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On the non-blow up of energy critical nonlinear
massless scalar fields in ‘341" dimensional globally
hyperbolic spacetimes: light cone estimates

PuskArR MONDAL

Here we prove a global existence theorem for the solutions of the
semi-linear wave equation with critical non-linearity admitting a
positive definite Hamiltonian. Formulating a parametrix for the
wave equation in a globally hyperbolic curved spacetime, we de-
rive an apriori pointwise bound for the solution of the nonlinear
wave equation in terms of the initial energy, from which the global
existence follows in a straightforward way. This is accomplished by
two steps. First, based on Moncrief’s light cone formulation we de-
rive an expression for the scalar field in terms of integrals over the
past light cone from an arbitrary spacetime point to an ‘initial’,
Cauchy hypersurface and additional integrals over the intersection
of this cone with the initial hypersurface. Secondly, we obtain a
priori estimates for the energy associated with three quasi-local ap-
proximate time-like conformal Killing and one approximate Killing
vector fields. Utilizing these naturally defined energies associated
with the physical stress-energy tensor together with the integral
equation, we show that the spacetime L norm of the scalar field
remains bounded in terms of the initial data and continues to be so
as long as the spacetime remains singularity /Cauchy-horizon free.

KEYWORDS AND PHRASES: Light cone estimates, global existence, energy
estimates, nonlinear waves, approximate Killing vector fields.

1. Introduction

One of the most important open problems of twenty first century physics is
the proof of Penrose’s Cosmic Censorship conjecture [1]. Present in its two
forms, this conjecture essentially hints towards the validity of classical de-
terminism. If one simply goes back to special relativity, then the underlying
spacetime, the Minkowski space, does not have any singularity. Naturally one
would expect that physically reasonable fields if evolving on the Minkowski
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spacetime background do not develop singularity at finite time. In other
words, physically acceptable classical fields evolving from regular Cauchy
data in Minkowski spacetime should extend uniquely and continuously to
globally defined, singularity free solutions of the associated field equations
on the entire spacetime. This would imply that classical determinism holds
in the realm of special relativity. Global well-posedness of several classical
fields on the Minkowski background has been proven to hold true. If we,
for now, focus on the physical 3 4+ 1 spacetimes, this includes several linear
and non-linear scalar fields admitting positive definite energy (sub-critical
and critical but not super-critically nonlinear) [2, 3, 4, 5], Yang-Mills or
Yang-Mills-Higgs fields [6, 7, 8] etc. On the other hand, there are explicit
examples of classical fields that exhibit a finite time blow-up property on
the 3+ 1 dimensional Minkowski background. These include focusing energy
critical and sub-critical nonlinear wave fields [11, 12], wave maps (nonlinear
sigma models in the physics terminology) from spacetime to curved target
manifolds [9, 10, 13], perfect fluids [14].

A natural question then would be whether such a result holds true in a
globally hyperbolic curved spacetime. If a breakdown of the global existence
were to occur then that would certainly be pathological in a sense that the
violation of classical determinism would hint that the field under consid-
eration is not physically adequate. In addition, one would ultimately want
to study the evolution of the spacetime geometry while coupled to addi-
tional fields in order to address the ‘Cosmic Censorship’ question. However,
if the fields themselves blow up in finite time in a background spacetime, one
would certainly not reasonably expect that this blow-up feature would be
suppressed by coupling to gravity. This is due to the fact that pure gravity in
the absence of any additional source fields may itself blow up in finite time
through curvature concentration. Therefore it is fundamentally important to
investigate the temporal behaviour of classical fields in globally hyperbolic
curved spacetimes. Classical Yang-Mills fields [15, 16], linear and non-linear
sub-critical Klein-Gordon fields admitting positive definite energy [in prep.
with V. Moncrief] are known to exhibit the global existence property on a
curved background. Motivated by such results, in this article we study the
temporal behaviour of the solutions of the wave equation in 3+ 1 dimensions
with critical nonlinearity

(1) VNV —ag® =0

while properly formulated as a Cauchy problem (i.e., with the prescribed
data of the field and associated conjugate momentum on an initial space-
like hypersurface). Here g~ : §"’9, @ 9, is the inverse of the spacetime
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metric, V is the metric compatible connection, and a > 0 is the coupling
constant. This non-linearity implies that the corresponding Hamiltonian of
this system (which controls the H' Sobolev norm of ¢) is invariant un-
der suitable scaling. More precisely, if z# — Az* and p(x) — %g@()\_lx),
then the wave equation (1) remains invariant. Furthermore, the associated
Hamiltonian £ ~ fz (9" 9;p0;0+m? + ap®) N1y, where ¥ is a 3 dimensional
space-like hypersurface, m is the momentum conjugate to ¢, N is the Lapse
function, and g¢ is the Riemannian metric induced on ¥ by ¢ (ug is the
induced volume form), remains invariant under this scaling too. Roughly
this means that the energy dispersion by the derivative term and energy
concentration by the nonlinearity are similar and therefore the terminology
‘critical’. In this borderline case, one dominates the other slightly leading to
global existence or finite time blow up. In the current case, we shall see that
a non-concentration type lemma holds i.e., if one shrinks the hypersurface
Y to smaller and smaller sets, the integral fz apSN g does not blow up.
In other words, the non-linearity is unable to focus energy. If one slightly
increases the strength of the non-linearity (i.e, if the equation is taken to
be gV, V., — ap®t€ =0, € > 0 instead), whether a global existence or
blow-up occurs in a general case is still an open problem.

Jorgens [4] proved the global existence property for semi-linear wave
equations on 3 + 1-dimensional Minkowski space for sub-critical nonlinear-
ities of the wave fields. Later classical work by Grillakis [2] established the
global well-posedness of the critically nonlinear wave equation (1) on the
Minkowski spacetime background, that is for g* = n*¥, the Minkowski
metric. In both of these cases, one requires the positive definiteness of the
associated energy functional and such property is referred to as defocus-
ing. [2] utilized the natural energy associated with the timelike Killing field
0; and conformal Killing fields D := x#0,, K = z,2"0; + 2tz"0,, of the
Minkowski spacetime. In addition, [2] also utilized an additional vector field
R = %8 in conjunction with the aforementioned Killing and conformal
Killing fields and an integral equation for the solution to derive a priori
estimates which helped to control the spacetime L°° norm of the solution.
Prior to [2], of course, global well-posedness results were known assuming a
certain smallness condition on the data (in a suitable function space).

This paper was motivated in part by the desire to adapt the Grillakis [2]
argument to globally hyperbolic curved spacetimes. The global wellposed-
ness result on curved spacetime is not obvious (it is in fact not obvious on
flat spacetimes as well). The difficulty lies in constructing an integral ex-
pression for the solution since the so called Huygens principle does not hold
on a general curved spacetime. In other words, the value of the wavefield at
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a point p does not only depend on its integral over the mantle of the past
light cone emanating from p and the light cone’s 2-dimensional intersection
with the initial Cauchy hypersurface but also on its integral over the interior
of the past light cone, the tail contribution. In flat spacetime, since the Huy-
gens principle is known to hold true for linear waves, this tail contribution
vanishes. Secondly, in a general curved spacetime, the existence of Killing
and conformal vector fields is an undesirable restriction. Note that the exis-
tence of a time-like Killing field 9, guaranteed a positive definite conserved
energy for Minkowski space (simply by Noether’s theorem). One may im-
pose such symmetry on the spacetimes under study. But such an assumption
proves to be too restrictive. For example, assuming a time-like Killing field
would imply that the spacetime is stationary, which is an extremely strong
condition to impose. We would therefore want to focus on the most generic
spacetimes. If one simply defines an energy from the associated stress-energy
tensor by fully contracting it with a time-like vector field n, then clearly this
energy is not conserved. The obstruction to the conservative nature of this
energy is precisely due to the non-vanishing strain tensor of n. However, if
one assumes certain regularity on the background spacetime metric, then the
energy which is no longer conserved, is nevertheless bounded by the initial
energy. Therefore one may still obtain required estimates through the use of
these appropriately defined approximate Killing/conformal Killing fields by
paying a price of regularity of the background spacetime metric. Secondly,
using Moncrief’s light cone formulation, we derive an expression for ¢ at p
in terms of its integral over the full past light cone and its intersection with
the initial Cauchy hypersurface. This contains Huygens violating tail terms.
However, solving an associated transport equation and using an integration
by parts argument, this tail contribution may be converted to an integral
over the 3 dimensional mantle of the past light cone and its 2 dimensional
intersection with the initial hypersurface. These two main ingredients along
with the use of a few additional inequalities yield a spacetime L*° estimate
of the wave field, from which the global existence follows in a straightforward
way.

We note that there are a few studies [36, 37] in the literature which
deal with the semi-linear wave equation with variable coefficients (only spa-
tially varying or both spacetime varying) and critical nonlinearity on the
Minkowski background. However, such an equation can be formulated as a
critically nonlinear wave equation on a manifold equipped with a Lorentzian
metric. Their method may be applied to prove a global existence theorem
for critically nonlinear wave equations on curved spacetimes. Simply choos-
ing a Gaussian normal coordinate yields an equivalence modulo additional
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innocuous first order terms. Choice of Gaussian normal slicing is well known
to be pathological in a sense that the mean extrinsic curvature of the slice
becomes singular in finite time (at least when the initial slice has a positive
mean curvature). However, such singularity is merely a coordinate singular-
ity and can be handled with a little additional work (see for example [38]).
Further, these studies have implemented energy estimates associated with
suitable vector field multipliers in conjunction with Strichartz estimates. In
our our study, we obtain a spacetime point-wise bound of the wave field by
means of the aforementioned integral equation and the energy estimates as-
sociated with the three approximate Killing/conformal Killing vector fields.
The later of the aforementioned studies [37], where the coefficients are spa-
tially (in a suitable sense) varying, is based on Klainerman’s commuting
vector field approach together with Strichartz estimates. The former study
[36] is quite interesting and based on the technique developed by Klainer-
man [39] and Cristodolou & Klainerman [40], where the multiplier vector
fields are constructed by means of an optical function generated by solving
an Eikonal equation on a globally hyperbolic spacetime. The level sets of
this optical function describe the null cones and the gradient vector field
of the optical function is a null geodesic generator. Therefore, one needs to
control the null geometry of the spacetime on which the wave field is evolv-
ing. However, assuming that the spacetime is globally hyperbolic, the null
geometry is well behaved. While our method does not rely on solving for an
optical function, we nevertheless require the additional integral equation.
Their method can be extended in the gravity problem where the analysis to
control the null geometry is heavy (since the geometry becomes unknown
of the equations involved; see [26, 41] for example). Our method on the
other hand is relatively simpler but requires closure of an extremely delicate
bootstrap argument (in prep.). Therefore, these two different methods are,
in a sense, complimentary to each other. There are of course numerous ad-
ditional studies on the global behaviour of critically non-linear wave fields
on Minkowski spacetimes (e.g., [42, 43]) as well as for wave equations with
variable coefficients (e.g., [44]).

The outline of the paper is as follows. We start with the derivation of the
appropriate expression for the massless scalar field ¢ at an arbitrary space-
time point p in its geodesic normal neighbourhood. Next, we construct the
suitable approximate Killing/conformal Killing vector fields (in an appropri-
ate sense of course). Then, we derive necessary estimates using the energies
associated with these vector fields. Utilizing a few additional inequalities to-
gether with the integral expression and the energy estimates, we then prove
a spacetime point-wise bound on the solution ¢ in terms of the initial energy.
This L*> estimate finishes the proof of the global wellposedness.
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2. Notations and facts

The ‘3 + 1’ dimensional spacetime manifold is denoted by M. Assuming
global hyperbolicity while studying the Cauchy problem, one is led to space-
times of the form of a product manifold R x X, where X is diffeomorphic
to a Cauchy hypersurface. This leads to the interpretation of an evolving
physical universe > embedded in the spacetime. We will designate by 3,
the constant ¢ hypersurfaces. Let n denote the unit time-like future directed
normal to ¥;. The tangent space T, M at a point p may be split as follows

(2) TPM = Tﬂ(p)Zt &b R,

where 7 is the natural projection 7 : 3y x R — ;. Therefore, the vector
field % may be written as follows

0
3 — =N Y,
where N is the lapse function and Y is the shift vector field parallel to X;
i.e., Y is a section of the tangent bundle 7%;. Under this decomposition, the
spacetime metric § takes following form in a local coordinate basis {z° =
t,xt, 2% 23}

(4) g =—N%dt @ dt + g;;(dz’ + Y'dt)(da? + Y7dt),

where g := gijdxi ® da is the induced Riemannian metric on ;. We will

dgp(;te the inverse metrics ¢~! and g~ ! as g7 := g 82# ® 8% and g~ ! :=
ij 0

97357 ® %, respectively. In the analysis, the second fundamental form k €
S9(3;) will show up. It is defined in local coordinates as follows

1 1
(5) kij = —5(Lng)ij = =557 (995 — (Ly 9)ij),
where L denotes the Lie derivative operator.
Our analysis holds in a geodesically convex domain G C M. In a geodesi-
cally convex domain, frequently, we will use a null basis {l,[, A1, A2} of T, M
at a point p. This is constructed by imposing the conditions

(6) 91,0 =0, g(I,1) =0, n=—1+1,

and following g(n,n) = —1, we obtain §(I,1) = 3. The two space-like vector
fields X\]9; and A}9; are such that

(7) G(Ni, Aj) = b, 9N, 1) = g(Niy 1) = 0.
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Simply counting the degrees of freedom and the number of equations in-
volved, we see that this is a uniquely determined system and therefore there
exists a unique null frame {l,[, A\, A2} in which the metric § is expressible
as

(8) G=20R01+1R1) + A @A + A2 ® Ao

We will make use of this null basis frequently. Let us now mention the
notations for the causal geometry. The mantle of the past (resp. future) light
cone of a point p is denoted simply by C’ (resp. C’; ) while the chronological
past (resp. future), the solid interior, is denoted by J, (resp. J; ). The causal
past (resp. future) of p is denoted by D, (resp. Dl‘f ). When we write C,", D,
or J,, we will mean that these sets are only defined up to the Cauchy
hypersurface ¥, at ¢ = tp on which the initial data is provided but do not
contain the Cauchy hypersurface ¥,. In addition, notice that C, ", D, and
J, do not contain the point p as well. The 3 dimensional intersection of the
past light cone of p with a constant ¢ hypersurface ¥; is denoted by S;, while
its 2-dimensional intersection (a topological 2-sphere) is denoted by O';) (see
Figure 1) and oY = 0,. Now let us consider a constant ¢ hypersurface X
such that ¥; N D, # (). The portion of C; (D, and J, resp.) lying above
>t will be denoted by Cf) (Dlt) and J; resp.). More generally, for a past null
cone with vertex at p and extending up to any constant time hypersurface
>¢, the mantle of the cone, the causal past of p, and the chronological past
of p will be denoted by Cf,, D;, and J;, respectively.

Unless otherwise stated, we will work in geodesic normal coordinates
about p. The details about the injectivity radius bound etc will be described
in the fullness of time. Without loss of generality, we may simply set p to
0, the coordinate origin. The portion of the light cone C, trapped between
two constant ¢ hypersurfaces will be called the truncated light cone and is
denoted by C’;;F . The past solid cone D, may be parametrized by spherical
coordinates as follows

(9) z!=rsinfcos¢p,z® =rsinfsing,2® =rcosh,z’ =10 € [0, 7],
¢ € [0, 2],

where r = t = 0 corresponds to the origin of the normal coordinate system
i.e. p = 0. Now we introduce the light-cone coordinates

(10) u=t—r,v=t+r, 0=20, ¢ = 0.
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The mantle of the past light cone C, of p is essentially defined by v =
t+r = 0. We will use these coordinates whenever necessary. We denote the
geodesic squared distance between points p and ¢ by I'(p, ¢) and accordingly
the set {¢|I'(p,q) = 0} denotes the null cone through p. The lower branch
of the hyperboloid {¢|I'(p,q) = —d} is denoted by I's. Using the light-cone
coordinates {u,v,0, ¢}, the past null cone C, (of course here we mean the
mantle of the cone) may be parametrized by (u,w) € (0, %] x S. Since we are
in the geodesically convex domain, the exponential map is a diffeomorphism
from C; = C, — {p} to (0,4] x S? ie., q € C, may be written as q =
expp(—ul), where [ is the past directed null-vector passing through p. See
Figure 1 for detail. when we say ‘on the cone C),’, we will always mean ‘on
the the mantle of the cone C,".

In terms of functions spaces we will make use of the Sobolev spaces H',
H' etc defined on the spacelike sub-manifold ¥. The homogeneous Sobolev

space H' is defined as follows: f € H(3;) = Al (s =\ S, IV flomg <
oo modulo a suitable equivalence relation. For two positive functions f(t)
and g(t), f(t) ~ g(t) implies C1g(t) < f(t) < Cag(t), 0 < C1,C2 < o0,
f(t) < g(t), implies f(t) < Cg(t), for some C s.t. 0 < C' < oo. The lower
brach of the hyperboloid {¢|I'(p, q) = —¢} is denoted by I's. We will consider
that p € S i.e., in Schwartz class since S is dense in H'. The volume forms
associated with g and g are denoted by p; and pg4, respectively.

