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INTERPOLATION INEQUALITIES IN PATTERN FORMATION
ELEONORA CINTI AND FELIX OTTO

ABSTRACT. We prove some interpolation inequalities which arise in the analysis of
pattern formation in physics. They are the strong version of some already known
estimates in weak form that are used to give a lower bound of the energy in many
contexts (coarsening and branching in micromagnetics and superconductors). The
main ingredient in the proof of our inequalities is a geometric construction which
was first used by Choksi, Conti, Kohn, and one of the authors in [4] in the study of

branching in superconductors.

1. INTRODUCTION

In this paper we establish some interpolation inequalities which are connected with
the study of certain physical phenomena. More precisely, the inequalities that we
prove are the strong versions of some already known interpolation estimates in weak
form that play a crucial role in the study of pattern formation in physics.

In many physical phenomena described by a variational model, in order to un-
derstand why certain patterns are observed, it is natural to study the features of
pattern with close to minimal energy. This requires a good understanding of at least
the scaling of the minimal energy in terms of the model parameters. Upper bounds
on the minimal energy are obtained by physically motivated trial patterns (Ansatz).
Typically, Ansatz-free lower bounds rely on suitable interpolation inequalities that
involve some functional norms related to the energy under consideration.

The first two interpolation inequalities that we present here involve the BV-norm
and the H'-norm of a function u. The first estimate holds in any dimension d and it
is stated in Proposition 1.1 below. The second inequality (see Proposition 1.2) holds
in dimension 2 for functions bounded below, and it improves the result in Proposition
1.1 by a logarithmic factor.

Here with H~! we refer to the homogeneous negative Sobolev space H~!. Let u be

a periodic function defined on the torus [0, A] and with vanishing average. We recall
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that the H~'-norm of u is defined as follows

falls =19 ul = e { |
J [0,A)d

)

= /[ W\Vgp]? where — Ay = u.
0,A

Vs ‘ j is periodic and V - j = u}

It can also be defined via Fourier transform:
191 ull = [ (bl @,
where [ dk has to be interpreted in a discrete sense.

Proposition 1.1. Let u : [0, A]Y — R be a periodic function such that f[o A U= 0.
Then, there exists a constant C > 0 only depending on d such that

1 L
lulls < ClVul IV ull3. (1.1)

Let us comment on the nature of (1.1), which is the model of three further in-
terpolation estimates appearing in this paper. Its interest for applications is that it
relates:

e the L'-norm of Vu, with its obvious geometric interpretation via the coarea
formula and its ensuing connection to an interfacial energy;

e the L?-norm of Vi with —Ap = u: [ |Vp]? is a prototype for a field energy,
e.g. the electrostatic energy of u interpreted as a charge distribution;

e some LP-norm of u itself, which typically can be estimated below using the

non convex features of the model where u plays the role of an order parameter.

Let us go one step deeper: (1.1) is one end-point estimate in the one-parameter
family of Gagliardo-Nirenberg estimates

1 1
ull, < CIVullZ IV ull3, 1<q< oo, (1.2)

where the integrability exponent p on the left-hand side is determined by the relation
I 11 n 11
p 2 q 2 2
that is p = 24%]. This exponent is the only one compatible with rescaling of length.
At the same time, the estimates (1.2) are “extensive”, that is, compatible with taking

volume averages, i.e. passing from f[o AJ dr to A4 f[ dx, as can be seen from

0,A]d

( / ||V|-1u|2)
[0,A]¢

rewriting (1.2) as

(/ |u|pd:p) ’ <C (/ |Vu|q)
[0,A] [0,A]
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This extensivity is a crucial feature in the applications: the estimate should be com-
patible with taking volume averages, since it should be oblivious to the artificially
introduced period A. In this sense, the family of estimates (1.2) is “orthogonal” to
Sobolev estimates, which are saturated by localized functions.

Among the family of estimates (1.2), the one with ¢ = 2 (and thus p = 2) is
particularly simple and can be established by Fourier representation. The estimates
for 1 < p < oo are fairly easy to prove using Calderon-Zygmund theory, i.e. the
maximal regularity for —A in L?spaces. The latter is no longer available for the
end-point ¢ = 1 and thus it is not surprising that this estimate was only recently
established. It was first proved by Cohen, Dahmen, Daubechies, and DeVore (see
Theorem 1.5 in [6]) using the wavelet analysis of the space BV, while our proof uses
a technique introduced by Ledoux (see Theorem 1 in [13]) to give a direct proof of
some improved Sobolev inequalities.

The following proposition improves the result in Proposition (1.1) by a factor Int
and it holds in dimension d = 2 for functions bounded below.

Proposition 1.2. Let u : [0,A]* — R be a periodic function such that v > —1 and

ﬁO,A]d u = 0.
Then, there exists a constant C' > 0 such that

1 1 _ %
lulnd max{u, e}l|s < C|[Vulf V] ull5. (1.3)

The main ingredient in the proof of Proposition 1.2 is a geometric construction (see
Lemma 4.2), which was first used by Choksi, Conti, Kohn, and one of the authors in
[4] in the context of branched patterns in superconductors.

These two interpolation inequalities are naturally connected to many physical prob-
lems (coarsening, domain branching in ferromagnets, superconductors, twin branch-
ing in shape memory alloys) whose energy is given by the competition of two main
terms: an interfacial energy (described by a BV-norm) and a field energy (described
by an H'-norm ). In Section 2 we will explain how estimates (1.1) and (1.3) are
used to give lower bound for the energy in two different problems: coarsening and
micromagnetics.

Our last two interpolation inequalities are connected with the study of branching
in superconductors and they both involve the Wasserstein distance.

We recall (see for instance [20]) that the Wasserstein distance between two measures
with densities u and v is given by

W2 (u, v) = inf{//|x—y|2d7r(m,y)|/d7r(-,y):u, /dw(m,-):v}. (1.4)
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The measure on the product space m is called transportation plan and it is admis-
sible if its projections to first and second coordinates are measures with densities u
and v respectively.

A useful property of the Wasserstein distance is the Kantorovich duality (see Chap-
ter 5 in [20]), which allows to write the Wasserstein distance in a dual form in the
following way:

W2(u,0) = sup { [u@reteriz + [ oyt + v <1 - yl2} )

This property will be useful in the proof of Propositions 1.3 and 1.4 below.

Loosely speaking, the Wasserstein distance between v and v is a nonlinear version
of a negative norm of u — v. The first proposition states an interpolation estimate
with the H~'-norm of u (or rather of u — 1) replaced by Wa(u, 1).

Proposition 1.3. Let u : [0,A]? — R be a periodic function such that u > 0 and

A f[o,A]d u=1.
Then, there exists a constant C > 0 only depending on d such that

2d d
(= C)llzgs < O (1Tl (W30, 1)), (16)
where (u— C) 4 = max{u — C,0}.

In the recent paper [14], M. Ledoux showed that our inequality (1.6) is actually a
particular case in a all family of interpolation inequalities (called Sobolev-Kantorovich
inequalities) that hold in the more general setting of non-negatively curved (weighted)
Riemannian manifolds. The proofs in [14] rely on the use of heat flows and Harnack
inequalities.

Let us comment a bit on interpolation estimate (1.6). Because of the formal scalings
|Vul/; has unit of length™ x volume,

W2(u,1) has unit of length? x volume,

|(w — C)4]|, has unit of Volume%,

the pair of exponents on the right-hand side of (1.6) is determined by the integrability
2+3d
T3d
one compatible with rescaling of length and taking the volume average. The exponent

exponent p = appearing on the left-hand side. The pair of exponents is the only

p could not be inferred by a simple scaling argument. It is the exponent that appears

on the left-hand side in the linear interpolation estimate

50 || ||~ 2, || 3554
lull 2530 < CIVul[ IV #2ul o2
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In this sense, W2(u, 1), at least as seen from the “peaks” of u (i.e. the part of u that

is much larger than 1), behaves as the negative fractional Sobolev norm
d+2
I #ulids = [ 191 Fal .
d

