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Abstract

In this work, we introduce the reader to the broad field of isoperi-
metric inequalities. We begin by discussing several methods of solv-
ing the classical Isoperimetric Problem in R™. The first is an elegant
proof by induction on the dimension n. The second proof proceeds by
developing basics of Brunn-Minkowski theory and then applying the
Brunn-Minkowski Inequality to obtain a proof of the Isoperimetric In-
equality. In the third proof, we introduce Alexandrov’s cutting-planes
method and Alexandrov’s Theorem classifying compact surfaces of
constant mean curvature in R™. Combined with a short Calculus of
Variations argument, we obtain one more proof of the Isoperimetric
Inequality.

Next, we consider the Isoperimetric Problem in spaces different
from R™. We prove that spherical caps are optimal sets in S”, thereby
solving the Isoperimetric Problem on the sphere. We then consider dis-
crete isoperimetric problems, which is a relatively young field dealing
with isoperimetric problems on graphs. We introduce the technique
of “compressions” and use it to prove Harper’s Theorem, which solves
the Isoperimetric problem on the graph of the hypercube.

Finally, we present original findings in the field of discrete isoperi-
metric inequalities. We prove general theorems for isoperimetric prob-
lems on lattices of the form Z* x N¢ which state that the perimeter
of the optimal set is a monotonically increasing function of the vol-
ume under certain natural assumptions, such as local symmetry or
being induced by an f,-norm. The proved monotonicity property is
surprising considering that solutions are not always nested (and con-
sequently standard techniques such as compressions do not apply).
The monotonicity results of this note apply in particular to vertex-
and edge-isoperimetric problems in the ¢, distances and can be used
as a tool to elucidate properties of optimal sets. As an application,
we consider the edge-isoperimetric inequality on the graph N? in the
loo-distance. We show that there exist arbitrarily long consecutive
values of the volume for which the minimum boundary is the same.

1 Introduction

[soperimetric problems are classical objects of study in mathematics. In
general, such problems ask for sets whose boundary is smallest for a given
volume. A classic example dating back to ancient Greece is to determine the



shape in the plane for which the perimeter is minimized subject to a volume
constraint. The answer, as one would guess, is a circle, and was known
already in Ancient Greece. However, the first mathematically rigorous proof
of this fact was obtained only in the 19th century.

Though they are classical objects of study. Isoperimetric Problems are
an active field of research in a number of areas, such as differential geometry,
PDE, discrete geometry, probability and graph theory.

2 The Classical Isoperimetric Inequality

The isoperimetric inequality in R? is an inequality involving the square of the
circumference of a closed curve in the plane and the area of a plane region it
encloses. Specifically, the isoperimetric inequality states that for the length
L of a closed curve and the area A of the planar region that it encloses,

AT A% < [?

and that equality holds if and only if the curve is a circle. In R", the isoperi-
metric inequality is as follows: For any body K with n-dimensional volume
| K| and surface area |0K|,

|K|n—1 - ’Bn’n—l
0K[* — |0B"["

Remark 2.1 [t is interesting to note that for sufficiently smooth domains,
the n-dimensional isoperimetric inequality is equivalent to the Sobolev in-
equality on R"™ with optimal constant [15]:

n—1
( / ru) <o [ (el
n Rn

for all u € WHL(R™). Here |B"| denotes the volume of the unit ball.

2.1 Proof of the Classical Isoperimetric Inequality via
Induction

We present an adaptation of the proof given in [2]. The proof proceeds by
induction on the dimension n of R".



Theorem 1 (Classical Isoperimetric Inequality). For any body K with n-
dimensional volume |K| and surface area |0K]|,

|K|n71 < |Bn|n71 (1>
|OK|[" — [0B"|"”

Proof. The base case of n = 1 is straightforward, since the boundary 0K
of a closed interval has volume |0K| = 2 (the counting measure for two
boundary points of a line segment) and so does the boundary of the ball.
Assume by induction that the inequality holds for dimension n — 1. Let
K C R™ and 0K its boundary. Without loss of generality, we may assume
that |K| = |B"|. Define K; = K N{z, = t} and 0K; = 0K N {x, Nt}.
Finally, let V(t) = |K;| and A(t) = |0K;|. Note that because each K; is a
parallel slice, [V (t)dt = |K|. Then

1
(4) = L
Vi) /aKttan97

where 6 denotes the angle formed by the z,-axis and the unit normal vector
to OK. Using Jensen’s inequality, we have

1 1 1
/amsin@ /BKt +tan29_\/|a ! H/amtane) > A2+ V'(t)

Therefore

yaum:/(/8 ! )dtz/\/A(t)2+V’(t)2dt.

K, Sin 0

We now define an auxiliary function h(7). For each 7, the number h(7) €
[—1,1] is defined by the requirement that

T h(T) .
/ V(t)dt:/ IB(1 — 5%)"T"ds.

—00 —1

Informally, h(7) matches the volume up to height h(7) of the ball with the
volume up to height 7 of K. Since [V (t)dt = |B"| = f_ll |B"L|(1—s%)"2 ds,
the function h(7) is well-defined. Differentiating, we get

V(t) = [B" (1 — h(t)?)"T K(t).
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If we let f(t) = |B"!|= 1V (t) 7 1y/1 — h(t)2, then f(¢)""'h/(t) = 1. Using

the arithmetic-geometric mean 1nequa11ty, we conclude that

(n—1DJ () + 1 (1) = n

On the other hand, it follows from the Cauchy-Schwarz inequality and the
induction hypothesis that

VA2 + V()2 > /1 - — h(t)V'(2)
= [B" T f(OV (8T A() — h(E)V(t)
> (n— 1 f(V(E) —h(OV'(t)
> nV(t) — KV (E) — h(t)V'(2).

This implies

0K | 2/\/A(t)2+V/(t)2dt
/ V(1) — S OV (D)

=n / V(t
= n|B"|.
This completes the proof. O

2.2 Proof of the Classical Isoperimetric Inequality via
the Brunn-Minkowski Inequality

In this section, we will show another proof of the classical isoperimetric in-
equality, this time utilizing Brunn-Minkowski theory. For a comprehensive
introduction to Brunn-Minkowski theory, see [5].

Definition 2.2 Let A and B be two arbitrary subsets of R". The Minkowski
sum of A and B is defined to be

A®B={a+bla€ A be B}.



We will also be needing the definition of a parallelepiped with edges parallel
to the coordinate axes:

Definition 2.3 Let Iy, I, ..., I, be n bounded open intervals of the real line.
A subset of R™ of the form

A=L xIhx..x1,
15 called a parallelepiped with edges parallel to the coordinate azes.

Parallelepipeds with edges parallel to the coordinate axes will play an im-
portant role in this section, as they will act as building blocks for more
complicated sets and, as the following Lemma shows, are closed under the
operation of taking a Minkowski sum.

Lemma 2.4 Let A=1; x Iy x ... x I, and B = J; X Jy X ... X J,, be two
parallelepipeds in R™ with edges parallel to the coordinate axes. Then

A@B:(11+J1)X(]2+J2) X ... X (In+Jn)

If A and B are disjoint, there exists a hyperplane parallel to one of the
coordinate hyperplanes separating A and B.

Proof. The first assertion is easy to see by considering the components of
a € A and b € B. Suppose that AN B = (). Then for some k € {1,2,...,n},
I;; N Jy, is empty. Therefore there exists a € R such that the intervals I and
Jj, are on different sides of a. It follows that the hyperplane x, = a separates
Aand B. O

Theorem 2 (The Brunn-Minkowski inequality). Let A and B be two bounded
open subsets of Fuclidean space R™. Then

|A|* + |B|» <|A® B|n.

Proof. The proof proceeds in three stages. The first stage is to prove the
inequality for A and B parallelepipeds with edges parallel to the coordinates
axes. Then we prove the inequality for A and B disjoint finite unions of
bounded open parallelepipeds whose edges are parallel to the coordinate axes.
Finally, we apply our previous results and some elementary results in the
Lebesgue theory of integration to prove the general case.

