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Abstract

We discuss a few conjectural Gaussian isoperimetric inequalities where tradi-
tional symmetrization or heat low methods fail. Generally speaking, we are trying
to maximize a convex function on a convex domain. So, any method that tries
to maximize a function by moving in the direction of higher gradient should fail.
Symmetrization and heat flow methods seem to fall into this category, so we need
to develop new approaches to our problems.

The central object of study is the Ornstein-Uhlenbeck operator, i.e. the heat
operator on Euclidean space equipped with the Gaussian measure. In this setting,
Fourier analysis with respect to Hermite polynomials becomes most relevant. Due
to the relation of the hypercube and the Gaussian measure via Central Limit Theo-
rems, these Gaussian isoperimetric results imply inequalities for discrete functions,
which then have applications to theoretical computer science.

The first problem we discuss asks for the maximum of the sum squared first-
order Hermite-Fourier coefficients over all partitions of Euclidean space. The sec-
ond problem we discuss asks for the most noise stable partitions of Euclidean
space. The latter problem is a generalization of the so-called Gaussian double
bubble problem. We give partial solutions to these two problems, and we also give
some negative results for the latter problem.
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Chapter 1

Introduction

1.1 History of Isoperimetry

Classical isoperimetry can be traced to ancient times, though its full under-
standing still remains incomplete. Generally speaking, we look for an object with
least perimeter among all objects of fixed volume. And we expect that the small-
est perimeter object has a simple structure. For example, if our notions of volume
and perimeter have some symmetries, we expect the smallest perimeter object of
fixed volume to also exhibit some symmetries. Since the Euclidean volume and
Euclidean surface area are highly symmetric, we expect that the set of fixed Eu-
clidean volume and least Euclidean perimeter will be highly symmetric. However,
symmetry considerations are often insufficient to find a set of least perimeter [84].

The classical isoperimetric problem asks for a Euclidean set of fixed Euclidean
measure and minimal surface area. The solution of this problem, the Euclidean
ball, has been known since antiquity. Steiner nearly proved this fact in 1838 using
symmetrization [95]. Steiner showed that, starting from a fixed Euclidean set A,
it is possible to create a more symmetric set from A with the same volume and
smaller or equal surface area. This argument was made rigorous by Weierstrass in
1870 [I0TI]. We can think of symmetrization as a gradient descent method. That is,
starting from any set, there exists a way to decrease the perimeter of this set, such
that we are now closer to a least perimeter object, with respect to some metric.
In this way, the classical isoperimetric problem can be intuitively understood as
maximizing a concave function over a convex set. The standard reference for
symmetrization methods is now [21], where several previous approaches are unified.

Hurwitz solved the isoperimetric problem in the plane using the rather striking
method of Fourier series in 1902. Given a non-intersecting closed rectifiable curve
in the plane, the curve can be represented as a periodic function of one real variable
with convergent Fourier series. Then, Fourier analysis shows that the perimeter
is smallest when all higher order Fourier coefficients are zero. Surprisingly, it is



still an open problem to try to extend his proof to all Euclidean spaces. Yet, for
convex bodies, the essence of his proof can be used, since in that case, one can
express a convex body as a function on the sphere, and then expand this function
into spherical harmonics [59).

In the mid-1900s, mathematicians began to solve isoperimetric problems in
spaces other than Euclidean space. In the sphere, the set of fixed volume and
smallest boundary is a cap, or geodesic ball [67], as shown by Levy. A nice proof
of this fact by symmetrization appears in [30]. Levy’s result was generalized by
Gromov [73] in the 1980s. Gromov’s result says that in a smooth manifold with
Ricci curvature bounded below by a positive number R, the boundary of any set is
greater than the boundary of a geodesic ball on a sphere with Ricci curvature R.
Gromov used the methods of comparison geometry, and he realized that a crucial
result of Almgren [I] gave the existence and regularity for Gromov’s isoperimetric
problem.

We should mention that existence and regularity of isoperimetric problems has
been an important issue. In particular, Steiner’s avoidance of this issue led to the
error in his proof. In the mid-1970s, Almgren achieved a breakthrough in regularity
theory which would change the entire direction of isoperimetric theory [1]. As
we just mentioned, this result allowed Gromov’s general isoperimetric inequality.
However, Almgren’s result also gave the existence and regularity for a wide class
of isoperimetric problems, including problems involving multiple sets. The two
set isoperimetric problem or double bubble problem asks for two Euclidean sets
of fixed volume and smallest combined surface area. That is, if we have two sets
Ap, Ay of fixed Euclidean volume, how can we minimize volume of (0A;) U (0A2)?
Thanks to the rigorous foundation given by [I] to this ancient problem, the double
bubble problem was finally solved in 2002 [49, 89]. Essentially nothing is known
when try to solve this problem for three or more sets. That is, if we are given three
sets Ay, Ay, Az of fixed Euclidean volume, we cannot find the minimum volume of
(0A;) U (0A2) U (0A;s). The three set case of this problem in the plane was solved
in 2004 by Wichiramala [102] by a variational argument which considers over fifty
separate cases. So, the proof does not seem to generalize to higher dimensions.

Concurrent with Almgren’s existence and regularity result, even more isoperi-
metric inequalities were investigated. In particular, the isoperimetric problem with
respect to the Gaussian measure was investigated. This measure could be consid-
ered natural in light of the Central Limit Theorem, or the fact that it is the unique
rotation invariant product probability measure on Euclidean space. We now need
to introduce some notation to state the Gaussian isoperimetric problem.

Let n>1,n€Z let x = (x1,...,2,) € R?, define ||z = 2? + --- 4+ 22, and
define

(@) 1= (2m) /2 . e~ llell3/2, (1.1)

Let A C R” be a set with smooth boundary and let H C R™ be a half-space.



That is, H is the region that lies on one side of a hyperplane. Denote the Gaussian
perimeter of 0A by

Yn-1(0A) == lim_jglf (26) 'yu(z € R™: Jy € 9A, ||z — y||, < &).

The Gaussian Isoperimetric Inequality says that the half-space H has the smallest
Gaussian boundary among all sets of fixed Gaussian volume.

Theorem 1.1.1 (Gaussian Isoperimetric Inequality). [16, [96]
Mm(A) =m(H) = 7-1(04) 2 ma(0H). (1.2)

In the 1970s, Borell and Sudakov-Tsirelson proved Theorem [1.1.1] using sym-
metrization methods. Since then, the result has been strengthened and extended
in various ways, which we will discuss further below. We should mention that the
Gaussian analogue of the Double Bubble Theorem [49] has been solved in 2008
[27] by first solving the double bubble problem on the sphere, and then using
that the Gaussian measure is the limit of projections of the Haar measure on the
n-dimensional sphere of radius y/n, as n — co.

We would now like to describe how Theorem has been generalized. To
do this, we need to introduce some operators. For r > 0, define B(z,r) := {y €
R"™: ||z — y||, < r}. Let dz and vol,, be Lebesgue measure on R”. Let f: R* =+ R
be a bounded function and let ¢ > 0. Let A :== =" 0?/0x?. Let e ' f(x)
denote the classical heat semigroup applied to f. That is, for x € R",

e f(x) = Rt V2t )dyn(y).

The classical isoperimetric inequality is a consequence of the following inequal-
ity for the heat semigroup e *2, which can be proven via symmetrization.

Theorem 1.1.2 (Riesz-Rearrangement Inequality). [65, [21]. For allt >0,

vol,(A) = vol,(B(0,r)) = 1a-e Plydr < / Lpor) - € lp. d.
Rn
(1.3)

n

So, as heat flows out of a given set, the one that preserves the most of its
heat is the ball. To get the classical isoperimetric inequality from Theorem [1.1.2]
let t — 0T in . Note also that both quantities in are equal at ¢t = 0,
so differentiating both sides at t = 0 preserves the inequality, once we normalize
appropriately.

Theorem [LL1.2] can also be considered a variant of the Brunn-Minkowski In-
equality



Theorem 1.1.3 (Brunn-Minkowski Inequality). [73, (86, (5] Let A,B C R"
be measurable and nonempty.

(a) ¥V X\ €[0,1], vol,,(AA + (1 — A\)B) > vol,(A)*vol,(B)' .
(b) vol, (A + B)Y/™ > vol, (A)Y/™ + vol,,(B)'/".

To see the analogy between Theorem [I.1.3] and Theorem [I.1.2] let A C R”
and let B be a Euclidean ball with vol(A) = vol(B). Then for all ¢ > 0, Theorem
1.1.3{(b) implies that vol,(A+eB) > vol,(B+¢&B). Moreover, e '21, is an average
of 14 over balls. There are several available proofs of Theorem [I.1.3] The quickest
proof uses a measure transportation argument for the case n = 1, and then an
induction on n.

We now provide a Gaussian version of Theorem [I.1.2 To this end, we first
replace the heat semigroup by the Ornstein-Uhlenbeck semigroup. Define the
operator L by L:=A+>"" | xia%i.

Definition 1.1.4 (Ornstein-Uhlenbeck semigroup). For x € R" and ¢ > 0,
define the Ornstein-Uhlenbeck semigroup applied to f by

e f(x) = | flre " +yvV1—e2)dy(y).

R

For our purposes below, it is sometimes desirable to use a non-semigroup version
of this operator. Therefore, let p € (—1,1), and define the operator

T,f(z) = . flxp+yv1—p*)dya(y).

These operators are also known as the noise operators.

Definition 1.1.5 (Noise Stability). Let f: R® — [0,1]. For p € (—1,1), define
the Noise Stability of f with parameter p as

[T, fdym.
R

Then Theorem [I.1.2] can be generalized to the following inequality of Borell
from 1985.

Theorem 1.1.6. [17] For all t > 0,

Wm(A) =7m(H) = 1a-e Llydy, < / 1y - e Tlydy,. (1.4)

R7 R™



Note the similarity of Theorem [I.1.6] and Theorem [[.1.2] As in the Euclidean
case, to get from , let ¢ — 0 in (1.4). Borell’s original result from
[17] has been highly influential, and my research program can be summarized as an
attempt to duplicate his success in solving an isoperimetric problem that has many
consequences. Since Borell’s paper, Theorem has been strengthened. In the
work [77], the authors use monotonicity methods to prove a stability version of
Theorem [I.1.6] On the one hand, they differentiate a suitable quantity in ¢, show
that this quantity is monotone, and deduce as a consequence. Moreover,
they use the size of this differentiated quantity to show that the inequality is
almost an equality if and only if A is close a half-space. A loosely related stochastic
calculus version of this result appears in [29] with tighter error bounds.

In 2003, Borell proved a Gaussian version of the Brunn Minkowski inequality,
Theorem [1.1.3L He uses a rather interesting twist on the parabolic maximum
principle and the heat flow method. That is, he smooths out sets A, B C R" using
the classical heat semigroup, and he then uses a parabolic maximum principle to
prove an infinite family of inequalities, of which the following Brunn-Minkowski
(or Ehrhard) Inequality is a special case. Unfortunately, the proof is so elegant
that it is unclear how it can apply to other problems.

Theorem 1.1.7 (Gaussian Brunn-Minkowski/ Ehrhard Inequality). [1§/
For a € R, define ®: R — [0,1] by ®(a) := [*__dy. Let A, B CR". Then for all
A€ 0,1],

O (m(AA+ (1= N)B)) > A0 (1,(A)) + (1 = M@ (3(B)).  (1.5)

We should mention that Gaussian isoperimetry has been developed in the con-
text of self-shrinking solutions to the mean-curvature flow, as in the following
sequence of recent papers by Colding, Minicozzi and others [24, 23] 25]. It is un-
clear whether or not their methods can apply to noise stability, since their methods
seems special to isoperimetric problems. Nevertheless, it could be possible to ex-
tend their methods to noise stability problems for p close to 1. Such a strategy has
at least been successful for related isoperimetric problems. See for example [36]
and the references therein.

1.2 Theoretical Computer Science

One of the reasons for renewed interest in isoperimetric theory in general and
in Theorem [1.1.6|in particular comes from theoretical computer science. From this
perspective, Gaussian isoperimetric inequalities become the most relevant. One
of the most fundamental problems in computational complexity, the MAX-CUT
problem asks for the partition of the vertices of an undirected graph into two
sets S and S¢ that maximizes the number of edges that go from S to S¢. For a



graph on n vertices, it is expected that in general we cannot solve the MAX-CUT
problem in time which is polynomial in n. More specifically, MAX-CUT is an
NP-complete problem, and it is also in the complexity class MAX-SNP, which is
the optimization version of NP [85]. So, if P # NP, then there is no way to
solve the MAX-CUT problem in general, in time polynomial in n. Fortunately,
one can approximately solve the MAX-CUT problem in time polynomial in n. In
fact, any problem in MAX-SNP can be approximately solved in polynomial time
[85, Theorem 1]. The best known approximation for MAX-CUT appeared in a
landmark paper of Goemans and Williamson in 1995 [35], where it was shown that
we can find in polynomial time a two-set partition of any undirected graph which
cuts at least .87856 times the maximum possible number of cut edges.

In order to describe the technique of the paper [35], we first define the MAX-
CUT problem.

Definition 1.2.1 (MAX-CUT). We define the weighted MAX-CUT problem for
n € N. In this problem, we are given a symmetric matrix {a;;}7,_, with a;; > 0 for
all i,7 € {1,...,n}. The goal of the MAX-CUT problem is to find the quantity:

e: {1 ,I{lna}t»}ig 2} Z @ij-
7]6{17 7n}
c(i)#c(4)

In particular, if V' = {1,...,n}, we can think of a;; as the weight of an undi-
rected edge from vertex ¢ to vertex j. Written another way, we want to compute

. e{ 2 Z a;; (1 —ee;). (1.6)

Goemans and Williamson approximate ((1.6)) by replacing the numbers ¢; by unit
vectors v; in the unit sphere S"~! C R", and by maximizing the same quantity.

n

1
v1,...1,£lna€XSn—1 5 l; a’ij(l - <Ui, ’Uj)). (17)

Since unit vectors in S"~! include unit vectors in {—1,1}, the quantity (1.7)
exceeds the quantity ((1.6)).

I 1 «
o max 5”231 a;; (1 — (v;,v;)) > . max 9 Zl(lz’j(l — £i€5). (1.8)

Crucially, the space of all n x n matrices of the form {(v;,v;)}7,_, is a cone, where

v; €ER" for all e =1,...,n. That is, if A, B are matrices in this cone, then for any



A€ [0,1], NMA+ (1 — A\)B is also in this cone. This cone is known as the cone of
positive semidefinite matrices. And the restriction v; € S~ ! can be written as a
linear constraint in the cone of positive semidefinite matrices: (v;,v;) = 1, for all
1=1,...,n. So, the quantity can be computed in polynomial time in n, since
it involves a function which is linear on the cone of positive semidefinite matrices.
Such functions are known as semidefinite programs, and they can be solved by,
e.g. the Ellipsoid Method [100].

Finally, the vectors achieved by solving can be related back to using
a randomized rounding method. That is, given vectors r1,...,r, € S*! achieving
the maximum in , let II C R™ be a random hyperplane such that 0 € II. For
all7 € {1,...,n} such that r; lies on one side of this hyperplane, define the random
sign v; := —1. For all i € {1,...,n} such that r; lies on the opposite side of this
hyperplane, define the random sign v; := 1. In expectation, we then compute

1

E% Z G,Z](l — ViVj Z azg T“Tj>

,5=1 ,j=1

. [mm EL] LS (1 (o)

0<9<r w1 — cos O

. b= (1.9)
1
~ [.87856] > a(1 = (ri,ry))
ij=1
1 n
= [87856] vl’...{ilnile)(sn_l 5 2]221 aij(l — <’UZ', Uj>).
Finally, combining ((1.9) and ( .

1 n

B lea” — v;) > [.87856] omax o ;(1 — &ig5). (1.10)

In summary, [35] used semidefinite programming to approximately solve MAX-
CUT in polynomial time within a multiplicative factor .87856, as shown by .
Since this paper, no one has been able to improve upon this approximation factor,
and there is strong evidence that it may never be improved at all. The first hint
of such a result appeared in 1991 [85] (before [35]) where it was shown that there
exists some constant ¢ > 0 such that, if P # N P, then there is no polynomial time
algorithm that approximately solves the MAX-CUT problem within the constant
c. An explicit constant 71/72 was found in 1998 by[14]. Then, in 2001 Hastad
[44] showed that if P # NP, then there is no polynomial time approximation
algorithm for the MAX-CUT problem with approximation ratio exceeding 16/17.
He also introduced discrete Fourier analysis as a tool for proving results of this type.



However, 16/17 > .87856, so we still did not know the best possible approximation
ratio for solving MAX-CUT. In 2007 [54], it was shown that the ratio .87856
should be the best possible. That is, assuming the Unique Games Conjecture
(UGC), it is not possible to approximately solve MAX-CUT within a multiplicative
factor greater than the Goemans-Williamson constant .87856 [78, Corollary 2.12].
The Unique Games Conjecture can be considered a contemporary proxy for the
P # NP problem. However, the Unique Games Conjecture could be false, whereas
it could still be true that P # N P. The result of [54] combines the Fourier analytic
methods of [44] with the semidefinite programming methods of [35], with some new
ingredients as well. In particular, the hardness result of [54] uses the Majority is
Stablest Theorem, which was shown to be a (nontrivial) consequence of Borell’s
isoperimetric result, Theorem [1.1.6

The Majority is Stablest Theorem says the following. If we have an election
between two candidates, if each candidate has an equal chance of winning, and if
no one person has too much influence over the outcome of the election, then the
best way to determine the winner of an election is to take the majority. Here the
“best” voting method is the one which is most stable to errors in the tabulation
of the votes, or noise. The exact statement of the theorem involves functions
f: {12} — {1,2}. Here the domain of f represents n votes for each of two
candidates, the function f represents the voting method (e.g. taking the majority
of the votes), and the range of f denotes the winner of the election, when given
the votes as input. As already mentioned, the Majority is Stablest Theorem was
shown to follow from Borell’s result [78]. In fact, we can consider the Majority is
Stablest Theorem to be the discrete version of Borell’s Theorem [1.1.6, To prove
the Majority is Stablest Theorem, the authors of [78] used an invariance principle,
where it is shown that, for functions with low influences, swapping Boolean or
Gaussian inputs of the function one at a time does not change the distribution of
the function very much. This strategy, known as the Lindeberg replacement trick,
had already been incorporated in an invariance principle of Chatterjee [22] and
much earlier in 1979 by Rotar [91]. However, the result of [78] provides improved
error bounds by also using the hypercontractive inequality.

In the interest of being precise, we now state the Majority is Stablest Theorem,
the Invariance Principle, and the Unique Games Conjecture.

Let f: {-1,1}" — {—1,1}. For any S C {1,...,n}, and 0 = (0y,...,0,) €
{=1,1}", define Ws(0) := [[;cq0i- Then {Ws}scq,.. ny is an orthonormal basis
for the space of functions {—1, 1} — R with respect to the inner product (f, g) :=

~

27" ey f(o)g(o). So if we define f(S) := (f, Ws), then we can write f =
> 5C{1m) ]?(S)WS. Let p € (—1,1), and define the Noise Operator, or Ornstein-



Uhlenbeck or Bonami-Beckner operator, applied to f with parameter p by
T,f= > PPFS)Ws.

SC{1,...,n}
Let z,y € {—1,1}" be random variables such that z is uniformly distributed in

{=1,1}", and for each i € {1,...,n}, y; satisfies E[x;3;] = p. Then the Noise
Stability of f with parameter p can be written as

27" Y )T, f(0) = Euy[f () f(y)].

oe{-1,1}"

For each ¢ € {1,...,n}, let oy, 5; € {—1,1} be i.i.d. random variables. Given
i € {1,...,n}, define the Influence of the i** variable on f by

Infif = Y |f(S)P

SC{1,...,n}: i€S
= P[f(ala s 7an) 7é f(ah s 7ai—17ﬂi7ai+l7 s 7Oén)]‘
Define MAJ,: {—1,1}" — {—1,1} so that

MAJ, (o1, ...,04) = sign< z”: 0‘i>.

i=1
In the statement of Theorem [1.2.2] the definition of sign(0) does not matter.

Theorem 1.2.2 (Majority is Stablest). [78/ Let 0 < p < 1, and let ¢ > 0.
Then there exists T > 0 such that if f: {—1,1}" — {—1,1} satisfies #{o €
{=1,1}": f(o) = 1} = #{o € {-1,1}": f(o) = =1} = 2" ! and Inf;f < T
forallt=1,...,n, then

n 2 . _

27 S f(0) Do) < ZsinH(p) + <

oce{-1,1}"
= lim 27" )" MAJ,(0) - T,MAJ,(0) + <.

m—0oQ
O'E{—l,l}m

Definition 1.2.3 (I-MAX-2LIN(k)). Let £ € N, £ > 2. We define the I'-
MAX-2LIN(k) problem. In this problem, we are given m € N and 2m variables
z; € LKL, i € {1,...,2m}. We are also given a matrix {a;};7, with a;; > 0 for
all i,7 € {1,...,2m}. An element (7, ) corresponds to one of m linear equations
of the form z; — z; = ¢;;(mod k), 4,5 € {1,...,2m}, ¢;; € Z/kZ. The goal of the
[-MAX-2LIN(k) problem is to find the following quantity:

max Z . (1.11)

(1,50 sT2m ) E(Z ) KL) 2T (i,j)€E:

x;—x;=cij(mod k)



Definition 1.2.4 (Unique Games Conjecture, [52, [54]). For every ¢ € (0, 1),
there exists a prime number p(¢) such that no polynomial time algorithm (with

respect to the parameter m) can distinguish between the following two cases, for
instances of I'-MAX-2LIN(p(e)) with a;; =1 for all 4,j € {1,...,2m}:

(i) (L.11)) is larger than (1 —&)m, or

(i) (1.11) is smaller than em.

If were equal to m, then we could find (zy, ..., Zs,) achieving the max-
imum in by linear algebra. One can therefore interpret the Unique Games
Conjecture as an assertion that approximate linear algebra is hard. Recently, it
has been shown that instances of the Unique Games Problem can be solved in
subexponential time [5], leading some to believe that the Unique Games Conjec-
ture could be false. However, the truth or falsity of this Conjecture remains a
major open problem.

The Unique Games Conjecture is more commonly written in the following
equivalent way [54]. Define a Unique game instance as

L= ‘C(G(‘/v W> E)? k’, {va}(v,w)EE)-

Here G(V, W, E) is a regular bipartite graph with (left) vertex set V', (right) vertex
set W, and edges E. For every edge (v,w) € E with v € V,w € W, there is a
given permutation m,,: {1,...,k} — {1,...,k}. A labeling to the Unique Game
instance is an assignment n: VUW — {1,... k}. An edge is satisfied by a labeling
n if n(v) = muw(n(w)). The goal is to find a labeling that maximizes the fraction of
edges satisfied. We call this maximum OPT(L). We think of k as a constant, and
the size of the graph as the size of the problem instance. The Unique Games
Conjecture (weak form) says that, for arbitrarily small constants €, > 0, there
exists k = k(e, §) such that no polynomial time algorithm can distinguish whether
a Unique Games instance £ with k labels satisfies OPT(L) > 1—¢ or OPT(L) < 4.

1.3 Isoperimetry for More than Two Sets, M A X-
k-CUT, and Plurality

We are now prepared to synthesize the above research threads and discuss the
main problems of this thesis. Mathematically speaking, it is natural to consider
a generalization of Theorem to multiple sets. For Euclidean sets and the
Lebesgue measure, there are conjectured partitions of minimal surface area when
partitioning into k parts in R™ as long as k < n+ 1 [97), Proposition 2| [75], p. 153].
These conjectured partitions are the union of subsets of spheres, and the partitions
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are intuitively understood as the collision of soap bubbles in nature. We then seek
an analogous conjecture for the Gaussian measure.

Computationally speaking, we saw that Borell’s Theorem implied that the
Goemans-Williamson semidefinite program gives the best approximation for the
MAX-CUT problem, assuming the Unique Games Conjecture. If we generalize
MAX-CUT to k > 3 sets, which we refer to as MAX-k-CUT, then there is a
similar assertion. That is, if we could solve an analogue of Borell’s Theorem [1.1.6
for k > 3 sets, then the Frieze-Jerrum [31] semidefinite program for the MAX-k-
CUT problem would give the best approximation for the MAX-k-CUT problem,
assuming the Unique Games Conjecture [50]. As in the case of MAX-CUT, we
know that we cannot solve MAX-k-CUT in polynomial time [31]. And there exists
a constant ¢ > 0 such that we cannot approximately solve MAX-k-CUT within
the constant ¢ unless P = NP [85].

The Frieze-Jerrum semidefinite program follows the same ideas of (1.6),
and , though since we need to partition vectors into £ > 3 sets, we can no
longer use a single hyperplane. Instead, we need to randomly rotate a partition
{A;}F_, of R™ into k disjoint sets such that v,(A4;) = 1/k for each i = 1,... k.
Then, just as in the Goemans-Williamson semidefinite program, we “round” vec-
tors v; € S™! to elements of {1,...,k}. In particular, we assign two vectors v;, v
to the same element of ¢ € {1,...,k} if and only if there exists ¢ € {1,...,k}
such that v;,v; € A;. The details of this argument are described in [50, Theorem
A.6]. In the end, we want to solve the k-set version of Borell’s Theorem [1.1.6] or
equivalently, we want to find the optimal approximation ratio for MAX-k-CUT.
So, for our purposes, it suffices to examine the analogue of the computation
for k sets. This computation is summarized in Theorem below.

Definition 1.3.1 (MAX-k-CUT). Let k,n € N, k > 2. We define the weighted
MAX-k-CUT problem. We are given a symmetric matrix {a;; }}';—, with a;; > 0 for
alli,7 € {1,...,n}. The goal of the MAX-k-CUT problem is to find the following
quantity:

c:{l,...,rél}a—}f{l,...,k} Z ij-

i,j€{1,...,n}:
c(i)#c(4)

We now would like to state a conjecture which is the analogue of Borell’s
Theorem for £ > 3 sets. As we will see in Theorem [1.3.3] the quantity of
Conjecture [1| naturally arises in the optimal approximation ratio of the MAX-k-
CUT problem. Before stating the analogue of Borell’s theorem, we need to describe
the sets that we believe to be optimal within this conjecture.

Definition 1.3.2 (Regular Simplicial Conical Partition). Let 2, ..., 2, € R"
be the vertices of a regular k-simplex, which is centered at the origin of R™. For

i=1,...,k let B, := {z € R": (x,z) = max;—,__x(7,z;)}. Then {B;}¥, is a
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partition of R™ into k regular simplicial cones. We therefore call { B;}¥_, a regular
simplicial conical partition of R" into k pieces.

Conjecture 1 (Standard Simplex Conjecture, [50]). Let n > 2, let p €
(—1,1), and let 3 <k <n+1.

(a) If p € (0,1), then
Yo(A)) =1/k, Yie {1,...,k} AN U A4 =R"

i F (1.12)
— Z/ 1, - T,1a,dy, < Z/ 1p, - T)1p,dv,.
i=1 YR i=1 YR
(b) If p € (—1,0) then
U A =R" A 7 (A4NA)=0,Vije{l,....k},i#j
(1.13)

k k
— Z/Rn 1a, - Tpyladyn > Z/n 1, - T,1p,dyn.
i=1 =1

Theorem 1.3.3. (Optimal Approximation for MAX-k-CUT, [50, Theorem
1.13],[31]). Let k € N, k > 2. Let {B;}f_, C R*"! be a reqular simplicial conical
partition. Define

k— kQ Zf:l fRn 1BiTplBid7n

= 1 f
e R0
k
= inf k—k Zz‘:1 fRn 1BiTplBid%.
— 25 <p<0 (k—1)(1—p)

Assume Congecture |1] and the Unique Games Conjecture. Then, for any ¢ > 0,
there exists a polynomial time algorithm that approximates MAX-k-CUT within a
multiplicative factor oy, — e, and it is NP-hard to approximate MAX-k-CUT within
a multiplicative factor of oy + €.

As we saw for Borell’s Theorem [I.1.6] there is a corresponding statement for
discrete functions, known as the Majority is Stablest Theorem Once again,
there is a discrete version of Conjecture [I, This discrete problem is known as
the Plurality is Stablest Conjecture, and it has the following informal description.
If we have an election between k£ > 3 candidates, if each candidate has an equal
chance of winning, and if no one person has too much influence over the outcome of
the election, then the most noise-stable way to determine the winner of an election
is to take the plurality. The exact statement of the theorem involves functions
fAL ...k} —{1,...,k}. Here the domain of f represents n votes for each of k
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candidates, the function f represents the voting method (e.g. taking the plurality
of the votes), and the range of f denotes the winner of the election, when given
the votes as input.

We now make a few definitions and then state the Plurality is Stablest con-
jecture. This Conjecture seems to first appear in [54]. The work [54] emphasizes
the applications of this conjecture to MAX-k-CUT and to I'-MAX-2LIN(k), from
Definitions [1.3.1l and [1.2.3l

Let n > 2,k > 3. Let (Wy,..., W) be an orthonormal basis for the space
of functions {g: {1,...,k} — [0,1]} equipped with the inner product (g, h); =
%ZGG{I ky 9(0)h(o). Assume that W, = 1. By orthonormality, for every o €

.....

{1,...,k}, there exists g(o) € R such that the following expression holds: g =

.....

Api={(z1,...,2) ERF: V1 <i<k0<a; <1,00F 2, =1}

Let f:{1,... k}* = &g, f= (1, fe), i {1,... Kk} = [0,1], i € {1,... k}.
Let 0 = (01,...,0,) € {1,...,k}". Define W, := [[_, W,,, and let |o] :=
{i € {1,...,n}: 0, # 1}|. Then for every o € {1,...,k}" there exists ﬁ-(a) eR
such that fi = >0 . k}nﬁ(U)Wa, i € {l,...,k}. For p € [-1,1] and @ €
{1,...,k}, define

Tfii= Y. PVi(o)W,, T,f = (T,fr,....,Tpfi) € R:.

Let m > 2, k > 3. For each j € {1,...,k}, let ¢, = (0,...,0,1,0,...,0) €
R* be the j”* unit coordinate vector. Let o € {1,...,k}". Define the function
PLUR,,x: {1,...,k}™ — Ay such that

e; Af {ie {1,...,m}: 0, =j}| >
Hie{l,...,m}: 0, =1},

PLUR,, x(0) := Vre{l,... k}\ {5}

15k ;
£ 16 ,otherwise

Conjecture 2 (Plurality is Stablest Conjecture, [50]). Let n > 2, k > 3,
p € [—:5,1], e > 0. Let (-,-) denote the standard inner product on R™. Then there

77777

T foralli e {1,...k}, j€{1,...,n}, then
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-----

oe{l,....k}m
1
< lim oo > (PLURu(0), T,(PLUR,,)(0)) + €

=Y UL T)
oe{l,...k}™
> lim o > (PLUR,(0), T,(PLURy.)(0)) — &

One of our main results from Chapter 4| concerns a very specific solution of
Conjecture[I] One of our other main results from Chapter [5|states that the follow-
ing natural variant of Conjecture [1|is false. Conjecture [3|is essentially Conjecture
with an unequal measure assumption. Actually, a statement more general than
Conjecture |3]is false, but for the purposes of this introduction, we state the simpler
Conjecture [3] For the more general case, see Chapter [5

Conjecture 3 (Shifted Simplex Conjecture). Let n > 2, let p € (—1,1). Let
{B; ?jll C R"™ be a reqular simplicial conical partition. Let 0 < ay,...,a,11 < 1
with 317" a; = 1. Assume that (ay, ..., an1) # (1/(n+1),...,1/(n+1)).

(a) If p € (0,1), then there exists y € R™ such that v,(B; +vy) = a; and such that

Yo(A)) =a;, Vi=1,....k A U A =R"

F F (1.14)
= E /R" La, - TﬂlAidﬁyn < E /n 1Bi+y ’ Tple‘+yd7n-
i=1 =1

(b) If p € (—1,0) then there ezists y € R™ such that v,(B; + y) = a; and such
that

’)/n(Az) :ai,Vi:17...,]€ VAN UleAlan
k

k
— Z/n 1a, - Ty1ady, > Z/n 15,4y Tplp,sydn.
; =1

=1

(1.15)
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1.4 Grothendieck’s Inequality and Kernel Clus-
tering
Let {a;}7,—; be a real matrix. Proven first in 1953 [38], Grothendieck’s

Inequality says that there is a constant K > 0 which does not depend on n or on
{ai;}7 ;=1 such that

n n
max E aij(wi,rj) S K- max E aijgi(sj- (]_]_6)
W,y Wiy, T .., T €52N— 1 4= | E1y0sEny01 5,0 €{—1,1} 4 |
1,)= )=

Grothendieck had written his inequality in terms of different norms on tensor
products of Banach spaces. It was actually Lindenstrauss and Pelczynski [68] who
discretized this inequality in 1968 and wrote it as . Since Grothendieck’s
paper, it has remained an open (and difficult) question to determine the smallest
possible K which can be used in (|1.16)).

In the case that the matrix {a;;};';_; is symmetric positive semidefinite, we
know the sharp constant in the corresponding Grothendieck Inequality, as shown
in (1.17]), which is a result of Rietz from 1974. Note that looks more specific
than since is quadratic rather than bilinear. However, if {a;}};_; is
symmetric positive semidefinite, then both sides of achieve their maxima
when w; =r; and ¢; = §; for all i = 1,...,n [2], so that (1.16) reduces to .

Theorem 1.4.1 (Positive Semidefinite Grothendieck Inequality). [90/ Let
{aij}i =1 be symmetric positive semidefinite, i.e. a real symmetric matriz with all
eigenvalues nonnegative. Then

n n
T
max g a;j{w,w;) < -+ max E ;€€ (1.17)
n—1
W yeeny Wi €S = 2 51,...,6716{71,1}2,],_1

Moreover, the constant 7/2 is the smallest possible constant that can appear on the

right side of (1.17)).

The modern interpretation of follows the same lines as the investigation
of MAX-CUT by Goemans and Williamson [35] mentioned in Section [I.2] This
interpretation came in 2006 from Alon and Naor [2]. In this interpretation, the left
side of corresponds to and the right side of corresponds to .
The left side is an optimization problem which is linear in the inner products of
vectors, so it is a semidefinite program which can be solved in polynomial time in
n [100]. In general, the right side of cannot be solved in time polynomial in
n, assuming P # N P. Actually, we can write in a way that makes it exactly
analogous with the inequality , as follows. Until recently [19], the following
statement of was believed to produce the sharp constant in (1.16|) [2].
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Theorem 1.4.2 (Grothendieck’s Inequality, Algorithmic Version). [2/
There is a randomized polynomial time algorithm such that, given {ay;}i,—, a real
matriz and vectors {w;}i,, {r;}}=, € S*"7', the algorithm outputs random signs
{uitioy, {vi}i=y € {—1,1}, such that

a 21og(1 +v2) <&
£ ayuy = 2BLEVD SN ) (1.13)
T

i,j=1 i,j=1

So, if we solve the semidefinite program corresponding to the left side of (|1.16])
and then apply Theorem to these vectors, we have then approximately solved
the right side of ([1.16)) within a multiplicative factor of about .56. That is, we first

use the analogue of (1.8]).

n n

max E Q5 <’UJZ', 7”]’> Z max E aijeiéj. (119)
;! 517~~~75n761:-~~:5n€{*1:1}. —1
©,J=

W yerey Wi yT1 5.y Tn €S2N 71 4=
3,j=1

Then, combining (|1.18)) with (1.19)) gives the analogue of ((1.10)).

“ 21og(1 4+ v/2)
B O ity 2 Ty 2 et (120)

ij=1 J=1

Note that (1.18]) differs from (1.9)) since in (|1.9) the weight function w(i, j) is

nonnegative, whereas the matrix {a;;};';_; can have positive or negative entries.
The nonnegativity of w(4, j) was crucial in proving (L.9), so the same proof does
not immediately work for . However, by first mapping the vectors w;,r; to
new unit vectors in a way that removes the inverse cosine term of , we can
then use a random hyperplane to “round” the resulting vectors to {—1,1} as in
. And this procedure proves Theorem m For around forty years, it was
thought that this two-step process of mapping the unit vectors to new vectors
and then rounding with a random hyperplane was the best possible way to prove
Grothendieck’s Inequality. However, recently, it was shown that this procedure can
be changed in a surprising way to produce a smaller constant K in (1.16]). That
is, we can take K < 7/(2log(1 ++/2)) in [19]. Moreover, some “rounding
procedure” can find the best constant in ((1.16]) [79].

