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ANALYSIS AND PDE
Vol. 13, No. 6, 2020

https://doi.org/10.2140/apde.2020.13.1605

ON UNIQUENESS RESULTS FOR DIRICHLET PROBLEMS
OF ELLIPTIC SYSTEMS WITHOUT
DE GIORGI-NASH-MOSER REGULARITY

PASCAL AUSCHER AND MORITZ EGERT

We study uniqueness of Dirichlet problems of second-order divergence-form elliptic systems with
transversally independent coefficients on the upper half-space in the absence of regularity of solutions.
To this end, we develop a substitute for the fundamental solution used to invert elliptic operators on the
whole space by means of a representation via abstract single-layer potentials. We also show that such
layer potentials are uniquely determined.

1. Introduction

Consider the elliptic system of m equations in n 4 1 dimensions, n > 1, given by

n m
— 33w @) duf (1,x) =0, a=1,....m, >0, xeR", (1-1)
i,j=0 =1
where dp :=9/0t and 0; :=0d/0dx; ifi =1, ..., n, with measurable coefficients A that do not depend on the
variable ¢ transversal to the boundary. Ellipticity will be described below but when m = 1, the uniformly
elliptic equations will be included in our considerations. For short, we shall write Lu = —divAVu =0
instead of (1-1).

Given f € LP(R"*; C™), following [Dahlberg 1977], the L? Dirichlet problem on the upper half-space
can be posed in the sense that one asks for a weak solution u with a certain nontangential maximal function
controlled in L? and which converges to the boundary data f almost everywhere in a nontangential sense.
When f € WhP(R"; C™), following [Kenig and Pipher 1993], the Dirichlet problem with data £, also
known as the regularity problem, can be posed by asking for a maximal nontangential control on Vu and
convergence of u to f at the boundary as before. Existence and uniqueness to these problems are usually
obtained by different arguments. For an overview on the topic the reader can refer to [Kenig 1994].

Our first goal is to prove duality results of the following type under minimal assumptions: existence in
one of the boundary value problems for (£*, p’) implies uniqueness in the other problem for (£, p) in
some range of p, which depends on £, where p’ is the conjugate exponent to p. We shall also consider
the case p <1 for the regularity problem, in which case the adjoint Dirichlet problem must be posed with
data in BMO or in a Holder space.

MSC2010: primary 35J57, 35A02; secondary 35J50, 42B25, 35C15.
Keywords: Dirichlet problems, uniqueness of solutions, elliptic systems, single-layer operators.
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1606 PASCAL AUSCHER AND MORITZ EGERT

Similar uniqueness results, requiring “dual” information, appear in [Kenig and Pipher 1993; Al-
fonseca et al. 2011; Hofmann et al. 2015c], to cite just the most relevant to our situation. The argu-
ments are culminations of many earlier results on Laplace’s equation and real symmetric equations
in Lipschitz domains [Dahlberg 1977; Dahlberg and Kenig 1987; Jerison and Kenig 1981; Verchota
1984]. In those works, z-independence of the coefficients is not always assumed, but when restricted
to this hypothesis, the so-called de Giorgi—-Nash—Moser regularity properties of solutions (DGNM)
are also used in a strong way to bring into play either harmonic measure techniques for real equa-
tions or representations and estimates with fundamental solutions for complex equations enjoying
(DGNM). It seems that [Hofmann et al. 2015c¢] contains the most advanced results in this direction
up to now.

Here we want to dispense with the assumption (DGNM) and, of course, harmonic measure is not
available. In a similar direction, [Auscher and Mourgoglou 2019] establishes existence-uniqueness
relations between the L? regularity problem and a dual L?" Dirichlet problem which for 1 < p < oo is
posed with a different, less classical interior control, namely the square function. Uniqueness in this
situation, however, does not suffice to conclude for uniqueness of the Dirichlet problem when posed with
a nontangential maximal control. On the contrary, when p < 1, the results in [Auscher and Mourgoglou
2019] do apply and for clarity we shall put them into context in Section 6.

Our general strategy is to develop a substitute for the fundamental solution used to invert the elliptic
operator £ on R!*", This is interesting in its own right. Surprisingly, not using the fundamental solution
and its kernel estimates will make the arguments for uniqueness conceptually and technically simpler. It
also allows us to reach minimal assumptions, even when assuming further (DGNM). Let us explain in
formal terms the substitution idea.

In the case of transversally independent coefficients, the fundamental solution I'(¢, x, s, y) of L,
constructed in [Hofmann and Kim 2007] under (DGNM) and more recently without this assumption
in [Barton 2016], has time translation invariance; that is, it depends on ¢ — s. Its restriction to fixed
times (¢, 0), t # 0, is called the single-layer potential S;(x, y) at time ¢. Formally writing

(E_lf)(t,X)=f/l+ L, x,s, y)f(s,y)dsdy=//1+ Si—s(x, y) f(s,y)dyds

allows one to recover the fundamental solution by a convolution in time with S;(x, y). A difficulty is
to give a meaning to the last term as a converging integral in order to obtain further estimates on £7! f.
However, one can interpret this formula at the level of operators by writing

L= ), x) = /R(St_sf(s, ) (x)ds, (1-2)

provided the operator S; with kernel S;(x, y) has the expected boundedness properties. Indeed, [Rosén
2013] shows the remarkable fact that S, is bounded from L?(R"; C™) into Wl’z([R"; C™) whether or not
(DGNM) holds and that, when (DGNM) is assumed, its kernel agrees with (or can be used to define)
[, x,0,y).
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This suggests that knowledge on the operator S; alone is sufficient to recover £~!. This is what we
shall prove and use, thereby giving a precise meaning to the representation (1-2). We shall also prove that
knowledge of £~! alone uniquely determines the operator S;, which we decide to call the single-layer
operator (associated with £).

Having (1-2) at hand, more operator bounds of S; can be plugged in this formula to give further
estimates on £~! £. Under (DGNM), [Hofmann et al. 2015d] proves some bounds by Calderén—Zygmund
theory. But, following [Rosén 2013], we may also compute S; (recall it is unique) using the connection
between £ and a first-order Dirac operator DB proposed in [Auscher et al. 2010]. Thus, the operator
bounds proved in [Auscher and Stahlhut 2016] become available. Such bounds, including the ones of
[Hofmann et al. 2015d], hold for a range of spaces determined by the coincidence of abstract Hardy
spaces associated with DB and the corresponding concrete Hardy spaces associated with D. At the heart
of this treatment lies the H > functional calculus of DB proved in [Axelsson et al. 2006] by a remarkable
elaboration on the solution of the Kato problem for elliptic systems.

The organisation of the article is as follows. First, we present our main results and the strategy to
prove uniqueness (Section 2). We next present proofs of our main results in the case p = 2 because
the arguments there do not require any use of the single-layer operators and still contain the main ideas
(Section 3). Then, we state in what sense (1-2) holds (Section 4) and move to p # 2 (Section 5). In
Section 6 we discuss the regularity problem with Hardy—Sobolev data versus the Dirichlet problem with
BMO or Holder continuous data. We prove (1-2) in various ways (Section 7). Some technical lemmas are
presented in the final Section 8.

2. Setup, results and strategy of proofs

2A. Notation and general assumptions. We shall use the following notation for spaces. We denote by
Cgo(Rd) the space of compactly supported smooth complex-valued functions on R%. For 1 < p < oo,
the inhomogeneous Sobolev space on R? consists of those f € L”(R¢; C) for which V f is p-integrable.
It contains Cgo([Rd ) as a dense subspace. The homogeneous Sobolev space W7 (R?) consists of all
distributions on RY for which V f is in L?(R?; C%). It is a Banach space when modding out the constants
and it can be realised as the closure of W!?(R?) modulo constants for the seminorm ||V f|| p- Its dual
W_I’P'(Rd ) is identified to the space of distributions div F' with F € LP'(IR{" : C%). The space of continuous
complex-valued functions on R that vanish at 0o is denoted by Cy(R) and Cy([0, o0)) denotes the
space of continuous functions on [0, co) that vanish at +oc0. All these spaces have an E-valued extension
(denoted by L”(R?; E) and so on) when E is a complex Banach space. Occasionally, we use the subscript
“loc” to indicate that certain conditions hold only on compact subsets.

We denote points in R'*” = R x R” by (¢, x) etc. We set [R?f" := (0, 00) x R™. For short, we write

Lu = —div AVu =0 to mean (1-1), where we assume that the matrix
A@) = (AZL )P e LR e m)) (2-1)

is bounded and measurable, independent of ¢ (transversal independence), and satisfies the following strict

accretivity condition on the subspace H of L?(R™; C"(+m)Y defined by (ff)i=1,...n» being curl-free in R"

.....
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for all a: for some A > 0 and all f € H,

n m
oo 2
| Rt Fenar =iy 3 [ P, (2-2)
R i=0 a=1"R"
In particular situations, we may weaken this condition to the well-known Garding inequality; see
Remark 2.11 below. The system (1-1) is considered in the sense of distributions with weak solutions in
1,2 mpl4n.
Wloc (R+ n’ (]:m)
As weak solutions to elliptic systems might not be regular, we use the Whitney average variants of
the usual nontangential maximal functions. But when we get back to systems where solutions have
meaningful pointwise values, these variants turn out to be equivalent to the usual pointwise control.

Consider, for 0 < g < oo, the g-adapted nontangential maximal function

- 1/q
Ny g F(x):= sup(]%[ |F (s, y)|1ds dy) , xeR", (2-3)
(cg 't,cot) x B(x,c11)

t>0

for some fixed parameters ¢y > 1, ¢; > 0. We use B(x, r) for the Euclidean ball centred at x with radius r
and denote averages by dashed integrals. When ¢ = 2, we simply write N.. For fixed p>0andg >0,
a covering argument reveals that changing the parameters yields equivalent ||]V*,qF |, norms. In the
following, we shall use

Wt x) = (% 2z) x B(x, 1) (2-4)

for simplicity.

2B. Main results and consequences. For 1 < p < oo, the L Dirichlet problem with nontangential
maximal control can be formulated as follows: given f € L?(R"; C™), uniquely solve

Lu=0 on R,
Nou € LP(R"), (D)5
lim;_, ¢ ﬂw(,,x)lu(s, y)— f(x)|dsdy=0 fora.e.xeR".

The L? regularity problem consists in solving uniquely (modulo constants), given f € W7 (R"; C"),

Lu=0 on R_l:r",
N.(Vu) € LP(R"), (R)5
im0 ffwenluls,y)— f(x)|dsdy =0 forae.x € R".

We have fixed the parameters for W (¢, x) but from Lebesgue’s differentiation theorem applied to f and a
covering argument we can again see that the convergence of Whitney averages of |u — f| is independent
of their particular choice.

To formulate our main results we implicitly use a certain perturbed first-order operator DB associated
with £ and the associated abstract Hardy spaces H. [’,73 defined and studied in [Auscher and Stahlhut 2016].
At this stage, the reader need not be aware of their definitions as we are only going to use the conclusions
drawn in that paper.
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There is an exponent p (DB) > 2 that is related to resolvent estimates for DB in L? and a coercivity
property of B and B* in L? and L?’, respectively; the precise definition can be found in [Auscher and
Stahlhut 2016, Section 3.2]. It is also shown there that the set of those p € (n”?, p+(DB)) such that we
have the coincidence H}p, = H Dp of abstract and concrete Hardy spaces is an interval and that p (DB) is
also its upper endpoint. This interval is called Iy in [Auscher and Mourgoglou 2019]. We call it H in
this article. This is an open interval containing 2 and there is a corresponding interval H ,«.

Theorem 2.1. Ler 1 < p < 0o with p’ € H«. Existence for (R)ﬁ,* implies uniqueness for (D)g.

Theorem 2.2. Let 1 < p < oo with p € H,. Existence for (D)I’f;,* implies uniqueness for (R)§ (modulo
constants).

The interval H, equals (1 —&'(L), 2+¢&(L)) in case of (DGNM) for £* for example (with 0 < &(L£) < 00)
and even some conditions weaker than (DGNM) suffice; see [Auscher and Stahlhut 2016, Section 13] for
details. We note that [Hofmann et al. 2015c] uses a similar exponent 2 + ¢ but we do not know whether it
agrees with our 2 + ¢(L). More specifically, we have the following corollaries; compare with [Hofmann
et al. 2015¢, Proposition 8.19(1)—(i)].

Corollary 2.3. Assume (DGNM) for L and (2+&(L*))' < p < oo. Existence for (R)g/* implies uniqueness
for (D).

Corollary 2.4. Assume (DGNM) for L* and 1 < p <2+ &(L). Existence for (D)If;,* implies uniqueness
for (R)fj (modulo constants).

Well-posedness of a boundary value problem is the conjunction of both existence of a solution for all
data and uniqueness. A stronger notion, appearing implicitly in many earlier works, is that of compatible
well-posedness: it means well-posedness and that the unique solution agrees with the energy solution
obtained from the Lax—Milgram lemma, whenever the boundary data is admissible for energy solutions.
Theorem 2.1 then has the following interesting consequence we shall discuss in detail in Section 5C. We
define the square function SF of a measurable function F by

g ' , dtdy\"? .
F(x) = Fe.yP 5 ) o xeR. (2-5)
a(x)

where a > 0 is a fixed number called the aperture of the cone I';(x) := {(¢, y) : £ > 0, |x — y| < at}.

Corollary 2.5. Let 1 < p < oo with p’ € Hps. Assume (R)fj,* is well-posed (resp. compatible well-posed)
modulo constants. Then so is (D)ﬁ. Moreover, given [ € LP(R"; C™), the weak solution u with data f
has further regularity u € Co([0, 0o); LP (R"; C™)), satisfies the square function estimate ||S(tVu)l|, < oo

and there is comparability
N @)y ~ NSEVW)p ~ sup llult, Hllp ~ N fllp- (2-6)
t>0
In addition, the nontangential convergence improves to L* averages; that is, for a.e. x € R",

lim lu(s, y) — f(x)|>dsdy =0. (2-7)
)

t—0 W(t,x
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2C. Comparison to earlier results. We comment here on the formulations of the problems and statements
in relation to existing literature.

Remark 2.6 (on convergence at the boundary for the Dirichlet problem). There is no trace theorem for
the space of measurable functions u with ||]V*u |, < 0o. Hence, existence of boundary values is part of
the Dirichlet problem and does not follow from the interior control. If we look for nontangential approach
almost everywhere, this the weakest possible condition. But we may also choose a different convergence
to the boundary data, such as strong L? convergence u(t,-) — f ast — 0 on compact subsets of R" as
considered in [Hofmann et al. 2015¢] under (DGNM). In that case, ﬁ*u can be replaced by the usual
pointwise supremum on cones denoted by Nyu. As |[u(t, )|, < [ Nsu|, for all p and ¢t > 0, the L?

convergence on compact sets, is also natural. We shall see that a minor modification of our arguments

p
loc

carefully that ||1V*u|| p < 00 does not imply L? boundedness for solutions when p > 2 (see below).

will cover this formulation of the Dirichlet problem and even a weaker form of L; . convergence. Note

Remark 2.7 (on the formulation of the Dirichlet problem). We use N, = ]V*,z in the Dirichlet problem.
For complex equations, it makes a difference to consider N, or ﬁ*,q with ¢ = p, see [Mayboroda 2010],
as solutions may not be locally p-integrable. The choice ¢ = 2 is most natural to overcome this difficulty
and we could even use ﬁ*,l by invoking reverse Holder estimates.

Remark 2.8 (on convergence at the boundary for the regularity problem). For the regularity problem,

2
loc

and Pipher 1993]. The Whitney averages converge almost everywhere in approaching the boundary, the
limit belongs to the homogeneous Sobolev space W7 (R") and Cesaro means fft u ds converge in the
sense of distributions modulo constants to the same limit; see Lemma 8.3 . Hence, the boundary condition

there is a trace theorem for the space of L; _functions satisfying || N.(Vu) |, < o0, as is implicit in [Kenig

in the regularity problem is implied by the interior control. Actually, [Auscher and Mourgoglou 2019,
Theorem 1.1] shows that all solutions in this class for the range of p in the statement enjoy convergence
Veu(t,-) — V,u(0, -) strongly in L? as t — 0. So, this could be taken as definition for the convergence
to the boundary data as well.

Remark 2.9 (on comparability of S and ﬁ*). For p as in Corollary 2.5, [Auscher and Mourgoglou 2019,
Theorems 1.6 and 1.9] show that (compatible) well-posedness for (R)ﬁ/* is equivalent to (compatible)
well-posedness for a variant (5)§ of the Dirichlet problem with the nontangential maximal function being
replaced by the square function S(#Vu) in the L?-control. Owing to [Auscher and Mourgoglou 2019,
Corollary 1.4], we have ||ﬁ*(u)|| » S IS(tVu)ll, a priori for any weak solution in this range of p and
u(t, -) converges to its boundary data strongly in L? if the right-hand side is finite. Thus, Corollary 2.5
can rephrased as saying that the (compatible) well-posedness of (5)5 implies that of (D)f,.

It would be interesting to prove the converse, at least for the range of p above. For equations, that is
m = 1, with real-valued 7-independent coefficients, the real-variable argument in [Hofmann et al. 2015b]
shows ||]\~/* @), ~ IS(tVu)||, for any weak solution. Hence, both Dirichlet problems are a priori the
same and the converse holds. Using the equivalence between (5)§ and (R)f/* mentioned above, this also

I

o

provides a direct way for deducing the main result on well-posedness of the regularity problem (R)%, in
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[Hofmann et al. 2015a] for real coefficients from [Hofmann et al. 2015b]. For equations with complex
coefficients and systems though, similar conclusions remain unknown.

Remark 2.10 (on representation by layer potentials). Another aspect of the theory is whether u in
Corollary 2.5 can be represented as u = D, (Dy+)~" f, where D is the double-layer operator, also defined
abstractly and proved to be bounded on L? in [Rosén 2013] and on L? in this range of p in [Auscher and
Stahlhut 2016]. There is no reason to believe that Dy+ is invertible under the assumptions in Corollary 2.5.
Even well-posedness of the regularity problem on both half-spaces is not enough to conclude this: however,
it gives the different representation u = S;(Sp)~! f using the single-layer operator. As of today, the
only available method to prove invertibility is via the so-called Rellich estimates. This was done first
in [Verchota 1984] when p > 2 for Laplace’s equation in Lipschitz domains and has been extended to
a larger class of equations (perturbations of real symmetric coefficients) in [Alfonseca et al. 2011] by
developing the layer potential approach and using the Rellich estimates of [Jerison and Kenig 1981] for
invertibility. Note that the Rellich estimates give access to solvability of Neumann problems as well,
which is strong additional information.

Remark 2.11 (on the ellipticity condition). Given u € WH2(R!*"), we can take f(x) = Vu(t, x) for
each ¢ € R in (2-2) and integrate in 7 to obtain Garding’s inequality

// Re(A(x)Vu(t,x)-Vu(t, x))dx dt ZA// |Vu(t,x)|2dx dt. (2-8)
Rl+n

R1+n
We shall observe that our proofs of Theorem 2.1 and 2.2 in the case p = 2—and even p nearby — only
require (2-8). In particular, this gives access to uniqueness of boundary value problems for Lamé-type
systems [Martell et al. 2017], which typically satisfy Garding’s inequality but not the strict accretivity
condition (2-2).

2D. Strategy to the proofs. The formal strategy is the same for both theorems and is adopted from earlier
references, in particular [Alfonseca et al. 2011; Hofmann et al. 2015c¢]. Let u be a solution of Lu = 0 on
[F\Rf" with zero boundary condition. We take G € Cgo([R1+”; C™) with support contained in some region
[a, b] x B(0, ¢) contained in [Rklf”. We want to show that (#, G) = 0. We then pick a second function 6
supported in [R{f", real-valued, Lipschitz continuous and equal to 1 on the support of G. Finally, we let
H be a weak solution of £*H = G on R!*™. As u# is a test function for this equation, we have

(u, Gy =(ub, G) = (AV(ub), VH).
Next,
(AV(u6),VH) = (AuvV0,VH)+ (AVu, VH)
= (AuVO,VH) — (AVu, HVO)+ (AVu,V(OH)),

and the last term vanishes because 6 H is a test function for Lu = 0. All brackets here can be expressed
by L? complex inner products, and in accordance with our shorthand notation — div AVu = 0 for (1-1)
we abbreviated AuVO = A?i’jﬂ ufd ;0 and HV6 = H%0;0, where sums are taken over repeated indices.
Now the existence hypothesis comes into play. We let & := H (0, - ) (provided it makes sense) and let
H; be a solution to the adjoint problem £*H; =0 on [R{f" with boundary condition . We may apply
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the same decomposition to (AV (u8), V Hy) and remark that this term vanishes since u6 is a test function
for £* H; = 0. Hence, we obtain

(u, G) = (AuV6,V(H — Hy)) — (AVu, (H — H;)V0). (2-9)

We remark that # and H — H; both vanish at the boundary. In fact, the reason to use H; is to help
convergence near the boundary. The symmetry in u and H — H; also indicates why the results can go
both ways.

The goal is then to show that these two terms tend to O if we let 6 — 1 everywhere on [R{f”. The
heart of the matter is to prove estimates on H and % using our assumption instead of relying on estimates
for the fundamental solutions to represent H in [Alfonseca et al. 2011; Hofmann et al. 2015¢] under
(DGNM). For us, the assumption implies boundedness properties of single-layer operators for a certain
range of spaces and we shall use this as a black box, once we have shown the representation (1-2).

Some particular choice of 8 will facilitate the proofs. We are going to pick 6 as follows. We fix
x € Ci°(R") to be 1 on B(0, 1) and with support in B(0, 2). We let n be the continuous, piecewise linear

function, which is 0 on [O, %] and 1 on [%, oo) and linear in between. We pick M > 2¢, 0 < ¢ < ‘4—‘ and

2b < R < oo to finally set
X t t
o(t,x):=x|— -IL=nl=)).
o= x (G (E)0 (7))

2E. Standard estimates on weak solutions. Here are some standard properties on weak solutions to
Lu =0 in a domain © C R'*" we shall freely use throughout: The reader can refer to [Giaquinta 1984]
for the elliptic equations or to [Barton 2016] for systems. With regard to these references, we remark
that reverse Holder inequalities share the general feature that Lebesgue exponents on both sides can be
lowered as one pleases; see [Iwaniec and Nolder 1985, Theorem 2] or [Bernicot et al. 2016, Theorem B.1]
for a particularly simple proof:

L : 2o 1 2
Caccioppoli’s inequality: Vul" < = 4. lul”.
W(t,x) t W(t,x)

1/2
Reverse Holder inequality on Vu: ( ]6[ IVulz) < ]6[~ |Vul.
W (t,x) Wi(t,x)

1/2
Reverse Holder inequality on u: ( ]6[ |u|2> < ]G[N lu].
W(r,x) W(,x)

Here W(t, x) is another Whitney region, with strictly larger parameters than W (¢, x) and we assume
that the former is compactly included in 2. The implied constants depend only on ellipticity of A,
Whitney parameters and the distance of W(t, x) to 9R2. The reverse Holder inequalities can also come
with LP-averages for some p > 2 on the left but we shall not need such improvements.

3. The case p =2

To illustrate the simplicity of our argument, we present here the proofs of our main results in the case p =2.
For the purpose of this section only, it will be sufficient to assume the weaker ellipticity condition (2-8).
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3A. Estimate for L7V, First, £: WH2(R!F"; €") — W—12(R!"*"; C™) is invertible as a consequence
of the Lax—Milgram lemma and (2-8). This is how we understand £~!. The adjoint of £ is associated
with the matrix A*.

Lemma 3.1. Let G € C(R!™"; C™) N W~ L2(R!F™; C") and let H € W'2(R'*"; C™) solve LH = G
in R'*" Then

(i) For all integers k > 1, 3¥H exists in W'2(R'*"; C™) and L(3¥H) = 3*G.
(ii) For all integers k > 1, 8tkH € Co(R; WH2(R™; C™)) with t € R the distinguished variable.

Proof. Note that for n > 3 we have C°(R'*"; C™) ¢ W~12(R'*"; C") by Sobolev embeddings. For
n =1, 2, the necessary and sufficient condition on G is f fRHn G =0. The solution H € WLZ(R”; C™) is
defined by requiring for all ¢ € W2(R'*"; C™) that

(AVH, Vo) = (G, ¢), (3-1)

where the second bracket is the (complex) duality between W‘LZ(R”"; C™) and WI’Z([R{H”; C™). As
A is t-independent, and since ath € W*1*2(R1+”; C™) for all £ > 1, the method of difference quotients
and induction on k allows us to differentiate (3-1) and to obtain 8tkH € WI’Z(RH”; C™) with

(AVOFH, Vo) = (3¥G, ¢)

for all ¢ € WH2(R'*"; C™). This means L(3*H) = 8*G. Moreover, V(3¥H) € L>(R'*", C"(1*) for
all integers k > 0, showing in particular B,kHH e L>(R'*"; C™) for all k > 0. This completes the proof
of (i).

For (ii), we use the vector-valued embedding WL2(R; L2(R"; C™)) C Co(R; L>(R"; C™)). Since
BtkH, af+1H are in L2(R'*"; C™), which we identify with L*(R; L?>(R™; C™)) via Fubini’s theorem, we
obtain 3*H € Co(R; L*(R*; C™)). Similarly we have V,8XH, V, 8™ H e L>(R'*"; C"") and hence
A BtkH € Co(R; L?(R™; C™)) as well. The conclusion follows. O
Lemma 3.2. Let G € CP(R'™"; C")NW 2R C") and H := L~(G). Set G = 8,G and H = 3, H.
Then G € CR!*™; €™ N W= L2(R'*; C") and H € W2(R'*"; C™) solves LH = G in R'*" with
estimates

N1 Hl2 + 1N 1 (VH) | < o0

Remark 3.3. With a little more work the reader may check ||]V*H |l < o0 and ||ﬁ* (VH)|» < 00. We
do not need this improvement.

Proof. As a derivative of an L2(R!™; C™)-function, 3G is in W~12(R'*"; C™). Observe that by
Lemma 3.1 we have

H=0H=,"8GC)=L""(G) e W3R, C™).

In particular, H is square-integrable. Let a, b € R such that supp G C [a, b] x R*". We may assume for
simplicity b > 2.
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To establish ||IV*, 1H |2 < oo, we split the supremum defining I\NJ* 1 H in two parts according to t < 4b
and 4b < ¢. In the first case we note that & := H (0, -) is defined in W!2(R"; C™) due to Lemma 3.1 to

give
7[7[ |H(s, y)ldsdy < 76[ |H (s, y) —h(y)ldsdy+ 7[7[ |h(y)lds dy.
W (r,x) W (t,x) W(t,x)

Since s — H(s, -) is smooth with values in LZ(R"; C™) again by Lemma 3.1, and as ¢t < 4b, we can

8b
ff |H<s,y>|dsdys][ /|asH<s,y)|dsdy+][ h(y)| ds dy
W(t,x) B(x,t) JO B(x,t)
< M(F)() + M) (), (3-2)

write

where M is the Hardy-Littlewood maximal operator on R” and F(x) := 08 b |0y H (s, x)| ds. We know
that 4 € L>(R"; C™), and also F € L*(R") since 8, H € L>(R'*"; C™) and

8b
|F(x)|2dx§8b/ / |0, H (s, x)|* ds dx.
R~ R? JO

Taking the supremum over ¢ < 4b in (3-2), we obtain the L? bound from the maximal theorem. Assume
now that r > 4b. Then for T > 2t,

T
]6[ IH(s,y)IdsdyS][ / IBSH(s,y)Idsder][ |H(T, y)ldy.
W(t,x) B(x,t) J2b B(x,1)

Applying Lemma 3.1(ii) to 3 H = H, we see that the second term on the right-hand side tends to O as
T — oo. Thus,

sup ]6[ |H (s, y)|dsdy < M(Fy)(x), (3-3)
t>4b Wi(t,x)

with Fy(x) := [5, 19,H (s, x)| ds. Now,

o0
f|F1<x)|2dx§i// s2|0,H (s, x)|* ds dx
. 2b Jon Jop

and in the domain of integration, H is a weak solution to £LH = 0. Thus, covering this region by Whitney
cubes for [R{k’”, that is, cubes having side-length half their distance to the boundary, we may apply
Caccioppoli’s inequality on each cube and sum up, using bounded overlap, to get

o0 (o)
/ / s2|8SH(s,x)|2dsdx§/ / |H (s, x)|>ds dx < oo.
nJob R Jb

Going back to (3-3), the claim follows again from the maximal theorem.

We next turn to establishing || ﬁ*,l (VH)||» < oo. The control for the ¢-derivative o, H is the same upon
replacing H by d; H and G by 3,G in the argument above, which satisfy the same hypotheses. Let us turn
to Vy H. Again we split the supremum into two parts 1 < 4b and 4b < t. As for the first one, we argue as
in (3-2), using that s = V, H (s, -) is smooth with values in L?(R"; C™™) by Lemma 3.1, to give

]G[W( )IVyH(s, Yldsdy < M(F)(x) + M(Vh)(x), (3-4)
t,x
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where F(x) := [ |8,V H (s, x)| ds. We know that Vi € L*(R"; C""), and also F € L*(R") since by
Lemma 3.1,

8b
|F(x)|*dx < 8b/ / 10,V H (s, x)|* ds dx < oo.
Rll n 0

Taking the supremum over ¢ < 4b in (3-4), we obtain again an L? bound from the maximal theorem. If
t > 4b, we argue as in (3-3) to find

sup ]6[ |VyH(S,Y)|dey§M(ﬁ1)(X), (3-5)
t>4b Wi(t,x)

with F; 1(x) = fzio |0sVy H (s, x)| ds. Next, we can use the same covering argument as before to bring
into play Caccioppoli’s inequality and deduce

o o0
/ |F1(x)|2dx§i/ / s2|8stH(s,x)|2dsdx§/ / 10, H (s, x)|* ds dx.
Rn 2b n 2b Rn b

Lemma 3.1 guarantees that the rightmost term is finite and a final application of the maximal theorem
yields the L? bound in (3-5). g

3B. Proof of Theorem 2.1 when p =2. We assume Lu =0 on Rf", the control N,u € L2(R") and we
have the convergence

lim lu(s, y)|dsdy =0 (3-6)
t—0 W(t,x)

for almost every x € R". We have to show u = 0 almost everywhere. To this end, we apply the strategy
presented in Section 2.

For a reason that will appear later in the proof, we pick G of the form G = 3G, with G €
C(‘)’O([R{H”; CmNWL2(RH7; C™). Assume we have already proved (u, G) =0. This means (9, u, 6) =0.
When n > 2, Sobolev embeddings show that G can be any test function and so this implies u (¢, x) = f(x).
When n = 1, we can take any test function with zero average and obtain u(¢, x) = ct + f(x), with ¢
constant. The equations hold a.e. and we have f € LIZOC(RE” ) since u € LIZOC([RIJ" ). Due to the limit
of Whitney averages at t =0, we obtain f = 0 a.e. in both cases by Lebesgue’s differentiation theorem.
When n > 2, we are done. When n = 1, this yields u(¢, x) = ct; hence ﬁw(,,xﬂu(s, y)|2ds dy = %cztz.
As the supremum in ¢ > 0 is finite a.e., we must have ¢ = 0.

To show (u#, G) =0, we have to make sense of H; and control both terms on the right-hand side of (2-9).
We let H := (£*)~(G) and have H = 9, H due to Lemma 3.1(i). As Vh € L2(R"; C"™) by Lemma 3.1(ii),
existence in the regularity problem for £* yields a solution H; to £L*H; =0 in [Rf” with ﬁ* (VH)) €
L?(R") and boundary trace 4. Due to the explicit form of @, we easily obtain for the first integral in (2-9),

(AuVO,V(H — H))| S Iy + Je + Jg,
with

1 3R)2
Iu :=—/ / | [V(H — H))|ds dy.
M Jixj=mJoes3

3a/2
Jo :=ff lu||V(H — Hy)|ds dy.
n J2

/3
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First, I3, tends to 0 as M — oo. Indeed, let Q := [23—8 %R] X {|x| > M}. By Lemma 8.2,

1 ~ ~
In S 37 INall2 IN<(o| V(H = HDD -

As H — Hj is a solution to £*(H — H;) = 0 on a neighbourhood of 2, we can use reverse Holder
inequalities and a change of Whitney parameters to obtain

IN«(1o|V(H — HDDIll2 S INw 1 (V(H — H)) o,

which is finite by Lemma 3.2 and the construction of Hj.

Next, set w(e, x) := (23—8 32—8) X B(x, %), which is a Whitney region compactly contained in W (¢, x).

Using the averaging trick with balls of R" having radii 5 and Tonelli’s theorem, we obtain

Jgs/ (]6[ |u||V<H—H1)|>dx
n w(e,x)
1/2 1/2
5/ (]ff |u|2) (]ff |V(H—H1)|2> dx
n w(e,x) w(e,x)
5/ (ﬁ[ |M|)<]6[ |V(H—H1)|>dx,
n W(e,x) W(e,x)

where we have used the reverse Holder inequality for u and V(H — Hp). Observe that the integrand is
controlled by ﬁ*u . I\NI*J (V(H — Hy)), which as a product of two L?-functions is integrable. Moreover,
ﬁ w(e,x)lul tends to 0 as ¢ — 0 by assumption. Thus, we conclude J; — 0 as ¢ — 0 by dominated
convergence. Finally, we have similarly

JRS/ (ff |u|)(][][ |V(H—H1)|>dx,
n W(R,x) W(R,x)

so that we get the same L'-control, while ffw g, x)lu| — 0 as R — oo follows from Lemma 8.1 and
Na(u) € LA(R").

Finally, we treat (AVu, (H — H;)V6), which is the other term on the right-hand side of (2-9), exactly
as above upon replacing |u||V(H — Hy)| by |Vu||H — Hi| = (s|Vu|)(|H — Hy|/s). We observe that
Caccioppoli’s inequality and the reverse Holder inequality reveal

12
(]6[ s2|W|2) s]f][ ul.
w(t,x) W(t,x)

Hence we can apply the same argument as before, using || ﬁ,k, \((H—=Hy)/t)|l» € L>(R") from Lemma 8.3
and H = H,; on the boundary (write H — Hy = H — h + h — Hy), which is used for the first time here.

Remark 3.4. With regard to Remark 2.6, we give the modification of the proof when instead of the
nontangential convergence (3-6) we assume fjtz lu(s,-)|ds—0ast—0in L120C([R{”). The only difference
is in the treatment of the limit of J.. To this end, pick any § > 0 and choose r > 0 such that

/ N.()Ny(V(H — Hy))dx < 8.
°B(0,r)
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Then for € < 1 we obtain from Tonelli’s theorem
Je§5+f (]6[ Iu(s,y)Idsdy>1\~f*,1(V(H—Hl))(X)dx
B(0,r) Wi(e,x)

2e
< a+/ (][ Ju(s, y)|ds> <][ Noi(V(H - Hl))(x)dx> dy
B(0,r+1) e/2 B(y,e)

2¢e
][ (s, )\ ds
e/2

which in the limit superior ¢ — 0 is bounded by & using the hypothesis and the maximal theorem. The

<&+

El

L2(Rm)

M(N,.1(V(H — Hy)))

L2(B(0,r+1))

modifications for the integral involving (s|Vu|)(|H — Hy|/s) are similar, incorporating Caccioppoli’s
inequality to get back to averages of u.

3C. Proof of Theorem 2.2 when p = 2. We assume Lu = 0 on [R{f” with IV*(VM) e L*>(R") and
convergence lim;_, o ﬁ we.x)lu(s, y)|dsdy=0fora.e. x € R". We have to show u =0 almost everywhere.
We first remark that by Lemma 8.3 we also have ﬁ*yl(u/t) e L>(R").

As in the proof of Theorem 2.1, we pick G of the form G = 3,G with G € C(‘)’O(Rl+”; c"mn
W‘l’Z(RH"; C™). We claim that it is again enough to show (u, G) = 0: indeed, when n > 2 we may
conclude as before, and when n = 1 we reach the point where u (¢, x) = ct a.e. but as ﬁ*(u /1) € L>(R")
we must have ¢ = 0.

To actually show (u, G) = 0, we have again to control both terms on the right-hand side of (2-9). We
let H := (£*)~'(G), noting that by Lemma 3.1 we have H = (£*)"'(G) = 8,H. As h € L*(R"; C™)
by Lemma 3.1(ii), existence for the Dirichlet problem yields a solution H; to £L*H; =0 in [Rf", with
ﬁ*(Hl) e L>(R") and boundary trace £ in the sense that ﬁw(g’x)lHl (s,y) —h(x)] — 0O forae.x e R"
as ¢ — 0. We are now ready to estimate the integrals in (2-9). We still have

[(AuVo, V(H — HD) S Im + Jo + T,

with
1 3R/2 |
IM:—/ f —-|sV(H—H1)|dsdy,
M JismJoess S
3a/2 | |
Ja:/ ][ W \sV(H — Hy)|ds dy.
nJows3 S

First, Iy tends to 0 as M — oc. Indeed, let @ := [%, 3R] x {|x| > M}. By Lemma 8.2,

1 ~ ~
I S 57 | M () | IR Qals V(G = DD
s/ 2
As Lu =0 and s ~ ¢t on Whitney regions W (, x), we have

|7 ()= 7 ()], <o

by reverse Holder estimates and change of parameters (which will be implicit in all of the following
steps). Also L*(H — H}) = 0 holds on a neighbourhood of €2. Thus, we can use Caccioppoli inequalities
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to obtain
IN«(las|V(H — H)DIll2 S IN«(1g(H — Hp) 2,

where Q is a slightly bigger region, still at some large distance from the support of G, so that we may use
reverse Holder inequalities to conclude

IN.(g(H — H))ll2 S INw 1 Hll2 + | NoH |12

The latter are finite by Lemma 3.2 and the construction of H;.
Next, using the averaging trick with balls of radii 5 and the Whitney regions w (e, x):= (23—8, %2—8) x B (x, %)

and w(e, x) = (‘% ) x B(x, 23—8), both compactly contained in W (g, x), we obtain

L e
n w(e,x
|I,£|2 1/2 1/2
<[5 (e mor) o
n w(e,x) S w(e,x)
<[ SO ) o
n W(e,x) S w(e,x)
<[ S ) o
n W(e,x) S W(e,x)

where we have used the reverse Holder inequality for u and H — H;, and Caccioppoli inequalities for
H — H\, observing that £*(H — H;) = 0 holds on a neighbourhood of the domain of integration. We
note that the integrand is controlled by ﬁ*(u /s)lf\\f'*,l (H — Hy), which is integrable by assumption on u
and Lemma 8.3, plus Lemma 3.2 for H and the construction of H;. As for the pointwise convergence,
we use H — H; and write

][7[ |H—H1|s]6[ |H<s,y)—h<x>|dsdy+ﬁ Hi(s, ) — h(x)] ds d.
W(e,x) W(e,x) W(e,x)

Letting ¢ — 0, the first term goes to 0 by Lemma 3.2 combined with Lemma 8.3. By construction of H,
so does the second one. Thus, J. — 0 as ¢ — 0 by dominated convergence. Finally, we have similarly,

55 [ (Fhn 5 = 10 2
n W(R,x) S W(R,x)

so that we get the same L!'-control, and to obtain convergence to 0 we can use ﬁ wRr.x)|H—Hi| — 0 as
R — o0, which follows from Lemma 8.1 since ﬁ*,l(H — H)) € L*(R").

Finally, we can treat (AVu, (H — Hy)V#), which is the second term on the right-hand side of (2-9), as
above upon replacing (|u|/s)(s|V(H — H})|) by |Vu||H — H;|. The arguments for convergences when
& — 0 and R — oo are almost identical and we leave the details to the reader.

4. Representation by single-layer operators

In order not to disrupt the flow of the proofs of uniqueness, we only summarise here the needed results
for the single-layer operators of [Rosén 2013], which we denote by Sf:, postponing proofs until Section 7.
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Throughout, we use the notation f: x — f (s, x). We begin with the result summarising their boundedness
properties.

Lemma 4.1. Let 1 < p < o0. Let k > 0 be an integer. Set R* =R\ {0}.
(1) If p € Hr, we have the mapping properties (of extensions by density of)
(td)*SF: LP(R"; C™) — WIP(R"; C™), teR*,
(td)*8, S : LP(R"; C™) — LP(R"; C™),  teR".
Moreover, the operator norms are uniform with respect to t, and as functions of t, these operators are

strongly continuous on R*, have strong limits at 0 and vanish strongly at infinity. Moreover, the limits
at 0% are the same except for 3,SF on LP.

(2) If p’' € Hpx, we have the mapping properties (of extensions by density of)
) Sf: WP (R C") — LP(R"; C™), 1 eR".

Moreover, the operator norms are uniform with respect to t, and as functions of t, these operators are
strongly continuous on R*, have strongly continuous extensions at 0 and vanish strongly at infinity.

Remark 4.2. Recall that the intervals H ., H+ were defined in Section 2B. They are open intervals and
contain 2, so H, N (H,+), where I’ = {p’ : p € I}, is an open interval around 2 and for p in this interval
both sets of estimates hold.

Remark 4.3. In the first case, it follows from the stated properties that (z9,)* VxSf are L? bounded
uniformly in ¢ # 0. The same is true for the conormal derivatives (¢3;)%d,, S* and these operators are
not continuous at 0 when k = 0 (jump relations). In the second case, these operators are W~!” bounded
uniformly in 7.

Remark 4.4. More mapping properties on fractional Sobolev and Besov spaces can be drawn by interpo-
lating these two sets of inequalities. We do not need those here. Note that for 1 < p < oo, the condition
p’ € Hp~ is closely related to the identification of certain negative-order Sobolev spaces WI;I;”’ = WE Lp
as Wl;l’p is a natural space for (9,,ul;=0, Vx f) if u is a solution to Lu = 0 with Dirichlet data ' € L”.
The reader can refer to [Amenta and Auscher 2018] for more on this issue.

Next, we state the representation formula by the above single-layer operators for £~!. The proof will
only use the properties stated above for p = 2.

Proposition 4.5 (representation by single-layer operators). Assume f € Cg° R C™). Ifn=1,2
assume furthermore that f = div, F for some F € Cgo([R?H”; C™). Then

(E_lf)(t,x)=p.V./RS,£_SfS(x)ds in Wh2@RH, M), (4-1)

where

p.v. / S fi(x)ds:= lim SE L fo(x) ds,
R

e—>0,R—>00 e<|t—s|<R
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and

LG x) = L P x) = pov. / 8,55 f,(x) ds
R
:p.V.[ SE (35 f)(x)ds, in L*(R™™; C™). (4-2)
R

Furthermore, with W2 (R"; C™)-convergence uniformly for t € R, we have norm-convergent (Bochner)
integrals in Wh2(Rr; C™),

@S = (L) = / 0,55 f, ds = / SE (3 f,) ds. (4-3)
R R

Remark 4.6. It is classical that f;(x) = div, F;(x) is equivalent to f[R" fi(x) dx = 0. We note that the
replacement of f by 9; f, which has all the other properties required for f, yields a better convergence of
the principal value towards £71(d; f). Also for fixed ¢, the integrals in (4-3) have good behaviour: it is
only to identify the limit in L>(R'*"; C™) that we have to take principal values.

We also provide a result implying that the operators S are the unique bounded operators L?(R"; C™) —
W12(R"; C™) depending strongly continuously on ¢ € R for which the representation (4-1) holds true.

Proposition 4.7. Let f € CS°(R"; C™) with [g, f=0ifn=1,2. Let xc(s) = L x (%) withe > 0 and x €

Cy°(R) satisfying fR x(s)ds=1. Set f.(s, x):=x:(s)g(x). Then L™ f, belongs to Co(R; Wl’z(R"; C™y)
and forallt € R, (ﬁ_lfg), converges in WI’Z(R”; C™) to Sff.

5. The case p # 2

Let us mention that the case when p — 2 is small could be treated similarly to the case p = 2 without the
representation by layer potentials and assuming only Garding’s inequality (2-8). This would use a basic
extension of Lemmas 3.1 and 3.2, taking into account that £ : W]’p([R{H”) — W‘l”’(RH”) remains
invertible for such p due to Shneiberg’s lemma [1974]. But this does not apply when p gets “far” from 2.
Henceforth, we assume (2-2) and begin with a lemma analogous to Lemma 3.2 in our range of p.

Lemma 5.1. Let G € C(R'™"; C") be such that G = divy G* for some G* € C(R*"; C'™). Set
H:= (ﬁ*)_l(é), G:=9,Gand H:=dH. Let 1 < p < o0:
(1) If p e He, then BtkH € Co(R; L"/([R?"; C™)) for all integers k > 0 and ||1F\7*,1H||p/ < Q.

(i) If p’ € Hpx, then BtkH € Co(R; Wl’f’/(IR”; C™)) for all integers k > 0 and ||ﬁ*,1H||p/ < 00, as well
as [N« 1 (VH) ||,y < 0.

In both statements, the distinguished variable in the regularity estimates is t € R.

Proof. Let a, b € R such that supp G C [a, b] x R". We may assume b > 2 for simplicity. Note that we
have the assumptions of Proposition 4.5 for G, G and so the representations apply.
We look at (i) first. By (4-3) we have

H,:atﬁ,:/sf_*sayésds:/sf_*scsds, (5-1)
R R



ON UNIQUENESS RESULTS FOR DIRICHLET PROBLEMS OF ELLIPTIC SYSTEMS 1621

with G, = div,(3,G%) € W=1-P'(R"; C™) by assumption. Due to Lemma 4.1(ii) — but replacing (p, £)
by (p’, £*) therein— we can bound the norm of Sf* as a bounded operator from W‘l’p/([R”; C™) to
L”,([R{”; C™) uniformly in ¢ € R\ {0}. From Minkowski’s inequality and the fact that G is smooth with
compact support, we can infer

b
ﬁ*
IIHzIIp/S/ 1S,—sGsllpr dS§/ IGsllyy-1r ds < 00
R a

uniformly for all + € R. Owing to Lemma 3.1, an analogous formula applies to 8," H with 8f G in the
integral for k an integer and so we also have sup, g || a,k H;|| ,» < oo. Continuity of # 8," H; and the limits
at 200 both in L” (R"; C™) follow by applying the dominated convergence theorem to (5-1): indeed, for
s € R fixed, Lemma 4.1(ii) shows that t — S-” 3*G is continuous on R \ {s} and bounded with values
in L? (R"; C™).

Finally, we prove to the maximal estimate ||ﬁ*,1 H||, < 00. Proceeding as when p =2 in the proof
of Lemma 3.2 — and with the same notation — it suffices to show that F(x) = OSb |0;H(t, x)|dt and
Fi(x)= fzf |0, H(t, x)| dt belong to L”'([R{”). First,

8b ,
/ |F(x)|” dx < (Sb)”//p/ / |0,H (5, x)|”" ds dx < (8b)" sup ||, H,||", < oo.
Rn nJ0O teR

For F| we take a different approach. By Minkowski’s inequality
oo
IFily < [ 1ot
2b
and we can use integration by parts twice along with Gy = 9 G to obtain from the representation (4-2)

b b
ath=/ Sfl*sasGst=/ 3SZS£SGS ds.
a a

Note that because of t — b > b we stay away from ¢t —s = 0 and can use the decay of the single layer.
More precisely, the norm of 82S~", : W~'?' — L?" is bounded by |t — s|~2 due to Lemma 4.1 and we
obtain [|3; H; ||,y < t~2, which in turn warrants || F} || p < 00. This completes the proof of (i).

We turn to (ii). Using (4-1) and (4-3), we have

t—s~s

V. O H(t, x) :p.V./ V. S5 805G (s, x) ds
R

in L2(R'*"; C™") and for fixed ¢ the integrals are bona fide Bochner integrals in L2(R"; C""). Again by
(4-3), we have 9; 8," H, = fR 8,8,5_* s dXGy ds with the same meaning. From here, the proof of ¢-regularity
is entirely analogous to (i), relying instead on Lemma 4.1(i) but with (p’, £*) replacing (p, £) as our
assumption is p’ € H+. In particular, we obtain ||ﬁ*,1 H||,» < oo by the same argument.

As for the nontangential maximal estimate ||ﬁ*,1(VH ) < oo, we follow again the proof for the

p = 2 case. We also have to estimate f(x) = Ogb |0,V H(t, x)|dt and fl (x) = f;f |0,V H(t, x)|dt in
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L (R"). First,
- , , 8b
|F(x)|” dx < (Sb)ﬂ/l’/ / |0,V H(t, x)|” dt dx < (8b)" sup ||V (a,H)||” < o00.
R~ nJ0

teR

Next,
~ 0
||F1||p/s/ 10,V Hilly dt.
2b

For ¢ in this range we have ¢t —s > b in the integral that represents 9, V, H, and integrating by parts twice
we obtain
b * b * ~
&V H, = / V. SE 8,Gyds = / 32V, S5 G, ds.

a a

Since the L? -operator norm of 92V, S~ is controlled by |t — 5|72, see Lemma 4.1, we have

-2
10, ViHllpy S 177,
which warrants || Fy ||, < oo. O

Remark 5.2. We have not tried to get optimal hypotheses on G for obtaining the desired estimates. In
(i1) we did not use G = div, G For (i), it can also be lifted provided we have C°(R™) C w-Lr (),
which holds for p’ > -~ by Sobolev embeddings. It is simpler and enough for us, however, to make this
assumption throughout.

5A. Proof of Theorem 2.1 when p # 2. We assume p’ € H+. We consider a weak solution to Lu =0
on [Rf" such that N,u € L?(R") and

lim lu(s, y)|dsdy =0
t—0 W (t,x)

for a.e. x € R". Our task is to show # = 0 almost everywhere.

This time, we pick G of the form G = 8,5 with G € Co° (R!*+7: C™) and G= div, G*. Assume, we had
managed to prove (u, G) = 0, that is, (d,u, 6) =0. Then (V, d;u, G*) =0, where G* is an arbitrary test
l()C([Rff”; C™) is independent of x and we obtain u (¢, x) = g(t) + f(x)
(R"; C™) and g : (0, co) — C™ continuous. Let

2t
v(t, x) = ]6[ u(s, y)dsdy=][ g(s) ds+][ f()dy.
W(t,x) t/2 B(x,1)

We know v(¢, x) — O ast — O for a.e. x € R". Applying Lebesgue’s differentiation theorem to f, it
follows that 3[;: 1 g(s) ds has a limit when ¢t — 0. Call it « € C". Then « 4+ f(x) = 0 almost everywhere,

function in R Hence, d,u € L
with f e L}

loc

which in turn implies that u is independent of x. But due to N,u € L?(R") we must have Nyu = 0. This
yields u = 0 as desired.

Next, the proof of (#, G) = 0 is line by line the same as the one for p = 2 in Section 3B. Indeed,
thanks to Lemma 5.1, h := H(0, -) € wl pl([R{” C™), where H := (£*)~'G. Thus, existence for (R)
yields a solution to £*H; =0 in R_l:r” with N (VH)) € LY (R™) and boundary trace h. The nontangentlal
estimates needed to run the argument are Nou e L?(R™) by assumption, *,1(V(H — H))) € LP'(R") by
Lemma 5.1(ii) and the construction of H;, and ﬁ*,l((H — Hy)/t) e Lp/([R”) by Lemma 8.3.
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Remark 5.3. We can modify the proof of convergence to 0 of J; as in Remark 3.4 if we only assume
J€/2 lu(s, )| ds — 0in L] (R") ast— 0.

5B. Proof of Theorem 2.2 when p # 2. Let p € H,. We assume that Lu = 0 on [R{rr", that N, (Vu) €
L?(R") and that

lim lu(s, y)|dsdy =0
t—0 W(t,x)

for a.e. x € R". We have to show u = 0 almost everywhere. To this end, we pick G as in the previous
proof. The same argument then shows that it suffices to check (1, G) = 0, noting that we can use
ﬁ*’l (u/t) € LP(R") from Lemma 8.3 to deduce # = 0 once it has been seen to depend on ¢ only.

Next, the argument to show (u, G) = 0 is identical to the one for p = 2 presented in Section 3C:
Existence for (D)L, y1elds a solution to £*H; = 0 in [R{H" with N (Hy) e LY (R™) and boundary
trace h := H(O, - ) eLV (R*; C™), where H := (E*) 'G. The required nontangential estimates are

*’l(u/t) e LP(R"), as seen above, as well as N*,l(H — H)) € Lp/([R{") by Lemma 5.1(i) and the
construction of Hj.

5C. Proof of Corollary 2.5. Assume 1 < p < oo with p’ € H«. Theorem 1.6 of [Auscher and Mour-
goglou 2019] shows that well-posedness of (R)ﬁ, is equivalent to well-posedness of a modified Dirichlet
problem (D)‘3 Combining (1) and (2) of Theorem 1.9 in [Auscher and Mourgoglou 2019], we have that
the compatible well-posedness of (R) is equivalent to the compatible well-posedness of this modified

Dirichlet problem (D)L,
Lu=0 on R,

S(tVu) € LP(R"), (D)%
limyou(t,-)=f in LP(R"; C").
The following was shown in [Auscher and Mourgoglou 2019, Corollary 1.4]: Any solution to Lu =0
in Rf" such that S(tVu) € L?(R") for p in this range, is, up to a constant, in Cy([0, co); L? (R"; C™)),
yielding the existence of u(0, - ) and so the limit makes sense. Moreover, there are estimates
sup lu(t, Hllp, SNSEVWlp,
t>0

ING)p S 1SEV) ],

as well as an almost everywhere limit

lim lu(s, y)—u(O,x)|2dsdy=0.

t—0 W(t,x)

(In fact, a weaker form is stated in [Auscher and Mourgoglou 2019] but this stronger form holds and is a
consequence of [Auscher and Stahlhut 2016, Theorem 9.9].)

Thus, given f € LP(R"; C™), the unique solution (the constant is eliminated) of (5)§ with
data f satisfies ||S(tVu)||p | f1l,- Note then that || f{|, = lu(0, -)|l, < sup,>¢ llu(z, )|, and also
lu0, HIl, S ||N*u||p by Fatou’s lemma. In particular, u is a solution to (D)§ and (2-6), (2-7) hold.
Uniqueness of (D)g on the other hand follows from Theorem 2.1.
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6. Regularity with Hardy Sobolev data vs Dirichlet with BMO or Holder continuous data

This section is mostly contained in [Auscher and Mourgoglou 2019] but we feel it is informative to review
n_

it in light of what we just proved. When < p <1, the regularity problem becomes the following:

N n+1
given f € H"P(R"; C"™), solve uniquely (modulo constants)
Lu=0 on R4,
N.(Vu) e LP (R, (R)5

limy—o Fwexluls,y)— f(x)|dsdy =0 forae. x € R"

Here, H':?(R"; C™) is the Hardy—Sobolev space of order 1 above the real Hardy space H”. The dual
problem is the following Dirichlet problem: given f € A*(R"; C"), 0 < a < 1, solve uniquely (modulo

constants)
Lu=0 on R,
Cy(tVu) € L*®(R"Y), (D)L
lim;,ou(t,-)=f in D'(R"; C™)/C™, *
lim, ,oou(t,-)=0 inD'(R"; C™)/C™,

where

1 dt dz\'?
C.F = _— F, 2
@ sup(rmw(y’r”//Twl o )

taken over all open balls B(y, r) containing x, with 7\, , = (0, r) x B(y, r). Here, AY(R"; C™) designates
BMO(R"*; C") for « = 0 and for « > 0 it designates the homogeneous Holder space of exponent «. Note
the condition at infinity that does not follow from the interior control in general. As the interior condition
is on the gradient, the problem is posed modulo constants.

The situation of interest is when the interval of Hardy spaces coincidence contains exponents below
p =1, as is the case under (DGNM).

Theorem 6.1. Let 25 < p <1 with p € Hp and let o = n(% — 1):

(1) Existence for (R)f,: implies uniqueness for (D)g*.
(i) Existence for (D)g* implies uniqueness for (R)g.
(iii) (Compatible) well-posedness for (R)ﬁ implies (compatible) well-posedness for (D)g*.

Proof. For item (iii), the implication concerning well-posedness is in Theorem 1.6 of [Auscher and
Mourgoglou 2019]; concerning compatible well-posedness, the implication is contained in Theorem 1.9(1)
of the same work. For (i) and (ii) we recall that Theorems 1.1, 1.3 and 1.7 of that same work yield the
following properties:

(A) For any weak solution u to Lu =0 on R_l:r” with ]\Nl* (Vu) € LP(R"), the conormal derivative 0, ;=0
exists in HP (R"; C™), ul|;— exists in Hl’P([R"; C™), and u is constant if and only if u|,—9 = 0 and
0y, u|;=0 = 0 in the respective spaces.

(B) For any weak solution w to £L*w = 0 on [R{f" with Ca(ti). € L°(R") and w(t, -) converging
to 0 in D'(R"; C") modulo constants as t — 00, w|;— exists in A*(R"; C") and 9,,, w|;—o exists in
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A“_I(R"; C™), and w is constant if and only if w|;—o =0 and 9,,,. w|,—¢o = 0 in the respective spaces.
Here, a distribution is in A¢~1(R"; C™) if it is the divergence of an element in AY (R, €.

(C) With u and w as above, there is a Green’s formula

<avA”|t:0’ wl;=0) = (ul;=0, 8UA*w|l=0>'

Here, the first pairing is the (H?(R"; C™), A%(R"; C™)) sesquilinear duality, while the second one is the
(Hl*p([R”; Cc™y, AL (Rn; C™)) sesquilinear duality.

With this at hand the arguments are very simple. For (i), assume that w is given with w|,—9 = 0.
Let ¢ € Cg°(R"; C™) and solve (R)f7 with ul,—g = ¢ (modulo constants). It follows from (C) that
(@, 0y« w|i=0) = 0. This means that also 9,,. w|;—o = 0 as a distribution; hence w is constant using (B).
For (ii), assume that u is given with u|,—o = 0. Let ¢ € C5°(R"; C™) and solve (D)g‘ with w|;—g = ¢
(modulo constants). By (C) we have (9, u|;=0, ¢) = 0. This means 9,,,u|;—0 = 0 as a distribution; hence
u is constant using (A). 0

7. Proof of the layer potential representation

Now, we come to justify (1-2) of the Introduction in proving Proposition 4.5. For this we set, for
O0<e<R < o0,

<F6,Rf),=/ SE fids, teR.
e<|t—s|<R

We give the main properties of these approximants and then show how they converge to £~!. The proofs
depend only on the case p =2 of Lemma 4.1.

Lemma 7.1. Assume f € Cj° (R, C™). Ifn=1, 2, assume furthermore that f =div, F coordinatewise
for some F € C°(R"; C"™). Then for fixed 0 < ¢ < R < 00, we have I'; r f € WL2(R: C™) and
t > (Terf)r € C°(R; WH2(R™; C™)) with all derivatives bounded.

Proof. Sobolev embeddings yield f € W‘l’z(RH”; C™), except when n = 1, 2, where the condition
f =div, F is also required. This is the case under our assumption. Thus u = £~! f is well-defined in
WI2(RIF, C™). Also, 1+ f; is in CP(R; L2(R™; C™)N W~ 12(R"; C™)), using again that forn = 1, 2
we have fR,, f: =0 for all r € R by assumption. Lemma 4.1 yields that t — S¥ is uniformly bounded and
in particular belongs to Ll (R; L(X,Y)), where

loc

(X,Y)=(W 2R C™), LAR; C™) or (X, Y) = (L*(R"; C™), W3R, C™)).

By (operator-valued) convolution ¢ — (I'; g f); is in L (R; WL2([R™; C™) N L2(R; WH2(R™; C™)).
In particular, I'; g f € L>(R'*"; C™) and V,I'; g f € L>(R'*"; C"). We next compute 3,; g f by
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differentiating the integral and integrating by parts. Setting w;  := Sf Sfi—e — st fi+e, We obtain

(atrs,Rf)t = / atsﬁsfs ds + Wt,e — Wr R
e<|t—s|<R
= - / asStC_sfs ds + Wt e — Wt R
e<|t—s|<R

:/ Stﬁ—sasfs ds =T g3 f):- 7-1)
e<|t—s|<R

Since 0y f has the same properties as f, we can apply the above to I'; (9, f) and conclude that 0;I"; g f
is in L(R; WL2(R"; C™)) N L2(R; W12(R™; C™)). Altogether, we have seen 'y g f € WH2(R!F"; €M)
and that t — (I'¢ r f); is bounded and Lipschitz continuous into WL2(R"; C™). Iterating 7-derivatives
from 9;(I's g f) = ¢ g (9, f) and using Lemma 4.1 yields the claim. Il

The following lemma will be useful in the proof of convergence.

Lemma 7.2. Let X, Y be Banach spaces, T : [0, 00) — L(X, Y) uniformly bounded and strongly contin-
uous and let f € Co(R; X). Then for any sg € [0, oo] there is convergence in Y of

lim Tsﬁ+s = Tsoft+so,
5—>50

uniformly int € R. If in addition f € LP(R; X) for some p € [1, 00), then convergence also holds in
LP(R,dt; Y).

Proof. We set f(+o0) :=0, so that f becomes (uniformly) continuous on RU {400}, viewed as a compact
topological space. Since T is uniformly bounded,

ITs fits = Tsg frasolly S Wfits = frasoly + 1(Ts = Ts) fraeso Nl v- (7-2)

In the limit s — sg the first term on the right tends to 0 uniformly in ¢ € R since f is uniformly continuous.
For the second term we first note that K := { f;4, : t € RU {Z£00}} is the continuous image of a compact
set, and hence is compact in X. Thus, the strong convergence T — T5, — 0 as s — s¢ improves to uniform
strong convergence on K. Therefore we also get convergence to 0 uniformly in ¢ € R for the second term
above and the proof of the first claim is complete.

Now suppose in addition f € L”(R; X). Taking (7-2) to the p-th power and integrating in ¢ gives

/ ”TSft-i-S - TSoft-i—soug)/ dt
R

5/ ”ft+s _ft—l-So”é’(dt"'_/ ||ft+s_ﬁ+so||[;(dl‘+/ ||(Tv_Tc0)ft+s0”[;dt7
(—R,R) R\(—R,R) R

where R > 0 is a degree of freedom. Given ¢ > 0, we can first choose R large enough to guarantee that
for all s € (so — 1, so + 1) the middle term is bounded by ¢. Then the first integral vanishes in the limit
s — so by uniform continuity of f and the third one vanishes by dominated convergence taking into
account boundedness and strong continuity of 7. g

In order to proceed, we eventually have to give the abstract definition of the single-layer S*. All of the
following material and further background can be found in [Auscher and Stahlhut 2016] and we report
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here only on the essentials required to follow the line of reasoning. We identify CU+™ with C™ x C""

r=[4]

Following the calculation on p. 68 of [Auscher and Axelsson 2011], there are a constant-coefficient

and represent vectors as

accordingly.

first-order differential operator D acting on C{!*""_valued functions, a bounded multiplication operator
B = B(x) on L>(R"; C'*"™) and purely algebraic way of rewriting the elliptic system Lu = f as

3,F +DBF = [EO”] . where F = Vju = [(AV“)L} .

Viu

Here, u € Wll(;cz(RH”; C™) and the autonomous first-order equation for its conormal gradient F = Vu is
understood in the sense of distributions. The multiplication operator B is designed in such a way that

(AF)L| _| Fuo (m)m
B = FeC . 7-3
[ Ey } [(AF)J’ © (73)

The operator DB has an H>-functional calculus on H = R(D), the closure of the range of D in
L?(R"; C+Mm) “allowing us to define a bounded operator ¢ (DB) on H for any bounded and holomorphic
function ¢ on a suitably large double sector around the real axis. Recall that H has been defined in
connection with the ellipticity condition (2-2) and that it contains LZ(R"; C™) x {0}. With x* the indicator
functions of C¥, functional calculus provides a means of defining e P2y *(DB) for t > 0 as a bounded
operator on H. These are the bounded holomorphic Co-semigroups generated by = DB on x*(DB)?H.

From [Auscher and Stahlhut 2016, pp. 100-101] with correction of an unfortunate typo in (82) and
(84), we then have

(ot om [ ])
(o2 B[{])

if t >0,
+ (7-4)

SEf =
o { if t <0,

4

and
+e ' PEx+(DB)[]] ift >0,

7-5
—e”DBx’(DB)[{;] if t <O. (7-3)

VaSFf = {
Here, D! is the closed extension of D~! : R(D) — D(D) to R(D) = H with values in the abstract
D-adapted Sobolev space 7:[}).

Proof of Proposition 4.5. We begin with (4-1). As f € W—L2(R!*"), we can define u := £~ f in
WI*Z(R”"). Defining the conormal gradient F := V u, we have F; € H for every ¢t > 0 by construction
and F € L2(R!*"; CI+™) We have seen above that in the distributional sense 8, F + DB F = [g ] but
as both F and f are smooth functions of ¢ valued in L*(R"; C(1+")’"), see Lemma 3.1, this first-order

equation also holds in the strong sense. Replacing [g ] by this differential equation in (7-5) and integrating
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by parts, we obtain, forallr e R, 0 <& < R < 00,

/ VaSE | fids
e<|t—s|<R

=e DByt (DBYF,_; + PPy " (DB)Fyye —e RPEx T (DB)F,_g — " P2 x T (DB) F, 1 .

Limits in &, R for the terms on the right all fall under the scope of Lemma 7.2 applied with X =Y =
H C L*(R"; C+™m)_ Thus,

lim / VaSE  fids = x ' (DB)F, + x " (DB)F, = F, (7-6)
£>0,R—>00 Jo<|r—s|<R

in L2(R"; CU*+™™) uniformly in t € R and in L?>(R; L?>(R"; CU+Mm)y ~ L2(R!*"; CU+™™) Taking the

|-component, we obtain in particular convergence of V,I'; g f to Fj =V,u = Vv, L1 fin L3R, cvmy.

As for convergence of 9,I"; g f, we keep (7-3) in mind, multiply the previous equation by the bounded

operator B on L2(R"; C!*"™) and take the | -component, to give

£—>0,R—>00 e—>0,R—> 0

lim / (BVASE  fs)1ds = lim / &SF  fids = (BF,)) = du
e<|t—s|<R e<|t—s|<R

in L2(R"; C™) uniformly in ¢t € R and in L>(R'*"; C™). Now, let us have a look at (7-1). We have
seen that the integral in the first line enjoys the desired convergence. The convergence of w; . — w; g
will once again be a direct application of Lemma 7.2. Indeed, S viewed as a bounded operator
(L*>N W‘l’z)([R{”; C"y — WL2(R™: C™)) is uniformly bounded and strongly continuous with respect to
t € R from Lemma 4.1 and ¢ — f; valued in (L2 N W~12)(R"; C™) is continuous with compact support.
Thus,

Ldimwie—wir = (S5 fi— S50 —0=0 (7-7)
even in W1L2(R"; C"™) uniformly in ¢t € R and in L?>(R; WL2(R"; C™)). In particular, all four lines in
(7-1) share convergence in L*>(R'""; C™) to the limit d,u = 8,5_1ft. By looking just at 9,I'; r f, we
complete the proof of (4-1).

However, the other lines of (7-1) — together with the equality £~1(3, f) = 8,£~! f in L>(R'*"; C™)
noted in Lemma 3.1 —also give all the limits stated in (4-2) and those stated in (4-3) in the sense
of L?(R"; C™)-convergence, uniformly in ¢ € R. The missing uniform L?(R"; C™)-convergence for
Ji VaSE (95 f5) ds follows from (7-6) with f replaced by 9, f and that of [, V.0,Sf , f; ds is a conse-
quence of (7-1) since we have uniform WL (Re, C™)-convergence of the error terms in (7-7).

Finally, the integrals in (4-3) are norm-convergent in W12(R"; C™) for fixed ¢ since for all integers
k >0, Lemma 4.1 guarantees that 8fSS S(L2N W‘l’z)([R{"; C™) — WL2(R™; C™) is uniformly bounded in
s € R and by assumption s — af f, is continuous with compact support valued in (L2NW~12)(R"; C™). O

Next, we shall explain how the properties stated in Lemma 4.1 follow from [Auscher and Stahlhut
2016].

Proof of Lemma 4.1. This is Theorem 12.6, items (1), (3) and (5), of [Auscher and Stahlhut 2016],
the case p =2 being mostly from [Rosén 2013], except for the global strong continuity and the limits
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at =00. Only the strong limits at 0 are explained there. But continuity at other points is even easier with
the arguments there, using the boundedness properties of the DB-semigroups in [Auscher and Stahlhut
2016, Corollary 8.3]. This being said, the limits at 00 come similarly from the fact that a holomorphic
Co-semigroup converges strongly to 0 at co on the closure of the range of its generator. U

We conclude with:

Proof of Proposition 4.7. For any & > 0, we have that f, belongs to W~12(R"*!; C™); hence £ f, exists
in WI’Z(R"“; C™) and Lemma 3.1 shows that in fact it belongs to Co(R; WI’Z(R”; C™)). It remains to
prove the convergence. By (4-1), we have

VoL fo) @, x) =p.v. f VeSS f () xe(s)ds in L*(R*T'; €.
R

Boundedness and strong continuity of S yield that the integral on the right converges in norm and the
equality holds in Co(R; L?(R"; C"")) for fixed & > 0. Now we fix ¢ € R. Changing variables

Vx(ﬁ_lfa)(t,X)Z/VxSff(X) Xe(t —s)ds
R

and using the continuity of s > V,S* f valued in L?(R"; C"™), the integral converges to V,S* f in
L*(R"; C™) as ¢ tends to 0. [

8. Generic technical lemmas

For the convenience of the reader, here are some technical lemmas involving nontangential maximal
functions used throughout the paper.

Lemma 8.1. Let0 < ¢q, p <o0. Let F : [R?f" — R be a measurable function with IIN*,QFHP < 00. Then,
forall x € R",

lim |F(s, |?dsdy =0.

t—00 W (t,x)

Proof. Let G be the g-adapted nontangential function of F with parameters co = 2, ¢; = 2. Thus
G, ~ ||]V*,qF||p < 00. Next, for all z € B(x, t),

r/q
( ][7[ F (s, )l ds dy) <2 G ()P,
W(t,x)

rlq
(ﬁ[ IFGs, y>|‘fdsdy) s G@razserien
W(t,x) B(x,t)

The conclusion follows. O

and hence

Lemma 8.2. Let 1 < p <o0. Let F, H : Rf” — R be measurable functions with ||ﬁ*F||p < o0 and
||N*H||p/ < 00. Then, for any fixed 0 < ¢ < R < 00,

/f \FH|dxdt < |N.F I, IN.HI
(e,R)xR"
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and

lim f/ |FH|dxdt =0.
M—00 JJ (e, R)x{|x|>M}

Proof. By covering the interval (¢, R) with a finite number of intervals of the form (¢, la, coa), we may
reduce to a single such interval. In that case, the averaging trick in the x-variable and Holder’s inequality
show that

coa ~ ~
/ / |FH|dxdt=f a(co—col)(ﬁ |FH|dxa’t) dy5a(co—cal)||N*F||p||N*H||pr<oo.
co laJR" R~ Wi(a,y)

The limit follows by dominated convergence. |

Lemma 8.3. Let1 <g <00, 1 < p <ooandlet H e Wli)’cq([R{f") be such that ||ﬁ*,q(VH)||p < 00.
Then there exists a measurable function h : R" — R such that, for a.e. x € R”,

lim |H(s,y) —h(x)|dsdy =0,
t—0 W(t,x)
as well as
2t
lim H(s,-)ds=h
t—0 /2
in LL_(R"). Moreover, h € WP (R") with |Vh|l , < || Nwy (VH) |, and

SNy (VH) .
V4

~ H—h
N*,l P

Proof. 1t is enough to assume g = 1 throughout as ﬁ*,l(VH) < ﬁ*’q(VH). This is then essentially in
[Kenig and Pipher 1993, pp. 461-462] up to minor modifications of the proof (working directly with

averages) and is a simple consequence of Poincaré inequalities and change of parameters ¢y, ¢1. Details
of this modification are written out for example in [Amenta and Auscher 2018, Section 6.6]. O
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EIGENVALUE BOUNDS FOR
NON-SELF-ADJOINT SCHRODINGER OPERATORS
WITH NONTRAPPING METRICS

COLIN GUILLARMOU, ANDREW HASSELL AND KATYA KRUPCHYK

We study eigenvalues of non-self-adjoint Schrédinger operators on nontrapping asymptotically conic
manifolds of dimension n > 3. Specifically, we are concerned with the following two types of estimates.
The first one deals with Keller-type bounds on individual eigenvalues of the Schrodinger operator with a
complex potential in terms of the L?-norm of the potential, while the second one is a Lieb—Thirring-type
bound controlling sums of powers of eigenvalues in terms of the L?-norm of the potential. We extend
the results of Frank (2011), Frank and Sabin (2017), and Frank and Simon (2017) on the Keller- and
Lieb—Thirring-type bounds from the case of Euclidean spaces to that of nontrapping asymptotically
conic manifolds. In particular, our results are valid for the operator Ag 4+ V' on R" with g being a
nontrapping compactly supported (or suitably short-range) perturbation of the Euclidean metric and
V € L? complex-valued.

1. Introduction and statement of results

The purpose of this paper is to establish bounds of Keller- and Lieb—Thirring-type for eigenvalues of
non-self-adjoint Schrodinger operators on nontrapping asymptotically conic manifolds. Before stating
our results, let us proceed to describe these two types of bounds in the more familiar Euclidean setting,
motivating the significance of extending them to the case of asymptotically conic manifolds.

1A. Keller- and Lieb-Thirring-type bounds in the Euclidean case. Recently there have been numerous
works devoted to the study of eigenvalues of the Schrodinger operator P = A + V in L2(R"), with A
being the nonnegative Laplace operator and V' being a complex-valued potential. Of particular interest
here is the problem of obtaining quantitative information concerning the localization and distribution of
the eigenvalues of P under the sole assumption that V' € L?(R") for some 1 < p < co. Here we may note
that the spectrum of P in C \ [0, 0o) consists then of isolated eigenvalues of finite algebraic multiplicity;
see [Frank 2018, Proposition B.2].

The following two types of results are of particular interest for this problem. The first one deals with
Keller-type bounds [1961] on the individual eigenvalues of P in terms of the L#-norm of the potential. If
V is real-valued, so that 7P admits a natural self-adjoint realization, then the eigenvalues of P in C\ [0, 00)

MSC2010: 35P15, 42B37, 58J40, 58J50.
Keywords: non-self-adjoint Schrédinger operators, eigenvalue bounds, asymptotically conic manifolds.
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are negative and by the variational principle and Sobolev’s inequalities, for any eigenvalue A < 0 of P,
we have the scale-invariant bounds

A < Cym / V) dx (1-1)
Rn

for every y > % if n =1 and every y > 0 if n > 2. Here the constant Cy, ,, > 0 depends on y and n only;
see [Frank and Simon 2017; Keller 1961; Lieb and Thirring 1976].

If the potential V' is complex-valued, the problem is more involved due to the lack of variational
techniques and the absence of a spectral resolution theorem. In dimension n = 1 the bound (1-1) with
y = % was proved by Abramov, Aslanyan, and Davies [Abramov et al. 2001]. In dimensions n > 2, Frank
[2011] established the bound (1-1) for all eigenvalues A € C\ [0, 00) and for all 0 < y < %; see also
[Frank and Simon 2017]. The work [Frank 2018] gives a replacement of the bound (1-1) for all y > %
We refer to [Cuenin 2017; Cuenin and Kenig 2017; Enblom 2016; Laptev and Safronov 2009; Mizutani
2016] for some other recent works on bounds on the individual eigenvalues for non-self-adjoint operators
of Schrodinger type.

The second type of result is concerned with bounds on sums of powers of absolute values of eigenvalues
of P, generalizing the classical Lieb—Thirring bounds [1976] to the non-self-adjoint case. If V is real-
valued then the Lieb—Thirring inequality has the form

Sl <Gy / V_(x)7*4 dx. (1-2)
Rﬂ

where V_ = max(—V,0), y > % ifn=1, y>0ifn=2,and y > 0if n > 3. The summation in the
left-hand side in (1-2) extends over all negative eigenvalues of P, counted with their multiplicities. The
situation in the non-self-adjoint case is less clear. In particular, Bogli [2017] established that for any
p > n, there exists a nonreal potential V' € L?(R") N L°(R™) such that the Schrodinger operator P
has infinitely many nonreal eigenvalues accumulating at every point of the essential spectrum [0, c0),
thus showing that inequalities like (1-2) cannot hold in the non-self-adjoint case for p > n. A possible
modification of the Lieb—Thirring inequality (1-2) to the non-self-adjoint case was suggested in [Demuth
et al. 2013b]:

v+3 n
Y <q,, / V()P dx, (1-3)
A% an
where
d(L) = dist(, [0, 00)). (1-4)

We refer to [Demuth et al. 2009; 2013a; Frank et al. 2006; Frank and Sabin 2017; Sambou 2014] for
some of the important contributions to generalizations of the Lieb—Thirring inequality (1-2) to the setting
of complex potentials.

A crucial idea of Frank [2011] in establishing bounds (1-1) on the individual eigenvalues of the
Schrodinger operator P with a complex-valued potential was to make use of the uniform L? resolvent
estimates for A of Kenig, Ruiz, and Sogge [Kenig et al. 1987]. Recently, this approach was extended
to the case of non-self-adjoint Schrédinger operators with inverse-square potentials in [Mizutani 2019],
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to the case of magnetic Schrodinger and Pauli operators with complex electromagnetic potentials in
[Cuenin and Kenig 2017], and to the case of the Dirac and fractional Schrédinger operators with complex
potentials in [Cuenin 2017].

Developing the idea of [Frank 2011] further, Frank and Sabin [2017] obtained some very interesting
uniform weighted bounds for the resolvent of A in suitable Schatten classes, and applied these bounds
to derive uniform estimates on the sums of eigenvalues of non-self-adjoint Schrodinger operators, thus
obtaining some results towards proving the conjectured Lieb—Thirring inequality (1-3) in the case of
complex potentials. Recently, this approach was extended in [Cuenin 2017] to the case of the Dirac and
fractional Schrodinger operators with complex potentials.

1B. Asymptotically conic manifolds. Notice that in all the works described above the principal part of
the operators considered has constant coefficients. It is nevertheless of significant interest to extend both
types of results to the case of complex potential perturbations of the Laplace-Beltrami operator Ag
considered on R” or more generally, on a class of complete noncompact Riemannian manifolds.

The class we consider here is the class of asymptotically conic manifolds, whose Riemannian metric
outside a compact set is asymptotic to the end of a metric cone. Metric cones are Riemannian manifolds
of the form N x (0, o), with metric dr? + r?G for some metric G on N. They were studied in [Cheeger
1983; Cheeger and Taylor 1982] but have a long history going back to [Sommerfeld 1896]. As defined
by Melrose [1994] (who used the term “scattering metric”), (M, g) is asymptotically conic if M is the
interior of a smooth compact manifold with boundary M and g is a smooth metric on M satisfying
the following property: there exists a smooth boundary-defining function! x on M such that (M, g) is
isometric outside a compact set to a collar (0, &), x M equipped with the metric of the form

dx?  h(x) dx®> Y jxhi(x,y)dyjdyg
s T2 ==+t 2
X X X X

(1-5)

for some smooth one-parameter family of metrics /2 on the boundary M. If y = (y1,..., yp—1) stands

for local coordinates on dM and (x, y) are the corresponding local coordinates on M near M, the
1
x
can be regarded as n — 1 “angular” variables. Rewriting (1-5) in the (r, y)-coordinates, we have

g=dr’+r*h(r Y =dr*+r? Zhjk(r_l,y) dy’ dy*, (1-6)

function » = < near x = 0 can be thought of as a “radial” variable near infinity and y = (y1, ..., Yn—1)

and we observe that the metric g is asymptotic to an exact conic metric dr2 + r2h(0) on (rg, 00), X IM
as r — o0o. The most important example of an asymptotically conic manifold is Euclidean space M = R”
equipped with a short-range perturbation of the Euclidean metric (;;), which is of the form
_ z 1
gij =8ij +1z| zkij(—, —) |z| = oo, (1-7)
2| |z

where k;; are smooth on S"1 x [0, 1); see [Melrose and Zworski 1996].

1 A boundary-defining function is a nonnegative smooth function x such that 3M = x~1({0}) and dx |34 does not vanish
on M.
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Let z = (z1,...,z) be local coordinates away from dM. We say that M is nontrapping if every
geodesic z(s) in M reaches M as s — +oo. This places restrictions on the compactification M. For
example, a compact perturbation of the Euclidean metric is nontrapping provided that it is sufficiently
small in C2; see [Hassell et al. 2006]. However, a nontrapping asymptotically conic metric g may be far
from asymptotically Euclidean. Indeed, there is such a nontrapping metric g on R” for every limiting
metric /(0) on the sphere S"~1, identified with M in this case.

In terms of the Weyl calculus, the symbol of the Laplacian for an asymptotically conic metric on R” is
in the calculus corresponding to the metric on 7 *R”

dz? dg?

— 4

()2 (§)?
This class of symbols was studied by Parenti [1972], Cordes [1976], Schrohe [1987], Hormander [1985,
Equation (19.3.11) and Theorem 19.3.1’] and others. Melrose [1994] adopted a different point of view,
working from the outset on the compactification M (which can be any manifold with boundary) and
introducing the scattering calculus as the natural class of pseudodifferential operators associated with the
scattering Lie algebra of vector fields on M. He seems to have been the first to exploit the fact that in
this calculus one has propagation of singularities at spatial infinity ar all finite frequencies. Using the
scattering calculus, the second author in collaboration with Vasy, Wunsch, the first author, and Sikora,
worked out detailed properties of the spectral measure; see [Guillarmou et al. 2013a; Hassell and Vasy
2001; Hassell and Wunsch 2008].

Let us remark on why we elect to work with the class of nontrapping asymptotically conic manifolds.
On the one hand, it is a sufficiently general class which includes compactly supported or suitable short-
range perturbations of Euclidean space as well as geometrically interesting examples such as metrics
with strictly negative curvature, which are not present in the class of asymptotically Euclidean manifolds.
On the other hand, it is sufficiently restricted to allow us to obtain detailed results on the resolvent and
spectral measure, analogous in some sense to that for flat Euclidean space.

1C. Main results. Throughout the paper, we let (M, g) be an asymptotically conic nontrapping manifold
of dimension n > 3. Since g is complete, the Laplacian Ag associated with the metric g is nonnegative
self-adjoint on L2(M) with domain H?(M ). The spectrum of A, is purely absolutely continuous and is
given by Spec(Ag) = [0, 00): the absence of singular continuous spectrum follows for example from
[Froese and Hislop 1989] using a Mourre estimate, and the absence of embedded L2-eigenvalues follows
from adapting [Hormander 1985, Theorem 17.2.8] as in [Melrose 1994, Section 10].

Our starting point is the following uniform L7 resolvent estimate of Kenig—Ruiz—Sogge-type for the
Laplace operator Ag on an asymptotically conic nontrapping manifold, established in [Guillarmou and
Hassell 2014].

Theorem 1. Let (M, g) be an asymptotically conic nontrapping manifold of dimension n > 3. Then for

all p € [%, 2(;':31) ] there is a constant C > 0 such that for all z € C and for all f € LP (M), we have

_ 1_1)_
1A =27 Fllpo ary < Cl2PG™D7Y £ llLo (1-8)

1 1 _
Here;—l-?—l.
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As explained in [Guillarmou and Hassell 2014], when z € (0, +00), the operator in (1-8) may be taken
to be either the outgoing or incoming resolvent (Ag — (z £i0))~!, defined by

(Ag —(z£i0)7 ! = 8£T+(Ag —(z£i8)!

as a map x/2 e L2(M) — x~1/2=¢2(M) for all £ > 0, where x is the boundary-defining function,
thanks to the limiting absorption principle; see [Hassell and Vasy 2001; Melrose 1994] for details.

The main technical contribution of the present paper is the following weighted uniform Schatten class
estimate for the resolvent of Ag, generalizing [Frank and Sabin 2017, Theorem 12], obtained in the
Euclidean setting. This result is the key ingredient which allows us to extend the Lieb—Thirring-type
bounds of [Frank and Sabin 2017; Frank 2018] to our setting. Below, C;(L?(M)) denotes the Schatten
space of order ¢ (see Section 2A for definition).

Theorem 2. Let (M, g) be an asymptotically conic nontrapping manifold of dimension n > 3. Let
pels. ”—;1] Then there exists C > 0 such that for all z € C\ {0} and all Wy, W5 € L?>P (M), we have
Wi(Ag —2) ' Wa €Cq(L2 (M), ¢ = 22D e [n—1.n+ 1], and

IW1(Ag —2) " Walle, cr2emy) < ClzI" 22 | Will 20 any | Wall 20 (a1 (1-9)

Remark 1.1. When z € (0, +00), the operator in (1-9) may be taken to be either the outgoing or incoming
resolvent (Ag — (z £i0))~L

In what follows we shall write E @(A) = 1(—00,1)(VAg), A >0, for the spectral projection of ~/Ag,
and remark that the spectral measures d(E @(A)u, u)r2(pr) are absolutely continuous with respect to
the Lebesgue measure for any u € L?(M). Let us write

dE 50 == 2 E ().
The proof of Theorem 2 is based on the following weighted Schatten norm estimates on the spectral measure
dE @(A) of v/Ag, which extend the corresponding estimates of [Frank and Sabin 2017, Theorem 2],
obtained in the Euclidean setting. We believe that these estimates may be of some independent interest.

Theorem 3. Let (M, g) be an asymptotically conic nontrapping manifold of dimension n > 3. Let
pE [1, ”;1] Then there exists C > 0 such that for all > > 0 and all Wy, W, € L*? (M), we have

WidE /5. (MW € Cg(LA(M)), ¢ = 2O=D e [1,n + 1], and

IWdE /5 (MWalle,w2my) = CA 2 Wil 20 any [ Wall 20 oy - (1-10)
Remark 1.2. If the nontrapping assumption is dropped, the estimates in Theorem 3, and therefore also

Theorem 2, may fail. Instead, the estimates will hold for all A < A for a constant C which depends
on Ag. A “metric bottle” example illustrating this, for which the best C(1¢) grows exponentially in Ag, is

given in [Guillarmou et al. 2013b, Remark 8.8].

Let us now consider the Schrodinger operator Ag + V' with a complex-valued potential V € L? (M),
% < p < 00. As explained in Section 6, this operator has a natural m-sectorial realization on LZ(M ), and
the spectrum of Ag 4+ V in C\ [0, 0o) consists of isolated eigenvalues of finite algebraic multiplicity.
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As an application of Theorem 1, we have the following generalization of the results of [Frank 2011;
2018; Frank and Simon 2017] concerning Keller-type bounds on the individual eigenvalues of non-self-
adjoint Schrodinger operators in the Euclidean setting to that of an asymptotically conic nontrapping
manifold; see also [Fanelli et al. 2018].

Theorem 4. Let (M, g) be an asymptotically conic nontrapping manifold of dimension n > 3:
() Let V € LYt"2(M) for some 0 < y < % Then any eigenvalue A € C of the operator Ag +V
satisfies .,
A < CrnllV I3 22y (1-11)
where the constant Cy,, > 0 depends on y and n only.

(i) If V € L"2(M) is such that || ViLnr2(ary is sufficiently small, then the operator Ag + V' has no

eigenvalues.
(iii) Let V € LY1"2(M) for some y > % Then any eigenvalue A € C of the operator Ag + V satisfies
_L .1 +4
AW 72IA1Z = CrallVIl 2z gay (1-12)

where d (M) is given by (1-4) and the constant Cy , > 0 depends on y and n only.

Remark 1.3. Parts (i) and (ii) of Theorem 4 have been established in [Guillarmou and Hassell 2014,
Proposition 7.2] without specifying the radius of the disk containing the eigenvalues of Ag + V' in part (i).

As a consequence of Theorem 2, we obtain the following analogue of [Frank and Sabin 2017, Theo-
rem 16], concerning Lieb—Thirring-type inequalities for the sums of eigenvalues of Ag + V' in the case
of a short-range potential V' € L?(M), p =75 +y, where 0 <y < %

Theorem 5. Let (M, g) be an asymptotically conic nontrapping manifold of dimension n > 3, and let
V e LP(M) with p such that

n+1
<p=<"

NS

Let us denote by A; the eigenvalues of Ag + V in C\ [0, 00), repeated according to their algebraic
multiplicities. The following estimates then hold.:

() If p = 5, we have

Z M < 00, (1-13)

144,

where the branch of the square root is chosen to have positive imaginary part.

(i) If 2 < p < 2%, then

d(Aj) Ate)p
3 i = ConnlVIZGy (1-14)
J J
for all ¢ satisfying ,
e20, 3<p<
@n=—1)-n? +1
o> BT 20, sy spstt
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Remark 1.4. If 5 < p < ”'H , then by Theorem 4 we know that the eigenvalues of Ag + V' are confined
to an open disk centered at the origin. Furthermore, it follows from (1-14) that if a sequence of eigenvalues
Aj, € C\ [0, 00) converges to E > 0 then ImAj, € £1. In the case p = % the bound (1-13) controls a
possible accumulation rate of eigenvalues in C \ [0, co) at infinity, and it implies in particular, with the

help of
[Tm A|

V2(A[+Red)’

that if a sequence of eigenvalues A, € C\ [0, co) converges to £ > 0 then Im 1, € £L.

Im(+v/A) =

As another application of the Schatten class estimates for the resolvent of Ag given in Theorem 2, we
get the following generalization of [Frank 2018, Theorem 1.2], concerning Lieb—Thirring-type inequalities
for the sums of eigenvalues Ag + V' in the case of a long-range potential V € LP(M), p=y+75, y > %

Theorem 6. Let (M, g) be an asymptotically conic nontrapping manifold of dimension n > 3, and let
VeLP(M)withp=y+7%5,y > . Then the eigenvalues A; € C\ [0, 00) of Ag 4V, repeated according
to their algebraic multiplicities, sansfy the following bounds: for any ¢ > 0,

Y
2y—+e¢ n
( E d()tj)zers) ’ fLe,y,nf |V|y+§ dx,
M

[Aj 1Y <Cyn [pg IVIYH1/2 dx

/
>
and forany e >0, 0 <¢&' < y+n/2,andp, 1,
y(r4n/2)
d()tj)zy"'g y—e/(v+n/2) __dy+n/2) Ln
E < Leg ynp v=Fn/2 [V|" T2 dx.
|A’_|2y—y+):1/2+8+8/ - [ M
|Aj 1Y =1 Cym [pg VIV F1/2dx 17

Remark 1.5. As observed in [Frank 2018], Theorem 6 has the following consequence: let y > l and
Ve LYtr2(p). 1f (Aj )°° | is a sequence of eigenvalues of Ag + V with A; — 49 € [0, oo) then
ImA; €[? for any p > 2)/

Remark 1.6. Let us emphasize once more that all our results, Theorems 2—6, are valid for the metric
Schrodinger operator in the Euclidean space R”, with a metric that is a nontrapping short-range perturbation
of the Euclidean one, in the sense of (1-7). In particular, the results hold true for the metric Schrodinger
operator in the Euclidean space R”, with a metric that is a sufficiently small compactly supported
perturbation of the Euclidean one.

1D. Outline of the paper. The plan of the paper is as follows. In Section 2 we present our strategy for
proving Theorem 2, which is the main result of the paper. Section 3 is devoted to the proof of Theorem 3,
giving Schatten norm estimates on the spectral measure. In Section 4 we derive some Schatten norm
estimates on the resolvent of the Laplacian, as a direct consequence of the Schatten norm estimates on the
spectral measure, and give their analogues at the endpoint case p = 7, needed in the proof of Theorem 2.
The principal step in the proof of Theorem 2, corresponding to the estlmates on the spectrum, is carried
out in Section 5. Section 6 contains the proof of Theorem 4, which follows the arguments of [Frank 2018;
Frank and Simon 2017] closely, relying on Theorem 1, with some small adjustments due to the fact that
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we are no longer in the Euclidean setting. Finally, we observe in Section 7 that Theorems 5 and 6 are
direct consequences of Theorem 2 combined with the arguments of [Frank and Sabin 2017, Theorem 16]
and [Frank 2018, Theorem 1.2]. Appendix A contains the proof of Lemma 5.5, needed in the main text.
Appendix B is concerned with the analysis of the microlocal structure of the spectrally localized outgoing
and incoming resolvent, used in the proof of Theorem 2.

2. Strategy of the proof of Theorem 2

2A. Schatten norm estimates. We first recall the definition of the Schatten spaces of operators on L?(M);
see [Simon 1979]. Let A be a compact operator on L?(M), and let i ;(A) be the singular values of A,
given by p;(A4) = A; ((A*A)'/2). Here A 7 (B) denotes the eigenvalues of a positive self-adjoint compact
operator B, arranged in decreasing order. The Schatten norm of A of order 1 < g < oo is defined as

o0
q
1ANZ, L2y = D_ i (AT = (A% 4)2).
=1

The basic mechanism for proving the Schatten norm estimates of Theorems 2 and 3 comes from the
fact that the Schatten spaces are complex interpolation spaces, see [Simon 1979, Theorem 2.9; 2015,
p. 154], and from [Frank and Sabin 2017, Proposition 1].

Proposition 2.1. Let T be an analytic family of operators, defined on the strip {s € C| —Lo <Res <0}
for some Ao > 1, acting on functions on M. Assume that we have operator norm bounds

alr|
9

I TirllL2(ay—L2(0r) < Moe T ro+irlLt Ay Looary < M1e®" forallr e R,

for some a > 0 and My, My > 0. Then for any Wy, W, € L2*o (M), the operator W1 T—1 W5 belongs to
the Schatten class Cyj,, (L?(M)) and we have the estimate

1—-L 1
IWAT-1Wallessy < My "0 MY Wil 220 (ag) | Wall L2230 1)

Let us recall briefly the proof of Proposition 2.1. The result is established by considering the analytic
family of operators Ss = | W |~ 1S W1 Ts Wa|Wa| 175, This family has the property that S_y = W1 T_1 W>
and it satisfies the following estimates on the boundary of the strip. For s = ir, r real, we have

ISir |20y 200y < W Tirliz2ary > 22ary < Moe"!,
and for s = —A¢ + ir, we note that Ty has its Schwartz kernel bounded pointwise by M le"" | (due to the
L' — L bound on Ty) and |W; |, [W,|™* are L? functions; hence S; is a Hilbert—-Schmidt operator
with the Hilbert-Schmidt norm bounded by M;e4!"!||W; ||23 Ao () W2l i‘; Ao (M) Interpolating between
the operator norm and the Hilbert—Schmidt norm gives us a bound on the Schatten norms, in particular at
s = —1, where we obtain the Schatten norm at exponent 2.

2B. Strategy. The principal idea of the proof of the Euclidean analogue of Theorem 2, which is due to
Frank and Sabin [2017, Theorem 12], is to establish the following pointwise bound for the Schwartz
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kernel of the powers of the resolvent (A —z)™%:

n—1 _ Re()

(A —2)"%(x. )| < CeCOmEN? |7 T =552 | _ yRe@="5% 1y e g, 2-1)

Here z € C\ [0, 00), @ € C, Re(x) € [%, ”erl ]. The desired Schatten bound (1-9) in the Euclidean case
is therefore a consequence of (2-1) combined with the Holder and Hardy-Littlewood—Sobolev inequalities
as well as an interpolation argument.

Unfortunately, the natural analogue of the pointwise bound (2-1) does not hold in general, for z close
to the spectrum of Ag, for asymptotically conic manifolds, essentially because there can be conjugate
points for the geodesic flow, and to prove the bound (1-9) we have to proceed differently.

Our strategy of the proof of Theorem 2 is to establish the Schatten norm estimate (1-9) for
Wi(Ag — z)~'W, for z on the negative real axis, and for z just above and below the spectrum, that is,
for W1(Ag — (z £i0)) "W, for z > 0. We then use the Phragmén-Lindelsf theorem to obtain the result
on the whole of the complex plane, excluding the origin.

Let us give the proof of Theorem 2, assuming that it has been established for z < 0 and for z +i0,
z>0. Let Wy, W5 € L2P(M ) with p € ['5' %] and let us consider the following bilinear form for
z e C\ [0, 00):

B, (Wi, Wa) := Wi (Ag —2) ' W), (2-2)

When z € (0, 00), we extend the definition of B; by taking the outgoing resolvent (Ag — (z +i0))~! in
(2-2). Thus, we know that for z € R\ {0}, B; is a bounded bilinear form

B : L2P(M)x L (M) — Cg(L*(M)). pe[2.2£1]. ¢=2020,
such that

1B (W1, Wa)lle, < ClzI" 22 (Wil 2o any | Wall 20 (ar) - (2-3)

We now complete the proof of Theorem 2 by a Phragmén-Lindel6f argument. In doing so, let Wy, W5 €
Cy°(M). We claim that the function H(z) := B; (W1, W>) is holomorphic in Imz > 0 with values in
Cq (L%(M)) such that

_1 1
I1H(2)lle, = C(lz]72 +2]2).

Indeed, for Imz > 0, the operator Wi (Ag —z) 1 W, : L2(M) — H?(M) N &'(K) is bounded, where
K is a compact set containing the support of W;. Furthermore, it depends holomorphically on z with
Im z > 0 and satisfies the bound

_ 1 1
IW1(Ag —2) " Wallp2ny. 2y < CU2172 +12]2), Imz >0, z #0;

see [Melrose 1994] for intermediate values of z, [Vasy and Zworski 2000] for |z| — oo and [Rodnianski
and Tao 2015, Proposition 1.26] for |z| — 0. Now the embedding H2(M) N &' (K) — L?*(M) is an
operator in Cp /54 for all € > 0 in view of the Weyl law for the Laplacian on a compact manifold. Since
q > %, we deduce the claim.
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The function H(z) is continuous for Imz > 0, z # 0, with values in C, (L?(M)), and to avoid the
problem at z = 0, we consider the map

F(z) = (H(e), T)e1=35)?

for a fixed T € Cg(L?(M)) with norm || T llc,, = 1. Here % + é = 1 and the product is the duality pairing
between the Banach space C; and its dual Cyr. Then F(z) is holomorphic in Im z € (0, ), continuous on
the closure, and enjoys the bounds

|F(z)] < Ce€l?l for0<Imz <,

|[F)| = ClWillLze oy IWallp2pary  for Imz € {0, 7}
in view of (2-3). Applying the Phragmén-Lindel6f principle, we deduce that
|F(2)| = ClIWhllpze oy IW2l 22 (ar
for all z € C such that 0 < Imz < &, and therefore
IH(2)lle, < Clzl™* 37 [ Will 2o [Wall 2oy, Tmz >0, 2 #0.

By a density argument, we obtain the bound (1-9) for Imz > 0, z % 0. By considering the adjoint of the
operator B, we complete the proof of Theorem 2.

This argument reduces the problem to proving estimate (1-9) for z € R\ {0}. We find it convenient
to first prove the corresponding estimate for the spectral measure given in Theorem 3. The proof of
Theorem 3 relies crucially on the 7'T* structure of the spectral measure.

When z € (—o00,0) and p € (%, %], the Schatten norm estimate (1-9) is a direct consequence of
Theorem 3, and at the endpoint case p = 7, the Schatten norm estimate (1-9) follows from the heat kernel
estimates due to [Grigoryan 1997; Varopoulos 1985].

