © C R? be an open, bounded set with non-empty boundary 95 satisfying the strong local
Lipschitz property [1]. We will assume the boundary 92 can be divided into a Neumann
part, Oy, and a Dirichlet part, 9Qp # 0, such that

0 = 0QpUINN
@ - 89[)(789]\[

So note in particular that we allow for the case that the Neumann boundary has measure
zero and we have Dirichlet conditions on the entire boundary.

LP, Sobolev spaces and their Embeddings

Let © be a measurable set. Then the set of p-integrable functions is defined as

1/p
LP(Q,R”):{f:QCR”—HR:Hf||07p = (/Q|f|pdu> <oo}

for 1 < p < +o0o0. When p = 0o, we define

Lo(QR") ={f:QCR" >R :|f

0,00 1= esssup |f|}

where esssup | f| = inf{a € R: u({|f(z)| > a}) = 0}.
By defining the equivalence relation f ~ g <= ||f —gllo,, =0, LP(£2,R™)/ ~ becomes
a Banach space. Moreover, for p = 2, the inner-product

(f.9) = / fg = | fallo. (1.2)
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makes L?(Q) into a Hilbert space.
Now let W*P (2, R™) be the Sobolev spaces of functions in LP(2, R") with k covariant
derivatives in LP(Q, R™). That is,

WHP(Q,R™) = {f € LP(Q,R") : 9°f € LP(Q,R™) for all multi-indices |a| < k}. (1.3)

Endowed with the norm

1A llkp =D 10 fllo (1.4)

la| <k

WFP(Q,R™) becomes a Banach space.
Introducing the continuous extensions of scalar fields to the boundary, we define

trp : WHP(QR") — WH/Pr(9Qp, R™)
¢ = dloay (1.5)

for k > 1/p. Similarly, we define try.

For a Sobolev space W*P(Q, R™), let p* denote its conjugate exponent, i.e. let p* = "2

n—pk*

If % > % then we have the continuous embedding
WEP(QR") — LYQR"),  q=p"

Moreover, the embedding is compact for ¢ < p*. Note for & = 0, we have WoP(Q,R") :=
LP(Q,R™) and

LI(Q,R™) < LP(Q,R™)

for all p < q. A good resource for these, and similar, results on Sobolev spaces can be found
in [1].



Chapter 2

Introduction

One of the most interesting problems in general relativity today is to find approximations
of solutions to the Einstein equations and to compare the results of such calculations to
the expected data from interferometric gravitational wave observatories, such as the NSF-
funded LIGO project. Such observatories are expected to make observations of “burst”
events, mainly supernovae and collisions of compact objects, e.g. black holes and neutron
stars. Modeling such phenomena in 3+1 space-time dimensions, whether it be analytically
or numerically, is extremely difficult. Even after the effects of matter are eliminated, a
solution to the equations is still quite challenging to come by. Certain problems in 141 and
241 dimensions (spherical- and axisymmetry) have seen much success numerically, but no
such analogue exists in the full 34+1 problem. A review article of numerical approaches can
be found in [16].

As is well known, solutions to the Einstein equations are constrained in a manner similar
to Maxwell’s equations in that the initial data for a particular space-time must satisfy a
set of spatial equations which are then preserved throughout the evolution. Just as in
the electromagnetism case, these constraints may be put in a purely elliptic form. The
York conformal decomposition produces a covariant non-linear elliptic system on a 3-
mainfold, consisting of a non-linear scalar Hamiltonian constraint coupled to a linear vector
momentum constraint.

We shall see in more detail in §4.1 that the coupled Hamiltonian and momentum con-
straints can be written in the form:

~Ag+ Lo+ 55T — Lo+ (Ew)PoT — ampo 0 =0 (2.1)

N S .
V;i(Lw)" = §¢6§”Vj7'+87rj3 (2.2)

with the addition of the appropriate boundary conditions in the case of domains with bound-
ary, for the unknown pair of functions (¢, w). Usually, the manifold is unbounded (or, com-
pact without boundary); however, our interest is in an explicit boundary-value formulation
on a compact 3-manifold with boundary, which is a required formulation before standard
numerical approximation methods for elliptic systems can be applied.



Chapter 3

Einstein Field Equations

3.1 History

In 1915, Albert Einstein published his groundbreaking work Die Grundlage allgemeinen
Relativitdtstheorie (The Foundation of the General Theory of Relativity). Because this
debuted at a time when many were working on unifying quantum mechanics and electro-
magnetism, not much thought was given to Einstein’s theory except for the fact that it
corrected Newtonian laws of gravitation to be compatible with special relativity. However,
once astronomical discoveries were made starting in the 1960s, the full implications of gen-
eral relativity (GR) were finally being realized. In particular, were those discoveries of stellar
collapse and explosion in the Universe.

Einstein viewed the fabric of space-time as a Lorentzian 4-manifold (M, g,,,,) which warps
under the presence of matter and energy, Fig. 3.1. An important implication of GR, not
present in the Newtonian laws, is that gravity is to be described as the manifestation of the
warping of M under the presence of matter. Thus the mantra:

“Matter tells space-time how to curve and curved space-time tells matter how to move”

In the next section we will formalize this statement by deriving the Einstein Field Equations
from a Lagrangian, using the Principle of Least Action.

Figure 3.1: Curved space-time



3.2 Lagrangian Formalism

Canonical Measure

Let (M, g,,) be a pseudo-Riemannian 4-manifold, and let n := /—|g| dz® A --- A da?
be the canonical volume element, where |g| := det g,,,. We can define a linear functional
¢: CY(M) = R by f— [, fn, where C§(M) is the set of C°(M) functions with compact
support. By the Reisz Representation Theorem a positive (Borel) measure dv, exists on
the o-algebra of Borel sets on M; we call this measure the canonical or Riemannian
measure on M. In local coordinates,

dvg = \/m dx® A dxt A da® A da® =: \/m d*z.

3.2.1 Einstein-Hilbert Action (Vacuum Equations)

To derive the vacuum Einstein equations we consider the Lagrangian density

£a(g) = R(9)V gl (3.1)

where R(g) := g"” R, is the Ricci scalar of the metric g. Now define the Einstein-Hilbert
action

S : {C? metrics on M} — R

g - / Lalg) d*z. (3.2)

Q
According to the Principle of Least Action for a field theory, the idea then is that the Einstein
equations correspond to the stationary points of S(g). To show this, let us compute the
first variation §S(g). The following discussion was adapted from [17, 18]. Using the calculus

of variations, we introduce a one-parameter family of (inverse) metrics g; and compute
65(g) = LS(g™ +tg:)|t=o. Doing so, we have

38t0) = & [ Rla)/dld'a
— [ 86" R (o)D) . (33
Using the product rule (twice) and then re-contracting the Ricci tensor, (3.3) becomes
[ SRutag VTl do+ [ RSVl o+ [ Rusto)Valbg dia. (34

In order to simplify (3.4), we establish some results on the variations of the Ricci tensor,
the metric tensor and its determinant.

Variation of the Ricci Tensor dR,,

Begin by recalling the definition of the Ricci tensor R, :

R/LV = akr)\/w - aVF)\/L)\ + FUILVF)\(T)\ - Fa,u)\r)\aw (35)
with the affine Christoffel connections:
1
FI—LVA = 59#0 (acrgu)\ + aagku - 61/.9)\0) . (36)



By defining the usual exponential map exp(,) : 7p,M — M by v — ~,(1) for geodesics
7, and using the Implicit Function Theorem we have a very useful result from differential
geometry that states

Proposition 3.2.1. The mapping expy is a diffeomorphism from a neighborhood of 0 €
T,(M) to a neighborhood of p € M.

