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ABSTRACT. — The aim of this survey is to give a precise idea of the recent results on existence of
isoperimetric sets in R" with density. We will mainly focus on the overall ideas, leaving away some
technical details of the proofs, which can be found in the cited papers. No previous knowledge on
the subject is assumed from the reader.

This survey originates from a talk of the author at the conference “New Trends in Nonlinear
PDE’s” held at the Accademia dei Lincei on November 26th, 2013. I wish to dedicate this paper to
Carlo Sbordone, because of his recent 65th birthday, and to Ula, because she will become my wife in
few days.
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1. INTRODUCTION

The aim of this short survey is to discuss the most recent results on the existence
of isoperimetric sets in the space RY with density. The problem is very easy to
state: for a given L] and Ls.c. function f : RY — R™, one defines the generalized
volume and the generalized perimeter of a Borel set Q = RY as

o] = /Q fydx, PQ = [ f)da¥ (),

0'Q

where the reduced boundary 0*Q of Q coincides with the usual topological
boundary if the set Q is smooth enough. To read this survey there is no need to
know what exactly the reduced boundary is, however the interested reader can
find all the definitions and main properties for instance in [1].

The isoperimetric problem consists then, as always, in trying to minimize the
perimeter of sets with a fixed volume. Of course, this coincides with the classical
(or “Euclidean”) isoperimetric problem when f = 1, but otherwise a number of
different possibilities arise. This problem is estremely well-known and deeply
studied for a number of reasons; the interested reader can find some history,
explanations and a large bibliography for instance in the papers [4, 3]. Let us
now start by discussing, in a very informal way, what should happen about this
problem, and which are the most interesting questions.
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First of all, it is very simple to understand that, in general, one should not
expect existence of isoperimetric sets (i.e., sets minimizing the perimeter for their
volume). Indeed, starting with any positive density f, and with any sequence of
sets with constant volume, it is possible to lower the value of f on the boundaries
of these sets: this will not affect the volumes of the sets, but then the perimeters
can be made arbitrarily small. Notice that, in this way, the function f remains
lower semi-continuous (actually, if one wants only to consider continuous den-
sities, then the same argument applies with minor modifications).

As a consequence, it is clear that the first important task is to obtain con-
ditions under which the existence of isoperimetric sets is ensured, and the goal
of this survey is to discuss precisely this question. Of course, other interesting
questions concern the regularity and other geometrical properties of the isoperi-
metric sets. In the remaining of the introduction, we will explain some simple but
fundamental properties of the problem, and then we will give the claim of the
main result that we are going to present.

1.1. Preliminaries on the problem: the mass which escapes at infinity

Let us immediately recall a very basic lower semi-continuity result, which directly
comes from the analogous result for BV functions (see for instance [1]).

LeEmMMA L1, Let {Q}; . = RY be a sequence of sets such that the characteristic
Junctions yq weakly converge in the BVio sense to yq for some Q < RY. Then,
P(Q) < hmlan( ).

Since standard compactness results ensure that, from any sequence {Q;} of
sets, it is possible to extract a subsequence such that the sets Ko, converge to
some characteristic function yq, the above lemma could seem to give immedi-
ately a general existence result: indeed, for any given volume V' one can always
find a sequence which tends to minimize the perimeter (such a sequence is called
“isoperimetric sequence’), and extract a converging subsequence, hoping that
the limit will be an isoperimetric set. Unfortunately, this does not work so eas-
ily, becuase the limiting set Q could happen to have a strictly smaller volume,
hence it would be not a competitor for the isoperimetric problem with volume
V. Actually, for any given bounded domain D = R" one has that the volume of
Q in D coincides with the limit of the volumes of €; in D; in other words, the
only risk is that the sequence €; “loses some mass at infinity”. For instance, if
the sets Q; are all balls of unit volume whose centers go to infinity, then the
limit is the empty set, which clearly does not have unit volume. As a conse-
quence of the above observations, the following results are straightforward to
prove.

THEOREM 1.2. If the volume of the whole RY is finite, say |R™| = M, then there
exists an isoperimetric set for every volume V < M. If the volume of R" is infinite,
but for some volume V > 0 there exists a bounded isoperimetric sequence relative
to volume V, then an isoperimetric set for volume V exists.
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The idea of proof is extremely simple: if R has only a finite volume, then it
is not possible that some mass escapes at infinity, because “‘there is no space at
infinity”. More precisely, for any positive ¢ > 0 one can find a big domain D
such that, out of D, there is only a volume smaller than ¢. As a consequence,
taking an isoperimetric sequence €; and calling Q a limiting set of (a suitable
subsequence of ) {€;}, then the volume of Q is bigger than V' — ¢ for any positive
¢, and then |Q| = 7 and so Q is isoperimetric, as said above. In R" has infinite
volume, but there is an isoperimetric sequence completely contained in some big
bounded domain D, then again the volume of Q is exactly V', because the mass is
not escaping at infinity, being confined in D.

