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TYPE-II SMOOTHING IN MEAN CURVATURE FLOW

SIGURD ANGENENT, PANAGIOTA DASKALOPOULOS AND NATASA SESUM

Veldzquez (1994) constructed a smooth O (4) x O(4) invariant mean curvature flow that forms a type-II
singularity at the origin in spacetime. Stolarski (2023) showed that the mean curvature on this solution
is uniformly bounded. In a work in preparation, Angenent, Ilmanen, and Veldzquez (Angenent et al.)
also provided formal asymptotic expansions for a possible smooth continuation of the solution after the
singularity.

Here we prove short-time existence of Veldzquez’ formal continuation, and we verify that the mean
curvature is also uniformly bounded on the continuation. Combined with the earlier results of Veldzquez
and Stolarski we therefore show that there exists a solution {Mt7 C R®| —1y < t < 1y} that has an isolated
singularity at the origin 0 € R® and at # = 0; moreover, the mean curvature is uniformly bounded on this
solution, even though the second fundamental form is unbounded near the singularity.

1. Introduction

We say that a family of hypersurfaces {M;};cj0.7) C R"*! moves by the mean curvature flow if

aF -
5o =H, (MCF)

where H (-, t) is the mean curvature vector of the hypersurface M;, and F (-,1): M — M, cR"" is
a smooth family of parametrizations of the moving hypersurface. In the case of closed hypersurfaces,
Huisken [1984] showed the norm of the second fundamental form blows up at finite time 7" < oo; that is
lim sup max |A|( -, t) = oo.
t—>T t
Very often, even in a complete, noncompact setting, mean curvature flow (MCF) develops a singularity
at a finite time 7" < oco. It is very natural to ask whether the mean curvature also needs to blow up at a
finite time singularity, or equivalently, whether a uniform bound on |ITI | for all ¢ € [0, T') guarantees the
existence of smooth solution past time 7.

For mean convex flows it is well known [Huisken 1984] that the mean curvature bounds the second
fundamental form A, i.e., |A|/| H | attains its maximum at ¢ = 0 and therefore is uniformly bounded. This
implies that for mean convex flows the mean curvature is never bounded near a singularity. Dropping
the assumption of mean convexity, it was shown by Le, Lin, and Sesum [Le and Sesum 2011a; 2011b;
Lin and Sesum 2016] and by Xu, Ye, and Zhao [Xu et al. 2011] that for mean curvature flow of closed
m thanks the NSF for support in DMS-1266172. N. Sesum thanks the NSF for support in DMS-1056387 and in
DMS-1811833.
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hypersurfaces the mean curvature needs to blow up at the first singular time, given some extra assumptions,
such as having only type-I singularities or being close to a sphere in the L? sense. More recently, Li and
Wang [2019] showed, using a quite involved argument that in the case of closed surfaces in R* the mean
curvature always blows up at the first singular time. The question of boundedness of the mean curvature
on a singular mean curvature flow is therefore completely settled in the case of compact surfaces in R,
and for hypersurfaces in higher dimensions under a variety of extra assumptions.

For n > 4, Velazquez [1994] constructed O(n) x O(n) symmetric solutions of dimension N =2n — 1
that converge to the Simons cone at parabolic scales around the singularity, and converge to a smooth
minimal surface desingularizing Simons cone at the scale at which the norm of the second fundamental
form blows up at the origin. Using formal asymptotic expansions, Angenent, [lmanen, and Velazquez
[Angenent et al.] also suggested a way in which the solution {M,;} might be continued smoothly after the
singularity, i.e., for ¢ > 0.

These complete noncompact solutions were expected to provide examples of higher-dimensional mean
curvature flow with the property that the mean curvature stays bounded at the first singular time. Stolarski
[2023] used precise asymptotics of these solutions together with sophisticated blow up arguments to
rigorously prove that this is indeed the case for ¢ < 0; i.e., he showed that before the singularity forms the
mean curvature on some of Veldzquez’ solutions is uniformly bounded. (To be precise, he requires the
parameter k that appears in Veldzquez’ solutions to be even and not less than 4.)

Here we consider the case n = 4, i.e., the case of 7-dimensional hypersurfaces in R®. We first prove
existence and regularity of Veldzquez’ formal extension of the Veldzquez—Stolarski solutions, and we
thereby obtain a solution {M, C R® | =ty < t < 9} of MCF that is smooth everywhere except at the origin
(0,0) € R® x (—tg, 1p) in spacetime, and whose mean curvature is uniformly bounded even though its
second fundamental form blows up near (0, 0). In particular, we show that the singular hypersurface
My = lim; -9 M, that remains after the Velazquez—Stolarski solution forms its singularity can be used as
initial data for MCF, and that at least one of the ensuing solutions has uniformly bounded mean curvature.

Stolarski [2023] indicates he expects his result to be true for closed mean curvature flow that can be
obtained by compactifying Veldzquez examples, but it still remains open. Another question that remains
completely open is what happens in dimensions 3 < N < 6 where neither an example of a singular solution
with bounded mean curvature nor a theorem proving the impossibility of such an example are known.

1.1. Outline. In this paper we consider an O(4) x O(4) symmetric hypersurface M, defined by the
profile function

u=up(x),
where ug : (0, c0) — R is a smooth function that near the origin satisfies

ug(x) =x+K0x2(k_l)+o(x2(k_l)), x N\ 0, (1.1.1)
for some integer
k>4
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and some constant Ky > 0. We will also assume that for all x > 0 one has
0<ug(x) <Co, |ug(x)| <Co, |ug)| < Cox*~* (1.1.2)
for some constant Cyp > 0. The last assumption implies, after integration, that for all x > O one has
lup(x) — 1] < Cx*73 (1.1.3)

for some constant C > 0, depending on Cy. This implies that for x small enough we have ug(x) > % By
rescaling we may assume that
ug(x) >c¢>0 forx e[0,1]. (1.1.4)

It turns out that such a function u((x) is the final-time profile near a singularity (0, 0) of the O (4) x O (4)
MCEF solution M,, —t; <t < 0, for some small #; < 0, which was constructed by Veldzquez [1994].
Under the assumption that k is even, Stolarski [2023] showed that the Velazquez solution has bounded
mean curvature at the singularity, i.e., the mean curvature of M; remains bounded as t — 0™ near (0, 0).

Our goal in this paper is to show that the MCF starting at M( can be continued for 0 < ¢ < ¢, for some
top > 0 small, with a smooth solution M;, t € (0, ty), which is O(4) x O (4) symmetric. Furthermore, the
mean curvature of M, as t — 0" will remain uniformly bounded despite the fact that My is singular
atx =0.

The solution M, will be defined by a profile function u : (0, o0) x (0, ) — (0, 0o) that satisfies the
initial value problem

Uax 3, 3 (1.1.52)
u, = Zu,— =, .1.5a
! l+uz  x Yo
lim u, (x, 1) =0, (1.1.5b)
x—0
lim u(x, t) = up(x). (1.1.5¢)
t—0

Note the condition lim,_, o u, (x, ) = 0 ensures that u(x, ¢) defines an O (4) x O (4) hypersurface M, that
is smooth at the origin and hence everywhere.

We will prove the following:
Main Theorem. Assume that My is an O(4) x O(4) symmetric hypersurface defined by the profile
Sfunction ug : [0, 00) — R which is smooth for x > 0 and at x = 0 satisfies condition (1.1.1) for some
k > 3. Then, there exists ty > 0 and a C*-smooth O(4) x O (4) symmetric MCF solution M,, 0 <t < 1y,
defined by a profile function u : (0, 00) x (0, to] — (0, 0c0) which satisfies the initial value problem
(1.1.5a)—(1.1.5c). Furthermore the mean curvature H(x, t) of the hypersurface M, satisfies

sup |H(x,1)| < +o00
(x,1)€[0,00) x (0,a]

for some 0 < a < ty. In particular, H(x, t) is uniformly bounded near the origin as t — 0% despite the
fact that the mean curvature of My is undefined at the origin.

As a corollary of the main theorem and the results in [Stolarski 2023] we have the following result.
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Corollary 1.1.1. There exists an O(4) x O(4) symmetric complete noncompact mean curvature flow
solution {M;}ie(—1y,10) Such that M; is smooth for all t € (—ty, to)\{0}, has a type-1I singularity at the
origin and at time t = 0, and has uniformly bounded mean curvature away from t = 0. More precisely,
there exists a uniform constant C, so that

sup |H(x,t)| <C.
(x,1)€[0,00) x (—19,10)\ {0}

The short-time existence of a smooth MCF solution starting at My follows by standard quasilinear
parabolic PDE theory. The challenge here is to establish the uniform bound on H (-, t) near the singu-
larity (0, 0). For this purpose we will construct sharp upper and lower barriers which will capture the
exact behavior of the profile function u(x, ¢) of our solution M; as (x, t) — (0, 0). This will be done
in Section 3. In Section 4 we will then construct the profile function u(x, t), namely a solution of the
initial boundary value problem (1.1.5a)—(1.1.5c). The boundary condition u, (0, t) = 0 and the fact that
u > 0 will guarantee that u(x, ¢t) defines a smooth MCF solution M, which is O(4) x O(4) symmetric.
In Section 5 we will show that H (x, t) remains bounded as + — 0. The barrier construction in Section 3
is based on the formal asymptotic expansion of the profile solution u(x, ) as (x, t) — (0, 0). For the
convenience of the reader we will start by giving this expansion in the next section.

2. Formal asymptotic expansion of u(x, t)

We start with the construction by Angenent, [lmanen, and Veldzquez [Angenent et al.] of a formal
asymptotic expansion of the profile solution u(x, ¢#) for small > 0. This construction motivates our
choice of barriers in different regions later in order to rigorously prove the existence of a mean curvature
flow past the singular time with the following properties. Our solution before the singularity at r =0
coincides with the solution constructed by Veldzquez [1994], it continues as a smooth solution for
t € (0, 1), for some #; > 0, and has uniformly bounded mean curvature for all times ¢ < 0, for which it
exists, and all t € (0, 11).

2.1. Outer variables. We can approximate any smooth solution for small # > 0 by using the Taylor
expansion u(x, t) = u(x, 0) + tu,(x, 0) + o(¢). In view of the PDE (1.1.5a) this implies that any solution
u(x, t) must satisfy

up(x) 3

3
WJF;%(X)——}JWU), t— 0. (2.1.1)

u(x,t) =uo(x)—|—t{ o)

We will see that under our assumptions (1.1.1)—(1.1.3) on the initial data, the expansion (2.1.1) holds if
x2>> 1. To describe possible solutions for x> ~ ¢ we introduce a new set of coordinates, the intermediate
variables.

2.2. Intermediate variables. Consider the function v(y, 7) defined by

X
ulx, 1) = ﬁv(E,logt). (2.2.1)
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It satisfies

Vyy 3y v 3
=— -+ vy — - ——. 2.2.2
Vg 1+v§+(y+ )v} ( )

Assuming that v(y, ) is close to the cone, we set

vy, 1) =y+ f(y.7)
and compute the equation for f,

fe=Lf+NIf] (2.2.3)
where L is the linear differential operator
cr=tr s (2404 (2 -y 2.2.4)
27 y 2 Y yz2 o 2]
and where )
24 fy
NIf]:=-3 / ) zfyfyy (2.2.5)

YO+ 1+A+ 1)
collects the nonlinear terms in the equation for f.

If we assume that the nonlinear terms are much smaller than the linear terms, then f should be
approximated by a solution of the linear equation f; =L f. The outer approximation u (x, t) =ug(x)+O(t)
together with the assumption that the initial function satisfies u(x, 0) = x + Kox>*~1 4 ... leads to

v(y, T) =y + Koe*/DTy2E=b (2.2.6)
for y > e~%/2. This prompts us to look for approximate solutions of the form
v(y, 1) =y + K"y, (22.7)
where ¢y is a solution of the differential equation
Lo = (k—3) .

It turns out that there are positive and convex solutions of this equation that are defined for all y > 0.
Their asymptotic behavior for small and large values of y is given by

1+o(1) 1+o(l) 5,
== 9 07 = T < b
Pr(y) = y— Pr(y) 2k o’

In Section A.1 we present some more details regarding the eigenfunctions .

y —> 00.

This implies that our intermediate solution v(y, t) from (2.2.7) is given by
- y2k=1)
v(y, ) =y +Ke* 3/2)7m + -
when vy is large.! Comparing with (2.2.6) we see that Ko and K are related by
K= KoQk+ 1! (2.2.8)

INotation: 2k + D!'=1-3.5---(2k—1)- 2k + 1).
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2.3. Inner variables. One can only expect the intermediate approximation to hold if the nonlinear terms

are small compared with the linear terms. Since the linear terms are all of order ~ f/y? and the nonlinear

terms are of order f2/y>, we see that the nonlinear terms are dominated by the linear terms if | f/y| < 1.
When y is small we have f(y, 1) ~e*=3/27y=2 50| f/y| < 1 holds if
eRTIDTYTI 1 ey o®BT1DT Z T

where we write

In the original (x, ) coordinates we have y = e?7 exactly if x = ¢*/3.
This leads us to introduce the new variable

z=ye VT =xt7*3

and a new function w(z, t) defined by

v(y, ) =e""w(ye 7’7, 7). (2.3.1)
Equation (2.2.2) is equivalent to
w 3 3 k
rz;g—i-ng—a=e2”{wf+§(w—zwz)}. (2.3.2)

For t — —oo we assume the terms on the right vanish, so it is natural to look for an approximate solution

of the form
z

w(z, T; Ky) = K2W<K ) -+ correction terms, (2.3.3)

2
where W (z) is Alencar’s solution” of the minimal surface equation

W’ (z) 3, 3
— 5t W@ - ——=
1+Wi(2)* =z W(z)
By scaling invariance of the minimal surface equation, K W(z/K), with K > 0 an arbitrary constant, is
always a solution of (2.3.4) if W is one. We choose W so that it is normalized by

0. (2.3.4)

1
W) =z+ 2 +0(z7?), z— oo. (2.3.5)

The matching condition for the inner solution w(z, t) = K, W(z/K3) + - - - with the intermediate solution
v(y, D) =y+ K% 32T (y) + - - is then

w(z, t)~e vz, 1);

2See Section A.3 for a discussion of this solution. Alencar [1993] analyzed the ODEs that appear when one considers
SO(m) x SO(m) invariant minimal surfaces of this type, although he mostly considered the cases m = 2, 3 in that first paper.
Velazquez [1994] dealt with the case m > 4, and later Alencar, Barros, Palmas, Reyes, and Santos gave a complete classification
in [Alencar et al. 2005]. Much earlier, Hardt and Simon [1985] proved a general existence theorem for smooth minimal
hypersurfaces that accompany strictly minimizing cones, without assuming any kind of symmetry.
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ie.,
K23 ek=3/27 ,=3yT K,
Z+—2+--'=Z+K1—2+--'=Z+—2+’--
Z Z z
Hence the constants K| and K, are related by
K3 =K = Ko(2k+ 1!, (2.3.6)

and our approximate inner solution is given by
wz 1) =KWK, 2.

3. Barriers

3.1. The three regions. Our goal in this section is to construct upper and lower barriers for

Uy +3 3 (1.1.50)
= —Uy —— 1.5a
1+u2 x " u

U

that are valid for all x € (0, +00) and 0 < ¢ < ty, for some small enough ¢y > 0.

To do this we modify the approximate solutions from Section 2 in each of the three regions and glue
the resulting locally defined barriers into one set of globally defined upper and lower barriers.

First we define the three regions. In what follows we regard the three regions as subsets of spacetime
and use the different sets of coordinates (x, ¢), (y, ), and (z, T) on spacetime to describe them.

 For any given M > 0 we define the outer region to be
Ou={(x,t)|x>MJi,0<t<M2}.
We will assume that M > 1.
e For any R > 0 and 7, € R we define the infermediate region to be
Mpo, ={(y.0) |RT<y<e ™’ t <1}

Since y = x/+/t = xe~ /2, the intermediate region is defined up to x = 1; hence the intermediate
and outer regions clearly overlap.

« Finally, we declare the inner region to be
Iz.. ={z 1D |0=z=Z 1=t}
Since z = e~ 7"y, we see that the intermediate and inner regions overlap if Z > R.
In Section 4 we will construct a nested sequence of barriers
Uy  <Uy, <U <Uf |

where §, = 27"§p for some §yp > 0. These barriers will be defined for all ¢ < 75,, where 75, — —00
as 8, — 0. As a result we will see that we need to take Z = Z;, and t* = 75, in the definitions of the
intermediate and inner regions above. In addition we will see that Zs, — 400 as §, — 0.
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3.2. Fixing the parameters. From here on we fix the parameters k > 3 and K¢ > 0, and we let K, K>
be defined by (2.3.6). In all our estimates ¢ and C will be generic constants that can depend only on k,
Ko, K1, and K;. We use C in upper bounds, and ¢ in lower bounds.

3.3. Barriers in the outer region.

Lemma 3.3.1. For sufficiently large M > O the functions
ut(x, 1) = up(x) £ Mt min{1, x4} (3.3.1)
are super- or subsolutions in the outer region QOy;.

Proof. We only consider the upper barrier u™. Similar arguments apply to the lower barrier.
When x > 1 we have u™ (x, t) =uo(x)+Mt, so that for € (0, M~2) one has u™ (x, t) > inf, > uo(x) =:c.
This implies
+
14+ @whH?  x ut
for all x > 1 and t < M~2. Here C does not depend on M. On the other hand u;” = M, so for large
enough M we get
+ > Uy 3+ 3
X

u u s
T4 @h)? x ut

i.e., u™ is an upper barrier for x > 1.

If x > M+/f and x < 1, we have u™t (x, 1) = ug(x) + Mtx*—4, so that
|ujx| < |uoxx|+ CMix*5 < Cx*=* 4 CMx*0 < Cx*4.

Similar estimates hold for u} — 1 and u™ (x, r) — x, namely,

ul |+ xjul = 1)+ [ut — x| < Cx*2,
Hence
Ju3, < x4,
14 (ui)?
and also
3 3 3 lut — x|
2o+ _ 22, =Xl 2k—4
xu" " §x|ux 1143 o <Cx .
Together we get
+
A IO 1 )
14+ wH)?  «x ut

where C does not depend on M. On the other hand, u” = Mx*~* Hence, it now follows that
uo(x) + Mtx?*=* is an upper barrier if M is large enough.

Finally we observe that at the point x = 1 the function ™ (x, #) has a concave corner, so that u™ (x, 1) =
uo(x) + Mt min{1, x%*=*} is indeed an upper barrier for all x > M\/t, t < M2
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Similar arguments show that

u=(x, 1) = up(x) — Mrmin{1, x>*=%}

is a lower barrier in the same region. The only difference is that one now uses for x > 1, t € (0, M —2)
the lower bound

u (x,t)> inf1 upg(x) — Mt > %c,
x>
for M sufficiently large, where ¢ :=inf,>1 up(x). O

3.4. Barriers in the intermediate region. We model the upper and lower barriers in the intermediate
region on the approximate solution v(y, t) = y + f(y, t) from Section 2.2, where f is assumed to be
a small function that satisfies (2.2.3), i.e., fr = Lf + N[ f]. A function f defines an upper barrier for
(2.2.3) in Mg o, if

fr=Lf = NIf] (3.4.1)

holds throughout M, ;.. For a lower barrier the reverse inequality must hold.

It turns out that the approximate solution fy(y, 7) = K e3VT(pk (y) is neither a sub- nor supersolution
for any choice of the constant K. To obtain barriers we therefore add a small correction term fi(y, 7).
While the resulting function fy(y, t) + f1(y, t) does provide a barrier, it does not match the barrier we
construct later in the inner region. To remedy this we add a second correction term f>(y, t). The resulting
barriers fy + f1 + f> will contain a small parameter § > 0. By choosing § > 0 smaller we get more
accurate barriers, but we also have to reduce the time interval —oo < 7 < 75 on which they are defined.
In the end this will allow us to prove convergence as T — —oo of the actual solution that we construct
using our barriers.

Our construction uses an auxiliary function g : (0, c0) — R, which is the solution of the boundary
value problem

6yg() —Lg() =y +y*7, 0<y<oo,
gy =—3y"+o(y™), y =0, (3.4.2)
g =y* T +o(y™*), y = oo.
The choice of forcing term in the equation for g above will become apparent in what follows. In
Section A.2 we prove:

Lemma 3.4.1. Equations (3.4.2) have a solution g : (0, c0) — R.

In fact, the proof in Section A.2 shows that there is a one-parameter family of solutions g. We choose
one of these, for example the one for which the constant B from the proof in Section A.2 vanishes.
Assuming that Lemma 3.4.1 holds, we look for barriers in the family of functions

vy (. D) =y + [0 D), (3.4.3)
where
o0 =ffo.0,)E{A0, 0+ L0, 1)} (3.4.4)
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and
W, 1,8 = (K1 £8)> g (y),

fi(y. 1) = BKe"g(y), (3.4.5)
Hy, 7) =ePtDrEy=r,
Here, as in Section 3.2, we have K| = (2k + 1)!! Ky, while B, § > 0 and p € (2, 3) are parameters.

Proposition 3.4.2. There exist By, Ry, and t, that only depend on k, K such that for all § € (0, %K 1),
p € (2, 3), the functions ]‘5i defined in (3.4.4)—(3.4.5) are upper and lower barriers for (2.2.3) in the
intermediate region Mg, +,. It follows that the functions vgt defined in (3.4.3) are upper and lower barriers
for (2.2.2) in Mg, +,.

We begin with two lemmas that will simplify the proof of Proposition 3.4.2.

Lemma 3.4.3. Wherever f(y, t) > 0 holds, one has

3
IVIfI < S
Yy
where, by definition, for any function F(y, T) we define

[Fla(y, ©) == |F (3, Ol + |y Fy (v, DI+ [y Fyy (v, DI (3.4.6)

Proof. Using 2|1+ x| <14+ (1 +x)? one finds for all x € R

' 24+x - 1 [T+ x| _3
T+04+x2] " 14+ 04+x)2  14+04x)2 2
Using f(y, t) > 0 this implies
3 2+
VA= o057 " TR as e
fr 3 3 3
<35 Rl = U PRI fil) < 5. O

Lemma 3.4.4. For any B > 0 there exist R(B) > 0 and t(B) € R such that if 0 < < %Kl, then f(si as
defined in (3.4.4)—(3.4.5) satisfies

(1) >0

and
IVTFEN < Cue® ™ (v 77 4 y¥*7)

in the intermediate region R(B)e?™ <y < e~ "%, v <1(B).
As promised in Section 3.2, the constant C, only depends on the constants k, K but not on B.

Proof. Recall the notation from (3.4.6). The explicit expression (A.1.2) for ¢, implies

[pxl2 < Cy ™2 (1 +y™),
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and the construction of the auxiliary function g implies

[gla < Cy (1 +y*%72).

We also have forall y > 0
D=y +py P+ p(p+ Dy P =(p+ Dy <16y
because 2 < p < 3. Hence the three terms f; in (3.4.5) that add up to f(sjE satisfy

[fola < Ce¥Ty~2(1 +y*),
[fila < CBe Ty~ (14 y*2),
[ /o], < CePTDYTy =P

assuming that 0 < § < %Kl.
If Re"" <y < e~ ™/2, then we can estimate ]‘5jE as

3

e 6yt e(p+l)yr

yT e
(14 +CB—(1+y*H+C
y y

e 2%k

[ffL<C

yP

3yt (p=2yt
e e

3 BeS)/rkafS p72 }
y y

3yt

< CE-(1 4+ {1+ BR + Be + R},
y
where in estimating the third term in the bracket we used 3y =k — % Thus, if we require
R >max{l, B3} and t <1(B):=—logB, (3.4.7)
then 1 + BR3+ Be" + R~?~2 < 4 and so
[fil = CePTy =2 (1 4y,

Combined with Lemma 3.4.3 this yields
3 ~
VLA = Ty ™ (14507 < Ce Ty 45"

in the intermediate region, provided that we verify f8jE >0 when Re?” <y <e /2,
To prove fsjE > 0 in the intermediate region we recall the assumption § < %K 1, which implies

0,0 =2 LK1 i (v) — (BKTeO T g(y)| +ePTIYT YR

Use the lower bound ¢ (y) > cy~2(1 + y?*) and the upper bound |g(y)| < Cy= (1 + y*=2) to arrive at

+ e 2%k o7 4k—2
fs (1) =c—(+y )—{CB—5(1+y I+
y y

e(p+Dyr }

yl’
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which, because (1 +xy)/(1+x) <1+ y for all x, y > 0, implies

2,3yt 3yt 1 (p—2)yt
ye + € 2k—2 ¢
e ,T)>1—CB 1 —
Ayl s 0= U e e
In the region Re?™ <y < e~ /2 we get
2,3yt CB
y-e + T
- ,T)>1— — —CBe" — .
c(1+ y%*) Sz R3 ¢ cRP2
We adjust our choice of R(B), 7(B) in (3.4.7) to
R(B) = Cmax{l, B'?}, 1(B)=—log(CB) (3.4.8)
for large enough C > 1. Then, for y > R(B) and t < 7(B), we have
2 -3yt
y-e + 1
T A~ ’ == 09
iy =57
and thus fsi(y, 7) > 0. O

Proof of Proposition 3.4.2. We consider the case of upper barriers, where we have
@: — L) fs" = B: = L) fi + B: = £) fi + (3: — L) fo. (349

The first term vanishes because fojE is a solution of the linear equation f; = L f. For the last term in
(3.4.9) we note that for any r € R one has

LIy 1=+ +3)y 2 +ir -1y
Hence, if p € (2, 3) then L[y~ "] < 0 for all y > 0. It follows that
0 =0 f2>0f=(p+Dyf2>0.
The middle term in (3.4.9) satisfies
(9 — L) fi = BKe" (6yg — Lg) = BK{e™ ™ (y 7/ +y*77).

If we choose By, = Cy K| 2 where C, is the constant from Lemma 3.4.4, and if we set R, = R(B,)
and t, = 7(B,) according to (3.4.8), then we clearly have (d; — £) f(;r > N[ f5+] in the intermediate
region Mg, r,.

We conclude that f5+ is an upper barrier, i.e., (3.4.1) holds. With minor modifications this argument
also shows that f;~ is a lower barrier. O

We next show that the barriers f(si form a nested sequence, in the sense of the lemma below. The
nesting of barriers will allow us to construct a solution that is bounded by all barriers at once and will
enable us to prove the convergence of our solution in the inner region to the Alencar minimal surface, as
T — —00.
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Lemma 3.4.5. The constant R, from Proposition 3.4.2 can be chosen so that

fs 0.0 < f500,0) < [, (0, D) < 5 (0, 0) (3.4.10)
forall (y, T) with R,e?™ < y.
Proof. We can write the barrier functions f(;i as
£ 0,0 = Kie" () £ (86T o () + B K77 T g (y) + VT Ty,
Since ¢ (y) > 0 for all y > 0, it is immediately clear that
00 < fipenn) and fL000) < fi (0, 1)

for all y, 7.
To prove the middle inequality we note that f872(y, 7)< f(;/rz (v, 7) holds if and only if

%e3y’¢k(y) + B, K7 g(y) +ePTrTyr 5 0,

which, in view of ¢ (y) > 0, will certainly hold if
B.K}e® " g(y) +ePtDrTy=r 5 0, (3.4.11)

Since g(y) > 0 for large y > 0, there is a constant C; > 0 such that g(y) > —ng_5 for all y > 0. Hence
(3.4.11) follows from

ePTYTy=r _ C B, K7™y >0, e, ye VT > (CoB.K})/OP). O

3.5. Barriers in the inner region. In this section we present a family of sub- and supersolutions to (2.3.2)
for w(z, 7) in the inner region 0 <z < Z.

We recall our notation from Section 2.3 where W (z) denotes the unique Alencar solution to (2.3.4),
normalized so that

1 r
W(Z):”z_z*;*o(z_s)’ 7 — o0, (3.5.1)
holds for a certain constant I" € R.
Lemma 3.5.1. For all z > 0 one has Wk (2) > zWg (2).

Proof. The inequality is invariant under rescaling, so we may assume K = 1. The asymptotics (3.5.1) show
that W (z) —zW,(z) — 0 as z — oco. On the other hand, convexity of W implies (W —zW,), = —zW,, <0
for all z > 0. Hence W(z) — zW,(z) > limz_ o W(Z) — ZW,(Z) =0 for all z > 0. Il

Lemma 3.5.2. For any K > 0 the function w (z, t) = Wk (2) is a supersolution of (2.3.2) on [0, 00) x R.

Proof. The function w™ satisfies w; = 0 and
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From Lemma 3.5.1 we have w* — zw} > 0, and thus

k w 3 3
2yt + 0 Dt + 2z ot
e (w, + 3(w w; )) > I+ wh)? L T
as claimed. O
Lemma 3.5.3. There exist D, > 0, ¢ > 0 such that for all K € (%Kz, 2K2) and D > D, there is a T.(D)
such that

w(z, 7) := Wik (2) + De?’®
is a subsolution of (2.3.2) for0 <z <ct¢e V", T < 1,(D).
Proof. Choose

1 Wk (O
7+(D) < —log k( ).
2y

D
Then t < 7,.(D) and z > 0 implies
De*'™ < Wi (0) < Wk (z),
so that
Wk(z) Sw (z,7) <2Wk(2).

If we substitute w = w™ in (2.3.2) and use 2y + %k =k — 1, then on one hand

k k
et (w; +3w - zw;)) =7 <(k —1)De" + 3 Wk — zw;<)>

and on the other hand

w 3 3 Wi 3., 3 3 3  3DeMT

iz - - K - - =

— 4+ —w = — = = .
I+ )2 z ° w 14+Wp? 2 5 w " Wwg we T Wxw-

Hence w™ is a subsolution if
3D
Wk (2w (z, T)
Since W < w™ <2Wg < C(1+ z), there is a constant C; such that the terms on the left are bounded
from below by

> (k—1)De?™ + ]g(WK(z) — Wk (2). (3.5.2)

3D CiD
>

Wik (@w(z,7) ~ (14+2)%
The terms on the right in (3.5.2) satisfy

Cz
(1+2)?

in the region 1 4+ z < e~ 7" and, due to the asymptotic expansion of W (z) as z — oo (which follows

(k—1)e¥" <G,

from (3.5.1)), they also satisfy

C3
Wk (z) —zWi(z) < ———  forall z > 0.
k(2) x (2) 0tz

)2
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Hence
C2¢’D +C;

(1+2)?
Choose ¢ < +/C1/(2C>), and choose D large enough that C3 < %Cl D. Then we have

2yt k ’
(k—1)De”"" + g(WK(Z) —zWk (@) <

1D - 3D
(14+2)2 ~ Wx(w(z, 1)’

2yt k l
(k—1)De”"" + g(WK(Z) — Wk (@) <

which implies (3.5.2) and thus that w™ is a lower barrier in the region 1 4 z < ¢e™7*. Choose t, so
that ce 7™ > 2. Then 1 +z < e 7" holds for all z < 1 and t < t,, while for z > 1 it follows from
2z <¢e VTthat 1 +z < e 7".

Thus w™ is a lower barrier in the region z < %{e‘”, T < Ty. O

3.6. Matching outer and intermediate barriers. We show that upper and lower barriers constructed in
the inner, the intermediate, and the outer regions match in the overlapping region. We begin here with the
overlap of the outer and intermediate regions.

We start with an M > 0 large enough that the functions

ut(x, 1) = up(x) £ Mrmin{l, x>*=%)

are sub- and supersolutions of (1.1.5a) in the outer region Oy, (see Lemma 3.3.1). In order to match the
outer barriers with the barriers in the intermediate region, we express the outer barriers u = u™(x, t) in
the intermediate variables (v, y, T):

Vo (v, T) 1= e PuF (e Py, e).

In (3.3.1) we defined u™(x, 1) = ug(x) + Mtx2*—* for 0 < x < 1. If we write the assumption (1.1.1) on
the initial data in the form

uo(x) = x + (Ko + €0 (x))x %2, (3.6.1)

where ¢ : (0, 00) — R satisfies lim,_.¢ €p(x) = 0, then we get the following expression for the outer
barriers in the intermediate variables:

vE (3, T) =y + (Ko +eo(ye™?))er Ty 2 £ MeIr Tyt (3.6.2)

The outer barriers only contain the parameter M and thus do not depend on other parameters such as §
and B that appeared in the barriers we constructed for the intermediate and inner regions.

We now consider the intermediate barriers, continuing to use the conventions from Section 3.2 which
relate the constants K, K, etc.

In Proposition 3.4.2 we found B,, R, and t,, such that for any § € (O, %Kl) and p € (2, 3) the
functions

v, 1) =y + (K1 £8)e> T (y) £{ePT7Ty™P 4+ B K1 g (y))

/2

are upper and lower barriers in the intermediate region Mg, ,, = {R.e”" <y <e ", v < 1,}.
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+

out and vgc we rewrite them as

To compare v
e T (WE(y, ) — y) = (Ko + €o(ve™ )y 2 £ My* 4,
e Wiy, 7) —y) = (K1 £8)@u(y) £ P77y P £ B,K7e T g(y).
We now let T — —o0 and conclude that
{6‘3”(11331(% T) —y) > Koy* =2 £ My*4, (3.6.3)
ey, T) —y) > (K1 £8)¢e(y). "
uniformly for bounded y.
The explicit expression (A.1.2) for ¢ implies
2k—2

y _
wr(y) = m +C()’)y2k 4

where
PEOTy R T k==
Substitute this expression for ¢ in (3.6.3) and keep in mind that K; = (2k 4+ 1)!! Ko. Then

8y2

Qk+n

The function c(y) is clearly bounded for y > 1, so if M is sufficiently large, one can neglect c(y) and

eTWE (v, 1) —vE(y, 1)) = iyz’“‘{— M — c(y)}.

conclude that véflt(y, T)— vgt (y, T) changes sign when
8y2 B
k+ DI

To make this more precise we introduce

Ys =2k + DI M/S (3.6.4)

and compare the barriers vgf,t(y, 7) and vgt (y, 7) at the endpoints ys(t) € (%Yg, Yg).

M —c(y)~ M.

Lemma 3.6.1. For any § > 0 there is a t5 € R such that for all T < 15 one has

U;{lt(%Y(g, r) > U;(%Yg, r) and v(;n(é—ltY(;, r) < vs_(%Y(g, ‘L').

Moreover, we also have
v;]'n(Ya, T) < v;(Ya, ) and vy, (Y5, ) > vy (¥s, 7)
forall T < ;.

Proof. We only consider the upper barriers, the other case being nearly identical.
We have found that as T — —o0

e (o35, 7) = 03 (10, 0) = (1) (=0 M = (3)).
Since c(y) is bounded for y > 1, given any large M we will still have

M —c(3Ys) > 0.
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Hence
Jim e (g, (45, 7) — v (495,7) =0,

which implies that for —t sufficiently large one has v;'[n(}‘Y,;, r) > v;(%Y(S, ‘L’), as claimed.

+

out and v; at y = Ys, then we find that for t — —o0

If on the other hand we compare v
eV (0 (Y5, T) — vf (¥s, 7)) = Y H—AM + M — c(Ys5)} = =Y 3M +c(Y5)).
Since c(y) is bounded for y > 1, it follows that for M large enough we indeed have v;;t(Yg, 7)< v;(Yg, 7),

as 7T — —00. O

3.7. Matching intermediate and inner barriers. For any 6 € (0, %K 1), p € (2,3) and B = B, the barriers
v(si yv,o)=y+ f(si (v, T) constructed above are defined in the intermediate region

Mp.o. ={Re" <y<e % 1 <1}
# T

If we assume that Z > 2R,, then it follows that vgt(y, 7) are defined in parts of the inner region
Z7., ={(z,7)|0<z<Z, 1 <1,}. Define

+ yT, 4+
wii(z, 1) i=e Tuy (e z, 1).

Then

Ki+£s 1 | B.K}
s—(U+eaGn)E—+
b4 zP

wid(z, T)=2z+ (I1+ex(z, 1)),

5
Z
where €;(z, T) are generic functions for which ¢;(z, ) — 0 as T — —oo, uniformly for 0 <z < Z. In
particular, for all z € [0, Z] we have

T

. " K § 1  B.K?
Er_noowmd(z, t)=z+z—2:|: Z—2+Z—p+ e 3.7.1)

We will now use Lemmas 3.5.2 and 3.5.3 to match wid(z, 7) with appropriately chosen barriers
wgt (z, T) in the inner region 0 < z < Z. For suitable §-dependent constants K2jE € (%Kz, 2K2), with
(K»)? = K, we consider

wi@ 1) =W @), wy (2, 7) = Wy (2) + De™,

where D depends on K, and Z as described in Lemma 3.5.3.

It follows from Lemmas 3.5.2 and 3.5.3 that, for each K2+ >0and K, >0, w; and wy are the upper
barrier and the lower barrier, respectively, for (2.3.2) in the inner region. Furthermore the asymptotics at
infinity of the Alencar solution in (3.5.1) imply that
(K3)?

22

T(K¥)*
Z3

lim wi(z,7)=z+
T—>—00

+ +0z7%, z>1.

Comparing the asymptotic expansions of wid and wgt we see that they match when (K;E)3 =K £36.

+

ma and wgt may not intersect. For this reason we choose the

However with this choice the barriers w
constants K;t such that

(Kf)} =K, +26.
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With this choice we then have

_ N K, £25 T(K,+28)*3 s
lim wi(z,7)=z+ >— + 3 +0z7), z>1. 3.7.2)
T——00 Z Z

Lemma 3.7.1. Let p € (2, 3) be given, and let B = By, as in Proposition 3.4.2. Then there exist § > 0 and
R = R(B) so that for any § € (0, 8) and t < t5 the barriers wét and wid cross in the interval (%Z(;, Za),
where Zs := ;—‘8‘””"”, in the sense that

wa(3Zs.7) > wi (325.7) and  wiy(32s.7) < wy (325, 7),
and
w$d(Z5, T) < w;(Z(g, ) and w_4(Zs,t) > ws (Zs, T).

Proof. We only consider the upper barriers, the other case being nearly identical. Proposition 3.4.2 asserts

that for § < %K | the function w,(z, ) is an upper barrier in the intermediate region R, <z < e~ */37

and it satisfies (3.7.1) with this choice of constants; that is

Ki+5$6 1
. + _ o -5
rgrfloo w4z, ) =2+ 2 + 7 +0(@z™), z— 00,

where the O(z ™) term is uniform in § € (0, %K 1)- We have also seen that

_ K| +268 _
lim wie D =et == +067), 1o,

T

where O(z73) is again uniform in §. Therefore
8 1
: + + _ -3
im w2, 7) —wpy(z, 7) = 2ot 0(z™), z—o00.

Consider Zs := %‘8—1/@_2). For small enough § > 0 one has Zs > 2R,, so that w(si(z, 7) and wid(z, T) are
defined for all z > %Zg and all T < t,. We evaluate these differences at z = Zs and z = %Zg. Eliminating é

by using § = (%Za)_(p_z) we find
. -2 - _
Jim wi(Zs, 1) —wiy(Ze. 1) = ((3)" - 127 +0(Z57).

For small enough § > 0, Z; is large, and thus the first term dominates the second. This implies that for
small § > O there is a 75 < O such that

wi (Zs, 1) —wl(Zs, 1) > 0

for all T < 5. Similarly, we have

tim_ i (32.7) ~wiy(320.7) = ((3) 2~ 1227 + 0277,

T——00
This implies that if § > 0 is small then there is a t5 < 0 such that
i (325, 7) = wg(325,7) <0

for all T < 5. O
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3.8. A summary of our construction so far. The initial data 1y determines two constants k > 4 and K.
Throughout the paper we let K1 = 2k + 1)!! Ky and K, = K11/3.

In Section 3.3 we chose a constant M > 0 so that Lemma 3.3.1 holds and constructed upper and lower
barriers u* (x, t) in the outer region Oyy.

For any small enough § > 0 we then constructed a family of barriers vgt in the intermediate region
defined by R.e?™ <y <e~ /2, 1 <t;5. Here Propositions 3.4.2 and 3.4.5 specify R,, while 5 is determined
when we match the intermediate and inner barriers in Lemma 3.6.1.

For small § > 0 we then considered the inner region

Tz50={(z 1) 10<z2<Zs, 1 <15}

with Zs := %8*1/ (=2 and where 75 is as above. Since § > 0 is small and R, does not depend on §, we
have § < (%R*)%p , which implies Zs > 2R,. Hence the intermediate and inner regions overlap at least
on %Z(s <z</Zs.

Lemma 3.5.2 with K; satisfying (K2+ )3 = K| + 28 defines the upper barrier w; in the inner region
77,1 and Lemma 3.5.3 with K, satisfying (1(2_)3 = K| — 24 defines the constant D = D(K, ) and the
lower barrier wy in Zz; ;.

3.9. The upper and lower barriers U ;‘ (x,¢) and U (x, t). In the previous subsections, we constructed
upper barriers u™ (x, 1), v;’(y, 7), w;(z, ) and lower barriers u™ (x, 1), v (y, T), wy (2, T) in the outer,
intermediate, and inner regions, respectively, and showed that they are correctly ordered in the overlaps
between the three regions. These barriers exist for all 0 < ¢ <¢s or equivalently —oo < v < t5. We now
define the global barrier U a+ (x, t) by taking the minimum of the upper barriers when all are expressed in
the unrescaled (x, #) variables. More precisely, we define

I/l+(x,t), yZYBa
min{u™(x, 1), 1'% (v, log1)}, <y <Y,
Uy (x, 1) = { 1'% (v, 1og 1), Zs<zandy < 1Y;, (3.9.1)
min{tl/Zv;(y, logt), tk/3w;(z, logt)}, %Z(s <z<Zs,
*Pwf (z,logt), 0<z<1zs,

where, as before, y=xt"!/? and z=x¢"*/3. Lemmas 3.7.1 and 3.6.1 imply that U ; is a weak supersolution
of (1.1.5a) and, similarly,

u=(x,1), y =Y,
max{u~(x, 1), 1'/2v5 (v, log1)}, <y <Y,
Uy (x,1) = 125 (y, logt), Zs<zandy < 3Ys, (3.9.2)
max{tl/zvé_(y, logt), tk/3w5_(z, logt)}, %25 <z<Zs,
tk/3w5_(z,logt), OSZS%Za,

is a weak subsolution of (1.1.5a). This is summarized in the following proposition.
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Proposition 3.9.1. There exist a number &y > 0 and a sequence of times t, \( 0 such that the functions
U;; (x,t) given in (3.9.1) and (3.9.2), with §, = 27" 8y, define weak super- and subsolutions of (1.1.5a)
forall0 <t <t,.

Moreover, one has

Uy (c,0) < Uy (6, 0) < Uy (x,1) < US (x, 1) (3.9.3)
forallx >0and 0 <t <t,41.

Proof. The fact that U i (x,1), 0 <t <t,, define weak super- and subsolutions of (1.1.5a) follows from
Lemma 3.3.1, Proposition 3.4.2, Lemmas 3.5.2 and 3.5.3, and the matching of our barriers in Sections 3.6
and 3.7.

For (3.9.3), we recall that our barriers u™ (x, t) in the outer region do not depend on §; hence they are
ordered in their common domain and furthermore it is clear that u~ (x, ) < u™* (x, t). In Proposition 3.4.2
we proved (3.4.10), which implies that (3.9.3) holds in the intermediate region for 0 < ¢ < f,4. To finish
the proof of (3.9.3) it is sufficient to show that for any § < &y the inequalities

wy (2, T) < wy (2, 1) < wy)(z,7) <wy (z,7) (3.9.4)

hold for all 0 < z < Zs, t < 5. This follows from the definition of wgt (z, T) in Section 3.7 by observing
that the rescaled Alencar solutions Wk (z) := K W(z/K) are ordered for K > 0; that is,

Kk <k = W(z) < Wg(z) forallzel0,+00). 3.9.5)

To see this, recall the inequality W — zW, > 0, z > 0, which is a consequence of the convexity of W and
was shown in Lemma 3.5.1. This inequality implies that

4y )= i(KW(E)) =w(Z)-Zw(2) >0, (3.9.6)
dx dk K K K K
i.e., k = W, (z) is monotone increasing in x. We conclude that (3.9.4), holds which finishes the proof of
(3.9.3) and the proof of the proposition. O

4. Existence of a smooth solution

4.1. Outline of the existence proof. In this section we return to the O (4) x O (4) symmetric hypersurface
My with profile function ug : [0, c0) — R. Recall that ug is smooth for x > 0 and satisfies conditions
(1.1.1) and (1.1.2) for some fixed k > 3 and some constant Cy > 0. In Proposition 3.9.1 we constructed
sequences of nested upper and lower barriers for (1.1.5a). We will show in this section how to use them
to prove the existence of a smooth solution u(x, ¢) to the initial value problem (1.1.5a)—(1.1.5¢) defined
for all 0 <t < 1y, for some £y > 0. Our main result in this section is as follows.

Theorem 4.1.1 (existence of a smooth solution). Assume that My is an O (4) x O (4) symmetric hyper-
surface defined by a profile function uy : [0, 00) — R which is smooth for x > 0 and satisfies conditions
(1.1.1)—(1.1.2). Then there exists ty > 0 and a C*°-smooth O(4) x O (4) symmetric MCF solution M,,
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0 <t <1y, defined by a profile function u : (0, 0c0) x (0, to] — (0, 00) which satisfies the initial value
problem (1.1.5a)—(1.1.5c). Furthermore, u(x, t) satisfies

Us (x,0) u(x,t) U (x,1),  (x,1) €[0,00) x (0, 1), (4.1.1)

where §, = 27"8g and Ugf(x, t), for t € (0,t,), are the upper and lower barriers constructed in
Proposition 3.9.1.
It follows from (4.1.1) that

lim ¢t *3u(* 3z, 1) = Wk, (), (4.1.2)
N0
uniformly for bounded z > 0.

Since equation (1.1.5a) is singular at u = 0, we cannot directly apply one of the standard short-time
existence results to obtain our solution u(x, t). Instead, we will construct it as the limit of a sequence of
approximating solutions u, (x, t), each of which is defined on some time interval starting at a carefully
chosen initial time s,, where s, \ 0. We will define the approximating solutions u, by choosing their
initial times s, and values u, (x, s,) in such a way that they satisfy

U(s:(x, Sp) <uy(x,s,) < U(SJ;(X’ sy) forall x >0, 4.1.3)

where §,, := 275, and where U af( -, t) are the barriers constructed in Proposition 3.9.1.

The barrier Uy is bounded away from u = 0, and this allows us to invoke a classical short-time
existence theorem for the quasilinear parabolic initial value problem (1.1.5a)—(1.1.5b). The short-time
existence theorem guarantees that our solution exists for s, <t < 1,, i.e., until some time 7, > s,. This
time may exceed the life time ¢, of the barriers U ;)‘j In fact, by finding a priori estimates for the solutions
u, (x, t) we will show that there is an ng such that for all n > no we have #, > t,,, and that we can extract
a convergent subsequence up; (x, #) whose limit u(x, 7) is a solution of the full initial value problem
(1.1.5a)—(1.1.5¢c), and which is defined for x > 0 and 0 <t < 1,,,.

The first a priori estimate we derive for the u,, follows directly from the maximum principle applied
to the barriers U, ;nz Since the barriers are ordered by (3.9.3), the a priori bound (4.1.3) implies that for
all ng, n > ng and x > 0 one has

Us, (6. 5n) < Uy (x, 50) < ttn(x, ) < Uyl (x,50) < Uy, (x. 50). (4.1.4)
The maximum principle tells us that for all » > ng and x > 0 one has
Us, (x.1) Sup(x.1) < Uy (x.1) (4.1.5)

for all + > s, at which Uafo (x,t) and u,(x, t) are defined, i.e., for s, <t < min{z,, Tnol-

Thereafter we establish a priori estimates for the higher-order derivatives of the u,. We conclude
this work in the next Section 5 by showing that the mean curvatures H, (x, t) of the evolving surfaces
corresponding to the approximating solutions u,(x, t) are uniformly bounded for all x, n, ¢, and hence
that the mean curvature of the limit solution u(x, ¢) also is uniformly bounded.
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The simplest choice for the initial value for u, would be to simply set u, (x, s,) = U 5 (x, s,), but
this function is not necessarily smooth in the overlaps between inner, intermediate, and outer regions,
and this complicates the estimation of the higher derivatives of u,,. Furthermore, to prove that the mean
curvatures H,, (x, t) are uniformly bounded, it will be important to have H,(x, s,) =0on 0 <x < es,l/ 2
for some small fixed € > 0. For these reasons we will construct u, (x, s,) by smoothly gluing the lower
barrier Uy (x, s,) to an Alencar surface in the inner region x < es,l,/ 2. Let us now turn to the details of

this construction.

4.2. Short time existence and the comparison principle. Equation (1.1.5a) for u(x, t) has a singular
term at x = 0 which is there because we consider radially symmetric solutions only. To derive short-time
existence from existing results, it is more convenient to consider the more general case of hypersurfaces
that are only partially symmetric, i.e., with {1} x O(4) rather than O(4) x O(4) symmetry. For any
positive function r : R* x [0, #0) — R we consider the family of hypersurfaces parametrized by

F:R4XS3X[O,IQ)—>R8,
where
Fx,Q,t)=(x,r(x, 1)2).
A direct computation shows that F' evolves by MCF if and only if r satisfies

re =g (Dr)ryy, — % @.2.1)

in which
. DpiDj
1+pl*

As long as Dr is uniformly bounded, (4.2.1) is a uniformly parabolic quasilinear equation. The solutions

gii(p)=38;+pipj, & (p)=38;

that interest us are not bounded, so we choose a reference function R : R* — R that is uniformly bounded
from below, has uniformly bounded derivatives up to third order, and for which R(x) — uo(]|x]|) is
uniformly bounded.

All initial data we prescribe in the following sections are bounded perturbations of R(x). We therefore
consider solutions of the form r(x, t) = R(x) +a(x, t) and derive the equation for a:

3

a[ = gl-l(DR + Da)ax,-xj +gl](DR + Da)inxj - R+a

4.2.2)

Since we assume that DR and D?R are uniformly bounded, this equation is uniformly parabolic, as long
as Da is bounded. By assumption D™ R with m < 3 are all uniformly bounded, so (4.2.2) is of the form

ar = Aij(x’ Da)ax,-x‘,- + B(X, a, Da)’

where A;; are uniformly parabolic, and where the functions A;;, B are C "in x € R* and real analytic
in (a, Da).

This implies the existence of a short-time solution a(x, ¢t) for any initial a(x, 0) with a(-,0) €
C1*(R*) and for which inf, R(x)+a(x, 0) > 0. The classical theory for quasilinear parabolic equations
[LadyZenskaja et al. 1968, §VI.1] implies that as long as sup, |a(x, t)| and sup, |Da(x, t)| are bounded,
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and as long as inf, R(x) + a(x, t) has a positive lower bound, one can show that Da( -, t) is uniformly
Holder continuous. This in turn implies higher derivative bounds, and hence that the solution can be
extended to a larger time interval.

For such solutions the standard comparison principle also holds: if a+ : R* x [0, 5) — R are two
solutions with Da_ bounded, for which a_(x, 0) <a. (x, 0) holds for all x € R*, then a_(x, 1) < at(x,t)
forall x e R* and 1 < 1.

4.3. The approximating sequence of solutions u, with n > ny. For a fixed small ¢ > 0 (independent
of n) we choose functions W, vy, with

1, 0<é&<l1,
nw=v(=)  vect®, ws):{o .
We define -
on (x) 1= Y (X)5,° Wi, (x5,*7) + (1 = Y () U (x, 50) 4.3.1)

and let u, : (0, 00) X [s,, &) — (0, 00) be the solution to the initial value problem (1.1.5a)—(1.1.5¢) with
initial data u,, (-, s,) = ug,(x) instead of uy(x).

We will only consider the initial data for sufficiently large n; i.e., we choose an ny € N and only
consider those solutions u, with n > ng. Throughout this section “for all »”” will mean “for all n > ng,”
and in each lemma we assume that n¢ has been chosen large enough for the statement to hold.

In Corollary 4.8.2 we verify that our chosen initial data are caught between the barriers, as in (4.1.1).
Before doing that we establish some derivative bounds for ug, (x).

Lemma 4.3.1 (monotonicity and derivative bounds). For large enough ny and any n > ny there is an
sp € (0, t,,) such that the sequence {s, : n > ng} is decreasing and such that u,(x, s,) satisfies the following
estimates for all n:

(1) The function x +— u,(x, s,) is locally Lipschitz and
0 < (un)x(x,5,) = C (4.3.2)

for almost all x > 0, for some C1 >0

/2

(i) The function x — u,(x, s,) is C3 on the interval 0 < x < Ms,i , Where for j =2, 3, and all n, one

has
(1+5,5Bx) 2180 uy (x, 5,)| < Cs;7U7DR3, (4.3.3)

We present the proof in the following Sections 4.4-4.7. Along the way we finally choose the initial
times s, N\, 0, and we use generic constants C that only depend on the various parameters defining the
barriers, and the fixed small parameter €, but not on n.

4.4. Proof of the first derivative bound (4.3.2). We have
(Un)x(x, 50) = Yy > Wiy (x5y) = Us” + 9 Wi, (xs,7) + (1= 9) (U5 (4.4.1)

We estimate these terms one by one.
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172

The terms in (4.4.1) involving ¥, vanish outside the interval es,’” < x < 265,11/ 2 Thus we have

[ (x)sE 3 Wi, (xs, %) < max [y (x)| - max [s¥3Wg, (xs, %) < Cs, 1% s} <
x>0 x<2es)/?
where we have estimated W, (z) < C(1 +z) forall z > 0.
To estimate the other term involving v, (x) we recall that in the region z > Z;,, y < %Y 5, the definition
(3.9.2) implies that Uy is given by

Uy (x, 1) =ty (xt7'/2 log 1).

172

then in the region €s, /2

_ ;_15’1—1/(1’—2) <x <2esy

Hence, if we choose s, > 0 so small that es,, " > Z;, =
we have
U(s: (x,s,) = s;/zv,gn (xs,fl/z, log s,),
and thus also
[l lU; | < Cs; 215, ?vs, (xs;7'/%, Tog s,)| < Cs, (v, log sn),

where y = x/,/s, lies in the interval [€, 2¢€]. This implies that v, (x)U 5; (x, s,) is uniformly bounded.
To estimate the third term we recall that 0 < W}(Z (z) <1, which implies

[ () Wi, (x5, )] < Y () < 1.

Finally, the term (1 — ,)(U;, )’ vanishes for x < €./s,. For x > €,/s,, we have

V/Snvs, ( ,logsn), XS%YBH«/E,
Us, (x, 5,) = maX{@va (Je logsa). u™(osi) ). 1%5,4/5n <X < Y5, /50,
u=(x, Sn), x > Y5, /5n,

with Y5, = 2/(2k + 1)!' M/, as in Lemma 3.6.1.
It follows that x > U (x, s,) is a Lipschitz continuous function whose derivative is almost everywhere
given by (vgn)y oru, (x,s,). If y=x/./sn €€, Ys,] then
(p+Dy
(u,)y(: Togsu) = 1+ (KT =357 6 () = BRS¢ 0+ p= e < C.

for a uniform constant C, independent of n and for n > ny, sufficiently big.

On the other hand, u~(x, s,) = ug(x) — Ms, min{1, x>*=#}. For x > 1 we have u, (x,s,) = ug(x),
which is uniformly bounded by the assumption (1.1.2), while for x < 1 we have u (x,s,) = u()(x) —
(2k — 4)M s,x*=3 which is also uniformly bounded because we assume k > 4.

Combining all these estimates together with (4.4.1) yields the uniform Lipschitz bound on u,.

4.5. Proof of the second derivative estimate (4.3.3). We will show

| () xx (X, 82)| < Cs,7 53 (1 4 x5 K3 ™4 4.5.1)
for all x € [0, M. /s,].
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k/3

Writing z = x5, '~, we estimate the terms on the right-hand side of

(tn)ex =V sk Wi, (2) 429, Wi, (¥ Wi, ()57 + (0= 1) Uy )x =20 (Us )x =¥, Uy . (4.5.2)

172

For 0 < x <es,,’” we have

(n)xx (x, 50) = 5, PWE_(2).
The asymptotic expansion (3.5.1) for W implies that for all z > 0

0<Wg () <Cl+z2)™

Hence (4.5.1) holds for x < esi/z.
If 26S,1/2 <x< Ms,ll/z, ie., if 2¢ <y < M, then u,(x,s,) = s,
definition (3.4.3) for v(;l, we find for2e <y <M

1/zvs_n (v, log s,) and thus, using the

1/2 1 2sr?y Csn_k/3
(Un)xx(x,50) =5, / (v(sn)yy(ya logs,) < Cs, / 7 =< m-

Finally, if es,{/ 2 <x< Zes,{/ 2, then similarly to the previous two cases we get
W Wi, ()5, "7 + (1= ) (U x| < Cs7 P (14 x5 74
To bound the remaining terms in (4.5.2) it is enough to estimate

21951 | Wi, () — (Us, x| + 1951155 Wi, (2) — Uy |.

1/2 k/

Both v, and v, vanish unless €s,’” < x < 26.5‘,1/ 2 In this region one has xs, 3 > 1, and thus our desired

upper bound satisfies
és,’f2 < sTkB(1 4 xsTh3) 4 < o5k,
By the asymptotic expansion (3.5.1) of the Alencar solution W for large z, we have W, (z) =z+O(z2)
and Wy (2) =1+ O(z~%). When es)/? < x < 2es)/? this implies
SKBWg, (x5, %) —x = O(skx™2) = O,
/ —k/3 k. -3 k=32 (4.5.3)
Wi, (xs, ") =1 =0(s,x77) = O(s, ).

In the region es,t/ 2 <x< 26s,1/ * we have, by definition, and by the asymptotic expansions of the terms

fo» J1, f2in (3.4.5),

Ua_n(x, Sp) = s,ll/zvé_” (v, logsp) where y = xsn_l/2

=52y + 5 2Ok 32y
=x +O(skx72). (4.5.4)

This expansion may be differentiated with respect to x, resulting in

|(Us )x — 1| < Cspx ™ < Csy 2. (4.5.5)
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The bounds [/ | = O(s, /%) and || = O(s;") now lead to

—k/3
- - o B Cs
WSS AW, Ces, 7 = Uy < Csy skt = O < —
(14xs, )4

and also

CS,,_k/3
(1+xs, 534

Wl Wi, (us, %) = (U0l < Cs, 1257302 <

This concludes the proof of the stated weighted C? estimate for u,, at time ¢ = s,.

4.6. Proof of the third-order derivative bound (4.3.3). We outline the arguments, which are similar to
those for the second derivative estimate.
For 0 < x < es,’” the definition (4.3.1) of ug,(x) = un(x, s,) directly implies

—2k/3 . —k/3
|(n) e (%, )| = |WE ()15, 273, where again z = x5,*/°.

Using the asymptotic expansion for W (z) as z — oo one then verifies the third derivative estimate for
1/2
x <es,".

If 2esp/? < x < Ms,)/?, ie., if 2¢ <y < M, then

(tn)xxx (X, $n) = (Uy Dxax (0, 50) = 8, (05)yyy (3, log ),

and the estimate follows from the explicit expression (3.4.3) for U5, (y, 7).

If es,{/2 <x< 2es,1/2, then u, is given by
un(x, 5n) = 5, Wiy (2) + Y 5, * Wi, (2) = Uy (x,s0)}, 2 =xs,*°.

The third derivative of the first term can be estimated exactly as in the region x < esy’ 2. After differentiating
the second term three times one ends up with terms of the form

v (55 )K{s,’i”wmw —Up,(xsn)}, 0=e=3.

Using the asymptotic descriptions we have for W and Uy , and taking care to cancel the leading terms in
these descriptions when £ € {0, 1}, we get the third derivative bounds in (4.3.3). The estimates are similar
to the first and second-order estimates.

4.7. Proof that x — u,(x, s,) is nondecreasing. We consider four regions: the region 0 < x < esi/ 2,

1/2

. 172 . . . . . . .
the region €s,"” <x < 2€sn/ where we glue the inner and intermediate barriers, the intermediate region

Zes,{/2 < x <1, and finally the region x > 1.

1/2

. k/3 —k/3 L. . . .
In the region 0 < x < €s,’~ we have u,(x, s,) = s,,/ Wk, (xS, / ), which is an increasing function

of x because W is increasing.

