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ABSTRACT. We review stability results for the classical and anisotropic
isoperimetric inequalities as present in [Maggi, “Some methods for study-
ing stability in isoperimetric type problems”, Bull. Amer. Math. Soc.]
and [Figalli, Maggi and Pratelli, “A mass transportation approach to
quantitative isoperimetric inequalities”, Invent. Math.], using sym-
metrization techiques and Gromov’s proof of the isoperimetric inequal-

ity.
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1 Introduction

The classical isoperimetric problem is a topic of very rich history and interest. It
states that among all shapes with equal volume, the ball is the one with the smallest
perimeter. This variational principle is the answer to a natural question dating back to
the times of Ancient Greece, and closely related to Dido’s problem about the foundation
of the city of Carthage.

The analytical expression of this classical problem is the isoperimetric inequality, which
states that for a measurable set £ C R", n > 1 with Lebesgue measure |E|,

n|B|Y" | E|"Y/" < P(E), for |E| < .

Here B is the unit ball in R™ and P(FE) is the distributional perimeter of E, which can
be thought of as the classical (or Euclidean) perimeter of E. This defines a functional
on the measurable sets of R”, which is translation invariant, agrees with the elementary
notion of perimeter on sets of smooth or polyhedral boundary, and obeys the scaling
law P(AE) = A""!P(E). These properties imply that if B(z,r) is a ball of equal
measure to E, then P (B(z,r)) < P(E).

Apart from being a topic of intrisic interest, the isoperimetric inequality and its variants
appear very frequently in physics and geometry. They are connected to the shape of
planets and orbits, and they appear in the characterization of isometries and stability
of minimal surfaces [Os2, pp. 1218-1222]. A large number of practical applications can
be found in the book of Pélya and Szego [PS].

A particularly interesting generalization of the isoperimetric inequality is the anisotropic
isoperimetric inequality, which arises in relation to a natural generalization of the Eu-
clidean perimeter. In this, an open, bounded, convex set K C R™ containing the origin
is used to weigh the directions in R™ by means of the scalar product. The notion that
originates with these new weights is the anisotropic perimeter Py. It is key when
modelling surface tension in the study of equilibrium configurations of solid crystals
[Wu, He, Ta|, and constitutes the basic model for surface energies in phase transitions
[Gu]. In particular, the anisotropic isoperimetric inequality states that

n| K|V E|"Y/" < Pe(E), for |E| < .

The aim of this paper is to review and explain the approaches and methods described
in both [Ma2] (a survey of [FMP]) and [FiMP], introducing and proving the results
present in both papers that show stability of both the Euclidean and the anisotropic
isoperimetric inequalities, as well as the inequalities themselves. In modern mathemat-
ics, the natural framework for studying isoperimetric problems is the theory of sets
of finite perimeter as developed by De Giorgi. While it is true that many techniques
and methods used throughout the paper can be understood heuristically without in-
troducing the theory, rigorous justification of the arguments used when proving the
main results requires some terminology and basic facts. To this end, section [I.1] will be



devoted to explaining, or at least giving the intuition regarding the required results. In
doing so we will follow chapters 12, 13, 15 and 16 of the book by Maggi [Mal]. After
that, we will prove the isoperimetric inequality in part 2], followed by a stability result
for it in part [3] The last two parts will be devoted to the discussion of the anisotropic
isoperimetric inequality and its stability, and we shall remark the key differences be-
tween the approaches in [Ma2] and [FiMP)] for proving stability in both settings at the
beginning of part

1.1 Sets of finite perimeter

When trying to define the perimeter of a measurable set £ C R", it is not enough to
simply set P(E) to be H""1(OE). For sets with smooth boundary this definition works,
but it fails as soon as F has a more complicated boundary. Indeed, if E = BUQ? in R?,
then the perimeter of E should be that of B, namely 27, but instead H" *(0E) = oo.
This suggests that we need a different approach towards defining P(E).

1.1.1 Perimeter and relative perimeter

The starting point of the theory of sets of finite perimeter is a generalization of the
Gauss-Green theorem based on the notion of vector-valued Radon measures. A R™-
valued Radon measure on R™ is simply a bounded linear functional u on C?(R"™; R™),
and we use the notation

<M=<P>:/Rn<ﬁ'du

to indicate the value of u at ¢ € CO(R™;R™). This is of course motivated by the fact
that any such functional L induces a R™-valued set function on bounded Borel sets
via Riesz’s theorem [Mall Theorem 4.7],

By(R") — R™
E +— [pgd|L]|
which is o-additive on every disjoint sequence of Borel subsets of a compact set in R™.

Definition 1.1 (Set of finite perimeter). We say that a measurable set £ C R™ is of
finite perimeter if

sup {/ divT(z)dz: T € CLR™;R"™), sup|T| < 1} < 0. (1.1)
E R

It is easily shown using Riesz’s theorem and the density of C}(R™;R") in C?(R";R")
[Mall, Proposition 12.1] that if there exists a R"-valued Radon measure ug on R™ such
that

/ divT = / T-dpp, VT € CLHR™R™) (1.2)
E R"
with |ug| (R™) < oo, then E is of finite perimeter, and conversely, E is of finite perime-

ter if there exists such a measure satisfying ((1.2]). We call ug the Gauss-Green measure
of E/, and the perimeter of E is the total variation of ug,

P(E) = |pe| (R").



Of course (|1.2) is equivalent to

/W:/ pdug, Ve e C.(RY), (1.3)
E R™

and this expression can be stated as the distributional derivative D1g of 1 being
given as integration with respect to ug, i.e.,

(Dlp,¢) = /Rn LV = /Rnsod/m Vp € Co (R™).

Therefore we can also say that E is a set of finite perimeter provided that the distribu-
tional derivative D1g of 1g is a R™valued measure on R™ with finite total variation
on R" i.e. |D1g|(R™) < co. For this reason we speak of distributional perimeter and
distributional Gauss-Green formula when referring to .

Remark (Modifications by sets of measure zero). Notice that if E is a set of finite
perimeter in R” and F in R" is such that |[EAF| = 0, then 1g and 1p coincide
almost everywhere and hence F' is of finite perimeter with up = pp. The converse
is also true [Mal, Remark 12.4] and in particular this means that P(FE) is invariant
under modifications of E by sets of measure zero, although as we already hinted at the
beginning of this section, the size of its topological border OF may change drastically.

The notion of relative perimeter arises when we try to find out how much perimeter £
holds under certain restriction condition. Let E be a set of C'! boundary. Then vg(z)
is defined for every x € OF and du = vg d?—[”‘” o is a locally finite R"-valued Borel
measure. If H""1(OF) < oo then p is a Radon measure satisfying and therefore
E is of finite perimeter with

P(E) =H"Y(0E), dug =g de”*\aE.

This notion of perimeter agrees with the classical one on sets with C' boundary, and
if C' is a Borel set, we find
gl (C) = H""H(C NIE),

that is, |ug| (C') amounts for the perimeter of the parts of OF that lie inside C. Notice
that if C' is open, then the parts of the boundary of F that coincide with the boundary
of C' do not contribute to |ug| (C). This expression does not hold in general for any set
FE of finite perimeter, but the same idea is captured by the notion of relative perimeter.

Definition 1.2 (Relative perimeter). Given E a set of finite perimeter in R with
Gauss-Green measure pp and a measurable set F' C R™, we define the relative perime-
ter of E in F by

P(E|F) = |pg| (F).

1.1.2 Regularization and set operations

Consider a non-negative function p € C2°(B) with [z, p = 1, and define

pe(x) = Einp C) -



We now look at the regularization of 1g via p.,

Loc(@) = (e ¥ 1p)@) = [ pelo—le)dy= [ plo-y)dy, weR"
R”™ ENB(z,)
Then this function satisfies
L, |B(z,e)\ E| =0,

Lee(@) = {o, \B(z,¢) N E| = 0.

This means that, intuitively, we expect V1 . to behave similarly to —vg at the bound-
ary points of E whenever this is an open set with smooth or polyhedral boundary,

Vig:(x +tvp(z)) = —VEE(x), r€0F, —e<t<e.
Therefore, it should hold that
€ R": dist(y,0F) <¢| eH" 1 (OF

We find that this is indeed the case for any set of finite perimeter [Mal, Proposi-
tion 12.20].

Proposition 1.3. If E is a set of finite perimeter in R™, then
—V]lE@dx —* dME; ‘V1E75|d3} ¥ d|ﬂE’a

and in particular,
lim sup / Vig.| = P(E).
Rn

e—0t

By regularizing the measure g we obtain (ug * p-)(x) = —V1g(z), from which the
result follows immediately by the weak-* convergence of regularized Radon measures
[Mal, Theorem 4.36]. In particular, this results proves very useful when dealing with
unions and intersections of sets of finite perimeter.

Lemma 1.4. If F and I are sets of finite perimeter in R™, then EUF and ENF
are sets of finite perimeter in R™ and for any open set A C R™,

P(EUF|A)+ P(ENF|A) < P(E|A)+ P(F|A).
Thanks to Lemma([I.4 we can characterize sets of finite perimeter in R, and in particular

we will use this to show the Steiner inequality and the stability of the isoperimetric
inequality in dimension n = 1.

Proposition 1.5. If E C R" is a set of finite perimeter then it is equivalent to a finite

union of open intervals lying at mutually positive distance.

Proof. Let E be a set of finite perimeter in R. We will first assume E to be bounded
from below and we will deal with the general case afterwards.

Step 1. Assume E C (a,00) for some a € R. We define a function

u(z) = —pp((—o0,z)), x€R.



Since p15 can be decomposed into up = ph — g and |ug| (—oo,a) = 0, both functions
1 ((—00, ) and pz((—o0, r)) are nondecreasing and therefore Borel for x € R. Hence
u is also a Borel function. Using Fubini’s theorem, for any ¢ € C}(R),

/Ru(m)gol(x)dx / / dpr(y // z)dz dug(y)
—/cp ) dpe(y /90 dy—/so g dy.

In particular, [p(u— 1g)¢’ = 0 for every p € CL(R), i.e. the weak gradient of u — 1
vanishes at every ¢, which implies (by [Mal, Lemma 7.5]) that there exists a constant
¢ € R such that u — 1g = c a.e. on R. For x < a the left-hand side is 0, and therefore
¢ =0. Then u(z) € {0,1} for a.e. € R. Since u is left-continuous on R, this holds
for all z € R and therefore

u(z) = 1p(z), VreR,
for some set F' C R with |[EAF| = 0. Hence

limsup |Lp(z + h) — 1p(e)| < |ug| ({z}), Ve e R.
h—0

Tis means that |ug| ({x}) > 1 at every discontinuity point of 1r. Now, since F is of
finite perimeter and |upg| is finite, the set of discontinuity points of 1 is finite, and
thus F' is a finite union of intervals lying at mutually positive distance.

Step 2. Let E be a set of finite perimeter in R, possibly unbounded. Define Ej =
En(—k,00), for k € N. Then Ej, is bounded from below and it has finite perimeter by
Lemma [[.4] By applying the above argument to these sets we conclude the proof. [

1.1.3 The constrained isoperimetric problem

The relative perimeter enjoys a couple of interesting properties that allow for an initial
approach towards the isoperimetric problem. The first one is its lower semicontinuity
in the L'-convergence of measurable sets, with which Ej, — E whenever

|EAER| — 0, as h — oc.

As a matter of fact, it is only necessary for our purpose to consider L'-local conver-
gence, according to which Ej, —!°¢ E if

|K N (EAEL)| — 0, ash— oo

for every compact set K C R”. We have the following result.

Theorem 1.6 (Lower semicontinuity of relative perimeter). Let {E},};— be a sequence
of sets of finite perimeter in R™ with Ej, —1°¢ E. Then E is of finite perimeter in R"
and for any open set A C R™ we have

P(E|A) <liminf P(EpL|A).
h—o0



Another impressive feature of the perimeter, which we aim to apply later in combi-
nation with Theorem [I.6] is the following compactness result. The relevance of these
results lies in that together, they complete the requirements needed to apply the Di-
rect Method to several minimization problems regarding the perimeter and relative
perimeter.

Theorem 1.7 (Compactness of perimeter). If R > 0 and {Ey},-, is a sequence of
sets of finite perimeter in R™ such that

sup P(ER) < oo and FEj C Bgp VYVh €N,
heN

then there exists a set of finite perimeter E in R™ and h(k) — oo as k — oo with

Eh(k) — FE, FE C Bpg.

We now introduce the constrained isoperimetric problem, a simple version of the
isoperimetric problem where we consider our competitor sets to be bounded by some
ball. This problem is very closely related to the isoperimetric inequality, and in fact
we will use it in proving the latter.

Proposition 1.8. If R > 0 and m is such that 0 < m < |B|R", then there ezists a
set of finite perimeter E C Bp that is a minimizer for the variational problem

inf {P(E): E C Bg, |E|=m}. (1.4)

Proof. Notice that the condition on m makes the class of competitors nonempty, and
the perimeter is always nonnegative (thus the problem has a lower bound). Let «
denote the infimum in and let { £}, },~ | be a minimizing sequence with P(Ej) — «
as h — oco. By Theorem[I.7] there exists a set E C By, of finite perimeter with Ej, — E
up to a subsequence. Moreover, |E| = limj,_,o |E| = m and by Theorem [1.6

a < P(E) <liminf P(ER) = a,
h—o00

completing the proof. ]

Remark. Dropping the hypothesis £ C Bpg leads us to the existence of optimal sets in
the Euclidean isoperimetric problem and this task is far from trivial. In particular we
cannot approach that problem using the Direct Method since the compactness result
can no longer be applied.

In a much similar vein to how we proved Proposition [1.4] we can show the existence of
minimizers for the relative isoperimetric problem. The only difference is that we will
now have to apply Lemma in order to bound uniformly the perimeters of the sets
in the minimizing sequence so that we can apply Theorem

Proposition 1.9. If A is an open, bounded set of finite perimeter and m € (0, |A]],
then there exists a set of finite perimeter E C A such that E is a minimizer for the
problem

inf {P(E|A): EC A, |E|=m}.



1.1.4 Approximation by smooth or polyhedral sets

Let us begin with an example as a motivation for this section. This can be found in
[Ma2, p. 373]

Example 1.10. Let {¢5,},-, be a sequence of positive numbers such that > 5, 52_1 <
o0, and let {zp};~, list all the elements in Q™ N [0,1]™. Define the open set

FE = U B(l‘h,6h).
heN

Then the closure of E contains [0, 1]™ and as long as |E| < 1 (which we can obtain if
g, is small enough) we have [[0,1]" \ E| > 0, and therefore H"}(OF) = oo. Despite
this, F is a set of finite perimeter. We can see this by setting Ey = UhN:1 B(xp,en),
so that Fny — FE, and then by the lower semicontinuity and Lemma [1.4

N
< limi < limi — Vi n—1 .
P(E) < l}\t}igoréfP(EN) < lﬂlol'éf P(B(zp,¢n)) lﬂlglofn |B| ;:1 g, <0

This example illustrates how sets of finite perimeter can be highly irregular, and in
order to handle their complexity the following approximation result is crucial.

Theorem 1.11 (Approximation by smooth or polyhedral sets). If E is a set of finite
perimeter in R™, then there exists a sequence {Ep},- | of bounded open sets with smooth
or polyhedral boundary so that E;, — E and P(Ey) — P(E).

The theorem follows from the following instance of the Coarea Formula, which we will
also need in future proofs.

Theorem 1.12 (Coarea Formula for the total variation). Let f : R” — R be smooth
or piecewise affine, and let {f >t} denote the set of points x such that f(x) > t, for
t e R. Then

/Rn Vfl= /RP({f > t})dt.

Additionally, in proving stability for the isoperimetric inequality we will need to use
extensively the following particular example of the Coarea Formula for rectifiable sets,
which describes the behaviour of the reduced boundary (see Definition below) of
a set of finite perimeter upon being sliced.