These simple facts already allow us to do some interesting observations. A first
one concerns the cases when the volume of R” is finite: in all these cases, the
study of existence is useless because existence is always automatically true. This
does not mean that the isoperimetric problem is not interesting (for instance, the
Gaussian density f(x) = e 2 s extremely studied), but only that the interest-
ing questions are not the existence. A second, deeper, one concerns the general
case when R" has infinite volume: to show the existence of isoperimetric sets of
a given volume, one could try to show that isoperimetric sequences do not have
any reason to escape at infinity. Even though this is a basic and obvious observa-
tion, a good strategy for showing the existence is precisely this one.

1.2. Preliminaries on the problem.: the regions with high or low density

Let us now discuss what we should expect to happen in zones where the density
f is high, or low. To start with, let us imagine that f is constantly C in a large
region of RY, and seek for an isoperimetric set, say of volume 1, in that region.
Since the density is constant, then of course the problem coincides with the usual
Euclidean problem, up to a multiplicative constant, and then an isoperimetric set
is simply a ball B, of radius r and volume 1. Its volume and perimeter are then
given by

1 = |B| = Coyr”, P(B)=CNaoyr ',
which just by substituting gives
P(B) = C'"NNw)/".

As a consequence, the perimeter of a ball of unit volume is higher when the con-
stant C is higher. Notice that this is a consequence of the fact that volume scales
with power N, and perimeter only with power N — 1; in other words, to obtain a
unit volume in a region where the constant C is small, one needs a much “bigger”
ball (that is, a ball with a big radius), and of course a larger radius goes in the
direction of a larger perimeter: however, the positive effect of the density being
low is stronger than the negative effect of the radius being large. This is a simple
but quite interesting information; suppose, indeed, that there are two big regions
where the density is constant, and that the two constants are different: the above
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calculation suggests that, for the isoperimetric problem, placing a ball in the zone
with low density is the better idea.

From this observation, one can get a general ““rule”, that is, isoperimetric sets
tend to privilege zones with lower density. Of course, this is absolutely not a rule,
and in fact it is in general false: the very best for a set would clearly be that the
density is big inside the set (so the set can have a small dimension still reaching
the desired volume) and small on the boundary of the set (so the set has a smaller
perimeter); hence, if the density is rapidly changing then nothing can be easily
said. However, keeping in mind the above ““rule” is still useful, because in many
cases this actually suggests the correct answer to the questions of existence or non
existence, as we are going to see in a moment.

1.3. The main result of this survey

We are now going to present the main result of this survey, Theorem 1.4 below,
which says that whenever a density is converging from below in the sense of
Definition 1.3, isoperimetric sets exist for every volume. Before stating this result,
we list some known existence or non-existence results, which are either trivial or
can be found for instance in [4, 3]; basically, all these results should convince the
reader that the case of densities converging from below treated here, is the only
interesting one.

e A density which diverges at infinity: in this case, the “rule” would suggest that
an isoperimetric sequence remains bounded, because there should be no gain
for the isoperimetric problem in going where the density is big; since Theorem
1.2 ensures the existence of isoperimetric sets when isoperimetric sequences re-
main bounded, we can guess that existence should be true in this case. Actually,
the existence is true only if the density is also radial: for a general diverging
density it is still possible that existence fails.

e A density which goes to zero at infinity: in this case, the existence is auto-
matically true if the volume of R” is finite, thanks to Theorem 1.2; on the other
hand, if the volume of RY is infinite, the “rule” would suggests that any
isoperimetric sequence goes to infinity, hence that no existence holds. And
actually, it is true that existence always fails for densities which go to zero at
infinity, of course under the assumption |R"| = co.

e A density for which liminf f(x) < limsup f(x) at infinity: in this case, the
density is “oscillating”, hence one can expect that an isoperimetric sequence
could either stay bounded or go to infinity, depending on how fast the density
oscillates. And in fact, this intuition is correct: it is very easy to build examples
of oscillating densities both with existence and with non-existence of isoperi-
metric sets, thus in this case one cannot find any general result.

e A density with a strictly positive and finite limit at infinity: this is the last
possible case, and by the above discussion it is the only interesting one which
is left, since in all the other cases either no result is true, or the true result is
already known. Actually, it is immediately seen that this case should be divided
in two subcases; indeed, if the density converges to the limit from above, then
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the “rule” would suggest that isoperimetric sequences might go to infinity, pre-
venting the existence; on the other hand, if the density converges to its limit
from below, then the suggestion would be that isoperimetric sequences are
bounded, and then the existence should hold. To say this more formally, let us
introduce the following notation.

DEFINITION 1.3. We say that the density f:RY — R" is converging from
below to a limit 0 < / < 40 if f converges to / at infinity, and f </ out of a
sufficiently big ball.