3. Main idea

Here we briefly describe the idea of the proof. Firstly we derive the following
integral equation for the scalar field ¢ at an arbitrary point p (= x in local
coordinates) in terms of the integral of ¢ (and its nonlinearity) over the
mantle of the past light cone € and the initial data

5 A
o@ = [ U= P + 5 [ B0 g,

+ initial data,

where U(z,y) is a suitably defined symmetric bi-scalar satisfying
lim,_, U(z,y) = 1, lim,_,, 0,U(z,y) = tR;(y), where Ry(y) is the scalar
curvature of § evaluated at y. Assuming sufficient regularity of the back-
ground spacetimes, sup,cp- Sup,cp- |U(xz,y)| < C. Note here that for

Minkowski space U(x,y) = 1, 0,U(x,y) = 0 everywhere. Naturally, on a
general curved spacetime, we can not get rid of the Huygens violating term
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containing ﬂxU(x, y) and therefore it requires control. However, when x = y
which is the most dangerous case, a simple calculation yields |(,U(z,y)|
equals to the scalar curvature of the spacetime. Therefore, if we assume that
the spacetime is sufficiently regular then sup, ¢ p- sup,cp- 0,U (2, y)| < C.
In other words this terms does not cause additional problems as long as the
spacetime does not develop singular points.

First, let us consider a constant time hypersurface ¥;, such that ¥;, N
D, # (. As mentioned in the previous section, we denote the portion of
C, (D, and J, resp.) lying above ¥, (i.e., for the part where [t| < [t1])
by Cpt (D} and Jp' resp.). Now if we split the integral (11) over C, into
two parts: one over C’;,l and one over C} — Czt,l, then for a small but fixed
|t1], the integral over C,~ — C}* is bounded by a constant C(t1). The chal-
lenge is to control the integral over the top part (i.e., near the vertex).
We will do so by choosing the height (= [t;]) of the top part C}' suf-
ficiently small but a priori fixed. Notice that the integral over C’;l may
be written as an integral over Cf' — Cl? for [ta| < |t1] and pass to the
limit to — 0. Our goal is to take one factor of |¢| out of the nonlinear
part of the integral over C' — C}> as SUD e (01 Uy, )12 |o(z)| and control
the left over integral using available estimates. Now 1f we can show that
SUPze (it o, )-Cp2 lp(x)] (< Supxe( DUUS,, )—D% |o(z)|) is finite then the re-
maining 1ntegral may be bounded in terms of energy after applying Cauchy-
Schwartz and an important Hardy type inequality (for null hypersurface)
that is to be derived (observe that (D} U S;,) — D} is closed). Note that
p ¢ D;l and therefore, we need to write the integral equation for ¢ at a
point lying in (D} U S;,) — Dp? ([t2] < |t1]) where the maximum is attained.
Let us assume that the maximum is attained at z', |p(z')| = As and ' — p
as to — 0. Therefore, we may write the integral equation at " and use the
Cauchy-Schwartz inequality to yield

1/3
(11) Ay < Ch A, / yctl + fua | </ 306/4@($)|Ct}> + O
ci @

1/2 ) 1/2
< C1 A (/C” 906(%(55)‘(;:})) (/ctl :52( g(@ )‘ct1)> + Ca.

Here once again Cil, denotes the portion of the light cone C, that lies
1/2
entirely within C}'. We will show that either < fotl )| Ct1)> or

1/2
(fctl £ |C‘1)) is < § for arbitrarily small § > 0 if the height of
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the top part of the cone Cf,l is chosen sufficiently small (i.e., making |¢1]
small but a priroi fixed, |u1| < [t1]). Now choosing ¢ sufficiently small, we
obtain

As < COA; + Oy

(12) As <C.

Here C depends on the initial energy in a harmless way. Now using bound-
edness of SUD,c (iU, )— D lo(x)| = |o(z)| = Ay and since the energy can
not blow up in finite time, we observe from the integral equation (11) that
|| can not blow up at p. Since p is an arbitrary point in the globally hyper-
bolic spacetime M, we conclude that the point-wise norm of the wavefield
¢ is bounded as long as the spacetime does not develop singularity /Cauchy
horizon. Utilizing this L* bound, a continuity argument together with a
contraction mapping argument based local existence theorem finishes the
global existence proof. The main challenge is to show that the aforemen-
tioned two integrals are of the order §. Note that if one simply chooses
sufficiently small initial energy, then just estimating the energy correspond-
ing to the time-like normal n is sufficient to control the L norm of ¢.
However, since we are interested in arbitrarily large data, we need to use
energy estimates associated with three additional vector fields which are no
longer Killing/conformal Killing, but only so approximately. Use of the ener-
gies associated with these three aditional vector fields is crucial in bounding
the aforementioned integrals.

Section 4 is devoted to deriving the desired integral equation (11) for
 which is one of the most important parts of the proof. In order to per-
form these aforementioned analyses, energy inequalities are indispensable.
Therefore after deriving the integral equation, we derive the energy esti-
mates associated with timelike approximate Killing and conformal Killing
vector fields. Note that in order to control ¢ at an interior point z lying
within Dtl, we need to estimate the energy flux flowing (out) transversal
to the mantle of the cone C’tl This however can not be obtained directly
for the following reason. Flrstly, we will consider the height of the exterior
cone C’It; to be sufficiently small such that the energy flux flowing across C’It;
is small. However, this does not imply that the energy flux flowing across
Cil, is small. In fact, we will see that the full energy flux flowing across Cgt;,
will never be small; only parts of it will be. Luckily the parts we require
to control the nonlinearity in the integral equation will be small. In order
to achieve this desired smallness, we will next use two additional estimates
coming from two approximate conformal Killing vector fields. In Section 5.1,
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we obtain an energy estimate associated with the unit timelike vector field n
which is orthogonal to the constant time hypersurfaces. This will establish
the fact that if we choose the height of the exterior light cone C’I’;l sufficiently
small, then the energy flux flowing across it can be made sufficiently small.
Using this a priori estimate, in Sections 5.3 and 5.4 we use the approximate
inversion generator and the scaling vector field to derive extra estimates
which will be used to control the energy flux flowing transversal to the in-
terior cone C';l,. In Section 5.5, we derive an extremely important Hardy
type inequality for a null hypersurface where curvature and its certain null
derivatives appear as corrections to the flat space case. In Section 5.6, using
a re-scaled version of the scaling vector field, we obtain the desired small-
ness of the required parts of the energy flux flowing across the interior cone.
Utilizing this final estimate and the inequality derived in Section 5.5, we
finish the proof of the boundedness of ¢(p). Lastly in Section 6, we sketch a
proof of global existence by making use of a priori point-wise bound on the
wavefield ¢ and a local existence theorem.

A striking difference with the sub-critical case (to be presented in a
forthcoming article by the current author and V. Moncrief) is that a simple
application of Gronwall’s inequality, Holder’s inequality, and the basic esti-
mate of the energy T'(n,n) suffices to obtain an L bound of ¢ in terms of
the initial energy in the case of the latter.

4. An integral equation for ¢

In this section we obtain the desired integral equation for the massless scalar
field ¢. Let us write the semi-linear wave equation in the natural covariant
form after setting the coupling constant « to be 1

(13) VIV up = ©°.

Let us denote the co-variant spacetime Laplacian V¥V, = g*"V ,V, by P
ie.,

(14) Pyp = V"'V ,p.

One may obtain an integral equation for ¢ at p once the fundamental solution
or the Green’s function G, 4 associated with the operator P is available. The
advanced Green’s function G;;’ q 18 defined as follows
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and its support is contained in D (q). Following Friedlander [17], the ad-
vanced Green’s function may be explicitly written in the following form

(16) GE(p) = 5-U )6 (C(0,0)) + 5V (pra),

2w
where 67 (T'(p, q)) is the Dirac mass supported on the forward null cone of
q and defined as lim._,o 6" ('(p, q) + €). ['(p,q) is the squared geodesic dis-
tance between p and ¢. The symmetric bi-scalar U(p, ¢) in local coordinates
(p,q) = (x,y) may be expressed as follows

B | det 92T /DOy |/2
4] det(gap(z)) det(gas(y))|V/*

(17) U(z,y):

V*(p,q) is the solution of the following characteristic initial value problem
(18) PV*(p,q) =0Vpe DS,V (p,q) = Vo ¥p € C*(q),

where Vj satisfies the transport type equation

(19) 26(VD, V) + (OT — 4)Vy = —PU,

where [J is the ordinary spacetime Laplacian expressible in local coordinate
as [J 1= VIV, = P. Once the advanced Green’s function is obtained, the
integral equation for ¢ € C*°(Q) (€2 is a geodesically convex neighbourhood
of a point p) in terms of data on an ‘initial’ Cauchy hypersurface ¥ is given
by the following theorem [17]. The detailed theory is developed in Friedlan-
der’s book [17] (which builds on the fundamental work of Hadamard, Riesz,
Sobolev, Choquet-Bruhat and others). Here we do not repeat the complete
derivation of the intermediate integral equation. Starting from Friedlander’s
integral equation, we derive the final equation which will be of direct impor-
tance in obtaining the point-wise estimate. Interested readers are referred
to chapter 5 of Friedlander’s book [17].

Theorem ([17]). Let p € C*(Q) and assume that p € DT(X) — {X}. Then
@ at point p (= z in local coordinates) is given by the following equation

o) = g [ VEnF@m@ g [ VS
i (VH(z,9)Vye(y) — () VyV T (2, 1))

2 S,
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1

ot [ U E): Vel + Ul )00 e(0) doy(v)

1
o /U VT (z,y)e(y)dop.

Here pr is a Leray form defined such that d,I'(z,y) A pr(y) = pg(y) and
O(y) is the dialation of do,, along the bicharacteristics of the null hypersur-
face distinct from C, (let’s denote this other null hypersurface by Tp) that
contains o, defined as

20 Odo, — fim 72— 1
(20) Op =

x is the Hodge dual operator, UIIJ is the intersection of the pseudo-sphere
{¢;T(p,q) = =0} and the null hypersurface T),, and & is tangent to the null
generator of T,, such that g(¢,VI') = 1.

Notice an important fact that the tail terms involving V' are the ones
obstructing the Huygen’s principle in a general curved spacetime. For the
case of Minkowski space, these additional tail terms vanish (due to V' = 0)
restoring the Huygen’s principle for linear waves. One may in principle ob-
tain a formal series solution of the characteristic initial value problem (18)
assuming smoothness [17]. However, such solution is not very helpful to-
wards obtaining the desired estimate. Motivated by Moncrief’s treatment of
the tensor wave equation for spacetime curvature [18], we will use an inte-
gration by parts type argument to remove the tail terms instead. However,
in doing so we will have to pay a price by taking two spacetime derivatives
of the bi-scalar. Assuming sufficient regularity of the background spacetime
metric, we will explicitly show that such a term does not create additional
problems. The transformation of the tail term is obtained through the fol-
lowing series of calculations.

4.1. Cancellation of the integral over S}, in the theorem

Using the equation of motion VAV ¢ = ¢°, write the following

(21) / Wum&wwz/ VH a, y) VAV ().
Dy ND+(X) Dy ND+(X)

Now notice the following calculations

(22) VT (z,y)V*Vyup(y) = VAV (2,5)Vue(y) — VIV (2,9) V0 (y)
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= VIV (z,9)Vue(y) — VH(e(y) V.V (2, y))
+o(y) VAV LV (2, y)
= V* (VI (2,9)Vup(y) — e() ViV T (2,9))

where equation (18) i.e., V¥V, VT = 0 throughout the causal domain of y, is
used. Now since we have reduced it to a total covariant divergence term, we
may use the Stokes’ theorem to reduce the bulk-integral over D, N DT (%)
to an integral over the boundary d(D, N D* (X)) = C, N S,. Therefore we
have the following

/ V(@ 9)e° (y)ng = —/ * (V(2,9)Ve(y) — ey) VV T (2,9))
D, ND+ (%) Sp

+ / (V@ y)Vely) - o) VV (@)
C,

where the hypersurface ), is oriented such that the unit normal vector is
future directed i.e., points toward p. Therefore, we note that the integral
over S, in the theorem is cancelled point-wise by the term generated via
integration by parts to yield

(23) o(z) = % /c; U(z,y)¢°(y)ur(y)
+% o V@ )Veel) o)V (@)

% / QUG 9)EW): Vip) + U@ n)O)e(w) doyly)

+% 5 V7 (z,y)p(y)doy.

Now notice that we have gotten rid of the bulk-integral involving the tail
contribution VT and the remaining terms only involve the integrals over the
mantle of the past light cone C} and its two dimensional intersection ¥,
with Y. However, this result is not satisfactory since one still needs to solve
for the tail contribution V. As we mentioned earlier however one may con-
struct a series solution for V1 assuming analyticity and then approximate
the solution in a suitable sense. We will nevertheless avoid such procedure
all together. Instead we will make use of the transport equation (19) and a
reciprocity theorem to replace the integrals involving V* by terms that may
be easily controlled.
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4.2. Removal of ‘- Jor * (V2 9)Vye(y) — o(y)Vy VT (z,y)) +
s Jo, V(@ 9)e(y)doy’

In order to get rid of the tail terms in the integral equation, we will need
the following reciprocity theorem. Notice that the operator P = V¥V, is
self-adjoint i.e., P = Pt,

Lemma ([17]). Let 'V (resp. 'V =) and VT (resp. V=) be the tails terms
of the fundamental solutions of Pt and P, respectively. Then the following
holds

(24) Vi(p,q) = "V (g.p),V (p.q) = VT (q,p).

Following the previous lemma, the following holds

(25) V(p,q) =V (q,p),V ™ (p,q) =V (q,p)

due to the fact that P = P in the current context. Therefore, in the local
coordinate expression, we will replace V't (z,y) by V™ (y, ) in the following
calculations. First note an important fact. Since VI' # 0 on €} — {p}, we
have dI' A ur = pg, where pr is a Leray form on €. Using the definition of
the Hodge dual, we may obtain the following for a 1-form v on C — {p}

(26) *v(y) = (v(y), VI (z,y))pr ().

This holds precisely because VI' is tangential to the null cone C, (see
Lemma 2.9.2 in Friedlander’s book [17]). Therefore the term
= fc,: * (VT (z,y)Vye(y) — ¢(y)V, VT (z,y)) may be evaluated as follows

1

(27) o ) (VT (@, 9)Vyely) — ¢(y)VyV T (2,9))

=57 | (V@) Viel) = o) ViV (0,9) VoL W)ar ()

= o VoV @ 0)e(w) = 20@) VoV (@.9), VoL (@) e (v)

_ % VT 2)e ), VT @) ()
1

—5= [ eV (y,2), VT (y)ir ().
™ C,
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Here we have used the reciprocity theorem (lemma). Now notice that in
the second term of the above expression, only the tangential derivative
of V7~ (y,z) appears and while restricted to C,, we may use the trans-
port equation (19) to replace the second term by a lower order term in
V7= (y,2)|c; = Vo. Doing so we obtain

(28) % - (VF(@,9)Vyey) — )V VT (2,9))
= 5 [ VUV )0 VT ) ()
+% / oy <(ljyf(x, y) — ) Vo(y,x) + PU(y, x)) pr(y)

p

=1 + I

Here we make a series of coordinate transformations according to conve-
nience. Note that (20, 2!, 22 2%) denotes the geodesic normal coordinate
system, while (¢, r, 0, ¢) denotes spherical coordinates and (u, v, 6, ¢) denotes

spherical light-cone/null coordinates defined as follows

(29) u=t—rv=t+nr,0=460,¢=0.

In a sense we perform (2%, 2%, 22, 23) — (t,r,0,0) — (u,v,0,¢). Notice
that guulp = 9 (0) = 1. since the normal coordinate system is based at
p = 0. In addition the following two identities hold throughout the normal

coordinate frame

(30) G ()2 = G (0)2” =y’
(31) gl j2%2” = 0.
The second property essentially follows from the fact that the geodesics
through p(= 0) are straight lines. For a complete proof, the reader is referred
to the relevant sections of [18]. Since in the integral equation we have x = 0,

we will only concern ourselves with I'(0, z) := I'. Evaluating I in the normal
coordinates

(32) T :=gu(z)r”a” = gu(p = 0)ats” = nuats’ = —t* +1r* = —uw.
We may immediately obtain

(33) VHTO, = 2210, = 2u0y + 200,,
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and
(34) dl' := 9, I'dz" = —vdu — udv.

