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REGULARIZED BRASCAMP-LIEB INEQUALITIES

NEAL BEZ AND SHOHEI NAKAMURA

Given any (forward) Brascamp-Lieb inequality on euclidean space, a famous theorem of Lieb guarantees
that gaussian near-maximizers always exist. Recently, Barthe and Wolff used mass transportation
techniques to establish a counterpart to Lieb’s theorem for all nondegenerate cases of the inverse Brascamp—
Lieb inequality. Here we build on work of Chen, Dafnis and Paouris and employ heat-flow techniques to
understand the inverse Brascamp-Lieb inequality for certain regularized input functions, in particular
extending the Barthe—Wolff theorem to such a setting. Inspiration arose from work of Bennett, Carbery,
Christ and Tao for the forward inequality, and we recover their generalized Lieb’s theorem using a clever
limiting argument of Wolff. In fact, we use Wolff’s idea to deduce regularized inequalities in the broader
framework of the forward-reverse Brascamp-Lieb inequality, in particular allowing us to recover the
gaussian saturation property in this framework first obtained by Courtade, Cuff, Liu and Verdd.

1. Introduction

The main subject of this paper is the inverse Brascamp—Lieb inequality

/ e—rr(x,Qx) l_[ fj(Bjx)Cj dx > C l_[(/ fj> ' (1-1)
! j=1 j=1 RY

associated with a self-adjoint linear transformation Q : R" — R", and families of linear transformations B; :
R" — R™ and exponents c; € R. Largely thanks to recent work of Barthe and Wolff [2014; 2022] and Chen,
Dafnis and Paouris [Chen et al. 2015], much is known about inverse Brascamp-Lieb inequalities for general
input functions f;. For example, gaussian near-minimizers always exist for (1-1) in all nondegenerate
situations; this was established in full generality in [Barthe and Wolff 2022] (using mass transportation)
and in certain special cases in [Chen et al. 2015] (using heat flow in the spirit of the work of Carlen, Lieb
and Loss [Carlen et al. 2004] and Bennett, Carbery, Christ and Tao [Bennett et al. 2008] on the forward
Brascamp-Lieb inequality). Such a result is a counterpart to Lieb’s famous theorem for the forward version
of (1-1). In the present work, we investigate what happens when the input functions f; are “regularized”
in the sense that they coincide with the evolution of positive finite Borel measures under certain heat
equations, and our main result is a regularized version of the aforementioned theorem of Barthe and Wolff.

Our motivation to pursue this project arose from several directions. Firstly, a regularized version of
the forward Brascamp-Lieb inequality was considered in [Bennett et al. 2008] and, in particular, they
This work was supported by JSPS Kakenhi grant numbers 18KK0073, 19H00644, 19H01796 and 23H01080 (Bez), and Grant-
in-Aid for JSPS Research Fellow number 17J01766 and JSPS Kakenhi grant numbers 19K03546, 19H01796 and 21K 13806
(Nakamura).
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were able to provide a completely new proof of Lieb’s theorem based on heat flow (see the forthcoming
Theorem 2.3 for a version which incorporates a gaussian kernel). This approach to Lieb’s theorem was an
important source of inspiration to us and we shall see that our analysis of (1-1) for regularized inputs will
naturally yield the inverse version of Lieb’s theorem in full generality. In this sense, we follow [Chen et al.
2015] by adopting heat-flow techniques for the inverse inequality, extend their gaussian saturation result
to full generality, and thus rederive the gaussian saturation result of [Barthe and Wolff 2022] by heat-flow
regularization. The special case considered in [Chen et al. 2015] is a certain “geometric” version of the
inverse Brascamp-Lieb inequality (see Section 3 for further details) and the extension to the general case
is far from straightforward.

More broadly speaking, the act of regularizing an inequality by restricting the input functions to a
smaller subclass of sufficiently well-behaved functions is natural and ubiquitous. One potential benefit of
doing so is to raise the possibility of establishing the existence of extremizers for the inequality amongst
the restricted subclass, and in doing so may open up a fruitful approach to analyze the general form of
the inequality. As we shall see more precisely later, this is the philosophy behind the aforementioned
heat-flow proof of Lieb’s theorem in [Bennett et al. 2008], where general input functions are treated as
limits of solutions to heat equations at time zero.

Another virtue of restricting the inputs to regularized functions is that one may obtain an improved
form of the inequality. Such a perspective is often taken up in fields such as convex geometry, differential
geometry, probability and information theory, in which case the regularization is often described in terms
of semi/uniform log-concavity and log-convexity. For example, a famous conjecture of Talagrand predicts
that Markov’s inequality can be improved if one restricts to regularized functions; see, for example, [Eldan
and Lee 2018]. This conjecture was originally stated for the discrete cube and as far as we are aware it is
still an open problem in that form, but its analogue for gaussian space has been affirmatively solved in
[Eldan and Lee 2018].

In differential geometry, one can use functional inequalities involving entropy in order to describe
the curvature of a Riemannian manifold; this is based on fundamental work of Bakry and Emery and
we refer the reader to the book by Bakry, Gentil and Ledoux [Bakry et al. 2014] for more details. One
example of such an inequality is the (local) log-Sobolev inequality on a weighted Riemannian manifold
[Bakry et al. 2014, Theorem 5.5.2]. More recently, several papers have highlighted the importance of
improving the log-Sobolev inequality by restricting inputs to regularized functions, which can be regarded
as a certain “curvature improvement”. As far as we are aware, the first example of this kind can be found
in the work of Fathi, Indrei and Ledoux [Fathi et al. 2016], where they improved the best constant for
the log-Sobolev inequality under regularization in terms of the Poincaré constant. Along this line, very
recently Aishwarya and Rotem [2023] established an improvement of the convexity of entropy under
regularization in terms of uniform log-concavity, and related work can also be found in work of Eldan,
Lehec and Shenfeld [Eldan et al. 2020] and Bez, Nakamura and Tsuji [Bez et al. 2023]. Another important
entropic inequality in information theory is the Shannon—Stam inequality, which is a special case of
the entropic Brascamp-Lieb inequality (see [Carlen et al. 2004; Carlen and Cordero-Erausquin 2009]).
Inspired by important work of Ball, Barthe and Naor [Ball et al. 2003] and Ball and Nguyen [2012] on
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entropy jump inequalities, the stability problem for the Shannon—Stam inequality has recently attracted
attention. In this direction, the regularized framework has played a role; for instance, Courtade, Fathi and
Pananjady [Courtade et al. 2018] and Eldan and Mikulincer [2020] established stability estimates for the
Shannon—Stam inequality for uniformly log-concave random variables.

In convex geometry, regularization appears in terms of the convexity of the boundary of a convex body.
We mention [Schmuckenschlidger 1995] (see also [Klartag and Milman 2008]) where regularized convex
bodies (2-uniformly convex bodies) were investigated and, in particular, Bourgain’s celebrated hyperplane
conjecture for such convex bodies was established. Furthermore, the second author, together with Tsuji,
pointed out a close link between the Brascamp-Lieb inequality and the volume product of a convex body
[Nakamura and Tsuji 2022; 2024]. In particular, they developed ideas which arose out of consideration of
the regularized Brascamp-Lieb inequality, and succeeded in confirming Mahler’s conjecture for certain
regularized convex bodies (see [Nakamura and Tsuji 2022]).

Finally we mention that a regularized version of the forward Brascamp—Lieb inequality of a different
(rougher) nature has recently been obtained by Maldague [2022] (see also [Zorin-Kranich 2020]), and has
found applications to multilinear Kakeya-type inequalities and decoupling theory for the Fourier transform
in work of Guo, Oh, Zhang and Zorin-Kranich [Guo et al. 2023]. The regularization in [Maldague 2022]
has a rough cut-off instead of a gaussian weight factor and the input functions f; are constant on cubes in
the unit cube lattice.

Before presenting our main results in Section 2, to help set the scene we give an introduction and
some background regarding Brascamp—Lieb inequalities. In line with the historical development of the
subject, we begin with the forward Brascamp-Lieb inequality. After this, we discuss recent developments
regarding the inverse inequality (1-1). Finally, we introduce the so-called forward-reverse Brascamp-Lieb
inequality which originated in work of Liu, Courtade, Cuff and Verdu [Liu et al. 2018] and whose theory
was significantly developed in [Courtade and Liu 2021]. The forward-reverse Brascamp-Lieb framework
encompasses both the forward and inverse Brascamp—Lieb inequalities, as well as the reverse Brascamp—
Lieb inequality due to Barthe [1997; 1998b]. However, it is in fact the case that the gaussian saturation
property for the inverse inequality (1-1) implies the gaussian saturation property for the forward-reverse
Brascamp-Lieb inequality. This follows from a clever argument of Wolff (e.g., see [Courtade and Liu 2021,
Section 4]), and we shall make use of Wolff’s idea to deduce regularized forward-reverse Brascamp—Lieb
inequalities from our main result for regularized inverse Brascamp-Lieb inequalities (thus, for example,
recovering regularized forward Brascamp-Lieb inequalities due to [Bennett et al. 2008]).

1.1. The forward Brascamp-Lieb inequality. Inequalities of the form
m m Cj
/ []5Bx9 dxscrl(f fj) (1-2)
R ]:1 ]:1 Rn‘j

for integrable functions f; : R" — Ry are widely known as Brascamp—Lieb inequalities." Here, the
linear transformations B; : R" — R and positive exponents c¢; are given, and the pair (B, ¢) is referred

I'We often add the term “forward” to clarify that we are referring to (1-2) rather than (1-1).
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to as a Brascamp—Lieb datum, where B = (B j);‘n:1 and ¢ = (¢; ;.":1. The best (i.e., smallest) constant C is
called the Brascamp—Lieb constant and is defined by
F(B, ¢) =supBL(B, c; f) € (0, oo],
f
where

fRn HT:] Ji(Bjx)9 dx
=
[T7= (e £3)°
is the Brascamp—Lieb functional, and the supremum is taken over measurable f; : R" — R, such that

Jw i €0, 00).
The multilinear Holder, Loomis—Whitney and Young convolution inequalities are standard examples of

BL(B,c; f) =

Brascamp-Lieb inequalities. From a historical perspective, the pursuit of the best constant for the Young
convolution inequality was influential in the emergence of the Brascamp-Lieb inequality. Indeed, Beckner
[1975] and Brascamp and Lieb [1976] independently identified that the best constant in nonboundary
cases of the Young convolution inequality is attained (essentially uniquely so— see [Brascamp and Lieb
1976]) on certain isotropic centred gaussians, and the systematic study of the more general inequality
(1-2) traces back to [loc. cit.]. With the main focus of the current paper in mind, we also remark that
[loc. cit.] considered the inverse form of the Young convolution inequality in which the direction of the
inequality is reversed (and negative exponents c¢; are admissible). They were able to obtain the best (i.e.,
largest) constant, a characterization of maximizers and, as a delightful application, were able to rederive
the Prékopa—Leindler inequality via a clever limiting argument.

Nowadays the theory of the Brascamp-Lieb inequality is well developed and finds applications across
a vastly diverse range of fields. As but one example, we mention again the close link to multilinear
Kakeya-type inequalities and decoupling theory for the Fourier transform, both of which have found
staggering applications in the last 15 years to problems in harmonic analysis, geometric analysis, dispersive
PDEs, and number theory; see, for example [Bourgain 2017; Bourgain et al. 2016; Bourgain and Guth
2011; Guo and Zhang 2019; Guo and Zorin-Kranich 2020]. Whilst it feels somewhat discourteous not to
include details of other kinds of applications of the Brascamp—Lieb inequality (and its variants), there are
a number of papers which already contain thorough discussions of this nature and we encourage the reader
to try [Bennett and Bez 2021; Bennett et al. 2020; Durcik and Thiele 2021; Gardner 2002; Zhang 2022].

Unlike (nonboundary cases of) the Young convolution inequality, the classes of maximizers for the
multilinear Holder and Loomis—Whitney inequalities are of a wider nature. Nevertheless, it is the case that
isotropic centred gaussians are amongst the maximizers for each of these inequalities and this naturally
raises the question of whether this is a general phenomenon for (1-2). Remarkably, Lieb [1990] established
that centred gaussian near maximizers always exist for (1-2). We state this result next, along with a “local-
ized” version incorporating a centred gaussian weight factor. For this, we introduce a little more notation.

We extend the notion of Brascamp-Lieb datum to the triple (B, ¢, Q), where Q : R” — R" is a given
self-adjoint transformation. Associated to such a datum is the Brascamp—Lieb constant

F(B,c,Q)=supBL(B, ¢, Q; f) € (0, oo],
S
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which is given in terms of the Brascamp—Lieb functional

Jow €O £ (By2) dx
I (s 13)°

In the above, the supremum is taken over measurable f; : R" — R, such that fan fj € (0, 00). Also,

BL(B,c, Q; f) =

associated to a positive definite transformation A on a given euclidean space, we define the (normalized)
centred gaussian g4 by

ga(x) := (det A)/2e ¥ AX) (1-3)

On gaussian inputs f with f; = g4, foreach j =1, ..., m, we slightly abuse notation for the Brascamp—
Lieb functional and write

BL(B,c,Q; A) :=BL(B, ¢, Q; f).
Theorem 1.1 (Lieb). Let (B, ¢) be a Brascamp—Lieb datum. Then we have
F(B,c) = sip BL(B,c; A),
where the supremum is taken over positive definite transformations A;. More generally
F(B,c, Q) = sip BL(B,c, Q; A) (1-4)

whenever Q : R" — R" is positive semidefinite.

Lieb’s theorem above was proved in full generality in [Lieb 1990]. Earlier, Brascamp and Lieb
[1976] had established certain special cases including, for instance, rank-1 linear transformations B;. A
computation reveals that

" (detA)T 12
BL(B,c,Q;A):( [j-(@et4) ))

det(Q =+ ZTzl CJ'B;AJ'BJ‘
if Q+ Z’J’.’Zl ¢jB J?"A ;jBj is positive definite (BL(B, ¢, Q; A) = oo otherwise) and therefore Lieb’s theorem
dramatically reduces the complexity of understanding the Brascamp-Lieb constant. For example, Lieb’s
theorem played a pivotal role in the proof in [Bennett et al. 2017] of the continuity of the Brascamp
constant B +— F(B, ¢) and consequently in recent developments in understanding nonlinear variants of
the Brascamp-Lieb inequality in which the underlying transformations B; are allowed to be nonlinear
[Bennett et al. 2020].

We end this very brief overview of the Brascamp-Lieb inequality (1-2) by stating a theorem from
[Bennett et al. 2008; 2010] which provides a characterization of the finiteness of the Brascamp-Lieb
constant (see also [Gressman 2025] for new perspectives in this direction).

Theorem 1.2 (Bennett—Carbery—Christ-Tao). Let (B, ¢) be a Brascamp—Lieb datum. Then F(B, c) is
finite if and only if

n :chnj (1-5)
j=1
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and

m
dimV < Z cjdim B;V  for all subspaces V of R". (1-6)

j=1
The above result along with Lieb’s theorem form two pillars in the theory of the Brascamp—Lieb
inequality. The scaling condition (1-5) is easily shown to be necessary for the Brascamp-Lieb constant to
be finite. Also, as further necessary conditions for finiteness, by considering V =R" and V = ﬂ’};l ker Bj,
one obtains from (1-5) and (1-6) that each B; must be surjective and that ﬂTzl ker B; = {0}; such data

are usually referred to as nondegenerate.

Remark. Maldague’s regularized version of (1-2) quantifies the finiteness characterization in Theorem 1.2.
In particular, it is shown in [Maldague 2022] that when the integral on the left-hand side of (1-2) is
truncated to a ball of radius R > 0 and the input functions are restricted to be constant on cubes in a lattice
of size r € (0, R), the constant behaves like R r—% where Kk = SUPy <pn (dim V— Z;": 1 ¢j dim B; V) and
K=K — (n — ZTZI cjn j). On the other hand, the regularized version of (1-2) proved in [Bennett et al.
2008, Corollary 8.15] may be viewed as an extension of Lieb’s theorem, and our main result (Theorem 2.1
below) is an extension of the inverse version of Lieb’s theorem.

1.2. The inverse Brascamp-Lieb inequality. For the inverse Brascamp-Lieb inequality (1-1), it is
appropriate to introduce a different notion of nondegeneracy compared with the forward version of the
inequality. The nondegeneracy condition was identified by Barthe and Wolff [2022] and is as follows.
Assume each B; : R" — R is a surjection, and ¢ is arranged so that

ClyevesCmy >0>Cq1,oov s

for some 0 < m, < m, where we interpret the case m = 0 to mean that all of ¢y, ..., ¢, are negative.
Correspondingly, we define the linear transformation B, : R" — EBT; R by

B, x :=(Bx,..., By, x).

Then, if we denote the number of positive eigenvalues of the self-adjoint transformation Q : R* — R” by
s1(Q), the Brascamp-Lieb datum? (B, ¢, Q) is said to be nondegenerate if
my
Qliers, >0 and n>sH(Q+) n; (1-7)
j=1
hold. Here Q|yer . is the restriction of Q : R" — R" to the subspace ker B, . Note that if Q = 0 then the
nondegeneracy condition (1-7) is equivalent to fact that B, is a bijection; in other words,

my my
[kerB; ={0} and ImB,=EHR". (1-8)
j=1 j=1

2Stlrictly speaking, this terminology has already been used for the forward Brascamp-Lieb inequality where we imposed the
condition ¢; > 0 for all j. It would be more accurate to use terminology such as “inverse Brascamp-Lieb datum”, but it will
always be clear from the context which notion of Brascamp-Lieb datum is being used.
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Next, in analogy with the notation introduced above for the forward Brascamp—Lieb inequality, we
define
I(B,c, Q) := irflfBL(B, c, 2

to be the best (i.e., largest) constant for which (1-1) holds, where the infimum is taken over measurable
fi : R — Ry such that fan fi € (0, 00). Strictly speaking, we are extending our definition of the
Brascamp-Lieb functional f +— BL(B, ¢, Q; f) to the case of real exponents ¢ C R”, which we do with
the understanding that 0 - co = 0.

It is not immediately apparent that (1-7) is a natural nondegeneracy condition to impose and we refer
the reader to the careful discussion in [Barthe and Wolff 2022, Section 2] for the details. Here we simply
extract from that work that I (B, ¢, Q) = 0 or co when the nondegeneracy condition is dropped.

The following inverse version of Lieb’s theorem was proved in [loc. cit., Theorem 2.9].

Theorem 1.3 (Barthe—Wolff). For any nondegenerate Brascamp—Lieb datum (B, ¢, Q), we have
I(B,c, Q)= ingL(B, c,Q; A).

For completeness, we note that a counterpart to Theorem 1.2 regarding the strict positivity of I(B, ¢, Q)
was proved by Barthe—Wolff; see [loc. cit., Theorem 1.5] for the case Q = 0 and [loc. cit., Theorem 8.9]
for the general case.

1.3. The forward-reverse Brascamp-Lieb inequality. Next we introduce the broad class of inequalities
first considered in [Liu et al. 2018] called forward-reverse Brascamp—Lieb inequalities. To do so, we fix
linear transformations 7 : E — E(j), j=1,...,J, with E(j) = R"() and where the base space is given
by E = @i[:l E; with E; =R", i =1, ..., I. The collection of such linear transformations is written
T =(T;) jjzl , and also we introduce the notation 7r; for the orthogonal projection from E to E;. Finally,
7y, and write d = ((d)]_, (d(j)]_)-
The forward-reverse Brascamp-Lieb inequality associated with the datum (7', d) takes the form

0L =1L, ») o

i=1

we fix two collections of positive real numbers (d; )1 , and (d( J))

for input functions f; : E; — Ry, hj : E(j) — R4 which satisfy

I J
[]/fix)y® <[]hj@x)*? forallxeE. (1-10)
i=1 j=1

As described in [Courtade and Liu 2021], this framework encompasses the forward, reverse and inverse

forms of the Brascamp-Lieb inequality in the case where there is no gaussian kernel. For example, taking

I =1 and d| =1, it is clear that the optimal choice in (1-10) is

J
f=]1w o1,
j=1
in which case (1-9) reduces to (1-2).



1574 NEAL BEZ AND SHOHEI NAKAMURA

Also, the reverse form of the Brascamp—Lieb inequality, originating in [Barthe 1998b], corresponds
to the case J =1 and d(1) = 1. In other words, given linear mappings B; : R" — R" and positive real
numbers d;, i =1, ..., I, the reverse Brascamp—Lieb inequality takes the form

I di
cTI([ #) = [ m (1-11)
il:! R%i n
for functions satisfying

1 1 1
[]AG)% <h (Z diBi*x,-) for (x1,....x;) € PR (1-12)
i=1 i=1 i=1

As has been pointed out elsewhere, arguably it would be more natural to refer to inequalities of the form
(1-11) as dual (rather than reverse) Brascamp-Lieb inequalities in light of the fact that

R(B,d)F(B,d) =1, (1-13)

where R(B, d) denotes the best (i.e., largest) constant C such that (1-11) holds under (1-12). This
remarkable fact was proved in [Barthe 1998b].

We also remark that the Prékopa—Leindler inequality is the special case of (1-11) with C = 1 obtained
by taking / =2, B; = B, =idg», and d; 4+ d» = 1. From the Prékopa—Leindler inequality one can derive
the famous Brunn—Minkowski inequality

vol, (X + Y)" > vol,,(X)/" + vol,,(Y)'/"

for appropriate X, ¥ € R"™. The stimulus to introduce the general form of the inequality (1-11) appears
to have arisen from convex geometry and we refer the reader to [Ball 1991; Barthe 1998a; 1998b] for
further discussion and applications.

Finally, to deduce the inverse Brascamp-Lieb inequality, take a forward-reverse Brascamp-Lieb datum
(T, d) and set

I J
() =[] firn)® [T hy(@x) =49,
i=1 j=1
Then (1-10) holds if we replace J by J + 1, take T to be the identity transformation, and d;4+; = 1.
The resulting inequality (1-9) reduces to the inverse Brascamp-Lieb inequality
1 i J —d(j) 1 J _
T(f, ) TI(L,»)  =e [ TTatmo® [Tnmo i
i=1 \E j=1 W EW Eiz j=1
With the nondegeneracy condition in mind (i.e., B is bijective), this framework is as general as the one
presented in the previous section in the case of no gaussian kernel.?
The analogue of Lieb’s theorem holds in the setting of the forward-reverse Brascamp—Lieb inequality,
as shown in [Liu et al. 2018, Theorem 2].

3We also refer the reader to the Appendix for a more complete discussion along these lines.
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Theorem 1.4 (Liu—Courtade—Cuft—Verdu). For any datum (T, d), if the input functions f; : E; — Ry,
hj : E(j) — Ry satisfy (1-10), then they also satisfy (1-9) with constant C given by

1 J
sup [ [(det A~/ [ J(det A(j))/2.
Ai=0 i j=1

The proof of Theorem 1.4 in [Liu et al. 2018] rests on an equivalent entropic formulation of the
forward-reverse Brascamp-Lieb inequality* and ideas similar to those in [Geng and Nair 2014] and Lieb’s
original proof [1990] of the gaussian saturation property for the forward Brascamp-Lieb inequality. A
different proof of Theorem 1.4 was found in [Courtade and Liu 2021], again utilizing entropic duality,
but incorporating ideas from [Bennett et al. 2008; Lehec 2014]. We also remark that [Courtade and Liu
2021] embarked on a systematic study of the forward-reverse Brascamp-Lieb inequality and, for example,
established a characterization of the finiteness of the constant in the spirit of Theorem 1.2 (see [loc. cit.,
Theorem 1.27]) and extended Barthe’s duality relation (1-13) to all forward-reverse Brascamp—Lieb data
(see [loc. cit., Theorem 1.3]).

Remark. Given the above discussion, it is clear that one may use Theorem 1.4 to deduce Theorem 1.3 in
the case where there is no gaussian kernel. Surprisingly, the converse is true and this fact follows from a
clever limiting argument due to Pawel Wolff, which is explained in [loc. cit., Section 4.1]. In the presence
of a gaussian kernel, as far as we are aware, a version of such an equivalence has not appeared in the
literature (see [loc. cit., Section 4] for some partial results along these lines).

In the following section we state our main result— an extension of Theorem 1.3 to certain regularized
input functions — and some consequences. For example, we can recover all versions of the gaussian
saturation property stated above (i.e., Theorems 1.1, 1.3 and 1.4). In fact, we present a framework> for
the forward-reverse Brascamp-Lieb inequality which allows for gaussian kernels, and, in particular, we
shall see that the gaussian saturation property in this framework is equivalent to that of Barthe—Wolff in
Theorem 1.3. Despite this equivalence between forward-reverse and inverse Brascamp-Lieb inequalities,
our heat-flow monotonicity approach seems best suited to the inverse Brascamp-Lieb inequality and
so the inverse inequality should be regarded as the focal point of the paper. In fact, it is not at all
clear to us whether one can expect a heat-flow monotonicity approach to succeed in the setting of the
general forward-reverse Brascamp—Lieb inequality. Heat-flow arguments of a different nature have been
successfully implemented in the case of the reverse Brascamp-Lieb inequality with geometric data—see
[Barthe and Cordero-Erausquin 2004] (rank-1 transformations) and [Barthe and Huet 2009] (general rank
transformations), as well as [Borell 1993; 2000; 2003] which seem to have been a source of inspiration
for [Barthe and Cordero-Erausquin 2004; Barthe and Huet 2009]. For example, it is shown in [Barthe
and Huet 2009, Theorem 4] that, for geometric data, the relation (1-12) is preserved if one replaces all
functions with their evolution under classical heat flow e’® for all t > 0; the reverse Brascamp-Lieb

“4In the context of the forward Brascamp-Lieb inequality, duality with subadditivity of entropy can be found in [Carlen et al.
2004; Carlen and Cordero-Erausquin 2009].
SThis framework was suggested to us by an anonymous referee to whom we are extremely grateful.



1576 NEAL BEZ AND SHOHEI NAKAMURA

inequality for geometric data then follows by taking a limit t — oo. It would be very interesting to see if
such an approach can be extended to general data in the forward-reverse framework, but it is certainly not
clear to us whether such an approach can be profitable in proving, say, Theorem 2.2.

2. Main results

2.1. Regularized inverse Brascamp-Lieb inequalities. From now on, we denote the class of n x n real
and self-adjoint transformations by S(R") and

S, (R") :={A e S(R"): A > 0}

for the subclass of positive definite transformations.
For G € S (R") consider the solution u : Ry x R” — R, to the heat equation

_ 1 v _ _
oru = = div(G™'Vu), u(0)=pu, 2-1)

where u is a positive finite Borel measure with nonzero mass. Then we call f(x) =u(1, x) a type G
function. Explicitly u(1, x) can be written in convolution form

u(l, %) = g6 # u(x) = (det G)2 f G ().

We consider the inverse Brascamp—Lieb inequality restricted to regularized input functions of this type,
and thus we introduce the notation

T(G) :={gg * u : u is a positive finite Borel measure with nonzero mass}.

Note that the class T(G) is clearly subset of the class of all nonnegative and integrable functions, and its
members are smooth and strictly positive. Also, it is not difficult to see that we have the nesting property,

G1,G2€S+(R"), G <G, = T(G)<ST(Gy). (2-2)

It also formally makes sense® to view

‘J’(oo):{f:[R{”—HRJr: f<oo} (2-3)

Rn
as the class of all inputs.

For each Brascamp-Lieb datum (B, ¢, Q) and G = (G; );.":] ,with G; € S (R"), wereferto (B, ¢, Q, G)
as a generalized Brascamp—Lieb datum’ and define

I(B := inf BL(B,c, Q; 2-4
(B,¢,Q,G) it (B,¢,Q: f) 2-4)

to be the best (i.e., largest) constant such that (1-1) holds for input functions f; € J(G,); accordingly, the
notation f € J(G) means f; € T(G;) foreach j=1,...,m.

SFor example, we know that g;;q converges to the Dirac delta supported at the origin as > — oo.
"When Q = 0, we shall simply say that (B, ¢, G) is a generalized Brascamp—Lieb datum.
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For generalized Brascamp-Lieb data (B, ¢, Q, G), we add a further condition to the nondegeneracy
condition (1-7). We shall say that (B, ¢, Q, G) is nondegenerate if (1-7) holds and

my
Q+) ¢jB;G;B; > 0. (2-5)
j=1
This appears to be a reasonable condition in the following sense. If (B, ¢, Q) is nondegenerate (that is,
(1-7) holds), then as discussed in the proof of [Barthe and Wolff 2022, Proposition 2.2], there exists
Ay, ..., Ay, > 0 such that

my

Q+ ZC]'B;AJB]' >0
j=1

and hence (B, ¢, 9, G) is nondegenerate whenever G; > A; for j =1, ..., m. From such considerations,
our main result below recovers the Barthe—Wolff result in Theorem 1.3 as a limiting case; see the remark
after Lemma 3.7 for further details. In addition, we note that inf4<g BL(B, ¢, Q; A) = oo if (2-5) is not
satisfied.

Theorem 2.1. For any nondegenerate generalized Brascamp—Lieb datum (B, ¢, Q, G), we have
I(B,c,9,G) = Aing BL(B,c, Q; A). (2-6)

As we have already mentioned, we use a heat-flow approach to prove Theorem 2.1. This may be
viewed as a significant extension of the analysis in [Chen et al. 2015], which handled a special class of
Brascamp-Lieb data (so-called geometric data— see the discussion at the beginning of Section 3).

2.2. Regularized forward-reverse Brascamp-Lieb inequalities. We shall see that Theorem 2.1 yields a
gaussian saturation property for a regularized version of the forward-reverse Brascamp—Lieb inequality
with gaussian kernels. To present this application, as far as possible, we use similar notation to that in
Section 1.3.

We fix a collection of linear transformations T = (Tj)jJ:l. Here, T, : E — E(j), j=1,...,J,
with E(j) = R"()) and where the base space is given by E = @iI:o E; with E;,=R", i=0,1, ..., I Next,
we take two collections of positive real number d = ((d;) i’:] , d())) j]:] ). In addition, fix Oy € S (Ep), Ogr
to be a positive semidefinite transformation on E, and write Q = (Qr, Q). Finally, we fix two collections
of positive definite transformations G = ((Gi),-lzl, (G(j))jjzl), where G; € S+ (E;) and G(j) € SL(E())).

The datum (T, d, Q, G) is said to be nondegenerate if

I
Eq®{0}®--®(0} Cker Qr, m3Qumo+ Y  dim/Gimi > Qr onE, 2-7)
i=1
where, as before, 7; denotes the orthogonal projection from E to E;. The second condition is reasonable
since it is necessary for (2-9) below to hold with® f; = YG;» hj = vG(j), where ya(x) :=e™" %A% Tn fact,

81n this setting it is slightly more convenient to work with nonnormalized gaussians.
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if the second condition in (2-7) fails to be true, then there is no A; < G;, A(j) < G(j) satisfying (2-9)
with f; = ya,. hj = YA()- Indeed, (2-9) with f; = y4,, hj = YA(>)) is equivalent to

1 J
myQumo+ Y dimfAimi = Qr+ Y _d(HTFA(HT; onE, (2-8)
i=1 j=1

which in particular implies
I

7y QLo + Z dinjAjm; > QR.
i=1
Under such a nondegeneracy condition, we have the following generalization of Theorem 1.4.
Theorem 2.2. For any nondegenerate data® = (T, d, Q, G), we have the following. If f; € T(G;) and
h; € T(G(j)) satisfy
I
e~ imox. 01 mox) l_[ fi(mix)% < g7 x:Qr) 1_[ hi(T;x)"Y forall x € E, (2-9)

i=1 j=1

I d; J 4e))
() me i), o)
i=1 E; j=1 E(j)

1 J
FR(D) = sup{l_[(detA,-)_d"/z ]_[(detA(j))d‘f)/2 cAi <Gy, A(j) < G(j) satisfy (2—8)}.
i=1 j=1

~

then they also satisfy

where the constant is given by

We shall deduce the above theorem from Theorem 2.1 by means of Wolff’s limiting argument alluded
to at the end of Section 1. In fact, the theorems are equivalent and we shall prove this in the Appendix.

Capitalizing on the fact that the forward Brascamp—Lieb inequality is a special case of the forward-
reverse Brascamp-Lieb inequality, we can quickly deduce the following generalized version of Lieb’s
theorem.

Theorem 2.3. For any generalized Brascamp—Lieb data (B, ¢, Q, G) with c; > 0 for each j, and positive
semidefinite Q, we have
sup BL(B, ¢, Q; f) = sup BL(B, ¢, Q; A).
feT(G) A<G

A limiting argument shows that Theorem 2.3 implies Theorem 1.1, so in this sense, we see that Lieb’s
result is also a consequence of Theorem 2.1. Also, the case Q = 0 was proved in [Bennett et al. 2008,
Corollary 8.11] and we shall follow the approach taken in [loc. cit.] in proving Theorem 2.1.

In a similar manner, one may also quickly obtain a regularized version of Barthe’s reverse Brascamp-—
Lieb inequality (1-11) from Theorem 2.2 (by taking J = 1 and d(1) = 1).
Remark. Valdimarsson [2007] obtained a regularized version of (1-11) in which the input functions took
the form f;(x) = exp(—m (x, Gj_lx) — Hj(x)) with H; a convex function (so-called “inverse class G;”).
This particular set-up appears to be independent from ours in Theorem 2.2. Note that Valdimarsson’s
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setting of inverse class G; input functions allowed him to extend the ideas of [Barthe 1998b] and obtain a
generalization of the duality relation (1-13) involving F(B, ¢, G). It is unclear to us whether a duality
result is possible for the regularization we consider in Theorem 2.2 and it seems it may be natural to
adapt the framework somehow to include inverse class G functions in some appropriate way.

In addition, a certain regularized version of the forward-reverse Brascamp—Lieb inequality (in its dual
entropic representation) was considered in [Liu et al. 2018, Section 4]. Again, we believe that this has no
direct connection with the kind of regularization that we study in the present paper.

Organization. The remainder of the paper is primarily devoted to proving Theorem 2.1. Section 3
contains several preliminary observations, mostly related to the heat-flow monotonicity approach that we
will use to prove Theorem 2.1. Although the main body of the proof of Theorem 2.1 is given in Section 5,
the key heat-flow result needed for the proof has been isolated in Theorem 4.1 in Section 4; we take the
opportunity to present this result in the form of a “closure property” for sub/supersolutions to certain heat
equations and thus contribute to the emerging theory of such closure properties in, for example, [Aoki
et al. 2020; Bennett and Bez 2009; 2019]. After the proof of Theorem 2.1 in Section 5, in Section 6
we present some further applications and remarks. Finally, in the Appendix, we prove the equivalence
between Theorems 2.1 and 2.2.

3. Preliminaries

It will be convenient to introduce the notation
I,(B,c,Q,G) = inf BL(B,c,Q; A)
A<G

for the best constant such that (1-1) holds for gaussian input functions f; = g, with A; < G; for each ;.
When G = (o0, ..., 00) or Q =0 we simply omit it from the above notation.

3.1. Geometric data and a key linear algebraic lemma. Before embarking on the full proof of Theorem 2.1,
as a highly instructive preliminary first step, let us consider the so-called geometric case and, for simplicity,
we set Q=0and G = (00, ..., 00). The geometric condition on the data is

m
BiBf=id (j=1,....m) and » ¢;B}B;=id. (3-1)
j=1

In a such a case, it is clear that ker B, = {0} and it follows that the nondegeneracy condition (1-7) is
equivalent to the surjectivity of B..

Theorem 3.1. Suppose the Brascamp—Lieb datum (B, ¢) satisfies (3-1) and is nondegenerate in the sense
that B is surjective. Then
I(B,c)=13(B,c)=BL(B, c; A) =1,

where A; is the identity transformation on R" for j =1,...,m.

Theorem 3.1 was proved in [Barthe and Wolff 2022, Theorem 4.7] based on a mass transportation
argument. A very closely related result was established using heat flow in [Chen et al. 2015, Theorem 2];
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in particular, it was shown that

[ famerocs (], o
=1 j=1 VR

holds under the assumption that B; ijk =1id for each j, n = Z;": ¢jnj and
BB*>C™! (3-3)
hold, where B = (By, ..., B,) : R" — ]_[;f’:l R, and
C :=diag(ciidpri, . . ., Cpidrm).

We refer the reader to [Barthe and Wolff 2022, Section 4] for a precise clarification of how one may
obtain [Chen et al. 2015, Theorem 2] from their work.
As observed in [loc. cit.], assumption (3-3) is clearly equivalent to

m
E : *

Cij vj
j=1

and this fact was key to their heat-flow proof of (3-2). Here we exhibit a sketch proof of Theorem 3.1,

2 m
> Z:cjlvj|2 for all v; € RY, (3-4)
j=1

following the heat flow argument used in [loc. cit.] (which itself is based on similar heat flow proofs of
the forward Brascamp-Lieb inequality in [Bennett et al. 2008; Carlen et al. 2004; Valdimarsson 2008]),
which will help to understand our argument in the case of more general nondegenerate Brascamp—Lieb
data (B, ¢, G, Q) in Section 5. The geometric case is particularly well suited to a heat-flow argument
since gaussian maximizers always exist in such a case (in fact, as stated above, isotropic gaussians are
maximizers). Including some details in the specific case of geometric data will also motivate the crucial
linear algebraic result (a generalization of (3-4) in the forthcoming Lemma 3.2) which underpins the
heat-flow argument in our proof of Theorem 2.1.

A heat-flow approach to Theorem 3.1. From (3-1), it is easy to check that
BL(B,c; A) =1

if each A; is the identity transformation, so it suffices to prove (3-2) holds for sufficiently nice non-
negative f;. (We remark that identifying a sufficiently nice class of test functions will be taken up in
Section 3.4.) To this end, we define the quantity

(1) :=/ U(t,x)dx, (3-5)
where u; : (0, 00) x R" — (0, co) solves the heat equation
8,uj:Auj, I/tj(O):fj, (3-6)

and U := ]_[;": 1 (uj o Bj)“. Formally, we have

m

Q(O):/Rn [/ ®Bix) dx. tlirgoﬂ(t):]_[(/ﬂ%n_ f,-) :
j=1 !

j=1
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where the argument for the limit at infinity made use of (3-1). Thus our aim is to show that £ is
nonincreasing in time. To this end, we note that

JUt.x)=U(t,x) Y c;dylogu;(t, Bjx) =U(t.x) Y _ c;llv;|* +div(v)](z, B;x),
j=1 j=1

where v; := Vlogu;. By the divergence theorem, it follows (at least formally) that
m m 2
Q1) = /R U, x)[z cjlvj(t, Bix)|* = > ¢; Bfvj(t, Bjx) ]dx
j=1 j=1

Thus, the argument above has reduced the proof of Theorem 3.1 to showing (3-4). This fact is a special

case of Lemma 3.2 below (with A; =id for each j =1, ..., m); the general case in Lemma 3.2 will be
crucial for the argument in Section 5 to prove Theorem 2.1. Before stating the lemma, we remark that in
the case of the forward Brascamp-Lieb inequality with ¢; > 0 for each j, for geometric data (B, ¢) we
have that (3-4) holds in reverse; to see this, if we define

m
w:= Z ch;‘vj,
j=1
then by the Cauchy—Schwarz inequality and the geometric condition Zm B B; =1id, we get

172

=§: (V& Bjw, \/cjv)) < (ZcAB w|)1/2(2c,|v]> =|w|(;cj|vj|2) :

which rearranges to give (3-4) in reverse. Interestingly, it was shown in [Barthe and Wolff 2022] that one
can obtain (3-4) from Z;f’zl cjlv; 1> < |ZT:1 Cj B;‘vj |2 (¢; > 0); more generally, a proof along such lines
was used to derive the more general inequality in (3-8) below.

Lemma 3.2. Suppose the Brascamp—Lieb datum (B, c) is such that B is surjective, and A; € S;(R"),

j=1,...,m, are such that the transformation M := Z;."zl Cj B;‘AJ- Bj is positive definite. Let v; € R"
for j=1,...,m,and let x, € R" be any nonzero element ofBJ:1 (Al_lvl, R Am+vm+) Then we have
the identity
m m
Z (v, AT ) = (@, M)+ D oil(v], Ajv)), (3-7)
j=1 Jj=my+1

where w = Z’J’Ll ch;‘vj, w = x, — M~ 'w, and vj/. = Bjx, — A;lvj for j=my+1,....,m. In
particular, we have

m

> e, Ay < (w, M) (3-8)

foranyv; e RY, j=1,...,m

Inequality (3-8) can be obtained directly from [Barthe and Wolff 2022, Lemma 3.5]. Since the above
result is pivotal to the proof of Theorem 2.1, we include our own brief justification.
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Proof of Lemma 3.2. First note that
Bix,=A7'v; (1<j<my) (3-9)
and with this in mind we will expand the right-hand side of (3-7). For j =m, +1, ..., m, we have
(v}, Ajv}) = (Bjxs, AjBjx.) — 2(Bjx., vj) + (A v, v),

@, MW') = (xu, Mx,) — 2(xs, W) + (M~ ', ).

So, if we set My = Z;";l Cj BJ’.“A‘, B;, the right-hand side of (3-7) can be written /, + I, + I. where

m
lo= (o Myxs), I = —2{x,, 9) =2 Z il (Byxs v), L= (M~ B+ D ljl(A] vy 0)).
j=my+1 Jj=my+1

From (3-9) we have

my

m4
—_— . * . — . .
I, = <x*, E ¢jB; v,> = E cj(Bjx«, vj) E vj, v;),
j=1 j=1

my
Iy = —2<x*, chB;‘vj> 229 Bjx, vj) 2ch v], v;).
j=1

So, putting things together, I, + I + I, clearly coincides with the left-hand side of (3-7). O

In order to make rigorous the formal considerations in our above sketch proof of Theorem 3.1, it
is important to identify an appropriately nice class of functions f; on which we may reduce matters.
Similar considerations will also be necessary for our proof of Theorem 2.1 in Section 5 and the content
of Section 3.4 below has been prepared primarily for this purpose.

3.2. A log-convexity estimate. Taking trace on both sides of the geometric condition ZT:l ¢jB ;‘ B; =id,
we see that Zm cjn; = n follows. In fact, in the case G = (00, ..., 0) and Q = 0, the condition
> j=icjnj=n is easily seen to be necessary for the strict positivity of the inverse Brascamp-Lieb constant
by standard scaling considerations. For general G, such a scaling condition is no longer a requirement
and it is natural to modify the quantity £ considered in (3-5) and mitigate for the loss of scaling by
considering quantities of the form

QE)=1"* / 1_[ uj(t, Bjix)“ dx,
Rn ]:l
1

where o 1= §(n -y j=16jn j) In such a case, the heat-flow monotonicity argument will make important

use of the following log-convexity estimate.

Lemma 3.3 (log-convexity). Let G € S+ (R") and u : R" — (0, 00) be of type G. Then
D2(10g u)>-2nG.

Obviously D?(log gG) = —27 G and thus Lemma 3.3 is equivalent to the log-convexity of the ratio u/gg.
For a proof of Lemma 3.3, we refer the reader to [Bennett et al. 2008, Lemma 8.6]. We also remark that
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estimates of the type in Lemma 3.3 are also known as Li—Yau gradient estimates and hold much more
generally in the framework of Riemannian manifolds; see [Li and Yau 1986].

3.3. The key decomposition of Q. In order to handle the gaussian kernel, our proof of Theorem 2.1 is
underpinned by the following decomposition of the transformation Q into positive and negative parts.

Proposition 3.4 [Barthe and Wolff 2022]. The transformation Q € S(R") satisfies (1-7) if and only if there
exist linear surjections By : R" — R™ and By, 41 : R* — R™+' and O, € S; (R") and Q_ € §; (R"+1)
such that

Q= B§Q+BO—B;+IQ_Bm+], (3-10)
the transformation (By, By) : R" — @T;O R is bijective, and ker By C ker By, 1.

We refer the reader to [Barthe and Wolff 2022, Lemma 3.1] for a proof of the above decomposition.
We note here that, assuming the nondegeneracy condition (1-7), Barthe and Wolff take By to be the
projection onto ker B, and we understand that in the case ker By = {0} we have ny = 0 and (3-10)
becomes Q = —B; 9By, (similarly when n,,11 = 0 we understand that Q = BjQ, By). As we shall
see in the forthcoming proof of Theorem 2.1, the decisive scenario is when B is bijective.

3.4. Nice classes of input functions. The main purpose of this remaining part of Section 3 is to identify
appropriate classes of test functions which approximate general inputs and are sufficiently well behaved in
order to facilitate, as far as possible, a proof of Theorem 2.1 which is free from burdensome technicalities.

Definition 3.5. The class N is defined to be those inputs f = ( fj);.": , satisfying the conditions
fi(xj) < Crlyy<c, 1=<j=<my), (3-11)
G =l A+ ™ (my+1<j<m) (3-12)
for some constant C s € (0, 00).

Lemma 3.6. For any nondegenerate Brascamp-Lieb datum (B, ¢, Q), we have

I(B,c,Q) = inf BL(B,c, Q; f).
(B,c,9Q) }QN (B,c,Q; f)
Proof. For N > 1 and an arbitrary input f = (f;)/_,, define the input f*) by

£ ) L <nv g <n (X)) fj(x)), l<j=<my,
NN A+ )™ + fi(x), my+1<j<m.
Clearly f™) e N. Also, it is obvious that f(N) 1 fijforl <j<my and f( ) I fiformy+1=<j<m

as N — oo. For 1 < j <m, an application of the monotone convergence theorem shows [ f ™ [ fi
Formy+1 < j <m, since (1 —|—|xJ| )~ e L'(R"), we have

. (N) . 1 2\—n;
lim f] =Nh—I>nooN /an(l * |xj| ™ dxj +A"j f} - R" fj

N—oo JR"
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Also, since ( fj(N))"-/ 0 fl.cj for each j =1, ..., m, another application of the monotone convergence
theorem gives

N—oo Jmn

mn m
lim e-JT(x,Qx) 1_[ f}(N)(BjX)Cj dx = '/Rn e—ﬂ(x,Qx) 1_[ f/(BJ)C)LJ dx.
j=1

j=1
The above shows
BL(B,¢,Q; f)= lim BL(B, ¢, Q; f™) > inf BL(B, ¢, Q; f)
N—oo feN
and thus I(B, ¢, Q) > inf sy BL(B, ¢, Q; f). The reverse inequality is trivial and thus we conclude the
proof of the lemma. U

Thanks to the previous approximation lemma, we can deduce the following result.

Lemma 3.7. If (B, c, Q, G) is a nondegenerate generalized Brascamp—Lieb datum, then
lim I(B,¢c,Q2,AG)=1(B,¢,Q), lim Iz(B,c,Q,AG)=1(B,c, Q).
A—00 A—00

Remark. Lemma 3.7 allows us to show that Theorem 2.1 recovers Theorem 1.3 (and justifies the
notation (2-3)). To deduce Theorem 1.3, we take (B, ¢, Q) such that (1-7) holds and use [Barthe and
Wolff 2022, Proposition 2.2] to obtain the existence of Ag > 0 such that

m4
Q+19 Y ¢;B}B; >0.
j=1

Thus, setting G; := Ao id for each j =1, ..., m, it follows that (B, ¢, Q, AG) is nondegenerate for all
A > 1. By using Lemma 3.7 and Theorem 2.1 we obtain

I(B,c,Q) = lim I(B, ¢, Q,AG) = lim Iy(B, ¢, 2,AG) =13(B, ¢, Q)
A—00 A—>00
and we recover Theorem 1.3.

Proof of Lemma 3.7. To see lim; _, o, [(B, ¢, Q, A\G) =1(B, ¢, Q), it clearly suffices to show

lim I(B,¢c, Q,1G) <I(B, ¢, Q). (3-13)

A—00
To see this, we argue that

Alim I(B,c,9,\G) < )Llim BL(B, ¢, Q; g6+ f) =BL(B,c,9; f)
— 00 — 00
for arbitrary f € N and use Lemma 3.6; thus it suffices to show
m m
lim [ e ™9 [T g, * fj(Bjx) dx :/ e O £(Bjx) dx. (3-14)
Rn

A—00
R” j=1 Jj=1

To see this, we use the fact that f € N to get the bounds

816, % f;(x)) < Ce ™ HVGNL (] < j <my),

&G, * fj(x)) = C'A+1xH™ (my+1<j<m)
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for all x; € R", and where C € (0, o) is a constant depending on G; and Cy. Then

m
e*]‘[(x,QX) l_[ g)»Gj * fj(B]X)CJ S Ce*ﬂ(X,(Q+()L/4)M+)X)(1 + |x|2)N

j=1
for all x e R*, where M := Z;";l Cj BJ’.“GJ- Bj, N := Z;":,,HH lcj|n;, and C is a finite constant depending
on B, G and f, but independent of A. Thanks to the nondegeneracy condition (2-5), it follows that
Q4 (A/4)M. is positive definite for A > 4. Hence we may apply the dominated convergence theorem to

deduce (3-14).

Similarly, we can prove limy_, Is(B, ¢, Q, AG) =L,(B, ¢, Q). |

Now we introduce G = (G j);”:l, where G; € §;(R"), and assume the generalized Brascamp—Lieb
datum (B, c, G, Q) is nondegenerate. The following class of functions will play a prominent role in the
heat flow proof of Theorem 2.1.

Definition 3.8. The class N(G) is defined to be those inputs f = ( fj)}":] € T(G) of the form f; = gg, *h;
withh;jeN, j=1,...,m.

Regarding this function class, we first note that the following analogue of Lemma 3.6 holds.

Lemma 3.9. We have
I B, C, Q,G —_ .]lf BL B,C, Q; .

One can prove Lemma 3.9 in a similar manner to the proof of Lemma 3.6 and so we omit the details.

Although we considered isotropic heat flow (3-6) for geometric data, for more general data it will be
appropriate to consider certain anisotropic heat flows. Associated with such flows, we have the following
pointwise estimates whose role will be to make rigorous the forthcoming heat-flow proof of Theorem 2.1
for data such that gaussian maximizers exist.

Lemma 3.10. Let (B, c) be a Brascamp—Lieb datum. Suppose f € N(G) and A < G. For each

J=1,...,m, suppose further that u; : (1, 00) x R" — (0, 00) is a solution to the heat equation
|
uj = P div(4; 1Vuj), ui(1,x;) = fj(x;). (3-15)
Fixt > 1and e > 0. Then
|V1ogu;(t, Bix)| < Cu(t)(1 + |x[H)" (G=1,...,m), (3-16)
|0 loguj (¢, Bix)| < Co()(1+|x )™} (G =1,...,m), (3-17)
and
n —1
[ Jui. Bix)¥ < Cutt, e)(1+ |x|)Nem 1 mOmnr M0 (3-18)
j=1
forall x e R". Here, My := ’7;1 cj B;‘Aj B; and N := Zsz++1 lcj|n;. Also, Cy(t) denotes a strictly

positive and finite constant which depends on t, B, ¢, A, G, f and is locally uniformly bounded in t, and
C.(t, €) denotes such a constant which also depends on ¢.
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Proof. Since f € N(G), we may write f; = gg; *hj, where hj e N. For j € {1,...,m} welet R; >0
be such that the support of /; is contained in the ball of radius R; with centre at the origin.
It is easily verified (using, say, the Fourier transform) that u; can be explicitly written down as

Mj(t,Xj)Igpj(t)*hj(Xj), (3-19)
where Pj(1) := (G;' + (@ — DA™
First we prove (3-18). If j € {1, ..., m4}, then one can easily check that
uj(t, x;) = (det P;(1))'/? / e T O () dy;
an

S (det P](Z))l/z (/ hj>e—(1—€)ﬂ<JCj,Pj(t)JCj>
an

for |x;| > L|[P(t)'/2||| P(t)~/?||R;. It follows that

— &n

uj(t,xj) < Calt, )= (1= 4Ty O%)

for all x; € R". By assumption we have A; < G; and as a consequence P;(t) > A;/t. Hence
uj(t, x)) < Cut, e)e™ 170001 A)
for all x; € R".
For je{my+1,...,m}, we have
wi(t, ) = | (4l = PO 2y e dy; > Co) 7 A )T
R"

for all x; € R", where the second lower bound follows by restricting the domain of integration to
lyil < I P (1)~ 2| =1, From the above, we clearly obtain (3-18).
Next we check (3-16). For j € {1, ..., my}, we use the compactness of the support of /; to obtain

|Vuj (2, xp)| < 20| Py (1) || (det Py (1))'/? fR X7 =yl OOy ()

< Co()(X + |xjDuj(z, x;)
for all x; € R", and this clearly suffices for (3-16) for such j. For j € {m +1, ..., m}, we use the fact
that P;(t) > 0 to obtain |w;|e™" - Fi0w) < C,(¢) for all w; € R", and therefore |Vu;(t, x;)| < Cy(t)
for all x; € R". It follows that

IVlogu;(t, x)| < C(t)(1+ |x; )"
for all x; € R™.
Finally we note that one can essentially follow the above argument for (3-16) in order to show (3-17)
and so we omit the details. ([l

We shall also need the large time asymptotics of the solution to (3-15). From the explicit form of the
solution (3-19) we easily see that

tl_l)rgo tn_//2uj(t, \/;xj) = </;an fj>gAj (xj) (3-20)

for each x; € R".
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4. Closure properties of sub/supersolutions of heat equations

The heat-flow proof of Theorem 3.1 in the previous section rested on the nonincreasingness of

Q(t):/ U(t,x)dx,

where U is the “anisotropic geometric mean” given by

m
U(t,x) = [(ujoBj
j=l1
and u; is a solution to the heat equation d,u; = Au; with nonnegative initial data. Although it is
not immediate from the argument we presented in the previous section, one can show that U satisfies
o,U < AU; that is, U is a subsolution of the corresponding heat equation. Formally at least, the
monotonicity of £ can be seen in this way since

Q’(r):/ atU(t,x)de/ AU(t,x)dx =0. 4-1)

n

In fact, in the case of geometric Brascamp-Lieb data, it is more generally true that if u; are nonnegative
subsolutions for j =1, ..., my and nonnegative supersolutions for j =m, +1,...,m, then o,U < AU,
in other words

cj(uj—Au;j) <0 (j=1,...,.m) = &U—-AU=<0. 4-2)

This observation is a kind of reverse counterpart to the observation, or “closure property”,
ouj —Au; >0 (j=1,....m) = U—-AU=0 (4-3)

recently presented in [Bennett and Bez 2019]; in the manner described above, the closure property (4-3)
generates the forward version of the geometric Brascamp—Lieb inequality (i.e., F(B, ¢) = 1 for geometric
Brascamp-Lieb data). The perspective taken in the article [loc. cit.] is that it is natural to place oneself in
the framework of sub/supersolutions to heat equations since collections of sub/supersolutions are closed
under a wide variety of operations (and this is not the case for bona fide solutions). As a result, one is
able to generate, in a systematic manner by combining various closure properties, monotone quantities
which underpin a number of fundamental inequalities in geometric analysis and neighbouring fields.

In this section, we build on [loc. cit.] and present a new closure property which generalizes (4-2) to
general Brascamp-Lieb data; later we apply our closure property as a key step in our proof of Theorem 2.1.

For any Brascamp-Lieb datum (B, ¢, Q) and gaussian input A = (AJ-);TLI, with A; € S, (R"), we
write m

M(B.c; A):=Y c¢;B}A;B
j=1
and
M(B,c,Q; A):=M(B,c; A) + Q.

When there is no danger of any confusion, we shall often omit the dependence on the data and simply
write M (A) and M (A) (sometimes we may also drop the dependence on A).
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Theorem 4.1. Let (B, c, G, Q) be a nondegenerate generalized Brascamp—Lieb datum and suppose
M (A) is positive definite. Assume further that

cj(A;' = BiM(A)"'B}) <0, (4-4)
(a7 — B;M(A)'B})(G; — Aj)) =0 (4-5)

forj=1,...,m. Givenu;:(l1,00) xR — (0,00) for j=1,...,m,letU:(1,00) x R" — (0, 00) be
given by

m+1
U(t,x):=t* 1_[ uj(t, Bjx)9.
j=0
Here a := %(n — Z'}l:()l Cjnj), co=1, cpy1 =—1,and ug and u,, 1| are given by
1 .. _
oiup = Ele(QJVMQ), up(1) =894,
1 ..
Ol = yp div(QZ' Vi), tms1(1) =ga_.
If
1 ) - o) 27'L'Gj
cj<8tuj — 4 div(4; w,)) <0 and D(loguj) = —— (4-6)
for j=1,...,m,then
U — % div(7(A)"'VU) <0, 4-7)

Remarks. (1) When we apply Theorem 4.1, A will be such that the gaussian input (g, );?1:1 minimizes
the inverse Brascamp-Lieb constant over all gaussian inputs of type G. For such a minimizer, we shall
see (in Lemma 5.3) that conditions of the form (4-4) and (4-5) are satisfied.

(2) Suppose u; : (1, 00) x R" — (0, 00) is a solution to the heat equation

1
4
where f; € T(G;). Then we know from (3-19) that u; € ‘J'((Gj_1 + (t — I)AJ._I)_I). Thus, if A; < G;
then we have u; € ‘.T(t_lGj) and it follows from Lemma 3.3 that Dz(log uj) > —Znt_lGj. In this sense,
the log-convexity component in the assumption (4-6) is reasonable. At the end of this subsection, we add

3tuj = le(AJ_IVMJ), u](l’ xj) = ﬁ(x])’

a few further remarks on this.

(3) Theorem 4.1 is very much in the spirit of [Bennett and Bez 2019, Theorem 3.7] in which it is shown
that U is a supersolution in the case Q =0, ¢; > 0, and A; = G, for each j; that is, in such a setting, if
Aj_1 —B; M(A)~! B}‘ >( for each j, then we have o, U—% div(M (A)~'VU) > 0 under the assumption that

B — = div(AT Vi) >0 and D (logu;) > 24
M A v i) = guj) = PR
In fact, [loc. cit., Theorem 3.7] also provides the conclusion that U obeys the log-convexity inequality

2T M(A)

D*(logU) > —
(logU) > >
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which can be easily deduced from the identity

m
D*(logU) = ZCJ-B;‘Dz(log uj)B; (4-8)
j=1
and the positivity of each c;. In the setting of mixed signatures for the ¢; in Theorem 4.1, a closure
property related to the log-convexity assumption seems less apparent.

Proof of Theorem 4.1. For simplicity, we write M=M (A) in this proof. Let us define Ag := Q4 and
Apy1:=9_, in which case the decomposition (3-10) can be seen as Q=coBj Ao Bo+Cpm+1 Berl Apmt1Bm+1.
By straightforward computations

U a T Bu
1 (U
- B0=— —(t, Bjx). 4-9
(t. x) ﬁchuj( ) (4-9)
j=0
Similarly, we have
m+1
VU(t,x)=U(t.x) Y c;B}v(t, Bjx), (4-10)
j=0
where v; := Vlogu;, from which it follows that
div(M~'vU ] . .
%( 0= ¢ div(B M Brvy) + (w, M),
j=0

where w := ijol ¢jBj'vj. Here, and in what follows, on the right-hand side we are suppressing the
argument of the functions; precisely speaking, we should write u; (¢, Bjx), v; (¢, Bjx) and w(z, x).
From (4-6) and definitions of ug, u,,+1, we have

9.U mtl div(A; 'Vu))
ST )_——+—Zc, :

uj
| m+1 1 m+1
o i —1
= =S Y v ) o Y o A7 )
j=0 =0

and therefore
U_l(a,U — Ldiv(l\?_1VU))(t,x) < %(l + 1),

4
where
m+1 dra m+1
I:=—(w, M) —|—Zc] (0, A7), Hi=——— 4 ) o div((A] = BiM T B))).
j=0

Since (By, B4) is surjective from the nondegeneracy assumption, we know from (3-8) in Lemma 3.2 that
I <0. For 11, we write
ame "R —1 T —1 py 12
II=-——+ tr(cj(A;' — BjM~'B})D*log u;).
j=0
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From (4-4), (4-6) and (4-5), it follows that for j =1, ..., m,

-1 1 iy 2 2r -1 vr—1 px
tr(cj(A; '~ B;M~' B})D*logu;) < ==~ u(¢;(A; ' =B, M ' B})G))

_ 27TCJ' -1 -1 p* N
== (A B M B A = -

2 CJ'
t
On the other hand, for j = 0, m + 1, from the explicit formula (3-19) we know that

2 A
D*(logu;) = — ”t I

(nj—te(M ™' B} A; B))).

Hence, regardless of the sign of AJ._1 — BJZVI -1 ijk, we have

(e (A~ 71 p% 2 Nl 2T =l pE A
r(cj(Aj —B;M Bj)D loguj)_—Ttr(c](Aj - B;M Bj)Aj)

2JTCj 17— p*
= ; (nj—tr(M Bj Aij))

for j =0, m + 1. Therefore, from the definition of M, we get

dra 27 ' ~ 1.
IIS—T—T cj(nj—tr(M BjAij)):O. [l
j=0
We end this subsection with two further observations related to Remarks (2) and (3) after the statement
of Theorem 4.1. The first concerns the analogue of Theorem 4.1 for which ¢; > O forall j=1,...,m
(in which case we drop the nondegenerate condition and assume Q > 0, namely n,,; = 0). It is clear

from the above proof (and (4-8)) that in such a case, if we assume

A;' = B;M(A)"'B} >0
and (4-5), then

au-_idiv(A—‘W~)>o and D>(lo u~)>—2”G’ (4-11)
U 4n ;o= = t
for j =1,...,mimply
e ) 27 M(G)
U — —div(M(4)"'VU)=0 and D*(logU) > - (4-12)

This observation extends [Bennett and Bez 2019, Theorem 3.7] to the setting A < G and Q > 0.
Our second observation here concerns the log-convexity assumption in (4-6), and we claim that it
would be reasonable to assume

D*(loguj) = —2m(G;7' + (¢ — DATH ™. (4-13)

Indeed, as we have noted several times, solutions of the heat equation (3-15) with u; (1, - ) € T(G;) satisfy
uj(t,-) € T(G; '+ (t —1A;H)™"), and hence (4-13) by Lemma 3.3. We claim that, when ¢; > 0 for all
j=1,...,m, then (4-13) is also closed under the operation (u1, ..., u,) — U in the sense that

D*(logU) > =2n(M(G)~' + (t — hHM(A)~H~ . (4-14)
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To see this, following the notation in [Hiai 2010] we write
X:Y:=X'4yHh!

for the harmonic mean of the positive semidefinite transformations X and Y, and note the fundamental
facts (see, for example, [loc. cit., Corollary 3.1.6]):
@D S*X:Y)S <(S*XS): (S*YS).
(D) (X1: Y1)+ (X2:Y2) < (X1 4+ X2) 1 (Y1 + Y2).
If we first use (4-8) and (4-13), we get

m
D*(logU) = =21 Y " ¢; B} (G} : Aj ) B;,
j=0

where co =1, Ag=Go=9; and A;; := (1 — 1)_1A-. However
(Zc,B G, B) (Zc] ],B> Z(CJB GjB;:cjB}AjB))

m
= Z cj(BfG;B;j: BfAj,B;)) =Y ¢;B}(G;: Aj,)B;,
j=0 j=0
where we have successively applied (II) (in an iterative way for sums of m transformations), linearity,
and (I). This yields (4-14).
We incorporate the preceding observation into the following (independent) result in the spirit of [Bennett
and Bez 2019, Theorem 3.7].

Theorem 4.2. Let (B, c) be a Brascamp—Lieb datum with c¢; >0 forall j =1, ..., m and Q= B;Q By >0.
Suppose A = (A; )1 1 G = (G, with A;, G; € S, (R"), are such that M(A) and M(G) are positive
definite. Assume further that

Jj=r

A" — B;M(A)"'B} >0,
(A7' = B;M(A)"'B))(G; — Aj) =0

forj=1,...,m. Givenu;:(1,00) xR — (0,00) for j=1,...,m,letU:(1,00) x R" — (0, 00) be
given by

m
U(t,x) =17 [u;(t. Bix),

j=0

where o 1= %(n - ZT:O cjnj), co =1, and ug be as in Theorem 4.1. If

1o _ e
atujzﬂdlv(AjIVuj)) and D*(logu;) > =27 (G; '+ —1DA;H™

for j=1,...,m,then

»U > % div(M(A)~'VU) and D*(logU) > —27x(M(G)™'+ (1 — DHMA)~H~".
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5. Proof Theorem 2.1

The proof makes use of the key decomposition in Proposition 3.4.

Section 5.1. Inspired by ideas in [Bennett et al. 2008], we begin by establishing Theorem 2.1 in the
so-called “gaussian extremizable” case (see Definition 5.1 below for the precise definition) via a heat-flow
monotonicity argument; see Theorem 5.2. At this stage, we appeal to Theorem 4.1.

Section 5.2. In order to effectively reduce to the gaussian extremizable case, we introduce the notion of
“amplifying data” (Definition 5.4), for which gaussian extremizers always exist, and then complete the
proof of Theorem 2.1 by showing that arbitrary nondegenerate Brascamp-Lieb data can be approximated
in an appropriate sense by amplifying data.

Before beginning the proof of Theorem 2.1, we recall the notation

m
M(B,c; A):=) c¢;B}A;B
j=1
for any Brascamp—Lieb datum (B, ¢) and input A = (Aj);ﬁ:l, with A; € S, (R"%). We shall write
Ay =(A j)71=+1 and A_ .= (A j);.":m+ NP and similarly for ¢ and G . Using this notation, for example,

the nondegeneracy condition (2-5) becomes
M(Bi,c4;G1)+ 9> 0.
Also it is natural to introduce the class
A(B,c,Q):={A= (AJ-);”=l cA; e SL(RY), M(B, c; A)+92>0}. (5-1)

For example, by definition, we have BL(B, ¢, Q; A) < oo if and only if A € A(B, ¢, Q). Also we note
that the nondegenerate condition (1-7) ensures that A (B, ¢, Q) is nonempty; see [Barthe and Wolff 2022,
Proposition 2.2]. In fact, we have already used this observation in the remark after Lemma 3.7 in showing
that Theorem 2.1 implies Theorem 1.3.

5.1. Gaussian extremizable data. First we introduce the definition of gaussian extremizable data and
then proceed to show that Theorem 2.1 holds for such data.

Definition 5.1 (gaussian extremizable data). The generalized Brascamp-Lieb datum (B, ¢, G, Q) is said
to be gaussian extremizable if

I(B,c,Q,G)=BL(B,c,Q; A)

for some A € A(B, ¢, Q) with A < G, and (with a slight abuse of terminology) we refer to such A as a
gaussian extremizer.

Theorem 5.2. Let (B, ¢, Q, G) be a nondegenerate generalized Brascamp—Lieb datum. Then the following
are equivalent:

(1) (B, ¢, 9, G) is gaussian extremizable.

(2) There exists A € A(B, ¢, Q) with A < G satisfying (4-4) and (4-5) for j =1, ..., m.
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(3) There exists A € A(B, ¢, Q) with A < G, such that
I(B,c,Q,G)=I(B,c,2,G) =BL(B, ¢, 9; A) € (0, 00).

The first thing to notice is that the implication (3) = (1) is just a consequence of the definition of
gaussian extremizability. Also, the implication (1) = (2) is a consequence of the following.

Lemma 5.3. Suppose the nondegenerate generalized Brascamp—Lieb datum (B, ¢, Q, G) is gaussian
extremizable. Then for any gaussian extremizer A € A(B, ¢, Q) with A < G we have

cj(A;' = B;M™'B}) <0, (5-2)
(A7'—B;M™'B})(G; — A)) =0 (5-3)
forall j = 1,...,m,where1\71:= M(B,c; A) + 9.

Proof of Lemma 5.3. We follow the basic strategy behind the argument in the proof of [Bennett et al. 2008,
Corollary 8.11] with certain minor simplifications. We also remark that M > 0 since A € A(B, ¢, Q).
The gaussian extremizability assumption implies

®(X)> ®(A) forall X <G, (5-4)
where
m m
®(X):=) c;logdet X; —log det(Z cjB} X;Bj + Q).
Jj=1 j=1
We also have the identity
d _ ~
e @A Aj D) Ap)le=or = ¢ tr((A] '~ B;M~'B})D)) (5-5)

for any linear map D; : R" — R, which can easily be checked using the fact that logdet(/ +¢A) =
(tr A)e + O ().
Now we fix j € {1, ..., m}. Since A; < G, for arbitrary N; < 0 we clearly have

0<Aj+eN; <G, forall sufficiently small & > 0.

Thus it follows from (5-4) that

d
TO(AL L Aj N Aot 2 0. (5-6)

From (5-5) we obtain
tr(cj(A;' — B;M~'B})N;) =0 forall N; <0 (5-7)

and (5-2) follows.
To show (5-3), we write
Pj = —Cj(A;l—BjM_lB;-k), jS:Gj—Aj

and we begin with the seemingly weaker claim

tr(P; Q;) = 0. (5-8)
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To see (5-8), since Q; > 0 we clearly have
0<Aj+eQ;<G; forallee€(0,]1).
Therefore, from (5-4) and (5-5) we have
tr(P; Q;) < 0.
On the other hand, we may apply (5-7) with N; = —Q); to see

tr(P;Q;) =0
and hence (5-8).
To obtain (5-3) from (5-8), we note that the cyclic property of the trace gives tr(R;‘ R;) =0, where

R := pl/? le. /2 This means Rj=0and hence P;Q; = le/sz Q}/z =0, concluding our proof of (5-3). U

J
Proof of Theorem 5.2. With Lemma 5.3 in mind, to prove Theorem 5.2 it remains to show the implication
(2) = (3), and thus we assume (2). Making use of the decomposition (3-10) of Q, given an arbitrary
A € A(B, ¢, Q) with A < G satisfying (4-4) and (4-5), it suffices by Lemma 3.9 to show

m+1 m ¢
/ ] fi(Bix)9 dx = BL(B. ¢, Q; A) ]‘[(f f,-) (5-9)
R j=0 j=1 R
for arbitrary f € N(G), where ¢co =1, ¢;y+1 = —1, and
folxg) 1= e TR0 Q) = T o ),

Our strategy is to use a heat-flow monotonicity argument and to set things up we regard the left-hand side
of (5-9) as Q(1), where

(1) ::/ U(t, x)dx (5-10)
and §
m—+1
Ut,x) =1t~ u;. Bix)",
j=0
with

1 m+1
o= E(I’L— chnj>'

j=0
Here, the function u; satisfies the heat equation
| I
dyuj = 7 div(A; 'Vup), w1, x) = fi(x;) (5-11)
for j =0,...,m+ 1, where
A() = Q+, Am+l =0_.

In order to prove (5-9), it suffices to show that Q given by (5-10) is nonincreasing on (1, c0). Indeed,

from the nonincreasingness of £) we may obtain
m+1

/ 1_[ fi(Bix)9 dx = Q(1) > litmian(t).
- Hn —00
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Furthermore, by an elementary change of variables we may write
m+1

a0 = [ T16" . vi5)” dy
R 5o

and thus Fatou’s lemma and (3-20) imply

m+1 ¢ [T, (det Aj)siN!/2 ™ i
liminf () Z/ ((detA‘)1/2e—n<B,~y,AJ-B,-y>/ ) dy = (FI—NJ) (/ ) )
t—>00 R ]1:!) ! R" fj Y det M ]1:[1 R fj

In order to verify that 9 is nonincreasing we shall make use of Theorem 4.1. Thanks to the assump-
tion (2) we know that (4-4) and (4-5) are satisfied for j =1, ..., m. Hence we deduce from Theorem 4.1
that U satisfies

1 .. .~
<
U < e diviM~VU)

and we would like to rigorously argue along the lines of (4-1) in order to show that £ is nonincreasing.
First, we justify the integration by parts step, and then show that one can interchange the time derivative
and the integral.

Take ¢ > O sufficiently small (specified momentarily) and note the bound

m

[Tt B < Cate, )1+ [x Yo Umomtea it

j=1
given by (3-18) in Lemma 3.10, where N := ZT=m++1 lcjlnj, My :=M(By,ci; Ay), and Cy(t,¢) is a
constant depending on ¢, B, ¢, A, G, and f, which is locally uniformly bounded in ¢. Since

uj(t, xj) = t—"j/ze—ﬂ(xj,flijj>
for j =0, m 4+ 1 where we recall that Ag = Q, A,,41 =92, co =1, and ¢,41 = —1, we have

U(t, x) < Cylt, €)(1 + |x|})Ne ™t PE), (5-12)
with
P):=(1—e)M,+Q.

Since A € A(B, ¢, Q) it follows that M 4+ Q > 0 and thus P (e) > 0 by choosing ¢ > 0 sufficiently small
depending on B, ¢ and A; consequently, U is rapidly decreasing in space locally uniformly in time. By

(4-10) and (3-16) we have
m+1

VU, x)| < Cult, YU (1, %) Y lej|(1+ |x])"
j=0
and therefore |VU (¢, x)| is rapidly decreasing in space locally uniformly in time. Hence, from the
divergence theorem we have

lim div(M~'VU)(t, x)dx =0

R— o0 |x|<R

for each fixed ¢ > 1.
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In order to see that Q'(¢) = f a;U (¢, x) dx, we use the identity (4-9) along with the bounds (3-17) and
(5-12) to see that |9, U (¢, x)| is rapidly decreasing in space locally uniformly in time.
From the above, we have

Q') :/ a,U(t,x)dx < ﬁ div(M~'VU)(t, x) dx =0,
n R)l

and we have the desired monotonicity of £ on (1, 00). U

Remarks. (1) One may establish Theorem 5.2 in a similar manner to our sketch proof of Theorem 3.1 in
Section 3. The same line of reasoning was used in [Bennett et al. 2008, Proposition 8.9] in the case of the
forward Brascamp-Lieb inequality and their heat-flow argument was abstracted in [loc. cit., Lemma 2.6].
By proceeding via Theorem 4.1 we have kept our proof self contained, and, as explained in the previous
section, we believe that the closure property in Theorem 4.1 is of wider independent interest.

(2) An inspection of the arguments in Section 5.1 reveals that the full strength of the nondegeneracy
assumption (i.e., both (1-7) and (2-5)) was not required, and the condition (2-5) can be dropped at this
stage. The condition (2-5) will, however, be important for the arguments in the forthcoming Section 5.2.

(3) One can make use of the above argument with Theorem 4.2 instead of Theorem 4.1 to derive the
analogous statement to Theorem 5.2 for the forward Brascamp-Lieb inequality as follows. Let Q > 0,
G =(G; );f”zl, with G; € §;(R"), and the Brascamp-Lieb datum (B, ¢) be nondegenerate in the sense of
[loc. cit.] (namely ¢; > 0, B; is surjective forall j =1, ..., m, and ﬂ?’:l ker Bj = {0}). Then we have

F(B,c,9,G)=BL(B,c,Q; A)
for some A < G if and only if A satisfies
A7' = BiM(A)B] =0, (A;'— B;M(A)B})(Gj — Aj) =0.

5.2. Approximation by amplifying data and the proof of Theorem 2.1. In the case of the forward
Brascamp-Lieb inequality, in order to reduce to the gaussian-extremizable case, the argument in [Bennett
et al. 2008] naturally made use of so-called localized data, which means B; = id and c¢; = 1 for some
j €{1,...,m}. In the framework of the inverse inequality, and in particular when B is bijective, the
condition for localized data corresponds to the case m = 1 and such a restrictive class of data cannot be
expected to play an important role in reducing to the gaussian-extremizable case. Instead, we introduce
the following notion.

Definition 5.4 (amplifying data). The generalized Brascamp-Lieb datum (B, ¢, Q, G) is said to be
amplifying if

B; =idr» and |c¢;| > max{ci,...,cp, }—1
hold for some j € {m+1,...,m}.

The crucial properties of amplifying data are that they are gaussian extremizable and are able to
approximate (in an appropriate sense) any nondegenerate data; we establish these facts in Lemmas 5.5
and 5.6 below.
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Lemma 5.5. Suppose the nondegenerate generalized Brascamp—Lieb datum (B, ¢, Q, G) is amplifying.
Then (B, ¢, Q, G) is gaussian extremizable and in particular, from Theorem 5.2, we have
I(B,c,Q,G)=14(B,c,Q,G).
Proof. Without loss of generality, we may assume
B, =idg: and |c,| > max{cy,...,cn,}—1.

In this proof, we suppress the dependence on (B, ¢) and write
m
M(A) =) ¢;B}A;B;.
j=1

Our first simple but important remark is that
Io(B,c, G, Q) < 0. (5-13)

To see this, first note that BjQ Bo+ M (G4) — B, " Q- By 11 > 0 follows immediately from (2-5). Thus,

if we consider A < G such that A, = G and the components of A_ are chosen to be sufficiently small
depending on (B, ¢, 9, G), then
M(A)+Q=B;QyBy+M(A;)— B, Q_Byy1 +M(A_) > 0.

Hence we clearly have (5-13).
Next, by a continuous extension

I(B,c,2,G)= inf BL(B,c, Q;A)
0_§A,~§Gj

and thus there exists A* such that 0 < A}.* <Gjforj=1,...,mand
I;(B,c, G,Q) =BL(B,c, Q; A").

Our proof will be complete once we show that A; >(0foreach j=1,...,mand A* € A(B, c, Q). The latter
claim is easily dealt with since A* ¢ A (B, ¢, Q) means BL(B, ¢, Q; A*) = 0o and this contradicts (5-13).
Our remaining goal is to show AJ’.‘ > 0 for each j =1, ..., m. We suppose, for a contradiction, that
det Aj =0forsome £ € {1, ..., m} and consider any A® < G which converges to A*. We shall show that
lim BL(B, ¢, ; A¥) =00 (5-14)
£—

and thus contradict (5-13). In order to show (5-14), it clearly suffices to consider those ¢ > 0 such that
M(A®)+Q > 0, in which case we have

HTL (det Aj(-g))cj [Tizm, +1(det A/(j))_lc"l
det(M(A®) + Q)
Suppose first det A; =0 with £ € {1, ..., m} and, without loss of generality, we suppose £ = 1. In this

BL(B,c,Q; A®) =

(5-15)

case we estimate from below
my

[ Jdetai)s,

j=1

(det AL))~lenl

BL(B, ¢, Q; A®) > C(G) o
det(B; Q4 By + M(AY))
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where C(G) is a positive constant depending only on G. Here we have also used the fact that the
determinant respects the ordering of semidefinite positive matrices. Since B, = idg», we have

B;QyBo+M(AY) — |cul AL > M(A®)+2 > 0

and therefore det(B;Q, By + M(Agf))) > |cp|" det A,(qf). Also, the bijectivity of (By, B ) implies

my
det(B3 Q4 Bo+ M(A)) = det Q. [ ¢ det A

j=1
Therefore
m4
BL(B, ¢, 9; A®) > C(c, G)(det 9,) 1= [ (det A}yor~!~len
j=1
and hence, using that ¢; — 1 —|¢,,| <O for j =1, ..., my, we have

BL(B. ¢, Q; A®)) > C(ec, G, Qy)(det A{ )1~ !~ len!

for appropriate positive constants C (¢, G) and C(c, G, Q). Since det Age) —0andci—1—|cn| <0

we obtain (5-14).

In the remaining case we have det A} =0 with £ € {m +1, ..., m} and we may suppose det A7 > 0 for
each j €{l, ..., m,} (otherwise the above argument applies). In this case it is clear that ]_[']”;1 (det A](.s))c.i >
C(A™) for sufficiently small ¢ > 0 and appropriate positive constant C(A*). Thus it is clear that the
numerator in (5-15) tends to infinity as ¢ tends to zero. Also, det(M(A®)+Q) <2det(M(A*)+Q) < oo
for all ¢ > O sufficiently small, and hence (5-14) trivially follows. ]

The following lemma ensures the approximation of arbitrary generalized Brascamp-Lieb datum by
amplifying data.

Lemma 5.6. Suppose (B, ¢, Q, G) is a nondegenerate generalized Brascamp-Lieb datum. Then, for any

c+ > 0 we have
I(B.¢.2.G) =lim WPI((B, idge), (e, —¢4), Q, (G, Aidwn)), (5-16)

Io(B. €., G) =lim A" 1,((B. idw). (¢. ~c1). Q. (G, hid)). (5-17)

Proof. For arbitrary f € N(G), since (By, B ) is bijective, we may apply the dominated convergence
theorem to see

m m
/ﬂ e*ﬂ(x,Qx) 1_[ fj(Bjx)Cj dx = I)LI\IL,I(} . efn(x,Qx) 1_[ ‘]cj_(Bjx)cjenc+(x,Aianx) dx
j=1

j=1

— 1)}?(} Ane/2 / e 0x) 1_[ fj(BjX)ngMan (x)"“dx
n ]:1

m Ccj
lim A"+/?1((B, idgs — Aidge :
2 )}?3 (( ) ldR )7 (cv C+), Qv (G’ ldR )) 1_[(/|an f}) 5

j=1
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which, thanks to Lemma 3.9, shows

I(B,c,Q,G) > &iﬂ})\””/zl((B, idme), (¢, —cy), Q, (G, Aidgn)).

In order to obtain the converse inequality, for any A > 0 and any (f, fin+1) € T(G) x T(Aidrn), we need
to bound

m
[ e T B0 i)
n J:]

from below. Since f,+1 € T(Aidg»), we can write f,,41 = &ridgs * dbm+1 for some positive and finite
Borel measure du,,+; and so we have

12
Fp1(x) = A"2 f e A ) <A | fu
n Rn

uniformly in x. This yields
m m cj —Cy
/ e T TT £ (Bix)9 fnp1 ()" dx = A7"*/’I(B. ¢, Q, G) ]_[(/ fj) (/ fm+1) ,
n i=1 j=1 R™ Rn
which shows
1((B, idgn), (¢, —c1), Q, (G, Aidgn)) > A7"+/?I(B, ¢, Q, G),

and we conclude (5-16). A similar argument yields (5-17). U

We are now in a position to remove the gaussian extremizability assumption in Theorem 5.2 and thus
establish Theorem 2.1.

Proof of Theorem 2.1. Choose any cy > 0 such that ¢y > max{cy,...,cy,} — 1. Then, for any
A > 0 it is clear that the augmented data ((B, idg»), (¢, —c4), Q, (G, Aidr»)) is amplifying. Also, since
(B, idge)4+ = By the augmented data is nondegenerate and hence we may apply Lemma 5.5 to give

I((B,idrn), (¢, —c4), Q, (G, Aidgn)) =I((B, idrn), (¢, —c4), Q, (G, Aidp»)).
Multiplying both sides by A"+/? and taking the limit A | 0, we obtain the desired conclusion from
Lemma 5.6. (]

6. Further applications and remarks

6.1. Regularized forms of the Young convolution inequality. For ¢ € R, we introduce the constant

|1_c|l—c 1/2
Ac =\ ———— .
el

The sharp form of the forward and inverse Young convolution inequality on R may be expressed as

F(B,c)=AqAq A, (co,c1,c2€(0,1]) (6-1)
and
I(B,c)=A;Ac Ae, (¢ <O for some j, and ¢ € [1, 00) for k # j), (6-2)
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where, in both cases, the ¢; satisfy the scaling condition co +c¢; +¢; =2, and B; : R? — R are given by

Bo(x,y):=x, Bi(x,y):=y, Bx,y):=x—y. (6-3)

The forward version (6-1) was established independently by Beckner [1975] and Brascamp and Lieb
[1976]. In the same paper, Brascamp and Lieb established” (6-2).

Under the scaling condition cg + ¢; + ¢ = 2, one has an invariance of extremizers under the isotropic
rescaling f; — f;(R-) and so it follows that one cannot hope to improve the constants in (6-1) and (6-2)
even if one only considers f; of type'® 1/ o;j for any o; > 0. However, by considering such f;, one may
relax the scaling condition and below we present a result of this type. To state the result, we use the

) ol=e\1/2
Aco = (c,o > 0).

notation

c

Corollary 6.1. Let B be given by (6-3). Given cy < 1 and cy, ¢ > 0, suppose oy, o1, 03 > 0 satisfy

N _, 2 (6-4)
1 —C0 C1 (&)
and set G = (00_1, 01_1, 2_1).
(1) Suppose cy, ci, c2 € (0, 1). Then
Ao A
F(B,c, G) = —22- 2% (6-5)
1—cq,00
holds if and only if
co(1 —co) zmax{cl(l_cl), 02(1—6‘2)}. (6-6)
00 (o8] 02
(2) Suppose co <0, c1,cy € [1, 00). Then
Ao A
I(B,c,G) = 2222 (6-7)
1—cg,00
holds if and only if
co(l —co) Smin{cl(l_cl), 62(1—62)}. 6-8)
00 o1 02

Remarks. (1) Although the relaxation of the scaling condition is not explicit in the above statement, one
can show that, when co, c1, ¢z € (0, 1), if (6-6) holds for some o; > 0 satisfying (6-4), then co+c1+cr > 2
holds. Similarly, when ¢y < 0, ¢y, c2 € [1, 00), it can be shown that if (6-8) holds for some o; > 0
satisfying (6-4), then co 4 ¢; + ¢ < 2 holds.

9Strictly speaking, it was proved in [Brascamp and Lieb 1976] that the inequality || f1 * f2ll py = AcgAcy Acy | f1llpy 1 211 ps
holds when pg, p1, p2 € (0, 1], where cg :=1—1/pg, ¢1 := 1/p1, c2 :=1/py. As observed in [Barthe and Wolff 2022,
Example 2.14], in dual form (6-2), it becomes apparent that there is a symmetry amongst cq, ¢, ¢2, or equivalently, pé, Pls D2
As clarified in [loc. cit., Example 2.14], the condition on the ¢; in (6-2) is necessary and corresponds to the bijectivity of B4..

