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Abstract

This thesis provides an overview of known results concerning the quantitative Eu-
clidean isoperimetric inequality and related functional inequalities. The primary
focus is the investigation of the asymptotic behavior of the optimal constant as the
dimension n tends to infinity.

We present an ongoing attempt to determine the precise asymptotic growth of
this constant, following a roadmap proposed by Prof. Figalli:

e Local Expansion: Establishing the bound for sets satisfying weak graphi-
cality conditions over the ball.

e Local to Global: Implementing a reduction procedure to substitute generic
sets with the aforementioned graphical ones.

This framework is inspired by the approach successfully applied to the quanti-
tative Sobolev inequality for p = 2 by Dolbeault, Esteban, Figalli, Frank and Loss,
which is analyzed here in detail.



Acknowledgements

I would like to warmly thank my advisor Prof. Alessio Figalli for all the precious
suggestions and insights he gave me during this last year. I am also extremely
grateful to Prof. Luigi Ambrosio and Prof. Gian Maria Dall’Ara, who have been
central figures in my academic path. I owe them most of my current mathematical
interests. Finally, I would like to thank my friends Alberto Gervani, Alessandro
Fenu, Leonardo Franchi, Laura Acinapura and Margherita Zucchelli for their in-
valuable academic and human support during the preparation of this thesis and
especially throughout my excruciating PhD application period.



Contents

1 Introduction

2 The Known Approaches

2.1 Nearly-Spherical Case . . . .. . ... ... ... L.
2.2 Symmetrization Approach . . . . ... ... ... ... .. ...
2.3 Optimal Transport Method . . . ... .. ... ... ........
2.4 Selection Principle . . . .. ..o o000

3 Further Isoperimetry

3.1 Finer Estimates . . . . . . . . ..
3.2 The Gaussian Case . . . . . . . . o e,
3.3 On Manifolds . . . . . . . . s

4 The Sobolev Case

4.1 Reductions. . . . . . . . . . e e
4.2 Local Case . . . . . . . . . . . . e
421 Firstterm . . . . . . . . ...
422 Second term . . . . . ... ...
4.3 Localto Global . . . . . . ... ... .. ... .
4.4 General Sign. . . . ..o

5 The Current Attempt

5.1 Refining Fuglede . . . . .. .. ... ... o L
5.1.1  With Lipschitz Bound . . ... ... ... ... ... ...,
5.1.2 With Volume Bound Only . . . ... ... ... ... ....

5.2 From Local to Global . . . . . ... ... ... ... .........

A (Continuous) Symmetrizations

B Finite Perimeter Sets

26
26
28
30

32
33
34
36
38
39
41

42
42
43
45
45

47

50



Chapter 1

Introduction

1.1 History and State of the Art

The sharp isoperimetric inequality states that, given a fixed volume V' > 0 and a
dimension 7, the minimum value of the perimeter P(FE) among the finite perimeter
sets £ C R™ with volume |E| = V is achieved only by the round balls. This result
has been known in full generality since the work of De Giorgi, who proved it in
1958 (see [22]).

A question that has recently gained interest is whether a set with almost optimal
perimeter, say P(B)+¢, is quantitatively close to a ball. The type of inequality on
which we are going to focus is known as the Euclidean quantitative isoperimetric
inequality, and states the following: for a set of finite perimeter £ C R™ with
|E| < oo and reference ball B with |B| = |E|, define the quantities

1) = ) - inf{% B = |B<x,r>|}

where in particular P(B) = nwy; |E ]anl Then there exists a constant C'(n) such
that
o(B) < C(n)\/3(E)

for all such FE.

The optimality of the exponent has been achieved in full generality for the first
time by Fusco, Maggi and Pratelli in 2008 (see [31]). However their proof involved
many rough symmetrization arguments, with exponential constants arising, so that
the resulting control on the optimal constant Ci.g(n) was extremely weak. To be
precise, their proof does not yield an explicit constant, due to the reliance on com-
pactness arguments.
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Before that, the best known exponent was %1, achieved by Hall in [32], where he
was also able to obtain the exponent % for axially symmetric sets.

It is worth mentioning that, for n = 2, we are very close to determining the

\/3(E)

optimal minimizing shape for R(E) = “aE) especially thanks to the works of
Hall, Hayman, Campi, Cicalese and Leonardi (see [33], [14], [18], [19]).

The first explicit estimate on Ches(n) was found by Figalli, Maggi and Pratelli
in 2010 (see [27]), by expanding on Gromov’s technique from the 1990s, which
utilizes the Brenier map. By a sharp quantitative analysis of the map itself, they
were able to obtain a growth control of Cheg(n) < ns (actually improvable to n3
as we will show).

However, the claimed growth rate is actually a bit smaller, specifically we expect

Cbest (n) = \/ﬁ .

Recently Dolbeault, Esteban, Figalli, Frank and Loss determined the sharp
asymptotic growth for the optimal constant of the quantitative 2-Sobolev inequal-
ity (see [23]). A very fruitful observation is that, up to a stereographic projection,
the sharp 2-Sobolev inequality can be stated on the sphere S™ in such a way that
one of the Aubin-Talenti bubbles becomes precisely the constant 1. In this setting,
they divided the proof in two steps:

e Local Expansion: They proved the claimed quantitative inequality for func-
tions 1 +r with ||r||;.» < for a fixed ¢ independent of the dimension n. The
core idea is to truncate the function at specific heights to split the |1+ r| 2
term. This ensures that the small variations of r yield a quadratic contribu-
tion, which can then be controlled using spectral theory.

e Local to Global: It is well known that alternating radial rearrangements and a
certain conformal transformation makes every function converge to an Aubin-
Talenti bubble. Moreover one can partition the radial rearrangement into a
sequence of suitable continuous Steiner symmetrizations, a tool first intro-
duced by Brock in [12]. A careful study of this process makes us land back in
the first case.

In the isoperimetric case, the first step might actually be carried out within a
sufficiently large class of graphs over the ball. This was realized for the first time by
Fuglede in [28], but he needed a very strict control of the C! norm. Borrowing the
technique from Dolbeault et al. we aim to significantly weaken these hypotheses,
but it is not clear yet if this is going to be enough to perform a local to global
procedure.
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The local to global step in the isoperimetric case would probably require a
procedure reminiscent of that performed by Cicalese and Leonardi in [18]. A major
limitation of their approach is that the proof proceeds by contradiction; thus, it
only establishes the existence of such a constant.

1.2 Examples

Remark. By lemma we can often assume the ball to be centered in the origin.
Moreover, one can easily show that

min |FAB| <2min |FAB].
|E|=[B(z,r)] T

Hence we can consider any ball to bound «(F) from above, as long as we normalize
with |F| (or even with |B] if |E| < |B]).

The main examples that achieve the claimed growth rate can be split in two
classes:

e Good deformations of the ball: precise computations for explicit examples are
usually difficult to perform, but sometimes it is possible to make sharp esti-
mates.

Let us consider an ellipsoid

2 n
_ aal o 2 )

for which clearly |E.| = w,. Borrowing the notation from the next chapter,
we have

ol

z? 2 B
u(z) = (W + (1 4¢)n1 Z:ﬁ) — 1 = vy () + Op(?)

1=2

where v, (z) = 2 (22 — ). Now and when needed, we consider ¢ small
n—1 1 n )

enough to suppress the dependence on n, so that for example O, (%) = o(e).
Then, with a computation analogous to Fuglede’s estimate (see next chapter)

we get
P(E) - P(B) = = Vop|?do — (n—1 2d 2
(Ee) = P(B) = 5 S_ll vn|"do — (n )S_lvna +o(e)
2

:i(n+1)/ v2 do + o(e?)
2 Sn71

where we used that vaan = 2n anHg, since vy, is a spherical harmonic of
degree 2.
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Analogously

1
wpa(E:) = —/ |(1+u)”—1|da:5/ |vp| do + o(e)
Sn—1

n Sn—1

It is easy to compute

2 do — 2n " 2w,
1 " (n=1)n+2)""

while for the other integral, we recall that the random variable y/nz; (with

normalized o) converges in law to A/(0,1), so

1 1 9 —t2 4

— Up|do ~ —— t* —1lle 2 dt =

Wn Sn—l‘ n’ Vi QW/R‘ ‘ V2me
2

All in all a(E;) ~ \/42% and §(E;) ~ =, and consequently

n

oEe) 4, 2
/5( E.) 2me
which proves both the upper bound % for the exponent and the lower bound

Chest(n) Z V.

e Big asymmetry: let £ = B(:c,2_%) U B(—x,Q_%) and x large enough, then
a(E) = 5 while

5(E) = 2nwn2” " — nwy, ot g log(2) .

Wy, n

.

Finally, let us show an interesting sub-optimal case, which is that of a sphere
with (possibly many) tentacles:

Let e(n) > 0 be as small as needed, then attach to a unitary ball m disjoint
cylinders with base radius € and height A =< 1. Since their volume and surface area
satisfy V < w,_16" " 'h and A < (n — 1)w,_1" 2h, we can estimate

P(E) — P(B) < m(n — Dwp_1e"2h |E\ B| < mwp_1e""th

Wn—1

so, recalling that == =,

One could naively expect m to be taken proportional to = fbi‘gg_l = E\n/_ﬁl, which

is the number of bases required to match the area of S®~!, but we face two great
issues:
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e We are missing an ¢ at the denominator, which is required because surely S"~!
is not uniformly flat in n in such a way that allows us to approximately glue
these cylinders (i.e., the geodesic balls differ from the Euclidean ones already
for small radii).

e Even if € could be taken to be arbitrarily small, we would still have issues.
Indeed, the problem could be naturally formulated in R”~1, however the spher-
ical packing constant is significantly smaller than the ratio between a set and
a given ball.



Chapter 2

The Known Approaches

From now on, we will only consider finite perimeter sets with finite measure, and
o will be the (non-normalized) surface measure on S~ 1.

Let us further remark that, since the asymmetry index satisfies the trivial bound
a(E) < 2 for every E, if we only consider sets such that §(E) > d(n), a quantitative
isoperimetric inequality holds in the form

2
olF) < O(F).
()_m\/()

Therefore if we prove an inequality a(E) < C(n)+/0(E) for sets satisfying 6(E) <
d(n), we actually get the inequality

a(E) < max {C’(n), 2 } I(E)
o(n)
for every set F.
For example, if we aim at proving our claimed bound Ces(n) < /n, we can
freely restrict to sets satisfying 0(F) < %, and any stronger condition would not
be allowed.

2.1 Nearly-Spherical Case

One of the first strong results in this direction was obtained by Fuglede in 1989
(see |28]) for a suitable class of graphs over the ball. Specifically we will call
nearly-spherical a set F that can be described as

{tz(1 4+ u(z)): t €[0,1],z € S" 1} c R"
for a function u: "1 — (=1, 400) in W1°(S"~1) which satisfies the estimates

]|, < £ and ||Vul|, < ¢ for a suitable e > 0, [E| = w, and with barycenter in

the origin, i.e.