The invariant volume form in (u,v,0,¢) coordinates is expressed as jig :=
Vv —det(gu (u,v,0,¢))duAdv Adf Adg. On the other hand, the Leray form
on C, is defined as ur on C, satisfying dI' A ur = p5 and therefore noting

dl' = —vdu — udv, we may obtain a Leray form as the following
—det(g v 797
(35) ur = V- de (QZ (4,9,9) 4 p do dop

since on C, one has v = 0. Performing a series of calculations following the
transformations (2%, !, 22, 23) — (t,7,0,¢) — (u,v,0, ), we may explictly

obtain the line element on C;

1
(36) dsZ\C; = —dudv + 2Vydvdf + 2V¢dvdq§ +2 gABda:Ade + <—Z§uu

1
+5 2gABVAVB> dv?,
where 2g4p is the metric induced on the 2-sphere at fixed u and v = 0 (i.e.,
on the cone C,) and 2Vp (VA resp., A =1,2) and 2V}, are sections of T*S?
(TS? resp.) (here S? is a topological sphere defined u = constant and v = 0).
Explicit calculations yield

(37) V= 4et@yu .6, 0)lc; = 5v/det(gan(w6.9))

The invariant volume induced on the boundary 2-sphere i.e., on C; NX = oy
is as follows

(38) doy, = \/det(gaB(u,0,0))|oc; =, 0 A do
= 2/ det(Gu (1., )|yt A do

Now we go back to the integrals which were being evaluated. Let us consider
Il first

(39) ol = / (Y (V (5 2)0), VT )ir(y)

P
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~ [ VUV e = [ VTV a)elur,
Cp Cp

Now let us evaluate the first term explicitly
(40) Vu(VFT(2,9)V "~ (y,2)p) = Ou(VITV ™ (y, 2)p) + T}, VTV (y,2)¢
which utilizing VI' := V#I'0,, = 2u0,, + 2v0, becomes
(41)  Vu(VIT(z, )V (y,2)p) = 0u(2uV " (y,2)p) + 0s(20V ™ (y, 7))
50" 0 (20)V (5, 2) + 55 Dui (20)V (3, 2)
=2V (y, )¢ + 2udu (V™ (y, 2)p) + 2V (y, )¢ + 200, (V™ (y, 2))

1 a - _ oo - -
+§gﬂ aug,uu(Qu)V (y, :E)SO + 59” avg,ul/(QU)V (y, 33)90.
Now note that v =0 on C,; and therefore the previous expression becomes

Vi (VT (2, y)V ™ (y,2)p) = 2V (y, 2)p + 2u0u (V™ (y,2)p) + 2V (y, )

Fugh” 0ugu V= (y, )¢

= 2u0u (V™ (y, 7)) + ud" 0ugu V™~ (y, ) + 4V~ (y, )¢

Ou(y/— det (G, (u,0,9)) V™ (y,2)p)
V= det(Gu (u, 0, 9))

=2u

+ 4V (y,x)ep.

Therefore we obtain
27T11

— [ VTV e - [ VI D)V e
c; c;

du A dO A do

u

- / uau(z\/— det (g (u, 0, 0))V ™" (y,2)¢(y))
c;

+/(4 — O0(z,9))V ™ (3, 2)¢(y)ur (y)
C,

_/au(z\/_det(guu(u70a¢))v(y7x)(p(y))dU/\d9/\d¢
Cr

+/(4 — O (2, y))V ™~ (y, 2)p(y) ()
C

:_/ 20/~ det(Gu (.0, 9))V ™ (3. 2)0d0 A ds
cr
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+/ (4 - 0,0 (2, )V (y.2)e(y)pr(y)

P

:‘/ V- 2)ely)dop + / (4= O,0(w, )V (5, 2) e (y)ur (y).

p p

Here we have used equation (38) and the future direction is considered to
be positive for the null normal vector of the boundary sphere o, = 9C,, .
Therefore, the integral I; + I now becomes (from equation (28))

1
2T

=5 V™ (y,x)e(y)dop + % /Up (4 — ijr(-ray))v_(y? z)p(y) pr

Op

(42) ok (V@ 9)Vye(y) — o)V VT (2,y) = L+ I

o [ o) (O40 () — DVoly, 2) + PUC,2) pr(y).
T Jc;

Now on C,", we have V™ (y, z) = Vj since data of V'~ (y, z) on C; is the initial
data for the characteristic initial value problem (18). Using V™~ (y,z)|c; =
Vo, we see that the last two terms in the previous integral cancels point-wise
yielding

(43) i (V@ y)Vye(y) — e(y)Vy VT (2,y))

— __/ Vo (y,x dap+ o ) PU(z, y)e(y)pr(y)

= V+(x v)o(y)do, + QL PU(z, y)e(y)ur(y)
™ C,p

The tail contribution 5= fC; * (VT (z,y)Vyely) — e(y)Vy VT (z,y))
+ o fgp V*(z,y)p(y)do, therefore reduces to

1

o | (V@) Vo) — o)V V(. y))

_/ V+ x y dUp
__t [ v ()dap+2i  PU(2,y)p(y)nr(y)

—/V+xy y)doy,
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= zi PU(z, y)e(y)ur(y)
T Jo;
_ QL O,U(, y)e(y)pur (y)
T Cp

Putting everything together, we now obtain the desired integral equation for
© which does not include the tails terms. The following theorem summarizes
the result.

Theorem 1. Let ¢ € C*(Q) and assume that p € DT (X) — {X}. Then ¢
at point p (= x in the local coordinate system) satisfies the following integral
equation

A~

@ elo) =3 [ Ve + 3= [ OUEnemn)

T 2T

2 _
4o [ CUGEW), Te0) + Ul )O)e(w) doy(y),

where ur and © are defined previously.

Notice an extremely important fact that even though the final expression
we have obtained contains integrals over the mantle of the past light cone and
its two dimensional intersection with the initial Cauchy hypersurface, it does
not imply that Huygen’s principle holds. One might just for the time being
neglect the nonlinear term and consider the linear wave propagation, then
the unknown ¢ appears within the integral (5= fC; O,U (x, y)e(y)ur (y)). If
Huygen’s principle were to hold, then at the linear level (with no nonlin-
ear source term), the expression would only contain the Cauchy data. In
Minkowski space, we have U(z,y) = 1 => ﬂyU(aj,y) = 0 and therefore
this Huygen’s violating term vanishes identically. For the present purpose of
proving an L* control, this linear term does not cause any difficulty if we
assume sufficient regularity of the background spacetime metric. Via explicit
calculations, we will establish that under such circumstances, EIyU (z,y) is
bounded.

Notice an important fact about integration on C . In the spherical null
or lightcone coordinates (u,v,#, ¢), the null cone C, is defined by v = 0.
The integral of a function f on C is written as

(45) /C fogles = /S2 /0“1 f\/— det (g (u, 0, ¢))du A di A dé
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which upon using the fact that /= det(g,. (u, 0, ¢)) oy = $vdet(gap(u,0,9))
becomes

(46) /c fugle; = é/SQ /0 1 f/det(gap(u, 0, ¢))du A do A de.

Now we will extract the conformal factor u? from \/det(gap(u, 0, ¢)) to yield

(47) /C Frgle, = %/S/O 1fu2\/det(§AB(u,9, ¢))du A dO A dg.

In the view of the fact that we are in a geodesically convex domain and
assuming sufficient regularity of the spacetime metric, we will explicitly show
in Section 5.5 that \/det(§ap(u, 0, ¢)) is harmless (satisfies a point-wise O(1)

estimate at worst). For example, if f(u) = -, then

1 U1 2
/ Fuglos =+ / / At Gan(,0,8))du A do A d < Jur R, k<3,
fors N N

We will frequently use this type of estimate while performing integration on
the cone C,, .

5. Energy estimates

In this section we derive an estimate of energy corresponding to the unit time
like vector field n orthogonal to the spacelike hypersurfaces 3. In addition to
this basic energy estimate, we also consider three additional quasi-local (to
be defined later) time-like conformal Killing vector fields. As we mentioned
previously, we need these three additional estimates only for this critical
nonlinearity. For sub-critical nonlinearities (the nonlinear exponent may take
value up to 5 — 4, § > 0), the basic estimate of energy corresponding to
n = %(875 —Y') and the integral equation derived in the previous section are
sufficient to yield the desired spacetime L°° estimate of . We start with the
stress-energy tensor 7' that is derivable from the action S associated with
the scalar field ¢

08

2
VT ei(Gas 697

(48) Ty =

where S is as follows

1 » 1
(49) S=3 /M (—g“ VupViup — §¢6> fhg-
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p

Energy production by

X1 = Lx§

Energy production by
X7T =F Estl = E'StQ —fT(TL, l)

Figure 1: The null geometry associated to point p € M and energy
conservation corresponding to the the vector field X. Clearly Energy at
the initial hypersurface S, (Es,, ) + energy production by the strain tensor
Lxg = Es,, + Energy flowing across the null cone. The coordinate chart is
normal at p(= 0).
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An explicit calculation yields

1 . 1 6.
(50) Tuu = VHQDVVSD - QVQSOVQSD,Q#V - 6%069/“/’

Divergence of the stress-energy tensor vanishes by virtue of the equation of
motion "'V, Vo = °

(51) VvTH = (V,VY0)VF — @®VHeo = (V, VY — ) VHe = 0.

Now using this divergence free property of the stress-energy tensor (when-
ever the equation of motion is satisfied), we may derive several conservation
laws. Let us consider a vector field X and evaluate the following entity

(52) Vo (X, T") =V, X, T" + X,V,T" = V,X,T"

which upon integration over the truncated past light cone of p (see Figure 1)
and an application of the Stokes theorem (assuming the domain to be Stokes
regular) yields

63 [ Tl + [ Tmgls, = [ T,

ty to

D, 2"

L’Jz,q (VMXV + VVX#) T’MV,U,Q

N —

using symmetry of T+”. Here C, tats Si,, and S;,, and denote the mantle
of the truncated causal past D, ’tz’tl, the intersection of the causal past
with the constant ¢ hypersurfaces ¥; and X,, respectively. See Figure 1
for clarification. Notice an important fact that if X is a Killing vector field,
then the strain tensor XWW = (Lx§)uw = VuX, + V, X, vanishes and in
those particular circumstances, we have a true conservation law.

5.1. Elementary energy estimate using the vector field
‘n = %(Bt — Y)’

The equation (53) holds for any general vector field X (lying in a suitable
function space). However, in order to construct positive (negative) definite
energies, we will only focus on future (past) directed time-like vector fields.
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We first consider the unit future directed time-like vector field n orthogonal
to the constant t hypersurfaces. The energy density associated with n reads

(54) E:=T(n,n)

which may be explicitly evaluated to yield

1 . o -
(55) &= N ((0ep)? = 2Y'V001p + Y'YIV,10V jio + N?g7 V0V )
1 6
+6g0
1 1 1
= \Lool2a = 2, 1 6
_ 1 2 1 2 1 6

where we denote the velocity variable L, associated to ¢ as m (note that
in case of gravity, this role is played by the second fundamental form in the
Lagrangian language) and ¢! := ¢¥9; ® 9;. Clearly g;; = g;; but §¥ =
g — YN? (note the expression of metric (4) in Section 2). Note that one
may decompose the equation of motion VAV ¢ = ¢° into two first order
(in time) equations in terms of ¢ and m (the so called 3 + 1 decomposition

of the field equations). This may be obtained directly from the action

1 o 1
(56) S = B} /M <—9” Vu<PVu90 - §¢6> Ky

1 1 . 1

Nm?> N . N
= / / <m8tgo —mLyp — 5~ ngvicpvjcp — Ego(a) ,ugdedt.
ICR t

Variation of S with respect to m and ¢ yields the following coupled first
order (in time) equations

(57) Op = Nm+ Ly

(58) om = V'NV,;p + Ng¥V;V o+ Lym — N¢° + mtryk,

where k is the second fundamental form of the constant ¢ hypersurface ¥;.
We derived this set of equations because we want to study the gravitational
dynamics coupled to critically nonlinear wave fields in the future. It is very
straightforward to couple (in case of minimal coupling) this system with the
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Einstein equations. Noting g = Npgy, the energy for this system in terms
of (m, ¢) is defined as follows

1 1 1
(59) Es, = /2 <§m2 + §\V<P\3 + 6<P6> Npg.

Clearly we observe that the H'(%;) x L*(%;) norm of (¢,m) is controlled
by the energy. Obviously we have H(X;) < L5(%;) and therefore the ¢f
term is dominated by the second term in the energy expression.

The equation (53) with X = n yields

60 [ Tl e+ [ Toumgls, = [ Toungls,

— [ T g
D;,,Q,tl

ie.,

(61)

to
B, [ 100l = Bs, — [ ([ a3 )
p’ 2h g t1 t

In the previous expression, we have the problematic term
f s, Vun,TH) N pg which may be written as the strain tensor of n con-

tracted with T due to symmetry of the later, that is, fttf fo, (Vun,TH )N pig
=1 iy fS Vyuny + Vyun,)TH) N pg. Since, the strain tensor of n is essen-
tially tied to the background spacetime, we need to somehow show that T#"

is bounded component-wise and point-wise by the energy density. We use
the following well known trick to verify that this is indeed the case

(62)
o= | [ 0D < [ (1Z o+ 0l ) s
0 S 0 9(0¢)
Noting ]M] < % and |M| S m? + V|2, we may write
(63) | <€,

where the involved constants are harmless. Now if we further assume that
the strain tensor V,n,+V,n, associated to n is bounded, then we may write
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the equation (61) as an integral equation for £. Noting V,n, +V,n, = L,g,
an explicit calculation for the strain tensor of n yields

(Lng)oo = 2Vong = 2Y*V N — 2k; Y'Y
(64) (Lng)()z = (Lng)ZO =Von; + Ving = V;N — 2k1]Y]
(Lnd)ij = Ving + Vyn; = g(Vin, 0;) + §(Vyn, 0;) = —2k;.

In the globally hyperbolic background spacetime, we may further assume
the following regularity estimate

(65) maX(HYHLOC(D;)v HVNHLOO(D;)a HkHLOO(D;)) <C,

where L>°(D,;) denotes the spacetime point-wise norm. Therefore, (61) may
be written as follows

to
(66) Es,, —/ T(n,Dpgle-n < Es, +C/ Eg,dt
Cp—,tQ,tl P 1

t1

where 0 < C < oo depends on spacetime L* norm of N,N~t g,¢7 ', k,
and Y. Note an extremely important fact that these assumed bounds on the
spacetime entities certainly do not hold true in the gravitational problem
(or when this scalar field is coupled to gravity). Instead one needs to control
these terms simultaneously making the problem tremendously difficult. In a
few special cases, one may control all the associated norms simultaneously
by assuming a certain smallness condition on the data. Here we do not have
to worry about such things.

Now we need to evaluate the term — fC a0 T'(M, l),ug\C t2.0, and show
that this has a definite sign. Physically, it is not hard to see that this term
is essentially the measure of energy flux flowing out through the null bound-
ary. Now, for a physically reasonable matter source (i.e., one with positive
definite energy), this flux term will always be positive since following causal-
ity the energy flux can not flow into the cone through the boundary (see
Figure 1 for a physical description). However we will show explicitly that
this term is indeed positive definite. Since the energy and energy flux inte-
grals are diffeomorphism invariant, we may evaluate these in the null basis
introduced in Section 2 (6)—(8)
g(lal) =0, g(lJ) =0, n=-l+ g()\laAj) = 5ij7

(67) g(is 1) = g(Ni, 1) = 0.
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Explicit calculations yield

T(n,1) = T(-~1+ L1) = T(L,1) - T(,),
(65) T(1T) = §(,00)0(1,09) — 19(09,0¢) — 156",
T(1,1) = §(0,09)3(1. 0).

(69) T(1,1) = 9(1,09)3(l, ).

Now we split J¢ := (§""0,¢)0,, € sections{T'M} as follows

2
(70) dp = 25(p, Nl +29(d, 1) Z (9, Ai

utilizing which we obtain

2
(71) (0, 09) = 49(00, )39, 1) + > [§(p, M) .

=1

which yields the following expression for T(1,1)

_ 1 1
2 T =_- _ =
(72) (1,1) = =719\ 09) | = 15"
Therefore, T'(n, 1) has the following expression
(73) ~T(n,1) = |9(1,9)[* + Z\g 0, \i —so > 0.

This is a positive semi-definite entity and precisely expresses the flux go-
ing transversal to the lightcone, but, not along the light cone since, terms
involving §(dyp, 1) cancels out in the process. Using this inequality, we may
conclude that the diffeomorphism invariant entity fO;,tz,tl T(n, D pg) oy ten
satisfies

(74) _/;v—,tg,tl T(n, l)ug|cp—,t2,tl 2 0.

Therefore the energy inequality (66) becomes

ta
(75) Egt2 < Estl +C Eg.dt

t1
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which upon using Grénwall’s inequality yields

(76) Es, < Eg, eClt=t),

t

Now if one goes back to the energy inequality (66) and substitutes the energy
bound (76), the following is obtained

to
(77)  Es, —/ T(1, n)tgl - ons < Bs,, + CEs, / Ot gy
Cp—th-,fq P 1 1

that is,

@) = [ Tl < B, B

We may set t2 = 0 (and thus ¢; < 0) and write the previous inequality as
(79) - /C o POl oy < B, e — B,

Now we observe from (76) that energy E can not blow up at the vertex i.e.,
at t = 0. Therefore 0 < Eg, = Ey < oco. Taking t; — 0 (i.e., if we make the
height of the light cone sufficiently small), we conclude

(80) tlllglo - ” T, n)pglen =0

or more explicitly

t1—0

2
. . 1 . 1
s gim [ (\gu,am%ﬁj\gww,mmﬁw) ol = 0.
P =1

Denoting positive continuous functions that vanish as one approaches t; = 0
by zo(t1), we observe

(82) /C OPugleg = zo(ta), /C 300, Mgl gy = 2o(t)

p p

(83) /C - Pglos = zolt)

p
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This essentially demonstrates the fact that the flux integral may be made
arbitrarily small by reducing the height of the lightcone. We will make use
of this important result in the next energy estimates. This however does not
imply that the same estimate holds if we consider a light cone emanating
from any point lying within causal past of Cf,l and extending up to the
hypersurface Sy, . In order to obtain estimates on any interior cone (which we
will require will be clarified in later sections), we will need to use the energies
associated with the three additional approximate conformal Killing vector
fields. Before moving to the next set of energy estimates, let us introduce
some concepts which will prove to be useful.

