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The sharp quantitative
isoperimetric inequality

By N. Fusco, F. MAGGI, and A. PRATELLI

Abstract

A quantitative sharp form of the classical isoperimetric inequality is proved,
thus giving a positive answer to a conjecture by Hall.

1. Introduction

The classical isoperimetric inequality states that if E' is a Borel set in R™,
n > 2, with finite Lebesgue measure |E|, then the ball with the same volume
has a lower perimeter, or, equivalently, that

(1.1) nwl/?| E|"-D/" < P(E).

Here P(FE) denotes the distributional perimeter of E' (which coincides with the
classical (n — 1)-dimensional measure of OF when E has a smooth boundary)
and w,, is the measure of the unit ball B in R™. It is also well known that
equality holds in (1.1) if and only if ' is a ball.

The history of the various proofs and different formulations of the isoperi-
metric inequality is definitely a very long and complex one. Therefore we shall
not even attempt to sketch it here, but we refer the reader to the many review
books and papers (e.g. [3], [18], [5], [21], [7], [13]) available on the subject
and to the original paper by De Giorgi [8] (see [9] for the English translation)
where (1.1) was proved for the first time in the general framework of sets of
finite perimeter.

In this paper we prove a quantitative version of the isoperimetric inequal-
ity. Inequalities of this kind have been named by Osserman [19] Bonnesen
type inequalities, following the results proved in the plane by Bonnesen in 1924
(see [4] and also [2]). More precisely, Osserman calls in this way any inequality
of the form

ME) < P(E)? — 4xn|E|,

valid for smooth sets E in the plane R? where the quantity A(E) has the
following three properties: (i) A(E) is nonnegative; (ii) A(E) vanishes only
when E is a ball; (iii) A(F) is a suitable measure of the “asymmetry” of E.
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In particular, any Bonnesen inequality implies the isoperimetric inequality as
well as the characterization of the equality case.

The study of Bonnesen type inequalities in higher dimension has been
carried on in recent times in [12], [16], [15]. In order to describe these results
let us introduce, for any Borel set £ in R" with 0 < |E| < oo, the isoperimetric
deficit of £
P(E) 1= P(E) - P(rB)

D(FE) = — A
(E) nw}/”‘E“n—l)/n P(rB)

where r is the radius of the ball having the same volume as E, that is |E| =
r"|B].

The paper [12] by Fuglede deals with convex sets. Namely, he proves that
if F is a convex set having the same volume of the unit ball B then

min{dg (B, + B) : € R"} < C(n)D(E)*™,

where dg (-, ) denotes the Hausdorff distance between two sets and a(n) is a
suitable exponent depending on the dimension n. This result is sharp, in the
sense that in [12] examples are given showing that the exponent «(n) found in
the paper cannot be improved (at least if n # 3).

When dealing with general nonconvex sets, we cannot expect the isoperi-
metric deficit to control the Hausdorff distance from E to a ball. To see this it
is enough to take, in any dimension, the union of a large ball and a far away
tiny one or, if n > 3, a connected set obtained by adding to a ball an arbitrarily
long (and suitably thin) “tentacle”. It is then clear that in this case a natural
notion of asymmetry is the so-called Fraenkel asymmetry of E, defined by

E) = min{d(E’x—HB) ze R”} ,

TTL
where r > 0 is again such that |E| = r"|B| and d(E, F) = |[EAF| denotes the
measure of the symmetric difference between any two Borel sets E, F'.

This kind of asymmetry has been considered by Hall, Hayman and Weits-
man in [16] where it is proved that if F is a smooth open set with a sufficiently
small deficit D(F)), then there exists a suitable straight line such that, denoting
by E* the Steiner symmetral of F with respect to the line (see definition in
Section 3), one has

(1.2) AME) < C(n)AE").
Later on Hall proved in [15] that for any axially symmetric set F
(1.3) AMF) < C(n)\/D(F)

and thus, combining (1.3) (applied with F' = E*) with (1.2), he was able to
conclude that

(14) \E) < C(n)D(E")* < C(n)D(B)'/*,
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where the last inequality is immediate when one recalls that Steiner sym-
metrization lowers the perimeter, hence the deficit. Though both estimates (1.2)
and (1.3) are sharp, in the sense that one cannot replace the square root on the
right-hand side by any better power, the exponent 1/4 appearing in (1.4) does
not seem to be optimal. And in fact Hall himself conjectured that the term
D(E)'* should be replaced by the smaller term D(E)'/2. If so, the resulting
inequality would be optimal, as one can easily check by taking an ellipsoid F
with n — 1 semiaxes of length 1 and the last one of length larger than 1.

We give a positive answer to Hall’s conjecture by proving the following
estimate.

THEOREM 1.1. Let n > 2. There exists a constant C(n) such that for
every Borel set E in R™ with 0 < |E| < 0o

(1.5) AE) < C(n)/D(E).

A few remarks are in order. As we have already observed, the exponent
1/2 in the above inequality is optimal and cannot be replaced by any bigger
power. Notice also that both A(F) and D(F) are scale invariant; therefore it
is enough to prove (1.5) for sets of given measure. Thus, throughout the paper
we shall assume that

B =1B].

Moreover, since A\(E) < 2|B|, it is clear that one needs to prove Theorem 1.1
only for sets with a small isoperimetric deficit. In fact, if D(E) > § > 0, (1.5)
is trivially satisfied by taking a suitably large constant C'(n). Finally, a more
or less standard truncation argument (see Lemma 5.1) shows that in order to
prove Theorem 1.1 it is enough to assume that E is contained in a suitably
large cube.

Let us now give a short description of how the proof goes. Apart from the
isoperimetric property of the sphere, we do not use any sophisticated technical
tool. On the contrary, the underlying idea is to reduce the problem, by means
of suitable geometric constructions, to the case of more and more symmetric
sets.

To be more precise, let us introduce the following definition, which will
play an important role in the sequel. We say that a Borel set £ C R"
is n-symmetric if F is symmetric with respect to n orthogonal hyperplanes
Hy,...,H,. A simple, but important property of n-symmetric sets is that
the Fraenkel asymmetry \(E) is equivalent to the distance from E to the ball
centered at the intersection xy of the n hyperplanes H;. In fact, we have (see
Lemma 2.2)

(1.6) AE) < d(E,zo + B) < 2"\(E) .
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Coming back to the proof, the first step is to pass from a general set E to
a set £/ symmetric with respect to a hyperplane, without losing too much in
terms of isoperimetric deficit and asymmetry, namely

(1.7) AE) < C(n)\(E") and D(E") < C(n)D(E).

A natural way to do this, could be to take any hyperplane dividing E in two
parts of equal measure and then to reflect one of them. In fact, calling £+ and
E~ the two resulting sets (see Figure 1.a), it is easily checked that

D(E*)+D(E") < 2D(E),
but, unfortunately, it is not true in general that

A(E) < C(n) max{\(E*), \(E7)}.

Et

(a) 1(b)

Figure 1: The sets E, ET and E~

This is clear if we take, for instance, F equal to the union of two slightly
shifted half-balls, as in Figure 1.b. However, if we take, instead, two orthogonal
hyperplanes, each one dividing E in two parts of equal volume, at least one of
the four sets thus obtained by reflection will satisfy (1.7) for a suitable constant
C(n) (see Lemma 2.5). Thus, iterating this procedure, we obtain a set with
(n — 1) symmetries and eventually, using a variant of this argument to get the
last symmetry, an n-symmetric set E’ satisfying (1.7).

Once we have reduced the proof of Theorem 1.1 to the case of an
n-symmetric set F, equivalently to a set symmetric with respect to all co-
ordinate hyperplanes, all we have to do, thanks to (1.6), is to estimate d(F, B)
by /D(FE) (as o = 0).

To this aim we compare E with its Steiner symmetral E* with respect to
one of the coordinate axes, say x1. Simplifying a bit, the idea is to estimate
each one of the two terms appearing on the right-hand side of the triangular
inequality

(1.8) d(E, B) < d(E, E*) + d(E*, B)
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by the square root of the isoperimetric deficit. Concerning the first term, by
Fubini’s theorem we can write

(1.9) d(E,E*) = /R%’"—l(EtAE;‘) dt

where, for any set F, F; stands for {x € F : x; = t}. Since Ef is the
(n — 1)-dimensional ball with the same measure of Ej, centered on the axis 1,
and since F; is symmetric with respect to the remaining (n — 1) coordinate
hyperplanes, by applying (1.6) —in one dimension less— to the set E; suitably
rescaled we get

n—1

(1L10) "N BAE) < 2

Wn—1

AN EYA-1(Ey) < Chn1(Ey)

where \,_1(E;) denotes the Fraenkel asymmetry of F; in R®~!. Then, assum-
ing that Theorem 1.1 holds in dimension n — 1, we can estimate \,_1(E}) by
the deficit D,,_1(E;) of E; in R"~, thus getting from (1.9) and (1.10)

d(B,E*) < C / M1 (Ep)dt < C / /D1 (Br) dt
R R

Finally, by a suitable choice of the symmetrization axis x;, we are able to prove

that
/ vV Dp_1(E:)dt < C+/D(E),
R
thus concluding from (1.6) and (1.8) that

AE) < d(E, B) < C\/D(E) + d(E*, B) < C\/D(E) + 2"\(E*) .

