N

HAL

open science

The missing (A, D, r) diagram

Alexandre Delyon, Antoine Henrot, Yannick Privat

» To cite this version:

Alexandre Delyon, Antoine Henrot, Yannick Privat. The missing (A, D, r) diagram. 2020.

02559553v1

HAL Id: hal-02559553
https://hal.science/hal-02559553v1

Preprint submitted on 12 May 2020 (v1), last revised 6 May 2021 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

hal-


https://hal.science/hal-02559553v1
https://hal.archives-ouvertes.fr

The missing (A, D, r) diagram

Alexandre Delyon* Antoine Henrot! Yannick Privat?

May 12, 2020

Abstract

In this paper we are interested in "optimal" universal geometric inequalities involving the area, diameter
and inradius of convex bodies. The term "optimal" is to be understood in the following sense: we tackle
the issue of minimizing/maximizing the Lebesgue measure of a convex body among all convex sets of
given diameter and inradius. This allows us to completely determine the so-called 2-dimensional Blaschke-
Santal6 diagram for planar convex bodies with respect to the three magnitudes area, diameter and inradius
in euclidean spaces, denoted (A, D,r). Such a diagram is used to determine the range of possible values
of the area of convex sets depending on their diameter and inradius. Although this question of convex
geometry appears quite elementary, it had not been answered until now. This is likely related to the fact
that the diagram description uses unexpected particular convex sets, such as a kind of smoothed nonagon
inscribed in an equilateral triangle.

Keywords: shape optimization, diameter, inradius, convex geometry, 2-cap bodies, Blaschke-Santal6 diagram.

AMS classification: 49Q10, 52A40, 28A75, 49K15.

1 Introduction

Let n € N*. In the whole article, we will denote by K,, the set of all convex bodies (i.e. compact convex sets
with non-empty interior) in R™.

In convex geometry, the search for optimal inequalities between the six standard geometrical quantities
which are the surface A (or volume V'), the perimeter P, the diameter D, the radius r, the circumradius R and
the (minimal) width! w of any convex body, is a very old activity that dates back to the work of W. Blaschke
([2], [3]) and has been extensively studied by L. Santalé in [14]. For a list of such inequalities known in 2000,
we refer to the classical review paper [10].

The general idea is to consider three of the aforementioned quantities (q1, g2, ¢3) and to determine a complete
system of inequalities relating them, in other words a system of inequalities describing the set

{(a1(K), g2(K), g3(K)), K € Ky}

In general, it is convenient to summarize it into a diagram, usually called Blaschke-Santalé diagram. It
represents the set of possible values of the triple that can be reached by a convex set (suitably normalized).
Among the 20 possible choices of this three geometric quantities, L. Santalé completely solved in his work the
6 cases (A, P,w), (A, P,r), (A,P,R), (A,D,w), (P,D,w), (D,r, R) and gave a partial solution to (D, R, w)
and (r, R, w). These two last cases were eventually solved by M. Hernandez Cifre and S. Segura Gomis in [12].
In a series of papers with collaborators, M. Hernandez Cifre has also been able to prove complete systems
of inequalities in the cases (4, D, R), (P, D, R) [10], in the cases (A,r, R), (P,r, R) [5] and finally in the case
(D,7,w) [J].

In spite of all these efforts, several Blaschke-Santalé diagrams (or complete systems of inequalities) remain
unknown. To the best of our knowledge, this is the case for the diagrams (A, P,D), (A,D,r), (A,r,w),
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n other words, the smallest distance between any two different parallel supporting hyperplanes of a convex body.



(A, R,w), (P,D,r), (P,r,w) and (P, R,w). Let us mention that several interesting inequalities for (P, D,r)
and (P, R, w) can be found in [11].

In this paper, we focus on the case (A, D, r) and completely solve it in the two-dimensional case (n = 2), and

partially in the general case n > 3. More precisely in the case n = 2, we obtain universal inequalities involving
the area of a plane convex set, its diameter and inradius, and we plot the corresponding Blaschke-Santal6
diagram:
r(K) - r}K)
D(K) '~ TA(K)
To this aim, we will introduce two families of optimization problems for the area (or the volume in higher
dimension) and then solve them. More precisely, we will tackle the issue of maximizing and minimizing the
area with prescribed diameter and inradius. It turns out that the minimization problem has already been
solved in the two dimensional case by M. Hernandez Cifre and G. Salinas [11]. The optimal set is known to
be a two-cap body defined as the convex hull of a disk of radius r with two points that are symmetric with
respect to the center of the ball and at a distance D. This result has been extended in three dimensions in
[17] but with an additional assumption. In this paper, we solve this minimization problem in full generality
(see Theorem 1).

Regarding the maximization problem, it is much harder and we are only able to solve it in the two-
dimensional case. At first glance, it seems intuitive that the optimal shape should be a spherical slice defined
as the intersection of a disk of diameter D with a strip of width 2r (symmetric with respect to the center of
the disk). Surprisingly, this is only true for "large" values of D (more precisely for D > ar with a ~ 2.388, see
Theorem 2), while the optimal set is some kind of nonagon made of 3 segments and 6 arcs of circle inscribed
in an equilateral triangle for small values of D. For the precise definition of this set, we refer to Definition 2
hereafter. It is likely that this unexpected solution explains why this elementary shape optimization problem
remained unsolved up to now.

The article is organized as follows. Section 1.1 is devoted to introducing the optimization problems we
will deal with and stating the main results. In Section 1.2, the Blaschke-Santalé diagram D for the triple
(A, D,r) is plotted. The whole sections 2 and 3 are respectively concerned with the proofs of Theorems 1 and
2. Because of the variety and complexity of optimizers, the proofs appear really difficult and involve several
tools of convex analysis, optimal control and geometry.

D:{(m,y)eRQ,x:2 ,KEICQ}.

Let us end this section by gathering some notations used throughout this article:
e H"!is the n — 1 dimensional Hausdorff measure.

e if K is a convex set of R?, we call respectively A(K), D(K) and r(K) (or alternatively A, D and r if
there is no ambiguity) the area, diameter and inradius of K.

e in the more general n-dimensional case, we keep the same notations, except for the volume of K which
will be either denoted V(K) or |K|.

e z -y is the Euclidean inner product of two vectors z and y in R™.
e B(O,r) denotes the ball of center O and radius r while S(O,r) is the sphere (its boundary).
e The boundary of the biggest ball included into a convex set will be called incircle in dimension 2, insphere
in higher dimension.
1.1 Optimization problems and main results

Let us first make the notations precise. Let 7 > 0, D > 2r be given and let K7, be the set of convex bodies
of R™ having as inradius r and as diameter D, namely

Krp={K €K, |r(K)=rand D(K)= Dj}.

We are interested in the following maximization problem

sup |K| (Prmax)
Kek?
and minimization problem
Ké%ED |K‘ (Pmm)




Note that the condition D > 2r guarantees that the set K is non-empty. If D = 2r, problems are
obvious since only the ball belongs to the set of constraints K7 ,. Without loss of generality, by using an easy
rescaling argument, one can deal with sets of constraints with unitary inradius, in other words r = 1 and with
diameter D > 2.

Let us first observe, since we are working with convex sets, that existence of solutions for Problems (Pax)
and (Ppin) is straightforward.

Proposition 1. Let (r, D) be two given parameters such that D > 2r. Problems (Pmax) and (Pmin) have a
solution.

Proof. Let us deal with the minimization problem (Pp,in), the case of the maximization problem (Ppax) being
exactly similar. Let us consider a minimizing sequence (K,,)men. Since we are working with sets of diameter
D, up to applying a well-chosen translation to each element of the sequence, on can assume that every convex
set K, is included in a (compact) box B of R™. Since the set of convex sets included in a given box is known
to be compact for the Hausdorff distance [8], there exists a subsequence (still denoted (K,,)men) converging
to a convex set K. It remains to prove that the objective function (the area) is continuous with respect to the
Hausdorff distance and that the diameter and inradius constraints are stable for the Hausdorff convergence.
it is well-known that the volume and diameter functionals are not continuous for the Hausdorff distance.
Nevertheless, when dealing with convex sets, the continuity property becomes true (see [8, 15]). Let us show
that the inradius constraint is in some sense stable. Assume, without loss of generality, that r(K,,) = 1 for
every m € N. By applying well-chosen translations of K,,, one can moreover assume that B(0,1) C K,, for
every m € N. By stability of the inclusion for the Hausdorff convergence, one gets B(0,1) C K and r(K) > 1.
Assume by contradiction that r(K) > 1. Hence, there exists + € K and a > 1 such that B(x,«) C K. Let us
consider the closed disk B = B(z, (14 «)/2. By stability of the Hausdorff convergence [8], one has B C K,
whenever m is large enough, which implies that 7(K,,) > (14 «)/2. We have then reached a contradiction. [

As underlined in the Introduction, Problem (Pp;,) has already been solved in the two-dimensional case in
[11]. In what follows, we will generalize it to the general case R™, by proving that the two-cap body is the
only solution in any dimension.

Theorem 1. The (unique) optimal shape for Problem (Pmin) is the convex hull of a ball of radius 1 and two
points apart of distance D and whose middle is the center of the ball. In other words, any convexr set in R™
with volume V', diameter D and inradius r satisfies:

/2 n—1
V> 2wn,1r"/ sin™ tdt + % (D2 — 4r2)(n+1)/2 (1)
arccos(2r/D) nD

where wp_1 is the volume of the unit ball in dimension n — 1. In particular, any convex set in R? with area
A, diameter D and inradius v satisfies:

2r
A>r\/D2—4r2 412 <7r—23rccos <D>> . (2)
Let us turn to the maximization Problem (Py.x). Let us introduce particular convex sets of Ky p that will

be shown to be natural candidates to solve the maximization problem.

Definition 1 (The symmetric spherical slice Kg(D)). Let D > 2. We call symmetric spherical slice and
denote by Kg(D) the convex set defined as the intersection of the disc D(O,D/2) with a strip of width 2
centered at O (see Fig. 1). We have

D? 2
|Ks(D)| =+vD? -4+ - arcsin (D) .