In particular, this allows us to choose a set of (normal) coordinates for which the affine
connections I'”,,, vanish at the point p. This follows from the fact that for geodesics,

B+ TP, it = 0. (3.7)

Thus when we take the first variation of R, all terms which do not have a partial derivative
vanish. That is, we may write the first variation of the Ricci tensor as

SRy (g) = OA[AT,,] — 8,61, (3.8)

Now note that the affine connections I'” | become tensors once we take their variations.
As a result, we may replace 0 by the covariant derivative V. We are left with what is known
as the Palatini identity:

5RP«V (g) = v/\[ar/\uu] - VV[(SFA,U)\]' (39)

Variation of the Metric Tensor and its Determinant dg"”, §/—|g|

First note that we have g*”6g,, = —g,,0g"", since 0 = 64 = §(g"" 9) = G 09" + 9" 0,1 -
Now compute (using the product rule) to find

o0v/=lgl =

(3.10)

1 1
5 ———=lgl.
V=gl
Finally, to compute the variation of the determinant, we use Cramer’s rule to note that
|99, is the cofactor of g"”. And so, d|g| = |g|gu0g"”. Using this we can rewrite (3.10) as

1
0V =gl = =5V ~191909"". (3.11)

Combining (3.9) and (3.11) together, we may write (3.4) as
35) = [ SRula)g Vgl d'o+ [ Ra)sVTal d'at [ Rulo)/aldg '
= /Q (VAT ] = Vo loT,0]) 9/ lg] d'a
+ /Q R(9) (—;\/mgwég“”) d'z + /Q R (9)\/—|glog"” dia
= /Q VEVE/ =gl dte + /Q (Rw(g) - ;R(g)gw> V—lglég" dtz, (3.12)

where V# := g“”(SF)‘W —g*”dl"“lw. According to Stokes’s Theorem, the first integral on the
right contributes only a boundary term. Therefore, on closed manifolds and for variations
dg"” with compact support in space-time we have

35(6) = [ VTal (Runlo) - 3 R(a)g ) g ' (313)



As a stationary point, we have (R, (9) — 2R(g)gu) = 0, the Einstein Field Equations in
vacuum. For manifolds which are not closed, or where the variations do not have com-
pact support, it is possible to re-define the Hilbert action to negate the contribution of the
boundary integral.

Similarly, one can derive the Equations with energy source terms from a Langrangian
by adding an additional term £3; to £5. This term can be used to define the stress-
energy tensor 7),,, which encodes information about the flux and density of energy and
momentum in local space-time [18]. In this way we derive the general form of the Einstein
Field Equations:

1
Gy =Ry — ig,wR = 81T} (3.14)

3.3 Dynamical 3+1 Formulation

Although deriving the Einstein Equations from a Lagrangian is quite elegant as we see above,
its practicality is somewhat limited. In this section, we will introduce what is known as the
341 splitting of the equations governing dynamical fields on space-like hypersurfaces which
evolve over time. This formalism allows one to identify the six dynamic equations and four
constraints. These equations themselves are at the cornerstone of present-day theoretical,
and numerical, investigations.

One drawback, however, is that the splitting is deeply rooted in geometry and much
machinery will have to be developed in order to give a genuine discussion of the details.
Nevertheless, it will prove to be insightful and useful for future study.

3.3.1 Cartan Structure Equations

Let {e,} be an orthonormal basis of 7M. To each basis element, we associate a corre-
sponding orthogonal dual element ¥* such that

9 (en) = 6%, (3.15)

We define the connection forms w”, € \' (totally anti-symmetric 1-forms) such that
Vxe, =wh, (X)e,. (3.16)
From here it follows that Vx 9" = —w*, (X)9", since 0 = Vx 9" (e,). Using the Leibniz rule

0= VXﬂ”(eu) = VX’lglL(ey) + ﬂ"(vxe,,)
= Vx¥(ey) + 0" (w’, (X)ep)
= Vxt(e,) +wh, (X)e,. (3.17)

There are two important vector fields on M which induce connection forms vital to the
3+1 splitting. Denote the class of all smooth vectors fields on M by X(M).

Definition 3.3.1. Let V be an affine connection on M. We define torsion as
T:X(M)x X(M) — XEM)
XXY—VxY-VyX—[X,Y] (3.18)

and curvature as
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R:X(M) x X(M) x X(M) — X(M)
X XY xZ—VxVyZ-VyVxZ— V[X,y]Z (3.19)

where [+, ] is the commutator of two vector fields.

In fact, connections derived from metrics are generally constructed to have vanishing
torsion. There are, however, theories of gravitation in which this is not true [18]. Define the
torsion form as the connection ©# € A\*(totally anti-symmetric 2-forms) such that

0=T(X,Y) =0"X,Y)e,.
Similarly we define the curvature form as the connection Q*, € /\2 such that
R(X,Y)e, = Q" (X,Y)e,.

Using the definitions of torsion and curvature, we can work out what the connection forms
are. In local co-ordinates, we have the torsion connection

0=0"(X,Y)e, = VxV¥V—VyX—I[X,Y]
= Vx@0(Y)e,) = Vy (9" (X)e,) —9"([X,Y])e,
= X0"(YV)e, +wh, (X)e, — Y0 (X)e, —wh, (Y)e, — 07 ([X,Y])e,
= [X0"(Y) = Y9 (X) = 9"([X, Y])lew + [0, (X) — ", (YV)]ey
= d9(X,Y)e, + (W', A9V)(X,Y)e, (3.20)

and similarly we have the curvature form
A (X, Y)e, = dw", (X, Y)e, + (W' AW, ) (X, Y)e, (3.21)

where d is the exterior derivative (§7 Appendix). Equations (3.20) and (3.21) are known as
the first and second Cartan structure equations, respectively [17, 18].

As a note, in the case where we choose e, := 9/0z* and V" := dz*, the components of
", define the Riemann tensor, R, :

(dz", R(9,,0,)0,) = (dz",Q°,(9,,0,)05)
= Q' (05,0,)
= R‘,, (3.22)

1
so that we have O, = S RF,  dx? A dz’.

Consider now these equations restricted to Riemannian 3-submanifolds 3 — M. Par-
ticularly important to our derivation of the 3 4 1 splitting will be to figure exactly how the
torsion and curvature forms are related on M to ¥2. Beginning with the first structure
equation, we will derive the equations of Gauss and Weingarten which relate the torsion
forms. Similarly, we end with the equations of Gauss and Codazzi-Mainardi which relate
the curvature forms. Recall that the induced metric on X3 is defined as g := t*g, for the
given embedding into M. As a way to distinguish quantities, e.g. metric, basis on ¥? from
that of M, we will denote the former with bars, e.g. 3.

11



3.3.2 Equations of Gauss and Weingarten
Restricting to X3, the first structure equation reads as follows:
A + W AT = 0
WO AT = 0 (3.23)

since ¥ lies in 7*%3. Note we have Gij = wij since both satisfy the above equations. That

is to say, that the tangential projection of VxY on TX? C TM is equal to that of VY.

The following theorem of Cartan allows us to find C* functions on X3 which relate the
connection forms w'; and the dual basis 7.

Theorem 3.3.1. If ay,...,q, are linearly independent 1-forms on a manifold M of di-
mension m > n and (31,...,0, are 1-forms on M such that
> a'AB=0 (3.24)
i=1
then there are smooth symmetric functions f;; such that
B=fijo;. (3.25)
j=1
Proof. See Straumann [17]. O

In light of (3.23), Theorem 3.3.1 guarantees the existence of symmetric smooth functions
K;; such that

W = — K7 (3.26)

Worked out in local co-ordinates, K;; satisfies what are known as the equations of
Weingarten:

<v€i€j,60> = —woj(ei) = Kij = Kji = —woi(ej) = <v€j6i,€0>. (327)
Thus we may think of K;;, known as the second fundamental form, or more collo-
quially, as the extrinsic curvature, as a symmetric bilinear form K (X,Y’) which gives the
normal components to VxY. As a result, the extrinsic curvature gives a relation between
the two connections on ¥% and M. Again, since w'; = w'; the extrinsic curvature satisfies
the relation: -
VXY—V)(Y = —K(X, Y)eo (328)
known as the equation of Gauss. For an additional discussion see [17, 18].

We now move on to analyzing the relations between Q*, and ﬁlj.

3.3.3 Equations of Gauss and Codazzi-Mainardi
Consider the restriction of the second structure equation to 7 %3:

. . , x . 0
Ql‘ == dwlj"_wlk/\wj“rwlo/\wj

dwoj +w? A wij. (3.29)

2
=)
|
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Again, using the fact that wij = wij and w?; = —Kiﬁj we have

Qij -Q; = w'y A woj
= K0’ A=K 0
= Ki K0 AT (3.30)

We see that this relation is just a restatement of (3.28) but in terms of differential forms.
Working out the components for Q°,:

0o _ 0 0 i
O, = do’; +w; AWy
= —d(KijE]) — Kﬂﬁk /\wij
— —dK AT — Kydi' — K0 A&,
= ﬁKZJ /\Ei (331)
where D is the absolute exterior differential (§7 Appendix). This relation is known as the
equations of Codazzi-Mainardi.