At this point, in order to control A(E*) by /D(E*), which in turn is smaller
than \/D(FE), we could have relied on Hall’s inequality (1.3). However, we
have preferred to do otherwise. In fact in our case, since we may assume that
E is n-symmetric (and thus E* is n-symmetric too) we can give a simpler, self-
contained proof, ultimately reducing the required estimate to the case of two
overlapping balls with the same radii (see the proof of Theorem 4.1). And this
particular case can be handled by elementary one-dimensional calculations.

The methods developed in this paper, besides giving a positive answer
to the question posed by Hall, can also be used to obtain an optimal quanti-
tative version of the Sobolev inequality. This application is contained in the
forthcoming paper [14] by the same authors.

2. Reduction to n-symmetric sets

In this section, we aim to reduce ourselves to the case of a set with wide
symmetry, namely an n-symmetric one. Since, as will shall see in Section 5, we
may always reduce the proof of Theorem 1.1 to the case where FE is contained
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in a suitably large cube Q; = (—[,1)" and |E| = | B|, we shall work here and in
the next two sections with uniformly bounded sets contained in

X :={ECR": E is Borel, |E| = |B|}.

And thus we shall use the convention that C' = C(n,[) denotes a sufficiently
large constant, that may change from line to line, and that depends uniquely
on the dimension n and on I.

The whole section is devoted to show the following result.

THEOREM 2.1. For every E € X, E C @y, there exists a set F € X,
F C Qs;, symmetric with respect to n orthogonal hyperplanes and such that,

AE) < C(n, ) \(F), D(F) < 2"D(E) .

This section is divided into two subsections: in the first one, we collect
some technical properties needed later, and in the second we prove Theo-
rem 2.1.

2.1. Some technical facts. In this subsection we collect some technical
facts to be used throughout the paper. Even though the ball centered in the
center of symmetry is in general not optimal for an n-symmetric set, the next
lemma states that this is true apart from a constant factor. In the sequel, for
any two sets FE, F' C R™ we shall denote by A(E|F) the Fraenkel asymmetry
relative to F', that is

E B
ANE|F) ::min{d(’xw:xeF} ,
747'1

again being |E| = r"|B|.

LEMMA 2.2. Let E € X be a set symmetric with respect to k orthogonal
hyperplanes Hy = {x € R": z-v; =0} for 1 <j <k. Then one has

(E\ ﬂ ) < 2 A(E).

Proof. Let us set

_::{xGR":x-I/j§O nggk},
Q+::{$ER”::L‘-VJ-ZO Vlﬁjgk’}.
By definition and by symmetry, A\(E) = d(E,p + B) for some point p € R"

belonging to () 7; as an immediate consequence, denoting by pg the orthogonal
projection of p on ﬂ§:1 Hj, one has that (po+B)NQ' 2 (p+B)NQ™. Hence,

(E\(po+B))NQ"C (E\(p+B))nQ*.
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The conclusion follows just by noticing that, since both py + B and E are
symmetric with respect to the hyperplanes Hj,

MBI 1) < d(B, (o + B)) = 2B\ (o + B)
=2-2"|(E\ (po + B)) N Q"
<2.2°|(E\ (p+ B)) NQ*|
<2.2E\ (p+ B)| = 2d(E,p + B)
=28\(E). O

The second result we present shows the stability of the isoperimetric in-
equality, but without any estimate about the rate of convergence; keep in mind
that the goal of this paper is exactly to give a precise and sharp quantitative
estimate about this convergence. This weak result is easy and very well known;
we present a proof only for the reader’s convenience, and to keep this paper
self-contained. The proof is based on a simple compactness argument.

LEMMA 2.3. Let | > 0. For any € > 0 there exists 6 = d(n,l,e) > 0 such
that if E € X, E C Qq, and D(E) < ¢ then A\(E) < e.

Proof. We argue by contradiction. If the assertion were not true, there
would be a sequence {E;} C X with E; C Q;, D(E;) — 0 and A\(E;) > ¢ >0
for all j € N. Since each set E; is contained in the same cube @, thanks
to a well-known embedding theorem (see for instance Theorem 3.39 in [1])

we can assume, up to a subsequence, that X, AR X Eo, for some set Foo
J
of finite perimeter; we deduce that E is a set with |Es| = |B|, and by the

lower semicontinuity of the perimeters P(Ey) < P(B), then E is a ball.
The fact that x, strongly converges in L' to x 5. immediately implies that
7 oo

|E;AEs| — 0, against the assumption A(E;) > €. The contradiction concludes
the proof. |

The last result is an estimate about the distance of two sets obtained via
translations of half-balls; the proof that we present was suggested by Sergio
Conti.

LEMMA 2.4. Let Hy and Ho be two orthogonal hyperplanes and let Hli be
the corresponding two pairs of half-spaces. Consider two points x1,01 € Hjy,
two points x9,09 € Hy and the sets

B;:=xz;+B, Bf .= B;n H, D;:= B}t U (B; +0:).
There are two constants € = €(n) and C = C(n) such that, provided |x; — x2
< e and |o1|,|o2| < e, then

max{]01|, ’0’2|} S Cd(Dl,Dg) .
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Proof. For suitable constants d(n) and C(n), given two unitary balls F}
and F, with the centers lying at a distance 6 < §(n), we have

In particular, up to changing C(n), if @ denotes any intersection of two or-
thogonal half-spaces of R™, with the property that

. B
(2.1) min {|F1 N Q|, |[F> N Ql} ZU,
then

§< Cn)d(FINQ, F>NQ).

We now apply this statement twice to prove the lemma. In the first instance we
choose F; = By, Fo = By and (Q = Hf’ﬂHQJr Note that, provided e(n) is small
enough, by construction, condition (2.1) is satisfied. Thus, if 2e(n) < §(n),

d(Dl,Dg) > d(Dl N Q,DQ N Q) = d(Bl N Q,BQ N Q) > C_1|.T1 — l’2|.

In the second instance we choose F| = 01 + By, Fo = By and Q = H{ N H;,
and find similarly that

d(D1,D2)>d(D1 N Q, DN Q)
=d((o1+B1)NQ,B2NQ) > C Hry + 01 — 32

Thus |o1] < 2C d(Dy, D2), and by symmetry we have the analogous estimate
on os. O

2.2. The proof of Theorem 2.1. We show first a technique to perform a
single symmetrization, and the claim will then be proved by successive appli-
cations of this main step. We need also a bit of notation: given a set £ € X
and a unit vector v € S"!, we denote by H,f = {x € R" : x - v > t} an open
half-space orthogonal to v where ¢ € R is chosen in such a way that

zamp|= "2,
2
we also denote by 7, : R — R" the reflection with respect to H, = dH,", and
by H,” = r,(H,) the open half-space complementary to H,". Finally, we write
Ef =EnHF.

LEMMA 2.5. There exist two constants C' and §, depending only on n and
l such that, given E € X, E C @i, and two orthogonal vectors vy and v, there
are i € {1,2} and s € {4+, =} such that, setting &' = E;, Ur, (E; ), one has

(2.2) AE) < CA(E'). D(E') < 2D(E).
provided that D(E) < 6.
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Proof. First of all, given any unit vector v, let us denote by B; a half-ball
with center on H, that best approximates E;}, i.e. we set B;f = (p+ B) N H,f
for some p realizing

min {d(E,},(p+ B)NH,): p€ H,};

analogously, we let B, be a half-ball with center in H, which best approximates
E;.
We consider now the sets
Fl}’2 = El:,tUTy(El:/t)’ TI/ = BZ—J_UB;’

(the first equation must be understood as F} = E}f Ur,(E}) and F? = E, U
r,(E, ). Note that T, is the union of two half-balls with (possibly different)
centers on H,,, and that F} ’2, with v = vy or v = 1, are the four sets among
which we need to select E’. Notice also that by a compactness argument similar
to the one used in proving Lemma 2.3 it is clear that, if € > 0 is chosen as in
Lemma 2.4, the centers of the four half-balls B,f are at distance less than e,
provided that D(F) is smaller than a suitable §.

The following two remarks will be useful. First we note that clearly, by
construction of B and by symmetry of F} ’2, we have

(23)  ABEME,) = d(FY2 BE Un,(BE)) = 2d(EE, BY).
It can be easily checked that P(F:|H,) = 0, being P(F¢|H,) the perimeter of
F? relative to H, (see the appendix); hence

P(Fy) + P(F})

P(E) > P(E|H})) + P(E|H, ) = 5 ,

so that we have always
(2.4) max { D(F}), D(F?)} <2D(E).

As shown by (2.4), all the four sets among which we have to choose E’ satisfy
the estimate on the right in (2.2), so that we need only to take care of the one
on the left.

Assume now for the moment that, for some constant K = K(n) to be
determined later and for some unit vector v € S,

(2.5) d(B, ,r,(B})) < K (d(E},B}) +d(E;,B))).