Definition 2 (The smoothed regular nonagon Kpg(D)). Let D €]2,2/3[. We denote by Kg(D) the convex
set enclosed in an equilateral triangle Ag of inradius 1 and made of segments and arcs of circle of diameter D
in the following way (see Fig. 2): let n; be the normal angles to the sides of Ag (where one sets for example
m = —n/2). Let us introduce

T=0B++vVD?-3)/2 and h=+/D?— 72



D/2

Figure 1: The symmetric slice Kg(D) and its (non unique) incircle.

and the points A;, B; and M;, i = 1,2,3 defined through their coordinates by

A — cosn; + T sinn; B — cosn; — hsinn; M= (1—7) % ST\ ;194
’ sing; —Tcosm; ) " sinn; + hcosn; )’ ! sinn,; )’ it

The set Kg(D) is then obtained as follows:
e the points A1, By, M3, As, By, My, Az, B3, Ms, Ay belong to its boundary;

e By Mjs and MiAs are diametrally opposed arcs of the same circle of diameter D, and similarly for the
two other pairs of arcs of circle BoMy and MsA1, MyBs and M3As.

e the boundary contains the segments [A;B;], i = 1,2,3. Note that the contact point I; with the incircle is
precisely the middle of [A;B;],

Moreover, setting

t1 = arccos @ = arcsin 21 -3 ty = arccos M = arcsin (l>
e D) D ) P D B D

one has

|Kg(D)| = ZD%Q )+ 37*/3(\/172 “3-1) = gDQ (g 7t1> + %ﬁ ( D> 3 1) . (3)



Ay I B

Figure 2: The set Kg(D) and its incircle

In a nutshell, we will prove that the set is Kg(D) is optimal for small values of D whereas the solution is
the symmetric slice for bigger values of D.

Theorem 2. There exists D* ~ 2.3888 such that if D < D*, the (unique) solution of Problem (Puax) is
Kg(D), and for D > D* the unique solution is Kg(D). For D = D* the two solutions coexist.
In other words, for every plane convex set with area A, diameter D and inradius r, one has

3v3r 2 _ 2 _ 3D% (7 _ V3r . «
A< Y(D,r) where Y(D,r)= 2 (W T) 5 (3 arccos ( D )) .ZfD <P
rer%arcsm (%) if D>

1.2 The Blashke-Santalé Diagram for (A, D,r)

Usually, Blaschke-Santal6 diagrams are normalized to fit into the unit square [0, 1] x [0, 1]. Thus, starting from
the straightforward inequalities D > 2r and A > 7r? (where A, D and r denote respectively the area, diameter
and inradius of any two-dimensional convex set), drives us to choose the system of coordinates x = 2r/D and
y = mr?/A. We then define the Blashke-Santal6 diagram D as the set of points

r(K) 71_1"2(K)
D(K) ¥ T TAK)

D:{(m,y)ERQ,x:2 ,KEICg}.

The point (1,1) corresponds to the disk, while the point (0,0) corresponds to an infinite strip. The solution of
the minimization problem (Pp,,) provided in Theorem 1 leads to the upper curve of D. Using (2), we claim
that the upper curve is the graph of yT, defined by

X

T(x) = , x€l0,1].
v (@) x(m — 2arccos x) + 2v1 — 22 0.1]

According to Theorem 2, the lower curve is the graph of y~, piecewisely defined by

T

21— 22 4 geresine

y (z) = wx?
27 — 6arccos(@) + @ (V4 — 322 —x)

ifx <2/D*

if x > 2/D*.

Were already known the inequalities

e 4A < wD? (see [13]) which corresponds to the inequality y > 22 on the diagram,

e A< 2rD (see [7]) which is equivalent to y > 7 on the diagram.



These two inequalities are shown with a dotted line on the diagram hereafter.

To plot the Blaschke-Santalé diagram, it remains to prove that the whole zone between the two graphs
{(z,y~(x)), € [0,1]} and {(z,y " (z)), = € [0, 1]} is filled, meaning that each point between these two graphs
corresponds to at least one plane convex domain.

Let us start with the part of the diagram on the left of x < z* := 2/D*. For a given diameter D and inradius
r, let K~ denote the convex set with minimal area (the two-cap body) and KT the convex set with maximal
area (the symmetric slice). We have K~ C K and for any ¢ € [0, 1] the convex set K : constructed according
to the Minkowski sum K; = tK* + (1 — t)K~ with ¢ € [0, 1], is known to satisfy K~ C K; C K*. Therefore,
all the sets K, share the same diameter D, the same inradius r and their area is increasing from A(K ™) to
A(K™T). This way, it follows that the whole vertical segment joining (2r/D,y~(2r/d)) to (2r/D,y"(2r/d)) is
included in D as soon as 2r/D < 2/D*.

Let us consider the remaining case z > z* := 2/D*. Starting from the optimal domain K which maximizes
the area with given D and r (recall that KT is the convex set inscribed in the equilateral triangle introduced
in Definition 2), we fix one of its diameter, say [A, B] and we shrink continuously K to the set K4p defined
as the convex hull of the points A, B and the disk of radius r contained in KT. Then, in a second time, we
move the points A, B continuously to the points A’, B’ at distance D, oppositely located with respect to the
center of the disk (in the sense that the center is the middle of A’, B’) by keeping the convex hull with the
disk at each step. The final step is therefore the two-cap body K~ and we have constructed a continuous
path between K+ and K~ keeping the diameter and the inradius fixed: it follows that the whole segment
joining (2r/D,y~(2r/d)) to (2r/D,y™(2r/d)) for 2r/D > 2/D* is included in D. At the end, D has only one
connected component.

The complete Blaschke-Santalé diagram is plotted on Fig. 3 below.
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Figure 3: The Blaschke-Santalé diagram D for (A, D,r) (colored picture). The dotted lines represents the
known inequalities 44 < 7D? and A < 2rD.

Remark 1. It is notable that the two-cap body has been showed to solve a shape optimization problem
motivated by the understanding of branchiopods eggs geometry in biology, and involving packings (see [6]).

2 Proof of Theorem 1

Let us first introduce several notations. For a generic convex set K, we will denote by A and B the points of
K realizing the diameter, and respectively by O and r the center and radius of an insphere (the boundary of
the biggest ball included in K). Introduce B = (eq, ..., ) an orthonormal basis such that e; = E/AB, o)
that the coordinates of A and B in B are

A=(0,0,..,0) and B=(D,0,..,0).



More generally, we will denote by (z1,...,z,) the coordinates of a generic vector X in B.
First, in order to relax the conditions D(K) = D and r(K) = r in Problem (P,;,), we show that it is
equivalent to deal with the conditions r(K) > r and D(K) > D, which are always saturated at the optimum.

Lemma 1. Let r > 0 and D > 2r. Let us consider the minimization problem

inf K. (Prmin)
Kekn ),

where l%ﬁD ={K e K, | r(K) 2 r and D(K) > D}. Then, Problem (ﬁrrlirl) has at least a solution K* and
moreover, one has D(K*) = D and r(K*) =r.

Proof. Existence of K* follows by an immediate adaptation of the proof of Proposition 1 (if the diameter goes
to 400 it is easy to prove that the volume must blow up).

Regarding the second part of the statement, let us argue by contradiction, assuming that r(K*) > r. We
use the coordinate system associated to the basis B introduced above, constructed from a diameter [AB] of K*.
Defining A = r/r(K*) < 1 and applying to K* the linear transformation whose matrix in B is diag(1, A, ..., A),
we obtain a new convex set K’ with diameter D and inradius r. Moreover, its volume is A"~ K*| < |K*|.
this is in contradiction with the minimality of K™.

Similarly, arguing still by contradiction, let us assume that D(K*) > D. Since D > 2r = 2r(K*), there
exist A’ and B’ in [A, B] such that A’B’ = D. Given O, the center of an insphere, we consider the set K’
defined as the convex hull of A’, B’ and B(O,r). From this construction and by convexity, K’ is strictly
included in K, D(K’) > D and r(K') > r. Therefore, one has K’ € IEZD and |K'| < |K|, which is in
contradiction with the optimality of K. The conclusion follows. O

~

It follows in particular from this result that the solutions of Problems (Ppin) and (Pumin) coincide.

Furthermore, if K is a general convex body in K, by repeating the argument used to deal with the
diameter constraint in the proof of Lemma 1, one sees that the convex hull of A, B and B(O,r) also belongs
to K p and has a lower measure than the one of K.

Therefore, any minimizer K* is necessarily the convex hull of two points A and B realizing its diameter,
and B(O,r), whose boundary is an insphere. The next result proves a symmetry property of K*.

Lemma 2. Let us denote by xo € [0, D] the first coordinate of O in the basis B introduced above. Let us
introduce K' as the convex hull of A, B and B(O',r) where the coordinates of O’ in B are (20,0,..,0) (in
other words, O is the orthogonal projection of O on the axis (A;eq)). then K’ belongs to K7 p and there holds
|K'| < |K*| with equality if, and only if O = O'.

Proof. Assume by contradiction that O # O'. Two cases may happen.
1. The ball B(O,r) does not meet the diameter [AB].
2. The ball meets the diameter [AB].

In the first case let a = OO’ — r > 0, and assume that e; = 5&/00’. Let us consider S(K) the Steiner
symmetrization of K* with respect to the hyperplane with normal vector e; and containing A and B. It is a
well known result (see [1]) that S(K) is still convex with same Area as K. Furthermore it contains B(O’, R), A
and B. So it contains K'. Let us finally remark that K* N (OO’) has length 2r + a, and so S(K) contains
the point C = (zo,r + a/2,0,..,0) which is not in K’. This proves that |K’| < |K*| and then case 1. cannot
occur.

In the second case, consider the upper part K% of K*, namely K* N{X € R" | X - e; € [0, D]}. Let I'p
be the set of points of S(O, r) whose tangent hyperplane contains B, and I'; be the set of points of S(O’,r)
whose tangent hyperplane contains B. By symmetry, all the points of Iy share the same first coordinate ’.
Let x1 and x5 denote respectively the minimal and maximal first coordinate of points of I'g. Hence, one has
xo + 71 > x9 > 21 > 20 and moreover, =’ € (21, 7).