With these basic equations of Gauss and Codazzi-Mainardi, we are able to list four of
the ten (spatial) components of the Ricci and Einstein tensors. In order to find the others,
we need to develop the ideas of lapse and shift which we do in the following section following
[17].

But first consider the interior product (§7) of vectors in the tangent space e, with the

curvature form Q¥ :

1 o
iRHVUpLH (19 A\ ﬁp)

= Ry, 0. (3.32)

"
le, Qr,

In particular we have (with the use of (3.31))
Roi = (e, ei)
d(—K29) + o’ A (—K7 ")

— DK’ AV (3.33)
Once we introduce the source terms Tp;, the three equations
Roi = —DE’, AT = 87Ty, (3.34)
become known as the momentum constraints. Or more commonly written:
Ro; = VK7, = V;K’; = 87T;. (3.35)

Similarly, we use (3.32) and write the first component of the Einstein (trace-reversed
Ricci) tensor

1
GOO = Roo + iRuM
1 i 1 i
= R00+§(—R00+Ri)=§(Roo+Ri)
1/ y .
-2 (Qjo(ejv eo) + ¥ (e, e4) + Q% (eo, ei))
1.
= QQ” (6i76j). (336)
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Re-writting the Codazzi-Mainardi equations (3.30) we have
<R(€k7 el)ﬁj, 19i> = Qij(ek, el)
= 07(er.e) + K K (@ AT )(er, e1)
= (R(es, el)ﬁj, 19i> + K(z9i7 ﬁk)K(ej, er) — K(e;,e))K(ej,er)(3.37)

and as a result, we have the Hamiltonian constraint:

Goo = 3 (R + KK — KleJi) = 8nTyo. (3.38)

3.3.4 Lapse and Shift

We are now ready to introduce the concepts of lapse and shift, which are at the heart of the
3+1 splitting. As we shall see, these functions and vector fields, respectively, describe how
to slice space-time into space-like hypersurfaces which can then be interpreted as the initial
slice evolving in time.

Let a Lorentzian 4-manifold (M, g,.) be given and suppose there is a diffeomorphism

T:M—-3¥¥x[0,T], TeR" (3.39)

such that the 3-manifolds ¥3 = Y~1(33 x {t}) and the curves Y~ ({p} x [0, T) are space-like
and time-like, respectively. The latter are known as the prefered time-like orbits and
their time-like tangent vectors 9; form a vector field on M. With respect to each slicing,
we can decompose J; into normal and parallel components:

Oy :=an+f (3.40)

where n is the (future) directed normal and 3 lies tangent to X3. If {9;,0;} is a basis (with
(n,9;) = 0) for TM and {dt, dz'} denotes its corresponding orthogonal dual basis for 7*M,
we then write 3 = 3°0;. Since (n,d;) = 0,

(0,,8)) = (am+ B0, om+ 3'0;)
= o(n,n) + 2(3'0;, an) + (3°0;, 5'0;)
= —(a®=5'0). (3.41)
(0, 0;) = (om+ [3°0;,0;)
= (am,8;) + (8705, 0;)
= gijﬁj (3-42)
where g;; := (9;,0;) are the components of the induced metric on %}. Then we can write
the metric g, on M as follows:
g = goo dt* + go; dtdz’ +7; ; da'da’
—(o® = B'B;) dt* +2g,,; dtdx’ +7;; da'da’
= —a® dt’ + g, (da' + 5 dt)(da’ + B dt). (3.43)

From here it follows that the cotangent vectors {dt,dz’ + 3' dt} form (another) basis for
T"M.

In the next section, we will compute the first and second structure equations with respect
to not this basis, but rather, an orthonormal one. Let {€;} be an orthonormal basis for 7%}
and let {#,} denote the corresponding dual for 7*X3. Then the vectors {eg = n,e;} form a

basis for 7M and its corresponding dual basis would be {90 = a dt, 9 = @' + ' dt}.

14



3.3.5 Full Dynamical System

Recall the first structure equation is written as follows:
0 =do" + (W*, ANV).

We need to work out each of the components showing up on the right-hand side. It is a
bit laborious, and we shall work out each of the components one step at a time; we begin

with d¥#. Recall the choice of basis such that 8 = ¢¥¢|7%3. In particular,
d(¥°) = d(adt) = daAdt+aAd(dl)
= - 1
= Via®@ A=9"+0
o
1_ A
= —Via Av°
o
= - AP (3.44)
Now taking the interior product of eq and d6° we get
, . 1
Leyd0° = —w'y(e0)0" = —=V,;ab". (3.45)
o
Recall that w’ = —K;; on ¥? so that (3.45) gives on M
0 ls
w; = —Kij + avla (346)

With the use of the first structure equation, we can now find all of the df* components as
follows: first take the inner product of df* with eq

Lo = —tey [wig NO°+ wij N
= —[K'+w'(en)] 0. (3.47)
That is to say, ‘ 4 ‘
K'; +w'(eq) = —tg;te,db’". (3.48)

Then working on the right-hand side:

17,10y @0" = 17,10, [+ Bid] (2, teq |40+ dE N O + A5 A dt]

—— [;Lﬁ(wik AT") + é(aﬁ - d@i)]
(@ A8)B.2)) + 08 (7)) — 46" (ey)]

[©,3) - V5] + -0 (2,). (3.49)

QIR

If we set 0,0 = cijgj, we can then decompose (3.46) into symmetric and skew-symmetric
components

11— 1
wij(eo) = *a@j(ﬂ) + %(Vjﬂi - V.B3;) — %(Cij — Cji)
1 — _
Ky = o (VB + ViB) — (cij + ¢ji)] (3.50)

15



where ¢;; + ¢j; = (0,9);; is the tangential derivative of the metric.

In §3.3.3, four of the ten components of the curvature form Q#,, were calculated. In the
last part of this section, we derive the remaining time-dependent components. To that end,
we begin with the second structure equations to find

Oy =do’y +w' Ny = —d(K')+d (av a190> +w' A (—K-Qel + aV%?") .
To simplify matters, we set out by establishing three important relations. Note that
—d(K'97) = —dK' A9+ K a9 = =K A 4 K (W A0 = w2 0°)

= —dK' A+ K () A0 - K0 0 0°)

and L L
wij —Van® = wij @)=V a® Av°
e @
and
1= 1= 1=
d (v m90> = d (v a> A° + =V adi”
6! o @
1=i . 0 1= 1= ‘ o
= —Val] AP+ |(=-Va-Va|dAd
@ y o @
1 .
= *O[’ij’l?J AN 190. (351)
e
Combining these we find that
) ) ) ) . . 1
Qg = —dK5 A + K (0 A0 — K0 A0°) + —ay A

_ 1_; o
'y (ex) V" A7 — K’y A

= STV A9 — K A 4 (K, — oK) Aot - KGR0 A0
«

Now let Zgg denote the Lie derivative (§7 Appendix) of the metric on ¥3. Then
_ —h= _ — =1\ _ — I\ _
g = B'Vigy+ (V3B )+ (Vif)
= ViB;+V;0.. (3.52)

It follows then that (3.50) may be re-written as

1 _
K =30~ L5)3. (3.53)

Again, using (3.32) and (3.52) we have
Roo = X'y (es,e0) = ﬁjﬁi@ﬁj +dK(eq) — K K7,

- — . A | _ .
ViV'at — KGK 4 — (0~ Ly K. (3.54)
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Computing the final components of R;; and using (3.52)
Rij = Q°%(eo.e;) + Q¥ (er,€))
= —Roo + Q% (e, &)
LT sy )+ K ) + ) — )R
+Rij + K'Kij — KK/,
= —éﬁﬁia - i (80— Z5) Kiy + Rij + KKy + Kawy(eo) + &'y (e0) K

B 1= =i — . 1 _ =
= ——V,Va+ Ry - 2KaK' -~ (8tK BK)ij (3.55)

where a simple calculation shows

(8tK — ZEK)U — (6t — EE) Kij = —2aKilKlj — (Kilwlj(eo) + wli(eo)Kjl) . (3.56)

Finally, for completeness, we include all of the ten equations below.