Theorem 1.13. Let E be a set of finite perimeter in R™, n > 2. Then, for a.e. t € R,
the section E; is a set of finite perimeter in R"™' and its reduced boundary FE; is
H"2-equivalent to the t-section (FE), of the reduced boundary of E. Furthermore,
for every Borel function g : R — [0, 0o] we have

/ 1 =g - e dHm :/dt/ g(t,2) dH" (=), (1.5)
FE R J(FE),

where vg - e1 denotes the first component of the outer unit normal vector to E.



1.1.5 Density properties and the reduced boundary

Every measurable set in R™ enjoys certain basic density properties. We can summarize
these by saying that a.e. point of E has density one, while a.e. point of R" \ E has
density zero, with respect to £. When E has a smooth boundary, then we could expect
that the points in OF have density 1/2. Indeed,

EnNnB —
B0, B
| B, )] r
and if x € OF, and vg(x) denotes the outer unit normal to E, then

E—=x
EoE e fy € R wp(a) - (y —7) < 0}.

A crucial property of sets of finite perimeter is that this density property of boundary
points remains valid in a sense, provided that the classical notions of boundary point

and outer normal are suitably extended.

For this last notion we can use the Polar Decomposition Theorem for Radon measures
on the Gauss-Green measure pup of a given set £ C R™ of finite perimeter to ensure
the existence of a Borel function vg : R® — S"! such that |vg(z)| = 1 for |ugl-
a.e. € R" and ug = |vg|dug. The Besicovitch Differentiation Theorem for Radon
measures then yields and we have the following definition.

Definition 1.14. Given E a set of finite perimeter in R” with Gauss-Green measure
ue, we call vg the measure-theoretic outer normal to FE, satisfying

pe(B(z,r))

= 1 ] (Bla.r)) (1.6)

for |upl-a.e. x € R™.

We use this notation since vg should be regarded as the outer normal to the set E.
In fact, when E has smooth or polyhedral boundary, vg coincides with the classical
notion of outer normal to E. With this tool in hand we finally have a way to state
which points of OF essentially contribute to P(E).

Definition 1.15. Given a set F of finite perimeter in R", we define its reduced
boundary FE as the set of points z € R™ where (1.6) holds true, |vg(z)| = 1 and
lusl (B(z, 1)) > 0.

When FE is open and has C! boundary, it has FE = 0F, and if E is of finite perimeter,
it turns out that concerning density properties, it behaves similarly to a set of smooth
boundary on its reduced boundary. For A € [0,1], let us denote by E® the set of
points z € R™ having density A with respect to E, i.e., z € EW if

. |[ENnB(z,7r)|

lim

=\
r=0  [B(z,7)]

We use the notation 9, 5 E for E(1/2) and introduce the essential boundary 8°E of E
by setting

OE =R"\ [EQuEW.
The following result by Federer [Mal, Theorem 16.2] relates F E to the sets 0; o ' and
O°F.



Theorem 1.16 (Federer’s theorem). If E is a set of finite perimeter in R™, then
.FE C 61/2E C aeE, with
H L (9°E\ FE) =0.

In particular, the theorem states that the three sets FF,0,,F and 0°F are H L
equivalent. We will use this result extensively when we address the problem of stability
in the anisotropic isoperimetric inequality. The following theorem on the structure of
the reduced boundary and the Gauss-Green measure of E is one of the cornerstones
in the theory of sets of finite perimeter.

Theorem 1.17 (De Giorgi’s structure theorem). If E is a set of finite perimeter in
R™, then the Gauss-Green measure pg of E satisfies

dup = vE d’H”_l‘fE, dlpg| = dH"‘l‘fE, (1.7)
and the generalized following Gauss-Green formula holds,
/ Vo(z)de = / o(2)vp(z) dH " (z), Ve € CLRY). (1.8)
E FE

Moreover, there exist countably many C*-hypersurfaces My, in R™, compact sets Kj, C
My, and a Borel set F with H"*(F) = 0 such that

FE=FU ] Ky,
heN

and for every x € K, and every vector v tangent to My, vg(z)-v = 0.
In modern terms, the second part of Theorem [1.17] can be stated by saying that FFE is

an (n — 1)-rectifiable set. We also have the following theorem regarding set operations
and Gauss-Green measures.

Theorem 1.18. If E and F' are sets of finite perimeter and

{vg=vr}={x € FENFF: vg(x) =vp(x)},
{vg =—vp}={s e FENFF: vg(x)=—vp(x)},

then ENF, E\ F and EUF are sets of finite perimeter, with

-1
HENF = ME\Fm =+ MF’E(l) +vpH" (vp—vr}’ (1.9)
_ -1
te\F = HE|po) — HF| gay +vEH" . (1.10)
_ -1
HEUF = ME|F<0> + MF|E(0> +vpH" (vpvp}’ (1-11)
or equivalently,
n—1 _ n—1 n—1 n—1
venr dH ‘]__(EOF) =vpdH ‘]—‘EOF(U +vpdH ’]—'FOE(U +vpdH (vpmvp)’
(1.12)
n—1 _ n—1 _ n—1 n—1
vp\r dH )J—‘(E\F) =vpdH ‘(FE)\F vrpdH ‘]—'FQE(D +vpdH vpe )
(1.13)



VBUF dHn_l‘_F(EUF) = vpdH" ‘(}‘E)\F +vpdi! ‘(}‘F)\E +vpdH (ve=vr}
(1.14)
Moreover, the reduced boundaries satisfy
FENF)=(F <>me)u(E<>mfF)u{yE:VF}, (1.15)
F(E\F)=(FE)\ F)u (EWNFF)U{vp = —vr}, (1.16)
F(EUF)=((F )\F) (FR)\E)U{vg =vr}. (1.17)

up to H* t-null sets.

The proofs for these results can be found in [Mal, pp. 167-187]. In the particular case
that F C E, we have F() ¢ E(M) and therefore (T.12) and (1.15) reduce to

FF = [FFNFE|U[FFnEWY), (1.18)
vr(z) = vp(z), for H" '-ae x € FFNFE, (1.19)

again up to H" !-null sets. Additionally, when |E N F| = 0, since 012 N Oy )oF C
(EU F)1| we have, by Theorem m

H' Y (F(EUF)N(FENFF)) =

and (1.14]) turns into

VEUF d?—l"_1’ =vg d?—ln_l‘ +vE d?—ln_l‘ (1.20)

F(EUF) (FE)\F (FF)\E

This implies as well (by (1.14)) that vg = —vp at H" !-a.e. point of FE N FF when
|ENF| =0.

10



2 Euclidean isoperimetric inequality

Having in hand all the necessary tools to handle sets of finite perimeter we address the
isoperimetric inequality.

Theorem 2.1 (Isoperimetric inequality). If E is a measurable subset of R", n > 1,
and 0 < |E| < oo, then
n|B|V" | E|"V/" < P(E). (2.1)

Equality holds if and only if E coincides with a ball up to a set of measure zero.

The classical proof of Theorem [2.1]is based on the powerful tool of Steiner symmetriza-
tion. We will discuss it in section and the proof of the isoperimetric inequality
will follow in section 2.2

Notice that we have already proved existence of minimizers in the constrained setting
in Proposition In order to extend this to the general case and prove Theorem
we will first characterize the minimizers of the constrained problem , and then
argue by contradiction that no minimizer for the unbounded case is unbounded.

2.1 Steiner symmetrization

The characterization of the equality cases in the isoperimetric inequality relies on
Steiner symmetrization. The idea behind this technique is to symmetrize a set £ with
respect to a certain hyperplane while preserving its volume. In this way we obtain
another set F* with smaller perimeter but the same volume as F/, and thus E? acts as
a better competitor than E in the isoperimetric problem. If symmetrizing with respect
to any hyperplane can no longer decrease the perimeter, then the resulting set must
be symmetric in every direction and equivalent to a convex set, and therefore it must
be equivalent to a ball.

Given a measurable set F, we fix a direction v € S* ! and construct the Steiner
symmetral E* of E with respect to v as follows. Let H = {y € R" : y-v =0} be the
hyperplane perpendicular to v, and define

m:H — [0, 0]

y — HY(EN{y+tv: teR}). (2.2)

By Fubini’s Theorem m is measurable, and m € L! (7—[”*1|H> as long as |E| < o0
since fde"_l‘H = |E|. We set

ES:{y—HV: y € H, m(y) >0, —éy)gtgéy)}.

11



This corresponds to centering, at every y € H, an interval of length m(y), the length
of the section of F that intersects a line in the v direction and passes through y.
By construction, E* is measurable and symmetric with respect to the hyperplane H.
Additionally, |E*| = |E|.

E

ES

FIGURE 1: Steiner symmetrization.

Theorem 2.2 (Steiner inequality). For every set E of finite measure we have
P(E®) < P(E). (2.3)

Moreover,

(i) if equality holds, then for H" '-a.e. y € H the section EN{y+tv: t € R} is
H!-equivalent to an interval;

(ii) if E is convex, then equality holds if and only if there exists ¢ € R such that
E=FE°+cv.

Proof. We will first show the inequality in dimension n = 1, using Proposition [1.5
Then we will prove it for bounded sets with polyhedral boundary and use Theorem [I.11]
to extend this to an arbitrary set of finite perimeter. Finally, we will prove (i) and

(i).

Step 1. When n = 1, for any set E of finite measure, E* = (— |E| /2,|E|/2) and the
Steiner inequality is the isoperimetric inequality. By Proposition if P(E) < o0

and |E| < oo, then
N

FE = U(ai,bi), bi < @41, N > 1,
=1

up to a set of measure zero. Therefore FE = {a;,b;: i=1,..,N}, and P(E) =
HO(FE) = 2N > 2, with equality holding if and only if N = 1, i.e., when E is an
interval. Notice that this proves Theorem [2.1]in dimension 1.

Step 2. Let n > 2 and define m : H — [0, 1] as in (2.2]). Let us examine the case in
which F is bounded and has a polyhedral boundary, whose outer normal field is never
orthogonal to the direction of symmetrization v. By the Implicit Function Theorem, we

12



can find a partition of {m > 0} C H into finitely many (n — 1)-dimensional polyhedral
sets C1, ..., Cyy,

M
{ye H: m(y)>0}:UCj, M e N,
j=1

and for each j € 1, ..., M, there exist finitely many affine functions g;, f;r : C; — R,
k=1,..,N(j), satisfying

N(@)
EN(Cj xR) = {y+tV1 yeCj, te Y (gj,k(y>vfj,k(y)}7
k=1
ON(j) =H' (FEN{y+tv: teR}), VyeC;.

By construction, if y € Cj}, then

N(j)
m(y) = D fix(y) = 9ix(y). (2.4)
k=1

Now we prove the inequality by a convexity argument. Since E}, fits in between the
graphs of —m/2 and m/2, we have

2 M
P(ES):2/{ }”H‘va :Z/ V4 + | Vm|? dH L
m>0 1 JC;
J=1""

On the other hand,

M
P(E)=Y H"'(FENI[C; xR))
j=1
M N(j) - g
= Z/ S V1 V2 + 1+ Vgl dmn .
i=17C5 k=1
Now we recall (2.4) and by convexity, for any point of Cj,
N(j) NG) 5
VEo. — Vg
STV 1 Vel 22 S (14 ‘fﬂcQw
k=1 bt

o [ Vfik = Vgin
_2N(J)(N(j)kzl\/l+‘J 5 J

)

i Viik—Vgix®
2

> QN(j)J 1+ ‘Nb)

= ANG)? + |V > 4+ (V]

k=1

Therefore P(E) > P(E?®). In fact, we can even do better with this argument, we can
control the H" !-size of the set D of those points y € H for which {y +tv: t € R}NE
is not a segment by how much the perimeter of F gets reduced after being symmetrized.
Let D be such set, namely the union of those C}’s such that N(j) > 2. We have

M
P(E) — P(E®) > Z/C VANG)? + [Viml? = /4 + [Vm2 dH"!
j=1"C
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a 4(N(j)* - 1) i
Z::/ VAN () e

24 |Vmf 4 \/4+ |V
1

M
z::/c no \/4N 2 4 |Vm|?

dH™ 1

\ \/

Since we already know that

M
3. [, VANGP + [ < P(E)

we can deduce, using the Holder inequality, that

21" (D)? < (P(E) — P(E®)) P(E).

Step 3. Now let E be a set of finite perimeter. By Theorem [I.11] we find a sequence
of bounded open sets Fj with polyhedral boundary and such that

|E,AE| -0, P(Ey)— P(E). (2.5)

As v, takes only finitely many values, we can assume that vg - v # 0 on FE, up to
rotating Ej by a rotation sufficiently close to the identity. In this way Ej satisfies the
assumptions of Step 2, and therefore

P(Ey) > P(E}), (2.6)
2H"(Dn)? < (P(En) — P(E})) P(En), (27)
where D;, C H is the set of those y € H such that the section Ej(y) = En N

{y+tv: t € R} is not a segment. Denote by F(y) the corresponding section of E.
Then

BAE| = [ H (B AB @) 41" (o)
> [ Imay) = m(u)| aH @) = | BRAEY

In particular Ef — E* and by lower semicontinuity, P(E?®) < liminfj,_,o P(E}). As
P(E}) — P(E), we deduce that P(E®) < P(E) by (2.6).

Step 4. If we now assume that equality holds in the Steiner inequality for E, by
passing to the limit in (2.7) we find that H"~*(Dj) — 0 as h — oo. Now recall that
H (EL(y)AE(y)) — 0 for H* l-ae. y € {m(y) > 0}. By the lower semicontinuity, we
find

lim inf 1, 5000, (V) H (FER(Y)) = Limsop(0)H” (FE(y))

for H"~'-a.e. y € H. By Fatou’s Lemma,

/ HO (FE(y)) dH" ' (y) < liminf HO (FEn(y)) dH" 1 (y)
{m>0} h—o0 {mp>0N\Dp,

= 21" ({m > 0}).

By Step 1 we have H° (FE(y)) > 2. Thus it turns out that H° (FE(y)) = 2 for
H" lae. y € {m > 0}, and every section E(y) is H'-equivalent to a segment, which
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proves (7). Additionally, these arguments can be adapted to show a relative version of
the Steiner inequality,

P(E|AXR) > P(E°|AxR), VA C H open, (2.8)
where AXR denotes the set {y +tv: y € A, t € R}.

Step 5. To conclude the proof of the theorem, let E be convex and such that P(E) =
P(E®). We can find an open convex set D C H and a pair a concave nonnegative
functions 11,12 : D — [0, 00) with

E={y+tv: yc H, —1(y) <t <a(y)}.

V1(y) + Pa(y) i< ¢1(y)+¢z(y)}.

E° = tv: ye H, —
{y+1/ Y 5 5

Let D' be an open set compactly contained in D. As P(FE) = P(E®) and ({2.8) holds
on both D’XR and (F \ D')xR, we deduce that

P(E|D'XR) = P(E*|D'XR).

On the other hand, since ¥ and 1o are locally Lipschitz, these perimeters can be
expressed via the elementary formulas

P(E|D'XR) = /D V14 V02 41+ [V dm,

PED5R) = [ \/1 + ‘W’l L

2
dH™ 1,

By strict convexity, there exists ¢ € R such that ¢¥; — ¢¥9 = ¢ on every D', making
E=cv+ FE°. O

2.2 Proof of the Euclidean isoperimetric inequality

Before getting to the proof of Theorem we are going to need the following lemma,
which can be found in [Mal, Lemma 14.6].

Lemma 2.3. If E is a set of finite perimeter in R™ such that for a.e. y € H the
section EN{y+tv: t € R} is H'-equivalent to a segment, then for every y € H, the
section EM) N {y+tv: t e R} of EY is a segment.

