Quantitative stability for the Brunn-Minkowski inequality
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Abstract

We prove a quantitative stability result for the Brunn-Minkowski inequality: if |A| = |B| =1,
t € [r,1—7] with 7 > 0, and [tA+ (1 —t)B|"/™ < 146 for some small §, then, up to a translation,
both A and B are quantitatively close (in terms of §) to a convex set K.

1 Introduction
Given two sets A, B C R", and ¢ > 0, we define the set sum and scalar multiple by
A+B:={a+b:ac A be B}, cA:={ca:ac A} (1.1)

Let |E| denote the Lebesgue measure of a set E (if E is not measurable, |E| denotes the outer
Lebesgue measure of F). The Brunn-Minkowski inequality states that, given A, B C R™ nonempty
measurable sets,

|A+ BIV™ > |A]'" 4 |B]V™, (1.2)

In addition, if |A[,|B| > 0, then equality holds if and only if there exist a convex set £ C R",
A1, A1 > 0, and v1,v9 € R”, such that

MA+v1 CK, MB+4wv CK, K\ (MA+v)| =|K\ (A2B +v2)| =0.

Our aim is to investigate the stability of such a statement.

When n = 1, the following sharp stability result holds as a consequence of classical theorems in
additive combinatorics (an elementary proof of this result can be given using Kemperman’s theorem

[C3, C4)):

Theorem 1.1. Let A,B C R be measurable sets. If |A+ B| < |A| + |B| 4+ ¢ for some § <
min{|A[, |B|}, then there exist two intervals I,J C R such that A C I, B C J, |[I\ A] <4, and
|J\ Bl <4.
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Concerning the higher dimensional case, in [C1, C2] M. Christ proved a qualitative stability
result for (1.2), namely, if [A+ B|'/™ is close to |A|'/™+|B|*/™ then A and B are close to homothetic
convex sets.

On the quantitative side, first V. I. Diskant [D] and then H. Groemer [G] obtained some stability
results for convex sets in terms of the Hausdorff distance. More recently, sharp stability results in
terms of the L' distance have been obtained by the first author together with F. Maggi and A.
Pratelli [FMP1, FMP2]. Since this latter result will play a role in our proofs, we state it in detail.

We begin by noticing that, after dilating A and B appropriately, we can assume |A| = |B| =1
while replacing the sum A 4+ B by a convex combination S := tA + (1 — t)B. It follows by (1.2)
that |S| = 1+ 6 for some 6 > 0.

Theorem 1.2. (see [FMP1, FMP2]) There is a computable dimensional constant Co(n) such that
if A, B C R"™ are conver sets satisfying |A| = |B| =1, tA+(1—t)B| =1+ for somet € [1,1—7],
then, up to a translation,

|AAB| < Cy(n)r~1/2n§1/2

(Here and in the sequel, EAF denotes the symmetric difference between two sets E and F, that is
EAF =(E\F)U(F\E).)

Our main theorem here is a quantitative version of Christ’s result. His result relies on com-
pactness and, for that reason, does not yield any explicit information about the dependence on the
parameter 9. Since our proof is by induction on the dimension, it will be convenient to allow the
measures of |A| and |B| not to be exactly equal, but just close in terms of §. Here is the main
result of this paper, which shows that the measure of the difference between the sets A and B and
their convex hull is bounded by a power §¢, confirming a conjecture of Christ [C1].

Theorem 1.3. Let n > 2, let A, B C R™ be measurable sets, and define S :=tA+ (1 —t)B for
somet e [r,1—7]|,0<7<1/2. There are computable dimensional constants Ny, and computable
functions My(7),en(7) > 0 such that if

[[Al = 1|+ ||B| = 1| +|IS| —1] <6 (1.3)

— My (1)

for some § < e , then there exists a convex set K C R"™ such that, up to a translation,

A BCK and K\ Al +|K\ B| < 7~ Nn gen(r)

Ezxplicitly, we may take

B 28" 13" | log 73" 73"

Mn(T) T3n ) En(T) = 23n+1n3n| log 7_|3n .

It is interesting to make some comments on the above theorem: first of all, notice that the result
holds only under the assumption that ¢ is sufficiently small, namely § < e M»(7) A smallness
assumption on J is actually necessary, as can be easily seen from the following example:

A= B:=B,(0)U{2Le},
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where L > 1, e; denotes the first vector of the canonical basis in R™, and p > 0 is chosen so that
|B,(0)] = 1. Then it is easily checked that

|$A+1B| = |B,(0)UB,js(Ler) U{2Ler}| =1+427",

while | co(A)| & L can be arbitrarily large, hence the result is false unless we assume that § < 27",

Concerning the exponent €,(7), at the moment it is unclear to us whether a dimensional depen-
dency is necessary. It is however worth to point out that there are stability results for functional
inequalities where a dimensional dependent exponent is needed (see for instance [BP, Theorem 3.5)),
so it would not be completely surprising if in this situation the optimal exponent does depend on
n. We plan to investigate this very delicate question in future works.

Another important direction to develop would be to understand the analytic counterpart of the
Brunn-Minkowski inequality, namely the Prékopa-Leindler inequality. At the moment, some sta-
bility estimates are known only in one dimension or for some special class of functions [BB1, BB2],
and a general stability result would be an important direction of future investigations.

The paper is structured as follows. In the next section we introduce a few notations and give
an outline of the proof along with some commentary on the techniques and ideas. Then, in Section
3 we collect most of the technical results we will use. Since the proofs of some of these technical
results are delicate and involved, we postpone them to Section 5. Section 4 is devoted to the proof
of Theorem 1.3.

Acknowledgements: AF was partially supported by NSF Grant DMS-1262411 and NSF Grant
DMS-1361122. DJ was partially supported by the Bergman Trust and NSF Grant DMS-1069225
and DMS-1500771.

2 Notation and an outline of the proof

Let H* denote k-dimensional Hausdorff measure on R”. Denote by z = (y,s) € R"™! x R a point
in R", and let 7 : R® — R® ! and 7 : R® — R denote the canonical projections, i.e.,

m(y,s) =y and 7(y,s) == s.
Given a compact set £ C R”, y € R*!, and A > 0, we use the notation
E,:=En7t(y) C {y} xR, E(s):=En7'(s) R x {s}, (2.1)
EN) = {y e R" 1 HY(E,) > A} (2.2)
Following Christ [C2], we consider different symmetrizations.

Definition 2.1. Let £ C R" be a compact set. We define the Schwarz symmetrization E* of E
as follows. For each t € R,

- If H""1(E(s)) > 0, then E*(s) is the closed disk centered at 0 € R"! with the same measure.
- If H"1(E(s)) =0, then E*(s) is empty.

We define the Steiner symmetrization E* of E so that for each y € R"!, the set E} is empty if
HY(E,) = 0; otherwise it is the closed interval of length H!(E,) centered at 0 € R. Finally, we
define E% := (E*)*.
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Outline of the proof of Theorem 1.3

The proof of Theorem 1.3 is very elaborate, combining the techniques of M. Christ with those de-
veloped by the present authors in [FJ] (where we proved Theorem 1.3 in the special case A = B and
t = 1/2), as well as several new ideas. For that reason, we give detailed description of the argument.

In Section 4.1 we prove the theorem in the special case A = A% and B = B". In this case we
have that

Ay ={y} x [=a(y),aly)] and By, = {y} x [-b(y), b(y)],

for some functions a,b : R* 1 — R*, and it is easy to show that a and b satisfy the “3-point
concavity inequality”
ta(y') + (1 = t)b(y") < [ta + (1 = t)b)(y) + 5/* (2.3)

whenever ¢/, vy, and y := ty’ + (1 — t)y” belong to a large subset F' of w(A) N w(B). From this
3-point inequality and an elementary argument (Remark 4.1) we show that a satisfies the “4-point
concavity inequality”

aly) + o) < alyhy) + alylp) + 261 (24)

with yi, = t'y1 + (L= t)y2, v := t"y1 + (1 — t")yo, t' == 52, ¢ := 1 — ¢/, provided all four points
belong to F. (The analogous inequality for b involves a different set of four points.)

Using this inequality and Lemma 3.6, we deduce that a is quantitatively close in L' to a concave
function. The proof, in Section 5, of Lemma 3.6, although reminiscent of Step 4 in the proof of
[FJ, Theorem 1.2], is delicate and involved.

Once we know that a (and analogously b) is L!-close to a concave function, we deduce that
both A and B are L'-close to convex sets K 4 and Kp respectively, and we would like to say that
these convex sets are nearly the same. This is demonstrated as part of Proposition 3.4, which is
proved by first showing that S is close to tK 4 + (1 — t)Kp, then applying Theorem 1.2 to deduce
that K4 and Kp are almost homothetic, and then constructing a convex set K close to A and B
and containing both of them.

This concludes the proof of Theorem 1.3 in the case A = A? and B = B,

In Section 4.2 we consider the general case, which we prove in several steps, culminating in
induction on dimension.

Step 1. This first step is very close to the argument used by M. Christ in [C2], although our
analysis is more elaborate since we have to quantify every estimate.

Given A, B, and S, as in the theorem, we consider their symmetrizations A%, B, and S%, and
apply the result from Section 4.1 to deduce that A" and B? are close to the same convex set. This
information combined with Christ’s Lemma 3.1 allows us to deduce that functions y — H!(A,)
and y — H'(B,) are almost equipartitioned (that is, the measure of their level sets A(\) and B(\)
are very close). This fact combined with a Fubini argument yields that, for most levels A, A())
and B(\) are almost optimal for the (n— 1)-dimensional Brunn-Minkowski inequality. Thus, by the
inductive step, we can find a level A ~ ¢ (¢ > 0) such that we can apply the inductive hypothesis
to A(A) and B()\). Consequently, after removing sets of small measure both from A and B and

4



translating in y, we deduce that m(A), 7(B) C R"! are close to the same convex set.

Step 2. This step is elementary: we apply a Fubini argument and Theorem 1.1 to most of
the sets A, and B, for y € A(X) N B(A\) to deduce that they are close to their convex hulls.
Note, however, that to apply Fubini and Theorem 1.1 it is crucial that, thanks to Step 1, we
found a set in R”~! onto which both A and B project almost fully. Indeed, in order to say that
HY(A, + By) > HY(Ay) + HY(By) it is necessary to know that both A, and B, are nonempty, as
otherwise the inequality would be false!