Dynamical components of Ricci tensor
e =i i 7od 1 - i
ROO = aVJV OZ—KjKi+ a(at _‘CB)Kz
— ) 1 — 1= —i
¢ k
Rij = Rij =+ KLiKij — 2K K i~ a(&gK — EEK)ZJ — aVJV o
Constraints
(Momentum) Ry, = Vinj — ijji = 8nTy;
. . 1 i 1 — o o
(Hamlltonlan) GOO = §(R00 + Rz) = §<R + KZiK]j — KZJ»KJZ-) = 87TT00
with 5 5 '
R=R-K'K' +2K; ;K7 + (0, - Lz)K'; + =V,;V a.
« «

Our derivation followed [17]; for alternative discussions see [18, 2].
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Chapter 4

The Hamiltonian and
Momentum Constraints

Consider a general space-like hypersurface 3 — M. We assume this “slice” of space-time
is compact and connected with boundary. Given the induced Riemannian metric g,;, the
extrinsic curvature symmetric two-tensor K;, and energy source terms j and p satisfying
—p? +j? < 0, one says the initial data (gij,Kij,p,jj) generates a spacetime solution on
¥3 x R if and only if they satisfy both the Hamiltonian and momentum constraints. That
is, if they satisfy

E-FKinij—TQ = 167Tp
V(K9 —g%r) = 8nmj. (4.1)

where R is the Ricci scalar, V; is the covariant derivative built from the metric g;; and 7 is
the trace (with respect to g,;) of the symmetric two-tensor K i,

As is, these tensor equations form an underdetermined system. Introducing a semi-
decoupling decomposition of the constraints, first introduced in [12, 13, 14], one transforms
the problem into a determined elliptic system where the unknowns are now a positive definite
scalar function ¢ and vector field w.

4.1 York Decomposition
Suppose g;; and g;; are 3-metrics on %3 and there is a transformation such that
gij — efgij (42)

for some scalar positive definite function f; we then say that g;; is conformal to g;;. In the
future, all hatted quantities, e.g. I:Z, will be with respect to g. While there is no particular
rhyme or reason for the choice of f, in the decomposition undertaken by York the selection
f = In¢* is made, so that ¢ > 0. That is, York supposes the two metrics are related in such
a way that we have

i = " 9ij- (4.3)
The choice of conformal factor reduces the six degrees of freedom present in g;; to just one:
¢. This is how the York decomposition transforms the underdetermined tensor equations
into a determined system.
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In order to write the system in elliptic form, the first order of business is to be able to
relate the new conformal Ricci scalar and conformal extrinsic curvature to those built from
the metric g,;.

Proposition 4.1.1. Let R, R be the Ricci scalars built from the metrics g;; and gij, re-
spectively. Then, B R .
R=0¢"(6R — 8Ag) (4.4)

where A denotes the Laplacian with respect to the conformal metric.
Proof. See Wald [18].

Proposition 4.1.2. Let T and T be two symmetric and trace-less tensors whose respec-
tive metrics are conformally related by ef. Then

n+2

T = =5 fid (4.5)

and
VT = e~ (5INTH, (4.6)

Proof. See Straumann [17].
In particular for the York Decomposition, e~ (U = ¢~ 10,

To begin the decomposition we decompose the extrinsic curvature into a trace-less part
" and a trace part 7. It is not hard to see that by taking traces

. .. 1 ..
K9 =3 + 5@”7’. (4.7)
Now note by Proposition 4.1.2, 77 = ¢~ 196% and since T = gik§j15k17

i = ("G (0" G5) (006"
= ¢ %6y (4.8)

With the use of Proposition 4.1.1 and (4.7) and (4.8) the Hamiltonian constraint reads

0 = R+ Kinij - 167p

= ¢ (0R—8A¢) + (37 + %@”’r)(mj + %am) — 7% —16mp

= ¢ (R —8A¢) + 77, + ggijaij + %g"jgiﬂz — 72— 16mp

= ¢ (@R —8A¢) + (¢ 106")(¢%64;) — 272 — 16mp

= ¢ (R - 8AQ) + ¢ 265, — 272 —16mp (4.9)
where we used the fact that 7 is trace-free in the last line, i.e. that g¥7;; = 0. Now
multiplying through ¢° we arrive at

¢R —8Ap+ ¢~ 7645, — §¢572 = 16mpg°. (4.10)

Similar to how we can decompose a vector into a divergence-free part and a curl-free
part, we decompose our symmetric trace-free tensor 6% into a divergence-free part 63/ and

19



a “longitudinal” part ﬁw, where w is some vector field on ¥3 and £ is the conformal Killing
operator in three-dimensions:

A . A A . 2
(Lw)Y =V'w! + VIw' — gg”vkw’“. (4.11)
Thus we can write (4.10) as
. N A 2
SR —8Ap+ ¢ 7[5, + (Lw)]? — §¢572 = 167pg° (4.12)

where we use the notation 72 := T%T;;. We follow a similar procedure for the momentum
constraint. Begin by writing

K9 -gir = (39 + é@ijr) -gr
= 97 + 67 (Lw) — 267G
Then applying the covariant derivative and using Proposition 4.1.2 we have
V(K9 —gir) = ¢ 1O%,69 4 ¢710%, (Lw) — §¢*4gifvﬁ
= ¢V, (Lw)"7 — §¢—4gijVjT (4.13)

where in the last line we used the fact that &ij is divergence-free, i.e. that @Jﬁij = 0. After

multiplying through ¢ 19, one reads the momentum constraint as
A A . 2 . .
Vi(Lw)" = §¢6§”vj7 + 875 0. (4.14)

We are almost complete with the decomposition but there is still the issue of how to
conformally vary the source terms j and p. This is really vital because we want to ensure
that the solutions to the elliptic system are physically realistic. If the choice j9 = ¢=1957 is
made, the momentum constraint completely decouples when 7 is constant. Note then

—p*+7,5'7 < 0

=0+ (90" (071 (671F) <
—0*+ ¢ %557 <0 (4.15)
Thus the choice p = ¢$~8p is a natural one, for then
¢~ 10[=p% + §i;5' 7] < 0. (4.16)

Suffice it to say, we put

po= ¢
o= ey
to guarantee the solutions are physical.

From here we arrive at the final decomposition of the Hamiltonian and momentum
constraints:

. R 1 1 5
—Ag+ So+ 58" = glow + (Lw)PeTT = 2mpe ™ =0
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- A - 2 S A
Vi(Lw)" = §¢6§”Vj7' + 8my7. (4.17)

So by treating {gi;, 7,55, 5,77} as initial data and {¢, w} as a solution to the elliptic
constraints, one can recover the physical initial data by setting

gi]‘ = (15491‘3‘

.. .. ~ .. 1 ..

KV = ¢ 06 + (Lw)V]+ 307977

p = ¢

o= ¢ 1. (4.18)

In order to make further discussions on the coupled system easier, we wish to employ the
use of simpler notation. Define the action of the Hamiltonian operator L by L¢ := —A¢
and the action of the momentum operator L by Lw := —V - (Lw). Put

f@w) = a;¢° +ar—a,07° —awd™’ (4.19)
f(¢) = br¢®+ 8] (4.20)
where
; 2 1 A 2__
ag = %, ar == %, Ap 1= 27P, Gy = g[&* +(Lw)]?, b, = §§V7’. (4.21)

Then we may write the decomposition of the Einstein constraint equations as

Lo+ flo,w) = 0
Lw +f(¢) = 0. (4.22)

4.2 Dirichlet-Robin Boundary Value Problem

Since our intent is to work on manifolds with boundary, the statement of the problem in
(4.22) is incomplete. That is to say, we must state the constraints as a Dirichlet-Robin
boundary value problem. Although this is quite a delicate matter, for the solvability of
the constraints rests on the boundary condition choice, we will take the Dirichlet-Robin
boundary value problem for the York decomposed constraint equations as the following:

Problem 4.2.1. Given the freely specifiable smooth functions 7, &ij, 0, andj in © with
—p? +52 < 0 and the smooth Dirichlet boundary data QASD on JQp and wp on 9Qp, and
smooth Robin boundary data (;31\[7 K on 09y and wy, K on 990y, find a scalar field ¢ and
a vector field w in ) solution of the system

Lo+ fp,w)=0inQ, ¢=¢pondQp, n-Vé+Ko=dyondQdy  (4.23)
Lw+f(¢)=0in ), w=wpondQp, n-Vw+EKw=wyondQy. (4.24)
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Chapter 5

Previous Solution Techniques

Over the years, much work has been done to prove results for the individual constraint equa-
tions and the coupled system. Much of the motivation for this thesis and the collaboration
which ensued from M. Holst and G. Nagy arose as a result of the work of J. Isenberg and
collaborators over the past decade or so, as well as the collection of notes by M. Holst [7].

