THE STRUCTURE OF GAUSSIAN MINIMAL BUBBLES
STEVEN HEILMAN

ABSTRACT. It is shown that m disjoint sets with fixed Gaussian volumes that partition R™
with minimum Gaussian surface area must be (m — 1)-dimensional. This follows from a
second variation argument using infinitesimal translations. The special case m = 3 proves
the Double Bubble problem for the Gaussian measure, with an extra technical assumption.
That is, when m = 3, the three minimal sets are adjacent 120 degree sectors. The technical
assumption is that the triple junction points of the minimizing sets have polynomial volume
growth. Assuming again the technical assumption, we prove the m = 4 Triple Bubble
Conjecture for the Gaussian measure. Our methods combine the Colding-Minicozzi theory
of Gaussian minimal surfaces with some arguments used in the Hutchings-Morgan-Ritoré-
Ros proof of the Euclidean Double Bubble Conjecture.

1. INTRODUCTION

Classical isoperimetric theory asks for the minimum total Euclidean surface area of m
disjoint volumes in R™™!. The case m = 1 results in the Euclidean ball. That is, a Euclidean
ball has the smallest Euclidean surface area among all (measurable) sets of fixed Lebesgue
measure. The case m = 2 is the Double Bubble Problem, solved in [HMRR02), Rei08]. The
case m > 3 is still open, except for the special case m = 3,n + 1 = 2 [Wic04]. As Hutchings
writes on his WebsiteE] concerning the m = 3,n + 1 = 3 case, “The triple bubble problem in
R3 currently seems hopeless without some brilliant new idea.”

Recent results in theoretical computer science, such as sharp hardness for the MAX-m-
CUT problem [KKMOOQ07, TM12] motivate the above isoperimetric problem with Lebesgue
measure replaced with the Gaussian measure [IM12]. Also, the “plurality is stablest” con-
jecture from social choice theory is closely related to such an isoperimetric problem. This
problem [IM12] says that if votes are cast in an election between m candidates, if every
candidate has an equal chance of winning, and if no one person has a large influence on the
outcome of the election, then taking the plurality is the most noise-stable way to determine
the winner of the election. That is, plurality is the voting method where the outcome is least
likely to change due to independent, uniformly random changes to the votes. The latter
conjecture is a generalization of the “majority is stablest conjecture” [MOOT0|, which was
proven using (a generalization of) the Gaussian m = 1 case of the isoperimetric problem
posed above.

In the Gaussian setting, for convenience, we include the complement of the m volumes
as a set itself. That is, in the Gaussian setting, we ask for the minimum total Gaussian
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surface area of m disjoint volumes in R"*! whose union is all of R"*!. The case m = 1 is
then vacuous. The case m = 2 results in two half spaces. That is, a set Q C R*™! lying
on one side of a hyperplane has the smallest Gaussian surface area |, o0 Tn(7)dz among all
(measurable) sets of fixed Gaussian measure [, v,41(x)dz [SCT4]. Here, V k > 1, we define

n+1
- — || 2 . .
e(x) = 2m) e gy =Y Ty, o)) = (),
i=1

Vo= (x1,...,Zns1),9= Y1, Yns1) € R

This Gaussian isoperimetric result [SCT4] in the case m = 2 has been elucidated and strength-
ened over the years [Bor85, [Led94, [Led96, Bob97, BS01, Bor03, MN15a, MNI5b, [EId15]
MR15, BBJ17]. The case m = 3 is the Gaussian Double Bubble Problem, solved when the
sets 1,0, Q3 C R*™™! both have Gaussian measures close to 1/3 [CCHT08]. The result
[CCHTO08] requires the solution of the Double Bubble problem on a sphere of arbitrary di-
mension, so their methods seem difficult to apply to the case m > 3. Independent of the
present work, the Gaussian case m = 3 was recently resolved unconditionally in [MNI18a].

Recent proofs of the Gaussian m = 2 case [MR15, BBJ17] have used the calculus of vari-
ations techniques, originating with the related work of Colding and Minicozzi [CM12]. We
will focus on such calculus of variations techniques in this work, since they show the most
promise for resolving the case m > 3. Such techniques have been applied to related problems
in [Heildl, Heil7]. The work [MN18a] also uses calculus of variations techniques, combined
with a second-order matrix-valued differential inequality. Instead of using volume-preserving
variations of sets, the approach of [MN18a] considers arbitrary perturbations of sets, allow-
ing the evaluation of all minimizing sets for all measure restrictions, simultaneously. The
differential inequality infinitesimally “pieces together” minimizing sets of different measure
restrictions, and ultimately solves the problem via a maximum principle. In our approach,
we instead mostly focus on volume-preserving variations of sets.

Remark 1.1. Unless otherwise stated, all Euclidean sets in this work are assumed to
be Lebesgue measurable. In Section below, we ignore technical issues such as non-
compactness and regularity of sets, for didactic purposes.

1.1. Gaussian Isoperimetry for One Set. It follows from the work [CMI2], as recounted
in [MRIS, BBJI17], that if @ C R™"" minimizes [,,.(z)dz among all subsets of fixed
Gaussian volume fQ Yni1(x)dz, then 3 A € R such that the boundary of 2 satisfies the
following first variation condition:

H(z) = (x,N(x)) + A, Va e 0. (1)

Here N(x) is the exterior unit normal vector of 2 at x € 09 (satisfying || N(z)|| = 1), and
H(z) is the mean curvature of 02 at x € 05, i.e. the divergence of N(x). (See Section
for more detailed definitions.) Furthermore, the following second variation condition holds:

V f: 022 — R such that f(@)yn(z)dz = 0, f(@)Lf(z)yn(z)dz <0,
o0 o0
where L is a second-order elliptic differential operator on 02 (defined in (13))), similar to the

Ornstein-Uhlenbeck operator.
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So, the problem of classifying the sets €2 of fixed Gaussian volume and minimal Gaussian
surface area reduces to investigating the spectrum (and eigenfunctions) of a self-adjoint

differential operator L on 0f2. Fortunately, as shown in [CM12, MRI15, BBJ17], there is a
large class of eigenfunctions of L with eigenvalue 1. That is,

Vv e R™M, L{v,N(z)) = (v, N(x)), Ve 0. (2)

Combining this equality with the second variation condition, we see that

v " gue a v x x)dx = v z)) 2, (x)dx )
voe R suh that [ (o V@) =0, [ (o N@) @ <0, @)

If we define V := {v e R"*': [ (v, N(2))yn(z)dz = 0}, then (3] implies
VoeV,Veedd, (v,N(z))=0.

Since V' C R™"! is a linear subspace of dimension at least n, we conclude that 9 consists of
a set of parallel hyperplanes. From , 0f) must in fact consist of at most two hyperplanes,
since H(z) = 0 and N(z) takes at most two values for all z € 0€, so (1| gives the equation of
at most two hyperplanes. One can then deduce that in fact 02 consists of a single hyperplane.

The key of the above argument was the implication implies . That is, it is crucial
to find a large class of eigenfunctions of L with positive eigenvalues. In the Gaussian setting,
this argument seems to have first appeared in [CM12], and it was used in several subsequent
works, e.g. [CIMW13, MR15, [Gual8, [CW14, [CW18, [COW16|, BBJ1T, Zhu20, [Heil7]. In the
Euclidean setting, an investigation of the eigenfunctions of the second variation of minimal
surfaces seems to have originated in the work of Simons [Sim68| on the stability of Euclidean
minimal cones, reappearing elsewhere such as [BAC84] and [HMRRO02].

One might ask why would be expected to hold, and if such an identity is specific to
the Gaussian setting. Let Q C R"" and let v € R™"!. Suppose we translate  in the
direction tv for any ¢ > 0, forming the set {2 + tv. By formally taking a derivative at ¢t = 0,
we see that € 9Q is translated to the point x + (v, N(z))N(z) + O,(¢*). In this way, the
function z — (v, N(x)) corresponds to an infinitesimal translation of the set 2 in Euclidean
space. The Gaussian measure is not translation invariant. However, for any v € R"*!,
the function z — e 12l5/2 2 € R™! can be written as x +— e~ l@VFIVIE/2e—lle—(@v)vl5/2,
And the second term in the product is invariant under translation by v. Intuitively, this
property of “translation invariance up to one-dimensional distributions” leads to the identity
, and also demonstrates that seems unique to the Gaussian measure. (Recall that
(general) Gaussian measures are the unique rotation invariant product probability measures
on Euclidean space.)

In the Euclidean setting, infinitesimal translations and infinitesimal rotations also yield
eigenfunctions of the corresponding operator L, albeit with eigenvalue 0. This observation
was one key ingredient in the proof of the Euclidean Double Bubble Conjecture [HMRR02].

1.2. Gaussian Isoperimetry of Multiple Sets. It is an elementary but important obser-
vation that the above argument provides a nontrivial conclusion for multiple sets. Suppose

Q... Q, C R are disjoint sets with fixed Gaussian volumes v, 41(21), - - ., Ynr1(2,n) with
> Ynt1(€2;) = 1 and of minimal Gaussian surface area
/ Yo (z)dz.
1<i<j<m (6QZ)ﬂ(6QJ)
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Then the above first and second variation arguments still hold, with suitable modifications
(see Lemmas , and [3.10). For any 1 <i < j < m, there exists \;; € R such that

Hy(w) = (o, Ny(@) + Ay, Vo € (00) N (99,). (4)

As above, N;;(z) is the unit normal vector of §2; pointing into ; at =z € (0€;) N (09;)
and H;;(z) is the mean curvature of 0€; at x € (0€;) N (0€;), or the divergence of N;j(x).
(See Section and Definition for more detailed definitions.) (See also Figure An

appropriate generalization of the second variation formula now holds (see Lemma @D
For simplicity of exposition, we restrict our attention now to the second variation of linear
functions of the normal vector:

N

Vo € R" such that V1 <4 < m, Z (v, Nij(2))yn(x)dz = 0,
0% je{l,...m}: j#i

> )Ly f(2)y(x)dz < 0,
1<i<j<m

where L;; is a second-order elliptic dlfferential operator on (0€;) N (092;) defined in a similar

way to L (in . or . Just as (1)) implies (2)), (4] implies
VoeR"™ V1<i<j<m, Lij(’U,NZ'j(:U>> = (v, Ni;(z)), Vo e (0€;) N (09;). (5)

Combining this equality with the second variation condition, we see that

Vv € R"! such that V1 <i <m, / Z (v, Nij(x))yn(x)dx = 0,
U jef1,..im): ji (6)
Z / (v, Nij(2))*yn(z)dz < 0.
1<i<j<m

Let Vi={veR""": [ Y jeltnmy: iU Nij(@))m(2)de = 0, V1 < i <m}. By ().
VoeV,V1<i<j<m,Vze (092)N(08;), (v,Njx)) =0.