Finding the smallest possible constant K in has several interpretations
beyond mathematics. From the physics perspective, the best constant K in ([1.16|)
is also the best constant in certain Bell inequalities in quantum mechanics [87].
Also, assuming the Unique Games Conjecture, it is impossible to approximate the
right side of (L.16), in time polynomial in n, within a multiplicative factor smaller
than K [88], where K is the smallest possible constant in the inequality (1.16).
One could consider this breadth of interpretation as evidence for the difficulty and
importance of finding the smallest possible value of K in (1.16)).
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Since is very general, and since rounding procedures appear often in the-
oretical computer science [35, 31, 2, 6], [66], inequality has many applications.
Actually, and describe a paradigm that has been very successful in solv-
ing many combinatorial optimization problems over the last two decades. Some
combinatorial optimization problem is expressed as a maximization over variables
with values +1 or —1, as in the right side of . Then, this maximization
problem is changed by replacing the {—1, 1}-valued variables with variables tak-
ing values in a high dimensional sphere, as in the left side of . The vectors
maximizing the left side of can be found efficiently, using semidefinite pro-
gramming. These vectors are then “rounded” to the values +1 or —1 in such a
way that the right side of is almost maximized. And computing the right
side of cannot be done in a reasonable amount of time, as a function of n,
assuming P # N P. So, an inequality such as describes the most reasonable
way of computationally approximating the right side of (L.16).

To summarize the state of affairs for finding the optimal constant in , it
seems quite difficult to determine the best constant in , but we do know the
best constant in (1.17]). To find the best constant in (1.16f), it would be helpful
to have some similar problem of intermediate difficulty between (1.16)) and (1.17)).
Khot and Naor found such a family of problems in [55, 57], which we now describe.
In an effort to understand better, and to approximate the optima of kernel
clustering problems, Khot and Naor [55], [57] investigated Grothendieck’s inequality
(1.16) in 2009 for {a;;}};—, that are positive semidefinite. We will first describe the
kernel clustering problem, and we will then see how a version of Grothendieck’s
inequality arises from the clustering problem. The kernel clustering problem from
machine learning is defined as follows.

Definition 1.4.3 (Kernel Clustering Problem). Let 1 <k < n. Let {a;;}};_,
be a symmetric real positive semidefinite matrix with Z? j=1 @ij = 0. Let {bi; f =1
be another symmetric real positive semidefinite matrix. The goal of the kernel
clustering problem is to find the following quantity

k
max E E a b::.
{S1,...,5k } apartition <= Pe Y
of {1,...,n} i,j=1 \ (p,q)€S; xS;

Here we think of the matrix {a;;}}';_; as a matrix containing a large amount
of data, and {bw}f ;=1 1s some hypothesis expressing that {a;}7;_; should be able
to be clustered into a small number of blocks (k? of them). And the data in each
block should be similar. Definition [1.4.3]is therefore a variant of the popular clus-
tering paradigm in machine learning. For example, the similar k-means clustering
problem and algorithms for it were investigated as far back as 1957 by Lloyd [70]

with renewed interest in 1967 [72] and the late 1990s [2§].
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However, as with many machine learning algorithms, rigorous analysis remains
elusive. Interestingly, the analysis of the k-means clustering algorithm is similar to
the analysis of the Kernel Clustering Problem from Definition [I.4.3] In particular,
in both problems, a gradient-descent method amounts to iteratively constructing
Voronoi tesselations of space, and it is unclear (and unlikely) that this procedure
will converge to an optimal value. We now summarize the problems with machine
learning algorithms and the problems that we discuss below. The typical situation
is that we have some nonconvex optimization problem, and we want to find an
optimal point. Of course, one can start at any given point, take the gradient of the
given function, and then move in the direction of the gradient to try to optimize
the given function. However, there is no guarantee of achieving a global optimum
with this procedure.

Definition 1.4.4 (k-Means Clustering). Let 1 < k < n. Let ay,...,a, € R%
The goal of the k-means clustering problem is to find the following quantity

1
aj—mZag

' pes;

k 2

min g E
S1,...,Sk } apartition
{515y ap i=1 jes;

of {1,...,n}

2

There are many algorithms and analyses related to clustering problems. We
only name a few, which include the nonnegative matrix factorization problem
[15], and the sparsest k-partition problem [71]. The latter was influenced by the
investigation into higher order Cheeger inequalities, as in [66]

As stated above, the sharp constant is known in Theorem [1.4.1] which is a
result of Rietz [90]. Khot and Naor then created a more general positive semidef-
inite Grothendieck inequality, and they made a conjecture concerning its optimal
constant for certain simple cases. Even in these simple cases, we still do not know
what the optimal constant for the inequality is, though we have a guess for what it
should be. So, we can therefore consider this new generalized positive semidefinite
Grothendieck inequality to be of intermediate difficulty, between the “easier” The-
orem and the “harder” (1.16]). Surprisingly, Theorem yields the optimal
approximation algorithm for the kernel clustering problem, assuming the Unique
Games Conjecture.

Theorem 1.4.5 (The Generalized Positive Semidefinite Grothendieck In-
equality). [57, Theorem 3.1, Theorem 3.3] Let {a;;}} ;- be a positive semidefi-
nite matriz, i.e. a real symmetric matriz with all eigenvalues nonnegative. Let
vi,...,vpy € R¥ with k > 2, and let B = {bij}fij:l be the symmetric positive
semidefinite matriz with b;; = (v;,v;). Then there exists C(B) which does not
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depend on n or on {ay}},—, such that

n

1 n
wl,..fg?éisnfl ”221 aig (Wir ;) < C(B) o {1,27...]52?—)5{1,2,...,@ ijzl i (Vo (i), Vo(j))-
(1.21)

Instead of rounding the vectors w;, i = 1,...,n to 1 or —1 as in Grothendieck’s
inequality, Khot and Naor prove by rounding the vectors w;, 1 =1,...,n to
one of k vectors v;, i = 1,..., k. Also, the best constant 1/C(B) is found by finding
the best rounding procedure. As in the MAX-k-CUT problem, finding the best
rounding procedure in Theorem reduces to finding a partition of Kuclidean
space that maximizes a certain isoperimetric quantity.

Let Ij, denote the k x k identity matrix. In [55, [57], it is shown that C(B) can
be found by solving a finite-dimensional optimization problem, whose parameters
depend on B. However, this optimization problem is non-convex in general, so
standard methods cannot compute C(B). As a special case,

/Ai rdy—1()

The Propeller Conjecture guesses the value of C'(Iy), k > 4, in (1.21))

2
2

k
1) = sup 5
Aty Ak UleAiZRk_l, i=1
Te—1(AiNA;)=0,Vi,j€{1,....k}, i#]

Conjecture 4 (Propeller Conjecture). [57, [57] The following constant is the
best possible in (1.21)) for B = I and k > 4.

9
C(Ily) = o C(I3). (1.22)

The constant C'(I3) = 9/(87) is computed in [55] using Lagrange multipliers,
but C(I;) does not appear to be computable using this technique. Using some
theoretical results and a brute force search, we give a computer-assisted proof of
in the case k = 4 [46] in Chapter |3| The analytic results use a connection
between the maximization problem and discrete harmonic maps into the
sphere. Intuition derived from this connection allows several ad hoc arguments to
rule out candidates for partitions that maximize ((1.22)). Removing the computer-
assistance and treating k£ > 4 remains a challenge.

As an aside, it would be nice to adapt the results of [55] and [57] to the noncom-
mutative Grothendieck inequality. Recent work [10] finds an improved constant in
a semidefinite special case of the noncommutative Grothendieck inequality of [80].
However, the results of [10] do not guarantee the sharpness of their inequality.
It would be desirable to look for a sharp constant in their positive semidefinite
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noncommutative Grothendieck inequality, and to prove a corresponding Unique
Games hardness result.

Lastly, the Propeller Conjecture is connected to the Standard Simplex
Conjecture (1| by the following formula for A C R”, which is discussed in Chapter

M (4.13). Thus, from (1.23), Chapters 3] [i] and [ deal with essentially the same

quantity.
/ La-Tplady, = /xdvn(:v)
p=0 n A

1.5 Summary of Main Results

2

d

> (1.23)

2

In this thesis we show the following things.

e The Propeller Conjecture (1.22)) holds for £ = 4. (Chapter |3)

e For all n > 2, there exists po(n) > 0 such that the Standard Simplex Con-
jecture |1 in dimension n holds for all 0 < p < po(n). (Chapter {4))

e The Shifted Standard Simplex Conjecture [3| does not hold. (Chapter [)

Chapter [3| is derived from the paper [46], which is joint work with Aukosh
Jagannath and Assaf Naor. The main idea there is to use a computer-assisted
e-net argument together with modulus of continuity bounds to determine that
many partitions are not optimal. The remaining partitions are dealt with using
derivative bounds and modulus of continuity bounds. Chapter {is derived from the
paper [45]. The main idea there is an iterative argument to repeatedly improve the
regions of a partition to look more and more like what we want. Iterative arguments
appear many places in mathematics, e.g. Picard iteration, the Nash embedding
theorem [81], PDE methods, or De Giorgi-Nash-Moser iteration [76]. Also a more
contemporary result is the investigation of Krivine’s functional in dimension 1 [19]
Theorem 1.3]. Chapter (9] is derived from the paper [47], which is joint work with
Elchanan Mossel and Joe Neeman [47]. There, an analyticity argument shows
that the first variation of many natural Euclidean partitions cannot be zero, and
therefore these partitions do not optimize noise stability.

1.6 A Final Comment on Intuitive Reasoning for
Conjectures (4 and

As mentioned at the beginning of the introduction, we believe that Conjectures
[l and [ hold since the Gaussian measure is invariant under Euclidean rotations.
And these conjectures are also invariant under Euclidean rotations, and under
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permutation of the partition elements. So, we expect that the solution of these
problems should also be symmetric and simple to describe. However, since Con-
jecture |3|is false, any proof of Conjecture |4 or |1l must also fail to prove Conjecture
. But the existing proof strategies for Theorem m [77,29] do not seem to make
such a distinction when we try to apply them to solve Conjectures [4 and [} More-
over, the finite dimensional optimization problem corresponding to Conjecture
contains at least one saddle point. We therefore infer that both Conjectures [I] and
cannot be solved by first variation arguments or gradient-descent methods, such
as heat flow methods. In the ensuing investigation, we therefore attempt to find
new and different approaches to Conjectures 1] and [4] that circumvent these issues.
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Chapter 2

Preliminaries

2.1 Basic Notation

Let n be a positive integer. Let z = (z1,...,z,) € R", with ; € R for
all i € {1,...,n}. Let r > 0, let A,B C R", let f: R* — R™, f;: R" — R,
i=1,....,m, f=(f1,..., fm). Assume that f is differentiable and g: R" — R is
differentiable. Let 1 < p < oo, and let (€2, u) be a measure space with measure .

Z:={...,-3,-2,—-1,0,1,2,3,...}, the integers

N:={0,1,2,3,4,5,...}, the natural numbers

Q :={m/n: m,n € Z,n # 0}, the rationals

R denotes the set of real numbers

C:={x +yv—1:z,y € R}, the complex numbers

& denotes the empty set
A\B:={x € A: x ¢ B}

A°:=R"\ A, the complement of A
AN B denotes the intersection of A and B
AU B denotes the union of A and B
AAB := (A\ B)U (B \ A) the symmetric difference of A and B
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max (or min) denotes the maximum (or minimum) of a set of numbers
sup (or inf) denotes the supremum (or infimum) of a set of numbers

[l = lll, = (> |2 P)YP, the p-norm, or £,-norm for 1 < p < oo

), = suPseq,..,
(x,y) =", z;y;, the standard inner product on R"
By(z,r):={y e R": ||y — x||ég < 1}, the open £} ball of radius r
B(z,r) = By(x,r) :=={y € R": [ly — x|, <r}, the open ball of radius r
1Nz, = (fo, |fIP dp)*/P, the Ly(p) norm for 1 < p < oo
11y 7= nf{A > 0: p(w € Q: [f(w)] > A) =0}, the Loo(p) norm
L) == 2> R fl,q < o}

det denotes the determinant function
td = id,, = I,, denotes the identify map, or the n x n identity matrix

e1,...,e, denotes the standard basis of R"
0g/0x; = D.;g = D;g denotes the partial derivative of g with respect to x;
Vg(x) = (D1g(x), ..., Dyg(z)) denotes the gradient of ¢
Hessian(g) = (D;;9)1<ij<n, the Hessian matrix of second partial derivatives

Tn(x) = e‘””H%/Q(QW)_”/Q, the Gaussian density on R"
P denotes a probability measure
E denotes the expected value
A:=3%""  9%/027 denotes the Laplacian on R™
L:=—-A+3"" x;-0/0x; , the Ornstein-Uhlenbeck operator on R"

Tpf(x) = fpu [(xp+y/1 = p?)dmm(y), p€(=11).

(21,29, x3) X (?/17 Y2, Y3) = (TaYs — T3Ya, T3y1 — T1Y3, T1Y2 — T2¥y1) denotes the cross
product on R®. For ¢ = ({1,...,4,) € N*, let [(| := |||, = 7, 6], and let

0 =TT, ().

2.2  Orthonormality of Hermite Polynomials

Recall that the Hermite polynomials of one variable ho(z), hi(z), ... are defined
by the following generating function. For all 0 < A < 1, x € R, we have
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q

f:)fhg(l‘) _ eAx—)\2/2 _ f: x_p/\pi (_1)q(}\)2q(1/2)q (21)
=0 p=0

, L¢/2] 22k (1 )k
K10 — 2k)!

(2.2)

Here we let p + 2¢q = ¢, k = ¢q. In particular, equating the terms with the same
coefficients of \¢ for a fixed ¢ € N, we get the following explicit formula for the
Hermite polynomials.
L¢/2] 22k (1 )k
hel) = Z_: KI(0 — 2K)!

So, hg = 1, hy = z, hy = (1/2)2* — (1/2), hy = (1/6)z® — (1/2)z. Since
IVBhell ) = 1, we have 1= [zl = ((V2/2)(@? = Dllzar). We will
now derive the formula ||V (1) = 1.

Recall that e~ = Jz e~ em2minl r Qo e787/2 = Je e~ 2=y [\/27. So,
we write

(2.3)

Ae=N2 )2~ (1/2)(@=N)? a2 / eV e N gy /o
R
_ 2 / 6_y2/26_iyacez‘y>\dy/1 o (2.4)
R
Now, e =572 (iy\)*/¢!, so

[e'e) - " o0
> byl = e By
=0 £=0

| >

¢
'er/Q/e_yQ/Q(iy)ge_lwdy/\/%r.
: R

[

Therefore,

he(z) = %eﬂﬂ/Reyz/z(iy)eeiyxdy/\/%r. (2.5)

Written another way,

_1 £ 2 2 . _1 ¢ 2 2
he(x) = u@“” /z(d/dx)é/ e~V 2 dy [\ 2m = %ex P2(d/dx) e /2.
R .

¢!
(2.6)
Suppose j > k, and consider [, h;(x)hy(x)e="/2dx/+/27. By substituting the
differential expression (2.6) and then integrating by parts k times, we get the
following orthogonality condition.

/R h(z)hy(z)e™2dx v/ 21 = ()i /R [(d/dx) e/ hy(x)dx /v 2w = 0. (2.7)

j!
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To compute the norms of the Hermite polynomials, we square the generating func-
tion (2.1) and then integrate.

/ Zhe )\£2 —x2/2d$/\/_ Z/hz /\Qz - /de/\/—

=0

:/62)\33—)\2e—x2/2dx/\/%:/e—(l/Z)(x—Q)\) +)\2d$/\/ﬁ
R R
\2 > 224

- T L
=0

So, equating the same powers of A on both sides gives us the Ly(7;) norms of the
Hermite polynomials.

Il = [ e vom = 170 2.3

We can also get an explicit formula for the Gaussian heat kernel (or Mehler
kernel) as follows.

(072 th et

R

%\%\%\%\w

€—u2/2—ixu+u2r2/2 |:/ —(v+ur)?/2— zyvdv:| dU,
R
_ e—u2/2—ixu+u2r2/2 |:/ 6—1)2/2 wy(v—ur d’U:| dU,
R
o~ u?/2—izutur? [2+iyur {/ e /Qiy“dv} du(2m) !
R

:e—y2/2/6—u2(1—r2)/2—iu(ac—yr)du(2ﬂ_)—1/2
R

_ efy2/2<1 . TQ)1/2/6u2/2i(1r2)_1/2(xyr)du<2ﬂ_>1/2
R

— e y2/2(1 r )*1/267(937117")2/[2(1*7"2)]

=(1- 712)*1/267312/2*12/[2(1*7"2)]*yzrz/[2(1*T2)]+9«“y7‘/(1*r2)

(mz+y2 —2rzy)

— (1 o T2)—1/26— 2(1=12)
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From and (2.8)), we know that {h,VE!}32, is an orthonormal set in Ly(v,).
To see that {hyVk!};2, is a basis for Ly(71), note that from (2.3), the span of
{hVEI}22, in Ly(71) is equal to the span of monomials in Ly(v;). So, to prove
that {h,V/k!}22, is an orthonormal basis of {hxv/k!}52, it suffices to let f € Lo(71)
with [, f(z)a*dv:(xz) = 0 for all k € N, and then prove that f = 0. To this end,
let z € C and define

™ ka 2
g(z) = /Rf(x)e%me‘#ﬂdx = Z (2 ]3! /Rf(x)xkex Pdz = 0.

keN

Then for all t € R, g(it) = 0, so that the Fourier transform of f(:zc)e‘xQ/2 is zero.
Note that f € Ly(v,) implies f € Li(m), so f(z)e ™ /?> € Ly(R). So, by Fourier
inversion, we conclude that f (x)e‘x2/ 2 =0, and f = 0 as desired. In conclusion,
{hVEINSS, is an orthonormal basis of Ly(7yy).

Let £ = ({q,...¢,) € N" and for x = (z1,...,2,) € R", define

he(x) == H ha, ().

For £ € N, define ¢! := []'_, (¢;!). Since v,,(z) = [[;_; 71(x1), we conclude that
{heV 01} jenn is an orthonormal basis of Ly (7,). (2.9)

Taking n products of the above identity,

2y o e  Uel3 g3 —2rizy))
e~ lzllz+1yl12)/2 § rk E hg(x)he(y)a _ (1 o 7‘2)_n/26 21-r2) ' (2'10)
k=0  (cNn:
[1€][1=F

2.3 P and NP

Let £ C UX_,{0,1}. We say that an algorithm ALG: UX_, {0,1}™ — {0,1}
decides L if ALG(z) =1 for all z € £, and ALG(z) = 0 for all ¢ £. We say
that ALG decides £ in T'(n) > 0 time if, for each n € N, for all x € {0,1}",
ALG(x) runs in time at most 7'(n). Define the complexity class P as the set of all
L C uUxX_{0,1}™ such that, for each £ there exists an algorithm ALG and there
exists a polynomial 7'(n) such that ALG decides £ in time at most T'(n). Define
the complexity class NP as the set of all £ C U2 ,{0,1}" such that, for each £
there exists an algorithm

Ve (U 0, 117) x (U35, {0, 117) = {0, 1},

26



and there exists a polynomial T'(n) such that, for all z € {0,1}" with z € L,
there exists y € US°_,{0,1}" such that V(z,y) = 1, and V(z,y) runs in time at
most 7'(n). Moreover, for any € {0,1}" with x ¢ L, for all y € U?_,{0,1}™,
V(z,y) =0 and V(z,y) runs in time at most 7'(n).

If £ € P, then we are given ALG(z), and we then define V' (z,y) := ALG(x) to
see that P C NP. It is currently unknown if P = NP or if P # NP.

Intuitively speaking, P represents the set of problems that can be solved in
a reasonable (i.e. polynomial) amount of time, and NP represents the set of
problems whose solution can be verified in a reasonable (i.e. polynomial) amount
of time.

27



Chapter 3

The Propeller Conjecture in R?

This chapter is derived from the paper [46], which is joint work with Aukosh
Jagannath and Assaf Naor.

Figure 3.1: The partition of R® that mazimizes the sum of squared lengths of
Gaussian moments is a “propeller”: three planar 120° sectors multiplied by an
orthogonal line, with the rest of the partition elements being empty.
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3.1 Introduction

The following theorem is our main result, asserting that among all measurable
partitions of R?, the “propeller partition” as depicted in Figure maximizes the
sum of the squared lengths of the Gaussian moments associated to the members
of the partition.

Theorem 3.1.1 (Main theorem; geometric formulation). Let {Aj,..., Ax} be
a partition of R3 into Lebesque measurable sets. For i € {1,...,k} let ¢; =
[, xdvs(x) € R be the Gaussian moment of the set A;. Then

b 9
2 < —. 3.1
ZZIIIC 5 o (3.1)

Let {P1, Py, P3} be the partition of R? into 120° sectors centered at the origin.
The bound (3.1) cannot be improved, with equality holding if A; = P, x R for
i€ {1,2,3} and A; = @ fori € {4,...,k} (up to measure zero corrections,
orthogonal transformations, and renumbering of the sets {Ay, ..., Ag}).

The Propeller Conjecture was posed by Khot and Naor in [55] as part of their in-
vestigation of the computational complexity of the Kernel Clustering problem from
Machine Learning. Specifically, they conjectured the validity of the bound for
measurable partitions of R™ for all m > 2 and all k. They proved this conjecture
for m = 2, and for m = 1 they showed that the right hand side of can be
improved to the sharp bound % It is also shown in [55] that proving fork=4
and m = 3 implies the same conclusion for all £ € N and m = 3. Correspondingly,
for partitions of R™ it suffices to prove this statement for k = m + 1.

Before giving the complexity-theoretic consequence of Theorem [3.1.1] which
was the motivation of [55] for posing the Propeller Conjecture, we state two equiv-
alent formulations of it: the first probabilistic (a sharp estimate for the expected
maximum of a Gaussian vector) and the second analytic (a sharp Grothendieck
inequality). The equivalence of these results to Theorem was established
in [55]; for Theorem below see [55, Lem. 3.7] and for Theorem below
see [55, Thm. 1.1].

Theorem 3.1.2 (Main theorem; probabilistic formulation). Let (g1, g2, 93, 94) €
R* be a mean zero Gaussian vector (with arbitrary covariance matriz). then

3.2
i€{1,2,3,4} (3:2)

‘E [ max
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The bound (3.2) cannot be improved, with equality holding when the covariance
matriz of (g1, g2, g3, g4) equals

2 -1 -1
(-1 2 -1

21-1 -1 2
0O 0 0

o O O O

The following analytic formulation of Theorem [3.1.1] is in terms of a sharp
Grothendieck inequality. Grothendieck [38] pioneered in 1953 the use of inequali-
ties of this type in functional analysis, and ever since then such inequalities have
permeated many mathematical disciplines. See [55], 57, [56] for an explanation of
how the result below relates to a natural extension of the Grothendieck inequality
and to approximation algorithms.

Theorem 3.1.3 (Main theorem; analytic formulation). Let (a;;) be an n x n
positive semidefinite matriz with Y " 37" ai; = 0. For every {v1,va, v3,v4} C S
with 3+ v = 0 we have

n

max E E ai;(zi, v;) < — max E E ai; (i, y;).  (3.3)
T,y €S £ - 3 Yiryn€{v1,02,03,04} 4 -
=1 j5=1 =1 j=1

The bound (3.3) cannot be improved, with asymptotic equality holding when the
vectors {vy,ve,v3, 04} are the rows of the following matriz.

3 -1 -1 -1

1 |1 3 -1 -1
W3l -1 -1 3 -1
-1 -1 -1 3

See [57, Sec. 3.1] for a description of a family of n x n matrices (a;;) for which
equality in (3.3)) is asymptotically attained (as n — oo).

Inequality was proved in [55]. Our new contribution is the assertion
that cannot be improved, a statement that is equivalent to inequality
of Theorem [3.1.1, This is not the first time that attempts to prove sharpness
of a Grothendieck inequality led to an extremal geometric partitioning question.
Notably, see Konig’s conjecture [61] as a step towards Krivine’s conjecture [63] on
the sharpness of his version of the classical Grothendieck inequality. Unlike the
Propeller Conjecture in R?, these conjectures turned out to be false [19], but they
do indicate the interconnection between Grothendieck inequalities and extremal
geometric partitioning problems.
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The main consequence (and motivation) of Theorem is complexity the-
oretic. To explain it we briefly recall Khot’s Unique Games Conjecture (UGC),
which asserts that for every e € (0,1) there exists a prime p = p(¢) € N such
that no polynomial time algorithm can perform the following task. The input is
a system of m linear equations in n variables x1,...,x,, each of which has the
form x; —z; = ¢;; mod p. The algorithm must determine whether there exists an
assignment of an integer value to each variable z; such that at least (1 —e&)m of the
equations are satisfied, or no assignment of such values can satisfy more than em
of the equations. If neither of these possibilities occurs, then an arbitrary output
of the algorithm is allowed. The UGC was introduced by Khot in [52], though the
above formulation of it, which is equivalent to the original one, is due to [54]. The
use of the UGC as a hardness hypothesis has become popular over the past decade;
we refer to Khot’s survey [53] for more information on this topic. Saying that the
UGC hardness threshold of an optimization problem & equals a € [1,00) means
that for every ¢ € (0,1) there exists a polynomial time algorithm that outputs a
number that is guaranteed to be within a multiplicative factor of a + ¢ from the
solution of &, and that the existence of such an algorithm with approximation
guarantee of o — ¢ would contradict the UGC.

The Kernel Clustering problem is a clustering framework for covariance matri-
ces that originated in the work of Borgwardt, Gretton, Smola and Song [92] in the
context of Machine Learning. This problem is generic in the sense that it contains
well-studied optimization problems as special cases, and its versatility allows one
to design a variety of algorithms tailor-made for particular applications (many of
these algorithms are at present shown [92] to be successful empirically, but not
rigorously). The input of the Kernel Clustering problem is an n X n symmetric
positive semidefinite matrix A = (a;;) and a k X k symmetric positive semidefinite
matrix B = (b;;) called the hypothesis matrix. Think of n as very large and k as
small, the goal being to cluster the entries of A into a k X k matrix that is most
correlated with the hypothesis matrix B. Formally, given a partition {Si,..., Sk}
of {1,...,n}, form the associated clustered version of A by summing the entries
of A over the blocks induced by the partition {Si,...,Sk}. One thus obtains a
k x k matrix C' = (c;;) given by ¢ij = 37 ) cs,xs, @st- Let Clust(A|B) denote the
maximum of 3% | Z;‘f:l c;;bij over all partitions {Si,..., S} of {1,...,n}. We
refer to [92), 55, 57, (56] for further explanation of this clustering framework, as well
as a discussion of important special cases arising from appropriate choices of the
hypothesis matrix B.

In what follows, an n x n symmetric positive semidefinite matrix A = (a;;) is
called centered if Y ;" , Z?Zl a;; = 0, and it is called spherical if a; = 1 for all
ie{l,...,n}.

Theorem 3.1.4 (Main theorem; complexity theoretic formulation). Let & be the
following optimization problem. The input is an n X n symmetric positive semidef-
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inite centered matriz A = (a;;), and also a 4 x 4 symmetric centered and spherical
positive semidefinite matriz B = (b;;). The goal is to compute in polynomial time
the quantity Clust(A|B). Then the UGC hardness threshold of O equals 2%

A polynomial time algorithm with approximation ratio 2?”Jro(l) for the problem
O of Theorem was designed in [55]. The fact that Theorem implies the
matching UGC hardness result was also proved in [55]. More generally, it was
shown in [55] that the validity of the m-dimensional Propeller Conjecture for some
m > 3 would imply that the UGC hardness threshold of the variant of & with B
being an m x m matrix equals %” (1 — %)

This is not the first time that extremal problems in the measure space (R™, v,,)
arose from investigations in complexity theory; see for example the Majority is Sta-
blest Conjecture of Khot, Kindler, Mossel and O’Donnell [54], which was solved by
Mossel, O’Donnell, and Oleszkiewicz [78] via a reduction to a classical isoperimet-
ric inequality of Borell [I7]. A special feature of the Propeller Conjecture is that
its conclusion is quite surprising: despite allowing for partitions of R™ into m + 1
sets, the optimal partition has only three nonempty sets. Note that this degener-
acy property occurs for the first time when m = 3, since in the result of [55] for
partitions of R? into three sets, all three sets are indeed present in the optimal par-
tition. Thus Theorem [3.1.1]is a proof of the first nonintuitive case of the Propeller
Conjecture: a verification of a prediction about a clean yet unexpected geometric
phenomenon that arose from an investigation in computational complexity. To the
best of our knowledge this is the first time that such a development occurred in
this theory.

Our proof of Theorem [3.1.1| proceeds as follows. First, using reductions of the
Propeller Conjecture that were obtained in [55], we show that it suffices to prove
an analogous partitioning problem for the sphere S?. Namely, given a partition of
S? into four spherical triangles, the goal is to show that the sum of the squares of
lengths of the moments (with respect to the surface area measure on S?) of these
spherical triangles cannot exceed 972 /4. Using additional geometric arguments, we
further reduce the question to an optimization problem over a three dimensional
search space. We thus obtain a coordinate system with three degrees of freedom,
with respect to which one must solve a rather complicated nonlinear optimization
problem. After proving several additional estimates that serve to further reduce
the search space and give crucial modulus of continuity estimates, we show that
it suffices to check that the desired estimate holds true for a finite list of spherical
partitions (arising from an appropriate net of the search space). This list of in-
equalities that must be proved is explicit but very large, so we proceed to check it
in a fully rigorous computer-assisted fashion. That is, our computation carefully
accounts for all the rounding errors; equivalently the computation can be viewed
as an implementation in our setting of interval arithmetic (see [42]).

The role and implications of rigorous computer-assisted proofs has been dis-
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cussed at length in the literature; many such discussions appear in papers that
establish striking results via a proof that has a computer-assisted component (fa-
mous examples include [3, [4, 43 [32] 40, [33]). We see no reason to include here a
new treatment of this topic. Zwick’s discussion in [I03] is an excellent reference for
a well thought out explanation of the role of computer-assisted proofs in mathe-
matics and computer Scienceﬂ The essence of the argument can be best conveyed
by quoting Zwick directly [103, Sec. 7]:

“A typical computer assisted proof, like ours, is essentially composed
of two steps. The first step says something like: “Here is program P. If
program P, when executed by an abstract computer, outputs YES, then
the theorem is true, because . . . 7. The second step says something
like: “I ran program P and it said YES!”, or more specifically: “I
compiled program P using compiler A, under operating system B, and
ran it on processor C, again under operating system B. It said YES!”.”

Zwick then proceeds to explain that

“The first step is a conventional mathematical proof. It simply argues
that a certain program has certain properties. Such arguments are
common in computer science. Anyone who objects to this step of the
proof should find a flaw, or a gap, in the arguments made.”

Nevertheless, Zwick explains that the second step, i.e., the claim that the compi-
lation of the program gave the desired result, is not of the same nature:

“The second step is more problematic. It is certainly not a proof in
the conventional mathematical sense of the word. Many things can
go wrong here. Program P may not have been compiled correctly by
compiler A. Or, due to some bug in operating system B, the program
did not run as intended. Or, processor C may suffer from a design
flaw that causes an incorrect execution of the program, or perhaps the
specific processor used has a short-circuit somewhere, and so on. It
is possible to reduce the likelihood of such problems by compiling the
program using several different compilers, and running it on different
processors. But, while we may eventually be able to produce math-
ematical correctness proofs for compilers, operating systems, and the
hardware design of the processors, it seems that we would never be

1Zwick’s paper [103] is another instance of a computer-assisted proof in the context of approx-
imation algorithms. While the present article deals with an integrality gap lower bound for a
semindefinite program (the left hand side of )7 Zwick proves an integrality gap upper bound,
i.e., he uses a rigorous computer-assisted argument to show that a certain algorithm performs
well rather than to prove a hardness result.
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able to produce a mathematical proof that no hardware fault occurred
during a specific computation.

What we can do, is instruct the computer executing program P to
print a trace of the execution. This trace is a mathematical proof,
though perhaps a not so inspiring one. Like any mathematical proof
it should be checked carefully to make sure that it is correct. In many
cases, however, this is not humanly possible. The main problem with
computer assisted proofs, therefore, is that they are usually too long.
They are also, in most cases, less insightful than conventional proofs.”

The bulk of the work presented in this article consists of conventional geometric
and analytic proofs, resulting in a reduction of the problem to a region where
the desired inequality holds with “room to spare”. This extra room allows us
to complete the proof by checking a finite list of concrete inequalities (that we
write explicitly) on a certain finite net. Each such inequality can be checked by
hand, but the number of such checks is large, and it would be unrealistic (and
probably unilluminating) to complete this final check manually. The code that we
used is publicly available at the following link, which contains a command-line user
interface so that interacting with the code is easy.

http://cims.nyu.edu/~aukosh/propeller/propeller.html

The code for this proof was run many times on several different computers. The
technical requirements are quite modest, with the processor speed only affecting
the total run time, and the total memory requirement being less than 200 Mb.
One can run the code on anything from a dedicated compute server to a laptop
computer (we did both). We ran the code in two different ways. The simplest way
was to run it in a serial fashion. That is, we ran the program as a single instance
which performed each step of the algorithm described in this paper one after the
other. This took 37 hours to complete on a single processor of a compute server
with 3.3 GhZ Intel Xenon processors. The second way we ran it was to parallelize
the algorithm by breaking up the domain of interest into seven distinct portions
and running separate instances on each. This procedure took eight hours when
split between seven 3.3 GhZ Intel Xenon processors. (We also ran the program
split between seven 2.4 GhZ AMD Opteron processors; this procedure took twelve
hours.)

Needless to say, our proof of the Propeller Conjecture in R? leaves something to
be desired, since we do not have a short explanation of the validity of the compu-
tations in the final step of our proof. It is conceptually important to have a proof
of this result, despite the fact that it ends in a lengthy computation, not only
because it yields interesting results in mathematics and computational complexity.
Importantly, since the Propeller Conjecture is a nonintuitive prediction that arose
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from investigations in computational complexity, knowing that the first nonintu-
itive case of this conjecture is indeed true puts the full Propeller Conjecture, and
consequently the link between geometry and algorithms that it describes, on a
stronger footing. Thus, in addition to yielding a remarkably involved UGC hard-
ness result, our theorem will hopefully invigorate future research on this problem
that might lead to a traditional mathematical proof of the Propeller Conjecture in
R3 that can hopefully be extended to higher dimensions.