6



Suppose first that A =1; X [ X ... x I, and B = J; X Jy X ... X J,,, where
I, and Jy, k = 1,2, ...,n are bounded open intervals of R with lengths a; and
b;. Then,

o k
[A® Bl (T (@i + b)) @k + b

A 1B ([T, o)’ + 0Ty b _ o
i ay, + by

i (I 2%
k=1

By the inequality of the arithmetic and geometric means,

n

’A|’11+‘B|’l’<lz Qp +lzn: b _
A@Blx ~ niaptbe niaptby

k=1

Now suppose that A and B are disjoint finite unions of bounded open
parallelepipeds whose edges are parallel to the coordinate axes:

where A, and By are as in the first case above. We proceed by induction on
the total number n 4+ m of parallelepipeds. By the above, the base case of
n + m = 2 has been established. Suppose that n +m > 3 and assume that
the inequality holds for disjoint finite unions of bounded open parallelepipeds
with edges parallel to the coordinate axes and total number less than n +m.
Since n +m > 3, either n > 1 or m > 1. Without loss of generality, assume
that n > 1. By lemma 2.4, there exists a hyperplane P parallel to the
coordinate axes separating A; and A,. Let P and P~ be the two open half-
spaces in which P divides R" and let A" = ANPT and A~ = ANP~. Then
A' and A~ are also finite unions of parallelepipeds whose faces are parallel
to the coordinate hyperplanes, namely

At = U AF and AT = Uy Ay

where n™ < n and n~ < n, since P separates at least A; and A,. We can
find a hyperplane () parallel to P such that
AT |BT]
= 2)
Al [B]

where we have used the same notation as before. Indeed, the fraction on the
left is between 0 and 1, and if one takes @) on the left of all the parallelepipeds
of B and displaces it to the right until it surpasses all of them, the fraction
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on the right side is a continuous function of the position of () taking values
from 0 to 1. By the intermediate value theorem we are guaranteed a position
of @) for which equality holds.
Since |AT| +|A~| = |A| and |B*| + |B~| = |B|, by 2,
LA B A B "
|Al | B Al 1Bl

Moreover, BT and B~ are also disjoint finite unions of open parallelepipeds
with faces parallel to the coordinate hyperplanes:

BT = Uy B and B~ = U{" B,

where m™ < m and m~ < m because ) does not necessarily separate
two parallelepipeds of B. Since n™ +m*™ <n+m and n= +m~ < n+m,
we can apply the inductive hypothesis to AT, BT and A~, B~ to yield

1 1,
[AT & BT = [|AT|» + |BT[+]", (4)

A" @ B7| = [|A"[7 + B |]" (5)
Now, since AT C P and BT Cc Q" AT®& Bt C PP Q" = (P® Q)" and
similarly A~ @& B~ C (P @ Q). Indeed, recall that P and @ are parallel so
that if P = {z e R" : v-2 = ag} then Q = {x € R" : v -2z = ay} and
therefore P® Q = {z € R" : v-x = oy + ao}. Any element p of P satisfies
v-p>a; and ¢ € QT satifies v - ¢ > ap implying that v- (p+¢q) > a1 + o
and PT @ QT C (P @ Q). The converse is similar.
Keeping in mind that P & @ is a hyperplane, we conclude that A* @ B
and A~ @ B~ are disjoint. Therefore, taking (5) into account,

|A® B| > |A* @ B|+|A” @ B|
> [JAT] + [BY=]" + [JAT[ + [B[]"
From (2) and (3),

|B]
|A]

VAT |A-|i<%>i1"

|A@ B| > [|A*|" + |AT|%(

> \A+\[1+(|£||)i]”+!z4Hl+(||§‘|)’ll]" > \Ay[1+(||§||)i]n — [|A[* + |B|*]",



completing the induction.

Now consider the general case. Let A and B be any two bounded open
sets in R™. The theory of Lebesgue integration tells us that there are two
sequences A, and B,, n € N, of open sets in R" of the type that we have
considered in the second case, such that A, C A and B,, C B and

lim |A,| =|A| and lim |B,| = |B].
n—ro0 n—oo
Hence A, ® B, C A® B Vn € N, and so
|A® B|w > |A, ® By|n > |An|* + |By|# ¥n € N.
Taking the limit as n tends to infinity completes the proof. O
Definition 2.5 Let K be a bounded domain with smooth boundary. The

surface area of K is defined as the differential rate of volume increase as we
add a small Euclidean ball to the body:

K@ eBY| — |K
|8K|:lim| ® byl | |

e—0 €

We now prove the classical isoperimetric inequality via the Brunn-Minkowski
inequality [3].

Theorem 3 (Classical Isoperimetric Inequality). For any body K with n-
dimensional volume |K| and surface area |0K]|,

|K|n71 |Bn|n71

|OK | |0B"|

Proof. By the Brunn-Minkowski inequality,

|K ®eBy| 2 [|K[" + €[ B[]

— K+ e<'§|'>i1"

B3,
> |1+ ne( ) )



where the second inequality is obtained by keeping the first two terms of
the Maclaurin series of (1 4 x)™.
By definition 2.5,

1831
K @ eBY| — |K | K|+ ne| K|(72
K] = tim B E B IR K]

e—0 € e—0 €

1
LR

nol o1
— | K| By
For an n-dimensional unit ball, we have |0B%| = n|BY|. Therefore

n=1, o1
0K _ nlKI"™|BglE _ (K]

|0B3 | n|By| | By |

3 The Alexandrov Theorem

In this section, we prove Alexandrov’s Theorem, which states that a com-
pact connected surface of constant mean curvature is necessarily a sphere.
Combined with a short Calculus of Variations argument, this will yield an
additional proof of the Isoperimetric Inequality.

3.1 Preliminaries

We begin by stating a few basic facts from differential geometry which will
be used in the following sections. We refer the reader to [1] for proofs and
further discussion.

Definition 3.1 If S is a subset of R3, a differentiable vector field on S is a
differentiable vector-valued function v : S — R3.

A tangent vector field on a surface S is a differentiable vector-valued function
v: S — R3 such that v(z) € T'S, for every x € S, where T'S, is the tangent
space to S at x. Similarly, a normal vector field to S is a differentiable
vector-valued function v : S — R? such that v(z) € T'S; for every x € S.

10



Theorem 4 (Divergence theorem). Let S be a compact connected surface
and § the inner domain determined by S. If X : Q — R3 is a differentiable

vector field, then
/dz’vX: —/(X,N>,
Q S

where N : S — S? is the inner unit normal field.

Let S be an orientable surface and N a unit normal vector field on S. Since
|IN(x)[* =1 for all x € S, we have N(S) C S?. Consequently, we can view a
unit normal field N on S as a differentiable map N : S — S? of the surface
into the unit sphere S?. This map which takes each point on the surface to
a unit vector orthogonal to the surface at this point will be called a Gauss
map on S.

If N:S — S?is a Gauss map on S, then its differential at a point p € S
is dN, : T'S, — TS?V(p). Since N(p) € TSPL7 and the tangent space to the
sphere S? at the point N(p) is the orthogonal complement of the vector N (p),
we have TS?V(p) = (TSPL)L = TS,, so that dN, is an endomorphism of the
tangent plane at p.

An endomorphism of a two-dimensional vector space has only two associ-
ated invariants: its determinant and its trace. We define the Gauss curvature
K and mean curvature H to the surface at p by

K (p) = det(dN,)

1
H(p) = —§trace(de)

forpe S.

It is also the case that the differential d.V, of the Gauss map at each point
is self-adjoint, so that it can be diagonalized and its eigenvalues are real. We
let k1 (p) and k2(p) be the two (real) eigenvalues of —dN,, and we will suppose
in standard fashion that they are ordered so that ki(p) < ka(p). These will
be called the principal curvatures of S at p. Since they are the roots of the
characteristic polynomial, k; and ky satisfy

1
K:klkg, H = §(l€1+k2) and /{?12—2H]€1+KIO,Z: 1,2

Moreover, since the discriminant of this second degree equation has to be
non-negative (because two real roots exist), we have

K(p) < (H(p)>,¥peS.

11



Associated to these two eigenvalues are the corresponding eigenspaces, which
are two orthogonal lines when ki(p) # ko(p). We call these the principal
directions of S at the point p.

We also recall the definitions of tubular and parallel surfaces. Define
F:S xR — R3by F(p,t) = p+tN(p). The following properties will be
important for us:

1. If we restrict the domain of the second argument to (—e¢,e) with €
sufficiently small, the map F' is a diffeomorphism and the image is
open. We call the image the tubular neighbourhood of S.

2. If pe S and ey, ey € T'S, are principal directions of S at p, we have

1+tN; N, tN!
(dF),(e;) = tNy  14tNy  tN? ) (&) =
tN3 tNy  1+tN?