The last nonlinear interpolation estimate of this paper replaces the negative norm
in Proposition 1.1 and the Wasserstein distance in Proposition 1.2 by a mixture of
both. We recall that by the K-method of interpolation spaces (see Chapter 3 in [2])
a norm || - || intermediate between some norms || - ||(gy and || - [|(1) can be obtained via

the construction
lull = sup_inf_{pullu = vllo) + 17 ol }
u>0 v:RISR

By the equivalence of approximation and interpolation theory (see Chapter 7 in [2])

in term of

1-0
0.
||u|| ~ (sup M=o lgf {“U — |l | [vllay < M}) ’
M>0 v:R*—R

we also obtain a representation with mixed homogeneity

2—6

_ 2 2

|\uu~(sup inf {uuu—v\|<o>+(u‘“fuvum) }) -
#>0U1Rd—>R

In Proposition 1.4, with an application described in the next section in mind, we
replace ||u—v||oy by W3 (u,v) and ||v]|(1y by the homogeneous fractional Sobolev norm
||V|~2v]|2, and choose 6 = 713 This leads to

da+1

2 d+3
sup in {uws<u,v>+ RESITREN } (L7
pu>0 v:RISR
2 d—1 1 %
—sup inf {vaTWE(u,0) + 7|V )3}
v>0 v:RISR

Proposition 1.4. Let u: R? — R be such that u > 0 and [u < oc.
Then there exists a constant C' > 0 only depending on d such that

2d . 2 _d—1 _1 3
lullsses < CIVulF -sup it {va W) + v 5 |V] 2]}

In our proof, we will use the following representation of the fractional Sobolev

V]2 fl == /Rd /Rd |f|(§>__f‘(d(i)| dzdz. (1.8)
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Let us comment on Proposition 1.4. We claim that it can be interpreted in the
sense of “WZ(u,v) acts as |||V|™%(u — v)|;”. Indeed, if in (1.7) we replace W3 (u,v)
by [[[V[7*(u = v)[1, we have

d+1

L N\2)
sup it LullV2— ol + (i) )

M>0vR —R

According to the above discussion, this expression is equivalent to

. _ _1-6 _1
sup inf {ull[VI72(u = v)lly + = TNV Bll
RI—R

pn>0 v:

w\»-‘

The norm of this interpolation space [Hy 2, H, 2]y has the same scaling

1
- 9)( 2+o(-3) _ de?,*?’ that is

(1— 9)1+9% d+1

where § = d+3

as the norm of the fractional Sobolev space H

__2d_
[IVI"# 3 ] azs.
d+1

With this substitution, the nonlinear interpolation estimate of Proposition 1.4 turns
into the much more standard linear interpolation estimate

[ullses < O VullF V| Fsul 3123-

In this sense, W3 (u,v) acts as |||V]|2(u — v)||1.

When deriving an Ansatz-free lower bound in the physical applications, only a weak
version of these four interpolation inequalities is needed, in the sense that it is enough
to have these estimates with the LP-norms on the left-hand side replaced by the weak
LP -norm. The contribution of this paper is to pass from the weak formulation to the
strong one.

The paper is organized as follows:

e In Section 2 we expose the connection between the above interpolation in-
equalities and the study of pattern formation by considering three examples:
coarsening, micromagnetics, and superconductors.

e In Section 3 we prove Proposition 1.1, using a method introduced by Ledoux
n [13].

e In Section 4 we give the proof of Proposition 1.2, whose main ingredient is
the geometric construction given in Lemma 4.2, introduced in [4].

e In Section 5 we prove Propositions 1.3 and 1.4.

2. THREE MODELS: COARSENING, MICROMAGNETICS, AND SUPERCONDUCTORS

In this section we expose the connection between our interpolation inequalities and

three different physical phenomena.



The first model that we consider describes thermodynamically driven demixing,
the second one describes the magnetization in a ferromagnet. In the first model, we
are interested in the phenomenum of coarsening of the spatial phase distribution, in
the second model, we are interested in the phenomenum of domain branching in a
strongly uniaxial ferromagnet towards the sample surface.

In both of them a crucial ingredient in the proof of a lower bound for the energy is
a weak version of our first two interpolation inequalities (Propositions 1.1 and 1.2).

The last model that we consider describes type-I superconductors. Also here, the
phenomenum of interest is branching: it is the magnetic flux carrying normal phase
that branches when approaching the sample surface. In this phenomenum, several
different regimes occurs and Propositions 1.3 and 1.4 are related to the analysis of
two of them.

The discussion in this section is not rigorous; the main aim is to show how the
quantities involved in our interpolation estimates arise naturally from the energy
functionals associated to these three models.

1. Coarsening. The Cahn-Hilliard equation models the thermodynamically driven
demixing of a two-component system. The relative concentration is described by an
order parameter, say on a large torus, u : [0, A]? — R. The driving free energy is of
Ginzburg-Landau form

JOE /[W(wuﬁ (1= 2. 2.1)

The postulate that the free energy decreases while the order parameter is conserved
in time (i.e. % f[o A U= 0) is satisfied by the evolution equation

Oyu — A% = 0 — A(Au+u —u?) =0, (2.2)
which is the Cahn-Hilliard equation.

Starting from a small perturbation of the critical mixture « = 0, numerical simu-
lations show after an initial stage the emergency of two convoluted regions in which
u is very close to either its equilibrium value 1 and —1, respectively. These regions
are separated by a shortly modulated characteristic transition layer given by the one-
dimensional minimizer of (2.1). In the sequel, the evolution is essentially geometrical
(named after Mullin and Sekerka) and is driven by a reduction of the interfacial
energy. This leads to a coarsening of the two complementary domains, i.e. to an
increase of their average length (as embodied by its average width or radius of curva-
ture). Eventually, this coarsening stops because the average length-scale reaches the

artificial period A. The coarsening is observed to be “statistically” self-similar in the
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sense that e.g. the two-point correlation function is (approximately) self-similar. It
is characterized by the exponent 1/3 in the sense that average length scale as t'/3,

In [12], Kohn and one of the authors proved quantitatively that, independent of the
initial data provided that they are well-mixed, coarsening cannot proceed at a faster
rate. The strategy for the proof has since been applied to many models that feature
coarsening (see e.g. the discussion in [3]) and relies on the gradient flow structure.
Morally speaking, it consists in converting information on the steepness of the energy
landscape (how quickly does the energy decrease as a function of the intrinsic distance
to the well-mixed state) into information on the speed of relaxation (how fast does
the energy decrease as a function of time), see the discussion in [17]: if the landscape
is not too steep, the relaxation is not too fast.

As can be easily inferred from (2.2) the Cahn-Hilliard evolution is the gradient flow
of the Ginzburg-Landau energy £ with respect to the Euclidean geometry given by
the inner product in H~'. Hence showing that the energy landscape is not too steep
means establishing an estimate of the form

1 1
E)||VI M ully > FA2), (2.3)

the power of the system volume A? being dictated by the need to take volume averages.

We now heuristically point out the connection to the interpolation estimate from
Proposition 1.1. As mentioned above, the evolution relevant for coarsening is well
approximated by the free-boundary problem named after Mullin and Sekerka, which
is the gradient flow of

Co [|Vu] if uwe{-1,1}

5M5 (u) =
+00 else

with respect to H~!. Hence replacing € by Eyg in (2.3) leads to
- 1 s ue{-11} 1
IVull [Vl > =A3 T 2

e C
which is the squared version of our interpolation estimate.

[l
3

Let us now turn to Proposition 1.2. If the mixture is strongly off-critical, by which

one understands that
Ad/ u=—-14+¢ with ¢ <1,
[0,A]4

the above strategy gives the correct scaling of the prefactor in the upper coarsening
bound in the volume fraction ¢ in dimensions d > 2. In low volume fraction, numerical

simulations show that the region covered by the minority phase u = 1 breaks up into
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many connected components which quickly relax to have approximately round shape.
Coarsening then proceed by Ostwald ripening: the large balls grow at the expense of
the small ones that eventually collapse.

Asymptotic analysis for d = 2 shows that there is a logarithmic correction to the
prefactor in the coarsening rate [16]. It is the interpolation estimate in Proposition
1.2 that correctly captures this logarithmic correction, as shown in [8], where also the
weak form of (1.3) was established.

2. Branching in Ferromagnets. We are interested in a ferromagnet in form of a
slab of thickness 2t; for simplicity, we assume periodic boundary conditions in the
horizontal directions so that the fundamental domain is given by [0, A]* x (—¢,t). The
magnetization m is a unit-length vector field m : [0, A]? x (—t,t) — S? that locally
indicates the mean direction of the spin.