12 1
/ <x <2es,

In the region €s, 2

, we have

()2 (X, 50) = Yy ) (5y> Wi, (x5,7%) = Uy (x, 50)) + ¥ () Wi, (x57%) 4 (1 = 9, () (U ) (5, 50).
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Using (4.5.3), (4.5.4), as well as |y, (x)| < Cs, 1/ 2, we estimate the first term above by
W (O 58 Wi, (x5, %) — Uy (x, )| < Cly(0)]sh ™" < Csy 72,
Furthermore, (4.5.3) and (4.5.5) imply

|W;<2(xsn_k/3) — 1+ [(Us)x(x, 80) = 1] < Cs,’f‘f‘/z,
It follows that
|(up)x(x,8,) — 1] < Csr1§73/2
350, we see that for large

2
172
§x§26sn/ .

throughout the region es,i/2 <x< 2es,1/2. Since s, - 0and k > 4, s0o k —
enough n the function x — u, (x, s,) is strictly increasing when es,i/ 2

Next, in the region 2¢.,/s, < x <1 we have

172

n(x, 50) = Uy (x, 5p) = max(s, *vy (x5, /%, log sn), u™ (x. 5u))

e —1/2 _ . . _ . . .
if xs, / <Y;,, and u,(x, s,) =u" (x, s,) otherwise. It is easy to see that x — u™ (x, s,,) is an increasing

function. Concerning v, (v, log s,) we recall definition (3.4.3), i.e.,
vy, (v, logsn) = y+ (K1 = 8)s,” gr(y) — BK (s g(y) — s/ 17 y =P,

If we choose s, small enough, then the last three terms will be uniformly small in C' on the fixed interval
2e <y <Y;, compared to the leading term y, so that y — vs, (v, logs,) is also increasing on the interval
2e <y <Ys,. It follows that x — u,(x, s,) is increasing on 26s,i/2 <x<l.

The very last situation we must consider is where x > 1. In this case (1.1.2) implies

(Us ) (x, 80) = ug(x) > 0.
Since we have covered all cases, the proof of monotonicity of x — u, (x, s,) is complete.

4.8. Proof of (4.1.3). We turn to the proof that the initial data u, (x, s,) is sandwiched between the two
barriers U;n:, as in (4.1.3).

Lemma 4.8.1. If ng is large enough then, for each n > ny, we can choose s, € (0, t,) small enough that

Uy (X, 50) < s3> Wi, (x5,77) < U (x. s0) (4.8.1)
1/2
for 0 <x <2es,’".

12 —k/3

Proof. In this proof we write y = xs, '~ and 7 = xs,

In the region 0 < y < 2¢ the barriers U 51[ as defined in (3.9.1), (3.9.2) are given by

U3t (x, sp) = mins,*vf (v, 1ogs,), 5,7 Wt (D)),

Uy, (x, sn) = max{s, v (3, 10gs), 53" Wy, (2) + Dsy ™'},

where Kzi(n) = (KS +25,)'/3 (see Section 3.8).
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In Lemma 3.7.1 we defined Z,, := Z;, = %5,1_ 1/(P=2 and showed that the functions whose max/min
define U ;: cross in the interval %Zn <z <Z,. To prove (4.8.1) we therefore must show

ski3 Wi, @ + Dsk < skBW, (z) < 53 Wit (@) (4.8.2)
if0<z<Z,, and
sy vy (v.1og sn) < skP Wi, (2) < 5,/%v5 (7, log sy) (4.8.3)
if z> %Zn and y < 2e.
Since k — W, (z) = k W(z/k) is strictly increasing (see (3.9.5)), from K;,_n = (K3 +28)'3 > Ky it
follows that Wk, (z) < WK;(H)(z) holds for all z > 0. Thus the second inequality in (4.8.2) holds.
The first inequality in (4.8.2) is equivalent to

Wiy (2) = Wy () (2) = D571 forall z < Z,,.
By integrating

00 __Z (5)
8K8ZWK(Z)_ /<2W K <0

from k = K, (n) to K, we see that W, (z) — WK{ () is a decreasing function of z. We therefore must
guarantee

WKz(Zn) - WK;(n)(Zn) > Dsr%k/?)—] )

This holds for each n provided we choose s, € (0, #,,) small enough.
We now consider (4.8.3), which is equivalent to

sy vy (s¥z,logs,) < Wk, (2) < 5,7 vy (572, 1ogsn), (4.8.4)

and we must establish these inequalities for %Z,, < z <2es,”. Both inequalities can be proved in the
same way, and we focus on the one involving v; .

Keeping in mind that K, = K 13 the asymptotics (3.5.1) for the Alencar function W imply that there is
a constant C such that

1+ K1z 2 —Cz < Wi, (2) <z+Kiz 2 +Cz7? (4.8.5)
for z > 1. On the other hand, the definition (3.4.3) of vy implies

sn_Vv(;1 (s)z,logsy) =z 4+ (K| — 8n)s,%y<pk(s,}l’z) — == _ BKlzsgyg(sn_Vz)
=2+ Kis)  ou(s)2) — {8usy  ou (5] 2) + 2P~} = BK{s) g (s, 2).
For y < 2¢ we have
k() =y <C and gy < Cy~>
Hence

sV vy (572, l0gsy) Sz + Kiz 2 — {8,242 P+ CsyY +27), (4.8.6)

where C is the same for all sufficiently large n € N and for 1 < z < 2es,, ”.
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If z > 1 then z7° < z73, s0 (4.8.5) and (4.8.6) together lead to

Wi, (2) — 5,7 v; ()2, logs,) = 8,27 > = Csp/ +27 P70 —Cz 7. (4.8.7)

Now choose s, small enough that s, < (8,Z,/C)"/?”. Then for all z > Z, one has
8u2 2 —Cs2 > 8,22 —Cs? > 0.
If we also require 7 to be large enough that Z, > C'/4=P) then we have for all z > Z,
A Y 6l S (A I o) VI VAR T 6) VAN 1}

Applying the last two inequalities to (4.8.7) we conclude that the first inequality in (4.8.4) holds. A slight
modification of these arguments also proves the second inequality in (4.8.4). O
Corollary 4.8.2. If for each n > ny we choose s,, € (0, t,,) as in Lemma 4.8.1, then (4.1.3) holds, i.e.,
Us (x,sn) < un(x, sp) < U;r:(x, sp) forall x > 0.

Proof. If x > 2es,{/ % then uy,(x,s,)=U 5 (x, s,) and there is nothing to prove.

Ifo<x < 2€S,1/2, then u,(x, s,) is a convex combination of U(;(x, s,) and sﬁ/z’ Wk, (s,fk/3x). We
have just shown that this second function lies between the barriers so the convex combination u,, also lies
between the barriers U gf O

4.9. Monotonicity and uniform C L bound Jor uy(x, t). In the following lemma we show that the initial
uniform C! bound ||u, (-, slct < C persists for as long as each u, (x, t) exists, provided that n is
sufficiently large.

Lemma 4.9.1. If C| is the upper bound for (u,)x(x, s,) from Lemma 4.3.1 then for sufficiently large n
we have 0 < (u,),(x, 1) < Cy forall (x,1) € [0, 00) X [s,, t,).

In order to prove this lemma we will apply the maximum principle to the evolution equation of (u,,),.
For this we first need the following observation.

Lemma 4.9.2. Let M be the same constant as in Lemma 3.3.1. There is an o > 0 such that for all
sufficiently large n one has Ug (x,t) = x forall x € [0, «] and all t € (0, 1,).

Proof. In the part of the outer region where M Jt<x<lwehavet <M —2x2, 50 that
Uy (x,1) = ug(x) — Mtx>*=?
= x4+ (K1 +o(1)x* D — Mex?*=2 (x — 0)
>x+(Kj — M~ +o(1)x>*D (x — 0).
If we choose M > 2/K, then there is an o > 0 such that K; — M~! + 0(1) > 0 and hence such that
Us (x,1) > x holds when M/t < x <a.
In the intermediate region the lower barrier is given by ¢!/? Vs, (t71/2x, logt), where in the rescaled

variables (y, T) we have vs, yv,o)=y+ f(;: (v, 7). Lemma 3.4.4 tells us that f(s: (y,7) =0, so in the
intermediate region we have v, (v, 7) = y and hence U 5 (x,1) > x.
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Finally, in the inner region we have
Uy (x, 1) =" w; (17 x, log1)
and, according to the definition in Lemma 3.5.3,
w, (z,7)= WK; (z) + De”’" > WK; (z) >z

because W, (z) > z for all z > 0. This implies U 5 (x,t) > x in the inner region as well. Il

Proof of Lemma 4.9.1. If u,, is one of the approximating solutions of (1.1.5a), then by differentiating in x
we find that n := (u,), satisfies
ne = Maulnl— Qn(x, 1)n, (4.9.1)

where 5

Nxx 3 2(uy) 3 3
—— 4+ -, d 2 t) i =—
Tha? TxM O = e T T

Lemma 4.9.2 says that u,(x, t) > U(S:(x, t)>x,80 Qu(x,1)>0.
If the domain of n were bounded we could directly apply the maximum principle and conclude that »

is bounded by its initial values. Since the domain is not bounded, we consider 2(x, t) := x 7' +ke'x? in

M,ln] =

the domain x > 0, 0 <t < 1. (Without loss of generality we assume that 7, < 1 for all n.) In this region

Q2 satisfies
2x73 3 2ke!

1+ (un))zc 1+ (un))zc

> ke'x? —2x 73 4+ 3x73 — 2ke! — 6ie!

t

Q — M, [Q]+ Qn(x, HQ > ke'x* —

bke

> ke'x? +x73 — 8ke!

> /{()c2 —8e) +x73.

If we choose « > 0O sufficiently small, then the left-hand side is positive for all x > 0 and ¢ € [0, 1].

For any € > 0 we therefore have

(2= Ma+ Q) (r+e2 >0 in (0,00 x Lsn, F).

Furthermore 1 + €2 — oo as x — {0, oo}, so the maximum principle implies that n + €Q attains
its minimum at the initial time ¢t = s,. Since 0 < u, »(x,s,) < C; (by Lemma 4.3.1), we find that
n(x,t) +€Q(x,t) > 0 for all € > 0, which implies that u, ,(x,?) = n(x,t) > 0 for all x > 0 and
t € [sp, ).

By considering n — €S2 for arbitrary € > 0 we similarly conclude that n is bounded by its largest
initial value, i.e., (u,)x(x, 1) = n(x,t) < Cy for all x > 0 and ¢ € [s,, #,,). This finishes the proof of
Lemma 4.9.1. Il

Corollary 4.9.3. Let u,(x,t) be a solution to the initial value problem (1.1.5a)—(1.1.5¢) with initial
data u,(x, s,) as above, and let n > ng, where nq is large enough that all previous results hold. Then
the solution u,(x,t), which exists for all t € [sy, ,,), satisfies U5:o (x,t) <uylx,t) < U‘;;o (x,t) and
0<(upy)x <Cy forallx >0andallt € [s,, min{t,, t,,}), where C is as in Lemma 4.3.1.
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Proof. We have shown that (u,,), is uniformly bounded, that u#,, > U S_n has a positive lower bound, and that
Uy (x,t) —ug(x) is uniformly bounded (because U af — ug is bounded). The discussion in Section 4.2 and
(4.1.4) then shows that the maximum principle can be applied to conclude that the solution u,, remains
between the barriers U, ‘i) for as long as both u, and U ;nto are defined. UJ

4.10. Uniform lower bound for t,. Each of the approximating solutions u,, exists at least until time 7.
We now argue that if n is large enough, then 7, > #,, for all n > ny.

We have already verified for all x >0 and 7 € [s,,, min{z,, 7,,,}] that the solution u, (x, f) remains between
the barriers U afo (x, t) and that its derivative (u,).(x, t) is uniformly bounded. Standard estimates for
quasilinear parabolic equations applied to (4.2.1) or (4.2.2) then imply that higher derivatives of u,
also are uniformly bounded. If we had 7, < 1,,, then lim, i, u(x, 1) would exist, and we could extend
the solution to a larger time interval. Therefore 7, would not be the maximal time of existence for the
solution u,, after all.

4.11. Proof of the main existence Theorem 4.1.1. We have constructed the sequence of solutions u,
and have established a priori bounds for its derivatives, which imply that there is a subsequence uy,
that converges locally uniformly to a function u : [0, c0) x (0, t,,] — R. The derivative bounds for the
approximating solutions u, imply that u,, u, x, u, xx, and u, , also converge locally uniformly, and that
the limit u is a solution of (1.1.5a).

We now verify that u also satisfies the initial and boundary conditions (1.1.5b), (1.1.5¢), as well as the
asymptotic description (4.1.2) of the inner region.

4.11.1. The initial condition. Let ng be large enough that all previous results in this section hold. Then all
solutions u,, are caught between the barriers U,ff), so the limit also lies between U,ff). In the outer region,
defined by x > M /t, the lower (upper) barriers are defined in (3.3.1) to be the maximum (minimum) of
u®(x, 1) = uo(x) & Mt min{1, x**=*} and the barriers defined in the intermediate region. This implies
that for x > M/t we have

k=4 < y(x, 1) < uo(x, t) + Mrmax{1, x4}

ug(x,t) — Mt max{l, x
Therefore lim;\ o u(x, t) = uo(x) uniformly for all x > 0.

4.11.2. Boundary condition. The solutions u, (x, t) all satisfy u, (0, t) = 0. They converge in C' to
u(x,t), so we have u,(0,1) =0 for all £ € (0, #,,].

4.11.3. Asymptotics in the inner region. To finish the proof of the theorem, we will show that
lim w(z, 1) = Wk, (2),
T—>—00

uniformly on compact sets in z. This follows almost immediately from (4.1.1) and the definition of
our barriers it,f(x, t) in the inner region. Using the definitions w, (z,7) = WK;(H)(z) + De?" and
w, (z,7) = WK;(,Z)(z) from Section 3.5, (4.1.1) implies w;, (z, T) < w(z, T) < w;(z, 7), and hence

Wi (@) +De’™ <w(z, 1) < Wy, (2) (4.11.1)

forall z € [0, Zs,], and T < 7, :=log?,.
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Since Zs, := 45,"/7"? - to0 and Kf(n) = (K3 £25,)"/> — Ki as n — 400, (4.11.1) holds
on [0, Z] x (—o00, T,) for any Z > 0, provided r is sufficiently large. The rescaled Alencar solution
Wk (z) = KW (z/K) depends continuously on K, so after taking the limit # — oo in (4.11.1) we conclude
that lim; o w(z, ) = Wk, (z), uniformly on any bounded interval 0 <z < Z, as claimed in Theorem 4.1.1.

5. Uniform L bound on the mean curvature

5.1. Bounding H. In Theorem 4.1.1 we showed the short-time existence of an O (4) x O (4) symmetric
MCEF solution M;, 0 <t < fy, which is smooth for # > 0 and defined by a profile function

u:[0,+00) x (0,5] > R

which satisfies the initial value problem (1.1.5a)—(1.1.5¢) for the given initial data uo(x). In this section
we will show that the mean curvature of M, is uniformly bounded on [0, +00) x (0, #p] despite the fact
that the initial data ug is singular at the origin. The life time of the solution is fy = t,, for some large
enough ng.

Theorem 5.1.1. Let M,, 0 <t < tg, be the O(4) x O(4) symmetric MCF solution constructed in
Theorem 4.1.1. Then
sup sup|H| < oo. (5.1.1)

O<t<ty M;

To prove this theorem we will first show, using a direct argument, that H (x, ¢) is uniformly bounded in
the outer region x > M+/t, 0 <t < to. Then, using an argument by contradiction that is strongly inspired
by the approach of Stolarski [2023], we will show that H (x, ¢) is uniformly bounded in the remaining
region x < Myt 0 <t <ty.

5.2. Bounding H (x, t) in the outer region. Assuming that f; is sufficiently small we show in this section
that (5.1.1) holds in the part of the outer region where x > +/f and 0 < < f.

Lemma 5.2.1. Let Y5, be as in (3.6.4). There exist ty > 0 and a uniform constant C > 0 so that for all
(x,t) witht € (0, ty) and x > Ygoﬁ one has

|H(x,1)] <C. (5.2.1)

Proof. We fix (x, 1) with 0 < 11 < #p and x; > Ys,+/71. We first deal with the case when x| € (0, %)
By (4.1.1) the solution u lies between our upper and lower barriers U g: constructed in Proposition 3.9.1.
In the region x > %Y(;O«/f we have Ugs(x, 1) = u*(x, 1), and hence

wo ) <u(e,n) <ut(en), YsVi<x<l, (522)
and, by definition (3.3.1) of u™,

lu(x, 1) —up(x)| < Mtx*~%, 1y Vir<x<l.
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Rescaling the solution u(x, t), we consider

t
U(E,s) =x1_1u(x1§, H +x12s) for (§,5) € Q:= (i, 2) X (——12, 0),
X1
which satisfies U 3 3
e . B/ (5.2.3)
1+U; & u

T

If (§,5) € Q,thenx =x;& andt =1 —I—xlzs satisfy iYgO«/; < x <1, so that (5.2.2) applies, and so that
U, s)—x; uo(ai€)] < Mty +xis)x (g4 < cMnagt™

—xi since x1 > Ys,4/11-

The initial profile uq satisfies x < ugp(x) <x + Cx%*=2 for 0 < x < 2, and thus
x;  ug(x18) — & < Cx* 7 foré e (3,2).

The last two inequalities together imply that

U, 5)—&| < Cxi* (5.2.4)

holds on Q. Therefore the function
UE,s)—§
F(,s) = T3
X
which satisfies the equation
oot 3p. 3 o (5.2.5)
T+ UE e T T EUGE ) -

is bounded on Q by |F (&, s)| < C for some constant C that does not depend on (x1, #1).

Claim 5.2.2. U and 1 + U§2 are Holder continuous on
(1 §) _h
Q - (2 ’ 2 X ( x12 b 0} 9

Proof of Claim 5.2.2. By (5.2.4) we have ||U||¢o(gy < C for a uniform constant C, independent of (xi, #1),
where x| € (O, %) Furthermore, in Q we also have

uniformly in (x1, ty).

\Ug (£, 8)| = |ux(x1€, 11 +x75)| < C, (5.2.6)

where C is a uniform constant, independent of (xi, #1). This follows by Lemma 4.9.1 and the fact that
u, (x, t) smoothly converges as n — oo to u(x, t) for all x > 0 and ¢ € (0, #1]. Since U (&, s) satisfies the
uniformly parabolic equation (5.2.3), standard regularity theory applied to (5.2.3) implies that there exists
a uniform constant C, independent of (x1, #1), so that |Ugz (€, s)| < C in Q'. This implies U and 1+ USZ
are uniformly Holder continuous functions on Q' as claimed. O
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Interior parabolic regularity for (5.2.5) then implies that F, Fg, and Fg¢ are uniformly bounded (and
even Holder continuous) on Q'. We conclude that for some constant C that does not depend on (x1, #1)
we have

|Fs(1,0)] <C.

In terms of the original solution u(x, ¢) this then implies
Jur (1) < Cx* < C,

where we have used k£ > 4 and x; < % in the last step. We conclude that |H (x1, ;)| < |us(x1, t1)] is

uniformly bounded whenever Ys,/f1 < x1 < % and 0 < 11 < 1.
To deal with the case where x; > % we recall that the single variable PDE (1.1.5a) for u,(x, t) can be
interpreted as a parabolic equation in more variables (4.2.1) or (4.2.2). As discussed in Section 4.2, the

uniform lower bound u, (x,t) > U 5_0 (x, t) combined with the estimate 0 < (u,),(x, t) < C; allows one

to invoke classical parabolic estimates which imply that (u,,) .y (x, ) is uniformly bounded for all x > %,

sufficiently large n, and all ¢ € (s, ,,). This then implies that the mean curvature on the limiting solution
1

z.

Combining the two cases x| € (0, %) and x; > % leads to (5.2.1), which finishes the proof of the

is bounded when x| >

proposition. U

5.3. Second-order derivative bounds for x < M 4/t. Before we bound H (x, t) in the intermediate and
inner regions, we will establish the following weighted C? bound, which is crucial for our purposes, for
our approximating sequence of solutions u, (x, t) defined in Section 4.

Lemma 5.3.1. There exists nq sufficiently large and a constant C independent of n so that for all n > ny
the bound

() xx (x, )] < CtFB (14 17+35)~ (5.3.1)
holds for all 0 < x < MA\/1, t € [s,, ty].

Proof. The proof follows from scaling and standard regularity theory for linear and quasilinear parabolic
equations. We repeatedly use the first-order derivative bound 0 < (u,),(x, ) < C; from Lemma 4.9.1, as
well as the initial derivative bounds (4.3.3)

107U (x, 5)| < Cs; UM A 45,4 Px) U2 =23,

which were shown in Lemma 4.3.1.

Since our solutions u, (x, ¢) scale differently in the intermediate and inner regions, we need to treat
the cases x € [2Rt*/3, MtY/?] and x € [0, 2Rt*/3] separately. We will choose R in the proof of Case 1
below to be a sufficiently large constant which is independent of n. Then for this choice of R we will
show that Case 2 holds. In both cases we will assume that n > ng and s,, <t < £y, and ng will be chosen
to be sufficiently large and 7y will be chosen to be sufficiently small, uniformly in 7.

We start by fixing n > ng and a point (x1, 71), where 0 < x| < M\/t1, t| € [sy, fo].
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Case 1: Assume x| € [2Rtf/ 3, M tl1 / 2], where R is a sufficiently large constant. Similarly to the proof of

Lemma 5.2.1, we consider the rescaling

Un(&,5) = x7 'un (16, 11 + x7s)

which satisfies the equation

(Un)ee 3 3

+—(Un)e — — 532
oL e (Un)e U (5.3.2)

(Un)s =

in the region

o ={@siy<e<q I a0

9 2 J—
2 X X
We subdivide into the two cases
H — S, 1 f — S, < 1

> —— and .
xi 0 2M? xi T 2M?

Case 1a: If (t; —s,) /xl2 >1/2M 2, then the parabolic square

1 3 1
Oy =]En:T<e<3 s <s=o
has fixed size (independent of (x1, ;) and n) and satisfies Q, C Q,. We will restrict to Q),.

For any (§, s) € Q), we have x := x|§ € [Rtf/3, 2Mt11/2] and ¢ := 1) + x}s € [3t1, 1] In particular,

we have y := xt™12 ¢ [Rtly, 2«/§M], i.e., (x, t) lies in the intermediate region, a fact that will be used
momentarily.

To obtain the desired bound on u,, (x1, t1), we will bound Ug¢ (1, 0) by applying interior parabolic
regularity estimates to the function U, (¢, s) — & defined in Q).

We first estimate the L> norm of this function on Q), by bounding |u, (x, 1) — x| for x = x;£& and
t=1 —|—x12s, where (£, 5) € Q).

By (4.1.1) the solution u,, lies between our upper and lower barriers constructed in Proposition 3.9.1.
Hence

|, (x, 1) —x| < max{lUgg(x, 1) — x|, |Ug, (x, 1) — x|} (5.3.3)

for all n > ng sufficiently large. Using the definition of our barriers U Sf (x,1) (see (3.9.1) and (3.9.2)) the
difference |Uj; (x, 1) — x| for n > ng is bounded by /2| fafo (xt=V2,1)[; fgo was defined in (3.4.4). The
latter can be bounded by 2K 1tk_1gok (xt~1?), provided that fy is sufficiently small. This follows from the
definition of fafo and our estimates in Section 3.4, after expressing these estimates in the (x, ¢) variables
using (2.2.1). Since g (y) < Cx(y* 2 +y~2) with y :=xt~2 € [Rt], 2¢/2M] and 1 € [ 311, 11], we get

max{|Uy (x, 1) — x|, Uy, (x, 1) — x|} < Ct* "Nt ™ V%) 72 < Cx 72t (5.3.4)

for some constant C (depending only on k and M) which is uniform in (x1, #;) and n. Combining (5.3.3)
and (5.3.4) while using t = 1| + x5 <1, yields

Un(€,5) —£] < Cxtf in Q). (5.3.5)
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It follows that the function
Fu(€,5) :=xt;*(Un(&,5) — &)

which satisfies the equation

F,
(n)si +
1+U; &

3 3

Fns: Fn —Fn
(Fn) ( )§+§Un(§,s)

(5.3.6)

is uniformly bounded in the parabolic cube Q/,, namely ”Fn”CO(Q}W) < C, where the constant C is
independent of (xy, #;) and n.

Claim 5.3.2. U, and 1 + U,%é are Holder continuous on the parabolic cube

5 1

QX/I:{(S,S):%<€<Z’ —m <S§O}CQ/A/[7

uniformly in (x1, t1) and n. Furthermore, JT <U,(&,s) <2 forall (§,s)€ Q?vr

Proof. Since x| > Rtf/B, by (5.3.5) we have that |U,(§,s) —&| < CR~3, and since the constant C doesn’t
depend on R, we may choose R large enough that }L < U,(&,5) <2forall (& 5) € Q). In addition
Lemma 4.9.1 implies that |U,¢(§, s)| = [(u,)<(x1§, 11 +x12s)| < (Cjin QM It follows that U, (&, s)
satisfies in Q), a uniformly parabolic equation (5.3.2) with bounded coefficients, and therefore standard
interior (in spacetime) regularity theory applied to the quasilinear equation (5.3.2) implies the existence
of a uniform constant C, independent of (xi, #;) and n, so that |U,g¢ (£, s)| < C in Q}, C Q),. All the
above give us that U, and 1+ Unzé are uniformly Holder continuous functions on Q) as claimed.  [J

Claim 5.3.2 implies that equation (5.3.6) is uniformly parabolic in Q}, and its coefficients are Holder
continuous (uniformly in (x1, #;) and n). Interior (in spacetime) Schauder theory applied to (5.3.6)

in Q}, bounds |(F,)z(1,0)| in terms of ||Fn||C0(Q;(4)’ concluding that |(F,)ge(1,0)| < C for a uni-
3.k
l‘l,

form constant C. Equivalently, |[(U,)e(1,0)| < Cx, and converting back to the original solution

gives the bound |(u,).x(x1, 1) < Cx| 4t{‘. In the considered region we have x1t %3 > R, therefore

t{‘x;“ = tfk/3(tfk/3x1)*4 < thk/3(1 + xltfk/B)*“ (where C depends on R). We conclude that the

desired bound (5.3.1) holds when x; € [2Rt,”>, M#}"*] and (1 — 5,)/x? > 1/(2M?).

Case 1b: If (1 — sn)/xf < 1/(2M2), then x; < Mtll/2 implies that 1| — s, < xlz/(2M2) < %tl, and hence
in this case # € [s;,, 2s,]. This in turn gives x; < M +/2s,, implying in particular that

fo—t to— 25
0 1 > 0 n > 1,
x12 2M2s,

provided that n > ng with ng sufficiently large. Hence the cube

1 H—s HH—s
Q, = (S,s):—<$<§,— Tos<— “ 41
2 2 x12 x12
has fixed size and satisfies Q), C Q,. The difference between this and the previous case is that the cube
Q) starts at s = —(t] — sp) /]C12 corresponding to the initial time ¢ = s, for the solution u,(x, ¢). This
means that our estimates need to include bounds on the initial data u, (x, s,).
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As in the previous case, we will begin by bounding |U, (&, s) —&| in Q,. For any (£, s) € Q,, we have
x:=xi& €[Rty?, 2M /i1 C [Rsy>, 2M /25, (using 11 € [s,, 25,]) and ¢ := 1 +x2s € [s,, QM2 +2)s,]
(using x; < Mtll/z). Hence y =xt"12¢ [R/(\/EM)S,):, 2«/§M], which shows that the point (x, ¢) belongs
to the intermediate region. Now similar arguments as in Case 1a imply that bounds (5.3.3) and (5.3.4) hold
(with s, instead of #1). We conclude that |u,(x, 1) — x| < Cxl_zs;:y%/2 holds at x = x1&, t .=t + s’g‘]z

for any (£, s) € Q,, where C is independent of (xi, #;) and n. In terms of U, (&, s) we obtain
\Un(&,5) —£| < Cx YB3 < Cx?tf in Q). (5.3.7)

Claim 5.3.3. U, and 1 + Ufé are Holder continuous on the parabolic cube

- n n— n
o=l S N0 o N7 g
uniformly in (x1, t}) and n. Furthermore, % <U,(&,s) <2 forall (§,5) € Q,.

Proof. Similarly to Claim 5.3.2, the bounds (5.3.7) and Lemma 4.9.1 imply that on Q), we have Alf <U,<2
and 0 < U,¢ < C;. In addition, for j =2, 3 we have

sup
1/2<§<3/2

. 1 — s .
9/ U, <g, —- an>‘ <x/7' sup  [0fua(x,s0) < Cx7isk <, (5.3.8)
X x1/2<x<3x1/2

where we used (4.3.3) and our assumption x; > 2Rtf/ 3 combined with t| € [sn, 2s,]. In all the above
bounds C is a uniform constant, independent of (x, ¢;) and n. Since U, (&, s) satisfies a uniformly
parabolic equation (5.3.2) in Q) standard interior (in space) theory for quasilinear equations applied
to (5.3.2) yields the C 2 bound | Unee ||C2(QZ) < C (and even a C>! bound), where C is a constant that

depends only on
t —_
Un < Ty T ! 2sn>
X1

therefore C is uniform in (x1, #;) and n, since these bounds are as well. We conclude that U, and 1+ U,%é

[Unllcocg;) and ‘ ,
C3([£/2.38/2])

are uniformly Holder continuous functions on Q/, finishing the proof of the claim. U

Consider the function F, (&, s) := xftl_ k(U,, (&,5) — &) on Q which satisfies (5.3.6) and the uniform
bound ”Fn”CO(Q;’) < C, where C is independent of (x1, #;) and n. Claim 5.3.3 implies that F, (&, s)
satisfies a uniformly parabolic equation (5.3.6) on Q! with coefficients which are uniformly Holder
continuous. Therefore, standard interior (in space) Schauder estimates applied to (5.3.2) on the cube Q)
imply that |(F},)z (1, 0)| can be bounded in terms of

H— S,
Fn(‘,_ 2 )
X1

We have just seen that || F), llcogny = C. We will next show the bound

H— sy
Fn(',_ 2 )
X

[ Fallcocgyy and ‘

C21([3/4,5/4)

<C.
C3([3/4,5/4D)
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First, (5.3.8) and the definition of F,, give

o Fy (S, —1x—2s)‘ =x} 17} 19]Un(E. ) < Ci'sy < C
1
for j=2,3and all £ € [%, %] The bound for j = 1 follows similarly from 0 < (u,).(x, s,) < C. In all

the above bounds C is independent of (x1, ¢;) and n.

We conclude that |(F,)eg(1,0)| < C, where C is independent of (x1, #;) and n, and, similarly to
Case la, the desired bound (5.3.1) holds for x; € [2R{”, Mt;"*] and (1 — s,)/x* < 1/(2M?). This

completes the argument in Case 1b.

Case 2: Suppose next that x; € [0, Rtfﬁ], that is (x1, #;) belongs to the tip region. Here R is a large fixed

constant, chosen as in Case 1. In this case we will not scale around x; but around the origin, and we will
show
sup () (6, i)l < CH 7 P 0 <ty <1, (5.3.9)

xel0,Re{?]

for a uniform constant C independent of n and #; (C may depend on R). This estimate is equivalent to

(5.3.1) because in the considered region one has x;f, k/3 <R.

To this end we set o := %k > 1 for simplicity and introduce the rescaled function

Un(&,5) = t; %u, (11, ) +17%), (5.3.10)

which satisfies (5.3.2) in the region

Hh— Sy to—1H
Q=1(¢,8:0<§<2R, ——5— <s<—— -
h h
Bound (5.3.9) is equivalent to
sup [(Un)ge(6,0)| <C (5.3.11)
§€[0,R]

and will follow by applying standard regularity theory to (5.3.2) in an appropriate cube Q) C Q,,.

First, one needs to bound U, on Q) from above and below away from zero. To this end, observe that

(4.1.5), (3.9.1)—~(3.9.2) and the definition of the inner region barriers in Section 3.5 give
W gy (817 4 D 1081 <y (0, 1) < 19 Wiy (x17%) (5.3.12)

for all n > ng sufficiently large and all x € [0, Z¢*] (for any Z > 0) and ¢ < ty. Here D > 0, and thus we
can drop the small term De?” °87, The above estimate when expressed in terms of U, (&, s) gives

D)Wk () (ﬁi(s)) < Un(&,9) <0 Wit o) (%@) (5.3.13)

where 9, (s) := 1%t " = (1 + tlz"‘*ls)“. Note that in order to obtain (5.3.13) from (5.3.12) we need to
have £/9,(s) < Z for all (¢, s) € Q,, and for some Z > 0 which is independent of (&, s) € Q). This will
be checked below. We need to consider two cases, (] — s,)f; 2 - 1 and (t — st 2a < 1, and choose
Q,, appropriately.
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Case 2a: If (1] — s,,)t_z"‘ > 1, then we restrict to the parabolic cube of fixed size
Q' ={(,5:0<E<2R, ~1<s5<0}

(independent of #; and n), which obviously satisfies Q" C Q,,. We will restrict to Q’, where s € (—1, 0]
implies the bounds ¢, (s) > (1 — tlz"‘_l)“ > % and 9, (s) < 1 (for the former use #; < fy, where ¢y can be
chosen sufficiently small).

Using 9,7 ' <4R and % <9, <1, we conclude from (5.3.13) that there exists a uniform in »n and #
constant C > 0 (depending on inf,¢[0 4r) Wk ) (z) and sup, (o 4g) WK;(n)(z)) such that

0<C ' <U,(&,5)<C forall (£,5)€ Q. (5.3.14)
Furthermore, arguing as in (5.2.6), we note that the definition (5.3.10) of U,, implies

Uné(g, §) = unx(tix’ 5] +t12as)’

so that [|Upg || co(gry < sup |uux| < C, where C does not depend on n or #;. Standard interior (in spacetime)
regularity theory applied to (5.3.2) implies that there exists a uniform constant C, independent of n and ¢y,
so that supg (o gy [(Un)es (§, 0)] < C; that is (5.3.11) holds. In terms of the original solution u, (x, ) this
implies the desired bound (5.3.9) in the case (¢; —s,)t; 25 1, witha = %k.

Case 2b: Finally, if (¢ —s,,)tl_z"’ <1, then since t; <fgis small and @ > 1, we have | <s, +t12“ <s,+ %tl;
that is #; € [s,, 2s,]. In this case we restrict to the parabolic cube of fixed size

1 — t —
:{(5,5)30555213,— ! zsn <s<-— ! ZS"+1}’
e 1

which contains the point (1, 0) and satisfies Q,, C Q,. Since 0 < (f; —s,,)/ tf“ <1, for any (§,s) € Q,,
we have s € [—1, 1]; thus 3, := (1 —I—IZO‘ 1s)°‘ satisfies the bounds % <%,(s5) < % for all #; <ty with 1
sufficiently small.

Claim 5.3.4. The bounds 0 < C~' < U, (&, s) < C and |(Un)e (€, 5)| < C hold on Q,,. Furthermore,

I — Sy
-2
H ( 12

In all these bounds C is a uniform constant independent of n and t,.

<C.
C3([0.2R))

Proof. Since 1 5 < Ou(s) < 2, similarly to Case 2a we can apply (5.3.13) to obtain 0 < C'<U,E,5)<C
in Q. Also, similarly to the previous cases, 0 < (Uy,)¢(&,5) < C; in Q,, follows from Lemma 4.9.1.
For the third bound it is sufficient to just estimate second- and third-order derivatives. To this end we
use (4.3.3) which implies that |81un(x sp)| < Csp SO for j =2, 3 and for all x € [0, 2Rtk/3] (recall
that 1, ~ s,,).

In terms of U,, we get |8]U &, -t —sn)/f 20y < C for j =2, 3 and for all £ € [0, 2R]. The above
bounds imply that ||U, (-, —(t; — s,) / ’1 N e3qo.2r) < C. In all these bounds the constant C is uniform,
independent of n and 7;. 0
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The previous claim and standard interior (in space) regularity theory applied to (5.3.2) on the cube Q)
implies that sup)g g [(Un)zz (§, 0)| (even | Ux (-, 0)llc21(0, 7)) can be bounded in terms of || Unllcoor)
and ||U,(-, —(t; — sn)/tlz"‘) lc3(10.2r7)> and thus both are bounded by a constant C which is uniform in #;
and n. We conclude that (5.3.11) holds, which expressed in terms of u, (x, t) gives that (5.3.9) holds in
the last case where (1 — s5,,)t; 2 S 1, with @ = %

Combining Cases la—1b and Cases 2a—2b concludes the proof that the desired bound (5.3.1) holds for
all (x, 1) satisfying 0 < x < MA/t, t € [s,, tp] and all n > ng, provided n is sufficiently large and fy > 0
is sufficiently small. 0

5.4. Bounding H in the intermediate and inner regions. We will now show that H (x, t) is bounded in
the region x < M4/t, 0 <t < tq. Instead of showing that H is bounded, we will prove that

h(x,t) :=u, = HV 14 u?

is bounded. Since u, is uniformly bounded (Lemma 4.9.1), the bounds for # and H are equivalent.
Arguments in this section have been inspired by arguments from [Stolarski 2023].

The PDE for u implies that & = u, satisfies

3 3
IR
X u

For n > ny, define h,(x, t) := d;u,(x,t), where u, : [0, 00) X [s,, fp] — R is our approximating
sequence of solutions from the proof of Theorem 4.1.1 in Section 4. We choose a fixed m € (2, 3) and set

An = max{(1 +173x)"|h,(x,1)] : 0 < x < M/1, t € [s5, 101}
We claim the following holds.
Lemma 5.4.1. We have sup, A, < oo.

This lemma implies that |/, (x, t)| is uniformly bounded and hence that H, = h,/\/1+ u% is also
uniformly bounded. Since the bound is uniform in n, by passing to the limit as n — 400 we will then
obtain that the mean curvature H (x, ¢) of our solution is bounded for 0 < x < M/t, 0 <1 < t,.

5.5. Choice of the blow-up sequences. For the proof of Lemma 5.4.1 we argue by contradiction and
assume that sup, A, = co. Then we can pass to a subsequence so that we may assume without loss of
generality that

lim A, =+o0. 5.5.1)

n—oo

Our goal in this section is to contradict (5.5.1).
The bound (5.3.1) for u,, implies the same bound for /,,; namely, we have

h (e, )] S5 BA 4+ x < MV, 1€, 1ol (5.5.2)
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The quantity (1 +17%3x)™|h, (x, t)] attains its maximum in the region {(x,1) |0 <x < Mt s, <t <to},
so we can choose T, € [s,, fo] and a, € [0, M+/T,] such that
h(an, T = Ap(1+ T, a,) ™. (5.5.3)
The inequality (5.5.2) implies
k/3 —k/3  \4— -1
TR 4T, Ba)™ < AL,
and thus
max{Tnk/3, Tn(m—S)k/3a3—m} < A;l.

Since A,, — oo, we find that 7,, — 0 and also

{95}

SN bl

m
m

a, K T3,

At this point we use our assumption that k > 3 and choose m close enough to m = 2 that the exponent

of T, satisfies 324 > 1 which then implies

a, L TV (5.5.4)

To complete the proof we distinguish between two cases a, < Tnk/ ? and T,f P« ap K T,ll/ 2, depending on

where the maximum q,, is attained.

5.6. Case I: a, < T,,k/ 3. We choose the scale o, = Tnk /3 and form the blow-up sequences
(5. 8) =0, uyEctn, T, + scty), (5.6.1)
ho(€,8) = A, hy(Bay, Ty 4 sa?). (5.6.2)
These functions are defined for
T, — s,
E>0 and -5, <s <0, whereSn=—2,
an
and they satisfy the equations
ou 7] 3 3
S S (5.6.3)
as 1+, & i,
oh, 9 ([ hy, 3. 3
= — —h —h,. 5.6.4

We use (5.6.1) with o, = Tnk/ 3 and the definition of the inner region rescaling w, (z, t) of u,(x, t), i.e.,

k/3

uy,(x,t) = tk/3wn(t_ x,logt),

witht =T, + TnZk/3s to express i, (&, s) in terms of w,(z, 7). We get

_ B 3
un(gv S) — ﬁn(s)wn (m’ 10g t),

where
9,(s) = tk/3Tn_k/3 — (T, + Tn2k/3s)k/3Tn_k/3 —(1+ TnZk/3_ls)k/3.
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Since T, — 0, we have 9,(s) — 1 uniformly for bounded s, and thus
logt =log T, + % log ¥, (s) — —o0,
uniformly for bounded s. Similarly to the last statement of Theorem 4.1.1 we claim the following.

Claim 5.6.1. u, (&, s) —> Wk, (&) in C°

loc*

Proof. For every fixed £ > 0 there exists an ng such that for all n > ny we have

Dpw, (f( X 10gt> <i,(&,s) < ﬁnw:(ﬁf(s),logt),

where logt =log T, + % log ¥, (s) and w;, and w;' are the lower and the upper barriers in the inner region,

respectively. See Lemmas 3.5.2 and 3.5.3. This implies

7.9 WK (n)(j ) + D(T 193/]()2)/ < un(f ) < 19 WK+(n) (5 )

where we recall that (K (n))3 = K3£8,. Since lim,_, 0o T, =0, lim,,—. oo 9, = 1, and lim,, o0 K3 (1) = K>,
we conclude that i, (§, s) — Wk, (§) uniformly for bounded £ > 0 and bounded s.

Furthermore, since (it,)z:(§,5) = U, ()" N (wy) .2 (z, T) is uniformly bounded for bounded & and s,
it follows that i,,¢ also converges locally uniformly. After bootstrapping the nondegenerate parabolic
equation (5.6.3) for i, we find that u, (&, s) - Wk, (&) in C° O

loc*

Recall next that by the definition of A, we have
(&, )| < (1+ TEPE(T, + THPs) ™3™ = (1 4 £ + TP s) 7Ky =,

For s <0 and & > 0 this implies

h
a9 = g

Lemma 5.6.2. Let (&) = W (&) — EW/(E), where W (&) is a solution to (2.3.4). Then for any Sy > 0
there is a ky > 0 such that "~* ® (&) is a supersolution for (5.6.4) in the region —min{S,,, S} <s <0,
0<&<5 MTI/2 k/3 , where S, = (T, —sn)/ozﬁ.

Proof. Expanding the derivative in (5.6.4) leads to

_ _ e {3 21;,,5&"55 } 3 -
hns - Mn hn = _ +1- rEEE—T-— hn + _—hn. 5.6.5
(hn) Tra e ara) et (5.6.5)

In order to estimate M, [®] we write the right-hand side as

Mulhy] = Meolhn] + Ralh,]
with

Mooln] =

Mes {3 2W/ (W (&) } (5.66)

w2 e a+wer " wer"
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and where the remainder is given by

Rulnl = an(&, $)nze +bu(§, $)nz +cn(€, )1

for certain coefficients a,, b,, ¢, which one obtains by subtracting (5.6.6) and (5.6.5).

We now argue that a,,, b,, ¢, are uniformly bounded if s remains bounded. The estimate (5.3.1) says
[tnx| S t=*31 ++7*3x)=* for small r > 0 and for 0 < x < M+/1. By definition (5.6.1) of u, this
implies that for & < MT,,I/Z_kB\/ 1+ Tn2k/3_ls one has

liinss (&, )| = T upa (TFE, T, + T2 s))|
<A+ TP ) kB 4 (1 + TP 5) k),
Under the assumption that —min{S,, S} <s <0, and because 7,, — 0, we may conclude
litnes ] S (1+8)™*  for —min{S,, S,} <5 <0, 0 <& < %MTnl/sz/;

This implies that u,¢¢ is uniformly bounded for 0 < & < % MTY> k3,

Since itz (£, 8) = s (TA €, T, + T,/ s), we have 0 < it < C; (by Lemma 4.9.1), so that i, is

uniformly bounded.
Finally, by comparing i, with the lower barrier Uy from (3.9.2) we have

iy (£, 8) > 1,0, 8) = T, 3u, (0, T, + T*/3s)
> T, PU (0. T, + TP s) use (3.9.2)
= T,*(T, + T Ps) Pwy (0, log(T, + T, s))
> (14 T*P 1) B3 Wi, 12(0).
The assumption —min{S,, S} <s < 0 together with 7,, — 0 and Wg (0) = K W (0) = K then implies
ity (£,5) > K, forall £ >0 and —min{S,, S,} <s <0.

This implies that i, (&, $)"2is uniformly bounded, and hence that the coefficients a,, b,, ¢, are uniformly
bounded.
Therefore there is a ¥ > 0 such that

IRalnll < k(Inezl + Ingl + )

whenever —min{S,, Sy} <s <0and 0 <§& < %MTnl/z_kB. Since

Mo[@]=0 and [®"(x)|+ [P (x)] S P(x),
we find that
M,[P] < Ckd.

If we define k, = Ck, then we have found that ¢“*®(x) is an upper barrier for hps = My[hy). O
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Lemma 5.6.3. S, — oc.

Proof. We argue by contradiction. Assume that there is a subsequence of S, along which the limit is
finite. Without loss of generality we can take this to be S, itself, that is assume that

T, — _
Snzn—zsnfS<—|—oo for all n.

oy

This implies that 7;, <s, + Eaﬁ =s,+S Tn2k/ 3. Since T, — 0 and k > 3, we then conclude that 7,, < 2s,

forn > 1.

We will now apply the maximum principle to &, in the region
~8, <5 <0, 0<&<er, WA,

Observe first that the definition (4.3.1) of our initial data u, (x, s,,) is such that the surface coincides
with an Alencar surface in the region y =o(1), i.e., for x <€,/s, with € as in Section 4.3. This implies that
hp(x, s,) =0 for x <e./s,. Using T, <2s, for n > 1, we conclude that by taking n >> 1 and € sufficiently
small we can guarantee that /1, (&, —S,) = A;lhn(ané, sp)=0for& < eozn_lT,,l/2 = eTn_(k/3_1/2). At the

end of this region, where £ = eTnl/ 2=k/3

lha (€, ) < (148 = (1 +&) 21 +&) "2 LT EE1D g,

Here we have used the expansion (A.3.1) combined with the fact that ® (&) = W(§) —&EW/(§) > 0
(Lemma A.3.1) to conclude that ® (&) > (1 4+ £)2. Choosing «, as in Lemma 5.6.2, we see that for
suitably large C the function

, we have

&‘Tn(m—2)(k/3—1/2)ek*scb(%.)
is an upper bound for both l_zn (&, s) and —}_zn (&, s) in the region —§,, <5 <0, & < eTn] /27k/3 and for all n.

Finally, at s = O this implies
(€, 0)| S T PEBYD 0 as n — oo.

This cannot be, because maxg |ha(£,0)| = 1, thus showing that §,, — oo. O

We can now complete the blow up argument, at least in the case where a, < Tnk/ 3. Since Sy — 00, we

00
loc

pod (ke N 3, 3
hy = 8E<1+W/(§)2> + e+ gt (5.6.7)

The ancient solution / satisfies the bound

can pass to another subsequence along which /2, converges in C2° to an ancient solution /2 of

lhE, )| <(1+&7", £>0, s<0.

By the definition of a, (see (5.5.3)) the function (1 4+ &)™ |h, (£, s)| attains its maximum at &, = a,, T,fk/ 3,

We assumed here that a,, < Tnk/ 3, so we may assume also that &, — € for some finite & > 0. Thus we

~

have
h(E,0)=(1+&)". (5.6.8)
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To complete the proof we compare this ancient solution with the stationary solution ®(§) = W (§)—& W/(§).
By the asymptotic expansion of the Alencar solution we have
&) =T +o(1)E2 £ — oo,

for some constant I"y > 0.
Choose a large number ¢ > 0 and consider the function

W(E) = D) —3D(0).
Since @ (&) is a decreasing function of £, we have
3PE) <W(E) <) forall € €0, £].

Furthermore, it follows from M, [®] = 0 that

30 (0)

M[W](E) = TaWE)r

Since W (£) =& +o(1) and & (£) ~ &2 for large £, there is a ¢ > 0 such that W (&) ™2 > c® (&) > cW(£).
There is also a constant ¢ > 0 with ®(£) > c£~2. Therefore we get

Moo[W] < —cl?W(§) for& €0, £].
It follows that for any s
B s)=e 0w

satisfies /1, > M[h] for £ € [0, £].
We will next compare h with h in the domain {0 <& <, —sg <s <0} which will lead to a contradiction.
At & = ¢ we have

|]:l(£7 S)| < (1 + E)_m ecE’Z(S—i-So).
h(l,s) v (f)
Using
1 1 2
VO 300 = Z(1+0)
we therefore find for —sg <s <0
(€, 5)|
h(e, s)

<C(l+ g)—(m—l)ec[—Z(s_'_so) <Cl+ E)—(m—Z)ecZ_zs().

Since W(£) > ¢(1 4 &)~2 for a uniform ¢, at time —so we have

A&, —so)l _ (1+&)™"

- Cc(1 —m=2) < ¢,
e s - Ve <C(1+%§) <

To conclude our argument, for any given £ > 0 we choose sy > 0 large enough that

C(14 )~ M=t 0 o 1,
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Applying the maximum principle to the linear equation sy = Mo[/2] on the domain {0 <& <€, —so <s <0},

we have _
h(§, -
RC I o140t foro<e <t —sp<s<0.
h(,s)
In particular,
h(,0 -
|A(§ )| < C(l _f_g)—(mfZ)ecZ zso for O < 5 < g’
h(,0)

and hence, using the definition of h,
|h(E, 0 <C1+0)7"W(E) for0<&<t.

The constant C does not depend on £, so by choosing ¢ large enough we reach a contradiction if 4 (£, 0) #0

for some £ > 0 since (5.6.8) needs to hold at the same time as well.

This completes the proof of Lemma 5.4.1 in the case a, < Tn_k/ 3,

5.7. Case 2: a, > T,,_k/ 3 If we are not in Case 1, i.e., if it is not true that a,, < Tn_k/ 3, then there is a

subsequence along which a, T,,k/ 3 _5 50. In this case we choose our scale to be o, = a,, and we define
the blow-ups

ha(an§, Ty + ans)

- -1 2 7
u,(E,8)=a, u,(a,&, T,+as), h,E,s)= 5.7.1
n(§,8) =a, un(a.§ n5) &,5) oG T (5.7.1)
These blow-ups are defined for all £ > 0 and for
T —
—S, <s<0, withS, = """,
a

n

By our intermediate region asymptotics for u,, and u,’, since eVt wa, « Tnl/ 2 (see (5.5.4)) and
u, (x,s) <uy(x,s) <ul(x,s), we have

Un(§,8) > Uoo(§) =§
uniformly for bounded & > 0 and s and in C};, for § > 0 and s <O0.

Lemma 5.7.1. For h, (£, s) we have the pointwise bound

_ Tk/3 6125 km/3
Ihn(é,s)|§(1+ ! )(l+ T) g (5.7.2)

ay n

forall &£ with 0 < a,& < M\/Tn—l——anzs. In particular, for large enough n we also have

(€, 5)| <257 (5.7.3)
Sforall § with0 < a,é < M\/Tn—i-—anzs and for bounded s.
Proof. By definition of A,, a,, and 7,, we have for all x < M J/t and t € [sp, to]

a0 < AL 475%™ hy(an, Tl = A (14T, a,) ™.
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Hence 3
< 1+T, / Ay }m.

hy(a,é, T, —i—a,zls)
1+ (T +als)*3ayé

hl’l (al’l’ Tn)

Discarding the “+1” in the denominator and multiplying numerator and denominator with Tnk/ 3an_1 we

find 03
m 2 \mk/3
5<T” +1) (1+“"S> g
a, T,

This proves (5.7.2). Since Tnk/ 3 La, K Tnl/ 2 (recall that (5.5.4) implies a, < T,,l/ 2), we have

Tr{c/:’) m a'%s mk/3
+1 1+ — 1
An T,

uniformly for bounded s which implies (5.7.3). U

hn(a,§, T, +a,%s)
hn(an, T,)

This lemma tells us we have a sequence of solutions /,, of the linear equation

oh 0 h 30h 3 h 3 2a oh 3
no_ _{ nfz } 20 __2hn _ nE_SZ + {_ o ”"5’_4”55 } "y _—2hn (5.7.4)
ot 0& L+ i, & 0E  u? L+t & (l—i-uns)2 0 u?

which satisfies the uniform bound (5.7.3) for all n > ng > 1. As before we have:
Lemma 5.7.2. S, — oo.

Proof. Assume that S, is bounded and, after passing to a subsequence, that we have S, - S.

The function u, converges in C{ t0 iloo (&, s) = &, so interior estimates for the divergence form
(5.7.4) imply that 1, is locally uniformly Hélder continuous for £ > 0 and —S, < s < 0. Moreover, the
construction of u, (-, s,) guarantees that h,, starts out with 7,, (&,—S,) =0forall a,¢& K Tnl/ 2 We may

therefore assume that there is a convergent subsequence 1, (&, s) — h(&, s), where

|h(E,s)| <&

forall £ > 0 and s € [— S, 0] and where h is a solution of

f_ls = %}_lgg + g}_lg + ;—2}_1 = MO[I’_I],
with A(1,0) = %1 and h(€, —Ss) = O for all £ > 0. The limiting function 4 is smooth for & > 0,
—Ss0 <5 <0. We note that fz(é) = £724+£73 is a stationary solution of hs = Mo[h], so that for any n >0
the functions j:nfz provide upper and lower barriers for /1, provided we can show that —nfz <h< nfz as
& — 0 or & — oo. This boundary condition is fulfilled because |h(€,s)| <& ™ with 2 < m < 3. The
maximum principle therefore implies that || < nfz for all > 0. Letting  — O this yields A(£, s) = 0 for
all £ > 0 and all s € [—S4, 0]. This contradicts h(1,0) = £1 and shows that the sequence S, is indeed
unbounded. (|

Let (€, s) be a limit of the &, (&, s) along some subsequence n = n; /' oo. We now show that
h(1,0) =0, which contradicts the fact that (1, 0) = £1 and therefore completes the proof of Lemma 5.4.1.
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Lemma 5.7.3. /(1,0) = 0.

Proof. Choose a small € > 0 and consider the function
k(€ s)=h(E, ) —e5™> —es ™.

This function is a solution of the linear equation k; = Mgy[k]. In view of the bound h(g,s) <&™, which
holds for all £ > 0 and s < 0, we have

k(g,s) <&M —ek™> —ek 3.

Since 2 < m < 3, this implies that k(£, s) <0 if £ < €!/G=™ or & > ¢~ 1/m=2),

The differential operator My is a standard Sturm—Liouville operator with smooth coefficients on the
interval I, = [e!/G~™) ¢~ 1/m=2)]  Since & 2isa strictly positive solution of My[¢] = 0, the principal
eigenvalue Ay of

MolQ(E)] = =2, Q™) =qE V") =0

is positive, and the corresponding eigenfunction €2(§) is also positive for all & in the interior of the
interval I.. Choose C. > 0 so that

7" e~ < CQ(E)
forall & € I.
For any given so > 0 we then have

k(&, —s0) < CeQ(E) forall £ € L.

Moreover, I%(S, §) = Cee 2060 Q (£) is a solution of lgs = M[IE], so the maximum principle applied on
the domain I x [—sg, 0] implies that at time s = 0 we have

k(&,0) <k(E, 0) = Cce 00Q(&).

Since this is true for all 5o > 0, we conclude £(§,0) < 0. By definition of k(&, s) this implies that
h(g,0) < eg!/B=m 4 eg=1/m=2) for all & € I.. In particular, this holds for & = 1 where it implies
h(1,0) < 2e. This argument goes through for all € > 0, so we find h(1,0) <0.

Applying the whole argument once more to k(£, s) = —h(&, s) — €€/~ — g=1/@=m) jngtead, we
find —A(1, 0) < 0. Hence A (1, 0) = 0, as claimed. O

The proof of Lemma 5.4.1 is now complete. We can now conclude the proof of Theorem 5.1.1.

Proof of Theorem 5.1.1. Lemma 5.4.1 implies sup, A, < oo. Using the definition of A, this implies that
|Hy| = |hy|/+/1+u2, is also uniformly bounded. The derivative bounds from sections Section 4.4-4.6
imply that u, (x, t) converges uniformly smoothly to u(x, t) for ¢t € (0, tp] as n — oco. Therefore we get
|H(x,1)| = lim,_ o |H,| < C forall 0 < x < M/t and ¢ € (0, fp]. On the other hand, Lemma 5.2.1
shows that H (x, t) is bounded when x > Y5 /. By definition (3.6.4) we have Ys, := 2/(2k + 1)!T M/3;
if we choose M large enough then Y5, < M so the two regions 0 < x < M/t and x > Y5,/ overlap.
The mean curvature H is therefore uniformly bounded on the whole solution, which concludes the proof
of Theorem 5.1.1. O
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Appendix

A.l. The linear equation in the intermediate region. The eigenvalue equation Lo = (k — %)go is
1 3.y 31
st (S8t (-3 )o= - 3)e

6 6

i.e.,

Let (y) = y_2 xx(¥). Then x; satisfies the equation
Vi 2
Xk + y+y X = 2k xr.

For every real k > 0 there is a unique solution with x;(0) =1, x/(0) = 0. This solution is monotone
increasing and for large y has the expansion

() = Cy* +0(y%), y— 0.

For k € N it is given by the series expansion

Nk —1)---(k—n+1) ,,
X => YGRS ¥, (A.1.1)

n=0

where 2n+1)!!:=1-3-5-7---(2n+1). This defines ¢y for all real k. We will only need these functions
for integer values of k, in which case x; is a polynomial, and ¢; (y) = y 2« (y) is given by

o(y) = 22( )m (A.1.2)

There is a second solution x; that satisfies

A(y) = e 00y o0,
At y = 0 this solution is singular:

. C
() = v +0(@(), y—0.

A.2. Proof of Lemma 3.4.1. The homogeneous equation 6y ¢ — L¢ = 0 has solutions of the form

¢=Cpi(y)+BYl(y), C,BeR,

where <p,§ (y) and wkl are solutions with
-2

wl(y)=iy ’ e
g O(y*=3),

y — 00,

and
_3 y— 0,

O(e™Y' 124007y y 5 0.

Wk ) = {
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Since y = 0 is a regular singular point for the differential equation 6y g — Lg = G(y) =y~ + y*~7, we
look for the solution in the form of a power series. From

6y — O 1=—3+2)(+3)y >+ 1@k —7—-r)y" (A2.1)
it follows that (3.4.2) has a particular solution of the form

20p(y) = Coy > Po(y*) + C1y > log(y) P (%),

where P; (y?) are power series in y? with P;(0) = 1. The logarithmic term appears because r = —3 is
one of the characteristic exponents. The coefficient Cy is obtained by substitution in the equation. One
finds Co = —%.

Every solution ¢ of the homogeneous equation satisfies ¢ = O(y~3) = 0(gop) as y — 0, and therefore
every solution g of the inhomogeneous equation satisfies

g=80p+00H H=—1y"+00logy), asy— 0. (A.2.2)

The differential equation 6y g — Lg = G has an irregular singular point at y = 0o, so we cannot use
the power series method. Instead, we obtain a solution using sub- and supersolutions. For any m € R the

4k—9

functions g+ (y) = y*~ 7 +my satisfy

6y — L)g+ = (—3(4k —5)(4k —4) £m)y* 7 + 0* 1),y — oo

For m > %(4k — 5)(4k — 4) it follows that g_ < g, are sub- and supersolutions for 6yg — Lg = G on the
interval [yo, 00) if yo is large enough. Hence there is a particular solution g, satisfying

8oop(M =y*T+00%* ), y— o0

At y =0 all solutions satisfy (A.2.2), S0 goo) also satisfies goop (y) = —%y‘s +O(y3logy). The general
solution of the nonhomogeneous equation (3.4.2) is then of the form g := goo ), + Cgo,l + Bt//,& forC, B eR.
However, the boundary condition g(y) = y*~3 4+ 0(y*~3) as y — oo requires C = 0. One concludes
that g := goop + Bwkl, B € R, is a one-parameter set of solutions to (3.4.2) which satisfies the conditions
of our lemma, thus finishing the proof.

A.3. The Alencar solution.

Lemma A.3.1. Let W : [0, c0) — R be the solution of
W, 3

1+W? ¢

Then W,; >0and 0 < W —zW, <1 forall 7 > 0.
For large 7 the solution W(z) has the expansion

I I's T
W=z+—+—t—
2 3P

3
WZ_W:O’ W) =1, W' 0)=0.

. (A3.1)

for certain coefficients I'; € R.
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Proof. The differential equation for W has been thoroughly studied. In particular, W,, > 0 and W > z W,
were shown by Veldzquez [1994, Proposition 2.2], (B”(u) > 0 and G,(r) < 0 in his notation). Here we
prove that W (z) has the stated asymptotic expansion. Let

P=W, and Q:%.

Then (P, Q) as a function of log z satisfy an autonomous system of differential equations,
{ZPZ =3(1+P*)(Q—P),
z0.=P - P?Q.

This system has two fixed points with Q > 0, namely, the origin (0, 0) and the point (1, 1).
The origin corresponds to the boundary condition W, =0, z = 0, while the fixed point corresponds to

(A3.2)

the Simons cone on which W =z and W, = 1.

10
3-3 .
eigenvector corresponding to the unstable eigenvalue is (3) The unique orbit in the unstable manifold

The matrix of the linearization at (0,0) is (5 _;). Its eigenvalues are A; = +1 and A, = —3. The

of the origin is the Alencar solution. It approaches the fixed point (1, 1) as z — oc. The matrix of the
1

linearization at (1, 1) is (_é 6

) with eigenvalues/vectors

- 1 - 1
A= -3, v1=<2) and Ay =—4, v2=<3).

