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The generalized Jang equation was introduced in an attempt to prove the Penrose
inequality in the setting of general initial data for the Einstein equations. In this
paper we give an extensive study of this equation, proving existence, regularity,
and blow-up results. In particular, precise asymptotics for the blow-up behavior are
given, and it is shown that blow-up solutions are not unique.
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1. Introduction

In 1978 the physicist P. S. Jang [14] introduced a quasilinear elliptic equation in
connection with the positive energy conjecture of General Relativity. Since then
it has had numerous applications from quasilocal mass to the existence of black
holes. An excellent survey of these applications may be found in [2]. However,
Jang’s equation has been shown to be unsuitable for an application to the Penrose
inequality [16], and for this reason a generalization of this equation has been
proposed in [5, 6]. Further applications may be found in [7, 15]. The purpose of this
paper is to give a complete analysis of the generalized Jang equation, in a setting
suitable for the Penrose inequality.

Consider an initial data set (M, g, k) for the Einstein equations. This consists
of a Riemannian 3-manifold M with metric g, and a symmetric 2-tensor k, which
satisfy the constraint equations:

2p =R+ (Trk)> — |k, 11
J = div(k + (Trk)g). (L.1)
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Here p and J are the energy and momentum densities of the matter fields, respectively,
and R is the scalar curvature of g. If all measured energy densities are nonnegative then
u > |J|, which will be referred to as the dominant energy condition. This condition
may be viewed as a quasi nonnegativity of the scalar curvature. In fact in the
time symmetric (k = 0) or maximal case (Trk = 0), one does have R > 0, and this
condition plays a central role in the proof of several results such as the positive energy
theorem [18, 20] and the Penrose inequality [4, 13]. Moreover, the primary difficulty
in establishing these results for general initial data is the lack of nonnegative scalar
curvature. Thus, in the general case, one is motivated to deform the initial data in an
appropriate way (depending on the problem at hand) such that the dominant energy
condition yields nonnegativity of the scalar curvature for the deformed metric. The
deformation chosen by Jang [14] is given by g = g + df?, for some function f defined
on M. Notice that g is the induced metric on the graph 3 = {t = f(x)} in the product
4-manifold (M x R, g + dt*). When viewed in this way, the optimal Jang deformation
is given by a hypersurface 3 C (M x R, g + dr*) which has scalar curvature that is
as nonnegative as possible. It turns out that this optimal deformation arises as the
hypersurface which satisfies Jang’s equation

HE - Trzk = 0, (1.2)

where Hy is mean curvature and Tryk denotes the trace of k (extended trivially to the
4-manifold) over %. While this deformation does not necessarily yield nonnegative
scalar curvature, it is sufficient to make a further conformal deformation to zero
scalar curvature, as was carried out by Schoen and Yau [19] in their proof of
the positive energy theorem. Jang’s approach also beautifully handles the case of
equality for the positive energy theorem. In the case of equality, the Jang surface
(2, 3) is isometric to Euclidean space (IR3, §), and hence g = 6 — df>. It follows that
the map x — (x, f(x)) yields an isometric embedding of (M, g) into the Minkowski
spacetime IM*; it can also be shown that the second fundamental form of this
embedding agrees with k, as desired. In some sense, Jang’s procedure seems to be
tailor made for the positive energy theorem. In fact it is so well calibrated to the
positive energy theorem, that this method is rendered inapplicable to the Penrose
inequality. The reason for this is as follows. As explained in [5, 6], in the case of
equality for the Penrose inequality, the Jang metric g should coincide with g,., the
induced metric on the ¢ = 0 slice of the Schwarzschild spacetime SC*. It follows that
g =g, — df?, and the map x — (x, f(x)) cannot yield an embedding of (M, g) into
S, since the Schwarzschild metric has the warped product structure —¢?.de* + g,,.
However, this observation leads to a natural modification of the Jang approach
from which the generalized Jang equation arises.

We now search for a hypersurface 3, given by a graph r = f(x), inside the
warped product space (M x IR, g + ¢*dt*), where ¢ is a nonnegative function
defined on M. For certain applications the choice of ¢ may depend on f, however
in this paper we will assume that ¢ is fixed independent of f. The goal or motive
which leads to the generalized Jang equation is the same as in the classical case.
That is, we search for a hypersurface which has the most positive scalar curvature
that is possible. In order to have any chance of obtaining a positivity property for
the scalar curvature, we would like the Jang surface 2 to satisfy an equation with
the same structure as in (1.2), namely

Hy — TreK =0, (1.3)
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where again Hs is mean curvature and TrsK denotes the trace of K over 2. Here,
however, K represents a nontrivial extension of the initial data k to all of M x IR.
In (1.2) k is extended trivially in that k(0,,-) = 0, but it turns out that the trivial
extension is not appropriate for a Jang surface inside the warped product metric.
This is due to the fact that for applications it is desirable for solutions of the
generalized Jang equation to blow-up at apparent horizons, and as is shown in [5],
this is possible when K is extended as follows:

K(6,,0,) = K(0,,0,) = k(d,,0,) forl<i,j<3,
K(6,,0)=K(,0,)=0 forl<i<3, L4

2 \vj .
K(a[’ al) — ¢ g( f’ Vd))

V1+§VFP

where x', i = 1, 2, 3, are local coordinates on M. Moreover this particular extension
also yields an optimal positivity property for the scalar curvature of solutions to
(1.3). Namely, a long calculation [5, 6] gives the following formula for the scalar
curvature of ¥ satisfying equation (1.3) with extension (1.4):

R=2(u—J(w) + |A = K|s* +2|q* - 2¢™'div($g). (1.5)

Here g = g + ¢*df? and A are the induced metric and second fundamental form
of 3, respectively, K|y is the restriction to % of the extended tensor K, div is the
divergence operator with respect to g, and ¢ and w are 1-forms given by

_ e
YT v e T T e

with f/ = gVf.. If the dominant energy condition is satisfied, then all terms
appearing on the right-hand side of (1.5) are nonnegative, except possibly the last
term. However the last term has a special structure, and in many applications
it is clear that a specific choice of ¢ will allow one to ‘integrate away’ this
divergence term, so that in effect the scalar curvature is weakly nonnegative (that
is, nonnegative when integrated against certain functions).

When the tensor k is extended according to (1.4), we will refer to equation (1.3)
as the generalized Jang equation, and the solution 3 = {r = f(x)} will be called
the Jang surface. In local coordinates the generalized Jang equation takes the
following form:

<ij_ P fif ) ¢Vijf+¢ifj+¢jfi_k -0
RN N/
This is a quasilinear elliptic equation, which degenerates when f blows-up or ¢ = 0.
When ¢ =1 this reduces to the classical Jang equation studied by Schoen and
Yau [19].

Our study of (1.6) is naturally divided into two steps. In the first step, the setting
consists of a complete initial data set on which the function ¢ is strictly positive.
We will show that an analogue of the existence and regularity result, as obtained
by Schoen and Yau [19] for the classical Jang equation, holds in this case. The
proof follows the same general ideas present in [19] with appropriate modification.

(Aij - (K|2)ij)’

(1.6)
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The primary difference is that (especially for applications) it is important to track
precisely how the estimates depend on ¢ and its derivatives. These estimates will
also be helpful for the case in which ¢ is allowed to vanish. In the second and
primary step, the setting consists of an initial data set with outermost apparent
horizon boundary along which ¢ vanishes. Our study in this case constitutes the
main focus and purpose of this paper. We will establish the existence of solutions
which blow up along the boundary, and will give precise descriptions of the blow-up
rates by constructing upper and lower barriers. The fact that ¢ vanishes on the
boundary adds an extra degeneracy to equation (1.6), which makes the analysis in
this case much more difficult. The existence of blow-up solutions for the classical
Jang equation has been proven by Metzger in [17] (see also [8]).

In this paper we will always assume that the initial data are asymptotically flat
(with one end), so that at spatial infinity the metric and extrinsic curvature satisfy
the following fall-off conditions

10" (g1 — 01 = O(Ix[™"71), 10"kl = O(Ix[™"7%), m =0,1,2, as |x| — oo.

Moreover if the initial data has boundary, it will be assumed to consist of an
outermost apparent horizon. To explain this more precisely, recall that the strength
of the gravitational field in the vicinity of a 2-surface S C M may be measured by
the null expansions

0, := Hy + Trk, (1.7)

where Hg is the mean curvature with respect to the unit outward normal (pointing
towards spatial infinity). The null expansions measure the rate of change of area
for a shell of light emitted by the surface in the outward future direction (0.),
and outward past direction (0_). Thus the gravitational field is interpreted as being
strong near S if 0, <0 or 0_ < 0, in which case § is referred to as a future (past)
trapped surface. Future (past) apparent horizons arise as boundaries of future (past)
trapped regions and satisty the equation 0, = 0 (0_ = 0). In the setting of the initial
data set formulation of the Penrose inequality, apparent horizons take the place
of event horizons, in that the area of the event horizon is replaced by the least
area required to enclose the outermost apparent horizon. Here, an outermost future
(past) apparent horizon refers to a future (past) apparent horizon outside of which
there is no other apparent horizon; such a horizon may have several components,
each having spherical topology [9, 10]. In this paper we will refer to the union
of the outermost future apparent horizon and outermost past apparent horizon as
the outermost apparent horizon, and we will assume that past and future horizon
components do not intersect. For the sake of applications it is desirable for solutions
of the generalized Jang equation to blow-up to +oco (—o0) in the form of a cylinder
over the future (past) components of an outermost apparent horizon, and to vanish
at spatial infinity. The fall-off rate for the solution of the generalized Jang equation
depends on the asymptotics of the warping factor, however here we will always
assume that

C 1
o(x)=1+—+40 (W) as |x| - oo (1.8)

| x|
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for some constant C, which yields
V" £|(x) = O(|x|"2™™) as x| = 00, m=0,1,2. (1.9)

These asymptotics ensure that the ADM energy of the Jang surface agrees with that
of the initial data.