Let us distinguish between three zones of K7 :

e On KiN{X € R" | X -e1 € [z0,21]}. It is easy to see that B(O',r)N{X € R" | X -e;1 € [zo,x1] is
exactly the image of

Kin{X eR"|X e €zo,21]} =B(O,r)N{X eR" | X - e1 € [z0,x1]}.

—
by the translation vector O’O. These two sets have therefore the same measure.



e On Ky N{x € [x1,2']}. For x € R, let H, be the affine hyperplane whose equation in B is {X € R" |
X - ey =z}, and introduce K, = K* N H,. If x € [xp — r,zo + r], let B, be the n — 1 dimensional ball
B(O',r) N H,.. By construction, one has H"~!(B,) < H" 1(K,) for all z > z; . As a consequence

IB(O,7)N{X €R" | X -e; € [11,2']}] < |[KN{X €R™ | X -1 € [z1,2]}].
e On Kin{X € R" | X-e; € [2/, D]}. Define C, as the cone with vertex B and basis B,» = B(O',7)NH,.
Since C, is the convex hull of B, and B, it follows that |Cy/| < |[K* N{X € R" | X - ¢; € [2/, D]}|.

It follows that |K' N {x € [xg, D]}| < |K N {z € [xo, D]}|. Doing the same construction on the lower part of
K™ yields at the end that |K’| < |K*|. The expected result follows. O

Figure 4: Illustration of the proof of Lemma 2. The convex set on the right has the same inradius and diameter
as the one on the left but a lower volume.

To sum-up, we know that any minimizer K* is the convex hull of A, B and B(O,r), where AB = D and
A, B and O are collinear. it remains to show that the minimum is reached whenever O is in the middle of the
segment [AB]. This can be done by an explicit computation, but we propose a more geometrical proof based
again on Steiner symmetrization.

Let us argue by contradiction, considering O € [AB]\{I}, where I is the middle of [AB] and assuming
that K* = hull(A, B, B(O,r)). Let H be the hyperplane containing I with normal vector AB. Let K’ be
the Steiner symmetrized of K* with respect to H. We claim that K’ € K p- Indeed, by monotonicity
of the Steiner symmetrization with respect to the inclusion and since the range of B(O,r) by the Steiner
symmetrization is B(I,r), one has necessarily r(K’) > r(K*). In the same way, observe that the strip
S:={x eR" |z, € [-r/2,7/2]} is invariant by the Steiner symmetrization and contains K*. By using again
the aforementioned monotonicity property, one has also K’ C S, and therefore, r(K') < r = r(S). Therefore,
one has r(K') = r.

It is standard that Steiner symmetrization reduces diameter. By using the aforementioned monotonicity
property, since [AB] is invariant by the Steiner symmetrization and contains K*, we get [AB] C K’ and
thus, D(K’) = D. Since |K'| = |K*| by property of the Steiner symmetrization, it follows that K’ solves
Problem (Ppyin)-

In the basis B, let =¥ € (0,r) be such that hull(A, B, B(I,r)) N {z, > z}} = B(I,r) N {z, > a2} and
B(O,r)N{z, > x5} € hull(4, B, B(O,r)) N {z, > z}}. The existence of z follows from the dissymmetry
of hull(A, B, B(O,r)) with respect to H. Using one more time the monotonicity property of the Steiner
symmetrization with respect to the inclusion, one has

B(I,r)n{x, >z} C K'n{x, >z},

n



which implies that the volume of K" is strictly larger than the one of hull(A, B, B(I,r)). We have thus reached
a contradiction and it follows that one has necessarily O = I, meaning that K* = hull(A, B, B(I,r)), which
concludes the proof.

3 Proof of Theorem 2

In the whole proof, for a given set K € Ky, we will denote by Ck an incircle of K. It is standard that K is
tangent to Cx at two points at least.

Definition 3. Let K € Ko. A point © € K is said to be diametral if there exists y € K such that || — y|| =
D(K)

Obviously, if = is diametral, then it belongs necessarily to dK. Denoting by y its counterpart, if the
boundary of K is ¢! at x, the outward unit normal vector at x on 9K is n(z) = (v —y)/||z — y||.

In what follows, we will consider a solution K* to Problem (Pp.x), whose existence is provided by Propo-
sition 1.

Since the area is maximized, it seems natural to look for the largest possible set and thus to saturate
the diameter constraint at each point. Nevertheless, the inradius constraint tends to stick the convex body
onto the circle. M. Belloni and E.Oudet in [1] worked on the minimal gap between the first eigenvalue of the
Laplacian Ay and the first eigenvalue of the co—Laplacian Ay. Since Ao (2) = 1/7(2) and A; is decreasing for
the inclusion, some of their results were obtained by constructing bigger sets while maintaining the inradius
and the diameter. The following lemma is an example.

Lemma 3 ([1]). Let x € K*. Then, one has the following alternative:

1. x is non diametral and belongs to the interior of a segment of OK*.
2. x is diametral and is not in the interior of a segment of OK*.

3. x is in the intersection of two segments of OK*.

To locate the flat parts of 0K* and provide an estimate of their numbers, we need the notion of contact
point.

Definition 4. A contact point of OK* is a point x at the intersection of OK* and an incircle Cg~ of K*.
Similarly, a contact line is a support line of K* passing by a contact point. Note that it is also a support line

OfCK*

Observe that the relative interior of a flat portion of K™ is necessarily made of non diametral points.
Note that the incircle is a priori not unique. Let us consider all the possibilities:

e case 1: The incircle is not unique. In that case the convex K™ is necessarily included in a strip of
width 2, and every incircle touches both lines of the strip.

Indeed, let Cy and Cs be two incircle and O; and Os their center. We consider a basis in which the
coordinates of O; are (—a,0) and those of Oy are (a,0). Let N; (resp S;) be the north (resp. south)
pole of C;. By convexity the rectangle NjN5S55S57 is included in K*. Now suppose that K* is not
included in the strip formed by the lines (N1N3) and (51.52). Then there exist a point M (z,y) € K*
with —a < z < a and y > 1. By construction, the pentagon Ny M N,S552S5; is convex, included in K*, and
its inradius is larger than 1 (see Fig. 5) which contradicts the inradius constraint.

Figure 5: The middle circle is larger than the others, so the inradius is larger than 1.



e case 1bis: The incircle is unique, but still inscribed between two strips. In this case it is even included
in a square, which is covered by the case 1.

e case 2 : The incircle is unique, and there are exactly three contact lines, forming a triangle containing
both the circle and the convex.

Figure 6: A convex set with three contact points

We sum-up these information in the following lemma.
Lemma 4. Any segment of O0K* contains a contact point. Furthermore, OK* contains at most three segments.

Proof. If a segment of 0 K* does not touch an incircle, it would be possible to inflate this part without changing
the inradius nor violating the diameter constraint. The upper bound on the number of segment is a direct
consequence of the previous analysis: if K has more than the minimal numbers of segments that are useful to
prescribe the incircle, then some are useless and can be inflated without consequences on the constraints. [

In what follows, we will work separately on the cases 1 and 2. Section 3.1 deals with the first case, whereas
Section 3.2 is devoted to the investigation of the second case.

Thanks to an easy renormalization argument, we will assume without loss of generality that the inradius
of the considered convex sets is equal to 1 (r = 1).

3.1 First case: K* is included in a strip

Let Ck+ be an incircle of K*. To investigate the case where K* is included in a strip, we consider a basis B
whose origin O is the center of C'k« and such that the equations of the two contact points support lines are
z=1and x = —1 (see Fig. 7). Let us denote by S, the closed strip {(z,y) € R? | |z| < 1}.

We investigate in this section a constrained version of Problem (Pi,.x), namely

sup | K|. (P')
Kek? |,
Kcs

Proposition 2. The symmetric slice B(O,D/2) NS, where B(O,D/2) denotes the open ball centered at O
with radius D /2, is the unique solution of Problem (P’). The optimal area is

D? 2
max |K|.=+/D?—4+4 — arcsin ()
KeK? 2 D
KCS

The set K* is plotted on Fig 7 right.
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Figure 7: Left: a convex set whose (non unique) incircle has two parallel contact lines. Right: the optimal
domain among convex sets included in a slice.

The end of this section is devoted to the proof of Prop. 2. It is straightforward that, if a convex set K
belongs to IC% p and is included in S, then there exist two concave nonnegative functions f and g on [—1,1]
such that

K ={(z,y) eR* z € [-1,1], —g(z) <y < f(x)}. (5)

With these notations, the optimal set K* introduced in Prop. 2 corresponds to the choices

f=vyp, g=yp where yp(x)=/D2/4—22.

The proof consists of two steps: first, we provide necessary optimality conditions on an optimal pair (f,g)
and show in particular that the aforementioned symmetric slice is a solution. Then, we investigate uniqueness
properties of the optimum.

Lemma 5. Let K* be a solution of Problem (P’). Then, K* is of the form (5) and satisfies
f(@) +g(x) + f(-2) + 9(—2) = dyp(z), = €[-1,1]. (6)
Furthermore, the convex set K of the form (5) with f = g = yp solves Problem (P').

Proof. We already know that K™* writes as (5) for some positive concave functions f and g.

First, by lemma 3, every point of the free boundary part K¢, = 0K* N {(z,y) € R? | z € (—1,1)} is
necessarily diametral. As a consequence, the functions f and g are strictly concave. Indeed, observe that a
flat part of the boundary of a convex set contains at most two diametral points.

From the parametrization of K*, we get

1

D= max (o= (@) + 9@ and (K= [ (F+g), 7)
T,T -1, 1
Let us introduce the set K of the form (5) where f and g are both replaced by (f + g)/2. Hence, one has
obviously |K*| = |K| and moreover, by using an easy convexity argument,
D(K)* = max (v —a')” + ((f(z) + g(x))/2 + (f(2') + g(2") /2))?