Then we can easily estimate, also recalling (2.3),
NE) <d(E,BS Ury(B))) =d(E], B)) +d(E, ,m,(B)))
< d(Ef,B))+d(E,,B,)+d(B,,r(B)))
< (K +1)(d(E},B)) +d(E, , B,))

_ % (MEL L) + A(F2|H,))
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Therefore, up to swapping F! and F?2, we have that

1
MFYNH,) > —— \(E).
(FAIH,) 2 < A(B)
Since F! is symmetric with respect to the hyperplane H,, by Lemma 2.2 we

conclude )
MFH > ——— \(E).
Keeping in mind (2.4), the proof of this lemma will be concluded once we show
that (2.5) holds either with v = v or with v = vs.
Suppose this is not true; then, define o1 as the vector connecting the

centers of B, and B, . Since |o;| < ¢

d(B,/_l,r,,l(B,fl)) < C(n)|oy] .-
Therefore, the assumption that (2.5) does not hold with v = v; implies that
1 C
d(B,T,,) = d(E;, B}) + d(E,,, B,) < 2= d(B,,,7,(B}))) < I(?) [1F
Analogously, assuming that (2.5) does not hold with v = vy yields
C(n)

d(E,TVQ) S T |O'2| .

We deduce, by the triangular inequality, that

C(n
AT 1) < S (01 + o)
By Lemma 2.4, this leads to a contradiction provided the constant K is chosen
sufficiently large; and, as already noticed, this contradiction completes the
proof. O

We can now show the main result of this section.

Proof of Theorem 2.1.  Let us assume for the moment that D(E) <
§/2"=2 where ¢ is the constant appearing in Lemma 2.5. Let us take the
standard orthonormal basis {e;}! ;: we will prove the existence of a set F' of
volume |F| = |E|, symmetric with respect to n hyperplanes Hy, Ho, ..., H,
such that each hyperplane H; is orthogonal to e;, and with the property that

AE) < CA(F), D(F) < 2"D(E) .

We start with the versors e; and eo: thanks to Lemma 2.5, up to a permutation
of e; and ey we can find a hyperplane H; orthogonal to e; and a set F} with
|F1| = | E|, symmetric with respect to H; and with the property that

AE) < ONFy), D(F)) < 2D(E).
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Consider now the versors es and es3, and apply Lemma 2.5 to the set F1; up to a
permutation, we find a hyperplane Hs orthogonal to es and a set F» symmetric
with respect to Hs with the property that

ME) < OXNF)) < CPAN(F), D(F;) < 2D(F)) <4D(E).

Moreover, by Lemma 2.5 and by the fact that the hyperplanes H; and Hs are
orthogonal, the set F3 is symmetric also with respect to H;. By an immediate
iteration, we arrive at a set Fj,_;, symmetric with respect to n — 1 orthogonal
hyperplanes Hy, Hs,..., H, 1 and such that

(2.6) ME) < C"I\(F,_1), D(F,1) < 2" ' D(E).

To find the last hyperplane of symmetry we need a different argument,
since we no longer have two different hyperplanes among which to choose.
We then let H,, be a hyperplane orthogonal to e, such that |F,_1 N H,ﬂ =
|F,_1NH; |, being HF the two half-spaces corresponding to H,,, and we define
q = Ni_H;; q is clearly a point since the H;’s are n orthogonal hyperplanes.
Defining now

Fl = (F, . NnHNUr,(F,1NH), F::=(F,1NnH,)Ur,(F,_1NH,),

n
with v = e,,, we first notice that, with the same argument used to obtain (2.4),
(2.7) max {D(F), D(F?)} <2D(Fn-1).
Moreover, by definition we have
d(F,,q+ B) +d(F7,q+ B) |
2 )
then applying Lemma 2.2 to F! and F? ~which are symmetric with respect to
the n orthogonal hyperplanes H;— we deduce

d(F!,q+ B)+d(F2,q+ B
(28)  A(Fa1)<d(Fyy,q+ B) = Ut )2 (Fi.q+ B)
MFY NIy Hy) + MNF2 Ny H)
B 2
<2"max {\F,),\(FJ)} .

d(Fn—17Q+B> =

< gn-1 (A(F;) + A(Fg))

Putting together (2.6), (2.7) and (2.8), we find F € {F}, F2} such that
ME) < C"I\(F,_1) < 2"C"I\(F), D(F)<2D(F, 1) <2"D(E),

and conclude the proof under the assumption D(FE) < §/2"2 since the inclu-
sion F' C (g; is obvious by construction.

Finally, to conclude also when D(E) > §/2"2, it is enough to take as
F, independently from FE, any n-symmetric set contained in Q)3 such that
0 < D(F') <46, and possibly to modify C(n,!) so that C(n, )A(F) > 2w,. O
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Remark 2.6. A quick inspection to the proofs of Lemma 2.5 and Theo-
rem 2.1 shows that if we assume that the set E satisfies the following condition

(2.9) A" {z e dE: v (2) = +e}) =0 Vi=1,...,n,

then the same property is inherited by the set F' constructed above (here 0*FE
denotes the reduced boundary of E; see the appendix). To see this, it is enough
to check that if we take a set E satisfying condition (2.9), split it in two parts
by a hyperplane H orthogonal with respect to one of the e;’s and reflect it
with respect to H (these are the only operations we performed in the previous
proofs), then we obtain another set E’ still satisfying (2.9).

3. Reduction to axially symmetric sets

In this section we show how to reduce the n-symmetric case to the axi-
ally symmetric one. The goal is to show Theorem 3.1 below, which will be
the starting point for the induction argument over the dimension n used in
Section 5 to prove Theorem 1.1.

In the following, given any set F of finite perimeter, for any ¢t € R, we
denote by E; the (n — 1)-dimensional section {z € E : x; = t} and by E*
the Steiner symmetrization of E with respect to the axis e;, that is, the set
E* C R" such that for any ¢ € R the section E; is the (n — 1)-dimensional ball
centered at (t,0,0,...,0) with " Y(E}) = 5" (E;). We also set

vp(t) = Ji”"_l(Et) ,

the (n — 1)-dimensional measure of the section E:, and denote by pg(t) the
perimeter of E, in R*!, i.e., for s -a.e. t,

pE(t) == A" 2OE).

THEOREM 3.1. Let E € X, E C Q; be symmetric with respect to the n
coordinate hyperplanes and assume that (2.9) holds. If n = 2, or n > 3 and
Theorem 1.1 holds in dimension n — 1, then, up to a rotation of the coordinate
azxes,

d(E,B) < 4d(E* N Z,BN Z) + C(n,1)/D(E),
where Z = {x € R™ : |21| < V2/2}.

Our first step will be to select one of the hyperplanes which will have a
particular role in the following construction; we need to ensure that the sym-
metric difference between E and B is not, roughly speaking, too concentrated
close to the “poles” of B (i.e., the regions of B having greatest distance from
the hyperplane).
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LEMMA 3.2. Up to a rotation one can assume
d(E,B)<4d(ENZ,BNZ).
Proof. Define the sets
Zy = {x e R" : |z1| < V2/2}, Zy = {x € R™ : x| < V2/2},
so that B C Z; U Z5; as a consequence,
B\E=((B\E)NZ1)U((B\ E)N Zy).

Therefore, up to interchanging the axis e; with the axis ey, we may assume
that
B\ E|

5

(B\E)N 21| >
and finally conclude

d(E,B)=2|B\ E| <4|(B\ E)NZi| <4d(EN Z1,BN Z,). O

It is well known that the Steiner symmetrization lowers the perimeter (see
e.g. [17]); that is,
P(E*) < P(E).

In turn, the above inequality can be deduced also from the following estimate
for the perimeters. This is immediate if E is bounded and condition (3.1)
holds, and follows by a simple approximation argument in the general case.

LEMMA 3.3. Let E € X be a set of finite perimeter such that
(3.1) A" {x € OE - vF(x) = £e1}) = 0.

Then vg € WHL(R) and

2) PE) 2 [ \fopl? 4R ar

Moreover, for an axially symmetric set E the preceding inequality is in fact an
equality, and can be written as

+oo o1
(3.3) P(E):/ Vros®) 5+ up(t)2d,

where T = (n — 1)%w"].
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Proof. Since E satisfies (3.1), from the co-area formula (6.1) we have that

P(E) = #""Y(0'E) = / Y dsrm!

Let us now recall that, by Theorem 6.2, E; is a set of finite perimeter for
Ht-a.e. t and O*E; equals (0°E); up to a 2™ 2-negligible set. Thus, from the
equality above we get, using also Jensen’s inequality,

+oo 1
o[ L
—oco JO*E, 1— ‘V{ff|2

E’Z
/ 5 A2 dt
OB, 1 — |[vF]

“+00
2/ pe(t) 1+<][ — 1 __dx 2) dt.
—00 O*F, 1— ‘l/ |2

Then, (3.2) immediately follows from the expression of v%, given in (6.4). Fi-

nally, if F is axially symmetric, then V{E is clearly constant on each boundary

0*Fy. Hence the inequality above is indeed an equality and (3.3) follows. O

A2 dt

Notice that by Theorem 6.3, if E satisfies (3.1), then the same condition
holds for E*.
The second main ingredient that we give now is an L estimate for vg—vp.