Since V' C R™"! is a linear subspace of dimension at least n —m + 2 (when m > 2), after
rotating €y, ..., there exist Q,...,Q, C R™ ! such that

Q; = Q) x Rm+2) V1<i<m.

That is, 4,...8,, are (m — 1)-dimensional.

As in the case m = 2, the implication implies is crucial for this argument. In
particular, this argument needs many eigenvectors of (L;;)1<i<j<m. This observation, that
Colding-Minicozzi theory (i.e. the implication implies ) applies to multiple sets, is the
starting point of our investigation.

In certain cases, one can assert, as in [CM12], that an eigenfunction of (L;;)1<i<j<m exists
with eigenvalue greater than 1. This eigenfunction may have a nonzero integral on the
boundary of some set €2; for some 1 < i < m, in which case the perturbation of sets induced
by this eigenfunction does not preserve the Gaussian volumes of the sets €,...,€,,. But
this problem can be fixed by adding some other eigenfunctions of (L;;j)1<i<j<m, and using
orthogonality of eigenfunctions with different eigenvalues in Lemma [6.1 This observation
was also used in [CM12].

We now state our main problem of interest more formally.
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Problem 1.2 (Gaussian Multi-Bubble Problem, [Hut97, [HMRR02, (CCH™08]). Let
m > 3. Fiz ay,...,an >0 such that Y " a; = 1. Find measurable sets ..., C R
with U™, Q; = R and v,41 (%) = a; for all 1 < i < m that minimize

/ Yn(x)dx,
(0€2:)N(09;)

1<i<j<m

subject to the above constraints.

FIGURE 1. Optimal Sets for Conjecture [[.3]in the case m =3, n+1 = 2.

Conjecture 1.3 (Gaussian Multi-Bubble Conjecture [HMRR02, (CCH™08, IM12]). Let
Q,...Q, C R minimize Problem . Let z1,. .., zm € R" ! be the vertices of a reqular
simplez in R™ centered at the origin. Then 3 y € R™! such that, for all 1 <i < m,

Qi =y+{r e R"": (z,2) = max (z,z;)}.
1<j<m

We sometimes refer to sets €4, ..., €, that minimize Problem as Gaussian minimal
bubbles. Our first result follows from the argument sketched above for ().

Theorem 1.4 (Dimension Reduction for Gaussian Minimal Bubbles). Suppose
Q,...Q, C R minimize Problem . Then there exists 0 < £ < m — 1 and there
exist ), ..., Q. C R such that, after rotating ..., Qy, we have

Q, = Q) x R,

Moreover £ can be chosen to be the dimension of the span of the following m vectors in R*!

/ Y1 (T)dz, . .. ,/ Y1 (T)dz.
01 Qm

Theorem can be considered a Gaussian analogue of Hutchings’ Symmetry Theorem for
Euclidean minimizing bubbles [Hut97]. In [Hut97, Theorem 2.6], it is shown that if m <n
sets in R™*! have fixed Euclidean volumes and minimum total Euclidean surface area, then
there exists a linear subspace P C R of dimension (m — 1) such that all of the sets are
invariant under any isometry of R™"*! that fixes P. That is, all of the sets are symmetric
across P. In particular, when m = 2 < n, any minimal Euclidean double bubble is symmetric
with respect to rotations along a fixed line.

The proof of Hutchings [Hut97, Theorem 2.6] relies on an inductive version of Euclidean

symmetrization together with the Ham Sandwich Theorem, for bisecting m Fuclidean sets
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with a hyperplane. In particular, the proof uses translation invariance of Lebesgue measure.
So, an adaptation of the methods of [Hut97, Theorem 2.6] to prove Theorem seems
difficult if not impossible. Moreover, Theorem deduces a translational symmetry for
Gaussian bubble clusters, whereas [Hut97, Theorem 2.6] deduces a rotational symmetry.
Indeed, the minimal Euclidean bubbles should not have any translational symmetry.

The following Theorem implies flatness of boundaries of minimal Gaussian partitions, or
it improves on the dimension condition of Theorem by one dimension.

Theorem 1.5 (Structure Theorem Dichotomy). Let Q, ..., <, minimize Problem[1.4
Suppose Assumption holds. Then at least one of the following holds.

o V1<1i<j<m, there exist two hyperplanes P, P’ C R™*! such that

(0€2) N (9€y) € Py U P

o The sets Q,...,Q0, are (m — 2)-dimensional. That is, there exists 0 < £ < m — 2
and there exist ), ..., Q) C R’ such that, after rotating 4, ..., Q,,, we have

Q= Q) x R

Intuitively, Theorem should be sufficient to prove Conjecture 1.3 since (m — 2)-
dimensional sets should be “unstable.” For example, a small perturbation of the sets should
always result in the span of le TYpy1(x)d, . . me TYn41(x)dx being (m — 1)-dimensional,
so Theorem should imply that the second case of Theorem does not occur. We are
unable to turn this intuition into a proof.

The following technical assumption is needed to prove the almost orthogonality of eigen-
functions of (L;;)1<i<j<m in the proof of Theorem . Assumption says that a neighbor-
hood of the singular set has small Gaussian area on a sequence of annuli going to infinity.

Assumption 1.6 (Polynomial Volume Growth of Singular Set). For any ¢, > 0,
define
C=|J (02)n(09) N (0%).
1<i<j<k<m
C.,:={x €R"™: Jc e Csuch that ||z —¢| <eandr < |c|| <r+1}.

So, C., is the e-neighborhood of the part of C lying in the annulus with radii » and r + 1.
We assume that: for any € > 0, there exist a 0 < r; < ry < --- such that lim,_,, r, = o0
and for any ¢ > 1, there exists n,. € C§°(R"™) such that 7,. = 0 on Ceryy 0 < mpe <1

everywhere, 7, =1 on (3, ., and

lim lim sup Z / Ve ||” Yn(z)dz = 0.

1<i<j<m 992:)N(0%;)

For example, if n + 1 = 2 and if C' is a finite set of points, then Assumption automat-
ically holds, since the set {z € C': r < ||z|| < r + 1} is empty for all large r. It is unclear
whether or not Assumption can be proven to hold a priori for any minimizers of Problem
L2

Assumption is only used in the proof of Lemma to prove the orthogonality of
two eigenfunctions with different eigenvalues. Orthogonality of eigenfunctions with different
eigenvalues is nontrivial in this setting since the surface ¥ 1= Uj<icj<m(0€2;) N (0€);) is
non-compact with nonempty boundary.
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FIGURE 2. Depiction of the set C. ,, an annular neighborhood of the singular
set C.

In light of Theorem [1.4] we say that sets 2y, ...,€),, are ~dimensional if the dimension
of the span of [, zy.41(2)dw, ..., [o @Y (v)de is L.

In the case m = 3, Theorem|[I.4]says the sets 1, 29, Q3 minimizing Problem [I.2]are at most
two-dimensional. So, without loss of generality, if m = 3 in Conjecture [1.3] we may assume
that n + 1 = 2. Theorem then implies that €, s, Q3 C R? have flat (one-dimensional)
boundaries (contained in at most 6 lines), or the sets 4, {29, Q3 are one-dimensional (with
boundaries contained in at most 6 lines, by ) Given these reductions, one can e.g. check
a finite number of cases to conclude that Conjecture holds when m = 3 (if Assumption

holds.)

Corollary 1.7 (Gaussian Double Bubble Problem). If any $y,...,8,, minimizing
Problem[1.9 satisfy Assumption then Conjecture holds when m = 3.

Corollary was recently proven independently by [MNI8al, without the need for As-
sumption [[.6, We emphasize that the proof of Corollary has a different strategy than
the proof of the main result of [MNI8a]. In particular, the proof of Corollary proceeds
along the lines of [CM12, [Zhu20| Heil7].

In the case m = 4, Theorem says the sets €1y, ..., {24 minimizing Problem are at
most three-dimensional. So, without loss of generality, if m = 4 in Conjecture [1.3, we may
assume that n + 1 = 3. If these sets are three-dimensional, then the first case of Theorem
1.5[ implies that the sets have flat boundaries. If the sets are at most two-dimensional, then
we adapt the argument of [MN18a] to show that the sets must have flat boundaries. So, in
any case, the sets €)y,...,€y have flat boundaries, and the boundaries are contained in at

most 8 planes in R3, by . Given these reductions, one can check various cases to conclude
that Conjecture |1.3| holds when m = 4 (if Assumption [1.6] holds.)

Corollary 1.8 (Gaussian Triple Bubble Problem). If any Q4, ..., Q,, minimizing Prob-
lem[1.9 satisfy Assumption then Conjecture [1.5 holds when m = 4.

To our knowledge, this is the first known proof of any triple bubble problem in arbitrary

dimension, albeit conditional on Assumption . (For an update, see Section )
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The second case of Theorem [1.5] corresponds to the second variation operator having an
eigenvalue larger than 1, which really should not happen (see , ) An eigenvalue
larger than one indicates that something other than an infinitesimal translation can decrease
the Gaussian surface area of sets minimizing Problem 1.2l And this should not happen since
Conjecture predicts that the sets of minimal Gaussian surface area (for different volume
restrictions) should be translations of each other.

As noted already in @, the more eigenfunctions with positive eigenvalues there are for
the second variation operator , the more control can be placed on the structure of the
sets minimizing Problem That is, more eigenfunctions translates to flatness or lower-
dimensionality of the minimal sets. The general scheme of our arguments is then to look for
as many eigenfunctions as possible of the second variation operator, as in ([5)). In general it
seems impossible to find explicit eigenfunctions beyond those described in, so we often
simply prove the existence of such eigenfunctions. This was a key step in the arguments of

[CM12).

Remark 1.9. In order to prove Conjecture for m > 4, one might try to extend Theorem
to higher dimensions.

1.3. Organization.

e Theorem [I.4] is proven in Section [7]
e Theorem [I.5]is proven in Section [§
e Corollary [1.7]is proven in Section 9
e Corollary is proven in Section [10}

Previous sections cover preliminary material. Section [11] covers results from [MNI8al. Sec-
tion [12| provides some concluding remarks.

1.4. Subsequent Work. After uploading the first version of this work to the arXiv on
Friday May 25, 2018, Milman and Neeman [MNI8b] uploaded their paper to the arXiv
on Monday May 28, 2018, solving Conjecture [1.3| unconditionally. Nevertheless, our work
and theirs were completed at essentially the same time. One observation of theirs that did
not appear in our work is that the second case of Theorem does not actually occur
(see [MNI8D, Proposition 7.6]). Using our terminology and notation, in the second case
of Theorem [L.5] there exists a piecewise constant function F on U!,9€ whose second
variation is negative (see Lemma [5.4). The observation of [MNI8b, Proposition 7.6] is that
the function x,41F on U*,0€); also has negative second variation, and it is automatically
(Gaussian) volume-preserving, contradicting the minimality of Qi,...,$Q,,. Therefore, the
second case of Theorem cannot occur, i.e. only the first case occurs.