Establishing the Schatten norm estimate (1-9) for W1(Ag — (z £ i0)) "' W, with z > 0 represents the
main difficulty in the proof of Theorem 2. When doing so, following [Guillarmou and Hassell 2014;
Guillarmou et al. 2013b; Hassell and Zhang 2016], we use a microlocal partition of the identity

N
> 0i(n) =1d,
i=1
where Q;(n)are pseudodifferential operators depending on the energy parameter 0 < 1 ~ |Z|1/ 2, con-
structed in [Guillarmou et al. 2013b]. Splitting up the operator W1 (Ag — (z £i0)) "1 W by means of the
partition of the identity, we are led to estimate the individual terms W1 Q; (7)*(Ag —(z£i0)) "1 Q; (n)Wa,
and here the most interesting contributions arise when i = j. When handling those, we proceed by

establishing pointwise bounds for the Schwartz kernel of the operator

A
Qi(n)*d)(?g)mg—(ziiO))‘SQJ(n), Rese[5 551],

analogous to the Euclidean estimates (2-1). Here ¢ is a cut-off near 1.
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3. Schatten norm estimates on the spectral measure: proof of Theorem 3

Our starting point for the proof is the operator partition of unity, Id = ZIN=1 Qi (n), depending on
n > 0, constructed in [Guillarmou et al. 2013b]. This partition of unity enjoys the following estimates in
particular: there exists § > 0 sufficiently small but fixed such that, for all k =0, 1,2, ..., there is C; >0
such that, for all m, m’ € M, we have

|95 (Qi (0)* dE /(1) Qi () (m, m")]
<Ck

with d(-,-) being the Riemannian distance on M. We say more about this partition of the identity in
Section 5A below; here, we can use results of [Chen 2018; Guillarmou et al. 2013b] as a “black box”.
Then for all A € [(1—2)n, (14 2)n], we use the partition of unity to decompose the spectral measure
sandwiched between two L2” functions:

N
WidE jx (MWa = Z WlQi(U)*dEJKg(A)Qj(n)WZ- (3-2)

i,j=1

Let p € [ , "erl] and g = p’(lnf_pl) € [1,n + 1]. In the first step, we shall prove microlocalized estimates

of the form
W1 Qi (M*dE /5. (2) Qi (M W2lle, = CA"r wy 20 ) [ W2ll 22 (ary (3-3)
for the diagonal (i =) terms of the decomposition (3-2). In doing so, we shall follow [Frank and Sabin
2017, proof of Theorem 2] and start by showing (3-3) at the endpoints p = ”'H and p = 1; i.e,
W1 Qi ()™ dE /5 (1) Qi (MWallc, 4, < CARFE|W, I Ln+1any W2l Lo+ 1 () (3-4)
W1 Qi () dE /5. (2) Qi (NWalle, = CA" Wil L2an W2l L2y (3-5)

respectively. Once the estimates (3-4) and (3-5) have been established, the bound (3-3) follows by a
complex interpolation argument applied to the analytic family of operators

é— Wn+1+§n+1Q (n) dEF(A)Q (’,’)Wn+l+§n+l

in the strip 0 <Re ¢ < 1, with W; > 0 being simple functions such that [|Wj | .2ar) = 1, j = 1,2; see
[Simon 1979, Theorem 2.9].
Now to prove the estimate (3-4), we shall consider the family of operators

VAg
A

T = Qi(’])*¢( )Xi(k— VAg)Qi(). —FY <Res <o,

introduced in [Chen 2018; Guillarmou et al. 2013b, Definition 3.2]. Here ¢ € C§°((1 — %, 1+ %)) is
such that ¢(¢) = 1 in a neighborhood of 7 = 1, and x?_ is the family of distributions on R, entire analytic

in s € C and such that s

AL

——, Res>—1,
Tet1) o0

)=
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where A4 = max(A, 0); see [Hormander 1990, Section 3.2]. Note that, at least formally, we have

k—1
10—V Ag) = E /(). X;k(/\—\/A_g)z(j—A) dE/z(0). k=12.....

Recall from [Guillarmou et al. 2013b, Definition 3.2] that T is the operator whose Schwartz kernel is
given by

(Qi(m*qs(“?)xi(x—@)Qi(m)(m,m/)
= [ - u)a"(Q ) ¢( )dEr(u)Q (n))(mm)du, (3-6)

: ) )
where k € N is such that Res + k > —1. As € [n(1 —=8),n(1 + 8)] for A € [(1—5)n, (1 + 5)n] and
% € supp(¢), thanks to the estimates (3-1) the integral in (3-6) is well-defined.
As explained in [Guillarmou et al. 2013b], the family of operators T is analytic in the sense of Stein
in the strip —w < Res < 0. When Res = 0 we have

mls|
||Ts||L2(M)—>L2(M) <Ce 2,

and relying on the estimates (3-1) it was shown in [Chen 2018; Guillarmou et al. 2013b] that when
Res = —w we have

n=1 n+1 .
I Tsll L ary—>pooary S C(L+ e 2 =) )L s=—( 2 )+zr, reR.

Applying Proposition 2.1, we get, for any two complex-valued functions Wy, W, € L"T1(M),
VA _

WiT_1Wr =Wy Qi(TI)*¢( 1 g))(Jrl()L —VAg)Qi(mW>

= W1 Qi(N*dE /5 (1) Qi(mW>

is in the Schatten C,, 11 class and (3-4) holds.
To show (3-5), we recall from [Guillarmou et al. 2013b] that we have a pointwise kernel bound on the

(microlocalized) spectral measure,

1Q: () *dE /- (M) Qi L1 a1y Looay < CA" (3-7)
Also, we have
dE /5-(A) = Qr) PV P*(L), (3-8)

where P(1): L2(0M)— L™ (M), r € [2("+1) oo], is the Poisson operator; see [Guillarmou et al. 2013b].
Using the T*T trick, it follows from (3-7) and (3-8) that

1Q: (M)* P(ML29nr)—Loo(ar) <
The Schwartz kernel Q;(n)* P(A)(m,m’) of the operator Q;(n)* P(A) satisfies therefore

IIQi(n)*P(X)(m, ')”LZ(BM) < Cl%
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for almost all m € M. Thus, for any W, € L?(M), the operator W; Q; (n)* P(A) : L>(0M) — L*(M)
is Hilbert-Schmidt with the norm bounded by CA®=D/2||w; || r2(m)- Taking adjoints, we find that
P(X)*Q; ()W, is a Hilbert—Schmidt operator with norm bounded by CA®=D/2| ;| L2(M)- Therefore,
(27)~! times the composition of these two operators, which is precisely Wy Q; (n)*dE ﬂ(k) Qi(mWa,
is of trace class and (3-5) follows.

In the second step, we shall bound the Schatten norm of the off-diagonal (i # j ) terms in the decompo-
sition (3-2); i.e., we shall prove the estimate

W1 Qi (™ dE /5. (X)Qj (MWalle, < CA e Wy 27 () W2l 20 (01 (3-9)

As above, we shall exploit the T*T structure of the spectral measure.

Let T : L?>(M) — L?(dM) be a compact operator and ¢ > 1. Then T*T € C4(L?*(M)) if and only if
T € Caq(L*(M), L*>(0M)), and moreover, ||T*T ||c, = ||T||(232q. This is a consequence of the following
equality for the singular values:

i (T*T) = e (T)>. (3-10)
Moreover, if 71, T, are in Co4(L2(M), L2(dM)), then T}*T5 is in Cq(L?(M)), and
1T TalE, < ITE TG, + TS T2, ; (3-11)
see for example [McCarthy 1967]. Using (3-8), we write
W1Qi(n)*dE ;5 (M) Q; ()W = 2m) "' T{ T, (3-12)

where 71 = P(A)*Qi(n)W1, and T» = P(A1)*Q;(n)Wa. Now it follows from (3-3) that )T, €
Cq(L2(M)), TS T € Cq(L*(M)), and we have

1T Tille, < CATY P IWi2p gy 1T Tlle, < CATTF 2 1IWRI1G 20 gy

By the discussion above, this is equivalent to the fact that Ty € Cpq(L*(M), L?>(0M)) and T» €
C24(L*(M), L?(0M)). It follows from (3-12) and discussion above that W1 Q; (n)*dE@(/\) QimMW,e
Cq (L?(M)), and using (3-11), we get that

n

IW2 Qi ()" dE 5= (1)Q; (M Walle, < CAT 5 (W22, (agy + 1Wal22, gy
Thus, (3-9) follows by bilinearity in Wy, W,. This completes the proof of Theorem 3.

4. Consequences of the spectral measure estimates for p € (%, #]

. . —_ n
and their analogues at the endpoint p = 5

4A. Consequences of the spectral measure Schatten norm estimate. Using Theorem 3 and Minkowski’s
integral inequality, we can deduce some Schatten estimates on the resolvent. In this subsection, we only
treat the case p > 7.

The first result applies for z in any sector excluding the positive real axis.
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Proposition 4.1. Let p € (5, ”H] and suppose Wy, W € L?P(M). Let ¢ > 0 be arbitrary. Then for
z € Csuchthat z # 0, arg z € [g, 27w — €], we have the sandwiched resolvent Wy (Ag —z) "\ Wy is in the
Schatten class Cq(L*(M)) with ¢ = p(" 1) em—1,n+1]and

Wi (Ag —2) " Walle, < ClzI™* 27 [ Wil L2p ) | Wall 2o ary.
where C depends on p, ¢ and (M, g), but not z.
Proof. We express the operator Wy (Ag —z) "1 W; as
oo
Wl(Ag—Z)_1W2=/ (AZ—Z)_IWldEJIg(A)WQ dr.
0
The result follows by estimating the Schatten norm of W1 dE @(A)Wz using Theorem 3 and noting that,

provided p > %, we have

o0
/ A2 —z|7IAT B dA < Clz| 7,
0

where C depends on p and ¢ but does not depend on z in the given sector. O

In a similar manner we obtain “elliptic” estimates on the resolvent, where we remove the singularity in
the spectral multiplier. In this way we can obtain estimates on the positive real axis. To state these, we fix
a function ¢ : [0, c0) — [0, 1] such that ¢(¢) = 1 for ¢ in a neighborhood of = 1 and has support in a
slightly bigger neighborhood of ¢ = 1.

Proposition 4.2. Let p € (5, ”'H] and suppose Wy, Wp € L?P(M). Then for z € C\ {0}, the operator
Wi(1—¢)(Ag/|z)(Ag —2) " Wy is in the Schatten class Cg(L*(M)) with g = l’flnT;D em—1,n+1],
and we have

a2

)(Ag—z)- Wa| < Cll™ 4 Wil 2 ony | Wall 2o o).

||
where C depends on p and on (M, g), but not z.

Cq

Proof. Again we express the operator using an integral over the spectral measure, and estimate the
Schatten norm of the spectral measure using Theorem 3 and Minkowski’s integral inequality. This time

/°°| o 1(1—¢>>( )r”pdx
A 2]

and it is straightforward to check that this is bounded by C|z|~1*7*/(2P) uniformly in z. |

we obtain the integral

4B. Analogues at the endpoint p = % In the case p = 7, the arguments used in the proofs of Proposi-

tions 4.1 and 4.2 are no longer valid and need to be replaced. In view of the Phragmén-Lindelof argument,
explained in Section 2B, we only need to do this for z negative in the case of Proposition 4.1 and z
positive in the case of Proposition 4.2. To this end we prove the following two results.
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Proposition 4.3. Let p = 5. There is C > 0 such that for all z < 0 and for all Wy, W, € L" (M), the
operator Wi(Ag —z) " Wa is in Cy—1 (L2(M)) and we have

IW1(Ag —2)" Walle,—y < ClIWAllLrany W2l L o) (4-1)

Proof. Here we use a slight variation of Proposition 2.1. Let W;, W, be nonnegative simple functions and
consider the analytic family of operators

SS - Wl_s(Ag _Z)SWZ_S, —@ S Res S 0

Clearly, when Re s = 0, we have

ISsllz2ay—> L2y = C- (4-2)

Next, we will show that, when Re s = —@, then S§ is Hilbert—Schmidt and we have

Clims| = =
”SS”Cz <Ce ”Wl ||L”(M)||W2||L"(M)' 4-3)
This allows us to run the interpolation argument in the proof of Proposition 2.1.
To prove (4-3), on the line Res = —@, we express (Ag —z)* in terms of the heat kernel:
o0
C(—s)(Ag —2)°(m,m’) = / 175 Vet 2 e B (m, m') dt. (4-4)
0

We now use heat kernel estimates. Due to [Varopoulos 1985], we have the estimate ||e™*2¢ | [lsfoo <
Ct™/2 and by a result of [Grigoryan 1997], this implies a pointwise upper Gaussian estimate on the
heat kernel

_ _n _cdmm’)?
e B (m,m)| < Ct™3e™ 1, 10, (4-5)

for some ¢ > 0. The integral in (4-4) is convergent for all m # m’ due to (4-5). We thus get for all m # m’

and z € (—o0, 0), and uniformly for all s such that Re s = —@

_ S ’ *© 3 _cdm.m"? |
ID(=s)(Ag —z)"(m,m)| < C 1 2e i dt
0

—_ o0 _3 _ N2
< Cd(m,m) 1/ 127 Tzdmm) gy
0

<Cd(m,m"™ L. (4-6)
Using Holder’s inequality, the generalized Hardy—Littlewood—Sobolev inequality of [Garcia-Cuerva and
Gatto 2004] and (4-6), we obtain for Re s = —@,

IW* (Ag =2 W |12, (apy < CIT (=) 7! /M " Wi (m)" L d(m,m") 2 Wa(m')" "V d Vg (m)d Vg (m')
X

<CILE)II oo an W3 ia-van
< CeClims] ||W1||2;(1M)||W2I|ZZ(IM),

where the factor ¢€ M5! is contributed by the Gamma function. This shows (4-3).
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We now interpolate using the family S between (4-2) and (4-3), as in the proof of Proposition 2.1,
and we obtain at s = —1

IWi(Ag —2)" " Walle,—, < CIIWillLaany W2l ary 4-7)

which completes the proof for W; and W, nonnegative and simple. The extension to general Wy, W, €
L™ (M) is standard. |

We now prove an analogue of Proposition 4.2.

Proposition 4.4. Let p = 5 and suppose Wy, W € L (M), and let ¢ be as in Proposition 4.2. Then for
z > 0, the operator Wi (1 — ¢)(Ag/z)(Ag —2)"'W, is in the Schatten class Cp—1(L*(M)) and

< CIWillLaany W21l L (ar)
Cn—l

le(l—qs)( )(A o

uniformly in z.

Proof. We first note that for z > 0, the operator
W1¢( )(A +2)7' W,
is in the Schatten class C,—1(L2(M)), and

”Wwﬁ( )(A Lo < Wl an [ Wallron

Cn—1

uniformly in z. This follows from the spectral measure estimate (1-10), since

e’} /\2
f Agb(—)(AZ +z)"tdA
0 Z

is bounded uniformly in z. Combining this with Proposition 4.3, we see that Wy (1—¢)(Ag/z)(Ag+2z) " W2
is in C,—1(L?(M)) and we have

< C|WillLr ) W2l Ln ar) (4-8)
Cnfl

HWI(l—d))( )(A +z2)" ',

uniformly in z.
Now we write

W1(1—¢>( )(A . Wz—W1(1—¢)( )(A Loy
+zzW1<1—¢)( )(Ag+z>—1mg—z)— Wa. (49)

The first term in the right-hand side of (4-9) has already been shown to lie in C,—1 with the bound (4-8).
We write the second term on the right-hand side of (4-9) in terms of the spectral measure and apply
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Minkowski’s integral inequality together with the spectral measure estimate (1-10), and find that the norm
in C,—1 is bounded by

od] A2
C(= [T a=a (% )02 #2712 =2 dd WAoo 12 lnan

and a change of variable shows that this integral is convergent and independent of z, completing the
proof. O

5. Resolvent estimates on the spectrum: completion of the proof of Theorem 2

The key difficulty in proving Theorem 2 is to obtain estimates on the limiting resolvent at the spectrum
(Ag —(z+1 0))~! for z > 0. Given Propositions 4.2 and 4.4, we only need to do this localized near the
singularity at z of the spectral multiplier (A> — z)~!. In doing so, following [Guillarmou and Hassell
2014; Guillarmou et al. 2013b; Hassell and Zhang 2016], we shall use a microlocal partition of unity.

S5A. Operator partition of unity. We begin by recalling some results of [Guillarmou and Hassell 2014;
Hassell and Zhang 2016] on high- and low-frequency microlocal estimates on the spectral measure and
resolvents of Ag.

Proposition 5.1. High-frequency microlocal estimates. For all high energies 1> %, there exists a family

of bounded operators Q;(n) : L>(M) — L*>(M), i =1, ..., Ny, with Ny, independent of 1 and with the
norm satisfying

10i M L2(m)—120a) < C  for some C independent of 1, (5-1)
so that the following properties hold:

(1) The operators Q;(n) form an operator partition of unity:
Np

> 0i(n) =1d. (5-2)

i=1

(2) Let n > % and (i, j) € {1,..., Ny}2. There exists § > 0 small such that for all z > 0 such that
Jz € [(1=8)n, (1 + 8)n], one of the following three alternatives holds:

(2.1) One has for the outgoing resolvent
(Qi()* (Ag — (2 +i0)7'Q; () (m,m') € x(m)*x (M) 27°C®(M x M) (5-3)

for allm,m’ € M, where the C*®°(M x M)-part depends also on z and is uniformly bounded in z in the
smooth topology.

(2.i1) One has for the incoming resolvent
(Qi()*(Ag —(z=i0) "' Q; () (m,m') € x(m)®x(m") 2" C>(M x M) (5-4)

forallm,m’ € M.
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(2.iii) The spectral measure satisfies, for A = /z € [(1 —=8)n, (1 + 8)n], the following bounds: for all
k=0,1,2,...,there is Cy > 0 such that for allm,m’ € M

|95(Qs ()*dE /5-(0) Qj () (m.m")| < CeA * (1 4 2d (m.m')) =2+, (5-5)

(Qi(M*dE ;5 (2)Q; () (m,m') = A"~ (Z eEiAmm) g (A ,m,m') +b(A,m, m’)), (5-6)
+

with a+, b satisfying the estimates, forallk =0,1,2,...,

(n—1
b

105ar (A, m,m")| < AR+ Ad(m,m’))™ 2 (5-7)
105b (A, m,m")| < CuA™* (1 + Ad(m,m")) ™% forall K > 1. (5-8)
Moreover the alternative (2.iii) always holds if i = j.

Low-frequency microlocal estimates. Similarly, for all low energies n < 2, there exists a family of
bounded operators Q;(n) : L>(M) — L*(M), i =0, *,1,..., N;, with N; independent of n satisfying
(5-1) and (5-2) (with the sum in this case ranging overi =0, x, 1,..., Nj), satisfying the following:

(3) Let 0 < n <2andi, j range independently in {0, %, 1, ..., N;}. There exists § > 0 small such that,
for all z > 0 satisfying A := /z € [(1=38)n, (1 + 8)n], one of the following three alternatives holds:

(3.1) One has the pointwise kernel bound for the outgoing resolvent (for all N € N)

x/ )N X)) 2 (x(H)+x(%))
x'+A xX+x'+A

N
(@i @g=+ion o ] < (5 ) ( 59

where x = x(m), x' = x(m'), and y € C§°((—¢,¢€),[0,00)) is such that y = 1 in [—%5, 5] Here ¢ > 0 is
small enough.
(3.i1) One has the pointwise kernel bound for the incoming resolvent (for all N € N)

x )N( X! )N(xx’)'T(x(%)ﬂ("r'))

[(Qi ()™ (Ag—(z=i0)) ™ Q; () (m.m")| = C (x+/\ XA X+x/+A

(3.ii) Forallk =0,1,2,..., there is Cy > 0 such that (5-5), (5-6), (5-7) and (5-8) hold.

. (5-10)

Moreover if i = j, the alternative (3.iii) holds.

Remark 5.2. The two partitions of the identity do not quite match up in the intermediate energy regime,
% < n < 2. Because of this, it would be more notationally accurate to label the partitions Q?igh and Q}Ow;
to avoid cumbersome notation, we do not do this. We emphasize that in this intermediate regime either
partition can be used.

Remark 5.3. In the low-energy case, n < 2, let us first point out the meaning of the right-hand side of
(5-9) and (5-10). In [Guillarmou et al. 2013a] it was shown that the Schwartz kernel of the resolvent
(Ag — (A2 £i0))~! for A € [0, Xo] has some polyhomogeneous structure on the “low-energy space”,
which is a blowup of M x M x [0, A¢]. Ignoring the artificial boundary at A = A, this blown-up space
has seven boundary hypersurfaces corresponding to seven different types of asymptotics displayed by the
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resolvent kernel. These are the left boundary Ib, the right boundary rb, which arise from dM x M x [0, o]
and M x dM x [0, Ag]; the b-face bf, which arises from blowing up dM x dM x [0, A¢]; the “zero face” zf,
arising from M x M x {0}; and three faces at A = 0 produced by blowing up. These are bfy, arising from
blowing up dM x M x {0}; the face Ibg, arising from blowing up dM x M x {0}; and lastly rby, arising
from blowing up M x M x {0}. See Figure 1 of [Guillarmou et al. 2013a].

The resolvent (microlocally away from the conormal bundle of the diagonal) was shown in [Guillarmou
et al. 2013a] to be polyhomogeneous and vanish to order n —2 at the boundary hypersurfaces lbg, rbg, bfp,

% at Ib and rb. Cases (3.i) and (3.ii) apply when the microlocalizing operators

and to vanish to order
Q; and Q; remove the wavefront set at Ib, tb and bf, meaning there is infinite-order vanishing there.
Moreover, the cutoff factor y(5) + X(’%) vanishes in a neighborhood of zf. Now notice that x vanishes
to first order at Ib, Ibg and bfy, while x’ vanishes to first order at rb, rbg and bfy and x + x’ + A vanishes
to first order at bfp. So the product on the right-hand side of (5-9) and (5-10) precisely encodes the order

of vanishing at these remaining boundary hypersurfaces.

Proof. This is a combination of several results from [Guillarmou and Hassell 2014; Guillarmou et al.
2013b]. In the high-energy case, > 3, Lemma 5.3 of [Guillarmou and Hassell 2014] tells us that the
pairs (i, j) split into four cases. In the first two cases, Q;(n)* is either not-incoming or not-outgoing
related to Q,(n), and then Proposition 6.7 of [Guillarmou and Hassell 2014] applies; note that the
estimates in (2.1) and (2.ii) above appear in the proof, rather than the statement, of Proposition 6.7. In
the third and fourth cases, Theorem 1.12 of [Guillarmou et al. 2013b] applies and shows that estimates
(5-5) hold; see also Proposition 6.4 of [Guillarmou and Hassell 2014]. Also in the third and fourth
cases, Proposition 1.5 of [Hassell and Zhang 2016] holds and gives the estimates (5-6), (5-7) and (5-8).
Note that [Hassell and Zhang 2016, Proposition 1.5] is written in the case when i = j but the proof
of that proposition shows that it remains valid more generally when i # j but the microsupports are
close enough.

In the low-energy case, as shown in Section 6 of [Guillarmou and Hassell 2014], case (3.ii1) applies to
the pairs (0,0), (x, %), and (i, j) where i, j > 1 and |i — j| < 1. Moreover, case (3.iii) also applies to
any pair where either i = * or j = *. That is because in these cases, the operator Q«(7) annihilates the
wavefront set of the spectral measure at bf, with the consequence that the spectral measure estimates

(95 (Qi (" dE /- () Q; () (m.m")| < GA"™ 17K (14 Ad(m.m") =2+ (5-11)

hold if either i = * or j = %, and this leads to estimates (5-5) as in the high-energy case. For (3.iii) with
i, j > 1, the estimates (5-6), (5-7) and (5-8) are proven in [Hassell and Zhang 2016, Proposition 1.5]
in the case when i = j but the proof shows that it remains valid more generally when i # j but the
microsupports are close enough. The case i, j € {0, *} in (3.iii) is also shown in [Hassell and Zhang
2016, Proposition 1.5].

The casesi =0and j > 1,andi > 1 and j =0, fit any one of the cases (3.1), (3.ii), (3.iii) above. This
is because here the wavefront set at bf is wiped out by Q¢(n), while the wavefront set at fiber-infinity is
wiped out by Q;(n) for j > 1.
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The final case remaining, where i, j > 1 and |i — j| > 2, fits into cases (3.i) or (3.ii) according to
whether Q; ()* is not incoming-related or not outgoing-related to Q (), as shown in Proposition 6.9 of
[Guillarmou and Hassell 2014]. O

Cases (3.1) and (3.ii) will be treated using the following lemma.

Lemma 5.4. Let (M, g) be an asymptotically conic manifold of dimension n > 3. Then if an integral
operator K has kernel K(m,m') bounded pointwise by

07 () +2(3)

, 0<A<3,
x+x'+A

then for Wy, W, € L3P M), pe [% l] the operator W1 K W, is Hilbert—Schmidt and we have

IWLK Walie, < CA™2F 2 Wil 2oy I W2 ll 20 r) - (5-12)

Proof. Using Holder’s inequality w1th + +=1land p’ € ["fl 2], we get
W1 K Walle,

< W W- 7
< Wbzl ([ o Tx o T

We use the coordinates m = (x,y), m’ = (x’, y") near the boundary, where the measure d Vg (m) is

comparable to dx dy/x"t1. Let us introduce the polar coordinates (x, x’) = (R sin(6), R cos(#)) with
06[ ] near x = x’ =0. Using that (n — 1)p’ — (n + 1) > 0 and x + x’ ~ R, we get

nn—1)p’ s
/‘ (xx") X( ) AV, dVy 2p
Mxm (x+Xx’ +)L)2p

Nn—1)p'—(n+1) 5L
<C ([ (xx') — dx dx/)2p
0<x<2A ()C +x'+ A)Zp
o0 R2(n—1)p'—2n—1 T
C([ f T dR d@)
0 0<sin0<@ (R + /\) p

1 2 L 4 ’ %P/
< C—(/ R2(n 1)p’—2n—1 dR) +C (/ / B R2(n—1)p —2p’'—2n—1 dR d@)
A\Jo 2 <<

_1
7

o0
<CAP 24 AT (/ R2(=2)p'=2n=2 dR)2 <CAP 2,
21

(e m)x (m') (=0 ( (20 4y (2G12)) 27 dVg(m)dVyg (m/))ZIp/.

A

Here we used that (n —1)p’ > n and 2(n —2) p’ —2n — 1 < 0. The same argument works with the term
involving )(( ) and the estimate (5-12) follows. O

5B. Analytic family of operators. In this section we closely follow Section 4 of [Guillarmou and Hassell
2014], especially Remark 4.2 (which is essentially due to Adam Sikora). Let ¢ € C° (((1 - %)2, (1 + %)2))
be such that ¢(¢) = 1 in a neighborhood of # = 1, where § > 0 is small, and consider the analytic family
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of operators in Re(s) <0

H ;o (Ag) = ¢(%) (Ag—(z+ie))*, z>0,e>0.

By the spectral theorem, we have

Hs ze(Ag) —5+2 /Ooo(/\ (1+1—)) f(—j_)dEr(zz)tz)d)L (5-13)

Let 77 > 0 be such that z1/2 € [(1 = 2)n, (1 + 2)n] and let Q; (1) and Q; () be such that the condition
(2.ii1) or (3.iii) of Proposition 5.1 holds, in the high-energy, respectively, low-energy case. Then using
(5-13), we have on the level of Schwartz kernels, for m, m’ € M,

(00" Huz b)) =24 [Z(a= (1425 ) yyan.

¢(A)
2V

; 8 8
Here, as § > 0 is small, we have z'/211/2 € [(1 —8)n, (1 + )] when z1/2 € [(1 - E)r), (1 + i)n] and
A € supp(¢), and therefore, in view of (5-5), we have ¥ (1) € C§°(R).
Letting ¢ — 0 in (5-14), we define Q;(n)* Hs,z,0(Ag)Q;(n) when 12 ¢ [(l—%)n,(l—i—%)n] as
operators whose Schwartz kernels are given by

(Qi (N* Hy2.0(Ag)Qj () (m. m') = z5F3 /0 (A—(14i0)°y (1) dA
= 5T (A —i0)° x Y (W)(1). (5-15)

We are interested in pointwise estimates for the kernel of Q;(7)* Hy,z,0(Ag) Q;(n) and to this end we

where

() = Qi(m)* dEf(Z”Z)QJ(n)(m m’).

shall need the following result of [Guillarmou and Hassell 2014, Remark 4.2]. Even though the proof is
almost the same as that of [Guillarmou et al. 2013b, Lemma 3.3], for completeness we provide a proof in
Appendix A.

Lemma 5.5. Leta <b < c¢ <0and let us write b = 0a + (1 —0)c, 0 < 60 < 1. Then there is C > 0 such
that, forall [ € C(§’°(R), allt e R, and all 0 < ¢ K 1, we have

) . 3mlt] _
I £ie)"H 0 fllpge < CA+1ehe™> 0% * flI7eellnG * flI7:2. (5-16)
We have the following result.

Proposition 5.6. Suppose that (i, j) are such that the condition (2.iii) or (3.iii) holds in the high-
energy, respectively, low-energy case. Then there is C > 0 such that the kernel of the operator
Qi(m)*Hy,z,0(Ag)Q;(n) withz>0 and zV/2 ¢ [(1—%)17, (l—i—%)n] has the following pointwise estimates,

(1) ForRe(s) = —(n’;l), we have

10i (N* Hy,2.0(Ag) Q; () (m, m')| < CeClm) =3 (5-17)

forallm,m’ € M, uniformly in z and 1.
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.. _ (l’l— 1)
(i) For Re(s) = —"=—, we have

10 (0)* H 2,0(Ag) Qj () (m,m")| < CeCI™MO g, m’)~! (5-18)

forallm,m’ € M, uniformly in z and 1.

Proof. Estimate (5-17) is proved in [Guillarmou and Hassell 2014, Remark 4.2]. Estimate (5-18) is proved
in the same way, except for the case n = 3, relying on the estimates (5-5) only. Indeed, in the case n > 5

_(n+1) (n 3) .
2

is odd, we take a = and ¢ = in Lemma 5.5 and using that

A =6%V k=12,
we get

\Im(S)\

Qi (0)* Hy,2.0(Ag) Q5 () (m.m')| < C2°Z" (1 + | Im(s) e’
(45(?&)
NG

9,7 (‘Wf)Q ()*dE /5-(z425)0, (n)om. m))

xak

04 (1)*dE,f-(=223) 0, (n)m, m))

oo

’
OO

and therefore, using (5-5), we obtain

Qi (1) Hi2,0(Ag) Q; () (m, m)| < CeCI™ON25 (1 4 22d(m, m')) ™!
< CeC1MOlgim, m"H~1, (5-19)
For n > 4 even, taking a = -5, ¢ = ("22)
therefore established (5-18) for all n > 4.
When n = 3, using Lemma 5.5 with a = —2 and ¢ = 0, and the fact that )(1 (A) = H(A) is the Heaviside
function, we obtain

in Lemma 5.5 and using (5-5), we also get (5-19). We have

|01 (1)) Hy 2 0(Ag) Q; (m)m.m')]| < €22 (1+]Im(s) e ™ 5

A
x“ (‘“ 24 . dE g5 (32505 (om, m))

2/ Loo
3 1
| ( LR o ae s o muman) | 520
By (5-5), we get

H (¢f/—)Q () dE 5-(z222)Q;(n)(m.m )) L sCe (5-21)

Now if we show that

(PN -

\/—Q i(m* Ef(zzlz)Qj(n)(m m') . = Cd(m,m’)"~, (5-22)
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then the estimate (5-18) will follow from (5-20), (5-21) and (5-22). To prove (5-22), using (5-6), we write

(2 017 dE 15 2 0 . m)

11/2
=, P> Qi () dEr(ZZM)QJ(n)(m m')dp

Al/2
= [ s [Zei’z”z“d(’”m)ai(zm,m m')+b(z3pm, m)] di. (5-23)
0

The terms involving a+ in (5-23) can be treated similarly and in what follows we shall only consider the
term involving a4 and drop the sign +. To estimate this term, we integrate by parts and get
A 1/2
§(u2)zule! = 1AM (22 ') dp

1 1/2 —A1/2
= f[‘ﬁ(/’vz)zﬂz 2P (22 e m) 1
iz2d(m,m’") 172
i 1/2

[ 0u@udaa i m mh)e

Estimating the terms in the left-hand side of (5-24) with the help of (5-7), we obtain that

pud(m,m’) d,u}. (5-24)

AI/Z

1 ,
/ $(u2)zp2et > 1AM g (25 1 m m'y dp| < CAZd(m,m') 2, (5-25)
0

uniformly in z. To estimate the term involving the remainder b in (5-23), we use (5-8) with K = 2 and
get
/’{1/2 AI/Z
¢(u2)zp?|b(z 2w, m,m')| dp < C ¢(u?)zp? (1 + 22 pd(m,m')) "2 dp.

< Cd(m, m')"2. (5-26)
Now (5-22) follows from (5-23), (5-25) and (5-26). This completes the proof of estimate (5-18). O

When proving the Schatten bound on the resolvent on the spectrum in Section 5C below, the cases
(2.ii1) and (3.iii) of Proposition 5.1 will be treated using the following result.

Proposition 5.7. Suppose that (i, j) are such that the condition (2.iii) or (3.iii) holds in the high-energy,
respectively low- energy case. Let p € |7, ”'H] Then there is C > 0 such that, for all z € (0, 00),
212 e [(1=3)n, (14 3)n] and all Wi, W € L2P(M), we have W1 Q; (0)* H-1,2,0(Ag) Q; (nWs €

Cy(L2(M)), g= Pf,”‘p”, and

IW1Qi ()* H-1,2,0(Ag) Q5 M Walle, < Cz7 22 [ Will 20 any I Wl 220 (a1 (5-27)

Proof. First thanks to Proposition 5.6, case (i), we know that for Re s = —@,

_1
”Qi(n)*Hs,z,O(Ag)Qj(U)”LI(M)_,LOO(M) < Cec|lm(5)|z >
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By the spectral theorem, we also know that for Res =0

10i (0* Hs 2,0(0g) @ (Dl L2y 12(ar) < Ce™ ™.

Hence, Proposition 2.1 implies that W1 Q; ()* H—1,z,0(Ag)Q; (W2 € Cpy1 (L?(M)) and, moreover,

L
IW1Qi(m)* H-1,2,0(A) QM W2lle, 1 < Cz7 T [ Will w1 (an W2l Lnt 1 ary- (5-28)

Now whenRe s = — (”;1) , thanks to Proposition 5.6(ii), the kernel of the operator Q; (1)*Hj,z,0(Ag) Q; (1)
has the bound (5-18), which is the same as the bound (4-6) in the proof of Proposition 4.3. Proceeding
exactly as in the proof of Proposition 4.3, we get

IW1Qi(n)* H-1,2,0(88) Q; M W2llc,—y < CIWillLnany IW2llLn (ar)- (5-29)
In view of (5-28) and (5-29), the bound (5-27) follows by a complex interpolation argument applied to

the analytic family of operators

s
é- — W] +1

n(n2+l) £ nil+§/1(n2+l)
Qi(n) H—l,z,O(Ag)Qj (m) Wz

in the strip 0 < Re ¢ < 1, with W; > 0 being simple functions such that |W |l 2(a) =1, j = 1,2; see
[Simon 2015, p. 154]. O

S5C. Resolvent estimates on the spectrum. The final ingredient in the proof of Theorem 2 is the following
result.

Proposition 5.8. Let ¢ € C(‘)X’(((l — %) (1 + %)2)) be such that ¢(t) = 1 in a neighborhood of t = 1,
where § > 0 is small, and let p € [% ] Then there is C > 0 such that for all z € (0, 00) and all
Wi, Wa € L2 (M), for g = 220 yye have Wig(Ag/z)(Ag — (z +i0)) " Ws € Cy(LA(M)) and

< Cz T2 Will2oan IWallLzoany- - (5-30)
Cq

Hw( )(A i),

Proof. Let us first take the high-energy case z > 1 and let > 1 be such that 4/Z € [(1 - %)n, (1 + %)r}]
We decompose the spectrally localized outgoing resolvent ¢ (Ag /z)(Ag —(z +i0))~! into microlocalized
pieces

Wl¢>( )(A iy = S W ¢( )(A )T O (.
i,j=1
The bound (5-30) will follow if we show that for all (i, j) we have

< Cz7 B Wil 2san IWall2ean.  (5-31)
C(I

‘W1Q () ¢( )(A —(z+i0)7'Q; (W2

To that end, the pairs (i, j) will be divided into three cases as in Proposition 5.1.
In the first case, (2.1), in view of (5-3) and Corollary B.5, we know that the Schwartz kernel of the
operator Q; (N)*¢(Ag/2)(Ag —z—i0)"1Q;(n) is O(z7V) in L2P"(M x M) with % + % = 1. Using
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this together with the fact that ¢ > 2 and Holder’s inequality, we get

Ag

A
10i0°0 (2 ) @500 0 £

101" (%5 ) =400 0, e

=
Cq

<O NIWillL20 ) IWall 20 ar)

C2

for any N € N, showing (5-31).
In the second case, (2.ii), using Stone’s formula, we write

A
1006 (52) 8 = 2 10071 0, W2
A
3 WlQi(n)*qs(?g) (Ag = (z=i0) 7' Q; (W2
+EW0i () AE 5 (MO, (DWa. A= VE. (532)

Then the estimate for the term involving the incoming resolvent in (5-32) follows exactly as in case (2.i).
On the other hand, we have already proved the corresponding estimate (3-9) for the spectral measure,
which leads to the estimate (5-31) in this case.

In the third case, (2.iii), we get

A
0106 (55) (B = 10071 Q00 Wa = WA 01" ot 0B 0 (W (533

where the operator Q; (n)*H_1,z,0(Ag)Q;(n) is defined in (5-15). The required estimate for this term
therefore is a consequence of Proposition 5.7.

In the low-energy case, 0 < z < 1, the argument is similar. In cases (3.i) and (3.ii) we use Corollary B.5
together with Lemma 5.4 and the bound (3-9) for the spectral measure to deduce the Schatten norm
estimate. In case (3.iii), the argument is the same as for case (2.iii). This concludes the proof of the
proposition. O

6. Bounds on individual eigenvalues: proof of Theorem 4

In this section we shall follow some of the arguments of [Frank 2018; Frank and Simon 2017], making
some necessary changes due to the fact that we are no longer in the Euclidean setting.

Let us recall that n = dim(M ) > 3. We have the following result which is a generalization of [Frank
2018, Lemma 4.2] to the case of the Laplace operator on asymptotically conic manifolds.

Proposition 6.1. Let V € L? (M) with 5 < p <oc. The operator \/|V |(Ag +1)7Y2 is compact on L2(M).
Proof. We follow [Frank 2018, Lemma 4.2]. First we shall show that
_1
IW(Ag + D72 || c2any.r2omy) < CIIW lp20ary. - W € L2P(M). (6-1)

Indeed, we have
(Ag +1)72: L2(M) - H (M) (6-2)
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is bounded, and therefore, by Sobolev’s embedding H (M) c L2/ =2 (M), which is valid on an
asymptotically conic manifold of dimension n > 3, see [Guillarmou and Hassell 2014, Proposition 2.1],
we get

(Ag + 1) : L2(M) — L=z (M) (6-3)

is also bounded. Using Holder’s inequality, the logarithmic convexity of L# norms, and (6-2), (6-3), we
obtain

_1 _1
IW(Ag + 172 fllL2any = IWllLzean(Ag + D72 fll 20— a1y
1 . 1-35 _1 .35
< W lz2ran 1B + D73 £l 1(Bg + D72 F 12502
< ClWlLze )l f L2y
showing (6-1).
Let W; € C§°(M) be such that W; — /|V| in L?P(M). By Rellich’s compactness theorem, the

operator W (Ag + 1)71/2 is compact on L2(M), and it follows from (6-1) that Wi(Ag + H~Y2
VIVI(Ag +1)™Y2in £(L2(M), L>(M)). O

Setting

VY0 = K(x)/VIV(x)|, V(x) #0,

V(x) =0,

and combining Proposition 6.1 with [Frank 2018, Lemma B.1], we get that the quadratic form

1
1(Ae) 312200y + VYVt VIV 200,

equipped with the domain H (M), is closed and sectorial. Associated to the quadratic form is an
m—sectorial operator with domain C H!(M), which we shall denote by Ag + V. The spectrum of
Ag +V in C\ [0, 00) consists of isolated eigenvalues of finite algebraic multiplicity; see [Frank 2018,
Proposition B.2].

Now interpolating between the estimate, valid for z € C \ [0, 00),

_ 1
I(Ag =2 2y L2000y = ok

2(n+1)

wi3 o e obtain the following result.

and the uniform estimate (1-8), with p =

Corollary 6.2. Let (M, g) be an asymptotically conic nontrapping manifold of dimension n > 3. Then
forall p € [251'1—_:_31), 2] there is a constant C > 0 such that for all z € C\ [0, 00),
— 1_1y_q, ,1_1
[(Ag —2) 1||LP(M)_>LP’(M) = Cd(Z)(n+1)(" 2) 1|Z|2 7. (6-4)
We shall now proceed to prove Theorem 4. In doing so we shall follow [Frank and Simon 2017,
Theorem 3.2]. Let A € C be an eigenvalue and v € H ! (M) be the corresponding eigenfunction of A gtV

(Ag + V)Y = Ay
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(1) LetO<y < % Assume first that A € C\ [0, 00). Let us choose p > 1 such that

y 1 =52, (6-5)
and notice that then ;2% < p < 2(n"f31) and 2(:_+11) <p <.

2 . - 2
By Sobolev’s embedding, we hetve Y € L2"/=D (M), and thus, ¥ € L" (M) for r € [2, 2% ], by
interpolation. In particular, v € L? (M), and by Holder’s inequality, we get

Vlieeany < IVIiLere-man VLo ary = 1V IiLy+nr2an ¥ e ar)-
We have
V=8 =) (Ag =Y =—(Ag =) (VY).
Hence, using (1-8), we get

1Vl ary = (Ag _A)_l||Lp(M)_>Lp’(M)||VW||LP(R”)

1(2-1)—1 (6-6)
=CJA|]2tr IVILr+nr2any 1V Lo ary

which implies (1-11) in view of
14

y+5

2
B(2-1)-1=-
Assume now that A € (0, 00). Then for £ > 0, we set

Ve =(Ag—A—ie) H(Ag — VY = fo(Ag)VY,

where

t—A
= R.
foly=—7"m 1€

By the spectral theorem, we have

e =~V 122y = 1oAY = V122 gy = / o0 = 1P d(En, (V- V) 12a1)-

where dEp () is the spectral measure of Ag. Using the dominated convergence theorem together with
the fact that f¢(r) — 1 as e — O for all # # A, and that E; = 0 as A is not an eigenvalue of Ag, we
conclude that ¥, — ¥ in L2(M).

On the other hand, we have

Ye=—(Ag—A—ie) ' (VY).
Choosing p > 1 satisfying (6-5) and using (1-8), we obtain
n(2_1)—
1Well Lo any < CIAE GV Ltz 1Vl Lo ary. (6-7)

i.e., Y, is uniformly bounded in L? /(M ). Passing to a subsequence, we may assume that there exists
W € LP' (M) such that ¥, — v in the weak-* topology of L?' (M). It follows that = ¢ € L? (M).
By the lower semicontinuity of the norm and (6-7), we get

.. n(2_1)—
1l agy < Eminf Vsl ary < CAEG™D T WV Ipsnnan Wl g, 68)
which shows (1-11) when A € (0, c0).
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(i) Let V € L™2(M). Setting p = n+2, and arguing as in the case (i) above, for A € C\ {0}, we obtain

Wl ary < CIV w2y 191 ary-
The case A = 0 is handled similarly using that

[(Ag — ie)_l ||LP(M)—>LP’(M) <0(),
in view of (1-8). The claim (ii) follows.

(iii) Lety > %, and let A € C\ [0, 00) be an eigenvalue of Ag + V, and v € H!(M) be the corresponding

eigenfunction. Choosing p > 1 satisfying (6-5), we have 2(”+1) <p<2and2<p < 2("“) . Using

that ¥ € L? (M) and (6-4), similarly to above, we obtain

||W||Lp’(M) =< ||(Ag _A)_l||Lp(M)_>Lp’(M)”VW”L"(M)
1_1)_ 1_1
< C8) VGRSV Lyt 1V L ary.

which implies (1-12) in view of the fact that

This completes the proof of Theorem 4.

7. Bounds on sums of eigenvalues for Schrodinger operators with complex potentials

7A. Short-range potentials: proof of Theorem 5. LetV € LP(M), 5 <p < %, and let ¢ = %"T_pl).
Then Theorem 2 implies that for z € C\ [0, 00), we have \/V(Ag —2)7Y/|V] € C4(L?*(M)) and

INV(Ag =2 VWV lle, 2y < Clzl ™ 22 1V Loy (7-1)

We claim that the map

C\[0,00) 3z > VV (A, —2) 'V |V]| (7-2)

is holomorphic with values in C;(L?(M)). First let us check that (7-2) is holomorphic with values in
L(L?*(M), L?>(M)). Indeed, letting zo € C \ [0, 00), we write

5
VV(Ag =)WV =VV D (z—20) (Ag —2z0) VIV (7-3)
and notice that =
INV(Ag —20) VIV ez any.2omy <INV (Ag = 20) oz a2 )
1= =z0) ' VIVIleean.20m 1 (Be =20 12y L2y < €7

for some C > 0. Here we have used that the operators /V (—A —z¢) ™}, (Ag —z0)~1/|V| are bounded
on L2(M), as seen by arguing as in the proof of (6-1). This shows that the series (7-3) converges
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in L(L?>(M), L>(M)) for |z — zo| small, and therefore, the map (7-2) is holomorphic with values in
L(L?>(M), L?>(M)). In particular, if T € C1(L?(M)), i.e., of trace class, the map

C\[0,00) 3z > (VV(Ag —2) |V, T) (7-4)

is holomorphic. Using the density of C1(L?(M)) in Cq (L?(M)), the bound (7-1), and Holder’s inequality
in Schatten classes, we conclude that the map (7-4) is holomorphic for all 7" € Cq/(Lz(M )), establishing
the claim.

Consider the holomorphic function

h(z) = c{le}t(l +VV(Ag —2) W/ V]), ze€C\[0,00),
q

where [q] is the smallest integer > ¢, and detf, is the regularized determinant; see [Simon 1979,
Chapter 9]. As explained in [Frank and Sabin 2017, proof of Theorem 16], using (7-1), we get

log |h(2)] < C[VV (A —2) ' VIVIIE, < Cll T3 v e, 0. (7-5)

uniformly in z € C\ [0, c0).
Combining Proposition 6.1 and Lemma B.1 of [Frank 2018], we conclude that the following version
of the Birman—Schwinger principle holds: z € C\ [0, oo) is an eigenvalue of Ay 4 V' if and only if

Ker(1+ vV (Ag —2)7 VIV]) # {0}, (7-6)

An application of Lemma 3.2 of [Frank 2018] gives that (7-6) is equivalent to the fact that 4(z) = 0 and
that the order of vanishing of / at z agrees with the algebraic multiplicity of z as an eigenvalue of Ag + V.

At this point we are exactly in the same situation as in [Frank and Sabin 2017, Theorem 16]. Here we
may remark that the proof of that result is based on a result of Borichev, Golinskii and Kupin [Borichev
et al. 2009] concerning the distribution of zeros of a holomorphic function in the unit disc growing rapidly
at a boundary point. The proof of Theorem 5 is therefore complete.

7B. Long-range potentials: proof of Theorem 6. First we have the following result: Let y > % Then
there exists a constant C > 0 such that for all W € L2 +%/2)(Mf) and all z € C \ [0, 00),

_1 4 ontl 1 5
[W(Ag —2)" Wlcayansn < Cd(2) 2T || T 2D ||W||L2<y+n/2>(M)- (7-7)

Indeed this follows as in [Frank 2018, Proposition 2.1] by interpolation between (1-9) with p = %+L and

1
2
the standard bound
IW(Ae =2 WilL2any 22 <A@ W R oo ary-

Now an application of [Frank 2018, Theorem 3.1] to the holomorphic family K(z) = vV (A e—2) LIV
completes the proof of Theorem 6 exactly in the same way as in [Frank 2018, Theorem 1.2].
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Appendix A: Proof of Lemma 5.5

We shall follow the proof of Lemma 3.3 in [Guillarmou et al. 2013b] closely. Let a < b < ¢ <0 and let
a:=a—c—1<—1and B:=b—c—1<—1. We shall show the estimate (5-16) for ||(A —ig)bT? *f||L§°’
as the bound (5-16) for ||(A +ig)?Tt x [ Lo can be proved similarly.

To that end, let yZ be the family of distributions on R holomorphic in z € C given by

AZ

z
X_(A)_F(z+1)’ Re z > —1,
where )
3z — 0 it A >0,
B [AlZ if A <O.

We have yZ(—A) = x% (). Recall from [Hérmander 1990, Section 3.2] that when Re z > —1, we have

(A—i0)7 = A% 4 ¢i72)7 (A-1)
and from [Hormander 1990, Example 7.1.17] that for ¢ > 0 and z € C, we have
F((—ie)5)(§) = 2me T e 2715, (A-2)
and
F()E) =e GV —io)7* (A-3)

Consider the family of operators A; for r € R given by

At . COOO(R) —> D/(R), Atf =N % ﬁ (A—4)
where [(—B—it) T —im(c+1) pe€ e—B—1—i
. el (=B—it Z—in(c e g-h- —it
nt(S) = . —i(e+1Z C ANy — (A_S)
T(—b—it)(o +e@tDF (g _j0)—a-1)
when ¢ < 0, and
. 2ne—i(b—l+it)%esfg_-:b—it
n:(§) = (A-6)

T(—b—it)(o — e~ 5" (£ —i0)a)
whenc¢ =0,and o € C, |o| =1 and o ¢ {ie 19"/2 —jelan/2 oian/2y Ty view of (A-1), we see that
e € S'(R).

We notice that for all t € R, 7); € LIIOC(IR). Furthermore, using that
1

Fep=in| = 7"
we have, for |§| > 1,
1967, (6)] < Ce ™2 (1 + e[ AHe T, (A-7)
and for |§] <1 we get
1967 ()] < Ce ™2 (14 [t ])]E[ P2, (A-8)

and therefore,
defir € LP(R)N LY (R, (£)3dg)  for some p € (1,2), § > 0.
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By the Hausdorff—Young inequality, we see that u(1) := Ans (1) € L? (R) with p’ € (2,00) being the
dual exponent to p. We also have

) —u)| < 2r)~! / eiE4 — 8 |a(8)] dE < C / £ A — 2P la)| d
<CIA=NPlall L1 g gy5as): (A-9)

showing that u = An; € C¥(R). Thus, by the Holder inequality, we get

1

[ 1naz < c( [ vl dx)” Himles [ T ar <o (A-10)
R IA|>1 IAl<1

It follows from (A-10) combined with the Hausdorff—Young inequality, (A-7), (A-8) and (A-9) that

3mle]
[nellpi ) < CA+ e 27,

and therefore, A; extends as a bounded operator on L°° with norm

3t
| Azl Loo®)y—Loo@) < C(1+t)e 2,

where the constant C > 0 is independent of ¢ and ¢.
Next let B be the operator

B:C°(R) - C®(R), Bf:=(ox5+x%)* f
which is also equal to
B=F'uF, (A-11)
with
p(§) = 0e D (E 10T 4@V E i), (A-12)
in view of (A-3).
If c <0then e L. (R)yNC®(R\ {0}). Using also the fact that the distribution (§ —i0)? is of

loc

polynomial growth when Re z > —1, we have u f € LY(R) for any f € C{°(R). Thus, the operator
B : C§°(R) — L°°(R) is bounded.

Now if ¢ =0 then Bf :=oH * f + x4 * f, where H is the Heaviside function. The fact that the
convolution with the Heaviside function maps C5® functions into L functions implies that the operator
B : C§°(R) — L*°(R) is bounded also in the case ¢ = 0.

Thus, the composition A; B : C§°(R) — L°°(R) is bounded in all cases ¢ < 0. We claim that

ABf =(A—ie?ti s £ feCPMR). (A-13)
Indeed, (A-13) follows from (A-4), (A-11), and the equality
fep = F((A—ie)"*)
obtained from (A-5), (A-6) (A-12), and (A-2). In the case ¢ = 0, we also use that
ghitE 0yl = g1t p <o,
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We thus get forall e >0 and r € R

IA—ie)**"  fllree < CA+the™2 (12 * fllzes + 4% * fllzes). (A-14)

Now a scaling argument as in the proof of Lemma 3.3 of [Guillarmou et al. 2013b] finishes the proof.
Indeed, letting f; (A) = f(tA), we have

ox frQ) =177 0« L), A—ie) x fr() =17 H((A—ite)” % f)(zh)  (A-15)
for all T > 0 and z € C. It follows from (A-14) and (A-14) that for each 7 > 0

_ . i 3zlel —
t (A —ite)’ 'k fllpee < CO+[the > (¢ 2% % fllzoe + 7 Nx% * fllzeo)
and choosing 7 := || x4 * f ||i/o(oa_c) xS * f ”Ijio/ (@=€) \ye obtain the desired estimate (5-16). The proof

of Lemma 5.5 is complete.

Appendix B: Microlocal structure of the spectrally localized resolvent

We now analyze the microlocal structure of the spectrally localized resolvent ¢(Ag/z)(Ag — (z £i0)) 71,
where z > 0 and ¢ € COOO(((I — %)2, (1 + %)2)) is such that ¢(¢) = 1 for ¢ € ((1 — %)2, (1 + %)2), for
8 > 0 small. In doing so, we use the notation and results established in [Guillarmou et al. 2013a; 2013b;
Hassell and Wunsch 2008].

Proposition B.1. Let ¢ be as above. For all 1 > 0, the operator ¢(Ag/p?) is a pseudodifferential
operator in the following senses:

(i) High-energy case. For h = ! <2, the operator ¢ (h*> Ag) is a semiclassical scattering pseudodiffer-
ential operator with microsupport in {(Z, 0) ‘ IC]g € ((1 — %)2, (1 + %)2)}, where { is the semiclassically
rescaled cotangent variable; i.e., {; is the symbol of —ihd;,.

(ii) Low-energy case. For i € (0,2), the operator ¢(Ag/1u?) is a pseudodifferential operator in the class
\112 (M, Q,lc/g) + A (Mkz,b’ Qllc/lf) where &£ is an index family for the boundary hypersurfaces of M]ib,
satisfying vty = 0, Ex = n, Epg = Evy = % S = Ew = & = 00. That is, it is the sum of a
pseudodifferential operator in the class defined in [Guillarmou et al. 2013a, Section 5] and a conormal

function which is smooth across the diagonal, but has nontrivial behavior at the boundary hypersurfaces
lb() and I‘b().

Proof. (i) This follows by expressing the operator ¢ (h%A ¢) using the Helffer—Sjostrand formula for the
self-adjoint functional calculus,

$(h2Ag) = ﬁ /«: 3¢ (2)(h?Dg —2)"dZ A dz,

where ¢ is an almost holomorphic extension of ¢; see [Dimassi and Sjostrand 1999, Theorem 8.1]. In
terms of the notation for the spaces of semiclassical scattering pseudodifferential operators used in [Vasy

and Zworski 2000], we have ¢ (h2Ag) € W50 (M).
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(ii) The same argument applies to show that the operator ¢(Ag/ p?) is pseudodifferential in a neigh-
borhood of the diagonal on the space M kz,sc' We also need to understand the behavior of the kernel of
this operator away from the diagonal. Here, we recall from [Guillarmou et al. 2013a] that the spectral
measure is conormal and vanishes to order n — 1 at zf, order g —1 at Ibg and rbgy and order —1 at bfy as a
b-half-density on M ,3 p» While it is Legendrian (oscillatory) at Ib, rb and bf. As a result, the integral

is conormal on M ]f b and vanishes to order n at zf, order % at Ibg and rbg, order O at bfy and order oo at
Ib, rb and bf. O

Remark B.2. The pseudodifferential nature of ¢ (h%A ¢) can also be proved via the spectral measure
using the results of [Guillarmou et al. 2013a]. Recall from this article that the spectral measure d E @(k)
for A > 1 is a Legendre distribution associated to a pair of Legendre submanifolds (L, Lg), where L is
the flowout by (left) bicharacteristic flow starting from N *Diag, N ¥;, where N *Diag,, is the conormal
bundle to the diagonal in M bz' Here ¥; denotes the “left” characteristic variety of the operator h>Ag — 1,
that is, the set {(z, ¢, z’,¢) | |¢|g = 1} where the semiclassical symbol of /2Ag — 1, acting in the left
variable z, vanishes. Being a Legendre distribution, the spectral measure may be expressed (up to a trivial
kernel, that is, one that is smooth and rapidly vanishing both as # — 0 and as one approaches the boundary
of M bz) as a finite sum of oscillatory integrals associated to neighborhoods of the submanifold L. The
phase function for this oscillatory integral takes the form A®, where ® is independent of A. If we then

integrate in the A-variable as in (B-1) (with 7 = p !

in the high-energy case), then it is straightforward
to check that the phase function A® parametrizes the conormal bundle to the diagonal, and the result is a

semiclassical scattering pseudodifferential operator of order 0.

Remark B.3. It is not hard to see that the operator ¢(Ag/ w?) is microlocally equal to the identity for
1¢lg € ((1— %)2, (1+ %)2), where ¢ is the rescaled cotangent variable. First, the operator ¢(Ag/u?) is
elliptic in this region. Next, choose a function ¢; supported in the interior of the region where ¢ = 1.
Then by functional calculus, ¢1(Ag/1u?) = ¢(Ag/u?)p1(A/1u?), from which it follows that ¢ (Ag /1?)
is microlocally equal to the identity on the elliptic set of ¢1(Ag/ w?), which is an arbitrary subset of
{0 lee e (1=5)% (1+§))}-

We next consider the microlocal structure of the spectrally localized resolvent.

Proposition B.4. The microlocal structure of the operator ¢(Ag/z)(Ag — (z £i0))71, z > 0, is as
follows:

(i) High-energy case. Here we use semiclassical notation and we write z = h=2. The operator
d(h>A g)(th g—(1Ei 0))~L, acting on half-densities, lies in the same microlocal space as the semiclas-
sical resolvent (as detailed in [Hassell and Wunsch 2008, Theorem 1.1]), indeed in a “better” space as
the differential order is —oo rather than —2. That is, the spectrally localized resolvent is a sum of three
terms S1 + S» + S3, where

e S1 is a semiclassical pseudodifferential operator of differential order —oo and semiclassical order 0O,
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Sy is an intersecting Legendre distribution associated to the conormal bundle N *Diagy, and to the
propagating Legendrian L, and

* S3 is a conic Legendre pair associated to L and to the outgoing Legendrian Lg.

Moreover, S + S3 are microlocally identical to the full resolvent in a neighborhood of the characteristic
variety Xj of h*Ag — 1.

(ii) Low-energy case. Let z € (0,2). The operator $(Ag/z)(Ag —(z = i0))~L, acting on half-densities,
lies in the same microlocal space as the resolvent (as detailed in [Guillarmou et al. 2013a, Theorem 3.9]),
indeed in a better space as the differential order is —oo rather than —2. In detail, the operator
d(Ag/2)(Ag — (z £ i0))~! can be decomposed as S1 + Sy + S3 + S4 (with \/z playing the role
of the spectral parameter on M kz p)» Where

e §1 € V™M, Qllc/lf) is a pseudodifferential operator of order —oo in the calculus of operators
defined in [Guillarmou et al. 2013b],

e S, € I—I/Z,B(MkZb’(scN*

Diag, L'_’f); Q}c/ bz ) is an intersecting Legendre distribution on M I? p» micro-

supported close to SCNS‘iagb,

e S3 € 1_1/2’(”_2)/2;(”_1)/2’(”_1)/2;B(Mkzb, (LY, Li); Qllc/bz) is a Legendre distribution on Mkzb
associated to the intersecting pair of Legendre submanifolds with conic points (L'_’f, Lﬁ_), microsup-
ported away from N, agy,”

e Sy is supported away from bf and is such that eTIAT oEIA R i polyhomogeneous conormal

2
on M kb
Here B = (Byfy, Biby, Biby» Bzt) is an index family with minimal exponents (i.e., order of vanishing)
min Byg, = —2, min Bjp, = min By, = % —2, min B, = 0. In addition S4 vanishes to order oo at 1b and

bf and to order % at rb.

Corollary B.5. The estimates (5-3), (5-4), (5-9) and (5-10) hold if the resolvent (Ag — (z + i0))~Lis
replaced by the spectrally localized resolvent p(Ag /z)(Ag —(z £ i 0))~L

Proof of Corollary B.5. The proofs of these estimates only used the location of the wavefront set of the
resolvent kernel, together with the vanishing orders of the resolvent on the boundary hypersurfaces of
M ]f p at z = 0. In view of Proposition B.4, the same proof applies verbatim to the spectrally localized
resolvent. O

Proof of Proposition B.4. (i) We study the composition of the operator ¢ (h%A4) with the incoming or
outgoing resolvent, (h>Ag — (1 £i0))~!. We know from [Hassell and Wunsch 2008, Theorem 1.1] that
the actual resolvent can be decomposed into a sum of three terms R; + R, + R3 as in the proposition
(except that Ry will have differential order —2). We may assume that R, and R3 are microsupported
in the region where [¢|g € ((1— %)2, (1+ %)2), and R; is microsupported in the region where |{|g ¢
((1 — %)2, (1 + 18—6)2). The composition Sy := ¢ (h?Ag) Ry is another semiclassical pseudodifferential
operator, of semiclassical order 0 and differential order —oo. On the other hand, the operator ¢ (h%A g)1s
microlocally equal to the identity on the microsupport of R, and R3, so using [Guillarmou et al. 2013b,
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Section 7], we find that the composition of qb(th ¢) With Ry 4+ R3 is equal to R, + R3 up to an operator
that is residual in all senses, that is, a smooth kernel that vanishes rapidly as # — 0 or upon approach to
the boundary of M b2 So we can take S, = R, and S3 = R3 up to a residual kernel.

(i1) Similarly, in the low-energy case the actual resolvent has a decomposition into Ry + Ry + R3 + R4
having properties as in the proposition (with R; of differential order —2). We also need to decompose
the operator ¢(Ag/z) = By + B3 into two parts, where Bj is supported close to the diagonal on the
space M l? p- and By has empty wavefront set. This second piece B, can be taken to vanish to infinite
order at bf, Ib and rb, and to be polyhomogeneous conormal to bfy, Ibg, rbg and zf vanishing to order 0
at bfy, order % at Ibg and rbgy and order n at zf. When we apply B to the resolvent, the argument is just
as in the high-energy case, using [Guillarmou et al. 2013b, Section 5] instead of Section 7 of that work.

To understand what happens when we apply B> to the resolvent, we view the composition of operators as
the pushforward of the product of the Schwartz kernels on a “triple space” M ,3 p downto M kz 5> as was done
in the appendix of [Guillarmou and Hassell 2008]. As a multiple of a nonvanishing b-half-density on M kz b
we find that B, (multiplied by |% ‘ Y 2, k = /z, which is a purely formal factor) is polyhomogeneous
conormal, with no log terms at leading order, and vanishes to order 7 at zf, 0 at bfp and 5 at Ibg and rby.
On the other hand, we can decompose the resolvent kernel as the sum of R + R», supported near the
diagonal, and R3 4 R4, which is microsupported in the set where |{|g € ((1 — %)2, (1 + %)2), where ¢ is
the cotangent variable rescaled by a factor /z.

The composition of B, with R+ R, can be treated by lifting both kernels to the space M ,3 b and pushing
forward. Since B; has no wavefront set, the composition has no wavefront set, so it is polyhomogeneous
conormal, and the order of vanishing can be read off as n at zf, % at lbg, % —2 at rbg, —2 at bfy, and oo
at Ib, rb and bf. This lies in a better space than claimed in the proposition.

The composition of B, with R3 + R4 can also be analyzed by lifting both kernels to M ,3 p and then
pushing forward. Although R3 + R4 is not polyhomogeneous conormal at the boundary hypersurfaces
bf, Ib and rb, when lifted to M 13 , and multiplied by the lift of B>, the rapid vanishing of B; at bf and rb
means that the product of the two kernels is rapidly decreasing as the “middle variable” (the right variable
of B, and the left variable of R3 + R4) tends to the boundary. As for the right variable of R3 + Ry,
after multiplying the kernel of R3 + R4 by e ™' A’ (where 1’ = % is the right radial variable) it becomes
polyhomogeneous conormal also at rb. So the product of the kernels B (in the left and middle variables)
and (R3 4+ R4)eT*"’ (in the middle and right variables) on M k3 p is polyhomogeneous conormal. After
pushing forward to M ,f , & calculation similar to that done in [Guillarmou and Hassell 2008, Appendix]
shows that the result is eT/4"" times a polyhomogeneous kernel which vanishes to order n — 2 at zf,
—2 at bfy, min(%, n —2) at Ibg, %—2 atrbyg, % atrb and oo at Ib and bf, with no log terms to leading order
except possibly at Ibg in the case n = 4. Again this is in a better space than is claimed in the proposition. [
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A PROOF OF THE INSTABILITY OF ADS FOR
THE EINSTEIN-NULL DUST SYSTEM WITH AN INNER MIRROR

GEORGIOS MOSCHIDIS

In 2006, Dafermos and Holzegel formulated the so-called AdS instability conjecture, stating that there
exist arbitrarily small perturbations to AdS initial data which, under evolution by the Einstein vacuum
equations for A < 0 with reflecting boundary conditions on conformal infinity Z, lead to the formation of
black holes. The numerical study of this conjecture in the simpler setting of the spherically symmetric
Einstein-scalar field system was initiated by Bizén and Rostworowski (Phys. Rev. Lett. 107:3 (2011),
art. id. 031102), followed by a vast number of numerical and heuristic works by several authors.

In this paper, we provide the first rigorous proof of the AdS instability conjecture in the simplest
possible setting, namely for the spherically symmetric Einstein-massless Vlasov system, in the case
when the Vlasov field is moreover supported only on radial geodesics. This system is equivalent to
the Einstein-null dust system, allowing for both ingoing and outgoing dust. In order to overcome the
breakdown of this system occurring once the null dust reaches the center r = 0, we place an inner mirror
at r = ro > 0 and study the evolution of this system on the exterior domain {r > ry}. The structure of the
maximal development and the Cauchy stability properties of general initial data in this setting are studied
in our companion paper (2017, arXiv: 1704.08685).

The statement of the main theorem is as follows: We construct a family of mirror radii ro. > 0 and
initial data S, ¢ € (0, 1], converging, as ¢ — 0, to the AdS initial data Sy in a suitable norm, such that, for
any ¢ € (0, 1], the maximal development (M., g.) of S; contains a black hole region. Our proof is based
on purely physical space arguments and involves the arrangement of the null dust into a large number of
beams which are successively reflected off {r = r(.} and Z, in a configuration that forces the energy of a
certain beam to increase after each successive pair of reflections. As ¢ — 0, the number of reflections
before a black hole is formed necessarily goes to +00. We expect that this instability mechanism can be
applied to the case of more general matter fields.
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1. Introduction
Anti-de Sitter spacetime (Mﬂsl, gAds), 1 > 3, is the simplest solution of the Einstein vacuum equations
Ric,, —3Rguy + Aguy =0 (1-1)

with a negative cosmological constant A. In the standard polar coordinate chart on M aq4s, the AdS metric
takes the form

2 2 -1
gagss = —(1— ———Ar?)de?* + (1 = ———Ar*) dr*+r’gem, (1-2)
nn—1) nn—1)

where gg,-1 is the round metric on the (n—1)-dimensional sphere; see [Hawking and Ellis 1973].

Despite being geodesically complete, (M adgs, gads) fails to be globally hyperbolic. In particular, it can
be conformally identified with the interior of (R x S'|, gg), where S| is the closed upper hemisphere of
S" and gg is the metric

nn—1)
= —di* + [———— ) gsr. 1-3
8E + ( A )gS (1-3)
Through this identification, the time-like boundary
I"=Rx93S" ~RxS""! (1-4)

of (RxS" , gg) is naturally attached to (Mags, gaqs) as a “conformal boundary at infinity”’; see [Hawking
and Ellis 1973].

Maldacena [1998], Gubser, Klebanov, and Polyakov [Gubser et al. 1998] and Witten [1998] proposed
the AdS/CFT conjecture, suggesting a correspondence between certain conformal field theories defined
on Z" (in the strongly coupled regime) and supergravity on spacetimes asymptotically of the form
(/\/l'/’\gs1 x Sk, gaas + g sk), where (S%, g sk) is a suitable compact Riemannian manifold of dimension k.
Following the introduction of this conjecture, asymptotically AdS spacetimes (i.e., spacetimes (M, g)
with an asymptotic region with geometry resembling that of (Mags, gads) in the vicinity of 7)) became a
subject of intense study in the high-energy physics literature; see, e.g., [Aharony et al. 2000; Hartnoll
2009; Ammon and Erdmenger 2015].

The correct setting for the study of the dynamics of asymptotically AdS solutions (M, g) to (1-1) is
that of an initial value problem with appropriate boundary conditions prescribed asymptotically on Z. The
issue of the right boundary conditions on Z leading to well-posedness for the resulting initial-boundary
value problem for (1-1) was first addressed by Friedrich [1995]. Well-posedness for more general boundary
conditions and matter fields in the spherically symmetric case was obtained in [Holzegel and Smulevici
2012; Holzegel and Warnick 2015]; see also [Holzegel et al. 2020; Friedrich 2014]. In general, most
physically interesting boundary conditions on Z leading to a well-posed initial-boundary value problem
can be classified as either reflecting (for which an appropriate “energy flux” for g through Z vanishes)
or dissipative (allowing for a nonvanishing outgoing “energy flux” for g through 7), with substantially
different global dynamics associated to each case; see the discussion in [Holzegel et al. 2020].

Dafermos and Holzegel [2006a], see also [Dafermos 2006], suggested the following conjecture:
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AdS instability conjecture. There exist arbitrarily small perturbations to the initial data of (M ags, gads)
for the vacuum FEinstein equations (1-1) with a reflecting boundary condition on T which lead to the
development of trapped surfaces and, thus, black hole regions. In particular, (Mags, gads) is nonlinearly
unstable.

This conjecture was motivated in [Dafermos and Holzegel 2006a] by the study of asymptotically AdS
solutions to (1-1) with biaxial Bianchi IX symmetry in 4 + 1 dimensions, a symmetry class in which the
vacuum Einstein equations (1-1) reduce to a 1+ 1 hyperbolic system with nontrivial dynamics. This model
was introduced in [Bizon et al. 2005]. In this setting, it was observed in [Dafermos and Holzegel 2006a]
that perturbations of the initial data of (M ags, gads) (which, if not trivial, necessarily have strictly positive
ADM mass Mapwm, in view of [Gibbons et al. 1983]) cannot settle down to a horizonless static spacetime,
since Mapy is conserved along Z under reflecting boundary conditions and no static asymptotically AdS
solution of (1-1) with Mapm > 0 exists (according to [Boucher et al. 1984]). This picture was supported
by results of [Anderson 2006].

The following remarks should be made regarding the statement of the AdS instability conjecture:

o The perturbations referred to in the conjecture are assumed to be small with respect to a norm for which
(1-1) is well-posed and (M ags, gads) is Cauchy stable as a solution to (1-1) (otherwise, the conjecture is
trivial).! For such perturbations, Cauchy stability implies that the “time” elapsed before the formation of
a trapped surface tends to +oo as the size of the initial perturbation shrinks to 0.

o The AdS instability conjecture stands in contrast to the nonlinear stability of Minkowski space (R3*1, 1),
in the case A = 0 (see [Christodoulou and Klainerman 1993]), or de Sitter space (Mgs, g4s), in the
case A > 0 (see [Friedrich 1986]). The proof of the nonlinear stability of (R3*1 1) and (Mgs, gds) is
based on a stability mechanism related to the fact that linear fields on those spacetimes satisfy sufficiently
strong decay rates. The decay rates are, however, borderline in the case A = 0, and thus the stability of
(R3*1, 1) is a deep fact depending on the precise nonlinear structure of the system (1-1), whereas, in
the case A > 0, the decay is exponential and stability can be inferred relatively easily. In contrast, on
(Mads, gads), it can be shown that linear fields satisfying a reflecting boundary condition on Z remain
bounded, but do not decay in time. It is precisely the lack of a sufficiently fast decay rate at the linear
level which is associated to the possibility of nonlinear instability.

« The prescription of a reflecting boundary condition on 7 is essential for the conjecture: for maximally
dissipative boundary conditions, it is expected that (Mags, gaqs) is nonlinearly stable, in view of the
quantitative decay rates obtained for the linearized vacuum Einstein equations (and other linear fields)
around (M agds, gads) by Holzegel, Luk, Smulevici, and Warnick [Holzegel et al. 2020].

« In the biaxial Bianchi IX symmetry class, all perturbations of (Mags, gads) leading to the formation of
a trapped surface can be shown to possess a complete conformal infinity Z and are expected to settle down
to a member of the Schwarzschild-AdS family; see [Dafermos and Holzegel 2006a; 2006b]. However,

Here, Cauchy stability of (M ags, gads) refers to Cauchy stability of the conformal compactification of (Mags, gAds)
(including, therefore, the time-like boundary 7); see the discussion in the next section.
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in the absence of any symmetry, the picture regarding the end state of the evolution of general vacuum
perturbations of (Mags, gags) is complicated; see the discussion in the next section.

Starting from the pioneering work [Bizon and Rostworowski 2011], a plethora of numerical and
heuristic results have been obtained in the direction of establishing the AdS instability conjecture, mainly
in the context of the spherically symmetric Einstein-scalar field system. See the discussion in Section 1A.

In this paper, we will prove the AdS instability conjecture in the simplest possible setting, namely
for the Einstein-massless Vlasov system in spherical symmetry, further reduced to the case when the
Vlasov field f is supported only on radial geodesics. We will call this system the spherically symmetric
Einstein-radial massless Vlasov system. In fact, this is a singular reduction; the resulting system is
equivalent to the spherically symmetric Einstein-null dust system, allowing for both ingoing and outgoing
dust. This system has been studied in the A = 0 case in [Poisson and Israel 1990].

A serious problem with the spherically symmetric Einstein-null dust system is that it suffers from a
severe breakdown when the null dust reaches the center » = 0. In particular, in any reasonable initial-data
topology, the spherically symmetric Einstein-null dust system is not well-posed and (Mags, gads) 1s not
a Cauchy stable solution of it. One way to restore the well-posedness of this system (a necessary step
for the study of the AdS instability conjecture in this setting) is to place an inner mirror at some radius
sphere {r =rg} with ro > 0 and study the evolution of the system in the exterior region {r > ro}. However,
fixing the mirror radius rg results in a trivial global stability statement for (Mags, gads), as initial data
perturbations with total ADM mass niapm < %ro cannot form a black hole. Thus, it is necessary to allow
the radius rq to shrink to O as the total ADM mass of the initial data shrinks to 0, in order to address the
AdS instability conjecture in this setting. See the discussion in Section 1B.

A nontechnical statement of our result is the following:

Theorem 1 (rough version). The AdS spacetime (Miﬁé, gAds) s nonlinearly unstable under evolution
by the spherically symmetric Einstein-radial massless Vlasov system with a reflecting boundary condition
on I and an inner mirror, in the following sense.

There exists a one-parameter family of spherically symmetric initial data S, ¢ € (0, 1], and a family of
inner mirror radii r = ro, (With rog 20, 0) satisfying the following properties:

(1) As e = 0, |Sellcs = 05 i.e., the Sg converge to the initial data Sy of (M ags, €Ads)-

(2) For any ¢ > 0, the maximal future development (Mg, g.) of S¢ contains a trapped surface and, thus,
a black hole region. Moreover, (M., g.) possesses a complete conformal infinity .

The norm || - ||cs in 1 measures the concentration of the energy of S. in annuli of width ~ ro. and has
the property that the radial Einstein-massless Vlasov system is well-posed and (M ags, gads) is Cauchy
stable with respect to || - ||cs independently of the precise value of ro.. See Figure 1.

For progressively more detailed statements of Theorem 1, see Sections 1C and 4. For further discussion
on the need of an inner mirror at r ~ rq, and its relation to natural dispersive mechanisms appearing in
other matter models, see Section 1B.
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r =Troe

Figure 1. The family of initial data S, that we construct for the proof of Theorem 1
gives rise to a large number of Vlasov beams, which are successively reflected off 7
and the inner mirror at r = ro.. The Cauchy stability statement for || - ||cs implies that
the number of reflections necessarily goes to 400 as ¢ — 0 (see the remark after the
statement of the AdS instability conjecture).

We should also note the following:

» Except for the condition ro; < 2(Mapm). referred to earlier, where (Mapm)e is the ADM mass of S,
there is considerable flexibility in the choice of the mirror radii ro. in the statement of Theorem 1 and
this can be exploited to one’s advantage. For simplicity, we choose rq. to satisfy ro. ~ (Mapm). (see
also the discussion in Section 1C).

« While we do not address the issue of the end state of the evolution of S, it can be easily inferred from
our proof of Theorem 1 that the spacetimes (M., g.) settle down to a member of the Schwarzschild-AdS
family; see also [Moschidis 2017].

The trivial instability at » = 0 occurring for the spherically symmetric Einstein-null dust system is
absent in the case of smooth solutions to the general spherically symmetric Einstein-massless Vlasov
system (not reduced to the radial case). In particular, the smooth initial value problem for the spherically
symmetric Einstein-massless Vlasov system is well-posed, and placing an inner mirror at r =rg > 0 is
not necessary.> For a proof of the AdS instability in this setting, see our forthcoming [Moschidis 2018].

1A. Earlier numerical and heuristic works. Restricted under spherical symmetry, all solutions to the
Einstein vacuum equations (1-1) are locally isometric to a member of the Schwarzschild-AdS family; see
[Eiesland 1925]. Thus, any attempt to search for unstable vacuum perturbations of (M ags, gags) for (1-1)
in 3+ 1 dimensions cannot be reduced to a problem for a 14 1 hyperbolic system (where the wide variety
of available tools would make the problem more tractable).? For this reason, instead of (1-1), numerical

2In fact, well-posedness for the smooth initial value problem for the Einstein—Vlasov system also holds outside spherical
symmetry; see [Choquet-Bruhat 1971]. In the case A = 0, the stability of Minkowski spacetime for the Einstein-massless Vlasov
system without any symmetry assumptions was recently established in [Taylor 2017].

3This problem is circumvented in 4 4 1 dimensions by the biaxial Bianchi IX symmetry class referred to earlier; see [Bizon
et al. 2005].
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and heuristic works on the AdS instability have so far mainly focused on the Einstein-scalar field system

Ric;w _%Rguv + Ag;w = SnTuv[(pL
Dg(p =0, (1-5)
T;w[(p] = au‘p av‘p - %guvaagﬂ aa(p-

The system (1-5), whose mathematical study in the case A = 0 was pioneered in [Christodoulou 1999],
admits nontrivial dynamics in spherical symmetry, and spherically symmetric solutions to (1-5) share
many qualitative properties with general solutions of (1-1). Reduced under spherical symmetry in a
double null gauge (u, v) in 34 1 dimensions, i.e., a gauge where

g=—-Qdudv+rige, (1-6)
the system (1-5) takes the form
3u0y(rH) = —1(1 — ArHQ2,

QZ
3,0y log(Q?) = ﬁ(l +4Q729,r d,r) — 87 3,9 v,

19,(27208,r) = —47rQ2(3,9)2, (1-7)
0, (Q2728,r) = —4nrQ2(8,9)2,
Q2 —49,rd
auav(l"QO) = _ﬂ re.
4r2

The well-posedness of the asymptotically AdS initial-boundary value problem for the system (1-7) with
reflecting boundary conditions on Z was established by [Holzegel and Smulevici 2012].

Numerical results in the direction of establishing the AdS instability conjecture were first obtained by
Bizon and Rostworowski [2011], who studied the evolution of spherically symmetric perturbations of
(Mads, gags) for (1-5) in Schwarzschild-type coordinates. More precisely, [Bizon and Rostworowski
2011] numerically simulated the evolution of initial data for (1-5) with ¢ initially arranged into small
amplitude wave packets. It was found that, for certain families of initial arrangements of this form (of
“size” ¢), after a finite number of reflections on Z (proportional to £~2), the energy of the wave packets
becomes substantially concentrated, leading to a breakdown of the coordinate system associated with the
threshold of trapped surface formation.

Following [Bizon and Rostworowski 2011], a vast amount of numerical and heuristic works have
been dedicated to the understanding of the global dynamics of perturbations of (Mags, gags) for the
system (1-5); see, e.g., [Dias et al. 2012a; 2012b; Buchel et al. 2012; Maliborski and Rostworowski
2013; Balasubramanian et al. 2014; Craps et al. 2014; 2015; Bizon et al. 2015; Dimitrakopoulos
et al. 2015; 2016; 2018; Green et al. 2015; Horowitz and Santos 2015; Dimitrakopoulos and Yang
2015]. In these works, the picture that arises regarding the long-time dynamics of generic spherically
symmetric perturbations is rather complicated: Apart from perturbations that lead to instability and
trapped surface formation [Dias et al. 2012b; Buchel et al. 2012], it appears that there exist certain
types of perturbations (dubbed ““islands of stability”’) which remain close to (Mags, gads) for long
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times; see [Dias et al. 2012a; Maliborski and Rostworowski 2013; Balasubramanian et al. 2014; Dim-
itrakopoulos and Yang 2015]. Perturbations of the latter type might in fact occupy an open set in
the moduli space of spherically symmetric initial data for (1-5); see [Balasubramanian et al. 2014;
Dimitrakopoulos and Yang 2015]. The question of existence of open “corners” of initial data around
(Mads, gags) leading to trapped surface formation has also been studied; see, e.g., [Dimitrakopoulos
et al. 2015].

Another interesting problem in this context is the characterization of the possible end states of the
evolution of unstable perturbations of (Mags, gads). Holzegel and Smulevici [2013b] established that
the Schwarzschild-AdS spacetime (Msch, gscn) 1S an asymptotically stable solution of the system (1-5)
in spherical symmetry, with perturbations decaying at an exponential rate.* This result supports the
expectation that all spherically symmetric perturbations of (Mags, gags) for the system (1-5) leading
to the formation of a trapped surface eventually settle down to a member of the Schwarzschild-AdS
family; see [Dafermos and Holzegel 2006a; 2006b]. However, beyond spherical symmetry, Holzegel and
Smulevici [2013a; 2014] showed that solutions to the linear scalar wave equation

Ugsnp =0 (1-8)

on (Msch, gsch) (and, more generally, on Kerr-AdS) decay at a slow (logarithmic) rate, which is insufficient
in itself to yield the nonlinear stability of (Msch, gsch) (see our remark below the statement of the AdS
instability conjecture). Thus, [Holzegel and Smulevici 2014] conjectured that (Msch, gsch) is nonlinearly
unstable. On the other hand, based on a detailed analysis of quasinormal modes on (Msgch, gsch), Dias,
Horowitz, Marolf, and Santos [Dias et al. 2012a] suggested that sufficiently regular, nonlinear perturbations
of (Msch, gsch) still remain small, at least for long times. As a result, the picture regarding the end state
of the evolution of generic perturbations of (Mags, gags) outside spherical symmetry remains unclear;
see also [Horowitz and Santos 2015; Dias and Santos 2016; Rostworowski 2017].

Following [Bizon and Rostworowski 2011], the bulk of heuristic works have implemented a fre-
quency space analysis in the study of the AdS instability conjecture. A notable exception is the work
of Dimitrakopoulos, Freivogel, Lippert, and Yang [Dimitrakopoulos et al. 2015], where a physical
space mechanism possibly leading to instability for the system (1-7) is suggested. We will revisit the
mechanism of [Dimitrakopoulos et al. 2015] and compare it with the results of this paper at the end of
Section 1D.

1B. The Einstein-null dust system in spherical symmetry. A spherically symmetric model for (1-1)
which is even simpler than (1-5) is the Einstein-massless Vlasov system; see [Andréasson 2011; Rein
1995]. The case where the Vlasov field is supported only on radial geodesics is a singular reduction of
this system which is equivalent to the Einstein-null dust system, allowing for both ingoing and outgoing
dust; see [Rendall 1997]. This system was studied in the seminal work [Poisson and Israel 1990] on mass

4 A similar result can presumably also be deduced for the vacuum Einstein equations (1-1) reduced under the biaxial Bianchi IX
symmetry in 4 + 1 dimensions, following by an amalgamation of the proofs of [Holzegel 2010] and [Holzegel and Smulevici
2013b].
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inflation. In 3 + 1 dimensions, it takes the form (in double null coordinates (u, v))

0y (r?) = —5(1 = ArH)Q?,
2
900, log(Q2) = %(1 FAQ2 0, 0,r),
r
) 0,(27%0,r) = —4nr~1Q721, (1-9)
0, (72 9,r) = —4nr Q7 21,
3,7 =0,
0,7 =0.

In certain cases, the Einstein-null dust system (1-9) can be formally viewed as a high-frequency limit
of the FEinstein-scalar field system (1-7) (as was already discussed in [Poisson and Israel 1990]): Setting

T =r20u)?, T =ri(0p)?

in (1-5) and dropping all lower-order terms from the wave equation for ¢, one formally obtains (1-9)
in the region where d,¢ 0,¢ is negligible, i.e., outside the intersection of the supports of 7, 7. While
this formal limiting procedure can be rigorously justified away from r = 0, the dynamical similarities
between (1-7) and (1-9) break down close to r = 0. A fundamental difference between these systems
is the fact that, while small-data asymptotically AdS solutions to (1-7) satisfying a reflecting boundary
condition at Z remain regular (and “small”) for large times, all nontrivial solutions to the system (1-9)
break down once the support of T reaches the axis y (i.e., the time-like portion of {r = 0}), independently
of the boundary conditions imposed at Z. This is an ill-posedness statement for (1-9), which needs to be
addressed before any attempt to study the AdS instability conjecture in the setting of (1-9).
We will now proceed to discuss this difference of (1-7) and (1-9) in more detail.

Cauchy stability for the Einstein-scalar field system. The following Cauchy stability result holds for the
system (1-7):

Proposition 1 (Cauchy stability for (1-7); see [Holzegel and Smulevici 2012]). For a suitable initial-
data norm || - ||initial, (MAads, €adgs) is Cauchy stable as a solution of the system (1-7) with reflecting
boundary conditions on I. That is to say, for all fixed times T, > 0, any perturbation of the initial data of
(Mads, gads) which is small enough (when measured in terms of || - ||initial) With respect to T, gives rise to
a solution of (1-7) which is regular and close to (Mags, gads) for times up to T.

Remark. In the statement of Proposition 1, Cauchy stability of (Mags, gags) refers to stability over
fixed compact subsets of the conformal compactification of (Mags, gads), such as subsets of the form
{0 <t < T,}inthe (¢, r, ¥, ¢) coordinate chart. Any such subset contains, in particular, a compact subset
of the time-like boundary Z.

The initial-data norm || - ||initia1, for which the Cauchy stability of (Mags, gags) follows from [Holzegel
and Smulevici 2012], is a higher-order, suitably weighted C* norm. However, this is not the only norm
for which (Mags, gads) can be shown to be Cauchy stable: An additional, highly nontrivial example of
such a norm is the bounded variation norm of [Christodoulou 1993] (modified with suitable r-weights
near r = 00). Similar low-regularity norms will also play an important role in this paper (see Section 1B).
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Assuming, for simplicity, that initial data are prescribed on the outgoing null hypersurface corresponding
tou =0, for 0 < v < v,, a necessary condition for Cauchy stability of (Mags, gaqs) for the system (1-7)

with respect to an initial-data norm || - [|initia1 iS that, for any given Ry > 0, | - [linitial cOntrols the quantity
m(0, vp) —m(0, v
- sup 0, v2) 0, vy1) ’ (1-10)
0<vi<vp<v, (10, v2) =7 (0, v1))[log(r (0, v2)/r (0, v1) — )|
r(0,v2)/r(0,v1)<3/2
r(0,v2)<Ro
where m is the renormalized Hawking mass, defined in terms of the Hawking mass m,
m=1r(1—4Q728,r d,r), (1-11)
by the relation
m=m—LtAr. (1-12)

This is a consequence of the fact that, when .# exceeds a certain threshold (depending on Ry), there
exists a point p = (u4, v+) in the development of the initial data, with 0 < u < v,, such that

sz(uT, vy) > 1, (1-13)
a result proven in [Christodoulou 1991].5 The bound (1-13) implies that
Our(uy, v+) <0,  9yr(us, vy) <0, (1-14)

1.e., that the symmetry sphere associated to (u+, v+) is a trapped surface. In particular, (u+, vy) is contained
in a black hole.®

As a corollary, it follows that the total ADM mass of the initial data, though expressible as a coercive
functional on the space of initial data of (1-7), does not yield a norm for which (M ags, gads) is Cauchy
stable for (1-7), since the ADM mass manifestly fails to control (1-10).

Break down at r =0 and “trivial” Cauchy instability for the Einstein-null dust system. The following
instability result holds for the system (1-9) (see [Moschidis 2017]):

Proposition 2 (Cauchy instability for (1-9)). Any globally hyperbolic spherically symmetric solution
(M, g; 7, T) of (1-9) with nonempty axis y “breaks down” at the first point when a radial geodesic in the
support of T reaches y: Beyond that point, (M, g; T, T) is C° inextendible as a spherically symmetric
solution to (1-9). As a result, (Mads, gads) is not a Cauchy stable solution of (1-9) for any “reasonable”
initial-data topology.

For the precise definition of the notion of C? inextendibility as a spherically symmetric solution to
(1-9), see [Moschidis 2017]. Note that this is a stronger statement than (M, g; 7, T) breaking down as a
smooth solution of (1-9). We should also note the following regarding Proposition 2:

SThe result of [Christodoulou 1991] was restricted to the case A = 0, but the proof can be readily modified to include the
case A < 0.

6We should remark that (1-14) follows from (1-13) under the assumption that d,r < 0 (which always holds provided, initially,
our|y=0 < 0, see [Christodoulou 1993]).
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« Proposition 2 holds independently of the value of the cosmological constant A. In particular, Minkowski
spacetime (R3*!, 1) is not Cauchy stable for (1-9) with A = 0 for any “reasonable” initial-data topology.

» Proposition 2 yields a uniform upper bound on the time of existence of solutions (M, g) to (1-9) for
any initial data set for which 7 is not identically equal to 0, depending only on the distance of the initial
support of T from the axis and, thus, independent of the proximity of the initial data to the trivial data (in
any reasonable initial-data norm). We should also highlight that the instability of Proposition 2 has nothing
to do with trapped surface formation: Up to the first retarded time when a radial geodesic in the support of
T reaches y, any solution (M, g) to (1-9) arising from smooth initial data close to (M ags, gads) remains
smooth and close to (Mags, gads), and (M, g) contains no trapped surface. In fact, in this case, despite
being CY inextendible as a globally hyperbolic spherically symmetric solution to (1-9), (M, g) is globally
C°-extendible as a spherically symmetric Lorentzian manifold; see [Moschidis 2017].

o The Cauchy stability statement for (M ags, gads) for the system (1-7) stated in Proposition 1 can be
informally interpreted as the result of a natural dispersive mechanism close to the axis y displayed by the
system (1-7), which does not allow the energy of ¢ to concentrate on scales smaller than 7 in O (1) time,
provided a suitable initial norm of ¢ (controlling at least (1-10)) is small enough. No such mechanism is
present for the system (1-9), as is illustrated by Proposition 2.

Resolution of the “trivial” instability of (1-9) through an inner mirror. In order to turn the spherically
symmetric Einstein-null dust system (1-9) into a well-posed, Cauchy-stable system (a necessary step
for converting (1-9) into an effective model of the vacuum Einstein equations (1-1)), it is necessary to
explicitly add to (1-9) a mechanism that prevents the breakdown at r = 0 described by Proposition 2, so
that, moreover, an analogue of Proposition 1 holds for (1-9). This can be achieved by placing an inner
mirror at r =rp > 0, i.e., by restricting (1-9) on {r > rp}, for some ry > 0, and imposing a reflecting
boundary condition on the portion yy of the set {r = r¢} which is time-like.

Remark. The reflecting boundary condition on yy can be motivated by the fact that, for smooth spherically
symmetric solutions (M, g; ¢) to (1-5), the function ¢, viewed as a function on the quotient of (M, g)
by the spheres of symmetry, satisfies a reflecting boundary condition on the axis.

The well-posedness and the properties of the maximal development for the system (1-9) with reflecting
boundary conditions on Z and yy are addressed in the companion paper [Moschidis 2017]. The following
result is established in that paper:

Theorem 2 (well-posedness for (1-9) with an inner mirror). For any ry > 0 and any smooth asymptotically
AdS initial data set (r, Q%, T, T) lu=0 on u = 0, there exists a unique smooth maximal future development
(r, Q%, 1, T) on {r > ro}, solving (1-9) with reflecting boundary conditions on T and vy, where rly =ro
and yy coincides with the portion of the curve {r = ro} which is time-like (fixing the gauge freedom by
imposing a reflecting gauge condition on both T and yy). For this development, T is complete and {r = ry}
is time-like in the past of I (see Figure 2).

In the case when the future event horizon H is nonempty, it is smooth and future complete. A necessary
condition for H to be nonempty is the existence of a point (u+, v+) where (1-13) holds. If the total mass
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Figure 2. Schematic depiction of the domain on which the maximal future development
(r, Q%, 7, T) of a smooth initial data set on u = 0 (with reflecting boundary conditions on
7 and yp) is defined. A gauge condition ensures that Z and yy are straight vertical lines.
Conformal infinity 7 is always complete in this setting. In the case when the future event
horizon H* is nonempty, it is smooth and has infinite affine length. In this case, apart
from the mirror yy, the boundary of the domain has a space-like portion on which {r = rg}.

m|z and the mirror radius ry satisfy

<1-1Arg, (1-15)
then necessarily H™ = @.

For a more detailed statement of Theorem 2, see Section 3 and [Moschidis 2017].

In view of the fact that H* = & in the case when the total mass 72|7 and the mirror radius r( satisfy
(1-15), in order to address the AdS instability conjecture for the system (1-9) with reflecting boundary
conditions on Z and yy, it is necessary to allow ry to shrink to O with the size of the data. Thus,
addressing the AdS instability conjecture in this setting requires establishing a Cauchy stability statement
for (Mags, gads) Which is independent of the precise value of the mirror radius ro. This is the statement
of the following result, proved in our companion paper [Moschidis 2017]:

Theorem 3 (Cauchy stability for (1-9) uniformly in ry). Given ¢ > 0, u, > 0, there exists a § > 0 such
that the following statement holds: for any ro > 0 and any initial data set (r, Q2, T, T)|u—o satisfying
1r, %, 7, D) llu=o
. / 7(0, v) ~—=Adv (
= + sup
u u=0

2m\ !
1—— —1 —Am
=0 |p(0,v) — p(0, v)| +tan~! (/= Arp) up(0, v) ( r ) ‘ m)
<e, (1-16)

v

p(0,v) = tan~' (v/=Ar)(0, v), (1-17)
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the corresponding solution (r, Q*, t, T) to (1-9) with reflecting boundary conditions on T and yy will

satisfy
sup ||(r, 2%, 7, T)|luzis < 9. (1-18)
0<u<u,

For a more detailed statement of Theorem 3, see Section 3 and [Moschidis 2017].

Notice that the norm (1-16) vanishes only for the trivial initial data (r, Q2,0,0). Informally, Theorem 3
implies that, if the energy of the initial data concentrated on scales proportional to the mirror radius ry is
small enough, then the energy of the solution to (1-9) (with reflecting boundary conditions on Z and yy)
will remain similarly dispersed for times less than any given constant. In particular, no trapped surface
can form in this timescale if ¢ is chosen sufficiently small.

In Section 3, we will also present a Cauchy stability statement for general solutions of (1-9) with
reflecting boundary conditions on Z and yy, which will be used in the proof of Theorem 1 (see Theorem 3.6).

1C. Statement of Theorem 1: the nonlinear instability of AdS. According to Theorem 3, a Cauchy
stability statement holds for (Mags, gaqs) for time intervals which are independent of the precise value
of the mirror radius ry, depending only on the smallness of the initial-data norm (1-16). As a result, it is
possible to study the AdS instability conjecture for the system (1-9) with reflecting boundary conditions
on Z and yyp, for perturbations which are small with respect to (1-16), allowing the mirror radius rg to
shrink with the size of the data. In this paper, we will prove the following result:

Theorem 1 (more precise version). There exists a family of positive numbers ro. (satisfying rogiO)
and smooth initial data (r, Q%, T, T)®|,—o for the system (1-9) satisfying the following properties:

(1) In the norm || - ||,=o defined by (1-16),
I, 22,7, 5 lluzo <= 0. (1-19)

(2) For any € > 0, the maximal development (r, Q2 7,7)® of (r, Q27,790 for the system (1-9)
with reflecting boundary conditions on L and yy, r|,, = ro. contains a trapped sphere; i.e., there

exists a point (ug, vg) such that
2 ©)
7@

(e, ve) > 1. (1-20)

Thus, in view of Theorem 2, (r, Q2 1, 'E)(S) contains a nonempty, smooth and future complete event
horizon Ht and a complete conformal infinity T.

For the definitive statement of Theorem 1, see Section 4. The following remarks should be made
concerning Theorem 1:

o In view of the Cauchy stability of (Mags, gads) with respect to (1-16) (see Theorem 3), the time’
required to elapse before (1 —2m® /r®)) becomes negative necessarily tends to +oo as ¢ — 0. However,
our proof yields a quantitative upper bound (increasing to +o0o as € — 0) on the time of trapped sphere
formation for the development of (7, Q2. 7, 7) O, (see (4-6)).

"TWhere time is measured with respect to the (dimensionless) coordinate function 7 = v/— A (u + v).
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« In view of the fact that #* = @ when (1-15) holds, in order for (r, Q2, 7, 7)© to satisfy both (1-19)
and (1-20), it is necessary that o, — 0 as ¢ — 0, at a rate which is at least as fast as that of 2/m® |78 i.e.,

roe < 2m®|z. (1-21)

In fact, we choose the family rq., (r, Q2, 7, 7)®|,_o of Theorem 1 to saturate the bound (1-21) in the
limit ¢ — 0; i.e.,
lim — % —1. (1-22)
e—0 2m ) |z
For the proof of Theorem 1, (1-22) is not essential and can be relaxed; however, it is fundamental for our
proof that rq, is bounded from below by some small multiple of 7®|7.

o It follows from the proof of Theorem 2 that, in the case A = 0, Minkowski spacetime ([R{3+1, n) is
globally stable (for the system (1-9) with reflecting boundary conditions on the inner mirror {r = ry}) to
initial data perturbations which are small with respect to the norm (1-16), independently of the precise
choice of rg. This fact further justifies the choice of the matter model and the norm (1-16) as a setting for
establishing the AdS instability conjecture.

o The proof of Theorem 1 also applies in the case A = 0 when placing an outer mirror at r = Ry > rg (in
addition to the inner mirror at r = ry), i.e., restricting the solutions of (1-9) in the region {ro <r < Ro}
and imposing reflecting boundary conditions on both {r = r¢} and {r = Rp}. This is in accordance with
the numerical results of [Buchel et al. 2012] for the system (1-5).

« It can be readily inferred by Cauchy stability (see Theorem 3.6 in Section 3D) that, for any y, =
(r, Q2 T, f)(g) |u=0 in the family of initial data of Theorem 1, there exists an open neighborhood W, of
initial data around y, such that, for all y € W,, the maximal future development of y also contains a
trapped surface. In particular, the set of initial data leading to trapped surface formation is open. An even
stronger genericity statement would be the existence of an open instability corner in the space of initial
data around (M ags, gads) (see [Dimitrakopoulos et al. 2015]), i.e., the existence of a ¢; > 0 such that
{y :dist(y, ye) <ci1llyellu=o} C W, for all ¢ > 0 (with dist( -, - ) being the distance function associated to
(1-16) for ro = ro.). While we have not addressed the issue of genericity of the unstable initial data in
this paper, we expect that the proof of Theorem 1 can be adapted to yield the existence of an instability
corner around (Mags, gads)-

o A plethora of numerical works, see, e.g., [Bizoni and Rostworowski 2011; Buchel et al. 2012; Bizon
et al. 2015; Dimitrakopoulos et al. 2015], suggest that, in the case of the Einstein-scalar field system

(1-5), for families of initial data ((péo), (pél) ) for the scalar field ¢ of the form

@, o) = (9, £9") (1-23)

(where (9@, (V) is a fixed initial profile), trapped surface formation occurs at time ~ ¢~2. However,
any rigorous formulation of this statement for general families of initial data, not necessarily of the form
(1-23), requires fixing an initial-data norm for which the initial data size is measured, with different

8Note that the renormalized Hawking mass () is constant on Z when imposing a reflecting boundary condition.
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r =Troe

o0+ = 4

Figure 3. The initial data (r, Q2, 7, T)®|],—¢ give rise to a bundle of ingoing beams
which are successively reflected off {r = ro.} and Z = {r = +o00}. While the number of
beams goes to infinity as ¢ — 0, for simplicity, we only depict here a bundle of three
beams. As long as the total width of the bundle of beams remains small, the interaction
set naturally splits into a part which lies close to {r = r¢o.} and a part near Z. We have
also marked with a red dashed line the beam lying (initially) to the future of the rest.

choices of (scale-invariant) norms possibly leading to different time scales of trapped surface formation
for initial data of size ~ . For this reason, given that the initial data (z, T)®|,—o in Theorem 1 cannot be
viewed as a rescaling of a fixed profile of the form (1-23), we have not tried to optimize the time required
for trapped surface formation in Theorem 1 in terms of the initial norm (1-16).