As mentioned above, our primary goal is to study (1.6) in the setting of initial
data with outermost horizon boundary along which ¢ vanishes, and to describe the
blow-up behavior of its solutions near the boundary. To this end, we will need to
know the asymptotics of the warping factor ¢ and of the null expansions. That is,
we assume that the warping factor and the null expansions vanish in a controlled
way at the horizon. Set 7(x) = dist(x, dM). In a neighborhood of M, we impose the
following structure condition

$(x) = 1" (x)p(x), (1.10)

for some smooth (up to the boundary) strictly positive function @, with b > 0.
Next, we let S, denote level sets of the geodesic flow emanating from 0M, that is,
each point of S, is of distance t from the boundary. Furthermore decompose
OM =0, MUOJ_M, where 0,M (0_M) denotes the future (past) apparent horizon
components. We then stipulate that near d, M

0.(S)| < e’ (1.11)

for some constants /, ¢ > 0. Notice that when the initial data are smooth up to the
boundary, as will always be the case in this paper, [ > 1. Whether or not f actually
blows up and approximates a cylinder over the horizon is highly dependent on the
relationship between the vanishing rates of 0, and ¢, that is, the relation between [
and b. In some cases we require a more restrictive condition

I < 0,(8,) < e, (1.12)

-
with constants I, ¢ > 0.
The main result in this paper is the following theorem.

Theorem 1.1. Suppose that (M, g, k) is a smooth, asymptotically flat initial data set,
with outermost apparent horizon boundary 0M = 0, M U 0_M. Suppose further that ¢
is smooth, strictly positive away from 0M, and satisfies (1.8) and (1.10) for some b > 0.

) 1f —% <b< % and (1.12) is valid for some | > 1, then there exists a smooth

solution f of the generalized Jang equation (1.6), satisfying (1.9), and such that
f(x) = £oo as x — 0.M. More precisely, in a neighborhood of 0, M

_ _ -1 [+1
T 4 <k f <ot 4B if - <b<
2, 2 (1.13)

| —
—aogt+p < +f < —alogt+p ifb= -

for some positive constants o. and f5.
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2) If% <b< % and (1.11) is valid for some | > 1, then there exists a smooth solution
f of the generalized Jang equation (1.6), satisfying (1.9), and such that f(x) — oo
as x — 0, M. More precisely, in a neighborhood of 0,.M

1 [+1
a g <t f <ot 4B if - <b< L,
2 2
. (1.14)
—a'logt+ ' <+f < —alogt+p ifb= 3
for some positive constants o and f.
Remark 1.2. The hypothesis b > —% is trivially satisfied under the primary

assumptions of this paper, that is b >0 and [/ > 1. However it is believed that
this theorem, and others having this hypothesis, continue to hold even when
these primary assumptions are relaxed. For this reason, the inequality b > —% is

included in the statement of such results.

We note that there are at least two solutions with different asymptotics

when 1 < b < %1 The estimates (1.13) and (1.14) are established by constructing

appropriate sub and super solutions, however these estimates may not hold when the
particular inequalities between [ and b are not satisfied. Furthermore, we exhibit by
example, a solution which does not have cylindrical asymptotics near the outermost
apparent horizon when b = (I + 1)/2.

It should be pointed out that the lower bounds in (1.13) are new even for the
classical Jang equation, that is, when ¢ = 1.

Theorem 1.1 establishes the existence of solutions to the generalized Jang
equation which possess appropriate behavior for application to the Penrose
inequality. In particular, for an appropriate choice of ¢, the blow-up rates (1.14)
show that the Jang surface is a manifold with boundary, and that the boundary
is a minimal surface. This allows techniques from the time symmetric proof of the
Penrose inequality to be applied, and is different from the behavior of the blow-up
solutions of the classical Jang equation which possess an infinitely long neck at the
horizon.

The assumption on ¢, that it is positive away from the boundary and satisfies
(1.10), may seem restrictive if one hopes to apply our result to the Penrose inequality
as described in [6]. However this is not the case. Three proposals for a coupling of
the generalized Jang equation with other equations were outlined in [6], and it is
the coupling with Bray’s conformal flow which produces a warping factor ¢ that
satisfies our hypotheses. The one missing ingredient here in this paper is that ¢ is
fixed, and does not depend on f. Nevertheless, Theorem 1.1 provides the important
first step in the difficult problem of analyzing the coupled Jang/conformal flow
system. More precisely, given ¢, satisfying (1.10), Theorem 1.1 produces f,, from
which we may construct the Jang metric g, = g + ¢jdf3. According to [6], Bray’s
conformal flow with respect to g, produces a new warping factor ¢,;, which will
also satisfy the hypotheses of Theorem 1.1. We may then continue this procedure
indefinitely to produce sequences of functions {¢,}, {f;}. The second and final step
should entail establishing appropriate a priori estimates, to show that a subsequence
converges to yield a solution of the coupled system of equations. This last step will
be quite involved.
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This paper is organized as follows. In Section 2 we derive local a priori
estimates, and in Section 3 an important Harnack inequality is proved. These two
results are then combined with further global estimates to establish the existence of
solutions on complete initial data, in Section 4. In Section 5 we produce the blow-
up solutions of Theorem 1.1, and construct appropriate super solutions. Lastly, the
more difficult sub solutions are constructed in Section 6 and Theorem 1.1 is proven.

2. A Priori Estimates for the Generalized Jang Equation

In this section we begin the proof of existence for the generalized Jang equation.
Our first goal is to prove the same existence and regularity result as obtained by
Schoen and Yau [19], for arbitrary positive warping factor ¢. This is fairly straight
forward, in that the methods of Schoen and Yau still apply with little modification.
The primary difference is that (especially for applications) it is important to track
precisely how the estimates depend on ¢ and its derivatives. The estimates of this
section will also be helpful for the case in which ¢ is allowed to vanish, but for now
we assume that ¢ is strictly positive.

Let us set the notation. Consider a hypersurface 3 C (M x R, g + ¢*dt?) given
by the graph of a function ¢t = f(x). This surface has induced metric g = g + ¢>df>,
and inverse matrix

P*ff
L+ ¢2|Vf[?

gV = gl —

where fi= giffj and f,=0.f, with x', i=1,2,3, local coordinates on M.
Throughout the paper, a bar will be placed over geometric quantities associated
with 3. For instance V will denote the induced connection on 3, whereas V
will denote the connection on the ambient manifold (M x IR, g + ¢*d¢?). The unit
normal to 3, is given by

N = Vf — ¢726t
¢+ VI

and X, =0, + f;0,, i=1,2,3 form a basis for the tangent space. Moreover a
calculation [5, 6] shows that the second fundamental form of 2 is given by

OV f + Gif; + O f; + O f" bS]

A, =(VyN, X)) = 2.1
j < X; _/> 1+¢2|Vf|2 ( )
In this section it will be assumed that 3, satisfies an equation of the form

H—-TrK = F, (22)

for some function F to be specified, where H = g A;; is mean curvature and 7rK
denotes the trace of K over 3. In what follows, as in (2.2), we will drop the subscript
3 when denoting the mean curvature and trace operations with respect to 2.

We first estimate the mean curvature and its derivatives.
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Lemma 2.1. Suppose that the surface % satisfies (2.2). Then
[H| < |F| + c(1 + [Vlog ¢), (2.3)
and
[VH| < c(1 + |VF| + |V1og ¢|* + ¢! [V?§| + |A| + |A[|VIog §]). (2.4)
where c is a universal constant.

Proof. First, by (2.2), we have

) +F= gijkij + M +F. (2.5)

—ij ¢2(¢Zf )flf}
H=g¢ (ktj+ = (11 ¢2|Vf )

V1+ @2 VS
This implies (2.3) easily.
Next, a simple differentiation yields
200, =203 F VST
I+ ¢V ’

0,H = gffk,.j;a +0,F + <

¢2fifj 2 2 rn 2¢2(¢mfm)fnvnaf
+ (1 + ¢2|Vf|2)2 (2¢¢a|vf| + 2(]’) f Vnaf)kij + (1 4 ¢2|Vf|2)3/2
n 200,(¢" fIIV P + &> (V") LV + 20"V, f VS
(1+ ¢2[Vf[?)?

IERECaANS
2 (T+ IV

However, by (2.1)

Q2hda| VI + 20 f"V,0 ).

Vijf = ¢_1( 1+ ¢2|Vf|2Aij - ¢ifj - (ls/fz - d’z(qsmfm)fzf/)

Thus, after substitution, some cancelations occur and we obtain

- 200, f; 20f,A, 20, ff"A -
OH =Tk, +0,F +( 091 1. fiA O LS5 " Aa ) y

T+ IV E i oV - (T ¢V
A A L A I\ VA R\ A\ VAR U AT
A+ @VP72 U+ @D (T @V (L+ GV

Wl ¢IV/ L " 3¢3|Vf|2(¢mﬁn>f">_

T+ @2V T+ IVE (+ gVPRR

This implies (2.4). O

We point out that (2.3) yields a uniform pointwise estimate of the mean
curvature. However, (2.4) illustrates that first derivatives of the mean curvature are
estimated in terms of the second fundamental form, which is not yet controlled.
In fact, estimating the second fundamental form will take up a major part of this
section.
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We next establish a C° estimate for the second fundamental form of X. This
result will arise from a Moser iteration applied to the Simons identity. See also the
paper [1], in which a similar result is proven in more general ambient geometries.