Proof of Theorem[2.1] Let m, R > 0 with m < |B| R™ and consider a minimizer E to
the constrained problem . Given any direction v € S*™!, E* is a better competitor
for the problem, and since F is a minimizer, P(E®) = P(FE) and equality holds in the
Steiner inequality. We can therefore apply (i) in Theorem to obtain that H" '-a.e.
one-dimensional section of E in the direction v is H!-equivalent to a segment for any
given v € S"!. By Lemma this fact extends to every one-dimensional section
of EM | and since this set is symmetric with respect to any direction, it is convex.
Indeed, if z,y € E, it suffices to consider v = =%: by the discussion above, the

lz—y|"
segment joining x and y is contained in a one-dimensional section of F.
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so equality holds in the Steiner inequality for E1). By (ii) in Theorem [2.2| for every
v € S* 1 we can find a constant ¢, € R such that

Therefore we know that E(1) is convex, equivalent to E and it has P(Eg = P(E),

EW = c,u+ EWS,

where El(,l)s denotes the Steiner symmetral of E(V) with respect to v. This means that
EM and El(,l)s are the same set up to a translation by c,v. Since this holds for every
v e S EM is symmetric by reflection with respect to every direction, and because
it is convex we conclude it must be a ball. Hence

inf{P(E): EC Bg, |E|=m}= P(E(l)) =n ]B|1/" m—/n
and the infimum is attained if and only if F is equivalent to a ball, which immediately
implies that

n |B|1/n = inf {\Eﬁgi))/" : Eis bounded} ,

with attainment if and only if F is equivalent to a ball. By approximation with bounded

sets (Theorem [1.11)),

o P(E
n|B|Y :mf{‘E|(1£1))/n: |E]<oo}

Therefore the isoperimetric inequality holds, and in the bounded case the minimizers
are balls.

Finally, we are left to prove that this is also the case if equality holds for some un-
bounded set E. With these assumptions we can repeat the arguments based on the
Steiner inequality to find that EW has to be equivalent to a ball, against the assump-
tion that it is unbounded. O
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3 Stability of the Euclidean isoperimetric inequality

A natural question that arises from any functional inequality concerns its stability.
For the isoperimetric inequality, we may ask ourselves whether a set E for which the
equality in fails by a small margin must be geometrically close to a ball or not.
This is, we want to find a quantitative version of . For an analytic statement
we first need to define a few concepts. From here on we may adapt the notation
n’ =n/(n — 1), so that the isoperimetric inequality takes the form

n B BN < P(E).

Definition 3.1. If E is a set of finite volume in R", we define its isoperimetric deficit
by

§(E) = % - (3.1)

n|B[7"|E|

Of course, §(E) > 0 by , with attainment of the equality whenever E is equivalent
to a ball. Additionally, §(E) defines a functional E +— §(F) that is scale invariant and
translation invariant. The purpose of 6(FE) is to measure the failure of E being optimal
in the isoperimetric inequality. It is reasonable to think that in some sense it controls
the distance between E and a ball, if there is stability, so we aim to relate this to a
more direct notion of the distance between F and a ball.

Definition 3.2. Given a set E of finite volume in R", we define its Fraenkel asymmetry

by

|EAB(x,r)]
E|

Furthermore, if FF C R", we define the relative Fraenkel asymmetry of E with respect

to F' by

A(E) = inf{ . |B(z,r)| = |E|, z € R”}. (3.2)

|EAB(x,r)|

A(E|F) = inf{ 5

 |Bla,r)| = |E|, x € F} (3.3)

The Fraenkel asymmetry is a nonnegative, scale and translation invariant functional,
defined on the space of sets of finite volume. Additionally, 0 < A(F) < 2, with
attainment of the equality A(F) = 0 only when E is equivalent to a ball. With both
the Fraenkel asymmetry and the isoperimetric deficit at hand, we seek to control A(E)
by 6(F) in some way to establish stability of the isoperimetric inequality.

The first results in this direction were due to Bernstein |Be|, Bonnesen [Bo| and Os-
serman [Osl], and covered the problem showing stability in dimension n = 2. In the
particular case of convex sets, a result in R" was first established by Fuglede [Fu], by
using a different notion of asymmetry. However, the study of stability was carried on
in full generality by Hall-Hayman-Weitsman [HHW| and Hall [Ha]. The results proved
in these two papers combine together to show

A(E) < C(n)d(E)Y4. (3.4)

17



The approach used for the proof of this result relies on symmetrization theory, more
precisely on the use of Schwarz symmetrization. In [Ha| it is shown that whenever E is
an axially symmetric set (which can be obtained by means of Schwarz symmetrization),
then

A(E) < C(n)§(E)Y?,  for E axially symmetric. (3.5)

In considering axially symmetric sets, we are in practice reducing the problem to one-
dimensional objects, and therefore it is much easier to prove an estimate like (3.5))
than in a full general setting. The issue of reducing the problem to the class of axially
symmetric sets is dealt with in [HHW], where such a reduction step is achieved: for an
arbitrary set F it is possible to find a direction v such that, if E* is the set obtained
by applying Schwarz symmetrization to F, then

A(E) < C(m)A(E")'?, 6(E") < §(E). (3.6)

We will later see that, while the second inequality in follows immediately from
Schwartz symmetrization, the first one requires more attention. By combining these
two results, one obtains . However, this approach does not yield and optimal
exponent in the decay of the deficit, since in reducing F to an axially symmetric set
there is some loss of control. It was actually conjectured by Hall that the same result
held with the sharp exponent 1/2 of §(F). The theorem we will prove, that was
originally proved in [FMP], states precisely this.

Theorem 3.3 (Stability of the isoperimetric inequality). For n > 2 there exists a
constant C(n) such that
A(E) < C(n)o(E)'2, (3.7)

for any E C R™ with 0 < |E| < co. Equivalently,

Our approach towards proving Theorem will follow that of [Ma2]. The key differ-
ence with the previous, non-sharp stability results will be the intermediate reduction
step between the general set F and the axially symmetric set E*. In short, the idea
is that in reducing F to E*, we are making an excessive leap which leads to the loss
of control in the sharp decay rate. To prevent this, we introduce an intermediate
reduction step into another type of symmetric set.

Apart from this, there are several ideas that play major roles in how we approach the
problem. Before briefly explaining them, we remark a few things. First of all, with
this analysis we do not keep track of the constant C'(n). In particular, the study of
the anisotropic version will later reveal that a value we may consider for C(n) is

187n7

C(n) = (2 — 2n—1/ny3/2"

Second of all, in dimension n = 1, (3.7) is trivial: either §(F) = 0 and A(E) = 0,
or 6(E) > 2 > A(F). As a consequence, we shall always assume n > 2 in what
follows. Finally, (3.7) is sharp in the decay rate of the deficit. This can be checked
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by computing the Taylor expansion of the isoperimetric deficit and the asymmetry for
the family of axially symmetric ellipsoids

E. = {x eR": (rxl)Q—i—Zx? = 1},
=2

asr — 1.

One key idea which not only appears in the proof of Theorem but also when
dealing with the more general anisotropic problem, is to consider almost optimal sets,
i.e., sets with small isoperimetric deficit. The other recurring idea is to try to reduce
the problem to a smaller class of sets, where showing is hopefully simpler. Often,
these reduction steps amount to showing that given a set F we can find another set
F with some good additional properties, like symmetries, boundedness, etc. such that
the reduction inequalities
A(B) < Cn) (A(F) +3(E)'/2), 6(F) < C(n)3(E),

hold true. The second inequality behaves as expected given that F' has better prop-
erties than F, while the first one goes in the opposite direction, especially under the
small deficit assumption. Hence both are in competition.

One last fact that we may remark is that the infimum in is always attained.
Indeed, for any set E of finite volume in R™, we may define the function f(x) =
|EAB(z,r)|/|E|, for x € R", given that |B(z,r)| = |E|. Then computing A(E)
amounts to finding the infimum of f(z) over 2z € R™. Notice that f is bounded by 0
and 2. Therefore, if f does not attain a minimum, we can find {z}},-; with |z5] — oo
as h — oo and such that f(zp) strictly decreases. Up to a subsequence, we can also
assume |z — x| > 2r for k # h, which grants B(xp, ) N B(zg,r) = () whenever k # h.
Hence,

o

’E‘ 2 Z ’B(l’h,’r) ﬁE‘,

h=1
making |B(zp, ) N E| — 0 as h — oo. This, however, contradicts the fact that f(xp)
decreases strictly, since

f(fL' ) |EAB(1:}L7T)| |EUB(1‘h,T‘)|—|EﬂB(l‘h,T)|
h = =
|E| |E|
1B+ 1B, - 2B 0 Ba,r)
|E| ’

and by taking the limit as h — oo we obtain f(z;) — 2. Therefore given any set E
with finite volume, we may always find a ball that minimizes A(F).

3.1 Small isoperimetric deficit

Let us fix a constant §(n). Suppose K (n) is another constant for which

A(E) < K(n)d(E)Y?,  whenever 6(E) < §(n).
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If 6(F) > d(n), then as A(F) < 2, we can estimate

A(E) <2 !

<25 smo(B)

and therefore we can set C'(n) = max {K(n),?é(n)*lﬂ} to obtain (3.7). Hence, we
can always assume that F is almost optimal.

3.1.1 Reduction to bounded sets

The first step towards proving Theorem will be to reduce E to a bounded set, with
a bound that only depends on the dimension. To this end, we present a lemma that
turns out to be very useful for proving reduction inequalities.

Lemma 3.4. There exists constants C(n) and e(n) such that, when E and F are sets
of finite perimeter in R™ with

|[EAF| <e|BE|, P(F)<P(E)+e|B['™, (3.9)
for e < e(n), then

A(E) < A(F) +4e, O(F) <(E)+ C(n)e.

Proof. Let Br be the ball for which A(F") attains its infimum, and let Bg be a ball
with the same center as Bp and measure equal to |E| (that is, Bg is a competitor in
A(E)). Then,

A(E)|E| < |EABg| < |EAF| +|FABF| + |BrABg|
< e |B[+ A(F) [F[ + [[E] = [F|| < 2¢ |E[ + A(F) [F|

where we used two facts. The first one being that either By C Br or Bp C Bg, which
implies |BFABg| = ||E| — |F|| since |E| = |Bg| and |F| = |Br|, and the second one
being that ||E| — |F|| < |EAF| < e|E|. Now, since |F| < |E|+ |EAF|, and A(F) < 2,
we find

A(F)|F| < A(F)|E| + A(F) |[EAF| < A(F) |E| + 2¢|B],

which, together with the previous estimate shows A(E) < A(F) + 4e. It remains to
show that §(F) < §(F) + C(n)e. For this, we can use the definition of §(E) and the
taylor expansion of (1 —&)~/" to show that

P(E)

B[ (@=e" —1) +e(i- 6)_1/71,]

P(E)
B 1] '

6(E) —6(F) < C(n) l

< C(n)e [

O]

Theorem 3.5. There exist constants 6(n),C(n) and L(n) such that for every set E

with finite volume and §(E) < §(n) we can find a set F such that F C [0, |E|Y™ L(n)]"
and

A(E) < C(n) (A(F) +4(F)),  o(F) < C(n)d(E). (3.10)
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The idea for how the set F is constructed is to take an appropriate cutoff of E in each
direction of the canonical basis of R™. The small deficit assumption makes it impossible
for F to accumulate too much volume too far away, and F must have similar volume
and perimeter, while at the same time being confined within a cube.

Proof. Given E with §(F) < é(n), it is enough to show that there exists a set F' C
[0, |E[Y™ L(n)] x R"~! with

|EAF| < C(n)3(E)|E|, P(F) < P(E)+C(n)3(E) |E|'",

since then we can use Lemma to obtain (3.10|), and by iterating this argument we
complete the proof.

By Theorem [I.11] we can assume that E is bounded with polyhedral boundary, and
that
L ({x e FE : VE(x) = j:el}) =0. (3_11)

This is, since FFE is never normal to ej, the section of F sliced by the hyperplane
{x1 =t} is of H" l-measure zero. This implies that the function v(t) = H* (£ N
{x1 =t}) is continuous, piecewise affine, and with compact support [a,b] C R™ (see
Figure {4]). Furthermore,

v(t) = |E|9/(t), a.e.te (a,b),

where Ent n
Nz <
1) = ——
|E|

Since F has polyhedral boundary and is in force, this can be checked by ex-
pressing E as a graph around {z; = ¢} and using the area formula [Mal|, Theorem 8.1].
With the assumption that 6(E) < d(n), we can provide a lower bound on v(#) in terms
of v(t). Indeed, thanks to we have P(E) = P(E|{z1 > t}) + P(E|{z1 < t}),
with

P(En{zy <t}) =v(t) + P(E|{r1 < t}),
P(ENn{x; >t}) =v(t) + P(E|{x1 > t}).

Combining this with the isoperimetric inequality and the definition of ~,
20(t) = n | B (B[ ()Y + (1= A(e)") - P(E),
which can be rewritten in the form

. N |B|1/n |E|1/n/

v(t) 5

[W(y(1) = o(E)], (3.12)
where U : [0, 1] — [0, 1] is the strictly concave function defined by
U(y) =7 (L= 1 (3.13)

The function ¥ takes its maximum value 2(2'/" — 1) when v = 1/2, and it is equal to
zero at v = 0,1 (see Figure E[) Therefore we obtain the lower bound

U(y) >2(2Y" —1)min {y,1 —~}. (3.14)
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Now, assuming 0(n) < ¥(1/2), we can find (¢1,t2) C (a,b) such that

V(t1) =1 —~(t2),
26(E) = ¥(y(t1)) = (v(t2)),
U(y(t) = 20(E) V€ (t,12).
Notice that given any t1, the first condition forces the value of £9, and the second one

forces the value of ¢;. The third one is given by the convexity of W. As a consequence
of these, we can use (3.12]) to establish the following lower bounds for every ¢ € (¢1, t2),

n|BIY™ BV §(E)

o(t) > = , (3.15)
/n /n’
o(t) > " |BI' |E|41 v((®) (3.16)

(1)

V(1) |E]

s1 t 8.2
FIGURE 2: If E is almost optimal, for s; < t < so the volume of

En{z; <t} is not too small or too big compared to |E|. We expect
a lower bound for v(t) in terms of 0(E).

We can in fact extend (3.15)) to a larger interval in order to find the appropriate cutoff
to define F'. Let (s1,s2) be the maximal interval for which (3.15)) holds,

n|BIY"™ | E|Y §(E)
2 b
n|BY" |E1/"’6<E>}

$1 1= max {t € (a,t1] = v(t) <

S := min {t € [ta,b) = v(t) < 5

Now we claim that sy — s1 < L(n). Indeed, by (3.14)),

W(y(t) _ U(y(tr)/2 _ (E)
(21/n_ 2l1/n _ 1 2l/n _1°

)
We notice that since v(t) = |E|~'(¢), We have f v(t)dt = |E|(y(t1) — v(s1)) <
|E|~v(t1), and therefore, by - n (s1,t
_ 2B () _ |E[M" Ln)
nlBtsE) T3

v(t1) <

1 —s1 <



By the same argument we obtain the estimate so — to < |E|1/" L(n)/3, and now using

(3.16) we bound ty — 1,
< 4 toy(t)ydt  4[EY™ rt /(1) dt
2 B My ¥G®) T B Sy ()
4BV L dy B[V L
n|BY"Jo W(v) ~ 3

since fol ﬁ d~ is a constant that depends only on the dimension n. We end up with

s2— 81 = (59— to) + (ta — t1) + (t1 — 51) < |E["/™ L(n),
which completes the proof of the claim.
Let us define the set F' as
F=En{z eR":s <x1 < s2}— s1e1.

It is left to show that F' satisfies our requirements in order to complete the proof.
Indeed, it is contained in [0, |E|1/" L(n)] x R*~! and it has

|[EAF| < |E[[y(t1) + (1 = 2(t2))] < C(n) [E|6(E).