/ (14+u)*—1)de=0 / (1+uw)"zdo=0.
Sr—1 Sn—1
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Theorem 2.1.1 (Fuglede). There exists a universal ¢ > 0 such that, for every n,
every nearly spherical set satisfies

P(E) — P(B) > %|EAB|2.

Remark. The normalized version is a(E) < % < V/3ny/d(E), which is coherent
with our claim.

Throughout the proof, C' > 0 denotes a universal constant (independent of n)
whose exact value may change from line to line.

Proof. First, the area formula implies that

|Vul?
(14 u)?

P(E) = /Sn_l(l +u)" 1+

where Vu is the tangential gradient. By the assumptions on

u U2
1+ w1y )14 (1’2 f)z > (14 u)"! <1 (- 05)3%)

1
> (1+w)" + (1= Ce)5|Vul?,

and in addition

n—1

n—1 o= U n—1 __ i W) — o
/gn1<<1 + u) 1)d /Snl((l + u) 1) - /Snl[(l +u)" —1]d
2
2 <_ (TL —2 1) + (n - 1)2(n — 2) B an) /Svn_1 u2 do

-1
> —(1+ C’a)n / u?do
Sn—1

2

where the estimate follows from the following observation: if we expand the powers
and simplify, for degree > 3 we get a sum of the form Y, Cj(n)u’ where Cj(n) S

Y

n'~1, therefore this value is bounded by
n
- €
nu? Zel 2 < 1—nu2 < Cenu?
—€
=3

as we wanted.
Adding these two pieces yields

P(E) - P(B) > (1_05)%/Sn1 |Vu|2da—(1+05)g/gn1 2do.  (21)

We are in need of an appropriate 2-Poincaré inequality, so as usual we rely on
spherical harmonics tools (a standard reference is [20]). Let Y7 be the i-th degree
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normalized spherical harmonics and C’Z = <YZJ ,u), then —ASn—l}/;-j =i(i+n—2),
which implies that

0o G(n,i)
IVule = D ili+n=2) > (]
i=1 j=1

If we were able to prove that the parts of degree 0 and 1 are negligible, we would
obtain a Poincaré-type inequality with coefficient close to 2n: indeed, analogously
to before, we have

0:/ [(1—|—u)"—1]da§n/ uda+(1+05)<n>/ u?do,
Sn—1 Srn—-1 2 §rn—1

which yields

/ udo
Snfl

and analogously, given ¢ the (normalized) projection of u on degree 1 harmonics,
D> laiP = 3

/ uzdag"/ w2(1 + e(u))ldo
j:ﬂ S§n—1 2 S§rn—1

\/ / uh(1+e(w))?do < (1+ C) T [lully < < full,
Sn—1

jao| = < (1+Ce)s

1 9 ne
[ wsaseniil <z, ,
Snfl n

G(n,1)

<

n
2

respectively thanks to the volume and barycenter condition (here £(u) denotes a
function of u satisfying |e(u)| < C¢). In turn, since i(i +n — 2) > 2n for i > 2,

1

2

2
Jul[72 <
and if we plug it into we get

P(E) - P(B) = (1- 08)— IVally > (1 - 06)— lull7: =

1 2
1—-Ce¢)—
(1= Ce)g—lluls
which yields the desired conclusion after noticing that

|EAB|:/ wdag(lJrCa)/ lu| do .
Sn—l

n Sn—1
0

As mentioned in the introduction, this theorem proves the claimed inequality for
a small class of sets, but one might hope that they are a good model to understand
the problem even in the general setting.
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2.2 Symmetrization Approach

The first complete proof of the quantitative isoperimetric inequality has been car-
ried out by Fusco, Maggi and Pratelli in [31], and it was further refined by Maggi
in [37]. It relies on a reduction to sets enjoying progressively more symmetries:

1. Uniform boundedness;

2. n-symmetry: sets which are symmetric with respect to every coordinate hy-
perplane;

3. Axial symmetry: sets described as

{(@,y) e R xR |2/ < r(y)} = | B(0,7(y)) x {u}

yeR

for a suitable non-negative function r; in particular they are invariant under
Schwarz symmetrization.

We will not keep track of the constants because some of them are not found con-
structively, and the constructive ones are often not sharp.

Moreover, in all the statements in this section it is implicitly assumed that the
thesis holds for sets satisfying an appropriate bound 6(E) < d(n).

Lemma 2.2.1. There exists a constant {(n) > 0 such that for every set of finite
perimeter E with |E| = wy, there exists F' C Qg = [—{, )" with |F| = |E| such that

J(F) < Cm)S(E)  a(E) < a(F)+ Cn)s(E).

Proof. We will prove that FE can be restricted in any fixed direction, so that the
thesis will trivially follow from restricting with respect to an orthonormal basis.

Up to tilting E, we can assume that H" ! ({vg = £e,}) = 0 so that in particular
vp(t) = H' U EN {2, = t}) € WHY(R). Let g(t) = M= yhich is in €1 with
g (t) = Ui—it) By the sharp isoperimetric inequality we get

P(EN{x, <t})> 7”Lwng(t)nT_1 P(EN{z, >t}) > nwa(1—g(t)) |
which, together with observing that
P(EN{z, <t}) < P(E,{z, < t})+vg(t) P(En{xzy, > t}) < P(E,{z, > t})+vg(t).

yields
1 n-1 n-1
v(E) 2 gnwn(g(t) = + (1 —g(t)) = —1-0(E)). (2.2)
Now define ¥ (t) = o +(1 —t)anl —1 which by concavity satisfies ©(t) > 2(2% —1)t
for t € [0, 3]. Then we can assume that 20(E) < ¢(3) (otherwise the thesis trivially
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holds) and we can fix t; < t2 such that g(t1) = 1 — g(t2) and ¥(g(t1) = ¥(g(t2)) =
20(F). Note that ¢(g(t)) > 20(FE) for t € [t1,t2] by concavity, which plugged into
gives

and consequently

4 [t J(t) 4/9(%)) 1 4/1 1
ty—t; < — dt = — — ds< = | ——ds=C(n).
’ —n/ s Y =0 TS0, v =W

Furthermore, let

IE I(E
71 = max {t <t1:op(t) < WHT()} To = min {t >ty rvp(t) < —nwn2( )} ,
which satisfy
l1—71 < L/T1 g'(t)dt < 29(1) < 12 S
W (E) )., w0(E) = mak — 1)
thanks to g(t1) < 25£E)1 (and the same goes for 7). Hence the strip £/ = EN{r <

x1 < 1o} satisfies

|E'| > |E| (1 -2¢(t1)) > |E]| (1 _ 2251(E)1> P(E') < P(E) + nwn,d(E) .

n —

1
Now let F = rE’ with r = (%) " (so that |F| = |E|) and let us check that it has

the desired properties: up to taking d(F) small enough (in terms of n) we get

r< (1 - 2251(E)1)_n <1+C(n)s(E),

hence

P(F)=r""1P(E") < (1+ C(n)d(E))(P(E) + nw,d(E))
< nwn(1+ C(n)3(E))(1 4+ 20(F)) < nwn(1+ C(n)d(E)).

Finally, if B is a minimizing ball for a(F) (assume it is centered in the origin), we
get
nwna(E) < |EAB| < |EAE'| + ‘E’AB;

F
IWL.M+|E\E’|+’B\B1

TTL

—+ ‘BlAB‘

< nwpa(F)+ C(n)é(E)
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Next, let us reduce to n-symmetric sets. The idea will be to iteratively gain
new symmetries by reflecting our set . To be precise, let H = {x-v = 0} be a
hyperplane that cuts £ in half, i.e. |E| = |E?| = |2£| where B! = EN{z-v > 0}
and E?2 = EN{z-v < 0}. Moreover, let r be the reflection over H and define
E! = E'Ur(EY).

Then looking at the perimeters we have

P(EYY + P(E*) <2P(E) = 0§(E") < 20(F)

for both ¢+ = 1,2, where the implication follows from the sharp isoperimetric in-
equality.

If it were true that a(E) < aE?) for either i = 1,2, we could just substitute £
with E° and gain one hyperplane of symmetry. However, this is completely false
in general: for example, consider two half-balls with base on the same hyperplane.

Luckily this issue can be fixed by taking two orthogonal hyperplanes, as we now
show. We first need a technical lemma.

Lemma 2.2.2. Fiz any ¢ > 0, then for every € > 0 there exists a 6 > 0 such that
if B C Qy satisfies §(F) <9, then a(E) < ¢.

Proof. By contradiction there exists an ¢ > 0 and a sequence F, C )y such that
a(Ep) > e and 0(F,) — 0. Then, up to a subsequence, there exists a finite
perimeter set £ C @y such that E,, — E in measure, hence satisfying a(E) > e.
Moreover, by lower semi-continuity of the perimeter §(E) = 0, therefore E is a
round ball by the sharp isoperimetric inequality, in contradiction with «(FE) >
0. O

Lemma 2.2.3. If £ C Q, |E| = w, and Hy, Hy are two orthogonal hyperplanes
that cut E in four parts of equal measure, at least one of the sets Ef satisfies
o(E) S alE)).

We will provide a slight modification of the original proof. These equivalences
are justified by the following principle: if a value is proportional to a(E), modifying
a defining term by C'(n)a(E) maintains the equivalence for sufficiently small C'(n).

Proof Sketch. By a similar argument to lemma below, we can assume that
there exists a unitary ball sz centered in Hy N Ha such that wnoz(Eg) = |EZ]ABZJ|
for all 7, j. Further assume that |EZJAB‘Z7| < C(n)a(FE) for some constant C(n) to
be fixed. If C'(n) and a(E) are small enough, we have a(E) < |BIAB?| and

C(n)a(E) > [(EABy) N Hy| = [((B{ N Hy) U (Bf N HY))ABy) N Hy| = oE)

where the last term is < a(E) by the first observation. For C'(n) small enough this
gives a contradiction. O
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To obtain the last symmetry we will need the following lemma on n-symmetric

sets.
Lemma 2.2.4. If E is n-symmetric, then ‘E@B‘ < 3a(E), and if it is also convex
then a(E) = ‘Eé'B‘.

Proof. Let B, be a minimizing ball for a(FE), then

|EAB| < |EAB,| + |BoAB| < |EAB,| + |ByAB_)|
< |EAB,| + |EABy| + |EAB_y| = 3|EAB,| .