5.2. Concept of geodesic normal charts and parallel propagated
frames

An important result of Riemannian geometry is that on any Riemannian or
pseudo-Riemannian manifold, one can construct a geodesic normal coordi-
nate chart on a neighbourhood of an arbitrary point p (the exponential map
from the tangent space T, M to the manifold M is a diffeomorphism in the
normal neighbourhood). The size of the geodesic normal neighbourhood (i.e.,
the injectivity radius) depends on the magnitude of the Riemann tensor in a
suitable sense. There are concrete results about the relationship between the
size of the Riemann curvature tensor (in a suitable function space of course)
and the injectivity radius. The norm of the spacetime Riemann tensor may
be defined in terms of the norm of the electric and magnetic components
associated with the Weyl tensor (trace-free part of the Riemann tensor) and
the norm of the Ricci tensor (trace part of the Riemann tensor). For ex-
ample, one may simply construct a gauge invariant point-wise norm of the
Riemann tensor simply by contracting with a spacetime Riemannian metric.
Let T be a future directed unit timelike vector field orthogonal to a family
of spacelike hypersurfaces foliating the spacetime M. We may construct a
Riemannian metric as follows

(84) (:=§+2T®T.

The Let C,; € M be a null cone with vertex at p. The point-wise norm of the
Riemann curvature while restricted to C);” may be defined as || Riem|| o )
1= SUp,cc V RyvapRenayCHOCYHCAP7. We will not present details about
the relationship between the Riemann curvature and injectivity radius but
instead refer to the Theorem 1.1 of [19].
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Theorem ([19]). Let (M, g) be a time orientable Lorentzian 3+ 1’ differen-
tiable manifold. Consider an observer (p,T) where p € M and T is a future
directed time-like unit vector belonging to T,M . Assume that the exponential
map exp,, is defined in a Riemannian ball Br(0,7) C T,M and the Riemann
curvature satisfies

o 1
(85) Sup |Riem(g)|T, < 3

where supremum is taken over every §-geodesic 7y initiating from a vector
lying in Br(0,7) C T,M, then there exists a uniform constant C' such that
the following is satisfied by the injectivity radius

r - rd

(86)

Here Br(p,r) = exp,(Br(0,7)).

This important theorem allows one to bound the injectivity radius in
terms of the Riemann curvature and the volume of the Riemannian ball
Br(0,7) C T, M. Let’s set r = 1. In a globally hyperbolic background space-
time, we assume that the Riemann curvature bound is 1 i.e., sup,, | Riem(g)|r,
<1 and Voly(Br(p,C)) is uniformly bounded from below. Therefore the in-
jectivity radius satisfies inj; 2 1, where the constant involved is uniform.
Note that we may always make the magnitude of Riem to be of the order
1 by re-scaling as long as it has a definite lower (and upper) bound. In the
local coordinates with x(p) = 0, the following relations hold only at p (recall
that we are in a geodesic normal coordinate system which has p as its origin)

(87) Guvlp = Guv(0) = Ny, Fgglp = FZ;;(O) =0.

This is the so-called equivalence principle of general relativity i.e., at each
point of the curved spacetime (so that gravity is present) one may construct
an inertial frame (Minkowski metric). As used previously in section 3, the
following remarkable property holds throughout the normal neighbourhood
of point p i.e., not just at p

(88) G (@)2” = G (0)2” = nuya”, Ths(x)z%2" = 0.

The second property is simply a consequence of the fact that the geodesics
through p (z(p) = 0) are straight lines. We do not prove these properties
here. For an elegant proof, reader is referred to the section 3 of [18]. On
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this normal coordinate chart one may introduce the frame fields e, := €49,
and the dual co-frame field 6 := Hde“. One way to construct such a frame
(co-frame) field throughout the normal neighbourhood is to assign it at p
(e.g., €alp = 0p9y) and then parallel propagate by geodesics emanating from
p. Since the parallel propagation preserves the duality < eq, #® >= 52, such
a construction is possible. In the geodesic normal coordinate system, one
may explicitly calculate the connection 1-form wy,, co-frame fields 6 and

the metric g, = 02937}% in terms of the curvature

1
(89) w pu(x) = —/ MY Ry (Az)dA,
0
1
(90) 04 (x) = 62(0) + /0 wi, (Az) (Az"05(0))dA,
(91)
1 1
G (T) = Ty — (znab / / Mo RP C,,a(AlAQx)ei(O)eg(O)dAldAQ) v
0 JO

1 1 1 1
+<nab / / / / MAAINRY pua (A1 Aa)
0 0 0 0

R q,,g()\3)\43:)91;(O)Hg(o)d/\ld/\gd)\gd)\4> P a?.

Once again, the interested readers are referred to [18] for the proof. Noting
|Riem(g)] < 1 throughout the normal neighbourhood, one may observe
that components of the spacetime metric § satisfy several estimates as one
approaches p (z(p) = 0). In our application, the point p will be the vertex of
the cone € under consideration and therefore we obtain the estimates for
the components of the spacetime metric as we approach the vertex of the
cone C,,. If we invoke the ADM form of the metric (4) i.e.,

(92) G =—N2dt @ dt + g;j(dz" + Y'dt)(da? + YIdt),

then as one approaches the vertex of the cone C} (i.e., p), the following
point-wise estimates hold provided that the point-wise curvature is bounded
(|Riem| < 1)

(93)
—N?+g(Y,Y) = —=N? + O(|z|*), |9;;Y?| = O(|z[*), gij = mi5 + O(|z|?).

Here of course 7;; = d;;. These elementary estimates will be extremely im-
portant to us as they will help us avoid a few brute-force calculations.



256 Puskar Mondal

Now we define vector fields with respect to the point p (z(p) = 0) in its
normal neighbourhood. In an arbitrary globally hyperbolic manifold, these
vector fields will only make sense in the coordinate frame adapted to the
neighbourhood of p and therefore we will call these ‘quasi-local’ vector fields.
Let us define three such vector fields

(94) K = §(z,x)0 — 2292”0,

(95) S = a0,
H

(96) R := x—oﬁﬂ.

By the very definition these vector fields are only well defined in the normal
neighbourhood of p (z(p) = 0). Throughout the normal neighbourhood of
p, K and S denote the approximate inversion generator and approximate
scaling vector field, respectively. The vector field R is just a scaled version
of S by 1/x¢. Let us first show that these vector fields are time-like within
the null-cone €. An explicit calculation yields

(97) 9(K,K) = g(g(x, )0 — 2202”0y, §(x, )0 — 2x02"0),)
(98) = [9(x, ) Pgue — 49 (x, 2)z02” Gou + 45 g(x, 7)

(99) = [9(z, 2)*gue <0,
9(5,5) = §(a"0p, z"0,)
= g(z,z) <0 on D;l

since on a globally hyperbolic spacetime g < 0 and §(z,x) < 0 inside of
the light cone, g(z,xz) = 0 on the light cone and §(z,z) > 0 outside the
light cone. The vector field K is time-like everywhere except on the mantle
of the light cone where it is null. The vector field S is time-like within the
lightcone and null on the mantle of the lightcone. Time-like characteristic
of R follows from that of S. We call the vector fields K and S approximate
conformal Killing fields. The reason for such a terminology will soon become
clear. Let us explicitly compute the strain tensors associated with K and
S. We denote the strain tensors of K and S by X7 and “7, respectively.
Explicit calculations yield

(100) VoK = Vo (guua’z’ 5 — 2go,2” ™)

= 801(@“,,1‘“:3”)56\ + g(x, x)Vaé(’)\ — 20002 Voz” — 260,27 Vo
= 200,8" 80 — 29002 (64 + T 0u@*) — 2gova” () + Taat),
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= 2.@041/331/68 - 2.@0041')\ - 2.@01/52561/ - QgOVFy aux'ul)\ - QQOIJF)\ oaul'yx‘uu

where we have used the fact that g, z"z" = n,2*z" throughout the
geodesic normal neighbourhood of p. The trace VK% is calculated as
(101) VoK = =8Go,x” —2g0, I auatz® — 2g0, I opatz”

= —8zp — 2G0, I'* apuat'z”

since I'y  2%2# = 0 throughout the normal coordinate system (88). Therefore

K

the strain tensor * 7w may be evaluated as

(102) Kph — HKY 4+ VVK* = —420§™ — 250ad"°T grata”
~200ag""T" pra®a® — 200ad""T gra’a’ — 2g0a g TH gra®az’
1
= 5(VaK")§" + " goglonas” — 200" T pra’a”
~200ad""T" pra®a® — 200ad"T pra’a’ — 2g0a g TH gra® s’
1 X v
= L (VK 4 ERIY.
Now notice an extremely important fact. If K were to be a true conformal
Killing vector field then ER/ would vanish identically (which is the case
in ordinary flat spacetime). However, using the equations (89)—(91), we will

show that this error term vanishes at third order as one approaches the
vertex of the cone C, . Notice the following relation

1 80 va -
(103) Lo’ = 5570 ygus
which may be further evaluated utilizing

(104)
9at = {0) (5,00 0) — [ e Q)00 0
+0;(x) <w$’cu(a:)(x79{(0) — Al[W?”(A$)(Am70£<O)]dA> } .
Now if we substitute the expression for the connection 1-form (89), then we

obtain the following point-wise estimate for |2 03Guv| as one approaches the
vertex of the cone C

(105) 122059, = O(|z[?)
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and therefore the error term 57?,’;(” satisfies

(106) IERKY| = 16" gosT %2 2” — 2g0a.g"°T* gratz”
—20g0ag"°T" pra®a® — 2g00ag" T gazz” — 2g0ag”’TH graa’|

= O(|z]).
Since the error term ER%’ which is obstructing the exact conformal Killing
character of K vanishes at third order as one approaches the vertex of C,,
we call K an approximate quasi-local conformal Killing field. Notice an
important fact that K itself vanishes at second order as one approaches the
vertex of €, . Therefore it only makes sense to call it approximate conformal
Killing since the error term vanishes at one order higher rate. This property

will be extremely important while we derive the energy estimates. Therefore,
the results derived in this section yield the following lemma.

Lemma 1. Let p € M such that in local coordinates x(p) = 0 and G, be
its geodesic normal neighbourhood and C, be its past light cone. The quasi
local vector field K := §(z,x)0; — 2x0x" 0, adapted to G, is an approximate
conformal Killing vector field in a sense that its strain tensor X satisfies

1 v
(107) K = (T, K0)§" + ERAY,

where |ERY | = O(|z|*) as one approaches the vertex p of the light cone C,, .

Now let us consider the vector field S and compute its strain tensor *.

Explicit calculation yields

(108) VuS¥ =Vya” =6, + T jaz®

the covariant divergence of which reads

(109) VSt =44T"  x%.

The strain tensor reads

(110) Szt (Lgg)* = VHSY + VY S = 26" + g T% 2% + g7 T 2
= S(TaS3 — 517 paa®) + G0

+§”BFgam°‘

1 i v
= 5(VaS™)g" + |ERY’|.
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Now once again utilizing the equations in normal coordinates (89)-(91),
(103)-(104), we obtain

(111) ERE| = O(l=f)

as one approaches the vertex of the light cone €. Therefore we have proved
the following lemma

Lemma 2. Let p € M such that in local coordinates x(p) =0 and let G, be
its geodesic normal neighbourhood and C,; C G, be its past light cone. The
quasi local vector field S := x#0,, adapted to G, is an approximate conformal
Killing vector field in a sense that its strain tensor 5w satisfies

(112) Sk (v S*) g + ERLY,

where |ERY’| = O(|x|?) as one approaches the vertex p of the light cone C,, .

Once again note an important fact that the error term obstructing the
conformal Killing nature of the quasi-local vector field S vanishes quadrat-
ically which is one order higher than the rate at which .S itself vanishes as
one approaches C;;l. Now we have the required machinery to move forward
with deriving the estimates of the energies associated with K and S.

5.3. Energy estimate using the quasi-local vector field
‘K := g(x,x)0 — 2xox¥ 8’

We proceed in the standard way of obtaining the equation of conservation
of energy associated with the vector field K. Instead of using the stress
energy tensor, we go one step back and start with the equation of motion.
The reason for doing so will become clear in the fullness of time. Noting
K(p) = K"0up, we multiply the equation of motion (13) by K(yp) and
simplify the expression

K(@)V'Vup = K(9)¢,
1 .
B v [
(113) \ (K (Opplup — 29Wg(8s0,8<p — g )

1 1
_Q(V#KV + VVK'M) (811‘1081/90 29#1/9(630’ 8%0) - _g,uV(P ) 0.
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Now we make use of the expression for the strain tensor X7# := VAKY +
VYKH (107)

1. . 6
(1) v (K Qe — 5000009.00) ~ 35

1 o L 1,
_Z(vaK g“ ) (aMQO&/‘P - igul/g(a@a 390) - 69#1/‘»06)

1 y 1, . 1,
_Q‘SRA[L( <3u803u@ - 59#1/9(690’ 84,0) - 69#1/906) =0.

Now due to the estimate |[ER*Y| = O(|z|?), we will observe that the term
ERY (9up0up — 23,09(0p, 0) — %waﬁ) is harmless in the forthcoming
analysis. However, we do have the problematic term (Vo K®§") (0,00, —
L0, G(0p, Op) — %f]lwgo(i) because |V, K| = O(|x|) (101). Therefore, we will
add a counter term to the multiplier K () which cancels this problematic
term point-wise. We multiply the equation of motion (13) by K () — 2z¢
instead to yield

6

1, .
(115) VH (K Y (OB — §guug(8<p, Op) — %) - 2930@%90)

1. 6
—VI K (00,0 = 339(0p, ) — £ + 20|04
+2V 20 VHp = —2z0¢".
Notice that the equation (115) is nothing but the following

VA (T K" — 2200V 1) — T VHKY + 220G(0p, 0p) + 2(V y20)VFHeo
= _9 6
= —2Top .

We may further evaluate the term 2V, 209 V#¢ as follows

(116) 2V zopVHe = 2V, (gour” )V = 290, (Opz” + T',02%) Ve
= 290, V"0 + 290, T0 2o VH 0 = V,u(0205) + 290, T} 02 V0

yielding

V(T K" = 2200V ) — T, VP KY 4+ 220G(0¢, 0p)
+V,u(p?6h) + 2900 L]0 2%V = —2z0¢°.
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Integrating the previous expression over the truncated light cone Clj_—: yields

/ [T(K,n) — 2zopm + ¢*nolugls,,
S

t1

- / [T(K,n) — 2zopm + ¢°nolugls,,
s

t2

# [ TUD ~ 2apl(e) + Plaligle e

:/Dh,t1 [VEK"T,, — 2x0G(0¢, 00)| g

—/ . 23:0906%—/ 2900} 0 V.
D, 2,t1 D;,f'zafl

Now noting that fSt (T(K,n)—2zoom)ugls, S t2Eg, throughout the domain
of definition of K, we have the following

(117) lim [T(K,n) — 2zxopm|psls, =0

tz—)O St2 1
and since ng = —N < 0 for a globally hyperbolic spacetime, — |, s, ¢2n0,ug]5t2
= |, s, >N g s,, > 0 and therefore this term is harmless. Also notice an im-

portant fact that 2o = —2° = —t > 0 within the past light cone. Substituting
Kr .= VFKY 4 VYKH (107) in the previous expression with t3 = 0 yields

/ [T(K, n)—2a:0<pm+¢2no],ug]stl+/t [T(K,l)— 2x0g0l(<p)+¢2lo]uglcél
s ci

t1 P

1
+lim [ ¢*Npygls, = [ [5(VFEY + VYK")T,, — 22030, 00)] 11
to—0 St2 2 Df}l 2

—/t 2ﬂfo<ﬂﬁug—/t 2900 L 0V opg
Dy Dy

P

1 1 )
- /Dtl[(Z(WK")gu + SERK) T — 2203(0%, 09) 115 _/tl 22065 15
- / . 2900 a0V oy
D!
1 ) oy A
- /D [(5(=80 + 20001 apa”a”)§" + SERK )T — 2209 (90, 0)] g

— /  2a09° g — / 29001 eV oy
D! Dyt
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A 4z A X 1
- /D [2209(0. 00) + 576" + (200, 1% apua’s” 9" + SERY )T

P

—2x0G(0¢, 0p)| g — /Dt1 2550806,% _ /Dt1 290,10 2"V o114

p

2%0 ~ VoAl 1 v
- /Dq(_T‘pﬁJr(QgO”Fa a2 g" +§5R§L<V)Tuv—290ufuaxaww<ﬁ) 14

where we have used the fact that §"71},, = §" (0up0,p — %f](@go, 09) Guv —
%cpﬁgw) = —g(0p, dp) — %@6. Now notice the following properties. For the
moment, if we go to the spherical coordinate system (t,7,6,¢) with origin
at p, then the quasi-local vector field K may be written as follows

(118) K = §(z,7)0; — 2202”0, = (12 + 12)0, + 2tr0,
1
=5 ((E+ )20 +0,) + (t = 1)*(0: = 0r))

and noting that on C}', t +7 = 0, we obtain

(t —1r)?

(119) Koy =+

(0r — 0,) = 2t(8; — 0,).