3. For every [t| < €, the image of the map F(p) = p+ tN(p) is called the
parallel surface of S at (oriented) distance t.

4. If (p,t) € S x (0,€), then
[Jac(F)[(p, 1) = det((dF) . (€1, 0), (dF) . (€2, 0), (dF) 1) (0, 1))
= |(1 = thy(p))(1 — tha(p))| = |1 — 2tH(p) + *K(p)]. (7)

5. (Area of a parallel surface) If ¢ # 0 is small enough, then the image of a
compact surface S under the map F(p) = F(p,t) is a diffecomorphism
onto its image S; = F;(S), the parallel surface at distance t. Applying
the change of variables formula to the constant function 1 on S;, we
obtain the following expression for the area of the parallel surface at
distance t:

A(S) = A(S) — 2t / H(p)dp + 2 / K(p)dp. (®)

6. (Volume enclosed by a parallel surface) Let V; = F/(S x (0,¢€)) C N(S5)
and let €2; be the inner domain determined by .S;. Then

10— 9] = [Vi(S)] = / L

Vi ()

12



Since F': S x (0,€¢) = V(5) is a differeomorphism,

Q] — 1] :/ JacF|.
Sx(0,t)

By the above calculation of the Jacobian, the integral is equal to
t t3
/ (/(1 —%H(p) + 2K (p))dp)dt — tA(S) — 12 / Hts / K. (9)
o Js S S

We also recall the definition of the divergence of a vector field V' on a

surface S. Let {e1,e2} be an orthonormal basis of the principal directions of
TS,.

Definition 3.2 The divergence of a vector field V. on a surface S is the
function p — (dV,(e1), e1) + (dV,(e2), e2) forp e S.

There is correspondingly a divergence theorem for surfaces:

Theorem 5 (Divergence theorem for surfaces). Let S be a compact surface

and let V : S — R3 be a differentiable vector field defined on S. Then

/de V= —2/S<v, NVH.

The following result will be used in the proof of Alexandrov’s Theorem.

Theorem 6 (Minkowski’s formula). Let S be a compact surface and N its
imner Gauss map. Then

/S (1 + (p. N(p)) H(p))dp = 0,

Proof. Let V : S — R3 be a vector field given by V(p) = p for all p € S.
Since

1 00

@),=1010

0 01

Y

by definition (3.2), div V' = 2. Applying the divergence theorem for surfaces
(Theorem 5), we see that

/div V—|—2(V,N>H:/2—|—2(p,N(p))H(p)dp:O.
s s

13



We also introduce the so-called area formula - an integral formula that
generalizes the change of variables formula for the Lebesgue integral when
the transformation in question is no longer a diffeomorphism, but only a
differentiable map.

Consider a bounded open subset O C R3, a differentiable map ¢ : O —
R?, and a function f : O — R. Let N = {z € O|(Jac(¢))(z) = 0}. We define

n(¢, f) :R3\ ¢(N) = R
n(o, f)x)= > f)
pEPd—(x)

with the convention that the sum is zero when x ¢ ¢(O). The three-
dimensional version of Sard’s theorem tells us that ¢(N) is a subset of mea-
sure zero in R3) so that n(¢, f) is defined almost everywhere on R3. For
proofs for the following two theorems, see [1].

Theorem 7 (Area formula). With the notation above, suppose that f -
| Jac(9)| is integrable on O. Then n(¢, f) is integrable on R® and

/Rg n(o,f) = /O f(@)] Jac()|(x)dz.

We will employ the following version of the area formula in our proof of
Alexandrov’s Theorem:

Theorem 8 (Area formula for products). Let ¢ : R x [a,b] — R3 be a
differentiable map, where R is a region of an orientable surface and a < b,
and let f be a function on R x (a,b) such that f - |Jac(¢)| is integrable on
R x (a,b). Then the function n(¢p, f) given by

n(¢. Nx)=Y  fpt)

(pt)€P~ ()

is well-defined almost everywhere and is integrable on R® with

/RS n(¢, ) = /R ( b)f(p, t)|Jac(¢)|(p, t)dpdt.

14



One last preliminary:

Lemma 3.3 Let S be a compact connected surface with positive mean curva-
ture everywhere and let €0 be its inner domain. Define the map F : S xR —
R® by F(p,t) = p+tN(p) and define a set

A={(p) e SXRO<t<—}.

1
ka(p)
Then Q C F(A).

Proof. Let g € Q. By compactness of S, the square of the distance function

from ¢ given by f : S — R, f(p) = |p — ¢|?, attains a minimum on S. Its
differential is

(df)p(v) = 2{v,p — q).
Let r be a point at which the minimum is attained. Then

(v,7—¢q) =0.

Since v is in the tangent space T'S, of r, it follows that ¢ must lie on the
normal to S at r. That is,
qg=r+tN(r)

for some t > (0. By considering the Hessian matrix at this point, we see that

1 — tks(p) > 0. Therefore t < #(M' O

3.2 Proof of Alexandrov’s Theorem

Theorem 9 (The Heintze-Karcher inequality). Let S be a compact surface
whose (inner) mean curvature H is positive everywhere. Then

1 1
V(Q) < §/Smdpa

where € is the inner domain determined by S. Moreover, equality holds if
and only if S is a sphere.

15



Proof. Let ky be the largest principal curvature of S corresponding to the
inner normal and observe that it is positive everywhere because ky > H.
Define A and F' as in Lemma 3.3. By continuity of the function #(m and
compactness of S, the function attains a maximum M. Let a > M > 0 and
note that A is a compact set contained in S x [0,a). Applying Theorem 8

on S x (0,a) to the map F' and the characteristic function y 4 we obtain the

integral equality
/ n(F,XA):/ xalJac(F)|.
R3 Sx(0,a)

n(Fxa)@ =Y xap1).

(pt)eF~!(x)
Let z € F(A). Then for some (p,t) € A, we have F(p,t) = x. Therefore

MEX)@ = Y x> 1

(pt)eF~1(z)

By definition,

By Fubini’s theorem, we have

0] < / ( / " a(p, )]Jac(E)|(p, ) dt)dp.

Substituting the absolute value of the Jacobian from the preliminaries, we

have )

o< [([*7 1 -2)+ K@),

But when 0 < t < k;(p), the previous integrand is non-negative. Since
K(p) < (H(p))?,

1—2tH(p) + 2K (p) < (1 — tH(p))?

1 1
m S m for each

o € S and since the function (1 — ¢tH(p))? is non-negative,

) N B
o< [([" =@y -3 [ g

Since the only closed, bounded and totally umbilical surfaces in R?® are
spheres, equality occurs if and only if S is a sphere. O

with equality only at umbilical points. Hence, since

16



Theorem 10 (Alexandrov’s theorem). If a compact connected surface has
constant mean curvature, then it is a sphere.

Proof. Let S be a surface satisfying the conditions of the theorem. By
the Heintze-Karcher inequality (Theorem 9) and the assumption that H is
constant,

A(S5)

3H

Moreover, if equality occurs, then S is a sphere. Applying the Divergence
Theorem (Theorem 4) for the vector field X (p) = p, we have

/QdivX:—/S(X,N>

mmz—émw@ma

since divX = 3. By the Minkowski formula (Theorem 6),

9 <

[0+ 0 NE) @) = AG) + H [ (0N G) = A(S) - 3H/2] =0
S s
Therefore equality is attained, so that S must be a sphere. O

We now present Alexandrov’s Moving Plane Method, a beautiful tech-
nique which will provide us with another proof of Alexandrov’s Theorem.
We will be needing a few basic facts from PDE theory. We recall the form
of a second-order linear PDE:

Lu = Z a; j(x)u; j(x) + Z bi(z)u;(z) + c(z)u(z) = f(x).

We will need that fact that if a; ;(z) is a positive definite matrix, then the
PDE is elliptic, which, roughly speaking, implies that if the coefficients are
sufficiently smooth, then the solution will also be smooth. We also recall the
form of a second-order quasilinear PDFE:

Lu = Z a; j(x,u, Vu)u,; ;(z) + b(z, u, Vu) = 0,

i?j

17



Since a surface may locally be represented as a graph of a function, we
will use u(z,y) = z to reference this. In this local setting, the mean curvature
can be written as

n

H=div (————) = E Di(———).
( 1+ |Vu|2) — ( 1+ |Vu|2)
=1

Note that

Dy(—2 ):(1—|—|Vu|2)_%(D~2u(1+|VU|2)_DiU(ZDj“DJ2'U)>’

2 (2
V1+ |Vl r
so that an equation of the form H = ¢ for a constant c is a quasilinear PDE.