A key feature of the Propeller Conjecture is that it asserts that a natural op-
timization problem exhibits intermediate-dimensional symmetry breaking. There
are precedents of results of this type that have been proved in the literature, mostly
using Fourier-analytic methods. For this reason we are hopeful that a clean and
shorter proof of the Propeller Conjecture will eventually be found. Consider for

example the problem of sharp Khinchine inequalities: if 1,...,¢, are i.i.d. sym-
metric random variables taking values in {—1, 1} and p € [1,2), the goal is to com-
pute the minimum of E[|>°7 ; a;&;|"] over all unit vectors a = (ay,...,a,) € R

For p = 1 it was conjectured by Littlewood (see [41]) that this minimum oc-
curs at @ = (1,1,0,...,0)/y/2. Littlewood’s conjecture was solved affirmatively by
Szarek [98] (see also [99] [64]). Haagerup [39] proved that the same two dimensional
symmetry breaking occurs for p € [1, pg|, where py = 1.87... is the solution of the
equation 2I'((p + 1)/2) = /7, i.e., the unit vector that minimizes E[|>_7 | a;e;|"]
equals (1,1,0,...,0)/v/2 for p € [1,p] and for p € [po,2] this minimum occurs
at a = (1,...,1)/y/n. Another famous result of this type is Ball’s cube slicing
theorem [8] (resolving a conjecture of Hensley [48]), asserting that the hyperplane
section of [—1,1]" with maximal (n — 1)-dimensional volume is perpendicular to
(1,1,0,...,0); see [83] for the corresponding result for complex scalars, as well
as [9) [13] for an analogous statement for projections. We refer to [82] for a unified
treatment of the results of Szarek, Haagerup, and Ball. There is also a conjecture
of Milman predicting a symmetry breaking phenomenon for extremal volumes of
slabs in the cube [—1,1]"; see [12, [62] for partial results along these lines. We
mentioned the above statements since we believe that among the literature they
are most similar to the Propeller Conjecture, and perhaps (with much more work)
related methods could be be used to address the Propeller Conjecture as well.
This chapter is organized as follows. In Section we present the reduction
of the Propeller Conjecture to a certain optimization problem for spherical parti-
tions, and we explain the main ingredients of our proof, including the conventional
geometric/analytic arguments, as well as the computer-assisted component. The
proofs of the geometric and analytic results leading to the final computational
step are contained in Section and Section [3.4] Section contains a detailed
explanation of how the numerical step is implemented so as to account for all pos-
sible rounding errors. We remark that our arguments extend mutatis mutandis
to higher dimensions. For the sake of simplicity we present the entire argument
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in R3, since while it is conceivable that the scheme presented here can yield a
computer-assisted proof of the Propeller Conjecture in higher dimensions, at some
fixed dimension the computer-assisted component of the proof will become unfea-
sible. Now that we know that a nonintuitive case of the Propeller Conjecture is
indeed correct, the next natural step is to search for a proof that extends to all
dimensions, rather than attempting to prove a few more cases in low dimensions.

3.2 An overview of the proof of Theorem

From now on assume for the sake of eventually obtaining a contradiction that
{A;}4 is a partition of R? into measurable sets that violates the propeller con-

jecture, i.e.,
/ xdys()
A

. 4
Assume moreover that the maximum of ),

4

D

i=1

2
9
—. 3.4
~ 8w (3.4)

2

2
I xdfyg(:c)H over all measurable
i 2

partitions {B;}{, of R3 is attained at {A;}}{ ;. For a proof that this maximum
is indeed attained, see [55, Lem. 3,1]. Using this maximality, it follows from [553]
Lem. 3.3] that (up to measure zero corrections) the A; are cones with cusp at the
origin, and if we write (; = fAi xdys(z) then ¢; + (o + (3 + (4 = 0 and for each
i€{1,2,3,4} we have

Af:{xezR3:(L§Q:: max @;g>}. (3.5)

]6{1727374}

By [565, Lem. 3.3 & Cor. 3.4] the vectors {¢;}i; are distinct, nonzero and not
coplanar.

Since the sets in question are cones, it is beneficial to study them in terms of
their intersection with the sphere S2, i.e., define

T, = A; N S, (3.6)

and letting o denote the surface area measure on S? (thus ¢(S?) = 4n), define
2z = / zdo(z) = V2713 - (, (3.7)
T;

where the last equality in (3.7 follows from integration in polar coordinates. Being
a constant multiple of the vectors {¢;}%, the vectors {z;}{, are also distinct,
nonzero, not coplanar, and satisfy z; + 23 + 23 + 24 = 0. Moreover,

7, EI"EIED {x € S%: (z,z)= max <$,Zj>}- (3:8)

J€{1’27374}
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Consequently,
Vi,j € {1,2,3,4}, ze€T,NT; = (z,x) = (z,x). (3.9)
Fix ¢ € {1,2,3,4}. Since {z;}}_, are not coplanar there exists a unique v, € S?
satisfying
Vi,je{1,2,3,4} \ {l}, (zi,ve) = (25, v0) > (20, 00). (3.10)
The vectors {vs};_, are the vertices of the partition P = {1y, T, T3, Ty} of S?. A
simple argument presented in Section shows that v; ¢ {—v;,v;} if i # j and

each spherical triangle T} is contained in an open hemisphere of S?. Moreover, for
distinct 4, j, ¢ € {1,2, 3,4} we have det(v;, v;,v) # 0, and if we define

0;; := arccos((v;, v;)) and ©,j¢ = arccos (< (vi xvj) (v X ve) >> ,

lvi X vjll2" v x el

(3.11)
then it is also argued in Section that 6,;,0;;0 € (0,7). Observe §;; = 0,
Oijrk = Ouji, and O;j, is the spherical angle, at vertex v;, of the spherical triangle
with vertices {v;,vj,v/}; the cosine of this angle is exactly the inner product of
unit normals of the two planes containing {v;,v;,0} and {v;,vs, 0} respectively.

See Figure [3.2) for a schematic description of the notation.

Figure 3.2: (a) Spherical triangle constructed with three great circles (b) Partition
of the sphere into four spherical triangles.

In order to proceed we need to have a formula for the spherical moment z; in
terms of the vertices {v1,vq9,v3} of the spherical triangle Ty. In order to do so,
assume that det(vy, va,v3) > 0. Then

]_( V1 X V2 Vg X U3 V3 X U1 )
|\ Vo1 23 31 .
2 o1 X valy [[va x vsl, s x v,

24 = (3.12)
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Identity (3.12) was proved by Minchin in 1877; see [74, p. 259]. We also found
identity in [20], which is a military publication that is not publicly available
(it isn’'t classified: we purchased access to it). Since both references for
are hard to find, we include a brief derivation of it in Proposition [3.3.2] using the
Cauchy projection formula (see [60, p. 25]).

Using and geometric arguments, we show in Lemma that the ver-
tex vy is determined by the vertices {vq,vs,v3} as follows; an analogous formula
expresses each vertex of the partition in terms of the other three vertices.

1 (sin 923 sin 613 sin (912 )
+ v3 ],

Vg = ———= U1 (%)
VA 023 13 02
where
. . . 2 ) ) .92
sin 93 sin 63 sin 619 sin“fy;  sin“ 63 sin®fo
A= V1 Uy + U3 = P) 2 2

023 th3 02 9 035 075 07,

sin 93 sin 6 sin 693 sin 6 sin 615 sin 6

BT o8B + 20212 g 013 + 92 1277713 g Os3. (3.13)
t23013 t23012 012013

In Proposition [3.3.7] we derive the following restriction on products of opposite
edges.
sinfpsinflyy  sinfzsinfy  sinfyysin bog
012034 013024 014023
Also, in Lemma [3.3.9 we obtain the following expression for the objective function
at the partition P = {T;}1_, as the sum of the squares of the angles between the
vertices.

F(P) = ||lz1]13 + l|22ll3 + l|23]13 + [|24ll3 = 6, + 035 + 63, + 035 + 03, + 63, (3.14)

Define 0 0 "
v = PV cos 012 + Skt ekt Oo3. (3.15)
023 013 012

In Lemma |3.3.8 we obtain the following useful restriction on a single spherical
triangle appearing in the partition {7}, Ty, T3, T4 }.

050
cos (\/ A\ — 72&) = cos <\/0%2 + 025 + 26012603 cos @123> = —

sin 923 sin 912

0
\/X7
(3.16)
where A is given in .

Observe that is a restriction involving data from only one triangle T},
as we see by the definitions of v and A. Moreover, by symmetry, every cyclic
permutation of {15, 023, 13} must also satisfy . And, every triangle of P must
satisfy , with the indices of the 8;; substituted appropriately. To understand
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the ramifications of (3.16]) assume that 615 = 653 = 013 =: 6. Then (3.16)) simplifies
to

cos (\/2(2 cosf + 1)(1 — cos 6)$> = —%\/2(3086 + 1. (3.17)
The only 0 € (0,27/3) solving are = arccos(—1/3) ~ 1.9106332362490187,
and 0 ~ 1.5379684120790425. The first solution corresponds to the partition whose
vertices are those of a regular simplex inscribed in the sphere, and the second
intuitively corresponds to a critical point “between” the regular partition and the
propeller partition (note that § = 27 /3 implies det(vy, v, v3) = 0, and 6 > 27/3
cannot be achieved by a spherical triangle). The above special values of § will play
an important role in the ensuing computations.

As explained in the discussion following Lemma , a combination of
and can be used to express the value of our objective function at the max-
imizing partition P in terms of the data from a single spherical triangle in P.
Specifically, we have

F(P) =3 (9%2 + 933 + 6‘%3) +2 COS(@213)9126‘13+2 COS(®123)912923+2 COS(@231)0(23913).

3.18
In particular, it follows that the right hand side of must be the same for
each set of data for all four triangles of P.

Up to now we only discussed identities that the extremal partition P must
satisfy. In order to proceed we need to prove some a priori estimates on the various
parameters in question. First, let M = max{6;s, 013,023} It follows from (3.18)
that F'(P) < 14M? (using the fact that at least one ©;;, must be greater than ).

Our contrapositive assumption (3.4) combined with (3.7)) implies that F'(P) > %,
so we deduce that all the triangles in P must have an edge of length greater than

23/’%4 > 2. Additional arguments (that are significantly more involved technically)

imply that for all distinct 4, j,¢ € {1,2,3,4} we have §;; < 7 — % (Lemma
and 6,;,sin©,;, > % (Lemma . In Lemma we prove that (612, 63, 6a3)
must be outside the ¢, ball of radius 55 centered at (6,6, 6) for 6 = arccos (—3)
and 0 = 1.53796841207904. This excludes from our search space balls centered at
the two solutions of that were discussed above. In Lemma we show
that, up to a relabeling of the spherical triangles T, T5, T3, Ty, we may assume that
VA 2

It turns out that the above estimates suffice in order to conclude the proof of
Theorem [3.1.1] via a search over a sufficiently fine net. To explain this endgame,
note that by the spherical law of cosines we have

cos 013 = cos B15 cos o3 + sin f15 sin o3 cos O1o3.

It therefore follows from ([3.13)), (3.16)), (3.15) that if we define h, A,y : [0, 7]> — R
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by

sinz  sin’y  sin’z
+ +

ANz,y,z) =
x Y z
sin x sin y sin  sin z sin g sin 2
2——cosz+2———cosy + 2——cos x,
xy xz yz
sin 2 siny sinx
Y(z,y,2) = ——cosz + + CoS 2,
z

Yy i

COSY — COST COS 2

h(z,y,z) ==/ Az,y, 2) cos (\/{EQ + 22 + 222 ) +v(z,y, 2),

sin x sin z
then h(62, 613, 623) = 0. This identity must hold for all cyclic permutations of the
indices {1, 2,3}, so we also have the two identities h(6;3, 023, 012) = h(0a3, 012, 613) =
0. It follows that if we define H = (Hy, Ha, H3) : [0,7]> — R® by H(z,y,2) =
(h(y, z,x),h(x,y, 2),h(z,x,y)) then at the extremal partition P, H (62, 013,023) =
0.

Our strategy is therefore as follows. At every point ¢ in the search space given
by the constraints described above (specifically, see the system of equations ,
excluding also the two balls described in Lemma , we will show that either
H(q) # 0 or Fy(q) < 972/4, where Fj is given by the right hand side of
(with the understanding that one expresses cos O1a3, c0os G913, cos Oa31 in terms of
012, 023, 013 using the spherical law of cosines, so that Fj is a function of 62, 623, 613).
Due to the above discussion, such an assertion will complete the proof of Theo-
rem [3.1.1] Moreover, it turns out that this assertion holds “with room to spare”,
making a computer-assisted verification feasible.

To this end, we need to have estimates on the modulus of continuity of H and
Fy. Such estimates are complicated but can be proved using elementary considera-
tions; see Lemma [3.4.3| and the discussion immediately following it. Consequently,
if we are given a point ¢ in our restricted search space and 7 € (0,1) for which
either |H(q)| > 7 or Fy(q) < 97%/4 — 7, then it would follow that for some r > 0
that depends on 7 via our modulus of continuity estimates, in the entire ball of
radius r centered at g either H # 0 or Fy < 972/4.

From this procedure we achieve a process by which we can iteratively remove
from our search space macroscopically large regions of controlled size in which we
are guaranteed that a counterexample to the Propeller Conjecture cannot exist.
Our program proceeds to remove such balls until it eventually exhausts the entire
search space, thus arriving at the conclusion that there is no counterexample to
the Propeller Conjecture.

In order to make such a procedure rigorous, we carefully account for all possible
rounding errors. We do this quite conservatively, i.e., while significantly overesti-
mating the magnitude of all possible errors, as explained in detail in Section |3.4.1]
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Note that our computer-assisted proof does not compute any computationally com-
plicated expressions such as, say, definite integrals or implicitly defined functions:
it only checks inequalities between expressions involving elementary combinations
of trigonometric functions and square roots.

In summary, the validity of the Propeller Conjecture in R® has mainly concep-
tual implications, and what remains open seems to be of a more technical nature: to
perhaps find a clever transformation, e.g., as in Ball’s cube slicing theorem [§], that
allows one to prove the theorem analytically rather than resorting to a transversal
of a net in a region where the desired inequality is actually quite weak. At present,
we have a clean geometric argument which addresses directly the region where the
Propeller Conjecture is most subtle, and in the remainder of the search space we
do something rather crude. This has two conceptual consequences: the Propeller
Conjecture as a nonintuitive link between complexity theory and geometry is cor-
rect, and moreover one has a geometric/analytic proof of this conjecture in a region
where it is tightest. Nevertheless, we are lacking a technical idea that allows us
to address the remaining region in a way that does not resort to “brute force”. It
remains a challenge to find such an idea, with the hope that it will pave the way
to a proof of the Propeller Conjecture in all dimensions.

3.3 Proofs of basic identities and estimates

This section contains proofs the geometric identities and inequalities that were
stated in Section . Recall that we are assuming that P = {11,735, T3, T4} is a
partition of S? into four spherical triangles, and that {z;}{_,, as defined in ,
are the corresponding spherical moments. We are also making the contrapositive
assumption that our objective function

F(P) = [lzll3 + llz2ll3 + ll2s]l3 + [l2all2 (3.19)

(recall (3.14))) exceeds 972 /4, which is the maximal value of F(-) that is predicted
by the Propeller Conjecture. We also assume that P maximizes F'. The vertices
of the partition {v;}?_; were defined in Section [3.2] along with the angles 6;; and

©,;¢ as given in (3.11]).
Proposition 3.3.1. (a) z; + 20 + 23+ 24 = 0.

(b) Suppose two triangles T;,T; € P share an edge E :=T;NT;. Then for alle €
E we have (z;,e) = (z;,e). In particular, if € & {i,j} then (z;,ve) = (2, ve).

(¢) For all distinct i,j € {1,2,3,4} we have (z;,v;) = (—3z;,v;).
(d) For all distinct i,j € {1,2,3,4} we have v; ¢ {—v;,v;}.
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(e) For all distinct i,7,¢ € {1,2,3,4} we have det(v;,vj,vy) # 0 , each T; is
contained in an open hemisphere, and 0 < 0;;,0,;, < 7.

Proof. Parts (a) and (b) were already proved in Section [3.2} for part (b) see (3.9).
A combination of and part (a) implies part (¢). For ¢ € {1,2,3,4} let II, be
the unique plane containing {Zi}i€{1,27374}\{g}. A vector is perpendicular to II, if and
only if it has equal inner product on {Zi}i€{1’273,4}\{g}, so Ruvy is also perpendicular to
II,. Since {z;}}_, are not coplanar the planes {II,}3_, have distinct perpendiculars.
So v1, Vg, v3, vy are distinct with v; ¢ Ro; for ¢ # j. This establishes (d). For every
¢ € {1,2,3,4} consider the set

i€{1,2,3,4}\¢

1
Uy = {:c e S?%. min  (z,z; — z¢) > 5(%2@' - Zé>} .

It follows from (3.10|) that U, is an open neighborhood of v, and in combination
with (3.8) we know that

€ {1,2,3, 4\ {{} = U,NT, = UnS?: (z,2)= 2
P23\ = UnT={ectnss a) = e o)
(3.20)

Write I = {1,2,3,4} \ {¢}. For every distinct i,k € {1,2,3,4} the set {x € 5?:
(r,z) > (x,2;)} is a half sphere, and therefore the set T;, = {z € 5% : (x,2) =
max;er (2, 2;) } is strictly contained in a half sphere (since the z; are distinct and
nonzero). Note that 07T, is the union of two half circles that meet at antipodal
points, and vy is one of these antipodal points. So, the spherical angle of T, at
the vertex v, is in (0,7). By and this spherical angle is identical for
T;, and T;. This shows that ©;; € (0, ) for all distinct 4,5, ¢ € {1,2,3,4}. Also
6,; € (0,m) since v; ¢ {—v;,v;}. Next, assume for the sake of contradiction that
det(v;, v;,v,) = 0. Since v; ¢ Ru; for distinct 4,5 € {1,2,3,4}, it follows that
v; = a;jv; + apue with a;,a, € R\ {0}. Hence v; X v; = ayv; X v; with ap # 0,
contradicting ©;;, € (0,7). We have already seen that T;, is contained a closed
hemisphere, and this containment can be chosen such that 7; ; intersected with the
boundary of the hemisphere is {vy, —v,}. But from (3.8) we know that 7; C T; , and
T; avoids a neighborhood of {—u,}, so each Tj is contained in an open hemisphere.
This concludes the proof of (e). O

We now give an explicit formula for the spherical moments {z;}1_;; as explained
in Section [3.2] this formula can be found in [74, p. 259] and [20} p. 6]. Since these
references are hard to find, we provide a proof.

Proposition 3.3.2. Suppose that the spherical triangle Ty C S? has vertices
{v1,v9,v3} satisfying det(vy,ve,v3) > 0. Then the vector zy, = fT4 xdo € R? satis-
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V1 XU Vg X VU Vg X U
(9121_2+923 2 XU o U 1). 321)

Consequently

fa3 vy X ¥ Oo3 det(vq, vo, v
(24,v1>:< 23 U2 X U3 >: o3 det(vy, va, v3) (3.22)

7 ||1)2 X 1)3”27 ! 2sin 923

Proof. Fix y € Ty \ 0T,. By definition of z,
Con) = [ (o) (323)
Ty

Let H C R3 be the convex hull of T U {0} and let {U;}?_; C R3 be half spaces
through the origin such that {x € R*: |z|, < 1} (ﬂ?zl U;) = H; see Figure

' P

=3

Figure 3.3: Spherical triangle together with three disc sectors, each containing
{Ui, 'Uj, O}

Define IT: S? — R? so that II(x) is the orthogonal projection of z € S? C
R3 onto the unique plane that is intersecting the origin and perpendicular to y.

Applying the Cauchy projection formula (see for example [60, p. 25]) to T}, we see
that

/T (z,y)do(x) = Areap:I1(Ty N {x € S*: (y,z) > 0})

— Areag:TI(Ty N {x € S?: (y,x) < 0}).

(3.24)

43



Define A := (T, \ 0Ty) N {z € S?*: (y,x) > 0} and B := (0H) \ A. Note
that OH is the union of Ty and three sectors of discs {D;}?_, such that D; C 9U,.
Since y € 0?21 Ui, the exterior normal n(z) of x € D; C OH has nonpositive inner
product with y for : = 1,2,3. So, (n(x),y) > 0 for z € OH if and only if x € A.
Since H is convex, II: A — II(0H) and II: B — II(0H) are bijections almost
everywhere. Since 0H = T, (U?:1 DZ»), the Cauchy projection formula applied
to right side of the identity Areag:(II(A)) = Areagz(I1(B)) gives

AreapI1(Ty N {z € S?: (y,x) > 0}) = AreapI1(Ty N {z € S?: (y,z) < 0})

012< V1 X V2 > 923< Vg X V3 > Q13< V3 X U1 >
= T e T e T
2\ o xeall,/ 2 \ e xuall,/ T 2\ Toa x ]
(3.25)
Since ([3.25)) holds for any y € S*2 N Ty, (3.23)), (3.24) and (3.25) give (3.21)). ]

Note that the vectors in the determinant of (3.22)) are assumed to have posi-
tive orientation. So, when we apply this equation below we will need to respect
orientations.

Corollary 3.3.3. Under the assumptions of Proposition we have

((9%2 + 033 + 9%3 — 2 COS(@213)912913
—2 COS(@123)¢912923 -2 COS(@231)923913) (326)

lzall =

AN

1 cos 015 cos 013 — cos O3
= (02 102, 02 +2 0120
1 < 12 T U3 + 03 + SN O1g Sin O13 12013

+2 012023 + 2

€08 015 cos Oy3 — cos O3 €08 B93 cos B13 — cos 01
: : : : 023013 | -
sin 015 sin fa3 sin Oy3 sin 613

(3.27)

Proof. Apply (3.21), and then use either the vector identity (a x b,c x d) =
(a,c)(b,d) — {a,d)(b,d), or the spherical law of cosines. O

Corollary 3.3.4. For distinct i,j € {1,2,3,4} we have (z;,vj) > 0.

Proof. Let k,¢ be such that det(vy,v;,ve) > 0, and apply (3.22]) and Proposition
3.3.1)). O

Lemma 3.3.5. Write (z4,v1) =: a, (z4,v2) =1 b, (24,v3) =: ¢ and (z4,v4) =: —3d.
Then the following relation holds

Ly T S Sy = 0 (3.28)
a’Ul b?JQ Cvg dU4 = .
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Proof. By Proposition [3.3.1)e) we have det(vy, va,v3) # 0, so we may write vy =
i(

Z?Zl a;v; for some aq, ag, a3 € R. By Proposition c),
d= <21,U4> = <2’2,U4> = <Z3,U4>-

Substituting in the expression vy = Zf’zl a;v; and then applying Proposition
3.3.1{(b) and (c) several times, we get

d = —3aq; + bay + cas = aay — 3bas + cas = aoy + by — 3cas.
Solving this system of equations gives
d = —aa; = —bay = —cos.

By Corollary [3.3.4] we may write ay = —d/a, g = —d/b, a3 = —d/c. Substituting
these equalities into the expression vy = Z?Zl a,;v; gives (3.28). Note that at least
one «; is nonzero, so d is nonzero as well, that is, we have not made a division by
Z€ero. ]

Since det(vy, va,v3) # 0, we have ||, + Fvs + Luslls # 0. Since [Jugll, = 1,
Lemma [3.3.5| implies
%Ul + %Ug + %Ug

(3.29)

Vg = — .
Hé’Ul + %’02 + %’03”2

A priori, we have only determined v4 up to multiplication by 1. However, Propo-
sition [3.3.1fc) and Corollary imply that d = (—1/3)(z4,v4) > 0. So, taking
the inner product of z4 with both sides of (3.29) shows that (3.29)) has the correct
sign.

Applying (3.22)) to (3.29) gives

sin 623 o + sin 613 Vs + sin 019 Us

e — 9;3 . ";3 . 9;2 : (3.30)
S sin S
6’2323 v+ '91313 v + 91212 U3
Define, as we did in Section [3.2]
sin 6 sin 6 sin 6
A= 231)1 131)2 + 12?]3 (331)
B3 O3 012 9
SiIl2 (923 sin2 913 SiIl2 812 sin 623 sin 613
= 5 5 5 cos 019
033 01 01 023013
sin @3 sin 0 sin 649 sin 6
+ 27 0By + 20— 21 o5 By (3.32)
023012 012013
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Proposition 3.3.6. (a) All four vertices of P are not contained in any closed half
sphere.

(b) The function F(P) is well-defined as a function of the vertices {v;}i_;.

Proof. (a) By Proposition [3.3.1f¢) we have 0 < 6;; < . says that vy is in
the complement of all closed half spheres containing {v, ve, v3}.

(b) From Proposition [3.3.1f(e), the edges T;NT; of P are geodesics of length less
than 7, so the vertices uniquely determine the edges. Finally, the edges determine
P itself. O]

Proposition 3.3.7 (Restrictions on products of opposite edges).

sin 012 sin 934 sin 013 sin 024 sin 914 sin 023

= = 3.33
012054 013024 014023 ( )

Proof. From Proposition [3.3.1f(c) we have (z3,v1) = (z9,v1). For each side of the

equality (z3,v1) = (29, v1), apply (3.22)) for (z;,v1) and then substitute in (3.30) to
get

det(vy,vs,vp)sinfha Oy  det(vy,vs,v2)sintiz Osy
a 2v/\ 01y sinfoy 2v/\ 015 sinfsy
Canceling terms gives the first equality of . The second follows similarly:
Proposition m(c) says (z3,v9) = (21, v2), and so on. 0

Lemma 3.3.8 (Restrictions on a single triangle). Let A be defined as in (3.32)
and let v be defined as in (3.15)), i.e.,

in 6 in@ in6
v = S 723 cos By + s + kg cos fa3. (3.34)
Oa3 013 012

Then the following holds

COS < /N — 72&) -7 (3.35)

sin 923 sin ng \/X

COS (\/9%2 + 9%3 + 2912923 COS @123) = —%. (336)

Proof. Arguing as in Proposition [3.3.7, we start with Proposition [3.3.1{(c) and the
equality (z4,v1) = (2z3,v1). For each side of this equality, apply (3.22)) for (z;, v1)
and substitute in (3.30) to get

023010 By 1

sin 923 sin 912 n sin 024 ﬁ ) (337>
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Substituting #a4 = arccos((vs, v4)) into (3.37)) and rearranging gives

cos (ﬁmﬂ) = (09, 04).

S 923 sin 912

From ({3.30) and the definitions of A and ~ ((3.32)) and (3.34))), we have (vq, v4) =
—v/VA, so
7 Oasbho v
M1l—-——— ] =——.
€0 <\/_ A sin fs5 sin 912> No\

yielding (3.35)). To derive (3.36)), observe that A — v* allows some cancelation as
follows.

.2 . 9
0 0
\— 72 _ Sln2 23(1 _ COS2 912) I SlIl2 12(1 B COS2 923)
033 01
in 0,3 sin 6
Sit Va3 SHLV12 (cos 031 — cos fa3 cos b15)
023012
. 2 9 . 2 0
_ Sln2 23 (SinQ 912) + S1n2 12 (SinQ 923)
033 01
in 0,3 sin
o2 V23 SINU12 (cos 031 — cos fa3 cos by3).
B23612
Thus,
62,62 cos @31 — cos Ba3 cos B5
A — 2 23712 —_ 92 92 201560 3
( 7 )sin2 923 Sin2 912 12 + % * 12723 sin 912 sin 623
= 9%2 + 933 + 2015053 cos ©123 , by the spherical law of cosines.
Substituting this equation into (3.35)) gives (3.36)). O

Since ——5 = (v4,v2) = cos Oy, (3.36) says that

‘9%2 + 9%3 + 2912623 COS @123 = 034 (338)

Substituting (3.38) back into (3.26)) and (3.19) gives a simplified form of F'(P).
Lemma 3.3.9.

F(P)=Y 0} =" (arccos((v;,v;)))” (3.39)

1<J 1<J

Proof. Applying (3.27)) to the definition F'(P) = Z?Zl || 2:]|5 gives

1 1
F(P) = 5 Z 9223 — 5 Z cos(@ijg)Qiijg. (340)

i<j 0,6
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Here the first sum in runs over all (7, j) satisfying 1 < i < j < 4, and the
second sum runs over all equivalence classes of 3-tuples (i, 7, ) under the equiva-
lence (i, 7,¢) ~ (¢, j,i), where i, j, £ are distinct elements of {1,2,3,4}. From (3.38)
we have, for r ¢ {i, j,(},

912] + 9]2g -+ 29@'3'9]'[ COS @ijé = szr (341)

Substituting (3.41]) into (3.40) gives

1 1
F(Py=5D 05— (65, —05-65).

i<j 1,50

In the right summation, for a fixed (¢, j') with ¢ # j’, the term Qf,j, appears four
times with a minus sign and two times with a plus sign. Therefore,

F(P)= 3300 i (60— ) =3 S - (O 20 = 06,

i<j i, i<j i<j i<j

proving (3.39)). O

In (3.39) replace 67, with the left side of (3.41]) for (j,7) € {(1,4),(2,4), (3,4)}
to get

F(P) = 3 (9%2 -+ 033 -+ 0%3) +2 COS(@213)912913+2 COS<®123)912823+2 COS(@231)923013.
(3.42)

Definition 3.3.10. By the spherical law of cosines, note that ©;;, is a function of
{Qij, 9][, ng} Let

Fo(bha,093,613) :==3 (9%2 + 03, + 953) + 2 c08(0913)012013
+ 2 COS(@123)912623 + 2 COS(@231)623613.

By (3.42), F(P) = Fy can be computed by the data from only one triangle of
P. That is,

F0(6127 9237 913) = F0<9127 6247 614) = F0(6347 9247 623) = F0(9347 9147 913)'

Since the spherical propeller partition, i.e., the partition of S? corresponding
to the intersection of the propeller partition of R with S?) satisfies F' = (9/4)n?,
we may bound in terms of M := max{6y2,613,023}. In particular, we get
F(P) < 14M?, which is less than (9/4)7% if M < W#ﬁ. (In our bound on
F(P), we use that one O;;;, must be larger than 7/3 by the pigeonhole principle
applied to O193 + Og31 + O312 — ™ = Areag2(Ty) > 0, so one cosine term satisfies

cos ©;x < 1/2.) So, this bound on F' gives
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Corollary 3.3.11. Any triangle T; of P must have an edge of length greater than
3 5
7T2\/ﬁ > 1

Iteratively applying now gives an improvement to Proposition m(e)
This improvement will be important in our numerical calculations in Section [3.4
and in the proof of Theorem [3.1.1], since we eventually require a bound on the
derivative of 6,;/sin 6;;.

Lemma 3.3.12 (Restrictions on edge length). For every distinct i,j € {1,2,3,4},

6)1‘]' <7 = % (343)
Proof. Suppose 015 > m — 1/2. We are eventually going to derive a contradiction,
which will allow us to conclude that 615 < 7 — 1/2. We will essentially only need
(3-33), the monotonicity of z +— (sinz)/z for z € (0, ), the fact that the perimeter
0;j + 60 + 04 of a spherical triangle is bounded by 2w, and that (sinz)/z <1 on
[0, 7]. Relabeling the edges if necessary, we may assume that 6,3 = max{6;3,6a4}.

Using 615 > 7 — 1/2, (3.33)) gives

sin(m — 1/2) - sin 019 - sinf1psinfs,  sinfy3sinfyy - (sin€13)2
T—=1/2 7 01 — 012034 013024 - 13

(3.44)

Therefore, 013 > X where X € (0, ) satisfies

(Sir)l(X)z _ Sm;iz}g/z)' (3.45)

So, 013 > X > 2.065. Now, since 015 + 613 + 093 < 27 the bounds on 05 and ;3
give
O3 <2 — (m—1/2+ X) =Y < 1.577.

But then (3.33)) and the bounds on 15 and 63 yield

sin ‘914 sin 912 sin 634 Qgg Sil’l(ﬂ' — 1/2) Y

014 n ‘912034 sin 923 - ™ — 1/2 sinY .

So, 014 > Z where Z € (0,7) is defined by

sinZ  sin(m—-1/2) Y
Z  7—1/2 sinY’

Then 614 > Z > 2.388. But since 614 + 094 + 015 < 27 the bounds on 614 and 65
give
Oy <21 — (M —1/2+Z) =1 W < 1.254
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We now iterate the above argument. Using (3.44]),

sin 913 o sin 912 sin 034 924 < SiIl(’]T — 1/2) W

= . 4
913 012934 sin 024 - ™ — 1/2 sin W (3 6)

So, f15 > X with (sin X)/X = (sin(r — 1/2)/(7 — 1/2))(W/sinW). We now
repeat the argument above, starting at and using tildes to designate updated
variables. Thus, 013 > X > 2.499, 03 < Y < 1.14,014 > Z > 2.52,004 < W <
1.122. Using W in place of W in (3.46)), we find that 613 > 2.52.

In summary, iterating the above procedure improves our bounds on the 6;;. We
find that 6,3, 614 > 2.52. We also find that 093, 054 < 1.14. Since 013+6014+03, < 2,
O34 < 2m — (2(2.52)). But then 6a3,04,034 < 5/4 < W%ﬁ, violating Corollary
and giving our desired contradiction. We therefore conclude that 6;; <
T—1/2. O

For a partition P = {T;}{_, as above, the following map G: (5?)* — R is also
a function of P by Proposition [3.3.6/(b)

G(v1,v9,03,04) = Z 0. (3.47)

1<i<j<4

Proposition 3.3.13. Suppose that the conclusion of Proposition |3.5.1)(e) holds.
Then Proposition |3.3.1)(c) holds if and only if P is a critical point of G.

Proof. For a manifold M with v € M, T, M denotes the tangent space of M at v.
Since G =37, _,; 07 = EKj(arccos(vi,Uj))z, we take derivatives of G with respect
to v;. For vy, v3,v4 € S? fixed and 2z € R? variable,

V2 G(-,v2,v3,14) = (VR3G (H = 02,113,1)4))
2

SQ

Recall that T, R? is isomorphic to R®. We denote this isomorphism by (d/dy) <> y.
Let diy be a vector in the tangent space T,,R3. Identifying dily with y € R? we
compute

A e —2arccos ((z,v5)/ ||z]l,) iaz .
dﬁ(”xlb’ ) = S T (! )

-1
—2arccos (z,v;)/ ||m|| ) <||$||2 d_y<xvvj> — 5@, v5) [l=ll; d%(m,@)

S V(o) Tl T
—2arccos (. 03}/ ||z],) <<||x||2y—x||x||; <y,x>) >
S V(o) T, Tk -

20




Letting 2 o € T,,5% and x = v; € S gives (y,z) = 0, so that

d x —2 arccos((vy, v;)) 20,
—G = > J N J Ny
dy <||m||2’U2’U3’U4) )3 E (y,v) Z—sin91j (y,vj)

G#1 Ul’ UJ j#1

So, if we take diy = vy X vy € T,,,S? and then use (3.22), we get

2014
sin 914

d —2013
—G =
dy sin 813

det (v, va, v3) — det(vy, v, v4) = 2(— (24, v9) + (23,02)).

In general, if we take the derivative at v; in the direction v; x v; and set this
derivative to zero, we get (z,,v;) = (zs,v;) where the set {i,7.¢,r} is equal to
the set {1,2,3,4}. Since the above argument can be reversed, the proposition is
proven. O

Setting % = vy — (Vg,v1)v1 and % = v3 — (v3,v1)v3 in the above argument gives
- 012 == 013 COS @213 + 014 COS @214. (348)

Observe that

d x —204; —20,;
d_yG (W,Uzjv?),vzx) = Z : U‘ (y,v5) = Z : 1]‘ ((v2 = (v1, v2)v1), ;)
2 J#1

 sin 01, sin 6y
2912 2 2613
= _Sin912(1 — ((v2,01))7) — Sin913(<02>vs> — ((v2,01)) ({01, v3)))
= 2 () — (e, 00) (o, 04)
== 2 (1 ({ua0)) — e (01 X ), (01 % 00)
— si2n€gi4 ((v1 X va), (V1 X vg)) .

Thus, dividing by sin 6;5, setting %G = 0, and simplifying as in Corollary |3.3.3
gives .

We now give a geometric interpretation of and that should clarify
their meaning. Define exp;': {2,3,4} — R? by

1) (v = (v, v1)v1)
L . 4
exp;  (J) 01, ”Uj - <Uj7111>711H2 o

Then exp; ' (j) is perpendicular to v; and parallel to v; — Proj,, vj, with length 6.
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Lemma 3.3.14. Suppose that the conclusion of Proposition |3.3.1)(e) holds. If
{v;}, is a critical point of G, then

exp; '(2) + exp; (3) + exp; 1(4) = 0. (3.50)

Proof Let II;; C R3 be the plane with II;; 2 {0,v;,v;}. For j € {2 3,4},
exp; '(j) € IIy; is perpendicular to v; and in IIy;, so (exp;'(2),exp;'(3)) =
012613 cos ©213. We can therefore rewrite (3.38)) as

|expy'(2) + expf1(3)||; = ||expf1(4)“§ : (3.51)

Using the definition of exp;'(j), we similarly rewrite ([3.48) (with its indices per-
muted) as

—exp; 1(4) = Projexp;1(4)(exp1—1(2)) - Projexp;1(4) (exp; 1(3)). (3.52)

Since exp; '(j) is perpendicular to vy for j € {2,3,4}, {exp; " (j)}jeq2,3,4} lies in a

plane containing the origin. Combining (3.51)) and (3.52)) therefore gives (3.50). [

In particular, orthogonally projecting (3.50) orthogonal to exp;'(2) gives
913 sin @213 = 914 sin (")214. (353)

The similarity of , and is no coincidence. For example, note
that and express » jel2.3.4) exp; *(j) = 0, tangential and perpendicular
to exp; '(2), respectively. So, combining Proposition [3.3.13] (3.48)), (3.53) and
Lemma [3.3.14] we deduce the equivalence

Corollary 3.3.15. Suppose the conclusion of Proposition |3.3.1(e) holds. Then

{Prop (c)} { Pisa } {- ) holds at each v;. That is, }

holds critical point of G for each 1, Z] i XD} 'G)=0

Lemma 3.3.16. 0;; > 1/10 and sin©,;, > 1/10.