Now note that on C} K is null due to the fact that (K, K) = [g(z, )| g
Therefore on Cf;, we have K = —2t?>NI, where the lapse N > 0. This is due
to the fact that [ is past directed in the definition (6). Therefore the integral
equation for the K-energy may be written as follows

/S,g1

—|—tlim <p2N,ug\5t2 —/ T :/ (2zopl () + ©%l0) gl on
2—)0 St2 D;,l 3 P

t1
Cp

[7(K.m) = 2e0em + Fralgls, — [ 2NP13(06.D Py

A~ vV AUl 1 v
+ /D . ((290u1“°‘ o'z’ G + SERY ) T — ZQOVFWJC%V%) [

where we have used that fact that zg = go,z¥ = no,z” = —2° = —t (88).
Now Note that the terms limy, o f5t2 902]\7#@’522 and — fD;l %gpﬁug are pos-
itive definite since ¢ < 0 in the past causal domain of p. Now we will show
that the first integral i.e., fStl [T(K,n)—2z0pm~+¢*nolpugls,, is positive def-
inite modulo some error term which vanishes at a rate higher than quadratic
as one approaches the vertex. Noting ng = — IV, let us evaluate the following
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expression explicitly

1

srtrd 4 2 g
(120) T(K,n)+2tmp — Ng* = < <%f(’8t@|2 + N?§0,00;¢)

(121) +2tDypx 050 + 2Dy — N2 — 2t(Y'0ip) (27 0;p) — 2t<pYi8igp)

N o
+E(t2 + mjac’ac])cpﬁ.
Now we may use the point-wise estimates (93) to reduce this expression into
the following form

(122)

1

1
T(0,n) + 20mp — N = (FUSP + 1B)P) + 2te0n — o*)

+%(t2 +mijata? )’ + I,
where | |, s, Zrgls,| < t*. Here the constants involved depends on point-wise
curvature (which is under control by assumption). S and B denote the
approximate scaling and the boost vector fields, respectively i.e., B* :=
(nMa” —nxH)y. The term with ambiguous sign 2tpd;p — ¢? may further
be evaluted as follows

(123) 2tp0up — p* = 2(S() — 2 0ip)p —
= 2pS(p) — '0;0% — ¢* = 25(p)p — 0;(z'p?) + p* Oz’ —
= 205() + 2¢° — 9;(z"¢?).

One important thing to note here is that this term will complete a square
producing a positive definite term in the expression of T'(K, n)+2tme— N p?
modulo a total derivative term. Now the integral equation becomes

(124) [ 5 (GUS@IF + 1BIP) + 205(0) +26 - aa' )

1

2

N P .
+?(t% +77ijl'lx])906> N pug +/ Zugls,, — /ctl NE[§(06, 1) gl o

. 2t
+lim [ @?Nyyls,, —/t 91 = —/t (2ol(0) + ¢*lo) gl
S, DY o

to —0 o

i 1
+Lt1 ((QQOVFa auxung,ul/ -+ 5873/;( )TH‘V — QQOIJFZaxOCSDvMQO> IU/Q
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Now noting 9;(x%p?) = V;(z'p?) —Fﬁjxjgpg, we may write the integral as fol-
lows fStl ai(g;i902)ﬂg = fStl (Vi(xi<p2) — ngijOQ) fhg = fastl xi<p2/\/;‘ﬂast1 _
fStl Féjmjch,ug = I; + I». Now applying Holder to both these terms, we
obtain

(125) AR / A/t gan(—tr,0,0)d0 A d

si(a )
a5,
1/4 1/2
s ([ e ) (L mPuglen v ([ ougle)

< tzo(t)

1/2
o*\/det gap(—t1, 0, )do A d¢>

since fc;l gl ¢ = zo(t1). Here we have used the inequality (176) (to be
proven in section 5.5) and g4p is defined to be the induced Riemannian
metric on the topological sphere 05;, after extracting the conformal factor
~ t7). Similarly

2/3

1/3
(126) !blﬁ(/s soﬁug> (/S IF[g]ﬁjfvjl?’/ng) St (Es,, )Y,

where we have used the estimates (103)-(105) and the identity F[g]ﬁj =

I‘[g]éj — %kini. Another remaining term which does not satisfy a straight-
forward estimate is the term — [« (2z0l() + ©%lo)1g

1

o This term also
does not have a definite sign. We may however use Holder’s inequality (not-
ing zy = —t) to obtain the following

2
@

(127) | tetomley <8 [ (G + )P nslcy
Cpt C 1

ty
P I3

1
<& ([ ualep Gy [ maleg* + Pl )
clr 1 Jou

< thzo(ty),

(128) /C NP1, DPuglon < Reoln),
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and

2
'

a20) [ Plomley 5 [ Eous
Cpt Cpt 1

2
2 ¥ 2
cn <1 /c‘l t—gﬂg’cg,l S tizo(ty).
ol

Here we have used (82)—(83). Now notice some additional estimates (harm-
less)

/Dt1 (290, auf"uf’?yﬁwTw)N@’c;l N t%ESt17

(130) /D  ERE Tuwniglep S tEs,,,
/Dt1 QQOVFZOzxa(,DvMSDM[]’C;l 5 tilEStl .

Utilizing these estimates, we may reduce equation (124) into the following

form
/.

t1

2
(3405600 + 207 + 18P + -

5 (t + nijffifvj)sﬁ6) Ny

2t
li 2ugls, — Oy < tizo(ty).
+t21g10/st290 1gls., /D;1 3P My S 1zo(t1)

Now noting N? = 1 + O([t1]?) and ¢ + n;jz’2? > ¢, and all the terms are
positive, we have the following estimate

(131) | ¢ 5 zoftr),

t1

In order for the units to be consistent, all the involved constants are assumed
to have suitable units. The results obtained so far yield the following lemma

Lemma 3. Let p € M be such that in local coordinates x(p) = 0 and G be its
geodesic normal neitghbourhood and C]il C G be its past light cone extending
up to the constant time hypersurface t1. Utilizing the quasi-local approximate
conformal Killing vector field K, we obtain the following estimate

(132) | ¢ S w0l

S,

The physical significance of this estimate is that the non-linearity cannot
focus energy. This is a rough indication of why the global existence should
hold. This estimate will be crucial in the later stages of the argument.
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5.4. Energy estimate using the quasi-local vector field ‘S = z#9,’

Using the estimate obtained from the energy associated with the approxi-
mate inversion generator K, we move on to derive an energy estimate as-
sociated with the scaling vector field S := x#0,,. We will once again utilize
the fact that this is only an approximate conformal Killing field. Notice
an important fact that the integral equation for K in the previous section
contained a term X7#T,, which was of O(|z|) and therefore needed can-
cellation. In order to do so we introduced an additional multiplier. Here we
will do the identical operation to take care of the term T, Multiplying
the equation of motion (13) by S(p) + ¢ yields

(133) VE(TwS” + V) = T, VHSY — (Ve, Vo)
6
=

Which upon integrating over the truncated light cone CpT yields

/ T(S,m) + omlugls., — / T(S,m) + omlugls,
S.

ty t2

+ [ s+l = [ 10 T i0p 000+ [ s

Here notice an important fact that since ¢ < 0 in the past light cone,
S = 10, is actually past directed and therefore T'(S,n) < 0. However,
this difference does not matter since the equation of motion (13) is clearly
invariant if one performs ¢ — —t. Since [g (T'(S,n) + em)pgls, < [tIE, we
have using the boundedness of energy

134 li T 5 =0.
(134) t21glo Stz[ (S,n) +om]ugls,, =0

Therefore the integral equation over the full past null cone and interior
becomes

(135) [ s+ emlgls, + [ @060+ ol

t Cy!

_ /D VS Ty + 500, 0ty + /D o

1 N
= [ 5S4 VS T+ 50000+ [



Light cone estimates 267

1

1 N N 1
- /t (Zvasang’uﬁg(a@,&p)) Mg—l-/ §<‘,’7€’§”TM,,%—F/t I
DY DY D

90
1 B pv
= Dtl 1(4 + F Bax ) T#y + g agD, a(p Hg
90

1
— [ 5G(TaS 8 + ERE VT + 30000005 + [ g
D! Dy

+/t 25RS poltg T [ PG
1 Dpl

2 1 ,
= _/ §S06:u§] + / . (ZF/B ﬁax M + SRHV yu#g / 30 Hg
D! D!

1 1 .
—3 /Dn 906“54 + /Dtl (4D3 Ba G + ERS Ty big

that is, the final equation becomes

130) [ TS +emugls, + [ TS0+l

1 1 .
"3 /Dt1 g+ /Dtl (4F5 B g + 5RS )Ty bty

Noting that S is past time-like within the null cone C’;l and n is future
time-like, (S, n) < 0 in the interior of C}*. Therefore rearranging the terms
we obtain

1
1)~ [ T(Smugls, 5 [ Fug= [ TED+ Al
s Dl ch

ty P

1 .
+/ emugls,, _/Dn(fﬁ Bax g + ERS) L b -

1

Now noting that [ is a past directed null vector and 0;—0, is a future directed
null vector on Cf (and only on C}), we may write 0; — 8, = —N1 (of course
the lapse N > 0). Then S = 240, = td; + 19, = L ((t +r)(O, + 0) + (t — 1)
0 — 8,) = Y520, — 8,) = (8 — 8,) = —tNl on Cl since t +r = 0 on
C}*. Noting that ¢ < 0 in the causal past of p, T'(S, Dlgn = —tN|l(p)]? >0
and therefore we have

1
(138) —/ T(S,n)pgls,, +§/t 806ug+/t tN‘l((p)‘ng‘C;1
S D o

t1
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1
= _/c“ el(P)pglon +/S emigls,, _/DH(ZFB BaT G + SR# VTt

1

Now we will show that the right hand side of the previous equation behaves
like |t1|zo(t1) by simply using Holder’s inequality and the result (81)

1/2 1/2
(139) /Ssomuglstlé(/s @2ﬂg\stl> (/ m2ﬂg|st1>

1 1

1/6
S(/ @6%&1) (/ Mg\stl) (/ mug|sfl>
S, S,
S,ltl!(/ @Gﬂg\stl) </ mzﬂg!sh)
S, S,

< ]tl\zo tl

where we have used Lemma 3 in the last step. The next term satisfies

1/2 1/2
o) [ etomlep < ([ emlen ) ([ 160Pusley )
o ch o
1/6 1/3 1/2
< </ 906ﬂg|c;,1> (/ Mg|c;,1> (/ )| ,Ug|c’1>
Cpt Cpt Cpt
1/6 1/2
< |t </ 906%!0;1) (/ @)l Ng‘ctl)
Cpt Cp'

< |t1|Z0 tl
where the last line follows from (81). Using (81)
(141) L, 31060 5 1 lzo(t)
Lastly we have the following straightforward estimate
1 8 [ePNTIZ 18 |4 < 3
(142) | QL7 e+ GERE Ty S I B,

Therefore noting the positivity of the term % /, pit b ttg, we have the following
estimate

(143) - / T(S,m)ugls, < [tulzo(ty).

Sl
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The results of this section yield the following lemma

Lemma 4. Let p € M be such that in local coordinates x(p) = 0 and let
G be its geodesic normal neighbourhood and C}t,1 C G be its past light cone
extending up to the constant time hypersurface t1. Utilizing the quasi-local
approxzimate homothetic Killing vector field S : 2#0,,, we obtain the following
estimate for the positive entity — fStl T(S,n)pg

(144) /fN&mMBHSMth)

This lemma will be crucial in obtaining the last estimate which will finish
the proof of an L* bound of ¢.

5.5. Elementary calculations for vector fields and an important
inequality

Before proceeding with the energy estimate associated with the quasi-local
vector field R := %(%, we need to perform a series of elementary calculations
to represent 0; and x'0; = 9, in terms of [ and [ throughout the causal past of
p in its normal neighbourhood. In a general curved spacetime, we obviously
know that J; is not necessarily orthogonal to the constant ¢ hypersurfaces.
We therefore expand 9; and 9, in the null basis as follows

(145) O = al + bl + cA1 + d)a,
(146) O =dl+bT+c A +d

where [, are the null fields which together with {);}?_; constitute the null-
frame for the tangent space at a point p € M. (a,b,c,d) and (a',b',c ,d)
may be calculated using the known relations involving the available vector
fields assuming ||Riem||p~ <1

(147) a=—-N+0(z|),b =N+ 0O(|z|),c = O(|z]),d = O(|z|)
(148) o' = VI L O(a), b = VI L O(fal), ¢ = O(lal),
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We do not present the lengthy formulas for all the terms but only their
leading order behaviours. The leading order behaviours of (a, b, ¢, d) may be
seen more directly by using the expression for d; (3)

(149) O =Nn+Y =N(—l+0)+Y

and noting that |Y| = O(|z|?) for ||Riem||r~ < 1 (93).

In this section we will establish a few important inequalities. Let us
parametrize the past light cone of a point I € M which is defined by v =0
(note 10) by the spherical null coordinates (based at I) (u,6,¢). Let ¢ be
the scalar field. We first see that the following inequality holds

(150)

2
¥ =
/C U2 #§|C; 5 /; |6USD|2:U‘£]|CI_ + ‘u1|/Sz 802(,&1)9790)\/det(gAB(u179a¢)

1/3
df A de + |u| (/o @Gﬂg‘q> )

I

where \/det Gap(u1,0,¢)df A d¢ is the re-scaled (after extracting the con-
formal factor u?) volume form on the boundary sphere S* = 9C; defined
by u = uy (actually u; is equal to 2¢ on C} ). This inequality follows from
elementary calculus. We note that the following holds

¥
151 (0 = (N o
(151) Ou(Vup) \/5890+2\/1—L
which after squaring becomes
2 1 ¥ ?
152 Bupl? = |—=a, _®
(152) |Ouep] 7 (Vug) = 5
> ?;2 . 8u(u902)
~ 4u? 2u?

Now multiplying both sides with /— det g (u, v, 6, ¢)|CI— duNdONdp =
v/ — det g (u, 0, ¢)du A df A dgp = M§1|C; and integrating, we get

L |
los 4’U,2lug CI_
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O (up? R
< /C OupPhglc +/C %\/— det gy (u, 0, ¢)du A dO A dop.

Now, we have explicitly shown in Section 4.2 that at least on C;, the fol-
lowing relation holds

- 1
(153) /= det(3 (.8, 9)) = 5/det(gan(u. 6,6).
where gap(u,d,¢) is the Riemannian 2-metric on the topological sphere

defined by u = constant, v = 0 (A, B = 6,¢). Therefore, the previous
inequality is equivalent to the following

°
154 N
(154) /CI 4u? Hle,

2 au(u@2)
< - 0wl pgle- + - T\/det(gAB(%@,qﬁ))dUA dé A dg

I I

2
— [ ouclrsle; + [ 0u(E,v/Aet(ganu,6,9)))dun db 1 do
Ccr Ccr U

()02
+/3_ ﬁ\/det(gAB(u,H,qS)))du/\dGAng)

2
_/ g_ugABaugAB\/det(gAB(u, 0,)))du A do A de.
cr

Here we note that the last two terms of the previous line are potentially
dangerous and need attention. Notice that in the case of Minkowski space
gAB OugaB = % and therefore, the last two terms cancel each other. In the
present context however, there will be extra terms generated due to non-
vanishing background curvature. Since we are assuming a point-wise bound
on the curvature, the error term is harmless. Let us explicitly show that the
term ¢4B9,94p is equal to the trace of a certain null second fundamental
form of a u = constant, v = 0 topological sphere S?. From the expression of
the metric on C; (36), we observe that G,g = §(0u, 0p) = 0 = Gup = §(Ou, 0y)
and therefore 0, L Jp and 9, L 0p. Notice the following calculations

(155) Ougap = 0ug(04,08) = §(Vo,04,08) + §(04, Vo, 0B)
= g(vaAa’lu aB) + g(aA, VaBau) = 2I€AB’

where we have used the fact that the connection V is torsion free, [0y, 04] =
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[0u,0B] = 0, and 0, is null on C; . Therefore we obtain
(156) g2 Bo,gap = 2trk.