1D. Sketch of the proof and remarks on Theorem 1. We will now proceed to sketch the main arguments
involved in the proof of Theorem 1.

Construction of the initial data. The family of initial data (r, Q2, 7, 7)®|,—¢ in Theorem 1 is chosen so
that its total ADM mass 7’|z and the mirror radius ro, satisfy (for ¢ < 1)
roe, M|z ~ e(—A) 12, (1-24)
In particular, fixing a function A (g) in terms of & such that
e h(e) K1,

the initial data (r, Q2, 7, T)©|,—o are constructed so that the null dust initially forms a bundle of narrow
ingoing beams emanating from the region r ~ 1; see Figure 3. The number of the beams is chosen
to be large, i.e., of order ~ (h(¢))~!, and the beams are initially separated by gaps of r-width ~
(h(e))'e(—=A)~"1/2. The large number of beams and their initial separation are chosen so that

e—>0

I(r, @2, 7, £) |lymo ~ h(e) === 0. (1-25)
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Remarks on the configuration of the null dust beams. As the solution (r, Q2, 7, T)®) arising from the
initial data set (r, Q2, 7, T)®|,—0 evolves according to (1-9), the null dust beams are reflected successively
off yo = {r = ro.} and Z, as depicted in Figure 3. The beams separate the spacetime into vacuum regions
(the larger rectangular regions between the beams in Figure 3), where the renormalized Hawking mass
m'® is constant (recall the definitions of the Hawking mass and the renormalized Hawking mass by (1-11)
and (1-12), respectively). The interaction set of the beams consists of all the points in the spacetime
where two different beams intersect (depicted in Figure 3 as the union of all the smaller dark rectangles,
lying in the intersection of any two beams). As long as the total width of the bundle of beams remains
small, the interaction set can be split into two sets, one consisting of the intersections occurring close to
the mirror )y and one consisting of the intersections near Z (see Figure 3).

Every beam is separated by the interaction set into several components. To each such component, we
can associate the mass difference ®m between the two vacuum regions which are themselves separated
by that beam component. The mass difference ©m measures the energy content of each beam component
and, in view of the nonlinearity of the system (1-9), it is not necessarily conserved along the beam after
an intersection with another beam. Precisely determining the resulting change in the mass difference after
the interaction of two beams will be the crux of the proof of Theorem 1.

Beam interactions and change in mass difference. In Figure 4, the region around the intersection of an
incoming null dust beam ¢;, and an outgoing null dust beam ¢,y is depicted. This region is separated

by the beams into four vacuum subregions Ry, ..., R4 with associated renormalized Hawking masses
mi, ..., my (see Figure 4). Before the intersection of the two beams, the mass difference of the incoming
beam ¢j, is

D i = 3 — gy, (1-26)

while the mass difference of the outgoing beam gy is
D_m=my—my. (1-27)

After the intersection of the beams, the mass differences associated to ¢j, and oy become

D i =iy — s, (1-28)
Dim=m3—m, (1-29)
respectively.
Assuming that
oo, (1-30)
Oyr <0 < 0yr, (1-31)

we can readily obtain the following differential relations for r and m from (1-9):

o7 dr T
oylog| ——— )| =—— ,
1-2m/r r o —o,r

(1-32)
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Figure 4. The region in the (u, v)-plane around the intersection of an incoming beam
Cin and an outgoing beam {oy. The regions R;, i = 1,...,4, are vacuum and the
renormalized Hawking mass m is constant (and equal to #1;) on each of the R;’s.

and
(1-33)

We will also assume that:

o The null dust beams ¢j, and &,y are sufficiently narrow so that, on their intersection &, N Lout, 7 can
be considered nearly constant:’

sup r— inf r < e(—N)"V2, (1-34)
CinMN&out EinMN&out

o D, —D_si and D, — D _i are relatively small.'”
Then, (1-32)—(1-33), combined with the conservation laws
0,7=0, 0J,T=0,

yield the following relations for the change in the mass difference associated to &, and oy after their

intersection: s D
Dot =D i -exp| 2 —— 4 Eeen), (1-35)
rl1—2my/r
2 D
D=0 s-exp(—2——" 4 Ereou), (1-36)
rl1—2my/r

where the error terms Ertj,, Evryy are negligible compared to the other terms in (1-35), (1-36) (see also
the relations (6-51) and (6-52) in Section 6A2). In particular, whenever an ingoing and an outgoing null
dust beam intersect, the mass difference of the ingoing beam increases, while that of the outgoing beam
decreases.

9This is possible in view of the fact that, for solutions (r, Qz, 7, 7) to (1-9), r remains uniformly continuous in the limit when

7, T tend to §-functions in the u-, v-variables, respectively.
10Note that, necessarily, ® 1m — O _m = —(D1m —D_m).
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Remark. Notice that, according to (1-35) and (1-36), the change in the mass difference of each of the
beams &in, Cout after their intersection can be estimated in terms of the mass difference of the other beam
and the value of r and inf(1 — 2m/r) in the region of intersection. A relation for the change of the mass
difference of two infinitely thin, intersecting null dust beams was also obtained in [Poisson and Israel 1990].

The instability mechanism. Let us now consider, among the null dust beams arising from the initial data
(r, Q%, 1, T)®,—0, the beam ¢y which initially lies to the future of the rest (this is the beam marked with
a dashed line in Figure 3). Defining

&, [1+] = mass difference associated to gp at {o N {u +v =1,}, (1-37)

we will examine how &, changes along o, after each successive intersection of o with the rest of the
beams:

(1) Starting from u = 0 up to the first reflection of ¢y off the inner mirror yy, the beam ¢y is ingoing and
intersects all the other beams after they are reflected off yy. Thus, applying (1-35) successively at each
intersection of ¢y with an outgoing beam, we infer that £ increases at this step by a multiplicative factor

20m 9|7 — Egylu=0) (1 z-:)),

Ty

Ain = exp( (1-38)

where r,, is the value of r at the region of intersection of ¢y with the first beam which is reflected off
{r = ro¢} (note that r, is also the r-width of the bundle of beams when ¢y first reaches the mirror yp). In
obtaining (1-38), we have assumed that

roe LK ryp L (=AY V2 @)z ~rge,  Egylumo <17

(where the latter holds in view of the way the initial data where chosen).

(2) The mass difference &, right before and right after the reflection of ¢y off yy is the same, in view of
the reflecting boundary conditions on .

(3) From its first reflection off yg up to its first reflection off Z, the beam ¢y is outgoing and intersects
(again) the rest of the beams in the region close to Z (after these beams are reflected off 7). Applying
(1-36) successively at each intersection, we infer that £, decreases at this step, being multiplied by a

7)) —
1> Agy > eXp(—z(m Iz g{olu:O) (( 1 ) —I-S)), (1-39)

1 2
rr 1—e—1Ar2

factor

where r7 is the value of r at the region of intersection of ¢y with the first beam which is reflected off 7.
In obtaining (1-39), we have assumed that rz > (—A)~ Y2 (which holds in view of the way the initial
data where chosen).

(4) The mass difference &, right before and right after the reflection of ¢y off 7 is the same, in view of
the reflecting boundary conditions on Z.
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Therefore, provided r,, < (—A)_l/ 2 « rz, we infer that, after the first reflection of Lo off yp and Z,
the mass difference &, increases by a factor

2|7 — & lue 29 |7 — & lu 1
Atot:Ain'AoutZeXp< 01z = Enluz0) |y 20801 §0|u—0)( _— +8))
Ty 'z (1_8_§AVI)
7@ g | _
> exl{M), (1-40)
Ty

The steps (1)—(4) in the above procedure can then be repeated for each successive reflection of ¢y off yy

and Z, as long as

—1/2

roe L rypn K (—A) L Tn, (1-41)

where ry,.,, rz,, are the values of ry, rz., after the n-th reflection of ¢y on yy and Z (note that r,,., is
also the r-width of the bundle of beams at the n-th reflection of ¢y off y4). Thus, as long as (1-41) holds,
denoting with &., the value of &, at the n-th reflection of ¢y off yy, the following inductive bound holds:

5{() n= Atot n 5{() n—1» (1-42)
where the multiplicative factor
2@, — &, .
Atot:n = €Xp (—m Iz~ Equin ) (1-43)
Fygin

is always greater than 1, since &., < 1|z (see also the relation (6-13) in Section 6A). This is the main
mechanism driving the instability, and the proof of Theorem 1 is aimed at showing that, for some large
enough n(e) depending on ¢,
n(e)
A e 1-44
H totin > 28¢0|u - (1-44)
Inequality (1-44) implies (in view of (1-42)) that

28,
onte) o, (1-45)

I0g
i.e., that, after the n(e)-th successive reflection of ¢y on y and Z, the mass difference &, has become so
large that a trapped surface (in particular, a point where 2m /r > 1) necessarily forms before {y reaches the
mirror yy = {r = ro,} for the (n(¢)+1)-th time (provided ¢y was initially chosen sufficiently “narrow”).!!

Control of r,., and the final step before trapped surface formation. The main obstacle to establishing
(1-44) (and, thus, Theorem 1) is the following: Once &, exceeds c - ro, for some fixed (small) ¢ > 0,
the total r-width of the bundle of beams close to yy, i.e., ry,., in (1-43), increases after each successive

'We should remark that, once a trapped surface S has formed, {r = ro.} N JT(S) (where JT(S) is the future of S) will be
space-like and we will not study the evolution of the spacetime beyond {r = ro.} N J1(S). In particular, no more reflections of
the beams will occur in the future of S. See Theorem 2.
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reflection off yp and Z. Thus, the multiplicative factor (1-43) decreases as n grows. The increase in ry,.,
is more dramatic when the spacetime is close to having a trapped surface, i.e., when 2m/r is close to 1.2
Controlling the growth of r,,., is achieved by establishing an inductive bound of the form

2Ern—
Tyon < Tygin—1- (1 +Co "0e ( log(l — io—l)‘ + 1)) (1-46)
O¢

Fypin—1
(see also the relation (6-14) in Section 6A). Obtaining the bound (1-46) is one of the most demanding
parts in the proof of Theorem 1 and requires controlling the r-distance r}(,;)
beam ¢ at the n-th reflection off y for all n < n(¢), i.e., establishing a bound of the form

,, of o from the second-to-top

)
v, . Er .
o 1+co< ‘O'O). (1-47)

T0e roe

(see (6-12) in Section 6A). The bound (1-47) is in turn obtained by establishing an inductive bound of the

form
(€8]

rin— Er -
yo;n—1 osn _
log( 0 ) < ( OIOg(—gg. _1>, (1-48)
0.1

Yoin

estimating the decrease of r)(/é)n by the increase of &, at each reflection (see (6-129) in Section 6A2).
The bound (1-47) is inferred from (1-48), in view of the fact that &, > &.,—1 and

= £ £ .
Zlog< Sosn ) _ 10g< é“o;n(s)) < log( (03 ) (1-49)
n=1 E;O;n,1 5(0:0 25(0;0
At the level of the initial data, obtaining (1-46) and (1-48) requires introducing a certain hierarchy for the
scales of the r-distances and mass differences associated to the beams initially (see (5-2) and (5-3) in

Section 5A).
Combining (1-42) and (1-46), we can show that there exists a large n(g) such that, after n(¢) reflections

of ¢y off yp (but not earlier!), we have

2&;,:
T o 1~ c(e), (1-50)
roe
where c(e) < h(e) is a fixed function of &. Note that, compared to (1-45), (1-50) is a slightly weaker
bound, which just stops short of implying that a trapped surface is formed. In order to complete the proof
of Theorem 1, we therefore have to consider two different scenarios for £ (¢):

Case 1: In the case when (1-45) holds, the proof of Theorem 1 follows readily, since (1-45) implies that,
before ¢y reaches {r = ro.} for the (n(e)+1)-th time, a point arises where 2m /r > 1.

12The example of two outgoing null rays in the exterior of Schwarzschild-AdS, with mass M < (—A)~ 172 serves to illustrate
this phenomenon: The 7-separation of two rays emanating from the region close to the future event horizon %1, where 2m/r ~ 1,
increases dramatically by the time they reach the region r ~ (—A)~1/2. This is, of course, nothing other than the celebrated
red-shift effect.
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Case 2: In the case when (1-50) holds but (1-45) is violated, we have the bound

26
1—c(e) < 250 (1-51)
roe

In this case, ¢y reaches {r = rq.} for the (n(e)+1)-th time before a trapped surface has formed. One would
be tempted to repeat the above procedure for one more reflection, in an attempt to establish that a trapped
surface has formed before the (n(g)+2)-th reflection of ¢y off 3. However, the bound (1-51) implies
that most of the bootstrap assumptions needed for the proof of Theorem 1 (which we have suppressed
in this sketch for the sake of simplicity) are violated beyond the (n(g)+1)-th reflection and, thus, the
above procedure cannot be repeated. For this reason, we choose a different path: Applying a Cauchy
stability statement backwards in time (see Theorem 3.6), we show that there exists a small perturbation
(', ()2, 1/, T)®|,— of the initial data (r, Q?, 7, T)® |, (satisfying (1-25)), such that the perturbed
solution (', ()2, 7/, T/)® to (1-9) satisfies (1-45) and, furthermore,

/

Eente) > 1 (1-52)

roe
(where &} is similarly defined by the relation (1-37) for (, ()2, 7/, )@ in place of (r, Q%, 7, T)®).
Thus, we end up in the scenario of Case 1, and the proof of Theorem 1 follows readily.

Further remarks on the proof of Theorem 1. The proof of Theorem 1 involves many technical issues
related to the final step of the evolution before a trapped surface is formed. Most of these technical
issues simplify considerably in the case when one restricts to showing a weaker instability statement for
(Mads, gads), €.2., by replacing (1-20) with

(&)
(-3
r

See Sections 4 and 6A1 for more details.

1

<5 (1-53)

(ue,ve)

The mechanism leading to trapped surface formation in the proof of Theorem 1 only made use of
the fact that we chose the initial data (r, 2, 7, T)®|,—o so that the matter was supported in narrow null
beams, successively reflected off yy and Z, while the matter model satisfied the condition

T, = Q%48 T4 =0. (1-54)

Thus, we expect that the same mechanism can be adapted to the case of more general matter fields, which
allow for matter to be arranged into narrow and sufficiently localised null beams, satisfying (in a region
around the set of intersection of the beams)

Tuos 192848 Tap| < Ty + Too, (1-55)

with such a configuration arising moreover from initial data which are small in a norm for which
(Mads, gags) 1s Cauchy stable. For an application of this mechanism in the case of the spherically
symmetric Einstein-massless Vlasov system (without reducing to the radial case and without an inner
mirror), see our forthcoming [Moschidis 2018].
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Finally, let us remark that the general mechanism of instability suggested by the proof of Theorem 1
can be summarized as follows: In a configuration consisting of a relatively narrow bundle of nearly
null beams of matter that are successively reflected on Z and » = 0 (on an approximately (M ags, gads)
background), the energy content of the “top” beam will increase after each pair of reflections. A similar
physical space mechanism was described for the Einstein-scalar field system (1-7) in [Dimitrakopoulos
et al. 2015], where it was suggested that, on a nearly null scalar field beam successively reflected off 7
and the center r = 0, the energy density on the top part of the beam tends to increase.

1E. Outline of the paper. This paper is organized as follows:

In Section 2, we will introduce the spherically symmetric Einstein-radial massless Vlasov system in
double null coordinates. We will also formulate the notion of reflecting boundary conditions for this
system on Z and on time-like hypersurfaces of the form {r = rp}.

In Section 3, we will formulate the asymptotically AdS characteristic initial-boundary value problem
for the spherically symmetric Einstein-radial massless Vlasov system. We will then recall the main results
established in [Moschidis 2017] regarding the structure of the maximal development and the Cauchy
stability properties for this system.

In Section 4, we will provide a technical statement of the main result of this paper, namely the instability
of AdS for the Einstein-radial massless Vlasov system with reflecting boundary conditions on {r = rp}
and Z. The proof of this result will occupy Sections 5 and 6.

2. The Einstein-massless Vlasov system in spherical symmetry

In this section, we will review the basic properties of the spherically symmetric Einstein-massless Vlasov
system in 3 4 1 dimensions, expressed in double null coordinates, following the conventions introduced
in [Dafermos and Rendall 2016]. We will also introduce the notion of the reflecting boundary condition
on time-like hypersurfaces for the radial massless Vlasov equation. To this end, we will follow the
conventions adopted in our companion paper [Moschidis 2017].

2A. Spherically symmetric spacetimes in double null coordinates. Let (M3, g) be a smooth Lorentz-
ian manifold such that M is of the form

M=>=Ux S?, (2-1)

where U/ is an open domain of R? with piecewise Lipschitz boundary 8/ and, in the standard (u, v)-
coordinates on U/, g takes the form

g= —Qz(u, v)dudv —I—r2(u, v)gs2, (2-2)

where gsp is the standard round metric on S*and Q,r: U — (0, +00) are smooth functions. In addition,
we will assume that

infr > 0. 2-3
12r> ( )
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We will also fix a time orientation on M by requiring that the time-like vector field N = 9, + 9, is
future-directed.

Remark. Notice that the action of SO(3) on (M, g) through rotations of the S factor of (2-1) is an
isometric action.

We will also define the Hawking mass m : M — R by the expression
m=1r(1—g(Vr, Vr)). (2-4)
Viewed as a function on U, m takes the form

m=3r(14+4Q723,r d,r). (2-5)

Equivalently, we have
2 _ 4(_8ur) Oyr

1—2m/r "’ 2-6)

In any local coordinate chart ( y!, ¥?) on S?, the nonzero Christoffel symbols of (2-2) in the (u, v, vy, %)
local coordinate chart on M are computed as

e, =0,10g(Q%), Ty, =0d,log(Q?),
P4 =720, (gs)as, Ths =78, (gs)as.
FL’?B = 8,,1’63, FfB . 07 53,
T'ge = Ts2)ges

where the indices A, B, C are associated to the spherical coordinates yl, yz, 82 is the Kronecker delta

(2-7)

and ', are the Christoffel symbols of the round sphere in the (y!, y?) coordinate chart.
For any pair of smooth functions fi, f>: R — R with f{, f; # 0, the coordinate transformation

(u, v) = (f1(u), f2(v)), (2-8)

mapping U to I C R?, can be used to diffeomorphically identify M with 2 x S?. In these new coordinates,
the metric g takes the form

g=—%, v)didv +r*(i, v)gs, (2-9)
where
o2(n = LIPS PR D
Qu,v)=——=Q(f] W), f, (v)), (2-10)
fifs
r(it, ) =r(f7 @), 5 (@) (2-11)

We will frequently make use of such coordinate transformations, without renaming the coordinates each
time.
Note that m is invariant under coordinate transformations of the form (u, v) — (fi(u), f2(v));i.e.,

m(it, 0) = m(f; @), f5 ' (9)). (2-12)
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2B. The radial massless Vlasov equation. Let (M, g) be as in Section 2A. Let f > 0 be a measure on
T M which is constant along the geodesic flow, that is to say, in any local coordinate chart (x°, x!, x2, x3)
on M with associated momentum coordinates (p°, p', p?, p?) on the fibers of T M, f satisfies (as a
distribution) the first-order equation

P dua f =T, pP p? e f =0, (2-13)

where ng are the Christoffel symbols of g in the chart (x°, x!, x2, x3). We will call f a massless Vlasov
field if it is supported on the set P C T .M of future-directed null vectors; any such vector (x; p) € T M
will satisfy

gap(x)p*pP =0. (2-14)

Associated to f is a symmetric (0, 2)-form on M (possibly defined only in the sense of distributions),
the energy momentum tensor of f, given by the expression

Top(x) :/_.( )papﬁf, (2-15)

where 7! (x) denotes the fiber of T M over x € M and the indices of the momentum coordinates are
lowered with the use of the metric g, i.e.,

Py =8ys(x)p°. (2-16)

Remark. In this paper, we will only consider distributions f for which the expression (2-15) is finite for
all x € M and depends smoothly on x € M.

We will consider only distributions f which are spherically symmetric, i.e., invariant under the
action of SO(3) on M. In that case, in any (u, v, yl, yz) local coordinate chart as in Section 2A, the
energy-momentum tensor 7 is of the form

T = Ty (u, v) du® + 2T,y (u, v) du dv + Ty (u, v) dv* + Tap(u, v) dy* dy®. (2-17)

Furthermore, we will restrict to radial Vlasov fields f, i.e., fields supported only on radial null vectors
which are normal to the orbits of the action of SO(3) on M. In any («, v, yl, y2) local coordinate chart as
in Section 2A (with associated momentum coordinates (p“, p?, pl, pz)), a spherically symmetric, radial
massless Vlasov field f has the form

f,v, ' 9% p", p ph pH) = (Fnu, v; P+ four(, v; pP) 8V (gs2) ap? ) 8(Q%p" p*), (2-18)

where f_in, fout > 0 and 4§ is the Dirac delta function on R. In this case, the only nonzero components of
the energy momentum tensor (2-15) are the 7, and T,, components. In particular, in terms of fin, fom,
we (formally) compute

2 dp’

v

400
T (11, v) = / Q*(p")? fou(u, v; p¥) 7 (2-19)
0

—+00 _ d u
Tout, v) = f @ (") v p) > (2-20)
0

u
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Remark. In this paper, we will only consider the case when fi,, four are smooth and compactly supported
in the p“-, pV-variables, respectively.

In the case when f is of the form (2-18), equation (2-13) is equivalent to the following system for fin
and fou: B .
3, (Q*r* p" fin) + 0, (R (%) r*(p)* fin) =0, (2-21)

3y (@ p" fou) + 00 (27 9,2 r* (p*)? fou) = 0. (2-22)

The equations (2-21)—(2-22) readily yield the following transport equations for 7y, Tyy:
0y (r*Tuu) =0, (2-23)
3, (r*Tyy) =0. (2-24)

Remark. Under a coordinate transformation of the form (2-8), fin, fout transform as

FEN (i), fa(); fl@)p) = Finlu, v; p), (2-25)
FEV (i), H); f5@)p) = foulu, v; p). (2-26)

2C. The spherically symmetric Einstein-radial massless Vlasov system. Let (M, g) be a smooth Lor-
entzian manifold and let A < 0. Let also f be a nonnegative measure on 7T .M. The Einstein—Viasov
system for (M, g; f) with cosmological constant A is

{Ric,w(g) ~ 3R(®)8u + Mgy = 87 Ty,
pY s f =T§, pPp” 8y f =0,
where T),, is expressed in terms of f by (2-15).

(2-27)

Restricting to the case where (M, g) is a spherically symmetric spacetime as in Section 2A and f is a
radial massless Vlasov field (i.e., has the form (2-18)), the system (2-27) is equivalent to the following
system for (r, Q2, fin, fou):

90y (r?) = —3(1 — ArHQ?, (2-28)

2 Q? 2
00, 10g(R%) = 275 (144272 8, dyr), (2-29)
3, (Q720,r) = —4nrT,,Q 72, (2-30)
0,(Q27208,r) = —4nrT,, Q7 2, (2-31)
du (M p" fin) = =80 (2 3,(2D) r*(p")? fin), (2-32)
3 (PP four) = —0,0 (2% 3,(2%) r* (p*)? four), (2-33)

where T,,,, Ty, are expressed in terms of fou, fin by (2-19), (2-20), respectively. Notice that the system
(2-28)—(2-33) reduces to the following system for (r, Q2, Tyus Too):

9 0u(r®) = —3(1 — ArHQ?, (2-34)

2
300, log(Q2) = %(1 F4Q72 3,7 3y, (2-35)
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3(Q2728,r) = —4nrT,, 272, (2-36)
3,(Q2728,r) = —4mrT,, 272, (2-37)
3 (r*Tyy) =0, (2-38)
3y (r*Ty,) = 0. (2-39)

Remark. The system (2-34)—(2-39) is the Einstein-null dust system with both ingoing and outgoing dust
(used as a model for self-gravitating radiation already in [Poisson and Israel 1990]). In the notation of
Section 1B of the Introduction,
r*Ty =1, (2-40)
T, =T. (2-41)
Defining the renormalized Hawking mass as

m=m— AP, (2-42)

and using the relation (2-5), equations (2-34)—(2-39) formally give rise to the following system for
(r,m, Tyu, Tyy) (valid in the region of U where d,r >0, 9,y <0 and 1 —2m/r > 0):

oyr _erTW
9, log[ ——— ) = —4 L 2-43
u Og(l—Zm/r) L (2-43)
-9 T
3, log( —__ ) = g1 200 (2-44)
1-2m/r o7
2 — 2Ar3 (—0,r) dyr
9, 0pF = — 3 wov 2-45
uto? r? 1—2m/r (2-45)
1-2
aul’;l = —27( —( ani/r) rzTuuv (2_46)
—Ou
1-2
3y = 271%#% (2-47)
v
3, (r*Ty) =0, (2-48)
3, (r*T,) = 0. (2-49)

2D. The reflecting boundary condition for the radial Vlasov equation. Let (M, g) be as in Section 2A.
Recall that M splits topologically as the product

M=~UxS>.

Let 0imU be the subset of the boundary 0i/ of U C R? consisting of a union of connected, time-like
Lipschitz curves with respect to the comparison metric

8comp = —du dv (2-50)

on R?. Recall that a connected Lipschitz curve y in R? is said to be time-like with respect to (2-50) if,
for every point p = (u,, vy) € y, we have

Y\p CIT(PpUI (p)=({u>u}Nn{v>vHU{u <u}N{v <v). (2-51)
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o u u il

tim

&

Figure 5. For a domain &/ C R? as depicted above, the time-like portion 3,2/ of the
boundary ol splits as the union of a “left” component agmu and a “right” component
8t;'mbl . In general, agmu and 8;le need not necessarily be straight line segments as
depicted above. However, in the following sections, we will impose a gauge condition
on the domains under consideration that will indeed fix 8t'i_ml/{ and a;mu to be vertical

line segments (see Definitions 3.2 and 3.3).

Let us fix w : U U 0y U4 — R to be a smooth boundary-defining function of 9y, U/ i.e.,
wlatimu = 0’ dw|8timu # 0’ U)|u > 0
We can split 9, I/ into its “left” and “right” components as

dimU = - UV U (2-52)

tim tim

(see Figure 5), where

OfimU = {(uo, v0) € diml : dyw (o, vo) > O},

Ot = (0, v0) € Bim : duw (0, vo) < 0}.
Remark. Notice that any future-directed radial null geodesic of M =/ x S? with a future-limiting
point on agmu x §? (in the ambient R? x S? topology of &/ x S?) is necessarily ingoing. Similarly,
future-directed radial null geodesics “terminating” at a;mu x S? are necessarily outgoing.

In the next sections, we will only consider the reflection of radial null geodesics on parts of 9y for

which either r — ry (for some constant rg > 0) or 1/r is a boundary-defining function.

Following [Moschidis 2017], we will define the reflecting boundary condition on ¢y, for the radial
massless Vlasov equation as follows:

Definition. A radial massless Vlasov field f on T M will be said to satisfy the reflecting boundary
condition on dimU x S? if and only if

}_
tim

- (fom(uo, vo + I3 (— B, w/dyw) (uo, vo) - 2 (ug, vo +h) - p))
h—0% fin(uo — R, vo; 2 2(uo — h, vo) - p)

e for any (ug, vg) € ;. U and any p > 0

=1, (2-53)
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o for any (ug, vy) € anmu and any p >0

lim (fin(ul +h, vi; (—Byw/d,w) (1, v1) - Q*(ur +h, v1) - P)) _ 1L
JoutCur, vi —hy Q72(uy, vy —h) - p)

Remark. In the above definition, the relations (2-53)—(2-54) are equivalent to the condition that the radial
Vlasov field f is constant along the reflection of radial null geodesics off d,U; for a precise definition

(2-54)

h—0+

of the notion of a reflected radial null geodesic, see [Moschidis 2017].

Note that the relations (2-53) and (2-54) for f_in, fout imply the following boundary relations for the
components (2-19)—(2-20) of the energy momentum tensor 7':

¢ For any (ug, vo) € ol

tlm
2T, (uo, vo + h —9 2
lim Lo, w0t D) (0w Y (2-55)
h—0t F2Tyy (g — b, vo)  \ dyw
e For any (u1,vy) € anm
r2Ty(ui+h,v)  [(—dw 2
, . 2-56
h—ngr r Tuu(ul’ v — h) O (10, vo) ( )

3. The boundary-characteristic initial value problem: well-posedness and Cauchy stability

In this section, we will formulate the asymptotically AdS initial value problem for the system (2-28)—(2-33)
with reflecting boundary conditions on {r = r¢} and Z for some ry > 0. We will then recall the main
results established in [Moschidis 2017] regarding the well-posedness and the structure of the maximal
development for this system.

3A. Asymptotically AdS characteristic initial data. The following was introduced in [Moschidis 2017]:

Definition 3.1 [Moschidis 2017, Definition 3.1]. For any v; <v; and any ro>0, letr,:[vy, v2) = [ro, +00),
Q2 : [vy, v2) = (0, +00) and fin/, fout/ v, v2) x (0, +00) — [0, +00) be C* functions, such that
r/(vy) = ro, (3-D

lim r/(v) = +00. (3-2)

V>V

Let us define (9,7), : [v1, v2) = (=00, 0) by the relation

(0ur)/(v) = (o)

We will call (r/, Q% fin/, fom/) an asymptotically AdS boundary-characteristic initial data set on [vy, v2)

( r) dury (1) — 211 /1 (1 —Ar?(ﬁ))@f(ﬁ)dﬁ). (3-3)

for the system (2-28)—(2-33) satisfying the reflecting gauge condition at r = rg, +00 if:
e (r/, 2/) satisfies the constraint equation

0u(2 0yry) = —47r)(Ty) /2,7, (3-4)

where
u

Y 4 u\2 7 wy 2,..dp
(Tvn/(v):/o 200" oy v ) F 0

(3-5)
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. fout/ solves the massless radial Vlasov equation
0y (Q )W) P’ fouy (v, P)) + 8y (27 80 (R} @) (p*)? fowy (v, p*)) =0 (3-6)
e (0,r), satisfies

9
fim e _

V>V, 3UI”/

1. (3-7)

. fout/, fin , satisfy the following compatibility conditions at v = vy, v, for any p > 0:

Jouy (vis (= @) /3ur)) (1) - Q7% (01) - p)

= — =1, (3-8)
finy 15 72 (1) - p)
and - )
_(finy(v2—h; @ur/ — @ur) P2 —h) - Q2 (02— h) - p)
lim = — =1. (3-9)
h=07 Jouy (V2 —h; Q,“(v2—h) - p)
Remark. Notice that the constraint equation (3-4) implies
3y(Q2 dyr)) <0. (3-10)
Thus, (3-2) yields
dyry >0 (3-11)

everywhere on [vy, v2).

Given any asymptotically AdS boundary-characteristic initial data set (r/, Q%, f_in /5 fout/) on [vy, vp)
with reflecting gauge conditions at r = ro, +00, we will also define the initial Hawking mass m, and
initial renormalized Hawking mass m, on [v;.v;) by the relations

my=1r/(1- 452/_2(8ur)/ dr)), (3-12)
iy =m;— g Ar), (3-13)
in accordance with (2-6), (2-42).

3B. Developments with reflecting boundary conditions on r =ry, +00. We will only consider solutions
(r, Q2, fm, fout) to (2-28)—(2-33) satisfying a reflecting gauge condition on ¢y, U, which fixes 0y to
be a union of vertical straight lines in the (u, v)-plane. This motivates defining the following class of
domains U in the plane (see [Moschidis 2017]):

Definition 3.2 [Moschidis 2017, Definition 3.3]. For any vg > 0, let %, be the set of all connected open
domains U of the (u, v)-plane with piecewise Lipschitz boundary o/, with the property that 0/ splits as

the union
oU=pyUIUS,, Uclos(y), (3-14)
where, for some 0 < u,,, uz < +00,
Yo={u=v}IN{0 <u <uy}, (3-15)
IT={u=v—v9}N{0<u <uz}, (3-16)

Sy = {0} < [0, vol, (3-17)
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//y/
T
Yo u //Q
(0, vp)
SUO
10.0)
..\&\
S,

Figure 6. A typical domain U € %, would be as depicted above. In the case when the
boundary set y is empty, it is necessary that both yy and Z are unbounded (i.e., extend
all the way to u + v = 00).

and y : (x1, x2) —> R2is a Lipschitz, achronal (with respect to the reference Lorentzian metric (2-50))
curve, which is allowed to be empty (the closure clos(y) of ¥ in (3-14) is considered with respect to the
standard topology of R?). See Figure 6.

Remark. It follows readily from Definition 3.2 that I/ is necessarily contained in the future domain of
dependence of S,, U yp UZ (with respect to the comparison metric (2-50)). In the case when y = & in
(3-14), it is necessary that both yy and Z extend all the way to u 4+ v = 4-00.

A development of an asymptotically AdS boundary-characteristic initial data set for the system (2-28)—
(2-33) with reflecting boundary conditions on r = rg, 400 is defined as follows (see [Moschidis 2017]):

Definition 3.3 [Moschidis 2017, Definition 3.4]. For any vo > 0 and ro > 0, let (r/, Q?, fin/, fout/) be a
smooth asymptotically AdS boundary-characteristic initial data set on [0, vg) for the system (2-28)—(2-33)
satisfying the reflecting gauge condition at r = rg, +00, according to Definition 3.1. A future development
of (r/, Q%, fin/, fout/) will consist of an open set U € %,, (see Definition 3.2) and smooth functions
r:U — (ro, +00), Q*:U — (0, +00) and f_in, fout U x (0, +00) — [0, +00) satisfying the following
properties:

(1) The functions r, 2, f_in, f_om solve the system (2-28)—(2-33) on U.

(2) The functions r, 22, fin, fou satisfy the given initial conditions on Sy, = {0} < [0, vp), i.e.,
(r, @, fin, foudls,y = (), 27, fins» four))- (3-18)
(3) The functions (r, fin, fout) satisfy on y; the boundary conditions
7y = o, (3-19)
fout(ts, V53 P) = finlttx, vi; p), (3-20)
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for all (uy, v4) € yo and p > 0, and on Z the boundary conditions

(I/r)lz =0, (3-21)
lim ( ]_;in(u* + h, vy Q_z(u* +h,v,) - p) ) =1, (3-22)
h—0+ fout(u*, v, — h; Q—Z(u*’ vy —h)-p)
for all (uy, vs) € Z and p > 0.
(4) The following are satisfied on yy and Z:
T lyy = —0u7 |y, (3-23)
0 (1/r)lz = —08y(1/r)lz. (3-24)

Remark. Notice that the boundary conditions (3-19) and (3-21), combined with the form (3-15) and
(3-16) of yp and Z, respectively, imply the relations (3-23) and (3-24). However, the relations (3-23)
and (3-24) should be viewed as gauge conditions fixing, in conjunction with (3-19) and (3-21), the form
(3-15) and (3-16) of yy and Z.

If 2=WU;r, Q2 fin, fou) and 2’ = U'; ¥, ()2, fl; f2,0 are two future developments of the same
initial data (r/, Q%, fin /5 fom/_), we will say that &’ is an extension_of ? writing 2 C 2/, if U C U’ and
the restriction of (', ()2, £, fi.) on U coincides with (r, 22, fin, fou)-

in’
Remark. If 2 = (U; r, Q?, fiﬂ" fou—t) and 7' = U'; ', ()2, _1;, 7 ) are two future developments of
the same initial data (r/, Q? fin/» four), then

r, @2, fins foudluree = (', ()2, fir, fodluresrs (3-25)
see [Moschidis 2017].

3C. The maximal development. The following result was established in [Moschidis 2017]:

Theorem 3.4 [Moschidis 2017, Theorem 1]. For any vo > 0 and ry > 0, let (r/, Q? fin/, JEout/) be a
smooth asymptotically AdS boundary-characteristic initial data set on [0, vy) for the system (2-28)—(2-33)
satisfying the reflecting gauge condition at r =r(, +00, according to Definition 3.1, such that the quantities
SZ? / (1 - %Ar/z), r/z(Tvv) /> and tan™! r; extend smoothly on v = vq. Then, there exists a unique, smooth
future development (U; r, Q2, fin, fom) of (r), Q?, fin/, fout/) which is maximal; i.e., any other future
development U'; r', ()2, f_lil, f_o’ut) of (r/, Q%, fin/, fout/) with r' > ry everywhere on U'satisfies U’ C U
andr’, ()2, _1;, fém are the restrictions of r, 2%, fin, fou onU’.

The maximal future development U; r, 2, fin, four) satisfies the following properties (for the definition
of the curves yy, L, v, see Definition 3.2):

(1) The renormalized Hawking mass m is conserved on yy and Z, i.e.,

m|y, = nlynu=0), (3-26)

m|z = m|zn{u=0)- (3-27)
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(2) The curve T is conformally complete; i.e., Q?/ (1 — %Arz) has a finite limit on T and

QZ
A -3 reiz
(3) We have
d,r <0,
(1 — 2_m>) >0
r J= (VI (v)
Wrli-@yui-o) > 0,
where

J (@)= {05 u< supu}ﬂu
z
is the causal past of T and
J (vo) ={0=<v <supv}nNis
Yo

is the causal past of yy (with respect to the reference Lorentzian metric (2-50)).

(4) In the case U\J ™ (L) # O, the future event horizon
HY=UNOJ(T)={u=supu}NU
z

has the following properties:

(a) H™ has infinite affine length, i.e.,

/ Q% dv = +o00.
’H+

(b) We have
Supr =rg
’H+
and
inf(l — 2—’") —0,
H r

where rg defined by the relation

1- —1Ar2=0
rs 30s
(5) In the case H™ # @, the curve Yy is bounded and satisfies
g€ J @),

i.e., yo contains points lying to the future of H.

(3-28)

(3-29)
(3-30)

(3-31)

(3-32)

(3-33)

(3-34)

(3-35)

(3-36)

(3-37)

(3-38)

(3-39)

(6) In the case H' # @, the curve y is nonempty, piecewise smooth and r extends continuously on y

with r|,, = ro. Furthermore, for any point (u1, v1) € y, the line {v = v} intersects .13

131n other words, there is no point in y which lies on the curve {v = vz}, where (u7, vz) is the future limit point of Z.
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Remark. In the case when U/\J ~(Z) # & (and thus Ht # @), in view of (3-36), (3-38) and the fact that
r > rg on U, it is necessary that

lim,_ - m,(v)
A Iar2. (3-40)
ro

In a similar way, we can uniquely define the maximal past development U; r, 22, fin, fou) Of
(r/, Qf, fin/» foury), satisfying the properties outlined by Theorem 3.4 after performing a “time reversal”
transformation (u, v) — (—v, —u). Notice that such a coordinate transformation turns an asymptotically
AdS boundary-characteristic initial data set on # = 0 into an asymptotically AdS boundary-characteristic
initial data set on v = 0. However, Theorem 3.4 also holds (with exactly the same proof) for such initial
data sets.

3D. Cauchy stability in a rough norm, uniformly in ro. In [Moschidis 2017], the following ‘“norm” was
introduced for smooth asymptotically AdS boundary-characteristic initial data sets (r/, Q?, fin /s fout/) on
[0, vo) for the system (2-28)—(2-33):

1/, 7. fins» fou)lles

. A |~ ( )|+( A) fvo 1 (r/z(Tvv)/)(_)d_
= — sup |m,(v — sup — v)dv
osveuy 0zvew Jo 0/ () = 0, @)+, O\ Bup;
2

+ sup max ﬂ,o}, (3-41)

0<v<ug r,

where

py(v) = tan~' (v = Ar)(v)). (3-42)

Remark. Note that, in (3-41),
p/(0) = tan™! (W —Arp).

The expression (3-41) is invariant under gauge transformations, as well as scale transformations of
the form (u, v) — (hu, Av), (i, A) = (hr, diit, A2 A), 1o = Aros (finy fou) = O fin, 27 fou)-
Moreover, || (r/, 27, fin/» fou/)llcs =0 if and only if (r/, 27, fin/, fou) are the initial data for pure AdS
spacetime on {r > rg}, i.e., if fin/ = f_out/ =0and m =0.

The following Cauchy stability result for the trivial initial data was established in [Moschidis 2017]:

Proposition 3.5 [Moschidis 2017, Corollary 1]. For any (possibly large) . > 0, there exists a (small)
€0 > 0 and a constant C;, > 0 depending only on L., so that the following statement holds: for any vo > 0 and
0<rg<(—A)"12 if (r/, Q%, f_in/, fout/) is a smooth asymptotically AdS boundary-characteristic initial
data set on [0, vy) for the system (2-28)—(2-33) satisfying the reflecting gauge condition at r = rg, +00,
according to Definition 3.1, such that the quantities Q%/(l — %Ar/z), r/z(TUU)/, and tan™! r; extend
smoothly on v = vy and moreover

I (r/, Q? finss foup)lles < € (3-43)
for some 0 < & < g, then the maximal development (U; r, Q2, fin, _fout) satisfies

W, ={0<u<Lv}N{u<v<u+vy}ClU (3-44)
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and

—LAr?
~/—A sup |m]| +suplog< 3 >

Wi, Wi, 1 —max{2m/r, 0}

rTyy Ty
+ sup dv +sup du < Ce. (3-45)
i Ju=aynw, 5 Jw=oyw, (—0ur)

Remark. Proposition 3.5 should be interpreted as a Cauchy stability statement for the pure AdS initial
data set with respect to the topology defined by (3-41) which is independent of the radius ry of the
reflecting boundary.

Considering the spherically symmetric Einstein-scalar field system (1-7) with an inner mirror placed at
{r =ro}, the analogue of the initial-data norm (3-41) (obtained using the substitution (7y); — (9y¢)|u=0)
is rougher compared to the bounded variation norm of Christodoulou [1993]. It is not known whether
(1-7), restricted to the exterior of an inner mirror at {r = ry}, satisfies a Cauchy stability estimate with
respect to the analogue of the initial-data norm (3-41) which is independent of ry (although local existence
and uniqueness follow trivially in this case for fixed rg).

In fact, Proposition 3.5 is a special case of the following Cauchy stability estimate established in
[Moschidis 2017]:

Theorem 3.6 [Moschidis 2017, Theorem 2]. For any v <vy and 0<ro<(—=A)~"/2, let (r;, 27, Finjis fouri)s
i =1, 2, be two smooth asymptotically AdS boundary-characteristic initial data sets on vy, v2) for the
system (2-28)—(2-33) satisfying the reflective gauge condition at r = ry, +00, according to Definition 3.1,
such that the quantities Q%i/(l — %Ar?i), r/zl- (Tw))i» and tan~! r;i extend smoothly on v = vy. Assume,

also, the following conditions:

(1) For some ugy > 0, the maximal future development (Uy; r1, Q% fints foutl) Of (r/1, Q%l, fin/l, fout/l)
satisfies

Wi ={0<u <up}N{u+vi <v<ut+wv}Cl (3-46)
and
Qi 20,71 1—2m1/m
supy [log| —— | [+]lo (é)‘ﬁ-lo (—) +V/ = Al }
W,}Z{ g(l—%Ar%)‘ g 1—2m/r g 1_%1\,,12 1]

T T,
—i—sup/ r ( vv)l dv—i—supf rl ( uu)l du = CO < +00. (3_47)
i J{u=a}n Wy, 'l o J=oow,,  —O0ul

(2) The (ri, Q?i’ ﬁ“/i’ f_Out/i), i = 1,2, are §-close in the following sense:
Qz QZ
/1 /2
sup 10g<—> - 10g<—>
ve[vl,vz){ 1-— %Ar/z1 1— %Ar/zz
20 29
log(¢> —log(#) +
1 —=2m; /rp 1—2mp/rp

log(l —2m/l/r/1) —log(l —2m/2/r/2>
1-— %Ar/z1 1-— %Ar/z2

+

+

+ v —Alm —m/zl}(v) =5 (3-48)
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and
25 (Twn - (Tw)y2 - _ 1,
sup (—A) r%%(v) — 1523 (1)) — py @)+ py(01) " dD <8, (3-49)
velvy,va] vy vP1 0y 02
where Cy is a large fixed absolute constant, § satisfies
0<é< 8Oiexp<— exp<C1(1+Co) 1o )) (3-50)
Uy — V1

and p, is defined by the relation
. _ A
py(v) = tan 1<\/ —gr/(v)). (3-51)

Then, the maximal development (Uy; 12, Q%, finz, fomz) of (ry2, 52%2, fin/g, f_out/Z) satisfies

Wi ClUs (3-52)
and
Q? Q2 20,71 20,72
su lo S — —lo (—2)‘ + lo <+> —lo (+>
w}Z{ g(l . %m%) \1-1A2 = 2mn ) B\ T 2ma/m

1—-2mq/r 1—=2my/r B ~
+ ‘log<—l/1) —10g<—2/2) ‘ + v =Alm —mzl}

1 2 1 2
—§Arl —§A}’2

+SUP/ lr1(Tv)1 —i’z(Tvv)zldU-i'SUP/ [r1 (Tuw)1 — r2(Tuu)2| du
7 {u=ﬁ}ﬂWuo v {U=5}qu0

u v

< exp(exp(C1 (14 Co)) ”ﬁ)vl )5. (3-53)

v2

Remark. By repeating the proof of Theorem 3.6, the Cauchy stability estimate (3-53) also holds in the
case when (U;; r;, Ql.z, fm;i, f()ut;,'), i =1, 2, are the maximal past developments of (r/;, Q%i, fin/i, f()ut/,'),
i.e., when W, is replaced by

Wls()—>i{—u0§u<0}ﬂ{u+v1<v<u+v2} (3-54)

and (3-47) holds on W,EO_) in place of W,,.

4. Final statement of Theorem 1: the nonlinear instability of AdS

The main result of this paper is the following:

Theorem 1 (final version). For any € € (0, 1], there exist rog, vo. depending smoothly on & such that

roe <=5 0, (4-1)
A/ —Avog ﬂ) 37‘[, (4'2)

as well as a family (r/(e) , (Q;‘E))Z, flg;/) . f (jt) /) of smooth asymptotically AdS boundary-characteristic initial

(V)

data sets for the system (2-28)—(2-33) satisfying the reflecting gauge condition at r = ry, +00, such that
the following hold.:
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(1) The family (r}”, ()2, £). fue))) satisfies

out/

1 @2 7). et lles == 0, (4-3)

in/ > Jout/
where || - ||cs is the norm defined by (3-41).

(2) There exists a trapped sphere, i.e., a point (u+, v+) in the maximal future development (Ug; 1, Qg,

Fine- Jowe) of (i (@2, f). fus)) such that
2m
T(uT, vi) > 1. (4-4)

In particular, in view of Theorem 3.4, (U; re, SZ? fines foute) has a nonempty future event horizon
HT (defined by (5-30)), satisfying the properties (4a) and (4b) of Theorem 3.4, and a complete
conformal infinity T (satisfying (3-28)).

Remark. If
8(&) = 1) (@)% fi) . P lles. (4-5)
the point (u+, v+) satisfies the upper bound
ur < exp(exp(8°(e)))vo. (4-6)
On the other hand, in view of Proposition 3.5, we necessarily have
ur 2% too. 4-7)

In the simpler case when one is interested in a weaker instability statement, such as the existence of a

point (u+, v+) where

m) 1 (4-8)

r(us,vy) 2

(instead of the stronger bound (4-4)), the proof of Theorem 1 can be substantially simplified. In the case
of (4-8), the upper bound (4-6) can be improved into a polynomial bound

ur < (8(£)) g (4-9)

for some fixed C; > 0.

5. Construction of the initial data and notation

As described already in Section 1D of the Introduction, the initial data family in Theorem 1 will be such
that their development consists of a large number of initially ingoing Vlasov beams. In this section,
we will construct such a family (7., Q?E, fin /e fout/g) of asymptotically AdS boundary-characteristic
initial data for (2-28)~(2-33). The family (), (@))%, £/ fou) in the statement of Theorem 1 will
be eventually obtained from (r /e, Q?S, finse» foutse) after possibly adding a suitable perturbation (see
Section 6).
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This section is organized as follows: In Section SA, we will introduce a certain hierarchy of parameters
that will be necessary for the construction of (r/,, Q?S, fin /e fout/g) in Section 5B. In Section 5C, we
will introduce some basic notation related to the maximal future development (Uf;; r., Qg, f_ing, fouw)
of (r/e, Q?E, fin Je> fom /¢). Finally, in Section 5D, we will perform some basic geometric constructions
on (U re, Qg fing, foutg), related to the separation of U, into various subregions by the Vlasov beams
arising from the initial data.

SA. Parameters and auxiliary functions. Let us fix some smooth and strictly increasing functions
ho, hi, hy : (0,1) — (0, 1), so that

limy_ o+ ho(e) = limy_s o+ h1(g) = lim,_, o+ ha(e) =0, (5-1)
. 1 o ! _ ]
81_1)%1+ €- exp( 0 (8))6) = 81_1)r{)1+ hi(g)- exp(exp((ho(g))6)) =0, (5-2)

lir(r)1+ ha(e) -exp(e %) = 0. (5-3)

In particular, the following relations hold for ¢ <« 1:
ha(e) K e K hi(e) K ho(e) < 1. (5-4)
Let x : R — [0, 1] be a smooth cut-off function, satisfying x|[—1,1] =1, x|r\[—2,2) =0 and
Xl(=22 >0, (5-5)

and let &9 < 1 be a small enough absolute constant. For any 0 < ¢ < &y and any ry > 0 satisfying
o

@2/v=N)e — 1Ar]

(note that (5-6) implies that ropa/—A/(2e) =1+ 0(exp(—2(h0(s))*4)) as ¢ — 0), we will define the
following function on [0, +00) x (0, +00):

1 — exp(—2(ho(e)) ™) < < 1= exp(—2(ho(£))™") (5-6)

[1/hi(e)] ;
i i . 1 (v — V) =A —2h,(¢) 4
fe(u, p*) = Cgy ; x(p —3)-h2(8)x< (@) )'hm(S)-e (5-7)

for some constant C,, to be specified in terms of ¢, ry later, where [1/h1(¢)] denotes the least integer

greater than or equal to 1/ A (¢)
b4

) — ¢
v/ = —J (>-8)
= hi(e)v/—A
forany 0 < j < [1/hi(e)],
h(O) = ho, (5_9)
hjy = hi (5-10)

forall 1 < j <[1/hi(e)].
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5B. Construction of the initial data family . For any 0 < ¢ < gy and any ry satisfying (5-6), we will define
the following asymptotically AdS boundary-characteristic initial data set according to Definition 3.1:

Definition 5.1. For any 0 < ¢ < gy and any ry satisfying (5-6), we define vg = vo(rg, €) > 0 and the set
of smooth functions 7/, : [0, vo) — [ro, +00), ng : [0, vo) — (0, +00), fin/g : [0, vo) x (0, +00) —
[0, +00), and f_out/g : [0, vo) x (0, +00) — [0, +00) by the requirement that (r/,, Q?S, fin/e, f_out/e) is
an asymptotically AdS boundary-characteristic initial data set on [0, vy) for the system (2-28)—(2-33)
satisfying the reflecting gauge condition at r = ry, +00, so that

0l /e _ Q?e
Jouss =0, (5-12)
finge 0, p") = fev, p") (5-13)
for all 0 < v <vp and p“ > 0. The constant Cy,, in (5-7) is fixed in terms of &, ro by the requirement that
lim 7y, = ¢i—A (5-14)

(in particular, there exists some fixed (large) Co > 1, independent of ¢, rg, so that C,,, € [Cy ! Co] for
any 0 < & < &, any ry satisfying (5-6).!* See Figure 7.

Remark. The conditions (5-11)—(5-13) determine (implicitly) vy and 7, Q%&, uniquely in terms of ¢, rg,
provided &g has been fixed small enough: in view of the fact that (5-11) is equivalent to

a1)’/'/8 _ _aur/a

1—2mye/r).  1—=2my/r,’
81,7’/8 . l
1—3Ar/elymo 2

(5-15)

(where m , is defined in terms of /e, Q?s by (3-12)), from (5-14) and (2-44) (which is equivalent to the
constraint equation (3-4)) we infer that

av"'/s 1
—— ==-40(¢ 5-16
T, T2t 0@ (5-16)
and, therefore,
Vo = —%n+0@y (5-17)

While (r/e, Qfs, fin /e fout/g) depend on both ¢ and ry, we will only use the subscript ¢ in their notation,
since most of the estimates that we will later establish for their maximal development will depend only
on €.

141 fact, it suffices to choose Co =50.
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Figure 7. The initial data (r,/, Qg /> fing /> foutg /) giverise to k+1 Vlasov beams, initially
arranged as depicted above (using, for convenience, the abbreviation k = [1/h(¢)]
and [ = (—A)~"/?). For any 0 < j <k, we can associate to the beam centered around
v=v"Y) 4+2h,(¢)l the initial mass difference @ﬁz}j ), defined as the renormalized Hawking
mass difference between the two vacuum regions surrounding the beam. The top beam
(centered initially around v = v0 4 2h,(e)l) has a greater initial mass difference than the

rest of the beams.

The initial data (r/(g) , (Q;E) )2, flff/) , _O(l‘ft) /) in the statement of Theorem 1 will eventually be chosen to

be small perturbations of (r/,, Qfg, fin/g, f_out/g) (see Section 6).

5C. Notational conventions and basic computations. For any 0 < ¢ < gy and any ry satisfying (5-6),
let (r/e, Qfs, f_in Je> fout/g) be the initial data set defined by Definition 5.1. Assuming that & is fixed small
enough, for any 0 < ¢ < &g and any ry satisfying (5-6), the initial data set (7., 8238, fin/s, fout /e) satisfies
the following estimate depending only on &:

Ir/er s finer Jouye)les < Choe), (5-18)

where || - ||cs is defined by (3-41) and C > 0 is a fixed constant.
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Let (Ug; re, Qg fing, fouta) be the maximal future development of (r/, Q%e, fin/g, fout/g) (see
Theorem 3.4). In view of Proposition 3.5, the bound (5-18) implies that, for any fixed u, > 0
and any § > 0, there exists an ¢s,, > 0 sufficiently small depending only on § and u, so that, for any
0<e<es,,

Wi, =0<u<ujnNfu<v<u+v}CclU (5-19)

and

V= A sup |ritg| + supl L
sup |mg Sup log I —max{2m/r¢, 0}

s Uk

T T,
+Sup/ Mdv.i_sup/ Mdu <8’ (5_20)
{u=u}NW,, {v=0}NW,,

i av Ve v (_au rE)
where m, fite, (Ty)e, (Toy)e are defined in terms of e, Q2 fine, foure by (2-5), (2-42), (2-19) and (2-20).
In particular, if
gAds = —szxds,ro,uo du dv +rags.ry.v8s? (5-21)
is the pure AdS metric in a spherically symmetric coordinate chart (u, v) such that rags v, = 7o On
{u = v} and rags,ry,v, = +00 ON {U = v — vo},1° then U,; re, Qg, f_ing, fouts), when restricted on W, _,
is §-close to (W, ; FAdS. r.vos Q/Z\ds,ro,uo’ 0, 0) with respect to the (gauge-invariant) distance defined by

(3-41). Notice also that (5-20) implies that, provided § is small enough, the spacetime (W,, x S?, g;)
does not contain any trapped surface, where

ge=—Qdudv+rigs. (5-22)

Notice that, in view of the conservation of m on yy and Z (see (3-26) and (3-27)), we have

mely, =0, (5-23)
- . &
elz = m 7 je(v) = Ve (5-24)
Foreach 0 < j < [1/h;(e)], we can associate to the beam centered at
_ D 2
v=ovV' 4+ ——=hs(e
the mass difference
~() - ~ ; 4 ~ i
o = sitge (v + Mhz(é‘)) — it e (D). (5-25)
Notice that .
- _ ho(e)e
Dm;’ ~ 5-26
and, forall 1 < j <[1/hy(e)],
- (). hie)e
Dm,’ ~ ——. 5-27
/ — (5-27)

15Note that such a coordinate chart is not unique.
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Furthermore
[1/h1(e)]

2 i) = lim o) =
Jj=0

&

(5-28)

]

5D. Some geometric constructions on U,. For any 0 < ¢ < g and any ry satisfying (5-6), we will define
some special subsets of the domain U/, of the maximal future development ({; 7, Qg, fing, fomg) of the
initial data set (r/e, Qfa, fin/g, ]Eout/s)-

Remark. In the rest of this section, we will adopt the convention that the boundary d A of a subset A C U,
is the boundary of A as a subset of R? (with respect to the ambient topology of R?).

Let us define the domain of outer communications D, of I/, as
D, =J (T)NUg, (5-29)

where J ™ (Z) is the causal past of Z with respect to the reference metric (2-50) (see (3-32)). In accordance
with Theorem 3.4, we will also define the future event horizon "H;’ of U, as

HT =9D: NUk. (5-30)

Note that we allow HJ to be empty. In view of Theorem 3.4, in the case when # is nonempty, it is
necessarily of the form

HE = {u=u:} U (5-31)
and has infinite affine length.
We will also define
Te =J " (yo) NU;. (5-32)

Notice that, as a consequence of Theorem 3.4, on 7, U D, we have

1— 27’" > 0; (5-33)
i.e., trapped spheres can only appear in the region U, \(J: U D;). In the case H # @, Theorem 3.4 also
implies that 7. \D, # O.
For any v, € [0, vg] and any integer n > 1, we will define

Un(vi) = vs + (n — Do, (5-34)
V,(vy) = vy + nvyg. (5-35)

We will also set
Vo (Vi) = Vs (5-36)

Notice that the segment {# = U, (v,)} NU, is the image of the ingoing null geodesic of U, emanating from
the point (0, v,) after n reflections off yg and n — 1 reflections off Z, while the segment {v =V, (v,)} U,
is the image of the same null geodesic after n reflections off 4 and n reflections off Z; see Figure 8.
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&\
N
0
9
(Un(vs), Vi (v4))
N
Yo @* 7T
Qe
Y
A\
(U (vy), Vo1 (vs)) 2
N
N4
e
B <)

Figure 8. Schematic depiction of the lines v = V,,_1(v,), u = U,(vy), and v = V,;(v,).

Let us define the domains RY;”) C U, foranyn €N, 0<i < [1/hi(e)],andi < j <[1/hy(e)]+i+1
by the relation

Rg’;;f) = {Un <v(i) + —_iAhz(s)) <u< Un(v(i_l))}

N {Vn (v(j) +

G=1) )
ﬂm(é‘)) <v<V,(wY )} N, (5-37)

where we have used the following conventions in the expression (5-37):

(1) Up(@D) = Upy (0111160,

2) V, (o m@1+h Loy =y (v 4 ¢) for any integer 1 </ <[1/h;(e)] and any ¢ > 0.
Remark. The boundary of the domains Rg;i), 0 <i < [1/h(e)], contains a segment Z, while the
boundary of the domains Rg,;“/h‘(s)HHl), 0<i <[1/hi(e)], contains a segment in yy. See Figure 9.

Notice that 7,,, = T, =0 in Rgn] ) In particular, all the domains (Rg,;j ) x s?, g¢) are isometric to
a region of a member of the Schwarzschild-AdS family (or to a region of pure AdS spacetime), and
the renormalized mass function i, is constant on them. We will define for any 0 < i < [1/h(e)],
i<j<T[1/hi(e)]+i+1andneN such that RS £ @,

G = el (5-38)

In view of (5-23) and (5-24), we immediately calculate that for all 0 <i < [1/h;(¢e)] and all n € N such
that R,El,;l), R&H/M(S)]Hﬂ) + @,

T M1+ _ o (5-39)

en
&

~(i,i) _ o~ (1)
m‘(slnl) =My = A

(5-40)

1
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Yo

0
). v®)

k
(“;4:17 Ur(Lk))

0 0
), o)

‘M Rg’,l)
0,k+1
RGHD
k.k
3 Rgn )

W, )

0
(M(O) U( )1)

n * Yn—

Rgl,kn)

k,2k+1
RGHHD

k
@, v,2)

Figure 9. Schematic depiction of the domains Réln] ) for 0 <i<kandi<j<k+i+1
(where k = [1/h1(e)]). We have used the shorthand notation uf,j ) = U, (v and
v,(/) =V, (D). Having assumed that /1,(¢) < ¢), all the beams of the form (U, (v®) <
u < Uy + (4/v/=D)ha(e)} and {V,0) < v < V, (v + (4/v/=A)ha(e))}, which
separate the domains Rfj,,/ ) are depicted as straight line segments.
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i+1,j+1
RS+,J+)

Figure 10. Typical arrangement of neighboring vacuum domains not intersecting yo
or Z. The point A at the lower corner of R;f’] ) satisfies r(A) = r,gl’] ). For simplicity, we
have used the shorthand notation [ = (—A)~ /2.

ForanyneN, 0<i<[1/hi(e)]landi+1<j<[1/hi(e)]+i, we will define the interaction regions

NG = {Un(v(”) <u<U, (v(i) + hz(g))} N {Vn(v(j)) <u<V, (v(j) - ¢4_Ah2(8)>} N,

4
JA -

(5-41)
where the conventions stated below (5-37) hold regarding indices smaller than O or larger than [1/k(¢)].
See Figure 10.

Let us define for any 0 <i < [1/h(e)], i < j <[1/hi(¢)] +i+1, and n € N such that RE? # &

. . 4 . 4
i = (U (00 + —Eha®). Vo (v + —Ehal®)). (5-42)
Note that " = 400 and r&T/MEHFD _ 0

Finally, let us remark that, in view of property (6-204) of the cut-off used in the construction of the
initial data and (2-48)—(2-49), forany l <n <ny, 0<i <[1/hi(e)], i < j <[1/hi1(e)]+i+1, we have

T, >0 on {Un(v@) <u<U,0" + \/i_Ahz(E))}, (5-43)
T,,>0 on {Vn(v(j)) <u<V,0P + Ji_Ahz(s))}. (5-44)

6. Proof of Theorem 1

In this section, we will prove Theorem 1. In order to simplify our notation, from now on, we will often
drop the subscripts ¢ in notation related to the maximal future development (U;; ., Qz, fins, fouts) of the
initial data (r/e, Q7,, fin/e fouye) (see Definition 5.1).
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For any 0 < ¢ < gy (provided gy is fixed sufficiently small) and any ry > O satisfying (5-6), let
Uy r, Q2, fin, fom) be the maximal future development of (r/,, Q%S, fin/g, fout/g), and let us define

u+£sup{u*>02 1—27m>h3(8) onugﬂ{u<u*}} (6-1)
and
U = N {u < minfuy, (hi(e)) voe}}, (6-2)
where
h3(e) = exp{—exp((h1(e)) > exp(—2(ho()) ")} (6-3)
Let us also set
k=T1/hi(e)], (6-4)
np = Ly —v@) /vl (6-5)

where [x] denotes the least integer greater than or equal to x, while | x| denotes the largest integer less
than or equal to x.

The proof of Theorem 1 will follow in two steps: First, in Section 6B, we will show that
sup(1—22) = ha(e), (6-6)
Ut r
i.e., that 2/} contains a nearly trapped sphere. Then, in Section 6C, we will show that, at the final step of
the evolution, either a trapped sphere is formed, or there exists a small perturbation of the initial data
(/e Q?S, fin/e, f_out/e) giving rise to a trapped sphere. o

Before proving (6-6), we need to establish some necessary bounds for the evolution of (r, 2, fin, fout)
in the region ¢/;". These bounds, which will be obtained in Section 6A, will be used both in Section 6B
and in Section 6C.

6A. Inductive bounds for the evolution in the region U. In this section, we will establish a number of
useful bounds for (uj i1, Q2, f_in, f_out). These bounds will include a number of inductive bounds for the
quantities nﬁff’kH), r,(,k’k+1), and r,(ll’kﬂ) (with k defined by (6-4)) that will be of fundamental significance
in the proof of Theorem 1.

In particular, we will prove the following result:
Proposition 6.1. For any 0 < & < &, the following bounds hold for U r, Q2, fin, fou):

(1) On U, we can estimate

_8ur 81,)" _4 _1
log| —— logl ——— )| < log((h , 6-7
Og(l—%Arz) i Og(l—Zm/r)‘_( 1(£))"" log((h3(€)) ) (6-7)
(2) Forany 1 <n <ny, D
0k o &
r > , 6-8
n - —A ( )
1/2
ke < 2 6-9)
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2 ~ _ ~’(11,k+1)
Mz =m0 ) exp(=20h0(e))~), (6-10)
ro
20| — mi* Ty 1
<1l——h , 6-11
- = 1= hoe) (6-11)
}’,El’k—H)
” — 1> exp(—(ho(e)) ™), (6-12)

where Cy > 1 is a large fixed constant (independent of all the parameters).
(3) Forany2 <n <ny,

~ (Lk+1)

7 —_ ro
i = L+ aexp(=2ho(e) ™)~y (6-13)
m,_1 n
kD _ ro 2n~1£ll_,/i+1) D
“wn . = 1+ 2Co—p | log (1 = —"=— ) |+ (ro(e)) ™). (6-14)
rn_l — 10 rn—l 0

Before presenting the proof of Proposition 6.1 (in Section 6A2), we will briefly comment on the nature
of the bounds (6-7)—(6-14) and their relation with the specific choice of the parameters (5-2)—(5-3).

6A1. Remarks on Proposition 6.1. The bounds (6-7)—(6-14) in Proposition 6.1 lie at the heart of the
proof of Theorem 1. The precise form of the initial data (5-7), the range (5-6) for the mirror radius ry and
the asymptotic bounds (5-2)—(5-3) on the parameters hg, i1, h, were carefully chosen so that (6-7)—(6-14)
can be obtained. We will now proceed to briefly comment on the role of the bounds (6-7)—(6-14) in the
proof of Theorem 1. The reader is advised to review first the sketch of the proof in Section 1D of the
Introduction. Let us remark that, in the notation of Section 1D,

Eqgn = WD, (6-15)

Pypn = r3o* D, (6-16)
N _ (1,k+1

P = Ta 0. (6-17)

The bound (6-7) is a “trivial” bound controlling quantities related to the chosen gauge. The right-hand
side of (6-7), upon integration across any specific beam (in a direction transversal to the beam), will yield
a small quantity, in view of the fact that the width of the null beams emanating from u = 0, v ~ v/} was
chosen to be ~ h,(¢) and, moreover, /1, (g) was chosen in (5-3) to be small compared to the right-hand side
of (6-7). This fact will prove convenient for the proof of Proposition 6.1 and Theorem 1, as it will enable
us to “ignore” the variation of certain quantities across the width of any specific beam. That is to say, the
bound (6-7) will enable us to frequently treat the null beams as line segments having negligible width.

The bounds (6-8)—(6-9) are quantitative expressions of the fact that the set of interactions of the beams
splits into two portions, one close to » = ry and one close to Z.

The lower bound (6-10) is necessary in order to establish (6-13). In order to obtain (6-10), it is
necessary that ry satisfies the upper bound of (5-6).
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The upper bound (6-11) implies that a trapped sphere (i.e., a sphere where 2m /r > 1) cannot be formed
at Rffn’ ) for any j > k + 1, since one can also show that m < m|z — rhf,l’kH) in those regions. In order to
obtain (6-11), it is necessary that the mirror radius rq satisfy the lower bound of (5-6).

In the language of Section 1D of the Introduction, the bound (6-12) states that, when ¢y reaches {r =rg}
for the n-th time, the r-distance of the top beam ¢, from the second-to-top beam ¢1, i.e., r,gl’kH) —rp, can
be bounded from below by a small multiple of 9 which is large compared to /;(e)rg. As a consequence
of (6-12) and the bound (5-6) for rg, for any i # 1, Rg,;kﬂ) does not contain a trapped sphere. As a result,
combining (6-11), (6-8) and (6-12), we infer that, among all regions Rgnj ), a trapped sphere can only
appear for i =1, j =k + 1. This fact serves to simplify the proof of Theorem 1, by avoiding considering
multiple scenarios of trapped surface formation. Furthermore, it is crucial in obtaining (6-14).

Establishing (6-12) is the most demanding part of the proof of Proposition 6.1. It requires obtaining a
lower bound in the rate of decrease of r,(,l’kH) in terms of the rate of increase of ﬁz,(,l’kH), using also the
fact that r?z,(f’kﬂ) < ro before a trapped sphere is formed (see the relations (6-129) and (6-154) in the next
section).

The bound (6-13) is a technical version of the bound (1-42), and its proof follows from the ideas
outlined in Section 1D. In obtaining (6-13), the lower bound of (6-10) is necessary.

Finally, the bound (6-14) is a technical version of the bound (1-46) in Section 1D and provides an
estimate for the decrease of the multiplicative factor in the right-hand side of (6-13). In obtaining (6-14)
when 2m /r ~ 1, the fact that 2m/r is bounded away from 1 everywhere but on R,(.;’n] ) is crucially used
(in particular, the bound (6-12) is necessary for (6-14)).

Remark. As is evident from the above discussion, most of the technical difficulties in the proof of
Proposition 6.1 are associated to issues related with the near-trapped regime 2m/r =~ 1. In the case when,
instead of the stronger bound (4-4), one is merely interested in establishing the weaker instability estimate
(4-8), the proof of Proposition 6.1 simplifies substantially: In that case, it is not necessary to demand that
the worst instability scenario take place in Rg{kﬂ). In particular, the bounds (6-11) and (6-12) can be
omitted from the proof. Moreover, the lower bound for r in (5-6) can be relaxed, and the exponentials in

the relations (5-2) between ho(g), h1(e) can be replaced by polynomial functions.

6A2. Proof of Proposition 6.1. In this section, we will make use of the O(-) convention: for any pair of
functions F, G defined on the same domain, with G > 0, the notation

F=0(9)
will imply that

|IFI<C-g

for some universal constant C > 0 which is independent of all the parameters in the statement of Theorem 1.
We should also remark that, throughout this proof, we will adopt the convention on the indices stated
under (5-37); i.e.,

(1) Un(v(_l)) = Un+1(v(k))’
2) V,w* D ¢y =v,_;(wD +¢) for any integer 1 </ <k and any ¢ > 0.
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In view of (6-1), on U~ we have
o,r <0 < 0yr, (6-18)

o,m <0 < oym. (6-19)
We will split the proof of Theorem 1 into two parts: In the first (and shortest) part, we will establish

the bound (6-7) through a standard continuity argument. The proof of (6-7) will also yield (6-8) and (6-9).
In the second (and more extended) part, we will establish the bounds (6-10)—(6-14) by induction on #.

Part I: proof of (6-7)—(6-9). Let u, > 0 be such that on

U =US N {u < uyl, (6-20)

we can bound

O e —
B2 %Ar2

By showing that (6-7) holds on ¢/}, it will follow (by applying a standard continuity argument) that (6-7)
holds on the whole of ¢/;".

1%(#)‘ <2(h1(e)) *log((hs3(e) ™). (6-21)
—2m/r

Inductive formulas for d,r and 0,r and proof of (6-7). From (2-45), we can readily derive the following
renormalized equation:

8”8”{ _%tanﬂ(@”)} - _2:1;2((11__%7:2)) (1 — )(1 —8;;:1/r>' (622)

_1A2
3Ar

Letn>1,0<i<k,i<j<k+i, u <u, and v, be such that

U (0 + ) < < Uy Y)

and

. ; 4
Vo) < vp < Vi (vm ¥ ﬂh2(8)>-

Integrating (6-22) for u = it from v = V,,(v")) up to v = vy, using also the fact that

_3 —1</_A)}_L
8M{ Atan 37 _1—%Ar2’

we obtain

—0,r

1—%Ar2 (@, V, (v1))
—0,r m —o,r 0,7

= +0( sup —2( — 2)( : >h2(8)). (6-23)
1=3A72 G u)  \u=a)n(vy 00+ @A~ Bha(e)) <oV, -0y T~ \I—3 Ar2/ \1=2m/r

Using the bootstrap bound (6-21), combined with the trivial bounds
3

m<ml|z = : (6-24)

0

r>ry (6-25)
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(following from (2-46), (2-47) and (6-18)), as well as the relation (5-3) for h;(¢), the relation (6-23)
yields
— 0,1

@vaiy 1= 3Ar2

— 0y 1

1— 1A +O0((ha(e)'/?). (6-26)

(u,vp)

Similarly, integrating (6-22) for v = v from u = U, (v")) up to u = uy, for any

; 4 _ -
V(0 —ha@) S5V
and any
. , 4
Un ) <y = U (o + o)
(assuming that u;, < u,), we infer
Oyr Oyr
— =———|  +0(Ua)"?). (6-27)
L=3Arf w00 1= 38w,
By multiplying and dividing each factor by
1_2_’":1_2_’”_1/\#’
r r 3

the relations (6-26) and (6-27) are equivalent to

_ _ 1=2m/(r(1 = LAr%))| -
i :i ( - /( ( 1 3 ))|(u,vb) +0((h2(8))1/2)> (6-28)
L=2m/r{Gy,omy  1=2m/r Gy, \1=2m/(r(1=3Ar2))| .\ o
and
1=2m/(r(1 —iAr? _
_ O _ ( : /(( 3 Do +0((h2(s))1/2)). (6-29)
1 =2m/r|y, oy 1=2m/r|q,, 5 \1-— 2m/(r(1 - §Ar2))|(Un(u(")),ﬁ)

Remark. In the vacuum case, where 7 is constant, the factors in the right-hand side of (6-28) and (6-29)
become identically 1. In our case, however, where matter is present, by relaxing our definition of /4,
and considering the limit 4, — O for fixed ¢, the dominant terms in the factors in the right-hand side of
(6-28) and (6-29), i.e., the first summands, do not converge to 1. This is because, in this limit, while the
function r remains C', the renormalized Hawking mass 77 has a jump discontinuity across the beam.

Since T,,, = T,, =0 on Rg,;j) foranyn > 1,any 0 <i <k and any i < j <k +i + 1, the relations

(2-43)—(2-44) imply
3, i =9, L
1=2m/r ) |gip 1—-2m/r

In particular, along lines of the form {u = u}, the quantity —d,r/(1 — 2m/r) remains constant on

{fu=u}nN Rffn’ ) for any u < u, such that {u =u} N Rél,ﬂ ) is nontrivial. In view of (6-28), the quantities

=0 (6-30)
RG;
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=31/ (1 =2m/ 1)\ _iyien and —d,r/(1=2m/r)| o (forany i <u, such that {u =it} \RE,”
is nontrivial) are related by

—o,r

L=2m/r |, —aynrfD

_ —o,r . < 1- (2’%/7( - %Ar2))|(ﬁ,\/n(v(/>))
L=2m/r|—gyorgied \1=2m/(r(1=3Ar2))

+0<<hz(e>>1/2>>. (6-31)
|(ﬁ,Vn(v(f>+(4/ﬂ)hz(e)))

Similarly, the quantity d,7/(1 —2m/r) remains constant along segments of the form {v = v} NR,

oyr/(1 — 2m/r)|{v:ﬁ}ﬂ7?,([+l’j) and d,r/(1 — 2m/r)|{U:1_)}mR<;,_/> are related (in view of (6-29)) by
07 o7

L=2m/r|,—pnr T 1- 2m/r

g’,/ ), and

i
(v=0}nRE D

( 1—2mm/(r(1 - $Ar?))

‘(Un(v“)),ﬁ)
1—2m/(r(1—$Ar?

+0((h2(8))1/2)>- (6-32)
)) }(Un(v”>+(4/ﬂ)hz(s)),5)

We infer, therefore, that for any point (u, v) € Rg,{) forsomen>2, 0<i<kandi<j<k+i+1
such that # < u,, the following relations hold between (i, v) and (& —vg, v —vp) € R
—o,r —o,r

L—2m/r |z T 1—2m/r

@J) .

en—1°

(—v0p,v—00)

" ﬁ( 1—2:m/(r(1- %Arz))i(u,v,,(v@))

- + 0<<hz<e))‘/2>>
i) 1=2m/(r(1 - 3Ar2)) |(a,v,1(v<f>+(4/ﬂ)h2(s)))
ki 1—2mm/(r(1—1Ar? D).
x 1_[( ; /(1( W Nt 0((h2(8))1/2))
PN 2/ (r(1—3Ar ))|(Un(u<f>+(4/ﬂ)h2(s)),a)

k+j

X 1_[ ( L 2m/(r(1 - %Arz))’(ﬁ—vo,\/n(v‘f)))

1—2m/(r(1-3Ar?)

+ 0((/12(8))1/2))

kit M i—v0. 1, 0044/ =B aten)
(6-33)
and
o7 . 07
1-2m/r (ﬁ,ﬁ)_ 1-2m/r

(it—vp,v—vp)

|<Un<v<f)>,ﬁ>

Xﬁ( 1-2m/(r(1-3Ar?))

h 1/2
2\ 1=2m/(r(1-3Ar?)) +0((ha()) ))

|(Un<v<”'>+<4/¢—A>hz<s)>,ﬁ>
k+j

<T1( 12/ (1= 5A) o )

1-2m/(r(1-3Ar?))

J=J

+0((h2(8))1/2))
\(ﬁfvo,Vn(v(-/?)+(4/«/*1\)h2(€)))

; - 1
xlﬁ( 1_zm/(r(l_§Ar2))|(Un(v<f>),ﬁ—vo)

121/ (r(1-3Ar?))

i=j

+0<(h2(e>>1/2>). (6-34)
|(Un(U(E)+(4/\/j)h2(8))vﬁ_v0)
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Yo

Figure 11. In order to obtain the formula (6-33) relating —d,r/(1 —2m/r) at the point
C = (u, v) with the same quantity at the point C’ = (i —vp, v —vg), we apply the relations
(6-31) and (6-32) along the dashed path depicted above, using also the reflecting gauge
condition on yy and Z.

The relation (6-33) is obtained as follows (see also Figure 11): First, (6-31) determines the evolution
of —d,r/(1 —2m/r) (according to (6-31)) along the line {# = u} in the past direction, from (u, v) up
to yp. Then, using the boundary relation

—0yr oyr

= : (6-35)
L=2m/r|, 1=2m/r{,
one repeats the same procedure for d,7/(1 —2m/r) along {v = u} from y; up to Z. Finally, using
-0 d
Cl =) (6-36)
1-2m/r|; 1-2m/r|;

and following the evolution of —d,r/(1 —2m/r) along {# = u — vo} from Z up to (& — vg, v — vp), one

arrives at (6-33). The relation (6-34) is similarly obtained by following the same procedure along the

lines {v=1v} (uptoZ), {u = v — vo} (from Z up to yp) and {v = v — vg} (from Z up to (& — vg, v — vp)).
In view of the bound

1— 27’" > hi(e) (6-37)

on U (see (6-1)), we can estimate in the region {r < &'/2(—=A)/2} N+

2m _ 1—-2m/r = (o), (6-38)

1—
r( — %Arz) — %Ar2 2
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On the other hand, in the region {r > e2(=A)12 N Z,{j , using (5-24) to bound m we can trivially
estimate (in view also of (5-2))

2m
_—1221
r(l—34r%)

Combining (6-38) and (6-39), using also that 11 > |, = 0 on U,", we can bound 1 — 2/ (r (1 — %Arz))

2¢
Tz ). (6-39)

from above and below everywhere on /" as

2m
(1= A7)
Thus, by considering the logarithm of the relations (6-33)—(6-34) and noting that the resulting right-hand

side contains ~ k = [1/h;(e)] summands, each controlled with the help of (6-40), we readily obtain for
anyn>2,0<i<k,andi <j <k-+i+1 and any point (u, v)eR( M with it < uy

Sha(e) <1— (6-40)

T - log( —2 < loglhsen™) (641
N0=2mr Nas P\ T=2m/r o]~ mile) S
and
1o Our o o < C oa(tsenh (6-42)
& L=2m/r s : L=2m/7 /| imvg,5-v0)| — 1(€) . .

In view of (6-28)—(6-29), the bounds (6-41) and (6-42) (stated in the case when (i, v) belongs to a vacuum
region R(l J)) also hold when (u, v) belongs to a beam, i.e., when

U0 = = Uy (v 4 —Ehate)
or
V) <0< V(070 + R )

forsomen >2, 0 <i <k,andi < j <k+41i+ 1. Therefore, for any n > 2, the bounds (6-28)—(6-29)
hold on the whole of
Uz, = (U, <u < U @) N (6-43)

From (6-2) and the definition (6-5), it follows that
nyp < (hi(e) > (6-44)

Since n < ny (because U C U), by substituting (i, ¥) — (it — v, U — vg) in (6-41)—(6-42) n — 2 times
and using (6-44), (5-16), (6-40) as well as the Cauchy stability estimate of Proposition 3.5 for the region
{0 <u < 2vp}, we readily obtain

sarl (7= | oo =5 ) |} =
7 | R S S\ T=2m/r )| = i @)?

Thus, (6-7) holds on £ in view of the relation (5-2) for the parameter /11 (¢) (provided &g is small enough).

log((h3(£)™"). (6-45)

Therefore (as explained in the beginning of the proof), a standard continuity argument yields that (6-7)
actually holds on the whole of /]
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Proof of (6-8) and (6-9). For any 1 <n < ny, we can bound, in view of the definition (5-8) of v) and
the bound (6-7),

tan~! (\/ —ér)‘ —tan ! (\/ —Ar) ‘
3 U, O+ @/ =A)ha (), Va (00 4/ /=R 2 (e))) 3 1zn=Vv,w® +@/vV=N)hs(e))}

A [Un0OFEV=DhE) g

3 Ju, 00+ @/ o)y 11— %Arz

du
(u, VWO +(4// = N)ha(e)))

OV 1p® _ O
TG log((h3(e>> )v |
log((h3(e))™") (6-46)

—an~! (/- 4)

t
Un 0O +@/N=MNha()), Vy 0D+ /= M2 (e)))

B \E /Un<v<°>+<4/¢—A>hz<a>> —o,r
N 3

Ce
= ne)®

and

-4

roN{v=V, W* D+ /=) h2(e))}

du
Up (00 +(4//=R)ha(e)) 1—%1\72 (u, Vi 06D 4 (4= R ha (8)))
CV —A k) (0
—~log((h3(e)) " Hv® -0
= ) 8
Ce
SSTe ))6log<<h3<e>> h. (6-47)

From (6-46) and (6-47) we readily obtain (6-8) and (6-9), respectively, in view of the relations (5-2) and
(6-3) for hy, h3, respectively, and the fact that r|,, = rg, r|z = +o0.

Part II: proof of (6-10)—-(6-14). We will now proceed to establish the bounds (6-10)—(6-14). To this end,

~ (i, ])

we will first derive some useful estimates for the differences of the renormalized masses m,,"’’ associated

to the vacuum regions around each interaction region ./\/g(n ) 16

Relations for the change in the mass difference of the beams. Let us introduce the notion of the
mass difference for the beams {U,(v?)) < u < U, + (4/~/—A)hy(e))} and {V,(v) < v <
V,(wY) + (4//=A)ha(e))} around their interaction region N.o/’: For any 1 < n < ng, 0<i <k,
andi 4+ 1 < j <k +i, we define the initial mass differences

(@_,ﬁ)(llj) ’(1+1 J+D ~£ll}j+l), 6.48)
(@ m)(l J) = 1(1 +1,j) _ ~§Ll+17j+1)
and the final mass differences i e ) =)
(®m), " =m, — (6-49)

L oG inl
(©+m)£lw) - m;ls]) _ m’(;’]+ )

16 A relation for the change the mass differences of two intersecting, infinitely thin null dust beams was also obtained in
[Poisson and Israel 1990].
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(D i)y

2
@ i e 0

Figure 12. Schematic depiction of two intersecting beams, with associated incoming
and outcoming mass differences (®_ m)(l ) D_in (’ 7 and (33+m)(l ) () (l P
respectively. The point A satisfies r(A) = r,(,’ v , while the point B satisfies r(B) = r,g .
For simplicity, we have used the shorthand notation l=(—AN)"12

>

Note that (D_m)¢ and (D) are the mass differences around the outgoing beam {U, (v < u <
U, (v + 4/ —A)h,(¢))} before and after crossing the region Noy @.J) , respectively, while (’D m)(l 7 and
(©+m)(l /) are the mass differences around the ingoing beam (Vu(wP) <v < U, 0D +@//=AN)hy(e)))
before and after crossing the region N, 09 See Figure 12. Note the trivial identity

@)D+ (@D i) = (@ i) (D 4 (D i) ). (6-50)

We will establish the following bounds forany 1 <n <ny, 1 <i <kandi+1=<j<k+i:

()]
BN — (B ) (D_rm ./ (ir)) )
(D1m), (®_m), eXp(f,(,i’j)1—2n~1,(f+1’J)/f(”’)—lA(f,g"’j))Z(1 Crr) (1 =Crry, )), (6-51)
2 (@ (lJ)

~\(i,] ~\(i,j ) @, J)
(®+m)(”f):(@_m)(”)exp(— al : ——(1—€er)" ) (1€ )) (6-52)
' ' P 1—2@2’*1’”/?,5””—%A(ﬁi”’))z v

where the terms @tt?"nj) in (6-51) and (6-52) are allowed to be different from each other, but they both
satisfy the bound

FOD D LA GGy

@)
0< tht]’n <l- Yy N(l o (6-53)

1
rl Un D), V(0D +(4/v/ = D)ha(e))) Ar3 | U0, V, 0D +(4/v/=N)h2(e)))
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and ¢erl/) tht(l /) satisfy the bounds

W o
L. 3) ()}

0<enl) <1- E@*m—)”) (6-54)
- ()]

0<er) <1- (@— (6-55)
/n (:D (l e

Moreover, the following estimate will be useful in the proof of (6-12): forany 1 <n <ny, 1 <i <k,
andk+1<j<k+i,

1 (@ (l J)

Remark. Notice that, as a consequence of (6-51) and (6-52), during the interaction of the two beams

(@_,_m)(’ ) > (CD m)(’ . exp(

at Ng(,;] ) the mass difference D of the ingoing beam increases, while the mass difference ©m of the
outgoing beam decreases.

Proof of (6-51) and (6-52). By differentiating (2-47) in u and using (2-43) and (2-48), we readily obtain
the wave-type equation for m

0, 0ym = —F (r, m) 0,md,m, (6-57)
where 5
F@r,m - 6-58
(= —2m — —Ar3 ( )
Note that, formally, (6-57) can be rewritten as
oy log(—0,m) = —F (r, m) dym (6-59)
or
dy log(dym) = F(r, m)(—0y,m) (6-60)

(note, however, that log(—d,m), log(d,m) will not be well-defined when d,m = 0 or d,m = 0).

Forany 1 <n <ny, 1 <i <k,andi+1 < j <k+i, integrating (6-57) first in u, for Un(v(i))) <u<
U, 0 + (4/+/—=A)h>(¢)), and then in v, for V,(v)) < v <V, (v + (4//—A)h,(g)), we obtain
n~1’(1i,j) _ njllgli,j-i-l)

/ Vo D+ @/ /= N)ha(e)) / Un D44/ =Mha(e)) _ 9,
v

D], wi)),v) 'CXP(2 du) dv. (6-61)
(u,v)

L (00) Uy (0) r—2m

Remark. Note that, at the formal level, the derivation of (6-61) is easiest seen by integrating (6-60) first
in u, then exponentiating, and then integrating in v. This procedure can actually be done rigorously, since
d,m < 0 < d,m in the interior of Ny, @9 5 , in view of (2-46)—(2-47) and (5-43)—(5-44).

In view of (6-18)—(6-19), we can bound for any U,v®) <u < U, (v + (4/+/—A)h2(¢)) and any
V(W) <v <V, (09 + (/= A)ha(e))
fr(zi’]) 2~(z+1 D IA(’;n(i,j))S
<(@r-— 2m)|(u,v)

2% (l J+D _

1 3
= 0, 00), VD) + 4/ Roae))) 3AT | (0, 00) .V, 0+ 4y Dohaeyys (6-62)
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where
P = 0,004 4 e, Va0
Therefore, using (6-62) to estimate 1/(r — 2m), from (6-61) we readily infer that
Va0 (/= N)ha(e))

~ (i, ] ~ (i, j+1 ~
mill D _ mill J+D — / _ 8vm|(Un(v<i>)),v)
V, (v(1))

.exp( 2 1@, @0).0) = Ml 00+ @/ =R )

e D) _
FOD ] D D LAy (I =&y, (”))) dv, (6-63)

where, for any V,(v)) < v < V,(0Y) 4+ (4//—=A)ha(e)), (’Ett(li”r{)(v) satisfies the bound (6-53).
Equations (2-46), (2-44) and (2-23) imply that, for any V,(v)) <v < V(0¥ + (4//=A)hy(e)),
(1] v, 00).0) = 1 (U, WO+ 4/ =B (e)).0)) = O (6-64)
and, therefore, for any V,(v) <v <V, + 4/ —AN)hy(e)),

@)y < 1], 00),0) = 1 (0, 0044/ a0y < D=1 7. (6-65)
The bound (6-65) implies that (6-63) can be expressed as

n';lili,j) _ n'jlﬁli,j+1) — (’;’;ll(1i+l,j) _njlili+1,j+l))

2 @), ) (i)

-exp( — — —— (1 — &er, )1 — Erery 7)),  (6-66)
fr(lt,J) 1 _Zﬁir(ll—i_ld)/fr(tl’j) _ %A(fr(zz,j))z I,n \n

where thtii;lj) satisfies the bound (6-53) and Q‘Ett{i;j ) satisfies the bound (6-54). In view of (6-48) and

(6-49), (6-66) is equivalent to (6-51).

Similarly, integrating (6-57) first in v, for V,(v)) < v < V(v + (4//—A)h3(¢)), and then in u,
for U,(v)) <u < U, (0" + (4//=A)h1(e)) (see also (6-59)), we obtain (6-52). O
Proof of (6-56). Recall F defined by (6-58) and let us define the function F: Di — (0, +00), where

Dﬁ:{(x,y)e[l%zx>0andx—y—%Ax2>0}, (6-67)
by the relation
_ 2
Fx,y)=——F+——. 6-68
R Iy (6-68)

Note that, in view of (6-7), (6-9), (5-6) and (5-3), for any p > O for which

inf  {r(u,v)—2u—3Ar*w, v)} > hi(e), (6-69)
(u,v)eNs?
we can readily bound
max F@r(u,v), p) < min  F(r(u,v), n) (6-70)
wv)eNs” (w,v) N
and
O F(r(u,v), ), 0, F(r(u,v),n) >0 (6-71)

(note that F (r| A w) and F(r| A w) are well-defined and positive under the condition (6-69)).



1726 GEORGIOS MOSCHIDIS

Forany 1 <n <ny, 1 <i <k,and k+1 < j <k +1, let us consider the following characteristic
initial value problem on N/

Byttt = —F (r, 1) 3 3y on NoD,
i = i on [U ™), U, (v0+—A— —=2(®)) |} (Va @OV 0N (6 729

x[Vn(v(j))),V,,(v(j)-i—\/i_Ahz(e))].

Note that 77 satisfies the same characteristic initial value problem with F(r, 1) in place of F(r, i). Notice
also that, in view of (2-46)—(2-47) and (5-43)—(5-44), the initial data for 7 and m satisfy

Byt <0 on {Un(v(i)) <u <UD+ \/i_Ahz(e))}, (6-73)
9, >0 on {Vn(v(j)) <u <V, + \/i_Ahz(e))}. (6-74)

Therefore, in view of (6-70)—(6-71) and (6-73)—(6-74), an application of Lemma A.1 (see Section Al
of the Appendix) with i, m in place of z,, z1, respectively, yields the following a priori bounds for a
solution m of (6-72):

on N\07), (6-75)

i
d,m <0 < d,m in the interior of V7). (6-76)

S
IA

Notice that the a priori bound (6-75) and the initial data in (6-72) imply that m > 0 and that (6-69) holds
for u = m and pu = m; in particular, F(r,m) is well-defined and positive on A/'g(,’;’j ), Thus, it readily
follows (using standard arguments) that (6-72) indeed has a unique smooth solution m satisfying (6-75).