Note that we only required symmetry with respect to the origin. The second
statement easily follows from |ENF| < |ESNFY| where E° is the Steiner symmetral

of E. O]
Lemma 2.2.5. Given an orthonormal basis {ei,...,e,} such that E is (n — 1)-
symmetric with respect to {e1,...,en—1} and {x, = 0} cut E in half, then at least

one among E} and E? satisfies a(E) < aEL)
Proof. The previous lemma implies that
|[EAB| = [(EAB) N {z, > 0} + [(EAB) N {z, < 0}
= JUBIAB| + |B2AB]) < S(0(E}) +a(ED).
from which the thesis follows. O

Remark. An alternative approach for this step was investigated, but it turned out
to be flawed. The idea was the following;:

Up to a translation, assume that E is cut in half by all the coordinate hyper-
planes. Call E; the 2" different intersections of E with the quadrants C; and E;
the n-reflections of these sets, for example

XEf(Ilv ce 71:71) = XE1<|x1|7 R |xn’)

if (' is the positive quadrant. Then, as before, we have

27L
> P(E) <2"P(E),
7=1

but this time this inequality does not imply that §(E;) < 2"6(E). In fact, there may
not be a choice of hyperplanes such that the F; all have the same measure 27" | F|
(this is known as Griinbaum partition problem). So if we estimate the P(E;)’s with

the sharp_ 1isoperimetri(: inequality, we get a sum of the form ZZQ:Q f(|E;i]) where
f(t) =t = 1is concave, hence it is maximal (as we would need) only when the |E;|’s
are all equal.

Moreover we also face issues when dealing with asymmetries. One could hope
to use the following lemma to relate E to E.
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Lemma 2.2.6. There exists £(n) > 0 such that, if a set E is cut in half by every

coordinate hyperplane and o(E) < ¢, then |E®B| < a(R).

Proof. Up to rescaling assume that |F| = wy,. Let H = {z; = 0}, then
|B(z)NHY|—|(EAB(z))NHY| < |ENHT| = |ENH ™| < |B(x)NH ™ |[+|(EAB(x))NH |,
which together with the reversed inequality yields
+;_ Yn
|B(x)"H™| — 5 <wpa(F).
Hence, for £(n) small enough, we get |z;| < a(E) for all 4, so that
7] S a(E) = [B(z)AB| S a(E)

and finally |[EAB| < |E|a(E) + |BAB(z)| S |E|a(E). O

Since we have |EfAB| < 2"|EAB| S «oE) the Ef are somewhat round, but
their measure might differ from w, by an a(FE) fraction, therefore |E?AB| is not
necessarily proportional to w,a(E?) (and it is easy to build counterexamples con-
sisting of spherical wedges).

At this point we restricted ourselves to m-symmetric sets £ C (Qqp. Further
restricting to axially symmetric sets presents some technical difficulties, as we now
show.

Lemma 2.2.7. If a quantitative isoperimetric inequality holds in R*™1, for every
n-symmetric set E C Qg with |E| = wy, its Schwarz symmetral E* satisfies

|EAE*| < C(n)\/3(E).

Proof. The proof goes by induction, starting from n = 1 where it is trivially
true. In dimension n let £y = E N {x; = t} and (by approximation) assume
that H"1({vl, = £1}) = 0, then we have

P(E) - P(B) = P(E) — P(E")

> /R P + (0 = \[PUB )2 + 02
| P(E)? - P(E;)?
" JrR A/ P(E)?+0(t)2 + /P(E;)? + v(t)?

2 1
> ([ VPR PERG) pr o

dt
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and in addition 6(F) <1 = P(E*) < P(E) < 2P(B), hence

VB 2 [ VEEF-PETQ 2 [ PE)VEE)

E* n— n— * *
/,Hn(fwz)% I(EtAEt)dt>/H YEAEY) = |E,AE?|.

where the second step follows from the quantitative isoperimetric inequality in
R™ !, the third one from and the fourth one from the uniform boundedness.
O

This lemma, together with the well-known fact that P(E*) < P(FE), or equiva-
lently §(E*) < §(FE), allows us to conclude, provided we can show that the quanti-
tative isoperimetric inequality holds for axially symmetric sets in every dimension.

This was first proved by Hall (see [32]), though numerous alternative proofs have
been discovered in recent years. Here, we will present the proof given by Maggi in
[37]. This approach is particularly interesting because it relies on the Knothe map,
much like Gromov’s celebrated proof of the isoperimetric inequality.

Proof Sketch. By density in energy of smooth sets in finite perimeter sets, we can
assume that E' is bounded, axially symmetric, n-symmetric, with smooth boundary:
indeed, all these properties are preserved by convolution with a radial kernel and
they are inherited by level sets.

Moreover thanks to the sharp isoperimetric inequality and the usual concavity
trick for t =, E behaves like its greatest connected component (up to an additional
bound on §(E)), so we can assume that it is connected. In particular its radius is
described by an even function r € C(R,R™) such that {r > 0} = (—a, a) for some
a € RT and r € C®(—a,a).

For t € (—a,a) let 7(t) € R be the unique value such that

|EN{z, <t} =|BN{x, <7(t)}|

— 7(2))?
T2 t) = <1TH$’,T(t)>

for (a/,t) € E. This map is a smooth diffeomorphism between E and B and it

and define also

satisfies det T = 1, therefore, analogously to the computation we perform in the
next section, we get

a

P(E) — P(B) > /E(divT—n) dx:/_ 4 (n— 14 7/ (t)aT —m/(t)nil) dt
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Finally one easily checks that the denominator is bounded, and in addition, by a
change of variable and a Poincaré inequality (which actually requires some work,
as the interval might not be uniformly bounded), we can obtain

a
|EAB|§/ |1 —7'(t)]dt.

—a
Moreover it is possible, but non-trivial, to assume that 7’ is bounded, so that
1
|7'(t) — 1] < |7'(t)»* — 1|, which concludes.
O

2.3 Optimal Transport Method

Here we present the approach carried out by Figalli, Maggi and Pratelli in [27],
which is based on a brilliant computation involving the Brenier map 1" from ﬁx E
to |—113‘XB for |E| = |B|. Up to rescaling, we assume that B has radius 1.

Remark. An outstanding feature of their approach is that they were able to deal

directly with the general anisotropic case, without major additional difficulties.

Let us first recall the following results.

Theorem 2.3.1 (Brenier (see [2])). Given any two probability measures p,v €
Po(R™), i.e., with finite second moment, such that p is absolutely continuous with
respect to the Lebesque measure, there exists a unique optimal transport map T for
the cost c(x,y) = | —y|? and there exists a convex function ¢: R™ — R such that
T =Vo¢ u-a.e.

Theorem 2.3.2 (see [3]). Every convex function ¢: R™ — R is locally Lipschitz.
Moreover V2 is a locally finite Radon measure valued in symmetric positive semi-
definite matrices, and consequently Vo € BVj,.(R™; R™).

It directly follows that T € BV, .(R™;R") and DT is valued in symmetric
positive semi-definite matrices, so in particular Div(7') is a positive Radon measure.
Moreover, it is well known that det V' = 1 a.e. on FE, as one would expect in a
smooth setting (see [2]). Then

|E| = /dx—/ det VT) wde < l/ div(T) dx < lDiV(E(l))
n

n

n n

= —/ tl“E(T) v dH"™ 1 < — ! / A1 = —P(E),
O*FE *

where we used |T| < 1 Lae. = |trg(T)| < 1 H" l-ae.. Analyzing the
intermediate steps gives the following inequalities:

/ (ldivT - 1) dz + —|DST|( Dy < 1D1v(T)(E(1)) —wy <wpd(E)  (2.3)
E n

/ (1—|trp(T)]) dH™ ! < / (1 —trp(T) - vg) dH" ! <nw,d(E), (2.4)
*F *K
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where we applied Div*(T') > |D*T)|.

They can be further exploited by applying the following quantitative version of
the AM-GM inequality. Instead of using their lemma, we will apply a result by
Alzer (see |1]) as Segal did in [35].

Lemma 2.3.1 (Alzer). Given 0 < z1 < -+ < x, real numbers, their arithmetic

and geometric means m4 and mg satisfy

n

2n(myg —mg) > S Z(% — mg)2 )

R —
Remark. This inequality is actually sharp: for example the case x1 = -+ = x,,_9 =
1, xp—1 = l%rg, Ty = 1+ ¢ gives
2 2 2 2 9 3 4
LHS == ~22  RHS =215 1% 92
(1+¢) (1+¢)

To be precise, this implies that

1
[[Anlly

2nwpé(E) > 2n/ VT — Id”% ;

1 1
(—divT— 1) dz > / VT -1 dz >
FE E )\n

n

which, applied to A, < 1+ |VT —Id|, also gives

IAally < KT+ /2nwn [ Mnll; = Al < 40w,

by solving the quadratic (assuming 6(E) < 1). Putting these pieces together we

get
/ VT — Id|dz < VSnwn\/0(E) ,
E

and finally, since |D*T|(E(M) < nw,§(E), the function S = T — Id satisfies
IDS|(EM) < 4nw,\/§(E). (2.5)

At this point, one would like to have either a Poincaré or a trace inequality, in
order to recover |T' — Id|. It turns out that the trace is better suited for bounding
the asymmetry index, thanks to

For well-behaved sets, it holds in the following form.

Definition 2.3.1. Given a finite perimeter set E with |E| < oo, let

_ P(F)
7(E) = inf {H”l(a*F No°E)

E
:FCE,O<|F|§%}.
Note that, equivalently, for any such F' we have

(r(E) — )YH" Y (0*F no*E) < H* Y o*F n EW)

and 7(E) > 1 for every admissible E.
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Theorem 2.3.3. For every E and f € BV(R") N L*(R") we have

()= jnt [t —al) < DAGED).

aceR

Proof. Without loss of generality |E N {f < 0} < @ and |[EN{f > 0} < @

Define Fy = {f >t} N E, then by the coarea formula and Fubini’s theorem
DAIEY) = [ W@t > nED)a
R+
= / H (0" F,n EW)de
R+

> (r(B) - 1) /R WO F, N o E) dt

v

(r(E) — 1) /R H L ({trp(f) > £} NO*E) dt

(B 1) [ s ane
o*FE
where the second step holds because inside E(Y) intersecting with E does not affect
densities, and the fourth one follows from
{tre(f) >t}NI*ECO'F,NI'E.

Finally, since the same clearly holds for f~, summing these two inequalities gives
the thesis. O

Luckily, if we assume the isoperimetric deficit to be small, it is possible to remove
a bad portion of our set F, in a way that makes the previous inequality non-trivial.

Lemma 2.3.2. For any A > 1, if the family
E
Fr= {F CE:0<|F|I < %7P(F) < XH"L o F HG*E)}

15 non-empty, then it admits a maximal element with respect to a.e. inclusion.

Proof. Simply construct by induction an increasing sequence of sets F}, such that,

. F

if s, = sup{E € F) : Fy, C E}, |Fpy1| > M%, and define Foo = (J,on Fio- If

Fy € F), it is trivial to check that it is maximal, so we are left to prove that
1

Fy € Fyifz € F\2 N EG), then

© = 6(x, F}) < Oz, Firpr) < O(a, E) = 3.

sox € F}Ei)l and the sequence F}EE) NEG) Fég) N EG) is increasing, which proves

that the inequality passes to the limit:
P(Fs) < lim inf P(Fy) < Alim H YO F,NO*E) < MH" 10" F\u NO*E).