By the continuity of v and the definition of s; and sy we have v(s1) = wv(s2) =
C(n)s(E) |E|Y™, and thus

2
P(F) = P(E|(Sl, 52) X Rn_l) + ZHn_l (E N {:L’l = Sz})
=1

< P(E) 4 v(s1) + v(s2) < P(E) + C(n)3(E) |E/V™ .

As remarked, simple iteration of this argument for the directions of es, ..., e, yields the
desired result. O

3.1.2 A mild quantitative isoperimetric inequality

The following theorem follows as an immediate corollary of Theorem

Theorem 3.6. For every € > 0 there exists 6(n) > 0 such that A(E) < & whenever
I(E) <d(n).

Proof. The proof is by contradiction. Let {E}} be a sequence such that §(Ep) — 0
while limy, o, A(Ep) = ¢ > 0. We may assume |Ey| = |B|. Now define Fj, to be
the associated set to Ej that is given by Theorem If Fy, — F, then §(F) = 0,
and A(F) = ¢ > 0 by the lower semicontinuity of the deficit and by the continuity
of the Fraenkel asymmetry, and this contradicts the equality case in the isoperimetric
inequality. O
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During the proof we used the fact that if |Ey| = |E| and |E,AE| — 0 as h — oo, then
A(ER) — A(FE). This can be easily checked by using the optimal ball for A(FE) for
estimating A(F}), and introducing E as a comparison set. The same can be done to
estimate A(E), reaching

_ |EAE]

|[EAE|
|E| '

< A(Ey) < A(E) +
Remark. This proof relies on the characterization of the equality case in Theorem
which was proven through the use of the Steiner inequality (Theorem. Symmetry is
needed in the problem if one aims to use this technique, and therefore we do not expect
to find a analogous result in the anisotropic problem. In fact, the characterization of
equality cases in that case follows from the stability result (Theorem , although
it can be deduced by varying certain arguments in the proof of Theorem and via
a finer analysis of the Brenier map |[FiMP, Appendix A]. This shows again how the
Euclidean case can be attacked exploiting its symmetry, in contrast to the anisotropic
case.

3.1.3 Reduction to indecomposable sets

In this part we will show how the small deficit assumption allows us to reduce E to an
indecomposable set.

Definition 3.7. A set of finite perimeter E in R"” with 0 < |E| < oo is said to be
indecomposable if whenever E = E1UFEs, with EyNEy = () and P(E) = P(E1)+ P(Es)
it holds that min {|E1|,|E2|} = 0.

Indecomposability is the equivalent to connectedness in the theory of sets of finite
perimeter [Mal, Exercise 16.9]. In a similar way to how every open set with finite
measure can be decomposed into the union of countably many disjoint open connected
components, every set of finite perimeter F with 0 < |E| < 0o can be decomposed as

E=J E,

heN
where each Ej, is indecomposable and Ej N Er = () whenever h # k [AFP, Exam-
ple 4.18]. Additionally,

P(E) =Y P(Ey).

heN
One way to motivate why it is possible to reduce the problem to indecomposable sets
is to look at optimal sets in the isoperimetric inequality. If E is optimal, then it must
be indecomposable: if E = Fy U Ey, with E41 N Ey = 0 and P(E) = P(Ey) + P(E»),
then

P(B) = P(Ey) + P(Ey) > n |B["" (|Ea|/™ + | Bo /") = n| B/ [E[V™
and the inequality is strict unless either |Ej| =0 or |Ep| = 0.

If £ decomposes into {Ep};,y With decreasing volume, it would reasonable to expect
some control of |E'\ Ej| by 0(E) provided |E;| was large enough: we could hope to
apply Lemma with F' = Ej. Otherwise, if two or more E; gather a large part of
|E|, then we expect §(F) to be large, since E would be far away from being optimal.
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Theorem 3.8. There exist C(n) and 6(n) such that, if §(E) < §(n), then an inde-
composable set F' can be found such that

A(E) < A(F) + C(n)3(E), §(F) < C(n)§(E).

Proof. Let E = U,y En be the decomposition of E into indecomposable sets of de-

creasing volume, and assume |F| = |B|. By concavity,
P(E) =Y P(Ey) > [BI"" Y |Ex|"/" > n|BIY" B
heN heN

In terms of the deficit, this is

n|B|d(E) >

Z(‘Eh|>1/n/ _1
N
Step 1. Assume |E;| > |E| /2. Then, by concavity of ¢ — ¢!/ 4+ (1 —)/7 — 1 and
since its quotient with t — (1 —¢)/" is a positive constant as t — 1, we find that, for
a suitable constant cg = cp(n),

’Eh‘ 1/n' |Eh’ 1/n' ‘Eh| 1/n'
nlBlaE) > () 1= e (1- 2T
|E] |El |E]
which means that |E \ E;| < C(n)d(E)" . Since P(E;) < P(E) we conclude by taking
F = FE; and using Lemma [3.4] .

Step 2. Assume now that |Ej| < |E| /2. Then we aim to bound ¢§(E) from below by a
positive constant depending on n. Since |E1| /|F| < 1/2, we can find M > 2 such that

E E
S 1B ST S BT
Again by concavity,

(;M 8 +(§M

’

1/n’ | | 1/n
Ej,
“1>e| Y =]
) (h<M ’E‘)

‘ o

| Ep |
|E|

&

E 5 1/n’ B 1/n'
n<ar s B nar | El
We find
/ | £ | En| |Em| | £
C(n)é(E)" > + — =1- >1- > .
2 1E| % |E| |E| |E] — 2

h<M

3.2 Reduction to symmetric sets

Upon recalling the discussion preceding Theorem we remark that the way we
approach the main reduction result is by adding an intermediate step between general
sets and axially symmetric sets. In order to understand this key idea, we first need to
introduce a couple of notions of symmetry and symmetrization techniques.
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3.2.1 Schwarz symmetrization

In order to reduce the problem to axially symmetric sets we will need to use Schwarz
symmetrization. Given a direction v € S*~! and a measurable set E, the function

v:R— [0, 00)
t— H"HEN{zeR": x-v=t})

is measurable by Fubini’s Theorem, and if |E| < oo, then it is in L'(R). Let r(t) be
the radius of an (n — 1)-dimensional ball with #"~!-measure equal to v(t),

B o(t) 1/(n—1)
’I“(t) - (Hn—l(B N Rn—l)) ’

The we define the Schwarz symmetral E* of E as
Er={zeR": r(z-v)>0, |z—(z-v)v|<r(z-v)}.

This corresponds to measuring the intersection of £ and the orthogonal hyperplane
to v at height ¢, and centering an (n — 1)-ball of equal measure around tv, for each
t € R. By construction, E* is axially symmetric along v and by Fubini’s Theorem,
|E*| = |E|. Intuitively, the perimeter of each section is minimized by the isoperimetric
inequality, and therefore we expect P(E*) < P(E).

E e

... [
{z-v=t}

QU)

FIGURE 3: Schwarz symmetrization.

Theorem 3.9 (Schwarz inequality). If E is a set of finite perimeter in R", v € S*~!
and E* denotes its Schwarz symmetral with respect to v, we have

P(E*) < P(E).

Before coming to the proof of the Schwarz inequality we need the following lemma,
which we will use in the proof of Theorem [3.3] as well.

Lemma 3.10. If E is a set of finite perimeter in R™, then the function v(t) =
H L (EN{x1 =t}) has bounded variation on R, and if

H' ' {z € FE: vp(z) ==4e}) =0 (3.17)
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holds true, then v is absolutely continuous on R, with classical derivative

- / R N (Vi) (3.18)
FE;

V1=|ve- el

Proof. In order to show that v has bounded variation on R it suffices to show that
sup {/ v(t)' (t)dt: p € CHR;[-1, 1])} < 0.
R

Let us consider a sequence {tp, };,cn, With ¢, € CH(R"1;]0,1]), and v, increasing to
1. Now, define fy,(z) = @(x1)¥n(x — z1e1). Then f, € CH(R™) and

/gpv— hm dt/ o () (2) dHL(2) = lim afh(

h—o00 81’1

= lim / fun(@)vp(z) - er dH" " (z) :/fE pla)vp(z) - e dH" ! (x).

h—oo JFE

) dx

Since ¢(z1) € [~1,1], the right-hand side is bounded by H"~!(FE) = P(E), and by
the arbitrariness of ¢, v has bounded variation.

I

FIGURE 4: The continuity of v is spoiled whenever there are parts
of the reduced boundary of E with vg = +ey.

If we assume the validity of (8.17), then \/1 — |vg - e1|*> > 0 at H" -a.e. point of FE.
Using the Coarea Formula (Theorem [1.13)) we find
| eanvse) o cm"—lw
FE
\/1 - \VE -eq
- / (1) dt / g,
R FE )1 — |vg - e1)?

from which (3.18)) follows. O

\/1 — ‘I/E 61|2 den—l(x)
°

Now we prove the Schwartz inequality.
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Proof of Theorem[3.9. Without loss of generality we may assume that E has finite
perimeter and consider its Schwartz symmetral E* with respect to the xi-dimension.
As H" 1 (FE) < oo, it may be

H' ' {z € FE :vp(z) =+v}) >0

for at most countably many v € S*~!. Therefore, up to a rotation of £ we may

also assume (3.17). In particular, \/1 — |vg - e1|> > 0 on FE up to a H" '-null set.

Therefore, by the Coarea Formula (Theorem [1.13), the Jensen inequality applied to
®(z) := 1+ 22 for z € R, and by (3.18)) in the proof of Lemma above, we find

- V1—|vE - e -
e = l“E):/fEm . /mmw

_ / / e G dH2
FE m
) 1 VE - el
> 2
> /R H'? (FE;) @ (HH (FE) /fE V1-lve-eal )

= [V FB? v

Therefore, we have proved the following lower bound for the perimeter of E under the

geometric assumption (3.17)),

P(E) > /R VHP2 (FE)? + /(12 dt. (3.19)

The same argument applies to E* (in particular, (3.17)) holds for E* as well), and in
fact in this case equality holds, as vg= - e; has to be constant on FE} thanks to the
symmetry of £*. Therefore,

P(E*) = / JHAFED? 4 v (1) dt. (3.20)

Now recall that (E*); is, by definition, an (n — 1)-dimensional ball with the same
H"measure as E;. Using the isoperimetric inequality in R? 1,

H"2(FE,) > H" 2 (FE}).

We conclude that P(E) > P(E*). O

3.2.2 Reflections by symmetry and n-symmetric sets

We now introduce the notion of n-symmetry, which we will use in proving Theorem [3.3]
as the intermediate reduction step between generic sets and axially symmetric sets.

Definition 3.11 (n-symmetry). A set £ C R” is said to be n-symmetric if there are
n-orthogonal hyperplanes such that F is invariant under reflection with respect to each
of them. The intersection of the n orthogonal hyperplanes of symmetry of E is called
the center of symmetry of E.
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Notice that E is n-symmetric if, up to a rigid motion, it is symmetric with respect to
the coordinate hyperplanes. Before giving the symmetrization technique that allows
the reduction to n-symmetric sets, we give two lemmas that we will use repeatedly in
the following proofs, hinting at why it is relevant to consider n-symmetric sets. As
a matter of fact, for any given set F there is no way to immediately know anything
about the center x of the ball minimizing A(E). With n-symmetric sets this choice
becomes simple: its center of symmetry. This may not coincide with x, but we can use
it to estimate A(FE) up to a constant.

Lemma 3.12. Let E be n-symmetric, with center of symmetry at y € R™. Then

|[EAB(y, )| _IENYT
A(E) < —E <3A(E), r= (|B|) : (3.21)

Proof. Without loss of generality we can assume |E| = 1. Let = be such that A(F) =
|EAB(z,7)|, and let z be the reflection of « with respect to y. Since E is n-symmetric,
z is optimal for A(FE) as well, meaning that A(F) = |[EAB(z,r)|. Since y lies in the
segment joining z and z, it is clear that |B(z,r)AB(y,r)| < |B(x,r)AB(z,r)|, and

A(E) < [EAB(y,r)| < [EAB(z,7)| + [B(z, 1) AB(y, )|
< |EAB(z,r)| + |B(z,7)AB(z,7)]
< 2|EAB(z,r)| + |EAB(z,r)| = 3A(E). O

This argument also proves a more general property. For k € {1,...,n}, we say E is
k-symmetric if it is symmetric by reflection with respect to k orthogonal hyperplanes.
Using the argument above we have the following lemma.

Lemma 3.13. Let E be a k-symmetric set, and let H be the (n—k)-dimensional affine
subspace of R™ at which the hyperplanes of symmetry of E intersect. Then, recalling

(3.3) in Definition
A(E) < A(E|H) < 3A(E). (3.22)

3.2.3 Symmetrization by reflection

We will now provide a way to reduce a set E in the isoperimetric problem to an n-
symmetric one. Given a hyperplane H, we denote by H™ and H~ the two half-spaces
that H divides R™ into, and define W : R™ — R"™ to be the reflection with respect to
H. Whenever H divides F into two equal parts,

[ENHY|=|EnH| = ‘Jj‘
we define the symmetrals of E/ by reflection through H as
Et=[ENHT|U[W(ENHT)],
E-=[ENH JU[W(ENH)].
Of course, |[ET| = |[E7| = |E|, and both ET and E~ are symmetric with respect

to H. Now we investigate the behavior of the isoperimetric deficit and the Fraenkel
asymmetry under symmetrization.
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FIGURE 5: Symmetrization by reflection with respect to H. The
centers for the balls BT and B~ do not necessarily coincide.

First, since

P(E)=P(E|H")+P(E|H )+ H"Y(FENH)>P(E|H") + P(E|H"),

and
P(EY) =2P(E|H*), P(E")=2P(E|H"),
we find
P(E) P(EY)+P(E~) O§(ET)+6(E7)
§(E) = - > L = . 3.23
= BB 2B BT 2 29

We see that the isoperimetric deficit of each reflection is controlled, up to a factor of
2, by that of E. Now we look at the Fraenkel asymmetry. Let BT and B~ be the
optimal balls for A(E|H") and A(E|H ™) respectively,

+ +
A(E-&-’H) — M7 A(E—’H)

_|E-AB|
|E| '

|E]
Then since BT competes in A(E) and both B™ and B~ are centered at points of H,
|E|AE) < |EAB*| = |(EAB*) 0 HY| + [(BAB*) 0 H|
<|(BABY)NHY|+|(BABT) N H™|+|(BYABT) N H™|
. % (1E1 A" | ) + |2 AE~ 1) + | B AB~ )
Using this together with Lemma yields

BYAB™|

A(B) <3 (A(E") + A(E™)) + | 5 (3.24)

Note that it is not possible to get rid of the last term in the inequality: it may happen
that A(Et) = A(E~) = 0 while still being A(E) > 0, as the following example
suggests.
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Example 3.14. In R2, consider the hyperplane H = {z; = 0} and set
E =[B(0,1)n{x; <0}JU[B(3,1)N{x1 > 0}].

Then it is clear that A(E) > 0, while both E* and E~ are balls, and therefore
A(ET)=A(E™) =0.

This shows how it is not enough to choose any arbitrary hyperplane H and then select
either ET or E~ in order to obtain a reduction to a 1-symmetric set. However, we
shall easily overcome this obstacle by simply choosing any orthogonal hyperplane to
H as long as it divides E in equal parts.

Theorem 3.15 (n-symmetrization for the isoperimetric inequality). For every set E
there exists an n-symmetric set F' such that

A(E) < C(n)A(F), §(F) < C(n)s(E). (3.25)

Proof. Without loss of generality we may assume that |E| = |B|. We can directly
consider the case §(F) < d(n) for a given constant §(n). Indeed, let E, be the ellipsoid

n
ET—{xER”: (rm1)2+2xi—1}, r<l,
i=2

and let 7(n) be such that §(E,(,)) = d(n). Then for every set £ with §(E) > §(n) we
choose F' = E, (), which is n-symmetric, and additionaly

2
AE)<2=———"A(F), 6(F)<d(n)<dE).
() < 2= g —A(P). 8(F) < ) < 5(E)
From now on we assume 6(E) < §(n), |E| = |B| and divide the proof into two steps.