(z,z")e[-1,1]2
= max - (x—a')? + ((f(2) + g(a"))/2 + (f(2) + g(2)/2))

(z,2")€[-1,1]2

1 N2 v N2 ’ 2
= a) 4 () o)) g max (e - a)? () 4 g(a)

(x — ') + (f(2) + g(a'))* = D’

max
(zz")e[-1,1]2

11



Moreover, if D(K) < D(K*), then K is a convex set having the same area as K*, but a strictly lower diameter.
Mimicking the argument used in the proof of Lemma 1 allows us to obtain a convex set in K2, with a larger
area than K*, which is impossible. It follows that one has necessarily D(K) = D(K*).
Let us set f* = (f 4+ ¢)/2 and let = € [-1,1]. Let K« be a set of the form (5) where f and g are both
replaced by f defined by
f* (@) + f* (=)

flx) = 5 , we[-11].
Then, one has obviously |K*| = |K«| and moreover,
D(Esp)?=  max (¢—a')’+(f(z) + f(a'))?

(‘T7w)/€[7171]2

(@ — o)+ ((F* (@) + (@) /2+ (f*(—2) + £ (=2"))/2)?

= max
(z,x")€[—1,1]2

1 /N2 * * () N2 * * \\2
S5 (o 11]2(95—56) + (f*(2) + f*(2))? +§(“/)€[ 1”( 42 )+ (f*(—z) + f(~2"))

= max (z—2)?+ (f*(2)+g*(2)* = D?
(z,2")€[—1,1]2

If D(Ky+) < D, then K- is a convex set having the same area as K*, but a strictly lower diameter. Mimicking
the argument used in the proof of Lemma 1 yields a contradiction and we therefore infer that one has necessarily
D(Ky+) = D. Therefore, we have constructed a solution with two axis of symmetry.

As we have seen at the beginning of the proof, any point of coordinates (z, f (x)) is diametral. Let
2’ € [-1,1] be such that |(z, f(z)) — («/,—f(z'))|] = D. We claim that one has necessarily =/ = —z.
Indeed, assume by contradiction that 2/ # —xz. By strict concavity of f, one has

D* = (z—a')+ (f(2) + f(2")? =
)/2+ (z —2')/2)* +
)/2)

(o =2 + (Fla) + F—a'))?
(@ -2/ + F(a =)

< (- ~ 2)7
= ((@—2)/2= (" —2)/2)* + (f((x — 2')/2) + [((2' - 2)/2))
< _ \2 3 rYSWANYA — D2
L (o= o) 4 (Fla) + f@))? = D
by using that f is even. We have thus obtained a contradiction, which proves that necessarily, 2/ = —x.

It follows that K s« solves Problem (P’). Furthermore, usmg that f is even and that each point (z, f(z)) is
diametral, associated to (—x, —f(z)), we finally infer that 2 + f(z)? = D?/4 for all z € [1,1]. Noting that

Fl@) = §(F@) + 9(a) + f(~2) + g(~a),

every solution K* is of the form (5) satisfies (6).
Proposition 2 follows. O

It remains to investigate the uniqueness of the optimal set, which is the purpose of the next result.

Lemma 6. Let K* be a solution of Problem (P’). Then, K* is of the form (5), and for every parametrization
(f,g), there exists € > 0 such that:

f(xz) =yp(z) +e, g(x) =yp(z) —¢, z€ [_171]'

Proof. Let (f,g) be a pair of concave positive functions solving Problem (P’). In particular, (f,g) satisfies
(6). It follows from the proof of Lemma 5 that there exists a continuous odd function ¢, on [—1, 1] such that

f(@) +9(x)

PO — yp(a) + pola).

Let K be the convex set defined by (5) where f and g are both replaced by (f + g)/2. Recall that, according
to the proof of Lemma 5, K is also a solution of Problem (P’). Let us focus on the diameter constraint. Since
K solves Problem (P’), then one has necessarily

D= (e 1]2(1’ — 22 + (yp(z) + yp(2') + ¢o(@) + po(z'))?
> max (20)°+ (yn(e) +yp(-))* = D*

12



In particular, since every point of 9K N {(z,y) € R? | x € (—1,1)} is diametral, the function [~1,1] > 2’ —
(z — 2)2 + (yp () + yp (') + @o(x) + @o(x’))? is maximal at 2/ = —z. Note that the function yp + @, is
(concave and therefore) differentiable almost everywhere in (—1,1), and therefore so is ¢,. Let us consider
x € [—1,1] at which ¢, is differentiable. One has

d

o =0

=—zx

((”3 —2')? + (yp(z) + yp (') + @o(z) + %(x’))2>

x!

which reads —4z + 4yp(x)(—yp(x) + ¢, (z)) = 0, and after calculation, implies that ¢/ (x) = 0. We infer that
¢l (z) =0 for a.e. € (—1,1). Since ¢, is absolutely continuous (and even belongs to W1:>°(—1,1)), we infer
that @, is constant on (—1,1), equal to ¢,(0) = 0. It follows that (f + g)/2 = yp and we infer that

f(@) =yp(x) + ¢e(x) and g(x) =yp(z) — @e(),
where ¢, denotes a continuous function on [—1,1]. One has for every z € [—1,1],

Dt o= (= m/I)IéE[lii 1]2(55 - x/)z + (yp() + yp(a') + @e(x) — Sﬁe(x/))Q

> D>+ dyp(z) (pe(T) — e(—7)) + (pe(x) — ‘:06(_$))2 .

and therefore, 4yp () (¢e () — @e(—2)) 4 (pe(2) — pe(—z))* < 0 so that
—4yp(z) < pe(x) — pe(—2) < 0.

Inverting the roles played by = and —z in this relation yields that ¢.(z) — ¢.(—z) = 0 and therfore, ¢, is even.

By using the same reasoning as above, one shows that for almost every = in (—1, 1), the derivative of the
diameter functional vanishes at 2’ = —z, so that one has ¢.(z) = 0 a.e. = in (—1,1). Since . belongs to
W1 (—~1,1) and is in particular absolutely continuous, we infer that ¢, is constant on [—1,1]. The expected
conclusion follows noticing that the converse sense is immediate: every pair (f, g) chosen as in the statement
of Lemma 6 obviously drives to a solution of Problem (P’). O

Remark 2 (Geometric interpretation of the proof). The proof of Lemma 5 can be understood geometrically:
indeed, from a solution, we performed two Steiner symmetrizations: one along the strip, and the other in an
orthogonal direction. From the standard properties of Steiner symmetrization (that we proved for the sake of
completeness), the inradius remains unchanged, as well as the area, but the diameter decreases. The difficulty
lies in proving that the diameter is strictly decreasing, whence the uniqueness.

3.2 Second case: the convex is included in a triangle

In that case, the incircle is unique (see Fig 6). We assume without loss of generality that it is the unit circle.
There are exactly three contact lines (see Def. 4), forming a triangle called T(K).

Definition 5. We will call “free boundary v of OK*” the union of all non flat parts of 0K* and “free zone”
every connected component of the free boundary.

Recall that according to Lemma 4, there are at most three freezones located between the contact segments.

A crucial tool for the analysis is the so-called support function of the convex body K denoted hg. Recall
that hy is defined for every 6 € T by
hi () = sup y - ug (8)
yeK
where ug = (cos(6),sin(f), and T is the torus R/[0,27). The straight line Dy whose cartesian equation is
xcos(f) + ysin(0) = hg(0) is precisely the support line of the convex body K in the direction uy (in what
follows, we will also name this direction 6 with a slight abuse of language).
It follows that Fy := Dy N K. Fjp is a segment, possibly reduced to a point. Furthermore, Fy is a segment
if, and only if K is flat on this portion. In the case where Fy is reduced to a point, we will denote this point

by M (6).
Let us finally recall some basic facts on the support function. For a complete survey about this notion, we
refer for instance to [15]. When there will be no ambiguity, we will sometimes write h instead of hy.
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The support function h associated to a convex body K is periodic, belongs to H'(T) and is C'! on the strictly
convex parts of K. Furthermore, the diameter D(K), area |K| and radius of curvature Rx are respectively
given in terms of h by

1
D(K) = sup (h(0)+h(@+m7)), |K| zf/ (h* = h™?), Rxg=h+h" (9)
(0,27) 2 Jio,2m)
where h” has to be understood in the sense of distributions.
Let 7 be the set of triangles with unit inradius enclosing K. In this section, we will investigate the
optimization problem
sup sup |K|, (10)
TeT KeKk? ,
KCT

which can be recast in terms of support functions as

1
sup 7/ (h? — h'?) (Pr)
ner 2 J(0,2m)

with
H={hec H(0,2m),h+h" >0in D'(T), 3T € T |1 < h < hy,sup h() + h(0 + ) < D},
0eT

where hr is its support function of T. Note that h + A" is a positive Radon measure. It is essential to ensure
that h is the support function of a convex set. The condition 1 < h < hp simply means that K, whose support
function is h, contains the disk D(0,1) and is included in the triangle T'.

Before stating the main result of this section, let us introduce another particular smoothed nonagon,
denoted K¢(D).

Definition 6 (The smoothed nonagon K¢ (D)). Let D €]2,2+/3[. We denote by K¢ (D) the convex set enclosed
in an isosceles triangle Ay of inradius 1 and made of segments and arcs of circle of diameter D in the following
way (see Fig. 8): the normal angles to the sides of A are

m=-m/2, my=arcsin(r/2—1) and nz=7—1m
where T s the unique root of the equation
-7+ (D*/2+5) 7% — (2D*+4)) 7+ D* = 0.

Let us introduce the points A;, B;, i = 1,2,3 and Ms defined through their coordinates by

Ay = (Cosmthasinm) o feosmy—hisinni) o g g gy (C0S0M)Y)
sinn; — h; cosn; sinmn; + h; cosmn; sin(ny)

with h1 = VD? — 12 and hy = hy = %1(7' —2). The set Ko(D) is then obtained as follows:
e the points A1, By, As, Bo, My, A3, Bs belong to its boundary;

e BoM; (resp. M1As) and A1 Bs (resp. B1As) are diametrally opposed arcs of the same circle of diameter
D.

o the boundary contains the segments [A;B;], i = 1,2,3. Note that the contact point I; with the incircle is
precisely the middle of [A;B;],

Moreover, setting

. (2(sinn + hycosm) — 7+ 2 (T
t; = arcsin D and  t9 = arcsin (5) ,

we have the formula

D2
|Ko(D)| = ——=/D? =72+ —(t, — t1). (11)
T—2 2
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Figure 8: The set K¢ (D) and its incircle.