LEMMA 3.4. For any p > 0 there exists 6 > 0 such that, if E is as in
Theorem 3.1 and D(E) < 6, then

lve —vBllL~ < p.
Proof. Let us fix p > 0. By Lemma 2.2, since vg = vgs,
(3.4) |lve —vgllr: = d(E*, B) < 2"\(E¥).

Therefore, given € >0 (to be chosen later), by Lemma 2.3, if D(E*) < D(E) <4,
for § small, then A\(E*) < pe/2""2. Thus, from (3.4) we get

(3.5) %”%{t: lvg —vB| > p/4}) <e.

Recall that by assumption (2.9) and by Theorem 6.1, vg is continuous. Thus,
if |lvg — vB||L= > p, there exists t such that

lvg(t) —vB(t)] > p.
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By the uniform continuity of vg, provided ¢ is sufficiently small, for |t —t| < &
one has |vp(t) —vp(t)| < p/4. Then, by (3.5), and the continuity of vg, there
exist

t—e<t <t<th<t+e,

such that

vp(t™) = vp(tt), op(t*) —vp(f)] = 2.

\V]

Let us now define an axially symmetric set F' by letting vp(t) = vg(t) if
t¢ (t7,t") and vp(t) = ve(t™) = vg(tT) otherwise. Clearly

(3.6) |F| > |E*| — 2" e,

(3.7)
P(F)=PE)+P(F|{z:t" <z <tt}) —PE{z:t7 <z <tt}).

Moreover, by (3.3),

(38) P(Fl{a:t <a <tt}) =" — )Tt < Cn,l)e,

PE*{z:t” <a <tt}) z/t [V (t)|dt > p.
From (3.7) and (3.8) we get
P(F)<P(E*)+Ce—p<P(E)+Ce—p.
On the other hand, by the isoperimetric inequality and (3.6), if ¢ is small
enough, recalling that |E*| = |B|, we have

n—1
n

P(F) > nw/™(|E*| - 2" ') = > P(B) - C(n,l)e.

Therefore,
p—Ce
D(E) > .
Hence, the assertion follows by choosing € < p/2C and § = p/2P(B). O

We can finally give the proof of Theorem 3.1.
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Proof of Theorem 3.1. Since d(E, B) < 2|B|, by choosing C(n,!) suffi-
ciently large, we may assume D(FE) as small as we wish.
Thanks to Lemma 3.2, we can estimate

V2/2
d(E,B)<4d(ENZ,BNZ) = 4/ AN EABy) dt
_\/5/2

(3.9)
=4 / AN (EyABy) dt + 4 / A" N(E,ABy) dt,
1 J

where we divide the interval [— V2 /2, V2 / 2} in two subsets I and J defined

I:= {te [—‘f\fl (L) gM} :

J = {te [—\f,\f] v (t)] >M} ,

for a constant M to be determined later.
We will consider separately the situation in the sets I and J. Let us then
start working on I. By the triangular inequality we have immediately

(3.10) /%”_I(EtABt)dt < /%"_I(Et*ABt)dt+/%"‘1(EtAEf)dt.
I I I
Concerning #" 1 (E}f AB;) we have easily
V2/2
(3.11) /%”‘I(E;‘ABt) dt < / A" NEfABy)dt =d(E*NZ,BNZ).
I —/2/2

On the other hand, since E} is an (n—1)-dimensional ball of (n—1)-dimensional
volume vg(t), its perimeter is

2n—4

pe-(t) = A" 2(OE]) =\ Tug(t) = .

Of course, pg(t) > pg-(t) for every t. Thus we can give the following definition,
which will be very useful in the sequel,

d(t) == pp(t)* — pp-(t)* = pp(t)® — Top(t) "= >0.

We now claim the inequality

AN EAE) < c<nJ>\/pE<t> ~rosE

If n > 3, this can be proved recalling again Lemma 2.2 and the symmetries of
E;, and applying Theorem 1.1 in dimension n—1 to E; (whose #" ! measure is
bounded by 2"~1/"~1). On the other hand, for n = 2 the inequality is true since
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when 71 (B AE}) > 0, we have # (B, AE}) < 21l and \/pg(t) — pp-(t) > 1

Therefore,

(3.12)

[ty <c [ \/pE<t> - m
=C / \/ Vros) 5 + () — \Jros 3

where the last inequality comes from Holder inequality when we recall that the
length of I is of course a priori bounded by v/2.

Let us estimate now the difference P(E) — P(E*). By applying for-
mula (3.3) to the axially symmetric set E*, we have

(3.13)

P(E) - P(E") > /—HX)\/pE 2+ 0lp(t)? — - ()2 + v ()?
/\/TUE

/ d(t)
\/TUE +vip(t)? +d(t) + \/T vE(t) =t V()2

We use now the following fact: there exists a constant C', depending only on
n,l, M, such that for any ¢t € I one has

2n—4

S (02 d(t) — /T om(t) T+ ulg(1)?

VTes() "5 (0?2 +d(t) +\Top(t) "5 + (0

2n—4

\/mE(t)% +d(t) + \JTug(t)

(3.14) < C(n,1, M).

To show this estimate, we first remark that vg(t) is bounded from below
by a strictly positive constant inside [—v/2/2,v/2/2] D I (indeed, vp(t) >
wn—1/2"D/2 inside [-v/2/2,/2/2], so we apply Lemma 3.4). Then, we recall
that by definition |v;| < M inside I, and this immediately concludes (3.14). Fi-
nally, putting together the estimates (3.12) and (3.13) and making use of (3.14)
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we obtain

(3.15)

/ AN EAE])
I

1/2
d(t)

< C(n,1, M) /]

2n—4

rop(t) " +d(t) + \/Top(t)

1/2
d(t)

2n

<C
/f \/TUE@)% + v (6)2 + d(t) + /T vE(t) 4 V()2
< C\/P(E) — P(E*) < C(n,l,M)\/D(E),

where the last inequality (up to a redefinition of the constant C) is true since
P(E*) > P(B). Now, putting together (3.9), (3.10), (3.11) and (3.15), we
finally obtain

(3.16)

d(E,B) < 4d(E* N Z,BN Z) + C(n,1, M)\/D(E) + 4/ A"V E,ABy) dt .
J

Let us now consider the situation in the set J. Notice that the above
argument requires an a priori upper bound on |vj|. On the other hand, it is
clear that a region where |v};| is very large is far from being optimal from the
point of view of the perimeter. Therefore, it is not surprising that an even
stronger estimate than (3.15) holds in J, namely

(3.17) /J A" Y EABy) dt < CD(E*).

Notice that this inequality together with (3.16) concludes the proof of the
theorem.
To prove (3.17) observe that, since

A HEABy) < A YE) + 7 N(By) = ve(t) + vp(t)

and E C @Q;, we have
/ AN EABy) dt < CoM ().
J

Thus, (3.17) will be established once we prove that there exists a constant K
depending only on n such that

K
M

To this aim, let us first assume that v, is continuous and J = (a,a + ¢) is

(3.18) A1 (J) < —D(E").

an interval. As in the proof of Lemma 3.4, we introduce a new set F, not
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VE (%3

+] d

Figure 2: Construction of F

necessarily of the same volume as E* and B, and prove (3.18) by applying the
isoperimetric inequality P(F) > P(B), where B is the ball having the same
volume as F'. As in Figure 2, let h be the jump of vy inside J; we introduce
a set F', axially symmetric with respect to the axis e;, by defining vp. To this
aim, we consider the interval J = (a,a + h/N), where N is an integer to be
determined later depending only on the dimension n of the ambient space. We
set

VE (t) if ¢ < a;

vp(t) == < vp(a) EN(t—a) ifa<t<a-+h/N;
vp(t+e—h/N) ift>a+h/N.

In the above definition, the sign in the second row coincides with the sign of
vl inside J: since |[v;| > M in J, by continuity this sign is well-defined. For
instance, in the situation of the figure this sign is negative. Notice that, by
definition, vg is a continuous function. Let us start by recalling the information
we have so-far:

(3.19) HNJ) =e¢, h> Me, HN(T) =

SE

In order to evaluate both |F| and P(F), we set J, = {z € R" : z € J}
and J, = {:13 eR”: 1 € J}. Notice that z,un,l/Z("_l)/2 < wvp(t) < wp_q for
—\/§/2 <t < \/5/2; thus by Lemma 3.4 and by construction we have

W — Wn—
v S vp(t) < 2wn, o S vr(t) < 2wy
This immediately ensures
* 1 N T Wn—1 1,7 hewn, 1

’E ﬂJ*’§2wn_1% (J)—2wn_1€, ‘Fﬂj*’2 2”/2%("7)_%’
from which we deduce
(3.20)

~ hw -1 hw —1

= |E* —|E* > |E* T > B4+ ——— .

[P = B[+ [F O] = [E7 L] > B |+ s = 2wnae > | B+ o

The last inequality holds provided h > 4 - 2"/2N¢, and this can be achieved
with a suitable choice of M in view of the second estimate in (3.19) — recall
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that the constant M can be chosen as big as we need, while the integer N (still
to be determined) depends only on the dimension of the space.

We turn now to the evaluation of the perimeter P(F') of F. Clearly, we
have

(3.21) P(F) = P(E*) — P(E*|J.) + P(F|J.).