Step 1. We show the existence of two constants Cy(n) and dyg(n) such that given E
with |E| = |B| and 6(E) < do(n), and given a pair of mutually orthogonal hyperplanes
H, and H, dividing E into equal parts, then there is a set F', symmetric by reflection
with respect to either Hy or Hs, such that |E| = |F| and the reduction inequalities

A(E) < Co(n)A(F), §(F) < 26(E),
hold true.

To prove the claim, we consider the symmetrals by reflections of E generated by H;
and Ha, namely Efr BT, E; and F5 . By the discussion prior to the theorem, we have
S(E?) <25(E) fori=1,2and o = +, —. Let now Bi", By, BJ and B, be the optimal
balls for the candidate sets EY with respect to their hyperplanes of symmetry,

) |EFABY|
AgeH — \ETABY 1,2, o=+,
( (2 ’B‘ Y )= g +7
Then, from (3.24)) we know that

B ABY|

A(E) < 3(A(B]) + A(E)) +
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N jB;AB;]

AE) <3 (A(ED + AB)) + g

It suffices to show that, for d(n) small enough, one of the two following conditions is
satisfied

BT AB;T
1|B| <17 [A(E] [Hy) + A(E; |H)),
BIABS
22 17 [AES | Hy) + A(Ey |Hs)]
|B| 2 2

and to apply Lemma [3.12] in order to conclude the proof of the claim by selecting,
respectively, one between E;” and E|, or E; and E, (the one maximizing the asym-
metry). It is precisely here that we solve the problem encountered in Example

We will argue by contradiction and assume that both inequalities are false,

|BfABY| + [ErABT| < ‘BfﬁBll, (3.26)
EFABF| +| By AB; | < ‘B;ffﬂ, (3.27)

We now look at the two pairs of orthogonally shifted half-balls T7 and T5, defined as
T = (B nH)U (B nH),
Ty = (Bf nHy ) U (By NHy ).

Using the inequalities (3.26) and (3.27)), we have

|T1AT2| < ‘TlAE‘ + ‘TQAE‘

EBfaBf| |BraBr| |EfaBf| |E;AB|
T2 2 > T 2
| |BfaBr|+|BfaB;|
17 2

< . (3.28)

If we can now prove that this is now smaller than 1/k |T3AT3| for some k > 1, then
we reach a contradiction, finishing the proof of this first step. Here we will look for
k =17/16, and we will show that

max {‘BiAB;

Bf AB; |} <16|11AT|, (3.29)

)

provided 6(E) < §(n). The heuristic reason to expect something like this (see Figure 6]
is that |71 AT»| controls the distances by which the half balls 77 and T5 are shifted,

and in particular it controls ‘Bf“ AB; ‘ and ‘B; ABy } When we are done showing

(3.29), plugging it into (3.28]) yields

16
TIAT| < 3= [TAT .
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Ty

FIGURE 6: The volume of the symmetric difference of 77 and T,
the two pairs of shifted half balls, controls the distances dy and do
between the centers of B and By and of Bf and B, . By making
di and dy arbitrarily small, each quarter space ends up taking almost
as much as the rest.

which implies that 71 = Ty, and 6(E) = 0, against the strict sign in (3.26]) and (3.27)).

Therefore, it remains to show . As EY is symmetric with respect to the hyper-
plane H;, we know by Lemma that A(E?|H;) < 3A(EY?). On the other hand, we
also know that §(EY) < 26(E). Therefore, we can choose £(n), and up to taking do(n)
small enough, we can assume

AlE), ABT|Hi)) < 3.30
iE{l,QI}I}?é({+7_}{ ( ) ( i ’ z)} = E(n) ( )
thanks to Theorem applied to EY. In general, the centers of the balls BY are all

different from the center of the optimal ball for F, and likewise, though each of the
H,’s divides E into equal parts, it will happen that none of the four quarter-spaces

HgﬂH;, UaT€{+a*}

encloses exactly one quarter of the measure of E or of the balls BY. However, if £(n)
is small enough, thanks to , the centers of the various balls BY can be chosen as
close as wanted to the center of the optimal ball for F/, and each quarter-space HY NHj
will therefore be as close as desired to cutting £ and each of the balls in four equal
parts. Thus, we can choose £(n) so small that implies

BABg]
(BaB5) 0 (7 amp)| > PR (3.31)
for every o,7 € {4, —}. Using this,
BYABT
(T,ATS| > (AT) N (] 0 H)| = (B ABE) n (1] 0 1)) > 2128

and in particular

BfABr| < |BfABY|+|BfABT| <161 ATy

33



Since we have similarly ‘B; ABy ’ < 16 |[T1AT|, (3.29) follows, and the first step is
proved.

Step 2. We now prove that given any k € {0, ...,n — 2} and a k-symmetric set Fy, with
d(Fy) < do(n), then a k + 1-symmetric set Fy1 can be found such that |F11| = |Fk|
and

A(F) < C(n)A(Fr1),  0(Fr1) < 26(Fp).

Indeed, as k < n—2, we can find two mutually orthogonal hyperplanes H; and Hs, both
dividing F}, into equal parts and both orthogonal to the k-hyperplanes of symmetry
of Fi. On arguing on (F})7, (Fx)7, (Fx)s and (F)), as in Step 1, we have that, by
selecting Fj41 as one of those four sets,

A(Fy) < C(n)A(Fit1),  6(Fls1) < 20(Fp).
Furthermore, by construction Fjq is (k + 1)-symmetric.

By a finite induction argument it is immediately shown that for every E such that
d(E) <27™6p(n) we can find an (n — 1)-symmetric set G such that |E| = |G| and

A(E) < C()AG), §(G) < 2" '5(E).

Now we aim to do a final symmetrization of G, and we cannot apply the same argument
as before since we run out of orthogonal hyperplanes. Let H be a hyperplane dividing
G into equal parts, and let it be orthogonal to the (n — 1)-hyperplanes of symmetry
of G. Let us consider the symmetrals by reflection GT and G~ of G with respect
to H. By construction they are both n-symmetric, with 6(G?) < 26(G) < 2"(E).
Furthermore, G and G~ have the same center of symmetry, so that if By is the ball
of measure |E| centered at that point, we have

IGHAB|
|E|

|G_ABQ|

< 3A(GT), 5

<3A(GT),
by Lemma Therefore,

A(E) < C(n)A(G) < C(n)

% = C(n) <’G+ABO| + ’G_ABd)
G 2|E|

< C(n) [A(Gﬂ + A(G*)] .

It suffices to take F' as G or G~, whichever one has greater asymmetry. O

3.3 Proof of Theorem (3.3

We finally come to the proof of Theorem

Proof of Theorem [3.3 Without loss of generality we may assume that |E| = |B| and
that 6(E) < §(n). We now make use of the reduction results we proved earlier. First,
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we can assume E to be indecomposable and contained in [0, L(n)]™ by Theorems
and 3-8} Up to a rotation, we can also ask that

H' ' {z e FE: vp(z) = *e, k=1,....,n}) =0. (3.32)

Now we can apply Theorem [3.15] to E, using hyperplanes parallel to the coordinate
axes. The resulting set is constructed by reflectinf n times a certain subset of E with
respect to the coordinate directions, and therefore it still satisfies the condition ,
while being contained in [—L(n), L(n)]".

Summarizing, we can assume that |E| = |B|, §(F) < d(n), E C [-L(n),L(n)]", E
is indecomposable, n-symmetric with respect to the coordinate axes and (3.32)) holds
true. Under these assumptions we are going to show that

|[EAB| < C(n)y/d(E). (3.33)
The result then follows from |E| = |B| = C(n) and the fact that A(E) < |EAB|/|E|.

We consider the stripes 51 = {x Ca| < ?} and Sy = {x Dlxel < @} Now, since
B C S1USy,and (B\ E)N Sy C (B\ E)N Sz, we get
(BAE)NSi|+|(B\E)N S| > |B\ El,

which implies that either |(B\ E)NSi| > |[B\ E|/2 or |(B\ E)NS2| > |B\ E| /2.
We can assume the first case holds, up to a rotation. Notice that such a rotation only
changes the vectors e; and eo by a permutation and a sign, and therefore is still
in force. Since |E| = |B|, we have |E \ B| = |B \ E| and the following bound holds

|EAB| = |E\ B|+ |B\ E| =2|B\ E| <4|(B\ E)N S4|. (3.34)

Now let E* be the Schwarz symmetral of E with respect to the zi-axis. Apart from
being axially symmetric, £* is also symmetric to the coordinate hyperplanes, since E is
a well. Additionally, the Schwarz inequality (Theorem|[3.9) implies that P(E*) < P(E),
which yields

0(E*) <H(E). (3.35)

We now use E* as a comparison object between E and B,
(B\E)NSi| < |[(E*\ E)NSi|+[(B\ E") NS, (3.36)
and our aim is to show that
|(E*AE)N S| < C(n)y/o(E), (3.37)
|(BAE™) N S1| < C(n)\/d(E*). (3.38)

Combining these two estimates with (3.36)), (3.34)), and (3.35) yields the result. There-
fore we divide the rest of the proof into three steps. In the first one we will achieve
a lower bound for the function v(t) = H" ! (E N {x; =t}), which we will need for
the following steps. In the second one we will prove with an argument inspired
by Gromov’s proof of the isoperimetric inequality, which we will discuss below in sec-
tion in greater detail and generality. Finally, we will use an inductive argument to

prove ([3.37), thus completing the proof.
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Step 1. A lower bound on v. Let w(t) = H" ' (BN {x; =t}), and let cog = co(n) =
w(\) for some fixed A € (v/2/2,1). We claim that, provided 6(n) is small enough, we

have
inf {v(t): tel}> %0 I= (—‘f ‘f) . (3.39)

Assume for contradiction that ¢y € I is such that v(¢y9) < c¢o/3, and consider (¢;,t2) to
be the smallest interval contained in (—A, A), in which ¢y lies and such that

U(t) < 5, vVt € (tl,tg).
Since w(t) > ¢o for t € (—A, \) and ¢; < ty < to,
Dt~ t1) < [ Jult) — (0] dt = |E"AB| < 3|BI A(E"),
R

where in the last inequality we used Lemma and the fact that £* is n-symmetric
with the origin as the center of symmetry. Now using Theorem and the fact that
I(E*) <d0(E) < d(n), we have

ty —t1 < C(n)A(E) < w(8(n)), (3.40)

for some continuous function w : [0,00) — [0, 00), independent of E* and such that
w(t) = 0 as t — 0. Notice additionally that by the continuity of v (due to (3.32)),
we have
v(ts) = v(tz) = -
Now let F' be the axially symmetric set such that H"~! (F N {z1 = t}) = v(t) outside
(t1,t2), and that takes constant value co/2 on (t1,t2). Also set S = (t1,t2) x R*~L,
Then
P(E*) = P(F) — P(F|S) + P(E*|S).

We seek to control the three terms on the right-hand side and find a contradiction with
the small isoperimetric deficit assumption for E*.

The third term can be bounded from below by arguing as in the proof of (3.19),

PE1S) 2 [\ FEE v [Tl
> Jo(t) = vlto)] + [o(to) = v(t1)| = 5.

The second term clearly has P(F|S) = (co/2) [t1 — ta] < ¢(n)w(d(n)). For the third
term we use the isoperimetric inequality and the fact that E* C F,

P(F) zn|B'" [P = n|B|'/" |E7|.
Finally, combining these three facts we find
P(E*) 2 n B B[V 4 T~ en)w(5(n)),

which, when expressed in terms of the isoperimetric deficit yields

. ¢ w(d(n))
(E) 2 3565~ ~Clm)
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Finally, since d(n) > 6(E™*), taking d(n) small enough we find a contradiction.

Step 2. Estimate for |E*AB N S1|. The proof for this step is based on a parametrization
of B in terms of E through the function 7 defined by

\E* ({21 < t}| = |[EN {21 < t}| = |BN{z1 < 7(8)}]. (3.41)

Since E is indecomposable and bounded, and v is continuous, then {t € R : v(t) > 0} is
an interval. By n-symmetry (in particular with respect to the hyperplane perpendicular
to {z1 =0}), {v > 0} = (=M, M). Thanks to the lower bound we can assume
M > /2/2 (ie. I C (—M,M)). It turns out that defines the function 7 :
(=M, M) — (—1,1), and by construction,

/t v(s)ds = /T(t) w(s) ds. (3.42)

—0o0 —00

Then by considering difference quotients it can easily be proved that 7 is differentiable,
with

Vte (=M, M), (3.43)
making 7 € C'((—M, M)) and 7 > 0. Furthermore, as v is absolutely continuous

(Lemma [3.10) and w and 7 are a.e. differentiable, we also find that a.e. t € (—M, M)
there exists 7”(t), and a simple computation shows

V(Hw(r(t)? — w'(r(t))v(t)?
(r())? '

Since I C (=M, M) and w is bounded on [—1, 1] and uniformly Lipschitz on I, we find

() =

(E*AB) N Sy :/I|v(t) —w(t)|dt:/1|w(r(t))7-/(t)—w(t)|dt
= /1 jw(7(t)7'(t) — w(r(t)) + w(r(t)) — w(t)| dt
g/Iw(r(t))|7-'(t)—1]dt+/l\w(7'(t))—w(t)|dt
< C’(n)/] 7 (t) — 1| + |7 (t) — t]dt < C(n)/jh’ S, (344

where in the last step we used the fact that 7(0) = 0 to deduce |7(t) —t| < [; |7/ — 1]
for t € I. In order to conclude the proof of Step 2, we need to estimate ||7/ — 1|]L1(1)

by /d(E*). To this end, let us consider the deformation

T:(—M,M) xR — R"
n w(T(x 1/(n—1)
x — 7'(331)61 + Zizg ( E;(E:ll)))) €X;e;.

This is, in fact, a Knothe-like construction (see Figure [7]), where we require 7 to fulfill
(3.41) (that is, to send the section £} into Br(,,)) and then, given the axial symmetry
of E*, we can choose the map T = (7(x1), Ma(z1,x2), ..., Mp(21,2,)) so that if we let
E1 be the intersection of Ej with the z;-axis, then

H! (E;{ N{z; <t}) _ H! (Bi(ml) N{x; < Mj(ivlat)}) LR,

H(25) " (Bron)
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We are using 7' to send the 1-dimensional sections of E; into those of B.(,,), and T
ends up being a transport map between E* and B. By (3.43)), and since 1/(n — 1) =
n'/n, we can also write

1

n
T(z) =1(z1)er + Z ——we;, Yo € (=M, M) xR"L
i=2

— T/(xl)n’/n
We can differentiate T' at a.e. x € (—M, M) x R""! obtaining

1
n 1 T
VT = T/(xl)el ®e; + Z Wei ®e; + (Z % ® e,
1=2

and VT has at most two distinct eigenvalues: 7/(z1) in the direction of z1, and W

on e;, for ¢ # 1. Therefore we find

1

divT(z) = 7'(z1) + (n — 1)W

A direct application of Young’s inequality for products yields

M _ l(Tl(xl)l/n)n + l (7—/(1)1/71)” > 1.

n n n’/ 1

Observe that T'(z) € B, and apply the Divergence Theorem to obtain

PE) =W NFE) 2 [ Tovpaw ™ = [ dwT > B =B B
E*

FE*

(3.45)

For a rigorous justification of this step, see [Ma2, Appendix]. At this point we remark

that we have followed the ideas from Gromov’s proof of the isoperimetric inequality. If

we had divT = n, then using det VI' = 1 (which follows from a simple computation)

and the Divergence Theorem we would arrive to the equality case: E* would be opti-

mal. Since we want to quantitatively estimate how far this set is from being optimal,
we estimate the distance between divT and n,

B|§(E") > / (di"T - 1) > /M (17’@) i 1) olt) dt.

n —m\7n no (Wi

Setting o = (7/)"/™, we notice that

M

cmpE)z [ 2 ("n ML a> dt > e(n) /M Yo —1)2dt.