Step 3. The argument here uses several ideas from our previous paper [FJ] to obtain a 3-point
concavity inequality as in (2.3) above for the “upper profile” of A and B (and an analogous in-
equality for the “lower profile”). This inequality allows us to say that the barycenter of A, satisfies
the 4-point inequality (2.4) both from above and from below, and from this information we can
deduce that, as a function of y, the barycenter of A, (resp. B,) is at bounded distance from a
linear function (see Lemma 5.1). It follows that the barycenters of S, are a bounded distance from
a linear function for a set S which is almost of full measure inside S. Then a variation of [FJ, Proof
of Theorem 1.2, Step 3| allows us to show that, after an affine measure preserving transformation,
S is universally bounded, that is, bounded in diameter by a constant of the form C, 7=~ where
C,, and M, are dimensional constants.

Step 4. By a relatively easy argument we find sets A~ and B~ of the form

A = J{y} x e?w), v ()] B~ = U} x [cP(1), b5 ()]

yeF yeF

which are close to A and B, respectively, and are universally bounded.

Step 5. This is a crucial step: we want to show that A~ and B"™ are close to convex sets. As in
the case A = A" and B = B, we would like to apply Lemma 3.6 to deduce that b4 and b” (resp.
a and a?) are L!'-close to concave (resp. convex) functions.

The main issue is that the hypothesis of the lemma, in addition to asking for boundedness
and concavity of b4 and b® at most points, also requires that the level sets of b4 and bZ be close
to their convex hulls. To deduce this we wish to show that most slices of A~ and B™ are nearly
optimal in the Brunn-Minkowski inequality in dimension n— 1 and invoke the inductive hypothesis.
We achieve this by an inductive proof of the Brunn-Minkowski inequality, based on combining the
validity of Brunn-Minkowski in dimension n — 1 with 1-dimensional optimal transport (see Lemma
3.5).

An examination of this proof of the Brunn-Minkowski inequality in the situation near equality
shows that if A and B are almost optimal for the Brunn-Minkowski inequality in dimension n,
then for most levels s, the slices A(s) and B(T'(s)) have comparable (n — 1)-measure, where T is
the 1-dimensional optimal transport map, and this pair of sets is almost optimal for the Brunn-
Minkowski inequality in dimension n — 1. In particular, we can apply the inductive hypothesis to
deduce that most (n — 1)-dimensional slices are close to their convex hulls.

This nearly suffices to apply Lemma 3.6. But this lemma asks for control of the superlevel sets
of the function b, which a priori may be very different from the slices of A™~. To avoid this issue,
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we simply replace A~ and B”™ by auxiliary sets A~ and B~ which consist of the top profile of A™
and B~ with a flat bottom, so that the slices coincide with the superlevel sets of b4 and bZ. We
then show that Lemma 3.5 applies to A~ and B~. In this way, we end up proving that A~ and
B~ are close to convex sets, as desired.

Step 6. Since A~ and B™ are close to A and B respectively, we simply apply Proposition 3.4
as before in 4.1 to conclude the proof of the theorem.

Step 7. Tracking down the exponents in the proof, we provide an explicit lower (resp. upper)
bound on &,(7) (resp. M,(7)).

3 Technical Results

In this section we state most of the important lemmas we will need. The first three are due to M.
Christ (or are easy corollaries of his results).

It is well-known that both the Schwarz and the Steiner symmetrization preserve the measure
of sets, while they decrease the measure of the semi-sum (see for instance [C2, Lemma 2.1]). Also,
as shown in [C2, Lemma 2.2], the g-symmetrization preserves the measure of the sets £(A\). We
combine these results into one lemma, and refer to [C2, Section 2] for a proof.

Lemma 3.1. Let A, B C R" be compact sets. Then |A| = |A*| = |A*| = | A,
tA*+(1-t)B*| < |tA+(1—t)B|, |tA*+(1—t)B*| < |tA+(1—t)B|, |tA"+(1—t)B%| < [tA+(1-t)B|,
and, with the notation in (2.2),
AN THAWN)| = [\ 7 (AN)| and  HPTH(AN)) = HH(AYN))
for almost every A > 0.

Another important fact is that a bound on the measure of tA+(1—t)B in terms of the measures
of A and B implies bounds relating the sizes of

Sl;p%l(Ay), sgp HY(B,), H"_l(W(A)), H”_l(W(B)).

Lemma 3.2. Let A, B C R" be compact sets such that |A|,|B| > 1/2 and [tA+ (1 —t)B| <2 for
some t € (0,1), and set T := min{t,1 —t} There exists a dimensional constant M > 1 such that

sup, H'(4,) <7‘" M>7 H 1 (7(A)) (7-” M)’

sup, H'(By) M’ ™ H 1 (7(B)) <\ "
(sgpﬂl(Ay))H"—l(w(A)) e <A147{‘fn> (sgpﬂl(By))H"—l(ﬂ(B)) e <A147{‘fn>

and, up a measure preserving affine transformation of the form (y, s) — (Ay, \!="t) with A > 0, we

have
H"_l(W(A)) +H ! (7(B)) + sup HY(A,) +supH'(B,) < % (3.1)

— 7-271

In this case, we say that A and B are (M, T )-normalized.
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Proof. As observed in [C2, Lemma 3.1] and in the discussion immediately after that lemma,

(sule(Ay))H”_l(ﬂ(B)) < w <

Y t(1—t)n~ 3n’ (Supﬂl(Ay))H”_l(w(A)) > Al >1/2.

T Yy

By exchanging the roles of A and B, the first part of the lemma follows. To prove the second part,
it suffices to choose A > 0 so that A" 'H"~!(7(A)) = 1/7™. O

The third lemma is a result of Christ [C1, Lemma 4.1] showing that sup, "' (A(s)) and
sup, H"~*(B(s)) are close in terms of d:

Lemma 3.3. Let A, B C R" be compact sets, define S :=tA+ (1 —t)B for somet € [1,1—7], and
assume that (1.3) holds for some § < 1/2. Then there erxists a numerical constant L > 0 such that
sup, H" 1 (A(s))
sup, H"1(B(s))

€ (1— Lr V2621 1 Lr12511?),

Proof. Set

sup, H" 1 (A(s)) \ ' _ (sup,HH(B(s))
N <sups Hnl(B<s>)> T <sups %nl(ms))) ’
and after possibly exchanging A and B, we may assume that v < 1. By the argument in the proof
of [C1, Lemma 4.1] we get
S| > tv7 A+ (1= t)7 | B,

so, by (1.3),
(ty_l +(1- t)vt/(l_t)) —1 <46

The function
vty (1= 1)y

is convex for v € (0, 1], attains its minimum at v = 1, and its second derivative is bounded below
by 7. It follows that

46 > (tv‘l +(1— t)vt/“‘t)) -1> %!7 — 17,
which proves the result. ]

There are several other important ingredients in the proof of Theorem 1.3, which are to our
knowledge new. Because their proofs are long and involved, we postpone them to Section 5.

The first of these results shows that if A and B are L'-close to convex sets K4 and Kp
respectively, then A and B are close to each other, and we can find a convex set C which contains
both A and B with a good control on the measure. As we shall see, the proof relies primarily on
Theorem 1.2.

Proposition 3.4. Let A, B C R" be compact sets, define S :=tA+(1—t)B for somet € [1,1—7],
and assume that (1.3) holds. Suppose A,B C Bpg, for some R < =N with N, a dimensional
constant Ny, > 1. Suppose further that we can find a convex sets K4, Kp CR"™ such that

|AAK 4| + [BAKp| < ¢ (3.2)
7



for some ¢ > 8. Then there exists a dimensional constant L, > 1 such that after a translation,
|AAB| < 77 Engt/2n
and there exists a conver set IC containing both A and B such that
I\ Al + |\ B| < 7Lt/

Our next result is a consequence of a proof of the Brunn-Minkowski inequality by induction,
using horizontal (n — 1)-dimensional slices. The lemma says that when A, B, and S satisfy (1.3),
then most of their horizontal slices (chosen at suitable levels) satisfy near equality in the Brunn-
Minkowski inequality and the ratio of their volumes of the slices is comparable to 1 on a large
set.

Lemma 3.5. Given compact sets A,B C R"™ and S :=tA + (1 —t)B, and recalling the notation
E(s) c R"! x {5} in (2.1), we define the probability densities on the real line

o H”_I(A(s)) . H”_I(B(s)) o H”_I(S(s))
pa(s) == Al pB(s) == B ps(s) == s (3.3)

Let T : R — R be the monotone rearrangement sending pa onto pg, that is T is an increasing map
such that Typp = pB.l Then

S|~ (A" + (1 -0 BPn)" > /Ren_l(s)(t + (- OT'(s)) ds, (3.4)

where Ty(s) :=ts + (1 —t)T'(s) and

ni(s) 1= WA (ST ) — [ (A() YOV 4 (- e (Ba(s) O]

Moreover, if t € [1,1 — 7| and (1.3) holds with 6/ is sufficiently small, then
pals) 1‘ pa(s)ds < @61/2. (3.5)

/R pB(T(s)) /2

Finally, we have a lemma saying that if a function v is nearly concave on a large set, and most
of its level sets are close to their convex hulls, then it is L'-close to a concave function. Here and
in the sequel, given a set E we will use co(F) to denote its convex hull.