The eigenvalues are both negative and they satisfy the “no resonance” condition, i.e., neither eigenvalue
is an integer multiple of the other. This implies that there is a real analytic conjugacy of the nonlinear
system (A.3.2) near the fixed point (1, 1) with the linearization (see the chapter on normal forms and
Poincaré’s theorem in [Arnold 1983]). The general solution of the linear system is

a1 4l Ciz 3+ Cyz™?
Ciz(p) +e(3) = -
12 2) T2 (3)= e 3 4 30,0
This in turn implies that all solutions of (A.3.2) that converge to (1, 1) are convergent power series in z~
and z~*. In particular, 1/Q = W/z has an expansion of the form
% =1 +C3z 3 +Caz 4+ Cz7 4+ Crz7 4 =1+ Z Crmz 274,

I,m>1

3

Therefore W (z) satisfies

W=z+ C3Z—2 + C4z_3 + C6Z_5 + C7Z—6 b=zt Z Cl,le_3l_4m-
I,m>1
So if we set I';,, = Cj,,+-1 we have proved the expansion (A.3.1) ]
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We prove global existence and decay for small-data solutions to a class of quasilinear wave equations
on a wide variety of asymptotically flat spacetime backgrounds, allowing in particular for the presence
of horizons, ergoregions and trapped null geodesics, and including as a special case the Schwarzschild
and very slowly rotating |a| <« M Kerr family of black holes in general relativity. There are two
distinguishing aspects of our approach. The first aspect is its dyadically localised nature: The nontrivial
part of the analysis is reduced entirely to time-translation-invariant r”-weighted estimates, in the spirit
of Dafermos and Rodnianski (2010b), to be applied on dyadic time-slabs which for large r are outgoing.
Global existence and decay then both immediately follow by elementary iteration on consecutive such
time-slabs, without further global bootstrap. The second, and more fundamental, aspect is our direct
use of a “black box” linear inhomogeneous energy estimate on exactly stationary metrics, together
with a novel but elementary physical-space top-order identity that need not capture the structure of
trapping and is robust to perturbation. In the specific example of Kerr black holes, the required linear
inhomogeneous estimate can then be quoted directly from the literature (Dafermos et al. (2016)), while
the additional top-order physical-space identity can be shown easily in many cases (we include in the
Appendix a proof for the Kerr case |a| << M, which can in fact be understood in this context simply as a
perturbation of Schwarzschild). In particular, the approach circumvents the need either for producing a
purely physical-space identity capturing trapping or for a careful analysis of the commutation properties
of frequency projections with the wave operator of time-dependent metrics.
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1. Introduction

We consider here quasilinear equations of the form

Hew.o¥ =NQOY, ¥, x) (1-1)

on a 4-dimensional manifold M, where g(v, x) and N (9, ¥, x) are appropriate nonlinear terms and
where g(0, x) = go(x) defines a stationary asymptotically flat Lorentzian metric on M foliated by a
suitable family of hypersurfaces X (7), for T > 0, which for large r are outgoing null. In this paper, we
prove the following:

Theorem. For equations (1-1), under appropriate assumptions on the background spacetime (M, go)
and on the nonlinearities g(W, x) and N (0, ¥, x) to be described below, we have the following:

o Global existence of small data solutions: solutions \ arising from smooth initial data on X, suffi-

ciently small as measured in a suitable weighted Sobolev energy, exist globally on M.

e Orbital stability: under the above assumptions, the above weighted energy flux through % (t) is
uniformly bounded by a constant times its initial value.

o Asymptotic stability: under the above assumptions, a suitable lower-order unweighted energy flux

through X (t) decays inverse polynomially in T (implying also pointwise inverse polynomial decay
for ).

One possible motivation for studying (1-1) is as an illustrative model problem for issues relating to
the nonlinear stability of the spacetimes (M, gg), when these themselves are solutions to the celebrated
Einstein equations of general relativity. An important example of such spacetimes (M, go) allowed by
our theorem is provided by the Schwarzschild family of metrics for M > 0, and the more general Kerr
family (parametrised by a and M) in the very slowly rotating regime |a| < M. For a discussion of these
spacetimes and the stability problem in general relativity, see [Dafermos et al. 2021].

Among other features, the Schwarzschild and Kerr spacetimes exhibit trapped null geodesics, along
which energy can concentrate over large timescales. Moreover, these are asymptotically flat spacetimes,
meaning that linear waves v decay like ~ r~! along outgoing null cones. This then constrains the decay
of ¥ in the near region to also be at best only inverse polynomial. (In the above black hole examples,
this slow decay in the near region is already a linear effect due to scattering off of far-away curvature
associated to the nontrivial spacetime mass at infinity; in Minkowski space, this slow decay in the near
region arises due to purely nonlinear scattering effects, even for compactly supported initial data.) It is
the combination of these two specific analytical difficulties — trapped null geodesics and the relatively
slow decay in the near region necessitated by asymptotic flatness — of the black hole stability problem
(and related problems) which we wish to capture with our assumptions in the present paper. It is for this
reason that we include both the nonlinear term implicit in the expression Ly, )Y on the left-hand side
of (1-1) (the “quasilinearity”), as this is the most dangerous term in the vicinity of trapping, as well as
the nonlinear term N (3, ¥, x) on the right-hand side (the “semilinearity’), as this term models the true
null structure at infinity of the Einstein equations, when the latter are written in appropriate geometric
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gauges. To avoid inessential complications, we will in fact assume that g(yr, x) = go for large r and that
N (0, ¥, x) satisfies a generalised version of the null condition [Klainerman 1986].

In the case where (M, go) is Minkowski space, a version of the above theorem follows from classical
work of [Klainerman 1986; Christodoulou 1986], and there have been many further amplifications over the
years, particularly in the context of the obstacle problem; see, e.g., [Metcalfe and Sogge 2005]. Concerning
specifically the Schwarzschild and very slowly rotating |a| < M Kerr setting, versions of the above
theorem have been shown previously in various special cases; see already [Luk 2013] in the semilinear
and [Lindblad and Tohaneanu 2018; 2020] in the quasilinear case, as well as the recent [Lindblad and
Tohaneanu 2024] (the latter three works concerning slightly different classes of equations, but satisfying
the weak null condition [Lindblad and Rodnianski 2003]). For axisymmetric solutions to certain semilinear
equations on Kerr in the full subextremal range |a| < M, see [Stogin 2017]. See also [Pasqualotto 2019]
for a related physically motivated quasilinear problem and [Hintz and Vasy 2016; Mavrogiannis 2024] for
the study of (1-1) on the nonasymptotically flat Schwarzschild—de Sitter and Kerr—de Sitter black hole
backgrounds, where the cosmological constant A is positive and decay of ¢ is in fact exponential. For
work specifically connected to the related problem of stability of these spacetimes themselves under the
Einstein equations, see already Section 1.4.4.

In comparison to previous related work, there are two distinguishing features of the present approach.

The first distinguishing feature is our purely dyadic framework: Rather than relying on a global
bootstrap based on time-weighted norms, the argument is entirely reduced to r”-weighted but time-
translation-invariant estimates to be applied in spacetime slabs of time length L which are outgoing null
for large r. Global existence (and decay) is then inferred by proceeding iteratively in time in consecutive
slabs of length L = 2, in the spirit of [Dafermos and Rodnianski 2010b]. No bootstrap is necessary
for the iteration itself, and to estimate the i-th slab, no information is necessary to remember about the
past other than information on the data of the slab itself. In this sense, the argument is truly dyadically
localised. This yields a more streamlined proof even restricted to the semilinear case. (In fact, for both
the semilinear and quasilinear cases, if (M, gg) is a suitably small perturbation of Minkowski space, the
time-translation-invariant estimate can be applied directly without iteration, and the approach proves
global existence without explicit reference to time decay, cf. the recent [Facci and Metcalfe 2022]. In our
formalism we shall always assume gg to be stationary, though we note that results can also be obtained
on nonstationary perturbations of Minkowski space [ Yang 2013].)

The second, and more fundamental, feature is our direct use of a “black box” linear inhomoge-
neous energy estimate (which in applications captures both complicated trapping phenomena as well
as low-frequency obstructions) on the exactly stationary background, together with a physical-space
top-order identity which may be applied directly to the quasilinear equation (1-1) and is in fact completely
insensitive to trapping (and, when it holds, robust to perturbation of the metric gg). In the example of Kerr,
in fact for the full subextremal case |a| < M, our black box assumption follows directly from [Dafermos
et al. 2016], while we show explicitly how to retrieve the additional top-order physical-space estimate
in the case of |a| < M (which in this context, can in fact be thought of simply as a perturbation of
Schwarzschild) in Appendix A. The correct formulation of the companion estimate to be used in connection
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with [Dafermos et al. 2016] for the full subextremal case |a| < M will appear elsewhere. (We emphasise
that it is the phenomenon of superradiance which is the primary difficulty in producing this identity,
not the complicated structure of trapping per se; for instance, the necessary top-order physical-space
identity can be shown for general stationary spacetimes without horizons or ergospheres, irrespective of
the structure of trapping.) The approach thus does not depend on whether or not there exists a purely
physical-space based identity capturing trapping (something very fragile!) nor does it require a careful
analysis of the commutation properties of frequency projections with the wave operator Ly x) of the
time-dependent metric g(i, x) corresponding to the actual solution i (something quite technical, which
was successfully done, however, for instance in [Lindblad and Tohaneanu 2020]).

We emphasise that the role of the companion physical-space estimate is purely in order to deal with
quasilinear terms. When our method is restricted to the semilinear case, i.e., when g(¥, x) = go identically
in (1-1), we have that the black box linear inhomogeneous energy estimate can be applied on its own.
In particular, in view of [Dafermos et al. 2016], our main theorem immediately applies to semilinear
equations on Kerr in the full subextremal range |a| < M.

We note that the direct appeal to a linear “black box™ statement is similar in spirit to [Metcalfe and
Sogge 2005] for instance, where results on quasilinear equations outside obstacles in Minkowski space
were studied under an exponential decay assumption concerning the linear problem.

The remainder of this introduction is structured as follows: In Section 1.1 below, we will discuss in
more detail the assumptions we make on the background (M, go), introducing both the black box linear
inhomogeneous estimate and the additional physical-space identity, followed by the assumptions on the
nonlinearity in Section 1.2. We will then sketch our proof of the above theorem in Section 1.3, introducing
our purely dyadic approach. Finally, we shall end in Section 1.4 with a general discussion, giving various
extensions of the method, describing in more detail the relation with the nonlinear stability problem for
black holes and comparing in particular with the case of backgrounds modelled on Schwarzschild—de
Sitter and Kerr—de Sitter spacetimes and with the recent work [Mavrogiannis 2024].

1.1. Assumptions on (M, g¢): “black box” estimates and physical-space identities. We will make
assumptions directly on the geometry of (M, go) and on properties of the linear inhomogeneous wave
equation

ey =F (1-2)
on the fixed background go.

1.1.1. Geometric assumptions on (M, go). The purely geometric assumptions on (M, g¢) will include
assumptions concerning a suitable notion of asymptotic flatness, that of stationarity (existence of a Killing
field T which is timelike near infinity), a smooth 7T -invariant strictly positive function r > ry, which
behaves like the Euclidean area-radius as r — oo, and the existence of a 7'-translation-invariant foliation
of M by X(t) for T > 0 hypersurfaces which are spacelike for r < R and “outgoing” null for » > R.
(In the case of Minkowski space, which will be the most basic example, we note that the function r will
only coincide with the usual radial coordinate for large values.)
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Figure 1. The underlying spacetime (M, go) in the case S # & with hypersurfaces and regions depicted.

To encompass the black hole cases of interest, we will allow for a possibly empty space-like future
boundary § = {r = rp} of M, in which case we will also assume the presence of a Killing horizon
Ht atr = TKilling fOr an ro < rgining, Whose surface gravity will be required to be positive and whose
Killing generator Z need not coincide with 7 (in which case however Z will be required to lie in the
span of T and an additional assumed Killing vector field 21). We will furthermore require that, for
r > rgilling> I (or more generally the span of 7" and €2, if the latter is assumed Killing) is timelike. This
will incorporate Schwarzschild and Kerr black holes in the full subextremal range |a| < M.

With minor modifications, we could also allow S to be a time-like boundary along which suitable
boundary conditions are imposed, and this would allow one to consider waves outside of obstacles,
cf. [Metcalfe and Sogge 2005].

We will denote by R (7o, t1) spacetime “slabs” R(zo, 71) = | (1) =J(Z(r)) NI T (Z(10)).
The region r > R will also be foliated by T -translation-invariant “ingoing” null hypersurfaces C,.

T=T=T|

Refer to Figure 1 and already to Section 2 for a detailed discussion.

1.1.2. Assumptions on [,y = F. In this section, we discuss the assumptions which we make at the
level of equation (1-2).

Basic degenerate integrated local energy estimate. Our fundamental “black box™ assumption at the level
of solutions of the inhomogeneous linear equation (1-2) will be the validity of an integrated local energy
estimate

L 2
F), E(r)—i—c/ Xg’(r’)dr’+c/ £'@)dr’

To 70

< )»g(fo)-i-C/

(VD + woy) F +C/ F, (1-3)
R(70,71)

R(w0,71)

where £(t) denotes an energy flux through the hypersurface X (), F(v) denotes an energy flux through
C,NR(tg, 1), A =1, C >0, ¢ > 0 are constants, and Vy and w are a fixed vector field and function,
respectively, and g < t < 11 are arbitrary. In Minkowski space, such estimates go back to Morawetz [1968].



914 MIHALIS DAFERMOS, GUSTAV HOLZEGEL, IGOR RODNIANSKI AND MARTIN TAYLOR

The energy flux £(t) will control all first-order derivatives of i on the space-like part of X (r) while
it will only control all tangential derivatives on the null parts of X (7); similarly, 7 (v) will control all
tangential derivatives on C,. The fluxes will also control a zeroth-order term with weight r 2. The two
additional terms on the left-hand side are as follows: The quantity X(?‘j’)(r/ ) denotes an integral over X (t’)
controlling all first-order derivatives of v/, whose density is multiplied by xr~!=%, where 0 < x <1
denotes a function which is allowed to degenerate but must satisfy x = 1 in a region to be discussed
below, and where § > 0 can be taken to be an arbitrarily small constant which will be fixed throughout.
The quantity £ '(r’) denotes simply the zeroth-order quantity

£'(r) ::/ ro Ty
- (1)

The subscript —1 indicates that it is of order 1 less in differentiability than the other energies considered.
We recall that, in our setup, what we define to be r satisfies r > r¢ > 0, and thus r weights are only
relevant as r — 00.

In the case where M has no space-like boundary, i.e., S = &, and T is globally timelike, our only
assumption on x will be that x = 1 for large . In the case where S # &, we will require that y = 1 for
r < ry for some r; > rgijiing. See already Section 3.2 for the detailed assumptions.

Let us note that estimate (1-3) with x satisfying the above properties has indeed been shown in [Dafer-
mos et al. 2016] in the Kerr case for the full subextremal range of parameters |a| < M. (See already
Theorem D.1.) One essential feature in deriving (1-3) in Kerr is the fact that the trapped null geodesics
of go, corresponding to photons in bound orbits around the black hole, are unstable in a suitable sense.
We note that one can show in general that estimate (1-3) in the above form cannot hold in the presence of
stable trapping. (Thus, (1-3) in particular constrains properties of geodesic flow which can be expressed
purely geometrically in terms of gg.) Similarly, the possibility of an estimate (1-3) with x =1 in a
neighbourhood of H™ is related to the nondegenerate property of the horizon of subextremal Kerr and its
celebrated local red-shift effect. See [Dafermos and Rodnianski 2013].

Physical-space energy identities. One way to try to prove (1-3) is through a physical-space energy identity
arising from integrating the divergence identity

VIV T[] = KV (VI8 ) F + wi F (1-4)

for well-chosen currents JV-*»4:@ [y, go] (associated to a vector field V, a scalar function w, a 1-form ¢
and a 2-form @) with (degenerate) coercivity properties for the arising bulk and boundary terms. In this
case, if one defines

QE(T) =/ J;,w,q’W[w]n%(r)’ S(v) :/ le,w,qsw[w]ng“,
(1) CvNR(w0,71)

then one has €(7) ~ £(t), §(v) ~ F(v), and one can reexpress (1-3) with €(r) and &(7p) replacing
E(t) and &(1p), respectively, but with A in (1-3) now equal to 1. This is precisely the situation in the
Schwarzschild case, where appropriate coercive purely physical-space identities of the form (1-4) can be
deduced from [Dafermos and Rodnianski 2007a; Marzuola et al. 2010].
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If (1-3) indeed holds as a consequence of the coercivity properties of a divergence identity (1-4), then
this situation appears very advantageous for nonlinear applications. The advantage of such coercive
identities (1-4) is that they are robust and easily amenable to direct application to the quasilinear (1-1).
This is because the latter can be viewed as an inhomogeneous wave equation with respect to the
wave operator Uy x) corresponding to the solution itself, and both the existence of energy identities
like (1-4) and their coercivity properties are stable to passing from gg to g(v, x), i.e., still hold for
TV (g (W, x), Y],

If one only has estimate (1-3) as a “black box”, i.e., not proven via a physical-space identity (1-4), one
may still of course apply the estimate to (1-1) by rewriting (1-1) as an inhomogeneous equation with
respect to [ :

e ¥ = (Ugy — Ugpx)¥ + NOY, ¥, x). (1-5)

Applied in this manner, however, the resulting estimate loses derivatives in view of the quasilinear
second-order terms on the right-hand side of (1-5). (Note in contrast that in the purely semilinear case,
where g (¥, x) = go, there is no such loss in estimating (1-5), and we may base our argument entirely
on (1-3). See already Section 1.4.1.) At first glance, this loss would appear to present a fundamental
difficulty.

An auxiliary physical-space estimate. Here we come to the key observation of the present approach:
to avoid the loss of derivatives described above, one does not need that (1-3) be proven via a physical-
space identity (1-4); one only needs a much weaker (from the coercivity point of view) estimate arising
from (1-4) which need not imply (1-3) but can be used in conjunction with (1-3).

Specifically, our main assumption is that, in addition to (1-3), one has a physical-space identity (1-4)
with (a) coercive boundary terms and with (b) bulk terms which are only assumed to be nonnegative
at highest order, i.e., up to lower-order “error” terms. Importantly, however, these allowed lower-order
error terms must moreover be supported entirely in the region where the degeneration function y of (1-3)
satisfies x = 1, i.e., where the estimate of (1-3) is in fact nondegenerate. The identity (1-4) applied
to (1-2), on its own, gives rise thus to an estimate of the form
T

F), e(r)+c/ lﬁ?‘(z’)dr’+c/ et dr

7o To

T
st +a [ E@rar [ wragwnF (0
70 R(z0,71)
for all T € [t, t1] and sufficiently large v, where p IS»/) is defined similarly to )élgé” but with degeneration
function p which in general vanishes on a bigger set than x. The zeroth-order term "_él’/ on the left-hand
side also degenerates, unlike the analogous term in (1-3). The presence of the term multiplying the new
constant A on the right-hand side is necessary in view of the fact that nonnegativity is only assumed for
the highest-order terms. Here, & " is a zeroth-order energy whose density is supported only in the support
of a function &£(r):

E@=[ &y

(1)
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Importantly, in view of our comments above, we will require that & vanishes identically where x of (1-3)
degenerates, i.e., £ =0 where x # 1. We will also require £ to vanish for large r and, in the case where
S # J, in the region r < ;.

In addition, we will make on p the same asymptotic nonvanishing assumption that we made previously
on yx; namely that p = 1 for large r and, in the presence of a nonempty space-like boundary S # @,
that p = 1 in r < r,. See already Section 3.4.3 for the detailed assumptions and Figure 2 therein for a
depiction of the supports of x, p and &.

We note that, in the case where S = @ and T is globally timelike, one can in fact easily construct
a current satisfying (a) and (b) and leading to (1-6) irrespective of the structure of trapping and the
validity of an estimate of the form (1-3). We will show in Appendix A that, for the very slowly rotating
Kerr case |a| < M, although there is no globally time-like 7', there is a similar elementary construction,
based essentially only on the fact that superradiance is effectively governed by a small parameter and
the ergoregion is confined to a part of spacetime which can be understood using only the red-shift effect
(cf. the original treatment of the boundedness problem on Kerr [Dafermos and Rodnianski 2011]). In
general, however, the main difficulty in proving (1-6) is ensuring the boundary coercivity (a).

Though on its own estimate (1-6) is clearly weaker than (1-3), its robustness to direct application
to (1-1) allows one to avoid the above loss of derivatives, when (1-6) is used in conjunction with (1-3)
applied to (1-5). Before turning to describe how this is done in the context of the proof, we will in fact
have to slightly strengthen our assumed estimates (1-3) and (1-6) as follows.

Extending to r?-weighted estimates. First of all, we will need to extend (1-3) and (1-6) to r”-weighted
estimates, for 0 < p < 2, of the type first introduced in [Dafermos and Rodnianski 2010b]:

(r-1) Ty »
Xg'Hdr' —I—/ §’(1”) dt’ < E(1p) + inhomogeneous terms, (1-7)

0

(p) » U
E(M)+F)+ /

70
T

(p) (») 71 (p-1)
S), (‘E(t)+c/ pé’/(r’)dt/—i-c/ re (T de’
7 7
(p) 2! 3
< &(19) + A/ &'(t') dt’ + inhomogeneous terms. (1-8)
7

In the above, S (resp. Xé" etc) are rP (resp. r’~ I etc.) weighted versions of & (resp. XE’ etc.), while ¢

() ) (021

and S satisfy & ~ £ and ,3" F but can moreover be represented as the flux term of a current,
e = [ e §w= [ Jleeryme
(1) Cy

and we in fact assume that (1-8), just as (1-6), is the result of a pointwise coercive energy identity (1-4)
associated to the current J.

To obtain (1-7) and (1-8), given (1-3) and (1-6), it suffices to assume the existence of currents defined
only in the region r > R with suitable far-away coercivity properties. For maximal generality, we will
here simply directly postulate the existence of such currents as an additional assumption. See already
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Section 3.5 for the precise formulation. This assumption can be shown to follow from suitable pointwise
asymptotically flat assumptions on the metric go and holds of course in all our examples of interest, where
the currents can easily be explicitly constructed. See Appendix B, and also [Moschidis 2016], for an even
more general setting.

Extending to higher-order estimates. Secondly, we will need, through suitable commutations, to ex-
tend (1-3), (1-6), (1-7) and (1-8) to higher-order statements. We will distinguish the two energies

at k-th order.

The energy Lf)) is the sum of the usual energy, with r” weights, 0 < p < 2, and with commutation vector
fields D up to order k, spanning the entire tangent space. The set will include the vector fields €2;,
i=1,...,3, which for large r correspond to the usual rotational vector fields. (Note that the latter will
be the only commutation vector fields which are r-weighted.) This is a fundamental energy with respect
to which initial data can be measured and with respect to which suitable Sobolev inequalities hold.

The energy Zé, on the other hand, denotes the precise energy flux of the current leading to (1-4) applied
moreover with a new set © of commutation vector fields, which will include 7 (and €2, if this is assumed
to be Killing), but for which all non-Killing vectors are cut off to vanish in a suitable region of finite r.
(See already Sections 3.6.1-3.6.4 for the definition of these commutation vector fields and energies.)
Nonetheless, by our geometric assumptions and elliptic estimates, we will have that the energies

(.

) (
~

)

(1-9)

R
~Cn

are equivalent for solutions of [g ¢ = 0.

To extend our estimates to higher order, we will need some properties of the commutation errors arising
from [[g,, D*]. Let us note that, in the case where S = @ and T is globally timelike, these errors are only
supported in the asymptotic region of large r and can be controlled if the metric is suitably asymptotically
flat. For maximum generality, we will formulate the relevant asymptotic assumption directly in terms of
pointwise decay bounds for these commutators. This will include all examples of interest. See already
Section 3.6.2.

In the case where S # @, there will be additional commutation errors [[g,, ©*] arising in a neighbour-
hood of the boundary S including the Killing horizon . Key to their control is the assumption of positive
surface gravity of H*, discussed in Section 1.1.1, and the inclusion among the collection ® of a well-
chosen vector field Y which is null and transversal to H". As first shown in [Dafermos and Rodnianski
2013], commutation by Y generates a term with a good sign at " (see already Proposition 3.6.1 of
Section 3.6.3), and this fact, together with elliptic estimates in r > rgiiing, an enhanced red-shift estimate
near %" and enhanced positivity in the black hole interior up to S (see already Propositions 3.4.1 and 3.4.2
of Section 3.4.5), can be used to absorb the errors arising from commutation and to extend the estimates
to higher order. We note that the above-mentioned good sign is yet another manifestation of the local
red-shift at the horizon H* associated to the positivity of the surface gravity. To understand how all
commutation errors can indeed be absorbed, see already Section 3.6.6.
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The final extended estimates on (1-2) resulting from (1-3) and (1-6) take the form

S(r) +]—"+ XS (t))ydt' +/ 5 (") dt' < S(To) + inhomogeneous terms,  (1-10)

%(U)’ (’f(t)+C/ pé’(r)dr +c/ Pg(r)df

< ((I’%(ro) + A 5 (') dt’ + inhomogeneous terms, (1-11)

70
where again (1-11) derives from the pointwise coercivity properties of the energy identity (1-4) associated
(p) (2] (21
to a current J, whose flux terms are precisely given by € and §. See already Section 3.6.8 for the precise
c d k
form of the estimates and inhomogeneous terms.

1.2. Assumptions on the nonlinearities g(V¥, x) and N (dy, ¥, x). We now turn to the nonlinear equa-
tion (1-1). In formulating assumptions on the allowed nonlinearities, we are here largely motivated by
geometric formulations of the Einstein equations, as in [Dafermos et al. 2021], which produce “almost
decoupled” equations similar to (1-1), which satisfy an appropriate form of the null condition. We
emphasise, however, that the resulting equations in such a formulation do not constitute a pure system
of wave equations in the form (1-1), and the quasilinear structure is mitigated through coupling with
transport equations. Thus, in this context, one should really only think of (1-1) as an indicative model
equation. For more specific discussion of the Einstein equations, see already Section 1.4.4.

In addressing the combined difficulties of the interaction of quasilinear terms, trapped null geodesics,
and merely polynomial decay at the level of model scalar equations of the form (1-1), the most natural
simplest setting is to require that the quasilinear term g(ir, x) — go(x) be supported entirely in the
region » < R, and to impose on the semilinear term N3y, ¥, x) a generalised version of the null
condition [Klainerman 1986]. This also allows us to use the exact null hypersurfaces of the background
(M, go) without additional complications, making the null hierarchical structure of the estimates clearer.
(In the case of the Einstein equations, in our framework, these would be replaced by null hypersurfaces of
the actual dynamic spacetime (M, g), for instance associated to a double-null gauge.) We note, however,
that use of exact null hypersurfaces is in no way fundamental; one can always replace these with suitable
hyperboloidal hypersurfaces, for instance, using the setup of [Moschidis 2016].

For maximum generality, rather than attempt a general algebraic definition of the null condition for the
semilinear terms N (d, ¥, x) of (1-1), we will formalise a “null condition assumption” in the form of
a time-translation-invariant r”-weighted estimate for the inhomogeneous terms of (1-10)—(1-11) when
applied to (1-1), restricted entirely to the asymptotic region r > R.

To describe the condition, it will be convenient to introduce “master” energies

pX(ro, 1) —sup]-"(v)+ sup S(r)—i— (’OS (r)—i—”é‘ (r)) dt (1-12)

TO<T=<T]|

for all § < p <2 —4. In the case p = 0, which is anomalous, we will define

p;’ﬂé(ro, 1) _sup]-"(v)—i- sup £(t) + (pE (r)—i—pS (r))
TO<T=<T]|

(1-13)

P X (1, 1) : _sup]-"(v)—i- sup E(T)+ (ﬂf; (t) +1€'(e)) dr.

TO=<T=<T|
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We may define similar master energies XX etc., with x replacing p, and where extra nondegenerate

(=D (—1-9)

lower-order terms S ! and S " are added to the integrands on the right-hand side of (1-12) and (1-13),
respectively, and ﬁnally X where p is removed. Let us note that

(p) 03

Py <X
kN

) < (P) P < X (p)
ST S

N

ot

Specifically, our null condition assumption is that in any spacetime slab R(tg, t1), the far-away (i.e.,
r > R) contribution of the inhomogeneous terms arising from N (v, ¥, x) in the estimates (1-10) and
(1-11) can be bounded by the expressions

péé(fo,fl)\/%(fo,fl)-l- péé(fo,Tl)\/p({ﬂé(fo,fl)\/g\;—}(fo,fl) and p?(fo,fl)\/;\?(fo,fl) (1-14)

for § < p <2 —§ and p =0, respectively, and where all energies may in fact be restricted to the region
r> gR, where p = 1. (Note how the p = 0-weighted estimate is anomalous, in that the nonlinear terms
require the boundedness of a bulk term associated to the energy identity of a higher (p > 0) weight so as
to be estimated.) See already Section 4.7 for the precise formulation of the assumption.

The assumption that one can bound the relevant inhomogeneous terms arising from N (ay, ¥, x)
by (1-14) isolates precisely that aspect of the usual null condition which is relevant for global existence
in our method. We will then show in Appendix C that our assumption indeed holds in particular for the
usual nonlinearities allowed by the classical null condition [Klainerman 1986] and includes also the class
of semilinear terms N (3, ¥, x) on Kerr studied previously in [Luk 2013].

1.3. The dyadically localised approach to global existence: sketch of the proof of the main theorem.
We now turn to the proof of the main theorem and the other novel aspect of the present work, namely
the replacement of a global bootstrap built on global decay-in-time estimates with dyadic iteration in
consecutive spacetime slabs based entirely on dyadically localised, »”-weighted — but time-translation-
invariant — estimates.

We sketch the argument here. For details, see already Section 6. In our discussion below, we will
focus directly on our main case of interest, referred to later in the paper as case (iii), where the black box
inhomogeneous estimate (1-3) has nontrivial degeneration and indeed does not arise from a physical-space
identity, and thus must be used in conjunction with the auxiliary identity (1-6). We emphasise, however,
that the dyadic approach described here is already novel in the case, referred to later in the paper as
case (ii), where the black box estimate (1-3) again has degeneration but is actually a consequence of a
physical-space identity (as in Schwarzschild; see the discussion following (1-4)). Finally, in the case
where the black box estimate (1-3) derives from a physical-space identity and is moreover nondegenerate
(i.e., x =1 identically), referred to in the paper as case (i), then dyadic iteration is in fact unnecessary,
and the approach reduces to a completely elementary time-translation-invariant estimate. (This latter case
applies for instance when g is a small stationary perturbation of Minkowski space.) In the paper, we will
provide self-contained treatments of all three cases so the reader can compare with the more traditional
approach.
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1.3.1. The r?-weighted estimate hierarchy on a spacetime slab of time length L. In the dyadic approach,
the key element is an appropriate time-translation-invariant r?-weighted hierarchy on a slab of time
length L. The hierarchy will be formed by combining the r¥ and higher k-order estimates associated
to (1-3) and (1-6) with various choices of p weights and differentiability-order k. The estimates will depend
only on a time-translation-invariant bootstrap assumption, to be retrieved within the slab, concerning only
lower-order energy quantities.

Specifically, from the assumptions of Sections 1.1 and 1.2, on any spacetime slab R(tp, 7o + L) of

time length L > 1, we obtain, for p=2—-§and p=1,and for0 <§ < the following hierarchy of

10 ’
estimates:

p) ) p) ) T (P ©)
fw. &0, PR@n <Em+|a [ Flrerimny/iam
70

+ C\/péé(ro, r)\/p‘{oé(fo, T)\/é;f)(foa 7)

+lCc sup E(x )\/X(zo,r)\/_, (1-15)

T<t'<t

XX (10, ) S E(10) +7 X (0, DN X (10, ) + /2 X (10, Do X (10, 0 ¥ (10, )

+ sup E@) |y X (. VL. (1-16)

Tw<t'<t

The estimates are in fact contingent on an appropriate time-translation-invariant bootstrap assumption on
the lower-order energy

X(w.0)Se (1-17)

for p = 0. The hierarchy (1-15)—(1-16) descends also to p = 0, but where

p (0+) 04) ,0 04) (0+)
X (10, 7)y/ X(10,7) and "X (70, 7)) X(70, 7)

replace the sum of the third-to-last and second-to-last terms of (1-15) and (1-16), respectively. (This
anomaly, referred to already immediately after (1-14), is a fundamental aspect of the estimates.) See
already Section 6.3.1.

Estimate (1-15) arises from applying the physical-space identity associated to the current kj ’, which
in the linear case led to (1-11), directly to the k- tlmes commuted equation (1-1), i.e., it arises from the
divergence identity (1 4) associated to the current J [g(l/f x), ¥], where g (i, x) replaces gy covariantly
in the definition of J (The energies 6 and S’ in ( l 15) now in fact denote the exact fluxes arising from
these currents; in view of the bootstrap assumptlon (1-17), one can again show the equivalence (1-9) for
solutions of (1-1).) As discussed already in Section 1.1.2, it follows that (1-15) does not “lose derivatives”,
as is clear from examining the order of differentiability of the terms on the right-hand side. We remark
that the first boxed term in (1-15) reflects the analogous term in (1-11). On the right-hand side of (1-15),
we recognise the bound for the far-away contribution of the nonlinear term (1-14) from our assumption
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capturing the null condition, while the second boxed term in (1-15) is necessary to control the nonlinear
terms on the set where p degenerates, for there, this boxed term cannot be absorbed in the spacetime bulk
term on the left-hand side. (The bad explicit dependence on the length L arises because one must take
the supremum over 7 for the energy of the highest-order terms there.)

Estimate (1-16), on the other hand, arises from applying the “black box” estimate (1-10) to the nonlinear
equation written in the form (1-5), i.e., now thought of simply as an inhomogeneous equation with respect
to the background gg. The boxed term in (1-16), which is k-th order, reflects the loss of derivatives due to
the quasilinearity discussed already in Section 1.1.2.

The estimates can in principle close because, in view of our restrictions on the support of £, we have
the fundamental relation

(—1-3 (—1-5

£ S+ € (1-18)

=Yk

and thus we may bound the term
T 0)
A/ E'@)dt ' X (w0, 1),
70

which is in turn bounded by the term on the left-hand side of (1-16) for any p.

1.3.2. Global existence in a slab. The first task is to show global existence in a given slab R(tg, 19 + L)
for arbitrary L > 1, given suitable (L-dependent) smallness assumptions at X (7).

We first note that the estimate (1-15) alone can be used to easily show local existence, by which
we mean existence in an entire smaller slab of the form R(7g, 79 + €), provided that some (zf;") < g for
sufficiently high k. This is in fact true also for p = 0. (Note that this “local” result already uses nontrivially
the null condition assumption of Section 1.2. This is because our foliation X(7) is outgoing null for
r > R. Equations (1-1) not satisfying some version of the null condition can fail to yield solutions in
R(to, To +€) for any € > 0, no matter how small the data are.) Moreover, we show that smallness of a
suitably high 5 norm defines a continuation criterion.

In view of the above, for global existence, it suffices to show that, under suitable assumptions at T = 1,
the quantity %f , for some p € {0} U[§, 2 — §] and suitably high &, remains globally small in the slab.
Examining the hierarchy, for global existence in a slab R(zg, 7o + L) of length L, it seems necessary to
have at least

X(t9,7) SeL ™. (1-19)

Indeed, in view of the nonlinear terms, the L~! factor in (1-19) represents a natural threshold, as s = 1
represents the minimum value of s for which v/L=5+/L < 1, allowing the quantities in a fixed slab to be
easily bounded by their initial values.
Assuming
E) Seo, E(0) S L 'eo, (1-20)

which of course imply, for gy < ¢, both (1-17) (for p = 1) and (1-19) at T = 1y, an easy continuity
argument, with (1-17) and (1-19) taken as bootstrap assumptions, shows that if estimates (1-20) hold for
T = 79, then the solution indeed exists globally in the entire slab R (g, to + L).
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See already Proposition 6.3.2 for the details of the proof. Note that our above appeal to (1-17) and (1-19)
is in fact the only instance that a bootstrap assumption must be used in the proof of our main theorem.

1.3.3. Improved estimates and the pigeonhole principle. Once global existence within a slab has been
established, one can improve a posteriori the estimates given stronger assumptions on initial data. Antici-
pating dyadic iteration, one seeks a set of initial estimates at T = tp with the property that they are exactly
recoverable at the top of the slab 79 + L, with suitable redefinition of ¢y and with L replaced by 2L.

Re-examining the hierarchy (1-15)—(1-16), we show that, for an appropriate large constant « and any
L>1, tp > 1, for € sufficiently small and given for example the stronger estimates

(1 2-9) ©) (1

C(r) <20, (1) <8y, E(r) <hoal™, E(r) <ol ™,  E(rp) <L, (1-21)
we have that (1-21) holds also at the final time 7o + L, where 79, L and &y are now however replaced by
w0+ L, 2L and &(1+al™%), (1-22)

respectively. Note that the statement that the last three inequalities of (1-21) hold at tg + L with 2L in
place of L is a stronger smallness assumption than that assumed for these quantities at tg, signifying
that these quantities have in fact decayed, and relies on a pigeonhole argument as in [Dafermos and
Rodnianski 2010b], based on the fundamental relation that, for p — 1 > 0, the bulk integrand 5/ of the
p-weighted identity (1-16) at order k—1 (when integrated, included in the X X master energy) controls
the boundary term of the (p—1)-weighted identity at arbitrary order &, denoted without the prime:

(p—1) (p—1)

E>E. (1-23)

ko™ ok

Briefly, the pigeonhole principle is applied as follows: The integral of the left-hand side of (1-23) for
p =1 and k replaced by k—2 can be shown to be bounded < &, whence we obtain the existence of a
7 = 1" slice for which the right-hand side kg () is bounded < &yL~!, where the L~! factor arises from
the length of the interval. We can then proi)agate this to 7o + L and use that o > 1 to arrange that we
have the precise new version of the third inequality of (1-21) at 7o + L, i.e., for é(to + L). Similarly,
the integral of the left-hand side of (1-23) for p = 2 — § and k replaced by k—4 can be shown to be
bounded < &y, whence we obtain the existence of a 7 = t” slice for which the right-hand side g(r”) is
bounded < &yL~!, the L~! factor again arising from the length of the interval. Interpolating with the
boundedness statement g)(r/ ") < &y, we obtain that on this slice

1) 1 <a —148
kcz(‘( ) S éol .

Again, we can then propagate this to tg 4+ L and use that o > 1 to arrange that we have the precise
new version of the fourth inequality of (1-21) at 7o + L, i.e., for Qf(to + L). Finally, a similar argument,
applying (1-23) for p =1 and k—6, yields the new version of the last inequality of (1-21).

Note that, to obtain the new versions of the first two inequalities of (1-21) at ty + L, which refer to
quantities that do not decay with respect to their initial values, it is important that the constant appearing
in the first term on the right-hand side of (1-15) is indeed 1.
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1.3.4. Iteration over consecutive spacetime slabs of dyadic time length L; =2'. Let us assume that our
initial data on tp := 1 satisfy

(0] (2-9)

E(w0) + £(10) < €0

for sufficiently small &. It follows that (1-21) is satisfied for 1o = 1, L := Lo = 1 and appropriate &.
Examining closely (1-21) and (1-22), we see that we have now obtained a series of estimates which, in
addition to being sufficient to obtain existence in R(7g, g + L), are moreover preserved under dyadic
iteration. We simply iterate the above statement on consecutive spacetime slabs of dyadic time length
L; =2, defining 7;,y =7, + L; =2" and &1 = & (1 +o¢Li—1/4). Note that £;1 < &y < & for all i.
This immediately yields global existence in R(zg, 00) = | J;~( R(7;, Ti+1), the top-order boundedness
statement B
E() +E£(0) S o (1-24)
and the decay estimate
é(fi) Seor P
Thus, our result is a true orbital stability statement at highest order in addition to yielding asymptotic
stability.

1.4. Discussion. We end with some additional discussion.

1.4.1. The semilinear case. We have already remarked that in the semilinear case, i.e., the case where
g, x) = go identically and the equation takes the form

et = NV, ¥, x), (1-25)

there is no loss of derivatives when estimating (1-25) as a linear inhomogeneous equation. Thus, one
can base the entire argument directly on the black box estimate (1-3), without the need for the auxiliary
physical-space based estimate (1-6), provided of course that the appropriate asymptotic flatness and
commutation assumptions are made so that (1-3) can be extended to the higher-order weighted (1-10).
See already Remark 5.2 for the modified statement appropriate in this case and a guide to its proof.
In particular, our theorem applies directly to the purely semilinear version of (1-1) on Kerr in the full
subextremal range |a| < M.

1.4.2. Additional examples and extensions. We collect here some additional examples to which our
results apply, as well as various natural future extensions.

Other spacetimes (M, go) satisfying our assumptions. We have already specifically mentioned the
examples where (M, go) is Minkowski space, Schwarzschild and Kerr, but let us remark that our
black box assumption (1-3) holds in fact for the full subextremal Kerr—Newman family [Civin 2015]. We
also note that combining the use of an energy current construction similar to Appendix A with [Wunsch
and Zworski 2011], one can show that (1-3) holds for arbitrary stationary perturbations (M, gg) of
Schwarzschild, provided that they are close to Schwarzschild in a suitably regular norm. Since we have
already remarked that the physical-space based estimate (1-6) holds also for such spacetimes, in fact
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under much weaker regularity assumptions, this means that our main theorem indeed applies in this case.
Thus, for very slowly rotating |a| << M Kerr spacetimes, one sees that the special additional structure of
Kerr (like the various manifestations of Carter separability, the Killing tensor, etc.) has no significance
for the problem, and the spacetimes can just be understood as a very small stationary perturbation of
Schwarzschild with a Killing horizon. It is only in the case |a| ~ M where true Kerr properties are of any
relevance. A treatment of this case, reducing directly to the black box estimate proven in [Dafermos et al.
2016], will appear elsewhere.

The axisymmetric case. In the case where we assume that the metric go admits an additional Killing
field 21, one may also restrict to nonlinear equations of the form (1-1) which moreover preserve this
symmetry, i.e., with the property that if the data are preserved by €21, then so is the solution. Let us
call such equations and solutions axisymmetric. Under the geometric assumptions of this paper, for
axisymmetric equations (1-1) and restricted to axisymmetric solutions, one may in fact easily derive the
existence of the necessary auxiliary physical-space identity yielding (1-6), just as in Schwarzschild. This
in particular applies to Kerr—-Newman in the full subextremal case. Thus, in view of [Dafermos et al.
2016; Civin 2015] which obtain (1-3), the main theorem of the paper applies also in these settings. We
leave the details as an exercise for the reader. Note that in this case, if one prefers, one may quote the
original [Dafermos and Rodnianski 2010a] for (1-3) for axisymmetric solutions in place of the more
general (1-3) obtained for all solutions in [Dafermos et al. 2016].

Potentials. Our method applies also if a suitably decaying T -independent potential V(x) is added to (1-1),
i.e., for

Dg(w,X)w - V(X)W = N(aw’ ‘W’ X),

provided that both the black box assumption (1-3) and the physical-space based (1-6) hold for solutions
of the inhomogeneous version of the new linearised equation Lg v — V(x)y = F in place of (1-2). We
note that, in the case where T is globally timelike and V decays suitably and is nonnegative, one can
always obtain also the analogue of (1-6). The same statement applies for any such potential in the slowly
rotating Kerr case |a| < M.

Systems. For notational convenience, we have restricted here to scalar equations. The considerations
generalise readily to systems, for which a generalised null condition can again be formulated in terms of
bounds of the nonlinear terms by (1-14); this now includes many examples. See also the discussion of the
weak null condition in Section 1.4.5 below.

The obstacle problem. We have already remarked that, with a mild adaptation of the setup, one can
also consider the case where the boundary S is in fact timelike, imposing now also suitable boundary
conditions on S. This is for instance the setting for the classical obstacle problem. The analogue of (1-3)
has indeed been proven in the nontrapping case (with y = 1 identically, i.e., without degeneration) but
also, with suitable degeneration functions x, for many examples with nontrivial hyperbolic trapping;
see for example [Lafontaine 2022]. We note again that the additional physical-space estimate (1-6) can
always be retrieved in this case. Thus, this situation can also be incorporated in our framework.
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Extremal black holes. Extremal black holes do not satisfy our assumptions on (M, go), already because
the stationary vector field 7 will not be tangential to the boundary S, but more seriously because
must degenerate at the black hole horizon [Sbierski 2015], where T will not be timelike. Nonetheless, a
version of (1-3) has been proven in the extremal Reissner—Nordstrom case [Aretakis 2011] (and in the
extremal Kerr case, under the assumption of axisymmetry [Aretakis 2012]), with an additional hierarchy
of degeneration associated to the horizon, and nonlinear stability for semilinear equations has been
proven [Angelopoulos et al. 2020], where, however, an additional null structural condition is required at
the horizon, in full analogy with the situation at null infinity. It would be interesting to reformulate this
latter work in the dyadic setup used here. This is related to the nonlinear stability problem of extremal
black holes. See the discussion in [Dafermos et al. 2021] and Conjecture IV.2 therein.

The asymptotically AdS case. Finally, although our assumptions are modelled on the asymptotically flat
setting, one could also try to reformulate things in the asymptotically anti-de Sitter case, appropriate for
solutions of the Einstein equations with negative cosmological constant A < 0 (for a discussion of the
A > 0 case see already Section 1.4.6 below). Here, one must also impose boundary conditions at infinity,
since infinity itself can be thought of as an asymptotic time-like boundary. We note that, under reflecting
boundary conditions, there exist periodic (and thus nondecaying) solutions of the wave equation on pure
AdS, while general solutions on the Schwarzschild—anti de Sitter and Kerr—anti de Sitter case [Holzegel
and Smulevici 2013; 2014], again under such boundary conditions, decay only inverse logarithmically.
(This is due to stable photon orbits repeatedly reflecting off of infinity only to return later having been
repelled centrifugally by the black hole.) Based on this lack of decay, pure AdS has in fact been proven
to be nonlinearly unstable under reflecting boundary conditions as a solution to various Einstein-matter
systems, where the problem can be studied already under spherical symmetry [Moschidis 2023]. Thus, if
one hopes to show nonlinear stability for an equation of the type (1-1) on asymptotically AdS backgrounds,
it is more natural to consider dissipative boundary conditions like those considered in [Holzegel et al.
2020]. Note that on Kerr—AdS, one expects to indeed satisfy the analogue of (1-6) with the help of the
Hawking—Reall Killing vector field, provided that the parameters satisfy the Hawking—Reall bound. Thus,
given a version of (1-3), nonlinear stability for a suitable class of equations (1-1) should be tractable for
all such Kerr—AdS parameters.

1.4.3. The dyadic approach vs. the traditional approach. The dyadic approach followed here is of course
closely related to the more traditional approach. Our L-weighted smallness translates easily into 7-decay
assumptions, and if one wishes one can rewrite the argument using a bootstrap with ¢-decaying norms.
We believe, however, that the dyadic localisation of the argument both makes the proof more modular
and may serve to better identify possible future refinements with respect to regularity and decay. One
sees clearly, for instance, that the L~! smallness assumptions necessary for global existence within
a slab are manifestly weaker than the L~2% smallness necessary to improve and iterate (in fact one
may weaken this to L~!17¢). Since bootstrap is only used to show existence within a slab, this already
simplifies the argument considerably. We also note that the L~'~¢ threshold corresponds to pointwise
decay t~!/27¢/2, considerably weaker than the ~!=¢ “improved decay” which is often invoked for global
existence and stability for (1-1). Proving sharper decay is of course an extremely important problem in
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itself (see [Angelopoulos et al. 2018; 2023; Hintz 2022; Kehrberger 2022]) but is not necessary (or even
particularly helpful) for nonlinear stability.

Let us also point out that for problems with gauge invariance, like the Einstein equations, dyadic
localisation also provides a convenient opportunity to refresh the gauge. This suggests an alternative
approach to the global teleological normalisations of gauge done in [Dafermos et al. 2019b; 2021].

1.4.4. Applications to the Teukolsky equation and derived equations and to the nonlinear stability of
black holes. As discussed in Section 1.2, one motivation for the precise assumptions on the nonlinearities
of (1-1) made here is viewing these as a model for understanding the Einstein equations, when the latter
are considered under suitable geometrically defined gauges. Such gauges were first exploited analytically
in the monumental proof of the nonlinear stability of Minkowski space [Christodoulou and Klainerman
1993].

The geometric-gauge approach to black hole stability was taken up in [Dafermos et al. 2019b], where
the problem was studied in double-null gauge and the full linear stability of Schwarzschild was first
proven. (See [Christodoulou 2009] for an introduction to double-null gauge, including a discussion
of the characteristic initial value problem and a derivation of all equations.) The setup is of course
intimately connected to the formalism of Newman and Penrose [1962]. In the system resulting from
linearising the reduced Einstein equations in double-null gauge around Schwarzschild, the gauge-invariant
quantities are determined by the extremal curvature components « and ¢, which each satisfy the Teukolsky
equation, first derived in this setting by [Bardeen and Press 1973] (and generalised to Kerr in [Teukolsky
1973]). The transport equations satisfied by the residual gauge-dependent quantities, on the other hand,
are always already linearly coupled to the gauge-invariant ones. To analyse first the gauge-invariant
quantities, [Dafermos et al. 2019b] introduced a pair of novel physical-space quantities P and P, related
to @ and o by second-order weighted null differential operators, but satisfying the more tractable Regge—
Wheeler equation (an equation first derived in a different context in [Regge and Wheeler 1957]), which,
unlike the Teukolsky equation, could be understood by the exact same methods as the linear wave equation.
In particular, an analogue of (1-3) was proven, via a physical-space identity, for P and P, and this led to
boundedness and decay through the hierarchical structure of the system, first for the quantities P and
P themselves, then for the original gauge-independent quantities o and «, and then, after teleological
normalisation of the double-null gauge, for all residual gauge-dependent quantities as well. (For a
complete scattering theory for this system, see [Masaood 2022; 2024]. For other approaches to the gauge
in Schwarzschild under linear theory, see [Benomio 2024] and the references discussed in Section 1.4.5
below.) The origin of this relation between Teukolsky and Regge—Wheeler goes back to the fixed frequency
transformation theory of [Chandrasekhar 1975]. On the basis of this linear theory, the full nonlinear
stability of the Schwarzschild family, without symmetry, was proven in our [Dafermos et al. 2021]. (For
previous nonlinear results for Schwarzschild under symmetry assumptions, see [Christodoulou 1987;
Dafermos and Rodnianski 2005] in the case of the Einstein-scalar field system under spherical symmetry,
and [Holzegel 2010; Klainerman and Szeftel 2020] for vacuum, the former in the higher-dimensional
case under biaxial Bianchi symmetry, and the latter under polarised axisymmetry, reducing to 241
dimensions, the first such result beyond 14-1-dimensional reductions.) Note that since Schwarzschild is a
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codimension-3 subfamily of Kerr, nonlinear asymptotic stability of Schwarzschild refers to constructing
the full (teleologically defined) codimension-3 set of initial data which asymptote to Schwarzschild in the
future.

A generalisation of the quantities P and P of [Dafermos et al. 2019b] to the slowly rotating Kerr
case |a| <« M was given independently by [Dafermos et al. 2019a; Ma 2020]. The equations satisfied by
these quantities are now however (weakly) coupled to the quantities satisfying the Teukolsky equation.
The works [Dafermos et al. 2019a; Ma 2020] both show an analogue of (1-3) for this system, not via a
physical-space identity however but based on the framework for frequency-localised estimates on Kerr
introduced in [Dafermos and Rodnianski 2010a]. These results were followed by full linear stability
statements for the gauge-dependent quantities in various gauges [Andersson et al. 2025; Hifner et al.
2021] (the work [Héfner et al. 2021] considers in fact harmonic gauge; cf. the discussion in Section 1.4.5).
The estimates of [Dafermos et al. 2019a; Ma 2020] have recently been reformulated by [Giorgi et al.
2024] in the language of the higher-order physical-space commutation by the Carter tensor first introduced
in [Andersson and Blue 2015]. The work [Giorgi et al. 2024] then uses this, among other ingredients,
in the context of the formalism of [Giorgi et al. 2020] to obtain nonlinear stability results for the very
slowly rotating Kerr case |a| < M, completing an impressive series of preprints. For generalisations to
the Einstein—-Maxwell system, see [Giorgi 2020; 2021; Apetroaie 2023].

The full subextremal Kerr case |a| < M is more subtle, as it cannot be understood as a small perturbation
of Schwarzschild. Remarkably, however, an analogue of (1-3) for this system has been obtained in
the full subextremal case [Shlapentokh-Rothman and da Costa 2020; 2023] using the already highly
nontrivial mode stability results [Whiting 1989; Shlapentokh-Rothman 2015; Teixeira da Costa 2020] (see
also [Andersson et al. 2017]) but, also, nontrivial new high-frequency structure with no apparent precise
analogue in the context of the wave equation. To exploit frequency analysis, the proof of [Shlapentokh-
Rothman and da Costa 2020] uses a version of the frequency localisation framework of [Dafermos et al.
2016]. (In connection with the Teukolsky equation, we also note [Ma and Zhang 2023; Millet 2023] for
precise asymptotics in the special case of smooth compactly supported data. For a discussion of what
are the appropriate initial assumptions on data for the Teukolsky equation in various physical settings,
see [Gajic and Kehrberger 2022].)

In view of the method introduced in the present paper, it should be clear that there is absolutely nothing
to fear in these types of frequency localisations for nonlinear applications, provided that they are indeed
used to prove a spacetime-localised statement which can be expressed in the form (1-3). The results
of [Dafermos et al. 2019a; Ma 2020] and [Shlapentokh-Rothman and da Costa 2020] can thus in principle
be used directly for the nonlinear problem, in fact, as “black box” results. Thus, in our view, given the
breakthrough of [Shlapentokh-Rothman and da Costa 2020], the technical complications in extending the
nonlinear Schwarzschild analysis of [Dafermos et al. 2021] to the full subextremal case |a| < M of Kerr
may not be as severe as one might naively have thought.

1.4.5. Harmonic gauge and the weak null condition. In our discussion in Section 1.4.4 we have focussed
above primarily on “geometric” gauges, but, as is well known, another way to relate (1-1) to the Einstein
equations is via the harmonic gauge condition (see for instance [Lindblad and Rodnianski 2010], where
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the nonlinear stability of Minkowski space is proven in this gauge). The resulting reduced equations
(for Y1 = gh¥ — gff ") produce additional complicated linear terms and moreover fail to satisfy the
null condition, although they do satisfy the so-called weak null condition introduced in [Lindblad and
Rodnianski 2003]. Note that a linear stability result has been given for this system in the Schwarzschild
case [Johnson 2019] (see also [Hung 2018]) and, as mentioned earlier, also on very slowly rotating Kerr
la| < M in [Hifner et al. 2021].

In order to model the Einstein equations in harmonic gauge, classes of equations (1-1) satisfying the
weak null condition have been studied in the recent [Lindblad and Tohaneanu 2018; 2020; 2024]. Though
we do not here implement our method in this latter setting, nonetheless, we emphasise that our analysis
can in principle be extended to equations or systems satisfying the weak null condition, following [Keir
2018], under an appropriate black box assumption for the linearisation.

1.4.6. Comparison with the A > 0 case. Finally, it is interesting to compare with the A > 0 case. Here,
the analogue of the Schwarzschild and Kerr black holes are the Schwarzschild—de Sitter and Kerr—de
Sitter family. See [Dafermos and Rodnianski 2013] for a discussion of their geometry. The study of decay
for semilinear and quasilinear equations of the type (1-1) on Kerr—de Sitter was pioneered by Hintz and
Vasy [2016], eventually leading to their groundbreaking proof of the nonlinear stability of very slowly
rotating (la| < M, A) Kerr—de Sitter in harmonic gauge. The proof appeals to extensive machinery from
microlocal analysis, with an elaborate compactification of spacetime, and with a Nash—Moser iteration.
For a more recent approach replacing Nash—Moser iteration with a global bootstrap, see [Fang 2021].

Returning to the model equation (1-1), an elementary new method was recently introduced by Mavro-
giannis [Mavrogiannis 2024; 2022] to treat nonlinear stability on Schwarzschild—de Sitter and Kerr—de
Sitter backgrounds. In [Mavrogiannis 2024], the entire analysis is reduced to a “black box” estimate for
the linear problem on time-slabs of some fixed length L. The required black box linear estimate, however,
is not just the analogue of the (degenerate) integrated local energy estimate (1-3) (first proven in this
context in [Dafermos and Rodnianski 2007b]), but a higher-order refinement of (1-3) which is relatively
nondegenerate, i.e., where the bulk and boundary term have identical degeneration function and thus
again are comparable. This is possible through a commutation with a globally defined well-chosen vector
field orthogonal to the photon sphere and vanishing at the horizons. This is an analogue of an energy
originally constructed in the Schwarzschild case in [Holzegel and Kauffman 2020]. (In the Kerr—de
Sitter case, both the degenerate integrated local energy decay statement and the accompanying relatively
nondegenerate statement are now proven using frequency localisation in a framework similar to [Dafermos
et al. 2016].) Exponential decay is then a derived statement which follows from iterating a suitable
estimate on consecutive slabs, each now of fixed length L.

In comparison to the asymptotically flat case studied in the present paper, it is noteworthy that in the Kerr—
de Sitter case one does not require an additional nontrivial physical-space-based ingredient, analogous
to (1-6), other than this new, relatively nondegenerate version of the black box linear estimate (1-3).
From the time-slab-localised point of view of the two works, the reason for the difference is clear: since
estimates in [Mavrogiannis 2024] have been reduced to a fixed time scale L, the role of (1-6) is essentially
provided by Cauchy stability, a completely soft statement.
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From this point of view, the difference between the Schwarzschild and Kerr case on the one hand and
their de Sitter analogues on the other is more than simply one between polynomial and exponential decay,
but is one between dyadically localised and truly local. In this approach, it is this fundamentally local
nature of the analysis in the de Sitter case that renders the nonlinear aspects of stability problems on such
de Sitter backgrounds to be essentially soft.

1.5. Outline of the paper. We end with an outline of the remainder of the paper.

In Section 2 we shall describe the geometric assumptions on the background spacetime, followed in
Section 3 by the assumptions on properties of the linear inhomogeneous equation (1-2). We shall then
introduce in Section 4 the class of nonlinear equations (1-1) that we shall consider, stating in particular a
local well-posedness theorem and continuation criterion. We shall give the precise statement of the main
theorem in Section 5. The proof will then be carried out in Section 6.

The paper also contains four appendices. In Appendix A, we show how to obtain (1-6) from a physical-
space identity in the very slowly rotating Kerr case. In Appendix B, we will show how to define the
far-away currents encoding the »” method necessary to extend the estimates (1-3) and (1-6) to (1-7)
and (1-8), respectively. In Appendix C, we show that our null condition assumption encoded by the
bounds (1-14) indeed includes the classical null condition [Klainerman 1986] and also the more general
class of semilinear terms considered on Kerr in [Luk 2013]. In Appendix D, we show explicitly how to
obtain the inhomogeneous estimate (1-3) in the Kerr case from the homogeneous estimates of [Dafermos
et al. 2016]. Together, these appendices show that our main theorem holds in particular for a wide class
of equations of the form (1-1) on very slowly rotating |a| < M Kerr backgrounds (and, for the semilinear
case g = go, in the full subextremal range |a| < M).

2. Geometric assumptions on the background spacetime

We consider a manifold M with a background metric gg satisfying certain assumptions. In this section, we
collect the assumptions which concern directly the geometry of (M, gg). The assumptions here will not be
the most general possible but are sufficient to include the main examples of interest. They can be easily fur-
ther generalised in various directions if desired. Some of the assumptions are in principle redundant, but we
have not attempted to derive them from the most minimal considerations. We note already that the assump-
tions of this section are modelled on (and are satisfied by — see Section 2.7!) the basic cases of Minkowski
space and the (extended) exterior regions of Schwarzschild and subextremal |a| < M Kerr spacetimes.

2.1. Underlying differential structure and the positive function r. For definiteness, we consider the
underlying differential structure of M to be given by R?XO, 1 x2.43) Or alternatively by the manifold with
boundary R\ {|x" 2+ x22+ %3 < rg}. (The black hole examples in fact correspond to the latter case.)
In this latter case, let us define

ri=y @D+ (22 4 ()2, @2-1)
In the former case where the underlying manifold is R?, let us pick an arbitrary ro > 0 and define

ri= f(/ D2+ (122 + (x3)2), (2-2)
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where f : [0, 00) — [rg, 00) is a smooth function with £'(v) > 0 such that f(z) = v +z> near z =0
and f(z) = z for z > 2rp. Thus, in all cases r is a smooth positive function on M satisfying r > rg > 0.
Let us also fix a large R > 20ry.