MO \n n MO

By the Holder inequality,

M M v M
/_MU o —1| < C(n)\//_M o - 1)2\//_Mv0 < C(n)/3(E), (3.46)

where we have used the previous estimate to introduce /0(E*), and the constant C'(n)

appears since
M Mo\
/ vo < (/ T/> </ vn—2> < C(n),
-M -M -M
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allows us to control this last norm in terms of n, which would not be possible
directly applying Theorem [1.11

as [, 7" =2 and [[v]| 1) = |B, [[v]] g < (2L(n))"~". Notice how Theorem
Dy

Now, turning back to (3.46|) and using the lower bound on v over I provided by Step
1, namely (3.39)), we deduce

C(n)\/@2/[ya—1| :/I’(T’)n’/n_1‘ Z/I\r’—1|,

where in the last step we have assumed boundedness of 7/(t) over a.e. t € I. Therefore,
as soon as we show that ||T/||L°°(I) < C(n) we can use this, together with the previous
estimate (3.44)) to conclude the proof of Step 2.

By and thanks to v and w being bounded, it is enough to show that for some
constant A(n) € (0,1) we have 7(t) € [-A(n), A(n)] for every ¢t € I. Since 7/ > 0, 7 is
increasing, and therefore we only need to show that 7(1/2/2) < c(n). Indeed, on the
one hand,

‘E* n{z > \/5/2}\ = \B n{z > ﬂ/2}] — |EAB| > ¢1(n) — 3|B| A(E®) > ea(n).
On the other hand,
B 0 {o > V22| = [Bn{m > 7(v2/2)}| < [BAR"Y [1 - 7(v2/2)] .

Therefore 1 — 7(1/2/2) > ¢(n), which means that 7(v/2/2) < 1 — ¢(n), and the proof
of Step 2 is complete.

Step 3. We show that if the theorem is valid in dimension n — 1, then (3.37) holds
true, meaning that it holds in dimension n. Let us recall from the proof of (3.9)) that

PE) = [ V0P +v@2dt P = [ o0+ v@Pd p(0) 2 p.(0)

Note that here we have set for brevity
p(t) = H" 2 (FE;), pa(t) =H"*(FE]).

As we are assuming (3.7) in dimension n — 1, we know that for a.e. ¢t € (=M, M), the
Fraenkel asymmetry of E; in R*~1, which we will denote by A,_1(F;), is bounded,

p(t)

An-1(Br) < ps(t)

As F is symmetric with respect to the coordinate axes, E; is (n — 1)-symmetric with
respect to the coordinate axes as well. In particular, up to a multiplicative factor 3, we
know that A,,_1(F}) is equivalent to the distance of E; from E, the (n—1)-dimensional
ball with the same H"~!-dimensional measure as Ey, centered at te;, and oriented by
e1. We thus come to the estimate

p(t) — p«(t)

H L (E,AEY) .
——————12 < C(n) oe(t)

v(t) -
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We are now in position to prove (3.37)). On the one hand,

(E*AE) mSly—/H” YE,AE})dt < C(n /,/ ~ p* (3.47)

since [|v]|poo () < (2L(n))"" 1. On the other hand,
(E) ., _ P(E) - P(E7) "
5(E)7ﬁ 1= PB) + 6(E"),
so that
P(B)3(E) > P(E) / P2+ ()2 = \Jp2 + ()2

p _p*

/\/p+ 2 — P+ (V)2

Now, using the Hoélder inequality together with the previous estimations we find

/\/ﬁ \//\/p+ p_]z;p+ \//Vp+ Py pE ()2

<\/P(B)§(E)\/P(E) + P(E").

As P(E) + P(E*) < 2P(E) < 2P(B)(1 + §(E)) < C(n), we have

n)y/o(E >/\/ ? - 32/ *,/—p—L
WlE) 2 R per ]Rp D=
Thanks to (3.47)), we find

Cn)\J3(E) > inf {p.(t) : ¢ € I} |(EAE*) N S1| > ¢(n) |(E*AE) N Sy,

where we have used (3.39) and the fact that p.(t) is a power of v(t). Hence we have
proven the inductive step.

We now remark that since the theorem is valid in dimension one, the statement we
just proved implies the desired result via an induction argument, and Theorem is
proved. O
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4 Anisotropic isoperimetric inequality

As remarked in the introduction, the notion of anisotropic perimeter comes as a gen-
eralization of the classical perimeter (discussed in section . In dimension n > 2, we
consider an open, bounded, convex set K C R™ containing the origin, and we define,
for z € R™,

|\:n||:inf{)\>0: ieK}

which characterizes K as the set {z € R: ||z|| < 1}. If K is the unit ball B, then
||z|| = |x|, but in general this quantity is not a norm, since K may fail to allow for
||z|| = ||—x|| to hold. In any case, we can define the following function through the
scalar product,

lyll, :=supf{z-y: ||z|]| <1}, yeR™ (4.1)

Apart from giving us the Cauchy-Schwarz type inequality
z-y < |ll[llyll,, x,yeR", (4.2)

we can think of it acting on S"~! as a weighting function through which it is possible
to define a generalized notion of the classical perimeter. Similarly to how P(FE) =
lup| (R™) and |pg| = ’H”_l|fE, we can define Pr(FE) by weighting against ||vg]|,
instead of |vg|.

Definition 4.1. If F is a set of finite perimeter in R", we define the anisotropic
perimeter of E as

Pr(E) = /FE [ (4.3)

In particular, when the set K is the Euclidean ball B we recover the classical Euclidean
perimeter. It is therefore reasonable to think that an isoperimetric-type inequality
holds in the anisotropic case, and indeed we have the following result.

Theorem 4.2 (Anisotropic isoperimetric inequality). If E is a set of finite perimeter
with |E| < oo, we have
n|K|Y" | EM < Py(E). (4.4)

In attempting to prove Theorem we find that the symmetrization techniques em-
ployed in the Euclidean case no longer succeed now, since the set K does not generally
enjoy any kind of symmetry. Although anisotropic symmetrization techniques can be
used to tackle the problem [VSc|, one straightforward way to get around this is to rely
on the theory of (optimal) mass transportation. In particular, Gromov’s proof of the
isoperimetric inequality |Gr, Appendix I] can be adapted with slight variations to reach
a proof of Theorem [£.2] Before presenting it, we need to introduce some preliminary
concepts and results concerning functions of bounded variation and the anisotropic
perimeter.
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4.1 Functions of bounded variation and anisotropic perimeter

We can endow the space of n x n tensors R™*" with the metric
|A| = \/trace(AtA), AeR™".

In particular, if T € LL _(R™R") and DT is its R"*"-valued distributional derivative,
then we denote by |DT| the total variation of DT with respect to this metric.

Definition 4.3. Given n > 2, we define BV (R™;R") to be the space of L!(R™;R")
vector fields T" such that |[DT| (R™) < oo.

Using the Lebesgue-Besicovitch Differentiation Theorem [Mal, Theorem 5.8], we de-
note by VT the density of DT with respect to the Lebesgue measure, and by DT the
corresponding singular part, meaning that we decompose

DT = VT dz + D,T. (4.5)

We denote by DivT the distributional divergence of T', and notice that if DT takes
values in R™ ™ and is symmetric and positive definite, then, by a diagonalization
argument, DivT is a non-negative Radon measure on R", which is bounded from
above and below by the total variation of T', i.e., for every Borel set C' in R",

\}ﬁ DivT(C) < | DT (C) < DivT(C), (4.6)

since

Moreover, setting divT'(x) = trace (VT'(x)), and taking the trace in (4.5)),
DivT =divl'dz + (DivT)s, (DivT)s = trace(D,T) > |DT)|. (4.7)

As a consequence, DivT — divT dz is a non-negative Radon measure, which means
that for any measurable set F,

/ divT dz < DivT(E). (4.8)
E

Whenever T' € BV (R™;R") and F is a set of finite perimeter, we can find a represen-

tation of T along FE called the inner trace of T on E [AFP, Theorem 3.77]. That is,
for H" 1-a.e. x € FE there exists a vector trg(T)(z) € R" such that

1

lim —

- [T(y) — tep(T) (x| dy = 0. (19)
r=0 7 JB (20 {y: (y—x)ve(z)<0}

What is more, as a consequence of [AFP, Example 3.97] applied to 7" and 1g, the
Divergence Theorem holds in the form

Div T(EM) = / trp(T) - vp dH" T, (4.10)
FE

whenever 7' € BV (R™;R") and F is a set of finite perimeter.
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4.1.1 Anisotropic perimeter

Similarly to how the total variation of a R™-valued Borel measure is defined, we have
its anisotropic total variation.

Definition 4.4. If y is a R"-valued Borel measure, its anisotropic total variation |||,
is the nonnegative Borel measure defined on the Borel set F as

HMH*(E):SUP{ZHM(Eh)H*: EynE,=0, Eth.}

heN heN

If f € LL (R"), we define its anisotropic total variation as

TVic(f) = Sup{ divT(2)f(z)dz: T € CLR™R"), ||T]| < 1}. (4.11)

Rn
In particular, if A is an open set in R™, then the definition agrees with

lll() =swp { [ 7-ans T e HaRn, Ty < 1.

If f € BV(R") then TVic(f) = ||-Df|L,(R"). When K = B, then TVic(f) =
|IDf| (R™), and since K is bounded, open and contains the origin, we can find r, R > 0
for which B, ¢ K C Bpr. By a rescaling argument, TVx(f) < oo if and only if
TVp(f) = |Df](R") < oo.

We now focus on a discussion similar to the one in section [[.T] and remark the various
similarities that both the anisotropic and the classical notions of perimeter share in
common. In particular, the same idea of approximating P(FE) by regularizing 1 can
be applied to the anisotropic case, and an identical approximation result by bounded,
smooth sets holds in the anisotropic version.

If E is a set of finite perimeter, then recovering the notation introduced in section [I.1}

Pg(E) = [|pell(R"),  and HMEH*:HVEH*Hn_l‘fE

Additionally, if 1y is its characteristic function, then TVk(1g) = Px(F), and if f €
Ce(R),

TVie(f) = [ I1-9F (@), de. (4.12)
The reason why —V f(x) appears in (4.12)) is that it is parallel to the outer normal
direction to {f > f(x)}. In this fashion,

P (B) = lim | [[=V1Ee|l,.

e—0

just like in the Euclidean version of the perimeter. Analogously, we define the anisotropic
perimeter of E relative to A by

Pic(BIA) = [|-DLp.(4) = [luel|.(4) = sup { [ divT(w)dos T e CHaE) ).
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This functional enjoys similar properties to those of P(E|A), to name a few it coin-
cides with Pg(F) when A = R", it is lower semicontinuous with respect to the local
convergence of sets, and in general,

Pr(EIA)= [ vsll, an"

Relative perimeters appear in the Fleming-Rishel Coarea Formula, the anisotropic
version of Theorem [L.12

Theorem 4.5 (Anisotropic Coarea Formula). If A C R" is an open set and f €
CHR"™) N BV (R"), then

[ =V f@)lde = [ Pet(f > th14)de (113)
A R

More generally, if additionally ¢ : R™ — [0,00] is a Borel function, then
/ »d||-Df]|, :/dt/ ¥l|vipsn| ann . (4.14)
R R JF{f>t} *

As in the Euclidean version, this instance of the Coarea Formula allows for a similar
approximation result to Theorem [1.11}

Theorem 4.6. If E is a set of finite perimeter in R™, then there exists a sequence
{En}r—, of bounded, open sets with smooth or polyhedral boundary such that E, — E
and PK(Eh) — PK(E)

4.2 Proof of the anisotropic isoperimetric inequality

We now come to the proof of Theorem

Proof of Theorem[4.2 We may assume that E is of finite perimeter with |E| = |K|.
By the Brenier-McCann Theorem [Vi, Theorem 2.32], suitably modified to take into
account the fact that K is bounded (see p. 19 in [MV, Section 1.2]), there exists a
convex, continuous function ¢ : R — R such that Vy(z) € K for a.e. x € R"” and
Vi (1g(z)dr) = 1k (y) dy. Let us set T'= Vi, so that

(/‘h(y)dy::l/‘h(IXm))dx (4.15)
K E

for every Borel function h : R™ — [0, 0o]. Since T is the gradient of a convex function,
its distributional derivative DT takes values in the set of symmetric and positive
semidefinite n x n tensors. Therefore, ' € BV (R"; K') by |[AA, Proposition 5.1].

Starting from (4.15)), and since VT is locally invertible a.e. on E (see [McC]|), we can
use h to localize around points of F so that, changing variables y = T'(x),

/ W(T(x)) (det VT (z) — 1(z)) dz = 0,
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We deduce that
detVT(z) =1, ae.z€E.

Since VT'(x) is a positive semidefinite symmetric tensor for a.e. x € R™, we can find
measurable functions A\ : R® — [0,00) and e, : R® — S"~! for k = 1,...,n, such
that

n
0 <Ak < Aky1, €i-ej =90y, VT:E:M%®%,
k=1

with A\g(x) > 0 for a.e. € E. The arithmetic-geometric mean inequality implies that,
for a.e. x € F,

n 1/n n
n=n(det VT(z))/" = n (H )\k(x)> < Z Ai(z) = divT(x). (4.16)
k=1 k=1

Now, using (4.16]), (4.8) and the Divergence Theorem (|1.8]), we find

n|K\1/"\E\1/”:n|E|:/ n (det VT'(2))/" dz (4.17)
E
S/ divT(z)dz = div T (z) dz (4.18)
E EM)
<DivT (EW) :/ trp(T) - vg dH" L. (4.19)
FE

Since T takes values in K, we find by ([4.9)) that ||trg(T)(z)|| < 1 for H* t-a.e. v € FE.
Finally, using (4.2) we conclude that

mli BN <[l el @R < [ gl a0 = Pr(B). (4:20)

O]
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5 Stability of the anisotropic isoperimetric inequal-
ity

In the case of the anisotropic isoperimetric inequality, an identical stability result to
Theorem can be established. In a similar vein to how we introduced the isoperi-
metric deficit and the Fraenkel asymmetry before, we now define their respective
anisotropic versions. Throughout this section we will again assume that K C R"
is an open, bounded, convex set containing the origin.

Definition 5.1. Let 0 < |E| < oo be a measurable set in R"”. We define its anisotropic
isoperimetric deficit by
Pr(E
5(E) = — KB
n|K[V" BV

The role of & will again be that of measuring the failure of £ being optimal in the
anisotropic isoperimetric inequality. This time, however, optimality means that F is
equivalent to K (up to a rescaling and a rigid movement), and not to a ball. A priori,
this should not be clear, since we have not characterised the equality cases, unlike in
the Euclidean case. In fact, it was first conjectured by Wulff that K was the unique
minimizer for the anisotropic problem up to translations and scalings. This motivates
the following alternative to the Fraenkel asymmetry.

Definition 5.2. Given a measurable set 0 < |E| < oo in R", we define its asymmetry
index as

’EA(:L‘() + ’I“K)‘
|E|

A(E) = inf{ . 2 € R, " |K| = yE|}.

As in the Euclidean case, the asymmetry index is invariant under the same operations
that leave the deficit unchanged, and if K is the unit ball, we recover the same notions
that we had in the Euclidean setting. In fact, Theorem can be seen as a particular
case of the following result.