Proposition 3. Let D > 2 be given and assume that Problem (10) has a solution K*. Then, K* is either the
set Ko(D) or Kg(D).

The end of this section is devoted to proving Proposition 3. Hence, let us assume that Problem (10) has a
solution denoted K (instead of K*) for the sake of simplicity. Let T be the triangle of inradius 1 containing K.
Let D,,, be the three tangent lines to the unit circle defining 7', where 7; is the angle between the abscissa axis
and the normal vector to each side of 7. We assume that 1; < 12 < 13 and we introduce the contact points
I; between the lineD,, and the unit circle. We also define @1, 2, @3 as the demi angles at the center (see
Fig. 9). The problem being rotationally invariant, we will impose without loss of generality that ny = —7/2,
and ¢1 < @2 < 3. Identifying the index ¢ with the index 7 + 3, one has

0 = Ni+2 — Th‘+1’ i=1,2,3.

2
The set K N D,, is a segment (possibly reduced to the point I;) denoted [A;, B;]. The free boundary v being
strictly convex according to Lemma 4, we parametrize it with the help of a function 6 — M () defined on
I,= (0,27)\{nm; }i=1,2,3, where 0 is the angle between the normal to the support line of the point M (#) and the
abscissa axis. A point M of the free boundary may have several support lines. More precisely, two cases may
arise: either a point has a unique supporting line or a point has at least two supporting lines.

Each point M of the second kind is a kind of vertex of K called “angular point” of K. Moreover,
considering the smallest and the largest angle made by its supporting lines, one can associate to M a closed
interval Jys C I,. Notice that two consecutive vertices M and N cannot admit overlapping intervals Jy; and
Jn since it would mean that v contains a segment violating the property that every point in v saturates the
diameter constraint. It also implies that angular points of + are isolated, whereas points of 0K of the first
kind are represented by a unique angle.

This remark rewrites in the following way in terms of the support function h of K:

(i) if M () has a unique supporting line, then 6 + = € I, and h(0) + h(0 + 7) = D;

(ii) in the converse case, there exists § € Jys such that 6 + 7 € I, and h(6) + h(0 + 7) = D.
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Figure 9: Example of a convex K and the triangle T(K).

Regarding the flat parts [A;, B;|;=1,2,3, one has

Ai=M(n; )= lim M) and B;=M(n)= lim M(9)
0—n;,0<n; 0—n;,0>n;
Fori=1,2,3, let a; and 3; be such that M (6) = A, for all § € [n;—a;,n;) and M (0) = B, for all 8 € (n;, n;+5;].
Since angular points are isolated, the free boundary « near A; and B; is made of points of 0K having a unique
supporting line. An easy continuity argument shows that A; and B; saturate the diameter constraint. Let us
make their diametral point(s) precise. Recall that we introduced Fy as Dy N K and let us characterize F, 4.
Since n41 —m; < 7w, n; + ™ cannot belong to {n;};—=123, then F,  is a point denoted M (n; + m) or more
simply M;. Considering for instance the point M7, we have to distinguish between three cases:

o if ;g + 1 € (92 + P2,m3 — a3), meaning that M; lies in the interior of the free boundary, then M is
diametral with both A4; and B;

o if n; +m € (n2,m2 + B2), then M7 = By and one easily infers that M; A = D
o if ny +m € (93 — as,n3), then My = Az and it follows that MyB; = D

3.2.1 Geometrical description of optimizers

Lemma 7. Let i € [1,3]. The contact points I; between the line D,, and the incircle is the middle of the
segment [A;, By].

Proof. To prove this, we will use a small perturbation of an angle 7; and get optimality conditions. Let us
consider I; and introduce the lengths 4 = 1 A; and lg = I1 By. Let us do the following perturbation: replace
m by m + € for € > 0 small. We denote by L,, 4. the corresponding tangent line of the unit disk. Now
introduce J. the intersection point between D, and L,, .. This point satisfies J. = I; + %(— sinny, cosny).
Let T, be this new triangle. We build a new convex set included in the triangle 7, by slightly modifying the
previous one : replace A and B by A, and B, located on L, 4. in such a way that the diameter constraint is
still fulfilled (see Fig. 10). We explicit the construction of A, below as the intersection of L., . with a well
chosen line issued from A; while B, is the intersection of L, +. with the boundary of K We have to make the
balance between

o the area we gain: this is triangle T'(AJ. A.)

e the area we lose: this is the intersection of K* with the half-space {z - u,,+. > 1}. At first order, this
area is the same than the area of the triangle T'(BJ.B.)
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Figure 10: Gain of area (strips) vs loss of area (dots)

The two triangles share the same angle ¢, therefore the balance of area is
0A = %sina (JcA.J.A. — J.B.J.B.)
Now we can explicitly compute these lengths and get the expansions
JA=14+0(e), J.B =lIp+0(e),

Let us introduce the angle 05 = mg. Using elementary trigonometry, we can rewrite the length J. A, as

AJ,
eAe = - =1a(1 — & cot 05 .
J cos e + sin e cot 65 al ecot 0 + o(¢))

Now let us prove that we can choose an angle 05 which does not go to zero while keeping the diameter
constraint satisfied. Suppose 1 € [0,7/2]. Recall that A is represented by an interval of angles T4 = [ —a, m1].
Let D4 be the set of points that are diametrical to A and © 4 C I4 + 7 the set of angles representing elements
of DA:

©a={0€l,,M(0) € Dy and h(0) + h(0 + ) = D} C [0,27).

We claim that there exists v > 0 such that for all §' € [ +7 —~,m1 + 7], ¢ ¢ © 4. Otherwise the diameter
constraint on I; would be broken. Let ( = max(©4) < ® + ;. Choosing 65 = (7 + n; — ¢)/2 fulfills the
desired condition for £ small enough and provides a gain of area as [4¢/2 + o(¢)).

On the side of B there is no problem with the diameter constraint, thus we simply observe that J.B. =
g + O(e) by construction. Therefore we get a loss of area as (%4¢/2 + o(¢)).

Thus we infer that the difference of areas is equal to 0A = £(I% — (%) + o(e) which has to be non-positive,
which leads to 4 < [p at the optimum. We repeat the argument with ¢ < 0 to get Ilp < l4, whence the
equality.

O

Now we are going to prove that the free boundary is made of arc of circle of radius D/2 by working on
the radius of curvature R. It consists of three steps. We show first that this radius can only take the values
0, D/2 or D on the free boundary. Then we prove that the set {R = D} is necessarily of empty interior to
finally deduce that the radius of curvature on non angular points can only be D/2.

Lemma 8. On the free boundary v of K*, the radius of curvature is almost everywhere equal to either 0, D/2
or D.

Proof. According to the above discussion, we will distinguish between points of the free boundary + having a
unique support line, and angular points. Since angular points are isolated on K™, it means that points of
having a unique support line define an open subset 7; of v or equivalently that their angle parametrization
define an open subset Iy of I,= (0, 2m)\{n; }i=1,2,3. Any point of the complement set of 7 is an angular point,
and therefore its radius of curvature is zero. Thus, it remains to look at points of ;.
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Recall that, since K* is a convex set, its radius of curvature defines a nonnegative Radon measure. For any

0 € I one has h(0) + h(0 + w) = D. Differentiating twice this equality and since R = h + h”, one gets that

R+ 7R = D in the sense of measures in I1, where 7, is the translation operator given by 7.(f) = f(w + ) for

every continuous function f. It follows that 0 < R(f) < D for a.e. # in T and thus, R is a bounded function,
allowing us to write

Vvoel,, R(O)+R(O+m)=D. (12)

Let us now prove that for almost every 6 € Iy, one has R(f) € {0,D/2,D}. Let us assume that the set
w={0 €I |0< R(H) < D} has a positive measure, otherwise it means that R = 0 or R = D a.e. and we
are done. Let us first show that R is necessarily constant on w. Let us argue by contradiction: assume there
exist two subsets wy and ws such that |wq| = |ws| > 0 and

R(0)d0 > [ R(0)d6. (13)
IR

Let us consider a regularization £ of the function v defined by

) = +1 iflew, -1 iffcw +n
YT -1 ifecw,, 1 iffcwstm

and we will deal with the perturbation h 4 v of the support function h for € > 0 small. In what follows, we
should deal with the regularization £, work on a subset of w on which 0 < n < h(f), and finally pass to the
limit N\, 0. To avoid technicalities, we will directly write the asymptotic of the derivative of the area under
this perturbation, with a slight abuse of notation.

Since the area of the domain is

2
|K| = J(h) where J(h) = % /0 (h2(6) — h'*(0)) db,

the first derivative of the area under the perturbation above reads as

(dI(h),€) = / he - We' = / (h+ h"E.
w1 UwaU(wy +m)U(wa+) w1 UwaU(wy +m)U(wa+)

By definition of £, one gets
<dJ(h),§>:/ R—/ R—/ R+ [ R
w1 w2 w1+ watTm

and according to (12), it comes

<dJ(h),§>/wlR/wR/wl(DR)+/w2(DR)2</MR/W2R>>O

leading to a contradiction. It follows that R is necessarily constant on w. Let us moreover show that the
constant value of R is precisely D/2. We proceed similarly: let us choose a perturbation ¢ equal to 1 on a
subset wy and —1 on wy + 7. The same computation as above leads to

<dJ<h>,s>—/wlR/w1<DR)—/M@RD),

and we conclude since this derivative must be zero (indeed, if this derivative would not vanish, either the
admissible perturbation £ or —¢ would make the area increase). We conclude that necessarily R € {0, D/2, D}
on Ii.

O

From this lemma we deduce that if the boundary OK* contains an arc of circle of radius D/2, it also
contains its antipodal part (in other words the set of points of 0K™* diametrically opposed to those of the arc
of circle), and if it contains an arc of circle of radius D, it also contains its center. Let us show that this second
case cannot occur, following an idea in [1].

Lemma 9. The two assertions are incompatible:
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e the free boundary v contains an arc of circle of radius D;
e its center belongs to OK*.