Proof. After recording a few identities, we consider a few cases in proving 6;; >
1/10. In all cases, we argue by contradiction and assume 0 < 015 < 1/10. Also, by
relabeling if necessary, we may assume that max{63, 0a3, 614, 624} = max{63, 6a3}.

c0s Ba3 — cos 019 cos 013

COSs @213 = (354)

sin 912 sin 913

cos 619 — cos B3 cos O3

COSs @132 = (355)

sin 913 sin 923
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cos #34 = cos B3 cos B4 + sin B3 sin 014 cos O314 (3.56)

= COS 013 COS ‘914 + sin 813 sin 914 COS(27T — @213 — @214).
| arccos(z + y) — arccos(x)| < arccos(l —y), x,y,x+y e [—1,1]. (3.57)

(Case 1) 7/2 < max{b3, b3} < 7/2+ 1/10. Without loss of generality, label
the edges so that 613 > a3, so 7/2 < 613 < 7/2+ 1/10. Then 6014 > 0yy, from
Proposition [3.3.1((b). The Proposition shows that Projspany, v, (24 — 23) = 0.
Suppose 014 < 04. Let e be the midpoint of the edge TyNT3 and let n € span{vy, vo}
be perpendicular to e such that (n,ve) > 0. Since 613 > a3, (24,n) > 0. To see
this, let II: S? — R? denote projection onto the unique plane intersecting the
origin and perpendicular to n. Without loss of generality, the vertices are oriented
so that det(vy,vq9,v3) > 0. Let m be the point of intersection of this plane with
(0Ty) \ (0T3). The spherical triangle T; with vertices {vy, vy, m} then has two
equal length edges {vy,m} and {vy, m}, and T C Ty. Also, 015 > 093 implies that
TyNn{z € S?: (x,n) <0} =T, N{z € S%: (x,n) < 0}. Since Ty D T; and T} is
isosceles,

II(Tyn{z € S*: (x,n) >0}) DI (T3 N {x € 5*: (z,n) > 0})
=11 (TyN{z € S*: (x,n) <0}).

So (3.24)) shows (z4,n) > 0. Similarly, 614 < 0oy, implies (z3,n) < 0, a contradic-

tion. Now

cos a3 — cos 013 cos O1a _ cosBi3(1 — cos by2)
COS @213 = >

sin 913 sin 912 - sin 913 sin 912
_tan(015/2) _ tan(1/20)
~ tanfy3 tan(m/2 +1/10)°

S0, Oa13 < arccos(%) < 7/2+ .0L. By (3.3§), (13 — 012)* < 03, <
(012 + 913)2, SO 7T/2 - 1/10 S ‘914 S 013 + 012 S 7T/2 + 1/10 + 1/10 So we similarly

conclude that ©314 < arccos(%) < m/2+.02. By (3.56)),

COS 034 = COS(913 + (914) + sin 913 sin 014(1 + COS(27T - @213 - @214)). (358)

Since ©314 < 7 by Proposition [3.3.1)(e),

’1 -+ cos @314| = |1 + COS(2’/T — @213 — @214)| S ‘1 + COS(27T — T — 03)| < .0005.

Then applied to gives a dichotomy: (7) if 013 + 614 < 7, then
|034 — (913 + 914)| < .04. Or (ZZ) if 013+914 >, then |934 — (27’(’ — ‘913 + 914)’ < .04.
In case (i), 634 > /2 +7/2 —1/10 — .04 > 7 — 1/2. In case (ii), O34 >
27 — (/2 + 1/10 + /2 + 1/5) — .04 > 7® — 1/2. So, in either case, Lemma
[3.3.12 is violated. Therefore Case 1 cannot hold.
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(Case 2) 7/2+ 1/10 < max{b;3, 023} < 2.9. Without loss of generality, label the
edges so that 013 > a3, so 7/2 4+ 1/10 < 013 < 2.9. By the triangle inequality on
the sphere, 923 2 913 — 912 2 (913 — 1/10 Z ’/T/2, SO

cos B9 — cos 13 cos by
013 cos O30 = 013 : :
sSin (913 sSin 923

cos(1/10) — cos 613 cos b3 s
> 013 . . > —.
Sin 913 8111(013 - 1/10) 2

Since a3, 013 > 7/2, (3.38)) gives

934 = \/9%3 + 9%3 + 2913923 COS @132 > \/2(7T/2)2 + 2(7T/2)(7T/2) =T,

SO is violated. Therefore Case 2 cannot occur.

(Case 3) The case max{6;3,023} > 2.9 cannot occur, by (3.43). Also, note that
max{ 03, Oa3, 614, 024} < 7/2 implies that Ty and T3 are contained in separate but
adjacent quarter spheres, so Ty U T3 is contained in a half sphere. To see this,
consider the edge Ty N Ts. Let II;5 be the plane such that I, N S? D Ty N Ts.
Temporarily suppose 013 = o3 = 7/2, and let R: R* — R? be the origin fixing
rotation that maps the midpoint of 7y N7T5 to vs. Then T} is contained in a quarter
sphere whose boundary is contained in I1;5N5? and (R(I1;5))NS?. If 013, 093 < 7/2,
then T, remains in this quarter sphere, since otherwise v3 ¢ {x € S?: dgz(x,v;) <
7/2,dg2(z,v2) < w/2}. So, Proposition [3.3.6(a) is violated. All cases therefore
produce a contradiction, concluding the proof that 615 > 1/10.

We now prove that sin ©;;, > 1/10. We argue by contradiction and assume
that sin©135 < 1/10. The procedure is similar to the calculations above. The
theme is: if some ©;;;, is very small or very large, this creates additive relations
among the edges, up to small errors. Before we begin, we list a few consequences
of the spherical law of cosines, for i, j, k distinct elements of {1,2,3,4}.

cos 8;; = cos(B;x, — O;) + sin Oy sin Oy (cos Oy — 1). (3.59)
cos b;; = cos(Oiy + Oxj) + sin by, sin Oy (cos Oy + 1). (3.60)

Now, assume O35 < 7/2. Since O3z + Og34 + O1314 = 27 and —Oy34 > —7

from Pl"OpOSitiOIl m(e), @132 + @234 2 m. So @234 > 7T/2 and sin @234 S SiIl(’ﬂ' -
O132) = sin(O132) < 1/10. So, by relabeling edges if necessary, we may assume
that O30 > m/2. Since O133 > 7/2, cosO135 < —.9949. Without loss of generality,
label the edges so that 0,3 = max{63, 23} and 013 = min{6;3,0a3}.
(Case 1’) Assume max{bs, 0} < 7/3. By (B.38), O34 < 0135 + 3 < 27/3.
But then Proposition [3.3.6(a) is violated. (Let v € Ty N1y satisfy dgz(v,vs) =
min{fs4, 7/2}, and note that {v;}i, C {r € S*: d(z,v) < 7/2}.) So Case 1’
cannot occur.
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(Case 2’) Assume max{6y3, 623} > 7/3 and 1/10 < min{6;3,023} < 1/2. Then
013 + 023 < m by Lemma [3.3.12] so (3.56) and (3.57) give |012 — (013 + 023)| < .11.
By the spherical law of sines and Lemma, sin 193 = sin Oq39 8in 613/ sin b5 <
sin ©139 8in(1/2)/sin(1/2) < 1/10. Since 613 < a3 and 6;3 < 1/2, Lemma
gives cosfis > |cosbag| > cosbyzcosbis. So, the formula cos©q93 = (cosbis —

08 a3 €08 012) / (sin 15 sin Oa3) shows cos O3 > 0, i.e. cos O3 > .9949.

Since o3 < m — 1/2 from Lemma , 013 + 023 < m. Combining this with
cos O30 < —.9949, and , we see that 015 > 613 + 023 — .11. Since
cos O193 > .9949, and A5 > .1 imply

020 > \/(1/3)2 + ((1)2 + 2(.1)(7/3)(.9949) > 7/3.

Now, since cos ©1a3 > .9949, Oja3 + O194 + O304 = 2w, and —Oj93 > —7 from
Proposition m(e), O123 + O304 > T, S0 €08 O304 < cos(m — O193) < —.9949.
Since 093,094 > /3, by relabeling the edges if necessary we may assume that
cos @123 < —.9949, max{@lg, 923} > 7'('/3 and 1/2 < 7T/3 < min{@lg, 923}. ThllS, we
enter into the following case.

(Case 3’) Assume max{6i3, 623} > 7/3 and 1/2 < min{6,3,023}. Recall that we
may label the edges so that 63 = max{6f,3, 623} and 613 = min{6;3, f23}. We claim
that 0y3 > 1.3. If not, then (3.38) says 02, = 03, + 02, + 2023013 cos O139, 50 O34 <
V2(1.3)2 — 2(.994) (7 /3)(1/2) < 1.53 < 7/2 and {v;}}; C {z € S?: dg2(z,v3) <
7/2}. Thus, Proposition [3.3.6(a) is violated, and our claim is proven.

As in Case 1 in the proof that 6;; > 1/10, gives a dichotomy

(Z) |1912 — (913 + 923)| < 11, or (ZZ) ’912 -+ 913 + 923 — 271" < .11

In case (1), 015 > O3 + 013 — .11 > 1/2, and in case (i7), Lemma says
0;j <m—1/2, 50 612 > .89 > 1/2. So in either case, 1/2 < 0y, < m — 1/2, using
Lemma again. By the spherical law of sines, sin ©193 < sin O35/ sin 015 <
(1/10)(1/sin(1/2)) < 21/100. Similarly, sin 315 < 21,/100.

Assume (i) holds. If O3 < /2, then cos©q93 > .977. By (i), 612 > 1.3 +
1/2 — .11 =1.69. By , 9%4 = 9%2 + 9%3 + 2912923 COS @123, SO

61 > \/(1.69)2 1 (7/3)2 1 2(1.69)(w/3)(97T) > 2.72 > 7 — %

contradicting Lemma . If ©193 > /2 then cosO193 < —.977. Then ({3.60))
gives a dichotomy: we either have (i) 013 — (612 + 023)| < .26 or the following
holds (i) 013 + 019 + Oa3 — 27| < .26. If (i) holds, then 613 > 015 + o3 — .26,
but (’l) s5ays 612 > 913 + ‘923 —.11. So ‘913 > 013 + 2023 — 37, ie. 923 < 185,
contradicting that 63 > 7/3. So (i)’ must hold. But then (7) implies 2615 >
12 + 013 + Oo3 — .11 > 27 — .37, so 612 > 7 — .185, contradicting Lemma [3.3.12]
Therefore (i) does not hold.
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Assume (ii) holds. Suppose G193 < 7/2 80 cos O3 > .977. Then (3.59) and
357 show that |913 — |912 — 923” < .26. If 912 Z 923, then |912 — (913 + 923)| < .26.
So by (ii) 2013 > 019 + 013 + 023 — .26 > 2w — .37, contradicting Lemma . If
O3 > 015, then the same argument shows 26053 > 27 — .37, contradicting Lemma
[3.3.12 We may therefore assume that cos ©193 < —.977. If cos O319 > 977, we
get the same contradiction, so we may assume cos O3 < —.977. In summary,
Ccos @123, CcOs @312, COS @132 < —.977.

For 4,5 distinct, 4,5 € {1,2,3,4} let E;; = T; NT;. Let ¢, j' so that 0, :=
max{63, 023, 612}. Let II;; be the plane containing E;; and the origin, and let n
be the unit normal to Il ; such that (n, z4) < 0. We claim that the edges Ey4, Ejiy
satisfy

By, Ejpg € {z € 8%: 0 < (z,n) < .65}. (3.61)

Also, the union of Ej4, Eji4, Eyj forms a noncontractible loop in this topological
annulus.
To prove Eyy C {z € S?: (x,n) < .65}, it suffices to show

Ojrirg > T —sin"1(.65), or Oy <sin”'(.65). (3.62)

To see this consequence, let z € S? be contained in the great circle containing Ej4
and let {i', 5/, k} = {1,2,3}. Since (n,vy) = 0 and (n, z;) > 0, (x,n) is maximized
when dg:(z,vy) = 7/2 and (z,n) > 0. For such an z, (x,n) = sin©;4. So, in
the case that Oy > m — sin (.65), Eyy C {z € S?: (z,n) < .65}. Let now
r € {y € S?: ds2(y,v¢) < 04} D Epy. For such an z, (x,n) is maximized for
x in the plane containing {v;,n,0} with dg2(z,vy) = 6ys. So {(x,n) = sinb,.
So, in the case that 64 < sin™'(.65), Eyy C {2 € S?: (z,n) < .65}, as desired.
The containment E;y C {x € S*: (z,n) < .65} follows similarly if one shows:
Oprjrg > m—sin~(.65) or 0, < sin”*(.65). Specifically, in the above paragraph we
switch all indices of the form i’ to 5/ and all j' to 7', and the containment follows.

We now prove . Let {#,j',k} = {1,2,3}. Since Ok, Ouj, < ™ by
Proposition[3.3.1)(e) and Ey; C {2 € S?: (z,n) = 0}, we conclude that Eyy, Ejx C
{z € S?: (z,n) < 0}. By Lemma , D exp;'(j) = 0. Moreover,
Dit i exp;l(j) = 0, so we conclude Eyy,Eyy C {z € S?:0 < (z,n)}. By
the definition of y; and Lemma [3.3.14) ©jys > Opps. In particular, since
Ojrira + Opira > m, we conclude that ;g > m/2. Similarly, ©,54 > w/2. If
Ey4UEy UE;4 were contractible in {z € 5?: 0 < (z,n) < .65}, then by (3.62)), the
location of v is such that T3 avoids the region {x € S?: (x,n) > .65 or (z,n) < 0}.
But then either ©; ;4 or ©;,4 is less than 7/2, a contradiction. So, the noncon-
tractibility property of Ejy U Eyy U Ejiy follows from , which remains to be
proven.

Consider 0 and Ey; as fixed with © /4, Eyy variable. From Lemma ,
recall that exp;'(4) and exp;'(j') have angle /4. Also exp;'(k) and exp; " (j’)
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have angle ©,/;, and expi_,l(-) is confined to a plane. By Lemma , scaling
6 and 6, by the same constant (greater than one) leaves © ;74 unchanged and
increases 6;4. So in proving , we may assume that 6, = 7 —1/2, by Lemma
0.0, 12l

Suppose 0, < .815(m — 1/2). In this case, we will show that sin ©,,4 < .65,
recalling that ©;,4 > m/2. Using planar geometry and Lemma , one can
show: decreasing © /1, decreases © /4. So, for the purpose of showing sin © /4 <
.65, we may assume that cos ©, = —.977.

Now, suppose 0y, > .815(m — 1/2). In this case we show that sinfy, < .65,

recalling that 6,4 < 7/2, since (3.41]) says

93/4 = (Hi/j/ — 01%)2 + 292'13'/8,'%(1 -+ cos @j’i’k)
< (185(m — 1/2)) + 2(7 — 1/2)*(.815)(.033) < .62.

Consider 0, Eyj as fixed with © 1, Ey4 variable. By Lemma (3.3.14]

_ 2
0z, = Hexpi/l(él)H2 = |lexp; ' (') + exp;’ ||2 =0 i+ 204100 cOs O jrng..
Recall cos © 1, < —.977, so decreasing © .y, increases 0;.4. So, for the purpose of
maximizing sin 6,4, we may assume that cos © ., = —.977. With these reductions
(i.e. that cos©;y, = —.977 and 6, = m — 1/2) for these two cases, one can then

verify directly as a one-dimensional inequality, using Lemma and
treating 0, as a variable with all other quantities a function of ;.. With identical
reductions, ©;;4 > m — sin~'(.65) 0,4 < sin~'(.65). Therefore, holds.

Given (3.61)), note that the circumference of the geodesic ball {z € S%: (z,n) =
.65} is given by 2m/1 — (.65)2 > 4.77. By the noncontractible property, 6;; +
Oiry + (9]'/4 > 4.77. By , Oiry > \/((91'/3'/ — ei’k)2 + 201”]"91'%(1 ~+ cos @j’i/k) >
0ij» — O, and similarly 64 > (0 — 6;,). Substituting these inequalities into
Gi/j/ + 6i14 + 0j’4 > 4.77 giVGS

ei’j’ + (92-/]-/ — Qzlk) + (Qi/j/ — Qj/k) Z 477
However, by (ii), 0y + Oy + 6, > 2m — .11. So adding the inequalities gives
40, > 477421 — 11, ie. b5 > 2.73 > m—1/2, violating Lemma [3.3.12] So, all
cases produce a contradiction, and the result is proven. O

3.4 Numerical Computations

We now provide a more comprehensive analysis of the system of equations
resulting from Lemma [3.3.81 We begin by writing this system explicitly. For
i € {1,2,3} choose j, ¢ such that {i,7,¢} = {1,2,3}. Define
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S 9z sin 6 sin 60;;
= =V (v, 04) = i Gie cosb;; + — it 2R
O 00 0:j

Then v = v, from (3.34). Our system follows by cyclically permuting the §;; in

B30), i.c.,

cos By. (3.63)

VA cos V03 + 0% + 2012013 c0s Oa13 ) + 71 = 0,
VA cos (/03 + 035 + 2015023 cos O3 ) + 72 = 0, (3.64)
VAcos (/0% + 035 + 2015025 cos O35 ) + 73 = 0,

where ©;;, and A are defined in (3.11)) and respectively.

Observe that gives three equations in the three unknowns 65, 613, 023.
Define H: [0, 7> — R3 so that H(09,613,03) = (Hy, Ha, Hs3) is the vector corre-
sponding to the entries of the left side of . We now wish to find (612, 013, 0a3)
such that H = (0,0,0).

We first examine neighborhoods of the two points discussed in Section [3.3]

Lemma 3.4.1. The global mazimum of F does not occur in the €y balls of radius
1/100 around the points {012, 013,023} = {0,0,0} € R with 6 = arccos(—1/3) and
0 = 1.53796841207904.

PT‘OOf. Let § = 1/100 We claim that |<VR3F0(612,013,023),U>| < 20, for all
(012,613, 043) in an £, ball in R? of radius ¢ ball around the point

(arccos(—1/3), arccos(—1/3), arccos(—1/3)) € R?,
where v € S%. Now,
Fy(arccos(—1/3), arccos(—1/3), arccos(—1/3)) = 6(arccos(—1/3))* ~ 21.9031.

Also, F at the spherical propeller partition evaluates to (9/4)7? & 22.206. So, given
this claim, since § [(Vgs Fp)| < 22.206—21.903 in B3({6}>_,,4), no global maximum
of F' may occur in B3({0}?_,,0). Similarly, we claim |[(VgsFy(619, 6013, 6023),v)| <
15 for (012,0:3,023) in an £y ball of radius § around {6}?_, € R3 with 6 =~
1.53796841207904. Since Fy({0}2_;) &~ 21.7391, once again, no global maximum of
F occurs in B3({0}3_,,9).

Proof of claim: for # = arccos(—1/3) or # = 1.537968, we first show that
|[Hessian(Fy)|l, < 488 for all points in B3({0}2,,6) C R3. Let F(x,y,2) =
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Fo(z,y,z). Then

Fxfl]

B cos(y)y  cos(y)zycos(x) (cos (z) — cos () cos (y)) zy (cos ())*
=6+4 sin (y) 2 sin (x) sin (y) + (sin (q;))S sin (y)

4 (cos (z) — cos (x) cos (y)) y cos (z)

(sin (2))” sin (y)
(cos (z) — cos (x) cos (y)) zy cos (x) zy
2 sin (z ) in (y) 2 sin (2) sin (y)
cos(2)z  cos(z)xzcos(x) (cos (y) — cos (z) cos (2)) 2 (cos (z))?

4 sin (z) sin (z) sin (z) (sin ())® sin (z

~, (cos (y) — cos (x) cos (2)) z cos () (cos (y) — cos (x) cos (2)) zz

4 (snl ( )) sin ( ) + 2 sin (:E) sin (Z)
i,
_ gy gl ()* Ty | €08 Wz _, (cos(x))” oy
(sin (y)) sin (y) (sin ()
49 (cos (2) — cos () coz(y)) xy c;)s () cos (y)
(sin ()" (sin (y))
. (cos (z) — cos (x) cos (y)) = cos (x)
(sin (x))* sin (y
cos(z)y  (cos(2) — cos(z)cos (y))ycos (y) cos (z) — cos () cos (y)
T2 (z) : sin (2) (sin (y))* e sin (z) sin (y)
sin (z) zy cos (y) sin (x) z sin (y) vz cos (¥) sin (y) z |
sin (2) (sin (y))” sin (z) sin (y) (sin () sin (2) sin () sin (z2)

With § < 1/100, 6 = arccos(—1/3), and (x,y,2) € B3({0}>_,,0), we then have
1/|sin(z)| < 1.1, and similarly for y, z. Therefore, in this d-ball we have |F,,| <
228. Here we have bounded the cosine terms by 1, the z,y, z terms by 2 (since
arccos(1/3)+4d < 2), and the inverted sine terms by 1.1. Using these same bounds,
we find that |F,,| < 117 in this same ¢-ball. For a 3 x 3 matrix A = a;;, let ||A||, :=

(2. =1 a?)'/2. Since F is symmetric in its arguments, we have the following bound

in BS({Q}z—D )

) 228 117 117
[Hessian(F)||» < ||| 117 228 117 ||| < 488,
117 117 228

2
as desired. And the same Hessian estimate applies for 6 ~ 1.5379684120790425.
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Apply now the Hessian estimate to

IVes f()lly < [ Vesfla)lly +0  sup [[Hessian(f)(Z)[l2,

FeB3(a,s)

which holds for every sufficiently smooth f: R* — R if a,b € R? satisfy ||b — a|, <
0. We then explicitly calculate

HVRSF(]’{RI‘CCOS (—=1/3)} H2 < 13. 6

||VR3F0|{1.5379684}§:1”2 <9.7.
So, in B3({arccos(—1/3)}3_,,d) we have

HVR3F0||2 < 13.6 +4.88.

And in B3({1.5379684}_,,0) we have ||[VgsFp|, < 9.7 + 4.88, proving the claim.
[

Lemma 3.4.2. We may assume that VA > .18.
Proof. Substituting in (3.30)), det(vq, v1,v4) = det(vy, vg,v3)51219212 \} Using (3

| _Sin(1/2) _sin(1/2)
VA(r—1/2)

Now, suppose VA < sin(1/2)/(r — 1/2), and VX < sin(1/2)/(m — 1/2), with X
defined by

|det(va, v1,v4)| > |det(vy, va, v3) (3.65)

sin 912 sin 924 sin 914
Uy vy +
‘912 024 914

Applying (3.65|) twice (with indices changed appropriately) shows |det(ve, v1,v4)| >
|det(vy, va,v3)| and |det(va, v1,v4)| < |det(vy,ve,v3)|, a contradiction. We may
therefore assume that one triangle of P (which, up to relabeling, is Ty) satisfies

VA > (sin(1/2)/(m — 1/2)) > .18. O

We now derive some modulus of continuity and derivative estimates for our
system (3.64)). Recall that P = {T;}]_, satisfies Proposition M(e). Since (|3.64)
must hold for the data of each individual triangle T;, we select in the data
from the triangle T;. Then 615+ 6053+613 < 27, since the perimeter of T} is bounded
by 27. By relabeling the edges of T and using the pigeonhole principle, we may
assume 615 < 27/3. The following summary of holds for any labeling of the

N o=

V2

2
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form {7, 7,0} = {1,2,3}.

(Qij + 050 > 0y , triangle inequality on the sphere
0o + O3 + 013 < 27
012 < 271/3
013,003 <7 —1/2 ,
(3.66)
MaX; je(1,2,3},i#i 10ij | = W%ﬁ , Corollary
6;; > 1/10 , Lemma [3.3.16]
sin ©;5, > 1/10 . Lemma[3.3.16
K\/X > 18 , Lemma (3.4.2

For amap f: (X, ||| x) = (Y.]|-]ly-) between two normed linear spaces, a mod-
ulus of continuity for f, denoted by wy, satisfies

1f (1) = F2)lly < wp(llar = zallx s 1, 22).

We allow w; to depend on x;, with x5 in a d-ball around some given point z; =
(9127 0137 023)'

Lemma 3.4.3. Suppose § < 1/100, and consider Hy: ([0,7]*, ||-]|..) = R, Hy =
H,(019,013,093). Suppose also that A = A(bhz, b3, 023) > n. Then, in an Ly ball of
radius § centered at (019,013,0s3), the following holds

7 15
ot ————— +3(2(012+6) + 2013+
2+2—n—155+((12+)+(13+)

+<912+5)(913+6)< RS ) 1 ))]

Siﬂ<912 + (5) Sil’l<913 + 0 Siﬂ<912 + (5) Sin(013 + 5)

om(0) £ G060 =0 |

(3.67)
Or, applying Lemma[3.4.3, for § sufficiently small,
w (5)<6F+ L +3(2(9 +0) 4+ 2(013 + 9)
=T 2 2V/0329 — 156 " ?
2 2 1
0 0)(0 ) )
(0124 0) (015 +9) (Sin(@m +6) * sin(613 + 9) * sin(f1o + 0) sin(6y3 + 5))) }
(3.68)

Proof. We want to compute the modulus for the following function from (R?, ||| )
to R

Hy(bh2,013,043) = VA cos (\/9%2 + 0% + 2015015 cos @213> + M
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where A and 7, are defined in (3.32) and (3.63)) respectively. In what follows, we
use the product rule, chain rule, and sum rule for the modulus w..

win (8) < wys(8) + VAo - w 0) + wy, (9)

COS(\/9%2+9%3+2912913 Ccos @213) (
1 7
S wﬁ((s) + 3 . 5 . w(@f2+9%3+2912913 0089213)(5) + 55

In these inequalities, we used A < 9, VA < 3, 4 (cos(V1))| < 1/2, |(sint)/t] <
1, and |4((sint)/t) < 1/2|. Also, the term (7/2)§ appears since 6 'w.,(6) <
| Vrs71 (612, 013, 023)]], < 7/2. Now, observe that

dr x

01~ O
d sinzx
92 —
+ (dx T

So, taking absolute values, and using that [sin(¢)/t| < 1 and | (sin(t)/t)| < 1/2,

we see that [OA/00;;| < 5. So, if \(0) = A(b12,613,023) > n > 0 for some 7, and if
T = (x,y, z) satisfies |z — O15] < 0, |y — b13| < 6, |z — O3] < 9, then at Z,

OXN  _sinfyy ( d sinx ) +2sin013 sin 023(_ sin 1)
z=012

013023
sin 0 d sinzx sin 0

B cos O3+ 2| — 2 cos 015.
=012 =012 923

13 dr x

—

L1 o)
< max :
{Gers: |0-&w<s} 2 NG 0012

1 1 1 1
- 5< = .5
2/n—|VesAl, 0 2/ — 150

Therefore, for such ,

15
Ves(VA) |1 € ———.
Vs (VR < 5

Combining this estimate with our estimate above, we get the following modulus
estimate, that applies to 7, 6 as just described

7 15
<§l-gp—
wH1(5)_5[2+2 77_15(5+3<2(012+5)+2(013+6)

2 2 1
(02 +0)(f1s +9) (sin(912 +6) * sin(613 + 0) * sin(612 + 0) sin(63 + 5))) ] '

We used here the monotonicity of the function z +— z/sinz and the following
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identities for 1 (012, 013, O3) 1= (025 + 025 + 2012013 (cos g3 — cos O3 cos b13)),

sinf12 sin 613

1 a?/) _ 012013
2 8912 12 sin 812 sin 013

+ (COS 023 — COS 912 COS 913)(912/ sin 912), . (913/ sin 913)

(sin 912 COS 913)

= 012 + 9,12913 COS 013 + cos @213 1-— 912 913,
sin 63 tan 019
1 31/1 o 912013 .
2 8913 = b3t sin 912 sin 913 (Sln 913 o8 912)

+ (COS 923 — COS 912 COS 913)(913/ sin 913)/ . (912/ sin 912)

0120 0
= (913 + ,12 13 COSs 912 -+ cos @213 <1 — 1 ) (912,

S1n 912
1Oy b
2 8923 sin 012 sin 013

(— sin ‘923).

O

Analogous estimates give a gradient bound for Fj, as defined in . Since
Iy is symmetric in its arguments, it suffices to take a derivative with respect to
one variable. Fix (612,613, 653), and let 0 < § < 1/100. For any (z,y, z) such that
|z — b12| < 0,|y — O13] <, |z — ba3] < 0 we have the following derivative bound

0F,
<
20, | = 6(6h2 +9) +

2(013 + 0) (623 + 9) 2(012 +0)(013+ 0)
sin(«913 + (5) sin(023 + 5) sin(ng + 5)

(012 + 9) (b3 + 0) B 015+ 0
2 sin(fa3 + 0) T 2001 + 023 420) { 1 tan (612 + 9)

The restrictions of (3.66)) and the bounds of (3.67) and (3.69) finally yield
Theorem [B.1.1]

Proof of Theorem[3.1.1} Let P be a partition of the sphere S? that maximizes
S ||zill3. Arguing by contradiction, we may assume that this partition exceeds
the value of the spherical propeller partition, 97%/4. From Proposition we
may assume that P is a collection of four nonempty spherical triangles along with
four vertices such that det(v;,vy,v3) > 0. Since P is a global maximum of F,
it satisfies three equations in the three variables {62,603, 023} defined by .
We may restrict these variables via . We may also exclude neighborhoods of
the two candidate maxima found in Section [3.3] using Lemma [3.4.1] Combining
the estimates of , and gives sufficient information for an e-net
traversal of the parameter space defined by . This numerical computation
finds that no zeros of the system (|3.64), within the parameter space defined by

(3.69)
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(3.66)), exceed the objective value of the propeller partition. This computation
contradicts the assumed existence of a maximal P with four nonempty elements.

So, recalling (3.7), 25, [zl < 972/4 = 273(9/(87)). O

3.4.1 Implementation

We describe the e-net traversal of Theorem further below. Before doing
so, we describe some issues related to the numerical verification of inequalities.
In particular, we discuss how a computer can rigorously verify a mathematical
statement. Recall that a normal double precision floating point number in the
IEEE-754-2008 standard is a number in base two of the form

b1b2~~~b11—210
:|:1.a1a2a3 s Qpy X 2 R

where a; € {0,1} and biby---by; € 2,21 — 1] N Z. All of our computations are
done with this discrete set of numbers, with zero included as well. Note that the
distance between two consecutive numbers changes according to the values of the
two numbers. For example, the distance between 1 and the next largest number
is 2772, whereas the distance between 2 and the next largest number is 275, (In
general, if the number 2¥ and the next largest number can be represented in this
system, then their distance is 27°2**.) Due to this spacing between numbers, one
must round the result of any arithmetic operation. For example, the addition
1 + 275 evaluates to 1, if we choose to round to the nearest double precision
number. For the sake of flexibility, our analysis below applies regardless of the
rounding scheme that is chosen.

For z,y € [0,2°%] where z, y are normal double precision numbers, let fl(z +y)
denote the normal double precision number that is evaluated in a computer with
the IEEE-754-2008 standard. It suffices for now to note that (z +y) < (1+2-
279 fl(z + y). In this case, we say that (z + y) has multiplicative error bounded
by (1+42-275%). When we speak of numerical error, we mean multiplicative error,
unless otherwise stated. Define

£:=3.27%2

To verify inequalities in our numerical computations, we perform operations for
several floating point numbers and keep track of error bounds of the form (z+y) <
(14+2-27)fl(z+y). Since (14+2-275%)N < (14 N-3-27%2) = (14+Ne) for 1 < N <
30000, we can bound the multiplicative error of N operations with a multiplicative
term of the form (1+ Ne). (Here and below we are overly conservative in our error
estimates.)

We now present the formulas that are used in our computations, delaying fur-
ther discussion of numerical errors. Let z,y > 0 be two normal double precision
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floating point numbers with z > y. A loss of significance refers to a loss of binary
significant digits in the computation of fi(z —y). One can show that fl(z —y) loses
at most ¢ and at least p significant binary digits, where 277 < 1 — (y/x) < 27P.
Due to potential loss of significance errors, we evaluate \ as

sin2 023 Sin2 013 Sin2 012 sin 023 sin ng
A= 2 ——————= 0
( A S )* ( Oty
in G55 sin 6 in 045 sin 6
sinfygsinbip lg+wcos(,23)_ (3.70)
923812 012913

Our numerical computation of inequalities consists of four steps.

(Step (i)) Suppose we want to check (3.66]) for a closed /., ball (i.e. a cube) of
radius § with center (619, 63,623) € [0, 7]>. To do so, we must verify the following

perturbation of (3.66]).

(6,5 + 0;0 + 36) > 6y
012 + Oo3 + 013 < (271' + 3(5)
612 < (2m/346)(1 + 10¢)
013+ 1/2,6025 +1/2 < (7 4+ 6)(1 + 10¢)
(0 + max; jeq1 2,3},i210i}) (1 + 7e) > m57=(1 — 5e)
(0;j+0)(1+7¢) > (1/10)(1 —¢)
—(30 + ‘{—?(sin 0;;sin b, + 26))(1 + 1500¢) < (cos by — cos 6,5 cos B, + 2000¢)
(cos by — cos b;; cos b, — 2000e) < (39 + \{—gi(f’(sin 0;5sin 6,0 + 26))(1 + 1500¢)
{ (156 + 2 - 10%e + \) > .03293

(3.71)
If a given inequality of does not hold, then the corresponding inequality of
(3.66|) is violated for the entire ¢, ball of radius d.
(Step (ii)) If all of the inequalities of are satisfied, we then check if
(012,013, 093) lies in a neighborhood of two of our known candidate global op-
tima. Let # = (w1,29,73) € [0,7]%. Suppose ¥; = 2o = x3 = arccos(—1/3)
or r1 = x9 = x3 = 1.5379684120790425. From Lemma [3.4.1] we know that if
0 = (12, 013, B33) is close to Z, then F is bounded by (9/4)72 in B3 ((012, 613, 023),9).
That is, if the following is not satisfied, then F'is bounded as just stated.

[(dg2(§, 7))? + 40000¢ + 26 (dzl (0. 7) + 6000¢ + 35)} (1 + 20¢)

(3.72)
> ((1/100)*)(1 — 2¢).

Here dy, and dy, denote the usual ¢, and ¢; metrics on R3.

(Step (iii)) If the verification of (3.72)) fails, we use the modulus estimates of
Lemma to see if H is near zero at 6, with H = (H,, Hy, H3) defined after
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(3.64). Let v, B, p,0 € {£1}. We first check if the following expression has constant
sign, over the 2 such choices of «, 3, p, 0.

O3 — 0 0 2
[cos <\/9%2 + 6% + 2612013 (Cos 93 — €08 015 cos 013 + 0005a> > N 2500055]

sin 912 sin 913
VA —=2-10%0 + (v + 3000ep).

(3.73)
If (3.73) is well-defined and its sign is constant, we then consider the following
inequalities involving H; for ¢ = 1 and (3.67)).

min
a,B,p,oe{£1}

Oo3 — 0 0 2
[cos <\/9%2 + 035 + 2012013 (cos 23 — COS 012 COS U3 + OOO&?a) ) n 2500054

sin 912 sin 913

VA —2-10%0 + (y1 + 3000ep)| (1 — 3000) > (1 4 3000)G(6,0, A — 2 - 10%).