10n this discussion, we use the notation 1 /o7 to facilitate a comparison with the related results in [Bennett and Bez 2009].
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(2) Sharp forms of Young convolution inequalities have been previously considered in [Bennett and Bez
2009] (not in the dual setting, but in terms of the norm inequality). In particular, it follows from [loc. cit.,
Corollary 7] that (6-5) holds under the condition (6-6). However, the condition in [loc. cit.] is that

cotci+e>2
and, for some «a, oy € [0, 1],

cotaici+oayey =2 and ci(1 —ajcy)or =cr(1 —aer)oy.

Although is not immediately obvious, one can show the equivalence of this condition with (6-6). The
inverse inequality (6-7) under the relaxed scaling condition was not explicitly stated in [loc. cit.], but
the arguments there can be modified to show that (6-7) follows from (6-8).

(3) The meaning of (6-5) and (6-7) is that the regularized constants are attained “on the boundary”. In
other words, for example, (6-7) is equivalent to

I(B, ¢, G) =BL(B, c; G). (6-9)

As one would expect, the proof will proceed via Theorem 5.2 and, essentially, our contribution in
Corollary 6.1 is showing that the conditions for gaussian extremizability in Theorem 5.2 can be equivalently
expressed in the simple form (6-8) (and similarly for the forward inequality).

Proof of Corollary 6.1. We give the details for the inverse case (since the forward case is similar) and
hence assume ¢y < 0, ¢y, ¢ € [1, 00). As remarked above, the goal is to show (6-9) is equivalent to (6-8).

From ¢y < 0, c1, ¢p € [1, 00) it is immediate that the nondegenerate condition (1-8) is satisfied for our
datum and hence we may apply Theorem 5.2 to see that (6-9) holds if and only if

Fo(G) =0, T;(G)=<0 (j=1,2), (6-10)
where
_ D k0,12 Ckk
[j(ao, a1, ) :=a; ' — — (6-11)
cociapay + cocrapar + cicraia

for ag, ay, a; > 0. Indeed, a straightforward computation reveals that the condition (6-10) coincides with
(4-4) (with A = G) for our datum.
From (6-4) it is easy to check that ['g(G) = 0 and thus it suffices to show that

C()(l —C()) < Cj(l —Cj)

[iG)<0 <= < (6-12)
oo agj
for j =1, 2. To see this for j = 1, first note that (6-4) yields
coc1 n cocy | Cic2 1 ciep

0901 0902 0102 11— Cco 0107
and hence I'{(G) < 0 is equivalent to
o<l —co)m(c—%ci).
cico \og 09
This, however, can be rearranged to co(1 —cp) /00 < c1(1 —c1) /o1 by making use of (6-4). The equivalence
(6-12) for j = 2 can be verified in the same manner and this completes our proof. U
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6.2. Regularized Prékopa—Leindler inequality. We begin by recalling the one-dimensional Prékopa—
Leindler inequality which states that if ¢y, ¢, satisfy the scaling condition

ci+c =1, (6-13)
then, for all nonnegative f1, f> € L! (R),

</ f1> (/ fz) S/ esssup f1(x1) f2(x2)? dx. (6-14)
R R R xl,xzeR

X=c1x1+cax2
The necessity of the scaling condition (6-13) is an easy consequence of the scaling argument. As in the
case for the Young convolution inequality, one might expect to salvage the Prékopa-Leindler inequality in
a scale-free case c; + ¢» # 1 by restricting inputs to regularized datum. For ¢y, ¢ € (0, 1] and o1, 0> > 0,
we define PL(c, (o, ! 02_1)) € [0, oo] to be the sharp constant for the inequality

(f fl) (/ fz) §C/ esssup  f1(x1)" f2(x2)?dx, (6-15)
R R R xl,szR

X=C1X1+C2X2

where (f1, f2) € ‘J’(o]_l) x J(o, 1. From Theorem 2.2, then we have that, regardless of ¢y, c2 € (0, 1],

—-1/2
PL(c, (Gfl,ajl)) =< inf d%(dudz)) ) (6-16)
O<aj§aj_'
j=1,2
where
. . fcC c
Oc(ar, ar) :=aj'ay’ (—1 + —2)

ai ap

Moreover one can show that PL(c, (o 1, 0,y 1)) < oo aslong as ¢y +c¢; < 1 and o1, 0o > 0. Here we use
(6-16) to identify the exact constant under certain conditions on oy, 07.

Corollary 6.2. Let cy, c; € (0, 1) satisfy ¢y + ¢y < 1. For oy, op > 0, it holds that

1 1 1 1\—1/2 o/'oy’ V2
PL(c, (o, ", 0, ) =D (0, ,0, )V *=|—"— 6-17
(c (0—1 0, ) c(al 0, ) <610’1 +C20’2) ( )
if and only if
€101 + ¢c207 < min{oy, 03}. (6-18)

Proof. We begin with the sufficiency part. Observe that

_ l—c1 1fc 1—=c
91 ®elar, ar) = cral' ' af? (— ) 2de(ara) =l — -
1 2

and hence
01Pc(ar, a2) =02Pc(ar,a2) =0 <= ci+cx=1.
In particular, in the case ¢ +c; < 1, there is no extremum on {(a1, a2) : 0 <a; < ajfl}. Hence the minimum

of ®.(ay, az) is attained on the boundary of [0, o 1] x [0, 0, 1]. Furthermore, since ®.(a;, ay) = oo if
either a; = 0 or a» = 0, we see that

inf | ®elar, @) =min( inf  ®elar,07"), inf @07 ).

0<a_,~<(7j_ O<ay<o O<az<o,
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Hence it suffices to investigate ®.(aj, 02_1) and ®.(aq, 0’2_1). For fixed crl_l, 02_1 > 0, we see from the
formula of 9;®. that

—1 % 1— C1
01®c(ar,op )=0 <= a=a:=
€202
and similarly
—1 * . 1 —C2
(o] ,a)=0 <= a=a;:= .
C101

Now we appeal to our assumption cj07 + c209 < min (o, 02). In fact, from this we see that
~1 -1
aik ¢ [0, 0 ), a; ¢ [0, 0, )
Namely, ®.(a, 0, 1) is monotone on [0, o 1] and similarly ®.(o ! a) is monotone on [0, o, l]. We
conclude that

inf  ®c(ar, 05 ) =o', 051, inf (0], a2) = Delo; ', 051,

O<ay<o| 0<a2<(r2_I

which implies (6-17).
To show the necessity of (6-18), we define
V(ay, ar) :=1log ®.(ay, ar) = Z cjloga; +log(cla1_1 +cza2_1), ap,a; > 0.
j=12
Then from the assumption (6-17) we see that
d - _ 1 - _ 1 -
%\P(Gl ! —&,0, 1)|€:0 = 131?01 E(lIJ(al ! —¢&,0, 1) — V(o 1, 0, 1)) > 0.

On the other hand, we have

d -1 -1
%‘I‘(Ul —€,0) )|e=0=—c101+ 01—

2

0102_1 +czal_l

and hence it follows that
C
— 2 —(-car <0,
€10, + 20,

which yields c¢j014cp07 <o7. Similarly, by considering a perturbation in a,, we obtain c;014cr07 <op.

6.3. Regularized forms of hypercontractivity inequalities. We conclude this section with some remarks
about the forward and inverse hypercontractivity inequalities of the form

1/p
€% (FYP)|| Laay) < (/ de> (p>1,s5>0) (6-19)
R

for all nonnegative F € L'(d y), and

1/p
€% (FYP)|| Laay) = (/ de) 0#£p<1,s5s>0) (6-20)
R
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for all positive F € L'(dy). Here, (e*“)y~ is the Ornstein-Uhlenbeck semigroup given by

eSEF(x) = / Fe*x+(1—e )2y dy (),
R
where y is the density function of the standard normal distribution

dy(x) = gi/@n)(x) dx.
Also, the exponents p, g € R and s > 0 in (6-19) and (6-20) satisfy the relation

Oy (6-21)
p—1
and the constant 1 appearing in both inequalities is optimal. The forward inequality is due to [Nelson
1973] and the inverse inequality is due to [Borell 1982]; we refer the reader to, for example, [Bakry et al.
2014] for further details about the importance of inequalities of this kind.

There are a number of ways to obtain (6-19) and (6-20), one of which is to write

e (FYP) | Latay) = CI(Fg1/ax)"? * gull Lo

where C is a constant and g, is an isotropic gaussian (both explicitly computable). From this expression,
one may obtain (6-19) and (6-20) from the sharp form of the forward and inverse Young convolution
inequalities; see [Beckner 1975, Theorem 5]. Since one of the inputs is a fixed gaussian, the scale-
invariance property of the Young convolution inequality for general inputs ceases to hold, and one may
thus expect to improve the constant in (6-19) and (6-20) by restricting to inputs F which are regularized
in an appropriate sense. One can obtain certain results of this type via Theorem 2.1 (and its forward
counterpart) by using the representation

1€ (FP) Loy = C(p. s) fR e T fBoT dx,
j=12

where
C(P, S) = (zﬂ)(l/z)(l/pﬁ’l/q/)*l(l _6723‘)71/2’
1 1
cli= IS = P Bj(x1, x2) 1= x;,
and
— _ —2s l _ =S
Q. 1 1—(1—e )p e .
2n(1 —e=%) —e? I—(=e)

e L (FP) (xp)4

||3SL(F1/p)||[1{q(dy)

We refrain from explicitly stating such results here since stronger results have been obtained in collaboration

fi(x) = F(x1)gyem(x1), fa(x2) =

g1/¢m) (x2).

with Hiroshi Tsuji [Bez et al. 2023] and we refer the reader there for precise statements. For instance, we
also proved that the best constant for the logarithmic Sobolev inequality and Talagrand’s inequality can
be improved by restricting inputs to certain regularized functions.
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We also remark that it would be natural to consider bounds on more general gaussian kernel operators
and to investigate the extent to which these are quantitatively improved upon by heat-flow regularization.
For instance, it is already interesting to consider the gaussian kernel above for p, ¢ that do not satisfy
(6-21). For such data, the nondegeneracy condition (1-7) fails to hold and moreover one cannot expect a
nontrivial Brascamp-Lieb constant; see [Barthe and Wolff 2022; Nakamura and Tsuji 2022]. From similar
reasoning, such data does not appear to fit into the framework of the forward-reverse Brascamp-Lieb
inequality in Theorem 2.2. However, the second author and Tsuji [Nakamura and Tsuji 2022; 2024]
very recently observed that one can recover the Brascamp-Lieb inequality associated to such data if one
restricts the inputs f1, f» to be even functions, and moreover showed how such an improvement implies
the functional Blaschke—Santal6 inequality.'!

Appendix: On the equivalence between Theorems 2.1 and 2.2

Theorem 2.2 = Theorem 2.1. Fix a nondegenerate datum (B, ¢, Q, G) in the sense of (1-7) and (2-5),

where the B; are mappings from R"” to R, i =1, ..., m. To show Theorem 2.1, it suffices to show
my my ¢ m cj
/ TSI fi(Bix)© ]_[ hj(Bjx)i dx>11_[(/ ) 1 </ h,) (A-1)
n - R"i . R :
i=1 j=my+1 j=my+1

for f; € T7(G;) and h; € T(G;), where

" (det A;)</?
[:= inf [i= et 4) o
Ai=G;i det(Q-ﬁ-Z;n:l C,‘Bl-*A,'B,')

l—l .,m

First we use Proposition 3.4 to get the decomposition
Q=BjQ.By— B, Q_By4i.

Here, ® := (By, B;) : R* — E is bijective, where E := @"” R". Also, ker B, C ker B+, where Q
are positive definite on R and R""+! respectively. For reasons that will soon become apparent, we set

0r:=9, Qr:=(@ H*B: Q B, d .
Clearly we have
Biod®d '=m, i=0,1,...,mg, (A-2)

and, with this in mind, we see that (2-5) implies (in fact, is equivalent to)

my
(cD_l)*<B(’)"Q+BO — Bup1Q Buii + ) _ci B?Gl-Bi)@—l >0,
i=1

UEor further information regarding the functional Blaschke—Santal inequality, we refer the reader to [Artstein-Avidan et al.
2004; Ball 1986; Cordero-Erausquin et al. 2025; Courtade et al. 2024; Fathi 2018; Fradelizi and Meyer 2007; Fradelizi et al.
2023; Kolesnikov and Werner 2022; Lehec 2009a; 2009b]. For more detailed discussion about this new link to the volume
product, including Mahler’s conjecture, we refer the interested reader to [Nakamura and Tsuji 2022; 2024].
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and hence also

my
73 Qrmo— Qr+ Y _ ¢} Gim; > 0. (A-3)

i=1

With the nondegeneracy condition (2-7) in mind, at this point we also observe that
R @ {0}®---@® {0} C ker Or (A-4)
holds. To see this, it clearly suffices to check B,,1®!(x, 0, ..., 0) = 0. However,
B, ® (x0,0,...,0)=(B1® '(x0,0,...,0),..., Bu,® '(x0,0,...,0))
= (m1(x0,0,...,0), ..., 7, (x0,0,...,0) =0

and since ker By C ker B,,+|, we obtain the desired conclusion.
Next, given f; € T(G;), i=1,...,myand h; € T(G;), j=m4+1,..., m, we introduce the function
I’l,n+1 E — R+ by

my m
hm+1(x) = e—]T(T[()X,Q+]T()X) 1_[ ﬁ(Bz o q)—l(x))ci % ej'[((l)71(x),B;JrlQ,Berl(I)*l(x)) l_[ hj (BJ o CD_l(x))Cf.
i=1 j=my+1
Setting 7; := Bjo®~! for j =m4 +1,...,m, and T4 = id, we then have
my m
Bt (T g1 x) = €700 CLo09 T f (i) e ™ C0 T by (T5)
i=1 j=my+1
thanks to (A-2). In particular, (2-9) holds for inputs (f;)!, and (hj)"/.":"i+ +1» and exponents d =
((c,-)i."gl, (=Cm,+1s -+ -» —Cm, 1)). Therefore, we may apply Theorem 2.2 with
D=(T)7d, 1.4, 0, (G2}, (Gt -+, Gy 09)))
to see
My ¢ m ¢
1_[(/ ﬁ) I1 (/ .hj) sFR(@)f It (A-5)
i=1 \WRY jmmi+1 R E
+
where
m
FR(D) = sup(det A)'/* [ J(det 4;) =/
i=1
and the supremum is taken over all A; < G;,i =1, ...,m, and A > 0 satisfying
my m
myQumo+ Y el Aim = Qr+ Y (—¢)T] AT+ A. (A-6)
i=1 j=my+1

Here we remark that, strictly speaking, we are using a variant of Theorem 2.2 which admits %,,4 € T(00).
Such a result can be quickly obtained from Theorem 2.2 by a limiting argument, and this explains why
the above matrix A is an arbitrary positive definite matrix. The nondegeneracy condition is not affected
by this limiting argument, and we have already verified it above in (A-3) and (A-4).
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Notice that x; = 7; (x0, ..., Xp,) = Bi® '(xq, ..., xm ,) from (A-2). Hence, by the change of variable
& (xo, ..., Xm,) =y, we see that

/ hmt1(xo, - - -, xm+) dxg--- dmer
E

— det® / ¢ B Boy) g (3.1 - Bt 1) Hﬁ(B,yr' H hj(By)© dy.
" j=my+1

Hence, it follows from (A-5) that

/I%n —7 (x,Qx) Hfz(Bzy)C' 1_[ h(Bjy)L/dy>FR(®)_ detd™ 11_[</R" ft)t 1_[ (/Rn_hJ)j'
! J=m4+1 !

j=my+1
It remains to estimate FR(®). To this end, we note that (A-6) is equivalent to

m
(CD_I)*(Q + ZciBi*AiB,-)cb_l > A
i=1
and hence

1
det A < det( Q iB*A:B;
A= et d)? (+ZC )

=1
This shows that

1 172 m 1 1
NC/2 T
FR(D) < —— Sup det<Q+Zc,B A; B) H(detAl) W= Xt
=1 m i=1 i=1
which concludes the proof of (A-1). U

Theorem 2.1 = Theorem 2.2. We follow a limiting argument due to Wolff and presented in [Courtade
and Liu 2021, Section 4]. First, let us show the following.

Claim A.1. Suppose ® = (T, d, Q, G) is a generalized forward-reverse Brascamp—Lieb datum which is
nondegenerate (notation from Section 2.2 will prevail). Consider the Brascamp—Lieb datum (B, c, Q)
defined by

B =(7T1,...,7T1,T1,...,TJ),

c:=(d,....d;,—d(),...,—d())),
Q:= nS‘QLno — QOkr.
If f; € T(Gy), hj € T(G(j)) and h € T(c0) satisfy

I J
e T ron 0emon) T (i) < e 0080 TThj(Tjx)*Y) x h(x), x€E, (A-7)
i=1 j=1
then
1 4 J i o
() o) <110, ») [
i=1 E; j=l E(]) E
where

I®):= inf BL(B,c, Q; ((4; )l 1,(A(])) —1)-

Ai<G;
A(HZG(j)
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Proof of Claim A.1. In order to apply Theorem 2.1, let us check the nondegenerate conditions (1-7)

and (2-5). It is clear from the setup that B, = (J'ri)l.’:1 and thus the first condition in (2-7) implies

ker B, C ker Qg. This means Qx = 75 Qmox whenever x € ker B, which verifies the first condition

in (1-7). Also, we note that s*(Q) < ng and hence s*(Q) + Zilzl n; < dim E; this ensures the remaining

condition in (1-7). Finally, we observe that (2-5) is a direct consequence of the second condition in (2-7).
Now (A-7) clearly implies

1 J
/ﬁz/ e T TT fiGrx)® T | (1)~ dx
E E i=1 j=1

and an application of Theorem 2.1 with the datum (B, ¢, Q, G) yields (A-8). O

Returning to the proof that Theorem 2.1 implies Theorem 2.2, we start by fixing a generalized
forward-reverse Brascamp-Lieb datum ®© = (T, d, Q, G) which is nondegenerate. For each ¢ > 0, we set

diyi=1+tdy,...,dr:=14+td;, di(1):=td(1),...,d;(J) :=1td(J)
and

Qr::=t0r, Qgr::=1t0g,

and consider the family of forward-reverse Brascamp-Lieb data ©, = (T, d;, Q,, G). Since the original
data ® is nondegenerate, it is easy to verify that ©, is nondegenerate for each ¢t > 0.
Now fix f; € T(G;), h; € T(G(j)) satisfying (2-9) and set

1 J
il,(x) — T {mox, Q1 70X) l_[ fl_(n—ix)di,reT[(vaR.tx) l_[ hj(zj)*dt(j) (x € E).
i=1 =1

By Claim A.1,
! dip I d() o
I(@»E(f&fl) 5}:[(/15(]')]1’) /Eh,,
where
[(@):= inf  BL(B, e % (AD[_y, (A1)
A(ND=G()

Here, B is exactly as in Claim A.1, and
Cr = (di,t){:p (_dt(j))j]:p Q= 7'[(>)k Qr.m0— QR

Notice that (2-9) and the definition of the exponents d; ;, d;(j) yield

1 1 J t 1
he@) =] fitx) (e—”wm [1AiGn%ereet [ h,-(zj)—"U)) <[lra
i=1 i=1 j=1 i=1

! diy J ai(j) 1
I(@:)E(Lﬁ) SH(/E@}”') E/Ef

and hence
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After rearranging terms and taking a limit, we obtain

1 d; J d(j)
) <liminf1(®,)~ /! (/ h)
ll:[(/E f) oo t ]1:[1 EG)

1
and so it suffices to check
liminf1(D,)”"" < FR(D).
—0o0

To investigate I(D,)~!/!

1 J
/ e [T ya, )™ [ T vagyy (L)~ 4 dx
E

, We compute

i=1 j=1
=/exp(— < (noQL ,no+2dl AT — QR — Zdtu)T A()T;)x >)
: J J=1 12
= det(tno QLno-i—Z(l + td; )n*A ;i —tQRr— th(])T A(])T)
i=1 j=1
if A;, A(j) satisfy
I J
”TSFQLﬂo-l-Z(l +td)mfAimi —t Qg —th(j)Tj*A(j)Tj > 0;
i=1 j=1

otherwise the integral coincides with 4-0c0. Moreover, since we take f — 0o, we may restrict attention to
A;, A(j) satisfying

I J
n3Qumo+ Y dimf At — Qr— Y d()HTFA()T; =0,
i=1 j=1

which coincides with condition (2-8). With this in mind, and from the lower bound
BL(B, ¢;, Qs ((A)_y, (A=)

~ " o7 (%, Qrx) 1—[{:1 ya, (xp) i HJJ_ZI ),A(j)(zj)—dz(j) dx

- I diy y1J —di ()

Hi:l(fE,- VA;) Hj:l(fE(j) VA(J')) /
—1/2 1

I J
> det(tna‘ QL7T() + Z(l + l‘dl-)y-[i*AijTi> l_[(det Ai)(l-i-l‘di)/z l_[(detA(]))—ld(J)/Z

I I J —1/2
— (z”o det Q. [ J1 +td)™ [ J(det A~ ]_[(detA(j))’dU))
i=1 i=1 j=1
we see that
1 1/(21) I J _
liminfI(D,)""" < liminf(t”O detQ 1_[(1+td,~)”") sup [ [det A =4/ ] Jdet A(j))*/?
t—00 t—00 i1 AigGi,(le(g))sG(j)izl =1

I J
= sup (detA) ™4[ T(detA(j) 7
Ai<GLA(N=G());_ j=1
(2-8)

which concludes the proof. ([
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COSMIC CENSORSHIP NEAR FLRW SPACETIMES
WITH NEGATIVE SPATIAL CURVATURE

DAVID FAJIMAN AND L1AM URBAN

We consider general initial data for the Einstein scalar-field system on a closed 3-manifold (M, y) which is
close to data for a Friedman—Lemaitre—Robertson—Walker solution with homogeneous scalar field matter
and a negative Einstein metric y as spatial geometry. We prove that the maximal globally hyperbolic
development of such initial data in the Einstein scalar-field system is past incomplete in the contracting
direction and exhibits stable collapse into a big bang curvature singularity. Under an additional condition
on the first positive eigenvalue of —A,, satisfied, for example, by closed hyperbolic 3-manifolds of small
diameter, we prove that the data evolves to a future complete spacetime in the expanding direction which
asymptotes to a vacuum Friedman solution with (M, y) as the expansion normalized spatial geometry. In
particular, the strong cosmic censorship conjecture holds for this class of solutions in the C*-sense.
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1. Introduction

1.1. Setting and main results. We consider the Einstein scalar-field system

Ric[g].w — 3 RI180 = 87 Tyu[3. 1. (1-1a)
Ty = V.9V — 18, V90 Vo, (1-1b)
ngs =0, (1-1¢c)
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with initial data (g, ko, 7o, ¥o) on a closed 3-manifold M that admits a negative Einstein metric y.l In
this paper, we determine the maximal globally hyperbolic development emanating from such initial data
given that it is sufficiently close to the initial data of a homogeneous solution with a nontrivial scalar field.

In the collapsing direction, we prove a stable big bang formation and curvature blow-up result, which
requires the presence of a nontrivial scalar field. The results complement those in [Rodnianski and Speck
2018b; Speck 2018], which cover flat and spherical spatial geometry. In the expanding direction, we
prove a nonlinear future stability result of the corresponding vacuum background solution, which is the
Milne model, under a mild condition for the first positive eigenvalue of —A,, (see Definition 9.2). As
discussed in more detail in Remark 9.3, numerical studies (see [Cornish and Spergel 1999; Inoue 2001])
show that this condition holds for an analogue of Weeks space, and suggest that this may hold for all
closed hyperbolic 3-manifolds with sectional curvature —é.

Connecting the two regions, we prove the global stability (i.e., past and future stability) of the spacetime

([0, 00) x M, —dt* + a(1)*y), (1-2a)

given a negative Einstein manifold (M, y) obeying the aforementioned spectral condition, with
a0 =0, a=vi+ZCc%a™* (1-2b)
for some given constant C > 0, and the scalar field given by
d¢=Ca>, V¢=0. (1-2¢)
The scale factor consequently exhibits the following asymptotic behaviour:
a(t)~t"3ast\ 0 and a(r)~tast / oo. (1-2d)
The main result can be split into two parts:

Theorem 1.1 (big bang stability: rough version). Let (M, go, ko, 7o, Vo) be initial data for the Einstein
scalar-field system that is sufficiently close to (M, a(ty)?y, —a(to)a (t0)y, 0, Ca (t0)~3), where C > 0 and
(M, y) is a closed Riemannian 3-manifold with Ric[y] = —%y (i. e., a closed negative Einstein manifold
with scalar curvature —%)

Then, the past maximal globally hyperbolic development ((0, to] x M, g, ¢) of the initial data within
the Einstein scalar-field system (1-1a)—(1-1c) admits a foliation by CMC hypersurfaces Xy =t~ ({s})
with zero shift. This development remains close to the FLRW solution described in (1-2a)—(1-2c) in the
past of the initial data slice . In particular, the solution exhibits curvature blow-up of order t~* and
every causal geodesic becomes incomplete as t approaches 0.

Theorem 1.2 (global stability). Let (M, go, ko, o, Yo) be initial data as in Theorem 1.1. In addition, we
5-
Then, the initial data admits a maximal globally hyperbolic development ((0, 00) X M, g, ¢) solving the

suppose that the smallest positive eigenvalue of — A, acting on scalar functions is strictly greater than

Einstein scalar-field system that, in addition to the results of Theorem 1.1, is future (causally) complete. As

'Here and throughout, ¢ and ¥ prescribe data for V| = and 80q>|)3t0 respectively.
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t /1 0o, the solution is attracted by Milne spacetime in the sense that the expansion normalized variables
(g, k, V¢, ¢') (see Definition 9.4) converge toward (y, %y, 0, 0).

A more detailed statement of Theorem 1.1 is provided in Theorem 8.2. The additional spectral condition
in Theorem 1.2 is discussed at the end of Section 1.3, and the statement itself is proven in Section 10 to
be an extension of the Milne future stability result in Theorem 9.1.

1.2. Background material. We now provide context for the previously discussed setting and the results
in Theorems 1.1-1.2:

1.2.1. Initial data to the Einstein scalar-field equations. It is well known that the Einstein equations
can, via the 3+1 decomposition, be viewed as an elliptic-hyperbolic system of PDEs (see, for example,
[Andersson and Moncrief 2003]). This reduces solving the Einstein equations to two problems: finding
admissible Einstein initial data in physical space, and then solving the corresponding initial value problem.
Regarding the former, initial data to the Einstein scalar-field system takes the form

(M, &, k.79,
where ¢ and k are symmetric (0, 2)-tensors on M, 7 is a (0, 1)-tensor (corresponding to V¢) and w is a

scalar function (corresponding to the future-directed normal derivative dg¢ of the scalar field). The initial
data must satisfy the Hamiltonian and momentum constraints

RIGI+ (k%) = (kk") = 819/ 1* + 17 3], (1-3a)
divgk = —87 -7 - (1-3b)

(see (2-16a) and (2-16b)), where the indices of k in the first line are raised with respect to g.

We note that, in our argument, we will additionally assume that our initial data has constant mean
curvature so that our gauges can be satisfied initially — this is enforced on the level of initial data by
requiring
a(to)
a(to)

(see (2-10)). We will argue in Remark 8.1 why the initial data being near-FLRW allows us to assume the
initial hypersurface to be CMC without loss of generality.

The results of [Foures-Bruhat 1952; Choquet-Bruhat and Geroch 1969] show that there exists an
embedding® ( : M < «(M) C M and a maximal solution (M, g, V¢, dp¢) to the Einstein scalar-field
equations such that «(M) = X, is a Cauchy hypersurface and such that

'[rg,]; =-3

Fg=8, Ck=k Cw=# and *do = .
We will perturb around initial data corresponding to data for an FLRW spacetime at time ¢ = gy, i.e.,
(M = %y, a(to)’y, —alio)alto)y, 0, Calto) ™).

2We usually ignore the embedding in notation.
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Furthermore, the maximal globally hyperbolic development (MGHD) is unique (up to diffeomorphism),
and thus we can assume (M, g, V¢, do¢) to be globally hyperbolic. However, these statements provide
little information on the properties of the MGHD in the future and past of the initial data slice.

1.2.2. Strong cosmic censorship. In their groundbreaking papers on singularity theorems, Hawking
[1967] and Penrose [1965] established very general criteria for the MGHD of spacetimes to become
causally geodesically incomplete. Many spacetimes of physical relevance satisfy these criteria, including
the spacetimes considered in this article. While giving us more information on the MGHD than the
existence and uniqueness results mentioned above, a key issue in the application of this mathematical
result to general relativity is that no statement is made on how precisely the singularity comes about: In
particular, such incompleteness (within a given regularity class) could either mean that the geodesic is
inextendible — which must be caused by the blow-up of some geometric quantity — or that there exist
multiple inequivalent extensions. While the latter behaviour is exhibited even for some cosmological
spacetimes (see, for example, the Taub solutions discussed in [ChruSciel and Isenberg 1993]), such
behaviour is usually considered to be unphysical since it would imply a breakdown of determinism. The
strong cosmic censorship conjecture (SCCC) posits in its most general form that, for generic solutions
to the Einstein equations, this incompleteness instead manifests as inextendibility at a given level of
regularity (e.g., C°, C%,C>, ...).

In certain frameworks in the homogeneous cosmological setting—i.e., for homogeneous initial data on a
closed spatial hypersurface — it was shown in fundamental works [Chrusciel and Rendall 1995; Ringstrom
2009] that the so-called Kretschmann scalar Ryg, 5 R*P7? is unbounded where incompleteness manifests.
Thus, it is the driving force behind geodesic incompleteness in these cases, forcing C>-inextendibility of
the MGHD. For the purposes of analyzing cosmologically relevant spacetimes, the SCCC is hence often
rephrased as follows:

Conjecture 1.3 (cosmological SCCC; see, e.g., [Ringstrom 2009, Chapter 17]). For generic initial data,
the Kretschmann scalar is unbounded where causal geodesics become incomplete.

Theorem 1.1, in short, shows that this conjecture is rigorously supported in the case of FLRW spacetimes
with negative spatial curvature. More precisely, the past asymptotics of such spacetimes, determined
by initial data on %;, as discussed above, are generic in the following sense: There exists an open
neighbourhood of said FLRW data within the set of Einstein scalar-field initial data such that the solutions
past-directed causal geodesics become incomplete, and the incompleteness is driven by blow-up of
Kretschmann scalar with the same asymptotics as the FLRW solution. The global result in Theorem 1.2
portrays the other side of cosmic censorship — as with the past evolution, near-FLRW data fully determines
the future of the spacetime in the sense that the MGHD is future complete, again showing that this feature
of FLRW spacetimes with negative spatial sectional curvature is generic.

1.2.3. FLRW and generalized Kasner spacetimes with scalar fields. On a large scale, the universe is often
viewed as spatially homogeneous and isotropic, i.e., no point in space and no direction are distinguishable
from any other point and direction (referred to as the “cosmological principle”). In 1935, it was shown by
Robertson and Walker that, under a few very natural additional assumptions, this restricts the class of
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potential spacetimes to the FLRW class
(I x M, grrw = —di* +a(0)’p),

where (1\7 , ¥) is a manifold of constant sectional curvature « and where the scale factor a depends
smoothly on ¢. This holds before taking the Einstein equations into consideration — when doing so, the
matter model determines how space expands within the cosmological model via a. We refer to Lemma 2.3
for the scalar-field solution for k = —é, but note that the scale factor behaves like ¢!/3 for scalar-field
matter, regardless of spatial geometry, and that the Kretschmann scalar blows up at order O (¢t ~#) toward
the big bang (¢ | 0).

Spatially flat FLRW spacetimes are a subclass of the closely related generalized Kasner spacetimes,
which are still spatially homogeneous but anisotropic in general. For scalar field matter, the spacetime
metric is given by

D D D

BKasner = —dt* + Y. *Pidx' ®dx', Y pi=1, Y pi=1-87A%  ¢rasner(t) = Alog().
i=1 i=1 i=1

The standard Kasner family is obtained by considering the vacuum case (A = 0), and the spatially flat

FLRW spacetime by setting D =3, p; = %, A= «/g If more than one of the Kasner exponents

is nonzero, the generalized Kasner family satisfies the SCCC, also by exhibiting Kretschmann scalar

blow-up of order t~*as t | 0 (see [Rodnianski and Speck 2018b, (1.8)]).

Kasner spacetimes are of particular relevance to cosmology due to their relationship with the BKL
conjecture: Heuristically, this conjecture states that the dynamics of cosmological spacetimes near a
spacelike singularity generically exhibit chaotic and highly oscillatory behaviour, often referred to as
“mixmaster” behaviour. This behaviour is driven by velocity terms within the Einstein equations and
is locally comparable to that of (vacuum) Kasner solutions. However, even if the BKL picture is to be
believed in general, scalar-field (or, more generally, stiff-fluid) solutions seem to form an exception to it:
They have a dampening effect on said oscillations, thus generating big bang stability as shown rigorously
in [Rodnianski and Speck 2018b; Fournodavlos et al. 2023] for Kasner spacetimes (for more details,
see Section 1.3). This scenario, often referred to as quiescent cosmology, was studied in, for example,
[Belinskii and Khalatnikov 1973; Barrow 1978; Andersson and Rendall 2001]. With this in mind, both
the aforementioned Kasner results and the results within this article, along with the prior FLRW results
[Rodnianski and Speck 2018b; Speck 2018], confirm this quiescent effect of scalar fields in cosmology.

We note that one can view this as a scalar field ensuring a specific scenario in the very early universe
given a class of initial data, namely matching the asymptotic behaviour of the big bang singularity. This fits
into the recent use of nonlinear scalar fields in string cosmology, where specific choices of field are made to
specific behaviours (e.g., inflation) in the early universe. For a recent review, we refer to [Cicoli et al. 2024].

1.3. Relation to previous work. Theorem 1.2 is the first theorem about the full global structure of FLRW
spacetimes with negatively curved spatial geometry. For such solutions, prior results exclusively concern
future stability, which we further discuss below. Besides [Speck 2018] covering the S3-case, it is the only
open set of initial data for cosmological spacetimes (i.e., without symmetry assumptions) with A =0
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and in absence of accelerated expansion for which the global (future and past) dynamics are now fully
understood.’

Scalar field matter (and, more generally, matter obeying semilinear wave equations or fluid matter) and
their asymptotic behaviour on fixed cosmological backgrounds have been studied extensively, for example
in [Allen and Rendall 2010; Alho et al. 2019; Bachelot 2019; Beyer and Oliynyk 2024b; Ringstrém 2019;
2020; 2021; Wang 2021]. While many of the results, in particular [Ringstrém 2020], manage to analyze
very general classes of equations and spacetime geometries, including the wave equation on the FLRW
backgrounds studied in [Alho et al. 2019; Fajman and Urban 2022], the methods used are often difficult
to apply to the full Einstein scalar-field system. In [Fajman and Urban 2022], we extended the approach
of [Alho et al. 2019] to be able to deal with various warped product spacetimes, and in particular FLRW
spacetimes with negatively curved spatial geometry, by using the spatial Laplace operator to control
high-order derivatives. The perturbation-adapted analogue of this strategy is at the basis of the energy
method in this paper.

We also note that, by the results of [Girdo et al. 2019], there are nontrivial waves on fixed FLRW
backgrounds that converge toward the big bang singularity, even if, as demonstrated in [Alho et al.
2019; Fajman and Urban 2022], this behaviour is nongeneric. Such waves can give rise to convergent
asymptotics on cosmological backgrounds, as studied in [Ringstrom 2020]. Thus, it will likely be difficult
to replace (1-2¢) with an arbitrary nontrivial reference wave, while keeping past stability intact. However,
by restricting to an open neighbourhood near the solution described in (1-2a)—(1-2c), potential nongeneric
solutions of this type are excluded. For the more general conditions on initial data that lead to quiescent
asymptotics, we refer to [Oude Groeniger et al. 2023], which will be discussed further below.

Theorem 1.1 forms the counterpart to the pioneering works [Rodnianski and Speck 2018a; 2018b;
Speck 2018], which cover nonlinear big bang stability for FLRW spacetimes with spatial geometry T3
and S respectively. These results were extended to Kasner spacetimes in [Rodnianski and Speck 2022]
with |g;| < %, and to the full subcritical regime in [Fournodavlos et al. 2023], i.e., (generalized) Kasner

.....

spacetimes as discussed in Section 1.2.3 with max; ; x—1,..p(p; + pj — px) < 1. The former necessitates
considering (14 D)-dimensional Kasner spacetimes with D > 38, while the latter result also can be
satisfied in D = 3 for generalized Kasner spacetimes. Recall that this means, in contrast to our setting,
that the reference spacetime can be anisotropic, even if the conditions on Kasner exponents rule out
extremely anisotropic regimes. As a result, the analysis therein becomes significantly more involved,
especially at top order, since approximately monotonic energy identities as used in our work, as well as
in [Rodnianski and Speck 2018b; Speck 2018], have not been found in these anisotropic settings.

We note that the argument in [Fournodavlos et al. 2023] relies on identifying an almost-diagonal
structure for the asymptotics of (combined) connection coefficients for an adapted frame that is carried
along by Fermi—Walker transport; this is precisely where subcriticality enters. Given that these no longer
can vanish in a reference frame adapted to near-hyperbolic spatial geometry, it is a priori unclear whether
this structure is sufficiently maintained.

3For a related future stability result in accelerated expansion, see [Ringstrom 2008], which considers scalar fields with a
nontrivial potential.
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The impressive recent preprint of Oude Groeniger, Petersen and Ringstrom [Oude Groeniger et al.
2023] circumvents this issue and uses the equations considered in [Fournodavlos et al. 2023] to establish
general conditions for initial data to the Einstein (nonlinear) scalar-field equations to give rise to quiescent
singularities (see [Oude Groeniger et al. 2023, Theorem 12]). Additionally, they show that a large class
of cosmological model solutions exhibit stable big bang formation (see [Oude Groeniger et al. 2023,
Theorem 49]). In particular, by only requiring that the mean curvature is sufficiently large compared to
the expansion-normalized data, the rescaled connection coefficients can be made to be sufficiently small
even if they are nontrivial in the reference. However, this high level of generality comes at the cost of
no longer being able to ensure that the expansion-normalized solution variables themselves, in particular
the generalized Kasner exponents, remain close to the reference solution, in contrast to our asymptotic
results in Theorem 8.2.

Furthermore, Beyer and Oliynyk [2024a] have recently shown that, over T3, the big bang formation
can be localized in the sense that data given solely on a ball within the initial hypersurface must also
cause stable blow-up on a (smaller) ball on the big bang hypersurface. While this result further indicates
that blow-up behaviour of near-FLRW spacetimes might be, at least, independent of global geometric
properties as it seems to be a localizable, we note that proof of localized stability crucially relies on the
flatness of the conformal reference spacetime. To be more precise, the proof relies on extending the
local initial data to global data for a Fuchsian system of metric and matter quantities as well as, again,
connection coefficients for an adapted, Fermi—Walker transported frame. However, the derivation of the
system for the former explicitly seems to use flat spatial geometry to obtain the necessary Fuchsian form.
This form seems to similarly be broken as soon as the connection coefficients are not perturbed around 0,
since this would lead to inhomogeneous error terms of order ¢~ for the rescaled variables which are
stronger than what the method, so far, accounts for.

By contrast, in [Rodnianski and Speck 2018b; Speck 2018], the reference frame itself is used in the
commutator method to obtain the necessary energy identities at high orders. In all of these works, it
hence is a priori unclear how one could extend these methods to the negative spatial Einstein geometry
of (M, y). We provide an alternative approach that, besides establishing the complementary stability
result to [Rodnianski and Speck 2018b; Speck 2018], does not rely on any information on the spatial
geometry of the reference manifold in its methodology (although it is of course relevant in determining
the FLRW reference solution that we are studying). Instead, we rely on differential operators adapted
to the evolved spatial metric. Hence, we believe that our approach may also prove useful for stability
problems in spatially inhomogeneous (and hence also anisotropic) settings. In light of [Rodnianski and
Speck 2022; Fournodavlos et al. 2023] in particular, the main challenge in achieving this would either be
to find approximately monotonic energy identities with our Bel-Robinson approach that have not been
observed previously, or to also find ways to circumvent the lack thereof.

To obtain Theorem 1.1, we use the Laplace—Beltrami operator (acting, respectively, on scalar functions
and tensor fields) with respect to the (rescaled) evolved metric as our commutating operator instead of a
fixed reference frame. This, in turn, leads us to replacing the wave-like system for metric and second
fundamental form exploited in [Rodnianski and Speck 2018b; Speck 2018] by an evolutionary system
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in the second fundamental form and Bel-Robinson variables. The latter technique dates back to the
fundamental works [Christodoulou and Klainerman 1990; 1993], where it was used to analyse field
equations on Minkowski space and then to show global stability of Minkowski space itself. It has also
been applied to the future stability of Milne spacetimes in the vacuum Einstein equations in [Andersson
and Moncrief 2004] and, more recently, within the massive Einstein—Klein—Gordon system in [Wang
2019]. As far as we are aware, this method has not yet been applied to solutions that are not near-vacuum
or in the context of big bang singularity formation.

Toward the big bang, the solutions exhibit asymptotically velocity dominated (AVTD) behaviour in
the sense that they behave, to leading order, like solutions to the Einstein scalar-field equations in CMC
gauge with zero shift with all terms involving spatial derivatives set to zero (the “velocity term dominated”
(VTD) equations). This behaviour also matches results obtained by studying high-regularity solutions
(e.g., [Andersson and Rendall 2001]), or related works using Fuchsian methods that prescribe a behaviour
at the singularity and then develop it locally, often under additional symmetry assumptions (e.g., [Damour
et al. 2002; Choquet-Bruhat et al. 2004; Isenberg and Moncrief 2002; Fournodavlos and Luk 2023]). In
particular, this asymptotic behaviour leads to the same types of “Kasner footprint states” as in [Rodnianski
and Speck 2018a; 2018b]: As one approaches the big bang, the rescaled variables converge toward tensor
fields on the big bang hypersurface that precisely solve the truncated VTD equations. Further, the distance
between the footprints of the FLRW and the perturbed solution are controlled by the initial data. For
example, the rescaled Weingarten map a>k“;, converges to (K Bang)“), On the big bang hypersurface, which
is close to @C I, the rescaled FLRW footprint (see (8-3e) and (8-5¢)).

What remains to be considered to obtain Theorem 1.2 is future stability, which we can reduce to
future stability of the vacuum solution in the Einstein scalar-field system. This solution, called the Milne
spacetime, has been shown to be stable within the set of vacuum solutions — see [Andersson and Moncrief
2011]—and a range of other Einstein systems — see, for example, [Wang 2019; Andersson and Fajman
2020; Fajman and Wyatt 2021; Fajman et al. 2024; Barzegar and Fajman 2022; Branding et al. 2019]
and related work in lower dimensions, e.g., [Andersson et al. 1997; Moncrief 2008; Fajman 2017; 2020;
Mondal 2023]. As such, our contribution to the study of future stability of Milne spacetimes is that we
deal with the massless scalar field matter via corrected energy estimates which are inspired by work in
[Choquet-Bruhat and Moncrief 2001] for vacuum Einstein equations with U (1)-symmetry. Out of the
works listed above, only [Wang 2019; Fajman and Wyatt 2021] deal with scalar field matter at all, namely
the massive case. These fields exhibit stronger decay toward the future, making the matter components
easier to deal with than in our analysis.

The additional spectral condition is needed to ensure coercivity of the corrected scalar field energy.
Numerical work, e.g., [Cornish and Spergel 1999; Inoue 2001], does not suggest that this condition
is violated by any closed 3-manifold with constant sectional curvature k = —é, and verifies that it is
satisfied, for example, by an analogue of Weeks space in which the metric is appropriately scaled to have
the required sectional curvature. The latter is also verified by the recent result [Bonifacio et al. 2025] that,
amongst considering more general related settings, sufficiently constrains the spectrum of the Laplacian

on Weeks space. We refer to Remark 9.3 where this is discussed in more detail.
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1.4. Challenges in the proof. The contracting and expanding regimes of near-FLRW spacetime are
analyzed in two separate and methodologically independent parts. Before providing an overview of both
arguments, we summarize the challenges that arise:

1.4.1. Big bang stability. The main difficulties in establishing big bang stability are three-fold:

Firstly, we have to expect that the solutions are asymptotically velocity term dominated (as argued in
Remark 8.3, we end up proving that this is the case), and thus that rescaled variables at best exhibit the
same asymptotic behaviour as their counterparts in FLRW spacetime, up to a small perturbation in the
asymptotic footprint. For example, note that, in the reference FLRW spacetime, one has

(krLrw)' j = —3;”; ~ _?l]lj~
At best, the shear IQ; of the perturbed solution then behaves like ¢/¢. In fact, we show that this is the case
in (4-2b). This implies that the contraction rescaled metric G;; = a ’g; ; can only be controlled up to

O(1V%) (see (4-4c)), since one has 9,8ij ~ —2gitk' j and thus

8,G,‘j ~ G,‘[/,C\ij ~—-x*xG.

€
t

However, to be able to use the structure of the evolution equations to cancel terms in our energy
arguments, we have to work with adapted quantities. For example, we need to use integration by parts
with respect to (X;, G,) to cancel high-order scalar field terms with help of the (rescaled) wave equation
that contains Ag, or to obtain elliptic estimates from the lapse equation via the operator A or from the
adapted div-curl-system for ¥ arising from the constraint equations.

As a result, even the rescaled solution variables will diverge at order O(1~V?) toward the singularity,
so we need to track and control their rate of divergence within the bootstrap argument. This significantly
complicates dealing with nonlinear terms, where the bootstrap assumptions often cannot be inserted naively.
This in turn makes coercivity of the energies more involved to establish (see Lemma 4.5 and Remark 4.6),
since this only holds up to curvature errors that also diverge and thus need to be carefully tracked.

Secondly, and in contrast to [Rodnianski and Speck 2018b; Speck 2018], replacing the wave structure
of the geometric evolution in the Einstein equations with our less geometry dependent Bel-Robinson
framework seems to lose regularity at first glance: The energy estimates for the evolution system for the
scalar field energy and the geometric energies can be caricatured as follows:

~dewig, s glti[sww, DFEP(E )]+

1/8 —1/8
—%[5“)(2, VHEPW O+ S EPE )+ EP W+ a e @ ) -

Herein, the superscript refers to the order of derivatives, while £ (¢, ), EL(Z, -) and EL (W, -) refer
to energies for the scalar field, the rescaled tracefree part ¥ of the second fundamental form and the
Bel-Robinson variables respectively. Thus, it seems that we lose derivatives in the scalar field and are not

able to close the argument. This is remedied using the div-curl-system in X, see (2-36a) and (2-36b),



1624 DAVID FAJMAN AND LIAM URBAN

which yields a weak estimate of the form
a' et ) SEW(p, )+ EPW, ) +EP (D, )+

Combining these estimates to improve the bootstrap assumptions then necessitates an intricately con-
structed total energy to balance these different types of estimates against one another.

Finally, given (1-2c), the rescaled time derivative of the scalar field is not small and does not become
so toward the big bang. This leads to various terms within the core linearized evolutionary system of both
matter and geometry that, if estimated naively, could lead to exponential blow-up toward the singularity.
When such terms occur in the scalar field energy evolution, this can be dealt with along similar lines
as in [Rodnianski and Speck 2018b; Speck 2018], but we incur additional large terms in our geometric
evolution that only cancel using the explicit form of the Friedman equations, which we highlight in
Lemma 7.1 and its proof.

1.4.2. Future and global stability. For Milne stability, the canonical Sobolev energies for the scalar field
variables, i.e.,

72 2
[ 191 +1991; vol

and higher-order analogues, do not obey useful energy estimates. This can be overcome by adding an
indefinite correction term of the type

/ ¢/ (¢ — p)vol,
M

to the canonical energy; see Definition 9.6. This is similar to what was done in [Choquet-Bruhat and
Moncrief 2001] in a 2+1-dimensional setting, as well as similar to the indefinite terms we introduce in
our geometric energy to control the wave system in the metric variables, as in previous work on Milne
stability in different matter models, including [Andersson and Fajman 2020; Fajman and Wyatt 2021].
That this corrected energy controls Sobolev norms relies on the aforementioned spectral condition. As
a result, and unlike for past stability, the specific spatial geometry is crucial in generating decay from
energy estimates, even before considering the geometric evolution.

Moreover, we need to transition from the near-FLRW data used to analyze the contracting regime to
data in the expanding regime on a distant enough future hypersurface such that it is near-Milne and the
future stability result applies. This requires a gauge switch from CMC gauge with zero shift to CMCSH
gauge, as well as careful control of the solution variables over a finite time interval using continuous
dependence on initial data. For the former, close inspection of [Fajman and Kroncke 2020] gives us a
diffeomorphism close to the identity that maps the initial data for the metric to new data satisfying the
spatially harmonic gauge condition, thus allowing us to switch gauges without losing proximity to the
reference solution. This is discussed in detail in Section 10.

1.5. Proof outline.
1.5.1. Big bang stability.

The big picture: The key argument in our big bang stability proof is a hierarchized series of energy
estimates that establishes the asymptotic behaviour of solution variables toward the singularity. We rely
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on a bootstrap argument which establishes that energies £ (see Definition 3.9) for the scalar field, the
rescaled shear, the Bel-Robinson variables, the lapse and the curvature at worst only diverge slightly.
Here, 0 < L < 18 denotes the order of derivatives considered. To this end, we make a bootstrap assumption
on the solution norm C (see Definition 3.6) which controls the distance of these rescaled variables, as well
as the metric itself, to their FLRW counterparts in terms of supremum norms with respect to G, where
G = a~2g is the rescaled adapted spatial metric (see Definition 2.9). We refer to Assumption 3.16 and
Remark 3.19 for the detailed bootstrap assumptions and improvements, as well as to Lemma 3.14 for
the underpinning local well-posedness result. That this bootstrap argument implies Theorem 1.1 follows
from a straightforward adaptation of the arguments in [Rodnianski and Speck 2018b, Theorem 15.1].

We work with evolution-adapted norms even though G (¢, x) degenerates toward the big bang singularity.
Indeed, since we need to exploit the structure of the evolutionary equations, it is more convenient to
have these adapted quantities controlled by the solution norms A and C directly instead of having to
perform changes of metric at that point. Once the improved energy estimates are shown, a (time-scaled)
coercivity notion (see Lemma 4.5 and the proof of Corollary 7.3) and Sobolev embeddings with respect
to the reference metric y then ensure that these improved estimates translate to 7 and C. This then closes
the bootstrap. To actually achieve this improved energy behaviour, we derive elliptic energy estimates
or integral-type estimates that, once suitably combined and scaled, yield the desired improvements
by straightforwardly applying the Gronwall lemma. Additionally, note that we assume that the initial
data is close to FLRW data not just in #, which contains precisely the norms needed to control C by
Sobolev embedding, but also scaled smallness assumptions at one order higher, contained in the top-order
seminorm Hyp (see Assumption 3.10). This is needed to ensure that the top-order energy is small initially,
and thus to close the bootstrap.

Scale factor a(t): The precise structure of the Friedman equations (2-3)—(2-4) is crucial not only to
control time integral quantities up to the big bang hypersurface (see Lemma 2.4), but also to ensure that
certain terms in the evolution that would otherwise cause large divergences contribute with favourable
sign (see the arguments in Lemma 6.2, as well as Lemma 7.1). It turns out that the sectional curvature
entering the Friedman equations actually is not of key importance to large parts of the big bang stability
analysis: The leading-order behaviour of the scale factor toward the big bang singularity is determined
via the Friedman equation (1-2b) by the matter term, not the sectional curvature. This indicates that our
method might extend to different settings.

Gauge choice, commutation method and Bel-Robinson variables: We commute the resulting elliptic-
hyperbolic Einstein system with the Laplace—Beltrami operator A with respect to the rescaled evolved
spatial metric G (¢, x) to obtain higher-order energy control. Commuting with this operator has the
advantage of leaving many integration-by-parts identities intact. These are needed to provide specific
cancellations, e.g., to cancel AL/2*1¢-terms arising from the wave equation when computing 3,€© (¢, - ).
We also note that the only feature of the adapted metric we use is that it is close to y, and do not use any fur-
ther information on the geometry, e.g., by choosing a specific reference frame in our commutation method.
Further, we employ CMC gauge with zero shift to avoid badly behaved shift terms (see Remark 1.4).
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We still, however, need to deal with the Ricci term in the evolution equation for the second fundamental
form. To this end, we consider the Bel-Robinson variables E and B, which are X,-tangent symmetric
tracefree (0, 2)-tensors and contain all information of the spacetime Weyl tensor W[g] (see Section 2.4).
Suitably projecting the Gauss—Codazzi equations admits additional constraint equations in terms of £
and B that allow us to replace the Ricci tensor at the “cost” of introducing Bel-Robinson energies into
the formalism; see (2-24a) and the rescaled version (2-29c¢). Further, E and B satisfy a Maxwell-type
system (see Lemma 2.7) that can be exploited to obtain energy estimates and, as with the other evolution
equations, is well adapted to commutation with Ag.

A priori low-order Cg-control: By applying the bootstrap assumptions on C to the evolution equations,
we can immediately deduce improved low-order estimates in CIG for [ > 10 for the solution variables
by inserting them into the respective evolution equations (see Lemma 4.3), as well as via the maximum
principle for the lapse (see Lemma 4.1). These usually still diverge slightly, mostly due to the asymptotic
behaviour of G. However and crucially to our argument, at order 0, the renormalized time derivative W
of the wave, the rescaled tracefree part X of the second fundamental form and the rescaled Bel-Robinson
variable E are in fact K e-small in C g on the bootstrap interval (see Lemma 4.2). If these estimates did
not hold, it would lead to terms that diverge at order O(a=3~¢ V%) in the differential inequalities, and thus
cause exponential energy blow-up of order O(e“icﬁ) that we could no longer control. This behaviour is
closely related to the fact that & and ¥ converge toward footprint states on the big bang hypersurface
that remain K e-small (see (8-3c) and (8-3e)), and then pass this convergence on to |E|s (see (8-8a)).

Energy estimates and hierarchy: The main part of the analysis is establishing various energy estimates.

« For the lapse (see Section 5), the relevant estimates are direct results of the elliptic lapse equations
(2-30a)—(2-30b). The nonlapse terms on the right-hand side of (2-30a) only diverge slightly toward the
big bang, in contrast to the divergence at order a—%in (2-30a), and thus allows one to show that, at lower
derivative order, the lapse converges to 1. However, since the right-hand side of (2-30b) contains the
scalar curvature of G, this estimate loses derivatives. On the other hand, (2-30a) does not lose derivatives,
and the elliptic nature in fact allows one to estimate lapse energies of order L + 2 by energies in % and
the scalar field of order L. This makes it possible to control the higher-order lapse term occurring, for
example, in (2-28c), without losing regularity. Conversely, both of these gains in regularity are at the cost
of losing powers of a. In short, (2-30b) is needed to establish the asymptotic behaviour of the lapse, and
(2-30a) to obtain improved energy bounds as a whole.

o The core matter energy estimate (see Lemma 6.2) relies on delicate cancellations when computing the
time derivative of £ (¢, - ). While we derive this in a fashion that differs from the energy flux method
used in [Speck 2018], the necessary cancellations to arrive at Lemma 6.2 are similar.

e The (rescaled) tracefree component of the second fundamental form % (see Lemma 6.8) and the
(rescaled) Bel-Robinson variables E and B (see Lemma 6.6) need to be treated simultaneously to deal
with the leading curvature term in the evolution of the former by inserting a constraint equation in which
E occurs as the leading term (see (2-36d)). However, the matter terms within the evolution of E and B
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contain, firstly, terms where we again need very precise estimates to show that they do not contribute
large a—3-divergences, and, secondly, matter terms that lose one order of derivative.

This order of regularity can be regained using the momentum constraint equation (2-36a) and its Bel—
Robinson counterpart (2-36b) containing B, which leads to a div-curl-system for ¥ (see Lemma 6.10).
This is, again, at the cost of losing powers of a.

e As a result, the core Gronwall argument performed in Proposition 7.2 combines energies for the
matter variables, ¥ and the Bel-Robinson variables, as well as energies for Ric[G]. In particular, the
curvature energies are necessary to handle commutation errors within the energy estimates, and improved
bounds on them need to be obtained to apply the coercivity results in Lemma 4.5 —else, none of energy
improvements would extend to improved Sobolev norm bounds and the bootstrap argument would not
close.

As many of the a priori Cg-norm estimates add small additional divergences, it is necessary to perform
an induction over derivative orders within this mechanism to deal with lower-order error terms. Since
Ag is elliptic, it is sufficient to perform this for even orders. Along with energies at order L € 2Ny, the
total energy also includes the energy controlling X, as well as the scalar field and curvature energies at
order L + 1, appropriately scaled to account for the degenerate elliptic estimate for ¥ from Lemma 6.10.
This remedies the derivative loss in the Bel-Robinson energy and allows one to improve the total energy
at each order until reaching L = 18, at which point the bootstrap argument can be closed.

» Note that the metric itself does not enter the core energy mechanism. In fact, trying to replace control
of the Ricci tensor by control of G is likely too imprecise in dealing with high-order curvature errors.
Instead, control of G — y and I'[G] — f[y] is a consequence of a simple integral energy inequality and
the improvements achieved for ¥ and matter variables (see Lemma 6.14 and Corollary 7.3). Since we
cannot utilize any additional structure in dealing with the metric, we have to construct our argument
carefully to allow for the metric control to be weaker than what one gets for the core variables, while still
being sufficiently strong to constitute an improvement and allowing to switch between Hg and H,, (and,
respectively, Cg and C,, ) norms.

We also point to Remark 6.1 for a more detailed sketch of how the integral inequalities for the core
Gronwall argument are structured and how this leads to the bootstrap improvement for the energies.

1.5.2. Future stability and connecting the regions. We follow similar lines as in [Andersson and Fajman
2020; Fajman and Wyatt 2021] to prove that near-FLRW spacetimes in negative spatial geometry are
future stable. Since 9;¢ decays like a3 ~ ¢~ in the reference spacetime, the sectional curvature
becomes dominant in the Friedman equations and the scale factor approaches that of Milne spacetime
as t approaches co. Hence, if one moves sufficiently far to the future, choosing near-FLRW data with
a homogeneous scalar field is equivalent to choosing near-vacuum data. Thus, what we prove first in
Section 9 is future stability of near-Milne spacetimes under the Einstein scalar-field system. Once this is
established, we argue in Section 10 how early near-FLRW initial data evolves to data that is sufficiently
close to Milne for large enough times, which is essentially a consequence of the scale factor and the
(physical) mean curvature approaching that of Milne, up to a multiplicative constant.
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In terms of dealing with geometric and elliptic estimates, we can essentially carry over the results of
[Andersson and Fajman 2020], as was also done in [Fajman and Wyatt 2021], by working in CMCSH gauge
and verifying that the matter components are indeed only perturbative terms within the geometric evolution.

This leaves only the scalar field to be examined. Here, we introduce corrective terms to the energies
(see Definition 9.6) which yield decay estimates for the corrected scalar field energy (see Lemmas 9.16
and 9.17). That these energies are coercive (see Lemmas 9.12 and 9.13) requires the aforementioned
lower bound for the first positive eigenvalue of —A,,.

Remark 1.4 (Why not use CMCSH gauge to prove big bang stability?). One might consider applying
this gauge to big bang stability as well since this is precisely the choice of gauge turning the geometric
evolution into a wave-like system in (g, k), which seems simpler than our chosen approach in CMC gauge
with zero shift. In particular, this would also not rely on any choice of reference frame, and keep the wave
structure of the geometric evolution intact, unlike when using Bel-Robinson variables. However, the
issue with this approach lies in the shift equation, which would take the following form for the rescaled
shift vector X = a3X:

AGX'+Ric[GL, X" = —2(N+1) (G H™ G g, (T T y+2(G~Hmv,x (1! ~T! )

mn

+ (error terms in lapse and matter). (1-4)

As a result, the first term has to be expected to diverge at the same rate as the metric, i.e., we expect
even low-order norms of X to behave like a=37¢V* at best up to small prefactors. However, computing
the time derivative of an integral over |G — y |é (or derivatives thereof) becomes the integral over the
(0; — L)-derivative of this quantity, and hence we get explicit terms of the form L5y, which always exist
at highest order and diverge worse than ¢!, In short, the fact that the metric cannot be expected to converge
to a footprint state leads to leading-order terms in the differential energy estimates to carry strongly
divergent prefactors in CMCSH gauge. This obstructs improvements in a tentative bootstrap argument.

1.6. Paper outline.
« Sections 2—8 cover the proof of big bang stability:

— In Section 2, we introduce notation and provide the necessary information on the FLRW background
solution, as well as the equations relevant to the subsequent analysis.

— Then, in Section 3, we discuss the solution norms and energies and state the initial data and bootstrap
assumptions.

— In Section 4, improved low-order Cg-norm estimates that follow directly from the bootstrap assump-
tions are established, along with additional formulas and a priori estimates.

— Section 5 concerns the elliptic estimates for the lapse.

— In Section 6, we discuss the energy and Sobolev norm estimates for all other variables, all of which
are integral estimates except for the aforementioned elliptic estimate for X, as well as a norm bound
for V¢ that is not needed for the energy improvement.
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» These are all combined in Section 7 to improve the bootstrap assumptions — first for the energies,
then for A and finally C.

« In Section 8, we show how this bootstrap argument implies the main big bang stability result (see
Theorem 8.2, which is the formal version of Theorem 1.1).

« Section 9 contains the proof of near-Milne future stability.

 In Section 10, we show that this is sufficient for future stability of near-FLRW spacetimes, proving
Theorem 1.2.

» Appendices A and B collect various basic formulas and commutator expressions, as well as error terms
and how these can be estimated.

2. Big bang stability: preliminaries
2.1. Notation.

2.1.1. Foliations. On a spacetime manifold (M, g), we assume the existence of a spacelike Cauchy
hypersurface X, that is diffeomorphic to M. As we argue in Remark 8.1, we can assume without loss of
generality that it has constant mean curvature. We will ultimately show that there exists a time function ¢
such that the past of X, = t~1(#p) can be foliated by ¥ = t~1(s) for s € (0, ty), and that where the
solution exists, this is at least possible up to some 7 € (0, fp). These constant time surfaces are then also
spacelike Cauchy hypersurfaces diffeomorphic to M and CMC. We will use this notation throughout with
little comment and often simply view X as {s} x M.

2.1.2. Metrics. The spacetime metric g on M takes the general form
g = —n?dt* + g dx® dx?,

where n =n(z, x) is the lapse function and g|x, = g|x, (¢, x) is a Riemannian metric on ;. We will often
simply denote the spatial metric by g. Furthermore, we denote the rescaled spatial metric by G;; = a’g; j
(see Definition 2.9) and the tensor field induced by the matrix inverse of (G;;) by G~!. Similarly, det g
and det G are also meant as the determinants in the matrix sense. Finally, we define vol, and 1, as the
volume form and volume element with regard to g, and the same for y and G.

2.1.3. Indices and coordinates. Greek indices «, 8, ..., i, v, ... run from O to 3, lowercase Latin indices
a,b,..., i, j,... from1 to 3. The spatial indices on some coordinate neighbourhood V C M are always
with regard to the local frame induced by coordinates (x!, x2, x3) on M, applied to each V N X, by the
standard embedding where this intersection is nonempty. The index O always denotes components relative
to dp = n~'3d;, where 9, is the derivative associate to the time function ¢. The Levi-Civita connections
associated to g, respectively g and G, are denoted by V, respectively V.* Additionally, for the hyperbolic
spatial reference metric y on M (see Definition 2.1), we write the Levi-Civita connection as V.

4Note that g and G have the same Levi-Civita connection since, on every hypersurface ¥;, they are related by a scalar
multiple.
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Whenever we raise or lower Greek (resp. Latin) indices without additional notation, it is with regard to
g (resp. g). When we raise indices of a tensor T with regard to the rescaled spatial metric G, we flag this
by writing TF. We never raise or lower with respect to y. Refer to Section 2.1.9 as to how we distinguish
taking multiple covariant derivatives from index raising.

2.1.4. %;-tangent tensors. For any ¥,-tangent tensor £*""% 5 5 . we write &£(¢)“", ., for the g-
orthogonal projection of & onto the hypersurface ;. When clear from context, we will drop the
time-dependency in notation.

2.1.5. Sign conventions. Within this paper, the second fundamental form with regard to X, is defined as
the (0, 2)-tensor k given by
k(X Y) =—=§(Vxd, ¥),

where X and Y are X,-tangent vectors. The Riemann curvature tensor of g is taken to be

%ﬁﬁzy — ?ﬂﬁazy = Riem[g]a/g),aZS
for the covariant vector field (Z,,), and the analogous convention holds for all other Riemann curvature
tensors that appear.

2.1.6. Constants. For two nonnegative scalar functions ¢y, ¢, we write ¢; < ¢ if and only if there exists
a constant K > 0 such that ¢; < K¢,. This implicit constant may depend on information from the FLRW
reference solution at the starting point of the evolution (in particular on y and a(#y), see Definition 2.1)
and combinatorial quantities. We extend this notation to a real function ¢| by

S0 = max(,0) S .
Additionally, we write ¢ =~ ¢, if and only if ¢; < ¢ < ¢ is satisfied.

2.1.7. Tensor contractions. We denote by &,p, s the Levi-Civita tensor with regard to g and define
Levi-Civita tensor on spatial hypersurfaces X, by €[gl;jx = €oijx. Notice that this corresponds to the
Levi-Civita tensor associated to g. Further, e[G];jx = a‘3e[g],~ ik 1s the Levi-Civita tensor with respect to
the rescaled metric G (see (2-27a)).

For ¥,-tangent (0, 2)-tensors A, A and vector field v, we define the following objects as in [Andersson
and Moncrief 2004, Section A.2]:

A-A=AA% = (A, A)g,
(AOg A);j = Aikz‘{kj,
(ANA) =&/PA9A,,,
(WA A ap = &4 v Aap + €5 Ve Aga,
(Ax A)j =6/ ;"1 AupApg + L(A- A)gij — L(try A-trg A)gi,
(curl A);j = (curly A);; = [/ VaAcj + € VaAs]l,
(divg A); = VP Ay
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The operations Og, (-, - )¢ and divg are defined analogously, with all indices raised and lowered by G
instead of g. Finally, for two (0, 1)-tensors 7, 77, we denote their symmetrized product by

~ 1 ~ ~
(r ®@m)ij = 5 (mimj + 7;7;).
For pointwise estimates of these quantities, refer to Lemma A.3.

2.1.8. Schematic term notation. We will denote as T x - - - * T;, where ¥; are X,-tangent tensors, any
multiple of (¥;), with regard to the rescaled adapted spatial metric G or as standard multiplication if no
summation over indices occurs between factors. Constant prefactors and contractions with regard to G
are also suppressed in this notation.

When working with terms where such notation is used, we will estimate these inner products by
< ]_[ﬁz1 |TilG, making any constant in front irrelevant, and further we can view any contraction with
regard to G as a product of the noncontracted tensor T with G or G~!, and estimate that up to constant
by |G|g|%¥|s, where the first factor is simply V3.

For similar products with respect to y, we denote them by *,,.

2.1.9. On multiple derivatives of variables. For a scalar function ¢, an (r, s)-tensor field ¥ and capitalized
integers 1, J, ... € Ny, we denote by V!¢ and V/T the tensors V;, -+ V;,¢ and V;, -+ - V;, T, We

extend this notation to other covariant derivatives analogously. To avoid potential ambiguity with an index
raised by g, we will apply the following convention:

« If a covariant derivative carries an uppercase letter, a formula with more than one symbol or a positive
integer in its superscript, this refers to taking a derivative of that order.

« If a covariant derivative carries a lowercase letter or O in its superscript, this refers to an index.

Further, we will only apply this notation where the precise distribution of indices is not important (e.g., in
schematic notation, see Section 2.1.8).

2.2. FLRW spacetimes and the Friedman equations. Herein, we collect the properties of the reference
FLRW solution to the Einstein scalar-field system in CMC-transported coordinates. Our main focus will
lie on the behaviour of the scale factor as determined by the Friedman equations. Before moving on to
that, we collect the information on the spatial geometry we will need:

Definition 2.1 (hyperbolic reference geometry). (M, y) is a three-dimensional, connected, closed, ori-
entable Riemannian manifold with constant sectional curvature — é s

and scalar curvature R[y] = —%.

and hence Ricci tensor Ric[y ] =— % Vij

Remark 2.2 (Orientability is not a restriction.). We assume that M is orientable for the sake of simplicity.
If M should be nonorientable, we may pass the initial data to the oriented double cover and solve the
problem there. Since the result is equivariant with respect to the double covering map, this then solves
the original problem.

With this in hand, we can express our classical family of solutions to the Einstein scalar-field system
as follows:
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Lemma 2.3 (FLRW solutions and Friedman equations). Consider FLRW spacetimes (M, grirw) With
M = (0, 00) x M, where (M, y) is as in Definition 2.1 and where

Zrirw = —d1> +a(t)?y (2-1)

holds for some a € C*°((0, 00)), with the conventions a(0) = 0 and a(T) > 0 for some arbitrary T > 0.
Further, choose a (smooth) scalar function ¢pLrw such that

dprrw =C-a) >, Vérrw =0, DzppwPrirw = 0. (2-2)

Such a pair (grLrw, OFLRW) Solves the Einstein scalar-field system (1-1a)—(1-1b) on M if and only if a

a=vVg+%5Ca. (2-3)

satisfies the Friedman equation

In particular, one has

i=—%C%5, (2-4)

Proof. The first statement follows from explicitly computing Ric[g] as in [O’Neill 1983, p. 345]. That
(2-3) implies (2-4) follows simply by computing the derivative of . O

In the subsequent analysis, the following properties of a that follow from (2-3) will be crucial for our
analysis:

Lemma 2.4 (scale factor analysis). Let a solve (2-3) with a(0) = 0. Then a is analytic on (0, 00) and
extends to a continuous function on [0, 00) with a(t) ~ t'/3 being satisfied near t = 0. Further, for any
p > 0, there exist constants ¢ > 0 and K, > 0, where c is independent of p and K, depends analytically
on p, such that, for anyt € (t, ty], one has

exp(p /, “a(s) ds) < Kpa(t)™ (2-5)

and

I 1
/ "a(s) P ds < La@) 7, / “a@s)ras < L. (2-6)
t p t P

Moreover, for any t € (0, to] and any q > 0, there exist constants ¢ > 0 and K > 0 which both are
independent of q such that one has

1
[awas < ga(t)—cq . @7
t
Finally, (2-3) also implies
v %”Ca_2 <a. (2-8)

Remark 2.5. We will use the estimates in Lemma 2.4 where p is a positive power of ¢ up to algebraic
constants. Then, we can simply replace K, in (2-5) by a uniform constant.
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Proof. For the first statement, we refer to [Fajman and Urban 2022, Lemma 2.1] with y = 2. We also
collect from there> that, for ¢ < o,

1o _3 t
/ as)3ds <1+ ‘10;;(-)‘
t o
is satisfied. Hence, there exists some ¢’ > 0 such that
b1 /
exp(p/ Oa(s)_3 ds) < K,exp(c'- plog(to)) -exp(—c'- p) < Kt F.
t
Then (2-5) follows by applying a(¢) ~ t'/3. Noting that a3 ~ @/a holds, one further has
1 (7o)
[fawyrass [0y ray = L@ —a@) ) < 1a) ", (2-9)
t a(r) p p

and the other inequality in (2-6) follows analogously. Finally, (2-7) follows directly from (2-6) when
assuming without loss of generality that a| 4, only takes values in (0, 1). U

2.3. Solutions to the Einstein scalar-field equations in CMC gauge. From here on out, we impose the

CMC condition® a(t)
Kit, )=1@)=-3—2. (2-10)
a(t)
We use (2-3) and (2-4) to collect the following formulas for the mean curvature:
ht=121C*a""+ }a?, (2-11)
%)
r2:92‘—2 =127C%a " +a72. (2-12)

We consequently define the trace-free component k of k as
kij = kij — 1tgij, (2-13)
and recall that the future-directed unit normal to our foliation is written as
do=n""d,. (2-14)
With this, we can express the Einstein scalar-field equations in our gauge as follows:

Proposition 2.6 (the Einstein scalar-field system in CMC gauge). A pair (g, ¢) solves the Einstein
scalar-field equations (1-1a)—(1-1c) on I x M in CMC gauge (2-10) for some interval 1 < (0, ty], where
the scale factor satisfies (2-3), if and only if the following equations are satisfied on I x M

5 In [Fajman and Urban 2022, Lemma 2.1], one at first only has ftto a(s)"3ds < log(tg) — log(¢) for #y small enough that
we can estimate a(t) by ¢1/3
contribution ft-to a(s)f3 ds only adds a constant that we can absorb into our notation. Similarly, a(t) >~ ¢

up to constant. However, assuming this inequality were to hold up to 7 > 0 and one had 7 > 7, the
173 can be assumed to
hold on (0, 7g] for any fixed 7 > 0, and we can ignore this technicality in proving the integral formulas in Lemma 2.4.

6Recall that k is negative in our sign convention; see Section 2.1.5.
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The metric evolution equations

0,8ij = —2nk;; = —2nk;; +2n;—lg,-,-, (2-15a)

A

hkyj = ViV +n|Riclgly — Shij — 2%k} — 87V,0 V0
+47C%a " (n — 1gij +5Bn—Da?g;;, (2-15b)

the Hamiltonian and momentum constraint equations

R[gl+ %1% — (k. k)g =8 [|dog|* + |Vo[3]. (2-16a)
Vikj = —87V;¢- 8o, (2-16b)
the lapse equation
Agn = —127C%a™% = a7 +-n[Ya™ + 4 C?a™0 + (k. k), + 87|09 7], (2-17a)
or equivalently by (2-16a)
Agn=—121C%a"% - a7 + n[R[g] - 87|V|} + 127C%a ® +a?], (2-17b)
and the wave equation
Ozp = -3¢ +n" '8 VinV;¢ + Agp +1dp¢p = 0. (2-18)

Proof. These are standard equations that follow from [Rendall 2008, Chapter 2.3] and applying
(2-10)—(2-12). ]

2.4. Bel-Robinson variables. In this subsection, we briefly (re-)establish Bel-Robinson variables and
how they behave within the Einstein scalar-field system.

Recall that the Weyl tensor W = W|g] is the trace-free component of the spacetime curvature and, in
the Einstein scalar-field system, takes the form

Weapgys = Riem[glopys — Pl8lapys,
P[glagys = 5 (8ay Ric[glps — &y Ric[Zlas — Zas Ric[glyp + gps RiclZlay ) — ¢ RIZ1(Bay 8ps — BasEpy)
= 477 (8uy Vb Vsd — 8y Vad Vsd — 8as Vb Vy b + 8psVad V, )
— F(VPOV,0) (Bay 5 — GusBpy)-
We define the dual W* of the Weyl tensor as

* _ 1 7Y
Wagys = 2€apo W™ ys.

The electric and magnetic components of the Weyl tensor, referred to as the Bel-Robinson variables from
here on, are now defined as

E(W)ap = Wapupody 35 = Waopo,  B(W)ap = Wy,5,95 95 = Wegpo-

We note that, conversely, the Weyl tensor can be fully reconstructed from E and B since the following
identities hold:

Waoco = Eqc, Wabco = _eabm B, Wabea = —€abi€cdj EY. (2'19)
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By the symmetries of the Weyl tensor as a whole, E and B are symmetric and one has Eog = 0 = Byg.
Hence, E and B are symmetric, tracefree ¥;-tangent (0, 2)-tensors, which we shall simply denote as E;;
and B;;.

Further, we define

Toys =V Wapys, Jj,5:=VWig ;. (2-20)
By applying the Bianchi identity for Riem[g], we gain the explicit expression
Jpys = 5(Vy Riclglsp — Vs Riclglyp) — 15(2ps Vy RIZ] — Zpy Vs RIZD). (2-21)
Using (1-1a), we collect

Jioj =47 [Vi(d09) V¢ +K i ViV ;¢ — 30 ViV — kij (30$)> —n~'Vin - V;¢ - do¢ |
— Z[3(VpVad)lgij, (2-22)
i0j = 47 E1m; (VIVig + Kk 80p) V" + z%eimj V™ (V*PVad). (2-23)

Note that expressions containing V¥¢V,¢ can be ignored throughout our analysis since they are either
pure trace or antisymmetric and thus will cancel in inner products with E, B, k and their rescaled
analogues.

The Bel-Robinson variables then behave as follows:

Lemma 2.7 (constraint and evolution equations for Bel-Robinson variables). If (g, ¢) is a classical
solution to the Einstein scalar-field system (1-1a)—(1-1b) in CMC gauge (see (2-10)), E and B satisfy the
following constraint equations:
D 2.2 1_7 7 7 87 2 4 2
E =Riclgl+ 517 + 5tk —k Ogk —4m (Vo @ Vo) — (F100p|” + ¥V I3)¢. (2-24a)
B = —curlk. (2-24b)

Further, they satisfy the following evolution equations:

3 Eij =ncurl B;j—(VnAB);j—3n(E xk);j—3n(E-k)gij—3tn-E;jj—3n(Jioj+J joi), (2-25a)
0, Bij = —ncurl E;j+(VnAE);j—3n(Bxk)ij—3n(B-k)gij—5tnBij—5n(Jjo 41 7). (2-25b)

Proof. For (2-25a)—(2-25b), we refer to [Andersson and Moncrief 2004, (3.11a)—(3.11b)].” Equations
(2-24a)—(2-24b) follow as in [Wang 2019, (3.63a)—(3.63b)] from contracting the Gauss—Codazzi con-
straints. O

Remark 2.8 (initial data for Bel-Robinson variables). Since the Weyl tensor vanishes over FLRW space-
times, so do E(W{[grLrw]) and B(W[grLrw]). Furthermore, note that given initial data (M, g, 12, T, J)

"Note that there is a minor error in the statement in [Andersson and Moncrief 2004], where the authors forget to symmetrize
the J-tensors when applying the symmetrization to (3.14) of that work. This error seems to also occur in [Christodoulou and
Klainerman 1993, (7.2.2jk)].
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on %, in the sense discussed in Section 1.2.1, and defining k=k— %r &, we can use (2-24a) and (2-24b)
to define the following (0, 2)-tensors:

E =Riclg]+ 31%¢ + stk —kOgk —an(r @ ) — (321913 + 4£1713) &, (2-26a)

B =—curl k. (2-26b)

These are easily seen to be symmetric, and the constraints (1-3a) and (1-3b) on the initial data ensure
that they are also tracefree. Hence, any choice of initial data for the Cauchy problem immediately also
contains a unique choice of initial data for the Bel-Robinson variables that is consistent with solutions to
the Einstein scalar-field equations in CMC gauge.

2.5. Rescaled variables and equations. 1t will be more convenient to work the rescaled and shifted solu-
tion variables to measure their distance from the FLRW reference solution. In this subsection, we introduce
the renormalized solution variables and restate the Einstein scalar-field system in terms of these variables.

Definition 2.9 (rescaled variables for big bang stability). We will consider the rescaled variables

Gij = “_zgij’ (GHY =a’g, i = al;ij, (2-27a)
N=n-1, (2-27b)

Eij:a4'Eijv Bij :(14-Bij, (2—270)

U =qa33yp — C. (2-27d)

We note that the scaling of B in (2-27c) is not the asymptotic rescaling of B —in fact, we expect B to
have (approximate) leading order a2
that of E makes the structurally very similar evolution equations significantly easier to deal with. We
also do not rescale N asymptotically, unlike [Rodnianski and Speck 2018b; Speck 2018], but note that N

converges to 0 at an order slightly below a* at low orders (see (3-17h) and (8-3a)).

, as one can see in (4-4g). However, keeping this scaling parallel to

Proposition 2.10 (the rescaled Einstein scalar-field system). The Einstein scalar-field system in CMC gauge

as in Proposition 2.6 are solved by (g, 12, n, Vo, 0g@) if the rescaled variables (G, X, N,V¢, ¥V, E, B)

as in Definition 2.9 solve the following set of equations:®

The rescaled metric evolution equations
3Gij=—2(N + 1)a*32i,~+2NgG,-j, (2-28a)
3(GHY =2(N+ Da 3 (zH — ZNE—Z;(G_])”, (2-28b)
9 Zij = —aV;V;N + (N + D[aRic[G];; —2a*(£ Og X)ij — 8maV;¢V;¢]
+47C*a? NG;j+ §(3N +2)aG;j + N;lzij, (2-28¢)

3 (298 =tN(ZH§ —aV*V,N + (N + Da[ Ric[G])f + 31¢]
— 87 (N + 1)aV*¢V,p + N (4w C*a™> + §a)lf, (2-28d)

8We refer to Lemma A.3 for the scalings that occur when switching between tensor field operations like A and Ag.
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the rescaled Hamiltonian and momentum constraints

RIG1+2—a 4, )6 = 8nla "W +2Ca™*W + Vo [3], (2-292)
VIS, = =87 Vi (¥ + C), (2-29b)

with their Bel-Robinson analogues

E;; =a*(Ric[Gij + 3Gij) + 31a’Ti; — (2 Og X)ij — 4ma*VipV,é

—[*Fa*|Volg + Z v + 2 cv]Gy), (2-29¢)
B;; = —a’ curlg &j;, (2-29d)
the rescaled lapse equation
AN = (127C%a™* + )N + (N + Da *[(Z, T)g + 87 W* + 167 C V], (2-30a)
or equivalently
AN = (122C%a* + })N + (N + D[R[G] + 5 — 87|Vl ], (2-30b)

the rescaled evolution equations for the Bel-Robinson variables

WE;j =3~ N)%E,-j —a '(VN AG B)ij + (N + )a ! curlg B;;
—(N+1)[3a7(E x¢ 2)ij + 30 (E, )6 Gjj]
+4x (N + Da (W + C)?%;j — 4 (N + aa’Vi¢pV,¢ +4waViNVj (W + C)
—4ma(N + D[V, WV ¢ + V;WVip + (), V;¢Vip — (W + C)V; V]
+ (N + D[Fabdpa (¥ + ) +a2|Vplg) + 47 (W + C)*]Gyj, (2-31a)
%Bij = 23— N)Bij+a” (VN ag Ej — (N + Da™" curlg E
— (N +D[3a7(B x6 2)i; + 2a(B, £)6Gyj]
— 47 (N + 1)e[Glimj (@’ VI V0V ¢ +a~ (Z9), V"¢ (¥ + C)), (2-31b)
and the rescaled wave equation
BV = a(VN, Vo)g +a(N+1)A¢—3§N(\IJ+C), (2-32a)
along with the evolution equation
AV =a 3 (N+ 1)V +a3(V+C)VN. (2-32b)
Finally, we collect the rescaled Ricci evolution equation
3 Ric[Glap = a>(N + D(AGZap — V¥V, Zgp — VIV, S40)
+a VY NQVaZap — VaZap — Vo Zda)

—a (VN (divg 2)p + Vi (divg £)a) + AgN(a > Zap + $7Gap)
—a(V¥VuN - Zgp + VHVuN - o) + 3T Va VN, (2-33)
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as well as (in a coordinate neighbourhood) the Christoffel evolution equation
THIG = 3(G™HY(Vi(8,G 1) +V;(3:Gin) — Vi(3,Gij))
= —(N+Da [Vi(ZH +V;(ZH; - V¥ gy
—a ViN () + VN (EH = VEN 1+ SN - B+ VN - [ = VN -Gyl (2-34)

Proof. For the first identity in (2-34), we refer to [Chow et al. 2006, Lemma 2.27] and insert the
evolution equation (2-28a). Otherwise, all equations simply follow by computing the effects of rescaling
on the equations from Proposition 2.6 (respectively the Ricci evolution equation as in [Rendall 2008,
Chapter 2.3, (2.32)]), as well as the Bel-Robinson evolution equations (2-25a)—(2-25b) and constraint
equations (2-24a)—(2-24b). Notice that one already finds a solution to the system in Proposition 2.6 with
the rescaled variables excluding (2-31a), (2-31b), (2-29¢) and (2-29d). Conversely, all of the rescaled
equations are satisfied by a solution to Proposition 2.6 at sufficiently high regularity. Hence, solving
the full rescaled system is always sufficient to solve the Einstein system in Proposition 2.6 and they are
equivalent if the initial data is regular enough to ensure sufficiently high regularity of solutions. ]

2.6. Commuted equations. We collect Laplace-commuted versions of the equations for the rescaled
variables in Proposition 2.10 in this subsection. For the sake of brevity, we will not state all possible
commutations for every equation, but restrict ourselves to the ones we actually need within the bootstrap
argument. We also refer to Section A.2 for expressions for commutators of spatial differential operators
with each other and with 9;.

The terms written down explicitly in Lemma 2.11 are ones that dominate the evolution behaviour
or that are the largest higher-order terms, both of which require careful treatment within the bootstrap
argument. The error terms are broadly categorized into three groups:

» “Borderline” terms are terms that critically contribute to the fact that the energies diverge toward the
big bang singularity. This almost always takes the form of adding energy terms at the same order as the

3

evolved variable scaled by factors of the type ca > or a3V, which causes the energies to slightly

diverge since a3 is barely not integrable (see (2-6)).

» “Junk” terms are terms that are subcritical in the sense that they lead to integrable error terms, or terms
that only contain lower-order derivatives of the solution variables.

o “Top” order terms (which only appear in (2-38a) and (2-38b)) are terms that are junk terms for low-order
energies, but become borderline terms at top order.