Proof. Let us argue by contradiction. Let us denote by C' the circle of radius D one arc of which belongs to
~v and by P € K™ its center. Note that since C' saturates the diameter constraint, according to lemma 3, it
belongs to the free boundary ~ or lies in the intersection of two segments. In this last case K has only two
free zones and C is an edge of T. Anyway C is not in the neighborhood of any contact point. By choosing
adequately an orthonormal basis, assume that the coordinates of P are (—D/2,0) and the coordinate of the
center of the arc, denoted by @, are (D/2,0). Now for € > 0 consider Q). whose coordinates are (D/2 + ¢,0)
and define
K. =hull(K*UQ.) N B(Q, D).

where B(Q., D) is the disc of center Q). and radius D.

Figure 11: Left: gain of area (red crosshatch) vs loss of area (blue horizontal lines). Right: calculus of the
gain .

Since the free boundary is modified locally, far from the contact point, the inradius remains unchanged
and the diameter also by construction. This transformation drives to a gain of area on the right part, and a
loss on the left part (see Fig. 11). Let us show that the gain is O(g1/€) and the loss is O(g?).

e gain: using the notations on the right part of Fig. 11, one determine a lower bound of the area gain
by computing the area of the triangle B1Q.By. Here x = ¢/ tan(f.) with cos(6.) = D/(D + ¢), and
therefore, z = O(1/¢), and thus, a lower bound on the area gain is O(g\/€).

e loss: note that if the radius of curvature is D on an open interval, thus it is equal to 0 on its antipodal
interval. It means that the center of the corresponding arc of circle is an angular point, and hence it
admits two different tangent lines. By convexity, the loss area is less than the one of the triangle formed
by the point P, and the two intersection points of the tangent with the circle C(Q., D). Now the angle
of the tangents does not depend on ¢, and the same kind of calculus shows that the area loss is O(g?).

Hence, choosing € > 0 small enough guarantees that | K| > |K*| and we have thus reached a contradiction. [

Let us complete the description of the free boundary with the help of two lemmas.

Proposition 4. The free boundary v of K* is the union of arc of circles of diameter D (i.e. the radius of
curvature is equal almost everywhere to D/2 on v), that are mutually antipodal.

Proof. As usual, we denote the optimal set by K in this proof. We will consider its radius of curvature R as
a variable. Recall that, globally, R is a Radon measure on T such that

(R, COS)M(T),%O(T) =0= (R, Sin>M(T)’<g0(T) =0 (14)
(we choose to fix the origin at the Steiner point of the convex set K). Its associated support function h solves
the ODE

h+h"=R in T
{ + in (15)

2T h(9)e™ df = 0
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Let F be the associated resolvent operator, in other words,
F:Rp>Rw F[R]=hec HY(T),
where h is the unique solution to System (15) and
Rp = {R € M(T) | (R, cos +isin) pr), %oty = 0 and F[R](0) + F[R](6 +7) <D, § € T}.

In what follows and for the sake of notational simplicity, we will denote the quantity (R, f) r¢(t),%0(T), Where

f is a continuous function in T, by fozﬂ R(0)f(0) df with a slight abuse.
We recall that the area of K is given by

27
|K|=J(R) where J(R)= F[R])(0)R(9) db. (16)
0

Let R be the radius of curvature function of the optimal set K, and h = F(R). Let I denote a subset
of (0,7) of positive measure (assumed to contain an interval without loss of generality since angular points
are isolated) on which there holds k() + h(f + ) = D. According to Lemma 8, R is bounded on I, such
that R(0) + R(6 + ) = D and R € {0,D/2,D} a.e. on I. Moreover, according to Lemma 9, the interiors of
IN{R =0} and I N {R = D} are empty.

We want to write the optimality conditions satisfied by R locally on the interval I. For that purpose we
need to use admissible deformations: these are precisely deformations £ belonging to the tangent cone at R, we
recall this definition: the tangent cone to the set L*°(I;[0, D]) at R, (also called the admissible cone) denoted
Tr is the set of functions £ € L (I) such that, for any sequence of positive real numbers (7, )nen decreasing to
0, there exists a sequence of functions &, € L>(I) converging to £ as n — +oo, and R+ n,,&, € L*>(I;[0, D))
for every n € N.

Let us now give the first order optimality condition. This a quite classical result in control theory, but for
sake of completeness, we postpone the proof of the following Lemma to Appendix A.

Lemma 10. There exist three real numbers (i, «, 8) (Lagrange multipliers), which are not all zero, such that
the radius of curvature R of the optimal domain and its support function h satisfy

VE € Tr, / (u(2h(0) — D) + acos 6 + Bsin ) £(0) df < 0. (17)
I

To finish the proof of Proposition 4, let us introduce the switching function
Ur:0— pu(2h(d) — D)+ acosb + [sinb,

where h is the solution to (15) associated to R. The first order necessary condition can be recast as

V¢ € Tr, /‘I’R§<0-
I

Let yo € I be a Lebesgue point of I N {R = 0} and let (G, )nen denote a subset of I N {u* = 0} containing yo.
Then, £ = 1¢, belongs to Tr and therefore
/ Wy <0
Gn

By dividing this inequality by |G,,| and letting G,, shrink to yo as n — 400, we infer that ¥ (yo) < 0 according
to the Lebesgue density theorem.
Generalizing this reasoning to the sets TN {R = D} and I N {0 < R < D}, it follows that

eonIN{R=0}, ¥p<O0;
eonIN{R=D}, T >0
eonIN{0<R< D}, Tr=0.

Note that Ug is continuous. Let us distinguish between two cases. If u = 0, then Uz(0) = acosé + Ssinf
with («a, 8) # (0,0) and then, {Tr = 0} has zero measure. It follows that R is bang-bang, equal to 0 and
D almost everywhere in I. By continuity, since I contains an interval, one has either R = 0 or R = D on
an interval, which is in contradiction with Lemma 9. In the same way, if g < 0 (or ¥z > 0) somewhere, it
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will remain negative (or positive) on an interval, implying that R = 0 on that interval, in contradiction with
Lemma 9. Therefore, we deduce that ¥ is identically zero which implies that

D «
h=—+ fcos+ésin on I.
2 p %
The same identities hold true on I + m, which corresponds to an antipodal arc of circle. The expected result
follows. Notice finally that, since angular points are isolated (which allowed us to assume that I contained an
open interval), v is the union of arcs of circle of diameter D. O

Another necessary point is to determine when ones switches from an arc of circle to another one.

Lemma 11. Arc of circles only end at an angular point of the free boundary. Furthermore, the only angular
points in the interior of the free boundary are the points M;, i = 1,2, 3.

Proof. We have seen that a piece of v whose points have a unique supporting line corresponds to an arc of a
given circle with diameter D. All such points are represented by a unique angle. Hence, denoting by I the
corresponding interval of angles, the relation h(-) + h(- + w) = D holds true on I. It follows that an arc of
circle breaks in the interior of v if, and only if there exists an angular point M represented by an interval Jys
on which the relation h(-) + h(- + ) = D is not satisfied (otherwise we would necessarily have R = D on
Jar because of Lemma 8, which is impossible because of Proposition 4). Therefore, only an angular point can
break an arc of circle and we claim that such a point is necessarily one of the points My, My, M3. Indeed,
let us write Jy = [«, 8] with a < 8 and recall that for € > 0 small enough, 8 € [a — ¢, a] (and respectively
0 € [B,8 + €]) is associated to a point on an arc of circle with diameter D. Let A (resp. B) be the points of
OK™* corresponding by o+ 7 (resp. 8+ m). If A = B, there are two pairs of arc of circle with same center,
same radius meeting with a nonzero angle, which is impossible. Thus, one has A # B and there is a point in
the boundary between A and B which does not saturate the diameter constraint (otherwise, using the same
arguments as above, there would exist an arc of circle of radius D between A and B). This point belongs
necessarily to a contact line, which proves that Jj,; contains one of the angles n; + 7, ¢ = 1,2, 3. It follows that
M corresponds to a point M;, ¢ = 1,2, 3. O

According to Proposition 4 and Lemma 11, each free zone of 7y is made of one or two arc of circles, and for
each one, the antipodal arc of circle is in 7.

We end our study by distinguishing between two cases, depending on whether v is made of two or three
free zones.

3.2.2 Case of two free zones

First of all, let us remark that the case where the boundary contains only one free zone cannot occur. Indeed,
it would mean that all the points in this free zone, that we know to be diametral, would be at the distance D
of one vertex of the triangle. But this is impossible, according to Lemma 9. Thus, it remains to look at the
case of two free zones. In that case, one of the vertices of the triangle belongs to the boundary dK*. Exactly
for the same reason, it is impossible that one piece of the free boundary is diametral to this vertex. Therefore,
the two remaining free zones that we denote Z; and Z, are mutually diametral, which means that for each
My in Z; there exists My in Zy with MMy = D.

The case of two free zones arises whenever some points A; and B; on Fig. 9 coincide with a vertex S;.
According to Lemma 7, the contact point are the middle of the contact segments. Moreover, two segments have
a vertex as endpoint, and it is necessary for the contact segments to be included in the edges of the triangle that
this vertex is closer to the contact points than the other vertices. With the notations previously introduced
(and summed-up on Fig. 9), we have S;I; = tan ¢; for i # j. Since we assumed that 0 < 1 < 2 < @3 < 7/2,
the vertex is necessarily S; and one has I As = I3B3 = tan ;.

Assume hence without loss of generality that Z; contains A;. Since A; is diametral, there exists M € Z5
such that MA; = D. Assume by contradiction that A, is not diametral to A;, hence there is a unique
supporting line at M. Let 6 be the angle associated to this support line. By uniqueness of the supporting line,
one has necessarily h(0) +h(0+ ) = D with 0 +7 € [n1 — a1, m]. Then, every point "above" M is represented
by a unique angle ¢ > 6 and we have h(6') + h(0' + 7) = D but 8 + # > 6 + =, so the angle §' + 7 also
represents A;. It shows that every point above M is diametral to A;. In particular, A; and Ay are diametral,
whence the contradiction. Similarly, one shows that BsB; = D.