LTy denotes the push-forward through the map T, that is,
Tipa = pB & / pB(s)ds = / pa(s)ds VE C R Borel.
E T-1(E)
An explicit formula for 7' can be given using the distribution functions of pa and pg: if we define
S S
Ga)i= [ palshas,  Gats) = [ pn(s s’
— 0o — o0

and we set G3'(r) :=inf{s € R : Ga(s) >t}, then T = G3' 0 Ga.
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Lemma 3.6. Let 0 < 7 < 1/2 and fix t’ such that 1/2 <t' <1—17/2. Lett" =1—1t', and for all
y1 and yo in R* ! define

Vi =ty + "y yly =ty + .
Let 0,5 > 0, M > 1, FCR" ! andlet ¢ : F — R be a function satisfying

V(Y1) +¥(y2) < Y(Wha) F9(Yla) 0 VY1, Y2, Y10, Y1 € F, (3.6)
Q:=co(F), H"YQ\F)<gq, (3.7)

B, CQ C By 1/n<r<n, (3.8)
~M<i¢y)<M VyeF (3.9)

Also, we assume that there exists a set H C R such that

[ ool > s\ o> sl ds+ [ w0 > ) ds < (3.10)
H R\H
Then there exist a concave function ¥ : Q) — [—QM, 2]\%} and a dimensional constant L, such that
/F 1T (y) — P(y)| dy < 7750 M (0 + )P, (3.11)
where .
IBn,T =

16(n — 1)|log 7|

4 Proof of Theorem 1.3

As explained in [FJ], by inner approximation? it suffices to prove the result when A, B are compact
sets. Hence, let A and B be compact sets, define S := tA + (1 — t)B for some t € [r,1 — 7], and
assume that (1.3) holds. We want to prove that there exists a convex set K such that, up to a

translation,
A BCK, |K\A]+|K\B| <7 Nngenln),

In order to simplify the notation, C' will denote a generic constant, which may change from line to
line, and that is bounded from above by 7="» for some dimensional constant N,, > 1 (recall that
by assumption 7 < 1/2). We will say that such a constant is universal.

Observe that, since the statement and the conclusions are invariant under measure preserving
affine transformations, by Lemma 3.2 we can assume that A and B are (M, 7)-normalized (see

(3.1)).

2The approximation of A (and analogously for B) is by a sequence of compact sets Ay C A such that |Ax| — |A]
and |co(Ax)| — | co(A)|. One way to construct such sets is to define Ay := A} UV}, where A}, C A are compact sets
satisfying |A}| — |4|, and Vi C V41 C A are finite sets satisfying | co(Vi)| — | co(4)].




4.1 The case A= A" and B = B"
Let A, B C R” be compact sets satisfying A = A% B = B!. Since

m(A(s)) C m(A(0)) =7(A) and w(B(s)) C n(B(0)) =7(B) are disks centered at the origin,

applying Lemma 3.3 we deduce that

H ! (1(A)Ar(B)) < C 82 (4.1)
Hence, if we define
S:= |J tA+(1-1t)B,,
yen(A)N7(B)

then S, C S, for all y € R*"!. In addition, using (1.3), (3.1), and (4.1), we have

1+6>15|= Hl(Sy)dyZ/

HY(S,) dy > / H(S,) dy
Rn—1 w(A)N(B)

w(A)Nm(B)

SR M) dy+(1-1) [ H'(B,) dy
w(A)Nm(B) w(A)Nm(B)

, AL+ (1= DIB

— CH" Y (n(A)AR(B)) > 1 - C 3§/,

which implies (since S C S)
IS\ S| < C o'/ (4.2)

Also, by Chebyshev’s inequality we deduce that there exists a set F' C w(A) N w(B) such that
H L ((m(A) Na(B)\ F) <84, HY(S,\S,) <s* VyeF
This implies that, if we write
A, = {y} x [~a).aly)] and B, = {y} x [=b(y). b,
with a and b radial decreasing, then
ta(y') + (1= b(y") < [ta+ (1= 0)b)(y) + 6" Vy=ty'+ (1 —)y", y,y/,y" € F.

We show next that a three-point inequality for two functions f and g implies a four-point in-
equality for each of f and g separately.

Remark 4.1. Let F C R !, and f,g: F — R be two bounded Borel functions satisfying

tf)+ A —-tgly") <[tf+ A -t)glly)+o  YVy=ty+ 1 —-t)y", y.y/,y" €F,

for some o > 0. Let ¢t € [7,1 — 7] and define

t = t =1t Yio = t'y1 + (1 —t)yo, Yo ="y + (1 — ")y (4.3)
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We claim that 9
Fly) + f(y2) < fy12) + f(y2) + S0 (4.4)

(The analogous statement for g involves replacing ¢ with 1 — ¢, so gives different values of ¢’ and
t”.) Notice that, if 7 <t < 1/2, then
1/2<t' <2/3 (4.5)

independent of 7, whereas if 1/2 <t <1 — 7, then
2/3 <t <1-1/2. (4.6)
To prove (4.4), note that the definitions above imply
Y12 = ty1 + (L= t)ys,  yis = tyio + (1 — )yo.
Hence, assuming that y1, y2,y]s, Yl5 € F, we can add together the two inequalities
tf(y) + (1= )g(yy) < [tf + (1 —1)gl(v12) + o,
tf(y2) + (1 = t)g(yiz) < [tf + (1 = 1)gl(yia) + o,

to get (4.4).

By the remark above and Lemma 3.6 (notice that the level sets of a and b are both disks, so
(3.10) holds with ¢ = 0), we obtain that both functions a and b are L!-close to concave functions
U4 and ¥p, both defined on 7w(A) N7 (B). Hence, if we define the convex sets

Ka:={(y,5) €R" : ye m(A)N7(B), —Wa(y) <s<Vay)},

Kp:={(y,s) eR" : y e m(A)N7(B), —¥p(y) <s < ¥p(y)},

we deduce that
|AAK 4| + |BAK | < C 67 /4,

Hence, it follows from Proposition 3.4 that, up to a translation, there exists a convex set K such
that AUB C K and

|AAB| < C§%/3" K\ Al +|K \ B| < C §% /87" (4.7)

Notice that, because A = A! and B = BY, it is easy to check that the above properties still hold
with K% in place of K. Hence, in this case, without loss of generality one can assume that K = K?.

4.2 The general case

Since the result is true when n =1 (by Theorem 1.1), we assume that we already proved Theorem
1.3 through n — 1, and we want to show its validity for n.
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Step 1: There exist a dimensional constant ¢ > 0 and A\ ~ 6¢ such that the inductive
hypothesis applies to A(\) and B(\).

Let A% and Bf be as in Definition 2.1. Thanks to Lemma 3.1, A® and B still satisfy (1.3), so we
can apply the result proved in Section 4.1 above to get (see (4.7))

[ pe - [ poam g - aam <o gy
Rr—1 Rn—1
and s
K>A'UB,  |K\AY+|K\B<Cévm (4.9)
for some convex set K = K', where
— ﬁnT
= 4.10
a=-—" (4.10)

In addition, because A and B are (M, 7)-normalized (see (3.1)), so are A® and BY, and by (4.9) we
deduce that there exists a universal constant R > 0 such that

K C Bg. (4.11)
Also, by (4.8) and Chebyshev’s inequality we obtain that, up to a set of measure < C §%/2
241 (45) — ! (B3| < 6%/
Thus, recalling Lemma 3.1, for almost every A > 0
HHAN) = HHARN)) < HPH (BN — 6972)) 4+ € 6%/2 = H L (B(A — 6%/2)) + C 692,

Since, by (3.1),

20 §58/2
/ (H"—l(B(A)) —H" (B + 5@/2))) d\ = / H L (B(N)) dA < C 62,
0 0
by Chebyshev’s inequality we deduce that
HH(AN) < HTH(B()) + C o/

for all X outside a set of measure 6%/, Exchanging the roles of A and B we obtain that there exists
a set G C [0, 772" M] such that

HUG) <ot [HPTHAW) = HTH(B(O)| < €6t WA € [0,00] \ G. (4.12)
Using the elementary inequality
n—1
(ta + (1 - t)b) >ta™ P (1 -t = Cla—b* V0<a,b< -
and replacing a and b with at/(n=1) and pt/ (=1 respectively, we get

n—1
(ml/(”*l) +(1— t)bl/("’l)) >ta4+ (1—t)b—Cla—b¥™ D v0o<ab< — (4.13)
12



(notice that |a!/("=1) — pt/(»=1)| <'|q — b|¥/(»=1). Finally, it is easy to check that
tAN) + (1 —t)B(A) € S(N) V> 0.

Hence, by the Brunn-Minkowski inequality (1.2) applied to A(\) and B()), using (1.3), (3.1), (4.13),
and (4.12), we get

—2nM
14+6>15|= / H'H(S(N)) dA
0

- T e A e (B )
0

> / : nM(tH"_l(A()\)) + (1 - t)’H”_l(B()\))> d\ (4.14)

_C/ M Hn 1 ( )) _Hn71(6<)\))|2/(n*1) d\

—t\A|+ (1—1t)|B| — ¢ §%/Bn=1)]
1 — ¢ §&/2(n=1)]

We also observe that, since K = K%, by Lemma 3.1, (4.11), and [C2, Lemma 4.3], for almost every
A > 0 we have

[ANTTHAW)] = AT\ 7 (A)]
<K\ 7 H(KN) |+ M H (AN N AK(N)) (4.15)
< O+ MHPHAYNAK(N)),

and analogously for B. Also, by (4.9),

/ _ nM(?—["l(A”(/\)AIC(/\)) + H”fl(Bﬂ(A)A/C(A))) d\ < |K\ A% + |K \ BY| < C 6", (4.16)
0

We set _
Q

= — 4.17

=g (4.17)

and we notice that 7 < min {2(%_1), %}

Take ¢ > 0 to be fixed later. Then by (4.12), (4.14), (4.15), (4.16), and by Chebyshev’s
inequality, we can find a level

_ ¢ ¢
S e [105 ’205 ] (4.18)
T T
such that
_ _ _ n—1
H(SOV) < <t”H”‘1(A()\))1/ =D L1 =y (B(VY) Y <”‘”) L O, (4.19)
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A\ 7 (AN | + |B\ 7} (B (52<+5" ). (4.20)
(1 AN)) — 1 1(6(5\))} (4.21)
In addition, from the properties
{ H (AN )) 20 )M for any A > 0 (see (3.1)),

<7
My ( (\)dA=|A] >1-3,
A= H 1( ) is a decreasing function,

we deduce that

2n M B
: S VAe (0,72 2M)7Y).

oaf SHTHAWN) < -

The same holds for B and S, hence
Hn—l (8(5\)) 7 an—l (.A(X)) ’ an—l (B(S\)) c [7_271(2]\4)—17 T—QnM]

provided § < 7=/ for some large dimensional constant N. Set p = 1/H"1(A(X ))1/ (=) ¢
[1/C,C], and define B
A= pA(N), B':= pB()), S" = pS(N).