The above intuition can then be rephrased as follows: one could expect exis-
tence of isoperimetric sets for densities converging from below, and no general
result for other densities (which are then either converging from above, or oscil-
lating around the limit). The second guess is easily seen to be correct: it is simple
to construct examples of densities which are converging to a limit 0 < / < oo, but
not from below, both such that existence is true, and such that existence fails.
Also the first guess is true, but the proof is quite more complicate, and the goal
of this survey is precisely to describe it in good detail.

THEOREM 1.4. Let f be a density converging from below to 0 < / < co. Then,
for every volume V > 0, there exist isoperimetric sets of volume V.

The proof of the above theorem is contained in the very recent paper [3]; the
result was conjectured, and some particular cases were already proven, in the
paper [4]. The plan of this survey is very simple: we collect some technical known
facts and a basic definition in Section 2, and then Section 3 is devoted to describe
in detail the proof of Theorem 1.4; our goal is not to give the completely formal
proof, which is already contained in the above-cited paper, but to explain all the
steps of the construction, proving almost formally most of them, in order to give
a precise idea both to the initiated and to the non-initiated reader.

2. SOME BASIC KNOWN FACTS AND A DEFINITION

In this section we present a couple of known technical facts, and we give a useful
definition. The first result shows that if an isoperimetric sequence weakly con-
verges to a set, then this set is an isoperimetric set. Notice carefully that this
seems in contrast with what we said right after Lemma 1.1, but it is not so: we
are not saying that a weak limit Q of an isoperimetric sequence correspond-
ing to volume V is an isoperimetric set for the volume V', but that it is an
isoperimetric set for the volume |Q| < V! In particular, we have noticed that an
isoperimetric sequence could also vanish at infinity: in this case the lemma below
just says that the empty set is an isoperimetric set for the problem with volume 0,
which is of course emptily true.

LEMMA 2.1. Assume that [ € L} and that f is bounded from above and below
far from the origin. Assume also that an isoperimetric sequence {Q;} of volume
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V weakly converges in L' to a set Q. Then Q is an isoperimetric set with
volume |Q|.

PrOOE. If |Q| = 0 there is nothing to prove, while if |Q2| = V" then the claim is a
direct consequence of Lemma 1.1; we can then assume without loss of generality
that 0 < |Q < V.

Suppose now that Q is not an isoperimetric set of volume |Q|: then, there
exists /' so that

[F|=1Ql,  P(F) = P(Q) —e,

for some ¢ > 0. By continuity, there exist a small constant 0 > 0 and a big radius
R > 0 such that, for every —0 < ¢ < J, there exists a set F; satisfying

(2.1) F, < B(O,R), |F|=1Q|—1, P(Ft)gp(g)—g

Up to increase R if necessary, we can also assume that

(2.2) |QmB(0,R)|2|Q|—g, J@N*‘(anB(o,R))ZP(Q)—g,

where for any k > 0 we define the measure ,}ff" as %f" (4) = / f(x)dA#*(x) for
: . ’

every Borel set A.
Let us now consider the set Q;; recalling that

HN1(@Q A B(0, R)) < liminf #,Y (60, A B0, R)),

o
by (2.2) we immediately get that, if j is big enough, then
(2.3) Q] <1Q[ +0, [Q; B0, R)| = |Qf -0,

— &
AN1(0Q; ~ B(0, R)) > P(Q) — o
It is now possible to select some R; > R such that

AN (Q Sk) <

co| ™

where for every r > 0 we denote by S, = dB(0, ) the sphere centered at the origin
with radius r. We have then, calling Q; = Q; 1 B(0, R;) and Q" = Q;\ B(0, R)),

(24)  PQ)+PQ) = P(Q) + 247" (Q n Sk) < P(Q) + Z :
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Notice now that, since R; > R and by (2.3), then
=1Q - 197] e [-4,4],

thus we can define the competitor Q] =Q' v Fy;, being the sets F; as above. By
construction, we have that |Q;| = V' for any j > 1, hence we have now to esti-
mate the perimeters of Q Using that R < R; and (2 1), (2.4) and (2.3), we find
that

P(Q) = P(F,) + P(Q) < P(Q) — % + P(Q) + P(Q)) - P(Q)

& & _ &
<P(Q) - 3t P(Q) +- AN1(0Q; ~ B0, R)) < P(Q) — o

Since this is in contrast with the fact that the original sequence {Q;} is isoperi-
metric, we have found an absurd, and this concludes the proof. O

The second result is a refinement of the first one, valid in the case when the
density f converges to a limit at infinity. Here, and in the following, we will
denote by J(V) the infimum of the perimeters of sets of volume ¥V (hence, if
{€Q;} is an isoperimetric sequence relative to volume ¥, then P(€;) — J(V)).