Recall that that the free zones are only made of arc of circles of diameter D. Let us show that each free zone
is one arc of circle, that is antipodal to the other free zone. If it were not the case, one point M; with i = 2,3
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Figure 12: A convex set with two free zones

would be in the interior of the free zone. Let us consider without loss of generality that M3 belongs to the
interior of the free boundary. Let N be a point of «y strictly between B; and Mj3. Let 6 be the corresponding
angle of the associated supporting line, which is unique. Then, 8 < 13 + 7 and N is diametral with a point
whose angles set of its supporting line(s) is included in (12,73). It is necessarily S;. But this is impossible
according to Lemma 9 since v cannot contain an arc of circle of radius D whose center is a vertex of T.

Therefore, the free zones are antipodal arcs of circle of radius D /2. Since the points Ay, By, A2, Bs belong
to the same circle and are two by two diametral, they are the vertices of a rectangle, meaning that 7" is an
isosceles triangle (we use here the fact that the incircle and the rectangle share the same axis of symmetry).
Taking the convention that 1y = —7/2, we have n3 = 7 — 13 and ¢1 = 7/2 — 12 (see Fig 13).

A1 I1 Bl

Figure 13: Picture of an admissible set with two free zones

Now let us compute the exact value of 72 with respect to D. Since ¢; < 7/3, one has necessarily 7z > 7/6.

Let us consider the orthonormal basis (O; %, ﬁigg) centered at O, the incircle center. Since the abscissa

of A; is the same as the one of B3 and since I3 is the middle of [S; B3] (and resp. I is the middle of [S; As]),
we infer that the coordinates of A7 and As are then

2
Ay = (—2cosm,—1) and A, = (2COSTI2’CO§(W2)>.

sin 72

Solving the equation A;As = D leads to the polynomial equation:

: : s D*—1_, 1 1
P(sinne) =0 with P(X) = X" — 1 X° - §X + 1 (18)
We need to determine a solution in [1/2,1]. Assume that D > 2. Let us observe that P(1) = 4_4D2 < 0 and

P(1/2) =352 ® < 0. Furthermore, one shows easily that P is either decreasing on (1/2,1) or decreasing and
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then increasing on (1/2,1). Thus the equation P(sinny) = 0 has no solution on [1/2, 1]. We conclude that this
is not possible to build an optimal set with two free zones.
3.2.3 Case of three free zones
Let us distinguish between two cases.
Subcase 1: all the points M;, i = 1,2,3 belong to the interior of ~.

In this case, the previous study has shown that the free boundary is as follows (see Fig. 14)

e A3M; and B/T\ig are antipodal arcs of circle of radius D/2,

° m and m are antipodal arcs of circle of radius D/2,

° m and m are antipodal arcs of circle of radius D/2,

e [; is on the middle of [4;, B;]

e M; is on the perpendicular bisector of [A4;, B;] (or I;, O and M; are aligned).
We deduce the relationships

— —
MgBl = ]\/[11437 MlBg = ]\/[21417 and M2B3 = M3A2. (19)

Figure 14: Case of three free zones and the M;’s belong to the interior of the free zones.

Let 7; = M;I; and h; = I; A;. Then necessarily 7; > 2 and we have the relationship

hi:\/DQ—Tiz (20)

O: 11 By 118
'y I11By? 11O

Let us consider the orthonormal basis (
coordinates of A;, B; and M, are

sinn; — h; cosn; sinn; + h; cosn; sin n;

) centered at O, the incircle center. For ¢ = 1,2,3, the

By assimilating the index ¢ with i + 3, the vector relationships above rewrites

i—=1.923 { 2—7 = (2—7Tig1)cos(n; — Nit1) + hiy1sin(n; —nit1) (21)
B hi = (2= Tiy1)sin(n; — Miy1) — hiy1cos(n; — nit1)
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from which we infer that
(2—7)tan(ns —n2) = hy
(2 — 7'2) tan(nl — 7]3) = h2 (22)
(2 —’7'3) tan(m —’I]l) = h3

With the value of h; given by (20), we have the quadratic equation on 7y:
(2 = m)?tan?(n3 — o) = D? — 77 (23)

and similarly for the others. This yields

2—7 = 2(:052(7]3 —1)9) £ cos(ns — 772)\/D2 — 4sin?(n3 — n2) (24)

Since 2 — 7 is negative, we can choose the sign depending on the value of cos. Recall that n; 11 —n; € (0, )
and 3 — 12 < 1 — 13 < 2 — 1. Furthermore, 7,01 — n; € (0,7/2) means that the triangle has an obtuse
angle. This can happen only once, and for 3 — 72. So at least 71 — n3 and 1 — 71 are in (7/2,7) and their
cosine is negative. Assuming now that we have n3 — 7o > 7/2 leads to

2 — 1 = 2cos?(n3 — n2) + cos(nz — 772)\/D2 — 4sin®(n3 — 12)
2 — 15 = 2cos?(n —n3) + cos(n — 773)\/D2 — 4sin?(n; —n3) (25)
2 — 713 =2cos?(ny — 1) + cos(nz — 771)\/D2 — 4sin®(ng —m1).

By replacing h; by its value (22) in (19), we obtain after calculation

(2 —73)cos(nz —m2) = (2—m1)cos(m —n2)
(2—m2)cos(ne —m) = (2—73)cos(ns —m) (26)
(2—m1)cos(m —n3) = (2—T2)cos(nz —n3)

Finally, replacing 2 — 7; by his expression in (26) and using that cos(n;+1 — 7;) # 0, we get

2cos(ny — 1) + /D2 —4sin(ny — 1) = 2cos(n3 — n2) + /D2 — 4sin®(n3 — 1)
2 =2 2 .2 (27)

2cos(ng —m) + /D2 — 4sin(n; —m) = 2cos(m —n3) + /D2 — 4sin®(n; — n3)
Let f: 2+ 2cosx+ v/ D? — 4sin? z. One easily shows that f is decreasing on (7/2,7) and hence injective

(see Fig. 15). We thus infer that
2m

773—772=U1—773=772—771=?~

The triangle T is therefore equilateral and one has 71 = 75 = 73 = (34 v/ D? — 3)/2. We recover the smoothed
nonagon introduced in Def. 2.

Assume now that n3 —ne < 7/2. If n3 — o = 7/2, then 71 = 2 and M; is on in the incircle, which is
impossible for D > 2, otherwise the arc of circle would cross the incircle.
Now we have

2 — 1 = 2cos?(n3 — n2) — cos(nz — 772)\/D2 — 4sin®(n3 — 12)
2 — 79 = 2cos%(m — n3) + cos(m — n3)\/D? — 4sin? (1 — 13) (28)
2 — 713 =2cos?(ny — 1) + cos(ng — 771)\/D2 —4sin®(n2 — 1)

The same computations as above yield

2cos(ns — 1) — \/D2 — 4sin?(n3 — 1) = 2cos(n — n3) + \/D2 — 4sin?(n; — n3) (29)

Now, let us introduce g : 2 — 2cosz — /D2 — 4sin? 2. One easily sees that ¢ is negative while f is positive
and therefore, the equation f(z) = g(y) has no solution. We conclude that this case cannot happen.
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Figure 15: D? = 6. Left: plot of the function f. Right: plot of the function g.

Finally, the solution for this sub-case is Kg(D) defined in Def. 2. Observe that since Kg(D) is inscribed
in the equilateral triangle, we need to have h < v/3, ie 7 < 3 and D < 2v/3, whence the requirement on D for
the sake of the definition of Kg (D).

Subcase 2: at least one point M; is on the boundary of the free zone, namely it is one of the
points A; or Bj.
Assume here that a point M;, say M; is not in the interior of the free zone. Then M; = By or M7 = A3, say
M; = Bs. The free zone Z; is an arc of circle of radius D/2 whose antipodal arc is §1_1\4\3 If Msj is also on the
boundary of Z3 then Z; and Z3 would be antipodal and Z5 would not have any antipodal arc of circle. This
is impossible. So M3 lies in the interior of Z3 and it has a second arc of circle: Z\m which antipodal arc is
Ms5Bs. We claim that My = A; otherwise m would not have antipodal arc.
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Figure 16: An approximate illustration of the case of three free zones and M; in the boundary of the free zone.

Now, in comparison with the first case, only two vector relation are valid, namely
BiM; = AsBy and A,M; = BsA,. (30)

Taking the same notations as in the first case with 7 = 73, one has
{ cosne — hasinme — cosns — hasinng = (1 — 7) cosng — cosny + hy sinm

sinny + hg cosne — sinnz + hgcosns = (1 — 7)sinng —sinn; — hy cosmy
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and

cosny + hysinn — cosnz + hasinng = (1 — 7) cosnzg — cosny — ha sinne (32)
sinng — hy cosny —sinnz — hycosns = (1 — 7)sinns — sinng + ha cosny
The same kind of computations as in the first case lead to the following statements:
m—M=MN—-—"1N3=Y
hy = hg
2—7=2cosy <0 (33)
72+ h3 =D?

2h1 = —hgcosy.

Now set 3 = —7/2. then gy =y — 7/2 € [0,7/2] and 12 = m — 1. Observe thatA;M3A; B3 is a rectangle
which leads to the new equation A Ms - AoMsz = 0. It rewrites

(1 —1)% =2(1 — 1)sinny + (A3 +1)(2sin?n; —1) =0 (34)
and using that
) ) D2 _ 7_2
Slnn1:7/271 and h1+1:m+17 (35)
Equation (34) becomes
— 734+ (D?*/2+5) 7> — (2D* + 4)) 7+ D* = 0. (36)

Since 7 has to be a root of the polynomial in [2,3], a calculus argument shows that for D € [2,2+/3], the
polynomial has a unique root in [2, 3], with 7(2) = 2, 7(2V/3) = 3 and 7 is an increasing function.