All of these error terms are tracked schematically in Section A.3. Since we will only need Lé—bounds on
these error terms, which are given in Section A.4, we will treat them as notational “black boxes” outside
of the appendix.

Lemma 2.11 (Laplace-commuted rescaled equations). Let L € 2N, L > 2. With error terms as defined in
Appendix A.3, the system in Proposition 2.10 leads to the following Laplace-commuted equations:
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The Laplace-commuted rescaled evolution equations for the second fundamental form
O AMPE = —aVPAMPN +a(N + 1AM Ric[G] + &1 Border + S unk,

the Laplace-commuted rescaled momentum constraint equations

1639

(2-35)

divg AL?E = 8 (U +O)[VAL 2+ AL Ric[Gl% Vo |+ VAL > I Ric[Gl+ Z+DMy junk (2-362)

and
curlg AY2% = —a2AY?B 4 €[G] % VAL> I Ric[G] % = + ML junk
the Laplace-commuted rescaled Hamiltonian constraint equations
ALZRIGI+a™* Y VizxvViy
T 6rCa Tt AP pat Y VWA VR 4 VI g s VR )

I1+Ih=L
and

AL Ric[Gl=a *AYPE — Lra ' AL E + 91 Border + 91 Junk.
the Laplace-commuted rescaled lapse equations
ALPHIN = (127C%a™* + 1) ALPN + 167 Ca™ - AW + N, Border + N junk
VALPHIN = (122 C?a™* + J)VALYPN + 160 Ca™ - VAW + Ny 11 Border + MNi41,3unk
the Laplace-commuted rescaled Bel-Robinson evolution equations
»ALPE = %(3 —N)AL2E + (N +Da'curlg AY?B —a"'VAL’N Ag B
+47C%a 3 (N + DALY?E + 47a(W + CO)VAL2PN @ Vo
+47a(V + C)(N + DV2AL2¢ —87a(N + 1)(Vép @ VAL2W)
+ €L Border T €L top + €L Junks
HAL2B = 3(3 —~ N)AR2B — (N +1)a ' curlg AY?E +a7'VALY2N AG E
+a*e[G] % V2AM2¢ %V + B Border + BL.top + BL.unk
the Laplace-commuted rescaled matter evolution equations
AW =a(VALAN, V)6 +a(N + 1AM g — 3CZAL/2N + B Border + B1 Junks
WVALPY =a (N +1D)VAY?W + Ca VAN + Q4 Border + QL Junk
as well as (also allowing L =0 for (2-39d))
HVIALPY = aV) VI ALPNV ¢+ a(N + 1)V AT g — 3C%V1AL/2N

+ (Br+1,Border)! + (Br+1,7unk)1s
atAL/2+1¢ = a_3 (N + I)AL/2+1 v 4 Ca_3AL/2+1N + QL+1,Border + QL+1,Junka

(2-36b)

(2-36¢)

(2-36d)

(2-37a)
(2-37b)

(2-38a)

(2-38b)

(2-39a)
(2-39b)

(2-39¢)
(2-39d)
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and the Laplace-commuted rescaled Ricci evolution equations
3 AL Ric[Glij = a3 (AFPT S 2V v AF2 S )
_g(vi Vi ALPNAALPTIN .G )R L Border)ij + R Junk)i» (2-40a)
9 Vi AFPRic[Gly; =a P (Vi AV S, -2V V"V A2 S )
—g(vkv,-vjAL/zNJrva”“lN-G,-,-)+(mLH,Border)ijk+<9%L+1,Junk)ijk. (2-40b)

Proof. The equations (2-36¢),(2-36d) and (2-37a) are obtained by simply applying A%/ on both sides of
(2-29a), (2-29¢) and (2-30a) respectively. For (2-36a) and (2-36b), we additionally use the commutator
formulas (A-7e) and (A-7f), while for the evolution equations, we apply the respective commutator of 9,
and spatial derivatives as collected in Lemma A.7 and commute Laplacians past V and curl where needed
(see the commutators in Lemma A.5). The commutators with d; only cause additional borderline and
junk terms that do not substantially influence the behaviour, while the spatial commutators often lead
to high-order curvature terms, for example the Ricci terms in (2-36a), that need to be more carefully
tracked. (]

Remark 2.12 (simplified junk term notation). For junk terms that occur in an inner product with a
tracefree symmetric tensor, any terms that are pure trace will immediately cancel and thus do not need to
be taken into consideration for the following estimates, even if they have to be written down in the junk
terms. Hence, we will denote with a superscript “||” (for example 532 Junk) ON @ schematic error term the
expressions that arise when dropping all terms of the form ¢ - G for some scalar function ¢ that occur in
this term’s definition (see, for example, (A-11d)).

3. Big bang stability: norms, energies and bootstrap assumptions

Herein, we state the norms and energies we use to control the solution variables. These will allow us
to state our initial data and bootstrap assumptions, and we then provide which improvement we aim to
achieve for the latter. Note that we do not provide the coerciveness of our energies immediately (and
actually cannot, at least not in a manner useful to our analysis), but will establish Sobolev norm control
in the proof of Corollary 7.3, the key ingredient being Lemma 4.5. Furthermore, we collect a local
well-posedness statement from previous work in Section 3.4.

3.1. Norms. Recall that y is the hyperbolic spatial reference metric on M introduced in Definition 2.1,
which we view as a metric on any foliation hypersurface X, (see Section 1.2.1), and G is the rescaled
spatial metric arising from the evolution (see Definition 2.9).

Definition 3.1 (pointwise norms and volume forms). We denote by |- |, (resp. | - [G(,.)) the pointwise
norm with regard to y (resp. G(t, -)). For the sake of simplicity, we define ¢ |, = [¢|G¢,.) = ¢ (2, -)| for
any scalar function ¢ on ¥;. The volume forms on ¥; with respect to y and G(z, -) are written as vol,,
and volg..) (or just volg).
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Definition 3.2 (L2-norms). Let T be a Y;-tangent (r, s)-tensor field (for r, s > 0). Then, we define

1913 5, = 15 2 s,y o= [ 1T vol,, (3-1a)
2 _ 2 . 2
||‘I||LZG(Et) - ”T(l” )”L%;(E,) R /M |T(ta : )lG([,~) VOIG(Z,‘)‘ (3_1b)
Definition 3.3 (Sobolev norms). Let ¥ be as above and J € Ny. We define
1% (5, = 15 DI, = /z, IV/Z(t, )2 vol,, (3-2a)
19105,y = 15 s = [ 19T 15 Vol (3-2b)
2 2 / 2
1Ty = I Dy = 32 1y, (3-2¢)
2 2 / 2
Definition 3.4 (supremum norms). For ¥ as above and J € Ny, we set
A J
IS les s = IT¢ ey = sup VS Dl ISleyy = 2 I1Sler),  (-3a)
peES, k=0
J
||S||c'é(2,) = ||1T(, )||cé = Sug V%, N6 “‘Zucé(z,) = kZO ||S||c'g(2,)- (3-3b)
PE2 =

Remark 3.5 (time-dependence is suppressed in notation). When the choice of ¢ and %; is clear from
context, we will often drop time-dependences of G, |- |g, volg and %, suppress the hypersurface %; in
the Sobolev and supremum norms, and simply write | » instead of fZ,' For example, we write

115, = [ 115 vole.

Definition 3.6 (solution norms). We define the following norms to measure the size of near-FLRW
solutions:

H= 1191 s + IVSll 17 +a 1V as + I s+ IE g5 + 11 Bl
+1G =yl s + IRIC[G1+ 3Gl yis +aHIN | s +a 2Nl o7 + 1N | s, (3-4a)
Hiop = a?[Wl oo +a* IVl oo + @I 2 oo + a*[RiclG1+ 3Gl 7, (3-4b)
C=1Wlcis +11Vllcss + Il cis + 1 E e + 1Bl o
+1G = yllcis + IRiclGl+ §Glicis +a HINll e +a >[Nl gas + [N [l s, (3-40)
Cy = Wlice +11V@licys + 1 Zlcie + 1 Ellcis + 1Bl cys
+1G = vlicio + IRic[G1+ §G et +a [N licis +a [ Nlless + [N | ¢so. (3-4d)

Remark 3.7 (choice of metric and controlling Christoffel symbols). We could equivalently also phrase H
in terms of y-norms, or predominately use C, instead of C, since we include the norms on G — y and
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Ric[G] + %G = (Ric[G] + %y) + %(G — ). We will demonstrate in Lemma 7.4 how Hg and C,, norms
can be used to control H, and Cg norms. We will also indicate how the initial data and bootstrap
assumptions for C, and C are equivalent in Remarks 3.11 and 3.18. The main reason for this is that, by
successively replacing local coordinates in the expressions of I' — r by V, one has

IT = Fller 4y S PG =y leran 167 =y lleyan). (3-5)

We choose to work predominately with norms in terms of the rescaled metric since quantities appearing
in the Einstein system are naturally contracted by G, not y, and we commute with differential operators
associated with G.

Remark 3.8 (redundancies in the solution norms). The solution norms #, C and C,, are not “optimal” in
the sense that controlling the norms of ¥, V¢, ¥ and G — y is entirely sufficient to gain the claimed
control (up to constant) on N via the lapse equation, E and B via to the constraint equations and
Ric[G] + %G via local coordinates. We choose to include all variables in the norms and subsequent
assumptions mainly for the sake of convenience.

3.2. Energies. The fundamental objects used to control the solution variables are the energies that take
the following form:

Definition 3.9 (energies). Let [ € Ny. We define
ED(p, 1) = (—1) / WA — a*p AT g volg
M
[y | AP+ a* VA 2% volg, [ even,

- {fMWAU—WZ\WG +at|ATD2p1% volg, 1 odd, (3-6)

EOW, 1) = (—1) /M(E, A'E) + (B, A'B)g volg, (3-6b)
EO(E, 1) = (=1 /M(E,AIE)Gvolg, (3-6¢)
D Ric, ) = (=1 /M(Ric[G] + 3G, A'(Ric[G] + 5G)),; volg, (3-6d)
EO(N, .y = (=1) /M<N, AN volg. (3-6e)

Usually, we will use integration by parts to distribute derivatives within the energies as in (3-6a). Further,
we introduce the notation

g=h — Xl: £® (3-7)
i=0
for any of the energies above.

For any / € Ny and any smooth functions fi, f> € C*°(R}), we have
fl X f2 . 5(2[-‘1-1) < %fIZE(Ql) 4 %f225(2[+2)- (3-8)

Performing the calculation for ¥ as an example, we have

8(2”])(2,-):—/ (A’E,Al+1E)GVOIG§/ IA'S|GIAM E |G volg < VECD(Z, - )V/EAH(E, ).
M M
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Now, (3-8) then follows from the Young inequality. As a consequence, we also have

i I+1
g=2) < ) gam g2+ < D g@m (3-9)
m=0 m=0

This allows us to largely restrict our analysis to even-order energies, outside of how we close the bootstrap
argument at top order.

3.3. Assumptions on the initial data. With the necessary solution norms and energies now defined, we
can now state what we assume near-FLRW initial data to satisfy:

Assumption 3.10 (near-FLRW initial data). For some small enough ¢ € (0, 1) and the solution norms
H, Hiop and C as in Definition 3.6, we assume the rescaled initial data to be close to that of the FLRW
solution in Lemma 2.3 in the following sense:

H(10) + Hiop (10) +C(10) S £ (3-10)
The assumptions on H + Hop also imply

EED (@, 1) +E(E, 10) + EED W, 1) + £ Ric, 1o)
HIV I +EP N, 10) +alt) ™M (N, 10) +alto) FE=1N, 19)
+a(0)* €1 (@, 10) + a(t)* €NV (Z, 10) + alto)* €V (Ric, 1) S et (3-11)

Remark 3.11 (initial data size in C,, (tp)). Notice that by (3-5), (3-10) implies that

IT _F||cg5(2,0) <gt, (3-12a)
and arguing along similar lines and using L? — L*-estimates, also

IT =Tl s, S et (3-12b)

In particular, since moving from Cf, to CZG only requires control on Christoffel symbols to order /—1 for gen-
eral tensors and / —2 for scalar functions, as well as zero order control on G —y, it follows from (3-10) that

Cy (1) S 2. (3-13)

We refer to the proof of Lemma 7.4 for a more detailed term analysis and how a similar argument also
applies to the Sobolev norms.

Remark 3.12 (redundancies in the initial data assumptions). Similar to Remark 3.8, one could also
reduce the initial data assumptions in (3-10), especially at top order. In particular, we highlight that the
Bel-Robinson energy can be entirely controlled by the other terms that occur due to the additional scaled
X-energy at order 19, or vice versa we could drop the latter in favour of the former. This will be reflected
in Lemma 6.10.

Remark 3.13 (the volume form). Let g and p, denote the volume elements of G and y respectively.
Since the determinant is a smooth map on invertible matrices, the initial data assumptions on G — y also
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imply
lng — Ky ||cg()jt0) = |lue — My ||C)9(E,O) 5 (3-14)
Consequently, we have

-1
Ivolg —voly llcocs, ) = iy, IVoly lcoqs, ) G0y = My llcos,) S €

and, since |G~ —y ! ||C3(E, 'S &2 also follows by a von Neumann series argument from the initial data
assumption on G — v,
<g? (3-15)

)~

[[volg — vol,, ||Cg(2’

3.4. Local well-posedness and continuation criteria. For everything that follows, we need to establish
that the initial data assumptions above also ensure local well-posedness. For the core system, we translate
the local well-posedness result for stiff fluids in [Rodnianski and Speck 2018b] to the subcase of the
scalar field system. While statement and proof there are for vanishing spatial sectional curvature and
what corresponds to choosing C = \/Z , the arguments for our setting are completely analogous.

Lemma 3.14 (local well-posedness and continuation criteria for the Einstein scalar-field system (big bang
version); see [Rodnianski and Speck 2018b, Theorem 14.1]). Let N >4 be an integer and (M, &, k7, 12)
be geometric initial data to the Einstein scalar-field system (see Section 1.2.1) and assume that one has

18 — att0)*y Il ot gy + 1k + 57 (00) - @)y gy ony + 15t Ny ony + 1 = Cato) >y ary < 00,

as well as, for some sufficiently small n' > 0,
I = Caio) llcoany < '

Then, the CMC-transported Einstein scalar-field system (respectively the rescaled system) is locally
well-posed in the following sense: The initial data (g, k,#, IZ) launches a unique classical solution
(g, k,n, Vo, 0:¢) to (2-16a)—(2-16b), (2-15a)—(2-15b), (2-18) and (2-17a) on [t1, ty] X M for some
t1 € (0, tp) that satisfies k'; = =3aa=" and n > 0, launches a solution to the Einstein scalar-field system
and such that the variables enjoy the following regularity:

g € Cyl (I, 10] x MYNCO([11. 10), HY T (M),

ke CZXzf (It 1o] x M) N COl1n. o), HY (M),

Ve e CLL2 (I, 0] x M)NCOl, 10], H,)Y (M),

dt2+
09 € cV 12+

neCho (1, to] x MYNCO([11, 10], Hy P2 (M),

(I11. 10] x M) N CO([11. 10], HY (M),

The rescaled variables (G, X, N, V¢, V) enjoy the analogous regularity. If ({, to] is the maximal interval
on which the above statements hold, then one either has t = 0 or one of the following blow-up criteria are
satisfied:

(1) The smallest eigenvalue of g(t,,, - ) converges to 0 for some sequence (t,,, X)) € (£, to] x M with t,, | t.

2) n(ty,, xm) converges to 0 for some sequence (t,,, x,,) C (4, to] x M with t,, | t.
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3) (ap|* + |V¢|§,)(tm, X)) converges to O for some sequence (t,,, X)) C (4, to] X M with t,, | t.
@) se ol lglcas,) +lklcis,) + Inllcas,) + 19 blci s, +1VOlcl(s,) is unbounded.

A note on the proof. Note that the additional initial data requirement in the stiff-fluid setting that the
pressure is strictly positive is covered by the smallness assumption on Y — Cal(ty)?, since the pressure
corresponds to |1/°f 1>+ |7 |§ and the assumptions on d;¢ and V¢ ensure that (after embedding) this quantity
behaves like C2a(ty) ¢+ O() at Z,,. O

Corollary 3.15 (local well-posedness for the Bel-Robinson variables). Under the assumptions of
Lemma 3.14, the Bel-Robinson variables E and B corresponding to the Lorentzian metric g = —n> dt*+g
satisfy (2-24a)—(2-24b), are the unique classical solutions to the evolution equations (2-25a)—(2-25b), and
satisfy

E, B e CN73 ([, t0] x M)NC (11, 1], HY ™ (M)).

Proof. That E and B satisfy the constraint equations, solve the evolution equations and have the stated
regularity on the interval of existence is a direct consequence of Lemma 3.14 and the computations in
Section 2.4. Furthermore, with initial data derived from the constraint equations as in Remark 2.8, the
hyperbolic system (2-24a)—(2-24b) launches a unique solution satisfying the regularity above that must
then be (E, B). O

For sufficiently regular initial data (N > 21), it follows that
g, ), SV W, ), €E(E, ), E5PRic, ), IG =yl s € CH(ln, o)),

and similarly the square of any supremum norm occurring in C is continuously differentiable on [#1, #o].
Strictly speaking, we would need to assume this additional regularity on our initial data for the computations
in the following sections (especially Section 6) to hold. However, since smooth functions are dense in
H' (M) for any / € Ny, any bounds on #(¢) and C(¢) that we prove assuming sufficient regularity at X,
then immediately extend to data only satisfying the regularity implied by (3-10).

Thus, from here on out, we will assume without loss of generality that all energies and squared norms
are continuously differentiable on the domain of existence, and similarly all variables are continuously
differentiable for the lower-order Cg-norm improvements in Section 4.2.

3.5. Bootstrap assumption. To keep an overview of the entire bootstrap argument, we state all of the
assumptions and comprehensively list how we intend to improve them.

Assumption 3.16 (bootstrap assumption). Fix some tpoo; € [0, to). Further, let co > 0, let o € (¢'/3, 1]
be suitably small such that coo < 1, and Ky > 0 a suitable constant. For any t € (tgoot, to], we assume

C(t) < Koea(t)™ 7. (3-16)

Remark 3.17. More explicitly, (3-16) means
Wlicw < Koga™7, (3-17a)

IV@llcrs < Koga™7, (3-17b)
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IZllcie < Koga™7, (3-17¢)

IElcis < Koga™7, (3-17d)

I1Blics < Koga™7, (3-17¢)

[RiclG1+ 3G s < Kosa™", (3-17f)

IG = ¥llcis < Koga™ 7, (3-17g)

[Nl +a® [ Nlless +a* N | s < Koea® ™%, (3-17h)
IT = Tlless < Koga™ . (3-17i)

Remark 3.18 (bootstrap assumptions with respect to y). Note again that we could equivalently make the
above bootstrap assumptions with respect to H, - and C, -norms: For example, the assumptions (3-171)
and (3-17g) imply

12l

ISl

—COo —CO
a IICIIClG +1¢ ||C£</—|>/2w ea <,

IZANRZA

—co —co
a N Zllcy + 1%l cpaea

for any smooth function { € C*°(%;), any X;-tangent tensor ¥ and a constant ¢ > 0. This is essentially
a direct consequence of (3-5), and we will prove an improved version of this rigorously in Lemma 7.4.
Applying this to each norm in C, we get

C, Sea (3-18)

for some updated constant ¢ > cy.

Remark 3.19 (strategy for the bootstrap improvement). Our goal is to improve the C-norm estimate to
C < K189/8a—c181/8

where c1, K| > 0 are positive constants independent of o and ¢. Notice how this is actually an improvement
if we choose o suitably and then choose ¢ sufficiently small: Any update between Ky and K| can be
balanced out since we gain at least the additional prefactor g!/3
choose to have been suitably small. Similarly, we improve the power of a if we have ¢

in each estimate, which we can then

8.7 <co/cy. If

we then retroactively choose o large enough compared to & but small overall — for example o = ¢!/16 —

1/16 1/16

and then ensure that max{cg, c1}e < 1, as well as cj¢ < ¢y, are satisfied by choosing ¢ to have

been small enough, we have strictly improved the bootstrap assumptions.

Remark 3.20 (conventions within the bootstrap argument). Throughout the rest of the argument, we
tacitly assume ¢ € (fBoot, fo] if not stated otherwise, and we assume ¢ and o to be sufficiently small. In
the proof of Theorem 8.2, we will choose o = £!/16, but this explicit choice will not be used or needed
up to that point. Finally, we allow ¢ > ¢( be a constant that we may update from line to line, and will
similarly deal with prefactors by “<”-notation where the constant may change in each line. These updates
will always be independent of o and ¢, but may depend on #, and the quantities arising from the FLRW
reference solution. Hence, we not only assume coo < 1, but co < 1 throughout the argument.
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4. Big bang stability: a priori estimates

In this section, we collect strong low-order Cs-norm estimates that follow as an immediate consequence
from the bootstrap assumptions, starting with key estimates at the base level and followed by weaker,
but still improved estimates at higher levels. Finally, we collect a differentiation formula for integrals
with respect to volg, as well as a Sobolev estimate that lays the groundwork for energy coercivity. In
particular, using the strong Cg-norm estimates, said estimate proves that moving between energies and
norms at most incurs an error involving lower-order energies of the controlled variable and curvature
energies, scaled by a V¥,

4.1. Strong C g-estimates. First, we establish a pointwise bound on the lapse that actually holds irre-
spective of the bootstrap assumptions:

Lemma 4.1 (maximum principle for the lapse). The lapse remains positive and bounded throughout the

evolution:
n=N+1¢€(0,3]. 4-1)

Proof. Let t € R be arbitrary and n,;, be the minimum of n over X, at (¢, Xyin). Then, (Agn)(z, xpin) >0
holds. If npni, were nonpositive, (2-17a) would lead to the following contradiction:

0> —127C%a ™% — La™ + npin[ 2a 72 + 47 C*aC + (k, k) + 8718001*] = Agn(t, Xmin) > 0.
This shows n > 0, and the upper bound follows analogously. (I

The following estimate will be essential in dealing with borderline terms throughout the bootstrap
argument:

Lemma 4.2 (strong C g estimates). The following estimates hold:

Wl S e, (4-2a)
IZleo Se, (4-2b)
IElco Se. (4-2c)

Proof. (4-2a): From (2-32a), we obtain the following using Lemma 4.1 for n, the bootstrap assumptions
(3-17h) and (3-17b) and that ¢ ~ a2 by (2-3):

|8t\IJ|§8a5_“’ +8a1—ca +8al—cc|qjl+8a1—co‘

After integration, we thus obtain using the initial data assumption (3-10):

W ()] < W (10)] + /ttoea(s)l_“’ ds —I—/ttoea(s)]_“’llll(s)l ds

Ss(1+/ttoa(s)l_w ds)+/t[08a(s)l_w|lll(s)|ds.

1—co

By (2-6), the integral over a
(4-2b): Notice that
WG = @, ()" + (=Y, 3, ZH" =20, (2", <218, 6|Zlg.  (4-3)

is bounded since co < 1, so the Gronwall lemma now yields (4-2a).
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Now, we consider (2-28d) and, using the bootstrap assumptions (3-17h), (3-17f) and (3-17b), get

18,216 S TINIIE® |G + VPV N|Ga+ N + 1la[Ric[GF + 5G|

- e +IN +1]a|V*¢ V|G +/3IN| - (4 C*a™> + La)
Sea' "G +ea' .

We can now apply Lemma A.2 with f = ||%, and thus have along with (3-10) and (4-3)

to
IZl6() < [Zl60) + [ 13 |6(s) ds S e.
(4-2¢): Using the constraint equation (2-29c¢) and that (G, E)g = trg E = 0, one sees
|E|g = (a*(Ric[G]+ 5G) —da’E — £ O £ —4na*V¢Ve, E),.

Then, applying the bootstrap assumptions (3-17f) and (3-17b) shows the Ricci and matter terms are
bounded by €a*°|E|g, and the a priori estimate (4-2b) along with aa*~1 by (2-3) bounds the remaining
terms by €| E|g. The statement then follows by dividing by |E|s and taking the supremum. U

Note that, in the proof of (4-2b), it was essential that we used (2-28d) instead of (2-28c), since using
the latter would incur terms of the type |0;G|g|Z |2G and a 3|2 |3G when computing the time derivative
of | |é, which, at this point, behave like a3 % |QG, and thus not yield the sharp estimate (or even an
improved estimate) that we will need to control borderline terms.

4.2. Strong low-order Cg-norm estimates. Now, we can prove the main supremum norm estimates in
this section:

Lemma 4.3 (strong low-order Cg-norm estimates). The following estimates hold:

Wl Sea™ev", (4-4a)

IZllce S ea™", (4-4b)

1G =y llcp S vea™VF, (4-4c)

16~ =y e S Vea™Vr, (4-4d)
IV$llcn S Vea V7, (4-4e)
|RiclG1+ 3G | o < Vea™ V%, (4-41)
IBllen S sa® V7, (4-4g)

IEl e S ea™VE. (4-4h)

Proof. Before going into the individual estimates, we collect the following commutator term estimates
from the expressions in (A-10a)—(A-10b):

7 -3 a
I106:, V1 llco S a IIN + Higzlx N1l + ElINllcéfl 1€l st (4-5)

1080, V1%l ey S aIN + e (19 Bl I8l + I E g1 1T + SINIeg 1T @-6)
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With this in hand, we will prove each estimate by iterating over the derivative order as long as the bootstrap
assumptions can be applied. In each step, we use the previously obtained estimates at lower order to
control the commutator term (with some additional care for ‘¢ = X which we need to consider first), while
we can use similar arguments to those at order O to control the “core” of the evolution equations.

To start out, we apply (4-2b) on X and the bootstrap assumption (3-17h) on N to the rescaled evolution
equations (2-28a)—(2-28b) and deduce

10,66 = 10,(GE —yEY)|g <ea 4+ ea' 7% <ea™3. 4-7)
(4-4b): We assume
IZllesr S ea™V® (4-8)

to be satisfied for some J € {1, ..., 12} (for J =1, this is true by (4-2b)). Observe the following:
HIV/SIZ =20, V'S, VIZ)6+8,G !« V/ D xV/ 3.

Now, we commute (2-28d) with V7: As before, V’ 3, % is bounded by ea—“° for any admissible J. Hence
and using (4-7),

0V E1G Sea?IVIE[G + (a7 +[1[3, VIIZ N c0) IV El6
is satisfied. Looking at the commutator term using (4-6), we have with (4-2b) that
100, V1Rl cy Sea™ B lley +a - IZIEsm +ea' ™12 g
Altogether, we obtain
UIVIZ[G S (ea T lley + 80~ + %>V |V 56

With Lemma A.2 as well as the initial data assumption (3-10) and the integral formula (2-6) with p = c./e,
this implies

1
V/El6) S [ ea ITleyx, ds + e+ vEa V)
t s
and consequently, after taking the supremum on the left and applying the Gronwall lemma,
1Bl s, Sea Ve,

Combining this with (4-8) proves the statement up to order J, and hence shows (4-4b) by iterating the
argument up to J = 12.

(4-4a): We again assume that
Wil S ea™eVe 4.9)

holds for J € {1, 2, ..., 13}. Observe that

a
8,V WG SalN + HiczrilVelliern +—IVNIcz (L4 1) + 110, VJ]‘I/IICg-
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By (3-17h), (3-17b) and (3-17a), the first two summands can be bounded (up to constant) by gal—c, By
(4-9), (4-4b) and (3-17h) and using (4-5), the commutator term is bounded (up to constant) by g2a3—eVe,
Altogether,

10,V WG S ea' "0 4 e2a73 V0

follows. Inserting this and (4-7) into
19:(IV/ W) <18,G7 IV WG +219, VW6 - [V WG
implies, with Lemma A.2,
VI W6 () < |V’W|<ro)+/t’°(%|atG—1||V’\D|G + 10,V W) (s) ds
<l /tm(ea(s)*ﬂvhp(s, o +ea(s)' 7 +2a(s) V) ds.
We obtain using (2-6)

1
VW) < ea(r)—cﬁ+/ Cea(s) 3|V W (s, )|g ds.
t

The Gronwall lemma, applying (2-5) and taking the supremum over ¥; then implies |V \Illc'é < ea Ve,
This proves (4-2a) by iterating over J and adding up the individual seminorms.

(4-4¢)—(4-4d): Note that (4-7) implies (4-4c) at order O since one has
191G — y16)*| S18:G 7 'GIG — v 15 +13:(G —W)IG —vlg Sea*1+1G - y|6)IG - vlg,

which we can apply the Gronwall lemma to after integrating, along with (2-7) for the error term, as in the
proof of (4-4b).
For higher orders, commuting (2-28a) with V’ and inserting (4-4b) and (3-17h) implies
18,97(G = )llco S ea™VE +2a' =7 +]|[8,, V/I(G = )llco,
with
108, V71G = P)lley, S (a2~ VF 80" )G =yl gy
Once again doing the same iterative argument over J < 12 and assuming the estimate to hold up to J — 1,
this altogether becomes
10:V7(G =)o Sea™ ",
implying with (2-6)

1
IV/(G=pliey S +e [at) ™V ds S VeaV".

1

The argument for G~! — y~! is completely analogous.

(4-4¢): We only prove the statement for C%, the full estimate extends from there by the same iterative
arguments as above. Considering (2-32b), Lemma 4.1, (4-2a) and (2-3), we have

18, Vole Sa>(IV¥|G +|VN|G)
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and thus, with (4-4a) and the bootstrap assumption (3-17h),
18, Volg S ea 37V,
With (4-7), this implies
12 1Vl6I® S ea”*|Vlg +ea™ V| Vgl6
and the statement follows as usual by applying Lemma A.2, (2-7) and the Gronwall lemma.
(4-41): This follows as in the proof of (4-4c) using (2-33) and (2-28a) and their commuted analogues.

Once again, for Cg, we have (4-4g): This is obtained immediately from commuting (2-29d) with V“/
and applying (4-4b). Notice that the Levi-Civita tensor can be absorbed into the implicit constants since
1€[G1lg = v/6 holds (see (A-2c)).

(4-4h): This follows like in the proof of (4-2c) from applying (3-17f), (3-17b) and (4-4b) to the constraint
equation (2-29¢) commuted with V7. U

4.3. Other useful a priori observations. Before moving on to the energy estimates, we collect a differen-
tiation identity and lay the groundwork for energy coercivity:

Lemma 4.4 (the volume form and differentiation of integrals). Let g = ~/det G denote the volume
element with regard to G. It satisfies

dipG = 316(G™)78,Gij = —Nrtpue, (4-10)
and hence one has
luG =ty llco S (4-11)
on (Z¢)repon.to]- Further, for any differentiable function ¢, one has
8t/ Zvolg =f 3t§'V01(;—/ Nt -¢volg. (4-12)
M M M
Proof. From (2-28a), we obtain (G~ 1) 0,Gij = —2Nt, and (4-10) follows by
g = 3+/det G(GTNV9,G;; = —Ntpg.

Hence, we have using (3-17h) and the initial data estimate (3-14) that

1o .
e — 1yt ) < 8+/t £a(s) |G — py (s, -)ds

holds, and thus (4-11) after applying the Gronwall lemma.

Finally, we obtain (4-12) by writing volg = (G /i, )vol, and inserting (4-10). O
Lemma 4.5 (preliminary Sobolev norm estimates). Let ¢ be a scalar function and T be a symmetric
Y, -tangent (0, 2)-tensor, and let | € {1, ..., 9}. Then, on (tpoot, to], the following estimates are satisfied:
Forl > 5, one has

V2212, SIALIR, +a~YEIVe |3, (4-13a)
G G G

-1
18130 S IATEIZ, +a™VF (X 1A"¢I2 + 16 12a 2E 2D Ric, ), (4-13b)
m=0
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2[+1
Z 1€ 15 S IV AN 2+a—‘f (Z IVA™ENG + Vel L€ Ric, - )) (4-13¢)
m=0
Z IVEI5, S 1VA'] z+a*6f(2 IVA"E 17 +1VElgan &= Ric, )) (4-13d)
m=1 m=0
and
-1
112 S IAMI, +aVF (X 1A, + 1T 1 £ 2 Ric, ), (4-14a)
m=0
ALl —ce = meey 2 2 (<21-1) o
Y TG, S IVA'S), +a (Z IVA TG + 1Tl 108 (Rlc,->). (4-14b)
m=1 m=0

More precisely, the Ricci energy terms can be dropped in all of the above estimates for | <5.

Remark 4.6. We stress that Lemma 4.5 is crucial for everything that follows in multiple ways:

Firstly, the Lé—norms containing ¢ and ¥ on the right-hand sides above except (4-13d) are in precisely
the form the energies in Definition 3.9 take. Hence, this is what will actually yield near-coercivity of
our energies since the Cg-norms can be controlled by a~“V¥ or better using the a priori estimates from
Lemma 4.3, as well as (3-17h) for the lapse. This will be shown more explicitly as an intermediary step
in improving the bootstrap assumptions for C (see proof of Corollary 7.3).

Secondly, a downside of using A as the main differential operator to commute with the Einstein
scalar-field system is that it creates error terms that we can only bound by Sobolev norms and not directly
express as energies. Thus, we need a way to translate this information back to energies to formulate
energy inequalities. A lot of this is done “under the hood” in the error term estimates in Section A.4.

Finally, some top-order terms also do not appear in a way that their Z?-norm is directly the square root
of an energy (see, for example, the term aV2AL2N in (2-35)), and some borderline terms would lead to
nonintegrable divergences if we were to incur additional divergences in estimation (see, for example, the
first term in (A-14a)). Lemma 4.5 precisely provides a way to relate these terms to energies . Additionally,
by applying these estimates for terms of the form A%/2¢ and AL/, one can avoid high-order curvature
energies that run the risk of breaking the energy hierarchy.

Proof. Since the arguments for all of the inequalities above are very similar, we only prove (4-14a) in full
and then briefly address the other estimates.

Letting %[1---i2,k1k2 =V, - Vi, T k,» we compute with the commutator formula (A-6¢) and strong
Cg-norm estimate (4-4f):

2812 _ o o
/M VAR = /M(V‘I, AVE) g volg
=— /Mwi, VAZ)g volg + /M V3 %[V Ric[G] % 4 Ric[G] * VE] volg
< [ 18T vol + (14 [RiclG1+ 3G ) - | [ %1 volo + [ VAT volg

5/ |A§|é+a‘c‘/§/ |‘§|évol(;.
M M
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In the final step, we used integration by parts to obtain
a—cﬁ/ IVZL2 volg < / AT |6 - a~ V|3 volg < / (AT +a V5 131%) volg
M M M

and updated c. This already shows (4-14a) for [ = 1. Assume now that (4-14a) holds up to some
[ €N, [ <9 and any symmetric X;-tangent (0, 2)-tensor field. By applying (A-6d), we have

AT =VIATH[A, VIVE 23 4. 4 VI 2A, VAT

=VIAT+ Y VR(Ric[G]+3G)* V=T + G * VT, (4-15)
IRic+1s=2I
Subsequently, we have for [ > 5 using the strong Cs-norm estimate (4-4f) for any Ricci term of order 10
or lower that

e . 2
ITW 0 = [ 1V31G volg S IATI + (1 4+ vea DI + 1T 12 [RiclG1+ 5G] .

C2/ 11

and get the same estimate without the final term for [ < 5. By assumption, we can estimate ||AT [k 12
117, o and |Ric[G1+ 2G| u 3 in (4-14a), and get the following for / > 5:

[ V25 volg < [ 1A' ATIG, 4070 b3 1A )2, +a VAT w8 Ric, )|
m=0

-1
+ I:afc‘/gHAlTHi%; +a,C\/g Z ||Am(s“izG +aicﬁnznég—lzg(szlim(Rica ):|
m=0

+a VT [EP Ric, ) + (£ Ric, ) + eaVFEE? D Ric, 1)) ]
G
[
SUAITI, +amVE( X IA7TI, + 1T 0, £ Ric, ).

For [ =5, we get analogous estimates dropping the Ricci energies in the first two lines, and for [ = 4, the
same with all curvature terms dropped.

To prove the statement for / 4 1, it now remains to be shown that 112 p2+1 can be bounded by the
same right-hand side (up to constant) as above. By integration by parts, one has

vtz ? o[ +||Av%||

L2 N” L27

where the latter tensor is precisely AT, which we just treated, and the former is covered by the induction
assumption at order 2/. So, (4-14a) now follows for [ 4 1, and thus by iteration up to / = 10.

The proof of (4-14b) is analogous — we note that since we actually only needed a strong estimate on
|IRic[G] + 2G”C"’G for the previous inequality, but (4-4f) holds at C !, this gives enough room to extend
the argument in full despite the extra derivative order.

For both, note that we only need to estimate the Ricci terms in the Lé—norm if one cannot apply the
a priori estimate (4-4f) to all V/® Ric[G] that occur in (4-15), and thus we could easily adjust the proof
such that the Ricci energy does not occur in any of the proofs as long as 2/ —1 < 10 is satisfied, so for / <5.

The estimates (4-13b)—(4-13d) are proved identically, the only difference being that one order of
curvature less enters in the commutator terms in (4-15), leading to one order less in curvature in total.
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For (4-13a), we note that we can avoid incurring any L?-norm by carefully repeating the argument we
made for T using (A-6a):

/ V2|3 volg = f —(V¢, VAL)G volg +/ Ric[G] % V¢ % V¢ volg
M M M

gf |A§|2GVOIG+6FC“/§/ V¢ [ volg. 0
M M

5. Big bang stability: elliptic lapse estimates
In this section, we study the elliptic structure of (2-30a)—(2-30b), which admit estimates controlling
(time-scaled) lapse energies by other energy quantities. To this end, we recast these equations as follows:
Definition 5.1 (elliptic operators). For any (sufficiently regular) scalar function ¢ on X;, we define the

differential operators

Le=a'Ae—f-¢, f=1a"+127C* + (2, 2)g + 87V + 167 CV, (5-1a)

=F
Le=a*Ne—f-¢, f=1a*+12nC* +a*[RIG1+ % — 87 |Vol}]. (5-1b)

=F

Note that the lapse equations (2-30a), respectively (2-30b), now read

LN =F, respectively LN=F. (5-2)
Furthermore, observe that
[Z, Al = AF -t +2(VF, Vi)g. (5-3b)

5.1. Elliptic lapse estimates with L. We first study the elliptic operator £, which will admit weak lapse
energy estimates in terms of scalar field quantities and X, up to curvature errors, that can in particular
be utilized at high orders without having to resort to higher derivative levels. Before moving on to the
estimates themselves, we collect a couple of inequalities we can deduce from the bootstrap assumptions
and strong Cg-norm estimates.

Remark 5.2. There exists a constant K > 0 such that, for ¢ > 0 small enough, the following estimates hold:

e > —Keg, and equivalently f > 127 C? — Ke. This is ensured by (4-2b) and (4-2a). In particular, we
can assume ¢ to have been small enough such that f — 67 C? can be bounded from below by a positive
constant that is independent of & (for example, 37 C?).
e |Vflg=I|VF|g < Kea~ Ve, This is given by (4-4b) and (4-4a).
Lemma 5.3 (elliptic estimates with £). Consider scalar functions ¢, Z on ¥, that satisfy

Lr=2Z. (5-4)

Then,
a* | ANz +a?IVE 2 + el SIZI e (5-5)
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Proof. The proof follows along the same lines as that of [Speck 2018, Lemma 16.5]: First, we obtain the
following by multiplying (5-4) with —¢ and integrating, and using that f — 67 C? is bounded from below
by a positive constant (see the first point in Remark 5.2):

[ @19¢1 +15Pyvolg S 12115
M Lg
Next, we multiply (5-4) with a* A¢ and obtain
[ @18cP +a* Vel frvole < [ 31ZP 4308108+ (515 P + 3a*1VEIg)a IV S g volo.

Using the second point in Remark 5.2, as well as the previous step, we can now conclude

[ @18¢P +a* Ve i) volg < (141211}

M G

and thus the statement after rearranging. O

Corollary 5.4 (intermediary elliptic lapse estimate with £). The following estimates hold for any
l1e{0,...,10}

a* AN 2 4@ VAN 2 +I AN 2 SIA'Fllpz +ea™ Vo Fo-n +e2a* ™0 VESD(Ric, ).

. not present for [<1
not present for [=0 p Jorl=

Proof. We prove the statement by induction over / € N: For / = 0, the estimates immediately follow from
(5-2) and Lemma 5.3. Assume the statement to be satisfied up to [ — 1 for some [ € Ny, [ < 11. We get,

applying (5-3a) iteratively,
21—1
LAIN =Y VIF«VZIN (N +1)A'F.
I1=1

Applying Lemma 5.3 to ¢ = AN, as well as Lemma 4.1, yields

21—1
a AN 2 + @ IVA'NI 2 +IAN 2 S X IV F« VEIN 2+ IATF 2.
=1

Hence, using (4-13c) (replacing [ with [ — 1) and (3-17h), (4-4a) and (4-4b) to estimate low-order terms,
we get
a AN 2 +a®IVAINI 2 + AN

-1
SIAFl 2 +ea~ (X IVA"N] 3 +ea*EEIRic, ) )

m=0

4—co -1 —cve [e(<20-4) (Rie .
+eca (||F||Hé(,_]> +IVATFll 2 +ea VE (Ric, -)).
For the top-order lapse term, we can redistribute the divergent prefactor as follows:
- -1 ! -2 -1
ea”VEIVATINI L SEA'N p +ea 2 VE AN

The lower-order lapse terms, as well as [|[VA/ZIF|| 12 can be estimated similarly, just without having to
redistribute the prefactor. Updating ¢ > 0 and rearranging then yields the statement at order / for suitably
small ¢ > 0, and thus the entire statement after iteration. |
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Corollary 5.5 (lapse energy estimates with £). Foranyl € {0, ..., 9}, one has

aBeFE(N, Y +a* e DN, )+ PN, )
SEEN (@, ) +EP (9. )
+e2a VEEED (5, 4 €220 (g )] (e*a Y + 2P ) 5P I (Ric, )

not present for 1=0 not present for [<1

Proof. Note that, by Corollary 5.4, all that needs to be done is to relate all Sobolev norms of F that occur
to the respective energies. Schematically, we have

21—1
A'F =160 (AW (W +CO) +2(A!E, )6+ 3 (VW s« VIIw 1 vis « v2-Ty),
I1=1

For the first two terms, we can use (4-2a) and (4-2b) to bound |X|s and |V + C| by ¢ and 1 up to
constant, respectively. For the remaining terms, we similarly always bound the lower order in Lg with
(4-4a)—(4-4b) and bound the higher order with the energy estimates in Lemma 4.5. Further, we can use
(3-8) to redistribute divergent prefactors onto energies of order / — 2 and lower. This already incurs
the terms on the right-hand side of the claimed estimate, and the lower-order norms of F only incur at
equivalent or weaker error terms. (Il

5.2. Elliptic lapse estimates with L. While the estimates in the previous subsection are useful at high
orders, they are not enough to close the bootstrap assumptions for N. This can be achieved by deriving
estimates in terms of £ — however, due to the explicit presence of Ricci terms in this version of the lapse
equation, we use this to bound N at lower orders. Since the arguments are largely identical to the ones
above, we only sketch the proofs.
Remark 5.6. Note that when replacing f by fand F by F in Remark 5.2, the same statements hold for
a suitable constant K. In fact, the bootstrap assumptions on Ric[G] and V¢ even imply || F ||C}; < ea*=¢o,
noting
|RIG1+3|; <1G76|RiclG]+ 5G| < [Rie[G]+ 3G,
and
IVRIGll¢ = [V(RIG]+3)]|, < |V(Ric[G]+ 5G) |-
Lemma 5.7. Any scalar functions ¢ and Z such that
Le=27
holds satisfy the estimate
a* | ANz +a’IVE 2 + sl SIZI e
Proof. The proof follows identically to Lemma 5.3 since all tools relating to f and F used in proving

these statements were collected in Remark 5.2, and these extend to by Remark 5.6. ]

Corollary 5.8. Forl €{0, ..., 8},
a88(2(1+1))(N, . ) +Cl4g(21+1)(N, . ) +g(21)(N’ ) S agg(SZI)(RiC, . ) +8a8—c\/5||v¢||2

20
HG
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Proof. As in the proof of Corollary 5.4, this follows by commuting L with Al iteratively and applying
(4-4e) and (4-4f) to bound lower-order terms within the nonlinearities. O

6. Big bang stability: energy and norm estimates

In this section, we derive energy estimates for matter variables and the geometric quantities, as well
as Sobolev norm estimates for spatial derivatives of ¢ and for metric quantities. To derive all of the
inequalities in this section beside the elliptic inequality in Lemma 6.10 and the bound on V¢ in Lemma 6.5,
we will use the same basic strategy. Hence, we give a brief overview on the form our integral inequalities
are going to take and how we intend to obtain improved energy bounds from there:

Remark 6.1 (integral inequalities and the Gronwall argument). Let 7, denote an energy or a squared
Sobolev(-type) norm at derivative level L € 2N, for example £ (¢, - ). To derive an integral inequality
for F;, we will take its time derivative, apply the respective commuted evolution equations in the integrand,
estimate the resulting terms and integrate that inequality. Schematically, the resulting integral inequalities
for F; then take the following form:

Fr(t)+ /l to(ultimately nonnegative contributions) ds
< Frlto) + /tto(el/ga(s)_3 +a(s) ' TVEFL(s) ds
+ /t toa(s)_3 (other energies/squared Sobolev norms at same derivative level) ds
+ /t toa(s)_3_c*/‘E (energies/squared Sobolev norms at derivative levels up to L — 2) ds.

For some inequalities, we will not be able to derive any beneficial e-prefactors in the penultimate line.
For example, for £ Lz, - ), linear lapse terms in the evolution of ¥ incur a term of the form

I
/[ "a() 7 a) AN g - VED(E,5) ds

on the right-hand side, which after applying lapse energy estimates creates ¢ ~'/8£() (¢, - ) on the right.
However, combining the respective inequalities for the core energy mechanism at each derivative level
with appropriate e-weights, this will then combine to an inequality of the following form for a total energy,
which we informally denote by Fioal 1

1
Fiotal,L (1) + / 0(nonnegative quantity) ds
t
fo
< Fonai0) + [ €5 a(5)7 +a(9) V) Foa .(5) ds

I
+ / 081/8(,1(.5‘)737681/8 (already improved terms) ds +81/4]:tota1,L(l‘)
t

notpresentfor L=0 4 /¢ (small lower-order terms)(z). (6-1)

not present for L=0

In the mentioned example, multiplying £ (X, -) with the weight !/4, in turn, mitigates the otherwise
offending term to eBa(s)73&W (¢, 5), which can be absorbed into the first line.
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Furthermore, ¢!/ 4]-"tota1, £ (¢) in the penultimate line of (6-1) can be absorbed into the left-hand side
after updating the implicit constant in “<”. Applying the Gronwall lemma (see Lemma A.1) and the
initial data assumption (which implies Fiota,z (f0) S &%) then yields

i1
Frotal, (1) < (84—|- / 081/ 8a(s)3ce v (already improved terms) ds++/¢-(lower-order terms)(t))
t

not present for L=0

-exp(K-/ttoel/ga(s)_3+a(s)_1_c‘/gds>

(,'81

for some constant K > 0. By (2-7) and (2-6), the exponential factor can be bounded by a™ /8, up to

constant and updating ¢ > 0.

C€1

Hence, for L = 0, this implies Fora1.0 S gta~ /8, and thus leads to improved bounds for base level

energy quantities (see Remark 3.19 for the precise scaling hierarchy that will achieve). By iterating this

argument for L > 0, the already improved terms will then be bounded (at worst) by 84a_"‘91/8, and (2-6)

shows that the first line can be bounded by gta—ce’

e*a—¢"" for any L up to and including top order.

" after updating c. This allows us to bound Fiya1 1 by

Finally, we mention that, to control energies at order L, we need to consider scaled energies at order
L + 1 within Fioa),; — this arises since the scalar field occurs at first order in the evolution equations for
E and B. We avoid losing derivatives by employing the div-curl-estimate in Lemma 6.10 at order L 4 1,
which allows us to control a*€Z+D (X, .) by quantities at order L. This is precisely what generates the
nonintegral terms in the schematics above. We note that it is crucial that the scalar field occurs at no
worse scaling than a~! in (2-38a)—(2-38b) —else, moving to these time-scaled estimates at order L + 1
would lose too many powers of a and lead to exponentially divergent terms after applying the Gronwall
argument.

Recall that L%;—norm estimates for error terms arising in the Laplace-commuted equations in Lemma 2.11
are collected in Section A.4. Low-order estimates (in particular estimates for L = 2) could often be
improved if needed by more carefully avoiding curvature error terms, but we refrain from doing so where
it is not necessary to keep estimates as unified as possible.

6.1. Integral and energy estimates for the scalar field.

6.1.1. Scalar field energy estimates. Over the following two lemmas, we prove the core energy estimates
to control the matter variables, which are immediately prepared differently at base, intermediate and top
order for the total energy estimates in Section 7.

Lemma 6.2 (even-order scalar field energy estimates). Let t € (tBoot, to]. Then, one has
; .
eV, 0+ [ awat’ eV W, + %s@w, 5)ds
t

SEQ @, 1)+ /, "ea(s) 20 (p, ) +eaEO (S, 5)ds. (6-2)
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Further, for any L € 2N, 2 < L < 18, the following estimate is satisfied:

eV, 1) + /ttoél(s)a(s)SE(LH)(N, 5)+ i‘%s@)(N, 5)ds
SEP(g. 1)+ / “ea(9) 7 +a(s) "V ED (@, 5) ds
+ /ttoea(s)_3€(L)(E, $)+e¥a(s) 2T D Ric, 5) ds
+/t’°ﬁa(s)—3_cﬁg(sL—2)(¢’S)+8a(s)—3—c\/55(5L—2)(2’S)ds

n / © 6324 (5) 3 VEE L Ric. 5) ds . (6-3)
t

ifL>4

Remark 6.3. This proof relies on two mechanisms: Firstly, we use the structure of the wave equation
and integration by parts to cancel the highest-order scalar field derivative terms. Getting this cancellation
is what necessitates scaling the potential term in the scalar field energy by a*. Secondly, we deal with the
highest-order lapse terms using the elliptic structure of the (Laplace-commuted) lapse equation — both in
an indirect way by invoking the elliptic energy estimate in Corollary 5.5, as well as by directly inserting
(2-37a) to cancel some ill-behaved terms. While the framework significantly differs from the scalar
field energy estimates [Speck 2018], these two core mechanisms also appear there and play similarly
crucial roles.

Proof. Since the arguments are essentially the same, we will only write down the proof, for L > 2, in full
and make short comments throughout the argument which terms do not occur for L = 0.
We use the evolution equations (2-39a) and (2-39b) and Lemma 4.4 to compute, for L > 2,
—3,ED (g, ) = / 20, ALPW ALPW 244 (3, VAL 29, VAL ) ¢
M
—a4(3tG_1)ijV,~AL/2¢VjAL/2¢)
—3Ng[|AL/Z\IJ|2+a4|VAL/2¢|%;]—4;—I-a4|VAL/2¢|2G volg

:/M(—za(N+1)AL/2+1¢—2a<VAL/2N, V¢>G+6chL/2N).(AL/2\p) (6-4a)

—2a(N+1)(VAL2W VAL29)g—2Ca(VALPN, VAL ¢ (6-4b)
—2(PBL Border +BL 3unk) A2V =24, Border+ Q1 Junk: VA *p)g  (6-4c)
+2(N+1)a-(THV V,-AL/quVjAL/2¢—2N;—l-a4|VAL/2¢|2G (6-44)
—3N%[|AL/ZLIJ|2+a4|VAL/2¢|2G]—4%-a4|VAL/2¢|%; volg. (6-4e)

Note that, for L = 0, the equivalent equality holds where the borderline and junk terms are replaced by
—2a*W(VN, V¢)s (to verify this, insert (2-32a) and (2-32b) instead of (2-39a) and (2-39b)). We now
go through (6-4a)—(6-4e) term by term:
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After integrating by parts, the first term in (6-4a) reads
/ 2a(N + D)(VAL2g, VAL2W) 6 +2a(VN, VA2 $) G - AL W volg. (6-5)
M

The first term precisely cancels the first term in (6-4b), while we can use the bootstrap assumption (3-17h)
to estimate the other term in (6-5) up to constant by

£a’~ 7 - a* VAL 2 | ALV 2 Sea® e (g, ).
For the second term in (6-4a), we use (4-4e) to estimate V¢ and Corollary 5.5 at order L to deal with the
lapse, getting
\ / 2a(VALAN, V)6 - AL W volg| S Vea ™ "VEVat LN, HVED ()
M
< eafl .a4g(L+1)(N’ Y +a*lfc\/§g(L)(¢’ )

<aeD(s, Y +a VgD (g, 1)
+82a717c\/55(§L72)(2’ -)+82a’1*6ﬁ5(5“2)(¢, )
+e2a7 1 eVEEELI Rie, ).

not present for L=2

Repeating this argument for L = 0, the last two lines do not appear.
To deal with the remaining term in (6-4a), we can insert the following zero on the right-hand side of
the differential equality, where the equality (6-6) holds due to (2-37a):

0= —> 443 / divg (VAL2N - AL2NY volg
8 M

:—iaaﬁ/ ALPFIN CALZN 4| VALZN|Z volg
8 M
3.3 L2a2 3 (da3 251) L)2 A2
= [ —2addva 2 (% 27l A
fM i’ NIG = g5 +127C77 ) |AM 2N

_ 6chL/2N CALg %aaﬁm,m@r +NL gunk]l - AF2N volg.  (6-6)

Note that the first line has a negative sign, so (after absorbing a few terms into it without changing the
sign, see namely lapse quantities in (6-7) and (6-8a)) we pull it to the left-hand side of the differential
inequality. Further, the first term in the second line of (6-6) precisely cancels the third term in (6-4a).
That leaves the borderline and junk terms in (6-6), for which we use (A-17b) and (A-19d) (along with
@ ~a~? due to (2-3)) to get, for L > 4,

3.
S_aa3’/ [mL,Border+mL,Junk]‘AL/2NVOIG
T M

<ea 3D (¢, )+ED (Z, N +ED (N, Y +ea " VEEELD (¢, N+ EELD (D, )4 EELD(N, ]
+&2a 3D (Ric, ) +e3a 3 VEEEL D Ry, +) .

not present for L=2

Again, the same estimate holds for L = 0 with the last two lines dropped.
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From (6-4a)—(6-4b), only the term —2C a(VAL2ZN,VAL2¢) s still needs to be handled: Using the
inequality (2-8) arising from the Friedman equation, we can estimate this by

/M 2/ 2ad® VAN GV ALl g volg < /M4aa3|VAL/2¢|é + 2ad®|VALPN L volg.  (6-7)

Note that the first term precisely cancels the final term in (6-4e), while the second term can be absorbed
into the first term in (6-6) while preserving that term’s sign.

To bound the error terms in (6-4c), we insert the borderline term estimates (A-17d) and (A-17e), as well
as the junk term estimates (A-19f) and (A-19h), where (3-8) is used to estimate odd order by even-order
energies where needed. Furthermore, observe that we can estimate the £, -terms as

@19cl2) - VED (@, ),

so all borderline and junk terms arising from it, beside the scalar field energies, are dominated by terms
occurring elsewhere.

Finally, all terms that remain, namely (6-4d) and the first term in (6-4e), can be bounded by sa £V (¢, -)
due to the strong base level estimate (4-2b) and (3-17h). In summary, and always only keeping the worst
terms for each energy and squared norm, this yields, for L > 4,

— 3D (P, Y+ aadE V(N ) + §6<L>(N, )

S(ea+a ! mVHED @) + (a7 +VeaT TV @ETTI (N, )+ PN, ) (6-8a)

+ea M2, )+ 62a 3L DRic, ) +ea T VEEELD (4 ) (6-8b)
+ea”VEEEETA(E, ) 4 [ea TV 4 ea T T VEIEEETOWN, ) (6-8¢)
+&32q 73 VEgEL D Ric, - ) (6-8d)

not present for L=2

The lapse energies in (6-8a) can now also be absorbed into those on the left-hand side of the inequality
by updating the implicit constant in “<”. We can treat the lower-order lapse energies in (6-8c) with
Corollary 5.5 and see that the resulting terms are all dominated by terms we already have on the right-hand
side of the inequality above.

Inserting these estimates and integrating over (¢, tp] then yields (6-3) for L > 4, and the statement for
L =2 is obtained completely analogously.

As mentioned earlier, (6-4c) is replaced by the following term for L = 0:

/ —2aW(VN, V) volg < sa_3/ @V N|G - a*|V|G volg
M M
<eaa’€V(N, ) +ea 309, ).

Here, we applied (4-2a) and (2-3). Both of these terms can be absorbed into terms that are already present,
and (6-2) then follows by dealing with terms in 8,£@ (¢, -) as described and integrating. ]

To close the argument, we will need a scaled scalar field energy estimate at the odd orders L 41, which
is not covered by the previous lemma and we hence establish separately:
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Lemma 6.4 (odd-order scalar field energy estimate). For L € 2N, 2 < L < 18, we have
a@)*e" (@, 1)+ f “la()a(s)ELD N, 5) +a()a(s) ELTV N, 5)) ds

Sat) eV (@, 1) + / “(ea(s) +a(s)” 1"V - a(s)* e (p, 5) ds

- / “leas)™ - a) ELTI(E, 5) + (ea(s) > +a(s) "V ED (. 5) + £a(s) PED (S, 5)
+ea(s) Ve a(s)* eV Ric, 5) + (3a > + ea "V EL D Ric, 5)
+ea(s) TVEEEED (g, 5) +EEETD(R,5))
+(Eals) Ve 1 2a(s) TV EEL I Ric, 5) ) ds . (6-9)

not present for L=2
At order 1, the analogous estimate holds where the last three lines of (6-9) are dropped.
Proof. These estimates follow completely analogously to Lemma 6.2, with the exception that high-order
lapse terms can now be estimated at order L + 2 due to the scalar field energy being scaled by a*. In

particular, we note that to deal with the analogous term to (6-4a), one now inserts the following zero on
the right and applies the commuted lapse equation (2-37b):

0=—-da’ / divg (VAL2N - AL2HINY volg
8 M

=[ {—iacﬂmw“m2 - i(l a3 + 12nC29) . IVALNP
ml 8w 8w \3 a
1 3.
— 6Cg . 614(VAL/2N, VAL/Z\D)G - S aa7<mL+l,Border + mL—i—l,Junks VAL/ZN)G} V01G~

For L = 0, the argument is again the same as at higher orders with less complicated junk terms. We
briefly highlight some specific junk terms: The term analogous to (6-4c) is now estimated as follows
using (4-13a):

at. / —2a(VWVN, V2$)g < s/ a2|[VN |G -a /> V% . a*| Vo
M M
Seaa’€V(N, ) +ea'~Ve.a*eE=D (g, ).
Further, note that, by the commutator formula (A-8c) and applying (4-4e), one has
\ /Mag[at, Al - A¢ volc\ Sea® VEUIVEI L +IVNI2) A2
<ea "V ED (P, ) +a*eV(T, ) +ea® - ad’sV (N, ). O

6.1.2. Sobolev norm estimate for V¢. To improve the bootstrap assumptions on V¢, we will need sharper
bounds than those on a4||V¢||§{ , that will follow from bounds on £ (¢, -):

Lemma 6.5. Let ! € (tgoot, to). Then, forl € 7., | <17, the following estimate holds:

||V¢||H’G(2,) s +5a(f)_c\/g)||2||HlG+1(zt) +8a(l)_cﬁ||qj||HlG(2,)-
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Proof. By (4-2a), V+C > %C holds if € is chosen small enough. Consequently, we can rearrange (2-29b)
and apply the product rule to obtain

1 diVG b
ViVl = — |V = )| < VEFS |6V (W + O)6.
VIVole = o (“C)GN > IV (W +O)lg
Is+1Ty=l
The statement then follows by integrating over X, and applying (4-2a) and (4-2b). (I

6.2. Energy estimates for the Bel-Robinson variables. In this subsection, we collect the energy estimates
for the Bel-Robinson variables:

Lemma 6.6 (Bel-Robinson energy estimates). Let t € (toot, fol- Then one has

g0 w, r)+/ [ [srCamw+ s, E)G+6GES;(N+1)|E|%;] volg ds

<eOw, ;0)+/ (ca(s) 2 +a(s) " VOEOW, 5) + e V8a(s) 3 - a(s)* eV (¢, 5) ds
+/ a(s)"mVEEO (B 5) +ea(s) 3O (S, s)ds,  (6-10)
as well as, for L € 2N, 2 < L <18,
B w, t)+/t0/ [87C2a() P W+ 1) (A, AL/ZE)G+6(N+1)aES;|AL/2E|ZG]v01Gds
SEB W, 1) +/t0(81/8a(s)_3 +a(s)" TV EL (W, 5) ds

+ ftto{s_l/ga(s)_3 ca() eV (@, 5)+ (e Pa(s) 7 +a() HEM (@, 5)
+ea(s) EP(Z,5) +6"%a(s)7 - als)* eV (Ric, 5)
+&38a(s) PEELD Ric, 5) + (98a () 3 VE a(s) T TVE EEED g, )
+ 818 (5) T VEEEED (T, 5) + ESLDW, 5))
+&PBa(s) Ve =LY (Ric, 5) ds ). (6-11)

not present for L=2

Remark 6.7. We preemptively note that the error terms on the left-hand side, once combined with the
similar terms on the left-hand side in Lemma 6.8 and given suitable weights, will turn out to have positive
sign, even if they do not have definite sign in isolation.

The main idea in deriving this inequality is that we can use the algebraic identity (A-3d) and integration
by parts to exploit the Maxwell system that lies at the core of the Bel-Robinson evolution equations. As
a result, we avoid having higher-order energies of the Bel-Robinson variables on the right-hand side of
the integral energy inequalities (which would break the bootstrap argument), then only having to deal
with scalar field and Ricci energies at the next derivative level.

Proof. We first prove (6-11), and then explain how the same ideas lead to the simpler estimate (6-10). To
this end, we start out by taking the time derivative of the energy as usual:
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—3,£Hw, ) =f

—3N%[|AL/2E|%; +|AL2BIL1 = 2((0, AY2E, AY?E) + (3, AY*B, AY*B)g)
M

—2(0,G" YNGR AMPE,; , ALPE ) j, + AY? B, ;, AY B, ] volg.
E and B are symmetric and tracefree; thus symmetrizations become redundant, and any scalar product

with a tensor that is pure trace or with an antisymmetric tensor can be dropped.” With this in hand, we
get, inserting (2-38a) and (2-38b):

—9,EDw, )
— /M{ Z(—6(N +1) +IN)(AL2EL + A2 B%) (6-12a)
+2(N + Da'((curlg A*2E, A2 B)g — (curlg A*?B, A'E)g) (6-12b)
+2a ((VAL2N ng B, AY2E)G — (VAN g E, AY?B)¢) (6-12¢)
— 87 C2a (N + (AL, ALPE)g —8ma(V + C)(VAL2PNVY, AM2E)g  (6-12d)
—8ma(¥ +C)(N + )(VZAL2p, AL2E)g (6-12¢)
+ 167a(N + 1)(VoVAL2w ALPE), (6-12f)
+a’e[G]x Vo« VIAL2px AL?B (6-12g)
+(N4+1Da3S % (AY2E « AL2E + A2 B « A2 B) (6-12h)
—2(€ 1 Border + €L1op + €} s A2E)G (6-12i)
— 2B porter + Briop + B gy A2 B)c | volo. (6-12j)

For (6-12a), we pull 6(N + 1)aa~'|AL/2E|% to the left. This leaves
/ —62|AL2B2 +3NL|AL2 B + ONL AL E volg,
M a a a

where we can estimate the last two terms up to constant by ea!=°£@) (W, -) by (3-17h) and can drop
the first term since it is nonpositive.
Regarding (6-12b), note that we have

a”'((curlg AL2E, AY?B)G — (curlg AY?*B, A*?E)g) = —a™ " divg (A*E Ang AM*B).
Hence, the absolute value of (6-12b), using (A-4c) for the wedge product and (3-17h), can be bounded by
(/Mza—l(zv +1)divg (AY2E Ag A2 B) VOIG‘ - (/Mza—l (VN, AL2E Ag AL2B) g volg
< [ a7 IVNIGIAM P E|gIA Blg volg

<eat oD (W, ).

9Recall the superscript “||” notation for error terms; see Remark 2.12.
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For (6-12c), we use the pointwise wedge product estimate (A-4d) and a priori estimates (4-2c) and (4-4g)
to bound it as follows:

(6-12¢)] < 2a"'|VAL2N|G(I1B|g - |A*?E|c + |E|G - |A**B|;)
<eaVatELFD(N, HVEL (W, -)
Sea 3 (EP W, ) +a*e TN, ).

We pull the first term of (6-12d) to the left as well, and estimate the second using the strong Cg-norm
estimates (4-2a) and (4-4e) by

Vea TV @A e LAV (N, HVED W, ) Sa T VEED (W, )+ eat - ate V(N ).

Moving on to (6-12e)—(6-12g), we see (using (4-2a), (4-4e), (4-13a) with ¢ = AL/2¢ and (3-8))
6-120)| S (a7 Vate B (@, ) +a7VED (@, ) +aTVVELD(g, )V ED W, -)
< (81/8a—3 +a—1—°'~/5)€(L)(W, D) 418,73 -a45(L+1)((]>, ) +a_18(51‘)(¢, 9,

(6-12)] < Vea'"VEVELTD (¢, ) ED W, )
< a]_c\/gg(L)(W, . ) +8a1-£'\/gg(L+l)(¢’ . )’
(6-129)] S Vea'"VE- @V AL 1 - EDI(W, )

SVea TVE(VELN (¢, ) +aVEVELTD(g, 1)) - /EDI(W, )
Sal " VEEB (W, ) +ea' TVEEETV (g, ) + P (g, ) + EEET (g, ).

We can estimate (6-12h) by ea 3£ (W, -) as usual, and obtain the following in summary:
—0, D (W, ) +87C%a ] (N + D{A2E, AM2E) G volg + 6% / (N + D|AL2E|% volg
M M

Sea +aTVHEL W ) +aTEE @ ) +aTEP @) Hea” ate I
+a ' €5 (@, €L Borderll 2 + €L wopll 2 + I€] il 2
+ 1B L Border .2, + 1B L opll 2, + 1B il 2 VED (W, ).
We can now apply Corollary 5.5 for 2/ = L to estimate the lapse energy in the second line (leading to
borderline scalar field energy and X-energy contributions, as well as junk terms), and insert the borderline
(see (A-17k)), top (see (A-18a) and (A-18b)) and junk estimates (see (A-19n)), dealing with the lapse
energies there analogously. In particular, the top-order curvature terms arise as follows:
I€L0pll 2 VER (W, ) S Vea™ ' =Veate LD Ric, - )VED (W, -)
SelBammVee®w, 4 e"Bam ateE TV Ric, ),
IBLwplVED W, ) S ea”*Vate LD (Ric, - )VED (W, -)
<elBa3eD(w, )+ 6P a* e D (Ric, ).

Hence, both top-order curvature terms can be bounded by ¢7/8a=3 - a*£ =D (Ric, - ).
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Integrating the inequality yields (6-11).
For (6-10), we get applying (2-31a) and (2-31b) and again using that E and B are symmetric and
tracefree,

—3,EOW, ) = /M{g(—6(N+1)+9N)(|E|2G+|B|%;)+2(N—|—1)((curl E,B)c—(curl B, E)¢)
+2((VNAB, E)g—(VNAE, B)g)+(N+1)a*Sx(E+E+Bx*B)
—8ra P(N+ ) (V+CO)X(Z, E)g+[aa’ Vo« Vd+a(¥+C)-VN+xVp|+E
+a(N+1)[Vopx VU + T4V« Ve+(V+C)V2p|+E
+(N+1)e[G]*(a3V2¢*V¢+a_1(\D—i—C)E*V(jJ)*B}vol(;.

The first two lines are treated as in the general case. For the third line, we get ea’~<° £ (W, .) with
(A-4d) and (3-17h), while the fourth term is bounded by ea3£@ (W, -) with (4-2b). This leaves the
surviving matter terms in the final four lines.

We pull fM 8ra3(N + 1)C*(Z, E)¢ volg to the left as before. For the remaining terms, we can
apply a priori estimates (4-2a), (4-4a) and (4-4e), the bootstrap assumption (3-17h) and Lemma 4.1 for N,
which yields the following bound up to constant remaining terms in the last three lines:

VEOW, ) [a" - @IVl 2 +Vea " VEVED (@, ) + (ea + Vea  "VIVED (T, )],

Applying (4-13a) to the scalar field norm and then (3-8), this leads to (6-10) along with the previous
observations. O

6.3. Energy estimates for the second fundamental form. For the energy estimates for ¥, we again first
derive even-order integral estimates:

Lemma 6.8 (energy estimates for the second fundamental form for even orders). Let t € (tgoot, fo]. Then,
one has

©0) 0 -3 a(s) L2 2
£ (z,z)+2fl /M[a(s) (N +D{E. D)6+ 7o (N +DIA E|G]Volgds

b1 1
58(0)(Z,t0)+fOel/ga(s)_35(0)(2,s)ds+fOe_l/sa(s)_3€(0)(¢,s)ds. (6-13)
t t
For L € 2N, L <18,

ey, z)+2/t O/M[a(s)—3(N+1)<AL/2E, AL/22>G+%(N+1)|AL/22|%;] volg ds

I
<elb(s, z0)+/ "el84(5) 3D (T, 5) ds
t

1
+ /, O{e_l/ga(s)_35(L) (@, $)+&Ba(s)’ LD Ric, s)+£%a(s) PEL? (Ric, s)
+6"8a() T TVEEEETIE, 5) (61 Pa(s) TV tea(s) TV EETV (g, 5)
+ela(s) T VEEEL D Ric, 5) ds.  (6-14)

not present for L=2
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Remark 6.9. The main hurdle of dealing with the second fundamental form is that a high-order curvature
term occurs in the evolution equation. It is to precisely this end that the Bel-Robinson variables needed
to be introduced, since (2-36d) is what facilitates controlling said term without having to use £ (Ric, - )
or similar high-order metric energies. Again, the resulting leading terms will turn out to have definite
sign when combined with the Bel-Robinson energy estimates above.

Proof. Here we omit the proof for the inequality at order zero since is completely analogous in structure to
the one for orders 2 and higher; the only differences that arise are that lower-order error terms do not occur.
Once again, we start out by differentiating —£) (X, -) and insert (2-35):

—9,£H (%, ) =/ —2(0,ALPE, ALY 6+ (0,G Y« G x ALPE x A2 —3N%|AL/22|%;VOIG
M

:/ {261<V2AL/2N’ AL/22>G—261(N+1)<AL/2R1C[G], AL/ZE>G
M .
PG G A E 2 A D 3N AL
- 2<6L,B0rder, AL/ZE)Q - 2(6‘I[,Junk’ AL/ZE)G} VOIG.

For the first term, one can use (4-13a), Corollary 5.5 at order L and (3-8) to bound its absolute value
by the following:

Sal| AN gz VED(E, )
<[a3VaBEEAD(N, ) +a' Vo /EO(N, HIVED(Z, )
S[eaVED(E, ) +a e (@, ) +eaVE(VECLD(D, ) +EELD (g, )
+(2a737VE 4 ea' %) JEEL-I (Ric, ) [VEDI(E, )
not present for L=2
S a7 +a ) ED(B, )+ e aTEP @, )+ eaTTVIEETI(E, ) + 5D (g, )]
+ (87 4 %' ) P Ric, ) + (63 8a 3V 220! £ (Ric, )

not present for L=2

Next, we replace the high-order curvature term as follows, using the commuted rescaled Hamiltonian
constraint equation (2-36d) that AL/2X is tracefree and symmetric:

/ —2a(N + (AL Ric[G], AL2S) ¢ volg
M

= [ 22N+ DaAME AP E) G 2N + DEIAME (G + (9L Border + 9] ganie A7) vol.

We pull the first two terms to left, only keeping the error terms on the right. After inserting the borderline
and junk term estimates for the Hamiltonian constraint equations ((A-17a) and (A-19c)) and the evolution
equation itself ((A-17h) and (A-19k)), as well as bounding |9,G~!| < ca~3 and inserting (3-17h) as usual,
we obtain (6-14) by integrating. O

Additionally, we can exploit the structure of the momentum constraint equations to gain an elliptic
estimate for £L+D (X, ). Crucially, the upper bound only depends on X-, scalar field and Bel-Robinson
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energies up to order L, and appropriately small and time-scaled curvature contributions up to order L — 1.
This will allow us to close the argument since we do not need to consider the Bel-Robinson energy at
order L +1 to control X at that order, which would require higher-order scalar field and curvature energies.

Lemma 6.10 (odd-order energy estimate for the second fundamental form). Forany L €27, 2<L <18,
we have

a*eT(z, ) <@ Ve ea®VHED (D, ) +ED (9, ) +EP W, ) +e2ate D (Ric, )
+ea VEEELD(p, ) +a?VEEEED (D, ) 4 ea® VEEEE D Ric, -). (6-15)

For L =0, one analogously has
at € V(2. ) S @V ea®VHENE, )+ V@ ) +EOW. ). (6-16)

Proof. We prove the statement for L > 2, since the proof of (6-16) is entirely analogous.
By [Andersson and Moncrief 2004, (A.22)], since (X, g) is a three-dimensional compact Riemannian
manifold for any 7 € (fgoot, f0], any tracefree (0, 2) tensor U;; on (%;, g) satisfies

f|VU|§+3Ric[g]-U-U—%R[g]|U|§,Volg:/ lcurl U2 + 3|div, U|; vol,. (6-17)
PP P

In particular, for U = A/2X and after rescaling, this reads
/M|VAL/2E & +3Ric[GIH);(AL2EH] (AL EH, — IR[GAM?E|g volg

_ fM§|divG AL 4 a?|curl A2 212 volg.
The last two terms on the left-hand side can be estimated by (1 + \/Ea_‘\/E YyEWD(Z, -) in absolute value

using the strong Cg-norm estimate (4-4f). Thus, inserting the Laplace-commuted rescaled momentum
constraint equations (2-36a) and (2-36b), we obtain for a suitable constant K > 0

ELD(E, ) = K(1 +ea Vo) EP (3, )
< /M{mf +CPIVALR@IL + V|| AL 27 Ric[G1% + 1215 IVAL2 I RIc[GIZ + 1ML junk %
+a | ALPBIG + IS VAY 2T RiC[GIG + [VE (G VEAY 272 Ric[ GG + [ gunk g }- volg.

After rearranging, using the strong Cg-norm estimates (4-2a), (4-4e), (4-2b) and (4-4b) and multiplying
by a* on both sides, we get
a* €M, ) S A+ Vea™V)ateP (B, )+ D@, )+ P W, ) +efa’ et (Ric, )

+e2a* VLD Ric, )+ a 1ML gunk 7> +a* 1ML gunil 7

The statement follows inserting the estimates (A-19a) and (A-19b). [l

6.4. Energy estimates for the curvature. To control commutator errors, we will also need some additional
estimates on curvature energies. Unlike the other energies, these inequalities do not rely on any delicate
structure within the equations and instead just rely on pointwise estimates, the Young inequality and
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near-coercivity of energies in the sense of Lemma 4.5. For the sake of convenience, we phrase these
estimates for £-~2 (Ric, - ) since this is the order needed when improving behaviour of the total energy
at order L.

Lemma 6.11 (curvature energy estimates at even orders). Let L € 27, 4 < L < 16, and t € (tBoot, 10]-
Then, one has

1
P Ric, 1) $ X (Ric, 1) +/ @' a(s) +as)* ) LD (Ric, 5) ds
t

+ [ Ba P E V@) +ED(E, )
+ea(s)TVHESTI (g, 5) + €5 (8, 9)
+&Ba(s)3VEe =LY (Ric, 5)} ds. (6-18)
Additionally,
EORic, 1) < O (Ric, 1o) + /t “e184(5) 2O Ric, 5) ds
+/tt08_1/8a(s)_3(5(0)(¢,s)+€(0)(2,s))ds. (6-19)

Proof. First, we note that
Idivg, VAL S IVEARETIS I S IAMRE ) +amVVEED(E, )
holds using the low-order version of (4-14a) with T = AL/2=1'S for [ =2, and similarly
IVPARPTIN 2 SIAMN 2 +a™VEVEED(N, )

using (4-13b) at order 2. Now, using AL/>~1G =0 for L > 4, we continue as usual by applying (2-40a)
to the expression below:

—3,8 D Ric, ) 5 [ {a (AL Sl + V2 A 5] 6) AM T RiclGllg
M
+ 2 (VAN |G+ AN 6) | AM2 T RiclGllg
+(IRL-2,Border 6+ 22, 3unk|6) - |AY2 7 Rie[ Gl

+a 3T« AL Ric[Glx AL/ Ric[G]+NS|AL/2‘1 Ric[G]|%;} volg.

Due to the estimates above as well as (4-2b) and (3-17h), this implies

—3,EE P Ric, ) SaVED (D, )+ VED NN, HIWELD (Ric, -)
+a T VIYEELA(D, ) +VESLAWN, HIVEE D (Ric, -)
+ (IR —2.Border [l 2, + R L2, 3unk | .2) EL-D(Ric, -) +ea3EE D (Ric, -).
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Using Corollary 5.5 at order L and distributing terms containing £“~% (Ric, - ) with (3-8) as usual, we get
—3,EE D Ric, ) <[eBa3 + a1 D Ric, )+ a3 ED (2, )+ P (9, )]
F[3/8g73eVE 4 280 gSL- (Ric, )
+ 8—1/8a—3—6‘«/§[5(5L—2)(2, )+ g(SL—Z)@), ]
+ (”mL—Z,Border”Lé + ”S}{L—Z,Junk”Lé) Vv g(L—Z) (Rica : )

Equation (6-18) now follows inserting the borderline and junk term estimates (A-17i) and (A-191) and
applying the lapse energy estimates from Corollary 5.5.
Equation (6-19) follows almost identically by inserting (2-33) instead of (2-40a), as well as (2-28a)
for the additional 0,G * (Ric[G] + %G)—terms. These can be estimated as
< / a7 % % (Ric[G]+ 2G) + 4N - G % (Ric[G] + 2G) volg
M a

< a—3(\/g(0)(2, N+ VEON, -))\/E(O)(RiC, s

which can be treated as at higher orders. U

Lemma 6.12 (odd-order curvature energy estimate). For L € 2N, 4 < L <18 and t € (tgoot, t0],
a)*eL"D(Ric, 1)
i1
< a(tp)*€* "V (Ric, 1) +/ @ Ba(s) 3 +als) " VE) (a(s)* €D Ric, 5)) ds
t

1
+/ e 8a(s) "3 a(s) e LTV (S, 5) ds
t

+/t0{8*1/8a(s)73€(“(¢, )+ a) P +a) TV ED (T, 5)
t
+ (gls/ga(s)_3_c‘/g+a(s)_l_c‘/g)(5(SL_2)(¢, s) +5(5L—2)(2’ 5))
+eP8a() LD (Ric, ) +&'Ba T3 VEEEL D Ric, 5)} ds. (6-20)

Proof. The proof is very similar to that of Lemma 6.11 since we did not exploit any structure within (2-40a)
that does not equally occur in (2-40b), and thus we omit the details. As in the proof of Lemma 6.4, we
note that the differences within the estimate come from how top-order lapse terms are treated: the scaling
of the top-order energy allows one to estimate a*£+D (N, -) by scalar field energies and X-energies of
up to order L and curvature energies up to order L — 3. U

6.5. Sobolev norm estimates for metric objects. To close the bootstrap argument, we need to improve the
behaviour of metric quantities in addition to the energy formalism, both to capture the intrinsic behaviour
of the metric and to relate energies to supremum norms.

Lemma 6.13 (Sobolev norm estimates for Christoffel symbols). Let U be a coordinate neighbourhood
on M, viewed as a coordinate neighbourhood on %, fort € (tgoot, to]- For anyl e N, [ <17, the following
Sobolev estimate then holds:

2 < ,—ce'l® 4 —1/4 2 2 ~
IT =Tl Sa™ (047 sup (NI, 1% 5,) (6-21)
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Proof. Commuting the evolution equation (2-34) with V7, we getfor J eN, J <17,

—3,|IT — F||H,=/[(8tG YkG ko x G xGxV/ (T =T« V/ (=T
+ (G Nk (G H%3,GxV (T =T)xV/ (T -T)

+ (cf3 Y VNN sVET 4 —vJ“N) «v/(-T)
In+Is=J+1 a

+2([0, V10 =), V7 (T = D)) =3NSV (0 = D) ] volg.
We recall that (4-4c) implies
I =Ty < vea™* (6-22)

by (3-5). It follows from inserting this in (A-10b) along with (4-2b), (4-4b) and (3-17h) that
109, V1T =Dl 2 S Voa VeIl gy + vea > VEIN gy +sa |0 =Tl 0

is satisfied. Consequently and using the same strong Cg-norm bounds along with Lemma 4.1, the
differential inequality becomes

=0T =Tl &%= I0 =TI, +e Fa NI 0 + 110
+ePa VRN, + ¢SV IN,
G G
+e¥a VN =T,
G

Further, we analogously get

=00 =T}, SePaIT =TI, +e a1, + NI,

and thus, with the Gronwall lemma and (2-7),

_rel/8
IT =TI}, ) Sa (84+/t e a) U 5, +IN G, m)ds)

<a7661/8(84+871/4 sup (|2

~Y
s€E(t,ty)

+ N

HL(Z) H(E)))

This proves (6-21) for [ = 0, and we assume for an iterative argument that the statement has been proved
for [ = J — 1. Then, we obtain (estimating the error terms in ¥ and N by their supremum immediately)

=00 =TI, SePa I =TI, +e7Pa (NI, +1Z15,)

HE ~
“3cel/8 3 e/
+87/8+4a 3—ce +87/86l 3—ce sup (”N”HJ I(E)-‘l_”E“HJ (s, ))
se(-,t)
After integrating, applying the Gronwall lemma and dealing with the first line as before, we get
-~ —cel/8 _ _el/8
IT =T, Sefa™" +e™ ™" sup (NI,

se(-,to]

— _ 1/8
+et 08 g8 sup (NI gy + IS 101 5,)-

s€(-,1o)

IEII

where the second line can obviously be absorbed into the first up to constant. Combining this with the
assumption yields (6-21) for [ = J and thus iteratively for all [ < 17. U



1672 DAVID FAJMAN AND LIAM URBAN

Lemma 6.14 (Sobolev norm estimates for the metric). For anyt € (tgoot, to] and any l € N, [ < 18, we
have
—eel8 _
IG =y g, Sa™ (e +e7% sup (NG 5, 1215 5.))- (6-23)
G se(t, o) G G

Proof. For [ =0, we compute the following using (2-28a) and (2-28b):
~0,1G=y11%, = [ {-20,G™) (G (G=1)iin(G=7)1 1 =2(8,G.G=)6=3N S1G=y [} | volg
:/M{(N+1)a_3[2*(G—y)+2]*(G—y)+Ng|G—y|ZG—4N§(G, G—y)G} volg.
We apply (4-2b) and (3-17h) and get
—0/l|G =y, SeaIG =72 +a (Il z + INI2)IG — vl
SeBaNG -yl 47 Ba 215, +INIE,).
G G G
After integrating and applying the Gronwall lemma (as well as the initial data assumption), we obtain

2 < 7081/8(4 71/8/“’ -3 2 2 )
1G =¥z 5, Sa e +e @) UE N ) F NI, (5, ds ).

The statement for / = 0 now follows taking the supremum over the norms under the integral and applying
(2-7). This extends to higher orders via the same iteration argument as in Lemma 6.13. [l

7. Big bang stability: improving the bootstrap assumptions

In this section, we combine the energy estimates obtained in the last two sections to improve the boostrap
assumptions for the energies themselves, and then show how this improves the behaviour of the solution
norms. For an outline of the energy improvement arguments that we perform in Section 7.1, we refer
back to Remark 6.1.

Before carrying out the improvements themselves, we quickly collect an estimate that shows that
combining Lemmas 6.6 and 6.8 yields sufficient control on the energies themselves:

Lemma 7.1. Let L € 2N. Then, the following estimate is satisfied:
167C%a3(N + D)(AM2E, AY?5) g + Snng(N + DAL + 6S(N +DIAL2EZ > 0. (7-1)

Proof. First, we recall that N 4+ 1 > 0 holds by Lemma 4.1. Additionally, we can apply (2-8) and the
Young inequality and get

167 C%a > (N + 1)(A"2E, AY?E)g| < 167C7 @% (N +DIAM2E|GIAY S

<4(N + 1)?—1 (W3- |AL2E|G) - (VA C2 AL S 6)
< 6%(N +DIAMER + 8nC2f—1(N +DAY?S)L. O

This shows that EL(W, - ) +4x C2D) (2, +) is controlled by the sum of the left-hand sides of the
inequalities in Lemmas 6.6 and 6.8 for L € 2N, 0 < L < 18.
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7.1. Improving energy bounds.