LEMMA 2.2. In the same assumptions as in Lemma 2.1, if we further assume that
f — 1 at infinity, then

(2.5) 3(V) = P@) + Ny (V - Q) 7
ProOF. First of all, by approximation we can find a bounded set Q with
Q| =1Q|, P(Q) <PQ)+e

Then, consider a ball B of volume V' — |Q| very far from the origin, so that it does
not intersect Q: since f — 1, we can assume that P(B) is as close as we wish to
the perimeter of a ball of volume V' — |Q] in the standard Euclidean space, which
is N a)l/ Ny —1o) ™ " : then, the set Q U B has exactly volume ¥ and its perimeter
is less than

P(Q) + Noy" (V- Q) + 2

since ¢ is arbitrary, this implies the first inequality in (2.5).

To obtain the other one, we can argue more or less as in the proof of the
preceding lemma: having fixed a small constant ¢ > 0, for every j > 1 we select
R; very big and such that

AN HQ N Sk) <,

|1€ 0 B0, R)| — |9 | <&,
P(Q A B(0,R))) > P(Q) —
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Since f — 1, if R; is big enough then the perimeter of Q;\B(0, R;) is arbitrarily
close to the Euclidean perimeter of the same set, which is bigger than the Eucli-
dean perimeter of the ball with the same volume: we deduce that

P(Q\B(0, R;)) = Na)]l\,/N(V _ |Q|)“T’l G

for some & which depends on ¢ and goes to 0 when & goes to 0. As a consequence,
we get

P(Q) = P(Q; 0 B(0, R))) + P(Q\B(0, R})) — 24" (& 1 Sk,)
> P(Q) + NoY(V —1Q)F —3:—&

Again recalling the ¢ is arbitrary, we obtain the other inequality and the proof is
concluded. m|

Let us now give a simple definition; to introduce it, consider a ball B in a
region where f is constantly C. As already noticed at the beginning of Section
1.2, we can immediately observe that

P(B) = C"NNw!/"|B|'F.
We give then the following definition.

DEFINITION 2.3. We say that the mean density of the set Q is the (unique)
number p such that

P(Q) = p'" NV 7

Basically, the mean density of a set is the constant p such that, in a region
where the density is constantly p, balls with the same volume as Q have also the
same perimeter. This definition, which first appeared in [4], could seem strange at
first glance; nevertheless, for densities which converge to a limit, this turns out to
be extremely useful thanks to the following result.

LEMMA 2.4. Let f be a density which converges to 1 at infinity. Assume that all
isoperimetric sets are bounded, and that there exist sets of any volume arbitrarily
far from the origin and with mean density less than 1. Then, for every V > 0 there
exists an isoperimetric set of volume V.

ProOF. Let {Q;} be an isoperimetric sequence corresponding to the volume V/,
and assume that Q; weakly converges to some Q (this is always true, up to a
subsequence). By Lemma 2.1 and Lemma 2.2 we know that Q is an isoperimetric
set for volume |Q|, and that (2.5) holds. By assumption, Q is bounded. Again
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by assumption, there exists a set F with volume " — |Q| which has mean density
less than 1; since F' can be taken arbitrarily far from the origin, we can assume
that Q" F = 0.

The set QU F is then a set with volume exactly V', and recalling that Q is
isoperimetric and that the mean density of F is less than 1, we get

P(QUF) < P(Q) + P(F) < P(Q) + Nol/V|[F|'T = 3(V).

Since this implies that QU F is an isoperimetric set of volume V, we have
concluded the proof. O

One of the assumptions of the above lemma is the a priori boundedness of
isoperimetric sets, which has been recently well studied. In fact, it is always
true under our assumptions, thanks to the following result, which concludes this
section.

LEMMA 2.5. Assume that the density f is either continuous and bounded above
and below far from the origin, or it converges to a positive limit at infinity. Then,
all the isoperimetric sets are bounded.

We do not give the proof of this result here, since it is quite involved. The
proof of the continuous case can be found in [2], while the proof of the second
case comes from an observation by F. Morgan, and can be found in [3].

3. PROOF OF OUR MAIN RESULT

This section is devoted to describe in detail the proof of Theorem 1.4, with a big
emphasis on the underlying ideas.

Let us start by considering the claim of Lemma 2.4: thanks to Lemma 2.5, it
tells us that to prove our Theorem 1.4 we can limit ourselves in finding sets with
any volume and mean density less than 1 arbitrarily far from the origin (up to a
trivial rescaling of f, we can of course assume without loss of generality that
/=1).

Observe that, in order to have a small mean density, a set should be suitably
placed with respect to the density (the best would be if the density is big inside the
set and small on its boudary), but it should also have a small perimeter in the
Euclidean sense: if the density on the boundary is small, but the boundary has a
huge extension, then this is not convenient ... In particular, since we are looking
for sets which are far from the origin, and the density converges to 1, the volume
and perimeter are very close to the Euclidean volume and to the Euclidean perim-
eter; hence, a set with a mean density smaller than 1 must be very similar to a
ball. For this reason, we start (in the first step) to search a ball with mean density
smaller than one, and for simplicity we work in the simpler radial case. Then, in
the second step we conclude the thesis of Theorem 1.4, still in the radial case.
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Having the strategy in mind, in steps 3 and 4 we do the same thing in the more
complicated general case.