Via explicit calculations in the geodesic normal coordinate system, we will
estimate 2¢rk. First note that we are in a geodesic normal coordinate system
(20 = t, 2%, 22, 23) where the spacetime metric is expressed in terms of the
lapse function (IV), the shift vector field (Y'), and the Riemannian metric
(¢9) induced on constant t space-like hypersurface (4), (92) and each of these
entities differs from their respective Minkowski space values by additional
curvature terms. Notice that the spherical null coordinate system (u, v, 6, ¢)
is defined as follows (where the associated coordinates take values from their
respective domains of definition)

ut+v 4 v—

u
t= 5 % =5 sin 6 cos ¢, 2% = cosf.

sin @ sin ¢, 2® =

We compute gap (A, B = 0,¢) in terms of g;; = @(aii, %) (1,7 =1,2,3)
explicitly as follows

ox' Oxd ox' OxJ oxt 97

(157) gee = W%gijvgqbqb = 8—(;5%9@'79% = %a—qsgij-

Now in the view of (91) and (92),

1 1
(158) gij = (51‘]‘ - <277ab/ / A%)\QRI) cja()\1/\2%)9&(0)9?(0)d/\1d)\2> :ZJQ.CC)\
0 0

1 1 1 1
+ <nab / / / / MAAIMR pia (M o)
0 0 0 0

R j5(Ashaz)6l (06! (O)d/\ld)\gd)\3d)\4> el

and therefore on C}

'LL2 2

u- .
(159) gey = T + A, gpp = T sin? 6 + B, gep = C,

where A, B, and C satisfy the following point-wise estimate
Al S || Riem|| =’ (t, x) + || Riem|[} < u®(t, ),

(160) |B| S [|Riem||~u®(t, ) + ||Riem|| 2 u°(t, 2),
|C| < ||Riem||p~u'(t, z) + ||Riem||:<uS(t, ).
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Note here that we only need a point-wise bound of certain null components
of the curvature. However, since we are working on a curved background
spacetime and assuming ||R||r~ < 1, replacing certain null components by
full curvature is harmless. Now we can extract the conformal factor u? factor
from the metric g4p and write gap = u?gap. Obviously, §ap is also a metric
and satisfies G282 §ap = 2. Now we can explicitly compute 2trx = ¢4Bd,94p
as follows

9. - 4 N
(161) 2trk = g2 P0,gap = u2§P0, (W Gap) = —+ 7P 0,gaB,

where |G4B0,g4p| is to be estimated. Now notice an extremely important
fact. The geodesics through the origin I are straight lines. In addition, on
C;, 0y is null and therefore the integral curves of 9, are parallel to the null
geodesic generators of C; and therefore are straight lines passing through
the vertex I. On the other hand, in the coordinates {x#}, z#(\) = z#- X (A €
[0,1] is the affine parameter) is a null geodesic on C} . From the expression
(158), we clearly observe that certain null-component of the curvature (not
all of its components) and its square are integrated along the null generators.
Let us denote these integrals by I}m” and Igu”, respectively i.e.,

1 1
nab/ / AR’ o (MA2z)I®105,(0)65(0)d M dhou? (t, z) = I}, u(t, @),
0 0
1 1 1 1 o
77‘”’/ / / / MAMAR® pia (M dg2) PP RY 55(Asha)05(0)6%(0)
0 0 0 0

H d)‘k t QZ TQLullu (ta .%'),

where | = —8; + %81 is a null vector field on C'; . Therefore, G4B0,Gap is
estimated as

~A ~
(162) 1945 0ugan| S || Tyunll o= lu(t @) + [ Tl [ (¢, 2)|

! 2 4
_8i)1null ’ ‘L"ou (tv IE)

:L,’L
@ — o) Tt 2) + 110 — =

Here 0, while expressed in coordinates (¢,z', 2%, 23) reads 9; — %61 The
constants involved in the associated estimates have suitable dimensions to
make everything dimensionally consistent. Notice that we can assume a uni-
form upper bound on ||Z} |lr=, [|0ZL ;llc=, ||1Z2,4llL, and [|0Z2,,||L
only in the case when we are working on a curved background. Such freedom
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will be lost while studying the gravity problem (see [29] for the difficulty
associated with controlling the point-wise behaviour of ¢rx in vacuum Ein-
steinian spacetimes when the curvature has limited regularity). Denoting
HziuzzHL“‘“(ta3«")|+HI%UHHL°°‘U3(t7x)H‘H(at—%Lai)zrlmzzHquz(ta33)+"(8t—
L 0;)Z2 !l L=u*(t,z) by K (and therefore K satisfies |K| < |u(t,z)| in view
of the global hyperbolicity), we notice that

4
(163) ‘2157% - —' S K.
u
Therefore, the inequality of interest (154)
2
P
(164) /CI mﬂdc;

2
< [ 10uePglo; + [0 v/aetlans(u0.9))du ndo ndo

I

2
+/ Z_k\/det(gap(u, 0, ¢))du A db A dp
C u

I

2
= [ 10uePusles + [ 0u(5 V/Aet(ganu,6,9)))dunds n do
cr cr U

§02
+2/ —IC\/— det (3,0 (u, 0, 0))du A df A do,
C

- Uu
I

where we have once again used \/— det(gu (u, 0, ¢)) = %\/det(gAB(u, 0,9))
only on C; . Now applying Holder on the last term of (164) we have

(165) /C %2&\/— det (G (u, 0, ¢))du A df A deb

1/3
< uf (/ <P6M§|C,> :
o

I

Therefore we have the desired inequality after integrating the total derivative
term in (164) and using the fact that v/det gap = u?\/det gap
(166)

2
o _
/c 2haler = /C Ouelugle: + \u1|/82 021, 0, 0)\/det(Gap )6 A do

1/3
+ui (/C ‘P6N§|C;> )
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where the constant involved only depends on the background geometry and
of the order 1 by assumption of global hyperbolicity. Let us now obtain
a second inequality which will be of importance. Now consider that the
intersection of causal past D, of m with the ¢t = ¢; hypersurface be S;,. We
need to finally estimate the following term

(167) \uly/ ©?(u1,0,0)\/det(Gan)(u1, 0, ¢)do A de.
82
If one for now goes back to the spherical coordinates i.e., (u,v,0,¢) —
(t,r,0,¢), then it is obvious that u1 = (t — 7)|pc- = 2t|sc- = 27|50
(since on C,,, v =t +r = 0). Therefore
(168) al [ (1,0, 0)/Aet(Gaz) (ur, 0,616 . do
SZ

~ 1y /S (1, 0,0)V/Aet(Ga5) (11, 6, 9)d6 A do

=11l | ¢ (—t1.0,0)/Act(Gaz) (1,0, 618 A o

Now consider the following calculations over the topological sphere S? (we
denote the volume form on this S? by \/det(gap)(r, 0, ¢), where gap is the
2-metric after extracting the conformal factor 72 via explicit calculations
similar to the one presented previously; notice that these spheres foliate the
space-like topological ball Sy,)

aﬁ (7‘2/ g04(7“, 0, p)\/det(Gag)(r, 0, d)do A d¢>
r -

(169)

=2 /Sz *(r,0,9)\/det(gap)(r, 0,)d0 A do

—}—47“2/ 9036r<p\/det(§143)(7‘,9,¢)d9/\ do
SZ

r2 ~ 3 ~
—l-; /82 <,04gABﬁrgAB \/det(gAB)(T‘, 0,¢)d0 N do.

Now if we integrate this entity over r from 0 to r; the three dimensional
integral becomes an integral over S, and application of Cauchy-Schwartz
yields

(170) 72 [ 40,00V AeGan) 0. 00 1

= 2/ roty/det(Gap)(r,0, d)dr AdO A de

Sl
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+4 / O30 or?\/det(Gap)(r, 0, ¢)dO A do

1

1 - - =
45 [ 6540, 5anr*/Aet(Gan) (.0, 0)dr 1 db . do
SQ

1/2 ) 1/2 1/2
< (/ 906/@!5”) (/ 90_2“@‘5q> + (/ wﬁﬂg\stl)
St1 St1 r Stl
1/2 2/3
(/ (&«cp)%glstl) +r7 (/ wﬁug\stl>
St St

“1

1/2 ) 1/2 1/2
®
806ug|st1> (/ —zﬂg|sf,1> + (/ (3r90)2ugstl)
S, T S.,
1/6
2 (/ wﬁuglsfl)
s,

gap| can be bounded by curvature components and
the radial derivative of the integral of curvature and its square over S?. The
calculations are similar to the one we performed in the null case. Therefore,
we do not repeat the same here. Now analogous calculations as in the pre-
vious case may be performed on the topological ball S;, instead of the cone
C; to yield

1

1

Here once again [§420,

(171)

2
| Gusls, 5 [ oeePugls, +1nl [ 201.0.0) Vaetlaua)an ndo

1/3
+r? </S 806ug|sf,1> :

‘1
Now since 0C; = 0S;, = S?, the topological sphere, we use the inequality
(170) and the previous inequality becomes

1/4 ) 1/2
Cugls / 2 uals
glot, Stl 7“2 glot

(172)

<P2 2
/ S Hgls., 5/ 001 pgls,, + /
Sy, T S, Sy

1 1 1
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1/2 1/6
+(/ (3r¢)2ﬂg\stl> +ri (/ 906/@!5“)
St Stl
1/3
42 (/ wﬁugstl) :
S,

1/2

1

1

which yields by iteration and r; = —t;

802 2
/ il < / O Pugls,, + /
S, T s, s,

1/3 1/3
6 2 6

@ Mglstl> +11 (/ @ ug!sH) ,

1 St
where the involved constant may involve a positive power of |t;| and is
therefore harmless. In addition notice that these implicit constants have
dimensions such that the each inequality here is dimensionally consistent.

Substituting this result back into the inequality (170) yields

1 1

(173) r2 /S ©*(r1,0, )\/det(Gap) (11, 0, $)d6 A d

1/2 1/2 1/6
5(/ so%g|s,,l> ((/ |arso|2ug\sﬁ) +</ sowsﬁ) )
5., 5., s,

1

Therefore we finally obtain the following inequality after substituting (173)
into (166), which will be of tremendously important in the final analysis

1/3
2
©
(174) / —ng!cIS/ 0wl e + ui </ s06ug|q>
cy u Ccr Cr

I I I

1/4 1/4 1/12
+</ soﬁungH) ((/ g@s&ﬁs&)ugla) +</ ¢6M9\5t1> >
Sty Sty Sty
1/3
(175) 5/ 1) gl + i (/ ¢6ug|c;>
cy cy
( /
St

1

1/4 1/4 1/12
so%lstl) <(/5 g(aw,é’w)uglsq) +</S <p6ug\st1> )

since |9,¢]? < gY0;00jp and 8, = —Nl on C;, N = O(1) modulo point-
wise curvature which is bounded by 1. This may be verified by a simple
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calculation. Note that we are in the normal coordinate based at the vertex

of the cone C; and therefore the optical function I' = g, x/z" = —t2 4 72
vanishes i.e., t2 —72 = 0. A calculation yields N = /g(z, z)/r holds only on
the mantle of the cone. Therefore, on the mantle C;, [ = —ﬁ(@t —0,) which

is quite obvious since d; — 0, is null on C;". On the other hand, in coordinate
(u,v,0,¢) we have 0, = 3(8;, — 9,) or &, = —Nl only on Cj . In addition
to the previous inequality, one may repeat the exact same calculations for
1 Joo 0t (r1,0,0)\/det(gan) (11,0, ¢)d0 A d¢ over Sy, as the boundary of
C; since 0C; = 05, = S?, the topological sphere, to yield the following
inequality

(176) r /S o1 (11,0, 0)\/det(§ap)(r1,0, $)dO A do

_ (/CI_ ¢6ug|q>1/2 <</CI_ ‘l(¢)2ﬂg‘01>1/2 N (/CI_ S06%’01>1/6> .

This inequality was actually used in (125).
5.6. Energy estimate using the quasi-local vector field ‘R = %BH’

Proceeding the same way as before that is, multiplying the equation of mo-
tion by R(p) + £ followed by elementary manipulation, we obtain

1 1
177y v <R”TW + fvugo> — VFR T} — — VoV 0 + =0V 000,
i) To .TO
— i(p6.
Zo

Now we evaluate some of the terms explicitly. The strain tensor RwW is
explicitly computed to be

20, ¢ + oy 0,500 Lox® + e o
(178) VNARV—’_VVR},L: G Gopxv 290 «Tu_’_gﬁ po Gupl va '

i) :EO ZTo

Writing VFRYT,,, = %(V“RV + VYR*)T),, and substituting 7}, and Rﬂ'l“,
yields

v 1 v 1 N, 1 N
VIR TMV = §(V,MRV + VVRM) (V”SOV Y — 59(8907690)9# - 69069'u )
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_ 1 2guu gOul'u + QOz/l'u + gyﬁrﬁ ;Laxa + guﬁFgaxa
2 z? ZQ

v 1 AUV 1 AUV
<V“¢V = 59(0p, 0)5" — 69069“ )

1 2 1 1 1
=—— (VmoV“so + —906> — Vo'V + =—§(0p, 0) + —¢°
o 3 xj

2.’E0 6$0
_}_l QV,BFB ,LLa:Ea + guﬁrgal'a ThY
2 o
! Ve VH ! V Voo + L, TH
= —5 -5 - 5 T Vy v )
9220 uPVvV- Y 220 90 0P ® 1

~ B @ ~ B o4
where we have denoted the term <g”[’r vt +9uplvat ) by L,.. Notice that

(179) |Lw| = O(|z|).

The term —V#*R"T),, — %vuww + m—lzapV“tpgou in the equation (177) be-
comes
, 1 1
(180) —VHRT,, — —V oV + — 0V 0g0,u
xo xg
= iV eVHp + i(pﬁ + iV()(,OHJVV o — L, T
21’0 i 2:130 2 v m

1
——V peVH w+ onso

1 1 1 1
= —2—VMQOV‘“QO + —2VQ<,0$VVVQD + —QQDVOgo + —gpﬁ - EWT’“’

0 0
= —2—0Vos0V°so — —stoV @ + Vosovow + VOSOVzQO + Qsovoso
+Lg0 — L, T
21‘0 i
1 1 4 x 1 1
= — VeV — —VipV'p + S5V Vip + —pVop + —¢°
2%0 2%0 o o 2560

— LT,
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Now the term zigcpvoap may be further reduced through the following calcu-
lation

1 ©? 5 1 ©? ©%g0o
181 — Voo =Vo| 2= | = ¢*Vo[ — | = Vo[ =
U81)  gzeVoy 0<2x3> 0 °<2x3) 0(2x3 T

2 2
= ‘%;Vu(%) + z %00'
) )

Therefore the term —V*R"T),;, — = VMQOVNQO-F 2 ©VH#pgo, has the following
final form

, 1 1
(182) ~V*R"T,, — —VpsoV“so + —ng“sogoﬂ
% 1 I 902
= —VOSOV ® — —VMV vt VO‘PVNJ + — O+ VL S5
270 270 212
2
+ 290 _ g, T
o)

Substituting this expression into the equation (177) yields
1
(183) v <R”T,w + ﬁvmo> — VHRYT,, — — V0V
X0 Zo
1 1
+5¢VHogou = —¢°
1’0 i)
2
v % . L 61 0 1 ;
VH RYT, -V — | = —¢’ = —VopV —V,ipV'*
( 1% + o uP + gou 2$(2)> 21.090 2$0 0¥ ®+ 21,0 PV P
z 2
— S VopVip — E20 4 £, T,
Zo Lo

Now we integrate over the domain D}t — Jf — D> (we set ty — 0) as
shown in Figure 2, to obtain

2
‘% 14
T(R,n)+ —m-+ny—s >u~5t
/SHBH(< )+ Emet s ) i,
2
‘2 14
— T(R,n)+ —m+nyg—s >/w5,
/Stz(< )+ Lt ) s,
o2
2
T

—/ <T(R,l>+£l( )+l0 )Mg’cn
Ctl o) q

q
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¥ 902
T(R,1 -1 lo—= &l or
+/Cg< (R, )+m0 (¢) + 02x%>ﬂg|cp

1 1 . 1
= / <—2—V0<PVO<P + 5 VieVie = 5 VopVip + ¢
DT —Jg! Zo Zo Ty 2x9

2

_SOx,%OO + ﬁ'w,T“V> Kg-
0

Now noting R = S/xo and utilizing the results of Lemmas 3 and 4, we have

the following
2

. 2 1%
1 T(R - — 5 =0.
130 Si, ( (Bn) + xom + 7o 2$(2)> Hls.,

The previous energy equation reduces to

Now we will use Lemmas 3 and 4 together with some elementary inequalities
to control certain terms of the integral over C’él. First we concentrate on the
integrals over Sy, — By, and C}'. Notice that T(R,n) = ILOT(S, n) according
to the definition. Therefore using Lemmas 3 and 4 we have

1
s - [ TRl = T(S, n)ugls,, = zoltr),
S., B, t1| Js,, B,

t1

(185)

1/6 1/3
1 § 1 ; / /
|t—] <Pm,ug|st1 ~~ m ¥ Mg‘stl Mg|St1
11 JS,, —By, 1 Sy, — B, Sy, — B,
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1/2
(/ m2uglstl> = zo(t1),
S, B,
(186)

1/3 2/3
L/ N pgls < b / ©®ugls / 14ls
t11% Js,, -8, 2\ Js, op, 0" Su-By

= zo(t1).

Now we focus on the integral over C’;l. Once again noting S|C§,1 =t(0y—0y) =
—tN1, with lapse N > 0 the first term becomes (using o = —t in the normal
neighbourhood)

1
as) [ TSl = [ U@l = zolt).

t
i o

Now for the second and third terms in the Cf; integral, we invoke the fol-
lowing inequality (174).

2

2

5 Mglan 5/
/c"1 2790 cl

1/3
s+l ([ sl )

1/4 1/4 1/12
+ (/ @Gﬂg\&l) ((/ 9(0¢, 8@)#9!&1) + </ w%ls,,l) >
S Sty Sty

1

Utilizing this inequality we have (recalling xg = —t)
1/2 2 1/2
4 2
L Ztomsiey < ([ ol ) (L, Gusley ) = soter
C’:,l o Clt)l C’,t,l t

Since lp = g(1,0¢) = b/2 = O(1), therefore

s02
(188) /C;1 lo%”d(};l = zo(t1)

by using inequality (174). On C}' however, R is not null (it is in fact
timelike). We will express R explicitly in terms of (I,1, A1, A2). Note that
[ is past directed and therefore g > 0. Now we will show that Z, =
fC;1 (£l(p) + lOng)M§|C;1 = Ty + zo(t1), where Z, > 0. From (145)—(146),
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we obtain

1

(189) | = m(

b0 — b0, + (¢b—cb)A + (db—db)As).