Proposition 7.2 (improved energy bounds). Under the bootstrap assumptions (see Assumption 3.16) and
the initial data assumptions in Assumption 3.10, the following improved estimates hold on (tgoot, to]:

£, ) Seta=, (7-22)

EEW (5 1) < gl5/4g—ce'® (7-2b)

EE® (W ) < gl5/4g—ce (7-2¢)

£E19Ric, ) S e"a”, (7-2d)

EEON, ) +a*e DN, ) +a IO, ) S /2", (7-2¢)

Proof. We prove this estimate by performing an induction over even energy orders. Starting at order 0,
we first observe that by Lemma 7.1, we can bound the (base level) total energy

g

tota

by the sum of the left-hand side of (6-2), the left-hand side of (6-10) weighted by &'/# and the left-hand
side of (6-13) weighted by 47 C? . ¢'/4 and the left-hand sides of (6-9) and &'/2 - (6-15) extended to
L = 0.'° Combining said estimates and inserting the initial data assumption from (3-11), the following
holds in total:

(=80, )+ HEQOW, ) +4n O (R, ) +ateV (g, ) + 2D (T, )

c©®

total

0 <&+ / to(el/Sa(s)*+a(s)—1—cﬁ)5§°> (s) ds. (7-3)

otal
Applying the Gronwall lemma (see Lemma A.1) to (7-3), we get for some suitable constant ¢’ > 0

5(0)

1/8
total :

t /
0 S et exp(c/ f el Ba(s) 7 +a(s)"1 Ve ds) o
t
Now assume that, for L € 2N, 2 < L < 18, we have already shown
EELD(p, ) +eHEED (D, )+ DWW, ) S etae” (7-4a)

on (oot fo]. Note that (7-1) means this holds true for L = 2 after updating ¢ > 0. Further, if L > 4 holds,
we assume
e Ric, ) S e2am”. (7-4b)

We will show that these assumptions hold at L = 4 after having shown the induction step for L = 2. We
define, for 2 < L < 18,

Eom=EP @)+ HED W, ) +4xCE D (3, ) +a' €D (@, ) + e ateHH(E, )
+ 2D (Ric, - ) + 3/ 4a* LD (Ric, -).
10We need to weight £ (0)(2, -) in the total energy by K - ¢1/4 for some K > 0 to balance out the 1/ 8—weight from the
scalar field energy on the right-hand side of (6-13). The weight on the Bel-Robinson energy is then needed to obtain the

cancellation in Lemma 7.1. The additional weight on a*£M (2, ) is needed so that the div-curl-estimates only generates a term

of size £1/ 48t(0Lt;1 that can be absorbed later in the argument.
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We combine the respective energy estimates with the appropriate scalings,'! namely (in the listed order)
(6-3), (6-11), (6-14), (6-9), (6-15), (6-18) and (6-20). Observe that the sum of these scaled left-hand sides
controls 8501;31
(3-11), we get the following estimate:

by Lemma 7.1. Combining all of these estimates and inserting the initial data assumption

I
Egu(® St / (e Bas) P als) TV ED (s)ds (7-5a)
t
1
+/t 0{83/8a(s)’3’c‘/g[5(ﬂ’2)(¢,S)—I—S(SL’Z)(E,s)] (7-5b)
te!"Ba(s) 3 VEEELD (W, )46 BEELTD Ric, 5) ) ds (7-5¢)
if L=4

el *a() Ve tea(t)> V) e P (S, 1)+e 2eD (¢, 1) +e A FED (W 1) (7-5d)
+el/4 ¥t e LD Ric, 1) 46720~ VEEELT (¢, 46! PP VEEELTI( 1) (7-5e)
+&3/2a>~ Vg ELD (Ric, 1). (7-50)

We briefly summarize which inequalities contain the listed error term bounds as explicit terms: The
first two terms in (7-5b) come from (6-18) and the latter from (6-11), those in (7-5¢) from (6-3) and
(6-18), and finally the last three lines are precisely the scaled right-hand side of (6-15). Regarding the
curvature energies in the various individual energy estimates, any summand with £~ (Ric, -) can be
split using (3-8), the resulting summands containing £*~? (Ric, - ) can always be absorbed into the total
energy term in the first line, and anything with £=X= (Ric, - ) is tracked in (Err); for L > 4.

Inserting (7-4a)—(7-4b), (7-5b)—(7-5¢) can be bounded up to constant by g33/8g—3—ce'® Here, the error
term dominating all others arises from

e38a(s) 3 VEEELD (g ).

Regarding (7-5d)—(7-5f), notice that the first four summands can be bounded from above by el/ 4€t(0Lt;l(t)
up to constant. For the remaining three terms, we can again insert the induction assumptions (7-4a)—(7-4b),
bounding them by &7/4a(r)~¢"".

In summary and after rearranging, for some constant K > 0, (7-5a)—(7-5f) becomes
(1—-Keed) @)

total

I{ I
Set+ [T a) a e ds+ [T Pate) 7 ds 6 a "
t t

total

I
Seta) "+ [T a0 +a) Ve () ds.
t

tota

The prefactor on the left-hand side is positive for small enough & > 0, and the Gronwall lemma then
yields

PRV
E(L)l([) S 6‘461 ce

tota

(7-6)

HThe weights on all terms beside the curvature energies are necessary for the same reasons as at order 0. We need to scale the
curvature energy at order L by e1/2 to0 account for e ~1/843g(L) (X, -) in (6-18), and the weight on the (L+1)-order curvature
energy again needs to be chosen according to that on £ L+D(z, ).
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In particular, this directly implies that the induction assumptions (7-4a) and (7-4b), using (3-9) to cover
the skipped odd order, hold at order L, completing the induction step, and clearly also that (7-4b) holds for
L —2 =2 using (7-6) at order 2. This completes the induction argument, proving (7-2a)—(7-2d). Finally,
applying the obtained improved estimates for V¢ and Ric[G] to Corollary 5.8, we also get (7-2e). U

7.2. Improving solution norm control. To close the bootstrap argument, it now remains to show that the
improved energy bounds also imply improved bounds for ‘H and C. The former follows almost directly
using Lemma 4.5:

Corollary 7.3 (improved Sobolev norm bounds). On (tgoot, fol, the following estimates hold:

HS 87/4a_c"31/8, (7-7a)
IS5 S ¥ a=", (7-7b)
INIG s S etae" (7-7¢)

Proof. First, we apply the improved energy estimates from Proposition 7.2 as well as the strong Cg-norm
bounds from Lemma 4.3 to the near-coercivity estimates in Lemma 4.5. With this, we directly obtain the
following Sobolev norm estimates (updating c):

1/8
9

_ol/8 _,ol/8 _cel/8 e
||\I’l”H18N 4(1 ce +8a ce ‘815/4a ce 5€4a ce

’

1S3, S e'¥4ame”
G
: 2 ~12 7/2 —cel/?
|Ric[G1+ —GHHm <e'la

_ /8

IEIS 6 + 1Bl < & fa™

By Lemma 6.5, we also have

IVl S (1 +ea™ VoIS s + el W] yos S &'/ 40" (7-8)

We take particular care in showmg that the improved bound holds for a?|| V|| IS First, note that (7-2d)
implies £ =1 (Ric, - BB g?/2q—ce" Applylng this along with (4-4e) to (4-13d), as well as (4-13a) in the
second line and (7-2a) as well as (7-8) in the final step, we obtain

9 gAevE § 2 d—c /e o(<16) s
a IIV¢||H.sNa VA ¢|| ey ||VAm¢||L2G—|—ga —vEL GO Ric, )

m=0

_ _cel/8
Sa' an%pniz +IVI2,10) + % ae
G G
Sa Ve @, ) +at VIV, + 67 a
G

_oel/8
5815/4a ce’/®

Further, inserting (7-2a), (7-2b) and (7-2d) into Corollary 5.5 implies

9
_al/8
a* AN, +at VAN, + 2 IIA"NIG, Setfa™
m=0
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and subsequently, applying Lemma 4.5 as before,
a* [N o +a* IN o + NIy Sea"
Finally, having now shown (7-7b) and (7-7c), we can apply these to (6-23) to get
IG — yIIng < —c31/8(84 4 g 1/A+15/4 +8—1/4+4) < 87/2a—c£1/8’
proving (7-7a). (I

Intuitively, the bounds on C should now follow from # by the standard Sobolev embedding. However,
since both of these norms are with respect to G, the embedding constant may be time-dependent. To
circumvent this issue, we need to switch between norms with respect to G and y and then apply the
embedding with respect to C, and H,,. The following lemma ensures that we still obtain bootstrap
improvements after performing these norm switches:

Lemma 7.4 (moving between norms). Letl € N, [ <18, ¢ be a scalar field, ¥ be an arbitrary X,-tangent
tensor. Then, for some multivariate polynomial P; with P;(0, 0) =0, we have

1 ety S @Y Ne ey anFa e el epmiovngy PAG=Y ety 16" =y " Nleti)s (7-92)
ISl an S @Y IS heyan+a Y Il ot g PIAG=Y ey, 16~ =y e an), - (7-9b)

as well as the same inequalities with the roles of G and y reversed. Forl < 12, this reduces to

aVElicley oy SUEleran S @Y NE llepany, (7-10a)
aV N e SNt an S @ Il (7-10b)
Further, one has
—eyE
10Ty oy S~ ||§||H,(M)
4

4 e SSSI?O)(”N”H’ oy TIE I s)), (-112)

115y S @™V IE I3

—cel/8 4

+a IS v (607 sup (INIGy ) + 1B 5 ). (T-11b)

s€E(t,ty)

Remark 7.5. While we only need the tensorial inequalities for gradient vector fields and (0, 2)-tensors
when applied to norms in H and C, the proof is simpler when considering tensors of arbitrary rank.

Proof. We restrict ourselves to proving the tensorial statements; the scalar field analogues follow
analagously except for the fact that, since V;{ = @l[ = 0;¢, error terms caused by Christoffel symbols
always enter at one order less. Thus, it remains to show (7-9b), (7-10b) and (7-11b) by iterating over
derivative order.

Starting with the base level estimates, we have if T is of rank (7, s)

|1|2G — |r§|i =[Giyj, Girjr(G—l)PIQI .. (G_])psqs i Vi,-j,-(y_l)plql o (y—l)psqs]
S g T g
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We successively replace G*! by (G* — ) 4+ take the | - |,-norm of each factor and use
(4-4c)—(4-4d). This yields

1T1G — 1Z13] S Vea™veIg),

implying (7-9b) (and (7-10b)) for / = O after rearranging and taking supremums suitably.
To show (7-11b) at base level, consider

2 MG — My

Hy

/ |T|Gvolg—/ 52 Voly—/ (%2 — || )Volc+/ 52

vol, .

We can control the first summand on the right-hand side as before, while we have |G — i, | S € by
(4-11). Hence,

(1= Ke)|TI7, < A+ Vea VTN,

follows for a suitable constant K > 0, implying the statement for small enough & > 0.
Next, we perform the iteration for (7-9b), assuming the statement and the analogue with y and G
reversed to hold up to order / — 1. As above, note that

IV/T5 = IV/T2| < Vea ™ VIV T2 + (1 + Vea VD) ||V T2 — |V

where we can rewrite the second term as
2(V/T-v/T,VT), - |V/T-V/T|
and hence obtain (moving between pointwise norms as before)
IV/ TG = V7512 | Sa~ VeV T2 +a Ve VT — VT2,
Regarding V/T — V/%Z, we have the following schematic decomposition:

A J_l A —~~ A
vig_v/g = > v/l T —=T)*, (Vlf—i— VIZ) + (at least cubic nonlinear terms). (7-12)
1=0

Here, *,, encodes the analogous schematic product notation with regard to y (see Section 2.1.8). Regarding
the Christoffel symbols, notice (7-9b) with roles of y and G reversed holding up to / — 1 implies that, for
any m € {0, ...,[ — 1} and some multivariate polynomial P,., we have

IT —TFllepan S a BulIT = Tllczan. 1G — v lezan. 167" =y lezan)-

As explained in Remark 3.7, we can bound ||I" — F”Cg”( M) by a polynomial in |G — y ||C,Gn+1 M) Hence,
we can apply (4-4c) to obtain

IT =Tl S Vea™ V", (7-13)

Moving back to (7-12) and just considering the first line for now, this implies
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-1
2 _ 2 < e 2 mep2
I3 0y = 10 | S @™ (10 + 3 IV o)

[i—-1)/2]
2 me2 72
S (TR S < YAV [y

m=0

+ (at least cubic nonlinear terms). (7-14)

We can rewrite V"%-norms in C,, as ones in Cg up to a—°V as before. Then, we can apply the already-
obtained estimates up to order / — 1 show that the first two lines of the right-hand side can be estimated by
the right-hand side of (7-9b). The highly nonlinear terms can be dealt with similarly, closing the induction
over admissible /. The estimate (7-10b) immediately follows by applying (4-4c)—(4-4d) and (7-13).

Now, assume (7-11b) to be proven up to order J — 1. By analogous arguments as at order zero, we get,
after rearranging,

/MW%@ vol,, < ]fM(wfmé— 9712 volg ‘+/M|vfz|2G volg.,

so we only need to concern ourselves with the first summand. Reversing the roles of G and y compared
to the proof of (7-9b), we get

| IV/E1% — VT2 | S Vea VoIV TG +a~ Ve (VT - VT, V)6 — VI T - VT,
and have the following, applying Lemma 6.13 immediately to estimate ||I" — f‘” HL
‘/V{zwlz — VT, V)6 — |VIT - VT2 VOIG‘

SaVEZNE, L+ IVETIRZ, )

H{; (M) HY(M)
2 v =<[(—1)/217 2 C—cel/8( 4 —1/4 2 2
+(||T||C£(171>/21(M)+||V o)) @ (e*+e S:(‘,‘EO)(”N”H’G(EJJF”E”Hém))'

By the same arguments as earlier, we have ||@5l_1‘3||Hé_1(M) < a‘c\/‘gHTHHé_l(M) and can then apply the
induction hypothesis. This proves (7-11b). ]

Corollary 7.6 (improved C-norm bounds). On (oo, tol, the following estimate is satisfied:
c+c, Selta"”, (7-15)

Proof. We first apply the Sobolev norm estimates in Lemma 7.4 to (7-7a), to then control C, via the
standard Sobolev embedding H}lfr2 (M) < C!(M), and finally control C with (7-9a)—(7-9b).

Note that by Lemma 4.3, we can control the Cg-norm up to order 10 of every quantity occurring in A
beside the lapse by at worst \/Ea_”*/g, while the bootstrap assumption already implies better behaviour
for the lapse. Thus, we can apply (7-11a)—(7-11b) to every norm appearing in H, and obtain by applying
(7-7b) and (7-7c¢) in the second line

_ _ _cel/8 _
¢ Sa YV H +eam Ve am (e a7 sup (INIs sy + 12 55)
se(- 1) G (& G (&
72 —cel/8 e, 4 2 o0
<e&e'’a +¢ca (e"+e'7)

_1/8
587/2-61 ce®
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In particular, we can update ¢ such that
7/2 —c 1/8
IPUIG =yl 1G =7l S e2a™

holds for any multivariate polynomial P that appears when applying (7-9a)—(7-9b). Again using the
strong C-norm estimates from Lemma 4.3, this then implies C < &7/ 4g—ce'”® (I

8. Big bang stability: the main theorem

In this section, we provide the proof of the first main result, Theorem 1.1, which we state in more detail
in Theorem 8.2 below. As in [Rodnianski and Speck 2018b; Speck 2018], most of the work has already
been done by establishing the necessary bounds on solution norms.

Remark 8.1 (existence of a CMC hypersurface). As mentioned in Section 1.2.1, it may seem that the
generality of the results in Theorem 8.2 is restricted by taking the initial data on X, to be CMC. However,
as long as one remains close enough to a constant-time hypersurface of the FLRW reference metric
(which is CMC), one can locally evolve the perturbed data in harmonic gauge to a nearby hypersurface
that is CMC and remains close to the FLRW reference solution. To make this a bit more precise, and also
since this is a little less involved than the arguments in [Rodnianski and Speck 2018b], we will briefly
sketch how the arguments from [Fajman and Kroncke 2020, Section 2.5] extend to our setting.

First, we once again assume without loss of generality that our initial data is sufficiently regular. Note
that we can locally evolve our data within harmonic gauge to get a C'”-regular family of metrics with
near-FLRW initial data (for well-posedness, consider the analogue of [Rodnianski and Speck 2018b,
Proposition 14.1]). Consider the Banach manifold M7 formed by the set of C'7 Lorentz metrics on
I x M for an open interval I around £, such that the surfaces of constant time are Riemannian, endowed
with the norm

~ ~2 ot ~
= |77 017 + | X || 17 + 17
gl =1 ||Cdt2+y(1XM) | I|Cdt2+y(1XM) ”gtl|cm2+y(1XM)’

where g € M!7 has lapse 7, shift X and spatial metrics (g;);¢;. Further, for any f € C'7(M, I), we
define the embedding ¢y : M — M by x — (f(x), x), and subsequently define the smooth map

Hy:D:={@&. f) e M x C"(M, )| is Riemannian} — C'°(M),
(g, f) > mean curvature of (M, g;) embedded along ¢.

One easily checks that (grrrw, fo) is a regular point of Hy. By the implicit function theorem for Banach
manifolds, this means there is a (unique) smooth function F that maps an open neighbourhood of
SFLRW 1N M7 to an open neighbourbood of the constant function x +— fy in C 7(M, I) such that
Hy(-, F(-)) = t(t) holds in that neighbourhood.

Thus, we can choose a surface ¥’ with mean curvature 7 (7)) near the original %,. Furthermore,
for small enough ¢ > 0, the initial data on X’ remains close to the FLRW initial data in the sense of
Assumption 3.10, using similar arguments to control Sobolev norms. Thus, we can replace X;, by X’
without loss of generality, proving that the CMC assumption (2-10) is not a true restriction.



1680 DAVID FAJMAN AND LIAM URBAN

Theorem 8.2 (stability of big bang formation). Let (M, g, I%, 7T, 1}) be initial data to the Einstein scalar-
field system as discussed in Section 1.2.1. Further, let the data be embedded into a time-oriented
4-manifold such that it induces initial data for the rescaled solution variables (see Definition 2.9) at the
initial hypersurface X;,. We also assume this rescaled initial data is close to that of the FLRW reference
solution (see (2-1) and (2-2)) in the sense that

H(t0) + Hiop (o) + C(to) < & 8-1)

is satisfied (with H and C as in Definition 3.6).

Then, the past maximal globally hyperbolic development ((0, ty] x M, g, ¢) of this data within the
Einstein scalar-field system (1-1a)—(1-1¢) in CMC gauge (2-10) with zero shift is foliated by the CMC
hypersurfaces Xy =t~ ({s}), and one has

H(E) +C(1) +Cy (1) S e a@) " (8-2)

for some ¢ > 0 and any t € (0, to]. In particular, this implies the following statements:

Asymptotic behaviour of solution variables: We denote the solution metric by § = —n* dt*>+ g, the second
Sfundamental form (viewed as a (1, 1)-tensor) with respect to X, by k, and the volume form with regard to
g on X; by vol,. There exist a smooth function Wgang € C;S (M), a (1, 1)-tensor field Kgang € C)l,5 (M)
and a volume form volga,g € C;S (M) such that the following estimates hold for any t € (0, t]:

/8

ea(t)—"", 1<14,
-1 < 8-3a
In=Tlcyz) S a2 =15, (8-3a)
4—ce!/8
-3 _ < Sa(t) ’ l S 147 _
”(l VOlg VOlBang”C;(Z,) ~ Sa(t)z_cgl/s’ [ — 15’ (8 3b)
_el/8
3 ea()*~ =", 1< 14,
la”0:¢p — (\DBang + C)”C’y(Z,) 5 Sa(t)zfcgl/s’ [ =15, (8-3¢)
o) =000, )+ [Maw) P ds - Wy +0)], < caly " SIS gy
) — - a(s)"ds- . ~ —c )
0 : Bang crzy ™ leam?", 1=15,
4—cg!/8
3, < ca(t) , 1<14, )
la’k KBang”C’V(E,) ~ 8a(f)2_csl/8, /=15 (8-3e)
Further, these footprint states satisfy the equations'3
(KBang)“, = —V127C, (8-4a)
8w (\IjBang + C)2 + (KBang)ab(KBang)ba = 127‘[C2 (8'4b)

and remain close to the data of the reference solution in the following sense, where [ denotes the Kronecker
symbol.:
[[vol, — VOlBang“C}lﬁ(M) Se, (8-5a)

12Essentially, this translates to smallness in Hjlg and C)1,7. For ¢ = 0, the solution is the FLRW reference solution.
13These are precisely the (generalized) Kasner relations; see Section 1.2.3.
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”\IjBang”CP(M) 5 g, (8-5b)
| Kbane + V5 CO 15 ap) S - (8-5¢)

Additionally, there exists a (0, 2)-tensor field Mpang € C)l,5 (M) satisfying

||MBang -V ||C)1/5(M) S € (8-6)

and, with © and exp meant in the matrix product and exponential sense respectively, one has

oo ca(y*"", 1<14,

_2/ 3d)-K }—M 87
”ngXp[( , A6 ) Ko | = M|, ) S e =1 B

Moreover, the Bel-Robinson variables E and B satisfy the estimates
1Ellciscs, S ea™e", (8-8a)

CloE) S
—2—cel/®

ca [ <15
B < ’ —_ ’ 8'8b
[ ||cly(2,) ~ {8614681/85 I <16. ( )

Causal disconnectedness: Let o be a past-directed causal curve on ((0,t] x M, g) fort <ty with domain
[51, Smax) Such that a(s1) € Z; and smax is maximal. Then, there exists a constant K > 0 that does not
depend on a such that one has

Smax R . _cel/8
Ll = [ V0w & )8 () ds < Ka@r) =", (8-9)
51
where y is the negative Einstein spatial reference metric on M (see Definition 2.1). Hence, for points
D, q € X; with dist, (p, q) > 2Ka (t)z_csl/g, the causal pasts of p and q cannot intersect.

Geodesic incompleteness: Let a(A) be a past-directed, affinely parametrized causal geodesic emanating
from X, where A : (0, to] — [0, 00) denotes the parameter time that is normalized to A(ty) = 0. Then,

A0) < K1 - A (1) - altg) ' TK>* /0 “a(s)"1 ds < o0 (8-10)

holds for suitable constants K1, K> > 0 that are independent of a, and thus any such geodesic crashes
into the big bang hypersurface in finite affine parameter time.
Blow-up: The norm |k|, behaves toward the big bang hypersurface as follows:

i i _al/8
la® 1kl = (Kang)'j (KBang); lco s,y S ea*™ " (8-11a)

Further, with W[g| denoting the Weyl curvature and P[g] = Riem[g] — W|[g],
18
|a'? Papys PPY% — 3 . (87)? (Wpang + C)* con S ea*™* (8-11b)

is satisfied, whereas there exists a scalar footprint Wgayg € C }1,5 (M) such that one has

la" Wagys W7 — Woangll coury S ea®="". (8-11c)
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Here, Wgang is a fourth-order polynomial in I?Bang = Kpang + vV 75 Cl and Wgayg and satisfies
”WBang”C)l}(M) S £. (8-11d)

Finally, the scalar curvature R[g] and the Ricci curvature invariant Ric[gl.p Ric[g]"‘ﬂ blow up with the

asymptotics 18

la® RIZ] — 87 (Whang + C) 2l coary S £a*~<* (8-11e)
and

. - . - _eol/8
lla'* Ric[g]up Riclg]*? — (87)* (Wang + C)*llcoqary Sea*™ ", (8-11f)

and the Kretschmann scalar K = Riem|[g]qgy s Riem[g]*P7® exhibits stable blow-up in the following sense:

@'k =3 - (87)2 (Whang + C)* — Whang | oy, S 20> 8-11g)
Remark 8.3 (The solution variables exhibit AVTD behaviour.). The estimates (8-3a)—(8-3e) and (8-7)
imply that the solution is asymptotically velocity term dominated (AVTD) in the sense that, toward the
big bang singularity, they behave at leading order like solutions to the (formal) velocity term dominated
equations. These arise by dropping any terms containing spatial derivatives in the decomposed Einstein
system, i.e., in (2-15a), (2-15b), (2-17a) and (2-18).

Proof. As argued at the end of Section 3.4, we can assume without loss of generality that our initial data is
sufficiently regular. Hence, the local existence statement in Lemma 3.14 and the initial data requirements
(8-1) ensure that there exists a local solution to the Einstein scalar-field system on [#, o] x M and that
the bootstrap assumption (see Assumption 3.16) holds on [f1, 1] x M with t; € (0, tp) and o = &'/16. Let
t € (0, tp) be such that (t, fo] x M is the maximal domain on which the solution variables exist and satisfy
the bootstrap assumptions. For contradiction, we now assume that t > 0 were to hold.
Due to Corollary 7.6, there exist (summarizing all updates) constants ¢y, K1 > 0 such that, for any
te(t,nl,
c(r) < Kie*a@)y—e”. (8-12)

If € is small enough such that K e/ < Ky and ¢;6'/8

bootstrap assumption. Furthermore, argued exactly as in the proof of [Rodnianski and Speck 2018b,
Theorem 15.1], above improvement ensures none of the blow-up criteria of Lemma 3.14 are satisfied if

< coo hold, this is a strict improvement of the

t > 0 were to hold, essentially as a direct consequence of (8-12). Hence, the solution could be classically
extended to a CMC hypersurface X diffeomorphic to M, while satisfying the improved estimates by
continuity, and further to an interval (¢, fp] for some 0 < t' < t on which the bootstrap assumptions must
then be satisfied, also by continuity. This contradicts the maximality of (t, #].

Thus, the rescaled solution variables induce a unique solution to the Einstein scalar-field system
on (0, fp] x M such that (8-12) is satisfied for any ¢ € (0, fo]. The core estimate (8-2) follows since
Corollaries 7.3 and 7.6 now hold on (0, y].

From (8-2), the asymptotic behaviour in (8-3a)—(8-3e) and (8-7) is established as in [Rodnianski
and Speck 2018b, Theorem 15.1], which we briefly outline: First, we note that (8-3a) follows directly
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from (8-2). For the remaining estimates, the arguments are similar, so consider for example 9;¢: By the
rescaled wave equation (2-32a) and (8-3a), we have that

_al/8
eal=cc” <14,

1/8

<
||8[‘“II||CJI/(Z,)N{8a—l—c£ ’ [ =15.

Hence, for an arbitrary decreasing sequence (#,,)men, on (0, fp] that converges to zero, we have
1/8
ealty )", 1<14,

8

Wty ,)—VY(,,, <
” (m1 ) (mz )llcg/(M)N{Sa(l‘ml)z_cel/, 1215’

for any my, my € N, m; < my by (2-6). This shows that W (z,,,, - ) is a Cauchy sequence in C}l,5 (M) and
hence there exists a limit function Wg,y,s € C)l,5 (M) that satisfies
ca()y*'", 1<14,

8

U, )—Ww S
v, -) Bang”Cf,(M) ~ {Ea(l‘)z_csl/ . 1=15,

for any ¢ € (0, #p]. Since ¥ = a*n~'9,¢ — C holds by definition, (8-3c) now follows by examining the
Taylor expansion of n~! — 1 at 0 using (8-3a).

The identity (8-4a) follows directly from the CMC condition (2-10), the asymptotic behaviour (8-3e) of
a’k and the Friedman equation (2-3), while (8-4b) follows from the asymptotic limit of the Hamiltonian
constraint (2-16a), with (2-3), (8-3a), (8-3c) and (8-3e), as well as (8-2) for lower-order terms. The
asymptotics in (8-7) follow exactly as in [Rodnianski and Speck 2018b, Theorem 15.1], and (8-5a)—(8-6)
are a direct result of the initial data assumptions and applying the respective asymptotic estimates to t = f.

For the first estimate in (8-8b), we apply the momentum constraint (2-29d) to get

IV/Blg =a*|V'Blg =a*|V’ curlg Z|¢ Sa?|V/H'S6,
and consequently, with Lemma 7.4, as well as (4-4g) and (8-2),
IBllciscz) S aVElIBless(s,) +8a~>V* - Pis(1G = ¥ llcisz,)

Sa Vs, 807V Pis(IG = v llciscx,)

—2—cel/8
<ea .

The remaining estimates in (8-8a) and (8-8b) are contained in (8-2). The results (8-9) and (8-10) follow
as in the proofs of (15.6) and (15.7) in [Rodnianski and Speck 2018b, Theorem 15.1] from the asymptotic
behaviour of the solution variables in (8-3a)—(8-3e) and (8-7). We briefly sketch the proof of (8-10):
Consider a geodesic « affinely parametrized by .4 as in the statement. The geodesic equations then lead
to the following estimate for some suitable K > 0:

IA”| < %|A/| +/c[;l|N| +n 9N +n" VN, +n|l€|g] A

The leading term is hereby arises from the mean curvature condition. Arguing as with the elliptic estimates

el

in Section 5, one can show that |9, N| < ea . Thus, along with the other pointwise bounds on #,
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g and k, one obtains
A< 41 4ce) A1
and consequently
A0 < |4 (t0)]a(t) ™~

by the Gronwall lemma. Equation (8-10) follows by integrating.
Turning to the blow-up behaviour of geometric invariants, observe (8-11a) is a direct consequence of
(8-3e). Regarding (8-11c), we first compute using (2-19) and standard algebraic manipulations that

a"* WepysW® = a'*(8|E[; + 8|B[;) =8| E|¢; + 8| B|5.
By the rescaled constraint equation (2-29c), we have
Eij=—ad®Sij + (S0 )i — [ZW? + 9 cv]G,; + O(ea*")

for ¢ | 0. Further, by expandlng (2-3) around a = 0, we have da’> = V& 3 C + O(a?). Since ¢ and ¥
converge to footprint states KBang = Kang +V 5 I +Cl and Wggp in C 15(M ) respectively, this shows that
8|E |G converges to some Wgyye € C ys (M) that can be expressed as a fourth-order polynomial in KB‘mg
and Wggpe and satisfies
2 _ 1 2—ce!/8

I1EIG — §Wpane ||C0(M) Sea
as well as (8-11d). Due to (8-8b), the |B |ZG—term in the Weyl curvature scalar is negligible in comparison,
and thus (8-11c) immediately follows.

Furthermore, one has

Pupys P*P7° = 2 Ric[glap Ric[g]" — 3RIZT,

and (8-11b) is a direct consequence of (8-11e)—(8-11f), which follow once more with (8-3c) and (8-3a)
as well as (8-2) for error terms. Finally, (8-11g) is obtained from (8-11b)—(8-11c). [l

9. Future stability

The goal of this section is to show the following theorem:

Theorem 9.1 (future stability of Milne spacetime). Ler the rescaled initial data (g, k, V¢, ¢') on M
be sufficiently close to (y, %y, 0, ()) in H> x H* x H* x H* on some initial hypersurface Y=g, (see
Definition 9.4 and Assumption 9.7). Then, its maximal globally hyperbolic development (M, g, ¢)
within the Einstein scalar-field system in CMCSH gauge is foliated by the CMC Cauchy hypersurfaces
(1) elr,0)» 18 future (causally) complete and exhibits the following asymptotic behaviour:

(g7k7 ¢/’ V¢)(T)_> ()/, %y, 0, 0) as T TO

Since the control of geometric perturbations uses the same arguments as in [Andersson and Fajman
2020], the focus in this section will lie on dealing with the scalar field. The key idea is controlling decay
of the scalar field using an indefinite corrective term on top of the canonical energy (see Definition 9.6).
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9.1. Preliminaries.

9.1.1. Notation, gauge and spatial reference geometry. Within this section, we will decompose the
Lorentzian metric as
g =—n>dt* + gap(dx* + X4 (dxb + X? dr). (9-1a)

We impose CMCSH gauge (see [Andersson and Moncrief 2004]) via
t=1, g4 -TeH =0, (9-1b)

where T refers to the Christoffel symbols with regard to the spatial reference metric y.

We extend the notation from the big bang stability analysis regarding foliations, derivatives, indices
and schematic term notation to this setting (see Section 2.1). In particular, X7 and X, will refer to spatial
hypersurfaces along which the logarithmic time 7 (see (9-2c)) and the mean curvature T are constant (see
(9-2c) on why these are interchangeable), and we will write for example X7—¢ when inserting a specific
value to avoid potential ambiguity. We use similar notation for scalar functions and tensors that depend
on T or, respectively, 7.

For the extent of the future stability analysis, we have to introduce an additional condition for the
spatial geometry beyond Definition 2.1:

Definition 9.2 (spectral condition for the Laplacian of the spatial reference manifold). Let uo(y) to be the
smallest positive eigenvalue of the Laplace operator —A,, = S VA acting on scalar functions,
where (M, y) is as in Definition 2.1. (M, y) additionally is assumed to satisfy

1o(y) > §.

Remark 9.3 (manifolds that satisfy Definition 9.2). The available literature on spectra of —A,, usually
focuses on hyperbolic manifolds with sectional curvature k = —1. Thus, one needs to check that 1 is
strictly greater than 1 to verify the analogue of Definition 9.2 after rescaling.

Numerical works, e.g., [Cornish and Spergel 1999; Inoue 2001], provide evidence for over 250
compact hyperbolic 3-manifolds to satisfy this spectral bound, many of which are closed. In particular,
both [Cornish and Spergel 19991 and [Inoue 2001] consider the smallest closed orientable hyperbolic
3-manifold, the Weeks space m003(—3, 1), and compute that it falls under Definition 9.2 with ug ~ 27.8
in [Cornish and Spergel 1999, Table 1V] and 26 § o é 27.8 in [Inoue 2001, Table 2]. Moreover, as
demonstrated in [Inoue 2001, Figure 6], many manifolds with small enough diameter d satisfy this
condition. In fact, the analytical bound

2 1 7t 1 3 7
- aVE
(see [Cheng and Zhou 1995, Theorem 1.1-1.2] with L = 2) implies that po > 10 holds for Weeks space,

which has diameter d ~ 0, 843 (see [Cornish and Spergel 1999, Table V]). Furthermore, [Inoue 2001]
finds no closed hyperbolic manifolds that violate this bound. More recently, the Selberg trace formula

to > maX{

14These results have to be interpreted cautiously since the numerical method cannot detect eigenvalues below 1.
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has been used in [Lin and Lipnowski 2022; 2024; Bonifacio et al. 2025] to compute candidates for
eigenvalues of —A,, and related operators, based on an optimization approach originating in [Booker
and Strombergsson 2007]. In particular, the calculations visualized in [Bonifacio et al. 2025, Figure 3]
demonstrate that one must have pg > 27, 6 on the Weeks manifold.

We also note that it is conjectured that one at least has 1o > 1 for any arithmetic hyperbolic 3-manifold
(see [Bergeron 2003, Conjecture 2.3]). In fact, this is tied to the Ramanujan conjecture for automor-
phic forms. Finally, one can construct compact manifolds with boundary and with constant sectional
curvature —1 where o becomes arbitrarily small; see [Callahan 1994, Corollary 4.4].

9.1.2. Rescaled variables and Einstein equations. We will use the standard rescaling of the solution
variables by :

Definition 9.4 (rescaled variables for future stability).

gij=1g;, (@ Hi=12" %=1k, (9-2a)
n=t’n, A=in-1, X‘=tX" (9-2b)

Furthermore, we introduce the logarithmic time
T=— log(%) — r=reT, (9-2¢)

0
which satisfies 0y = —t9,. Toward the future, T increases from 7y to 0, and thus T increases from O

to oo. We additionally introduce

do=0r + Lx = —7(d; — Lx), (9-2d)
¢ =n""9¢ =n"" (=)' (0 — Lx)¢. (9-2¢)

Moreover, for any scalar function ¢, we denote by ¢ the mean integral with respect to (X7, g7).

For symmetric (0, 2)-tensors %, we define the perturbed Lichnerowicz Laplacian

1 A _ A . _ ! _ !
Loyhas = =7 -Vi((8™ )" tgVihap) — 2 Riemly Luw (g~ (67 It (9-3)
4

This operator satisfies
(Ric[g] —Ric[y]i; = %Eg,y(g —vij+Jij, g Slg—vyla: (9-4)

see [Andersson and Moncrief 2003, Proof of Theorem 3.1]. Under our conditions for the reference
geometry, [Kroncke 2015] implies that the smallest positive eigenvalue of £, ,,, denoted by A, satisfies
Ao > &, and that L, , has trivial kernel. The spectral condition in Definition 9.2 is not necessary for this
to hold true.

We now collect the (3+1)-decomposition of the Einstein scalar-field equations in CMCSH gauge with
the help of [Andersson and Fajman 2020, (2.13)—(2.18)]:
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Lemma 9.5 (rescaled CMCSH equations). The rescaled CMCSH Einstein scalar-field equations take the
following form: The constraint equations

RIgI—IZ[; — 5 =87[l¢/P +|Ve[;], divy T =877°¢'V,, (9-5a)
the elliptic lapse and shift equations

(Ag —5)n=n(X; +4x[1¢'|> + Ve[ — 1, (9-5b)
AgX*+ (g H RiclglpmX™ =2(g )" (g™ Vpn - Ty — (8 Vit + 807>’ Vo
—2(g"H* (g™ Hn - Tpe — VX)), —TE), (9-5¢)

the geometric evolution equations

d08ab = 21T ap, + 20 gab, (9-5d)
do(g™" = —-2n(g™H* (g VT — 2087, (9-5¢)
0T ap = —2%qp —n(Riclglap + 58as) + VaVin
+2n- (g™ BanZpn — igab — A Tap — 8TNVad Vs (9-50)
and the wave equation

dog' = (Vn, V)g +nAed+ (1 —n)g'. (9-5¢)
9.1.3. Energies and data assumptions. The proof will rely on the following corrected energy quantities:

Definition 9.6 (energies for future stability).

Ep= (D' [ 080" —9a gIvolg,  C == [ (- @A volg,  (9-6a)
Ese= 3 (E 4+ 20 9-6b
SF—X_:O( SF T3 SF)’ ( )

>, (9

Egeom = Z (z fM<g -V E?’y(g - V))g VOlg

m=1
1 - -
+3 /M(6):, Ly (6X)), volg + CE/M(6):, Lyl g =) Volg>. (9-6¢)
The constant cg is given by

1, )\,() >3
cg= -7

1
9
Iho—8), ho=4,

where 8’ > 0 is chosen to be small enough within the argument.
The Sobolev norms Hé, and Ci, are defined analogously to Definitions 3.3 and 3.4, with similar
conventions on suppressing time-dependence in notation whereever possible. Since norms with respect to

g and y are equivalent under the bootstrap assumption (and consequently throughout the entire argument),
we will simply denote the norms by H! and C' throughout unless the specific metric is crucial.
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Assumption 9.7 (initial data assumption). The initial data on the spatial hypersurface r—g is assumed
to be small in the following sense:

g =vlcs +1Zlc2 + allcs + 1 XN s + 19 Nl + 1Vl e
+llg =y las + 1B 0gs + 1@ gs + 1X s + 18 + 1Vl s < 87 (9-8)

Remark 9.8 (local well-posedness toward the future). Under the above initial data assumption, local
well-posedness is satisfied by analogizing the arguments for local well-posedness in the vacuum setting
(see [Andersson and Moncrief 2003, Theorem 3.1]) with the matter coupling added. Since this only
consists of adding another wave equation to the hyperbolic system, the argument is structurally unchanged
given appropriate smallness assumptions on ¢’ and V¢ (where ¢ itself does not enter into the Einstein
system). As before, we can without loss of generality assume that the initial is sufficiently regular to
ensure that Egeom, Sélg and Célkz initially are continuously differentiable (in time) for any / < 4.

Assumption 9.9 (bootstrap assumption). On the bootstrap interval T € [0, Tgoot), We assume one has

g =¥l +1Zlc2 + Iillcs + 1 XN s + 19 llc2 + 1Vl
g =y lus +1Zlgs + 181 gs + 1X s + 16l gs + IVl s < 3772 (9-9)

We only choose not to use “<”-notation in the above assumptions for notational convenience in some
technical computations. As before, § can be chosen to be sufficiently small for the following estimates to
hold and for the decay estimates we derive from the bootstrap assumptions to be strict improvements.
Moreover, note that (9-9) is satisfied since all of the norms are continuous in time (see Remark 9.8).

Before moving on to the energy estimates, we quickly collect the following immediate consequence of
the bootstrap assumptions:

Lemma 9.10 (Sobolev estimate for the curvature). The following estimate holds for any | € Ny:
|Riclg] + 3¢ ;1 S g =¥l + g = 71 9-10
9 H! ~ VIl gi+2 g y||Hl+l- ( a)
Under the bootstrap assumptions, this implies
|Riclg]+ 2g|| . + |Riclg] + 2g| ;5 < 8¢ 772 (9-10b)
Proof. By (9-4), one has
|Riclg]+ 38| ;0 < 31Le.p (& =Vl + Klig =¥ l170e

for some suitably large K > 0, along with the fact that £, ,, is elliptic. This implies the first inequality,
while the latter follows from directly from the bootstrap assumption (9-9) and by applying the standard
Sobolev embedding. O

9.2. Elliptic estimates. We briefly collect the elliptic estimates for lapse and shift:
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Lemma 9.11 (elliptic estimates for lapse and shift). Let ! € {3, 4,5, 6}. Then, one has n € (0, 3) (thus
n € (—1,0)) and the following estimates hold.:
lidll g S 8™ 2IE N g2 +8%e T llg — v ll -2 + 8¢~ 211I¢ Il -2 + IVl 2], (9-11a)
X1l S 8™ T2IZ N o2 + e~ T2 llg =y ll s + 8¢2[9 Il -2 + [V 2], (9-11b)
Proof. The pointwise bounds on n follow via (9-5b) and the maximum principle as in Lemma 4.1. For
the remaining estimates, applying elliptic regularity theory to (9-5b) and (9-5¢) implies
121z S Ul | Z g2 + VRl gallg — v Il -2
+ VSl (1 +llg = ylic2) + 18 |21 Nl g2 + 1Vl 2],
X1zt SNE -2 1Z -2 + 18 = ¥ I35 + VBl cr g = vl s
+UIVRlIz A+ lg = viic) + 18 2101+ Al 2111 Nl -2 + 1Vl 2]

The statement then follows by inserting (9-9). (]

9.3. Scalar field energy estimates.

9.3.1. Near-coercivity of Esp. We will be able to prove a decay estimate via a Gronwall argument only
for the corrected energy Esp. Hence, we first need to verify that this energy controls the solution norms,
for which we first show that it controls the “canonical” scalar field energies:

Lemma 9.12 (positivity of corrected scalar field energies). Let

V1+9g -1 .
Ve with g = 5 (10(y) — 5)-

Then, foranyl € {0, 1, 2, 3,4} and § > 0 small enough, one has

Q:

4
OES, <G, + 2050, hence QY E} < Esr. (9-12)
m=0

Proof. We denote the smallest positive eigenvalue of —A, acting on scalar functions on X7 by 1o(g7).
By the bootstrap assumption (9-9) and since pg depends continuously on the metric, we obtain the
following for small enough é > 0:

1o(gr) = po(y) — 3 (o(¥) — §) = § +4.

By the Poincaré inequality applied on (X7, g7) (see [Choquet-Bruhat and Moncrief 2001, p. 1037]), the
above spectral bound implies the following for any ¢ € H!(Z7):

- _ -1
18 =215z < o@D IVEN 5, = (5+a)  1VEIL 5, (9-13)
For [ = 0, this means
0 0 Iy
Egp + 3Csp = 1017, + IVeIZ: = 316 — @1z 111l

’ — A/ 1 +9q -1
> 1¢I5, + IVelZ, =200 +99) IVl 3¢l = Esp
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For [ = 1, notice that we can rewrite Cé}; as
] _ _
Csf = [ (V9. V@) gvolg = [ (V9. V(@' = §))gvolg = = [ (¢ —#) A vols.

Hence, applying (9-13) to ¢ = ¢’ yields

A/ 1 +9q — I[E(l)
JI+9g °F

Forl =2,3,4,notice Agp = Agp/ = Aéq& = 0 holds due to the divergence theorem; hence the argument

1 1 1 _
Egr + 3C5p = Egp —2(1+99) 21V Il 12 [ Aghll 12 =

proceeds as in [ =0, 1. |

Lemma 9.13 (near-coercivity of corrected scalar field energy). For any scalar function ¢ and k € {1, 2},
one has the following under the bootstrap assumptions:

/M|vz§|§ volg < /M|Ag;|§ +1V¢ 2 volg,
1E 1% S NARCI2 4+ U1, + 18 120) + IVE 12 | Riclg] + 2 |2y,
V¢ 120 S IVALCI2, 4+ (1VE 1 + 19C 1) + 1V 1122 | Riclg] + 2g ) 7o
Consequently, the following estimate holds:
16'12,4 + 191124 S ESp + (19122 + IVe1%2) | Riclg] + 2g | 7o (9-14)

Proof. The inequalities for ¢ follow from the same arguments as Lemma 4.5, except that we have
|IRic[g] ”sz S 1468 <1 by Lemma 9.10. The final estimate then follows by applying these estimates to
¢ = ¢ and ¢ = ¢ and applying Lemma 9.12. ]

9.3.2. Preparations for energy estimates. Before proving the energy estimate, we need to establish two
technical lemmas: First, we collect a formula to differentiate integrals, and then some estimates needed to
deal with the mean value of ¢ in the base level correction term.

Lemma 9.14 (differentiation of integrals, future stability version). For any differentiable function ¢, one
has

oy /M; volg = /M(aog +3A7) volg. (9-15)
Proof. As in the proof of (4-12), we obtain
or it
or /Mg volg = /MaT; + ng{ volg
= [ r¢ + 3¢ = §(g™) " Lagat voly
- f dr¢ + 3¢ —divg X - ¢ vol,.
M

The statement now follows by applying Stokes’ theorem to the final term and rearranging. ]



COSMIC CENSORSHIP NEAR FLRW SPACETIMES WITH NEGATIVE SPATIAL CURVATURE 1691

Lemma 9.15 (decay estimate for the integrated time derivative). For any T > 0, we have

/zT @' volg = (/ EH")/ VOIg) e (9-16)

Consequently, the bootstrap assumptions imply

‘ /E 5o - ¢’ Volg‘ < §3e3T (9-17)
T
for 8 > 0 small enough.

Proof. Using that the integral of divy (nV¢) vanishes, we compute

oy ( /M¢’ Volg) - /M(éoqs’ +3ii¢) volg = fM[(1 —n)¢ + (n —3)¢'] voly = —2( /M¢’ Volg).

Hence, (9-16) precisely describes the solution to this ODE (f' = —2 f) with prescribed initial value at
T =0, and the initial data assumption (9-8) implies

[ ' vole| < 18/ llcocs, g volg(Sr=o)e ™" S 6%~
W -
Furthermore, one has by (9-15) that
drvolg(X7) = /}: 3nvolg. (9-18)
T

Consequently, one has

o _8TV01g(ET) 7
%9 = [ voly (Z7)

1 - R / A )
+ volg (Z7) /M(aod) +3n¢) VOlgi| = fM(mi) +3n(¢ — ¢)) volg.

By applying |n| < 3, the adapted Poincare inequality (9-13) and the bootstrap assumptions (9-9), this
implies

18061 S 119112 + IVl 2l 3 < Se™"2.
The bound (9-17) now follows by combining this with (9-16). [l

9.3.3. Energy estimates. Now, we can collect the following estimates for the corrected scalar field
energies:

Lemma 9.16 (base level estimate for the corrected scalar field energy). Under the bootstrap assumptions,
the following estimate holds for some K > 0:

OrESY) < —2EQ + Koe TPVEG (VER + 112+ g — v ll2) + K832, (9-19)
Proof. We compute, using [do, V1¢ = 0, do¢p = n¢’ and the rescaled wave equation (9-5g),
arESp = f [200¢"¢'+2(Ve., Vo) g+(Bog )’ Vap Vep+3(1¢'*+|Vep[3) ] vol

_/ (VI,VP) g+ A g+ (1—1)¢)p' 219 )- A gp—2n(E VPV ) g +3i|¢' >+ | V|2 ] vol.
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With 2(1 — n) = —4 — 6, integration by parts and using the bootstrap assumption (9-9) on C-norms, we
get for some constant K > 0 that we update from line to line

arESy < /M—4|¢/|§volg + K[V llcollidll mVED + (IZ o + 1Al co) ESR]
< fM —41¢/ > volg + K¢ TA(VEQ A 1 + EQ).
Similarly and using the same evolution equations, we obtain
darCsy = /M[50¢ ¢ —dod - ¢+ (¢ — P)do¢ + 3 (p — )¢ volg

= /M[3|¢/|2 +381¢1* + (¢ — ) - divg (n V) — 2(¢p — §)p' — o - ¢'] vol,

<200 + [ 301¢/1 = 1Vel;] volg + 3IRIoER — [ @0 -9 vol.
Applying Lemma 9.15 to the last term, we get

arCyy < 208 + Kse TPEQ) + K§3e™T/2,
Combining these two estimates, inserting (9-11a) and (9-12), as well as updating K, yields
orED = arEQ+ 20,010
- /M[(—4+§ 3)1¢/ 2 =231V 2] volg—2- 200 + K se T2 (VEQY Il i1 +ES) + K 837572

< 2EQ+ K8 TAVEQUS 2+ g =y 2+ EG) + K872, 0
Lemma 9.17 (higher-order estimates for the corrected scalar field energy). Foranyl € {1, ..., 4}, the

following estimate holds:
1
or (Ep+3¢) = —2(ER+2¢8) + Koe (X VEG )- (191 + 199l + ISl + g =¥ ).
m=0

Proof. Starting with [ = 2k, k € {1, 2}, one calculates
(2k) __ k3 g7 k ./ k k=
Irkgg = fM[2Agao¢ A" +2VALH, VALIP) g (9-20a)
+(Bog ) - Varke VAke +30(1AFY 2 + |V AR2) (9-20b)
+ 2[00, Aglg" - Ay’ +2([do, VAL, VALp)s] volg. (9-20c)

We insert the rescaled wave equation (9-5g) and 50(15 = n¢’ into the right-hand side of (9-20a) and obtain
for some constant K > 0 that we update from line to line

(9-20a) < /M[—4|A’;¢/|2—6ﬁ|A§¢’|2+nA’;+1¢-A’;¢/] vol,
+KIA Y | 2 (] e [Vl co+ I VB el ] o)
+/M[—nA’;¢/-A’;+1V¢—3(Vﬁ, VALG) g Ald'Tvolg
+K|IVAs I 2l o 9| co+ 1Al o219 ] 2e)
< fM—4|A§¢/|2VOlg—I-K@-[Ulvd)ﬂct)*l-lld)/”w)'||ﬁ||H2k+1+(||V¢||H2k+||¢/||H2k)'||ﬁ||c2k]-
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For (9-20b), we use (9-5e) and the bootstrap assumption (9-9) to bound it by K8e~7/ Z[E(stk)- Regarding
(9-20c), the commutator formulas (B-1a)-(B-1b) imply

1180, AZ1¢ 122 S mll o1 (1 et 1B et + 1 E 2111 z2) + Nl et 161 s,
1180, VALIBI 2 S Il IVl 1B gt + I E a2 [Vl go0) + Nl o [V bl g

Summarizing, inserting the C-norm bounds from the bootstrap assumption (9-9) and updating K, this
implies

orEge < [ 418591 volg + Kse " EG
M
+ K8 TPVEGY (1 | g + 1V ) + K 8e™ T2V EG (1l o + 12 r2e).

Moving on to the corrective term, we compute

R NN ANTESNTING ~ (9-212)
+ 30 ALp - Asd' + 00, Mgl - Mg’ + Al - [0, Al1p'] vol,.  (9-21b)

Inserting the evolution equations into the right-hand side of (9-21a), we can bound that line by
< ]M[3|A’;¢’|2+3ﬁ|A’;¢/|2]volg + K|l o 16l i | Al 2
k k i/ | anak k 4/ k k+1 N k+1
+ /M[—2Ag¢ NG +3NGD - N’ +3ALH - AT P +3RALY - AT ¢] vol,
+ K[llallcx IVl g + 19| 2e-1) + IVl co + 19 co) 1] e ]I A Bl 2.
Note that, after integrating by parts, the last two terms in the second line can be bounded by

/M =3IV A3 volg + [lillct (IVA @ 12 + [ A Il 1) IV AF bl 2.

For the terms in (9-21b), notice that the first term can be bounded by Se 12| Vo B2k [E(szpk), while the

commutator terms can be estimated as before, with
5 k
1090, Aglpllz2 S NV@llcollnlicoll Zll gt + Inllcx 1 Zlc2-2 I VPl v
Combining all of the above, we get

2k 2k
0rCse” < =20 + [ 1318501 =31V ALl vol,
+ KT e + 9+ Wil e + 1 Z e - (VEG +VEG).

Finally, combining both differential estimates yields the statement for / =2k. Forl =2k —1, k € {1, 2},
the argument is completely analogous and hence omitted. (Il

9.4. Geometric variables. We can take the following results from prior literature, where we additionally
apply the elliptic estimates in Lemma 9.11:
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Lemma 9.18 (coercivity of geometric energies [Andersson and Moncrief 2011, Lemma 7.4]). For
sufficiently small § > 0, the following estimate holds:

g =y 1I35 + 1Z134 < Egeom- (9-22)

Lemma 9.19 (geometric energy estimate [Andersson and Fajman 2020, Lemma 20]). Let § > 0 be chosen
appropriately small, and let

1, )\.0>l,
_ 9-23
* {1—3ﬁ, ro=1, 023

where 8" > 0 is the same as in (9-7), in particular, suitably small. Then, there exists some constant K > 0
such that the following estimate holds:

8TEgeom = _ZaEgeom + KE3/2 + K8€_T/2 Egeom[l|¢,“H4 + Vol g4l (9-24)

geom
9.5. Closing the bootstrap. Now, we can collect our estimates to improve the bootstrap assumptions:

Proposition 9.20 (improved bounds for future stability). Let the bootstrap assumption (see Assumption 9.9)
be satisfied for T € [0, Tsoot) and assume the initial data assumption holds at T = 0 (see Assumption 9.7).
For 8§ > 0 sufficiently small and o as in (9-23) with 8’ > 0 sufficiently small, the following estimates hold:

19 lc2 + IVPllc2 + 19 Nl g+ + IVl o S 83T, (9-252)
lg—vles+ 12N+ g —ylas + 12 ge S 83277, (9-25b)
I7llcs + 11X s+ Al s + 1 X | s S 8%e 2T (9-25¢)

Proof. In the following, the positive constant K may be updated from line to line.

Combining the estimate from Lemma 9.16 as well as those from Lemma 9.17 at each level with
Lemma 9.19 and applying the (near)-coercivity estimates (9-14) and (9-22) to the right-hand sides, we
obtain

dr (Esr+ Egeom) < —2Esp+ KBe_T/Z ESF(\/ESF + 829_T ||R1C[g] + %gnip + Egeorn) + K83€_5T/2
- 2Ongeom + KEge/gm + K(Se_T/Z\/ Egeom\/ESF + 82T “Ric[g] + %g”ip

Applying (9-10a) to the curvature norms, as well as (9-22) to the resulting norms on g — y and (9-9)
(which implies / Egeom < 8e~T/2), this becomes

07 (Esr + Egeom) < —20(Esp + Egeom) + K8¢™"/*(Esp + Egeom) + K 8% 71/2,
and consequently, since o <1,
or[e** T (Esp + Egeom)] S 8™/ - €T (Esp + Egeom) + 8"/,
The Gronwall lemma, along with the initial data assumption (9-8), now implies

Esp+ Egeom S 87727 (9-26)
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Lemma 9.18 and the standard Sobolev embedding then imply (9-25b). In particular, this means
|Riclg] + 58] . S 872" (9-27)

due to Lemma 9.10, and for 8’ > 0 small enough, inserting (9-26) and (9-27) into (9-14) shows
(9-25a). Moreover, (9-25c¢) follows directly from the proof of Lemma 9.11 and the already obtained
improvements. O

Proof of Theorem 9.1. The problem is locally well-posed as outlined in Remark 9.8. There then is some
maximal interval [0, Tgoot) for the logarithmic time 7 — or, equivalently, some maximal time interval
[0, TBoot) — on which the solution exists and the bootstrap assumptions (see Assumption 9.9) are satisfied.
By the analogous argument to the proof of Theorem 8.2, the decay estimates in Proposition 9.20 are
strictly stronger than the bootstrap assumptions for small enough 8, 8" > 0. This implies Tgoot = 00
(resp. Toot = 0) since we could else extend the solution strictly beyond Tgoo While also satisfying the
bootstrap assumptions. This proves the convergence statement in Theorem 9.1.

Finally, the decay estimates imply that |Vn|,, respectively |k|¢, are bounded by 7%~ respectively 7¢*1,
up to constant on [7g, 7). Since « is at worst slightly smaller than 1, both functions are integrable on
[0, 0) for suitably small 8" > 0. By [Choquet-Bruhat and Cotsakis 2002], this means the spacetime is
future complete. (I

10. Global stability

To prove Theorem 1.2, what still needs to be shown is that initial data as in Theorem 1.1 develops from
¥, to some hypersurface X, = X () in its future such that the data in %, is near-Milne in the sense of
Assumption 9.7 and in CMCSH gauge. From there, near-Milne stability yields the behaviour in the future
of X¢¢,), and hence future stability of near-FLRW spacetimes as in Theorem 1.2.

Proof of Theorem 1.2. Within this proof, ¢ will denote the “physical” time coordinate used throughout the
big bang stability analysis, while T denotes the mean curvature time used within CMCSH gauge.

Consider initial data (g, k, V¢, do¢) induced on the CMC hypersurface X, within M such that the
rescaled variables are close to FLRW reference data in the sense of Theorem 8.2. Moreover, let (g, 12, T, &)
be the geometric initial data on M that induce it via the embedding ¢ : M < M. Notice that

P:H (M) — H M), Y AY +(y ) Riclyl, Y/ =AY -3,

is an isomorphism since A, has no positive eigenvalues. Hence, using [Fajman and Kroncke 2020,
Theorem 2.5, Remark 2.6], there is a metric ¢’ isometric to ¢ that remains close in H)}S(M ) to a(ty)*y
and satisfies

(@) HY T - Tyl =o.
Let 6 € Diff(M) be the diffeomorphism such that 6*¢ = g’. Then the proof of [Fajman and Kroncke

2020, Theorem 2.5] implies that & can be chosen close to the identity map within H 18(Diff(M)), and
consequently that 6*k =k, 6*# = #’ and 6*y) = ¥’ remain close to —a(fo)a(fo)y, 0 and Ca(fp)~> in
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H;S(M ). By the same argument as in Remark 8.1, we can now evolve this data locally and obtain a
new initial hypersurface ¥’ close to ¥, that is in CMCSH gauge and that (g, k, V¢, do¢p) is close to the
reference data in the sense of Assumption 3.10, exchanging the initial time 7y by some close time #.

Since 7 is strictly increasing, t = ¢ (7) exists and we can interchangeably view a as a function in ¢ or T
with some abuse of notation. The Friedman equation (2-3) implies d,;a > é and thus a(t) > ét on (0, c0),
as well as

—T = 3% = % + (lower-order terms) as t — oo (resp. T — 0).

We choose 7| > max{l, 7} large enough (resp. (¢;) = 7o small enough) that the following estimates
hold for some small x € (0, §) that depends only on é:

Ca(t)r(t) ' <y, (10-1)
—t(t1)-a(ty) e[l —x, 1+ xl]. (10-2)

As the solution is Cauchy stable, i.e., it and its maximal time of existence depend continuously upon
the initial data,’> one can choose ¢ > 0 in the analogue of Assumption 3.10 small enough to ensure the
following: The solution exists until #; > t(’) and (a_zg, al€, Vo, a32§0¢) remain K e-close to (y, 0,0, C)
in H]f X H]f X H}f X Hf for some suitable K > 0 along the slab Use[té,tl]
shown is that this implies Assumption 9.7 in the sense that, if ¢ is small enough, 6 can be made as small
as necessary for Theorem 9.1 to apply.

;. What now remains to be

Note that the scalings in Definition 9.4 can be rewritten as

g-y=@-a @’g-y)+G*-a’ =Dy, T= (k).
¢ =C(—t " a )+t aH @nT O, - Lx)p - O).

Since (10-2) implies 7 - a is close to —1 at #1, [|(t -a)*>(a~2g — ¥)| yo can be bounded by 38° for small
enough . Choosing x < %83 then implies ||g — )/”HG(ETO) < 83. That |2 5 can be made smaller than
83 for small enough & > 0 follows since 7/a behaves like 1/a” up to a constant by (10-2).

For the normal derivative of the wave, notice that |C(—t~' - a~%)| is bounded by x due to (10-1), and
that —7~'a~3 is equivalent to =2 by (10-2). Hence, we can similarly ensure that ¢’ is bounded in H>
by 83. Since V¢ is not changed in either rescaling, and bounds on lapse and shift (up to constant) follow
from the elliptic estimates in Lemma 9.11, it follows each individual norm in Assumption 9.7 can be
bounded by 83 up to constants that depend only on y, and hence the initial data assumption itself can be
satisfied for suitably small § > 0.

This proves that we can develop from initial data for the big bang stability proof to near-Milne initial
data within a CMCSH foliation, and thus we obtain Theorem 1.2 from Theorems 1.1 and 9.1. ]

I5For the argument for Einstein vacuum in CMCSH gauge, see [Andersson and Moncrief 2004, Theorem 3.1]. As with local
existence, the argument in the Einstein scalar-field system is largely identical since the only difference amounts to coupling the
hyperbolic parts of the system with a further hyperbolic one.
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Appendix A: Big bang stability
A.1. Basic formulas and estimates.

A.1.1. Tools from elementary calculus.

Lemma A.1 (a Gronwall lemma). Let f, x, & : [a, b] — R be continuous functions such that x >0, & is
decreasing and, for any s € [a, D],

b
fls) < f X f(r)ydr +&(s)

is satisfied. Then, for anyt € [a, b], we have

b
fo =swesp( [ xar).
Proof. This follows by standard arguments as in [Dragomir 2003, Corollary 2-3]. O

Lemma A.2 (a weak fundamental theorem of calculus for square roots). Ler f : (0, o] — [R{(J)r be a
C'-function. Then, we have for any t € (0, to)

VI <V f)+ f AT (A-1)

t 23 f(s)
Proof. This follows from a straightforward application of the monotone convergence theorem to g, =
Jf+1/n. O

A.1.2. Levi-Civita tensor identities. Herein, we collect some basic identities for the Levi-Civita ten-
sor €[g]: Firstly, it satisfies the contraction identities, where [, denotes the Kronecker-symbol:

eailizeajljz = ﬂ;ll I]lJzz o I];lz[l?l’ (A-2a)
sabieabjz — 2[]11’ (A-2b)
e eqpe =6, (A-20)
Ve =0. (A-2d)

The analogous formulas hold for e[G] when raising indices with regard to G instead of g.
For a tracefree and symmetric X;-tangent (0, 2)-tensor ¥ and a X,-tangent (0, 2)-tensor 2, the following
simplified identities hold:

(T x W) =% ;P9 Wpy + H(T- Wy, (A-3a)
ETxg)j=-%, (A-3b)
(ixk),-j:—%r‘lij+(§xl€)ij. (A-3c)

Further, note the following formulas (for T as T, 2 as A and any X,-tangent (0, 1)-tensor &) (see
[Andersson and Moncrief 2004, p. 30]):

divg (AN ) = —curl A - A+ A - curl 2, (A-3d)
A (EAA) = =28 - (AAA), (A-3e)
T @AxDH =T xA)-%. (A-30)
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A.1.3. Estimates on contracted tensors.

Lemma A.3. Let G, T be traceless and symmetric ¥;-tangent (0, 2)-tensors, 9N, N symmetric X,-tangent
(0, 2)-tensors and & a X;-tangent (0, 1)-tensor. We define G, G~' and | - | via (2-27a)). Then

MO Nl < 1MgINlg, MON=a Mg MN, (A-4a)
& x6Tle S186ITle, (& x D)y =a (& xg D)yj, (A-4b)
16 A Tle <1616ITlg,  BAT=a (G AgT), (A-4c)

€ A6 Tle <IEl6ITle,  EATD)j=a ' (& Ag D), (A-4d)
lcurlg Mg < VMG, curl My; = a~' curlg M. (A-4e)

Proof. The estimates with respect to the unrescaled metric are direct consequences of the contraction
identities (A-2a)—(A-2c) replacing g with G, and the scalings follow simply by tracking the effects of the
rescaling in Definition 2.9. In particular, note

elgli“ = g9 g% elgliji = @(GTH)@ (G N e[Glijp =a'e[G1*,  (A-5)
In particular, (A-5) determines the Levi-Civita symbol. [l

A.2. Commutators. Herein, we collect a variety of commutators of spatial derivative operators with each
other as well as with time derivatives. While these mostly follow by standard computations, we use the
fact that our spatial hypersurfaces are three-dimensional to significantly simplify the spatial commutator
formulas, and need to apply the rescaled equations from Proposition 2.10 for the time derivative formulas.

For higher-order commutators, we denote by J terms within the commutator formula that contribute
junk terms at any point where this commutator formula is used. Furthermore, in the following, ¢ denotes
a scalar function on M and T denotes a X,-tangent, symmetric (0, 2)-tensor, always with sufficient
regularity for the equations to make sense. Moreover, recall the schematic *-notation as introduced in
Section 2.1.8.

Corollary A.4 (schematic first-order spatial commutators). For ¢ and T as above, the following identities
hold:

[A, V¢ =Ric[G]* V¢, (A-6a)
[A, V2] =Ric[G]* V2 + VRic[G] % V¢, (A-6b)
[A, VIZ =Ric[G]* VE + VRic[G] % T, (A-6¢)
[A, V2T = Ric[G] % V>T + V Ric[G] * VZ + V2 Ric[G] % T, (A-6d)
[A, divg]T = Ric[G]* VT + V Ric[G] % T, (A-6¢)
[A, curlg] = e[G] * (Ric[G] % VT 4 V Ric[G] % ). (A-6f)

Proof. Since we are working in three spatial dimensions, the following identity holds:
Riem[G];ji = Gk Ric[G]j; — G Ric[G] jx + G j; Ric[G]ix — G jx Ric[G];;
—3(G™H)™ Ric[Glun (GG j1 — GG jx)-
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Hence, for any I € Ny, any V! Riem[G]-term reduces to a sum of products and contractions of V! Ric[G]
with various metric tensors that are all suppressed in schematic notation. With this in mind, the above
statements are simply direct consequences of standard commutation cormulas and (A-5). (I

Lemma A.5 (higher-order spatial commutators). Forl € N, [ > 2, the following formulas hold (and
extend to | = 1 when dropping any term involving A'=?):

[A!, V]e = A7 Ric[G] % Vi + VA2 Ric[G] * V2 + J([A!, Vo), (A-7a)
[Al, V2] = VAT Ric[G] % Vi 4+ V2AI 2 Ric[G] * V¢ + J([A!, V*10), (A-7b)
[A!, VT = VAT Ric[G] % T + VZA 2 Ric[G] * VE + J([A!, VIT), (A-7c)
[A!, V2T = V2ATT T Ric[G] % T + VP A2 Ric[G] % VE 4+ J([A!, V2]T), (A-7d)
[A!, divg]T = VAT Ric[G] % T+ VZAI 2 Ric[G] % VE + J([AL, divs]T), (A-Te)

[A!, curlg]T = e[G]* (VA Ric[G] % T + VA2 Ric[G] * VE) + J([A!, curlg]%), (A-71)

with junk terms, where Z =1, + - - - + I;_p,,

-2
JALVI) = Y VIRie[G1s«VETc 4+ S VIRic[Gl*- - -« VI Ric[G]x Ve,

L+1=2(-1) m=0 T+1I,=2m
=2 -2
J(ALVI) = Y VIRiC[GI#VET e+ Y Y VIRiC[Gl#- - -x VI Ric[G]x VT,
Li+1:=2(1-1)+1 m=0 T+I1;=2m+1
11,1522 12
J(ALVID) = Y VIRiC[GI#VETHY. Y VIRIiC[Glx: - -+ VI Ric[G]x V=T,
L+Iz=2(1-1)+1 m=0 I+Iz=2m+1
fx=2 =)
JCALVIID) = Y VIRC[G]+VET+ Y. Y VIRic[Glx - VI Ric[G]xV= T,
L+1z=2] m=0 Z+Ix=2m+2
fx=2 -2
J(ALdivg]1®) = Y VIRIC[G]xVETH Y. Y VORIic[Glx -« VI Ric[G]x V=T,
L+Iz=2(—1)+1 m=0 T+Iz=2m+1
I=>2

3([Al,cur1G]S):e[G]*[ Y VIRic[GI+VET
L+1z=2(—-1)+1 1—-2
522 +y ¥ V’lRic[G]*---*V’HnRic[G]*v’fz]
m=0 Z+Is=2m+1

Proof. The formulas follow by applying the formulas from Corollary A.4 inductively. (Il

Lemma A.6 (time derivative commutators). With respect to a solution to the Einstein scalar-field system
as in Proposition 2.6, the following commutator formulas hold.:

[3;, Vile =0, (A-8a)
[3;, V¥ =2(N+1)a > 2%/ vj;—zNZ;vﬁig, (A-8b)
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[8:, Al =2(N+Da (%, V2§>G—2N;1A;
—2(N—|—1)a’3<divG2,Vg“)g—Za’3(E,VNV()G—l—g(VN,Vg)G, (A-8¢)

[3,, V]sza—3((N+1)vz+z*VN)*‘z+gVN*‘z, (A-8d)

[8,, A]T = a—3(N+1)2*v25+gNAf+a—3V((N+1)2)*vz+ZVN*W
+a*3v2((N+1)2)*z—f—lv2N*z. (A-8e)

Proof. Equation (A-8a) is simply that coordinate derivatives commute, and (A-8b) follows by applying
(2-28b) and the product rule.

For the commutators (A-8c), (A-8d) and (A-8e), we write out the covariant derivatives in local
coordinates, apply the product rule, and then the evolution equations (2-28b) and (2-34) for the inverse
metric and Christoffel symbols. O

Lemma A.7 (high-order time derivative commutators). Forl € N, [ > 2, the time derivative commutators
take the form

[3;, Allc =2a3(N+1)(Z, V2ATT 1 0) g4+a3VERVIAI2e —2(N+1)a 3 (divg A7'S, VE) 6
+(N+1)a VI Ricx =V +3([0,, A1), (A-9a)
(3, VAl =243 (N+1)(Z, VAT O g+a 3 (N+ 1) VExVH ¢
—2(N+1)a3(Vdivg AI7's,Vi)g
+Z;(V2A’_1N,Vg“)G+(N+1)a_3V2’_2Ric[G]*Z*VCJHJ([Bt,VAl]g“), (A-9b)

[0, AT =a 3 (24 VAT 1T+ VEXVIA 2 T4VTVA 24354 )
+a7? ((N+1) Z#TxV> A" Ric[G14+ V ((N+1) Z#T)x V> Ric[ G])
+%AZN-S+ZVA’—1NW$+3([8,, AT, (A-9c)
[0, VA'IT=a VI A/ T+a P (N+ D) 2V AT THa P (NH DTV A S
+SVA’N*T+;—ZV2A1_1N*V‘Z+a_3(N+1)E*V3A’_2 Ric[G1*T+J([3;, VA'IT), (A-9d)

where the junk terms are, where T = Zﬁ;’f_l I;,

38, Ay =a"3 3y VIV(N+DsVEEavEt2r 1L 5 yivysvie

In+Ig+1,=2(1-1) a i
I, <2(1-2) I;>2
-2
+a_3 Z Z v iy (N+])*VI): sV RiC[G]*---*V’H’“lRiC[G]*VIH_z;’

m=0 Iy+Ix +1§ +Z=2m

-2
+a2 Y Y VIV(N+D«VEZ«VIHIRic[G%- - %V I-n-1Ric[G]x Vit
m=0 Iy+Is+I+I=2m
.- L#£20—4
+4y Y VINNxVIRic[Gx---# V-1 Ric[G]x Ve, (A-9e)
A m=0 In+I+I,=2m—1
I #2(1-1)
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a

I8, VAl == S VINNsvIctle 473 3 VNN 1)V E DVt
a Iy+i.=21 InHIs+I =20~ 1)+1
I: #0 (I, 1) #(0,2(-1)+1),(1,2(1-1))
-2
+a3 Y 3 V(N4 1DV SV Ric[G]x---x V-1 Ric[Gx Vi 2 ¢
m=0 Iy+Is+1+I=2m+1
-2
+a3 Y 3 VINN+ D)V =S« VI Ric[G - - -« V-1 Ric[G]x VT E
m=0 In+Is+I;+I=2m+1
. -1 n#21-3
+4y Y VINNkVIRic[Glk- %V Rie[Gs Vi g, (A-9f)
a =0 IN+I+1;=2m
I #2(0-1)
I8, ADT=a Y VINN«VER«VETLa3 Y vEDkviEg
In+Is+15=21 Is+15=2I
Iy, Iz>2
-1
+a Y Y VIN(N+D*VEZ«VIRic[G#-- -V Ric[G]+V*T
m=0 Iyn+Is+Is+Z=2m
I <2l-3
+2 " vIvNxviEg, (A-92)
aIN-i-IT:Zl
I=>2
3([at,VA’]z)=a—32*VN*AZRic[G]+a—3N*vz*Alz+ZVN*Aluvg([a,,AI]S). (A-9h)

We can extend the formulas to | = 1 by dropping any term which would contain negative powers of A or a
multiindex of negative order.

Proof. This follows by iteratively applying the commutators in Lemma A.6. ]

While all of the above commutators will be essential for the mainline argument, the a priori estimates
require the following commutators:

Lemma A.8 (auxiliary commutators). Let J € N. Then, we have

[0, Vg =a Y  VINWN+DxVES«VEH 44 S YNVt (A-10a)

In+Is+I =1 A Iyt =J—1
Ir<J—1 In>0
[0,V IT=a> ¥ VINWN+DxVEDxVETLEL ¥ VNN kvViET (A-10b)
In+Is+Iz=J 4 Iy+iz=J
Is<J In>0

Proof. For J = 1, this has already been shown in (A-8a) and (A-8d). For higher orders, the formulas
follow from a straightforward induction argument using that, in local coordinates, we schematically have

[8:, V' 1¢ =8, VIV! "¢ + VI3, V/ e = @, TIGD) * VI e + VI3, V¢
and analogously replacing ¢ with T. ]

A.3. Borderline and junk terms.

Definition A.9 (error terms). Let L € 2N, L > 2. Then, the error terms in the Laplace-commuted
equations stated in Lemma 2.11 take the following form:
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For the constraint equations, we have

My junk = =87 (W 4+ C)VAL22Ric[G] % V¢ + VL2 Ric[G] * VE + VL3 Ric[G] % VX

if L#£2
+ Y VW VRtle 487 (W 4+ O)J(AY?, VIg) — J([AY? divg]E),  (A-lla)
I\p+1¢=L
Iy #0
My junk = —€[G1* VI Ric[G]* VE —J([AL2, curl]E), (A-11b)
if L#£2
57)L,B0rder:a_4[2 * ALY +VX *VL_lE]s (A-11¢)
Orguk= Y. ViTlgpxvitly 44 Y vizsviy
L+h=L Li+h=L
1;>2

+ AMP[EIVHIG + Fa WP+ 2 Ca W] - G. (A-11d)
The lapse equation error terms are

mL,Border = (1_4(N + 1)(2 x ALy + VX% vi-ly + U % AL2y + VW % VL_l\II)
+a 1S3+ W+ Uk AY2N +a VD% + W2+ W]« VETIN, (A-12a)

N yunk =a 3 VNN + D)% (VI'S «VEE 4 VIIw « vEw)
IN+h+L=L;
IN<L—=2;Iy>0o0r [;<l,<L-2 +a*4N*AL/2\Ij _|_a*4 Z VINN*VI\I/\IJ’ (A-12b)
In+Iy=L
Iy>2,In>1
as well as

Nit1Border =a (N + D (S+VAM?E +VE+VEE 4+ VIE 4 Vil
+ Uk VAL 2W + VU« VEW 4+ V20 5 VI 1Y)

+a D)L+ VU]« VALPN £ VU VEN 4+ V20 5 VET T, (A-12¢)
_ . —4 In I I I, b
NL1gunk = a > VININ+ 1D« (VIZ« V2 + VIw 5 V2P)
In+1+h=L;
In<L+1;Iy>00r I} >1r>2 _|_a_4N*VAL/2\_p+a—4 Z VINN*VI‘D\IJ’ (A—12d)
In+Iy=L+1
IN,I\];>2

whereas the scalar field error terms read
mL,Border = _3qngL/2N + ;—IV\IJ * VL_IN + 2a_3(N + 1)(2, VZAL/Z—I\y)G

+2a3(N + 1) VE 3 Ric*Z « VW
—2a73(N + 1){divg AY?7I'S, VU g +a (N + 1DV« VAL 2y, (A-13a)

Prok=2 S VAN«VEG4+a Y VNN«VETG 438, AL2W), (A-13b)
In+1y=L Iy+Iy=L+1
Iy>2 IN,I¢;£0

Q1 Border =a "WVAMAN +a 3 (N+ DE+VAY g+ a3 (N+1)VEigx VE, (A-13¢)
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Qrumk=a" Y VIN«VWW L aB3VALTIN V29 S +a3 (N + DVEAL IS 5 Vg

In+Iy=L+1
In,Iy#0
+(N+1Da VAL TRic[G]* T« Vo +a>VEZRic[G] * (N + 1) % = x Vo)
+ S(VEALTIN, V)6 +3([8, VAT )g) (A-13d)

and

DB L+ 1. Border = —SW%VAL/2N+2V\IJ*V2AL/2_1N+2a_3(2, V3IAL2 )
+a 3 (N+D)VERVEWU 1263 VI 2 Ricx s VW +a 3 (N+1)VZAL 134V, (A-13e)

PBrogmk=2 Y VON«VVWO+a Y VNNV 94 3([0,, VAL W), (A-13f)
In+ITy=L+1 In+Iy=L+2
ly>2 IN,I¢;£0

Q1 11.Border =a WAL INLaB3VURVALPN a3 (N+1)ZVEAL 2
+ZVAL/2N*V¢+a_3(N+I)VE*VZAL/Z_lqﬁ, (A-13g)

Qritgmk=a> Y VANs«VWULa3(N+1)VE2Ric[G+Z+V
In+ITy=L+2

2l +a (N+D VAL E V6310, AT 1), (A-13h)

as well as
Q1 Border =a “WAN +a (N + 1) % V3¢, (A-13i)
Qiuunk=a VU« VN +a>(N+ DVE % Ve + ([0, Alg). (A-13))

The commuted rescaled evolution equation for ¥ has the error terms
SLBorder =a (N +1)(Z« V2AL27IE 1 v« VIAL/272y)
+a 3 (ALPN (T 2)+ VAL IN«VE % %)
+a3(N+ 1T % % V2AL22Ric[G] + ZAL/zN * 2+ ZVAL/Z_IN * VS
+a[(N+1DVEx«Z+ VN x X x 2] % VE3 Ric[G], (A-14a)

not present for L=2

SLjuk = —a[AY2, V2 IN+a Y VNN % Ve Ric[G]

Iy+IRic=L
. IN#0
+4 Y ViiNsVES 4473 Y Vizsvis
4 Iy+Ig=L L+h=L
l,‘>0
+a? Y VANaVIZxVEZ4a Y VW + D VITlgx vty
In+1+h=L In+1+h=L

IN<L
+ (47 C%a 3 + 1a)AYAN - G+ 3([8,, AR, (A-14b)
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while the commuted Ricci tensor evolution equations have error terms, where Z = Iy + Iy + ZiL:/?_mH I;,

RL Border =a [VEPIN - Z4+VIFIN«VE 4 24 VZAL 2T Ric[G]1+VE«VE I Ric[G]], (A-152)
RL41.Border =a [VIPBN -S4+ V2N« VE 4+ T4 V3IAL27IRic[G]4+VE«VE Ric[G]],  (A-15b)

D%L,Junk:a_3 Z VINN*VIEZ
In+Is=L+2
Is>2
+a~3 3 VIN(N4+1)% V=T« VRe Ric[G]
Iy+Is+IRic=L
(Iz. Ijie) #(0.L).(1,L—1)

L/2—1
+a3 Y Y VIV(N+1D)«VEZ VI Ric[G]x*- - -xVIL2-m+1 Ric[G]
m=0 I=2m

+‘5’([A”Z, V2N +AL2N4Ric[G]4+ VI~ N %V Ric[G])
+3([3;, AL Ric[GY), (A-15¢)

Reitgmk=a > Y VWNNxVEY

IN+12:L+3
I>2

+a~3 > VIN(N4+1)% V=T % VRe Ric[G]
In+Is+IRic=L
(I, IRic) #(0,L+1),(1,L)
L/2—1
+a3 Y Y VIN(N+1D)xVED %V Ric[G]x- - - VL2741 Ric[G]
m=0 Z=2m+1

+§(V[AL/Z, V2N +VAH2N+Ric[G]+VZA> N xV Ric[G])
+3([8;, VA ?IRic[G)). (A-15d)

Finally, the Bel-Robinson evolution error terms are

€1 Border = %(AL/zN.EJrvL—lN*VE)—a—1 (ALPExS+ExAY?Y)
+a3e[Glxe[G]x(VETExVE+VExVLI~I%)
+a AN (ExX)+a VALY IN[VExS+ExVX]
+a 3 (EkV2AL TV E4VERVP AL 2 24 VEXV AL 2T S+ ExAL/?Y)
+a[(N+ 1) Z+ExV* A > 72 Ric[G]+ V(N + 1)+ Z% E)* V- Ric[ G]]

if L#2
+ara P (W+C)?ALPN- S +47a 3 VETINS[(W+C) > VEH2(W+C)x VU]

+ara 3 (N+D[(V2H2CV) AL 2 S 42(W+C) AL 2 0.5
+47a VIS4 [(W4C) VN+2(N+1)(W+C) VW]
+4ra P (V+CO)VETIUK[(N+1)VE+VN%Z], (A-16a)

CLwp=a ' (N+1De[GlxB*VAL* I Ric[Gl4+a(N+1)(W+C) VAL~ Ric[G]xV ¢, (A-16b)
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=2 Y v’NN*v’EEJra*le[G]*[ )3 v’NN*v’BB+(N+1)v2AL/HRic[G]*VB]

IN+Ig=L In+Ip=L+1
Iy<L-2 Iy, Ip<L
+a"3e[G]xe[G]* > VINN«VIEExVIEY
IN+Ig+Is=L

In<L-2;Iy>0o0r Ig,I5>2

+a S VIN(NF DV (W40« Vil
In+1ly+1p=L+1

Iy, Iy, lg#L+1

+a Y VIN(N+1D)«VEZ«VI(W4C)x V2 (W +0)
In+Is+1L+1L=L

Iy, Is,[;<L-2
+aa® Y VIV(N+D«VITlgevitly
In+11+h=L

+a 3 VIN(N+1)«VEZxV It v ity
In+Is+11+h=L

+a™ e[GI+BH A2, VIN+4ma(N+1) (W+0)[VE2Ric[G V2 ¢+3 (A, V1))
+a{(U+O)[A2 VIN+(N+ DAY, VW)V
H(N+Da '3(AL2, curl1B)+3([3,, AL?1E)
+AFR[a T (N D xS
2
3
B 1. Border = %(AL/2N~B+VL_1N*VB)—a_1(AL/ZBX2+B*AL/22)

+ aﬁ(N+1)(ao.(a—ﬁ(w+0)2+a—2|V¢|é)+4ng(\ucf)]-c, (A-16¢)

+a3e[Glxe[G]x (VLI BxVE+VBxVETY)
+a AN (B+X)4+a VAL >IN [VBxZ+B*xVX]
+a 3 (ZxVIAL I BV EsV ALY 2B VBV AL 2+ BxAL/2Y)
+a 3 [(N+ D) ZxBxVE2Ric[G]+V((N+1)xZ*B)* VL3 Ric[G]]

+a N+ 1) (W+C)-e[G]xVAL2px 3 LA
+a 'e[G1xV2VEPxV((N+1)(V+CO)X), (A-16d)
B op=a (N+1)e[GIxVAL> I Ric[G1xVp+Vp+a~'e[G]x ExV AL> I Ric[G], (A-16¢)
Bm=L Y VINN*VIBB—i—a_le[G]*[ )3 VINN*VIEE—|—V2AL/2_2Ric[G]*VE]
In+1p=L IN+I1gp=L+1
In<L-2 In,IgE<L
+a3e[G]xe[G]* 3 VIN(N4+1)xVEBxVE %
IN+Ig+Is=L,

IN<L-2;Iy>0o0r Ig,I5>2

+a’e[Glx Y. VIN(N41D)«VITlpsvit2g
IN+11+Dh=L
In>0or Ih<L
+a e[Glx Y VIN(NFDs«VE(W4C)xVETlpsxviEs
In+ly+1g+1s=L
Ip<L-2
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+a " 'e[GI+Ex[AL?, VIN+a " (N+1)(W+C)-e[G]+«Zx[AL/2 V1o
+a* (N+1)e[G1xVpx(V2AL22Ric[G1+VZp+3 (AL, V1))
—a Y N+DI(AL2, curlg1E)+3([8;, A 1B)+AL 2 [a 3 (N+1)BxZ]-G
+AL? [4na2vﬂ’"¢(¢+C>+2T”a5AL/2vﬁm (a—é(mp+C)2+a—2|v¢>|2‘G)]e[G]<.)m(.).
(A-16f)

A4. L%; error term estimates. In this subsection, we collect how the error terms can be controlled in
terms of energies as well as homogeneous Sobolev norms of ¢. We don’t claim that these estimates are
optimal — in particular, we note that at low order (like L = 2), many of the curvature errors that appear in
the estimates below could be avoided entirely: These arise as a result of applying the general estimates in
Lemma 4.5 where the Ricci tensor doesn’t naturally occur in the respective equations, and can be avoided
at low orders by applying (4-4f) on all curvature terms that occur.

Instead of optimality, we try to keep both notation and form of the error term estimates as simple as
possible and the energy estimates between base and top level as unified as possible. In particular, we
track the “worst” curvature energy occurring at high orders for all estimates below, even if these terms
are added in artificially for low orders.