3.1. Step 1: A “good” ball of given radius when f is radial

In this first step, we assume that 1" is radial (at least far from the origin), and we
look for a ball of mean density less than 1 arbitrarily far from the origin. Notice
that we must find such balls for any given volume. Up to a dilation, we can
clearly reduce ourselves to consider only a particular value of the volume; how-
ever, it is important to underline immediately that we must choose this value in
advance. In other words, just finding a ball with mean density less than 1 and a
random volume is not sufficient! Even if this might seem not such a big problem,
at first glance, this will nevertheless give some difficulties later: indeed, it is much
easier (and this is what we will do) to search for a ““good” ball (that is, a ball with
mean density less than 1) having fixed its radius, not its perimeter. But then, we
have to take care of adjusting the volume (in principle, it would be possible that
there exist balls with mean density less than one with any possible radius, but not
with any possible volume!).

For simplicity, let us then search for a good ball with radius 1: the goal of this
first step is to prove the following result.

LEMMA 3.1. Under the assumptions of Theorem 1.4, if in addition f is radial then
there exist balls of radius 1 and mean density less than 1 arbitrarily far from the
origin.

Notice that a ball very far from the origin and with unit radius has volume
very close to wy, and perimeter very close to Nwy, since f — 1; hence, by the
definition, the mean density is very close to 1, so to check that some particular
ball has mean density less than 1 we need a careful analysis of the difference be-
tween f and 1. Hence, it is useful to define the auxiliary density g = 1 — f, which
by assumption is radial and positive far from the origin, and to evaluate volumes
and perimeters also in terms of g: to avoid confusion, let us write then P,(E) and
|E| ; to denote the perimeter and volume of the set £ with respect to the density g.
Of course, any ball B(R) of radius 1 and centered at distance R from the origin
has volume and perimeter

(3.1) |BR)| = wy — [B(R)|,, P(B(x)) = Noy - P,(B(R)).

g’

In order to prove Lemma 3.1, we first need a couple of simple elementary
properties.

LEMMA 3.2. Let g: RT — R be definitively positive and converging to 0, and let
a:(=1,1) — Rbe an L' function such that

(3.2) /1 a()dt =0, /Goc(z) dt>0 Voe(-1,1).
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Then, there exists R arbitrarily big such that
1
/ a(t)g(t+ R)dt = 0,
-1
with strict inequality unless g =0 in (R—1,R+1).

PROOF. Let us assume that the claim is false. Hence, for any R™ > R~ > 1 we
have

R 1 Rt+1
02/ / a(l)g(l—l—R)dth:/ g(x)/ o(2) dt dx,
R=R- Ji=-1 x=R-—1 Ay

where A, is defined by
Ay={te(-1,1):x—R" <1<x—R}.

Notice now that, if R~ +1 < x < R* — 1, then 4, = (—1,1); as a consequence,

by (3.2), for those x one has / a(t) dt = 0. So, the estimate above can be re-
written as Ay

R™+1 R +1
0> / g(x)/ a(t)dzdx—i—/ g(x)/ a(t) dt dx
x=R—-1 Ay X=R*-1 A,

R™+1 X—R~ RT+1 x—R*
:/ g(x)/ a(1) dtdx+/ g(x)/ o(1) dt dx.
x=R--1 -1 X=R+-1 -1

Again by (3.2) we know that the first integral is positive and the second one is
negative; moreover, if we keep R~ fixed and we send Rt — oo, then the second
integral converges to 0. We have to divide now two possibilities: if g =0 in
(R~ —1,R™ + 1), then we have already the claim with R = R™; otherwise, the
first integral is strictly positive, hence for R™ big enough we find a contradiction.
In both cases, the proof is concluded. |

LEMMA 3.3. Let g: RT — R be definitively positive and converging to 0, and
t

let a:(—1,1) — R be an L' function such that a(t) :—/ a(o) da satisfies the
1

assumption of Lemma 3.2 as well as a(1) =0. Then there exists R arbitrarily
big such that

/1 2(0)g(t + R) dt = 0.
-1

PrOOF. We can argue exactly as in the previous Lemma. In fact, Let R >
R~ >» 1 and assume that the claim is false for every R~ < R < R*': since
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1

a(1) =0 means that / o(o)do =0, with the same calculation as in the
-1
previous proof we can evaluate

0>/th2 /tlloc(t)g(t—I—R)dldR
. / AR /_ T did / R /_ ) ded

=R -1 1 x=R*+-1 1

Since second term is again going to 0 for R™ — o0, to conclude we just need to
prove that the first term is strictly positive. Let us rewrite it as

[0 e [ atnaas= [C 7 st myax

x=R——1 1 x=R~—1

:/1 g(t+ R7)a(z) dt.