Theorem 2.2. Suppose that the surface % satisfies (2.2). Then

sup |A| < ¢ (2.6)
s

where ¢ depends on , and |N(F)|.
Proof. The proof is lengthy and is divided into several steps.

Step 1. Derivation of Simons identity and several related inequalities. Recall the
Ricci commutation formula and Codazzi equations:

Vavn ij anaAij = —Amjﬁf;n - AimEZw 2.7)
and
V,A; = VA, + Ryji- (2.8)
Use these to obtain
AA; =2V, VA,
=2"(V,ViA,; + V. Ryji)
= 3" (ViVuAuj = AR = AR + V,Rji)
= 8" Vi(Vj A + Ryain) = 8" (A, Ry + Au Ry =V, Ryi)
= v v _M(V RNajn + vnRij Aijant Ay ]n,)
Now use the Gauss equations
Eijnd = Rtjnd + AlnAJd AidAjn (2~9)

to find

KA = V V H + g"a(V Ryajn + v nRyjia) — _na_md(Aijdani + AunRajni)
- gnagmdAmj (AgAui — ) — _”a_mdAam (AgA ji AidAj")'

lll an
Therefore
AA,; =V,V,H — |AA; + HA,, A" + G,
where
G _na(v RNajn + VnRij - gmdAijdam' - gm Aude/ni)'
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We then obtain

_A|A|2 _ld_Ja(AdaAAt/+§m’1V Adavn 1])

ld_m(gmnv A V A, +AdaGl/) |A|4

da ¥ n*“tij
+ 8¢ (HA 1Ay AT + Ay, Y,V H). (2.10)

im*2j

This is the Simons identity for =.
Note that we also have

1— _ _
EAIAI2 = |AJAJA] + |V|A],
so that

|A|A|A] = [VA]> — [VIA|]® — |A|* + AY(V,V,H + G,; + HA,, A").

im*3j
Set
T:=|VA]> — |V|A|]% (2.11)
For the remainder of this paragraph we will work in an orthonormal basis. Then

2
T= Z(Vn 1/ |A|ZZ(ZAU n ’/) ’

i,j,n n

so that

1 —
|A|2T:§ Z (AijVnAdm Admvn 1])2'

i,j,n,d,m

By setting n = i and m = j and using the Schwarz inequality, we have

1 — 1 —
|A|2T = E Z(Al] 1Ad/ AdjViAij)2 + E Z (Al] nAdm - AdinAij)2

i,j.d ijon.d,m
(n,m)#(i.j)

2
1 1 —
_8 Z (Z Al/ l dj — ZAdJVlAlj> + 5 Z (Al/ n dm - AdinAij)z‘
iJ

i.j,n.d,m

(mm)#£(i,j)

Moreover, according to the Codazzi equations (2.8),
ZAIJ lAdj ZAideAij+ZAindei
i,j LJ
and

ZAd] iy ZAd]V]H+ZAd] Niji+
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It follows that

|APT >

2 2
— 1 —
z(z/af,«vdA,«j) " (ZAI,RW, ZAdjv,«H—ZAdeN,«j,-)
J ij

! ij i,j

Kl -

Z (Alj nAa'm Adin t])z’

ijn.d,m
(n,m)#(i. j)

after using (a + b)* > 1a* — b”. The definition of 7 in (2.11) now yields

T > e Z(Vn 1]
lj n
2
36 1 - v
T 37 E|A| 2o\ 2 ARy — 2o AV H = Y ARy
d \ij Y bi
36 1 =
+ﬁ . §|A| : Z (AijVnAdm Admvn l])z'
ijon.d,m
(n,m)#(i, j)

Hence

i,j,n

|A|A|A| = 3_ Z(Vn lj |A|4 + ZAij <V H + Glj + ZHAzm jm)
LJ

2
2 _
- §|A|_2 > (Z AyRyjai — YA,V H — ZAdeNiﬁ>
ij J ij

d

2. _
+ E|A| 2 Z (Alj n a’m AdinAij)2'
ivjonad.m

(nm)# (i, j)

We can also write

H+G,, (2.12)

ij vij

AJA|A] = ﬁ 2 (VA = A]* = H||AP +ZA

i,j,n

where

2
2 _
=2 A;G; — §|A|_2 > (Z ARy — DALV H =) AdeNiji>
ij i j ij

d

2 - —
+§|A| ? Z (Az/ nAdn1_AdinAi.f)2'
ijon.d,m
(n,m)#(i.j)

Step 2. An L*-estimate for the second fundamental form. Taking two traces of the
Gauss equations (2.9) produces
E — gingij 4 HZ _ |A|2

ijnm
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Moreover, equation (2.2) implies that
F + |A|2 = gmgijijnm + (TrK + F)z'

Recall the formula for the scalar curvature of surface 2, (see [5, 6])

R =201 = J(u) +14 = KP + 2lgF = Z o)
+ H? — (TrK)* + 2K(N, N)(H — TrK) + 2N(H — TrK).
By combining the previous two formulas we then have
|AP? +|A = KP? +2(u — J(w)) + 2|g/*
= %%(qﬁq) — (2TrK 4+ F)F — 2K(N, N)F

— 2N(F) + 8"8""R;jun + (TrK + F). (2.13)
Note that

|A = K> = |AP + |K|* = 2(A, K),
and set

G, :=2(A,K) — |K|* = 2K(N, N)F — 2N(F) 4 (TrK)* — 2(u — J(w)) + g"g""R,

ijnm*

Then, (2.13) becomes
2 2_ 2
2|A1F = adlv(q’)q) —2|q|” + G,. (2.14)
Let € C*(2). Multiply (2.14) by ¢y? and integrate by parts to find
[ 2007141 = [ ~460(Fb. 4) = 200’14l + 1’6
< [ 201V + $92G.
s
Now replace yy with |A|Py to get
- 1
[ evrlar < [ GINIAIWE + 592 GalAP. (2.15)
3 s 2
Expand and integrate the first term by parts:
fyﬂ(ﬁlv(lz‘\l”l//)l2 = f2<l5|A|2”|Vl//|2 +2ppYl AP I(VIAL Vi) + ¢y |VIA]P
— 1 —_ — — —
= /E<l5|A|2”|V!//|2 - §¢¢2A|A|2” + QY VIAIP =y (V, VIAIP)

= /E¢>|AIZ”IWJIZ—WZIAIPZIAI"—2P¢2|A|2”"<V¢,V|AI>-
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Since
|AIPAA]” = p|APP"TAIA] + p(p — DIAPP2|V|A| P,
we then have
szz(IAIZ”"(PZIAI +1AF) + p(p = DIAPP2|VIA[]P)
< [ GIAPITUE = 20021 AP" (T4, T1Al) + 3 90214176
= [ SIAPITUE + 21T, T0) + 071 (362 + 975
< [ 201APTTUE + GiPaP (56, + 6 ITOF +97'50).

By using (2.12) for |A|(A|A|+ |A[’) and setting p = 1 in the above expression, it
follows that

1 = - 1 — —
[ 550V IVAP < [ 201APVUP + $v*|AP (56, + ¢ [VoP + ¢ 'Bg
s 37 3 2

+ [ 4V (HIIAP = G, — AT, ).
Integrating by parts and applying the Schwarz inequality then yields
— — 1 —
[ oW ITAR < [ oAU + op1aR (362 + clT o oF )
+ [ B GHIIAP = Gy + c[VHP).

Above and in what follows, ¢ > 0 will always denote an appropriately large
constant. Although there are derivatives of the Riemann tensor contained within the
expression for G,, these may be integrated by parts so that

[ oUPIVAR < [ SIAPIVUE + [ ¢yr(Riem]? + [VHP + |V log @I Riem])
3 3 3
+ [ UIAP (L + |Riem| +|V log 6P + IN(P)
+ (14 [Viog 6DIFN) + [ gl AP(H| +|Viog¢l).  (216)

Now observe that according to (2.15) with p =1,
= 1
[ ovr1aF < [ SIV(AWE + 5 ¢yGalAP
s s 2

— — 1
< [ 201APITUE + g* (2T1AIF + 5GalaP)
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Also
IVIA||* = 270, Al0;|A|
= gij(lA|_lAabviAab)(|A|_1A(ldvjAcd)
< c|VAP%.
Therefore

— 1 —
L owlar < [ 2014PFUP + 59U GulAP + ey VAP
Combining this with (2.16) then yields
[ ovt1al < [ GIAPIRUP + [ puP(Riem]” + [VHP + |Viog gf’|Riem)
+ [2 ¢y’ |A[*(1 + [Riem| + |Vlog ¢|* + [N(F)| + (1 + |Vlog ¢])|F)
+ [ 4V IAP(HI + [Viog g).
Now replace y with 2 and apply the Schwarz inequality to obtain
L outial < [ oIVul* + gyt (1 + |HI + [THP
+ |Riem|* + |V1og ¢|* + |F|* + N(F)[). (2.17)
Let B} (xo) be a geodesic ball in (M x R, g 4 ¢*dr) centered at a point x, € 3,
with 7, less than the injectivity radius. Let r be the distance function in M x R and
choose the cut-off function ¥ to be a function of r such that y(r) =1 for r < r,/2
and y(r) = 0 for r > r,. Since |Vr| = 1 and hence [Vr| < 1, we may further choose
so that || < 1 and |[Vy| < 3r;". In order to bound the volume of = N B‘,‘0 (x,), note
that by (2.3)
|divy, r (M| = [H] < |F[ + (1 4 |[V]og §]).
Upon an integration by parts over the region B‘r‘0 (xo) N{(x, )|t < f(x)}, we obtain

Vol(Z N Bfo (x)) < cr} (2.18)

where ¢ depends on |F| and |Vl1og ¢|. Applying this result together with (2.17) then
yields

[ 4= (2.19)
EﬁB,TO(xO)

where ¢ depends on |F|, [N(F)|, |H|, |VH]|, |Vlog ¢|, |Riem|, m’f(f, and ry'. This is
the desired L*-estimate for the second fundamental form.
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Step 3. A pointwise estimate of the second fundamental form. Set u = |A|*> + 1.
Then (2.10) yields

Au> —c(1+ |A + |F|* +|Viog ¢ )u + 2|VA|* + 2AY(V,,H + G ;).