Lemma A.10 (estimates for borderline error terms). Let L € 27, L < 20. Then, the following estimates
hold:

”ﬁL,Border“Lé 5 80_4 S(L)(E, )
+ea VEJECELD(B, ) +e2atVEEELD (Ric, ), (A-17a)

1M Borerll 2. S ea *[VED (@, ) +VED(T, )] +ea*/ED(N, )
+ ga—4—0«/5[\/g(sL72) (@, )+ VECL-D(T, )+ JECL-D(N, - )]
+&%a*VEELD Ric, ) + ea ™+ VEECL D Ric, -), (A-17b)
not present for L=2
IR L1, Boraerll 2. S @™ [Va*EEFD (@, ) +VateTAD(E, )] + 20~ Vate TN, )
+ea [VED (@, ) +VED(E, ) +VEDN, )]
+ ga—4—c~/5[\/g<sL—2> (@, )+ VECLD(T, )+ VJECL-D(N, . )]
+e2a VA JECGLD Ric, - ), (A-17¢)
IMBL.Borderll 12 S ea3ED (P, ) +eaVED(N, ) +ea 3 ~Ve[EEL-D(N, )
+ea 3" VESECLD (¢, )+ eaPVED(S, )+ ea T TVEVEL-D (T, )
+ 8207 EE Ric, ), (A-170)
not present for L=2
192 Borderll 2, S 80> VELTD(N, )
+ea 3 ateD(g, ) +ea NV aAECEL-D (g, 1), (A-17¢)
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”YIBLJrl,Border”LZG 5 8a_3 V g(L+U(¢» )+ 861_3\/ g(LJrl)(N’ )+ 861_3_C\/E\/ 5(51‘71)(1\7, -)
+ea73VEJECLD(p, ) a3V ELAD(T, ) feaT3VE/EL-D (T, )
+e2a 3"V /EEL-D Ric, -), (A-17f)
1QL 1 Borderll 2. S e VELAD(N, ) +ea™3VE/ELHD(N, )
+eaateLAD (g, ) +ea T VEa tEELD (g, ), (A-17g)
161 Borderll 2 S ea*VED(S, ) +8aVED(N, ) + 6%V ELD(Ric, -)
+ea 3 VEJECL-D(D ) 4 ea 3 TVEJEEL-D(N, )
+e2a73 Ve JeSL-D(Ric, -), (A-17h)
not present for L=2
||mL,Border||Lé ,S 86173 g(L+2)(N» : ) + 8617376“/5\/ g(SL) (N» : )
+ea3VEDRIic, - ) +ea Ve /EEL-D(Ric, - ), (A-171)
IR L1 Borderl 2, S 80V ELANN, ) 4 8a™> VEJESIHD(N, )
+ a3V ELD(Ric, - ) + a3 ~Ve/EEL-D(Ric, ), (A-17))
1€L Borderl 2 +1B L Border 2, S £aVED (¢, ) a3 VEVESLD (g, )
+ea 3 (VEO(N, ) +VED (T, ))+ea 3V ED W, )
+ea S TVE(VECL(N, )+ EELD(B, )/ ECLD(W, 1))
+e%a 3V EL-D(Ric, - )+e2a > Ve /EEL-D Ric, ). (A-17K)

not present for L=2

Proof. All of these estimates follow from applying Lé—LOGO—type Holder estimates to the individual
nonlinear terms. The lower-order terms are either controlled by the zero order estimates in Section 4.1 or
the a priori estimates in Lemma 4.3. Furthermore, we apply Lemma 4.5, along with again Lemma 4.3, to
translate LZG—norms into energies up to additional curvature energy terms. For the sake of simplicity, we
always estimate ¢/a by a > up to constant (see (2-3)), and liberally apply (3-8) to deal with odd order
energies and to distribute a~°V* factors to lower orders while updating ¢ > 0 wherever this is convenient. []

Lemma A.11 (estimates for top-order error terms).

I€L0pll2 S vea' " VEVELD(Ric, ) = Vea "V a*e LD (Ric, -), (A-182)
1B L wopll 2, S a™'VELD(Ric, ) = eaVa* €D (Ric, -). (A-18b)

Proof. This follows directly using (4-2¢) and (4-4g) for the Bel-Robinson terms as well as (4-4e). [
Lemma A.12 (junk terms). Recalling the ||-notation from Remark 2.12, the following hold:

1ML unkll 2, S ea > VEVECLD(g, ) a7 VEECLD (g, )
+a"VEJEEL-D(E, ) + Jea VPV EEL-D (Ric, - ), (A-19a)
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9N L gunk 22,

I
||53L,Junk||L§;

||mL,Junk||LzG

90241, 3unkl 22,

B L. gunkll 22

||q3L+l,Junk||L%;

||QL,Junk||Lé
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Sw_l_cﬁ LD (Ric, ')_i_a—l—c\/g EEL=I(x, ),

<ea tVEJECL-D (T, ) + Jea T VEJEED (¢, 1)
+ea”VE/EELDRic, 1),

Sea " VEJEGL-D(N, )+ ea” O JED (@, )
+ea tVEVEEED(g, ) +VESD(E, )]
+ea *VECLD(Ric, ) 4+ ea " VEVEELD Ric, -),
not present for L=2
Sea VEESLNN, ) ea 7 (VELHD (9, ) + VETID(E, )
+ea tVE[VEED(g, )+ VESED(E, )]
+ela~EELD(Ric, -) +e2a~VEEEL D (Ric, ),
not present for L=2
+ea  TVEVECL(E, ) + Vea' T EVED WM, )
+ [8&7376\/5 + \/Eaflfcﬁ]\/m
+e2a' ™7 JEELD(Ric, -) + e%a>VF/EEL I (Ric, ),
not present for L=2
+ea T TVEVECELD(T, ) + ea! mVEELID(N, )
+[ea™3 VP 4 Jea V] EGL-D(N, )
+&%a" 77 /a*eL-D(Ric, -)

+ (SZa—l—ca + 8261_3_“/5) E(=L-2) (RiC, . )’

Sea TVEa gD (g, ) +ea T VEEEE D (g,

+Vea T VEJEGD (T, ) + Vea T VEJEGD(N, )
+ 8a73*"‘/5\/5(§T(RiC,-),

not present for L=2

(A-19b)

(A-19¢)

(A-19d)

(A-19¢)

(A-19f)

(A-19g)

(A-19h)

190 3unkll S ea =3 VEVEDW, ) + 6320730V 2 +ea > "VEVEED (T, ), (A-19)

”QL+1,Junk||L%;

S Sa_]_cﬁ a_4E(L+1)(¢1 ° ) + 8a_3_c\/5 g(SL_l)(¢v ° )
+ Jea 3 VEJEELAN (D, ) + Jea P TVEECLA(N, )
+ea737VEJECL-D(Ric, - ),

(A-19))
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18] a2 Sea'OVED(T, ) +eaVEVECLD(3, ) + Vea™ mVE/ED(, 1)
+(ea”® +a'"VEVECD(N, ) + ea’ 0 /EEL-D (Ric, -)
+ea3VELD(Ric, ) +ea3"VE/EELD(Ric, -), (A-19K)
not present for L=2
IR sunkll 2. S &%a' ™7 VES-D(Ric, ) + a7~ VEV/EELD (Ric, -)
+ea' O JEELD (T, ) a3VEJEEL (T, L)
+aVEJEGD(N, ), (A-19)

||§)%L+1,Junk||L%; < ezal_""\/m+ 8a‘3_c‘/5\/W(RiC,')
+ea' O JECII(R, ) a3 VEJECLIN(T, )
4 a3 Ve JEELIO(N ). (A-19m)
1€} il + 1) ulliz S ea™ =P VECD(W, ) + ea ™3~ VEJEEL-D(W, )
+ea ! "VEJED (G, ) + (ea=3"VF 4 a7 1mVE) JEELD (g )
+ea "VEJECL(N, ) + a3 VEJECLD(N, )
+ea~1mc0 Je(x, _)+8a—3—0«/5\/g(§T)(2’.)
+ea3VELD(Ric, )+ ea>VF JEEL D (Ric, ) . (A-19n)

not present for L=2

Proof. Once again, this follows by applying the a priori estimates from Section 4.1 and Lemma 4.3, as well
as the bootstrap assumption (3-17h) for the lapse, to deal with the lower-order terms in the nonlinearities,
and then applying Lemma 4.5, as well as (3-8), wherever this is necessary. Further, especially in (A-19n),
it is often more convenient to use the bootstrap assumption for ||V¢|| ¢, instead of the a priori estimate
(4-4e) to gain higher powers of ¢ in prefactors.

Recognizing that every low-order curvature term can be estimated up to constant by a~°VE at worst
(see (4-4f)), we also note that any of the highly nonlinear curvature terms in J-expressions turn out to be
negligible after updating ¢ compared to Ricci energies arising from applying Lemma 4.5 or compared to
junk terms in which Ric[G] is tracked explicitly. (]

Appendix B: Future stability

Here, we collect the commutators in CMCSH gauge necessary to study the commuted scalar-field
equations:

Lemma B.1 (commutator formulas for future stabilty). Let ¢ be a scalar function on Xr. Then, the
following formulas hold.:

[30, VI¢ =0,
[80, Agle = (B0(g ™)V, Vit —2(g )P (divg(nX), —2V,n)Vpe.
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Schematically, for k € N, this implies

[00. AYIc = X Vs, VEZ#, Virle 4+ 3 Viasx, Vil (B-1a)
L+ Ix+1=2k—1 L+l =2k—1
[00. VAR I = Y Vi, VEZ s, Vitle 4 3 Vihs, Vit (B-1b)
L+ Is+1;=2k Li+1,=2k

Proof. This follows from straightfoward computations, similar to Lemma A.6 for the low-order commuta-
tors and to Lemma A.7 for higher orders. ]
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We adapt and extend the Montiel-Ros methodology to compact manifolds with boundary, allowing for
mixed (including oblique) boundary conditions and also accounting for the action of a finite group G
together with an additional twisting homomorphism o : G — O(1). We then apply this machinery
in order to obtain quantitative lower and upper bounds on the growth rate of the Morse index of free
boundary minimal surfaces with respect to the topological data (i.e., the genus and the number of boundary
components) of the surfaces in question. In particular, we compute the exact values of the equivariant
Morse index and nullity for two infinite families of examples, with respect to their maximal symmetry
groups, and thereby derive explicit two-sided linear bounds when the equivariance constraint is lifted.
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1. Introduction

Despite a profusion of constructions of free boundary minimal surfaces in the Euclidean unit ball B* over
the course of the past decade — [Fraser and Schoen 2011; 2016; Girouard and Lagacé 2021; Karpukhin
et al. 2014] via optimization of the first Steklov eigenvalue, [Carlotto et al. 2022a; Ketover 2016a; 2016b]
via min-max methods for the area functional, and [Carlotto et al. 2022b; Folha et al. 2017; Kapouleas and
Li 2021; Kapouleas and McGrath 2023; Kapouleas and Wiygul 2023; Kapouleas and Zou 2021] via gluing
methods — many basic questions about the space of such surfaces remain open. The reader is referred
to [Franz 2022; Fraser 2020; Li 2020] for recent overviews of the field. In particular, so far it is only
for the rotationally symmetric examples, planar discs through the origin and critical catenoids, that the
exact value of the Morse index is actually known; see [Devyver 2019; Smith and Zhou 2019; Tran 2020].
The present manuscript is the first in a series of works aimed at shedding new light on this fundamental
invariant, which (also due to its variational content, and thus to its natural connection with min-max theory,
see [Marques and Neves 2016; 2018; 2020]) has acquired great importance within geometric analysis.
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Partly motivated by the corresponding conjectures concerning closed minimal hypersurfaces in mani-
folds of positive Ricci curvature (see [Ambrozio et al. 2018a; Neves 2014]), five years ago the first author
proved with Ambrozio and Sharp a universal lower bound for the index of any free boundary minimal
surface in any mean-convex subdomain € of R? in terms of the topological data of the surface under
consideration. Specifically, it was shown in [Ambrozio et al. 2018b] that the following estimate holds:

index(£) > 12g +b—1), (1-1)

where ¥ is any free boundary minimal surface in 2 and g and b denote its genus and the number
of its boundary components, respectively. This result was then partly complemented by [Lima 2022,
Theorem 4], that is, an affine upper bound with a very large, yet in principle computable, numerical
constant. In this article we shall develop a general methodology, building upon the fundamental work
[Montiel and Ros 1991], which allows us, among other things, to significantly refine such universal
estimates bringing the geometry and symmetry group of the surfaces under consideration into play. This
approach, while motivated by our goal to better understand the behavior of certain infinite families of free
boundary minimal surfaces in B* (aiming for two-sided bounds in terms of explicit, affine functions of
the topological data), turns out to be of independent interest and much wider applicability.

In more abstract terms, we shall be concerned here with proving effective estimates for (part of)
the spectrum of Schrodinger-type operators on bounded Lipschitz domains of Riemannian manifolds,
combined with mixed boundary conditions, which will be — on disjoint portions of the boundary in
question — of Dirichlet or Robin (oblique) type. Summarizing and oversimplifying things to the extreme,
the number of eigenvalues of any such operator below a given threshold can be estimated by suitably
partitioning the domain into finitely many subdomains, provided one adjoins Dirichlet boundary conditions
in the interior boundaries when aiming for lower bounds, and Neumann boundary conditions in the
interior boundaries for upper bounds instead. We refer the reader to Section 2 for the setup of our problem
together with our standing assumptions, and to the first part of Section 3 (specifically to Proposition 3.1,
and Corollary 3.2) for precise statements.

Often times (yet not always) the partitions mentioned above naturally relate to the underlying symmetries
of the problem in question, which is in particular the case for some of the classes of free boundary minimal
surfaces in B3 that have so far been constructed. With this remark in mind, a peculiar (and, a posteriori,
fundamental) feature of our work is the development of the Montiel-Ros methodology in the presence
of the action of a group G together with an additional twisting homomorphism o : G — O(1), in the
terms explained in Section 2.4. This allows us, for instance, to explicitly and transparently study how the
Morse index of a given free boundary minimal surface depends on the symmetries one imposes, namely
to look at the “functor” (G, o) — ind;(T), where T denotes the index (Jacobi) form of the surface in
question. As apparent even from the simplest examples we shall discuss, this perspective turns out to be
very natural and effective in tackling the geometric problems we are interested in.

With this approach, lower bounds are sometimes relatively cheap to obtain. One way they can be
derived is from ambient Killing vector fields, once it is shown that the associated (scalar-valued) Jacobi
field on the surface under consideration vanishes along the (interior) boundary of any domain of the
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chosen partition, which in practice amounts to suitably designing the partition and picking the Killing field
given the geometry of the problem. We present one such simple yet paradigmatic result in Proposition 4.2,
which concerns free boundary minimal surfaces with pyramidal or prismatic symmetry in B3. Instead,
upper bounds are often a lot harder to obtain and shall typically rely on finer information than the sole
symmetries of the scene one deals with. Said otherwise, one needs to know how (i.e., by which method)
the surface under study has been obtained.

We will develop here a detailed analysis of the Morse index of the two families of free boundary
minimal surfaces we constructed in our recent, previous work [Carlotto et al. 2022b]. Very briefly, using
gluing methods of essentially PDE-theoretic character, we obtained there a sequence X, KoUB* UKo of
surfaces having genus m, three boundary components and antiprismatic symmetry group A, and a
sequence &, Koo of surfaces having genus zero, n 4 2 boundary components and prismatic symmetry
group P,,. As we described at length in Section 7 therein, with data (see Tables 2 and 3 in [Carlotto et al.
2022b]) and heuristics, numerical simulations for the Morse index of the surfaces in the former sequence
display a seemingly “erratic” behavior, as such values do not align on the graph of any affine function,
nor seem to exhibit any obvious periodic pattern. This is a rather unexpected behavior (by comparison,
e.g., with other families of examples, say in the round three-dimensional sphere, see [Kapouleas and
Wiygul 2020]), which obviously calls for a careful study that we carry through in Section 5 of the present
article. In particular, we establish the following statement.

. . 2 .
Theorem 1.1 (index estimates for X, K0VE UKo and B-¥KoUKo) " There exist mo, ng > 0 such that, for
all integers m > mg and n > nyg, the Morse index and nullity of the free boundary minimal surfaces

2 —_— .
3, [UB K g Koo « B3 sartisfy the bounds

2m+ 1 < ind(z; KUKy - jng(x-KoUB UKy 4y (3 - KoUBR UKoy < 10 4 12,
2n +2 < ind(g;, K00y, ind(&, YKoy 4 nui(E, ooy < 8.

In fact, the upper bound in this “absolute estimate” follows quite easily by combining the “relative
estimate” associated to the equivariant Morse index of these surfaces (with respect to their respective max-
imal symmetry groups) with the aforementioned Proposition 3.1. The next statement thus pertains to such
equivariant bounds for which we do obtain equality, thus settling part of Conjectures 7.7 (iv) and 7.9 (iv) of
[Carlotto et al. 2022b]. We stress that neither family is constructed variationally, and thus there is actually
no cheap index bound one can extract from the design methodology itself; on the contrary, this statement
indicates a posteriori that the families of surfaces in question may in principle be constructed (even in
a nonasymptotic regime) by means of min-max schemes generated by 2-parameter sweepouts, modulo
the well-known problem of fully controlling the topology in the process (see [Carlotto et al. 2022a]).

.. . . 2 —_ .
Theorem 1.2 (equivariant index and nullity of X, KoUB“UKo gpnd g, KoUKo)  There exist mo, ng > 0 such
that, for all integers m > mqy and n > ny, the equivariant Morse index and nullity of the free boundary

i, —KoUB? —~ .
minimal surfaces %, "0 WMo gt = B3 sarigfy

. —KoUB2UIK, —KoUB2UIK,
indp, (X, ) =2, nulpy, (X, ) =0,

indp, (g, 00y =2, nulp, (8, 050y — 0,
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The main idea behind the proof of these results, or— more precisely — for the upper bounds, can only
be explained by recalling, in a few words, how the surfaces in question have been constructed. Following
the general methodology of [Kapouleas 1997], one first considers a singular configuration, that is a formal
union of minimal surfaces in B> (not necessarily free boundary), then its regularization — which needs
the use of (wrapped) periodic minimal surfaces in R?, to desingularize near the divisors, and controlled
interpolation processes between the building blocks in play — and, thirdly and finally, the perturbation of
such configurations to exact minimality (at least for some values of the parameters), while also ensuring
proper embeddedness and accommodating the free boundary condition. Here we first get a complete
understanding of the index and nullities of the building blocks for the concrete cases under consideration
in Section 5. In somewhat more detail, the analysis of the Karcher—Scherk towers (the periodic building
blocks employed in either construction) exploits, in a substantial fashion, the use of the Gauss map, which
allows one to rephrase the initial geometric question into one for the spectrum of simple elliptic operators
of the form Agzs* +2 on suitable (typically singular, i.e., spherical triangles, wedges or lunes) subdomains
of round S?, with mixed boundary conditions, and possibly subject to additional symmetry requirements.
The analysis of the other building blocks — disks and asymmetric catenoidal annuli — is more direct,
although, in the latter case, trickier than it may first look (see, e.g., Lemma 5.8).

Once that preliminary analysis is done, we then prove that, corresponding to the (local) geometric con-
vergence results (that are implied by the very gluing methodology), there are robust spectral convergence
results that serve our scopes. However, a general challenge in the process is that gluing constructions
typically have transition regions where different scales interact with each another: in our constructions of
the sequences

_ 2 —_
T —IUB2UK) 04 g KoUKo

m ’

such regions occur between the catenoidal annuli Kg (as well as the disk B? in the former case) and
the wrapped Karcher—Scherk towers, roughly at distances between m~' and m~!/? (respectively n~!
and n~!/?) from the equatorial S!. As a result, we need to deal with delicate scale-picking arguments, an
ad hoc study of the geometry of such regions (see Lemma 5.21) and — most importantly — prove the
corresponding uniform bounds for eigenvalues and eigenfunctions (collected in Lemma 5.25), which
allow us to rule out pathologic concentration phenomena, thereby leading to the desired conclusions.

2. Notation and standing assumptions

2.1. Boundary value problems for Schrodinger operators on Lipschitz domains. Let Q2 be a Lipschitz
domain of a smooth, compact d-dimensional manifold M with (possibly empty) boundary d M, by which
we mean here a nonempty, open subset of M whose boundary is everywhere locally representable as the
graph of a Lipschitz function. We do not require — at least in general — €2 to be connected, and we admit
the case Q = M (where Q denotes the closure of € in M), when of course 9Q = d M, the boundary of
the ambient manifold in question. Throughout this article we will in fact assume d > 2.

We are going to study the spectrum of a given Schrodinger operator on 2 subject to boundary
conditions and, sometimes, symmetry constraints. Such symmetry constraints will be encoded in terms of
equivariance with respect to a certain group action, which we shall specify in due time.
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The Schrodinger operator
A ¢ta

is determined by the data of a given smooth Riemannian metric g on € and a given smooth (i.e., C*°)
function q : Q — R. To avoid ambiguities, we remark here that a function (or tensor field) on Q is
smooth if it is the restriction of a smooth tensor field on M or — equivalently — on a relatively open set
containing Q.

The boundary conditions are specified by another smooth function r : 2 — R and a decomposition

9Q = 9pQUINQU R, -1

where the sets on the right-hand side are the closures of pairwise disjoint open subsets dp€2, INS2, and
orS2 of 9€2.

Somewhat more specifically, we will consider the spectrum of the operator A, + g subject to the
Dirichlet, Neumann, and Robin conditions

u= 0 on 3]39,
du(nd)=0 on N, (2-2)
du(n?) =ru on dRS2,

where n? is the almost-everywhere defined outward unit normal induced by g on 9€2.

It is obviously the case that the Neumann boundary conditions can be regarded as a special case of their
inhomogeneous counterpart, however it is convenient — somewhat artificially — to distinguish them in
view of the later applications we have in mind — the study of the Morse index of free boundary minimal
surfaces.

2.2. Sobolev spaces and traces. To pose the problem precisely, we introduce the Sobolev space H'($2, g)
consisting of all real-valued functions in L?(2, g) which have a weak g-gradient whose pointwise g
norm is also in L?(2, g); then H' (2, g) is a Hilbert space equipped with the inner product

() 1) = /Q v+ g(Vou, Vou)) d g),

integrating with respect to the d-dimensional Hausdorff measure induced by g. (We say a function
uell

10c(£2, &) has a weak g-gradient V,u if V,u is a measurable vector field on €2 with pointwise g
norm in L]

1o (22, 8) and [, g(X, Vou) d o (g) = — [ udivy X d#(g) for every smooth vector field
X on Q of relatively compact support, where div, X is the g divergence of X; V,u is uniquely defined
whenever it exists, modulo vector fields vanishing almost everywhere.)

Under our assumptions on d€2, we have a bounded trace map H (@, g — L*3Q, 9) extending the
restriction map C'(Q) — C°(dQ). (The Hilbert space L?(3S2, g) is defined using either the (d—1)-
dimensional Hausdorff measure .2#¢~!(g) induced by g or, equivalently, the almost-everywhere defined
volume density induced by g on 90€2.) In fact, we have not only boundedness of this map but also the
stronger inequality

||M|asz||L2(3Q,g) <C(Q, g)(€||14||H1(sz,g) + C(€)||M||L2(sz,g)) (2-3)
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forallu € HY(Q, g), all € > 0, some C(2, g) independent of u# and €, and some C (¢) independent of
u and (2, g). (This can be deduced, for example, by inspecting the proof of Theorem 4.6 in [Evans
and Gariepy 2015]: specifically, we can apply the Cauchy—Schwarz inequality (weighting with €, as
is standard) to the inequality immediately above the line labeled (x x x) on page 158 of the preceding
reference, whose treatment of Lipschitz domains in Euclidean space is readily adapted to our setting.)

For each C € {D, N, R}, indicating one of the boundary conditions we wish to impose, by composing
the preceding trace map with the restriction L2(3R2, g) — L?(3cS2, g), since dc <2 is open in 92, we also
get a trace map - |5 : H'(Q, g) — L%(3c%2, g). In practice we will consider traces on just dp€2 and dg 2.
Considering the condition on dp<2, we will then define

Hj o(Q,8):={uec H(Q,g) :ulpe =0},

which is obviously to be understood in the sense of traces, in the terms we just described, and we remark
that (2-3) also clearly holds with €2 on the left-hand side replaced by dr€2 (or by dp€2 or dn€2, but we
have no need of the inequality in these cases).

2.3. Bilinear forms and their eigenvalues and eigenspaces. Corresponding to the above data we define
the bilinear form T = T[L2, g, q, r, D2, N2, ORS2] by

T: Hy o(Q,8) x Hy o(2, ) > R,

(u,v)»—>/(g(vgu,vgv)—quu)d%ﬂd(g)—f ruvd#(g).  (2-4)
Q OR 2

Then T is symmetric, bounded, and coercive as encoded in the following three equations, respectively:

forall u,v e HBIDQ(Q, g), T(,v)y=T(,u),

forallu € Hy o(R2,8), T(u,u) < (1+C(, g q,r)ull3 (2-5)

(€2,8)°
forall u € Hyo(R. ). T(u,u) > Hllul3 g o — C(Q. 8. Nz 4. (2-6)

where, for (2-5) and (2-6), one can take C(£2, 8, q,7) = gl cog), + C(S2, @Il co@g) thanks to the
trace inequality (2-3). From these three properties and the Riesz representation theorem for Hilbert spaces,
it follows that, for some constant A = A(€2, g, q,r) > 0, there exists a linear map R : LQ(Q, g) —
Hj (82, g) such that

T(Rf, U) + A(LRf, LU)LZ(Q’g) = <f, LU)LZ(Q’g)

for all functions f € L?(Q, g) and v € H&DQ(Q, g), where we have introduced the inclusion map
L Hy (R, 8) > LA, 8).

(Of course, if f is smooth then standard elliptic interior regularity results ensure that u is as well
smooth on €2 and there satisfies the equation —(Ag +¢g — A)u = f in a classical pointwise sense.) Since
the inclusion H'(Q, g) — L%(Q, g) is compact (see for example Section 7 of Chapter 4 of [Taylor
1996]) and of course the inclusion of the closed subspace HalDQ(Q, g)— H lQ, g) is bounded, the
aforementioned maps ¢ : Ha]DQ(Q, g) = L*(2, g) and the composite (R : L*(2, g) — L*(Q, g) are also
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both compact operators. Furthermore, to confirm that ¢ R is symmetric, we simply note that (by appealing
to the equation defining the operator R, with Rf; and Rf; in place of v)

(f2, \Rf1) 120,90 = T(Rf2, Rf1) + AR f2, tRf1) 12(02.0)
=T(Rf1, Rf2) + AURS1,(Rf2)120,0) = (1. (R2) 1200,

for all fi, f> € L>(2, g). That being clarified, to improve readability we will from now on refrain from
explicitly indicating the inclusion map ¢ in our equations.

With slight abuse of language, in the setting above we call A € R an eigenvalue of T if there exists a
nonzero u € HBIDQ(SZ, g) such that,

forall ve Hyo(Q,8), T(u,v)=Alu,v)2q.q) (2-7)

and we call any such u an eigenfunction of T with eigenvalue A. (We caution that the notions of
eigenfunctions and eigenvalues depend not only on 7" but also on the underlying metric g; for the sake of
convenience we choose to suppress the latter dependence from our notation.)

Hence, as a consequence of the key facts we presented before this definition, one can prove by well-
known arguments the existence of a discrete spectrum for the “shifted” elliptic operator (A, +¢q) — A
subject to the very same boundary conditions (2-2). As a straightforward corollary, by accounting for the
shift, we obtain the following conclusions for 7T':

 The set of eigenvalues of T is discrete in R and bounded below.

« For each eigenvalue of T, the corresponding eigenspace has finite dimension.

 There exists a Hilbertian basis {e j}ﬁ | for L?(Q, g) consisting of eigenfunctions of 7.
. {ej}?’;l has dense span in H;}DQ(Q, 2).

(To avoid ambiguities, we remark that the phrase Hilbertian basis refers to a countable, complete
orthonormal system for the Hilbert space in question.) For each integer i > 1, we write A;(T') for the i-th
eigenvalue of T (listed with repetitions in nondecreasing order, in the usual fashion). We have the usual
min-max characterization

T(w, w)

2

A(T) = min{max{
L2(Q,g)

:o;éwew}:w C HgDQ(Q,g),dimW=i}. (2-8)

|| w || subspace

Next, for any ¢ € R, we let E=/(T) denote the (possibly trivial) linear span, in HBIDQ(Q, g), of the
eigenfunctions of T with eigenvalue ¢, and, more generally, for any ¢ € R and any binary relation ~ on R
(in practice <, <, >, >, or =), we set

E™'(T) := Closure;2(q (Span (U E:s(T)>),

s~t

and we denote the corresponding orthogonal projection by

nr LA (R, g) — ETN(T).
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That is, the space E~'(T') has been defined to be the closure in L?*(S2, g) of the span of all eigenfunctions
of T having eigenvalue A such that > ~¢. Of course E~*(T) is a subspace of H;}DQ(SZ, g) —in particular —
whenever the former has finite dimension. Taking ~ to be equality clearly reproduces the originally
defined space E='(T).
For future use, observe that the above spectral theorem for 7 implies
(D) ew = E((T), E¥(T) C ES(T) C Hyqo(Q8),
subspace subspace (2_9)
forallu € E™'(T) N Hyyo(R, 8), T, u) ~tlulfsg ,, for ~any one of <, <, >, >,

and,

forall u € Hy (R, ) N(EZ(TYUEZ(T)), T (u,u)=t|ul?, = uec E~(T),

(€.8)
throughout which ¢ is any real number (not necessarily an eigenvalue of 7') and where in the first equality
of (2-9) ~ is any relation on R and - its negation (so that {s % t} =R\ {s ~ ¢} for any ¢ € R).

Index and nullity. In the setting above and under the corresponding standing assumption, we shall define
the nonnegative integers

ind(T) :=dim E<%(7) and nul(7):=dim E=%(T)

called, respectively, the index and nullity of T. Such invariants will be of primary interest in our
applications.

2.4. Group actions. Let G be a finite group of smooth diffeomorphisms of M, each restricting to an
isometry of (€2, g). Then, as for any group of diffeomorphism of 2, we have the standard (left) action
of G on functions on €2 via pullback:

(W) > uogp '=¢p "y forallp €G, u:Q— R.

We say that a function u is G-invariant if it is invariant under this action: equivalently u o ¢ = u for
all ¢ € G.

We can also twist this action by orthogonal transformations on the fiber R: given in addition to G a
group homomorphism o : G — O(1) = {—1, 1}, we define the action

(D, u) > o (@) uodp H=0c(@)p "u forallg eG, u:Q— R,

and we call a function (G, o)-invariant if it is invariant under this action. Obviously the above standard
action (¢, u) — u o ¢~ is recovered by taking the trivial homomorphism o = 1. We also comment that
one could of course replace R by C and correspondingly O(1) by U(1) (and in the preceding sections
instead work with Sobolev spaces over C), though we restrict our attention to real-valued functions in
this article.

Since, by virtue of our initial requirement, G is a group of isometries of (£, g), the above twisted
action yields a unitary representation of G in L?(2, g), i.e., a group homomorphism

6:G—O0L*R,9), ¢r> o) ¥, (2-10)



SPECTRAL ESTIMATES FOR FREE BOUNDARY MINIMAL SURFACES 1723

whose targets are the global isometries of L?(2, g); we note that the same conclusions hold with
HY(Q, g) in place of L*(Q, g). The corresponding subspaces of (G, o)-invariant functions, in L3(R, g)
or H'(Q, g), are readily checked to be closed and thus Hilbert spaces themselves. That said, we define
the orthogonal projection

1
TG 1 LR, > LA(R,0), w1 ) (@ 2-11)
Gl =5
Here |G| is the order of G, which— we recall —is assumed throughout to be finite. The image of
L%(Q, g) under 76,0 thus consists of (G, o)-invariant functions.

Remark 2.1. One could lift the finiteness assumption, say by allowing G to be a compact Lie group,
requiring o to be continuous, and replacing the finite average in (2-11) with the average over G with
respect to its Haar measure (which reduces to the former for finite G). However, with a view towards our
later applications, in this article we content ourselves with the finiteness assumption, which allows for a
lighter exposition.

Henceforth we make the additional assumptions that G globally (i.e., as sets) preserves each of
a2, InS2, and g2, and that ¢ and r are both G-invariant. Each element of 6 (G) then preserves also
HBIDQ(Q, g) and the bilinear form 7', and the projection 7 , commutes with the projection 7" for any
t € R and binary relation ~ on R (as above). In particular 7 , preserves each eigenspace E='(T) of T,
and more generally the space

Egl,(T) =76, (E™(T)) (2-12)

is a subspace of E~(T).

For each integer i > 1, we can then define k?’U(T), the i-th (G, o)-eigenvalue of T, to be the i-th
eigenvalue of T having a (G, o)-invariant eigenfunction (by definition nonzero), counting with multiplicity
as before; equivalently one can work with spaces of (G, o)-invariant functions and derive the analogous
conclusions as in Section 2.3 directly in that setting.

Remark 2.2. We explicitly note, for the sake of completeness, that under no additional assumptions on
the group G and the homomorphism o it is possible that the space of (G, o)-invariant functions be finite
dimensional (possibly even of dimension zero). This type of phenomenon happens, for instance, when
every point of the manifold M is a fixed point of an isometry on which o takes the value —1. In this case,
all conclusions listed above still hold but need to be understood with a bit of care: the corresponding
sequence of eigenvalues k?’a (T) < kg ““(T) < --- will in fact just be a finite sequence, consisting say of
1 (G, o) elements, counted with multiplicity as usual; we shall use the convention that )»iG’U (T) =+o00
for i > I(G, o). That being said, we also remark that this phenomenon patently does not occur for the
Jacobi form of the two sequences of free boundary minimal surfaces we examine in Sections 4 and 5.

In this equivariant framework we still have the corresponding min-max characterization

T(w, w)

2

kiG’U (T) = min{max{
L2(Q.g)

:O;éweW}:W - nG,a(HalDQ(Q,g)),dimW=i}. (2-13)

|| w || subspace
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We also define the (G, 0)-index and (G, o )-nullity
ind%(7) :=dim EG%,(T) and nulG(T):=dim EG", (T)

of T. Obviously we can recover E~'(T'), ,(T), and the standard index and nullity by taking G to be the
trivial group. As mentioned in the introduction, we reiterate that it is one of the goals of the present article
to study, for fixed g and T, how these numbers (index indg, (7') and nullity nulZ; (7)) depend on G and o.

Terminology. For the sake of brevity, we shall employ the phrase admissible data to denote any tuple
(2,8,q9,r 0p<2, 0NR, RS2, G, 0) satisfying all the standing assumptions presented up to now. We
digress briefly to highlight two important special cases, which warrant additional notation.

Example 2.3 (actions of order-2 groups). When |G| = 2, there are precisely two homomorphisms
G — O(1). Considering such homomorphisms and the corresponding (G, o )-invariant functions, we may
define G-even or G-odd functions. Hence, we may call indg and ind; the G-even and G-odd index, and
likewise for the nullity. Clearly, we always have

{ind(T) = ind{(T) +indg (T),

nul(T) = nulg(T) + nul; (7). (2-14)

Example 2.4 (actions of self-congruences of two-sided hypersurfaces). Suppose, momentarily, that
(M, g) is isometrically embedded (as a codimension-one submanifold) in a Riemannian manifold (N, &),
that the set 2 is connected, and assume further that the normal bundle of M over 2 is trivial. Then we
can pick a unit normal v on 2 and thereby identify — as usual — sections of the normal bundle of M|q
with functions on 2. With this interpretation of functions on €2 in mind and G now a finite group of
diffeomorphisms of N that map €2 onto itself (as a set) and everywhere on €2 preserve the ambient metric A
meaning that ¢*h = h for any ¢ € G, we have a natural action given by

(¢, u) — sgn, (@) (u o¢_1) forallp €e G, u:Q2— R,

where sgn, (¢) := h(¢v, v) is a constant in O(1) = {1, —1}. We shall further assume that the action
of G on 2 is faithful, meaning that only the identity element fixes €2 pointly; this assumption is always
satisfied in our applications.

In this context we continue to say that a function u : Q2 — R is G-invariant if u = u o ¢ for all ¢ € G,
and we say rather that u is G-equivariant if u = sgn,(¢)u o ¢ for all ¢ € G (that is, noting the identity
sgn,(¢) =sgn, (¢, provided u is invariant under the sgn,-twisted G action).

Similarly, in this context, we set

indg(T) :=ind; "(T) and nulg T :=nul; " (T), (2-15)
which we may refer to as simply the G-equivariant index and G-equivariant nullity of 7. We point out
that we are abusing notation in the above definitions in that, on the right-hand side of each, in place
of G we mean really the group, isomorphic to G by virtue of the faithfulness assumption, obtained by
restricting each element of G to €2, and in place of sgn,, we mean really the corresponding homomorphism,
well-defined by the faithfulness assumption, on this last group of isometries of €2.
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Do

Figure 1. Example of a Lipschitz domain 2 with subdomain ;.

We now return to the more general assumptions on G preceding this paragraph.

2.5. Subdomains. Suppose that 2 C 2 is another Lipschitz domain of M (see Figure 1). We shall
define

Q1 =021 N, Oext 21 1= 0K \ Oini Q21
M) 1= (Bex Q21 NIpR) U dinR1,  0N™ Q) 1= e 21 N D2,
IR 1= Bexe 21 N N2, N Q1 1= (Fext Q1 N IND) U i 21, 10
IRMQ = Do 21 N IR, IR ™2 1= Dexi21 N IR

In this way we prepare to pose two different sets of boundary conditions on €2;, whereby, roughly
speaking, in both cases 0€2; inherits whatever boundary condition is in effect on d<2 wherever the two
meet (corresponding to Jexc€21) and the two sets of conditions are distinguished by placing either the
Dirichlet or the Neumann condition on the remainder of the boundary (corresponding to 9;,:$2;). Naturally
associated to these two sets of conditions are the bilinear forms

Tslz)lim — T[Q], g.q.r, aDDimQI’ aNDimQI’ aRDile]’

_ : _ : (2-17)
TgI;Ilml = T[le g’ q’ 7, agmtgl’ agmtgl’ 8g1ntgl]’

defined, respectively, on the Sobolev spaces
Hipug, (R1.8) and  Hyo (1, 8).

Recalling (G, o) from above, with the tacit understanding that (<2, g, g, r, dp€2, INS2, RS2, G, 0) is
admissible, we further assume that each element of G maps €2; onto itself; since G preserves 2 and
respects the decomposition (2-1), it follows that it also respects the decompositions (2-16). Somewhat
abusively, we shall write 6 and 77, not only for the maps (2-10) and (2-11) but also for their counterparts
with © replaced by €21, which are well-defined under our assumptions. The spaces nga(Tailll) and
E 5’ U(Tg;m) as in (2-12) are then also well-defined.
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3. Fundamental tools

3.1. Index and nullity bounds in the style of Montiel and Ros. Recalling the notation and assumptions
of Section 2, suppose now that we have not only €21 C €2 as above, but also (open) Lipschitz subdomains
Q1,..., R, C Q2 which are pairwise disjoint, each of which satisfies the same assumptions as €21 in
Section 2.5 and whose closures cover Q. In particular, we assume that each element of the group G maps
each subdomain €2; onto itself. We assume further that G acts transitively on the connected components
of 2 and note that this last condition is always satisfied in the important special case that €2 is connected.

Proposition 3.1 (Montiel-Ros bounds on the number of eigenvalues below a threshold). With assumptions
as in the preceding paragraph and notation as in Section 2, the following inequalities hold for any t € R:
() dim Eg' (1) > dim Eg, (Tm) + Y1_, dim EG' (Tm),
(i) dim E5', (T) < dim EG'  (Tm) + Y0, dim EG' (T5m).

The statement and proof of Proposition 3.1 are adapted from Lemmas 12 and 13 of [Montiel and Ros
1991], which concern the spectrum of the Laplacian on branched coverings of the round sphere and rely
on standard, fundamental facts about eigenvalues and eigenfunctions of Schrodinger operators, much
as in the proof of the classical Courant nodal domain theorem. These arguments are readily applied to
more general Schrodinger operators on more general domains, as observed for instance in [Kapouleas and
Wiygul 2020], where such bounds in the style of Montiel and Ros played a major role in the computation
of the index and nullity of the &, | Lawson surfaces. Here, instead, we present an extended version
allowing for the imposition of mixed (Robin and Dirichlet) boundary conditions and invariance under
a group action; as mentioned in the introduction, this level of generality is motivated by the goal of
bounding (from above and below) the G-equivariant Morse index of free boundary minimal surfaces.
(Our treatment of course includes the fundamental case when G is the trivial group.)

Proof. Throughout the proof we will make free use of the consequences (2-9) of the spectral theorem for
the various bilinear forms appearing in the statement. Fix ¢ € R. For (i) we will verify injectivity of the

map
n

n
P B (I0 @ €D EG L, (TE™) — Egly (). (i uz, ... up) > 77" (Z Ui)
i=2 i=1
where each U; is the extension to €2 of u; such that U; vanishes on €2\ €2;. Clearly, each such extension
lies in the image of ng ,, which, as observed above, commutes with nf’, so that the map is indeed
well-defined with its asserted target. Now suppose that (u1, ..., u,) belongs to the domain of (P, and
setv:=) : ,U;. Thenv e HalDQ(Q, g) and

n
T(,v) =) To™ui, up) < tIvl]sg )
i=1
with equality possible only when u; = 0. To check injectivity suppose next that (P (uy, ..., u,) = 0.
By definition of (Pint thig assumption means that v is L3 (2, g)-orthogonal to Eé’ »(T), and so in view
of the preceding inequality and (2-9) we have v € ngU(T). Thus, v satisfies the elliptic equation
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(Ag+q+1)u =0; moreover, we must also have v|q, = u = 0, but now the unique continuation principle
[Aronszajn 1957] implies that v = 0, whence (u1, ..., u,) = 0, completing the proof of (i).
For (ii) we verify injectivity of

1

n
: <t <t : t .
(Nint . EG,(T)— Ea’o_(Tgmt) D @ ES,U(TKIZM)’
i=2

<t <t <t
U (nTginlulSh ’ nTgintulﬂzv L] T[Tgintukzn)
1 2 n
instead. Note that
2 1
ulg; € 76,0 (L7(82i, 8)) N Hyxin g, (82i g) (3-1)

for each i; in particular, the left inclusion and the commutativity of mw¢ , with each of the spectral
projections appearing in the definition of (N ensure that the latter really is well-defined. Suppose then
that u belongs to the domain of (Nint and (Niny = (0, ..., 0). The second assumption (making use of the
right inclusion in (3-1) in addition to (2-9)) implies

n
Nin 2
T(u,u)="y_ To™ulg,, ule) = thulljaq. o
i=1

with equality possible only when u|g, = 0. Recalling that, by assumption, u € E éfU(T), we therefore
conclude, appealing to (2-9), that u € Ea’g (T) and indeed this equality case holds. In particular, u satisfies
the elliptic equation (Ag + ¢ +t)u = 0, but then the condition u|g, = 0 and the unique continuation
principle imply u = 0, ending the proof. ]

In particular, in our applications we will repeatedly (yet not always) appeal to the special case when
t =0 and 2 (most often equal to the whole ambient manifold itself M) is partitioned into a finite collection
of pairwise isometric domains.

Corollary 3.2 (Montiel-Ros index and nullity bounds from isometric pieces). In the setting of the previous
proposition, let us suppose the domains 2, ..., Q, to be pairwise isometric via isometries of 2. Then

(i) ind%(T) = nindZ(T™) + (n — 1) nulg (THm),
(i) ind(T) 4 nulG(T) < nindG(TH™) 4 nulg (T™).

Remark 3.3. We further explicitly note how the two inequalities given in the previous corollary jointly
imply the “compatibility condition” that

(n — 1) nulG(T9™) — nulG(T3™) < n(indf (TH™) — indF (TH™)), (3-2)
which in general has nontrivial content.

Remark 3.4. The requirement that the domains in question be G-invariant implies, in certain examples,
that some of them may in fact have to be taken disconnected. We will however discuss, in the next
subsection, how this nuisance may actually be avoided in the totality of our later applications.
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3.2. Reduction and extension of domain under symmetries. With our standing assumptions on (€2, g),
T and (G, o) in place, encoded in the requirement that they determine admissible data, we again assume
that 1, ..., 2, C Q are pairwise disjoint Lipschitz domains whose closures cover 2. However, for
the specific purposes of this section, we assume €2 is connected and, rather than assuming G-invariance

of each ;, we instead suppose that G preserves the collection {€2;}!

, (while —as per our general
postulate — also respecting the decomposition (2-1), which dictates the boundary conditions (2-2)) and
acts transitively on its elements (so in particular the 2; are pairwise isometric). The (possibly trivial)
subgroup of G which preserves 21 we call H. Note that H preserves 0d;,$21 in particular.

For each p € 0,2, we define

Gp:={¢p€G:3U C 3:nQ1, p €U and ¢|y =id}.
open

Then G, is a subgroup of G having order at most 2, as we now explain. Let ¢, ¢ € G,. Then we have
open neighborhoods Uy, U, of p in 0j,2; with U; fixed pointwise by ¢;. By the Lipschitz assumption,
there exists g € Uy N U, at which 9,£21 has a well-defined outward unit conormal n,. Then, for each i,
we have (d;¢;)(ny) = €;n, for some ¢; = *1. If an ¢; = +1, then, since ¢; fixes U; pointwise and €2
is connected, ¢; must be the identity on €2 (which comes essentially by arguing, e.g., as in Lemma 4.5
of [Carlotto and Li 2024]). If €; = €, = —1, then similarly ¢ o ¢, !'is the identity on €2, establishing
our claim. Note also that the set {p : |G ,| = 2} is open in 0;,£2; and that, for each x € H, the map
¢ — x oo x~! defines an isomorphism from G p 10 Gy (p) which commutes with o
For each p, we next set
0 if|G,l=1,
op = 1 if |G, =2buto(G,) ={+1},
-1 if |G,l=2and o (G)) ={+1, -1},

and we in turn define the subsets 042, 0_Q C 9,21 by letting (respectively)
0+Q :=0, ' (£1).

With the aid of the foregoing observations, we see that d,€2; and 0_€2; are open and disjoint, and each is
preserved by H. We now impose the additional assumption that their closures cover 0i,€2, and finally
we set Tg, :=T[L21, g, g, r, IpL21, INS21, ORE21], where

IpS2 1= 0-Q21 U (8ext €21 N IDE2),

ONS2p := 04821 U (Oext$21 N ONE2),

ORS2 := Oext 21 NORS2.
Lemma 3.5 (reduction and extension of domain under symmetries). Under the above assumptions, for
every integeri > 1,

G, H,
)\'i O-(T) = )"l' O-(szl)s

and the (H, o)-invariant eigenfunctions of Tq, are the restrictions to 21 of the (G, o)-invariant eigen-
functions of T.
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Proof. First observe that
vENGoHia(R,8) = vla, €m0 Hig, (R, 8),

using in particular the fact that any (G, o’)-invariant function in H'($2, g) must have vanishing trace
along 0_€2;. Next observe that our assumptions guarantee that each (H, o)-invariant function # on €2
has a unique (G, o)-invariant extension # to 2. This is also true of vector fields, the action being
(@, X) = o(¢)p«X. Now suppose u € nH,aHalDQI(Q] , &). Obviously u € L*(Q, g), and we next check
that in fact & € H'(Q, g) with Vgii = V,u.

For this let X be a smooth vector field with support contained in Q2. Let Y := n5 - X (meaning we
average as in (2-11) but with the appropriate action for vector fields, as above). Then (writing, with slight
abuse of notation, L?(2, g) and L*(Q, g) also for the Hilbert spaces of L? vector fields on Q and Q,
respectively, in metric g)

(X, Vg”>L2(§2,g) = (Y, ng/t)LZ(Q’g) = l’l<Y|Ql, Vg”)LQ(Ql,g)
= n(l, diV(uY|Ql)>L2(Ql,g) — I’l(lxl, div Y|Q] >L2(§21,g)
=n(ulsq,, 3" Y o)) 12001, — (@ divY) 20 )

=0— <le X, ljt)Lz(Q,g);

in the third line we have used the divergence theorem (see for example Theorem 4.6 of [Evans and
Gariepy 2015] for a statement serving our assumptions) with u|3q, of course the trace of u and ng‘
the almost everywhere defined outward unit conormal, and in the fourth line we have used the fact
that the (G, o)-invariance of Y forces it to be (almost everywhere) orthogonal to this last conormal
on 0421, while on the other hand, as already noted above, u|3q, vanishes on 0_€2;. Thus every element
of nH,(,HalDQI (€21, g) extends uniquely to an element of nG,aHalDQ(Q, g). It is now straightforward to
verify that, for all € R, restriction to €2 furnishes a bijection Eg’ (T)—E ;t - (Tq,), which implies the
claims. (I

For the purposes of our later geometric applications, it is convenient to focus on two special cases,
which correspond to the examples we presented in Section 2.4.

Example 3.6 (actions of order-2 groups). With respect to our general setup, let & = M and consider
G = (¢), where ¢ is a (nontrivial) isometric involution of M. Suppose further (which is not true in
general) that the set of fixed points of the action divides M into two open regions, which we shall label
Q1 and ;. Then note that, arguing as above, one must have ¢ (21) = Q; (as well as ¢ (2;) = 21). In
particular H is the trivial subgroup, just consisting of the identity element. That said, there are two cases
depending on the choice of twisting homomorphism o : G — {—1, 1} we consider:

(1) If we let o (¢p) = +1, then 042 = 9,2 and d_Q = &, so we are considering the (nonequivariant)
spectrum of T, adding a Neumann boundary condition along 0in$21.

(2) If we let o (¢p) = —1, then 042 = & and 9_ Q| = 0in$21, SO we are considering the (nonequivariant)
spectrum of Tq, adding a Dirichlet boundary condition along 0iy€2;.
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Example 3.7 (actions of self-congruences of two-sided hypersurfaces). Here we follow up on the
discussion of Example 2.4 but specified to Q = M for N =B and G =P, (i.e., we postulate the ambient
manifold to be the Euclidean ball, and the surface M to have prismatic symmetry). We refer the reader to
the first part of Section 4 for basic recollections about this and related group action. We let 21 be an
open fundamental domain for this action (so that M is covered by the closures of exactly 4n pairwise
isometric domains); it follows that again H is the trivial subgroup. Considering the sign homomorphism
o :P, — {—1, +1} defined in Example 2.4, it is readily checked that 91 Q| = 0i,;21 and 0_Q2; = &, and
so— when applied to this case— Lemma 3.5 compares (and proves equality of) the (fully-)equivariant
spectrum of the problem with the spectrum of a fundamental domain, with Neumann boundary conditions
added on each interior side.

3.3. Spectral stability. As it has been anticipated in the introduction, in our applications we will analyze
the spectrum of free boundary minimal surfaces obtained by gluing certain constituting blocks. In that
respect, we will need to derive from “geometric convergence” results some corresponding “spectral
convergence” results. Suppose we have a sequence {(2,, &n» Gn» 7'n» DR, ONRp, Ry, Gy, 0,)} Of
admissible data, as well as “limit data” (€2, g, g, r, Ip€2, INS2, RS2, G, Oc0), satisfying all our assump-
tions on admissible data except that G, is possibly allowed to have infinite order. For instance, in our

later applications G is the compact Lie group O(2). Although we originally introduced the notation
AGOOaUOO

; (T), with T the bilinear form associated to the foregoing data, for G, finite, the notion remains

well-defined for infinite G,. The quantities ind‘gjO (T) and nul‘gjO (T) are likewise defined in this setting;
as a special case, we can in turn define indg_ (7") and nulg,_ (T') for G a suitable infinite-order symmetry
group of a hypersurface (as per Example 2.4). That being said, alongside T[€2, g, g, r, d0p$2, ONS2, OR2],
we then have the corresponding sequence {7, } with

Ty = T[Qu. 80 dns s 02, N, R |-
We will present some conditions on the data that ensure
Tim. AT (T) = A8 7(T)  for all i. (3-3)
As we are especially interested in index and nullity, we immediately point out that (3-3) implies
ind‘g:O (T) < lilrg %)r.}f ind‘gn (T,),

lim sup nuld} (7,) < nulg® (T), (3-4)

n—oo

lim sup(indg} (T,) +nulg} (T,,)) < ind> (T) +nulg® (7).

n—oo
Proposition 3.8. Let (2, g,q,r, b2, N2, 0R2, Goo, Oxo) Satisfy all our assumptions on admissible
data except that we allow G « to have infinite order; let T be the bilinear form determined by the data. Let
{(2, gn, qn,Tn, DR, IN2, RS2, Gy, 0,)} be a sequence of admissible data, with corresponding sequence
{T,} of bilinear forms. Assume

_ .e. Q
supsup(1gnle + 18, g + gl + ral) <00 and  (gu, qn. 1n) o> (8.4, 7).
n Q
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Assume further that

(1) G, <G foralln, and o,(¢,) = 0 (¢) forall n and all ¢, € G;
(2) for each ¢ € G, there exists a sequence {¢,} such that

(@) ¢, € G, foralln,
(b) ¢* ——— ¢* strongly as linear endomorphisms of L*>(2, g),

n np—oo

(©) o, (¢pn) =0 (¢) foralln.

Then
: Gp,0, Goo,000 .
lim A; (To) = A; (T) foralli.

n—oo

Proof. For expository convenience, we will first focus on the case when G, = G, and g, = 0, for all n,
thereby implicitly assuming (€2, g, g, 7, Ip€2, INS2, RS2, G, Os) to be admissible data (in our standard
sense); we shall simply denote by G the group in question, and by o the associated homomorphism.
Fix the index i > 1. We will start by showing that
. G,o G,o
limsup A, (T,) < A, (T). (3-5)
n—oo

For this we start with an L?(2, g)-orthonormal set {u J}S':l such that uj is a (G, o)-invariant eigenfunction

of T with eigenvalue kf"’ (T). Then our assumptions on the coefficients together with the dominated
convergence theorem imply that, forall 1 < j, k <1,

lim (uj, u)r2(.q,) = (Uj, Uk) 12(Q,g)>

n—oo
nli)n;OWj, Gnlk) 12(Q,g,) = (Uj» QUK) [2(0,g)5
Jim [ (Vs Vo) dr e = [ ey, Vo dor o),
- Ja Q

lim Fatt jur d# (g,) :f rujupd ' (g).
=00 Jor§ RQ
In conjunction with the min-max characterization (2-13) this proves (3-5). To conclude it thus suffices
to prove the complementary inequality
liminf A% (T;,) = 29°(T). (3-6)
n—oo
By (3-5) the sequence Al.c; *?(T,,) is bounded from above uniformly in 7, and by the min-max characterization
(2-13) of eigenvalues along with the assumed uniform bounds on g, and r, and the trace inequality (2-3)
it is also bounded from below. Therefore the left-hand side of (3-6) is a real number, and, by passing to a
subsequence of the data if necessary (without renaming), we in fact assume without loss of generality
that

{)\?’U (T,,)} converges to )L?O €eR foreach j <i, 3-7)

with A‘]?O the lim inf of the j-th (G, o)-eigenvalue of the original sequence.
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For each j <i and each n, let vﬁ”) be a (G, o)-invariant eigenfunction of 7;, with eigenvalue AG T (Ty)
such that, for each n, the set {v(”)}’ _ 18 L (Q, gn)-orthonormal. It follows from the assumed unit
L%*(Q, g,) bounds on the v(”) the deﬁmtlons of eigenvalues and eigenfunctions, the eigenvalue bound
following from (3-7), and the assumed bounds on ¢, and r, as well as g, and g, I that the sequence
||v§.”) I 51(Q,q,) 1s bounded uniformly in n. (The assumptions on the metrics are needed there to ensure
that the constants in the trace inequality (2-3), as applied here, can be chosen independently of n.) It then
follows, in turn, using again the assumed bounds on g, and g, !, that | vﬁ.”) | 1(q,¢) 18 likewise bounded.
Consequently, passing to a further subsequence if needed, for each j < i, there exists v; € H Q9
which is simultaneously a limit in L?*(R2, g) and a weak limit in H'(Q, g) of v§”> as n — oo. Note in
particular that each v; is (G, o)-invariant.

The dominated convergence theorem, our assumptions on the metrics, and the L?(2, g)-convergence
for each j of {vj.")} to v; imply that {vj}g.:1 is L?(2, g)-orthonormal, so in particular this finite family is
linearly independent. In the same fashion, but also appealing to the assumptions on the ¢,, we get, for all
l<j<iandall we L%, g),

(1) : (1)
.n y w>L2(Q,gn) = (Uj, w>L2(Q’g), lim (qnvjn s w)LZ(Q’g”) = (qu, w>L2(Q’g).

n—oo

lim (v
n—oo

Thanks to the weak convergence in H 1(Q, g) of {vﬁ”)} to v; for each j (and again using the dominated
convergence theorem, the assumptions on the metrics, and the L? convergence of each {v}")}), we further
conclude that, forall 1 < j <i and all w € H(R, g),
lim | (Y, 0", Vo, w) d A" (gn) = / g(Vou;, Vow) d# (g).
n— Q Q
We use the trace inequality (2-3) in conjunction with boundedness in H!(2, g) of {vﬁ.")} U{v;} and the
convergence in L?(2, g) for each j of v;.”) to v; to deduce that we also have L?(d2, g)-convergence
of the traces. As one consequence we see that each v; in fact belongs to HalDQ(Q, g). As another, by
virtue of the assumptions on the r,, and once again the dominated convergence theorem, we obtain, for all
l<j<iandwe H (R, g),
lim rnv;")wd%d_l(gn) =/ rvjwd A" (gn).
n=>00 JorQ2 RQ
From the definition of the v;.”), the assumption (3-7), and the above three displayed equations, we conclude
that, forall 1 < j <iandw € HE}DQ(Q, g), we eventually have

T (n) T G, (n) _
T(vj, w) = lim 7,(v;”, w) = lim 2; (T, w) 120, = A7 (V) W) L2(0.)-

Specifically, for the second equality above we have used the fact that v}”) is an eigenfunction of 7j;;
together, the inequalities then show that v; is an eigenfunction of 7. Since {v j}i.: | is a linearly independent
subset of nG,aHalDQ(Q, g), it follows that

A2 =7,

l — 1

completing the proof in the case of a “fixed symmetry group”.
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However, it is actually straightforward to generalize the above argument to capture also continuity in
the symmetries. The proof above goes through with mostly superficial modification, and we address the
only two salient points. First, in proving (3-5) but with (G, o) replaced on the left by (G,, 0,,) and on
the right by (G, 00), note that each u ;, now assumed (G, 0 )-invariant, is by our hypotheses also
(G, op)-invariant for each n. Second, in proving the corresponding analogue of (3-6), note that each v;
is, as the L2(S2, g) limit of a sequence whose n-th term is (G, 0,,)-invariant, by our hypotheses, itself
(G 50, Os0)-invariant. O

We now turn our attention to the related yet different problem of handling controlled changes in
the domain. We switch to slightly different notation, which is again tailor-made to best fit our later
applications.

Proposition 3.9. Let (2, g, q,r, )2, N2, RS2, G, 0) be admissible data, with corresponding bilinear
form T. Suppose that, for any § > 0 less than the injectivity radius of (M, g), say 8o, we are given a
Lipschitz domain Q25 C Q2 such that (2, g, q, 1, IpQs, INQs, 0RRs, G, o) are also admissible data (with
suitable restrictions of tensors and functions tacitly understood) and whose complement Ks := Q \ Qs
satisfies

U Bro® c ks | Bro @) (3-8)
pES peS

for some finite set of points S C Q and monotone functions fi, f>:[0, 8o — Rxq such that lims_.q f>(8) =0.
Consider the sets as in (2-16) with Q25 in lieu of 21 as well as the associated bilinear form

TS%"‘ = T[Q(;, g.q,r, 88*"‘525, agi"tﬂa, 8]?*"‘525].

Then, for each integeri > 1,
AT (TE™) = A7 (T), 3-9)
and we have

i

lim A7 (Tg) = A7 (T). (3-10)

The conclusion simply relies on the fact that points have null W!-*-capacity in R” for 1 <s < n and
50, in particular, have null W!-2-capacity in R" for any n > 2; for the sake of completeness, we provide
a self-contained argument focusing on the case of surfaces (d = 2), where a logarithmic cutoff trick is
required and omit the simpler modifications for d > 3.

Proof. Given any ug, vs € Halgimsz,; (R2s), postulated to be (G, o )-invariant, it is standard to note that their
extensions by 0, say us, vs respectively, belong to HalDQ(Q), that such functions are themselves (G, o)-
invariant, and, for any d € (0, 89) we have (us, vs)12(q;,q) = (Us, Us) 12(q, ) @nd Tglz);m(u,g, us) =T (us, ug).
Hence, it follows at once from the variational characterization of eigenvalues, (2-13), that, for each integer
i > 1, we have indeed 27" (Ts%"t) > 227 (T), which is the first claim. Appealing again to the domain
monotonicity, it actually suffices to check (3-10) in the case when K is in fact a union of metric balls,
namely when we have equality in (3-8), for f; = f>. To simplify the notation we can (without loss of
generality, up to reparametrization) assume in fact f»(§) = § for any ¢ in the assumed domain. That said,
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given any u, v € HalDQ(Q), (G, o)-invariant, and § > 0 (small as in the statement), one can simply define
us = igs and vs = Vs, where (for r :=d,(p, g) and p € §) we set

0 if r <834,
9s(q) = {3 —4logr/logs if 83/* <r <872,
1 otherwise.

It is then clear that us, vs € HBIDDimQa (£2s), that such functions are (G, o)-invariant, and, in addition,
lim T2 (us, us) = T (i, ),  lim(us, v = (i1, D :
lim T, (us, us) (u, u) a—>0< 8> V8)12(Qs,0) = (s V) 12(Q,0)

Hence, again appealing to (2-13), we must conclude

limsup A7 (To™) < A7 (T), (3-11)
§—0
whence, combining this inequality with the one above, the conclusion follows. O

Corollary 3.10. Given the setting and the assumptions of Proposition 3.9, we have
lim indZ (T5™) = indg (7).

3.4. Conformal change in dimension 2. In this section we suppose, in addition to the assumptions
above, that d = dim M = 2 and that we are given a smooth, strictly positive, G-invariant function p on .
Note that the above bilinear form 7" of (2-4) is invariant under scaling, namely under the simultaneous
1

transformations g — p%g, g — p 2q,and r — p~'r:

T[Q. 0%g, p7%q, p~'r, 302, INQ, RQ]| =T[Q, g, q, 7, IR, N2, R,

with the corresponding domains Ha]DQ(Q, p2g) and HQIDQ(Q, g) agreeing as sets of functions and hav-
ing equivalent norms. This claim needs a clarification: the standard H' norms of HBIDQ(Q, p°g) and
HBIDQ(SZ, g) are only equivalent up to constants that depend on the extremal (inf and sup) values of the
conformal factor p.

In general, the eigenvalues (as defined in Section 2.3) will be affected by the conformal scaling, and
yet the index and nullity are nonetheless invariant when this operation is performed.

Proposition 3.11 (invariance of index and nullity under conformal change in dimension 2). With assump-

tions as in the preceding paragraph,
ind%(T, p*g) =ind%(T, g) and nul%(T, p*g) = nul%(T, g).

Proof. By definition, we have that u € E (:;?U(T, g) if and only if u is (G, o)-invariant and 7 (u, v) = 0 for
allv e HQIDQ(Q, 2) (and likewise if each g is replaced by p2g), so the nullity equality is clear. For the
index, because we can reverse the roles of g and p’g by replacing p with p~!, it suffices to check that
the claim holds with > in place of =. This follows at once from the min-max characterization (2-13)
applied to the (G, o)-eigenvalues of (T, p?g), by considering the “competitor” subspace E E?U(T, g) in
the minimization problem therein, for i = indg; (7T, g). U
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4. Free boundary minimal surfaces in the ball: a first application

From now on, we specialize our study to the case when Q = M is a properly embedded free boundary
minimal surface, henceforth denoted by %, of the closed unit ball B3 := {(x,y,2) € R3: x4 y2 +z2< 1}
in Euclidean space (R?, gR3). Observe that, by the maximum principle, every embedded free boundary
minimal surface is properly embedded.

As anticipated in the introduction, our task here will be to obtain quantitative estimates on the Morse
index of free boundary minimal surfaces; hence our Schrodinger operator is the Jacobi (or stability)
operator on X acting on functions subject to the Robin condition

du(n>;)=u ondx, 4-1)
8

namely: g = |A2|2, the squared norm of the second fundamental form of ¥, and dpX = InXY = I,
JRX = 0%, r = 1. Correspondingly, as our bilinear form 7" we will consider the index (or stability or
Jacobi) form of X, which we will denote by Q*. We define the index and nullity of X in the usual way,
setting

ind(¥) :=ind(Q*) and nul(X):=nul(Q%),

and we likewise define the G-equivariant index and nullity of ¥, indg(¥) and nulg(X), in the sense
of (2-15), when given a group G < O(3) of symmetries of ¥ one considers the associated sign homo-
morphism. More generally, we will also study the (G, o)-index and (G, o)-nullity of X, ind;(X) and
nulg; (), when given a group G and, further, a homomorphism o : G — O(1) (thus, in either case, these
expressions are to be understood by replacing X by Q).

It has already been mentioned above how general lower bounds for the index, linear in the topological
data (genus and number of boundary components), have been obtained in [Ambrozio et al. 2018b] and
by [Sargent 2017] in the special case when the ambient manifold is a convex body in Euclidean R>.
We begin this section by presenting an alternative lower bound (Proposition 4.2 below) in terms of
symmetries, which, though much less general in nature, nevertheless yields sharper lower bounds for
many of the known examples (in terms of the coefficients describing the linear growth rate as a function
of the topological data). Before proceeding, we pause to explain some notation we will find convenient.

Cylindrical coordinates and wedges. We shall describe points in Euclidean R?, endowed with standard
Cartesian coordinates (x, y, z) and also in terms of cylindrical coordinates (r, 8, z), so that the point with
cylindrical coordinates (rg, 6y, zg) has Cartesian coordinates (x, y, z) = (rg cos 8y, g sin 8y, zg). However
we wish to stress that, for our purposes, it will be convenient to allow arbitrary real values for both r
and 0; thus the triples (7, 8, z) and (—r, 8 4 7, z) describe the same point in Euclidean space. Given real
numbers o < f, we also define the closed wedge

W(f :={(rcosf, rsinf, z):r >0, 0 € o, B], z€ R}, 4-2)
with the half-plane W7 accommodated as a degenerate wedge. In particular, our convention implies

@=a)=WoUWsr

o+
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Notation for symmetries. Given a plane IT C R? through the origin, we write Ry € O(3) for reflection
through I1. Similarly, given a directed line & C R? through the origin and an angle 6 € R, we write Rf_.
for rotation about & through angle « in the usual right-handed sense. Typically we will be interested not
exclusively in such a rotation Rg but rather in the cyclic subgroup it generates, with the result that it will
never really be important to associate a direction to §. Given symmetries Ty, ..., T, € O(3), we write
(Ty, ..., T,) for the subgroup they generate.

The order-2 groups generated by reflections through planes will figure repeatedly in the sequel
(beginning with the following proposition), so for succinctness of notation, given a plane IT C R* through
the origin, we agree to set Il := (Rypy). In such a context, consistent with the general convention we
defined above, we will employ the apex + (resp. —) to denote functions that are even (resp. odd) with
respect to the reflection through IT. Similarly (but less frequently), if £ is a line through the origin in R,
we will write & for the order-2 group generated by reflection R through & (equivalently rotation through
angle m in either sense about &).

We also pause to name the following three subgroups of O(3), which will be realized as subgroups of
the symmetry groups of the examples we study below and which partly pertain to the statement of the
next proposition: for each integer k£ > 1, we set

Yk := (Rig=—r/20)}» Rio=r/20)}) (pyramidal group of order 2k),
Pt := (Rig=—n/@k)}» Rio=r/@0)}>» Rz=0)) (prismatic group of order 4k), (4-3)
Ay = (Rig=r/0)}> Ry=—0)) (antiprismatic group of order 4k).

Note in particular that we have Y; = P, N Ay.

Remark 4.1. The above three groups are so named because they are the (maximal) symmetry groups of,
respectively, a right pyramid, prism, or antiprism over a regular k-gon. See, e.g., Section 2 of [Carlotto
et al. 2022b] for pictures and further details, but we caution that the above definition of the subgroup Py
differs slightly from that given in [Carlotto et al. 2022b]: the two subgroups are conjugate to one another
via rotation through angle 7 /(2k) about the z-axis.

With this terminology and notation in place, we proceed with the aforementioned lower index bound,
which illustrates the Montiel-Ros methodology as developed in Section 3 and is interesting in its own right.

Proposition 4.2 (index lower bounds under pyramidal and prismatic symmetry; see [Choe 1990; Kapouleas
and Wiygul 2020]). Let X be a connected, embedded free boundary minimal surface in B>. Assume that
Y is not a disc or critical catenoid, that X is invariant under reflection through a plane I1y, and that ¥
is also invariant under rotation through an angle o € 10, 21t [ about a line & C I1y. Then « is a rational
multiple of 2, there is a largest integer k > 2 such that rotation about & through angle 21w/ k is also a
symmetry of X, and

() ind(X) >2k—1,

(b) indy (¥) >k —1, and

(¢) if X is additionally invariant under reflection through a plane T1, orthogonal to &, then in fact
indf; (%) >2k—1.
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Note that the symmetries assumed in the preamble of Proposition 4.2 generate, up to conjugacy in O(3),
the group Y; from (4-3), while one instead obtains (again up to conjugacy) the group P; by adjoining the
additional symmetry assumed in item (c).

The proof below is an abstraction and transplantation to the free boundary setting of some index lower
bounds obtained in the course of [Kapouleas and Wiygul 2020] and drawing on ideas from [Montiel and
Ros 1991]. The estimates ultimately depend on a lower bound on the number of nodal domains of a
suitable Jacobi field, which was also the basis for earlier index estimates (of complete minimal surfaces
in R3 and closed minimal surfaces in S3) established in [Choe 1990].

Proof. By excluding the discs and critical catenoids we ensure that X is not S'-invariant about £, implying
the claim on o and the existence of the rotational symmetry about £ through angle of the form 2/ k, as
follows. First, if the cyclic subgroup generated by rotation about £ through angle o were not finite, then
it would be dense in the SO(2) subgroup of rotations about &, but the symmetry group of X is closed
in O(3); yet, as already observed, our assumptions ensure that ¥ has no SO(2) symmetry subgroup.
Thus o must be a rational multiple of 2, as claimed. Now let B be the least angle in ]0, 27 [ through
which rotation about £ is generated by the assumed rotational symmetry through angle «, and let k be the
least positive integer such that k8 > 2. Then rotation through angle k8 — 27, which lies in [0, B[, is also
generated by the assumed rotational symmetry. The presumed minimality of 8 then forces § = 2/ k.

By composing the assumed symmetries, it follows that ¥ is also invariant under reflection through each
of the k — 1 planes I», ..., Il; containing & and there meeting I1; at angle an integer multiple of 7/ k.
Now suppose IT € { Hi}le. We necessarily have ITN X # & (for example since TT separates B> into two
components and is a plane of symmetry for X, which is assumed to be connected). Because IT is a plane
of symmetry and ¥ is embedded, these two surfaces must intersect either orthogonally or tangentially,
but in the latter case ¥ must be a disc, which possibility we have excluded by assumption; consequently,
the intersection is orthogonal. Moreover, by the symmetries each of the 2k components Wi, ..., Wy of
B3\ Uf.‘zl [1; then has nontrivial intersection 2; := X N W; with X. Without loss of generality, let us
agree to label the domains under consideration in counterclockwise order such that 2y, ..., € all lie on
the same side of IT;.

Note that the members of the family {€2; }lzi | are pairwise isometric and each is connected. (Indeed, X
is itself connected, so any two points in any single €2; can be joined by some path in X, but this path
can leave ©2; only through the latter’s intersection with planes of symmetry, so we can always produce a
path connecting the two points that is entirely contained in €2; by repeated reflection and replacement,
if necessary.) Furthermore, each €; has Lipschitz boundary contained in S U Ule [1; because the
intersection of ¥ with either S? and any of the planes Iy, ..., I1; is orthogonal (thus transverse) and
exactly k of the €2; lie on each side of IT;.

Next, letting k¢ be a choice of (scalar-valued) Jacobi field on X induced by the rotations about & and
again using the fact that X is not rotationally symmetric (and so, in particular, not planar either), we
conclude that k¢ vanishes on ¥ N Uf:] [1; (because of the aforementioned orthogonality) but does not
vanish identically on any ;. As a result, imposing, for each i, the Robin condition (4-1) on $? N 3;
and the Dirichlet condition on 9€2; N Uf: 1 IT;, the corresponding nullity of €2; is at least 1. An appeal to
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item (i) of Corollary 3.2 (for claims (a) and (c)) and to item (i) of Proposition 3.1 (for (b)) now completes
the proof. Specifically:

« for (a), we consider the partition of ¥ into the 2k domains €21, ..., Qy; and take G to be the trivial
group;

« for (b), we take G = (Ryq, ) to be the group with two elements (as in Example 2.3), the homomorphism
determined by o (Rpy,) = —1 (thereby imposing odd symmetry) and, correspondingly, we consider
the partition of X into k domains obtained by equivariant pairing, i.e., by taking €2;; U Qp_; for
i=0,...,k—1,;

» for (c), we consider the partition of X into the 2k domains €21, ..., Q, take G = (R, ) to be the

group with two elements, and the homomorphism determined by o (R, ) = +1 (thereby imposing
even symmetry).

Thereby the proof is complete. U

5. Effective index estimates for two sequences of examples

5.1. Review of the construction and lower index bounds. As we have already alluded to in the intro-
duction, in [Carlotto et al. 2022b] two families of embedded free boundary minimal surfaces in B3 were
constructed by desingularizing (in the spirit of [Kapouleas 1997]) the configurations —[Iy U g and
—Ko UB? UK, where K is the intersection with B> of a certain catenoid having axis of symmetry
{x = y = 0} and meeting B> (not orthogonally) along the equator B> and orthogonally along one
additional circle of latitude at height 4 > 0.

Proposition 5.1 (existence and basic properties of Kg). There exists a minimal annulus Ky which is
properly embedded in B? and intersects the unit sphere B> exactly along the equator dyly :=3B>N{z =0}
and orthogonally along a circle of latitude at height z = h ~ 0.87028, which we denote by

8LKO = 3K0 \ 30K0.

Moreover, Ky coincides with the surface of revolution of the graph of r : [0, h] — ]0, 1[ given by
r(¢) = (1/a) cosh(a¢ —s) for suitable a ~ 2.3328 and s ~ 1.4907.

Proof. The existence of [Kg is proven in [Carlotto et al. 2022b, Lemma 3.3]. For the numerical values of
a, h, and s, we refer to [loc. cit., Remark 3.9]. ]

That being said, these are (somewhat simplified) versions of the main existence results we proved
in [loc. cit.].

Theorem 5.2 (desingularizations of —[IKy U I§g [Carlotto et al. 2022b]). For each sufficiently large integer
n, there exists in B3 a properly embedded free boundary minimal surface E;KWKO that has genus 0,
exactly n + 2 boundary components, and is invariant under the prismatic group P, from (4-3). Moreover,
g, KoUko converges to —IKo U Ky in the sense of varifolds, with unit multiplicity, and smoothly away from

the equator, as n — o0.
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Theorem 5.3 (desingularizations of —[Ky U B2 UK, [Carlotto et al. 2022b]). For each sufficiently large
integer m, there exists in B> a properly embedded free boundary minimal surface pIN KoUB2UKo that has
genus m, exactly three boundary components and is invariant under the antiprismatic group A, +1 from
(4-3). Moreover, ZMZKOUBZUKO converges to —Kg UB? UK in the sense of varifolds, with unit multiplicity,
and smoothly away from the equator, as m — 0.

Proposition 5.4 (lower bounds by symmetry on the index of the examples of [Carlotto et al. 2022b]).
There exist ng, mg > 0 such that we have the following index estimates for all integers n > ng and m > mg:

ind_g,(8,%09%0) > 20 — 1 and  ind(T,K0VF K0y > 2 41,

Proof. As stated in Theorem 5.2, E Y50 ig invariant under the action of the prismatic group P,, which
is generated by the reflections through the vertical planes {# = —x/(2n)} and {# = 7 /(2n)} and through
the horizontal plane {z = 0}. As a composition of the first two reflections, [P, also contains the rotation
by angle 27 /n about the vertical axis §y = {r = 0}. Applying Proposition 4.2 (c) with k =n, § = &,
[Ty ={6 =x/(2n)}, and I1; = {z = 0}, we obtain

indf;_, (8, ) = 2n — 1.

Similarly, Theorem 5.3 states that KoUB*UKG g invariant under the action of the antiprismatic group A4 1,
which contains the reflection through the vertical plane {# = 7 /(2(m + 1))} and also the rotation by angle
27 /(m + 1) about the vertical axis &). Applying Proposition 4.2 (a) then yields

ind(%; KoUB UKoy > 0 41 0

In terms of topological data, the previous proposition (compared to [Ambrozio et al. 2018b]) provides
a coefficient 2 for the growth rate of the Morse index of &, %00 (resp, 32— H«WBZUKU) with respect to the
number of boundary components (resp. of the genus), modulo an additive term. In fact, the lower bound
on the Morse index of E, KoUo can be further improved via the following observation, which pertains
to the odd contributions to the index instead (again with respect to reflections across the {z = 0} plane
in R%); incidentally this is also an example of an application of Proposition 3.1 to a collection of domains
that are not pairwise isometric.

Proposition 5.5. There exists ny > 0 such that we have the following index estimates for all integers
n > no:
indy,_g, (8, %) = 3.

Proof. Let 1y denote a vertical plane of symmetry, passing through the origin, of the surface &, KoUKo
(which, we recall, has prismatic symmetry P,), let £ be the line obtained as the intersection of such
a plane with {z = 0}, and let finally [T, = £ be the vertical plane, again passing through the origin,
that is orthogonal to IT;. Consider on &Y the function kz = K - v, where K is the Killing vector
field associated to rotations around £ (oriented either way) and v is a choice of the unit normal to the
surface in question. Clearly, the flow of K¢ generates a curve of free boundary minimal surfaces around
g, KoUK hence the function «; lies in the kernel of the Jacobi operator of &, %Y and satisfies the
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Z

Figure 2. Nodal domains of the function induced by rotations around the symmetry axis &.

natural Robin boundary condition along the free boundary. Furthermore, concerning its nodal set, we first
note it contains the curves
g Kon(z=0} and g;KonTT,.

We also claim that, for any sufficiently large n, the function k¢ changes sign along the connected arc
g, 0% N TTT N {z > 20}, (5-1)

where H; denotes either of the half-planes determined by IT; on I, and zo > 0 is any sufficiently small
value (as we are about to describe, stressing that we can choose it independently of n). Since one has
smooth convergence of E; 0V to —IKy UKy as n — oo away from the equator, it suffices to verify an
analogous claim for [Kg. In fact, it then follows from an explicit calculation that the function induced by
rotations around the symmetry axis & (the analogue of k¢ on () has opposite signs on the two endpoints
of the arc Ko N H;’ (see Figure 2, right image), and so — assuming without loss of generality it is negative
on the equatorial point— by continuity there exists Zo > O such that the same function is also strictly
negative at all points of Ko N H; at height zg € [0, zo]. In particular, we can indeed choose one such
value z( € (0, zg9) once and for all.

Hence, appealing to the aforementioned smooth convergence, by the intermediate value theorem for
any sufficiently large n, there must be a point along the arc (5-1) where k¢ vanishes. Now, standard results
about the structure of the nodal sets of eigenfunctions of Schrddinger operators ensure that such a zero is
not isolated, but is either a regular point of a smooth curve or a branch point out of which finitely many
smooth arcs emanate. In either case, combining all facts above we must conclude that on &, Koo {7 > 0}
the function k¢ has at least four nodal domains, and thus an application of Proposition 3.1 with t =0,
G = (Rp) for IT = {z = 0}, and o (Ry) = —1 ensures the conclusion. [l
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Remark 5.6. Note that the very same argument would lead, when applied with no equivariance constraint
at all (i.e., when G is the trivial group) to the conclusion that, for any sufficiently large n, the index of
g, KoUKo js bounded from below by 7, which however is a lot worse than the bound provided by combining
Proposition 5.4 with Proposition 5.5. Furthermore, we note that one can show that the function k¢ has
exactly 8 nodal domains and not more, as visualized in Figure 2.

Remark 5.7. Concerning the sharpness of the estimate given in Proposition 5.5, we note that numerical
simulations of Ky with fixed lower boundary dyl{y and upper boundary 9, [y constrained to the unit
sphere indicate that it has in fact index equal to 3. Roughly speaking, one negative direction comes from
“pinching” the catenoidal neck and the other two negative directions correspond to “translations” of 9, g
on the northern hemisphere.

The rest of this section is aimed at obtaining upper bounds on the Morse index of our examples, which
is a more delicate task and one that relies crucially not only on the symmetries of the surfaces in question
but also on the way they were actually constructed (which we encode in suitable convergence results).

5.2. Equivariant index and nullity of the models. For upper bounds we will exploit the regionwise
convergence of the two families to the models glued together in their construction. Therefore we first
study the index and nullity on these models.

Equivariant index and nullity of [IKp. We begin with a summary of the properties of the minimal annulus g
we will need. Let dglKg = 0o N {z =0} and 9, Ko = 9l \ dglp be as in Proposition 5.1, so that 9, I
is the boundary component along which <y meets the sphere B> orthogonally. Referring to (2-4), we
define
Q%O = T[Ko, gKO, q = |AK0|2, r:=1, dplg := @, InKp := dpKp, IrKp := 8L[K0]

(where we abuse notation in that by Ky we really mean its topological interior) to be the Jacobi form
of Ky subject to the natural geometric Robin condition (4-1) on 9, Ky and to the Neumann condition
on dpl<p. Clearly, for each k > 1, the pyramidal group Yj from (4-3) preserves Ko and each of its boundary
components individually.

Lemma 5.8 (Yj-equivariant index and nullity of Iy). With notation as above, for each sufficiently large
integer k,
indy, (%) =1 and nuly, (QF)=0.

Proof. We shall start by recalling [Carlotto et al. 2022b, Lemma 4.4], which states that when imposing
the Dirichlet condition on dgl{g and the Robin condition on 9, Ko, then the Jacobi operator acting on
Yk-equivariant functions on Ky is invertible provided that k is sufficiently large, which means that the
equivariant nullity vanishes in this case. Considering that the coordinate function u = z on [y, which
is harmonic, satisfies the Dirichlet condition on dyl{y and the Robin condition on 0 K, it is also evident
that the equivariant index is at least 1 in this case (see [loc. cit., Lemma 7.2]). This implies that when
instead the Neumann condition is imposed on dgl<g, the equivariant index is again at least 1. Below we
prove that it is exactly 1 and the equivariant nullity is exactly O in the Neumann case by showing that the
second eigenvalue is strictly positive. (We note here, incidentally, that this information also proves that a
posteriori the equivariant index is also exactly 1 in the case that a Dirichlet condition is imposed on dyl<y.)
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Let a,h,s > 0 and r(¢) = (1/a)cosh(at — s) be as in Proposition 5.1. In particular, we have
) +1= coshz(ag — s). Thus, when [ is parametrized as a surface of revolution in terms of
the coordinates (0, ¢) with profile function r(¢), the metric gy, and the squared norm of the second
fundamental form Ay, on Iy are given by
(=) 1 _ d*+a”?
SO TR T cosh(ag —s)

The outward unit conormal along 9, Ko = Ko N {¢ = h} is given by
1 1 1

Mo = (r2(h) + 1 9 = cosh(ah — s) 9 = ar(h) 9.

Assume, for the sake of a contradiction, that A, = )L;/’“Sg“ < 0, where we are considering the spectrum

gio = (P +1)de> +r2d6?, A

of the Jacobi operator of Iy acting on Yj-equivariant functions (see Example 2.4), and subject to the
boundary conditions described above. Then, by first invoking the Courant nodal domain theorem as in
the proof of [Carlotto et al. 2022b, Lemma 4.4] we may assume that the associated eigenfunction u, is
rotationally symmetric provided that k is sufficiently large, i.e., u, only depends on ¢ and not on 6.
That said, let # be a function on Ky which is rotationally symmetric, i.e., constant in 6. Then
1 3%u
B coshz(ag“ —5) 3_{2

and we shall consider the Jacobi operator J = Ay, + | Ay, |* and the eigenvalue problem

A

Kol

Ju=—\u,
u'0,-)=0 (Neumann condition on dylKp),
u'(h, ) =cosh(ah —s)u(h,-) (Robin condition on 9 [£).
Since u, must change sign, there exists zg € ]0, 2[ such that u;(zg) = 0. Multiplying the eigenvalue

equation 5 5 s
Uy a“+a-

u
ac%  cosh’(ag —s) ?
with u, and integrating from ¢ = 0 to { = zp, we obtain

20 20 20 2 -2
/ —Azu%cosh2<ac—s>d;=—/ sl dg + / S
0 0 0

u
coshz(ag‘ —s) 2

= —Aoup cosh’(ac — s) (5-2)

Since u(zp) = 0, we can obtain the Poincaré-type inequality

20 s 0| ¢ 2 20 20 5 Z(% 20 s
/ lu2(8)] d§=/ f up(t)de| dg 5/ (ZO—C)/ lus(1)|” dt di ng lus ()|~ de.
0 0 20 0 ¢ 0

Hence, 20 20 2 -2 o)
0 o \cosh“(al —s) z;

/ 2
20 < m ~ (0.5962,

and so, in this case, we conclude A, > 0, a contradiction.