The ground state minimizes the Landau-Lifshitz energy functional (as modified by

Brown):

E(m) = d2/ (Vm|*dz+Q (m%+m§)dx—|—/ V|~V -m|*dz.
[0,A]2x (—t,t)

[0,A]2xR
(2.4)
The first term, the exchange energy, is of quantuum mechanical origin, and models

[0,A]2x (—t,t)

a short range attraction between the spins and comes with its intrinsic length scale
d. The second term, the anisotropy energy, comes from the interaction of the mag-
netization with the lattice structure of the metal; here, it is uniaxial and favors the
third axes and thus the values m = £(0,0,1). The last term, the stray field energy,
can also be written directly in terms of the stray field h, which is determined by the

static Maxwell equations:

/ |h|?dz, where V- (h+m)=0, Vxh=0. (2.5)
[0,A]2xR

Both equations are to be interpreted distributionally in R?, where m is extended
trivially outside the slab. In other words, h is the Helmoltz projection of the extended
m. There is a mathematical analogy from magnetostatics convenient for the intuition:
there are two sources for the stray field, namely ”volume charges ” coming from —V-m
in the bulk R? x (—t,t) of the sample and ”surface charges” 4+mgs at the surface
R? x {—t,t} of the sample. Like in electrostatics, both give rise to the potential field
h.

Following Hubert (see Chapter 3 in [11]), let us euristically explain why branching
occurs; see also [10, 18]. A constant magnetization in direction of the easy axes, say

m = (0,0, 1), would have zero exchange and anisotropy energy. However, by (2.5), we
9



would have h = m so that the stray field energy per area of cross section would be 2t.
However, the H~*-norm of distributional divergence V-m, which here comes from the
ms-component at the sample surfaces [0, A]* x {—t,¢} (that is the surface charges),
can be reduced by horizontally alternating between m = (0,0,1) and m = (0,0, —1),
and thus alternating the sign of the charges. In fact, for magnetization that only
depends on 2’ = (x1,2,) and alternates with a period w < ¢, the stray field energy
would behave as the squared H~2-norm in the horizontal variables 2/ = (21, z2) of the
surface charges ms, that is like f[()’ AJ2 ||V’ ]’%m3]2d1" . The exchange energy prevents
such jumps of m, but they can be replaced by smooth x;-dependent transition layers
(Bloch walls) between the magnetizations (0,0, —1) and (0,0,1). These transition
layers are determined by a balance between exchange and anisotropy energy in form

of
2
d? —
/‘diﬁ
1 dm3 2

d
—dQ /ﬂd:c1 — dQ3.

dry + Q /(mf +m3)dax,

Dimensional analysis shows that the width w,.; of the transition layers scales as
Waall ™~ dQ_% and the above inequality shows that the wall energy per area in vertical

direction is given by dQ%. This suggests to consider the reduced energy functional

E(m) = dQ* |Vms|dz + / V|~ 05mi|?da (2.6)

[0,A]2x (—t,t) [0,A]ZxR
subject to m3 = +1. From this reduced functional it is clear that there is an optimal
period Wyomain for up-down domains alternating in the x;-direction and separated by
Bloch walls. The wall energy of such a configuration per area in the cross section x-xs
behaves as (specific wall energy) x (wall area per cross section) = dQ? x twy
From the above remark on the H~2-norm we have by a dimensional argument that
for Waomaein << t, the stray-field energy scales as wyomain. Hence the optimal period
scales as Wypmain ~ (dQ%t)%, which is consistent with wyu < Waomain <K t provided
d@é <& t. The energy per cross-sectional area scales as (dQ%t)%, beating the uniform
magnetization in the above regime. However this is not the scaling of the minimal
energy! Intuitively, it is advantageous to have the period wgomaein depending on xs:
for x5 ~ +t, the domain width wyomain(23) should be vanishing in order to have mean
cancellation in the ”surface charges” given by mg ‘x3=it; for x3 away from the surfaces,

the domain width wgemain(x3) should be large in order to avoid wall energy. Such a
10



height-dependent domains width can be realized by domain branching. However,
there is no free brunch: the branching of domains means that the interfacial layers
between (0,0, 1) and (0,0, —1) are no longer vertical but tilted, hence they carry a
(volume) charge V - m and thus generate a stray field. If this tilt is small, at least in
the bulk, this suggests to consider the following anisotropic reduction of (2.6):
B(m) = dQ V' |da + / IV~ Oy 2dz,  (2.7)
[0,A]2x (—t,t) [0,A]2xR
subject to m3 = 1. Note that with our convention mg = 0 for |z3| > ¢, the finiteness
of the anisotropic version (2.7) of the stray field energy implies that ms <X 0 for x5 —
+t, that is, infinite branching. Now thanks to its anisotropic character, the reduction
(2.7) has a scale invariance that allows for the following non-dimensionalization

' = (dQ?)st3a (and thus A = (dQ3)3t5 A )
2 1 1
=t —E 33— 9
r3 = trs, and Az (dQ) e E, (2.8)

that removes all parameters This suggests that the domain width in the bulk scales on
average as Waomain ~ (dQ )sta and the energy per cross-sectional area as (dQ )3t3
which indeed beats the unbranched case.

The passage from (2.4) to (2.7) has been made rigorous in [18] on the level of a
['-convergence result for infinite cross-sectional area. A key ingredient for this is a
lower bound on the minimal energy per cross-sectional area, i.e. %minE, that is
independent of the artificial periodicity A > Wgomain. It is here that the interpolation
estimate from Proposition 1.1 comes in. Let us show how, w.l.o.g. on the level of
the non-dimensionalization (2.8). By Poincaré’s inequality in Z3 (recall that ms is
supported in (—1,1)), Young’s inequality and the interpolation inequality in 2/ (and
thus for d = 2), we have as desired:

E(m) = / |@'m3|d:%—l—/ ||@'|_1é3m3|2di
[07[\]2><(71’1) [0,A]2><]R

1
2 / </ |V’ mgs|dz’ +/ ||V|_1m3|2d§c’> di
-1 [0,A]2 [0,A]2

1 X 3 X 3
> / </ v mg\djz) (/ ]|V|1m3|2di’> dis
[0,A]2 [0,A]2
2 // \m3|3dxda:3
[0,A]2
2 A

3. Branching in Superconductors.
11



The so-called intermediate state of a type-I superconductor is characterized by
penetration of the magnetic field in some parts of the material which leads to the
formation of normal and superconductive domains. The superconductive regions are
characterized by the expulsion of the magnetic field, this is the so called Meissner
effect. In [4, 5] the mathematically rigorous study of this pattern formation prob-
lem, via energy minimization, was initiated. In particular, the authors established
rigourous upper and lower bounds for a reduced energy associated to this problem, in
different regimes depending on the value of the external magnetic field (small, inter-
mediate, or close to critical). Similarly to the case of micromagnetics, interpolation
inequalities can be seen as playing a crucial role to prove an ansatz-free lower bound.
In the sequel we briefly describe the physical model.

Following [9], for A,¢ > 0, we consider a wave function 1 : [0, A]* x (—t,t) — C,
which plays the role of the order parameter, and a vector potential A : [0, A]* x
(—t,t) — R3. We introduce the following quantities:

the density of superconducting electrons |¢|?,

the magnetic field B :=V x A,
the covariant derivative V1) := Vi —iAy,
the kinetic energy |V 9%,

and the superconductive current j := Z(V 7).

We observe that, if 1) is written in polar coordinates 1) = pe?, then
V> = |Vp + p*|VO — A? and j = p*(V6 — A).

Sometimes we will use the notation B’ to denote the first two components of the
magnetic field: B = (By, By, Bs) = (B’, Bs).

There are three parameters that govern the behavior of the material: the external
magnetic field B.,;, the coherence length &, which measures the typical length on
which ¢ varies, and the penetration length X\, which describes the typical length

on which the magnetic field penetrates the superconducting region. The Ginzburg-
A

Landau parameter is given by k = £.

12



For any pair (1, A) such that physically observable quantities p, B, j are [0, A]*-

periodic, we define the Ginzburg-Landau functional:

2
B ) = [ (|W|2+%<1—p2>2) dwv [ B Buliw)
[0,A]2x(~t,t) [0,A]2xR

2
— 4”] ( )(|vp|2+p2|ve—,4\2+%(1 —,02)2> dx (2.10)
AZx (—t,t

+/ |B — Bey|*du,
[0,A]2xR

where B, = (0,0, ®) is the external magnetic field and the penetration length A is
normalized to be 1 (that is, in this unit, s represents the inverse of the coherence
length). The Meissner effect, namely the fact that the kinetic energy disfavors the
magnetic field where the material is superconducting (i.e. p > 0) can easily be
seen from this formula: In simply connected regions where p? is positive, the vector
potential A wants to be close to gradient (the gradient of the phase 6) so that the
magnetic field B wants to be small.