Multiply both sides by a nonnegative function ¢ € C*(3 N Bf, (x,)) and integrate by
2
parts to find

0> / (VE, Vi) — (1 + AP + [F|> + |Viog ¢ éu — 247V,&V H
s
+ /2 (VAP + AYG,, — VATV H).
Although G;; contains first derivatives of the Riemann tensor, these derivatives may

be integrated by parts. The first derivatives of A which result from this process may
be absorbed into |[VA|?> to yield a more simple expression

0> / V¢ Vu+ D'(V,&)u + Déu,
3
where

D' = —2u"' AV H — 2u™" AUg"" Ry s — 2u" A" G R s

and
D= —c(1+|AP +|F* +|Viog ¢> + u ' [VH|* + u~'|A]*|Riem| + u~'|Riem|*).

By (2.4), we have

sup |D)? + D’ <ec. (2.20)

SNBY) (xg) SNBY, (xp)
2

’2
We now show that the Sobolev inequality holds on XN Bfo(xo). The volume

estimate (2.18) allows an application of the Hoffman and Spruck inequality [12] for
a sufficiently small r,. In particular, for any function ¢ € C*(2 N B‘,‘“ (x)), we have

(/ wﬁ)m < e [(TyP + H92)

Moreover, by (2.3) and Holder’s inequality

! (/;/%)1/3 5/EWKMA’_”S“+|F|2+|V10gq§|2) </Ew>1/3.

Thus, if r, is sufficiently small we obtain the desired Sobolev inequality

13
( [ wé) < [ WP 221)
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A Moser iteration [11] can now be applied with the help of (2.20) and (2.21),
since 2 > §dim ¥ = 3. It follows that

12

u(xy) <c / u?
SNBY) (x0)

Now the desired estimate (2.6) follows from the definition of u and (2.19). O

As a corollary of Theorem 2.2, we have a pointwise gradient estimate for the
mean curvature, which follows easily from (2.4) and (2.6).

Corollary 2.3. Suppose that the surface 3, satisfies (2.2). Then

sup |[VH| < ¢ (2.22)
s

V2log ¢

Vlog ¢

where ¢ depends on |log ¢ F|, and |N(F)|.

> > )

Let y', ¥2, y3, y* be normal coordinates for the warped product metric near
X, € %, that is

§ =8 + ¢2dt2 = /g\abdyadyb’ /g\ab(o) = 541[7’ ay‘/g\zzlb(o) =0.

Suppose that 0, € T, X, i = 1, 2, 3 so that near x,, X is given by a graph ¥ = w(y),
y = (', ¥, y*). Equation (2.2) can now be written as

4 ayb
Wew v.Vv,w
“~ab a'b
v _ _k,)=F 223
o (“" |VW|2> ( N ) (229

where W(Y) = w(y) — y*, ¥ = (', %, *, ¥*). To see this first observe that ¥, = d,; +
w04, 1 =1,2,3, form a basis for the tangent space to X. Let N = N,dy“ be the unit
normal written as a 1-form. Then

3
O Z/g\(Yz’ N) = YiaNa = Z 5?Na + w,iN4 = IVI + w,iN4'

a=1

It follows that

~

Zfl:l w,adya - dy4 . N

N= — T~ .
VW[ IN|

The second fundamental form, in these coordinates, is then given by

A — 3TN, Y) VN, VV,W
i = g . )= = = .
J Y; J |N| |VW|

Moreover, the induced metric on %, is g,, — N,N,, with inverse

Waew?b

“~ab anrb “~ab
— N'N° = - —.
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This yields the desired expression for the generalized Jang equation.
Parametric estimates may now be obtained as another application of
Theorem 2.2.

Theorem 2.4. Suppose that the surface 3 satisfies (2.2). Then there exist constants
p > 0 and c independent of 3, but dependent on |10g ¢|c2. and |F|c1a, such that 3N
Bi(xy) C (¥ |y = w(y)} and [wlesuqy, < .
Proof. Observe that (2.23) is a strictly elliptic equation for w having the following
structure

3 .

> BY(y, w, dw)wy,;, = C(y, w, dw),

ij=1

where B7(0,0,0) = 6¥. Since the second fundamental form is uniformly bounded

and
AP = i e _ wewe i wewd\ (V,V,W\ (V.V,W
VW2 Vw2 )\ |vW| vw| )’

a,b,c,d=1

we obtain

3 3 3
Z (wy’,\'f)Z =c (1 + Z(wy’)2> >
i=1

i,j=1

near y = 0. Now by some simple calculus,

sup(Jw(y)| + [ow()| +FPwO)]) < c.

[yl=p

Therefore the C3* estimates follow from Schauder’s theory and the C? estimates
above.

Lastly, we note that 3 may be expressed as a graph for sufficiently small (but
uniform) p > 0. This follows directly from the pointwise bound on the second
fundamental form established in Theorem 2.2. O

3. The Harnack Inequality

In this section it will be shown that the quantity (d,, N) satisfies a homogeneous
elliptic equation with bounded coefficients, when |A| is pointwise bounded. From
this we immediately obtain the Harnack inequality as in [19], which is used
extensively. The proof here consists of a long calculation. Although the resulting
equation has the same structure as that of [19], we cannot simply cite this reference,
as the calculations carried out here must be done in the warped product setting.

We begin by recalling that the vector fields X; = 0, + f;0, form a basis for the
tangent space to the surface 3 = {t = f(x)}, and that the vector field

N = fmam - (rb_zat
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is its unit normal. Then
-1

o7+ IV

Our goal will be to calculate the Laplacian

(6[,N) =

Z<az’ N> = gpjvxpvxj<at’ N>

in terms of {d,, N). As usual, in this notation, an over line bar indicates that the
particular geometric quantity is with respect to the induced metric on 3.

The following lemma may be obtained from the Jacobi equation, as indicated
in [2]. However here, we carry out a different (and longer) proof, as some of the
calculations can be used later.

Lemma 3.1. For any 3 C (M x R, g + ¢*dt*), not necessarily satisfying (2.2),
A(0,, N) + (JAI> + N(H) + Ryy)(2,, N) = 0. (3.1

Proof. First observe that

Aj; = (X;, Vx N),
so that

Vi N =A,8"X,.
It follows that

Ty (0 N) = (Vg 0 N) + (0, X,)8" A

and

VvaX](at’ N> = vX,,(VXj»at’ N> + gmﬂ(v Ajn)<at’ Xm> + gmnAjnVXp<at7 Xm>

p

The Codazzi equations (2.8) yield

VoA =V, A, + Ryxx,x, -

P n‘jp W Xp

Moreover

—da

vXp <at’ Xm> = Xp<8t’ Xm> r <at’ Xa>

L pm

= (V4 0, X,)) + (6, Vi X,,) — T

pm

(0, Xa),
and

Vy X, =T,,X,—A,,N.
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Thus

K(&,, N) = _pijl,vX,(at’ N)
= BV, (V0. N) — |40, V)
+ gmn(vnH + RNX,,)<at’ Xm> + Apm<VX,,at’ Xm> (32)

The right-hand side will be calculated term by term.
We first claim that

" (V,H + Ryy ) (0. X,.) = —(0, N)(@7'Ap+ N(H) + Ryy). (33)
To prove this, write
0,=(0,, N)N+3g""(0,, X,) X,
and observe that
3" (V,H + Ryx )(0,. X,,) = Ric(N, 8,) + 0,H — (0,, N)(Ryy + N(H)).
The desired result follows since 0,H = 0 and
Ric(N,d,) = —(0,, N) ¢ 'A¢.
To see this last assertion, use the fact that
Ly =T} =T} =0,T} = (log §),, iy = —¢¢', (3.4)
to calculate
R4ijk =0, R4i4j = —¢Vij¢~
Here 4 indicates the t-coordinate. This implies that
Ry =0,Ry = —9A9,
and hence
Ric(N, 0,) = —(0,, N)Ric(f"d,, — ¢~20,,0,) = —(0,, NY¢p ' A¢.