(3.74)
min
a,B8,p,oe{£1}

o3 — 0 0 2000
[cos <\/9f2 + 035 + 2015013 <COS 93 — COs U1 cos O3 + sa) ) N 250005&]

sin 012 sin 913

VA —2-10%0 + (1 4 30002p)|(1 — 3000¢)

> (14 52)v/156 + 6(1 + 3000¢) E +3 (2(912 +6) + 2(613 + 0)

2 2 1
* (912 + 5)(913 + 6) (Sin(@lg -+ (S) + sin(¢913 + 5) + Sin(@lg -+ (S) Sin(913 -+ 5))) :| ’

(3.75)
The inequalities for Hy and H3 are constructed by permuting cyclically the indices
appearing above. If at least one of (3.74)) and (3.75) is satisfied (for at least one
H;), then H; is nonzero on B2 ((012, 613, 623),9).

(Step (iv)) If (3.74) and (3.75)) are not satisfied for {H;}3_,, we finally check the
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value of Fy directly, using a modification of (3.42). Define

. cos 6, — cos 0, cos 0, + 2000
cos OF ;. = . .
J sin 0, sin 0,
170‘E =3 (9%2 + 933 + 9%3) + 2(308(@313)912913
+ 2 COS<®i23)912923 + 2 008(6331)923013,
- 4(013 + 9) (623 + 9) (012 + 0) (613 + 9)
H = 2
G12(9, 5) 6(912 * 6) + sin(913 + (5) sin(023 + 5) Sin(@lg + (5)
(012 + 6)(0a3 + 0)
sin(023 + 5)

+ 2(b13 + 093 + 20) {1 - (

+ 2

o+ 9

m(l + 1200¢) + e)] :

If the following is satisfied, then Fy is bounded by (9/4)72 in B3 ((012, 013, 023), 6),
and therefore F' satisfies the same bound for any global maximum of F' in this ball.

(9/4)72(1 — 5e) — F¢ - (1+50008) > 6(G5y + G55 + Gog)(1 4 10%) + 100e. (3.76)

Given these estimates, we can now describe the e-net traversal of Theorem
3.1.1. We need a discrete subset N' = {z;} C [0, 7]® together with a set of radii
0; > 0 such that

U E('xw&) 2 [077(]37
x»;EN

and such that one of the following cases occurs, for (z;,d;) with z; € N.

(i) One inequality of (3.71)) does not hold.

(i) (3.72)) does not hold.

(iii) (3.74) or (3.75) holds, and (3.73|) has constant sign over all sign choices
a,f,0,p € {£1}.

(iv) (3.76) holds.

In case (i), B3, (x;,0;) is either outside of the domain of (3.64) or (3.64]) cannot
be satisfied in B3 (z;,0;). Case (i) implies that F = 3>+ |[z]|5 is bounded by
(9/4)7% on B3 (z;,6;). Cases (iii) and (iv) imply that no global maximum of F
occurs in B3 (z;,6;). So, the existence of A" as defined above completes the proof
of Theorem B.1.1]

To construct N, we perform the following standard procedure. Begin with the
grid

™

Mo = 105

([0,100> N Z*) C [0, 7).
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For each point = € Ny, check the inequalities discussed above with § = §y := 7/200.
If we discover that z satisfies one of (i) through (iv), then eliminate x from the
set Np. Next, include the element (z,d) in the set N. Let N{ be the set of all
points € Ny that have not been included in /. We now “refine” the grid N by
a factor of 10 and repeat the above procedure. That is, we define

. m 3 3 B3 (1.
N, = <_1000([o, 1000]* N Z7)) 1 IE/JV/BOO(%,W/%O)

For each point x € Nj, we now check (i)-(iv) with 6 = §; := 7/2000, and so on.
For j > 1, at the j** iteration of this algorithm, we define

N = (g (0207 nz) a | U B/ 107)

™
104+2 v
We continue in this manner until the procedure terminates. Upon termination at
the j* step, /\/J’ = &, so N satisfies our desired properties and proves Theorem
BI1

We now return to our discussion of numerical error. To keep track of rounding
errors resulting from subtractions, we use absolute error where appropriate and
add the ¢ terms that correspond to absolute numerical errors. These additive
terms are scaled according to the absolute value of the numbers being subtracted
(due to the unequal spacing of floating point numbers described above).

In the description and analysis of (i) through (iv), ¢ terms come from modulus
of continuity estimates, and ¢ terms account for numerical error. The latter is
discussed further below. The first two inequalities of contain no € terms,
since they can be checked in exact arithmetic. Let z € [0, 7 —1/2+2x 1072]. (We
make this restriction due to the fourth inequality of (3.71)).) Let us discuss the
numerical computation of the sine function. If z > /2, we replace x with = — x,
and we evaluate sin(m — x). Thus, we only need to consider z € [0, 7/2]. For such
x, we first use a 19" degree (ten term) Taylor expansion around zero, summing
terms in ascending degree. In perfect arithmetic, we get a multiplicative error of
one plus

T 1720

sin(x) (21!)

m (7/2)%

<
-2 21!

(21!) sin(x)

<26x1071% <

DO ™

’ 21

Since = € [0,7/2], there are no loss of significance errors in the summation of the
series. The addition of each term of the Taylor series involves one operation, and
there are ten such terms. Moreover, the n'" term contains n+1 operations. In total,
one evaluation therefore has less than 210 operations. So, very conservatively, the
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multiplicative error of sin(z) is bounded by (1+250¢), if x is represented exactly. If
the argument x has multiplicative error (1+k¢), then this same analysis shows that
the multiplicative error of sin(x) is bounded by (1+ (2504 100k )¢), since the term x
appears 100 times in the formula for sin. For example, since 6;; has multiplicative
error (1 + 3¢), we conservatively bound the error of sin6;; by (1 + 550¢).

To compute cos(z) for x € [0, 7—1/24+2x1072], we instead compute sin(mw/2—x)
with the procedure outlined above. Due to our representation of the points 6¢;;, we
compute /2 — x as a rational multiple of 7, so no loss of significance errors occurs
in this subtraction. Hence, the error estimates for cosf;; are exactly the ones
already used for sin6,;;. However, when evaluating the cosine of more complicated
expressions, we need to revert to absolute errors.

We will also need to use the square root function. Here we use the usual New-
ton’s Method iteration, which is well known to have multiplicative error bounded
by (1+¢).

We now describe the error terms appearing in , which are perturbations
of . The guiding principle is that we want to perturb each inequality so that
it is more easily satisfied. To see why this is done, suppose an inequality of
is not satisfied. Then, a modulus of continuity estimate and a numerical error
estimate, used in the definition of , show that the corresponding inequality
of is not satisfied in an /£, ball of radius 4. For example, contrast the first
inequality of with that of . We need only add an additional ¢ term for
each 6;; term, since the modulus of continuity of the function (z,y, z) = x +y + 2,
viewed as a mapping from (R?, ||-|| ) — R, is exactly 34.

So, if the inequality of is violated at a given point g = (012,013, 023),
then the modulus of continuity bound shows that the corresponding inequality of
(3.60)) is violated in the ball B3 (6, ). The same considerations apply to the second
inequality of . Note that the first and second inequality are checked in exact
arithmetic in our computer implementation, so we do not need to take into account
numerical error. As we have mentioned above, our ;; and ¢ are represented as
numbers of the form 7(a/c) where a and ¢ are integers, and it suffices to perform
additions of the form 7((a+0b)/c), and the integer addition a+ b can be performed
with no error.

The third inequality of only requires a modulus of continuity term of 9.
However, we must now take into account numerical errors. We count ten numerical
operations on positive numbers (including the error in representing 7 as a floating
point number three times), so in the worst case, the multiplicative error is bounded
by (1 + 10e). Similar considerations apply in the next three inequalities. In the
seventh and eighth inequalities, we use our analysis of the sine function, and recall
that the multiplicative error for these operations is always bounded by 14550¢. So,
in total, the evaluation of the term —(36+ %(sin 0, sin 6,,420)) has multiplicative
error bounded by 1+ 1500e. Here we have also included ¢ terms corresponding to
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the moduli of continuity, as before.

Unfortunately, we cannot use multiplicative error to deal with the cosine terms,
since loss of significance can occur in the evaluation of (cosf;; — cosb;;cosb,).
However, since the cosine terms are bounded by 1 in absolute value, the absolute
error from each cosine evaluation is bounded by 550e. Therefore the total absolute
error from the right hand side of the seventh inequality is bounded by 2000e. This
bound applies similarly to the penultimate inequality of . The final inequality
of is similar to the previous cases. To get the § terms, we examine
and use that |(sin(z)/z)'| < 1/2 and |sin(x)/z| < 1 for € [0,7]. To get the e
terms, note that each term sin®6,;/ 07, has absolute error bounded by 1200e. And
each term sin 6;; sin 6, cos 0;;,/60;;0;, has absolute error bounded by 1700e. The
total absolute error of \ is therefore bounded by 2 - 10%e.

We now treat (3.72)). First, recall that yielded our two known zeros
of the system (3.64). The first zero 6;; = 6 = arccos(—1/3) is known exactly
(up to multiplicative error (1 + ¢)). However, we can only find the second zero
computationally. For the purposes of our computations, we therefore show that this
second zero is contained in an interval of the form 6;; = 6 € [z — 2000¢, x + 2000¢]
where x = 1.5379684120790425. To see this, we take and write it as a
quotient of the left side over the right side, and we wish to find where the quotient
is 1. For 6 € [x —2000¢, z + 2000¢], the multiplicative error involved in calculating
this quotient is bounded by 1 4 3000e. This follows by our analysis of the sine
and cosine functions, and since this particular region of parameters avoids loss of
significance errors. We can then check numerically that, for § = = — 2000¢, this
quotient, multiplied by (1 + 3000¢) is less than 1, while for § = x 4+ 2000e, the
quotient, multiplied by (1—3000¢), is greater than 1. So, by our numerical analysis
and continuity of the given function, a solution of must lie in the interval
0 € [x — 2000e, x + 2000¢].

We can now confront the errors of . Once again, the guiding principle
is to add error terms so that the inequality is more easily satisfied. First, the
term de(g, 7)? is the sum of three squared differences. Due to numerical error
in the operations, and the uncertainty of the zero 6;; ~ 1.5379684120790425, each
squared difference has an absolute error bounded by 27(2000¢) 4 100e. (The factor
of 27 comes from the squaring of the difference, and since |z| < 7.) So, in total,
the absolute error from the term d52(5, 7)? is bounded by 40000s. Since we want
to check this inequality in an ¢, ball of radius ¢, we use the modulus of continuity
of dj , which is 26d,,. We therefore add the term 24d,, (A, %), and again add terms
to this quantity to take into account its own absolute error and its own modulus
of continuity. The combined effect of summing the error terms then accumulates
a multiplicative error bounded by 1 + 20e.

We now explain the error terms of . From the analysis of the cosine, we
know that cos;; for 6;; € [0,7 — 1/2 4 2 x 1072] has an absolute error bounded
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by 550e. (This follows since the multiplicative error is bounded by (1 + 550¢),
and |cos(-)| < 1.) So, the expression cosfas — cos i, cos i3 has absolute error
bounded by 2000s. The remaining operations under the square root of all
have multiplicative error bounded by (1 + 1200¢).

When the cosine of the square root term is evaluated, we need to again take into
account absolute errors (since, unlike in the cos 6;; terms, we must now account for
loss of significance). Since the argument of the cosine term is bounded by 7, we can
bound the absolute error of the square root term by 4000¢. To take the cosine of
the square root term, we need to return to our Taylor series analysis. Note that our
Taylor series has Lipschitz constant bounded by 6. (This is a conservative bound
that does not account for cancelations in the series summation.) Therefore, the
total absolute error of the cosine of the square root in ([3.74)) is bounded by 25000¢.
From before, the absolute error in the computation of A in is bounded by
2 - 10%. Similarly, the computation of +; has absolute error bounded by 3000e.

Temporarily ignoring any numerical errors, note that we are computing a bound
for the absolute value of the derivative of a function. So, in order to conclude any-
thing from , the sign of must be constant over all possible numerical
errors. (If not, it may be that has an actual value of zero.) Given that this
sign is constant, we then take the minimum over all possible numerical errors. It
then suffices to take the minimum over the extreme points of a suitable rectangle,
due to monotonicity of with respect to the error terms. Note that we take
the minimum since we wish to make the inequality more difficult to be satisfied.
Finally, the addition of all terms on the left side of the inequality incurs a multi-
plicative error bounded by 1 + 3000e, and the addition of the terms on the right
side has multiplicative error bounded by 1+ 3000e. A similar analysis applies to
(13.75)).

We now briefly mention the analysis of (3.76)), which is routine at this stage.
The principle that we apply here is to make (3.76]) more difficult to be satisfied, so
we make its right side larger and its left side smaller. The multiplicative error of
the F§ term is bounded by 1+ 5000¢, since each cos ©F;, term has multiplicative
error bounded by 1+ 1200e. Each G7; term has multiplicative error bounded by
1+ 2500¢, so the right side of has multiplicative error bounded by 1+ 10%c.
A 100e term is added to the right side of to account for the error of the
subtraction on the left side. The 1+ 1200 term and the € term in the definition
of G3; account for the errors of the tangent function, and the loss of significance
in the subtraction that occurs in the square brackets.

3.5 Discrete Harmonic Maps into the Sphere

We now summarize and reinterpret the results of Section [3.3] Recall that we
defined G(P) =} ;<4 9% as the sum of the squared lengths of the edges of our
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partition P. We then saw from Propositions[3.3.13 and [3.3.1] that all maxima of F’
are also critical points of G. We also found that critical points of G satisfy .
Given a partition P, think of its edges as rubber bands. (Recall that a rubber
band has energy given by its length squared, and it exerts a force proportional to
its length.) The critical points of G' are given by configurations of rubber bands
(arranged like the edges of Figure [3.2[b)) that are at equilibrium with respect to
the forces exerted by the rubber bands. With this interpretation, becomes
intuitively clear. This equation says that, at a fixed vertex, the (tangential) forces
of the incident rubber bands are in equilibrium. (For the Euclidean version of this,
see e.g. [26] and [69].)

These considerations lead us naturally to the following generalization. Let
(V, E) be a (finite) graph. Let u: (V, E) — S? be an embedding of (V, E) into S?
(u is sometimes called a map). To be consistent with the above, let u(V) = {v;},
and label Length(u(v;7;)) = 60;; where 7;0; denotes a spherical geodesic connecting
v; to v;. Then a harmonic map u is a critical point of the energy functional

2
Z{i,j}EE ‘gij :
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Chapter 4

The Standard Simplex Conjecture
for Small Positive Correlation

This chapter is derived from the paper [45].

4.1 Introduction

The Standard Simplex Conjecture [50] asks for the partition {A;}% | of R™
into k£ < n + 1 sets of equal Gaussian measure of optimal noise stability. This
Conjecture generalizes a seminal result of Borell, [I7, [78], which corresponds to
the k = 2 case of the Standard Simplex Conjecture. Borell’s result says that the
two disjoint regions of fixed Gaussian measures 0 < a < 1 and 1 —a and of optimal
noise stability must be separated by a hyperplane. Since two disjoint sets of total
Gaussian measure 1 can be described by a single set and its complement, Borell’s
result can be stated as follows. Let A C R"™ have Gaussian measure 0 < a < 1
and let p € (0,1). Then the following quantity, which is referred to as the noise
stability of A, is maximized when A is a half-space.

/ / La(z)1a(zp 4 y/1 — p2)e @t +e) Re=Wit-+vi) 2 pdy (4.1)

When we say that A is a half-space, we mean that A is the set of points lying on one
side of a hyperplane. If p € (—1,0), then the noise stability of A is minimized
among all sets of Gaussian measure a, when A is a half-space. We can rewrite (4.1])
probabilistically as follows. Let X = (X,...,X,),Y = (Y1,...,Y,) € R” be two
standard Gaussian random vectors such that E(X;Y;) = p- L(i=j). Then the noise
stability of A is equal to P((X,Y) € A x A).

For modern proofs of Borell’s theorem with additional stability statements, see
[77, 29]. In the present work, we prove a specific case of the Standard Simplex
Conjecture for k = 3, when 0 < p < pg(n). Already for the case k = 3, the methods
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used in the case £ = 2 do not seem to apply, so new techniques are required to
treat the case k = 3. We first discuss consequences of the full conjecture and we
then state the conjecture precisely. The Standard Simplex Conjecture appears to
be first stated explicitly in [50]. If true, this conjecture implies:

e Optimal hardness results for approximating the MAX-k-CUT problem [50,
Theorem 1.13], a generalization of the MAX-CUT problem. (These hardness
results are optimal, assuming the Unique Games Conjecture).

e The Plurality is Stablest Conjecture [54],[50][Theorem 1.10], an extension of
the Majority is Stablest Conjecture [78] asserting that: the most noise-stable
way to determine the winner of an election between %k candidates is to take
the plurality. (This result assumes that no one person has too much influence
over the election’s outcome, and each candidate has an equal probability of
winning).

e The solution of a multi-bubble problem in Gaussian space [27, 50, [65]: in R™,
minimize the total Gaussian perimeter of £ < n+1 sets of Gaussian measure

1/k.

The MAX-k-CUT problem asks for the partition of the vertices of any graph
into k sets of maximum total edge perimeter. For the precise statement, see Def-
inition [I.3.1] above. For a graph on n vertices, the MAX-k-CUT problem cannot
be solved time polynomial in n, unless P=NP [3I]. Yet, we can always find an
approximate solution of the MAX-k-CUT problem in time polynomial in n [31].
To create this approximate solution, we label the vertices of the graph by vectors
in R", solve an appropriate semidefinite program for these vectors, and we then
“round” these vectors into k& bins. In particular, two vectors are rounded into
the same bin if they lie in the same subset of a given partition {A;}% | of R".
The best way to perform this rounding procedure is then provided by the parti-
tion {A;}¥_, of optimal noise stability. That is, the Standard Simplex Conjecture
exactly describes the best way to solve the MAX-k-CUT problem [50), Theorem
A.6]. This connection between combinatorial optimization and geometry has been
well-studied; see e.g. [88] [7, 55l 57, 19, 46]. For a survey of the complexity theo-
retic motivation for problems related to the Standard Simplex Conjecture, see [56],
where Grothendieck inequalities are emphasized.

The Plurality is Stablest Conjecture for k = 2 was proven in [78], where it
was found to be a consequence of Borell’s theorem, after applying a nonlinear
central limit theorem, which is referred to as an invariance principle. For k = 2,
this problem is known as the Majority is Stablest Theorem. For more on the
invariance principle, see also [22]. The invariance principle of [78] is proven by
combining the Lindeberg replacement method with the hypercontractive inequality
[37]. The Plurality is Stablest Conjecture says that the Plurality function nearly
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maximizes discrete noise stability over all functions f: {1,... k}* — {1,... k}.
In this context, we think of the domain of f as n voters who vote for any one of
k candidates. Given n votes (ai,...,a,) € {1,...,k}", the value f(ay,...,a,) €
{1,...,k} is the winner of the election. The Plurality is Stablest conjecture also
assumes that each candidate has an equal probability of winning the election, and
no one person has too much influence over the outcome of the election. It turns out
that the latter assumption means that the function f can be well approximated by
a function g: R” — {1,...,k}. That is, the noise stability of f is close to the sum
of noise stabilities of the sets ¢g7*(1),...,¢ (k). This approximation procedure,
which uses an invariance principle, shows the equivalence of the Plurality is Stablest
Conjecture and Standard Simplex Conjecture [50, Theorems 1.10 and 1.11]. We are
therefore partially motivated to solve the Standard Simplex Conjecture to attempt
to complete the picture set out by the sequence of works [17, 54}, [78, [50].

The problem of minimizing Gaussian perimeter arises as an endpoint case of the
Standard Simplex Conjecture. The Standard Simplex Conjecture is a statement
involving a sum of terms of the form ([£.1)), and the Gaussian perimeter is recovered
by letting p — 17.

We now precisely state the Standard Simplex Conjecture. Let p € (—1,1),
n>1,n¢€Z, let f: R" — R be bounded and measurable, and define d,(y) :=
e~ Wit ) 2y /(2m)2 Yy = (41, ..., yn) € R™. For € R", define

T,f(x) = . flxp+yv/1 = p?)dy(y). (4.2)

The operator defined by (4.2)) is known as the noise operator, or Bonami-Beckner
operator, or Ornstein-Uhlenbeck operator. In particular, the Ornstein-Uhlenbeck
operator is often written with p = e™*, t > 0, so that T,-+ becomes a semigroup.

Definition 4.1.1. Let Ay,..., Ay C R™ be measurable, k < n + 1. We say that
{A;}k | is a partition of R™ if UF ; A; = R", and v,(A;NA;)=0fori+#j,i,j €
{1,...,k}. Let {z}%_ | be the vertices of a regular simplex centered at the origin of
R™. For each ¢ € {1,...,k}, define A; := {z € R": (z,2) = maxjeq1,.x} (@, )},
the Voronoi region of z;. We call {A;}¥_, a regular simplicial conical partition.

Conjecture 5 (Standard Simplex Conjecture, [50]). Letn > 2, let p € [—1,1],
and let 3 <k <n+1. Let {A;}f_, be a partition of R".

(a) If p € (0,1], and if vo(A;) = 1/k, ¥V i € {1,...,k}, then among all such
partitions of R", the quantity
k
=3 [ L@ @) (4.9
i=1 7 R"

1s maximized by a reqular simplicial conical partition.
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(b) If p € [-1,0) (with no restriction on the measures of the sets A;, 1 €
{1,...,k}), then among all partitions of R™, the quantity J is minimized
by a reqular simplicial conical partition.

The following theorem is our main result.

Theorem 4.1.2 (Main Theorem). Fix n > 2, k = 3. There exists py =
po(n, k) > 0 such that Conjecture [5 holds for p € (0, po).

Theorem seems to have no direct relation to Gaussian isoperimetric prob-
lems [27], since these problems are implied by letting p — 1~ in Conjecture .
Also, [50, Lemma A.4, Theorem A.6] shows that Theorem seems to give no
new information about the MAX-k-CUT problem, since in this problem, p < 0 is
most relevant. Surprisingly, our proof strategy does not work for p < 0, as we show
in Theorem Lastly, Theorem has a weak application to the Plurality
is Stablest problem, which we describe in Corollary below.

Let X = (X4,...,X,),Y = (Y1,...,Y,) be standard normal n-dimensional
Gaussian random vectors such that the covariances satisfy E(X;Y;) = p - 14,
i,j € {1,...,n}. In [50], the quantity is written as 32 P((X,Y) € A; x 4;).
To see that our formulation of Conjecture [5is equivalent to that of [50], let A C R”
and note that

/n 1T, 1 qdry, = / La(z) / La(zp +yv/1— p?)dyn(y)dyn ()
— [ ] 1a@)talen + o/ T Pdna(widao)

—P((X,Y) € A x A).

4.1.1 A Synopsis of the Main Theorem

We now describe the proof of Theorem [1.1.2] We first take the derivative d/dp
of the quantity J defined by . This procedure is common, and it dates back
at least to the the proof of the Log-Sobolev Inequality by Gross [37]. Taking this
derivative allows us to relate J to the works [55, 57]. In Section we modify
the results of [55, 57] to prove the existence of a partition that maximizes (d/dp).J.
Then, in Section [£.4] we further modify results of [55, 57] to show that, if p > 0
is small, then a partition maximizing (d/dp)J is close to a partition maximizing
(d/dp)|p=0J. And by [55], we know that the partition maximizing (d/dp)|,=oJ is
a regular simplicial conical partition, for dimension n > 2 and k = 3 partition
elements.

So, for small p > 0, a partition maximizing (d/dp).J is close to a regular sim-
plicial conical partition. The structure of the operator 7, then permits the ex-
ploitation of a feedback loop. This feedback loop says: if our partition maximizes
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(d/dp)J for small p > 0, and if this partition is close to a regular simplicial conical
partition, then this partition is even closer to a regular simplicial conical partition.
This feedback loop is investigated in Section [4.5] especially in the crucial Lemma
[4.6.1] A similar feedback loop was already apparent in [55][Lemma 3.3]. The full
argument of Theorem [4.1.2] is then assembled in Section [4.7 By using this feed-
back loop, we show in Theorem that a regular simplicial conical partition
maximizes (d/dp).J for small p > 0, k = 3, n > 2. Then, the Fundamental Theo-
rem of Calculus allows us to relate (d/dp)J to J, therefore completing the proof
of the main theorem, Theorem [4.1.2]

Since Lemma [4.6.1] is rather lengthy and crucial to this investigation, we will
further describe the idea behind it. If we know that our partition maximizes
(d/dp)J, and if we also know that this partition is close to a regular simplicial
conical partition, then the first variation should immediately tell us that our parti-
tion is actually a regular simplicial conical partition. Unfortunately, this intuition
does not translate into a proof. The main technical problem is that the sets we
are dealing with are unbounded, and we need to know precise information about
the Ornstein-Uhlenbeck operator applied to these sets, for points that are very far
from the origin. Since the Gaussian measure decays exponentially away from the
origin, this means that it becomes hard to say something precise about the points
in these sets that are very far from the origin. So, we require very precise estimates
of the Ornstein-Uhlenbeck operator, and the errors that it accrues when we eval-
uate it far from the origin. These estimates are performed in Lemmas and
4.5.3l Unfortunately, to use these estimates effectively, we need to slowly enlarge
the regions where we use these estimates. The details of enlarging these regions
becomes surprisingly complicated, occupying the seven steps of Lemma [4.6.1

In Section 4.7 we also show the surprising fact that our strategy fails for
small negative correlation. That is, for small p < 0, (d/dp)J is not maximized
by the regular simplicial conical partition. This result does not confirm or deny
Conjecture |p| for p < 0. However, one may interpret from this result that the case
of Conjecture 5| for p < 0 could be more difficult than the case p > 0.

We should also emphasize the lack of symmetrization in the proof of Theorem
[4.1.2] Symmetrization is one of a few general strategies that solves many optimiza-
tion problems. In our context, symmetrization would appear as follows. Recall the
definition of J from (4.3). Suppose we have a partition {4;}% ; C R". Change
this partition into a “more symmetric” partition {A;}*_, such that J or (d/dp)J is
larger for {/Avl}fz1 In the proof of the main theorem, it is tempting to use this sym-
metrization paradigm. The works [17],[78] and [50] use Gaussian symmetrization
in a crucial way. However, we find this approach to be less natural for Conjecture
[, so we do not explicitly use symmetrization. Nevertheless, symmetry does play
a crucial role in our proof, especially in the estimates of Section [4.4] It should also
be noted that the works [55, [57] do not explicitly use symmetrization, and this
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lack of symmetrization is one of their novel aspects.

4.1.2 Preliminaries

For f € Ly(7,), define T, as in (4.2). The operator 7, is a parametrization
of the Ornstein-Uhlenbeck operator. The operator T}, is not a semigroup, but it
satisfies T, T,, = T}, pp, p1,p2 € [—1,1], by below. We use definition
since the usual Ornstein-Uhlenbeck operator is only defined for p € [0,1]. Let
A >0, z € R. Recall from that the Hermite polynomials of one variable are
defined by the generating function

)\x )\2/2 Z )\éhe (44)
leN

Recall that [ h2dy, = 1/€!, and {V/0! he}sen is an orthonormal basis of Lo(y1)
from ) and (2.9). Recall also that ho(z) = 1 and hy(z) = 2 from . Set

flx) = em A/2 A routine computation shows that 7T, (f)(a:) = eO)r=()*/2,
Indeed

Tp(f)(x):/ e/\(wp+y\/1—p2)—/\2/2d%<y):/ eAP)z+(A/1=p?)y—2%/2—-y /2 dy

n V2T

_ a2 / o= Hu=a/1Im22ex (-2 BY p)e-n2 /22 1-p%) 2
n \ 2T
_ 0r=0n2/2.

Therefore, by (4.4)),

T,f(x) =Y Ap'h(z). (4.5)

leN

So, by linearity, T,h(x) = p'he(z).

We now extend the above observations to higher dimensions. Let f € La(7,),
so that f = > ,cym acho V0!, ay € R, where ¢ = (l1,...,0,) € N" and hy(x) =
[T he,(z;). Write [€] := 64 + -+ 4+ £, and ! := ({4!)--- (4,!). Then T, satisfies
T,hy = pw'hg and for x € R",

0= 3 o VanGo) ([ Vi) (4.6)
Lenn R

Let A:=>""  0%/022, and define

- 0

78



A well-known calculation shows the following equality, which we prove in the Ap-

pendix, Section [4.9]

L f(@) = p LT, f(2) = = (2, VT, f(2)) — AT, f(x)) (4.8)

il ;
:\/:K / fzp+yvV/1 = p?)dmly >
/ (i(l - y?)) f(xp+yﬂ)d7n(y)]-

(4.9)
We say that A C R" is a cone if A is measurable and V¢ > 0, tA = A.

Definition 4.1.3. A simplicial conical partition {A;}}_, is a partition of R”
together with a simplex S C R*! with 0 < k — 1 < n and a rotation o of
R™ such that 0 € S and such that each facet F; of o(S x R"**!) generates a
partition element, i.e. A; = {to(F; x R"):t € [0,00)}, 7 € {1,...,5+ 1}. Let
k—1<n and let {2}, C R™ be nonzero vectors that do not all lie in a (k — 1)-
dimensional hyperplane. Define a partition such that, for i € {1,... k}, A; =
{r € R": (x,%) = max;___x(z,2;)}. Such a partition is called the simplicial
conical partition induced by {z;}%_,.

If {A;}¥ | is a simplicial conical partition induced by { [ 4, wdry,(x)}r_,, then
we say the partition is a balanced conical partition. If {z;}¥, C R" are the
vertices of a (k — 1)-dimensional regular simplex in R™ centered at the origin, then
the partition induced by {2;}¥_, is called a regular simplicial conical partition.

Let f € La(y,). By Plancherel and ({4.6))

2
/ ST, fdy, = ph FVO0hyd, (4.10)
LeN? R
Substituting (4.10)) into (4.3) gives
k
Z/ 1AiTP(1Ai)d7n
i=1 JR"
k 2 (4.11)
—Z{% +p’/md% +Zp'f/\/_hed% ]
i=1 Ai & feNn
0>2
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Taking the derivative d/dp of (4.11]) at p = 0, we get a quantity studied in [55, 57].
2

dipil/w LaTy(La)dyn = i H /A wdy,(z)|| + > e 2]'

/ V0l hedry,
A;

i=1 i g geNm
|€]>2
(4.12)
d k k 2
DY IR i R (4.13)
Plp=0 =1 /B" i=1 11V Ai o

4.2 Noise Stability for Zero Correlation

This section concerns noise stability at the endpoint p = 0. Specifically, we
will investigate the quantity , which has already been studied in [55] [57].
Using our understanding of , we will then be able to analyze the left side of
(4.12) when p is small, using the equality . Before beginning our discussion,
we first need to consider partitions of R™ within the convex set defined in (4.14]).
Definition provides the metric allowing an assertion that two partitions are
close to each other, and Definition allows us to discuss the Gaussian measure
restricted to hypersurfaces.

Definition 4.2.1. Let H := ®F_Ly(v,) and define

Av(m) ={(frs- ) €EH:V1I<i<kO0< f; <1, fi=1}.  (414)

Definition 4.2.2. Let ¢ > 0. Define

Ai(ym) = A1 fi) € Arlm): % —e< . fidy, < %+e}.

Definition 4.2.3. Define a metric d, on partitions {A;}¥_,, {C;}F_, of R” by the
formula

ceSO0(n)

7 a permutation

k , 1/2
BAYLACHL) = inf (ZHui—lwoﬂw e )> -
i=1 "

Definition 4.2.4. Let A C R", let £ denote Lebesgue measure on R", and
define the distance d(x,y) := ||-T—y||gg, x,y € R". Denote 64 as the mea-
sure £ on R" restricted to A. That is, 64(B) = liminfs_o55L{y € R": Jz €
AN B with d(z,y) < 6}, B C R". Also, we denote 7,,(64) := liminfs_o 5:7,{y €
R": Jz € A with d(x,y) < ¢}.
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The next two lemmas are derived from [55]. Lemma is a quantitative
variant of Lemma [£.2.5] and it will be further improved in Lemma below.
In particular, Lemma [4.2.6| says that, if the first variation condition for achieving
the optimum value of is nearly satisfied, then the partition is close to being
simplicial.

Lemma 4.2.5. [55, Lemma 3.3, Corollary 3.4] Let n > 2 and let {B;}3_, be a
reqular simplicial conical partition of R™. Then (1p,,1p,,1p,) uniquely achieves
the following supremum, up to orthogonal transformation.

3

sup Z /n xfi(z)dy,(x)

(f1.f2,f3)€A3(m) —1

2

(4.15)

3

Lemma 4.2.6. Let n > 2 and let {B;}}_,,{C;}2; C R" be regular simplicial
conical partitions. Let {A;}2_, C R™ be a simplicial conical partition. Let z; :=
[y, xdyn(x), and let vij € S""1 N A; N Ay Nspan{z;, 2z}, If [{2i — zj,v)| < e <
1071V 4,5 € {1,2,3}, i # j, and if do({A;}3_,,{C1,Ca,@}) > 1/100, then
do({Ai¥y, {Bi}iy) < Ve,

Proof. Fori,j € {1,2,3}, let 0 < a;; < 7 such that A; is a cone with angle «;. Let
o: R" — R” be a reflection that fixes A; N A;. Without loss of generality, o(A;) C
A;. Then z; — z; = fAi\o(A]-) zdy,(z) and ||z; — 2, = sin((a; — ;) /2)/V/2m. Let
0 < 6 < m such that [|z; — 2|, cos() = (2 — zj,v;5). Then either ||z; — 2|, <
\Ve/18m, or |cosf| < v/18me. In the first case, a; — a; < /2. So, to complete
the proof, it suffices to show that the second case does not occur. We find a
contradiction by assuming that the second case occurs.

If |cos O] < /18me, then since 6 = (a; — «;)/2, we must have |o; —o; — 7| <
18y/g, s0 m —18y/e < a; —a; < T+ 18y/¢, i.e. m—18y/e < a; < m and a; < 18y/e.
Then for r # 4,5, r € {1,2,3}, we have a,, = 27 —a; — a; > 27 — 7 — 18/c >
7 — 18y/2. Since a;,a; > 7 — 184/, we conclude that do({4;}2_,,{C1,Ca, &}) <
18¢Y/* < 1/100, a contradiction. O

We require the ensuing explicit calculation from [55] in Lemma below.
This calculation is reduced to a computation of Lagrange Multipliers in [55], Corol-
lary 3.4]. For any (fi,..., fr) € Ak(7n), define

k

1/}0<f1, ey fk) = Z

=1

2

| ati@din

&
Lemma 4.2.7. [55, Corollary 3.4]
1 9
sup Yolf1, f2) = =, sup Yo f1, f2, f3) = o

(f1.f2)€A2(¥n) i (f1,f2:f3)€A3(n)
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The following Lemma is a quantitative improvement of Lemmas [4.2.5]and [£.2.6]
Combining Lemma with (4.13]) will show that an optimizer of the quantity
(d/dp) S5, Jan 14, 1,1 4,d, is almost simplicial conical for small p > 0.