2. PRELIMINARIES AND NOTATION

We say that ¥ C R*"! is an n-dimensional C* manifold with boundary if ¥ can be locally
written as the graph of a C'*° function on a relatively open subset of {(z1,...,2,) € R": x, >
0}. For any (n + 1)-dimensional C* manifold 2 C R"™! such that 9 itself has a boundary,
we denote

CE(QR™) = {f: Q = R f € C°(Q;R™), £(00Q) = 0,

dr >0, f(QN(B(0,7))°) = 0}.
8
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We also denote C§°(€2) := Ci°(2;R). We let div denote the divergence of a vector field in
R™™. For any r > 0 and for any x € R"" we let B(z,r) := {y € R"™: |z —y| < r}
be the closed Euclidean ball of radius r centered at z € R"*'. Here 999 refers to the
(n — 1)-dimensional boundary of €.

Definition 2.1 (Reduced Boundary). A measurable set Q C R"*! has locally finite
surface area if, for any r > 0,

sup{/ div(X (z))dz: X € C°(B(0,7),R™™), sup || X(z)] < 1} < 00.
Q zeR+1

Equivalently, €2 has locally finite surface area if V1 is a vector-valued Radon measure such
that, for any € R™"!, the total variation

IViall Bz, )= swp Y [Va(O))]
Crrt o of Ba,1) =1
m>1

is finite [CLI2]. If Q C R™™! has locally finite surface area, we define the reduced boundary
0% of Q to be the set of points z € R"*! such that

) e lim Via(B(z,r))
N(w) ==l e B )

exists, and it is exactly one element of S™ := {z € R"*!: |[z]| = 1}.

Lemma 2.2 (Existence, [Alm76, Theorem VI.2]). There exist measurable 2y, ..., Q,, C
R™! minimizing Problem[1.4

For more detail on this proof, see e.g. [MNI8al Theorem 4.1].

Lemma 2.3 (Regularity, [CES17, Theorem 1.3], [MN18al, Theorem 4.1, Corollary 4.4]).
Let Qy,...Q, minimize problem[1.3. Then Assumption 2.4 holds.

Let ¥; C R? denote three half-lines meeting at a single point with 120-degree angles
between them. Let 7" C R3? be the one-dimensional boundary of a regular tetrahedron
centered at the origin, and let T, C R3 be the cone generated by 77, so that Ty, = {rz €
R*:r>0,ze€T}

Assumption 2.4. The sets €;,...Q,, C R""! satisfy the following conditions. First,
Um, Q= RS 4,00(Q) = 10 Also, ¥ := U0 can be written as the disjoint
union M, UM, _1 U M,_>U M,_3 where 0 < o < 1 and
(i) M, is a locally finite union of embedded C'* n-dimensional manifolds.
(ii) M,_; is a locally finite union of embedded C'*° (n — 1)-dimensional manifolds, near
which ¥ is locally diffeomorphic to Y7 x R*~1.
(iii) M, _o is a locally finite union of embedded C** (n — 2)-dimensional manifolds, near
which Y is locally diffeomorphic to T, x R*~2.
(iv) M, 3 is relatively closed, (n — 3)-rectifiable, with locally finite (n — 3)-dimensional
Hausdorft measure.

Below, when ¥;; = (0*Q;) N (0*Q;) for some 1 < i < j < m, we denote 0*%;; =

M, > N (0€;) N (092;), where M,,_5 is defined in Assumption .
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2.1. Submanifold Curvature. Here we cover some basic definitions from differential ge-
ometry of submanifolds of Euclidean space.

Let V denote the standard Euclidean connection, so that if X,V € Cg°(R™ R,
if Y = (Y1,...,Y1), and if uy,...,u,y1 is the standard basis of R"™! then VxYV :=
SN X(Yi))ui. Let N be the outward pointing unit normal vector of an n-dimensional
orientable hypersurface ¥ C R"*!. For any vector x € X, we write x = 27 + 2%, so that
2 := (2, N)N is the normal component of x, and =7 is the tangential component of z € X.

Let ey, ..., e, be a (local) orthonormal frame of 3 C R™*!. That is, for a fixed x € ¥, there
exists a neighborhood U of z such that e;,...,e, is an orthonormal basis for the tangent
space of 3, for every point in U [Lee03] Proposition 11.17].

Define the mean curvature of X by

n

H:=div(N) = > (VN,e). (8)

i=1
Define the second fundamental form A = (a;;)1<; j<, of ¥ so that
al]:<v€iej7N>7 \Vllgl,jgn (9)

Compatibility of the Riemannian metric says a;; = (Ve,e;, N) = —(e;, Ve, N) +¢€;(N,e;) =
—(e;, Ve, N), ¥V 1 <1i,j <n. So, multiplying by e; and summing this equality over j gives

—Zaijej, V1 SZSTL (10)

Using (VyN, N) =0,

n

= ai. (11)

=1

||g

HES (v, N,e)
i=1
For any vector field X € C§°(R"™, R"!), define the tangential divergence of X on 3 by
div, X 1= (Ve X, e;).

When ¥ := 01 itself has a boundary that is a C*° (n — 1)-dimensional manifold, we let v
denote the unit normal of 0¥ pointing exterior to X.

Remark 2.5 ([BBJ17, Page 6]). Let ¥ be a C*° n-dimensional manifold with boundary,
and let 0*Y denote the (n — 1)-dimensional reduced boundary of 3. Assume that 0*¥ is
also a C* manifold. For any = € 9*%, let v(z) € R™"! denote the exterior pointing normal

vector to 0*% at x. The divergence theorem for hypersurfaces says, for any vector field
X € Co (R R,

/dwT dx—/H Nz ))dx—k/*E(X, Vyda.



Proof. Write X = (X, N)N + (X — (X, N)N). Then by the usual divergence theorem and
/ﬁmxmzfmwm&mNHmww—pmwmm
> >
:/mwmmmwumvmwmmi/«quprwx
s

o*X
@/HWWW%/(XWM
b 1o}

*3

O

2.2. Colding-Minicozzi Theory for Mean Curvature Flow. The Colding-Minicozzi
theory [CM12, [CIMW13] focuses on orientable n-dimensional C'* hypersurfaces ¥ with 0¥ =
() satisfying

H(z) = (x,N(x)), Vel (12)

Below, we will often omit the x arguments of H and N for brevity. Here H is chosen so
that, if » > 0, then the surface rS™ satisfies H(z) = n/r for all € rS™. A hypersurface
3} satisfying is called a self-shrinker, since it is self-similar under the mean curvature
flow. Examples of self-shrinkers include a hyperplane through the origin, the sphere /nS™,
or more generally, round cylinders v&S* x S % where 0 < k < n, and also cones with zero
mean curvature.

A key aspect of the Colding-Minicozzi theory is the study of eigenfunctions of the differ-
ential operator L, defined for any C* function f: ¥ — R by

Lf =Af —(x, V) + f+|A|* f. (13)

Lf:=Af—{(x,Vf). (14)

Note that there is a factor of 2 difference between our definition of L and the definition of L
in [CM12]. Here ey, ...,e, is a (local) orthonormal frame for an orientable C'*° n-dimensional
hypersurface ¥ C R™"! with 9*Y = 0, A := """ | V., V., be the Laplacian associated to
», V= Z?Zl e;V., is the gradient associated to ¥, A = A, is the second fundamental
form of ¥ at z, and ||A,|” is the sum of the squares of the entries of the matrix A,. Let
div, == >, V.. (-, e;) be the (tangential) divergence of a vector field on ¥. Note that L
is an Ornstein-Uhlenbeck-type operator. In particular, if ¥ is a hyperplane, then A, = 0
for all z € ), so L is exactly the usual Ornstein-Uhlenbeck operator, plus the identity map.
(More detailed definitions will be given in Section below.)

Lemma 2.6 (Linear Eigenfunction of L, [MR15, BBJ17] [Heil7, Lemma 4.2]). Let ¥ C
R™* be an orientable C™ n-dimensional hypersurface. Let X € R. Suppose

H(z) = (x,N) + )\, VrekX. (15)

Let v € R, Then

L{v,N) = (v, N).
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3. FIRST AND SECOND VARIATION

We will apply the calculus of variations to solve Problem [I.2] Here we present the rudi-
ments of the calculus of variations.

Some of the results in this section are well known to experts in the calculus of variations,
and many of these results were re-proven in [BBJ17], or adapted from [HMRR02].

Let Q C R™"! be an (n+1)-dimensional C? submanifold with reduced boundary ¥ := 9*).
Let N: ¥ — S™ be the unit exterior normal to 3. Let X : R""* — R"*! be a vector field.

Let div denote the divergence of a vector field. We write X in its components as X =
(X1, ..., Xns1), so that divX = S -2 X, Let ¥: R*™ x (—1,1) — R™! such that

U(x,0) =z, dii‘ll(x,s) = X(U(z,8), VzeR"™ se(-1,1). (16)

For any s € (—1,1), let Q) := ¥(Q,s). Note that Q) = Q. Let X := 9*Q®) Vv
se(—1,1).

Definition 3.1. We call {Q(S)}se(_l,l) as defined above a variation of Q C R**!'. We also
call {E(S)}SE(,M) a variation of ¥ = 0*Q).

Lemma 3.2 (First Variation). Let X € C{°(R"™ R, Let f(x) = (X (z), N(z)) for
any x € X. Then

(@) = [ @@ a7)

Hleo [ lada = [ (H@) = V@, fmladn + [ XKo@ (8)

0%

Proof. We first prove (L7)). Let JU(z,s) := |det(D¥(x,s))| be the Jacobian determinant of
UVreR™ Vse (—1,1). Then [CS07, Equation (2.28)] says

d
%lszoJ\If(l‘, s) = divX(z), Vael. (19)

So, the Chain Rule, J¥(z,0) = 1 (which follows by (16)), and imply

Sl @9) = Lo [ W9V s)de = [ @v(X(@)) = (X)) (0)
— [ div(X (@) @)de = [ (X(@) V) s}
Q by

(20)
In the last line, we used the divergence theorem.
We now prove (18). For any s € (—1,1), let J,¥(z,s) be the Jacobian determinant of
U(x,s), where the domain of ¥ in x is restricted to x € ¥. We refer to J,¥(z,s) as the
tangential Jacobian determinant of ¥. Then [CS07, Equation (2.39)], says

d
E\SZOJT\I/(LS) = div, X (z), Veel. (21)
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So, using the Chain Rule, J;¥(z,0) =1V z € ¥ (which follows by (16]), and (L6,

d d
— |s= dr = —|s= v v d
I T | RA T T
_ / (div, X (2) — (X (2), 2))7a () dz.
>
Let z € ¥. Applying the product rule, and writing x = (z, NN + (z — (x, N)N) =: 2¥ +27,

div (X (2) () = T (@)dive(X(2)) + (V3a(), X (2)) = () (div(X () = (7, X(2))).
Applying this equality to X~ and X7 separately,
div (XM (2)yn(2)) = Ya(2)div (X (2)),

div (X (2)90(2)) = (@) (div-(XT(2)) = {2, X7 (2)) ).
So, from the above and Remark [2.5]

d
— = n(T)dz
— o/a*ms)vm

- / div (X (2)3(2)) — (X (2), N ()N (), ) (x) + divy (X7 (@) ya(2))d
_ / F@)H() — (N (), 2)) () + / (X, ) ).