Moreover, since both E* and F' are axially symmetric, (3.3) allows us to cal-
culate their perimeters in terms of vg and vp. Keep in mind that our aim is
to show that F' has a low perimeter, because this will ensure us that F' has an
isoperimetric deficit quite a bit lower than E*, which means that E* has quite
a high deficit. Therefore, first of all we estimate P(F|J,) from above, recalling
again that ||vp|/re < 2w,—1, that v = N inside J and (3.19),

P(FLZ,():/V\/TUF( 2; 14—|—UF 2_/\/TUF SN2
(3.22) /\/ (2wn_1) "+ + N2 = /\/T+N2</N+

(N—i— ﬁ)%ﬂ(,]) _ h(1 + 2;2)

where we have denoted by 7/ the new constant (also depending only on n),

2n—4 2n—4

w1 o= 201 (n—1)%2 .

7= 71(2w,_1)

Now, we easily estimate P(E*|J,) from below:

(3.23) P(E"|J,) = /J Vros® 3 402 > /J (1) =

Finally, gathering (3.21), (3.22) and (3.23) we obtain

/

(3.24) P(F) < P(E*)+h # .

Now we compare the volume estimate (3.20) with (3.24) thus getting, by the
isoperimetric inequality, a perimeter estimate

hwp,— o
> 1/n > 1/n * n—1 n
P(F) > nwX™|F|"5 > nwl <\E | + 2-2"/2N>
hwy,— el
— 1/m) s == _ Wnp-—1 N\ 'w
(3.25) = /"B (1 Ty N E*I)
- P(B)(l L) S P(B) + Co(n) L.
B 2. 202N |E*| = NN

notice that the last inequality holds since h is bounded from above (as a con-
sequence of Lemma 3.4).
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Finally, comparing (3.24) with (3.25) we get

/

P(B)D(E*) = P(E*) — P(B) > P(F) — h # — P(B)
h 7! Co(n 7!
2 Con) g —h o :h( Oz@) _2N2>'

If we choose N so that the expression in parentheses is bounded from below
by a positive constant, the constant M, which as we noticed before depends
only on N, will ultimately depend only on n and

1
D(E*) > —h.
() > +
In view of (3.19), we then get
h K
HNJ)=¢e< — < —D(E*
(7)=e < 1o < 12 D(E),

where the constant K again depends only on n. This proves (3.18) when v/,
is continuous and J is an interval. When v, is continuous, in general J is
a countable union of pairwise disjoint open intervals and it is easily checked
that the above proof still works, due to the additivity of both perimeter and
volume.

If v/, is not continuous, by assumptions (3.1) and E C @, we have from
Theorem 6.1 that vg is a nonnegative function in W1(R) with support in
[—1,1]. Thus we may construct a sequence of smooth nonnegative functions vy,
converging to vg in W11 (R), whose supports are all contained in [, 1], and
such that
(3.26)

+o00 +oo
/ vy dt = / vg dt for all h, v, — vg uniformly, v;l — U/E a.e..
—00 —0o0
Let us denote by Ej the axially symmetric set defined by vg, = vy. Clearly,
from (3.26) and Lemma 3.3 we get easily that |E}| = |E*| for all h and P(Ep) —
P(E*); hence D(E}y) — D(E*). The result then follows by applying the above
estimate to each set J, = {t € [—v/2/2,v/2/2] : |[v}(t)| > M} and observing
that 1 (J),) — A1(J).
This proves (3.18); hence the result follows. O

4. The axially symmetric case

This section is entirely devoted to the proof of the following estimate,
which refers to the particular case of an axially symmetric set.

THEOREM 4.1. Let E € X be axially symmetric with respect to the first
azis and symmetric with respect to the hyperplane {x1 = 0}. Assume also that
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E C Q; and that (3.1) holds. Then,
(4.1) d(ENZ,BNZ)<Cnl)\/DE),
where Z = {x € R™ : |x1| < V2/2}.

Notice that the claim above states, for an axially symmetric set, an in-
equality similar to the one we aim to prove, but only the volume of the internal
part of the symmetric difference (that is, inside Z) is estimated.

Let us explain now the strategy we will adopt to prove Theorem 4.1.
The first step will be to show the existence of a section of F such that the
(n — 1)-dimensional symmetric difference between this section of F and the
corresponding section of B (in the sense of Lemma 4.2 below) gives a bound to
the left term in (4.1). The second step will be to prove that it is not restrictive
to assume that this section is the central one. Finally, the last step will be a
careful but not difficult comparison between the symmetric difference of the
central sections of E and B and the isoperimetric deficit of E.

LEMMA 4.2. There exist §(n,l),C(n) > 0, with the property that if E is
as in Theorem 4.1 and D(E) < §, there exists a number 0 < T < \/2/2 such
that, if ' is defined through the equality

’

(4.2) gAIUB@)ﬁ::[fvE@)ﬁ,
then

(4.3) ywmywmfﬂzéaEszm@.

Notice that the number z’ is chosen in such a way that the volume of the
set E in the half-space {z1 > Z} coincides with the volume of the ball B in
the half-space {x1 > 2'}.

Proof of Lemma 4.2. Recalling that both E and B are axially symmetric,
we can write
V2/2 V2/2
aEszmzy—/ 5%1W&A3Qﬁ—:/ s (t) — vs()] dt
—V2/2 —V2/2

so that by symmetry there exists 0 < g < V2 /2 with the property that

(4.4) lvp(zo) — v (o) > ?d(EﬂZ,BﬂZ).

Let us assume for the moment that vg(z9) > vg(zg). In this case, let us first
assume that the inequality

(4.5) A%w@azlmwwa
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holds. Then, defining £ = g, by the symmetry of £ and B with respect to
{z1 = 0}, we have that 0 < 2/ <z < 1 —with 2’ defined according to (4.2) —
so that

f

2
vp(z") > vp(Z) > ve(Z) + 7d(Eﬁ Z,BNZ),

thus (4.3) follows, and so the thesis is obtained by choosing C(n) > /2.
When (4.5) does not hold, we consider two cases, depending on whether
or not the following inequality holds

(4.6) A%vadﬂzA%vadﬁ—QQm;n_l)ﬂEruZBﬂZy

Case 1. If the inequality (4.6) holds. In this case, let again T = xo and let
2’ be defined according to (4.2). Assuming §(n,!) sufficiently small, by Lem-
mas 2.2 and 2.3 we have that d(F, B) is small, and since vp > u)n_1/2("_1)/2
in [—v/2/2,v/2/2], we obtain that |2’ — Z| is small; therefore, provided ¢ is
sufficiently small, we have vp(t) > w,_1/2"/? for t in [Z,a']. This implies,
by (4.6)

x’ 2n/2 x’ 2n/2 x’ T
|2" — z| :/ 1dt < / vp(t)dt = (/ vp(t)dt —/ vp(t) dt>
Z Wn—1 Jz Wn—1 0 0

n/2 z
ZQE/W@—%@MS !
0 2

Wn—1 (TL - 1)anl

dENZBNZ).

Notice now that, in [0,/2/2],

n—3

0>vg(t)=—(n—1)wu1t(l —t2)7 > —(n—1)wp_1;

therefore, recalling also (4.4), the assumption vg(Z) > vg(Z) and the fact that
|z — 2| is small enough if § < 1, we have

’

V() dt > vp(T) — g|a:' —Z|(n—1)wp—1

3d(ENZ,BNZ _ 2 3
( - )sz(x)+(\2/—5)d(EmZ,BmZ);

hence also in this case (4.3), and so the thesis, is obtained, by choosing C(n)
large enough.

vn(a) = vn(a) +

x

> vp(T) —

Case 11. If the inequality (4.6) does not hold. In this case we have
/ UE'(t) —’UB(t) dt >
0

Since 0 < zg < \/5/2, this implies

1
—  _  _W(ENZBNZ).
zwﬂm—n( ’ )

V2

— —d(ENZ BNZ).
Jé p(t) = wp(t) dt > i d(ENZ,BN2)
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Now let Z be the largest number in [0, zo] such that

V2

> ——F——d(ENZ,BNZ).

UE(Q?) — UB(.T)

Therefore, we deduce

V2

/aso UE(t) — Q)B(t) < (.T() — f) sz—(’fl—l)

1
[ —
= 9.9n/2(p — 1)
the fact that (4.6) does not hold, together with this estimate, ensures

‘AIUE@)—UBU)dt>O,

and then 2/ > Z, defining as usual 2’ according to (4.2). Then

V2
S 2.202(p— 1)

dENZ BNZ)

dENZ,BNZ);

vp(2') <wvp(z) <ve(x) dENZ,BNZ);

so (4.3) is established also in this case, after the choice of a suitable constant

C(n).

Finally, it remains to consider what happens if vg(zg) < vg(xg): the proof
in this case is very similar to the preceding one; it suffices to replace (4.5) with

/ @@ﬁg/ vp(t) dt
0 0
and (4.6) with

i t)dt < " tdt+ —————
) strdes [Coe s gome

and to argue in the very same way as before. |

dENZ,BNZ),

LEMMA 4.3. Let E, §(n,l) and T be as in Lemma 4.2 and in Theorem 4.1;
then there exists a set E' € X, E' C Qq, such that (3.1) holds, azially symmet-
ric with respect to the first axis and symmetric with respect to the hyperplane
{x1 = 0}, with the property that

PEY<PE),  [op(0) - us0)] 2 &lon() - vs()
for some constant C' = C(n).