This finishes the proof of (3.3).
Next, with the help of (3.4), a straightforward calculation yields

Vi 0, = (log $),0, — bf, "0,

Therefore

(Vs 00 X,) = §(fuby — fr ).
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Since this is an antisymmetric tensor, and A”” is symmetric, we obtain
A" (Vy 0,, X,,) = 0. (3.5)
Alternatively, since 0, is a Killing field, it follows immediately that <VXP6,, X,,) is
antisymmetric.
Lastly, we claim that
8"V (Vx,0,, N) = (0,, N)¢~' Ag. (3.6)
First observe that since 0, is a Killing field,
(Vx,0,, N) = =(Vy0,, X;).
Furthermore
Vyd, =V, N—L,N =V, N,
where L denotes Lie differentiation. It follows that
(Vx, 01, N) = =(V N, X;).
Now calculate

V., N = (¢ +|Vf)2(fT50, — ¢°T440,)
= —(0,, N)(f'(log §),0, + ¢~ ¢'0))
= —(0,, N)(log ¢)'X,,
to find
g7(V, N, X;) = —(8,, N)(log $)".
We then have
Vi @7(V) N, X)) = X,(8”(V, N, X)) + T,,2"(V; N, X,)
= —(0,(3,. N))(log $)" — (3,. N)é,(log $)" — (4,. N)T,,(log §)"
= —(0,. N)A(log ¢) + (4, N)(I",, —= T )(log §)"
—(0,(0,, N))(log ¢)".
According to a calculation in [5, p. 760],

f nAPj

F;j —f;j = (st)nfpfj - —m
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Moreover, by (2.1),

—0,(0,, N) = 0,(d72 +|VfI)™'/?
_ ¢_3d)p - fnvpnf
CGEEE
6%, A,
T (TN ¢+ VP
N f"((log ¢),f, + (log ¢).f, + Of" Pt ,fa)
G+ 1P '

Therefore

(0, N)(T2, — T, )(log §)" — (2,(0,. N))(log $)”
_ _(log¢)'¢"f,f,  (ogd)'d9,
T (VPR T (9 + VP2
| (log¢)f"[(10g ), f, + (02 §).f, + 1" duf ]
(¢=2 + [Vf[?)32

__IViloggf
G

and (3.6) follows.
The desired identity is now obtained by substituting (3.3), (3.5), and (3.6),
into (3.2). O

We are now ready to prove the Harnack inequality.

Theorem 3.2. Suppose that the surface 3 satisfies (2.2). Then there exist constants
p > 0 and c independent of 3, but dependent on |10g ¢| 2. and |F|cr.., such that

sup (J,,—N) <c¢ inf (J,,—N) (3.7
SNBA(xp) SNB3(xo)
and
sup |Vlog(d,, —N)| < c. (3.8)
ZOBﬁ(xO)

Proof. The estimates of Theorem 2.4 guarantee that equation (3.1) is uniformly
elliptic for small p. Next, we note that the coefficients of (3.1) are bounded. To
see this, observe that R,, poses no problem, and |A|* is bounded by Theorem 2.2.
Moreover

NG — 20

N

so that N(H) is bounded by Corollary 2.3.



Downloaded by [Stony Brook University] at 14:48 14 January 2014

2220 Han and Khuri

The Harnack inequality (3.7) now follows immediately. Standard elliptic
theory [11] also guarantees that

sup V(0. N)| < esup (9, N).
2

Combining this with (3.7) yields

sup |[V(0,, N)| < cinf [(d,, N)| < cinf |(d,, N)|,
Bp Bp B%

3

from which (3.8) follows. O

4. Global C! Bounds and Existence for the Regularized Equation

Suppose that the boundary of M is an outermost future apparent horizon with one
component, that is

0,(0M) =0 @.1)

where the null expansion 0, was defined in (1.7). All arguments to follow may be
easily extended to the general case in which the boundary is an outermost apparent
horizon, with several future and past horizon components. Take a sufficiently large
coordinate sphere 0, M in the asymptotically flat end such that

0,(0.,M) > 0. 4.2)

Following [3, 17] we construct an extension (1\71 , 8, %), of the initial data (M, g, k),
having the following properties:

i) M c M with 3|, = g, k|,, = k, and 0 M = oM,
ii) % is smooth across M and k is C!! across oM,
iii) the region M — M is foliated by surfaces S,, o € [0, o), with 0,(S,) <0, S, =
oM, and S, = M,
iv) for all sufficiently small o, 0, (S,) < —9 < 0 and k = 0.

For convenience, in what follows, we will denote g by g and J3 by k. Moreover,
we will extend the warping factor ¢ to be positive on all of M. These constructions
allow for the existence of appropriate barriers, which in turn leads to a solution for
the following Dirichlet problem

H(f,) — K(f,) = ef, on M, 4.3)

) ~ ~
fe= s on oM, f,=0 ond M. (4.4)
£

The first step is to obtain global C' bounds. Observe that a direct application
of the maximum principle yields the C° bound

suplf,| < ce™', (4.5)

M
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where the constant ¢ depends on k|, and &. In order to apply the maximum
principle to obtain bounds on first derivatives, we need to establish the boundary
gradient estimates. Let t(x) = dist(x, M), and denote by S, the level sets of the
geodesic flow 0, = n emanating from 0M, where n is the unit outer normal (pointing
towards spatial infinity) of the surfaces S.. The barrier functions ¥, (t) will be
functions of 7 alone. In order to find sub and super solutions notice that

(g,.,. A ) (qwi,-w + b, + <z>,-wl->

L+ ¢ WP L+ ¢V |?

_ (1 s ) Y+ 29"y y OV
= 1+ ¢p2y2 /—1+¢2¢,2 8

N

5.)"

and
- qf)zl//il//j ¢2lp/2
Ve ———— Nk =(1— ——— )k Trg k,
(= i) R
where ' = Z—‘i’. Moreover

A m s, n oS s,
Vijlp = Oijlp = I7o,y = Vij v — Fijanlp = Vij v+ Aij o,

ijm

where V5 denotes the induced connection on S, and A% is its second fundamental
form. Therefore

H@) — K() — ey
_ Y4280 Y H;, Ky,

= — — Trek —
(1 + p2y2)2 + ST d0n  T+¢97 rsk—ey
_ VY G0 ke (0 N
(1 + ¢2¢/2)3/2 W 1 + d)le/Z W S:
(4.6)
Let ¢_(t) = a — bt where a and b_will be chosen appropriately and positive. In
order that y_ agree with f, at M we set a = %. Then for 7 € [0, 7,], with 1,

sufficiently small,
0
HWY_ )—KW_)—ey_ >0 —ea+sebt+0(b") > 5+ o™y >0,

if b is chosen large enough depending on ¢. Similarly an upper barrier may be
constructed in the form ¥, (t) = a + bt. Note that in the case of an upper barrier we
use the fact that k = 0 near oM to deal with the Trs k term. Now choose b so large
that a + bty > supy; |f,| and a — bty < —supy; |f,|, then by a standard comparison
argument y_ < f, <y, for 7 € [0, 7,]. It follows that

sup |Vf,| <b <ce . 4.7)

oM

Moreover, a standard barrier construction at oM also yields a boundary gradient
estimate.
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We now use the Bernstein method to obtain global C' estimates. For
convenience we temporarily drop the subscript € from f,. Differentiate equation
(4.3) with respect to d, to find

gij d)pf;ij + d)f:ijp + d’;ipfj + d’if;jp + qs;jpfi + ¢jf;ip
VI+ VP
i | @l + &ifi + BS) @DV P + LS ™)
(1 + 2| Vf|?)32 ijsp
_ ¢f;ij + ¢ifj + ¢jfz k.
Vi+@vep
. [(ﬁ%f"fj + L SIIGS,IV + ¢2f;m,,f’")}

L+ @V (1 + ¢2[VF)?
=c¢f,. 4.8)

Notice that the Ricci commutation formula yields
gijd)fp.f;ijp = _ij¢fp(fptj + R:’;pf )
= Vi@ Of f.r) =8 S0y — VGOV S + DS f R,

Thus, if u = |Vf|?, then (4.8) implies that

V(95" u;) 4 Biu 4 Bu'? & 8/ (f byt — EFot )

2y 1+ ¢*VfP ' V1I+ VI

for some coefficients B' and B, with B bounded. Moreover at a critical point for u,

> &u,

. y 1
B/ (f Pty — OFifp)) = 87 (fPdpfuij — OFifpy) < —§<J5IV2f|2 + cu.

An alternate approach to deal with the g" f.;; term is to solve for it in (4.3), leaving
a manageable number of first derivatives of f Hence from the maximum principle
we obtain

sup |Vf,| < ce™ . (4.9)
M

With the global C' bounds the equation (4.3) is uniformly elliptic. Standard
theory [11] then gives C!* estimates up to the boundary. The Schauder estimates
may now be applied to obtain global C>* bounds. Thus we may apply the continuity
method, as in [3], to the family of equations

H(f,.) — oK(f,.) =¢&f,.. 0<¢<1, (4.10)

b ~ -
Jos = ;— ondM, f,,=0 ond M, 4.11)
- o
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to obtain a solution of boundary value problem (4.3), (4.4). Furthermore, by sending
..M to infinity we obtain a solution on all of M with the usual decay (1.9). Lastly,
note that the global estimates of this section also hold when M does not have
boundary; of course they are easier to prove in this case, as there is no need for an
extension M or boundary gradient estimates. Thus, in the case that M does not have
boundary, we may set F = ¢f, and apply the results of Sections 2 and 3, as well
as the global estimates of this section, and let € — 0 to obtain the following result
(see [19] for details).