By (4.19) and (4.21) we get
H (A =1, |H"NB)-1]<C8, H'NS)<14+C6 .
while, by (1.2),
WSO >l (A)Y D (1 — (BT > 1 - 0o,

therefore

|1 A =1+ [N (B — 1|+ 1S -1 < e
Thus, by Theorem 1.3 applied with n — 1, up to a translation there exists a (n — 1)-dimensional
convex set € such that

UoAUB,  HTHN\A)+H TN Y\ B) < 0O,

Define ¢ by

¢ = 5”‘5(7)77, (4.22)

and set Q := '/p. Then we obtain (recall that 1/p < C and that e,_1(7) < 1)

QO AN UBMR),  HTHQ\VAWN) +HTHQ\B)) < C 6% (4.23)
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Step 2: Theorem 1.1 applies to most of the sets A, and B, for y € A(\) N B(N).
Define C := A(A) N B(\) € S()\). By (4.20), (4.23), (3.1), and (4.22), we have
AT + B\ R Q)] < [A\ 7 (AW)| + [B\ 7 (BO)|

H(A,)d H(B,)d
+/(A()\))\(B()\)) (4y) er/(B(A))\(A(A)) (By) oy

(4.24)
<C (524 + 5’7<> + C(H’H (Q\AN)) +HH QN B@))
<cs*+am) <o

Hence, by (1.3) and (4.24),

/Hl s \ (tAy+ (1 -t)B ))dy—/[yl(sy)Hl(tAy+(1t)By)] dy

C
< [1H1(8,) — 11 (4,) - (L= M1 (B,)] dy
C
— 1SN C)| = tANTC) - (1 — )| BN 1(C)|
< 18]~ t]A] — (1~ )[B + A\ 7€) + (1 - HB\ 7(©)

< C 6%,
(4.25)
Write C as C1 U Co, where
Ci:={yeC:H(S,) —tH' (4) — (1 —t)H' (By) <o},  C:=C\Ci
By Chebyshev’s inequality
H"1(Cs) < C 6, (4.26)
while, recalling (4.18),
min{H'(4,), H (By)} > A >6/2  Vyel.
Hence, by Theorem 1.1 applied to A, B, C R for y € C;, we deduce that
H! (co(Ay) \ Ay) +H' (co(By) \ By) < C o6 (4.27)

(recall that co(E) denotes the convex hull of a set F). Let C, C Cy denote the set of y € C1 such
that

7—[1<S \ (tA, + (1 - 1)B, )) < &€, (4.28)

and notice that, by (4.25) and Chebyshev’s inequality, H"™ 11\ ¢1) < €. Then choose a
compact set C; C C; such that H"~ 1(C1 \ C1) < 4¢ to obtain

HL(C \ Cr) < C6C. (4.29)
In particular, it follows from (4.23) that

HH(Q\ Cr) < C 6. (4.30)
15



Step 3: There is S C S so that |S\ S| is small and S is bounded.

Define the compact sets

A= )4, B:=|JB, S:=|]t4,+1-1B, (4.31)
y€Cy y€eCy y€Cr
Note that by (3.1), (4.24), (4.26), (4.29),
|AAA| + |BAB| = |A\ 7 Y(C))| + |B\ 7 *(C))| < C¥, (4.32)
therefore
|§|:/C Hl(tAy—ir(l—t)By)dyz/c [N (A) + (1— )H (B,)] dy = t|A] + (1— )| B > 1 C&.

Hence, by (1.3) (and S C 9),
|SAS| < Co¢ (4.33)

Next we show that S is bounded. First recall that
Sy= | tAy+(1—1t)By, (4.34)
y=ty'+(1-)y"

and by (4.28) we get

HE << U tAy/ +(1- t)By//> \tAy +(1- t)By> < 5¢ Vy e Ci. (4.35)

y=ty'+(1—t)y"

Recalling that 7 : R™ — R is the orthogonal projection onto the last component (that is, 7(y, s) =
s), we define the characteristic functions

A, | 1 ifsem(tAy) Ay J 1 ifsem(tco(Ay))
Xy (5) = { 0 otherwise, Xy " (5) = 0 otherwise,

and analogously for B, (with 1 — ¢ in place of ¢). Hence, by (4.27) we have the following estimate
on the convolution of the functions x, and xj:

A7 37 B, 147
™ X = Xy % X Loy < lxi™ = Xl + Iy = Xp vy
< Hl (CO(By//) \ By//) —+ Hl (CO(Ay/) \ Ay/) (436)
<36 vy y" €.

Let us denote by [a,b] the interval 7(tco(Ay) + (1 — t) co(Byr)), and notice that, since by con-
struction -
min{tH'(A,), (1 — t)H'(By)} > min{r,1 — 7}X > 10 6 Vyel

(see (4.18)), this interval has length greater than 20¢. Also, it is easy to check that the function
X, * X, is supported on [a, b], has slope equal to 1 (resp. —1) inside [a, a + 3 %] (vesp. [b— 35S, b]),
16



and it is greater than 36¢ inside [a 4+ 36%,b— 36¢]. Hence, since 7 (tA, + (1 —t)By») contains the
set {xy * Xy > 0}, by (4.36) we deduce that

7(tAy + (1 —t)By) D la+36b— 35, (4.37)
which implies in particular that

Hl(t co(Ay) + (1 —t) co(Byr)) < Hl(tAy/ + (1 —t)Byr) + 66¢ vy y" €. (4.38)

We claim that if o/, y",y = ty' + (1 — t)y” € C1, then
T(tco(Ay) + (1 —t)co(Byr)) C [ay — 16, By + 16 6], (4.39)

where [y, By] := 7 (tco(A4y) + (1 — t) co(By)).
Indeed, if this was false, since 7 (tco(Ay) 4+ (1 — t) co(Byr)) = [a,b] is an interval of length at
least 206¢ > 166¢, it follows that

H' ([a,b] \ [ay, By]) > 165°.

This implies that
H' ([a + 35°,b — 35°] \ [y, by]) > 106,

so, by (4.37),
H (7 (tAy + (1 —t)Byr) \ [ay, By]) > 1055

However, since [y, 8y] D 7 (tA, + (1 — t)By), this contradicts (4.35) and proves the claim (4.39).

Now, if we write

co(Ay) = {y} x [a*(y),b* ()], co(By) = {y} x [@® ()b (W)], co(8,) = {y} x [a® (1), 6" ()],

and we denote by ¢4 (y) := w the barycenter of co(4,) (and analogously for B and S),

then b5 = tb + (1 — t)b? and it follows from (4.39) that
() + (1 - P (") <65(y) +166¢  Vy,y .y €Cry =ty + (1 —t)y" (4.40)

(and analogously for a). Hence, from the fact that #'(co(A4,)) and H'(co(By)) are universally
bounded (see (3.1) and (4.27)) one easily deduces that

teA () + (1= )P W) -S| <C Yy y v €Cy=1t + (1—t)y"
Hence, by Remark 4.1 in Section 4.1 we get that
| yn) + ¢ (y2) — A gy + (1= ta)ya) — < (hyn + (1= th)ye)| < C

whenever y1,y2, t'yy1 + (1 —t/))y2, thyr + (1 —t))y2 € Cy, with t/, = %—t and ¢y :==1—1,.
As proved in Lemma 5.1, this estimate in one dimension implies that, along any segment [y1, ys]
17



on which C; has large measure and such that 1, yo, yy1 + (1 — ') )ya, o1 + (1 — t))y2 € C1, ¢ is
at bounded distance from a linear function £4. Analogously,

[P (1) + P (y2) — P (tpyr + (1 — t)y2) — P (thyr + (1 —th)y2)| < C

whenever y1,y2, tgy1 + (1 — t5)y, thyn + (1 — t5)y2 € C1, now with tl := %th and t%, =1 -t
(recall again Remark 4.1), so ¢? is at bounded distance from a linear function £z along any segment
[y1, y2] on which C; has large measure and such that y1, v, t5y1 + (1 —tz)y2, thyr + (1 —t7)y2 € C;.
Hence, along any segment [y1,y2] on which C; has large measure and such that y1,y2, tay1 + (1 —

'y, thyr + (1 — ) y2, tyr + (1 — ) ya, Uhyr + (1 — t%5)ya € C1, ¢ is at bounded distance from
the linear function 4(y) := t€4(y) + (1 — t)¢B(y).

We now use this information to deduce that, up to an affine transformation of the form
R xR > (y,s) = (Ty,t — Ly) + (vo, to) (4.41)

with 7 : R*~1 — R"~! det(T) = 1, and (yo,%p) € R, the set S is universally bounded, say S C Br
for some universal constant R.

Indeed, first of all, since C; is almost of full measure inside the convex set § (see (4.23), (4.26),
and (4.29)), by a simple Fubini argument (see the analogous argument in [F.J, Proof of Theorem
1.2, Step 3-b] for more details) we can choose n “good” points y1,...,y, € C1 such that:

(a) All points

Y, yn and  thyr + (1 —th)ye, thyr + (1 — )y, teyr + (1 — tg)y2, thyr + (1 — th)ye
belong to C;.

(b) Let X;, i = 1, ...,n, denote the (i — 1)-dimensional simplex generated by yi,...,y;, and
define

5= 4D+ (L=t Y1 U A5+ (1 =t) i1 ] U [t i+ (1—)yi | U [t i+ (1—t5)yit ]
t=1,...,n—1. Then

(i) . _
7—[1_1(21- N Cl)

: > 1 — §¢/2 =2,...,m;
o1, >1—6%7°, Vi=2,...,n;

HTHE) 2> e,
(ii)
HH (2 NE)
_ 5¢/2 _ _
Then, thanks to John’s Lemma [J], up to an affine transformation of the form (4.41) we can assume
that
B, CQ C Bpy—1)rs 1/C,, < r < Cy, with C,, dimensional, (4.42)

and

(yk,0) €5, Vk=1,...,n. (4.43)
18



We then prove that S is universally bounded as follows: first of all, thanks to (4.42) we only need
to show that S is bounded in the last variable. Then, by (4.43) and (a) and (b)-(i) above, thanks
to Lemma 5.1 we deduce that ¢ is universally bounded on ¥ N C.