3
U

Remark 3.3. Let Qy,...,9Q,, C R"" be disjoint sets with U™, = R*"™'. Let uy,..., Uy,
denote the standard basis of R™. Then we can write in the following vector form, using
NZJ:—NJZ\V/1§Z<j§m,

%'s:027n+1(9§8))ui = ZUZZ/ X NZ] 7n+1 )d
=1

i=1 JFi
= Y ) [ XN
1<i<j<m Bij

1 fz (X, Nig)vn(z)dz
- 7= > (i —uy) ) Tn(Xij)-

Definition 3.4. Below, for any 1 <1i < j < m, we denote ;; := (0*(;) N (9*(2;), and

Ci=|J 0%y n@%p) N @k
1<i<j<k<m
We also let X € CP(R™ R™!) and for any 1 < ¢ < j < m, we denote fi;(z) =
(X(z), Nij(x)) for all z € ¥;;. Recall that N;; is the unit normal vector pointing from
€); into €, and H;; := div(1V;;) is the mean curvature of N;;. And v;; is the unit normal to
0*¥;; pointing exterior to X;;.
The following Lemma can be compared with [HMRRO02, Lemma 3.1].
13



FIGURE 3. Notation for sets and normal vectors.

Lemma 3.5 (First Variation for Minimizers). Suppose 1, ...,$,, minimize Problem
1.9 ThenV 1<1<j<m,3N\; €R such that

O:)\ij+>\jk+>\ki> v1§i<j<k§msuchthatEijﬂEjkﬂEki#@ (22)
O:l/ij—i-ij—f—Vki, V1§i<j<k§msuchthat EijﬂEjkﬂEki#Q).

Proof. From Lemma 2.3, Assumption holds. From (18), if X € C5°(R™*!, R"*1)

d
£|s=0 Z /ZS) fyn<x>dx

1<i<j<m

- Z /E__(Hij_(Nij,:v>)fiﬂn(w)dx+/c(X, Z Vij ) () da.

1<i<j<m 1<i<j<m

Choosing X to be supported in the neighborhood of a given x € ¥;; implies the first part of
(22). The final part of follows by Lemma i.e. Assumption (ii). Choosing X to
be supported in the neighborhood of a given x € ¥;; N ¥;; N Xj,; implies the second part of

2. 0

Remark 3.6 ([MN18a, Theorem 4.9(ii)]). Let €, . .., €, minimize Problem[l.2] The middle
condition of is equivalent to the existence of A := (A1,..., \,,) € R™ such that \;; =
N —Ajforall 1 <i < j<m,and with >.7" A; = 0. Then, combining Lemmas ,

14



Assumption 2.4 and Ny = —Nj; for all 1 <i < j <m,

5> /(S%

1<z<]<m
B > [ - NNz = 3, / (X, Nija(a)da
1<i<j<m 1<i<j<m
= > (Ai—Aj)/ (X, Nipyn(@)da =) / z)d
1<i<j<m Xij 1<i,j<m: i#£j

DY / 'ZAF—|S o1 () = V25 (A, V'(0),

=1 1<5<m: j#i

where V(s) 1= (%H(Qgs)) fynH(Q )) for all s € (—1,1). Similarly, by taking another
derivative in s, we get

1<Z<ZJ<mA”d 7ls= o/(_ (X, Nij)yn(@)dz = V21 (X, V"(0)).

For any 1 <i < j <m,let f: C§°(X;;) = R and define

Lijf(z) = Af(z) = (2, Vf(2)) + | A|* f(@) + f(z), Ve (23)
Lijf(x) = Af(x) = (2, V[f(z)), Vxely (24)
The Lemma below can be compared with the corresponding [HMRRO02, Proposition 3.3].

Lemma 3.7 (Second Variation of Gaussian Surface Area for Minimizers). Let
X € C'OO(R"Jrl R, Suppose Q. .., Q,, minimize Problem 1.2 . Then

ds2S 0o 2 /<>% = / fijLij fijom(x)dx

1<i<j<m ij 1<z<j<m

d d
Sl [ folerl@d+ oo [

Proof. Let ¥ be an n-dimensional C* hypersurface with boundary. We let ’ denote %|s:0.
From Lemma [B.2] we have

d2

o [ e = [(H@) = (V@)Y el

+ [ (1) = V@)@ + Tlo [ (X

*3(s)

From (16), 2’ = X = XN + X7 = fN+XT. Also, H' = —Af — || A|* f, N' = =V, [CM12,
A3, Al 4] (the latter calculations require writing Z( in the form {x + sN(z) + O,(s*): = €

X}). So

(H—(N,z)) = =Af = A f = (N, N+ X") = (2, Vf) = ~Lf.
15



In summary,

d2
Ll / ey = /E FLfn(a)dz

+ [ (@) — V@)@ + Tl [ (Xole)de

* 3 (s)
Summing over all 1 <7 < 7 < m, and applying ,

dQ
T3 ls=0 > /zﬁj.)%(x)dx: > —/ZijfijLijfiﬂn(a?)dx

1<i<j<m 1<i<j<m
d
o [ Ueha@da) + To [ (Xolaldo.

O

Below, we need the following combinatorial Lemma, the case m = 3 being treated in
[HMRRO2l Proposition 3.3].

Lemma 3.8. Let m > 3. Let
5

Dy i={(zihciziom €RG)VI<ij<m, wy=—z5 . xy=0}

D2 = {(wij)lgi;éjgm € R(g) V1 S 7 7&] § m, xij = —[B]’i,

Let x € Dy and let y € Dy. Then Zl§i<j§m xi;yi; = 0.

Proof. D7 is defined to be perpendicular to vectors in D, and vice versa. That is, D, and D,

are orthogonal complements of each other, and in terms of vector spaces, D @ Dy = R(%).
Consequently, the inner product of any x € D; and y € D, is zero. O

It is well-known that compactly supported variations such that %|8:0'yn+1(955)) = 0 for
all 1 < i < m can be modified such that 2 |,_gv,11(2) = 0 for all 1 < i < m and for

all £ > 1 while preserving the second variation. Such an application of the implicit function
theorem appears e.g. in [HMRR02, Proposition 3.3] or [BdC84 Lemma 2.4]. This argument
can be extended to noncompact variations [BBJ17, Lemma 1].

The Lemma below can be compared with the corresponding result [HMRR02, Lemma 3.2]

and [MN18a, Lemmas 4.12 and 5.2].

Lemma 3.9 (Extension Lemma for Existence of Volume-Preserving Variations).
Forany 1 <i<j<m, let f;; € C5°(X;;) satisfy

Then there exists a vector field X € C3°(R™ 1 R™™) such that

16



If additionally
V1<i<m, > / fijyn(z)dz =0, (28)

then X can also be chosen to be volume preserving:
Vi<i<m, Vse(—c2), Ymr(Q2)=7001(0).
Proof. By assumption, 3 a vector field Z: R**1 — R"*! such that
(Z(x), Nij(z)) = fi;(z), VeeC, Vi<i<j<m.
Then Z can be extended to all of Ui<;cj<m2i; by e.g. Whitney Extension. Let I be a
subset of {(,7): 1 < i < j < m} of size m — 1. For all (4,5) € I, let g;;: £;; — R be

compactly supported, nonnegative, C*° functions and let g;; be any smooth extension of g;;
to R™*! that is supported in a neighborhood of the interior 3;;, disjoint from all ¥, ; with

@’,j’) # (i, 7). Similarly, let N;; be any smooth extension of N;; to R™™!. Consider the map
U: R™M x (—1,1) x (=1,1)™ " — R™*! defined by
‘i(m,s, {tij}(i’j)el) =x+s4+ Z tijgijﬁijy Vs e (—1, 1), {tij}(i,j)él S (—1, 1)m71.
(i,9)€l

And consider the vector-valued function
S tijriq S, tijf(iq
Vi(s,{tijagrer) = (%H(Qg tbeneny (R ’”61))>-

Then V: R™ — R™, and the image of V' is at most (m — 1)-dimensional, since the sum of
the entries of V' is equal to 1. Consider the equation V' = constant. Then the Jacobian of V'
has maximal rank. So, by the Implicit Function Theorem, for every (i, j) € I, there exists a
function ¢;;: (=1,1) — R such that V(s, {t;;(s)}q, )er) = constant for all s € (—=1,1). Since
the Jacobian of V has maximal rank and holds, it follows from the chain rule that #,(0) =
0 for all (,7) € I. So, if we let X be the vector field for W(x,s) := W(x,s, {t:;(s)}j)er)
satisfying . Then holds for X. OJ

Lemma 3.10 (Volume-Preserving Second Variation of Gaussian Surface Area for
Minimizers). Let 2y, ..., minimize Problem . V1<i<j<m,let fij € CF(Z;)
satisfy and . Let X be the vector field guaranteed to exist from Lemma . Then

d2
@E:o Z /(S)’Yn(x)dx
1<i<j<m * Hij

d
= > —/ fz‘jLz'jfz'ﬂn(x)derd—|s:o/ (X, vij) () da.

1<i<j<m i

Proof. Assumptionholds by Lemma . From Lemma holds. Since the volumes
are preserved, for any 1 <14 < m, we have ), L= [y fij(@)ym(z)dz = 0. Combining

Lemmas B.7] and [3.8 shows that the middle term from Lemma vanishes. 0
Remark 3.11. V1 <i<j<k<m,and V z € (0"%;;) N (0"E;;) N (0*Xk;), define
65 (@) = (Vo Vi, Nig) + (Vo Viis Nia)]/ V3.

Note that qij + 4k + Qri = 0 since NZ] = _N]z by Definition and qi; = 4ji-
17



Compared to [HMRRO02], note that we have the opposite sign convention for the second
fundamental form and for v;;.