Now focus on the integral fCél =) tglcer which may be written as follows

' 1 L 9
190 / 1) g n:—/ —1 il o
(190) o 0 (uglen =3 s T (") gler

1 ©? 1 9, 1
= — [(— Gl~ti — = I(— glott
2/031 (3;0)“9|Cq Q/C;y (xo)“9|0q

Now [ is parallel to the null cone Cgl and therefore one can integrate the
first term by parts to obtain a boundary term and an additional term (trace
of certain null second fundamental form of the topological spheres foliating
Cy'). Notice that the volume form s o is equiavlent to (¢ — ty)*pise, where
psz is the volume form of the standard unit sphere and ¢, is the time coordi-

nate of ¢. For the second term, we use the decomposition (189) and 2y = —t
to yield
1 b p?
191 U glen = | 5~ tglen
(191) L #tomlen = [ apagpile:

since Oyt = m?j@it =0 = Ai(t) = Aa(t). Therefore, Z, satisfies (Ip = (I, 0;) =
L= ¥+ o)

2 ¢ 2
@ b b @
192 To~ | Tpgle e ) ol
(192) a /S% m0:“«g|8t1 +/Cf,1 <2 (ab/ —a'b)) 2t2:ug’Cq
b @2
@ iy

Now in the view of (147)~(148), ¥
fact that [ is past directed) which yields

< 0 (this is also obvious from the

’ ’ ’

b b b b

m:g(laat) T iy ——7 > 0.

193 lo — - = -
(193) 0 (ab —a’d) 2 (ab' —a'd)

Now when t, — 0 then the cone C}' approaches C}' and therefore one would
expect that Z, should satisfy an estimate of type zo(¢1). This is indeed the
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case. Notice in view of the estimates (147)—(148), & — ﬁ =%+ O(t)

m = —ﬁ + O(t) and therefore in the limit ¢, — 0 the dangerous
leading order terms cancel each other. More explicitly the last two terms
combine to yield (using Holder for the O(t) terms)

b b ©? b 2
194 e N 5| 1
(194) /C (2 (ab/ —a’b)> 2t2“9|0q +/C;1 (ab’ —a'b) t(t—tq)'ug|cq

tq<p2
=— [ sl + R,
/031 Nt2(t —t,) ale;

and

where R < |t1] ( J. on e Mg’c;1)1/3. From this expression, it is obvious that
tq = 0 cancels the first potentially dangerous term leaving only the harmless
term R. Now consider the second case when ¢, > 0. The following holds for
the leading order term

t—t
< sup <\t\—\tq\|/ sozug\w)‘ d
telti ty) 5 1]

< swp (\rtr—\tqu / mrsz).
t€(t1,tq) S2

Now writing /,Lg’g‘?t ‘:\/—det(§(|t1],9,¢))d9/\d¢, in view of the inequality (173)

and Lemma 3, fom £pglsz = zo(t1) and supepy, 1) ([t = [tq] Js2 ¥ pgls2) =
zo(t1). Here we have used the Lemma 3 as follows: fSt Opgls,, = zo(ty)

’_/ ﬁlﬂ )
o Nt2(t —tg)"7'C

implies [o ©%u4ls,, = zo(tz) for |ta| < |t1] (recall zo(t) denotes positive
to

continuous functions that vanish as ¢ — 0). In addition, since for a mea-

surable function f, [5|f| < [,|f] for a measurable B C A, inequality

) 1/4
(173) yields supiey, ) (11] = ltgll Joo Prglsr) S (f, ¢Omgls,) " EV* <

1/4
(fst @6,ug]5t> EV4 = 20(t) for |ty < |t| < |t1] and B, C S; (see Fig-

ure 2). Therefore Z, satisfies the estimate

2
z= [ (L0145 igley S soft) + 200, 0< It <1t < I
ot \ Lo 21’0 4

Now we choose [t;| > 0 by making Z, less than an arbitrarily small 6 > 0
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i.e., Z,(t1) < 6. Utilizing the previous estimates, we may write the following

1

1 . Zt
T(R, g ——— VopeV% + —V,0Vip — V0V,
/c;1 (R, Dpgler +/D;1_J;1< oag V0PV Pt 5 VgVl 2 VoeVie

1 6 9900
— _ L THY N
2x0 4 1‘8 e Hg

< 0.
Now we note an important fact that the extra term involving the bulk inte-

gral on the left hand side of the previous equation is positive definite modulo
lower order harmless terms, that is

1 1 , xt
/ <——V0¢V°so + Q—Vz’@vz@ — —5VopVip
D;l_J;I xo xo

2.21?0
I 2802900
—p — ; >0,
+ 220 14 3:8 Hg

where note that gog, g°° < 0. This simply follows from a straightforward

calculation and using 29 = —z° = —t > 0 within D} — J& lying in the
causal past of p. Additionally note that |[ pu_gn LW Twpg S [t1]2. Note
an important fact that since R and [ are past directed time-like and null
vectors, T'(R, 1) > 0. Therefore we have

(195) [ T® Dl 56
ch ¢

T(R,1) contains terms involving |I(¢)|?, % and additional positive terms. In
order to obtain the additional estimates which will finish the proof, we first
need to estimate [, l1(»)|? and Jon ¢%. Even though Jor T(R,1) is posi-
tive definite, the individual terms which we want to estimate may contain
negative (or small) coefficients. Therefore, we need to proceed case by case.
Firstly, we explicitly evaluate T'(R,[) on Cél using the expansions of J; and
0, introduced in the previous Section 145. Noting that

(196) (@, 1) = §(a"dy, 1) = §(t0; + 2'0;,1)

= (t(al + b+ M+ dXe) + 1/ Sijaiad (@l + b T+ ¢ M+ d'>\2),l>

1, 7
= E(b 5@'1’11'9 + bt),
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we have

T(R1)| = 4(1.00)2" V. — 2000, 09)g(a.1) — e, Do
o o 6

Explicit computation term by term yields
(197) p)z" 8,0 = U(p)(tdyp + ' Dip)
— () (t(all) + 8p) + (i) + Do) + By 20 1)
i)+ M)+ d'w»)
= (at + ' [or ) U) + (b + 8 1 [oia9 () ()
et ¢ ot ()M (0) + (A + d \ [l (e),

and

(198) 9(0p,0¢) = 44(9¢, 1)§(0p,1) + [§(dp, \i)|?
= 41(9)I() + [3(0, o) >

Therefore T'(R, 1) becomes

(199) T(R,1)

-2 ((at T d\Jagaan) i) + (bt + b sz I(9)ie)
+(ct + ¢/ 6;jxiad)
) Aa(g) + (dt +d \/@jxixj)l(sam«o))

bt+b 5Zl'$
V) ()i + a0 A1)
bt + b/ 6ijl‘il‘j (p6
2.%'0 6
at + a'\/0;xiad) bt + b /6t
= @OV e BADNITE 13 )+ ) )

Zo
bt + b 6ijl‘il‘j (p6
2.%'0 6




Light cone estimates 287

N (ct + ¢ \/Sijzixd )l ()M () N (dt +d \/Si5272) () A2
o

Zo
The estimate (195) may now be written explicitly as follows

(200)

(at + a'\/6;ijxtad) bt—i—b\/ézxa:
LH< T ) - T @)+ ale)P)

Zo

bt + b /6ijxixd ©F N (ct + ¢ /6l (p) A1 ()

21‘0 6 i)

(dt +d V0i 2tz ) (@) Aa(p)
+ x(] /"Lg|Ctl ~ (5

Now if we use the estimates (147)—(148), then we see that

/ (<Ct+a VEFDNM() | (di+d r&jw@'ﬂ)lWM> bl
ou o e

o
< tf?
< 6%,

where the involved constants depend on the initial energy. Therefore the
estimate (200) reduces to

(=Nt + +/gijxtz?) Nt + \/gzx:rﬂ
LH( VI ) - LI (0 o) + el

Nt + \/gijxtaz cp
e — v S0
2.2?0 6 /‘g|C ~

ie.,

(LHON*&ﬁfﬁwa + YIE ) 3 (@) + Pal))

t

\/gw:ﬁ JUJ

6 ) :U’g’Ctl ~ 5

Now in the past light cone of p, we always have t? > r? (when expressed in
geodesic normal coordinate variables and using g, " = 1, 2" in the normal
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neighbourhood). Expressed in terms of the full metric g, it becomes

201 N2+ Y1) + gisala? + 2g;; Y27t <0,
j j
that is
(202) N2 — gya'a? > [V*2 4 2g;; V20t

Now consider the first case N?t? — g;;a'a7 < 0. Then |V |*t? + 2g;; Yzt < 0,
and for [t| < |t1], choosing sufficiently small [¢1] and since Y1242 < |t|6 and
i Y7t < [t

o i)
(203) % = N+ 062
Following this fact, the last two terms of the integral are of size 6 i.e.,

V gijriad o
- /cfl <N + Jt—> <’)\1(80)’2 + A2 ()* + —>M§’c;1 < 42

6

and therefore

\ gijatad
(204) L (3 = Y Y i) Pagleye 50

t

since N — 7Vgiw > 0 always due to t < 0. Moreover following (93) and
t<0,0< N — —Vglm = O(1) and therefore fa? ()P 1g o S 0. Now if
INt| > \/gija’z?, then both the terms N — 7”91m and N + 7”gjtw are

positive. Now noting ¢t < 0, we have two different cases

(205) A VI g s Ve

ld i

> B

In the case A, we have the following

gija'z
(06) NV~ 0() => /C U Pugles S 6

q

and

ot
(207) N+ g’+ >y =0(1) => /C Prglon S0,

q
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where c1,c3 > 0. Now in the case B we only have

gijr'wd
208)  N-YEE s coom) => [ )Pl S8

We will use this important property in the final analysis. Results obtained
so far yields the following lemma

Lemma 5. Let p € M be such that in local coordinates x(p) = 0 and let
G be its geodesic normal neighbourhood and C;l C G be its past light cone
extending up to the constant time hypersurface t1 and § > 0 be sufficiently
small. Further assume that |t1] is sufficiently small. If q is an interior point
of the causal past D;l of p and Cgl its past light cone extending up to Sy, ,
then the following estimates hold for the two corresponding diffeomorphism
mvariant entities

(209) LBl 56 [ Sugleg 56

or

< 0.

t1
C'q ~

(210) IRCLT

‘ 2

Now notice an important fact. The entities fc;l L(@) |15l and fcgl g o
are diffeomorphism invariant. As long as the point ¢ lies within D]’;l (up to
the t; = constant hypersurface i.e., ¥, of course), these two diffeomorphism
invariant integrals will remain small enough given that |¢1] is chosen suffi-
ciently small. One may now make a coordinate transformation by taking ¢
to be the centre of the normal coordinate system (see Figure 2). However,
due to the diffeomorphism invariance property of these two integrals, they
remain small enough. This lemma together with the foregoing representation
formula (integral equation to be precise) will yield the desired L estimate.
Invoking the integral equation (44) from Theorem 1 we have at ¢ (= x in

local coordinates)

1

(211) o) = o

/ Uz, y)e°(y)pr(y) + QL/ O,U (2, 1)e(y)pr (y)
c; T Jcg
1

bor [ QU@ < T0(00), Ty00) > +U (. 0)OW)e(w) doyy).
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| Normal based at P

Dif feomorphismD  _ 0y g

Figure 2: In the top figure, we integrate over the domain Df} — Jél. The grey
shaded portion of Sy, is denoted by By, . If |p| attains its supremum within
the causal past Df,l at ¢, then we move to a coordinate system which is
normal based at ¢ and utilize the estimates on the diffeomorphism invariant
integrals. For convenience, we still denote the intersection of the solid null
cone of p and the initial hypersurface by S, .
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Now let us denote sup ¢ puyg, y-pi2 lp(z)| by M(t2) (Jt2| < [t1]). Assume
|| attains its maximum at ¢ € (Dy} USy,)—Djy? and ¢ — p as ta — 0. Noting
lim, ., U(z,r") = 1 and sup, U(x,2") < 1, we may split the integral over
C, into two parts: one on C};l (i.e., the portion of the cone C, that lies
above the hypersurface ¢t = t;) and the other one C — C’él and write the

following by taking supremum

1 1

JWMSQM@V°w@wwwm+—/\@Wawﬁﬂwwl
ch u a 2 on [u q

+02 (tl)a

where the constant Cy(#1) depends on the initial energy. We choose the hy-
persurface Xy, (S, = Xy, N D}) earlier in such a way that the Lemma 5
holds. Now unlike in flat spacetime, we have an additional term involv-
ing the covariant spacetime Laplacian acting on the bi-scalar U. We will
have to show that this Huygens violating second term involving |ﬂyU (z,y)]
contributes to a constant depending on the spacetime curvature and the
initial data. Indeed we will perform an explicit computation to show that
|0,U (x,y)| < 1 assuming |Riem(g)| < 1. Here we have executed the com-
putation in geodesic normal coordinates based at = 0 (i.e., at ¢). Then,
U(0,z) = U(x) is given as follows

st w0
(212) Uz) = @7~ @)

the Laplacian of which is computed as

. 1y*(0) Y
(213) VIV U (2) = = ——"0a(p1g()§"" Opp; '~ ()
g ()
1/2 1/2
20 (0
- —%T;)gaﬁgwaaaﬁgw - %li/g)gaﬂgwg“baagabaﬁgw
4/{@ () 16:“@ (z)
1/2 1/2
12 20
__lﬂ%j;_z_aagaﬁguvaﬂguy__ fﬂ%_j_z_gaﬁaaguvaﬁguy'
4% () 4% ()
’ug ’ug

Now the most dangerous point is the vertex of the cone C;l i.e., x =0 and
we want to show that at the vertex, this entity in fact remains bounded by
an O(1) term under the assumption of global hyperbolicity. Since the centre
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of the normal coordinate system is inertial, the first derivative of the metric
vanishes there. But the second derivative does not vanish in general since
it encodes the curvature information. Dropping the first derivative of the
metric yields

1, BN ~
(214) VOV (2)|z=0 = —Zg“ 3P 0005G-

Now at the center of the geodesic normal coordinate system, the following
must hold

(215) 8cadgab = 8aab§cda
(216) 8caclgab + adabgac + 8b80gad = 07

which yields
(217) Ruvap = 000098 — 0800 9ua-

Notice here that the anti-symmetry of R, g is not apparent in this ex-
pression. However, this antisymmetry holds as a consequence of 0.04G.p =
0qObGeq at the origin of the normal coordinates. We further obtain

R 1
(218) 8,331/9“(1 = _g(Ruuaﬁ + Ral/uﬁ)7
that is
~pe A By N 2 A
(219) g g aﬂaug;wc - —gR(g)

only at the center of the normal coordinate system. The expression of the
action of the co-variant Laplacian on the bi-scalar U(xz) becomes

1.
(220) VVLU (0, x)|z=0 = ER(g).
Now we are considering the metric to be a background field (i.e., no coupling
with the scalar field). This leads to the fact that the scalar curvature |R(g)| =
O(1). Since the origin is the only possible blow up point for V#V,U(0, z),
we may safely conclude that the following holds

(221) sup |VV,U(0,z)| < 1.
z€Dg
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Now applying Cauchy-Schwartz on the first term to the left, we obtain

M(t2)

1/2 2 1/2
< ClM(b)(/t *ug c;1> (/ —2/~¢g|c;1>
ch cia u

@2 1/2
C, " Csl(t
+Cy (/Ct1 ugﬂghj ) + C3(t1)
1/2 1/3
<) ([ sl ) ( L Pl 4 ([ ousles

1/4 1/4
+(/ wﬁug!st1> ((/ (aw,awuglstl>
St1 Sﬁl
1/12
+</ QOMg’S,l )
S,

1

1/3
o Pniless + ([ il ) +< Sugls,

1/4 1/12
<</S g(%ﬁs@)uglsﬁl) +</S Wﬁg\stl )

+ 3(t1

+C, /
cit

q

Now note that (fsf <P6,ug|st1> = zo(t1) from Lemma 3. In addition, we

also make the trivial observation ( i) B g Btl) < ( | s, OO pug] 5t1>. There-
1/3

fore, since |u1| is sufficiently small, we may make u3 ( S Ougl Cél) and

1/4
(fst cpﬁ,ug\stl> small (notice that [, 906Mg|c;1 is bounded by energy),
that is

1/3
(222) ui (/ wﬁﬂg\oy) < 0% </
Cqt Sy

Note that we still denote the initial hypersurface to be a Sy, even though we

are working in the normal coordinate system based at ¢ now. This is done

because the integral |, S ¢6ug|gt1 is diffeomorphism invariant. All of these es-
t1

/
906Mg|stl> S o.