We may also define ambient spherical coordinates in the usual way by the relation

(xl, xz, x3) = (rcosgsin, rsing sin ¥, r cos ). (2-3)

In the case of nonempty boundary, we will denote by €21 = 9, €22, and Q3 the standard rotation vector
fields associated to the ambient spherical coordinates (x°, r, 9, ). These are globally regular vector
fields.

In the case where the underlying structure is R*, the above vector fields would only be regular for
r > ro. In this case then, we will use the notation 2;, i =1, ..., 3, for the above standard vector fields
multiplied by w(r), for a smooth cut-off function satisfying w(r) = 1 for r > %R and w(r) =01in a
neighbourhood of ry. These are again globally regular vector fields.

2.2. The Lorentzian metric gy, time orientation, and the causality of the boundary. We assume that g
is a time-oriented Lorentzian metric on M such that the coordinate vector field d,0 is future-directed
timelike for r > %R.

In the case where M is a manifold with boundary S = {r = ry}, we assume that the boundary S is
spacelike and the future-directed normal points out of the spacetime.

2.3. The stationary Killing field T. Denoting now by T the coordinate vector field

T =00

1 x2, x3), we assume that T is Killing with respect to

with respect to the ambient coordinates (x°, x
the metric go. It follows by the previous assumptions that the ambient function » above is T -invariant
and that T is future-directed timelike in the region r > %R. Let us further assume that g(7, T) — —1
as r — oQ.

We will denote by ¢, the 1-parameter group of diffeomorphisms generated by 7'.

In the case where S = @, it is natural to already assume that 7 is globally timelike, in view of the
Friedman instability [Moschidis 2018] and its evanescent analogue [Keir 2020] which applies in the
marginal case, both of which would be incompatible with assumptions we will make later on concerning
the behaviour of waves.

In the case where S # @&, we notice that 7' cannot be globally timelike as T is tangential to and thus

spacelike on S = {r = ro}. In this case we will need to assume the existence of a Killing horizon.

2.4. The Killing horizon H*. If S # &, we will assume the following further properties:

o We assume that there exists an rgijiing such that the hypersurface HT={r= TKilling} 18 a Killing horizon
with future-directed null generator Z = T or, more generally, with future-directed null generator Z in the
span of T and €2, in which case we will assume that €2, is globally Killing. We will denote by Z the
globally defined Killing field given by this combination of 7" and €2;.
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o We will assume furthermore that %1 has strictly positive surface gravity, i.e., VzZ =k (¢}, ¢) Z for some
k > 0, and we will assume that 7', or more generally the span of T and 2, is timelike for r > rjjiing.

 Finally, in the case S # &, we will assume that the vector field Vr is future-directed timelike in the
region r < rkijliing. Note that Vr on HY ={r = rKilling} Will be null and in the direction of Z.

2.5. Foliations, subregions, and volume forms.

2.5.1. The foliation ¥(t). We will assume M admits a hypersurface Xy with 2-dimensional corner at
Yo N{r = R} such that Xy N {r < R} is strictly spacelike, Xo N {r > R} is null, and X is transversal to 7.

We assume that, for r’ > %R, ¥ is transversal to the hypersurface {r =’} and that Q, Q,, Q3 are
tangent to Xo N {r > %R} In particular, the 2-dimensional space 7),(Xo N{r < R}) NT,(ZoN{r = R})
should coincide with the span of these vectors.

If S # @, we assume that X is transversal to the hypersurface S and ¥y N S is diffeomorphic to the
2-sphere. We assume finally that the vector field Z of Section 2.4 is orthogonal to o NH ™, while 1,
Q), 3 are tangent to o NH™T.

We assume that Xy separates M into two connected components and that g is a past Cauchy
hypersurface for J*(Zy).

Writing X (7) := (¢;)«(Zp), we assume

It ==,
>0
where J T denotes causal future in M with respect to the metric go.

Clearly {X(7)};cr defines a foliation of M and thus defines globally on M a Lipschitz function t,
which is smooth separately on r < R and r > R.

Note that by our assumptions above, for r > %R, we have that 7 = 7(x°, ) and the triple (r, ¥, @)
represent a smooth coordinate system on X (7) N {r > R} (modulo the spherical degeneration).

We will denote by L a smooth choice of the future-directed null generator of ¥y N {r > R} normalised
to satisfy the constraint g(L, T) ~ —1. By translation invariance, this extends to a smooth vector field on
all of {r > R} in the direction of the null generator of ¥ (7). (Note that we also use L to denote a general
length parameter; in practice these two notations will not interfere with one another.)

2.5.2. The regions R(ty, T1). Let us define

R(t0, T1) i= U (7).

TOT=<T|
We shall refer to such regions as spacetime slabs. We will also use the notation

R (10, 00) 1= U (7).

T>170
Note that R(tp, 00) = J T (Zp).
We shall define
S(tg, 11) :=SNR(10, T1)-
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2.5.3. The ingoing cones C, and truncated regions. We also assume that the region r > R is foliated
by translation-invariant “ingoing” null cones C, parametrised by a smooth function v defined on r > R,
increasing towards the future, which may moreover be expressed as v(x’, ). In particular, the vector
fields €2; are tangent to C,,. We again define a smooth future-directed null generator L of C,, normalised
by the constraint g(L, T) ~ —1 and translation-invariant; this defines a smooth vector field on r > R.

Let us assume moreover that g(L, L) ~ —1 globally in » > R.

Note that, under the above assumptions, r is constant on C, N 2 (7) and the future boundary of C, is
the set {r = R} N X(t(v)), where this relation defined 7 (v).

If 79 < 11 < ©(v), we shall define

R(t0, 71, v) :=R(r0. 7) \ |_J Cs
V>v
and

=20\ JCs

U>v
The spacetime region R (7o, 71, v) is a compact subset of spacetime with past boundary X (7g, v) and
future boundary S(7g, 71) U X (11, v) UC,.

2.5.4. Comparison of volume forms. We will assume that, in the region » > R, writing the volume form
for (M, g) as
AV =v(r, 9, ¢)dtr’drsin® dv dy,

for X () N{r > R}, with the choice L for the normal, as
dVsonp=gry :=0(, 0, go)r2 drsind dv do,
and for C,, with the choice L for the normal, as

dVe, == d(r, 9, @)r* drsin® do dg,
we then have

v~U~U~ 1

With this assumption, it follows by the coarea formula and compactness that, globally, the volume
form of (M, go) is related to the volume form of X (1),

dVM ~dt dVg(T),

where ~ is interpreted for 4-forms in the obvious sense.
Note that when volume forms are omitted from integrals, the above induced volume forms from the
metric go will be understood, unless otherwise noted.

2.6. Other vector fields. 1t will be useful to extend the vector fields defined above to a global set of
vector fields which span the tangent space 7, M for all x € M.
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2.6.1. The global extensions of the vector fields L, L, and 2;. For notational convenience, in the case
where § = &, let us define Q4 = (1 —w(7))0d,1, Qs = (1 —w(r))d,2, QL= (1—w(r))d,s, where w is as
in Section 2.1, and let us define L and L to be translation-invariant extensions of the vector fields defined
already with the property that L, L and 21, ..., £ span the tangent space globally. Note that this is
easy to satisfy in general. We are moreover not requiring that L and L be null, and the ©;, i =1,...,6,
are not required to be tangential to the ambient spheres for r < %R . (See already Section 2.7.1.)

In the case where S # &, we will define L and L to be smooth ¢, -invariant extensions of L and L
to ro <r < R, with the property that L, L everywhere span the same plane spanned by the coordinate
vector fields 9,0 and 9, of ambient spherical coordinates (x°, r, 99, ¢). This again can easily seen to be
possible. Note again that we are not requiring these vector fields to be globally null.

2.6.2. The notation |Y|>. We define the notation
2 -2 2
VY2 =D riyl
i
We note that, under our assumptions, the above expression is comparable to the induced gradient squared
on the space-like spheres X () N {r = r'} in the region r > %R.
In view, however, of our spanning assumptions, in both the case S = @ and S # @, the expression

LY >+ Ly >+ Yy

will always be a translation-invariant coercive expression on first derivatives of v, similar (by compactness)
to any other such coercive expression in » < R, while in the region r > R it will have the right weights
in r so as to be a suitable reference point for natural energy expressions.

2.6.3. The I-forms o", oL, o', 0% and o®. We will need to introduce a set of weighted spanning 1-forms
on the sphere so as to properly measure weighted boundedness of forms. Define 1-forms o”, oL, and o',
02, 0> on the far region M N {r > R} as follows.

The region M N {r > R} can be written as the product manifold MN{r > R} =R x [R, 00) X S2. Let
m: MN{r>R}— R x[R, c0) denote the canonical projection. Let o, oL be defined by o’ = n*p*
and oL = 7*pL, where pF and oL are the dual coframes of ., L and 7, L, respectively, on R x [R, 00).
It follows that

fW =t =1, "W =cfL)=0" @) =0t@) =0, i=1203.
For all smooth functions v, one can then write
dy =Ly o" + Lyt +dvy,
where dy (L) = dy (L) =0.
For each i = 1, 2, 3, there is a polar coordinate system (9, ¢') on S, associated to the corresponding
rotation vector field ;, with the property that, in the (x°, r, 9%, ¢’) coordinate system for M N {r > R},

one has 9, = €2;. Such a (9%, ¢') coordinate system on S is unique up to a choice of meridian. Define
then, fori =1, 2, 3,

o' =rsind'de', 0®=rsinv?de?, o =rsind’dy’.
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There exist (nonunique, but universal) bounded functions al (@, ¢) fori, j =1, 2,3 such that, for any
smooth function ¥: M N{r > R} - R,

dy = Lyo" + Lok +r~'a';(9, 9)Qivo’ . (2-4)

2.6.4. The vector field Y. In the case S # &, we may define Y to be a ¢, -invariant vector field such
that: Y is future-directed null on H™, transversal to H*, and orthogonal to H* N X; Y is supported in
r<ri+ % (rp—ry) for some rp > ry > riliing; and Z, Y, and €2; span the tangent space in r <ry+ }‘ (ro—rp).
The existence of such a vector field in a neighbourhood of a Killing horizon follows from [Dafermos
and Rodnianski 2013].
In the case where S = &, since we are assuming that 7 is globally timelike, we may simply set Y = 0.

2.7. Examples: Minkowski, Schwarzschild and Kerr. We note that Schwarzschild and Kerr in the full
subextremal black hole range of parameters |a| < M satisfy the assumptions of this section with an
appropriate definition of the underlying differential structure.

2.7.1. Minkowski. For the Minkowski case, we consider the underlying manifold to be R4, i.e., without
boundary, and we define the metric to be the familiar expression
go=—(dx")? + (dx")* + (dx*)* + (dx*)*.

We define rg := 1, which will determine the function r. Let us distinguish this function from 7 :=
V(x)2 4 (x2)2 4 (x3)2 which we may think of as a function 7(r). Fixing any R > 20, we note that
u=t—r, v=rt++r are null coordinates. We may define L = 9, L = d,, with respect to coordinates

(u, v, ¥, @), in the region r > 2.
We may take
So={r=0INn{r <RHU{v=r(R)}N{r > R})

and C, defined by the level sets of v.

Note that r/7 ~ 1 for r > rq and that the spacetime volume form is 72 sin ¢ d7 dt dv dg, while the
volume form on ¥y N {r > R} and C, is 7> sin ¥ d7 d¥ d¢ with our choice of L and L.

Note also, in this case, we define Q24 = n(r)d,1, Q25 = n(r)d,2, and Q¢ = n(r)d,3, where n is a
cutoff vanishing with n = 1 for r < zlt and n =0 for r > % and we can extend L and L simply by
L=(1-n)d,+nd, and L = (1 —n)a,. (We may then define the cutoff w of Section 2.1, so that w = 1

forr > % and w =0 forr < %) We have of course ¥ = 0 in this case.

2.7.2. Schwarzschild. For the Schwarzschild case, given a real parameter M > 0, we may define r¢ :=
(2 — 81)M for sufficiently small 0 < §; <« M, denote x0 by t*, let r be defined by (1-1) and standard
spherical coordinates (¢, ¢) on R3 by (2-3), and define the metric g, to be

—(1=2) @+ My arr 4 (14 22) ar? 4 2 (@0 + sin? 0 dg?).

We define the vector fields €2; to be the standard Killing vector fields associated to spherical symmetry,
and we define T = 9;+ to be the coordinate vector field with respect to the above coordinates.
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Note that » = 2M is a Killing horizon with null generator 7" and positive surface gravity, and the
hypersurfaces r = ' for r’ € [rg, 2M) are indeed spacelike.
We may define the function ¢ in the region r > 2M by

t=1t"—2Mlog(r —2M).

We note that, in the coordinates (¢, r, 8, ¢), the metric takes the familiar form

—(1 — 27M) di® + (1 _ 2TM) a2 (@9 + sin? 9 do?),
We may define r* =r +2M log(r —2M), and we may define coordinates u and vinr >2M by u =t —r*
and v =r+r*.

We may fix R > 20ry and define now L = 9, and L = 9, to be the coordinate vector fields with respect
to (u, v, 6, ¢) coordinates in r > R. We may extend these to be globally defined linearly independent
translation-invariant vector fields in the span of the coordinate vector fields 0, and 0,.

We then may define

To={r"=0INn{r <= RHU{v=R}IN{r = R},

which satisfies all the required transversality properties, etc.

Finally, we may define for instance Y to be a translation-invariant vector field in the span of d;, and 9,,
which is null and future-directed and satisfies g(9;x, Y) = —2 at r =2M, such that Y is supported entirely
inr <ri+2i(—r), withr == Q2+8)M.

2.7.3. Kerr. To put Kerr in our preferred form, one uses a combination of Kerr star coordinates (based
on Boyer-Lindquist coordinates) and double-null coordinates. We leave the details to the reader but note
the following.

Given subextremal parameters |a| < M and defining

rp=M++M?—a?,

we set rg = ry — 8 for a small &;.

One may define the ambient differential structure such that the r of (2-1) will coincide with the
Boyer-Lindquist » of Appendix A in the region r < %R, while for r > %R it will coincide with the
coordinate r, of Section C.2. The coordinate v coincides with the double-null v of Section C.2, and
Y (t) N {r > R} will be a hypersurface of constant u, where again u is as defined in Section C.2.

Further, one may set things up so that Q2 = 9, is the axisymmetric Killing field.

Let us note finally that extremal Kerr (corresponding to |a| = M) cannot in fact be put into our preferred
form already because of our requirement that 7' be tangential to S and thus spacelike. Note also that the
Killing horizon of extremal Kerr has zero surface gravity, which would also contradict our assumptions
of Section 2.4.

2.8. Table of r-parameters. We collect finally a list of important r-values in increasing order in Table 1.
Some will only be introduced later in the paper. The parameters rgijing, 71, 2 only occur if S # &.
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ro r > ro; moreover, if S # &, then S = {r = rp}
H* = {r = rxining} a Killing horizon with positive surface gravity;
Killing span of T and €2, is timelike for r > rkiiing
r parameter related to the vector field Y if S # &
r+ le(r2 —rp) Z, Y, Q; span the tangent space for ro <r; + %(rz —ry)

r+ %(rz —r1) | commutation vector fields © all Killing for r; + %(rz —r)<r< %R

r p=1, xy=1forr<nr,

éR T timelike for r > %R

iR p=1, x=1forr> R

g commutation vector fields ® all Killing for r; + %(rg —r) <r< %R;
2 g=goforr> %R

gR the generalised null condition assumption concerns r > gR

R Y()N{r>R}ismll, C, C {r > R}

R parameter related to positivity properties of far-away currents

Table 1. Important r-values in this paper.

3. Assumed identities and estimates for L, ¢ = F

Our fundamental assumptions in this paper are connected with the behaviour of solutions of the linear

inhomogeneous equation (1-2) on the exactly stationary background go.

3.1. Constants and parameters. Before stating assumptions, we make a remark concerning constants

and parameters.
Given a spacetime (M, go) satisfying the assumptions of Section 2, we will consider the parameters

of Section 2.8 as fixed. Let us also fix once and for all a
0<8< 5. (3-1)

We will use k to denote integers > 0 which will parametrise number of derivatives.

In inequalities, we will denote by C and ¢ generic positive constants depending only on (a) (M, go)
(with the choice of r-parameters), (b) the above choice of §, and (c) if there is k-dependence in the relevant
statement, also on k. (We use C for large constants and ¢ for small constants.)

For nonnegative quantities A and B, the notation

A<B

means A < CB, while
A~B

means ¢cB < A < CB.
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The reader should be prepared to distinguish between < and <, as both will appear!
For a discussion of additional smallness parameters depending also on the nonlinearity, see already
Section 4.2.

3.2. Basic degenerate integrated local energy estimate. As discussed in the introduction, our basic
assumption will be that of a (degenerate) spacetime-localised integrated local energy decay statement for
the inhomogeneous equation (1-2).

The statement is that a certain energy flux on X (t) plus a nonnegative bulk are controlled by an initial
energy flux on X(7p) and a spacetime integral over the slab R(to, 7) relating to the inhomogeneous
term F. The controlled bulk integral is allowed to degenerate where a certain degeneration function
x = x (r) vanishes, but it is assumed to control a zeroth-order term without degeneration (with decaying
weight at infinity).

Let us thus define

X : [rog, 00) = [0, 1] (3-2)

to be a function such that y =1 for r > }LR and r <.
The assumed estimate is

©)

sup  F(v, 0, 7), g(t)—i—cgg(r)-i-c/ X(Js"’(z’)dfurc/ '@ dr’

v:t<t(V) T0 70
fkg(‘fo)-l-Cf |(Vy 0% + woy) F| +Cf F? (3-3)
R(z0,7) R(z0,7)
for some constants A > 1, C > 1, 0 < ¢ < 1, and where Vj is a fixed vector field and wy is a fixed function
satisfying
120(Vo. LIS T, Igo(Vo. IS T, D lgo(Vo. )P S 1. wol Sr7t (3-4)
Here, the unprimed energies are defined by
E@) = [ LR HITUP +arlLy P (3-5)
(1)
Es() :=f Ly P+ Yy + Ly + 7, (3-6)
S(70,7)
g o 2 2 —2.,2
F(zp. 7, v) ._f Ly 1YY P+r 2y, (3-7)
CyNR(70,7)

while the primed energies are defined by

&) :=/ P (ALY P 4 LY+ 1Y),
Z() (3-8)
£(r) = /E( )r_3_51ﬁ2-

(The prime " notation will be used in general to denote energies that naturally appear in bulk terms.) The
estimate (3-3) is to hold for all smooth ¥ such that the right-hand side of (3-3) is finite. In the above, we
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already see the ¢ fixed in (3-1). For future reference let us also define the quantity
E@i= [ LRI 19y P (3-9)
(1)

Note that if x = 1 identically, then xg + §/ —'¢’. We note that all expressions defined above are
T -invariant.

We distinguish the constants C and A in (3-3) to highlight the significance of the case A = 1, when (3-3)
is derived from a suitable energy identity and the energies are replaced by exact fluxes. See already
Section 3.4.1.

Note that in cases (i) and (ii), we shall see that (3-3) holds, and in fact one may drop the f F? term on
the right-hand side.

In fact, in all of the above cases more precise estimates than (3-3) are available with respect to what
can actually be controlled by the right-hand side; we shall not need to make use of this here.

Again, the assumptions are motivated by our model cases of Minkowski space, Schwarzschild, and
subextremal Kerr black hole exteriors. The estimate (3-3) indeed holds in the case of Kerr in the full
subextremal range |a| < M (this is the statement of Theorem D.1 of Appendix D). We note, however, the
following remark.

Remark 3.2.1. In our arguments in subsequent sections, we will in fact only use the statement that
follows from (3-3) by partitioning the middle term on the right-hand side into the regions r < R and r > R,
and applying Cauchy—Schwarz to the former, replacing thus the full middle term with the expression

/[ LUR LY+ Ry [ P
R(ro,t)N{r<R} R0, t1)N{r<R}

+ / (VBB + woy) Fl. (3-10)
R(to,T)N{r>R}

We could thus alternatively consider this weaker statement, i.e., (3-3) but with (3-10) replacing the middle
term on the right-hand side, as our main assumption. We prefer, however, to keep our general assumption
in the form of (3-3) because it is more compact and we do not know of a physical example where this
weaker assumption holds but our original assumption does not. On the other hand, it is often easier to
prove the weaker assumption directly than to prove (3-3). This is indeed the case for Kerr in the full
subextremal range |a| < M, where in Appendix D we will in fact only give a proof of this weaker version.

3.3. Physical-space identities on a general Lorentzian metric. As explained in the introduction, for
nonlinear applications to (1-1), it is most convenient when (3-3) is the result of a physical-space energy
identity (1-4) for solutions v of (1-2). Thus, we will recall some general properties of such identities
here.

3.3.1. Definition of energy currents. Physical-space energy identities can be associated to a quadruple
(V,w, q, @), where V# is a vector field on M, w is a scalar function, g, is a 1-form, and @, is a
2-form. Given such a quadruple, a general Lorentzian metric g, and a suitably regular function ¥, we
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define
IV g ] = T8, YV + wirdu ¥ +qu ¥ + +d(W o), (3-11)
KVt g, gl i=m) [1T* (g, 14 V¢ wydu + wV o, + Viqp +2vq,8" 0¥, (3-12)
HV,w[w] = Vﬂam// + wv/’ (3-13)

where

T8, Y1 =0, 3,¥ — 38,08 0V dpy.  m,[81=5(Lx® v = 3(Vu Xy + Vi X)),

and where *: A’M — A!' M denotes the Hodge star operator.

Let us note already that it is often more natural to parametrise choices of currents in a slightly different
way as twisted currents [Holzegel and Warnick 2014]; for instance, given a scalar function, one may
define a twisted energy momentum tensor T,w[g, Y] according to (A-8) and then consider for instance
currents of the form }2/ lg, ¥]:= f,w[g, Y]VY, etc. Such a current can always be rewritten as (3-11) for
some w, q, @.

We note that the additional o component in (3-11) arises naturally for twisted currents and is useful
in generating positive zeroth-order flux terms on the boundary.

3.3.2. The divergence identity. With the above definitions, one can compute the following identity for a
general function ¥:

VI T g ] =K g, ]+ HY P [y 10,y (3-14)

In particular, for solutions of the covariant wave equation [,1 = 0, one obtains a divergence relation
between the currents J and K which both depend only on the 1-jet of 1. See [Christodoulou 2000] for a
discussion of the classification of currents with this property. Note that @ does not contribute to the bulk
current K and neither @ nor g contribute to H, which moreover is independent of the metric g.

The significance of identity (3-14) is that it can be integrated in a spacetime region bounded by
homologous hypersurfaces to obtain a relation between boundary fluxes of J and a bulk integral of K.
We give the form of this relation below in the special case of the region R(7, 71, v) C M.

3.3.3. The integrated identity on R(tg, t1, v). For a solution of (1-2), identity (3-14) upon integration in
R (o, T1, v) yields

/ J[lﬂ]-nJr/ J[lﬁ]‘n+/ JW]-nJrf Ky]
X(7y,v) S(to,71) Cy(70,71) R(z0,71,V)

=/ J[W]-n—/ H[y]F, (3-15)
% (70,v) R(70,71,v)

where the normals and volume forms are with respect to the metric gg according to the convention of
Section 2.5.4.

Identity (3-15) will be useful when it satisfies suitable positivity properties for its bulk and boundary
terms.
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3.4. Assumed unweighted first-order physical-space identities: cases (i)—(iii). As discussed already
in the introduction, we shall not in general require that (3-3) is the result of an integrated divergence
identity (3-15) associated to currents with a pointwise coercivity property. We shall, however, require,
in addition to assuming (3-3), the existence of currents generating an identity (3-15) with much weaker
nonnegativity properties, properties which in particular are insensitive to the presence and structure of
possible trapping.

It is indeed useful to see first, however, how the existence of a physical-space proof of (3-3) via an
identity of type (3-15) simplifies the considerations. Thus, we shall distinguish two simpler cases, to be
called case (i) and (ii), to be discussed in Sections 3.4.1 and 3.4.2 below, where indeed (3-3) is proven via
an identity (3-15), (with case (i) corresponding to the even simpler setting where there is no degeneration
at all in the coercivity).

The most general case, case (iii), which represents the main goal of this paper, will be discussed in
Section 3.4.3. We will introduce some helpful common notation in Section 3.4.4.

Finally, in Section 3.4.5, for the case S # @, we will provide a family of currents with enhanced
red-shift control at H™ and in the black hole interior, parametrised by a parameter ¢, which will be useful
for obtaining higher-order estimates in Section 3.6.

3.4.1. Case (i). The simplest case to consider is when (3-3) indeed follows from a physical-space energy
identity (3-15), and when moreover there is in fact no degeneration in the estimate (3-3), i.e., the function x
of (3-2) satisfies x = 1 identically.

That is to say, we assume that there exists a T -invariant quadruple (V, w, g, @), where V is a vector
field, w is a scalar function, ¢ is a 1-form, and @ is a 2-form, satisfying

lgo(V, L) ST, lgo(V, LIS, Ylgo(V, Q)P S,
lwl Srety lgulH S lgult S,

(ede), L* Sr2, |(edw) LY S 2
(3-16)
k(@A) L St x(0F Aw) Lt S

% (02 Aa) LM St k(o A LM S
% (@' Aa) LM St k0t A LM ST, i=1,2,3,

such that, defining J"-*»¢@[y] and K"-**¢ by (3-11)—~(3-12), the energy identity (3-15) corresponding
to these currents has the following properties: (a) the boundary terms of (3-15) on X (t) are coercive,
(b) the remaining boundary terms are nonnegative, and (c) the bulk term K is nonnegative and coercive,
with no degeneration, except “at infinity”, where standard derivatives are in general only controlled with
weight =179,

More precisely, we assume the pointwise bulk coercivity relation

KV ay) 2 e (L) + L) + (VP 4y (3-17)
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and pointwise boundary coercivity relations
T CT I o) 2 (L) + VY 1P + < (LY)? + 7292,
TP [ ng 2 (L) + VY P +r 292, (3-18)
TP [ nls 2 (L) + (L) + Yy 1>+ 9).

Here the normals are of course taken with respect to the metric go.
Let us note that the boundary coercivity statement on X (t) can only possibly hold if V is timelike
on X (7).

Defining
¢(r) = f JVTET g Es(r) = / LT [ n,
o ’ (-19)
S, 19, 11) := / J;,w,q,W[w]nlé ,
CoNR(10,71) =
it follows from (3-18) that
E() S ), Es(0) SCs(r), Fu.10,11) SFW, 10, 71). (3-20)

From (3-16), it follows that, in addition to the coercivity (3-18), we have the corresponding boundedness
T 0T [In o) S (L) + VY + < (LY) +r 7292,
LT [Yng S L) + VY P +r 292, (3-21)

BT g S LYY+ (L) + Y+ v,
and thus

) () ©)

E(r) ~ €& (1), Es(t)~Es(1), F(v,70,71)~ 5, 70, T1). (3-22)
Note that, to estimate the boundary terms arising from the 2-form @, we have used (2-4) and the fact that
xd(Y’w) =2y« (dy Aw) + ¥’ xdw.

Under the above assumptions, in the notation of Section 3.2 (recall now (3-9)), the identity (3-15)

gives rise to the estimate
) ) 0) 7 (=1-8 )
wp §.r.0), B+ Este [ Eaharstm+ [ IR 323
v:T<t(v) 70 R(t0,71)

We note that, in view of (3-20), (3-22), and the fact that we may express

H[y] = V*o,0 +wi,

this gives (3-3) for some A > 1 and without degeneration, i.e., with y = 1, and with Vy =V and wg = w,
and where including the final [ F 2 term in (3-3) is here unnecessary. The point of expressing the estimate
in terms of the fraktur energies (3-19) is that (3-23) is a sharper statement than (3-3), corresponding to
A =1, which will be useful for us.
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Let us note immediately that Minkowski space itself, but also suitably small stationary perturbations
of the Minkowski metric, satisfy the assumptions of this section (see Appendix B). More generally, given
a metric go as in Section 2 and a T -invariant quadruple (V, w, g, @) satisfying (3-16), whose energy
currents J VW47 [go, ¥], KV go, V] satisfy the above coercivity properties (3-17), (3-18), and (3-21),
it is clear that JV-9@[g., ¥], K"V"¥9[g., ¥] retain the coercivity properties (3-17), (3-18), and (3-21)
for any stationary perturbation g. of g¢ satisfying the assumptions of Section 2, sufficiently close to g,
such that g = g. in r > R. Thus, we see that when, as in the present section, estimate (3-3) is proven
via (3-23) and there is no degeneration, i.e., x = 1, then the estimate (3-3) can immediately be inferred to
be stable to suitably small perturbations of the metric gg.

Unfortunately, however, for most of our examples of spacetimes (M, go) of interest, it turns out that
the assumptions of the present section cannot in fact hold. Specifically, if (M, go) contains trapped
null geodesics, then one can show that (3-3) cannot hold with x = 1 identically, and thus no quadruple
(V,w, q, @) as above can exist satisfying (3-17); see [Sbierski 2015]. In particular, the assumptions of
this section do not encompass the black hole cases of interest like Schwarzschild or Kerr.

3.4.2. Case (ii). The next simplest case is when estimate (3-3) again follows from the coercivity properties
of a suitable physical-space energy identity (3-15), but where the degeneration function x of (3-2) is now
nontrivial, potentially vanishing on some set.

More precisely, we assume that there exists a 7 -invariant quadruple (V, w, g, @), again bounded in the
sense of (3-16), but now satisfying the following relaxed coercivity properties: defining currents J"-%4-@
KV:%4 by (3-11)—(3-12), we again assume the boundary coercivity properties (3-18) on J"-*»¢-@  but
we weaken the bulk coercivity assumption on K V-4 to

KV 2 x () (L) + (L) + 1YY 1) +r 370y, (3-24)

where x is the function (3-2) in Section 3.2.

We define the fraktur energies again by (3-19), and we note that again we have (3-20) and, in view
of (3-16), also (3-21) and thus (3-22). Under the above assumptions, identity (3-15) gives rise to the
estimate

©)

sup §(v, 19, 7), &(r)+&g(r)+c/ thfé’](t/)dr’ﬁ-c/ &'@hdr

v:T<t(V) 70 70
< &)+ / H[YIF|. (3-25)
R(z0,7)

We note again that, in view of (3-20) and (3-22), estimate (3-25) indeed implies (3-3), for some A > 1,
with Vo = V and wg = w and where including the final f F? term in (3-3) is here unnecessary. As with
(3-23) of case (i), the point of expressing the estimate in terms of the fraktur energies (3-19) is that (3-23)
is a sharper statement than (3-3), corresponding to A = 1, which will be useful for us.

We note that a current-defining quadruple (V, w, ¢, @) satisfying the properties of this section in-
deed exists for the Schwarzschild metric and can be constructed from the considerations in [Dafermos
and Rodnianski 2007a; Marzuola et al. 2010]. Note that a prerequisite for even the degenerate bulk
coercivity property (3-24) is that any trapped null geodesics be “unstable” in a suitable sense (cf. the
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Schwarzschild—AdS case with reflective boundary conditions at infinity, where there exist stably trapped
null geodesics [Holzegel and Smulevici 2014]).

In the Kerr case for all |a| # 0, even though all trapped null geodesics are again unstable, and even
though estimate (3-3) is true (by [Dafermos et al. 2016]), one can show that no quadruple (V, w, g, @)
can give rise to currents satisfying the coercivity properties of this section; see [Alinhac 2009]. (For
a higher-order current defined using second-order operators which gives an analogue of the coercivity
properties here in the |a| < M case, see however [Andersson and Blue 2015].)

One of the main motivations of this paper is to show that, from a suitable point of view, not only is a
purely physical-space proof of (3-3) unnecessary for nonlinear applications, but such a proof would only
result in a minor and inessential simplification of the argument. We now turn to our main case of interest,
case (iii).

3.4.3. Case (iii). The most general case we wish to consider in this paper is where the estimate (3-3) is
assumed as a “black box”, i.e., it is not necessarily the consequence of the coercivity properties of some
more fundamental physical-space identity (3-15). We note for instance that (3-3) indeed holds when
(M, go) is Kerr, in fact for the full subextremal range |a| < M of parameters [Dafermos et al. 2016], but
as discussed above, it does not arise (see [Alinhac 2009]) from a current as in case (ii).

In this most general case, however, in addition to assuming (3-3), we will still make a further assumption
on the existence of an auxiliary pair of currents J" %@ KV::4 whose energy identity will not in
general imply (3-3) but rather will be used in combination with (3-3). This auxiliary current will have
the following properties: The bulk K current will be nonnegative in a neighbourhood of the set {x # 1},
where x is the function (3-2) of Section 3.2 appearing in (3-3). In nontrivial applications, K will often
vanish identically in this region, making it completely insensitive to the possible presence and nature of
trapping. Where x = 1, on the other hand, the bulk K current will be assumed nonnegative only modulo
lower-order terms, provided these lower-order terms are supported in the region rp, <r < %R. Finally,
for r > R, the bulk current K will control the terms familiar from cases (i) and (ii).

We now lay out the assumptions in detail.

We will define functions

p:lro,00) = [0, 1], & :[ro, 00) — [0, 1] (3-26)
such that p =1 for r > %R and r < rp and such that
£=0in{x £ 1}U{r <n}U{r = 1R}, (3-27)

where x is the function (3-2) in Section 3.2 appearing in the assumed estimate (3-3). (In nontrivial
applications, p will vanish identically in a neighbourhood containing the set where x # 1.) The supports
of the various functions are indicated in Figure 2. We note finally that we lose no generality in the present
paper in always taking p, x, £ to be indicator functions of appropriate sets, but the sharpest estimates one
could prove would often involve degeneration on sets of positive codimension.

We assume the existence of a 7'-invariant quadruple (V, w, g, @) satisfying the boundedness proper-
ties (3-16) such that the associated current JV-%-4@ [y] still satisfies (3-18) but where the bulk coercivity
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—e ® O
R

P

Figure 2. The supports of x, p and &.

assumption (3-24) on K V-w.q[yr] is now further relaxed to
KV a4+ AE(r)Y? 2 p(r)r T T (L) + (L) + (VY D) + p(r)r 7092, (3-28)

where A > 0 is a possibly large constant.

With this current, we define the fraktur energies again by (3-19), and we again have (3-20) and, in
view of (3-16), also (3-21) and thus (3-22).

In view of the relaxed coercivity properties, the identity (3-15) gives rise to

©) © (0) T (~1-8
sup  §(v, 70, 7), Qf(f)+(’3$(f)+€/ PET) +PE (¢ dT’

v:Tt<t(V) 70

0] R(0,7)

for an A > 0, where o ‘So’)(r) is defined analogously to XHSO/)(I); ie.,

0t = /2( LY LYY, g = /E( e
and

=] &ry (3-30)

(1)
Again, we note that it is expressing things with respect to the fraktur energies which allows the constant
to be exactly 1 in the above estimate (3-29), and this fact will be useful for us.

The existence of currents J %4 KV:%.4 satisfying the above assumptions can indeed be shown for
Kerr in the range |a| << M (and in fact for general stationary suitably small perturbations of Schwarzschild
satisfying the assumptions of Section 2 and appropriate assumptions at infinity). See Appendix A. Note
that estimate (3-29) is manifestly weaker than (3-3). The point, as discussed in the introduction, is that,
being derived from the (relaxed) coercivity properties of (3-28) applied to (3-14), estimate (3-29), or
more properly the identity (3-14) itself, can be applied directly to (1-1). See already Section 4.3.1.

3.4.4. Summary of the unweighted assumptions for cases (i), (ii), and (iii). So as to not have to always
refer to separate formulas in the distinct cases (i), (ii), and (iii), we summarise the assumptions in a way
which can be subsequently interpreted for all cases simultaneously.

In case (i), weset p=p=x=1and A=A =0.

In case (ii), we set x to be the function (3-2) appearing in both (3-3) and (3-24), and we set p = x,
p=1,and A=A=0.
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Finally, in case (iii), we set x to be the function (3-2) of Section 3.2 appearing in (3-3), we let p and &
be the functions (3-26) and the constants A and A be as in Section 3.4.3, and we set 5 = p.

Our assumptions, applicable for all cases, are (a) that (3-3) holds and (b) that there exist T -invariant
(V, w, q, @) satisfying the bounds (3-16) such that, defining the currents JV’w’q’w[w], KV’“”q[w], and
HV-"[] by (3-11)—(3-13), we have the bulk coercivity property

Ky + A (Y2 2 p)r T (@) + L)+ VY +r 2y +50r 0y (331
and the boundary coercivity properties
T T Inl o) 2 (L) + YY1 + < (LY) +r 7292,
T CTIng, 2 (L) + Yy +r 292, (3-32)
TP [y lnls 2 (L) + (L) + Yy > + v,
With these currents, we define the fraktur energies again by (3-19), and we again have (3-20) and, in
view of (3-16), also (3-21) and thus (3-22).
The energy identity (3-15) gives rise then to

©)

(0) (0) T (=15 T ~
sup F(v, 10, T), Q‘E(r)+(’33(t)+c/ pé’/(t/)dt/—kc/ rel(@hde’
K1

v:Tt<t(V) 70 0

(V) T £

Sﬁ(fo)JrA/ 5/(f/)df/+/ |H[Y]F|, (3-33)
70 - R(70,7)

where we define

PE(T) = fz ( )5(r>r‘3‘5w2.

We emphasise again that in cases (i) and (ii) the statement that (3-3) holds need not be taken as an
independent assumption, as (3-3) in fact follows from (3-33) with the above definitions in these two cases.

3.4.5. An enhanced red-shift current and enhanced positivity in the black hole interior. In the case S # @,
for the purpose of higher-order estimates to be considered in Section 3.6, we will need to enhance the
positivity near 1.

We first state the following proposition which allows us to introduce an arbitrary largeness factor ¢ in
front of some of the terms of our coercivity estimate.
Proposition 3.4.1. Under the assumptions of Section 3.4.4, there exists a constant ¢ > 0 such that the
following holds:

Given arbitrary ¢ > 1, there exist parameters ry < r(/)(g) < rkilling < 71(¢) =< r1, a translation-
invariant vector field V., and a 1-form q_ such that, defining JVerwdem ) K Ve ity ), HY< " [y] as
in Section 3.4.4, we have

3
KV [yl = c(Vy)® +es (Z(sziw +(Ty)* + wZ) (3-34)
i=l

inry(s) <r <ri(s) and all properties of Section 3.4.4 hold for these currents with implicit constants in
(3-16), (3-31), (3-32), (3-21), which may be taken independently of ¢. Finally, Vg/ =V, q/g =gq forr>ry.
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Proof. This is clear by examining the proof of Theorem 7.1 of [Dafermos and Rodnianski 2013]. U

Using the above and the time-like character of Vr in the “black hole interior” region r < rgiliing, W€
may further modify our current to obtain the following enhanced positivity in ro < r <r;(¢), in particular,
all the way up to S, at the expense of a lower-order term. The resulting modified current will be used for
higher-order estimates.

Proposition 3.4.2. Under the assumptions of Section 3.4.4, there exist constants C > 0 and ¢ > 0 such
that the following holds:

Given arbitrary ¢ > 1, let Vg’ and q/g be as given in Proposition 3.4.1. Then there exists a translation-
invariant quadruple (V¢, we, qc, @), with V. = Vg/, We =W, gc = q, we =w forr > rxilling, and a
positive function Ao (r) such that, defining JVeWsds.@e [y K Ve Wsods[yr], HYsWs[y] as in Section 3.4.4,
the enhanced positivity (modulo lower-order terms)

KYss sy

3
> chg(r)(Z(ssz)Z + (T¥)* + |rilling — r|<w)2> +che(NYY)* = Csre(Ny?  (3-35)
i=1

holds inrg <r < TKilling-

Moreover, all boundedness and coercivity properties of the currents of Section 3.4.4 hold for these
currents as well with constants independent of ¢ in the region r > riliing, While in the region r < rilling
the properties of Section 3.4.4 again hold for these currents but with (3-31) replaced by (3-35), and with
coercivity bounds that now however depend in general on ¢. In particular, we have

3
|H =V [y]] < cxgm(ww +) v+ |Tw|) +Chg (Y. (3-36)

i=1

Proof. Given ¢, let r(/)(g) be as in Proposition 3.4.1. Let us define A, (r) to be a smooth positive function
such that A (r) = 1 for r > rgitling.
A (r) = e~ S UKilling—=7) (3-37)

for {ro < r < riuing} N ({¢ > (riing — ) '} U{r <r{(s)}), and

dic(r)
r

0< <2¢Ac (7).

We define now
Ve =AMV, we:=rw, qc:=ic(r)g—xdri.r @), w=A(r)w.

We note that, under these definitions, J"s*%s:9s@s[y] = A (r)J Vg/’w’q?’w[w], and thus the positivity
properties of the boundary currents are preserved but with constants that now depend on ¢.
We have that

drs(r)
VIV = VEG IV +ag (NVIVE = — = VIV () VIV,
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and thus
KV [yl +we VA dp = Ty 3 (VAVY + VI VE) + w VA0, ¢
di (1) i v i
= ;r Ty VEr VY + he(r) (T 5 (VH VY + VI V) + wVH a0
d)» c(r)
>c (Z(Q V)7 + (TY)* + ritting — r|<va>>

3
+cre(r) (m/,)z +) QY+ (Tw)z)

i=1

3
> cghe(r) (Z(w)z +(TY)* + Irkitling — r|(Yw)2) +ere (N Y)?.
i=1

For the first inequality, we are using the fact that Vr is a smooth vector field which is future-directed null
on H™T and future-directed timelike in r < IKilling Dy our assumptions from Section 2.4, as well as the fact
that

3
T W15 (VHVY + VIV 4wV, ¢ > c((YW +) Qi)+ (Tw>2>, (3-38)
i=1

which follows because coercivity of the current K Vewsds asserted in (3-34) requires in particular coercivity
of its highest-order terms. Note that the second inequality above clearly follows from the first wherever
(3-37) holds. On the other hand, wherever (3-37) does not hold, we again obtain the second inequality in
view of the definition of A (r) since, in this region, the enhanced positivity (3-34) applies, allowing us to
put extra ¢ factors on the second two terms of (3-38) as well as the bound ¢ (rjiiing —7) < 1.

On the other hand,

|KPs 95 [ ] — we VE Y9, 0|
= [VFw e d ¥ + VR (qo) u ¥ 4+ 20 () g |

dic
< (d(’)ﬂ (r))li//l(|Y1//|+Z|Q¢|+|TW|)

i=1
drc(r) dhrs(r)
+c( S e ))1// +c( e (r>>|w|(|Yw|+Z|sz 1//|—|—|T1//|)

whence we deduce

|K"9% [ —we VA, 9] < 3 (K [W]+ we VA ag) + Core(ny?.

Further,

3
|HYs s [y = V2o Y| = ANV +we (Y] < Ckg(r)(lYlﬁI +Z 129 |+ ITWI> +Crc (Y],
i=1
giving (3-36). The statement (3-35) now follows since we have
KVereds = KVs 4w VEYo, ¢ + KVo% —w Viyd, g
and the above bounds. O
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3.5. The r? hierarchy. For nonlinear applications, we will need to extend our estimates to suitable
weighted estimates satisfying the r? hierarchy [Dafermos and Rodnianski 2010b].

In a suitable framework, very general assumptions on stationary metrics go allowing one to apply the
r? hierarchy are contained in [Moschidis 2016]. Here, let us note that this class was shown in particular
to contain Minkowski space, Schwarzschild, and Kerr in the full range of parameters.

So as not to translate to the setup of [Moschidis 2016], however, and rather than formulate the most
general asymptotically flat assumptions which we will allow in terms of gg, it will be convenient to make
the assumptions directly in terms of coercivity properties of appropriate currents defined in a region
r> R > R for some large R.

To give our precise assumption, let us first define i})?ar :=rPL and let iﬂ;’m, Z]";’ar, %;’m be as defined
in Section B.2. We assume then that, for any § < p < 2 — §, there exists a T -invariant quadru-

(p) [92) (p)

) . () () lad (p) (P ~ .
ple (Viar, Wrar, Gy @ par)s With Ve = V3§ 4+ Vi a vector field, we, = w§,, + Wrar a scalar function,

(p)

» () ~ p ~ jag . .
g =45, + Grar @ 1-form, and @y, = @§, + D a 2-form, defined on r > R and satisfying

18V DI S L 18V DIS L Y lg(Viar, Q0P S L
Warl 77 1L Grarpl S0 1L Grarpl S0
|G dear) L' S 7720 |(ed @) L S 72, (339
(0" A L St (08 A D)W LM S
(0% A B L St Ik (@F A LM ST

1% (0' ATt  L* 1 St k(@ AT LM ST, i=1,2,3,

such that, defining the associated currents } ‘far, I”() far DY (3-11), (3-12), these satisfy the weighted bulk
coercivity property

Kol 2 7P L) + L)+ (YY) + 7 7 (Ly)? + 7Py (3-40)

and the weighted boundary coercivity properties
a0 ) 2P 7 LY 45 (L) + VY 475729,

” (3-41)
T WG, 2 (LYY +rP |V PP+ rP 722,

We note that the #”~!(r—'L(r))? term is redundant in (3-40) as it can be estimated pointwise from
rP~Y(Ly)? and rP~3y2. We retain it to compare with the boundary term (3-41) where it is necessary to
retain explicitly the (r~'"L(ry))? term, as it is not controlled by the terms 7/ 2(Ly)? and rP/2=2y2.

See Appendix B for the construction of such a current on Minkowski space and a broad class of
spacetimes with suitable asymptotic flatness assumptions at infinity, including Schwarzschild and Kerr in
the full subextremal range |a| < M.

Let us note immediately that, given such currents satisfying the far-away coercivity assumptions (3-40)
and (3-41) and given (V, w, ¢, @) as in Section 3.4.4, by defining a suitable cut-off function ¢ (r) with
{=0forr < R and ¢(ry=1forr > R+1, introducing a small fixed parameter e > 0, and defining the
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T -invariant vector field, functions and forms

(P)

V=V+4+el(Viy, W=w+elWy, ¢=q-+ e;Zj'far, T =w + el Wiy, (3-42)

) )

one sees immediately that the associated currents J, K satisfy the global (relaxed) weighted bulk coercivity
assumptions

KW+ AE)2 2 p(r) (LY )2+ (L) + VY D) 4+ () (L) 2+ 03 () g (3-43)

and the global weighted boundary coercivity assumptions

Jul s o 2 rP T L) + 78 (L) + 1V + < (L) +r 8722,
Ju[lﬁ]nng(élﬁ) +i’p|y7‘/f| +rp_21ﬁ , (3-44)

)

JuWnls = (Ly)? + (Ly)? + Yy 1> 4+ 2,

as one can absorb the error terms in the region R<r<R+1 arising from the cutoff by terms controlled
by the coer01V1ty relations (3-31) and (3-32), provided e is suitably chosen We define also the associated

»)

H= V“a,ﬂp + 1, so that the divergence identity (3-14) holds with J K and H.
From the bounds (3-39) and (3-44), we see that we have in fact

Julint o ~ P L) +r 8 (L) + 1YY P + =g LY) + 5292,
TuWIne ~ (L) +rP Wy P 4 rP 2y, (3-45)
wl¥inls ~ (L) + (L)’ + Yy |* + ¢

To state the resulting weighted versions of estimate (3-3) let us introduce some notation. For § < p <2—§

we define
E(r):=E(r)+ / PP L)) 4 S (L) 4 2y, (3-46)
2(o)N{r=R}
F, 1, 7) = F(v, ro,r)-i-/ PPV 4 P2y, (3-47)
CyNR(10,7)
Sy =0+ f PPN G L)) + L)+ VYD) + Py (3-48)
T (0)N{r>R)}

We also define versions of (3-48) where the first term is replaced by i?(r) or ’%&’)(r), respectively.
We will call these X(E’]; (t) and p”g} (7). Note that these latter two expressions do not control a zeroth-order
term in the region r < R.

Note the following properties. For 2 —§ > p > §, we have

5><€' ]-'>]:f0rp>p >8orp =0, 8/>€forp>1—|—8 6’>8f0rp>1 (3-49)

Let us also define the fluxes

&(7) ::/ YT, é5<r):=/ Junk, (.10, 1) ::/ T nk. . (3-50)
(1) S(10,7) NR(t9,T) -
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We note that, by (3-45), it follows that

E(1) ~E(T),  Cs(10,T) = Es(10, T) ~ Es5(T0, T), (3-51)

S, 70, T) ~ F(v, 10, 7). (3-52)
We may now state the main result of this section.

Proposition 3.5.1. Let (M, go) satisfy the assumptions of Sections 2 and 3.4.4, and let (V, w, q, @) be
as in Section 3.4.4. (In particular, the estimates (3 3) and (3-33) are assumed to hold.) Assume for all
0 <68 < p <2 — 34 the existence of a quadruple ( Vfar, Wears (c})far, @) as above satisfying (3-39) and the
far-away coercivity properties (3-40) and (3-41).

Then, forall 0 < § < p <2 — 4, the estimate

P r) » T (p—1) T -~
sup (v, 10,7), €E(1)+ Es(10, t)+c/ PE (T dr’+c/ ”§’(t’) dtr’

v:t<t(V) T0 T0

(r) T £ ()
< ez(ro)+A/ 5]’(1")4—/ |H[¢]F|+C/ F? (3-53)
R(0,7) R(70,7)

70
as well as the estimate

(») (p) (0) T (p—1) T
sup F(v, 70, 7) +E(t) + Es(10, T) —}-f Xe'Hdr +f §,(T/) dt’

v:t<t(V) 70 7o

(p

5§<ro>+/ <|rPr—1L<rw>|+|V,§‘8w|+|wpw|>|F|+/ F? (3-54)
R(to,T) R

(70,7)

hold for all Ty < t, where \71, is a fixed vector field and W, is a fixed function satisfying
18V DIS L gV DS D 18V Q)P ST i, Srt (3-55)

Remark 3.5.2. In the case where we replace the middle term of (3-3) with (3-10), we should add the first
term of (3-10) to the right-hand side of (3-54).

Proof. The estimate (3-53) follows immediately from the energy identity (3-15) corresponding to the
current J in view of the properties assumed.

Note that in cases (i) or (ii), estimate (3-53) already implies (3-54) in view also of (3-39). In general,
to obtain (3-54), we add a large multiple of estimate (3-3) to (3-53). This allows us to absorb the term
multiplying A on the right-hand side of (3-53) in view of the trivial relation

£5e. 0

For consistency, we will in what follows often denote the quadruple (V, w, g, @) of Section 3.4.4 as

m » m o O

w, g, @, and the currents as J, K, H.

()

Finally, in view of Proposition 3.4.2, given ¢ > 1, we may define versions of the above currents where
Ve, we, g, we replace V, w, g, @, respectively, in definition (3-42). We will denote these currents as
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All boundedness and coercivity inequalities will continue to hold with constants independent of ¢ in the
region r > rilling, While in the region r < rgijjiing, the resulting I“() ¢ will satisfy the enhanced positivity
property (3-35), at the expense of lower-order terms. (In the region r < rjjing, however, we emphasise
the dependence of the coercivity constants on ¢.)

3.6. Higher-order estimates. As is well known, in applications to nonlinear problems, one must be able
to prove higher-order estimates in order for the estimates to close.

3.6.1. The commutation vector fields ® and the auxiliary D. Let ¢ (r) denote a smooth cut-off function
such that { =1 for r > %R and ¢ =0 forr < %R. IfS=g,let 2 = 0. Otherwise, let Z‘(r) denote a
smooth cut-off function such that 2 =l1lforr<r+ %(rz —r1) and 2‘ =0forr>r + %(rz —rp). If Qs
Killing, we define v = 1, otherwise we set v = 0. (More generally, we may take v = 0 if T coincides
with the Killing generator and is timelike in > rgiiing.)

We define

D=7, Dr=vQ, D3=Y, Dy=(L, Ds=¢L, Dsi=C+O)Q, i=1,...,3. (3-56)

We will write k = (ky, k2, k3, k4, ks, ke, k7, kg) and |k| = Z?:l k;, and we will denote by Dkyr the
expression

oky =Dl Db ... Py (3-57)

Note that the vector fields (3-56) span the tangent space for r > ?TR and, ifS#9,inr <ri+ ;ll(rz —ry),
but not in general for r| 4 %(rz —r) <r< %R. It is also useful to have a collection of operators that do.
We thus define D to denote commutation strings of operators from the collection

D=L, Do=L, D= i=1...,6 (3-58)
i.e., we define
Dy =DNDY .. Dy (3-59)

(Recall that the additional €2;,i =4, 5, 6, were introduced in the case S = @ to ensure the existence of a
convenient globally defined spanning set of vectors. In the case S # &, we may understand the above
formula with Q4 = Q5 = Q¢ =0.)

3.6.2. Assumption on commutation errors inr > Ry. As is to be expected, in order to obtain higher-order
estimates on (3-3), we will need to strengthen our asymptotic flatness assumption to a higher-order
statement on gp. Again, instead of formulating sufficient conditions in terms of the decay properties of gg
for large r, it will be convenient here to directly assume exactly the statement we shall need in terms of
decay properties of the coefficients appearing in [D*, gy 1.

Our assumption is thus simply the following: for all k£ > 1, there exists an R such that the following
pointwise bound for p =0 and for § < p <2 — 6 holds in r > Ry:

Z ﬁ[@klﬂ][@k, Dgo]llf‘ S% Z I?[@klﬁ]ikC Z I?[@kw] for all smooth functions . (3-60)
|k|=k |k|=k lk|<k—1
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Again, we emphasise that, by our conventions of Section 3.1, the constant C on the right-hand side
of (3-60) in general depends on k. (In actuality, we need only assume (3-60) for all k < kasympt for some
sufficiently large kasympt, but the statement of our theorem will then be restricted to such k.)

Assumption (3-60) is easily seen to be satisfied in all examples of Section 2.7. We note that the
k-dependence of Ry is in general necessary, even for Minkowski space, as we must take Ry — oo as
k — oo.

3.6.3. The red-shift commutation. We recall the following:

Proposition 3.6.1 [Dafermos and Rodnianski 2013]. Let Y be the vector field of Section 2.6.4, and let
H™T be a Killing horizon with positive surface gravity as assumed in Section 2.4 such that the generator Z
lies in the span of T and Q2. Then, along H*, we have

Y5, Ol =@, ) (Y + YO0+ Y (@, 6)(@*y)

|k|<k+1
k3<k+1
foraxy=c>0.

We have the following:

Corollary 3.6.2. Let H , H ¢ be as defined in Section 3.5. Then there exist constants ¢ > 0, C > 0
(independent of ¢) such that, along H™, we have

HIY YR, Ogly = ey —c Y @ )2, (3-61)

|k|<k+1
kaF#k+1

Again, we emphasise that, by our conventions of Section 3.1, the constants ¢ and C on the right-hand
side of (3-61) in general depend on k.

3.6.4. Divergence identity for the higher-order master currents. We define the positive signature function

for 1 < |k| <k,

o (k. k) = opp(k) if ki +ko = |k], (3-62)
’ 1 otherwise,

where o1, will be chosen later such that moreover o, > 1.
We define an additional signature function ¢ (k), for k > 1 also to be determined later, which will be
used to select the parameter of Proposition 3.4.2 to be used in the currents for higher-order estimates.
Let us finally fix a positive function

x(k, k) = x(|kl|, k) = (Geo(k))' ¥ (3-63)

for a »%g(k) > 1 to be determined later.
Given the above commutation vector fields (3-56) and the notation (3-57), we may now define currents

Tl i= . 0 Il + D2 stk o e 0 o[V,

1<|k|<k

KWl=x0 DKW+ Y xk kol K DY)
1<|k|<k

(3-64)
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and, given a collection Gy = {G} k)<« of scalar functions, the current

HIY1-Gi = () HIYIGo+ Y (k. k)o Uk, k) H oo [D* ]G (3-65)
1<|k|=<k

where J, K and H, as well as J ., K. and ﬁg, are as defined in Section 3.5.
If v satisfies the inhomogeneous equation (3-3), then ¥ satisfies the equation

O (DFy) = [DF, Oy 19 + OFF,

and the currents satisfy
VAT W] = K[+ HIy - ([9F, O 19} + Hly1- (DFF), (3-66)

which can again be integrated in the region R(7p, 71, v) to yield
(P

/ j[w]-n+/ j[w]-n+/ j[w]-n+/ Kiv)
%(t1,v) S(10,71) Cy(0,71) R(70,71,V)

= [ dwrn- [ hwrestoge- [ fwl@te. G
D) R(t0,71,V)

(to,v) R(t0,71,0)
Note that
HIY1- (1D, Og 1y} =0 (3-68)
inry + %(rz —ry) <r< %R.
Finally, if
x0(k) > ¢ (k) (3-69)

(2]
is sufficiently large, then we notice that Ik( [¥] > 0 even for r < rkining, and in fact, in ro < r < ri(g), we
have

3
K[y1= cxo)K[yl+e Y x(k, k)gxg(r)(Zmi@"w)Z + (TD*Y) + rkiting — r|<m"w>2)

1<|k|<k i=l1
+ ek, A (M) (YDFy)?,  (3-70)

where we have absorbed the lower-order term in (3-35) with the wrong sign by the largeness of
xo(k) = e (Ikl|, k) oe(lk| = 1, k)

and the positivity of K [¥], and we have dropped the factor o (k, k) using that o > 1. We will always
assume (3-69) in what follows so that (3-70) holds.
Defining

»

e = [ J b &= [
" o G0
fomon=[

CyNR(,7) “
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note that by construction

()

¢1) >0, C. (0. 0)=0, F(v w,1)>0,

and thus, from (3-67), we have in particular

sup §(v. 10, 71) + E(0) + & (10, 1) + / iy
R

" k
v:T <7 (V) (70,71)

< &(xp) —/ HIy1-{[19", Dgo]w}+/ HIy] {198, Og 9
R(zo,T1)N{r<rz} R

(z0,T1)N{r=R/2}

L T (2 RC ST EE )
R(zo,71)

provided the terms on the right-hand side of the above inequalities are suitably integrable.

3.6.5. Elliptic estimates for Uy Y = F. Since in the region r < %R our commutation operators D* do
not necessarily span the tangent space, we will need to also invoke elliptic estimates. These will allow
one to estimate, for solutions of [, v = F, all highest-order derivatives 5"xﬁ from only derivatives D%
with respect to our commutation operators together with appropriate terms involving F. These estimates
require integration over hypersurfaces X (t) or spacetime regions R(7g, 71) and rely on the fact that the
commutation operators ©; span an appropriate time-like direction.

For estimates at order k, we will in fact more generally need spacetime elliptic estimates in r < %Rk,
despite the fact that the ©* span the tangent space as long as r > %R, in order to absorb commutation
error terms where the formula (3-60) does not yet apply.

We have the following proposition.

Proposition 3.6.3. Let (M, go) satisfy the assumptions of Section 2. Let v be a solution of the
inhomogeneous equation (4-4) in R(zo, 11), and let t9 < ' < 1. Then, for all k > 1 and for all
rKilling <7 <1 <r" <rll <R,

/ S @y
(HN{r'<r<r"}

k| <k+1
S f Yoo @)+ Y @)+ Y @F)? (3-13)
S()N{rl<r<rl}

1<|k|<k+1 k<1 |k|<k—1
ki+ky>k|—1
where here S depends on the choice of r”_ <r' <r" <r!. We also have the estimate, for all r' <ry,
/ Y. @y g / Yo @)+ Y @R (3-74)
ZEONr=r} <k ZEON=rY <k k| <k—1

Note that the analogous statements to (3-73), (3-74) with integration on R(ty, 7)) N{r' <r <r"}, etc.,
follow immediately in view of the coarea formula.



QUASILINEAR WAVE EQUATIONS ON ASYMPTOTICALLY FLAT SPACETIMES WITH APPLICATIONS 955

In fact, even without assuming r| < R, we still have the spacetime elliptic estimate

/ > @Fy)?
R(rg,t))N{r'<r<r"}

|k|<k+1

S / Y @ )2+ Y @)+ Y @FF)? (3-75)
R0t =r=rid <k <k+1 k|<1 k| <k—1
ki+ko> k|1

where again S depends on the choice of v’ <r" <r" <rl.

Proof. Estimate (3-73) is a standard elliptic estimate, using the fact that the span of 7', €2 always contains
a time-like direction in the region r > r’ > rKilling. Estimate (3-74) then follows from the previous in
view of the fact that the ©* span the tangent space for » < r| and r > %R.