Theorem 4.1. Suppose that (M, g, k) is a smooth, complete, asymptotically flat initial
data set, and that ¢ is smooth, strictly positive, and satisfies (1.8). Then there exist
disjoint open sets Q,,Q_ C M, and a smooth function f: M —(Q,UQ_)— R
satisfying the generalized Jang equation (1.6) as well as (1.9). Furthermore 0}, (0€)_)
is a future (past) apparent horizon with f(x) — oo as x — 0Q,. More precisely
graph(f) is asymptotic to the cylinders 00, x R, and 0©_ x R_.

5. Blow-Up Solutions for the Generalized Jang Equation

Consider the solutions f, given in the previous section, defined on M and with fall-
off (1.9) at spatial infinity. Our goal in the current section is to produce solutions
which blow-up at the outermost apparent horizon boundary of M, by letting ¢ — 0.
We will also construct appropriate super solutions in order to obtain an estimate
for the rate of blow-up. As in the previous section we will assume here that the
boundary of M is an outermost future apparent horizon with one component.
All arguments to follow may be easily extended to the general case in which the
boundary is an outermost apparent horizon, with several future and past horizon
components.

Observe that the gradient estimate (4.9) and the boundary condition (4.4) imply
that there exists k independent of &, such that

fo(x) = % for dist(x, 0M) < k. (5.1)

As in [19] a subsequence of the e-Jang surfaces converges to a properly embedded
submanifold of M x R. This convergence determines three types of domains:

={xe M | fs,(x) = +oo locally uniformly as i — oo},
={xe M | fe i(x) — —oo locally uniformly as i — oo},

Ez sz

(5.2)
MO = {x eM| limsup|f,, (x)| < oo}.

I—00

By (5.1), IlN/IJr # ¥ and ]\N/I+ contains a neighborhood of oM. Since 61171+ — 0M consists
of apparent horizons and the region M — M is foliated by surfaces with 0, < 0, we
must have that M — M c M +- Thus oM , 1s an apparent horizon in M. As 0M is the
outermost apparent horizon in M, we conclude that the closure of M L 18 M— M.
A standard barrier argument [19] at spatial infinity shows that the e-Jang surfaces
are uniformly bounded there, so that 1\710 contains a neighborhood of spatial infinity.
It follows that M0 M, and the limiting Jang surface %, blows-up in the form of a
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cylinder over 0M. This line of argument was used by Metzger [17] for the classical
Jang equation.

This result holds for all warping factors ¢ which are strictly positive up to and
including the boundary. We would now like to examine what happens when ¢ is
allowed to vanish on the boundary. From now on, let

7(x) = dist(x, OM),

the distance to the boundary, and denote by S, the level sets of the geodesic flow
0, = n emanating from JdM, where n is the unit outer normal (pointing towards
spatial infinity) of the surfaces S,. We assume that

¢ =1"¢ near oM,
where 5 is some positive function, and then set
¢; = (t+5)’$ near oM,

where 6 > 0 is a constant. The function ¢; is then naturally extended to the rest
of M. When ¢ is replaced by ¢,;, we write the corresponding generalized Jang
equation as

H;(f) — K;(f) =0. (5.3)

For each 6 > 0 a blow-up solution f; of (5.3) exists. We aim to show that for
some subsequence J; — 0, the surfaces ; = {t = f; (x)} converge smoothly away
from the boundary to a blow-up solution 3 = {¢r = f(x)} whose asymptotics at the
boundary depend on the rates at which ¢ and 0, vanish.

We now establish the existence of blow-up solutions with the desired upper
bound in the first case of Theorem 1.1. The lower bound will be established in the
next section.

Proposition 5.1. Suppose that (M, g, k) is a smooth, asymptotically flat initial data set,
with outermost apparent horizon boundary 0M consisting of a single future apparent
horizon component. Suppose further that ¢ is a smooth function, strictly positive away
from OM and satisfying (1.8) and (1.10), and that 0, satisfies (1.12). Then for b > —%,
there exists a smooth solution f of the generalized Jang equation (1.6), satisfying (1.9),
and in a neighborhood of M

_ -1
ffocr_b_%—l—ﬁ ifb>—T,

-1
f<—alogt+p ifb:—T,

(5.4)

for some positive constants o. and f.

Proof. Let f; . denote solutions of the e-regularized generalized Jang equation with
warping factor ¢, as constructed in the previous section,

Ha(fa,s) - Ka(f(s,s) = Sfa,a-
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We now proceed to construct an appropriate upper barrier function y for f; , which
is independent of ¢ and . For this we will assume that (1.12) holds for 7 € [0, 7],
with 7, sufficiently small. The upper barrier yy will be a function of t alone, namely
¥ = (7). Recall that

_ N 200 ¢V 0.(S) K

H;(Y) — K;(Y) — ey = L+ " Tt 2 L+ ¢y?

b5y
— (1 + —\/W) Trg k — ey.

In the following, i will be a decreasing function, that is, i’ < 0. Hence, we have

- Ol 2040 K
H) = K — e = ~0.(50 + (ool = 7

HS
. :
T80T+ 607 = 6o

—ey. (5.9

Consider

Y(o) = ar" + B,

for some constants a, o, § > 0. In order for |py)'| — oo as t — 0, we require that
a > b — 1. A straightforward calculation shows that

" 2 /‘ / 1 C
|psth” + 25| 4 < (a+ b+ 1)re 2+,
(1+ ¢§‘///2)3/2 1+ (,25%!///2 ao?

for t sufficiently small. By the assumption 0, > ¢~'/, we obtain
-1 ¢ 2a—2b+1
H;(Y) — K;(f) —ey < —c"'t +W(a+b+1)f .

Now set a=0b+ %, and notice that this automatically satisfies the previous
condition a > b — 1. If @ > 0 and « is chosen sufficiently large, then  is a super

solution,

H; () — K;() — e < 0.
If a = 0, then setting
V() = —alogt +
yields a similar result.
In order to obtain the estimate, recall that |f; .| will be uniformly bounded away

from the boundary, say at the surface corresponding to t = 1, > 0. This follows
from the Harnack inequality and parametric estimates, as in [19]. We may then
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choose f sufficiently large independent of 6 and & such that y(t,) > f5,€|sfo. A
standard comparison argument then shows that

fo.els. < Y(z) for z e (0, 7). (5.6)
As we have shown above, letting ¢ — 0 yields a blow-up solution 3; to the
generalized Jang equation for each positive 6. The solution f; must of course also
satisfy the asymptotics (5.6).

Let us now extract a subsequence J; — 0 such that the surfaces ; converge
smoothly away from the boundary to a solution % = {t = f(x)} of the generalized
Jang equation. This may be proved in the usual way [19], making use of the
parametric estimates of Section 2 and the Harnack inequality of Section 3.
Moreover the asymptotics (5.6) still hold for f. O

Since the warping factor ¢ vanishes at the boundary, we cannot say, without
further analysis, precisely how the solution behaves at the boundary. For instance,
although the solutions 3; blow-up in the form of a cylinder over dM, it may be
the case that as ¢, — 0 the blow-up solutions become arbitrarily close to dM x IR
and eventually (in the limit) coincide or ‘stick’ to the cylinder at certain points. In
order to prevent this, certain inequalities should hold between the vanishing rates of
¢ and 0_; this issue is the primary focus of the next section.

It turns out that the blow-up rates of (5.4) are not the only asymptotics for
the generalized Jang equations. The next result provides other possibilities for upper
barriers.

Propeosition 5.2. Suppose that (M, g, k) is a smooth, asymptotically flat initial data set,
with outermost apparent horizon boundary 0M consisting of a single future apparent
horizon component. Suppose further that ¢ is a smooth function, strictly positive away
from 0M and satisfying (1.8) and (1.10), and that 0, satisfies (1.12). Then for b > 1/2,
there exists a smooth solution f of the generalized Jang equation (1.6), satisfying (1.9),
and in a neighborhood of 0M

fru 4 oifb> s, (5.7)
f<—ulogt+p ifb=1, :

for some positive constants o. and f.

Proof. Recall the calculation in (5.5). Our strategy will be to choose the upper
barrier function ¥4, so that the second derivative of ;5 will dominate all other terms
in (5.5), except —0,(S,). To this end, consider

2b

U

‘//is = /W:S
for some A to be determined. It is an easy exercise to show that its solution is
given by

1 E)'S
@ = [ Sds+p, (58)

+0



Downloaded by [Stony Brook University] at 14:48 14 January 2014

Existence and Blow-Up Behavior for Solutions 2227

for some positive u; and g, to be determined. It is obvious that iy is monotonically
decreasing. Therefore

" ’ / 1" 2b ’ ~ i ’ 1" 2b / /
5 +2(log )y = Y5 + H_—é‘//a +2(log ¢)' s < s + H_—é% —
;A
=({A—-y; < Elp& <0
for large A. Hence, (5.5) becomes
2P\ -
H;(Ys5) — Ks(Y5) — ey < —0 A + ey 5|

+ - v e

T2(1+ YR
A i

< —c¢ = (E — c) (f)g2|lﬁ5| 220,

if again A is large enough. It follows that i is a super solution.
Recall that f; |, < ce™' by (4.5), and note that

1
Ys(0) > ad""* + B ifb> oz

1
Vs(0) > —alogd+p if b= X

This shows that Ys|sy, > f5,|oy for sufficiently large o, if 6 = &®~D" when b >

1/2, and 6 = e when b= 1/2. The maximum principle then implies (if f is
chosen large enough) that f;, < i, for t € [0, 7,]. Let us now extract a subsequence
g; — 0 such that the surfaces X; . converge smoothly away from the boundary to
a solution % = {r = f(x)} of the generalized Jang equation. This may be proved in
the usual way as at the end of Proposition 5.1, even though here §, = af%_lr1 when
b>1/2,and ¢, = e~ when b =1 /2. Tt follows that the solution f must satisfy the
asymptotics (5.7). O

Again, because the warping factor ¢ vanishes at the boundary, we cannot
say, without further analysis, precisely how the solution behaves at the boundary.
It might coincide or ‘stick’ to the cylinder over the boundary at certain points.
Nevertheless, the barrier construction yields an upper bound for the asymptotics.