With m defined on /\/'g(,l;’j) asabove forany 1 <n <ny, 1 <i<k,andk+1=<j <k+i, we will
define the following modified versions of (6-48) and (6-49):

@) = 1 0,00, v, ) = (0, (00 4/ V=R Vo (0

I ’ 6-77)
(D), = ]y, w0, v, )+ V=Rt ™ M (0, 00). v, 00))
and
0T p )
(D) 7 = ] 1, 0, V, (00 /=) ™ U 0+ =RV (6). Va 00434/ =R o)) 678)
D), = B (1, 004 4R s (60), Vo 0+ 4/ B9 — T U 04/ B a6, Va0
Note that, in view of the initial data for (6-72),
@), = (D)7,
_m T (6-79)
@), = @),
while, in view of the bound (6-75) (and the initial data for (6-72)),
@) = @)D,
" " (6-80)

@) < @)D
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By repeating exactly the same steps that led to (6-51) and (6-52) but using (6-72) instead of (6-57), we
obtain forany 1 <n <ny, 1 <i<k,andk+1=<j<k+i,

(@ )(l 2J)
@) 1— ~(l+1 J)/—(l ) ZA(—r(li,j))z

(z_)m)g,j):(@_na)g,p.exp( (1—&er{"))(1- etti’;;f))), (6-81)

2 @, )i
—(t ) 1— ~(z+1 ) _r(ll \J) 2A(—(l J))z

(@m)g,n:(@n—q)gw.exp( (1—&ee)" Ty (1- e, “)) (6-82)

where

fr(li’j) _ "’(H‘L]') _ %A(Fr(ll’j))s

g ))
0<Crr, <1-— G 25 _ . , (6-83)
r|(Un(v<") Va (0D +(4//=Mha(e)) — 30T |(Un(v<’)),Vn(v<f)+(4/«/—A)hz(8)))
and
. @ @)
0< (’Ettilr;” <1-— (L)(”) (6-84)
(D_m)y,
L @ @)
0<&nf/) <1- (—)() (6-85)
(Dym), !
(and, as before, we allow the terms tht( ) in (6-81) and (6-82) to be different).
Because
m\ D <l < 3rg < 377 (6-86)

(in view of (5-24), (5-6), (6-18) and (6-19)), from (6-82) (using also (6-9) and that &rt{"”, Ewrf.” > 0)
we can estimate forany 1 <n <ny, 1 <i <k,andk+1=<j<k+i

D)D) = (D_gi) 0o < (@) (1 — &) (1 - Ere n))
+m)," = (®_m) - exp| ——— . — — €, e
n n f(lqj) 1— ~(l+1 J)/rlgl 20D _ %A(f;gl"/))z /n
o 8 @ ()
> @_m)) -exp< %) (6-87)
I'n
In view of the fact that
@) < @ i) =D =i <oty =0 < 2ro < 27
(following from (6-80)), (6-87) yields
@) > 153 (@ )00 (6-88)
In view of (6-84), (6-88) implies
s o |
1— @tt\n > (6-89)

Co
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Using (6-89) in (6-81), we obtain

D)D) > (D)) ( 2 @)y " (1 — €l ”)) (6-90)
m),”’" = (3D_m),’ - exp ; SRR i . -
+ Cor 9 1 = fﬁ]’”/rﬁ ) —%A(r,(,’”)z

In view of (6-86) and (6-9), we can also estimate
11— G_tt?n] ) 1

I —— > — (6-91)
L=y 0 [ —2A G ) 10

and, thus, (6-90) yields

@)D > (D_m){ - exp(séo (@r(—j))(n> (6-92)
From (6-92) and the relations (6-79) and (6-80), we readily obtain (6-56). (|
Proof of (6-11). For any 1 <n <ny, from (6-51) we readily obtain that, for any 1 <i <k,
@) = @)D, (6-93)
Applying (6-93) successively fori =1, 2, ...k, using also the identity
@) = @)D (6-94)

(which follows from the fact that m is constant over each R( / )) we thus infer that, for any 1 <i <k,

(@ m)(z Jk+1) > (@ m)(k k41 (~(0 0) ~(0 1)) (6-95)
Since
" =) =il (6-96)
and
@) =i =) = @)D, (6-97)

from (6-95) we infer that, for any 1 <i <k,

@)D > (@ )Y, (6-98)
Similarly as for the derivation of (6-93), applying the relation (6-52) successively for i = 0 and
j=1,2,...,k (with n — 1 in place of n), we infer
(D), ")

D iy - (D), - 1= eer®) 31— ee®)). (6.99)
= (D-m), "y -exp| — Z Z0D | 2509 /70D 1A(;(0,j))2( v )= v, m) ) (6
= n—1

(0,k)

In view of the bound (5-24) for the total mass |z, the lower bound (6-8) for r, "’ and the fact that

—(0 /) ((l/]() —(0 J)(1+(h2(8))1/2)

n 1
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for 1 < j < k (following from (6-7), and (5-3)), we can estimate

2 (© )(O o 0.)) 0.0)) 2 32
. J
j=1"n—1
Therefore, (6-99) yields
@)Y
og W 83/2. (6-101)
From (6-98) and (6-101) we thus infer that, forany 1 <i <k andany 2 <n <ny,
(CD (z k+1)
log — k+l) ==&l (6-102)
mnfl

From (6-102) for i = 1 and the fact that, forany 1 <n <ny,
(5+n7l)}(11,k+1) — (@,nﬁ)ﬁo’k) — n7l,(11,k+1)’ (6-103)

we thus infer that, forall 2 <n <ny,
~ (Lk+1)
log 7 > 32, (6-104)

~ (l k+1) —
m, 1

Applying (6-104) successively n — 1 times, we thus infer, forany 2 <n <ny,
;7 (LA+D)

e @109
1

The bound (5-6) for rg and the form (5-7) of the initial data imply
20/ (v + 4/ = Mha(8)) — iy 0))
ro C
Therefore, from (6-95) and (6-106) we infer that, forall 1 <i <1,
2(,}5+n~1)§i,k+1)
ro

From (6-105) and (6-107) fori =1 (when (’Der)(l k+1) ﬁ1 k+l)) using also the fact thatn y < (h(¢))~ 2,
we thus deduce that, forall 1 <n <ny,

h o0(e). (6-106)

C_ ho(e). (6-107)

2n~1’(11,k+1)
— > —hy(e). (6-108)
ro Co
The relations (5-24) and (6-108) readily yield (6-11). Il
Proof of (6-10). In view of the bound (6-37), we infer that, forany 1 <n <ny,
1 2y LAF? h 6-109
- = 3D W, ), v, D (4 ey = 13 (8)- (6-109)

r|(Un(v(”),W(v"‘+1>+(4/«/—1\)h2(8)))
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Using the bounds

r| 1 (k+1) /—
(U (v D),V 05D +(4/ /= M)ha(e))) < 1+(h2(8))1/2 (6-110)
ro

(derived from (6-7), (6-9) and (5-3)) and
ro

Q2/v=RN)e — LAr]

(from (5-6)), as well as the relation (5-24) for m |z, we can readily derive from (6-109) that

< 1—Jexp(—2(ho(e))™) (6-111)

20|z — g ) 1/2\—1 4y 1 A2 12
- > 2(1+ (h2(e)) /) exp(=2(ho(e)) ) + 3Ar5 (1 + (h2(g)) /7). (6-112)
The bound (6-10) follows readily from (6-111) and (6-112). O

Proof of (6-13). For any 2 < n < ny, applying the relation (6-51) successively for j = k + 1 and
i=1,2,...,k, using also the identity (6-94) and the trivial bound

@) (1 — €l D) > (@ i) KD (6-113)
(following directly from (6-54)), we obtain

(”}5+n~1),(11’k+1)

k+1
— (" 70 0) (0 1)) exp(Z @_m){ D | (1— (’Ett(’ k+l))(1 @tt(l k+1)))
P ,Sl k1) 1—27 ~(l+1 k+1)/ (@, J) lA(fnl’k+1))2
2 (D i (t k+1)
~ (0 0) (0 1) + (3, k+1)
> (m, 1) eXP( . (I—Creyn ") ). (6-114)
; r(ll Jk+1) 1=2s (l+1 k+1)/—(l J) lA(’jr(ll,k‘Fl))z

In view of (6-7), (5-3), (6-53), (6-9) and the fact that

ro < FUA+D < FlkkrD)

for 1 <i <k (following from (6-18)), we can bound, for any 1 <i <k,

2 1
,—_rgi,k—l-l) 1 — 2 ~(z+1 k+l)/-(z ) 1A(fr(li,k+l))2

(1— (’Ett(’ kH))

. 1
Zme{ | . » 2~(”+1) A 3 » . ,
" U D),V 0D+ =R)ha(e))) — "N U, (D), V, 0D +(4/v=N)ha (¢)))
: }
FUD) _ g ULkt _ %A(fr(li,k+1))3

2—0(¢)

= (6-115)
I'n
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Furthermore,

Z(@ m)(l k+1) Z( ~(i+1, k-‘rl) ~’(1i,k+1)) — n7l|1' _ njl}(,ll’k-i_l). (6_116)

Therefore, in view of (6-10), (6-115), (6-116) and the fact that
(55+n';l)’(1l,k+l) — ’;’-;lgll,k-i-l) - ’;’jl’(,ll,k—i-Z) — l’;l,(,ll’k—i_l), (6-117)
the bound (6-114) yields

n7l’(11,k+1) > (naflo_(i) _ n~1,(10 1))

(8) n~1’(11,k+1)))

( (k k+1)

> (g — ")) - exp <kk+1) exp(—2(ho(e)) )) (6-118)

Using the bound (6-101) and the fact that

O.1) _ (1) _ =01 _ ~0.0) _ =01
(©+m)11 =My My =m
- (0,k ~ (1k+1
(Q—m)fz—l) = mf;—l g
we can estimate
(1’7’1’(10_’?) ~ (0 1)) . e—s rhfll l;-i—l)‘ (6-119)

From (6-118) and (6-119) we thus obtain (in view also of (6-9) and the properties (5-2) of h(e))
- ~ ro _
D > g LD exp(m exp(—2(ho()) 4)). (6-120)
T'n

In particular, (6-13) holds forall 2 <n <njy. O

Proof of (6-12). Combining (6-102) and (6-11) (using also (6-107) in the case n = 1, as well as (5-24)
and (5-6) for m|z, rp), we can readily estimate forany 1 <n <nyandany 1 <i <k

2D i) A
2@emh 7L 1, . (6-121)
ro Co
Similarly, in view of (6-94), (6-97) and (6-101), we can bound forany 1 <n <nyandany 1 <i <k
2D _ ) Gk +D
20 L. (6-122)
ro Co
Using the relation
(5+m),gi’k+]) — njllgli,k-i-]) _ rhill',k-FZ) (6'123)
and the trivial bounds
mED < |7 (6-124)
and
max i) = piErD (6-125)

k42< j <k+i+1
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(following from the monotonicity properties (6-19) of m), from (6-121) we obtain forany 1 <n <ny

~ ~(i,))
2 — 1
min 2oz mm) L e, (6-126)
I<i<k ro Co
k+2<j<k+i+]
In view of (5-24) and (5-6) and the properties (5-2) of hg(e), from (6-126) we infer that, for any
1 <n<ny,

i)

max
1<i<k ro

1
<1——hgy(e). 6-127
na =1-3c 0(e) ( )
k+2<j<k+i+l

In particular, for any 1 <n <ny, (6-127) implies

1
sup ———— <4Co(ho(e)™". (6-128)
{u<v<V, &) N(uzU, ®)) 1 —2m/r

The main estimate that will be used in the proof of (6-12) is the following bound: for any 1 <n; <
ny <ny and any V,, 02 + @/V=RM)ha(e)) <v < V,, 0*FD)

W, @O +@/V=EaE),0) Z W W, 0O+ =Ry (0)),0— (111~ o)

r(l’k+1) rh(l’k+1)
— n n
xexp<—c3(ho(s)) 3 max { }m(W)—zel/Z). (6-129)

ny=n=nj ro "

Proof of (6-129). Forany 1 <n <ny, 1 <i <k,and k+1 < j < ki, integrating (2-43) from u = U,(v®)
up to U, (v + (4/+/=A)ha(¢)) (and using (2-46)), we infer that, for all V,,(vU*D 4 (4//=A)hy(e)) <
U< Va(0),

07
log| ————
1-2m/r

(577 s
(Un(0).5) 1=2m/r ]| (v, 0o+@/=ohse)).0)

Un (0O 44/ = N)hy(e)) T,
= 471/ du
U (o) 0T ()
Un 0O+ @/V=Dhae) g
= 2[ _— du. (6-130)
U, (0®) r(1—=2m/r) (. )
In view of the monotonicity properties (6-18), (6-19) of r and i, we can estimate
U0+ @/V D) _g
> / U S
Un(v(i)) r(l_zm/r) (’4,1_))
2 Un (0D +(4/v/=N)ha(e))
< sup <—) / (—di)|  du
Un @) <=0, 00+ /=B e) N A =2m/1) [ 5 Ju, o) )

2 .
< : - sup <—>(©_ﬁ1)(”/). (6-131)
’"(Un(v(l)+(4/\/ —A)hy(€)),v) U, WD) <ii <U, 0D +(4/ /=R 2 (e)) 1_Zm/’”|(ﬁ,17) !
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From (6-130), (6-131) and the bound (6-128) for 1 — 2m/r, we infer that

oyr a1
log| —— —log| —
1-2m/r U, (0D).5) 1—-2m/r

(Un (0O +(4//—A)ha(e)), V)
fr(ll’j) (Q,n’jl 2’,1)

< 8Cy(ho(e)) ™! ‘ —. - (6-132)
r(Uy (0D + (4//—A)ha(e)), V) i)
Notice that, in view of the bound (6-56), we can estimate
D @,J) 55 ~\ (i, ])
((L]) <5C, 10g<(_L~)'ZI.j)>. (6-133)
rp’ D_m),’

Thus, from (6-132) and (6-133), we deduce that, forany 1 <n <ny, 1 <i <k,andk+1<j<k+i
and any V, Ut + @/v/=K)ha(e)) < 0 < Va0,

log(—avr ) —10g<—avr )
1—-2m/r U, (DY, 5) 1-2m/r

(Un WD +@/V = N)h2(#)).0)

=0, ) A IEAYTL
_ r (©+m)n
<40C2(ho(e))~! : . _ log( — - ) (6-134)
’ U0 + (4 V=Dha(), 1)\ @_ii)
Applying the relation (6-134) successively fori =1, ..., k and v = v, using also the fact that

o7
Oyl ——=— =0
(1 —2m/r)

on each Rgn] ), we obtain

a1
L=2m/r |y, w0 +@/v=Rh(e)).5)
0
> _ 0
1—-2m/r (Up—1 (0O 4@/ /=N (€)),0)

, 1 k f(i,k-i-l) (5+n~1 (i,k+1)
—40C3 (ho(e))™ . 1 ~ . (6-1
Xexp( PCothoten ;r(Un<v<i>+<4N—A>hz(e)>,6) °g<@_m ,3”’““))) (139

Foranyi =1, ...,k, integrating (2-43) in u from u = U, (v?) up to U, (vD + (4//—A)h,(e)) for
v =1, € [0, V,(v'")] and using (2-46) and the fact that 8,7 = 0 on RS, we infer

oyl
1=2m/7 |, w0 1@/ v=Rohae)).00)
97 UnO+@/V=Dha(e))  _ g
=2 exp(—z / —— du). (6-136)
1-2m/r Up (0D 44/ =RA)h2(€)),v4) Up(v®) r—2m—§Ar (u,v4)

Using the fact that r > r¢, from (6-136) we infer (in view of the monotonicity property (6-19) for n) that
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oyl
1=2m/7 | 0, 0O +@/ /=Ry e)),0)
r ( /. OB —dul )
> — exp|—2 — du
1—2]’}1/7‘ (Up (0D +(4//=N)h2(8)),v5) U, (vD) ro—2m|(u,v*)—§Ar0
37 Un (@M +4/v/=M)h2(e) 2wy 1. o
= exp|— du(log( 1———=—3Ary ) |du
1=2m /7| (4, 00+ @4/ VB (e)) 0 U () 7o
oyr 1-2m]| @ ro—iAr?
_ v ) ( . Ua )00/ 37770 ] (6-137)
1=2m/r |, 0o+ @/v=Bhaen.wy =201, 04 @/ =Ryha (). /70— 3 AT

In view of the bounds (6-9) and (6-127), (6-137) yields
Oyr dyr ho(e)

- > -
L=2m/7 | w,00+@//=Rmaenvs L= 2M/7 |0, 004+6/v=Rhen vy €0
Integrating (6-138) in v, € [v, V,(v¥))] and using (6-128) (and (6-9)) for the 1/(1 —2m/r) factors, we

thus obtain

(6-138)

h 2
( 106(?2) (6-139)
0

FUATD o> (f,gi’kJrl) r(U, (v(’)+J—h2( €)), _)>

and, thus (in view of (6-7), (5-3) and the fact that ro < min{r\"**V, r(U,0® + (4//=N)ha(g)), D)})

_(z,k+1) 21”(1 )
< 16C5(ho(e)) > 2 ) 6-140
r(Uy (U(l)+(4/\/—A)h2(8)) U) 0( 0( ) 70 ( )
From (6-140) and (6-94), it follows that
Xk: ‘(i k+1) N <(@ (l k+l))
F(U,(v® + (4//=N)ha(e)), v) %) (1 k+1)

i=1

(1 k+1) k (@ (z k+1)
< 16C0(ho(8))_2 Zl g( i) k+1))
i=1

(1 k+1)

(l k+1) (k k+1)
T D, m (D4
= 16C5 (ho(€)) {Zk’ (@+ )([+_1 k+‘1)) ‘Hog( Filg— n~1<0 ) )}

i=1 n—1

(1,k+1) (1,k+1)
7 (D)
= 16C§ (ho(e)) > o 1 g( - 0D )

m|z —

(@ (1 k+1)
(©+ >(° ) )

L (1 k+1) (@ (1 k+1) 3

(LD D K
_ 2 —2'n 3 -
= 16C{(ho(e)) o {log( o k+l)> +¢ } (6-141)

n—1

(1,k+1)
_ 2 —27"n
= 16C5(ho(e) =1 g(
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(where the inequality at the sixth line of (6-141) follows from (6-101)). Therefore, (6-135) and (6-141)
yield, for any 1 <n <ny and any V, 0**? + (4//=A)ha(e)) < v <V, (0*FD),

Oyr
1=2m/r |, w0 +@/v=m)he)),v)
a . r(l,k+1) ’/h(l,k-‘rl)
S G exp(—c3<ho(e>>—3 - {10g( 1 k+1)) ”3/2})' e
1=2m/r |, ,0Ootr@/v=Rmie)).v) " M-t

In view of (2-44), we can bound for any U,_; (vD + (4//—=A)ha(e)) <u < Uy_1 (v )

—0yr —0yr
e > . (6-143)
L=2m/r | v, woy — 1=2m/7 {4y, @)
Hence, using that
e from (5-39), (6-9),
07 . 7
L=2m/r | y,00ra/y—mmeny 1= 3872 0,00 4@/ =Rme).v
=1+ 0()) 8vr|(Un(v(l)+(4/ /= M)hy(e)),v)° (6-144)
e from (2-45), (5-24), (6-8) and (6-7)
0 d
of —_ 0 (14 0(e)), (6-145)
L=2m/r|w, \0o+@/y=RmeEny 1= 2m/7 G, ;0o
o from (2-44), (2-43) and the gauge condition (3-24),
_ O _ O (6-146)
1 =2m/r|gabng_g 1=2m/r Rfll_’ll)ﬂ{u:f)—vo}’

the bounds (6-142) and (6-143) yield for any V, (v**+? + (4//=A)hy(e)) < v < V,(v* D)

NI |0, 0+ @4/ BNha(e)).0)
- —0yr
“1-2m/r

r(l,k—i—l) ﬂ1(1’k+1)

— n n

exp<—cg(ho(g)) 3 log(~(1’k+l)>—81/2>. (6-147)
(v—vp, Va1 (v&+D) ro m

n—1
In view of (5-39), (6-9) and the fact that

—0yr
1-2m/r

oyr

RV =) 1—-2m/r

(6-148)

R n(v=i1)
(following from the gauge condition (3-23)), from (6-147) we infer for any V,, W D @4/ =N)hy(e)) <
vV, (U(k+1))

NI (0, w44/ BN (e)).0)

(1k+1) ~ (1,k+1)
> 07| exp(—C3(ho(e)) 31— 1og( 22 —2¢12). (6-149)
= Ol (U, O +@/V=Rhae)),v—v9) EXP| ~C0 (20 ro B\ 5 kD '

n—1

Iterating (6-149) for n; < n < n;, we thus obtain (6-129). O
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Let 2 <n; < ny be such that

A4 <20, (150
D S 2r. (6-151)

Note that if no such n; exists, then (6-12) is automatically true ((6-151) holds for r
of the Cauchy stability estimates of Proposition 3.5 and the choice of the initial data).

1Lk+1
1( KD as a corollary

Let us also define
ny=max{n; <n=<ny: rl(l’kH) <2rgforalln; <l <nj}. (6-152)
In order to establish (6-12), it suffices to establish that, for all n; <n < n»,

Lk+1
r,g’k+)

—-1z exp(—C{ (ho(e)) " log((ho(e)) ™). (6-153)

In view of the fact that

7 (LA
I -1
sup  — 55 < Colho(e)) (6-154)
1<li<lh<n, n7ll(ll’k+1)
(following from (5-7), (6-86) and the fact that the sequence nﬁi,l’kﬂ) is increasing in n as a consequence

of (6-120)), from (6-129) we infer that, for any n; <n < nj and any V,,, 0* 2 + (4//—=A)ha(e)) <v <
Vi, (&),

N | U, w4+ /=) (e)) )
> 007l (U, (0048 (e v— -y EXP(=CO (ho(€)) ~ log((o()) ™). (6-155)

Thus, integrating (6-155) from v = V,,(v**? 4 (4//=A)h;(g)) up to v = V,,(v** D) and using (6-151),
we immediately infer (6-153). Il

Proof of (6-14). In view of (5-3), (6-32), (6-31), as well as the boundary condition (3-24) and the bounds
(6-8) and (6-9), the following one-sided bound holds for all 2 <n < ny:

. V, 0* D 44/ /= N)ha(e))
rakAED — g _/ 0t |, w).0) 4V
Vv

(030

<

(I4+0(e))dv

fwl<v<k+“+(4/\/—A>hz(s>) 3,7
Un(v®),v)

Vn(v(zk)) 1-— Zm/r

(14 0())du. (6-156)
(1, Va1 D44/ /= R)ha(e)))

/Un_l(v<°>+(4/ﬂ)hz<s>) —a,r
U,

n—l(U(k>) 1-— 2m/r

We can readily compute (using also (5-3), (6-9) and (6-45))
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1 (0©@) —9r
/ _ O du
Upt 044/ V=B (o)) 1 =2/ T (v, w44/ =Ry ha(e)))
Un—l(U(O)) 2 ~ (1,k+1) —1
= / (1 - — — 3077, vn_l<v<k+1>+(4/¢—A>hz(s>>>)
Up—1 0O +(4//=N)ha(e)) T, Vs 0D 44/ =R ()))

X (=0, Vg 40+ =B o)) DY

LD

~ (Lk+1) -1
n—1 2m
= / (1 | - %Arz) dr
ro+0((ha(e))1/?) r
25 LAHD)
< D D log(l n >‘ (6-157)
ro
From (5-6) and (6-12) we can similarly estimate
Un10D) g kD) 2m -
f S du</ (1— |I+0(e)> dr
Up®) 1=2m/r {6044 g =R)ha(e))) (AFD L0 ((ha(e))!/2) r

<r %KD 4 Corn |z [log(exp(ho(e) ™) +1]

< kD _ (1 k+1)+COm|I(h0(8)) 4 (6-158)

n—1

From (5-3), (6-45), (6-156), (6-157) and (6-158) one readily obtains the bound (6-14). O

6B. Formation of a nearly trapped sphere. In this section, we will establish (6-6), using the bounds
(6-7)—(6-14) of Proposition 6.1.
Let us set
Mmax = max{n, € N: R{KETD cyif for all n < ny). (6-159)

Note that, in view of (6-2) and (6-5), nnax satisfies

np<nmx <ns+1. (6-160)
Thus, (6-1) implies
Mmax < (h1(6)) 72 (6-161)
Notice that (6-160) and the definition (6-2) imply that, if
Mmax < 3 (1(6) 7%, (6-162)
then, necessarily, (6-6) holds. Thus, in order to establish (6-6), it suffices to show (6-162).

We will show (6-162) by applying Lemma A.2 (see Section Al.1 of the Appendix). In particular,
setting for any 1 <n < npax + 1

~ (1,k+1)
L 2m,
= =L (6-163)
ro
(k k+1)
P~ (6-164)

ro
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the inductive bounds (6-13) and (6-14) imply that w,, p, satisfy

Pnt1 < pn+Crlog((1— )t + 1),

cl (6-165)
Hn+1 = Kn eXP( )
Pn+1

for any 1 <n < npax + 1, with
C1 = (ho(e)) ™, (6-166)
= % exp(—2(h0(s))_4). (6-167)

Furthermore, setting

8 =hs(e) (6-168)

(where h3(-) is defined by (6-3)), the definition (6-159) immediately implies

max [, <1-—4. (6-169)

0<n=<nmax

Note that, in view of Definition 5.1 and Proposition 3.5, we have

ro ~ ho(e), (6-170)
po~ (hi(e)". (6-171)
Hence, as a consequence of (5-2) and (6-3),
C 8
(—1) <2 (6-172)
C1 Ko
and )
(Ci/cr)
5 < (@) | (6-173)
£0

The relations (6-165)—(6-173) allow us to apply Lemma A.2 (see Section Al.1 of the Appendix) with
ny = nmax + 1 for the sequence p,, i,. Thus, in view of Lemma A.2, we obtain the following upper
bound for 7y, :

Nmax + 1 < exp(exp(2(ho(e)) ") (1 (e)) . (6-174)
In particular, (6-162) (and, thus, (6-6)) holds.

6C. The final step of the evolution. In this section, we will complete the proof of Theorem 1, using
the near-trapping bound (6-6), the bounds (6-7)—(6-14) of Proposition 6.1, as well a backwards-in-time
Cauchy stability estimate (see Lemma A.3 in Section A1.2).
The bound (6-6), combined with the estimates (6-11) and (6-12) of Proposition 6.1, imply that,
necessarily (in view also of (5-2), (5-3), (6-7), (6-13) and (6-159))
27, (LA

"t S 1 2hs(e). (6-175)
ro
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Therefore, applying again Lemma A.2 for w,, p, (defined by (6-163), (6-164)) and n, = nmax + 1 yields,
in view of (6-175), that, either

Pnpa+1 > 1+ h3(8), (6-176)
or
1 —2h3(8) < Wnpt1 < 1 +h3(8) (6-177)
and
e < 1 —exp(—exp(2(ho(e)) ™)) (1 (e))? (6-178)
Max{ Py, +15 P} < €XPEXp(2(ho(e)) ™) (h1 ()~  log((hi(e)) ™). (6-179)
Let us set A
= - (k+1) _
5o = Vgt (000 + kae)) (6-180)

(recall that (6-180) equals Vnmax(v(o) + (4/+/—A)hy(g)), in view of our conventions on the indices). The
proof of Theorem 1 will follow by showing that

o either
inf (1 - 2—’”) <0 (6-181)
U N{v=0,} r
(in which case (r/(g), (Q;‘S))z, _iff/), fo(jt) /) = (r/e, 52%8, f_in /e fout/g) in the statement of Theorem 1),
e Or /
inf (1- 2m ) <0, (6-182)
UN{v=7,} r

where (7, ()%, fl;, féut) is a (possibly different) smooth solution to the system (2-28)—(2-33) arising as a fu-
ture development of an asymptotically AdS boundary-characteristic initial data set (r;g, (2 8)2, fl; /e féut /e)
on {u =0}N{0 <v <y} (satisfying the reflecting gauge condition at r = rg, +00) which is (& (€))? close
to (r/e, Q?E, fm/g, fout/g) with respect to the norm (3-41), i.e., satisfies, in particular, (A-68) and (A-69)

(in which case (r/(g), (Qf))z, fiff/), fo(jt) )=, )% f Jes fl /) in the statement of Theorem 1).

Notice that, in both cases, (4-3) follows readily from (5-18) and (5-2). To this end, we will proceed to
treat the cases (6-176) and (6-177) separately.

Case I: Assume that (6-176) holds. Then, we will show that (6-181) also holds. We will argue by
contradiction, assuming that

. 2m
ugml{ll}ia*}o B 7) 0. (6-183)
Let us set
Co = (Ut (v + —2eh2(®)) <0 < Uit @) | 1 0 = 5, N2 (6-184)

The renormalized mass m is constant on C,, satisfying in particular

e, =m Y (6-185)

Nmax+1°
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Since 9,7 < 0 on U, (see (3-29)), from (6-183) and the fact that C, does not contain its future endpoint,
we infer the following stronger bound:

1— 2m > 0. (6-186)
r le,
Thus, we also have
oyrle, > 0. (6-187)

We will now show that the future endpoint of C, is exactly (U, +1 (v ®), 3,). If there existed some
(up, Vs) € (3U:\T) such that U, 1 (vV + (4//=A)ha(e)) <up < Uy, +1(v?), then Theorem 3.4 on
the structure of the maximal future development would imply that r extends continuously on (up, v,)
with

r(Up, Vy) = rpe. (6-188)

However, in that case, (6-176), (6-185) and (6-188) would imply that, for some uy. close enough to up,

1_2m
r

<0, (6-189)

(Upx,Ux)

which is a contradiction in view of (6-183). Therefore,

[Un (v + 2 —h2(6)) < 1 < Uppoon @) N (v =01 N (0U\T) = 2,
and, thus
Co = {Unpun 0+ J%_Ahxe» < U < Uppuent @) 1 (=52, (6-190)
In order to complete the proof in the case when (6-176) holds, it suffices to establish that
lim sup r'iﬁ—o") < 1+ O((ha(e) /). (6-191)

1= Unmax+1 (@)

Assuming that (6-191) holds, from (6-176), (6-185) and (6-191) (in view also of (5-3), (6-3)) we readily

obtain
lim inf (1 _ 2—’”)

1= Upax+1 (0©) r

< —1h3(e) <0, (6-192)

(,04)

which is a contradiction in view of (6-183).
Let us set

B U (04

4 _

mhz@)) <4 < Upoett @) N Voot @) S0 80 (6-193)
From (6-190) and the structure of the maximal future development of general initial data sets for (2-28)—
(2-33) (see Theorem 3.4), we infer that

B* C Z/{g.
Furthermore, in view of (2-30) and (6-187), we infer that

orls, >0 (6-194)
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and, thus (in view of (3-29))
2m

1——I|p, >0. (6-195)
r
In view of (6-159) and the bounds (6-11) and (6-12), we have
(u<U,,, 1MNU cu. (6-196)
Therefore, as a consequence of (6-7), we can estimate
o7
log| ——
1-2m/r

Since (2-43) implies

< (h1(e)) " log((h3(e))™"). (6-197)
{u=Unmax+l (v(l))}mua

3,1 LA I (6-198)
og| —— , ;
u 08 1-2m/r) —
from (6-197) (and (6-9)) we infer the one sided bound
i, <2(h1(e))"*log((h3(e)™h. (6-199)
Integrating (6-199) from v =V, 1 (v®) up to V,,__ 1 (v*+D + (4//=A)h,(e)) using (5-3), we
finally obtain (6-191). Thus, the proof in the case when (6-176) holds is complete.

Case II: Assume that (6-177) holds. Then, (6-178) and (6-179) also hold.
As a consequence of (6-11), (6-12) and (6-13), the bound (6-178) implies

inf (1 — 2—’") > Lexp(—exp(2(ho(e)) ™)) (h1(e)2. (6-200)
(U <Uppmay ©O+@//=R)h(e))}NU, r

Therefore, using (6-11), (6-12) and (6-13) to estimate 1 — 2m /r in the region

0 4 0 (1k+1)
(U (v + —220)) =002 Ut 0O PR,

we infer that
inf (1 — 2—’”) > Lexp(— exp(2(ho(2)) ™)) (1 (2))?. (6-201)
(U <Upmax+1 0D +(4/ /= Ay ha (£))Ue r
Remark. Notice that, while 1 — 2si2/r becomes ~ h3(¢) in {u < Uy, +1 (@)} N (in view of (6-177)),
when restricting to the subregion {# < U, 11 (D 4 (4//=A)ha(e))} NU,, the improved bound (6-201)
holds.

Let us set
uy = Uy, +1 (U(l) + \/i_Ahg(e)), (6-202)

noticing that
supp(r>Toy) N{u = u,} C {r <&'/?} (6-203)

as a consequence of (6-8). Let us also fix a smooth cut-off function x. : [u4, ux + voe) — [0, 1] such that

Xe@) =1 f0r v € [ Vi1 05FD), Vi (0449 + \/%_Ahz(s))] (6-204)
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and
xe(v) =0 forv e[u*,u*—l—vo»s)\[ nm+1( kD) _ th(e)) nm‘x—l—l( (kH)—I-\/%_Ahz(s))].

We will then define the function T,,U : [ux, us + voe) = R by the relation

~ . u
Tou(v) = exp (—2C§v—:)<h1<e))2xg(v>Tw<u*, v), (6-205)
where C; is defined by (A-62). Notice that, since

dv = D S (Lk2) s (kD) (6-206)

Vimas +10 D+ @/V=Rh2() (1 — 2 /) 2
271/;/ Ty Nmax+1 Amax+1 = T nmax+17

a1 (VD) dur

(u5,v)

we can readily bound in view of (6-205), (6-12), (6-177) and (6-206)

) /+ P2 (e, 0)|Tow (0)1/80p (1, )
+v0e [0 (s, V) — p Uy, V)| + p (s, uy)

sup
Uy SV=uy

dv < exp( )(h1 ()%, (6-207)

where p is defined in terms of » by the relation

p = tan~! (\/gr) (6-208)

Applying the backwards-in-time Cauchy stability lemma, Lemma A.3, (see Section A1.2 of the Appen-
dix), for u, given by (6-202) and Tvv given by (6-205) (in view of (6-201), (6-203) and (6-207)), we infer
that there exists a smooth asymptotically AdS boundary-characteristic initial data set (), (2 D% f Je> L /o)

on {u = 0} for the system (2-28)—(2-33) satisfying the reflecting gauge condition at r = ry,, +00 with the
following properties:

(1) The initial data sets (r/c, 27, fin/e, fouse) and (r/,, (R))%, fi, Je> fuye) satisfy (A-68) and (A-69).
(2) The maximal development U; r', ()2, fi, fou) Of (e, 7, fine, fouye) satisties (A-70), (A-71)
and (A-72).

Using primes to denote quantities associated to (r/, ()2, f_l;, féut), we can readily estimate in view
of (A-70), (A-71), (A-72) and (6-205)

(k+1) /—
_, Vimax+1 TG/ V=R0) (1 — 2’ /") J
|, 5,) 5, T, v
Vnmax+l(v(k+])) i (u*’v)
Vimax+1 0@/ =Rha @) (1 — 2/ /) -
= / - 4 . (Tvv + Tvv) dv
Vnmax+1(v(k+l)) avr (M*,l))

(6-209)

2(1+exp( 202 )(hl(s)))
(U, Vye)

Therefore, since m|, 5,) = ' kill), the bound (6-177) (in view also of (6-3) and (A-62)) implies

2 et (1 +exp(—2cz?)<h1<s))2)<1 ~2M3(e) = 1+ h3(e). (6-210)
0

ro
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Since 7|, 5,) is constant on

CL = (Uit (01 + —2h2(®)) =t < Upyn @) | N (o =) 0

v=A
and satisfies (6-210), we can now repeat the same arguments as in Case I (i.e., the case when (6-176)
holds) in order to infer that (6-182) holds.

Thus, the proof of Theorem 1 is complete. O

Appendix: A maximum principle and Cauchy stability backwards in time

In this section, we will prove some lemmas which are necessary for the proof of Proposition 6.1 and
Theorem 1.

Al. A maximum principle for 1+ 1 wave-type equations. The following lemma provides a comparison
inequality for certain 1 + 1 equations of wave type, and is used in the proof of Proposition 6.1.

Lemma A.1. Forany ug <uy, vg <vyanda € R, let Fy, F, : [ug, ui] X [vg, v1] X (—o0, a] = (0, +00)

be smooth functions so that

max Fi(u,v,z) < min F(u,v,z) (A-1)
(u,v)€luoui]x[vo,v1] (u,v)€luoui]x[vo,v1]
for any z € (—o0, a] and
azFl(u, U,Z), 8ZF2(M,U, Z)ZO (A_2)

for any (u, v, z) € [ug, u1] x [vg, v1] X (—00, al. Suppose also z1, z2 : [ug, u1] X [vg, v1] = (—00, a] are
smooth solutions to the equations

0y0,21 = —F1(u, v, 21) 9,21 921, (A-3)
0y0uz2 = —F>(u, v, 22) 0,22 0,22, (A-4)

satisfying the same characteristic initial data

z1(u, vo) = z2(u, vo) = 2\ (u), (A-5)
21 (up, v) = z2(ug, v) = z,(v), (A-6)
where z; : [vg, vi] = (=00, a) and z\ : [ug, u1] — (=00, a) are smooth functions so that
z/(vo) = 2\ (v1), (A-7)
002/l (vy,v) > 0, (A-8)
0uz\luo,ur) < 0. (A-9)
Then, the functions z1, zp satisfy
0,z2i <0< 0z, i=1,2, (A-10)
in (ug, u1) x (vg, v1) and
21222 (A-11)

everywhere on [ug, ui] x [vg, vi].
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Proof. We will first establish (A-10). By applying a standard continuity argument, rewriting (A-3) as
9y log(—08,z1) = —0vz1 F1(u, v, 21) (A-12)
and integrating in v, using also the property (A-9) of the initial data, we obtain that
0421 <0 (A-13)
everywhere on (uq, u1) X (vg, v1). Similarly, rewriting (A-3) as
0y log(9yz1) = —0421 F1(u, v, 21) (A-14)

and integrating in u, using (A-9), and then repeating the same procedure for z,, we finally obtain (A-10).
In order to establish (A-11), we will argue by continuity: Let u, € [ug, u1) be such that (A-11),

dyz1 < dy22, (A-15)
0421 < 0u22 (A-16)
hold on [ug, us] X [vg, v1]. Note that u,. = u satisfies this condition: in this case, (A-11) and (A-15) follow
directly from (A-6), while (A-16) follows by integrating (A-12) (and its analogue for z,) and using (A-1).

We will show that there exists a § > 0, such that (A-11), (A-15) and (A-16) hold on [ug, s+ ) X [vg, v1].
For any v € (vg, v1], integrating (A-3) and (A-4) in v along {u,} X [vg, v], we obtain

v

log(—0,z1)(us, v) = _f Fi(uy, v, 21) 0yz1 dv +10g(—3u2\)(u*), (A-17)
v
v

log(—0,z2) (us, V) = — f Fo(uy, v, 22) 0yza dv +10g(—8uz\)(u*). (A-18)
v

Let us define the auxiliary functions Fi.,, 5, Fa.u,5 1 (—00, a] = (0, +00) by the relations

Fiou,5(z) = max Fi(uy, v, 2), (A-19)
velvg,v

Fo,5(z) = min_ Fr(ux, v, 2). (A-20)
ve€[vg,v]

In view of (A-1), (A-2) and the fact that (A-11) holds on {us} x [vo, ©],!” we can bound for any
v € [vo, V]
Frou,5(z1 (s, ) < Fou,5(21 (s, v)) < Fo,5(22(uy, ). (A-21)

Thus, subtracting (A-17) and (A-18) and using (A-21) and (A-15) (and the fact that 9,z > 0, v > vg), we
readily infer that
10g(—8uzl)(u*, v) — 10g(—3u22)(u*, v)
o) ]
> / Fou,5(z22 (U, v)) 0p22 (s, v) dv — / Frou,5(z21 (U, v)) 9yz1 (U, v) dv

vo vo

> 0.

INote that we can immediately restrict from [uq), u1] X [vg, v1] to {us} X [vg, v] in (A-1).
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From (A-22) we thus infer that, for any vy < v < vy,
0421 (U, V) < 0,22(uy, V). (A-22)

Therefore, since z;, zp are smooth, there exists a continuous function §, : [vg, v1] — [0, 1), with
8ul(vy,v;] > 0, such that

0,21 (u, v) < 9yz2(u,v) for{vg < v =<vi}N{ux <u <u,+68,(v))}. (A-23)

Similarly, by integrating (A-3) and (A-4) in u along [ug, 1] x {vo} and repeating a similar procedure
(using (A-5)), we also obtain that there exists a continuous function 6, : [ug, u1]— [0, 1), with 8, | (49,471 > 0,
such that

dyz1(it, vo) < dyza(ut, vo) for {up <u <ur}N{vp < v <o+ 8,())} (A-24)

From (A-22) and (A-24), we infer that there exists some & > 0, such that
71 <zp on (s, Us +8) X [vg, v1]. (A-25)

In particular, (A-11) holds on [ug, u, + &) X [vo, v;]. Furthermore, for any u € (u,, u, + §) and any
v € (vg, vo + 8, (1)), repeating the procedure leading to (A-22) with « in place of u, and using (A-24)
and (A-25) in place of (A-15) and (A-11), respectively, we infer that

duz1 (u, V) < 9yz2(it, V). (A-26)

Thus, combining (A-23) and (A-26), we infer that (A-16) holds on [ug, us + 8") X [vg, v1] for some
0 < 8’ < 4. Finally, the bound (A-15) on [ug, us +8’) X [vo, v1] follows in a way similar to the proof of
(A-22), by integrating (A-3) and (A-4) in u € [ug, u, +¢’) for any v € (v, v1) and using (A-1), (A-11)
and (A-16) (which we have shown hold on [ug, u, +8’) X [vg, v1]). We will omit the details. O

Al.l. A lemma for a system of inductive inequalities. The following lemma is used to show that the
inductive bounds (6-13) and (6-14) for nﬁf,]’kH) and r,(,k’k+]) indeed lead to the formation of an almost-

trapped surface.

Lemma A.2. Let0<c) K1 <K Cl,and0 < pg < 1<K pg, 0 <6 K1 be given variables, such that

C 8
(_1> <P (A-27)
Cl Mo
and )
(Cy/c1)
5 < (@) . (A-28)
Lo

Let also [y, p, > 0 be sequences of positive numbers, with [, increasing in n, such that for 0 <n <n,
they satisfy
Pur1 < pn+ Crlog((1—p) ™' +1), (A-29)

C
un+12unexp( 1 ) (A-30)
Pn+1
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and
max U, <1-—34. (A-31)
0<n<n,—1
Then,
c\ Ci/en)?
ny < (C_> pOM(;( 1/c1) ) (A-32)
1
Furthermore, if 1 — 6 < u,, <1436, we can bound
3
M1 <1 (C—‘) Py g " (A-33)
Cy
and
ci\' oo £0
max{pn,, Pn,—1} < (—) e log(—). (A-34)
/oyt Mo

Remark. Notice that the right-hand side of (A-32) is independent of &.

Proof. Let us define for any integer k > 1

1
nk=max{0§n§n*:m§1—2—k forallOflfn}, (A-35)
using the convention

ng=0. (A-36)

Notice that, in view of the fact that the sequence w,, is increasing, for all k > 1 and all ny_; < n < ny we

can estimate |
Sup<1-— 7 (A-37)

(note that, in the case ny_; = ny, there is no n satisfying ny_; < n < ny and (A-37)).

1= 2k—1

Using (A-37), from (A-29) we can bound for any k£ > 1 such that ny_; < ng and any ny_; <n <ny
Pn = Py +2C1(log 2)k(n — ng—1) (A-38)

and, therefore, for any 0 < n < n; we have
k—1
Pon < 2C1(log2) (Z I(ng —ni—1) +k(n— ”k—l)) + po (A-39)
I=1
(note that (A-39) holds for all 0 < n < ng, while the bounds (A-37) and (A-38) are nontrivial only for
those values of k for which ny > ny_1).
Let us set
) Ci
kl =32 log — . (A-40)
Cl

Then, (A-38) implies that, for all 0 <n < ng,,

pn = po+2Ci(log 2)kin (A-41)
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and, thus, (A-30) implies

ﬂkl nkl 1

Mony _
lo —') > Y pl>c
g( o Z " ; po +2C(log2)kin

n=1
(,00 +2C (log 2)kiny,
> ¢y log
po+2C1(log 2)ky
From (A-35) and (A-42) we readily infer that
(,00 +2C; (log 2)k1nk.
cilo
po+2C1(log2)k;
and, therefore (using also (A-27))

)(4C1(log 2)ky) L (A-42)

) (4C1 (log 2)k1) ™" < —log(so) (A-43)

L0

< —. (A-44)
1 — C 2
,Uv(() 1/c1)

n
For any k > 2 such that ny > ny_; + 1, from (A-30), (A-35), (A-37) and (A-39) we readily infer

1 Mn . 1
> log >0 P
7z 2 log X M

n=nj_1+2
C1 1
> — (A-45)
4C1(10g2) (k — 1) + Y12, (1 = Dy —ny—1)/ (nge — ng—y — 1)
and, hence
e XU =Dy —n)

ETET T = k20 /(4C (log 2)) — (k— 1)
- k(k—1)  maxo<<x—1(n; —n;—1)
- 2 2’<—2c1/(4C1 (log2))—(k—1)
- k(k—1) 1 (A-46)

=72 22 /(4Ci(log2) — (k—1) Kt
The relation (A-46) also holds (trivially) when ny < ni_; + 1. Thus, for any k£ > k;, the bound (A-46)
yields

C
ng < (1 + —12_(k_2)/4)nk—1 +1 (A-47)
C1
and, therefore, for any k > 2,
G
ng < 16— (ng, +max{k — ki, 0}). (A-48)
Cl
In view of (A-44), we thus obtain for any k& > 2
C
e < 16— ( —L2 4 max{k — k1, 0}). (A-49)
Cl (Cl/Cl)
Mo
Let us set )
(Ci/c1)
lo
ko = dky 2 080 Mo ) (A-50)

log?2
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Note that (A-28), (A-31) and (A-35) imply

ng, <n,— 1. (A-51)
In view of (A-49), we have
Ci )3 20
ng < | — (A-52)
2 < C1 M(()Cl/cl)z

and, for all kK > k, (in view of (A-46) and (A-49))
ng—nr_1 <1. (A-53)

Furthermore, (A-39) implies (in view of (A-50) and (A-52)) that
Y o P0
max{On, +1, Py, } < (Z) —M(()Cl/q)z log ) (A-54)
In view of (A-35), we have
M, <1 =27 < iy 41 (A-55)
We will consider two cases, depending on whether fi,, 41 is larger than 1 —§ or not.

(1) In the case Mng, 41 = 1 =3, (A-31) implies that ng, + 1 = n,. Thus, (A-32) follows from (A-52).
Furthermore, (A-34) follows from (A-54), while (A-33) follows from (A-55).

(2) In the case Mgy +1 < 1 — 4, we can assume without loss of generality that ng, < n, — 2 (otherwise,
(A-32) follows from (A-52)). From (A-29), (A-54) and (A-55), we thus infer that

i\ po £0 _
P, +2 = (—) e log( — ) + Ci log((1 — pny,+1) h (A-56)
C1 Ko /e Mo
Hence, setting
C 3
C1 M(()Cl/cl) MO

from (A-30) and (A-55) we calculate

C1
Mnk2+2 = /‘Lnk2+1 exp( )

pnk2+2
(1 —275)e/GM) if log((1 — pny,+1)~") < M/Cy,
c| . . (A-58)
1 f log((1 — M/C;.
unk2+1< +Cl 10g((1—unk2+1)‘1+1)) if log((1 — pny+1)") > M/Cy

If log((1 — M%H)_]) < M/Cy, in view of (A-50) and (A-57) we can bound (using also (A-27))

2(Cy/c1)? 3 (C1/c1)?
(1 —2k2)e1/CM) > (1 —“0—2> (1+C—1<2) “0—> > 148. (A-59)
I 2\C1/ polog(po/io)
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If log((1 — fan,, + D™ > M/Cy > (Ci/c1)?, we can also estimate

‘ —log((1—jtn, +1)™ ") €1
g, 41 ( 1+ )z(l—e & >(1+ )
mat < C1log((1 = pny, 40+ 1) C110g((1 = fhuy, +1) "+ 1)

>1+34. (A-60)

Therefore, (A-58) implies
Png,+2 > 146 (A-61)
and, hence, ny, 2 = n,. Thus, (A-32) follows again from (A-52). Il

A1.2. Cauchy stability backwards in time. The following lemma, which is essentially a backwards-in-
time Cauchy stability estimate for late time perturbations of ({; r, Q2, f_in, fout), is an easy corollary of
Theorem 3.6.

Lemma A.3. For any 0 < ¢ < gy (provided g is sufficiently small) and any ro > 0 satisfying (5-6), let
Uy 1, Q2, fin, fout) be the maximal future development of (r/e, Q%E, fin/g, f_out/g), and let us set

C. = exp(exp(—2(ho(e)) ") (h1(e)™%). (A-62)

Then, for any 0 <u, < (h1(€)) " 2voe such that

Wi, ={0 <u <u)N{u <v <u+vge} CU, (A-63)
~\—1
sup(l - 2—'") < Ce, (A-64)
W r
Uy +voe ¢ Supp(rvav(u*, ), (A-65)

and for any fvv D (Uy, ux+v0e) = R smooth and compactly supported satisfying fvv( ) > =Ty (uy, -) and

—A) /”*'H’OF rz(u*, U)|Tvv(v)|/av:0(u*a v)

Su —
P 10 Gns V) — Pty D)+ p ity 1)

U4 SUSU+V0e

with

v < exp (_cgi‘T*)ml(s))z, (A-66)

o(u, v) = tan”! (@r) (A-67)

the following statement holds‘ There exists a smooth asymptotically AdS boundary-characteristic initial
data set (r),, Q)2 fi ) on {u = 0} for the system (2-28)—(2-33) satisfying the reflecting gauge

in/e’ out/a
condition at r = ry., +00 with the following properties:
(1) The initial data sets (r /e, Q?s, f_in/g, fout/g) and (r;g, (Q/s)z, _i;/g, Out/s) are (h1(¢))? close in the
(3-41) norm, and in particular

Q?a (9/8)2
sup { log(—2 ) —log<—1 - 2)‘
vel0,voe) 1 —3Ar), 1—3A(r),)
20 20,7
+ 10g<—vr/8 )—10g<—v//8 ; )‘
1 —2mye/r/e 1 =2m), [r),

1—=2m, /r 1-2m'_/r/
+ 1og(1—/f/2/8) —log(#)‘—k«/—Alm/S i, }(v) < (h1(e))? (A-68)
—§AI"/£ l—gA(l"/E)
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and
/
ey fo Yl (ani/ () = (7], (ani/ © (1976 ) = pre@] + pe©) " dv < (1 (€)2. (A-69)
(2) The maximal future development (U.; r', ()2, fl;, fo of (r;e, (Q/S)z, fiil/s, f(;ut/a) satisfies
Wy, C Ué, (A-70)
" ltw=u)nsupp(Ti) = 7 lw=u,)nsupp(73) (A-T1)
Tyoliu=us) = Tovliu=u) + Tov- (A-72)
Proof. In view of (5-6), (5-24), (6-11) and (6-12), we can readily estimate
sup (1- @)_1 < 2exp((ho(e) ™). (A-73)

1k+1
Wu*\UnR'(" h

Therefore, using (A-64) for |, RS and (A-73) for W, \ U, RS"* T, the relations (6-33) and (6-34)
imply (in view of (5-3), (6-8) and the fact that u, < (h(g)) >vo,) that

1 (i) + 1 (L )<<h<))3 ((ho(e)) ™) (A-74)
e \| P\ T =2my/r B\ T2myr )|) =107 expRiotel) ). )

Similarly, (2-43) and (2-44), in view of the relations (6-33), (6-34) (using again the bounds (A-64) (A-73))
imply

u v

sup / rTyy dv + sup f T du < (h1(8) " exp((ho(e)) ™). (A-75)
{u:ﬁ}ﬂWu* {v=0}NW,,,

Let us fix a set of smooth functions r;", (527)2 uy, us + vo) — (0, +00) and
s Ty + Lty w4 v02) % (0, 400) — [0, +00)
satisfying the following requirements:

(D) (r7, (97)2, fx _O*ut /) is a smooth asymptotically AdS boundary-characteristic initial data set for the

in/”?
system (2-28)—(2-33) on {u.} X [u, u.+vo.) satisfying the reflecting gauge condition at r* =r,, +00.

(2) The function r7 satisfies for any v such that (u,, v) € supp(7yy)

77 (V) = 7 |supp(Ty) =it} - (A-76)

(3) The function f_li/ satisfies, for all v € [uy, uy + voe),

dp’
pU

+o0 _ N
fo ()W) p*)? fin i p*) () (V)= = Ty (tts, v) + Ty (V). (A-77)
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(4) The function f* / satisfies, for all (v, p¥) € [uy, Uy + voe) X (0, +00),

oy @i ") = foulus, v: p). (A-78)

(5) The initial data sets (r, 22, fin, fout)|u:u* and (r;‘, (Qj)z, _ij‘l/, _O*ut/) satisfy

Q2 (@)
log(—1 2) —log(—1 " 2)
—§Ar U=u, —gA(I’/)

sup {
VE[Uy, Uy +V0g)

wh ( 20,7 ) | ( 20,r7 >
ogl ——— —log| —————
L=2m/r )|, 1—2m7/r;k
1 —2m/r 1 —=2mj/r} ~ ~
+ log(%) —log(l—/*/> VA iy, —m7|}(u)
1-— §Ar U=ty 1-— §A(}’/)
1 u
< exp (‘chvf) (h1(2))? (A-79)
and
v P2 Ty (s, V) — (r)? (Ty0) (D))
sup / S sexp(—lcfﬁ)ml(s))z. (A-80)
vevr, vl Ju; lo/(v) — p/ (V)| + p/(v1) 2 %y

Remark. As a consequence of (A-65), by suitably deforming rj‘ near v = iy + vge, We can always arrange
that (3-7) and (A-76) are satisfied simultaneously. Furthermore, since T, is compactly supported in
(U4, Uy + vo:), we can always choose _lfl/ = finl{u=u,) in a neighborhood of v = u,, us + vog, so that
(3-8) and (3-9) are satisfied. Finally, (r;“, (Q;‘)Z, _1: s _O*ut /) can be chosen so that (A-79) and (A-80) are
satisfied because of (A-66) and the relations (2-6), (2-44) and (2-47).

Let us now consider the two sets of initial data (r, 22, fin, fou) lu=u, and (rf, (97)2, fx /s fx, /) on
{u =u.}N{uy <v < uy,+vp.}. The maximal past development of (r, Q2, fins fout) lu=u, (see the remark
below Theorem 3.4) coincides with (W,_; r, Q2, fin, fout) when restricted on {u# > 0} and, in view of

(A-74) and (A-75), satisfies

Q2 20,1 )‘ ‘ (1—2m/r>‘ }
sup{ [log[ ———— )| + [log[ ——— )| + [log| ——= )|+ V/—A|i
w,f{ g(l—%Aﬂ) g(1—2m/r £ 1—1Ar? i
+sup/ rTy, dv+sup/ rT,,du
i J{u=inw,, v J{u=0iNW,,
<4(h1 () exp(—(ho(e)) ™). (A-81)

Therefore, in view of (A-81), (A-79) and (A-80), Theorem 3.6 applied for the past development of
(r, Q2, ﬁn, fout) lu=u, On W, (see the remark below Theorem 3.6) implies that the maximal past develop-
ment U*; r*, (@92, fii. fin) of (F. (@D Fi

* T .
in’> Jout in/? out/) satisfies

W, CU* (A-82)
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and
| Q? | (£2%)? +h 20,r | 20,r*
S og| ——— | —log| —————— og|l —— | —log{ —————
we LT Ta) B T )| B =2y ) e
1-2 1 —2m*/r* 3
+ log(fm/r) —1og(+/r)‘ +V—Alm —m*|}
1—§AI"2 l—iA(i‘*)z
+ sup/ |rTvv - r*(Tvv)*| dv —I—sup/ IrTuu _r*(Tuu)*| du
u {u=u}NW,, v {v=0}"W,,
< (hi(e))’. (A-83)

Thus, the proof of the lemma concludes by setting
) QD2 finys Fowy) = (), fits Foo) lu=o- O
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WEAK SOLUTIONS TO
THE QUATERNIONIC MONGE-AMPERE EQUATION

MARCIN SROKA

We solve the Dirichlet problem for the quaternionic Monge—Ampere equation with a continuous boundary
data and the right-hand side in L? for p > 2. This is the optimal bound on p. We prove also that the local
integrability exponent of quaternionic plurisubharmonic functions is 2, which turns out to be less than an
integrability exponent of the fundamental solution.

1. Introduction

Pluripotential theory, initiated in the seminal papers [Bedford and Taylor 1976; 1982], has become
a powerful tool for solving problems in complex analysis and geometry. It has been generalized in
many directions in the last decade. The most general setting is that of calibrated geometries, which
were extensively studied in a long series of papers by Harvey and Lawson [2009b]. Even before that
the basics of pluripotential theory in H" were recreated in [Alesker 2003b], and more generally on
hypercomplex manifolds in [Alesker and Verbitsky 2006]. In this paper we wish to concentrate on the
flat space H".

The short historical overview is as follows. Quaternionic plurisubharmonic functions in H" and their
basic properties were investigated in [Alesker 2003b]. Inspired by [Bedford and Taylor 1976], Alesker
developed there the foundations of pluripotential theory in the quaternionic setting showing among
other things that a quaternionic Monge—Ampere operator defined for smooth functions as the Moore
determinant [1922] of a quaternionic Hessian can be extended to the class of continuous functions. In
[Alesker 2003a] he solved the Dirichlet problem in a quaternionic strictly pseudoconvex domain 2 C H”
with a continuous boundary data and the Monge—Ampere mass continuous up to the boundary. Only
recently Wan [2020] obtained another result in this direction. Following the approach of [Kotodziej 1995;
2005] she proved that the Dirichlet problem admits a bounded solution provided the right-hand side is
a finite Borel measure and a subsolution to the problem exists. Motivated by reasoning presented in
[Cegrell and Persson 1992] and using comparison of real and quaternionic Monge—Ampere operators she
showed existence of continuous solutions to the Dirichlet problem for densities in L9, g > 4. To sum up,
the strongest known result concerning existence of a continuous solution to the Dirichlet problem with a
degenerate right-hand side is as follows.

MSC2010: 32005, 32U15, 35D30, 35J60.
Keywords: Monge—Ampere equation, pluripotential theory, quaternionic plurisubharmonic functions.
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Theorem. Suppose Q2 C H" is a quaternionic strictly pseudoconvex domain and f € L9(2) for g > 4 is
a nonnegative function. Then the Dirichlet problem

u e QPSH(Q)NC(Q),
(09,u)" = [,
UpQ = ¢ € C(8§2)

has a unique solution.

The regularity of solutions (except for a ball, which was discussed earlier in [Alesker 2003a]) was
proven in [Zhu 2016]. More precisely using the ideas presented in [Caffarelli et al. 1985], he proved the
following result.

Theorem. For a quaternionic strictly pseudoconvex domain Q C H", f € C®(Q x R) a positive function
such that f is nonnegative on Q x R and ¢ € C*(d), the Dirichlet problem

u € QPSH(Q) NCX(Q),

82
det( f“‘”) = flq ulg) 9,
992 09p a,pell,...,n}

Uy =¢

has a unique smooth solution.

In the meantime quaternionic pluripotential theory was further developed in [Wan and Zhang 2015;
Wan and Kang 2017; Wan and Wang 2017], of which we will make an extensive use. Contents of those
papers will be discussed below in more detail. For results concerning Dirichlet problems in this more
general approach, one can consult [Harvey and Lawson 2009a] for the flat case, [Harvey and Lawson
2011] for manifolds and [Harvey and Lawson 2019] for a degenerate case.

In this note we are interested in finding weak solutions to the Dirichlet problem for the quaternionic
Monge—Ampere operator in H” with a more degenerate right-hand side and a continuous boundary data.
It turns out to be possible whenever densities are in L? for p > 2 and the exponent is optimal as we
show. To do that we follow the approach of [Kotodziej 1996; 1998]. Probably the most interesting
results are these which actually allow us to apply his method of proof. Among them is comparison of a
quaternionic capacity and volume (Lebesgue measure). We prove it in the quaternionic setting, coupling
two things. The first is the trick of Dinew and Kotodziej [2014] which allowed them to show similar
comparison for the capacity related to a complex Hesssian equation in C". It reduces to noting that
although plurisubharmonic functions are rare among m-subharmonic ones still they realize this m-Hessian
capacity. The second is a fact that is interesting in its own right, namely the comparison of complex and
quaternionic Monge—Ampere operators. To our knowledge it was not known or used before and relies
on the observation that the Moore determinant of a hyperhermitian matrix is in fact the Pfaffian of an
associated complex matrix. Afterwards we obtain an L°° estimate for the solutions. The last step before
proving the main theorem is stability of solutions in terms of their densities and boundary data, but here
the proofs are more standard. All of this is done in Section 4. In Section 3 we discuss the problem of
finding the local integrability exponent for quaternionic plurisubharmonic functions. The proof of the
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main theorem there is inspired by the one presented in [Hormander 1994] for plurisubharmonic functions
in C". It turns out that the class of quaternionic plurisubharmonic functions exhibits an unusual property
in this context; namely, the integrability exponent of a general function is 2, which is smaller than 2n
occurring for a fundamental solution. This phenomenon can be excluded assuming boundedness of the
function near the boundary of a domain, which is proven in Section 4.

2. Preliminaries

General references for quaternionic linear algebra and basic properties of quaternionic plurisubharmonic
functions are [Alesker 2003a; 2003b; Alesker and Verbitsky 2006], while for quaternionic pluripotential
theory see [Wan and Zhang 2015; Wan and Kang 2017; Wan and Wang 2017]. Let us fix the notation for
an algebra of quaternions

H = {xo + x11+ x2) + x3¢ | x0, x1, X2, X3 € R},

where i, j, £ satisfy quaternionic relations and we consider H" as a right quaternionic module. With
such a choice we denote by 1, J, K the complex structures induced by i, j, £ when treating H" as a flat
hypercomplex manifold. We introduce two coordinate systems,
-1 2n—1 2
H" > (g5 = ()75 e €
in such a way that ¢; = zp; +jz2;+1 (this is a holomorphic chart for the complex structure /), and

H" 5 (g2 = ()itg! e R

in such a way that g¢; = x4; + X4;+11+ Xa;42) + X4; 3% (this is just a real chart). It is easy to see that
zj=x2j+ (=1)xpj14i for j=0,...,2n—1.

As always 9 and 9 are the canonical differential operators induced by the complex structure I and
d=0+9, d° =1i(d — ). We also introduce the twisted differential

ay ::J_loé_)o./,

considered in [Alesker and Verbitsky 2010; Verbitsky 2002], which plays the role of 9 in the hypercomplex
setting (e.g., the quaternionic Dolbeault or Salamon complex). For its properties we refer to the mentioned
papers. Most notably we will only use

3y ARV — A0, since J 2 ADTHY) - ATPHY),
39, 40,0 =0,
32 =0.

Later on it may happen frequently that we skip the subscript / and understand that A*°(H") come from
considering degrees with respect to /. One can check that for a smooth function u : H" — R the following
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formulas hold:

2n—1

2n—1
du= ) (8;u)dz. du= (3;u)dz;,
i=0 i=0
2n—1
du=Yy (=1)*@;,  wydz, 00u=Y (d,0;u)dzu AdZj,
i=0 i,j
ddu=3y (=/*o,0:  wydzndz
i,j
=Y (-1, 8, U~ (—=D*1o,0;, ) dzi Adz;.
i<j

Suppose that f : H" — H is a C? function; we define the formal quaternionic derivatives

0 0 0 0 0

O W e M

0Ge  0X4g  OX4qq1  OXd4g42  0X4g43
of _of _of __af of __of
99q 0G0 0X4¢ 0X4041 0X4q42 X413 ‘

Let us observe that for any f : H" — H of class C?

g 9 9 0
aqa 8%3 8%3 aécx ‘
Furthermore for a real-valued f one has
3 0 3 3 3 3> 3 (0 3 0
— /= {‘i‘ 2f + 2f + 2f and —_< f>=T_f
qa 9qu Oxjy  Xggyr  OXjypn  0Xg3 9qa \0qp

As a consequence the matrix

3% f
Hess(f,H) = —
992 09p a,pe(l,...,n}

.....

is a hyperhermitian matrix for any real-valued f. The following relations are known to hold for a smooth
real-valued function u:

_ 82 .
(dd )™ =22 (i 05u)>" = 42" (2n)! det(a 8” )(% dzo /\dZo) A A (
zi 9Z;

i _
5 dzop—1 N dZZn—l>’

n! 9%u
(38114)” = 47 det(a_ p )(dZO /\le AR /\dZZn—Z /\dZZn—l)a
41~ qk

where in the last expression det is the Moore determinant, see [Moore 1922] for the original definition,
of a hyperhermitian matrix. The last formula was computed in [Alesker and Verbitsky 2006] and, in
a different setting, in [Wan and Wang 2017]. For further simplifications we introduce some canonical
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differential forms:

2n—1 |
i _
Wy = E Edzl' AdZ;,
i=0
n—1
Bn = ZdZZi Ndziy1,
i=0

n
Q, = —': =dzoNdzi AN~ Ndzop_o Ndzon—1.
n!

Since we will extensively use facts from pluripotential theory reproved in the quaternionic setting in [Wan
and Zhang 2015; Wan and Wang 2017], it is desirable to compare differential operators d, d;, which we
use with their formally defined operators dy, d;. Those were introduced by D. Wan and W. Wang [2017];
we refer to their work for more details. They considered the “coordinates”

=2+ (=) =g,
i1 j+1 . j+1
= (=D g xgeenyni= (D gy
for j =0,...,2n — 1 and the associated formal derivatives
Vjo =y, + (= 1)/ 811 = 205,

Vit = (=110 1) = Bxar i = (D720,

(=D
Afterwards they fixed a complex basis @°, ..., w?""! of C* ~ C>"* and an associated one ! =
wi, N---Awj,, for I =(iy, ..., i) such thati; <--- <i; belongto {0, ..., 2n — 1}, of a complex exterior

product A¥(C?") ~ AK(C?"™). Finally they defined operators
di . Ak,O(lH]n) ~ COO(IH]n, Ak(EZI’l) - COO(H_[II’L’ Ak-‘rlczn) ~ Ak-‘rl,O(IH]n)
fori =0, 1 in the following way. Suppose that F =", fio!; then

diF= Y (Vifno o'

From formulas for Vi; we obtain

dF= > (wfere' = Y 20 et Ao,

1,k€{0,...,2n—1} 1,ke{0,...,2n—1}
dF= Y (Vafpere = Y 2=, et rel.
1,k€{0,...,2n—1} 1,ke{0,...,2n—1}

Proposition 1. For the basis of = (— 1)k dZpq(—1)k
d0:28J, d1:—28 and A=d0d1=488].
Proof. Let us recall that 3; = J~! 0 o J and one can check that J acts as

J(dzi1) =dza,  J(dzy) = —dZaig1, i€, J(dz) = (=D dz o
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As before, for F =), fro', we obtain

0F = ) @ fndune',

1,ke€{0,...,2n—1}
a,F:J—loé<Z fIJ(a)’)) =J—1( > (szfl)dik/\J(a)l)>
I 1,kef0,....2n—1}

=J—‘( > (azkﬂMﬁ)dzkﬂ_l)kw(w’))
Ikef

0,....2n—1}

= > (O WD @) A

1,kel0,....2n—1}
= Z (azkﬂ—l)" fl)(_l)k_H dz A o',
1ke{0,...2n—1}

This results in

Lkel0,...,2n—1}

=2 Z (_l)k(aik f de+(_1)k Aol
1.ke(0,....2n—1}

=2 Z (—1)k+1(azk+(_l)k f)dz Aol =20, F,
1,ke(0,....2n—1}

Lke{0,....2n—1}
=2 Z (=1, s [1) A2y 1y A’ = —20F. O
1,ke{0,....2n—1}

Remark 2. Let us just emphasize that the choosing of 9, d; over dy, d; has a deeper meaning than just
the conventional one. These are the natural intrinsic operators not only in H” but on any hypercomplex
manifold. In fact on an abstract hypercomplex manifold, quaternionic plurisubharmonic functions are
defined only with their aid, see [Alesker and Verbitsky 2006], since the local chart definition is not
possible due to nonintegrability of a generic hypercomplex structure, i.e., nonexistence of quaternionic
charts.

From Proposition 1 it follows that we are able to use all results from [Wan and Zhang 2015; Wan and
Kang 2017; Wan and Wang 2017] as well as those from [Alesker 2003a; 2003b; Alesker and Verbitsky
2006]. We just give here the necessary details and refer to the mentioned papers for more details. The
quaternionic plurisubharmonic functions were defined in [Alesker 2003b].

Definition. Let 2 be a domain in H". We call an upper semicontinuous function f : Q2 — R (strictly)
quaternionic plurisubharmonic, qpsh for short, if f restricted to any affine right quaternionic line intersected
with Q is (strictly) subharmonic as a function on a domain in R* The set of all gpsh functions on € is
denoted by QPSH(£2).
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Remark 3. If we fix ¢ € {ai+ bj +ct | a> +b? +c? = 1} an imaginary unit and consider H" as a complex
vector space where multiplication by i is given by a right multiplication by ¢ then psh functions with respect
to this complex structure are gpsh since quaternionic lines are complex 2-planes. We will use that remark
only for t =1, i.e., only for H" treated as C?" via the chart introduced in the beginning of the section.

For a smooth function being gpsh is equivalent to d9;u > 0 in a quaternionic sense. Let us elaborate. The
cones of strongly positive SP*(Q) c A%Rk’O(Q) and positive A?RIT;OO(Q) C A?Rk’O(Q) forms were introduced
in [Alesker and Verbitsky 2006]; see also [Verbitsky 2010] for a careful and extended treatment. Here
Aék’O(Q) c A%0(Q) is the space of forms « such that J (o) = «. To introduce them we firstly argue for
a point, an element 2, € AHZQ”’O(H" ~ ToH™) is chosen to be strongly positive and a convex combination
of elements of the form G*($2;) for G : H" — HF a quaternionic linear map is strongly positive. When
the reasoning is applied pointwise we obtain the notion of strong positivity for differential forms in €.
As always the cone of positive elements is the dual one. We have mentioned above that (00;u)" agrees
with Moore’s determinant of a quaternionic Hessian Hess(u, H) for a smooth function, Alesker [2003a],
motivated by [Bedford and Taylor 1976], showed that (dd;u)" can be interpreted as a measure for
continuous u# and proved certain convergence for this operator. It is a cornerstone for having proper
pluripotential theory. Later in [Wan and Wang 2017] the authors proved that dd,u is a positive current
(where positivity is defined using the cone of strongly positive forms) for any gpsh function. More
importantly they showed that like in the complex case, see [Bedford and Taylor 1982], one can define
(00 u)" for any locally bounded u and treat it as a measure. From there one can recreate most of theorems
which hold for psh functions. Among other things they showed weak convergence of this operator on
decreasing sequences of gpsh functions and Chern-Levine—Nirenberg inequalities; see [Wan and Wang
2017]. In [Wan and Zhang 2015] the quaternionic relative capacity is introduced in the spirit of Bedford
and Taylor. Let K C €2 be a compact set; then

cap(K, Q) = sup{f 00;u)" |u e QPSH(RQ), 0<u < 1},
K

and this can be extended to Borel subsets as well. What is more, the authors proved quasicontinuity of
gpsh functions and most notably the comparison principle, which is probably the most powerful tool in
pluripotential theory. The statement is exactly as we know it in the complex case, but we recall it for the
reader’s convenience.

Theorem [Wan and Zhang 2015]. Let u, v € QPSH(Q) N L2 (Q). If, for any & € €2,

loc

lim inf — >0
Sgl[égg(u(q) v(g)) =

/ (09,v)" S/ (00 u)".
{u<v} {u<v}

In particular if (00;v)" > (00;u)" as measures then u > v in Q.

then

Finally they characterize maximality of a bounded gpsh function in terms of the vanishing of its
Monge—Ampere mass. Here we mean that u € QPSH(2) is maximal if it is above any other qpsh
function on compact sets K C €2 provided the values of both functions are the same on 0 K.
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3. Local integrability of qpsh functions

In this section we address the question of local integrability of gpsh functions in a domain  C H".
For psh functions it is well known that they are locally integrable with any exponent. The proof of the
proposition below is inspired by the presentation in [Hormander 1994].

Proposition 4. Suppose u € QPSH(L2) is such that u %= —oo. Then u € LIOC(Q) forany p <2 and the

bound on p is optimal. Additionally, if u; # —o0 is a sequence of qpsh functions converging in Llloc(Q) to
(2) for any p < 2.

Proof. Suppose without loss of generality that # < 0 in a neighborhood of a quaternionic polyball P (0, 1)

some u, necessarily belonging to QPSH(S2), then convergence holds in L10C

of radius 1 centered at O contained in €2, that u(0) > —oo and fix p < 2. Let us deal firstly with the case
n = 1. From the Riesz representation theorem, see Theorem 3.3.6 in [Hormander 1994],

u(q)=h(g)+/|gl g6 du(®)

for some nonpositive harmonic function 4 in B(0, 1) := Bj, nonnegative Borel measure i and Green’s

function
1 1

+ .
lg — &1 (g —&/1E1MIE11?

By Harnack’s inequality, see Theorem 3.1.7 in [Hormander 1994], for any ||g| < % we have

L+ gl
0<— Tl
=MD =G50

Gg.8)=—

(—h(0)) < 12(=h(0)).
This shows that
100 (50,1) = Clh(O)]

for a constant C,, depending only on p < 2, which we may still need to increase (see below).
For estimating the second component of the decomposition of u, let us introduce the notation

H(q,§)=-G(q,8) =0;
for £ =0 we have

1

H(q,0)=—>—

lgl?

We consider two cases depending on whether & is close to the center or to the boundary of Bj.
In the first case, say when || &|| < 3 we use the estimate

1
0<H(q.§) <
llg — €17
for any ¢ and &; consequently
1

zl) 1 P

S T —

(/”qM( @ordt@) =(f ot

([ imee) =ei( )
<3 Igize =) =" g

A
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for a constant C /p independent of £ and depending only on p < 2, since the expression 1/||£[> — 1 is
bounded from below for ||&] < %.

In the second case, say when ||§| > 43'1’ we note that for any fixed & the function H (-, £) is nonnegative
and harmonic in B 3. Applying Harnack’s inequality for each fixed & we obtain that for all ||§|| > % and
for all [|g| < 2

3\2 3 +llgll

0=H@.§=(3) AR

hence for all [|£]| > 2 and |l¢|| < 3

1
0<H(g, <45\ —= —1}.
=H@5) = (nsn2 )

To sum up we have proven that there exists a constant C,, = max{C/, 45}, independent of £, such that
for ||§]| < 1

1
HHC Lo (s(0.1)) = Cp(w - 1)~

From Minkowski’s inequality and Minkowski’s integral inequality we obtain

p P
dﬁ‘*(q))

f H(g. &) du(€)
IENI<1

el Lo (50, 4)) = Wl Le(p0.4)) T </|

1
L7||<§

SCplh(0>|+/ (/” ” 1H<q,s)1’d.c“(q>)"du(s>
ql<3

l§l<1

1
scp<|h<0>|+ / (—2— 1) du(é)) = C,lu)]
1<t \ g

Using Fubini’s theorem and the estimate above, one obtains that in the case of n > 1 we have

lullzr(po,1)) = Chlu(0)].

To the end observe that €/, the set of points in € in a neighborhood in which u is integrable with
exponent p, is an open set by definition. It is closed by what we have just shown. This is so because
if g € @ and r > 0 is such that P(g, 3r) € Q then we can find an element ¢’ of Q’ within a distance
of 5 from ¢ and a point ¢” € © within a distance of 5 from ¢’ such that u(g") is finite. We note that
P(q", 2r) € Q; consequently u is integrable with the exponent p on P(q”,r), and ¢ € P(¢”, r). What
is more, Q' is nonempty by the assumption u # —oo. The bound on p is optimal as the example of
—1/lIgol|?> in H" for n > 1 shows.

For the proof of the second assertion we note that the sequence u; — u is bounded in L{;C(Q) for any
1 < p < 2. To prove this it is enough to show that the sequence u; is bounded in Lﬁ)c(Q). Fix any point
q € 2 and let r > 0 be such that P(q, 3r) € Q2. We claim that L? norms of u; in P(q, %) are bounded.
Suppose to the contrary that they are not. Let us choose a subsequence ji such that ||u;, ||, r(P(q.5)) — O©
We know that the u, are locally uniformly bounded from above, see Theorem 3.2.13 in [Hérmander
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1994], so we may assume that u and the u;, are nonpositive in P (g, 3r). It is possible to find a point ¢’
within a distance of 5 from g such that u(g’) > —oo and limsup,_, ., u;.(¢") = u(g’) since both of these
properties hold almost everywhere in 2; see Theorem 3.2.13 in [Hormander 1994]. We assume without
loss of generality that limy_, o 1}, (¢") = u(g’), for if not we take a subsequence again. In particular there
exists C > 0 such that u, (") > —C for any k. This together with the estimate we have proven shows that
the sequence ||uj, || Lr(p(g,r)) is bounded. Because we also know that P(q, %) C P(q’,r), contradiction
with [|u;, ||L,,(P(q7%)) — 00 is obtained. Fix 1 < p < 2 and observe that for any compact K C €2 we have

2—p 3p=2
fK|u,-—u|Pdc4"=fK|uj—u| > uj—ul T dLM

2-p »
5(/ |uj—u|2_2p220d£4”) i </ |uj—u|3p2_2127d£4n)2
K K
5e £
2
:(/ |uj—u|d£4"> (/ |uj—u|3_1’d£4")
K K

by Holder’s inequality. By the assumption the first term tends to zero, while second one is bounded since
1<3-—- % < 2. This proves that the u; tend to u in Lf;C(Q) forany 1 < p <2. 0

Proposition 5 [Wan and Wang 2017]. The function f(q) = —1/|Iq||? is a fundamental solution for the
quaternionic Monge—Ampére operator in H". More exactly
2" 2!

@3y )" = ) 80.

We see that the fundamental solution to the quaternionic Monge—Ampere equation is in Lf;c(l]-l]”) for
any p < 2n, while a generic qpsh function is only for p < 2, which is in contrast with the case of psh
functions.

4. Dirichlet problem for quaternionic Monge—Ampere equation

In this section we aim to solve the Dirichlet problem

u€ QPSH(Q) NC(Q),

(09yu)" = fQy,

ujpe = ¢ € C(3%2),
where f € L9(R2) for ¢ > 2 and Q2 € H" is a smoothly bounded, strictly quaternionic pseudoconvex
domain, which is a global assumption for €2 in this section. Let us recall:

Definition. 2 € H”, a smoothly bounded domain, is strictly quaternionic pseudoconvex if there exists v,
a smooth strictly gpsh function in a neighborhood of €, such that v < 0in , v =0, but Vv # 0 on 3<2.

Let us just mention that the Dirichlet problem for the complex Monge—Ampere equation with densities
in L? for p > 1 was solved in [Kotodziej 1996]. In fact he proved it for densities in appropriate Orlicz
spaces being subspaces of L! and in particular cases reducing to L”. For the real Monge—Ampére equation
one can always solve the above problem for any density in L'; see [Rauch and Taylor 1977].
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The first goal is to compare complex and quaternionic Monge—Ampere operators. We start with
smooth functions, in which case we have to compare complex and quaternionic Hessians, or rather their

determinants to be precise.

Lemma 6. For a smooth functionu : 2 — Rand anyl, k €{0,...,n—1}
0, 0g,u = 0g; (Oxgy U — 10y U — )0y U — €0y 5 U)

= 0g, (202 — 2§07y, u) = (207 + 2)0zy,,) (2024 — 250z, 1)

= 4(8221 812ku + aZz1+1 822k+1 u) + 4j(8221+1 812ku - aZ21 822k+1 u).

Let us recall that we distinguish the set PSH(2) of plurisubharmonic functions in 2 by identifying
H" with C?" via a chart introduced in Section 2.

Lemma 7. For a function u € PSH(2) N C*(Q) C QPSH(R) the following holds:

% \\ 92
(det( u )) > 42 det( “ )
aézafh 9z aZj

Hess(u, C) ( O )
ess(u, C) = ,
82i zj /i,j=0,....2n—1

.....

0%u
Hess(u, H) = .
(. 10 (aéz a‘[k )l,k:O,...,n—l

Proof. Let us define

D

Note that

0°u

2 - 9%u
det( ) = det Hess(u, C) = det Hess(u, C) = det( ) .
i,j=0,....2n—1 i,j=0,....2n—1

aZi aZj ..... afi 2j /i,j=0,...,

The last matrix is Hermitian positive since it is just Hess(u, C)”. If Hess(u, H) = G 4 jH then we define

W (Hess(u, H)) = (Z _g> .

By Lemma 6 we obtain

¥ (Hess(u, H)) = 4 (wfzz 8Z2ku + 8121+1 822k+1”]1,k [_azzl+1 afzku + 8Zzz azzk+1u]l,k>

[8521+1 azzk” - azzz 822k+1 ”]l,k [8221 822ku + 8521+1 asz+l ”]l,k

=4< (025,00 tt]ik [0z 070 Uik )+4 ([3@,“ Ozye Ul k [—3221+1312ku]1,k) ‘
(0751 0zt k [0z41 0z Uik (=020 020 ik [025 0z u)i k

Following [Cegrell and Persson 1992] we introduce three matrices

A =[0z,0ulix, B= [8221+1812k”]l,k’ C= [8221+1azzk+1”]1,k'

- _
W(Hess(u,[}-ﬂ))=4(2 B )+4( ¢ _B>.

Under this notation

C —BT A
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(5¢)

is the conjugate of a Hessian of u with respect to the coordinates zo, ..., 22,2, 21, - - - » 22n—1, SO it 18

Note that

Hermitian positive as well. Moreover

82 nT
det “ = det A B .
aziaz_,. B C
0 -1,
=i )

Consider the matrix
with the inverse

and determinant equal to 1. Note that

C -B\,, (A BT
’(—BT A)’ —(Eé)’

and the last matrix is the conjugate of the one just shown to be Hermitian positive so as such is also

(53

is positive, being similar to one of that kind. Now we use the equality between Moore’s determinant of a

Hermitian positive. Consequently

matrix M and the Pfaffian of an associated complex matrix ¥ (M), as proved in [Dyson 1970], which

32u \\> , A BT C -B
(det<aq,atk>> — det ¥ (Hess(u, H)) = 4> det((B i )+(_BT A))

nT 82
> 42" det (A B ):42”det( “ )
B C 0.,0:,

as we desired to prove. 0

results in

Having this, the announced comparison of quaternionic and complex Monge—Ampere operators for
nonsmooth functions follows from the standard approximation procedure as presented in the proof below.
Real and quaternionic Monge—Ampere operators were compared in [Wan 2020].

Theorem 8. Let u € PSH(Q) N C(Q) satisfy the equation
(ddcu)Zn — f242na)%z
for some nonnegative f € L?(Q2), p > 2. Then

@3,u)" = fU.
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Proof. Since the property is local we may assume that €2 is strictly pseudoconvex, otherwise we argue as
below but for some ball contained in 2. Approximate f by a sequence of smooth positive functions f;
in L? norm and u uniformly by a sequence of smooth functions ¢; on d2. Let us solve the family of
Dirichlet problems

Ui € PSH(Q)NC®(Q),

(ddCu;)¥" = fi242nw§;z,

u; = (b,‘ on 9<2 ,

which is possible due to [Caffarelli et al. 1985]. Observe that the u; converge uniformly to u due to the
stability of solutions in L9, g > 1, for the complex Monge—Ampere equation; see [Kotodziej 1996; Dinew
and Kotodziej 2014]. From Lemma 7

1 9%u; 9%u;
@0yu;)" = — det| =1 ) Q" > /det| — ) = fQ"
4" 86?1 aqk dz,, 0z

as measures. The right-hand sides converge as measures to f €2/ and the left ones converge to (00,u)"
since convergence of u; is uniform, see [Wan and Wang 2017], completing the proof. O

We are going to prove an inequality between the volume and quaternionic capacity which was an
essential component of Kotodziej’s proof of solvability of the complex Monge—Ampere equation for
densities in appropriate Orlicz spaces; see [Kotodziej 1996; 2005]. Similar inequality for the capacity
associated to a complex m-Hessian equation was proven in [Dinew and Kotodziej 2014] with the use of
an observation that psh functions, although an extremal example of m-subharmonic ones, still realize
the m-Hessian capacity. Here we couple that trick with a comparison of quaternionic and complex
Monge—Ampere operators proved in Theorem 8.

Lemma 9. For a fixed p € (1,2) there exists a constant C(p, R) such that for any 2 C B(0, R) and
KeQ
LY(K) < C(p, R) cap? (K, Q).

Proof. Suppose that £(K) # 0; otherwise there is nothing to prove. Take any € € (O, %) and consider
f =L(K)>* 'xk. Let us solve the Dirichlet problem

u € PSH(B)NC(B),
(ddu)* = f4* w3,
u=0 ondB,

which is possible due to [Cegrell 1984]. By Theorem 8 the quaternionic Monge—Ampere operator of the
solution u satisfies

@0,1)" = /£
Taking ¢ = 1 + €, one checks that

/ fq(42n(2n)' )q dE4n — (42/1(2”)‘ )qE(K)(Zé_])(1+E)+1 — (42’1(2]’1)' )qE(K)2€2+E < (42”(2’1)’ )2R4n;
B
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i.e., the LY norm of f is bounded by a quantity depending only on R. By Kotodziej’s L> estimate [1996;
1998], there exists a constant c(€, R) such that

[7AIEES < .
llull L (B)_C(G,R)

Put v = c(€, R)u; then since v is a qpsh function such that —1 <v <0

cap(K, ) = / (80,v)" > nlc(e, R (LY (K))™T
K

and consequently

1 2e+1 %(K Q) - £4n (K)
_ cap2e+ , > .
n!c(e, R)" P

This gives the claim since when € varies in (O ) the exponent varies in (1, 2). U

2e+1

In the previous section we have proven that any gqpsh function belongs to L? for p < 2 locally and that
this is the optimal exponent. The lemma below gives the estimates on capacity and volume for sublevel
sets of certain qpsh functions. In particular it shows that in the case of u € QPSH (£2) bounded near the
boundary of 2 the local integrability of |u|? is ensured for p < 2n. Again this bound is optimal as the
example of —1/||q |> shows.

Lemma 10. Fix p € (1,2). Let u € QPSH(R) N LX () be such that

loc

liminf(u(g) —v(g)) >0
q4—>40

for any qo € 92 and some fixed v € QPSH(Q) N C(Q). Then there exists a constant C(p, diam(2))
depending only on p and the diameter of Q2 such that for U(s) ={u <v—s} € Q

cap(U s), ) < 200"
A

LW () < C(p, diam(ey 1202 9<Sa’”)"

Proof. Take € > 0 and a compact set K C U (s). By definition one can find w € QPSH(Q) N L
such that —1 < w <0 and

(€2)

loc

/ (89yw)" = cap(K, Q) —e.
K

Due to the way we have chosen K and the comparison principle

cap(K, Q) —¢ < f @0, w)" < / (80,w)" < / (39, w)"
K ‘s—f<§—1} {%<§+w}

= / (88’ (E +w)) = lf (3dyu)" < M.
{4<truw} s {e<tiw} sh

Letting € tend to O and taking the supremum over all compact sets K we obtain the first claim. The
second one follows from Lemma 9. g
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The next goal is to prove the a priori L estimate for continuous solutions of the Dirichlet problem.
Firstly note that by Alesker’s result [2003a] on the Dirichlet problem with continuous density and boundary
value, and characterization of maximality of qpsh functions as in [Wan and Zhang 2015], we can find
veC(Q) solving

(09,v)" =0,
{UaQ =¢ € C(9Q);

i.e., is the maximal gpsh function matching our boundary condition. For such a fixed v we set

Uis)={u<v—s}CQ
and introduce the function

1
b(s) = (cap(U (s), ).
Theorem 11. There exists a constant C(q, || f ||La@), l19llL>0g). dilam(2)) depending on q., || f |14 ()
¢l L= a0) and diam(S2) such that any solution u of the Dirichlet problem

u € QPSH(Q) NC(Q),
(00 u)" = [,
upe = ¢ € C(9L2),

for f € L1(R2) and q > 2, satisfies |u| L~ < C.

Proof. Take any s > 0, t € [0, 1] and w € QPSH(L2) such that 0 < w < 1. Then

t"/ (aa,w)”=/ (881(tw—t—s))"=/ (30, (tw —1 — 5))"
U(s+t) U(s+t) {u<v—s—t}

< / @9, (1w —1 — )"
{u<v—s+tw—t}

5/ (00;(v+tw—1—1s5))"
{u<v—s+tw—t}

= [ o< [ o= [ @
{u<v—s+rw—t} {u<v—s} U(s)

due to inclusions of appropriate sets, superadditivity and the comparison principle. To conclude

" (b(s +1))" 5/ (39,u)".

U(s)
Estimating the right-hand side gives
1

/ (@ayu)" = Fu < fllLa (/ 1d£4”)q
U(s) U(s) U(s) )
< I fllza(eyC (p, diam($2))(cap(U (s), 2))¢ = || f |l Loy C (p, diam(2)) (b(s))" I T*@),

where we used Holder’s inequality and Lemma 9 and p depends only on ¢’, which is the conjugate of ¢
and we choose it so that 5 > 1. This reassembles to

th(s +1) < A(q, || f | Las), diam(2)) (b(s)) ' T*@

for any s > 0 and ¢ € [0, 1].
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We would like to apply the De Giorgi lemma, stated below, for the function b. Let us just note
that Lemma 12(a) is satisfied since for s, N\ s we have U(s,) /" U(s) and under such an assumption
cap(U (s,), 2) — cap(U(s), 2); see [Wan and Kang 2017]. The condition (b) follows from the first
assertion of Lemma 10 as well as the dependence of 5o only on ¢, || f|lLs(e) and diam(€2). Indeed, it was
proven there that

a(q)

@@ oy ) (Jo@aw") Il elq. I fllLoe. diam(R))
b (s) =cap(U(s), )™ =< =@ = @ < @

a(q)

’

so surely 5o < (2Ac)a<17 and this estimate depends only on ¢, || f||zs(@) and diam(£2). By the De Giorgi
lemma there exists S(q, || fllzs(@), diam(£2)) such that b(s) = 0 for any s > S(q, || fllLe(@), diam(L2)).
This together with Lemma 9 gives our claim since then

lullze < sup |+ S(g, | fllLe(@), diam(£2)) = C(q, | fllza@), 1@l L= o), diam(£2)). O
Lemma 12 (De Giorgi lemma [Phong et al. 2012]). Let f : R+ — R satisfy the following conditions:

(a) f is right-continuous.
(b) f decreases to 0.

(c) There exist positive constants o, A, so that, for all s > 0 and all 0 <r < 1, we have
rf(s+r) < Aaf(s)'*.

Then there exists soo, depending only on o, A, and the smallest value sy for which we have f(s9)* <
(2A,)7 Y, so that f(s) =0fors > seo. In fact, we can take

Soo = 80+ 244 (1 =277 £(50)°.

The L*° estimate allows us to prove the stability of solutions to the Dirichlet problem in terms of
densities and boundary values. This will be needed for the proof of solvability of the Dirichlet problem
but is of course a result that is interesting in its own right. As we were told by S. Dinew the idea of
proving stability presented in Proposition 14 is due to N. C. Nguyen.

Lemma 13. There exists a constant C(q, diam(S2)) depending on q and diam(2) such that any solution u
of the Dirichlet problem

u € QPSH(Q) NC(RQ),

(00 u)" = f S,

upe =0,

1
for f € L1(2) and q > 2, satisfies |[u||L~q) < C(q, diam(S)) [ I, q)-

Proof. Suppose that || f||zs(@) 7 0; otherwise there is nothing to prove. The function

u

vi= ———
1F 10
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solves the Dirichlet problem
v € QPSH(Q) NC(R),

f
00/ V)' = ———
O = e

Vg = 0.

ns

By Theorem 11 there exists a constant C(q, diam(£2)) := C(q, 1, 0, diam(£2)) such that ||v|[z =) <
C(gq, diam(€2)); this gives the claim. Il

Proposition 14. There exists a constant C(q, diam(S2)) such that if u and v satisfy

u € QPSH(Q) NC(Q),
(00 u)" = [,
U = d) (S C(BSZ)

and _
ve QPSH(Q)NC(R),

(09,v)" =gy,
vpe =Y € C(3RQ2)
for f, g € L1(R2), q > 2 then

1

llu —vllLe@) < sup ¢ — v+ C(q, diam(Q) | f — gll}4(q)-

Proof. Consider a function w that is the solution of

w e OPSH(Q) NC(Q),
@oyw)" = (f — 8)+u,
W = 0.

Note that on d€2 we have w + v + inf(¢ — ) < u, while
(09 (w+v+inf(¢p —¥))" > (f —g)+ +8 = f = (33 u)".

The comparison principle gives w + v + inf(¢ — %) < u in €, which by Lemma 13 results in

u—v=>w+inf(¢p —y) = —C(q, diam(@)I(f — &)+l74q) —sup l¢ — V|

> —C(q. diam() | f — gll}4(qy — SUP ¢ — V1.
The same reasoning gives

1
v—u>—C(q, diam(@)|| f — gll}siqy — supld — V.
This reassembles to our claim. O

Remark 15. Equicontinuity of a family of functions

P(g,co. @) = {u € QPSH(Q)NC(Q) | (3d;u)" € LI(RQ), /(381M)" < €0, UjpQ =¢}
Q
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for a quaternionic strictly pseudoconvex domain €2, ¢ > 2, co > 0 and ¢ € C(9<2) follows easily from
Proposition 14. In the complex case it was proven in [Kolodziej 2002].
Theorem 16. The Dirichlet problem

u € QPSH(Q)NC(Q),

(007u)" = fQu,

U = ¢ € C(BQ)
in a smoothly bounded, quaternionic strictly pseudoconvex domain Q for f € L1(2), q > 2, has a unique
solution.
Proof. Uniqueness follows from the comparison principle. For solvability we take a sequence of
continuous nonnegative functions f; converging to f in L7(€2). Solving Dirichlet problems for them
with our boundary condition, which is possible due to [Alesker 2003a], gives a sequence of continuous
solutions u;. Since, by Proposition 14, these solutions constitute a Cauchy sequence it follows that the

u; converge uniformly to some u. This is the solution we were looking for because of convergence of
Monge—Ampere masses; see [Wan and Wang 2017]. O

The example below shows that the exponent 2 is optimal in the sense that for densities in L?”(£2) with
p < 2 solutions may not even be bounded.
Proposition 17. Let f(q) =log(|lql|). Then it belongs to QPSH(H") and
n!

(99, 1) = Wgn

Proof. We compute for fe(q) = %log(”qll2 +€)
2n—1

99 fe = a( D=0, S dzi)
i=0

2n—1 Z:
i+(=1)
2 ( )z+1 + Z')
(Z ||q||2

DO | —

21 2
l( Zn (—1)it! z+( o Mgl = 2zip iz dz-/\dZ)
1
2\, (lg I+ )2 '
= ]—
, 2
l - l+l l+( 1)'(”q” +6)_ZH—( 1)th
3 E (= 2 2
. (lgll*+e) (gl*+€) —z z
; . Dy ey (A l)dzAdz-)
l
(lql” +€)7? ’
B 2 i z i+ z
_l<2n 1(2(glJ+( b (gl +6) + (=D zip1yZj+ (DT Zj+(1)iZi)dZ_/\dZ.>
p— l ‘
2 Z,->,~ (Igl? +e)? :

Let us define
Mij = (=D'zp i+ D g0y
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as in [Wan and Wang 2017] and let 5! ‘”"2';1’ i”ll" be the sign of the permutation

Js ity enes nsin) = (0, 1,...,2n—1).

With this notation we see that
2" (lglI* +€)*" (39, fo)"

:< 3 (6“”5;;”{" H (23,”+< 1),,<||q||2+e>+Mi,j,>))9n

L jls_ilz-nsjnsin: .....
{j1,i1,- s jnsin)=10,....2n—1}
i]>jl, lE{l,...,n}
n (2k1)(2k1+1),...,(2ky) (2ky+1) An 2 n
=(p) X gD G g )2 4 6)
{k1,....kn }={0,...,.n—1}
n
Jritsees (k) 2kn+1) An—1 2 n—1
+(1) > e (gl + "My,
{J1.i1,2k2,2ko+1,...,2k; , 2k, +1}={0,...,2n—1}
i1>j1
k;€{0,...,n—1}
n
Tt J2582, 0, (2kn) 2ky+1) An—2 2 n—2
+<2) Z 8 ..... 2n—1 27 (g +E)( )Mlllelzjz
(1,01, J2,025...,2kn, 2k, +1}={0,...,2n—1}
i1>]1, i2> )2
ki€f0,....n—1)
n
Jlll ]nln
+"'+<n) Z 8 ..... -1 l_[ Ml/]/
{101,y Jnsin}={0,...,2n—1} lefl, ...,

ir>ji, le{l,...,n}
Note that for fixed indices j3, i3, ..., ju, i, the expression
/ _ ]lll ./nln .
Mh I3, nsin Z 8 ..... -1 Mtl]lMlzjz
JUi1,j

(1.1, 2,082,002k 2k +1} {0,....2n—1}
i1>j1,i2> o

vanishes; this was already noticed in [Wan and Wang 2017]. To see this let

{0,....,2n =13\ {j3, 03, ..., ju,in} = {k, I, m, n}
and k > [ > m > n. Then

1 / _ lk,nm’j3i3 ~~~~~ Jnin mk,nl, J303seees Juin nk,ml, J3134eees Junin
M]? 13yeesnsin 80 1 IWI<Ian+(S 2n—1 Mklin+8 yyyy n—1 Manlm

lk,nm, j3i3,..., jni
=80 2n—1 nn(Mklen_Mklin+Man1m)

= i(((_1)k2k+(—1)k51+(—1)I+IZZ+(71)/Zk) ((—1)mZm+(—1)mZn+(—1)"+lzn+(—1)n2m)
—((=D* 2y 1y Zm D"z cimZe) (D gy Zat (D" g i)

+(<—1)"zk+(_1>kzn+(—1)”+1zn+<_1)nzk)((—1)lz,+(_1)zzm+<—1)'"“zm+<_1>mzz))
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= i((— D g ik Znzm i 2 (= D 2 Tz <1 Zn
H D gy Emr eIt (D" i Com 2Rz 1y
+(— 1)k+l+1Zk+(—1)k5m21+<—1)’5n+(_ 1)k+le+(—1)’<Zn21+(—1)’5m
+(— 1)k+n+lzk+(_1)k212n+(_1)n5m+(— 1)k+n2k+(—1)k2mzn+(—1)” 2

(=) 2z 1 2 (= DT 2 (10 B (— 1y 2

+(— 1)"+l+1zn+(_1)n k2 (—1) Zm T (— 1)l+n21+(—1)’Zan+(—1)"Zm>
=0.

Because of that only the first two summands of the expression for (39, f)" do not vanish. We are left with

| 2
09110 = o (2 UalP +0 = 27 g P+ 0 lglP) 2, = SIS,
Finally since measures (99 f.)" converge weakly to (39, f)", see [Wan and Wang 2017], it is enough to
find the weak limit of
n! (llg1* +2¢)
2(llgll* +e)m+”
which by
n! (llqI* +2€) __n
2(llgl1? + e = 2ligl*

and Lebesgue’s dominated convergence theorem is

n!
2ligl1>
exactly as we wanted. O
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Columnar vortices are stationary solutions of the three-dimensional Euler equations with axial symmetry,
where the velocity field only depends on the distance to the axis and has no component in the axial
direction. Stability of such flows was first investigated by Lord Kelvin in 1880, but despite a long history
the only analytical results available so far provide necessary conditions for instability under either planar
or axisymmetric perturbations. The purpose of this paper is to show that columnar vortices are spectrally
stable with respect to three-dimensional perturbations with no particular symmetry. Our result applies to a
large family of velocity profiles, including the most common models in atmospheric flows and engineering
applications. The proof is based on a homotopy argument which allows us, when analyzing the spectrum
of the linearized operator, to concentrate on a small neighborhood of the imaginary axis, where unstable
eigenvalues can be excluded using integral identities and a careful study of the so-called critical layers.
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1. Introduction

An interesting open question in hydrodynamic stability theory is whether the balance between the
centrifugal force and the pressure gradient in axisymmetric vortex flows may lead to an instability even
if the vorticity profile is monotone and the velocity field has no axial component. For incompressible
perfect fluids, partial answers have been obtained under additional symmetry assumptions. For instance,
in the restricted framework of two-dimensional flows, radially symmetric vortices are known to be stable
if the vorticity distribution is a monotone function of the distance to the vortex center [Rayleigh 1879;
Marchioro and Pulvirenti 1994], but even in that idealized situation no sharp stability criterion seems
to be available. In the three-dimensional case, the simplest vortex-like equilibria are columnar vortices,
namely axisymmetric flows with no vertical velocity and no dependence upon the vertical coordinate.

MSC2010: 35B35,35Q31, 76B47, 76E07.
Keywords: hydrodynamic stability, inviscid fluid, columnar vortices.
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In such flows, all streamlines are horizontal circles centered on the vertical symmetry axis. According
to a celebrated result of [Rayleigh 1917], columnar vortices are stable with respect to axisymmetric
perturbations if the square of the velocity circulation along the streamlines is a nondecreasing function
of the distance to the symmetry axis, and that condition is actually sharp [Synge 1933].

A natural question arises from these centennial results: When the vorticity profile is monotone and
Rayleigh’s condition is satisfied, are columnar vortices stable against three-dimensional perturbations with
no particular symmetry ? Although instabilities have never been observed experimentally or numerically
for such vortices in the absence of axial flow, we could not find in the literature even a plausible formal
argument supporting the affirmative answer; see Section 1C below for a short historical discussion. In
the present paper, we give a rigorous proof of spectral stability for a large family of inviscid columnar
vortices without imposing any symmetry assumption on the class of allowed perturbations. We thus
provide an answer to an important question that dates back to the pioneering work of Lord Kelvin [1880],
who was the first to investigate the three-dimensional stability of vortex columns.

Before stating our results, we first describe the precise framework. We start from the incompressible
Euler equation in the whole space R*:

u+u-VYu=-Vp, divu =0, (1-1)

where u = u(x, t) € R? denotes the fluid velocity and p = p(x, t) € R the internal pressure. We mainly
consider the vorticity w(x, t) = curl u(x, t), which describes the local rotation of the fluid particles. Since
we are interested in the stability of axially symmetric flows, it is convenient to use cylindrical coordinates
(r, 0, z) defined by x; = rcosf, x, = rsinf, and x3 = z. The velocity and vorticity fields are then
decomposed as

u=u,(r,0,z,t)e, +ug(r,0,z,t)eg +u,(r,0,z,t)eg,

w = w}’(rv 99 Z’ t)er +a)9(r7 07 Z9 t)69 +a)Z(r’ 05 Z’ t)eza

where e,, ey, e, are unit vectors in the radial, azimuthal, and vertical directions, respectively. In these
coordinates, the vorticity equation d;@ + (u - V)w — (w - V)u = 0 becomes

8[6(),« + (u : V)C()r - (C() : v)”r =0,
o + (- Vg — (@ Vutg = L(uy0n — uge), (1-2)
orw; + (u-Vyw, — (w-V)u, =0,

where u -V =u, 0, + (1/r)ugdg +u,0; and -V = w, 0, + (1/r)wy 99 + w,0,. The velocity field satisfies
the incompressibility condition

Loy rur) + Lopus + iz = 0, (1-3)
and can be expressed in terms of the vorticity by solving the linear elliptic system

1 1 1
;Bguz —0;Upg = w;, O Uy —0pU; = Wy, ;8r(ru9) — ;agu, = w;. (1-4)
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1A. Columnar vortices. Columnar vortices are stationary solutions of (1-1)—(1-4) of the particular form
u=Vw)e, w=W(r)e,, p=P), (1-5)

where V is the velocity profile and W the vorticity distribution. The pressure P inside the vortex is
determined, up to an irrelevant additive constant, by the centrifugal balance r P'(r) = V (r)2. Instead
of V, we prefer using the angular velocity €2(r) = V (r)/r, which has the same physical dimension as the
vorticity W. As a consequence of (1-4), we have

W(r) = %ar(rV(r)) =rQ'(r)+2Q(). (1-6)

Here are typical examples that are often considered in the literature:
(1) The Rankine vortex:

1 ifr<1,
QU)={_4 -

r ifr>1,

2 ifr<l1
W(r) = ’ 1-7
") {o ifr>1. 1-7)

As is clear from (1-7), the flow of Rankine’s vortex corresponds to a rigid rotation for r < 1 and an
irrotational motion for r > 1. Although nonphysical because of the singularity at r = 1, this flow is
relatively easy to analyze mathematically due to the very simple form of the vorticity distribution W,
which is a piecewise constant function. The dynamical stability of Rankine’s vortex was first investigated
in [Kelvin 1880].

(2) The Kaufmann—Scully vortex:

1 2
2 VO =g

This smooth vortex is characterized by a relatively slow decay of the vorticity distribution as r — oo. It

Q)= r>0. (1-8)

has also a very simple analytical form, and is often used as a model for vortices that appear in atmospheric
flows or in laboratory experiments; see, e.g., [Alekseenko et al. 2007, Section 3.3.4].

(3) The Lamb—Oseen vortex:
Qr) = riz(l —e), W()=2"". r>0. (1-9)

Among all solutions of the form (1-5), the Lamb—Oseen vortex plays a distinguished role in connection
with the long-time asymptotics of viscous planar flows. Indeed, if viscosity is taken into account, it is
known that all localized distributions of vorticity evolve toward a Gaussian vorticity profile as t — +o00;
see [Gallay and Wayne 2005]. In particular, the Lamb—Oseen vortex is the only one in the above family
which corresponds to a self-similar solution of the Navier—Stokes equations.

Remark 1.1. Throughout this paper, it is understood that all independent and dependent variables in the
Euler equations (1-1) are dimensionless. Examples (1-7)—(1-9) are normalized so that the vortex core has
a diameter of size O(1), but that choice can be modified by a simple rescaling. Also, we assume without
loss of generality that all vortices are normalized so that €2(0) = 1, which implies W (0) = 2.
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To study the dynamical stability of the columnar vortex (1-5), we look for solutions of (1-2), (1-3) of
the form
u(r,0,z,1) =rQ(rjeg +u(r,0,z,1), o(r,b,z,1)=W(r)e,+a(r,0,z,1),

where Q = V/r is the angular velocity of the vortex and W the vorticity distribution given by (1-6).
Inserting this ansatz into (1-2), neglecting the quadratic terms in & and @, and finally dropping the tildes
for notational simplicity, we arrive at the linearized evolution equations

0wy +Q(r) dgw, = W(r) ozu,,
0w + Q(r) dgawg = W(r) d,ug +rQ (rw,, (1-10)
dw, +Q(r) dgw, = W(r) du; — W (ru,,

which are the starting point of our analysis. Of course, the linear relations (1-3), (1-4) still hold for the
perturbed velocity and vorticity.