5.1 J. Isenberg (1995)

Although Isenberg [9] does not show existence of solutions to the coupled system, he does
establish a number of critical results for the Hamiltonian constraint. This constraint, com-
monly referred to as the Lichnerowicz equation, can be isolated from the coupled system
by assuming 7 is constant. In doing so, V7 vanishes and the system decouples, leaving:

—A¢+ %ﬁ + 1—127¢5 - %[&* + (Lw))?¢T — 2mppp> = 0. (5.1)

Isenberg uses a common sub- and super-solution PDE technique to establish existence (and
uniqueness) of solutions. We shall state his main theorem for completeness.

Theorem 5.1.1. Let (23,§U) be a closed Riemannian 3-manifold without boundary with
gi; € C*(%%). Suppose 67 € W*P(¥?), for p > 3, and 7 is constant. Then (5.1) has or
does not have a positive definite solution ¢ € C*%(L3), a € (0,1 — 3/p), based upon the
following table:

‘ T=0 T#0
6l = (N,YT,N) (N,N,Y)
G9£0| (,N,N) (V.Y,Y)

where (-,-,-) denotes either a Yes or a No to the existence of a solution depending upon the
signature value of the Ricci scalar R on all of X3 : (+,0,—).

1: any constant is a solution; in all other cases, when a solution exists, it is unique.

5.2 J. Isenberg and V. Moncrief (1996)

In the following year, Isenberg teamed up with V. Moncrief and published a result [10] which
took a step forward in solving the coupled system. Below is the statement of their main
theorem:
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Theorem 5.2.1. Let ¥3 be a compact 3-manifold without boundary. Suppose gi; s a c3
metric which has Ricci Scalar -1 and no conformal Killing vector fields. Furthermore, let
67 € W2P(23), p > 3. If for 7 € WHP(33) non-zero with

Cmax|VT|2

2 <1 (5.2)
and
A/ <1 (5.3)
where ) L,
min T
A=-|b— -1 4
8 <5max72 > (5-4)
and N
6 = € (max|o¥| + €1 (¢)° max [V7]) (6%)*(¢5,) ™" max | V7] (5.5)

for some constants C,Cy > 0 and global sub- and super-solutions to the Hamiltonian
constraint ¢, and @I, respectively, then there exists a unique solution to (4.22) with

¢ € C*(23) and w € C>%(X) for a =1—3/p.

Much of the work in the paper is to establish the existence of these global sub- and
super-solutions ¢, and ¢X. In order to do so, these growth conditions on 7 were needed.
As a result, we are left with conditions on 7 which are more or less similar to the assumption
that V7 = 0.

Analyzing these results, we begin to question whether this condition has physical mean-
ing, or if it is just a limitation of the proof technique. Since 7 is the extrinsic curvature
of the foliation, it is imaginable there are places in the Universe where curvature is large
and still the constraints are valid. Case in point, for Minkowski space-time just choose a
foliation with high enough |V7|. Therefore, it is reasonable to suspect that the condition
on 7 is somewhat artificial, and just a by-product of the techniques employed.

5.3 D. Maxwell (2005)

More recently, we have the results of D. Maxwell [15]. The assumption that 7 is constant is
made and the set-up is similar to [9]. However, a greater class of rough solutions is studied
by working in W¥2(M) for k > 3/2. The paper includes a few results; we include the main
result below.

Theorem 5.3.1. Suppose (M™, g) is a compact Riemannian n-manifold with g € W*2(M™),
k > n/2. Suppose that T is constant and 6. € WE=12(M™). Then there exists a positive
solution ¢ € W*2(M™) to the Lichnerowicz equation (5.1) <= either one of the following
conditions holds:

1. 6, Z0 and 7 #0

1. R>0,6,#0and =0
ii. R=0,6.,=0and7=0
w. R<0,6,=0and7#0

where R is the Ricci scalar of the metric g. In cases (i) (i1) and (iv) the solution is unique;
in (4i1) the solution is unique up to a multiplicative positive constant.
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Isenberg and Moncrief use a variant of a contraction mapping argument to establish the
existence and uniqueness of solutions to the coupled system for a particular Yamabe subclass.
In the work done with M. Holst and G. Nagy [8], more general fixed point arguments are
utilized which cover a broader set of Yamabe classes, and allow for rough data and weak
solutions. While the condition on 7 is weakened slightly, we have to be content with the fact
that using fixed point arguments seems to have limitations. Although we will not discuss the
alternative fixed point arguments employed here, we will discuss the strong differentiability
assumptions made in [10] and weaken them considerably.

In this thesis we will develop some results on the Hamiltonian constraint which can be
used to analyze the coupled system. While the set-up will be similar to Isenberg’s work, we
will make no assumption on 7, except that 7 # 0. The results are interesting in their own
right because we will be able to weaken the assumptions made in [9] by working in W12NL%®.
We skirt any of the strong differentiability assumptions by using weak maximum principles
to take advantage of the Banach algebra structure present in L.
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Chapter 6

Weak Formulation of
Hamiltonian Constraint

At this stage, we must qualify what we mean by a solution to the Hamiltonian constraint.
If we mean an classical solution to

—Ag+ %(b + 1—127¢5 — é[a—* + (Lw))?¢™T = 2mpp2 =0 (6.1)

we have to insist that the solution is at least twice differentiable so that A¢ even makes
sense. As with many PDEs modeling physical phenomena, sometimes this is requiring too
much; indeed, there are techniques which allow one to show the existence of less differentiable
solutions. We call these solutions weak. In the next section, we will formalize the weak
problem, and define what a weak solution is. It will become clear that every classical solution
is a weak solution. Thus a common method in establishing solutions to PDEs is to split the
work in two. First, establish the existence of weak solutions, then work on showing that it
is regular enough—that is, it is smooth enough to indeed be a classical solution.

Suppose that ¢ is a classical solution. Then recall we wrote the Hamiltonian constraint
as Lo+ f(¢,w) = 0. This equation remains valid if we multiply by a smooth (test) function
1 and integrate over {2:

(Lo, ¥) + (f(¢, W), ¢) =0 (6.2)

where (-,-) is the usual L?(2) inner product. To simplify (L¢,) = (—Ad),w) we use
integration by parts to get Green’s First Identity:

(—Ap,¥) = (Vo, V) — (try(n - V), tryt)y — (trp(n - V), trpi)p (6.3)

where (+,-)n, (-,)p is the L?(99) inner product on the boundary of Q. Note since we are
able to move some of the differentiability on ¢ to 1, it is reasonable to begin looking for
(weak) solutions in a space where one derivative is well behaved under the L? norm—that is,
in W12(Q). In fact, it is sufficient to take W12(Q) to be both the test space and the solution
space. However, generally the space of test functions is not taken to be all of W12(Q) but
rather the subspace

W) = {¢p € WH(Q) : trpé = 0}. (6.4)

That is, functions in W12(Q) which vanish on the Dirichlet boundary. As a result, Green’s
identity simplifies since the last term on the right vanishes.
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6.1 Weak Dirichlet-Robin Boundary Value Problem

We follow the weak formulation introduced in [6, 7] and also in [8]. Introduce the bilinear
form
ar s WHH(Q) x WH(Q) — R (6.5)

with action defined by

ar(¢,¥) = (Vo, Vi) + (Ktryg, trye) v (6.6)

where the Robin coefficient K € L (dQy) satisfies the following for some real number k
and all ¢ € W12(Q):

kltrn ol < (Ktrvo, trnd)w, (6.7)

with || - ||y being the L? norm on the boundary dQ2x. Now fix the source terms in the
following spaces:

Te LY*5Q), pelL’SQ), 69 el'?5(Q), jeL®5(Q), weWwhi23(Q).
Now given any two functions ¢, g € L () with ¢; < ¢ a.e. in Q, put

[$1,02] == {9 € L=(Q) : 61 < ¢ < o} (6.8)
Suppose 0 < ¢; < ¢, then define the operator
Fy : (g1, ¢2] NWH2(Q) x WH(Q) — [WH(Q) x Wh(Q)]* (6.9)
with action

F(o, W) () = (f($, W), %) — (dn, tra))w (6.10)
for all ¢ € WS5*(9Q).

Now recall the properties of the trace operator trp. In particular, given an element
bp € W1/22(9Qp), there exists an element ¢g € W2(Q) such that trpgy = ép. The
element ¢ is called the extension of ép.