One then iterates this construction: since ¢ is universally bounded on NC} and at ys3, for any
point z € ¥oNCy such that ¢y z+ (1=t )ys, t'hz+ (1=t} ys, gz+(1—ts)ys, hz+(1—t%)ys € THNCy
(these are most of the points) we can apply again Lemma 5.1 to deduce that ¢ is universally
bounded on the set [z, y3]NCy. An iteration of this argument as in [FJ, Proof of Theorem 1.2, Step
3-d] shows that ¢® is universal bounded on a set ¥ such that H"~1(%, \ /) < C §%/2.

We now conclude as in [F.J, Proof of Theorem 1.2, Step 3-¢]: fix a point 7; € C;. Then we can find
another point g € C; such that ¢y g1+(1—t'4) g2, 471+(1—1}) G2, t's y1+(1 )2, tp y1+(1 ts)7a €
C1, most of the points on the segment [7;,72] belong to Ci, and H'([g1,72] N Z) > ¢}, for some
dimensional constant ¢/, > 0. Hence, on this segment ¢® must be at some bounded distance from
a linear function ¢, but at the same time we know that ¢° is universally bounded on [U1,72) N X0
so ¢ is universally bounded there. Since this set has non-trivial measure, this implies that ¢ has
to be universally bounded on the whole segment [g1, 2] (since ¢ is a linear function). Thus ¢®
is universally bounded on [g1,72] N C1 as well, and this provides a universal bound for ¢®(7;),
concluding the proof.

Step 4: There are uniformly bounded vertically convex sets A~ and B~ near A and B.

Let A, B, and S be as in (4.31), and recall that by the previous step there exists a constant R such
that S C {|z,| < R}. Let us apply opposite translations along the e,-axis to tA and (1 —t)B (see
(4.31)), i.e

tA — tA + pey, (1—t)B (1 —1)B — ey,

for some p € R, so that A C {z, > —R} and AN {x, = —R} # () (recall that A is compact). This
means that

min a”(y) = —R.
yeC1

Notice that, thanks to (4.39),
ta(y) + (1= 1)a®(y") > a®(y) =168°  Vy,¢/,y" € Cry =ty + (1 - )y’ (4.44)
Let 7 € C; be such that a?(7) = —R, and set

Cﬁ——tg

Cl =C1 N =7

Then, since a(j) = —R and a® > —R, it follows from (4.44) that
P >-R-C6>-R—-1 vy ecy.

Define
= J W=l v'w), B = {y} x 0" ), b" ().

yely yeCy
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We have shown that
A~YUB~ C{z, > —-R—1}.

It remains to prove the upper bounds. Note that because y € € and €2 is convex, it follows
from (4.30) that

H ! (Q\ ) =1 -t HH (A -0 +ty) \C1) < (1 — ) "HHQ\ C) < C 6.

-1

Therefore, using (4.30) again, we have
HHQ\ Cp) < O (4.45)

We now claim that A~UB~ C {z,, < C R} for some universal constant C. Indeed, if for instance
bA(§) > CR for some § € C; , then we could use (4.40) and the fact that b% > a® > ~R—1on C]
to get

b (y) >tCR— (1 —t)(R+1)—166°>rCR—R—-2 VyeCin(tj+ (1—1)Cy),

and since the latter set is nonempty (because of (4.30), (4.45) and the convexity of ) this contra-
dicts the fact that b5 < R provided C is large enough (the case bB(j) > CR for some § € C; is
completely analogous). Thus, A~ and B"™ are universally bounded.

Finally, note that (3.1), (4.32), (4.45), and (4.27) imply
|AAA~| 4 |[BAB™| < C6°. (4.46)

Step 5: The inductive hypothesis applies to horizontal sections and hence there are
convex sets close to A~ and B™.

The main goal of this section is to show that the hypotheses of Lemma 3.6 apply to the function
b4 (and similarly to b, —a?, and —a®). The fact that A~ and B~ are close to convex sets will
then follow easily.

As explained in the outline of the proof in Section 2, to be able to apply Lemma 3.6 we will
construct auxiliary sets A~ and B~ which consist of the top profile of A~ and B~ with a flat bot-
tom, for which the slices coincide with the superlevel sets of b4 and bZ, and we will apply Lemma
3.5 to such sets. However, to be able to do this, we must show that A~ and B~ are almost optimal
in the Brunn-Minkowski inequality.

As we showed in Step 4, A~ and B~ are universally bounded, so we may choose universal
constants M4 > 0 and Mpg > 0 such that
—Ma<a(y), —-Mp<a®(y) Vyecr,
and such that the sets

= W x -Ma v w), BT = | v} x [-Ms, b5 (y)],
yely yeCy
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are universally bounded. We may also adjust the constants M4 and Mp so that |[A~| = |B~|.
Define

ST =tA"+(1—-t)B7; C (y)={(,y)eC xC :ty/Y + (1 —t)y" =y}
We estimate the measure of S~ using (4.40) as follows:

s71=[ H( U t[—MA,bA@')]+<1—t>[—MB,bB<y">1>dy
GG Nyryee @)

< / (bg(y) 1166+ tMa+ (1 — t)MB> dy
ey +(1—t)Cy

< / (bg(y) F M+ (1 t)MB> dy + C' 6,
e

where, in the final inequality, we used that H"~!((tC; + (1 —t)C;) \ C;) < C6& (recall that

C; C Qand Qis convex, thus tC; + (1 —¢)C; C Q and the bound follows from (4.45)) and that b°

is universally bounded on C; . Next, since b = tb + (1 — t)b” and |A~| = |B~|, it follows that
0 0) = Maydy + (1= 1) | (6P() ~ Ma)dy + O

57| < t/
Cr Cr
=t{A7 |+ (1 —t)|B7|+C6 =|A"|+C 6,
On the other hand (1.2) implies
571> (AT + (1= 0)[B7[V")" = A7)
Hence, in all, we find that
0<|S7|—|A7|<C6 and |A7|=|B| (4.47)

We are now in a position to apply Lemma 3.5 to A~ and B~ to confirm that hypothesis (3.10) of
Lemma 3.6 is valid for b4 and b%.

Let us recall the notation F(s) € R*""! x {s} in (2.1). Since |[cA~| = |cB~| = 1 for some
universal constant ¢ > 0, by applying (4.47) and Lemma 3.5 to the sets cA~, ¢B~, and ¢S~ we
find a monotone map 7T : R — R such that

n—1 (s n—1 —(s
Typa- =pp-,  pa-(s):= W, pp-(s) = W,
o HTHAT(s) BT
T'(s) = H (B (1(s))) A" pa-a.e., (4.48)
/Ren_l(s) [t 4 (1 —t)T"(s)]ds < C 6°, (4.49)
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and
/ pa-(8)
r|pB-(T(s))

where T;(s) = ts+ (1 —t)T(s) and

— ¢/2
A—- = ) .
1 pa-(s)ds < C6 (4.50)

n—1

en1(s) == H" (ST (Ti(s))) — [t%”—l (A= ()Y 4 (@ — oY B—(T(S)))l/(nfl)]

Let us define the set

G = {3 eER :ep_1(s) < 5</2}, (4.51)
and observe that, thanks to (4.49), (4.51), and 7" > 0,
HU(R\G) < 1/ [t+ (1 —t)T"(s)]ds < C6%/2. (4.52)
T JR\G

Next, note that the formula for T (with A and B replaced by A~ and B™) given in the footnote in
the statement of Lemma 3.5 implies that the distributional derivative of T has no singular part on
T 1({pg- > 0}). Hence, the area formula gives

2 (R T(C oY) — T'(s) ds,
(( \T( ))ﬂ{p3> }) /(]R\G)ﬂTl({PB>O}) )

and it follows that

H'((R\T(G)) N {pp- > 0}) g/ T'(s)ds < 1/ [t+ (1 —t)T'(s)]ds < C 62 (4.53)
R\G T JR\G

Also, we define
Iy = {s eER: H" (A (s)) > 54/4}, Ig- = {s eER:, H" (B (s) > (5C/4},

and
I .= {s ER :

Notice that, thanks to (4.50),

/ pa-(s)ds>1—C 62
It

Also, since p4— and pp- are probability densities supported inside some bounded interval (being
A~ and B~ universally bounded), we have

J

A—

pA(s)dS—/ pa—(s)ds >1—C 54
{pa—>0¢/4 A}

and (using the condition Typs- = pp-)

/ pA—(s)ds:/ pB_(s)ds:/ pp-(s)ds>1—C &%
T-1(Ip-) Ip- {pp->8</4|B~[}
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Therefore
/pA—(s) ds = / pp-(s)ds >1—C /4, =1, NTYIg-)NIr. (4.54)
I T(I)

We now apply the inductive hypothesis to A~ (s), B~(T'(s)), S~ (T¢(s)): define

o A= (s) B .— B~(T(s))
' 1/(n—1)” : 1/(n—-1)’
A (A @)V 1 (B (1)
gt S~ (Ti(s))
’ n—1( A— 1/(n—1) - n—1 _ 1/(n-1)’
tH"=1(A=(s)) + (1 —t)H1(B~(T(s)))
tS . tHn_l(A_(S))l/(n_l)
CtH (A ()Y (1 = ) H (B (T(s)) Y
Then, since 2 < pgfziif%)) <3 for s €I, and |A~| = |B~|, it follows that

T T
t° -, 1—= I.
€ [2, 2] Vs €

In addition, recalling the definition of G, for any s € I N G we also have
S5 = t5A% + (1 . tS)BS, H?“L*l(AS) — H’I’L*l(BS) — 1’ anl(SS) <1+ (5(/4

Hence, if
5/4 < emMn-1(7/2), (4.55)

then by the inductive hypothesis we deduce the existence of a convex set K*® such that, up to a
translation (which may depend on s)

K*SATUBS,  H'HES\ A%) + H LK\ BY) < C oo (7/2),
Thus, in particular,
H' 1 (co(A%) \ A%) + H" ! (co(B®) \ BY) < §asn-1(7/2),
which implies that
1 (co(A™(s)) \ A (5)) + H" " (co(B™(T(s))) \ B™(T(s))) < §i=1(/2  vseIng.