The type-I superconductors correspond to the regime of x small (k < \/§) In this
regime, there is a positive surface tension that leads to the formation of normal and
superconductive regions corresponding to p ~ 0 and p ~ 1, respectively, separated
by interfaces. Indeed, using an identity on |V 4%|?, the energy E, in (2.9) can be
bounded below by (see [9], Lemma 2.3)

(1 - %) IVp|? + <33 — %(1 - /)2))2

+!B’!2—@2+i¢} dx+/ |B — Buy|?d. (2.11)
0,412 X (R\(~t,1))

Ey(, A) > /

[0,A]2x (—t,t)

V2

We observe that, under the sharp Meissner condition p?B = 0, the sum of the first
two terms on the right-hand side can be written as

/[(>,A]2x<_t,t> [(1 - %) Vol? + (33 - %(1 - p2))2] du

K K2 B 9
= 1—— Vp2—|——X (1_92)2+X _ <B __) i,
/[O,APX(—t,t) [( \/5) Vol o Mp>0} {p=0} 3 7

This is a Modica-Mortola type functional with a degenerate double-well potential
given by

W(p) = xqpm01(1 — p?)*.
13



After introducing the new order parameter y = 1 — p?, and rescaling according to
T = 72& B = \%B, P = \/iii), a Modica-Mortola type argument leads to the reduced
functional in the regime x < 1:

4
/ (—|VX| " IB'I2+(B3—X)2> i+ [ 1B = (0,0,0)dx
[0,A2x(~t8) \3 [0,A12% (R\(~t,2))
(2.12)

subject to the constraints: x € {0,1} (x = 0 corresponds to the superconducting
phase, and y = 1 to the normal phase),

V-B =0 -everywhere,

and

(1—=x)B=0 in [0,A]* x (—t,¢),
where V - B = 0 comes from the Maxwell equations in form of B = V x A, while the
last constraint (1 — x)B = 0 represents the Meissner effect.

We now perform the following anisotropic rescaling: x' = t54 , r3 = tay, B’ =
=3 B’ inside the sample [0, A]2 x (—¢,1), and = = t32 (and thus A = t3A), B=1"3B
(and thus & = t’é(i)) outside the sample. If we define v = té, we get the energy
functional in the regime t > 1 (for simplicity of notations we drop the * on functions

and variables):

4 1
soeB)= [ (GeesR) s B~ (0.0.0)ds,
0A2x(~1,1) \3 v Jlo.A2x(R\(~1,1))
(2.13)
subject to the constraints

x € {0, 1},

O3x + V' - (xB’") = 0 in sample,
X = B3 at surface,

V - B = 0 outside sample.

(2.14)

Note that in this regime of ¢ > 1, the penalization of d3x fades away, while the
penalization of B3 — y turns into the hard constraint B3 = y in the sample, so that
together with the Meissner effect B(1 — x) = 0, V- B = 0 turns into the transport
equation
d3x + V' - (xB') =0.

As for the case of micromagnetics, also in this case a branched pattern is observed:
x alternates between the two phases y = 0 and y = 1 on a length-scale which
decreases while approaching the boundaries {z3 = +1}.

Let us have now a closer look at the quantities involved in the energy E(y, B).
14



FIGURE 1

We first observe that, thanks to the last two constraints in (2.14), the last term in
the energy is estimated by

_1
/ B=0.0.0)de 2 IV (e D (215)
[0,A]2x (R\(-1,1))
since (cf. (1.8))

V1471 = 2mint { BRar + -B=0, B(0)=7}
[0,A]2 % (0,00)

Here, we denote by Xl (ay=1) the weak limit of x as x3 T 1; in particular, Xl (ayery RAY
not be a characteristic function.

We consider now the second term f[(]’ A2x(—1,1) X|B'|?dz: Using again that y satisfies
the continuity equation, cf. (2.14),

63X + v/ : (XB/) = Oa

the classical Benamou-Brenier result in optimal transport theory [1] implies that for
any slice {z3 = 2} for z € (—1,1)

2 2
/[(;A]Zx(l D X|B/| dx 2, W2 (X‘{ISZZ]J X\{z?):l}). (216)

15



Combining together (2.15) and (2.16), we deduce that there exists a slice z € (—1,1)
such that

1 1
BOCBIZ [ 9Nyl 4 WE Ny i)+ I vy~ 91

(2.17)
The quantities on the right-hand side are the ones involved in our Proposition 1.4.
In [5, 4] rigourous upper and lower bounds for the energy (2.13) are established.
The study of minimizing configurations reveals different regimes, depending on the
parameter v < 1 and on the value ® of the external field.
Here we list three different regimes with the corresponding behavior of the energy:

(1) For v < 1 and 1 — ® < 1 the minimal energy per area behaves like:
A?minE ~ (1 — ®)In3 (1 — ).

In this regime, the minority phase is not connected, as shown in Figure 2
below. The interpolation estimate used for this regime is again the one with

the logarithmic gain, established in Proposition 1.2.

| 1 1]141
e
e

e
1&

FIGURE 2

(2) For v < 1 and v7 < ® < 1 the minimal energy per area behaves like:

. 2
A2minE ~ &3,
16



In this regime, the minority phase is connected and we have uniform branching,
as shown in Figure 3 below. In this case, if we further simplify the model

letting v — 0, the last term [||V|~2( ®)||2 turns into the constraint

X|{1'3:1} -

X|(ss—ry = ® and in order to bound from below the energy E(x, B) it is enough

to bound from below the quantity:
/ [V'xlda" + W3 (x, ®).
[0,A]?

Let us show how, for this regime, our Proposition 1.3 leads to the right scaling
for the minimal energy. By (2.16) and Young’s inequality we have for some
slice z € (—1,1):

B(.B) - / (V'] + x| BP)de > / VXl + W2 ()
[O,A]2><(71,1) [O,A]2

3
(/[O AP |VIX|{Q:3:z} ’dq;/) (Wgz(X|{x3:z}, (I)>> . (2.18)

. . . . . X\{z,:Z} .
We apply now our inequality (1.6) for d = 2 to the function v = == in

W=

Vv

order to get

((b_l/ |v/X|{z3:z}

4
2 || max{u—2, 0}

1

da’ ’ o2 P))’
x 2(X\{13:Z}7 )

x€{0,1},ox1
Y

~ | V'ullf Wa(u,1)5

A2P s, (2.19)
Combining (2.18) and (2.19), we obtain
E(x,B) 2 A*®5.

(3) For v < 1 and ® < v7 the minimal energy per area behaves like:

A2?minE ~ dv7.
This regime differs from the previous regime by the non-uniformity of {2g=1}
(see Figure 4 below). In this last regime, after rescaling by a suitable power of
v, the lower bound for the energy can be deduced from Proposition 2.1 below

(applied in the case of dimension d = 2). More precisely, inequality (2.21) for

M_%):

d = 2 reads (after taking power ST =

/ <u - u%f dzr < C (||w||1 AW (u,v) + v ||| V]2 (0 — <1>)||g> . (2:20)
[0,A]2 +

17



FIiGURE 3

We observe that if we set u = M, v = Mo (and thus ® = M®), z = ¢4 (and
thus A = ¢A) the quantities on the right hand-side of (2.20) scale as follows:

IV, = (M ||V,
W2(u,v) = (MW (1, 0),

IIV]72 (v = )13 = EM22(||V| 72 (8 — B)] 3.
18



2
9

We now choose ¢ = M = v~ 9, use the scalings above and multiply by Vo in

(2.20) to deduce:

v

o

9 R A1, oA
[ =l <0 (19l W30+ 1916 - 9)E).

Using (2.17) and applying the above inequality with @ = y (ra=2) and 0 =

Xl (ayeryr WE €L the desired lower bound:

A?minE > Py
Proposition 2.1. Let u, v : [0,A]? — R be periodic functions with u, v > 0 and
A fu=A"[v="0.

Then, there exists a constant C' > 0 only depending on d such that for any v > 0
with ® < (—gu% we have

3d+1
u — 1 3d+3
—+

We write here the interpolation estimates (2.21) in additive form, since this is the one

3d+1

3d+3
3d+1

(2.21)

useful for the application. We prefer to state Proposition 1.4 in multiplicative form,
since this is the standard form for interpolation inequalities. In Section 5 we will see
that Proposition 1.4 follows easily from Proposition 2.1.