Proof. Let us write £ = E' U E¢U E", where

El::{xEE:xlg—a’:}, EC::{mEE: \x1]<£},
ET::{mGE:xlza’:}.
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Notice that there exists a unique pair of numbers r € R and x. > 0 such that
the intersection of the ball of radius 1 + r with the strip {—z. < z1 < 2.},

B¢ :={zeR": |z| <1+ |21] <z},
satisfies
(4.7) |B¢| = |E°|, L%””*l(Bgc) = ,%”"’1(]5’5) =vp(T).
Let us now define E' and E”, the following two horizontal translations of E'
and E": N N

E':= (z —x.)e1 + E, E":=(x.—T)e; + E",

and finally set F' = E' U B°¢UE". Notice that the translations of E! and E"
are made in such a way that the three parts E', B¢ and E" match along their
boundaries. We will show that E’ has the desired properties. It is immediate
from the construction that |E’| = |E| —so that E' € X— and that F’ is axially
symmetric and symmetric with respect to the hyperplane {z; = 0}. We show
now that P(E’) < P(FE). Define

Bl:={zeR": |z|<1+4r z1 < -z},

B :={zxeR": |z|<1+47r 1>z},

so that B! U B¢U B" is the ball of radius 1+ r; moreover, let B! and B" be the
horizontal translations of B! and B",

B':= (z.— Z)ey + B, B := (& — x.)e1 + B,
and notice that BlUECUB" is a set of the same volume as the ball B'UBCUB';

this implies P(B' U E¢U B") > P(B' U B¢ U B"), hence P(E¢) > P(B¢) and
so P(E) > P(E"). Then, to conclude the thesis, we need only to show that

o (0) — v (0)] > é‘vE(i‘) el

Let us suppose, just to fix the ideas, that vg(Z) > vg(z’) —in the opposite case
the proof works in a very similar way. We claim that » > 0 and 0 < z. < 7'
indeed, if 7 < 0 then by (4.2) and the fact that |E¢| = |B| we would infer
ze > @/, so that " 1(BS) < A" (BS) = vp(a') < vp(Z) against (4.7).
This implies 7 > 0, and again by the fact that |E¢| = |B¢| and by (4.2) we
deduce z. < z'.

Since r > 0,

|vE(0) = vp(0)| =27~ (Bf) — A" (Bo)
=wp—1((1+ 1 1) > (n—1wp_q7.

Hence, to obtain the thesis it is sufficient to show that

(4.8) ’vE(:Z“) - ’UB(.I/)’ = ’UEr(xc) - UB(:U')| <Cr.
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Figure 3: Situation in the proof of Lemma 4.3

To this aim, consider Figure 3, which shows the two balls of radii 1 and 1+ r,

the points X¢ = (2¢,0,...,0) and X' = (2/,0,...,0) on the first axis, and
the points A, B, H and K as drawn. By construction, the two shaded regions
have the same volume; moreover, since 0 < 7 < v/2/2, |2/ — Z| = O(D(E))
and 0 < z. < 2/, there exists a constant « = «(n) such that AB < ar.
As an easy consequence, the volume of the lightly shaded region is less than
C(n)r. Recalling again that 2’ < v/2/2+O(D(E)) we deduce that the (n— 1)-
dimensional measures ¢ ”*1(Bt) of the sections By of the ball B with . <t <
x’ are all greater than ((\@/2)”*1/2)wn_1 = 2-(+1)/2, | Therefore, the
volume of the darker region (which equals that of the lighter one) is greater
than 2-("+*D/24, |2’ — z.|. Thus,

|z’ —z.| < Cr.
Since the angle AKH is less than w/4+ O(D(E)),
BH=AB+AH <ar+2HK =ar+2|2' —z.| < Cr.
Finally, keeping in mind that

v (xe) = wn,lBch_l , vp(a') = (,un,lKX/Th1 = wn,lHch_l
and that HX,. > v/2/2 + O(D(E)), we finally get (4.8), thus the proof of
Lemma 4.3 is concluded. O

Thanks to the above lemmas, our last step is to perform a precise esti-
mate of the isoperimetric deficit of an axially symmetric set as in the claim of
Lemma 4.3; having reduced the problem to a very specific case, we see that
the calculation will be involved but elementary, while an analogous calculation
for a general set as in Theorem 4.1 would be extremely complicated.

Proof of Theorem 4.1. Thanks to Lemmas 4.2 and 4.3, the proof of The-
orem 4.1 will be achieved once we show that, for any set F as in Theorem 4.1,

(4.9) |05 (0) — vp(0)| < CV/D(E).
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First of all, let B be the ball centered on the first axis such that EO = Fy and
1B

2 )
in words, in the open half-space R = {z1 < 0} the sets B and F have the same

volume, and their sections at 21 = 0 coincide. As an immediate consequence,
with the same argument used in Lemma 4.3, we obtain P(B|R"™) < P(E|R").

‘Eﬁ{xERN:x1<0}‘:’Eﬁ{x€RN:x1<0}‘:

Rn—l Rn—l

E/

Figure 4: The sets E and E’

Define E' as the set which coincides with the ball B in R™ and which is
symmetric with respect to the hyperplane {x; = 0}, as shown in Figure 4. By
construction,

ve(0) = vg(0), P(E') < P(E),

so that to show the claim of this lemma we can consider the set E' instead of
E; more precisely, the proof will be concluded once we establish that

lvg (0) — vp(0)| < C\/P(E') — P(B).
Let us set

(0) — 0
(4.10) - ve (0) —vp(0) 7
Wn—1
and let us denote the radius of the ball B by 1+ r and the center of the ball
B by (=4,0,...,0). Notice that the set E’ is fully determined by ¢, and then
r=r(g) and § = §(¢); moreover, when € = 0 one of course has r = ¢ = 0 since

E' = B = B. We will now evaluate r and § in terms of .
To do that we first write the following two conditions:

n—1

(+m2=62) 7 =14

(4.11) /5(1+T) ((1—|-7“)2—t2>"21dt:/01 (1_t2>"7dt.
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Let us prove these equations: concerning the first one, if we denote, as in
Figure 4, by P the center of B and by @ some point of ' N {x1 = 0}, we
have mg = ]37024-@2 by Pythagoras Theorem; thus OQ = /(1 + )2 — §2.
Since E} is a ball in R"~! of radius OQ, its volume vg:(0) is wn_lmnfl;
recalling (4.10) and the fact that vp(0) = wy—1 by definition, we recover the
first equation. The second one comes from the fact that |E’| = |B| and E’ is
symmetric with respect to the hyperplane {z; = 0}; indeed the first and the
second integrals, up to the factor w,_1, are the volumes of E’ and of B inside
R™! respectively.

Thus, (4.9) follows once we show that
1
(4.12) P(E') - P(B) > o 2.

To this aim, let us set
0 n-3 w/2
a:= / (1-#*) 2 dt= / sin" "2 0df .
-1 0
Evaluating the first equation in (4.11) in 7 and ¢ at the second order, we get
-1 -2 —1
(n=1n )7"2— n 62 +o(r? 4+ 6%).
2 2
The second order Taylor expansion in 7 and § of the second equation in (4.11)
yields

(4.13) e=(n—1)r+

(n—1)2a
2

Finally, (4.13) and (4.14) allow us to obtain a first order estimate of 7 and J:

(4.14) O=(n-1ra+d+ 2+ (n—1)ré + o(r? + 62).

1
r= 16+0(r+6),

§d=—ac+o(r+9).

This ensures that both 7 and § are of order ¢, so that in particular o(r +§) =
o(g) and o(r? +6%) = o(¢?). However, we need a more precise estimate, namely
an estimate of r and § up to the second order in . Setting
1
n—1

e+, §=—ac+94,

and plugging these expressions into (4.13) and (4.14), we find the second order
expansion of 7 and §, thus concluding that

1 g2 9 N —2 9
— —1 —_ ) R
" n—1€+2(n—1)<(n Jom =) FolE)
2 2
ag 9 n—2) ag 9
= — _—— —1 —_— —_— .
) as — = ((n )a — + 5 + o(e7)
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Once we know r and § with a second order precision, we pass to the calculation
of the perimeter of E’ keeping in mind that our aim is to show (4.12). Since
E'’ is a part of a ball, it is immediate to write down its perimeter in terms of
r and d; that is,

n—3

P(E) :/6 ((1+r)2—t2) f(L4r)dt=:£(r,0).

2(n = Dwn—1 J_(14n)

The second order Taylor expansion of & gives

(n— 2)(2n —Da 2+ (n — 2)ré + o(r® + 6%)

5(T75):§(070)+T(n—1)a+6+

=£(0,0) + e? +o(e?).

2(n—1)
Since
P(B)

5(070) = 2(71 _ 1)wn_1 )

we conclude that
P(E') — P(B) = awp_1* + o(¢?)

and (4.12) follows. O

5. The proof of the main theorem

We are now ready to give the proof of Theorem 1.1.