In the remainder of this discussion, we restrict to elliptic linear second
order PDE unless otherwise stated. Elliptic PDE satisfy a number of nice
properties.

Theorem 11 (Strong Mazimum Principle) Suppose that L is a linear elliptic
differential operator of second order, and suppose that u is a monnegative
function on a domain Q0 (with smooth boundary) satisfying Lu < 0. Then:

1. If u(zo) = 0 at some point in the interior of €, then u vanishes iden-
tically in a neighborhood of xg.

2. Ifu(xo) = 0 at some point on the boundary of ), then either u vanishes
wdentically in a neighborhood of xo or the normal derivative of u at xq
18 strictly negative.

At first sight, it would appear that the Strong Maximum Principle is not
applicable to our situation - after all, we have shown that the equation for
constant mean curvature is quasilinear. Nevertheless, the Strong Maximum
Principle applies to differences of solutions of quasilinear PDE. We illustrate
the argument in the case relevant to us.

Consider a hypersurface which can be expressed as the graph of a function
u. The mean curvature of this hypersurface can be written as

DiU,
Di(—=% = q
Zi: (\/1+|Vu|2)
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Suppose now that we have two surfaces with the same constant mean cur-
vature H which can be expressed as graphs of two functions u and v. This
implies

D;u
0= D;(a;; D :
Z \/1—|—|Vu|2 \/1+|Vv|2 ZJ ’ —2)
where
Y o (14 |tVu+ (1 — t)Vol?)s

dt

Indeed,

Diu Djv Y'd  tDwu+ (1— /
- = — )dt = a;;(Dju—Djv
V14 [Vul2 /1+|Vo]? /0 dt(l +[tVu+ (1 — Vv|2 Z ’ )

To summarize, we have shown that ¢ := u — v is a solution of the equation
> Dilai;Dj¢) = 0. The coefficient matrix a;; is clearly positive denite, so
the equation is elliptic (with variable coefficients).

In the general case, the Strong Maximum Principle implies

Corollary 3.4 Suppose that () is a quasilinear elliptic differential operator
of second order, and suppose that u and v are two functions on a domain 2
with smooth boundary satisfying u > v and Qu = Qu. Then:

1. If u(xg) = v(xg) at some point in the interior of Q, then u = v in a
neighborhood of xy.

2. If u(zo) = v(xg) at some point on the boundary of §2, then either u = v
in a neighborhood of xy or the normal derivative of u at xg is strictly
smaller than the normal deriwative of v at xq.

In the following, we will employ the fact that if u is twice-differentiable
and solves an elliptic PDE with sufficiently nice coefficients, then u is ana-
lytic.

To prove Alexandrov’s Theorem using the Moving Plane Method, we
prove the following fact, which guarantees that the surface S is a sphere: if
for every direction e there is some plane II, perpendicular to this direction
and such that S is symmetric with respect to I, then S is a sphere.

Theorem 12 (Alexandrov’s Theorem). If a compact connected surface has
constant mean curvature, then it is a sphere.
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Proof. We pick a direction e and a plane II perpendicular to e which does
not intersect S. Slide II along e until it touches S for the first time. At this
point, we slide the plane further by a distance € and call the resulting plane
II.. The plane II. intersects S. Reflect S in II, and call the image S.. Now
we increase € until one of the following two things happens:

1. The side of S, that lies, say, to the left of Il touches S at some point
away from II..

2. At some point p € S NI, there is a tangent vector to S at p parallel
to e.

In either case, we will show that there is some p € S and r > 0 such that
SeN B.(p) = SN B,(p).

Case 1: Say the point of contact is p. Then near p we may represent both
surfaces by functions v and v such that

uw<v e

for some domain of the plane, Lu = Lv €  and v = v at some interior
point. Then the second part of the Strong Maximum Principle implies that
SN B,(p) = S.N B,(p) for some small .

Case 2: Given the point p, we write both surfaces locally again as graphs of
functions u and v, but now p corresponds to a point on the boundary of the
patch €, and u and v satisfy

u < v on 0f)

Lu= Lv in Q
u = v at some point of OS2
u, = v, at some point.

By the first part of the Strong Maximum Principle, we conclude that v = v
in all of 2 and thus SN B,.(p') = Sc N B,.(p') for some small  and some p/
near p.

Since u and v satisfy the elliptic PDE for constant mean curvature, u and
v are analytic. We conclude that S = S,, completing the proof. O
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Using Alexandrov’s Theorem and basic methods from the Calculus of
Variations, we may obtain an additional proof of the Classical Isoperimetric
Inequality. The following argument was adopted from [4]. Consider a domain
D in R3 bounded by a surface S.

Lemma 3.5 If a surface S has minimum area among all surfaces bounding
the same volume, then the mean curvature H of S is constant.

To see why this is so, let A : S — R be a smooth real-valued function on S,
and let S; denote the surface obtained by displacing each point of S by the
vector thIN, where N is the unit exterior normal field to S. If A(t) is the
area of Sy and V() is the volume enclosed by S;, then the formulae for the
first variation are

A(0) = — / hHdA,
S

V'(0) = /S hdA.

Proof. (proof sketch) It is not hard to see that if there exists a function h
for which V’(0) = 0 and A’(0) # 0, then applying a similarity transformation
with factor (V/V(t))s transforms the surface S, into a surface S; bounding
a volume V' and having surface area A(t) which for all small values of ¢ will
be either strictly greather than or strictly less than A, depending on the
sign of ¢t. Thus, in order for S to have minimum area among all surfaces
bounding the same volume V, it must be true that whenever [, ghdA =
0, also fs hHdA = 0. This implies that H must be constant on S. For
otherwise, if H had different values at two points then we could select h
to be zero everywhere except in small neighbourhoods of those two points,
and to have opposite sign at these two neighbourhoods in such a way that
JghdA =0but [(hHdA > 0. This variation would have the geometric effect
of pushing in the neighbourhood having small mean curvature and pulling
out the neighbourhood with large mean curvature. The net effect would be
a “rounding out” of S which would preserve volume but decrease the surface
area. U

Combining Theorem 10 and Lemma 3.5, we obtain another proof of the
Classical Isoperimetric Inequality in R3.

Corollary 3.6 (Classical Isoperimetric Inequality) In R?, for a given vol-
ume, the surface of minimum area is the sphere.
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We now present an interesting application of the Isoperimetric Inequality
to ovaloids.

Definition 3.7 A compact connected surface with positive Gaussian curva-
ture everywhere is called an ovaloid.

Theorem 13 For any ovaloid S,
([ @y = 1nA(s).
S

Proof. Consider an outer parallel surface S; at distance ¢t > 0. Since each
such S; is compact and connected, we can apply the isoperimetric inequality
(Theorem 3) to S; to obtain

A(Sy)? > 36m|Q)?, VYt > 0.

Using equations (8) and (9) for the area and volume of a parallel surface
to obtain the following polynomial inequality:

3
(A(S)+2t/H+t2/K)3 2367r(|Q|+tA(S)+t2/H+%/K)2, vt > 0.
S S S S

Using the Gauss-Bonnet Theorem, we replace |, o K with 4r. We then
divide both sides by t¢ and set s = 1 to yield

f(s) = (47r+25/ H+52A(S))3—367r(4§+8/ H+5A(S)+5°[92])? > 0 for s > 0.
S s

At s =0,
£(s) = (4m)° — 3677(%”)2 0.

In addition, f’(s) evaluated at 0 is equal to

4
1'(0) = 3(4%)2(2/ H) - 727r(—7T)(/ H)=0.
S 37 s
Therefore f”(0) > 0, which implies that

247r(/ H)? — 9672|S| > 0.
S
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4 The Isoperimetric Inequality on the Sphere

The Isoperimetric Inequality on the sphere can be proved via the so-called
two-point symmetrization, an operation which modifies a set so that it is more
similar to a spherical cap. We will encounter similar techniques in section 5,
when we discuss the use of “compression” to obtain Discrete Isoperimetric
Inequalities. The effectiveness of such techniques is explained by their prop-
erty that they allow us to compare the perimeter of a given set with that of
the “candidate optimal set” directly without us having to first compute the
perimeter of an arbitrary set - a formidable, if not intractable, task.