The right-hand side is negative if
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Integrating the eigenvalue equation (5-2) instead from ¢ = z¢ to ¢ = h and recalling the Robin condition
u'(h) = cosh(ah — s)u(h) along 9, [y, we obtain the alternative estimate

a’>+a~? 2
2 Uz
cosh“(at — )

h h h
/ —hou3 cosh?(at — s) d¢ = |ua(h)|* cosh(ah — s) —/ ub|* d¢ +/ dec
20 20 20

h h g2y g2
< ((h — zp) cosh(ah —s) — 1) |u/2|2d§+/ z—u%dg“
20 20 cosh“(a¢ —s)

2, 2, 2 N /h 2
5(61 +a +(h—z())2((h zo) cosh(ah — s) 1)) s uydg,

provided that (h — zg) cosh(ah —5) — 1 < 0. Now the right-hand side is negative if zg > 0.4443.
Since the intervals [0, 0.5962] and [0.4443, k] intersect, we anyway obtain a contradiction. Thus, we
confirm the claim A, > 0, as desired. O

Observing (as we have already done in the previous proof) that any eigenfunction “generating” the
index in Lemma 5.8 is rotationally invariant, we have the following obvious corollary (which in fact can
conversely be used to prove the lemma, with the aid of Proposition 3.8). In the statement, G¥ denotes
the subgroup of O(3) preserving I<y. Note that G*¢ consists of rotations about the z-axis and reflections
through planes containing the z-axis. In particular G¥° is isomorphic to O(2), and each element of G*°
preserves either choice of unit normal of [Kp.

Corollary 5.9 (fully equivariant index and nullity of Kg). With notation as above and recalling the
comments immediately preceding Proposition 3.8, we have

indgio (O0) =1 and nulgi, (QF0) = 0.

Equivariant index and nullity of B2. The analysis for the flat disc B? (featured in the construction of just
one of the families) is trivial, and the conclusions are as follows; in the statement we write Q}%z for the
index form of B? as a minimal surface with boundary in (R, gR3) subject to the Neumann boundary
condition, namely

08 = T[B% ¢, 0,0, 2, 0nB? := 0B, o).

Lemma 5.10 ((A,,+1-equivariant) index and nullity of B2). With notation as above,
ind(Q¥)=0 and nul(Q¥)=1.
Moreover, for each integer m > 0, the antiprismatic group A, 4\ preserves B> and
inda,,, (Q%) =nula,,, (OF) =0.

Proof. The first line of equalities is clear, since the Jacobi operator on B? is simply the standard Laplacian,
whose Neumann kernel is spanned by the constants (to rule out index one can for instance just appeal to
the Hopf boundary point lemma). The invariance of B under each A, is obvious, and the proof is
then completed by the observation that the constants are not A, |-equivariant (for any m > 0). ]
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From Lemma 5.10 we immediately obtain, analogously to Corollary 5.9 from Lemma 5.8, the following
corollary. In the statement O(2) refers to the group of intrinsic isometries of B2 (extended to isometries
of R?), rather than to some subgroup of O(3), and we write 1 and det for the trivial and determinant
homomorphisms O(2) — O(1), respectively. The (O(2), 1)-invariant functions on B? are thus the radial
functions, while the space of (O(2), det)-invariant functions is trivial.

Corollary 5.11 (indices and nullities of B> under O(2) actions). With notation as above, we have
ind$, (OR) =0, nulh,,(OF) =1, ind&h (OF) =nulfh (OF) =0.

Equivariant index and nullity of M® and M*. We recall how, away from the equator S', the surfaces

g, KoUK and Z,QKWBZUKO are constructed as graphs over (subsets of) —[Ky U Ko and —IKy U B2 U [K.

In the vicinity of S!, the surfaces are instead modeled on certain singly periodic minimal surfaces that

belong to a family discovered by Karcher [1988] and generalize the classical singly periodic minimal

surfaces of Scherk [1835]. We now summarize the key properties of such models to the extent we will
need later.

Proposition 5.12 (desingularizing models). There exist in R*> complete, connected, properly embedded
minimal surfaces M® and M* having the following properties, which uniquely determine the surfaces up
to congruence:

(i) ME and M* are periodic in the y direction with period 21, and the corresponding quotient surfaces
have genus zero.
(ii) M® and M* are invariant under Rix=0}» Ryy=r/2}, and Riy—_z/2).
(iii) M is invariant under Ri;—oy and M* under R{y—.—o.
(iv) ME has four ends and M* has six ends, all asymptotically planar.

(v) Each of ME and M* has an end contained in {x < 0} N {z > 0} whose asymptotic plane intersects
{z = 0} at the same angle wy > 0 at which K intersects B>, and M* has additionally {z = 0} as an
asymptotic plane.

(vi) ME :=MEN{x <0}N{ly| < 7/2} and MZ := M* N {x < 0}N{|y| < /2} are connected free
boundary minimal surfaces in the half-slab {x <0} N{|y| < 7 /2}, with MfEB invariant under Ry;—o)
and lezb invariant under Riy,—.—o, (see Figure 3).
(vii) Each of Mfi \ {z =0} and Mfzb \ {y = z = 0} has exactly two connected components.
(viii) ME has no umbilics, while the set of umbilic points of M* is {(0, nx,0) : n € Z}.

(ix) The Gauss map v= of ME restricted to the closure of either component of Mf”:b \ {z =0} is a bijection
onto a solid spherical triangle with all sides geodesic segments of length w /2 (in other words, a
quarter hemisphere), less a point in the interior of one side.

(X) The Gauss map v* of M* restricted to the closure of either component of Mf)f, \{y=2z=0}isa
bijection onto a spherical lune of dihedral angle 7 /2 (in other words, a half-hemisphere), less one
vertex and a point in the interior of one side.
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Figure 3. The minimal surfaces M (left) and M7 (right) as defined in Proposition 5.12 (vi).

We refer the reader to Section 3 and Appendix A of [Carlotto et al. 2022b] for further details and a fine
analysis of the properties of both surfaces in question. The free boundary minimal surfaces MfEb and leb
are visualized in Figure 3.

Now we examine the index and nullity of Mfsb and Mfi as free boundary minimal surfaces in the half-
slab {x <0} N{|y| <m/2}. Because the boundary of such a domain is piecewise planar, the corresponding
Robin condition associated with the index forms of these surfaces is in fact homogeneous (Neumann).

Let us prove an ancillary result. We will observe (in the proof of Lemma 5.16, to follow shortly) that,
by virtue of the behavior of the Gauss maps described in Proposition 5.12, the analysis of the index
and nullity of Mfab and Mfi reduces to the following index and nullity computations for boundary value
problems on suitable Lipschitz domains of S2.

Lemma 5.13 (index and nullity of Aggz + 2 on images of Gauss maps of M;T; and Mf)ﬁ). Set
Q% :=S"N{x>0}N{y>0}N{z >0},
Q% :=S*N{x>0}N{y > 0}.

Then we have the following indices and nullities, where the final row holds for any ¢ € 1—1, 1] and,
throughout, T is the bilinear form (2-4) with Q as indicated, g = g§2 is the round metric, g = 2 (and so is
associated to the Schrodinger operator Ags* +2), 0R2 = &, pS2 is as indicated, and INS2 = 92\ 2

Q pQ ind(T) nul(T)

g @ 1 0
Qu
S? —
{z =0} 0 (5-3)

@ 1 1
Q2 {x =0} 0 1
x=0}N{z>¢)} 1 0
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Proof. By Lemma 3.5, we can fill in the first four rows by identifying the index and nullity of Ags* +2
on the entire sphere subject to appropriate symmetries, the relevant spherical harmonics being simply the
restrictions of affine functions on R3. Lemma 3.5 is not directly applicable to the final row, but by the
min-max characterization (2-13) of eigenvalues, the i-th eigenvalue for the bilinear form specified in that
row must lie between the i-th eigenvalues of the forms specified in the two preceding rows (> that of
the third row and < that of the fourth); moreover, the unique continuation principle implies that both
inequalities must be strict (> and <). The entries of the final row now follow, concluding the proof. [J

We shall fix components of
ME\{z=0} and Mg\ {y=z=0}

once and for all and write Q% and Q¥ for their respective interiors: it follows from Proposition 5.12
that v¥|q= and v¥|q= are diffeomorphisms onto their images, which we can and will identify with the
triangle 2, and lune Q2, of Lemma 5.13, respectively, and in particular

x=0}N3QS, =vE({x =0}NIN"),

{y=01N3QS, =vi({y = £7/2}NIQ%),

{z=0}N0QE, =v({z=0}N0Q®),
and

(x =0}N9Qs =V (((x =0} U{y =2 =0 NIQ>),

[y=0}N3Q% =v>{y =£7/2}NIQ>).

In what follows, recalling, e.g., that the index of a minimal surface, when finite, can be computed
by exhaustion (see [Fischer-Colbrie 1985]), we conveniently introduce this notation, which pertains
to certain truncations of M=, M*, MZ, and M. To do so, we first fix R; > 0 large enough that
ME\ (x2 472 = Rf} consists of five connected components: one component C in {x? 4 7> < Rf} and
four components Wy, W,, W3, W, in the complement, each of which is a graph over (a subset of) an
asymptotic half-plane (see Figure 4). For each W; let ) be a unit vector parallel to the asymptotic
half-plane of W;, perpendicular to the y-axis (the axis of periodicity), and directed away from 0 W; toward
the corresponding end, namely (up to relabeling)

= (cos wy, 0, sinwgy) = —r(3),

@ = (—cos wy, 0, sinwg) = —r(4),
where we recall that wy > O is the angle at which g intersects B2. Now, given s > Rj, we define the
truncations
Wi(s) :=Win{z® . (x,y,2) <s},
ME(s) :=C U U?: (Wi(s), M (s) analogously (for six ends),
ME (s) := M= (s) N {x <0}, M (s) := M (s) N {x < 0}, (5-4)
ME (s) :=ME(s) NME, M2 (s) := M*(s) "M,
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Figure 4. A view of ME(s).

For each €, €/ > 0, we then set similarly lezb(e_l, €)= Mfzb(e_l) N{x>+y>+7z> > €'} and

Q%) :=QFNME (e,
Q¥ (e, €)= Q¥ NME (!, €,
truncating 2% and Q% at (affine) distance ¢! and excising from Q> a disc with radius /€’ and center

at the umbilic (0, 0, 0). We then in turn define ng (€) == vE(QE(e)) C ng as well as ng (e,€) :=
vE(Q¥ (e, €)) C ng. As a direct consequence of Lemma 5.13 and Proposition 3.9 we get what follows.

Corollary 5.14. In the setting above, consider for any €, €' > 0 the Schrodinger operator Ags* +2 on

the domains given by ng (¢) and ng (e, €'), respectively, and subject to any of the boundary conditions

specified in the table (5-3), where the boundary is contained in Bﬂgz and Bng, respectively, and subject

to Dirichlet conditions elsewhere. In other words, let TE be either bilinear form corresponding to the
top two rows of (5-3), let T* be any bilinear form corresponding to the bottom three rows of (5-3), and
consider also the bilinear forms

= Z\D; g 2 g = o) =
Tgu = (Tu)gug];(g) = T[ng(é), gS ) 27 09 8DQ§2 U (agng(e) \ anZ)v aNQ§27 Q]v
. 2
T2 = (Tz)ggz(e’e,) =T[QL(e.€), 8% .2,0, Q% U (R (e, €) \ IQL,), INQL,, T
using the notation (2-17). Then there exists €y > 0 such that, for all 0 < €, €' < €,

ind(7.f) =ind(T®) and ind(T>,)=ind(T>).

In particular, we can derive the following geometric conclusions.
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Corollary 5.15 (index of M5 and M2). We have the following even and odd indices for M§ and MZ:

S G ‘ ind£(S) indg(S)
ME  {z=0) 1 0
MZ {y=z=0} 1 1

Proof. We will verify (as a sample) the even index asserted in the second row of the table; the other claims
are checked in the same fashion. The Gauss map of a minimal surface in R? is (anti)conformal away
from its umbilics, with conformal factor (one half of) the pointwise square of the norm of its second
fundamental form, so by Proposition 3.11, for each €, €’ > 0, the index of Q¥ <. (¢, €’) with the foregoing
boundary conditions (as in Corollary 5.14, according to the third row of the table in Lemma 5.13) agrees
also with the index of Q¥ (e, €’) subject to the corresponding boundary conditions. By Lemma 3.5,
this last index agrees with the {y = z = 0}-even index of M (¢!, €') subject to the Dirichlet condition
along the excisions and the Neumann condition everywhere else. Hence, thanks to Corollary 5.14,
such a value of the index is equal to 1 for any sufficiently small €, ¢’. We now conclude, first letting
¢/ — 0 and appealing to Proposition 3.9 to control the effect of the excision near (0, 0, 0), and then
appealing to the aforementioned characterization of the Morse index via exhaustions, that lezb indeed has
{y =z = 0}-index 1. O

For use in the following subsection, we fix a smooth cutoff function W : [0, oo[ — [0, 1] that is
constantly 1 on {x < 1} and constantly 0 on {x > 2}, and we define on MZ and M?* the functions and
metrics

Y= (WolxDlue, p = VS + 1AM RA—y®), h% = (%)%,

_ . (5-5)
U= (WolxDlyz, % i=vVyE+ 1AW RA -y, hE = (%) %M

Note that p= is invariant under R(;—o), o> under R{y—.—0), and both are invariant under Rix—o}, Rjy=—=/2},
and R{y—z /2. It is natural to associate to lesb, regarded as a free boundary minimal surface in the slab
{x <0}N{|y| < m/2}, the stability form QME, defined at least on smooth functions of compact support by

Mg, Mg,

0" v = [ (Vpu Voen dn @) - [ 1A v d @),
From the identity

OMis (u, v) = / hE(Vhzu, Vysv) da(hE) — / ) 1AM 2200 d 2 (h®)
My, My,

and the manifest boundedness of |AME |%5 = (,05)*2|AME |§ME, we see that QM5 is in fact well-defined

on H 1([\/1];“;), h%). Likewise, the analogously defined QMbe is well-defined on H'(MZ, h*>).

We now point out that we can identify the interiors of Mt% and Mfzb under the metrics 4% and h¥,
respectively, as Lipschitz domains in the setting of Section 2. Concretely, we first consider the Riemannian
quotients MZ and MZ of (ME, hZ) and (M=, hZ) under a fundamental period. Then M€ is diffeomorphic
to S? with four points removed and M= is diffeomorphic to S? with six points removed. By virtue
of (5-5) and the behavior of the Gauss maps outlined in Proposition 5.12, we can in fact choose the last
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two diffeomorphisms so that they are isometries on neighborhoods of the punctures. In this way we
obtain smooth Riemannian compactifications. By composing the defining projection of each tower onto
its quotient by a fundamental period with the corresponding embedding into the compactification, we
identify (via isometric embedding) the interior of Mf‘b under 7€ and the interior of Mfzb under A% with
Lipschitz domains li\/l]f:t‘, and f\7|]f2b in the two respective compactifications, and we likewise identify 8Mf":t‘,
and 9MZ with subsets of 9M3F and MY, respectively. Of course, the role of the “ambient manifold” for
such Lipschitz domains is played by the Riemannian manifolds (S?, #%) and (S?, h™), respectively; here,
with slight abuse of notation, we have tacitly extended the metrics in question across the four and six
punctures respectively.
Next, recalling the definition of 7' from (2-4), we define the bilinear form

OV := T[ME, h%, g = (0%)2|AM" [2us, r =0, pME = 2, IWME = IME, 5xME = o],

where (as we shall do generally in the sequel for functions defined on M® or M, without further comment)
for the potential we tacitly interpret the right-hand side as a function on Mlt%; we define QM5 in analogous
fashion. We then have (see Section 3.4) the equalities

OE = OME on H'(MZ, k%) and QM = QM™% on H'(MJ, h™). (5-6)

Lemma 5.16 (index and nullity of Q’\7"§3 and QM@). With definitions as in the preceding paragraph, we
have the following indices and nullities:

S G ‘ ind5(0%) nulf(Q%) ind;(Q5) nulg(Q%)
ME  {z=0) 1 0 0 1
M]?b {y=2z=0} 1 1 1 0

Proof. The first row follows from a direct application of Proposition 3.11 in conjunction with the first
two rows of the table in Lemma 5.13. Indeed, in this case there are no umbilic points in play (for, recall,
ME has no umbilic points) and the Gauss map furnishes an (anti)conformal map from the compactified
quotient onto S2. For M¥, however, the corresponding conformal factor degenerates at the umbilic at
(0,0,0), as all of its translates. Nevertheless, aided by Lemma 3.5 and Corollary 3.10, we can verify the
indices in the second row in much the same fashion, applying Proposition 3.11 on suitable subdomains
(obtained by removing smaller and smaller neighborhoods of the origin).

For the nullities, however, we employ an ad hoc argument since one cannot expect an analogue of the
aforementioned Corollary 3.10 to hold true in general. That said, we observe first that the translations in
the z direction induce a nontrivial, smooth, bounded, ({y = z = 0}, +)-invariant (scalar-valued) Jacobi
field on M* which readily implies that it defines an element of H'(MZ, h¥). This shows, in view
of (5-6), that the nullities in question are at least the values indicated in the table. On the other hand
(appealing to Lemma 3.5 for the regularity), each element, say u : Mfzb — R, of the eigenspace with
eigenvalue zero corresponding to the nullities in question is smooth and bounded. If we restrict it to
QF C f\//\ﬂfzb and consider the precomposition with the inverse of the Gauss map (which, let us recall, yields

an (anti)conformal diffeomorphism WMELQE ng), then the resulting function ug :=u o (vMZ)_1



1750 ALESSANDRO CARLOTTO, MARIO B. SCHULZ AND DAVID WIYGUL

satisfies (A 2 + 2)ug = 0, and so we get an element contributing to nul(7"), where T is as encoded
in the third (resp. fifth) row of the table (5-3) when starting from the ({y = z = 0}, +)-invariant (resp.
({y = z =0}, —)-invariant) problem on l\//\[lgjb. It is clear that one thereby gets injective maps of vector
spaces, and so from Lemma 5.13

mulf(QYF) <1, nulg(Q™F) <o,

which in particular implies that such maps are, a posteriori, linear isomorphisms, and thus completes
the proof. (I

When we wish to consider the sets be (s) and M i (s) endowed with the metrics h® and h* , respectively,
we shall denote them by be(s) and M2 i (s). Recalling the notation of Section 2.5, we further define

OB := (@™ and  QRF0:= (@) . G

In short, we are adjoining respectively Dirichlet or Neumann boundary conditions along the cuts.
Lemma 5.17 (spectra of QM&®) and QMR ). For each integeri > 1,

lim A‘Z_mi(QMﬂ)(s)) = hm A{Z—0}i(QM ®)) = A}z:O},i(QMg)’

§—> 00

lim AP EOFR) = Tim 2P T (QREO) =270 (o)

§—>00

for any consistent choice of + or — on both sides of each equality.

Proof. We will write down the proof of the two equalities in the first line for the + choice, as the remaining
cases can be proved in the same way. First note that Proposition 3.9 gives us

lim )LI{Z=0},+(QIN)7ﬂfEb(s)) — AEZ=0}’+(QMfEb)-
§—>00
Using the min-max characterization (2-13) of eigenvalues, we then also get
lim sup )\EZ=0}’+(Q1’\\I7"(%(S)) < limsup )LEZ=0}’+ ( Q]’\;A]fi(‘?)) = A§z=0}’+(Q’\7ﬂrEb).
§—>00 §—>00

The key step now toward the goal of establishing
lim inf 27" (QFRC)) = A= (o)

(which completes the proof) is to construct a family of (appropriately symmetric) linear extension operators
E,: H! (Mf%(s)) — H! (Mfi) uniformly bounded in s, assuming s > so for some universal so > 0. With
these extensions in hand it is straightforward, for example, to adapt the argument for (3-6) in the proof of
Proposition 3.8.

We now outline the construction of the E; extension operators. By the imposed symmetry (in the
case under discussion even reflection through {z = 0}) and by taking s large enough, it suffices to
specify the extension on a single end W, a graph over a subset of the corresponding asymptotic plane I1
(with 7 the corresponding defining vector, recalling the notation preceding (5-4)). Let @ : W — I be
the associated projection. By partitioning the given function using appropriately chosen smooth cutoff
functions (fixed independently of s), it in fact suffices to consider the extension problem for a function
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ve H'(WN MfEb (s), h=) such that the support of @ *v is compactly contained in the rectangle (expressed
in the notation of (5-4))

{0<7-(x,y,2) <s}N{-m <2y <m}.

We can extend @ *v via even reflection through the s side of the above rectangle, thereby obtaining an
extension of v to an element of H'(W, h%). The asymptotic convergence of W to I1, the monotonic
decay of p& along W toward oo, and the conformal invariance (in the current two-dimensional setting) of
the Dirichlet energy ensure that this extension has the desired properties. O

5.3. Deconstruction of the surfaces and regionwise geometric convergence. We first take a moment to
briefly review the constructions of the surfaces from [Carlotto et al. 2022b]. First (see [loc. cit., Section 3]),
an approximate minimal surface in B3, called the initial surface, whose boundary is contained in 983
and which meets dB3 exactly orthogonally, is fashioned by hand, via suitable interpolations, from the
models (K9, M=, or M*, and for EHZK‘JUBZUKO also Bz). Second (see [loc. cit., Section 5]), the final
exact solution is identified as the normal graph of a small function over the approximate solution. For
what pertains to this second step we wish only to highlight that the assignment of graph to function
is made using not the usual Euclidean metric gR3 but instead an O(3)-invariant metric (fixed once and
for all, independently of the data n or m) conformally Euclidean and called the auxiliary metric. On a
neighborhood of the origin this metric agrees exactly with the Euclidean one, while on a neighborhood of
0B3 = S? it agrees exactly with the cylindrical metric on S? x R; this last property and the orthogonality
of the intersection of the initial surface with B> ensure that the boundary of the resulting graph is also
in 9B3. We will write &, ¥0UK0 and $-¥oUB*UKo for the initial surfaces and @, : € KoUK s F koo

—KoUB2UIK,

e 2 . . . g .
-~ — 3 -KUB" U for the nearest-point projections under the above auxiliary metric.

and > : %

Turning to the first step, actually (because of the presence of a cokernel) one constructs for each given n
or m not just a single initial surface but a (continuous) one-parameter family of them. In the construction
this parameter is treated as an unknown and is determined only in the second step, simultaneously with
the defining function for the final surface. Here, however, we can take the construction for granted and
accordingly speak of a single initial surface, whose defining parameter value is some definite (though
not explicit) function of n or m as appropriate. Nevertheless we must explain that this parameter enters
the construction at the level of the building blocks, except for BZ, which is unaffected, as follows. First,
the catenoidal annulus <y is just one in a family K, (see the beginning of Section 3.1 in [loc. cit.]) of
such annuli, all rotationally symmetric about the z-axis, depending smoothly on €. The details are not
critical here, but each K, is the intersection with B? of a complete catenoid with axis the z-axis, and I
meets S? at two circles of latitude, the upper one a circle of orthogonal intersection and the lower one the
circle at height z = €. Similarly, from ME and M* we define, by explicit graphical deformation, families
which here we will call MSE and M(SE (see the beginning of Section 3.2 of [loc. cit.]). These deformations
are the identity on the “cores” of MZ and M* and smoothly transition to translations on the ends, in the
z-direction, up or down depending on the end, and through a displacement determined by §. Importantly,
all the MBE and MSZ have the same symmetries as MZ and M*, respectively. Now the datum n determines
building blocks MEE () and €=, while the datum m determines building blocks MSEZ (my> K= (m), and B2.
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We next define maps CD“ and CI>Z [loc. cit., (3.37)] from neighborhoods of (l/n)f\/ﬂ(S &y N {x <0} and
1/(m+ 1))M 55 my) N {x < 0}, respectively, into B3, so as to “wrap” the cores of these surfaces around the
equator S! approximately isometrically but to take their asymptotic half-planes (in {x < 0}) onto £z,
in the first case and onto %[>, and B? in the second. Thus, just referring to the family E 0" for
the sake of brevity, we truncate the surface M 55(n) DY intersecting with {x > —n*/%}, and then apply ®F
to the truncated surface scaled-down by a factor of 1/n. The image is embedded (for »n large enough) and
contained in the ball, and is in fact contained in a tubular neighborhood of S! with radius of order n=!/4.

Near the two truncation boundary components, the surface is a small graph over either £ z(,). We
smoothly cut off the defining function in a (1/n)-neighborhood of the boundary to make the surface
exactly catenoidal there and then extend using these annuli on the other side of the truncation boundary all
the way to dB>. The result is our initial surface 2 K()UKO . The initial surface E KoUBUE §g constructed
analogously, now also smoothly transitioning from the middle truncation boundary to coincide with B2
on a neighborhood of the origin. In what follows we will distill those objects and ancillary results that are
needed for the spectral convergence theorems we will prove in Section 5.4.

Decompositions. Recalling (5-4) for the definition of the below domains, our construction in [Carlotto
et al. 2022b] provides, in particular, smooth maps

(pMn:‘ . ME(”S/g) — E;KOUKO’

M ME ((m + 1)) — x oUEK,

which are smooth coverings of their images. For all 0 < s < /n, or, respectively, 0 < s < +/m + 1, we in
turn define

ME(s) 1= M7 (ME(s)) C &Koo,

ME(s) := o™i (MZ (s)) C EH;KOUB o,

In practice, in addition to the upper bound required on s, we will be interested only in s greater than a
universal constant set by M and M>: we want to truncate far enough out (in the domain) that near and
beyond the truncation boundary the surface is already the graph of a small function over the asymptotic
planes. In a typical application to follow we will take s large in absolute terms and then take n or m large

with respect to s, so we will not always repeat either restriction. When they do hold, &, Koo\ pp 2(s)

KoUB2UIK, \ ME

consists of two connected components and X, (s) consists of three, and we define

K,F (s) := the closure of the component of E ’;‘*KOUKO \ M, Z(s) on which z is maximized,

IK()UB UKy \ MZ

K ,E (s) := the closure of the component of X, (s) on which z is maximized,

KQUB UKy \ ME

B,f (s) := the closure of the component of X, (s) that contains the origin.

Observe that each M (s) is invariant under Ry,—q), that the interiors of M (s), Ky E(s), and Riz=0 K. ,;: (s)

—KoUKo

are pairwise disjoint, and that the last three regions cover E, In particular, con31der1ng the

interior of such sets, one thereby determines a candidate partition for the application of Proposition 3.1.
Similarly, M 2 (s) and Bz(s) are invariant under R;,—,—oy; the interiors of M 2 (s), Bz(s), anl (s), and

R{y=z=0} K X (s) are pairwise disjoint, and these four surfaces also cover ¥ K()UB Vo,
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Figure 5. Decomposition of ;%00 (left) and X H0U8°UKo (right, cutaway view).

We agree to distinguish the choices s = 4/n and s = +/m + 1 by omission of the parameter value:
M7 = MF(/n), Ky :=K7(/n),
ME:=M>(Vm+1), KZ:=K>m+1), B>:=B>m+1),

as visualized in Figure 5. We also define the dilated truncations (see Figure 6)

g & 2 g e g &
ME () = n(ME () NWTLED ) = np™™ (ME (5)). ME, = Mg, (/n),
z
M3, (s) i= (m+ DM (s) N WTLGEHE D)y = (m + D™ (MR (s)). Mk, = Mg, (Vm+ 1),

where the notation for wedges has been given in (4-2), and finally introduce the transition regions
AZ(s) = ME , \ Mg (), Ay(s) =M, \ Mg ().

Geometric estimates. Before proceeding, we declare the following abbreviated notation for the metrics

and second fundamental forms on MﬂEM and Mf)g’m (induced by their inclusions in (R3, gRa)):

E._  ME z._ M E. ME z. ME
gn = ﬂ),n’ gm .=g tb,m’ An = A fb,n’ Am = A tb,m_

In analogy with (5-5), we first write ¥,%, v for the unique functions on Mf“f; e Mf):b n such that

g ) z
YE = moeM ) yE,  Y¥=(m+1) o)y,
and then in turn define
P =V AT G (= u D) +e " Y= (o) gy
P =N U FSAR B (=) +e 7 Ry = (o0) g

(5-8)
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_—

Figure 6. The dilated truncations M, , (left) and M} (right).

The terms e~ 2" and e~2" above are included to ensure the conformal factors vanish nowhere. For the
sake of brevity, and consistent with the notation adopted in the previous subsections, we set

e . E B\ 17> . P =y iFE . & By 1% . P b
Mg = Mg s 0y Mg = (Mg s b))y My, (8) := (Mg, (s), b)), Mg, (s) = (M, ,,,(s), by,
so that A?fﬁ , and Mfzb ,, and their truncations ﬁfﬁ n (s)C Mf:"‘t;’ , and Mf%’ m (s) C Mfzb’m are always understood
as being equipped with the conformal metrics 25 and hZ, rather than g and g=.

Lemma 5.18 (convergence of Mfﬁ’n(s) and Mfzb’m(s)). For every s > 0, there exists mg > 0 such that, for
every integer m > m,

(1) the region Mfim(s) is defined and is the diffeomorphic image under (m + 1)(er§ of Mfzb(s),
(i) (m+ DMr (MZ(s) N {x =0)) = M, (s) N (m + DS?,

(ii1) goM'E commutes with Ry;—oy, and

@iv) M,E (s)=m+ 1)*1Am+1M£ n(8) is a surface with smooth boundary.

Moreover, for every s > 0 and o € 10, 1],

Cl,a(ME( )7 M:
(V) ((m+1)0(pM'§)*g,,21 5($),8" ) M=

g and
. Mo S cw(&?@?,gm% e
(vi) ((m+1)o@Mn)y*Ax m“';oo AM,

. _ 2 . .
All the above statements have analogues for &, Koo i place of p2 KoUB UKo mmutatis mutandis.
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The first four claims are immediate from the definitions, while the convergence assertions are ensured,
in the case of ¥, KoUB?UKo by the following estimates from [Carlotto et al. 2022b], the case of g, KoUko
being completely analogous Namely, the estimate [loc. cit., (5.20)] provides C>* bounds for the defining

function of X, KoUBZUKo g

a graph over the corresponding initial surface, and so controls the projection
map @~ from ¥ KoUB*UK 1 the initial surface. The same estimate [loc. cit., (5.20)] also bounds the
parameter value for the initial surface from the one-parameter family that is selected to produce the final
one. On the other hand, [loc. cit., Proposition 3.18] provides estimates on the initial surface in terms of the
datum g as well as the value of the continuous parameter. (As an aid to extracting the required information,
we point out that the map @, p in [loc. cit., (3.43)] is essentlally (that is, up to some quotienting and the
exact extent of the domains) the inverse of the map w 00 My-1 of the present article.)

Let us consider the other portions of our surfaces. By construction =, S(KE hs €) and wnf (K,f) (subsets of
the initial surfaces) are graphs (under the Euclidean metric gR3) over subsets of K 2(,) and K.z ,,, and

@ Z(BE) is a graph over B2. Thus, by composition with a further projection, we obtain injective maps

I‘I‘l
wnE(KnE) — Kez, w,;:(Kn%) — Ke2@n), and an — B2.

Moreover, the image of each of these three maps is O(2) invariant: the image of the third is a disc with
radius tending to 1 as m — oo, the image of the second is a catenoidal annulus with upper boundary
circle coinciding with that of K.z, and lower boundary circle tending to that of <.z ,,) as m — oo; the
image of the first admits an analogous description.

In particular, by composing further with dilations of scale factor tending to 1, we obtain diffeomorphisms

[0 By . B2 BZ
similarly reparametrizing in the radial direction one also obtains diffeomorphisms
) = b
o5 o — KE, oo — KX

The inverses of these maps may be regarded as small perturbations (for n and m large) of the nearest-point
projection onto R? C B? or onto the complete catenoid containing [y, as appropriate. Somewhat more
formally, by reference to [loc. cit.] (specifically Proposition 3.18 and estimate (5.20) therein), much as in
by Dy

and B,

m>

the proof of Lemma 5.18, we confirm the following properties of K=, K
Lemma 5.19 (convergence of K and K ~). There exists mg > 0 such that, for each integer m > my,
) ¢ K is defined and a diffeomorphism from I, onto K *
(ii) goKIE commutes with each element of Y, 11, and
(>iii) (,OK'E takes the upper boundary component of K to the upper boundary component of K n%
Moreover, for every a € 10, 1],
)* £ KoUBZUK B € (1o, g%0)

k> ———=— g% and
m m—0o0

KouB2 UKOI s CO (1K, g¥0)
K, m— 00

(vi) (pKn
(vii) (@Km)*AZn Ao,

. —KoUB? . .
All the above statements have analogues for E*%Y0 in place of %, *0YB" Y0 mutatis mutandis.
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Lemma 5.20 (convergence of Bgz). There exists mg > 0 such that, for each integer m > my,
1) @BE is defined and a diffeomorphism from B? onto BE and
(i1) (pBIE commutes with each element of A, 1.

Moreover, for each a € 10, 1],

— Ko UB2UIK, clem?, B? 2
(iif) (pBn)rg=a 0y SDEE ), o

| m m— 00
(iv) (pPr)* A%

Last we focus on the transition regions. Let us agree to write #= and 2 for the distance functions on

and

2
KoUB2UIKy cOvm2,¢8)
| b
m m—o0

0.

nlKe2 () and (m 4 1)K, from their respective lower boundary circles. By construction (assuming s
large enough in absolute terms) nw,® (n~! AZ(s)) has two connected components, one a graph over the

catenoidal annular wedge
2
s <12 < Vmyn WS C nkez

and the other the reflection of this last one through {z = 0}, while (m + l)wn)f (m+1~! AnE (s)) has three
connected components, one a graph over the planar annular wedge

2(m+1
(s<m+1)—r<Jm+1}n Wf,/,(/((znfnl)f)) N(m+ 1)B?,
another a graph over the catenoidal annular wedge
T 2(m+1
{s < t,f <vm+1}n Wf;é(/((znzn—:_i_)l))) C (m+ DKz,

and the third the reflection of this last one through {y = z = 0}.

Projecting onto these rotationally invariant sets and parametrizing them by arc length ¢ in the “radial”
direction and ¢ := n#, or, respectively, ¥ := (m 4 1)0 in the angular direction (with 6 restricted to the
appropriate interval containing 0), we obtain injective maps

i[5 ] T (5.5
whose images are components of AnE (s) and A,E (s) that generate the latter regions under {z = 0} and

]—>A2

{y =z = 0}, respectively.
Lemma 5.21 (estimates on AZ(s) and AZ(s)). Let o € 10, 1[. There exists so > O such that, for each
s > 8o, there exists my > 0 such that, for every integer m > my,
@) ((pAm(V) Ky |Am = (t,9) = a1 (O)m™ 2+ ar(t, 9)e /4 for some smooth functions ay and a; having
Ccoodt* + dl?z) norm bounded independently of m and s,
(i) ((pA'E (‘V)’Bz)*|A,§ 1232 (t, ) =as(t, 9)e™"'* for some smooth function az having C%*(dt>*+d¥?) norm
bounded independently of m and s,
(iii) (¢ m<*> KyteZ = dr2 + (1 +m~tfl (1) dv? + fL(t, »)e ™ /*dudv for some smooth functions
1, uv having CY%(dt* 4+ d¥?) norm bounded independently of m and. s,
(iv) (¢A5<S> B¢ — dr2 4+ (1+m~ ' f2(1) dO2 + £2,(t, 9)e™"/*du dv for some smooth functions f2
and havmg Ch¥(dt* 4+ dv?) norm bounded mdependently of mands,
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(V) AgaForiygs = 32 +m=c (1) 3 + (1 +m™ 120 (1)) 35 + e /4(B4V (2, ©) 0y By + (2, D) 3y,) for
some smooth functions b’lw, by, ¢!, ¢4 having C 0.9 (dt? 4+ d¥?) norm bounded independently of m
and s, and

(V) A aginmygz = 07 +m ™~ ¢5(D) 3+ (14+m= 2037 (1) 95 + e~ (B (1, 9) 0, 3y + ¢4 (1, 9) 3u) for
some smooth functions bg v by’ ¢k, ¢y having C 0% (dt? + dv?) norm bounded independently of m
and s.

It is understood that, in items (iii), (iv), (v), (vi), one sums over u, v € {t, 9}.
Furthermore,

(vii) limy_, o0 limy— oo 2 (h2) (AL (5)) = 0.
The same claims hold for A;lE (s), mutatis mutandis.

Proof. Again the estimates are ultimately justified by reference to the construction in [Carlotto et al.
2022b], most specifically (5.20) and Proposition 3.18 therein. That said, we also note how (v) follows
easily from (iii), as does (vi) from (iv); furthermore, it is clear that the justification of (ii) is analogous to
(in fact simpler than) (i), and (iv) is analogous to (iii). As a result, we briefly explain the ideas behind the
elementary computations required for the proof, in the case of AZ(s), with regard to items (i) and (iii).

The projection of this region onto the blown-up initial surface (m + 1)/2\,; KoUB*UKG i jtself constructed
as a graph over (m+1)Kc=z () or B2. Estimate [loc. cit., (5.20)] ensures that me > (m) is bounded uniformly
in m. The defining function of the above graph is obtained by “transferring” the defining functions of the
corresponding ends of M* over their asymptotic planes. These defining functions decay exponentially
in the distance along the planes. In turn AZ (s) is a graph over this portion of the initial surface with
defining function that is also guaranteed (by [loc. cit., (5.20)]) to decay exponentially, though a priori at a
slower rate; we have chosen le somewhat arbitrarily. This accounts for all exponential factors appearing
in the estimates.

The m-dependent terms in the estimates for the metric (and Laplacian) arise simply from the choice of
(¢, 9) coordinates on disc and catenoidal models. The m 2 term in the first item arises from scaling the
second fundamental form of the “asymptotic” catenoid to this component (while the corresponding term
for the disc vanishes). With the estimates for the second fundamental form in place, the final item — the
area estimate — follows (recalling the definitions (5-8)) from the bound

7/2  pm+l
/ (am™2 4+ aze™*drdy < C(m™3? +e7*/%
—n/2 Js
and the analogous estimate concerning the disk-type component instead. 0

MZ, KF, K*, and B (depicted
in Figure 5), we write QIEI for the Jacobi form of S as a minimal surface in B> with boundary, subject to

5.4. Regionwise spectral convergence. For each region S among M2

n>

the Robin condition (4-1) where 35 meets dB> and subject to the Neumann condition elsewhere: recalling
(2-17), we set

05 i (Q &y 070 ) Nine for S ¢ g WoUko,
N --— — 2 : 2
(QZmKOUB UKO)I;lnl for S C Er;KOUB UKoy
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(where on the right-hand side we slightly abuse notation in that in place of S we really mean its interior).
Similarly, for § either Mg, or Mg ., we write Q3 for the Jacobi form of § as a minimal surface in
either nB> or (m + 1)B3, subject to the Robin condition either du(n) = n~'u or du(n) = (m +1)"'u
where 95 meets either nS? or (m + 1)S?, respectively, and subject to the Neumann condition elsewhere.
Keeping in mind the statement of Proposition 3.1, we stress that the adjunction of Neumann conditions in
the “interior” boundaries is motivated by our task of deriving upper bounds on the Morse index of our
examples. Recalling the notation Mfsb’n and Mf%’n, we remark that the bilinear forms QIEI and QISI agree
by definition for each S as above, but whenever we refer to the eigenvalues, eigenfunctions, index, and
nullity of the latter we shall always mean those defined with respect to the 2% or hZ metric.
In the notation of (2-4), we have in particular (see Proposition 3.11)
QM = T[Mg .. &7+ 45 = |AF 2z, ri =n"",
M, =2, Mg, =IME , \nS*, Mg, = IME , \ NME, ]
=T[M§,. hZ. (0T, (0P 'n~", @, IME , \nS*, IME , \NME | = QM5 (5-9)
and similarly for Q%t%,m = QNMt%.m. Observe further (see Lemma 3.5 and Proposition 3.11) that
indp, (Q¥F) = ind{,_,(QN5.»), indy, (Q¥r) = ind(QYw.),
. . — ) . . 7z
inda,,., (QMr) =ind,_,_o (O¥5n), indy,,, (Q}") = ind(Q¥wn),
and likewise for the corresponding nullities.

Lemma 5.22 (equivariant index and nullity on K, K, and BZ). There exist no, mo > 0 such that we
have the following indices and nullities for all integers n > ng and m > my:

S G |indg(Qf) nulc(QF)

KE Y, 1 0
KX Y1 1 0
B A, 0 0

Additionally, still assuming m > mg, we have the upper bound

indy,,,,(Qf") +nuly,,, (05 < 1.

Proof. We use the convergence described in Lemmas 5.19 and 5.20 along with Proposition 3.8 to
compare the low eigenvalues of the regions in question with those of their limiting models, as recorded in
Lemmas 5.8 and 5.10. (Il

While we have cut the surfaces 2, %0 and ¥~ KoUB*UK i guch a way that the resulting regions K E
and KX converge uniformly to [y and likewise B> to B, thereby securing the preceding lemma in a
straightforward fashion, the cases of M and M > are more subtle. Our approach here (especially the proof
of eigenfunction bounds in Lemma 5.25 and their application to Lemma 5.26) draws inspiration from the
analysis Kapouleas makes of the invertibility of the Jacobi operator on “extended standard regions” in
many gluing constructions; for a specific example, concerning Scherk towers glued to catenoids, we refer
the reader to the proof of [Kapouleas 1997, Lemma 7.4].
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To proceed, recalling (2-17), for each s > 0 and each integer n (sufficiently large in terms of s), we
define

ME () .— (OME ,\Dint ME () .— (OME , \Nint
Opi® = Oy ge (, and Oy = (Ohnge )

and analogously for A//szb’m(s) in place of A’/}fin(s).
Lemma 5.23 (spectral convergence for Mfab’n(s) and A//ff%’m(s)). With the above notation, we have
)\.l!z=0}’i(Q’§\/ﬂfEb) — lim lim AEZ:O!,i(QDMf%ﬁ(s)) — lim lim )\'l!z=0}’i(Q{3[t%’n(S))
§—>00 n—>00 §—>00 n—>00

for each integer i > 1 and each common choice of sign &+ on both sides of each equation. The analogous
. . ) . vic
statements hold, mutatis mutandis, for Mg . in place of Mg .

Proof. Fix i. By Lemma 5.18 and Proposition 3.8, for each s > 0, we have

lim )\,EZ=0}’+(Q§£-"(S)) — AEZ:O},-F(Q]NZDE)(S)),

n—oo

; =0}, ME =0}, i
Jim 2= QR 0) = 2= (IR,

An application of Lemma 5.17 completes the proof in this case, and the proofs of the remaining three
cases are structurally identical to this one. ]

Lemma 5.24 (eigenvalue upper bounds on A//?f% , and ]\//?f% ). With the above notation, we have
limsup 2= (05, < k=% (QWF),
b ly==0 %, A fiZ S
lim sup Al{y_z_ b (QXn) < )\Ey_z_ M QM)
m— 00

for each integer i > 1 and each common choice of sign + on both sides of each equation.

Proof. We give the proof for the 4 choice on both sides of the top equation, the proofs for the remaining
three cases being identical in structure to this one. Fix i > 1. By (2-13), considering extensions by zero
of functions corresponding to the right-hand side below to obtain valid test functions corresponding to
the left, we get at once the inequality

=0},+ W E =0},+ 1 E
MENT QM) <=0 (MR, 0y

for all s > 0 and all n sufficiently large (in terms of s) such that A//}f%; ,(8) is defined. We then finish by
applying Lemma 5.23. U

Lemma 5.25 (uniform bounds on eigenvalues and eigenfunctions of QNMtE,n and Q{?ﬁi,m). For each integer
i > 1, there exist C;, k; > 0 such that, for each integer k > k; and whenever )ngk) is the i-th eigenvalue of
Ql@fik or Q{?f):b,k and vl.(k) is any corresponding eigenfunction of unit L*> norm (under either hE or th as
appropriate), we have the bounds

k k k
max{|A ], [ ® ) g, v o} < €

(where the H' norm is defined via either hf or hﬁ as applicable and we emphasize that C; does not
depend on k).



1760 ALESSANDRO CARLOTTO, MARIO B. SCHULZ AND DAVID WIYGUL

Proof. We will give the proof for M E’n, that for Mfzb”n being identical in structure. Fix i > 1, and let A"
and v be as in the statement for each integer n (suppressing the fixed index i); it is our task to show
that, by assuming n large enough in terms of just i, we can ensure the asserted bounds on A and v,
In particular our assumptions include the normalization [Jv || L2(ME , hE) = 1.
Lemma 5.24 provides an upper bound on 1 independent of n. We deduce a lower bound on A" as
follows. Keeping in mind the min-max characterization (2-13), we observe that in the ratio
(, gnu) 2z | 03y + Wlowmg, rattlowmZ ) 120 M, hE)

n'n , (5_10)

2
”I/l ”LZ(MfE,n’hnE)
with

= (o) Maemg,n = A +e?) 7207 g = (0D AT e

we have not only a uniform upper bound on r,, but also, by inspecting (5-8) and bearing in mind the
convergence described in Lemma 5.18 as well as the boundedness (with decay) of the second fundamental
form of ME,

sup llgnllcomg ) < oo
. .

In addition, the convergence in Lemma 5.18 further ensures that the constants appearing in (2-3), with
(2,9 = (Mﬂ”r;’n, hZ) and g2 in place of 92, can be chosen uniformly in n: thus, employing such a
trace inequality and exploiting the foregoing uniform bounds we secure the promised uniform lower
bound on A™,
In turn, from the definitions of eigenvalues and eigenfunctions and the normalization of v, we have
- 2 e =
1920 oz gy =2+ 07 @00 ™) 2 a2y + 0 laemg, a0l ) 200mg 13-

n

The uniform bound on |[v™ || 41 (ME hZ) NOW follows, in view of the above equality, from the upper bound
on A" as well as again the above uniform bounds on g, and r,.
It remains to establish the uniform C° bound. To start, by Lemma 3.5 and standard elliptic regularity,
v™ is smooth up to the boundary: indeed, it satisfies
Az + () HAE 2P+ 2™ =0 in ME .
hEmZ, Visv™) = (1+e2)~12n~1y™  on g ME (5-11)
hEME, Vizv™) =0 on INME .

with nZ the outward /4% unit conormal to Mfin. As established above, we have bounds independent of n
on [A™]| and the ¢, and r,, functions. By Lemma 5.18 (and the uniform geometry of M%), we also have
uniform control over the geometry of (MﬂE), 2(5), hZ) for each s > 0 and all n sufficiently large in terms
of s.

Standard elliptic regularity therefore ensures that, for every s > 0, there exist ny; > 0 and y(s) > 0
such that

v |z

tb,n(s)”CO(Mt%,n(s)*hE) <y(s) forevery integer n > ny. (5-12)
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Since we do not have uniform control on the geometry of (MfFB,n = MfEb’”(\/ﬁ), hnE), we do not obtain
a global bound independent of # in the same fashion. Instead the proof will be completed by securing
a C? bound for v™, independent of n, on AE(s) for some s > 0 to be determined. In the remainder
of the proof, y(s) will continue to denote the above constant, depending on s, while C will denote a
strictly positive constant whose value may change from instance to instance but can always be selected
independently of s and n.

To proceed we multiply both sides of the PDE in (5-11) by (p%)? to get

(Agz +1A7 g2+ 27 (0™ =0, G-13)

and we aim to bound v™ on AZ(s) on the basis of this equation, with unknown but controlled (as we
explain momentarily) Dirichlet data on the portion of d A £ (s) contained in the interior of MfEb, ,, and with
homogeneous Neumann data on the rest of the boundary. By the symmetries it suffices to establish the
estimate on just the component of A Z(s) that is a graph over a subset of nly. (For AZ(s) one must also
consider the component which is a graph over a subset of (m 4 1)B2, but this case does not differ in
substance from the one we treat now.)

Recall the map

e [5.5]

introduced above Lemma 5.21, and continue to write (¢, ) for the standard coordinates on its domain. For

— A, (s)

the remainder of this proof we abbreviate 7+ K 0 ¢, ; and its domain to R, ;. Setting w® := or 0™,
we pull back (5-13) to get

Ay 2w = —w®gr (A% + 27 (p7)).

From the uniform bound on A", the expression for the conformal factor in (5-8), and item (i) of
Lemma 5.21, we in turn obtain

Ay gzw™ = (cu s +dy n 2w (5-14)

for some smooth functions ¢, g, d, s having C 0@ (dt? + dv?) norms uniformly bounded in # and s, with
a € ]0, 1[ now fixed for the rest of the proof. (Here and below when referring to items of Lemma 5.21
we have in mind of course the corresponding statements for AnE(s) in place of Afl (s).)

Noting that we have (5-14) for all sufficiently large s, it now follows from the C 0 bound (5-12) and
standard interior Schauder estimates (using also item (iii) of Lemma 5.21) that

[w™ (s, Ic2a@e2y < Cy(s+1)  for every integer n > nyy. (5-15)

Since v satisfies the homogeneous Neumann condition along 8MfE ,» With the aid of item (iii) of
Lemma 5.21, we have

@w ™)/, 0) = ey se VA (@Byw™) (v, 9), (5-16)
@pw™) (-, £7/2) =0 (5-17)
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for some smooth function e, ; having C'%(dt> + d*) norm bounded independently of n and s. (For
(5-17) we simply use the fact that ¢, ; has been constructed by composing and restricting maps which
commute with the symmetries of the construction, including the reflections through planes corresponding
to ¥ ==4m/2.)
Appealing again to standard Schauder estimates, now also up to the boundary, we can conclude from
(5-14)—(5-17) that
1w llc2arz4assy < Cw (s + 1D+ l[w™ o) (5-18)
for n and s sufficiently large in terms of the bounds assumed on the functions ¢, s, d, s, and e, g, as

well as constants, which can be chosen uniformly, that appear in local Schauder estimates on R, ;. If we
exploit (5-18) in (5-16), we get

1@Bw™) (/) cra@sry < Ce ™4y (s + 1) + [w™ || co), (5-19)

once again for n and s assumed large enough in terms of absolute constants.
We next decompose w into

w1 [T W
wy = w(,)dY, w i=w —wy .
T —r/2

From (5-14), (5-18), and item (v) of Lemma 5.21, we obtain

afwg”> =ay e by nP+c) n o, w(()"), (5-20)
with 0 0
la, sllco+ 1B, sl co
n,s 1C n,s 1C' +||CSS||C0§C
Y+ + w™]co ’
and

1 Agigarzw P lco < Ce™* +n7 ) (y (s + 1) + [w™ ]| co). (5-21)

For (5-20) we have in particular integrated (5-14) in @, making use of the -invariance (see item (v) of
Lemma 5.21) of the coefficients of the n~! 3, and n=1/2 33 terms and observing that the n='/2 32 term
integrates to zero because of (5-17); for (5-21) we have made use of the fact that

(n)
1A g2 4 a92w Ml co < 201 Aggziapzw™ o

and then appealed to (5-14).
To complete the analysis we will need some basic estimates for

Adtz—i-dﬁz = 8[2 + 83

on R, ;. For any bounded (real-valued) function f on R, ; and for each nonnegative integer «, let us
define on [s, «/n] the Fourier coefficients f, by

P L[, F 9y dv for ik =0,

2 (7 (. 9)cosk(® —m/2)d¥ fork > 0.
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Then the Fourier coefficients of any u € CZ(R,,’S, dt> +dv?) satisfying (dyu) = 0 at ¥ = £ /2 admit
the representations

uo(r) = uo(s) + (Bu0) (V/n) - (t = 5) +//f 3 uo(o) do dt

= ug(s) + (Buo) (Vn) - (r — ) + / /I(Adzudﬂzu)o(a) do dr, (5-22)

u,(s) (1) (/1)
coshk(/n —s) coshe(r —+/n) + Kk cosh i (/n —s)

coshk(t —+/n) (! .
~ kcoshk(n —5) /s (Agp2yap2u) (T) sinhk (t —s)dt
__ sinhk( —5) NG

k coshk(/n —s) J;

In particular (5-23) implies, for any « > 1, the inequality

uezo(t) = sinhk (t —s)

(Agrqa92i)e(T) cosh i (t — /n) dt. (5-23)

1 1
i (O] < |uie ()| + ;I(azux)(\/ﬁ)l + ﬁ”(Adthdﬂzu)K“CO- (5-24)

Since u is C?, the Fourier series Z,fozo u,(t) cosk (¥ —m/2) converges (at least) pointwise to u(t, ¥);
furthermore (again appealing to the C? assumption in order to control the first two terms of (5-24)) we
obtain the implication

/_7:/22 u(-, ) dd =0 = |lullco < C(lluls, )c2apr) + 1@ W1, ey + 1 Ageta2tllco).
This last estimate in conjunction with (5-21), (5-15), and (5-19) yields
I ller < Crts + D)+ (™4 e 40712 ™ o). (5-25)
On the other hand, differentiating (5-22) with respect to ¢ and applying (5-20) and (5-19), we find
135 llco < Cy(s + D+ [w™eo)(e V" + e 0 4 Cn w0 (5-26)
and therefore, by absorption,

19w flco < Cy (s + 1)+ [w™ [l o) (e™/* +n3?) (5-27)

for n sufficiently large in terms of s and the constants appearing in the above estimate. Feeding (5-27)
into (5-20) and applying the result, along with (5-15) and (5-19), in (5-22), we get

lwd o < Cy (s + 1)+ (Ve V" e/ 4 0= [w™ | co). (5-28)

Finally, since |w® |lco < [wS” llco + w'™ | co, estimates (5-28) and (5-25) jointly imply the desired
bound on the C° norm of w™ provided we first choose s and then, in turn,  sufficiently large, in terms of
the absolute constants appearing in the two estimates, to be able to absorb the |jw™ || o terms appearing
on their right-hand sides. This ends the proof. U
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Lemma 5.26 (eigenvalue lower bounds on Mf:b , and ﬂ > ). For each integeri > 1,
lim inf 2{*="" (&) = A‘z-"’ "R,
. . = =0 ,i = =0 ,:t z
lllnnl)loléf)usy =0 (Q%ﬂ”") > )»l{y =0 (i)
for each common choice of sign = on both sides of each equation.

Proof. We give the proof for the 4+ choice on both sides of the top equation, the argument for the
remaining three cases being identical in structure to this one. Fix i > 1, and, for each n, let {UE”)}"
be an L2(Mf; hy €) orthonormal set such that each v(”) is a j-th ({z =0}, +)-invariant elgenfunctlon
of QMtb . Fix C > 0, as afforded by Lemma 5.25, such that

sup sup (0" [leo + 2= (QME) < C.
n 1<J<1

Given any € > 0 (fixed from now on) and taking s > 0 and correspondingly n; > 0 large enough, as
afforded by Lemmas 5.21 and 5.23, we have

AE)(Dn(9) <€ AW=IT(QUR) < A= (QUE0) te. (5-29)

(”)}

Now, for n > ng and any v in the span of {v we estimate

j=r
“v”LZ(Mt%_n*hE) ||U|ben(5)||L2(M“ (s),hE ) C lEHU“LZ(Mtin,h;,E)’
IVizvIMg ) | L2mE ,5).08) = IVRSVIIL2ME , 0E)s
-2 E\-2[ 4 &2 2. 2
<v|ben(b) (,On ) |A | “le"‘ (s))Lz(MfE.n(s),hE) > (U, (Ion ) IAn |gnEU>L2(Mfin,hE)_2C IGHUHLZ(Mtin*hS)’
where for the last inequality we have used the fact that, on A, (s), the potential function appearing here is
bounded above by 2, as is obvious from inspection of (5-8).

We conclude that, for all n > ng, the set {vj.") | ME n(x)};zl is linearly independent, and for all v as above

we have -0
0 ﬂw(s)(lef;n(s),Ule;”(x)) )»{z }+(QM ) +2C%ie

- 1 —C2ie ’

”U|M~ (S)”LZ(Mb (S) h )
and so by virtue of the min-max characterization (2-13) for the eigenvalues, it follows that

{z=0},+ ME 2.
W= QM) < A (QNmn) +2C7ie
! N - 1 —CZie

for all n > ngy and 1 < j <. Thus, using the second inequality in (5-29), we get in particular

{z=0},+ , ~ fE 2
—_ $hE )\. NG 2C

A= () < 2 (ONBIHECTE

! 1—C2?ie

for all n > ny. The claim now follows since this inequality holds for all € > 0, with C independent of ¢
and n. O

By combining Lemmas 5.24 with 5.26, we immediately derive the following conclusion.
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Corollary 5.27 (eigenvalues on Mf%n and Mfim). For each integeri > 1,

. =0},+, A jjE =0}, . ~{iE
Tim 25O = AT E(QM),

. =z=( ’:I: v =z=0 == W

for each common choice of sign = on both sides of each equation.

Corollary 5.28 (equivariant index and nullity on MZ and MZ). There exist ng, mo > 0 such that we have
the following indices and nullities for all integers n > ng and m > my:

s G ‘indG(QIf]) nulG (QF)

ME P, 1 0
ME A, 1 0

Additionally, still assuming m > mg, we have the upper bound

indy,, (Q¥n) + nuly, ., (QM) < 3.

Proof. All claims follow from the conjunction of Lemma 3.5 (to reduce to the appropriately even and odd
indices and nullities on n~'M§ , and (m +1)~' M with Neumann boundary data), Proposition 3.11
(to dispense with the above scale factors n, m + 1 and, more substantially, to pass from the natural metric
to hZ or hX), Corollary 5.27 (to reduce to the appropriate indices and nullities of I@I]Eb and N7ﬂf2b ), and
finally Lemma 5.16 (which provides these last quantities). U

5.5. Proofs of Theorems 1.2 and 1.1. The following statement collects, from the broader analysis
conducted in the previous section, those conclusions we shall need to prove the two main results stated in
the introduction.

Corollary 5.29 (equivariant index and nullity upper bounds for ¥ ~KoUB*UKo and g~KoUKo)  There exists
mo, ng > 0 such that, for all integers m > mg and n > ng, we have the bounds

indAerl (Z,,;K()UBZUKO) 4 nulAer] (EYZKOUBZUKO) < 2’
indy, ., (2,,“UF9) 4 nuly,, (2,100 00) <6,
indp, (8, "Y") + nulp, (8, V) <2.
Proof. We apply item (ii) of Proposition 3.1 for the partition “into building blocks” defined in Section 5.3
(see Figure 5), in conjunction with Lemma 5.22 and Corollary 5.28 for the ancillary estimates for the
index and nullity of the various blocks. We find that the three index-plus-nullity sums appearing in the
statement are respectively bounded above by
indy,,, (QKW) +inda,, (QM%) + [inda,,,, (Q%) +nuls, ., (QEH] < 1+1+0=2,
2indy,,, (QKW) +indy,, (QM7) + [indy,,,, (Q%") +nuly,,, (QEN] <2+3+1 =6,
indy, (Q&) + [indp, (QN) + nulp, (O] < 1+1=2.
The first term in the first line arises as an upper bound for the A,, | -equivariant index of K= U Riy=:=0} K z
subject to the natural (free boundary) Robin condition on the portion of its boundary in S? and subject to
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the homogeneous Neumann boundary condition on the remainder of the boundary. To obtain this upper
bound, we have used the fact that a function on K> UR(,—.—0;K,> (a disjoint union with each annulus
disjoint from {z = 0}) is A, 1-equivariant if and only if its restriction to K= is Y,,1|-equivariant and it
is odd with respect to any one (so all) of the m + 1 reflections through horizontal lines in Ay, ;. The first
term of the final line is obtained in similar fashion. ]

So, we are in position to fully determine the (maximally) equivariant index and nullity for the two
families of free boundary minimal surfaces we constructed in [Carlotto et al. 2022b].

Proof of Theorem 1.2. We combine the upper bounds of the preceding corollary with the lower bounds
from our earlier paper [Carlotto et al. 2022b], specifically with the content of Proposition 7.1 (see
Remark 7.5) therein for what pertains to the index. At that stage, the fact that both nullities are zero then
follows from the first and third inequality in Corollary 5.29. ]

Finally, we can obtain the absolute estimates on the Morse index of the same families.

—KoUB2UIK,
m

Proof of Theorem 1.1. The lower bounds have already been established: specifically, for X
this is just part of Proposition 5.4, while for 2% it follows from just combining Proposition 5.4
with Proposition 5.5. For the upper bound we can apply the Montiel-Ros argument making use of the
equivariant upper bounds above, as we are about to explain. In the case of &, 0V the P,-equivariant
upper bound on the Morse index (and nullity) is equivalent to an upper bound on the index and nullity
on each domain Q = E;K‘)UKO N W;, where Wy, ..., Wy, are the open domains defined, in B3, by
the horizontal plane {z = 0} together with the n vertical planes passing through the origin and having
equations 0 = /(2n)+in/n, i =0,1,...,n—1, (in the cylindrical coordinates defined at the beginning
of Section 4), subject to Neumann conditions in the interior boundary as prescribed by Lemma 3.5. Thus
the conclusion comes immediately by appealing to Corollary 3.2 given the third displayed equation of
Corollary 5.29. Similarly, for X KoUB*UKo we can interpret the second inequality in the statement of
Corollary 5.29 as a statement on the index and nullity of the portions of surfaces that are contained in any
of the 2(m + 1) sets obtained by cutting with the m 4 1 vertical planes passing through the origin and
having equations 0 = /(2(m+1))+in/(m+1), i =0, 1, ..., m, again subject to Neumann conditions.
This completes the proof. O
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THE FRACTAL UNCERTAINTY PRINCIPLE
VIA DOLGOPYAT’S METHOD IN HIGHER DIMENSIONS

AIDAN BACKUS, JAMES LENG AND ZHONGKAI TAO

We prove a fractal uncertainty principle with exponent %d —d&+e¢, € > 0, for Ahlfors—David regular
subsets of R? with dimension § which satisfy a suitable “nonorthogonality condition”. This generalizes
the application of Dolgopyat’s method by Dyatlov and Jin (2018) to higher dimensions. As a corollary,
we get a quantitative essential spectral gap for the Laplacian on convex cocompact hyperbolic manifolds
of arbitrary dimension with Zariski-dense fundamental groups.

1. Introduction

The fractal uncertainty principle, informally, is the assertion that a function cannot be microlocalized
to a neighborhood of a fractal set in phase space. Such assertions have applications in spectral theory,
where one can apply microlocal methods to show that fractal uncertainty principles imply the existence
of essential spectral gaps [Dyatlov and Zahl 2016]. In particular, one can obtain L> — L? bounds on the
scattering resolvents of the Laplacian on convex cocompact hyperbolic manifolds, as well as improvements
on the size of the maximal region in which certain zeta functions admit analytic continuation [Bourgain
and Dyatlov 2018].

To make the fractal uncertainty principle more precise, we introduce the semiclassical Fourier transform

Fuf (&) = k)~ / e/ f(x) dx,
Rd

where & > 0 is a small parameter. If we have sets X, Y and we write X, Y}, for the sumsets X, := X + By,
Y, :=Y + By, B, := B(0, h), then the fractal uncertainty principle for X, Y asserts bounds of the form

Ix, Zn iyl e S hP (1-1)
for some B > 0 in the limit # — 0. We are interested in the case that X, Y are Ahlfors—David regular sets.

Definition 1.1. A compactly supported finite Borel measure 1 on R? is Ahlfors—David regular of
dimension §é € [0, d] on scales [, 8] with regularity constant Cg > 1 if, for every closed square box [/
with side length r € [«, 8] or closed ball I with radius r € [«, 8],

() < Crr®
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and if, in addition, [ is centered on a point in X := supp u,

Celr’ < ().
In short we say that (X, w) is §-regular.

Applying Plancherel’s theorem and Holder’s inequality, one can easily check that if X is §-regular
and Y is §’-regular on scales [%, 1] then

1, Zaly,ll oy g2 S B (0:36@=3-80); (1-2)

this estimate is a straightforward modification of [Dyatlov 2019, (2.7)]. In fact, (1-2) is sharp if § or &’
are either 0 or d, or if X, Y are orthogonal line segments in R?.
Thus we say that X, Y satisfy the fractal uncertainty principle if (1-1) holds for some

B > max (0, 3(d — 8 —¢)).

We note that the two ranges § + 38’ > d and § + &’ < d are very different and the corresponding fractal
uncertainty principles usually hold for different reasons. There are several cases in which the fractal
uncertainty principle is known:

(1) Ifd =1and 0 < 8, 8 < 1, then the fractal uncertainty principle holds [Bourgain and Dyatlov 2018;
Dyatlov and Jin 2018; Dyatlov and Zahl 2016].

(2) If d < 8 + 8’ < 2d, then the fractal uncertainty principle holds under the additional assumption that
either Y can be decomposed as a product of Ahlfors—David fractals in R [Han and Schlag 2020] or
Y is line-porous [Cohen 2023].

(3) If d is odd and §, &' are very close to %d , then the fractal uncertainty principle holds [Cladek and
Tao 2021].

(4) If X, Y are arithmetic Cantor sets,' then the fractal uncertainty principle holds for d = 1 [Dyatlov
and Jin 2017] and d = 2, § + 8’ > 1 under the condition that X does not contain any line [Cohen
2025].

1.1. The main theorem. In this paper we establish the fractal uncertainty principle for 0 <8 +68 <d
under the following additional hypothesis, which rules out the possibility that X, Y are orthogonal line
segments. For ®(x, y) := —x - y, it is a quantitative form of the statement that “X and Y do not lie in
submanifolds which have orthogonal tangent spaces”.

Definition 1.2. Let X, Y € R?, and let ® € C*(R? x R?). We say that (X, Y) is ®-nonorthogonal with
constant 0 < cy < 1 from scales (ot , &) ) to (&, af) if, for any xo € X, yo € Y and rx € (g, o) and
ry € (ozg, ozf), there exists xq, xp € X N B(xg, rx), y1, y2 € Y N B(yo, ry) such that

|D(x1, y1) — P(x2, y1) — P(x1, y2) + P(x2, y2)| = cnrxry. (1-3)

I'We define these fundamental examples in Section 1.2.1, but for now the reader may view them as Cantor sets where the
removed boxes have rational vertices.
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The motivation for this definition is as follows: we want nonorthogonality to be visible on virtually all
scales; after all, orthogonality of fractals is a local property, so we want nonorthogonal examples on most
balls centered on a point in X and Y. The Ahlfors—David regularity condition guarantees that each such
ball contributes roughly the same amount of fractal mass and is hence the reason why we upgrade “most”
to “all”. At the same time, we don’t want nonorthogonal points to lie too close to each other. This is why
we take the right-hand side to be rxry instead of |x; — x| - |[y1 — yo|. One can verify that this definition
of nonorthogonality generalizes the nonorthogonality hypothesis of [Dyatlov 2019, Proposition 6.5].

The nonorthogonality condition (1-3) is based on the local nonintegrability condition (LNI) of [Naud
2005; Stoyanov 2011], which itself can be traced back to the uniform nonintegrability condition of
[Chernov 1998; Dolgopyat 1998]. In such papers one is concerned with the nonintegrability of the stable
and unstable foliations of an Axiom A (or perhaps even Anosov) flow. Roughly speaking, given fractals
X, Y, one may define two laminations (in the sense of [Thurston 1979, Chapter 8]) in [F\Rﬁ X [Rig , the
vertical lamination {x € X} and horizontal lamination {£ = 0, P (x, y) : y € Y}, and then (1-3) essentially
asserts that the vertical and horizontal laminations satisfy LNI.

In order to state our result, we need one more condition which involves how the measure of a cube [
varies when we double it.

Definition 1.3. A measure u is doubling on scales [k, 1] if there exists Cp > O such that, for every
re [h, %] and every cube / of side length r centered at x € supp u, we have u(1-2) <Cpu(l), where I -2
is the cube with the same center as / and side length 2r.

Clearly every regular measure is doubling; we highlight that our main theorem only needs to assume the
measure is doubling rather than regular. It is essential that we only consider cubes centered at x € supp p in
the definition. One can compare this doubling property with the Federer property in [Dolgopyat 1998, §7],
in which case the Gibbs measure is supported everywhere.

What follows is our main theorem.

Theorem 1.4. Let ny, (ny be doubling probability measures on scales [h, 1] with compact supports
X C Iy, Y C Jo, where Iy, Jo C R? are rectangular boxes with unit length. Let By, be the semiclassical
Fourier integral operator

o
Buf(x) = /Y exp(#)p(x, NFO) diy (), (1-4)

where the phase © belongs to C 3(Io x Jo), X, Y are ®-nonorthogonal from scales h to 1, and the
symbol p belongs to C'(Iy x Jo). Then there exists gy > 0 such that

1Bl L2 uyy— L2 (uy) S B

We use the notation < in the statements of our theorems to record the existence of a hidden constant. The
constant could depend on the dimension d, the nonorthogonality constant ¢y, the doubling constant Cp,
the diameters of X, Y, ||®|/c3, and || p||c1, but is independent of h.

If one additionally assumes d =1 and that ;tx, wy are regular with dimension € (0, 1), then Theorem 1.4
was proven in [Dyatlov and Jin 2018], extending the method of [Dolgopyat 1998] which had already been
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applied to construct spectral gaps. Using the construction of dyadic cubes in [Christ 1990], it might be
possible that Theorem 1.4 can be generalized to doubling metric spaces. Since there is no immediate
application for metric spaces, we have not attempted to write down the more general version.

Following the methods of [Dyatlov and Jin 2018], Theorem 1.4 implies the following fractal uncertainty
principle which is interesting in the range %(d —8—38)+¢e9>0.

Theorem 1.5. Let X and Y be Ahlfors—David regular sets in R? which are nonorthogonal with respect to
the dot product on R¢ x RY. Assume that X is 8-regular, Y is 8 -regular, 0 < 8,8’ < d. Then there exists
go > 0 such that

1 /
I1x, Zhly, 22 S H2@70700 400,

1.1.1. Lower bounds on the uncertainty exponent. If we let

101443 )
L= ——max(L, 195, @l (1-5)
N
then we can take in Theorem 1.4
si <6-10°cy2d*(Cp(X)Cp(¥))* om0 23 160 [ (1-6)
0
In the model case where X =Y is regular, d =1, and ®(x, y) = —xy, we can always take cy = C;‘W and

Cp=2° CIZQ, which gives a subexponential bound of the form 1/gg < e€®1922Ck  This is because of the
rather poor dependence of ¢y on the doubling constant; if one modified our proof to use the Ahlfors—David

regularity directly, they would obtain a bound of the form 1/ < C 1?(1+1/ 8), which is comparable with
the bound 1/g9 < Cllfo/('s(]_s)) of [Dyatlov and Jin 2018].

In any case, it does not seem that one can use Dolgopyat’s method to obtain sharp fractal uncertainty
principles, which therefore remains an interesting and challenging open problem. To drive this point
home, we recall that in the case d = 1, § = %, an unpublished manuscript of Murphy claims that

1/e9 <log Crloglog Cg [Cladek and Tao 2021, §1].

1.1.2. Applications to spectral gaps. Suppose M = I'\H?*! is a (noncompact) convex cocompact hy-
perbolic manifold and A(T") is the limit set (see Section 5.2 for the definition). The Patterson—Sullivan
measure i on A(I') is Ahlfors—David regular of dimension ér € [0, d) [Sullivan 1979, Theorem 7].
Under the condition that I" is Zariski dense in G = SO(d + 1, 1)¢, we have that (A(T"), n) satisfies the
nonorthogonality condition (1-3) for very general ®(x, y) (see Corollary 5.4). So we have the fractal
uncertainty principle for A(I") with very general phase functions.

Dyatlov and Zahl [2016] showed that fractal uncertainty principles can be used to prove essential
spectral gaps. Let A be the Laplace—Beltrami operator on M. Then the resolvent

RO = (A —1a> =237 L2 (M) — H2 (M)

comp

is well defined for Im(A) >> 1 with a meromorphic continuation to A € C; see [Guillarmou 2005; Mazzeo
and Melrose 1987] for (even) asymptotically hyperbolic manifolds and [Guillopé and Zworski 1995] for
manifolds with constant negative curvature near infinity. Vasy [2013a; 2013b] gave a new construction of
the meromorphic continuation, which is the one used in [Dyatlov and Zahl 2016].
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The standard Patterson—Sullivan gap [Patterson 1976; Sullivan 1979] says
R(A) has only finitely many poles in {Im(k) > — max(O, %d — (Sr)}. (1-7)

Moreover, there is no pole in {Im(1) > 6 — %d }, and there are conditions on §r such that A =i (8 — %d)
is the first pole (see [Sullivan 1979; Patterson 1988]). Using methods of [Dyatlov and Zahl 2016], we can
improve the essential spectral gap when ér < %d .

Theorem 1.6. Let M be a noncompact convex cocompact hyperbolic (d+1)-dimensional manifold such
that I' = (M) is Zariski dense in SO(d + 1, 1)g. Let ér € (0, d) be the Hausdorff dimension of the
limit set A(I"). Then there exists g9 > O such that, for any ¢ > 0, R()\) has only finitely many poles
A with ImA > ép — %d — &0 + &. Moreover, for any x € C°(M), there exists Co = Co(e) > 0 and
C =C(e, x) > 0 such that

Ix RO xllp2s g2 < Ca|~I72min@ImAFe =51 > Co, Ima > 8r — 3d —eo +e. (1-8)

Dyatlov and Jin [2018, Theorem 2] showed Theorem 1.6 with d = 1 by proving Theorem 1.4 for
d =1 and X, Y §é-regular and applying [Dyatlov and Zahl 2016, Theorem 3]; our result is the natural
higher-dimensional generalization of this theorem. Note the statement of the theorem holds for ér € (0, d)
in the whole range, but when 6 > %d + &9, our theorem says nothing more than the Lax—Phillips gap
coming from unitarity. On the other hand, it improves the Lax—Phillips gap when r < %d + &o, which
slightly passes the threshold %d.

The spectral gap in Theorem 1.6 was first proved [Naud 2005] for surfaces and generalized [Stoyanov
2011] to higher dimensions. The size of their gap is implicit but our method gives an explicit constant &g as
in (1-6) depending on the fractal dimension §r, the regularity constant and the nonorthogonality constant
of the limit set A(I"). We give a method for computing nonorthogonality constants from the generators
of a classical Schottky group I' C SL(2, C) in the Appendix.

Another advantage of the method of [Dyatlov and Zahl 2016] is that we also get the resolvent
estimate (1-8), which is hard to obtain using transfer operator techniques and in particular is not included
in [Naud 2005; Stoyanov 2011]. The resolvent bound is useful in applications; see, e.g., [ Vacossin 2023].

Corollary 1.7. Let M be convex cocompact with I" Zariski-dense. Let Cyy be the Selberg zeta function

Cu(s) = 1‘[]‘[(1 emCHO = 1g iy,

leLy k=0

where Ly consists of the lengths of all primitive closed geodesics on M (with multiplicity). Then & (s)
has only finitely many singularities (i.e., zeroes or poles) in the half-plane {Res > ér — g9 + €} for
any € > 0.

Proof. This follows from Theorem 1.6 and [Bunke and Olbrich 1999; Patterson and Perry 2001]. O

The spectral gap is closely related to asymptotics of closed geodesics and exponential decay of
correlations, which are important and well-studied questions in dynamical systems. We list a few
references.
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o Chernov [1998] gave the first dynamical proof showing subexponential decay of correlations for
3-dimensional contact Anosov flows. The groundbreaking work of Dolgopyat [1998] showed expo-
nential decay of correlations for transitive Anosov flows with jointly nonintegrable C! stable/unstable
foliations.

» Naud [2005] applied Dolgopyat’s method to establish a spectral gap for convex cocompact hyperbolic
surfaces.

 Stoyanov [2008; 2011] showed exponential mixing for a general class of Axiom A flows satisfying
his local nonintegrability condition.

 Sarkar and Winter [2021] used Dolgopyat’s method to prove exponential mixing of the frame flow for
convex cocompact hyperbolic manifolds. Chow and Sarkar [2022] extended it to locally symmetric
spaces.

« It is interesting to ask what happens on hyperbolic manifolds with cusps. We direct the readers to
[Li and Pan 2023; Li et al. 2023] for more details.

All the above works require certain nonintegrability conditions which should be thought of as the analogue
of our nonorthogonality condition (1-3).

We would like to mention some other related works on the spectral gap for convex cocompact hyperbolic
manifolds.

» Dyatlov and Zahl [2016], Dyatlov and Jin [2018], Bourgain and Dyatlov [2018], and Jin and Zhang
[2020] proved the fractal uncertainty principle for d = 1 and hence gave explicit essential spectral
gaps.

» Bourgain and Dyatlov [2017] used Fourier decay of the Patterson—Sullivan measure to get an essential
spectral gap that only depends on r whend =1, ér < % This is generalized to Kleinian Schottky
groups when d = 2 by Li, Naud and Pan [Li et al. 2021], but in this case the essential spectral gap
will depend on ér and another quantity related to our nonorthogonality constant cy (see [Li et al.
2021, Lemma 4.4]). See also [Khalil 2023; 2024] for a method using additive combinatorics.

e Oh and Winter [2016] showed a uniform spectral gap for a large family of congruence arithmetic
surfaces, which was then generalized to arbitrary dimensions by Sarkar [2022].
1.2. Idea of the proof.

1.2.1. Model problem: Arithmetic Cantor sets. We first describe the problem in the model case that X, Y
are arithmetic Cantor sets. Let M > 3 be an integer and A, B < {0,1,..., M — 1}d be sets with

log|A log |B
A::LHfé, . log| lf%d.
log(M) log(M)

B

We let N := M* and define the arithmetic Cantor sets
Cra={ao+aM+ - +a_ M :a; € Ay C (Z/NZ)",
Cip:={bo+bM+- - +b_M"':b e B)C(Z/N2)".
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We introduce the discrete Fourier transform
Fnf(G)=N"4 3" exp(zmj : %)f(ﬁ), j€@/N7)*,
€€{0,1,...,N—1)¢
The fractal uncertainty principle states that there exists some gy > 0 such that

“ ICkVA]:NICk.B ”(2—>52 S N—ﬂ—so’ (1-9)

where 8 := %(d — 384 — ép) [Dyatlov and Jin 2017, §3]. Analyzing the Hilbert—Schmidt norm, we have

AFBF
||1Ck,A-FN1CkYB”Z24>K2 = ”1Ck’A-FN1Ck,B ”HS = T =N . (1_10)

Thus, our goal is to obtain additional gain beyond g. To prove this, one can show as in [Dyatlov 2019,
Lemma 6.4] that if we let
ri = e Fnleesleme

then 7y, 41, < 71, 7k,. This can be used to show that if we can get any gain at all at some scale k then we
get a gain on all further levels, so we suppose for the sake of contradiction that we cannot obtain any gain
at any scale, or that the inequality present in (1-10) is an equality. Then, since the Hilbert—Schmidt norm
measures the square root of the sum of squares of the singular values and the operator norm measures the
largest singular value, it follows that the operator N¢/? lc, 4 Fn ¢, , mustbe rank 1. A simple computation
then shows that the operator Nd/zlck‘Aleck’B is the matrix (exp(27wij - £/N))jec; 4.teC; 5 (@and is zero
in the unspecified entries). Computing the determinant of 2 x 2 minors, we see that

e i— il e—0
d exp(2n.z]. E//N) exp(271.1]‘/ E//N) exp(27i (J—J AN =0
exp(2rij-£'/N) expQmij'-¢'/N) N
for all j, j' € Cy.4 and £, £’ € C¢ p. Thus, (1-9) holds as long as a nonorthogonality condition
(j=j. t—=t)#0

holds for some choice of j, j' € A, £, ¢ € B. If nonorthogonality is violated at all scales, then (1-9)

cannot hold; see Example 1.9.

1.2.2. Nonorthogonality and Dolgopyat’s method. Our proof and the proof of [Dyatlov and Jin 2018]
lies in the continuous setting where the fractal is not necessarily self-similar. Thus, we must construct a
tree of tiles that discretizes the doubling measure u and which is regular enough so that each tile has
two children which are spaced far enough apart. While very nice submultiplicativity does not hold as it
does in the discrete case, we can still, via an induction on scales argument, propagate gain on one scale
to gain on all scales. The key tool allowing us to obtain gain on all scales is nonorthogonality, which
we formulated in (1-3); it asserts that we can find many points in the intersections of the vertical and
horizontal laminations where the phase is “oscillating faster than the function B, is being tested against”
at every scale, and so we must obtain a gain at every scale. This technique, called Dolgopyat’s method,
has been used to obtain fractal uncertainty principles, spectral gaps, or exponential mixing in previous
works, including [Dolgopyat 1998; Dyatlov and Jin 2018; Liverani 2004; Naud 2005; Stoyanov 2008;
2011; Tsujii and Zhang 2023].
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Figure 1. Nonorthogonality of the Sierpiriski carpet X (the white region) to itself at scale % (where
diam X = \/5). Given any two points x1, y; € X (green stars), we can find two points x;, y, € X
(red pentagons) such that [x; — x;| and |y; — y,| are both & 0.15, and [sin Z(x; —x1, y» —y1)| K 1,
so (X, X) is nonorthogonal with constant (3 - 0.14)? &~ 0.42. Image adapted from [Rossel 2008].

The improvement on each child is measured in the spaces Cy (/) that were introduced in [Naud 2005,
Lemma 5.4]. Informally speaking, localizations of 5, to a tile / have roughly constant oscillation when
normalized by 6 diam(/) for some appropriate choice of 8 [Dyatlov and Jin 2018, §2.2]. The Cy(I) norms
are meant to capture this fact and to measure cancellation on scale /, similar to how algebraic manipulations
on M*-dimensional vectors can be used to measure cancellation in the arithmetic Cantor case.

1.2.3. Improvements over Dyatlov—Jin. The method of [Dyatlov and Jin 2018] does not immediately
generalize to d > 2 for two reasons. First, in order to ensure that each interval has at least two children
that are sufficiently far apart, Dyatlov—Jin allows intervals of varying length to appear in the tree by
merging together consecutive intervals that intersect the fractal. However, in higher dimensions this leads
to long, narrow, winding tiles appearing in the tree; these do not satisfy suitable doubling estimates, as
exemplified by the following example.

Example 1.8. Let X be a Sierpinski carpet, and consider the merged discretization for X (see Section 3
or [Dyatlov and Jin 2018, §2.1]). Since X is path-connected, every scale consists of a single tile, the only
child of the single tile at the previous scale! It is impossible to prove that every tile has two children
which enjoy phase cancellation.

However, our method must be able to handle the Sierpinski carpet, since it meets the hypotheses of
Theorem 1.5 if it is embedded in R*. Indeed, 28x ~ 3.8 < 4. Moreover, X is nonorthogonal to itself at
one scale (see Figure 1), so it is at every scale by self-similarity.
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Secondly, as remarked above, one cannot obtain cancellation for arbitrary children /;, I, but only those
which are “not orthogonal to each other”. Otherwise, even if we construct I, I, to be the appropriate
distance apart to impose cancellation, it will not follow that the phases actually cancel each other.

Example 1.9. Let X :=[—5,5] x {0} and Y := {0} x [—5, 5]. The Gaussian
Flx,y) = e=¥ /27y @h

is localized to X5, and its Fourier transform is localized to Ys;. So the fractal uncertainty principle is
simply false for (X, Y), even though

Sx+éy=2<2,

and we must use the nonorthogonality hypothesis somehow. One can also see thatif X' C X and Y' C Y
are fractals then the fractal uncertainty principle does not hold for (X', Y’).

To overcome these difficulties, we improve on Dyatlov—Jin as follows:

(1) We carefully construct the tree, so that tiles in the tree are very close to cubes and therefore satisfy
good doubling estimates, but also so that each tile contains two children with a suitable distance
from each other.

(2) We prove that if X, Y are nonorthogonal then we may choose tangent vectors to X, Y so that the
phases cannot decouple.

These goals are accomplished by Proposition 3.3, which asserts that we can construct the so-called
perturbed standard discretization of p, and Proposition 3.13, which asserts that many quadruples of tiles
in the perturbed standard discretization have the properties above.

We found it convenient to use the language of probability theory to state Proposition 3.13, as we then
could interpret the various quantities appearing in the induction on scale (Proposition 4.3) as expected
values or variances of certain averages of B, f taken over random tiles. The necessary estimates needed
to obtain a contradiction then follow from the second moment method — namely, the observation that, if
Proposition 4.3 is false, then the variance of such random variables is impossibly small given the large
size of their tails. A similar approach was taken by [Dyatlov and Jin 2018], which used the strict convexity
of balls in Hilbert spaces [Dyatlov and Jin 2018, Lemma 2.7] to accomplish the same goals.

1.3. Outline of the paper. In Section 2 we recall some preliminaries.

In Section 3 we construct our discretization and show that it has good statistical properties, as made
precise by Proposition 3.13.

In Section 4 we carry out our inductive argument. The main proposition is the iterative step,
Proposition 4.3; we then use this to prove Theorem 1.4.

We then turn to the applications in Section 5, where we reduce Theorems 1.5 and 1.6 to Theorem 1.4
by standard techniques.