It is a classical observation that (1-10) can be considered as a self-contained evolution system for the
vorticity w, provided the velocity u is expressed in terms of w by solving the linear elliptic system (1-3),
(1-4). Once this is done, we can rewrite (1-10) in the compact form

0w = Lw, (I-11)

where L is a vector-valued, nonlocal, first-order differential operator. Our purpose is to study the spectral
properties of that operator, and to show that L has no spectrum outside the imaginary axis under general
assumptions on the angular velocity €2 or the vorticity distribution W.

Another fundamental remark is that system (1-2)—(1-4) is invariant under rotations about the vertical
axis, and under translations along that axis. Using a Fourier series expansion with respect to the angular
variable 6 and a Fourier transform in the vertical variable z, we are led to consider velocities and vorticities
of the particular form

w(r,0,2,1) =ty 1 (r, )™ e*, (1, 0,2, 1) = Wy i (r, )™, (1-12)

where m € Z is the angular Fourier mode and k € R is the vertical wave number. Here u, w are complex-
valued functions, but we impose that it,, x = u_;, —x and @y, x = W_,, —k SO as to obtain real functions
after summing over all possible values of m, k. Dropping the subscripts m, k for notational simplicity, we
see that the perturbation equations (1-10) translate into

0 +imQ(r))w, = W(r)iku,,
O +imQU(r))wg = W(r)ikug +r2 (ro,, (1-13)
O +imQ(r))w, = W(r)iku, — W (r)u,.
In addition, the following relations hold:
Wy = ﬂuz —ikug, wp=1iku,—0ou;, w;= l(‘)r(rug) SR
r r r
| . (1-14)
;ar(ru,) + %ue +iku, =0.
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As before, we can rewrite (1-13) in the compact form
0w = Ly, o, (1-15)

assuming that the velocity u = u,, ; in (1-13) is expressed in terms of the vorticity @ = w,, ; by solving
the linear relations (1-14) with appropriate boundary conditions. The main properties of the Biot—Savart
map wy, x — Unm x obtained in this way will be recalled in Section Al. Being an integral operator acting
on functions of the sole variable r, the generator L,, ; in (1-15) is of course easier to study than the
original three-dimensional differential operator L in (1-11).

1B. Statement of the results. To state our results in a precise way, we first specify our hypotheses on
the unperturbed columnar vortex. We find it convenient to formulate these assumptions at the level of the
vorticity profile W. Note that, in view of (1-6), the angular velocity €2 can be expressed in terms of W by
the formula

1 r
Q)= —2/ W(s)sds, r >0, (1-16)
r=Jo
and the derivative of 2 is in turn given by
W(r)—2Q 1 [
Q(r) = W) —280) _ —3/ W'(s)s*ds, r>0. (1-17)
r=Jo

In what follows, we set Ry = (0, oo) and @Jr = [0, 00).
Assumption H1. The vorticity profile W : R — R is a C' function satisfying W'(0) =0, W' (r) <0
for all r > 0, and the total circulation

o0
27rF:27r/ W (r)r dr (1-18)
0

of the columnar vortex is finite.

Under Assumption HI the angular velocity profile Q € C'(R,) NC%(R,) given by (1-16) is positive
and satisfies Q(0) = W(0)/2, Q'(0) =0, Q'(r) <0 forall » > 0, and Q(r) ~T'/r> as r — o0o. In
particular, the Rayleigh function ® : [0, oo) — R defined by

(r)=2Q(r)W(r), r=0, (1-19)

is positive everywhere. As a matter of fact, in our framework Assumption H1 corresponds exactly to
the combination of Rayleigh’s condition [1917] and of the two-dimensional stability criterion [Rayleigh
1879; Marchioro and Pulvirenti 1994]. We supplement it with the following:

Assumption H2. The C' function J : R, — R, defined by
r>0, (1-20)

satisfies J'(r) <O forallr >0andrJ' (r) — 0 as r — oo.
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This second assumption is more technical in nature, and certainly more difficult to justify. We first
observe that it is satisfied for the Kaufmann—Scully vortex (1-8), because J(r) =1+1 /r2 in that case,
and a direct calculation that can be found in Section A7 below reveals that Assumption H2 also holds for
the Lamb—Oseen vortex (1-9). A quantity corresponding to (1-20) appears in the work of G. I. Taylor
[1931] on the stability of stratified shear flows; in that context it is called the local Richardson number;
see, e.g., [Drazin and Reid 1981, Chapter 6]. Its relevance for stability was confirmed in [Miles 1961;
Howard 1961]. The ideas of Howard were translated into the columnar vortex framework in [Howard and
Gupta 1962], where the quantity (1-20) is also shown to play an important role in the stability analysis
for perturbations with nonzero angular Fourier mode m and nonzero vertical wave number k. Indeed, it is
proved in [Howard and Gupta 1962] that the linear operator L,,  in (1-15) has no unstable eigenvalue if

k2 1
—2J(r) > - forallr > 0; (1-21)
m 4
see also Proposition 3.4 below. Note that, in the case of the Lamb—Oseen vortex, inequality (1-21) is
always violated for large r > 0 because J (r) — 0 as r — oo, whereas (1-21) holds for the Kaufmann—
Scully vortex if and only if m? < 4k?. Although Howard and Gupta’s result alone is not sufficient, it
plays a crucial role in our stability analysis in Section 4, where we have to distinguish two spatial regions
according to whether the local Richardson number (k2 / m?)J(r) is greater or smaller than i. It turns out
to be important for our approach that inequality (1-21) either holds for all » > 0, or is satisfied if and only
if r <r, for some r, > 0. The only way to enforce that property for all possible values of m and k is to
assume that the function J in (1-20) is decreasing. However, there is no evidence that Assumption H2 is
more than a technical limitation, and we hope that this question will be clarified in the future.

Remark 1.2. Although this is not immediately obvious, Assumption H2 implies the existence of a
nonnegative number £, > 0 such that

lim r*Wr) =Lls, Lim PW (r) = -4 (1-22)
r—00 r—00
see Section A4 below.

Next, we specify the function space in which we study the linearized operator L,, ; defined in (1-13),
(1-15). Since we used a Fourier decomposition to reduce our analysis to functions of the form (1-12), it is
natural to work in L2-based function spaces. Given m € Z and k € R, we thus define the enstrophy space

Xpi = {a) e LA(R,, rdr)? %3,(1’(1),) + Py + ko, = o}, (1-23)
equipped with the norm
o0
w72 =/ lo(r)Prdr,  where |o|* = o, > + wp|* + |, |*.
0

It is not difficult to verify that the generator L, ; of the linearized evolution equation (1-15) defines a
bounded linear operator in the space X, x if k # O; see Proposition 2.1 below. With this observation in
mind, we can formulate our first main result:
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Theorem 1.3. Consider a columnar vortex whose vorticity profile W satisfies Assumptions HI, H2 above.
Givenm € Z and k # 0, let Ly, i be the generator of the linearized evolution (1-15). Then the spectrum of
L, k in the enstrophy space X, \ satisfies

0 (L) CiR. (1-24)

Remark 1.4. The proof actually shows that, under the normalization condition W(0) = 2, o (L, «)
consists of an essential spectrum filling the closed interval {—imb | 0 < b < 1} C iR, and of a countable
family of simple, purely imaginary eigenvalues that accumulate only at —im € iR. These eigenvalues are
well studied in the physical literature (a brief account is given in Section 1C below), and the corresponding
eigenfunctions are referred to as Kelvin vibration modes. The main contribution of the present paper is
to show that the operator L,, ; has no eigenvalue outside the imaginary axis if the vorticity profile W
satisfies Assumptions H1, H2. It is interesting to note that this result remains valid for the Rankine vortex
(1-7), which does not satisfy our hypotheses; see Section A2 below.

Remark 1.5. The particular case k = 0, which corresponds to two-dimensional perturbations, is excluded
in Theorem 1.3 because the function space X,, x is not appropriate in that situation. This is essentially
due to the fact that the two-dimensional Biot—Savart law is ill-defined for vorticities in the enstrophy
space. The problem can be eliminated by introducing a radial weight that ensures a faster decay of w(r)
as r — 00, or alternatively by working in the energy space as mentioned in Remark 1.7 below. However,
since the two-dimensional stability of radially symmetric vortices is already well documented, we chose
to ignore these technical issues and to concentrate here on the genuinely three-dimensional case k # 0,
which was essentially unexplored until now.

According to Theorem 1.3, for any s € C with Re(s) # 0, the resolvent operator (s — Lm,k)_1 is
well-defined and bounded in the space X, ; if m € Z and k # 0. Actually, one can prove that the resolvent
is uniformly bounded for all m € Z and for all nonzero k in the one-dimensional lattice Zky, where
ko > 0O is arbitrary. Returning to the full linearized evolution (1-11), this proves spectral stability of the
generator L in the space

h
L = {a) e L>(R*> x Ty)? | divew =0, fo w(x1, x2, x3) dxz = 0}, (1-25)

where T, = R/(Zh) and h = 21 / ko is the vertical period. We can thus state our second main result:

Theorem 1.6. Under the assumptions of Theorem 1.3, let L denote the full linearized operator in (1-11).

2
o, per,

Then, for any h > 0, the spectrum of L in the space L , satisfies

o(L) =iR. (1-26)

Remark 1.7. The reason for restricting ourselves to functions with zero average in the vertical direction
was explained in Remark 1.5. The same technical limitation prevents us from considering perturbations in
the enstrophy space L2 (R?), without assuming periodicity in the vertical direction, because in that case
all values of the vertical wave number k € R have to be taken into account. In a subsequent work [Gallay
and Smets 2019], we use Theorem 1.3 to obtain an analogue of Theorem 1.6 for the Euler equation in
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velocity formulation. There we consider perturbations in the energy space, and we also obtain semigroup
estimates for the linearized operator at a columnar vortex.

In the proof of Theorems 1.3 and 1.6, we find it convenient to normalize our velocity and vorticity
profiles so that 2(0) = 1 and W(0) = 2. This leads to the following definition:

Definition 1.8. We denote by # the class of all vorticity profiles W : Ry — R, satisfying the Assumptions
H1, H2 above, as well as the normalizing condition W (0) = 2.

It is worth emphasizing here that Assumption H2 involves the function J defined in (1-20), which
depends nonlinearly on the vorticity profile W. As a consequence, our family of admissible profiles is not
a vector space, and the class # introduced in Definition 1.8 is not even a convex set. However, we shall
prove in Section A4 that any profile W € % is entirely determined by the auxiliary function

1
VARSI

and that the class % can be described by simple linear constraints at the level of the function Q. This

o) = r>0, (1-27)

makes it possible to perform continuous interpolation and approximation within the class #, and such
tools will play a crucial role in the proof of Theorem 1.3.

Remark 1.9. If we equip the class # with the topology of C,} (R,), the Banach space of all bounded
continuously differentiable functions on R, with bounded derivative, it is easily verified that the linear
operator L, x € L(X,, k) depends continuously on the vorticity profile W € #; see Lemma 4.1 below. In
particular, isolated eigenvalues of L,, ; outside the imaginary axis (if there are any) vary continuously
when W is perturbed in that topology. This implies that the conclusion (1-24) of Theorem 1.3 remains
valid for any vorticity profile that belongs to the closure of the class # in Cg (R,). This larger class
contains vorticities W that are not strictly decreasing functions of the radius r, and may even be compactly
supported.

1C. Previous results and perspectives. The first historical contribution regarding the stability of colum-
nar vortices in incompressible fluids is of course the seminal work [Kelvin 1880]. In that study, the
focus is put on neutral modes, namely eigenmodes of the linearized Euler equation that correspond to
purely imaginary eigenvalues; these were later termed “Kelvin vibration modes”. As Kelvin expresses
it: “The problem thus solved is the finding of the periodic disturbance in the motion of rotating liquid
[...]”. The computations in [Kelvin 1880] are performed in situations where the underlying axisymmetric
flow has piecewise constant vorticity; this exactly corresponds to what was called the Rankine vortex in
Section 1A above. However, Kelvin waves are observed to play an important role in the dynamics of the
Euler equation for a much wider variety of profiles, and were actively studied in the literature since then
(in most cases numerically, or using asymptotic expansions combined with physical arguments). In the
case of the Lamb—Oseen vortex, important contributions were made in particular by Le Dizes and Lacaze
[2005] and Fabre, Sipp and Jacquin [Fabre et al. 2006], both in the inviscid case and in the vanishing
viscosity limit. Unlike Kelvin (who had no computer account!), the authors of [Le Dizes and Lacaze
2005; Fabre et al. 2006] also consider the possibility of eigenvalues off the imaginary axis. One of the
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conclusions of [Fabre et al. 2006] based on their numerical findings is that “[...]no amplified modes were
found, a result which demonstrates the stability of the Lamb—Oseen vortex.”

In a different direction, Rayleigh [1879; 1917] initiated the study of necessary conditions for columnar
vortex instability.! Although it may certainly be found physically convincing, the original argument
[Rayleigh 1917] leading to Rayleigh’s criterion cannot be easily transposed into rigorous mathematical
terms. Instead, the approach followed in [Howard and Gupta 1962], which we consider one of the most
interesting and important contributions so far, is both rigorous and elementary. This remarkable work
contains most importantly an inconclusive but enlightening section called “Remarks on the nonaxisym-
metric case”, in which the partial stability criterion (1-21) can be found. The authors write: “The overall
conclusion of this consideration of the nonaxisymmetric case is thus essentially negative: the methods used
to derive the Richardson number and semicircle results in the axisymmetric case reproduce the known
results of Rayleigh for two-dimensional perturbations and pure axial flow, but seem to give very little more.
In fact the present situation with regard to nonaxisymmetric perturbations seems to be very unsatisfactory
from a theoretical point of view.”

Attempts have been made to derive necessary conditions for instability extending Rayleigh’s criterion to
nonaxisymmetric perturbations. One such criterion was proposed in [Billant and Gallaire 2005], following
[Leibovich and Stewartson 1983], and applies in a given Fourier sector. It is relatively simple to state
but requires a number of a posteriori checks which could be more difficult to perform. As the authors
mention, in all the situations they tested the most unstable modes were always the axisymmetric ones
(this is reminiscent of Squire’s theorem in the context of viscous shear flows), and therefore, in practice,
Rayleigh’s criterion appears to be sufficient to detect potential instabilities. Yet, a priori estimates on the
possible growth in a given Fourier sector are certainly interesting per se.

Spectral stability of course does not imply stability of the flow for a Hamiltonian system such as
(1-1). In celebrated works, Arnold [1965; 1966] derived a nonlinear stability criterion for stationary
solutions of the Euler equations, which are viewed as critical points of the kinetic energy functional
over the manifold of isovortical vector fields, and he treated in detail the case of two-dimensional flows.
His approach was subsequently extended in [Szeri and Holmes 1988] and applied to axisymmetric
perturbations of columnar vortices. A few years later, Rouchon [1991] proved that the conditions
in Arnold’s criterion are never satisfied if one considers genuinely three-dimensional perturbations
of nontrivial stationary flows. An intermediate step between spectral and nonlinear stability is linear
stability, which consists in controlling the growth of the semigroup generated by the linearized operator
in Theorem 1.6. Preliminary results in that direction can be found in the subsequent work [Gallay and
Smets 2019].

We close this section by mentioning that a number of interesting phenomena are known to arise, as far
as instabilities are concerned, when the base flow possesses an additional axial component. Some of the
works already quoted, and many others, do consider that situation as well. Since we did not investigate it
at all in this work, we keep that discussion for another occasion.

lor equivalently sufficient conditions for their stability; in the present work stability is only understood in the spectral sense,
meaning the absence of eigenvalues with positive real part.
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1D. Organization of the paper. Our strategy to prove Theorems 1.3 and 1.6 can be explained as follows.
In a first step, we show in Section 2 that the essential spectrum of the operator L,, ; is purely imaginary.
The rest of the spectrum consists of isolated eigenvalues with finite multiplicity, and the corresponding
eigenfunctions are solutions of a second-order differential equation involving a complex potential that
depends on m, k, and the spectral parameter s. The eigenvalue equation is difficult to study in general,
but using techniques that date back to [Rayleigh 1879; 1917] it is easy to verify that it has no nontrivial
solution with Re(s) # 0 when the perturbations are either axisymmetric (m = 0) or two-dimensional
(k = 0). In Section 3, we establish a few preliminary results in the case where m # 0 and k # 0. In
particular, we derive useful identities satisfied by any nontrivial eigenfunction, and we recover the stability
criterion (1-21) of Howard and Gupta. The core of the proof of Theorem 1.3 is Section 4. We construct a
suitable homotopy between the vorticity profile W € % and a reference profile for which stability in the
corresponding Fourier sector X, x is known by Howard and Gupta’s criterion. By a continuity argument,
this strategy allows us to reduce the problem to proving the absence of unstable eigenvalues arbitrarily
close to the imaginary axis for a one-parameter family of profiles in the class #. A delicate combination
of integral identities and comparison arguments relying on Assumption H2 are then used to perform
such a “critical layer analysis” and hence to preclude the existence of unstable eigenvalues. Finally, in
Section 5, we prove uniform resolvent estimates for the linear operator L,, ; outside the imaginary axis,
which imply that the full linearization L has indeed no spectrum in that region when acting on the space

2
L o,per,h
where several auxiliary results are established. In particular, we give useful estimates for the Biot—Savart

for any 4 > 0. This is precisely the conclusion of Theorem 1.6. The last section is an Appendix

law in the Fourier sector indexed by m, k, we prove the stability of Rankine’s vortex (1-7), which is not
covered by Theorem 1.3, and we explain how to perform continuous interpolation and approximation in
the nonlinear class 7.

2. Formulation of the spectral problem

Let W be a vorticity profile in the class 7, and let Q2 be the corresponding angular velocity defined
by (1-16). For a fixed value of the angular Fourier mode m € Z and of the vertical wave number
k € R, we consider the linear operator L,, ; introduced in (1-15). In view of (1-13), we have the natural
decomposition

Lyg=An~+ Bk, (2-1)
where A,, is the multiplication operator defined by
Apw=—imQ(r)o+rQ (rwe, (2-2)
and B,,  is the nonlocal perturbation
B = ikW(r)u — W (r)uye;. (2-3)

Here u = (u,, ug, u;) denotes the velocity obtained from the vorticity v = (®,, wg, ®;) by solving the
linear PDE system (1-14) with appropriate boundary conditions. We refer the reader to Section Al below
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for a discussion of the map w +— u, which we call the Biot—Savart law in the Fourier subspace indexed by
m and k. Our main goal in this paper is to study the spectral properties of the operator L, ; acting on the
enstrophy space X,, x defined by (1-23).

The following simple result is the starting point of our analysis.

Proposition 2.1. Fixm € Z and k € R\ {0}:
(1) The linear operator A,, defined by (2-2) is bounded in X,,  with spectrum given by

o0(Ap) ={ze€C|z=—imb for some b € [0, 1]}. (2-4)

This spectrum is purely continuous if m # 0, and reduces to a single eigenvalue if m = 0.
(2) The linear operator By, i defined by (2-3) is compact in X, k.

Proof. Given s € C and f = (s, fo, fz) € Xm.k, the resolvent equation (s — A,;)w = f is equivalent to
the linear system

(s +imQr)o, = fr, (s +imQ(r)wg = fo +rQ (o, (s +imQr)o, = f;. (2-5)

As W e %, we know that Q2 : [0, co) — Ry is strictly decreasing with 2(0) =1 and Q(r) — 0 as r — oo.
Thus, if s # —imb for all b € [0, 1], the quantity |s +imS2(r)| is bounded away from zero, and it follows
that system (2-5) has a unique solution w € X,,  satisfying |w|/;2 < C(s)|| f]l;2. On the other hand, if
m # 0 and s = —imb for some b € [0, 1], it is easy to verify that the operator s — A,, is one-to-one but
not onto (its range is dense but strictly contained in X, z), so that s belongs to the continuous spectrum
of A,,. Finally, if m = 0, it is clear that s = O is an eigenvalue of A,, with infinite multiplicity. This
proves the first part.

We next consider the operator By, ;. If € X, x and ||w|;2 < 1, Proposition A.1 shows that the
associated velocity field u satisfies ||d,u||;2 + ||ku|| ;2 < C for some universal constant C > 0. This gives
a uniform bound on u in H'(R,, r dr) since we assume that k # 0. By the Fréchet-Kolmogorov theorem,
we deduce that the map @ > By, xw = ikW (r)u — W'(r)u,e, is compact in X,, ¢, because the functions
W and W’ are bounded and converge to zero as r — 0o. g

Proposition 2.1 shows in particular that, for any m € Z and any k € R\ {0}, the linearization L, =
Ay + By i defines a bounded operator in the space X, . Moreover, as B, ; is compact, the essential
spectrum of L, i is the same as the (essential) spectrum of A,,, namely the closed interval /,, =
{—imb|0<b <1} CiR; see [Edmunds and Evans 2018, Theorem 1.4.1]. Note that, in the present case, the
various definitions of the essential spectrum listed in [Edmunds and Evans 2018, Section 1.4] all coincide.
This implies that the spectrum of L,, x outside the interval I, entirely consists of isolated eigenvalues
with finite multiplicities, which can accumulate only on the essential spectrum. The proof of Theorem 1.3
is thus reduced to showing that all isolated eigenvalues of L,, ; actually lie on the imaginary axis.

Remark 2.2. As the functions €2, W are real-valued, it is not difficult to verify, using the definitions (2-2),
(2-3) and the relations (1-14) between u and w, that the spectrum of L, x in X,, ; has the symmetries

0(Lmi) =0Lm—-k) =—0L_pmr) and o(Lyi)=—0(Lnr). (2-6)
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The corresponding mappings between eigenspaces are also easy to establish. In particular, the last relation
in (2-6) means that the spectrum of o (L, ¢) is symmetric with respect to the imaginary axis, a property
that will be used later on.

As a first step in the proof of Theorem 1.3, we derive an equation for the eigenfunctions of the operator
L,, r corresponding to eigenvalues outside the essential spectrum. In what follows, we thus assume that
s € C is an isolated eigenvalue of L,,  with eigenfunction w = (w,, wg, ;) € X, k, and we denote by
u = (ur, ug, u;) the velocity field associated with w via the Biot—Savart law; see Section Al. As in
[Drazin and Reid 1981], we define

y(r)=s+imQr), r>0. 2-7

Since s does not belong to the essential spectrum of L,, ; by assumption, it follows from Proposition 2.1
that y (r) # 0 for all r > 0.
In view of (1-13), the eigenvalue equation is given by
y (N, = ikW (),
y(Nwy = ikW(r)ug +r (r)o,, (2-8)
vy, =ikW@)u, — W (r)u,,

where rQ'(r) = W(r) — 2Q(r) by (1-6). If we express the vorticity w in terms of u using the relations
(1-14), we obtain the equivalent system

iKW (r)uy + iky (Fug — Muz —0, (2-9)
iky (ru, —2ikQ2(r)ug — 0, (y (r)u;) =0, (2-10)
(W’(r) - M)u n y(r)%a, (rig) — ik W (r)u, = 0. (2-11)

Assuming for the moment that k& # 0, it is straightforward to verify that the relations (2-9)—(2-11) together
imply the incompressibility condition

%a,(ru,) + %ue +iku, =0. (2-12)

To reduce system (2-9)—(2-12) to a single equation, we first express the azimuthal velocity uy in terms
of u,, u, using (2-9), and replace it into (2-10), (2-12) to obtain the 2 x 2 system

. imW(r) _ m?\
<8r— r‘y(r) >u,+lk<1+k27>uz_0, (2—13)

imW(r) ) ®(r) _
(o 5 e (1 5553 e =0 .

where ® =2QW is the Rayleigh function and 9 = 9, + 1/r. Next, observing that the coefficient of u,
in (2-13) does not vanish, we can divide (2-13) by that coefficient and apply the differential operator
dr +imW /(ry) to obtain, with the help of (2-14), the following second-order differential equation for
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the radial velocity:

imW 2 imW P
8r+lm (r) r 8,*—M U, = 1+ﬂ i (2-15)
ry(r) ) m?+k%r? ry(r) y(r)?
If we expand the product in the left-hand side, we find after straightforward calculations
r29fu 1 Kr2d(r)  imr W (r)
-0 —5 1 3 =0; 2-16
r<m2+k2r2) +{ + y(r)2 m? +k?r? * y(r) r(mz—i-kzrz)}ur (2-16)

see also [Drazin and Reid 1981, equation (15.26)]. This is the desired eigenvalue equation, which will
be our main concern in the rest of this paper. It is formulated in terms of the radial velocity u,, which
satisfies u, € H' (R4, r dr) according to Proposition A.1. In fact, we also have u, € HI%)C(R+) in view of
the divergence-free condition (2-12).

Remark 2.3. In the case where k = 0, a much simpler calculation shows that the eigenvalue equation is
still given by (2-16) if m # 0, although the derivation above is not correct. If k =m = 0, equation (2-16) is
of course meaningless, but in that case it is obvious that system (2-8) has no nontrivial solution for s # 0.

Summarizing the arguments developed so far, the proof of Theorem 1.3 can be reduced to showing that,
for all m € Z and all k € R\ {0}, the eigenvalue equation (2-16) has no nontrivial solution u, € H' (R, r dr)
if the spectral parameter s € C satisfies Re(s) # 0. This is a difficult task in general, which we postpone to
Sections 3 and 4. For the time being, we just mention two important particular cases which are relatively
easy to handle.

2A. The axisymmetric case. In the axisymmetric case m = (, Proposition 2.1 asserts that the essential
spectrum of Lg x is reduced to zero, and therefore away from the origin there may only exist eigenvalues
with finite multiplicity. The spectral function (2-7) is constant in that case, and the stability equation (2-16)
reduces to

0 ur+k° 14 5 u, =0. 2-17)
s

The following classical result dates back to [Rayleigh 1917], and is reproduced here for the reader’s
convenience.

Proposition 2.4. Assume that the Rayleigh function ® is nonnegative. Then the eigenvalue equation (2-17)
has no nontrivial solution u, € H (R, r dr) if Re(s) # 0.

Proof. According to Remark 2.3, we can suppose that k # 0. Assume that u, € H' (R4, rdr) is a
nontrivial solution of (2-17) for some s € C\ {0}. Multiplying both sides of (2-17) by ru, and integrating
the resulting expression over R, we obtain the useful relation

o0 P
/ {|aju,|2+k2(1+ (Zr))|u,|2}rdr=0. (2-18)
0 S

By assumption we have fooo ®|u,|?r dr > 0, because u, is a nontrivial solution of (2-17) and ® is a

nonnegative function with ®(0) > 0. Thus taking the imaginary part of (2-18) we deduce that Im(s?) = 0;
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hence s € R or s € iR. The first possibility is excluded by taking the real part of (2-18); hence we conclude
that s € iR. 0

Remark 2.5. Actually it was observed in [Synge 1933] that the Rayleigh stability criterion @ > 0 is not
only sufficient, but also necessary in the axisymmetric case. Indeed, we know that ®(0) = W(0)? > 0,
and for localized vortices we always have ®(r) — 0 as r — oco. Now, assume that ® () < 0 for some
r > 0, and consider the Schrédinger equation

—5%0,0%u, + k> (s> + ®(r))u, = Eu,, r>0, (2-19)

in the semiclassical limit where 0 < s < 1. As the potential term s> + ®(r) takes negative values near
r =r, it is well known that the operator in (2-19) has negative eigenvalues E if s > 0 is sufficiently small;
see, e.g., [Simon 1983; Helffer and Sjostrand 1984]. In fact, the number of negative eigenvalues increases
unboundedly as s — 0, and this implies by continuity that (2-19) with £ = 0, or equivalently (2-17), has
a nontrivial solution u, € H'(R,, r dr) for a sequence of values of s > 0 that converges to zero.

We also note that the analogue of Synge’s observation used for s € iR instead of s € R implies in
contrast that, when the Rayleigh function is nonnegative, the linearized operator Lo x does possess nonzero
eigenvalues on the imaginary axis, which correspond to Kelvin modes.

2B. The two-dimensional case. Although it is not included in Theorem 1.3, the two-dimensional case
k = 0 is worth mentioning too. When m # 0, the eigenvalue equation (2-16) reduces to
mr W
M)u _o0.
y(r)

A well-known sufficient condition for stability is that the vorticity profile W be a monotone function; see,

—3,(r*8fu,) + <m2 + (2-20)

e.g., [Marchioro and Pulvirenti 1994], but unlike in the axisymmetric case no sharp criterion has been
established so far. Again, for the reader’s convenience, we reproduce here the easy argument showing
spectral stability if W’ has a constant sign.

Proposition 2.6. Assume that the vorticity profile W is monotone. Then the eigenvalue equation (2-20)
has no nontrivial solution u, € H' (R, r dr) if Re(s) # 0.

Proof Assume that u, € H'(R., r dr) is a nontrivial solution of (2-20) for some s € C with Re(s) # 0.
Multiplying both members of (2-20) by ru, and integrating over R, we obtain the relation

o0 . W/
/ {Iar(rur)lz—l—(mz+u)|ur|2}rdr:0. (2-21)
0 y(r)
In particular, taking the imaginary part and using (2-7), we find
o W/
m Re(s) f (r)2 u, 272 dr =0,
o vl

and since W is monotone we conclude that u, is supported in the set where W’ vanishes. This is clearly

impossible if W is not identically constant, because u, is a nontrivial solution of the second-order ODE
(2-20). But if W is a constant, (2-21) immediately gives the desired contradiction. Il
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3. The eigenvalue equation for m # 0 and k # 0

In this section we begin our study of the eigenvalue equation (2-16) in the general case where m # 0 and
k # 0. In view of the symmetries (2-6), we can assume without loss of generality that m > 1 and k > 0.
We write the spectral parameter as s = m(a — ib), where a, b € R, and we take the decomposition

y(r)=s+imQ(r)=imy,(r), where y,(r)=Q((r)—>b—ia. (3-1)

According to Proposition 2.1, the essential spectrum of the operator L,,  is the set of all s =m(a —ib)
such that a = 0 and b € [0, 1]. Outside that set, the function y, is bounded away from zero for all r > 0
and the eigenvalue equation (2-16) becomes

— 0, (A(r)dfuy) + B(ryu, =0, (3-2)
where 9 =0, +1/r and
o AN | r W(r)
S e ) S

3A. Asymptotic behavior at the origin and at infinity. Our first goal is to determine the asymptotic
behavior of the solutions of the complex ODE (3-2) as r — 0 and r — oo, assuming that a # 0 or
b ¢ [0, 1]. We start with the behavior at the origin. If u, is a solution of (3-2), we set

u(r)y= lv(log l), r >0,
r r

or equivalently v(x) = e *u,(e™) for x = log(1/r) € R. The new function v : R — R satisfies the
equation
o Ble™)

A(e™)’
In view of (3-3) we have A(e™) = O(e™%) and C(x) = m?> 4+ O(e ) + O(e *|W'(e™)|) as x — +o00.
Thus applying, e.g., [Coddington and Levinson 1955, Theorem 3.8.1], we deduce that (3-4) has a unique

V' (x) 4+ 2k A(e )V (x) = C(x)v(x) =0, where C(x) =e (3-4)

solution v such that e”*v(x) — 1 as x — +00. Returning to the original variables, we conclude that (3-2)
has a unique solution u, such that r'=™u,.(r) — 1 as r — 0. This solution u, and its first derivative u,
depend continuously on the various parameters in (3-2), including the vorticity profile W & Cb1 (Ry) and
the spectral parameter s = m(a — ib) € C, uniformly in r on any bounded interval of the form (0, R).
Any linearly independent solution of (3-2) blows up like !~ as r — 0, and is therefore not square
integrable near the origin.

We next study the behavior at infinity. If u, is a solution of (3-2), we define w(r) = r12u,(r) and
obtain for w the equation

Ar) — =
Mw (r) —=D@r)w(r) =0, where D(r)= A(r) + 42 2r A(r)’

We have A'(r)/A(r) = O(r3) and D(r) = k* + O(r~2) as r — oo, because Remark 1.2 implies
W) =0, W) =0@F"), and () = O(~°) in that limit. Invoking again [Coddington and

Br) 3 L.A’(r)

w//(r) +

(3-5)
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Levinson 1955, Theorem 3.8.1], we deduce that (3-5) has a unique solution w such that Fw(r) > 1 as

r — 00; hence (3-2) has a unique solution satisfying r12eky, (r) — 1 as r — oo. This solution and its

first derivative depend continuously on the parameters in (3-2), uniformly on the interval (R, co) for any

—12ekr a5 r — 00, and is therefore not

R > 0. Any linearly independent solution of (3-2) grows like r
square integrable.

Summarizing, we have shown:

Lemma 3.1. Ifm #0 and k #0, any eigenvalue of the linear operator L, ;. € L( X, i) outside the essential
spectrum (2-4) is necessarily simple. Moreover, if u, is the radial velocity profile of the corresponding
eigenfunction, there exist a, € C such that

limr' ="y, ()=« and lim r'/?e®u,.(r) = B.
r—0 r—00

3B. Eigenvalues on the imaginary axis: Kelvin waves. In a second step, we consider the eigenvalues of
the linearized operator L,, ; on the imaginary axis. The corresponding eigenfunctions describe “vibration
modes” of the columnar vortex and were first studied by Kelvin [1880] in the particular case of Rankine’s
vortex. Strictly speaking, this subsection is not part of the proof of Theorem 1.3, but in view of the physical
relevance of the Kelvin waves it is worth mentioning a few results that can be rigorously established.

In what follows, we thus assume that a = 0 and b ¢ (0, 1), so that y,(r) # 0 for all » > 0. In that case
(3-2) has real coefficients, and its solutions can be studied using standard ODE techniques. For simplicity
we suppose here that the vorticity profile W € % is the restriction to R, of a smooth even function on R
satisfying W”(0) < 0, as is the case for the Kaufmann—Scully vortex (1-8) or the Lamb—Oseen vortex
(1-9). We consider separately the regimes where b > 1 and b < 0.

Lemma 3.2. For any m # 0 and k # 0, the set of all b > 1 such that (3-2) with a = 0 has a nontrivial
solution in H 1(R+, rdr) is a countable family which accumulates only at 1. Moreover, (3-2) has no
nontrivial solution in H'(Ry., r dr) ifa =0and b = 1.

172

Proof. When b > 1, we apply to (3-2) the change of variables u, = r" A(r)~"/“v, where A(r) is as in

(3-3). A direct calculation shows that the new function v satisfies

2m+1

—9%v — — v+ K+ Fr)+G6r))v=0, r>0, (3-6)
where
_kKRA®r) ) ke r W (r)
F(r)= 3 (=24 3k A(r)), Gr)= - BTN oy <m2 +k2r2>.

We assume that b = 1 4 h? for some small z > 0, and we expand
V() =1+h* = Q@) =h*+pr’+ 00" asr—0,
where p = —Q”(0)/2 =—-W"(0)/8 > 0. If r = hs, it is straightforward to verify that

4k? 1

I 10 h— 0,
m2(1+ps2)2+ (h*) ash—

h* (k> + F(hs) +G(hs)) = —
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uniformly for all s > 0. Thus the new function w defined by setting w(s) = v(hs) satisfies the semiclassical
Schrodinger equation

+U(s, h)yw =0, 3-7)

2m+1 4k2
Lw = —hz(aszw + mt xw> — w

m2 (1+ ps?)?

for all s > 0, where U (s, h) = O(h?) as h — 0, uniformly in s. Since the principal part of the potential
term in (3-7) is negative, standard results in semiclassical analysis [Simon 1983; Helffer and Sjostrand
1984] show that the operator ¢, has negative eigenvalues if 4 is sufficiently small, and that the number of
these bound states is O(h~!) as h — 0. Moreover, since F(r) + G(r) — 0 as r — 0o, the bottom of the
essential spectrum of .%j, is k2h* > 0 for any 7 > 0. These two observations together imply that .%, has a
zero eigenvalue for a countable sequence s, — 0, and returning to the original variables we conclude
that (3-2) with a = 0 has a nontrivial solution in H'(R., r dr) for a sequence b, = 1 + h% — 1.
When b = 1, namely & = 0, the leading term in the function 5(r)/.A(r) satisfies

4k?
m2p?’

K o) 62
m? y*(r)Z ot

(1+ O(r2)) asr — 0, where Q% =

To investigate the behavior of the solutions of (3-2) near r = 0 in that case, it is useful make the change
of variables u,(r) = r~'/2U(1/r). Setting x = 1/r, this leads to an equation of the form

X

U (x) +5<%)U/(x) +5( 1>U(x) —0, x>0, (3-8)

where C(r) = O(3) and D(r) = ©% + O(r?) as r — 0. Using [Coddington and Levinson 1955,
Theorem 3.8.1], we deduce that (3-8) has two linearly independent solutions satisfying Ui(x) =
eTO%(1 + O(1/x)) as x — +oo. If we now return to the original variables, we conclude that (3-2)
has two linearly independent solutions ¢4 such that

L Lo
¢+L(r) = —e (14+0@)) asr—0. (3-9)
Jr
As is easily verified, no nontrivial linear combination of ¢, and ¢_ can belong to H'(R., r dr), which
means that (3-2) has no nontrivial solution if ¢ =0 and b = 1. Il

The situation is completely different when b < 0.

Lemma 3.3. For any m # 0 and k # 0, the set of all b < 0 such that (3-2) with a = 0 has a nontrivial
solution in H'(R_., r dr) is finite. Moreover:

(1) This set is nonempty for a finite number of values of m only.

(2) For both the Kaufmann—Scully vortex (1-8) and the Lamb—Oseen vortex (1-9), equation (3-2) has no

nontrivial solution when a =0 and b <0 if |m| > 2.

Proof. If a=0and b <0, then y,(r) = Q) —b = Q(r) + |b| > 0. In this region, it is easy to verify
that the coefficient 5(r) < 1 defined in (3-3) is an increasing function of both parameters |m| and |b|.
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Moreover, using the bounds on €2, W, and ® which follow from Assumptions H1, H2, see Remark 1.2,
we obtain the estimate

C
sup(1 — B(r)) < — sup
m

r>0 r>0

( d(r) W@y+nwmﬂ)<£l 1
(Q(r) + |b])? Q(r) +1b| ~m214|b|’

where the constant C depends only on the vorticity profile. As a consequence, we see that B(r) > 0 when
|m| or |b| is large enough, and this implies that (3-2) has no nontrivial solution; see (3-10) below. It
follows that the linearized operator L,, ; can have eigenvalues s = m(a —ib) witha =0 and b < 0 only
for a finite number of values of m € Z, and using Sturm-Liouville theory we also conclude that, for any
m € Z, there exist only finitely many eigenvalues with a = 0 and b < 0. Interestingly enough, for both
the Kaufmann—Scully vortex (1-8) and the Lamb—Oseen vortex (1-9), an explicit calculation, which is
reproduced in Section A7, shows that B(r) > 1 —4/m?, so that there are no eigenvalues in this region
when |m| > 2. O

As a final comment, we mention that when m = £1 there are always eigenvalues with a =0 and b <0.
Indeed, due to translation invariance, the operator L,, ¢ has a zero eigenvalue with eigenfunction

u=—imQe, + (W—Q)eg, w=We,.

That eigenvalue bifurcates out of the essential spectrum as the parameter k varies, so that L,, ; has at
least one eigenvalue s = —imb with b < 0 if |m| =1 and |k| is small enough.

3C. Eigenvalues outside the imaginary axis: Howard identities. For our next step in the study of the
eigenvalue equation (3-2), we use a classical method originally due to Rayleigh [1879] to show that the
linearized operator L, x has no spectrum in large regions of the complex plane, which are depicted in
Figure 1. The idea is to derive integral identities satisfied by the hypothetical eigenfunctions, which
eventually lead to a contradiction.

Assume thus that the eigenvalue equation (3-2) has a nontrivial solution u, € H' (R, r dr) for some
s =m(a —ib) € C, where a # 0. Multiplying both sides of (3-2) by ru, and integrating over R, we
easily obtain, using the results of Section 3A

/ (A(r)|8:‘ur|2+8(r)|u,|2)r dr =0. (3-10)
0

Note that the function B is complex-valued if a # 0, so that (3-10) gives two integral relations for the
radial velocity u,. For instance, taking the imaginary part of (3-10) and using the expression (3-3) of B,
we obtain the identity
X 2b—Q(r)) k* r W(r) 2
——— 5 AP 0 dr =0. 3-11

This relation is identically satisfied if @ = 0, but gives useful information if a # 0. For instance, if b <0,

then b — Q(r) < 0 for all » > 0, and Assumption H1 implies

W(r)

0] 0 d 0| —————
(r) > an (m2 s

)<0 forall » > 0.
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Kelvin modes —

essential spectrum — .
Q(r) .
- < hypothetical
b - unstable modes = £

Figure 1. Right: The information obtained so far on the spectrum of the linearized
operator (2-1), using the parametrization s = m(a — ib). Kelvin modes are located
on the imaginary axis a = 0, and accumulate only at the upper edge of the essential
spectrum, which fills the segment a =0, b € [0, 1]. The rest of the spectrum, if any,
consists of isolated eigenvalues which can accumulate only on the essential spectrum,
and are contained in a region of the form |a| < M, b € [0, 1] according to Proposition 3.4.
Left: The angular velocity profile €2 and the critical radius 7 associated with a spectral
point a = 0, b = b inside the essential spectrum.

Thus the integrand in (3-11) is nonpositive and not identically zero; hence equality (3-11) cannot hold.
We conclude that the operator L,, x has no eigenvalue s = m(a — ib) with a # 0 and b < 0; see Figure 1.
Unfortunately, we do not know how to use the relation (3-10) to preclude the existence of eigenvalues of
L,, r in other regions of the complex plane.

The following approach, due to [Howard 1961; Howard and Gupta 1962], provides other identities
similar to (3-10), which give further information on the possible eigenvalues. Define u, = g (r)v,, where
q is a (real- or complex-valued) weight function satisfying g (r) #~ 0 for all » > 0. Then v, is a solution to

—3,(q(r)*A(r)dfv,) + Er)v, =0, (3-12)

where
2 / ! A(I’) "
Er)=q(r)"B(r) —q(r)q (r)<A (r)— - ) —q(r)q"(r)A(r).

Multiplying both sides of (3-12) by rv, and integrating over R, we deduce

/ oo(q(r>2A<r>|a;“vr|2 + &) v, |Pr dr =0. (3-13)
0

If g is real-valued, then q2 v, |2 |> and taking the imaginary part of (3-13) we recover (3-11), but the

real part gives new information. If ¢ is complex, both the real and the imaginary parts of (3-13) provide
new information.

= |ur

Following [Howard and Gupta 1962], we now consider in more detail some interesting particular cases
of (3-13).
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Case 1: g(r) = y,(r). We then have

W)
m2 + k2r2

A(r)

k2
E(r) =y.(r)* — WA(V)q)(r) +rJ/*(r)3r( > ARG (A’(r) - T) — vy (D AM).

Since ry/(r) =rQ'(r) = W(r) —2Q(r), we observe that
/ W(r) — 22
Ve A'(r) — AT + v, (NAr) =rd, LAY _ ro, Wir) =220 ; (3-14)
r r m? + k2r?
and we deduce the following simpler expression of £(r):
, Kk Q(r)
E(r) =ya(r) —WA(F)CD(F)—i—Zr)/*(r)a, k2 )

In particular, taking the imaginary part of (3-13), we obtain the identity

2a /OO (b— Q) (AF) |05 v 1>+ v 1P — rd _R0) lv |2 brdr =0 (3-15)

0 r -r r r m2 + k2r2 r .
If we now assume that b > 1, so that b — Q(r) > 0 for all » > 0, we see that all terms in the integrand of
(3-15) are nonnegative, which leads to a contradiction if a # 0. We conclude that the linear operator L,, i

has no eigenvalue s = m(a —ib) if a # 0 and b > 1; see Figure 1.

Case 2: q(r) = V()12 Proceeding as above, we find

K2 A(r)®(r) W (r) 1 A\ 1 Lyi(r)?
£ =, AV ar ARSI T / NN o SN )
(V=7a)= = (m2 -~ W) zmr)(A (== ) SV DA+ A)
Using again (3-14), we deduce that
K ARDr)  r_ (WE)+220)\ | 1Qr)?
E) = yalr) — — o D (22000 ) 2
(") =) m? . (r) 2 < m? + k2r?2 ) 4 y,.(r) A)
In particular, taking the imaginary part of (3-13), we obtain the identity
> A(r) Ko(r) ()
* 12 2 2 —
_a/(; {A(r)larv,| =+ |vr] +a2+(§2—b)2< P |v.|=¢rdr =0. (3-16)
As a consequence, if we assume that
_®() m?
J(r)zwzm forallr>0, (3-17)

we see that all terms in the integrand of (3-16) are nonnegative, which leads to a contradiction if a # 0.
We conclude that (3-17) is a sufficient condition for spectral stability. Unfortunately, condition (3-17) is
never met for the Lamb—Oseen vortex, because J(r) — 0 as r — 400 in that case. In the case of the
Kaufmann—Scully vortex, it is satisfied only if m? < 4k>.

The results obtained by Howard’s approach can thus be summarized as follows.

Proposition 3.4. Assume that the vorticity profile W satisfies Assumption H1 in Section 1B. Then for any
m % 0 and k # 0 the following hold:
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(1) The linearized operator Ly, . has no eigenvalue s = m(a — ib) with a # 0 and b(1 —b) < 0.

(1) If condition (3-17) is satisfied, then L, ; has no eigenvalue outside the imaginary axis.

3D. Critical layers and embedded eigenvalues. We assume here that ¢ = 0 and 0 < b < 1, which
means that the spectral parameter s = m(a — ib) is contained in the essential spectrum of the linearized
operator L, ; and does not coincide with one of its endpoints. The natural extension of the eigenvalue
equation (3-2) to this situation? is

. k> A(r)®(r) r W(r) B
—3, (A(r)d}u,) + [1 "R QO =5 + @O =b) a,(m2 +k2r2>]u, =0. (3-18)

Since the value of b belongs to the range of the angular velocity €2, both denominators in (3-18) vanish at
exactly one point r > 0, characterized by €2 () = b, so that (3-18) becomes singular at that point. In the
physical literature, singularities of the eigenvalue equation are usually avoided by allowing the variable r
to take slightly complex values, a procedure that is referred to as “critical layer analysis” in this context
[Drazin and Reid 1981].

To perform such an analysis, we restrict our attention in the rest of this section to vorticity profiles W
which satisfy Assumption H1 and, in addition, are real-analytic on (0, 00), so that the angular velocity 2
and the Rayleigh function & are analytic too. According to the usual terminology, the point 7 is then a
regular singular point of (3-18); see, e.g., [Coddington and Levinson 1955, Chapter 4] or Section A3 below.
Extending the range of the variable r to a neighborhood of (0, co) in C allows us to make a connection
between solutions of (3-18) defined on the interval (0, ) and others defined on (', 00). In a neighborhood
of r, the behavior of the solutions of (3-18) is determined by the roots d of the indicial equation

k2
d(d—l)—l——zl(f):O. (3-19)
m

We distinguish three cases.

Case 1: 0 < J(7) < m?*/(4k?). The roots of (3-19) are real and simple:

_1 1 k2 \1/2

In particular, we have 0 < d_ < % < d4 < 1. The Frobenius method [Coddington and Levinson 1955,
Section 4.8] can be used to construct two real-valued analytic functions V4 on (0, co) such that V() =1
and such that the functions ¢+ defined by

$+(r) = |b— Q(r)| e TRATC=RENE Y, (1) >0, (3-20)

are independent solutions of (3-18) on both intervals (0, 7) and (7, 0o). Note that ¢ are real-valued on
(r, 00), but complex-valued (although with a constant phase) on the interval (0, r).

Zwe emphasize that the derivation of (3-2) from the spectral problem was performed in Section 2 under the assumption that
s = m(a —ib) does not belong to the essential spectrum.
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Case 2: J(7) > m?/(4k?). The roots of (3-19) are complex conjugate:

d '—I:I:'(S here § = kZJ_ L)/2
+1=5 ié, where _(W (r)—Z) .

Similarly, the Frobenius method yields the existence of two independent solutions ¢+, which we write in
the form
Do (r) = b — Q(r)|/2eFi0 108 1b= 2| (i7/2) (1 =senb=R(Mds 7, (). (3-21)

Case 3: J(7) = m?/(4k*). Equation (3-19) possesses the unique root % with multiplicity 2, and two
independent solutions of (3-18) can be constructed such that

$+(r) = b —Q(r)| 2 TIUmE=RON Y (),
b_(r)=|b— Q(r)|l/ze(iﬂ/4)(1—8gn(b—9(r))) (3-22)
x [(log|b— ()| + Z (1 —sgn(b — Q) V4 (r) + V_(r)].

The following technical lemma emphasizes the relevance of the singular functions ¢4 for the approxi-
mation of solutions of (3-18) by nonsingular solutions of (3-2). In the statement, the vorticity profile W,
the spectral parameter s = —imb and the corresponding singular radius 7 are defined as above. However,
we consider a sequence (#,),en Of smooth solutions of the eigenvalue equation (3-2) where the spectral
parameter s is replaced by some complex number s, with nonzero real part (so that s, does not belong to
the essential spectrum), and where also the vorticity profile W is replaced by some function W, that is
allowed to depend on n.> We assume that s, — s and W,, — W as n — oo. In what follows, for p > 0
we denote by D(7, p) C C the open disc of radius p centered at 7 + 0i. When no confusion is possible,
we also use the same symbols for functions of the real variable r € (0, co) and their analytic extensions
into (part of) the complex plane.

Lemma 3.5. Let (u,)nen be a sequence of solutions of (3-2) corresponding to a sequence of spectral
parameters s, = m(a, — ib,) and of real-valued analytic profiles W,. Suppose that

(i) a, >0 foralln,and a, — 0, b, — b € (0, 1) as n — o0;
@) W, —> Win Cli (@Jr) asn — oo;
(iii) there exists p > 0 such that, for all n € N, the radius of analyticity of W, at r is at least equal to p,
and W, — W uniformly in D(r, p).

If uy(r) and u),(r) have a limit as n — oo for some r € (0, 00) \ {r}, then there exist ay € C such that
Uy — 04y +a_¢_ inthe C' topology on compact subsets of (0, 00) \ {7}, where ¢ are given by (3-20),
(3-21) or (3-22) depending on the roots of the indicial equation.

The proof of Lemma 3.5 is postponed to Section A3 below where we also establish the main properties
of ¢, in particular the analyticity of V. across the singularity » and the fact these functions are real-valued.
For the moment, we observe that the implicit determination of logarithms we opted for in constructing the
solutions ¢ is directly related to the assumption that a, > 0 in Lemma 3.5. An approximation procedure

3The reason for the latter will become clear in Section 4.
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valid for negative values of a, would involve the complex conjugates of the functions ¢+ defined in
(3-20)—(3-22).

Remark 3.6. The expressions (3-20)—(3-22) show in particular that no nontrivial solution of (3-18) lies
in H?(7 — e, 7 +¢) if € > 0. As we know that the radial velocity u, associated with any vorticity vector
® € X i belongs to H YRy, rdryn HI%)C(R+), we deduce from the observation above that the linear
operator L,, x acting on X,, x has no nonzero eigenvalue s embedded in the continuous spectrum (2-4).

Finally, repeating the proof of Lemma 3.1 for (3-18), we easily obtain:

Lemma 3.7. Ifm #0, k #0, and 0 < b < 1, there exist a unique solution ¥y of (3-18) on (0, r) and a
unique solution ¥~ of (3-18) on (r, 0o) such that

lim ' 7"yo(ry =1 and  lim r'?e*y o (r) = 1.
r—0 r—00

Moreover, both \yry and Y~ are real-valued.

Since (3-18) is a linear equation, we infer the existence of constants «?, «%° € C such that
Yo=alo_+algr on(0,7),  Yeo=0aP¢_+aPp, on (7, 00), (3-23)

where ¢ are defined in (3-20)—(3-22).

4. The homotopy argument

This section is the core of the proof of Theorem 1.3. We concentrate on the situation where the angular
Fourier mode m and the vertical wave number k are both nonzero, because the cases m =0 and k =0
have already been treated in Sections 2A and 2B, respectively. In view of the symmetry properties (2-6),
we can assume without loss of generality that m > 1 and k > 0.

The argument is by contradiction: given a vorticity profile W satisfying Assumptions H1, H2 in
Section 1B, we assume that there exist an integer m > 1 and a real number k > O such that the linearized
operator L,, ; has at least one eigenvalue outside the imaginary axis. The strategy is then to perform a
homotopy between the vorticity profile Wy := W and a reference profile W; for which we know a priori
that the corresponding linearized operator has no eigenvalue with nonzero real part. Since eigenvalues
outside the imaginary axis depend continuously on the vorticity profile, in an appropriate topology, this
implies in our situation that all eigenvalues necessarily merge into the essential spectrum as the homotopy
parameter varies from O to 1. We eventually reach a contradiction by showing that such a merger is
impossible. This is achieved by a careful asymptotic analysis of the solutions of the complex ODE (3-2)
in the limit where the real part of the eigenvalue s = m(a — ib) vanishes. Our approach combines the
results of Section 3D on critical layers, the integral identities obtained by Howard’s method in Section 3C,
and new ingredients which rely on the monotonicity Assumption H2.

Since we have to consider various vorticity profiles in the course the proof, the linearized operator (2-1)
will sometimes be denoted by LHVK . instead of L, x, to avoid any ambiguity. The following continuity
property plays an essential role in our argument.
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Lemma 4.1. The (linear) mapping W +— L  is continuous from C(Ry) into L(X 1)-

Proof. As can be seen from definitions (2-1)—(2-3), the linearized operator anz « has variable coefficients
depending (linearly) on the functions 2, r2’, W, and W'. Now, we have the estimate

121l 2@,y + 1Fr2 2@,y < CIW I Lo@®,)s

which follows from the representation formula (1-16) and the identity r Q' = W — 2. Thus all coefficients
of L::Vl’ , are L functions that depend continuously on W in the topology of Cg (Ry), and since the
Biot—Savart map w > u is bounded in X,, ; by Proposition A.1 below, we obtain the desired result. [

4A. Reduction to a real analytic vorticity profile. We now present the contradiction argument in detail.
We fix m > 1, k > 0, and we assume that there exists a vorticity profile Wy € # such that the associated
linear operator Lf:f’k € L(X,, ) has at least one (isolated) eigenvalue outside the imaginary axis. Our goal
is to prove that this is impossible, which is exactly the conclusion of Theorem 1.3.

In a first step, we show that one can assume without loss of generality that the profile Wy € 7 is real
analytic on R,. By this we mean more precisely that Wy is the restriction to R, of a real analytic even
function defined on the whole real line. Indeed, we know from Proposition 2.1 that, for any W € % the
spectrum of L ,an « outside the imaginary axis consists of isolated eigenvalues with finite multiplicity, which
are in fact simple as asserted by Lemma 3.1. Invoking Lemma 4.1 and classical perturbation theory [Kato
1966, Chapter 4, §3.5], we observe that these (hypothetical) eigenvalues depend continuously on the
vorticity profile W in the topology of Cg(@Jr). In particular, if W is close enough to Wj in that topology,
we are sure that the operator L nvf « has at least one eigenvalue with nonzero real part.

We next invoke a density result that will be established in Section A4 below.

Lemma 4.2. The subset #'® of W consisting of vorticity profiles which are also real analytic on Ry is
dense in W for the topology of Cg (RL).

The proof of Lemma 4.2 is not straightforward because the definition of the class # involves the
quantity J, introduced in (1-20), which depends in a nonlinear way on the vorticity profile W. Thus, given
W e %, we cannot construct an approximation W, € #® just by taking the convolution of W with a real
analytic mollifier. To avoid this difficulty, we prove in Section A4 that all quantities 2, W, ® are entirely
determined by the auxiliary function J, and we even provide explicit reconstruction formulas. Then, at
the level of J, we use a nonlinear approximation scheme of the form

1 1
= G.* i
NS N

where G denotes the heat kernel on the half-line R, with Dirichlet boundary condition at » = 0. This

€ >0,

provides an approximation procedure within the class % which allows us to prove Lemma 4.2; see
Section A4 for details.

Taking advantage of Lemma 4.2 we assume from now on that the initial vorticity profile Wy in our
contradiction argument is real analytic, namely Wy € #'“.
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4B. Construction of the homotopy. In the particular example of the Kaufmann—Scully vortex (1-8), the
function (1-20) reduces to J(r) = 1 +1/r%> > 1. By a simple rescaling we deduce that, for the vorticity
profile Wi € #'“ defined by

2 2m*
>0, (4-1)

%% = = s
)= Tramy = sy | Z

the stability condition (3-17) is satisfied, so that the linear operator ani/’ ', has no eigenvalue outside the
imaginary axis as a consequence of Proposition 3.4. To interpolate in the class # between the initial
profile Wy € #/“ and the reference profile (4-1), we use the following result, whose proof is also postponed
to Section A4.

Lemma 4.3. If Wy, Wy € ¥, there exists a Lipschitz function H : [0, 1] — C; (@Jr) such that H(0) = Wy,
H) =Wy, and W, :=H(t) € # for anyt € [0, 1]. Moreover, if Wy, Wy € #'?, then W, € #* for all
t € [0, 11. In that case, if W{'(0) < 0, then W,;"(0) < O for all t € (0, 1].

Since the class #  is not convex, the linear interpolation H () = (1 — ) Wy 4t W is not appropriate
here. Instead, we use again the fact that a vorticity profile W € # is entirely determined by the auxiliary
function (1-20), and at the level of J we define the homotopy H by the nonlinear interpolation procedure

1 =1 t
V1+J; B \/1+Jo+\/1+J1
If Jo and J; are real analytic, so is J; for all ¢ € [0, 1], and it follows that W, € #'® for all ¢ € [0, 1]. We
refer to Section A4 for details.

forall t € [0, 1]. (4-2)

4C. The bifurcation point. For any t € [0, 1], we denote by W, € #'“ the vorticity profile obtained from
Lemma 4.3, where Wy € #'® is the initial vorticity defined in Section 4A and W) is given by (4-1). We
also introduce the associated angular velocity

1 r
Q(r) = ﬁ/ W, (s)sds, r >0,
0

and we define &, =2Q,W; and J;, = CIJt/(Q;)2 as in (1-19), (1-20). We consider the family of linear
operators anfj «» indexed by the homotopy parameter ¢ € [0, 1], which is uniformly bounded in £(X,, x)
by Lemma 4.1. For each ¢ € [0, 1], it follows from Proposition 2.1 and Lemma 3.1 that the spectrum
of L,V:” « outside the imaginary axis consists of simple isolated eigenvalues. If s = m(a —ib) is such an
eigenvalue, we know from Proposition 3.4 that 0 < b < 1, and by uniform boundedness there exists a
constant M > 0 (independent of ¢) such that 0 < |a| < M.

As the homotopy parameter ¢ varies, the isolated eigenvalues of L ”vf’ « move continuously in the complex
plane, as described, e.g., in [Kato 1966, Chapter 4, §3.5], and we chose our reference profile W; so that
the associated linearized operator has no eigenvalue with nonzero real part. This implies that, when ¢
increases from 0 to 1, all isolated eigenvalues of L,VnV‘ « eventually merge into the essential spectrum on the
imaginary axis. In particular, we can define the bifurcation point

t, =inf{r € 0,11 | o (L)) C iR forall T € 1, 1]}.



1802 THIERRY GALLAY AND DIDIER SMETS

. o . . W, .

Our assumption on Wy and the continuity of the eigenvalues imply that 7, > 0 and o (me’,‘() C iR. Moreover,

there exist an increasing sequence f, — f, and a sequence of isolated eigenvalues s, = m(a, —ib,) of
W,

L, " suchthata, #0, 0 <b, <1, and

ay +ib, — ib asn — oo (4-3)

for some b € [0, 1]. In view of the second identity in (2-6), we can assume without loss of generality that
a, > 0 for all n € N. Associated with b, we also introduce the critical radius
_ {Q;l(z}) if b > 0,

r

= ' (4-4)
+00 ifb=0.

As W, € #® by construction, we recall that Q,, : R, — R, is real analytic, strictly decreasing on R,
and satisfies €2, (0) =1 and €2,,(r) — 0 as r — o0, so that r € [0, oc] is well-defined; see Figure 1.

In the sequel, for notational simplicity, we write W instead of W, and W, instead of W, . Note in
particular that, after this redefinition, the symbol W no longer refers to the vorticity profile that appears
in the statement of Theorem 1.3! Similarly, we write

Q=Qt*, qD:cD[*, J=J[* and Q}’I:an’ q)l’l=(Dln’ Jl’l=]tn‘

Finally, we also set L,, x = L::Vl’k and Lﬁ@k = anZ"k. We observe that W,, — W in Cg (@Jr) as n — oo, due
to the continuity properties of the homotopy defined in Lemma 4.3.

As is recalled at the beginning of Section 3, for each n € N we may associate to the eigenvalue
sp =m(a, —ib,) of LZL « @ nontrivial solution u, € H YRy, rdr)N HI%C([RJF) of the complex differential
equation

(4-5)

. k* A(r)®,(r) r W, (r) B
—0,(A(r)o u,) + |:1 3 ()2 + ) 0, <m2 +k2r2>:| u, =0,

where y,(r) = Q,(r) — b, —ia,. As W, € ¢, it is clear that u, is in fact real analytic for all n € N.
According to Lemma 3.1 there exist nonzero complex numbers «,,, 8, such that

o, = lim r " *u,(r) and B, = lim r'/? expkr)u, (r). (4-6)
r—04 r—00

In what follows, we often normalize u,, so that 8, = 1 for all values of n.

As n — 00, the ODE (4-5) becomes singular at the point r = 7, because y, (i) — Q(7) —b = 0 in view
of (4-3) and (4-4). As is explained in Section 3B, the nature of the critical layer near r = r depends upon
whether the quantity J (7) is larger or smaller than m?/(4k?). This motivates the following definition:

2 2

LM\ if inf m-
m:[J<%J < e (4-7)

~+00 otherwise.
Note that J : (0, 00) — Ry is strictly decreasing by Assumption H2, so that r, is uniquely defined.
Moreover,

0, J m d J m oy 4-8
7« >0, (r)>m Orr <ry an (r)<m Or 1 > Iy. (4-8)



SPECTRAL STABILITY OF INVISCID COLUMNAR VORTICES 1803

Also, since t, > 0 we deduce from (4-2) and from our choice (4-1) of W, that
J(00) > 0. (4-9)

In the rest of the proof of Theorem 1.3, to reach the desired contradiction, we consider various cases
according to whether the critical radius 7 is larger, smaller or equal to O, r,, or +o0.

4D. The situation 0 < r < r, is excluded. In this case, a contradiction is obtained from identity (3-16),
or rather from its analogue for the solutions of (4-5) where the vorticity profile W, and the spectral
parameter s, = m(a, —ib,) depend on n. In terms of the weighted function

un(r) . —iuy(r)

(r) = = , 0, 4-10
) = Gy i — ) 2 10
the identity becomes, after dividing by a, # 0,
% A&, (r)? k? 1
3 v 2+ v, |? n — Ju(r) = = ||va? {rdr = 0. 4-11
/0 {A(r)l Un ™+ |vnl +a,21+(§2n(r)—bn)2 () = o lal"prdr (4-11)

We choose here to normalize the solutions u,, of (4-5) so that 8, =1 in (4-6) for all n € N. This implies,
in view of the analysis in Sections 3A and 3D and of the definitions in Section 4C, that u, (r) — V¥« ()
and u),(r) — Y. (r) locally uniformly on (7, o] as n — 0o, where ¥ is the solution of the limiting
equation (3-18) introduced in Lemma 3.7. Moreover, for any € > 0, the sequence (u,) is uniformly
bounded in H'([F + €, 00), r dr), and so is the sequence (v,) since |y, (r)| is bounded away from zero
when r > 7 + €. This uniform H' bound means that the restriction of the integral in (4-11) to the interval
[r 4+ €, 00) is uniformly bounded for all n € N. As the integral over (0, +00) is equal to zero, we deduce
that the integral over (0, r 4 €) is also uniformly bounded, namely

re AR (K 1
- 2 n 2
:lellN)/o :A(r)larvnl + |vp| +a,2,+(§2n(r)—bn)2 (ﬁj’f(”_z)“’"' }rdr < 00. (4-12)

Now comes into play the assumption that v < r,. If we choose € > 0 small enough so that ¥ +¢€ < r,,
we observe that, due to the definition of r, in (4-7), the integrand in (4-12) is nonnegative when n is
sufficiently large. Moreover, for all » > 7, we know from (4-10) that v, (r) - V¥ (r)(b—=Q@) V2% as
n — oo. So restricting the integral to the interval (7, 7 4-€) and invoking Fatou’s lemma, we deduce from
(4-12) that

Iy / 2 2
; %(%m) - %)h//oo(r)lzr dr < co. (4-13)

The inequality 7 < r, also means that the roots of the indicial equation (3-19) are complex conjugate
so that, according to what we called Case 2 in Section 3D, we have the decomposition Yo (r) =
aX¢_(r) +a¢y(r) for r > r, where ¢+ are given by (3-21). From these expressions, it is easy to
deduce that (4-13) cannot hold if ¥, is replaced by either ¢+ or ¢_, because the integrand is positive
and behaves like (r —7)~2 in a neighborhood of 7. In the general case where both coefficients «$° are
nonzero, there may be cancellations between the contributions of ¢ and ¢_, but due to the logarithmic
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phases in the expressions (3-21) of ¢4 the function ¥, cannot vanish on large sets. More precisely, given
al e C, there exist € > 0 and 0 < pg < r, — ¥ such that, for any p € (0, po),

%meas({r € (7, 7 + p) such that [ (r)]* > €|r — 7}) > %
and the same argument as above shows that (4-13) is impossible.

4E. The situation r =0 is excluded. This case is treated by the same argument as in the previous section
up to and including inequality (4-13). The only difference at that level is the asymptotic behavior of the
functions ¢4 (r) as r — r, because v = 0 is now an irregular singular point of the ODE (3-18). According
to (3-9), we have the expansion

1 +16ik
¢i(r)_ﬁeXp<—mW//(0)r

The contradiction then follows exactly as in Section 4D, the integrand of (4-13) being even more singular

)(1 +0(r)) asr— 04. (4-14)

here since it behaves like #~* in a neighborhood of 0.

4F. The situation r, < r < oo is excluded. In that case, we cannot get a contradiction from identity
(4-11), because the various terms in the integrand now have different signs in a neighborhood of the
singular point 7. Instead, our argument relies on a detailed analysis of the solutions of (4-5) near 7, and
on monotonicity properties that follow from Assumption H2

As in the previous section, we normalize the solutions u, of (4-5) so that 8, =1 in (4-6) for all n € N.
In particular, for any r > 7, we know that u, (r) — Yo (r) and u,, (r) — Y. (r) as n — oo, where Vo, is
as in Lemma 3.7. Applying Lemma 3.5, whose assumptions are satisfied by construction of the homotopy
argument, we deduce that

up(r) = aX¢_(r) +a¢.(r) and u,(r) »> a®¢_(r) + ¢ (r) (4-15)

for all r € (0, 00) \ 7, where o € C and ¢+ are the solutions of (3-18) given by (3-20). Note that the
roots d+ of the indicial equation (3-19) are now real and distinct, so that we are in the situation referred
to as Case 1 in Section 3D. The convergence (4-15) for some r < r implies, in view of the results in
Section 3A concerning the solutions of (3-2) near the origin, that the normalizing constants «, in (4-6)
converge to some limit o, € C as n — oo. We deduce that

a o) ifre(0,7),

aZ¢-(r)+a o (r) = {%O(r) ifr € . 00). (4-16)

Now, the functions ¥, ¢—, ¢ are all real-valued on (7, c0), and we know from (3-20) that ¢, (r) =
(r —7)% as r — 7y, where 0 < d_ < % < dy < 1. These observations imply that both coefficients
a2 and a3 are necessarily real. On the other hand, we deduce from (4-16) that the complex function
a™¢_ +ap, must have a constant phase (modulo ) on the interval (0, 7), as it is equal to the product
of the real function o by the complex constant «.. This, however, is impossible if both coefficients a$°
are nonzero, because by (3-20) the complex functions ¢+ have different phases when r < 7 and vanish
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at different rates as r — r_. More precisely, since ¢4 (r)/¢d—(r) — 0 as r — r_, it follows from (4-16),
(3-20) that

where A = lim Yor)

o0 e*iﬂd,)\’ _
’ = b= Q-

o =y

If «® # 0, then A # 0 and o, = a1~ /™4~ 50 using (4-16) and (3-20) again we obtain
0=Im@Pe "¢, (r) =aPsin(m(ds—d-_)Vi(r), 0<r<Fr.
As Vo (r) # 0 for r sufficiently close to 7, we conclude that «{° sin(rr (d1—d_)) = 0, and this implies
ozj'f =0 since 0 < dy —d_ < 1. Therefore, we must have ai"a‘f =0.
In the rest of this section, using totally different arguments which rely on Assumption H2, we show

that necessarily «>°a2° # 0 in (4-16), and this will give the desired contradiction. To that purpose, we
introduce the auxiliary functions

Us(r)=b—Qr)™, r>F, 4-17)
and we denote by . = —9,.A(r)9d; 4+ B(r) the linear operator in (3-18). We claim that:
Lemma 4.4 (upper solutions). There exists y > 0 such that £ (Uy) > yU! > 0 on (i, 00).

Proof. For notational simplicity we write U instead of U, d instead of d-, and b instead of b. Computing
2(U) when U = (b — Q)% we obtain after elementary rearrangements of terms

LWU)=b- (T + T+ Ty),
where

k2
T, = —AQ/2<d(d 1+ —2J>,
m

e (oo

A1 r w
Ty = A(b — Q) (dQ” —+- )= 5]
1= A=) (a2 +a( G+ 1)@ = Lo (s )

Since d is a solution of the indicial equation (3-19), we may rewrite

k2
Ti(r) = A(r)szﬂ(r)ﬁu(f) —J(r)), (4-18)

and our Assumption H2 on J implies 77 > 0 on (, 00). Next, using the definition of A and the fact that
m? > 1, we observe that

A m? — k2r?

- (Z)=1-S—"_>0,
(%) =1 e 2

so that 7> > 0 on (0, 00). As for T3, we expand

A 13 2k*r r w W 2w
m2+k2r2)  r m?kA?

=7 L,
A r r m2+ka2 AT
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and we use the identities W = rQ’ +2Q and W' = rQ” + 3Q’ to derive the alternative expression

W/ 2
G=Ab-Q)|d—-1)—+ ———==(W —drQ))|.
3= A( )(( )t e (W —dr ))
Since 0 <d < 1, and since W > 0, W' < 0 and Q' < 0 by Assumption H1, we deduce that 75 as well is
positive on (7, 00). Altogether, we have shown that £ (U) > 0 on (r, 00).

To conclude the proof, we fix ry > r large enough so that |(A/r)’| < % for r > r¢. In that region, we
have Z(U) > (b— Q) 2T, > (b — Q)d/Z > U’ if y > 0 is small enough. On the other hand, using
(4-18) and the fact that J'(¥) <0, Q) = b, and Q'(r) < 0, we can find y; > 0 small enough so that

J(F) —J(r) k>
Ti(r)= —A(r)Q'z(r)—z(b —Q(r) = yd(b— Q)R ()]
b—Q() m
for all r in the compact interval [r, ro]. This implies #(U) > y1U’ on [F, r¢], and taking y = min(yy, 1)
we obtained the desired conclusion. Il

Corollary 4.5. The solutions ¢ (r) of (3-18) given by (3-20) are unbounded as r — 0.

Proof. Assume that ¢ is a solution of £ (¢) = 0 on (', 00), which is decomposed as ¢ = UV, where U
is one of the functions U4 defined in (4-17). The equation satisfied by V is

0=2UV)=—-AUV" — <2AU'+ (A'—i— é)U) V' +2U)V, re(F,o0). (4-19)
r

We interpret the right-hand side of (4-19) as the action on the function V' of a second-order differential
operator %y whose coefficients depend on U. Since AU is positive on (¥, 00) by construction, and .Z(U)
is positive on (7, co) by Lemma 4.4, we observe that the maximum principle holds for the operator %y .
As a consequence, the function V which satisfies £ (V) = 0 cannot have a positive maximum nor a
negative minimum on the interval (7, c0).

We first choose ¢ = ¢, U = U_, and we claim that ¢ is unbounded on (r, c0). Indeed, in the
opposite case, the function V (r) = ¢ (r)/U_(r) would tend to zero both as r — r; and as r — oo,
so that V = 0 by the maximum principle, which is clearly absurd. As a second application, we take
¢ =¢_, U=U_, and we claim again that ¢_ is unbounded on (7, co). If not, by the maximum principle
the function V (r) = ¢_(r)/U_(r) would be nonincreasing on (7, co) with V(r) — 1 as r — r4 and
V(r) — 0 as r — oo. Note that V coincides with the function V_ in (3-20) and is therefore analytic up
to the singular point 7. Thus, using (4-19) and Lemma 4.4, we can compute

L ) , ) LUV -AUV” . ZW) y
Vi(r) = lim V'(r) = lim = lim ——— > — >0,
roiy r—ry 2AU + (A + A/r)U  r—i 2AU — 2A(r)
and this contradicts the claim that V' is nonincreasing. U

As Y is bounded on the interval (r, o), whereas both ¢, ¢_ are unbounded by Corollary 4.5, the
relation Yoo = a®¢_ +a°¢p, can hold only if both coefficients «>°, «{” are nonzero. This gives the
desired contradiction in the case where r, <7 < 00.
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4G. The situation r = r, < oo is excluded. We proceed here as in Section 4F, the only essential
difference being that the exponents d_ = d; = % are no longer distinct. We are thus in the situation
referred to as Case 3 in Section 3D, where the solutions ¢+ are given by the expressions (3-22). Applying
Corollary 4.5, we obtain as above that ¢, is unbounded on the interval (7, oo), but the argument does not
apply to the second solution ¢_ which contains a logarithmic correction; see (3-22). Nevertheless, we
deduce that the coefficient «® in the representation (4-16) is necessarily nonzero, and this turns out to be
enough to obtain the desired contradiction. Indeed, due to the logarithmic term, it is easy to verify that,
if 0(r) =arg(a>®¢_(r) +a¢(r)), then tan(6(r)) ~ —n~'log(7 —r) as r — 7, which shows that the
left-hand side of (4-16) cannot have a constant phase for r € (0, r).

4H. The situation r, < r = oo is excluded. We next consider the case where b = 0 in (4-3), so that
r = 400 according to (4-4). In that situation, the “critical layer” occurs at very large values of r, in a
region where the eigenvalue equation (4-5) is already in some asymptotic regime. Here we cannot use
the same arguments as in Section 4F to obtain a contradiction, because the location of the critical layer
changes as n is increased. However, it is possible to obtain an accurate representation of the solution of
(4-5) that decays to zero as r — oo by comparing it with the explicit solution of a model problem, (4-25)
below, which can be expressed in terms of modified Bessel functions. This approximation turns out to be
sufficient to derive a contradiction when combined with the identity (3-11).

Our starting point is the equation (3-5) for w, (r) = r'/?u, (r), which reads
" A(r)
w, (r) + w, (r) —Dy(r)w,(r)=0, r=>0, (4-20)
A(r)
where, in view of (3-3),
m*+3 1A k2D, r W, (r)
Dy(r)=k*+—24 -~~~ _—__ " \ L . 4-21
D= =57 75 A0~ mner T Ao <m2 + kw) 42

We recall that y,(r) = Q,() — b, — ia,, and we observe that the function r — |y, (r)| reaches its
minimum at r = r,, where r, = Q;l(bn). As b, — 0, it is clear that r, — o0 as n — oo, and
since 2, (r) converges uniformly on Ry to r2Q(r) (by the results of Section A4), we even have
limy, s 00 72by = lim, oo 2Q(r) = T’ > 0; hence

r
rp=-—"foralln €N, where I, ——T. (4-22)
n
Similarly we have 2/, (r,) = —d,,b,i/2 for all n € N, where d, — 2I'"/? as n — 0.

Equation (4-20) has asymptotically constant coefficients, in the sense that A’ (r)/A(r) = O(r~3) and
D, (r) — k% as r — oco. However, in general, the convergence of D, (r) toward its limit k? is not uniform
with respect to n € N, because of the “critical layer” that may occur at r = r,,. Indeed, if we expand the
expression y, (r) around that point, we obtain to leading order

Yu(r) = Q,(r) — Q,(ry) —ia, = Q:l(rn)(r —rpticy), (4-23)
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where
a, 1 a,

T da

Cp =

(4-24)

It follows that, for r close to 7,

D, (r) ~ Jn(rn) _ D, (ry)
e P S

We know that J,(r,,) — J(00) as n — 00, where 0 < J(00) < m?/(4k?) (by (4-9) and because r, < 00).
Thus, the term involving y,(r)~2 in (4-21) converges to zero as r — oo uniformly in n € N only if
¢, — 00 as n — 0o, which is the case if a,, > bz/ 2 Otherwise, that term plays an important role and has
to be taken into account.

Our strategy is thus to compare for large r the solutions of (4-20) with those of the simplified equation

z_k_z Ju(rn)
m2(r—r,+icy)?

wy (r) — <k )wn (r)=0, (4-25)
which can be solved explicitly in terms of modified Bessel functions. In particular, the unique solution of
(4-25) such that w, (r) ~ e %) as r — o0 is given by

wa1) = 1) = 2 = 4 i) P (1 i), >0, (4-26)

where K, is the modified Bessel function of the second kind [Abramowitz and Stegun 1964, Section 9.6],

1

and the parameter v, € (0 ) is determined by the relation

12
1 k2
Vi = 3= ). (4-27)
To perform a rigorous analysis, we rewrite (4-20) in the equivalent form
A'(r) K2 Jy(ra)
1 / _ k2__ n\vn; R =0, 4-28
wn(r)+ A(r) wn(}’) 2 (r—rn+icn)2+ 2 (1) Jw, (1) ( )

where the remainder R,, is defined by

Ru(r) = Dy(r) — k> + K Inw) 0 (4-29)
n(r) =Dy(r) — ——F, r>0. -
m2(r—r,+icy)?

The idea is now to look for a solution of (4-28) in the form

Wwa(r) = fu () xu(r), >0,

where y, is as in (4-26), and f,,(r) — 1 as r — oo. The equation satisfied by f, is easily found to be

(AP £10) = (AP Ra (1) = A OV a 0 2400) fu0), 7> 0.

Integrating both sides over (r, 00), we first obtain

f1r) = —m / (A (2R () = A5 ()3 (5)) £ (5) ds,
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and a second integration, combined with an application of Fubini’s theorem, gives the representation
formula

o0
Ja(r) =1 +/ Kn(r, s) fu(s)ds, (4-30)
where the integral kernel /C,, (r, s) has the expression

N 1
Kn(rvs):(A(S)Xn(s)an(s)_-A/(S)Xn(s)xr/,(s))/ A2 t (4-31)

dr.
(t)?
We now use the following estimate, whose proof is postponed to Section AS:

Lemma 4.6. For any § € (0, 1), there exists a constant C > 0 such that

* 1
sup / 1K, (r, s)|ds < Cb/? (1 +log., b—) (4-32)
r n

r>dry,
for all sufficiently large n € N, where log (x) = max(log(x), 0).

Assuming (4-32) for the moment, we easily deduce that the solution of (4-30) satisfies

1
sup | f,(r) — 1| < Cb)/? (1 +log., b—) —— 0. (4-33)

r>4r,

Also, differentiating (4-30) and using similar estimates as in the proof of Lemma 4.6, we obtain

b
sup |fn/(”)|SCb,1,/2<1+log+ a—") (4-34)
n

r>ary
These estimates imply that the solution w, = f, x, of (4-28) is very close for large n € N to its approxi-
mation yx, defined by (4-26), uniformly on the interval [dr,, 0o) for any (small) § > 0. In particular, in
view of (A-44), there exist positive constants Cy, C; such that

lw, (r)| < Cre X for r > r, —1,

71{(}”7",1) (4_35)

|w, (r)] = Cae for 8r, <r < (1 —98)r,.

To reach the desired contradiction, we now show that these bounds are incompatible with identity

(3-11), which has to be satisfied for all n € N by the function u, (r) = 12w, (r). In terms of w,,, identity
(3-11) becomes

X 2A(r)(by — Q) k? r W, (r) )
—_d \ dr =0.
/o { @+ @byt " by i | O
The second term in the integrand is obviously negative, because W, (r) is a decreasing function of r. It
follows that Z,, | +Z,, » < Z,.3, where

L AR — by) )

T, = /O o e d (4-36)
LAY () — by) )

T,,= /rn_l O O )P 4-37)
L Ay~ 2u0) ,

T = /rm @+ (@ ()b e (439
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Since 2, (r) — b, is positive for r < r, and negative for r > r,, the quantities Z,, ; and Z, 3 are positive,
whereas 7, » has no obvious sign.

We first estimate 7, 3. As b, — Q2,(r) = Q,(rp) — 2, (r) > Q,(ry) — QL (ry+1) > C|Q' ()| for
r>r,+1, we have

(by = Qu (1) Py (r) _ CPyu(r) _ ClJy(r) 32
@+ () —b)D? 1 — 1] Coy % rzm A+l

and using (4-35), (4-38) we deduce that Z,, 3 < Cb, 32 Next, we bound Z, ; from below by restricting
the integral in (4-36) to the region where ér, <r < (1—8)r, for some small § > 0. In that region we have
€1b, < Qu(r) — by, < e2b, and |2, (r)| > 63b2/2 for some €1, €, €3 > 0 depending on §; hence

(€2, (r) = bw)Pu(r) €1b2 2, (r)* Ju (1) - Cby
(@7 + (Qu(r)=b)H? = (a} +(eb)H? ~ (a3 +b)*’

Ory <r < (1=8)ry,
and using (4-35) we deduce that

@, (r) |w, (r)|* dr > _Chi_uao,
n n - (a’%+b}%)2 .

(1=8)r, _
I Z/ A@r) (bn — (1))
C T s, (@7 + (Qu(r)—by)?)>

Finally, when |r —r,| < 1, we have @, (r) — b, =~ (r—r,)2,, (r,); hence

|20 (r) = bal®u(r) _ CIQ @) PIr = ral ) < C I — 1yl
@2+ (2, (r)=b)H? = (@2 + QL (r)2r—r,)H2 " " T Q)| ((r—rp)? +¢2)?

and using (4-35) we obtain the crude estimate

—3/2 -3/2 -3/2 3/2

B T et RN o s o B </ P &

2] = =2+ (242277 2 T oar
rn—1 n n —o0 n n n

n

As 7,1 <|Z,2| 4+ I, 3, the estimates obtained so far show that

Csb, 2k(1-8)r, -3/2 b,
- "< Cyb P14+ 2 4-39
@2 +b)?° SR 39

for some positive constants Csz, C4. If a,, > b, for a sequence of integers n, then multiplying both sides of
(4-39) by (a,% + bﬁ)2 we clearly obtain an inequality that cannot be satisfied for large n if a,, — 0. Thus
we can assume that a, < b, for all n € N, in which case (4-39) implies
b3
C3b2 21— < 4, (1 + —;>; hence a2 < ChY/?e=2k1=00, (4-40)

n

Since r, =O(b,, 1/ 2), this means that a,, is exponentially small when compared to b,,. With this information
at hand, it is possible to compute explicitly the quantity Z, » to leading order as n — oo. Indeed, in
this parameter regime, the main contribution to the integral (4-37) comes from an extremely small
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neighborhood of the critical point r,, so that
-A(rn)q)n(rn) Fatl r—ry
Ina ™ — / 3 2 2)2
Q@) Jr—1 (e +(r=rn)?)
~ 2A(rn) Jn(rn) rutl r—=rn
Q)| S (e (r=r)?)3/2

lw, (r)|* dr

|Ky, (k(r — 1y +icy)) | dr, (4-41)

where in the second line we used the fact that the solution w,, of (4-20) is well approximated for large n by
the function yx, in (4-26) in view of (4-33) and (4-34). Now, an explicit calculation which is reproduced
in Section A6 shows that, for any v € (0, %) and any € > 0,

7 . /e —ax Ko ia)d 27 cos(vr) (4-42)
= lim e x+ia x=—""7 -
VT @ T 1— 412
Assuming (4-42) for the moment, we deduce from (4-41) that
~ 2A(ry) Jn(rn) T,
no N —————— as n — 00,

| ()| cn

which means in particular that Z, , > 0 when # is sufficiently large. Thus, for large n we must have
CSeZk(lis)rn = In,l =< In,l +In,2 = In,3 = C6r3

for some positive constants Cs, Cg, which is clearly impossible since r, — oo as n — 0o. So we have
reached a contradiction in that case too.

41. The situation r, = r = o0 is excluded. Having exhausted all possibilities for which r, < oo, we
finally consider the case where r, = 0o. According to (4-7), this occurs if and only if J(c0) > m?/(4k?).
Of course, we can assume that ¥ = 0o, because when 7 < oo a contradiction has already been obtained in
Section 4D or 4E. If J (00) > m?/(4k?), then J, (r) > J,(00) > m?/(4k?) for all r > 0 when n is sufficiently
large, and in that situation we know from Proposition 3.4 that the operator L} , has no eigenvalue outside
the imaginary axis. However, if J(00) = m?/(4k?), it is possible that J, (c0) < m?/(4k?) for alln € N,
in which case we cannot obtain a contradiction directly from Proposition 3.4. In that situation, we must
have J,(r,) — m? / (4k?) as n — oo. Two possibilities can occur:

(1) If J,(r,) < m?*/(4k?) for a sequence of integers n, we can get a contradiction by following exactly
the same lines as in Section 4H, the only difference being that the indices v, defined by (4-27) now
converge to zero as n — 0o. This is harmless because, as is observed for instance in Remark A.7 below,
all estimates we need hold uniformly in the limit where v — 0. We leave the details to the reader.

(2) If instead J,(r,) > m?/(4k>) for all n € N, we shall prove that the quadratic form given by the
left-hand side of (4-11) is positive definite for sufficiently large values of n, so that (4-11) gives the
desired contradiction. To do that, we use the asymptotic expansions

r, 1 , -2r, 1 , 1
Q,(r)= o) +O(r—4>, Q) =—— +(9<r—5>, J,(r) :0(;), r — 00, (4-43)

73
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which are established in Section A4, and we observe that the integrand in (4-11) is nonnegative outside an
interval of the form [r,, r, + §,], where §, — 0 as n — oo. Indeed, the integrand is clearly nonnegative
for r <r,, and for r > r, we have the lower bound
A(r)$2;,(r)? k* 1 @ r)?
a,%+<bn—szn<r>)2< 790 = ) m? (b, — 2, (r))?
In view of (4-43), the last member of (4-44) is bounded from below by —1 if » > r,, + O(|J'(r,)]), which
proves the claim. If we now restrict the integral in (4-11) to the interval [r, — 1, r,, 4+ 1], make the change

(Jn(r) = Jn(rn)). (4-44)

of variable r = r, + s, and use the lower bound (4-44), we deduce (after a few obvious simplifications)
that it is sufficient for us to show that the quadratic form

1
— 2 2 €nS 2
Q,(v) ._/_1{|asv| +(k —C%+S2)|v| }ds, k>0, (4-45)

is positive on H '([—1, 1], ds) for all ¢, # 0 and all sufficiently small €, > 0. This in turn is an
easy consequence of the Sobolev embedding theorem. Indeed, decomposing v = v(0) x + w, where

x :[—1, 1] — [0, 1] is smooth, even, and satisfies y (0) = 1, we first observe that

' e 2.2
/ SESORC @ =0

by symmetry. Moreover, as w(0) = 0 by construction, we have lw(s)|*> < Cls| ||v||%1,. Combining these

€ns 2
‘/ e |[v|“ds

where the constant C > 0 is independent of n. The quadratic form (4-45) is thus positive if €, is sufficiently
small, and we deduce that (4-11) cannot be satisfied. This concludes the contradiction argument initiated
in Section 4A, and hence also the proof of Theorem 1.3.

observations, we deduce that

2
< Cepllvllys

5. Uniform resolvent estimates

This section is devoted to the proof of Theorem 1.6. Given any s € C with Re(s) # 0, we already know
from Theorem 1.3 that the resolvent operator (s — L,, ;)" is bounded in the space X,, ; for all m € Z
and all nonzero k € R. It remains to show that, for any ko > 0, the resolvent norm [[(s — L, ;)| is
uniformly bounded for all m € Z and all nonzero k € Zk.

Givenm e Z, k #0, and w, f € Xy &, the resolvent equation (s — L,, x)w = f takes the form

V(r)a)r =ikW(r)u, + fr,
Y wg = ikW(r)ug +r (r)w, + fo, (5-1)
Yy, =ikW@)u, — W ()u, + f,,

where y(r) = s + imQ(r). Here and in what follows, we assume that Re(s) # 0, which implies
|y (r)| = |Re(s)| > O for all » > 0. In (5-1), it is understood that the velocity u is obtained from the
vorticity @ by the Biot—Savart formula in the Fourier subspace indexed by m and k; see Section A1 below.



SPECTRAL STABILITY OF INVISCID COLUMNAR VORTICES 1813

Proceeding as in the derivation of the eigenvalue equation (2-16) in Section 2, we can transform the
resolvent system (5-2) into a single equation for the radial velocity u,. After some calculations, we obtain
the differential equation

=03, (A(r)d u,) + B(r)u, = F(r), (5-2)

where the coefficients in the left-hand side are as in (3-3),

o B k* imr W(r)
A(l’)—m, B(i")—1+y(r)2./4(7')q>(l’)+y(r)8r<m2+k2r2), (5-3)
and the right-hand side takes the form
B im* W) i 2iQ(r)
F(r)= —a,<ﬁ r )fr) S T e e (5-4)

Of course, if f =0, then 7 =0 and (5-2) reduces to (2-16). The following result will be useful to estimate
the solutions of (5-2) when |k| is large.

Lemma 5.1. For any m € Z and any s € C with Re(s) # 0, there exists a positive constant C = C(m, s)
such that, for any k # 0 and any f € X, k, the solution u, of (5-2) satisfies

C(m, s)
Ikl

IAY28%u, || 2 + el 2 < Ul lizz + 1 £l z2)- (5-5)

Proof. As in Section 3C, we set u,(r) = y(r)l/ 2u(r). The new function v satisfies the equation
=3 (A Y (NIFv) +Erw =y (r) 2 F(r), (5-6)
where
A 1 "(r)2A
E(r) =y (NB(r) — V—“(A/( - (r)) ~ Loy aey + AN
r 2 4y (r)

K imr W(r)+2Q2(r) m2 (r)?
B v O - : 5-7
y(r)+ y(r)A(r) (r)+ ) < 2 1 k22 ) () A(r) (5-7)
We also observe that
.9 . )
124+ _ m _im W +2Q o 2iQ2 )
yCF = ar(—kryuz'/lfr) 2y 32 m? + k2r2 Ir k172 fo+ PavETD fa- (5-8)

Without loss of generality, we assume that a := Re(s) > 0. If we multiply both sides of (5-6) by rv,
integrate the resulting equality over R and take the real part, we obtain the identity

00 A 29/2
a/ {A|a:‘v|2+|v|2+m(k2q>— Z >|v|2}rdr
0

% en, MA @ _( im? W+2Q 2iQ
:Re‘/‘0 (ar*v)mfrrdr—i—Re/O v(_Zky3/2m2 2r zfr_k 1/2f9+k g/Zfz)rdr
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Keeping in mind that ®(r) > 0, |y(r)| > a, and 0 < A(r) < min(1/k?, r>/m?), we can estimate the
various terms in a straightforward way, and we arrive at the inequality

a(l A2 )12, + [v]13.)
2

< n 2
<5l +

c c
/2 ¢
YETY IAYZa vl 2l frll 2 + ] lvll 2l frllz2 +all foll 2 + 1 fzll 22),

where C > 0 is a universal constant. Applying now Young’s inequality, we conclude that

C(m,a)
|k|

IAY29% 0| 2 + vl 2 < (ol g2 + 11 £ 11 22), (5-9)

where the constant depends only on m and a.
Finally, we return to the original function u,(r) = y(r)l/zv(r). As |y ()| <|s|+ |m]| and

. /
A2y, = Al/zyl/z(a;kv+ imrS2 v),
2ry

we have |A1/23:u,| + |u,| < C(m, s)(IAl/za;"v| 4+ |v]). Thus the desired inequality (5-5) follows imme-
diately from (5-9). Il

Equipped with this lemma, we now establish the main result of this section.

Proposition 5.2. Fix any kg > 0. For any s € C with Re(s) # 0, there exists a constant C = C (s, ko) such
that, for all m € Z and all nonzero k € Zky, the following estimate holds for all f € Xy, i:

(s = Lon) " fll2 < Cllfll 2 (5-10)

Proof. We proceed by contradiction. If (5-10) does not hold, there exist sequences (m,) in Z, (k)
in Z*kg, and @™, £f™ in X,, ; such that [|[@™ |2 =1foralln e N, || f™]|;2 — 0 as n — oo, and
(s — Lm,k)a)(”) = f® foralln eN, namely

(s +im, Q)™ = ik, W(r)u® + £,
(s +im, Q)oY = ik, W(rui” +rQ (o™ + £, (5-11)
(s +im, Q)™ =ik, W (r)ul — W' (ryu™ + f™.
Step 1: We first show that the sequence (m,,) is bounded. Indeed, if this is not the case, we can assume
(after extracting a subsequence) that |m, | — oo as n — oo. In view of the first equation in (5-11), this
implies
fr(n)
s+im,Q2

ik, Wu™
s+ im, 2

w2 <

(5-12)

n—oo

L? L?

Indeed, we know from Proposition A.1 that ||k,u™ ;2 < C|l@™]|,2 < C for all n € N, so that

ik, Wul™
s+im,2

w
s+im,2

w
s+im,Q2

0,

n—oo
LOQ

el 2 < CH

L? - L
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and the last term in (5-12) is bounded by | Re(s) 1= f,(") Ilz2, a quantity that converges to zero as n — 00
by assumption. Once (5-12) is known, the same argument applied to the second equation in (5-11) shows
that |y |2 — 0. Finally, we have

—1 —1
a1z < kg Hlkgul 2 < Chy's

because |k, | > ko for all n € N. Applying thus the same argument again to the third equation in (5-11), we
conclude that ||a)§") llz2 = 0, which of course contradicts the hypothesis that lo™|| ;2= 1foralln e N.
This means that sequence (m,) must be bounded, and after extracting a subsequence we can therefore
assume that there exists an integer m € Z such that m,, = m for all n € N.

Step 2: We next show that the sequence (k) is bounded. Again, if this is not the case, we can assume
after extracting a subsequence that |k,| — 0o as n — oo. In that situation, we infer from estimate (5-5)
that, for n sufficiently large,

el (AN 287wl 2 + 1wl 12) < 2Cm, ) f ™)l 2 —=> 0. (5-13)

n—oo

Next, we use the relation
imW mk
A, (aj - _)u;w ik = "0 g g0,
ry : ry

which reduces to (2-13) when k, = k and f,(") = (. Invoking (5-13) and using the elementary bounds
0 < A, (r) <min(1/k2, r?>/m?), we deduce that

(n)

e |l 2 + |m ||| —— 0. (5-14)

n—oo

Finally, with the help of the additional relation

ik, W im
r

14

which reduces to (2-9) when k,, = k and fr(”) =0, we find that |kn|||ug’) lz2 = 0 as n — 00 in view of
(5-13), (5-14).

Thus, we have shown that |k, |||z || 12 — 0 as n — oo, and considering successively all three lines in
(5-11) we easily deduce that

0, [y N2 —==0, [0®]2——==>0.

(n)
”a)" ||L2 n—o0o n—o0o

n—oo

This of course contradicts the assumption that |w™|/;» = 1 for all n € N. The sequence (k,) must

therefore be bounded, and after extracting a subsequence we can assume that k, = k for some fixed
k € Z%ky.

Step 3: Assuming that estimate (5-10) does not hold for some s € C with Re(s) # 0, we have reached the
conclusion that, for some m € Z and some k # 0, the operator s — L,, x has no bounded inverse in X, ,
in contradiction with Theorem 1.3. Thus estimate (5-10) must hold, and the proof of Proposition 5.2 is
complete. O
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Appendix

Al. The Biot-Savart law in cylindrical coordinates. The Biot—Savart law defines the velocity field
u = (u,, ug, u;) in terms of the vorticity vector v = (w,, wg, w;) for a fixed value of the angular Fourier
mode m € Z and of the vertical wave number k € R. The velocity is determined by the linear relations

im . . 1 im
wy = —u, —ikug, wy=riku,—ou,, w,=—0,(rug)——u,, (A-1)
r r r

together with the divergence-free condition
%a, (rur) + g + ik, = 0. (A-2)

These equations have to be solved on the half-line » > 0, and we require that the velocity field
ure, + ugeyp + uze, be regular at the origin r = 0 and decay to zero as r — oo. More precisely, if
the vorticity w is (for instance) compactly supported in Ry = (0, 0o), the following boundary conditions
hold for the associated velocity u:

» The horizontal velocities u,, ug satisfy the homogeneous Dirichlet condition at r =0 if m = 0 or
|m| > 2, and the homogeneous Neumann condition if [m| =1 (or |m| > 3).
» The vertical velocity u, satisfies the homogeneous Dirichlet condition at » = 0 if |m| > 1, and the

homogeneous Neumann condition if m = 0 (or |m| > 2).

It is possible to give explicit formulas for the velocity u in terms of the vorticity w, but the bounds we
need in this paper are more conveniently obtained by standard energy estimates. We recall that || - || ;2
denotes the usual norm in the Lebesgue space L*(R.., r dr).

Proposition A.1. There exists a constant C > 0 such that, for any m € Z and any k € R, the following

inequality holds:
13,20, 112218206 122 118wz 122+ (Nl 1122+ g 122+ e 1122)
2 2 2
u Uy u
+|m2—1|< R e )+m2 =l =CUwrl 4 lwol7 2+ 72).  (A-3)
r L2 r L2 L2

Proof. We assume here for definiteness that k 7~ 0, but the proof is similar (and in fact simpler) when
k = 0. Without loss of generality, we also suppose that w is continuous and compactly supported in R..
We first observe that the vertical velocity u, satisfies the linear elliptic equation
2 1 m* 1 im
(<07 = 2o + 25 + Yz = 0, rwn) - o (A-4)
r r r r

We multiply both sides of (A-4) by riu, and integrate the resulting expression over R . After elementary
calculations, we obtain the estimate

2
m
0rec 3+ | |, + k22 < Cllor I+ lallF), (A-5)
where C > ( is a universal constant. As iku, = d,u,+wy and ikug = (im/r)u, —w,, it follows immediately
from (A-5) that

kw1175 + kugll3 » < Cllw I3 + llopll3 ). (A-6)
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On the other hand, we deduce from (A-2) and the last relation in (A-1) that
1 . . 1 .
oyu, + ;(u, +imug) = —iku,, Orug—+ ;(ug —imu,;) = w,. (A-7)

We multiply the first equation by rd,u, and the second one by r9d,ig. Adding the resulting expressions,
taking the real parts, and integrating over R, we obtain the inequality

10,1r 1172+ I0rupll7> < Clllkuzll7 + llo:l72) < Cllleor N7+ lwpllya + lleozl72) (A-8)
If m = %1, this concludes the proof of (A-3). Otherwise, we deduce from (A-7) that

m?—1

U, = 0p(uy —imug) +iku, +imow;,,

) (A-9)

ug = o, (ug +imu,) + kmu, — w,.

If m =0 or |m| > 2, these relations allow us to estimate the L> norm of u,/r and ug/r in terms of
quantities that are already controlled by (A-5) or (A-8), and we arrive at (A-3). O

A2. Stability of Rankine’s vortex. We consider here in some detail the particular case of the Rankine
vortex (1-7), which is of historical relevance. We do not use the functional framework of Section 2
because, as is clear from (2-3), the linearization L,, ; does not define a bounded linear operator on X, ; if
the vorticity profile W has a discontinuity. Instead we look for solutions of the eigenvalue equation (2-8)
where the velocity field # (and not the vorticity @) belongs to X, . We always assume that m # 0 and
k # 0, the other cases being similar and in fact simpler. To avoid the essential spectrum, we also suppose
that the spectral parameter s € C satisfies s 0 and s + im # 0.