A sketch of the following proof is given in [7]. Let H be a hyperplane
through zero in R", Sy = S" !N H and let H* and H~ be the two open half
spheres in the complement of H. Denote reflection in H by op. Clearly, if
x,y € H" or H™ then d(z,y) < d(z,0n(y)). The two-point symmetrization
K of a set K C S"! is defined as follows (see Fig. 1):

K =(KNogK)NH )U(KUoygK)NH")U(KNS).

Figure 1: Two-point symmetrization [6].
Let A, be the € neighbourhood of A, defined as A, = {z : d(z, A) < €}.
Lemma 4.1 For any subset A C S"! and Ve > 0,

(THA)e C TH(AE).
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Proof. Let z € (tgA).. Then either d(x,(ANogA)NH™) <€ d(z,(AU
ogA)NHT) < eord(x, ANSy) < €. In the first case, d(z, (ANog A)NH ™) < e
implies that x € A. Noy(A,). Clearly x € HY U H~ U Sy, so that

MRS TH(Ae) - ((AE N UH<A€)) N H_) U ((AE U JH(AE)> M H+) U (AE N SO)

Ifd(x,(AUcgA)NH') <, thenz € A.Uog(A.). If £ € H then we are
done. If x € Sy then z € A, NSy since Sy N (A-Uop(A:)) = SoN A.. Finally,
if ¥ € H™ there is a y such that d(z,y) <eand y € (AUoyA) N HT. Since
ye HT, d(z,y) <e = d(z,ou(y)) < e. Therefore z € A.Noy(A)NH.

Lastly, if d(z, A N Sy) < € then there is some y € AN Sy such that
d(z,y) <e. Since y € Sy, og(y) =y. Therefore z € A. Noy(A.). It follows
that © € 7g(A.). O

Lemma 4.1 implies that volume satisfies the following relation under two-
point symmetrization:

(T A)e| < [7a(Ad)] < [Adl.

To prove the isoperimetric inequality on the sphere we would like to apply
the operation A — 75 A until we reach a set for which application of 74 does
not improve |A.| and prove that such a set must be a spherical cap. This
method of proof will reappear in section 5.

Recall that the Hausdorff metric D is defined by

D(A, B) = inf{e|A C B, and B C A},

where A and B are nonempty bounded closed sets.
Also, recall the following property of the Hausdorff metric.

Theorem 14 Let (X, d) be a metric space and let H be the collection of all
nonempty compact subsets of X. If X s compact in the metric d, then the
space H is compact in the Hausdorff metric D.

For proof, we refer the reader to [8].
Let C be the metric space of closed subsets of S"! with the Hausdorff
metric. Fix A € C and consider the set B C C of all sets B € C satisfying:

o Ve >0, |B] <|A
e |B| =|A|.
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To see that the set B is closed in C, let By, k = 1,2, ..., be a sequence
of sets in B with limit Z. Then Vo > 0 Jkq such that Vk > kq, By C Zs
and Z C (By)s. Therefore Z. C (Bg)ets so that |Ze] < [(Br)ets| < |Aesl-
We send 0 — 0, and by the dominated convergence theorem, |A 5| — |Ac|.
Hence |Z| < |A¢|. Similarly, By C Zs so that |A| = |By| < |Zs|, and sending
d — 0 as before gives us |Z| = |A|. Thus B is closed in C.

Now fix a point 2o € S™~! and let C be the closed spherical cap centered at
xo with volume |A|. It is enough to prove that C' € B. For any hyperplane H
with 2o ¢ H we denote by H™ the open half sphere containings xy. Consider
the upper semi-continuous map ¢ : C — R given by ¢(B) = |BNC|. Let By
be a sequence converging to B. By compactness, ¢ attains a maximum on
B, say at M. We will show that C' C M.

Assume by contradiction that this is not the case. Then |M \ C| = |C'\
M| >0. Let x € M\ C and y € C'\ M be points of density of the respective
sets and let H be a hyperplane perpendicular to segment xy and crossing it
at its midpoint. Let B,.(x) C H~ and B,(y) C H" be small balls such that,
say, |By(x) N (M \ C)| > 0.99B,(x)| and [B,(y) N (C'\ M)| > 0.99|B,(y)|.
Applying 7 to M, most of B,(z) will be transferred into B,(y) while no
point of C' N M will be transferred to a point which is not in C. Thus
|(TaM)NC| > |[MNC|. Since Ty M also belongs to B we get a contradiction.

5 Discrete Isoperimetric Inequalities®

Another variant of the Isoperimetric Inequality is the Discrete Isoperimetric
Inequality. In this setting, we work with a graph G, and after defining a
suitable notion of perimeter and volume, we find an object for which the
perimeter is the smallest of all other objects with the same volume. There
are several notions of volume and perimeter used in literature, with choice
depending on the particular problem and on its tractability given the choice
of volume and perimeter.

One could consider the perimeter of a set of vertices A to be: the number
of vertices neighbouring those of A, the number of vertices a distance less
than t away, or even the number of edges leaving A. The volume of A can be,
for instance, its cardinality, or the sum of the degrees of its vertices. Thus,
discrete isoperimetric inequalities can vary significantly even if the underlying

2The contents of sections 5.2 and 5.3 have been submitted for publication [30].
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graph is the same. The notion of perimeter we will initially use is the vertex
neighbourhood:
OA = {y e V(G): d(Ay) <1},

where d(A,y) is the infimum of d(x,y) over € A. In particular, note that
A C 0A.

Another unique aspect of Discrete Isoperimetric Inequalities is that the
existence of a minimizer is easy to prove. In particular, no appeal to Geo-
metric Measure Theory is necessary.

5.1 Harper’s Vertex Isoperimetric Theorem

We adopt the proofs and images in this section from [9]. The main Theorem
in this section, Harper’s Theorem, solves the Isoperimetric problem on the
graph of the hypercube Q,, defined as follows.

Let X = {1,2,...,n}. We will use the standard shorthand [n] for {1,2,...,n}
and denote the power set of X by P(X). The vertices of (),, and the edges
are

V(Qn) = P(X)
{z,y} € E(Qn) = |zLy|=1

In other words, the vertices are subsets of X, and they are connected if and
only if there is some ¢ € X such that x U {i} =y or yU {i} = x.

Another way to represent the hypercube graph @, is to view its vertices
as binary strings of length n of which two are connected whenever they differ
by one bit. This setup is preferable in some situations but in our case we will
find the above to be more convenient. Rather than writing, e.g., {1,2,3}, we
will use the shorthand version 123. Also, for simplicity, we will write A C @,
instead of A C V(Q,,), since no confusion ought to arise.

The Isoperimetric Problem on @), is as follows: given 0 < m < 2", how
to choose A C @, with |A| = m such that |0A| is minimal?

To solve this problem, we define an order on the elements of P(X) called
the simplicial ordering. Given x,y € P(X), let z precede y, written = < y, if
|z| < |y| or |z| = |y| and min(zAy) € x. For example, on ()3 the simplicial
ordering is

{0,1,2,3,12,13, 23, 123}.

Harper’s Theorem states that initial segments of the simplicial ordering are
best for |0A:
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Theorem 15 (Harper’s Theorem, 1966). Let A C Q,, with |A| =m and let
I C Q, be the first m elements of Q,, in simplicial order. Then |0A| > |0I|.

Moreover, if |A| > >"7_ (7). then |0A| > EZZE ()

To prove this theorem, we use the idea of compressions, which allow us
to avoid direct computation of |0I] or |0A|. Compressing a set of vertices A
means replacing A by a set 7A such that |[7A| = |A|, |0(TA)| < [0A] and TA
looks more like I than A does. We would like to keep compression until the
resulting set B is easily seen to satisfy |0B| > |01].

Let A C P(X). The i-sections of A, i € {1,...,n}, are the sets on X \ {i}
given by

A ={zeP(X\{i}):ze A cqQiD

Aip ={z e P(X\{i}) s e U{i} € A} C QY
where QU7 Q'Y are copies of Q,_; labeled by sets of P(X \{i}). Ge-

n—1 n—1
ometrically, we separate the elements of A into those which lie on one half
of the hypercube @),,, which is a smaller hypercube having dimension n — 1,
and those that lie on the other half, another hypercube of dimension n — 1.
The simplicial ordering on P(X \ {¢}) is just the simplicial ordering on P(X)
restricted to elements in P(X \ {i}).
The i-compression of A is defined as the set system C;(A) C P(X) given

by its ¢-sections:
C;(A);— = the first |A;_| points in simplicial ordering in P(X \ {i}),

C;(A);y+ = the first |A;, | points in simplicial ordering in P(X \ {i}).