Proof of Theorem 1.1.  As already observed, it is enough to prove the
theorem under the assumption that |E| = |B|. Moreover we may also assume
that D(E) < 1 (otherwise the assertion is trivial).

From Lemma 5.1 below it is clear that (with no loss of generality) we may
assume that FE is contained in a fixed cube @Q;, where [ is a constant depending
only on n. Let n be either 2 or greater than 2 and such that Theorem 1.1 is
true in dimension n — 1.

Let us fix a set of finite perimeter E C ;. Since there are only count-
ably many directions v such that " '({z € 0*F : v%(x) = +v}) > 0, by
rotating F and slightly increasing [ if necessary, we may assume without loss
of generality that for alli=1,...,n

(5.1) A" {x € O°FE P (x) = +e;}) = 0.

By Theorem 2.1 and Remark 2.6, there exists a set F', symmetric with respect
to the n orthogonal coordinate hyperplanes, satisfying (5.1) and contained in
the cube @3, such that

(5.2) AE) < OX(F), D(F) < 2"D(E).
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Thus, combining Theorems 3.1 and 4.1 we get that, up to a rotation of the
coordinate axes,

A(F) < d(F,B) < 4d(F*N Z,BN Z) + Cy/D(F) < Cy/D(F).

From this inequality and (5.2), the assertion immediately follows by a trivial
induction argument, for any dimension n > 2. |

The next lemma is a variant of a similar result proved in [10] (see also [11]).

LEMMA 5.1. There exist two constants, | = l(n) and C = C(n) such that,
if E € X, then there is a set E' C Q, such that |E'| = |B| and

(5.3) AME) < A(E')+ CD(E), D(E') < CD(E).

Proof. First of all we observe that, by rotating F if necessary, we may
assume that

(5.4) A" {2 € B VP (z) = £e;}) =0

for all i = 1,...,n. By Lemma 6.1 we deduce that vy € W!(R), so that in
particular vg is continuous.
Now, setting B, = {x € E: z1 <t} for all t € R, we claim that

(5.5)
P(E;) < P(E{z1 <t})+we(t), PE\E;)<PE[{z>1})+op(l).

To prove these inequalities we first notice that, if E is a smooth open set, then
by (5.4) the inequalities (5.5) hold as equalities. Assuming now that F is any
set of finite perimeter satisfying (5.4), we may take a sequence of smooth open
sets Ej such that |E;AE| — 0, P(E;) — P(F) and (5.4) holds for each Ej.
Since the sets F; are smooth, we already know that

P((E))) = P(E;l{z1 < 1)) + v, (1),
P(E;\ (E))7) = P(Bjl{a1 > 1)) + v, (1).

Since ||vg, — vl — 0 and vg is continuous, one easily obtains by construc-
tion that vg,(t) — vg(t) for every t € R; moreover, P(£;|Q2) — P(E|Q) for
every open set  C R™ such that P(F|02) = 0. Clearly, for any ¢ € R,
|(E;)y AE;| — 0; hence by the lower semicontinuity of the distributional
perimeter we get
P(E;) <liminf P((E;); )
J—00

= lim P(E;|{x1 <)) + v, () = P(E[{z < 1}) +vs(1)

this proves the first inequality in (5.5), and the second one is fully analogous.
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Let us now define the function g : R — RT as

|E; |
g(t) == ;
|B|

g is a nondecreasing, C! function such that ¢/(t) = vg(t)/|B|. Let —0o < a <
b < 400 be the numbers such that {t : 0 < g(t) < 1} = (a,b); pick now any
a < t < b and notice that by definition

()" E; | = |Bl;
therefore, P(g(t)~'/"E;) > P(B), which gives

n—1

P(E;) = g(t)"= P(g(t) " E; ) > g(t)"= P(B).

Similarly,
P(E\E;)> (1-g(t)) " P(B).

Therefore, from (5.5) and assumption (5.4) we get that
P(B) +205(t) > P(B)(g(t)*F + (1 - g(t)) ")

for all ¢ € (a,b). On the other hand, by definition of isoperimetric deficit we
have P(E) = P(B)(1+ D(E)), and then

(5:6)  ws(t) =5 PB) (o) + (1-g(1) " —1-D(E)).

Let us now define the function ¢ : [0,1] — R, whose graph is drawn in
Figure 5, as

(t) =t + (1—t) © —1;
notice that ¥(0) = ¥ (1) = 0, that ¢(1/2) = 2'/" — 1 is the maximum, and that
1) is concave, so that

(5.7) W(t) > 224" 1)t Vo<t< % .
2% — 14
2D(E)s S |
o 9(tr) " glt3) 1

Figure 5: The graph of ¢
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We may assume, without loss of generality, that 2D(FE) < 1(1/2). Let
a < t; <ty < b be two numbers such that g(¢;) = 1 — g(t2) and ¥(g(t1)) =
¥(g(t2)) = 2D(E). Then

(5.8) Y(g(t)) > 2D(E) VYt € (t1,t2)
and, by (5.7),
(5:9) o(t) =1~ gfts) < S0

Thanks to (5.6), for any ¢t; < ¢ <ty we have

(5.10) vp(t) >

Therefore, recalling that vg(t) = |B|g'(t), we have

4 [ g(t) 4 /9@2) 1 4 /1
S A TG R AT Rl

for some dimensional constant o = «(n). Let us now set

ds = «

1
P(s)

= max{r e @ul s < "D
r=min{re i) 0pi0) < "D

Notice that 71 and 79 are well defined since vg is continuous and vg(a) =
vg(b) = 0; moreover, by (5.8) and (5.10), vg(T1) = ve(mn) = (nw,D(E))/2.
Moreover, from (5.9), we have

2 b 2 h 29(t1) 2
— P — = — ! < <
h=-n= nwn D(E) /T1 vr(t) dt nD(E) /T1 gt)di= nD(E) ~ n(21/7 —1)

and a similar estimate for 75 — to.

Let us now set £ = F N {z : 1 < x1 < 1}. From the above estimate
and (5.11), we have that 7 — 71 < (B(n). Moreover, (5.9), the definition of
71,72 and (5.5) immediately yield

(5.12) |E| > |B (1 —2 257@1), P(E) < P(E) + nw,D(E).

Let us now assume that D(E) < (2%/™ — 1)/4 and set

1/n 5
az(}%’) , E =oFE.
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Clearly, |E’'| = |B| and E’ is contained in a strip {7{ < z1 < 74}, with 7, —7] <
3, where 3’ is a constant depending only on n. Let us now show that E’
satisfies (5.3) for a suitable constant C' depending only on n.

To this aim, notice that since we are assuming D(F) small, from (5.12)
we get that 1 <o <14 CoD(FE), with Cy = Cy(n). Thus, from (5.12), we get

P(E')=¢""'P(E) < ¢" ' (P(E B)D(E)) ="' P(B)(1+2D(E))
< P(B)(1 +C( )D (E))-
Hence, the second inequality in (5.3) follows. To prove the first inequality, let
us denote by p + B a ball such that A(E') = |E’A(p + B)|. From the first
inequality in (5.12), we then get
A(E) < |EA((p/o) + B)|
< |[EAE|+ [EA((p/o) + Biso)| + |((p/0) + Bi/s) A((p/0) + B)

— 15\ B+ 2D By By |
< Cm)D(E)+ ME')+C(n)(1—-0) < ANE')+CD(E).

Thus, the set E’ satisfies (5.5). Starting from this set, we may repeat the same
construction with respect to the xo axis, thus getting a new set, still denoted
by E’, uniformly bounded with respect to the first two coordinate directions
and satisfying (5.5) with a new constant, still depending only on n. Thus, the
assertion follows by repeating this argument with respect to all the remaining
coordinate directions. O

6. Appendix: Some definitions and technical facts

In this section we first briefly recall the notion of distributional perimeter,
then we collect a couple of technical facts concerning sets of finite perimeter.
These properties are certainly known to the experts in the field, but we have
not been able to find a precise reference in the literature. Therefore, for the
benefit of the nonexpert reader and for the sake of completeness, we have
decided to present here a complete proof of these facts.

6.1. Distributional perimeter. A Borel set E is said to be a set of finite
perimeter if the distributional derivative DX, of its characteristic function x
is an R™-valued Radon measure with finite total variation. If F is a set of finite
perimeter then the total variation [Dy ,|(R") is denoted by P(E), and it is
called the perimeter of E. Moreover, if A is any Borel set in R™, the perimeter
of E in A is defined by setting P(E|A) = |Dx ,|(A).

This distributional notion of perimeter, due to Caccioppoli and De Giorgi,
extends the usual one in the sense that P(E) = "' (0F) whenever OF is a
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Lipschitz manifold. Notice that, by definition of the distributional derivative,
for any smooth function f with compact support,

[ Vi@iz =~ [ f@)dDxg)a).
E R"

Moreover, De Giorgi’s Rectifiability Theorem (see Theorem 3.59 in [1])
states that Dy, = VA" O'E, i.e. that

/ Vf(x)de = — (z)vE(x)d#""t, P(E|A) =" (0E N A).
E o*E

Here 9*F is the reduced boundary of E, i.e. the set of those points z € R™ such
that
D B
vP(z) = lim Xp(z+7B)
r—0 |[Dx ,|(x + rB)

and [vF(z)| = 1. The density v¥ is called the generalized inner normal to E,
and for all x € O'F

. |En@+rB)] 1 . {yeEn(@+rB):(y—=z)- vF(z) <0}

lim —————— = -, lim =0.
r—0 rm ’B‘ 2 r—0 rr

The validity of the isoperimetric inequality (1.1) in the class of sets of finite
perimeter, together with the characterization of the equality case mentioned
in the introduction, are due to De Giorgi ([8], see also [9] and [13]).