Lemma 3.12 ([HMRR02, Lemma 3.6]). V 1 <i < j < m, let f;; € C5°(Z;) satisfy (26).
Let X be the vector field guaranteed to exist from Lemmal[3.9. Then

d
%’320 Z /E§S:><X,Vij>%<x)dx

1<i<j<m

- ¥

1<i<j<k<m

- ¥

1<i<j<k<m

/ (X, Vi (vij + Vjg + v3a)) () dx
a*Eijma*E]-kﬂa*Eki

/ ([vuijfij + @i fijl fij + Vo, fir + G firl Fin
0*X;;NO* X j,NO* L

+ [V fri + Qkifki}fki) Yn(w)d.
For a proof of Lemma [3.12] see [HMRR02, Lemma 3.6]. Applying the above Lemma, we
get
Lemma 3.13. If for all 1 <i < j <k <m we have f;; € C§°(X;;) satisfying and
Vo, fig + @isfiy = Vo, fix + G fie = Vo, fij + @i fij, Vi<i<j<k<m,
then

d
Sl 3 [ Xtz =o

1<i<j<m
4. SECOND VARIATION AS A QUADRATIC FORM

Definition 4.1 (Admissible Functions). Define F be the set of functions (fi;)i<i<j<m
such that
e V1<i<yj<m, fi: ¥ = R, fEi]- fim(z)dr < oo and fEij IV i1 Y (2)dz < o0.
e V1<i<j<k<m,Vze;NZyny, fijlx)+ fixlx)+ fulx) =0.
The second condition is well-defined by e.g. a (local) Sobolev Trace inequality [FP13].

Definition 4.2 (Quadratic Form Associated to Second Variations). For any F' =
(fij)i<icj<m, G = (ij)1<i<j<m € F, define the following quantities if they exist:

QIF.G) = —/Z__gijLz’jfij%(f)dWF )

1<i<j<m 1<i<j<k<m 0" ¥ijN0" XjkNO* Vi (29)
<[vuijfij + ij fi59i5 + [V, ik + Grfirlgin + [V fri + Qkisz]gki)%(x)-
(F,G) = Z [i9ijn(x)dz (30)

Using , deﬁne LC U1§i<j§m CSO(ZU) — U1§i<j§m08°(2ij) by
L((fij)ici<j<m) = (Lij fij)1<i<j<m. (31)
Using also ([24])

L((fij)i<i<jcm) = (Lijfij)i<ici<m- (32)
18



Lemma 4.3 (Integration by Parts). Let F,G € F N C§(Ui<icj<mij). Then

ARG = 3 [ (V45,50 ~ ogs A + Dl (o)

1<i<j<m

Y

1<i<j<k<m

In particular, Q(F,G) = Q(G, F), so that Q) is symmetric.

/ (95 fi59i5 + @k LikGik + Qi friGri) o () d.
8*Eijﬁ6*21kﬁ8*2ki

Proof. From the divergence theorem for an n-dimensional C'*® orientable hypersurface ¥ with
C* boundary, if f,g: ¥ — R, then

[engm@an ® [ a7 =@V = [ div @9t
= [ (Wivr @)V = (V1)) o = [ (FL0)g(e) = [ (915 (a)de

As usual, v denotes the exterior pointing unit normal to 9¥. Substituting into the definition
of Q(F,G) and using and completes the proof. O

Lemma 4.4 ([BBJ17, Lemma 1]). Let Q, ..., Q, satisfy Assumption[2.f] Then there exists
a sequence of C* functionsm < ne < ---: U, 0*Q; — [0, 1] supported in M, UM, _1 UM,
(using the notation of Assumption[2.4)) such that

i S0 V0 (e =0

1<i<j<m

Proof. By Assumption S =Ur,09;\ (M, UM,_1UM,_5) has zero (n — 2)-dimensional
Hausdorff measure, so the assertion follows e.g. by [BBJ17, Lemma 1]. More specifically, fix
g,r > 0, and note that there exist (", ... 2™ € R™' and 0 < ry,..., 7, < 1/2 such that

m
{re8: |z <r} CURB(zir), Y rP<e
=1

Then, for each 1 <7 < m, let 0 < 6; < 1 be a smooth function such that 6, = 0 inside
B(x;,2r;), such that 6; = 1 outside B(z;,3r;), and such that ||V6;|| < 2/r; in B(x;,3r;) \
B(x;,2r;). Let 0 < 6y < 1 be a smooth function such that 6, = 1 inside B(0,r — 3) and
8y = 0 outside B(0,r — 2), and then define 7, . := ming<;<,, #;. Then

Z /EZ ||V(1 - ﬁr,a)HQ’Yn(fL‘)dl‘

1<i<j<m
& 4
< Ay, (x)da + > —Vn(2)d
SNB(0,r—2)\B(0,r—3) i1 ¥ SNB(xk,3r)\B(zk,2r) Tk
m
< 4m (r"e*(“i")Q/? +3my 7“;’;“2) < 4m ('r’"tf(’"*?’)Q/2 + 3"8).

k=1
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The penultimate inequality used Lemma [5.8] Finally, let € := £(r) — 0 as r — oo, and
define 7, := ;.. The bound on the integral of (1 —1n,)? follows similarly from Lemma 5.8
since

/ (1_777“,6)2%1(33)(13:
1<i<j<m i

<

4y, (x)dx + 4y, (z)dx

/SﬂB(O,r—Q)\B(O,T—Z&) k=1 /SﬂB(a:k ,3r)\B(2k,271)

<4m (r”e_(r_?’)Q/Q + 3" Z TZ) <4m (T"e_(r_3)2/2 + 3"6).
k=1
d

Lemma 4.5 (Non-Compact Variations). Let Qy, ..., , satisfy Assumption [2.4. Let

F,G € F. Assume that
Z / |szfw| 'Yn )dm < 0.

1<i<j<m
Assume V1 <i<j<k<m,Vaxe (08, N(0*L;;) N (0"E), the following holds at x.
Vo, fig + @ijfiy = Vo, fie + G fie = Vi fri + Qi fri- (33)

Then Q(F, F) and Q(F,G) are well-defined real numbers. Moreover,

Also, 3 a sequence ¢1,¢s,... € CF(X) with 0 < ¢y < ¢ < -+- < 1 on R™ converging
pointwise to 1 such that

lim Q(¢uF,G) = lim Q(¢uF, ¢uG) = Q(F, G).

Proof. Let ¥ 1= Uj<jcj<mij. Let ¢ € CP(X) with 0 < ¢ <1, ¢ =1 when ||z|| <7, ¢ =0
when ||z|| > 7+ 2 and |[V¢| <1 on X. From Lemma [4.3]

QOF.G) - QF,6G) = 3 / 1i(V6.95) — 05 (V6. V f) ) ()

1<i<j<m

So, as r — 00, |Q(¢F, G) — Q(F, ¢G)| converges to 0 by the Dominated Convergence Theo-
rem and the Cauchy- Schwarz inequality, using F, G € F and Definition By the assump-
tion (33)) on F, Q(F, ¢G) Zl<z<]<m fzij bGi; Lij fijn(x)dz. So, as r — oo, Q(F, ¢Q)
converges to (—LF,G). Therefore, as r — oo, Q(¢F, G) also converges to (—LF,G). The

second assertion follows from the first, since |Q(¢F, ¢G) — Q(F, $*G)| converges to zero as
r — oo as well. O

5. CURVATURE BOUNDS

Below we denote > := U1§i<j§m2ij'
20



Remark 5.1. Let v € R™™'. For all 1 < i < j < m let f;;: ¥;; — R be defined by
fij == (v, N;;). Then for all 1 < i < j <m, L;;fi; = fi; by Lemma and Lemma .
Also, the term in Lemma [3.12]is zero, since X := v is the constant vector field in this case,
ie. holds. For more detail on the latter, see [HMRRO02, (Eq. 3.13) and p. 476], where
it is noted that X := v corresponds to an infinitesimal translation with associated Jacobi
functions {(Nij7 U>}1§i<j§m-

Lemma 5.2. Let A be the set of solutions {\;j}1<i<j<m of the middle equation of .
Then A is a vector space of dimension equal to m — 1. Also, A has an orthonormal basis
(with respect to (-,-) defined in Lemma @) consisting of vectors all of whose components
are nonzero.

Proof. From Lemma 3.8, A (i.e. D5) has dimension equal to m — 1 (since D; has dimension
—m + 1 and Dy @ D; has dimension (Tg)) Consider the sets described in Conjecture
3l These sets satisty H;j(x) = 0 for every x € 3;;, and they also satisfy all equations from
(22)), for any y € R™'. We can then treat N;; as being constant functions of y, so that
Nij(y) = —(y, Ny;) for all 1 <i < j < m is a solution of the equations (22)). By considering
any y € R™ 1 linear algebra also implies then that A has dimension at least m — 1, since
the only y € R™ ! such that (y, N;;) =0 for all 1 <i < j < m is y = 0. Finally, choosing
an orthonormal basis of y’s of R™™! so that each basis element is not perpendicular to N;;
for all 1 <17 < j < m, then we have m — 1 nonvanishing solutions of . O

Since @) defined in is a symmetric quadratic form by Lemma we anticipate that
a function minimizing this quadratic form is an eigenfunction of L. When the minimum
exists, we can get an eigenfunction of L in this way. However, it is possible that the function
minimizing ) might change sign on connected components of ¥, contrary to our intuition
that a fundamental tone should not change sign. This sign changing property also causes
problems for ensuing arguments, since the non-sign changing of the fundamental tone was
crucial in the curvature bounds of [CM12, [Zhu20]. To get around this issue, we instead
minimize () over functions whose sign does not change on connected components of >. By
Lemma 5.2} such a restriction is nontrivial. It is still possible that such an F minimizing Q
might vanish on the boundary of ¥. We will deal with this issue in Lemmas and [6.1}
For any hypersurface ¥ C R"™! (possibly with boundary), we define
0=10(%):= Ge]-‘mcgog)f: (G,G)=1, QG G). (34)

G does not change sign on any
connected component of 3

By the definition of ¢,

Lemma 5.3 (Existence of Fundamental Tone). Assume ¢ := §(X) < co. Then there
exists F' € F such that

F,F) = i G,G). 36

Q(F, F) e, QGG (36)

G does not change sign on any
connected component of ¥

If F' € F satisfies , then the following hold. F is an eigenfunction of L so that

LF =J§F.
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Moreover, V1 <i<j<k<m,Vazec (0*E;)N(0"L;x) N (0*Ly), the following holds at x.
Vo, fig + i fij = Vo, fik + Gefix = Vo, fij + @i fij-

Proof. First note that the set of functions G specified in is nonempty by Lemma

Fix z in the interior of ¥. Let X1 C Y5 C ... be a sequence of compact C'™ hypersurfaces
(with boundary) such that U X, = X. For each k£ > 1, let F;, be a Dirichlet eigenfunc-
tion of L on X such that LFj, = 6(3;)Fj, and such that Fj does not change sign on any
connected component of ¥. By multiplying by a constant, we may assume F(z) = 1 for
all k > 1. Since 6(3) increases to 0(X) < oo as k — oo by (34), the Harnack inequality
implies that there exists ¢ = ¢(Xy, (X)) such that 1 < sup,cp Fi(y) < cinfyep Fi(y) < c
for some neighborhood B of z. Elliptic theory then gives uniform C%° bounds for the func-
tions Fi, F3, ... on each compact subset of 3. So, by Arzela-Ascoli there exists a uniformly
convergent subsequence of Fy, Fy, ... which converges to a solution LF = §(X)F on ¥ with
F(z) = 1 such that F does not change sign on any connected component of ¥.. The Harnack
inequality then implies F' is nonzero on any connected component of X.