We may now compare the different asymptotics (5.4) and (5.7). Observe that

I+1

2b—1<b+ 5! only when b < 21, and therefore the asymptotics in (5.7) only

improve the ones in (5.4) when 1 < b < &1,

6. Further Analysis of the Blow-Up Solutions

The purpose of this section is to obtain subsolutions for the generalized Jang
equation and to prove Theorem 1.1. It will be shown that subsolutions exist with
the same asymptotics as described in Propositions 5.1 and 5.2. An appropriate
comparison argument will then be employed to prove Theorem 1.1. As in the
previous two sections, we will assume for simplicity that the boundary of M is an
outermost future apparent horizon with one component. All arguments to follow
may be extended to the general case in which the boundary is an outermost apparent
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horizon, with several future and past horizon components. Moreover the additional
arguments needed for such an extension will be recorded at the end of this section
in the proof of Theorem 1.1.

Let (7) be a function of 7 alone, which satisfies /' < 0 and

|py/| — oo as T — 0. (6.1)

Then according to (5.5) there exist bounded functions ¢, and ¢,, with ¢, > % for
small 7, such that

HO - k) = -0.65) - 5 (G + ) 52s 6

Lemma 6.1.

(1) Suppose that =5+ < b < 21, and thar (1.12) and (1.10) hold for t € [0, 7o]. Then

=
for sufficiently small t, there exist sub and supersolutions Y and  of the generalized
Jang equation, satisfying (6.1), and such that

_ _ -1 I+1
Y<ar T 4B if—T<b<%,

— -1
—o gt f <y, < —alogttfoifb=——r,

1 _—p_l=L _
OCI’L'b 2+B1

IA
IS

(6.3)

for some positive constants o and 5. Moreover

1

HO) - K) = i, HE) - K@) = =57,

where the constant A > 0 may be chosen arbitrarily large and ¢ is as in (1.12).
(2) Suppose that 1 < b < % and that (1.10) and (1.11) hold for t € [0, 1,]. Then for
sufficiently small t, there exist sub and supersolutions y and 7y of the generalized

Jang equation, satisfying (6.1), and such that

1 [+1
a711172b+ﬁ71 < YSaTI—Zb_i_ﬂ if§<b<%,

1
—a'logt+ 7 <y T <—oalogt+p ifb= 3
for some positive constants o and 5. Moreover
H(z) — K(z) = /7', HE) - K@) = =7,

where the constant 1. > 0 may be chosen arbitrarily large and 2b — 1 <I<
min(/, 2b).

Proof. (1) First consider the case —5! < b < &L

5 5 and take the most obvious
choice

Y(r) =t + B,
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where a is to be determined. A calculation shows that
" 2b 2b—a-—1
lp_ + - = a s
W T T
and |¢y/| = aut’"! - o ast— 0if a > b — 1. By applying (1.12) to (6.2) we then

have

b—a—1)¢, 5, ¢ o
HW) — K@) = —c37' — T‘TZ W41 4 o (20242
where ¢; > ¢! > 0 is a bounded function. Setting a = b+ 5! yields

2+ 1-2b)e, 4o
HY) — K(Y) = —¢57 : v
W) =KW =—art it T a@ 12"

I+1

Thus if 7, is sufficiently small, then by defining y to have the structure of y with o
sufficiently small

H() - K() = «7'7,

and by defining i to have the structure of y with o sufficiently large

1

— — c
H\) — K@) < —TTZ-
Now consider the case when b = —%, and take

V(1) = —alogt + B.

Observe that

+1

and |¢pyY/| = a0t~ — oo as T — 0. By applying (1.12) to (6.2) we then have

l
H(Y) = K(W) = eyt + L'+ 22+,
x o

Thus if 7, is sufficiently small, then by defining  to have the structure of i with o
sufficiently small

H(y) — K@) = o07'7,

and by defining i to have the structure of y with « sufficiently large

HP) - K() = -,
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(2) Assume that % <b< % and let y(t) be a function of t alone satisfying

(6.1). According to (6.2) and (1.11)

N e v  2b Cy
H(y) — K(x) = ey — 2y (7 + T) + TZhXQ’

where ¢, is a bounded function. This suggests that we study the ODE

17 2b ;
—— (‘— + —) =57, (6.4)

.EZbX/Z X/ T

The choice of 34 will be used when defining the sub and supersolutions, respectively.
In order to solve (6.4) observe that this equation is equivalent to

AN N
<_/2 ) EYeSY
4

_1
y =— (~_i22 120 +A2,C4b> ’ (6.5)
I+1-2b

and hence

for some constant A. We choose A > 0, since if A =0 and —2 is chosen in (6.4),
then (6.5) yields similar asymptotics as in (1). Notice also that the expression inside
the square root is positive for small 7, since 4b < [+ 1+ 2b and A > 0. It follows
that

,57217 < _X/ < 2A71,C72b

for sufficiently small 7. This shows that (6.1) holds. Furthermore
H(y) —K(x) = c,7' + cl/lTT + csA*T?,

for some bounded function cs. We define g, 7 to be the solutions of (6.4) constructed
above and corresponding to —4, +4 respectively. By choosing / sufficiently large the
desired result follows, since / < min(/, 2b). O

The existence of two subsolutions with different asymptotics, when % <b< %,

indicates that there will be two different blow-up solutions of the generalized Jang
equation, one corresponding to each of the distinct asymptotics. These solutions
will arise from two different sequences of solutions to the regularized equation.
More precisely, consider the generalized Jang equation with ¢ = t°¢ replaced by
¢s = (t+ )"}, as in (5.3). According to the proof of Proposition 5.1, for each
0 > 0, there exists a blow-up solution ¢ = f; which asymptotically approaches the
cylinder M x R at a rate given by (5.4). A subsequence will then converge to a
blow-up solution of the generalized Jang equation as  — 0, and this solution will
satisfy the asymptotics (1.13). The second sequence of solutions will arise from the
o-regularized generalized Jang equation, and will be constructed to have finite values
at OM. However, as 6 — 0 these boundary values will become arbitrarily large, and
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a subsequence will converge to a blow-up solution of the generalized Jang equation
which satisfies the asymptotics (1.14).

We first analyze the case of the solutions ¢ = f; with asymptotics given by (5.4).
Consider the d-regularized generalized Jang equation applied to a function /() as
in (6.2),

Hy() — Ks(h) = —0,(5,) — —L ( (6.6)

Y 2b ¢
ICEDEZ )

v Tixs) T ey
Let § be the subsolution constructed in (1) of Lemma 6.1, and consider
ﬂé(r) = Y(t+9).

It is clear from the proof of Lemma 6.1 that s is a subsolution of the é-regularized
generalized Jang equation,

Hs(y,) — K;(¥,) = At + 9)' > 0. (6.7)
We will show that % acts as a lower barrier for the regularized solutions f;.
Proposition 6.2. Iff5|5m > Y (79) then f5 =, for all T € [0, 7o].
Proof. Consider the function wy; = f; — %_. Since %(O) is finite and f; blows-up
at dM, we have that w;],, > 0; moreover, by assumption wy| 5y 2 0. Suppose that
w; attains an interior negative minimum, then at that point

Vfs =V, Viw;>0.

It follows that at the minimum point

i i 5 VijWs
(Hs(fs) — Ks(f5) — (Ho(ﬂ()) — Ka(ﬂ))) — <gu 5515 ) ¢sV;w

_ 20
1+ @31V ) 1T+ Q2Vf,)?

On the other hand, by (6.7)

(Hy(fs) — K5(fy)) — (Hy(b,) = K5(h,)) < —A(z + ) <0,
This contradiction shows that w; > 0 for all = € [0, 7,]. O

We are now ready to prove the primary existence result for the first asymptotics
of Theorem 1.1.

Theorem 6.3. Suppose that (M, g, k) is a smooth, asymptotically flat initial data set,

with outermost apparent horizon boundary OM consisting of a single future apparent

horizon component. Suppose further that ¢ is a smooth function, strictly positive

away from 0M and satisfying (1.8) and (1.10), and that 0, satisfies (1.12) for 1 €
-1

[0, 7] If == <b< % then there exists a smooth solution f of the generalized
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Jang equation (1.6), satisfying (1.9), and such that the following estimates hold in a
neighborhood of 0M

] i 1-1 [+1

-1

!
—o'logt+ ' < f < —ulogr+f ifb=———,

(6.8)

for some positive constants o and f.