In the Appendix, we demonstrate how one can compute the nonorthogonality constant in a typical
application: classical Schottky groups.
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2. Preliminaries

2.1. Probability theory. We shall have probability spaces A, B, and will denote by a, a’, a” and b, b’, b”

outcomes in those spaces (or equivalently random variables with values in A, B). The expected value of

a random variable X is denoted E X, while E(X | E) refers to the conditional expectation of X assuming

an event E. The probability of the event E is denoted Pr(E), and the variance of a random variable is
Var X := E(X?) — (EX)%.

If X, Y are i.i.d., then

EIX—Y?=E|X?+E|Y|>?—2EXY)=2(E|X|* - (EX)?),
and so
E|X—Y|>?=2VarX. -1

We also record Cantelli’s inequality, valid for any constant A > 0 [Lugosi 2009, Theorem 1]:

Pr(X > EX +2) < X
T N S —
- “A24+VarX
(2-2)
Var X
PrX <EX—1) < —22
A2+ Var X

2.2. A geometric mean value theorem. We shall need an analogue of the mean value theorem for phase
functions [Dyatlov and Jin 2018, Lemma 2.5]. To formulate it, we shall recall some differential geometry.

If R is a nondegenerate 2-dimensional rectangle in Rf X [RR;’ and v, w are unit vectors tangent to the
edges of R, then we write yg := v ® w for the unit bitangent to R and dAy for the area element on R.?
We will consider the case when v € RY and w € R‘;,. In that case, yg and the off-diagonal Hessian 8fy<I>
both lie in RY ® [RR?’,, so we can consider their contraction

(05, @, V&) = 0y P.

Lemma 2.1. Let ® € C*(R? x RY). Let xo, x1, Yo, y1 € R?, and let R be the rectangle with vertices
(xis yj)a ia _] € {0, 1} Then

/ (a,qu)’ Yr) dAR = ®(x0, yo) — P(x0, y1) — P(x1, yo) + P(x1, y1). (2-3)
R

Proof. Both sides of (2-3) are preserved by orientation-preserving isometries which preserve the product
structure on R? x R, In particular, we may take xg, yo =0, x; = (§*,0,...,0),and y; = (*,0,...,0)
for some £*, n* € R. We then set

&, n):=o(&,0,...,0),(,0,...,0).

2Strictly speaking, the unit bitangent should be defined using the exterior algebra, but since R is assumed nondegenerate this
adds more complication for no gain.
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Then by Fubini’s theorem,

E*pn* £*
fR<83yd>,yR>dAR=/ofo asanso(s,n)dnds=/o 90 (. 1) — D (£, 0) d&

=@E" ") — 9", 0) = (90, 7") — ¢(0,0)
= ®(x0, yo) — P (x0, y1) — P(x1, yo) + P (x1, y1). U
We now estimate the difference between (2-3) evaluated over two different rectangles R, R’ by

differentiating ® along a homotopy between R, R’. This estimate will be useful when applying the
nonorthogonality hypothesis.

Lemma 2.2. Let ® € C3(RY x RY), and let R, = [xo(t), x1 ()] X [yo(t), y1(t)], where t = 0, 1 and
x; (1), yi(t) € R, Let Vi := YR, be the unit bitangent to R;. Assume that, for some 0 < &y, &y, cy,cy <1,

(1) foreveryi € {0, 1}, we have |x;(1) — x; (0)| < &x and |y; (1) — y; (0)| < &y,
(2) foreveryt € {0, 1}, we have |x(t) — xo(t)| < cx and |y1(t) — yo(2)| < cy.
Then

‘ / @, 1) dAg, — / (02,®. o) dAg, | < 71102, |1 (excy +&ycy). (2-4)

Proof. By taking convex combinations, we define x;(¢) and y;(¢) for any ¢ € [0, 1] and hence also R;
and y;. Now introduce the parametrization

gx1(1) + (1 - smm} R x e

v, (&, n) =
&.m [nyl )+ (1= o)

which maps [0, 112 to R;. Also let v; :=x1 (t) —xo(t) and w; := y1 () — yo(t), s0 |v;| |w;| is the (unoriented)
Jacobian of the map W,. We record for later that |v;| < ¢, and |w;| < c,.
We estimate

1
’ / (02,0, 1) dAg, — / (02,0, o) dAg, | = | [ 8 [ (02
R Ro 0

(92, @, y,) dAg, dt

1 pl pl
5/0/0‘/0 |at(<a§yq)0\ljt($’n)’yf>|vt||w1|)|d§dnd[

We next split up the above integrand:

10, (32, 0 W, (5, m)., ¥ vy |w; )]
=< |<3t(3§y<b oW (&, m), Yool - lvur] - lwe | + |<a§yq) oW, (&, 1), 0rvi)l - |ur] - |wyl

+ 105, @ o W& 1), i) |- 19 el ] Jw | 4 197, 0 Wy (€. ). vi)] - v - 19y [ |
=14+ 10+ 1I+1IV.

To estimate I, we compute

TG (D) = x1(0)) + (1 — &) (xo(1) — x0(0))
8. m) = [n(yl(n —y1(0)) + (1 — ) (yo(1) — yo(O))]
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and conclude that |0, W, ||co < &x + &y. Therefore, by the chain rule,
1< (V32 ®llcolldr ¥ llcolve] - [wy] < 107, ®llcicxey (ex +8y) < 1107, Pllci (cxey +¢yex).

We furthermore estimate
[0: v | = [x1(1) — x1(0) — xo(1) +x0(0)| < 2¢,

and similarly for w,. Now to estimate II, we recall

Uy Wy

Vi=77"®—.
v | [w|

By the product rule,
2 2 & &
19 ve] < ——18v | + ——[dw,| <4| — + —|.
|V [w,| lve| |yl
So
I=< 4”8?}’CDHC°(CX8}’ +cyer) < 4||8§yq)||cl (cxey +cyex).

To estimate III, we use Kato’s inequality |9;|v;|| < |9;v;| to bound
I < 20107, @l cocyer <2[197, Pllcicyey.

The estimate on IV is similar but with x and y swapped. Adding up these terms and integrating, we
conclude the result. (I

3. Discretization of sets and measures

3.1. A new discretization. As in previous works on the fractal uncertainty principle, such as [Bourgain
and Dyatlov 2018; Dyatlov and Jin 2018], we will discretize fractals as trees.

Definition 3.1. Let X C RY be a set. A discretization of X is a family V(X) = (V,,(X))nez of sets, where
V,(X) is a set of nonempty subsets of R¢ such that

e X=U{INX:I € V,(X)} for each n and the union is disjoint;
« for any I € V,(x), there exist I € V,,11(X) such that I = Uk Iy.
Given I € |, Vu(X), the height of I is defined as H (1) = sup{n : I € V,(X)}.
Definition 3.2. For a compact set X C R4 and base L > 2, its standard L-adic discretization V° = (Vno)nez
is defined by 1 € V?(X) if and only if
I=1,(q):=Iq1, L™"+q1) x[q2, L™" +q2) x - == x[qa, L™" + qq)
for some g € L™"7¢ and I N X # @.

The standard discretization was used in [Bourgain and Dyatlov 2018] to prove the fractal uncertainty
principle in the case d =1, § > % The problem with the standard discretization is that a box in V,?(X )
may be too small for the fractal measure. Dyatlov and Jin [2018] addressed this issue in the case d =1,
5 < %, by considering a discretization that we call the merged discretization. Unfortunately, if d > 2 and
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§ > 1, then the merged discretization does not satisfy desirable estimates, as intimated by the fact that
such estimates have a constant of the form O (1)!/©¢0=%) for § < 1 in [Dyatlov and Jin 2018].

We now construct a discretization which is more appropriate to our setting. Given a compact convex
set I and a real number @ > 0, we denote by /« the dilation of I by « from its barycenter. For sets
A, B C R? and x € R?, we use the £°° Hausdorff distance,

disteo(x, A) := inf |a — x|goo,
acA

distoo (A, B) := max(sup disty (a, B), sup disty (D, A)),
acA beB

where, for points x = (x;) and y = (y;), we have |x — y|po :=max;<;j<q |x; —yi|. Note that distoc(x, A) #
distoo({x}, A) in general. We recall that for the Hausdorff distance we have the triangle inequalities: for
every x € R? and every subset X C RY,

disteo(x, A) < disteo(x, B) +disto(A, B), disteo(X, A) < disteo(X, B) +dists(A, B).

Proposition 3.3. For every compact set X C RY, N e N, and L > 103, there is a discretization V(X)
of X such that, foralll € V,(X)and1 <n <N,

o there exists I° € V,? (X) such that
I°0 L2y cr1ci®+L7%3), (3-1)
e and there exists a point xo in X N I such that
distoo(x0, 31) = 1L~ 237". (3-2)
We call this discretization the perturbed standard discretization, and we call elements of the perturbed
standard discretization tiles (to emphasize that they may not be cubes).

Remark 3.4. Christ [1990] constructed dyadic cubes with similar properties for metric spaces with a
doubling measure u as in Definition 1.3. It’s possible that the construction there can also be applied to
prove Theorem 1.4. Our construction is less general but does not rely on the existence of a doubling
measure.

3.2. Constructing the new discretization. We prove Proposition 3.3 in this section.

3.2.1. Preliminaries. We establish some terminology and notation that we will use in the construction of
the new discretization. Let I be a cube such that I = [a;, b1] X - - - X [ag, bg]. For 1 < k < d, define the
k-boundary

8k1 = U [(11, bl] X e X {ajl., bj[.} XX [ad,bd].

In other words, 9 is the union of all (d—k)-dimensional faces of I, so that 8'7 = 87 and 8917 is the set
of all vertices of I. For a set A € RY, r > 0, let the £°° ball around A with radius r be

Bo(A,r)={xeR:3a e A, la—x|p~ <r}.
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Figure 2. A standard (left) and perturbed standard (right) discretization. On the left, cube 1 is
type 2, cubes 2 and 3 are type 1, cube 4 is type 0, and cubes 5 and 6 are type —1; on the right,
tiles 1 and 3 are good and all other tiles are type —1.

We stress that a B without a subscript refers to the £2 ball, and in particular that the balls in the definition

of nonorthogonality are £2 balls!
For a subset P C 31 of the k-boundary of a cube I, suppose without loss of generality that

P < f{ay, b1} x - x{ag, b} X [ak41, br1] X -+ - X [aa, ba].
In that case, we define the tubular neighborhoods
Bl (P,r):={xe€ R? : there exists y = (y;) € P,
Xt —yil <7 X — el <7 Xesr = Yigts - Xa =ya}  (3-3)

and

BL(P,r1,12) := BL (P, 1) UB(P, ). (3-4)
We will use these tubular neighborhoods to modify the standard cubes. Note that B, (P, ry, r2) has the
advantage that dists (x, d BL (P, r1, r2)) > min(ry, r;) for any x € P.

Let V°(X) be the standard discretization.

Definition 3.5. Foreveryn < N and [ € V,?(X ), the type of I is defined as follows:
[ is of type d if there exists a point x € X N [ such that dists(x, d1) > %L‘ZB_”.

Ifd—1>0, I is of type d — 1 if there exists a point x € X N with distoo(x, 3>1) > FL~2/37" but

I is not of type d.

Ifd —2>0, Iis of type d — 2 if there exists a point x € X N I with dists(x, 3°1) > %L_Z/S_” but

I is not of type > d — 1.

I is of type 0 if X NI is nonempty and disteo (X N1, 391) < %L‘2/3_”.

I is of type —1 if X N[ is empty.

See Figure 2 for an example of cube types.
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We want to modify the cubes I € V?(X) into tiles T, so that there exists xo € X N T satisfying
distoo (x0, dT) = L7237, (3-5)

We say that a tile T is good if (3-5) holds and otherwise that it is bad. For the remainder of the proof, we
assume the following.

Invariant 3.6. If a tile T constructed from a cube I is bad, then T C I.

This invariant is true at the current stage of the proof; we necessarily have T = I since we have not
modified any tiles yet.

We want to do induction on the type of the tiles. In order to do so, we will need a notion of “type” for
a bad tile. By Invariant 3.6, in order for type to be well defined, it suffices to define the type of a tile T
which was modified from a cube [ such that 7 C I.

Definition 3.7. Let T be a bad tile which was modified from a cube 7 such that 7 C I. Assume that /
has type k with respect to X N T'; that is, assume that [ has type k in V,,(X NT), where V(X NT) consists
of the restriction of elements of V (X) that we are already defined to 7. Then the type of T is k.

3.2.2. Induction on type. We now induct backwards on the largest type k of a bad tile. At every stage of
the induction, we iterate over all bad tiles of type k. At each stage of this iteration, either we do nothing,
or we replace a tile 7 with 7 UT for a tubular neighborhood 7 of some set. In the latter case, we replace
all other tiles 7’ with T’ \ 7. Here a tubular neighborhood 7 is always of the form (3-3) or (3-4). In
short, we say that we moved the set 7. It will be important that we keep track of which sets we have
already moved. As such, we make the following inductive assumptions, which are vacuous at the start of
the inductive process when k =d — 1:

Invariant 3.8. Every bad tile has type < k.
Invariant 3.9. If a tile T was constructed from a cube 1, then disto (0T, 01) < %L‘"‘z/ 3,
Invariant 3.10. Let T be the tubular neighborhood of a set P. If T has been moved, then dim P > k.

Lemma 3.11. Assume that 0 < k < d — 1 and the above set of tiles satisfies Invariants 3.6, 3.8, 3.9,
and 3.10. Then we may modify each tile to obtain a new set of tiles satisfying Invariants 3.6, 3.8, 3.9,
and 3.10 but with k replaced by k — 1.

Proof. Let T be a bad tile of type k modified from some cube /, and let P be a connected component of
ad=kr\ Boo(ad_k“l, %L‘2/3_”) such that B’(P, %L‘"‘zﬁ) NXNT # &. We modify the adjacent tiles
to P:

(1) If there is a good tile T’ £ T adjacent to P, then we enlarge 7’ to contain the tubular neighborhood
T :=BL (P, AL7*3")N (T’ UT). Then:
(a) T’ is still good.
(b) T no longer contains P.
(c) Since T is contained in T/ U T, no other tile is affected.
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Figure 3. The proof of Lemma 3.11, Case (2). The boldest black lines represent components P
of the boundary. The tubular neighborhoods around them do not intersect.

(2) Otherwise, by Invariant 3.8, every tile adjacent to P has type < k. In this case, we enlarge T by a
tubular neighborhood 7 := Béo(P, %L‘2/3_”, %L‘2/3_"). Then:

(a) Let 77 be a tubular neighborhood of a set P’ which we already moved. Then:

(i) If dim P’ > k, then we claim that 7 is disjoint from 7. If this is not true, then let 7’ be the
tile containing 7”. Then 7" is adjacent to P. By Invariant 3.6, T’ is good, which contradicts
the fact that we are in Case (2).
(ii) If dim P’ =k, then T is disjoint from 7”. See Figure 3.
(iii) We cannot have dim P’ < k, by Invariant 3.10.

Therefore T is disjoint from all tubular neighborhoods which were already moved.
(b) T becomes good.
(c) Every tile T’ # T adjacent to P no longer contains P.

We iterate the above procedure over all possible components P, stopping once there are no more
components to consider. This happens after finitely many stages because of the following facts:

(1) If a tubular neighborhood of a component P is absorbed by a tile 7" of type k and its other neighboring
tile is 7/, then T becomes good, and P can no longer witness that 7’ has type > k. Therefore we
will not iterate over P again.

(2) At each stage, no new bad tiles are created, and no bad tiles are given more points and remain bad.
Therefore Invariants 3.6 and 3.8 are preserved.

(3) Invariant 3.9 is preserved because if 7 was constructed from / then we only modify 7" in a neighbor-
hood of distance %L‘”_zﬁ of 91.

(4) Invariant 3.10 is preserved because we only moved tubular neighborhoods of sets of dimension k.
After iterating over all possible components P, Invariant 3.8 is improved, so that every bad tile has type

<k—1. Indeed, if T is still bad and was type k, then every tubular neighborhood of a component P which
could witness that 7" had type k was absorbed into a neighboring tile, so 7 must have type <k —1. U
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After stage k = 0, every bad tile has type —1 by Invariant 3.8. However, if T is a tile of type —1, then
by definition X N7 N[ is empty. Then, by Invariant 3.6, X N T is empty, and we may discard the tile T
entirely.

Let V, (X) be the set of good tiles that were constructed from V,(X) by the above procedure. Then
every tile in ‘7,1 (X) satisfies (3-5) and

x= || Tnx
TeV,(X)

However, V(X ) may not have a tree structure, so it is not a discretization.

3.2.3. Obtaining a tree structure. We now modify V(X) to be a discretization V (X). We again proceed
by induction. For n > N, let V,(X) = V,?(X ). Now suppose that n < N and we have constructed
(Vin(X))m>n+1 to be a discretization of X. For each element T € Vn (X), we define subsets C(T) of
Vaut1(X) as follows:

o The subsets C(T) are all disjoint and their disjoint union is V41 (X).
e IfSeV,11(X)and S C T, then S € C(T).
e If S € V,41(X) intersects multiple 7', then we pick one T for which S lies in C(T').

We now define V,,(X) = {USEC(T) S:T e ‘7,2 (X)}. Thus, for each I € V,(X), there exists an element
T € V,(X) such that
distao (3T, 91) <2L7 "' < L7723

(where the second inequality is because L > 103), and, for x € T satisfying (3-5), x € I. Then, for
every x € X, there exists a unique I’ € V,,1(X) containing x by our inductive assumption, and a unique
I € V,,(X) which is a superset of I’ by the fact that {C(T) : T € Vn(X)} is a partition of V,,1(X). It
follows that (V,,,(X))u>, 1s a discretization of X.

By construction, there exists xo € X N T satisfying (3-5); hence

distos (x0, 1) > distes (x0, 3T) — distee (31, T) = (3 — L)L = LL 72,
and hence x satisfies (3-2). If we denote by 7° the cube that we modified to create T, then, by Invariant 3.9,
disto(31°, 31) < distoo(31°, 3T) +distoe AT, I1) < (5 + 15)L "7,
which one can use to show (3-1). This completes the proof of Proposition 3.3.

3.3. Regularity of the discretization. We now show that if the compact set X is the support of a doubling
measure then its perturbed standard discretization V (X) satisfies regularity conditions similar to those
established in [Dyatlov and Jin 2018, Lemma 2.1] for the merged discretization in the case d = 1.

We begin by showing that every pair of tiles (1, J) € V,,(X) x V,,(Y) has children which contain points
for which the estimate

| (x0, yo) — D (x0, y1) — P(x1, yo) + P(x1, y)| 2 |xo — x1] - |yo — y1l

holds. This is the key new estimate needed in the higher-dimensional case.
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al,

aly

0K

al

Figure 4. A typical situation in the proof of Lemma 3.12. The child tiles /,, I, are contained in
the cube K C I and are much smaller than /. The green 7-pointed star denotes x, the red triangles
denote x,, x,/, and the blue pentagons denote x,, x,/.

Lemma 3.12. Ler ® € C3(RY x RY), and let X, Y € RY be d-nonorthogonal with constant cy from scales
(L=%x L=Kv) 10 1. Let V(X), V(Y) be the perturbed standard discretizations of X, Y. Then, for

L > max(180°, 10"c* 192, @I, )d ™/ (3-6)

and everyn < Kx, m < Ky, I € V,(X), J € V,,(Y), there exist children 1,, 1, of I and Jp, Jyy of J
such that, for every x4 € Iy, yg € Jg, and wqp := P (x4, yg), we have

2
cN 193, Pllco
<Lm+n+4/3a) — W, — /+a)// <y— 3'7
1000 = |wap a'b — Wab ab'| < 20 (3-7)
and
Ln+2/3|xa _ xa/|, Lm+2/3|yb _ yb’| < % (3-8)
Moreover, we may assume:
forany x, € I, and x, € 1, the line segment X,x, always lies in I. (3-9)
Proof. By Proposition 3.3, we may choose x € X NI and y € Y N J such that
min(L" " distoe (x, 81), L™ disteo(y, 3J)) > 15.
Letry = 21—0L_"_2/3 and ry = ;—OL_’”_Z/3. One can show that, if (3-6) holds, then L > 203 and
(1+2L723)* < 2. (3-10)

Sincen < Kx — 1 and L > 203,

rX — %L—H—Z/?) 2 2_10L—KXL1/3 z L_KX,
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and similarly ry > LKy, By nonorthogonality, there exist X,, X,» € XNB(x, rx) and yp,, yy € YNB (X’ ry)
such that for @gp := @ (Zg, Jp),

|ap — Dary — Daty + Darpy| = CNTXTY. (3-11)
In the other direction, (2-3) and the triangle inequality gives
|@ab — Barb — Baty + Barty| < (105, Pllco - [Xa — Zar| - |55 — T . (3-12)

Let I, be the child of / containing X, and Jg be the child of J containing yg. Pick arbitrary points x, € I
and yg € Jg. We first use (3-1), (3-10), and (3-6) to bound

|xq — xo| < 2rx + diam I, 4+ diam I,/

< %L—n—2/3+2d1/2L—n—1(1+2L—2/3)2

A

%L—n—2/3 15412

17 —n-2/3
L2,

IA

A similar estimate holds on |y, — yu|, which proves the upper bound in (3-8).
To prove (3-7), let ¢ :=2rx, ¢y :=2ry, & :=max(diam /,, diam /), &, := max(diam J,, diam Jy).
Then, by (2-3), Lemma 2.2, (3-1), (3-10), and (3-6),

|Wab — Wap' — Oa'p + Oarpr — Dap + Dapy + Darp — Oy | < 7||8§yq)”C1 (ngy + Cygx)
< 295 Pl @ L7 A 42072
<2007, @l|crd LT,
Combining this estimate with (3-11) and (3-6), we obtain

|Wab — Wap' — Warp + Oapy |

%

|Daby — Db — Daby + gy | — |Wap — Gaty — Oa'h + Oa'py — Dab + Oty + Darp — Doty |
1 —n—m—4/3 2 1/2y —n—m—5/3
maen L P —2[|97, @l c1d'*L /

1 —n—m—4/3
To00<N L ’

%

%

which is the desired lower bound in (3-7). For the upper bound, since X,, X, € B(x, rx) and y;, Yy €
B(y,ry) we use (2-3):

|Wab — aby — Wt + Oar| < 4105, Pl co(rx +VdL™" ) (ry +VdL™"")
< 351197, @l LT,
Finally we prove (3-9). We use (3-1), (3-10), (3-6), and the fact that dists(a, b) < |a — b| to estimate
disto (Xq, X) < distog (Xq, ¥q) + distoo (Fq, X) <2L7" 17y < L7775
The same bound holds for x,, and it follows that x,, x, are contained in the convex set

K := By (x, L7 7%).
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In particular, £ := x,x, satisfies £ C K. This implies £ C I since

distao (3K, 01) > distog(x, 31) — L7723 > L7725,
sothat K C [. O

We now give a probabilistic interpretation of the above lemmas. To establish notation, suppose that
I € V,,(X) for some compact set X and some n. We write {/, : a € A} for the set of children of /. This
induces the structure of a probability space on A; namely,

HX(Ia)
pwx(I)

Proposition 3.13. Let & € C3(RY x RY), and suppose that L satisfies (3-6). Let (X, ux) be doubling with
constant Cp(X) on scales [L™5x 1], let (Y, uy) be doubling with constant Cp(Y) on scales [L—Kr 1],
let V(X), V(Y) be their perturbed standard discretizations, and assume that (X, Y) is ®-nonorthogonal
with constant cy from scales (L~%x, L=%)to 1, n < Kx, m < Ky, I € V,(X), and J € V,,(Y), and
{lI,:a € A} and {Jp, : b € B} are the sets of children of I, J. Furthermore, choose, for each a € A and
be B, x, €l, and y, € Jp, and set wqp .= P (x4, yp).

Draw independent random outcomes a,a’ € A and b, b’ € B. Then, with probability

Pr(a) :=

0> CD(X)—2(10g2(20L5/3)1 CD(Y)—2[10g2(20L5/3)]’ (3-13)
we have
N LT < L wu, — o — wap + 0w | <7 (3-14)
and
L™ B xg = xal, L2 yp = yy| < 5. (3-15)
Moreover, we may assume,
forany x, € I, and x, € 1, the line segment x,x, always lies in I. (3-16)

Proof. By Lemma 3.12, there exist a, b, a’, b’ satisfying (3-7) and (3-8). By definition of the perturbed
standard discretization, there exists x, € I, N X with I, := I—IOBOO (x4, L~"73/3) c I,. Moreover,
I C Boo(x0, 2L™") = I,(20L ).

Therefore,

_ mx(1a) . Mx(l*)5 > Cp(X)~N0m20L5)1
pux (1) ~ px(I.(20L3/3))

We have analogous lower bounds on Pr(b), Pr(a’), and Pr(b’). Then, by independence,

Pr(a)

p > Pr(a) Pr(a’) Pr(b) Pr(b),

which gives (3-13), and (3-7) and (3-8) clearly imply (3-15) and the lower bound on (3-14). The condition
(3-16) comes from (3-9). For the upper bound we apply (3-7) and (3-6). [l
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4. The induction on scales

We now begin the proof of Theorem 1.4. Let ® € C3(R? x RY) and p € C'(R? x R?) be the phase and
symbol of By, and let K := | —log; h].

Let (X, ux), (Y, uy) be doubling with constants Cp(X), Cp(Y) on scales > h, let V(X), V(Y) be
their perturbed standard discretizations, and assume that (X, Y) is ®-nonorthogonal with constant cy
from scales (h, h) to 1.

ForI € V,(X)and J € V,,,(Y), where n +m + 1 = K, we set

.CD(X7 y)_q)(-x’ yJ)

1
Rt = s /J exp(z . )p(x,y)f(y) diy ().

Here y; is the center of J°, the box in the standard discretization associated to J. Let {I, : a € A}
and {J, : b € B} be sets of children with their usual probability measures. Let x, := argmax; |F;| and

Yb = YJ,-

4.1. Mean value space. We need to generalize the space Cy (/) where d = 1 (see [Dyatlov and Jin 2018,

§2.2] and also [Naud 2005, Lemma 5.4]), which is supposed to locally measure oscillation on I whilst

also being “scale-invariant”.> This will allow us to get some gain out of the cancellation obtained from

nonorthogonality while performing induction on scales.

Definition 4.1. Given I € V,,(X) and 6 € (0, 1), we define the Cy (1) norm for functions f € C'(I) by
| fllcory :=max(|| fllcocry, € diam(D) ||V fllcor))-

Given J € V,,,(Y), we define W, : I — R as

qD(x7 )’Jb) - qD(x7 )’J)
A .

\I’b(x) =

Lemma 4.2. Let
1

0 < 2
8max (1, 105, Pllco(r.m))

(Where Icony is the convex hull of I) and L > 10. Then, for f € Cy(1),
™ fllcoin < If lco)- (4-1)
Proof. Observe that if ¥ is a smooth function on I, ¢ony then any f € Cg(l,) satisfies

IV )l =lie"V fVy +eV VI <|fVY|+|VF]

Hence

6 diam(1,)|V ("™ £) ()] < 6 diam(L,) | VWl cor, | fllcog,) + 6 diam() |V £ lleogr,.

3We cannot use the space c! (1) with its norm || f'{| -1 = ”f”CO(I) + ||Vf||c0(1), because the first and second terms in

the norm will scale differently if we rescale 1.
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We estimate that
1 1 ) diam(J) .,
VW, (x)| = Zlax(CD(x, yi,) — P,y = Elyjb = Yl Pllco(regn) = Tllaxycbllcoucmv)-
So, by hypothesis on # and L,
diam(/,) diam(J)
h
<O+ L7107, @l cogron 1 f o)

60 diam(I,) | Vsl coy 1 f lcor,y < 0 ||3,%yq>||c0(1mnv)||f||c0(1)

1
< <l fllcsy-
In addition, by hypothesis on L,

0 diam(I) IV fllcoq,) < %9 diam(D) |V fllcoy < 5If ey
Summing up,
6 diam (L) |V (e"™ Pllcogr,y < 11f lcotry-
We also trivially have
Il fllcocr,y < W lleory = N lleons
which proves (4-1). O

4.2. Inductive step. Our next task is to prove the following analogue of [Dyatlov and Jin 2018, Lemma 3.2].

Proposition 4.3. Let [ € V,(X), J € V,,(Y), where n + m + 1 = K. Draw a random b € B, and assume
that (3-14) and (3-15) hold with probability p. Assume that

10243 10'0)92 @3, a3/
L> max(c3 PER 3 ) 4-2)
N N
2.2
P~Cx
=022 (4-3)
Then we have the improvement
2 2
ENFE,q, < A=) E 1F5 12,0 (4-4)

By Proposition 3.13, we can always choose L and ¢; > 0 such that the hypotheses of this proposition
are met.

4.2.1. The contradiction assumption. We set up the proof of Proposition 4.3 by first recording
Fj =E eiq]hF]b‘ (4'5)
beB
We have the following lemma which is nearly identical to [Dyatlov and Jin 2018, Lemma 3.3].

Lemma 4.4. For each a € A,

2
2 2
1Fs 12,00 < (E, IFallcun) < E 1FIE,q- (4-6)
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Proof. By (4-1),

™ Fy,llcorny < 1, llcor-
The assertions of (4-6) now follow from (4-5) and the Cauchy—Schwarz inequality. O

We set R :=Epep || Fy, ||2C0( - Draw a € A independently of b. Taking expectations in (4-6), we obtain

2._ 2 2 i
o= b'[eEB 1 Fs, e, aEA 1Frlic,a, = Zéal_g I F, Nl coy- (4-7)

In particular, (4-7) can be written as

2 2
oc“=R—- L ||F .
B ES G, 1)

If we knew that o2 > ¢ R, then the improvement (4-4) would follow. So, we assume towards a contradiction
that
o’ < e1R. (4-8)
Let
Fap = Fp,(x0),  @ap = Wp(xa),  fap = €' Fup. (4-9)

Note carefully that w,; disagrees with the phase in Proposition 3.13 by a factor of 4. We compute

Fy(xa) = E fap (4-10)
beB
and, for eacha € A,

2 2 —
JENFwl < ENE5 1,0 =R. (4-11)

4.2.2. Outline of the proof. By our contradiction assumption (4-8) and variance bound (4-7), the Cy (1)
norms of the functions F;, are all almost independent of b. One can show that f,, is almost independent
of b (see (4-12)). By the mean value theorem, F,; does not vary too much in a (see (4-23)). However, the
events (3-14) and (3-15) have positive probability, so we may condition on them without losing too much,
and, after conditioning, the phases of f,; and f, cannot be too correlated by (3-14) and (3-15). So we
expect cancellation between f,; and f,;,y whenever a, a’, b, b" are drawn at random by the square-root
cancellation heuristic. This cancellation implies that the conditional expectation of | F,;|? is both very
small and comparable to R, a contradiction.

4.2.3. Two unconditional moment estimates. We now make two unconditional moment estimates; we
shall later use Cantelli’s inequality to show that weaker versions of the same moment estimates hold even
when we condition on the events (3-14) and (3-15).

Lemma 4.5. One has

E Var fu < E |Fu|> — R+20% <202, (4-12)
acA beB acA
beB
E |Fp| > (1—2¢)VR. (4-13)
acA

beB
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Proof. We follow [Dyatlov and Jin 2018, Lemma 3.5]. By Lemma 4.2, for each a, b,
OV (™ Fi)llcoq,y diam Iy < 511 Fp,llcyn)-
From the definition of Cy(1,), (4-5), and the triangle inequality, for each a € A,
I Fsllcocry = max (|| Fyllco,y, OV Fslicoq,) diam 1,)

< max(||Fy oy, € diam I, E V(e Fill o)
1
< maX(HFJ lcoryys 3 b[eEB I Fy, ||Cg(1))'
We estimate the squares of the two terms in the maximum using (4-6):

I NGoqr,, < 3 F g0, + 1F1Z, ) < 5UF1 Iz, + R
and

2
1 1 1 2
(2 E 1Fslcn) =4 E IFIEq < 4R < 30 Fs 1R, + B.

be

In summary, we have

1A, < 3UFT G0, + R)-
After taking expectations and applying (4-7), we get
2 2 2
a[eEA ”FJ”CO(I(,) = 2a[eEA I1Fslic,q,) —R=R—20".
We also record that, by (4-5), (4-10), and the fact that x, maximizes |F;|,

b[EEB et‘lfb(xa)pj (xa)| =

E
beB fab

= [E |FJ(Xa)|— [E I Fsllcocr,)-

ae A
Combining this fact with (4-15),

E fa,, >R —20°.

beB

aeA

Therefore,

E |Fpl?= E |fpl>= (‘ F
aeA| ab| a€A|fab| acA berab
beB beB

acA beB

Rearranging, we obtain

E Var f,, < [E |Fab| —R+20’
acA beB
beB

Then (4-12) follows from (4-11).
To obtain (4-13), we first estimate

E |Ful= E > F ‘ E
acA | Fa| acA | farl 2 acAlbeB Jab
beB beB

= E /| E fuol = Var fur.

—I—Varfab> >R—202+ E Var fup.

(4-14)

(4-15)

(4-16)

4-17)

(4-18)

(4-19)
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From (4-17) and (4-11), and the contradiction assumption (4-8),

1
E_ | ful® = Var fu = E(,E, faol® = Var fus)
GA\/” ‘ W7 Jmaxeea Epep | fupl? asA\beB ‘

> [ [EbeB |fab| — Varpep fab > R_ZJ
T acA VR - VR
> (1—2¢)V/R. O

4.2.4. Drawing random nonorthogonal tiles. By (4-6) and the Cauchy—Schwarz inequality,

E |IFy,llcon < VR. (4-20)
beB

Let T be the event that || F,|lc,1) < 2VR. By the moment bounds (4-20) and (4-7), the contradiction
assumption (4-8), and Cantelli’s inequality (2-2),

Pr(T) > 1 —¢. (4-21)

We let T’ be the respective event for b, where a’, b’ are drawn independently from a, b. From (4-12),
(4-21), and (2-1), we obtain

E — / TNT _ — ,
vy ( fab = farr* | ) < Pr (TmT/) |fab fav |2
b,b'eB
< E V: <25-20°=5 4-22
= BT ol Nk Sab = 0" =50 (4-22)
If T and (3-16) hold, then, by Lemma 4.2,
2/ R

|Fap — Fup| < T*/_LH“Hxa — Xal. (4-23)

Let S be the intersection of T, T’, and the events (3-14), (3-15) and (3-16). By (4-3), &1 < %p, so by
(4-21),
Pr(S) - p—2(1—=Pr(T)) . p — 28
Pr(T)? — Pr(T)? (1—eg1)? ~

If S holds, then by (4-23) and (3-15),

>

p. (4-24)

I\)I'—

VR

125" (4-25)

|Fab_Fa/b| =<

4.2.5. Conditional second moment bounds. We now use (4-24) and (4-25) to obtain lower and upper
bounds on E(|F,|? | §) which are not both tenable.

Lemma 4.6. For M := 8000000,

E (|Fupl*|S) < MdZ(
acA

R L2/3O_2)
beB

4-26
% L2/30 ckp (4-26)
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Proof. We take all expectations and probabilities over a, a’, b, b’. Write

T 1= Wah — Wap) — Wg'b + Wa'b's
so if S holds then

le'" — 11> > |t|* > 107 %3, L7

by (3-14) and [Dyatlov and Jin 2018, Lemma 2.6]. Following [Dyatlov and Jin 2018, 19], we rewrite
(recalling the notation set in (4-9))
(€17 = 1) Fap| = [/ @) Fypy — ! Car™ ) Fy |
= €™ (fub — farr) + Fapy — Fary — €' (farp — fuy) + € v (Fyp — Fap)|.
So by the triangle inequality in LZ,
E((e™ = D) Fupl* | 8) < 4E(Fap — Fanl* + 1 Fay = Fapr > 41 fab — farr I+ far = fanl* 1 9).
So

E(|Ful* | S)
272/3 )
<10° ——E(|(e'" — D Fupl* | S)
N
Md*L*? 2 2 Md*L*? ) )
< A2 [E(IFab - Fa’b| + IFa’b’ - Fab’| | S) + a2 [E(lfab - fab’l + |fa’b’ - fa’bl I S)
2cy 2cy

Applying (4-25),
2R

|Fab - Fa’b|2+ |Fa’b’ - Fab’|2 = L4/39°

Since S implies T N T’ and a, a’ are independent,

2 2 Pr(T)? 2 /
[E(lfab - fab’l + |fa’b’ - fa’bl I S) <2 [E(Ifab - fab’l | rnrt )
Pr(S)
By (4-24), Pr(T)%/ Pr(S) <2/p. Summing all this up and applying (4-22), we conclude (4-26). U
Lemma 4.7. One has
E (IFasl*1S) > &R (4-27)
acA
beB

Proof. By (4-13), we conclude that

Pr (E [Ful < (1-2y/e)VR) < Jer.

aeA(beB

By Cantelli’s inequality (2-2),
Varyep | Fap|

Fol< E |Eypl—14 R><
(1Fusl = E 1 Funl — 3

Pr < T
beb Varpep |Fap| + 2R
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Since | F,p| = | fan|, it follows from (4-12) and (4-8) that
Pr(IFusl? < £R) = Pr (B [Fupl < (1 =2J/eDVR ) +Pr( E [Fupl = (1 =2JeDVR, |Fupl® < 1R)
acA\beB beB

< E P (F < E |Fyl—1 R)
_\/G_l‘f‘aeAbe% | ab|_beB| ab| 2\/_

4 Vi
<Ja+ acA ;rberab

802
5\/6_1+?<2«/a-

But by (4-24),
F Pr((|Fsl> <iR)NS)  2Pr(|Fupl? < iR
PI’(| ab|2 < %R | S) . r((l aer(SS; ) ) < I‘(| al'70| =< 3 )

The definition (4-3) of ¢; then implies

Pr(|Fupl* <iR|S) < 47‘{5 <L
Therefore
Pr(|Fup> = 4R | S) = 1 - L7,
so by Markov’s inequality and the assumption (4-2),
z[gEéﬂFahF | S) = RPr(|Fppl* > 1R | S) > ¢R. O

4.2.6. Deriving a contradiction. The two above conditional second moment bounds contradict (4-2)
and (4-3) and the contradiction assumption (4-8). To be more precise, combining (4-26) with (4-27)
and (4-8), we obtain

1 , ) R 212352 5 R 2L*3¢ R
sR= E ([Fapl” [ S) = Md"| — 23 +— <Md”( - 2/3 + 2 )
acd cyL=°0 NP cy L0 cyp

Dividing both sides by RM and applying (4-2) and (4-3), we obtain

1 1 d? 2d*1.2/3 1 2
Sl . v 2 _12.10°8

2-1078 =— <
SI0° oM S 20 | Gp 108 109

This is a contradiction that proves that 6> > £, R and so completes the proof of Proposition 4.3.
4.3. Proof of main theorem. To prove Theorem 1.4, we iterate Proposition 4.3. For each J, we define
Ej:Vik_nn(X) =R, I [Filc,m-

We endow V,,(X) with the discrete measure induced by px, namely ux ({/}) = ux (1), and J with the
restricted fractal measure (y.
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First suppose that J € Vi (Y). Then, by the Cauchy—Schwarz inequality, it follows that

1
IVF;(x)| z—/iax‘lfj(x,y) exp(i(Wy(x, ) px, y) f(x,y)
uy(J) Js
+exp(@(Wy(x, ¥))op(x, y) f(y)duy(y)

1 diamJ _,
105y Pllcoll f 2yl lico +110xpllcoll fll L2

<
- Vuy(J) h
and Ipllcoll £1
Pllco 2
1Fslleo < —— =22t
iy (J)
Thus,
Iplle 1 2
E;(I)=|F < el ey 428
(D) =1Frllcom = N (4-28)
Taking L2 norms of both sides of (4-28), we get
I Pl wx (X)
I1Es |7, < #wum) (4-29)
If we take L2 norms of both sides of (4-4), we get
IE/ 72 < (1=21) E 1Ey, |7 (4-30)

Inducting backwards on H (J) with (4-29) as base case and (4-30) as inductive case, we conclude that,
if J is atile in Y such that H(J) =0,

PN mx (X)
wy (J)
Summing both sides in J, we obtain (note || B, (17 f)llz2 < uy(DIE |2 and ux(X) = uy(¥)=1)

1Bu f 12, S IpIZipx Xy (VA —eDX | £112, S A —eDXIIFI12.

1EsI7 < A=) 1£ 172,

We now can set
&1 log(l —g)~!

6log L 2log L
and plug in 6 in (4-2) to obtain (1-5) and (1-6). Then (1 —&1)X/2 < h®, so

&) =

1Bill L2uy) > L20u) S B

which completes the proof of Theorem 1.4.

5. Applications

5.1. Classical fractal uncertainty principle. We now prove Theorem 1.5 following [Dyatlov and Jin
2018, Theorem 1, Remarks 1]. The classical version of the fractal uncertainty principle, Theorem 1.5,
uses Lebesgue measure. In order to use our main Theorem 1.4, we need to define a rescaling of the
Lebesgue measure. This is the content of the following lemma.
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Lemma 5.1. Let (X, i) be 6-regular on scales [h, 1], h > 0, where § € [0, d] and  is the 5-dimensional
Hausdorff measure. Let X;, == X + By, and

wn(A) :=h%=41 X, N Al
Then (Xy, up) is 6-regular on scales [2h, 1] with constant
Cr(Xp) := 69 max(|B’|, |B'|~)Cr(X)*.
Here | X, N A| is the Lebesgue measure of X, N A and BY is the unit ball in RY.

Proof. Let N = Nx(x, r, h) be the cardinality of a maximal A-separated subset of X N B(x, r) for x € X
and r > 2h. By [Dyatlov and Zahl 2016, Lemma 7.4], we have

5 5
T 2 2r
Cr(X) s < Nx(x,r, h) < Cr(X) (1 + 7) )

If {x1, ..., xn} is such a maximal set and I, := B(x,, 2h), then X;; N B(x,r) C Uflv:] I,,, so we have

N
un(B(x, 1) <h°74 Y 1| < 2R |BYN < 2B Cr(X)*(h+2r)° < Cr(Xn)r’.

n=1

Conversely, if J, := B(xn, %h), then J, and J,, are disjoint and Uflvzl J, € X, NB(x,r), so we have

N
h(S
(B r) = 3 1 1] = NGB = CrOO 227 B’ = Cr(Xn) ™', 0

n=1
We now show that the nonorthogonality condition also holds for (X, ¥3).

Lemma 5.2. Let (X, Y) be ®-nonorthogonal on scales [h, 1], h > 0. Then (X}, Yy,) is ®-nonorthogonal
on scales [2h, 1] with constant cy (X, Yy) = %CN(X, Y).

Proof. Let xg € Xy, yo € Yy, and ry, ry > 2h; then there exist Xp € X and yy € Y with

max(|xo — Xol, [yo — Yol) < h.
Putting 7x :=rx — h and 7y :=ry — h, we can find by ®-nonorthogonality of (X, Y) points

X1, X2 € XN B(Xp, Fx) € X N B(xg, rx)
and
Y1, Y2 € YN B(Jo, 7y) S Y N B(yo, ry)
such that
|D(x1, y1) — D(x1, y2) — P(x2, y1) + P(x2, y2)| = en (X)ixFy = en(Xp)rxry. 0

Proof of Theorem 1.5. We define (Xj, ux.n), (Yn, yn) as in Lemma 5.1 and introduce the Fourier
integral operator

Buf(&) = f ¢/ F () duty ().

Yy
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By the above lemmas, (Xj, ix 5) is 8-regular, (Y, iy ) is 8’-regular, and (X, ¥j) is ®-nonorthogonal.
Thus, by Theorem 1.4,% there exists gy > 0 such that
(d—5—8)/2
106, Zilyy N 12 = =g Bl 2y L2 p@=0=02ke, m
5.2. Convex cocompact hyperbolic manifolds. In this section we prove Theorem 1.6. First we recall
some preliminaries for convex cocompact hyperbolic manifolds.

Let Ht! be the (d+1)-dimensional hyperbolic space (with constant curvature —1). The orientation
preserving isometry group is given by G = SO(d + 1, 1)¢. Let K = SO(d + 1) be a maximal compact
subgroup, so that H*! = G/K. We are interested in infinite volume hyperbolic manifolds given by
M =T\G/K, where I' C G is a convex cocompact Zariski-dense torsion-free discrete subgroup.

The limit set is defined as A(T) := I'x N doo(H?!) C H¥H! for any x € H?*! (one can show that
the definition is independent of the choice of x). Let Hull(A(I")) be the convex hull of A(T") in HA+,
Then I' is called convex cocompact if the convex core Core(M) := I'\Hull(A(I")) C M is compact, and I
is Zariski dense if T is not contained in the zero set of some nontrivial polynomial on SO(d + 1, 1)¢. We
identify the sphere S¢ with R? U {oo}. In the Poincaré upper half-space model, the limit set A(I') C S¢
is a compact set of dimension dr € (0, d) (see [Sarkar and Winter 2021, §2]), and we may assume that
A(I") is a compact subset of R4,

We recall the following nonconcentration property from [Sarkar and Winter 2021, Proposition 6.6].

Proposition 5.3. Let I' C G be a convex cocompact subgroup such that U is Zariski dense in G. Then
there exists co > 0 such that, for any x € A(T)NR?, & € (0, 1), and w € R? with |w| = 1, there exists
y e A(T") N B(x, &) such that
[{y —x, w)| > coe. (5-1)
As a corollary we have the following.
Corollary 5.4. Let M be a convex cocompact hyperbolic (d+1)-dimensional manifold such that T is

Zariski dense in G. Then, for any ® € C3(R¢ x RY; R) such that 8§ycb(x, y) is nonvanishing, the pair

(A(T), A()) is D-nonorthogonal with some constant cy > 0 from scales 0 to 1.
Proof. By the mean value theorem, for x, xo € B(xg, rx) and y1, y» € B(yo, ry),
| P (x0, y0) — P (x1, yo) — P (x0, y1) + P (x1, y1) — (3xy P (x0, yo) (x1 —X0), Y1 = Yo) | < | Pl csrxry (rx+ry).

Let H = ker(afycb(xo, y0)) and v be a unit normal vector to H (if H = {0}, then we choose v arbitrarily).
By Proposition 5.3, there exists x; € A(I') N B(xg, rx) such that |{x; — xg, v)| > corx. This would imply,
for some ¢y € (0, 1), that

|82, @ (X0, Yo) (x1 = x0)| > cicorx.

By Proposition 5.3 again, there exists y; € A(I') N B(yp, ry) such that
(87, @ (x0, y0) (X1 — X0), y1 — Yo)| > c1cgrxry.

4The fact that regularity and nonorthogonality only hold up to scale 2/ causes us to incur a loss of a power of 2, but this is
irrelevant.
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Thus we may choose rx, ry < 1—106'1C(2)||CD||E31 such that
D (x0, y0) — D(x1, Y0) — P (x0, y1) + P (x1, y1)| > 3ei¢grxry,

i.e., nonorthogonality holds with

36
€1%

_ 0.
20001 + @l 2)?

CN ]
Proof of Theorem 1.6. As before, we may assume that A (I") is contained in a compact region of R C S¢.
On such a region, the stereographic projection ¢ : ¢\ {oo} — R? is bounded in C? with C3-bounded
inverse. Consider the measure

un(A) = h" " A, N AL

which is defined using the Euclidean metric but is comparable to the measure defined using the spherical
metric due to the bounds on the stereographic projection. By Lemma 5.1, w;, is dp-regular on scales [24, 1].
Let x € C°(S? x S?\ {(x, x) : x € S?}), and define B, (h) : L*(S?) — L*(S?) by

By u() = @) [ 1x =y (e, yyuty) dy,

Then 1a(ry, By () 1), can be rewritten as (2rh)~4/2h4=°r B,, where By, is the operator studied in
Theorem 1.4 with p(y") dy’ = x (¢ ™' (»))@«(dy), px =ty = iy, and ®(x, y) =2log [¢~' (x) =~ ().
Combining Theorem 1.4 with the bounds on the stereographic projection and Corollary 5.4, we conclude
the fractal uncertainty bound

1Ay, By (M 1ary, lL2(sd)— 254y < Cha/?=orteo,

By a covering argument as in [Bourgain and Dyatlov 2018, Proposition 4.2], we have, for p € (0, 1),

1A By WAy I 2250y 12050y < ChH27orTe0=20=0),

Thus, A(T") satisfies the fractal uncertainty principle with exponent 8 = %d — ér + & in the sense of
[Dyatlov and Zahl 2016, Definition 1.1]. Applying [Dyatlov and Zahl 2016, Theorem 3], we conclude

that the Laplacian on M has only finitely many resonances in {Imk > ér — %d -0+ 8} for any ¢ > 0,
proving Theorem 1.6. U

Appendix: The nonorthogonality constant of a classical Schottky group

In this appendix we demonstrate a simple way to estimate the nonorthogonality constant for classical
Schottky groups I" in SO(3, 1) = PSL(2, C), pointed out to us by Qiuyu Ren. The key idea is to use the
fact that Mobius transformations are conformal maps and preserve circles in order to derive (5-1).

We illustrate this by considering Schottky groups of genus 2. Let Dy, D,, D3, D4 be four disjoint
closed disks in CP!' = d-oH?3, and let ¥1, ¥2 € PSL(2, C) such that

n(DY =D, »Dy=Dr, yi=vy;", y=v"

Let I' = (yj, y2) be the free group generated by y; and y,. Thus, I' is a Schottky group of genus 2.
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We identify CP!, S2, and R?U {oo}. We may assume that the D; do not contain oo and hence are
contained in R2. Given vectors v, w € R2, let /(v, w) denote the angle between v, w. The notion of a
circle is not completely invariant under conformal transformations of CP!. We recall that a generalized
circle is either a circle or a line; conformal transformations map generalized circles to generalized circles.
‘We will choose the disks Dy, D, D3, D4 such that

no generalized circle passes though all four disks. (A-1)

The circle taken here is not necessarily a great circle.
Leta=a+2mod4forae A=1{l1,2,3,4},so0that 1 =3, 2=4. The limit set A(T") is given by the
Cantor-like procedure

o
A=) L] Da: W' ={araz---a, € A" : G # aiy1),
n=1aeW"

where Dy = Ya; (Vap (- -+ (Va,_ (Da,))))-

The nonorthogonality condition (1-3) follows from the nonconcentration property (5-1). Thus it suffices
to find absolute constants O < ¢; < 1 and x = «(I") > 0 such that, for each x € A(I"), € > 0, and unit
vector w € R?, there exists an element y € A(I') N B(x, €) \ B(x, ci€) such that

[cos Z(x —y, w)| > k.

Suppose x € Dy = Dgy, and B(x, €) is roughly of the size of D,,. Then there are two other disks in Dy,
which we call D, and D,y 4. By condition (A-1) and conformal invariance of the action of I', we know
that, for any y. € Dg,c N A(I') and y; € Dgya N A(D),

the circle passing through x, y., yq lies inside Dy, . (A-2)

A Mobius transformation preserving the unit disk is a composition of a rotation and the map

a—z

> —.
1—az

A simple computation shows the angles of the triangle A(x, y., y4) are uniformly lower bounded under
conformal maps preserving Dy, if we assume (A-2). This implies that

0 </l(Yye—x,yqg—x%x)<m—0

for some constant # depending on the initial angles between y,(D}), a # b. Thus, by the pigeonhole
principle,

max(|cos £(y. — x, w)|, [cos L(yg —x, w)|) > Cos(ﬂ59>'

If we assume, moreover,

for any b # a # c, there exist a’ # a, b’ # a’ such that
no circle passes through y,(Dp), Ya(D.), Vo (Dy), and D; (A-3)
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D, OO OO D,

®) ®)

Figure 5. Iteration of disks under a Schottky group.

(which can be achieved if we choose the disks D, to be small and with generic centers), then we can
derive a lower bound on ¢ in a similar way. To be more precise, let x € Dy = Dy = Sq,a» as before;
then by assumption (A-3), there exists a’ # a and b’ # a’ such that

the circle passing through Dy, Dgyc, and Dy, o1y lies inside Dy, . (A-4)

In particular, for any y,/;y € Dg,q1, the angles of the triangle A(x, y., yo1') are lower bounded. This in
particular implies that the length of Xy, is comparable to the length of y.y,;y, which by the previous step
is comparable with the size of D,,. This allows us to compute a lower bound of ¢;.

If one runs this procedure carefully, then it would be possible to compute an explicit nonorthogonality
constant in terms of the angles between the disks y, (D) in the initial step and the uniform constants in
doing conformal transformations.

We do not bother to do the computation here, but we include Figure 5 to indicate how the procedure
works. Conformal invariance ensures that the small blue disks always have an angle that lies in [0, 7 — 6].

While one needs to compute the above parameters x and 6 for any given Zariski-dense classical
Schottky group I', we claim that this is always possible in principle, at least after passing to a finer scale.
We say that a pair of words a, b e W", n e NU{+o00}, is e-separated if their weighted Hamming distance

satisfies
n

Yo lurho g
20~
i=1
Lemma A.1. Let I" be a classical Schottky group which is Zariski dense in PSL(2, C). For every ¢ > 0,
there exists N € N such that, for every n > N and every triple of words a", b", c" € W" which are
pairwise e-separated, there exists d" € W" such that, for every circle X which meets all three disks Dgn,
Dy, D¢n, we have that X does not meet Dgn.
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Proof. We first prove an analogous result for the set of infinite words W and then reduce the finite
case to the infinite case. To formulate it, let x, be the unique point in lim, Dy,...,, (SO @ = x4 is a
homeomorphism W* — A (T"), where W™ is given the product topology).

Let a, b, ¢ € W be distinct. Then there is a unique circle Xgp C Ccp! passing through x4, xp, X.
We claim that there exists d € W such that x4 ¢ Xgpc. Otherwise A(I") is contained in a circle, which
contradicts Proposition 5.3.

We now address the finite case. Suppose that the lemma fails on some a”, b", ¢" € W" for each n € N
which are e-separated, so, for every d” € W", there exists a circle X (d") which meets all disks Dgn, Dpn,
Den, Dgn. Let a, b, c € W™ be the limits of a”, etc., and let d € W™ be given. Then d = lim,, d" for
some sequence d” € W", and we can define

X :=limXd")

in Hausdorff distance. Then, x,, X5, X¢, X4 € X, and a, b, c are e-separated and hence distinct. Moreover,
X is the limit of circles in CP! whose radii are bounded from below (by e-separation), so X is a circle,
and hence X = X .. This contradicts the infinite case. |

Assuming Lemma A.1, for D, = Dy, ...q,,, We can find b, ¢ € W?" such that any circle passing through
Dg,, Dy, and D, lies in the disk D,,. This is because, given Dy, ...q,, and D_ccu , we have

Ya, ' Ya,Va (Dal“‘a2n) = Dan+l"‘a2n’ Ya, " Ya,Va (D_ccn) = Dc_ln"'ﬁzfll'

By Lemma A.1, there exists by, co € W" such that no circle passes through Dy, ,...a,,» Da,--aa> Dbys
and D¢,. Applying y,, - - ¥a,, we conclude any circle passing through

Dyyway,s Day-aybys  Day--ayeo

lies inside D,, (there might be cancellations for the words ay - - - a,bp and a; - - - a, ¢ but one can always
pass to a smaller disk). This allows us to compute the angle 6 as before for general Zariski-dense classical
Schottky groups.
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CONSEQUENCES OF THE RANDOM MATRIX SOLUTION
TO THE PETERSON-THOM CONJECTURE

BEN HAYES, DAVID JEKEL AND SRIVATSAV KUNNAWALKAM ELAYAVALLI

We show various new structural properties of free group factors using the recent resolution (due indepen-
dently to Belinschi and Capitaine, and Bordenave and Collins) of the Peterson—-Thom conjecture. These
results include the resolution to the coarseness conjecture due independently to the first author and Popa, a
generalization of Ozawa and Popa’s celebrated strong solidity result using vastly more general versions of
the normalizer (and in an ultraproduct setting), a dichotomy result for intertwining of maximal amenable
subalgebras of interpolated free group factors, as well as applications to ultraproduct embeddings of
nonamenable subalgebras of interpolated free group factors.

1. Introduction

The structure of the group of von Neumann algebras associated to the countable free groups (also known as
free group factors) has been a constant source of new results and new mysteries. Murray and von Neumann
[1936] showed that the free group factors are full, i.e., they have no central sequences, and they used this
structural property to distinguish the free group factors from the separable hyperfinite I1;-factor, thus giving
the first example of two provably nonisomorphic separable II;-factors. Their work left behind the now no-
torious open question of whether the free group factors themselves are isomorphic for different numbers of
generators. Almost a century has passed in the development of II;-factors, in which the quest to understand
the structure of free group factors has been a recurring theme with several remarkable achievements.

One avenue of this research is the structure of subalgebras of free group factors. A foundational
discovery of Popa [1983a] showed that every subalgebra that strictly contains the generator MASA
(maximally abelian subalgebra) in a free group factor must be full and in particular nonamenable
(amenability is equivalent to hyperfiniteness by fundamental work of Connes [1976]). This answered in
the negative a question of Kadison at the 1967 Baton Rouge conference who asked if every self-adjoint
operator in a II;-factor is contained in a hyperfinite subfactor. The technique of asymptotic orthogonality
developed by Popa to achieve the above result has been used successfully to establish this maximal
amenability property for various natural subalgebras of the free group factors, such as the radial MASA
[Cameron et al. 2010] (see also [Brothier and Wen 2016; Parekh et al. 2018]). Recently Boutonnet
and Popa [2023] also constructed a continuum size family (M), of interesting maximally amenable
subalgebras in any free product of diffuse tracial von Neumann algebras (in particular for free group
factors) with the property that M,, is not unitarily conjugate to Mg if o # B.
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Maximal amenability can be enhanced to an absorption phenomenon as follows. We say that a diffuse
P < M has the absorbing amenability property if, whenever Q < M is amenable and P N Q is diffuse, we
have Q < P. By modifying Popa’s asymptotic orthogonality property, it was shown in [Houdayer 2015;
Wen 2016] respectively that the generator MASA and the radial MASA admit the absorbing amenability
property. This work inspired many papers establishing the absorbing amenability property (and other
absorption properties such as Gamma stability) in many examples; see [Brothier and Wen 2016; Hayes
et al. 2021b; Parekh et al. 2018].

Given a finite von Neumann algebra M,' we say that M has unique maximal amenable extensions if,
for every diffuse, amenable subalgebra Q < M, there is a unique maximal amenable P < M with Q C P.
Peterson and Thom [2011] conjectured that any diffuse, amenable subalgebra of a free group factor has
unique maximal amenable extensions, which came to be known as the Peterson—Thom conjecture. This
conjecture was motivated by both Peterson and Thom’s analogous insights on groups with positive first
L2-Betti numbers and previous work of Ozawa and Popa [2010a], Peterson [2009], and Jung [2007]. One
can apply Zorn’s lemma to show that, for any von Neumann algebra M and any amenable Q < M, there
is some maximal amenable P < M with Q € P. The novelty of the Peterson—Thom conjecture is that
such a P should be unique. The Peterson—Thom conjecture is then equivalent to the statement that every
maximal amenable subalgebra of a free group factor has the absorbing amenability property.

In [Hayes 2022], the first author formulated a conjecture on random matrices, which he showed implies
the Peterson—Thom conjecture. Several works in random matrices made progress towards this random
matrix conjecture [Bandeira et al. 2023; Collins et al. 2022; Parraud 2023]. Recent breakthroughs of
Belinschi and Capitaine [2022] and of Bordenave and Collins [2023] independently prove this random
matrix conjecture, thus resolving the Peterson—-Thom conjecture in the positive.

The reduction of the Peterson—Thom conjecture to a random matrix problem uses Voiculescu’s mi-
crostates free entropy dimension theory (see [Voiculescu 1991; 1995; 1994; 1996]), namely the 1-bounded
entropy defined implicitly in [Jung 2007, Theorem 3.2] and explicitly by the first author in [Hayes 2018].
We denote the 1-bounded entropy of an algebra M by h(M) (see the Appendix for the precise definition,
which we will not need in the main body of the paper). The 1-bounded entropy has several permanence
properties which show that the collection of algebras Q with A(Q : M) < 0 is invariant under various
operations such as taking subalgebras, taking the von Neumann algebra generated by its normalizer
(or other weakenings of the normalizer) of an algebra, or taking the join of two algebras with diffuse
intersection; see Section 2.2 for a list of such properties. Because of the permanence properties that the
1-bounded entropy enjoys, solving the Peterson—Thom conjecture via 1-bounded entropy proves several
results beyond showing that free group factors have the absorbing amenability property. This paper
will explain in detail several corollaries of the recent resolution of the Peterson—-Thom conjecture. As
shown in [Popa 2021], solving the Peterson—-Thom property via 1-bounded entropy also resolves it for the
interpolated free group factors L([F,), independently defined by Dykema [1994] and Radulescu [1994],

Ht is not necessary for M to be finite. However, it could be argued that in the general setting one should require all subalgebras
to be images of normal conditional expectations. We leave it to those more versed in Tomita—Takesaki theory to work out the
appropriate definition here.
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for t > 1. We give a separate proof of this in Section 3. In fact, because of our work in Section 3, all the
main results in this paper apply to interpolated free group factors and not just free group factors.

Our first main result is the positive resolution of the coarseness conjecture independently due to the first
author [Hayes 2018, Conjecture 1.12] and Popa [2021, Conjecture 5.2]. If M is a von Neumann algebra, an
M-M bimodule # is a Hilbert space with normal left and right actions of M which commute. We use y;H »
to mean that # is an M-M bimodule. If 7 and IC are M-M bimodules, we use yHy <u Ky to mean that
there is an M-bimodular isometry H — K. If H; C H, are Hilbert spaces, we use H, © H; for ’;’-llL NHo.

Theorem 1.1. Let t > 1. For any maximal amenable subalgebra P < L([F,), we have
pIL*(L(F)) © L*(P)]p <p (L*(P)® L*(P))®*p.

In [Popa 2021], this property is referred to as coarseness of the inclusion P < L(F,;). As explained in
the introduction of that paper, we may think of coarseness as the “most random” position a subalgebra
can be in.

It is of interest to specialize Theorem 1.1 to the case where P is abelian. Suppose (M, 7) is a tracial
von Neumann algebra and A < M is a maximal abelian x-subalgebra. Write A = L*°(X, u) for some
compact Hausdorff space X and some Borel probability measure ; on X. The representation

7 :C(X)®C(X)— B(L*(M) S L*(A)),
given by
7(f®g¥& = fég,

gives rise to a spectral measure E on X x X whose marginals are Radon—Nikodym equivalent to .
We say that v € Prob(X x X) is a left/right measure of A < M if it is Radon—-Nikodym equivalent
to E. One often abuses terminology and refers to the left/right measure to refer to any element of this
equivalence class of measures. The measure class of this measure v together with the multiplicity function
m: X x X - NU{0}U{oo} is usually called the measure-multiplicity invariant (see [Feldman and Moore
1977; Neshveyev and Stgrmer 2002]), which has also been investigated in [Dykema and Mukherjee 2013;
Mukherjee 2013; Popa 2021]. The essential range of the multiplicity function is called the Pukdnszky
invariant; this was defined in [Pukdnszky 1960] and further studied in [Dykema et al. 2006; Popa 2019;
Rédulescu 1991; Robertson and Steger 2010; Sinclair and Smith 2005; White 2008]. By [Ge and Popa
1998, Theorem 4.1] and [Popa 2019, Corollary 3.8 (1)], we know that every MASA in an interpolated
free group factor has unbounded multiplicity function.

Theorem 1.2. Let M = L(F,) fort > 1. Suppose that A < M is abelian and a maximal amenable
subalgebra of M. Write A= L>*(X, u) for some compact metrizable space X and some Borel probability
measure on X. Then the left/right measure of A < M is absolutely continuous with respect to 4 ® [L.

Our work shows that, for MASAs in interpolated free group factors which are also maximal amenable,
the measure given in the measure-multiplicity invariant has to be absolutely continuous with respect to
the product measure ; ® p. More concretely, if we use the fact that all standard probability spaces are
isomorphic to reduce to the case where (X, w) is [0, 1] with Lebesgue measure, then the measure given
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in the measure-multiplicity invariant has to be absolutely continuous with respect to Lebesgue measure
on the unit square.

One of the landmark structural results about free group factors is the solidity property that the commutant
of any diffuse subalgebra is amenable. Ozawa [2009] achieved this result first by introducing C*-algebraic
boundary techniques. Popa [2007] then gave a different proof using his influential s-malleable deformations
and spectral gap rigidity ideas. Peterson [2009] verified solidity for more examples using a conceptually
new approach based on the theory of closable derivations. All of these results apply to algebras much more
general than free group factors, for instance, von Neumann algebras of hyperbolic groups; see [Chifan and
Sinclair 2013; Ding et al. 2023; Ozawa and Popa 2010b; Popa and Vaes 2014a; 2014b; Sinclair 2011].

Despite the early success of free entropy theory in establishing global structural properties of free
group factors (for instance, absence of Cartan subalgebras [Voiculescu 1996] and primeness [Ge 1998]),
solidity was still out of reach by free entropy methods. In this paper our first result is a proof of Ozawa’s
solidity theorem based on free entropy dimension techniques, which is completely different from previous
arguments. In fact, for interpolated free group factors, we strengthen the celebrated strong solidity theorem
of Ozawa and Popa [2010a, Corollary 1] using a vastly more general version of the normalizer. A first
example is the 1-sided quasinormalizer, defined in [Izumi et al. 1998; Pimsner and Popa 1986; Popa
1999] (building off of ideas in [Popa 1983b]),

n
g Ny (N) = {x € M : there exists x1, ..., X, € M such that xN C Zij}.
j=1
We also consider the wg-normalizer, defined in [Galatan and Popa 2017; loana et al. 2008; Popa 2006c;
2006b],
Ny (N) ={u € UM) : uNu* N N is diffuse}

and its cousin the very weak quasinormalizer
/\/'Avlwq (N) ={u € U(M) : there exists v € U(M) such that uNvN N is diffuse}.

Since u Nv N N is not an algebra, the phrase “uNv N N is diffuse” should be interpreted as saying that
there is a sequence of unitaries v, € u Nv N N which tend to zero weakly. We also consider the weak
intertwining space wly (Q, Q) due to Popa [2005; 2021] (we restate the definition in Definition 2.1 of
this paper). As shown in [Hayes 2018, Proposition 3.2] and Section 2.1, all of these are contained in the
anti-coarse space
Hanie(N < M) = M ker(T).
TeHomy—_n (L3(M), L2 (N)®L?(N))

Here Homy_n (L*(M), L>(N) ® L*(N) is the space of bounded, linear, N-N bimodular maps
T:L*(M)— L*(N)® L*(N).

Our next main result is a statement about the most general setting of the anti-coarse space; however, for
the reader’s sake we state it in the context of these four examples.
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Theorem 1.3. Lett > 1 and Q < L(F,) be a diffuse, amenable subalgebra. Then W* (Hnic (Q < L(F)))
remains amenable. In particular, for any

X € q'Nog)(Q UNE (@ UwlLe)(Q. Q) UNL G (Q),

we have that W*(X) is amenable.

We refer the reader to Section 4.2 for the precise definition of W*(Y) for ¥ C L?>(M). The case
X = Nirr,)(Q) in the above theorem recovers the strong solidity theorem of Ozawa and Popa [2010a,
Corollary 1] for the special case of interpolated free group factors. Theorem 1.3 is already new for r € N
for and when

X € {g' NLE)(Q), N (0), wiLE)(Q, Q). N[ i ()}

We may, in fact, deduce a further generalization of strong solidity for interpolated free group factors in an
ultraproduct framework.
Theorem 1.4. Lett € (1, 400), and let w be a free ultrafilter on N. Suppose that Q < L(F,)® is a diffuse,
amenable subalgebra. Suppose we are given Neumann subalgebras Q, defined for ordinals o satisfying

« Q0=0,

e if a is a successor ordinal, then Q, = W*(Xy, Qu—1), where

Xo © Hanti—c(Qa—l = L(l]:t))
(for example if

Xo € q' Ny (Qa—1) UNE 10(Qa1) UwiLgyo (a1, Qa—1) UNY" (Qu-1)),

e if a is a limit ordinal, then Q, = U/ka Q45T

Then, for any ordinal o we have that Q, N L(F,) is amenable. In particular, L(F,) has the following
Gamma stability property: if Q < L(F,)® and if Q' N L(F,)* is diffuse, then Q N L(F,) is amenable.

This recovers the previous Gamma stability results from [Houdayer 2015] (recovering also instances
of the results of [Ding and Kunnawalkam Elayavalli 2024; Ding et al. 2023]).

The case of the weak intertwining space itself leads to a dichotomy in terms of Popa’s deforma-
tion/rigidity theory for maximal amenable subalgebras of free group factors. We recall the fundamental
notion of intertwining introduced in [Popa 2006a; 2006¢]. If M is a finite von Neumann algebra and
P, O < M, we say that a corner of Q intertwines into P inside of M and write Q < P if there are
nonzero projections f € Q and e € P, a unital x-homomorphism ® : f Qf — ePe, and a nonzero partial

isometry v € M such that
e xv=v0(x) forall x € fOf,
« e (fOf) NFMS,
e V'V eO(fqf) NeMe.

This can be thought of intuitively as “Q can be unitarily embedded into P after cutting by a projection”.
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Theorem 1.5. Fixt > 1, and let Q and P be maximal amenable subalgebras of L(IF,). Then exactly one
of the following occurs:

(1) either there are nonzero projections e € Q, f € P and a unitary u € L(F,) such that u*(ePe)u= fQf,
(2) or, for any diffuse Qo < Q, we have that Qg X P.

In particular, if Q, P are hyperfinite subfactors of L([F;) that are maximal amenable subalgebras in L([F;),
then either they are unitarily conjugate or no corner of any diffuse subalgebra of one can be intertwined
into the other inside of L([F,).

So, given any pair P, Q of maximal amenable subalgebras of L([F;), they either have unitarily conjugate
corners or no diffuse subalgebra of QO can be “essentially conjugated” into P. The reader should compare
this with [Popa 2006a, Theorem A.1], where a similar result is shown for MASAs in any tracial von
Neumann algebra.

We close with an application to embeddings into matrix ultraproducts.

Corollary 1.6. Lett > 1, and let N < L(F,) be a nonamenable subfactor. Then there is a free ultrafilter w
and an embedding 1 : N — [],_, , Mx(C), with «(N) N[, Mi(C) =CL.

The corollary is proved as follows. The results of [Hayes 2022] and [Belinschi and Capitaine 2022;
Bordenave and Collins 2023] imply that every nonamenable N < L([F,) satisfies A(N : L(F;)) > 0, and
hence #(N) > 0; see Corollary 3.1 for details. Work of the second author shows that if #(N) > 0, then
there exists some embedding of N into a matrix ultraproduct which has trivial relative commutant [Jekel
2023, Corollary 1.3, see the statement in corrigendum].

A comment on proofs. We give a few remarks on how 1-bounded entropy is used in the paper. The first is
that, for any tracial von Neumann algebra, the 1-bounded entropy leads to a natural class of subalgebras
called Pinsker algebras. To say that P < M is Pinsker means that P is a maximal subalgebra such
that h(P : M) <0, where h(Q : N) for Q < N is the 1-bounded entropy of Q in the presence of N
defined in [Hayes 2018]. Intuitively this means two things: firstly that P has “very few” embeddings into
ultraproducts of matrices which extend to M, and that P is maximal with respect to inclusion among
algebras which have “very few” embeddings into ultraproducts of matrices which extend to M. We refer
to Section 2.3 for the precise definition of a Pinsker algebra. Given a diffuse subalgebra Q < M with
h(Q : M) <0, general properties of 1-bounded entropy show that there is a unique Pinsker algebra P < M
with Q C P. In the context of the Peterson—Thom conjecture, the unique maximal amenable extension of
a diffuse subalgebra can be identified exactly as the Pinsker algebra containing this subalgebra. Thus the
1-bounded entropy cannot only be used to solve the Peterson—Thom conjecture but also naturally identify
the maximal amenable extensions of a given amenable subalgebra.

The second remark is that, as was previously mentioned, the 1-bounded entropy enjoys several
permanence properties, which we will list in Section 2.2. For the proofs of all the theorems mentioned so
far, we will only use these permanence properties as well as the fact that the results of [Belinschi and
Capitaine 2022; Bordenave and Collins 2023; Hayes 2022] show that the Pinsker algebras in interpolated
free group factors are precisely the maximal amenable subalgebras. In particular, we never have to work
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with the precise definition of 1-bounded entropy, just these permanence properties. This tells us that
the axiomatic treatment of 1-bounded entropy via these general properties can be used to deduce many
interesting and new results on the structure of free group factors.

Organization of the paper. In Section 2.1, we recall the anti-coarse space and expand the results in [Hayes
2018, Proposition 3.2], showing that it contains several other weakenings of the normalizer. In Section 2.2,
we list the permanence properties of 1-bounded entropy we will use in this paper. For the proofs of all of
our applications of [Hayes 2022] and [Belinschi and Capitaine 2022; Bordenave and Collins 2023], we
will only use these permanence properties and not the precise definition of 1-bounded entropy, so these
properties give an axiomatic approach to most of the proofs in this paper. In Section 2.3, we recall the
notion of Pinsker algebras for 1-bounded entropy introduced in [Hayes et al. 2021b] and recast the results
of [Belinschi and Capitaine 2022; Bordenave and Collins 2023] in these terms. In Section 3, we will
explain how these results apply not just to maximal amenable subalgebras of free group factors, but also
to those of interpolated free group factors. Section 4.1 contains the proof of the coarseness conjecture,
as well as applications to maximal abelian subalgebras of free group factors. In Section 4.2, we give
several generalizations of Ozawa and Popa’s celebrated strong solidity theorem. In Section 4.3, we give a
dichotomy for intertwining between maximal amenable subalgebras of interpolated free group factors
(and more generally for Pinsker algebras in any tracial von Neumann algebra). In the Appendix, we give
the definition of 1-bounded entropy and prove that it is independent of the choice of generators (a fact
proved first implicitly in [Jung 2007, Theorem 3.2] and later explicitly in [Hayes 2018, Theorem A.9]).
Here we give a significant conceptual and technical simplification of the proof using the noncommutative
functional calculus due to the second author.

2. Preliminaries

2.1. The anti-coarse space. For an inclusion N < M of tracial von Neumann algebras, we let

Hantie(N < M) = N ker(T),
TeHomy_y(L2(M),L2(N)®L2(N))

where Homy _n (L2(M), L>(N) ® L*(N) is the space of bounded, linear, N-N bimodular maps
T:L*(M)— L*(N)® L*(N).

It is shown in [Hayes 2018, Proposition 3.2] that this contains the following generalizations of the
normalizer of N < M:

n
qu\/M(N) = {x € M : there exists x1, ..., x, € M such that x N C Zij},
j=1
Nyt (N) ={u € UM) : uNu* N N is diffuse}.
We recall the following definition, due to Popa [2005; 2021] (see also [Galatan and Popa 2017; Ioana
et al. 2008; Popa 2006b] for related concepts).
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Definition 2.1 [Popa 2021, Definition 2.6.1]. Let (M, t) be a tracial von Neumann algebra. For O, P <M
diffuse, we define the intertwining space from Q to P inside M, denoted by I;(Q, P), to be the set of
& € L*>(M) such that

span{aéb:a e Q,b P}”'”2
has finite dimension as a right P-module. We define the weak intertwining space from Q to P inside M
by
wiv(Q, P)= |  Iu(Qo, P).

Q0<Q diffuse
The following is a well-known result due to [Popa 2021, Proposition 2.6.3], but we include the proof

for completeness.

Proposition 2.2. Let (M, t) be a tracial von Neumann algebra. For Q < M diffuse, we have

wly(Q, 0) € Hanti-c(Q < M).
Proof. Fix Qg < Q diffuse. It suffices to show that

(In(Q0, O 2 Hamiic(Q < M)

It is a folklore result that Hani.c(Q < M)* can be embedded into an infinite direct sum of L?(Q) ® L*(Q)
as a Q-0 bimodule (see, e.g., [Hayes 2018, Proposition 3.3] for a complete proof). Since Qy is diffuse,
we can find a sequence u, € U(Qo) which tend to zero weakly. We leave it as an exercise to check that,
forall £, n € L>(Q) ® L*(Q), we have

lim  sup [(ux§y,n)|=0= lim  sup [(y&un,n)|

0 yeQyl<l "0 yeQilyl<1
(to prove this one can, for instance, check it on simple tensors and then conclude using linearity and
density). Since Hanc(Q <M ) embeds into an infinite direct sum of L2(Q)®L?*(Q) as a Q- Q bimodule,
it follows that, for all £, n € Hani-c(Q < M)L, we have

lim — sup  [(up&y,n)[=0= lim  sup |{y§un,n)|.

n—oo n—oo

. yeQ:lyll=1 yeQ:lyl=l
Since
sup  [(un&y, )| = B uné)ll1,
yeQ:lyll=1
we have
0= lim [[Eg(n*us&)l1.
n—oo
So [Popa 2019, Theorem 1.3.2] implies that Hapio(Q < M)+ C I3(Qo, Q)*, as desired. O

To further illustrate the generality of the anti-coarse space, we show that it contains the following very
weak normalizer of (N C M):

Ny H(N) = {u € U(M) : there exists v € U(M) such that uNvN N is diffuse}.

Here by “diffuse” we mean that u Nv N N contains a sequence (¢, ),en oOf unitaries with u, — 0 in WOT
as n — oo.
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Proposition 2.3. Let (M, 1) be a tracial von Neumann algebra. For N < M diffuse, we have
N]\qu (N) € Hantie (N = M).

Proof. The argument proceeds exactly as in [Hayes 2018, proof of Proposition 3.2], but we include it for

the reader’s convenience. Let u € N, Al,l;qv(N ). By definition, it suffices to show that, for every

T € Homy_n(L2(M), L*(N) ® L3(N)),

we have T'(u) =0. Let v € U(M) and u,, € U(N) NuNv be such that u,, — VT 0. Write

n—o0
wp = uu,v* € UN)
and observe that w, — 0 in WOT. Then, using that T is N-N bimodular and that u,, w, € U(N),
IT @3 = IT @wal3 = (T @Wwn, T@w,) = (T @wy, T (uw,))
= (T(u)wna T(unv*» = (u:T(u)wn, T<v*)>

Since u* — YOl 0 and w, — W91 0, it follows as in Proposition 2.2 that (u*&w,, n) — 0 0 for all
£, neL*(N)®L*N). Taking limits as n — oo above thus shows that T (1) = 0. [

2.2. 1-bounded entropy. One of the main ideas going into the proof of the Peterson—Thom conjecture
is the 1-bounded entropy A of a tracial von Neumann algebra, a numerical invariant which appeared
implicitly in [Jung 2007] and was made explicit by the first author in [Hayes 2018]. We will need the
more general notion of 1-bounded entropy in the presence, which is defined for inclusions N < M of
tracial von Neumann algebras and is denoted by A (N : M). For detailed expositions and recent work on
this topic, see [Charlesworth et al. 2023; Chifan et al. 2023; Hayes et al. 2021a; 2021b; 2024; Jekel 2023;
Kunnawalkam Elayavalli 2023].

For the applications in this paper, we will not need to use the definition of % directly, only the properties
listed below. We include the precise definition of 4 in the Appendix, along with a streamlined proof that
the definition is independent of the choice of the generating sets for the von Neumann algebras. The
name “1-bounded entropy” derives from the following result, connecting the 1-bounded entropy to the
strong 1-boundedness of Jung [2007] .

Theorem 2.4 [Hayes 2018, Proposition A.16]. A tracial von Neumann algebra M is strongly 1-bounded
(in the sense of [Jung 2007]) if and only if M is finitely generated and diffuse and satisfies h(M) < oo.

For this reason, we say that any tracial von Neumann algebra (M, ) (even if M is not finitely generated
or diffuse) is strongly 1-bounded if h(M) < 4o0.

Let (M, ) be a tracial von Neumann algebra. The 1-bounded entropy in the presence enjoys the
following properties:

(P1) h(M) = h(M : M) for every tracial von Neumann algebra (M, 7).

(P2) Suppose N < M. Then h(N : M) > 0 if M embeds into an ultrapower of R, and h(N : M) = —o0
if M does not embed into an ultrapower of R. (We leave this as an exercise.)

(P3) h(N;: My) <h(Ny: M) if Ny < Ny < M, < M. (We leave this as an exercise.)
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(P4) h(N : M) <0if N <M and N is hyperfinite. (We leave this as an exercise.)

(P5) h(M) = oo if M is diffuse, and M = W*(xy, ..., x,), where x; € Mg, forall 1 < j <n and
do(x1, ..., x,) > 1. For example, this applies to M = L([F,) for n > 1 because of [Voiculescu
1994; 1996] together with Theorem 2.4 and [Jung 2007, Corollary 3.5].

(P6) h(N1V Ny : M) <h(Ny: M)+ h(N,: M) if N, N, < M and N; N N, is diffuse. (See [Hayes
2018, Lemma A.12].)

(P7) Suppose that (Ny), is an increasing chain of diffuse von Neumann subalgebras of a von Neumann
algebra M. Then

h(\/ Na:M) = sup h(Ny : M).

(See [Hayes 2018, Lemma A.10].)
(P8) h(N :M)=h(N : M?) if w is a free ultrafilter on an infinite set. (See [Hayes 2018, Proposition 4.5].)
P9) h(W*(Hantie(N < M)): M) =h(N : M) if N < M is diffuse. (See [Hayes 2018, Theorem 3.8].
See also Section 4.2 for the definition of W*(Y) for Y € L*(M).)
(P10) Let I be a countable set and M = @ie ; M; with M; diffuse for all i. Suppose that 7 is a faithful

trace on M and that A; is the trace of the identity on M;. Endow M; with the trace 7; = | /A;.
Fix N; < M; for alli € I. Then

h(N : M, 1) <Y Ah(N; : M;, 7).

1

(See the proof of [Hayes 2018, Proposition A.13 (i)].)

(P11) If z € Proj(Z(M)), N <M, and h(N : M) <0, then h(Nz: Mz) <0. (See [Hayes et al. 2021a,
Lemma 4.2].)

(P12) h(pNp : pMp) = (1/t(p)®>)h(N : M) if N < M is diffuse, p is a nonzero projection in N, and
M is a factor. (This follows from modifying the proofs of [Hayes 2018, Proposition A.13 (ii)] and
[Hayes et al. 2021a, Proposition 4.6].)

2.3. Pinsker algebras.

Definition 2.5. Let (M, ) be a tracial von Neumann algebra. We say that P < M is Pinsker if h(P: M) <0
and, for any P < Q < M with P # Q, we have h(Q : M) > 0.

By properties (P6) and (P7), if O < M is diffuse and 2(Q : M) < 0, then there is a unique Pinsker
algebra P < M with Q C P. E.g.,
P= \/ N.

N<M,N2Q,h(N:M)<0

We call P the Pinsker algebra of Q € M. By [Hayes 2022] and the recent breakthrough result in
[Belinschi and Capitaine 2022] and [Bordenave and Collins 2023], we have the following classification
of Pinsker subalgebras of free group factors.
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Theorem 2.6. Fixr € NU {oo}. Then
(1) Q < L(F,) is amenable if and only if h(Q : L(F,)) =0,
(i) P < L(F,) is Pinsker if and only if it is maximal amenable.

As remarked in [Hayes et al. 2021b], we may think of 1-bounded entropy as analogous to the
Kolmogorov—Sinai entropy in the context of probability measure-preserving actions of groups. Entropy
for probability measure-preserving actions of groups was first developed in the case of Z by [Kolmogorov
1958; Sinai 1959], for amenable groups in [Kieffer 1975; Ornstein and Weiss 1987], and then for
sofic groups in [Bowen 2010; Kerr and Li 2011]. See also [Seward 2019] for a potential approach to
entropy for arbitrary acting groups, called Rokhlin entropy. A probability measure-preserving action
G (X, ) with G sofic is said to have complete positive entropy if every nontrivial quotient probability
measure-preserving quotient action has positive entropy. Dually, this is equivalent to saying that if B
is a G-invariant von Neumann subalgebra B of L°°(X, u) with B # C1, then the action of G on B has
positive entropy.

Motivated by the sofic entropy case, one could naively define a tracial von Neumann algebra (M, 1) to
have completely positive 1-bounded entropy if any nontrivial subalgebra has positive 1-bounded entropy.
However, this will never be satisfied, as any hyperfinite subalgebra will have vanishing 1-bounded entropy.
Thus any tracial von Neumann algebra will have many subalgebras with vanishing 1-bounded entropy
(these subalgebras can be chosen to be diffuse if M is). Instead, we should think of a result saying that
the only subalgebras with vanishing 1-bounded entropy are ones that can be quickly deduced to vanishing
have 1-bounded entropy from the properties (P1)—(P12) listed above (e.g., hyperfinite algebras, property
Gamma algebras, nonprime algebras, algebras with a Cartan, etc.) as a complete positive entropy result.
We may thus think of Theorem 2.6 as a complete positive entropy result for 1-bounded entropy. Since free
group factors may be thought of as the free probability analogue of Bernoulli shifts (e.g., because L([Foo)
is the crossed product algebra associated to a free Bernoulli shift), Theorem 2.6 should be compared with
previous results establishing complete positive entropy of Bernoulli shifts (see [Kerr 2014; Rudolph and
Weiss 2000]).

As discussed in [de Santiago et al. 2021, Section 5], Pinsker algebras of measure-preserving dynamical
systems are analogous to the maximal rigid subalgebras of s-malleable deformations in that work. This
allows for an exchange of ideas and methods between deformation/rigidity theory, free probability theory,
and ergodic theory. This will be exploited in Section 4.3, where we adapt arguments in the aforementioned
work to show that Pinsker algebras do not have any weak intertwiners between them unless they have
corners which are unitarily conjugate.