Theorem 5.3. Let E be a set of finite perimeter with |E| < oo. Then,
A(E) < C(n)s(E)'/?,
or, equivalently,

2
Px(E) > n|K|Y"|E|MY l1 + <g((§))) ] .

The first attempts at tackling this problem are due to [EFT|, where a stability result
A(E) < C(n, K)§(E)*™

is proved for some constant that depends on n and K, and for the exponent

9
= :2
PR n )
oaln) =
(n) {n(n;rl)’ n>3
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of §(F), which is not optimal in the decay rate. The approach we will follow is that of
[FiMP]|, where they prove the sharp inequality in Theorem It makes use of mass
transportation theory, and in particular it is based on a quantitative analysis of the
Brenier map between E and K, which we used in the proof of Theorem We will
split the proof of Theorem into several lemmas, and throughout this part we will
often refer to the constants mg and M, defined by

my = inf{||1/||* Ve S”_l}, My = sup{]|1/||* Ve Sn_l} . (5.1)
These satisfy, for every x € R",
|z |z
— < < —. 5.2
i < llell < 2 (52)
Before moving onto the results, we will dedicate the rest of this section to explain, or

at least give some intuition on how we will prove Theorem [5.3

Gromov’s original proof of the isoperimetric inequality was based on the use of the
Knothe map M between E and K. It the study of stability, however, the Knothe
construction poses certain problems that can be avoided by using the Brenier map.

E

LY |-remnnn

T M (1)

FIGURE 7: When constructing the Knothe map, the verti-
cal section Ej, is sent into K (), and M;j(z1) is chosen so
that [y € E:y1 <z1]/|E| and |z € K : 21 < My(z1)| /| K| coincide.
Then Ey, gets displaced along Ky, (,,) by choosing Mj so that the
H'-measure of {y € E,, : y2 < z2} relative to H! (E,,) and the H!-
measure of {z € Ky, (z,) : 22 < Ma(x1,22)} relative to ' (Kpy, (2,))
are equal.

Suppose FE is optimal in , with the same barycenter as K, and let M be the Knothe
map (see Figure[7)) constructed using the canonical basis of R, and T" be the Brenier
map. We can derive from Gromov’s argument the conditions n (det VM )1/ "=divM
and n (det T)l/ " = divT. From the first one we find that dM}/Ox) are all equal on
E. Since det VM = 1, all M}, /0xy, are 1 on E. While this is not enough to deduce
VM = id since VM is upper triangular, it is still possible to prove that £ = K by
means of the following argument.

Let vt) =H" ' {z € E: 21 =1t}) and w(t) = H" ! ({z € K : 21 =t}). Given that
OM,/0x1 =1 on E, it follows that u = v. In particular, {u > 0} = {v > 0} is an open
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interval (o, 3) and we find
I[EN{zeR": z; e R\ (o, B)}| = 0.

If we now fix a direction v € S !, complete it into an orthonormal basis, apply the
above argument to the corresponding Knothe map and repeat this process for every
direction v € S"~!, we find that |E \ K| = 0, and since |E| = |K| this implies E = K.
This approach, however, leads to a loss of optimality in the decay rate of the asymmetry
index in terms of the isoperimetric deficit due to the usage of infinitely many Knothe
maps.

The reason why this approach works in the proof of the sharp estimate in Theorem
is because F is reduced to an axially symmetric set and we only need to apply this
argument once. Recall from that proof that we can then estimate the size of '\ K by
that of (K \ E) N Sy, and if E* is the Schwarz symmetral of E' with respect to the -
axis, then this last quantity can be bounded by C(n)\/é(E) + [(K \ £*) N Si|. Using
the above argument we conclude that [(K \ E*) N .Si| = 0, which implies A(E) = 0.
Of course, since in Theorem we aim to prove stability, E is not optimal and these
arguments are quantitative, achieving bounds in terms of §(E).

The Brenier map allows us to avoid these difficulties. Since det VI’ = 1 on E and
VT is symmetric, the condition n (det VT)l/ " = divT implies VT = id, and therefore
FE = K. In fact, using the proof of Theorem we can argue quantitatively to obtain
some initial bounds by §(F) on the distance between T" and the identity on E,

C(n) | K| /§(E) > /E VT —id|.

If we could apply the Sobolev-Poincaré inequality on FE, then we could bound by
C(n) |K|/6(E) the L™ -norm of T(z) — x over E, which could hopefully yield an
estimate on |[EAK|. However, there is no reason to expect the necessary conditions
for such an inequality to hold on FE, since this set may not have a regular boundary
or even be connected at all. It is here that the ideas from the previous part appear
again: both the small deficit assumption and the reduction to better sets.

It turns out that, provided the set E is almost optimal, we can identify a maximal
“critical subset” of E for the Sobolev-Poincaré inequality whose volume is controlled
by §(F). Removing this set means we can reduce F to another set where we can use
the desired inequality. It would then remain to control |[FAK| by the L™ -norm of
T(z) — x. It is not hard to find non-sharp estimates |[FiMP, Section 1.6], but in order
to prove Theorem [5.3] we need to use the optimality of 7. This translates to a stronger
reduction step: if E is almost optimal, up to removing a maximal critical subset, we
can find a stronger trace inequality on E that implies

C(n, K)\/4(E) Z/IEHT(HT) = x| [[vp(2)l], dH" " (2)
up to a translation of E. Since ||T'(z)|| <1 on FE we have
1= Tlzlll < [t = [T @)[[| + 1T (z) —2|| = 1 = [[T(@)]]) + [T (z) —«[],

and we can estimate |1 — ||z||| by ||T(x) — z||, which leads to the bound
C(n, K)\/o(E) = /FEll = e[l llvp(@)l], dH" " ().
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This last integral controls |E \ K|, and since |E| = | K|, we obtain control of |[FAK]|.
After bounding the constant C(n, K) independently of K we achieve the proof of
Theorem (.3

llall =1 P

FIGURE 8: We can find a bound for |E\ K| in terms of
Jrp N2l =1 |lve@)|l, dH" ().

5.1 Some initial bounds

From Gromov’s proof of Theorem[4.2] we can deduce a few useful bounds on the distance
of the Brenier map from a translation in terms of the isoperimetric deficit. In order to
do that we first introduce the following lemma.

Lemma 5.4. Let 0 < A\ < ... < A\, be positive real numbers, and set

n n 1/n
1
A== Ay Agi= <H )\k> . (5.3)
=1 k=1

Then
1

n
n? (A4 — Ag) 2)\72:: )\k—>\G . (5.4)

Proof. From the convexity of ¢t — 1/t over t > 0 we find

s—t (s —1)?

, s,te(0,00),
13 2 max {s, t}? ( )

log(s) < log(t) +

and using this we find that

1 & Ak — A Ak — Aa)?
log(Ag) = Zlog Ar) < ;Z <log Aa) + k)\A A —( kz/\gA) )
k=1 n

n

=log(Aa) — Aa)? =log(Aa) — 2,
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that is, A\g < Aae™?, where z € [0,1/2]. Using this, and since 1 — e~ > 3t/4 for every
t €[0,1/2], and nAg > A, we have

A 3 3 "
A —Adg>M(l—e?) >0 (M — A A — )%
A—Ag > (l—e?) > Sn)‘%kz; k= Aa)? _82)‘n1€21(k A)

Now, given that (¢t + 5)? < 2t2 4 252, for t,s € R, and by noticing that 2n < n? for
n > 2, we get

n2An(Aa — A@) + 2020 (A s — Ag) < T2\ (A — Ag),

where we also used the fact that Ag — Ag < g < \,. ]

We will use the following bounds in the proof of Theorem

Corollary 5.5. Let E be a set of finite perimeter with |E| = |K|, and let T be the
Brenier map of E into K. If §(F) < 1, then

n|K|(E) > /fE (L= |ltre@)I) |lvell, a1, (5.5)
on? | K| \/6(E) > / VT(2) —id|dz + |D,T| (EV) = |DS| (D),  (5.6)
E
where S(z) =T (z) — x.
Proof. Inequality (5.5)) follows immediately from (4.20)),

n|K|8(E) = Pi(E) = n|K|"" | B[
> / el ar = = [ Jlecp(D]]lvell, dre.
FE FE

From and we deduce that

Py (E 1 .
K| 5(E) = ﬁ— K12 2 [ i el a — [ (@ervn)
> 1/ tre(T) - vp dH" ! —/(detVT)l/n
n JrEe E
DivT(EW
> M /(det VT)I/”
(1
> — /dlvT — (det VT'(z ))1/"dx+M. (5.7)
n

Adapting the same notation as in the proof of Theorem as \g = det VT'(z) =1
for a.e. x € F, we have

" (A — A)?
/yVT 1d|da:—/ Ak—l)Qg./MnHLl(E)J/E];W

< Wn? [Aall 1 () 1K 3(E), (5.8)
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where we have first applied the formula for the trace, then introduced A, /A, in order
to apply the Holder inequality with both exponents 2, and finally used Lemma [5.4]

followed by (5.7)).

It remains to find an upper bound on [[An||1 () in order to complete the proof. Since
An > Ag = 1 a.e. on E, we can exploit (5.8) together with |\, — 1| < |VT —id| and
d(E) <1 to obtain

An —K:/ An—1 S/ VT —id
Walloagey = 161 = [ a=11< [ 9T =1

€ 1
<V alliae K1 < Vin (5 1Pallzse + 52 1K1

where we used the inequality 2\/zy <  +y with © = €|[|An[| 1) and y = [K| /e, for
e > 0. Now, choosing ¢ = 1/(v/7n) we easily deduce that [Anllr gy < 8n? |K|, and
with this we obtain

[E VT (x) —id| dz < V56n? |K|\/d(E), (5.9)

thanks to (5.8). The result follows from this, together with (5.7), and since v/56 +1 <
9. O

5.2 Trace inequalities

Given a set of finite perimeter £ in R™ with 0 < |E| < oo, we consider the constant

Pr(F)
JrenFe llvell, dHP!

By (L.19), 7(E) > 1. The case 7(E) = 1 takes place when F has “undesirable”
geometric properties that prevent it from being optimal. For example, that happens
when F is not connected or when it has cusps (see Figure . Since we want to find a
lower bound for , we can use this idea to hopefully find a Poincaré-Sobolev type
inequality, and in order for it to hold, F will have to be somewhat good. That is,
T(E) > 1.

Lemma 5.6. For every function f € BV (R™) N L>®(R™) and for every set of finite
perimeter with |E| < oo, we have

E
T(E)—inf{ :FCE,O<]F|§|2|},

I=DAIL(BW) = T (B = 0inf [ e (lf = ellvell am* . (5.00)

Proof. For t € R, let F; = EN{f >t}. Setting ¢ :=sup{t € R: |E\ F| < |E|/2},
we get ¢ € R since f € L>(R"), and it holds true that

E E
‘Ft|S|2|, thC, \E\Ft\§‘2|, Vit < c.

For convenience, let us introduce the notation

u1(t) = max {t — ¢,0}, wo(t) =max{c—1t,0}, VteR.
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Step 1. We consider the positive and negative parts of f —c and prove a trace inequality
for each one. Then, we combine them to find a trace inequality with |f — ¢|.

We start by considering g = uj o f = max {f —¢,0} and we set Gs = EN{g > s}. By
the Anisotropic Coarea Formula (Theorem |4.5) we have that

=Dyl (BV) = [ as [
0 EMNF{g>s}

Moreover, by (1.12)) and (1.15)) in Theorem we find that EWNF {g > s} is H*'-
equivalent to EV) N FG,, since FEN EW = (), and that VG, = Vig>s} at H Lae.
point in EM N FG,. Note additionally that thanks to (1.18) and (1.19) we have

Vig>s) dn! (5.11)

FGys = [FGsN FEJU[FGsn EW)
va, (z) = vg(x) for H" l-ae. z € FGsN FE.

Therefore, using the definition of 7(FE), we find

)V{9>8}

= [ el amn!
* BEOAFG,

= [ vellar = [ | ane !
FGs FENFGs

/E(l)ﬂ]-'{g>s}

> (r(B) -1 [ lve |l ar!
FENFGs

_ (+(E) - 1)/ sl dH". (5.12)
FENFGs

We now remark that, by Fubini’s Theorem (or layer-cake representation of the function
trg (g) )7

| wwto)lvel, anwrt = [T as | vl ame .
FE 0 FENF{trg(g)>s}

We claim that, up to H" '-null sets,

FEN {tI‘E‘(Q) > 8} CFEN 81/2G5.

Indeed, by Theorem [1.16|it suffices to show that H" ! (fE N{trg(g) > s}nN [Ggl) U Ggo)]) =

0. As Ggl) N 012 = 0, by Theorem |1.16 we find that HrL (]:E N Ggl)) = 0. More-
(0)

over, if x € Gg

1 . |Br(z)NGs|

lim ———— 9(y) dy < [[g] poo gy lim

i 0.
r=0 [B(z,7)| /B, (2)na. =0 |By(z)]

Therefore there can be no x € FEN {trg(g) > s} N GEO), as otherwise, by (4.9),

1
<t = lim d
s < trplg)(z) =l mor =5 B(x,r)mEg(y) y

1 1
=lim | —— dy + 7/ ) <s.
r=0 (\B(%?’)’ B(z,r)NEN{g<s} 9(y) dy |B(z,7)| B(m’r)nng(y) y)
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i.e. we reach a contradiction. In particular, we find that

| @l arwt < [Tas [ el ot (5.13)
FE 0 FENFGs

and combining (5.11)), (5.12)) and (5.13) leads to

|[=D(ur o L (EV) = (7(E) — 1)/” trp(us o f)llvpll, dH" . (5.14)

We now remark that the choice of ¢ allows us to repeat the above argument with
max {c — f,0} in place of max {f — ¢,0}, and we find

1D(uz o f|L(ED) = (r(E) - 1) /fEtrE(quf)HuEH*dH”‘l. (5.15)

Observing now that

Mg
[yl < meH—yH*, Vy € R", (5.16)

using (b.14), (5.15) and (5.16]), and by taking into account the linearity of the trace
operator as well as the fact that u(t) + ua(t) = |t — ¢| for every ¢t € R, we reach

ZH— (w0 NILED) > (7(B) = 1) 575 [ wrw(|f —el)lvell, dH"

Step 2. In order to conclude the proof, we show that for every open set 2 C R"”,

ZH— (ur 0 )I1.(Q) <[|=Df]1.(2). (5.17)

Indeed, let Q be fixed. We can find a sequence {fj,},cy C C°(2) such that f,, — f
in L1(Q), and [o||-Vfu(z)||,dz — |[-Df||,(Q) as b — co. As Vf, = 0 at a.e.
z € f, ' ({c}) and i, |uj(t)| = 1 for every t # ¢, we have

2 2
glfﬂli—wuwfwll*dxs/Q;lluufmH—thu*dx=/Qr|—wh||*dx.

Letting h — oo, since uy, o f, — ug o f in L'(Q), by the lower semicontinuity of the
anisotropic total variation on open sets we come to (5.17]), and therefore the proof is
complete. O

5.3 Maximal critical sets

We now show the existence of a maximal critical set for the trace inequality. If we
take A > 1 and define I') as in the following lemma, Then for small values of A — 1,
every set F' € I'y is “bad” for the trace inequality. Our goal is to show that for any
such A, there is a “best” set F' that contains all the “bad” ones. The idea will then be
to remove F' from E and reduce the problem, elminating all the parts of E that are
“bad” for the trace inequality.

93



Lemma 5.7 (Existence of a maximal critical set). Let E be a set of finite perimeter
with 0 < |E| < oo, and let A > 1. If the family of sets

E
FA:{FCE: 0<]F|<u, Pg(F) < A HI/EH*dHnI}
2 FFNFE

is non-empty, then it admits a maximal element with respect to the order relation
defined by set inclusion up to sets of measure zero.

Proof. Notice that if we had a maximal element in I'y, then its volume would be larger
than that of any other set in that family. It is no use, however, to simply choose the
biggest subset of £ with volume |E| /2, since we need it to satisfy the condition on the
perimeter. The way we aim to prove that there exists such a maximal set is by looking
at it as the limit of an increasing sequence of sets. Then we apply lower semicontinuity
to make sure it is in 'y, and we finally prove it is maximal.