1
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timates work due to the fact that the involved integrals which we want to be
sufficiently small are diffeomorphism invariant. In addition, from Lemma 5,
we also have that the diffeomorphism invariant integral fcél 1) P 1
satisfies

t1
Cy

(223) L Pl < 8

and therefore, we obtain the following

(224) M(ta) < C1M(t2)d + Ca(ty)

implying

(225) M(ty) < Co(ty) < oo e, sup lo(z)] < Ca(tr)

x€(Dy'US;, )—Dj?

for sufficiently small § and where the constant C' depends on the energy
and the background geometry. Once we bound sup, ¢t o0 )—C2 lp(z)[(<
SUD,¢(piaus,, )~ D2 |o(2)|) in terms of energy, |p(p)| is automatically bounded
in terms of energy through the light cone formula for ¢(p). Since the energy
does not blow up in finite time, this spacetime L* norm does not blow up in
finite time either. One important point to note here is that ¢ is a spacetime
scalar and therefore the definition of the point-wise norm is unambiguous.
For tensorial entities (e.g., in case of gravity or Yang-Mills theory), one needs
to construct a gauge invariant point-wise norm. We finally obtain the crucial
theorem we desire

Theorem 2. Let M be a globally hyperbolic spacetime equipped with the
Lorentzian metric § (4) such that the point-wise norm of the Riemann cur-
vature associated with § and its derivative are uniformly bounded from above.
Then a classical solution of the semi-linear wave equation VHV ,p = ap’,
a > 0 (1) remains bounded point-wise on a globally hyperbolic background
spacetime 1.e.,

(226) sup [p(z)| < C,
T€A,

where C depends on the H' x L? norm of the initial data (©(0), m(0)) and
A, C M is the causal past of any point p € M including p and extending
up to the initial Cauchy hypersurface. Here m = %(&/ — Y0, is the mo-
mentum conjugate to @ and N and Y are the usual lapse function and shift
vector field of g, respectively.
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6. Sketch of the proof of global existence

In this section, we give a rough sketch (for the sake of completeness) of the
proof of global existence. We only provide a rough sketch since once the
spacetime L°° bound is obtained, the proof of global existence is a routine
procedure. We will assume ¢ € S(M) i.e., in the Schwartz class and ap-
peal to an approximation argument (to get rid of the boundary terms while
performing integration by parts over the entire space slice; such an argu-
ment of approximation is standard). We will use the boundedness of the
energy in conjunction with an a priori bound on the spacetime point-wise
norm of . First we sketch a proof of local existence of a a solution of the
semilinear wave equation (1) in C([0,t*]; H? x H') where t* depends on the
H? x H! norm of (¢, m). Roughly speaking, we will construct a sequence of
approximate solutions {¢y,m;}7°, and show using energy arguments that
this sequence converges to a limit in C([0,#*]; H?> x H'), which solves the
evolution equations. The obvious problem is that the bounded closed balls
are not compact in infinite dimensions in general and therefore we need to
explicitly work out the convergence. Once we obtain a local existence in H?
norm (of ¢), we need to show that this norm can not blow up in finite time
in order for the global existence result to hold. In this stage, we will make
use of the spacetime point-wise bound of the wavefield . We will follow
the method developed by [23] for proving the local existence theorem for
a class of elliptic hyperbolic systems. We will not provide every detail but
rather simply sketch the existence of a solution. The remaining procedure
to establish continuity, uniqueness, and Cauchy stability is standard. Let us
consider the equation of motion (13) in the following form

(227) Op— Ly —Nm=0
(228) oym — VINVp — NgijViVjcp — Lym — mtryk = Nd.

Now write these as the following differential equations
(229) EN’Y,gV = Flp,m],

where the differential operator £, the unknown V), and the nonlinearity
Flp, m] read

(230)  LyygV = Oup — Ly — Nm } :

om — ViNV;o — Ng¥V;Vjp — Lym — mtrgk

(231) V:[Ti]vf[907m]:|:]\[(3p5:|'
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We have shown earlier that the energy defined naturally through the stress-
energy tensor remains bounded on a globally hyperbolic background. How-
ever, here we will proceed in a different way where the boundedness of energy
is not apparent. Let us now define an ad hoc energy associated with this
system as follows

1 1
(232) e = [ (35 + 5196l + 3 ) Ny

where ¥ is a ¢ = constant hypersurface. By construction we have |[[¢|7; +
|m|2. ~ & and in the view of H'(X;) < L*(Zy), ||¢||%, + [|m]|3. = &. A
simple calculation using the evolution equations yields the following energy
inequality

Oy Ei(t) < ClkllL=, [[Ly gllL=, [Nz, [[VN||L=) (V/E1(t)
+Fle, ml|| < z2)-
Since we are on a globally hyperbolic background, set C(||k||r, || Ly g||r~,

|| Nz, ||[VN||1=) < oco. Integration of the previous differential inequality
yields

t t

(233) V&) — VEO) < c/ VE @t +c/ (1 F T mll| e pedt -
0 0

An application of Grénwall’s inequality yields

(234) \/51( \/51 )+ Cl|Flp,m ]HLl([O,t];Hle?))GCt

Now notice || F[p, m]||51((0,0;11 x 12) 18 controlled by tl |+

= ([0,t];L>)
I, and subseuently by 41
|1[0s m]|| Lo (0,611 x 1.2) for s > 3 due to Sobolev Embedding. Therefore, we

need to control the H® x H*~ norm of [¢,m] or for n = 3, the H? x H!
norm of [p, m] would be sufficient. We define the squared H 2 x H! norm of
[p, m] as follows

1
(235) Ey = 5 /M (0% + |Vol2 + V202 + m* + [Vm|2) Npg,

where |V2<p|§ is defined as ]VQQO@ = g g7V VoV KV p. By an exact
similar calculation, we obtain

(236) VE(t) < (VE2(0) + C||Flio, m]|| 1 (o.5: 12 x 1) e
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Now notice that ||F[e, m]||r1((0,q:m2xH1) is dominated by t|\gp|\4m([07t];Lm)

H[Sovm]||L°°([0,t];H2xH1) and subsequently by tH‘PH%m([o,t];[p)
1[0, m]|| oo ((0,6);172  Fr1) therefore closing the argument.

Now we will sketch a proof of the local existence theorem by an iteration
argument. Recall that we have the data on the initial hypersurface ¢ = 0
and it is given by VY := V(0) = [¢(0),m(0)]?. Let us construct a sequence
V1o, € C5° N Br(V°) by applying an approximation to the identity on
V0 such that limy_, oo V,g =10, Here C§° is the space of compactly supported
smooth functions and Bg(V°) is a ball of radius R in H? x H! centered at
V0. Now we will construct a sequence of approximate solutions {V;}3, C
C([0,t*]; Br(VY)) for a suitable t* < 1 (we choose t* < 1 so that the involved
constants do not depend on time) with initial data for Vj given by V,g . Let
us simply write £ for Ly, and H* for H5(%;) x H*71(Z;). We determine
the sequence {V}}32, through solving the following set of linear hyperbolic
PDEs

(237) LVii1 = Fr,  Viera(0) = Vi,

where F, := F[Vi] = Flog, my] for k > 1,V := V9 and set F; = 0. Now ex-
istence of solutions of linear hyperbolic PDE with smooth coefficients given
initial conditions is well established. Now we construct the initial sequence
{VP15e | such that

R !’
(238) VP € Bpu(W)Vk>1, CIV =Vl < TRLLIER

We will prove that the sequence {V;}72, converges to V in H? and the limit
V solves the equation LV = F[V].

We accomplish this in three steps. We first show that {V;}?2, C
L>([0,t*]; BR(V?)) for a suitably chosen time t* < 1. This is equivalent to
proving that there exists a time t* < 1 such that if V}, € L>([0,t*]; BR(V°))
then Vi1 € L([0,t*]; BR(V?)). This simply follows from the difference
equation and the energy inequality, that is,

(239) LVps1 — V1) = Fp — LV
implying
(240) [Vier1 = Vil oo (0,002 x 1)

< C(IMs1 = Vil oz xary + 1wl pa o,y )
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LV L (0,69 2 x 1))
C(IVii1 = VLo 12 i) + HFil| oo (0,63 112 1)
FHLV | L (0,00 2 x 1))
C(IVes1 = VL o.0p:m2 x ) + | Fl | Lo (0,01 2725 1)
LV L1 (0,652 E1Y )
and therefore there exists a suitable t* < 1 such that if V., €
LOO([O,t*];BR(VO)) then Vipr — Vi € L([0,4*]; Brjo(V?)). Since V1 =
V) € Brs(V°) by construction, we obtain Vi1 € L*([0,¢*]; BR(VY)).

Secondly, we show that the sequence {Vj};2, converges in L ([0, t*];
H' x L?) for a suitable t* < 1. We observe

(241) LVig1 = V1) = Fr — Frr

which through the energy inequality yields

Vi1 = Vi gl o) SCUVR =V e + || Fi — (0,4°];H1))-

Now let us evaluate the following

t* t*
1 — Fells ooy = /0 | - /0 IN(6E — 0|

< Ollerllzoe o,y 1% = @i 1L (f0,647:2)
< CHSOkH%OO([O,t*};HQ)HVk -

([0,t=;H")

due to Sobolev embedding H?(M) — L°°(M). This yields using the bound-
edness of ||kl L=(0.°]5H) sketched in the previous step and a t* < 1 de-
pending on the H* norm of %

(242) Vi1 = Vi all e o1

1
< CR)| Ve = Vil + 511V -

([0,t=];H") -

Now after passing to a suitable sub-sequence, we may write
C(R)Y 5, IIVR 1 =V < & since the constructed initial sequence {VP}72
is Cauchy in H!. The previous inequality may be written after passing to a
suitable sub-sequence as

1
(243) Vi1 = Vil < CR)IVipa = Wl + 3IWVe = Viilbe - vk 22
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which yields

> Vi = Vietll (o)
k=3

<2C(R) > IVY = Vil + V2 = Vil = (o100)
k=2

< R+ [[Va = Vil oo ((0,6°]:11)

Therefore {V;}72, converges to V in L>([0,¢*]; H') after passing to a suit-
able sub-sequence. Now, we want to show that V € L>([0,t*]; H2 x H') and
it solves the evolution equation. By construction we have V(0,.) = V° and
therefore we only need to show £V = F[V]. Notice the following

(244) LY — FV] =LV = V) — (FIV] = FVi]).

We have already shown that {V;}?2, is Cauchy in L°°([0,¢*]; H') and there-
fore (F[V] — F[Vk]) converges in L>([0,t*]; H!). Since the background ge-
ometry is assumed to be sufficiently regular (i.e., [|&[|r(nr), [[VN|| Lo ()5
Y[z an)s IVY ]| L (ary < C and in addition curvature and certain of its
derivatives are also point-wise bounded), {V};}72, is Cauchy in L>([0, t*];
L? x H7') and therefore £L(V — V,;,) approaches 0 in L°°([0,t*]; L? x H™1).
However, since the left hand side is independent of k, we have

(245) LV = FV,

that is, V = (¢, m) with finite energy solves the wave equation. Lastly, we
argue that V = (¢,m) € L>®([0,t*]; H*> x H'). Let C be a constant such
that ||Vl (0,02 x 1) < C Vk using the first step. Now V = (p, m) is the
limit of Vj in L>([0,¢]; H' x L?) and therefore from uniform boundedness
of Vil ((0,¢); 25 1y, We have V = (p,m) € L>([0,#*]; H* x H*).

Uniqueness of the solution follows trivially from the energy inequality.
Continuity and Cauchy stability of the solutions may be obtained in a stan-
dard way (presented in [23] in detail). This concludes the sketch of the proof
of establishing the existence a solution (p,m) of (57) in C([0,#*]; H? x H?')
which yields either t* = oo or that the H? x H' norm of [p, m] blows up
as t — t*. Therefore to prove global existence, we only need to show the
boundedness of the H? x H! norm of [p,m]. We go back to the energy
inequalities

(246) O & (t) < CO(VEE) + [ Flo, il xz2)
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< CH+ lle@)llz=)VELlD),
Opv/ E(t) < CO)(VE(t) + [[Flp, mll| 2 ),
(247) < COA+ o)1)V E(D)

where C(t) depends on the background geometry. Given boundedness of
|o(t)|[3, we observe that £;(t) and E2(t) can not blow up in finite time.
Therefore [p, m] 1«12 [@, M| g2« can not blow up in finite time. Therefore
t* = oo. This concludes the sketch of the proof of global existence.

7. Concluding remarks

Here we have established a global existence result for the semi-linear wave
equation with critical nonlinearity. The most important (and difficult) part
of the result is the proof of a spacetime L bound on the solution. Once
such a bound is obtained, the rest is standard procedure. Due to the critical
nature of the non-linearity, one roughly has a balance between the energy
dispersion by the derivative term and the energy concentration by the non-
linearity. These border-line cases are generally difficult to deal with since ob-
taining a point-wise bound on the solution and thereby establishing that the
dispersive effect is slightly dominant is not obvious. In order to accomplish
such a point-wise bound, employment of the integral equation (Theorem 1)
has proven to be crucial. In addition to the light cone integrals, the the so
called ‘approximate’ Killing and conformal Killing fields played an impor-
tant role. In the case of Minkowski space this result has existed since the
classical work of Grillakis [2]. In curved spacetimes, however, the challenge
is to derive an integral equation for the solution of the wave equation (13).
Such an integral equation may easily be derived for Minkowski space and
was carried out in [2]. In a curved spacetime, as we have seen in the current
article, we required some additional machinery. Such an integral equation in
the context of proving global existence for hyperbolic equations is however
not so uncommon. In the classical paper, [7] used a similar integral equation
satisfied by the Yang-Mills field (curvature of the associated gauge bundle)
propagating on the Minkowski spacetime to derive a point-wise (spacetime)
bound of the same. This indeed yielded the global existence result. Motivated
by the use of this integral equation associated with hyperbolic equations,
Moncrief derived an integral equation for the spacetime curvature 2-form
[18]. This equation has a number of similarities with that of the Yang-Mills
fields propagating on a curved spacetime. Following the results of [18, 20]
derived a similar ‘approximate’ integral equation for hyperbolic PDEs uti-
lizing which [16] proved a spacetime bound for the Yang-Mills curvature.
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Recently Moncrief and the current author are working on giving a new sim-
plified proof of global existence of Yang-Mills fields on a globally hyperbolic
background spacetimes utilizing the light cone integrals. The results seem
to be extremely promising.

One of the main aspects of our study is that we needed point-wise con-
trol on the background geometry namely the point-wise norm of the strain
tensor associated with the timelike vector field n. On the other hand, the
breakdown criteria for the vacuum Einstein equation obtained by [26] was
the blow-up of the point-wise norm of this strain tensor. In fact, the bound-
edness of the point-wise norm of this strain tensor controlled the point-wise
behavior of the spacetime curvature. Now if we consider the full coupling of
the scalar field (with critical nonlinearity) and gravity i.e., study the cur-
rent problem in a setting where gravity is no longer a background field, the
natural question arises whether the same breakdown criteria persists. On
the other hand, a coupling with gravity may require additional criteria. One
such result is already available. [27] studied the breakdown criteria for the
non-vacuum Einstein equations including Maxwell and Klein Gordon fields
as sources. The continuation criteria that was obtained required a point-wise
bound of the strain tensor of n in addition to the point-wise bound on the
derivative of the Klein-Gordon field (for the Einstein-Klein Gordon system)
or the Maxwell field (for the Einstein-Maxwell system). We hope to study
the continuation criteria of Einsteinian spacetimes with a non-linear scalar
field source term (having critical nonlinearity). Since we have Moncrief’s
integral equation for spacetime curvature at our disposal, we may simply
couple the gravity with the nonlinear scalar field and obtain a system of
coupled light cone integral equations for both the spacetime curvature and
the scalar field and perform the subsequent analysis using suitably defined
energies. Since we are ultimately interested in studying the gravity problem
with large data, these studies are expected to shed new lights or provide
new directions on the matter.

Our result, while in its own right is an interesting mathematical result,
is only a warm up exercise for the ultimate gravity problem as we mentioned
previously. Of course one knows that obtaining a point-wise bound for the
spacetime curvature in the fully general dynamical gravity problem (i.e.,
when gravity is no longer a background field) is unrealistic since there are
explicit examples of singularity formation. There are known examples (ex-
plict solutions) where global existence is violated via the formation of black
holes. These examples include Schwarzschild and Kerr spacetimes, where
a true curvature singularity occurs within the event horizon of the black
hole. Even in the absence of any matter source, pure gravity could ‘blow
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up’ (through curvature concentration) i.e., gravitational singularities could
prevent global existence or the global hyperbolicity of the spacetimes may
simply be lost through the formation of Cauchy horizons (as in Taub-NUT
spacetimes for example). However, there are hopes to prove global existence
with arbitrarily large data in a number of cases (spacetimes of certain topo-
logical types with imposed symmetries). These include the so called U(1)
problem where the underlying manifold is R x Ky x S, Ky being the closed
Riemann surface with genus g, expanding spacetimes foliated by compact
hyperbolic manifolds [21, 22, 24, 25], Milne spacetime [21] (perhaps with a
positive cosmological constant to avoid black hole formation through cur-
vature concentration) etc. Each of these spacetimes has a certain speciality.
In the later two cases, the rapid expansion (accelerated with a positive cos-
mological constant) does not allow the curvature to concentrate at the level
of small data (disperses the energy). One hope would be that this prop-
erty persists when the limit on the size of the data is removed. In the U(1)
case, the full 3 + 1 gravity problem may be reduced to 2 4+ 1 gravity cou-
pled to wave map fields [28, 30] with target being the hyperbolic plane. The
global existence problem for such wave maps on a fixed (2 + 1 dimensional)
Minkowski background has been solved [31, 32]. Since, these wave map fields
are essentially components of the full spacetime Riemann curvature tensor,
if one may obtain point-wise estimates of the later through the light cone
estimates, then the former would automatically be under control allowing
one to ‘tame’ the gravity. Since the light cone estimate technique is proven
to work for a few rather non-trivial problems, it is fair to hope that under
special circumstances, perhaps one may be able to control gravity. These is-
sues where a direct application of light cone estimates (for suitable entities)
becomes relevant are currently under intense investigation.

Apart from its importance towards a greater goal of tackling the gravity
problem (and additional hyperbolic equations), this result of global existence
for a critically nonlinear wave field is itself motivating. This is due to the
fact that the global existence indicates that the scalar field with critical
non-linearity indeed respects classical determinism. In that sense it serves
as a ‘good’ source while coupled to gravity. Even though this massless field
with critical nonlinearity is not known to describe an interesting physical
systems, it is certainly worth studying the global existence problem with
coupling to gravity at least in a small data regime. Due to its energy critical
nature, coupling to gravity may provide deep technical insights which may be
helpful for the large data gravity problem itself. In addition, the techniques
in this paper may be applied to critically nonlinear massive wave fields (i.e.,
the Klein-Gordon fields) after straightforward modifications of some of the
calculations.
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