=—1

Applying Lemma 3.2 to the function o, we precisely obtain a suitable choice of
R~ such that the above integral is strictly positive (our assumption reules out the
possibility that g =0 in (R~ — 1, R~ + 1)), hence this proof is concluded. O

We are now in position to prove Lemma 3.1; as said above, it is notationally
simpler to use the perimeters and volumes with respect to g, and then deduce the
desired results for f.

LeMMA 3.4. Under the assumptions of Theorem 1.4, if in addition f is radial then
for every ¢ > 0 there exists a ball B(R) of radius 1 arbitrarily far from the origin
such that

(3.3) Py(B(R)) = (N —&)|B(R)],-

PrOOF oF LEMMA 3.1. The claim of Lemma 3.1 is a straightforward conse-

quence of Lemma 3.4. Indeed, keeping in mind formulas (3.1), we know that
the ball B(R) has mean density less than 1 if and only if

Noy = Py(B(R)) < Noy/™ (ox = [B(R)|,) T,
and since g — 0 at infinity the previous inequality reduces to
Py(B(R)) > (N — 1+ o(1))[B(R)],,

where o(1) is a quantity which goes to 0 when |B(R)|, goes to 0, hence when
R — 0. Thus, the claim of Lemma 3.4 is stronger than what we need. O
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Proor oF LEMMA 3.4. Since the density is radial, we can express the perimeter
and volume of B(R) as

R+1
PUBR) = [ (= R R)g()

(3.4)

R+1
BRI = [ palx— R R)g(x) d.

and the functions ¢, , : (—1,1) x R* — R* clearly converge, for R — o, to the

functions

N-3 N-1

71() = (N = Dow_i1(1 =)', ¢(t) = onoi(1 - )T,

which depend only on . Notice that the convergence is quite strong, namely the
ratio ¢, ,/@, , converge uniformly to one: as a consequence, the claim follows
if we can find balls of radius 1 arbitrarily far from the origin such that

(3:5) Py(B(R)) = NV,(B(R)),

where the modified perimeter and volume P, and V/, are defined as

_ 1 . 1
B,(B(R)) = / 71(0g(t + Rydx, T,(B(R)) = / P09t + R)d,

=1 —

compare with (3.4). A trivial check ensures that the function o(z) = @, () — N@,(1)
satisfies the assumptions of Lemma 3.3, and then the existence of some arbitrarily
big R satisfying (3.5) follows, thus the proof is concluded. O

3.2. Step 2: Conclusion when f radial

As described above, the proof of Theorem 1.4 follows as soon as we find a set of
any given volume arbitrarily far from the origin. Since the density converges to 1,
let us look for a set of volume wy, which is the volume of a ball of radius 1
at infinity. Lemma 3.1 of Step 1 already gives us balls arbitrarily far from the
origin with radius 1 and mean density smaller than 1; however, since f is con-
verging to 1 from below, the volume of these balls is slightly smaller than 1. As
a consequence, we need to enlarge these balls a little. Notice that enlarging the
radius would not be a good idea: indeed, since f is not even continuous, also a
small movement of the boundary would possibly increase the perimeter too
much, destroying the information about the mean density. Let us give here the
construction.

LeEMMA 3.5. Under the assumptions of Theorem 1.4, if in addition f is radial then
there exists a set of volume wy and mean density smaller than 1 arbitrarily far from
the origin.
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PRrROOF. Thanks to the first step, in particular by (3.3) of Lemma 3.4, we get a
ball of radius 1 and such that

(3.6) Py(B(R)) = (N —&)|B(R)],-
Since f < 1, we know that |B(R)| < wy, in particular by definition

(3.7) |B(R)| = oy — |B(R),.
Hence, we enlarge the ball as shown in Figure 1. More precisely, we divide the
ball B(R) into two half-balls, the “upper one” and the “lower one”, which are
the two parts divided by an hyperplane passing trough the origin and the center
of B(R). Then, we “rotate down” the lower part of the boundary dB(R), call it
27, in such a way that it becomes a half-sphere X~ whose center is below the
original one of a distance 6. Finally, we define the new set B as the set whose
boundary is the union of the upper half-sphere dB(R)\X~, plus the new half-
sphere X7, plus the union I' of all the arcs of circle centered at the origin and
connecting each point of £~ with the corresponding point of X~ (for the case
of dimension N = 2, I" is actually made only by two arcs of circle). In Figure 1
the new boundary dB\J0B(R) is made in dash.

The quantity J is chosen in such a way that |B| = wy: as a consequence, we
deduce that 6 « 1 and that B =2 B(R). Moreover, since the Euclidean volume of
B\B(R) is of course

|B\B(R>|eucl = a)N*15<1 + 0(1))7
where o(1) is a quantity which goes to 0 when R — oo, since f & 1, and since

by construction—just keeping in mind (3.7)—we have |B\B(R)| = |B(R)|,, we
obtain

g°

'B(R)L’u +o(1)).