Lemma 4.2.8. Lete > 0, n > 2. Let {A;}}_; be a partition of R™, and let { B;}3_,
be a regular simplicial conical partition of R™. Assume that e < 1/100 and

¢0(1A1a1A2’1A3) > sup wo(f1,f2,f3) —E&. (416)
(f1,f2,f3)€A3(7n)

Then
dy({AY {BiY) < 62, (4.17)

=1

Proof. Assume that (4.16) holds. For i € {1,2,3}, let 2z := [, zdy,(x), w; :=
[ xdy,(x). We may assume that, for all i,j € {1,2,3} with i # j, (z,z2;) <0.
To see this, we argue by contradiction. Suppose there exist i,7 € {1,2,3}, i # j
with (z;,2;) > 0. For p € {1,2,3}, p # i, 7, let A) := A, let A} := A; U A;, and
let AY:=@. For p € {1,2,3}, let 2 := ng xd,(z). Then

3 3

2 2 2 2
El (B4l El 12plley = llzi + 2lleg = llzilly = N125lly = O-
p= p=

Rewriting this inequality using the definition of g,
wO(lAm 1A27 1A3) S ¢0(1A’1’7 1A/2/7 1Ag) (418)

Since {A7}5_, is a partition of R™ with at most two nonempty elements, Lemma

27 says

1
<( sup wo(fhfzaf:«:)) —o(Lar, Lag, Lay) > & 1072 (4.19)

f1,f2,f3)€A3(7n)

Combining (4.18) and (4.19) contradicts (4.16). Therefore, (z;,z;) < 0 for all
i,j e {1,2,3.
We now claim that, for each pair i,j € {1,2,3} with ¢ # j, we have

2
> 1/16. 4.20
Jmax 2]l > 1/ (4.20)

We again argue by contradiction. Suppose there exist 4,j € {1,2,3} with ¢ # j
2 - 2

and maxpecy; j) Hsz@ < 1/16. Let p € {1,2,3}, p # 4,j. Then HZpHeg < 1/(2n)

with equality if and only if 14, is a half-space whose boundary contains the origin
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of R". This follows immediately from rearrangement. Observe, if z, # 0,

ol = (o [ o)) < (o [ wia(0))
Ap Apn{z: (z,2p)>0}
< <zp,/ xd%(x)>
{z: (z,2p)>0}

2

1
= </ xd%(x),/ :vd%(a:)> < H/ xdy,(x)|| = —
Ap {z: (z,2p)>0} {z: (x,2) 20} 24 2
Therefore,
¢0(1A1, 1A27 1A3) < 1/8 + 1/(271') < 1/7T.
This inequality contradicts (4.16)) as in (4.19)), since
sup 77Z)0(flaf27f3> :9/<87T)7
(f1,f2,f3)€A3(vn)
using Lemma We conclude that (4.20]) holds.
Define ¢ such that
d:= max ({zeR": (zi—z,2) <0}NA). (4.21)

27]’6{17273}71#]

Fix i,j € {1,2,3} such that 0 = v,({z € R": (2, — 2z;,2) < 0} N A4;). We want
to find a bound on §. Let 0 < h such that foh dy1 = 0. Now, define {A’}3_,
such that A} = A, for p # 4,5, Aj = A; \ (Ain{z € R": (z; — z;,2) <0}) and
Al = AU (Ain{z e R": (7 — zj,x) <0}). Let 2, = fA; xdy,(x), p = 1,2,3.
Then

3 ) 3
2
Z H%Hzg - Z 2ol
p=1 p=1

= 2</ ydyn(y), 2 — zz-> + 2H / ydyn(y)
{y: (zi—z;,y)<0}INA; {y: (zi—z;,y)<O}NA;

2

2
> 2</ ydyn(y), 2 — Zz>
{y: —h<(zi—2;,y)<0}
h
25 5l [ van) S 2
0
(4.22)

Here we used rearrangement and also the inequality

2
2 = 2l gy > (masx 212,
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which itself uses (z;, z;) < 0. By (4.16) and (4.22), 6% < 3¢, i.e.
5 < V3e. (4.23)

Now, for p € {1,2,3}, let 24\; = {x € R": (z,2,) = max,_123(,2;)} and let

Zp = f;‘; xdy,(z). By (4.23) and (4.21)),
dy({A Y, {A}L,) < 3v2e /4, (4.24)

For p € {1,2,3}, let y, := z, — z, € R", so that [|y,||, < 3v2eY* by [{.24) and
Hilbert space duality. Let = € R™. Then for i,j € {1,2,3}, i # j,

(Zi — Zj, ) = (21 — z5,2) + (yi — y;, ). (4.25)

Fori,j € {1,2,3},1 # j, let v;; = S"‘lﬂzﬂ@ﬂspan{z 3_,. By definition of
Vij and {;—4\;}?:1? <Zi_zj7vij> = 0. So, by (]T%D, ’<gl — 'fzvjv Uij>| < 3\/561/47 implying
that dy({A;}2_,, {Bi}2.,) < 3-23/%/% by Lemma [4.2.6, This inequality together
with and the triangle inequality for ds prove @ O]

4.3 The First Variation

Recall (4.7). The following existence argument which uses convexity is a variant
of [55, Lemma 3.1] and [57, Lemma 2.1].

Lemma 4.3.1 (First Variation). Let p € (0,1). Then 3 a partition {A;}¥_, of
R"™ such that

k k
d d
1a,—T,14,dvy, = sup / fi—T, fidv, 4.26
> [ 1agm > [t (4.26)

(frsofr)€AK (M) 5=

Also, for each i € {1,...,k}, the following containment holds, less sets of v,
measure zero:

A; D {x €R™: LT 1 4,(x) > LT, 14, (2),¥j #4,5 € {1,...,k}}. (4.27)

Proof. We show that is maximized over Ag(7,), which contains the set of
partitions of R". Note that Ag(v,) € H is norm closed, convex, and norm bounded.
Therefore, Ag(7,) is weakly closed. Also, Ag(7,) is weakly compact by the Banach-
Alaoglu Theorem. Using (4.§)), define ¢,: Ag(v,) — R by

k k
d _
Vo(G1,- -, gi) = d—pZ/ 9iTpgidym = p 12/ 9i LT},gidyn. (4.28)
i=1 /R? i=1 /R?
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By , Y, is an exponentially decaying sum of uniformly bounded weakly
continuous functions. Therefore, v, is weakly continuous on the weakly compact
set Ag(7,). So there exists (f1,..., fr) € Ak(y,) that maximizes 1,.

Since p € (0, 1], implies: V f € Lo(vn), [ fLT,fdv, > 0. We now apply
this fact to see that v, is convex. Let A € [0,1], (g1,---, gk), (h1, ..., hi) € Ap(7m)-
Then

Awp(gh e agk) + (1 - )\)wp(hla cee 7hk)
— d)p()\gl + (1 — )\)hl, ce )\gk + (1 — )\)hk)
k

1
==y [A/ 9:LT,g; + (1 — )\)/ hi LT,h;
=1 R

1% — n
“A1=) [ (o= m)LT g~ ) 20

Since v, is convex on Ag(7,), ¥, achieves its maximum at an extreme point of
Ay (7). Therefore, there exists a partition {A;}%_ | of R™ such that (14,,...,14,) €
Ay (y,) maximizes ¢, on Ag(7,) [67, Lemma 2.1]. Specifically, it is noted in [57,
Lemma 2.1] that the extreme points of Ay (7, ) are exactly the partitions of R™ into
k pieces.

We now prove (4.27)) by contradiction. By the Lebesgue density theorem
[93][1.2.1, Proposition 1], we may assume that, for all i € {1,...,k}, if y € A,,
then we have lim, 0 v,(A; N B(y, 7))/ (B(y,r)) = 1. Suppose there exist j,m €
{1,...,k} and there exists y € R", r > 0 such that y € A;, v,(B(y,r) N A4;) >0

and LT,14,(y) < LT,1a,,(y). By (12),

B —lly—zp||2/[2(1—p2 dy
TplAj(:c)—/n 1, (y)e ool p>1<2ﬁ<1_p2))n/2.

So, LT,14;, = p(d/dp)T,14,(x) is a continuous function of x.
Therefore, there exists a ball B(y, ), r > 0 such that ~,(B(y,r) N A4;) > 0 and
such that
sup LTpla,(xz) < inf LT,1,4,(z).
z€B(y,r) z€B(y,r)
Let ¢(z) := 1p(ymna,(z). For A € [0, 1], note that

(Lay, - 1o, = A, 1a+ A0, .. 1a,) € Ag(n)- (4.29)
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However,

5 ¢p(1A1;~--71Aj_>\¢;-~;1Am+/\¢7~-71Ak)
(4.30)

_ % / (@) LTy (La, — 14,)(@)du () > O.

But (4.30]) contradicts the maximality of (14,,...,14,) on Ag(y,), so (4.27)) holds.
[

4.4 Perturbative Estimates

Recalling (4.28), the following estimates allow us to relate v, to 1y for small
p > 0, for simplicial conical partitions. In particular, we make a close examination
of the two quantities of (4.9). Since lemma [4.4.2] gives precise estimates of the

two quantities of (4.9)), combining Lemma with (4.27)) gives precise geometric
information about a partition {A4;}% , C R" optimizing noise stability. In particu-

lar; to see one way that we will apply Lemma [4.4.2] see (4.120]) below. However,
note that (4.120) below does not give sufficiently precise information to identify

the sets optimizing noise stability. So, the real need for Lemma [4.4.2] will occur in
the proof of the Main Lemma [4.6.1) where the precise estimate (4.50) is used.

Lemma 4.4.1. Let A C R" be a cone. Then

/n (Zn:(l - yf)) La(y)dyn(y) = 0.

i=1

Proof. The assertion follows by standard equalities for the moments of a Gaussian
random variable. Let o > 0. Define f(«) by the formula

d
. —a(+-+y2)/2_ Y
f(a) T /n 1A(y)e ! (27-[-)71,/2

By changing variables, f(a) = a2 [, 14(y)dv.(y). So,

-5 [ ()t - 2

n

=3 / La(y)dyn(y).

a=1
]

Lemma 4.4.2. Fiz k =3, n > 2, p € (0,1). Let {C;}-., C R? be a simplicial
conical partition. Let {B;}r_, = {C; x R* 2}t Firi,j € {1,...,k}. Let
o: R" = R" denote reflection across B; N Bj. Assume that B; = 0B, and that

86



B; C{x € R": 21 > 0}. Lete; = (1,0,...,0), e = (0,1,0,...,0), e1,e2 € R™.
Forpe {1,... k}, let z, == pr xdy,(z). Note that span{z;, z;} = span{ej,es}.
Let n; € R™ be the interior unit normal of B; so that n; is normal to the face
(0B;) \ (0B;), and let n; € R™ be the interior unit normal of B; so that n; is
normal to the face (0B;) \ (0B;).

(1) If v € Bin{x € R": (x,n;) <0}, then

1
; <:L‘, VTp(lBi — 137.)(:E)> > 2217, (5(31-033-)—@) + <l‘,ni>’7n <5((BBi)\Bj)—:cp> .

(4.31)

(ii) If v € BiN{x € R": (x,n;) > 0}, then

1

—(x,VT,(1p, — 1p,)(2)) > 2217, (5(3i03j)w) . (4.32)

P Vi-i?
(iii) For x € By,

‘ / ( (1- y?)) (g, — 1p;)(xp +yv/1— 02)61%(@/)‘
"N = (4.33)

< —lp__pwé +(n = 1)V2)a;.

(iv) For x € B; with x, > v/n\/1— p?/p,
/n (Z(l - y?)) (1, — 1g)(xp +y\/1 = p?)dya(y) > 0. (4.34)

(=1

Proof of (i). Below, we use differentiation in the distributional sense. Let z # 0.

For x € (0B;) N B;, Vlp,(x) = ey since B; C {z € R": 21 > 0}, and for z €

(0B;) \ Bj, Vlp,(z) = n,. Similarly, for x € (0B;) N B;, —V1p,(x) = e, and for
€ (0B;) \ Bi, —V1p,(r) = —n;. Then

%VTP(]‘B'L - 1Bj)(37) = Tp(v(le‘ - 1Bj))($)

- TP[Q(el)aBzﬂBJ‘ + ni(s(aBi)\Bj + <_nj)5(8Bj)\Bi](x)

(1.2)
2e1Yn <5(BiﬂB]-)—zp) + i Yn ((5((3132-)\13]-)—1;;) + (—nj)% <5((83j)\Bi)—zp> .
\/1—p2 \/l—p2 \/l—p2
(4.35)

Here we used

/n La(zp+y/1— p?dy,.(y) = /Rn La—ap(yv/1 = p?)dyn(y)
= /R Apcapyim W) ()
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Let « with € B; and (z, (—n;)) > 0. Then (4.35) immediately proves (4.31)).

[
Proof of (ii). Let x € B;N{x € R": (x,n;) > 0}. By reflecting across B; N B;,
Tn (5<<asi>\3j>zp) > Y (&(aBj)\Bi)zp) - (4.36)
Vi? Vit
Define
W = NiYp (5((080\%)@) +( n]) (5((83 NB;)— zp) .
\/1*;)2 V1— p2
By (4.36), w is in the convex hull of e; and n;. In particular, (x,w) > 0, since
x € B;. Combining (z,w) > 0 with (4.35)) proves (4.32]). O

Proof of (ii). By reflecting across B; N B,

n

vesns — [ (30-1)0n - 15)60+ 0T At =0

R™ N p—q

So, a derivative bound gives (4.33]). Specifically, we apply the Fundamental Theo-
rem of Calculus to the following identity, along with ||(1 — y3)y1|| Lo(m) = V2 and

lyi + 3.7J1||L2 ~ = V6.

n

8%1 /R (zn:u - y§)> (1s, — 1p,)(@p + y\/1 — p2)dya(y)

(=1

- \/%ﬂ /n ( — y% + Z(l n yl?)yl)(lBi - 1Bj)<xp + y\/l—in)d%(y)

041

Proof of (iv). Let x with z; > y/n\/1 — p?/p and consider the following cone

A::{O}U{yER" y7é0/\\/_|| || %}.

By Lemma 141} [, 1a(y) Yy (1= y2)d(y) = 0. If d(z,0B:) > \/ny/T = p?/p,
then A =R" and 14(y) >_y_,(1 — y7)1pe(zp +y/1 — p?) <0, s0

/n <2":(1 - y?)) (1p, — 15,)(xp + yy/1 — p?)dva(y)

>/ (220 -4t o+ 1 T= Pt
> / (g(l - y?)) dyn(y) = 0.
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So, it remains to consider the case d(z,0B;) < v/n\/1 — p?/p. In this case A # R".

Since x1 > \/ny/1 — p?/p, we have >, (1 —y7)1p,(xp+y+/1 — p?) < 0. Also,
we have 370, (1= y7)Lae(y) s, (zp +yy/1 = p?) 2 0, 30, (1 = 47)La(y) Lpe (wp +
yv/1—p?) <0, s0

n

/n <Z(1 - Z/z%)) (1, — 1B,)(zp + yv/1— p2)dyn(y)

/=1
> / (i(l - y?)) L, (zp + y\/1 — p2)dyu(y)
> / (i(l - y?)) La(y)1s,(xp + yv/1 = p?)dn(y)
> / (g:(l - y?)) La(y)dya(y) = 0.

4.5 TIterative Estimates

The following estimates control the errors that appear in the proof of Theorem
4.1.2] Being rather technical in nature, this section could be skipped on a first
reading.

Lemma 4.5.1. For { = ({1,...,4,) € N" and x = (x1,...,2,) € R",
he(z)V0! < [0 39 T [ max{1, ;" }.
i=1

Proof. Let ¢ € N. From (2.3)), recall that

L£/2] mE—Qm(_ 1)m2—m

hel@) = ml(f — 2m)!

(4.37)

Using Stirling’s formula, 270 12e=t < 01 < e *1/2e=¢. Let ¢,m with m €
{0,...,¢/2}, ¢ > 1. Note that lim,_o+ 2 = 1 and mingey2® > 2/3. Also,
m+L—2m=~—m >{/2. For m # 0, write m = {5, j € [1/¢,1/2]. Note that
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max{m, { —2m} > ¢/3. Then

Ve
m!(¢ — 2m)!
Je (/DA —t/2 Je 2(1/2)6+1/4
= 2rmm 12 m(( — 2m)l-2mt1/2e—((=2m) - 21 mmHI2(0 — 2m)-2mt1/2
_ LE €1/4 52/2 eZ/Qfm
21 \/mA/ — 2m m™ (€ — 2m)*t=2m
\/E €1/4 €£/2 ¢
= — - - - - eQ_m
21 /€ —2m (€)% (£(1 = 2j))"0 %)
\/E £1/4 €£/2€Z/27m
T 2m /T — 2m (0D (1 — 2512
\/E €1/4 €€/2€£/2—m
21 Jm/T— 2m 04/2050-29) ji (1 — 25)€1-2))
N 1 es(0-2) e gt (e/0)2(0~2)
T 21 T — 2m 9 (1 — 25)8020) p50=2) 27 \Jmin/l — 2m 9 (1 — 25)10-2)
e (4 1 <€ s 1
=2 T /my/€—2m j9 (1 = 25) 072 = 21 fma/0 = 2m (2/3)*
V3 1 eV3

< W/igg (g3~ i o= o)

Here we used (e/¢)/20=2) <\ /e for £ = 1,2.

£/2—m

(&

Also, for m = 0 we have m!(Z—\/ng)! =1, and for m = £/2 we have
Vi RV . Jelt/H b=tz o1/4

ml(€ —2m)! — (€/2)! = \2m(0)2)/2+1/2e=4/2 \/E\/%glﬂg—wzg—l/z

_ \/E€—1/42z/2 < p1/Agt/2
p S

So, combining the above estimates with (4.37)),
[¢/2] L¢/2]
[ho(x)V O <Y 7V 9/4) | TP <Y T e A(9/4) max{ L, |27
m=0 m=0
< 007V49/4) max{1, |z|'} < £3°max{1, |z|'}.
Therefore, for ¢ = (¢4,...,¢,) € N*,

k n
ho(z)VO < by - 0,300 T T max(1, |2} < 10" 39 [ max{1, ||

i=1 i=1
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]

The following Lemma uses standard tail bounds for a Gaussian random vari-
able. We therefore omit the proof.

Lemma 4.5.2. Letn > 0,t > 0, and let n > 2. Then

'/[ 1 [t,00] xR —2 Z H Jyal” d’Yn(y)' < 3000n°n(t? + 2)e /2,
—n,n] X [t,00] XxR™

"% eNm: =1
0<[¢[<3

dm)] < 4nP2 A (D(n/2)) 7 (n 4 2UE + 1)

/B(OJ > ﬁ\yi

)¢ peNn: =1
0<e|<3

< 100(n + 2)!1(t"! + 1)e /2.

The following Lemma says, if [, zf(2)dv,(x) is parallel to the z;-axis, then
(d/dp)T,f(x) should be bounded by a constant multiplied by |z1] + O(p). The
precise error term (4.38) will be needed in Lemma to determine the size of

(d/dp)T,(1a, —14,). The error term (4.38) will be estimated by Lemma and
the resulting estimate will be introduced into (4.27)).

Lemma 4.5.3. Let p € (—=1,1), n > 2. Let f € Ly(v,) with [g, y2f (y)dya(y) = 0.
Let 1 > 0 and x9 > 0. Then

d
—T,f(x1,22,0,... ,O)‘ < (]9:1| + 2p(|z2]* + (n+ 1)p |xs| + |z122| + 2n))

dp
op LS Tl a0, O+ 5T )
t1€[0,x1], t2€[0,z2] Rn fENT: i=1
n€[0,p] 0<|0<3

(4.38)

Proof. By integrating by parts, note that

d

R 1—p2>d%<y>:1_pp2 [ valn4 1) = VT Pnato)

—Z /ylyzfy 1 — p2)dy(y).

1#2
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So, using [, ¥2.f(y)dv,(y) = 0 and the Fundamental Theorem of Calculus,

/n Yo f (yv/'1 = p?)dyn(y)

. 72 neln (/ ya((n+1) = 93) f(yv/1 = n?)dva(y) (4.39)
- Yy f (v 1 = n?)dy(y )>‘
>l

By integrating by parts again, note that

0
8_372/ 3/2f<<0a1'2707aO)P‘f‘y\/l—PQ)d’Yn(y)
((0,22,0,...,0)p+yy/IT — p2) (42 — 1)dya(
\/1_7 ]Rnf x2 P Y fy )

Applying the Fundamental Theorem of Calculus to (4.40) and then using (4.39)),

/n Y2/ ((0,22,0,...,0)p+y\/1 — pQ)dvn(y)'

(4.40)

< |zo| sup f((0,t,0,. +yv/1— p2) (Y2 — dyn(y
| 2|te():]c2] F an )p P )( 2 ) ( )
9 (4.41)
: sup </ y((n+1) = y3) fyv/1 = 1?)dya(y)
= 1% neloy) n
—Z/ yiya F(yv/ 1 —n?)dyn(y ))-
1#£2
By integrating by parts as before,
0
gl [ (a0, 00y T (o)
e (4.42)

P
= To——=— x1, 2,0, 0)p+y\/1— p?)dv,
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Combining (E9), @41) and (@E42),
/ Y1 f((21,22,0,...,0)p+y/1— p2)dvn(y)‘

1_ Rnf ((0,¢,0,...,0)p+y\/1 — p2)(y3 — 1)dv,(y)

AL . ( R RN )

L = p* yefo,p)
—Z/ viyaf (Y1 = n?)dyn(y ))
1#£2 "
P
P t 29,0, 0)p+ y\/1 — p2)dym '
relom] \/1_7p2 /n ylef(( 2 )p ) 1Y ) Y (y)

[ (S = D20, 0+ 5V T= Pt

=1

|(d/dp)T, f ()| < |a:]

+ |x2| sup
te Oxz]

+ |z122| sup

p

_l’_—
1—p?

(4.43)
We then deduce (4.38)) from (4.43]). O

4.6 The Main Lemma

Lemma below represents the main tool in the proof of the main theorem.
As depicted in Figure 4.1, Lemma[£.6.1]says that, if an optimal partition is close to
being simplicial conical, then it is actually much closer to being simplicial conical.
So, this Lemma can be understood as a feedback loop, or as a contractive mapping
type of argument. We first give an intuitive sketch of the proof of the Lemma. Let
p > 0. We begin with a partition {A,}>_, C R™ maximizing noise stability [@.3).
We assume that there are disjoint sets {D,};_, that resemble a simplicial conical
partition, as in the left side of Figure .1l We also assume that A, D D, for all
p = 1,2,3. We then find a sequence of sets {D,1}3_1, {Dp2}s_y, ... {Dpr}ti,
such that D,, € Dy,qq for all 1 < p < 3, for all » > 1. This sequence of sets is
chosen so that the following implication can be proven:

A, D2 D,, = A, DD, (4.44)

In order to prove (4.44)), we need to show: if A, D D, ,, then we can get sufficiently
strong estimates on LT,1p,, ,, such that can be verified on A, for each
p = 1,2,3. For example, in Step 1 of the proof of Lemma , the estimate
eventually implies . And says that A, must contain more points than
the initial information that we assumed in (4.47).
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Finally, we need to choose our sets <{D1137T}>f’,:1 appropriately so that, after finitely
many implications of the form , we eventually get the conclusion . That
is, the three sets { D, r}>_, resemble the right side of Figure , and A, O D, p for
each p =1,2,3. Thus concludes our description of the main strategy of the proof.
Within the proof itself, the sets {D,1}3_,, {Dp2}3_;, ... will not be explicitly
defined. However, portions of these sets will be defined at the end of every Step
of the proof. In particular, examine the sets defined by the following sequence of
assertions: (4.47), (4.57), (4.62)), (4.67), (4.77), (4.87), (4.94), (4.100)), and finally
(4.48)).

Unfortunately, there are many technical obstacles that stand in the way of
bringing this strategy to fruition. The first minor issue is that we cannot control
small rotations of our sets. At every step of the proof, we therefore need to redefine
our simplicial sets B;, B; to account for these small rotations. However, the main
technical issue is that it is not at all obvious how to choose the sets {D,,}3_, for
r=1,2,3,... such that can be proven for each » = 1,2,3,.... Moreover,
the simplest choice of these sets, namely dilations of the sets depicted in Figure
[4.1] do not produce satisfactory estimates.

Ultimately, the sequence of sets defined by (4.57)), (4.62), (4.67)), (4.77)), (4.87),
, succeeds in proving the sequence of implications for r =
1,2,3,.... Lemma allows us to control the errors from our estimates, and we
then make around seven modifications of the same error estimate within Lemma
[4.6.1] This error estimate allows us to apply Lemma [£.4.2] so that we can improve
our knowledge of the optimal partition {4;}F; via (4.27).

It would be preferable to write Lemma [4.6.1] as seven applications of a sin-
gle Lemma, however the statement of such a Lemma would perhaps be so long
and convoluted that its application would become opaque. We therefore use the
longer presentation below in the hope of providing greater clarity. Finally, in the
statement of Lemma below, note that the plane II exists independently of

ije{l,... k}

Lemma 4.6.1. Fizn > 2, k =3. Let 0 < np < p < 6_20("“)1012"3(””)]. Let
{A;}f_ | be a partition of R™ such that (4.27) holds. Let I1 C R™ be a fived 2-
dimensional plane such that 0 € II. Assume that, for each pairi,j € {1,2,...,k}

with i # j, there exists N > 0 and there exists a reqular simplicial conical partition
{B/}k_| CR™ such that

/n y(La,(y) — La;(y))dynly) = N / y(1p;(y) — 1p,(y))dya(y), (4.45)

such that
/ rdy(z) €11, Yp € {i, j}, (4.46)
B,
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and such that
{z € BjU B;-: Lo, (7) = 1a,(7) # 1p(x) — 133,(.%)}
C {x € B;U Bj: |d(z, (0B;) U (0B;))| <n (4.47)
Vzlly = v/ —=2logn + (p + n)\/ —2log p}.
Then, for each pairi,j € {1,2,...,k} with i # j, there exists \' > 0 and there
exists a reqular simplicial conical partition {B;’}’;Zl C R™ such that [g, y(1a,(y) —
La; W) dvn(y) = N Jpu y(Lay (y) = Loy (y))dn(y), such that [, wdyn(z) € 11, Vp €
{i,j}, and such that
{z € B UB;J: 14,(x) — 1a,(z) # 1py(z) — 1py(2)}

C {a € B/ N B |d(x,(0BY) U (0B)] < pnV |l2ll, = v/~2log(pn) + 1}.
(4.48)

Q Q (27 e (115
<O
Tyi

U1

Figure 4.1: Depiction of Lemma 4.6.1

Proof. Fixi,j € {1,2,...,k} with i # j. By applying a rotation to R", we assume
that B;NB; C {x € R": 2y = 0} and B C {z € R": x; > 0}. Assume that
and hold. Let n; € R™ denote the interior unit normal of B; such that n] is
normal to (0B]) \ B, and let n’, € R™ denote the interior unit normal of B} such
that n/ is normal to (0B}) \ B;. Define B;, B; such that

Bi=DB, 2 =BU{zeR":z;>0A(n;,z/|z|, >—2n/v/—2logn},

"V logn
B; =B, = BiU{z e R": xy <OA(nj,z/||zll,) > —2n/y/—2logn}.
(4.49)
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Let x = (x1,...,2,) € B;U B;. If 1 < y/n\/1 — p?/p, then

5 e~"/? 5 e 2 1 a2 s T,
n z —F=€ €
I\ e | = a0 T=Tor 2vn° T 100vm

So, using Lemma [4.4.2, (£8), and p < 1075n=3/2¢™" if x € B; U B; then

1 —x3p?/(2(1-p?))
1. 9|l‘1|€ 1P Jz] <1V ae >0
sien(xq) - LT, (1. — 15.)(x) >
P g ( 1) P( B; B])( ) sl {%p92126|x||gp2/(2(1p2)) px2 1/\/_
(4.50)

Let 0: R" — R" be a rotation such that the xj-axis is fixed. For any such
rotation, let

g(l’) = gg(x) = ]‘Ai<0-x) - 1Aj(0-x) - (131(01:) - 1Bj (O-I)) (451)

By (4.45)), and since B; U B; is symmetric with respect to reflection across B; N
B; € {z € R": 2y = 0}, 3 X > 0 such that [, y(1a,(y) — 1a,(%))dVn(y) =
A Jon (18, (y) = 15,(¥))dvn(y). S0 [z y29(y)dyn(y) = 0, for all such rotations o.
For x € R",

ILT,(La, — 1a))(02) — LT(Lp, — 1p)(00)| < |LTog(a)|.  (4.52)

Step 1. An estimate for large x.

By (4.51), |g| < 2. Applying (4.47) and (4.49) and the inclusion-exclusion

principle, g = 0 on the set

{y e R": d(oy — px, (0B;) U (0B;)) > n+ 3n
Alloy — pzlly, < +/—2logn + (p +n)y/—2log p}.

Let z € R with ||lz]|5 < —4log(np). Since 0 < 1 < p, we have p|lz|, <
—4plog(np) < —8plogn. By , and the inclusion-exclusion princi-
ple, g # 0 only on the following sets: {y € R": |d(oy — pz,(0B;) U (0B)))| <
4n/\/1—p?} and {y € R": |oy — pz|, > +/—2logn/\/1 —p?}. Then Lemma
[A.5.7 says

sup Hlyz ((t1,12,0,...,0)a + yVT — a?)dya(y)
t1 €[min(x1,0),max( x Rn fENT: i=1
to€[min(x2,0),max(z 0<|e|<3
a€(0,p]

< 5000007347 4 200(n + 2)!((—2(1 — 2p) log )" +V/2 4 1)pt=2
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Using Lemma [4.5.3]

(I3 < —4log(pn) A |z1| > (pn)'/?
= p " LT, (14, — 14,)(21,22,0,...,0) = LT,(1p, — 15,) (21, 22,0,...,0)|
< {la1| + 2p(|2a|* + (0 + D)p o] + [wr2s] + 2n)]
- [500000n347 + 200(n + 2)!((=2(1 — 2p) log n)™F1/2 4 1)5t=2]
< 107(n + 2)!(—2log )™ H+5)/2p1=2p

(4.53)
Also, by (#.50), and using that 0 < 1 < p < 107°n=3/2e™™,
|z|l5 < —4log(pn) A = € B;U B,
= p 'sign(z1) - (LT,(1p, — 15,)(z)) > (454)
Lw| (on)2*/0=7 oy <1V a3 >0 .
S ()2 0=y < —1/4/3

Combining (4.53]) and (4.54)), using (4.51)) and 0 <7 < p < 6_20(”“)1012("”)!,

21| > (pn)Y3 A ||z||5 < —4log(pn) Az € B; U B,
= p_l |LTP<1Az - 1AJ>(‘T) - LTP<1Bz - 13])($)| < 774/5

A p~tsign(zy) - LT,(1p, — 1p,)(x) (4.55)

2 /(1 p2 . 1
> (pn)*"/ =) (o) Y3 min | 1, ——— | .
py/—4log(np)

By ([#55),

21| > (p)Y3 A ||z|)5 < —4log(pn) A z € BiU B,
= p'sign(ay) - LT,(1a, — 14,)(x) > 0.

Finally, applying (4.56]) to Lemma for allé', 7/ € {1,...,k}, i # j, and using
(4.49) together with the inclusion-exclusion principle,

(4.56)

21| = (pm)'* A J|zlf3 < —4log(pn) A = € BjU B,

. (4.57)
= sign(z1) - (14,(z) — 14,(2)) > 0.

Step 2. An estimate for small z.
For z = (z1,...,2,) € R* with ||z]3 < —2log p, we have p ||z, < pv/—21log p.
Suppose also that |z;] < nand x € B; U B;. By (£.49), [&47), (.57), (4.46) and
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the inclusion-exclusion principle, g # 0 only on the following sets:
fy € R™: |d(oy — pz, (Bi O B;) U [(B: U By) \ (BLU B)D| < n/v/T— 72},
{y € R": |d(oy — pz, (BN B;) U[(B: U By) \ (B U B))))| < ()"
Aoy — pzl, = /—2logn},
{y €R": [loy — pzll, > (1 +1/10)\/=3log(np)/v/1 — p?}.
We then apply Lemma to get

L0, ’ Z H‘yl t17t27 770)a+y\/1—a’2>d’}/n<y)

t1 €[min(z1,0), max Rn» PENT: =1
to€[min(x2,0),max(z2 0<]6|<3
a€(0,p]

< 50000007 + 500000°(pn)'/* (~2(1 — p)*log 1 + L)'~
+200(n + 2)!((—=3log(pn)) " V7% 4 1)(pn)*’ + 1600(n + 2)12n/+/—2log 1.
So, using Lemma and 0 <n<p< 6*20(n+1)1012”3(n+2)!7

p*n < |ea| < A flz]3 < —2logp A 2 € B;U B,

= p | LT, (14, — 14,) (21, 22,0,...,0) — LT,(1p, — 1p,)(z1,22,0,...,0)|
< [lz1] + 2p(Jzs|* + (n+ 1)plas| + [2122] + 2n)]
: [500000713377 + 500000 (pn) /4 (=2(1 — p)?logn + 1)n1=»)°

+200(n + 2)!((=31og(pn)) ™72 4 1) (pn)*/? 4+ 1600(n + 2)12n/1/—21og 7]}

L
< 10"°
(4.58)
Also, by (4.50),
np*/* < x| <n A lzll; < —2logp A 2 € B; U B;
i 1 (4.59)
— p sign(n) - LTy(1p, — 15,)(x) > 1|l
Combining (4.58) and (4.59)), and using
77p/4§|x1|§77/\||x||2§—210gp/\9CEB,~UBJ- (4.60)

= p'sign(wzy) - LT,(1a, — 14,)(x) > 0.
Similarly, by (4.58) and (4.51]), we have the following estimate.
n<lal < ()P A 2l3 < 100 € BB, — p-'sign(a1)- LT(La,~14,)(x) > 0,
(4.61)
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Finally, applying (4.60)) to Lemma for all ¢/, 5" € {1,...,k}, and using (4.49)
together with the inclusion-exclusion principle, (4.56)) and (4.61]),

np** < lan| <n Azl < —2logp A x € BjU Bj

_ (4.62)
—s sign(a1) - (L, (&) — Ly, (2)) > 0.

Step 3. An estimate for intermediate values of x.

In summary, (4.62)) and (4.57)) improve our initial assumption (4.47)). We now
repeat the above procedure with the improved assumptions. Before continuing, we

need to redefine B;, B;. Via (4.49), let

Bi = B (2,34 2 , B] = B ) 2p3/4y 2n (463)
min{ e o —oay J M e 5 V=2 log 7
(pm)*/*
—_ E57)
'i —4log(pn)
n
o — | @.47)
v —2logn
v—2logp
° ] _
@62
np*/*

Figure 4.2: Integration regions where g # 0, near B; N B} for (4.64).

Let o with ||z||5 < —4logp, np < |z1| < 0. Let B :== (B; N B;) U [(B; U B;) \
(B; U Bj)]. Suppose x € B; U B; also. By (4.62)), (4.47), (4.57), (4.46) and the
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inclusion-exclusion principle, g # 0 only on the following sets

{y € R": |d(oy — px, B)| < np*/*/\/1 = p?},

{y €R": |d(oy — px, B)| < n/\/1 = 2, |loy — pxll, > /—2log p/+/1 = p?},

{y €R": d(oy — px, B)| < (o)"/*//1 = 2, |loy — pall, > /—2logn/+/1 - p},
{y e R": |loy — pll, > (1+1/10)y/=3log(pn)/v/1 = p2}.

We then apply Lemma to get

up ‘ L3 Tl ot 10,00+ T anaty
R»

e ({3 ol
< np**500000n? 4 500000n°n(—2(1 — v2p)*log p + 1)p1~V20)?
+ 500000n% (1p) /4 (=2(1 — V/2p)* log n + 1)yt =V2’
+200(n + 2)!((=3log(np)) " /2 + 1) (pn)*"?

+ 1600(n + 2)! min(2p%*n/+/—21og p,2n//—2logn).
(4.64)

Applying (4.64) to Lemma [4.5.3 using (4.51)) and n < p < 6’20(”+1)1012"3(n+2)!,

|z]|2 < —4log(p) A np < |a1| <n Az € B;UB;

o

= p ' LT, (14, — 14,)(z) — LT,(1p, — 15,)(z)| < i/??? (4.65)

10
Also, by (§.50),

pn < o] <n Azl < —4logp A x € B;UB;

. 1 (4.66)
= p sign(z) - LT,(1, — 15,)(x) > 07"

So combining ([4.65)), (4.66) for all ¢/,5' € {1,...,k}, i 7é j', Lemma {4.3.1]
, and by applymg the 1nclu51on exclusion prmmple and (| -

pn < || < Azl < —4logp A x € BjU B = sign(w1) - (1a,(x) — La, (33)2 > 0)-
4.67

Step 4. Iterating the estimate for intermediate values of x.