3. INTERPOLATION INEQUALITY IN GENERAL DIMENSION

In this section we give the proof of Proposition 1.1. We start by recalling the weak
version of estimate (1.1). We remind the definition of the weak L? -norm of a function
w:

lulluo—p = sup pl{[ul > p}|"?.
n>0
Lemma 3.1 ([19]). There exists a constant C' < oo only depending on d such that
for all periodic functions u : [0, A]” = R, with [u =0, we have

1 1
lully—a < CIVull [V a3
This lemma is proven in [19]. Here, for the sake of completeness, we give the proof

of this weak estimate, since it is also useful to prove the strong version (1.1).
19



FIGURE 4

Proof of Lemma 3.1. For simplicity of notations, in the following we will write “a < b”
to mean that there exists a positive constant C' only depending on d such that a < Cb,
and [ u to denote f[07 AJd u(z)dz. By a scaling argument in z, it is enough to show

4 _
sglgu?’l{IUI > 3 SVl + V] 3.
n>

20



Indeed, the change of variables x = Lz yields

4 e S
sgIODMBI{IU\ > pt S LYVl + L2V,
>

where the symbol V denotes the gradient with respect to the new variable £. The
2

A T _
choice of L = ||Vu|? |||V|  ull, ? yields
4 ~ 2 A 2
sup 3 [{[ul > 3| S [IVull? 1V 3
>

Raising to the power 3/4 we get, as desired,
P
lully_s S IVl [V~ 13
For an arbitrary level ;1 > 0 we introduce the signed characteristic function x,(x)
of the u-level set of u:

1 for p < w
Xy o= 0 for —p < u < u : (3.1)

—1 for u < —p

We select now a smooth symmetric ¢(&) > 0 supported in {|2| < 1} with [ ¢di =1
and define the Dirac sequence ¥g(z) = #7¢/(%). Consider then the mollification of a
function v on scale R, defined as vg := 1¥r * v. We have the identity

/qu: /XM(U_UR) +/XM7RU-

Using the duality between H! and H~! in the second term on the right-hand side,
we get the inequality

w [ 1ol < [ < Ju unli+ 19l IVl (32
On the one hand, since g is supported in {|z| < R} we have
lu = urlly < R[[Vully, (3.3)

On the other hand, using the definition of x, r and of ¥, we deduce

1

19x0zllz < IV8rlills = B ( / |xu|) . (3.4)

Plugging (3.3) and (3.4) into (3.2), we get

. 3
u [ bl <RIVl + RS0, ( / |xu|) 1" allo.

21



The choice of R = u‘é thus yields after multiplication with /ﬁ:

b [ bl < 19l + 1961 (us / |xu|) 191l

Using Young’s inequality, we may absorb the first factor of the second term on the
right-hand side and obtain the desired estimate.
O

We give now the proof of Proposition 1.1. The interpolation estimate (1.1) was first
established by Cohen, Dahmen, Daubechies, and Devore (see Theorem 1.5 in [6]) by
wavelet methods. We give here an elementary proof, which uses an idea by Ledoux
[13].

Proof of Proposition 1.1. By scaling in x as in the proof of Lemma 3.1 it is enough
to prove

4 _
[ 1t <1l V1l

For an arbitrary level ;1 > 0 we use the signed characteristic function Y, defined in
(3.1). Following an idea of Ledoux [13] for the proof a similar interpolation inequality
we introduce a large parameter M > 1 to be adjusted later. We consider as before
Xu,R = YR * Xu, Where ¢ is the convolution kernel defined in the proof of Lemma

3.1. We have:

/qu = /(Xu - Xu,R)u + /Xu,Ru
= / (Xu — XuR)U + / (Xu — XuwR)U + /XH:RU‘
{Jul<Mu} {lul>Mp}

Using that ||x, — Xurllco < 2, we obtain the inequality

/ ’u‘ < MM/’Xu_Xu,R +2/ ‘u’+/Xu,RU
{lu|>p} {lul>Mu}

M/LR/|VXM|+2/ |u|+/xu73u.
{lu[>Mp}

22
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We multiply with ,u‘g and choose R = ,u_% as in the proof of Lemma 3.1. Integrating
over 11 € (0,00) and using the duality between H~! and H', we get

/ ug/ |uldzdp
0 {lul>n}
< M/ /]VXu|d:cdu—|—2/ /Lg/ \u|dxdp
0 0 {lul>Mp}

+/ (/ ,ugxuﬁdu) udx
0
M/ /]qu|d:cdu+2/ /Lg/ \u|dxdp
0 0 {lul>Mpu}

+ HV (/ uixu,Rdu)
0

where we keep the abbreviation R = u~
On the left-hand side we have

00 Ju(z)|
/ §/ x)|dedp = /|u |/ _gdudx:3/|u|§.
0 {lu( w)|>#}

We address the three terms on the right-hand side one by one. We start by the second

IA

11V~ ull2,

2

W=

one:

w\w

I

/ x)|dxdp
{lu(z) |>M#}

~Lu(z)| ) L
/]u(x)|/ u3dudx—3]\/[3/]u\§.
0

We now address the first term. By the coarea formula we get

| [ 19kt = [ Perttu > ) + Pert{u < =) = [Vl

23



where Per(A) denotes the perimeter of A. Finally we consider the last term (with
1

R = p'73):

HV (/ N_%Xu Rdu)

/ / pee / ~A)Xpr Xy rrdadpd'dp
_2
= 2/ / P 3/1#3/*(—&%)*@ X drdp'dp
0 0

[e.e] I ) g
< 2/0 /o w3l 3 el 1AYRlL Il e lsodp dp

2

o,\m

/VXMR VX rdxdp'dp

w\w
w

A > " 2 2
= 28wl [ [ iR g ldidn
0 0

A e
= 28wl [ [ s
0 0

1

A o0 ) ()|
— 6] Ay, / i {ul > @i = 6l Ay, / / ydpda
0 0

9 .
= 18wl [ 1ult
These inequalities combine to
3 [l
9 3
< aialo oy [l + (S0l 1) 191l

We obtain the desired estimate by absorbing the middle right-hand side term for M
large enough and absorbing the first factor of the last right-hand side term by Young’s

w

inequality. U

4. PROOF OF PROPOSITION 1.2

In this section we prove Proposition 1.2. We begin by recalling a geometric version
of estimate (1.3), which was established by Conti, Niethammer, and one of the authors

in [8].

Lemma 4.1 ([8]). Let x : [0,A]> — {0,1} be a periodic characteristic function with

volume fraction ® := A2 [ x < 1.
24



Then, there exists a constant C' > 0 such that

o <o (a |V><|)g (7 [ o6 <1>>r2);’ S @)

The proof of this Lemma made use of the following geometric construction, that

plays a crucial role also in the proof of our strong estimate (1.3).

Lemma 4.2 ([8]). For any periodic function x : [0,A]* — {0,1} and R < L there
exists a potential ¢r 1 (x) € [0,1] such that

[x s = [19x+ [xone (4.2
/ max{—A¢rz,0} < R7? <1n1 %) / X (4.3)

/ orr S L*R™? / X- (4.4)

We note that for L = R we could just choose ¢r 1 = ¥r* x = Xg; the interest here
is the logarithmic gain In™" % for L > R.

Remark 4.3. We observe, for later reference, that for any function ¢'(x) € [0, 1] we

/ Vorr Vo < R2 (m—l }%) / X. (4.5)

[ Vons-vo

have

Indeed, we have

= /(—A¢R,L)<Z5/§/maX{—A¢R,L,O}¢I

S /max{—A¢R7L,O} S R_2 (ln_l %) /Xa

where in the first two inequalities we have used ¢’ > 0 and ¢’ < 1 respectively. The
last inequality follows by applying (4.3).
In particular, we obtain for ¢ = ¢r 1,

[ Wonil < v (hfl %) [x (4.6)

This type of geometric construction was first used by Choksi, Conti, Kohn, and
one of the authors in [4] in the context of branched patterns in superconductors.

For the convenience of the reader we reproduce a version of the proof of Lemma

4.2.
25



Proof of Lemma 4.2. We split the proof in two steps.