As we have remarked, in the case rl < R, estimate (3-75) follows from (3-73) by the coarea formula.
It can be obtained more generally, even if R <" or R <r//, by a suitable integration by parts argument.
We sketch this here for the case k = 1. Let us consider the most difficult case where R <r” <r/. One
first does the usual elliptic estimates on X (7) N {r < R}, then integrates over t to estimate the left-hand
side of (3-75) integrated over R(tg, T1) N {r < R} from the right-hand side, but with an additional
boundary term on r = R. Squaring the inhomogeneous wave equation in » > R and integrating by parts
along the null cone X (7) N {r > R}, one may again bound the left-hand side of (3-75), integrated over
R(to, T1) N{R < r < r"}, from the right-hand side and an additional boundary term on r = R. These
boundary terms can be arranged to cancel modulo a term of the form

/ Ty &Y,
R(tg,11)N{r=R}

where A denotes the Laplacian on ¥ (7) N {r = R}, and this term can in turn be related to a bulk integral
which can again be controlled by the right-hand side of (3-75). O

3.6.6. Global control of the commutation errors. We may now give the final statement allowing for the
global control of the commutation error terms in the identity (3-66).

Proposition 3.6.4. Under the assumptions of Section 3.6.2, we may choose our weight functions o1, (k) in
the definition (3-62), xo (k) in the definition (3-63), and ¢ (k) such that the following holds:

For all k > 1, there exists rining < r1(k) < ry such that, for all { satisfying the inhomogeneous
equation (4-4) in R(tg, 11), the following estimates hold:

—HIy1-A0%, Og ) < LKW1, ro<r<ri(h), (3-76)

Y- (19, O 101 5/
R

(»)

/ Kpl+c Y BFFP. G77)
R(zo, T)N{r1(k)<r2}

(r0,T)N{rkitting <r <ra} k| <k—1
HIY1 [0, Og 19} =0, ri+ia—r)<r<IiR, (3-78)
f Hly]-{[9%. 0, / IKIyl+C ) 1DFF)P (3-79)
R(w0,T1)N{R/2<r <Ry} To )N{ R/4<r<9Rk/8}

|k|<k—1
[HIY1-(19F, Oy, 1) < 5KI¥], r= Ry (3-80)
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Proof. We first prove (3-80). Here we will use (3-60). We have that the left-hand side of (3-80) is bounded
inr > Ry by

|H Y1 (1%, Oy 19 i<

3 sk, ) HID y1[DF, O]

|k|<k
<5 Y otk etk ORI YI+C Y ikl + 1,00 (k, DK 9]
e =kt

< iz 3 otk et KID*Y1+C Y Ge(lkl + 1, k)x~ (kI k)x(k|. ko (k. k) K[D*]
|k|<k |k|<k—1

provided that x(k, k) is defined so that
%y L) < 1. (3-81)

To prove (3-76), we note that, in the region ro <r < r;, we may estimate

—HY1-{[D%, O 1¥)
=— > x(kl. O H Dy [DF, Og 1 — sk, k) H co Y 9 11YE, Og 1p

1<|k|<k
ky<k
3
< Co(k)ihepy(r) Y. x<|k|,k)((T@"w>2+Z(szi@"w%(@"wz)
1<|k|<k i=1

+Ce() 2 he@ Y (k= L@ ) = chgqo (Nxk, k) (V)2
I<|k|<k+1

+ Chgcoy(r)|r — rxinting | % (k, k) Z @y (3-82)
1<|k|<k+1

Here, we have applied (3-61) from Corollary 3.6.2 and the bounds on H <) following from (3-36)
of Proposition 3.4.2. Note the dependence on ¢ (k) through A ) (r), and note that the terms in the
commutation identity not present on H* appear with an extra (r — rxiling) factor. (We emphasise again
the conventions from Section 3.1 that constants C, ¢ also depends on k!)

We now have that, given ¢ = ¢ (k), from (3-70), it follows that in the region ry <r <r;(¢), provided
that (3-69) holds, we have

3
c() ey () Y x<|k|,k)((T@"w)2+Z<sz,-©"w>2+<®"w>2>scg%<k>{€[w].
1<|k|<k i=l (3-83)

ST W) Y. x(kl = D@ Y)? < CsTIRKIY).

1<|k|<k+1
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Finally, again provided (3-69) holds and we further restrict r1(s) such that 0 < r;(¢) — rkjiling < g‘l,
we have

Acry (M) r — rxitting| 2 (k, k) Z @ y)? < Cgfl(k)lig[lﬁ]-
|k|<k+1

It follows that, for ro <r <r;(g), we have
(r) 1 »
—H[y]1-{[D", Og Iy} < Cs2 (K], (3-84)

Now we fix ¢ = ¢ (k) to be sufficiently large such that C c12k) < % This yields (3-76).

Since ¢ (k) is now fixed, we also have ri(k) := r;(¢(k)), and, according to our conventions, the
dependence on these parameters may now be absorbed into the constants C, c, etc.

To prove (3-77), we estimate

[H[y1- ([DF, Oy 19|

k| <k /R(To,fl)ﬁ{rl (k)<r=r}

(k| — 1, k) (DFyr)?
<k+1

IA

|,
R(zo,t1)N{r1(k)<r=<ra} k|

SC/ > x(kl =L@+ Y @yl +c Y @F)
R(70,T1)NMrKilling <r <r2}

1<|k|<k+1 k<1 |k|<k—1
ki+ky>|k|—1
< C/ on WKW+ Cx 'O HKWI+C Y @DFF)
R(zo,T1)NMrKining <r <rz} k| <k—1

(We emphasise again the conventions from Section 3.1 that the constants C also depends on k.) We have
used the spacetime version of estimate (3-73) of Proposition 3.6.3 in the above (i.e., (3-75)), with

. i . 3 1
rl=rkiting + 5 (11 (k) — rxitiing), 1Y i=ri+ 30 —r), r'=rn0k), r"=r+50—r),

where we also use that the integrand on the left-hand side is nonzero only in ' <r <r”.

Requiring now o72(k) > 1 to be sufficiently large and x (0, k) = x¢(k) >> 1 to be sufficiently large, we
obtain (3-77).

The proof of (3-79) is analogous to (3-77) and also constrains o3 (k), »y(k) to be sufficiently large.
This finally fixes o12(k) and xo(k). Note here we use (3-75) with r” = Ry and r/{ = %Rk and in general
we may have %Rk > R.

Identity (3-78) follows immediately from the definition of the commutation vector fields ©. O

In what follows, we shall consider ¢, o, and x fixed so as to satisfy the above Proposition. Thus, from
now on, dependence of constants on ¢, o, and » will be absorbed in the C and < notation. We emphasise
again that, according to our conventions from Section 3.1, all our constants ¢, C will in general depend
on k.
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We have the following immediate corollary of Proposition 3.6.4.

Corollary 3.6.5. Let k > 1, and let r be a solution of the inhomogeneous equation (4-4) in R(t, T1).
Then we have the global (one-sided) bound

(P)

(p) L
[ ~ ok O+ [ i
R(zo,T1)N{r=<ra} R(zo,t1)N{r=r2}

<

[W]-{[DF, Og 1y}

IKyl+c Y 1DFFP. (3-85)

/R(fo,fl)ﬁ{rfrz}ﬂ{rZR/Af} k| <k—1

Proof. Note that the presence of % instead of % is due to the fact that both estimates (3-79) and (3-80)
borrow from the bulk of the region r > Rj. Note that restricted to the region r > R, if desired, we may of
course replace the ® commutation on the last term on the right-hand side by ©. O

3.6.7. The higher-order energy notation. We are now ready to derive the higher-order weighted estimates
which will allow us in particular to address nonlinear problems. We will turn to the estimates themselves
in Section 3.6.8. In the meantime, let us introduce some notation below.

We proceed to summarise the definitions: given k > 1, 1 <19 <7, v, and a spacetime function i, we
define the following energies.

In general, our fundamental energies without degeneration functions x or p will be defined with Dk as
commutation vector fields, i.e., they will contain all derivatives at the relevant order. Specifically, we
define first the unweighted energies:

E)i= Y / (LD*Y)? + YD Y P + 1, <r (LD*Y)? +r 2 (DY), (3-86)
k| <k ¥ =(®)
Es(t. 1))=Y / (LD*Y)? + VY I” + (LD ) + (DFy)?, (3-87)
k| <k ¥ S(®0.)
F.m.0)=Y / (LD*Y)? + (YD ) +r 2 (D*y)?, (3-88)
|k|<k CyNR(70,7)

Fom Y [ @B e @B 9B @ 689)

lk|<k ¥ =)

We now define (in analogy with (3-46)—(3-48)) the higher-order p-weighted energies for § < p <2 —§:

E@=E@+) f PPOLED )4 r LD 4 2 DRy, (3-90)
k| <k X(t)N{r=R}

F.10.7) :=?(v)+2f rP YD y |+ rP 2 (D )2, (3-91)
|k|<k CyNR(70,7)

(’;5}(_[) ::";5’)(_[)4_2 / rp_l((r_lL(rﬁkl//))z—{—(L@kl//)z—{— |W5k,‘//|2)+rp—3(5kw)2 (3_92)
el <k ¢ ()
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Note the following important relation:

(P) @»)

E2E

) (p-1

F2F forpzpzéorp'=0, &2

Eforp=1+8, &2Eforp=1,  (3-93)
representing the higher-order analogue of (3-49)
In contrast, we define the higher-order energies carrying the degeneration functions x, p and p in

terms of the © commutators:

te@) = /E ( )r—l—ax(r)«mkvf)% (LD*Y)> + YD y ), (3-94)
|k|<k T

ey =Y / ( )r*“@p(r)((wkw)%<L®kw)2+ YD [, (3-95)
lk|<k V=

PEi= Y [ @t (3-96)
Ik|<k ¥ =@

and then

1) =18 (r)
+ / PP T LED ) + (LDRY ) + YRR ) + P DRy, (3-97)
k| <k X (t)N{r>R}

(15

PE (1) 1="¢/(r)

+2 / PPN T LD ) + (LD ) + YD Y D) + P (DR y)?. (3-98)
k| <k 2 (t)N{r>R}
(Note that in the integrals over r > R, it does not matter whether we use D or D as these would here
define directly comparable energies.)
In analogy with (3-30), we define

gm=Y"[| En@ ) (3-99)
k| <k ¥ Z(®)
We note the fundamental relation »
£<ie v e (3-100)

k=1 k=1 k=2

which follows from our constraints on the support of £ and the degeneration of .

Proposition 3.6.6. For a general smooth function v, we have the following relations between energies:

{ﬁi(r) S ?(r), (3-101)

C () =C () ~E(0). §0. 1.1~ Fv. 10.7). (3-102)

(p) ~ 2 (p=1) i ~(—3-3
f Kiyi+ ), Aé(rﬂ@WZ/ ”?’(r’)dr’+f Pelhdr, 2-5=p=3,
R(r0,71) k| <k 70 L

») _ ~ T s T s (3-103)
f Kyl+ Y e @ y)’ 2 / P dr + / e hdr, p=o.
R(wo,71)

k|<k % ¥



960 MIHALIS DAFERMOS, GUSTAV HOLZEGEL, IGOR RODNIANSKI AND MARTIN TAYLOR

For yr a solution of the inhomogeneous equation Ug Yy = F, we have

0) S(ég(r)Jr/ > @FF). (3-104)
S(r)N{r<R} |k|<k—1

If x =1and p =1 identically (as in case (1)), then

s+ @ +f Y ®F)?, 2-8=p=s, (3-105)
Z(t)N{r<R} |k|<k—1

@S+ @+ / 3 @y, (3-106)
SO =R iy

and if p = 1 identically (i.e., as in cases (i) and (ii)), then

O SEm+7g @+ / Y. @R 2-s2p=s, (3-107)
2(t)N{r<R} |k|<k—2

EOSE O+ E D+ f > @Ry (3-108)
E(T)N{r<R} |k|<k—2

Proof. The relations (3-101)—(3-103) follow immediately from our coercivity and boundedness assump-
tions on the currents, while the inequalities (3-104)—(3-108) follow easily from the elliptic estimate (3-74)
of Proposition 3.6.3. 0

We note the following immediate corollary of the above proposition:
Corollary 3.6.7. Let r be a solution of
Uy =0 in R(7o, 71)-
Then calligraphic and fraktur energies on X (1) are equivalent:
E() ~ E(n).
If x =1 and p = 1 identically (as in case (1)), then
@~ g+,
o)~ 1D +7E ).
If p = 1 identically (i.e., as in cases (i) and (ii)), then
FO SO+ E @),
FO 5@+ .
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3.6.8. The final higher-order estimates. We conclude with our higher-order version of Proposition 3.5.1.

Proposition 3.6.8. Under the assumptions of Proposition 3.5.1, let us assume the additional assumptions
of Section 3.6.2.
Fix k> 1. Then, forall 0 <8 < p <2 —§ and for all tg < t < 11, we have the following statement:
Let yr be a solution of the inhomogeneous equation (4-4) in R(ty, t1). Then we have

sup §(v, 10, 7), () + (w0, 1)+ f e @) dr +c f e dr

v:t<t(V) T0 70

fé(m”f‘fﬁ’(fﬂf |ﬁ[m-{©"F}|+c/ Y (@FF)
70 R(w0,7) R

(70,7) k| <k

+C f @FF)?  (3-109)
R (9, 7)N{ Z

r=RY g <k—1

as well as the estimate

(p) p) ©) T (P—1) I(IH)
sup f(v,fo,f)+§(f)+5s(fo,f)+f X§/(r/)dr/+f g@har
70

v:Tt<t(V)

g;f‘(fo)+/ Z(IV“(@kw)ul+|wp©"w|)|®"F|+/ Z(@kF)Z
R(t0,7) |k| <k R(10,T) K<k

+c/ > (35"F)2+/ > @FF). (3-110)
R(z0,T)N{r<R} |k|<k—1 Z(t)N{r<R} |k|<k—1

For p =0, identical statements hold with p — 1 replaced by —1 — 6.

Remark 3.6.9. In the case where we replace the middle term of (3-3) with (3-10), we should add

Z/f LD5Y P + LD Y 2+ (YD Y 2 4 r 2Dy \// (DEF)?
R(tg,7)N{r<R} R

k| <k (10, T1)N{r<R}
to the right-hand side of (3-110).

Proof. We first prove (3-109). This follows from (3-72) and applying Proposition 3.6.4 (in the form of
Corollary 3.6.5) and the properties of Section 3.6.7.

To prove (3-110), let us first commute the equation by Tk (and QE, if assumed Killing) and apply the
black box estimate (3-54) to Tk Y (and Q’l2 Yr) for k < k. This gives

sup FITF 10, w0, 0) + ELTF10) + Est Ty + [ AETH @ de+ [ enrtyieae

70 70
sarfyie+ [ @ tertol+ TRt it [ @t e
R(10.7) R(r,7)

and similarly with Q¥v.
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Now note that, in the support of &, all © vanish except for T (and €21), whence we manifestly have

A/ 5 (t)ydt' < Z/ E/[Tkw](r )+ g’[usz v,
70 k<k 70
where we recall that v = 1 only if €2 is Killing. It follows that the left-hand side of (3-109) is bounded
by the right-hand side of (3-110).

Now apply the black box estimate (3-54) to D%+ and note that we can bound the terms arising from
[y, D¥1yr by ¢ f rf) /’(?} () +:<§/‘(‘E/ )dt’ and the spacetime term involving DKF on the right-hand side
of (3-110).

We thus have that (3-111) holds with ©¥y in place of T*v.

We apply our elliptic estimate of Proposition 3.6.6 to bound ‘(kg} (t) from (é,;(r), generating the last term
on the right-hand side of (3-110).

Finally, by (3-74) of Proposition 3.6.3, we may estimate

T T .
/ Ehde' < / (PE' @) +E @) dr' + / S IRFFP. 0
70 70 R(to,T)N{r<R} k| <k—1

Remark 3.6.10. Note that for convenience we have used (3-109) to obtain (3-110). This was because
our precise commutation assumptions were stated with respect to the global currents. If one does not
assume estimate (3-33), and thus one does not have (3-109), one may still obtain (3-110) under the
assumptlon of asymptotic flatness of Sections 3.5 and 3.6.2, where we insert simply the far-away currents
J fars K far 10 (3-60). (We also use that, from the assumptions of Section 2, we can still define currents as
in Section 3.4.5 giving enhanced positivity near £ " and in the black hole interior.) Thus, in particular,
estimate (3-110) holds in the Kerr case in the full subextremal range |a| < M.

3.6.9. Sobolev inequalities and interpolation of p-weighted energies. We end this section recording two
easy statements about the energies we have defined.

In anticipation of studying nonlinear equations, one will need to estimate lower-order pointwise
quantities from higher-order energies by Sobolev inequalities. We have the following:

Proposition 3.6.11. Let i be a smooth function on a neighbourhood of X.(t). Then we have

sup D'y (0))? Sminf £'(0), ED)}. (3-112)

|k‘§k_3x62(r)ﬂ{r§R}
Proof. We note that the left-hand side of (3-112) is in fact bounded by the energy restricted to X N{r < R},
which is why we may choose either of the two quantities on the right-hand side (3-112). O

Weighted Sobolev inequalities will also hold globally on X (7), and in practice these are used to
estimate nonlinearities in the region near infinity. Because this use is incorporated in our assumption
on the null condition (see already Section 4.7), we shall not need to state such inequalities, although,
in practice, they will appear in the context of verifying the assumptions of Section 4.7. See already
Appendix C.

Finally, we have the following easy interpolation result.
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Proposition 3.6.12. For § as fixed in (3-1), one has the following interpolation inequalities:

D) S (E@) T (Em)’, (3-113)
(5-1) (-1-8 1-8 o 25
£ S (€)™ (€)™, (3-114)
w0+1/2 , T0+1/2 0 t1/2
/ S(t) < \// 5(1)\// £(). (3-115)
Proof. The proof of these inequalities is standard and is left to the reader. O

4. Quasilinear equations: preliminaries, the null condition, and local existence

We assume throughout that (M, g) satisfies the assumptions of Sections 2 and 3 (for cases (i), (ii) or (iii)).
We will introduce in this section the class of quasilinear equations to be considered in this paper, and
derive some preliminary results which will be used in the proof of our main theorem.

4.1. The class of equations. We will consider solutions ¥ to quasilinear equations of the form

Ogpo¥ = N" (W, )0, % 8,9, (4-1)
where
g RXM->T"MRT*M and N:RxM—>TMTM (4-2)

are such that m o g(¥/, x) = x and w7 o N (¢, x) = x, where
7 TMKTM—->M and 7w:T"MQIT*M — M

denote the canonical projections, and such that g(0, x) = go(x) for all x, while g(-, x) = go(x) for
r(x)> %R, and N and g are smooth maps.
We will assume moreover that, for each k,

9%9ig*P (&, x) and IFIENP(E, x)

are uniformly bounded for all |k|+s <k, all r < R, and |£| < 1. Here 8,’; denote multi-indices with
respect to the ambient Cartesian coordinates of Section 2.1.

For N*¥ (¢, x), we will eventually need in addition to assume some version of the null condition. We
will only introduce this in Section 4.7 (see already Assumption 4.7.1). Let us note that our assumption on
the support of g — g¢ is merely so as not to deal with formulations of the null condition for the quasilinear
part.

We will sometimes view the equation in (4-1) as an inhomogeneous equation on a fixed gy background,
i.e., we will write it as

Oeo¥ = N*" (¥, 1),y 009 + (g — gy ) ¥, (4-3)

and similarly for its commuted versions. We may thus apply estimates to the inhomogeneous equation

O = F. (4-4)
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4.2. Smallness parameters. Starting in this section, we shall introduce smallness parameters (i.e.,
parameters related to making smallness assumptions on solutions), denoted using the symbol & and
various subscripts, €.g., Eprelims Elocal. Unless otherwise noted, these will depend only on (M, go),
on the nonlinearities of (4-1) defined by (4-2) and, in general, on k, if there is k dependence in the
statement.

When these smallness parameters depend on an additional quantity, this will be indicated in parenthesis;
c.g., Elab(00).

Note finally that our convention on constants denoted C, c, etc. remains the same as set in Section 3.1,
i.e., these will not depend on (4-2).

4.3. Energy currents for Uy, ) and the stability of coercivity properties. Let yr denote a solution
of (4-1) on a domain R(to, 7). Because we shall use energy identities connected with [,y 1), we
shall require certain basic smallness assumptions on i which ensure that the causal nature of relevant
hypersurfaces is retained and that induced volume forms of g and g are comparable.

In the sections to follow, the main smallness parameter we will consider will be &prelim > 0. We
emphasise that, according to our conventions of Section 4.2, &prelim > 0 will in general depend on the
nonlinearity (4-2) (and also on k). The parameter &prelim > 0 can be taken as fixed everywhere in the paper,
but note that its smallness is constrained in multiple propositions whose preambles refer to its existence.

As we shall see, the propositions in this section will always refer to solutions satisfying

Y @y < e (4-5)

k<1

inr < R for 0 < & < &prelim- (We recall here that, for r(x) > R, we have g(/, x) = go.) Eventually, (4-5)
will be the consequence of a stronger estimate (see already (4-23)).

4.3.1. Currents for Uy y ¥ = F and the stability of coercivity properties. Let us for the moment
consider more generally the equation

ey ¥ =F (4-6)

for arbitrary F, where i satisfies (4-5) for sufficiently small e.
We may define now the currents

JleW. ). ¥l KlgW,x), ¥ (4-7)

again by the expressions (3-64), where the constituent (3-11), (3-12) are defined with the same quadru-
ples (3-42) as before, but now with g = g(i, x) replacing go. These currents satisfy (3-15), with respect
now to the normals and volume forms of the metric g, and where H [v] is defined by (3-13). (Notice
that the definition of H [v] does not depend on the metric.) In the region r > R of course, all currents
coincide with their gg versions since g = go in this region.

We have the following proposition.
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Proposition 4.3.1. There exists an &prelim > 0 such that the following statement holds:
Let  be a solution of (4-6) in R(7o, T1) satisfying (4-5) for 0 < & < &prelim- Then x — g(Y¥(x), x)
defines a Lorentzian metric on R(7y, T1), and the identity (3-15) holds in R(tg, 1, v) for all v such that

71 < t(v), where the coefficients, normals and volume forms are gl/4

close to those of the currents (4-7)
corresponding to Ug ¢ = F.
In particular, there exist constants C, ¢ such that, for p =0 or § < p <2 — 8§, the corresponding

coercivity properties (3-45) are retained for the currents (4-7), while (3-43) is replaced by

KLg(W, x), W1+ AEY? = erP~ o) (L) + VYD) + cr 7 p () (L) + cr = )y
— Cet tympynipecelii<1/ny (LY + L)+ VY P +92).  (4-8)

In particular, we still have (3-43) inr > R and alsoin {r < R}N{p > Cel/4).

Given ¢ = ¢ (k) as fixed previously, we have that the above applies also for the currents J lg ey, x), V],
I(gg[g(w, X), Y] in the region r > rgiling, While in the region r < ri(g) the coercivity properties of
Propositions 3.4.1 and 3.4.2 hold for these currents.

Proof. This is clear from the properties of tensor identities. Note how the smallness constraint on &pyelim
provided by this proposition depends of course on the map g of (4-2) and is needed even simply to ensure
that g is Lorentzian and that the inverse metric to be well defined. (]

Note that, since p = p = 1 in case (i), the bound (4-8) implies that the full coercivity applies in that
case. (Note that if p is a step function valued in {0, 1}, then {p > Cell*y = {p > %} ={p =1} and
{p<Ce/*)={p=0})

Corollary 4.3.2. Under the assumption of Proposition 4.3.1, we have the coercivity statement

Klg®W, ), ¥1= 8Klgo, ¥

inf{r <r}uU {r > %R} and an analogue of the coercivity statement of (3-85) holds in the form

/ —HY1 {195, Og 9} + / ] (19%, O 1)
R(zo,t1)N{r<r2} R(zo,T1)N{r=r2}

<

2K 0, Y1+ C Y BMF + Oy~ Degn)¥))? (4-9)

/R(ro,n)m{rSrz}m{rzR/M <k

We have moreover the following version of (3-103):

T sy

T [
p?(f’)dt,—f—‘/ PE(ThdT, 2-5>p=3,

70

/R( )Iie[g(w,x)» Y+ Y AE(r) (DY) z/

k| <k i

f ( )I?[gw,x),m+z AE(r) (@ y)* 2 / Py dr + /
R(t9,71

k| <k 0 o

- (4-10)

1
re (t"dt', p=0.

Proof. Note that we have retained g( on the left-hand side of (4-9), so this is simply a statement about the
stability of coercivity properties of the first term on the right-hand side. O
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©)

4 3.2. Relations of energy fluxes. In view of the above we will define a new set of energy quantmes S (2),
Qf(g) etc., defined in parallel with those of S (’3 of Section 3.6.7 (to be denoted below as & (20), (‘E(go)),
but where the flux is defined with respect to the divergence identity with respect to g = g(xﬁ X), 1.e., we

define
¢(g, 1) :=/ J 8, ¥In(@)s ) €8, f):=/{ [g. V1n(g)s,
U stH (4-11)

I 8. ¥In(®)e,, T=T=1(@),

kS(g, v, 79, T) ::/

CyNR(0,7)
where the omitted volume forms above are here understood with respect to g = g(i, x).

Corollary 4.3.3. We have that, under the assumptions of Proposition 4.3.1, for all 19 <t < 1| and v such
that 11 < t(v),

») (p) () ) (r) (p) ) (0)
C(g. ) ~ Cg0, 1) SEM),  Es(g. 1) =Cs(g. 1) ~ E(g0. 7) = E(g0. V) ~ Es(0),

() ()
§(g, v, 10, T) = §(8o, v, 0, T) ~ F (v, 70, 7),
and in fact

C(g) < (14 CeNE(go),  E(go) < (1+Ceh)E(g),

£(o) < Blel(r) + / 3 BHF + Oy — Dy W)
2(t)N{r1<r<R} |k|<k—1

(4-12)

()

As always, the significance of expressing the above with respect to the energies €(g), etc., is that the
constants in our nonlinear inequalities will be exactly 1.

Note that, in all integrals below with volume form omitted, we will continue to use the volume
form induced by go unless otherwise noted. (We shall only use the volume form induced by g (¢, x)
when applying the divergence identity involving (4-11). The corresponding volume forms are of course
equivalent under the assumptions of Proposition 4.3.1, but again one must distinguish where appropriate
SO as to obtain the exact constant.)

4.4. Higher-order estimates for the quasilinear equation. Using the above, we can finally obtain the
following:

Proposition 4.4.1. For all k > 1, there exists an &pgelim > 0 such that the following statement holds:
Let0 <6< p<2-34, 19 <1y, and let ¥ be a solution of (4-1) in R(7y, T1) satisfying (4-5) for
0 < & < &prelim- Then, for all T € 79, T1], we have

» ») T (1), T (3-8
sup S(v 70, ), gf(r)+g€s(fo,r)+cf ”§/(r’)dr/+cf ”g’(r’)dr’

v:T<tT (v) 70 To

<éa+a [ Eahar
70

+/R( )|f}[1/f]'{©k(1\’“‘3(1/f, X)3aYdpy)}| (4-13)
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+ / | HIY T {[Dgp) — Oy D19 (4-14)
R(tg,7)N{r<R}

v @ NPy +C [ ((Dgtg) — Dy, DFT)?
R(t0,T) |k|Z§k g R(t0,T)N{r<R} klz<k s

v S BN (g, 1) 058 + Oy — D)) (“15)
R(to,T)N{r<R} k| <k—1

+Clei f S @@ ) + L@ )+ YD D)+ (@-16)

R(7o, r)ﬁ{r<R}ﬁ{p<Cf} |k|<k

as well as the estimate

sup  F(v, 0. 7) +£ (1) +€ (1o, r)—i—[ ey dr/—l—/ E@hdr @17)
vr<r(v) T0 70
< Em)
+ / ) > (V@ )|+ wpDFy DIDH (NP (r, x)0a Y 059 + (g~ Dgp)) V)| (4-18)
R0 gy <k—1
+ / > @ NP, 1) 9y + (g, — Dgp)¥))’ (4-19)
R(T0:T) || <k—1
+f S BV, 20 951 + Oy — D) V)Y (420)
R(t9,7)N{r<R} k| <k—2

fz S BN (, )8t 058+ gy — gy V)P (“-21)

(t)N{r<R} |k|<k 2
Moreover, for p = 0, identical statements hold with —1 — § replacing p — 1.

Remark 4.4.2. In the case where we replace the middle term of (3-3) with (3-10), we should add

> \/f ILD*y > + LD Y > + VD y P +r 2Dy
R

|k|<k—1 (z0,7)N{r<R}

x \/ / DX N (W, 2)da ¥ I + gy = Dgryx)¥)?
R(zo,T1)N{r<R}
to the right-hand side of (4-18); cf. Remark 3.6.9.

Proof. Note the term on line (4-14) arose by expanding the term appearing in the actual identity as follows.
Write

f HIY T ([Dgep). DF19)
R(t9,T)N{r<R}

()

= / HIY] - ([Deqpry — Oy D10} + / H[Y]-{[Og,, %19},
R(t9,7)N{r<R}

R(ro,T)N{r<R}
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then bring the second term to the left-hand side to use Corollary 4.3.2 and absorb it in the bulk. (Recall
that, in the region » > R, we have g = go.) The term on line (4-15) arose from our application of elliptic
estimates to i, considering it as a solution of (4-3). The term on line (4-16) arose from the term on the
last line of (4-8). We note that, restricted to r > R, we may replace 9 commutation with ® commutation.

The inequality (4-17)—(4-21), on the other hand, simply arises from applying the estimate (3-110) to
the nonlinear equation written in the form (4-3). Note that we have applied it at one order less, i.e., with
k — 1 in place of k, in view of the fact that the right-hand side is of order k. g

4.5. Summed norm notation and the lower-order smallness assumption. In addition to the primitive
assumption (4-5), in the context of our proof, we will need to introduce stronger a priori energy smallness
assumptions on ¥ in our region R(7g, 71) under consideration. In the context of the proof of the main
theorem, this will appear as a bootstrap assumption. This will ensure that higher-order nonlinear terms
are indeed absorbable.

We first explain some additional notation. We define the following summed quantities for § < p <2—4:

» ® » T oy
X(w, 7)== sup E£(r)+ sup {T(v,ro,n)Jr/ g'(7hdt,
70

t'€[70,71] v:71<v(7)

) ) (p) 2 (p=1) ~(=3-5
PX (v, 1) = sup E()+ sup F(v, 7, T1) +/ (€' +pk§/(f/)) dt’,
T

t'€[70,71] v:T1 <7 (V) 0

» » » T =0
*X(t0,71):= sup E(T)+ sup Jf(v,ro,rl)Jr[ (P& @)+ £ (1)) dT'.
T

'€l 711 vt <7 (V) 0
For p = 0, we first define the analogous quantities, where p — 1 is replaced by —1 — §:

) (0) (0) Tl (—1-3,
X (v, 1) := sup E(r)+ sup {T(v,ro,n)Jr/ kS}(f’)dr’,
)

t'€[70,71] v:T <7 (V)

) 0) () 2 (—1-5 ~—35
PX(t0, 1) = sup E(T)+ sup F(v, 10, r1)+/ (p§/(t/)+pk§/(T/)) dt’,
'€, 71] vt <t(v) 70 -

) ) ) TI
*X(t0,71):= sup E(T)+ sup Jf(v,ro,rl)Jr/
t'€l10,71] vt <t(v) 70

(Fe'@) + ') d.

Because p = 0 is anomalous, however, we will need in addition the following stronger energies which
will appear on the right-hand side of p = 0 estimates:

(0+) () (0) rl (8-1)
X(vo, 1) := sup E(T)+ sup F(v, 10, T1) —i—/ g'(thdr,
T

€[, 71 v:T1 <T(V) 0

(0+) ) ) Tl (8-1) ~(—35
PX(rg, )= sup E(t)+ sup {T(v,ro,ﬁ)Jr/ (P& +7E @) ar,
T

t'€[70,71] v:T1 <T(V) 0

(0+) (0) (0) TI (5-1) (8-1)
*X(r0, 1) = sup E(T)+ sup F(v, 10,171 —i—/ (P& @)+ £ (1)) dr'.
'€, 71] vit <t (v) 70 -

(p) p

Note the general properties that p’ > p, k' > k implies %\.’) 2 X, X

") ) 03] ()
A 2 *X, "’k, 2 P X, while
(p)

X <Xy (4-22)

~ ;2
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We will use the notation <k to denote some particular positive integer, depending on k, which may
vary across different instances of our use of the notation, such that <k < k and, in fact, <k is “much less
than k”, provided k is sufficiently large. In particular, for all positive integers n, we assume there exists a
k(n) for which k > k(n) implies <k <k —n.

We have the following:

Proposition 4.5.1. Let k > 4 be sufficiently large. There exists an &pelim > 0 such that, for all 0 < & < &prelim,
the following holds:
Let r satisfy

)

X<eg (4-23)

<k T

in R(ty, t1) for p =0 (or some § < p <2 —3§), where <k > 4. Then the following improved version
of (4-5) holds:

sup » (DFy)? Se < Ve (4-24)
r<R
|k|<1
Proof. This follows of course immediately from the Sobolev inequality (3-112). (]

In the context of the proof of the main theorem, inequality (4-23) will be introduced as a bootstrap
assumption, and Proposition 4.5.1 will be applied to retrieve the assumption (4-5), which is necessary for
the results of Sections 4.3—4.4. Note that, with the assumption (4-23), we may replace the boxed !/
in (4-16) with /.

We note that, in what follows, restrictions on k sufficiently large will always include the condition
<k > 4.

4.5.1. Comparability of € and £ energies. We note first the following:

Proposition 4.5.2. Let k > 4 be sufficiently large. There exists an &pelim > 0 such that the following holds:
Let v be a solution of (4-1) in R(7o, T1) satisfying (4-23) for p =0 and some 0 < & < &prelim. Then,
setting F'= N*" (Y, x)0, ¥ 0, ¥ + (Ugy — Ugy,x)) ¥, we have

/ @DFF)? Smin{ (1), €@} E@) SeET). (4-25)
BENr=RY g1 ) -
Proof. This is standard in view of our assumptions on N and g(i, x) from Section 4.1 and can be proven
using the Sobolev inequality (3-112) on Z(t") N {r < R}. O

We may now obtain the following result, which can be viewed as a corollary of Proposition 3.6.6.

Corollary 4.5.3. Let k > 4 be sufficiently large. Then there exists an &pelim > 0 such that the following
statement holds:

Let  be a solution of (4-1) in R(zo, T1) satisfying (4-23) for p =0 and some 0 < & < &pelim. We have
the analogue of Corollary 3.6.7: The calligraphic and fraktur (when applicable) energies are comparable,

ie.,

E(x) ~ E(0)(g),
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forall tg <t < 11. Moreover, if x =1 and p = 1 identically (as in case (1)), then
@ ~Em+7 @, Ea~tE @ +7E )
and thus
XX (0, T1) ~ P X (70, T1) ~ X (70, T1).

If p =1 identically and p = x, (i.e., as in cases (i) and (ii)), then

EOHEO~TE O+ E @), D +E @~ 0+ E )
and thus
1 X (19, 11) ~ " X (10, T1).

Proof. This follows from (3-104)—(3-108), with F defined as in Proposition 4.5.2, using the estimate (4-25)
to absorb the inhomogeneous term, for sufficiently small &prefim. Il

4.6. Estimates on the nonlinear terms in the near region.

Proposition 4.6.1. Let k > 4 be sufficiently large. There exists an &pelim > 0 such that the following holds:
Let i be a solution of (4-1) in R(zo, T1) satisfying (4-23) for p =0 and some 0 < & < &prelim. Then all
integrals on lines (4-13)—(4-16), restricted to R(ty, T1) N {r < R}, may be estimated by
T 0) (~1-8)
< / E(t)y/) E()dr, (4-26)
fo <k
while the integrals on lines (4-18)—(4-19), again restricted to R (ty, 1) N {r < R}, with or without the
extra term of Remark 4.4.2, may be similarly estimated by
T 0) (—1-8)
'S / E(t)y E)dr'. (4-27)
70
Proof. This is standard given the assumptions in Section 4.1 and can be proven using the Sobolev
inequality (3-112) on X(7) N {r < R}; cf. the proof of (4-25) which in fact already bounds several of the
terms. (Note that the boxed &'/# in (4-16) may clearly now be replaced by the quantity ,/ & '(t’) within
the integral.) O

We remark again that, as opposed to (4-26), the control (4-27) loses a derivative, as the energy on the
left-hand side of (4-18) is of (k—1)-th order while the right-hand side of (4-27) is of k-th order.

4.7. Assumptions for the nonlinearity in the far region: the “null” condition. We may now state our
specific assumption capturing the null condition for the semilinear terms.

Rather than formulate algebraically the null condition in terms of the form of N, for maximum generality
we will make our basic assumption directly at the level of an estimate for terms on the right-hand side of
the inequalities of Proposition 4.4.1.

Our assumptions will only depend on the region r > gR, so we will need some notation to denote the
restriction of energies, etc., to this region. Given r, > rg and v, by

» » »

Fre,v’ % v Ky’
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we shall mean the expressions defined as before, but where all domains of integration are restricted to the
region R(7g, 71, v) N {r > r,}. We may thus define these expressions for functions

Y R(tg, T, v)N{r =1} — R.

Similarly, the above expressions without the v subscript, e.g., é‘r , will be defined where all domains of
integration are restricted to R (g, t1) N {r > r,}. These can then be defined for functions

Vi R(to, T1) N{r > re} > R.
Let us note that

r*igR = 3)( =X-‘X‘ :p/k% s (4_28)

and similarly for the quantities without the v subscript.

Assumption 4.7.1 (null condition for semilinear terms). There exists a knuy and, for all k > kyyy, an
Enull > 0 such that the following holds for all tg < 71, v

Let i be a smooth function defined on R(ty, T1, v) N { g } satisfying the bound

)

Yerjon =° (4-29)

for some 0 < & < eny1. Then, forall§ < p <2 -3,

/ U LD ) |+ LD Y + 1LD Y | + I Y DRy + 1 DRy )
R(to,71,v)N{r>R} |k|<k k 8 K 8 5
x [DF (NP, x)dur 3py) | + @F (NP (W, x)0ur Dp1))

(p)

S Xgg0., (105 Tl)\/kSR/g (@0, 7) +/ X0, (To,fl)\/ 8R /9.y (70> Tl)\/kgR/9 (70, T1),  (4-30)

while, corresponding to p = 0, we have

/ > (r LD )|+ ILD | + LD Y| + [r YD |+ [ DRy
R(zo,T1,v)Mr=R}
=t % [DK (N (4, )80 1 Bp1)| + (DX (NP (W, x) ¥ 951))?

S Yo, (70 T1) <ffg,e/%(fo, 7).  (4-31)

Proposition 4.7.2. Assumption 4.7.1 holds for equations (4-1) when gg is Minkowski and the semilinear

We note the following.

terms N satisfy the classical null condition of Klainerman [1986], and more generally when g is the Kerr
metric and the semilinear terms N belong to the class considered by Luk [2013].

Proof. See Appendix C. O

Remark 4.7.3. Let us note that, for v defined on the slab R(z, 12) N {r >3 R} from the trivial bound

»

X < (X , We may drop the v subscrlpts For v defined globally on the slab R(zy, 1), in view of (4-28)

k Ig,VU »)
and the tr1V1al bounds pX < pX etc., we may replace the 8M v subscripts i in all the X, etc., energies
on the right-hand side W1th the p superscript, i.e., replace X etc., with /’X etc. Also for such ¥,

we may clearly replace (4-29) with assumption (4-23).

M /9,0
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4.8. The final estimates. Putting everything together we have the following:

Proposition 4.8.1. Consider (M, go) satisfying the assumptions of Sections 2 and 3 (for cases (i), (ii),
or (iii)) and equation (4-1) satisfying the assumptions of Sections 4.1 and 4.7.

Then, for all k > 4 sufficiently large, there exist constants C > 0 (also implicit in the < below), ¢ > 0,
and an &prelim > 0, such that the following is true:

Let g < 11, and let \ be a solution of (4-1) in R(xg, 11) satisfying (4-23) with p = 0 for some
0 < & < &prelim- Then, for § < p <2— 8, one has the estimates

()

(p) (p)
sup §(v, 70, 7), ’X(r0,71), E(T1)

v:T<7(V)
» T » ©
1ot ’
= E(ro) + Af (@) dT + Cgp o(T0. TV K o (T0- T1)

70

» © » T “1-9)
O om0 Xy F o +€ [ B Eanar, @)

70

(p) (p) ) ) ) 0) »)
X
Fto, ) S E0) + o0, Ty X 000,70+ g o101V X 0, 7Y o (0, 71)

k

u (0 (—=1-8)
+/ E(T) <<6k’/(r’) dt’, (4-33)
70

while, for p = 0, one has the estimates

0) 0) 0)
sup §(v, 70,7), ¢’X(r0, 1), €E(t1)

v:t<t(V)
© B o+ 05 T ©
< E(r0)+ A / E@ AT +CE o1, Ty Xy o (0, 1) +C / E@)E@)dr, (4-34)
70 70

(0) (0) 0+) (0+) rl ) )
KR (10, 1) S E@) + By 0. 10y Fy o (0.7 + / FanfEardr. @)

0

Finally, in both the case p = 0 and the case § < p <2 — §, one has the alternative estimate

X (10, 71) S ET0) + (1 + 11 — 1) X (70, 1)y X (10, T1). (4-36)

depending on t| — 1.
Proof. This follows from Proposition 4.4.1, Corollary 4.5.3, Proposition 4.6.1 and Assumption 4.7.1. [J

Remark 4.8.2. Note how the case p = 0 is anomalous in that one sees “0+4" on the right-hand side of
(4-34)—(4-35). It is this fact which will require us to use p > 0 weights to close the global estimates
(4-32)—(4-33), even in the case (i). On the other hand, (4-36) is sufficient to show local existence even
using only the p =0 weight.

Remark 4.8.3. In using the above we shall always simply replace terms like (é() 8R/9

p%% (10, 1), etc., according to Remark 4.7.3. We have kept the terms in the above form simply to highlight

(10, T1), etc., by

their origin in the estimate of Assumption 4.7.1.
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Remark 4.8.4. In the case where we only assume the black box inequality (3-3) and the assumptions of
asymptotic flatness of Sections 3.5 and 3.6.2 as interpreted in Remark 3.6.10 (necessary to obtain (3-110))
and, moreover, the equation (4-1) is semilinear, i.e., g(x, ¥) = go for all x € M, we then obtain the
statement of Proposition 4.8.1 without inequalities (4-32) and (4-34) and where (4-33) and (4-35) are
replaced by

(0) (U]

XX(TO,Tl)<5(To)+X8R/9(T0,T1) Xerpo(T0: T+ XSR/g(To, ) XgR/g(fo,Tl) (70, 71)

<k 8R/9

+ / £(t) ;(ék”(r/)dr’, (4-37)

) 0) O+) O+) 2 ) 0)
X%Tm,n)Sélm)+ﬁ§Rw(m,nh/gg&@@mf04i/ g E@ar (4-38)

70

respectively. (In particular, (4-36) also still holds as stated.)

4.9. Local well-posedness. Finally, we give a local well-posedness statement and an extension criterion.

Since our initial data hypersurfaces X (tp) are in part null, it will be convenient to assume that our
initial data are smooth. We define a smooth initial data set on X (1g) to be a pair (\», ) where 1 is a
function on X (1) smooth on X (79) N{r < R} and smooth on X (79) N{r > R} and 1’ is a smooth function
on X(t9) N {r < R}, such that moreover there exists a smooth function ¥ on R(ty, t;) for some t; such
that

Ulsy =0, n¥|senr<ry =V,

where n denotes the normal to X (79) N {r < R}.
Note that given such initial data on X (7p) one may define

£, V'] (4-39)
as follows:
Using (4-1) we may compute along X (tp) the (k41)-jet of any smooth solution i of (4-1) such that

Vs =, n¥lsanp<ry =" (4-40)

We may define 2? [V, ] to equal the usual L? (t0) where the derivatives are interpreted in terms of this
formal computation. Note of course that the expression (4-39) may well be infinite.

Alternatively, we may express this as follows. Using the above computation, we may in fact define
a smooth W as in the previous paragraph such that ¥ moreover satisfies (4-1) along ¥(zp) and, for all
k| <k, Dk satisfies along X (7p) the equation one obtains by commuting (4 1) by k. We may then
simply define (4-39) by substituting this W for i in the usual expression for 8 (10).

With this, we can now state our local well-posedness:

Proposition 4.9.1 (local well-posedness). Consider (M, go) satisfying the assumptions of Sections 2
and 3 (for cases (1), (i1), or (ii1)) and equation (4-1) satisfying the assumptions of Sections 4.1 and 4.7.
Fix either p=00r§ < p <2 -—34.
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There exists a positive integer kioc = 4 such that the following holds: Let k > kioc. Then there exists a
positive real constant C > 0 sufficiently large, a positive real parameter €1 > O sufficiently small, and a
decreasing positive function Teis; . (0, €1oc) — R such that, for all smooth initial data (\p, ") on X (19)
such that

(p)
(::[ll), ll’/] S 80 S glOCv
there exists a smooth solution  of (4-1) in R(tg, T1) for T := Ty + Texist Which satisfies
(P)
X (70, T1) < Ceéo.

Moreover, for all o < t < 11, any other smooth 1} defined on R (g, 7) satisfying (4-1) in R(ty, T) and
attaining the initial data, i.e., satisfying (4-40) (with W replacing V), coincides with the restriction of ;
e, U =YlR0-

We have in addition the following propagation of higher-order regularity and/or higher weighted
estimates. Given p, k > kioc, £0 < €loc, To, T1 as above,2—8> p' > pif p> 8 and either2—8>p' > §
orp'=01if p=0,and k' > k. Then there exists a constant C(k', 1| — T9) such that, given ¥ as above,

éé(TO, 1) < C(k', 11 — 10) (:‘5(70)-
Proof. This can be easily proven using estimate (4-36). We leave the details to the reader. 0

Note also the following easy corollary, which we will use as an extension criterion.

Corollary 4.9.2 (continuation criterion). Fix p=0o0ré < p <2 —34, and let k > kioc and gjoc be as in
Proposition 4.9.1. There exists a constant C > 0 and an € > 0 such that the following is true:

Let T4 > Ty, and suppose that there exists a smooth solution ¥ of (4-1) on | R(To, T) such that

To<T<Tf
(p)
{: (T) < €loc
for k > kioc and all Tg < T < ty. Then, defining t1 := 15 + €, Y extends uniquely to a smooth function on
R(%0, T1) satisfying (4-1) on this set and, setting to := max{ty — €, To}, satisfying the estimate

éé(fo, 1) < Céloc. (4-41)
Moreover, for all k' > k and all 2 —§ > p’ > p, there exist constants C (k") such that
X (19, 71) < C(K) E(n0). (4-42)

Remark 4.9.3. Recall that by our conventions the constants C, kioc, €1oc depend in addition on k. We may
assume that ki is large enough that k > kjo satisfies the largeness constraint of all previous propositions
in this section and that &oc < &prelim-

Remark 4.9.4. In view of Remark 4.8.4 and the fact that one needs only (4-36), all the statements of this
section also hold in the semilinear case under the relaxed assumptions described there.
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5. The main theorem: global existence and stability
We may now state the main result of this paper.

Theorem 5.1 (global existence and stability). Consider (M, go) satisfying the assumptions of Sections 2
and 3 (for cases (i), (i), or (iii)) and equation (4-1) satisfying the assumptions of Section 4.1 and
Assumption 4.7.1 of Section 4.7.

There exists a positive integer kglobal > Kiocal large enough that, given k > kgopal, there exists a positive
0 < &global < €loc sufficiently small and a positive constant C > 0 sufficiently large, so that the following
holds:

Fix ©9 = 1 and consider as in Proposition 4.9.1 initial data (\p, V") on X (1g) for (4-1) satisfying

é[ll), V'] < 0 < &global,
[P, ¥'] +;§[ll), '] < &0 < &global,
(W, W1+ EM, ¥ < &0 < &global,

1

™

= =

1)

~0n

according to case (1), (i), and (iii), respectively, where in the former case 6 < p <2 —§. Then the
given by Proposition 4.9.1 extends to a unique globally defined solution of (4-1) in R(tg, 00) satisfying
the estimates

PX(10.7) < Ceo.  PX(10.7) +X (w0, 7) < Ceo, P X (19, 0) + X (w0, 7) <Cep,  (5-1)
according to cases (1), (ii), (ii1), respectively, for all T > ty; in particular

E(1) <Cep. E@+E(T) <Cep,  E(@) +E(T) < Cep,

respectively.
The solution will satisfy moreover estimates (6-8) in case (i), estimates (6-62) and (6-64)—(6-68) in
case (i1), and estimates (6-116)—(6-121) in case (iii).

We shall give the proof of this theorem in Section 6.

Remark 5.2. Our theorem also applies under the relaxed assumptions of Remark 4.8.4, where (4-1) is
however required to be semilinear. Here we can again distinguish case (i) where x = 1 and case (ii)
where y is allowed to degenerate. In case (i), the theorem holds as stated except for (6-8), which no
longer applies. Similarly, in case (ii), the theorem holds as stated except for (6-62), which no longer
applies. The necessary modifications will be collected in a series of remarks in Sections 6.1 and 6.2. (See
already Section 6.2.5 for the completion of case (ii).)

We reiterate (cf. Propositions 4.7.2, Theorem A.1 and Theorem D.1) that the above theorem in particular
holds for equations (4-1) on the Kerr spacetime (M, g, u) for |a| <« M, with quasilinear terms as described
in Section 4.1 and the general semilinear terms considered in [Luk 2013], and, by the above remark,
restricted to the purely semilinear case, for the full range of parameters |a| < M.
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6. The estimate hierarchies and global existence and decay

We proceed with the proof of Theorem 5.1 in cases (i), (ii), and (iii). These will be treated in Sections
6.1, 6.2, and 6.3 below, respectively.

Note that we will now suppress some of the cumbersome notation with the following conventions:

In this section, the fraktur energies €, § will everywhere denote €(g), $(g), so we will drop explicit
reference to g here. When the region R (7, 71) is assumed, we will omit the 7( or (79, 71) arguments in
various energies, etc., and denote X (7o, 71) by X.

The smallness parameter &gjopa1 Will be determined in the context of the proof. We will in fact introduce
other parameters on the way; these will be in the relation

Eglobal = Eslab = Eslab = Eboot = Eloc, (6-1)

where parameters gap, €510 Will only appear for cases (ii) and (iii). The parameter €po0c Will be used
in the context of a continuity or bootstrap argument. Let us remark already that if the basic bootstrap
estimate (4-23) holds for an & < epoot, then by Remark 4.9.3 ¢ will satisfy the smallness requirements of
all propositions of Section 4 for the regions under consideration.

6.1. Case (i). Case (i) is the most elementary case, where moreover only the minimal nontrivial r? weights
for 2—6 > p > § are required on data. (For instance, one may fix p = §.) We present first the fundamental
estimate in Section 6.1.1 that holds under the bootstrap assumption (4-23) and then carry out the global
existence proof in Section 6.1.2.

The proof will also hold for the semilinear case with the relaxed assumptions of Remark 4.8.4 if we
are in the analogue of case (i), i.e., if x = 1. The modifications necessary to treat this case are described
in a series of remarks (see already Remarks 6.1.2 and 6.1.3).

6.1.1. The fundamental estimate. The fundamental estimate is given simply by the following:

Proposition 6.1.1. Let § < p <2—4, let k be sufficiently large, and let us assume the case (i) assumptions.
There exists an epoor > 0 small enough that the following is true:

Let Y solve (4-1) on R(ty, 11) and satisfy moreover (4-23) with our chosen p and with 0 < & < gpgot.
Then we have

(p) )

X <E),  sup €(r) < E(w)(1+Ce?). (6-2)

TO=T=T|

k

Proof. Let epoot < €1oc- The assumption of Proposition 4.8.1 is satisfied in view of our discussion

following (6-1). From estimate (4-32) of Proposition 4.8.1, since in case (i) we have p =1, A =0, A=0,
it follows that

(p) ) p) P (p) (p)

X <SE@)+ XX, sup E(r) < E(xp) + CXY X (6-3)
TO<T=T]
By our bootstrap assumption (4-23), we have
X <e. (6-4)

Thus, possibly requiring epoot to be even smaller, we may absorb the nonlinear term in the first inequality
of (6-3) to obtain the first inequality of (6-2).
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To obtain the second inequality of (6-2), we remark that Corollary 4.5.3 applies to yield in particular
£(10) ~ €(1). (6-5)

The second inequality of (6-2) now immediately follows from the second inequality of (6-3), plugging in
the first inequality of (6-2) just established, (6-5) and (6-4). O

Remark 6.1.2. Under the relaxed assumptions of Remark 4.8.4, where (4-1) is however required to be
semilinear and we are in the analogue of case (i), i.e., x = 1, from (4-38) we obtain the first inequality
of (6-3). Thus, the above proposition holds as stated for the first inequality of (6-2).

6.1.2. Proof of Theorem 5.1 in case (1). We now carry out the proof of Theorem 5.1 proper in case (i).
Let § < p <2 — 4§ be as in the statement, and recall the assumption
Aé(fo) < €0 =< Eglobal
on initial data for a sufficiently small £g1opar to be determined.
Consider the set 5 consisting of all 77 > 7 such that a solution v of (4-1) achieving the data exists
on R(to, Tr) and such that moreover the energy bootstrap assumption (4-23) holds on R(to, 71 :=Tf)
with our chosen p and where 0 < & < gpoot 1 chosen to satisfy

13> &> gglobal- (6-6)

(The above relation in particular constrains €gjopal to be small.) By the local well-posedness statement
Proposition 4.9.1, it follows that, since k > kjoc and &g < £giobal < €loc, We have 79 + Texisc € B, and thus
B # . Also note that, a fortiori, if 7y € 9B, then (79, 7¢] C B and thus ‘B is manifestly a connected
subset of (7, 00).

For any 7, € B, Proposition 6.1.1 applies in R(7y, 71). The first estimate of (6-2) then yields

X <E) S oo 6-7)

If follows that, for sufficiently small egjop and all €9 < &gjop, the continuation criterion Corollary 4.9.2
applies to obtain that ¥ extends as a solution to (4-1) on some R(7o, Ty + €), where € is independent
of 77, and that, considering now 7| := 7 + €, inequality (6-7) holds also in R(zo, 71 := 77 +¢€) (with a
slightly different implicit constant than that of (6-7)). (To infer this from (4-41), which was an estimate

)

on iY(Tf’ Ty + €), note that
(p) (p) ()
X(t0, 1) S X(70, 7)) + X (75, Tf +€).)

Finally we note that, for ¢ satisfying (6-6), inequality (6-7) in R(to, 71 := ts + €) shows in particular
that inequalities (4-23) hold in this set. It follows by the definition of ‘5 that 7/ + € € ‘B and thus, given
also its connectedness, the set 9B is open. Since € does not depend on 7, it follows that %5 is also closed,
as any limit point i, of 25 in (7, 00) satisfies Tjimit < T + € for some 7y € 5. We have shown that ‘B
is a nonempty open and closed subset of (79, 00), and thus B = (79, 00). Hence the solution i exists
globally in R (19, 0o) and satisfies (6-7) in R(1g, T1) where 1| is now any t; > t9. This gives (5-1).
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Revisiting (6-2) we see finally that we have the more precise global estimate

[02) (p) 1
E(r) < E(ro)(1 + Ceg). (6-8)
This completes the proof.

Remark 6.1.3. Note that, in view of Remark 6.1.2, the above proof goes through, except for the last
paragraph involving (6-8), also under the relaxed assumptions of Remark 4.8.4, where (4-1) is however
required to be semilinear and we are in the analogue of case (i), i.e., x = 1. Thus, in this case, one indeed
obtains the statement as given in Remark 5.2.

6.2. Case (ii). Case (ii) is the second simplified case which we shall consider. Unlike case (i), we shall
require proving actual t-decay above a certain threshold in order to close, and this in turn will require
raising p to p =2 —§ in our initial energy assumptions.

The logic of the proof is a simplified version of the scheme we shall use for the general case and which
has already been summarised in the introduction:

(1) Rather than bootstrap directly z-weighted estimates, we formulate the fundamental estimates, de-
pending only on the bootstrap assumption (4-23), as a hierarchy of estimates on a spacetime slab of
T length at most L. This is the content of Section 6.2.1.

(2) We shall then show by a bootstrap argument, restricted to such a slab, how global existence and
estimates on the slab can be proven, with suitable assumptions on the initial data of the slab, which
now involve L. This is the content of Section 6.2.2.

(3) Still restricted to a given slab of length L, we will show that one can in fact a posteriori improve the
above estimates under suitable additional assumptions on the initial data and, using a pigeonhole
argument, show moreover an improved estimate for any 3 (z’) slice near the top of the slab. This is
the content of Section 6.2.3.

(4) Finally, global existence and t decay now follow by iterating the above estimates on a consecutive
sequence of spacetime slabs of dyadic time length L; = 2°. This is the content of Section 6.2.4.

We shall in addition give an alternative iteration proof in Section 6.2.5 which does not use the exact
boundedness statement of the fraktur energies. The advantage of this alternative proof is that it allows us
to treat the semilinear case with the relaxed assumptions of Remark 4.8.4. The modifications necessary to
treat this case are described in a series of remarks (see already Remarks 6.2.2, 6.2.4, 6.2.7 and 6.2.8).

6.2.1. The hierarchy of inequalities.

Proposition 6.2.1. Let k be sufficiently large, and let us assume the case (ii) assumptions. There exist
constants C > 0, ¢ > 0 and an epoot > 0 small enough that the following is true:

Consider a region R(tg, 11) and a ¥ solving (4-1) on R(vy, t1), satisfying moreover (4-23) with p =0
and with 0 < € < gpoor. Let us assume moreover that

T1<1+L
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for some arbitrary L > 0. We have the following hierarchy of inequalities on R(7g, T1):

o, €. o =B+ (R ¥+ ) VI (69)

S ). E(m), *¥ < () +CH XX +CH ¥/ XVL, (6-10)

©) (0) 0) 0 1-8 1-5 o 248

Fo.), €M), XX < Em)+ C(X + (L)1 (FX) ) 4 + ()1 (X) 5

+CXX\/;\/Z (6-11)

Proof. Again we recall that if ep00t < €10c, then the assumption of Proposition 4.8.1 holds. The first two
inequalities follow from estimate (4-32) of Proposition 4.8.1 applied to p =2 —§, p =1 in view of the
fact that p = x, where we have used the relations (4-22) and (4-28) to replace the far-away supported
nonlinear terms with those displayed above, together with the estimate

1 (0) (—1-8) (0) Tl (=16 (0) ()
f @)y E@ndr < sup £y | E@hdr VL <*xXVL.
0 <k 70 Sf Sfl o <k k <k

I

Note that for the p = 1 estimate we retain only the less precise expression * X (X which will be sufficient
for our purposes.

The third inequality follows similarly using estimate (4-34), where we use also the interpolation
inequality (3-114) to obtain

(0+) 0+) 1-6 m ., 28 o)) o) 15 M. 28
X sryo(T0: Ty (<<A sro (70 T S (* X"‘( )1“ (* X))y X+ (X)) (X) . 0

Remark 6.2.2. We note that inequalities (6-9)—(6-11) imply of course

X?<5(ro)+(w)\/7 \/E\/E\/»)Mx XVIL, (6-12)

EEHOR NEERE N ©19
XS E@+ (X (X) T T A (D) ()T IV @14

Following the above proof but now using equations (4-37) and (4-38), we may in fact directly deduce
inequalities (6-12)—(6-14) under the relaxed assumptions of Remark 4.8.4, where (4-1) is however required
to be semilinear and we are in the analogue of case (ii). Thus, the analogue of Proposition 6.2.1 holds in
that case where (6-9)—(6-11) are replaced by (6-12)—(6-14).

6.2.2. Global existence in L-slabs. The presence of positive powers of L in (6-9)—(6-11) means that our
smallness assumptions must involve negative powers of L in order for the estimates to close.

Proposition 6.2.3. Let k — 1 > kjo be sufficiently large, and let us assume the case (i) assumptions. Then
there exists an 0 < ggap < &loc and a constant C > O implicit in the sign < below such that the following

is true:
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Given arbitrary L > 1, 19 > 0, 0 < &g < &qap and initial data (P, ") on T (t9) as in Proposition 4.9.1
satisfying moreover
E(ro) < &0, E(10) gL, (6-15)

we have that the unique solution of Proposition 4.9.1 achieving the data can be extended to a \r defined
on the entire spacetime slab R(ty, 1o + L) satisfying (4-1) and the estimates

‘X <o, X Seol (6-16)
Proof. Consider the set 25 C (79, 7o + L] consisting of all 7o+ L > 7y > 70 such that a solution v of (4-1)
achieving the data exists on R (7o, ) and such that the bootstrap assumption (4-23) with p =1 and also
the additional bootstrap assumption

©)

X <eL™! (6-17)

<k

hold in R(7o, 71 := 7), Where 0 < & < &po0t is a small constant satisfying
1> &> &gap- (6-18)

(The above relation in particular already constrains gg,p to be sufficiently small.)