The actual set C;(A) can be obtained by taking the union of C;(A);— and
{r eP(X):z=yU{i},y € Ci(A);;+}. We are now ready to prove Harper’s
Theorem.

Proof. We have
1Ci(A)] = |Ci(A)ie| + |Ci(A)ir| = [Aie| + [Air | = [A].

We would like to show that |0C;(A)| < |0A|. For simplicity, let C' = C;(A).
It suffices to show that |(0C);—| < |(0A);—| and |(OC);+| < [(0A);4| because
|(0C);—| 4+ [(0C);4| = |0C|, and the same applies to A. We have

(DA)i- = 9(Ai) U Ay, .

27



Indeed, let € (0A);—. Then i ¢ x. If v € A then © € A,_. Otherwise,
for some j, x U {j} € A. If j =i, then z € A;;. If not, then x € 0(A;_).
Conversely, if z € A;; then z U {i} € A and i ¢ x. Therefore z € (0A);_. If
x € 0(A;-), then for some j, xU{j} € A;,_. Soi ¢ x, so that x € (0A),_. It
follows that the two sets are equal. We will also utilize this equality with A
replaced with C.

Since |C;_| = |A;—| and C;_ is an initial segment on P(X \ {i}), one can
induct on n to conclude that [0(C;_)| < |0(A;—)|. The base case n = 1 is
trivial, so the induction does start. We also have |Civ| = |Asy]. TIf Ci_ is

an initial segment of simplicial order, then so is 9(C;_). To see this, note
that if C;_ is exactly all x with || < r, then this is clearly true. Otherwise,
suppose that C;_ is all # with |z| < r and some set {y1, ¥, ..., yp} with
ly;| = r + 1. Proceed by induction on k. For k =1, y; = {1,2,...,r + 1}, so
y1U{r+2,...,n} € 9(C;_), and clearly all |x| < r+1 are in 9(C;_), so I(C;_)
is in simplicial order. Assume the hypothesis for k£, and consider the case of
k+1. Then by the inductive hypothesis, 9(C;_\{yg,1}) is in simplicial order.
The neighbours of y;41 outside of O(C;— \ {yk+1}) are exactly the segment
following O(C;— \ {yr+1}) because yi1 is the element following y;, since C;_ is
an initial segment. As a consequence, either 0(C;_) C Cyy or Cip C I(Ci).
Since

(00),- = d(Ci_) U Cyy,

it follows that
[(0C)i-| = max{|0(C;-)|, |Cit|}.

B
So either [(0C);-| = |0(Ci-)| < |0(Ai-)| < [(0A)i-| or [(0C)i-| = |Cit| =
|Aiv| < [(0A)i—|. Therefore [(0C);—| < [(0A);_]. A similar argument yields
(0C)ix| = [(0A)i+|, so that [0C] < [OA].

Now define a sequence {Aj}i—12. . in the following way. If A; is i-
compressed for every 7, then terminate the sequence at A;. Otherwise, there
is some ¢ for which A; is not i-compressed. Define A;.; = C;(4;), and con-
tinue in this manner inductively. This sequence must terminate because if
the compression operator C; moves A; to A, then A;; < A; in simplicial
order. This can only happen a finite number of times, so the sequence is
guaranteed to terminate.

The last term of the sequence, call it B, satisfies

- |A1|7
0B < [0A4],
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and is ¢-compressed for each i. Interestingly, it is not true that B is an
initial segment. For example, B = {0, 1,2,12} C P([3]) is i-compressed for
1 =1,2,3, but is not an initial segment. The consequence of this observation
is that additional work will be needed to prove the result.

Luckily, there is only one such B, as we will now show, so that direct
computation shows that its perimeter is not minimal (Lemma 5.1). O

We denote the sphere and ball in the hypercube by
X" ={zeP(X):|z| =1}

and
X ={z e P(X):|z| <7}

The following seemingly technical, but actually quite elegant, lemma will
allow us to conclude the proof of Harper’s Theorem.

Lemma 5.1 Let B be i-compressed for each i but not an initial segment.
Then B is of the form

5o JXEDNHEED. (), ol U {12, (5
XEDU{r e XB 1€ a) \ {L(3)+2.(3) + 3} U ({23, () + 11},

depending on whether n is odd or even (in that order).

Proof. Since B is not an initial segment, there exist elements =,y € P(X)
such that z < y in simplicial order, z ¢ B and y € B. We show that zNy = ()
and z¢ N y° = (), so that by De Morgan’s law, 2 Uy = [n] and consequently
r =Y.

Indeed, suppose that ¢ € x Ny. Then y \ {i} € B;;. By assumption,
r<yin P(X),soxz\{i} <y\{i} in P(X \ {i}), since the simplicial order
on P(X \ {i}) is the restriction of the simplicial order on P(X). Since B is
i-compressed, B,y is an initial segment. Therefore = \ {i} € B;,, implying
that = € B, which is a contradiction. To see that z Ny = () is even easier.

This implies that the only z ¢ B satisfying z < y is x, since then z = y°,
and similarly that the only z > z such that z € B is y. Therefore z and
y are consecutive. We have B = {z € P(X) : z < y} \ {z}, where y
is the immediate successor of x and y° = x. If n is odd, |y| = |z| + 1
because |z| + |y| = n. Thus z is the last element having cardinality 252

29



If n is even, then |z| = [y| = §. Since = precedes y, and complements it,
r={1,(5)+2,(5)+3,...n}and y = {2,3,....,(5) + 1}.
(]

5.2 Monotonicity of the optimal perimeter in isoperi-
metric problems on Z* x N¢

We denote vertices of a graph G by V(G), its edges by E(G), and write
G = (V(G),E(G)). For x € V(G), we set Ny (z) = {y € V(GQ) : {z,y} €
E(G)} to be the vertex-neighbourhood of  and Ng)(z) = {e € E(G) : e =
{z,y} € E(Q) for some y € V(G)} to be its edge neighbourhood. We write
Ng(z) for a neighbourhood of x in G when the distinction between vertex
and edge does not matter.

We will be needing the following definitions:

Definition 5.2 A graph A = (Z*™¢, E(A)) is locally symmetric if for every
x € V(A), the neighbourhood N4(z) of x is centrally symmetric about x.

A graph G with V(G) = Z* x N is locally symmetric if there exists a graph
A = (ZF4 E(A)) with centrally symmetric neighbourhoods such that for
every x € V(G), the neighbourhood Ng(x) of x in G is the intersection of
the neighbourhood Na(z) of © with G:

Ng(aj) = NA(QS) NG.

Definition 5.3 A graph G is induced by a p-norm, 1
exists some constant ¢ such that for every x € V(g), Ny(x
0 <z —yll, <c}

Note that if a graph G with V(G) = Z* x N? is induced by a p-norm,
then it is homogenous.
Recall that colexicographical ordering is defined by

(ay,a9,...,a,) < (b1,ba,...,b,) <= (Im > 0)(Vi > m)(a; = b;)N(ay, < by)

Theorem 16 Let G be a locally symmetric graph on ZF. The minimum
edge-boundary is a monotonically increasing function of the volume.
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Proof. Let B be a set of cardinality |A| + 1 with optimal boundary. We
find a point which can be removed without increasing the boundary. This
implies that a set of cardinality |A| has minimum boundary |0A| less than
or equal to |[0B|. Such a point has the property that it has at least as many
neighbours in Z*\ B as it does in B. We derive a contradiction by assuming
that such a point does not exist.

Let

Rx(y) = (23’51 —Y1,2T2 — Yo, ..., 2T} — ?/k)

denote the reflection of point y in point z.

Let H, = {x € Z* : ||| = m} and let r = max, H, N B # (). Let
p € H. N B be greatest in colexicographical order. If p has no neighbour in
B, then it can clearly be removed without increasing the boundary. So let y
be a neighbour of p in B. We show that the reflection R,(y) of y in p is not
in B. Since p is greater than y colexicographically, p; = y; for each i > m
and p,, > y,, for some m > 0. For each i > m, 2p; — y; = p;. Additionally,

2pm —Ym > Pm;

so that R,(y) > p colexicographically. Therefore R,(y) ¢ B. O

Theorem 17 If G is a graph on ZF x N? induced by a p-norm with con-
stant ¢ < 2, then the minimum edge-boundary is a monotonically increasing
function of the volume.