Following Kelvin’s original approach [1880], we eliminate the radial velocity u, in the 2 x 2 system
(2-13)—(2-14) to obtain a closed equation for the vertical velocity u. In the inner region where 0 <r < 1,
we have y(r) =y :=s+im and ®(r) = W(r)> = 4, so that u, satisfies the Bessel equation

1 ) m? ) 2 4
——0,(royu,)+ (B + — uz =0, where 8°=k 1+—2 . (A-10)
r r y

Since u, is regular at the origin, it follows that u,(r) = Al,(Br) for 0 <r < 1, where A € C and I, is
the modified Bessel function of order m [Abramowitz and Stegun 1964, Section 9.6]. In the outer region
where r > 1, we have W(r) = ®(r) =0, and system (2-13)—(2-14) reduces to the (somewhat simpler)
Bessel equation

1 2
2, m
— oy (royu;) + (k + = )uz =0. (A-11)

As u,(r) decays to zero at infinity, we must have u,(r) = BK,,(kr) for some B € C, where K,, is again
a modified Bessel function.

At the interface r = 1, both velocities u,, u, are continuous, as can be seen from (2-10) and (2-12).
Jump conditions for the first-order derivatives can be deduced from system (2-13)—(2-14) and are found
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to be
2im
Orur(14) = dpur(1-) — TMr(l), (A-12)
Pz (s + 2 hu0)
Oruz(ly) = druz(1-) + —uz(l) =iku,(1). (A-13)
yr+4 Y
In particular, as u,(r) = Al,(Br) forr <1 and u,(r) = BK,,(kr) for r > 1, we must have
2
Aly(B) = BKy(k), 2+4 (/31 (B)+ —1 (ﬂ)) = BkK,, (k). (A-14)

This linear system has a nontrivial solution (A, B) if and only if
LB, 2im _ K,k
Bln(B) ~ vB*  kKu(k)’
where we recall that y = s +im # 0 and B> = k*(1 +4/y?).
It was already observed by Kelvin that the dispersion relation (A-15) is satisfied for a countable set

(A-15)

of purely imaginary values of the spectral parameter s. More precisely, if we define s = —imb, so that
y =im(1 —b), equality (A-15) holds for a decreasing sequence of values of b accumulating at 1, and also
for an increasing sequence accumulating at 1, all solutions being contained in the interval |b — 1| < 2/|m|
[Kelvin 1880]. The linearized operator at Rankine’s vortex thus has a countable family of purely imaginary
eigenvalues (Kelvin modes). However, it is not easy to verify that the dispersion relation (A-15) has no
solution when s ¢ iR, and there is no such claim in Kelvin’s work,* where only purely imaginary eigenval-
ues are considered. Thus, contrary to what is often asserted in the literature, stability of Rankine’s vortex
was not established by Kelvin, and we could not find any further reference where this point is clarified.

Fortunately, it is quite easy to prove spectral stability of Rankine’s vortex following the approach of
Section 3C. Indeed, taking into account the particular form of the vorticity profile (1-7), it is straightforward
to verify that identity (3-10) becomes

> o4k? 2 1
| s+ pyrar s [ {—#+—ra,<m)}|ur|2rdr
0 0 m y* y* m r 2.A(1)

lu (D?; (A-16)

see also Remark A.2 below. Here y, =1 —b —ia, so that y = imy,. We now multiply both sides of

(A-16) by y, and take the imaginary parts. We arrive at the identity

4k*  A(r) ”
2 (1=b)2+a 2 1Ur

If a # 0, it follows from (A-17) that u, = 0; hence the eigenvalue equation (2-16) has no nontrivial

o0
a / AP 1,2+, P dr +a / 2rdr =0, (A-17)
0 0

solution if s =m(a —ib) ¢ iR. This proves that the linearized operator at Rankine’s vortex has no unstable
eigenvalue.

4Except for an ambiguous sentence asserting, without any justification, that the eigenfunctions corresponding to purely
imaginary eigenvalues should form a complete family.
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Remark A.2. Alternatively, one can obtain the relation (A-16) by restricting the eigenvalue equation (2-16)
to the open intervals (0, 1) and (1, 0o), where the vorticity profile is smooth. On each interval, we multiply
(2-16) by ru, and we integrate over r. If we add the resulting expressions and simplify the boundary
terms (which result from partial integrations) using the matching condition (A-12), we arrive at (A-16).

A3. Critical layers and their continuity properties. In this section we present the proof of Lemma 3.5.
We first rewrite (3-2) for u,, in the form

u (r) +P(r)u, (r) + Qu(r)u, (r) =0, (A-18)
where P(r) = A'(r)/A(r) +1/r and

k2 @,(r) r 5 Wy (r) Pr) 2
m2y, (12 A(r)ya(r) ’<m2 +k2r2) 2

Here, as in Section 4C, we set y, (r) = Q,(r) — b, —ia,, where €2, is the angular velocity associated with

On(r) =

r r2’

W, as in (1-16). By assumption (ii) and (1-16) we have 2, — Q2 in C? on compact subsets of (0, 00). In
view of (iii), 2 is analytic in D(r, p) for some p > 0, and 2,, converges uniformly to €2 on that disc as
n — 00. Since Q(r) = b and Q'(7) < 0, it follows from Hurwitz’s theorem that, for sufficiently large n,
there exists a unique 7, € D(, p) such that ,(7,) = b, + ia,. Moreover 2, (7,) # 0, €, (7) <0 and

b a, — 2, (r
Ry g it ”(")+O<|bn—szn<f>|2+a,%> as n — oo,
QL (7)

so that r, — 7 and r,, € {z € C | Im(z) < 0} when r is sufficiently large. By construction, we also have
Vu(r) = (7)) (r — ) + O(r — 7y |?) as r — 7.
Multiplying (A-18) by z> and applying the change of variables z = r — 7,,, w,(2) = u, (7, + z), we
obtain the canonical form
2wy (2) + 2P (@ wy, (2) + Cu (D)W, (2) = (A-19)

where P, (z) = zP (7, +z) and Q,,(z) = z2°Q, (i, + ) are analytic inside the disc (0, p/2), if n is large
enough so that |r, — 7| < p/2. In this situation, the Frobenius method [Coddington and Levinson 1955,
Section 4.8], which we briefly recall now, can be used to construct solutions of (A-19) in D(0, p/2) \ R_

of the form
o0

wy(2) = 7% v,(2), where v,(z) = Z c,,,kzk and ¢, 0 =1 for all n. (A-20)
k=0
The coefficients ¢, x for k > 1 are determined by substituting (A-20) into (A-19) and collecting equal
powers of z. If P,(2) =Y ;o poxzk and Q,(z) = Z/fioquzk, one obtains the recursion relations
k—1

—1
- dy k>1, A-21
Cnk = fn(d +k)zcn][( +J)pnk j+CInk ]] =l ( )
where the indicial function f, : R — R is defined by

fud)=dd—-1)+ dpn,O + gn.o0- (A-22)
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Assuming that f,(d, + k) # 0 for all £ > 1, it is straightforward to verify that the formal series w,(z)
defined by (A-20), (A-21) satisfies

2w (2) + 2Py (2w} (2) + (D)W, (2) = fulda)z™, (A-23)

and hence is a (formal) solution of (A-19) provided d, is a root of the quadratic polynomial f;,.

In our situation we have p, o =0 and g, 0 = (k2 / m?%)J,(7,), so that the indicial equation f,(d,) =0
reduces to (3-19) as n — o0. The roots d;—L of f, thus converge to the explicit values d+ described in
Section 3D, which are such that |d; —d_| < 1. As a consequence, if n is large enough and d, =d;" ord,,
the denominator in (A-21) never vanishes, and even satisfies | f,, (d, + k)| > cok? for all k > 1, where
co > 0 is independent of n. This allows us to solve the recursion relations (A-21) if d, = d;—L, and it is then
straightforward to verify that the series in (A-20) converges for all z € D(0, p/2), and that the sum v is
uniformly bounded on compact subsets of D(0, p/2) if n is sufficiently large. We denote henceforth by

+ dr +
w, (z) =2 v, (2)

the solution of (A-19) given by (A-20) with d, = dni.

By assumption (iii), the quantities p, i, g, r converge as n — oo to the Taylor coefficients of the
functions P(z), Q(z) associated with the limiting profile W and the limiting value of the spectral parameter.
Using the recursion relation (A-21), where each coefficient cf; « 1s entirely determined by a finite number
of coefficients p, ¢, g».¢ (namely, those with £ < k), we see that

c,fk — c,:(t asn — 0o, (A-24)

where c,f denote the coefficients of the Frobenius solution w*(z) = z*v*(z) of the limiting equa-
tion (A-19), where P,, O, are replaced by P, Q. In view of the uniform bounds mentioned above, this
implies that vE(z) converges to v*(z) uniformly on compact subsets of D(0, p/2) as n — oco. Note that
since P and Q are real-valued on the real axis, the recurrence relation yields that the coefficients c,fc are
real too. The functions V1 which appear in the formulas (3-20)—(3-22) are the only real analytic functions
on R, that satisfy

— 7 \4x
Vi(r)zvi(r—f)<—bi9};r)> . re (f—g,f-l—g).

That V. are well-defined and real analytic on the whole half-line R, follows from the representation
(3-20) and the ODE (3-18).

Now, consider a sequence (u,,),en Of solutions of (A-18) as in the statement of Lemma 3.5, and assume
first that d # d_, so that d;F # d.~ when n is sufficiently large. Since (A-18) is a second-order differential
equation, there exist complex coefficients oa,:liE such that®

un(r) =afwhr—7,) +a, w, (r—7p,) forre (f — %, F+ g). (A-25)

5Note that D(ry, p/2) contains the real interval (r — p/4, r + p/4) for large values of n.
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By assumption u, (r) and u),(r) have a limit as n — oo for some r # 7, and using elementary continuity
properties for solutions of nonsingular ODEs we deduce that convergence holds locally uniformly for all
r > r,or for all » < r. Since the functions w,f (r —r,) converge uniformly to wt(r—7)ina neighborhood
of 7, and since the limits w* (r — 7) have genuinely different behaviors as » — 7, this implies that the
coefficients ani in (A-25) have finite limits a1 € C as n — oco. In particular we have

Un(r) = oy (r =0 = F) ta_(r — v (r = 7),
uniformly for r € (¥, 7 4+ p/4), and (keeping in mind that Im(r,) < 0)
n(r) = ape ™ F — vt r =) +a_e™ G —r) v (r =),

uniformly for r € (r — p/4,r). Since outside the interval (r — p/4,7 + p/4) the ODE (A-18) is
asymptotically regular, this implies the desired conclusion, namely that u, — o4+ ¢+ + o_¢_ where ¢
are as in (3-20) or (3-21).

We next consider the exceptional situation where d_ = d.. Without loss of generality we may assume
that either d, = d;f foralln € N, or d, # d;} for all n € N. In the first case we obtain from (A-20)
only one solution w, of (A-19), but we can construct a second solution by differentiating (A-23) with
respect to the exponent d,,, taking into account the fact that f, (d,) = 0 since d, = d,jt is a double root by
assumption. The new solution has the form

# . d, — Cn k k
w; (z) =log(z)w,(z) +z (v)z , z2€D, p/2)\R_,
k=0 "

and its asymptotic behavior as z — 0 is clearly different from that of w, (z). This allows us to conclude
the proof using the same argument as above, and we obtain that u, — o ¢ +a_¢_, where ¢ are as in
(3-22). On the other hand, when d,” # d;" for all n € N (but d; — d;” — 0), the decomposition (A-25) is
not appropriate, because in that case we cannot prove that the coefficients ;" and «;, are bounded, yet
alone have limits as n — oo. Instead, we write

g mN e =
w,(r —ry) —w, (r rn)) (A26)

un(r):oz,,(w,f(r—fn)—l—wn_(r—fn))—l-afl( T

forr € (r — p/4,7 + p/4), and this new decomposition has the property that both coefficients ¢, and aﬁ
necessarily have limits as n — co. We then finish the proof along the same lines as above. UJ

Ad. Approximation and interpolation in the class %. This section is devoted to the proofs of Lemmas
4.2 and 4.3. If W is a vorticity profile that belongs to the class #, in the sense of Definition 1.8, we
denote by €2 the corresponding angular velocity given by (1-16), and by J the function defined in (1-20).
The first observation is that both €2 and W can be expressed in terms of the auxiliary function J.
Indeed, let ¢ : Ry — R be defined by ¢ (r) = Q(r)/ Q' (r) for all r > 0. According to (1-6), (1-19),
(1-20) we have
d(r)  2rQ(r)  4Q(r)?
Qr)? Q) Qr)?

J(r) = =2r¢(r) +4¢ (r)? (A-27)
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for all » > 0. Since J(r) > 0 and ¢ (r) < 0 by assumption, we deduce that

e L G0 M) (A-28)

Integrating this differential equation and using the normalization condition €2 (0) = 1, which follows from
(1-16) since W(0) = 2, we obtain the representation formula

Q@) = exp(— fr 4 ds), r>0. (A-29)
0 s++/s24+4J(s)

As W(r) =rQ'(r) +2Q(r), we also have

W(r) = sz(r)(2+ L) - Q(r)(Z - ail ) 0. (A-30)
¢(r) rHr2 44 ()

Furthermore, if we differentiate (A-30) with respect to r and observe that Q' = Q/¢, we obtain
W = 8<2+£) +Q(l — Lﬂ) = E(3¢+r—r¢>/).
¢ ¢ ¢ ¢? ¢?
Thus, using the expression (A-28) of ¢, we find after elementary calculations
82 (r) ( r2+6J(r) rJ'(r) )

W(r) = -
T PP VR R0

(A-31)

As ra/r2 +4J < r?+6J when J > 0, this formula shows that the vorticity W is strictly decreasing as
soon as the auxiliary function J satisfies J(r) > 0 and J'(r) < O for all » > 0. This observation will be
used later on.

Since W € # by assumption, the angular velocity satisfies '(r) — 0 as r — 0, and in view of (1-20)
or (A-28) this implies J(r) — oo as r — 0. It then follows from (A-31) that

rJ'(r) 6

Wi(r) ~ T2~ T2

asr — 0,

and since W’'(r) vanishes at the origin we deduce that »J'(r)J (r) /> — 0 as r — 0. Concerning the
behavior at infinity, we observe that ¢ (r) = —2/r + O(1/r%) as r — o0, and in view of (A-29) this
implies Q(r) = I“/r2 + (’)(1/r4) as r — 00, for some I' > 0. The expression (A-30) also shows that

r*W(r) — 2I'J(c0) as r — oo. Finally, one infers from (A-31) that

, 2r 1 rJ'(r) 4J(r) 1
vo ool s elB)) mee

and since rJ'(r) — 0 as r — oo we also obtain 7> W’(r) — —8I'J(c0) as r — 0o.

The properties of J are more conveniently expressed in terms of the new function

0(r)= ——, r>0. (A-32)



SPECTRAL STABILITY OF INVISCID COLUMNAR VORTICES 1823

Definition A.3. We say that a C' function Q : Ry — (0, 1] belongs to the class 2 if
(1) Q'(r) > 0forall r > 0;

(i) Q(r) > 0andrQ'(r) —> 0asr — 0;

(iii) rQ'(r) — 0 as r — oo.

In particular 2 is convex, and if Q € 2 then N'(Q) :=sup,.,r|Q'(r)| < 0.

Lemma A.4. A vorticity profile W belongs to the class W in the sense of Definition 1.8 if and only if the
function Q defined by (A-32), with J as in (1-20), belongs to the class 2.

Proof. If W € %, we have just shown that the c! map J : Ry — R defined by (1-20) satisfies J () > 0 and
J'(ry<Oforallr >0, J(r)— oo and rJ'(r)J (r) 3> - 0asr — 0, and rJ'(r) — 0 as r — co. These
properties precisely mean that the function Q defined by (A-32) belongs to the class 2. Conversely, if
0 € 2, we define J = Q2 — 1 so that (A-32) holds, and we reconstruct the angular velocity € and the
vorticity W by the formulas (A-29), (A-30). The calculations above then show that W € #. In particular,
since J'(r) < 0, formula (A-31) shows that W/(r) < 0 for all » > 0. d

The following result expresses the fact that the vorticity profile W € # depends continuously on the
auxiliary function Q € 2, in appropriate topologies.

Lemma A.5. Assume that Q, Q; € 2, and take 5§ > 0 small enough so that
§ <min{Q (1), Q2(1)} < max{Q; (1), Q2(1)} < V1 -5 (A-33)

Then there exists a constant C > 0, depending only on 8, such that, if Wi, W, denote the vorticity profiles
associated with Q1, Q» as in Lemma A.4, the following estimates hold:

fﬂ%’(l +rHIWi(r) = Wa(n)| < ClIQ1 — Qall L, (A-34)
ig}g(l +r)|W(r) = Wi(r)| < CN(Q1 — Q2) + C(L+ N (@)1 Q1 — Qalle,)- (A-35)
Proof. Let J;(r) = Q;(r)~% — 1 for i = 1, 2. We first consider the quantity
o) = 1 1 407 - 03)

r+r2+4J; B V244l (0180 + QAN Q1+ ANFQr+ Ay

where we use the shorthand notation A;(r) = Q; (r)\/r2 +4J;(r) = 4+ (2 —4) Q; (r)2 fori =1, 2.
We claim that

sup(1+r)|0(r)| < C[101 — QallL~,) (A-36)

r>0
for some constant C > 0 depending only on §. To prove that, we distinguish two cases:
(i) In the region where r < 1, we know from (A-33) that Q;(r)? < Q;(1)> < 1 — §2, and this implies
Ai(r) >24/1—Q;(r)? > 2. It follows that

4(01+ 02)101 — 02| - |01 — Q]
833(Q1+ 02) - 28

©@)| < O<r<l.
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(ii)) When r > 1 we observe that A;(r) > rQ; > ré by (A-33), so that

4(01+ 02|01 — 02| - |01 — Q>

® < )
| (7")| — 8]"3 Q%Q% — 83}’3

r>1.

Altogether, this proves (A-36).
As an immediate consequence, we see that the angular velocities defined by (A-29) satisfy the estimate
121 — Qllzx®,) < CIIQ1 — Q2llL=®,)- In fact, we have a stronger result:

sup(1 + 7)1 (r) — (1] < Cl1Q1 — QallL~®,)- (A-37)

r>0

Indeed, it follows from (A-29) that

T2 4
’"2Qi(”):Qi(1)epr (—— )ds, r>0,i=1,2. (A-38)
1 \S  s4+./s24+4J:(s)

If we define
M) 1 2 4J; 41— Q%
(r) = — — = = >
l For 24 42442 rr Qi+ A)?

the same estimates as above show that

0, r>0,

1 1
sup rM;(r) < —= and supr3M,-(r) <

—. (A-39)
0<r<l 82 r>1 82

This implies in particular that r2€; (r) < e!/%" for r > 1; hence (1 +r2)§:(r) < C for some constant
C > 0 depending only on §. In addition, using (A-36) and (A-38), we obtain

r2Q(r) — Qa(r)] < /¥ <|91<1> — (1) +4/1 1©(s)| ds) <ClQ1 - Qallz~w,)

for all » > 1, and this concludes the proof of (A-37).
On the other hand, in view of (A-30), we have W;(r) =2rQ;(r)M;(r) for i =1, 2; hence

Wi(r) = Wa(r) =2r (Q1(r) = 2(r) M1 (r) —4rS2:(r)©(r), r>0.

Thus using estimates (A-36), (A-37), (A-39) we arrive at (A-34).
Finally, we deduce from (A-31) that W{(r) — W,(r) = E(r) — 16A(r), where E(r) collects all terms
that do not involve the derivatives J{, J;, and

QirQ) Qr Q)
(rO1+AD2A1 (rO2+Ar)2A,

Qir(Q)— 05%) _ QirQ, B Qr Q)
(rQ1+A1)2A,° (rQi+AN2A; (rQ2+ A%

Proceeding exactly as above it is straightforward to verify that

A(r) = = A1(r) + Aa(r),

where

A(r) = Ao (r)

sup(1+r)|E()| < C1Q1 — Q2ll=®,),

r>0
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where C > 0 depends only on §. We thus concentrate on the new term A, which contains the derivatives
0, Q). Again, considering separately the regions where r < 1 and r > 1, and using the appropriate
lower bound on Aj(r) in each region, we obtain
r|Q(r) — Q5(r)]
1473

N(Q1— 02)
1473

A1) = CQ(r) <CU1+r)Q(r)

’

where we recall that (1+7)%Q;(r) < C for some C > 0 depending only on 8. The quantity A is estimated
along the same lines:

A2 = €0+ )~ 2 T2 (4200 2D 0,0 - 0200,
+r 1+r
and using (A-37) we find (1 +7°)|A2(r)| < CA+N(Q2) Q1 — Q> |l (®,). Combining these estimates
we arrive at (A-35). Il

Proof of Lemma 4.2. Let W € #, and denote by O € 2 the function defined by (A-32) with J as in (1-20).
For any € > 0 we define

1 |
09 = ——= / (e =t 0(s)ds, > 0. (A-40)
b 0

In other words, Q'€ is the restriction to R_. of the real-analytic odd function obtained by extending Q to
an odd function Q : R — R and applying to Q the heat semigroup on R at time # = ¢/4. In particular,
09 is real-analytic on @Jr for any € > 0. Moreover, as the function s O(s) is continuous on R and
converges to finite limits as s — 400, it is clear that Q©) converges uniformly to Q on Ry as € — 0. On
the other hand, differentiating (A-40) with respect to r, we obtain the relation

rQ9r) = (e /e _ et 0/ (s) ds + Re(r),  r >0, (A-41)

1 o0
./ne/o
where

Re(r) /_1 foo« )4 (r 4 5)e” T 0/ (5) d >0
)= — r—s)e r S)e N S, r .
Te Jo

As Q' e L'(R,) and N'(Q) < oo, it is straightforward to verify that R, converges uniformly to zero as
€ — 0. Moreover, since sQ'(s) — 0 as s — 0 and s — 00, it is clear that the integral term in (A-41)
converges uniformly on Ry towards r Q'(r) as € — 0. Altogether, this shows that

lim (10 = Qllx,) +IN(Q — Q) =0. (A-42)

Now, let W(© e # be the vorticity profile associated with Q) as in Lemma A.4. By construction W€
is real-analytic on R, for any € > 0, and it follows from (A-42) and Lemma A.5 that W€ — W in the
topology of C; (R,) as € — 0. This is the desired density result. U

Proof of Lemma 4.3. Assume that Wy, W; € #, and let O, 0> € 2 be the corresponding functions
defined as in Lemma A.4. For any ¢ € [0, 1], we define Q, € 2 by the linear interpolation formula

Qi(r)=10-0)Qo(r)+10:1(r), r=>0, (A-43)
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and we denote by W, € # the vorticity profile associated with Q;. As

101 — QunllLom,) +N(Qiy — Q) =t — 2| (I1Q0 — QillL=®,) + N(Qo — 01)),

it follows from Lemma A.5 that W; is a Lipschitz function of ¢ € [0, 1] in the topology of Cg (Ry). By
construction, if Wy, W are real analytic on @Jr, so is W; for any ¢ € [0, 1]. Moreover, in that case, if
W{(0)=—-8Q7(0) <0, then W,/ (0) = —-80;(0) <0 forall 7 € (0, 1], because W (0) = —80Q,(0) <0. [

AS5. Proof of Lemma 4.6. The proof of estimate (4-32) is lengthy but rather straightforward, and we just
indicate here the main steps. Using classical estimates for the modified Bessel functions K, [Abramowitz
and Stegun 1964, Section 9.6], we first observe that the approximate solution x, defined in (4-26) satisfies

[ (D] & min(1, r—ry+ic, )2 ne =), (A-44)
X () A min(L, [r—ry-icy|) ™"/ e k0=
for all » > 0. Here A &~ B means that the ratio A/B is bounded from above and from below by some
positive constants that are independent of n. A direct consequence of (A-44) is:

Lemma A.6. There exists a constant C > 0 such that, for all n € N and all s > r > 0, the following
estimates hold:

2 * 1 . : 1-2v
| xn (5)] P ( E dt < Cmin(l, [s—rp+ic,[) ", (A-45)
I’l

dr < Cmin(l, |[s—rp+icy]) 2", (A-46)

(XL >|/ —

Proof. We only prove (A-45), the proof of (A-46) being similar. If ¢, > 1, the first estimate in (A-44)
simply means that | x, ()| &~ e k=) and (A-45) follows immediately. Thus we assume henceforth that
0 < ¢, <1, and for simplicity we set s = r,, 4+ 7, so that the proof of (A-45) reduces to showing that

(1) := | xn (ra+7)| f < Cmin(l, |t+ic,)' ™", teR. (A-47)

|Xn(rn+t)|2

If T < —1, we know from (A-44) that | x, (r,+7)| < Ce " and | x,(r,+1)] > Ce™* for t < r; hence
Z,(z) < C. If |t] < 1, then |, (ry+7)| < Clt+ic,|)/?>7", and

—1 T
Zy(v) < Cloticy|' 2" </ e dz+f Jticy ! dt) < Clric,|'™.
00 -1

Finally, if t > 1, then

—1 1 T
Z,(t) < Ce 2k* (/ ekt dt—i—/ |t+icy|?n ! dt+/ ekt dt) <cC,
—00 -1 1

and this completes the proof of (A-45). We observe that the constant C in the right-hand side is independent
of n because, as can be seen from (4-27), the exponent v, is bounded away from zero as n — 00. Il

Remark A.7. In Section 41 we use the fact that if v, — 0 as n — oo, the conclusion of Lemma A.6
remains valid up to a logarithmic correction. Estimates (A-44) are not appropriate in that case, but one
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can use the fact that K, (z) is close to Ko(z) for n large, where Ko(z) ~ —log(z) as z — 0. In particular,
the integral

rn+1 1 T 1 1
[,
ra—1 Xn (1) 2 1 +lcn)Kvn(k(t +icy))

is uniformly bounded even if v, — 0 and ¢, — 0, because the function ¢ — 11|~V Ko (kt)| 72 is integrable
over [—1, 1]. We leave the details to the reader.

Returning to the proof of Lemma 4.6, we note that C,,(r, s) = IC,(,U(r, s)— ICf,Z) (r, s), where
KD (7, 5) = AG) 2 (5 R () f JEE Y
" r AWM X (0)?
K32 (r, ) = A'(9) () X, (5) / L
" ) AD X ()2

In what follows, we assume that s > r > 4r,, for some § > 0, where r, = (I‘,l/b,l)l/2 — 00 as n — 0.
Since A(s) — 1/k? and A'(s) = O(s~3) as s — oo, it follows immediately from (A-46) that

o0 o
C
sup f IK@ (r, s)| ds < C/ s min(1, |s—ry+ic,) "> ds < = < Cb,. (A-48)

r>r, Jr Sty n

It thus remains to estimate the kernel ICf,l)(r, s), which involves the remainder R, defined in (4-29). We

can further decompose R, as R, = R,(ql) + Rf,z) + R,(f), where

m>+3 1 A@)

)] _
Ry (r) = r2 2r A(r)’
k? D, (r) Jn(ry)
2 —__ _
Rn )= mz()’n(r)z (r_rn+icn)2>’

BN r Wy (r) )
o (r)‘A(r)yn<r>a’(m2+k2r2 '

We concentrate here on the term R,(f), which gives the main contribution to the integral (4-32).

Lemma A.8. Forany § > 0, there exists a constant C > 0 such that

c
IRP(r)| < —————— forallr > ér,. (A-49)
rlr—rp+icy]

Proof. We first assume that |r —r,| < r,/2. Using the same notation as in (4-23), we have
Ya(r) = Q,(r) — Q,(rp) —ia, = Q;(rn)(r —ry+ic,)+ (Q/(f) - Q/(rn))(r —7y)

for some & € [r,/2, 3r,/2]. As Q/,(s) ~ s> and Q//(s) ~ s~* as s — oo (see (4-9) and the first part of
Section A4), we have

/ !/ C / C /
1€2,(8) = 2, (ra)| = —[€2, (ra) [1§ = ral = =182, )l Ir = 7l

I'n
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so that y,(r) = Q) (r,)(r —r, +ic,)[1+ O(e(r))], where €(r) = (r —r,)/r,. Recalling that J,(r,) =
@, (r,)/ 2, (rs)?, we obtain the expression

I 0,01+ O(e(r)] = u(r)

RO () =
T T QG — 1t i

Now, it also follows from (4-9) and the first part of Section A4 that ®,(s) = s~% and D) (s) = s~ as
s — oo. This implies |®, (r) — ®,(r,;)| < CP,(r,)e(r), and we deduce
e(r) C o T =Tl

i

1
|r—rp4icy|?> ~ rplr—rp,+icy] rn 2"

IRP (r)| < CJu(ry)

The argument is simpler if |r, — r| > r, /2, because we can estimate both terms in Rﬁ,z) separately.
Straightforward calculations lead to the lower bound

[Vn ()] = 1824 (r) = QR (ra) —ian| = C12, (N Ir — 1y +icyl, (A-50)

whenever r > §r,, (here C depends on §), and this implies

RO ()| < C (Dn(r)z c Jn(rn.) < C i [r —ral . l
|Vn(")| |r_rn+lcn| |r_rn+lcn| I'n 2
The proof of (A-49) is thus complete. (|

It is now easy to conclude the proof of Lemma 4.6. The term R,(f) in the remainder is estimated using
the lower bound (A-50), which leads to

IR (r)| < . T >8r, (A-51)

r3lr—rp,+icy|

whereas |Rfll)(r)| < C/r?for all r > 0. In view of (A-45), we thus have

) . o=, (1 1
I1C, 7 (r, )| < Cmin(1, |s—r,+ic,|) "=+ ——, s>=>r=>6r,.
s2 0 s|s—rpticyl
Integrating this bound, we arrive at
o C 1
sup / IKWD(r, 5)|ds < — (1 +1log, (ry)) < Cb\/? (1 +log —) (A-52)
n ’ — +\n/l — n + ’
r>8ry, Jr I'n b,
and estimate (4-32) follows immediately from (A-48), (A-52). O

AG6. Proof of equality (4-42). Assume that ) < v < % Given any € > 0 and a > 0, we define

€ —ax 0
jv(a)z/;elev(X'i‘la)l dx, (A-53)

where K, is the modified Bessel function. Our goal is to compute the limit of 7, (a) as a — 0. We recall
from [Abramowitz and Stegun 1964, Section 9.6] that

7@ - L@ wherelv(z):I‘(ll—l—v)g_‘v)(1+o(12)) asz—>0.

K@) = 2 sin(vr)
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We thus have
_ Cy 2v 2
Kv(Z)——Zv (1—-d,z7"4+0(z7)) asz—0,

where
T 2v—l 1 T(1-v)
cy = s = — .
"7 sin(vr) T(1—v) "2 T (14v)
It follows that
2
. Cc .
1Ky (x +ia)|* = mm —d,(x +ia)” > + O(x* +a*))
CZ

= m(l —2d,(a* 4+ x%)" cosQu arg(x +ia)) + O((x* +a»)™)) (A-54)

as z=x +ia — 0. The leading term in (A-54) is even and therefore does not contribute to the integral

(A-53), where it is multiplied by an odd function. The main contribution comes from the next term, so
that

. : ¢ ax :
gl_r)r(l) Jv(a) = ZdUcf 51_1)16 /e m cos(2v arg(x +ia)) dx

= 2d,c? /R quyW cos(2v arg(y +i)) dy, (A-55)

where the second equality is obtained by setting x = ay.
It remains to perform the integration in (A-55). As arg(y +1i) = % — arctan(y), we have

cos(2v arg(y +1i)) = cos(vm) cos(2v arctan(y)) + sin(vm) sin(2v arctan(y)).

The first term does not contribute to the integral in (A-55), whereas setting y = tan(¢) we find

4v cos(vr)

/2
/ Y sin(2v arctan(y)) dy = 2/ sin(z) sin(2vt) dt =
R 0 1— 41)2

(14232
Summarizing, we have shown that

4v cos(vrmr) . 27 cos(vrmr)
1—42  1-42

lim 7, (a) = 2d,¢? sin(vrr)
a—0

A7. Explicit calculations in some particular cases. We collect in this section a few results for the
Kaufmann—Scully vortex (1-8) and the Lamb—Oseen vortex (1-9) which can be established by a direct
calculation.

(1) We first show that the vorticity profile W of the Lamb—Oseen vortex satisfies Assumption H2 in
Section 1B, hence belongs to the class 7. Indeed, in that case, the function J defined by (1-20) is given by

rte T (1—e")

IO = T as ey

r>0,

so that
2r3e""

(1—(1+r»)e*)3

J(r) = Q—r2—@—r e +2¢727), r>0.
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2

We want to show that J'(r) < 0 for all r > 0. Setting s = r*, we have to verify that

s—24(@—s+s5)e =2 >0, s>0,

2
i + 5 e ¥ >2  s>0.
1—es 1—e*

Since s > 1 —e75, it is sufficient to show that

or equivalently

s s n se
tanh(s/2) l—e 1—e*

which is indeed true because tanh(x) < x for all x > 0.

> 2,

(2) Next, for the Lamb—Oseen vortex, we establish the inequality B(r) > 1 —4/m? when a =0 and b <0,
where B is defined in (3-3). Indeed, as y,(r) = Q) —b > Q(r), we have

1 k2 o r W 2k*r? w
B R s PN T R R N SR I
As ® =2QW and W'(r) = —2r W(r) for the Lamb—Oseen vortex, inequality (A-56) can be written in
the equivalent form

Br)>1

(A-56)

Br)>1

2,2 4
2W(r) { m-r m } (A-57)

_ mZQ(F) m2 n k272 - (mZ + k2r2)2
Define s =72 >0and « =m?/(m*+k*r?) € (0, 1). As W =2¢ and Q=s""(1—e™), it is straightforward
to verify that (A-57) implies the desired inequality B(r) > 1 —4/m? provided

se”’

I—e*

(1+as—a?) <1, orequivalently e >1+s+as(s—a). (A-58)

But
l+s+s3/4 ifs<2,

P (1-i_s-i_m(s_o())={1+s2 ifs>2

ae(0,1)
and we conclude that the last inequality in (A-58) holds in all cases.

(3) Finally, we establish the same inequality B(r) > 1 —4/ m? for the Kaufmann—Scully vortex. In that
case W/ (r) = —4rW(r)Q(r) by (1-8); hence inequality (A-56) takes the form

2W(r) { 2r? m? m* }

B(r)>1 (A-59)

C m2Q(r) T+r2m2+k2r2  (m?+k2r2)2
Setting again o = m?/(m>+k>r?) and using the fact that W = 2Q2 =2/(1 +r?) in the present case, we
see that the desired inequality B(r) > 1 —4/m? holds provided
20r?
1472
The maximum of the left-hand side, considered as a function of @ € (0, 1), is reached at the point

1+ —a?2<1+r% r>o. (A-60)

o= r2/(l +r?), and the resulting inequality becomes (1 + r?)? +r* < (1+4r?)3, which is of course true.
This concludes the proof.
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EVANESCENT ERGOSURFACE INSTABILITY

JOE KEIR

Some exotic compact objects, including supersymmetric microstate geometries and certain boson stars,
possess evanescent ergosurfaces: time-like submanifolds on which a Killing vector field, which is time-
like everywhere else, becomes null. We show that any manifold possessing an evanescent ergosurface but
no event horizon exhibits a linear instability of a peculiar kind: either there are solutions to the linear wave
equation which concentrate a finite amount of energy into an arbitrarily small spatial region, or the energy
of waves measured by a stationary family of observers can be amplified by an arbitrarily large amount.
In certain circumstances we can rule out the first type of instability. We also provide a generalisation
to asymptotically Kaluza—Klein manifolds. This instability bears some similarity with the “ergoregion
instability” of Friedman (Comm. Math. Phys. 63:3 (1978), 243-255), and we use many of the results
from the recent proof of this instability by Moschidis (Comm. Math. Phys. 358:2 (2018), 437-520).
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1. Introduction

With the recent experimental detection of gravitational waves [Abbott et al. 2017] there has been a great
deal of interest in exotic compact objects and their properties. These objects, which are often solutions to
various speculative theories, are supposed to “mimic” certain aspects of black holes: they are extremely
compact, with a strong localised gravitational field, while having a similar asymptotic structure to black
holes. On the other hand, many of these objects are supposed to avoid some of the “pathologies” of black
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holes: in particular, they are often nonsingular. From an observational point of view, many of these exotic
objects have a compact region in which null geodesics can be “trapped” (as at the “photon sphere” in
Schwarzschild), and this can lead to similar gravitational wave signals to those emitted by black holes
[Cardoso et al. 2016a; 2016b], at least on short time scales. Hence the recent interest in this subject: it is
clearly of great importance to be able to distinguish these objects from genuine black holes, both from a
theoretical and an observational point of view.

Despite mimicking black holes to some extent, in other ways these geometries can differ drastically
from black holes, and this might provide a way to distinguish between them. For example, the gravitational
wave signal from many of the exotic objects is expected to exhibit “echoes” in a way which black holes do
not; see [Cardoso and Pani 2017] for an overview. In addition (and in some ways related to the “echoes”),
many of these exotic objects are classically unstable (see, e.g., [Cardoso et al. 2006; Keir 2016; 2020;
Eperon et al. 2016]), whereas black holes are expected to be classically nonlinearly stable. The question
of stability will be the focus of this work.

An unusual geometric feature that is present in some of these exotic geometries is an “evanescent
ergosurface” — for example, this is present in supersymmetric microstate geometries (see [Maldacena
and Maoz 2002; Balasubramanian et al. 2001; Lunin et al. 2002; Giusto et al. 2004; 2005; Bena and
Warner 2006; Berglund et al. 2006; Gibbons and Warner 2014]), as well as in boson stars! which are
sufficiently compact and rotating at a particular rate [Grandclément 2017]. An evanescent ergosurface
is a time-like submanifold where an asymptotically time-like Killing vector field, which is time-like
everywhere else, becomes null.?> Thus, these submanifolds are similar to the boundary of an ergoregion;
however, unlike an ergoregion, there is no “interior” where the asymptotically time-like Killing vector
field becomes space-like. Evanescent ergosurfaces are intimately related to questions of stability: for
example, nonsupersymmetric microstates have an ergoregion but no horizon, and so are susceptible to the
“ergoregion instability” of [Friedman 1978] (recently proved rigorously in [Moschidis 2018]). However,
supersymmetric microstates do not have an ergoregion’ but only an evanescent ergosurface, so it might
be hoped that they avoid an instability, at least on the linear level. Similar comments hold in the boson
star case: compact stars which rotate more rapidly than some critical rate admit an ergoregion and so
are susceptible to the ergoregion instability, but stars rotating at precisely the critical rate only admit an
evanescent ergoregion.

In [Eperon et al. 2016; Keir 2020], particular geometries with evanescent ergosurfaces were studied,
and various properties of waves propagating on these geometries were discussed. In particular, it was
shown that a “stable trapping” phenomena occurs, causing waves to decay extremely slowly, and it is

n this context, the evanescent ergoregion has been called a “light point”. This terminology comes about because the null
geodesic has constant spatial coordinates in any coordinate system in which the spatial coordinates are Lie transported with
respect to the asymptotically time-like Killing vector field 7.

ZFor asymptotically Kaluza—Klein manifolds, a different (but functionally similar) definition can be given.

3There is some subtlety here: some supersymmetric microstate geometries also have an ergoregion, but this ergoregion only
allows for negative energy waves if those waves also have some nonzero momentum in the Kaluza—Klein directions. In this work,
when dealing with asymptotically Kaluza—Klein spacetimes, we will restrict our attention to waves which are invariant in the
Kaluza—KIein directions.
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conjectured that this might lead to a nonlinear instability; see also [Holzegel and Smulevici 2014; Cunha
et al. 2017]. In fact, waves on these geometries decay even slower than waves on other geometries
exhibiting stable trapping, a feature which is related directly to the presence of the evanescent ergosurface
[Keir 2020].

Here, we will take a much more general approach. Rather than studying a particular geometry, we
will study a general manifold with an evanescent ergosurface. As far as possible, we avoid placing other
restrictions on the manifold: we require a suitable asymptotic structure and smoothness properties, and
we also require either a certain kind of discrete isometry (satisfied, for example, by (r —¢)-symmetric
spacetimes) or an additional Killing field with suitable properties. Note that we are able to deal with both
asymptotically flat and asymptotically Kaluza—Klein manifolds. Under these very general conditions, we
are able to show that a kind of instability is present, which is (in a sense) stronger than the “slow decay”
results of [Eperon et al. 2016; Keir 2020] but weaker than the ergoregion instability. The geometries that
we study can also be expected to exhibit very slow decay of linear waves, and this alone might lead to the
expectation of a nonlinear instability. However, the new instability which we find is of a different nature,
and already appears at the linear level.

The instability that we exhibit has a lot in common with the “ergosphere instability” originally
discovered by Friedman [1978] and recently proved rigorously by Moschidis [2018]. This instability
occurs in all asymptotically flat spacetimes with ergoregions but no event horizon. Indeed, we can view the
“ergosurface instability” as what is left over of the ergosphere instability, when the ergoregion degenerates
into an evanescent ergosurface.

Let us now make some comments on the nature of the instability we show in this paper. First, we
are focussing on scalar perturbations; that is, we are examining solutions to the linear wave equation.
This can either be viewed as a model for the Einstein(-matter) equations, which typically involve a set of
nonlinear wave equations, or it can be viewed as a model for scalar fields or scalar modes of the geometry.

Next, note that our instability is not associated with an exponentially growing mode solution to the
wave equation. Indeed, under the geometric conditions we assume, such a solution can in fact be ruled
out. Nevertheless, we believe that the kind of behaviour we demonstrate can justifiably be called an
instability, as we aim to show below.

Specifically, we are able to show that at least one of the following two cases occur:

(A) Given a stationary family* of observers moving along time-like curves, and given any constant
C > 0, there exist waves, arising from smooth, compactly supported initial data (depending on
the constant C), such that initially the foral energy measured by the entire family of observers is
arbitrarily small, but, after some time has passed, the total energy measured by these observers
is at least C. Moreover, the energy density measured by the observers in a neighbourhood of the
ergosurface is O(C).

4That is, a family of observers moving along integral curves of some vector field N, where the Lie derivative of N along
the asymptotically time-like Killing vector field vanishes. Note that this does not mean that each member of the family moves
parallel to the asymptotically time-like Killing vector field!
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(B) The spacetime exhibits an Aretakis-type instability [2011; 2015], where there are waves arising from
smooth, compactly supported initial data, whose local energy” fails to decay in a neighbourhood
of the ergosurface, although it decays everywhere else. In fact, a nonzero amount of energy is
concentrated in a smaller and smaller region, leading to pointwise blow-up.

Note that the “energy” measured by the family of observers referred to above is not the energy measured
with respect to the asymptotically time-like Killing vector field, which (since it is a Killing field) is
conserved. In fact, the family of observers referred to above cannot move parallel to the asymptotically
time-like Killing vector field, since this is vector field is null (rather than time-like) on the evanescent
ergosurface.

Note also that, although we cannot rule it out in general, we do not know of a particular case where
behaviour of type (B) is exhibited. This is in contrast to the behaviour of type (A), which (as we will
show) is exhibited by the supersymmetric microstate geometries studied in [Maldacena and Maoz 2002;
Balasubramanian et al. 2001; Lunin et al. 2002; Giusto et al. 2004; 2005; Bena and Warner 2006; Berglund
et al. 2006; Gibbons and Warner 2014; Eperon et al. 2016; Keir 2020].

Of the two possible instability scenarios outlined above, we can guarantee that we have an instability
of type (A) if there exists another Killing vector field (in addition to the asymptotically time-like one)
such that the span of these two Killing vector fields is time-like in a neighbourhood of the evanescent
ergosurface.® In fact, the presence of an extra Killing field of this kind allows us to show a number of
other details of the instability. In particular, we can show that:

» Despite the behaviour outlined in point (A) above, the local energy is bounded, but it is bounded in
terms of a higher-order initial energy, and not in terms of the initial energy.

» However, if we know the initial higher-order energy, then at later times this same higher-order energy
can become arbitrarily large.

« If we want the energy measured by our family of observers to be amplified by a factor of C, then
this can be achieved in some time which is bounded by exp(C'*€) for some € > 0.

o There exist (possibly nonsmooth and noncompactly supported) initial data leading to a (weak)
solution of the wave equation with unbounded local energy.

» Also, in the presence of this additional symmetry, we do not require the discrete isometry.

1A. Brief overview of the instability. We will very briefly sketch the construction, made rigorous later
in this paper, which underlies our instability result.

First, we need to invoke two notions of the energy of a solution to the wave equation: the nondegenerate
energy, which we call £™), which is the energy measured by a family of time-like-moving observers,
and the conserved energy associated with the Killing field, which we call £7). We also define the local,
nondegenerate energy & (N), which is the same as the nondegenerate energy except that it is only evaluated
menergy measured by a subset of the family of observers mentioned above, which is such that the worldlines of

these observers intersect a space-like hypersurface in a compact set.
%Note that this is the case for the supersymmetric microstate geometries investigated in [Eperon et al. 2016; Keir 2020].



EVANESCENT ERGOSURFACE INSTABILITY 1837

on some subset of the space at each moment of time.” We choose this subset to be a neighbourhood of
the ergosurface at each point in time.

Because of the presence of the ergosurface, we find that it is possible to construct initial data for the
wave equation for which é'b({N) (and hence £™)) is very large, and yet £ is very small. Let us begin with
such data, at some time far in the future, say at time . We will then evolve this data backwards in time.

There are then two options: either the wave disperses in the past, and EL(,N) — 0 as we go backwards in
time, or else the local energy does not disperse. Let us discuss each of these cases in turn.

In the first case, the local energy EL({N) decays as we evolve backwards in time. Since we began with
data in the future for which the conserved energy £ is very small, it will remain the case that £

SZ(JN) also

is small as we evolve backwards in time. At the same time, by assumption, the local energy
becomes small, say at time t = 0. This means that, at time 0, both EZSN) and £T) are very small. But we

also find that the fotal nondegenerate energy, £V, can be expressed as
N (N) T
EM ~ g M,

Hence, at time 0, the total, nondegenerate energy £V is also very small.

Thus we have arrived at data at time O with a very small total, nondegenerate energy £*). In fact, all
three energies, ), SZ(JN) and £ are very small at time 0. And yet, if we evolve this data forward in
time, we know that at time 7, the local energy EL({N) becomes very large. If we now interpret this solution
as a solution to the forward-in-time problem, then we find that both the nondegenerate energy £ and
the local nondegenerate energy EZ(JN) have been “amplified” by a very large factor. See Figure 1 for a
sketch explaining this case (case (A)).

Alternatively, it might be the case that there are some solutions to the wave equation which do not
disperse as we evolve them to the past, and so EL(,N) does not approach zero as we evolve backwards in
time. In this case, we can invoke the discrete isometry to obtain a solution to the wave equation for which
the local energy does not approach zero as we evolve fo the future. However, it is possible to show that
the local energy does, in fact, tend to zero in the future, at least in every compact set which is positioned
away from the ergosurface. Hence, in this case, a finite amount of energy must eventually be contained
within an arbitrarily small region of space near the ergosurface. We call this an Aretakis-type instability.

1B. Comparison with the ergosphere instability. The “evanescent ergosurface instability” is somewhat
weaker than the “ergosphere instability” of [Friedman 1978; Moschidis 2018]. In particular, [Moschidis
2018] showed that, when an ergoregion is present but no event horizon exists, then there are solutions
to the wave equation, arising from smooth, compactly supported initial data, whose local energy is
unbounded. This is not the case for the evanescent ergosurface instability — indeed, in the case where an
extra symmetry is present, we can actually rule out this kind of behaviour. On the other hand, if we allow
for noncompactly supported data and we do not require that “higher-order” energies are finite, then we

7Speciﬁcally, the local energy EZE,N) is evaluated on the subset &/ N ¥, where X is the space-like hypersurface defining “space
at a given time”, and U/ is some subset of the manifold which is invariant under the flow generated by the stationary Killing field.
We require that &/ N X is (pre-)compact.
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Figure 1. A sketch of a Penrose diagram illustrating the construction of the instability
in case (A), that is, when the local energy of waves decays to the past. We begin
by constructing initial data on the hypersurface X, such that the local nondegenerate
energy SZ(JN) at time T is very large, say € !, for some arbitrarily small €. At the same
time, the conserved energy £ at time 7 is very small, say €. This data can also be
chosen to be supported only in a neighbourhood of the ergosurface S.

We then evolve this data backwards in time to the hypersurface ¥¢. If 3; is sufficiently
far in the future, then we know that the local energy SZ(JN) on the hypersurface ¥ will
be very small —say €. The conserved energy £ on the hypersurface X is also .
It follows that the total, nondegenerate energy £Y) measured on the hypersurface X
is O(¢). Hence, between the hypersurfaces ¥ and X, the nondegenerate energy £*)
has been “amplified” by a factor of € 2.

Note that a solution to the wave equation constructed in this way is supported only in the
shaded (blue) region. In particular, the initial data on the hypersurface X is compactly
supported.

can recover similar behaviour, although the rate of growth of the energy will generally be much slower in
the evanescent ergosurface case.

The key idea behind the ergosphere instability of [Friedman 1978; Moschidis 2018] is to use the
ergoregion to construct initial data for the wave equation with negative conserved energy. Then, under
the assumption that the nondegenerate energy £V) remains uniformly bounded over time, it is possible to
show (see [Moschidis 2018]) that the local nondegenerate energy EZ(JN) must decay, at least away from the
ergoregion. It is then possible to derive a contradiction with the conservation of the (negative) conserved
energy, which ensures that some part of the wave always remains trapped within the ergoregion.

Our approach is similar in many ways, and for this reason we shall make use of many of the results of
[Moschidis 2018]. However, since we only have an evanescent ergosurface rather than a full ergoregion, it is
not possible to produce waves with negative conserved energy. Instead, we can make use of the evanescent
ergosurface to construct data for the wave equation such that its conserved energy is much smaller than
its nondegenerate energy. This is the key fact which, as we show, leads to some kind of instability.

1C. Comparison with extremal black holes. One might wonder whether the ideas in this paper can be ap-
plied to extremal black holes. After all, the event horizon of an extremal black hole bears many similarities
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with an evanescent ergosurface. However, there are several technical reasons why our construction fails
in this case: for example, the horizon is a null hypersurface rather than a time-like hypersurface.

Heuristically, we can understand the failure of our construction in the case of black holes in the
following way. Our result relies crucially on being able to evolve data backwards in time: it must be the
case that the time-reversed manifold “looks similar” to the original manifold in a suitable sense. This
is guaranteed if the manifold admits a discrete isometry of the required kind, or if it has an additional
Killing field with certain properties. However, in the case of a black hole, it fails spectacularly. If we
begin with a hypersurface which intersects the future horizon and then evolve a solution to the wave
equation backwards in time, then it behaves very differently from solutions which are evolved forwards
in time. For example, at least in subextremal black holes, the red-shift effect means that the energy of a
wave near the event horizon decays when evolved to the future; when evolved to the past, the energy will
instead be blue-shifted. If, instead, we begin with a hypersurface that intersects the bifurcation sphere,
then we do not expect the energy to decay, since we are not really “evolving” the data in this region when
we flow along curves of the stationary Killing field.

Nevertheless, one kind of instability (case (B)) that might be exhibited by spacetimes with an evanescent
ergosurface has a lot in common with the Aretakis instability of extremal horizons [2011; 2015]. In
both cases, there is some nondecaying quantity on a specific hypersurface (either the event horizon or
the evanescent ergosurface) which decays everywhere else, and this is responsible for a certain kind of
blow-up. Note, however, that while we cannot rule out this kind of behaviour in general, we can rule
it out on manifolds which have some extra symmetry. In many of the explicit examples of spacetimes
with evanescent ergosurfaces, this extra symmetry is present, and so we can actually rule out this kind of
instability. Instead, on these manifolds we have a different kind of instability, wherein the local energy of
waves can be amplified by an arbitrarily large amount.

2. Notation

In this section, we will often refer to “the asymptotically time-like Killing vector field 7. In all these
cases, when considering the asymptotically Kaluza—Klein case, the vector field 7" should be replaced by
the vector field V.

We use the following notation for inequalities: we write A < B if there is some constant C > 0,
independent of all of the parameters which we are varying, such that

A <CB.

Similarly, we write A 2 B if there is a constant C > 0, independent of all of the parameters which we are
varying, such that

B <CA.

Also, we write A ~ B if there are constants ¢ > 0, C > 0, again independent of the parameters which are
varying, such that

cB<A<CB.
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Uy, .
f_/\_—\ z
_\1

U
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Uy,
Figure 2. A sketch showing two space-like hypersurfaces ¥;, and X, the regions
Uy, and Uy, and the shaded part of the region, ¢/ (in blue), which lies between these
two regions. In this sketch, the isometry generated by the vector field T is represented

by translation up the page.

When integrating over a space-like hypersurface X,, we will use the notation dvol for the volume form
induced on X, by the spacetime metric g. Also, given a set U, C X, we define

Volume(U;) := / dvol.
U
Given some subset U; C X; C M of a hypersurface ¥,, we define the corresponding set U as the set

of T-translations of U;, where T is the asymptotically time-like Killing vector field. In other words, we
define

U := {x € M | there exists an integral curve of T through x and U,}.
Similarly, if we have a foliation of M by hypersurfaces X;, and if U; C X,, then we define U, by
U; := {x € X, | there exists an integral curve of T through x and U,}.

See Figure 2 for a sketch of these regions.
Also, we define the “§-thickening” of the set I/ as follows: for § > 0, we define

(Z/{((g))o = {x € X | dist(x, Z/[o) < 5},
where dist(x, &) is the distance from x to the set I/ defined using the Riemannian metric induced on .
Then, we define U5 to be the set consisting of all the T -translates of the set (U(s))o.

We use V to denote the covariant derivative induced by the metric g. We also write the geometric
wave operator as

e := (g~ )"V, Voop
and will use the notation Lx to denote the Lie derivative with respect to a vector field X.

The notation d¢, for some scalar field ¢, will be used to denote (schematically) the collection of
first derivatives of ¢. To be more precise: assuming that the asymptotically time-like Killing field 7 is
transverse to the space-like hypersurface X, we define

3¢ == {(T¢), (eadp)},
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where the e, are an orthonormal frame for the tangent space of X. Similarly, we define norms

061 := ITOP + Y lead

a
Given a vector field X, we will say that X is uniformly time-like if there are positive constants ¢ and C
such that

c<—gX,X)<C.
Also, given a vector X, we define the covector X” by defining its action on a arbitrary vector field Y:
X" (Y):=g(X,Y).
Similarly, given a covector w, we define the vector w® by the prescription
g(0,Y) = w(Y)

for all vectors Y.
Finally, given a set Uy C ¥ and the associated set I/ C M, we define the notation

£l (0) = (/ |f|pdvol)”
Uunx;

| f Nl Loz (z) :=esssup | f1.
uns,

and similarly

3. Asymptotic structure

We are interested in smooth,® stationary metrics that are either asymptotically flat or asymptotically
Kaluza—Klein. We shall restrict attention to manifolds without an event horizon or a black hole region, so
we require the manifold M to be identical to the causal past of future null infinity. In the Kaluza—Klein
case, we also restrict to those asymptotically Kaluza—Klein metrics that are “homogeneous” in the compact
directions, a notion that we will make precise below.

3A. Asymptotically flat, stationary spacetimes. Since we make use of the results of [Moschidis 2018],
we shall use the same definition of an “asymptotically flat” stationary manifold given in that paper. That
is, we shall consider a stationary (d+1)-dimensional manifold to be asymptotically flat if there is an
open region U* with compact complement, called the “asymptotic region”, which is diffeomorphic to
R x (R?\ B), for some integer d > 3, where B denotes the unit open ball in R%. Moreover, we require
that there exist coordinates for ¢/ such that the metric on M takes the form

o (1 2M 2M

r r

+h1(r,0))dt2+(1+ +h2(r,a))dr2+r2(g§,m+h3(r,a))+h4(r,o)dt. (1)

In the expression above r is the pull-back of the standard Euclidean radial function on (R¢ \ B) by the
diffeomorphism mentioned above. Moreover, there is a (related) diffeomorphism from the asymptotic

8But not necessarily analytic!
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region to R x R, x S?~!, which can be understood as a “polar coordinate chart” for /. The function o
is then the projection o : U* — S9! naturally defined by this diffeomorphism.

Note that the constant M in the above formula corresponds to the mass of the spacetime if the spacetime
dimension is 4, i.e., if d = 3.

In equation (1) above, & and h, are smooth functions from 2/ to R. By ggs-1 we denote the standard
round metric on the unit (d—1)-sphere. For each value of r, h3(r, - ) is a smooth, symmetric rank-(0, 2)
tensor field on the (d—1)-sphere. Finally, for each value of r, i is a smooth one-form on the (d—1)-sphere.

In addition, the functions Ay, ..., h4 are required to decay at suitable rates as r — oco. Using the round
metric ges-1 We can measure the norm of tensor fields on the sphere S?~! in the obvious way, and the
decay rates required are as follows: for some « € (0, 1],

hi, ha hs = O4(r™' %), hs = O4(r™®),

where a function / is said to be O, (r¥) if there is a constant C such that

n
> > i TRalalalh) < O,
=0 ji+i+j3=j

where 9, is schematic notation for the action of some vector field on S¢~! with unit norm (measured, as
usual, with respect to the round metric gge-1).
Finally, the diffeomorphism mapping /% — R x (R? \ B) will be labelled as @,s.

3B. Asymptotically Kaluza—Klein, stationary manifolds. As mentioned above, the asymptotically Kaluza—
Klein manifolds we shall study will be “homogeneous” in the compact directions. We now make this
notion precise:

Definition 3.1 (Kaluza—Klein manifolds). Let M be a smooth manifold. Let G be a compact Lie algebra G.
Let

9g:GXM—>M

be a smooth action of G on the manifold M by isometries.

We require” that there exists a foliation of M by space-like hypersurfaces which are invariant under
the action of G. That is, M is foliated by hypersurfaces X, such that X, are the level sets of a function ¢,
where ¢ is invariant under the action of G. Hence the smooth action of G on M descends to a smooth
action on X;.

Let X be a smooth compact manifold that is a homogeneous space for G, that is, there is a transitive
action of G on X. Then X is diffeomorphic to G/H for some subgroup A of G (specifically, H is the
isotropy subgroup of a point in X). So the points in X can be represented as left cosets of H.

As before, we require the existence of an “asymptotic region”: an open set * C M, with a compact
complement, such that 4/ is diffeomorphic to R x (R4 \ B) x X, for some d > 3. Note that M is not

91t would be possible to relax this requirement and instead require only that the leaves of the foliation are G-invariant in a
neighbourhood of the evanescent ergosurface.
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required to be globally a product space. The action of G on the asymptotic region is given explicitly by
G:RxR\B)yxX > Rx R\ B) x X,
g1:(t,x,8H) — (t,x, g182H);
i.e., G acts on the left on X viewed as a coset space, and does not affect the ¢- or x-coordinates. Moreover,
since G acts by isometries, we require X to be equipped with a G-invariant, Riemannian metric gy. We
can then use gy to define the norm of tensor fields on X, and for tensor fields on (S?~! x X) we can

measure the norms using a combination of both ggs-1 and gy.
Now, in 4* we require there to exist coordinates such that the metric on M takes the form

g= _<1 _ ZTM +h cr)) > + (1 + 27M +ha(r, 0)) dr? 4 2 (geat + h3(r, 0)) + ha(r, o) dt

+(gx +hs(r,0)) + he(r, o) dt + hy(r, o) dr + hg(r, o), (2)

where the functions /1, ..., hs are of the same type, and satisfy the same bounds, as in the asymptotically
flat case, while the other functions are defined as follows:

« For each r, o, the function &5 is a symmetric, G-invariant rank-(0, 2) tensor on X satisfying the
bound hs = O4(r—'7%).

« For each r, o, the functions kg and h7 are G-invariant one-forms on X, all of which are O4(r—!1=%).

 For each r, the function hg(r, - ) is a smooth, symmetric rank-(0, 2) tensor on (S~ x X) that is
O4(r~%) and which is invariant under the natural action of G on such tensor fields.

The asymptotically time-like Killing vector field, 7, is given in the coordinates above by d;. Note
that the above definition ensures that this vector field is invariant under the action of G in the asymptotic
region; we require that it is, in fact, globally invariant under the action of the group G. In other words, for
any g € G, we require that

(pe)«(T)=T.

To put this in yet another way, we require the action of the real line R generated by 7' to commute with
the action of the group G.

In the definition above, we view the tensor gx as the “limiting” metric on the Kaluza—Klein fibres:
asymptotically, the metric approaches go, = —dt? 4+ dr? + r’gei-1 + gx.

Note that we can view the continuous action of G on M as being generated by a set of vector fields Lg,
which, since G acts by isometries, are Killing fields. Note that, since G acts transitively on X, the
pushforwards of the vector fields Lg by the diffeomorphism ¢, span the tangent space of X at each point
in the asymptotic region. In fact, if g is the Lie algebra associated with G, then to each element A € g we
have a smooth one-parameter family of maps

¢s(A) : M —> M, x> pexp(sA), x),
for s € R. The vector field generating the map ¢;(A) is denoted by L 4. Then we have

Lo={La|Acg).
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Although the vector fields L 4 do not necessarily commute with one another, they do all commute with 7';
ie., [Lg, T]=0.

Note that the condition that the tensor fields /41, ..., hg are invariant under the action of G means that
the Lie derivatives of these tensor fields with respect to the vector fields L4, A € g, vanish, and so this
gives the required bounds on the derivatives in the “Kaluza—Klein directions”.

3C. An example: 3-charge microstate geometries. Our definition of an “asymptotically Kaluza—Klein”
manifold is somewhat technical: we will illustrate it with the example of 3-charge microstate geometries
of [Maldacena and Maoz 2002; Balasubramanian et al. 2001; Lunin et al. 2002; Giusto et al. 2004; 2005;
Bena and Warner 2006; Berglund et al. 2006; Gibbons and Warner 2014]. We will also refer back to this
example when discussing evanescent ergosurfaces.

The metric is given by

Lar — a2+ L2 d)2+hf< ar” +d92)
=—— —dz —
§= 70 hf P2+ (1 + 7)1
~2 52 29
(4 i+ - LTG0 Y o gy
h2f2
_ 6
#h( 4 7 g - TETMBGIE Y 2
h2f2
~ ~N\2..2
n —Q”(’“;}”) T (cos? 6 dyr + sin® 6 dgh)>
—2V%}QZ(;;Icoszedx//+;72sin29d¢)(dt—dz)
~ ~ 4
JO05 H
_2(V1+”2}); QlQZ(coszédw+sin26d¢)dz+,/ﬁl;dxiz, (3)
where
= 0102
010>+ 010,+ 020,
p1=—an, pry=am+1), f=r2+()71+)7z)n(37lsin29+)7zcos29),
H1—1+%, H2—1+7 = VH H,.

Here, Q1, Q> and a are independent constants, while Q,, = a*n(n+1).

The coordinate z € [0, 27 R,] parametrises a circle of radius R,, where R, = /Q1Q>/a. The
coordinates x/, i =1, ..., 4, are also periodic: they parametrise a torus 7%, and their precise ranges are
unimportant. The time coordinate is given by ¢ € R, the radial coordinate is » > 0, and the coordinates
0, ¢, ¥ parametrise a 3-sphere, with 6 € [0, %], and ¢, ¥ € [0, 27].

This metric is asymptotically Kaluza—Klein. We have

=—dr’ +dr’ + r2g§3 +gx +0G™?),
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where gy is given by

4
gx =dz? +) dx.
i=1
Note that M = 0 in this case.

For this metric, the group G is given by (U (1)), and it acts by rotating the z- and x;-coordinates. The
space X can be taken to be simply (U (1))3, parametrised by the coordinates (z, x;): we do not need to
quotient out by some isotropy subgroup, since the isotropy subgroup is trivial in this case. In other words,
the only group element which fixes a point on X is the identity.

The vector fields L 4 can be written in terms of the coordinates defined above as

9 d
L,:=—, L;j:==_—.
Z az ’ 1 8xi
Note that these are Killing fields.
Note also that, in addition to the asymptotically time-like Killing vector field T = d/d¢, the metric

also possesses a globally null Killing vector field:

4. Evanescent ergosurfaces

We shall say that an asymptotically flat (or asymptotically Kaluza—Klein) manifold possesses an evanescent
ergosurface'? if either of the following conditions holds:

(ES1) M is asymptotically flat and stationary, and the asymptotically time-like vector field 7' (given by

d; in the asymptotic region) is globally causal and nonvanishing. Moreover, there is a submanifold S
such that:

(1) S is spatially compact (i.e., S N Xy is compact for some space-like Cauchy surface ¥y) and has
codimension at least 1.

(2) T is null on S and time-like on M\ S.

(3) For every open set U/ such that S C U, there exists some constant c(r ) > 0 such that

inf T,7) > .
ot lg(T, T)| = cru)

(4) Either M\ S consists of a single connected component, or M\ S consists of at least two components,

ne!! of which (which we call M exty) includes the asymptotic region, and where M \ M ) is
precompact, and either

« there is some other Killing field ® such that [T, ®] = 0 and the span of 7" and & is time-like
on S, or

10Note that the conditions we impose also exclude manifolds with black hole regions or event horizons.
H'We can also deal with the case where M \ S consists of a multiple components, if each one of the components includes an
“asymptotic region”, but for simplicity we stick with a single asymptotic region.
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« the manifold is real analytic in a neighbourhood of S, or

e M\ S consists of two!? connected components: one which includes the asymptotic region,
which we label Uy, and an “enclosed” region, which we label Ue,,c. Then, we need the following
unique continuation criteria: for every solution ¢ to the wave equation [y = 0, if ¢ = 0 on Uygy,
then ¢ = 0 on all of M.

(ES2) M is asymptotically Kaluza—Klein in the sense of Section 3, and there is a globally causal Killing
vector field V (which is not necessarily identical to the asymptotically time-like Killing vector field T').
In addition, there is submanifold S such that:

(1) S is spatially compact (i.e., S N Xy is compact for some space-like Cauchy surface ¥y) and has
codimension at least 1.

(2) g(V, V) vanishes to at least second order on S.

(3) Forall L4 € Lg, we have
gV, La)ls =0,

and for all x € M\ S there exists some L4 € Lg such that g(V, L) # 0.

(4) For every open set U/ such that S C U, there exists some constant ¢y ;s > 0 such that

V,L
inf sup |g(—A)| = C(V.u)-

XeM\U [ ,erg V8L, La)
(5) Either M\ S consists of a single connected component, or M\ S consists of at least two components,
one of which (which we call M) includes the asymptotic region, and where M \ M ey is
precompact, and either

« there is some other Killing field ® such that [T, ®] = 0 and the span of 7" and ® is time-like
on S, or

« the manifold is real analytic in a neighbourhood of S, or

e M\ S consists of two!? connected components: one which includes the asymptotic region,
which we label Uy, and an “enclosed” region, which we label Ue,c. Then, we need the following
unique continuation criteria: for every solution ¢ to the wave equation Ug¢p =0, if ¢ =0 on
Uysy, then ¢ = 0 on all of M.

Remark 4.1. In each case, the first few points give a fairly straightforward definition of an evanescent
ergosurface. However, the final point in each definition (that is, point (4) in the asymptotically flat case
and point (5) in the asymptotically Kaluza—Klein case) requires some additional discussion. We include
this point in the definition in analogy to assumption (A1) of [Moschidis 2018]: it is made so that, in
the case of an evanescent ergosurface which divides the manifold into an “inside” and an “outside”,
if a wave decays on the outside, then it is also guaranteed to decay on the inside. If we do not make
this assumption, then there is a third type of behaviour which is possible for waves on manifolds with

12Again, if there are multiple asymptotic regions, then this condition can be modified to allow for more components.
13Again, if there are multiple asymptotic regions, then this condition can be modified to allow for more components.
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evanescent ergosurfaces: the energy of the wave is neither amplified by an arbitrary amount, nor do we
have an Aretakis-like instability, but instead the wave approaches a solution to the wave equation which
vanishes outside the ergosurface but is nonzero inside of it. This is only a viable alternative if there is a
solution of the wave equation which is compactly supported within the ergosurface for all time, and it is
ruled out by any of the conditions in the fourth point of our definitions of an evanescent ergosurface.

Note that in many of the explicit cases of spacetimes with evanescent ergosurfaces — such as the
supersymmetric microstates — the evanescent ergosurface is at least codimension-2, and so there is no
issue here.

4A. The evanescent ergosurface on the example geometry. Recall the metric (3), which we are using as
an example to illustrate our definitions. In this case, we have already seen that the metric is asymptotically
Kaluza—Klein. We have also seen that the vector field V (given in terms of coordinate derivatives by
0; 4 9;) is globally null.

If we define L; = 9/0x;, then we find that g(V, L;) = 0. On the other hand, with L, = d,, we can
compute

gV, L) =1

Thus, this spacetime has an evanescent ergosurface if & diverges somewhere, i.e., when f = 0. Such
a region does in fact exist and it has (spatial) topology S x S* x T* [Gibbons and Warner 2014]. In
particular, it is a smooth, compact, codimension-2 submanifold.

We can also compute
g(V. L)| _ 1

VL L)  h/T+0,/f

so0, if f > 0 (and hence h < 00) this quantity is positive, as required.

Finally, we note that since the ergosurface is codimension-2, M \ S consists of a single connected
component, so the final required property holds. In fact, the manifold is also analytic, so this gives another
reason that the required “unique continuation” result holds.

4B. Null geodesics on the ergosurface. In both cases, we have the following (see also [Eperon et al.
2016)):

Proposition 4.2. There exists a null geodesic y lying entirely within the evanescent ergosurface S. In
the asymptotically flat case, T is tangent to an affinely parametrised null geodesic on S, while in the
Kaluza—Klein case, V is tangent to an affinely parametrised null geodesic on S.

Proof. Using the fact that T is a Killing vector field, we have
(VrT)* = —T'V*T, = =LV (T"T)).

Now, g(T, T) = 0 on S so any derivatives of g(7, T) tangent to S vanish. Additionally, since T is a
smooth vector field and the function g(7, T') attains its maximum on S, transverse derivatives of g(T, T)
also vanish on S. Hence VT =0 on S.
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In the second case, since V is a Killing vector field, we also have
(VyV)H =0"(g(V,V))

since g(V, V) vanishes to at least second order on S, the right-hand side vanishes on S, so V is tangent
to affinely parametrised null geodesic. Now, let y be such a geodesic, with tangent V, passing through S
at some point. For any L4 € Lg we compute

VgV, La)ls=gLyV.La)ls+g(V.LyLa)ls
=—g(V.LL,V)ls
=—3La(g(V,V)) =0,

where in the first and last lines we have used the fact that V and L 4 are Killing fields for the metric g,
respectively. Hence, if g(V, L4) = 0 at some point of y, then g(V, L4) = 0 everywhere on y; i.e., y
remains within S. 0

5. The discrete isometry

We require our manifolds to possess a discrete isometry .7 with the following properties:

e 7 is an isometry; i.e.,
T M—=>M,

T (@) =g.
« 7 reverses the direction of Killing vector field T'; i.e.,
Zu(T)=—T.
» There exists some space-like hypersurface ¥y which is a Cauchy surface for M and which is fixed
by the discrete isometry 7.

Note that we do not require that the points of the hypersurface Xy are invariant under the discrete
isometry, which would lead to the requirement that the spacetime is static. For example, “( —¢)-symmetric’
spacetimes are acceptable, in which there is a discrete isometry which maps T to —7 and also & to —®,

B

where @ is an axisymmetric Killing vector field. In this case, in terms of standard coordinates, the
hypersurface {r = 0} can be chosen as X: it is invariant under the discrete isometry, although a point
with coordinates ¢ = ¢ is mapped to a point with coordinates ¢ = —¢;.

Note also that, in the case we have an additional symmetry of the right kind (see Section 11) we
actually do not need this additional symmetry.

5A. The discrete isometry in the example geometry. The example geometry with metric (3) possesses
a discrete isometry of the required kind. The map .7 can be specified using the coordinates: we have

T, 0,0, v, 2,x)=(—t,1,0,¢, ¥, 2nR, — 2, x;).

In other words, we replace ¢ +— —t and z — 2w R, — z. This metric could be said to be “¢f — z symmetric”.
We clearly have 7,V = —V, since V is given in coordinates by 9; + 9.
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Examining the form of the metric (3) reveals that this is indeed an isometry. Moreover, this isometry
clearly fixes the hypersurface Xy = {t = 0}. This hypersurface is space-like: we can compute

. __i< Q1Q2+Q1Qp+Q2QP)
g (dt,dr) = nf F+01+02+0),+ r2+ (1 +712)%n

which turns out to be uniformly bounded and negative. Hence the isometry .7 given above fixes a

space-like hypersurface as required. We also find that the hypersurfaces X, are given by the level sets of 7.
The discrete isometry descends to a discrete isometry on the hypersurface t = 0, which can also be
given in coordinates:
Tr, 0,0, %, 2,x) = (0,0, ¥, 2T R, — 2, x;).

It is easy to see that this is an isometry of the submanifold ¢ = 0 equipped with the metric induced by g.
This isometry can be viewed as a reflection in the hypersurface z = 0.

6. The energy momentum tensor and energy currents

For any smooth, compactly supported function ¢ on a manifold M with metric g, we define the associated
energy momentum tensor Q:

Q9] := (0,0) 0y — 52,08°" (3u) (3p).
Given a smooth vector field X we define the associated deformation tensor
(X)JTW =(Lxuw =V, Xy +V, X,
Using these we define the two energy currents
(OT¢Dy = X" Qy[9],
PK[g]:= 307" Q).
Now, for some time function ¢, we define the hypersurface
Ypi={xeMl|tx)=t}
as well as the (open) spacetime region
M i={xeM|t <t(x) <}

We choose the time function # to agree with the coordinate function ¢ in the asymptotic region.

In general, given an initial surface Xy, we will choose %, to be the T -translate of Xy, where  is a
parameter such that 7'(t) = 1. Moreover, we choose the initial hypersurface Xy to be a hypersurface
which is fixed by the discrete isometry, as detailed in Section 5.

Then, we have the energy identity: for #, > t{, using  to denote the interior product, we have

/ l((X)J[qﬂ) dVOlg = / l((X)J[¢]) dVOlg —+ / , (X)K[¢] dVOlg. (4)
h I M

2 1 n
In particular, if X is a Killing vector field, then K [¢] vanishes identically, and the associated energy is
conserved.
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Now, suppose that X is uniformly time-like and future-directed. Then the energy current X)J[¢] is
“nondegenerate” in a sense we shall make precise below. As above, let # be a time function for M, so
the hypersurfaces X, are uniformly time-like (i.e., the one-form d¢ is uniformly time-like). The unit,
future-directed normal to %, is defined by

(dr)*
Vg dr, dn)
Now, for any sufficiently small open set &/ C M, we can find an orthonormal basis for the tangent
space T (U) consisting of the vector fields {eg, ..., ey}, satisfying g(e,, ep) = na4p, Where ngg = —1,
Nea = 1fora ef{l,2,...,d} and n,, = 0 for other values of a and b. Furthermore, we can choose ¢y = n,

and we can choose ¢; so that
X =X%+X'e

for some smooth functions X? and X% Finally, we set
|dt| ;= —g~'(dt, dr).

Then, a short computation shows that in ¢/

|dz| 2 |dr P8 (X, X) (X(t)) 2
(roggpdvoly)ls, = ( (X($)* + ———5—(e1(¢))” + ea($))” Jindvolg| . (5)
(GX))] 8 X () (X(l))2 L; \dt| €q n g .
The condition that X is uniformly time-like and future-directed ensures that
cldr] < X(r) = Cldt], (6)

and so we find that

dr| 2. X)X @) N 1 e n- ’
m( (#)) W(61(¢)) +;W( ea($))’ max{c C’ 2}<(X(¢)) +;(€a(¢))>,

so the energy associated with the vector field X is equivalent to the L? norm of the derivatives; i.e.,

| ey dvol) ~ 1061z,
t

where we recall that d¢ means the collection of first derivatives of ¢, defined using an orthonormal frame.

Now, suppose that X is future-directed and “uniformly transverse” to the leaves of the foliation %,
in such a way that the bounds in equation (6) hold, but this time we do not require X to be uniformly
time-like. Then we can see from equation (5) that the energy current X)J is not necessarily comparable
to the L2 norm of the derivatives — instead, the energy current will be “missing” a derivative wherever X
is null, and will not be positive definite where X is space-like.

7. Energy currents in a spacetime with an evanescent ergosurface

Let M be a stationary spacetime with an evanescent ergosurface, as defined in Section 4. In the
asymptotically flat case (ES1) we define the conserved energy at time t,

ED[I@) = / 1) yigy dvolg, (7)
)y

t
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while in the Kaluza—Klein case (ES2) we define

EMgl(r) == / 1) 147 dvol,. (8)
z

t

Note that these “energies” are conserved in the sense that, for any ¢ € R,

EMN[1(1) = EP[9]1(0),

where A =T or V, depending on whether we are in the asymptotically flat case or the asymptotically
Kaluza—Klein case. This follows from the fact that both 7 and V are Killing vector fields for their
respective geometries. In addition, since both 7 and V are globally causal, the energy currents £ [¢]
are nonnegative.

We also define the “nondegenerate energy”’, which is the energy associated with some uniformly
time-like vector field N, which is also T-invariant (or V-invariant, in the Kaluza—Klein case), that is,
[T, N]=0 (or [V, N]=0):

EMP(r) := /2 1) g1 dvolg.

:
Note that, since N is not required to be a Killing vector field, this energy is not in general conserved. It
represents the total energy measured by a family of observers moving along the time-like curves given
by integral curves of N. Since N is T-invariant, the family of observers (though not each individual
observer!) is stationary; that is, it is invariant under time translation.

Both the energy current £7)[¢] and the current £V)[¢] are “degenerate”: the associated energies are
not equivalent to the L? norm of the derivatives of ¢. In case (ES1), the vector field 7 becomes null on S,
so the energy current £7)[¢] is “missing” a derivative on the evanescent ergosurface. On the other hand,
in case (ES2) the vector field V is only globally causal, and so the energy current £)[¢] might (in the
case that V is null everywhere) be “missing” a derivative everywhere.

However, we shall see that, when the function ¢ is invariant under the action of G, then the energy
current £V)[¢] is, in fact, nondegenerate away from the submanifold S. Indeed, this is the motivation for
labelling the surface S an “evanescent ergosurface” in case (ES2).

Proposition 7.1. Let ¢ be a function on M invariant under the action of the group G; i.e., L 5(¢) = 0 for
all Ly € Lg. Suppose also that t is invariant under the action of G. Then, for any open set U such that
S C U, there exists some ¢ = c(U) > 0 such that

/ 1) gig7 dvol > c||a¢||§2(21\m. 9)
= A\U

Proof. The calculations in Section 6 show that the energy current £Y)[¢] is almost equivalent to the
L? norm of the derivatives, except that it is “missing” a derivative in the direction of the orthogonal
projection of V onto the surface ¥, (that is, in the e;-direction). Note that V'e; = V 4+ g(V, n)n. In order
to prove the proposition, we need to show that, away from S, we can express this derivative in terms of
the vector fields L 4 as well as the other vector fields on %, that are orthogonal to the projection of V
onto ¥;.
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At all points away from S, there exists some L ; € Lg such that g(L ;, V) # 0. We claim that

(g(V, n))? y
V+g(V, n)n=—’(LA+g(LA,n)n— g(LA,eA)€A>-
g(Li vy AT AX:; A
To prove this we simply take contractions with the orthonormal base {n, ey, .. ., e4}. Additionally, using the

conditions in the definition of the evanescent ergosurface, as well as the condition that c|dt| < V () < C|d¢|,
we also find that for any function ¢, in the set M \ U there exists some ¢ > 0 such that

|L ()l d >
—a 4 + } .
Ve(L; Ly @) A=2|6A¢|

In particular, if ¢ is invariant under the action of G, then the “missing” derivative in the energy can be

V() + g (V. mn(e)] < c<

uniformly bounded in terms of the derivatives which do appear in the energy, proving the proposition. [

8. Estimates in asymptotically Kaluza—Klein spaces

In the following two sections we will need to make use of some of the results proved in [Moschidis 2016a;
2018]. In Section 10 we appeal to the results of [Moschidis 2018], which apply to asymptotically flat
manifolds with an ergoregion but with no horizon; we can therefore apply all estimates which do not
rely on the existence of a nonempty ergoregion to our manifolds in the asymptotically flat case (in the
sense of Section 3). However, for manifolds with Kaluza—Klein asymptotics of the appropriate form (also
defined in Section 3), some modification is needed.

In Section 11 we will also make some use of the results of [Moschidis 2016a], which establishes
logarithmic decay of the local energy on a very general class of geometries. These results are proved for
asymptotically flat manifolds with a globally time-like Killing vector T, or else on manifolds with an
ergoregion which overlaps with a “red shift region”. Neither of these conditions holds in the cases we
are considering, and the additional symmetry assumed in Section 11 plays a crucial role in recovering
some of the results. These issues concern the local geometry near the evanescent ergosurface, and will
be addressed in Section 11. In this section, we shall sketch an adaptation of some of the methods of
[Moschidis 2016a; 2018] to the asymptotically Kaluza—Klein case.

The key inequalities which we need to extend to the asymptotically Kaluza—Klein case are the “Carleman
inequalities” (see Section 6 of [Moschidis 2018]), as well as the “p-weighted energy estimate” (see
Section 5 of [Moschidis 2016a]'#). The Carleman inequality is used to establish decay in [Moschidis
2018], while [Moschidis 2016a] used the p-weighted estimates for this purpose, so there is actually some
redundancy here (this redundancy is noted explicitly in [Moschidis 2018]); however, since we will quote
the results of these two papers rather than rederive them, it is important that both types of estimates can
be applied in our setting, i.e., on asymptotically Kaluza—Klein spacetimes.

14Note that this powerful technique, first developed in [Dafermos and Rodnianski 2010], was also extensively developed
for use on the linear wave equation in [Moschidis 2016b] (among many others), and was also extended for use with nonlinear
equations in [Yang 2013; 2015; 2016; Keir 2018].
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Some of the estimates in [Moschidis 2016a; 2018] will actually not hold for general waves on
asymptotically Kaluza—Klein spacetimes. However, they will still hold for G-invariant waves on these
spacetimes. Before discussing this further, we need the following standard result:

Proposition 8.1. Let ¢ be a solution to the wave equation [1,¢ = 0 on an asymptotically Kaluza—Klein
manifold, and suppose that the initial data for ¢, that is, ¢|x, and n(¢)|x,, is invariant under the action
of Giie., La¢|s, =nLa@|s, =0 forall Ly € Lg. Then L ¢ = 0 everywhere in M.

Proof. Since the vector fields L4 are Killing vector fields for the metric g, they commute with the
geometric wave operator L, so L 4¢ satisfies

Ug(Lag) =0.

However, the initial data for L 4¢ vanishes identically, and so by standard uniqueness results L 4¢ =0
everywhere. U

Now, suppose ¢ is a solution to the wave equation which is invariant under the action of G. Then we
claim that ¢ satisfies a wave equation (with a right-hand side) on a related manifold in the “asymptotic
region”. In fact, away from the fixed points of the action of G we can use the action of G to define a
smooth projection. We have

g UM > UP/G.

In the asymptotic region we have a diffeomorphism ¢ : 4/* — R x (R?\ B) x X and the group action
of G descends to a transitive action on the space X, so the projection g (U4 %) of the asymptotic region
may be identified with R x (R¢ \ B). That is we can define the projection

7g :Rx (RY\ B) x X - Rx (R?\ B),
(t,x,gH)— (t, x).

This projection allows us to define vertical vector fields in T M. To be precise, we say that a vector
field X is vertical if its pushforward by the projection map ¢ (or, equivalently in the asymptotic region,
its pushforward by the map ¢ o mg) vanishes.

Similarly, in the asymptotic region (although not necessarily elsewhere) we can make sense of the
notion of horizontal vector fields as follows: We can define the map

Thor : R X (RY\ B) x X — X,
(t,x,gH)— (gH).

Then a vector field X € TU® is called horizontal if its pushforward under the projection @5 0 Thor Vanishes.
Using this, we can split the tangent space in the asymptotic region as

T, (M) = (T, (M) & (T, (M)

for p € U™. Note that the spaces (7,(M))"*" and (T, (M))P°r are then linear subspaces of the tangent
space at the point p, but they are not, in general, orthogonal subspaces.
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We now take a nonvanishing section of the frame bundle of some sufficiently small set &/ C U%, such
that the vectors in the frame each lie within either the vertical or horizontal subspace at each point. We
shall label the frame vector fields

(ea)lp € (T, (M) forall p eU™, fora €0, ...,d),
(ea)l, € (T,(M))*" forall peU™, for Ae{d+1,...,d+n).

We may moreover take the frame vectors e4 to satisfy e4 € Lg, since every vector L, € Lg is evidently
in the vertical subspace. Hence the vectors e4 are Killing vectors for the metric g. Note, however, that
we do not assume that the vector fields in the frame commute with one another, nor are they necessarily
orthogonal. Note also that we will use lower case Latin letters to label vectors in the horizontal subspace,
and upper case Latin letters to label vectors in the vertical subspace. When we wish to sum over the
entire (co-)tangent space we shall use (lower case) Greek letters. Finally, note that, for vector fields
L4, Lp € Lg, a standard computation reveals that their commutator is given by

[La, Lgl= LB a},

where on the right-hand side we use the Lie bracket associated with the Lie algebra g of G. In particular,
we have that [L4, Lp] € Lg.

Given local coordinates 6!, ...,09~! for a coordinate patch on the sphere S?~!, we may use the
coordinate vector fields 9;, 9,, dg1, ..., dypa—1 to give a basis for the horizontal subspace. Since these
vector fields are coordinate-induced, their commutators vanish. Additionally, the fact that the coordinates
t,r,01, ... are invariant under the action of G (e.g., we have L(r) = 0 for all A € g) ensures that
lea, ep] € Lg.

Given a vector field X, we can write

X = X%, + X%ey,

where we use the usual summation convention to sum over both the indices labelling the horizontal
subspace and those labelling the vertical subspace. Similarly, given a covector field w, we write

we =wl(ey), wp:=w(ey).
Now, let ¢ be a function which is invariant under the action of G, so e4(¢) = 0. Then we can compute
Oe = g ealen(9)) = (8T — 8" T p — 28T p)ec(9), (10)
where
T, =387 (epgsy +ey8sp —esgyp + 8(les. e, 1, ep) + g(les, epl. ey) — glley, egl, €5)).

In the asymptotic region, we can use the map ¢g : M — M /G to define the pushforward of the inverse

metric

(po)(g™) =5""

Moreover, in the asymptotic region we can see from the form of the metric that, at least for sufficiently

1

large r, g~ is nondegenerate. Thus, we can define a symmetric, nondegenerate inverse tensor g €
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['(Ty(M) ® T.(M)). We can equip the orbit space M /G with the metric g, and for any G-invariant
function ¢ on M we can identify ¢ with a function ¢ on M /G. Then, for sufficiently large R, we find
that if ¢ satisfies (10), then ¢ satisfies a wave equation on the Lorentzian manifold (M /G N {r > R}, §)

Oz + F(pg)*ea(d) =0,

where
FO= 3 D@D (ec(@reg ™ gaa) + ea(@reg™ gac) — ev(8ees 810)
— (™" g™ Pep(gen) = 3(87 NP (7 eu(gan)
— (@ D@ er(gen) + (g7H (g7 ec(gan)
— (D" (g™ (en(8an) +g(lea, epl, ep)).
Note that the terms defining the functions F¢, a € {0, ..., d}, are G-invariant, which follows from the

form of the metric in the asymptotic region, and so their pushforward to the orbit space is well-defined.
Furthermore, note that the derivatives of the metric in the directions e, are O(r~2~%), whereas the
derivatives in the directions e4 generally have worse decay. For example, since the components of
lea, ep] will generally be O(1), we have

(g e, (gap) = O~ 7).

Importantly, we find that, overall,
|F4 = 0@~ 179,

And so, although ¢ does not satisfy a wave equation on M /G (even in the asymptotic region), we can
consider the terms arising from F as error terms, and moreover, error terms of this kind were dealt with
previously in [Yang 2016; Moschidis 2016b; Keir 2018]. Note, for example, that [Yang 2016] dealt!> with
nonlinear equations using a similar method to that used in [Dafermos and Rodnianski 2010; Moschidis
2016b], and in the process established estimates for equations of the form U,u = F in the asymptotic
region, for F = O(r—2~%). Note also that we can view the derivatives in the compact directions e4 as
“bad” derivatives: taking a derivative of the metric in these directions does not in general improve the
decay rate of the metric component, in contrast to the e, derivatives. Hence we can expect (e4¢) ~ r L.
As mentioned above, we intend to make direct use of the results of [Moschidis 2016a; 2018]. Note,

however, that a function ¢ satisfying
Uz = F(3¢)

for F = O(r~'=%) does not quite satisfy all of the estimates in [Moschidis 2016a], which are concerned
with homogeneous equations of the form [lz¢ = 0. One can check that an inhomogeneous term of this
sort does not pose any problems for the Carleman estimates of [Moschidis 2018]. On the other hand,
certain estimates in [Moschidis 2016a] need a little bit of additional consideration.

151n fact, using the results of [Keir 2018], error terms of the form F - d¢ with F ~ r~1 can be handled, but this requires some
subtle modification of the estimates.
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To be precise, the p-weighted energy estimates of [Dafermos and Rodnianski 2010] cannot be estab-
lished for the entire range 0 < p < 2 as in the homogeneous case F = 0 studied in [Moschidis 2016a]. To
see why, we can sketch the case where g = m, the Minkowski metric on R4tL and

Fle,(¢) = FLL(¢),

where L = 9, — 9,in the standard Minkowski coordinates, and where we assume F£ = O(r~17%).
First, set t* to be the function
" t if r <R,
"=
t—r+R ifr>R,
and we set
Y= {x e M|t*(x) =1}

For the purposes of this example, we will assume that an integrated local energy decay statement of the
following type holds:

%) d
/ (/ a(l+r)7173 (Z |ea¢|2)rd1 dr dvolgdl)dr < EMp(m),
T Z a=0

=7
where dvolge-1 is the standard volume form on the unit (d—1)-sphere and o > 0 is some positive
constant. Note that such an estimate can indeed be proven using the multiplier (1 — (1 + r)~*/2)d, and an
appropriately modified energy current in the asymptotic region. However, our purpose here is to sketch
the argument so we will skip this computation.
Setting L = 0; + 9,, and defining
yo=r7g,
we find that i satisfies

Loy Ay 4 Py - RO 2y g

Multiplying by —r? Ly and integrating by parts in the region r > R, 19 < t < 71 we find that

/ rP(Ly)%dr dvols:
EtTﬂ{rZR}

+1 f l ( / (pr!"1<w)2+(2—p)rp“|Wz/f|2+<2—p)wrp‘3lwlz> drdvolgd—l)df
2 i \Jsinpr=ry !

R+t

5/ rp(Lw)zdrdvolga_l—i-f </ rP((L¢)2+|Ww|2)dv01§d_l> dr
Sy N{r=R} t=R Sd-1

T1 _
+f (/ |FL|r"z'+P|L¢||Lw|drdv01§d1)dz. (11)
T0 po

The terms on the right-hand side which are evaluated at T = 1 are to be considered part of the initial
data, while the term evaluated on the surface r = R can be dealt with using the integrated local energy
decay estimate in a standard way. The new term which must be estimated arises from the presence of the
inhomogeneity FL.
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Since FL satisfies |FL| = O(r~'7%), we can estimate this term as follows: for r > R, and for any
8 > 0 we have
|FIr's | Lo || Ly | ,sarl’—l|Lw|2+§C<R>(1+r)—1+f’—2a|L¢|2rd—1.

If we now take p = %O{ and substitute back into (11), then we can estimate

3a 2
r2%(Lyr)“drdvolg:
2, N{r>R}
7
+f </ (ar 2 (L) 2+ (d—3a)r 2! |W|2+(d—1)<d—3)(4—3a)r3°‘—3|¢|2)drdvolgd_]) dr
T0 Y. N{r>R}

SEM[PI(r0)+ / r3%(Ly)? drdvolsa
ZeyN{r=R}

T
+/ (f <3r3“—1|Lw|2+C(R)%(1+r)—1—%“|g¢|2rd—1)drdvolgdl)df. (12)
70 T

If we fix § as some sufficiently small constant, then the first term in the second integral on the right-hand
side can be absorbed by the corresponding term on the left-hand side. Moreover, the second term in
the second integral on the right-hand side can be estimated in terms of the initial energy by using the
integrated local energy decay estimate, resulting in the bound

3 2
r2%(Lyr)“drdvolg:
2, N{r=R}

T
+f (/ (r 2 (L) +(4=3)r 397 W P4 (d— 1) (d—3) (4—3a)r 23|y ) drdvolgd—1> dr
7o ETQ{FZR}
< (e CRYEM (g1 () + f P (L) dr dvolgi1. (13)
ZrN{r=R}
Next, we return to (11), and this time we estimate the term involving the inhomogeneity FZ as follows:
-1

\Flr T PILe| | Ly | < (L + 1) PP Ly P+ C(RY(1 + 1) A (1 4 )~ 202 Lo 2

where 8 > 0 is some constant. Substituting this into (11) and setting p =1+ %(x we can obtain the bound

/ P39 Ly)2 dr dvole

X N{r=R}
o 3 2 3q 2 30-2 12

+ ((A4a)r 3 (L) > +2=3a)r 2 [V P4+(d—1)(d—3) (2—3a)r 2% 2|y ) dr dvolgs-1 | de
70 Ezﬂ{rZR}

< EM](ro)+ / P39 (Ly)? dr dvolss-
T, N{r=R}

T
+/ (/ ((147) P32 Ly PHC(R) (141) A (1) 1729 Lo 2r9 ) drdvolgdl) dr.
T0 po

The third term on the right-hand side can be estimated by making use of the integrated local energy
decay statement, while the second can be controlled using Gronwall’s inequality. Note, however, that this
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third term grows as (1 4+ 71)'*#. We are led to the inequality

/ P12 (Ly)2 dr dvoles
2 N{r=R}

+/ l<f ((14@)r 2 (L) *+Q2—3a)r 2 ¥ P+-(d— 1) (d—3) 2—3a)r 22y |?) dr du§41> dr
70 . N{r>R}

< (1+a—1C(R))(1+n)1+ﬂe<N>(zo)+/ P12 (Ly)2 dr dvolest. (14)
ZeyN{r=R}

Interpolating between (14) and (13), and making use of Holder’s inequality we can show

/ r(Llp)Z dr dvolg. +/tl (/ ((L¢)2+|Y7¢|2+(d—1)(d—3)r_2|¢|2) dr dVOlSd—l> dr
Z;,N{r=R} Z.N{r=R}

70

S+a ' CRYU+m)PUIED, [I91r). (15)

where we have defined the weighted energy

ENo10) == EV[g1(0) + / PP (L) dr dvoles,

Z:N{r>R}

where, as usual, = r@=D/2¢,

Now, if g ((ﬁ)@ /z)a)[d)](l’o) < o0 and if we define

o=1-(1+p8)(1-3c)

then, if o > 0 (e.g., if B > %a) then we can use (15) to find a dyadic sequence of times t; such that the

energy satisfies
s (N)

N -0
EN91m) £ W+ (1, [91(r0).
The energy boundedness assumption (A1) then allows us to drop the restriction to the dyadic sequence,
and we find that for all times T > 19 we have polynomial decay of the energy:
EM@IGIS T +D77E s ) [91(T0).
Note that we also have the important corollary: for T > 1,
N N
E( 1 @ SE( 3 [#1(00):
i.e., the weighted energy at future times is bounded by the weighted energy initially.

In the above sketch, we have shown that the additional, inhomogeneous term arising in the wave
equation satisfied by ¢ on the orbit space M/G does not prevent polynomial decay, assuming that an
appropriately weighted initial energy is bounded, and also that an integrated local energy decay estimate
holds. In the cases we will consider in this paper (as in the general cases studied in [Moschidis 2016a])
this integrated local energy decay estimate will only hold for bounded frequencies; nevertheless, by
combining this with an energy boundedness statement such as assumption (Al), this is sufficient to
conclude decay at a logarithmic rate. In other words, for this argument it is only important to establish
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polynomial decay for bounded frequency waves: the precise exponent (which depends on the maximum
value of p) is not important.

9. Adapted coordinates near an evanescent ergosurface

In this section we will construct coordinates near a point on the evanescent ergosurface. These local
coordinates will be used later in order to construct initial data for the wave. We will first do this in the case
of an asymptotically flat manifold admitting an evanescent ergosurface of the first kind (ES1), and then
show how to adapt this construction to an asymptotically Kaluza—Klein manifold and to an ergosurface of
the second kind (ES2). The coordinates we will construct are very similar to “null Fermi coordinates”
[Manasse and Misner 1963; Fermi 1922].

As above, let 3; be a space-like hypersurface and let p € SN X, be a point on the intersection of
the evanescent ergosurface with the hypersurface X;. Let Y be the orthogonal projection of T onto the
hypersurface ;. That is, if # is the unit, future-directed normal to X; then we define

Y :=T+4g(T,n)n.

Note that, at p, Y is nonvanishing, since T is null here and ¥, is space-like. We can define a normalised

version of Y':
~ 1

- Y.
Ve, Y)

We complete {7, ?} to a form a basis for the tangent space of M at the point p. We can choose these

other vectors to be mutually orthogonal, normalised, and also orthogonal to both Y and 7. In other words,
we have some set of vectors e, € 7,(M) such that

g(eq, ep) =845, g(ea, Y)=0, g(eq, T)=0.

Note that these vectors are orthogonal to both 7" and Y, and the normal to the hypersurface X, at the point
p is proportional to 7 — Y. Hence these vectors are tangent to the hypersurface ¥, at the point p.

Now, we consider an affinely parametrised geodesic By, ra)(s) originating at the point p and with initial
tangent vector y?—i—x”ea. That is, the geodesic By, xa)(s) satisfies

,B(y,x“)(o) =p,
9 v a
3 By, xay () 0= yY +x%e,.

We can use the coordinates (sy, sx“) to label the point reached along this geodesic By, x«)(s) after an
affine distance s. Note that, since {Y, e,} do not span the tangent space of M at the point p, we cannot
yet use these coordinates in a neighbourhood of p. However, we can define the set

Sp :={q € M| there exists s, y, x* € R such that g = B, xa)(s)}.

This set is locally a smooth hypersurface near the point p. In other words, for any sufficiently small
neighbourhood of p, the restriction of S, to this neighbourhood defines a smooth hypersurface in the
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Figure 3. A sketch showing our construction of coordinates adapted to the ergosurface.
Here, p is a point on the ergosurface and on the hypersurface ¥,. The geodesic y is
an integral curve of the Killing vector field 7 (which should be replaced by V in the
asymptotically Kaluza—Klein case). The vector n is the future-directed normal to 3,
and e is a unit space-like vector at p in the direction of the orthogonal projection of T
onto ¥,. The vector e, is another unit vector at p, tangent to X, and orthogonal to e;. The
purple curve B is a geodesic, with tangent at p which is in the span of {ey, e2}. The blue
surface S, is the surface consisting of the union of all such curves in a neighbourhood
of p. Note that the two hypersurfaces S, and ¥, are tangent at p but do not, in general,
agree away from p.

neighbourhood. Moreover, if this neighbourhood is sufficiently small, then the vector field 7 is transverse
to S,.

We recall that, since p € S, there is an affinely parametrised geodesic y through p with tangent 7. We
will now define coordinates in a neighbourhood of y. First, we define a function 7 by the conditions

fls,=0, T()=1.
Next, we extend the coordinates (y, x“) off the hypersurface S, by imposing the condition
T(y)=T(x") =0.