By the local well-posedness statement Proposition 4.9.1, it follows that, since k — 1 > kj,. and
€0 < &slab < Eloc, We have Ty + Texist € B and thus B # &, provided that ¢ satisfies (6-18). Also note that,
a fortiori, if 7 € B, then (79, 77] € ‘B and thus B is manifestly a connected subset of (79, 00).

For 71 := 7/ € B, Proposition 6.2.1 applies in R(7o, 71). From (6-10) and (6-15) we obtain

XX Seg+e2t X, (6-19)
where we have used the bootstrap assumptions (4-23) and (6-17).
From (6-11) for k—1 and (6-15) we obtain

o 1=4 28 11=8

X)ﬁ(x/y)l ST 218 +8%X . (6-20)

Xé% 5 SOL_l + 8% (Xk—l k=1 k=1
It follows that, for ¢ satisfying (6-18), we obtain
XX Seog, KX S el I, (6-21)

and plugging the second inequality of (6-21) into (6-20) we obtain
x ¥ ool +eregL 2 (R L b (6-22)
Now defining
—L(i=ay 11
W=a\Tss) T2ts

XS el T, (623)

we have

whence, plugging (6-23) into (6-20), we improve to

1-6

©) - 1 _ (ﬂ)z _11=6
XX Seol” +ezggl V) LT, (6-24)
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Defining y; iteratively by

1—86\2 11-6
1+5> )

Vi = Vi—l( 2146
and in view of the restriction (3-1), there exists a first i such that 3; > 1, whence we obtain

"X el (6-25)

We may now already apply our continuation criterion Corollary 4.9.2, applied with p =0 and k — 1, to
assert the existence of an €, independent of 71, such that, now defining 7| := min{rs + €, 79 + L}, the
solution ¥ extends to a smooth solution of (4-1) on R(tg, 71) and, moreover, from (4-41), that

XX <ol (6-26)

holds on R(tg, t1) and, from (4-42), that

X < eo (6-27)
holds on R(zy, t1). It follows that (6-17) and (4-23) (with p = 1) hold on R(7y, 71), and thus we have
Ty =min{ty +€, 10+ L} €°B.

Since € is independent of 7; and in view also of the connectivity of 5, it follows that 5 is a nonempty
open and closed subset of (79, to + L] and thus B = (79, 79 + L], and hence the solution exists in the
entire spacetime slab R (g, to + L).

The estimates (6-21) and (6-25) thus hold in the entire spacetime slab. This gives (6-16). Il

Remark 6.2.4. Examining the proof, it is clear that we have only used inequalities (6-12)—(6-14) and
not the full (6-9)—(6-11) of Proposition 6.2.1. Thus, in view of the comments of Remark 6.2.2, the proof
holds also for the semilinear case under the relaxed assumptions described in Remark 4.8.4. In general,
examining the proof, we may in fact relax the assumption of the first inequality of (6-15) to the assumption

£(w) < eoL? (6-28)
for a sufficiently small 8, in which case the first inequality of (6-16) is replaced by
*X(10) < 8oL”, (6-29)
This will again be useful for the semilinear case.

6.2.3. The pigeonhole argument. The above assumptions on initial data are sufficient for global existence
in the slab but are not sufficient to iterate. For this we shall need strengthened assumptions.

Proposition 6.2.5. Under the assumptions of Proposition 6.2.3, there exists a constant C > 0, implicit in
the inequalities < below, a parameter ag >> 1 and, for all @ > ag, a parameter Ega () such that, for all
0 < &y < &gap (@), the following holds:

Let us assume that in addition to (6-15) we have

a1

Cw) <do, C(w) <o &(r) <fal™', C(w) <doal™ '™, C(w) <8pa®L. (6-30)
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Then the solution r of (4-1) on R(ty, 19+ L) given by Proposition 6.2.3 satisfies the additional estimates

1y

sup (1) < ad, (6-31)
0<t<t90+L ,
sup  €(r) <B(I+8L77), (6-32)
9<t<to+L
sup (1) < d(1+8; —%>, (6-33)
TOSTST0+L
"X Sk, T Sh, X Sl XX el XX S aatL T (6-34)

Moreover, for all times t/ with L > v’ — 19 > %L, we have

©)

&) < Seoal ™, (6-35)
E(¢) < degaL 1, (6-36)
E(r) < daga?L 72, (6-37)

Proof. Note that, by the statement of the proposition, we are in particular also assuming a priori
(6-15) for some gy < gqp since this is included in the assumptions of Proposition 6.2.3. In view now
of Corollary 4.5.3, however, for « sufficiently large, if say &gap(0) K o 3eqab, it follows from the
additional assumptions (6-30) that the estimates (6-15) in fact hold with the specific constant g := goa’
for all & > «.

To obtain (6-34) we argue as follows. We note from the proof of Proposition 6.2.3 that we have the
following system of inequalities:

45

XX<80+80 > (6-38)
X< so+g”2?' (6-39)

KRS foaL ™ () T () T X () ()T ey 0¥ (6-40)
X‘Qlé<eoozL 1+8+82XX (6-41)

x,% < goa? L7 +( H IM & 3 HS £f+ X w “(%) & +8é XI%’ (6-42)

where we have used also the initial data assumptions (6-30).
For &g,p (o) sufficiently small, we have ¢y < 1 and thus we obtain immediately that

X(l) ~ X ~ X(I) ~ —1+8
/;V ,S €0, X < €0, X §8006L ,

el

PH ShooL () B )X+ (1) (1) 6-43)
o 1=8 W, 28 © o 1= o 20

nggOQZL—H(S_i_( X)1+5(Xk')m X—i—(i{)l”(/“()‘”.

k=3 k=3 <k <k

The first two inequalities of (6-43) yield the first two inequalities of (6-34), while the third inequality
of (6-43) yields the fourth inequality of (6-34). On the other hand, from the latter inequality of (6-43),
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we obtain
©) 3 (1-8)(1+28)

XX<soa2L 204 Boel L T, (6-44)

3U=8)01428)

Note that — 53

> —2 4 6. We may however improve (6-44) iteratively as follows: If

(V]

rx < éoazL_y,

3 N

for y <2 —4, then

X<eooz L7V <egyl77;

hence, plugging this again into the final inequality of (6-43) to estimate the nonlinear term, we obtain

3= 5)(V+28)

§%5§me—“6+sw L2 (6-45)

3 (1-8)(1428)
1+5

3(1 8 (ri-1128)

43 , we have that there exists a first

Setting yy =
i > 1 such that

and defining inductively y; =

(1 -8)(yi +29)
146

% S 28,

It follows that (6-45) holds for y = y;; hence
Xk‘% g éoOtZL_Z_HS.

This yields the fifth inequality of (6-34). Note that this implies
X S gL S gL, (6-46)
Note also that the third inequality of (6-43) implies
X Seoal ™ gL, (6-47)
Finally, plugging these bounds into the fourth inequality of (6-43) yields the third inequality of (6-34),
completing the proof of (6-34).

To obtain (6-32), we recall (6-10) from Proposition 6.2.1. This gives, for sufficiently small &g,p,

sup  &(1) = &) + C XXy X+ C 12\ AV
to<r<to+L k k <k
A AR ST S A i
<&+ Cépeg L2 +C80802L 2L <égy(l+e5L77),
where we have used the first inequality of (6-30), the first inequality of (6-43), the estimate (6-47) and the

estimate (6-46), and we have replaced 81/ 2 by 81/ 4

in the penultimate line, sacrificing a quarter power to
absorb the resulting o term and the constant C.
To obtain (6-33), we now recall (6-9) from Proposition 6.2.1. This gives, for sufficiently small &gy,
sup (zé)(r) f(é)(fo) +C<X? X+, X X%\/?) +CX/\)’ XVL
o<t S‘L’()—‘,-L k=1 k=1 k=1 <k k=1 k=1 <k <k

" N~ i o4 R Loy R 1 _
<&+ Céoey L™ 2 +Céoa?gyL 2+C80a8§L 5

1
<81 +8iL71),
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where we have used the second inequality of (6-30), the second and third inequalities of (6-34), the
estimate (6-46) and the first inequality of (6-44), and we have replaced 8(1)/ 2 by éé/ 4 in the penultimate
line, sacrificing a quarter power to absorb the resulting o term and the constant C.

To show (6-35)—(6-37), we first apply the pigeonhole principle as in [Dafermos and Rodnianski 2010b]
to the inequality

wo+L s ©
/ (&@)+E @) +a ' L'°E (@)) dt’ < &,
70

which, upon addition, follows from the first, second and fourth inequalities of the estimate (6-34) already
shown. Recalling from (3-93) that, for both p =2 — § and p = 1, we have

P2E E2E

2 Ni2? ks i)

we obtain that there exists " € [ro, 0+ %L] whose precise value depends on the solution, such that

£ <L (6-48)
E@) Sko-L7, (6-49)
E£@") Segal LN, (6-50)

Now in view of the interpolation estimate (3-113) of Proposition 3.6.12, we have
E@N S (EEM) T (Ean)
< (€)' (s o)
© refw,0+L1"
and thus
£ SaoL™T, (6-51)

where we have used (6-49) and the estimate forg contained in (6-34).
Now we apply (6-10) and (6-11) again, with t” in place of 1, using (6-48), (6-51) and (6-50) to bound
the initial data, to obtain that, for all 7o + L > 7/ > 19 + %L, we have

©) ()

E(T) ~E(T) S &L, (6-52)
E() ~ £ S éoL ™M, (6-53)
k%(r’) ~§(r/) < Boal 72T, (6-54)

Thus, in view of the requirement o > g > 1, for sufficiently large oy we may absorb the constants
implicit in < by explicit constants of our choice by adding extra positive a powers to the right-hand side
of (6-53) and (6-54). In this way, we obtain the specific estimates (6-36) and (6-37) for all 7’ > t” and
thus in particular for all L >t/ — 79 > %L. In the same way, we also obtain the specific constant of the
estimate of (6-31) which will be convenient in our scheme. O

Let us state an alternative “relaxed” version of the above proposition.
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Proposition 6.2.6. Under the relaxed assumptions for Proposition 6.2.3 described in Remark 6.2.4, there
exist a constant C > 0, implicit in the inequalities < below, a parameter > 0 sufficiently small, a
parameter ag > 1 and, for all o > ag, a parameter &, () such that the following holds:

Given 0 < &y < Eqab, let us assume in addition that

£(ro) <8LP, E(rp) <8oLP, &(ro) <Boa? L™+,
K k-1 1

[4)) (0) (6_55)
E(10) < 8oL TP £(1g) < Boa® LTHHHP

Then the solution v of (4-1) on R(ty, To + L) given by Proposition 6.2.3 satisfies the additional estimates
sup  E(7) < aPolL?, sup  E£(t) < aPéolL?, (6-56)
T<t<19+L g TOSTST0+LH

(1

(2-5) 0 [§Y) 0)
XX S&LP, XX SELP, XX SeoalTMP XX SeaL TP XY < 2o LTHP L (6-57)

Moreover, for all times t/ with L > 1" — 19 > %L, we have that

E) < LT Bty < g LT St < gL (6:58)
Proof. The proof is similar to that of Proposition 6.2.5 and is left to the reader. U

Remark 6.2.7. The above proposition can now immediately be seen to also hold in the semilinear case,
with the relaxed assumptions described in Remark 4.8.4.

6.2.4. The iteration: proof of Theorem 5.1 in case (ii). We may now prove Theorem 5.1 in case (ii).

We shall proceed iteratively.

Wedefinerp=1, Lo=1, L; =2, T;+1=T;+L; and fix & > g so that the statement of Proposition 6.2.5
holds. (Note that we shall no longer track the dependence of constants and parameters on « since it is
now fixed; one could simply take o = «g.)

For 0 < &9 < &g1oba and &gjopar sufficiently small, since

5 (70) +Lzéfkro) < €0,

in view of Corollary 4.5.3, we have
(N (2-6)

€(0) S0, &(70) < &o-
Thus, for sufficiently small ggjopal < Eslab, it follows that there exists an £o(g9) ~ €0, satisfying moreover
200y < Egab, such that

A 1A

€0 = 5&slab
and

(4] N 2-8) ~ ) ~ 71 (1 ~ 71+5 (O] A 2 72+8
€(w0) =0, C(r) <€o, &(t0) <€oaxL™ ", E&(r0) <ol ", &(10) <&pa"L""".
Finally, with our restriction on the definition of ¢y, we may also write

()

(1) < ago.
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In general, given 7; > 1 defined above, &; < &g, and a solution ¥ of (4-1) on R(1g, ;) such that

1

E(ti) < ag (6-59)
and

C(r) <8, C) <&, @) <faLl™l, €@ <fal]'™, E@) <80’L77, (6-60)
we note that, by our restrictions on £,p, the assumptions of Proposition 6.2.3 hold with « 2% in place
of gy (here we are using (6-59) to invoke Corollary 4.5.3 to rewrite (6-60) in terms of the calligraphic
energies; cf. the first lines of the proof of Proposition 6.2.5) and the assumptions of Proposition 6.2.5 then
apply with &; in place of &y, where both propositions are understood now with 7;, 7,41 in place of 7o, ;.
It follows that the solution 1 extends to a solution defined also in R; := R(t;, 7; + L;) and satisfying the
estimates (6-31)—(6-34), while for v’ = ;41 = t; + L; we have in addition (6-36)—(6-37). We have thus

a
E(Tip1) =g < agiq,

& 5 S RN
E(rip1) =&(l+&'L; ° ) <é€it1,
2-8)

&(Tiy1) <
(’3(T1+1)

(1)

E(tit) =

(0)

&(tit) <

11
i(1+&'L, *) <&,

0‘))

oL <& aL;

1

0’))

l+l’

148 148
alL; ™ < 8,+1(XLH_1 ,

2 246
Ll+1

(‘0>

4>|>— | — NI—
D>

as long as
1+4

Bip1 = é,-(1+é§L,.‘T). (6-61)
Now note that, for gopar sufficiently small, the above inductive definition (6-61) of &; ensures that
g <2¢&yforalli.
It follows that a solution exists in R(tp, 00) = | J R (7, T; + L;) and in each interval the estimates
(6-34) hold.
We obtain finally that for all ¢ > 1 we have

(1) <80+ Cal, E(r) <éy+CEl, (6-62)
/ XE 1€ S aglog(r + 1), (6-63)
70

E@ Seor ™M, Fu.o) SEr 1, (6-64)
/ THE LB <, (6-65)

.
E@ SEr ™, Fu,1) Sder 2, (6-66)
/ THE Y E < a0, (6-67)

.

Here, by F (v, ) we denote the restriction of the flux on C, to J*(Z(1)).
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Let us note that we may improve, a posteriori, the inequality (6-63) to

k=1

o0 (1-5) (1-9)
f rE+E < . (6-68)
70

To show (6-68), for all T > 1y, we reapply the estimates of Proposition 4.8.1 globally on R(tg, 7). To

control the nonlinear error bulk integrals, we redecompose the domain in dyadic time slabs, apply the

estimates proven, and then sum. In view of the estimates, all these error bulk integrals can be controlled
A3/2

by Cey'™.

6.2.5. Alternative proof using Proposition 6.2.6 and the semilinear case. We note that we may prove
the theorem alternatively using Proposition 6.2.6. We first fix o > «g and now define L; := o'. Here our
iterative assumption is

(8] ~ 2-9) ~ 0) ~ -1 ) ~ —14$5 0) ~ 246
E(ro) <BoLl, E(r)<&LP, E(ro) <éoaL; ™, E(r) <éoaL; ™. E(r) <L TP

In view of (6-56) and (6-58) and the definition of L;, we see that this is closed under iteration. We obtain
thus existence in R(tg, o) and at first instance the bounds
[4)] ~ ﬂ (2-6) A ﬂ
E() Séor?, E(v) Séot”,
0) (1) 0)
E@) Seor P () SeorT ML E(ng) SeeT T

These bounds are of course weaker than those of (6-62)—(6-67). The t# factor terms may be, however,
removed a posteriori, as in the last paragraph of Section 6.2.4, by revisiting the estimates globally on
R (79, T), controlling the nonlinear error bulk integrals by redecomposing into dyadic time slabs, applying
the estimates already proven, and summing.

Thus this proof in the end yields finally the same estimates as before, but where (6-62) is replaced by

ESb, £ Sk (6-69)

Remark 6.2.8. In view of Remark 6.2.7, this proof in particular applies to the semilinear case with the
relaxed assumptions of Remark 4.8.4, giving the result for case (ii) as stated in Remark 5.2.

Remark 6.2.9. The disadvantage of this alternative proof over the proof given in Section 6.2.4 is that, to
obtain the fundamental top-order orbital stability statement (6-69), one must revisit the estimates globally.
We thus believe that the proof in Section 6.2.4 better reflects the dyadically localised philosophy of
our method.

6.3. Case (iii). We now turn to the most general case we consider, case (iii), where we do not assume
that (3-3) follows from a physical-space identity (3-15) but only assume (3-3) as a black box, together
with the weaker physical-space identity described in Section 3.4.3.

This case is slightly more involved because we must combine the estimate originating from Section 3.4.3
with the estimate originating in Section 3.2. This alters a bit the numerology of the number of derivatives
we must take, but the basic scheme is the same as case (ii).
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6.3.1. The hierarchy of inequalities.

Proposition 6.3.1. Let k be sufficiently large, and let us assume the case (iii) assumptions. There exist
constants C > 0, ¢ > 0 and an epoot > 0 small enough that the following is true:

Consider a region R(tg, T1) and a  solving (4-1) on R(vy, T1) and satisfying moreover (4-23) for
p=0and0 < & < gpoor. Let us assume moreover that

T1<1+L

for some arbitrary L > 0. We have the following hierarchy of inequalities:

F, 1), @), P‘)?<‘zé)(ro)+ACXX+C(P5}” ﬂ/@/@f)ﬂ?px\/»«/_ (6-70)

Fw. 1), C@), PX <E(m)+ACKX +CPX,/2 +cp‘2°é Xﬁ (6-72)
*x Ské(foHch\F +CPX\JAVL, (6-73)

o) © © ©) 1=

S, m),  E(m), c"’X<@(r0)+ACXX+C(pX+(”X)T8(3()”5) X+(<<k)l+5(i'v’)%

<k <k

+C”X\/;«/Z (6-74)
) O] () o, 1=4 . 28 o T %
AEE R CHT YT E @)

[ VL. (675)

Proof. Again we recall that if epoot < €Joc, then the assumption of Proposition 4.8.1 holds. The proposition

then follows from Proposition 4.8.1 as in the proof of Proposition 6.2.1, where we have used also the
crucial estimate

oo ©
A/ £(t)dt SACKX,
70

which follows from the fundamental relation (3-100). O

6.3.2. Global existence in L-slabs. To show global existence in L-slabs, we require a minor modification
of the assumptions of Proposition 6.2.3.

Proposition 6.3.2. Let k — 2 > kioc be sufficiently large, and let us assume the case (iii) assumptions.
Then there exists a positive constant q,p < €j0c and a constant C > 0 implicit in the sign < below such
that the following is true:

Given arbitrary L > 1, 19 > 0, 0 < &g < &qap and initial data (\p, ") on T (t9) as in Proposition 4.9.1
satisfying moreover

(;CI")(TO) < &o, k%(fo) <eL™', (6-76)
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we have that the unique solution of Proposition 4.9.1 achieving the data can be extended to a \r defined
on the entire spacetime slab R(ty, 1o + L) satisfying (4-1) and the estimates

PX MY g PXHEX Seol (6-77)
Proof. Consider the set 25 C (79, 7o + L] consisting of all 7o+ L > 7y > 79 such that a solution v of (4-1)
achieving the data exists on R(7o, 7s) and such that the bootstrap assumption (4-23) (with p = 1) and
also the additional bootstrap assumption

©)

X<eL™! (6-78)
hold in R(7p, 71 := 7), where 0 < & < gpo0t is a small constant satisfying
1> &> egap. (6-79)

(The above relation in particular already constrains &g,p to be sufficiently small.)

By the local well-posedness statement Proposition 4.9.1, it follows that, since k — 2 > kjoc and
€0 < &glab < Eloc; We have 7o + Texist C B and thus B # &, provided that ¢ satisfies (6-79). Also note that,
a fortiori, if Ty € B, then (79, ] € ‘B and thus ‘B is manifestly a connected subset of (7, 00).

Proposition 6.3.1 holds for R(to, 1) with 71 := 74 for any 7y € 5. Adding the equations (6-72)—(6-75)
pairwise with a suitable constant so as to absorb the term multiplying A, with k—2 replacing k for the
latter pair, we obtain the system

Pﬁé+x5€<(é(ro)+pﬁé K’M’B& <<;\/_ (6-80)

) 18

pX+XX<Qf(‘Eo)+(pX—|—(pX)1+‘S (pj() |+a) }(+(<<k) (é‘é) +35 +,0;% :\/_ (6-81)

<k k

We now obtain

PX XX Seo, PAHIX Segl (6-82)
We may now already apply our continuation criterion Corollary 4.9.2, applied with p =0 and k — 2, to

assert the existence of an €, independent of 7y, such that, now defining 7| := min{rs + €, 79 + L}, the

solution ¥ extends to a smooth solution of (4-1) on R(tg, T1) and, moreover, from (4-41), that

KX 4PX S el (6-83)
holds on R(ty, 71) and, from (4-42), that
X < e (6-84)

holds on R(zg, t1). It follows that (6-78) and (4-23) (with p = 1) hold on R(7y, 71), and we thus have
Ty =min{ty +€, 10+ L} €B.

Since € is independent of 77, and in view also of the connectivity of B, it follows that ‘B is a nonempty
open and closed subset of (7, 79 + L] and thus B = (19, 79 + L], and hence the solution exists in the
entire spacetime slab R (g, to + L).

The estimates (6-82) thus hold in the entire spacetime slab. This gives (6-77). Il
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6.3.3. The pigeonhole argument. The above assumptions on initial data are sufficient for global existence
in the slab but are not sufficient to iterate. For this we shall need strengthened assumptions.

Proposition 6.3.3. Under the assumptions of Proposition 6.3.2, there exists a constant C > 0, implicit in
the inequalities < below, a parameter ag >> 1 and, for all « > ag, a parameter Ega, () such that, for all
0 < &g < Egap (@) the following holds:

Let us assume in addition to (6-76) that we have

Cr) <20, C(ro) <8y, &(ro) <hoal™, E(w) <doal ™M,  E(r) <2aL . (6-85)

Then the solution  of (4-1) on R(ty, 19 + L) given by Proposition 6.2.3 satisfies the additional
estimates

)

sup  E(1) < ady, (6-86)
w<r<w+L '

sup  E(1) < &o(1 +aL™¥), (6-87)

T<t<10+L !
sup €(1) < d(1+aL™ ), (6-88)

n<t<t+L
PXAIX SR PXHFXSE, PXHIX ShalT!, PX X Seal”H, (6-89)
P XX S B’ L2, (6-90)

Moreover, for all times t/ with L > 1" — 19 > %L, we have that

&) < SaaL ™!, (6-91)
&) < YegaL 1, (6-92)
E() < 1agaPL 7, (6-93)

Proof. The proof follows closely that of Proposition 6.2.5.

Note again that, by the statement of the proposition, we are in particular also assuming a priori
inequalities (6-76) for some gy < eqqap since this is included in the assumptions of Proposition 6.3.2. In
view now of Corollary 4.5.3, for aq sufficiently large, if say &gp (o) K a 3eqap, it follows from the
additional assumptions (6-85) that the estimates (6-76) in fact hold with the specific constant g := &ya>
for all o > «y.

We now revisit (6-70)—(6-75) and add again pairwise. We now obtain that

,0 (&) () ~ p(2~6) (2-8) ~ p () (8] ~ —1—'—8
X+*xX Seo, PAX+HFXSE, PAHTX SEoal” T, (6-94)
© Q) n -1 o 1=8 . 20 © o 1= o 20
pé; + in3 S oL ™" + ((pg) 1+5 (pk{\;) 1+a) 2\; + («/\;) I+5 (2\;) 145 (6-95)
) © R _ LY 3 a-9w+2e)
PX XX B L7 - Bgeg L7 1o (6-96)

The inequalities (6-94) give the first, second, and fourth inequality of (6-89).



QUASILINEAR WAVE EQUATIONS ON ASYMPTOTICALLY FLAT SPACETIMES WITH APPLICATIONS 991

Note that =2+ < —3 + 8. We may however improve (6-96) iteratively as follows: If
’Ok-i(‘l‘xk/y 5@‘00[ L_y
for y <2 —4, then

©)

.X<8()Ol L~ y<80L y

hence, plugging this again into (6-81), we obtain

3 (1-0)(y+29)

PX4IX S B LT goe’L L A (6-97)
Setting yy = 3 % and defining inductively y; = %W, we have that there exists a first
i > 1 such that
1-8)(yi +26
30-90i+2) o
2 1494

It follows that (6-97) holds for y = y;; hence
pé}é + X’%' S é()OlQL_z_HS.
This yields (6-90). Note that this implies

X < Bl L2297 < g 729, (6-98)

<k

On the other hand, the fourth inequality of (6-89) implies
X SeoaLl ™M gL, (6-99)
We may now infer the third inequality of (6-89) by plugging the derived bounds into (6-95). This concludes
the proof of (6-89).

To show (6-91)-(6-93), we first apply the pigeonhole principle as in [Dafermos and Rodnianski 2010b]
to the inequality

T0+L 0y
/ (&'@Y +E @) +a ' L' @) d' < b,
70

which, upon addition, follows from the inequalities of the estimate (6-89) already shown. Recalling
from (3-93) that we have

E£>E €& E£2¢
~ 50 [l

k=2

we obtain that there exists T/ € [ro, T+ %L], whose precise value depends on the solution, such that

£ Seo- L7, (6-100)
@ Séo- L7, (6-101)
E£@") Séoal ™ L7, (6-102)

Now in view of the interpolation estimate (3-113) of Proposition 3.6.12, we have

E@NS(EE) T (@) = (£a) (s E@) (6-103)

T0<t<10+L
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and thus
E@) SbL™, (6-104)

where we have used (6-101) and the estimate for the second factor on the right-hand side of (6-103)
contained in the second inequality of (6-89).

Now we apply (6-80) and (6-81) again, with t” in place of 1y, using (6-100)—(6-102) to bound the
initial data, to obtain that, forall 7o + L > 7/ > 1o + %L, we have

(1) a

C(t) ~E(m) S &L (6-105)
B~ E() S EL ™, (6-106)
&) ~ () S ol 7, (6-107)

Thus, in view of the requirement o > «g > 1, for sufficiently large ocp we may absorb the constants
implicit in < by explicit constants of our choice by adding extra positive o powers to the right-hand side
of (6-106) and (6-107). In this way, we obtain the specific estimates (6-91), (6-92) and (6-93). In the
same way, we also obtain the specific constant of the estimate of (6-86) which will be convenient in our
scheme.

We finally turn to (6-87) and (6-88). Let us first note that revisiting (6-75), with a little bit of averaging,
we have the bounds

0} 0} m ., 28 [0} o 1=8 o [0}

T+1/2 © o 1=8 28 1= =2 o
X%(TO+%aTO+L)§f0 k(f/]‘(f)dt+(pg+(pi€1()}+g(pk—kl')l+6) X-i—(.?\f')l*‘s(gg)l% _,_P/;\g ékg\/z

<k <k

70
02, 0tz O
< / E(r)dr / E(t)dt +8ge2L™4
70 70 =

A L1 11
< goa2L 72 +Ege2 L4

<L,
where we have used also the interpolation inequality (3-115) (and that L > %)
We now notice that the above bound clearly holds also for

(U] ) TO+1/2 0
*x ::Xk/\l_’(ro+%,r0+L)+/ E()dr.
70
For (6-87), we revisit (6-72), noting that we may replace * E}é by X ;‘]]é " on the right-hand side, and thus we
have the bound
sup (éé(‘[) < ((:’i’(to) FACIXY +CPX %—FC”%\/(})«/Z
relto.to+L] k=1 k < <k
R Aol 1 I e A 334
<& +AC(goa2 L™ %)+ Ceoey L 2 + Cépey L2
<8o+afol ™,

and we have used a higher power of « to absorb constants.
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Finally, for (6-88), we revisit (6-75) with k—2 replacing k—1 to obtain

RSB+ (X + ()T X)) R (0)F ()T 02 RVE Sdgar,

2 M2 k=2 <k <k

whence we have

sup ”é’<r)<e<ro>+AXX+C(”5?\/§+\/@ e R NE N>

t€[t9,T0+L]
R R G I X PO X7 B |
< eo—I—AsoerL +Ceoeyg L2 +Ceogy L2 L2
A |
<& +agyl ?
where we have again used a higher power of « to absorb all other constants. U

6.3.4. The iteration: proof of Theorem 5.1 in case (iii). We may now prove Theorem 5.1 in case (iii).
As in case (ii), we shall proceed iteratively. The proof is a simple modification of that of Section 6.2.4.
We define

w=1, Lo=1, Li=2, wa=1n+L;

and fix o > o so that the statement of Proposition 6.3.3 holds; for instance, set « := «g. Define the
parameter

(o.¢]
d:=]](0+2 %) < 0. (6-108)
i=1
(Note that we shall no longer note the dependence of constants and parameters on « since it is now
considered fixed. Thus implicit constants depending on the choice of o will from now on be incorporated
in the notations ~ and <.)
For 0 < &9 < &g1oba and &gjopar sufficiently small, since

E(w) <e0.  E(t0) < o, (6-109)

in view of Corollary 4.5.3, we have

(2-8)
€(t0) S0, &(70) < €o-

Thus, for sufficiently small ggjopa <K Eqab and all 0 < gy < Eglobal» 1f (6-109) is satisfied, it follows that
there exists a £p(gg) ~ &¢ satisfying

« 1 N 1.
agy < Egslab, &) =< Egslab (6-110)

and
[43] ~ 2-5) ~ ) ~ 71 (1 A~ 71+5 ) ~ 2 72+5
E(wo) <o, C(r) <&o, &(t0) <&l , E&(r0) <&oaLy ™, &(t0) <&ox"Ly™"".
Finally, with our restriction on the definition of gy, we may also write

()

£(t0) < aéo.
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In general, given 7; > 1 defined above, &; < &g, and a solution ¥ of (4-1) on R(1g, ;) such that

£(n) < ak, (6-111)

and

Cr) <&, E@) <, E@) sédely', E@) sdeli'™, E@m) a7, (6-112)
we note that, by our restrictions on &, the assumptions of Proposition 6.2.3 hold with «?; in place
of g9 (here we are using (6-111) to invoke Corollary 4.5.3 to rewrite (6-60) in terms of the calligraphic
energies; cf. the first lines of the proof of Proposition 6.3.3) and the assumptions of Proposition 6.3.3 then
apply with ; in place of &y, where both propositions are understood now with t;, 7;,1 in place of 1y, 3.
It follows that the solution ¥ extends to a solution defined also in R; := R(t;, t; 4+ L;) satisfying the
estimates (6-86)—(6-89), while for t" = 7;,.; = t; + L; we have in addition (6-92)—(6-93). We have thus

)

E(Tiv1) S&ia < €1,

) _1

E(tiy1) <&(I+al; *) <&y,

-9 _1
(fi+1) <é&(+aL;*) <&y,

1z

2

14 1+8 1+8
k§(7i+1)§§5 al; T <&y 1ozL,Jrl ,

< lg,

4

as long as
_1
§i+1 = é,’(l—l-OlLl- ). (6-113)

By our requirement (6-110) and the definition (6-108) of the parameter d and then defining &; ; inductively
by (6-113), it follows that £; 1 < &gap and ;1 < Egap.

It follows that a solution exists in R(ty, o0) = UR(t;, 7; + L;) and in each interval the estimates
(6-89)—(6-90) hold, with L = L;.

We obtain finally that for all ¢ > 1 we have (among other estimates)

a1

£(1) < #o, (6-114)
/T PE L XE +E < eglog(t + 1), (6-115)
’ £(0) S €0, (6-116)
E@) Seor ™M, Fu.o) Ser ', (6-117)
/ PE L XE 4 & S gt I, (6-118)

.
E@ Seor ™, Fu,1) Seor 2, (6-119)

k=6

o0 (—1-3
/ Ve 4 AE L S eor (6-120)
T



QUASILINEAR WAVE EQUATIONS ON ASYMPTOTICALLY FLAT SPACETIMES WITH APPLICATIONS 995

Finally, let us note that we may improve (6-115) to

o0 ) ) 0)
/ PEFXE +E S ep. (6-121)
70
This follows, for all 7, by applying again both estimates of Proposition 4.8.1 appropriate to case (iii)
globally in R(7p, 7). One may now re-estimate all nonlinear spacetime integrals arising in the estimates

on dyadic intervals and sum.

Appendix A: The physical-space identity on very slowly rotating Kerr

Here we show that very slowly rotating Kerr metrics indeed satisfy the assumptions of Section 3.4.3.

Theorem A.1. Consider the manifold (M, g, m) of Section 2.7.3, where g, y denotes the Kerr metric
and |a| < M. Then there exist currents J V47 KV-W4 gssociated to the wave operator Uy, satisfying
the assumptions of Section 3.4.3.

Theorem A.1 actually holds for general suitably small stationary perturbations of Schwarzschild
satisfying the assumptions of Section 2 and appropriate decay at infinity. So as not to complicate matters
more, here we will simply do explicitly the computation for slowly rotating Kerr, |a| < M.

The nontrivial computations necessary to produce J %4 and K "-*¢ all involve the exterior region.
As a result, we may work entirely in Boyer-Lindquist coordinates. Thus, in this appendix, r will denote
the Boyer—Lindquist coordinate and not the function (2-1) of Section 2.1. We will show explicitly the
positivity properties in the region r > r;, which can be covered globally by such Boyer-Lindquist
coordinates. The extension of the coercivity properties to the manifold of Section 2.7.3 follows softly,
without computation. (See already the end of Section A.4).

Our currents will be explicit, but rather than give formulae for the final (V, w, g, @), we will build the
current from its natural constituent pieces. In particular, so as to directly generate positive zeroth-order
terms in the boundary currents, we will make use of the twisted energy momentum tensor as defined
in [Holzegel and Warnick 2014].

This appendix is organised as follows. We first recall the Kerr metric in Boyer-Lindquist coordinates
in Section A.1. We shall then review in Section A.2 the twisted energy momentum tensor and its
basic properties. In the next two sections we shall build our current as a combination of a “Morawetz
current”, constructed in Section A.3 (vanishing, however, identically in an open set containing trapped
null geodesics), and the twisted stationary current and red-shift currents, constructed in Section A.4.
Section A.5 contains some auxiliary calculations.

A.1. The Kerr metric in Boyer—Lindquist coordinates. We define

A=r>—2Mr+a® ¥ =r>+a’cos’6. (A-1)
We recall the (¢, r, 8, ¢) Boyer—Lindquist coordinates and the associated (¢, r*, 8, ¢) coordinates (which
we will also refer to as Boyer-Lindquist coordinates) with the familiar relation

dr* _ r’+a?

dr A
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We shall consider these in the domain R x (r4, 00) x S?, where (8, ¢) are identified with the usual
spherical coordinates of S?. The Kerr metric then has the form

8=8um=8udt Qdt+ g4(dt @dp +dp ®dt) + g dr* @ dr* + gop d0 @ dO + gy dp ® d¢p,

with
_ . 2Mr . A _x
8t = > ) Errx = (I"Z +Cl2)2’ 800 = )
) (A-2)
2Mr ., 2 o  2Mra® ., .9
819 =""% asin“0, gep=|r"+a"+ sin“ 0 | sin” 6.
We compute the inverse metric components as
g = —i rr a4 2Mra® sin? 6 ), = —(r2 +a2)2’ g” = i,
A ) A p (A3)
” 2Mr o0 A —a?sin? 0
= — a’ g =
.2
A Y Asin” 6
For the determinant in these coordinates, we note
A . 2 2 .
ViIgl= 5——=X5sin0 = g+ (r“4a”) sinb. (A-4)

r? +a?
A.2. The twisted energy momentum tensor. We consider the covariant wave equation
O = "V, Vg =0

for g = g, m the Kerr metric. Note that this equation can be rewritten as follows: with the function
B=Wr+ a?)~!, we define as in [Holzegel and Warnick 2014] the twisted operators

Vu(-) =BV (871,

o1 . (A-5)
1) =—p""Vu(B )

and rewrite the wave equation as
0=0¢¥ ==V Vi —Vy =0

= V2 @2V, (7 +a») VP +ad) — vy, (A-6)

where 0.8
y=—2"—_ 3 ((r* +a%)d,
B~ gmirranp XD
_ Ll My Ay tat 1 (A7)
b (r2 +a?)? b

We now define the twisted energy momentum tensor

Tl =V, 0V, y — Lgn (VoY Ve y +Vy?)
= B[V (BT YIVL(BT'Y) — L (VBT IV (B ) + VBT YD) (A-8)
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We note that, for all |a| < M, V is strictly positive in the exterior; in fact

- 2Mr(r —M)(r + M) S -3
- Y (r? +a?)? ~

(A-9)

since r > ry > M, and ﬁw[z//] satisfies the dominant energy condition, i.e., fﬂv[z//]é%” is nonnegative
if £ is timelike and in fact controls coercively first derivatives of v as well as  itself (the latter with the
weight r~3). (Indeed, this direct control of the zeroth-order term is our motivation for considering (A-8)
in place of the usual 7},,.).

From Proposition 3 of [Holzegel and Warnick 2014] we infer the following.

Proposition A.2.1. For v a C? solution of Uy =0 and X a smooth spacetime vector field, we have the

identity
VEIX ] = KXy, (A-10)
where
TX ) = T [v1X", (A-11)
KXy =On Ty 1+ XS, 1y, (A-12)
and - -
Sulv]l= V“z(gww%r Vﬁf WARAVRTA (A-13)

We also have the Lagrangian identity for an arbitrary spacetime function w:
Proposition A.2.2. For  a C? solution of [ ¢¥ = 0and w a smooth spacetime function, we have the
identity
Vuj/’jux,w — Eaux,w[w]’ (A-14)
with ~
K™ [y] o= wB? V(BT ) Va (B ) + (B7 ) (=5 V4 (B Vuw) + Vwp?),
T = wp (B YV, (B7Y)) = 3P VW
Proof. This follows from

VEw@ B~ BV, (B Y)))
= wpVA(B YV (BT + wi (=] Vi) + (V) B2V, (B )7 (A-19)

after rearranging and inserting (A-0). U

Remark A.2.3. Note that when w is a function of r only (as will always be the case in the applications
below) we have
r’+a?

Brziw,
AY

1 .
VBV, w) = ﬁawwgg’ " B0 w) =

a formula which is useful in the computations below.
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A.3. A Morawetz current vanishing identically in a neighbourhood of trapping. In this section, we
shall produce a current giving the desired bulk positivity properties modulo suitable zeroth-order terms
but with additional degeneration at the horizon and without the boundary positivity properties. (The
horizon degeneration and the boundary positivity properties will be dealt with in Section A.4.)

The point about this current is that it will completely vanish in the set %M <r< %M , which contains
all trapped null geodesics for |a| < M. Thus, this current is insensitive to the precise nature of the
dynamics near trapping. The requirement of vanishing on such a set will necessarily generate lower-order
terms, however, with an unfavourable sign. These too will be supported away from trapping.

Our current will be defined by combining those of Propositions A.2.1 and A.2.2, and the vector field

component of the current will be in the direction of d,~. We begin with a computation; note that the

d
dr**

prime " below will denote

Lemma A.3.1. For
A
Bl =it ta, h=(1—3M)— and X = f(r*),

) (2 +a2)?
(with f arbitrary), we have, for any 6 € R, the divergence identity

VAT 4 T [l =5 TSyl = KX [l + K3 [y = 5- K2/ y],  (A-16)

where

~

X[y + T2 [y — s Ty
=T 1X + /B2 B UV (B W) =Ly, £ =8 f-hB* (B Y V(B YN —3v2V, f-h]  (A-17)

~

and
RI0 [y 4 Rowxa ) — s Ry )
=B 0 f = Sf @ (BT YN + 5B D (A —28hg") 3, (BT Y3 (B™ )

W VFEr*
2+ § " A 7 A _
+rAEa (-% _%far*(—(rZ_'_az)zvo)+6[%(fl’l) —Vofhm]>(ﬂ 11//)2 (A-]8)

with

AR = =34 (") + 8"V g 0 (87, (A-19)
Proof. We compute (see Section A.5)

K [y = B2 e f (O (BT Y2 = 3 B> Y [0,(8") — 8" gror O (87 )10, (B~ 40, (B~ ¥)

W VFET*

— 1820 )80 (g Y)3g (B~ Y) — L £, (BPV) (B )?

1 1 2
— =8 f+ f—0,~ V-, (A-20
2< f+rf 7 \/§> V. (A-20)
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Adding the Lagrangian identity of Proposition A.2.2 with w = % f’ (and using Remark A.2.3), we deduce
the result for & = 0. For arbitrary , we simply add the Lagrangian identity of Proposition A.2.2 with

w=<l 3M>(r +a2)f f-h

and group terms. (|

We now exploit the divergence identity of Lemma A.3.1. For this we first define the following (disjoint)
decomposition of the range of the r-variable:

[r+,oo) :R1UR2UR3UR4UR5
=[re. 3M)U M, UM) UM, IM)U[IM, 4M)U[4M, o).
Note that M N {r € R3} includes the region containing all trapped null geodesics if {7 is suitably small.

Proposition A.3.2. There exists an (explicit) function f such that, for all |\a|/M sufficiently small, we
can choose & > 0 sufficiently small (depending only on M) such that the estimate

fA
RO+ B3 )-8 K, 7 )

at 1 2 ar* 1 2 1 2 B
zclRIURS(( E O+ G VA E V) w)—cuwm(ﬂ )2 (A2

holds for constants c and C depending only on M. Here we have defined the shorthand

V(B ) * =

Proof. In the proof, we let ¢ and C be constants depending only on M (but which might change from line
to line). Starting from (A-18) we define
3M A
W AR 25(1 _ —)— v
r )2+ a2t
and compute

3 _3Mr?+a? M r2+a2+Msin29
B”:Zaz-r re+a‘r+a sin20+25(1—3—M) ) ’
Y (r2 4+ a?)? 12+ a?)?
B9 _ 2aM (a* —3r?) 25 . (1 3M) 2Mr ’
2 (r?2 +a?)? r ) X(r?+a?)? (A22)
g0 o7 =3M) +a’r cos[20] +a’M 25<1 3M> A —a’sin® 6
B Y (r2 4 a2)2sin? 6 r )22 +a2)?sin?0’
2 2
—-3M M A
oo =2 H“rt“ —25<1—3—M)—2 .
Z(r2+a?)?*sin” 6 r /E(r-+a)
From this one sees that, for |a|/M sufficiently small we can choose § sufficiently small (depending only
on M) such that in M N {r ¢ R3} (Where |1 - | > ) the estimates
4 G ¢ o 60 ~
b > 5 > b > 5 (A-23)
1 =34 =2 1 —3M 7 3?97 1 =3 T3

r r r
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hold for a constant ¢ depending only on M. Moreover, we have

B¢ la| C
‘1_3_/1/1 Sﬁrj' (A-24)
p
We next choose f : [r4, 00) — R to be bounded, monotonically increasing as follows:
s if r € Ry,
c3 interpolate if r € Ry,
f =10 ifr e Rs,
c3 interpolate if r € Ry,
1-4 if r € Rs.
Specifically, we do the C? interpolation such that we have f monotonically increasing and
f'>¢é(—f) inR, and f'>¢Cf inRy (A-25)

for a fixed constant ¢ > 0 depending only on M. In particular (potentially making & slightly smaller), we

2 >
r /) (rt+a%? "~ r

can achieve that

holds in all of M N {r ¢ Rz} for a ¢ depending only on M. Since f ( — 3—M) is globally nonnegative

7

and in fact bounded uniformly below by a ¢ in R; U Rs, the estimate (A-21) now follows except for the
zeroth-order term on the right-hand side. (For this the only thing to notice is that in

B
Lre?(1- 37M)[ > 1_—3_Maﬂ<ﬂ—‘z/f>av<ﬁ—‘«/f>]
W, VFEr* r

the quadratic form in the square bracket is positive definite by the estimates (A-23) and (A-24).)
For the zeroth-order term, clearly we only need to establish a lower bound in R; U R5. We start with Rs,
where we have for f =1— M/r that

1 e A / 3IM -5
—f = f (rz—i-—az)zvo =r—4+0(" )

r*+a? L A v/ M 2M 14M2 a0
———5 — —_— =—(3— ——14— ifa=0.
r2—2Mr+a?\ 2 (r2 +a?)? 0 r4 r r2

Since the left-hand side of the second identity is continuous in a and the bracket on the right-hand side is

and

uniformly bounded below by % for r > 3M, the estimate claimed for the zeroth-order term follows for
sufficiently small |a|/M after potentially making & smaller; note that

r2—|-a2

A Cs
L I Y AV h— = it
r2—2Mr+a2|:2(f W =Yof h(rz—i-az)Z]S 4
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Similarly, in R; we have for f = —M /r the identity

2.4 .2
r +a 1 7 N _ M 2 2 1 i
The expression on the right-hand side is easily shown to be uniformly bounded below by M?3/(4r%)
for r € [3M, 1} M]. Since the expression on the left is in particular continuous in @ on [ry., 1L M], the
estimate claimed for the zeroth-order term also follows in R;. O

A.4. Adding the red-shift and stationary currents and completing the proof. Let T denote the stationary
Killing field of Kerr (which in Boyer—Lindquist coordinates is 7 = 9;) and N the time-like (including
on H ™) red-shift vector field constructed in Theorem 7.1 of [Dafermos and Rodnianski 2013]. We have
that KT = 0, while

KN[yl=> 6((8,03—11#))2 + @ BTN HIVET WP+ (BT Y)?

r2+a2 2 . 9
+[ A (a, ar*+ 8¢,)(;8 1//)]) inr<3iM

provided a is sufficiently small. We also have N =T in the complement of R;.
We shall now complete the proof of Theorem A.1 by adding

Y- T+ 0T ]

to the current of Proposition A.3.2 for constants Y > 0 (large) and n > 0 (small).
We consider the divergence identity of Lemma A.3.1 with 4 and f now chosen as in Proposition A.3.2.
We expand the identity as follows for constants Y > 0 (large) and n > 0 (small) to be chosen below:

V(T + T g — 5 TSy e TT [yl 4 TV ()
= KXy 1+ K™ g1 = 8- R/ My 40 KVl (A-26)

It is now clear that we can choose 7 sufficiently small (depending only on M) such that for r > %M we
can absorb the term 7K ™[], which is supported only in R, by the positivity of

Ex[w] + Eaux’%f/[w] _5. I"(‘ZUX,f.h [w]
established in Proposition A.3.2 to deduce

aux,% ~
R [y1+ K2/ g1 =K, 7 [y 1+ KV ]
@ (BN + 0 (B 1Y)+ (B~ 1y)?

ré

ZClRluRs( —IV(ﬂ w>|)

r2+a2 1 )
+ClR1|:T<az 8r*+ 8¢)(/8 1//)] — Clpur (B~ Y17 (A-27)
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where ¢ may be smaller than in (A-21) but still depends only on M. We finally claim that we can choose
T sufficiently large in (A-26) such that

(X014 T 1) = 8Ty 4 Y T[]+ TV [y )l
=| TV I(XY + YT+ qN )k |+ £ BB YV (B~ y)nk,
— 3PVl =8 f - hBPBT VLB = SYPV, f - hnk
2 —1 2 —1 2 l . —1 2 1 -1 2
> B <|L(ﬂ WP +u<rI LB P+ S IVET P + S (B w>>. (A-28)

For the boxed term, the estimate is an immediate consequence of the twisted energy momentum tensor
(A-8) satisfying the dominant energy condition, as discussed in Section A.2, the positivity (A-9), and
the fact that the vector field Y7 + nN + X is timelike for sufficiently large Y, provided that we then
restrict to |a| sufficiently small. Moreover, for the boxed term the zeroth-order term in the estimate scales
with T; i.e., the larger we choose Y the larger the zeroth-order term becomes. This can be used to absorb
the remaining terms using the Cauchy—Schwarz inequality for |a| sufficiently small depending on this
final choice of Y.

The relations (A-27) and (A-28) give the coercivity property (3-31) and the first property of (3-32),
restricted to the exterior region, where we define p = 1g,ur, and & = 1g,ur,, except that the r decay

—1=8 and 3-8

for the bulk current is not optimised to the r weights for the first and zeroth-order terms,
respectively, and the r decay for the boundary current is not optimised to the » ~2 weight for the zeroth-
order term. (Note that the Boyer-Lindquist r and the r of (2-1) are comparable for large r values, so
one can compare directly the r-decay as if the coordinates were the same.) To remedy this, it suffices to
add e JAV-Xw.%4-X® and e KXV-2w-14  respectively, to the currents, where (V, w, ¢, @) here denotes the
current of Section B.1, x is a cutoff supported far away, and € is sufficiently small. The resulting currents
now indeed satisfy (3-31) and the first inequality of (3-32), restricted to the exterior, with weights as
stated. We note finally that, for small |a|, we may take the x in the estimate (3-3) proven in [Dafermos
and Rodnianski 2010a] or [Dafermos et al. 2016] to be identically 1 outside of a small neighbourhood of
r =3M. Thus, our & indeed satisfies (3-27).

The currents trivially may be extended to the slightly larger domain of Section 2.7.3. Note finally that
the additional positivity statements of (3-32) are easily shown to hold. Rewriting the current in terms of a
single quadruple (V, w, g, @), one easily sees that the boundedness statements (3-16) hold as well. This

completes the proof of Theorem A.1.

A.5. Computation of the X-deformation tensor. We collect here some computations which were used
in the proof of Theorem A.1.
We have
—2O0 Y = X0y (8") — 0 X" g — 36 X" g1 (A-29)
hence for X = f(r)0,+

=20 = [ (g") — B X" — B X8, (A-30)
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which we can write (using g"" g+~ = 1 for Kerr in Boyer—Lindquist) as
g y

=207 = fO (") + 8" grere e (87) — F 8"V @ror 0 (") umless p=v =r",

. (X) r*r* _ r*rt r*r* _ 2 r*ria (A_31)
2 = fg 8r*r+ O+ (g ) 8 r* f,
o)
- —28" " O f ifu=v=r*
_2(X)7T;w: no en (07T + r .
g g dn (g for-(g"") — fg" grr0+(g" ") otherwise.
We note also
tr X7 = g, O
= =38 [ (") + Oy f
1
= f—=0/g+ 0 f. (A-32)
NG

Therefore
(X) v ?/w

= ® ¥,y Vi — L PV, Yy — L P r)vy?
=ﬂzg’*”ar*f(ar*(ﬁ_“//))z—%ﬂzf > [a,*(g“%—g‘“’gwar*(g"”)]au(ﬂ“w)au(ﬂ—‘w)

W vFET*

——(3 FHf—=0m/8+ [8rr O (8rr) ™ > SRR (3 f+f—a «/_>Vl/f (A-33)

f

Noting that the determinant is given by

f

A
f_ Esm@_gr (r2+a?) sinf
for Kerr in Boyer—Lindquist (z, r*, 6, ¢),

D Ty =B O f @ (B YN =3B f Y [0+ (8"") = 8" @ror O (€710, (B~ )0, (B~ ")

I, v;ér

(a f+f ) ﬂwa,mavw—%(ar*f+fiar*\/§)vw2.

Vg

We now recall from Proposition A.2.1 the definition KX [v]= X )n“"fw[w] + X ”Ev[lp] and compute

( +a 2)2

KX[91= 82" 00 f @ (B~ YN = 31B% Y [9:(8"") — 8" grer O (87 )10, (B~ ¥)0, (B~ ')

W, VFEr*
2rA 0 (B vy (o - -
! 2(8r*f+f(r2+a2)2+f 2 )g“ 0. (B~ )3, (B lw)—éfar«wzvxﬂ 'y)?

——(a - f) VA (A34)

\/_

which indeed simplifies to (A-20).
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Appendix B: Energy currents in Minkowski space

In this section the energy currents used to obtain the assumptions of Sections 3.4.1 and 3.5 are described in
Minkowski space. In Section B.1 a quadruple (V, w, g, @) satisfying the assumptions of Section 3.4.1 is
introduced, and in Section B.2 a quadruple (Vfar, Wear, far, Wrar) Satisfying the assumptions of Section 3.5
is introduced.

Recall that, for a given spacetime (M, g) and suitably regular function ¥ : M — R, for a given vector
field V, a function w, a 1-form ¢, and a 2-form @, the energy current J V.w.q.@ takes the form

L7 (g, Y] = Tulg, VIV + wy ¥ + g, +x d ().

Here, for 0 < k < 4, %: A*xM — A**M denotes the Hodge star operator which satisfies, for all
o, B e AfM,
aAxB=g(a, B)d Vol .

The divergence of J" %@ takes the form

VI T g ] =KV g, ]+ HY P[]0,

where
KV ag, )=, (1T (g, w1+ ¥V wV,p +wV Y Vg + 92 Viq, + 298" qud v,
HYY[y] = V*3,40 + wy.
The divergence of a 1-form & € A' M can be expressed in terms of d and * by
Divé =xd *E&.
In particular it follows that, for any 2-form @ € A2M and any function ¥ € C®(M),
Divxd(Y’w) = —xdd(Y*w) = 0.

Thus the choice of @ in the current J,Y 4% 1o 4] never contributes to the associated K"*»9[g, ] or
HV-"[g, ¥]. Moreover g does not contribute to H"*[g, ¥].
Throughout this section, (M, go) denotes Minkowski space (see Section 2.7.1) and

r=y )2+ ()2 + () (B-1)

denotes the standard radial coordinate and not the r of (2-1). (Note that (B-1) was denoted 7 in Section 2.7.1.
Since (2-1) and (B-1) are comparable for large r, the associated r-weighted coercivity properties will be
equivalent.) Recall the (¢, r, 9, ¢) and (u, v, ¥, ¢) coordinate systems. The Minkowski metric takes the
form

g0 = —dt® +dr* + r?(d9? + sin® dgoz) = —dudv+r*dv*+sin® ¥ d(pz).

The following basic properties of Minkowski space are used. The spacetime volume form of Minkowski
space can be written

d Vol = r?sin® dt Adr AdV /\d(pz%rZSinﬁdu/\dv/\dﬁ/\dqo,
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and so the Hodge star operator * in particular satisfies

x(r?sin® dr Ad9 Ade) = —dt, *(r*sin® dt AdO Ade) = —dr, (B-2)
>l<(r2 sint du Adv ANdy) =du, >!<(r2 sin? dv Adv Ady) = —dv. (B-3)

The normals to the hypersurfaces X (7) and C, take the form
ny, = 0y + L <ROy, nc, = 0y. (B-4)

B.1. The JV>*%°P current. In the case that (M, gg) is Minkowski space, the tuple (V, w, ¢, @) of
Section 3.4.1 can be defined as follows. Consider

V]:T:8u+av9 w1:0’ qlzov w1:0,

8
Vo=8T =81(8y+8,), wr=0, ¢g»=0, wzz—%r—lrzsinﬁdﬂmw,

52 53 52 53 8xuw3
Vi=—(1———)(3,—d,), ==(1-——), =— , =0,
3 2( (l+r)5)( v ), ws = ( (l+r)5) (@3)u > w3

for appropriate
< <Khkii K], (B-5)

and define
3
V:ZVi, w:Zwi, qZZqi, ZU:ZZD;', (B-6)

and then, for a given v, define currents JlYi’wi’qi’wi[l/f] and J,Y’w’q’w[W] by (3-11). These satisfy the

Va,wa,q2,02

boundedness properties (3-16). (Note that the current J,, [go, Y] can be viewed as arising from

contracting the twisted energy momentum tensor, defined in (A-8), with the Killing vector field §,7.)

Proposition B.1.1 (the J V%™ current in Minkowski space). With (V, w, g, @) defined as above, if 8,
8y and &3 are chosen according to (B-5), the current J,Y’w’q’w (V] satisfies the coercivity relations (3-18),
and the corresponding KV-*-4[y] satisfies the coercivity relation (3-17). More precisely,

LT WIS 2 @Y+ 1YY 47218,y
+ 4 <r (@) +r 28, (r ) 1)) + L+ 1) 2y, (B-7)

I a2 @) + 20, ) P+ YR+ () 2y (B-8)
KV 2 e Y+ 407 07 + @)D + (1) 70y (B-9)

Moreover, the corresponding H " [r] satisfies

HY TS 18,91+ 18,01+ 1. (B-10)
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Proof. Recalling (B-2) and (B-3), note first that

1//2 2 2 o
*d (Y o) ——81( ;warw) dt =813y dyx’ dx’

2 2 2
—s, <—% T ;ww) du —81(;”2 +2ya, vf) dv.

Recall the expressions (B-4) for the normals to the hypersurfaces ¥; and C,. The fluxes corresponding
to J Vi-widi-@i[yr] satisfy

J:L/l,wl,ql,w'l [w]nlér — (81),(#)2 + Zl‘lvl/flz + erR(auw)25
JVPRAaE gl — (auwf + 1Yyl

J/Yz’wz’qz’wz[w]né, (8 (r 1//)) +—|Y7( l,[’)| + Lr<R(a (”/f))
1 1 1
=5 J;ﬁ,wl,ql,uﬂ [W]ﬂér + 68 (mwz + ;1//81,1# + mllfztrgR - ;wauwlriR)’
J V22t — 8—1(8 ry))* + 5—1|Y7(”‘ﬂ)|2
m Co ™ g2 8r2

1 1
:81J/Y1,w1,q1,m[w]ngv+81 <7¢2_;¢am),
Jszwzyqz,zm 12 < 8 C((d 2 W 2 1 -2 2 9 2
EH [ | < 82C(0,Y)* + VY 1>+ (1 + 1) 2 [Y 1 + 1< (3,9)),
| T Y n | < 800 ) + YY1+ (L4112,
and the bulk terms satisfy
Kt y] =0,

HY" [y = (0 + 1),
K/ ®[y] =0,

H""2 [y = 81 (3 + 9, ¥),

1 1 6
V3, w3,q3 — _ 2
K [w]—Sz(r 53(r(1+r)8+2(1+r)1+8>>|y71ﬂ|
82636

82836 (1 +9)

305y @+ QD+ 2y,
Vi3, w3 82 53 _ 8_2 i 53
HY " [y] = 2( (1+r)5><avw Q) + - (1 (1+r)a>‘”'

It thus follows that the coercivity relations (B-7)—(B-9), along with the property (B-10), hold if 1, &2
and 43 are chosen according to (B-5). O
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(P o g

B.2. The Jtar current. The quadruples (V 2 WL 2 ) %2 ) and (vfar’ Brar, Gtar Grar) Of Section 3.5
are defined as follows. Consider some

0<dpKHs KK KhH KiK. (B-11)

Noting that —3dyru dx* = —1du = (3,)", define

P Qen W p 8
o o o X far -2
Viwmron =" (== (5

p—1
o =( r4 28555 )rzsinﬂdl?/\dgo.

Define then
V= 4V, W= aw, Gur= o w —iw
far = [ far = P far = 86% far = Ak
where V, w, g, @ are defined by (B-6), so that
V/) —V/)O —f—lV w we +lw g —(“0—}-1 0 w2 —|—1w
far = V far 86 ’ far = Weyp 86 s Dy = Dfar 56 q, far = @ fr 86

(p) (p)

Proposition B.2.1 (the Jg,; current in Minkowski space). With (Vfar, Wrar, §fyrs wm) defined as above,
if 81, ..., 8¢ are chosen according to (B-11), the associated currents J fars K far, defined by (3-11), (3-12),
satisfy the weighted bulk coercivity property (3-40) and the weighted boundary coercivity properties
(3-41). More precisely, for6 < p <2—§andr > R,

Tra W10 = rP=213,r) 2+ 120,92 + 1YY 1P + 52y 2, (B-12)
Jfam[w]né > @) +rP |V | 4+ P2y, (B-13)
K01 2 P 7210, ) P4 #2100 2 4 1P g 2+ 20,0 2 4 P32, (B-14)

)
Moreover, the corresponding H gy [V] satisfies

| H 11 S 77 0,9+ 10,01+ [0+ L. (B-15)

Proof. Recall again (B-3) and note that

» 1 2 rp=1
«d(Y2S,) = ((p;r 2 s Pt rH)wZ _ (T —485r5- )wam) du

1 2 p-1
(et ()

—1 rP= 3
(0 ® 0y + 9y ®3)+—(30®3ﬁ+s1n_2198 ® 0y)

Note moreover that

(p)o r]?
(Vi) = prt =19, 9, —

and
prP=  Suprr—3

4 2

V'u’((”)o )M —

far
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Do e v, g

The fluxes corresponding to J Vi Wi 9t @i [y ] satisfy, for r > R,

r)
o (/\ (]V) (/i

2
g et Py = 20, () = 8 (p; v +4r—1¢au%”)

@

= rP7213,(r )| + 85 (%p)r’z"zwz - 4r§‘2w8v(rw)), (B-16)

Doy 0y @
Vfar wfax

Ju

W )3

+2
Uil g_——whm + rP 2¢2—55<—p2 rz—2¢2—4r’z’—1¢auw), (B-17)
and the bulk terms satisfy

» 5 Q—p

84(2—
Kvlar wfdr qfdr w] prp—3|av(rw)| + 4( P) PP 3

2
H e W[y] = rP=19,(r ). (B-19)

IWI + PR 2847 Y3, (ryr), (B-18)

In particular, if §4 and 85 are chosen according to (B-11) (depending on p), then

g e Tyt > 10213, g P 4 G + 82, (B-20)
“;’o Py Py g
g e Tyl @ 2 P (B-21)
and

K Ve B[y 1 > pro =210, ) P+ Q2 p)r? V9 Pt pQe )P |0y P 2= p)rP g2 (B-22)

) 92

It follows from Proposition B.1.1 that the currents Jy,, Ky, satisfy the weighted bulk coercivity
properties (B-12)—(B-14), provided §y, ..., d¢ are chosen according to (B-11), and that Hy,, satisfies
(B-15). O

The inequalities (B-10) and (B-15) in particular mean that the » ~!| Y| term on the left-hand side of
the assumed inequality (4-30) is superfluous in the case that (M, go) is Minkowski space. This term is
estimated in the proof of Proposition 4.7.2 nonetheless in order to illustrate how it is estimated in the case
of Kerr.