We may now state the weak boundary value problem for the Hamiltonian constraint.
Fix Dirichlet and Robin boundary data

op € W2(00p),  (dn,-) € WH2(0Qw)]"

with the extension of ¢ being ¢o € [¢p1, d2] VW 2(Q), then find an element ¢ € ¢o+W 5>(€2)
with a solution to

H(¢)(¥) == ar(®,¥) + Fr (¢, w)(¢) = 0 (6.11)

for all ¢ € W5*(Q). Such a ¢ is a weak solution to the Hamiltonian constraint.

In this section, we only concern ourselves with the existence of weak solutions; that is,
we will not be addressing any regularity. To that end, we begin first by establishing a prior:
bounds weak solutions must satisfy.
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6.2 A Priori w-Dependent L*-Estimates

In this section we establish a priori L estimates for solutions to the Hamiltonian constraint.
These results are not only critical to fix point arguments for the coupled system, but are
also of fundamental importance for developing error estimates for numerical methods.

Consider the non-linear function
Q(x) :==ax® +bx —ca™3 —da™" (6.12)

with b € R, a € RT and ¢,d € R>(. As we shall see shortly, the number of positive roots of
@ will be of interest to us. Since z = 0 is not a solution to Q(z) = 0 we can deduce that

Qz)=0 < Q(x)z" =0, z>0. (6.13)

So put P(z) := Q(z)2" = ax'?+bx® —caxt—d. Tt follows that P(x) = 0, and hence Q(z) = 0,
has at most 12 (complex) solutions. Since we are interested in only real, positive solutions, a
result from Descartes allows us to put a sharper bound on the number of possible solutions.

Lemma 6.2.1. (Descartes’s Rule of Signs) Let f(z) = apz™ + ap_12" "1 + -+ + ag be
a polynomial over the reals. Then the number of positive real roots is either equal to the
number of sign changes between consecutive nonzero coefficients or less than it by a multiple
of two.

A discussion of this result can be found in [5].

Proposition 6.2.1. Consider the polynomial P(z) = ax'? +ba® —ca* —d. Suppose a € RT.
Then when either i.) b < 0 and ¢,d € R>g orii.) b > 0 and ¢,d € R with at least one
being non-zero, P(x) has a unique positive root.

Proof. Follows immediately from Lemma 6.2.1. Just note the assumptions are precisely
such that one sign change occurs between consecutive coefficients. Thus P has at most one
positive root. Moreover, by the Intermediate Value Theorem we have the existence of at
least one positive root since ¢ > 0 and P(0) = —d < 0. The result follows. O

Assumption 6.2.1. At this time, we will insist that the data appearing in the Hamiltonian
constraint satisfies the following;:

gija T, W € W1’°°(23)

py 69 € L=(¥%).

These assumptions here are more regular than is needed for the existence proof; c.p.
Theorem 6.3.2. We need them in order to make meaning out of the infimum and supremum

of functions over ). However, weaker regularity conditions on the coefficients are developed
in [8] that still allow for establishing a priori L> bounds.

Assumption 6.2.2. Furthermore, if ag < 0, then suppose inf a, # 0, else if ag > 0, then
suppose inf ay # 0.

27



The latter assumption allows us to consider the following polynomials, all of which have
a unique real positive root by Proposition 6.2.1:

g+(¢,w) = supa,¢'? +supare® —infa,¢* — inf aw
g-(¢p,w) = supa,¢'? —inf|ag|¢® — inf a,¢? — inf ay
hi(¢,w) := infa,¢'? +infare® —sup ap¢)4 — SUD Gy
h_(¢,w) := infa,¢'? —suplagr|é® —sup ap¢4 — SUD Gy

We will call ayy the root of either g4 (¢, w) or g— (¢, w) and Sy the root of either h (¢, w)
or h_(¢,w). For our concerns here, we loose nothing if we assume that 0 < ayw < ¢g <
Bw < +00, where ¢ is the extension of the Dirichlet data to the boundary.

In this notation we can state one of our main theorems. This result generalizes the result
in [7] to non-monotone non-linearities in the Hamiltonian constraint. See also [8] for an even
more general version of this result.

Theorem 6.2.1. Put ¢ := (¢ — Bw)T and ¢~ := (¢ — ). Suppose the Robin boundary
data (¢n,-) € [WY/22(00QN)]* satisfies

(Ktryg — on,trvg)n > 0.
If ¢ € ¢po + Wé’z(z?’) 1s a weak solution to the Hamiltonian constraint, then
0< aw < ¢ < PBw < +00 a.e. inX>. (6.14)

Before we begin the proof of this theorem we wish to establish some short propositions.
As in [7], we follow [11] and introduce the cut-off functions

0 u<0

+ . ’ =

u ._{u u> 0 (6.15)
_ 0 ,u>0

w '_{u ,u<0 (6.16)

for u in some appropriate function space which makes sense. In this context, for say u €

W2(Q).
Proposition 6.2.2. (u+v)* <ut +ov" and (u+v)” <u” +v~

Proof. Case 1: Suppose u + v < 0. Without loss, we can assume u < —v < 0. So in
particular, uT = 0 and v+ = v. Then,

0<0=(u+v)"<0+v=u"+0ot.

Case 2: Suppose u + v > 0. Without loss, we can again assume v > —v > 0. So that we
have ut = » and vT = 0. Then,

0<(u+v)F=u+v<u=u+0=u"+ot.
The proof of the other case is exactly the same. O
Proposition 6.2.3. trpu™ = (trpu)™ and trpu™ = (trpu)~
Proof. Case 1: Suppose u > 0. Then trpu > 0 as well. In which case we have,

trpu™ = trpu = (trpu) ™.
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Case 2: Suppose u < 0. Likewise, trpu < 0 and
trpu™ =trp0 =0 = (trpu)™.
Again, the proof of the other case is similar. O

Proposition 6.2.4. Let ¢ and ¢~ be as in Theorem 6.2.1. Then
(Vo,Vor) = [VoTlE (6.17)

and o R

(Vo,Vo™) = ||V~
Proof. We just show the first claim; again, the other follows similarly. Put A = {x : ¢(z) >
Ow}. Then

82 (6.18)

R R
Q

- / Vot Vet det | Vot Vet du
A o\A

= /%+-%+ dz +0
A

/Q V(p— Bw) - Vot da
= / V-Vt de. (6.19)
Q

O

The proof of the main theorem, which we are about to present, employs the use of
“cut-off” arguments. Generally, such methods are well suited for non-linear problems, e.g.
[11].

Proof. (Of Theorem 6.2.1)
We begin by establishing the upper-bound using the cut-off function u*.
Note that ¢ € W1?(2?) since we may write ¢ = ¢o + ¢1 € ¢o + WS5*(2?) and then

0<¢% = (do+ b1 — fw)™ < (¢ — Bw)™ +¢F
by Proposition 6.2.2 and

0<trg™ < trp(go— Bw)t +trpof
< (trp(do — Bw))t + (trpd1) T =0 (6.20)

by Proposition 6.2.3 since ¢g < By and ¢; is zero on the Dirichlet boundary by choice.

Since ¢ is a valid test function, we can plug it into our weak form:
(@(ﬁ, @QSJF) + (f(¢, W)a ¢+) + (KtrNd) - QASNa trN¢+)N =0. (621)

Restricting ourselves to the set {¢ > By}, i.e. where ¢T is non-zero, we may write our weak
form as

IVGTIIZ o + (F(6, W), 0T ) gopuy + (Ktrygt — oy, trvg )y =0 (6.22)
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where we have used Proposition 6.2.4 to introduce the norm.
If ¢ > Bw and ar > 0, then

flo,w) > hi(o,w) (by construction) (6.23)
> hi(Bw,w) (by uniqueness of root) (6.24)
= 0 (6.25)

Likewise when ¢ > [y and ar < 0, we have

In any case, since ¢+ > 0,
(f(6, W), 0" ) {g>puy = 0 (6.27)

With this, along with the assumption on the Robin boundary data, we can conclude
IV6til32 < 0. (6.28)
Finally, since we assumed that 9Q # () (§1) the Poincaré inequality (§7 Appendix) gives us
0> Vo5 > CrloTlliz > 0, (6.29)

where Cp is just a positive constant. It follows that ¢ = 0, since norms are non-degenerate.
Thus, ¢ < Byw.