Proof. According to the proof of Proposition 5.1, for each § > 0, there exists a
blow-up solution # = f; of equation (1.6) with ¢ replaced by ¢;, and this solution
asymptotically approaches the cylinder M x R at a rate given by (5.4). As in the
proof of Proposition 5.1, there is a subsequence d, — 0 such that these graphs
converge smoothly away from the boundary to a solution ¢ = f of the generalized
Jang equation (1.6), which satisfies (1.9). This implies that there exists a fixed value
for %’_ (79), independent of ¢;, such that f; | 5, 2 %,-(TO)' In fact by writing

U, @ = 4 3) T B

we can achieve this by choosing fixed o; =« and f; = f for all i. Therefore ¥

converges to a function y satisfying the estimates (6.3). Moreover by Proposition 6.2,
fs, = ¥, for T € [0, 7o), and therefore f satisfies (6.8). O

Blow-up solutions of the generalized Jang equation satisfying (1.14) will now
be constructed. These will arise from a sequence of solutions to the J-regularized
equation with finite boundary values. Assume that 1 <b < 2! and that (1.11)

holds, and let 1 % be the functions constructed in Lemma 6.1. Set

2,0 = 2(t+6) and 7,(2) := 71 + ),

and note that these translated functions are sub and supersolutions for the
o-regularized generalized Jang equation. In particular, from (6.6) and the proof of
Lemma 6.1 we have

Hy(z,) — Ky(x) = A1+ 0). Hy(7y) — Ky(Z,) < — Mz + ). (6.9)

Let T; =6'"* if b> 5 and T; = —logd if b= 3, and observe that T; ~ z (0) ~
%5(0). Consider now the following boundary value problem for the d-regularized

generalized Jang equation

Hs(hs) — K;(hs) =0 on M, (6.10)
hy=T, ondM, h;— 0 as|x|— oo. (6.11)

0
Proposition 6.4. Suppose that OM is an outermost future apparent horizon having one

component, and that (1.11) holds for t € [0, 7,]. If 3 <b < %L, then there exists a
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smooth solution of (6.10), (6.11), which is C° up to the boundary, and satisfies the
following estimates in a neighborhood of 0M

1 I+1
N+ )T Sy a4 8) B 5 <b< %
6.12)

1
—oa Mog(t+6)+p7" < hy < —alog(t+0)+p ifb= 3
for some positive constants o. and  independent of o.

Proof. We first solve a boundary value problem for the ed-regularized generalized
Jang equation:

H;s(h; ) — Ks(hs ) = e(hs . — x) on M, (6.13)

hs,=Ts; ondM, hs,— 0 as|x|— oo, (6.14)

where y is a smooth function on M such that y = T; on dM, sup,, || < Ts, and y =

0 in a neighborhood of spatial infinity. Moreover, we require that y is decreasing in
T near OM.

We now employ the continuity method to show that a unique solution exists for

(6.13) and (6.14). This is similar to arguments used for (4.10) and (4.11). To begin,
observe that the maximum principle yields the bound

sup |hs .| < T; +ce .
M

0,&

To establish boundary gradient estimates, we construct subsolutions and
supersolutions.

Fix a 7, sufficiently small. For subsolutions, take L, s in Lemma 6.1.
Specifically, y, _satisfies ’

Hy(x, ) — Ks(z, ) = Mz +0)',

for some positive 4. Since this subsolution is a solution to a second order ODE,
there are two free parameters that may be chosen appropriately so that

25,0 =T5, 1, (0) = =(T5 + ce™),
and
Ly, S for 7 € [0, 7).
This shows that w;, := h;, — Ly, Z 0 along the surfaces M and S, . Suppose

that w;, achieves an interior negative minimum. Then at that point, a standard
comparison argument yields

[Hs(hs.e) — Ks(hs o)) — [Ha(lé’g) - K&(ZM)] > 0.
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On the other hand, according to (6.9) and w;, < 0 at the point in question, we have

A

[H(hs.0) = Ks(hs )] = [Hs(1; ) — Koz, )] < 8(hs,, — 1) = iz + )
= ow;, +8(1,, — 1) — Mz +0) <0,

It follows that h; . > y 5o for all 7 € [0, 7], and this yields a lower bound for 0, 4; .
For supersolutions, let 7 be defined in the same way as ¥, from the proof of
Lemma 6.1, except that (6.5) is replaced by

7 = (~ -2/ ,57+1+2b +A2,L_4b)
I+1-2b

oI

Then Y; , := 7(t + 0) satisfies

H;(%5..) — Ks(T5..) < =Mz +0)".
Choose the two parameters defining s, appropriately so that

5 s(o) (), ’5(:5’6(7:0) = T(g + CS_I

Then ;. > y for all 7 € [0, 7,]. As above, a comparison argument can be employed
to show that hs, <7%;, for all t € [0, ty]. This yields an upper bound for 0.h;,.
A solution of (6.13), (6.14) is now guaranteed, and uniqueness follows from a
maximum principle argument.

As in the proof of Theorem 6.3, we may now let ¢ — 0 and extract a
subsequence of solutions, still denoted A, ,, which converges smoothly away from
the horizon to a solution £ of (6.10). Moreover

hy > 0 as |x| > .
We need to show that
h(j == T(S on 6M.

Note that the functions ks, are uniformly bounded, independent of & (in fact
independent of d as well), when restricted to the surface S, . It follows that &; | 5,

T, for ¢ sufficiently small. We may then choose sub and supersolutions L < Lss
satisfying (6.9), the estimate (6.12) with constants « and f independent of s and
such that

Zd(o) = h;olow = %5(0), Zd(fo) = ha,s|sfo < %5(70)s

and

<y <7s; fortel0,r1.

—()

A comparison argument, as in the first half of this proof, may now be used
to establish (6.12) for h;,. This establishes C° and boundary gradient estimates,
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independent of . We may now apply Theorem 15.2 of [11] to obtain global C!
bounds independent of &. It follows that the limit &z is C° up to the boundary.
Lastly we may take the subsequential limit h; — h as 6 — 0, to find that
the functions sz are uniformly bounded, independent of J, when restricted to the
surface S, . Then as in the previous paragraph, sub and supersolutions L and 7; may
be used to obtain the estimate (6.12) with constants o and f§ independent of ¢. O

Theorem 6.5. Suppose that (M, g, k) is a smooth, asymptotically flat initial data set,
with outermost apparent horizon boundary 0M consisting of a single future apparent
horizon component. Suppose further that ¢ is a smooth function, strictly positive away
Sfrom OM and satisfying (1.8) and (1.10), and that 0 satisfies (1.11). If% <b< % then
there exists a smooth solution h of the generalized Jang equation (1.6), satisfying (1.9),
and such that the following estimates hold in a neighborhood of M

1 [+1
a "l <h<at"™* 4B if-<b< L,
2 |2 (6.15)
—allogt+ p ' <h<—oalogt+p ifb= 3
for some positive constants o and f.

Proof. By Proposition 6.4, for each § > 0 there exists a solution t = h; of boundary
value problem (6.10), (6.11). As in the proof of Theorem 6.3, there is a subsequence
d; — 0 such that these graphs converge smoothly away from the boundary to a
solution t = h of the generalized Jang equation (1.6), which satisfies (1.9). Since the
constants o and f§ in (6.12) are independent of J, the limit % satisfies (6.15). O

Now we are ready to prove Theorem 1.1.

Proof of Theorem 1.1. This follows from Theorems 6.3 and 6.5 if the boundary has
one future apparent horizon component. Similar arguments hold if the boundary
has a single past apparent horizon component.

Now consider the case of multiple components in which some components
belong to the category (1) and some belong to the category (2). The asymptotics
of (1) arise from taking the limit as £ — 0 to obtain a blow-up solution, and then
taking the limit as 6 — 0. The asymptotics of (2) arise from taking the limit as
& — 0 to obtain a solution with finite boundary values (6.11), and then taking the
limit as 6 — 0 to obtain the blow-up solution. Moreover the relevant constructions
may be performed in a neighborhood of each component, so that this process of
letting & — 0 first, and then taking the limit 6 — 0, may be carried out to obtain
the desired result. O

We now give an example to show that the nice asymptotics described in

Theorems 6.3 and 6.5 can fail if b = % In particular, we will exhibit a solution of

the generalized Jang equation which sticks to the cylinder.

Example 6.6. Let us consider the exterior region of the Schwarzschild spacetime

with metric
2 2m\ !
— (1 — —m> dr + (1 — —m) dr* + r*dc,
r r
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where do? is the round metric on S?. Let t = f(r) be a radial graph, with induced

metric
2m\ ! 2
g = ((1__m> _<1__m>f/2> d7‘2+7‘2d02.
r r

As is calculated in [5], the second fundamental form of the graph is given by

k. — ¢Vijf+¢ifj+¢jfi
Y I+ @V

where ¢ = /1 — 2% and the covariant derivatives are calculated with respect to the

metric g. Thus (M = R® — B,,,(0), g, k) forms an initial data set for which the graph
t = f(r) is a solution of the generalized Jang equation. We choose a solution 7 =
f(r) such that the function f is smooth up to the boundary r = 2m. In particular,
f(2m) < oo and we may consider this as an example of a Jang graph ‘sticking’ to
the cylinder. For such an f, we note that

-1 -1
g11=(1—2—m> _<1_2_m>f’2~<1_2_m> .
r r r

Therefore the distance to the boundary is given by

r 2m
S CIR RS

This implies that ¢ ~ 1, or rather b = 1. We now compute the null expansion of the
coordinate spheres with respect to the initial data metric g. A standard formula [5]

yields
2/ g!! / 2
Hy = _g ~a 1= _m’
" r r

and the trace of the initial data k over the coordinate spheres is given by

Try

Ly A T Y (1 B 2_m>
' VIHQIVIE r 1+ ¢l f? r
It follows that

2
0, =Hy £ Trok~/1— =2
T, .

In terms of the notation used above, we have 0, ~ 7, and in particular, [ = 1.
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