Let G € F. For any t € R, define

_ QF +tG, F +1G)
U= G P

By definition of F', we have ¢(t) > 0 V ¢t € R. Therefore, ¢(0) = 0. By Lemma {4.3]
Q(F,G)=Q(G, F), so

—Q(F,F).

\ _ QUEF) +2tQ(F,G) +£Q(G.C)
() = (F, F) + 21(F, G) + (G, G)

CI(O) _ <F7 F>Q(F7 Q) B Q(Fv F)<F7G>
(F, F)?

_Q(F’F)v

0=

Therefore, for any G € F,

QFF)
(F,F)
Fix 1 <4 < j < m. Choosing G smooth and localized away from C' then implies that
LF = —%gf;)F =: 0F on X;; for every 1 < i < j < m, away from their boundaries. Fix
1 <i < j <k <m. Choose the vector field X (where g,, := (X, Ny,) forall 1 <p < g <m)
now such that g;; = —g;jx = 1 and g3; = 0 at some z € (9*%;;) N (0*L;;) N (0*Ly;), and such
that X is supported in a neighborhood of x. Then the definition of Q(F,G) implies that
Vo, fij + @jfi; = Vo, fix + @rfix. (This argument is valid as long as the sign of fi;, fjr, fr
are not all the same at x. It cannot occur that all three of these numbers have the same sign,
since they must sum to zero at z, and by the definition of F', these three functions cannot

all have the same sign in a neighborhood of z, by the limiting definition of F'.)

Q(F,G) = (F,G).

U
Lemma 5.4. Let Qy,...,Q, minimize Problem[1.3 Then 6 > 1.

Proof. By Lemma [5.2] there exist a linearly independent set of functions Fi, ..., Fp_;: ¥ —

R such that for any 1 <+¢ < j <m and for any 1 <p <m — 1, F}, is a nonzero constant on
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>+, and also

d (F@)*=1, Vzex

Fix 1 <p<m—1. Let ¢ € C§°(¥). Recall from Definition |4.2| that Q(F}, ¢F,) is the sum
of two terms. Consider the second such term. If we sum that term over all 1 <p <m — 1,
we get zero, since for any 1 <i < j < k < m and for any = € (0*%;;) N (0*E;x) N (0*Xpi),
we have ¢;;(z) + ¢jr(x) + gri(z) = 0 by Remark [3.11] Therefore, there must exist some
1 < p <m — 1 such that the second term of Q(F,, $F},) is nonpositive. That is, there exists
1 <p < m —1 such that

AR R <= Y [ oA+ D))

1<i<j<m

(Since F), is constant, the VF, term is zero in Q(F,,¢F,).) But then, letting ¢ increase
monotonically to 1,

QELE) _ ~ Lrcicien Jo, (A1 + D) (x)dr
(Fp, Fp) Zl§i<j§m fzij (Fp())2yn(z)dx .

Since F}, is nonvanishing, we conclude that § > 1. O

A key step of the important Lemma below is to bound the gradient of F' by F' itself,
where F' is an eigenfunction of L. As in [CMI2, [Zhu20], such a bound can result from a
bound on the gradient of the logarithm of F', together with the Cauchy-Schwarz inequality.
Unfortunately, the function F' from Lemma might vanish on the boundary of ¥. So, we
have to careful when bounding the gradient of the logarithm of F. The argument below is
adapted from [CMI12, Lemma 9.15(2)].

Lemma 5.5. Assume 6 := 6(X) < oo. Suppose F € F, LF = 6F and F satisfies (33)). Let
¢ € C§°(X) such that

{reX: ¢p(x) =0} D{r € ¥: 31 <i<j<msuch that f;;(z) =0}.

Then
S [ (1A + 1905l Jutaddn [V, g fy ()
1<i<j<m Y ¥ii 8%y,
<t [0+ G- pe e
1<i<j<m >
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Proof. Fix 1 <1 < j <m. On the interior of X;;, if f;; # 0, we have

‘ a 11 yq n _ .. 2 P
‘C’LJ lOg ’fzg’ é Z vek <Vekf2j> _ <$; vfzj> _ Z (Vekfz]) + ['zgfzj
k=1

Jij fij P Z2j i
ijJ 1 Li'i‘—AQi-— »
:_HVlOg‘fm‘H 4 =4 Jf] . HVlOg\fl]HF—i— ij H || f] f]
fij 7,
2
= — HVlog\fij‘H? + 0fij — ||Aj” fij = Jij
1]

= — |V log |fil|I* + (6 — 1) — | A|*.

Let v;; denote the unit exterior normal vector to the boundary of ¥;;. By Lemma

/E (V6. ¥ log | fig) ()

ij

(14 A([32)
OB [ grioglyln@dns [ 6., 108yl ule)ds
oy 27
= [ R(IV 0I5l + (1= 5+ 1A Jrale)de+ [ 69,1081yl o)
i) 27

(Since ¢ is zero whenever f;; = 0 by assumption, all expressions above are well-defined.) By
the arithmetic mean geometric mean inequality,

1
[(V6?, Viog|fi)| < 2(IVa|* + §¢2 IV log | 51117

So, combining the above and summing over 1 < i < j < m,

> [ e (uar +||V10g|fu|||> it [ 6, gl (o)

1<i<j<m 0*Xij

<1 Y / IV + (6 — 1) (x)de

1<i<j<m

The following curvature bound is adapted from [MRI5, Lemma 5.1].
Lemma 5.6. Let Qq,...,€, minimize Problem . Then ¥ ¢ € C§°(%),

) /¢2|Au iz < 3 / 5= 16+ [ V| ) (a)d.
1<i<j<m 1<i<j<m

Proof. Let G := {w; }1<i<j<m be a solution to the system of middle equations of . Let
¢ € C°(R™1). By the definition of 4,

—Q(0G, 9G) < §{¢G, dG).
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That is, by Lemma [4

> / (= 9617 + G2(LAI7 + D)o (e

1<i<j<m

+ > / ¢’ <Qijai2j + qjrdy, + qwé)%(x)
0*%; 08 Ejkﬂﬁ*Eki

1<i<j<k<m

<5 Y /qbozmvn

1<i<j<m

Summing these quantities over all permutations of {1,...,m}, i.e. permuting {o; 1<i<j<m,
the middle term vanishes by Remark [3.11] and we get

Z / (= IVo|* + 62| Al|* + 1)) yn(a)dz < & Z /qb%
1<i<j<m 1<ici<m

Rearranging completes the proof.

Lemma 5.7 ([Zhu20, Lemma 6.2]). Let Qy,...,Q,, minimize Problem . If [o(6)?
IV 0||*)n(z)dz < 00 and if ¢ is bounded, then

/ " |A|I* 7o (2)da < /(||V<Z5||2 + (8 = 1)¢") (@) da.
> s
Proof. Apply Lemma [5.6, Lemma [4.4] and Fatou’s Lemma. O

A rearrangement argument implies the following decay for the Gaussian surface area of
optimal sets far from the origin.

Lemma 5.8 ([MN18a, Lemma 4.3]). Let Q, ..., , minimize Problem [1.3. Then there
exists rn,, > 0 so that, for all r > r,,,

S (SN {z € Rl > 1)) < 3m(fe € R™: Jlaf = 1)),
1<i<j<m

The following Lemmas follow from Lemma [5.7
Lemma 5.9. Let ..., minimize Problem[I.3. Then

3 / A2 3 () dar < oo
1<i<j<m
Consequently, for any v € R" by (10] ,

S [ IV N e < o

1<i<j<m

Proof. Use Lemma and . O
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6. ORTHOGONALITY OF EIGENFUNCTIONS
The following is an adaptation of [CM12, Lemma 9.44] and [Zhu20, Proposition 6.11].

Lemma 6.1 (Orthogonality of Eigenfunctions). Suppose Assumption holds. Let
J:=0{z e X: ||z <t}). Assume 1 < § < co. Let F' € F be the (Dirichlet) eigenfunction
of {z € B ||z|| < t} that exists by Lemmal5.3, so that LF = 6F and F' = 0 when ||z|| =t (so
that F' has Dirichlet boundary conditions). Fiz v € R"™'. Let G € F so that g;; = (v, Nyj)
forall1 <i <3 <m. Then for all € > 0, there exists t > 0 such that

[(F,G)| < e(d— 1) 2(F, F)Y*(G, )2
Here € does not depend on J.

Remark 6.2. The following informal argument would show that (¥, G) = 0, though since
is not compact and has boundary, this informal argument is not rigorous. By the definition
of F and our assumption, the second term in the definition of Q(F,G) is zero, so that

Q(F,G) = —(LF,G), so by Lemma[4.3]
dF,G)y=(LF,G) = (F,LG) = (F,G).
Since § # 1, we have (F,G) = 0.

Proof. By Lemma and Lemma (using that the vector field X := v is constant for
G),V1<i<j<k<m,and for all x € (0*%;;) N (0*L;x) N (0*Xy;), we have

Vo, fig + i fijg = Vo, fik + Gefix = Vo, fij + @i fij-
Vi, 9i + @495 = Vo, 9ik + QGrgik = Vo, 9i5 + 4ij ij-
By , , and ,
GLF — FLG = GLF — FLG = (5 — 1)FG. (38)
Let ¢ € C§°(X). Then

(37)

div, [(GVF — FYG)] = (GLF — FLG)v & (5 - 1)FGy.
Integrating by parts gives

G-NwRa @ ¥ / 6 — 1) fiygign(2)da

1<i<j<m
S / (V4,05 fis — Vi) (@) (30)
1<i<j<m

+ ) V(9ij Vi, fis — [V i 9i5) () dz.