6.2. Some technical facts about sets of finite perimeter. In the following,
we shall denote the generic point 2 of R™ also by (¢, z), where t € R, z € R*~1,
Given a set of finite perimeter E, we denote by vg(t) the "' measure of
its section E; = {(t,z) € E}. The same symbol F; will be used to denote the
sections of any set F.

Recalling that the reduced boundary 0*F of a set of finite perimeter is a
A" Lrectifiable set (see [1, Th. 3.59]), from the coarea formula for rectifiable
sets ([1, Th. 2.39 and Rem. 2.40]) we get that if g : R™ — [0, +00] is a Borel
function, then

“+o0o
(6.1) /a*Eg(x)\/ 1 — [P (x)2ds#" " (2) = /_ /(B*E) g(t, 2) dA"2(2) dt .

The first result we present is the version in codimension n— 1 of a similar result
proved in codimension 1 in [6] (see Lemmas 3.1, 3.2 and Proposition 1.2).

To this aim, we recall that by definition of generalized inner normal to a
set of finite perimeter we have that for all vy € C}(R") and i = 1,...,n,

% = — YvE damt.

6.2
(6.2) g 0x; O°E
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THEOREM 6.1. Let E be a set of finite perimeter, with finite measure.
Then v € BV (R). Moreover, if

(6.3) ANz e OE vF =+1} =0,
then vp € WHL(R) and for s -a.e. t € R

! _ V{E(taz) n—2 Py
(6.4) vl (t) _/(B*E),, e dA"2(z).

Proof. The fact that vy € L'(R) is a simple consequence of Fubini’s
theorem and of the assumption |E| < oco. To prove that the distributional

derivative of v is a Radon measure, let us fix ¢ € C}(R) and take a sequence
1y, of nonnegative functions from C¢(R"~1), such that 1,(z) /' 1. Then, by
Fubini’s theorem and (6.2), we get

+oo +oo
©5) [ “we@a=[ o0 [ dzd= in [ Soue

—00 —o00

=—lim [ @(t)n(2)f (L, 2) dA™!

h—oo Jo+p

= —/ ot (t, z)dAam L
oE

Taking the supremum of the left-hand side integral among all ¢ such that
lolloo < 1,we get immediately that Dvg is a Radon measure. Notice that once
we know this, by using (6.5) and the definition of distributional derivative, we
obtain that for all ¢ € C}(R)

+o0
(6.6) / () d[Dug)(t) = / S(tWE (L, 2) dAm L

—00 O*FE

From this equation we get immediately that if G is an open subset in R then

(6.7) Dug|(G) < / V(@) d (x).
8*EN(GxRn-1)

Again, we can deduce by approximation that the same inequality holds for any
Borel set G in R.
Let us now assume that (6.3) holds and let us apply (6.7) to a null Borel

set G. Since now (/1 — [vF(z)[2 > 0 for #" '-a.e. z € 9*F, from the co-area
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formula (6.1) we get

Dug|(G) < / VE|dan !
O*EN(GxRn—1)

—— /1= VP2
/8Eﬂ GxR»-1) /1 ’1/1 ‘2 !
= dt/ U

/G (O*E)e /1 — |V{E|2

thus proving that vy € WHL(R). To conclude the proof, let us fix ¢ € C}(R)
and use (6.6) and the co-area formula again to get

+oo
/ P(t)vp(t) di = / et (t,z)da™!

—00
/ |V1 t Z)| 1_|V1E‘|2d%n71
o*E

V1= P

/m /M Lt (Zt) - A2 (z) dt.

Hence (6.4) follows, by the arbitrariness of . O

The next result is an extension to our situation of a well known result
by Vol'pert, concerning one-dimensional sections of sets of finite perimeter
(see [22] and also [1, Th. 3.108]).

THEOREM 6.2. Let E be a set of finite perimeter in R™. Then, for J€*-
a.e. t € R the section E; is a set of finite perimeter in R"~1. Moreover, the
OBy coincide with (O*E)¢ up to a set of zero ™2 measure.

Proof. Let us denote by uj, a sequence of mollifiers of x ;. Then, up — X,
in L _(R") and it is well known that

(6.8) /R Vun|dz — Dy ,|(R") = P(E), /R V.unl dz — |D.xp|(R™).

where V, = (V,,,...,V,, ) and D, is defined similarly. Moreover, by Fubini’s
theorem we get that for any compact subset K C R"~! and any R > 0

R
lim// lup(t, z) — X5 (t,2)|dtdz =0.
K J—-R

h—o0

From this equality, by a diagonalization argument, it follows that up to a (not
relabeled) subsequence, up(t,:) — Xx,(t,-) = Xp, in Ll (R"1) for s -a.e.

loc
t € R. Hence, by the lower semicontinuity of the total variation, we have

P,_1(Ey) < hmlnf |V up(t, z)| dz,

_>OO Rn—l
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where by P,_; we denote the perimeter in R?~!. Integrating this inequality
and using Fatou’s lemma we have, from (6.8),

(6.9) / Po 1 () di < / lim inf / Voun(t, )| dzdt
R Rn-1

R h—o0

gnmmf/ V()] de = | Do | (R?) < 00
Rn

h—o00

Hence, we get in particular that, for a.e. t € R, P,_1(FE;) < oo; i.e., E; has
finite perimeter.
Let us fix ¢ € CF(R™;R* 1) with ||| < 1. We have

[ ey dpax,l@) = = [ xpdivapla) da

// (2)div.e(t, 2) dzdt</Pn_1(Et)dt
Rn-1 R

and, passing to the supremum over all ¢, we get that

(6.10) Doxpl®) < [ Paa(B .

Therefore from this inequality and from (6.9) we conclude that in (6.10) the
equality holds. With exactly the same argument it can be proved that if Q is
any open set in R™, then

|DZXE|(Q):/PH_1(Et|Qt)dt
R

and, by a simple approximation argument, that this equality still holds if we
replace ) by any Borel set G C R",

DX, |(G) = / Po 1 (EGY) dt
R

d|D, d|D, . .
Since /1 — VP2 = |VF| = d|]D;<E|| = dt%”|”_1>l<_E8|*E’ this equality can be
E

written in the form

/ V1= |wE@))2dam z) = / A" 2(0'F NG dt .
o*ENG R

Since this equality holds for any Borel set we may conclude that if f : R™ — R
is any bounded Borel function, then

o) [ s@y1-f@P e /aEftz) AX"2(2) di

On the other hand, from the co-area formula (6.1) we have also that

mn— 1 n—2
(6.12) /Mf(x) |~ WP (@) d# //M)t £t 2) dAm2(2) dt
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Choosing f(t,z) = ¢(t)1(z), and comparing the two equations (6.11), (6.12)
we then easily get that for #1-a.e. t € R

HTLOEy = A T?L(OE); .
Hence, the result follows. O

We conclude this section with the proof of a result which has been used
in Section 3.

THEOREM 6.3. Let E be a set of finite perimeter with finite measure. If
E satisfies (6.3), then the same is true for E*.

Proof. First, notice that if F' is any set of finite perimeter, by applying
(6.11) to the characteristic function of the set Crp = {z € 0*F : |vf (z)| = 1},
we have that 7' ({t € R : A" 2(Cr NJ*F;) > 0}) = 0. From this equality,
using Theorem 6.1 and arguing exactly as in the proof of [6, Lemma 3.2], we
get that for #1-ae. t € R

t Z) n—2
Vip(t) = A" “(z),
/” |V1 (t,2)|?

where v}; denotes the absolutely continuous part of the distributional derivative
Duvp. From this formula, the same argument used to prove (3.2) immediately
yields

+00
013 PE)zANOFNC) = [ o+ 02,

In particular, from this inequality we get that, if E' is any set of finite perimeter,

+OO 2n—4
(6.14) P(E*)z,%””_l(a*E*\CE*)Z/ Vros®) 5 4 up(t)2 dt,

where 7 is as in (3.3). On the other hand, if E satisfies (6.3), then vg €
WHL(R); hence there exists a sequence of smooth nonnegative functions vy,
with compact supports, converging to vg in W1!(R). Denoting by Ej, the
axially symmetric set defined by vg, = vy, by the lower semicontinuity of
perimeters and the fact that (3.3) clearly holds for each set Ej, we have

+o00o
P(E*) < hmmfP(Eh) = hm \/th et "‘Uh( )? dt

/*“ Jrom

From this inequality and (6.14) we immediately get that 7"~ *(Cg-) = 0, i.e.
E* satisfies (6.3). O

Vl(t)2 dt |



THE SHARP QUANTITATIVE ISOPERIMETRIC INEQUALITY 979

Notice that (6.13) generalizes (3.2) to any set of finite perimeter.
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