Step 1. In the first step, we construct a set Qg that covers most of {x = 1} (see
Claim 1 below) and has radius of curvature < R (see Claim 2 below). As before, let
Xr = ¥gr * x denote the mollification of x on scale R. We define

QR = {XR > 1/2}

This time, we take the non-smooth “Dirac sequence’
so that {2 can be characterized via the density of {x = 1} in balls of radius R/2 as

Y

vz ol

0 for |z|>

n(z) :{ 5 for |z <

follows
= {o| l{x =1} N By (@) > §|By ()|}
We show now the two following claims.
Claim 1: for Qg defined above we have

/x < R/|VX|+/ Y. (4.7)
Qr
Indeed,

/x—/ﬂRx: =11 {xr < 1/2} < 20x — xall §23/|VX|-

Claim 2: There exists a finite number N of points y; € Qg for i = 1,..., N, such
that
N 1
Qr C UBR(yi) and N < ﬁ/x
i=1
Indeed, let {y1,...,yn} be maximal with the property that Bz (y;) N Br(y;) = 0
for any 4,7 = 1,...,N, with ¢« # j. The first part of the claim follows from the
maximality of {y1, ..., yn }; indeed if there were an yoy € Qg with yo € Bgr(y;) and thus
Br(yo) N Br(y;) = 0 for all i = 1,..., N, also the strictly larger set {vyo,y1,..., yn}
would be admissible.
The second part of the claim can be seen as follows:

N N
T
NTR =) [Be()l <2} {x=1}0Be(w) <2A{x =1}
=1 =1

where in the first inequality, we have used that for y; € Qr we have [{x = 1} N
Br (y)| > i|B [ (y)|. In the last inequality we have used the pairwise disjointness of

26



Step 2. In the second step, we construct the potential ¢r . We introduce the
capacity potential ¢g 1, of Br(0) in B.(0) given by

—_
o’
=

&

IA
ny)

g
=
=
A\
=
VAN
h
m
=
=

We define

dr(x) = maxy CgR,L(OC —y;) € [0,1].

/XSR/IVXH/XQSR,L.

Indeed in Claim 2 we have seen that Qg C (JY | Br(y;), therefore, since by definition
gERyL = 1 in Bg(0), we deduce that ¢r; = 1 on Qg. This, together with Claim 1
implies Claim 3 and thus (4.2).

Claim 4: We have
/¢R,L S L2RQ/X-

Indeed, by the definition of ¢p 1, we have

Claim 3. we have

/ drp <N / dpr SNL? < LPR™? / X

where we have used the upper bound on N established in Claim 2.
Claim 5:

/ max{—Adp s, 0} < B2(In"" }%) / Y.

Indeed, using the well-known fact that the singular part of (—A)max{¢;, 2} is neg-

ative, we conclude similarly to the previous step:

/max{—AQSR,L,O} S N/max{—AqASR,L,O}

L L
= N2rln™* 0 <R (lm_1 }—%) /X-

This concludes the proof of Lemma 4.2. O

For the convenience of the reader, we reproduce the proof of Lemma 4.1 from [§].
27



Proof of Lemma 4.1. By the three properties of the geometric construction we have

[x s [+ [onux
= R [19x+ [onti-)+ @ [on
< & [1vd+ ([ 1¥ona (1970 0) ) +<1>/¢RL
< nfione (e (0 2) [a fimrio-or) vo(£) [

We first absorb the factor | x of the middle right-hand side term by Young’s inequality

[ s rfwder (w0 ) fioroc-or e (£) [

In order to absorb the last right-hand side term, we choose L to be a small but order

to get

one multiple of @2 R. Since L is a small multiple of &2 R, we have @(%)2 < 1so
that indeed we can absorb; since it is an order one multiple of ® 2R and ® < 1, we
have L > R and In £ ~ In 3. Hence we obtain:

[x s rfiwder (wg) [Ivroe- o

(™" 3) [1IVITH = @))3,

[r = (wi) (/wf(/||V|—1<x—<p>|2)é.

1

Dividing by A% and multiplying by In3

oa\»-‘

We finally optimize in R by choosing R = ([ |Vx]|)~
and we get

%, we obtain the desired estimate. O]
As in the previous section, we recall here the weak version of our interpolation
inequality (1.3) in dimension 2, which was proven in the PhD thesis of Viehmann

19].

Proposition 4.4 ([19]). Let u : [0,A]> = R be a periodic function with uw > —1 and

fu:O.

Then, there exists a constant C' > 0 such that

1 3 1 _ 1
sup (I ) [{Jul > p} 7 S [[Vullf [[1V] tull3
u>e
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Proof of Proposition 4.4. By Lemma 3.1 and by a scaling argument in z, it is enough

to show

4 1 _
sup o (In ) [{Jul > p3| S [[Vull + 1V ful.
I

For a given level ;1 > 1 we consider the characteristic function x,(z) € {0,1} of the
corresponding level set of u, that is

= 1) = {u > u).

For given length scales R < L (to be chosen later) let ¢, g be the potential con-
structed in Lemma 4.2 based on . According to Lemma 4.2 we have

/Xu S R/|VXM‘+/XM¢H’R:L'

Using that ¢, g > 0 and the crucial assumption u > —1, we rewrite this as
R [ 1Vl + [ xbuns
< R/|VXM| +M_1/XM¢M7R7LU
= R/|VXH\ +,U1/XM¢M,R,L(U+ 1) —Ml/Xu%,PuL
< R/|VXH| +u‘1/¢u,R,L(U+1) _M—l/Xu¢u,R,L
= R/ VXl +M_1/¢M,R,LU+/~L_1/(1 — Xp)Pu,R,L

R/|VXM‘ +M_1/¢M,R,LU+M_1/%,R,L
< R / V] + " ( / Ve nsl? / HV!luP) Lt / buni.

We now insert estimates (4.4) and (4.6) from Lemma 4.2 to obtain

/Xu S R/IVXH\
L 2 L\’
+p! (3‘2 (111‘1 —R) /Xu/ IIVI_IUI2> +pt <—R> /Xu-

In order to absorb the last right-hand side term, we choose L to be a small but order

IN

one multiple of u%R. Since L is a small multiple of ,u%R, we have ufl(%y < 1so0

that indeed we can absorb; since it is an order one multiple of /ﬁR and pu > 1, we
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have L > R and ln% ~ In . Hence we obtain:

3
/x# < R/|V><H|+/f1 (R‘Q(ln‘lu)/xu/HVI‘IUF)

In order to absorb the factor [ x,, of the last remaining right-hand side term, we use
Young’s inequality and we get

{u > | = / <R / IVl + PR ) / IVl (48

By the coarea formula, we have [} [|Vx,ldzdy < [|Vu| so that there exists a
2
p' €[5, u] with g [ |Vx,r| <2 [|Vu|. Using (4.8) for u replaced by p/ we thus have

fu> i} < Ru / V| + 2R / 1] a2,
which because of x € [§, p] turns into
fus ) < Rt / V| + 5 R / 9] a2,

We multiply with ,u% In? 1 and we get
4.1
p3 n3 pf{u > p}|
< R(plnp)s /|Vu|+R (plnp) §/||V| Lul.
The choice of R = (plnp)~3 yields the desired estimate. O

We now give the proof of our strong interpolation inequality in dimension 2.

Proof of Proposition 1.2. By an approximation argument, we can assume that u is
a step function (indeed all the quantities appearing in inequality (1.3) well behave
under approximation by step functions). By a scaling argument in = and the result
in Proposition 1.1, it is enough to show for M > 1:

/ W Ind u < [Vl + 9] .
{u>2M}

We consider an arbitrary level © > M > 1 and start as in the proof of Proposition
4.4, considering the potential ¢, g . Observe that, since we are assuming that u is
a step function, then ¢, r 1 is piecewise constant as a function of ;, and therefore it
is measurable in p. This will be important later since we will integrate ¢, g 1 in du.
For L chosen such that (%)? ~ p, we get

/ v < R / V] + ! / P
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But we now rather proceed as in Proposition 1.1. We multiply with (xIn u)%, choose
R= (,ulnu)*% and integrate in p € (M, 00) for M > 1:

/ (ulnﬂ)é/xudwdu
M
1
/ /|Vxﬂ|dxd,u+/ (/ ngb#,R,Ldu) wdz
M M 3

* In3
\4 (/ ”QbuRLdM)
Moo

On the last right-hand side term we argue along the lines of Proposition 1.1, now

< |Vull, +

11V~ . (4.9)

2

using the property (4.5) of our geometric construction, that is

1 1
/V¢MRL VCW R L'dﬂ?N R21n P /Xud% (4-10)

-

where R’ and L' are related to u like R and L to p, that is, R’ := (¢/Inp’)"3
(L—’) ~ 1. Using (4.10) and by the choice of R and L, we get

 In3
()
Mo s )
 In3 1n3
/ / . /V¢MRL Vo rdedy'dp
/ / z /V%RL Vo r o dedp'dp
,u 3
410 ”1n3,u1nsﬂ 11
dxdp'd
// % ,ug RQIH%/X“:CMM
Hl !
/ / ns'ud///xp,dxd,u
p's

S /(ulnu)é /xudxdu'
M

Hence, coming back to (4.9), we can absorb this term by Young’s inequality and
obtain

?