Hence, integrating with respect to s € I N G and using that 77 < C on I NG (as a consequence of
(4.48) and the fact that I C I7) we obtain

H " (co(A™(5)) \ A~ (s)) ds < C §in1(7/2), (4.56)
INnG
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/ Ht (CO(B_(S)) \ B_(s)) ds = ot (co(B_(T(s))) \ B_(T(s))) T'(s)ds
T(ING) NG (4.57)

< C§iEn1(7/2),
Also, recalling the definition of p,- and pg-, it follows from (4.54), (4.52), (4.53), that
/ H' YA (s)) ds + / H' Y (B (s))ds < C 6/
R\(ING) R\(T(ING))
(notice that B~ (s) =0 on {pp = 0}).

By the bound above, (4.40), (4.44), (4.54), (4.56), (4.57), and Remark 4.1 (see Section 4.1), we
can apply Lemma 3.6 to b find a concave function U+ (y) defined on Q such that

¢ Bn,T

/ b4 (y) — OF(y)|dy < C 6 a1 7/2)
1

Similarly, there is a convex function ¥~ on ) such that

B

/ la?(y) — U (y)|dy < C 6 =n1(7/2),

¢

so the convex set
Ka={(y,s) 1 yeQ, ¥ (y) <s<VT(y)}

¢Bn,r . .
satisfies [AYAKy| < Co 4 en-1(7/2) " The same argument also applies to B~ so that, in all, we

have

AYAK 4| + |BYAKp| < C 6 #5enm1(7/2), (4.58)

Step 6: Conclusion.

By (4.58) and (4.46), we can apply Proposition 3.4 to deduce that, up to a translation, there exists
a convex set I convex such that AU B C K and

(ﬂn,‘r
K\ Al + |\ B| < C§ snd 017/, (4.59)

concluding the proof.

Step 7: An explicit bound for ¢,(7) and M,(7).

By (4.59) and (4.55) it follows that the recurrence for e, (7) and M, (7) is given, respectively, by

en—1(7/2), M, (1) = ZLMn—l(T/Q)-

Recall that (see (4.22) and Lemma 3.6)

_ en1(7) B T
¢= 3 b B = 16(n — 1)|log(T)|
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For n = 1, Theorem 1.1 implies that if § < 7/2, then
IC\ Al +|K\ B| <8§/.

In other words, €1(7) = 1 and M;(7) = |log(7/3)| are admissible choices.
For n > 2 we have (see (4.10) and (4.17))

E o /BTL,T T

n2  24p2  27(n — 1)n2|log 7|’

’]’]:

thus
-

¢= 27-3(n — 1)n?|log 7| c

n71(7)7

which gives
2

-
© 21.3(n — 1)2n4|log 7|2
In particular, we obtain and explicit lower bound for all n > 2 (which can be easily checked to hold
by induction):

En_l(T)é‘n_l(T/Q).

en(T)

n
7_3

Z 23n+1n3n ’ 10g7_|3" N

en(T)
Concerning M, () we have

29 .3(n — 1)n? |log 7|

Ten—1(7)

4
M, (1) = ZMn_l(T/Q) = M, —1(7/2)
from which we get
< 23"+2n3"| log 73"

n

M, (1)

7-3
5 Proof of the technical results

As in the previous section, we use C' to denote a generic constant, which may change from line to
line, and that is bounded from above by 7=™» for some dimensional constant N, > 1. Again, we
will say that such a constant is universal.

5.1 Proof of Lemma 3.5: an inductive proof of the Brunn-Minkowski inequality

In this section we show how to prove the Brunn-Minkowski inequality (1.2) by induction on dimen-
sion.? As a byproduct of our proof we obtain the bounds (3.4) and (3.5).

Given compact sets A, B C R" and S := tA+ (1—t)B, we define the probability densities on the
real line p4, pp, and pg as in (3.3), and we let T : R — R be the monotone rearrangement sending

3The one-dimensional case is elementary, and can be proved for instance as follows: given A, B C R compact,
after translation we can assume that

A C (—00,0], B C [0, +00), AN B ={0}.

Then A+ B D AU B, hence |[A+ B| > |AU B| = |A| + |B|, as desired.
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pA onto pp. Since monotone functions are differentiable almost everywhere, as a consequence of
the Area Formula one has (see for instance [AGS, Lemma 5.5.3])

/ _ pa(s) Cae
T'(s) = oB(T(5) pa-a.e. (5.1)

Set Ty(s) := ts + (1 — t)T(s) and observe that S(Ti(s)) D tA(s) + (1 — t)B(T(s)), so by the
Brunn-Minkowski inequality in R*~! we get

H L (S(T(s)) Y > e (A) YT - o (BT(s) Y. (5.2)
We now write
51 =181 [ pste)ds =15 [ ps(Tio) Tis) ds
_ /RH"—l(S(Tt(s))) [t + (1 — )T (s)) ds,
(Here, when we applied the change of variable s — T}(s), we used the fact that since T} is increasing,

its pointwise derivative is bounded from above by its distributional derivative.)
Define

(5.3)

L 1=t |BY N pp(T(s))/ ("1 1=t pa(s)
pi(s) = ... = pn-1(s) == : |A[1/(=D) 4 (5)1/ (=) fin(s) = Tm
Using (5.2) and (5.1), we obtain

n—

S| > / (197 ()7 4 (= e (B () ) T o (1 07 (5) ds
R

_ (n=1),  ()1/(n-1) B 1/(n—1) a/m-1)" . pa(s) o
(AP D0a(6 0 1 = 0 Dpn(r ) (4 -0 LAE Y g

i L1+ 1i(9) o) .

We now use the following inequality, see [FMP2, Equation (22)] and [FMP1, Lemma 2.5]: there
exists a dimensional constant ¢(n) > 0 such that, for any choice of nonnegative numbers {1 }i=1,.. n,

n n

[T+ ) > <1 + Qj m) l/n>n +¢(n) maii " ; (Mj - (le Ni)l/n>2~

i=1
Hence, we get

n 1—t|B[M/m\" 1 - L—t]B[Y"Y?
, > — — A
H(]_ —|—,ul(5)) > (1 + 7 |A|l/n + C(n)maxi ,Ufz(s) Z:: /"L](S) t ‘A|1/n )

i=1 j=1
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which gives (recall that [ ps =1)

. 1—t|BY/™\"
5] > \A|/Rt <1+t‘],4\’1/”) pa(s) ds

. 1 - 1—t|B|Y/m\?
+ c(n)|Alt /Rmamm(s);<uj(s)_t|z4]1/” pa(s)ds

> (A + -,

which proves the validity of Brunn-Minkowski in dimension n. As a byproduct of this proof we will
deduce (3.4) and (3.5).
Indeed (3.4) is immediate from our proof. Moreover, we have

n n _ 1/n\ 2
yS|—(t|A|1/n+(1—t)|B|1/n) zc(n)|A|t"/RwZ(M(s)—lttti:uJ pa(s)ds. (5.4)

7=1
With the further assumption (1.3), (5.4) gives

1 "t |B|1/"
/Rmaxiui(s) (;‘1_t%(3) |A|L/n

1 L t ’B‘l/n 2
< . _
S n/R max; Mi(g) ;(1 _ t,uj(S) |A’1/” PA(S) ds

C(n) C(n)
S g’ S T

)2pA(s) ds

9,

which, combined with the Schwarz inequality, leads to
[ - 2

—ui(s) —
R 1—t | A|L/m

< 61(7/251/2\//Rm?xm(3) pa(s)ds

pA(s)ds

T?’L

C(n) 1/2 / t ]B]l/n ‘B’l/n
< ——= )
n/25 mlax‘l t,ul(s) | ll/n‘pA(s)ds—l— A[/n

C(n) 1/2 - t | B|Y/n
<=2 Y |l ui(s) — .
< S (| L ) ] a4
Hence, provided §/7" is sufficiently small we get
—| ¢ |B|'/" C(n) c1/2
. _ < 2\ .
. 2|~ e = S

Recalling the definition of p; (see (5.3)) and using that 1 — 49 < |B|/|A| <1+ 44, we deduce that
(3.5) holds.
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5.2 Proof of Lemma 3.6

We first remark that it suffices to prove the result in the case M= 1, since the general case follows
by applying the result to the function f/M. The proof of this result is rather involved and is
divided into several steps.

Step a: Making 1 uniformly concave at points that are well separated
Let 8 € (0,1/3] to be fixed later, and define ¢ : Q@ — R as

— 90 (0 + <) y|?
() :_{g(y)Jr? 20 (0 +<)°y| zig\F (5.5)

Notice that,
-
Wial® + [yial® — I |* = |yal® = =2/ (1 — ') yn — gal* < —§|y1 —yof”.
Because of this, (3.9) and (3.6), we have 0 < ¢ < 3 and
P(y1) + (y2) < o(Yh2) + (yz) +0 =107 (0 +6)7ly1 — 1> Yy, 42,4124z € F,
which implies in particular that

e(y1) +e(y2) < @(y1a) +eWla) + 0 Yyi,u2,¥12, Yo € F. (5.6)

Also, since 8 < 1/3,

o+¢)?
p(y1) +o() < o) +oWla) =m0+ |l —1el”  Vyi,y2, 95,012 € F\ 1 —4e| > (ﬁ)
(5.7)
that is  is uniformly concave on points of F' that are at least (o + <)% /\/T-apart.
Step b: Constructing a concave function that should be close to ¢
Let us take v € (0, 5] to be fixed later, and define
P(y) := min{p(y), b},
where h € [0, 3] is given by
h=inf{t>0: H" '({p>t}) < (o +9)"}. (5.8)
Since 0 < ¢ < 3, we get
3M
Lo =gty = [ 1 (e > s}y ds < 3M(a+) (59)

Notice that whenever max{¢(y1s), p(y{5)} < h, @ satisfies (5.6) and (5.7).
We define @ : Q — [0, h] to be the concave envelope of @, that is, the infimum among all linear
functions that are above @ in Q. Our goal is to show that ® is L!-close to ¢ (and hence to ¢).
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Step c: The set {® = ¢} is K (0 +¢)? dense in Q\ co({@ > h — K(o +¢)"}).