Adding and subtracting the same terms, and using Definition [4.1] and (37),

w(gijvui]‘ Jij — fijij i)y (x)d

1<i<j<m ¥ 9" %ij

Z ¢ gzy vuwfu + quz]] fij I:vVijgij + %]gzj])%’b(x)dx

1<i<j<m 0%y

D,
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We can then rewrite as

G-DWRG = 3 / (V0,059 fi5 — f5V 955} (). (40)

1<i<j<m

We split this integral into two pieces. For any 1 <17 < j < m let B;; C X;; and denote
B := Ui<icj<mBij. Define C as in Definition 3.4l For any r,e > 0, denote

B(0,r) :={z € R |z|| <},

C.,:={x € R"™: Jc € Csuch that ||z —¢c| <eandr < |c|| <r+1}.

So, C., is the e-neighborhood of the part of C' lying in the annulus with radii » and r + 1.
By Assumption , let n € Cg°(R™!) such that n = 0 on C.,, 0 < n < 1 everywhere, n = 1

on Cs,_ .. We then write as

G-DWEG = 3, / (V6,935 fig = sV 935 1n()
1<i<j<m

(41)

/z (1 =)V, 955V fij — [;V gij)m(z)d.

1<i<j<m ¥ i

We estimate the first term in (41). Define ¢ := n||V#||. Using the Cauchy-Schwarz
inequality on the first term of ,

Z / V?ﬂ,g”Vf” fUng>'7n( )dx

1<i<j<m

< 3 [ oIl 198l + 1551 19531 )rute

1<z<]<m
o 19
= 3 [ ol T Ul 1A )
1<i<j<m L

<ol (R )2 (Y / & (19 10g 1y I+ 141 ) (e))

1<i<j<m

Note that ¢ = 0 on C, so the boundary term in Lemma is zero. We therefore apply
Lemma [5.5] to get

Z / v¢792jvf1] fzyv.gw>7n( )d

1<i<j<m

<2l (B RS [ I9e 6= Dgtated)

1<7,<]<m
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Note that 1 — 7 is only nonzero on (. ,, so we can estimate as

G-DWwre <2l RS [ 9o+ 6 - ne, @)

1<i<j<m

+ IV I figll + Ll TolHIAL) v () der.

1<i<j<m Coe,rNEij

The latter term is negligible when € > 0 is small, since the integrand does not depend on ¢,
whereas the region of integration becomes smaller as ¢ — 0. The other integral is negligible
by Assumption [1.6] and then letting » = ¢ — oo completes the proof, since 1 — % is only
nonzero on B(0,7)¢, so

(F.G)| < [(F, G)| + [(F.G(1 = )| < [(WF,G)| + (F. F)*(G, Glp(os))""*.
And the last quantity goes to 0 as » — oo by the Dominated Convergence Theorem.

7. DIMENSION REDUCTION
Below, we fill in the details to the argument sketched in the introductory Section [1.1

Proof of Theorem[1.J]. For any v € R"™!, define

T(v) :(/M 3 <U,N1j>'yn(x)dx,...,/am S o Noyha(a)de).

je{l,m}: j#1 ™ je{l,..,m}: j£m

Then 7: R**! — R™ is linear. By the rank-nullity theorem, the dimension of the kernel of
T plus the dimension of the image of 7" is n + 1. Since the sum of the indices of T'(v) is zero
for any v € R™™! (since N;; = —N;; V 1 <i < j < m by Definition , the dimension ¢ of
the image of T' is at most m — 1.

Let v in the kernel of 7. For any 1 < i < j <m, let f;; := ¢(v, N;;). Let X := ¢v be the
chosen vector field. Since €2y, ..., Q,, minimize Problem

d2

0< —|s= w(z)d.

S gg2 0 Z /2@7 (z)da
1<i<j<m ij

From Lemmas [3.10} 1.5, B-9 and then letting ¢ increase monotonically to 1 (as in

Lemma ,

0< > —/ fij Lig fijm(z)d.

1<i<j<m v Zij
(By Lemma [4.5| with F' = {(v, N;;) h1<i<j<m, the second term in for Q(oF, ¢F) is zero
in the limit as ¢ increases to 1.) By Remark [5.1]

0< Y - / ().

1<i<j<m
The last quantity must then be zero. In summary, for any v in the kernel of 7', V 1 < i <
Jj<m, fij(x) = (v,N;;(z)) =0 for all z € ¥;;. That is, 30 < ¢ < m — 1 as stated in the
conclusion of Theorem [[L4l It remains to characterize £ in terms of the Gaussian centers of

mass of the sets {2y, ...,,,.
28



The image of T is the span of

{(/3* Z (v, Nij)vn(2)dz, . . . /6*9 Z (v, ijhn(x)dx) eR™: v e R”+1}.

! je{1,....m}: m je{l,...,m}:
A j#m

Using the Divergence Theorem for R**!, if v € R"*! then

L. X M= [ o,

je{1,...m}: j#1

and similarly for Qs,...,€2,,. So, the image of T is the span of

{(/Ql xyp(z)dx, . .. ,/Qm gwn(x)dxyv eR™: p e R”“},

Here ([, 2y (z)dz,. .., [o 27y.(v)dz)" denotes the matrix with m rows, each of which is in

R"*1. So, the dimension ¢ of the image of T is equal to the dimension of the span of the
vectors le Va1 (x)de, . . . me TYpy1()dzx, as desired. O

8. PROOF OF STRUCTURE THEOREM DICHOTOMY
As above, ¥ := Uj<jcjomij and Xy = (0°Q;) N (0*Q;), V 1 <i < j < m, and we define
d=04(2) =— inf Q(G, G).

GeFNCER(2): (G,G)=1,
G does not change sign on any
connected component of 3

Proof of Theorem[1.5 Existence of Qy,...,Q,, follows from Lemma 2.2l Assumption [2.4
holds by Lemma Assume that the second case of Theorem does not occur. That is,
assume that £ = m — 1 is the smallest possible ¢ such that the second case of Theorem (1.5
holds (recalling that ¢ < m — 1 by Theorem . If 6 =1, it follows from Lemma that
|A|| = 0 on X. So, either § > 1 or ||A|| =0 on X (since § > 1 by Lemma [5.4).

Suppose 2 > § > 1. Let t > 0, let & := {x € X: ||z|| < t}, let 6; = 6(3;) and let F' = F;
from Lemma so that LF = §;F and so that F satisfies (33]). For ¢ sufficiently large,
0; > 1 by definition of §. If F'is volume-preserving, i.e. if holds, then by Lemma m,
we get a contradiction by Lemmas and . Otherwise, fix v € R""! and let G so that
gij = (v, N;;) for all 1 <i < j <m. Since { =m — 1, we can choose v # 0 such that F'+ G
satisfies . By Remark and Lemma , holds for G. Then, by Lemma we

have
QUF + G, o(F+ Q) =(—L(F+G),0(F+G)) = —(F + G, 0(F + G)).
Letting ¢ increase monotonically to 1 (as in Lemma , we then get
QF+G F+G)=—(F+G F+G)=—-6(FF)—(G,G) — (& + 1){F,G) < 0.

To see that the last expression is negative, choose ¢ > 0 and ¢ large by Lemma so that
e < 1/3<1/(6 + 1), s0 that |(6; + 1)(F,G)| < (F, F)Y/?(G, G)*/?. Then

QIF+G,F+G) < (1—6)(F F)— ((F,F)Y?—(GQ,a)"*)?* <.

So, we have contradicted Lemma [3.10| and minimality of Qq,...,€,,.
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In the remaining case that 6 > 2 Lemma [6.1] is not needed. Let ¢ > 0 so that §; > 2. Let
F' be a Dirichlet eigenfunction such that LF = §;F. We then repeat the same computation,
and use Lemma [4.3] to get

QIF+G,F+G)=Q(F,F)+2Q(G,F) + Q(G,G) = —6,(F, F) — 2(F,G) — (G, G)
=—(0 —2)(F.F) —(F+G,F+G) <0.

9. PROOF OF (CONDITIONAL) DOUBLE BUBBLE PROBLEM

FIGURE 4. Proof of Corollary [1.7]

Proof of Corollary[1.7]. Let m = 3. Existence of 0,9, Q3 follows from Lemma 2.2 As-
sumption holds by Lemma By Theorem , we may assume that €, s, Q3 C R2.
From Theorem [I.5] either all connected components of 9%y, 9*Qq, 3*Q3 are flat lines, or we
may assume that Q,€, Q23 C R. In the second case, a rearrangement argument implies
that €1, 25, Q23 must be connected intervals, so we now consider the first case.

In the first case, we claim that €, 25, 23 must have exactly three connected components.
We show this by contradiction. Suppose €21, {25, {23 have more than three connected com-
ponents. By Assumption , there must then exist two points z,y € R? such that (after
relabeling the sets), €3 N {2y contains the line segment ¢y between x and y, and (23 intersects
both z and y. Let v € R? be nonzero and parallel to £,. By Assumption (which holds
by Lemma , the boundaries of €2y, €25, 23 consist of line segments pointing in only three
directions. So, any line segment not parallel to ¢ is not parallel to v. We can then put the
edges of 02 U 00y U 03 into at least two nonempty equivalent classes. An edge e is in the
equivalence class labelled as z if a sequence of adjacent edges can be constructed connecting
x to e such that v is not parallel to any edge in the sequence. Similarly, an edge e is in the
equivalence class labelled as y if a sequence of adjacent edges can be constructed connecting
y to e such that v is not parallel to any edge in the sequence.

We now claim we have linearly independent eigenfunctions of L. These correspond to (i)
the vector field X := v, (ii) the constant vector field X that is orthogonal to v, and (iii) to the
function on ¥ such that X = v everywhere, while X = —v on edges in the equivalence class
labelled y. With these three eigenfunctions, we can form a nontrivial linear combination F
such that Q(F, F) < 0 and fmi Fy,(x)dz = 0 for all i = 1,2, 3, violating the minimality of
01, s, Q3. Therefore, €21, 25, {23 must have exactly three connected components.
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In summary, §21, 25, {23 must have exactly three connected components and flat boundaries,
so that either €2, €25, 23 are the sets described in Conjecture(1.3} or €2, €25, 23 consist of three
parallel slabs. Having reduced to only two cases, one can conclude by showing that the slabs
do not minimize Problem for m = 3 by either direct estimates, or the differentiation
argument of [MN18a], which we recall below in the more general case m = 4. U

10. PROOF OF (CONDITIONAL) TRIPLE BUBBLE CONJECTURE

Below, we let ! denote the transpose of a matrix or vector. Also, all vectors are assumed
to be column vectors.

Proof of Corollary[1.8 Let m = 4. Existence of Qy,...,Qy follows from Lemma [2.2] As-
sumption holds by Lemma By Theorem , we may assume that Q,..., Q4 C R3.
From Theorem [I.5] either all connected components of 9*Q;, 9*Qy, 9*Q23 are contained in flat
planes, or we may assume that Qq,..., Qs C R2 If Qp,...,Q4 C R, then a rearrangement
argument implies that €2y, ..., are connected intervals, so we ignore this case for now.