The estimate (4.67) now has a cascading effect on the estimates below. From

@67),

pPn <z <A ||$||§ < —4logpAx e B;UB;. = sign(r1)-(14,(x) —14,(x)) > 0.
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This estimate can be iterated on itself. Let K € N, K > 1, and let M € N
with 0 < M < VK. Suppose p?% > n'/>. We prove by induction on K and M
that

2o <ay| < Azl < =2Y*logp A @ € BjU B,

. (4.68)
= sign(z1) - (14,(z) — 14,(2)) > 0.

We already verified the case M = 0, K = 1. We assume that, for 0 < m < M,

2" 0o <|ai| < Azl < =27 logp A w € BjU B,

. (4.69)
— sign(zy) - (14,(2) — 1a,(x)) > 0.
Assume also that, for M <m <K —1and K > 1,
2" np D < ay| <y A Jlall; < 27 logp A w € B/U B, (4.70)
— sign(e) - (L, (2) — Ly, () > 0.
We will conclude that (4.69) holds for m = M, i.e.
2% <y < A |z} < —2Ylogp A @ € BjU B, (471)

= sign(z1) - (14,(z) — 14,(2)) > 0.

We repeat the calculations (4.63)) through (4.67)). Redefine B;, B, so that

B, =B ) B, =B . . 4.72

If M >0, we use (4.69) for m = M — 1. For any M > 0, we use (4.70]) for
M <m < VK. Let z, M with ||z||3 < —2M*2logp < oY 10e p < —4logn,
MK < |ay| < m, ¢ € B;UB;. Let B := (B;N B;)U[(B;UB,)\ (B U
Bj)]. Combining (4.69), (4.70), (4.47), (4.57), (4.46) and the inclusion-exclusion
principle, g # 0 only on the following sets
{y €R": |d(oy — px, B)| < min(M, 1) - 2D ppo% / /T — p2y,

n m?2 . _
Unrems|vi=t) {y € R": |d(oy — pz, B)| < 2™ np® =Y /\/1 = p2,
loy — pzlly > min(m, 1) - /=2 log p/+/1 = p?},
e R |dloy — pr. B)| < 1. oy — prll, > /=27 log p/ /T~ 42},
{y e R": |d(oy — pz, B)| < (on)"/*/\/1 = p2, loy — pzlly, > \/—2logn/\/1 — p?},
{y eR": [loy — pzll, > (14 1/10)\/=3log(pn)/v/1 = p}.

101



We then apply Lemma to get

sup /R > H i

t1€[min(z1,0),max(z1,0)] ENm: =1
t2€[min(x2,0),max(x2, 0 0<|e|<3
a€l0,p]

t17t27 g ,O)OZ + yv - 052)d’}/n(y)

< min(M, 1) - 2M=D% 59K 5000007°

+(=(1-p)*2
[VE=T)
+500000n° 3" g TN(—(1— p)P2mH log p + 1)2™ pli-e) 2 minm D)

m=M
+ 500000n3(77p)1/4(—2(1 — \/ﬁp)z logn + 1)77(1—\/§p)2
+ 200(n + 2)!((—3 IOg(np))("+1)/2 + 1)(077)3/2

+1600(n 4 2)! min(2np % /\/—4log p, 2n/+/—2logn ).
(4.73)

12,30, |
 using (@51), n < p < e 2O ang

VE—1|+1

_ L
[VE=T]+2 log p + 1)p(1—ﬂ)22 500000

o

Applying (4.73)) to Lemma |4.5.
p9K S /s,

]2 < —2M*210g(p) A 2 np®K <|z| <n Az € B;UB;

. 1 e o (474)
= p ‘LTP<1A1 - 1A])<x) - LTP(le - 131)(1:)‘ 102 np- .
Also, by (@.50)),
MK < |z < A |z|2 < —2M*2logp A 2 € B; U B, @)
4.75

1. 1
— p 'sign(aq) - LT,(1p, — 15,)(z) > EQMznp'gK

So, combining ([£.74), [£.75) for all .5 € {1,...,k}, ¢ # j/, Lemma [4.3.1]
(4.72), and by applying the inclusion-exclusion principle, (4.56)) and (4.61)),
2M27]p'9K < |zl <np A Hx||§ < —2M*2ogp Az € Bl U B;- (4.76)

= sign(z1) - (14,(2) — 14,(2)) > 0. '

Thus, the inductive step is completed
Let K € N with —2logn < oV “logp < —4logn. Then and (4.47)

say that
25np® <] <1 A [|lzfl; < —2logn A z € BjU Bj
— sign(1) - (La, () — 1a,(2)) > 0.

Step 5. Another iterative estimate, now for larger values of x.

(4.77)
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We perform another induction, though this time we hold K fixed and use the
additional ingredient (4.77). Let M, R € N with 0 < M < v/K, R > 0 such that
p?E+E) > /5 We will induct on M and R. We assume that, for 0 < m < M,

2 K < | < A a3 < 27 logp A @ € B{U B; (478)
- Sign('rl) : (1A1(x) - ]‘Aj (ZE)) > 0.

We know that the case R = 0,0 < M < VK of ({#.78) holds by ({@.71). We
therefore assume that R > 1. Assume also that, for M < m < VK ,

27 np TN < | < A ey < —272logp A @ € BjU B,

' (4.79)
— sign(a) - (1a,(2) — 1y, (2)) > 0.
We will conclude that (4.78)) holds for m = M, i.e.
2o ) < gy | < A a3 < —2MFlogp A @ € BjU B; (4.80)
= sign(z1) - (14,(2) — 14,(z)) > 0. '
Redefine B;, B; so that
B’i = B . [ 2np9(K+R) 29 ) B] = B . [ 2np9(K+R) 29 : (48]‘)
1,m1n( —4logp —2logn> j,mll’l( —4logp —210g7])

If M >0, we use (4.78) for m = M — 1. For any M > 0, we also use (4.79)) for
M <m < VK. Let z, M with ||x||§ < 2M+2og p < _glVEIE logp < —4logn,
M9 <oy < m, x € B;UB;. Let B := (B;N B;)U[(B;UB;)\ (B, U

B )] Combining (4.78), (4.79), (4.47), (4.57)), (4.46)), and the fact that —2logn <
Lfﬁ-z

log p < —4logn, we conclude that g # 0 only on the following sets:

{y € R": |d(oy — px, B)| < min(M, 1) - 2o %R 1 /17— p2y,
Unreme vi) 1 € R™: [d(oy — px, B)| < 2 yp R0 1\ /T— p2,

loy — pzll, > min(m, 1) - v/ =27+ log p//1 — p?},
{y € R": |d(oy — px, B)| < (om)"/*/\/1 = 2, |loy — pzll, > v/—2logn//1— p*},
{y e R": |loy — pll, > (1+1/10)y/=3log(pn)/v/1 - p?}.

103



We then apply Lemma to get

L0, ‘ Z H‘yl t17t27 7---70)044‘?]\/ 1 _052)d'7n(y>

t1€[m 1n :(;10 ),max( x10 R lENT: i=1

ta€[min(z2, 0) max(z2,0 0<|0|<3
a€(0,p]
< min(M, 1) - 22+ 5000000°
VK]
+ 50000013 Z np‘g(K“‘R_l)(_(l _ p)22m+1 log p + 1)2m2p(1—p)22m
m=M

+ 500000n° (7p) /4 (—2(1 — V2p)? log n + 1)pt—v2)*
+200(n + 2)!((—3log(np)) " +V/% 4 1)(pon)*

+1600(n + 2)! min(2np KR /\/—41og p, 2n/+/—21logn).
(4.82)

12,,3(n !
 using ([51), n < p < eV ang

o

Applying (4.82) to Lemma |4.5.

pIEHR) S 15
|z))2 < —2M*21og(p) A M9+ R) < |y | <y A € B U B,
1 Ui oepy (483)
P ‘LTP(lAz - 1A]>(x) - LTP(le - 1Bj>( )} < 1_02 np’ S(K+ )
Also, by (50),
M p 9 EFR) < || < A 2|3 < —2M*2logp A 2 € B; U B, (484)
4.84

1 2
1_O2M np.g(K+R) ]

So, combining (4.83)), (4.84) for all ¢/,j" € {1,...,k}, ¢ # j/, Lemma |4.3.1]
(4.81)), and by applying the inclusion-exclusion principle, (4.56)) and (4.61)),

= plsign(a1) - LT,(1p, — 15,)(2) >

2o ) < gy | < A a3 < —2M*Plogp A € BjU B, (4.85)
— Sign(xl) ’ (1Az(x) - 1A](I)) > 0.

Thus, the inductive step is completed. Let M = L\/?j Let R € N such that
/5 < pIE+R) < pl/55=9 If no such R exists, then p?% < '/ so p*K < nl/10,
and (4.87) below holds by combining (4.77) and (4.47). Otherwise, R > 0, so
[£83) and (L27) say that

2K <oy | <1 A |z||3 < —2logn A z € B/U B;

. (4.86)
= sign(z1) - (14,(z) — 14,(2)) > 0.

Since nt/5 < pOU+R) < pl/5)=9 qote that nl/10 < pA5E+R) < p1/10,)=45 o
for R > 2, we have 2K76/5)=9 < 9K 45K 45R,11/10 5=9 — 11/10 [f B = 1 and
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if K > 2, note that 2Kp8/5)=9 < 9K p2K j25K 545,11/10 =9~ p11/10 [ R — ()
K > 3 then 2K76/5)=9 < oK p 1K 35K p11/10 =9 1110 [f 1 < R 4 | S 37 then
(1/5)logn < 3log pand 2logp < (1/5) logn, so (4.73) directly implies . More
specifically, by (4.73)), Lemmam (4.56) and (4.61)), sign(x;) - (14, — 1,4 )(x) >0

for x € BfuB/ with ||$H2 < 210g7} and an)KpQ < |l‘1| < n. NOW, p45(K+R) <

n10p=45 g0 np9K 9 = ppA5K 5K 59 < 45K G AS(KER) < g11/10,

In the latter case, (4.87)) follows, and in the former cases, (4.86]) implies

N0 < fan < 1A Jlall; < —2logn A @ € B{U B,

_ (4.87)
—s sign(a) - (1, (2) — 14, (x)) > 0.

In all cases, (4.87)) holds. We can finally use (4.87)) to conclude the proof.
Step 6. Using Step 5 to get an estimate for large values of x.
Redefine B;, B; so that

Bi = Bi,27711/10/\/T0gn7 Bj = Bj,2n11/10/\/Tog.§n‘ (488)

Let = with [|z]|} < —4log(np) < —8logn and n*/2p1/2 < |z;| < (np)/*. Let
B := (B;N B;) U[(B; UB;j)\ (B;U Bj)]. Suppose x € B; U B; also. Combining
(4.87)), (4.57), and (4.46)), g # 0 only on the following sets:
{y e R": [d(oy — pz, B)| < n''/"°//1 = p?},
{y e R": |d(oy — pz, B)| < (pm)"/*/\/1 = p, oy — pxll, > /—2logn//1 - p?},
{y €R™: Jloy — pally > (1+1/10)/=3log(pn)/v/1 - p?}.

We then apply Lemma to get

sup ‘ Z H\y@ ((t1,t2,0,.. ., 0)a + yV1 — a?)dv,(y)
t1€[ $1 0) max Rn leN": =1
ta€[min(x2,0),max(x2 0<)¢<3

ozE[Op

< 500000n°7'/1° 1 500000n° (pn)/4(—2(1 — 2p)logn + 1)n1 =27’
+200(n + 2)!((—31log(np)) "2 + 1) (o) */?
+1600(n 4 2)129"/1°/\/=210g 1.
(4.89)
Applying to Lemma 4.5.3] using andn < p < 6—2O(n+1)1012n3(n+2)!’

=]l < —4log(np) A 12/2p"? < |ay| < (np)/* A x € B; U B,

o

_ 1 (4.90)
= p ! ‘LTP(lAz - 1AJ)<‘T) - LTP<1Bz - 1BJ>(x)‘ < 1_07721/20p1/2‘
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Also, by (50),

PR < ] < (np)4 A |23 — dlog(np) A & € BU B,
—Lgi 1 21/20 ,1/2 (4.91)
= p sign(xy) - LT,(1, — 15,)(x) > o
So, combining (4.90), (4.91) for all i',j" € {1,...,k}, @ # j', Lemma 4.3.1]
(4.88), and by applying the inclusion-exclusion principle, (4.56)) and (4.61)),

Y22 < |2y | < (np)V* A ||olf3 < —4log(np) A @ € BLU B,

. (4.92)
— sign(ar) - (14, (¢) — Lay(2)) > 0.
So, (4.92)) and (4.57) say that
21/20 1/2 2
" 20pM? < a| A zll; < —4log(np) A x € BjU B, (4.93)

= sign(z1) - (14,(z) — 14,(2)) > 0.

Finally, we use (4.93) in place of (4.87) and repeat the computations (4.89)
through (4.92) to get

np < |z| A flz]l; < —4log(np) A = € BjU B} = sign(a1) - (1a,() — 1a,(2)) > 0.

(4.94)
In conclusion, (4.48) follows from (4.94) and (4.45)), letting B! := B] and

B" .= B
i
Step 7. Completing the proof.
For completeness, we derive (4.94). Redefine B;, B; so that

Bi = Bi,2n21/20p1/2/\/Tg(17p)’ Bj = Bj,2n21/2°p1/2/\/Tg(nP)' (495)

Let o with ||z]3 < —4log(np) < —8logn and np < |z, < (np)/3. Let B :=
(B; N B;) U[(B; U B;) \ (B U B})]. Suppose = € B; U B; also. Combining (4.93),
(4.57), and (4.46)), g # 0 only on the following sets:

{y e R": |d(oy — pz, B)| <?/*°p'/\/1 - p?},
{y e R": |d(oy — pz, B)| < (o) /\/1 = p2, |loy — pz|l, > \/—2logn/\/1 — p?},
{y €eR": |loy — pzl, > (1 +1/10)y/=3log(pn)/v/1 — p*}.
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We then apply Lemma to get

sup ‘ > H il g((t1,12,0,...,0)a + yv/1 — a2)dv, (y)
t1€[min(z1,0), max:v Rn PEN™: i=1
t2€[min(x2,0),max(x2 0<|6|<3

a€[0,p]

< 50000017720 p1/2 4 500000n° (pn) /3 (—2(1 — 2p)? log n + 1) =2)"
+200(n + 2)!((—=3log(np)) ™2 + 1) (pn)*/?
+1600(n + 2)12055p1/2 /\/—=4Tog(np).
(4.96)
Applying to Lemma |4.5.3], using and n < p < @*20(n+1)1012”3("“)!7

(I3 < —4log(np) A np < |z1] < (np)'/® A 2 € BiUB;

1 1 (4.97)
=P |LTP(1A¢ - 1Aj)(x) - LT,O(lBi lp )( )| < 1_077/0
Also, by (E50),
np < |z| < (p)* A ||2ll5 < —4log(np) A @ € B;U B, o)
4.98

1. 1
— p'sign(aq) - LT,(1p, — 15,)(x) > 0"

So combining ([£.97), (4.93) for all ¢/,5' € {1,...,k}, @' # j', Lemma [4.3.1]
, and by applylng the inclusion-exclusion pr1n01ple, (4.56)) and (4.61),

np < |z| < (np)'? A |lz]l; < —4log(np) A x € B{U B;
— Sigﬂ(:(}l) ’ (1Az(m> - 1,4]((13)) > 0.

Then, (4.99) and (4.57)) say that

np < le| A ]2 < ~4log(np) A @ € BiUB) —> sign(z) - (La,(2) — La (x)) > 0.

(4.99)

(4.100)
Finally, (4.94) follows from (4.100]), completing the proof. ]

4.7 Proof of the Main Theorem

We now combine the Lemmas of the previous sections, as described in Section
4.1l The main effort involves verifying the assumption of the Main Lemma [4.6.1]
Once this is done, Lemma [4.6.1] can be iterated infinitely many times to complete
the proof.
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Theorem 4.7.1. Fix k = 3, n > 2. Define Ax(7y,) as in Definition and
define ¥, as in . Let {C;}F_, CR"™ be a regular simplicial conical partition.
Then there exists pg = po(n, k) > 0 such that, for all p € (0,po), (1cy,--.,1c,)
uniquely achieves the following supremum, up to rotation

sup  p 'Y | ALT,fidy = sup  w,(fi,.
(f1res S )EAK () i—1 YR" (frrees S ) EAK ()

ooy fr)-

Proof. Within the proof, we will assert that p > 0 satisfies several upper bounds,
and then at the end of the proof, we will define py as the minimum of these upper

bounds. By Lemma [4.3.1} let {A4;}%_ | be a partition of R” such that
Yo(lay, ... 14,) =

By (4.11)), write

y sup Vo fise ooy fr)- (4.101)

7777 fk)eAk(’YTb)

=1

2
P~ § :/ 1, LT, 0, dry, = § D j|£|’/ 14,V 0 hydry,
Rn

i=1 fENn

(4.102)

Step 1. The partition {4;}* , is close to being simplicial.
Fori € {1,...,k}, let 2z := [, wdy,(z) € R". Subtracting the |[¢| = 1 term
from both sides of m treatlng the remaining terms as error terms, and using

Loty < 1oralli=1,... K,

k k
’p_lz/ La, LT, ady = |l2illgy | < 3kp. (4.103)
i=1 Y R" i=1
Therefore,
k e @ 103)
ZH ||£" ¢0(1A17"'71Ak) > 7vZ)ﬁ7<1z417 ‘71Ak) —3:1{?,0
i=1
@101)
Z wp(lBN"'JlBk) _3kp
([@.103)

Z w0<1B17" 1Bk> _6k Lemma sup ¢0<f17~--7fk) _6kp
(f1sesfk)EAL (Vn)

Step 2. Applying a small rotation.

For i € {1,...,k}, let w; := [, wdy,(x). Let p > 0 such that 6kp < 1072
Then by Lemma {4.2.8]

do({As} iy, {Bi}iy) < 6(6kp)"/, (4.104)
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k 1/2
inf (ZHUZ,-—@UZ-HZL) < 6(6kp)"/. (4.105)

0eS0(n) \ < T
1=

Note that follows from by Hilbert space duality and since the set
of functions {x;}7_, are contained in the orthonormal basis {hyvV/0!}senn of La(7y).

Let x = (21,...,2,) € R" let 4,5 € {1,...,k}, i # j, and write the following
equality of Ly functions

L, (z) = 1a,(x) = > coho(x) VL. (4.106)

LeNn

Let ¢ = (¢4,...,¢,) € N". By applying an orthogonal change of coordinates to
{A,}F_|, we may assume that ¢, = 0 when |[¢| = 1, /; = 0. By ({.8) and (4.5),

write

pLT,(1a, — 1) (x) = Y e |t] pM1 () VL. (4.107)
teNn
Since da({A,}E_ 1 {By}E_)) < 6(6kp)'/8, there exists {BJ}*_, a regular sim-

plicial conical partition, such that (22:1 114, — 1Bg||%2(%))1/2 < 6(6kp)/3. In
particular, by Hilbert space duality,

< 6(6kp)t/®,  (4.108)

3

H / Ca(La (@) = 1a; (@) = (Lgy (2) = Ly () dn(2)

< 6(6kp)"/. (4.109)

H/ z(Lauape(2) = Lsropye(z))dyn(z)

3

Since k = 3, and since Z];:1 pr rdy,(x) = [p. xdy(x) = 0, there exists a
2-dimensional plane IT C R" such that 0 € IT and such that, for all p € {1,...,k},
i) A, xdy,(z) € II. Without loss of generality, II contains the x; and z5 axes.

Let {B, ’;:1 be a regular simplicial conical partition such that

. 1/2
<Z 15, — 1B,g||%2(%)> < 10(6kp)*/*", (4.110)
p=1
such that for fixed ¢ # j, 1,7 € {1,...,k} and for some X € R,

[ w4 @) = L)) =X [ om0 - 1@, (@11

n

and such that
/ x(l(BguB;)c)dvn(:v) e IL (4.112)
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Such {B}}F_, exists by (4.108)), letting p > 0 such that p < (10000k)~*, so that

[ o) = L@@

= 3v2/(4v/7).

14}

So, by the triangle inequality applied to (4.108]), and (4.109)),

&

14

> 3v/2/(4y/7) —1072 > 1/3. (4.113)

[ 24 - Ly (2)dn(z)
‘ / r(1a,ua))e(@))dym(z)| > V6/(4y/T) — 1072 > 1/3. (4.114)

Specifically, we first apply a rotation to {B, ’;:1 such that holds. Then,
by , we then apply another rotation that fixes the x; axis, so that
holds. By (4.108), (4.109), (4.113) and (4.114)), each of these two rotations can
be chosen so that a given unit vector is moved in R™ a distance not more than
12(6kp)'/®. And since we are rotating three polygonal cones with two facets each,

(4.110]) holds.
Using (4.110f) and the triangle inequality,

k
O l1a, = Layll7, )" < 20(6kp) /1. (4.115)

p=1

Also, using that ¢, = 0 for [¢| = 1,¢, = 0, (4.111)) implies that B; N B} C {x €
R"™: z; = 0}, and we may assume that B C {z € R": x; > 0}.

Let n; € R"™ denote the interior unit normal of B] such that n/ is normal to
(0B]) \ B, and let n; € R™ denote the interior unit normal of B} such that n/ is
normal to (0B}) \ B;. Then, define B;, B; such that

B;:=BjU{z € R": 21 > 0 A (n},z/ |[x],) = —4p*"/*/\/=3log p},
Bj = BjU{x € R": z; <O0A(nj,z/ ||z],) > —4p* /% /\/=31og p}.

Since B; U B; is symmetric with respect to reflection across B; N B; = BN B},
equation (4.111]) implies that there is a A > 0 such that

(4.116)

[ #0a@) = Ly @)dnle) =2 [ a(ln@) - 1n@)n@.  @107)

n

Step 3. An estimate for small z.
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Combining (£.5)), (4.8), and (#.117), there exists |b;| < 50(6kp)'/1® (by Hilbert
space duality, eqrefthree7.93 and (4.116])) such that

p LT, (1a,—1a,) (@) —p LT, (1p,—1p,)(w) —aaby = Y be|€] p " hy() V2.
LeNT: |0]>2
(4.118)
Choose p; so that 0 < p < p; implies

1001/ Z m(m +n — 1)"p"™2m"3™(— log p*)"™/? < p~1/80/20.
m=2

Recall that the number of £ € N such that |¢| = m is equal to ;g‘f(rg__ll)!! < (m+

n — 1)". Note that, |b] < 100k'/16pY/16 for all £ € N*, |¢| > 2, by Hilbert space
i,

duality. Let x € R™ with ||x||§ < —log p3. By (4.118)), Lemma

|p_1LTp(1Ai - 1Ag)($) - p_lLTﬂ(lBi - 133)(1’) - ‘lel‘
< 100K ST (0] 2y ()|

LeENT: |£]>2
S 100k1/8p17/16 Z |£| p‘f‘—Q |€|n 3|€‘ Hmax{l, |:L‘Z Zz}
(eNn: [0)>2 i=1

< 00K/ Y7 mlm 4 — 1)" " m" 3" (~log p*) "% < /20,
m=2

(4.119)

From Lemma and (4.8), for z = (21,...,2,), with B;N B; C {x €
R™: T = O},

x € B;UB; A x|} < —logp® = p~tsign(x)) - LT,(1p, — 1p,)(z) > (1/10) |24] .

(4.120)
Then (4.119) and (4.120)) show that
2
v1| > 2 A |z|s < —logp® A € B;UB; (4.121)

= p'sign(wzy) - LT,(1a, — 14,)(x) > 0.
By (4.101)), Lemma 4.3.1, and by applying (4.121) for all i, 5" € {1,...,k},

1" # j', along with the inclusion-exclusion principle,

21| > p?YP A 2|3 < —logp® Az € BjU Bj = sign(x1) - (14,(z) — 14,(x)) > 0.

(4.122)
From (4.122)),
v € B{UB; A ld(z, (0B) 0 @B))| > o A llall; < —logs® 10

- Sign(xl) ’ (L‘h(‘r) - 1Ag(x)) > 0.
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Step 4. Applying the Main Lemma.
Recall that there exists a 2-dimensional plane II C R"™ such that 0 € II and
such that, for all p € {1,...,k}, pr xdry,(z) € TI. Define

R

si=spun{ [ (Lage) = day(o)orn(o), | (Lae) = Lo o))on(o)
[ ) = v et}

Note that S is a 2-dimensional plane and 0 € S. By (@I111), [,.(1p/(z) —
1pi(x))dyn(z) € II. Moreover, since {B;, B}, (B; U Bj)} is a regular simplicial

conical partition,
xdy,(x), /
B

S = span {/ xd%(x),/ xd%(x)} :
B (BJUB))<

From (4.112), S and II are 2-dimensional planes that both contain the linearly in-
dependent vectors f(B;.uB;)c wdy, () and [p.(1p(2) —1p (x))2vdy,(v). We therefore
conclude that S = II. In particular,

’ ’
i J

/B xdy,(z) € I, Vp € {i,j}. (4.124)

/
p

101203 (n+2)! )

Let po := min(py, 1072/6k, e~20 1) Using (4.123)), (4.111) and
(4.124), we can iteratively apply Lemma an infinite number of times. In
particular, any time we know the conclusion (4.48]), we use in the assump-
tion Repeating this process infinitely many times shows that there exists a
regular simplicial conical partition {C;}¥_, which is equal to {A;}F_,. O

The Main Theorem now follows from Theorem [£.7.1] and the Fundamental
Theorem of Calculus.

Theorem 4.7.2 (Main Theorem). Let n > 2,k = 3. There exists py =
po(n, k) > 0 such that Conjecture @ holds for p € (0,po). Moreover, up to or-
thogonal transformation, the reqular simplicial conical partition uniquely achieves

the mazimum of ([£.3) in Conjecture [3

Proof. Choose py via Theorem and let 0 < p < po. Let {B;}F, C R»
be a regular simplicial conical partition. By Theorem and the fact that

A% (’Yn) - Ak(%@)?

1/Jp(131,...,13k) = sup Q/Jp(fh-”;fk)‘ (4125)



Let (fi,. fi) € A{(va). By @ID), 375, [oo fiTofidyn = k(1/k%) = 1/k. By the
Fundamental Theorem of Calculus and (4.125]),

k k

14 d 1
JiT, fz‘d%:/ {— fiTafid%} do + —
P 1 P 1
:/ @[)a(fl,...,fk)da—l—zﬁ/ ¢a(1315"'71Bk)da+E
0 0

T E 1 &
= A |:£ Zzl:/n 1BiTa1Bid’7n:| do + E = Zzl:/n ]-BiTP]'Bid/Yn-

]

By using the invariance principle of [50, Theorem 1.10,Theorem 3.6, Theorem
7.1, Theorem 7.4] which transfers results from partitions of Euclidean space to low-
influence discrete functions, Theorem [4.7.2] implies a weak form of the Plurality is
Stablest Conjecture. While the following result is quite far from Conjecture [2| and
might not be of immediate use to complexity theory, it is included to indicate a
possible application of Theorem Essentially, if we modify the exact applica-
tion of the invariance principle that is used in [50, Theorem 7.1}, then Conjecture
follows. However, by avoiding [50, Theorem 7.1], we must make very restrictive
assumptions on the function f in Conjecture . Nevertheless, [50, Theorem 7.4]
shows that the class of functions f described in Corollary is nonempty.

Note that the most straightforward application of Theorem only gives
vacuous cases of Conjecture , in which 0 < p < po(n, k). In particular, since
Theorem requires 0 < p < po(n, k), by we must take e < 3kp to get
a nontrivial statement in Conjecture . In this case, the invariance principle [50,
Theorem 3.6] gives 7 with log 7 = —C'(log(¢))?(1/¢), so that T becomes a function
of p. Since we provide a p with inverse exponential dependence on n, then 7
also has inverse exponential dependence on n. Thus, no function f can satisfy the
assumptions of Conjecture[2]in this case. To avoid this issue, we modify Conjecture
2 as follows.

Corollary 4.7.3 (Weak Form of Plurality is Stablest). Let po(n, k) be given by
Theorem [{.7.9. Fizn > 2, k = 3, and Let N := logloglogloglog(n) > 1. Let
0<p<po(N,k)<1/2,e>0,7=r1(e,k)>0. Let f: {1,....k}" = Ay with
there exists 0 < m < N and g: R™ — Ay with [, gdvm = = Zae{l 77777 - f(o),
and such that

‘ /n<g’Tpg>d,yn B % Z <f(g)7Tpf(U)> < Ee.



Then part (a) of Congecture |4 holds. From [50][Theorem 7.4], this class of f is
nontrivial.

Unfortunately, the proof of Theorem fails for small negative p, as we now
show.

Theorem 4.7.4. Fiz k = 3, n > 2. Define AY(~,) as in Definition and
define v, as in . Let {B;}F_, CR" be a reqular simplicial conical partition.
Then there exists ps = pa(n, k) > 0 such that, for p € (—p2,0), (1p,,...,1p,) does
not achieve the following supremum.

k
w o) [ fiTpdn= s i f)
i=1 Y R"

(f1re fR)EAY (7 (f1re fR)EAY (7n)

Proof. Let e; = (1,0,...,0), ea = (0,1,0,...,0). Fixi,5 € {1,...,k},i # j. Let
o: R™ — R" denote reflection across B;N\B;. Since B; = o(B;), by (4.30)), it suffices
to find i,j € {1,...,k} and = € B; such that p~'LT,1p,(x) < p"'LT,1p,(z). By
replacing {B;}F_, with {7B;}}_, for 7: R® — R" a rotation, we may assume that

span{z; }F_; = span{ei, e2}. Moreover, we may assume B;NB; C {x € R": ; = 0}
and B; C {z € R": z; > 0}. Let y := (v3/2)e1 + (1/2)es, ¥ := —(1/2)e; +

(v/3/2)ey. Fix x € B; with (z,7) > 0 also fixed. From (4.35) and the fact that
p < 0, there exists ¢ = ¢({x,y)) > 0 such that

<x, %VTp(lgi — 1Bj)(93)> = —(z,y)(c+ O(e—<x7y>2/2))_ (4.126)

For z € R" with (z,y) = 0, we have, as in Lemma [4.5.2 and Lemma [1.4.1]

L (3200 = 1)t i/ T= i)

=2 / > (1= yf)dmw\ < 200(n + 1)!((p |J,)" + 1)e* el
B0pllll2) =1

So, a derivative bound as in the proof of (4.33]) shows

‘ / (g(l — ) (g, — 1p,)(zp + ymw%(y)> ‘

< p(, 7)200(n + 2)! + 200(n + D)((p ||z||,)" + 1)e "Iz,

(4.127)
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Then,

5

p LT, (15, = 15,)(x) |

= (2, T)(V(1p, — 15,;)) (%)
(1 -1, —1p,)(zp+yy/1 - /22)) dyn(Yy)-

1 —pp2 /n <
(4.128)

So, choose p < (¢/8)(200(n + 2)!)~!, then choose (x,y) sufficiently large, and then

combine (4.126)),(4.127]) and (4.128)) to get

_ C
P 1LTﬂ(1Bi - 1Bg)(x) < —<I,§>1.

(<ZE, VTP(le - 133)('T>> - ATP(le - 133)(x))

\E

i=1

4.8 Open Problems

There are two problems that are left open in this work. First, Conjecture
remains entirely open for £ > 4 partition elements. Some of the results of this
work hold for the case k£ > 4, and some do not. The first variation in Lemma
holds for all k& > 4. Strictly speaking, the argument of Lemma [4.3.1| may
not hold for p < 0 since it is not clear whether or not the functional is
convex. Also, the technical error estimate from Lemma holds. One of the
main issues for the case k > 4 is that Lemma[4.2.5]is no longer available. Moreover,
the stability estimate in Lemma would be needed for k > 4. The following
conjecture summarizes the main technical issue in proving an analogue of Lemma
[4.2.5]for k = 4, n = 3. If we could have a stability estimate for Conjecture [ below,
resembling the estimate of Lemma [£.2.8] then in principle the proof of the Main
Lemma, Lemma would go through, and therefore Theorem would hold
for k£ > 4 as well. Before we state the conjecture, recall Definition and
[@13).

Conjecture 6. Let k=4, n = 3. Suppose {A;}i_, C R™ satisfies

Yo(lay, - 1a,) = sup  Yol(f1,- - fr).

(1o fi) €AY (Vn)
Then {A;}_, is a simplicial conical partition.

This result is known to be true if we replace A%(7,,) with Ag(7,), by [65, Lemma
3.3]. However, the volume constraint of Af(y,,) causes difficulties for the methods

of [55, 57].
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The second problem that remains open is Conjecture |5| for p < 0 or for p
positive and much larger than 0. We have already discussed the issues for p < 0
in Theorem [4.7.4] where it is shown that our proof strategy surprisingly fails for
p < 0. For p with, e.g. p € (1/2,1), the error bounds that we use in the proof
of Theorem [4.7.2] seem to break down, especially when we apply Lemma [4.6.1]
Lemma , and . There is nothing special about our choice of 1/2 here,
other than that it is a positive number that is sufficiently far from 0. So, it seems
that our method is not applicable for p € (1/2,1). For example, Lemma [4.5.3 has
an error term which is estimated by Lemma [4.5.2 However, the error estimate of
Lemma [4.5.2| grows exponentially in n. And to compensate for this error, we need
to choose p to decrease exponentially in n. Even before we apply the Main Lemma
, there is also a loss in (4.119)), where we essentially need a very specific Ly,
bound on the Gaussian heat kernel (or Mehler kernel, (2.10)). We used the rather
crude method of bounding each Hermite polynomial separately in Lemma [4.5.1}
and then summing up these polynomials. In principle, both of these losses could be
avoided with dimension independent error estimates in Lemmas and Lemma
4.5.2. However, this seems to be a difficult task.

However, since the case p € (1/2,1) relates to geometric multi-bubble prob-
lems, whereas the case of small p seems to concern entirely different geometric
information, it is unclear whether or not a single method could simultaneously
solve or interpolate between different values of p in Conjecture [5

Acknowledgement. Thanks to Assaf Naor for guidance and encouragement, and
for helpful comments concerning Corollary Thanks also to Elchanan Mossel
for helpful comments concerning the details of Corollary and the vacuous
cases of Conjecture [2l Thanks also to the anonymous reviewers’ thorough reading
and helpful comments.

4.9 Differentiation of the Noise Operator

We prove and (4.9). Let p € (—1,1) and let f: R® — R. In the following
calculations, we use integration by parts freely, and we use differentiation in the
distributional sense. We first calculate derivatives of T, f(x) with respect to z € R",
and then we calculate the derivative of T, f(x) with respect to p.
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0 of (x) /G%i[f(xpﬂLyM)]d%(y) :/af prrayZ:/? il
:/ aayi[fwwm Na(v)

1—p?
0
— — _ 2
/f(fcp+y\/1 p)ayz[ -
= le_—pZ/yif(prry\/l—p?)d%(y). (4.129)
0? : 0
5 T @) /; S o+ yy/T= ()

/8f zp+y\/1— p? id
/1__ azl /Yn

flxp+yv/1 = p?)]yidya(y

(xp+y/1 — p?

:1_

[yidyn (y

L)dvn(y)

=1_p (W7 — V) f(xp+yv/1 — p?)dy(y). (4.130)
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diprf(l") = dilp . f(@p+yv1—p?)dy(y)
) /R S~ Ofar+ y/I— %) (m et ) o)

8zz~

" =1

:/nza?/i[f(xp+y\/1—,02)] <5U¢—yi a p2> Dnly)

(i
VAR RIS

= - Rnf(xp+y\/1—f02)z (xi_yi - 2) (=) = p2] i

=1 |

= — Rnf(prry\/l—pQ)Z
=1

0
0y

- R™ flap+ yM) Z (yi — 1) £ - xiyi] Hly)

i=1 L—p?

_ l{ﬂ% <m / yf(op+ ;M>m<y>>

L / (Z(l -~ yf)) flep+yv/1- pz)d%(y)}

1—p? i=1
Too)A@ET0) 1
ET)NET) S (@ V[ (@) = AT, f ().
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Chapter 5

Biased Plurality is Not Stablest

This chapter is derived from the paper [47], which is joint work with Elchanan
Mossel and Joe Neeman.

5.1 Introduction

Noise stability is a natural concept which appears in the study of Gaussian
processes, voting, percolation and theoretical computer science. The study of
partitions of the space which are optimal with respect to noise stability may be
viewed as a natural extension of isoperimetric theory; see e.g. [65, Chapter 8].