]
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Now we are ready to employ this lemma to restrict to a set with 7 > 1 nicely
bounded, but first, we need to understand the behavior of such subsets.

n—1
n

Let once again 1(t) = t"= + (1 — )"+ — 1, for which one casily sees that

n=1. n- 1
() > (-2 Vie {0, 5] , (2.6)
n—1
and from now on let k(n) = 2_23 “— (which is < % and asymptotic to 21ng(2)%)

Lemma 2.3.3. Given A =1+ k(n) and F C E such that

0<|F| < @ P(F) < XH" Y O*ENo*F),
we have .
3(E))
< <|——= .
re\m <P i< (30 A
If in addition 0(F) < k(n), we also get §(E\ F) < 2=0(F).

Proof. Note that

P(E\F)=H""Y0"E\0*F)+ " Y(o*Fn EW)
<H"YO*E\O*F) + k(n)H" 1 (0"E N O*F)
= P(E) = (1—k(n)H" (0" ENO*F) < P(E) — (1 — k(n)*)P(F),

so the first property is proven. For the second one, let t = %, then by the sharp

isoperimetric inequality

—1

P(E) > P(E\ F)+ (1 — k(n))P(F) > nwj (1 — )% + (1 — k(n)2)t*5),

or equivalently ) 1
8(E) = (t) — k()" = k(n)t"

which is precisely the second property we wanted to prove.

Finally
P(E) P(E) 3

S(E\F)< — ) 1< 142t)—1 = §(E)+2t(3(E)+1) < —5§(E).

(B\R) £ 1 < (14201 = 8B 12U ) < ()
[

Theorem 2.3.4. If §(F) < k(g)Q, then there exists G C E such that

E
el <M sey < am) A(@)2 14 k).
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Proof. Let Fy be the set given by lemma for A = 14 k(n) (if F) is empty
simply put Fix, = () and define G = E\ F,. The first two properties trivially follow
from the previous lemma. For the third property, if there were a contradicting
set H C G, the hypotheses would imply that H U F,, € F), contradicting the
maximality of Fio: indeed,

HU Pl = 1H]+ Pl < 1G]+ 1B
S(E) |y, ME) o O(E) o |B]
<2 PV Ty < A P = 5

where we applied the previous lemma to both H and G.
For the other property, let us split these perimeters in nicer pieces: let

Hn 1
= H" Y OP*HNI*GNIE)=H"Yo*HNIE)

(@ HNGW)
(
ag—'Hn LYo H N oG n EW)
(
10

a4—7-[,” Yo" Foo NEWY — a3 = H"2(0*F n EW \ 9*H)
*F NO'E).

Then the inequalities satisfied by H and F read as
a1 < k(n)(az + as) asz +ag < k(n)as
and their sum gives
(a1 4+ aq) + az < k(n)(ag + as) + k(n)as = a1 + a4 < k(n)(ag + as)
which reads as
H' 0" (H U Fao) N EWY < k(n)H" 10" (H U Fs) NO*E).

]

In order to conclude, we need a statement which relates our integrals to the
asymmetry index.

Lemma 2.3.4. For every set E C R™ of finite perimeter with |E| < oo we have
/ 11— |z||dH™ ! > |E\ B|. (2.7)
*E

Proof. Up to rescaling B, we can assume that H" 1(0*E N dB) = 0, then

v pH" " LY (E\ B) =vpH" 'L (O"E\ B) —vpH" 'L (09BN EW).
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Now we are ready for the following computation

[ooel=iz [ a0t
9*E\B 9*E\B |z

-/ waﬁwwjd%wﬂ%mmm
0+ (E\B) || B\B ||

where the second step holds because x| —1 = 0 on 0B and the last one holds
because the integrand is > 1. O]

Next, let G be the set given by lemma , then rescale G and F by the same
factor so that |G| = |B| = wy, and let T' be the transport map from G to B. If we
apply the trace inequality to the components of S =T — Id (up to a translation),
together with

n n

1

%E 1: 2] < || < §' 1: 7| VzeR",
1= 1=

we get

e My > k) (T —
4HW@mwamﬁLJwvw

If we add it to 2.4, and use that |1 — |z|| < |S(z)| + (1 — |T(z)|), we get

bn2 1 W,
2 > 1— 1> G\ Bl > 2 ,
szwpkrwm.M\uﬂ@
which means that ,
10n2
< — .
(6) < 175/

Now we just need to substitute E with G above: let B(z) be a minimizing ball for
1

a(G) and r = (%) ;, then

|E|a(E) < |EA(z+7B)| < |EAG| +|GAB(z)| + |BAB(z)| = 2|E\ G|+ wna(G)

and in turn

2 |G| 10V/3nz 91n:
B = B T VO = g VOB

which concludes the proof. Note that the constant is asymptotic to L‘@Sn?’.

(210g(2))2

2.4 Selection Principle

The final general-dimensional approach we present is the selection principle, de-
veloped by Cicalese and Leonardi in [18]. Their idea is to consider a contradict-
ing sequence, and substitute its elements with more regular sets with comparable
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isoperimetric ratio, so that eventually they will contradict Fuglede’s estimate, be-
ing graphs over the ball. We follow the exposition by Fusco (see [29]).

The proof will heavily rely on the following regular convergence result for almost
minimizers by Tamanini (see [11]).

Theorem 2.4.1 (Tamanini). If E is a (A,rg)-almost-minimizer, then 0*E is a
CY2 manifold, OF \ 0*E C OF is relatively closed and dimy (0E \ 8*E) < n — 8.
Moreover, if E; — E is a uniformly bounded sequence of (A, 19)-almost-minimizers
and E is C?, then E; is eventually CL3 and the convergence 18 oLz,

Remark. Explicit constants in this result are heavily dependent on the dimension
n, and there is no hope for them to be universally small enough to be useful for
our purposes.

First, by lemma we can restrict ourselves to uniformly bounded sets £ C
Bp, for some R(n) > 0; then it is sufficient to prove the following.

Theorem 2.4.2. There exists (n) > 0 such that if E C Bpg, |E| = w, and

I(E) <d(n), then
a(E) < Vony/4(E).
a(E

- ‘ i) /
Proof. By contradiction, let £; C Br be a sequence such that o) > v/6n and

§(E;) — 0. Then one can modify the sequence as follows: let F; be a minimizer of
the problem

min{ P(F) + wy|a(F) — a(Ej)| + A||F| —wy| : F C Bgr}

for a constant A > 0 to be chosen later, which exists by BV compactness (here it is
relevant that we restricted to Bg). These newly defined sets F}j satisfy a few nice
properties:

1. If A > n, then F; — B: in fact, up to a subsequence, F} converges to some
F' C Br which minimizes

min{P(E) + wpa(E) + A||E| —wy| : E C Br},
and it is easy to check that the only minimizers are the unitary balls.

2. There exists a A > 0 such that all the Fj are (), R)-almost-minimizers: let
F;AG E B,(x), then we shall distinguish two cases:

e G C Bpg: by the minimality of F; and the triangle inequality

P(Fj) < P(G) + wala(G) — a(Fy)| + Al|G] = [F]]

<
< P(G) + (A +1)|GAF;| < P(G) + (A +1))wnr™.



2.4. SELECTION PRINCIPLE 25

e |G\ Br|>0:
P(F;) - P(G) = (P(F;) — P(G 1 By) + (P(G 1 By) — P(G),
where the first term is less than Aw,r™ as above, while for the second one
P(GN Bg) — P(G) = P(Bg) — P(GUBR) <0
by the sharp isoperimetric inequality.
3. From the definition of £ and F} we get
P(Fj) + Al|Fj| = wn| + wnla(F)) — a(E;)| < P(Ej)
< P(B) + - a(E))* < P(F}) + Al|Fj] = wn| + G a(E;)?.

a(Fy)
(B — 1.

and in particular |a(F;) — a(Ej)| < %a(Ej)2, which implies that

Furthermore, let us rescale F = r;F} so that |F}| = wy, and also translate so
that their barycenters are in the origin. Tamanini’s result ensures that the sets
Fj are eventually graphical and also satisfy the hypotheses of Fuglede’s estimate.
Then by the C! convergence we have rj — 1 and P(F}) — nwy,, hence eventually
P(Fj) < A|FJ‘

Before concluding, further note that

P(F}) = P(Fy) = P(Fp)lr} = = 1 S AIFj|Irf — 1] = Al[Fj| = | Fj|| = Al Fj| = wal
where the last equality holds because F} is convex. Finally we can compute
w
P(F}) < P(Fj) + A||Fj| = wa| < P(B) + a(E)?,

a(F))

(B — 1.

and the conclusion clearly follows from observing that

]

Let us finally remark that, when n = 2, this proof actually yields a sharper
estimate, based on the following result for convex sets (see [33]).

Theorem 2.4.3 (Hall, Hayman). Every convex set E satisfies

o(E) 2 ¢

LO_/ 2 ol 2

and C' = 3 T__ 4s the best such constant.
(4—m)

The proof, as often happens in two dimensions, consists in performing a fine

analysis of the Fourier coefficients of the boundary function, seen as a periodic
complex valued curve.

In [18] the authors observed that, thanks to the selection principle, this result
easily extends to all sets, for the following reason: since the new sequence F), is
eventually converging to B in Ch®, the sets are eventually convex.



Chapter 3

Further Isoperimetry

3.1 Finer Estimates

We begin by demonstrating how the selection principle of Cicalese and Leonardi
has been successfully applied in other contexts, specifically by presenting the quan-
titative isoperimetric inequality of Fusco and Julin (see [30]). They proved that
one can substitute the asymmetry index o with a finer candidate, namely

E = 4/ min
yeR"

This quantity better captures the oscillations of the boundary, and in fact the

2

(@) — —ZL| ann-1(x).

|z —y|

following holds.

Lemma 3.1.1. If |E| = |B(r)|, then
a(E)* +6(E) Srimp(E)?.

This bound follows from the identity

B(E)? =P(E)—(n—-1) maX/ Tl y’ (3.1)

yeRn

and a simple concavity argument.

Let us examine how the proof of quantitative stability must be modified in this
context. The appropriate selection principle will not immediately give us almost
minimizers, but only quasi minimizers.

Definition 3.1.1. A set E C R" is called (K,ro)-quasi-minimizer if for every
F C R" such that EAF € By(x) for some r < rg, we have

P(E, B,(z)) < KP(F, B,(z)).
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For this reason, we will need the following lemma.

Theorem 3.1.1 (David, Semmes (see [21])). If E is a (K, rg)-quasi-minimizer,
there exists a constant C' > 0 such that for every x € 0*E and 0 < r < rq there
exist y, z € By(x) satisfying

B(y,%)CE B(z,ﬁ)mE_Q).

Now we are ready to prove that there exists C'(n) > 0 such that

B(E) < C(n)\/i(E).