Proof. Being induced by a p-norm, G is locally symmetric. Therefore the
argument from Theorem 16 shows that for b € B of greatest colexicographical
order, the reflection Ry(y) of a neighbour y € B is outside of B. A new issue
arises, that the image might land outside of the graph. For each index ¢ > k
such that 2b; —y; < 0, we apply a reflection in the hyperplane x; = 0. The
colexicographical order of the image can only increase, as its entries have
increased. Moreover, each entry 2b; — y; < 0 maps to y; — 2b; > 0, so this
image is outside of B and inside the graph. Let z be the image of Ry(y)
under these reflections. It remains to see that z is a neighbour of b and that
this map is injective, i.e., no two neighbours y and ¥’ map to the same point.

To show that z is a neighbour of b, it suffices to see that for each 1,
|zi — bi] <|y; — b;].- This inequality is clearly true for the indices ¢ for which
no reflection in the axes occurs. So consider an index ¢ for which 2b; —y; < 0.
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We consider two cases, depending on whether y; < 3b; or y; > 3b;.
In the first case, |z; —b;| = |y; — 3b;| = 3b; —y;. On the other hand, |y; — b;| =
yi — b;, so that

|2z; = b;| < |yi — bi| <= vy >20;.

In the second case, |z; — b;| = |y; — 3b;| = y; — 3b;, so that
|2zi = bi| < |y; —bi| <= b; > 0.

Therefore ||z — b, < |ly — b||,, so that z is a neighbour of b.

Next we show that if y,4’ are neighbours of b then they do not map to
the same point. Assume by contradiction that their images after reflections
are the same. For each coordinate i, either

2b; — y; = 2b; — y;

or
2bi — yi = y; — 2b;.

Since y # ¢/, for at least one coordinate i, y; # y. and, consequently, 2b;, —y; =
Y. —2b; = 4b; = y; + y,. Considering this equation over the nonnegative
integers with constraint y # y' shows that |y} — b;| > 2 or |y; — b;| > 2. It
follows that one of y and 3/ is not a neighbour of b, a contradiction. O

Finally, we note that optimal sets are not necessarily nested. Consider
the graph N™ induced by the oco-norm with ¢ = 1. That is, the graph for
which z ~ y iff max; |x; —y;| < 1. The set of edges is E(G) = {{z,y} : z,y €
N" and ||z — y||ec = max; |x; — y;] = 1}. We consider the edge-isoperimetric
problem on this graph.

Proposition 5.4 The optimal sets of N? are not nested.

Proof. Figure 2 shows the uniquely determined up to reflection in y = x
sequence of nested optimal sets of N2, Figure 3 shows a set with |4] = 11
which has a smaller boundary than the optimal nested set with |A] = 11. O

Nested optimal sets are crucial for the technique of compression and the
fact that the optimal sets are not nested means that such an approach will
not be possible. However, as we will show, the monotonicity of the optimal
boundary established here is a useful tool for obtaining bounds, proving
optimality and understanding properties of optimal sets.
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Figure 3: An optimal set having |A| = 11 has |0A| = 16. This set is better
than the one of the same volume in Figure 2

5.3 On the Edge-Isoperimetric Problem on (N2, oo)

Given a set in N2, it can be made connected without increasing its volume by
translating the connected components towards the origin. Moreover, it can
be made to touch both axes. Call A the resulting set. Let X be the point on
the z-axis with greatest z-coordinate and let Y be the point on the y-axis
of greatest y-coordinate. There is a connected subset C' of A containing X
and Y. We argue that all points bounded by C' and the axes are in A if A is
optimal.

Definition 5.5 Given a connected subset C' of N? containing at least one
point on the x-axis and one point on the y-axis, we say that a point z is
bounded by C' if point z is bounded by some piecewise linear curve formed by
a subset of the edges of C' and the axes.

Lemma 5.6 If A is an optimal set, then it contains all lattice points bounded
by the azes and a connected subset C' containing points X and Y .

Proof. Assume otherwise. Consider the subset Bo C N? of points lying on
or below C and let B = Bo U A. Let Ac = Be N A be the points of A lying
on or below C. By assumption, |Bgo| > |A¢l, so that |B| > |A|. We show
that |0B¢| < |0Ac|. This implies that [0B| < |0A|, contradicting Theorem
17.

The perimeter 0 B¢ of B consists not only of all edges of C' which lie outside
of Be, but also of the edges of the outermost layer of points of Bo \ C' (see
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Figure 4) if such points exist. In particular, a point a € B \ C' contributes
whenever the following conditions are met. Point a is the vertex of a unit
square abcd, the opposite corner c is in the complement of B, and the other
two corners b and d are on C. In this case, edge ac is added to the perimeter.
Suppose that such a point a € B \ A¢ exists. Then the addition of a to Ag
adds a diagonal edge ac to the count but takes away the two edges ab and
ad. If a is part of more than one square, it is easy to see that the perimeter
will still be strictly improved. If Be \ Ac¢ contains some point which does
not meet the conditions, then it does not contribute to the perimeter of Be¢.
Since there is at least one point of this form or of the prior form, filling in
these points strictly improves the perimeter. This completes the proof. O

T U A

1
1
""" T
1
1

Figure 4: A connected subset C' containing X and Y is indicated by dia-
monds. The perimeter of the set bounded by C' receives a contribution not
only from the points of C', but also from the layer adjacent to C, e.g., point
a.

Conjecture 18 For every volume, there is an optimal set A which consists
of the points bounded by a connected subset C C A touching the axes.

We call sets consisting of the points bounded by a connected subset which
touches the axes bounded. We will now investigate bounded sets. Though
there might be sets which are better, we will still be able to learn much about
the problem by considering bounded sets.

Definition 5.7 Point g € 7" is a j-gap of a set A if g ¢ A and there exists
some point p € A with p; = g; Vi # j and g; < p,.
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We will say that a set has no gaps with it has no j-gaps for any j =

Theorem 19 For every volume, a bounded set can be modified to a bounded
set with no gaps without increasing the boundary.

Proof. We fill in the 1-gaps starting from the lowest gaps by adding points
such as x in Figure 5, all the while decreasing the perimeter. By Theorem
17, the optimal perimeter is a monotonic increasing function of the volume,
so we see that there can be no 1-gaps. The same argument applies to the
2-gaps. O

=-=--F-—ft-=-t=-=-=-=---
| | | | | |
| | | | | |
e e i i R
|
|

Figure 5: A bounded optimal set A cannot have gaps since filling in the gap
with points such as x decreases the boundary.

Let Ay ={r € A:x =t}

Lemma 5.8 A bounded optimal set can be chosen to have at most one t €
{1,2,....k — 1} for which |Ay| — |Asi1| > 2, and this t can be chosen to be
k—1.

Proof. Let ty be the first ¢ for which |A;| —|A;41| > 2 and assume that ¢y #
k —1. We can then transfer points from Ay to Ay, until |As | — |A1| =1
or A; has no more points left. Throughout, the perimeter does not increase
because any point transferred shared at most 8 edges with other points, and
after the transfer shares at least 8 edges. If |Ay,| —|Asy+1] is still greater than
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2, then we can transfer points from column Aj_;, and continue in this way
until either |A; | — |A¢+1| = 1 or the number of columns has been reduced
so that tg + 1 is the last column. O

Let us now view the heights of the columns as a function h : N — N given
by h(t) = |A;|. For brevity we will say that h is constant whenever we mean
that h is constant on its support. We have already shown in Theorem 19 that
a bounded optimal set exists which has A non-increasing. We will show that
h can be made to take on a specific form. Before we do that, however, we
note some special cases that are the only exceptions to the following Lemma.
If |A] =1, |A| = 2 or |A| =4, then it is easy to see that for the optimal set
h is constant. These are the only cases in which h will be constant, as we
show next.

Lemma 5.9 Without increasing the boundary, a bounded set A can be trans-
formed into a bounded set B for which hg is constant on {1,2,....c — 1} and
strictly decreasing on {c,c+1,...,k}. Moreover, if |A| # 1,2,4, we can choose
c<k.