Note that the isometry generated by T preserves distances, so by this process we are able to obtain coor-
dinates for a local neighbourhood of the entire geodesic y. See Figure 3 for a sketch of this construction.
We note that, in these coordinates, we have

T =o;.
In addition, at the point p we have
9y =Y, dy=eq4
Hence, if we define
A:=g(T,Y)
then at the point p the metric and its inverse are given by

glp, =2Adi dy +dy? + 8, dx® dx?,

16
g, =—A"202 +247"5;9, + 60,0 (1o
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Now, by construction, the curve with coordinates (z, y, x%) = (0, syo, sxg) for arbitrary constants y
and x is a geodesic with affine parameter s. Since T is a Killing vector field, the curve with coordinates
(to, syo, sxj) for constants #g, syo, sx; is also a geodesic. Hence, from the geodesic equation we obtain

r T 7
Fyy|)/ = Fyal)/ = 1_‘ab|)/ = 07
. ab —_1 —
F§y|y - F;aly - 1—‘ab|)/ - 0’
F;yh/ = ngh/ = FZCIJ, =0.
Similarly, since the curve with coordinates (s, 0, 0) is an affinely parametrised geodesic we find

Fiily = Tgly = Tily = 0.
If it were the case that all the Christoffel symbols of g vanish along y, then we would be working in
“null Fermi coordinates™ adapted to the geodesic ¥ [Manasse and Misner 1963]. However, this is not the
case for the coordinates defined above: specifically, we cannot guarantee that all Christoffel symbols with

mixed spatial and time indices vanish along y. However note that at the point p we have
Vﬂ&mﬁzwfb:F;VT+F;MY+F;5%,
where we note that, although the vectors Y and e, are only defined at the point p, the vector field T is
defined globally.
Taking an inner product with 7 at the point p and using the expression for the metric (16) we find
g(VyT, T)lp = AT,
However, the left-hand side is given by
g(Vy T, T) = 38,(3(T. T))

and g(T, T) vanishes at least quadratically on the evanescent ergosurface (and so, in particular, at p). We
conclude that

y —
iy =0.

We can also compute
g(vTay’ 8y)|p = AF;;lp + F;ﬂp-

The second term on the right-hand side vanishes, as we have already seen. On the other hand, the left-hand
side is given by
g(Vrdy, d,) = 3Tg(dy, 9,) = g((T, 9,1, 9,) =0,

where we have used the fact that £rg = 0 since T is a Killing vector field, as well as the fact that
[T, dy] =[07, dy] = 0. Hence we find that
F;,, |, =0.
Similarly, by using the vector fields 9, in place of 9, we can also find that
Y o —
Filp=0, TG, =0,

where in the second line there is no summation over the index a.
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To summarise the above calculations, we find that, with our choice of coordinates, the only Christoffel
symbols which can be nonzero at p (and hence along y) are
r
I, F?y, F,‘jy,
where a # b.
We now define

%= 32+ ) ()’

and we also give labels to certain metric components: we define
g(T,T)=gj=a,

g(T» 0q) = 8fa = by,
and we note that
la| = O(F]%),

bl = O(Ix]),

bl:= /D _(ba)”.

a
Finally, we note that, since T is time-like away from the evanescent ergosurface, we have

where we have defined

a<0.
Putting together the calculations above, we conclude that the metric near the point p is given by
g =2Adidy +dy? + 8, dx® dx? 4+ a di* + b, df dx“ + O(|X]) d7 dy + O(|Z|?) dy?
+ O(IF]*) dy dx* + O(|%[*) dx* dx”.
Consequently, the inverse metric is given by
g ' =ATP02 + 247 10;9y + 870,09, + O(IX])07 + O(IX])0;0y + O(IX1)0;94 + O(IX])0y
+ (A721b* — A7%a + O(1%))3; + O(I%]%)9a 0.
Finally, again making use of the expressions for the Christoffel symbols at the point p, we find that the
wave operator can be expressed as
Ogu = —A"20%2u +2A7 " 0;0,u + 8" 0,0pu + A7>(1b]> — )93u + O(|%||9ul]) + O(|%| 0T ul)
+O(I%[90ul) + O(F P |8%ul),  (17)

where we have defined

(0l = /107> + [y + Y 8.
a

13u = \/|8;u|2—|—z 10,ul?.
a

We now explain how to adapt this construction to the asymptotically Kaluza—Klein case, with an
evanescent ergosurface of the second kind (ES2). In this case, we once again take a point p € SN X;. We
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now define a linear subspace of the tangent space of p
Gy, CTpy(M) :={X € T,(M) | X = L, for some A € g}.

Note that, since the group G does not necessarily act freely, this subspace is not necessarily isomorphic
to g. Indeed, if p is a fixed point of G, then G, is trivial.
Note that V is orthogonal to G, in the sense that

gV, X)=0 forall X € G,

which follows from the definition of an evanescent ergosurface of the second kind. Consequently, the

vectors X must either be space-like or proportional to V. However, if a vector X € G, were proportional

to V then, since V generates an action of R on M by isometries, G would have a subgroup isomorphic

to R. But this is impossible, since G is a compact Lie group. Hence the vectors X must all be space-like.
Analogously to the previous case, we now define

Y:=V+gn, V)n
as the orthogonal projection of V onto the hypersurface X, at the point p. Note that Y is nonvanishing,
since V is null at p and ¥, is space-like. Again, we can define the normalised version of Y as
s 1 v
Ve, Y)

Note that Y ¢ G, (and hence Y ¢ G,) because Y is not orthogonal to V. Again, this follows from the fact
that V is null at p and %, is space-like.

We now take an orthonormal basis for G,, which we shall label as e4. Note that this is possible
since G, is space-like. We now complete the set {V, ?, e} to form a basis for 7,(M) by adding some
vectors e,, which are chosen to satisfy

g(ea, ep) =8ap,  glea, V) =0, gleas, Y) =0, gleq,es)=0.

We note here that we do not necessarily have g(e4, f’\) |, =0.

Now we repeat the previous construction to define coordinates. We first consider an affinely parametrised
geodesic B, v« ;) (s) originating at the point p and with initial tangent vector yY + x“e, + z4e,. So, the
geodesic B, a -4)(s) satisfies

lB(y,x“,ZA)(O) =D,
ad 12 A
&ﬂ(y,x“,z/ﬂ(s) 0T yY +x%, +z%€4.

We can use the coordinates (sy, sx¢, sz*) to label the point reached along this geodesic By, xa,z4)(5)
after an affine distance s. We define the set

Sy = {q € M | there exists s, y, x“, 7" € R such that q = By,xa,4) ()}
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As before, this set is locally a smooth hypersurface near the point p. We now extend these coordinates
off this hypersurface by defining

ils,=0, V=1, V) =Va)=ViEH=0.

This gives us local coordinates near the geodesic y through p with tangent V.
Note that, although the vector fields d4 are tangent to the generators of the group action G at p, they
do not necessarily remain so. Note also that, in these coordinates, we have

V=0
In analogy to the previous case we define
A=g(V, 7).
We also define
By :=g(Y,enlp.

Now, the metric at the point p can be expressed as
glp =2Adfdy +2B4 df dz* 4+ dy* + 8,5 dx dx? + 845 dz? dz®
and the inverse metric is
gy =—AT2(1—|BI»)3? +2A7"9;9y — 247 BA0;04 + 8P 3,05 + 89,0y,

where we lower and raise the indices A, B, ... using the Euclidean metric 45 and its inverse, and we
have defined |B|> = B4 B,. Note that, since Y and e 4 are space-like, unit vectors, we have |B|? < 1.
Moreover, we cannot have | B|? = 1 because this would imply that ¥ € G, which, as we have seen above,
is impossible. Hence |B|*> < 1, and so the coefficient of 8? in the inverse metric is strictly negative.
As before, using the fact that the curve with coordinates
@, y, x%, 2% = (fo, sy0, 5%, 52)

is a geodesic with affine parameter s, we have that many of the Christoffel symbols vanish. Specifically,

F§y|y = F§a|V = F§A|y = szhf = F2A|y = Ff~43|y =0,
F;yh/ = F§a|y = F§A|V = FZb|V = F5A|y = Fi;Bh/ =0,
Lol =Ty =Tlaly =Thly = Thaly = Tagly =0,
Pily =Tialy = Tysly =Tayly =Tagly =Tscly =0.
In addition, the curve with coordinates (s, 0, 0, 0) is an affinely parametrised geodesic with affine
parameter s. Hence

r Yy _pa _pA _
Fff_rff_rff_rff_o'
Finally, we note that we have the expression

Vi, 0 = D107+ T70y + D0, + T .
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Noting that, at the point p we have 3, =V, 9, = f/\, d, = e, and 04 = e4, we can evaluate the expression
above at the point p and then take the inner product with V. We find

1 )
g(Vy,V,V)=30,g(V,V) = Arif.

Now, since A # 0 and g(V, V) vanishes to (at least) second order on the evanescent ergosurface, we also

conclude that
v o_
Fy1~| »=0.

Similarly, by considering g(V,V, V) and g(V4V, V) we conclude that

y — 1Y —
el =T:p=0.

Fl= 07+ 30+
a A
a:=g(V,V)=gi=0(F),
ba =gV, d,) = gia = O(IZ)),
ca =gV, 04) =gia = O(lx]),

where, since V is globally causal, we have a < 0.

Defining now

We find that the metric near the point p can be expressed as
g =2Adidy +2B,di dz? +dy? + 8,5 dx® dx? 4+ 845 dzA dz® + a di?> + b, dF dx® + ¢ d7 dz?
+O(x) di dy + 05> dy? + 05 ?) dy dx* + O(|%]>) dy dz* + O(|5 %) dx® dx?
+ O(I%)?) dx® dz? + O(|%)?) dz* dz?,
and the inverse metric can be expressed as
g ' =—A2(1— B3} +2A7'9;0, —2A7 ' BA3;9, + 6P 0405 + 60,0
+ AT (b + e —a)3; + O(Z)7 + O(1%]);0, + O(1%) ;8 + O(X)0;04 + O(1X1°)0;
+ O(1F1)3y s + O(1F)3yd4 + O(IZ[*)3adp + O(F])3ad4 + O(15])34 0. (18)
Finally, we note that the wave equation can be expressed as
et =—A"2(1 — |BI)32u +2A7"8;9yu — 247 BA9;:90u + 648 9405u + 673, 05u
+ AT (b + [cl” — @) dyu + O(1X[0Vu]) + O(Z*|[00u]) + O(|%||9u]) + O(Z*|9%ul).  (19)

10. Instability in the general case, without additional symmetry assumptions

The purpose of this section is to establish the existence of some kind of linear “instability” in the general
case of a spacetime with an evanescent ergosurface. As above, we shall only consider spacetimes which
are asymptotically flat or asymptotically Kaluza—Klein, and which do not have event horizons.

As explained in the Introduction, we allow for two different types of instability, which we refer to as
case (A) and case (B). So far, we have only given a “rough” version of the statement referring to these
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instabilities. Here, we state the primary theorem of this paper, and in doing so we make precise the two
kinds of instabilities which may be present.

Theorem 10.1 (evanescent ergosurface instability, general case). Let (M, g) be a smooth, Lorentzian
manifold which is stationary and either asymptotically flat in the sense of Section 3A, or asymptotically
Kaluza—Klein in the sense of Section 3B. Suppose that the manifold possesses an evanescent ergosurface
in the sense of (ES1) (in the asymptotically flat case) or (ES2) (in the asymptotically Kaluza—Klein case).
Finally, suppose that the manifold possesses a discrete symmetry T as in Section 5.

Then at least one of the following applies:

(A) For any C > 0, and any open set Uy C X such that (S N Xg) C Uy, there exists a solution ¢ to
the wave equation U,¢ = 0 arising from smooth, compactly supported (and G-invariant, in the
Kaluza—Klein case) data, and a time t such that

&0 lpel@) _

EMpcl(0) ~
where we recall that SZE,N) [¢c](t) measures the nondegenerate energy of the wave ¢¢ in the set Uy,
which is the time translate of the set Uy onto the surface X.

(B) For any open set Uy C X with (S N Xg) C Uy, there exists some constant C > 0 and a solution ¢ to
the wave equation Ug¢ = 0, arising from smooth, compactly supported data, such that for all times

T > 0, we have
& lpcl@) _

EMgc1(0) ~
Furthermore we have the following pointwise blowup behaviour: there exists a constant ¢ > 0 such
that, given any set U, C X with S NU, # & and Volume(U,) = €, there exists a solution ¢ to the
wave equation Ug,¢ = 0 and a time t such that

a

c
1Y @l Lo z) = .

In this general setting we cannot establish many details of the instability. Note that the two possible
behaviours are not mutually exclusive. Note also that, since we will argue by contradiction, we will not
obtain any details of the initial data which gives rise to these instabilities, other than smoothness and
compact support: in particular, our proof is not constructive. Finally, we remark that although we have
several examples of manifolds giving rise to the behaviour of case (A) (for example, supersymmetric
microstate geometries), we do not have an example of a manifold giving rise to the behaviour of case (B).

This is in marked contrast to the situation in which an additional symmetry is present, discussed in
Section 11 below. In that case, we can rule out case (B), and explicitly construct data giving rise to the
behaviour in case (A). Moreover, we can also establish some bounds on the time at which the local energy
becomes large, and the required support of the initial data. Finally, when this additional symmetry is
present we can also construct (possibly nonsmooth, and noncompactly supported) initial data such that
the local energy of the resulting solution is actually unbounded in time.

The structure of the proof of Theorem 10.1 is a little convoluted, so for clarity we outline it below:
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(1) We begin by assuming that case (A) does not hold, that is, we assume that the local energy is bounded
by some multiple of its initial value. This will be referred to as a nondegenerate energy boundedness
statement.

(2) There are now two possibilities: either the local energy of all suitable waves decays over time, or it
does not.

(a) If the local energy does not decay, then we are led to an Aretakis-type instability and case (B).

(b) On the other hand, if the local energy does decay, then we can construct initial data for a wave
whose local energy is amplified by an arbitrarily large factor, i.e., case (A). This contradicts the
boundedness assumption made in step (1) above. See Figure 1 for an overview of the construction
of the instability in this case.

(3) From the above argument we see that if (A) does not hold, then we must have (B).

(4) Hence we must have at least one of (A) or (B).

10A. The nondegenerate energy boundedness assumption. In order to make progress we will need to
assume a suitable nondegenerate energy boundedness inequality holds, which is essentially'® the negation
of the statement of case (A). Note, however, that this is not an assumption which limits the scope of
the theorem: if this assumption does not hold, then we can show that we have an instability of type (A).
On the other hand, after making this assumption, we will be able to show that a consequence of this
assumption is an Aretakis-type instability in the general case. Note that, in Section 11 we will show that
the nondegenerate energy boundedness inequality assumption leads directly to a contradiction in the case
where an additional symmetry is present.
To make the statement precise, we make the following assumption:

Assumption (A1). There exists some constant CN) > 0 such that, for all (G-invariant) solutions ¢ to
the linear wave equation U,¢p =0 and all t € R,

EMp1(r) < CMEM[9](0).

Note that, if N were a Killing field, then it would be easy to verify (A1) using the energy estimate (4)
associated with N. Likewise, if there were to exist a uniformly time-like Killing vector field, then it would
be easy to verify assumption (A1), even if N is not chosen to be this Killing vector field.!” However,
the geometries we are studying only possess a globally causal (and not globally time-like!) Killing field.
Thus we cannot straightforwardly verify assumption (A1), and indeed, in some cases it can lead to a
contradiction. For now, we shall proceed, making the assumption (A1).

16Technically, the negation of the statement of case (A) only entails that there exists some open set Uy, which includes the
ergosurface, such that a nondegenerate energy boundedness statement holds in that region. However, away from the ergoregion,
the conservation of the 7 energy already gives the required bound.

7Tn this case, the energy associated with N will not generally be conserved; however, it will still remain bounded: the energy
associated with N and the energy associated with the time-like Killing vector field provide equivalent norms.



1868 JOE KEIR

10B. Local energy decay away from the evanescent ergosurface. The results of [Moschidis 2018] imply
the decay of the local energy of waves away from the evanescent ergosurface, assuming a boundedness
statement of the form (A1) holds. To be precise, the following proposition is a very slight adaptation
of Proposition 4.1 of [Moschidis 2018], making use of the comments above regarding asymptotically
Kaluza—Klein manifolds.

We first need to define (in analogy to the “extended ergoregions” of [Moschidis 2018]) the extended

ergosurface:

Definition 10.2 (the extended ergosurface). Suppose that (M \ S) consists of a number of connected
components, which we can separate into two types: those that include an asymptotic region, and those
that do not. For simplicity, suppose that there is only one component which includes an asymptotic region.
We label this region M guer). Then we define the extended ergosurface

S(ext) =M\ M(outer)-

Proposition 10.3. Let M be an asymptotically flat or asymptotically Kaluza—Klein manifold with an
evanescent ergosurface in the sense of (ES1), or an asymptotically Kaluza—Klein manifold with an
evanescent ergosurface in the sense of (ES2). Let ¢ be a smooth (G-invariant) solution to U,¢ = 0 arising
from compactly supported initial data. Suppose in addition that the initial energy of ¢ and its first three T

derivatives is finite; that is,

3
> EMTI$1(0) < oo,
j=0
Finally, suppose that the boundedness statement (A1) holds.
Then, for any § > 0 let Uy C X be any compact set such that the distance'® Sfrom Uy to S(exty N X is at
least 5. Then, for any € > 0O there is a time T > 0 such that

ENNTP1(r) + £ T?p1(x) < e. (20)

Note that this proposition actually follows from an application of the mean value theorem to the
proposition given in [Moschidis 2018], which establishes a very similar inequality for an integrated
energy quantity. However, we have chosen to present the proposition in the form which will be most
useful for our purposes.

Note also that the distance to the extended evanescent ergosurface, §, can be chosen to be as small as
we like, although the time t taken to decay will depend on é. Hence, this proposition establishes decay of
the local energy everywhere away from the ergosurface. This will play an important role in our argument
for instability. Indeed, if this decay can be extended to cover the ergoregion as well, then we will find a
contradiction with the boundedness assumption (A1). On the other hand, if this decay cannot be extended
to the ergosurface, then we are faced with a situation in which the energy decays everywhere except for
on the ergosurface. In this case, an instability of a very similar kind to that encountered in extremal black
holes is present.

18The distance can be measured using the induced Riemannian metric on .
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10C. Local energy decay “inside” the evanescent ergosurface. In situations where the evanescent er-
gosurface divides the manifold M into an “inside” and an “outside”, we also need to establish energy
decay “inside” the ergosurface. In other words, we need to establish decay in the set Sexyy \ S, if this is
nonempty.

Here, we can use Lemma 4.2 of [Moschidis 2018], which we quo‘[e19 here for convenience:

Lemma 10.4 [Moschidis 2018, Lemma 4.2]. Let ¢ be a smooth solution to Ll,¢p = O arising from

compactly supported initial data, such that
3

> eMTI9](0) < o0.
j=0
Define the function ¥, : M — R as

To@+7t,x), t>-—1,
w‘t (t7 )C) =
0, t<rT.
Then, there exists an increasing sequence {T,}nen Of nonnegative integers and a function ¥, with

U, TV € Hlf)c(./\/l) such that Dglﬁ =0 and

CEVE@) +EMTT dr <0 forany T, > 0, @1
and also o

V=0 on M\ Sex- (22)

Moreover, (T ¢, T2¢,n) — (1/7, T1/~/) weakly in H(lloc) (M) x H(IIOC) (M), strongly in H(lloc) (M Sext) X
H(IIOC) (M \ Sext) and strongly in L%IOC) (M) x L%loc) (M) in the following sense:

e For any compactly supported test functions {{;} j—o,1 € L2 (M) and compactly supported vector fields
{Xj}j=0.1 on M such that |X g, € L*(M)

1
lim ) f (8ot (V(T e, = T/, X)) + (T4, — T74) ;) dvol = 0.
n—oo 0 M

e For any compact subset K C M and any § > 0

1 1
. I T NAY)
pon (2 i |

where g er) is an arbitrarily chosen smooth, T -invariant Riemannian metric on M.

V(T r,) = V(TIP3 dvol) =0,
\(Seex) 8)

Now, by our assumption on the spacetime, since ¥ solves the wave equation and vanishes outside the
ergoregion, we actually have ¥ = 0 everywhere on M (see Remark 4.1)
If we apply this lemma also to the field T ¢ (i.e., we take one more 7" derivative), then we can obtain,
in particular, that there is a sequence of times t, such that
2

T, +1
lim / (/ |Tjwn|2dvol> dr =0.
n—00 Z Tn S(exl)mzr ’

j=0

Owith a very slight modification to account for the lack of a horizon.
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Now, in Siexp) \ S, we know T is a time-like vector field. Therefore, by using elliptic estimates and the
mean value theorem, we have that, for any § > 0, there is a time 7, with 7, <7, < 1, + 1 such that

D &[0 V51 = 0. 23

ljl=2
10D. Local energy decay on the evanescent ergosurface and energy amplification. The purpose of this
section is to show that, if the local energy decay of Section 10B can be extended to cover the evanescent
ergosurface, then this leads to a contradiction with the boundedness assumption (A1). This lies at the
heart of our argument for instability. Put another way, we show that under assumption (A1) we cannot
extend the local energy decay to cover the evanescent ergosurface. This is the form taken by the following
proposition.

Proposition 10.5. Let M be an asymptotically flat or an asymptotically Kaluza—Klein manifold with
an evanescent ergosurface in the sense of (ES1), or an asymptotically Kaluza—Klein manifold with an
evanescent ergosurface in the sense of (ES2). Suppose also that the manifold admits a discrete isometry
as in Section 5. Additionally, suppose that the boundedness statement (A1) holds.
Let Uy C X be any compact set such that (SN Xg) CUy. Then there exists some positive constant C and
a solution to the wave equation Uy = 0 such that, for all times t > 0 the local energy of its T derivatives
in the set U is at least Co’; ie.,
& Tol0) + 5 1T?¢1(t) = C. (24)

Moreover, the solution ¢ can be chosen to be smooth and to arise from compactly supported initial

data satisfying 5

> EMITIu)(0) < oo.
Jj=0
We can see that the conclusion of Proposition 10.5 runs counter to the conclusion of Proposition 10.3.
We are showing that, if the set U is allowed to contain the ergosurface S, then assumption (A1) leads to
the exact opposite behaviour to the case where the set U, is disjoint from the ergosurface. We shall see
further consequences of this conclusion in the next subsection.
Proof. The proof of Proposition 10.5 will proceed by contradiction. That is, we shall suppose that, for all
solutions of the wave equation arising from suitable initial data, the local energy in the set Uy eventually
becomes arbitrarily small. We shall then derive a contradiction with assumption (Al).
To be precise, suppose the following: for all smooth solutions ¢ to [l,¢ = 0 such that ¢ arises from
compactly supported initial data satisfying

3
Y EMITI10) < oo,
j=0
for all sets U, as defined in Proposition 10.5 and for all € > 0 there is some time t such that
VT P1(0) + &V 1T ¢1(x) <.
Suppose in addition that assumption (A1) holds.
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Using the discrete isometry .7 we can see that the same results would hold in the time-reversed manifold,
which is the manifold with the other choice of time orientation. To see this, we note the following: we can
combine the discrete isometry .7 with the one-parameter family of isometries associated to the Killing
vector field T (or V'), which we label F;, to form the isometry

Fii=F,o0JoF_,.

Since .7 fixes the hypersurface X, we find that .7; is a discrete isometry fixing the hypersurface X,. In par-
ticular, .7; descends to a discrete isometry of X; together with its induced metric, which we denote by .7,.

Now, suppose that ¢ is a solution to the wave equation, inducing the following data on the hypersur-
face X;:

dls, = b0, Tols, = 1.

Then (ﬂt—l)*(qb) will be a solution to the wave equation on the time-reversed manifold, that is, on the
manifold (Z,~1(M), (Z)*(g)) = (M, g). Moreover, this solution will induce data on the hypersurface
3, given by
(7D P, = (T ) ¢,
T @)z =—(T; )1
Since ¢g and ¢; are smooth and compactly supported, this initial data is also smooth and compactly

supported. Moreover, (ﬂ,_l)*(d)) solves Dg(ﬂt_l)*(d)) = 0. Hence this solution will disperse in the
future: for any € and for any compact set U4 there is some time t > 0 such that

&V IT (T @@ +EIT (T @91 <e.
If we now apply the discrete isometry .7 to this solution, we find?° that
gV To1 — )+ VT 91t — 1) <e.

Note that we have made use of the fact that the dispersion result holds for all initial data. It is also
important that the discrete isometry fixes a Cauchy hypersurface, since this allows us to pick “time-reversed”
initial data.

We now make the following claim:

Claim 10.6. In the asymptotically flat case, for all 6 > 0 and for any T there exists data (on X)) for the
wave equation such that

3
EMTul() = 67", EPTul(m) =1, Y EMTIul(r) < oo. (25)
Jj=0
Likewise, in the asymptotically Kaluza—Klein case, for all § > 0 and for any 1\ there exists G-invariant
data such that

3
EMNTul(rg) =87, EVNTul(r) =1, Z EMITIu](1y) < o0. (26)
j=0

20Note that the energy, on a surface which is fixed by the discrete isometry, is invariant under this isometry.
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We postpone the proof of this claim, and first show that, combined with the assumptions above, this
leads to a contradiction. To exhibit this contradiction, we begin with initial data as in Claim 10.6 at some
time 7g, and evolve it backwards in time (equivalently, we evolve it forward in time on the time-reversed
manifold). We then find that, using the dispersion property derived above, this data will then disperse
in the following sense: given any set Uy, given any € > 0 we can find some time 7; such that

SZE,N)[TQS](ro —T1) <E€.

In particular, we can pick € = 1 and also use the isometry generated by the Killing vector T to translate the
solution in time, so that tp = 71. Additionally, we can pick the set U to include the evanescent ergosurface S.
Moreover, we can apply the boundedness assumption (A1) to the waves ¢, T ¢, T?¢ and T3¢ (using the
fact that, since T is a Killing vector field, T/¢ also solves the wave equation). Finally, we can use the
fact that the T-energy is conserved to deduce that the T-energy at the initial time is £7[T¢](0) = 1.
We arrive at initial data on # = 0 such that, in the case of the first kind of evanescent ergosurface (ES1),
3
&Te10) <1, DO =1, Y EM[TI$)0) < oo.
j=0

Furthermore, this data is such that, at the time 7(, we have

EMT¢)(zo) = 67"

Similarly, given a manifold with the second kind of evanescent ergosurface (ES2) we arrive at G-
invariant initial data at = O such that

3
£71T¢10) <1, VO =1, > £M[T/$](0) < oo.
j=0
Now we only need to show that the global N-energy is of order 1 initially, and not just the local
N-energy, as stated above. Since N is uniformly time-like, we have

EMTPND) ~ 10T 225, -

Combining this estimate with the estimates in Section 6 and the definition of the evanescent ergosurface
of the first kind (ES1) we see that

EnnudTOND) ~ 19T DT 2510y ~ Enrd TAID).

In other words, outside of the set 4, the T-energy £ is comparable to the N-energy £, Similarly,
we saw in Proposition 7.1 that, for G-invariant waves, the V-energy £") is comparable to the N-energy
outside of the set I/;. However, in the asymptotically flat case, the global T-energy is bounded by 1 (at
all times, since this energy is conserved). Similarly, in the asymptotically Kaluza—Klein case, the global
V-energy is bounded by 1 at all times.

Hence, we find that, for the data defined above, in the asymptotically flat case the data is such that

3
EMTPI0) S 1, EDTPI0) =1, > EM[T/$](0) < oo.
j=0
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Note, importantly, that the bound on the initial N-energy is independent of §. Similarly, in the asymp-
totically Kaluza—Klein case we find initial data such that

3
EMTPl0) ST, EVITPIO) =1, Y EM[TI9](0) < o0,
j=0

while, in both cases, at time T we have
EMTPI(r) >=67".

Since we can pick § arbitrarily small, and since T ¢ obeys the wave equation, we arrive at a contradiction
with assumption (A1l). In fact, we have shown that the claim that the local energy decay statement of
Proposition 10.3 can be extended to cover also the evanescent ergosurface leads to a contradiction with
assumption (Al).

Subject to proving Claim 10.6, we have finished the proof. (|

10E. Constructing the initial data. To finish the proof of Proposition 10.5, we need only to construct
initial data to prove Claim 10.6. This turns out to be fairly difficult, and the construction will be the
subject of this subsection. We shall need to make detailed use of the adapted coordinate system we
considered in Section 9.

In the case of an asymptotically flat manifold with an evanescent ergosurface of the first kind (ES1),
suppose the support of the wave (T ¢)|x, is contained in a region U/,;, which is sufficiently small that the
coordinates in Section 9 are defined in this region. Then the N-energy of the wave T'¢ is given by

EMTl(x) ~ f ((TT«W +3,T¢)” + Z(axaw)z) dydx'--- dxP7, 27)
z, p
whereas the conserved T -energy of the wave is
EDTPI(r) ~ f <(TT¢)2 + ) (@0uTd)* +0(E*) (@ Td>)) dyde! - dxP7t, (28)
. P

Recall that in these coordinates we have T = 9;. Note, however, that the hypersurface X, is not
necessarily locally a surface of constant 7, and so we must bear in mind that, on %, the coordinate 7
should be considered a function of the other coordinates (y, x%).

If we could freely prescribe both T¢ and TT ¢ on X, then it would be very easy to prescribe initial data
satisfying Claim 10.6. However, we can only prescribe ¢ and T'¢ on X,. Higher-order spatial derivatives
of these quantities can then be obtained by taking the spatial derivatives of this data; however, the quantity
TT ¢ is constrained by the wave equation to take on values which depend on the other derivatives.

Specifically, we have that, if ¢ solves the wave equation [1g¢ = 0 then in the adapted coordinates the
expression (17) gives

TT¢ =2A0,T¢+ A*8"0,0p¢ + (Ib|* — a)d;¢ + O(|%]10¢]) + O(I%| 10T $|)
+O(IF*[190¢]) + O(Z°19°p]).  (29)
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Let x be a smooth cut-off function such that

x(x)=0 forx>1,

v

A

1
x(x)=1 forx <3.

As mentioned above, we are free to prescribe both u|x, and T'¢|x,. As a preliminary step, we first
make the following choices for the same quantities associated to a function ug:

5= _3
ugls, = Re(e® YF1(x))x (8, *1y]),
Lo _3
Tools, = Re(—iwe'™ Y F(x))x (8, *|y]),

where &y and w are constants (to be fixed below), and F;(x) is a function (to be defined below) which
depends only on the coordinates x (and not on y or 7).
Recall that we have

0 < (b —a) = O(Z[).
Evaluating this at y = 0, in terms of the coordinates x* we can write
(16 = @) y=0 = Mapx“x” + O(|x[)

for some symmetric matrix M. Since M is symmetric, we can diagonalise it by making some orthogonal
transformation on the coordinates x; that is, we can define new variables

X' = Rb“xb,

where R is an orthogonal matrix, and where the matrix M is diagonal in this basis. Note that the
coordinate derivatives d,« are still orthonormal at p and satisfy the same conditions as the original
coordinate derivatives, and so the form of the metric (and hence the wave equation) is unchanged by this
change of variables. From now on, we will assume that this change of basis has been made, and drop the
prime on the coordinates x¢.

Since M is a positive matrix, its eigenvalues are nonnegative. Associated to each eigenvalue is a
coordinate x“. We now split the coordinates x“ into two sets: those associated with a nonzero eigenvalue
for M, and those associated with a zero eigenvalue of M. That is, we define

Xi={ae(l,2,...})| M,’x* =0},
Xy={ae{l,2,...})| M,’x% #0).
Note that either one of these sets might be empty. We also define the notation

b=y Y % =)@ Ixhi= ) @M

aeXUX>, aeX, aeXr
We now define

Fi(x) == x(8,  x|1) Fa(x),

where F; is a function only of the coordinates x? for a € X».
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We now construct the function F,(x) by requiring it to satisfy

—AF, + A28, (Mapx®x")F, =247 w8y ' Fo,
1
Fy(x)=0 when [x|,=82"" (30)
where A is the Laplacian-type operator ) _ X 92 and §; is some small constant that we fix below.
We wish to view (30) as an elliptic eigenvalue problem for the function F, and its associated eigen-

value w. We first rescale the coordinates by a factor of §,, 12,

1

-a .__ 2..a
X4 =4, x

fora € X,.

Then, using an overbar to refer to quantities defined by replacing the coordinate x¢ with x¢ throughout,
we arrive at the eigenvalue problem

—AF+ A2 (M350 Py =247 0By,
Fy(X)=0 when |¥|,=8;"", (31)

where we consider w as the eigenvalue and M,,x*x” as the potential for this eigenvalue problem.

By considering the variational formulation of this problem, we can place a lower bound on the number
of eigenvalues w below some threshold wmax. Specifically, let N (wmax; 80) be the number of positive
eigenvalues w for the problem (31) satisfying w < wmax. Let Ny (U; §p) be the number of positive
eigenvalues w, satisfying the same bound, where w is an eigenvalue for the related problem

—AF>+ A2 sup(M 55" Fr = 2A ' P>,
xeu
F>(%)|ou =0,

where U C {|x]; < 80_8‘}. Then we have
N (@max; 80) = N4 (U; 8)-

In particular, we can take the I/ to be the cubic region with unit volume
U:={|x <1 fora e X5}

Note that this set is indeed a subset of {|x]2 < 4§, 5]} for all sufficiently small §;.
Then we can explicitly calculate the positive eigenvalues for (31): they are given by
Lf, -1 2 s 2
Wy = E(A Amax + AT an), n; €N,
i=1
where Ap,x iS the largest eigenvalue of the matrix M, and where at least one of the »; is nonzero.
In particular, this proves the following proposition:

Proposition 10.7. For all sufficiently small 5y, there exists a function F> and an eigenvalue o solving
the problem (31). Moreover, there exists some wmax > 0, which is independent of &g, such that for all
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sufficiently small o we can find an eigenvalue w satisfying
@ = Wmax- (32)

We can also establish some basic properties of the eigenfunction F,. By linearity, we can rescale F;
and so we can assume that

2 a __
s, (F2) ]_[ dx¢=1.

|x|2<80 aeX,

Now, multiplying the eigenvalue equation (31) by F, and integrating by parts (using the boundary
conditions satisfied by F,) we find that

/ y (Z (3 F2)* +A‘2(Mabi“£b)(F2)2) [T &x*=24""0.
[Fla<d, ™ aeXy acX,
In particular, transforming back to the nonrescaled coordinates, we have
/ 1) (Z (3aF2)2) 1_[ dx? < 8,247 w.
‘x|2<502 aeXy aeX>
Recall that we are choosing w to be bounded independently of 3g. Hence, the L, norm of the derivatives

of F, scales as 80_1.

10E1. Agmon estimates. We can obtain more detailed information regarding the behaviour of the eigen-
function through the use of “Agmon estimates”; see, for example, [Holzegel and Smulevici 2014]. These
quantify the size of the solution in the so-called “forbidden region”. Specifically, we can define a kind of
forbidden region:

Utorbidden (81) := (X | 1X]2 < 8, A72Mpx°%° — 247w > &)

for some positive constant 8.
We also define the “classical region”:

Uctassical := % | [X]2 < Co, A72Mp5°%% =247 w < 0).

We define the “Agmon distance” between points x and y with coordinates x = (x%), a € X5, and
y = (%), a € X». This distance is defined as

1 d 2 .
dy(%,y) = inf / (Z (—”(Jz“)) sup(A "2 My i’x¢ — 247w, 0)) ds.
y:0, 11— (%), aeX2 Jo o ds

y smooth
y(O)=x, y(1)=y

In other words, d, is the distance function defined with respect to the metric
(8(Agmon)ab = SUP(A™> Mpc "% — 247w, 0)8ap.

If we define, for some function u(x¢ | a € X»),

Vul =/ > (@)

a
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then we find that the distance function with some fixed point xg satisfies

IVd, (%, %o)| < Vsup(A 2 My’ — 24 o, 0).
We can also define the distance to the classical region:

di™e(x) = inf  dy(X, y).
[Fl2=<8, !
yeuclassical

Now, we can prove the following proposition, which is a kind of exponentially weighted energy
estimate, and which follows from integrating by parts.

Proposition 10.8 (an exponentially weighted energy estimate). Let ¢, W and D be smooth, real-valued
functions on {|x|, < Co} such that ¢ (x) = 0 when |x|, = 80_5'. Then

/ L (IVEPHP+ W = 1VDPeP1ol) T di“:/ (=Ap+Wuyue” T di. (33)
[X]2<8, "

—°1
<
aeX, |x|2*30 aeXy

Now, we apply this proposition with the choices
¢=F2, W:A*Z(Mabxaxb)_zA*Iw’ D=(1—52)d§}a53ic.

This leads to the estimate

- Jassi _
f |V(e(1—52)d:)asscF2)|2 l_[ dx(l
Uforbidden

aeX,

+f (A_Z(Mbcib.fc) _ 2A_1a) _ (1 _ 82)2|§d6(;1a88ic|2)€2(1—52)d§)1855ic|F2|2 l—[ d)?a
Uforbidden

acXy

|6(e(1_82)dtcvlasst2)|2 l—[ dj“

aeXy

+/ . (2A_16l) _ A_Z(Mbc)?b)fc) + (1 _ 82)2|§dZ)IB.SSiC|2)62(]_32)d§)1&>8ic|F2|2 l—[ dja.
{1%12=8) "' N\rorbidden

aEXQ

_ _sl
~/{\X|2 580 s }\uforbidden

Now, in the forbidden region we can calculate
VA2 = A72 (Mo x°%) — 247 0 > 6.
Some straightforward calculations now lead to the estimate

- classic _ _ classic _
/ V(!N )2 T de® +63 / |y 2?0 T dx
Uforbidden

acX, Uforbidden acX,

SA—lweZ(l—éz)aw((Sz)/ B ] dz

{15228 "'} \Urorbidden aeX,
for sufficiently small é,, and where a,,(§,) is defined as

a0(82) = sup dgy™ (%)

— - -6
xXeflxl2 S(So ! NUftorbidden
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1.e., a,(87) is the largest Agmon distance from the complement of the forbidden region to the classical
region.

As §, — 0, we have a,,(8;) — 0. More precisely, if we pick any 63 > 0, then there is some choice of
8> > 0 such that a,,(8,) < %83. Moreover, this bound holds independently of the choice of &, at least for
all sufficiently small §g. We now fix this choice of 3;.

Recall that we can choose the eigenfunction to satisfy the bound @ < wn,x independently of §p. From
now on, we make this choice for the eigenvalue w. For any subset of the forbidden region, Us C Usorbiddens

we have
- classic _ _ classic _
|V(e(1782)dw F2)|2 1_[ d.xa+ |F2|2€2(1 52)[10J 1_[ dxa
Ut aeXs Us aeXs
S e / , \BP T de. (34)
{I1¥12<8) "' Niborbidden aeX,

Note that the constants depend on §3, but by picking &, suitably small we are able to make §3 > 0 as
small as we like. Moreover, we can make such a choice for the constant 8, independent of the value of .
We now choose the subset of the forbidden region to be defined by

Us = {x | 18, <1312 <8, ).

Note that this is indeed a subset of the forbidden region for all sufficiently small §p. In addition, within
this subset we have the lower bound

classic —28
da) Z 8O ’

which follows from the fact that the potential grows quadratically in the forbidden region.
With this choice for the region Us, we return to (34). Dropping the first term on the left-hand side, and
making use of the lower bound on dS"% in the region 4, we find that there is some c¢; > 0 such that

_ 28 B
|F2|2 1_[ dx¢ (Se 18, / . |F2|2 l_[ dx?,

Ut aeX; \/ﬂzftso acXy

or, returning to the nonrescaled coordinates x* and remembering our normalisation condition on F;, we

820
/ B [T dxt g et
1 s=9] 8
38y <Ix[2=§,

1
0 aeXy

have

In other words, the L? norm of F, is exponentially small in the region U/ for small 8.
Now we return again to (34), and this time we drop the second term on the left-hand side. We can
expand the first term as

/ ez(l_sz)doc)lassic(I@FﬂZ +2F2(1 o 82)(6dz)lassic) . (6F2) + (1 _ 82)2|6d§)lassiC|2) 1_[ dx¢.
Us

aeXy
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The third term is positive and we can immediately drop it. For the second term, the Cauchy—Schwarz
inequality, allow us to write

2F>(1 — 8)(VdS™) - (VFy)| < $IVEI* +4(1 — 8,)* VAP | B[,
Now, in the region /s we have the bound
= classic|2 —25
|Vd:)dbblcl 580 1‘

Combining this bound with the bound already obtained for the L? norm of F; in the region U; we find
that we can bound

— _ _ . —281 _
VR[] de <852 et / IR T e
Ut aeX, |%l2<8, " acX,
for all sufficiently small §p. Again, we can return to our nonrescaled coordinates, and also redefine c; to

be some slightly smaller constant, and we find that the L> norm of V F, is also exponentially suppressed
for small §. Putting together the results above, we have proved the following proposition:

Proposition 10.9. For all sufficiently small 8y, there exists a solution (F», ) to the eigenvalue problem
(30). Moreover, the eigenvalue w can be chosen to satisfy the bound

W < Wmax, (35)

where wmax is some sufficiently large constant, but which is independent of §y. With this choice of
eigenvalue, the associated eigenfunction F, satisfies

28
(FRP+IVEP) [T de* Sem |Fo* T dxe. (36)
1601 <), <801 x| <81
2% =I¥12=9 aeX, 2=% a€Xr

10E2. Estimating the error terms. We now wish to plug our choice of initial data into the equation for
T T ¢ (29) and obtain bounds on the size of this term, which appears in both the conserved energy and the
nondegenerate energy of the wave T'¢. Specifically, our choice of the initial data is the following:

- _3 _2 _lys
pols, =Re(e® M) Fa(x) x 8y 1yDx Gy IxIDx (8 >

L el _3 _2 _lus
Tols, = Re(—iwe'™ M) F2(x)x Sy *1yDx (S IxIDx Gy * " lxl),

where F», w and §; are as above.

lx]2),

For the sake of brevity we define

3481

_3 _2 _
x0:=xG IyD,  x1i:=xG xl),  x2r=x(6y 7 lxl2).

Similarly, in order to easily keep track of the scaling of each quantity with respect to §y, we define

_3 _3
X0 = X' *IyDs  xg = X" *IyD),
and similarly for x; and yx». Note that we have, for example,
Y

_3 _3
Iy x 8y *1yD) =38y 4mxo-
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Also note that we have
(b* —a) = Mapx“x” + O(Ix’) + O(ly] %)
= O(x3) + O(Ix}) + O(|y|F]).

Using (29) we now calculate
TT¢ =Re(e'® V) 2AwS;  Fy + A2 AF, — Mapx“x"8; 2 Fy) xox1 x2 + Err,
where the error term is given by
Err = Re(Erry),

_3 ol _4
Erry = =8, ‘2Aiwe'® yg—lexameO e YIX | Faxox! xa

ol 145 x4
+ A%e'% yX0X1(—2C050 : lxém

_ so—1
— ((1b* — @) — Mapx“xP)85 20 Y Faxoxix2

VoF>+C28, T R Xg)

7 3 -
+<|b|2—a><i80 Y L py o+ 8 2 szxoxm) + O(| %] |dul)

|1
+O(X10T ) + O(I%*109¢]) + O(Z*|8°)).

These first two error terms are easy to estimate: we have

w

‘ -8, 2 Aiwe 'y 2 <8

F2X0X1X2
|yl

4 _4

18, * €% y|X1|F2X0X1X2|<5 .

Next, due to the support of x; x2x3 we have

o sl _u
(11 = a) = Mapx“x")852¢™ Y Faxoxixal S8y ™
Similarly, we have

7

y / 3
‘(Ibl —a)<l5 ‘e mF2X0X1X2+5026 0 yF2X0X1X2)

5 4-i-23|

and also

4>

|0(%]10¢]) + O(Z[1dT $|) + O(15[*100¢]) + O(Z|19°p]| <8 ° -
The only terms remaining are those involving x; and x5'. Specifically, we must bound the terms
. _1 a
A% o0 (—26080 o xéf—ya Fy+Cgay szﬁ’).
X

A naive approach to bounding these terms (in a similar manner to the bounds above) suggests that the
first term behaves like §~'*°! and the second term like §~'+2%, but these bounds are insufficient for
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our purposes. Instead, we use the Agmon estimates of the previous section. Since x5 and x; are both
supported only in the region %8(; Y 2+5°, Proposition 10.9 gives

51 Ly, x“ —1425
HAZe"SO yon1<—2C0502 ‘XgmvanJrcgao TR Y

—25
—1428 — 1
550 + le 6180
L2

9’

so this actually decays as 5o — O.
Putting together all of these calculations, we find that

_
[Errll 2 S8, %

Finally, we rescale the data, so that it satisfies £7)[T¢] = 1. This means multiplying by a constant
that scales as 8(1)7/ 20 By the calculations above, along with the expressions for the N-energy (27) and the
T-energy (28) we have found data such that

_3
EDTp1=1, EMTP125,>.

Now by choosing §y sufficiently small we can prove Claim 10.6.
The construction in the asymptotically Kaluza—Klein case follows along almost identical lines, beginning
from (19) instead of (17) and constructing data which is symmetric in the Kaluza—Klein directions.

10F. Nondecay of energy and an Aretakis-type instability. Now that we have proved Proposition 10.5,
we know that if assumption (A1) holds, then there is some constant € > 0 and some solution ¢ to the
wave equation such that

eEMT 1) + N T?1(1) = €

for all times ¢, and for any T'-invariant open set I/ such that S C Y. On the other hand, Proposition 10.3,
together with (23), shows that, if § > 0 and U/ is such that S N sy = &, then for all € > O there is some
time . such that

EMNTPI(xe) + &V [T?P)(ze) <.

From this, it follows that, if we take any precompact, open set Uy C g such that S C Up, and if S is
the §-thickening of S defined such that

Volume(S¢ p) =€

for some constant € > 0, and where the volume is defined with respect to the induced Riemannian metric
on X, then, there is some time 7. such that

& ITPNT) + & [Tz = €,
ENS [T 1) + ENL [T?1(xe) <e,
from which it follows that, if we choose € sufficiently small

£V T o)) + €5 T2 ) (xe) = 1.
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This is a kind of “energy concentration” phenomenon. It is easy to see from this result that the wave ¢
must blow up pointwise: indeed, we must have

2 2412 ¢
sup (|0T|"+[9T79|") = —:
SeNZq, 2e
since € can be taken arbitrarily small, this establishes pointwise blow-up (without a rate).
We refer to this as an “Aretakis-type” instability because of its similarity to the instability found in
[Aretakis 2011; 2015]. In particular, in both cases there is some quantity which is “conserved” on one
hypersurface, but which decays everywhere else, and this is the cause of some kind of pointwise blowup.

11. Spacetimes with additional symmetry

Now we turn to spacetimes with an additional symmetry. Along with the symmetry generated by the
Killing vector field 7, in this section we will assume the existence of another Killing vector field ® such
that the span of {T', ®} is time-like in a neighbourhood of the ergosurface S. For simplicity, we shall assume
that the Killing vector field @ is an axial Killing field, i.e., that its integral curves are closed and space-like.
Moreover, we will assume that 7 and ® commute. Hence, there is a Killing vector field T such that

~

o T =aT + B® for some constants « and 3,
e T is time-like and future-directed in a neighbourhood of .

It turns out that, given the presence of an additional symmetry of this sort, we can give many additional
details regarding the instability discussed above. First, we find that we do not require the discrete isometry
of Section 5. In addition, we can show that the energy of waves is bounded, not in terms of the initial
energy, but in terms of a “higher-order” energy quantity. Furthermore, we can rule out case (B), showing
that the Aretakis-type instability cannot occur, and instead we will always encounter the unbounded local
energy amplification of case (A). Additionally, we can provide an upper bound on the time for this energy
amplification to occur, which may be important for physical applications. We can also provide an example
of unit-energy initial data which is not compactly supported, but which gives rise to a solution of the
wave equation with unbounded local energy. In other words, rather than a family of solutions, each of
which exhibits energy amplification by a larger and larger factor, we can provide a single solution of the
wave equation, for which the local energy tends to infinity along a certain sequence of times. Finally,
the additional symmetry allows us to deal with the issue of higher derivatives. Consider the situation in
which we know that the initial higher-order energy is small: then, in the case where this extra symmetry is
present, we can prove that this same higher-order energy can be amplified by an arbitrarily large constant.
Finally, we can use our results to rule out the existence of a manifold with an evanescent ergosurface, an
additional symmetry of the kind described above, and a globally time-like Killing vector field. Note that this
is a result in pure differential geometry — a priori this has nothing to do with the wave equation. However,
we can use the properties of solutions of the wave equation to prove that such a manifold cannot exist.

11A. “Time reversal” without a discrete isometry. First, we describe how to deal with the issue of “time
reversal” when we lack the discrete isometry of Section 5.



EVANESCENT ERGOSURFACE INSTABILITY 1883

Let Xy be some space-like Cauchy surface for M. Then, using the fact that 7 (or V) is causal and
transverse to X we can construct a foliation of M by leaves ¥,, where these leaves are the level sets of
the function ¢, defined by

tly, =0, T@&)=1.

As usual, we replace T with V in the asymptotically Kaluza—Klein case.
Now, we construct the “time reversal” operator as follows:

T M- M,
pEX +—qgeX_,;, wheregq issuch that an integral curve of T passes through p and ¢.

Note that .7 is not necessarily an isometry. Nevertheless, the “time-reversed” manifold (M, *(g))
will possess the same important properties as the manifold (M, g): it will have an evanescent ergosurface
and an additional symmetry of the correct kind.

11B. Boundedness with a loss of derivatives. Now, we can show that this additional symmetry leads to
energy boundedness with a loss of derivatives. Specifically, we can prove a statement of the form (A1),
but where, on the right-hand side, instead of the N-energy we see a “higher-order” N-energy. Note that
this will also hold for the “time-reversed” manifold constructed in the subsection above.

Recall that, in a neighbourhood of S, the vector field T is time-like. We can express T in terms of the
frame constructed in Section 9 as

T=TI'T+T'Y +T%,+ T4,

where the last term is absent in the case of an asymptotically flat manifold. Then, since T is time-like, on
the ergosurface S we have

2T S () # P+ T <o

Since T is future-directed, it follows that 7T > 0. In turn, this implies that TV >0 (note that g(T', n) < 0)
everywhere on S. Since S is a compact submanifold, it follows that there is some constant C5 > 0 such
that TY > C everywhere on S.

Now, if we apply the T-energy estimate to the field Tqﬁ, we find that

EDTel(r) = EDIT1(r0)

for all T > 1. In particular, from (28), we see that, near S, we have
EDT1(r) ~ / ((TT%/))Z +) (0xTh)* + 0<|i|2)<afu>) dydx'--- dxP7",
T a

Now, using a Hardy inequality (see, for example, [Moschidis 2018]) we find that we have a bound of the
form
[ hedorayast - et < eDiTg,

T
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where A (x) is some positive, T-invariant (and G-invariant, in the Kaluza—Klein case) function which
tends to zero in the asymptotic region as » — oo, but which is otherwise bounded away from zero.?! In
particular, A (x) is bounded away from zero in a neighbourhood of S.

Combining this bound with the calculation above, we see that, if ¢/ is a sufficiently small, 7'-invariant
neighbourhood of S, then we have

/ <<?¢>2 (T +) (D)’ + Z(axw)z) dyde'--- dxP7' SEDg1(0) + %sm[%]m,
e a A T

T
which in turn yields the global bound

EMgl(@) S €TI0 + %W[%]m
T
S €10 + ésm[%]m). (37)
T
We refer to the bound in (37) as a uniform boundedness estimate with a loss of derivatives. It provides
“uniform boundedness” of the nondegenerate N-energy in terms of conserved quantities, which can
therefore be evaluated in terms of the initial data. On the other hand, the quantity that we bound (namely
the N-energy) involves only first derivatives of the solution, and yet in order to control it we find that
we need information regarding the second derivatives of the initial data. We refer to this as a loss of
derivatives. We will show, below, that it is actually necessary to lose derivatives in this way: there is no
such uniform boundedness estimate in terms of the first derivatives alone.

11C. Ruling out case (B). In the general case considered in Section 10, we were led to a dichotomy:
we either had amplification of the local energy by an arbitrarily large factor (case (A)), or else we had an
Aretakis-type instability (case (B)). We can now show that, in the situation of enhanced symmetry now
under consideration, this latter case cannot occur, and so we must have the kind of behaviour considered
in case (A).

Recall that the behaviour of case (B) can occur only if the local energy does not decay towards the
past, that is, if there is some smooth solution ¢ to [J,¢ = 0 such that ¢ arises from compactly supported

initial data satisfying
3

> " eMITIg](0) < 00

j=0
and some positive constant C such that, for all times t < 0, we have
&) 1T1(0) + &, 1T°¢)(x) = C. (38)

We now show that, in the case of enhanced symmetry, such a solution cannot exist.
Recall that the argument of [Moschidis 2016a] establishes logarithmic decay of the N-energy on
manifolds with the same asymptotic structure as those we are considering,?> under the assumptions that:

211n fact, we can choose h(x) ~ r2.

22With the required modifications for G-invariant data on asymptotically Kaluza—Klein manifolds as discussed in Section 8.
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(1) A uniform boundedness statement holds. Note that we now have such a uniform boundedness
statement, albeit in terms of a higher-order energy of the initial data.

(2) Either the spacetime has a horizon, in which case it is allowed to have a suitably “small” ergoregion
(in a way made precise in [Moschidis 2016a]), or the asymptotically time-like Killing field T is
globally and uniformly time-like.

Note that the spacetimes we are considering do not obey this second condition, since the asymptotically
time-like Killing field is null on the evanescent ergosurface. Nevertheless, we can modify the arguments
of [loc. cit.] to show that we still have some decay of solutions to the wave equation.

Most of the estimates of [loc. cit.] still apply to the kinds of manifolds we are considering —in
particular, all of the estimates in the “asymptotic region” still apply. However, the low-frequency estimates
in Section 6 and the Carleman estimates in Section 7 of [loc. cit.], which are used to establish an “integrated
local energy decay” estimate in the interior region, need to be significantly modified if they are to apply
to the kinds of spacetimes we are considering, since it is in the proof of these estimates that the failure of
the vector field T to be globally time-like causes an issue.

Fortunately, for the spacetimes under consideration here, such a modification is possible, and we
will sketch the details below. The main idea is that, when we have an additional axial Killing field
of the kind we are assuming, we can simultaneously decompose solutions to the wave equation into
(time) frequency-localised and angular frequency-localised components. Then, the Carleman estimates
performed in [loc. cit.] can be shown to apply to each of the angular frequency components separately, but
with an additional degenerate factor that degenerates at high angular frequency. Finally, we can perform a
double interpolation argument, first showing that the individual angular frequency components decay
logarithmically, and then showing that the entire solution decays sublogarithmically.

11C1. The angular frequency decomposition. We first note that, since ® is a Killing vector field with
closed orbits, and since [T, @] = 0, we can define some coordinate ¢ with period 27 such that (rescaling
@ if necessary) ®(¢) = 1, Moreover, the level sets of T can be chosen such that the integral curves of
@ lie within the level sets of t. Then, we can decompose a solution to the wave equation ¢ in terms of
“axial modes”
o.¢]
d= D bw. Pbw)=indw.
n=—00

In other words, each of the ¢, is of the form
by =" Vi),
where @(1/7(”)) = 0. Note that, by orthogonality, for each n we have
U (@) = 0.

The idea is that we will apply the logarithmic decay result of [Moschidis 2016a] separately for each
axial mode. When doing so, we will have to keep track of the dependence of various constants on the
mode number n. The key estimates are the low-frequency estimates of Section 6 and the Carleman
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estimates of Section 7 of [Moschidis 2016a]; it is easy to see that the estimates in the asymptotic region
apply to the solutions ¢,). Note also that, since [T, ®] = 0, we can simultaneously perform the angular
frequency decomposition and also decompose the solutions with respect to time frequencies.

Below we will sketch the required modifications to the arguments given in [loc. cit.]. Many of the
arguments are almost identical, so we will only go into depth in those places which differ significantly
from the argument presented in [loc. cit.].

11C2. Integrated local energy decay for very low frequencies. The approach of [Moschidis 2016a]
involves dividing up the (time) frequency range into a low-frequency part @ < wy, intermediate-frequency
parts w ~ wy and a high-frequency part w 2 w.. In our case, this division will itself depend on the value
of n, the angular quantum number.

First, we define some wg, which is sufficiently small compared with various geometric quantities (as in

[loc. cit.]) and which also satisfies

1
wy < —.
n

The corresponding frequency-localised wave will be denoted by g ;.
Then, we can repeat the calculations of Section 6 of [loc. cit.], using the current

Ju = hRWO,nauwo,n - %a,uthg’n-

The construction of the function /g is identical to that given in [loc. cit.]. We can see (using the expression
for the inverse metric given in (18) together with the fact that {7', ®} span a time-like direction, so that ®
must have a component in the d,-direction) that

hR* Y0005 Yo = ¢ - hr|Vs.degenV0.0]” — C - R | T Y0, (IT V00| + [PV,

where ¢ and C are some numerical constants, and |V gegen V0,1 | includes all of the spatial derivatives of
Yo.n except for the @ derivative on the surface S. More precisely, the coefficient of |, |2 degenerates
quadratically at S.

The remainder of the calculations proceed in the same way as those in Section 6 of [loc. cit.], except
that there is no black hole horizon, and so many of the calculations are easier (see the footnotes in
[loc. cit.]). Following these calculations we can show that, in the notation of [loc. cit.],

/ (IVs degen 0. +1¥0.1%) S A+ +n2)ED [0, 1(0)+ / ((wo) (@o+11) [P0, 1)
{r<R}NR(0,t*) {r<R}INR(0,t*)

Hence, if wy is sufficiently small relative to the geometry and to 1/n, then we can absorb the second term
on the right-hand side by the left-hand side.

This proves a degenerate integrated local energy decay statement, since we still do not control all of the
derivatives of 1, — we are missing the ® derivatives on the surface S. We can fix this by commuting
once with ®. We obtain, in the end,

/ (13%0.n)* + 1Y0..l*) S (1 +of + 1P (1 +nH)ED [Y0,,1(0).
{r<R}NR(0,t*)
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11C3. Integrated local energy decay for intermediate frequencies. For the intermediate frequencies wy
we can also follow the calculations of Section 7 of [Moschidis 2016a]. The calculations in this section
make use of the fact that the frequencies are bounded away from zero. Hence, when repeating these
calculations, we must keep in mind the fact that, in our case, wg ~ n~! and so we must track the
dependence of various constants on the value of wy.

As in [loc. cit.], we extend the function r from the asymptotic region (where it is the pullback of the
spherical polar radial coordinate on R? or R? x X) to the entire hypersurface ¥; by requiring that r is a
Morse function. Moreover, we can arrange that, say, »r = rg on S, and dr # 0 on S. Furthermore, we can
set ®(r) = 0 in a neighbourhood of S. Finally, we can also arrange that in the region r < 2r( the vector
field 7 is uniformly time-like.

The construction of the two Morse functions w, @’ required for the energy currents in Section 7 of
[loc. cit.] proceeds exactly as in [loc. cit.] —note that we only construct these functions away from S, in
the region where T is uniformly time-like. Note that, for ry < r < 2rg, we have w =’ =r.

Note that, as in [loc. cit.], 3*w 9, # 0 away from the critical points of . In the region r > 2r( this
follows directly from the arguments of [loc. cit.], using the fact that 7" is time-like in this region. On the
other hand, for ro <r < 2rg, both the vector fields 7 and ® are tangent to the level sets of w, and so in
particular the time-like vector field T is tangent to the level sets of w.

The remainder of the calculations in Section 7 of [loc. cit.] proceed in almost identical fashion, with
the important exception of inequality (7.22). Here, we instead have

10Yknlz < C18,Yrnd® Uk + Col T Yk n|* + C3| @Y |,

where the third term is new. Effectively, this means that the constants a),% that appear in the inequalities in
Section 7 of [loc. cit.] need to be replaced with a),% + n? in our calculation. In particular, the parameter s
needs to be chosen sufficiently large compared to wy + |n| rather than just wy.

With this in mind, and noting that the various constants that depend on wy are, at worst, of order (a)o)_2
(see the comments in Lemma 4.6 of [loc. cit.]), we see that the key integrated local energy decay estimate,
Proposition 7.2 in [loc. cit.], is replaced by:

Proposition 11.1 (ILED for bounded frequencies [Moschidis 2016a, Proposition 7.2]). For any R > rg
and for wy sufficiently small compared with both 1 and n™, there exists some positive constant C(R)
such that, for any smooth axial mode , with compactly supported initial data, and any w4 > 1 and
1 < |k| < n, we have

/ 10V <0, 12+ W op.n?) S C(R)CRW @t gDy 1(0).
{r<R}NR(0,t%)

In other words, we can repeat all of the calculations of Section 7 of [Moschidis 2016a] for the axial
mode 1, at the expense of making our estimates degenerate exponentially in 7.

11C4. A double interpolation argument and sublogarithmic decay. Performing the interpolation argument
as in [Moschidis 2016a], and remembering that we must “lose derivatives” in the boundedness statement,
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we find that the local energy of the n-th axial mode decays logarithmically as

E(N) c n4m eC(L{,m)|’1|3 5 dvol
<
w [Pml(T) < (“”")((log(Z 02 (1 T)55)(/20(r )i gig) dVO

> &M <1>k¢]<0))
jHk<m+1

for any positive integer m and any real number §4 > 0, and for some small 65 > 0, and where the C ¢y m)
are some (possibly very large) constants depending only on m and the set ¢/. This is a slightly modified
version of Corollary 2.2 of [Moschidis 2016a]. Note that the first term defines a kind of “weighted”
energy; see the discussion of p-weighted energy estimates in Section 8.

Note that, although this estimate shows that the n-th axial mode decays logarithmically, we cannot
simply “add up” all such estimates to show that the solution as a whole decays logarithmically. In fact,
these estimates degenerate (exponentially) in n at large values of n (Note that the polynomial degeneration
in n of the bounds given for time frequencies is strictly better than this). To obtain decay for the solution ¢,
rather than just the axial modes ¢, we can use the interpolation argument again, using the decay
statement for axial modes with |n| < ny, and simply using the boundedness statement (and commuting
with ®) for modes with |n| > n... Choosing ny ~ (log(2 + 7))'/3, we find

Cw,m
gZE{N)[¢](T) =< L([ (r84)l(N)J[¢] dV01+
o

; Y. &M <I>k¢]<0)), (39)
(log(2+1))3"

jHk<m+2
where Uy C Xy is any precompact set (including those which intersect the ergosurface S). Note that this
decay result holds in both the original manifold and the time-reversed manifold.

In short, the local N-energy of ¢ decays sublogarithmically. In particular, if ¢ arises from smooth,
compactly supported initial data then

EMNTP1(r) +ENT?¢1(2)

C .
<4 2( ()1 yir gy dvol + f (™)1 yir2gydvol + Y 5<N)[ch1>k¢](0)>
(log(2+1))3 \/%o o jrk<4
Cauvp)
" (log2+1))3

where the first line follows from (39) and the second line follows from the fact that the data is smooth and
compactly supported, so that the energy quantities (including the weighted energies) are finite initially.
Note that the numerical constants Cy; and C(y,¢) are generally different.

We call this decay “sublogarithmic” because, in terms of pointwise decay rates, this would lead to
decay for the fields ¢ at a rate ¢ ~ (log(2 + 7))~1/3. Note that this is a kind of converse to the lower
bound proved on microstate geometries in [Keir 2016], albeit this result shows decay at a slower rate. It
is likely, therefore, that this does not represent a sharp decay rate for linear waves on these geometries.

In any case, this rules out the existence of a constant ¢ > 0 such that (38) holds, since, if T is sufficiently
large, then we will always have

Cau.g)

_two
(log2 +1))3
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even if the numerical constant Cy,¢) is very large. In turn, this rules out case (B), so that, when an
extra symmetry of the right kind is present, then we must have case (A), i.e., energy amplification by
an arbitrarily large factor. Note also that, since the T-energy remains bounded, the energy amplification
must occur near the evanescent ergosurface S. In other words, we have proved the following:

Lemma 11.2 (local energy amplification in the presence of an additional symmetry). Let (M, g) be a
Lorentzian manifold which is either asymptotically flat and has an evanescent ergosurface of the first kind
(see condition (ES1)), or which is asymptotically Kaluza—Klein and has an evanescent ergosurface of the
second kind (see condition (ES2)). Furthermore, suppose there is an additional Killing vector field ®,
such that the span of T and ® includes a Killing vector field that is time-like in a neighbourhood of S.

Then, for any constant C > 0 and any open set Uy C X such that SNUy 7 I, there is a solution ¢(c, i) to
the wave equation Ugpc, 11y = 0 arising from smooth, compactly supported initial data, and a time t(c, y)
such that

EMbc..)wc.u) = CEMdc.11(0). (40)

In other words, there is a solution to the wave equation whose local energy (in the set U) is amplified,

relative to its total initial energy, by a factor of at least C.

Note that, by construction, the solution ¢c, 1y in Lemma 11.2 can be chosen to be the T -derivative of
a solution to the wave equation.

11D. Bounds for the amplification time and the support of the data. Physically, it is very important
to be able to estimate the time-scale of any proposed instability. For example, if the time-scale of an
instability of some object is very small compared to the time-scale on which those objects form, then we
would not expect to find such objects in nature, whereas in the opposite case we might still expect to find
these objects, despite the presence of an instability.

Now that we have shown that, in the presence of an additional symmetry, the local (nondegenerate)
energy of a solution to the wave equation can grow arbitrarily large relative to its initial (nondegen-
erate) energy; it turns out that the extra symmetry also allows us to prove an upper bound for the
time taken for the local energy to grow. At the same time, we can prove a bound on the size of the
support of the initial data which leads to this growing solution, which might also have some physical
relevance.

Recall that, in the case of additional symmetry, we can show both that the N-energy is bounded (by a
higher-order initial energy) and that the local N-energy decays at least logarithmically (again, this bound
necessarily involves higher-order initial energies). Thus, we can construct data for the wave equation as
in Section 10E. This leads to initial data for ¢ at a time 7| such that

« ED[TP)(r) =1,
« EMT2)(11) = 08,7,
« EM[ATPN(T1) = 0, ).
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Moreover, it is not very difficult to see that the initial data constructed in this way satisfies

3 eWTivkgl(r) =06, " ).
Jtk<m

Thus, solving the wave equation backwards in time, the decay estimate (39) tells us that the local
nondegenerate energy of the wave T'¢ at time 0O is bounded by

—2m—6—
Caumdy 5

(log(2 + 71))3"™

for any choice of m € N. Thus, we can guarantee that the local energy at time 0 is bounded above by 1

M TP10) <

by choosing

_3_ 82
71 = exp(Cam) 28y ).

Moreover, at this time the total N-energy is bounded by some constant which is independent of &g, since
the N-energy away from the ergosurface is bounded by the T-energy, which is conserved and takes the
value 1.

Putting this together,>® we have shown the following:

Corollary 11.3 (bounds for the amplification time and the support of the data). Let (M, g) be as in
Lemma 11.2.

Then, for any constant C > 0 and any open set Uy C X such that S C Uy, there is a solution ¢c, ) to
the wave equation Uy¢c 1) = 0 arising from smooth, compactly supported initial data such that

&N bic.u))(T)
- - >C, 41
ot EMGi0]0) — “1)

where T* is given by
r=C C2O0+ 5 42
" = Cu, m) exp( ) (42)
for some constant Cy, ) depending only on the set U and the positive integer m.
Moreover, the initial data for this solution is supported only in the intersection of the causal past of the

set U N Lo« with the initial hypersurface %.

Note that the solution ¢, /) appearing in the corollary is the function 7'¢ from the calculations above.
Recall that, since T is a Killing vector field, if ¢ is a solution to the wave equation then so is 7 ¢.

11E. Solutions with unbounded local energy. We have seen (in Lemma 11.2) that, in the case where an
extra symmetry is present, the local nondegenerate energy can be amplified by an arbitrarily large amount
compared with the initial, total, nondegenerate energy. A natural question now arises: does there exist
finite-energy initial data leading to a single solution ¢ to the wave equation (as opposed to a sequence of
solutions), such that the local energy of ¢ becomes arbitrarily large?

23Choosing a larger value of m appears to give an improved lower bound on the amplification bound; i.e., it leads to a bound
whose functional dependence on &y is better. However, the numerical constant Cyy ,, also depends on the value of m in some
uncontrolled way, so we cannot simply pass to the limit m — oo.
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Using the extra symmetry, we give an affirmative answer to this question. Note, however, that the
initial data we construct is not necessarily smooth, and indeed, in view of the nondegenerate energy bound
with a loss of derivatives, it cannot have finite “higher-order” energies. Moreover, it is not necessarily
compactly supported either.

Corollary 11.4 (a solution with unbounded local energy). Let (M, g) be as in Lemma 11.2.
Then there exists a (weak) solution ¢ to L,¢ = 0 such that:

o The initial N-energy of ¢ is 2; that is, E™N)[¢](0) = 1.

o The local N-energy of ¢ is unbounded, that is,
lim sup 81(/N) [$1(1) = oo, 43)
T—>0

where U is any T -invariant open set such that S C U.

For ease of notation, let us fix an open set U/ intersecting the ergosurface. Let (T ¢), be a solution to
the wave equation constructed as in Lemma 11.2, except that we continue evolving the solution to the
past until the N-energy is bounded above®* by 1/(C,)>. Then we have the following lower bound on the
local energy:

ENTP)l(ze,) = Co.

where t¢, is some time satisfying
(€
Tc, ~ € .
At the same time, for the solution (7 ¢), we have the decay estimate (see (39) with the choice m = 1)
(C)*

ENNTP)l(r) S — 22—,
(log(2+1))3

which holds for all t.

Finally note that, by applying the decay estimate to the solution as we evolve backwards in time, we

find that, for all times 7 such that
129/2
7 < b

~

we also have the bound

(N) <
& TN S

Now, we can use these bounds to construct a solution with the desired properties. First, we choose the

constants C,, = 2". We see that, at some time 7, satisfying

212"
T, ~ €&

we have
VT $)al(z) = 2%

24Recall that, when we solve the wave equation backwards and use the decay estimate (39), we only obtain an upper bound
on the initial N-energy. We want to avoid scaling the solution up by a (potentially large) factor.
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Now, if m > n and n is large enough, then we have

129 »>m
275 2

21.2"
e > 62

and so we have |
&0 LT (T0) < Sz

On the other hand, if m < n then we can use the uniform decay estimate to show

(N) < 241"
&N Tl S S

Again, if n is sufficiently large, then this term is bounded, say by 1/2".
Now, we set

oo =Y (TP
n=1

By the triangle inequality, and the calculations above, we see that there is a sequence of times 7, such that
N
&7 (9o (T) — 00.

At the same time, the initial energy of this function ¢, is bounded by
=1
Z 23:2"°
n=0
which is clearly finite. Hence the series has a limit which is a weak solution of the wave equation. Note,
however, that from the bound (37), the initial energy of fq&oo must be infinite.

11F. Higher derivatives. Another natural question in the context of the work above is whether the
instability we have discussed can be “cured” by looking at higher derivatives. We could compare the
situation to the case of wave equations on a Schwarzschild black hole, where the well-known “trapping”
phenomena means that an integrated local energy decay statement cannot hold. In the language of this

paper, this means that no statement of the form

71
/ <f l(N)J[¢] dVOl) drt S S(N) [¢](O)
0 z.NU

can hold; see [Sbierski 2015] for a very general proof that this kind of statement cannot hold on spacetimes
involving trapping. However, in the case of Schwarzschild black holes, it is possible to “fix” this problem
by including higher derivatives on the right-hand side, and indeed a statement of the following form can
be shown to hold:

/ | ( / 1) 1] dvol) dr SEM[91(0) + EN[T1(0).
0 .U

One might wonder whether a similar approach could be used to “cure” the instability discussed in this
paper. In fact, we have already seen that, when an additional symmetry is present, the local energy can be
bounded in terms of a higher-order energy (see (37)). However, this is not a very satisfactory result, since
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it leaves open the possibility that the higher-order energy is itself unbounded, and this, in turn, could be
interpreted as a kind of instability (albeit of a “weaker” type).

Again, the additional symmetry enables us to resolve this issue. Let ¥ = T'¢, where ¢ is the solution
to the wave equation arising from the initial data we have constructed in Section 10E, and where we pose
the initial data at time 7;. Then it is not hard to see that 1} satisfies

3 eMITI ok 1(ry) = O((80) "),
Jjtk<m
EMNTI D Y 1(11) = O((30) ™),
and so, following exactly the same arguments as before, we can show that there exists a solution to the
wave equation uc, and a time t¢, such that, for any C; > 0, we have

> EMNTIdtuc 10 =1,
Jtk<m

Y EMTI D uc)(ze,) = Ci.
Jjt+k<m

(44)

Now, since at each point on the manifold M, there is a time-like vector in the span of 7 and @, we
can use standard elliptic estimates to show that there is some numerical constant C, such that
> EMNauc,10) < G,
Jj<m
C1 <Y EMuc,l(e,) < C:C,
j<m
where in the second line the first inequality follows from (44). Hence, rescaling the solution by a factor
of (C»)~! and setting C3 = C{(C»)~" we have found a solution to the wave equation such that
> M uc10) < 1,
j<m
> EMdiuc,I(zc)) = Ca.
j=m
In other words, we have proved the following corollary:
Corollary 11.5 (higher-order energies). Suppose that the same conditions holds as for Lemma 11.2. Then,

for any positive integer m, for any C > 0, there is a solution to the wave equation uc,,y and a time t(c,m)

such that )
D i<m EM u(cml(xc.m) .

2 jem EN U mlO

This shows that we cannot fully “escape” the instability by looking at higher-order energies, at least

(45)

in the case where the extra symmetry is present. To be explicit: suppose that we know, initially, that
the “n-th order” energy of some wave ¢ is small. In other words, we know that 39" ¢ is small in L2,
Then, although it may be the case that 33"~ !¢ is small in L? at all points in the future, but we can never
guarantee that 00" ¢ is also small (in the same sense) at all points in the future.
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Appendix: Nonexistence of manifolds with evanescent ergosurfaces
and a globally time-like Killing vector field

A curious corollary of the results we have proved above allows us to rule out a certain kind of smooth
Lorentzian manifold, possessing certain symmetries and a particular asymptotic structure. Note that the
statement of this corollary makes no reference to the wave equation: it is a result purely in Lorentzian
differential geometry. Nevertheless, our proof makes use of the wave equation!

Corollary A.1 (nonexistence of Lorentzian manifolds with an evanescent ergosurface and a globally
time-like Killing vector field). There does not exist a smooth, Lorentzian manifold which is either

o asymptotically flat and possesses an evanescent ergosurface of the first kind (condition (ES1)) or

o asymptotically Kaluza—Klein and possesses an evanescent ergosurface of the second kind (condition

(ES2))
and which also possesses a uniformly time-like Killing vector field T.

Proof. The proof is by contradiction. Suppose that such a manifold did exist. Let ¢¢ be the solution to
the wave equation constructed in Lemma 11.2. Then, since Tisa Killing vector field, the associated
energy is conserved; i.e., for all 7,

ED[gclm) = EDIgcl0).
At the same time, by construction we have
EMMpcl(zc) = CEMgcl(0).
But, since both N and 7 are uniformly time-like, at all times t and for any function ¢ we have
EMp1(r) < £D1gl(r) < CEMipel()

for some constants ¢ and C.
Combining these, we have

ED[pc10) = Dl (re) > 6N Ipel(ze) = eCEM[p1(0) > ¢C1CED[$c1(0).

The constants C and ¢ are independent of the solution u¢. Hence, we can choose C > &~'C, giving
the required contradiction. 0

We note here that an analogous proposition holds, with “evanescent ergosurface” replaced by “ergore-
gion”. This follows immediately from the result of [Moschidis 2016b].
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BOUNDARY VALUE PROBLEMS FOR
SECOND-ORDER ELLIPTIC OPERATORS
WITH COMPLEX COEFFICIENTS

MARTIN DINDOS AND JILL PIPHER

The theory of second-order complex-coefficient operators of the form £ = div A(x)V has recently been
developed under the assumption of p-ellipticity. In particular, if the matrix A is p-elliptic, the solutions u
to Lu = 0 will satisfy a higher integrability, even though they may not be continuous in the interior.

Moreover, these solutions have the property that |u|?/2~ 1y € Wlécjz. These properties of solutions were

used by Dindo§ and Pipher to solve the L? Dirichlet problem for p-elliptic operators whose coefficients
satisfy a further regularity condition, a Carleson measure condition that has often appeared in the literature
in the study of real, elliptic divergence form operators. This paper contains two main results. First, we
establish solvability of the regularity boundary value problem for this class of operators, in the same range
as that of the Dirichlet problem. The regularity problem, even in the real elliptic setting, is more delicate
than the Dirichlet problem because it requires estimates on derivatives of solutions. Second, the regularity
results allow us to extend the previously established range of L? solvability of the Dirichlet problem
using a theorem due to Z. Shen for general bounded sublinear operators.

1. Introduction

The theory of elliptic boundary value problems under minimal smoothness assumptions on the boundary
or the coefficients has been well-studied in the real-valued setting and there is a rich literature of results
and applications. By contrast, the literature in the complex-valued setting is much more limited. Some
important milestones in the study of complex-coefficient operators exist: notable is the resolution of
the Kato problem, which can be formulated as a “regularity” boundary value problem for operators that
satisfy very specific constraints in structure [Auscher et al. 2002; Hofmann et al. 2015; Hofmann and
Martell 2003]. Other milestones in this theory include perturbation results such as those of [Auscher
et al. 2008]. The challenge in this theory is that solutions to complex-coefficient elliptic operators are not
necessarily continuous, nor do they satisfy even a weak maximum principle, which is typically the starting
point for the study of boundary value problems. Some of the results for complex-coefficient operators
have been proven under the assumption of interior Holder regularity (the De Giorgi—-Nash—Moser theory),
yet it is not clear how this assumption can be correlated with quantitative verifiable assumptions on the
operators.

In this paper we continue the investigation of solvability of boundary value problems for complex-
valued second-order divergence form elliptic operators under a structural algebraic assumption on the

MSC2010: 35J25.
Keywords: complex-coefficient elliptic PDEs, boundary value problems, p-ellipticity.
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matrix known as p-ellipticity. This structural assumption was introduced independently in [Dindo§ and
Pipher 2019] and [Carbonaro and Dragicevi¢ 2020] and is a quantitative strengthening of a condition
related to L?-contractivity of elliptic operators that was discovered by Cialdea and Mazya [2006]. When
the coefficients of the operator are real, or when p = 2, the p-ellipticity condition is equivalent to the
familiar uniform ellipticity condition.

In [Dindo$ and Pipher 2019] we used the p-ellipticity condition to establish a limited interior regularity
for solutions to these complex-coefficient second-order divergence form operators. We think of this as a
weak substitute for the De Giorgi—-Nash—Moser regularity of real-valued operators and, in fact, we used a
variant of Moser’s iteration argument to prove it. Specifically, we considered there operators of the form

L=divAXx)V + B(x)-V,

where the matrix A is p-elliptic and B satisfies a natural minimal scaling condition. This limited regularity
theory allowed us to address the solvability of the L? Dirichlet problem for a collection of operators with
complex coefficients whose matrices are in canonical form, as defined below. (The paper [Dindos$ and
Pipher 2019] contains a discussion of how to put an operator with lower-order terms in canonical form.)

This results of this paper concern the aforementioned regularity problem, in which the boundary data
is prescribed in the Sobolev space of functions whose tangential derivatives belong to some L? space.
In analogy with the Dirichlet problem, where one expects to show classical convergence of a solution
nontangentially to its boundary data in L? through the control of a nontangential maximal function, in
this problem one expects to prove nontangential estimates for the gradients of the solution in terms of
the derivatives of the data on the boundary. The formulation of these estimates must take into account
the fact these solutions and their derivatives do not have pointwise values, but are merely measurable
functions in certain Lebesgue spaces.

We now discuss the class of elliptic operators for which Dirichlet and regularity problems are considered.
In [Kenig and Pipher 2001], a class of real-valued second-order operators (with drift terms like those
defined below) was introduced, and the elliptic measure associated to such operators was shown to belong
to the Ao class with respect to surface measure on the boundary. This implies that the Dirichlet problem
for these operators is solvable with data in L? for some possibly large value of p. The study of this
class of operators was motivated by a question of Dahlberg, which in turn was inspired by the fact that
these operators arose naturally from a change of variables mapping from Lipschitz into flat domains.
Specifically, the coefficients of the matrix A was assumed to satisfy a Carleson measure. Examples
showed that A, was the optimal result in this regime. Later, a slight strengthening of the Carleson
measure condition was shown in [Dindos et al. 2007] to imply solvability of the Dirichlet problem for
the full range 1 < p < co. We refer to this condition as the “small” Carleson condition, defined in
Section 2.

In [Dindos et al. 2017b], this regularity problem was solved for equations of the form £ = div A(x)V,
with A real and elliptic, satisfying this small Carleson condition. There are open questions even for
operators with real coefficients that satisfy the Carleson condition of [Kenig and Pipher 2001], such as
solvability of the regularity problem in L? for p near 1.
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The first main result of this paper is the solvability of the regularity problem for boundary data
Vr f € L? under the assumption that the matrix A is p-elliptic and satisfies small Carleson condition.

Theorem 1.1. Let 1 < p < oo, and let Q2 be the upper half-space R", = {(xo,x") : xo >0 and x" € R""1}.
Consider the operator
Lu = 0; (A}; (x) d;u)

and assume that L can be rewritten as
£u:8,-(A,~j(x) 8ju)+B,~ oiu, (1-1)

where the matrix A is p-elliptic with constants Ay, A, Ago = 1 and Sm Ag; =0 forall1 < j <n—1.
Assume also that
du(x)=sup ([VA]>+|B*)8(x)dx (1-2)
Bi(x)/2(x)
is a Carleson measure in S2.
Then there exist K = K(Ap, A,n, p) > 0and C(Ap, A, n, p) > 0 such that if

lulle < K (1-3)
then the L? regularity problem
Lu=0 inQ,
u=f foro-ae x €2, (1-4)

Np.a(Vu) € L?(3R)
is solvable and the estimate

INp.a (Vi) |Lr a2y < CIVT flLr 302:0) (1-5)

holds for all energy solutions u with datum f.

The second main theorem of the paper extends the range of solvability of Lu = 0 with L? Dirichlet
boundary data for variable-coefficient complex-coefficient operators satisfying these Carleson conditions
on coefficients. In [Dindo§ and Pipher 2019] we have considered the solvability in the range p € (po, py),
where

po = inf{p > 1: the matrix A4 is p-elliptic}. (1-6)

Thanks to the solvability of the regularity problem (Theorem 1.1) we are now able to use the technique
of Z. Shen [2005; 2006] and extend the previously established range of solvability of the Dirichlet problem

to a larger interval
c , n—1
p Po,Pon_l_p(/) :

In particular, when n = 2, 3 or when p; > n — 1, the range of solvability is extended to all p € (pg, o0).

Theorem 1.2. Consider the operator

Lu = 0; (A}; (x) d;u)
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in the domain Q = R, = {(xo,x") : xo > 0and x’ € R"=1}. Assume again that L can be rewritten as
(1-1) and let pgy be defined as in (1-6) and let pyax = 00 when p6 >n—1,

po(n—1)

n—1-—pg

pmax -

otherwise. Finally consider any po < p < Pmax-
Assume further that the matrix A satisfies Aoo = 1, Sm Agj =0 forall 1 < j <n—1 and let
du(x) = sup (VAP +|B[*)8(x) dx (1-7)
Bs(x)/2(x)

be a Carleson measure in Q.
Then there exist K = K(Ap, A,n, p) > 0and C(Ap, A, n, p) > 0 such that if

lulle < K (1-8)
then the LP-Dirichlet problem
Lu=0 in€,
u=f foro-ae x €2, (1-9)

Npa(u) € LP(3R)
is solvable and the estimate

INp.a)lLr @) < CIlLf ILr@0:0) (1-10)
holds for all energy solutions u with datum f.

In particular observe that pp,x = 0o in dimensions 2 and 3 and that when n > 4

2(n—1
Pmax > ( )
n—3

Remark 1.3. We address at the end of Section 2 how we can rewrite any operator £ as (1-1) with

coefficients Ag; real and Agp = 1. We require this particular form of our operator in the main section,
Section 4, of this paper. We note that the transformation we introduce preserves the Carleson condition
and hence for this condition we might assume that Ag; real and Agp = 1 without loss of generality. In
order to preserve p-ellipticity, smallness of the imaginary part of Ag j is needed.

In the statement of these two theorems, we’ve used some notation that will be defined in subsequent
sections. We will also recall there the concept of Carleson measure, discuss the notions of L? solvability
and energy solutions and define ]Vp which is a variant of the nontangential maximal function defined
using L7 averages of the solution u.

Remark 1.4. Lemma 2.6 of [Dindos and Pipher 2019] shows that L4 averages of solutions on interior
balls are controlled bp L4 averages for ¢ in the range (po, pyn/(n —2)), extending beyond the range
of p-ellipticity. Thus one can use the N, nontangential maximal function for such ¢ in the estimate
(1-10). The arguments for Theorem 1.1 show that, similarly, the gradient Vu of solutions to the regularity
problem will be locally L4 integrable for ¢ in the range (po, pgn/(n —2)). In particular, by Sobolev
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embedding, solvability of the regularity problem in the regime py > n — 2 implies that solutions are
Holder continuous.

The paper is organized as follows. In Section 2, we define the concept of p-ellipticity, the nontangential
maximal function, the p-adapted square function, Carleson measures and the notions of solvability of
these various boundary value problems. In Section 3, we establish bounds for the nontangential maximal
function by the square function. The estimates for the p-adapted square functions are established in
Section 4. In light of (4-9), square functions that involve tangential derivatives are easier to handle and
we begin by bounding these. We then show that, essentially, the square function with the full gradient can
be controlled by the square functions of tangential derivatives. In Sections 5 and 6, we present the proofs
of the two main theorems.

2. Basic notions and definitions

p-ellipticity. A concept related to p-ellipticity was introduced in [Cialdea and Mazya 2005], where the
authors investigated the L?-dissipativity of second-order divergence complex-coefficient operators. Later,
and independently, we [Dindo$ and Pipher 2019] and Carbonaro and Dragicevi¢ [2020] gave equivalent
definitions of this property — the term “p-ellipticity” was coined in [Carbonaro and Dragicevié¢ 2020]
and their definition is the one we introduce below. To introduce this, we define, for p > 1, the R-linear
map J, : C" — C" by

Tatipy=24il
p p

where p’ = p/(p—1) and «, B € R".

Definition 2.1. Let Q C R”. Let A : Q — M, (C), where M, (C) is the space of n x n complex-valued
matrices. We say that A is p-elliptic if, for a.e. x € €2,

Re(A(x)E, TpE) > Ap|E|*  forall £ € C, (2-1)
for some A, > 0 and there exists A > 0 such that
[{(A(x)§, n)| < Alé[In| forall§, neC”. (2-2)

It is now easy to observe that the notion of 2-ellipticity coincides with the usual ellipticity condition
for complex matrices. As shown in [Carbonaro and Dragicevi¢ 2020] if A is elliptic, then there exists
u(A) > 0 such that A is p-elliptic if and only if |l —2/p| < u(A). Also u(A) =1 if and only if A is
real-valued, implying p-ellipticity in the full range p € (1, c0).

2.1. Nontangential maximal and square functions. On a domain of the form

Q = {(x0,x") e RxR" ! : xg > p(x")}, (2-3)
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where ¢ : R"~! — R is a Lipschitz function with Lipschitz constant given by L := || V|| Loo(rn—1» define
for each point x = (xg, x") € Q

8(x) 1= xo — ¢(x') ~ dist(x, 9R). (2-4)
In other words, §(x) is comparable to the distance of the point x from the boundary of .

Definition 2.2. A cone of aperture a > 0 is a nontangential approach region to the point Q = (xg, x’) € 0Q2
defined as

Fa(Q) ={(ro.y") € Q:alxo— yo| > |x" = y'[}. (2-5)
We require 1/a > L, otherwise the aperture of the cone is too large and might not lie inside 2. When

Q = R’} all parameters a > 0 may be considered. Sometimes it is necessary to truncate I'(Q) at height £,
in which case we write

T*(0) =T, (Q) N{x € Q:6(x) <h}, (2-6)
100020y ~ [ 1VwCP3) . @7

In [Dindos et al. 2007], a “p-adapted” square function was introduced. The usual square function is the
p-adapted square function when p = 2. In the following definition, when p < 2 we use the convention
that the expression |Vw (x)|?|w(x)|?~2 is zero whenever Vw(x) vanishes.

Definition 2.3. For @ C R”, the p-adapted square function of w : & — C such that w|w|?/2~! €
Wlééz (2; C) at Q € 09 relative to the cone ', (Q) is defined by

1/2
Sp.a(w)(Q) 1= (/F o IVw () |lw(x)[P~28(x)> " dX) (2-8)

and, for each h > 0, its truncated version is given by

1/2
a0 1= ([, [FweoR I 2002 dx) 9)

We further introduce the following convention. When w :  — C* with component functions (Wi )1<i<k>
we denote by Sp 4 (w)(Q) the sum

k
Sp.aW)(Q) =" Sp.a(w;)(Q): (2-10)

i=1

hence for example if w = Vru then S, (V7 u)(Q) denotes

n—1
> Spa@u)(Q).

i=1
It is not immediately clear that the integrals appearing in (2-8) are well-defined. However, in [Dindo$
and Pipher 2019], it was shown that the expressions of the form |Vw(x)|?|w(x)|?~2, when w is a
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solution of Lw = 0, are locally integrable and hence the definition of S,(w) makes sense for such p
whenever p-ellipticity holds. This in particular applies with some modifications to w = Vru on R’} .
Each component of w solves a PDE L(wg) = 0; ((0x Aij)w;) — 0x (B;)w;. The right-hand side of this
PDE is good enough for the regularity theory developed in [Dindo§ and Pipher 2019] to apply to this
more complicated system of equations as well.

A simple application of Fubini’s theorem gives

150 gy ~ [ V0GP0 (0]7~28(2) . @-11)

Definition 2.4. For 2 C R” as above, and for a continuous w : 2 — C, the nontangential maximal
function (A-truncated nontangential maximal function) of u at Q € 92 relative to the cone I';(Q) is
defined by

Na(w)(Q):= sup |w(x)| and NZ(w)(Q):= sup |w(x)|. (2-12)

x€Tq(Q) x€T4(Q)

Moreover, we shall also consider a related version of the above nontangential maximal function. This
is denoted by ﬁp,a and is defined using L? averages over balls in the domain 2. Specifically, given
w e L? (Q;C) we set

loc
ﬁp,a(w)(Q) = sup wp(x) and ]Vlf”a(w)(Q):z sup  wp(x) (2-13)
x€lq(Q) xeT#(0)

for each Q € 0 and & > 0 where, at each x € Q,

1/p
Wy (x) = (][ |lw(z)|? dz) . (2-14)
Bs(x)/2(x)

Above and elsewhere, a barred integral indicates an averaging operation. Observe that, given w €
Lf)C(Q;C), the function w), associated with w as in (2-14) is continuous and ﬁp,a(w) = Ng(wp)
everywhere on 0€2.

The L2-averaged nontangential maximal function was introduced in [Kenig and Pipher 1993] in
connection with the Neuman and regularity problem value problems. In the context of p-ellipticity,
Proposition 3.5 of [Dindo§ and Pipher 2019] shows that there is no difference between L? averages and
L? averages when w = u solves Lu = 0 and that ]Vp,a (u) and ]Vz,a/(u) are comparable in L" norms for
all r > 0 and all allowable apertures a, a’.

In this paper we shall consider w = Vu. However, as it turns out a modification of the argument
following (2.20) of [Dindo$ and Pipher 2019] applies in our case: each component wk = dpu of w solves
an equation similar to one considered in that paper, namely

Lwy = 0;(Aij djwg) = 9;i (O Aij)wj). (2-15)

Observe that the condition |VA(x)| < K(§(x))~! implies that the right-hand side of (2-15) is the divergence

of a vector in L? and thus the solutions wy will belong wl

1oc2- We record the regularity results in the

following proposition.
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Proposition 2.5. Suppose that u € Wléc’z(Q; C) is the weak solution of Lu = div A(x)Vu = 0in Q. Let
po =inf{p > 1: A is p-elliptic}, and suppose that A has bounded measurable coefficients satisfying

IVAX)| < K@S(x)™' forallx € Q, (2-16)

where the constant K is uniform, and §(x) denotes the distance of x to the boundary of Q. Then we have
the following improvement in the regularity of Vu. For any B4, (x) C Q and ¢ > 0 there exists Co > 0

such that
1/p 1/q 1/2
(][ |Vu|? dy) SCS(][ |Vul|? dy) +8(][ |Vu|? dy) (2-17)
B, (x) B>, (x) B>, (x)

forall p,q € (po, pyn/(n—2)). (Here py = po/(po—1) and when n = 2 one can take p,q € (po. 00).)
The constant in the estimate depends on the dimension, the p-ellipticity constants, A, K and & > 0 but not
onx €, r>0oru.

It follows that for any boundary ball A = Ay C 02, for any p,q € (po, pon/(n —2)) and for any
allowed aperture parameters a,a’ > 0 there exists m = m(a,a’) > 1 such that

INE . (Vi)llLrag) S INZS (Vi) Lr mag) (2-18)

for all r > 0. We also have for the same range of p’s the estimate

1/p 1/2
(rz][ |V Ogu|?|05u|P2 dy) §Cp(][ |Vu|2dy) (2-19)
By (x) By (x)

forallk =0,1,2,...,n—1.

2.2. Carleson measures. We begin by recalling the definition of a Carleson measure in a domain 2 as
in (2-3). For P € R", define the ball centered at P with the radius r > 0 as

Br(P):={xeR":|x—P|<r}. (2-20)

Next, given Q € €2, by A = A,(Q) we denote the surface ball 32 N B,(Q). The Carleson region
T(A,) is then defined by

T(Ay):=Q2N B (0). (2-21)
Definition 2.6. A Borel measure p in €2 is said to be Carleson if there exists a constant C € (0, oo) such
that forall Q € 9Q and r > 0

W(T(A) < Ca(Ay), (2-22)

where o is the surface measure on dS2. The best possible constant C in the above estimate is called the
Carleson norm and is denoted by ||u||c.
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In all that follows we now assume that the coefficients of the matrices A and B of the elliptic operator
L =div A(x)V + B(x) -V satisfy the following natural conditions. First, we assume that the entries A4;;
of A are in Lip,,.(£2) and the entries of B are L}, (€2). Second, we assume that

du(x)=sup [[VA]>+|B|*]8(x)dx (2-23)
Bs(x)/2(x)

is a Carleson measure in 2. Sometimes, and for certain coefficients of 4, we will assume that their
Carleson norm || u||¢ is sufficiently small. The fact that u is a Carleson allows one to relate integrals in
Q2 with respect to i to boundary integrals involving the nontangential maximal function. We have the
following result for our averaged nontangential maximal function; see [Dindo§ and Pipher 2019].

Theorem 2.7. Suppose that dv = f dx and du(x) = [supBa(x)/z(x) | 1] dx. Assume that |4 is a Carleson
measure. Then there exists a finite constant C = C(L,a) > 0 such that for every u € LY _(Q; C) one has

loc
[ (@)I? dv(x) < Cllule / (Wya))? do. (2-24)
Q Q

Furthermore, consider 2 = R”, , where w and v are measures as above supported in 2 and §(xo, x") = Xo.
Let h: R"™! — R* be a Lipschitz function with Lipschitz norm L and

Qp = {(x0,x") : x0 > h(x")}.
Then for any A C R"™! with sup, h < diam(A)/2 we have
/ lu(x)[? dv(x) < Cllﬂllcf (Np.a.n(w)? do. (2-25)
Q,NT(A) 9Q,NT(A)

Here for a point Q = (h(x'), x") € 02y, we define

Npan@)(Q) = sup w, (2-26)
T'a(Q)
where
T4(Q) = To((h(x'), x")) = {y = (vo, ) € :alh(x) — yo| > [ — ']} (2-27)

and the L? averages w are defined by (2-14) where the distance § is taken with respect to the domain
Q=R
-

2.3. The LP-Dirichlet problem. We recall the definition of L? solvability of the Dirichlet problem.
When an operator £ is as in Theorem 1.2 is uniformly elliptic (i.e., 2-elliptic) the Lax-Milgram lemma
can be applied and guarantees the existence of weak solutions. That is, given any f € Bf/g(asz; 0),
the homogenous space of traces of functions in W12(Q; C), there exists a unique (up to a constant)
u € W12(Q: C) such that Lu = 0in Q and Tru = f on 2. We call these solutions “energy solutions”

and use them to define the notion of solvability of the L? Dirichlet problem.

Definition 2.8. Let Q2 be the Lipschitz domain introduced in (2-3) and fix an integrability exponent
p € (1,00). Also, fix an aperture parameter a > (. Consider the following Dirichlet problem for a
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complex-valued function u : Q — C:

0=10;(A;j(x)0;u)+ B;(x)dju in £,
u(x) = f(x) foro-ae.x €0, (2-28)
N2a(u) € LP(99),
where the usual Einstein summation convention over repeated indices (i, j in this case) is employed.
We say the Dirichlet problem (2-28) is solvable for a given p € (1, o0) if there existsa C = C(p, 2) >0
such that for all boundary data f € L?(3S2;C)N B 2,2 (0€2; C) the unique energy solution satisfies the

1/2
estimate

IN2,alLr o) < C Il fllLr@o:0)- (2-29)

Similarly, we say the regularity problem for the same PDE is solvable for a given p € (1, o0) if there
exists a C = C(p, ) > 0 such that for all boundary data f € WP (3€2;C) N Bf/g(asz; C) the unique
(modulo constants) energy solution satisfies the estimate

IN2,a(Vu)|Lr o) < CIVT S lLr@9:0)- (2-30)

Remark. Given f € Blz/g (02; C) N LP(922; C) the corresponding energy solution constructed above
is unique (since the decay implied by the L? estimates eliminates constant solutions). As the space
B'f/’g(asz; C) N LP(02;C) is dense in L?(d2;C) for each p € (1, 00), it follows that there exists a
unique continuous extension of the solution operator f + u to the whole space L?(092;C), with u
such that f\?z,a (u) € L?(0R2) and the accompanying estimate ||]V2,a W llLr@e) < Cll fllLr@e;c) being
valid. Furthermore, as shown in the Appendix of [Dindos and Pipher 2019] for any f € L?(92; C) the
corresponding solution u constructed by the continuous extension attains the datum f as its boundary

values in the following sense. Consider the average u : 2 — C defined by

ﬁ(x)=][ u(y)dy forall x € Q2.
Bs(x)/2(x)

Then
= lim u(x) forae. Q €09, 2-31
f@=_ Jim i) 0 @:31)
where the a.e. convergence is taken with respect to the " ~! Hausdorff measure on 9<2.
We can make a similar statement regarding nontangential convergence of gradients for solutions to the
regularity problem. That is, defining

6u(x)=][ Vu(y)dy forall x € 2,
Bs(x)/2(x)

the same proof in [Dindo$ and Pipher 2019] yields that
Vu(Q)=  lim  Vu(x) forae. Q €dS, (2-32)

x—>0,xel'(Q)
and when Q =R’} ,

Vr f(Q) = x—>Q1,i)IcIéI‘(Q) Vru(x) forae. Q €9dQ. (2-33)
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Let us make some observations that explain the structural assumptions we have made in Theorems 1.1
and 1.2. As we have already stated it suffices to formulate the result in the case Q = R’ by using the
pull-back map introduced above. Since Theorem 1.2 requires that the coefficients have small Carleson
norm, this puts a restriction on the size of the Lipschitz constant L. = ||V¢||p e of the map ¢ that defines
the domain €2 in (2-3). The constant L will have also to be small (depending on A,, A, n and p).