The basic case which was studied most extensively is the following: which
partitions of a space into two parts (with given measures) maximize noise stability?
The answer to this question follows the development of isoperimetric theory: the
surface-minimizing body in R™ with prescribed Lebesgue measure is a ball [95]
101} [67]. In the sphere it is a cap, or geodesic ball [67] which in turn implies that
in Gaussian space it is a half-space [16], 00, [I8]. The answer to the noise stability
question is the analog: half-spaces maximize the Gaussian noise stability among all
sets of a given measure [17, [77, 29]. Using an invariance principle, this implies that
the majority functions maximize noise stability among all low-influence functions
on the discrete cube [78].

5.1.1 Partitions into more than two parts

A much more challenging question deals with partitions into more than two
parts. For the isoperimetric question, it took more than 100 years to prove the
“Double Bubble Theorem” [49] which determines the minimal area that encloses
and separates two fixed volumes in R3. The optimal partition is given by two
spheres which intersect at a 120° angle having a third spherical cap separating the
two volumes. Such a partition is called a double bubble partition. It is further
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conjectured that multi-bubble partitions minimize the surface area when partition-
ing into k parts in R™ as long as k& < n + 1 [97, Proposition 2] [75, p. 153]. An
analogous isoperimetric result was established in Gaussian space, i.e., R” equipped
with a standard Gaussian density. Building on the previous work on the Double
Bubble Conjecture, the authors of [27] found the partition of R"(n > 2) into three
parts, each having Gaussian volume close to %, that minimizes the Gaussian sur-
face area between the three volumes. Their work shows that the optimal partition
is a standard simplex partition, which can be seen as the limit of the double bubble
partition scaled up around one point on the intersection. The standard simplex
partition is defined by taking a regular simplex with center P, so that each element
of the partition is the cone of a facet of the simplex with common base point P.

The analogies with the isoperimetric problem led the authors of [50] to conjec-
ture that standard simplices are optimal for Gaussian noise stability.

In discrete product spaces, the questions regarding noise stability are central
in studying hardness of approximation and voting. The relevant question in this
setting involves low-influence partitions. Using a non-linear invariance principle it
was shown that the majority function maximizes noise stability [78] as conjectured
both in the context of hardness of approximation [54] and in voting [51]. Since
plurality is the natural generalization of majority, it was asked in [54] if plurality is
the most stable low-influence partition into k > 3 parts of [k]™. Furthermore it was
shown in [50] that the standard simplex being optimal for Gaussian noise stability
is equivalent to the fact that plurality is stablest. Therefore, the authors of [50]
conjectured that plurality is stablest and demonstrated a number of applications
of this result in hardness of approximation and voting.

5.1.2 Our Results

In our main results we show that the standard simplex is not the most stable
partition in Gaussian space and that plurality is not the most stable low-influence
partition in discrete space for every number of parts k > 3, for every value p # 0 of
the noise and for every prescribed measures for the different parts as long as they
are not all equal to 1/k.

In other words, the optimal partitions for noise stability are of a different nature
than the ones considered for partitions into three parts in isoperimetric theory, as
in Figure [3] Thus, we now know that the extension of noise stability theory from
two to three or more parts is very much different than the extension of isoperimetric
theory from two to three or more parts [27]. Moreover, all existing proofs which
optimize noise stability of two sets [17), 58, 50, [77, 29] must fail for more than three
sets, since these proofs rely on the fact that half-spaces optimize noise stability for
any measure restriction.

We note that our results do not contradict the precise conjectures stated in [50]
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as these are stated in the case where the measures of all partition elements are
exactly 1/k. However, the authors of [50] gave no indication that they believe
there is something special about the case of equal measured partitions — rather,
they made the conjectures that were needed for the applications presented in their

paper.

5.2 Definition and Statement of Main Results

5.2.1 Gaussian Noise Stability

We begin by recalling the non-semigroup version of the Ornstein-Uhlenbeck
operator from Definition [1.1.4]

Definition 5.2.1. Let n > 1, n € Z. Let p € (—1,1), x € R™. Let f: R* — [0, 1].
The Ornstein-Uhlenbeck (or Bonami-Beckner, or noise) operator is defined by

T,f(x) = . flxp+yv/1—=p?)dy(y).

Definition 5.2.2. Let Ay,..., Ay € R™ be measurable, k < n + 1. We say that
{A;}r | is a partition of R™ if UF_ | A; = R", and ,(A; N A;) = 0 for all i # j,
i,7€{1,...,k}.

Definition 5.2.3. Let {A;}¥_, be a partition of R". We say that {4;}X | has

volumes (aq, ..., ay) if Zle a;=1,0<aq;<1foralli=1,... k and v,(A;) = a;
foralle=1,... k.

Definition 5.2.4 (Flat / Simplex Partitions). Let {4;}%_, be a partition of R™.
We say that {A;}¥_, is a flat partition if there exist y € R™ and {y;}*_, C R\ {0},
such that

e Foralli,j e {1,...,k}, i # j, y; is not a positive multiple of y;, and
o forallie{l,....k}, Ay =y+{z e R": (z,y;) = max,;—1__x(x,y;)}

If y = 0 we say that {A;}F_, is centered. If y # 0, we say it is shifted.

A standard simplex partition is a flat partition where ||y;||o = 1 for all i and
(Wi, v5) = —ﬁ forall i # j, 4,5 € {1,...,k}. Again, we call a standard simplex
partition centered if y = 0 and shifted if y # 0.

The main picture to keep in mind for flat partitions and standard simplex
partitions is Figure [3]
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Definition 5.2.5 (Gaussian Noise Stability). The Gaussian noise stability of
a partition {A4;}%_, is given by

k
Z/ 1A1Tp1Ald’Yn
i=1 Y R”

Recall the following probabilistic interpretation of noise stability. Let X =
(X1,...,X,) and let Y = (Y7,...,Y,) € R" be standard Gaussian random vec-
tors such that E(X;Y;) = pl,—; for all 4,5 € {1,...,n}. Then for any A C R",
[ 14T, 14dv, =P((X,Y) € AxA). So, Definition can be equivalently written
as YoF  P((X,Y) € (A;, Ay)).

5.2.2 Optimal Partitions are not Flat

As mentioned earlier, the result of [27] finds the partition of R™ into three sets
of fixed Gaussian measures ay, as, az with |a; — 1/3| < .04 for all i = 1,2,3 and
of minimum total Gaussian surface area. This partition is always given by three
120 degree sectors, so if the a; are not all 1/3 then it is a shifted standard simplex
partition. This, along with the standard simplex conjecture of [7§] may suggest
that standard simplex partitions are always optimal. In our main result we prove
that this is not the case:

Theorem 5.2.6. Let {A;}!"' C R™ be a shifted flat partition with volumes a =
(a1,...,a001) # (1/(n+1),...,1/(n+1)). Let 0 < p< 1. Then

n+1 n+1

Z/ 14, T)1a,dy, < sup Z/ 1,T,15,dV,. (5.1)
" {Bi}?:ll isapartitionof R™ ;1 "
with volumes (a1,...,an+1)

where the supremum s taken over all partitions. Similarly for —1 < p < 0, we
have that:

n+1

n+1
14,71 4,dy, > / 15,T,1p,dVy. 2.2
izl /“ Ailpt A0 {B; }"Jrl 1sapart1t10n of R™ Z b By ( )

with volumes (a1,...,an+1 )

Our results indicate in particular that there is no straightforward generalization
of the any of the methods of [I7, 58, K0, [77, 29] that is applicable to the study of
noise stability for more than two sets. As mentioned earlier, Theorem also
indicates a dramatic difference between the noise stability problem with two sets
(where the optimal partitions are always simplex partitions) and three or more
sets. This also indicates a difference between the isoperimetric problem with three
sets (where in all the known cases the partitions are simplex partitions) and the
noise stability problem.

122



5.2.3 Discrete Noise Stability

Using the invariance principle [78], [50, Theorem 1.10], it is by now standard to
deduce discrete analogues of our main theorem. For simplicity we formulate one
special case for partitions into 3 parts with 0 < p < 1 in Corollary below,
which only requires the Central Limit Theorem.

Definition 5.2.7 (Plurality). A plurality function f, : {1,2,3}" — {1,2,3}
is a function satisfying f,(x1,...,2,) := ¢ whenever [{¢ € {1,...,n} :x,=i}| >
{¢e{l,....,n}:x,=j}| for all j # 4, i, € {1,2,3}. Note that we do not
prescribe any behavior in cases of ties, i.e. when 3 i,5 € {1,2,3} such that
{ee{l,....n}a,=d}|=|{fe{1,....,n} 2, =j}|

Since the values of f, for ties does not concern us particularly, we will of-

ten write “plurality” or “the plurality function” to denote an arbitrary plurality
function.

Definition 5.2.8 (Influences). Given a probability measure P on {1, 2,3}, the
i’th influence I;(f) € R of a function f : {1,2,3}" — {1,2,3} is defined by
Iz(f) = ]P)[f(l‘l, ey Li 1, gy Lt 1y - - - ,ZEn) 7£ f(fEl, ey Li—1, Y Tj 1y - - - ,ZEn)],
where x;,y are i.i.d. samples from P for all i = 1,...,n. We say that the sequence
o {1,2,3}" — {1,2,3} has vanishing influences if
lim max [;(f,) = 0.

n—oo 1<i<n
Note that any sequence of plurality functions has vanishing influences.
Corollary 5.2.9 (Plurality is not Stablest). Let o, 3 € R. Consider the space
{1,2,3}" equipped with the probability measure Q, = Q" where
1

Q)= +an ™2 Q@)=+ pn ' QB = — (ot pn

Let P be the distribution of correlated pairs on {1,2,3}? with marginals Q where
the two values agree with probability p > 0 and are otherwise independent: for all
ny e {17273}7

P(a,y) = plia=yQz) + (1 = p)Q)Q(y),
and let P = P". Let f, : {1,2,3}" — {1,2,3} be the sequence of plurality functions
and assume (a, 8) # (0,0). Then there exist a sequence gy: {1,2,3}" — {1,2,3}
of functions of vanishing influences with respect to P such that

lim P[f, =] = lim Plg, =1], Vi€ {1,2,3}
and for x,y € {1,2,3}" distributed according to P,
lim Plfy(x) = fu(y)] < lim Plga(2) = ga(y)]-
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Informally, the corollary says that plurality is not the most stable low-influence
function among all functions that have the same probability of getting all outcomes,
when the election is slightly biased. Here we think of n as the number of voters in
an election, {1, 2, 3} as possible votes between 3 candidates, and f,, g,, as functions
which input the votes and output the winner of the election. We further note that
for every fixed values of a and 3 a sequence of functions has vanishing influences
if and only if it has vanishing influences under the uniform measure.

5.2.4 Bilinear Noise Stability

Given our main results, it is natural to ask what is optimal partition for noise
stability when partitioning into three or more parts of unequal measures. While we
do not have a conjecture for what the partition is, there is a very special case where
we consider two different partitions of special sizes where the optimal partitions
can be found explicitly using Borell’s results.

Proposition 5.2.10. Let p € (0,1). Then there exist partitions { Ay, Ay, A3} C R?
and {Bi, By, B3} C R? with volumes a = (1/3,1/3,1/3) and b = (1/2,0,1/2)
respectively, so that

3

3
> / LayTplp,mdre= sup > / 1¢,T,1p,ds.
i=1 /R? R?

{C;}2_, isapartition of R? with volumes a j_—{
{D;}3_, isapartition of R? with volumes b

(5.3)
Moreover the mazimizing partitions (must) satisfy that Ay and By (and also As
and Bs) are parallel half-spaces of measures 1/3 and 1/2.

Note in particular that the partition {A;, Ay, A3} is not a standard simplex par-
tition. The proposition in this case follows from Borell’s results as each of the terms
fRQ fiT g1d~, and fRQ f3T g3ds is individually maximized by A;, By and As, Bs re-
spectively. Moreover, given the uniqueness version of Borell’s result [77], 29] these
are the only partitions that achieve the maximum. We note again that in the case
of partitions into two parts, even in the bilinear case of partitions {A;, Ay} and
{By, By} the optimal partitions are always half-space (standard simplex) parti-
tions.

We further note that even if the measures are slightly perturbed for example
by letting b = (1/2 — £,2¢,1/2 — &) for a small € > 0 then any (almost) optimal
partitions A, B for a,b in . ) have to be close to those given by A and B in the
sense that they can be matched so that v, (A;A4;) and ~,(B;AB; ;) are small for
all 1 < ¢ < 3. This follows since if A, B are almost optimal for a, b then they are
almost optimal for a,b. The robust versions of Borell’s result given in [77, 29] then
implies that A, B have to be close to the optimal partition.
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5.2.5 Organization

In Section [5.3, we compute the first variation of the noise stability of flat
partitions. This computation shows that, if a partition {A4;}"" optimizes noise
stability, then T),(14, —14,) must be constant on A;NA; for all i, j € {1,...,n+1},
i # j. We will use this statement in the contrapositive form, since in Section [5.4]
we show that for many flat partitions {A;}7*!, there exists 4,5 € {1,...,n + 1}
with ¢ # j such that T),(14, —14,) is not constant on A;N A;. And therefore, many
flat partitions {4;}%' do not optimize noise stability. The Lemmas of Sections
(.3 and are combined in Section [5.5, where Theorem [5.2.6] is proved. Finally,

Corollary is shown to be a consequence of Theorem in Section [5.6]

5.3 The First Variation

We compute the first variation of the noise stability, in order to understand the
sets that achieve equality in and . Lemma m gives a normal variation
implementation of arguments from [55, Lemma 3.3], [45, Lemma 2.7]. A simpler
argument works for p € (0,1), which we present first.

Lemma 5.3.1. (The First Variation) Let p € (0,1) and let {A;}""]} be a
flat partition of R™ with volumes (ay,...,an11). Assume that there exist i,j €
{1,...,n+1} with i # j and there exist open balls U; C A;, U; C V; with v, (U;) =
Y (U;) and such that, for all u; € U;,u; € U;, we have

Tp(La; — L) (us) < Tp(La, — 1a,)(uy)- (5.4)

Then

n+1 n+1

Z/ 14, T,14,dy, < sup Z/ 15,T,1p,dvy. (5.5)
i=1 " {Bp};lill isapartition of R™ ;1 "
with volumes (a1,...,an+1)

Proof. Let ¢ € [0,1]. Define {f,,}"*] such that f,, = 14, for all p € {1,...,n+
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1} \ {Z,]}, fi,t = 1,41. — t]-Ul + t]-ij fj,t = 1Aj — t]-Uj + tlUl Then

n+1 n+1
Z/fp,tTpfp,td'yn_Z/lAPTplAPd’yn
p=1 p=1
= /(1Az — t]-Ul + t]-Uj)Tp(lAi — t]'Uz + t]-UJ)d’Yn
+ /(1,4]. — tlUj + tlUi)Tp(lAj — tlUj -+ tlUl)dﬁ)/n
- / ]-AiTplAid/Yn - / lAij]-A]-d’Yn
= 2t/<1Az — 1Aj)Tp(1Uj — 1U,)d'yn + 2t2 /(1U1 — 1Uj)Tp(1Ui — 1Uj)d7n-

Therefore, noting that f,o =14, forallp=1,...,n+1,

d n+1
- > / FodTofpidrn =2 / (1a, — 1)) Tp(1y, — Ly,)dym > O. (5.6)
t=0 p=1

Since (fit, .-, fut1t), satisfies, for all 0 <¢ < 1,0 < f;, <1, fRn firdy, = a; for
all 1 <i<n+1,and 37 fi, = 1, (5.6) implies

=1

n+1

n+1
Z/lAiTplAid% < sup Z/ [iT, fidyn. (5.7)
i—1 (frs-sfns1): 0Sfi<1, i—1 YR

Jen fidyn=a;,¥1<i<n+1, S04 fi=1

Finally, the convexity argument from Lemma [4.3.1] shows that the right side of
(5.7)) is equal to the right side of (5.5)). So, (5.7)) implies (/5.5). O

Unfortunately, we are unable to extend the convexity argument of Lemmal5.3.1
to the case p < 0. So, to get the conclusion of Lemma for p < 0, we instead
use a normal variation argument. Here the notation becomes more cumbersome,
but the basic idea in the proof is the same as that of Lemma [5.3.1] In Lemma
we are moving mass between two sets to show that the noise stability can
be improved. And we do the same thing in Lemma [5.3.2, where now the mass is
being moved as defined by a vector field V.

Lemma 5.3.2 (Normal Variation). Let p € (—1,0) U (0,1). Let {A;}"]} be

a flat partition of R™ with volumes (ay,...,a,+1). Assume that there exist i,j €
{1,...,n+ 1} with i # j and there exists a line segment I C A; N A; such that
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T,(14, — 14,) is not constant on I. Then

p€(0,1) =
n+1

n+1
2/ 1AiTp1Aid’Yn < sup Z/ ]-Bsz]-BldrYTL

{Bp}Zill isapartition of R™ ;—1
with volumes (a1,...,an+1)
. (5.8)

P € (_170) ==
n+1

n+1
> / 14, T,1 4, dry, > inf > / 15,T,15,dY,.
i=1 YR 1 JRY

+1: o ,
{Bp},2, isapartition of R" i
with volumes (a1,...,an+1)

Proof. Let A C R™ be a set with smooth boundary, and let N: 94 — S"~!
denote the unit exterior normal to JA. Let V: R"™ — R" be specified later. Let
U: R" x (—1,1) such that (d/dt)|i=oV(x,t) = V(z) for all z € R", and such that
U(z,0) =z for all x € R™. Such a VU exists by the fundamental theorem of ODEs.

FOY x,y c Rn, deﬁne
G, y) = e ller=vla/20-7")],

Define A®) := W(A,t). For f: R® — R, using Definition write
Tof(x) = | fy)G(z,y)dy. (5.9)
Rn

Let J¥(y,t) denote |det(0¥;(y,t)/0y;)1<ij<n| € R. We claim that

d
STl (@) = [ Gl V). Ny (5.10)
0A
Indeed, using that (d/dt)|;—oV(x,t) = V() and ¥(z,0) = z, J¥(y,0) = 1 for all
1y, so the chain rule and divergence theorem show that

d
- |t:0 / Lam (?J)G(xa y)dy
Rn

dt
d d
= Sl | Gy = Lo [ Gl v 0dy (Ga)
A® t A

_ / divy (G 1)V (y))dy = / G, y)(V(y), N(y))dy.

0A
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So, using G(z,y)n(z) = G(y, )1 (y),

d d
dt|t O/ 1A(t)Tp1A(t)d’Yn = 2/1A<£|t:OTp1A(t))d7n

€D, / /a Gla V), Ny

2 /a ) / G, ) () (V (4), N(9))dy (5.12)

_ // (v 2)da(V (y), N(9))7n(y)dy

0A
= /8 L@V ). N @) )y,

Suppose V: R" — R"™ satisfies

/ (V). N(y))3a(y)dy = 0. (5.13)
0A

We then claim that ¥ is volume-preserving at ¢ = 0. Indeed, using (5.10]) for p = 0,

G4 = [ ). 5w o (5.14)

Let N denote the exterior normal to A;, so that — NV is the exterior normal to
A;. For a subset of (0A4;) N (0A;), we denote ~,,_; as the measure -, restricted to
(0A;)N(0A;). Since T,(14, —14;) is continuous and not constant on A;N A;, there
exist disjoint relatively open sets Uy, Uy C (0A4;) N (0A;) such that ~,_1(U;) =
Yn-1(Uz) > 0, and such that

Tp(lAi — 1Aj)(u1) > Tp(lAi — 1Aj)(u2) Vu1 < Ul, U € UQ. (515)

Let A:= A;. Let ¢1,¢2: R™ — [0,00) be C* functions such that (0A4;) N (0A4,) N
support(¢;) is disjoint from (0A4;) N (0A;) Nsupport(¢s), and such that

d1(Y) 1 (W)dy = | G2(y) 1 (y)dy. (5.16)
Ui Uz

Define V: R — R” by V(y) := (¢1(y) — ¢2(y))N. Note that V is C*°, and

/aAW(y)’ NN mdy = | é1my)dy — [ d27aly)dy 0.

Uy Uz
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So, V satisfies ([5.13]). We can therefore compute

It oS, ({AP YA

d d
= Ehzo / LiwTpl jwdy + Eh:o / Lo Tpl yodm

(15.12)

), / T,14, )V (), N (@) () dy
(8A)N(OA;)

9 / T, 10, )V (), N )Yy dy
(0A)N(94;)

=2 / (Tp1a,(y) = T,1a;(y))(V (), N(y)va(y)dy
(8A)N(DA;)

(5. 15) A(5.16))

=2 [ @) - Ty W)60) ~ e T o (507
(0A)N(DA;)

Finally, applying the Implicit Function Theorem as in [I1, Lemma 2.4], there

exists € > 0 such that, for every t € (—¢,¢), there exists a partition {A(t)}"Jrl of
R™ with volumes (aq, ..., a,+1) such that

n+1 n+1

|t OZ/ A(t) A(t>d’7n = dt|t OZ/ A(t) gz(f)d’yn. (5.18)
Then (T7) and (B18) imply ().

To justify the use of the Implicit Function Theorem, let U; := (04;) N (0A4;) N
support(¢y), let Uy 1= (0A;) N (0A;) Nsupport(¢s), and let w: Uy UU; — R satisfy
w‘(aUﬂU(aUz) =0 and

/ wdyp—1 # 0. (5.19)
U1UUo

For v € (04;) N (0A;) with u ¢ Uy U Us, set w(u) = 0. For all s,¢ € (—1,1) and
for all y € (0A;) N (0A4;), let

Dy, s,t) =y +tV(y) + sw(y)N(y). (5.20)

Let A7" denote the interior of the region formed by (9A4;) \ ((0A;) N (04;)) and
Uye(@4,)n@4,)®(y, s,t). Then ASt denotes A; after being deformed by the normal

variation defined by ®(y,s,t). Let h(s,t) := v,(A>"). By (5.14 (-14),
O 0t|s—o = 0. (5.21)

Consider the equation h(s,t) = v,(4;). Note that by (5.19),
Oh/0s|s=o # 0. (5.22)
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So, by the Implicit Function Theorem there exists ¢ > 0 and there exists a smooth
function ¢: (—¢,¢) — R such that s = ¢(¢) and such that

h(o(1), 1) = (A, Vi€ (—e e). (5.23)

Then, we define A" as the interior of the region formed by (94;)\ ((9A;)N (0A4;)))
and Uye(aa,)n(04, )<I>( o(t),t). Since h(o(t),t) = 1 (A;), we conclude that

(ALY = 1(A), Ve (—ce).
Also, by differentiating (/5.19)),

60 = (i) (Golo) - EBED (524
Therefore, we finally have
Loy, 60,1 B v(y) + ¢ 0N B viy).

dt

That is, ((5.18)) holds, since Agt) has the same normal variation as th) at t = 0.
O

5.4 Analyticity of the Ornstein-Uhlenbeck Op-
erator

Let A be a polyhedral cone, and let p € (—1,0) U (0,1). In this section we
show, roughly speaking, that if we restrict 7,14 to a line parallel to a facet of A,
then we get a holomorphic function. Let C = {x; + xo/—1: 21,29 € R} denote
the complex numbers.

The following statements establish some notation and assumptions on a par-
tition {A nt! Rather than repeating these statements multiple times below, we
will 1nstead repeatedly reference them as Assumption [I}

Assumption 1. (Geometric Assumptions) Let {A4,}7*] be a flat partition of
R"™ with volumes a := (ay,...,an41). Fixi,7 € {1,...,n+1},i # jand let I C R"
be a hyperplane so that A; ﬂ A; CII. Assume that A; and A; share a common
facet. Let ¢ € R and let N € R™ with ||N||, = 1 so that

II={zeR": (x,N)=c}. (5.25)
Without loss of generality, assume that

A, C{z eR": (z,N) <c}. (5.26)
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Let int(A; N A;) denote the relative interior of A; N A;. Note that A; N A; is
a nonempty (n — 1)-dimensional set. Let L C II be any infinite line so that
LN int(A; NA;) #@. Let w € R" so that L = {¢N + tw: t € R}. Without loss
of generality, assume A; N A; D {¢N +tw: t > 1}.

The following is the key lemma used to prove Theorem [5.2.6|

Lemma 5.4.1. (Analyticity Restricted to Lines) Let p € (—1,0) U (0,1).
Suppose Assumption holds. Then the function T,(14,—14,) satisfies the following
two properties.

(a) limy o0 T)(1a, — 14,)(eN +tw) = limy o Tp(1a, — 14,)(ecN +tw) if and only
if c=0.

(b) The function t — T,(14, — 14,)(cN + tw), initially defined fort € R, can be
extended to a holomorphic function of t € C.

Proof of (a). We first assume that p € (0,1). By Assumption A;NA; D {eN +
tw: ¢t > 1}. Also, L Nint(A; N A;) # 0, and A;, A; are cones, so

I T, (1a; = 1a,)(eN + tw) = Tp(1izern: (2 N)<e) = Lizern: (2,0)21) ()

= / Liooe)(cp+ s/ 1= p?)dvi(s) — / Licooy(cp+ s/ 1 = p* )dmi(s)

[ e - [ (5) = 2sign(c) - (0. |d| <L)
= dvls—/ dyi(s) = 2sign(c) - ([0, |¢| —)).
o (c=cp)/+/1-p? V1—=p?

So, limy_ee T,(14, — 14;)(cN + tw) = 0 if and only if ¢ = 0. In order to prove
(a), it remains to show that lim, , o, T,(cN + tw) = 0. Since cN + w € int(A4; N
A;) by Assumption [If and Definition we know that (y;,w) > (y,,w) and
(y;, w)y > (yp,w) for all p € {1,...,n+ 1} \ {i,5}. So, (y;, —w) < (y,, —w) and
(yj, —w) < (yp, —w) for all p € {1,...,n+1}\ {7, j}. Therefore, there exists § > 0
and T < 0 such that, for all t < T, B(cN + tw, § |[t|) does not intersect either A;
or A;. Hence, there is some ¢’ > 0 such that

[limsup T (14, — 14,)(cN +tw)| < limsup/ dy, = 0.
t=—00 t==00 JB(p(cN+|tlw),0't(1—p?)~1/2)e
(5.27)
The proof is therefore completed for p € (0,1). For p € (—1,0), we similarly
conclude that lim;,_ T,(14, — 14,)(cN 4 tw) = 0 if and only if ¢ = 0, and
limy 00 T)p(eN + tw) = 0.

]
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Proof of (b). We prove this by induction on n. We first consider the case n = 2.
In this case, A, is a two-dimensional sector for p = 1,2,3. Fix ¢ € {1,2,3}. We
will show that T,14,(cn + tw) is holomorphic in t. Without loss of generality,
assume that one edge of A; is parallel to the zo axis. Further, without loss of
generality, suppose there exist , 3,7 € R such that A; = {(x,25) € R?: z; >
a,xy > Bry +7}. Then

T,1a(x) = / s
(As—pz)/A/1=02

= / / e e drds [ 2m.
(a—pa1)/y/1=p? J (Bs+y—px2)//1-p?

Note that the set {cN + tw: t > 1} C R? has constant first coordinate, and the
second coordinate of {¢N + tw: ¢t > 1} is an affine function of ¢. So, defining a
constant o’ := (a — p(cN +w);)/y/1 — p? € R, we have

Tyla,(ecN +tw) = / / e "2 drds 2r.
's+y'+c't

For s,t € R, define

0 , 1 B's+~'+c't )

o(s,t) == / e Pdr N om = < — e 2dr )N 2. (5.28)
B's+~y'+c't 2 0

For fixed s € R, ¢(s,t) is a holomorphic function in ¢. For z € C and fixed s € R,

define the following function, where we interpret the integral as a contour integral.

B's+v'+c' z ,
g(z) = / e " 2dr N2 (5.29)
0

Since e /2 is an entire function of » € C with no poles, the choice of the path

in the definition of g does not matter. In particular, for z = (z1,z5) € C, if we
choose the path that first moves from 0 to (8's +' + cz1,0) along a straight line,
and then from (8's ++' + x1,0) to (8's + 7 + dx1, dzy) along a straight line, we
get from the bound

= r2 dr ’s cx1+ir
I A \/ S
0

+/ Q/er <Lyl
0 2

(5.30)
<

N —

In the penultimate estimate, we used |e~(*1+#2)°| < |e%3|. Combining (5.30) and
(.29),
(s, (21, 22))] < 14 ¢ |ag| e *3/%. (5.31)
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Consider the function f.(z) := f —*/2ds z € C. This function is
an entire function of z € C, by e.g. [94 Theorem 5.4]. To prove that f(z) =
T,14,(cN + zw) is holomorphic, It now suffices to show that f, converges uniformly
to f on any compact subset of C, as e — 0. So, let z = (21, x2) € C. From ,

£(2) = F(2)] < / " |65, 2)] e~/ ds

1/e
< / (1+ ¢ |zo| €“%3/2)e™"Pds < (14 ¢ || e7/2)e~ 1/ 2=,

1/e
(5.32)
So, (5.32)) gives the desired uniform convergence property, completing the proof in
the case n = 2. Note that, by (5.31])

1£(2)] < / 6(s,2)| e 2ds < 14 ¢ || €72/ (5.33)

For the more general case, we induct on n. We are given an n-dimensional
polyhedral cone ¥,, with n + 1 facets, and we write X, as a union of translates of
an (n — 1)-dimensional simplicial cone ¥,,_1, which can be taken to be one of the
facets of X,,. That is, there exists u € R™ such that ¥,, = Ug=q (2,1 + su). So,

Tpls, (eN + tw) :/ / d%_16752/2d5/\/27r ::/ w(s,t)e*SQ/st/\/ZW.
o Yn—1twt o

Now, (s,t) is known, by the inductive hypothesis, to be holomorphic in ¢ =
(21, x2), for each s. Moreover, by the inductive hypothesis, [1(s, (z1,22))] < 1+
¢ |y| e73/2. We therefore truncate and make a tail estimate as in ([5.32)) to prove
uniform convergence of f.(z) = fl/a =52ds to f(2) = T,la,(cn + zw).
Finally, showing the followmg bound completes the inductive step.

S < [ W2 e s VEr < 1 ¢ ] 2

5.5 The Main Theorem

Corollary below implies the Main Theorem [5.2.6
Corollary 5.5.1. (An Optimal Flat Partition Must be Centered)
(1) Let p € (0,1). Suppose {A; Y14} is a partition of R satisfying

n+1

n+1
E / 14, T,14,dy, = sup E / 1, T,1p,dv,.
i=1 " {B;}* ! isapartition of R™ j_1 n

with volumes (a1,...,an+1)
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Suppose Assumption holds. Theny =0 in Assumption (and in Definition
5.2.4).

(2) Let p € (—1,0). Suppose { A} is a partition of R™ satisfying

n+1
Z/ 1BiTplBid7n'

n+1

Z/ ]-AT]-Ad’Yn_

{B; }""’1 isa partltlon of R"
with volumes (a1,...,an+1)

Suppose Assumption holds. Theny =0 in Assumption (and in Definition
5.2.4).

Proof. Fixiand jin{1,...,n+1}, and recall the deﬁnition of ¢ from Assumption/[l]
It suffices to show that 1f c 7& 0 then the partition {A;}7*! is not optimal. Suppose,
therefore, that ¢ # 0. Then the function T),(14,—14,) restrlcted to any line segment
emanating from the origin is holomorphic and not constant by Lemmal[5.4.1] That
is, Tp(14;, — 14,) is not constant on some line segment contained in A; N A;. We
then apply Lemma to see that the partition is not optimal. O]

Corollary 5.5.2. (Biased Optimizers are not Flat) Let { A;}!]' be a partition
of R™ with volumes a = (a1, ...,ap41)-

(1) Let p € (0,1). Suppose {A;}1 1} is a partition of R satisfying

n+1 n+1
Z/ 14, T,14,dy, = sup Z/ 15, T,1p,dv,.

{B; }n+1 is a partition of R™ ;
with volumes (a1,...,an+1)

If Assumption[]] also holds, then we must have a = (1/(n+1),...,1/(n+1)).
(2) Let p € (—1,0). Suppose {A;}1]! is a partition of R™ satisfying

n+1

n+1
> / 14, T,1 0, dryn = inf Z / 1,T,15,dYn.
i=1 YR” =1 JR”

{B; }n+1 is a partition of R™
with volumes (a1,..., an+1)

If Assumption[]] also holds, then we must have a = (1/(n+1),...,1/(n+1)).

Proof. Suppose that {Ap}”+1 is a flat, optimal partition; we will show that it must
be unbiased. First, Corollary ‘ implies that 0 € A, for all p € {1,...,n+ 1}.
Specifically, every facet which is shared by exactly two partition elements rnust be
contained in a hyperplane that passes through the origin. This condition implies
that 0 € A, for all p € {1,...,n+ 1}. Then, by Lemma and (5.27), we
have T, (14, —14,)(0) = 0 for all ¢, j € {1,...,n + 1} such that A; and A; share a
facet. Since each A, is a cone, its scale-invariance and the definition of 7}, imply
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that v, (A,) = (Tp14,)(0); hence, v,(A;) = 1 (A;) for all 4,5 € {1,...,n+ 1} such
A;, A, share a facet. By Definition since 0 € A, for all p € {1,...,n+ 1},
there is a single equivalence class associated to the following relation: ¢ ~ j if

and only if there exists a sequence (i, ...,%,) with iy = i, 4, = j and A;, and
A;,., share a facet, for all £ = 1,...,r — 1. Therefore, v,(4;) = vn(4;) for all
i,7€{l,...,n}. ]

5.6 Voting Interpretation

As mentioned earlier our results imply that, generically speaking, plurality is
not the most noise stable discrete function. Gaussian space may be obtained as
a limit of discrete spaces in multiple ways, each resulting in a somewhat different
statement of Plurality is not stablest, via Corollary For concreteness we

prove Corollary

Proof of Cor. [5.2.9. The proof follows by the Central Limit Theorem. Define func-
tions f,: {1,2,3}" — {1,2,3} as the sequence of plurality functions from Defini-

tion and let (a, 8) # (0,0). In order to prove Corollary we first claim
that there exists a shifted flat partition A = { A1, As, A3} of R? such that

lim P[f, = 1] = 72(A), Vi € {1,2,3},

n—o0

and moreover

3

lim P[f,(2) = fuly)] = Y _PIX € A,,Y € A).

=1

This follows from the central limit theorem, noting that the vector (X)?_, € R3
given by

X' (wryeoywn) =02 (Nwy =) = 1/3), i =1,2,3
j=1

converges to a centered normal vector (N;)?_; € R? with variances 2/9 and covari-
ances —2/3 as n — 0o. Moreover the partition {(X")?_,: f, = 1}, {(XM)2,: fn =

24, {(XM)?2_,: fn = 3} converges in the weak L;(72) norm to the sets given by

Ai={reR*:i= argmax;_; o 3(N1(z) + o, No(x) + 8, N3(z) —a — )}

In other words, {A1, Ay, As} is a shifted standard simplex.

135



Let {By, By, B3} be a partition of R? which satisfies 72(A4;) = 72(B;) for all
1=1,2,3 and

3 3
Y PIX €A, YeA] <> PXeB,Y€B]

i=1 i=1

Note that {Bi, Bs, B3} exists by Theorem [5.2.6 By approximating {Bi, Bs, B3}
by a finite number of axis-parallel rectangles, we may assume that {Bj, By, B3}
consists of a finite union of axis-parallel rectangles.

Consider now g,: {1,2,3}" — {1, 2, 3} satisfying g, = ¢ if (X}, X7, X}) € B;.
Since {Bj, B, B3} consists of a finite number of axis-parallel rectangles, Defini-
tion shows that max,_;._, I;G, = O(n~'/?). Moreover by the Central Limit
Theorem, we see that

.....

[P[gn = i] = 72(B)l = O(n™Y%), [P[f, = i] = 72(A)| = O(n~'/?).

and
3 3
lim P[g, (x) = gu(y)] = Y PIX€B,YEB|>)> PX €AY €A
i=1 =1
as needed.

]
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