Appendix C: Verifying the null condition assumption
In this section the proof of Proposition 4.7.2 is given. Proposition 4.7.2 can be more precisely stated as
follows.

Proposition C.1. Assumption 4.7.1 holds for the classical null condition of Klainerman [1986] on
Minkowski space and more generally the class of equations on Kerr considered in Luk [2013].
More precisely, if (M, go) is either Minkowski space or a member of the Kerr family and if

F =N, x)0, 90,y

satisfies the assumption (C-22), then there exists kny > 0 and, for all k > kyyy1, there exists ena > 0 such
that we have the following.
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Let  be a smooth function in R(tg, 71, v) satisfying (4-29) for 0 <& <eny. Then, forall § < p <2-9,

/ (1L2ty 1+ 1M1+ Ly oty + Lioku )it + (@ F)?
R(10.7',v)N{r=R} r r

R(to,7’,v)N{r>R}

< O+) 0+)
Sy Xgpjo(m0: TE g (70, T1)

|k|<k

and, moreover,

/ (rP LD ) +ILD Y |+ 1LD4 |+ 17D ] + LDy ) D4 F|
R(wo,7’,v)N{r=>R} r r

+ / (@ F) S\, o0, T E (10, 1) 4 (00, 70 30, 70 0, 7).

R(to,t",v)N{r=R}

|k|<k

The estimate of Proposition C.1 is only nontrivial for large r and, thus, the main content appears
already around Minkowski space. Accordingly, the proof will be given in detail for the case that (M, go)
is Minkowski space for the two model nonlinearities

N™ (W, ), 0,0 = 3, ¥, ¥,
N™ (W, x)3, ¥, = g8V 4y Va0,

where ¢ = r2y is the induced round metric and Y its associated connection. See Section C.1. The more
general nonlinearities and the Kerr case are discussed in Section C.2.

C.1. Two model nonlinearities on Minkowski space. Throughout this section, we will write (M, gg) to
denote Minkowski space (see Section 2.7.1). Note that, in the region r > gR which will be considered
here, the r of (2-1) coincides with the standard radial coordinate (B-1) used in Appendix B and thus
coincides with what was denoted as 7 in Section 2.7.1.

Recall the (u, v, 6, ¢) coordinate system. In the region r > R the null vector fields take the form

L =0,, L=8u

The spheres ¥ (7) N C, are round, ¢ = r?y denotes the induced round metric and Y its associated
connection. Define

.;70-L* = sup j;"(t),

TO=T=T|

=0
*
Il

sup (),

TO=T=T|

* (p-1) U (p=1)
/ & :=/ E(v)dr,
k 70 k

and similarly for < k replacing k, and with R subscripts added, etc. This notation will be used throughout
this section.
The main result of this section is the following.
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Proposition C.1.1 (model nonlinearities on Minkowski space). Fix§ < p <2 —§ and k > 7, and let
be a smooth function in R(tg, 71, v) N {r > gR} satisfying (4-29).
Then the nonlinearities

F=0,y0,0 and F=g"BY ¥y

both satisfy
> (10,04 1+ 8,081+ Ly oty + Liobu)io#  + (Y
k| <k  R(@0, T 0N{r=R} 4 r R(z0,7',0)N{r=R)
© o *(7“6 o © * y * o1 © *(7‘4‘
VErr it [ E(Frdi [E) v [ B (B 5
and

>/ (10,2 |+ 0,04y + 18,041+ Ly 0ty + Loty ) ok £
R(to,t",v)N{r=R} ' '

k| <k
+ / (©FF)?
R(ro,7/,v)N{r>R}

* (p—1), ) * (p—1) ) ) >‘<(*|*5 0) P) * (p—1),
) * ) * * 7 * * /
5\// gR\/Z:R\// ST <Z;_R+<§8R/9+f <§R(~Z:R+§R+/ §R>-

The following properties of Minkowski space will be used in the proof of Proposition C.1.1. First, for

any k and any function v, for r > R,

D Ly S Y ILDR Yyl 1DFLy S D ILDMY. (C-1)
k| <]k| Ikl <Ik|
Indeed, (C-1) follows from L =9,, L=0,, T = N =9, + 9y, and [9,, 2;] = [0, R;]=0fori =1, 2, 3.
Thus 9, and 9, commute with all components of ©. Second, the fact that, for any k and any function ¢,
for r > R,
D YAy YIS Y IVDRyl YRRy (C-2)
[y |+1k2 | <|k|
will also be used.
In the above and what follows, note that when the volume form is omitted, the usual spacetime volume
form is to be understood, and this contains in particular an omitted 2 sin © factor.
The proof of Proposition C.1.1 relies on weighted Sobolev inequalities, which are discussed in
Section C.1.1. In Section C.1.2 the proof of Proposition C.1.1 for the case of the nonlinearity F = 9,13, ¥
is given, followed by the proof for the nonlinearity F = g*8Y 44 ¥ g1 in Section C.1.3.

C.1.1. Weighted Sobolev inequalities. The proof of Proposition C.1 relies on certain weighted Sobolev
inequalities.
Let dw denote the unit volume form on S2:

dw =sinv dv dy.
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Recall (see Section 2.7.1) that r(u, v) = %(v —u). Define v(R) = v(R, u) = 2R + u, so that we have
r(u, v(R, u)) = R, and similarly define u(R, v) = v — 2R, so that r (u(R, v), v) = R.

Recall the region R (g, 71, v). In order to avoid the blowup of constants in Sobolev inequalities, the
region near the corner {u = 79} N {r = R} will typically be considered separately from its complement.
Accordingly, define

R (10, 71, V) := R(t0, 71, V) N {r = R}, Rgr(%0, 71, v) := Rr (0, 71, V) \ {v' < (R, 19+ R)}, (C-3)

and
Rcomer(T0, T1, v) 1= R(70, 71, v) N {r = R} N {v" < v(R, 10 + R)}. (C-4)
Note that
r <13R in Reomer(To, T1, V). (C-5)
Define also
Ty = T1(v) = min{ry, u(R, v)}, T/ =T, (C-6)
and

Yr(t,v) = 2(r,v)N{r > R}.

Proposition C.1.2 (Sobolev inequality on incoming cones C,). Forany to <u <71, v(R, 1p+R) <v' <v,
(W, @) € S? (i.e., forany (u,v', 9, @) € 7V2R(to, 71, v)), and any function f: R(tg, 71, v) = R,

rlf @, v, 9, ¢)l

Ty 3
5(1+(n—m)5>Z(ffs<|y‘f|2+2|sz,ﬁf|2+
o /8 i=1

k<1

1

3 1
2
> |§2,-£2,-I_J‘f|z> W', v, 0, (p)rzda)du’) :

i,j=1
Proof. For simplicity, consider first the case that v" > v(R, 1), so that T = 7;. Suppose first that
u> %(r] + 175). Let ¢ be a smooth cut-off function such that ¢ (1) =0, ¢(r) =1forr > %(tl + 1), and

T+ 17
fort; <t < i

, 4
' (D] =
T — 1
Now

B (P f(u, V', 0, )7 = ¢ )| f(u, V', 9, @)|* +2¢ ) f (u, V', 9, )y f (u, V', 0, ).

Integrating from 7y to u gives
T] 71
PP 0P S0 @ - ) [ PR+ [ o P
70 70
The result then follows from the standard Sobolev inequality on S,
: ;
> |Q,-ij|2) W'V, 9, p)r?sin® do d(p> .

i, j=1

3
sup If(u’,v/,l?,w)lér‘l(f (|f|2+Z|szl-f|2+
s? i=1

(¥,9)€s?

Similarly for u < %(rl + 13), and similarly for v(R, T+ R) < v < v(R, 11). O



1012 MIHALIS DAFERMOS, GUSTAV HOLZEGEL, IGOR RODNIANSKI AND MARTIN TAYLOR
Proposition C.1.2 in particular implies that

sup Y D Y|+ V@YD) < (1 + (11 — 1))y FF (C-7)
R (10,71,0) |k|<k—3

and, forany s >0and any 1o <u <11, v(R, 0+ R) <V <v, (4, ¢) € s2,

1

P10, 0, 2, IS+ (m - h) Y (/ / 20,0k (v z?<o>|r2dwdu) (c8)

Ik|<|k|+3
It is in the forms (C-7) and (C-8) that Proposition C.1.2 will be used below.

Proposition C.1.3 (Sobolev inequality on X(t)). Forany 1o <t <11, v(R,u) <v' <v, (¥, ¢) € S2,
and any function f: R(ty, 11, v) = R,

1
£z, v’,ﬁ,w,sZ(/z( ) ‘2(IL"f| +Z|sz LA fP+ Z |22, L* f] )r dwdv)
k=0 R(TV

i,j=1

1

2

+ (/ r—2|f|2r2dwdv’> .
2gRr/9(t,v)

Proof. The proof follows from the fundamental theorem of calculus and the standard Sobolev inequality

1

on S2, as in the proof of Proposition C.1.2. O

Proposition C.1.3 in particular implies that

sup Y 1DFYI <\ Erpo. (C-9)

Rcorner (70,71, V) |k|<k —4

where the region Rcomer 18 defined in (C-4). It is in the form (C-9) that Proposition C.1.3 will typically
be used.

C.1.2. The proof of Proposition C.1.1 for the nonlinearity F = 9,y d,¥. Proposition C.1.1 for the
nonlinearity

F =0,y
follows from the following proposition, whose proof is the subject of the present section.

Proposition C.1.4 (nonlinear error estimates for F' = 9,49, on Minkowski space). Under the assump-
tions of Proposition C.1.1, for each |k| <k,

2 </ (18991 + 10,0401 + Ly 0ky 1+ Loky1) - ok a1 0% a,v
ey |+ ko | <|k| N R(T0.T1 vV)N{r=R} ’ ;.

+/ k1 32 |®"zavw|2)
R(o,71,v)N{r>R}

B [afevetie [ 5) e 5 5)
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and

> / rP=19,r Dk )| - 1910,y - 1%, 9|
R

[+l | < R0 7100 R)
< * [I)—]} (0 % * (]7*[} (O] % IU)* *( 1 »} ) % (]7)* * 1[)*1}
N ExV TR ErtVlrTEsrot | Ex\FrTERT | ER)

Proof. The separate terms are estimated individually. We will use (4-29) to replace quartic bounds with

cubic ones without further comment. In view of the fact (C-1), the proof follows from the estimates
(C-10)—(C-16) below.

The notation of Section C.1.1 will be used throughout. Recall, in particular, the regions R g and Rcomer
defined in (C-3) and (C-4), respectively, the boundedness property (C-5) of r in Rcormer, and the 77 and
T notation defined in (C-6).

The constant in the Sobolev inequality (C-7) blows up as t; — 19 — 0. Accordingly, the cases

T1—1>1 and 11—13<1

are typically considered separately. Similarly, the region Rcomer, near the corner {u = 7o} N {r = R}, is
treated separately.

Estimate in the corner region {v' < v(R, 1o+ R)}: For any |l;| <k+1,

> f Dkl 18,08y - 19,00y < ,/§§R/9/ g, (C-10)

|k||+|k2|§|’}|—1 RC()FHEF(T()?TlaU)

Indeed, consider some |k | + |k2| < |l;| — 1. Since k > 7, it follows that either |ki| <k —4 or |ky| <k —4.
In the former case,

/ D%y |19, D 19| -19,D%
Rcomer(70,T1,V)

1 1

k ko) k()
S osup o [0,D '¢|</ Ky W|) (/ 0,0 21//|>
RComer(ro.il ) Rcorner (70, T1,V) Rcorner (10, T1,V)

) *(*175
< * )
SV Esrp f Cr

by the Sobolev inequality (C-9). Similarly when |k;| < k — 4.
It follows, in view of the boundedness property (C-5), that the estimates of the proposition are trivial
in the corner region. The remainder of the proof thus concerns the region R r (10, T1, V).

Estimate for the 3,1 term: First note that, for any |k| <k,

f 19,0y | - 18,25y - |a,D%2y|
RRr(10,T1,V)

0) ©) * (L)) ) * [E5)) ©) * (=1-8)
SEE[E)fEe [E(F[F) cm

[ki]+1ka | <[ k]
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Indeed, suppose |ki| + |kz| < |k|. Since k > 7, it follows that either |k;| <k —3 or |ka| <k — 3. If
|ki| <k — 3, then, for 7; — 79 > 1,

ﬁ 10, D%y | - 18,05y - |8,D%2y|
Rr(t0,71,0)

v Tl/ 0) *(E—I)
g/ supr|8u©k‘1//|/ /(r”|au©"z/f|2+r1+5|aU©k2¢|2)r2dwdudv/5,/?*/ g
v 70 J §? «*

(R,70+R) u,0

by the Sobolev inequality on the incoming cones (C-7). For 11 — 19 < 1,

[ 13,05y | - 18,05y - |8,D% |
Rr(10,71,V)

v 7 i T 1
5/ sup |r8u©k11//|</ / r_1_5|8M©k1//|r2da)du> (/ f r_1+5|8v®k2w|r2dwdu> dv’
v(R,70) To=<u<T| 79 J 8?2 70 JS?

fes?

(U}

< 12(/ /f 1919, 0%y |r da)dudv)
(Tl—fo)/ v(Roro) o J 52
T
(/ / f r 10,959 112 dw dv’ du)
v(R,u)J S2
(15) Tl (IM
(Tl—fo)l/“ < du) < 5“

by the Sobolev inequality on the incoming cones (C-7).
If |kp| <k —2, then

[ 19,05y | - 18,05y - |3,D%2 |
Rr(10,71,V)

v T,
5/ sup|r]¥‘sav©"2w|/ / r= 210,05y - 10,95 v |12 dw du dv'
v 70 J 52

(R,70+R) u,0

v Tl’ . %
SU+@-—w2) Y f( </ er_1+8|8U©k¢|2r2dwdu>
v(R) T JS

lk|<lka]+3

T/ 1 T/ !
x(/ I/ r_1_5|8u®k¢|2r2dwdu> (/ I/ |8u©k11/f|2r2dwdu) dv’
1
<Hs> 2
<+ =—1)72) f*,/ > (// / P19, 0Ky 2 dwdudr/)
v(R,u) JS?

k| <lks|+3
by the Sobolev inequality on the incoming cones (C-8). Hence, if 11 — 79 > 1,

0) *'*I*l;) *\571)
/ @k 0ot < B [E] [
Rr(0,71,0) ©

and, if 11 — 79 < 1,

0) *(714) )
[ 0, D%y |- 18,281 9| - 19,22y < \/f*\/f £ &
Rr(10,71,V) “
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Estimate for the 0, term: Next, for any |k| <k,

0) * (=1-3, ©0) 0y * ©-1)
f |av®"w|-|au©’w|-|av®"2w|5\/§*+/ g’(f*+§*+f 8) (C-12)
e+ < | < e (F0-71 V)

Indeed, if |k;| < k — 2, then

f 19,25y |- 18,25y - |8,D%2y|
RRr(t0,71,V)

1 1
2 2
< sup |r8u©k‘1ﬁ|(/ r—1|aU©’u//|2) (f r—1|av©"2w|2)
u,v,0 Rr(10,71,v) R (T0,71,0)
1
0] * o) 2
<U+@m-mh Jf*\/f 5(/ r—1|avi>"1//|2)
« Rr(70,71,V)

by the Sobolev inequality on the incoming cones (C-7). Hence, if 11 — 79 > 1,

0) *(H)
f 10,9%y| - 10,2y |- 19,959 < \/g;’;—*/ g
Rr(t0,71,V)
and, if 1y — 19 < 1,

0) (0) >|<(«S—I)
[ 10,959 9,2y 19,29 </ €7/ / £
Rr(10,T1,V) «

If |k2| < |k| — 2, then one similarly estimates

[ 10,05y | - 10,25y - [0,D% |
Rr(10,71,V)

v 1 7/ 2/ 3
5/ sup |rzaU©"2w|(/ / r_llavﬁkz/flrzda)du> </ / |8u®k11ﬁ|r2dwdu> dv’
v(R,70+R) ‘L’()SufT]/ 10 J 52 70 J 8?2

Hes?

S+ (n —w) DY F

v T/ 5 1 T/ !
< ¥ / (/ 1/ r_1_5|8U’Dk1//|r2da)du) (/ 1/ r_1+5|8U©k1//|r2dwdu) dv’
v(R,10+R) \J1y JS? 70 J§?

k| <lko|+3

) *«—H v Tl/ %
5(1-1-(71—10)_%) ]:*,// €/</ / / r_1+5|8v’)3k1//|r2da)dudv’>
! CNJvR, 10+R) S I 82

by the Sobolev inequality on the incoming cones (C-8). Hence, if 11 — 79 > 1,

() * (=19, * (e
ﬁ 19,05y -10,02%1 9] - 18,05y </ F* fg’\// g
Rr(70,71,V)

and, if 11 — 19 < 1,

0) *\—H )
f 10,25y | - 18, D%19| - 19,229 < \/f*\// g/ €.
Rr(70,71,0) b
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Estimate for the r~'Yr and r 'y terms: For any |k| <k,

f r1|W®"w|-|au©"lw|-|av©"2w|5,/%*+/ ‘5’(f*+5* /5) (C-13)
Rr(70,71,V) “

|kt [+ k2| <|k]|
and
0) 1= [ © * o)
ﬁ r“|©"1/f|-|au®"‘w|-|au®"2¢|§\/gj*+/ ’(J—"*+5* f(;/). (C-14)
Iy |+ 1o | <[ke| ¥ TR (T0T10)

Indeed, (C-13) and (C-14) follow as in the proof of (C-12), using now the fact that

*
f rlﬁlrlvw|2+r15|rlw|2§/ {/‘/’
Rr(t0,71,V)

*(s )
f r—1+8|r—lvw|2+r—l+5|r w| /
Rr(t0,71,0)

v ©
f (Ir 'Yy P+ 1r 'y P)r? dodv’ < £,
v 52

(R,7)

and

Estimate for the quartic term: For any |k| <k,
0) * (=15 ) ) * (—1-5 0)
> / DMy 2 9,0k 2 < (5 +/ ;’)f,* + (5 +/ g’)f*. (C-15)
e [+l < k| © TR (0-710)

Indeed, supposing first that |k| < k — 3,
[ met ek
Rr(t0,71,V)

S Sup(r1d, 9"‘%)2[ r219,0%y 2 S FH 1+ (1 — ) ?) r29, 0% 2

Rr(70,71,V) RR(10.71,0)

by the Sobolev inequality on the incoming cones (C-7). Hence, if 11 — 79 > 1,

* s
[N T o
Rr(%0,71,0)

<k
and, if 11 — 19 < 1,

)

[ 0,08y 0,00y 2 S .
Rr(t0.71,0)
Similarly, if |ky| < k — 3,

v T1
[ 908 Y2 [0,y 2 < / sup [8, D5 / / 19,05 P2 deo du dv’
Rr(t0,71,V)

v(R,79+R) u,0

sPas@m-wh ¥ N
RR(‘L’()‘L'lv

o K| <[ko|+3
and so one similarly has

0) *( 15,
[ 925y 18,25y * < (5 +f é’)f*
Rr(70,71,0) . “
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Estimate for the r?~13,(rv) term: Finally, for any |k| < k,

[ rP718, kDY) - 18,051y - 19,0%2 |
Rr(10,71,V)

0) ) * (p-1) 0) 0) (V] * (p-1) * (p-1)

Indeed, consider first the case t; — tp > 1. Suppose first that |k;| < k — 3. Then, if 7y — 79 > 1,

[y [+1k2 | <|k]

f rP7N8,r DY) - 18,081y - 19,052y
RRr(t0,71,V)

1 1
2 2 [} * o)
< s oan([ aester) ([ rastep) < JE ¥
Rr(10,71,v) Rr(10,71,0)

R (70,71,0)

by the Sobolev inequality on the incoming cones (C-7). Similarly, if 7, — 79 < 1,

f rP7N8, kDY) - 18,051y - 19,0% |
Rr(10,71,V)

1 1
1 0] 2 k ) 2 2 k ) 2 0] ] [0}
< (@1 - )} f(/ 7213, D w) </ 7213, 2w|> < Jr e e
Rr(70,71,V) Rr(70,71,V)

Suppose now |ky| <k —3. Then, if 1y — 79 > 1,

f rP7N8,r Dk )| - 18,051y - 19,052y
Rr(t0,71,V)

1
© v ) T1 2
5,/{*/ sup(r’;l|8U©k21ﬂ|)</ / rp3|8v(r©k1p)|2r2dwdu> dv
v 70 J 52

(R,70) u,0
1

1
(©0) 2 ~ 3
< F* (/ 7319, rD*y) *r? dw du dv) § (f P 19,95y 12r? do du dv>
RRr(t0,71,V) Rr(t0,71,V)

k
k| <|ka|+3
* *
0) (p-1) (p-1)
< >k / /
sVEV[ e[ E

using again the Sobolev inequality on the incoming cones (C-8). Similarly, if 71 — 79 < 1,

/v P19, ) - 10,081y - |8, D% |
Rr(10,T1,V)

1

1
[} 2 ~ 2
S —w) HF ( f r”‘2|av(r©"w>|2) > ( / rP—2|av®kw|2)
Rr(t0,71,V) Rr(t0,71,V)

IK|<|kz|+3
(0) (p) )
< /]:-* /g* £ O
~ k k <k

C.1.3. The proof of Proposition C.1.1 for the nonlinearity F = gABY sV . We now consider the
nonlinearity

F=g"Y ¢y Yy

In view of the property (C-2), the proof of Proposition C.1.1 follows from the next proposition.
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Proposition C.1.5 (nonlinear error estimates for F' = gAB Y a¥'Y gy on Minkowski space). Under the
assumptions of Proposition C.1.1, for each |k| <k,

2. </ (10,0501 + 8,05y |+ LY Dky | + LD*y) - [yDH 1y ¥ D=y |
R(to,71,v)N{r>R} r r

ki |4k <|k|
+/ W@’WR-W@"ZWZ)
R(o,t1,v)N{r>R}

and
PP 0, e D) Y DR |W@"2w|<%(§*;+/ g)

Proof. The separate terms are estimated individually, and the proof follows from estimates (C-17)—(C-21)
below.

>k

Ik |+Hlka | <] ¥ R(T0TLON{r= R

The notation of Section C.1.1 will again be used throughout. As in the proof of Proposition C.1.4, the
cases T —Tp > 1 and 71 — 79 < 1 are typically considered separately. Similarly, the region near the corner
{u = 19} N {r = R} is treated separately.

Estimate in the corner region {v' < v(R, 1o+ R)}: For any |l€| <k+1,

3 / QIR G llR AN o LTSN -+ O / . (C-17)

= R ,T1s
o+l < |1 7 TS Comer (0L

Indeed, (C-17) follows exactly as in the proof of Proposition C.1.4 using the Sobolev inequality (C-9).
The remainder of the proof concerns the region R r (10, T1, V).

Estimate for the 9, term: First note that, for any |k| < k,

/ 8,2y |- YD 9| - VDY < \/?/ g (C-18)
R(T{) 71, v)

[ki]+1ka | <|k]

Indeed, for 7; — 79 > 1, assuming without loss of generality that |k;| <k — 3,

ﬁ 10, D%y |- YD |- YDy
R(‘EO T] U) 1 1

2 2
< suprwm’“w( / r”|au®"w|2) ( / r”‘W@"ZW)
u,v,0 R(t9,71,0) R(t0,71,V)

/ (©; (8- 1)
< 3k
EZ./: /

by the Sobolev inequality on the incoming cones (C-7) since p >§. For tr; — 19 < 1,

[ oturyohyl et s JEEE
R(z0,71,0) “
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Estimates for the d,%, r~'Y, and r ~'1 terms: Next, for any |k| <k,

) / (10.D% | +r~ VD Y |+ r [ DFy)) - VD Y- VD Ry
ket |+l | < k| ¥ R(T0-T1-0) *
< £*<§*+/ 5) (C-19)

Indeed, for 7; — 7y > 1, assuming again without loss of generality that |k{| < k — 3,

f 9,0k [V DRy | [YDR
R(70,71,V)

1 1
2 2 © * o
< sup rIWlewl(f r1|aU©kw|2> (/ rlly7®k2w|2> < }'*/ £,
u,v,0 R(70,71,V) R(79,71,V)

and similarly, for tr; — 79 < 1,

f 19,2 |- [yD Iy |- |yDRy| < fg
R(%0,71,0)

<k

using again the Sobolev inequality on the incoming cones (C-7). Similarly for the »~'4 and r~' Y
terms, we use the fact that

* o) v ©)
[ ewotep et < [ € I 1YY+ 1y Py dedy’ < £,
R(0,71,0) g v(R,u)J §2 k
Estimate for the quartic term: For any |k| <k,
(0) (0) >k(7|~6)
| W@’“W-W@"zwz,ﬁf(;&w/ 5) (C20)
ket |-+l | <[k ¥ RAT0-71.0)

which follows as an easy consequence of the Sobolev inequality (C-7).

Estimate for the r?~13,(rv) term: Finally, for any |k| < k,

0) P *(/)71)
ﬁ rP 3, D )| [YDR |- VDR Y S \/?(5 +f 5) (2D
R(w0,71,v)

[y [+1k2 | <|k]

Assume again, without loss of generality, that |k;| < k — 3. Then, using (C-7), for 7y — 7o > 1,

f rP8, r Dk )| - (Y DRIy |- [y DRy
R(70,71,V)

1 1
2 2 [0 * )
< sup rW@"lw(f r”3|au<r©"w)|2> (/ rPW@"ZW) SV f £.

R(10,71,0) R(70,71,v) R(70,71,)

Similarly, for 71 — 79 < 1,

f P10, r k)| - [Y DM Y| Y DR
R(70,71,V)

1 1
(0) i E (0) (p) (0)
<t —19) 7 f(/ r”_zlau(r@kW)l2> (/ rp—2|m"2w2) SYLIVEYE B

R(0,71,V) R(z0,71,0)
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C.2. More general nonlinearities and Kerr. For more general nonlinearities on Minkowski space of the
form

F=N""(y, x)aulﬁaulﬁ,

with N satisfying a null condition of the form

sup > Y DROEN AN AN AN AN+ INABYE ) S D, (C22)
EI=Lr=R o\ y5<k A,B=1,2
where the A, B indices refer to coordinates ¥, ¢ (recall the (u, v, ¥, ¢) coordinate system of Section 2.7.1)
and D are arbitrary constants, the proof of Proposition C.1 follows exactly as above, where the
bound (4-29) is now also used to obtain pointwise bounds on i through an easy weighted Sobolev
estimate which allow as to invoke (C-22).

Remark C.2.1. Note that, besides the nonlinearities of the classical null condition [Klainerman 1986], our
class (C-22) includes for instance also nonlinearities which for large r take the form F = (sinr)d, {0, .
It does not, however, include even more general examples like F = (sin x)d, ¥ d,¥ considered recently
in [Anderson and Zbarsky 2024] due to the presence of the weighted vector fields €2; in our set of
commutation vector fields D*.

More generally, if gg is a metric with asymptotics suitably close to those of Minkowski space, with
extra terms suitably small, then the above proof again applies.

We will consider explicitly the case that gg is the Kerr metric. Define double-null (u, v, 8!, 62)
coordinates on Kerr, when 0 < |a| < M, in terms of the Boyer-Lindquist coordinates (¢, r, ¥, ¢) of
Section A.1, by

U=T—Ty, UV=Iry,
with ! defined implicitly by the relation

FO',r,0)=0,
1

1 o0
do’ + /
a+/sin? 9! —sin% 9’ v V()2 +a2)? —a?sin? 01 A
2Mar
¥R2’
See for instance [Pretorius and Israel 1998; Dafermos and Luk 2025]. Here
2 2 00 (V2 2 N2 2)2 _ 426in2 91 A’
r*(r,ﬁ):/r Za dr—{—/ () +a /((r);a) ¢ o dr’

U
+ / av/'sin? 9! —sin? 0’ do’  (C-24)
91

(note that the expression (C-24) is independent of #! in view of (C-23)), where

2 2
/r+adr
A

dr’, (C-23)

0
where F(0', r, 9) :/
91
and 62 defined by

02 =¢+h(ry, 01, where h satisfies 9, h(ry, 0') =

lim A(ry, 6" =0.
7s—> 00
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is a function satisfying

3, =

and
A=r’+a*—2Mr, AN =@ +a*-2Mr, T =r*+a’cos’?,
2Ma’r sin® ¥
s .
Note in particular that r, is distinct from r* defined in Section A.1.

R*=r>+a’+

In these double-null coordinates, the Kerr metric takes the form

Sam = —Sdudv+ g, ,(d0* —b* dv)(d6® —bP dv),

where
b2 dMar

~ XR?’
and
a%(3g1 F)2(sin® 0" — sin® 9)((r2 +a?)? — a®sin’ 6! A)
1n= R2
gy, =Rsin® 9, ¢,=¢, =—R*sin® ¥d,h.

+ (991h)*R? sin? v,

In particular, one has
L=20,+b%ys, L=20,.
Moreover,
T=0,+3 and € =Q;0", 6% fori=1,2,3,
for functions Qi(él, QZ)A, so that, in particular,
[0u, T1=[04, 2i] = [0y, T] = [0y, ;] =0.
The function b2 = b2(u, v, 61, 2) satisfies, for any k > 0,
C
Yoo akeantebr? < =
k1+ko+|k3| <k r

for large r, and hence the commutation relations

3
~ 1 ~
PFLyIS Yo LD I+ 5d 0 Do 19604y, (C-25)
|| <|k| =1 k| <|k|-1
3
~ 1 ~
PFLyIS Y ILD I+, Y, Dty (C-26)
|k|<|k| =1 k| <|k|-1

hold for large r. Moreover (C-2) remains true. The proof of Proposition C.1 in this case then follows just
as in the case where gg was the Minkowski metric, using now (C-25) and (C-26) in place of (C-1).

We note finally that the condition (C-22) applied to Kerr indeed includes in particular the nonlinearities
considered in [Luk 2013].
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Appendix D: The inhomogeneous estimate (3-3) on Kerr in the full subextremal case |a| < M

The main theorem of [Dafermos et al. 2016] only states (3-3) for the homogeneous case, i.e., the case
F =0. In this section, we explicitly address the issue of the inhomogeneous estimate (3-3). We have the
following:

Theorem D.1. The inhomogeneous estimate (3-3) holds on Kerr in the full subextremal case |a| < M.

Though the inhomogeneous estimate (3-3) for general F, precisely as stated, indeed can be shown to
hold in the full subextremal case |a| < M, it is a little bit delicate to produce the physical-space expression
corresponding to the middle term on the right-hand side of (3-3), except in the case |a| < M. (This
difficulty is entirely due to the presence of the term g (t) on the left-hand side.) The weaker version
of the estimate in Section 3.2, on the other hand, which is all that is actually used here, can essentially
be immediately read off from the proof of the main result of [loc. cit.]. Since we have no real use for
the stronger statement, we prefer here to give the details of how to directly obtain the weaker statement
(though in the case |a| < M, we note that our argument indeed recovers the stronger statement).

Proof (of the weaker version of Remark 3.2.1). We will obtain the estimate in three steps. The reader
should refer to [Dafermos et al. 2016] to follow along.

Step 1. We first obtain (3-3) (in its original form) for general F, but without the future boundary terms
on the left-hand side, and where the regions are all restricted to r > ry.

For this, note that one can assume without loss of generality that F is compactly supported in spacetime,
and thus it is clearly sufficient to prove Proposition 9.1.1 of [loc. cit.] now for solutions of (1-2), with the
extra inhomogeneous terms of (3-3) now on the right-hand side.

We note that the cutoffs used in the proof of Proposition 9.1.1 of [loc. cit.] already gave rise to
inhomogeneous terms

T::/ Z(/ H-(f h,y,x)- (u, u’)) dowdr*; (D-1)

ml

see, e.g., (165) of [loc. cit.]. An inhomogeneity F' on the right-hand side of (1-2) contributes an additional
term of the form (D-1) in the proof of this proposition, where H is replaced by the Carter separated
coefficients of F according to formula (43) of [loc. cit.]. Let us denote this term as 7r. One easily sees,
however, that, in view of the inclusion of our inhomogeneity F, the problem can be reduced to the case
where one has trivial initial data, in which case one may work directly with v without applying a cutoff.
Thus we may assume now that we only have Tr on the right-hand side, and H below will denote the
Carter separated coefficients of F. We must now essentially repeat the steps of the proof of the proposition
in order to produce the desired right-hand side.

For this, we first immediately partition 75 as TFI + 7;g + 72, where the summands correspond to the
integral of (D-1) over the region R_ <r < Ry (i.e., R* <r* <R}, etc.), {r <R_}U{Ry <r <R} and
r > R, respectively, where Ry, R, are as in [loc. cit.] and we require R > R.
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Considering TF], we further partition 7'F1 as 7}1 T T;ﬁ b where TFI’ » 18 the contribution of the currents in
H-(f,h,y, x) (u, u") that multiply w and T, ,} o denotes the rest. We note (see formula (102) of [Dafermos
et al. 2016]) that the coefficients of the currents in the sum defining TFI’ », are then frequency-independent
for all “trapped” frequencies (w, m, £) € Gy (the expression is simply Ew Im(Hu)). Thus, by adding a
suitable compensating term ﬂémp supported only in the untrapped frequencies, we have that Tg,w + 72)mp
is a sum and integral over the precise expression Ew Im(Hu), and thus this integral and sum may be
rewritten via the Plancherel formulae on page 820 of [loc. cit.] as a spacetime integral precisely like the
middle term of (3-3), restricted to r < R, with V, = 9,.

For the remaining terms 7},1 o~ 7::me7 note that these are supported entirely in the nontrapped fre-
quencies, i.e., in the complement frequency set G7. Recall now that in estimate (165) of [loc. cit.], we in
fact manifestly control a stronger left-hand side than what is written; namely, we may substitute ¢ with
(I — rap/ r)? (which was the original form of the expression before (163) of [loc. cit.] was invoked). In
particular, since ryp = 0 for all nontrapped frequencies, we control all derivatives without degeneration
for frequencies in G;. One may apply Cauchy—Schwarz to the expression

H'(f7h9y’ X)'(M’M/)

and to the integrand summands of 7;})mp, absorbing the resulting terms proportional to |u|?, together with
any frequency coefficients w? and A, and proportional to |u’|?, into the bulk controlled in view of our
nondegenerate bulk, at the expense of an additional term |H |? on the right-hand side. Upon application
of the Plancherel formulae of page 820 of [loc. cit.], this produces a bulk term f F? of the form already
present on the right-hand side of (3-3). The term TF2 may be treated exactly in the same way, as here the
controlled bulk term is nondegenerate for all frequencies since the integral is supported away from trapping.

This leaves the term 7? . One notes that, for r > R, the coefficients of the currents appearing in (D-1) are
frequency-independent up to multipliers which decay exponentially in r. Again, by adding and subtracting
a compensating term as above, one may thus estimate the additional term here by the middle term on the
right-hand side of (3-10) (now restricted to r > R), again with a suitable vector field Vj, after applying
Plancherel, up to an additional exponentially decaying term, which may be estimated by Cauchy—Schwarz,
absorbing the term containing derivatives of i/ into the bulk on the left-hand side just as above, and
producing an extra bulk term [ F 2 of the form already present on the right-hand side of (3-3).

Finally, we note that to complete the proof of Proposition 9.1.1 in [loc. cit.] in the inhomogeneous
case, it remains to apply the analogue of Proposition 9.7.1 in [loc. cit.] (this is where the quantitative
version of mode stability [Shlapentokh-Rothman 2015] is appealed to), which also however produces an
additional inhomogeneous term when applied to (1-2). Examining the original [Shlapentokh-Rothman
2015], in particular the proof of Lemma 3.3 of that paper, one sees that this extra term may be bounded
by the [ F 2 term on the right-hand side of (3-3). This completes the proof of Step 1.

Step 2. We now apply a sufficiently small multiple of the red-shift multiplier and of a cutoff version of
the J MT current to obtain the terms

sup l]oi"(v, 70, T) +gg(r)

v:T<t(V)
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on the left-hand side of (3-3) and the part of the spacetime integral supported in ro <r < r,, exploiting
that one may always absorb the resulting error terms in the bulk already controlled in Step 1. We add
these identities to the estimate obtained above. As these are physical-space identities, the inhomogeneity
F manifestly generates a term of the form of the middle term in (3-3) which may be combined with
the previous such terms to define a new vector field V. One obtains in this way also a bound on the
restriction of the integral defining g (v)to{r <R_}U{r> R4}

Note that in the case of very slow rotation |a| < M, one may choose the support of the gradient of
the cutoff applied to J, T in the identity above to in fact be in the region r < R_ whereas J MT 1s moreover
coercive in the region » > R_. Thus, the above argument in fact yields control of the full g (7). This would
then complete the proof. In this case, note that we thus obtain the estimate (3-3) in its original from.

Step 3. Inthe general subextremal case, however, J MT is not everywhere coercive in the region R_ <r < R.,
and it remains to control the contribution of the finite region R_ < r < R to the energy integral of the
missing term g (7) from the left-hand side of (3-3).

To obtain the missing part of the energy flux we must thus repeat the proof of Proposition 13.1
of [Dafermos et al. 2016], allowing now an inhomogeneous term F. Recall that in this proof one
considered a cutoff version v, decomposed orthogonally using Carter’s separation as U=v1++y
for some large N and applied a distinct current J ;Y i to each summand ;.

Due to the presence of cutoffs in the proof, one can again read off the additional terms arising from the
new inhomogeneity. Since, outside the region R_ <r < R., all errors can be absorbed as in the previous
steps, while the cutoffs vanish inside the region R_ <r < R, all inhomogeneous terms in R_ <r < Ry
now arise from F, and we may use the notation F; of the proof of Proposition 13.1 of [loc. cit.] to denote
precisely these new terms. The resulting inhomogeneous terms that must be controlled are then

> / Vit
i RferR+

By orthogonality, we may indeed manifestly bound this term by the expression in the first term of (3-10).

Since all terms of the form of the middle term on the right-hand side of (3-3) supported in » < R (which
we generated in the previous two steps) can of course manifestly be bounded by the first term of (3-10),
we obtain finally that (3-3) indeed holds with (3-10) replacing the middle term on the right-hand side. [J

L

We note that obtaining (3-3) in the |a| < M case with its middle term in its original form requires a
slightly more delicate decomposition of ¥ than the one used in Proposition 13.1 of [loc. cit.]. Again,
since this is not used, we spare the reader the details of this argument.
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MEAN CURVATURE FLOW WITH MULTIPLICITY 2 CONVERGENCE IN R3

JINGWEN CHEN AND AO SUN

We construct a new example of an immortal mean curvature flow of smooth embedded connected surfaces
in R3, which converges to a plane with multiplicity 2 as time approaches infinity.

1. Introduction

Higher multiplicity convergence is a significant phenomenon in differential geometry and geometric
measure theory. Roughly speaking, it means that several different sheets of a surface collapse to the
same sheet in the limit. One example is the dilation of the minimal surface catenoid, which ultimately
converges to a plane with multiplicity 2.

When higher multiplicity convergence occurs, the geometry and topology may change dramatically. In
the case of the dilating catenoid converging to a plane with multiplicity 2, the nontrivial topology and
high-curvature region of the catenoids vanish in the limit plane. Therefore, higher multiplicity convergence
is a central topic in the study of geometry and topology using geometric measure theory.

In this paper, we construct a new example of the mean curvature flow of smooth embedded connected
surfaces in R?, which converges to a plane with multiplicity 2 as time approaches co. A smooth one-
parameter family of hypersurfaces M(t) C R**!, ¢ € (0, T) evolves by its mean curvature if

dx = H(x),

where H (x) is the mean curvature vector of the surface at point x. A smooth mean curvature flow that
exists for all future time is called immortal.

Theorem 1.1. There exists an immortal mean curvature flow of connected embedded rotationally sym-
metric surfaces (M(t)):c[0,00) IN R3, which is smooth for t > 0, whose limit as t — 00 is a plane with
multiplicity 2.

Our example contrasts sharply with the picture of the singular behavior of mean curvature flow in R>.
Recall that Huisken [1990] introduced the rescaled mean curvature flow to blow up the singularities of
mean curvature flow. If (y, T') is a singularity of a mean curvature flow {M (¢)};c[o,7), the rescaled mean
curvature flow is defined to be 1\71(r) =" ?(M(T —e™ %) — y), and it satisfies the equation

O x = Ijl(x)+xJ‘/2,

MSC2020: primary 53E10; secondary 35K61.
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where x* denotes the projection of the position vector to the normal direction. Using Huisken’s mono-
tonicity formula, Ilmanen [Ilmanen 1995] and White [White 1997] showed that the (subsequential) limit
of a rescaled mean curvature flow is a self-shrinker, namely a (possibly singular) hypersurface satisfying
the equation H (x) +x+/2 = 0. It is worth noting that the plane is one of the self-shrinkers. The limit
self-shrinker of a rescaled mean curvature flow may have higher multiplicity. [lmanen [1995] made the
following conjecture:

Conjecture 1.2 (multiplicity one conjecture of mean curvature flow). For a mean curvature flow of closed
embedded surfaces in R3, the rescaled mean curvature flow blowing up a singularity must converge to a
self-shrinker with multiplicity 1.

This conjecture has been verified in many special cases; for example, when the initial surface is mean
convex or the blow-up rate of the mean curvature is at most type 1. We refer the readers to [Huisken and
Sinestrari 1999a; 1999b; White 2000; 2003; Haslhofer and Kleiner 2017; Li and Wang 2019; 2022].

While we were preparing this paper, Bamler and Kleiner [2023] posted a proof confirming the
multiplicity one conjecture. Consequently, a smooth rescaled mean curvature flow cannot converge to the
plane with higher multiplicity as time approaches oo, which contrasts sharply with our example. One reason
for this lies in the stability of the plane as a static point in mean curvature flow, meanwhile, the plane is
unstable as a static point in the rescaled mean curvature flow, as observed by Colding and Minicozzi [2012].

To elaborate, imagine over a large region of the plane, the flow converging to it with multiplicity 2
can be represented as double graphs. Let the difference between these two graphs be denoted by f. This
function satisfies a nonlinear equation, with its linear part given by d; f = Lf, where L is the linearized
operator of the plane. For mean curvature flow, L = A is the Laplacian, and for rescaled mean curvature
flow, L =A — %(x, Vay+ % Because f > 0, its evolution is dominated by the first eigenfunction of L,
and the first eigenvalue determines its growth rate. For L = A, the first eigenvalue is 0, allowing the
double graphs to tend to each other due to the nonlinear factor, with a subexponential speed. However,
for L=A— %(x, Vy+ % the first eigenvalue is 1, implying that the double graphs will move away from
each other with an exponential speed.

We would like to compare our example with another higher multiplicity example in the min-max
theory, a significant tool for constructing minimal hypersurfaces in Riemannian manifolds. Recent study
by Marques and Neves [2016; 2017; 2021] and Xin Zhou [2020] provided a comprehensive description of
the min-max minimal hypersurfaces in Riemannian manifolds with dimensions between 3 and 7. These
minimal hypersurfaces are either unstable with multiplicity 1, or stable with potentially higher multiplicity.

Zhichao Wang and Xin Zhou [2025] constructed a closed Riemannian manifold to show the existence of
higher multiplicity min-max minimal surfaces. While the min-max theory involves a different mechanism,
the reason that higher multiplicity is a feature of stable minimal surfaces is similar: when a minimal
surface is unstable, the linearized operator has a positive eigenfunction with negative eigenvalue, which
pushes the nearby graphs away from each other, preventing higher multiplicity convergence.

Recall that, after taking a quotient of the rotation, the Euclidean space becomes a half-plane. A
rotationally symmetric surface can then be represented by a curve in the half-plane, known as the profile
curve. When considering the evolution of the profile curve, our example can be interpreted as a free
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Figure 1. The shape of the immortal flow as time goes by. The lower figure shows the flow at a
larger time.

boundary curve shortening flow in a surface with a boundary, up to a conformal factor in the speed. In our
case, the long-time behavior of our flow is “collapsing”, which is very different from the free boundary
curve shortening flow in a surface with convex boundary as studied in [Langford and Zhu 2023; Ko 2023].

We remark that there was an example by Evans and Ilmanen in [[lmanen 1994, Appendix E], showing
that a Brakke flow can have a higher density limit as t — oo even if initially the Brakke flow is supported
on a smooth embedded surface with density 1. A Brakke flow is a geometric measure theoretic weak flow
of mean curvature flow, and the density is the ratio of the measure compared to the Hausdorff measure.
To our knowledge, the example in [Ilmanen 1994, Appendix E] is not found in the existing literature,
and Ilmanen did not explain the method to construct such an example. While our example is inspired by
their description, it should be noted that from the perspective of Brakke flows, the example suggested by
Evans and Ilmanen might not be smoothly connected.

1.1. Shape of the immortal flow. The flow constructed in Theorem 1.1 looks like two parallel planes
connected by a neck. As time goes by, the size of the neck shrinks and shrinks, and as time tends to
infinity, the size of the neck tends to O (See the Figure 1).

Although this may seem intuitive, showing that such a flow converges to a plane with multiplicity 2 as
time tends to infinity is not straightforward. One challenge is to prove that the neck does not pinch at a
finite time, and the flow does not expand to infinity. One novelty of this paper is to turn intuition into
mathematically rigorous arguments.

There are several tricky facts about this immortal flow. Firstly, our flow appears as two sheets, with each
sheet asymptotically approaching a plane. As detailed in the Appendix, the asymptotically planar surface
will be asymptotic to the same plane under mean curvature flow. Consequently, the immortal flow does not
uniformly converge to the plane with multiplicity 2, but instead converges uniformly in any compact region.

Secondly, this flow seems highly unstable. In fact, our construction reveals that even a minor perturbation
can lead to a finite-time neck pinch singularity or cause the flow to escape to infinity. Therefore, we
anticipate that such higher multiplicity convergence is nongeneric.

Thirdly, while the immortal flow from our construction appears to be bounded between two parallel
planes, we expect that a slight modification could yield an immortal flow converging to a plane with
multiplicity 2 whose ends grow, rather than being bounded. It is not clear how much the ends can grow.
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Our method suggests that if the ends grow too fast, the immortal flow might simply become a static
catenoid (see Remark 4.14).

1.2. Idea of the construction. We will be focused on rotationally symmetric mean curvature flow, which
is a class of mean curvature flow that has been well-studied by Altschuler, Angenent, and Giga [Altschuler
et al. 1995]. Our construction involves two main steps.

In the first step, we construct a smooth free boundary mean curvature flow within a solid cylinder with
radius R in R3. This flow converges to a free boundary disk with multiplicity 2 as time tends to infinity.
Given a domain D with boundary dD, we say that a family of hypersurfaces with boundary {M (¢)}¢[0,7)
evolves by its mean curvature with free boundary condition, if 0M; C 0D and wherever the flow and the
aD intersect, they meet orthogonally. From a partial differential equation (PDE) point of view, the free
boundary mean curvature flow is a nonlinear PDE subject to Neumann boundary conditions. For the
study of free boundary mean curvature flow, we refer the readers to [Stahl 1996a; 1996b; Edelen 2016;
Buckland 2005; Edelen et al. 2022], among others.

The construction uses an interpolation argument. We will consider a (singular) foliation of rotationally
symmetric surfaces {Iy};¢s in the cylinder. Each surface consists of two planes with holes connected by a
neck. As the size of the hole varies, the behavior of the surface under mean curvature flow changes: when
the hole is very small, the surface pinches at the origin; when the hole is very large, the surface contracts
to the boundary. Thus, there must be a critical surface I'y, where neither pinching nor contracting to the
boundary occurs under mean curvature flow. We prove that this critical surface indeed converges to the
free boundary disk with multiplicity 2 under the mean curvature flow.

This interpolation argument has been used in the construction of mean curvature flow, and we refer the
readers to [White 2002; Chu and Sun 2025] for previous applications of this technique.

In the next step, we let R — 00 to extract a subsequence of the flows constructed in the first step,
obtaining a limit flow. A key aspect of the proof is ensuring that our limit is a nonstatic flow, rather than
a static minimal surface such as a catenoid. This requires a careful selection of the (singular) foliation in
the first step. Additionally, we derive quantitative estimates of the obtained flow through the use of a
barrier argument.

One technique that we frequently use in our proof is the parabolic Sturmian theorem proved by
Angenent [1988]. Such a Sturmian theorem was previously used in the study of rotationally symmetric
mean curvature flow by Altschuler, Angenent, and Giga [Altschuler et al. 1995]. Roughly speaking, the
Sturmian theorem can be used to control the number of intersection points between a mean curvature
flow (that we are interested in) and a barrier. This provides a local comparison of the flow with a barrier,
which is more powerful than the classical comparison principle of mean curvature flows, as it typically
yields a global comparison that may not be sufficiently strong. We believe that exploring the application
of the parabolic Sturmian theorem can be useful in other scenarios.

2. Preliminary

2.1. Rotationally symmetric surface. We begin with some basic settings and notions. By taking the
quotient of an SO(n — 1) action, any rotationally symmetric surface in R" can be represented by a curve
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(known as the profile curve) in the half-plane, denoted as {(x, y) | x > 0}. The y-axis serves as the
rotational axis. The area of the surface can be described by the length of the profile curve in the metric

grot i= X772 (dx? +dy?). 2-1)

In this paper, we only consider the case n = 3.

Throughout this paper, we will study the rotationally symmetric surfaces that are also reflexive
symmetric. Given any curve y in the region {(x, y) | x, y > 0} that touches the x-axis, let S(y) be the
rotationally symmetric hypersurface in R? obtained by first reflecting y along the x-axis, then rotating y
and its reflection together about the y-axis. For any continuous function f(x), we denote the graph of
f ) in{(x, y) [ x =0} as Gy.

Given R > 0, the solid closed cylinder with radius R will be denoted by Cg. After taking the quotient
of the SO(n — 1) action, Cg can be described as Cg = {(x, y) | x < R}.

Given 0 < p < R, € >0, let Fg,, . denote the set of all continuous functions f : [p, R] — [0, 00)
with f(p) =0, f/(R) =0, which is smooth in the following sense:

f is smooth on (p, R], and f has a local inverse on [p, p + €], such that

u:l0, f(p+e)l—I[p, p+el, u(y)=f"'y) isasmooth function. (2-2)

Clearly, the graph of f can be expressed as the union of two graphs of smooth functions, # and v,

where u = !

as mentioned above, and v : [p + ¢, R] — [0, o0), v(x) = f(x). We name u as the
vertical graph function, and its graph as the vertical graph, v as the horizontal graph function, and its
graph as the horizontal graph.

We remark that our terminology is different from [Altschuler et al. 1995], because we view the graph
in the direction of the rotationally symmetric plane, while they view the graph in the direction of the
rotational axis. So our vertical graph is the horizontal graph in [Altschuler et al. 1995], and our horizontal
graph is the vertical graph there.

Let Fr.p = Uc=0 FR.p.c> and for any f € Fg ,, we name the point (p, 0) as the neck point of f. Let
.FR = Upe(O,R) fR’p and F = UR>0 .FR.

For any f € Fg, f'(R) = 0 implies the curve G and the line x = R intersect orthogonally, which
guarantees that S(Gy) is a free boundary surface.

Let Gg, , denote a subset of Fg ,, containing all functions f with the following derivative conditions:

f'(x)>0 forall x € (p, R). (2-3)

Then by the inverse function theorem, condition (2-3) is equivalent with the following derivative
conditions of the vertical graph function « and the horizontal graph function v:

u'(y) >0, v'(x)>0. (2-4)

Finally, Gg = pe(0,r) 9r.p- This is the class of functions whose graphs will be the profile curves of
the mean curvature flow we will study. See Figure 2.
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horizontal graph y = v(x)

vertical graph

x=u(y)

o neck point (p, 0) (R,0) X

Figure 2. Example of a curve that we study.

2.2. Mean curvature flow for rotationally symmetric free boundary surface. Suppose fy € Fg, and
let I' = S(Gy,) be a rotationally symmetric free boundary surface in Cg. Then for f(-,t) € Fg,
I7 = S(Gy(. ) is said to be a mean curvature flow of free boundary surfaces with initial condition fo, if
the corresponding vertical graph function, horizontal graph function (ug, vg) of fo, and (u(-, 1), v(-, 1))
of f(-,1t) satisfy the equations (see, e.g., [Altschuler et al. 1995])

ou Uy 1
a1+ @uy)? u
dv Uyx Uy

[AREERCR I 25)

M(',O):MO, U(',O):UO,
v (R, -) =0.

For simplicity, we will say f(-, ) is a solution to (2-5) if its corresponding vertical graph function
and horizontal graph function solve these equations. We will call the first equation in (2-5) the vertical
graph equation, and the second equation in (2-5) the horizontal graph equation.

We have results following from [Stahl 1996b] concerning the mean curvature flow of free boundary
surfaces:

Proposition 2.1 [Stahl 1996b]. Given fy € Fg, there exists a unique solution to (2-5) with a free boundary
condition on a maximal time interval [0, T). This solution is smooth for t > 0, and in the class C o, 1+o/2
(with arbitrary 0 < w < 1) for t > 0. Moreover, if T < 00, then the curvature at some point in Gy(. p

blows up ast — T.

Following from Proposition 2.1, the first singular time only depends on the initial data fj, and we will
denote it by T( fp).

Suppose y; and y; are two curves in {x, y > 0} N Cg. We say that y; is on top of y», if for all pairs
(c, y1, y2) such that (c, y1) € y1, (¢, ¥2) € y», it holds that y; > y,. If y; > y, for all pairs (c, y1, y2), then
we say that y; is strictly on top of y,. We have the following results based on the maximum principle.
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Proposition 2.2 (comparison principle). Suppose {S(y,")}, e[0.7(,0y) @nd {S A}, €[0.7(,2)) are families of
surfaces in Cg, evolving by mean curvature. If the initial curve yol is on top of the initial curve y02, and the
intersection angle between ytl and the line {x = R} is less than or equal to the intersection angle between
y,z and the line {x = R} (or the curve ytz does not intersect the line {x = R}), then y,l is on top of )/tz
forall timet €0, T), where T = min{T(yO]), T(yoz)}, and the function d(t) = dist(y,l, ytz) is monotone
increasing.

We refer the readers to [Mantegazza 2011, Section 2.2] for a proof. Note that in [Mantegazza 2011],
the comparison principle was proved for mean curvature flow without boundary, however, the proof
only uses the parabolic maximum principle, hence the proof also works for mean curvature flows with
boundary. The boundary angle condition implies that the shortest distance between y,l and y,2 is attained
either when both points are in the interior of the domain, or when both points are attained on the boundary.
This can be obtained by, for example, the first variational formula of the distance function. The first
interior case is exactly the same as [Mantegazza 2011, Section 2.2]. The latter case only happens if the
intersection angle between y,! and the line {x = R} equals the intersection angle between y,> and the line
{x = R}, and if we write the flow near the boundary as graphs, the parabolic maximum principle also
implies that the distance is increasing.

Remark 2.3. If yol is on top of )/02 and they are not the same curve, by strictly maximum principle, y,!
will be strictly on top of y* after a short amount of time.

We state below the continuous dependence theorem from [Amann 1988, Theorem 8.1]. While Amann
proved this result for general dynamics in fractional Sobolev spaces, we only require the basic case where
solutions are smooth functions defined on open subsets of [0, R] x (0, +00). The assumptions of the
theorem are satisfied since our equation (2-5) is an autonomous quasilinear parabolic equation whose
right-hand side is of class C'. We refer readers to Sections 7 and 8 of [Amann 1988] for complete details.

Proposition 2.4 (continuous dependence). Suppose f; is a solution to (2-5), with initial data fy € F.
Write D = {(t, fo) € Rso x F | 0=t < T(fo)}. Then D is open in R>q x F and the map

v:D—>F, ¥ fo=1
is a Lipschitz map.

Later we will use rotationally symmetric minimal surfaces as barriers. The minimal surfaces are
surfaces with zero mean curvature. They are static solutions to the mean curvature flow. Recall that the
catenoids are rotationally symmetric minimal surfaces defined by S(y,), where . is the curve

¥c(s) = (ccosh(s/c),s), s €]0,00). (2-6)

It is well-known that the catenoids and planes are the only rotationally symmetric minimal surfaces
in R3. Furthermore, there is no catenoid with the y-axis as the axis of rotation that satisfies the free
boundary condition in Cg. The following lemma is straightforward by the equation of catenoids.

Lemma 2.5. The only rotationally symmetric free boundary minimal surfaces in Cg are the disks given by
the intersection of Cr and the plane {y = c} for some constant c.
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2.3. Three barriers. We will frequently use three known solutions of mean curvature flow as barriers.
They are the planes, the catenoids, and the Angenent torus.

The planes are static mean curvature flows. If we write them as a rotational symmetric mean curvature
flow, the profile curve is given by the curve f(-, ) = C for a constant C.

The catenoids are also static mean curvature flows. If we write them as a rotational symmetric mean
curvature flow, the horizontal graph function u is given by

u(y,t) =Ccosh(y/C), yel0,o00),

for a positive constant C. In addition, the vertical graph function of the catenoid is given by

x +2 2
v(x, 1) =C1n<5+ T) x €[C, o0).

It is worth noting that the catenoids satisfy the following properties. Firstly, for any fixed C, v grows
logarithmically, which implies that the catenoids cannot be bounded between two planes. Secondly, as
C — 0, the catenoids converge to a plane with multiplicity 2 (see Section 2.5 for the precise meaning).
The Angenent torus was constructed by Angenent [1992]. It is a rotationally symmetric torus in R3 that is
self-shrinking under the mean curvature flow, and it shrinks to a point in finite time. Because the Angenent
torus is rotationally symmetric, it is determined by the profile curve. We use A to denote the Angenent
torus that is rotationally symmetric around the y-axis, with its closest point to the y-axis being (i—(l), )
Although there is no explicit formula for the Angenent torus, there are some qualitative characterizations.
The upper half of the profile curve (in the region {x > 0, y > 0}) of A is confined within a rectangle
defined by 1 <x <, 0 <y < «, for some real number o > 2. We use 7"’ to denote the time at which A

shrinks to a single point under the mean curvature flow.

2.4. Sturmian Theorem. Briefly speaking, the parabolic Sturmian theorem asserts that the number of
zeros of a solution to the parabolic PDE defined on R or a subinterval of R can only decrease unless a
new intersection point is produced on the boundary. We refer the readers to [Angenent 1988, Theorems B
and C] for detailed statements, and [Angenent 1991, Section 2] for the adaption to nonlinear parabolic
equations. Here we only state the applications of the parabolic Sturmian theorem to rotationally symmetric
mean curvature flows.

Lemma 2.6. Suppose f(-,t) and g(-,t) are two solutions to the rotationally symmetric mean curvature
flow equation (2-5) defined on Cg x [0, T] (T can be +00), andletu(-,t) and v(-, t) be the corresponding
vertical and horizontal graph functions of f(-,t),and u(-,t) and v(-, t) be the corresponding vertical
and horizontal graph functions of g( -, t). The number of intersection points of f(-,t) and g(-,1t) is
denoted by z(t). Then we have the following properties:

(1) z(t) is a finite number fort > 0, unless f(-,t) =g(-,1).
(2) z(¢) is nonincreasing in t, unless f(-,t) and g(-,t) produce a new intersection point on dCg.