Define a sequence of sets F}, in I'y inductively by first letting F; be any element of I"y
(which is non-empty). Suppose F}, has been defined for h > 1, and consider

F)\(h) :{FGF)\Z FhCF}.
We then let F},11 be any element of I'y(h) such that

,  where sp, = sup |F].

| Fy| + sp,
2 FeTs (h)

[Fh1] >

The sets {F}, }},c form an increasing sequence, with limit /.. We claim that Fo, € T'y
and that F is a maximal element in I'y.

Clearly, |Fx| = suppen |Fn| < |E|/2. Moreover, by the lower semicontinuity of the
anisotropic perimeter we have

Py (Fs) < liminf P (F),) < Alim inf \lvg||, dH™ L. (5.18)
h—o0 h—oo JFF,NFE

Aiming to integrate over FFj N FE we notice that Fy, C Fy+1 C Foo C E, and we find
(81/2Fh N 81/2E) C (81/2Fh+1 N 81/2E> C (81/2Foo N 81/2E> , (5.19)

hence by (5.18]) and Theorem it holds true that Fy € I'y. We are left to show
that I, is maximal. Indeed, let H be a subset of F, disjoint from Fy,, such that
F UH €T),. By construction, Foo UH € I'\(h), and

| Fp| + sn
2

sh 2 [Foo UH| = [Fyppa| + [H| = + |H]J,

that is, |[H| < (sp — | Fr|)/2. However, s — |Fp| < 2|Fp11 \ F|, and this tends to 0 as
h — oo, meaning that |H| = 0. This shows the maximality of Fi. O

5.4 Ciritical sets in almost optimal sets

Here we show that if E' has small isoperimetric deficit, then the sets F' C E that
make 7(E) — 1 small cannot be large in comparison to E and with respect to 6(E). In
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particular, we consider critical sets for the particular value A = 7(n), independent of
E, and show that the deficit of E'\ F' can still be controlled by §(E) given that E is
almost optimal.

Recall the function ¥ defined in (3.13]),
Us)=s"" + (1—s)V" =1, se]0,1],

and notice that

U(s) > (2—2Y")sY" s e0,1/2). (5.20)
Set Lt
2 —2l/n

b(n) = =——, (5.21)

so that the inequality 3k(n)s'/™ < W(s) holds true for all s € [0,1/2], with equality in
the cases s =0,1/2.

3k(n)y' /™
21/n S
U(y)
25(E)
0 (1) 12 () 1

FIGURE 9: The function W(y) = /" + (1 — )/ — 1.

Lemma 5.8 (Removal of a critical set). Let E and F be two sets of finite perimeter
in R™ with F C E and such that

|E| mg n—1
0<|Fl <5l o)< (14 55 kn)) [ ], e
Then ,
5 n
F1< (R8) |Bl, Pe(B\F) < Pe(E),
and in particular, if 6(E) < k(n) then
3
S(E\F) < mé(E)

Proof. Let us set A =1+ (mg/Mg)k(n) and G = E '\ F. Then thanks to (1.18) and
(L.19),

PelPy= [ el e, et
FENFF EMNFF

Pe(@) = [ sl ar = [ gl e
FGNFE EWNFG
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An argument by contradiction using the definition of 9, , E' shows immediately that
81/2}7 N 81/2G n 81/2E = @ ThlS 1mphes that

PeB)= [ sl ar " [ gl ann
FGNFE FFNFE

Moreover, 0o F' N B = 012G N EM  and, by (T.20), vg = —vr at H" l-a.e. point
of 9y /2F' N EM . Gathering these remarks, and taking into account (5.16)), we find that,

M
Pg(E) > Pg(G) + Px(F) — <1 + K) / Ilvpl], dH™ L (5.22)
mg /) JEMNFF

We can visually interpret this as Px(G U F) = Pg(G) + Pg(F) —2Pg(ENF) (see
Figure [10). By our assumptions on F together with (1.18]),
Lo el a1 [l 4R < (0= DPa(E),
EMNFF FFNFE

As (1+ (Mg /mg))(A—1) < 2k(n), by (5.22)) and thanks to the isoperimetric inequality
(Theorem (4.2)) we derive that

Py(E) > Pg(G) + (1 — 2k(n)) P (F)
> | K| IG1™ (1= 2k(n)) [F]V]. (5.23)
Let us consider t = |F| / |E|, so that t € (0,1/2]. By definition of ¥ and of k(n),
S(E) > W(t) — 2k(n)tY™ > k(n)t'/™

and it follows that |F| < (8(E)/k(n))" |E|. Since k(n) < 1/2 we also deduce from
(5.23)) that Px(G) < Pg(E). Finally, if 6(F) < k(n), as

i {1750}
< min § 5, R(n)
we find
Pk (G) P (E)
(G) = 7 < 7 -
& = R n K[V BV (1 - ot
Pk (E) 3
< (142t) —1=6(E) +2t(6(B) + 1) < —§(E).
(20— L= 6B 2 G(E) + 1) < ()
This completes the proof of the lemma. O

5.5 Reduction to a better set

We now show that an almost optimal set can be replaced by a set that satisfies the
trace inequality with a constant bounded from below in terms of n and my /Mg only.

Theorem 5.9. Let E be a set of finite perimeter with 0 < |E| < oo, and §(E) <
k(n)%/8. Then there exists G C E of finite perimeter and such that

5(E) 3

[E\G| < H(n) [E], 6(G) < WME): (5.24)
and
T(G)>1+ %k(n). (5.25)
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FIGURE 10: The set G is obtained by removing F from E. If E is
almost optimal, then G is as well. We find that 7(G) — 1 is bounded
from below in terms on n and K, and the non-trivial trace inequality

(5.10f) holds on G.

Proof. We consider the family I'y introduced in Lemma and take

Let F be the maximal set given by Lemma and let G = F \ Fx. Since Fp, € Ty
and k(n) < 1, by Lemma [5.8 we deduce (5.24]). Additionally, we have

o(F
Pl < 2E) 1y

(n)

It remains to show that 7(G) > A. Suppose for contradiction that H is a subset of G
such that

G
0<|H| < ‘2| Pr(H) < A/mm llvel], dHm. (5.26)

We will prove that Foo U H € I'y, which contradicts the maximality of F. By
Lemma [5.8] and since G C E, we find

8(@G) 4 9(E)
k(n) k(n)?

and likewise, since 6(E) < k(n)?/8 and F,, and H are disjoint,

|H| < G| <3

BT,

Fao U H| = | Fo| + || < 5(5))|E|

L0(E)
k(n)?

!E!

()
5] < Sy 1B <

We are therefore left to show that

Pg(F UH) < A g, dH™ 1,
F(FooUH)NFE

which, given the definition of A, is equivalent to showing

m _
lvroomll, <~k g, dH" . (5.27)

~/.F(FOOUH)F1E<1 My () /f(FoouH)me
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To this end, we remark that by (1.20)

/ vroumll, dH™
F(Fao UH)NED

vl dre =+ ol it (5.28)

/[wa \FH|NEQ [FH\FFs)NnEQD

Since ((91/21-[ \ 81/2FOO> NEM ¢ GY by Theorem [1.16

/ bl < [, et
[FH\FFoJNEM FHNGD)

<P [ alla (529
Mg FHNFG

where we have also used (5.26). By (1.20), vr, = —vg at H" !-a.e. point of FF, N
FH. Therefore, due to (5.16)),

M
/ o], et <
FHNFGNE® MK JFHNFFsNE®)

Combining (5.28), (5.29) and (5.30) we find that

\lvr ||, dH™ L. (5.30)

/ [
F(FooUH)NEM®

<

/ v . 7!
[FFo\FHINEM

my _ _
k) (| o], aHt 4 a2
Mg FHNFGNE® FHNFGNFE

<[l T k) [ vl ane
FFooNEW Mgk FHNFGNFE
m
Y R N vl a2 )
Mg FFouNFE FHNFGNFE
mK —
< Tk [ omonll, 41",
K F(FoUH)NFE

where in the last step we have applied ([1.20)) again. This proves ([5.27)), thus completing
the proof of the theorem. O

5.6 Proof of Theorem 5.3

Before coming to the proof of the theorem, we are left to show one last estimate, which
is explained in Figure

Lemma 5.10. If E is a set of finite perimeter in R™ with |E| < oo, then

e mi
/ ]| = 1 {vzll, dH 1(fL‘)ZfM I2AVNE (5.31)
FE K

Proof. Let us set Ky = tK for every t > 0 since we will use it repeatedly during the
proof, and consider the convex function u : R”™ — [0, 00) defined by u(x) = ||z||, so
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that K; = {u <t} and v~ !({t}) = 0K;. Since u is sub-additive and homogeneous, it
can be seen that (5.2]) implies

1 1
— < < — 5.32
- < IV < - (5.3
for a.e. x € R". By an approximation argument on K [Ta, Theorem 3.1], it suffices
to prove (5.31) in the case that K is uniformly convex and has smooth boundary.
Assuming this, we have that u € C*°(R" \ {0}), and if z € 0K for some t > 0 then
Vu(z)

Vi, () = W’

and due to the convexity of K, the mean curvature H; of 0K} at x satisfies

. Vu(x)
H(z) = div <\Vu(m)|) > 0. (5.33)

Finally, we notice that H" ! (FENOK;) = 0 for a.e. t > 0 (see [Mal, Proposi-
tion 2.16]), so we can fix ¢ > 1, assume that

H Y (FENOK,) =0, (5.34)

prove ([5.31)) for K; and finish by letting ¢ — 1. Indeed, if we define wi(x) = u(z)/t,
Mg, = tMg and mg, = tmpg, then these satisfy the same relation as (5.32)), and

K; = {us < 1}. By (5.32) we have

Vu
BNK] <M, [ [Vul =My, [ V(1)
E\K; E\K; V|
. vut . Vut
=M / d1v<u—1->—u—1 dlv<). 5.35
Kt E\Kt ( t ) ‘Vut| ( t ) |vut| ( )

Applying the Coarea Formula (Theorem with ¢ = (uz — 1)Hy/ |Vue|), using the
fact that {u; = s} = 0K, and by (5.33)) we find that

. Vu ) /°° / H, -1
~—1d = - 1)d dH" > 0.
/E\Kt(ut ) 1V<|Vut\ 1 (s=1)ds EndK. |Vl B

Hence ([5.35)) and the Divergence Theorem imply

\Y%
ENK] <M [ = T

F(BE\K) V|
By (1.13)) and by (5.34)) we readily see that

n—1 —
i gy =V

vy, AR (5.36)

-1
— v 1" ( .
. K EWNIK,

Since 0K = {ut = 1}, we conclude from (/5.36) that
Vut

|E\ K gMKt/ (ug — 1) =—— -vg dH"?
(FE)\K; |V
< Mk, |(we — Vg ||| |vell, dH"
(FE)\K¢

M
<t =1 gl
mg J(FE)\K:

Where we used (4.2)) and (5.2). Finally, we complete the proof by letting ¢ — 1. O
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Before giving the proof of Theorem 5.3, we introduce the relative asymmetry of two
sets ¥ and F', defined as

A(E,F) = jnf{ ] sz €RT, | F| = |E|}

because it will appear at the end of the proof.

Proof of Theorem[5.3 Step 1. We prove that

where
Co(n,K) =

181n3 (MK>4
(2_21/n’)3/2 my :

Without loss of generality, we can assume that E is bounded thanks to Theorem [4.6]
Since A(E) < 2, if 6(E) > k(n)?/8, then

AE) <2< 427{2),/5@) < Co(n, K)y/8(E).

Therefore we assume that §(E) < k(n)?/8 and apply Theorem [5.9| to find G C E
for which and hold true. Unlike with the reduction inequalities in the
Euclidean case, G does not originate from a symmetrization of E and its volume is
different, so we dilate E and G by the same factor in order to achieve |G| = |K]|.
This operation still allows for and to hold given the scale invariance of
the isoperimetric deficit. We let T' be the Brenier map between G and K, and set

S(x) := T(x) — x. We denote by S® the i-th component of S, for 1 < i < n. By
Corollary [5.5] and by Lemma [5.6], we have, up to a translation,

0 |K|+/3(G) > MlKH—DS(“

Adding up over i = 1,...,n, and since Y ;- |yi| > |y| > mx ||y||, we find that

In® [ Mg\3 .
k(m(w) KIVE©) = [ ltra(S)Ivell, dr—", (5.37)

Once again by Corollary [5.5] we have that

m2 i —
(GD) = Thkn) [ [era(SD)|lIvell, a .
* K FG

n|K[6(G) = /m (1 = [fra(D)D) [lvall, dH"

so that (5.37)) and Lemma give

1003 ( Mg \? 1 MK
— | — ) |K > 1-— L K.
ter () 116G = [ = llall vl an > T j6 ]

As |K|A(G) < |GAK| =2|G \ K|, we come to

3
Aq) < 20 <MK

< >4 5(G).

mgK
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Let us now set 75 = (|E|/|K[)"/", which we recall is different from 1 given that
we dilated E, and let xg € R™ be the center of the optimal ball for A(G). Since
|IKA(rpK)| = |E|— |K| = |E\ G| = |EAG]|, we obtain

|E| A(E) < |[EA(zc + r5K)| < |[EAG| + |GA(ze + rpK))|
= |E\ G|+ |G| A(G).

We divide by |F| and take into account both inequalities in (5.24)), the definition of
k(n), i.e. (5.21)), and the fact that |G| < |E] to find that

30(E) 60n [ Mg\* | 95(E)
A(E) <
(E) < 5 —gim T 3 giw (mK> 2o/
181n3 (MK ) 4 5(E)
T (2-2/%2 \mg '

This concludes the proof of the first step.
Step 2. We complete the proof of the theorem by showing that
A(E) < Co(n)/o(E). (5.38)

Here Cy(n) is the constant
181n7

and we can assume once again by Theorem that F has smooth boundary. By
John’s Lemma [Fr, Theorem III] there exists an affine map Ly on R™ such that

B C Lo(K) CnB, detLy>0.
Thus, we can find » > 0 and an affine map L on R" such that
rB C L(K)CrnB, detL =1,

this is, with that choice of r > 0 we force det L = 1. We need this in order for L to
preserve volumes. By Step 1 we have that

Py (L(E)
(K™ | L)

i

A(L(E), L(K)) < Co (n, L(K)) J il

where A (L(E), L(K)) is the relative asymmetry between L(E) and L(K). By con-
struction, mp,xy > r and My gy < rn, so

7ML(K) <n

ML(K)

and moreover, as L preserves volumes, we have A (L(E),L(K)) = A(E,K) = A(E),

and therefore
Prry (L(E))
AE) < Cy(n - —1
(B) < Gl w n|K|Y™ | B[V
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It remains to show that Pp k) (L(E)) = Pk (F). Since E has smooth boundary, we
can apply the following generalization of the Minkowski-Steiner formula (see [FiMP,
Section 1.2)),

E+eK| - |E L(E+eK)|—|L(E
Pr(E) = lim EHERIZIEL LB+ eK)| - |L(B)]
e—=0t+ £ e—0t £
. |L(E) + eL(K)| — |L(E)|
=1 = Py (L(E
e 1 - Lk (L(E))
which completes the proof of the theorem. O

Recent results due to Segal and Harutyunyan [Se, |[Hr] show there is room for im-
provement in the constant Cp(n). In particular, Segal uses an improved arithmetic
mean-geometric mean by Alzer [Al] to improve the bound in Corollary and show
that, for convex sets, Co(n) can be taken as Cn”. Harutyunyan then improved this to
CnS, and Cn® for centrally symmetric convex sets, and conjectured that the best con-
stant must be of the form Cn?. Both approaches are based on the Brunn-Minkowski
inequality in connection with the proof of Theorem [5.3] given by Figalli, Maggi and
Pratelli [FiMP).
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