Proof Sketch. First, we need to provide an appropriate Fuglede-type estimate,
which follows directly from the proof of the original result. Indeed, let E be a
nearly spherical set, then using the identity |v — p|?> = 2(1 — v - i) for any unit
vectors v, u € S" !, we can bound the asymmetry as follows:

< / - 1+u o
Sn—1 \/(1+u)2—|— |Vul?

S [ wikarsam),
Sn—l

where the second step follows from the area formula, and the final inequality is an
intermediate byproduct in the proof of the original Fuglede estimate.

Returning to the selection principle: as before, by Lemma , We may assume
E C Bpr. We then take a contradicting sequence E; C Bg with |E;| = w,. This
time we consider the minimization problem

min { F(F) = P(F) + i\ﬂ(Fﬂ — BE})*|+ AlIF| = wal : F € B }

for some A > n. This functional turns out to be lower semi-continuous, therefore
minimizers F} exist and up to a subsequence F; — Fi, where F, is a solution of

(P(F) + AlIF| — ] + 38(F)},

and in turn Fy = B(xg) for some z € R".

Analogous to the Cicalese-Leonardi approach, the minimality of F; implies
(K, rg)-quasi-minimality for some uniform (K, 7). Furthermore, the preceding
lemma implies that for every € > 0

B(zg,1 —¢) C F; C B(zg,1+¢)
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eventually in j. Indeed, the lemma asserts that F; has both some mass and some
holes close to the boundary, so OF} cannot lie far from 05.

Finally, up to a translation assume that the F} satisfy |F;j| = w, and are centered
in the origin. Then the minimality, together with the identity 3.1, implies that the
Fj are also (A’,r9) minimizers for some A’ > 0, and the conclusion follows from a
simple computation analogous to Cicalese-Leonardi. O

In the same spirit, Bogelein, Duzaar and Fusco were able to obtain a quantitative
isoperimetric inequality on S™ (see [9]) and, most importantly, for sets of higher
codimension, represented by currents (see [3]). In both cases, the proof required
an ad hoc Fuglede-type estimate and a C® convergence result for A-minimizers.

Lastly, we mention that the same approach turned out to be extremely useful
even in non-local settings. The most relevant instance for us is the quantitative
stability for s-perimeters with s € (0, 1) by Figalli, Fusco, Maggi, Millot and Morini
(see [26]).

One of the most interesting features of this result is the following: since the s-
perimeter converges to the usual perimeter for s 1, and their estimate is uniform
for s > 6 > 0, it also implies the usual quantitative isoperimetric inequality.

3.2 The Gaussian Case

Another important setting to mention is the Gaussian one. In this context, the op-
timal asymptotic growth has been completely determined by Barchiesi, Brancolini,

and Julin [5].
For a locally finite perimeter set £ C R", let

! 6_# L"
)}

’y:

be the Gaussian measure in R" and b(E) = [  © dy be the non-normalized Gaussian
barycenter. We define the strong asymmetry index as

BW(E) = min [b(F) — b(HV,5)| )

vesSn—1

where H, ; = {x € R" : x - v > s} is any half-space such that

o) = o= [ e =) =2 (8).

Moreover the (rescaled) Gaussian perimeter of a finite perimeter set is defined

as , )
Py(E) = ﬁ/ e dH" (),
(2m) 2 JoE



3.2. THE GAUSSIAN CASE 29

or equivalently

P,(FE) = V27 sup {/ (divp —z-¢) 1 p € CZ(R™R"), |lo|lo < 1} :
E

The sharp Gaussian isoperimetric inequality was proven independently by Borell
(see [10]) and by Sudakov and Tsirelson (see [39]). It states that for any fixed

volume ®(s) the minimal perimeter is P (H, ) = e~ 2. More recently Carlen and
Kerce proved that the half-spaces H, s are the unique minimizers (see [15]).
In view of these results, we define the Gaussian isoperimetric deficit as

The asymmetry index 3, is a very good candidate here for two main reasons:

e It bounds the standard Fraenkel asymmetry a,(F) = min,cgn-1 y(EAH, )

as follows:

2

(B < 6,(E).

e [t is algebraically easier to handle and it is related to the strong asymmetry
B, in fact it satisfies

2D, (E) 4 2V273,(E) = 1%1 min / v — V|2 dH" ! = £(B),
o*FE

(277)7 vesSn—1
where £ is the excess.

We expect a dimension-free estimate because the Gaussian setting is inherently
dimension-free, which is naturally reflected in the fact that many of its functional
inequalities hold with universal constants.

Theorem 3.2.1 (Barchiesi, Brancolini, Julin). There exists a universal constant
C > 0 such that for every s € R and E C R™ with v(E) = ®(s), we have

B1(B) < C(1+ 5*)Dy(E).

The proof outline might look similar to a selection principle, but it is actually
a finer argument: consider the functional

F(E) = Py(E) + Sb(B) + Aly(E) — 0(s)|

and most importantly its minimizers. First let us mention that we are interested
in a fixed large A, so that the last term is almost a volume constraint v(E) = ®(s),
but enjoys the algebraic properties of a volume penalization.

Moreover note that, for a fixed volume, half-spaces are the minimizers of P,
but on the other hand they are also the maximizers of |b|. Therefore we hope to



3.3. ON MANIFOLDS 30

prove that, if € > 0 is universally small enough, the minimizers of F are precisely
the half-spaces. In fact, if this was the case, a simple comparison would imply our
desired quantitative stability.

The strategy to prove this claim is the following: fix a minimizer of F, which will
be regular by Tamanini’s theorem, and perform clever second variation arguments
to prove that the inner normal v must be aligned with the barycenter. This means
that F is actually one-dimensional, namely F = R"~! x F, and one just needs to
check that F'is a half-line.

Finally, it is worth noting that, while the only global minimizers for the Gaussian
perimeter are the half-spaces, La Manna proved in [35] that balls are strict local
minimizers among centrally symmetric sets.

3.3 On Manifolds

Lastly, we mention what is currently known about general manifolds.

As one might expect, a global quantitative isoperimetric inequality generally fails
on manifolds because the underlying geometry strongly influences the stability of
sets. However, Chodosh, Engelstein and Spolaor proved in [17] that generically a
quantitative inequality with the Euclidean sharp exponent % holds.

For a given Riemannian manifold (M, g), define the isoperimetric profile
I,(V) =inf{Py(FE): EC M,|E|, =V}
the set of minimizers M‘gEl and the asymmetry index
ag(E) = inf {|EAF|g Fe MgE} .
On the negative side, they found the following example.

Theorem 3.3.1 (Chodosh, Engelstein, Spolaor). There ezists a closed Riemannian
manifold (M, g) such that for some V' > 0 there exists a unique isoperimetric region

Q C M and smooth sets Ey such that |QAE|; — 0 and

IQAE [>T
Py(Ey) — Py(Q)

— 00

for all v > 0.

The construction is based on the well-known fact that for R > 0 big enough the
manifold S'(R) x S"~! is such that the only half-volume isoperimetric regions are
described as (z,z + Rr) x S*~ 1.

Next, let us focus on the positive results. For a given manifold let I" be the set
of C3 metric endowed with the C?3 topology.
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Theorem 3.3.2 (Chodosh, Engelstein, Spolaor). Let M be a closed manifold of
dimension 2 < n <7, then there exists a dense subset G C I' such that each g € G
has the following property: there exists a dense subset V C (0, |M]|y) such that for
each V €V we have

Py(E) — (V) > C(g, V)ay(E)?

for any E C M with |[E|=V.

This strategy represents a standard approach in such scenarios: fix a diffeomor-
phism type of the boundary, define a suitable map that associates to each such
minimizer its relative metric and volume. Then, after verifying that it is a Fred-
holm operator, we can apply the Sard-Smale theorem to prove that non-degeneracy
(equivalent to strict stability) generally holds.

Finally let us mention that a weak, but sharp, stability result holds for any
analytic metric.

Theorem 3.3.3 (Chodosh, Engelstein, Spolaor). Let (M, g) be a closed analytic
Riemannian manifold of dimension 2 < n <7, then for every volume V > 0 there
exist C' > 0 and v > 0 such that

Py(E) = I4(V) > Cay(E)*™.

In this case the idea is to employ a specific Lojasiewicz-Simon inequality, bor-
rowed from [25], asserting that analytic functions are somewhat strictly stable
around minimizers, but only for some exponent greater than 2. In our setting we
can apply this estimate to P, around isoperimetric regions and get stability for
general sets by a simple compactness argument.

Remark. In both statements, the dimension is bounded from above. This is un-
avoidable, because for n > 8 isoperimetric regions are not necessarily smooth, while
the needed local stability results only work for smooth minimizers.

Remark. The reason why these estimates were so difficult to achieve is the follow-
ing: in arbitrary Riemannian manifolds isoperimetric regions can be completely
unpredictable and hard to describe, while the original Fuglede estimate strongly
relies on the precise shape of balls.

This discussion should also convince the reader that these methods are extremely
general, and consequently we should expect to be able to provide strong generic
stability and weak analytic stability in many other scenarios.



Chapter 4

The Sobolev Case

Recall that, in a given dimension n > 3, the sharp Sobolev inequality states that
for any function f € H'(R")

S llF 72 @y < IVFI22Rny »

where 2% = % =2+ % is the Sobolev exponent and S,, = in(n —2)|S” "
Moreover equality is only attained by the Aubin-Talenti bubbles
1
Yaby = b

(14 alz —y|2)*=

for a > 0, b € R and y € R™. This was first proven independently by Aubin
and Talenti in 1976 (see [!], [10]) and later by Carlen and Loss via a competing
symmetry argument (see [10]).

Let M be the set of the Aubin-Talenti bubbles and M7 C M the bubbles with
unitary L2 norm. A quantitative counterpart to this inequality that has recently
gained significant interest is the following:

i (£, M) = inf IV F = Valiaaey < O) (19 ey = S0 11 o)
(4.1)
The first full proof of the existence of a C'(n) > 0 was found by Bianchi and Egnell
in [7], but they did not provide explicit control over the constant due to the presence
of compactness arguments.
Define also the ratio

inf et [V~ Vol2e@e,

£(f)

Y

so that equivalently we want to prove that

inf £(f) 2
feH(R™)

SRS
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Lemma 4.0.1. The functional £ is conformally invariant in the following sense:
given any f € H'(R™) and conformal transformation C, the function

fe(x) = |JC ()| f(C(x))

satisfies E(f) = E(fo).

Proof. We just need to consider translations, dilations, orthogonal maps and the
€T
P
observing that M is preserved by these transformations, so that both numerator

inversion x > by Liouville’s theorem. Then the thesis easily follows from

and denominator are invariant. O

More precisely, every g € M can be described as g = ¢(go)¢ for some conformal
transformation C' and a constant ¢ € R, where (ggp)¢ is defined as in the previous

lemma and 1

g(z) = ————=

(14 |22)"5

Remark. d(f, M) is somewhat analogous to the asymmetry 3(E) introduced in the
previous chapter. The L% distance would correspond to the Fraenkel asymmetry

index a(FE).