2

‘H w\w
“"“ who

/ ()} / vadrdu < [Vl + 19] ull3

M
We conclude by observing that for M > 1

/ (plnp) /Xud$ dp = / / (pIn ,u)%du dxz/ us In? u.
M {u>M} J M {u>2M}
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5. PROOF OF PROPOSITIONS 1.3 AND 2.1

In this section we prove Propositions 1.3,2.1, and 1.4. The two main ingredients in
the proofs are the geometric construction of Lemma 4.2 and the Kantorovich duality
for the Wasserstein distance.

Remark 5.1. In the proof of Proposition 1.3 we need the analog of the geometric
construction of Lemma 4.2 in any dimension d. Following the proof of Lemma 4.2 it
is easy to see that given a function x : [0, A]? — {0, 1} there exists a set Qp, which is
defined as

Q= {a | [{x =1} Bs(@)] > §|Bx ()]},

and N points y; € Qg for i =1, ..., N such that

N

1

Qp C | Br(y:) and N < ﬁ/x, (5.1)
=1

where {y1, ..., yn} is maximal with the property that Bg/s(y;) N Bgr/2(y;) = 0 for every
1,7 =1,..., N such that ¢ # j.

Similarly to Lemma 4.2, we want to define now a potential ¢r associated to x.
Since here we are not interested in the logarithmic behaviour of the potential, it is
enough to define ¢p as the characteristic function of |J), Br(y;). With this choice
of ¢g, similarly to (4.2), we have

[xsr [193+ [xon (5.2)

We are now ready to give the proof of our Proposition 1.3.

Proof of Proposition 1.3. As before, by approximation we may assume that u is a
step function. By a scaling argument in z it is enough to show that there exists a
constant C' only depending on d such that

+3d
3d

l(w— C)4 )12 < C (I1Vully + WE(u, 1)) . (5.3)

3d
To make the proof more readable, we divide it in three steps.
Step 1. We start as in the proof of Proposition 4.4 using our geometric con-
struction. For a given level p, let as before x,(z) € {0,1} denote the characteristic

function of the set {u > p} and let ¢, g be the potential associated to x, defined in
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Remark 5.1. By (5.2) we have

/ Y. < R / V| + / Xubur
1
f; f{u/P“7XQL‘—F ;;Q)[(¢N7R1L' (5.4)

Let £ be a small parameter to be adjusted later. We multiply (5.4) by p?+34/3d)

1/2 —2/(3d (

we choose R = (] where (' is a dimensional constant to be specified later)

and we integrate in f for p > 1/5 to get

+oo
/ pd Xudx_ / /!qu|dxdu
1/ed 1/ed
2 du
+ u3d¢u,R(fL“)— u(z)dr.
1/ed 2

Using the coarea formula as before, the first term on the right-hand side is estimated

+oo
/ / IV ldadps < ||Valls.
1/ed

To estimate the second term on the right-hand side of (5.5), we set

(5.5)

as follows

+oo

o) = / Wz >i’j (5.6)

1/ed

Using the Kantorovich duality (1.5) with v = 1, with ¢ replaced by —, and with
cost function c(x) = |z — y|*/&2, we have that

[ et@utayin < Swin + [y 6.7
where
U(y) = sup {90(56) - lx;—gw} = sup {/1:0 N32’1¢u,R(x)d7M - |$;_2y|2} - (5:8)

Combining all together in (5.5) we get

o, d 1
/duzr Xlr S S [Vl o+ 5 WE ) + / b(y)dy, (5.9)
1/e

where 1 is defined in (5.8).
Step 2. In this step, we estimate the term [ . We will show that, for € small

enough, it can be absorbed on the left-hand side and this will conclude the proof. In
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this step, we will assume that the following inequality holds:

+o0 ) d 2
$(y) < sup { | wtounn) - u}
+

z od L g2
400 : |{L‘ o y|2 d[L +oo du <510>
§2/ sup{C’u’fd(b,Rx— } _:;/ Yu(y)—,
1/ed ! ! ( ) g2 + M 1/ed “< ) K

where, for simplicity of notations, we write sup{f} in place of (sup{f}),. We will
prove this inequality in Step 3 below. By (5.10) we have that

/w(y)dy < /( I:%(y)df) dy = /J:o (/%(y)dy) df- (5.11)

We recall that (see Remark 5.1) for any p, ¢, g is the characteristic function of the
union of N balls Bg(y;) for i = 1,..., N, where N is bounded above by % I xu
This implies that

2

~ , o
Yu(y) = 2sup {Clusdqguﬂ(l,) _ |z — 9 }
’ +

) Cipsi ify € Bgr(y;) for somei=1,...,. N
N max { Oy pu3a — d§/52,0} if y ¢ Br(y;) for every i,

where d,, := dist <y, UZN:1 BR(yi)>, with dist(y, A) denoting the distance between y and

the set A. Observe that if y is such that d, > 011/25;;3% then zzu(y) = (0. Moreover by
the choice R = C1/*1=2/39 and by our assumption g > 1/e?, we have C)/*cp3a > R.
Thus J# is supported in the union of N balls B;(y;), with radius [ = R+ Cll/zaué <
2011/ Zepma.

Hence we have

~ 1 "
/%(y)dy < Npaald < edpsi ﬁ/xud:ﬁ Sedu;‘?d/xudm

Using (5.11) this yields

o0 - d o d
/¢(y)dy S/ (/%(y)dy) &< é‘d/ p5itt [ xude =t
1/ed H 1/ed H

Combining all together in (5.9) we get that there exists a constant C >0 only
depending on d such that

o Ay ~ 1 0 d
/ pid /Xudx_u <C (I|VUII1 + 5 W3 (u,1) +€d/ pid /xudx—u) :
1/ed K € 1/ed K
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Choosing € = 20) 1/d we can absorb the last term on the right-hand side to get
d ~ ~
/ ﬁé”d/mx—“ <20 (| 9ully + 0P W3 1))
I

Evaluating the integral in 1 on the left-hand side we deduce (5.3) with C' = 4C2.

Step 3. In this last step we show (5.10) and therefore we conclude the proof. By
dilation in p, it is enough to prove that there exists a dimensional constant C such
that

+oo d xr — 2 +00 N . ) d
sup {/ 19 4y, () 5 #} < 2/ sup {ClﬂgdquJ{(.T) - &} d
1 + 1

x 9 z g2 LM
(5.12)

We start by proving two technical estimates.
Claim A. Given a function f, we have the following relations between (discrete) dyadic
sums and (continuum) logarithmic integrals:

: / Zf (026 < / Fu d“ / Z;f(%’“)d@- (5.13)

The proof of Claim A is trivial; indeed, using the change of variable u = 62, we have

d
2k+1 F

<2
/12f92kd9_2/f92kd9_2/ = Z/goof(u)%ﬂ.

—+00

Claim B. For any fixed § € R and k£ € N, let ¢y, be a characteristic function.
Then, for p > 0, we have that for any x the following estimate holds:

>0 o0sle) < g s (62 0s(o)} (5.14)

To prove this claim, we set

K (x) = sup{k| do,() # 0}, (5.15)

If K(z) = oo inequality (5.14) holds trivially since the right-hand side is infinite.
If K(z) < oo then we have

K@) op(K(2)+1) _ 1

(92")P < kY —gp=- ——— —
kzzoe boilz) < Y (02 = 0" —

k=0

P T {(0260s(0))
%1 22— 1oopin 6.6\T

< (p2FE)”

which concludes the proof of Claim B.
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Now, using (5.13) and (5.14) we deduce that (5.12) holds. Indeed, recalling that

¢,.r is the characteristic function of a finite union of balls (depending on ), we have

> dp |z —yf?
Slip{/l u?’d%R()u =R

(5.13) 2 [ 2 x—yf?
< sup{/ <Z(92k)3d¢92k,R($)> d9_| 62y| }
x 1
+

k=0

2 [ oo 2
= sup {/1 <k0(92k)3d¢e2kﬁ($) - %) d9}+
2 [ 2
< Sup {/1 (Z(@k);ﬂ’%%ﬁ(x) -k €2y| ) d@}
n

k=0

2 o 2 |z —y[?
:/1 sup E (02")3d pyor p(T) — -2 ao
+

r k=0

0<k< 52

2 kN 2 |[E - y|2
= / sup ( sup < (62 )3d¢92k,R(5€) - T 3 df
1 = 0<k<o0 & +
2 kN 2 |.T - y|2
= sup | sup< C1(62 )3d¢92k,R(1’) - 2 dg
1 0<k<oo x & +
T — uyl?
/ Z (sup{C’l(H? )3d¢92k r(z) — | 2y| }) df
1 € +
(5.13) 2 - 2
< 2/ sup{Cmgd%,R(:E) eyl } d_u,
1 T +

where ) = 22~ (cf. Claim B).
23d -1
This concludes the proof of (5.10) and thus of the proposition.