In the first case, we can choose three nonzero, linearly independent vectors in R3 each
corresponding to an eigenfunction of L with eigenvalue 1 by Remark [5.1]

We now consider the case that €;,...,, C R2. In this last remaining case, either § = 1
or 0 > 1, since 6 > 1 by Lemma [5.4 In the former case, we claim that for any € > 0, there
exists a three-dimensional subspace of functions such that Q(G,G) < —(1 — ¢)(G, G) for
every (G in this subspace. To see this, first suppose 1 < § < oo. Note that we have two
eigenfunctions with eigenvalue 1 from Remark and another Dirichlet eigenfunction F' of
L since 6 > 1. Consider the three-dimensional subspace formed by linear combinations of F
and G, where G is an eigenfunction with eigenvalue 1. Let a := (F, F)'/2 b := (G, G)'/2
We estimate Q(F + G, F + G). Without loss of generality, a* + > = 1. Then

—QF+G F+G)=6a>+ (0 +1){F,G) +b* =1+ (6 — D)a* + (6§ + 1)(F,G).
From Lemma [6.1] for any ¢ > 0, we have |(§ + 1)(F,G)| < 2(6 + 1)(6 — 1)~"2cab. So,
—QF+G,F+G)>1+ (0 —1)a®>—2(6 +1)(6 — 1)~ %cab.

The function a + (6 — 1)a? — 2(§ + 1)(§ — 1)""2cab for a € [—~1,1] has a minimum value
of —b%¢%(6 + 1)%/(6 — 1)%. So, if € is small enough, we have —Q(F + G,F + G) > 1 — .
Meanwhile, (F +G,F +G) =1+ 2(F,G) <1+ 2¢(§ —1)""/2ab. The claim follows. (This
argument also applies to taking Dirichlet eigenfunctions in the case § = c0.)

In summary, in any case, for any € > 0 there is a three-dimensional subspace where
Q(G,G) < —(1 —¢)(G,G) for all G in the subspace, all such G satisfy , and there are
(1, G5, G3 in this subspace such that

span{(/ Z%,u%(ﬁ)dx, . ,/ Z gk,mﬂn(x)da:> k=12, 3} (42)
ol O o,
is three (which is as large as possible). (Otherwise, there is a nonzero element G of the
subspace such that the vector in is zero while Q(G, G) < 0, violating the minimality of
Qp,., Q)

Let m = 4. Let A, :={a = (a1,...,an): a1+ -+ an =1,a>0V1<i<m}. Let
a €A, Let zi,..., 2, € R™! be the vertices of a regular simplex in R™~! centered at the
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origin. Assume that ||z;]| = 1 for all 1 < i < m. For all 1 < ¢ < m, define
Qi(a) =y +{z e R™ " (2, 2) = max (z,z;)},
1<j<m

where y € R™™! is chosen so that 7, 1(Q:(a)) = a; for all 1 <i < m.
For any a € A,,, define

—mm{/ 7m2 r)dr: UM, Q=R™ 1 4 () =a;, V1 <i<m}

— / Ym—2(x)dz.
y+UL, 09 (a)

By definition of J, we have J(a) < 0. Corollary is the assertion that J(a) = 0 for all
a € A,,. We argue by contradiction. Assume J(a) < 0 for some a € A,,. Further, assume
that
— ] !
J(a) = Jnin J(a').

This minimum exists since J(a’) = 0 for any o’ with @] +---+al, =1 and a; = 0 for some
1 <4 < m by the known m = 3 case of Conjecture [1.3] recalling that m = 4 in this section.
For any a € A,,, define I(a) as in Lemma [11.3]

Let (Q(s) ce Q(S))Se _1,1) be a smoothly varying partition of R”“ such that (Q( ). ,Qﬁg))

minimizes Problem when s = 0, and define Z(S ; ((9* ) (8*(2;5 ) for any 1 < i <
jgmandforanyse( 1,1). Foranyse( )deﬁne

V(s) = (i (). i () ). (43)

Then J(V(s)) has a local minimum at s = 0, so its first derivative is zero, and its second
derivative is nonnegative, i.e.

JVO0) V() =0=—lo D /*2(5 (w)dx = (I'(V(0)), V'(0)).  (44)

1<i<j<m

IWVO).VO) + (VO VOV O < Sy S / @ )

1<i<j<m
From Remark [3.6] (using the notation from there),

!
we = (s = VRV O) (46)
1<i<j<m
By e.g. (42), V'(0) can be chosen to be any vector in Ay, so (46) and imply that
I'(V(0)) = v2rA. We can then rewrite as

VOV OV < s 3 [ ot = varvo)

1<i<j<m
Using Lemma , the second part of Remark |3 - 3.6| together with ( , and using any of the
vector fields from (42)) (thereby defining F' € F with f;; := (X, Nij> forany 1 <i < j <m,
where X satisfies for W defined so that QES) = \IJ(QEO), s) for all s € (1,1)), becomes

(V’(O))tf”(V(O))g;/’(O) < QFF). (48)



Note that holds for F, justifying .
We now apply Lemmas [11.1] [I11.2{and [L1.3| to to get, Ve > 0,
(V'(0)) I"(V(0))V'(0) < —(1 —e)(vV2rV'(0))' K~'v2rV'(0).

By (42)), we then have [” < —2wK ' in the positive semidefinite sense of matrices acting on
A,,. Since both matrices have the same null space, we conclude that —I” < —27K~! in the
positive semidefinite sense of m x m matrices. But then

2(v(©0) @ - (v o) =i B2 3 sy

1<i<j<m

That is, J(a) > 0, a contradiction. O

11. LEMMAS FROM MILMAN-NEEMAN

Below, we let ! denote the transpose of a matrix or vector. Also, all vectors are assumed
to be column vectors.

Lemma 11.1 ([MNI8a|, Lemma 6.4]). Let D, E be random vectors in R such that E || D||* <
0o and E||E||* < co. Assume that EEE" is nonsingular. Then
(EDE")(EEE") Y (EED') < EDD".
Let uy,. .., u,41 denote the standard basis of R". Let Q, ..., Q,, minimize Problem .
Define
Ki= ) (i) (s — uy) (s — uy)". (49)

1<i<j<m

Lemma 11.2. Let § > 1. Let F € F satisfy Q(F,F) < —6(F,F) and (33). Define V by
(43). Then

QF, F) < —5(v2rV'(0)) K1 (v/22V"(0).
Proof. For any 1 <i < j <m, define E;; f;; := fzij fijyn(z)dx/ fzij Yn(z)dz and define

— — =t
Nij = EU(NZ]|X), S = Z NZJN

1<i<j<m
Define D, E so that D := Nij and F :=u; —u; on X5, for all 1 <1i < j < m. Define
—t
M = Z Vo (Zij) (Wi — uj) Ny (50)

1<i<j<m

Then by Definition [29| and ,

fz--<X7Nij>27n($)d$
F.F)<—¢ 2 (v)de = —§ = (S
arp =8 5 / R M
=—6 > Ey(X,Ng)’m(Sy) = =6 D EyE5((X, N[ X)7a(5s)

1<i<j<m 1<i<j<m
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So, using the conditional Jensen inequality,

Q(F, F)
<=5 Y EyEy((X, N[ X)Pm(Ey) =—6 > E (Ni | XD P (245)
1<i<j<m 1<i<j<m (51)
=0 Y EyX'NyNyXv(Sy) = —0EX'DD'X7,(%).
1<i<j<m

For any g: ¥ — R, we defined Eg := [, g(x)v,(x)dx/~,(X). Note that

E(ED') = E(ED'X) = E(M|X), E(EE" = E(EE'X) = K.
(ED') = E(ED'|X) = —<E(M|X),  E(EE') = B(EE|X) = —
So, from Lemma [11.1}
~E(DD'X) < —(E(M|X))'K~HE(M|X))7a(%).
Multiplying by X on the left and X on the right, then taking E of both sides,
~E(X'DD'X) < —(EMX)'K Y EMX),(2).
Consequently,
1 :
Q(F,F) < —8(EMX)'K " EMX)7,(5). (52)
Note now that
(DEMX
—t
= ) @) - u)EBy Ny X = ) 3 (Sy) (i — uy) By (B (Vi) | X), X)
1<i<j<m 1<i<j<m
= D (S (i — ) BBy (Nig, X)X) = > n(Zig) (s — 1) By (Nij, X).
1<i<j<m 1<i<j<m

Now use Remark [3.3| to see that v27V’(0) = 7,(X£)EM X, so (52)) concludes the proof. [

Lemma 11.3 (Differentiation Formula, [MN18al Proposition 2.6]). Let 21, ..., 2, € R"*!
be the vertices of a reqular simplex in R"! centered at the origin. For all 1 < i < m, define

Q= {z € R™: {z,2) = max (z,7)}.
<<

For any y € R, define
B)= [ e
y+U;n 18Q1

y = y(a) such that Yps1 (L) =a; >0,V 1<i<m,Va=(a,... an) €R™ with Sora=
1, and define I(a) := B(y(a)). Then for all b = (b1,...,by) € R™ with Y ;" b = 0, and
letting V, A denote the gradient and Laplacian on R, respectively,
ViI(a) = Vm(ar',... a1 )b
VoVl (a) = —27bK~'b. (53)

Here K := 37, <o W ((00) 1 (09)) (i — ) (s — ;).
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12. COMMENTS ON MORE THAN FOUR SETS

It would be desirable to remove our need for Assumption [1.6] in the cases m = 3,4 of
Conjecture [I.3] Moreover, it would be nice to extend our arguments to the case m > 4 of
Conjecture [L.3} If ©,...,Q,, minimize Problem and the boundaries of the sets are not
all flat, it follows from Remark [5.I]and the reasoning of Lemma [5.3]that there is a subspace of
eigenfunctions of the second variation operator L from of dimension m—1+n+1 = n+m
with positive eigenvalues. As discussed in the introduction, this fact alone should be sufficient
to solve Conjecture [1.3] since more eigenfunctions of L means more control on the structure
of ,...,Q,,. However, it could be the case that the quadratic form ) from is negative
definition on most of these n + m eigenfunctions, contrary to our intuition. (Recall that @
came from Lemmas and [3.12]) The main issue is that we have no a priori control on
the second term in or these eigenfunctions of L. One might think that a Sobolev trace
inequality could control this second term of , but then it seems we would need e.g. a
bounded geometry condition on €2y, ..., {2, to proceed further.

Acknowledgement. Thanks to David Galvin, Russ Lyons, Yury Makarychev, Emanuel
Milman and Elchanan Mossel for helpful discussions.
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