A similar argument establishes ay, < ¢ by using the cut-off function u~. We put
¢~ = (¢ —aw)” and by Propositions 6.2.2 and 6.2.3 we have ¢~ € Wé’2(23). By restricting
to the set {¢ < aw},

IVOTIIE 2 + (& W), 87 ) {p<an) + (Ktrvd™ — G, trvd™ )y = 0. (6.30)

Similarly, we conclude

f(d,w) < g1(¢, W) < g (aw, w) =0. (6.31)

Then since ¢~ is negative on the set {¢ < ay } the result follows because
(f((bv W)7 ¢_){¢<aw} > 0. (632)
O

6.2.1 A Priori Global w-Independent Lower L*°-Estimates

In addition to these local w-dependent roots, we can find global lower bounds if we impose
the condition inf a, > 0 when we are in the case of ar > 0.

Corollary 6.2.1. There exists a global o > 0 such that o < oy as long as agr < 0 or if
ar > 0, then infa, > 0.

Proof. Suppose ap < 0. Then consider the function §(¢) = supa,¢'? — inf|ag|¢®. Now
since ap is strictly negative inf |ag| # 0 and,

g—(¢,w) = supa,¢'? —inf |agr|¢® — infa,d? — inf ay,

IN

sup a,¢'% — inf |ag|¢®,

9(9). (6.33)
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Thus by Lemma 6.2.1 and the Intermediate Value Theorem, there exists a > 0 such that
g(a) = 0. In particular, g_(a,w) <0 and so 0 < a < ay < ¢.

For the other case, re-define §(¢) = supa,¢'? + supar¢® — inf ap¢4. Note that the
assumption on a, ensures that g has a root. The proof is then similar to that above. O

6.3 Existence of Weak Solutions

Now we move on to establishing the existence of solutions to the Hamiltonian constraint.
Using the calculus of variations, we will show that (weak) solutions exist, although they
may not be, in general, unique. However, when ar > 0, uniqueness is not hard to show;
cf. Theorem 6.3.3. We use the convex analysis framework in [3] to prove our main result in
this section, Theorem 6.3.2.

Weak formulation arising as an Euler condition

Due to the fact that the principle parts of the Hamiltonian constraint operators produced by
the conformal decomposition are formally self-adjoint, the weak formulation arises naturally
as the Euler condition for stationarity of an associated (energy) functional. See [7] for a
discussion of the variational principles for the constraints. It is easy to verify

(@) = 5(99,99) + (GIO) 1) + 5 (Kerwo — b el = [ £(T0,00) do (631)
gives rise to the weak form (6.11), where G(¢) := %aRng + %a7¢6 + %apgb*z + %aw¢>’6 (for

which the Gateaux derivative is f(¢, w)). That is to say, computing the stationary points
of the first variation

d
0J(¢) = — Ju(¢ + e)le=o = 0 (6.35)
is equivalent to finding a solution to the weak form
H(¢)(v) =0

as long as we can show that the energy is well-defined, i.e. finite, on

B:={p€cdo+W5 Q) :0<ay<¢< P <+00ae. in Q. (6.36)

Weak form and energy functional are well-defined

The following two results are similar to those found in [7].

Lemma 6.3.1. Let f(¢,w) be as in (4.19), and G(¢) as above. Then for all ¢ € B and
v e W5 (9),
f(o,w) e Wh2(Q))*

and

G(¢) € L'().
Proof. Let us recall that we have the source terms
e L25(Q), pe L), &9 e L?5(Q), wewh2/5Q).

In particular, we have

llar 0,6/55 ||ap||0,6/57 llaw 0,6/5

31



all being finite. Now with repeated use of Holder inequalities, we have
[ remvds = [ (ano+ard® = 0,07~ ano N do

largtllo + llar¢®@llos + llapd™*Yllo + lawd™ "¢ llo,1
Bullartllon + Ballarvlon + ag’llasillon + oy llawy
(ﬂWHQR 0,6/5 T 53,”@7”0,6/5 + a‘;‘gHap 0,6/5 T O‘;v7||aw||0,6/5) 1%1]0,6-
Since we have the embedding of W12(Q) < L%(Q), there exists some constant Cg such that
Il llo.s < Csll - |l1,2- So we take

C = Cs(Bwllarllos/s + Ballarllosss + o’ llas

and conclude that f(¢, w) € [WH2(Q)]*.
To show the other claim, note that

/QG((;S) de = /{2(%¢2+a—g¢6+a—2”¢_2+%¢_6) de

lo,1

VAN VANV

l0.6/5 + @ llawlo.6/5) (6.37)

1 1 1 _ 1 _
Slarloa 2 + gllarlon sl + Sllaplonas® + 2 llawlloias’.

IN

Then we use the embedding L%°(Q) < L!(f) to find the constant Cy such that || - [jo.; <
Ci| - [lo,6/5- Hence it follows that G(¢) € L'(£2). O

N.B. Just two constants ¢y, cy with 0 < ¢; < ¢ < ¢ were needed to complete the proof;
there was nothing special about ay, and Gy .

Theorem 6.3.1. The Hamiltonian constraint in weak form H(¢p)(v) is well-defined on
B x Wé’Q(Q) and the associated energy functional Jy is well-defined on B.

Proof. The result follows almost immediately from Lemma 6.3.1. Begin by recalling

H(¢)(¥) = ar(¢,v)+ Fr(o, w)(¥)
= (V6. V) + (Ktrng, trx)y + (£(9, W), 1) — (o, trv))
= (V6, V) + (Ktryd — . trvt))w + (£(6,w), ). (6.38)
Then with the application of Holder inequalities to each component on the right:
(Vo,V)® < 81320112 < (16172 + 18115.2) (W2 + [1915.2) == 11T alleolF 2 (639)

where we use a single bar, as opposed to double bars, to denote the W12(£2) semi-norm.
Similarly,

(Ktrnd — dn,trvd)y - < 1K oo lltrne — onllo2lltrne]lo,2
< CFpllKlocolltrnd — dn Iz lltrn el 2,
207/, C2IIK [lo.00 |11 .2l @ l[1,21[ 1.2 (6.40)

where in the second line we made use of the embedding W'/22(Q) — L2(Q) to find a
constant C /o such that || - [lo2 < Cy/2 - ||l1/2,2 and in the third line, the definition of the
trace function which embeds W12(Q) < W'/22(99Q) to find the constant Cy. Finally, by
Lemma 6.3.1, f(¢,w) € [W12(Q)]*. It then follows

IN

H(¢)(¥) < Clioll1 2[4, (6.41)
Thus H(¢) (1)) is finite on B x W})’z(Q).
The proof that Jy is finite is nearly identical. O
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Existence of Weak Solutions Via Convex Analysis

At this point we wish to take a step back and think of our energy functional Jy more
abstractly. More precisely, just as in §3.2, in which we discussed the Lagrangian formulation
of the Einstein equations, we will view the energy functional as an action of a Lagrangian
density. Hence the definition

Ja(é) = | £(90.6.0) do (6.42)
Q
as in (6.34).
Definition 6.3.1. For all {¢,,}>2; C B such that
on —¢ = Ju(¢) <liminfJu(¢,) VoeB (6.43)

we say {¢,} is (sequentially) weak lower-semicontinuous.

Theorem 6.3.2. If Jy : B — R is a weak lower-semicontinuous functional such that
Jaé) 2y [ 9o da - N (6.44)
Q
forv >0, A\ >0 and the mapping
Vo £(Vo, b, x) (6.45)

is convex on B, then Ju(-) has a local minimizer ¢* € B, i.e. Ju(¢*) < Ju(v) for allv € B.