4.1 Reductions

The first step requires a change of perspective: using the stereographic projection,
we can restate our inequality on S™. This transformation will turn out to be highly
advantageous because it maps Sobolev minimizers into a convenient set of functions
that includes the constants.

More explicitly, recall that the stereographic projection is the map p: R® — S”

such that i

= (22,1 — |z
p@) = (@1 = e,

n
which in addition satisfies Jp = (ﬁ) . Let us consider the transformation

that, given a function f € H'(R"), gives

n—2

ﬂwz(—i—)2f@ﬂw»

1+ wpy1

and note that 1 4+ wp4+1 = so that the constant coincides with

_2
1+|z[??

e (T4l
u@UWQ—erﬁ .
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In this way, one can easily check that change of variable gives

1
1]l 2x (smy = I1f 1] £2* ey / (|VF\2 +qnln = 2)|F\2> do :/ IV de,
while the Aubin-Talenti bubbles become
Gapelw) =cla+b-w) ™5

with a > 0, ¢ € R, b € R" such that |b| < a, so that inequality in terms of F
becomes

é%fc{HVF — VG||2Lz(U) + A ||F - GH%Q(O’)}

<€) (IVFlae) + ANFIG0) = AIF ) )

where A = }Ln(n — 2) and the surface measure o has been normalized.
Restricting to the case where the distance minimizer is G = 1, and defining
r = F — 1, a standard first variation argument yields

/rdU:O /wrd(r:O,

and our inequality simplifies to
2 2 2 2 2
IVrlize + Allrllze < C()(IVrllze + AllL+7rllze — Al +7{|72+) (4.2)

for any such » € H'(S™). Our aim is to prove that we can choose C(n) < Cn for
a universal constant C.

4.2 Local Case

Assume that r > —1 (corresponding to positive /' and f) and that ||r|;, < 6,
where 6 > 0 is a universal constant to be determined. We then decompose our
function as follows:

rr=rANe1 ro=(r—e1)4+ A (g2 —e1) rs=(r—eg)r=r—ro—rq,

where 0 < 2e1 < €9 < 1 are universal constants to be decided.

Remark. For any fixed n, the existence of a d(n) can be simply proven by spectral
theory and some polynomial expansions for the L?" norm (recall that 2* < 6).
However, the technique we are going to present requires 2* < 3, or equivalently
n > 6. As we are mainly interested in the asymptotic properties of 1.1, we will
give the cases n = 3,4, 5 for granted and assume n > 6.
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Lemma 4.2.1. There exists a constant C, ¢, such that for any such v and any
2 < g < 3 there exists a constant Cy, ¢, for which

1 1
(14+7)? < 14qr+ (iq(q -1+ 2519) r%—i— (gq(q —1)+ 0617529) T%—i—z rirj—i—(l—i—gge)rg ,
i#]
where 0 = q — 2.

Proof Sketch. While the precise proof is somewhat technical, the underlying strat-
egy is quite natural. First, note that

q(g—1)

3
(1+nm)?1<1+gqgr+ 5" +0r)

for all r € [—1,00), e.g. by bounding the Lagrange remainder.

Now, for x < g9 the estimate easily follows from appropriate weighted AM-QM
inequalities.

For x > €9 we need to estimate (1+1)? —r? keeping track of the factor 6, which
makes a difference when ¢ approaches 2. Let us split in cases:

o If r3 < C for a fixed C' > 1+ 9, then
(T4 — (1472 =1 +r2((1+r)?—1) < (1+7)%r0 <8C%,
and similarly one gets
r3 —rd=r3(1 - r§72) < min{r3, 1 — 7’%72} <90
for r3 < 1, which concludes this case.

o If r3 > C, then

1+e9\ "
(1+r)q:(1+€2+7“3)q=7“§ (—1— T82>
3

q(q—1)

5 ri2 (14 £9)? + 0CT3(1 + £9)?,

<ri+ qr?q)_l(l +e9) +

and the conclusion follows from the bounds

qlq—1) q—2

qrg_l — 2r3 S Grg 5 ry ~—1 S Hrg,

which hold for C' universally big enough (and are again obtained by splitting
in different regimes).

[]
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2
q

By applying this lemma together with (1 + x)
q = 2% (so that 0 = —5 < 1) we get

<1+ %x, to our function with

n

r3do + = Z/ rirjdo 4+ — 1—1—526’)/ rido,

n

||1+r||%qs1+<q—1+ele>/ 2 do

+ (q -1+ 0617526)) /

n

so that, for a fixed (small enough) €9 > 0 the RHS of 1.2 is greater than
cof(IVrlls + Allrlly) + I+ Io + I
where (note that A0 = n)

I = (1 —c00) | Vri]l5 — n(1 + o + 1) [[r1ll5 + noo(||r2lls + I73]3)
Iy = (1—eof) | Vralls — n(1 + 0+ 00 + C, ) |72

2
I3 = (1 —08) || Vr3)l5 + A(L — (00 + £0)8) [|r3]|5 — A+ e20) Irs]|2 -

Remark. Note that an upper bound on g¢ is needed because in the last step we got
rid of (1 — % — e00) Zi# [ rirj where 1 — % = % (this observation is missing in
[23]). Note also that this sum is positive by definition.

Now it remains to show that these terms are all non-negative for an appropriate
universal choice of the constants. Let us first give an outline of the proof:

1. Iy: Similarly to Fuglede’s approach, r1 is a good approximation of r, so its
degree 0 and 1 harmonic coefficients are almost null, and in turn it satisfies a
strong Poincaré inequality.

2. Is: We expect r3 to behave like a constant, so that also higher degree harmonic
coefficients are almost vanishing, and in turn it would satisfy an arbitrarily
strong Poincaré inequality (needed to balance the magnitude of C;, .,).

n

3. I3: Note that [|r3]|, < [I7]], < 1 implies ||r3]|7 < ||r3\|2. Then, since % =02 _
1-— %, it is clear that there exists a universal constant C' > 0 such that I3 > 0
is weaker than the sharp Sobolev inequality, whenever max{eg, 09,2} < C.

2 2 2
Allrslly < [IVrslly + Aflrs]l; -

4.2.1 First term

Let
f:ﬁ—/ rlda—(nJrl)w-/ wrydo
Sn n
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be the projection of 1 on the spherical harmonics of degree > 2, then we know

that
2 2
I3 — ( / r da) —(n+1) / wride| = |77,
Sn n
1 9 1 9
< — |V < — |V .

Remark. Here one could get a stronger control by keeping track of the loss in the
last step (which is proportional to H'f’1||§), but it is not needed.

We just need to estimate these two coefficients: let Y € {1,a-w} for a € R"*1,

then
/ Yrido

by Hélder inequality (%1 + zll + % = 1), and we can easily verify that

1
< WYlly e = entl® llra + 73l

/ Y(ro+1rsg)do

2
lr2 +73lly < |I7ll, llr2 + rally < 6v2 |7 + 3],

1 2
{r1 = e} < = llnlla
1
3lal* 3lal*
1, =1 Lt = < '
H H4 Ha w”4 <n+1)(n+3) — (n+1)2

Putting all the pieces together gives

‘/ 1 do
Sn

so that

25\/—

P 0V2 . 6 .
< Pty Al < 22l 3 o3

/ wrido
Sn

I >0+ 1)(1 - £0) — n(1 + 0 + 1)) 113

=20+ 1)(1 = 200) 2 oy 13 43 3443

1
which, after defining z = ||r1]|, and y = Hr% + 7‘?2)”;, can be simplified to
1 2 g 2
—I1 > (1 —=3e9 —e1)x* — 10—zy + ogy” .
n €1

Finally, as long as 3gg + &1 < %, a sufficient condition for having negative discrim-

inant is
52
50—2 < 0p. (4.3)
&1
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4.2.2 Second term

In order to deal with this piece, we will need the following estimate.

Theorem 4.2.1 (Duoandikoetxea (see |24])). For any k-th degree spherical har-
monic

k
1Ykl Logsny < (0= 1)2 Vel 2(sn) -

Given any k-th degree spherical harmonic Y, let us bound as before

/ YT’Q do

but this time we will put together the following pieces

1
< Vil {r = et [lrally ,

04

1 k
{r>eall <5l <= 1Yy <32.
€1 €1

Indeed, if 7, is the projection on the k-th order spherical harmonics we get

3564
[mrally < ——IIrall2
€4
1
. . K-1
and in turn, letting Il = Zk:o Tk,
K .q
3204
Mgrally < ——lIr2ll5 -
e

Finally

2 2 2 3543 2
[Vrall3 > V(1 —II)re|ls > K(K+n—1) ||(1 —Ig)r25 > Kn | 1 — 7 725
&1

and one can first choose any (universally bounded)

]. +€0 + UO + 051752
1—¢g

K >2 , (4.4)
where RHS is at least twice the constant appearing in I2, and then ¢ universally
small to make the last coefficient greater than %

Remark. Note that, except for the condition 2e1 < €9, all the other constraints are
clearly satisfied by just imposing max{eg, €1, 2,00} < C for an appropriate C' > 0
universal and 6 < C(eg, €1, €2, 00).
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4.3 Local to Global

Now let us prove the existence of a C(n) < Cn for 1.1 for all f € H'(S") such that
f > 0 (implicit in all the statements). First let us see how to transfer the local
estimate to R"™.

Lemma 4.3.1. If d(f,M)? < & |V f|[5 with 61 = 125, then E(f) > b

Proof. By conformal invariance we can assume that d(f, M) is attained at gy =

(Lte?) 2 |12)n_2 , which, up to rescaling, corresponds to the constant 1 when we reading
+l|x]?) 2
the problem on S™. Define r = F — 1, then the hypothesis reads as

4] 4]
2 2 2 2 2 2
19713 + Al < o (19713 + AN+ 713) = 7o (A + V713 + Al ),

or equivalently
2 2
IVrlly + ]z < 64,

which implies ||7]|o. < d by the sharp Sobolev inequality. ]

From now on, assume instead that d(f, M)? > 61 |V f ||g Consider the sequence
fi = (RU)*f introduced in the appendix, and recall that f — Rf can be seen
as a countable composition of Steiner symmetrizations. Therefore, the elements of
the sequence fj, can be connected by a curve ¢ — f; € L2 (S™) satisfying the same
properties of the continuous Steiner symmetrization.

We need a couple of lemmas regarding this sequence.