5:

WN-1

Figure 1. Ball expansion in Step 2.
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We are now in position to calculate P(B): since by construction, and thanks to

the fact that f is radial, we have that J/}N 1z = éf?-N ~1(Z7), recalling (3.6)
we directly have

P(B) = P(B(R)) + #,""(I') < P(B(R)) + #"~!(I')

P(B(R)) + (N — Day_19(1 + o(1))
P(B(R)) + (N — 1)|B(R)|,(1 + o(1)) < P(B(R)) + P4(B(R)) = Nawy,

where the last equality comes from the fact that /' +¢g =1 and so P(B(R))+
Py(B(R)) is the Euclidean volume of B(R), which is a ball of radius 1. We con-
clude by noticing that the set B has volume wy by construction, and then having
perimeter less than Nwy is equivalent to have mean density less than one, which
concludes the proof. O

3.3. Step 3: A “good” ball of given radius for a generic [

In this and in the next step we are going to obtain the very same results as in
Steps 1 and 2, but for a generic density f instead of a radial one. The result of
this step is then the following result, which is analogous to Lemma 3.4: the
idea of the proof is simply to use an auxiliary radial density, obtained by radially
averaging f.

LEMMA 3.6. Under the assumptions of Theorem 1.4, there exists a ball Bg(R) of
radius 1 arbitrarily far from the origin such that

(3:8) Py(Bg(R)) = (N —¢)|Bs(R)],-

PROOF. Let us use polar coordinates, denoting every point x € R as x = (p, 0),
where p > 0, 0 € SV Let us then define the radial density g(p, 0) = §(p), where

i) = [ a.01ax o)

that is, g is the radial average of g. Now, fix a large R > 1: in the previous steps
we simply called B(R) any ball of unit radius with center at distance R from the
origin, because all such balls were equivalent due to the radial assumption on the
density. Since now f (thus g = 1 — f) is generic, all the balls of unit radius and
distance R from the origin may have different perimeters and different volumes,
hence it is more convenient to call each of these balls Bg(R) for f e SV -1 with
the obvious meaning that we fix arbitrarily one of these balls and then Bg(R) is
the ball obtained after a rotation of angle . A trivial calculation then gives that,
if we define T'(R, p) = SV!, for every p € (R — 1, R+ 1), as the set

C(R,p)={0eS " ':x=(p,0) € By(R)},
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then the g-volume of each ball Bg(R) is

R+1
B, =[] 0 par 0 dp
0eT'(R,p)
As a consequence, we simply have

f B (p
peSs’

R+1
o s i 00D O dp )
€ e /7

-/ /RH ][ 9(p.0+ B dAN (B dpd ™ (0)
OeT(R,p) pesh!

R+1
/ / p)dA N1 (B)dp = |B(R)],,
0eT'(R,p) R— 1

where B(R) is again the generic ball with distance R from the origin, since ¢ is
radial. The very same calculation of course gives

(39) f B R g = Py(B(R).

Putting together the last two estimates we obtain that

]g o PaBi(R) — (N = ) By(R)|, B = Py(B(R)) — (N — )| B(R)l,
thus there exists some f € S¥~! such that
(3.10)  Py(By(R)) — (N —&)|Bg(R)|, = P(B(R)) — (N — &)| B(R)|;.

We can now apply Lemma 3.4 to the density f = 1 — §, finding an arbitrarily
big R such that

Pg(B(R)) = (N —&)|B(R)|;,
hence by (3.10) the ball Bg(R) satisfies (3.8). O
3.4. Step 4: Conclusion for a generic f

In this last step we need then to generalize Lemma 3.5 removing the radial as-
sumption on f. Keep in mind that the proof of Lemma 3.5 used this assumption
twice; once, to apply Lemma 3.4, which was valid only for radial f but which has
been generalized to non necessarily radial densmes in Lemma 3.6. And once, in a
crucial way, to know that #; N-lz7) = 7/ ~1(Z7), that is, all the half-spheres
having the same distance from the origin have the same #"~! measure. Since
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this last fact is clearly in general false for a non-radial density, we cannot simply
take the ball Bz(R) provided by Lemma 3.6 and modify it: indeed, it may happen
that ¢ is much bigger in the boundary of Bg(R) than in the points nearby, and as
a consequence the mean densities of even small adjustments of Bg(R) could be
strictly bigger than one. And in fact, in the argument of this last step we will not
use the claim of Lemma 3.6, but a modification of its proof. The goal of this last
step is to prove the following lemma, which as discussed above will conclude the
proof of Theorem 1.4.

LeEMMA 3.7. Under the assumptions of Theorem 1.4, there exists a set of volume
wy and mean density smaller than 1 arbitrarily far from the origin.

PrROOF. Let us present the proof for the planar case N = 2; in fact, it is much
simpler to follow the construction, and to obtain the complete proof then just a
simple linear algebra argument is needed, but no new idea.