Proof. The proof is a variation of one found in [3]. Without loss we can assume A\ = 0, for
else consider £ + A. Begin by setting m = inf,cp Jy(v). If m = +oo we are done, so we
may as well as assume that m is finite. By definition, we can pick a sequence {¢* 12, C B
such that

Ju(¢y,) — m. (6.46)
Since we have
Ja@i) 2 [ 196 do (6.47)
M
and m is finite, it follows that .
sup [[Vey[lo,2 < +o0. (6.48)

Fixing any function v € B yields ¢}, —v € B. Then using the triangle inequality and Poincaré
inequality we have

onllo2 < oy —vloz2 +[¥o2
< CplIV(9y, = V)llo2 + [¥]lo2
<

CplIV(8}, = V)llo2 + Callvll12 < 400 (6.49)

where in the last line we use (6.48) the embedding W12(Q) — L?(Q) to find the constant
C5 such that || - ||o,2 < Cal| - |]1,2. Hence we can conclude that

sup [[¢;, [lo.2 < 400 (6.50)
n
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Along with (6.48), we have {¢7}°2 | bounded in W?(Q). Now we can extract a subsequence
{5, 1521 € {9} and a function ¢* € W12(Q) such that

¢h — ¢ (weakly) in W5*(9Q). (6.51)

Since B is closed, in W2(Q), and convex, Mazur’s Theorem (§7 Appendix) implies B is
weakly closed. Thus ¢* —v € B and so ¢* € B. By assumption (weak lower-semicontinuity)
we know that Jy(¢*) < m and since ¢* € B we have

Ju(¢p*) =m = VlrelfB Ju(v). (6.52)

O

The mapping defined in Theorem 6.3.2 is indeed convex in the variable @d) since it
appears quadratically in Jy. However, the one assumption which is not obvious is the weak
lower-semicontinuity. In fact, this usually is one of the most difficult properties to establish
in convex analysis. Most known results require the energy functional Jy to be convex in
each variable, e.g. in [20]. We, indeed, have this if we assume ar > 0. This was the
approach used in [7], restricting the result there to the convex case. But if ag becomes too
negative, Jy will fail to remain convex. In the result which follows, adapted from [3], we
show that this global convexity condition is sufficient but not necessary. As it turns out,
convexity in the gradient variable is enough to establish weak lower-semicontinuty as long as
the Lagrangian density is bounded from below. The latter is immediate since Jy is defined
only on B.

Lemma 6.3.2. Suppose 2(@¢, o, ) is bounded below and the mapping
Vo £(V, ¢, 1) (6.53)
is convex for each ¢ and x. Then Jy(-) is weak lower-semicontinuous on WH2(Q).

Proof. Choose a weakly convergent sequence such that ¢, — ¢ in Wh2(Q). Put m :=
liminf, o Ju(¢y). Since every weakly convergent sequence is bounded,

sup [|én 1,2 < oo. (6.54)

Thus, we can assume (passing to a subsequence if necessary) that

m= lim Ju(én). (6.55)

n—oo

Since the embedding W2(Q) — L2?(Q) is compact (again, passing to a subsequence if
necessary )
¢n — ¢ (strongly) a.e. on . (6.56)

Let € > 0 be given. According to Egoroff’s Theorem (§7 Appendix) we can find a measurable
set Q¢ with p(2¢) < e such that

¢n — ¢ (uniformily) in QF. (6.57)

Now put
Nei={o e Wi slol +1901 < 1. (6.58)
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Note pu(2\N.) — 0 as € — 0. Similarly when we put
G. == Q° NN, (6.59)

we have p(2\G.) — 0 as e — 0.

Since £ is bounded, we may assume without loss that £ > 0. Then

Ju(pn) = /Qs(wn,%x) dx
> L(Von, o, x) dz
Ge
> LV, pn, ) dx +/ 04 2(V, 6, ) - (Ve — Vo) da
Ge

Ge

where the last line follows from the convexity condition (see §7 Appendix). Appealing to
the Dominated Convergence Theorem (§7), and with the use of (6.57) we have

lim [ £V, n,z) doe = / LV, ¢, ) da. (6.60)
n—ee Jg, €

Since 8@(;52(@@ b, 1) — 8@¢£(@¢, ¢, ) uniformly on G, and V¢,, — V¢ weakly in L2(Q)
we have
lim [ 0¢,&(Ve,én, ) (Vén — Vo) dz = 0. (6.61)

n—oo g
€

Thus we conclude

m= lim Ju(¢n) > / £(Vo, ¢, z) du. (6.62)

Now letting € tend to zero, an application of the 1\;Ionotone Convergence Theorem (§7) yields
m > /QS(W% b, x) de = Jg(o) (6.63)

which is what we sought to prove. O

Uniqueness of weak solution

From these very general results we cannot, in general, guarantee uniqueness of our weak
solution ¢. However, if it is the case that ag > 0, uniqueness does follow since the entire
functional Jy(¢) is convex and f(¢, w) is monotonically non-negative [7].

Theorem 6.3.3. If in addition to the assumptions made in Theorem 6.3.2, we assume
ar > 0, then the minimizing solution is unique.

Proof. Suppose there were two solutions, say ¢; and ¢s, then we have
(H(dr) —H(d2) (@) =0, Vo € Wp*(Q). (6.64)
Then by taking 1 := ¢1 — ¢ € W5(Q) we are left with,

0 = (H(¢1) —H(2))(¢1 — ¢2)
(V(p1 = ¢2), V(1 — ¢2)) + Fr (91, W)(d1 — ¢2) — Fr(d2, W) (1 — ¢2)
0 (6.65)

IV
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where in the last line we used the assumptions on the Robin data and the fact that
s f(9, W) = ar + ba;¢* + 3a,0™* + Tawep™® > 0. We conclude using the Poincaré in-
equality that

L Cr

1 1 .
0= 161 - 6as = 5161~ dalt s + 3161 — oalt 2 min{ 1. o1 — eall, 2 0. (669

Since norms are non-degenerate, we have ¢1 = ¢o. O
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Chapter 7
Appendix

To see discussions and/or proofs on the following, refer to any standard textbook on the
subject, e.g. see [3, 4, 17, 19].

7.1 Functional Analysis

Theorem 7.1.1 @/Iazur’s Theorem). Let C be a conver subset of a Banach space X . Then
the norm closure C equals the weak closure c”.

Theorem 7.1.2 (Supporting Hypersurfaces). Let f: R™ — R be a convez function, i.e.

fltz+ (1 —t)y) <tf(x)+ 1 —1)f(y) (7.1)
forall xz,y € R™ and 0 <t < 1. Then for each x € R™ there exists D € R™ such that
fly) = f@)=D-(y—x) (7.2)

for ally € R™. If f is differentiable, then D =V f.

7.2 Measure Theory

Theorem 7.2.1 (Monotone Convergence Theorem). If f,, is a sequence of positive real
measurable functions such that f; < fi4q for all j, and f =lim,_. fr, then

Theorem 7.2.2 (Dominated Convergence Theorem). If f,, is a sequence of L' functions
such that f, — f a.e. and there exists a non-negative g € L' such that |f,| < g a.e. for all
n, then f € L' and

Theorem 7.2.3 (Egoroff’s Theorem). Let (X, M, u) be a finite measure space, that is,
w(X) < oco. Suppose f, is a sequence of measurable complex-valued functions on X such
that fn, — [ a.e. Then for every € > 0 there exits E C X measurable such that u(E) < €
and f, — f uniformly on E°.
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7.3 Partial Differential Equation Theory

Definition 7.3.1 (Poincaré Inequality). Let Q C R be a bounded set. For all u € W, (),
1 < p < oo, there exists a constant C' := C(£2, p) such that

[ullg, < CllDullg,- (7.3)

7.4 Differential Geometry

Definition 7.4.1 (Exterior Derivative). Let A M := @, _, A" M denote the exterior al-
gebra of differential forms on M. Then there exists a unique operator

d: \M— \M (7.4)
such that
i.) d is an anti-derivation of degree 1 on A M
ii.) dod=0
iii.) (df,X) = Xf for all f € C*°(M) and all X € X(M).
d is then called the exterior derivative.

Definition 7.4.2 (Absolute Exterior Differential). For every tensor valued p-form T of type
(r, s), there is a unique tensor valued (p + 1)-form DT of type (r, s) such that

T S
(DT)lllrJ ‘s — dTllhjljb‘FZw”Z/\szllklejgfzwbjk /\1"117,7 N . (7.5)
k=1

1. J bji...Jk---Js
k=1

DT is called the absolute exterior differential of T'.

Definition 7.4.3 (Interior Product). Let A be a commutative, associative, unitary R-
algebra and F be a an A-module. Then for each p € N the mapping

ExNE—NE
such that (v,w) — t,w where

(Low) (1, ..o, vp—1) = wW(V, V1, ..., Vp_1)
Lyw = 0, Yw € /\O B,

tyw is called the inner product of v and w.

Definition 7.4.4 (Lie Derivative). For w € A*(M), X € X(M) let txw denote the interior
product of X and w. Then the Lie derivative of w with respect to X is defined as

Lxw=1xdw + dixw. (7.6)

For a tensor T of type (r,s), we have

s S

i1 iy o i1 b\ i1 .. i i\ i
LxT 5, = XeVaT™ jlmjerZ(ijX ) bjl...fk»..jfz(va T ' J1-ds
k=1 k=1
(7.7)
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