Lemma 4.3.2. For every positive f € H'(R")

2
g M2 = 19113~ s, ([ g ar) (@5)
1 S»
Proof. Recall that every g € M satisfies the Sobolev equation
g> ! 2" -1 2
—Ag = Snw = 5ng” " = 5ng _17
lgll2-

and ||Vg||g =Snllg 3* = Sy, therefore, for any ¢ € R,

IVf = cVglly = IV fll5—2¢ / Vf-Vg+c |Vglls = [V fll342¢Sn / f g% T S

The minimum in ¢ € R is precisely

2
||Vfr\§—sn( fgz*—lda),

Sn

from which the identity follows. m
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Lemma 4.3.3. The sequence d(fi,, M)? is strictly decreasing and it converges to
. 2
limy, [V fiell3 = Sn [l.f

Proof. Applying U does not affect the values involved, so we just need to discuss
the application of R. Look at the identity

2
2+

e The first term is decreasing by the Polya-Szegd inequality.

e Recall from the appendix that f, — cgo in L?" for ¢ > 0 such that || f|jy. =
llcgo 3 by Holder inequal-
ity and gg € M. Moreover it is strictly increasing due to the properties of R
and because the functions in M are radially decreasing up to translation.

o+, therefore the second term coincides with .S, || f

]

In order to conclude, let us distinguish two cases:

o d(fr, M) > 61|V fi|l5 for all n: since d(f, M) < ||V f]l5, we have

IVFlls = So llFll5: - iy [V Fills = Sullflly- o
IV 13 g [Vl

e Otherwise let k£ be an index such that

d(fr, M2 > 01 |V Ills  d(farn, M)? < 81|V frpalls -

E(f) =

Then let us consider the usual curve [0,1] 3 t — g; € L¥ (R®) from U f;, to
fro1 made of continuous Steiner symmetrizations.

Remark. The idea is the following: if there was an s such that d(gs, M)? =
51 ||gs||§, then we could perform the following computation

IVFIS — S llfll5- — 1Vgslls — Sn Il f1l5-
E(f) > . > >
NMTE 1V gsI2

The main issue is that none of these terms are continuous in ¢, and we can
only rely on the right continuity of || Vgsl||, (see the appendix).

= (515(95) Z 51809

Indeed, let
7 =inf {s € [0,1] : d(gs. M)? < 61 [|Vgsll3} -

Then by identity and right continuity we get d(g,, M)? < & HVgTﬂg.

Finally, similarly to before, given £ = lim,_, .- HVgSH% > HVgTHg and assuming

gr ¢ M, we have

= Sullgr 3 1 0 — Sy llg-1l3-
limg - d(gs, M)2 t— 5y SUPge M, (9.9

E(f) =0

2*_1>2 > 518(97) > 615007

where the monotonicity in the second to last step holds because ||gr|/5. >
supg€M1<gT,g2**1> by Holder inequality. If g, € M then the third term is

precisely d; (numerator and denominator are equal).
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4.4 General Sign
Finally, let f € H'(R") be any function with |f|l,. = 1 and m = | f- S*
[0, %] without loss of generality. The thesis will follow from a standard concavity
argument, analogous to the isoperimetric case.

Indeed, for any function h, let us define D(h) = HVhHg — Sn HhHg Setting

Qp = 23 =1- %, we introduce the function

vt)=t"+(1—-t)" -1,
which satisfies ¢¥(m) > (2 — 2% )m® analogously to 2.6. In conclusion

D(f) = D(f+) + D(f-) + Sutb(m)
D(f4) + (2= 2*)(D(f-) + Sum®")

= D(f4) + (2= 2%) |V f-II3

> min{dief, 2 — 2%} (d(f1, M)* + [V - [3)
1
2

> — min{d1e06, 2 — 2°"}d(f, M)?.



Chapter 5

The Current Attempt

5.1 Refining Fuglede

For notation purposes, let us phrase the problem in S € R"*! and normalize the
surface measure o of S".

An algebraic observation that makes the perimeter functional for a graphical set
more manageable is the following: if E is described by u, then after defining

r=(1+u)? -1,
we have
P(E) 2\/ 4 |Vrp
—_— = 1+r 1+ 5——5 do
and 5
2] :/ (14 r)¥do
Wn+1 n
1 ) 9 . . .. .
for g =2%= =2+ = (and 0 = 7). Then the sharp isoperimetric inequality reads
as

(;(fn) _/(1+T)2\/l+%da— (/(1+T)qda>q >0

for every r € H'(S™) such that r» > —1 or equivalently, setting h = 1 4 7,

[ 4|Vh|?
/h2 1+ LW‘ do > || (5.1)

for any h > 0. Note that it also holds for every h € H'(S") (by plugging |h/|).
Moreover

EAB
<’ |<w"+1 (1+7)?—1]do S (1+7r)?—1|do,

a(E) < <
£ |El Jsn S

where the last step is possible whenever we assume that |E| < wy41, which will be
the case for us (note that we are not assuming |F| = wy4+1).
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5.1.1 With Lipschitz Bound

In this framework, we will discuss a possible approach to look for a asymptotically
sharp quantitative isoperimetric inequality for sets satisfying | Vu||,, < e universal
(stronger than Fuglede’s result). First note that

Vr n Vu
1+r 21+4u

Vr
1+r

and consequently || HOO < en.

As previously mentioned, we want to manage all sets with a universally small
asymmetry index. In this framework, however, the natural quantity to bound is
directly [|7||, rather than a(£). This is not a major issue: indeed, if [[r[|, <1 we
have

a(E) Slrlly + 1Irlig S lirlly

and on the other end 27 < |(1 + )7 — 1] for all z > —1, therefore
Il < «(E).

Hence, trying to estimate ||r|| g 1s reasonable, not only because it would imply
an analogous estimate for a(F), but also because a universal asymmetry bound
a(E) < e corresponds to a bound for |[r[|, which is still universal.

Moreover, imposing that E has volume w,, and barycenter in the origin can be
stated in terms of r, but it is not the cleanest condition. For this reason, for the
moment, we only considered hypotheses which directly regard r itself. While it is
possible to translate the smallness conditions from one formulation to the other,
we will stick to this setting to avoid unnecessary technical noise.

Let us show a first naive approach to this idea.

Theorem 5.1.1. There exists a universal constant € > 0 such that, if |Vu| <

< e and
/TdO':O /T:L‘da(x):O,

Co|rl; < 5(E)

= Il

then

for some universal constant C' > 0.
Proof. To begin,

2 9 2 2 P(E) 2 9 2 2
[T+rla+(1-C=) 5 IVrls < ———— <1 +r[p+{1+C=) <[V .
n/n (n+ Dwpt1 n/n
n
(5.2)
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The idea is precisely to apply the left side of and then follow the proof of the

Sobolev case by Dolbeault et al.: divide r = r; + 79 4+ r3 in the same way, and
2

redefine A = %5 and 0 = %, then following the same computations one can check

that %25(E) is greater than

2
n
ot (I9718 + 5 113) + 1+ T

where

I = (1 —2C£0 — £00) || Vr1]l3 — n(1 + o + 1) 1|5 + noo(||r2]l5 + [73]3)
Iy = (1 —2C20 — e08) |Vra||* = n(1 + g0 4 00 + C, 2 |Im21l3

2
I3 = (1 —2Ce0 — gp) ||V7’3||g + A(1 — (00 + €0)0) ||7“3||§ — 514(1 + £90) ||T3||g .

Since we have a new contribution proportional to €, the computations of the origi-
nal proof can be carried out in the same exact way for a suitable ¢ > 0 universally
small enough.

Finally the isoperimetric inequality 5.1, together with the right hand side of 5.2,
gives
o, n? 2 S n? o
I3+ 2 19el3 2 5 )2

]

We would like this approach to work also for the weaker condition ||Vul| <e.
However, this would mean that the estimate holds with Ce instead of C'Z, and
consequently we would carry a factor Ce inside the terms I;. Unfortunately, we
note the following issues:

e /1 and I can be bounded in the same way, because in both cases one can
can rely on harmonics with big enough degree. For example, intuitively [} ~
|V Hg—(H—Ce)n Hrng, but we can ensure that (up to small terms) ||Vry H% >
2n(1 — Ce) ||r1f5-

e Instead I3 is problematic because we would like to reduce to the isoperimetric
inequality via the right side of 5.2, but the contribution of Ce cannot be
absorbed by terms with a factor 6 = %

In particular, this decomposition does not seem capable of proving the bound
under our weaker hypotheses.

Note that the condition ||Vu||,, < \/LE is not directly comparable with Fuglede’s

hypotheses |lu, < £ and [|Vul|,, <€, therefore this is a new, but weak, result.
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5.1.2 With Volume Bound Only

Our hope is to somehow further drop the Lipschitz bound in the previous attempt,
therefore one would like to nicely bound the perimeter functional without relying
on a Taylor expansion, but only on monotonicities.

In particular, following the previous computations, it is clear that the loss in
is not an intrinsic obstacle of this problem, but instead a symptom that this is not
the correct point of view.

At the moment, this approach remains a work in progress.

5.2 From Local to Global

Let us briefly discuss the main obstacles we face:

e We can restrict to a(E) < ¢ for any fixed universal ¢ > 0: indeed, let E,, =
SnFEn—1 be a sequence of Steiner symmetrizations converging to a ball B,
then, analogously to the Sobolev case, they define a curve t — FE; which is
continuous in L'(R™), such that |E;| is constant, P(E}) is decreasing and
E; — B. Then there exists an index s such that «(FEs) = ¢, therefore

<

A significant limitation of this approach is that it only restricts to sets which
are round in measure, lacking any additional regularity properties.

The Sobolev case was significantly different because it was possible to perform
the local expansion for any sufficiently close function.

e The selection principle by Cicalese and Leonardi is not the right tool for us,
for a few evident reasons:

— One needs to restrict to uniformly bounded sets, a step which already
adds a large dimensional constant.

— The result by Tamanini is reminiscent of other well known regularity re-
sults, like Allard’s theorem for stationary varifolds and Schauder’s regu-
larity for uniformly elliptic PDEs. In all these cases, the proof strategy is
the same, and it is clear that any quantitative estimate is either impossible
or at most extremely weak.

— The proof relies intrinsically on a contradiction argument. Indeed, the
selection principle makes us lose track of any original convergence rate,
given that I; — B is obtained with the standard subsequence argument.

e An alternative strategy involves applying a star-shaped symmetrization to E,
potentially developing a continuous version of this transformation.
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A natural first attempt is to fix an optimal ball and perform a one dimensional
(continuous) Steiner symmetrization on every line passing through the center.
More precisely

. HYENRy) HY(ENRY)
E* = U l_ 9 ) 9 v,

vesSn—1

which is also graphical in Fuglede’s sense. It is in fact well known that this
process decreases the perimeter (and one expects the continuous version to
do the same). However it can also drastically decrease the volume, since the

formula in spherical coordinates R x S"~! involves the rapidly increasing factor
gl

Consequently, one could hope to use the volume-fixing version of this trans-
formation, namely

. U(E,v) UE,v)
EV:Ul_ 2 2 }”’

1/65"71

where

1
—K(E,V)"—/ e
n EV

with £, = {t € R: tv € E'}. However, Kawohl found explicit examples of sets
(and functions) satisfying P(E) > P(E};) (see [34]). In these contexts, the
correct inequality to expect would concern an appropriate weighted perimeter.
Many instances of this phenomenon have been found in more recent years.
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(Continuous) Symmetrizations

Symmetrizations have been revolutionary tools in the study of shape optimization
problems. In this section we present some of their properties and, most impor-
tantly, we define the continuous Steiner symmetrization, first introduced by Brock

(see [12], [13]).