First of all, let us define f and g the radial averages of f and g, as in the proof
of Lemma 3.6; applying Lemma 3.4 to f, then, we find an arbitrarily large R
such that

(3.11) Py(B)> (2-2)|B,

where for the sake of shortness we write B instead of B(R), since R has been fixed
once for the whole proof. Now, for every f € S', we call again By the ball of unit
radius and centered at the point of polar coordinates x = (R, ff). Moreover, as
in Figure 2 we decompose 0By = 0By U 0~ By, where each point (x,0) in 0By
belongs to 0" By (resp., 0~ By) if 0 > f§ (resp., 0 < f3). Notice that since R > 1
then for every (x,0) € 0Bg one has 0 ~ f8, thus the above definition makes sense.
Notice also that, arguing exactly as in (3.9), we get

(3.12) P;(B) = ][ﬁ oy PalBe)dp =2 ]£ . A (0 By) dp

_ (A
_2]£6§Nl/@ (6" By) dp.

Figure 2. Situation in Step 4 and ball expansion.
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Now, since f* < 1, we have that |Bs| < 1, hence we have again to enlarge the ball;
to do so, let us fix an angle 5, and let y = 7(f8) to be specified in a moment. Then,
let us call By the set whose boundary is the union of 0~ By, 0" B,, and two arcs of
circle I'” and I'" centered at the origin, with radii R — 1 and R + 1, and ranging
from the direction £ to the direction y: see Flgure 2 for a sketch of this set, where
the dashed curves are 6B/;\6B/; The choice of y is simple: we let y = 7(ff) be the
angle such that |B/g| = wy. Notice that, since / &~ 1 because we are very far from
the origin, there exists a unique such r( p), and t(ff) — p < 1.

Let us now take an angle f§, and a very small 0 « 1: since |B[)’| = |Bp+s|, then of
course the volume of the “added part™ Aj( e between 07 By (5 and 0" By 4.

(S+9)
coincides with the volume of the “removed part” Ay ;. ; between 0" By and
0~ Bg,s. Since, up to take R big enough, we have 1 — ¢ < f < 1, then an immedi-

ate integration in polar coordinates ensures us that

113

21 —&)6(R—1) < [Ay 5 5| <26(R+ 1),
and in the very same way

(3.13)  2(1—e)(z(B+6) —(B)(R—1) < |4y (515
<2 (ﬁ +0) —(f))(R+1).
Therefore, we deduce

R—1<‘r(ﬂ+5)—r(ﬁ)< R+1

=gt = 5 SR-D-¢)’

hence we obtain that 7: S' — S' is a Lipschitz function, and 7/(f) e (1 — 2,
1+ 2¢), up to further increase R if necessary. We can then write, keeping in
mind (3.12)

: 2 ) (2% (Bo))
o0 O B b= § ey
SR 1—2e
> (1-2) f (0" (By) d0 =—=Py(B).
6=0

As a consequence,
o Ay (07 (Bu)) + A, (07 (Bp)) df = (1 — &) P4(B).
Hence we can calculate, with the aid of (3.11),

2n P(B)
Bg|, d B|; <
11l =1, = 5

1 2n

< m o g (6+( )+%( 7(Bﬁ))dﬂ,
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and this implies the existence of some f € S' such that
(3.14) KN (Bup) + A (07 (By)) = (2 — 3¢) | Byl,.

We finally claim that the set By has mean density less than 1: since |Bg| =
7 = wy by construction, this will conclude the proof. To start, notice that the
ball Bs has of course Euclidean volume equal to 7, so its volume with respect
to f is = — |Bgl,; on the other hand, 7 is the volume with respect to f of the

enlarged set Bﬁ, which coincides with the union of By with the “added part”
A;T( 5 .This implies that |AET( /),)| = |Bg|,, which with the same argument as in
(3.13) gives

315 Ry e —
' T 2(l—¢e)(R-1)

Notice now that the perimeter of fi’/; is the sum of the lengths of the two half-

circles 0~ Bg and 6+BT( p)> plus the two arcs I'™ and I'* in Figure 2. And in turn,

the lenghts of those two arcs are smaller than the Euclidean lengths (since f < 1),

and the Euclidean lengths are (R — 1)(z(ff) — f) and (R + 1)(z(ff) — ) respec-

tively. Summarizing, by (3.15) and (3.14) one has

P(By) < A} (07 By) + #; (0" Bp)) + 2R(z(B) — )

A LA+ RIBgl,
< 2 — () (0 By) + A, (0" Bep)) Y TR )
<2 2-3 oo
<2n—(2-— 8)|B/g|g+m < 2m,

where the last inequality is true as soon as ¢ and R have been chosen sufficiently
small and sufficiently big respectively.

We have finally concluded, because the last inequality is equivalent to the fact
that the mean density of |Bg|) is smaller than one. O
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