Finally this leads to the construction of the set K¢ (D) shown in Fig. 8.
2(sin 171+h1DCOS 1’]1)—T+2)

Furthermore, if we set ¢; = arcsin ( and to = arcsin(7/D) then we have the formula

2

D
T D2y 7“2 — 1) (37)

-2

Ke(D)] = -

Let us remark that, using (35), we have cos? ty = (D? — 72)/D? and (1 — 2)? = 4sin? 7, thus

n2 D2 — 72 _ D2 cos? tq by — D costy
1= —9\2 ) = h1 = .
(r—2) 4sin” m 2sinm

and replacing in the definition of t;, it provides the alternative formula

51
t; = arcsin (CO& 2 ) . (38)
tanm

3.3 Comparison

Now we have to determine what is the optimal shape for a given D. Previous analysis show that for D > 2v/3
it is not possible to construct the sets Kr and Kg. Hence the stadium Kg is optimal for such D. Let us
have a look to the graphics of the area of the three domain for D € [2,2+/3]. Now let us investigate the case
D € [2,2V/3]. Graphics 17 suggest that the set K is optimal for small values of D and K is optimal for high
values of D. In the following we prove two facts:

1. The domain K¢ (D) is never optimal,

2. the existence of D* such that for D < D*, |Kg(D)| > |Ks(D)| and for D > D*, |Ks(D)| > |Kg(D)|.
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Figure 17: Comparison of the three areas

3.3.1 Proof that K- (D) is never optimal

We are going to prove that Ko (D) < Kg(D) for D € (2,2v/3] by comparing their derivatives (we know that
Kc(2) = Kg(2) = 7). Let us write Equation (36) in the following way

D2_T72—5T+4 a

: 39
2 2r 41 (39)

79(T)

where the function g : x — (2% — 5z +4)/(2?/2 — 2z + 1) is increasing. Thus we make the change of variable
D — 7 and rewrite the areas K¢ (D) and Kg(D) in terms of 7 € [2,3]. More precisely, we write 7 = 2+ h
with h € [0,1] and we write all quantities in term of h. Let us observe that

h
2 =24 —F. 4
o2+ h) =2+ s (40)
We start with Ko (D) given by (37). By (40)
D? =12 = (24 Mg+ h) — (24 h)? = g2 2
- g T R2)2
and then the first term of K¢(D) is
T h+ h2/2
VD% —712=(2 —_—. 41
p— = +h>\/1fh2/2 (41)
A simple computation gives its derivative with respect to h:
d 24+h  1+2h+h%/2-h3/2
4 T i) = + +2h+h72 - B2 (42)
dh \ 7 -2 2h(1 — h2/2) 1—h2/2
Now we look at the other term in Kx(D):
2+ h—h%—h3/2
1o = arcsin ( g(TT)) = arcsin (\/ +2 Fy— / ) . (43)

Now, let us express t; using (38):
T2 2+h h/2
ity =1 —— = [1— = hy/
oStz D? 92+ h) 2+ h— h2
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while , from sinn; = h/2, we get

t 1 1 U
an = _— = .
n 1 —sin?n, 4 — h?
From this, we infer:
h(2+h
t; = arcsin < 2&1}3) . (44)

Now using the formula arcsin b — arcsin a = arcsin (b\/l —a?2—aV1-— bz) (all numbers a and b are between 0
and 1), we finally get thanks to (43) and (44):

to — t1 = arcsin <(1 —h)y/ H) . (45)

In particular, we have

i(t )= h? —2h —2

dh? Y T (2= h)2R(2 + h)(1 - h2)2)
Thus, one has
Dji(t_t)f(lﬁ%)@*h)(?*h) h? —2h —2 B 2+h  —1—2h—h%/2+13)2
2dn VT 2(1-0%2) (2 -h)2R2+ )L - k2/2) |\ 2h(1—h?/2) 1-h?/2

which is exactly the opposite of (42). Therefore

d dD . 12+ h
%KC’(2 + h) = D% arcsin ((1 — h) 2h> .

d
dD

On the other hand, since

2
Kg(D) = D arcsin <D>

we have

d dD . 2
%KS@ +h) = D% arcsin (D)

and to compare the derivatives, it suffices to compare the arguments in the arcsin. Now

2 \/ 2(1 — h2/2)
D (I+h)(2=h)(2+h)
and squaring and simplifying amounts to prove
4(1 — h%/2)
(1+h)(2+h)
which is true for 0 < h < 1. This finishes the proof of Kg(D) > K¢ (D) for D > 2.

> (1-h)?*2+h) < h*(5+h -3 —h%) >0

3.3.2 Existence of D*

Note that |[Kg(2)| = |Kg(2)| = 7. Now we compute the derivative of D — |Kg(D)| — |Kg(D)| which is given
by

%UKE(D)I —|Ks(D)]) = g x D (2; - zarccos(f)> ~ Daresin (;) :

which has the same sign as m — 3arccos(§)) —arcsin(2/D) = g(D).
Now, we have
3v/3 2

- +
DvVD?2 -3 DvD?-4
which is positive if and only if D € [2,/58]. Together with g(0) = 0 and g(2v/3) = —arcsin(—5=) < 0 we get

g'(D) =

V3
that g is positive then negative. Finally we deduce that D — |Kg(D)|—|Kgs(D)| is increasing then decreasing

with value 0 at 2 and taking negative value at 2v/3. We finally get the existence of some D* € [2,2+/3] such
that for D < D*, |[Kg(D)| > |Kg(D)| and for D > D*, |Kg(D)| < |Kg(D)|. This conclude the proof.
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A  Proof of Lemma 10

To prove the Lemma, we will introduce an auxiliary problem whose unknown is the restriction of R to the set
I. Let us introduce J = [0, 27|\(I U (I +7)). Let us decompose R as R = Rol;+u*1;+ (D —u*(- — 7)) L4,
and observe that

J(R) = /I(zF[R]u* — DF[R] — Du* + D?) + /J F[R]Ry.

and

/u*(@) cosfdf = a and /u*(@) sin 6 df = B,
I I

with oo = —1 [, Ro(0) cos0df + £ [, cosfdf and 8= —3 [, Ro(6)sin6db + 2 [, sin6 db.
We will now characterize u* by exploiting that it solves the optimization problem

sup J(u) where J(u)= /(Qhu — Dh — Du+ D?) + / hRy (46)
I J

’LLE%D
where h solves the ODE

h+h"=Rol;+ul;+ (D —u(-—m)liy, in (0,27)
2T h(9)e™? df = 0 (47)
h(0) = h(2r), 1 (0) = h'(2)

and

Rp = {u € L>=(I;[0, D)) | /Iu(H)ew b = o+ w} .

Let us now derive the first order necessary optimality conditions for this problem. Since the method is standard,
we briefly comment on the method allowing us to write such conditions: first, the mapping Rp > u — h,
where h solves (47), being linear it is GAteaux-differentiable at u* in every direction & belonging to the tangent

cone to the set Rp at u*. Furthermore, its differential & is the unique solution of the ODE

h+ ' =&l —&(- = m)lryr  in (0,2m)
2T h(9)e?® df = 0
h(0) = h(2r), B'(0) = h/(2n)

It follows that Rp 3 u — J| (u) is Gateaux-differentiable at u* and its differential reads

ey T 0E) = ()
<d‘](u )7§> - 71]\0 n

/I(Zh—D)§+/Ih(2u*—D)+/JizRo:2/1(2h—D)§,

by using several times integration by parts and the relation h(6) + h(6 +7) = D on I.

We now have to deal with two kinds of constraints in ﬁD: a global L' one and point-wise ones, since u
belongs to [0, D] almost everywhere. Although such constraints are standard, we briefly explain how to derive
the Euler inequation for this problem with the help of a penalization approach, for the sake of completeness.
For ¢ > 0, let us introduce J. as the penalized functional

:/(2hu*—|—2h§—Dh—D€)+/hRo
I J

2

/u(@)ew df — (a+1iB)| .

1

We consider the optimization problem

sup Je(u). (48)
u€L>(I;[0,D])

On what follows, we will need to consider an element £ to the tangent cone 7, to L>°(I;[0, D]) at u, that we
describe hereafter.
Since they follow from a basic variational analysis, we do not provide all the details to the following claims:

e Since L>°(I;[0, D)) is compact for the weak-star convergence in L™, the resolvent operator Rp D urs
h € L*(T) is compact and therefore, the penalized problem (48) has a solution u. € L>(I; [0, D]).
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e Let h. be the solution to (47) associated to u.. There exists a sequence (e, )nen decreasing to 0, there
exists u € L*(I;[0,D]) such that (ue,)nen converges weakly-star to @ in L*°([;[0, D]) and (he, )nen
converges strongly to & € H'(0,2r) and uniformly in €9([0,27]) as n — +oo. Furthermore, one has
necessarily [, ue, ()€’ df = o+ i) + O(e,,) and therefore, @ belongs to Rop.

e Let £ € T>. There exists &, € T, such that (§,)nen converges weakly-star to & as n — +oo (this
follows from the definition of the tangent cone and the fact that pointwise inequalities are preserved by
the weak-star convergence).

Let £ € T~. According to the computations above, the necessary first order optimality conditions for the
penalized problem (48) read: for every n € N, since £ € Ty, _, one has

/ (2he, (0) — D + ay, cos O + By, sin ) &,(0) df < 0.
I

ogn;n(/lusn(s)cossdsa> and Bni(/IUsn(S)SiHSd55>-

Let us divide the inequality above by /1 4+ o2 + 2. Since the quantities /1 + a2 + 2, an//1+ a2 + 52
and 3, /+/1 + a2 + 32 are uniformly bounded with respect to n, one can assume that they respectively converge
(up to a new extraction) to 4 > 0, @ € R and 3 € R such that (u,a, ) # (0,0,0). Since & was arbitrarily
chosen, by passing to the limit as n — +o0o, we get at the end that the first order necessary conditions
associated to Problem (47) read

where

vé € T, / (u(Qﬁ(a) — D) + acosf + fBsin 9) (0)do <0 (49)
I

Now, since J. (u) = J(u) for every u € Rp, it follows that

J, = J, > J(u) =Jw*) = J .
(1) = e 2oy T 2 e By T = 1) 2 )

Passing to the limit in this inequality yields J (u*) > J (). Using that u belongs to R D, we infer that u solves
Problem (46). Therefore, we can assume without loss of generality that @ = u*.
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