Proof. Let S = {x,z+1,...,2+(} be a maximal set of least x for which
h(x +1i) < h(zx +i—1) Vi = 1,...,1. Assume further that x + 1 < k. We
consider two cases: when x+1[ =k —1 and when v+ < k— 1. In the former
case, we take the top point from column Aj, which has at most 6 shared
edges, and place it on top of column Aj_;, and now it has at least 6 shared
edges. This reduces us to the second case. In this case, we take a point from
column Aj, which can have at most 8 shared edges, and place it at the top of
column A, ;. Because h(z+1) = h(x+1+1) and h(z+1—1) = h(x+1)+1,
the new point has 8 shared edges, so the perimeter is not increased. We have
now reduced S to S\ {z + [}, and we continue inductively. This shows that
A can be transformed into a set B for which hg is constant on {1,2,...,c—1}
and strictly decreasing on {¢,c+1,...,k}.

To see that we can choose ¢ < k, assume that |A| # 1,2,4 and that h
is constant. If £k = 1, then we can take the top point of A; and place it at
Ay without increasing the perimeter. If £ = 2, we can take the point P at
the top of Ay and place it at Ay, 1. Since hs was constant, P had at most
3 neighbours. Placing P at Aj,; guarantees 2 neighbours and 3 boundary
edges, so the perimeter is not increased. For k > 3, we can take the point P
from the top of Ay and place it at the top of A, and because k > 3, P will
not have 2 neighbours and 3 boundary edges. O
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I

A4l

Figure 6: Schematic depicting the form of an optimal bounded set guaranteed
by Lemmas 5.8 and 5.9. The first ¢ columns have the same height |A,|, the
next k — ¢ — 1 columns have heights decreasing by 1 at each step, and the
last column Ay has height |Ag| less than |Ag_1].

We can now find the perimeter of a general set subject to the conditions in
the Lemmas above in terms of |A]|, |Ax|, k¥ and c¢. There are |A;| horizontal
edges and k vertical edges. There are S0 (|Ay| — |Aa| + 1) + |Ax| =
|A1| + k — 1 edges parallel to e; + ea, |Ag| — 1 + max{|Ax_1| — |Ax| — 1,0} =
|Ak] — 1+ |Ak_1| — |Ax| — 1 = |Ag_1| — 2 edges in the e; — ey direction,
and ), 50|44, = ¢ — 1 edges in the direction e, — e;. Consequently, the
perimeter is 2| Ay |+ |Ag_1|+c+2k—4 = 2| Ay | +| A1 | — (k—1—c¢) +c+2k—4,
which is equal to

|0A| = 3|A1| +2c+ Kk — 3. (10)

We also know that S5, |A;| = |A|. Therefore |A| = c|A;|+3F 57 (| Ay |-

i) + | Ag|, which simplifies to

|A| = (k — 1)|A1] + | Ax] — (k_c_;)(k_c). (11)

Combining Theorem 17 on the monotonicity of the perimeter and equa-
tion 10, we obtain:

Corollary 5.10 Let A be a bounded optimal set with |Ag| < |Ax—1] — 1.
Then the optimal perimeter of bounded sets of cardinality |A| 41 is |0A| and
a bounded optimal set of cardinality |A| + 1 is given by AU {(k,|Ax| +1)}.

Example 5.11 We show that simplices are not always optimal. Consider
the simplex given by h; = 15—1, 1 =1,2,...,14. By increasing |A;| by 1 while
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preserving the shape from Lemma 5.9, we get a truncated simplex given by
h; =16 —1, 1 =1,2,...,10. The perimeter of the simplex is 56, whereas that
of the truncated simplex is 55.

Given |Ay], c and |A], the set A is determined. Indeed, we know that

|141‘ 1 S;C
A + S — k=l i =k
Moreover, k is the unique positive integer such that

k—c—1

k—
Y (A=) <[A] = A < Z [ As| =)

i=1

Solving for k, we obtain

k= (%(—1 + 2] Ay| — \/1 +8((|’z1’) —|A| +c|A])] + e

Therefore the problem is to minimize

1 A
|0A| = 3|Aq| + 3¢+ [5(—1 + 2| A;] — \/1 +8(<| 21|) — Al 4+ |A4]))] -3

= 4{A1| +3c -3 — %(1 + \/1 + 8(<|él|) — Al + c|A1)))]-

Lemma 5.12 Any bounded set A can be transformed into one for which
|A1| > ¢ without increasing the boundary.

Proof. Assume that |A;] < ¢. We reflect A in the line y = x to obtain a
new set B which has |A;| columns. The first |Ay| are of height k. Columns
| Ax| +1 through |Ax_;| are of height k—1. The remaining columns decreased
in height by steps of 1, with column |A;_1|+ 1 having height k—2 and column
| Ay | having height ¢. Since ¢ > |A;| > |Ag_1| — |Ax|, we can take points from
column |A;| of height ¢ and place them on top of columns |Ag|+1,...,| Ax_1|—1
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without increasing the perimeter. The resulting set has the form of Lemma
5.9. The new parameters are |A;| = k, k = |Ay| and ¢ = |Ap_1| — 1 =
|Ay| — k + ¢. Then

c>|A| = ¢=|A|—k+c<2c—k.

Since k > ¢, |A;| > ¢. O

In order to obtain a lower bound for the sets considered, we relax our
problem to a continuous one:

|A1],ceR

1 A
minimize  4|A4;| + 3¢ —3 — 5(1 + \/1 +8(<| 21|) — |A[ 4 c|A1]))

subject to 1 < |Ay] < |A],

Al — (1Al
%chhah‘_

For any |A| > 2, we can establish via a direct calculation that the mini-
mum value of the objective is \/g v/8|A| — 1 — 2 given by the unconstrained

minimizer |4;| = : ”;}%fl and ¢ = (14 + V14,/8|A| — 1), and the value is
better than the value of the function on the boundary of the feasible region.

To obtain an upper bound, we will utilize the monotonicity of the perime-
ter from Theorem 17. Let m € N and set |A]* = 7m?, |A;|* = 3m and
c* = m. It is again a simple calculation to verify that these values give a

feasible point. The function

1 A
9, ¢) = 44| +3c —2 - S(1+ \/1 +8((| 21|> — A + ¢|Au]))

is an upper bound for the perimeter. For |A|* = Tm?,

1 5
g(JAL]*, ") = 15m — 5\/4m2 —2m+1-7

15 1 /4 12
= 2 JIAF — 2 2 1AF = == V]AF + 1.
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For a general |A|, we find m such that 7(m — 1)? < |A| < Tm? Then
Al < |A| +24/7|A| — 8, so that

]8A]<—\/]A|+2\/7|A 8——\/ (JA| + 21/7[ 4] — \1/—27\/\A|+2\/7\A|—8+1.

This complicated expression is asymptotically

15 1 7
2 A = — A = \/j\/8A.
7 |Al 7 Al 5 V84|
Note, however, that the upper bound is real if and only if |A| > 36.

Theorem 20 Let the cardinality of a bounded optimal set A be |A| > 36.
Then the perimeter |0A| is bounded below by

A EA=T -2

and above by

\/]A\ +2/71A] - 8——\/ (JA| + 2+/T]4] — %\/\Ay +2VTA - 8+ 1).

Moreover, the difference between the upper and lower bound does not ex-
ceed the constant 375

Proof. The upper and lower bounds were shown above. Rather than con-
sider the upper bound as it stands, we consider the slightly weaker but simpler
upper bound u(|A]) equal to

15 12
\/|Ay+2 7TA] — 8——\/ (JA| + 2¢/7]A] 77\/\A|+2 TTA] -8

obtained by dropping the 1 inside of the square root. Then a calculation
shows that the difference d(|A|) between the upper bound u(|A|) and lower

bound [(|A]) = f V/8|A| = 1 — 2 has a non-vanishing derivative. Moreover,
at |A| = 39, the first point at which this upper bound is defined, the derivative
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of the difference is positive, so that the difference is an increasing function.

Taking the limit, we obtain the value 335 For any 36 < |A| < 38, a direct

calculation shows that the difference is at most % a

Note that the growth of the boundary, even for bounded optimal sets,
is slower than linear, though by Theorem 17 the perimeter is an increasing
function. Therefore

Corollary 5.13 There exist arbitrarily long consecutive values of the volume
for which the minimum boundary is the same.
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