Q) If f(-,1t9) and g( -, ty) touch at a point p, in the sense that two curves intersect at p at time ty and
the unit tangent vector at p coincides, then



MEAN CURVATURE FLOW WITH MULTIPLICITY 2 CONVERGENCE IN R3 1037

o cither there exists § > 0 such that f(-,t) and g(-,t) have at least two intersection points for
t € (ty — 6, to) and at most one intersection point for t € (tg, ty + 6),

e or there exists § > 0 such that f(-,t) and g(-,t) have at most one intersection point for
t € (to — 6, ty) and at least two intersection points for t € (tg, to+ 5).

The proof is an application of Angenent’s parabolic Sturmian theorem to u, &, and v, v.

2.5. Multiplicity. Multiplicity is a concept in geometric measure theory. Roughly speaking, the multi-
plicity of a surface being m simply means that we count the surface m times. For example, consider the
union of three surfaces {y = x2/n}, {y = —x?/n} and {y = 0}. Let n — oo, the limit is the plane {y = 0}
with multiplicity 3. For the detailed definition, we refer the readers to [Simon 1983].

Throughout this paper, the multiplicity 2 convergence is understood as follows. We say a mean
curvature flow {M (¢)};c0.00) converges to a plane with multiplicity 2 if for any compact region K and
€ > 0, there exists . > 0, such that for t > t., [M ()N K]\ B¢(0) can be written as the union of two graphs
of functions fi(-,t), fo(-,t) over the plane, and || f1(-,)|lct = 0, || (-, )||ct > 0ast— 0o.! This
convergence is stronger than the higher multiplicity convergence in the sense of geometric measure theory.

We remark that the higher multiplicity convergence in the sense of geometric measure theory can be
much more complicated than the pattern described above. Nevertheless, in this paper, any multiplicity 2
convergence would be the above pattern.

3. Free boundary cases

In this section, we study the solutions to (2-5). The main goal is to construct an immortal smooth free
boundary mean curvature flow within the solid cylinder Cg, converging to the free boundary disk with
multiplicity 2 as time approaches co. The explicit statements are in Theorems 3.14 and 3.23.

Let us sketch the idea of proof. First, we use the idea of Altschuler, Angenent, and Giga [Altschuler
et al. 1995] in the study of rotationally symmetric mean curvature flow to show that the singularities of
rotationally symmetric mean curvature flow with free boundary can only occur either on the rotational
axis or on the free boundary.

Next, we construct a family of rotational symmetric free boundary surfaces {M*}¢0,17, such that under
the MCF, M°(¢) has a singularity on the axis while M!(¢) has a singularity on the boundary. Then an
interpolation argument shows that there exists so € [0, 1], such that the MCF starting from M*° is smooth
for all future time.

By the first variational formula,

o0
// |H|? dH? dt < Area(M*) < +00.
0 M*0(t)

This implies that M*(¢) subsequentially converges to a stationary varifold with free boundary. To show
that the limit is a plane with multiplicity 2, we need a gradient estimate, as stated in Proposition 3.20.
This estimate is inspired by [Altschuler et al. 1995].

lMoreover, by Brakke’s regularity theorem (see [Brakke 1978; White 2005]), or the Ecker—Huisken estimate [1991], this
implies that || f1(-, )llct = 0, | f2(-,D)llct = Oforanyl € Z.
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3.1. Rotationally symmetric MCF with free boundary within a cylinder. We will introduce the following
notation throughout this and the next section. Suppose f (-, t) is a solution to (2-5); u(-,t) and v(-,t)
will denote the vertical graph function and the horizontal graph function of f (-, 1).

Proposition 3.1. Suppose I't = S(Gy(. 1)), where f (-, t) € Fg is a solution to (2-5). If the initial condition
f(-,0)eGr,andT =T(f(-,0)) >0, then f(-,t) € Ggforallt € (0, T).

Proof. Recall that f(-,0) € Gg means u(-,0) and v(-, 0) satisfy the derivative condition (2-4). Since
u(-,t)and v(-,1) are solutions to (2-5), we know that u, and v, satisfy the equations

duy — (uy)yy yl(uy)y 1P Uy
ot 14 (uy)? 1+ wy)?)?  u?’ G-1)
vy _ (V) xx _ Ux[(vx)x]2 (Vx)x _ U_x
a1+ @w)? TA+@wodH? ox x%
By the strict maximum principle of the quasilinear equation, we claim that for ¢ > 0,
uy(y, 1) >0, we(x,1) >0, (3-2)
and the proof is complete. O

Remark 3.2. We note that our initial data may not be smooth but only Lipschitz later on. (see Section 3.2).
Nevertheless, we can approximate our initial data by smooth monotone increasing functions. Therefore
we can still obtain the desired monotonicity for ¢ > 0.

It follows from Proposition 3.1 that, if f(-,0) € Gg, then f(-,t) € Gr. By the derivative condition
(2-3), we know that

f(R,t) =max{y | (x,y) € Gy(., for some x € [0, R]},

and f(R, 1) can be viewed as the height of the curve Gy(. ;); we prove in the next lemma that it is
monotone.

Lemma 3.3. f(R,t) is a decreasing function in t, and it is strictly decreasing if f (-, Q) is not a constant
Jfunction.

Proof. The horizontal line y = f(R, t) is on top of the curve G(. ;), and remains static under the mean
curvature flow. By Proposition 2.2, for any t < ¢, y = f(R,t) is on top of the curve Gy(. ); thus
f(R, 1) < f(R, D).

Moreover, if f(-,0) is not a constant function, then the strong maximum principle [Stahl 1996a,
Theorem 3.1] yields the result. O

Although Lemma 3.3 shows that the height of the profile curve of the flow strictly decreases, we do
not have a quantitative estimate of the decreasing rate. To obtain such a bound, we need to construct a
new family of barriers.

Given a € (0, R), Consider a smooth function I, € C*°([0, R]) such that
0 for0<x<4

la(x) =

57
1 fora<x<R,
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and [/, (x) > O for x € (a/2, a). Let I'* be the hypersurface given by rotating the graph of /, along the
y-axis, and denote the corresponding solution to the mean curvature flow equation by I'“(¢). Since the
initial surface I'*(0) = I'* is the graph of a Lipschitz function, it follows from the rotational symmetry
and the results in [Ecker and Huisken 1989] that there exists a smooth solution L, (x, t) to the horizontal
graph equation with initial data L,(x, 0) =[,(x), and boundary condition %La 0,1 = %La (R,1) =0,
such that I'“(¢) is given by rotating the graph of L,(x, t) along the y-axis.

The following lemma shows that after evolving for a sufficiently long time, the height of the L, (x, t)
will decrease for a definite amount.

Lemma 3.4. There exist a constant B, g > 0 and a time T, g > 0 such that L,(R,t) <1 — B, r for all
t > Ta,R-

Proof. By the maximum principle, we have 0 < L,(x,t) < 1 for all x € (0, R), t > 0. In addition,
iLa > 0 is bounded. By a similar argument as in the proof of Lemma 3.3, we know that L, (R, ¢) is a
x

strictly decreasing function of 7. U

Next, we will examine the behavior of the neck point when the singularity emerges during the mean
curvature flow.

In the proof of Lemma 3.5, Corollary 3.7, Lemma 3.8, and Proposition 3.9, we use the following
setting and notation. Let f(-,t) € Fg be a solution to (2-5), with the initial condition f (-, 0) € Gg, and
first singular time 7" > 0. By Proposition 3.1, we know that f (-, ¢) has a positive derivative with respect
to x except at the two endpoints. Then by the inverse function theorem, we can extend the vertical graph
equation u( -, t) to be defined on [0, f(R, )], and u( -, ¢) is smooth on [0, f(R, 1)), fort € (0, T).

We adapt the idea from [Altschuler et al. 1995, Theorem 4.3] to get the following gradient estimate.

Lemma 3.5. Given T > 0, there exists a continuous nonincreasing function o : (0, R/2] — Ry that only
depends on the neck point of the initial condition (i.e., u(0, 0)) and T, such that

0<uy(y,t) <’ §=minfu(y, 1), R—u(y, 1)},
holds forall0 <t <T, 0 <y < f(R,1).

Proof. Let a =u(0, 0). As shown in (3-1), we know p(x, t) = %La (x, t) satisfies the linear parabolic

op_ L 2ppx 1) 1
or 1+t \ay e )T el

Since p(x, 0) is positive on (a/2, a), it follows from equation (4.3) in the proof of Theorem 4.3(b) in

equation

[Altschuler et al. 1995] that for every § > 0, there exists a constant Ag < oo such that
plx,t)=e M/ (3-3)

forall § <x < R—4andall 0 <t < T. We can choose the constant As so that it is nonincreasing in §.
Next, we translate I'“(¢) along the y-axis by & to get a new mean curvature flow Fg (t). Its profile
curve is given by

y=La(x,1)+§.
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y x=R y x=R
U(0)

/ IS (1)
( re(0)

U(n)

u(yo,10), ¥0)

Figure 3. Proof of Lemma 3.5. Left: initial conditions of these flows. Right: by the Sturmian
theorem, the phenomenon in this figure cannot happen.

Since iLa (x,t) > 0 forall r > 0, for each t > 0, denote the inverse function of L, (x,t) by w(y, t).
ox
Therefore we can also represent Fg’ by the curve x = w(y — &, ¢). Now we consider 0 <ty < T and
0 < yo < f(R, tg). There is a unique £ € R with

w(yo — &, o) = u(yo, fo)- (3-4)

Let U (¢) be the union of the graph of u(y, t) and its reflection with respect to the x-axis (the graph of
u(—y,t)). By the Sturmian theorem, U (¢) and the graph of w(y — &, ) cannot have fewer intersections
when t < fg than what they have when ¢ = f.

As t | 0, the graph of w(y — &,1¢) (i.e, Fg‘ (t)) converges to Fg‘ (0). This hypersurface intersects
U (0) exactly once (since the neck point of U (0) is (a, 0)). See Figure 3, left. Therefore, the graph of
w(y — &, tg) and U (¢p) only intersect once.

We prove u,(yo, to) < wy(yo — &, to) by contradiction. If u,(yo, t9) > wy(yo — &, t9), then for € > 0
small, u(yo — €, t9) < w(yo — € — &, t9). By using the monotonicity of the functions u, w, we know that
as the y coordinate of U (#y) decreases from yg to 0, the x coordinate of U (%) is at least u(0, #), and
u(0, tp) > 0 (otherwise a singularity at the origin appears at time #y). On the other hand, the x coordinate
of the graph of w(y — &, tp) decreases to 0. By applying the intermediate value theorem, U (fy) and
the graph of w(y — &, tp) intersect at least twice, which contradicts the fact that they have at most one
intersection point; see Figure 3, right.

Let 6 = min{u(yo, t9), R —u(yo, tp)}. By (3-3), (3-4), and the inverse function theorem,

iy (Yo, fo) < wy (Yo — &, 1) < €™/ -
Remark 3.6. From the free boundary condition, we can see that o (§) — oo as § — 0.

By Lemma 3.3, we know the limit of the height 2 =1lim,_. 7 f (R, t) exists. The above gradient estimate
implies that if the height of the function f (-, ¢) tends to 0, then the neck point must tend to the boundary
of the cylinder. In other words, the flow must shrink to a point on the boundary.
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Corollary 3.7. If h =0, then lin% u(0,1) =R.
r—

Proof. We prove this by contradiction. Suppose not, then there exists 0 < € < g and an increasing
sequence {f;} such that lim; oo t; = T, lim; 5 u(0,1) < R —e.

Then f(x, t;) is well-defined on [R —€, R —€/2]. Leta(t;) = f(R—e€,t;) and b(t;) = f(R—€/2, 1;).
Then by Lemma 3.5,

b(#)
5 = ub@). ) —ula(). ) = / uy(y, 1) dy < (b(t) — a(t;))e” /0.

a(t;)

Hence f(R,t;) > b(t;)) > %ee“’(é/z)/"’ > %ee“’(e/z)/T for all i. Moreover lim;, .7 f(R,#;) >
%ee“’(e/z)/T > 0, which contradicts lim,_.7 f(R, ) =0. O

On the other hand, if the limit of the height & is not zero, we obtain an improved gradient estimate.
Lemma 3.8. Ifh > 0, then for any 0 < a < h, let A = w/(h — a). There exists a constant & > 0 such that
uy(y,t) > ge Mt sin(A(y —a)) forall y € [a, h], 0 <t < T. In addition, u(a,t) < R — Z)L—Ee_)‘zT.

Proof. For 0 <t < T, u(y,t) is well-defined on [0, #] and u,(y, ) > 0 for y € (0, h]. We know u satisfies

the vertical graph equation
Uyy 1

Tty u
Define 0(y, t) = arctanu,(y, t). Then 6(y, t) € (0, w/2) for y € [a, h], and

Uy

—o -t hm = = s (6, +
T T T T ) Y T T w2 T T 2\ )

Hence 6; —0,, /(1 + (uy)z) > 0 for y € [a, h]. Since 6(y, 0) > 0 for all y € [a, h], let

e= min 6(y,0) >0, ¢yt = ge Mt sin(A(y —a)).
y€la,h]

Then ¢; = ¢y, ¢,y <0 on [a, h], and thus

Py =0 (My)z
T+ @y)? "+~

Dt
As a consequence

Py - By
1+ (uy)? 14 ()%

We apply the classical maximum principle to conclude that 6(y, t) > ¢(y, t) foralla <y <h, 0<t <T.

7 9(y,.0)<e<0(y,0), ¢, 1)=0<0(a,1), @k, 1)=0<06(h,1).

Therefore

uy(y. 1) =tan6(y, 1) = 0(y.1) > ¢(y, 1) = ge " sin(.(y — a)),
2¢

h h
u(h,t) —ula,t) :/ uy(y,t)dy > / ge M1 sin(A(y —a))dy = Te_kzl.

This implies u(a, 1) < R — Z£e 7. O
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Now we are ready to describe the possible singular behaviors of the rotationally symmetric flows that
we are interested in. There is a trichotomy: either the flow remains smooth forever, or it has a neck
singularity on the rotational axis, or it shrinks to a singularity on the boundary.

Proposition 3.9. Suppose f(-,t) is a solution to (2-5) with initial condition f(-,0) € Gg. Then the flow
first becomes singular at time T if and only if lim;—.7 u(0,t) =0 or lim,—. 7 u(0, t) = R. In addition, if
such T doesn’t exist, then the mean curvature flow exists for all future time.

Proof. 1t is clear that if lim,_, 7 (0, t) = 0, then a neck pinch singularity appears at the origin, and if
lim;_, 7 u(0, t) = R, a singularity appears at the boundary. Now we assume neither of the above happens,
and we want to show that 7 is not a singular time.

We prove by contradiction and assume that a singularity appears at time 7. By Corollary 3.7, h > 0.
We claim that there exists €; > 0 such that (0, t) > € for all 0 <t < T. Otherwise there exists a sequence
{t;} in [0, T') such that lim;_, - u(0, #;) = 0. Up to extracting from a subsequence, we can assume #;
converges to T € [0, T]. Since u(0, T) #0, T’ < T, and a singularity appears at the origin at time 7,
which is a contradiction.

By a similar argument, we can also assume that #(0,7) < R —¢; forall0 <7 < T.

For any 0 < a < h, by Lemma 3.8, we know u(a,t) < R — 2}\—‘96”2? Let

€= min{el, %e‘AZT}.
We know € < u(0,¢) <u(a,t) < R—e.

We claim that u(y, ¢) is smooth at (y, r) € [0, a] x [0, T']. This follows from u,(0, ) = 0, a priori
estimate for u, in Lemma 3.5, and hence (see [Ladyzhenskaya et al. 1968]) for all higher derivatives of u
in the interior. Therefore the singularity can only appear on the boundary, i.e., at (R, h).

Now consider the horizontal graph function v(x, ¢), which is defined for R—e; <x <R, 0 <t < T, and
it is uniformly bounded by the height of the initial condition. This function is a solution of the horizontal
graph equation, so the Evans—Spruck estimates [1992, Corollary 5.3] (also see [Altschuler et al. 1995,
page 303]) imply that Vv as well as all higher space derivatives of v are uniformly bounded on the region
{(x,t) |R—€1/2<x <R, T/2<t<T}. Hencev(x,t) = v(x, T) uniformly in R —€;/2 <x <R as
t /' T. We have also shown that v, (7, t) is uniformly bounded for R —€,/2 <x <R, T/2 <t < T, hence
(R, h) = (R, v(R, T)) cannot be a singular point. O

In the following proposition, we show that the appearance of the neck singularity is an open condition.

Proposition 3.10. Let . denote the set of functions fo € Gg such that the solution f(-,t) to (2-5) with
initial condition f(-,0) = fo becomes singular in finite time, and lim,_, 7 u(0, t) = 0 for some T > 0.
Then & is an open set in Gg with respect to the C' norm.

Proof. Suppose fjy € ., and becomes singular as t — T. It suffices to show that there exists € > 0, such
that for any fo with ||on — follct <, fo € 2 as well.

Because lim;_, 7 u(0, ) = 0, the mean curvature flow I; = S(Gy(. 1)) has a singularity at the origin. By
[Altschuler et al. 1995], this is a neck singularity, i.e., (T —)~'/2T} converges to the cylinder S'(+/2) x R
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smoothly in B,, for any r > 0, as t — T. In particular, there exists o < 7, such that (T — 1y)~'/°T; 1 has
distance at most % away from § l(\/5) x R, inside the ball Bjqy.

Suppose f (-, t) is the solution to (2-5) with initial condition f (-,0) = ﬁ). By the continuity of the
mean curvature flow with respect to the initial data, for any § > 0, there exists € > 0, such that whenever
||fo—f0||cl <e, (T—to)_l/zlf}0 = (T—to)_l/zS(Gf(,’tO)) has distance at most % away from (T—to)_l/zF,O.
In particular, (T — o)~ '/2T}, has distance at most 1 away from S'(+/2) x R, inside the ball Bg,.

Using an Angenent torus as a barrier, we see that T, has a finite time singularity, which must occur on
the rotational axis. This implies that fo eZ. U

3.2. Interpolation family of surfaces. We consider a family of initial data. Let

05 = {(S,y) |ye [0, %]} u{(x, %) | x e [6,00)}, 5 € (0, 00),
and let
ps,r = ps N{(x,y) [ x <R} (3-5)

for R > 0. For any 0 < 6; <&, < R, ps, r is on top of ps, r, and they form a (singular) foliation.

Remark 3.11. For § € (0, R), even though our initial data ps g are not contained in the set of graphs of
functions in Gg, they are locally Lipschitz. In fact, Stahl [1996b] obtained a local C! estimate of the free
boundary mean curvature flow; see [Stahl 1996b, Remark 6.14]. Therefore, one can use an approximation
argument to show that there exists a family of functions f(¢) € Gg, t € (0, €), for small € > 0, such that
S(Gy ) evolves by its mean curvature, and converges to S(ps,g) as t — 0. Such an approximation argu-
ment has been used by Ecker and Huisken [1991, Theorem 4.2] and we refer the readers to the discussion
before that theorem. Therefore we can apply all arguments above to solutions with initial data ps g.

Let f5(-, t) be the family of solutions to (2-5) with initial data ps g. Denote the vertical graph function
and the horizontal graph function of f5(-, ) by us(-, t) and vs( -, t). By Proposition 2.1, we can write
the first singular time of f5(-, t) as T(ps.r).-

We need the following lemmas to study the flows with a finite time singularity, and the flow that exists
for all future time.

Lemma 3.12. Givené > 1, R > 2. If limy_1 us(0,1) =0, then us(0,t) <a < R forall t € [0, T(ps.r)).

Proof. Since § > 1, by Proposition 2.2, the horizontal line y = « is always on top of Gg;(. 1.
We prove this lemma by contradiction. Suppose u;5(0, t;) > « for some #; € [0, T(ps.r)). We choose €
small so that 0 < € < min{ug(O, ) —a, 1%“}' Consider the curve

€ - {(x,y) ‘x:(a+e)cosh(L), yzO}
o+e€

(the upper half profile curve of the catenoid with neck point (o +¢€, 0)). ¢ intersect the boundary x = R at

_ R |R? — (& +¢€)?
(R, gR,a,e), where CRae = (x+e€) ln<a +e + (o + 6)2 >
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Since R > 2a, and € < Wlo‘x’ we have {r o > . Thus ¢ has exactly one intersection point with ps g.
By the Sturmian theorem, any new intersection point between ¢ and Gy, (x,;) can only appear on the
boundary. But we know for ¢ € [0, T(ps.r)), f5(R,1) <o < (R a.c; thus there will be no new intersection
point appearing on the boundary.
Because us(0,11) > a+e€, fs(R, 1) <R aer Gpx,n) and € cannot intersect, otherwise they have at
least two intersection points. Then % is on top of G, 1), which implies us5(0, 1) > o + € for all t > 1.

This contradicts lim;_, 7 us(0, t) = 0. O

Remark 3.13. In fact, using the parabolic Sturmian theorem to compare the flow with catenoids, one can
show that the neck point moves monotonically to the origin after a sufficiently long time. We do not need
this fact and hence we omit the proof here.

We are now ready to proceed with the proof for the free boundary version of our main theorem.

Theorem 3.14. Given R > 2u, there exists an immortal rotationally symmetric free boundary mean
curvature flow of surfaces in Cg, which is not a static plane.

Proof. For § < 1, we know that the curve p; g is on top of the profile curve of the Angenent torus A.
Since the neck point of .4 tends to the origin under the mean curvature flow at some finite time 7", by the
comparison principle, u5(0, ) — 0 at some time ¢t < 7’. By the comparison principle, Proposition 2.2, if
us(0, t) — 0 in finite time, then ug (0, t) — 0O in finite time for all 0 < §’ < 8.

For o <6 < R, the curve ps r lies within the region [8, R] x [0, 1]. In contrast, the catenoid, described
by x = cosh y, remains static under the mean curvature flow and it lies strictly above the line y = 1 within
the interval [8, R] (since cosh1 < 2 < @ < §). Thus this catenoid is on top of ps g, and the function
y = In(x + +/x2 — 1) has positive derivative at x = R. Thus by Proposition 2.2, this catenoid is on top of
Gyy(. 1) for all time ¢, which implies us(0, t) > 1 for all 7.

Hence, by Propositions 2.4 and 3.10, there exists a maximal interval (0, ng) such that for any § within
this interval, us(0, 7) converges to 0 in finite time. As indicated in the preceding argument, 1 < n, < a.
By Propositions 2.2 and 3.9, the singular time T(ps, g) is strictly increasing in 6 € (0, ng), and its limit as
8 — nyp has to be 0o, otherwise u, (0, 1) will converge to 0 in finite time by Proposition 2.4.

By the selection of np, Un,, (0, t) never reaches 0 in finite time. Combining this with Lemma 3.12, we
conclude that for § € (1, ng) and ¢ € [0, T(ps,r)), we have u;s(0, t) < 2«). Utilizing Proposition 2.4 and
the fact that limg_mR T(ps.r) = 0o, we can deduce that Un, (0,1) <2« forall .

As aresult, up, (0, ) does not converge to either 0 or R within any finite time. By Proposition 3.9, the
solutions up, (-, 1) and v, (-, 1) exist for all time 7 € [0, c0). O

From the construction above, we know that the solution f"R( -, 1) to (2-5) exists for all time ¢ € [0, 00).
In the following, we will show the free boundary mean curvature flow induced from fy (-, ) will
converge to the plane with multiplicity 2.

Next, we show that the neck point of the function f,  converges to 0 as 1 — oo.

Lemma 3.15. lim Un,, 0,1 =0.
11— 00
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Proof. We prove this by contradiction. The idea is to compare the flow with the barrier that we constructed
in Lemma 3.4. Suppose there exists a > 0, and a sequence {f;};cz, , t; /' 00 such that Un, 0,t;)>a. Upto
extracting a subsequence, we may assume that ;1 > t; + 7, g, where T, g is the constant in Lemma 3.4.

Let x(7) be the union of the graph of f, (-, ) and its reflection with respect to the x-axis. x(0)
is bounded between the lines y = . By the monotonicity of f,, with respect to x, we know that
the graph of [,(x) + Ty (R, 1) — 1 is on top of x(t;) for all i. Since L,(x,t) + Ty (R, 1) — 1 solves
the mean curvature flow equation, by comparison principle Proposition 2.2, we know that the graph of
La(x, 1)+ fn, (R, ;) — 1 is on top of x (t +1).

By Lemma 3.4,

Jng (R, ti41) < La(x, tiv1 — 1) + fu (R, 1) = 1 < fo (R, t;) — Ba,r

for all i. Then fnR(R, tiv1) < f,,R(R, t1) —iBy. r- Leti — oo, we get a contradiction with the fact that
Jng (R, 1) =0 for all . Hence lim,_, o, un, (0,1) =0. O

Remark 3.16. Since 1 < n; < «, and the flow f,,R (x, t) exists for all future time, by Lemmas 3.12
and 3.15, we have Un, (0,1) <aforall R > 2« and > 0.

Remark 3.17. The above argument works for all rotationally symmetric free boundary mean curvature
flows S(Gy(. 1)) that exist for all future time, which implies that their neck points must converge to 0
ast — oQ.

As a consequence, we can prove the following height lower bound which depends on the location of
the neck point for the solution fy, .

Corollary 3.18. Given R > 2a, ifunR (0, t9) = « at time ty, where k € (0, R), then fﬂR (R, tg) > %K.
Conversely, iffnR (R, ty) < Kk at time ty, then Un, 0, 1) < 2«.

Proof. Suppose uy, (0, 70) > «, we prove f, (R, 1) > %K by contradiction. Suppose by contrary that
Sy (R, 10) < %K. Then by Proposition 3.1, we know the graph of S (-5 10) is bounded in the region
{(x, V)|k<x<R,0<y< %K }, and intersects the line x = R orthogonally. Then consider the restricted
curve x = %K cosh(2y/k), x < R, which is on top of the graph of f, (-, ), and has smaller intersection
angle with the line x = R. By Proposition 2.2, we know that u,, (0, 1) > %K for time ¢ > fy. However, By
Lemma 3.15, we know that u(0, t) — 0 as t — oo. This is a contradiction. O

We can also use the Angenent torus as a barrier to obtain a height upper bound.
Lemma 3.19. fnR (x,t) <ax forall t €]0,00), x € (Un, ©,1), R/a].

Proof. 'We prove this by contradiction. Suppose not. Then f, (xo,7) > axo for some 7 € [0, 00),
Xo € (u,,R 0,1), R/a]. Then Gf"R("t) is on top of the Angenent torus xo.4, which implies that f,,R has a
finite time singularity. This is a contradiction. U

We are ready to prove the key long-time gradient estimate of fy,.
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Proposition 3.20. For any R > 2a, given 0 < a < b < R, there exist a constant w depending on a, R and
a constant T depending on a, b, R, such that

InR—1Inb
fnR(x t)_tan(ﬂ 1 1 a))

YInR—Ina  Int
forall x € [b, R], t > T. In addition, lim,_, fnR (R,t)— fnR (b,t) =0.

Proof. Given any 0 < a < b < R, by Lemma 3.15, we know that there exists 7 > 10 such that for any
t>T, Un, 0,1 < %a. Then fnR (x, t) is a smooth function over [a, R] for all t > T. For simplicity, we
will use f(x,t) to express the function fnR (x, t) restricted on the interval [a, R], which is smooth for all
time ¢t > 7. We know

i /5
1:’}3+;", fi>0  forall x €[a, R).

fi =
Let ¢ (x, t) = arctan( f,(x, 1)), x € [a, R], and t € [T, 00). Then

O§¢(x,t)<% and  fo(x, 1) = tan(g(x, 1)),

SO
Sax(x, 1) fx
9t — T, -
Ox(x, 1) T+ 720, 0) fr= d>x+
Moreover,
1 fxx fx
¢t 1—|—f2 (fx)t 1—|—f2 (ft)x - +fx2 (¢X}C+ X - ;>'
Therefore,
b« 1 Jfx
- =———— <0 3-6
Let u =m/(2In(R/a)) and w be a constant to be determined later. Let
R w—x
ex,t)=puln —+ .
X Int
Then
w1 j
pr=—"—7—<0, @ux=-—5>0,
x Int x?2
Ox Prx O _tlnt—(a)—x)x>tlnt—a)R
Oy T2 T T T T 2 T xnn?

Let7"=T+R(R+m/2), =R+ 7% InT’. Then

tlnt—szT/lnT/—R<R+%1nT/) > R¥(InT' —1) > 0.
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Thus for x € [a, R], t > T’, we know that

@ T)> 22> T s e, 1)

= = =)

wl‘_ﬁ_szZO>¢t_¢_x_¢;x27
x 1+ f x 1+

R =
pla,n) =z pln — = = > ¢(a, 1),
a 2
@(R, 1) >0=¢(R,1).
Now we can apply the parabolic maximum principle to conclude that ¢ (x, t) > ¢ (x, ¢) for all x € [a, R],
t > T'. On the other hand, for any x € [b, R],

( t)<nlnR—1nb+a)—b
x, 1) < — .
¢ 2ImR—Ina ' Int

Thus there exists 7" > T" such that for all x € [b, Rl and t > T", ¢(x, t) < 7. In summary, for x € [b, R],
t > T", we have the gradient estimate

tInR—Inb w->

fr(x, 1) =tan((x, 1)) <tan(p(x, 7)) <tan(p(b, 1)) = tan<51nR e Ing ) (3-7)

Next, integrating this gradient bound yields

aInR—Inb a)—b)

R
f(R,t)—f(b,t):/; fx(x,t)dx§(R—b)tan(§1nR_lna+ 7

Lett — oo,
. 7InR—1nb
0 <limsup[f(R,t)— f(b,t)] <(R—b)tan| ——— ).
t—00 2InR —Ina
Finally let a — 0. We have lim,, o[ f(R,t) — f(b,1)] = 0. O

The gradient estimate yields the following two corollaries, which can be combined to show that
S (x, 1) will C I converge to 0.

Corollary 3.21. f, (x, 1) converges to 0 uniformly as t — oo for all x € (0, R].

Proof. By Lemma 3.3, we know lim,_ o S (R, 1) exists. By Lemma 3.19 and Proposition 3.20, for any
0<b=<R/a,
0< lim f, (R,t)= lim f, (b, 1) <ab.
—>0o0 —> 00

Let b — 0, we get lim;_, oo Sy (R, 1) =0. Since f (-,1)isa strictly increasing function, thus S (x5 1)
converges to 0 as ¢+ — 0o and this convergence is uniform in x. U
Corollary 3.22. Given 0 < b < R, %fnR (x, t) converges to 0 uniformly as t — oo forall x € [b, R].

Proof. For any € > 0, there exists 0 < a < b such that

7#InR—Inb €
tan| —— ) < —.
2InR—1na 2
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Let w, T be as in Proposition 3.20. Then there exists 7’ > T such that for ¢t > 7',

7#InR—Inb w
tanf ———+ — | <e.
2InR—1Ina Int

By Proposition 3.20, for x € [b, R], t > T',

InR—1Inb
7 ln n a))<6 O

a
_— ’t St —_— —_
g S (02 1) an<21nR—lna+lnt

Theorem 3.23. For any R > 2a, S (Gf"R("’)) is a rotationally symmetric free boundary mean curvature
flow in Cg, and the flow exists for all future time. In addition, the forward limit of this flow is the free
boundary disk {y = 0} N Cg with multiplicity 2.

Proof. Following from the proof of Theorem 3.14, we only need to prove that the forward limit of
S (Gf"R(' 1)) is the free boundary disk {y = 0} N Cr with multiplicity 2. In other words, for any € > 0,
Jup (X, 1) |xefe. ) converges to 0 in C'.

Given € > 0, by Lemma 3.15, we know that there exists 7 > 0 such that the neck point of f,,R (-,1)1is
contained in Be/(24)(0) for r > T. So fnR (x, D)[e/a),r1 1s well defined for all # > 7. By Lemma 3.19,
fnR( -, D][0,¢/(2a)] 18 contained in B, (0) for # > 7. By Corollaries 3.21 and 3.22, we know fnR( 5 Dlle/Qa),R]
C! converges to 0 as t — oo. This completes the proof. g

4. Passing to limit in R3

For simplicity, we slightly modify the notation. Let fz(x, t) denote the solution in Cg that we obtained in
the last section, and at time ¢, its graph is denoted by I'r ;. Let ug(x, t) be the vertical graph function of
fr(x, t), and therefore the neck point of fr(x, t) is ug (0, t).

In this section, we let R — oo to get a limit of the solutions that we have obtained in Section 3. There
are two steps: first, we show that we can indeed find a limit mean curvature flow as R — oo. Second, we
show that the limit mean curvature flow converges to the plane with multiplicity 2.

We start with some basic relationships between the solutions fz with different R. Recall that n,, is the
neck point value of the initial data of fg, and the initial curve I'g o is Prg.R-

Lemma 4.1. nr <ngp forany 2a <r <R.

Proof. We argue by contradiction. If there exists 2a < r < R such that n, > ng, then p,, g is strictly on
top of p,, . By the derivative estimate (3-2), the intersection angle between I'g ; and the line x =r is
less than 7.

Consider the curve I, and the curve I'g; restricted to the region x < r. By Proposition 2.2, the
distance between these two curves under the mean curvature flow is monotonically increasing, therefore

their neck points cannot both converge to 0 as t — oo |

Using the fact 1 < ny < « for all R > 2o and combining with Lemma 4.1, we get the following
corollary, which shows that the initial curves Prg.R has a limit as R — oo.
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Corollary 4.2. There exists n € (1, o] such that limg_, o np = 1. Therefore the initial curves pn, r
converges to the curve p, as R — oo.

Next, to take a (subsequential) limit as R — 0o, we need some uniform gradient estimates of fz. In
the following proposition, we use catenoids as barriers to derive a uniform gradient estimate of fz away
from the neck point.

Proposition 4.3. Forany R > 20+ 2, x € [w + 2, R], and any time t > 0, we have
a+1
V2= (a@+1)?

Proof. Consider the catenoid with neck point (@ + 1, &), namely we move the catenoid with neck point

2 frtrn) = (4-1)

(o + 1, 0) upward with distance £. It is static under the mean curvature flow, and its profile curve C_g is

x=(a+1)cosh<y_s).

a+1

given by

Let C¢ denote the graph of

2 __ +12
gg(x)zé—i-(aﬁ-l)ln(aj_lﬁ-‘/x (a(—il)z) ) x €la+1,00).

Then (fg is the union of C¢ and its reflection with respect to the line y =§.

Now we compare the catenoids with the mean curvature flow I'g ;. Let c = go(R) > go(2a +2) > a +1.
The y-coordinate of the intersection point between Cg and the boundary of the cylinder {x = R} is § +c.

Recall that T'g o = Py, R with ny < o, while the x-coordinates of any point on C; is at least o + 1. From
the construction (3-5) of ps g, we observe that for § > fr(R, 0) — ¢, there is at most one intersection
point between Cg and I'g o; for & < fr(R, 0) — c, there is no intersection point between I'z o and C¢. See
Figure 4, left.

We make the following claims:

Claim 1. For any t, there is at most one intersection point between I'g ; and Ck.

Proof. By the Sturmian theorem, under the mean curvature flow, the intersection point between I'g ; and
Ce could only appear on the boundary x = R. As mentioned above, the boundary point of C¢ is (R, & +¢).
If £ > fr(R,0) —c, then for any time > 0, fr(R,t) < fr(R,0) <& + ¢, and no extra intersection
points will appear on the boundary.
If § < fr(R,0) —c, by Lemma 3.3, the boundary point of I'r ; moves toward (R, 0) monotonically
under the flow. Thus there will be at most one extra intersection point. U

Given time 71 >0, let D (x) = go(x)— fr(x, t1), which is defined on [@+1, R]. Then D'(R) =g((R) > 0.
Since D’(x) is a smooth function, there exists a maximal interval [p, R] such that D’(x) is nonnegative
on this interval. Then R

d:=D(R)— D(p) = / D'(x)dx > 0.
P
Claim 2. The lower bound of this maximal interval p < o + 2.
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y xX=R y x=R
Ir.o

FR,t

0] / X @] / P—'Gl P—'€1+€2 X

Figure 4. Proof of Proposition 4.3. Left: initial status of the curves. Right: by the Sturmian
theorem, the phenomenon in this figure cannot happen.

Proof. We argue by contradiction. If p > a 42, by the choice of p, there exists €; > 0 small enough such
that D'(p —€1) <0, and |D(p) — D(p — €1)| < %d, which implies %fR(p — €1, 1) > g(/)(p —¢€1) and
D(p—e1) < D(R).

Leté = —D(p —e€1). Then C¢ and I'g ;, intersect at (p — €1, fr(p — €1, t1)). Since %fR(p —€1, 1) >
g(/)(p —€1), for small €; > 0, we have fr(p — €1+ €2, 1) > gi(p — €1 + €2). While on the boundary, we
have

gi(R)=&+c=—-D(p—e€1)+go(R) > —D(R) + go(R) = fr(R, 17).

By the intermediate value theorem, there exists x; € (p — €1 + €, R) such that gz (x1) = fr(x1, 11).
See Figure 4, right. Therefore we have two intersection points (p — €1, fr(p — €1, t1)), (x1, fr(x1, 1))
between I'g ;, and Cg¢, which contradicts Claim 1. O

By Claim 2, for any x € [a +2, R], D'(x) > 0. This proves (4-1). O

Next, we prove a uniform gradient estimate of the vertical part of fz near the neck point. First of all,
we show the neck point of I'g ; is nondecreasing in R.

Proposition 4.4. The distance from the origin to the neck point of I'r; is nondecreasing in R, i.e.,
ur, (0, 1) <ug,(0,1) forall 2a < Ry < Ry, t > 0.
Proof. Given R| < R,, we use F;?z,t to denote the curve I'g, ; restricted on the region x < R;. We know
', 0 is on top of F}ez,o- For any t > 0, a%le(Rl, t) =0 and a%fRz(Rl, t) > 0.

From Lemma 4.1, the neck points of the initial conditions have the comparison ug, (0, 0) < ug, (0, 0).
Now we have two cases: either this inequality is a strict inequality, or ug, (0, 0) = ug, (0, 0).

Case 1. If ug, (0, 0) < ug, (0, 0), then at # = 0, there is no intersection point between I'g, o and I'g, 0. By
the Sturmian theorem, either I'g, ; and I'g, ; have no intersection point, or there is a new intersection point
that can only appear on the boundary.

If fr,(R1,t) > fr,(Ry,t) for all time ¢ > 0, there will be no new intersection point appearing on the
boundary. Therefore for any ¢+ > 0, I'g, ; and F}ez,t do not intersect, which implies that I'g, ; is on top
of F}ez,p and ug, (0, t) < ug,(0, 1).
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If fz,(R1,t) < fr,(Ry,t) at some time ¢, let #; be the first time where this inequality holds. Since
%le(Rl, 1) < %fRZ(Rl, t), by the maximum principle, fg,(R1,t) < fr,(Ry,t) for all time ¢ > #;.
Hence there will be at most one extra intersection point.

For time ¢ < #;, we must have fr, (R1,t) > fg,(R1, 1), and we get ug, (0, t) < ug,(0, ) by an argument
similar to above.

For time ¢ > 11, we have fg, (R, t) < fr,(R1, 1), and I'g, ; and F}Qz’, intersect at most at one point. If
there is exactly one intersection point, then ug, (0, t) < ug, (0, ¢). If there is no intersection point, F}ez,z is
on top of I'g, ;, and by a similar argument as in Lemma 4.1, we get a contradiction.

In summary, ug, (0, 1) < ug,(0, ) for all r > 0.

Case 2. If ug, (0, 0) = ug,(0,0) = a then fr (R1, €) < fr,(R1,0) for any small time ¢ > 0, since the
height is strictly decreasing.

If ug, (0, €) > ug,(0, 0), then F}ez,o is on top of I'g, ;. By a similar argument as in Lemma 4.1, we
get a contradiction. Hence ug, (0, €) < ug, (0, 0), which implies that I'g,  and F;ez,o have exactly one
intersection point.

Since fi, (1. €) < fr,(R1,0) and 2= fi, Ry, +€) = 0 < 2= fi,(Ry, 1), by the Sturmian theorem,
I'r,.1+¢ and F;QZ,[ have at most one intersection point. By the maximum principle, fg (R1,t +¢€) <
Jr,(R1, ). Therefore if there is exactly one intersection point, we get ug, (0, t +€) < ug, (0, ¢). If there is
no intersection point, F%L, is on top of I'g, ;+e. Again, by a similar argument as in Lemma 4.1, we get a
contradiction.

Therefore, ug, (0, t +€) < ug, (0, t) is true for all € > 0, by taking the limit as ¢ — 0, we claim that
MRI(O, t) SMRZ(O, t). Il

From Remark 3.16, we know that ug (0, ) < « for all R > 2«.. Thus by Proposition 4.4, we know that
n(t) = limg_, o ug (0, t) exists.

Let t > 20 4 2 be a large constant. Then u.(0,7) < n(t) <« for all t > 0. Given any T > 0, let
w(T) = minsepo, 7y (0, ) > 0. Then for any R > 7,1 € [0, T'], we have u(T) <ur(0,1) <.
Proposition 4.5. Given R > t,T > 0. Forany y € [O, %M(T)], t € [0, T], we have

9 2oe®y/m(T) 2ace
dy w(T) wu(T)

(4-2)

Proof. When t =0,
9 202/ (T)
—up(y,HH=0< ——.
ay *V w(T)
Now we focus on ¢ > 0.

Let he(y) = %/,L(T) cosh(2(y — &)/u(T)), defined on [£, 00). Its inverse function is given by

hl(x)_Hu(T)ln( 2 4x2—M(T)2)
Sl = .

2 w(T) w(T)?

Since ug (0, t) > u(T) for all t € [0, T], by Corollary 3.18, ug(y, t) is well-defined for y € [0, %M(T)],
te (0, T].
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Consider the catenoid with neck point (%M(T), .i-‘). It is static under the mean curvature flow, and its
profile curve C; is given by x = h¢(y). Let C¢ denote the graph of y = hgl (x), and C¢ be the union of Cg
and its reflection with respect to the line y = &.

By the comparison principle, Proposition 2.2, for any ¢ > 0, C¢ cannot be on top of I'g ;. Therefore
there exists x(t) € [ug (0, t), R] such that hgl(x(t)) < frR(x(®),1).

Letc=h, Y(R). The y-coordinate of the intersection point between Ce and the boundary of the cylinder
{x =R}is (R, & +0¢).

I'r.0=Pny.R with ng > (7). From the construction of p5, g in (3-5), we observe that for § > fr(R, 0)—c,
there are at most two intersection points between I'g o and Cg¢; for § < fr(R, 0) — c, there is at most one
intersection point between I'g o and Ce.

We have the following claims:

Claim 3. Foranyt € [0, T], there are at most two intersection points between I'g ; and Cs.

Proof. By the Sturmian theorem, the new intersection point between I'z ; and C¢ can only appear on the
boundary x = R. As mentioned above, the boundary point of C¢ is (R, & +¢).

If £ > fr(R,0) —c, then for any time r > 0, fr(R,t) < fr(R,0) <& + c, there will be no extra
intersection point appearing on the boundary.

If & < fr(R, 0) — ¢, by Lemma 3.3, the boundary point of I'z ; moves toward (R, 0) monotonically
under the flow; thus there will be at most one extra intersection point. g

Given time ¢; € (0, T'], let D(y) = hgl(uR (v, t1)) — v, which is well defined on [0, %M(T)]. Due to
the uniqueness and smoothness of the solution fz(x, t), along with the reflexive symmetry of the profile
curve, we have %MR (0,11) =0. Then

D/(0) = (h"Y (g @. 1) 3L (0. 1) =1 = =1 <0,
Since D’(x) is a smooth function, there exists a maximal interval [0, g] such that D’(y) is nonpositive on
this interval. Then D(0) — D(q) = — f; D'(y)dy > 0.
Claim 4. The upper bound of the maximal interval g > % w(T).

Proof. We argue by contradiction. If ¢ < % u(T), by the choice of g, there exists a small €; > 0 with
qgte < %[L(T) such that D'(q +¢€;1) > 0, and |D(g) — D(q + €1)] < %.
Thus D(0) > D(qg + €;1). By the inverse function theorem,

3 -1
(hy'Y (ug(q + €1, 1)) > (a_uR(q + €1, t1)) > aifR(uR(‘] +e€1, 1), 1).
y X

Let§ = —D(q +€1). Then C¢ and I'g ;, intersect at (ug(q + €1, 11), g + €1).

We know & =g +e1 —hg ' (ur(q +€1), 1)) < g +e1—hg ' (u(T) < 3u(T) = 3u(T) <0,

By the comparison principle, Proposition 2.2, Cy cannot be on top of I'g ;,. Therefore there exists
x1 € [ug(0, 1), R] such that iy ' (x1) < fr(x1,#1). Then

Xy =up(frCxi. 1), 1) > ug(hy ' (x1), 11) > ug (hy ' (ug (0, 1)), 1) = ur(hy ' ((I)), 1) > ug (3p(T). 11).
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Since a%fR(uR(q +er,t), 1)< (hal)’(uR (g + €1, 1)), there exists a small €, > 0 with

€2 < min{ug(q +e€1,11) —ug(0, 1), ur(31(T), 11) — ur(q + €1, 1)}
such that )
JrR(ur(q +€1,11) —€2,11) > h; (ur(g +€1, 1) — €2),

felur(q+er,n) + e, 1) <hy ' (ur(g + e, 1) +€).
Now, for x = ug(0, ;) and x = x|, we have
fo@r(0, 1), 11) = =D(0) +hg ' (ug(0, 1)) < —=D(g +€1) +hy ' ur (0, 11)) = by g (0, 1)),
foler, 1) > hy'(x) > by ).
By the intermediate value theorem, there exist
x2 € (ur(0,11), ur(q +€1,11) —€2) and x3 € (ur(g + €1, 11) + €2, x1)

such that fr(x2, 1) = hy 1()62), fr(x3, 1) = hy 1(x3). Therefore there are three intersection points
(ur(q +€1,t1),q +€1), (x2, fr(x2, 1)), and (x3, fr(x3, 1) between I'g ,, and Cg¢, which contradicts

Claim 3. O
Now for any y € [0, 3u(T)] and ¢ € (0, T'], by Claim 4, D'(y) < 0. Thus
1 4 N — (T2 2ug(y,t
D ety < — _ VARG, 0P = p(T) _ 2u(y.1)
9y (ho") (ur(y, 1)) u(T) w(T)
Since ug(0, 1) < «, we have ug(y, t) < ae®/*T)_ and prove (4-2). O

Now we are ready to take the limit of fz(x,?) as R — oo.

o0

Proposition 4.6. There exists a rotationally symmetric mean curvature flow that is the Cy.

limit of S(Gy(. 1)) as R — oo. This limit flow exists for all future time.

subsequential

Proof. Given T > 0, for any R > 7, t; € (0, T], the neck point of fr(x, t;) is (ug(0, 1), 0). Because
Jr(x, t1) is a strictly increasing function, for any x| > ug (0, #1), the restricted curve {(x, fr(x, #1)) | x > x1}
lies within the region {x > x|, y > fr(x1, t1)}. Hence the intersection angle between this restricted curve
and the line {y = x 4+ fg(x1, f;) — x1} is not larger than %.

Consider the graph of the function fz(x, #;) on the interval [ug (0, #1), « +4]. We can view it as the
graph of a function g(x) over the line {y = x}. The above argument tells us that |g’(x)| < 1. The two
endpoints of this restricted graph are (ug(0, t1), 0) and (¢ + 4, fr(x +4, t1)). The x-coordinates of the
projection of these two points onto {y = x} have the bounds

ur(0,1) « a+4 a+4+ frla+4,t)) aot+d4+a
< —"<—, < < .
2 2 2 2 2

Thus this restricted graph can be viewed as a normal graph of a C' function with a uniform derivative

0

bound (not dependent on R and t). Together with the uniform gradient estimate given by Proposition 4.3,
for any compact region Q : {(x,#) | 0 <x <a, 0 <t < b}, we can take a subsequential limit of the
restricted function fr(x, 1)|g as R — oo by the Arzela—Ascoli theorem. By a diagonal sequence argument,
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we know { fr(x,1),t € [0, T]} subsequentially converges in R to a function f (x, t). By the uniform
gradient estimates in Propositions 4.3 and 4.5, and the interior gradient estimate in [Ecker and Huisken
1991], this convergence is Cpy. in the spacetime.

From the construction, we can see that f is defined for all ¢ € [0, T], x € [n(t), c0). The fact that
n(t) > u.(0,t) > 0 with a further diagonal argument guarantees a limit mean curvature flow that exists
for all future time. O

Remark 4.7. Since f is a subsequential limit of fg, all the uniform properties of fz also hold for f
Hence f is a strictly increasing function in x for all ¢ > 0, its function value is bounded by «, and its
neck point tends to the origin monotonically. The gradient estimate in Proposition 4.3 also holds for f.

So far, we have obtained an eternal flow M (¢) := S(G . J)) defined in the whole R3. It remains to
show that the long time limit of this flow is the plane with multiplicity 2.

We first show that for a sequence of t; — 0o, M(t;) converges to the plane with multiplicity 2. As a
consequence, this allows us to show that the neck point of (-, 1) tends to 0 as 1 — oo.

The proof uses an argument by Ilmanen [1995] saying that if the spacetime L?-norm of the mean
curvature of a sequence of embedded mean curvature flows in R? tends to 0, then this sequence of mean
curvature flows subsequentially converge to a smooth embedded minimal surface with multiplicity. The
following statement can be found in [Bamler and Kleiner 2023, Lemma 2.13], with slight modifications
in notation.

Lemma 4.8. Suppose § > 0, and (M’ (t))icln—s,n+8] IS a sequence of smooth mean curvature flows
in B3, with the genus of M (t) and the Gaussian density of M (t) uniformly bounded for all i € 7 and
t € [t1 — 8, tr + 81. Suppose that for every open subset U of R3we have

%) N
/f |H1?dH*>dt — 0, as i — oo. (4-3)
iHNU

Then there exists a subsequence of (M’ (t))te[t).1,] that converges (in the sense of varifold convergence) to
a static mean curvature flow, which is a smooth embedded complete minimal surface with multiplicity
ke Z+.

Given R > 0, to obtain the local L?-bound (4-3) of the limit flow M (¢) in Cg, we need to know the
behavior of the mean curvature of M (¢) on the boundary of Cg.

Lemma 4.9. For any x > a + 2, t > 0, the mean curvature vector H of the upper half of S(Gj( t))
points downward at the point f(x, t). More precisely, the projection of H to the y-axis is negative.

Proof. Consider the family of the translations of the catenoids given by the graph of the function

2_.2
Uv,g(x)=$+vln(%c+ xvzv >, where 0 <v <a+1.

Given x| > o + 2 and #; > 0, by Proposition 4.3, we know

a+1

Var—(a+1)2

0<%f(x1,t1)§
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Thus there exist v and & such that

UseOen) = et 1), Ul = - Fa, 1),

8 e f(xl, f) > UNS (x1), then the graph of f(-, 1) ison top of the graph of U, ¢ near a neighborhood
of x1. Since U, ¢ tends to 0o as x — oo and f (-, t1) is bounded, these two graphs have another intersection
point far away from the origin. The mean curvature at f (x;, ;) along its graph is strictly positive by
the local comparison with the catenoid, thus at time #; — €, for some € > 0 small enough, the graph of
f(-, 1, —e) and the graph of U, ¢ have two intersection points in a neighborhood of f(x1, 11 — €), while
there is another intersection point far away from these two intersection points by the boundedness of f
and unboundedness of the catenoid.

But at = 0, the graph of f(-,0) and the graph of U, ¢ have at most two intersection points, and for
large x, the second graph is always strictly on top of the first graph by the boundedness. By the Sturmian
theorem, there are at most two intersection points between the graph of f( -, #; —€) and the graph of Uye.
This ylelds a contradiction.

Hence 3 ) f (x1,1) < U’ ’ g(xl), which implies that locally f (-, 11) lies below U, ¢. Therefore, locally
the upper half of S(G 7. m) touches the catenoid from below. This shows that the mean curvature vector
of the upper half of § (G iy points downward. O

Proposition 4.10. For any sequence t; /' 00, there exists a subsequence t;; that M (t;;) converges (in the
sense of varifold convergence) to the union of planes with possibly higher multiplicity. Moreover, the neck
point of f tends to the origin as t — 0.

Proof. Without loss of generality, we remove some of the #;’s to assume ¢;;; —t; > 1. Let M i) =
(M (t +1;))tefo,17- Consider the restriction of our family of surfaces M (¢) on Cg, denoted by M(t). We
use M (1) to denote the flow (M (¢ +1;)) t[0,1]- By the first variation formula, we have

T [ee)
// |i1|2dH2dz=Area(A71(0))—Area(A71(T))+/ f (n, H)ds dt,
M(t) M(t)

where n is the outward unit conormal of dM (¢). By Lemma 4.9, and = f (R,t) > 0, we know
(n, ) < 0 along dM". Since M (t) is a rotationally symmetric surface generated by graphs of a bounded
increasing function on a bounded interval, the area of M (t) is bounded and independent of ¢. Hence
fooofmt) |H|? dH? dt is bounded, and moreover,

1
// |H|*dH*dt — 0 as i — oo,
i)

By the compactness of weak mean curvature flows (see Section 7 of [[lmanen 1994]) and Lemma 4.8, we
know that M’ subsequentially converges to a static mean curvature flow defined for time [0, 1], which is
a smooth embedded minimal surface ¥ with possibly higher multiplicity. Such X is also rotationally
symmetric and lies between two parallel planes as M (¢) does. The only smooth embedded minimal
surface that satisfies all these properties is the plane or the union of parallel planes.

As a consequence, the neck point of f tends to the origin as 1 — o0. O
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Remark 4.11. Ilmanen’s argument only assures the regularity of the limit minimal surface. It does not
ensure the convergence is also regular; for example, it does not ensure the convergence is in the Lipschitz
topology.

One reason is that there could be “pimples” in the sequence of flows that vanish in the geometric
measure theory limit. Such pimples are described by Simon [1993, Lemma 2.1] in a key lemma that is
used by Ilmanen [1995]. On the other hand, if we can show that any subsequential limit in Proposition 4.10
is a fixed plane, we can use Brakke’s regularity of mean curvature flow to show that the convergence is
multiplicity 2 in our sense. Nevertheless, we decided to show a quantitative gradient estimate directly,
because such an estimate gives us a better understanding of this limit eternal flow.

From the gradient estimate (4-1), we know that
oa+1
V= (a+ 12

for all x > o 42, t > 0. Next, we adapt the same method that we used in Proposition 3.20 to get an

0 =
S fenn =< (4-4)

improved gradient estimate over any closed interval in (a, 00).

Proposition 4.12. Forany 0 <a < b < ¢, choose k > ¢ + o + 2 large enough that

(¢ +1)(nk —1Ina) - zlné. (4-5)

VK2 — (a4 1)2 4 a

Then there exist a constant @ depending on a, k and a constant T depending on a, b, k, such that

2 Ink—Inb w—b 1
%f(X, [) < tal’l(z n n =+ @ J,-arctan(L))

2Ink—Ina Int /K2 — (o + 1)2

forall x € [b, k], t > T. In addition, lim,_, [ f(c, 1) — f(b, )] = 0.

Proof. By Proposition 4.10, we know that there exists 7 > 0 such that for all # > T, the distance from the
neck point of f (x, 1) to the origin is less than % Hence f (x, t) is a smooth function over [a, k] forall t > T.
We know

ﬁ— Jax +£’ fx>0 for all x € [a, k].

_1+fo P

Let ¢(x,t) = arctan(f(x, 1)) for x € [a,k], t € [T, 00). Then 0 < ¢(x,1) < Z, and fi(x,1) =
tan(¢ (x, t)). As shown in the proof of Proposition 3.20,

s 1 fr
= = o =———"=-<0
) [0} x2(1+fxz)<

X 1_|_fx2
Letu =7/QRInk/a), T' = T+k(k+%), w=k+75InT" Let

(4-6)

— 1
ex,t)=pnln k + % + arctan(L)

)_C /k2_(a+1)2
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By the same argument as in the proof of Proposition 3.20, we have
o (pxx~ > 0.
Xt
Thus for x € [a, k], t > T’, we know that
w— T
"y > > > !
oo T) 2 2 5 2 . T,
%_&_ Prx_ >0>¢l_@_ ¢xx~ ’
X147 * 1+
k _m
> —==>
pla.t)zphn—===>¢(a,1),

ok, t) > arctan(\/#—z_l)z) > ¢k, 1), (by (4-4)).
—(x

We apply the classical maximum principle to conclude that ¢(x, 1) > ¢ (x, t) forall x € [a, R], t > T".
For any x € [b, k],

Gx, 1) <p,0)<pb,n="2 Ink—Inb  w—>b

+ 270 4 arct ot
2ink—tna It O\ e —@r2/)

The condition (4-5) guarantees that

( a+1 ) T Ink—Inb

arctan[ ——— ) < <1 — —)
/kz_(a+1)2 4 Ink—Ina
In addition, there exists 7”7 > T’ such that for all r > T”, we have

w—>b - 1(1 . lnk—lnb)
Int 4 Ink—Ilna/’
Therefore for all x € [b, k], ¢(x,1) < 7.

For all x € [b, k], t > T" we have

f — wlnk—Inb ®—Db o+ 1
Sl =tan(@ ) = tan(Elnk—lna + Int +arCtan<\/W—+l)2>>’
f(c»t)—f(b,l)=[cfx(X,t)dxi(c—b)tan(ﬂlnk_lnb w—
b

n b + arct o—+1
2ink—tna ' I O\ U@t 02))
Let t — 00. We know

. = = 7 lnk—Inb a+1
0< htrisolip[f(c, t)—fb, )] <(c—b) tan(im + arctan(m)).
Since the condition (4-5) works for all £ large enough and a small enough, we can let a — 0, and
k — oo. Leta — 0. We have

0 < limsuplfe. 1) — f(b. 0] < 2@ HD

100 /kz_(a_|_1)2'
Then letting k — oo, we conclude limHoo[f(c, 1) — f(b, )] =0.
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We are now prepared to prove our main theorem.

Theorem 4.13. There exists a rotationally symmetric surface in R such that the mean curvature flow
starting from this surface exists for all future time, and the forward limit is the multiplicity 2 plane {y = 0}.

Proof. We have already shown the mean curvature flow starting from p,,, given by S(G Fan) exists for
all future time. Now we show that it converges to the multiplicity 2 plane as t — oo.

For any subsequential limit of f(x, r), by Proposition 4.10, we know it is the graph of a function
defined on [0, co0). Lemma 3.19 implies that f(x, 1) <ax, forall t € [0, 00). By Proposition 4.12, we
know that for any 0 < b < ¢, we have

0 <limsup f(c, 1) =limsup f(b, 1) < ab.
t—0o0 t—0o0

Since b can be arbitrarily small, it follows that for all x > 0 any subsequential limit of f(x,1) as
t — oo is 0. Moreover, the proof of Proposition 4.12 also implies the gradient % f(x, t) uniformly
converges to 0 at t — oo for x in a fixed compact subinterval of (0, co). Therefore, the forward limit of
the immortal flow is the multiplicity 2 plane {y = 0}. O

Remark 4.14. If we replace the family of curves ps with a family of quarter circles, namely

{(R—x,Vr?—x2)|x€[0,r]} for 0<r <R,

then the interpolation argument as described in Theorem 3.14 (with a possibly different bound on R)
remains valid. Therefore, for large R, we can obtain a family of rotationally symmetric free boundary
surfaces in Cg, evolving under the mean curvature flow, and converging to a multiplicity 2 disk.
However, if we consider the surface in this family with the neck point at (1, 0) for large R, and take the
limit as R approaches infinity, these surfaces will converge to the catenoid that is formed by rotating the
graph of x = cosh y. This addresses the importance of making a careful choice of the (singular) foliation.

Appendix: Asymptotically planar mean curvature flow

Definition A.1. A surface M C R? is asymptotic to a plane P if for any € > O there exists a compact
set K. such that M \ K, is a complete noncompact surface with boundary, oM C K., and M \ K, C P,
where P is the € tubular neighborhood of P.

Proposition A.2. Suppose {M(t)};ci0.1) is a mean curvature flow, R > 0, and N(t) is a connected
component of M(t) \ Bg. If N(0) is asymptotic to a plane P, then N(t) is asymptotic to the same plane P
fort €0, 1].

Proof. Without loss of generality, we assume P = {(x, y,0) | (x, y) € R?}. For any € > (, it suffices to find
R > 0, such that W C P.. Because N (0) is asymptotic to P, we may assume N (0) \ Bg' C Pe/s.
Now we choose r large such that » —/r2 —4 < ¢/2 (e.g., r*> > 8/ + 1), and we choose R, > r + R'.
Then for any (x, y) with |(x, y)| > Re, dB,(x,y, €/2+r) has distance at least €/2 away from P4,
therefore it is disjoint from N (0) \ Br/. Applying the avoidance principle shows that N (¢) \ Bg, is disjoint
from BBm(x, v, €/2+r). In particular, this implies that N(¢) \ Bg, C P. for ¢t € [0, 1]. O
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