A standard reference for classical symmetrizations is [30].

Theorem A.0.1 (Brock). Let H be a hyperplane in R™ and D = Ry U {+o0}.
There exists a family of operators {My}iep on LA (R™) for any 1 < p < co such
that:

1. Mg =1d and My, = Sy, where Sy is the Steiner symmetrization with respect
to H.

2. The operators satisfy My o Mg = Myys for allt,s € D.
3. My(f) is equimeasurable with f for allt € D.

4. For any f,g € L% (R"™) we have

[Me(f) = Me(9)| ony < N1f = 9l Loy
forallt € D.

5. For any f € LY (R™) and g € L% (R™) with ]lg + % =1, we have

fgdr < My(f)My(g) dv
Rn Rn

forallt € D.

6. If f € Wl’p(R”) and f > 0, then M(f) € Wl’p(R"), and the curve t —
IV Mi(f)llLr(rn) is non-increasing.
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7. The curve t — M(f) is continuous in LP(R™).

8 If f € HY(R™) and f >0, the curve t — IV M(f)ll 2(rmy is right-continuous
(see [23]).

The construction is initially defined for positive functions in LP(R). For a general
positive function in LP(R™), we then apply it to every line orthogonal to H. The
idea is the following:

o If f =xp with £ = |_|i,:1 I;. for some open intervals I, we translate their
centers towards the origin: more precisely, if I = b+ (—a,a) we consider
t + €7 'b+ (—a, a), which is exponential for composition purposes. The first
time two of them touch, say ty, we will have a new decomposition F; = ?Clzl I
and we restart the flow analogously (clearly with respect to the new centers).

o If f= Zi:l ck X1, 1s a positive simple function, the level sets are finite unions
of open intervals, hence we can define M(f) via the layer-cake formula:

Mt(f):/ X, ({f>t)) At -
0

e Finally, one can easily check that [[M(f) — M(g)|[, < |[f — gl|, for all simple
functions f, g and 1 < p < 0o, therefore we can define M; on the whole L (R)
by density.

Theorem A.0.2 (Brascamp, Lieb, Luttinger (see [11])). Given any function f €
LP(R™) there exists a sequence of Steiner symmetrizations Sy (of hyperplanes pass-
ing through the origin) such that fi, = Sg...S1f — Rf in LP(R™).

Proof. Inductively choose the k-th Hj hyperplane in such a way that
. 1
1Sk fe—1 = Rl < inf || S foo1 = RS, +

Moreover observe that infy [|Spf —Rf|, < [[f —R[f|, whenever f # Rf. It
is well known that Steiner symmetrizations do not increase the LP modulus of
continuity, so that |7, fx — fill, < [[7af — f[, for all b € R" and in particular
the sequence is equicontinuous. Moreover, one can also prove that fj is equitight,
therefore (f%) is precompact in LP(R™) by the Riesz-Fréchet-Kolmogorov theorem.

Let fr, — g be a subsequence converging in LP(R"). If by contradiction g #
Rf (also note that Rg = Rf), then there exists a symmetrization S such that
1S9 —Rfll, = llg = Rfll, — ¢ for some ¢ > 0. Because f, — g strongly, for j
large enough we have

1 €
| = Rell, = 5 < [Sfemr = RA, < | fisa = RA, =35

and in turn also ||fkj — Rpr < ||fkj,1 — Rf”p — 4, which is impossible. Fi-
nally, since every convergent subsequence must converge to R f and the sequence
is precompact, we have fr — Rf in LP(R™). ]
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Let R be the radial rearrangement on R™ and U the conformal transformation
on R" such that

vt = (=n) 7 (e e =)

which, when read on the sphere S™ via stereographic projection, corresponds to a
rotation of the last two components:

(UF) (w1, ,wn,wnt1) = Fwi, ..., wnt1, —wn) -

It is easy to check that U is an isometry of both L? (R") and H'(R™), and in turn

it preserves the ratio ||||éU‘2||* , whereas R is an isometry in any LP(R"™) and satisfies
2

the Polya-Szegd inequality

VRN z2@ny < IV Fll 2wy -

For example, it easily follows from applying the sharp isoperimetric inequality to

the coarea formula for f. From these properties we deduce that the ratio ||||éU‘2||* is
2

non-decreasing when applying R.

Theorem A.0.3 (Carlen, Loss (see [16])). Given any non-negative function f €

HYR"), the sequence f, = (RU)Ef converges in L? (R™) to the Aubin-Talenti

bubble
c

———
(1 +J2?) >
with ¢ > 0 such that ||g|| ;2 = || f]| ;2

Proof. By the non-expansivity of R, it is sufficient to prove the theorem for a dense
subset of L2" (R™), so we can assume that f is bounded with bounded support. Now
note that both R and U are monotone operators, therefore if f < Cg for some
C > 0, then we also have f; < C'g and consequently f; is dominated by a function
in L. Moreover the functions f}, are all radially decreasing, therefore there exists a
subsequence k; such that f, — h a.e. for some h by Helly’s selection theorem, and
also in L?" by dominated convergence (we do not know that RUh = h yet because
< IRUS, 4]

we passed to a subsequence). Finally note that || Jhior — g} o

and in turn

|lh—g

which means that Uh is radially decreasing, but h is also radially decreasing and

o UL —g

2*:Hh—9 2%

this can only happen if h = g. O

Remark (Sharp Sobolev inequality). Since the ratio % is increasing during this
2

procedure and limy d'é’}'llfn < S, (the ratio of any Aubin-Talenti bubble) by weak
2

lower semi-continuity, it means that the optimal constant for the Sobolev inequality

is precisely S,.
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Finite Perimeter Sets

A standard reference for the material presented in this appendix is the monograph
by Ambrosio, Fusco, and Pallara [3].

We begin by introducing the space of functions of bounded variation and the
decomposition of their distributional gradient.

Definition B.0.1. Let Q C R™ be an open set. A function u € LY(Q) is said to be
of bounded variation, denoted by u € BV (), if its distributional gradient Du is a
finite vector-valued Radon measure on Q.

A set E C R™ is a set of finite perimeter in § if its characteristic function xg
belongs to BV (2). The perimeter of E in ) is defined as P(E,Q) = |Dxg|(£2).

Theorem B.0.1. Let u € BV(R") and let
Du= D% + D°u=VuLl" + D’u

be the Lebesque decomposition of Du with respect to L™, then the singular measure
D*u can be uniquely split into a Cantor part Du and a jump part Diu, satisfying
the following properties:

1. Diw is concentrated on the approzimate jump set S, and is given by

Diy = (um —u" )y H LS,

where u™ and u~ are the upper and lower approzimate limits of u along the
direction of the measure-theoretic normal v, of Sy,.

2. D is singular with respect to L and moreover |Du|(A) = 0 for any Borel
set A with H" 1(A) < oo.

Definition B.0.2. Let E C R" be a Lebesgue measurable set. For any t € [0, 1],
the set of points of density t is defined as

n_ n i ZHE N Bp())
E()_{xER.})% m(Bp(;)) —t}.
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The essential boundary of E is defined as

0.E = R™\ (E(O) U E<1)) .
Definition B.0.3. Let E be a set of finite perimeter in R™. The reduced boundary
of E, denoted by O*F, is the set of points x € supp(|Dxg|) such that the limit

Dxg(By(x))

vp(e) = = I o B,

exists and satisfies |vp(z)| = 1.
We now report the structure theorem for the reduced boundary due to De Giorgi.
Theorem B.0.2. Let E C R"™ be a set of finite perimeter, then:

1. Dxg is concentrated on the reduced boundary 0*E and satisfies

Dxp=—-vpH"  'LO'E.
In particular P(E) = H" Y (0*E).

2. The reduced boundary O*E is countably (n — 1)-rectifiable, meaning that

(o.)
a*E:NuUKh,
h=1

where H*Y(N) = 0 and each K}, is a compact subset of a C' hypersurface.

E—x

converge in L{, (R™) as p — 0

3. For every x € 0", the dilated sets E; , =
to the inner tangent halfspace H, ), defined by

Hyp@)={y €R" 1y - vp(z) <0}.
Theorem B.0.3. Let E C R™ be a set of finite perimeter. Then
oEc BV coE

and

H" Y O,E\O'E) =0

Next, we recall the behavior of functions of bounded variation under traces,
compositions, and product operations.
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Theorem B.0.4. If R C R" is an (n — 1)-rectifiable set and f € BV (R™), then
for H" 1-a.e. point x € R with normal vg(x), there exist values fT(z), f~(z) € R
such that

.1

lim — 1f(y) — f*(2)|dy =0,

0P ) B (a)
where Bpi(x) ={y e By(z) : £(y — x) - vgr(z) > 0}.
Theorem B.0.5. Let u € BV (R";R™) and let f € C1(R™) be a Lipschitz function
such that f(0) = 0. Then v = f(u) € BV(R™) and its distributional derivative is
given by

D(f(u)) = Vf(u)VuL® +V f(@)Du+ (f(u™) = f(u))H"" L Su,
where u is the approximate limit of u, and S, is its jump set.
Applying the chain rule to a product function yields the following decomposition.

Corollary B.0.1. If u,v € BV(R™) N L>®(R"), then uv € BV(R") and D(uv)
can be decomposed as follows:
V(uww) = uVu + vVu,
Df(uv) = aD% + 9D u,
DY (uv) = (uToT —u v )vg,us, H L (S, U S,) .

A particular consequence is the generalized Gauss-Green formula

Divf(EW) = / trp(f) - vg dH" !
o*E

for every set of finite perimeter £ and f € BV (R";R™), where Divf denotes the
divergence measure of f.

Finally, we include the behavior of sets of finite perimeter under slicing due to
Barchiesi, Cagnetti, and Fusco (see [0]).

Theorem B.0.6. Let E C R™ be a set of finite perimeter. For (z',y) € R* ¥ xRF,
define By = {y € R¥ : (2',y) € E} and vg(2') = H¥(Ew). Then vg € BV(R"F)
and

P(E)2 | PE Vo) da’ + [Dog| R, (B1)

and equality holds whenever E is axially symmetric.
If in addition

H"  {z € 0*E : vg(x) e R"F x {0}}) =0,

then vp € WHY R meaning that | DSvg|(R"*) = 0.
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Corollary B.0.2. Let E be a set of finite perimeter and E* be its Steiner sym-
metrization with respect to R" %, Then P(E) > P(E*).

Proof. By definition of the Steiner symmetrization, £, is a k-dimensional ball
with the same volume as E,s, which means that vg = vg+-. The thesis follows from
applying the sharp isoperimetric inequality to the slices, which gives P(FE,) >
P(E?) for H" *-ae. 2. O
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