3. Pinsker algebras of interpolated free group factors

As mentioned before, the combined results of [Hayes 2022] and [Belinschi and Capitaine 2022; Bordenave
and Collins 2023] prove that, for r € N, we have that Q < L([,) is amenable if and only if 2(Q : L([F,)) =0.
The main goal of this section is to explain how this automatically generalizes to interpolated free group
factors.
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Corollary 3.1. Fixt > 1. Then Q < L(F,) is amenable if and only if h(Q : L(F,)) =0.
By rephrasing the above corollary we obtain the following.
Corollary 3.2. Fixt > 1. Let P < L(F,). Then P < L(IF,) is Pinsker if and only if P is maximal amenable.

In order to obtain this result, we will study the relationship between Pinsker algebras and compression.
First, we generalize property (P12) to the case where M is not a factor.

Lemma 3.3. Let (M, t) be a tracial von Neumann algebra and P < M. If h(P : M) <0, then, for every
projection p € P, we have that h(pPp : pMp) <0.

Proof. By decomposing the center of M into atomic and diffuse pieces, we can find a central projection
z0 € M (potentially zero), a countable set I (potentially empty), and central projections (z;);<; such that

e l=z0+) 7,
« in the case zo # 0, we have that Mz, has diffuse center,

e Mz; is a factor for all i € 1.

Fori e {0}UI, let P, = (pPp)z; (even though z; may not be in P, we still have that P; is a von Neumann
subalgebra of M as z; is central). Set P = > PiWOT. Then, by (P3) and (P10),

h(pPp: pMp) <h(P : pMp) < t(pz0)°h(Po: (pMp)zo) + Y _ t(pzi)*h(Pi : (pMp)z:)

1

< (p20)*h((pMp)z0) + Y T(pzi)*h(Pi : (pMp)z;). (1)

L
So it suffices to show each term on the right-hand side of this inequality is nonpositive.

We first show that 7(pzo)?h((pMp)zo) < 0. If pzo = 0, the claim is true. Otherwise, since M has
diffuse center and Z(pMp) = pZ(M)p), we have that (p M p)zo has diffuse center. Thus (pMp)zo =
W*(N(pmpyzo(PZ (M) pzp)), and so the combination of properties (P4) and (P9) implies 2 ((pMp)zo) <O0.

Now consider h(P; : (pMp)z;) fori € I. By property (P11), we know that

h(Pz;:Mzj) <0

for all i € I. Thus, by property (P12), we have that

1
h(P; : (pMp)zi) = ———=h(Pz; : Mz;) < 0.
t(pzi)
Thus we have shown that all terms on the right-hand side of (1) are nonpositive, and this completes
the proof. (Il

We now show that being a Pinsker algebra is preserved under taking corners and amplifications.
Proposition 3.4. Let (M, t) be a tracial von Neumann algebra, and suppose that P < M is Pinsker. Then
(1) we have Z(M) C P,
(1) for any nonzero projection p € P, we have that p Pp is a Pinsker subalgebra of pMp,
(iii) for any n € N, we have that M, (P) is a Pinsker subalgebra of M,(M).
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Proof. (i) Note that Z(M) Vv P € W*(Ny(P)), and thus, by (P9),
h(Z(IM)vV P :M)<h(P:M)=0,
and so P being Pinsker forces Z(M)Vv P C P. Thatis, Z(M) C P.

(i1) Let z be the central support of p € M. Then, by (i), we know that z is under the central support
of p in P. So there exists a collection {v;};c; of nonzero partial isometries in P such that v/v; < p
andz=) ;v v’. Set p; = v}v;. We may, and will, assume that there is some io such that v;; = p. By
Lemma 3.3, h(pPp : pMp) <0, and so there exists a Pinsker subalgebra Q of pMp containing p Pp.

Set
WOT

0=0+ Z v;vf Pv;vf
iel\{io}
Thus, by (P10),

R WOT
h(Q:M)fh(Q:pMp+ Z v; v Mv; v} )

iel\fio}
2 . 12 * * . * *
<t(p)*h(Q: pMp)—+ Z T(v;v;) h(v;v; Pv;v; @ vjv; Mv;v;")
iel\{io}
< Z r(viv?‘)zh(viv;‘Pvivf:viv;kaivf‘).

iel\{io}

For all i € I, we have that x > v;xv] gives a trace-preserving isomorphism from p; Mp; to v;v; Mv; v’

1°

which takes p; Pp; to v;v Pv;v;. Hence, for all i € I,
h(viv;“Pviv;k : viv;"Mv,-v;k) = h(piPpl' : piMpi) < 0

by Lemma 3.3. Altogether we have shown that h(Q : M) < 0. Note that
A WOT
ONP2pPp+ Y  wivfPvvi
i€l\{io)
which is diffuse. Hence, by property (P6), we have that h(Q VvV P : M) <0, and, by maximality, we have
that Q Vv P C P. It follows that Q C P.So

Q=pQpC<pPp.

(iii) Consider M < M, (M) by identifying it with M ® 1 < M @ M,,(C) = M,,(M). Under this identification,
N,y (P) D UM, (C)) UU(P), so W*(Nuy,m)(P)) D M,(P). Thus, by properties (P9) and (P3),

h(My(P) : My(M)) < h(P : M,(M)) <h(P: M) <0.

So we can let Q be the Pinsker algebra of M, (M) containing M, (P). Let e;; be the standard matrix
units of M, (C) viewed as elements of M, (M). Then, by (ii), we have that e;; Qe;; = P. But then, for all
x € O, we have that

X = Ze;[xejj = Ze,-lellxellelj € M,(P).

iJ iJ
So Q < M, (P). U
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Proof of Corollary 3.1. The forward implication is (P4) of the main properties of 1-bounded entropy we
listed above. For the reverse implication, suppose for the sake of contradiction that Q is not amenable.
Then by Connes—Haagerup characterization of amenability (see Lemma 2.2 in [Haagerup 1985]), there is
a projection p € Z(Q) and uy, ..., u, € U(Qp) such that

1 ¢ }
H ; Z u; ® u;

j=1

<1,

where u; = (uj)"p and the norm is computed in Op Qmin Op. Let P < pL(F;) p be the Pinsker algebra
of L(F;) which contains Q. By fundamental results of Dykema and Rédulescu (see [Dykema 1994;
Radulescu 1994]), we may choose s > 0 such that (pL(F,)p)* = L(F,). Fix an integer n > s, and let g
be a projection in M, (P) such that Tr ®7(q) = 5. Observe that

r

1 -
H;Z(]n®uj)®ln®uj
j=1

<1,

where 1, is the identity of M, (C). Hence, it follows that M, (P) also has no nonzero amenable direct
summands. We leave it as an exercise to show that this implies that M,,(P) has no nonzero amenable
corners. By Proposition 3.4, we know that

qM,(P)q < qM,(pL(F)p)g = L(F2)
is Pinsker. It follows from Theorem 2.6 that g M, (P)q is amenable. This contradicts our previous
observation that M,,(P) has no nonzero amenable corners. U
4. Main results

4.1. Orthocomplement bimodule structure for maximal amenable subalgebras. We start with the
following consequence of Theorem 2.6 on the structure of the orthocomplement bimodule for any
maximal amenable P < L([F,). Note that this verifies the coarseness conjecture, independently due to the
first author [Hayes 2018, Conjecture 1.12] and Popa [2021, Conjecture 5.2].

Corollary 4.1. Let M = L(F,) for some t > 1. For any maximal amenable P < L(F;), we have that
p(LA(M)© LA(P)p < [L*(P) ® L*(P)]®*.

Proof. As noted in Proposition 2.2, we have that Hap.. (P < M )L embeds into [L?(P) @ L?>(P)]®™ as a
P-P bimodule. Since P is Pinsker by Theorem 2.6, property (P9) implies that

Hanti-c(P < M) = L*(P).
Thus,
L*(M) © L*(P) = Hanic (P < M)™*

embeds into [L2(P) ® L*>(P)]®*. O
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Suppose (M, T) is a tracial von Neumann algebra and A < M is a maximal abelian *-subalgebra.
Write A = L*°(X, u) for some compact Hausdorff space X and some Borel probability measure @ on X.
Let 7 : C(X)® C(X) — B(L?>(M) & L?*(A)) be as in the definition of the left/right measure given in the
introduction. Note that if v is a left/right measure and if ¢ : C(X) ® C(X) — L*°(X x X, v) is the map
sending an element of C(X) ® C(X) = C(X x X) to its L°°(v)-equivalence class, then there is a unique
normal *-isomorphism p : L*(X x X, v) > 7(C(X) ® C(X))SOT such that 7 = p o ¢.

Corollary 4.2. Let M = L(F,) for some t > 1. Suppose that A < M is abelian and a maximal amenable
subalgebra of M. Write A= L*°(X, ) for some compact metrizable space X and some Borel probability
measure (L on X. Then the left/right measure of A < M is absolutely continuous with respect to u @ (.

Proof. Let E : X x X — Proj (L*(M) © L?*(A)) be the spectral measure corresponding to the representa-
tion 7w defined as in the paragraph before Corollary 4.2. For a bounded, Borel map ¢ : X x X — C, we let

fr<¢>=/¢dE.

By Corollary 4.1, we know that L?(M) & L?(A) embeds into an infinite direct sum of L?(A) ® L2(A) as
an A-A bimodule. Thus, for any vector & € L2(M) © L*(A), we may find a sequence (k,), € L>(X x X)
such that Y, [ Ilk,|I3 < 400 and

r@%.8) = Y (@hak) = 3 [ [ 60kt 9P dio) daty) forall g € CCX x ).

n

Set K = Zn |kn|2. Then, for every bounded, Borel ¢ : X x X — C, we have

(ﬁ(aﬁ)S,S):/ ¢(x, MK (x, y)dp(x) du(y).
In particular, if B C C is Borel and (1x ® w)(B) = 0, then
I7% (1)E113 = (7 (18)€,§) =0,

the first equality holding as 7 (1p) is a projection. Since this holds for every & € L*(M) o L%(A), we
see that E(B) = 7w (15) = 0. So we have shown that E is absolutely continuous with respect to u ® . [

4.2. Generalizations of strong solidity. Throughout this section, we will be interested in properties of
W*(Hanic(Q < M)) for an inclusion Q < M of tracial von Neumann algebras. Since Hanii(Q < M)
is a subset of LZ(M) and not of M, we need to explain what we mean by W*(Hynic (Q < M)). Every
£ € L>(M) may be identified with the densely defined, closed, unbounded operator Lg on L?(M); this Lg
is the closure of the operator Lg which has dorn(Lg) = M and is defined by Lg(x) =&x forallx e M.
For & € L?(M), we let Ls = Vg|L¢| be its polar decomposition. For X C L*(M), we then define

W X) =W*({Ve : £ €e X}U{@(ILg]) : £ € X, ¢ : [0, 00) — C is bounded and Borel}).

Throughout this section, given a tracial von Neumann algebra (M, t), we view M < M® by identifying
it with the image of the constant sequences.



1820 BEN HAYES, DAVID JEKEL AND SRIVATSAV KUNNAWALKAM ELAYAVALLI

Definition 4.3. Let (M, 7) be a tracial von Neumann algebra. For a free ultrafilter v € BN\ N, we say
that M is w-strongly solid if W* (N« (Q)) N M is amenable for all diffuse, amenable Q < M®. We say
that M is ultrasolid if it is w-strongly solid for every free ultrafilter w. We say that M is spectrally solid if,
for any diffuse, amenable Q < M, we have that W* (H,ni.c(Q < M)) is amenable. Given a free ultrafilter
w € BN\ N, we say that M is spectrally w-solid if, for any diffuse, amenable O < M“, we have that
W*(Hantic (Q < M®)) N M is amenable. We say that M is spectrally ultrasolid if it is spectrally w-solid
for every free ultrafilter w.

Corollary 4.4. Fixt > 1.
(1) L(F;) is spectrally ultrasolid.
(i) If Q < L(F,), w € BN\ N is a free ultrafilter and Q' N L(F,)® is diffuse, then Q is amenable.
Proof. For notational simplicity, set M = L([F;).
(i) Fix w € BN\ N. Let Q < M® be diffuse and amenable. Then, by properties (P8), (P3), (P9), and (P4),
h(W* (Hanti-c(Q < M) N M : M) = h(W* (Hanic(Q < M®))NM : M?)
< h(W*(Hanie(Q < M?)) : M®) = h(Q : M) <0.

So h(W* (Hanti-c(Q < M®))NM : M) <0, which implies (Corollary 3.2) that W*(Hanii.c (Q < M®)NM

is amenable.

(ii) Fix A < Q' N M? diffuse and abelian. Then Q < W*(Nye(A)) < W*(Hanti-c (A < M®)), and the
result this follows from (i). O

In particular, Corollary 4.4 and Proposition 2.2 imply that if P < L(F;) is a maximal amenable
subalgebra, then wiy ¢, (P, P) C L*(P), and so P is strongly malnormal in the sense of [Popa 2021].

We can take several iterations of this procedure in the ultraproduct setting and it will still have amenable
intersection with the diagonal copy of L(F,).

Corollary 4.5. Fix t > 1 and a free ultrafilter o € BN\ N. Suppose that Q < L(F,)* is diffuse and
amenable. Suppose we are given von Neumann subalgebras Q. defined for ordinals « which satisfy the
following properties:

s Oo=0.
o If a is a successor ordinal, then Qy_1 < Oy < W*(Hantice (Qu—1 < L(F)?)).
o If a is a limit ordinal, then Q, = Uﬂ<a Q,gSOT.
Then, for any ordinal o, we have that Qo N L(F;) is amenable.
Proof. One applies properties (P8), (P3), (P9), (P7), and transfinite induction to see that
h(Qq : L(F)?) =0
for any «. It then follows by property (P8) that
h(Qu NL(F,) : L(F) =h(Qo NL(F,) : L(F)®) =h(Qu NL(F,) : L(F)?®) < h(Qq : L(F)”) =0.

The corollary now follows from Theorem 2.6. ]
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Corollary 4.6. Fixt > 1. Then L(F,) has the following Gamma stability property. Fix a free ultrafilter
w € BN\N. If Q < L(F,)® and Q' N L(F,)* is diffuse, then Q N L(F,) is amenable.

Proof. Fix A < Q' N L(F,)® diffuse and abelian. Note that
Q < W*NLE)»(A) < W*(Hanic (A < L(F)?)).

Applying Corollary 4.4 with Qg=A and Q, = OV A forall @ > 1, we see that ONL(F;) <(AvV Q)NL(F,)
is amenable. 0

4.3. Intertwining properties for Pinsker algebras. In this section, we explore how Pinsker algebras
behave with respect to intertwining properties in the sense of [Popa 2006a; 2006c].

Theorem 4.7. Let (M, t) be a tracial von Neumann algebra, and let P, Q < M be Pinsker. Then exactly
one of the following occurs:

o cither there are nonzero projections e € P, f € Q and a unitary u € U(M) such thatu(e Pe)u™= fQf,
« orwly(Q, P)={0}
Proof. Suppose that wily (Q, P) # {0}, so there is a diffuse Q¢ < Q with Qg < P. This means there are

nonzero projections fy € Qp, eg € P, a unital x-homomorphism ® : fy Qg fo — eoPeg, and a nonzero
partial isometry v € M such that

e xv =00 (x) forall x € fyQ0 fo,

« v* € (foQofo) N foMfo,
« Vv € O(foQ0f0) NeoMeo.
By property (P9), we have

h(W* N poms, (foQofo) = foMfo) <h(foQfo: foMfo) <0,

and since foQfo < foMfy is Pinsker by Proposition 3.4, we know that Ny 7, (fo Qo fo) € U(foQfo).
Similarly, Neyare, (€0 Peo) = U(eg Pep). It then follows as in [de Santiago et al. 2021, Theorem 6.8] that
f=vv*e Qande=v*v e P.

Since f € Q, we have that v*(f Qf)v is a subalgebra of eMe. Moreover, conjugation by v implements
an isomorphism between the inclusion f Qf < fM f and the inclusion v*(f Qf)v < eMe, which implies
that 2(v*(f Of)v : eMe) < 0. Moreover,

v (fOQf)vNePe 2 eO(foQfo).

Since O ( fpQfo) is the image of a diffuse subalgebra under a normal *-homomorphism, it follows that
it is diffuse. Since ePe is Pinsker by Proposition 3.4 (ii) and Z(v*(f Qf)v : eMe) < 0O, this forces
v*(f OQf)v = ePe by property (P6). Since M is finite, there is a unitary u € U(M) such that fu = v.
Then u*(f Qf)u = ePe, as desired. O

In the case where P and Q are factors, the first option in the dichotomy can be strengthened to saying
that P and Q are unitarily conjugate.
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Corollary 4.8. Let (M, t) be a tracial von Neumann algebra. Let P and Q be Pinsker subalgebras of M
such that P and Q are factors. Then, either P and Q are unitarily conjugate, or wly (P, Q) = 0.

This follows from the general fact that if M is a tracial von Neumann algebra and P and Q < M are
factors with unitarily conjugate corners, then they are unitarily conjugate. This is a folklore result and we
include the proof here for completeness.

Proposition 4.9. If Q, P are subalgebras of a tracial von Neumann algebra (M, T) with unitarily
conjugate corners and if P, Q are factors, then P, Q are unitarily conjugate.
Proof. Choose nonzero projections p € P, ¢ € Q and a unitary partial isometry v € M, with v*v = p,
vv* = ¢, and

vPv* =¢Qq.
Since P is a factor, we may shrink p, g if necessary to assume that 7(p) = 1/n for some integer n.
Choose projections py, ..., p, in P which are pairwise orthogonal with 7(p;) = 1/n for all j and with

p1 = p. Choose analogous projections q1, ..., g, in Q with g =¢q. Since P, Q are factors for 2 < j <n,
we may choose partial isometries a;, bj in P, Q such that aa; = p, a;jai = p;, bibj =q, b;jb; =g,

u= E biva’.
i

Then u is a unitary, and if x € P, then u(aia;“xajaj)u* € Qforall 1 <i, j <n. Using that any x € P is

and set a; = p, b; = ¢q. Finally, let

equal to Zi,j aia;kxajaj?, we see that u Pu* C Q. By a symmetric argument, u*Qu C P. O
The combination of the above results allows us to deduce Theorem 1.5 as follows.

Proof of Theorem 1.5. The fact that either (1) or (2) of Theorem 1.5 holds follows from Theorems 4.7

and 2.6. The “in particular” part follows from Corollary 4.8 and Theorem 2.6. (]

Example 4.10. Dykema [1993] implies that L([F;) = L°°[0, 1] *R. By Popa [1983a], L*>°[0, 1] and R

are maximal amenable subalgebras in L([F;). Hence, they are Pinsker subalgebras by Theorem 2.6.

(Alternatively, [Hayes et al. 2021b] shows directly that they are Pinsker subalgebras.) Therefore, given any

automorphism ¢ of L([F;), by Theorem 4.7, L°°[0, 1] and ¢(R) in L([,) either have zero intertwiners or
have unitarily conjugate corners. They do not have isomorphic corners; therefore w1 (L*°[0, 1], ¢ (R)) =0.

Since the free product of any two amenable separable tracial von Neumann algebras is L(F,), we can
generalize this example quite a bit. To handle these more general examples, we want a strengthening of
Theorem 4.7 along the lines of Corollary 4.8 that does not assume that P and Q are factors. First, we use
a maximality argument to make the projection e in Theorem 4.7 as large as possible.

Theorem 4.11. Let (M, T) be a tracial von Neumann algebra, and let P, Q < M be Pinsker subalgebras.
There exist projections e € P and [ € Q and a partial isometry v € M from e to f such that

(1) v(ePeyv*™ = fOf,
(2) if e # 1 and u is a unitary such that v = ue = fu, then

wla-pua-p(1=HOA =, u(l —e)P(1 —e)u™) =0.
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Proof. Step 1: We show that there exists a choice of e and f satisfying (1) that is maximal, in the sense
that no strictly larger projections satisfy (1). To this end, we will apply Zorn’s lemma to the set of
triples (e, f, v), where e € P and f € Q are projections and v is a partial isometry from e to f such that
v(ePe)v* = fQf. The partial order on this set will be given by (e, f,v) < (¢, f',v)ife<e, f < f,
and fv'e = v. Note that fv'e = v implies that e = v*v = e(v')* fv’e, which in turn implies

Ve —v> =e+e(@) v'e —2Re(e(v))*v) = e+ e(v')*v'e — 2Re(e(v))* fv'e) = e(v)) Ve —e < 0.

So v'e = v and similarly fv’ = v. One checks readily that the above order is a partial order. So it
remains to show that every increasing chain {(ey, fu, Vo)}aecr has an upper bound. Let e = sup,, e, and
f =sup, f«. Note that, for « < 8, we have

Vg — Uy = Vgep — Uy = vﬁ(eﬁ — ea),

using our previous observation that @ < 8 implies v, = vge,. Since e, converges to e, it follows that
(eq)aer 1s Cauchy in L?(M); this in turn implies that (vyq)qes is Cauchy in L?*(M) and hence converges
to some v € L2(M). This v is necessarily also a partial isometry, and v, = f,ve,. Moreover, we have
v(ePe)v* C fQf because, for each x € P, we have v(eyxey)v* = vy (eqxe )y € fu Ofa S fOf. So
taking the limit over «, we get v(exe)v* € fQf. The same reasoning shows that v* f Qfv C e Pe, and
hence v(ePe)v* = fQf. Hence, by Zorn’s lemma, there exists a maximal choice of ¢, f, and v.

Step 2: Now we will apply Theorem 4.7 to show that the maximal e, f, and v satisfy (2). Let u be a

unitary such that v = ue = fu. Suppose for contradiction that

wia-pua-pn((L=HOA = f),u(l —e)P(1 —e)u™) # {0}.
By Proposition 3.4 (ii), (1 — f)Q(1 — f) is Pinsker in (1 — f)M (1 — f). Note u Pu* is Pinsker in M,
and hence (1 — f)uPu*(1 — f) =u(l —e)P(1 —e)u™* is Pinsker in (1 — f)M (1 — f). By Theorem 4.7,
win-pnma-n (1= QA = f),u(l —e)P(1 —e)u”) # {0}

implies that there exist projections ¢y € u(1 —e)P(1 —e)u™ and fy € (1 — f)Q(1 — f) and a partial
isometry vy from eg to fy that conjugates egu(l — e) P(1 — e)u*eg to fo(1 — f)OQ( — f) fo. Write
e’ = u*eopu, so that ¢’ is a projection in P with ¢’ < 1 —e. Let ' = fp, which is a projection in Q with
f'<1— f.Let v = vou, which is a partial isometry in M sending ¢’ to f’. Then

v'e' Pe' (V)" = vpeou(l —e) P(1 — e)u*eqvy = fo(l— /O — ) fo= fOf".

By Proposition 3.4 (ii), (f + f)Q(f + f') is Pinsker in (f + f)M(f + f'), and (e + € )P(e + ) is
Pinsker in (e + e’ )M (e + ¢'), so that

(w+v)e+e)Ple+e)w+v) =+ fH+ )P +V)(f+ f)

is Pinskerin (f+ fYM(f + f). Now (f + f)Q(f + f/) and (v+v')(e+¢€')P(e+¢€')(v+v')* contain
the common diffuse subalgebra

fOf®fOf =@+v)lePed®e Pe'l(v+v)*.
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Since (f+ ) O(f+ f') and (v+v')(e+e')P(e+e')(v+v')* are both Pinskerin (f+ f)Q(f + f') and
intersect diffusely, they must be equal. This contradicts the maximality of (e, f, v) and thus establishes

that wi—pyma—pn (1= fHOU = f),u(l —e) P(1 —e)u*) = {0}. U

Theorem 4.11 implies the following corollary about projections in the Pinsker algebras P and Q. Note
that, in the case where P and Q are both factors, (2) below reduces to saying e is either O or 1, which
yields Corollary 4.8. Thus, the following corollary can be understood as a generalization of Corollary 4.8.

Corollary 4.12. Let P and Q be Pinsker subalgebras of a tracial von Neumann algebra (M, 7). Let e, f,
and v be as in the previous theorem. Then the following hold:

(1) Letey,ep € Pwithey <1—e, ey <e,and e| ~p e). Let f| and f, satisfy the analogous conditions
for Q and f. Then vev* A f> = 0.

(2) In particular, if Q is a factor, then e is central in P.

Proof. (1) Suppose ej, e, € P withe; <1 —e, ey <e,and e] ~p e;. Let f1 and f, satisfy the analogous
conditions for Q and f. Suppose for contradiction that ve,v* A fo # 0. Let f; = vesv* A fo. Let f] be
the corresponding subprojection of fi. Let €5 = v* fjv, and let ¢ be the corresponding subprojection
of e;. Then €| Pe| is unitarily conjugate to ¢} Pe), using the partial isometry that transforms e to e», and
similarly f{Qf/ is unitarily conjugate to f;Qf;, and e}, Pé), is unitarily conjugate to f, Qf, using v. This
implies that

wli—pua-p((1=HOU = f),v(l —e)P(1 —e)v*) # {0}
(or alternatively, it directly contradicts the maximality in Step 2 of the previous proof).

(2) Suppose Q is a factor, and assume for contradiction that e is not central in P. Then there must exist
some projections ej, e; € P withe; <1 —e, e <e, and e] ~p e;. Because Q is a factor, there exist
projections f; and f> satisfying the analogous conditions for Q and f and with f, = ve,v*. Hence, we
get a contradiction from (1). U

Example 4.13. Dykema [1993, Theorem 4.6] showed that if A and B are SOT-separable diffuse amenable
tracial von Neumann algebras, then A x B = L([F;). Taking two such pairs, there is an isomorphism
o: Ay x By — Ay*x By = M; let « be any such isomorphism. Note that A} and A, are Pinsker subalgebras
by [Hayes et al. 2021b], and hence Theorem 4.7 applies to A; and A».

o In particular, suppose that A =R and A, = R. Then either «(A;) and A, are unitarily conjugate,
or wiy (Az, a(Ay)) = {0}.
e Suppose that A = R P R and A, = R. Then the projection e from Theorem 4.11 must be central

in A1, and hence there are only four possible choices of e, resulting in a tetrachotomy.

 Generalizing Example 4.10, suppose A} = L*°[0, 1] and A, = R. Then, for any nonzero projections
eca(Ay) and f € A,, the von Neumann algebras ex(Aj)e and f A, f are not isomorphic. Hence
the projection e in Theorem 4.11 must be zero, and hence wl (A, (A1) = {0}.
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Appendix: Invariance of 1-bounded entropy via noncommutative functional calculus

A.1. Microstate spaces and definition of h. Here we recall definitions of the space of noncommutative
laws. Let C(t; : i € I) be the algebra of noncommutative complex polynomials in (#;);c; (i.e., the free
C-algebra on the set 7). We give C(z; : i € I) the unique *-algebra structure which makes the #; self-adjoint.

If M is a W*-algebra and x = (x;);es € ./\/lga, then there is a unique *-homomorphism

eve :Cl{t;iiel) > M
such that evy (¢;) = x;. For a noncommutative polynomial p € C(t; : i € I), we define p(x) = p((x;)ier)

to be evy (p).
A tracial noncommutative law of a self-adjoint /-tuple is a linear functional A : C(t; : i € I) — C that is

(1) unital, that is, A(1) = 1;
(2) positive, that is, A(p*p) > 0;
(3) tracial, that is, A(pq) = A(gp);

(4) exponentially bounded, that is, for some (R;);c; € (0, +00)!, we have
Aty - tie)| < Riqy -+ Rige)
forall £ and all i(1),...,i(¢) € I.
Given R = (R))ics € (0, +00)!, we define
LR = ER)ies

to be the set of noncommutative laws satisfying (4) for our given choice of (R;);c;. We equip X g with
the topology of pointwise convergence on C(t; : i € I'), which makes it a compact Hausdorff space.
For a tracial W*-algebra (M, 7), a tuple x = (x;);es € /\/léa, and R = (R))je; € (0, +00)! satisfying

llxi|l < R;, we define the noncommutative law of x as the map
M :C(t;iiel)—C, prt(pk)).

It is straightforward to verify that A, is in X g. Conversely, given any A € X g, there exists some (M, 7) and
X e M;a such that A, = A and ||x;|| < R; for all i € I; see either [Belinschi and Nica 2008, Proposition 4.2]
or the proof of [Anderson et al. 2010, Proposition 5.2.14 (d)]. We also remark that (M, t) could be M,,(C)
with the normalized trace 7, = (1/n) Tr. Thus, if x € M, (C)ga, then A, is a well-defined noncommutative

law.
The 1-bounded entropy 4 is defined in terms of Voiculescu’s microstate spaces.

Definition A.1 (microstate space). Let M be a tracial von Neumann algebra and / an index set. Let
R € (0, +00),lety e Mga be a self-adjoint tuple with ||y;|| < R;, and let O C X g be a neighborhood
of Ay. Then we define the microstate space

TW(O) :={Y € M,(C)L,: |Yi| < R; foralli € I and Ay € O}.
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Definition A.2 (orbital covering numbers). Let I be an index set, and let @ C M,,(C)... For F C I finite
and ¢ > 0, we define the orbital (F, €)-neighborhood of Q2 as the set

N,?—f?(Q) ={Ye Mﬂ(C):a : there exists Y' € Q, U € UM, (C)), |Yi —UY/U*||, < ¢ fori € F}.

Moreover, we define the orbital covering number K %rZ(Q) as the minimal cardinality of a set &’ such

that Q@ € N9 (Q).

Definition A.3. Let (M, 7) be a tracial von Neumann algebra, let I and J be index sets, let R € (0, co)’
and S € (0,00), and let x € M/, and y € M, with ||x;|| < R; fori € I and ||y;|| < S for j € J.
For a neighborhood O of A(x ) in (g, s), consider the microstate space F((Z)’ S)(O) cM, ((E)Q;'J , and let
ﬂ[(réz), S)(O)) be its projection onto the /-indexed coordinates. Then define
. . . 1 orb (n)
hrs(x:y)= nglugnite 031?(1;” hgsolip 2 log K, (71 (T' (g 5,(O))).
e>0

In this appendix we will give an argument showing, at the same time, that this computation yields the
same result for every R and § with R; > |lx;|| and S; > ||y; ||, and that 2(x : y) only depends on W*(x)
and W*(x, y) (and the restriction of the trace to these algebras).

A.2. L?-continuous functional calculus. Here we recall the construction of a certain space of noncom-
mutative functions given as L?-limits of trace polynomials, uniformly over all noncommutative laws.
Trace polynomials have been studied in many previous works such as [Cébron 2013; Dabrowski et al.
2021; Driver et al. 2013; Jing 2015; Kemp 2016; 2017; Procesi 1976; Razmyslov 1974; 1985; Rains
1997; Sengupta 2008]. The uniform L2-completion of trace polynomials was first introduced in [Jekel
2020a; 2020b; 2022], and its relationship with continuous model theory was addressed in [Jekel 2023,
§3.5]. Moreover, [Hayes et al. 2021b, Remark 3.5] described how this space is an example of the tracial
completions of C*-algebras studied in [Ozawa 2013, p. 351-352] and [Bosa et al. 2019] and implicitly in
[Carrién et al. 2023, §6]. Here we follow the version of the construction in [Hayes et al. 2021b, §3].

Definition A.4. Fix an index set 7 and R € (0, +00)’. Consider the space
Apr=C(Zp)QC(t;:iel).
Given (M, t) and x € ./\/lga with ||x;|| < R;, we define the evaluation map
eVy AR > M, 9@ p> () p(x).
Then we define a semi-norm on C(Xg)  C(t; :i € I) by

[ fllr2="sup lleve(f)llr2cnm)s
(M,1),x

where the supremum is over all tracial W*-algebras (M, t) and all x € Mga with ||x; ]| < R;. Denote
by Fg.» the completion of Ag/{f € Ar : || fllr.2 =0}
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It is immediate that, for every (M, 1), for every self-adjoint tuple x € M!a with ||x;|| < R;, the
evaluation map evy : Ag — M passes to a well-defined map Fg, — L?(M), which we continue to
denote by ev,, and we will also define f(x) = ev,(f). Moreover, it is clear that f(x) = ev,(f) always
lies in L>(W*(x)) because this holds when f is a simple tensor.

It will be convenient often to restrict our attention to elements of Fg » that are bounded in operator
norm. For f € Fg 2, let us define

[flIR.co = sup [levx(f)ll

(M,7),x
and then set

FRoo ={f €Fr2: IR 00 <+00}.

It was shown in [Hayes et al. 2021b, Lemma 3.3] that Fg  is a C*-algebra with respect to the norm
Il - |r.co and the multiplication and x-operation arising from the natural ones on simple tensors.

One of the most useful properties of Fg ~ is that it allows all the elements of a von Neumann algebra
to be expressed as a function of the generators. More precisely, [Hayes et al. 2021b, Proposition 3.4]
showed the following.

Proposition A.S. Given (M, 1) and x € Mga with || x; || < R;, the evaluation map evy : Fr 2 — L2(W*(x))
is surjective. It also restricts to a surjective x-homomorphism Fg oo — W*(x).

This surjectivity property on its own is not too significant because, for instance, the double dual of the
C*-universal free product of C[—R;, R;] over i € I can be used to define a functional calculus that is
surjective. The benefit of the construction used here is that it achieves surjectivity at the same time as
relatively strong continuity properties.

First, we show that the noncommutative law of the output will depend continuously on the noncommu-
tative law of the input. As we will see later, this property allows these functions to transform between
microstate spaces for different generators of a von Neumann algebra. To fix notation, let / and I’ be
index sets. Let R € (0, +00)! and R’ € (0, +oo)1/. We define

Frr ={f=(fidicr € (Froo)y: 1 fillRoo < R} foralli € I'}.
Proposition A.6 [Hayes et al. 2021b, Proposition 3.7]. Let R € (0, +00)! and R’ € (0, +00)!". Let
S =fDier € Fr.r"
(1) Given (M, t) and x € /\/lga with ||x;|| < R;, we set f(x) = (fi(x))ier. Then Ay is uniquely
determined by \y.
(2) Let f, be the “push-forward” mapping ¥ g — X g’ defined by fihy = Af(x) for all such tuples x.
Then f, is continuous.

Another consequence of this is that these spaces of functions are closed under composition.

Proposition A.7. Fix index sets I, I', and I and corresponding tuples R, R’, and R" from (0, o0). Let
f € Fr.p and g € Fg'.gr. Then there exists a unique h € Fg g’ such that h(x) = g(f (x)) for all M and
x € M! with ||x;|| < R;.
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Proof. First, we consider g € Fgr 2 and show that g o f is a well-defined element of Fg/ 5. If g is a simple
tensor ¢ ® p, then ¢ (A f(x)) = ¢ o fidy defines a continuous function on the space of laws by the previous
proposition. Also, since Fr o is a C*-algebra, po f € Fr o and hence sois go f = (¢po f, ® 1)(po f).

Next, if g is a linear combination of simple tensors, one can check directly that ||go f||r.2 < |Igll g2 by
considering evaluations on all possible tuples. This estimate allows us to pass to the completion, showing
that if g € Fp 2, then go f € Fgro.

Again, by evaluating on points, we see that |[go f||r.co < |lgllr.c- Replacing the single function g by
an [”-tuple yields the asserted result. O

The second continuity property that we need for Fg g is uniform continuity with respect to the L2 norm.
This will allow us to use the functions in Fg g’ to “push forward” e-coverings from one microstate space
to another.

Proposition A.8 [Hayes et al. 2021b, Proposition 3.9]. Let I be an index set and R € (0, +o0)!, and let
f € Fra. Then, for every € > 0, there exists a finite F C I and a § > 0 such that, for every (M, t) and
x, y € ML with |x; ||, |yill < Ri, if IIxi — yilla <8 foralli € F, then || f(x) — f(y)]2 <e.

A.3. Proof of monotonicity and invariance.

Theorem A.9. Let (M, ©) be a tracial von Neumann algebra. Let I and J be index sets, let R € (0, 0o)!
and S € (0, 00)?, and let x € M., and y € M2, with || x;|| < R; fori € I and ||y;| < S; for jeJ. Let I,

sa’

J,R,S, xeMl ye MSJa/ satisfy similar conditions. Suppose that

sa’
Wi(x, y) 2W*(x', ) and W*(x) S W (x").
Then
hrs(x:y) <hpsx':y").
Proof. Unwinding the suprema and infima in the definition of £, it suffices to show that, for every F C [

finite and & > 0, there exists F' C I’ finite and &’ > 0 such that, for every neighborhood O’ of Ay’
in X(g' s, there exists a neighborhood O of A y) in (g s) such that

K5 (1 (DR 5 (O)) < Kb (rp (TR 6 (ON).

Fix F and ¢. Because W*(x) C W*(x’), there exists f € Fg/ g such that x = f(x). By Proposition A.8,
there exists ¢’ > 0 and F’ > 0 such that, for all tracial von Neumann algebras N and all z, w € N " with
lzill, lwi | < R}, we have that max;e [|z; — w; ||> < 2¢’ implies max;cr |l fi(z) — fi(w) |2 < 3e.

Now fix a neighborhood O’ of A,y in X (g 5. We claim that

K (f G (MW o (O)) < K (e (D8 6, (O).

Indeed, let Q be a set of cardinality K%r,t”s,(m(f‘g’)s((’)/ ))) such that JT[(FS?’)S(O/ ) € N;r,f’s/(ﬁ). Let

Q' C m(F%l)S(O/)) be chosen to have one element within ¢’ of each element of €2, so that

71T s (0) € N3Py, ().
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Then each X’ € @, and more generally in NI(FE?’)S (0")) satisfies || X}|| < R;, so that it is valid to apply

the uniform continuity estimate for f to such points X’. The choice of (F, ¢) thus implies that

fp (TR g (ON) S NEP, (),

which proves our claim about the covering numbers.
Next, we describe how to choose O. Since W*(x’, y') € W*(x, y), there exists g € F(g.s).(r’.s")) such
that (x’, y') = g(x, y). By continuity of g, : X(g.s) = X(r'.s), the set

01 = (g0~ (0)
is open. Let
02 ={Aizw) € Z(r.5) iIl_neé}g(Hﬁ ompog(z, w)—zlh < 3¢}

The set O, is open using Propositions A.7 and A.6. It also contains Ay, y) because

far@x, y)) = farx,y)=fx)=x.
Let O = O N O,. We claim that

TITR5(0) S N2 ) (f (D) o (O)))).

Indeed, if X is in the set on the left-hand side, then there exists ¥ such that A(x yy € O. In particular, this
means that A4 (x,y) € O, or in other words g(X,Y) € Fg’,) ¢ (O"). Moreover,

max||X; — fiomrog(X, Yl < 3.
1

Therefore, X is in the (F, €/2)-neighborhood of f o of some point in Fgﬁ)’ S,(C’)’ ), which proves the
claimed inclusion.
This inclusion ;T s(0) € NZ® . (f (1/(Ty) ¢ (©)))) in turn implies that

K (TR 5(0)) < K o (f (rp (D) 6/ (O))) < K gy (mp (TR g, (O,
where the second inequality is the earlier claim that we proved. O
This theorem implies the following:

o In the case where x = x’" and y = y’, the theorem shows that ig g(x : y) is independent of R and S
solong as |lx;|| < R; fori € I and ||y;|| < S; for j € J. Thus, we may unambiguously write /(x : y).

o In the case where W*(x, y) = W*(x’, y') and W*(x) = W*(x’), the theorem shows that 2 (x : y) =
h(x’:y"). Hence, for N < M, we may unambiguously define h(N : M) as h(x : y) for some tuples
x and y such that N = W*(x) and M = W*(x, y).

o Now suppose that P < N < M. Applying the theorem in the case where W*(x, y) = W*(x’, y ) =M
and P = W*(x) C W*(x') = N, we obtain h(P : M) < h(N : M).

« Again, suppose P < N < M. Applying the theorem in the case where W*(x, y)=M DN =W*(x', y')
and P = W*(x) = W*(x’), we obtain h(P : M) < h(P : N).



1830 BEN HAYES, DAVID JEKEL AND SRIVATSAV KUNNAWALKAM ELAYAVALLI

Acknowledgements

We thank Enes Kurt, Sorin Popa, Thomas Sinclair, and Stefaan Vaes for providing many helpful comments
that improved the exposition.

B. Hayes gratefully acknowledges support from the NSF grant DMS-2000105. D. Jekel gratefully
acknowledges support from the NSF grant DMS-2002826. S. Kunnawalkam Elayavalli gratefully ac-
knowledges support from the Simons Postdoctoral Fellowship.

References

[Anderson et al. 2010] G. W. Anderson, A. Guionnet, and O. Zeitouni, An introduction to random matrices, Cambridge Stud. in
Adv. Math. 118, Cambridge Univ. Press, 2010. MR Zbl

[Bandeira et al. 2023] A. S. Bandeira, M. T. Boedihardjo, and R. van Handel, “Matrix concentration inequalities and free
probability”, Invent. Math. 234:1 (2023), 419-487. MR Zbl

[Belinschi and Capitaine 2022] S. Belinschi and M. Capitaine, “Strong convergence of tensor products of independent G.U.E.
matrices”, preprint, 2022. arXiv 2205.07695

[Belinschi and Nica 2008] S. T. Belinschi and A. Nica, “n-series and a Boolean Bercovici—Pata bijection for bounded k-tuples”,
Adv. Math. 217:1 (2008), 1-41. MR Zbl

[Bordenave and Collins 2023] C. Bordenave and B. Collins, “Norm of matrix-valued polynomials in random unitaries and
permutations”, preprint, 2023. arXiv 2304.05714

[Bosa et al. 2019] J. Bosa, N. P. Brown, Y. Sato, A. Tikuisis, S. White, and W. Winter, Covering dimension of C*-algebras and
2-coloured classification, Mem. Amer. Math. Soc. 1233, Amer. Math. Soc., Providence, RI, 2019. MR Zbl

[Boutonnet and Popa 2023] R. Boutonnet and S. Popa, “Maximal amenable MASAs of radial type in the free group factors”,
2023. To appear in Proc. Amer. Math. Soc. arXiv 2302.13355

[Bowen 2010] L. Bowen, “Measure conjugacy invariants for actions of countable sofic groups”, J. Amer. Math. Soc. 23:1 (2010),
217-245. MR Zbl

[Brothier and Wen 2016] A. Brothier and C. Wen, “The cup subalgebra has the absorbing amenability property”, Int. J. Math.
27:2 (2016), art.id. 1650013. MR Zbl

[Cameron et al. 2010] J. Cameron, J. Fang, M. Ravichandran, and S. White, “The radial masa in a free group factor is maximal
injective”, J. Lond. Math. Soc. (2) 82:3 (2010), 787-809. MR Zbl

[Carrién et al. 2023] J. R. Carrion, J. Gabe, C. Schafhauser, A. Tikuisis, and S. White, “Classifying *-homomorphisms, I: Unital
simple nuclear C*-algebras”, preprint, 2023. arXiv 2307.06480

[Cébron 2013] G. Cébron, “Free convolution operators and free Hall transform”, J. Funct. Anal. 265:11 (2013), 2645-2708.
MR Zbl

[Charlesworth et al. 2023] 1. Charlesworth, R. de Santiago, B. Hayes, D. Jekel, S. Kunnawalkam Elayavalli, and B. Nelson,
“Strong 1-boundedness, L2-Betti numbers, algebraic soficity, and graph products”, 2023. To appear in Kyoto J. Math. arXiv
2305.19463

[Chifan and Sinclair 2013] I. Chifan and T. Sinclair, “On the structural theory of II; factors of negatively curved groups”, Ann.
Sci. Ecole Norm. Sup. (4) 46:1 (2013), 1-33. MR Zbl

[Chifan et al. 2023] I. Chifan, A. Ioana, and S. Kunnawalkam Elayavalli, “An exotic II factor without property gamma”, Geom.
Funct. Anal. 33:5 (2023), 1243-1265. MR Zbl

[Collins et al. 2022] B. Collins, A. Guionnet, and F. Parraud, “On the operator norm of non-commutative polynomials in
deterministic matrices and iid GUE matrices”, Camb. J. Math. 10:1 (2022), 195-260. MR Zbl

[Connes 1976] A. Connes, “Classification of injective factors: cases IIj, oo, Il , A # 17, Ann. of Math. (2) 104:1 (1976),
73-115. MR Zbl

[Dabrowski et al. 2021] Y. Dabrowski, A. Guionnet, and D. Shlyakhtenko, “Free transport for convex potentials”, New Zealand
J. Math. 52 (2021), 259-359. MR Zbl


https://doi.org/10.1017/CBO9780511801334
http://msp.org/idx/mr/2760897
http://msp.org/idx/zbl/1184.15023
https://doi.org/10.1007/s00222-023-01204-6
https://doi.org/10.1007/s00222-023-01204-6
http://msp.org/idx/mr/4635836
http://msp.org/idx/zbl/1073.11061
http://msp.org/idx/arx/2205.07695
https://doi.org/10.1016/j.aim.2007.06.015
http://msp.org/idx/mr/2357321
http://msp.org/idx/zbl/1129.46052
http://msp.org/idx/arx/2304.05714
https://doi.org/10.1090/memo/1233
https://doi.org/10.1090/memo/1233
http://msp.org/idx/mr/3908669
http://msp.org/idx/zbl/1448.46005
http://msp.org/idx/arx/2302.13355
https://doi.org/10.1090/S0894-0347-09-00637-7
http://msp.org/idx/mr/2552252
http://msp.org/idx/zbl/1201.37005
https://doi.org/10.1142/S0129167X16500130
http://msp.org/idx/mr/3464393
http://msp.org/idx/zbl/1354.46056
https://doi.org/10.1112/jlms/jdq052
https://doi.org/10.1112/jlms/jdq052
http://msp.org/idx/mr/2739068
http://msp.org/idx/zbl/1237.46043
http://msp.org/idx/arx/2307.06480
https://doi.org/10.1016/j.jfa.2013.07.022
http://msp.org/idx/mr/3096986
http://msp.org/idx/zbl/1294.46058
http://msp.org/idx/arx/2305.19463
http://msp.org/idx/arx/2305.19463
https://doi.org/10.24033/asens.2183
http://msp.org/idx/mr/3087388
http://msp.org/idx/zbl/1290.46053
https://doi.org/10.1007/s00039-023-00649-4
http://msp.org/idx/mr/4646408
http://msp.org/idx/zbl/1534.46052
https://doi.org/10.4310/CJM.2022.v10.n1.a3
https://doi.org/10.4310/CJM.2022.v10.n1.a3
http://msp.org/idx/mr/4445344
http://msp.org/idx/zbl/1487.46073
https://doi.org/10.2307/1971057
http://msp.org/idx/mr/454659
http://msp.org/idx/zbl/0343.46042
https://doi.org/10.53733/102
http://msp.org/idx/mr/4378155
http://msp.org/idx/zbl/1484.46069

CONSEQUENCES OF THE RANDOM MATRIX SOLUTION TO THE PETERSON-THOM CONJECTURE 1831

[Ding and Kunnawalkam Elayavalli 2024] C. Ding and S. Kunnawalkam Elayavalli, “Structure of relatively biexact group von
Neumann algebras”, Comm. Math. Phys. 405:4 (2024), art.id. 104. MR Zbl

[Ding et al. 2023] C. Ding, S. Kunnawalkam Elayavalli, and J. Peterson, “Properly proximal von Neumann algebras”, Duke
Math. J. 172:15 (2023), 2821-2894. MR Zbl

[Driver et al. 2013] B. K. Driver, B. C. Hall, and T. Kemp, “The large-N limit of the Segal-Bargmann transform on Uy”,
J. Funct. Anal. 265:11 (2013), 2585-2644. MR Zbl

[Dykema 1993] K. Dykema, “Free products of hyperfinite von Neumann algebras and free dimension”, Duke Math. J. 69:1
(1993), 97-119. MR Zbl

[Dykema 1994] K. Dykema, “Interpolated free group factors”, Pacific J. Math. 163:1 (1994), 123-135. MR Zbl

[Dykema and Mukherjee 2013] K. Dykema and K. Mukherjee, “Measure-multiplicity of the Laplacian masa”, Glasg. Math. J.
55:2 (2013), 285-292. MR Zbl

[Dykema et al. 2006] K. J. Dykema, A. M. Sinclair, and R. R. Smith, “Values of the Pukdnszky invariant in free group factors
and the hyperfinite factor”, J. Funct. Anal. 240:2 (2006), 373-398. MR Zbl

[Feldman and Moore 1977] J. Feldman and C. C. Moore, “Ergodic equivalence relations, cohomology, and von Neumann
algebras, 11, Trans. Amer. Math. Soc. 234:2 (1977), 325-359. MR Zbl

[Galatan and Popa 2017] A. Galatan and S. Popa, “Smooth bimodules and cohomology of II; factors”, J. Inst. Math. Jussieu
16:1 (2017), 155-187. MR Zbl

[Ge 1998] L. Ge, “Applications of free entropy to finite von Neumann algebras, II”, Ann. of Math. (2) 147:1 (1998), 143-157.
MR Zbl

[Ge and Popa 1998] L. Ge and S. Popa, “On some decomposition properties for factors of type II;”, Duke Math. J. 94:1 (1998),
79-101. MR Zbl

[Haagerup 1985] U. Haagerup, “Injectivity and decomposition of completely bounded maps”, pp. 170-222 in Operator algebras
and their connections with topology and ergodic theory (Busteni, Romania, 1983), edited by H. Araki et al., Lecture Notes in
Math. 1132, Springer, 1985. MR Zbl

[Hayes 2018] B. Hayes, “1-bounded entropy and regularity problems in von Neumann algebras”, Int. Math. Res. Not. 2018:1
(2018), 57-137. MR Zbl

[Hayes 2022] B. Hayes, “A random matrix approach to the Peterson—-Thom conjecture”, Indiana Univ. Math. J. 71:3 (2022),
1243-1297. MR Zbl

[Hayes et al. 2021a] B. Hayes, D. Jekel, and S. Kunnawalkam Elayavalli, “Property (T) and strong 1-boundedness for von
Neumann algebras”, 2021. To appear in J. Inst. Math. Jussieu. arXiv 2107.03278

[Hayes et al. 2021b] B. Hayes, D. Jekel, B. Nelson, and T. Sinclair, “A random matrix approach to absorption in free products”,
Int. Math. Res. Not. 2021:3 (2021), 1919-1979. MR Zbl

[Hayes et al. 2024] B. Hayes, D. Jekel, and S. Kunnawalkam Elayavalli, “Vanishing first cohomology and strong 1-boundedness
for von Neumann algebras”, J. Noncommut. Geom. 18:2 (2024), 383-409. MR Zbl

[Houdayer 2015] C. Houdayer, “Gamma stability in free product von Neumann algebras”, Comm. Math. Phys. 336:2 (2015),
831-851. MR Zbl

[Ioana et al. 2008] A. Ioana, J. Peterson, and S. Popa, “Amalgamated free products of weakly rigid factors and calculation of
their symmetry groups”, Acta Math. 200:1 (2008), 85-153. MR Zbl

[Izumi et al. 1998] M. Izumi, R. Longo, and S. Popa, “A Galois correspondence for compact groups of automorphisms of von
Neumann algebras with a generalization to Kac algebras”, J. Funct. Anal. 155:1 (1998), 25-63. MR Zbl

[Jekel 2020a] D. Jekel, “An elementary approach to free entropy theory for convex potentials”, Anal. PDE 13:8 (2020),
2289-2374. MR Zbl

[Jekel 2020b] D. A. Jekel, Evolution equations in non-commutative probability, Ph.D. thesis, University of California, Los
Angeles, 2020, available at https://www.proquest.com/docview/2415413745.

[Jekel 2022] D. Jekel, “Conditional expectation, entropy, and transport for convex Gibbs laws in free probability”, Int. Math.
Res. Not. 2022:6 (2022), 4514-4619. MR Zbl


https://doi.org/10.1007/s00220-024-04987-8
https://doi.org/10.1007/s00220-024-04987-8
http://msp.org/idx/mr/4733336
http://msp.org/idx/zbl/07845287
https://doi.org/10.1215/00127094-2022-0098
http://msp.org/idx/mr/4675043
http://msp.org/idx/zbl/07783732
https://doi.org/10.1016/j.jfa.2013.07.020
http://msp.org/idx/mr/3096985
http://msp.org/idx/zbl/1286.22010
https://doi.org/10.1215/S0012-7094-93-06905-0
http://msp.org/idx/mr/1201693
http://msp.org/idx/zbl/0784.46044
https://doi.org/10.2140/pjm.1994.163.123
http://msp.org/idx/mr/1256179
http://msp.org/idx/zbl/0791.46038
https://doi.org/10.1017/S001708951200050X
http://msp.org/idx/mr/3040862
http://msp.org/idx/zbl/1275.46044
https://doi.org/10.1016/j.jfa.2006.03.026
https://doi.org/10.1016/j.jfa.2006.03.026
http://msp.org/idx/mr/2261688
http://msp.org/idx/zbl/1113.46062
https://doi.org/10.2307/1997925
https://doi.org/10.2307/1997925
http://msp.org/idx/mr/578730
http://msp.org/idx/zbl/0369.22010
https://doi.org/10.1017/S1474748015000122
http://msp.org/idx/mr/3591964
http://msp.org/idx/zbl/1372.46044
https://doi.org/10.2307/120985
http://msp.org/idx/mr/1609522
http://msp.org/idx/zbl/0924.46050
https://doi.org/10.1215/S0012-7094-98-09405-4
http://msp.org/idx/mr/1635904
http://msp.org/idx/zbl/0947.46042
https://doi.org/10.1007/BFb0074885
http://msp.org/idx/mr/799569
http://msp.org/idx/zbl/0591.46050
https://doi.org/10.1093/imrn/rnw237
http://msp.org/idx/mr/3801429
http://msp.org/idx/zbl/1415.46039
https://doi.org/10.1512/iumj.2022.71.9386
http://msp.org/idx/mr/4448584
http://msp.org/idx/zbl/1503.46049
http://msp.org/idx/arx/2107.03278
https://doi.org/10.1093/imrn/rnaa191
http://msp.org/idx/mr/4206601
http://msp.org/idx/zbl/1481.46059
https://doi.org/10.4171/jncg/530
https://doi.org/10.4171/jncg/530
http://msp.org/idx/mr/4721037
http://msp.org/idx/zbl/07828322
https://doi.org/10.1007/s00220-014-2237-0
http://msp.org/idx/mr/3322388
http://msp.org/idx/zbl/1328.46046
https://doi.org/10.1007/s11511-008-0024-5
https://doi.org/10.1007/s11511-008-0024-5
http://msp.org/idx/mr/2386109
http://msp.org/idx/zbl/1149.46047
https://doi.org/10.1006/jfan.1997.3228
https://doi.org/10.1006/jfan.1997.3228
http://msp.org/idx/mr/1622812
http://msp.org/idx/zbl/0915.46051
https://doi.org/10.2140/apde.2020.13.2289
http://msp.org/idx/mr/4201981
http://msp.org/idx/zbl/1471.46064
https://www.proquest.com/docview/2415413745
https://doi.org/10.1093/imrn/rnaa181
http://msp.org/idx/mr/4391896
http://msp.org/idx/zbl/1496.46067

1832 BEN HAYES, DAVID JEKEL AND SRIVATSAV KUNNAWALKAM ELAYAVALLI

[Jekel 2023] D. Jekel, “Covering entropy for types in tracial W*-algebras”, J. Log. Anal. 15 (2023), art.id. 2. MR Zbl

[Jing 2015] N. Jing, “Unitary and orthogonal equivalence of sets of matrices”, Linear Algebra Appl. 481 (2015), 235-242. MR
Zbl

[Jung 2007] K. Jung, “Strongly 1-bounded von Neumann algebras”, Geom. Funct. Anal. 17:4 (2007), 1180-1200. MR Zbl

[Kemp 2016] T. Kemp, “The large-N limits of Brownian motions on GLy ", Int. Math. Res. Not. 2016:13 (2016), 4012-4057.
MR Zbl

[Kemp 2017] T. Kemp, “Heat kernel empirical laws on Uy and GLy ", J. Theoret. Probab. 30:2 (2017), 397-451. MR Zbl

[Kerr 2014] D. Kerr, “Bernoulli actions of sofic groups have completely positive entropy”, Israel J. Math. 202:1 (2014), 461-474.
MR Zbl

[Kerr and Li 2011] D. Kerr and H. Li, “Entropy and the variational principle for actions of sofic groups”, Invent. Math. 186:3
(2011), 501-558. MR Zbl

[Kieffer 1975] J. C. Kieffer, “A generalized Shannon—-McMillan theorem for the action of an amenable group on a probability
space”, Ann. Probab. 3:6 (1975), 1031-1037. MR Zbl

[Kolmogorov 1958] A. N. Kolmogorov, “A new metric invariant of transient dynamical systems and automorphisms in Lebesgue
spaces”’, Dokl. Akad. Nauk SSSR (N.S.) 119 (1958), 861-864. In Russian. MR Zbl

[Kunnawalkam Elayavalli 2023] S. Kunnawalkam Elayavalli, “Remarks on the diagonal embedding and strong 1-boundedness”,
Doc. Math. 28:3 (2023), 671-681. MR Zbl

[Mukherjee 2013] K. Mukherjee, “Singular masas and measure-multiplicity invariant”, Houston J. Math. 39:2 (2013), 561-598.
MR Zbl

[Murray and von Neumann 1936] F. J. Murray and J. von Neumann, “On rings of operators”, Ann. of Math. (2) 37:1 (1936),
116-229. MR Zbl

[Neshveyev and Stgrmer 2002] S. Neshveyev and E. Stgrmer, “Ergodic theory and maximal abelian subalgebras of the hyperfinite
factor”, J. Funct. Anal. 195:2 (2002), 239-261. MR Zbl

[Ornstein and Weiss 1987] D. S. Ornstein and B. Weiss, “Entropy and isomorphism theorems for actions of amenable groups”,
J. Anal. Math. 48 (1987), 1-141. MR Zbl

[Ozawa 2009] N. Ozawa, “An example of a solid von Neumann algebra”, Hokkaido Math. J. 38:3 (2009), 557-561. MR Zbl

[Ozawa 2013] N. Ozawa, “Dixmier approximation and symmetric amenability for C*-algebras”, J. Math. Sci. Univ. Tokyo 20:3
(2013), 349-374. MR Zbl

[Ozawa and Popa 2010a] N. Ozawa and S. Popa, “On a class of II; factors with at most one Cartan subalgebra”, Ann. of Math.
(2) 172:1 (2010), 713-749. MR Zbl

[Ozawa and Popa 2010b] N. Ozawa and S. Popa, “On a class of II; factors with at most one Cartan subalgebra, II”, Amer. J.
Math. 132:3 (2010), 841-866. MR Zbl

[Parekh et al. 2018] S. Parekh, K. Shimada, and C. Wen, “Maximal amenability of the generator subalgebra in g-Gaussian von
Neumann algebras”, J. Operator Theory 80:1 (2018), 125-152. MR Zbl

[Parraud 2023] F. Parraud, “Asymptotic expansion of smooth functions in polynomials in deterministic matrices and iid GUE
matrices”, Comm. Math. Phys. 399:1 (2023), 249-294. MR Zbl

[Peterson 2009] J. Peterson, “L2-rigidity in von Neumann algebras”, Invent. Math. 175:2 (2009), 417-433. MR Zbl

[Peterson and Thom 2011] J. Peterson and A. Thom, “Group cocycles and the ring of affiliated operators”, Invent. Math. 185:3
(2011), 561-592. MR Zbl

[Pimsner and Popa 1986] M. Pimsner and S. Popa, “Entropy and index for subfactors”, Ann. Sci. Ecole Norm. Sup. (4) 19:1
(1986), 57-106. MR Zbl

[Popa 1983a] S. Popa, “Maximal injective subalgebras in factors associated with free groups”, Adv. Math. 50:1 (1983), 27-48.
MR Zbl

[Popa 1983b] S. Popa, “Orthogonal pairs of x-subalgebras in finite von Neumann algebras”, J. Operator Theory 9:2 (1983),
253-268. MR Zbl


https://doi.org/10.4115/jla.2023.15.2
http://msp.org/idx/mr/4600403
http://msp.org/idx/zbl/07725193
https://doi.org/10.1016/j.laa.2015.04.036
http://msp.org/idx/mr/3349653
http://msp.org/idx/zbl/1317.15011
https://doi.org/10.1007/s00039-007-0624-9
http://msp.org/idx/mr/2373014
http://msp.org/idx/zbl/1146.46034
https://doi.org/10.1093/imrn/rnv245
http://msp.org/idx/mr/3544627
http://msp.org/idx/zbl/1404.60111
https://doi.org/10.1007/s10959-015-0643-7
http://msp.org/idx/mr/3647064
http://msp.org/idx/zbl/1414.60006
https://doi.org/10.1007/s11856-014-1077-0
http://msp.org/idx/mr/3265329
http://msp.org/idx/zbl/1320.37021
https://doi.org/10.1007/s00222-011-0324-9
http://msp.org/idx/mr/2854085
http://msp.org/idx/zbl/1417.37041
https://doi.org/10.1214/aop/1176996230
https://doi.org/10.1214/aop/1176996230
http://msp.org/idx/mr/393422
http://msp.org/idx/zbl/0322.60032
http://msp.org/idx/mr/103254
http://msp.org/idx/zbl/0083.10602
https://doi.org/10.4171/dm/918
http://msp.org/idx/mr/4705597
http://msp.org/idx/zbl/1536.46050
https://www.math.uh.edu/~hjm/restricted/pdf39(2)/13mukherjee.pdf
http://msp.org/idx/mr/3080454
http://msp.org/idx/zbl/1322.46038
https://doi.org/10.2307/1968693
http://msp.org/idx/mr/1503275
http://msp.org/idx/zbl/0014.16101
https://doi.org/10.1006/jfan.2002.3967
https://doi.org/10.1006/jfan.2002.3967
http://msp.org/idx/mr/1940356
http://msp.org/idx/zbl/1022.46041
https://doi.org/10.1007/BF02790325
http://msp.org/idx/mr/910005
http://msp.org/idx/zbl/0637.28015
https://doi.org/10.14492/hokmj/1258553976
http://msp.org/idx/mr/2548235
http://msp.org/idx/zbl/1187.46048
https://www.ms.u-tokyo.ac.jp/journal/abstract/jms200303.html
http://msp.org/idx/mr/3156986
http://msp.org/idx/zbl/1300.46049
https://doi.org/10.4007/annals.2010.172.713
http://msp.org/idx/mr/2680430
http://msp.org/idx/zbl/1213.46053
https://doi.org/10.1353/ajm.0.0121
http://msp.org/idx/mr/2666909
http://msp.org/idx/zbl/1213.46053
https://doi.org/10.7900/jot.2017jun28.2167
https://doi.org/10.7900/jot.2017jun28.2167
http://msp.org/idx/mr/3835452
http://msp.org/idx/zbl/1424.46084
https://doi.org/10.1007/s00220-022-04551-2
https://doi.org/10.1007/s00220-022-04551-2
http://msp.org/idx/mr/4567374
http://msp.org/idx/zbl/1520.46035
https://doi.org/10.1007/s00222-008-0154-6
http://msp.org/idx/mr/2470111
http://msp.org/idx/zbl/1170.46053
https://doi.org/10.1007/s00222-011-0310-2
http://msp.org/idx/mr/2827095
http://msp.org/idx/zbl/1227.22003
https://doi.org/10.24033/asens.1504
http://msp.org/idx/mr/860811
http://msp.org/idx/zbl/0646.46057
https://doi.org/10.1016/0001-8708(83)90033-6
http://msp.org/idx/mr/720738
http://msp.org/idx/zbl/0545.46041
http://www.mathjournals.org/jot/1983-009-002/1983-009-002-003.pdf
http://msp.org/idx/mr/703810
http://msp.org/idx/zbl/0521.46048

CONSEQUENCES OF THE RANDOM MATRIX SOLUTION TO THE PETERSON-THOM CONJECTURE 1833

[Popa 1999] S. Popa, “Some properties of the symmetric enveloping algebra of a subfactor, with applications to amenability and
property T”, Doc. Math. 4 (1999), 665-744. MR Zbl

[Popa 2005] S. Popa, “Deformation-rigidity theory”, NCGOA conference mini-course, Vanderbilt University, 2005.

[Popa 2006a] S. Popa, “On a class of type II; factors with Betti numbers invariants”, Ann. of Math. (2) 163:3 (2006), 809-899.
MR Zbl

[Popa 2006b] S. Popa, “Some computations of 1-cohomology groups and construction of non-orbit-equivalent actions”, J. Inst.
Math. Jussieu 5:2 (2006), 309-332. MR Zbl

[Popa 2006c] S. Popa, “Strong rigidity of II; factors arising from malleable actions of w-rigid groups, I”, Invent. Math. 165:2
(2006), 369-408. MR Zbl

[Popa 2007] S. Popa, “On Ozawa’s property for free group factors”, Int. Math. Res. Not. 2007:11 (2007), art. id. rnm036. MR
Zbl

[Popa 2019] S. Popa, “Constructing MASAs with prescribed properties”, Kyoto J. Math. 59:2 (2019), 367-397. MR Zbl
[Popa 2021] S. Popa, “Coarse decomposition of Iy factors”, Duke Math. J. 170:14 (2021), 3073-3110. MR Zbl

[Popa and Vaes 2014a] S. Popa and S. Vaes, “Unique Cartan decomposition for II; factors arising from arbitrary actions of free
groups”, Acta Math. 212:1 (2014), 141-198. MR Zbl

[Popa and Vaes 2014b] S. Popa and S. Vaes, “Unique Cartan decomposition for II; factors arising from arbitrary actions of
hyperbolic groups”, J. Reine Angew. Math. 694 (2014), 215-239. MR Zbl

[Procesi 1976] C. Procesi, “The invariant theory of n x n matrices”, Adv. Math. 19:3 (1976), 306-381. MR Zbl

[Pukédnszky 1960] L. Pukdnszky, “On maximal abelian subrings of factors of type 11", Canad. J. Math. 12 (1960), 289-296.
MR Zbl

[Rains 1997] E. M. Rains, “Combinatorial properties of Brownian motion on the compact classical groups”, J. Theoret. Probab.
10:3 (1997), 659-679. MR Zbl

[Razmyslov 1974] Y. P. Razmyslov, “Trace identities of full matrix algebras over a field of characteristic zero”, Izv. Akad. Nauk
SSSR Ser. Mat. 38 (1974), 723-756. In Russian; translated in Math. USSR-1Izv. 8:4 (1974), 727-760. MR Zbl

[Razmyslov 1985] Y. P. Razmyslov, “Trace identities and central polynomials in the matrix superalgebras My, ", Mat. Sb. (N.S.)
128(170):2 (1985), 194-215. In Russian; translated in Math. USSR-Sb. 56:1 (1987), 187-206. MR Zbl

[Robertson and Steger 2010] G. Robertson and T. Steger, “Malnormal subgroups of lattices and the Pukanszky invariant in group
factors”, J. Funct. Anal. 258:8 (2010), 2708-2713. MR Zbl

[Rédulescu 1991] F. Radulescu, “Singularity of the radial subalgebra of £(Fy) and the Pukanszky invariant”, Pacific J. Math.
151:2 (1991), 297-306. MR Zbl

[Réddulescu 1994] F. Réddulescu, “Random matrices, amalgamated free products and subfactors of the von Neumann algebra of a
free group, of noninteger index”, Invent. Math. 115:2 (1994), 347-389. MR Zbl

[Rudolph and Weiss 2000] D. J. Rudolph and B. Weiss, “Entropy and mixing for amenable group actions”, Ann. of Math. (2)
151:3 (2000), 1119-1150. MR Zbl

[de Santiago et al. 2021] R. de Santiago, B. Hayes, D. J. Hoff, and T. Sinclair, “Maximal rigid subalgebras of deformations and
Lz—cohomology”, Anal. PDE 14:7 (2021), 2269-2306. MR Zbl

[Sengupta 2008] A. N. Sengupta, “Traces in two-dimensional QCD: the large-N limit”, pp. 193-212 in Traces in number theory,
geometry and quantum fields, edited by S. Albeverio et al., Aspects Math. E38, Vieweg, Wiesbaden, Germany, 2008. MR Zbl

[Seward 2019] B. Seward, “Krieger’s finite generator theorem for actions of countable groups, I, Invent. Math. 215:1 (2019),
265-310. MR Zbl

[Sinai 1959] Y. Sinai, “On the concept of entropy for a dynamic system”, Dokl. Akad. Nauk SSSR 124 (1959), 768-771. In
Russian. MR Zbl

[Sinclair 2011] T. Sinclair, “Strong solidity of group factors from lattices in SO(n, 1) and SU(n, 1)”, J. Funct. Anal. 260:11
(2011), 3209-3221. MR Zbl

[Sinclair and Smith 2005] A. M. Sinclair and R. R. Smith, “The Pukdnszky invariant for masas in group von Neumann factors”,
Lllinois J. Math. 49:2 (2005), 325-343. MR Zbl


https://doi.org/10.4171/dm/71
https://doi.org/10.4171/dm/71
http://msp.org/idx/mr/1729488
http://msp.org/idx/zbl/0954.46037
https://doi.org/10.4007/annals.2006.163.809
http://msp.org/idx/mr/2215135
http://msp.org/idx/zbl/1120.46045
https://doi.org/10.1017/S1474748006000016
http://msp.org/idx/mr/2225044
http://msp.org/idx/zbl/1092.37003
https://doi.org/10.1007/s00222-006-0501-4
http://msp.org/idx/mr/2231961
http://msp.org/idx/zbl/1120.46043
https://doi.org/10.1093/imrn/rnm036
http://msp.org/idx/mr/2344271
http://msp.org/idx/zbl/1134.46039
https://doi.org/10.1215/21562261-2019-0003
http://msp.org/idx/mr/3960298
http://msp.org/idx/zbl/1430.46044
https://doi.org/10.1215/00127094-2021-0059
http://msp.org/idx/mr/4319227
http://msp.org/idx/zbl/1490.46057
https://doi.org/10.1007/s11511-014-0110-9
https://doi.org/10.1007/s11511-014-0110-9
http://msp.org/idx/mr/3179609
http://msp.org/idx/zbl/1307.46047
https://doi.org/10.1515/crelle-2012-0104
https://doi.org/10.1515/crelle-2012-0104
http://msp.org/idx/mr/3259044
http://msp.org/idx/zbl/1307.46047
https://doi.org/10.1016/0001-8708(76)90027-X
http://msp.org/idx/mr/419491
http://msp.org/idx/zbl/0331.15021
https://doi.org/10.4153/CJM-1960-024-7
http://msp.org/idx/mr/113154
http://msp.org/idx/zbl/0095.10002
https://doi.org/10.1023/A:1022601711176
http://msp.org/idx/mr/1468398
http://msp.org/idx/zbl/1002.60504
https://doi.org/10.1070/IM1974v008n04ABEH002126
http://msp.org/idx/mr/506414
http://msp.org/idx/zbl/0311.16016
https://doi.org/10.1070/SM1987v056n01ABEH003031
http://msp.org/idx/mr/809485
http://msp.org/idx/zbl/0601.16016
https://doi.org/10.1016/j.jfa.2009.08.016
https://doi.org/10.1016/j.jfa.2009.08.016
http://msp.org/idx/mr/2593340
http://msp.org/idx/zbl/1204.22005
https://doi.org/10.2140/pjm.1991.151.297
http://msp.org/idx/mr/1132391
http://msp.org/idx/zbl/0772.46031
https://doi.org/10.1007/BF01231764
https://doi.org/10.1007/BF01231764
http://msp.org/idx/mr/1258909
http://msp.org/idx/zbl/0861.46038
https://doi.org/10.2307/121130
http://msp.org/idx/mr/1779565
http://msp.org/idx/zbl/0957.37003
https://doi.org/10.2140/apde.2021.14.2269
https://doi.org/10.2140/apde.2021.14.2269
http://msp.org/idx/mr/4353571
http://msp.org/idx/zbl/1491.46068
http://msp.org/idx/mr/2494192
http://msp.org/idx/zbl/1146.81332
https://doi.org/10.1007/s00222-018-0826-9
http://msp.org/idx/mr/3904452
http://msp.org/idx/zbl/1417.37043
http://msp.org/idx/mr/103256
http://msp.org/idx/zbl/0086.10102
https://doi.org/10.1016/j.jfa.2010.12.017
http://msp.org/idx/mr/2776567
http://msp.org/idx/zbl/1232.46055
http://projecteuclid.org/euclid.ijm/1258138021
http://msp.org/idx/mr/2163938
http://msp.org/idx/zbl/1092.46045

1834 BEN HAYES, DAVID JEKEL AND SRIVATSAV KUNNAWALKAM ELAYAVALLI

[Voiculescu 1991] D. Voiculescu, “Limit laws for random matrices and free products”, Invent. Math. 104:1 (1991), 201-220.
MR Zbl

[Voiculescu 1994] D. Voiculescu, “The analogues of entropy and of Fisher’s information measure in free probability theory, 11",
Invent. Math. 118:3 (1994), 411-440. MR Zbl

[Voiculescu 1995] D. Voiculescu, “Free probability theory: random matrices and von Neumann algebras”, pp. 227-241 in
Proceedings of the International Congress of Mathematicians, I (Ziirich, 1994), edited by S. D. Chatterji, Birkhduser, Basel,
1995. MR Zbl

[Voiculescu 1996] D. Voiculescu, “The analogues of entropy and of Fisher’s information measure in free probability theory, I1I:
The absence of Cartan subalgebras”, Geom. Funct. Anal. 6:1 (1996), 172-199. MR Zbl

[Wen 2016] C. Wen, “Maximal amenability and disjointness for the radial masa”, J. Funct. Anal. 270:2 (2016), 787-801. MR
Zbl

[White 2008] S. White, “Values of the Pukanszky invariant in McDuff factors”, J. Funct. Anal. 254:3 (2008), 612-631. MR Zbl
Received 8 Dec 2023. Accepted 20 Jul 2024.

BEN HAYES: brh5c@virginia.edu
Department of Mathematics, University of Virginia, Charlottesville, VA, United States

DAVID JEKEL: daj@math.ku.dk
Department of Mathematics, University of Copenhagen, Copenhagen, Denmark

SRIVATSAV KUNNAWALKAM ELAYAVALLI: skunnawalkamelayaval®Qucsd.edu
Department of Mathematics, University of California, San Diego, La Jolla, CA, United States

mathematical sciences publishers :.msp


https://doi.org/10.1007/BF01245072
http://msp.org/idx/mr/1094052
http://msp.org/idx/zbl/0736.60007
https://doi.org/10.1007/BF01231539
http://msp.org/idx/mr/1296352
http://msp.org/idx/zbl/0820.60001
https://www.mathunion.org/fileadmin/ICM/Proceedings/ICM1994.1/ICM1994.1.ocr.pdf
http://msp.org/idx/mr/1403924
http://msp.org/idx/zbl/0839.46059
https://doi.org/10.1007/BF02246772
https://doi.org/10.1007/BF02246772
http://msp.org/idx/mr/1371236
http://msp.org/idx/zbl/0856.60012
https://doi.org/10.1016/j.jfa.2015.08.013
http://msp.org/idx/mr/3425903
http://msp.org/idx/zbl/1332.46058
https://doi.org/10.1016/j.jfa.2007.10.011
http://msp.org/idx/mr/2381157
http://msp.org/idx/zbl/1146.46039
mailto:brh5c@virginia.edu
mailto:daj@math.ku.dk
mailto:skunnawalkamelayaval@ucsd.edu
http://msp.org

Guidelines for Authors

Authors may submit manuscripts in PDF format on-line at the Submission
page at msp.org/apde.

Originality. Submission of a manuscript acknowledges that the manu-
script is original and and is not, in whole or in part, published or under
consideration for publication elsewhere. It is understood also that the
manuscript will not be submitted elsewhere while under consideration
for publication in this journal.

Language. Articles in APDE are usually in English, but articles written
in other languages are welcome.

Required items. A brief abstract of about 150 words or less must be
included. It should be self-contained and not make any reference to the
bibliography. If the article is not in English, two versions of the abstract
must be included, one in the language of the article and one in English.
Also required are keywords and subject classifications for the article,
and, for each author, postal address, affiliation (if appropriate), and email
address.

Format. Authors are encouraged to use IATEX but submissions in other
varieties of TigX, and exceptionally in other formats, are acceptable. Ini-
tial uploads should be in PDF format; after the refereeing process we will
ask you to submit all source material.

References. Bibliographical references should be complete, including
article titles and page ranges. All references in the bibliography should
be cited in the text. The use of BibTgX is preferred but not required. Tags
will be converted to the house format, however, for submission you may
use the format of your choice. Links will be provided to all literature
with known web locations and authors are encouraged to provide their
own links in addition to those supplied in the editorial process.

Figures. Figures must be of publication quality. After acceptance, you
will need to submit the original source files in vector graphics format for
all diagrams in your manuscript: vector EPS or vector PDF files are the
most useful.

Most drawing and graphing packages (Mathematica, Adobe Illustrator,
Corel Draw, MATLAB, etc.) allow the user to save files in one of these
formats. Make sure that what you are saving is vector graphics and not a
bitmap. If you need help, please write to graphics @msp.org with details
about how your graphics were generated.

White space. Forced line breaks or page breaks should not be inserted in
the document. There is no point in your trying to optimize line and page
breaks in the original manuscript. The manuscript will be reformatted to
use the journal’s preferred fonts and layout.

Proofs. Page proofs will be made available to authors (or to the des-
ignated corresponding author) at a Web site in PDF format. Failure to
acknowledge the receipt of proofs or to return corrections within the re-
quested deadline may cause publication to be postponed.


http://msp.org/apde
mailto:graphics@msp.org

ANALYSIS & PDE

Volume 18 No.7 2025

Regularized Brascamp-Lieb inequalities 1567
NEAL BEZ and SHOHEI NAKAMURA

Cosmic censorship near FLRW spacetimes with negative spatial curvature 1615
DAVID FAJMAN and LIAM URBAN

Spectral estimates for free boundary minimal surfaces via Montiel-Ros partitioning methods 1715
ALESSANDRO CARLOTTO, MARIO B. SCHULZ and DAVID WIYGUL

The fractal uncertainty principle via Dolgopyat’s method in higher dimensions 1769
AIDAN BACKUS, JAMES LENG and ZHONGKAI TAO

Consequences of the random matrix solution to the Peterson—Thom conjecture 1805
BEN HAYES, DAVID JEKEL and SRIVATSAV KUNNAWALKAM ELAYAVALLI



	 vol. 18, no. 7, 2025
	Masthead and Copyright
	01
	1. Introduction
	1.1. The forward Brascamp–Lieb inequality
	1.2. The inverse Brascamp–Lieb inequality
	1.3. The forward-reverse Brascamp–Lieb inequality

	2. Main results
	2.1. Regularized inverse Brascamp–Lieb inequalities
	2.2. Regularized forward-reverse Brascamp–Lieb inequalities

	3. Preliminaries
	3.1. Geometric data and a key linear algebraic lemma
	3.2. A log-convexity estimate
	3.3. The key decomposition of calQ
	3.4. Nice classes of input functions

	4. Closure properties of sub/supersolutions of heat equations
	5. Proof Theorem 2.1
	5.1. Gaussian extremizable data
	5.2. Approximation by amplifying data and the proof of Theorem 2.1

	6. Further applications and remarks
	6.1. Regularized forms of the Young convolution inequality
	6.2. Regularized Prékopa–Leindler inequality
	6.3. Regularized forms of hypercontractivity inequalities

	Appendix: On the equivalence between Theorem 2.1 and Theorem 2.2
	Acknowledgements
	References

	02
	1. Introduction
	1.1. Setting and main results
	1.2. Background material
	1.2.1. Initial data to the Einstein scalar-field equations
	1.2.2. Strong cosmic censorship
	1.2.3. FLRW and generalized Kasner spacetimes with scalar fields

	1.3. Relation to previous work
	1.4. Challenges in the proof
	1.4.1. Big bang stability
	1.4.2. Future and global stability

	1.5. Proof outline
	1.5.1. Big bang stability
	1.5.2. Future stability and connecting the regions

	1.6. Paper outline

	2. Big bang stability: preliminaries
	2.1. Notation
	2.1.1. Foliations
	2.1.2. Metrics
	2.1.3. Indices and coordinates
	2.1.4. Sigma_t-tangent tensors
	2.1.5. Sign conventions
	2.1.6. Constants
	2.1.7. Tensor contractions
	2.1.8. Schematic term notation
	2.1.9. On multiple derivatives of variables

	2.2. FLRW spacetimes and the Friedman equations
	2.3. Solutions to the Einstein scalar-field equations in CMC gauge
	2.4. Bel–Robinson variables
	2.5. Rescaled variables and equations
	2.6. Commuted equations

	3. Big bang stability: norms, energies and bootstrap assumptions
	3.1. Norms
	3.2. Energies
	3.3. Assumptions on the initial data
	3.4. Local well-posedness and continuation criteria
	3.5. Bootstrap assumption

	4. Big bang stability: a priori estimates
	4.1. Strong C^0_G-estimates
	4.2. Strong low-order C_G-norm estimates
	4.3. Other useful a priori observations

	5. Big bang stability: elliptic lapse estimates
	5.1. Elliptic lapse estimates with calL
	5.2. Elliptic lapse estimates with tilde calL

	6. Big bang stability: energy and norm estimates
	6.1. Integral and energy estimates for the scalar field
	6.1.1. Scalar field energy estimates
	6.1.2. Sobolev norm estimate for nabla phi

	6.2. Energy estimates for the Bel–Robinson variables
	6.3. Energy estimates for the second fundamental form
	6.4. Energy estimates for the curvature
	6.5. Sobolev norm estimates for metric objects

	7. Big bang stability: improving the bootstrap assumptions
	7.1. Improving energy bounds
	7.2. Improving solution norm control

	8. Big bang stability: the main theorem
	9. Future stability
	9.1. Preliminaries
	9.1.1. Notation, gauge and spatial reference geometry
	9.1.2. Rescaled variables and Einstein equations
	9.1.3. Energies and data assumptions

	9.2. Elliptic estimates
	9.3. Scalar field energy estimates
	9.3.1. Near-coercivity of E_SF
	9.3.2. Preparations for energy estimates
	9.3.3. Energy estimates

	9.4. Geometric variables
	9.5. Closing the bootstrap

	10. Global stability
	Appendix A. Big bang stability
	A.1. Basic formulas and estimates
	A.1.1. Tools from elementary calculus
	A.1.2. Levi-Civita tensor identities
	A.1.3. Estimates on contracted tensors

	A.2. Commutators
	A.3. Borderline and junk terms
	A.4. L2G error term estimates

	Appendix B. Future stability
	Acknowledgements
	References

	03
	1. Introduction
	2. Notation and standing assumptions
	2.1. Boundary value problems for Schrödinger operators on Lipschitz domains
	2.2. Sobolev spaces and traces
	2.3. Bilinear forms and their eigenvalues and eigenspaces
	2.4. Group actions
	2.5. Subdomains

	3. Fundamental tools
	3.1. Index and nullity bounds in the style of Montiel and Ros
	3.2. Reduction and extension of domain under symmetries
	3.3. Spectral stability
	3.4. Conformal change in dimension 2

	4. Free boundary minimal surfaces in the ball: a first application
	5. Effective index estimates for two sequences of examples
	5.1. Review of the construction and lower index bounds
	5.2. Equivariant index and nullity of the models
	5.3. Deconstruction of the surfaces and regionwise geometric convergence
	5.4. Regionwise spectral convergence
	5.5. Proofs of Theorems 1.2 and 1.1

	Acknowledgements
	References

	04
	1. Introduction
	1.1. The main theorem
	1.1.1. Lower bounds on the uncertainty exponent
	1.1.2. Applications to spectral gaps

	1.2. Idea of the proof
	1.2.1. Model problem: Arithmetic Cantor sets
	1.2.2. Nonorthogonality and Dolgopyat's method
	1.2.3. Improvements over Dyatlov–Jin

	1.3. Outline of the paper

	2. Preliminaries
	2.1. Probability theory
	2.2. A geometric mean value theorem

	3. Discretization of sets and measures
	3.1. A new discretization
	3.2. Constructing the new discretization
	3.2.1. Preliminaries
	3.2.2. Induction on type
	3.2.3. Obtaining a tree structure

	3.3. Regularity of the discretization

	4. The induction on scales
	4.1. Mean value space
	4.2. Inductive step
	4.2.1. The contradiction assumption
	4.2.2. Outline of the proof
	4.2.3. Two unconditional moment estimates
	4.2.4. Drawing random nonorthogonal tiles
	4.2.5. Conditional second moment bounds
	4.2.6. Deriving a contradiction

	4.3. Proof of main theorem

	5. Applications
	5.1. Classical fractal uncertainty principle
	5.2. Convex cocompact hyperbolic manifolds

	Appendix: The nonorthogonality constant of a classical Schottky group
	Acknowledgments
	References

	05
	1. Introduction
	2. Preliminaries
	2.1. The anti-coarse space
	2.2. 1-bounded entropy
	2.3. Pinsker algebras

	3. Pinsker algebras of interpolated free group factors
	4. Main results
	4.1. Orthocomplement bimodule structure for maximal amenable subalgebras
	4.2. Generalizations of strong solidity
	4.3. Intertwining properties for Pinsker algebras

	Appendix: Invariance of 1-bounded entropy via noncommutative functional calculus
	A.1. Microstate spaces and definition of h
	A.2. L^2-continuous functional calculus
	A.3. Proof of monotonicity and invariance

	Acknowledgements
	References

	Guidelines for Authors
	Table of Contents