Let 8 € (0,1/3] be as in Step b. We claim that there exists a universal constant K > 0 such that
the following holds, provided f§ is sufficiently small (chosen later depending on 7 and dimension):
For any y € €,

— either there is z € {® = @} N Q with |y — z| < K(0 + ¢)5;

— or y belongs to the convex hull of the set {¢ > h — K (o +¢)?}.

To prove this, we define
Qp = {y € Q: dist(y,00) > (o +§)ﬁ}

Of course, with a suitable value of K, it suffices to consider the case when y € Qg. So, let us fix
Yy < Q/g.

Since €2 is a convex set comparable to a ball of unit size (see (3.8)) and ® is a nonnegative
concave function bounded by 3 inside 2, there exists a dimensional constant C’ such that, for every
linear function L > & satisfying L(y) = ®(y), we have

C/
(0 +<)F

By [FJ, Step 4-c], there are m < n points y1,...,ym € F such that y € S := co({y1,...,Ym}), and
all y;’s are contact points:

IVL| < (5.10)

®(y;) = L(yj) = o(yj), Jj=1,...,m

If the diameter of S is less than K (o + ¢)?, then its vertices are contact points within K (o + ¢)?
of y and we are done.
Hence, let us assume that the diameter of S is at least K (o +¢)®%. We claim that

G(yi) >h—Ko  Vi=1,...,m (5.11)
Observe that, if we can prove (5.11), then
y €S Cco{p>h—K(o+4)"}),

and we are done again.

It remains only to prove (5.11). To begin the proof, given i € {1,...,m}, take j € {1,...,m}
such that |y; —y;| > K(o+¢)?/2 (such a j always exists because of the assumption on the diameter
of S). We rename ¢ =1 and j = 2.

Fix N € N to be chosen later. For z,y € 2, define

0= (s ™~ (s~ 1))

k=0 j=0

where
F—ty F—t'y

1—¢ 1—¢




Observe that, since €2 is convex and by (3.7),

HH(Q\ Fly]) < OH"HQ\ F) < O,

W 1 1
(@ (G (e 1))
- (t/)j(n1>(t’1')(kj>(n1>Hn_1(((t/>j(t”)k_m (L= (P ) )) \ Flyl)
1 ne C
< i naneaan T OVFLD < G e ©
(and analogously for ¢”), so
N k 1
H (Q\ Hy(z,y)) < CZ Z ()i (n=D) (¢ (k=) (n=1) s

k=0 7=0

1 N(n-1)

where we used that ¢t/ <. Choose N such that

N(n-1)
.
(2) =Cyg

for some large dimensional constant C. In this way, from (3.8) and (5.12) we get
H" N (Hy(y2,11)) > en/2 >0,

and hence Hy(y2,y1) is nonempty.

(5.12)

(5.13)

Now, choose wg € Hn(y2,y1), and apply (5.6) iteratively in the following way: if we set
wi = two + (1 — t)y2, w] := t"wy + (1 — t")ya, then the fact that wy € Hy(y2,y1) implies
that wi,w] € F (and also that t'y; + (1 — t')wo, t"y1 + (1 — t")wp € F). Hence we can apply (5.6)

to obtain
o(wh) + p(wy) > (y2) + ¢(wy) — 0.

Then define w; to be equal either to w] or to w{ so that ¢(w;) = max{p(w}), (w!)}. Then, it

follows from the equation above that

py2) +p(wo) o
plo) 2 T g

We now set wh := t'wy + (1 — ¢/ )y2, wy = t"w; + (1 — t")y2 € F, and apply (5.6) again to get
2 2

p(wh) + p(wy) > (y2) + e(wr) — o > (1= 1/4)p(y2) + @(wo) /4 — (1 +1/2)0.
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Again we choose wo € {wh,wh} so that p(ws) = max{p(wh), p(wh)} and we keep iterating this
g 2, Wy ¥ P \Wy ), P \w;

construction, so that in N steps we get (recall that 0 < ¢ < 3)

ewn) > (1—=2"M)p(ya) + 27V p(wo) — 20
> (1-2"M)p(y2) — 20

Hence,
p(wn) = ¢(y2) —3-27% — 20.
In addition, since wg € Hy(y1,¥2),
y =ty +t"wy € F, y" =t"y1 +t'wy € F.
Since the diameter of F is bounded (see (3.7) and (3.8)) it is easy to check that
jwn — 2| <C ()Y < C(1—7/2)

Therefore, by (5.10) we have

1Ly +9") = Ly + y2)| = | L(wn —y2)| < C (0 + ) (1= 7/2)7
Hence, since y; and y2 are contact points and L > @, using (5.14) and (5.13) we get

@) + p(wn) = @(yl) +(y2) =327 — 20

L(y1 +y2) =3-27" — 20

Ly +y") - C( +cr+(a+§)_5(1—7/2)N)
p(y') + @

> y/) y//) ( + g)min{ﬂ“—ﬁ}’
where (recall (4.5))
g .— 1 log(2) o 1 |log(l—7/2)|
"~ n—1[log(r/2)’ ~ n—1 [log(r/2)]

Now assume by way of contradiction that
@) <h—K(o+¢)",
We also have (recalling that ¢/ =1 —t')

L(wn) < L(wy — y2) + L(y2) = L(wy — y2) + @(y2)
<Co+¢)PA—1/2N +h<h+Clo+¢)"P
Hence, since L(y1) = @(y1),

L(y") = "@(yn) + ' L(wy)
K
th =

| /\

(0+)° +th+C(o+¢) P <h,
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provided K > 2C and 8 < /2. Similarly (and more easily since t” < t), we have L(y') < h. Since
L > ¢, we have max{@(y'), o(y")} < h. Applying (5.7) with ys replaced by wy we get

o) +o") = o(y) + o(y") = e(y1) + p(wy) + 7(0 + )P ly1 — wn ?,

and since |y, — wn| > |y1 — y2|/2 > K(o +<)?/4 this implies

KQ

B +@W") = $lyn) + plwy) + (0 + )",

which contradicts (5.15) provided we choose 5 := min {g, g} and K sufficiently large.

Recalling the definition of 6 and x (see (5.16)), this concludes the proof with the choice

1 Lo [ log(2) [log(1 — 7/2)| T
(n —1)[log(7/2)| { 37 4 } = 8(n—1)|log |’ (5.17)

B

Step d: Most of the level sets of @ + 20(c + 5)?|y|?> are close to their convex hull

This will follow from the fact that it is true for 1. Indeed, define

bly) = min {(y) +20(0 +<)° |y, h}

Then

.7 J{yeF:y@y) >s-2} ifs<h,
{yEF.1/1(y)>s}_{ 0 oo

Define
Hliz{SER:S—QEH}U[h,OO), HQ::R\HI.

Then it follows from (3.10) and (3.7) that

H Y (co{d > s})\ {8 > s}) ds + /H H (D > s)) ds < 3HNQ\ F) 4+ < Cc. (5.18)

H,
Notice that, since {¢) > s} D {¢ > s}, by (5.8) we have H" ! ({t) > s}) > (o +¢)” for all s < h.

So by (5.18)
’ HYHy) < C (o +). (5.19)

Step e: ¢ is L'-close to a concave function

Since the sets {1 > s} are decreasing in s, so are their convex hulls co({¢) > s}). Hence, we can
define a new function £ : 2 — R with convex level sets given by

{¢>s}i=co{t>s}) ifseH, {{>sp:= (] co{¢>5}) ifseHy,

s'€H1,s'<s

Recall that ® denotes the concave envelope of ¢, and in particular, ¢ < ® 4+ C (o + <)?. Tt follows
from the definition of £ that B
0<9Pp <& E<P+C(o+9) (5.20)
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By (5.18) and (5.19), we see that £ satisfies

/\5—1/1! <s+C(o+o) . (5.21)
Q
Also, because of (5.8), we see that

H'H({E>s}) 2 (0+¢)  VYO<s<h (5.22)

Recall from Step ¢ that the contact set {® = ¢} is e1-dense in

Q\co{p>h—e1})
with &1 := K (o +¢)~.

Let -
— O s B— 9
€ C(U 0 Clo+¢)"7, (5.23)

where C' is a large universal constant (to be chosen).
We claim that, if s < h — &1,
{y € Q: ®(y) > s} C e-neighborhood of {y € Q: £(y) > s}. (5.24)

To prove (5.24), assume by contradiction that there exists y € {® > s} such that B.(y) N {{ >
s} = 0. Since, s + &1 < h, (5.22) implies

HY{E>s5+¢e1}) > (0+¢).

In addition, {£ > s+ 1} is a universally bounded convex set, so there is ¢’ € Q and p = ¢(o +¢)7,
with ¢ > 0 a dimensional constant, such that

B,(y') C{{>s+e1} C{P > s}

Since Q is universally bounded, there exists " € Q and r = cpe, with ¢ > 0 a dimensional constant,
such that

B, (y") C co(By(y') U{y}) N Be(y) C{® > s} N{¢ < s},
Thus for any z € B, (y"),
P(z) <&(2) < s < @(2),

and there are no contact points of {® = @} in B,.(y"). But note that for our choice of €, r = ¢pe > &1
provided C is sufficiently large. This contradicts the e1-density property, proving (5.24).

Since all level sets of ¢ are (universally) bounded convex sets, as a consequence of (5.24) we

deduce that
H U {@>s) <H ' {E>8))+Ce Vs<h—er.
Furthermore, since £ < ® +¢;, we obviously have that |® —&| < 2¢; on the set {{ > h—¢e;}. Hence,
by Fubini’s Theorem (and € > ¢1),
/ |® - ¢ < Ce.
Q
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Combining this estimate with (5.21) and the fact that |¢) — ¢| < C(o 4 ¢)? < &, we get

/@-@ISCE
Q

By construction |¢(y) — 2 — 1 (y)| < C (0 +5)? on F (see (5.5)). Hence, by (5.9) we have

160 =2 = vwldy <310\ Fl+ [ [166) = )] + o) =221 = )] dy
<3((0+9)"+5¢) +elF| < C((0+5) +¢).
Taking v = (/2 and recalling (5.23) and (5.17), this proves (3.11) with ¥ := & — 2.