For technical reasons in the proof we also need that all coefficients Ag;, j =0,1,...,n—1, are real.
This can be ensured as follows. When j > 0 observe that we have

do([-#m Agj] 0ju) = 0; ([.#m Aoj] dou) + (do[-#m Ag;]) dju — ([0; Sm Ag;]) dou, (2-34)

which allows us to move the imaginary part of the coefficient Ag; onto the coefficient 4;¢ at the expense
of two (harmless) first-order terms. This does not work for the coefficient Agg. Instead we make the
following observation.

Suppose that the measure (2-23) associated to an operator £ = d; (A4;;(x) d;) + B;(x) 0; is Carleson.
Consider a related operator £ = (fT,'j (x)9;) + Bi(x)d;, where A =aA and B = aB — (0j0)A;j 0j,
and o € L>®(Q) is a complex-valued function such that |o(x)| > ag > 0 and |Va|?xq is a Carleson
measure.

Observe that a weak solution u to L1 = 0 is also a weak solution to £1 = 0 and that the new coefficients
of A and B also satisfy a Carleson measure condition as in (2-23), from the assumption on . We will
only require that the coefficient Ago is real but we may as well ensure for simplicity that it is equal to 1.
Clearly, if we choose @ = AO_OI, then the new operator L will have this property. If Ago (and hence o)
is real, then A is p-elliptic if and only if A is p-elliptic. Similarly, if A4 is p-elliptic and .#m Agg is
sufficiently small (depending on the ellipticity constants), then A will also be p-elliptic. However, if
Jma is not small, the p-ellipticity, after multiplication of 4 by o may not be preserved. Thus, we
assume in our main results (Theorems 1.1 and 1.2) the p-ellipticity of the new matrix A, which has all
coefficients A j, J =0,1,...,n—1, real, as this is not implied in the general case from the p-ellipticity
of the original matrix A.

3. Bounds for the nontangential maximal function by the square function

We work on = R’} and we assume that the matrix A is p-elliptic. Our aim in this section is to establish
bounds for the nontangential maximal function by the square function. The approach necessarily differs
from the usual argument in the real scalar elliptic case due to the fact that certain estimates, such as
interior Holder regularity of a weak solution, are unavailable for the complex-coefficient case. Here we
deviate from the approach taken in [Dindo§ and Pipher 2019], where we worked with the p-adapted
square function, and instead focus on the estimates for the usual square function. Our approach is similar
to [Dindos et al. 2017a] for elliptic systems and when possible we refer to results from there.

The major innovation from [Dindos et al. 2017a] is the use of an entire family of Lipschitz graphs on
which the nontangential maximal function is large in lieu of a single graph constructed via a stopping
time argument. This is necessary as we are using L? averages of solutions to define the nontangential
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maximal function, and hence the knowledge of certain bounds for a solution on a single graph provides
no information about the L2 averages over interior balls.
Let u be an energy solution to

Lu=0;(A;;dju)y=0 inQ=R]}.

Let v = Vu, that is, vy = dxu, k =0,1,...,n—1. Let w = w, be the L? averages of v, that is,

1/2
w(x) 1= (][ |v(z)|2dz) . (3-1)
Bs(x)/2(x)

Eyg:={x"€0Q: Ny(w)(x") > v} (3-2)

Set

(where, as usual, @ > 0 is a fixed background parameter), and consider the map /4 : 92 — R given at each
x" € 0Q by
hv,a (w)(x/) =inf{xo >0: SUPzer, (xo,x’) w(z) <vj, (3-3)

with the convention that inf @ = co. We remark that / differs somewhat from the function that has been
used in the argument for scalar equations; see [Kenig and Pipher 2001, pp. 212] and [Kenig et al. 2000].

At this point we note that 4, 4(w, x") < oo for all points x” € dQ2. Since u € WL2(R"; C), it follows
that v € L2(R" ; C"). Thus w as an L? average of v is continuous on the upper half-space and decays to
zero as xo — 00. Thus A, 4 is finite everywhere.

We look at some further properties of this function. As in [Dindos et al. 2017a] we have the following
(with identical proof).

Lemma 3.1. Let w be as above (3-1). Also, fix two positive numbers v, a. Then the following properties
hold:

(i) The function h,, 4(w) is Lipschitz, with a Lipschitz constant 1/a. That is,

.0 (W) () =y 0 (W)Y < @™ x" = y'| (3-4)
forall x',y" € 0Q.

(ii) Given an arbitrary x' € E, 4, let xo 1= hy q(w)(x’). Then there exists a point y = (yo,y’) €
04 (x0, x") such that w(y) = v and hy 4(w)(y’) = yo.

We also have (as in [Dindos et al. 2017a]) by an identical argument:

Lemma 3.2. Let v, w be as above. For any a > 0 there exists b = b(a) > a and y = y(a) > 0 such that
the following holds. Having fixed an arbitrary v > 0, for each point x’ from the set

{(x": Ng(w)(x") > v and Sp(v)(x") < yv} (3-5)
there exists a boundary ball R with x' € 2R and such that
lw(hy q(w)(2'),2")| >v/2 forallz' € R. (3-6)

Here S, = S, p, is the usual square function of v = Vu associated with nontangential cones I'(-).
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Given a Lipschitz function 4 : R”~! — R, denote by M}, the Hardy-Littlewood maximal function
considered on the graph of s. That is, given any locally integrable function f on the Lipschitz surface
Ay ={(h()),2)) : 2/ e R" 1}, define

(Mpf)(x) := sup][A e \f1de

r>0

for each x € Ay,.

Corollary 3.3. Let v, w be defined as above and let a > 0 be fixed. Associated with these, let b, y be as
in Lemma 3.2. Then there exists a finite constant C = C(n, p) > 0 with the property that for any v > 0
and any point x' € E,, 4 such that Sp(v)(x") < yv one has

(Mhu’aw)(hv,a(x/),x/) > Chv. (3_7)
The following lemma requires a modified proof, which we include below.

Lemma 3.4. Consider the equation Lu = 0 with coefficients satisfying the assumptions of Theorem 1.2,
let v = Vu and let w be defined by (3-1). Then there exists a > 0 with the following significance. Select
0 e [é 6] and, having picked v > 0 arbitrary, let h, 4(w) be as in (3-3). Also, consider the domain
O ={(x0,x") € 2:x0 > Oh, 4(x")} with boundary 00 = {(xo, x") € Q : xo = Oh,, 4(x")}. In this context,
for any surface ball Ay = B,(Q) N 32, with Q € 02 and r > 0 chosen such that h,, (W) < 2r pointwise
on Ay, one has

/A 10Oy a(w)(+), )2 dx’ < CA+] 1l NS Lo A I N2.a W Lo (A0,

O IV a0 0,y +C IS, )+ [ P X, 3
K

Here C = C(A, p,n) € (0,00) and K is a region inside O with diameter, distance to the boundary 00,
and distance to Q all comparable to r. Also, the parameter b > a is as in Lemma 3.2, and the cones used
to define the square and nontangential maximal functions in this lemma have vertices on 052.

Moreover, the term ff,c |v|?2 dX appearing in (3-8) may be replaced by the quantity

CrYo(4,)1? + c/ SZ(v) do, (3-9)

A2r

where Ay is any point inside KC (usually called a corkscrew point of A) and
v(X) :=][ v(Z2)dZ. (3-10)
Bs(x)/2(X)

Finally, (3-8) and (3-9) remain true even if v is replaced by v — vg for any fixed vy € C".

Proof. Fix 6 € [%, 6]. Consider the well-known pullback transformation p : R’} — O appearing in works
of Dahlberg, Necas, Kenig and Stein and others, defined by

p(x0,x") := (x0 + Pyxo * ¢ (x"), x")  forall (xg,x") € R, (3-11)
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for some positive constant y. Here ¢ is a Lipschitz function describing the boundary on 00O, P is a
nonnegative function P € C§° (R*~1) and, for each A > 0,

Py (x"):=A""TIP(x'/A) forall x’ € R" 1. (3-12)

Finally, P, * ¢(x’) is the convolution

Paxpt)i= [ Pl =y dy' G-13)

Observe that p extends up to the boundary of R’} and maps one-to-one from dR’, onto dO. Also for
sufficiently small y < L the map p is a bijection from @i onto O and, hence, is invertible.

For a solution u € WI;C’Z(O; C) to Lu = 0 in O with Dirichlet datum f, consider # := u o p and
f := f o p. The change of variables via the map p just described implies that 7 € WI;C’Z([R{” ; C) solves a

new elliptic PDE of the form
9; (A;j(x) 9;11) =0, (3-14)

with boundary datum f on dR", . Hence, solving a boundary value problem for u in €2 is equivalent
to solving a related boundary value problem for # in R} . Crucially, if the coefficients of the original
system are such that (2-23) is a Carleson measure, then the coefficients of A satisfy an analogous Carleson
condition in the upper-half space. If, in addition, the Carleson norm of (2-23) is small and L (the Lipschitz
constant for the domain €2) is also small, then the Carleson norm for the new coefficients A

dii(x)=( sup |VA|)’8(x)dx (3-15)

Bs(x)/2(x)
will be correspondingly small and will only depend on the Carleson norm of the original coefficients and
the Lipschitz norm of the function /, 4. When the Lipschitz norm of this function goes to zero we have

limsup || itlle < ||plle.

and hence the parameter ¢ > 0 may be chosen large enough so that the Lipschitz norm of the function
0h, 4 is sufficiently small (at most 6/a) such that ||ii||c < 2|/n|lc. Moreover, this transformation also
preserves ellipticity.

Having fixed a scale r > 0, we localize to a ball B,(y’) in R”~!. Let ¢ be a smooth cutoff function of
the form ¢ (xg, x") = Co(x0)¢1(x’), where

1 in[o0,r], 1 in B,(y"),
é‘O — . [ ] é‘l — . :l(y) . (3-]6)
0 in [2r, 00), 0 inR"\ B, (y")
and
rldoCo| + r|Vy 1| <c (3-17)

for some constant ¢ € (0, 0o0) independent of 7. Our goal is to control the L2 norm of Vu(6h, 4 (w)(-),-).
Since after the pullback under the mapping p the latter is comparable with the L? norm of Vii(0, ), we
proceed to estimate this quantity.
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Clearly, if we establish estimate (3-8) for Vi on A, C dR”, it will imply the original estimate for Vu
on the graph of 64, 4.
Hence, let v = Vi. For vy, where k = 1,2,...,n— 1, we have

/ 15 (0, x)£ (0, x') dx’ = — // Boll5x 28] (xo. x') doxo dx’
BZr(y/) [0,2r]xBZr(y’)

=-2 // Re (v, 000k )¢ dxg dx’
[0,27]x B>, (¥)

- // 15 (0. x') o doxo
[0,2r]x B2 (¥")
= A+ 1V. (3-18)

We further expand the term .4 as a sum of three terms obtained via integration by parts with respect to xg
as follows:

A= —2// %e(f)k,aoﬁk){(aoxo) dX() dx’
[0,2r]x B2, (¥')

= 2// |80k |2 x0¢ dxo dx’
[0.27]% B2, ()

+2/f Re (v, 8(2)017k)x0§ dxgdx’
[0’2r]XBZr (y/)

+2// %e(ﬁk,aoﬁk)xO 00¢ dxg dx’
[0,2r]x B2, (¥")
= 14+11+1I1. (3-19)
We start by analyzing the term /1. We write
92 = 9 doo

and integrate by parts moving the d; derivative. This gives

17 22// %e(ﬁk,akaoﬁo))coé’d)q) dx'
[0,2r]x B2, (")

= — // %e(akf)k,aoﬁo))coz dX() dx/—2 / %e(f)(),akf)k))co 80§ de dx/
[0,27]x B2, (") [0,27]x B>, (¥")

=111+ 11>. (3-20)
We now group together terms that are of the same type. Firstly, we have

[+ 111 = C(An)[|Sp )11 25, (3-21)

Here, the estimate would be true even with truncated square function ||.S g’ )] %2( Bay)’ which is at every
r

point dominated by ||Sp(v) ”22(32 )
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Next, corresponding to the case when the derivative falls on the cutoff function ¢ we have

I+ 11T < C(A,n) V|52 dxo dx’
[0,2r]x B, r

1/2
-2 X0 ~
SC(A,n)( Il 157222 dix, dx’) 1527 ()l 128
[0,2r]x B>, r

< CA ISy )2 5, ) INpa W)l L2(ss,)- (3-22)

Finally, the interior term V, which arises from the fact that do¢ vanishes on the set (0, r) U (2r, 00) may

<< // lv|? dxo dx’. (3-23)
r [r,2r]XBoy

Summing up all terms, the above analysis ultimately yields

be estimated as follows:

/B o) Vi (0, x")? dx' < C(A.m)(1+ 1121 IS5 )12 (Bap) | Na (W)l (821
r (v

FCAMIS Oy +E [ Pdvar. G2
[r,2r]1x B,

Observe also we could have done the whole calculation with a constant subtracted from U without any
substantial modifications. It remains to consider the derivative in a transversal direction to the boundary.
Instead of 0o = dg it is more convenient to work with

n—1
H = Z Aojvj,
j=0
which will give us the desired bound since
| 1aoPOxs0.x) ax
B>, (¥")

~ / [ Zo0io(0. )L (0, x) dx’
BZr(y/

5n(/ [HO,x) 20,y dx + f |fi‘o,-aj(o,x/)|2z<o,x’)dx’)
B>y (y") B> (")

j>0
<n / |H(0,x")|?¢(0,x")ydx" + C(n, A) / |Vrii(0, x")|? dx’. (3-25)
B>y (") B, (y")

The second term is okay as we have (3-24). We deal with the first term now. A calculation similar to
(3-18)—(3-19) gives us

/ HIP(0, )0, ') dx’
B2r(y/)

= —2// Ze(H, doH ) dxg dx’—// |H|?(x0.x") 9¢ dxo dx’. (3-26)
[0,27’])(32;«()//) [0,2r]szr(y’)
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The second term has an estimate similar to (3-23). For the first term we use the fact that Lii = 0, which
implies
doH = - 0:i(A;;7)).
i>0

It follows that

2 f/ Fe(H, dH)E dxo dx’
[0,2r]x B2, (")

=2y e(H, 0; (,5)))¢ (Boxo) dxo dx’
i>0 Y7 [0,2r]xB2,(y")

= —22// Re(doH, 3; (A;;7;))¢x0 dxo dx’
=0 7/10.2r1x B2, ()
+2Z‘f/ Re(d; H, do(A;;7;))¢x0 dxo dx’

i>0 [0,2r]x B2, (¥")

—22// Fe(H, 8; (A;j17))(0¢)xo dxo dx’
i>077[0,2r]x B2y (¥")

+2)° /f Fe(H, do(A;;9;))(9;0)xo dxodx’.  (3-27)
=0 2/10.2r1% Bar ()

We analyze this term by term. In the last two terms, if the derivative falls on v;, these terms are of the
same nature as (3-22) and are handled identically. When the derivative falls on the coefficients, these are
bounded by

- ~ X0 1/2
// BRIVAIEL dxo dx’ < [l Na(w) 2.
[0,27]x B2, (") r

where we have used the Cauchy—Schwarz inequality and the Carleson condition.

The first two terms on the right-hand side of (3-27) will give us the square function of v when both
derivatives fall on ¥ or a mixed term like (3-22) or finally when both derivatives hit the coefficients terms
bounded from above by

/[ 13219 APx0 dxo d’ < [allell Na )
[0,27]x B2 (¥')

With this in hand, the estimate in (3-8) follows (by passing from v back to v = Vu via the map p).
Finally, the claim that the term (3-9) can be used in the statement of the lemma follows from the
Poincaré inequality. See [Dindos et al. 2017a] for the details. O

Combining all lemmas above, we can establish the following local good-A inequality. We omit the
proof as the argument is the same as in [Dindos et al. 2017a].
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Lemma 3.5. Consider the equation Lu = 0 with coefficients satisfying the assumptions of Theorem 1.2.
Consider any boundary ball Ag = Agz(Q) C R* 71, let Ay = (d/2, Q) be its corkscrew point and let

1/2
Vo = ( ][ |Vu(z)|? dz) . (3-28)
Bga(Ag)

Then for each y € (0, 1) there exists a constant C(y) > 0 such that C(y) — 0 as y — 0 and with the
property that for each v > 2vg and each energy solution u of Lu = 0 there holds

[{x € R"™: Na(Vuxriag) > vo (M(SE(Vu))'/? < pv,
(M(SEVWIMEZ(Vuxran) '™ = yv. (MUl > N2 Vuxra))'? < v}
<CIX € R Ny(Vuyr(a,))(x) > v/32}]. (3-29)

Here y1(a,) is the indicator function of the Carleson region T (Ag) and the square function Sy, in (3-29)
is truncated at the height 2d. Similarly, the Hardy-Littlewood maximal operator M is only considered
over all balls A" C A4 for some enlargement constant m = m(a) > 2.

Finally we have the following.

Proposition 3.6. Consider the equation Lu = 0 in Q = R’ with coefficients satisfying the assumptions
of Theorem 1.2. Then for any p > 0 and a > 0 there exists an integer m = m(a) > 2 and finite constants
K=Kn,A, A, p,a)>0and C =Cn,A, A, p,a) > 0 such that if

lille < K,
then for all balls Ag C R*~! we have

INZ(Vu)lLrcayy < CISZ (Vu)lLra,,) + Cd VP |Vu(Ay)), (3-30)

where Ay denotes the corkscrew point of the ball Ay and Vu is as in (3-10).

We also have a global estimate for any p > 0 and a > 0. Under the same assumptions as above
(and extra a priori assumption | Ng(Vu)|| Lr@i—1) < 00 when p < 2) there exists a finite constant
C=C(n,A, A, p,a)> 0 such that

||j\7a (Vu) ”LP(R”*I) < C|Sa(Vu) ||Lp(Rﬂ*1)- (3-31)

Proof. When p > 2, (3-30) follows immediately by a standard argument (multiplying the good-A
inequality (3-29) by v”~! and integrating in v over the interval (2vg, 00)). Note that the fact that the
square function S 3’ is only integrated over some enlargement of A instead of the whole R"~! follows
from the fact that the set {x’ € R*"! : N, (Vuyra,))(x’) > v/32} on the right-hand side of (3-29)
vanishes outside a ball of diameter comparable to A ;. For this reason the maximal operators M in (3-29)
can be restricted to such an enlarged ball A,,;.

The condition ||u||¢ < K comes from the presence of the term (M(||,u||é/zﬁaz(Vu)(T(Ad))))l/2 <yv
in the good-A inequality. The argument that shows (3-30) for all p > 0 can be found in [Fefferman and
Stein 1972]. The local estimate (3-30) for p > 2 is the necessary ingredient for what is otherwise a purely
real-variable argument. Further details can be found in [Fefferman and Stein 1972].
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Finally taking the limit d — oo yields (3-31). The additional assumption || N, (V)| LoRi—1y <00
when p < 2 comes into play it order to guarantee that the term d #~1/P|Vu(Ay)| in (3-30) converges to
zero as d — o0. o

4. Estimates for the p-adapted square function

Let Q = Rﬁ and assume u is a weak solution Lu = 0, where
Lu = 9;(Aij(x)dju) + Bi(x) d;u, (4-1)

with the Dirichlet boundary datum f € Bf/’;(asz; C)N WP (39; C). Assume that A is p-elliptic and
smooth in [F\R'jr with Agp = 1 and Ag; real and that the measure p defined as in (1-2) is Carleson.

Fix an arbitrary y’ € 9Q = R"*~! and consider A = A,(y), a ball of radius r in R”~! centered at y".
Pick a smooth cutoff function { which is xg-independent and satisfies

1 inA
= ’ 4-2
¢ 0 outside 2A, (4-2)

where 2A is a ball of radius 2r centered at y’. Moreover, assume that r|V{| < ¢ for some positive
constant ¢ independent of y’. We note that since

30(1‘10] 8ju) = aj(Aoj 8014) — (3]'/10]') dou + (30/10]') 8ju,

we may as well assume that Ag; = 0, j > 0, by changing coefficients Ag; and Ao of the matrix A and
modifying B. We note that this does not affect the ellipticity of A as all Ag; are assumed to be real. It
follows that we can assume d; Ag; =0 forall j,k=0,1,...,n—1.

We begin by considering the integral quantity for some function w (to be specified later) such that
wlw|P/21 e WI;C’Z(Q)

L= // Ay 9w 0; (Jw|?~2D)x0¢ dx’ dx, (4-3)
[0,s]x2A

with the usual summation convention understood. Here s € [0, r]. With y = xo¢ we have by Theorem 2.4
of [Dindo§ and Pipher 2019] for all p for which A is p-elliptic for some A, > 0

>y // |w|P~2|Vw|?xo¢ dx’ dxq. (4-4)
[0,s]1x2A

The objective is to ultimately apply (4-4) to w = d;u, i = 1,...,n — 1, and obtain a quantity that
can be bounded from above by expressions that involve L? norms of |Vu|, and nontangential maximal
functions of |Vu/|, on the boundary. To see this, we continue the calculation using the fact that we can
bound the right-hand side of (4-4) by the expression Z, which brings in the equation. For the moment,
we ignore the issue of finiteness of this expression, even though we use this fact in the calculations that
follow. We’ll return to this point after some of the basic calculations, for the sake of clarity of exposition.
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The idea now is to integrate by parts the formula for Z in order to relocate the d; derivative. This gives
I=%’e/ Aij djw|w|P 2 wxlvy, do
a[(0,5)x2A]
—%’e// 0i (Aij ij)|w|”_212)xo§dx'dxo
[0,s]x2A
—%’e// Aij djw|w|P™%w 9;x0¢ dx’ dxo
[0,s]x2A
—%ef/ Ay djwlw|P % wxg 9; ¢ dx’ dxo
[0,s]x2A
=I+1I+1I+1V, (4-5)

where v is the outer unit normal vector to (0, s) X 2A. The boundary term / is nonvanishing only on the
set {s} x 2A and only when i = 0. This gives

I = %’e/ Aoj ij|w|p_2u')x0§ do. (4-6)
{s}x2A

As 0;xo = 0 for i > 0 the term /]I is nonvanishing only for i = 0. Since Ag; = 0 for j > 0 and
Ago = 1, term I11 simplifies to

I = — Ze [/ dow|w|P 2wt dx’ dxg
[0,s]x2A

__1 // Bo(|wl?)¢ dx’ dxo
p [0,s]x2A

=L [ wrezar+ L [ qerescar. @-7)
P Jana P Jan

We add up all terms we have so far to obtain

pr_l/ ao(|w|P)(s,x/)s;dx’—%e// 3 (Aij 3jw)|w|P2wxo¢ dx’ dxo
2A [0,s]x2A
—p_1 / |lw|? (s, x")¢ dx" + p_1 / [w|? (0, x"Yedx' +1V. (4-8)
2A 2A

So far w was an arbitrary function. We now apply (4-8) to wy = dgu, k =1,2,...,n—1, where u
solves Lu = 0. It follows that each wy solves

Lwy = 0;(Ajj 0 wg) + Bjwy
= 0i (O Ajj)wj) — O (Bi)w;. (4-9)
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It follows that

1l = — e // 0i (A;j ijk)|wk|p_2u_)kx0§ dx’ dxg
[0,s]x2A

= e // Bjw |wg [P 2w x0¢ dx’ dxo
[0,s]x2A
e // (3; Aij)w; lwy [P~ x0 95 dx” dxo
[0,s]x2A
— Re // Biw; [wi|P 2 W xo ;¢ dx’ dxo
[0,s]x2A
e[| @A Bl meg d dg
[0,s]x2A
e [/ (0 Aij) @i w))|wie| P~ xol dx’ dxo
[0,s]x2A
— %e // B; 0 (w; |wg |? 2 wx ) x0C dx’ dxg
[0,s]x2A

= I+ 1+ 113+ 114+ IIs + 1. (4-10)

Here we integrated by parts terms containing two derivatives of A or one derivative of B by moving the dj
derivative. It is important here that k # 0 and hence d;xo = 0. The first term on the right-hand side can
be estimated directly using Theorem 2.7, while the last three terms we estimate using Cauchy—Schwarz
inequality, the Carleson conditions for A and B and Theorem 2.7:

[114] 4+ |115]| + |1]6]

1/2 1/2
< (// (|VA|+ |B|)2|w|l’x0;dx’dxo) (f/ |w|P—2|Vw|2x0§dx’dxo)
[0,s]x2A [0,s]x2A

1/2
<Oy (lnde [ [T a7 dx) 22 @-11)
2A
In summary we get (after using the inequality between the arithmetic and geometric means (AG))
1] < COp. A, pom) el /2 [Vl a4+ 11 + 11

It follows that (4-8) simplifies to (after summing over k =1,2,...n—1)

n—1
S Ze<p [ (Vrul)xredy
2A

k=1

! / Vrul? (s. X1t d' + p~! / V7l (0, x')¢ dx’
2A 2A

+Cp A p.n) il / [N} (V)P dx' + Iy + 113 + IV. (4-12)
2A
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We estimate the terms /V. It can be bounded (up to a constant) by
I vulwlrtsolardx dxo. @-13)
[0,s]x2A

where d7¢ denotes any of the derivatives in the direction parallel to the boundary. Recall that ¢ is a
smooth cutoff function equal to 1 on A and 0 outside 2A. In particular, we may assume ¢ to be of the
form ¢ = n? for another smooth function 7 such that |V7 7| < C/r. By Cauchy-Schwarz (4-13) can be
further estimated by

1/2 1/2
( // |Vw|2|w|p_zxo(77)2dx/dxo) ( // |w|pxo|VT77|2dX/dxo)
[0,s]x2A [0,s]x2A
1/2
511/2(1 // w|? dx’dxo)
" JJo,s1x(2A\A)

<eT+Cs / (N7 (V)P dx'. (4-14)
2A\A

In the last step we have used the AG-inequality and a trivial estimate of the solid integral |u|? by the
p-averaged nontangential maximal function.

The terms /1, and /13 are also similar. We use |VA|, |B| < ||;L|é/ 2 /X0 and what remains has a trivial
estimate by [, A\ AN, ~’ +(Vu)]? dx. Substituting this and (4-14) into (4-12) and by integrating in s over
[0, r] and dividing by r we finally obtain

f/ [S;/2(Vru)l? dx' <2Z// |V (0u)|? |0 u|P~ 2x0( )dx dxo
0,r]xA

5p‘1/ |VTu|p(0,x')dx'+p_1/ IVru|?(r,x")dx’
2A 2A

+C|plle / [N} (V)P dx' +C / [N} (V)P dx'. (4-15)
2A 2A\A

We return now to the issue of finiteness of the quantities in (4-4). We fix an ¢ > 0 and consider a bound
for the expression

// lw|P~2|Vw|*(xo — )¢ dx’ dxo (4-16)
[e,5]x2A

instead of ff[o, SIx2A |w|?~2|Vw|?xo¢ dx’ dxo. The quantity (4-16) is finite by the interior estimates
(2-19). By Theorem 2.7, all of the previous calculations for the term (4-16), after averaging in s will give

the estimate
n—1

S [ VORIl (oo ' dxo
k=1""le;r/2]xA

<p! / Vrul? (e, x') dx' + p~! / Vrul? (. x') dx’
2A 2A

+Cllplle / [N} e (V)P dx'+C / [N} 4 e(VW)? dx',  (4-17)
2A 2A\A
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where N 5.a.e(Vu) denotes the nontangential maximal function relative to the domain {xo > ¢} as defined
in (2-27).

To deal with the quantity [, |V7u|? (e, x") dx’, which is not itself a priori finite, we average the
inequalities above over ¢ € [g9/2, g9]. Averaging in r as we have done earlier bounds the boundary

integral [, , |[Vru|?(r,x") dx’ by a solid integral and we obtain, foreach k =1,...,n—1,

//[ /4]x A |V @) 1972 (xo — £0) dx" dxo 5 C/zA[ ~;,a,so/2(Vu)]p dx’. (4-18)
£0,r X

By Fatou’s lemma, letting ¢g — 0, the expressions in (4-4) have an upper bound in terms of
Jon []Vlf’ «(Vu)]? dx. Whenever this nontangential maximal function expression is finite, the calculations
leading to (4-15) that depend on the finiteness of (4-4) are justified.

To obtain a global version of (4-15), consider a sequence of disjoint boundary balls (Ar(yj/. ))ken such
that i Aoy (yJ/.) covers dQ = R"~! and consider a partition of unity (¢ i )ken subordinate to this cover.
That is, assume ) ; {j =1 on R"~! and each ¢; is supported in A, (yj’.). Given that } ; 9;¢; = 0 for
each i, it follows by summing over all k that

2112+113+1V=0.
j

It follows from (4-12) (after averaging in s over [0, r]) that

[/ IV (0 0) 2] |P~2 x0(1 — x—") dx’ dxq
[0,r]xR" ] r

sp7t [ vpul o+t [ 9 ax
R R?—

1

// [S5/2(Vru)]P dx’ <2 ni:
Rn—l k

=1

+Cllulle /R N (Vu)? d. @19)

We now modify our calculation above by considering a Lipschitz function g : R"~! — [0, 0o) such
that sup, g < r/4 (we only assume this to avoid integration over an empty set). We perform the same
calculation starting from (4-3) but this time we integrate over the set

([0, s] x2A) N Qg,
where

Qg :={(x0,x") e RxR"1: x> g(x)}.

Rather that repeating the whole calculation again we focus on the differences. We note that we will
only consider s € [r/2,2r] to avoid complications that might arise from integration over empty sets.
The first difference will be that the term I of (4-5) will contain an additional boundary and hence

I =,%’e/ (Dow)|w|P2wxol do —i—%’e/ Aij djwlw|P 2 wxolv; do,  (4-20)
{s}x2A ([0,5]1x2A)NIQ2¢
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where v; is the i-component of the outer normal of dQ2¢. The term (4-7) becomes

111 =—l[ |w|P(s,x/)§dx’+1/ lw|?(g(x"), x")¢ dx'. 4-21)
P J2A P JaA

We look at the term /7. As we integrate by parts to obtain (4-10) we pick up two extra boundary terms.
Iy = —%’e/ (aiAij)wj|wk|P_21I)kx0vk§a’a
([0,5]1x2A)NIQ2¢

+ Re / Biw; |[wi|P 2 Wi xovil do.  (4-22)
([0,5]x2A)NIR¢

We also modify some estimates. Terms I/s, Ilg and 117 of (4-10) are now integrated over the set
([0, 5] x 2A) N Qg, which allows us to use the estimate (2-25) of Theorem 2.7. This gives us

1/2
(5] + | 6| + 117 < (nunc /( (N2, (Vu))? dx’) 72 43

[0,s]x2A)NIQ ¢

A similar observation applies to terms /15, 173 and V. It follows that what we have so far implies the
estimate for some ¢, > 0:

n—1
S o
k=1 ([0,5]x2A)NQ¢

<p! / Bo(|VrulP)(s, x')re dx’ — p~! f Vrul? (5. x')¢ dx’
2A 2A

07 [ IV )2+ Clop ALl o) (N2, o (V)P dx’
24 T(2A)x0R24
n—1 o
> '%e/ Aij 3 ) 0| P2 B xotvi do + Ilng. (4-24)
k=1 ([0,5]x2A)NIQg

Our goal is to estimate the first two terms on the right-hand side of (4-24) by ﬁpz,’a’g. To do that we
average in s twice. We first integrate (4-24) over an interval s € [r/2(1 4 60), r(1 4 6)] and then integrate
the resulting inequality again in 6 € [0, 1]. This turns both mentioned terms into solid integrals of |Vzu|?

over a Whitney-type box inside 2. This simplifies (4-24) to

n—1
“p Z // |V(8ku)|2|aku|p_2xO dx" dxg
k=177 (0,r/2]xA)NQg
= P—l [ IVrul?(g(x), x")dx’ + C(Ap, A, lptlle, p.n) [ﬁli:l,g(vu)]p dx’
28 TQA)xIQ,
n—1 o
+ Z %e/ Aij 9; (8ku)|8ku|p_2 Oxu xoCv; do + Ipg. (4-25)
k=1 ([0,5]1x2A)N0Q, :

We shall use (4-25) in the following lemma.
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Lemma 4.1. Let Q = R’ and assume u is the energy solution of (4-1). Assume that A is p-elliptic and
smooth in [Rf’i_ with Ago = 1 and Agj real and that the measure . defined as in (1-2) is Carleson.

Consider any b > a > 0. Then for each vy € (0, 1) there exists a constant C(y) > 0 such that
C(y,a,b) — 0 as y — 0 and with the property that for each v > 0 we have

[{x" € R Sp 0 (Vru)(x') > v, Np(Vu)(x') < yv}|
<C|{x" eR* 118, p(Vru)(x)) > v/2}|.  (4-26)
Here ﬁb denotes the L? version of the nontangential maximal function defined over cones of aperture b.

Proof. We observe that Np(Vu) < yv also implies Np,b (Vu) < yv thanks to Proposition 2.5. Also
clearly, {x' e R""!: Sp.»(VTu)(x’) > v/2} is an open subset of R”~!. When this set is empty, or is all
of R"~1, estimate (4-26) is trivial, so we focus on the case when the set in question is both nonempty and
proper. Granted this, we may consider a Whitney decomposition (A;);es of it, consisting of open cubes
in R"~1 Let Flf be the set appearing on the left-hand side of (4-26) intersected with A;. Let r; be the
diameter of A;. Due to the nature of the Whitney decomposition there exists a point p’ € 2A; such that
Sp.5(VTu)(p') < v/2. From this and the fact that b > a it follows that for all x” € Flf we have

S2 ,(Vru)(x') > v/2,

where S lﬁ{ o 1s the truncated version of the square function at some height d ~ r;, where the precise nature
of the relation between d and r; depends on the apertures a and b.
For some a < ¢ < b consider the domain

Q= J Tex);

x’eFlﬁ'
this is a Lipschitz domain with Lipschitz constant 1/c. Observe that F! C 9Q.. It follows that
) P 4 n—1
#1225 [ g < Y ff IV @) Pl0jeu| P20 dx.
vP Fji k=1 Q:.NT(A})

We apply (4-25). It follows that

RS2 [ sy Tl + 01 do

n—1
+ %e/ Aii (0%,u)| 05| P2 dgu xolv; do
,;[ reapnin. l
+%€/ (8,~A,-j)8ju|3ku|p_28k_ux0vk§da
([0,5]1x2A)N0R2 ¢

+9z>e/ B; 8iu|8ku|1’_28k_ux0vk§da]}, (4-27)
([0,5]1x2A)NIQ2,
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where N pzi . 18 defined using nontangential cones with aperture a with vertices on d2.. Due to the fact
that each of these cones is contained in one of the cones I'y (x”) for some x’ € F) (as ¢ < b) and on F.
Ny (Vru)(x') < yv, we also have ﬁﬁ,ﬁ,c (Vru) < yv everywhere on d$2.. This takes care of the second
term.

We still need to deal with the four other terms on the right-hand side. We do it by converting these

terms into a solid integrals by averaging ¢ over the interval [a, (a + b)/2]. Let us define

0= Q(a—i—b)/z \ S_2a.

O is the set over which the four terms we want to bound will integrate after the averaging. The sets €2,
also share Flf as a common boundary; however, there we have a trivial estimate

/ [Vrulag.|” do < (yv)?|Ail
Fy

from the fact that ]Vb (Vru)(x’) < yv on F!, while the last three terms of (4-27) vanish there (as xo = 0).
Given the way the set O is defined, geometric considerations imply that it can be covered by a
nonoverlapping collection of Whitney cubes {Q;} in R} with the following properties:

oclJoj. r=diam(Q)) ~dist(Q;.dR%). 20; C Q. (4-28)
J

Furthermore the projections of Q; onto the boundary R”~1 are “almost disjoint”; that is, each such
projection overlaps with at most K = K(a, b) other projections. From this } _; diam(Q, Yl x 24,

Consider the contribution of the first term on the right-hand side of (4-27) after the averaging in ¢ on
each Q;. Such term can be bounded by

(diam(Q;)) ! // |Vul? dx < (yv)? diam(Q;)" ",

where the bound < (yv)? comes from the fact that Q; C €5 and hence the L? average of Vu on Q;
has this bound from our assumptions. Summing over all Q; gives us the bound

J

3 (diam(Q;))! [/Q IVul? dx < (yv)? 24,

In fact, we have this bound also for the fourth and fifth terms on the right-hand side of (4-27) since
[ve] < 1 and |VA|xg, |Blxo < ||[L||é/2 and hence we are again dealing with a solid integral of |Vu|?
over each Q;. Finally, the third term on the right-hand side of (4-27) is somewhat different and on Q; is
bounded by

@iam(@,)™ [ aga? ! Vagulxo dx
Q;
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which, since xo ~ diam(Q;), by Cauchy—Schwarz is further bounded by

1/2 1/2
(diam(Qj»—l(// ‘|aku|1’dx) ((dim(Q,-»2 [} .|vaku|2|aku|1’—2dx) ,

where for the second term we can use (2-19) to again bound the whole expression by C diam(Q;)" "L
It follows that we have after the averaging procedure for every term of (4-27) the same bound (up to a
constant) and that

|[Fyl = Cla. b, [lnlle)y?IAil.
Summing over all i yields (4-26) as desired. O

We will require a localized version of Lemma 4.1 as well.

Lemma 4.2. Let u be as in Lemma 4.1. Fix R > h and consider a boundary ball Agr C R Let
p >q > 1 forany q such that A is q-elliptic. Let

v =c ][ [NZR(Vu)]? dx’,
AzR

where C is a constant depending only on dimension (calculated in the proof below). Then for each
y € (0, 1) there exists a constant C(y) > 0 such that C(y,a,b) — 0 as y — 0 and with the property that
for each v > vg

!{x/eAR:S(f’a(VTu)(x’)>v, ]VbZR(Vu)(x/)fva <C(y)|{x" € AR:Sgp(Vru)(x')>v/2}|. (4-29)

Proof. It follows from (4-15) (by well-known averaging) that

ISR, (Vrw)lLacag) S INFR(VWLa(asz)- (4-30)
Therefore, R B R .
[ARNSE > /2] SV UINZROVIIL a0
SVINZR(V) 850 5, 1 Barl' =Y
SCo? [ (NER) +olagl. (431)
AzRr
Choose ¢ = %, which determines Cg, and we now fix C = 4C; in the definition of vg. This implies that

for any v > vg, we have
|ARN{SR, > v/2} < 3|AR|. (4-32)

Thus, there exists a Whitney decomposition of Ag N {S (fb > v/2} into open cubes A; with the property
that 2A; N A g contains a point for which § qu (Vru) < v/2. From this point on, the proof proceeds as
in Lemma 4.1. O

Corollary 4.3. Under the assumption of Lemma 4.1, for any ¢ > p > 1 and a > 0 there exists a finite
constant C = C(Ap, A, p,q.a, | ulc.n) > O such that

ISR (Vrw)llLaag) < CINZE(Vu)llLa(ass)- (4-33)
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1Sp,a(VTu) ||Lq(Rn—l) <C| ﬁp,a (Vu) ||L4(Rn—l)- (4-34)
The inequality (4-34) also holds for any q > 0, provided we know a priori that ||Sp,q(VTu)|| LaRri—1) < 00.

Proof. The estimate (4-33) is a consequence of the local good-A inequality established above and the
equivalence [Coifman et al. 1985] of p-adapted square functions with different aperture in any L4 norm.
When g > p, and M is large,

M M
/ VI AR N{SR, (Vru) > v} dv < C(M)f VP AR VSR, (Vru) > v} dv.
0 0

By (4-30) and the fact that the coefficients are smooth, the right-hand side is finite. Therefore, the left
hand side is also bounded, with a constant that may depend on M.

Now we multiply the good-A inequality of Lemma 4.2 by v”~! and integrate separately over (0, vg)
and (vo, M). This gives

ISR )llLacar) < CINZR)ILa(AsR):

after taking the limit as M — oo.

The estimate (4-34) follows by taking the limit R — oo.

When g < p, the local good-A inequality is not available, which is why we need the additional a priori
assumption || S, o (V7u)|| Lawn—1y < 0. The proof proceeds otherwise as above but using Lemma 4.1. [

So far we have avoided considering the square function of dou. We remedy it now. Observe that since
IV (@ou)| = [9goul + [V (V).

we can use previous calculations for the square function of Vzu and focus on 8%074.
Since u solves Lu = 0 and Agp = 1 we have

Bou=— Y 0i(Aij dju)— Y _ B; du.
(i,/)#(0,0) i
It follows that we have the estimate
SR Bou)(x') < SR, (Vru)(x') + C TR (Vu)(x), (4-35)
where we define

Ry _
rowe = ([,

a

1/2
(IVAI? + |B®)|Vul?8(x)*>™" dx) . (4-36)
0)

Considering the same Q2 as above we have an analogue of (4-25):

// (VAP +|B)|VaPxo dx’ dxo < C e [ (N2 (Vu)Pdx.  (437)
([0,r]xA)NQ2 ¢ T(2A)xQ

It follows that we can establish a good-A inequality analogous to Lemma 4.1.
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Lemma 4.4. Let Q = R’ and assume u is the energy solution of (4-1). Assume that A is 2-elliptic and
smooth in [Rf’i_ with Ago = 1 and Agj real and that the measure . defined as in (1-2) is Carleson.

Consider any b > a > 0. Then for each vy € (0, 1) there exists a constant C(y) > 0 such that
C(y,a,b) — 0 as y — 0 and with the property that for each v > 0 we have

[ e R T (Vi) (<) > v, [l Np (Vi) (') < yo)|
<C|{x" e R T(Vu)(x') > v/2}].  (4-38)

We omit the proof as it follows the same idea as the proof of Lemma 4.1 using (4-37) in place of
(4-25). Also averaging in ¢ is not needed. We also have an analogue of Lemma 4.2 by the same argument.
We record the consequences of these two results.

Corollary 4.5. Under the assumption of Lemma 4.1, for any ¢ > 2 and a > 0 there exists a finite constant
C =CAz, A q,a,|ptllc,n) > 0 such that

152 @0 llLacar) < CUISR VT La(asr) + Il *INZE (Vi) La(ase) (4-39)
/2, %
152,a (d010) || g gn—1) = CI1S2,a (VT W)l g gr—1y + Il [IN2,a (Vi) Lg gn—1)]- (4-40)
The inequality (4-40) also holds for any q > 0, provided we know a priori that || T, (Vu) || La(Ri—1) < O0.

We are now ready to establish a local solvability result. Let us consider domains of the following the
form. Let Ay C R"~! be a boundary ball or a cube of diameter d. We define

Onga= | Talx). (4-41)

x'€Ay

Here as before I'; (x) denotes the nontangential region with aperture a at a point x’ (see Definition 2.2).

Clearly, a domain such as (4-41) is a domain with Lipschitz constant 1/a. It follows that if £ satisfies
assumptions of Theorem 1.1 on R’} it also satisfies it on any domain Op , 4, provided 1/a is sufficiently
small. This can be seen via the pullback transformation (3-11) which transforms the problem from Oa , 4
back to R’} . This modifies the coefficients of our PDE to say

div(AVv) = 0. (4-42)

In particular, if the original PDE on Oy , 4 satisfies Agp = 1 and Ag; are real, the modified coefficients
A will fail to do so. However, we could fix that via the change of coefficients discussed in (2-34) together
with the observations noted below. It follows that (4-42) can be rewritten as

div(AVv) 4+ B - Vv =0. (4-43)

Because 1/a is small the coefficient Ago is close to 1 and A4 j are almost real. It follows that rewriting
(4-42) as (4-43) will not destroy the ellipticity and p-ellipticity of the matrix A. Hence our previous
results of this section apply as they were developed for operators £ with first-order (drift) terms.

We note that in Section 3, drift terms are not allowed, but the results of this section can be applied to
the PDE (4-42) because the special assumptions on Ag j are not used there.
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To discuss solvability on domain Oa, , we need to consider the nontangential maximal function N
that is taken with respect to nontangential approach regions that are contained inside Op , 4; that is, we
need to take regions ' (- ) for any b < a. Without loss of generality we choose b = a /2 and fix it for the
remaining part of this section. Finally, Vru at the boundary of Op, 4 is understood to be the tangential
component of the gradient with respect to the boundary of this domain.

For ease of notation we drop the dependence of the domain Oa, , on Ay and a and use O = O, 4.
We have the following result.

Lemma 4.6. Let L be as in Theorem 1.1 on the domain R’ and let A be q-elliptic for some q > 2.

Let O be a Lipschitz domain as above and assume u is an arbitrary energy solution of Lu = 0 in
R with the Dirichlet boundary datum Vr f € L1(30; RN). Then there exists m = m(a) > 1 and
K = K(Ap, A,n, p) > 0 such that if

lille +a7! <K,

the following estimate holds:

INaj2(Vi)llLacay) < CallVT fllpagontanny + Cad "7 sup  Wax),  (4-44)
xeoN{§(x)>d}

where §(x) = dist(x, IR} ) and

1/2
= wumpa)
Bs(x)/4(x)

Proof. In last term of (4-44) because of the way O is defined we clearly have
{(x0.x) €O :x" ¢ A1 1a)a} CON{8(x) >d}. (4-45)

It follows that by considering the pull-back map p: R, — O defined in (3-11), proving (4-44) is equivalent
to establishing

IN(VllLaasy < CIVT fllpaa, mvy + €A sup W), (4-46)
xeRINT (A +aya)

where we now work on the domain R”, with u solving Lu = 0 in R} for £ as in Theorem 1.1. We start
with the term on the left-hand side of (4-46). If follows from (3-30) that for some m; > 1+ a

INS DLV Faa,y = CUSE (ViDL a(a,, y +Ca" 7 V(AR (4-47)

The last term above has a trivial bound by Cd”~! SUPx R \T(A 1 4aya) [Wa(x)]4.
By (4-39) we have for my = 2m

1/2, x7
IS4 (V)| La (A, ) < CUST (VEw)l|La(apmya) + 111 NN (Vi) | Lo (a0
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Using the Holder inequality we have for any x’ € R"~!
[S2,4(Vru)(x')]?

// IV Oru|>?)0u 2/ |V aiu|* 7 |0 u) =2/ xo dx’ dxo
a(x')

1/q 1/q
< Z (/f |Varu|?|0gu|? 2xg dx’ dxo) (// |Varu|?|0gul? 2xo dx’ dxo)
a(x) a(x’)

k>0
< 82,4 (VTu)(x")S2,4' (VT u) (x"). (4-48)

Hence the previous line implies that for any ¢ > 0 we have
S2,a(Vru)(x) < CeSq,a(VTu)(x') + eSqr,a (Vru)(x'), (4-49)

and the same inequality holds for the truncated square functions. Observe that ¢ > ¢’ and hence we can
use (4-33) to estimate the second term. This gives us
15524 (V) o a0 = Cel ST (VT T u a0 T IN VW o,

|q/2

for some m3 > my. We choose ¢ so that e = ||| The estimates we have so far can be combined to

the following estimate:

INGFDN V0 a ) = CISTEE TN aa,0, 00

+c||u||q/2||fvf:'1~*”l(Vu>||Lq(A HHCa™™h sup ()4 (4-50)
x€RINT (A +aya)

To estimate the first term on the right-hand side we use (4-15). This gives

||Sm2d (VTM)”Lq(A d) < / |VTM(O,X/)|q dx/+/ |VTu(m3d,x/)|q d)(,‘/
A

m3d AM3d

Hlule [ 8™ @uraxvc | [F75 (Va)P dx’. (@-s1)
m3d Amg,d\Amzd
Observe that if the estimate above holds for certain m3 > 1 it will certainly holds for any larger value,
say 2ms3. Hence we can average the estimate on the right-hand side of (4-15) between m3 and 2m3. This
turns the second term on the right-hand side of (4—15) into a solid integral over a set that is contained in
R\ T'(A(1+a)a) and therefore bounded by Cd"™ Usup, cpn \T(A(l+a)d)[W2(x)]q Hence we have for
my4 = 2m3, thanks to (4-50),

INCHD9 V)T a,) S /A V7 £ ()9 dx'+max{[ ], | &} / [N+ (Tu)e dx’

m4d AM4d

+C / [N+ (7i)|? dx'+d" ! sup [Wa(x)]9. (4-52)
m4d\Am2d xeRi\T(A(l-i—a)d)

Here we truncated N on the right-hand side at the height (1 4 a)d instead of m4d since everything above
this height can be incorporated into the last term.
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Clearly, for sufficiently small || it||¢ we can hide part of the second term in the last line on the right-hand
side of (4-54). Hence

INCFDE V)T, a) S /A Vr fEDI dx + CIN UV Iy s, van)

mgyd
+d"! sup [Wa(x)]9. (4-53)
x€RINT (A +aya))
Clearly, the last estimate is scale-invariant and so we write it instead for an enlarged ball A4 4)q. We
do this to have in the second term A, 4 \ A(144)a, Where ms = (1 +a)my. Since

IN DLV | Laag) <IN T0Laa 40

this gives us

IN V)T a5 /A V7 f()I dx' + CIN TV |

msd \A(1+a)a)
msd

+qn1 sup [W2(x0)]?.  (4-54)
xeRUAT (A +a)a))

We now push-forward (4-54) back to the original domain O. We have

S (1+a)d q q n—1
N \Y% <C|V — Cd W, 4
1) V0l Eaag) = CIVT S W g gonay T C4" i W)

N (14+a)d q
+CINTT VL GoniT (Ao \ TG sma) 45

We would like to hide the last term. Observe that all points of 30 N [T'(A,;54) \ T(A1+4)q)] are in
the interior of the original domain R’ of distance at least d away from the boundary of R’ . Hence
whenever we were applying Theorem 2.7 we could have in fact used (2-25) there with / being the function
describing the boundary of O. Since pointwise for Q € 00 N [T (A;;154) \ T(A(144)d)]

Nep(Vu) (@)= sup  Wa),
xeoON{§(x)>d}
the last term can be estimated by Cd” ™! sup, conisx)=a3 W2 (x)? as well.
Finally, we can remove the truncation of N at height (1 + a)d on the left-hand side of (4-55) as
for points above this height again the term Cd" ! sup,con (8(x)>d} W2(x)? controls the nontangential
maximal function. This establishes our claim. O

5. Proof of Theorem 1.1

We will establish the solvability of the regularity problem assuming that the coefficients of A and B are
smooth, applying the results of the previous two sections. The constants in the estimates will not depend
on the degree of smoothness. Then, considering smooth approximations of £, a limiting argument gives
Theorem 1.1 in the general case.

We start with p = 2. Assume the matrix A is 2-elliptic. It follows that Lemma 4.6 applies. For any K
as in the lemma for any ||| ¢ < K we pick a such that ||u|c +a~! < K.
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Consider any f € LZ(SR’_"_) N Blz/g (0R” ) and letu € Wl ’Z(R’i) be the unique energy solution of Lu =0
with boundary datum f. We shall additionally assume f is a smooth compactly supported function, it
suffices to establish our estimates for those as such functions form a dense subset of LZ(BRi) NB 12 /3 (OR%).

Fix d > 0 and consider A = A;(0). We apply Lemma 4.6 to the domains O; = Oa 4 for t € [1,2].

This gives us

INaj2(Vi) |22 0y < ClIVT £ 4+ Cd"N sup Wa(x) (5-1)
al L2(A) L2300, NT(zmA)) €O, N> d}

Note that each of the sets d0; N T'(tmA) consists of the “flat piece” that is just TA = A;4(0) and the
remaining curve that lies inside R’, . If we average the above inequality over all values of 7 € [1, 2], the
latter turns into a solid integral over a set that is contained in

Sa :=1(0,2md) X (Azma \ Aa)-
It follows that

W02Vl agsy < CIVr S sy + " sup Waw? +-Ca™ [ [vulax. 52
{x:8(x)>d} Sy

Consider what happens as we take d — oo in the estimate above. Recall that we know that Vu € Lz([R’j’L)
from the fact that u is an energy solution. This information implies that both

/f |Vu|? dx — 0, // |Vu|>dx — 0
B(x,8(x)/2) Sa

for all x € {x : §(x) > d} uniformly as d — co. From this however we see that the last two terms of (5-2)
go to zero as d — oo, and hence in the limit we have

|Nar2 (V)12 3pn < CUVT S 12 a1 -

which is L? solvability of the regularity problem. Also observe that constant C in the estimate above
only depends on A, A and n, precisely as stated in Theorem 1.1.

We now extrapolate. It has been established in [Dindos et al. 2017a] that, from Lemma 4.6, a purely
real-variable argument can be used to establish the estimate

/ [N (Vu)(x")]? dx' < Cqv?|Ey| + Ca™! / [N (Vu)(x"))? dx’, (5-3)
E,N{g=v} E,

where E, = {x' e R""1: Ny (Vu)(x') > v} and

1/2
e = sw (f 1vrro0Pay)

B>x

See in particular Lemma 6.1 and (6.17) of [Dindos et al. 2017a], which are completely analogous to
our Lemma 4.6 and (5-3). A consequence of (5-3) is the existence of § > 0 which only depends on the
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constant in the estimate (4-44) such that

||1\7a/z(Vu)||L2+8(am) = ClIVr fllL2+s omr ) (5-4)

which is the solvability of the regularity problem for pg = 2 + §. If po is such that the matrix A is
po-elliptic we can repeat the process we did for p = 2 above. We now apply Lemma 4.6 for the value pg
and again take the limit d — oo. This time the solid integrals we get are

d! // |Vu|P0 dx, d_I// |Vu|P0 dx,
B(x,8(x)/2) Sd

which we know go to zero uniformly for all x € {x : §(x) > d} as d — oo thanks to the fact that (5-4)
implies ||]Vp0,a /2(Vu)||pr0 < oo. Hence taking the limit d — oo in the analogue of (5-2) for pg yields

1Na/2 (Vi) | Lro@myy < CpolIVT f 70 am ). (5-5)

This seemingly is just a restatement of (5-4). The difference however is that now the constant Cp, in (5-5)
only depends on the constant in Lemma 4.6 for the value pg. This allows us to extrapolate again and
obtain solvability of the regularity problem for some value po + 6’. There is no difference in the structure
of the argument. We can continue this bootstrapping as long as we stay in the range of p-ellipticity and as
long as we can be sure that we are moving by an amount §’ which is not getting smaller at each step. This
last point is assured by the fact that the constants Cp,, in the L% norm inequalities (5-5) only depend
on the pg-ellipticity and the Carleson measure norm of the coefficients. If we fix p > 2 such that the
operator is p-elliptic the constants C; for 2 < ¢ < p in Lemma 4.6 are uniformly bounded which ensures
that our bootstrapping argument will reach the desired value p in finitely many steps, giving us solvability
of the regularity problem and the estimate (1-5) of Theorem 1.1.
We now deal with p < 2 such that A is p-elliptic. Assume first that we a priori know that

1N2,a (Vi) | p n—1y < 00

for an energy solution u in R, with boundary datum f. Then by (3-31) of Proposition 3.6 and by (4-40)
of Corollary 4.5 we have

IN2.a(Vi)ll o o1y < C1S2.a(Vi) [l Lo 1y
< Cl1S2.a(Vru) | o1y + Clll 2| N2,a (Vi) | o gn—1)- (5-6)

Here in order to use Corollary 4.5, we must verify that ||7(Vu)||p »gn—1) < co. However under the
assumption that the coefficients are smooth we have a pointwise bound 7, (Vu)(Q) < S2,4.(u)(Q). We
have established solvability of the L? Dirichlet problem in [Dindo§ and Pipher 2019] in the range where
p-ellipticity holds and in particular we have shown the bound ||S2,4 () || L» @e-1y < || f L ®n—1) < 00
(using that /" € C§° C L?).

Hence taking sufficiently small K in Theorem 1.1 it follows that

IN2.a(Vit) | o n-1) < Cl1S2,a(VTU) | Lo n—1).- (5-7)
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Thus by (4-49) in conjunction with (4-34) of Corollary 4.3 and (2-18) we have

12,4 (V1) Lo @r-1y < C1Sp.a (VTU) | Lo @n—1) + €l N2, (Vi) | Lo 1) (5-8)

When applying (4-34) to estimate [|Sp’,q(V7u)||f»gn—1y We need to know a priori that this quantity is
finite. Here we use our assumption that for now the coefficients are smooth. This gives is a pointwise
bound

Sp.a(Vru) = CS2,4(Vru) + CN(Vu),

where N is the pointwise maximal function. The classical L°° bounds of Agmon, Douglis and Nirenberg
[Agmon et al. 1964] for smooth PDE systems imply N < N,. We also have || S2,4(Vru)|Lr < oo from
a similar estimate

82,a(Vru) < CSpa(Vru) + CN(Vu),

and finally we know that || Sp.a (Vru)l|1»@n—1) < 00 by (4-19) (taking r — o0). The one “bad” term in
(4-19), which is [gn—1 [V7u(r,x")|? dx’, can be dealt with by averaging in r first, which turns it into a
solid integral. Such term can be estimated by

I Np,a (Vi) Lo @1y < |N2,a(Vi) || Lo a1y < 00

and furthermore it follows this term converges to zero as r — 00.

Hence all quantities appearing in (5-8) are finite under the assumption our coefficients are smooth,
but the constants in this estimate only depend on the parameters 7, p, A,, A. We choose ¢ > 0 in this
inequality small enough so that we can hide this term on the left-hand side of (5-7). This gives is

IN2,a (V)| Lo @n-1y < ClISp,a(Vru) |l Lo@n—1y- (5-9)

We can now use again (4-19) for Sj, 4 (Vru) taking r — co. As above, the term [g,—1 |Vru(r,x")|? dx’
gets eliminated. It follows that (4-19) gives us

1Sp.a (VT Lo @n-1y < CIVT f Loty + Cleelle | Npa (Vi) | Lo o) (5-10)

Hence for all ||i|l¢ < K sufficiently small, combining (5-9), (5-10) and (2-18) yields

IN2.a(Vi) | o n-1y < CIIVT f Lo @n-1)- (5-11)

from which solvability of the L? regularity problem follows.

It remains to remove the a priori assumption ||]V2,a (Vu)||,» @n—1) < 00 we have made earlier.

We again argue by extrapolation starting with p = 2, where we know this since we have already
established solvability of the regularity problem for this value of p.

This time we shall use an extrapolation argument based on an method in [Dahlberg et al. 1986] of
obtaining L2~¢ estimates of nontangential maximal functions from L? estimates on sawtooth domains.
See also [Dindos et al. 2017a], where this technique was used to get solvability of the L# Dirichlet
problem for elliptic systems for 2 — e < p < 2. In particular, the argument of [Dahlberg et al. 1986],
reproduced in Section 6 of [DindoS et al. 2017a] for systems and hence valid in our setting, gives that
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||ﬁ2,a(Vu)||Lpo(Rn_1) < oo for pg = 2 — ¢ and hence the same is true for ||]Vp0,a(Vu)||Lp0(Rn—1). The
quantity & depends on the constant Cy in the L? norm inequality between the nontangential maximal
function and the square function S5.

Once we know these quantities are finite, the calculation we did above holds for pg giving us (5-11),
and hence the same estimate for Vu for pg = 2 — ¢ and a constant Cp_;.

The very same extrapolation argument, now invoking the L0 estimate gives an LP0o~¢ estimate where
¢ now depends on C,_. In other words, we apply the same argument as [Dahlberg et al. 1986] but
starting from known estimates for the nontangential maximal function in L0 instead of L2. We can
continue this bootstrapping as long as we stay in the range of p-ellipticity and as long as we can be sure
that we are moving by an amount ¢ which is not getting smaller at each step. The same argument as given
previously implies that we can reach any value p < 2 in the p-ellipticity range of the matrix A in a finite
number of steps. From this Theorem 1.1 follows.

Finally, we remove the temporary assumption that the coefficients are smooth. The key is that the
constants in the estimates above depend only on n, p,A,, A, ||t]|c and not on any further degree of
smoothness of the coefficients of £. Hence the classical argument where we approximate our coefficients
by smooth functions, and then pass from the smooth coefficient case by taking the limit can be applied.
See for example Section 4 of [Dindo§ and Pipher 2019], where this is discussed in more detail.

6. Proof of Theorem 1.2

The proof is based on the following abstract result [Shen 2005]; see also [Wei and Zhang 2015, Theo-
rem 3.1] for a version on an arbitrary bounded domain.

Theorem 6.1. Let T be a bounded sublinear operator on L*(R*~1; C™). Suppose that for some p > 2,
T satisfies the following LP localization property. For any ball A = Ay C R"™! and C* function f
with supp(f) C R"~1\ 3A the following estimate holds:

1/p 1/2 1/2
(|A|_1/ |Tf|de’) §C{(|2A|_1/ |Tf|2dx’) + sup (|A’|—1/ |f|2dx’) } (6-1)
A 2A A'DA A

or some C > 0 independent of f. Then T is bounded on L(R"*~1;C™) for any 2 < q < p.
qg<pr

In our case the role of T is played by the sublinear operator f ﬁz,a (u), where u is the solution of
the Dirichlet problem Lu = 0 with boundary data f. Clearly, in the theorem above the factors 2A, 3A do
not play significant role. Hence if we establish estimate (6-1) with 2A replaced by mA with f vanishing
on (m + 1)A for some m > 1 the claim of the theorem will still hold.

Clearly, our operator T : f ﬁz,a (u) is sublinear and bounded on L? by [Dindo§ and Pipher 2019]
for coefficients with small Carleson norm w. To prove (6-1) we shall establish the following reverse
Holder inequality, following ideas of [Shen 2006]:

1 N P dx’ v oy N 2dx’' v
— N> 4(u X < N> 4 (u X , 6-2
(a7 1Rl a) " = (rzs [ 1Maatiar) 6
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where f =u |3Rgr vanishes on 48mA. Here m is determined by Lemma 4.6 and > 1 is determined by a
bootstrap argument explained later. Having this by Theorem 6.1 we have for any ¢ € [2, p) the estimate

”NZ,(I(M)HLLI(R"—I) = C”f”Lq(R”—')’ (6'3)
which implies L? solvability of the Dirichlet problem for the operator L.
It remains to establish (6-2). Let us define

Mi)(x') = sup {wa(y):8(y) <cd},
y€l,(x)

Mou)(x') = sup {wa(y):8(y)>cd},
y€l,(x)

(6-4)

where ¢ = ¢(a) > 0 is chosen such that for all x" € A if y = (yg, y’) € T4 (x") and yo = §(y) < cd then
y’' € 2A. Here d = diam(A) and w, is the L? average of u

1/2
wa(y) = ( f |u(z>|2dz) .
Bs)/2(»)

No (1) = max{ M (u), Mo (u)}.

It follows that

We first estimate M (u). Pick any x” € A. For any y € I'(x’) with §(y) > cd it follows that for a large
subset A of 2A (of size comparable to 2A) we have

Zed = yeT () = way)<Naa)().

Hence for any x’ € A

! 1 ~7 N2 / 1/2
Mz(u)(x)ic(m /2 (B0 dz) .

It remains to estimate M (u) on A.
We write

1
0
(o, x') (0, ') = / W50, (1=5)y + 5x') ds.
0 )

Let K = {(y0,)’):y' € A and cd < yg < 2cd}. Using the previous line and the fact that u vanishes on
3A C 48mA we have for any x’ € A

Ny a/2(Vu)(»") a

Mi()(x') <supwa + C A | —y|r2 (6-5)
K 2 —
By the fractional integral estimate, this implies
1 1/p 1 _ 1/
(W /A [Mi(u)(x)]? dx/) <supws + cd (—| 24| f2 A[Nz,a/z(vu)(x’)]q dx/) . (6-6)

where

—n—il and l<g<n-—1.

Q=

1
p
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To further estimate (6-6) we use Lemma 4.6. We claim the reverse Holder inequality

1/q
(a7 [ Foanwuinrar) s (5 [ 1FaneRa)

holds whenever the solution £u = 0 vanishes on at least 28A.
Let d be the diameter of A. We apply Lemma 4.6 to the domains (4-41) O; = O;a 4 for v € [1,2].
This gives us

1/2

| Naj2(Vi)llzaay < CIVT fll oo, ntmay + €47 sup  Wax). (6D
x€O0N{8(x)>d}

Observe that for any x € O; N {§(x) > d} we have
Al = [{y' €2A:x € Tapa(y)}| = d" 7!,
and clearly for each y’ € A we have

Wa(x) < Najo(Vu) (),

from which
- 1/2 _ 1/2
Wa(x) < A" ( f (N2 (Vi) )P dy’) <Al ( / (N2 (Vi) )P dy/) .
A 2A

It follows that

- 1/2
sup Wa(x) < 2A7T ( /2 A[Na 12(Vu)(y))? a’y’) . (6-8)

x€0:N{§(x)>d}

We use this in (6-7), integrate (6-7) in T over the interval [1, 2] and divide by 4 #~1/4_ This gives, after
using the fact that ¥ = 0 vanishes on at least 4m A,

1/q
(ia7 [P av)

1 1/q 1/2
S(m//T(zmA)IVu(x)lqu) (x| Baueirar) . @9

We have also used the trivial estimate |V7u| < |Vu| on d0; N T (2mA). For the first term we have

/[ [Vu(x)[? dx=// [Vu(x)|? dx+// [Vu(x)|9dx.
T(2mA) T2mA)N{xo<emd} T2mA)N{xo>smd}

(6-10)
The set T(2mA) N {xp > emd } is in the interior of R and has diameter and distance to the boundary
that are comparable to d. It follows that the interior estimate (2-17) can be used (we only enlarge this set
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by a small factor & > 1 so that «[T'(2mA) N {x¢ > emd }] fully lies in the interior of R’} ). It follows that

o | vt ax = (o ] Vul d )q/z
u(x XS\ o ux x
|IT(2mA)| T@mA)N{xo>emd} [T2mA)| a[T(2mA)N{xo>emd}]

1 q/2
— \v 24
S(|T<3fm>|/fT(3,,,A)' u(0)| x)

< ! Nyn(V ’2d’q/2 6-11
N(M/Mm[ a/2( u)(x)] X) . (6-11)

For the term .[fT(ZmA)ﬂ{x0<amd} |Vu(x)|? dx we use the trivial estimate

// |[Vu(x)|? dx < emd / [ﬁa/z(Vu)(x’)]q dx’. (6-12)
T(2mA)N{xo<emd} 3mA

Combining (6-10)—(6-12) finally yields

1 ’
TQmA)] [/T(zmA)|Vu(x)| dx

Ce = N12 /)q/Z & / ~ / /
< N, »n(Vu)(x)H]* dx + N, (Vu)(xH]? dx". (6-13)
(st [ W20 ot | v
This combined with (6-9) yields
1 ~
L / [Ny a2 (V) () d!
Al JA
Ce ~ a/2 e ~
< N, /»(Vu)(x))? dx’ / N, (Vu)(x)dx'. (6-14
(s [ Fap@o@Par) s 2o [ @@ty 14

We now recall an abstract result from [Giaquinta 1983, Chapter 5, Proposition 1.1].

Theorem 6.2. Let Bg be a ball in RY. Suppose that g > 0, g € LY(BR) for some g > 1 and for all
X € Brjp and 0 <r < R/16 we have

q
][ quxfC(][ gdx) +6 g?dx
r B2r BZr

for some constants C > 1, 0 < 1.
Then there exists § = §(C,0,N,q) > 0and K = K(C,0, N, q) > 0 such that for all B, concentric
with BR of radius 0 <r < R/4 we have

1/(g+8) 1/q
(][ gite dx) < K(][ g dx) .
Br/2 r

Applying this to (6-14) with g(x") = [N, /2(Vu)(x')]? yields that for some o > 1 we have

1 ~ 1/(g+8) 1 ~ Va
(ia) [ Faamenax) = s (o [ Fap@oerar) L 619
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Here clearly, 6 = §(g) depends on ¢ but as long as the constant C, in the estimate (6-13) stays uniform
(which is for g € [po+n. py—n] for any 1> 0 where (po, pg) is the interval in which we have p-ellipticity)
we have

inf 8(g) >0 forall n>0.
q€[2+n,po—nl

Here we are avoiding ¢ near 2 as well since then (6-13) provides no information. However, to get us
started in the bootstrap argument we may use the inequality

1 1/(2+680) 1 1/2
(— f/ |V |2 tdo dx) < (— // |Vu|2dx)
T2mA) M 1oma) TGBmA) JI1GEma)

for some §p > 0 small, which is a well known consequence of Caccioppoli’s inequality and Theorem 6.2.
It follows using (6-9) that

1/(24+60) (

( : [ Foaa T dx’) <
A

1 - 1/2
o L [Nz,a(w)(x'>]2dx’) . (©16)

|3mA| 3mA

This is the initial inequality in the bootstrap argument after which we iteratively use (6-15), where § > 0
stays bounded away from zero as long as we take g < p — 1 for some small fixed 7 > 0. This finally
implies that for all ¢ < p;, we have

1 ~ 1/q 1 B 1/2
(m /A[Nzaa/zwu)(x/)]q dx/) s (M /ﬂA[NZ,a (Vi) ()PP dx/) (6-17)

for some B > 1 with u vanishing on 28A. The implied constant in the estimate (6-17) gets progressively
worse as ¢ — py—. Next, we use again (6-9), this time for ¢ = 2,

1 - o
(M /,,A[Nz,a/z(vu)(x )] dx)

S| =—— |Vu|*dx + sup Wa(x), (6-18)
(T(2ﬂmA) T@2BmA) X€025N{8(x)>d}

where we put back W, instead of our initial estimate (6-8). For the first term we use the boundary

1/2

Caccioppoli inequality

1 ) 1/2 . 1 5 1/2
S |Vul dx) <d~ (— // |u dx)
(T(Z,BmA) //T(zﬁm A) TGBpmA) JriEgma)

<d- Foa0)() dz’) ,
(I3ﬂmA| spmal 220

while for the second term by the interior Caccioppoli inequality we have for all x € R} with §(x) > d

(6-19)

Wa(x) < Cd ™ wa(x),
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where w, denotes the L2 averages of u (defined earlier). We have intentionally shrunk the size of the ball
in the definition of W5 so that this pointwise estimate holds. Since the x we consider in the supremum is
in O, it then follows that

1 ~ 1/2
sup Wa(x) <d™! (— / [Nz, (u)(z))]? dZ/) : (6-20)
X€025N{8(x)>d} 12BA] J2a

Using this and the previous estimates (6-17)—(6-18) we then have for all ¢ < p6

1 ~ 1/q 1 B 1/2
(W | Foaa @) dx/) <d™ (M BERLOIC dz') . 62D
Finally, inserting this estimate into (6-6) yields
1 1/p 1 B 1/2
(W/A[Mﬂu)(x')]l’ dx/) < C(M 3ﬂmA[]\72’[1(,”(2/)]2 dz’) ’ 6-22)
where
%Zé—ﬁ and l<g<n-—1

such that 4 is g-elliptic and Carleson norm of u is small. Since we have assumed A is g-elliptic for
g € (po, pg) and pg > 2 this implies in dimensions 2 and 3 that we can consider any 2 < p < oo, while
in dimensions 7 > 4 we can have 2 < p < pmax = po(n —1)/(n —1— pg) when py <n—1, ppax = 00
otherwise. Observe that always pmax > 2(n — 1)/ (n — 3). From this the claim of Theorem 1.2 follows as
we have established (6-2) for such values of p.
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ON THE SHARP UPPER BOUND RELATED TO
THE WEAK MUCKENHOUPT-WHEEDEN CONJECTURE

ANDREI K. LERNER, FEDOR NAZAROV AND SHELDY OMBROSI

We construct an example showing that the upper bound [w]y4, log(e + [w]y4,) for the L'(w) - L (w)
norm of the Hilbert transform cannot be improved in general.

1. Introduction

Define the Hardy-Littlewood maximal operator on R by
1
Mfe =sw o [ 17mlay.
1sx 11 J1
where the supremum is taken over all intervals / C R containing the point x.
C. Fefferman and E. Stein [1971] established the following weighted weak-type inequality for M:

there exists an absolute constant C > 0 such that, for every weight w,

supaw{xeR:Mf(x)>o¢}§C/ | f) I Mw(x)dx (1-1)
R

a>0
(here by a weight we mean any nonnegative locally integrable function on R, and we use the standard
notation w(E) = f g w for a measurable set £ C R).

Inequality (1-1) is important for several reasons. First, it is the key ingredient in extending the Hardy—
Littlewood maximal theorem to a vector-valued case. Second, this result was a precursor of the weighted
theory, which had started to develop rapidly in the beginning of the 70’s. In particular, if we define
the [w]4, constant of the weight w by [w]a, = [|[Mw/w] L=, then, assuming [w]4, < oo, (1-1) implies
immediately that

IMfl Loy < Clwla l fllow)- (1-2)
Consider now the Hilbert transform,
Hf(x)=PV. M dy.
RX—)Y

Inequality (1-1) with the maximal operator on the left-hand side replaced by the Hilbert transform
has become known as the Muckenhoupt—Wheeden conjecture. Only recently this conjecture has been
disproved by M. Reguera and C. Thiele [2012] (see also [Caldarelli et al. 2017; Criado and Soria 2016;

Lerner is supported by ISF grant No. 447/16 and ERC Starting Grant No. 713927, Nazarov is supported by U.S. National Science
Foundation grant DMS-1600239, Ombrosi is supported by CONICET PIP 11220130100329CO, Argentina.
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Reguera 2011] for some complements and extensions). Their result, however, left open the question of
whether a weaker form of the Muckenhoupt—Wheeden conjecture holds, with M replaced by H on the
left-hand side of (1-2).

In [Lerner et al. 2009], it was proved that

IHf L1y < Clwla, logle + [wla) I fllLtw)- (1-3)

This improved a previous result in [Lerner et al. 2008], where the right-hand side contained an additional
factor double logarithmic in [w],4,. Notice also that actually (1-3) in [Lerner et al. 2009] was proved for
every Calder6n—Zygmund operator on R” with sufficiently smooth kernel.

On the other hand, in [Nazarov et al. 2015], it was shown for the martingale transform (and explained
how to transfer the result to the Hilbert transform case) that the dependence of [w]4, in the weighted
weak-type-(1, 1) inequality cannot in general be made better than [w]4, log!®(e+[w]a ,), thus disproving
the weak Muckenhoupt—Wheeden conjecture. Later, in [Nazarov et al. 2018], the power of the logarithm
was improved to % (this was again done for the martingale transform).

Summarizing the results in [Lerner et al. 2009; Nazarov et al. 2015; 2018], if we denote by oy the
best possible exponent for which the inequality

”HfHL‘»OO(w) = C[w]Al logaH (e+ [w]Al)”f”Ll(w)
holds, then we have that % <ag <l1.

The main result of this paper shows, in particular, that oy = 1. For ¢t > 1, define

ou(t) = sup |[[HIp1u)—r100w)-

[w]a, =t

Then (1-3) implies ¢y () < Ctlog(e 4 t). We will show that actually ¢y (t) =~ tlog(e + ¢). Our main
result is the following.

Theorem 1.1. There exists ¢’ > 0 such that, for all t > 1,
oy (t) > c'tlog(e+1).
As a trivial corollary we obtain that the inequality

IHfll ooy < Y QwlaDLF L)
fails in general for every function i increasing on [1, 0o) satisfying

v
im ————— =
t—oo tlog(e +1)

2. Proof of Theorem 1.1

An overview of the proof. At the first step we show that the definition of ¢y along with the standard
extrapolation and dualization arguments yields

1 1/2
I1H (wxo0,0) 120y < 49H CIMIl12(6) - 12(0)) </ w) ; (2-1)
0
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where o = w™!. Notice that M|l 12(6)—12() < 00 if and only if w € A, that is, if
w(l)o(l)
icr N2

Therefore, we assume here that w € A».
The key step is to show that there exist C;, C,, C3 > 0 such that for every ¢ > C3, there is an Ap-weight w
satisfying

1
/ w=1, [Mlre-s2e) <Cit, [HWxpo1)l2e) = Catlogt. (2-2)
0
Plugging these estimates into (2-1), we finish the proof.
Extrapolation and dualization. First, we apply the standard Rubio de Francia extrapolation trick. Given

g = 0 with [|gll 2y = 1, define

o0

Re(®) :Z M*g(x)
P CIM |l 126y 120K

Then g <Rg, (Rgll12) <2, and [Rgla, <2[M||12(0)—12(s)- These estimates along with the definition
of ¢y and Holder’s inequality imply

o / ¢<a f Rg < onQIMI 20 1200 Lt Re)
{x:|Hf (x)|>a} {x:|Hf (x)|>a}

<o ClIMIl2)— 26 122 IR& N L2(6)
<205 CIMI| 26— L2 I f | L2 () -

Taking here the supremum over all g > 0 with | g[/2) = 1 yields

1H f Nl L20owy < 200 UM 220y L2 | 1 L2(0)- (2-3)

We now use the elementary estimate

1 1 \1/2
/OIHfIwSZIIHfIIszw)(/O ’w) ; (2-4)

which along with (2-3) implies

1/2

1 1
‘/R(H(wX[o,l)))f‘ = ‘/0 (Hf)w‘ = 4()0H(2||M“L2(0‘)~>L2(0’))<\/0 w) ||f||L2(w)~

Taking here the supremum over all f with || f|l;2(,) = 1 proves (2-1).
To show (2-4), notice that, for every A > 0,
1 o0 1 1 1
[ s s [t g > vt [ o< HHf g, 41 [ w
0 A 0 0

Optimizing this estimate with respect to A, we obtain (2-4).
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@ Wy L1 @ ) 4s
P N N P P (14+¢)p
L | ] L ]
) T 1 ) 1
I, Iy

Figure 1. w,(w, o, I) on intervals I,,(f) fori=1,2and 0 <m <k —2 and on Ik(?l fori =1,2,3.

Construction of the weight. Fix t > 1. Take k € N such that t < 3 <3¢. Let e = 3% and

1 1+8+482
P=3:\"2 Tixe)

The reason for this definition of p will be clarified a bit later. Note that we will frequently use the obvious
estimate 1/(6e) < p <2/e.
For every two positive numbers w and o such that wo = p and any interval I C R, we define inductively

the sequence of weights w, = w,(w, 0, 1) (v =0, 1, 2,...) supported on I as follows.
Letu = ,/p ++/p — 1 be the larger root of u +1/u = 2,/p. Define

w 1
wo(w, o0, 1) = —\ux;_ +—x1, |
ﬁ( u

where /_ and I, are the left and the right halves of I respectively.

Suppose that w,_;(w, o, I) is already defined for all w, o with wo = p and all I C R. To construct
wy (w, o, 1), first denote by I,,, m =0, 1, ..., k — 1, the interval with the same right endpoint as / of
length 37™|1|, so

L _.1Clhr,C---Cly=1
and |I;_1| = 3¢|1].

Given an interval J, denote by J @ i =1,2,3, the i-th from the left subinterval of J in the partition
of J into three equal intervals.

Define w,(w, o, I) by

k—2
w
— (2)
w,(w, o, I)—;(E Xlr(nn—l-)([k(l_)IUIﬁ)l—i- X[(z)) E wy_ 1(a) = 1, ) (2-5)

m=0
See Figure 1.

Note that the interval 1 153_)1 plays a rather special role in the final step of this recursive construction. We
shall call any interval of this type arising at any step in the construction of the weight w,(w, o, I) a “tail
interval”, so within / we shall have one tail interval / k(i)l arising at the final stage of the construction,
k — 1 tail intervals (1,512)),(63_)1 arising in the construction of the weights w,_{ (2w, 0/2, I,ilz)), and so on.

Finally, we define w as the 1-periodization of w, (1, p, [0, 1)) withn = 3k=1

Forl=0,1, ..., n, we shall say that an interval / “carries w,—;” if w = w,_; 2!, 2*lp, I) on I. Denote
by supp w,—; the union of all intervals carrying w,_;. For example, supp w, = J,cs[k. k+1) =R as
[k, k 4+ 1) carries w,, for every k € Z.

Let us now establish several useful properties of w,(w, o, I).
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Proposition 2.1. For every v > 0,

1 1
—/wv(a),o, Ndx=w and —fwv_l(a),o, Idx =o. (2-6)
1] J; 1] J;

Proof. The proof is by induction on v. For v =0,

1‘/.w(a)al)a’x wl(u—i-l)
AR vk
|1|/w0 (w, o, I)dx_fl(u+u)=£=a

w

w,

Assume that the statement holds for v—1 and let us prove it for v. Observe that w, (w, o, I') equals w/p
on a subset of I of total measure

L% ey
J— fo) —
2
it equals
de w
I+ep
on a set of measure €|/, and the average of w,_ (2w, -, -) over the remaining set of measure %(1 —3e)|I|

is 2w by the inductive assumption. Thus

1/ .0 Ddx=2(1T¢ ¢ 47 +o(l —3¢)
—_— w , 0, _ — — 3¢
i ), T2 Tige)

1 (1+e 4¢?
=w+|— + —3elo=w
p\ 2 1+¢

(it is this equation that was used to determine p).

On the other hand, wv_1 (w, 0, 1) equals p/w = o on a subset of / of measure %(1 + &)|1| (the same
set on which w, is defined as w/ p), it equals

1+e¢
o
4e

on a set of measure €|/|, and its average over the remaining set of measure %(1 —3¢)|1| equals %a. Thus

1 _ 1+¢ 1+¢ (1-3¢)o
m/val(a),a,I)dx= > o+ 1 o+ > Eza,

which completes the proof. U

In particular, it follows from Proposition 2.1 that for the constructed weight w,

1 1
/ wdx :/ wy(1, p,[0,1))dx =1.
0 0
Proposition 2.2. Let I = [a, a + h). Then, for everyv > 0and forall0 <t <h,

1 a+t 1 a+h 9
—/ wy(w,o0,1)<3w and —/ wy(w, o0, 1) < iw. 2-7)

T a+h—t
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2 Wn—(1+1) 2 2 4
P _ . P p  (I+e)p
] ] ] ]
T T T 1
-

Im \ Im+1 ];3_)1

Figure 2. w on some interval / carrying w,_; for [ < n.

Proof. For v = 0 the statement is obvious since wy(w, 0, I) <2w on I. Assume that v > 1.
Since w,(w, o, 1) =w/p on IV we have

1 a+t w
_/ wv(waa’l):_
a p

T

forO0<71 < %h. Butif 7 > %h, then, by Proposition 2.1,
1 a+t 3
—/ w,,(a),a,l)dxf—/wv(a),a,l)dx:&u.
T Ja | J;
We now turn to the proof of the second estimate in (2-7). Let I,,, m =0, 1, ...,k — 1, be the intervals

appearing in the definition of w,(w, o, I). Since w,(w, o, I) < w/p on I;_1, the estimate is trivial if
a+h—t€ly_q. Assumethata+h—tel,\ I+, m=0,...,k—2. Then

1 a+h 1
—/ wy(w, o, )dx < / wy(w, o, I)dx. (2-8)
T a+h—t |Im+1| Iy
Next, by Proposition 2.1,
=2 o
f w,(, 0, 1)dx = Z<—|1;”| +f Wy_ (2w, -, lj@) dx) +/ w, (0, 0, 1) dx
In j=m P 1./'(2) 2 Tt
i 3wl 9w
st|1,-|5737=7|1m+1|, (2-9)
j=m
which along with (2-8) completes the proof. O

Assume that [ carries w,_;; see Figure 2. Consider the corresponding tail intervals contained in /,

that is, the intervals on which .
4e 2/

w = —,
14+ep

These intervals will play the central role in the estimate of the Hilbert transform of wjo,1). There is

j=1L...,n—1.

only one tail interval in I \ supp w,_+1), and its measure equals (1/3%)|I|. Next, there are k — 1 tail
intervals in

I 0 (supp wy—41) \ SUPP Wy—(+2))

1 1 1
2\ e )zl

of total measure
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Similarly, the measure of the union of tail intervals in

I N (supp wy—(+j) \ SUPP Wu—q+j+1))s  J=0,...,n—1—1,

1 1YV 1
2\ )

In particular, if we denote by A; the union of tail intervals in

is

[0, 1) N (Supp wy—; \ SUPP Wy—(i+1)),

1 1 \W1
|Al = > 1—3,{—_1 3 [=0,....,n—1. (2-10)

Estimate of the maximal operator. In this section, we will prove the first inequality in (2-2). We start

then

with the reduction of this estimate to its triadic version.
Let 7 be the standard triadic lattice; that is,

T={3n,3(n+1):j,neZ.

Denote by J the family of all unions of two adjacent triadic intervals of equal length.
Our key tool will be the estimate

| 12
1Ml 12(6)>12(0) < 24 sup (— /(M(wXJ))ZU) . (2-11)
Jeg\w(J) J;

This estimate is fairly standard and well known. For the reader’s convenience, we supply the proof in the
Appendix.

Combining (2-11) with the inequality p < 2/e < 6¢, we see that in order to prove the first estimate in
(2-2), it suffices to show that there exists C > 0 such that, for every interval J € 7,

/ (Mw)o < Cpw(). (2-12)
J

Define an auxiliary 1-periodic function w by

n
w(x) = Z 2l)(supp wa—q—1)\supp w,—; (X) + 2" Xsupp o (%)
=1

The role of this function is clarified in the following two propositions.

Proposition 2.3. Forall x € R,
Muw(x) < 3W(x). (2-13)

Proof. First, notice that for x € supp wy the statement is trivial. Indeed, w < 2"~'/p on the complement
of supp wy, and if I carries wyp, then on [

((ﬁ+vp— Dxr_ +

n

JP

wo =

1
)
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Hence,

2"(Jp+~p—1) < ogn+l
ﬁ — 9

lwllze <

and therefore | Mw||z~ < 2"t

On the other hand, for x € supp w,_¢—1) \ supp w,—;, the estimate (2-13) follows immediately from
the facts that w < 2/~!/p on the complement of supp w,_; and, by Proposition 2.2, the average of w over
the intersection of any interval J carrying w,_; with an interval not contained in J is at most % 2L 0

Recall that, given an interval I, we denoted by I,,, m =0, ..., k — 1, the interval with the same right
endpoint as I of length |I,,| = (1/3™)|I]. These intervals have already appeared in the definition of
wy(w, o, ).

Proposition 2.4. Assume that I carries w,—;. Then

f ()’0 <30p*w(l,), [=0,...,n,m=0,... k—2.
Im

Proof. First, notice that the case when [ = n is trivial, since 2"*! < 4pw(x) on any interval I carrying wy,
and hence,

/(1]})20 < 16p2w(J) for every J C supp wo. (2-14)
J

Suppose now that [ < n — 1 and consider first the case m = 0. Assume that / carries w,—_;. For
j=0,...,n—1—1, define

Fj = I 0 (supp Wyp—(+j) \ SUPP Wn—(i+j+1))

and let E; be the union of the tail intervals contained in F;. Observe that w = 2!%7/p on F;\ E;, and
hence, w(x) = 2pw(x) for x € F; \ E;, which implies

/ ()0 <4p*w(l). (2-15)
Uj(Fj\Ej)
On the other hand,
4e 2t
w= —_—
l1+¢ p

on E; and, as we have seen in the previous section,

e (Mo WAL,
|Ej| = U3 3_k||—§3_k| |-

Combining this with Proposition 2.1 yields
n—Il—1

/ ()0 <4 Z 22(l+j)wii|]|
U; Ej = 4e2!+J 2J 3k

2
= L2211 =4p™2' 11 = 4w (D). (2-16)
&
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Further, by (2-14),
/ ()%0 < 16 p>w(I Nsupp wo) < 16p>w(I).
INsupp wo
Combining this estimate with (2-15) and (2-16), we obtain

f (W)’ = / (0)%o + / (W)%o + f ()% < 24p*w(l), (2-17)
1 U, (F\E)) U, Ej INsupp wo

and this completes the proof in the case m = 0.
Assume now that 1 <m <k — 2. Notice that I, \ I,,+1 = 1,1(11) U 1,5,2), where 1,5,2) carries wy—(+1), and
W(x) = 2pw(x) on I}). Thus, by (2-17),

/ ()?0 < 4p?wI V) +24p*w(1?)
1m\1m+1

(2-18)
< 24P’ Wy \ Ln+1)-
Further,
1+e¢
(@20 <4@ 0P L <6plin).
Tt 4¢2
On the other hand, by Proposition 2.1,
2 I+1, 702 2+
wilp) = wl,?) =20 = 2,
which, combined with the previous estimate, implies
(@)% < p3"™w(ly) < Lw(,) <6p*w(l,).
Ll €
Therefore, using (2-18), we obtain
k—2
[@re=3 [ @i+ [ @l <30pmu,
I j=m Y I\j+1 Tk
which completes the proof. O

We now turn to the proof of (2-12). Let J € J. First consider the simple case when |J| > 1. In this
case, |J| = k for some k € N. Using that w and w are 1-periodic along with the fact that fol w =1, and
combining Propositions 2.3 and 2.4, we obtain

1
w(J)
Suppose that |J| < 1. We can represent J as the union of two triadic intervals J = J_ U J4, where
J_, J4 €T are the left and the right halves of J respectively. Since J_ is triadic, we must have |J_| < %
Also, by the 1-periodicity of w, one can assume that J_ C [0, 1).

1
/ (M(wy,) o <25 / ()20 <25-30p2.
J 0

Consider the case when J contains an interval carrying supp w,—q+1) for some /. Out of all such
intervals choose the longest one. Note that since |J| < 2 we must have / > 0 in this case. Thus, the



1948 ANDREI K. LERNER, FEDOR NAZAROV AND SHELDY OMBROSI

interval in question must be of the kind R,(n2 ), where R is an interval carrying w,_;. Since neither R = Ry
nor le)_l (if m > 1) is contained in J, there are only three possible options:

« =Ry, 0<m<k—2;

« I, =RP 0<m<k-2;

e J_=R,, 1 <m<k-2.

Suppose first that J_ = R,(,,Q) or J. = R,(nz). Then J C R,. By (2-9), w(R,,) <3 2!=1|R,,|. On the
other hand, since R,(n2 ) carries Wy—(1+1), by Proposition 2.1,

| R

3 (2-19)

w(J) > w(R}Sf)) — 2l+l|R£n2)| — 21+1
which implies w(R,,) < %w(] ). Therefore, by Propositions 2.3 and 2.4,
/(M(wxj))% < 25/ (0)%0 <25-30p>w(Ry) <25-75p*w(J).
J R

Assume now that J_ =R,,, | <m <k —2. Thenw=2"""/pon J, ifl >0and w=2'/p on J, if
[ = 0. In either case, w = 2pw on J4, so

()20 = 4dp*w(Jy),
Iy

and thus, by Propositions 2.3 and 2.4,

f (M(wyx,))?o <25 ( / ()0 + / <uv>2cr)
J R Jy

<2530p*w(Ry) +4p*w(Jy)) <25-30p*w(J).

It remains to consider the case when J does not contain an interval carrying w,,—¢+1) forany 0 </ <n—1.
Denote by E the union of all tail intervals appearing in the definition of w. Notice that if x ¢ E, then

n
Z 2l)(supp Wy— (1) \SUPP Wy (X) = pr(x)XR\supp wo
=1
Also, 2" < 4pw(x) Xsupp w,- From this and from Proposition 2.3,
Mw((x) <18pw((x) ((x €E).
Therefore, if JNE = O,
1 2 2.2
— | (M(wxy))"o <18 p~. (2-20)
w(J) Jy

Suppose that J/ N E # &. Then there exists R carrying w,_; for some 0 </ < n — 1 such that

JN R,ES_)I # &. Since J_, J; and R,?_)l are triadic, we have that either one half of J is contained in R,E3_)1
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or R,(f_)l C J. Since J cannot contain any interval carrying supp w,—q+1), in both cases we obtain that w

can take only three possible values
2! 42! 21-1

El

p. (+4+e&p p

2 2
sup; w I1+¢ )
(J)/( (wXJ))0<(mflw) 5( " ) =97,

which along with (2-20) implies

on J and therefore,

1 / 2 2.2
—— | (M(wxy))o <18 p~.
w(J) Jy
This completes the proof of (2-12), and therefore the first estimate in (2-2) is proved.

Estimate of the Hilbert transform. The goal of this section is to prove the second estimate in (2-2).
Denote by A;*, [=0,...,n—1, the union of all intervals %I , where [ is a tail interval contained in

[0, 1) N (supp wy—; \ SUPP Wp—(+1))-

In other words, A} is the union of all intervals 2],53)1, where J C [0, 1) carries w,—;. Then, by (2-10),
|AT| 1|A| (! 1 ! ' [=0 1 (2-21)
= — = —| — - -, =U,...,n—1. -
A A A ) L

The sets A} plays the central role in establishing the lower bound for H(wxjo,1)), as the following
proposition shows.

Proposition 2.5. There exists an absolute C > 0 such that for alll =0, ..., n — 1 and for every x € A}
|H (wx0,1))(x)] = Ck2'. (2-22)

Let us first show how to derive the second estimate in (2-2) from here. By (2-21) and (2-22),

l+epl(l 1\ 1
H 2o > CP2H ——= 1—— ) =
/A;~| (wxon)Fo = 40 222\ 73 1)) &
n—1
LLETINEDY | oo
—0 YA

C 1y
2 22k
- S (15t) =51 (-5) )

Since n =3*"!and (1 — 1/n)" < 1/e, we obtain

C*(1— 1/e)k23k
24 ~ 144(log3)?

Therefore,

C>’(1—1/e) 5, »

HH (wxpo,1) 725 = log?1.
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Let us now turn to the proof of Proposition 2.5. Let J = [a, b) C [0, 1) be an interval carrying w,_;.
Assume that x € %Jk(i)l. Write

H (w x10,1))(x)
k=2

= Hwx0.0) () + Y Hwxs,\ 1)) + Hwy,, ;o)) +HWwx,e ) )+ HWwxp,n)x)

m=0
=Ax)+Bx)+Cx)+ D(x)+ E(x).

We will show that there are absolute constants C; and C, such that, for all x € %J,{(i)l,

|IB(x)| > C1k2" and max{|D(x)|, |E(x)|} < C»2". (2-23)
Since A(x), B(x) and C(x) are positive for all x € %Jk(i)l, we obtain from (2-23) that
|H (wxj0,1)) (¥)] = [A(x) + B(x) + C(x)| — [ D(x)| — [E(x)]
= [B(x)| = [D(x)| = [E(X)| = %k2]

for k > 4C,/C,.
Now let us prove the first estimate in (2-23). If y € J,;, \ Jiu41 and x € %Jk(i)l, then 0 <x —y <|Jul.
Using also that J,,(iz) C Jim \ Jm+1, by Proposition 2.1 we obtain

w(y) W \ Imt1) _ W)
H(wx g\ Jpi)(X) = / dy > maml > z
I \Im+1 X =Yy |Jm| |Jm|

_ 2,
=32

Therefore,
B(x) > 2(k— 12"

Turn to the second part of (2-23). Let Jk(i)l = [a, b). Then, for all x € %Jk(i)l,

w(y) 4e 2! X—o 2! ;
dy| = —|log <4(log3)e— < 4(log3)2".
O X =y (I+e)p x— p
It remains to estimate | E (x)|. Take the intervals J' = [a;, b;), i =0, ..., [, such that J' carries w,_;4;
and
J=J'cJlc---cJ'=10,1).
We claim that, for every i =1, ...,/ and for all x such that 0 < x <b;_| — |Ji_1|/(4 . 3"),

|H (wXp;_.b) ()| < 13277 (2-24)

Notice first that this claim immediately implies the desired estimate for E(x). Indeed, let x € %Jk(i)l.
Then 0 <x <b— |J|/(4-3k), and hence (2-24) holds for i = 1. But since x ¢ (J/);_; foralli =1, ...,1,
we obviously obtain that 0 < x < b;_; — |J ']/ (4- 3% for all i <. Therefore, by (2-24),

) I
|H wxp,1) ()] < D 1H W, 5@ <13 27 <132,
i=1 i=1
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It remains to prove the claim. Set x; = b;_| — |Ji=1/(4 - 3K). Observe that |H (wxp,_,.5))(x)] is an
increasing function for x < b;_;. Therefore, it suffices to prove that

|H (W x[p_,.5) ()] < 13-277, (2-25)

There exists 0 <m < k — 2 such that J'~' = (J1)®. Then [bj_1, b)) = J},_,. Let h = |J. |. Split
the integral in (2-25) as follows:

b; bi_1+h/3 bi
[ w(y) dy=/ w(y) dy+/ w(y) J
bi—y Y —Xi bi_1 y =X bi_i+h/3 Y —Xi

Using that w =27 /p on [b;_1, bi_1 + h/3), we obtain
/bi—1+h/3 w(y) 21 i h 4. 3k
d
b[ 1

<8 211

y=—-
y =X p

Next, applying (2-9) yields
b;
: 33
f w(y) dy <

bioy+h/3 Y — Xi h2

9 .
21 i Jl __'21—1’
1l =3

which along with the previous estimate proves (2-25).
This proves the claim and so Proposition 2.5. Thus, Theorem 1.1 is completely proved.

Appendix

In this section, we will show how to prove (2-11). Let us show first that, for every interval I C R, there
exists an interval J € J containing / and such that |J| < 6||. Indeed, let I = [a, a + h). Fix j € Z such
that 3/~! < h < 3/ and take n € Z such that

n<a<3m+1).
Then I C J =[3/n,3/(n+2)), and

[J| 2.3/
_—<
7] — 3771

It follows immediately from this property that

Mf(x) <6M7 f(x), (A-1)

where

M7 f(x)=sup / | fldy

Jox,JeTJ |J|

Next, it is easy to see that the intervals from 7 can be split into two disjoint triadic lattices, 7 =7'U7T?
(see Figure 3 for a geometric illustration of this fact).
Therefore, by (A-1),

1 2
IMI L2012y < 6UMT 1200y 120y F IMT 1 1200) 120)- (A-2)
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1

7;1

T

2

[ 4 t 7;2

7777777777 e Sy 7;+1

Figure 3. The lattices 7, 7" and 72 shown at two consecutive generations. The unions
of solid and adjacent (from the right) dashed intervals from 7; form 7;1, and the unions

of dashed and adjacent (from the right) solid intervals from 7; form 7;2. In turn, the

unions of solid and dashed children from 7;, form 7.1 ., and the unions of dashed and

JHD
solid children from 7;; form 7; 11

In order to estimate the right-hand side of (A-2), we invoke the following proposition.

Proposition A.1. Let T be a triadic lattice. Then

12
IM* l22(0)—L12(0) <2$up(w(R)/( M*(wyr))> 0) .

Remark A.2. For dyadic lattices this result can be found in [Moen 2009]. The proof there is closely
related to the approach by E. Sawyer [1982] in his two-weighted characterization for the maximal operator.
For triadic lattices the proof is essentially the same, and we give it for the sake of completeness.

Proof of Proposition A.1. Let a > 1. For k € Z write the set Q; = {M* f > a*} as the union of pairwise

1/Ifl k
_— >a
k

\7 11

Define EJ’.‘ = Ij" \ Q41 and set o 4 = (w(lf) /|1;<|)20(EJ’.<). We have

2
1M 12 = /Q MTf)20<aZZ(| . / Ifl) o (EJ)

kez ¥ S\

_ 1 / > . A-
- %;(w(zf) Ijklfalw @ k. (A-3)

Notice that for every R € %,

disjoint triadic intervals / J!‘ such that

Z @ k <f(MT(wXR)) o < N’w(R), (A-4)

J.k: IkCR
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where

1/2
N=sup(# / (Mf(wm)%) :
res\W(R) Jy

| 2
E), = {(j, k) : <w(11‘) /Ik |fo|w) >A}.
i’

Define the weighted maximal operator M,f by

For A > 0 set

MZf(x)= su L
w = sup Jlflwdy-

Jox,Je% w(J)

Writing the set {x : Mg (fo)?(x) > A} as the union of the maximal pairwise disjoint triadic intervals
\U; Ri and applying (A-4), we obtain

Z ajx < Z Z aj i < Nzw{x : Mg(fo)z(x) > A}

(J.K)EE) I jkIfCR;
Therefore,
1 : o
(o oo [ 5, o)
W) Jif 0 N(oeE,
< N2IMy (fOI7 2y < 4NN 0117200 = 4N 172090
which, along with (A-3), completes the proof. (|
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