5.3 A linearity result

The aim of this section it to show that, if a one dimensional function satisfies on a large set the
concavity-type estimate in Remark 4.1 (see Section 4.1) both from above and from below, then it
is universally close to a linear function.

Lemma 5.1. Let 0 < 7 < 1/2 and fix t’ such that 1/2 <t' <1—7/2. Lett" =1—1t, and for all
mi, mo € R define
/ T ! . [/ /
Mg :=tm1 +1t ' ma; miy =1t M1+t ma.

Let E CR, and let f: E — R be a bounded measurable function such that
|f(m1) + f(ma) = f(mis) — f(mia)| <1 Vg, ma,miy,mf, € E. (5.25)

Assume that there exist points my,ma € R such that my,ma, m\y, MYy € E and |E N [m1,ma]| >
(1 — g)|ma — my|. Then the following hold provided e is sufficiently small (the smallness being
universal):

(i) There exist a linear function £ : [my,ms] — R and a universal constant M, such that

If =4 <M  in EN[my,ms).

(ii) If in addition | f(m1)| + |f(m2)| < K for some constant K, then |f| < K + M inside E.

Proof. Without loss of generality, we can assume that [my,mg] = [-1,1] and E C [—1,1]. Given
numbers a € R and b > 0, we write a = O(b) if |a| < Cb for some universal constant C.

To prove (i), let us define

1) — f(—1 1 -1
oy e T =TED P+ A1),
2 2
and set F':= f — {. Observe that F'(—1) = F(1) = 0, and F still satisfies (5.25). Hence, since by
assumption —1,1,1—2t',1—2t" € E, by (5.25) we get |F(1—2t') + F(1 —2t")| < 1. Let us extend
F' to the whole interval [—1,1] as F(m) =0 if m ¢ E, and set

M := sup |F(m)|.
me[—1,1]
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We want to show that M is universally bounded.
Averaging (5.25) (applied to F' in place of f) with respect to my € E and using that [E N
[—1,1]| > 2(1 —€), we easily obtain the following bound:

1 t’m1+(17t’) 1 t”m1+(17t")
F(my) = / F(m)dm + / F(m)dm
2 - 2t/ t’m17(17t’) 2 - 2t” t”mlf(lft”)

_ % /11 F(m)dm + O(1) + O(eM),

from which it follows that
|F(m!) — F(m")| < c(M\m' —m| + 1+ sM) Vm/,m" € E. (5.26)
Now, pick a point m € E such that
|F(m)| > M —1. (5.27)
With no loss of generality we assume that F'(m) > M — 1. Since

U {—t"+0—t")mo} = [-1,1—2", U {tmo+1—t)}=[1-2"1],
mo€[—1,1] mo€[—1,1]

we can find a point mg € [—1,1] such that
either m=—t"+(1—t")my or m=tmo+ (1-1).

Without loss of generality we can assume that we are in the fist case.
Set mg := —1. We want to find a point g € E close to mg such that

t'mo + (1 — t)ing, t"mo 4 (1 — t")ing € E. (5.28)
Define C; := 2 <1%ﬂ + ﬁ) Then the above inclusions mean

E— t’mo E — t”mo
1—v 1—t

A~

mo €

and since the latter set contains [—1,1] up to a set of measure Cye, we can find such a point at a
distance at most Cye from mg. Notice that in this way we also get [t"mg + (1 —t")1hg — m| < Ce,
so, by (5.26) and (5.27),

F(t"mo+ (1 —t")ymg) > M —1—C(1+ (1+ Cy)eM).

Then, thanks to (5.28), we can apply (5.25) with F' in place of f, mi = myg, and ma = mo, to
deduce that (recall that F'(mg) = F(—1) = 0 and that |F| < M)

F(t'mo + (1 —t")ing) < 1+ F(mo) — F(t"mo + (1 — t")ing) + F(1o)
<1+(1-M)+C(Q+(1+CyeM)+M
=2+ C(1+ 1+ CeM).
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We now define my := t'mg + (1 — ¢')7hy and we choose m; € [—1, 1] such that
m=t"my+ (1 —t")my.
Again we pick a point 1y € [m — Cie,m1 + Cie] N E such that
tm) + (1 —t g, t"mi + (1 — ")y € E,
and applying again (5.26) and (5.25) we get
F(t"my+ 1 —t")ym) > M —1—C(1+ (1+ Cy)eM),
hence

Ft'mi+ (1 —t)m1) <1+ F(mi) — F(t"my + (1 —¢")my) + F(mq)
<1+2+4C(1+(14+CeM)+(1—-M)+C(1+ (14 CpeM) + M
<4420+ (1+ CeM).

Iterating this procedure, after k steps we get
F(t'mp + (1 —t)myg) <2(k+1)+ (k+1)C(1+ (1 + Cy)eM),

and it is easy to check that the points mj and m; converge geometrically to m up to an additive
error Cye at every step, that is

|my —m| + |m, —m| < 0(2"“ + kCte).
Hence, thanks to (5.26) applied with m’ = t/my + (1 — ')y, and m” = m we get
M—1—2(k+1) (2 +O(1+(1+ Ct)eM)) < F(im) — F(¢'my + (1 — ¢ )mg)

< C(M(27 + kCie) + &),
for some universal constant C. Hence, by choosing & = N a large universal constant so that
C 27N < 1/2, we obtain

M _
M§2+C(1+N+5NM>,

which proves that M is universally bounded provided ¢ is sufficiently small (the smallness being
universal). This proves (i).

To prove (ii), it suffices to observe that if |f(—1)| + |f(1)| < K then |¢| < K, so (i) gives

FI <6+ |F| < K + 3.
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5.4 Proof of Proposition 3.4

After translating and replacing R by 2R, we can assume that the barycenter of both K4 and Kp
coincide with the origin. Then observe that

IXta * X(1—t)B = XtE a4 * X(—t) kg lLoe®ny < IXea — Xerca |1 ey + IX(1—6)B — X(1—t) i |1 ()
< |AAK 4|+ |BAKB| < C.

We claim that
XtKa * X(-nkg(®) > ¢ Vo e (1-C¢/™)[tKka+ (1 -t)Kp), (5.29)

for C' a universal constant. Indeed, by John’s lemma, since K4 and Kp are convex sets in Br of
volume comparable to 1 with barycenter 0, there is a ball B, centered at 0 such that

B.Cc KanKg, c¢>c, RV

Since we are assuming R < T_N", ¢ is a universal positive constant. Let z = tx; + (1 — t)x2 for
some x1 € (1 —61)K4 and x5 € (1 — 61)Kp, then

0 Be+x1 C Kyp, 01B.+x0 C Kp.

Hence 61 B. C (1 — K4) and 61 B. C (Kp — x2), and consequently
701B: C [t(x1 — Ka)]N[(1—t)(Kp — 22)].
Thus
Xtk a * X(1-t)kp (7) = (¢ = tKA) 0 (1 = ) Kp| = [t(z1 — Ka) N (1 = )(Kp — x2)| = |761Bc| > ¢
provided §; = C'¢'/™ for some universal constant C, proving the claim.
It follows from (5.29) that x;a * x(1—+)p(x) > 0, which implies x € S. In all, we have

(1—C¢V™)tKa+ (1 —t)Kp] C S. (5.30)

Therefore by (1.3) (since, by assumption, ¢ < ()
(tKa+ (1 - t)Kp| < (1+C¢Y/™)|S| <1+ C¢Hm

Since
[Kal = 1] +||Kp| = 1] <C¢ (5.31)
(by (1.3) and (3.2)), it follows from Theorem 1.2 that

|[KAAKg| < C Y2, (5.32)
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(Notice that since K4 and Kp have the same barycenter, there is not need to translate them.) In
particular this immediately implies that

|AAB| < C ¢,
Now observe that, by (1.2) and (5.31) we get
(1= C¢M KA+ (1= t)Kp]| > 1 - C ¢,
and hence it follows from (5.30) and (1.3) that
|(tKa+ (1—t)Kp)AS| < C¢m. (5.33)

Consider the convex set Ky := co(Kq4UKp) DtK4+ (1 —t)Kp. By a simple geometric argument
using (5.32), we easily deduce that

Ko (1+CC)Ka, Ko (140 )Kp, KoC (14+C ) tKs+ (1 - t)Kp),
so, by (3.2) and (5.33) we obtain

|AAK| + |BAK,| + [SAK| < C ¢/ (5.34)

Finally, we claim that ,
AcC (14+C¢7)K,.

Indeed, following the argument used in the proof of [C1l, Lemma 13.3] (see also [FJ, Proof of
Theorem 1.2, Step 5]), let z € A\ Ky, denote by 2/ € 9Ky the closest point in Ky to x, set
p = |v — 2’| = dist(x,Kp), and let v € S~ ! be the unit normal to a supporting hyperplane to Ko
at 2’, that is

(z—2')-v<0 Vzelk.

Let us define K, := {z eEko:(z—2a)-v> —ﬁp}. Observe that, since Ky is a bounded convex

set with volume close to 1, |K,| > ¢,7"p" for some dimensional constant ¢, > 0. Since x € A we
have
S=tA+(1-t)B> (tz+ (1 - t)[K, N B]) U(5NKy),

and the two sets in the right hand side are disjoint. This implies that (see (5.34))
S| > 7 (1K, — 1Ko \ S]) + S N K| > p"/C + 8] — C ¢/,

from which we deduce
p < C C1/2n3'

Since x is arbitrary, this implies that A is contained inside the (C ¢l 2"3>—neighborhood of Ko,
proving the claim.
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Since the analogous statement holds for B, we obtain that
AUB C K= (14 C YK,

and (thanks to (5.34)) .
Ko \ Al + Ko \ Bl < C ¢V,

as desired.
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