(5.14) 2 T — 2
< / sup (01 sup {(62" )“dd)an r(T)} — | l ) do
1 +

O

We give now the proof of the interpolation estimate in additive form stated in

Proposition 2.1.

Proof of Proposition 2.1. We follow the same strategy of the proof of Proposition 1.3

and we divide again the proof in three steps.

Step 1. We start by showing that inequality (2.21) holds with v = 1, that is we
want to prove that for every u,v > 0 such that A™ [u = A~ [v = ®, there exists
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a constant C' with ® < C~!, such that
3d+3
[w-vF <o (Ival + W) + IV - o). G16)

We begin as in the proof of Proposition 1.3, assuming that u is a step function and

using our geometric construction. We have (cf. (5.4))

1
/XM SR/IVXHI+;/¢#,Ru. (5.17)

We multiply (5.17) by ug%?, choose R = Cl/ Q,u_ﬁ (where Cy is a dimensional
constant to be specified later) and integrate in f for p > 1, to get

3d+3
,u/3d+1 X l’dl’—
/1 () 1t
S \Vxu(z)|dedp + u3d+1q§“,3(m)7 u(x)dx. (5.18)
1 1

Using the coarea formula as before, the first term on the right-hand side is estimated

/ / 1V (@)lded < ||Valls.
1

To estimate the second term on the right-hand side we proceed as in the proof of

as

Proposition 1.3. By analogy with (5.6), we set

<2 du
po)i= [ u0,n0)
1 H
Using again the Kantorovich duality, we obtain

/¢( Yu(z)dz < W(u, v) /¢ y)dy, (5.19)

where analogously to (5.10) we have

¥ly) = sup{p(r) - |z — y[*}

+o0 9 d
< Sup{/ R ) Ix—yIQ}
x 1 1% +

+oo d
< 2 swp{CorFo.nto) - o - o} P
1 z + M
2
where Cy = 2572
23dFT _1
Plugging ( .19) into (5.18), we get

3d+3 du
/ MSjil/ )dl’— < ”Vqu —|-W2 u, ’U /gﬁ ) 1. (520)
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Step 2. In this step we estimate the term [ ¢v. In order to do that, we define the

functions

Du(y) :zQSup{C’glu?»ngwa(a:)—\x—y\z}Jr and  (y / buly

The second term on the right-hand side of (5.19) is bounded by

/wvs/%:/@v—@H@/J

o 1 - (5.21)
<| |V|w||2|||vr2<v—<1>>||2+<1>/w.

We give now an estimate for the quantity |||V|2¢||». We recall that here H*/2 refers

to the homogeneous fractional Sobolev space, endowed with the seminorm defined by

IV ey = [ [ DT v

We have

iR = Hwﬁ/f@%“i
_ / / ( /°° /°° <wu<y>—¢u|;m_><§5+<l> U (@ >>?uru> duis
- / e [ dy < [/ (Duly w”f{sfl) (@), @)

where in the last equality we have changed the order of integration and we have

used the symmetry between p and /. To estimate the quantity I** we proceed as
follows. First recall that, since ¢, g is the characteristic function of the union of N
balls Bgr(y;), we have

2 (sup {Cguﬁgbuﬁ(x) — |z — y|2}>

5 Cgﬂﬁ if y € Br(y;) for some i
B max {C’z,usfﬁ —d, O} if y ¢ Br(y;) for every i.

JM(?/)

_l’_

(5.22)

where d,, == dist(y, |, Br(y:))}. Observe that if y is such that d, > Cl/2u#+1 then

$,(y) = 0, and that by the choice R = C3/*=%®4+1) we have psar > R, for u > 1.
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Thus @Zu is supported in the union of N balls B;(y;), with radius | = R+ C;/Zuﬁ <
2021/ 2/UL#H. Moreover recall that the number N of balls is bounded by

1
NS @/xu. (5.23)
By (5.22), we see that {/;u satisfies
[l S paer, (5.24)
o
V3 S 5T (5.25)
Using the fact that 12;# is supported in UY, B(y;) and the symmetry between y and
Yy, we have
24 < / / % ))(¢5 (1 y) — l/Jul(y))dyc@
Bi(ys) JR Iy gl
N ~ T ~
_ 5 Z / / (duly) - %(y))(_@bg;(ly) ~ @)y
=7 Buw) Jwly-vi<n) ly =7
N ~ ~ T ~
49 Z / / (Yuly) — %(y))(_wg;(ly) — Yw(¥)) dydy
Bi(y:) J{wly—gl>r} ly =7l

- 22(1““ Y.

To bound the first term [{fi" , we use that [ < /G4 the gradient bound (5.25) for

1;#, and spherical coordinates centred at y. We get

[ ] () = B@D) i) = @), o
Bi(y:) v {:|ly—7yl<r}

e =
o ly — |
2 d—1

~ ~ p>p
< Bl V8] IVl / i

< d 1 / 1 d 1 / 1
N l M3d+1M 3d+17" f— ,u3d+1 Iu3d+1lu 3d+1 r.

On the other hand, using now the L*>-bound (5.24) for JN, we deduce

- / / (%ﬁ(?/) - ¢u<y))(jﬁ5;(ly) — Y (y>>dydg7
Bi(y) J {mily—7>r} ly — 7|
. . [e%e] pdfl
< 1B [Blleo 1o / o
d -2 4.2 1 d 2 ;2 1
5 l M3d+1u 3d+1 — — Iu3d+1 :u3d+1,u 3d+1 —
T T
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o e / LA S ) i -
Optimizing the sum I} + /)" in r , we get for r = 26D 1 2Ga+D

2d+3

]M’M, < 2 Z (qu I;gp/) < NM2(3d+1)M 2(3d+1)

1 _2d+3

2d  _2d43 , 3
5 Rd,u2<3d+1)lu 2<3d+1) Xudx 5 43T [ 2EAFT) g 2(BdFT) X“dx7

where we have used the bound (5.23) for N and the choice R = 021/2#*2/(35”1).
Finally, integrating in p and y' we get

1~ “+oo du ,udul ,
11932 = 2/ —/ o
1 HoJ1

oo m /

§/ d_/‘/ iad fizfnﬂ’zmm/dx Xu (5.26)
vom Sy W
3443 dﬂ

5 4 3H1 Xudx_
1 H

We now estimate the second term @ [ @Z appearing in (5.21). By an analogue but

simpler computation, we deduce that

/%(y)dy S Nl g R‘duf*’f“ld/xu ~ T e /xu = psiit /xu-

Thus, plugging this into ® f@fbv, we get

. +o0o . d +o0 d
@/w = <I>/ (/ %(y)dy> 7” S <I>/ psin x#dxf- (5.27)
1 1

Plugging (5.21), (5.26), and (5.27) into (5.20), we deduce that there exists a constant
C > 0 such that

[ [ < opvul + o (5.28)
1
1 o0 d
+c<||\V|2(U—q>)\|§/ uiiﬁ/xﬂczx—) +cq>/ uédﬁ/xudx#.
1
(5.29)

Since (3d+2)/(3d+1) < (3d+3)/(3d+ 1), we can absorbe the last term on the right-
hand side for ® < % . Moreover, using Young inequality, we can absorb the second
factor of the third term on the right-hand side. Finally we evaluate the integral in u
on the left-hand side to get

J= 0 <20 (1vul+ Wi+ VIR0 - 9)B) . 630)
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Step 3. In this last step we show that, by scaling, the following inequality in
additive form containing the parameter v holds for ¢ < ydits /(2C)

3d+3 9 B )
/ (u - ,,—331@) M < o0 (HVqu Sy (u, v) + v ||| V] (v — <1>>y|§) . (5.31)
+

Indeed, set w = Ma, v = Mo, ® = M®, and © = Lz, by (5.30) we have for
d < (20M)1

3d+3

LA / (a— M) < iy / [Val+ LMW (@, 0)+ L4 M| V]2 (0-2) 5.
We divide by L4M3ET to get
[ @2y B g poar st [ Wil o LR |V -8 1
Choosing L = M~ 51 we have

[ a= 3B s [ (a4 s, + 239146 - B

3d+3

This implies (5.31) for v = M~ 31, O

Finally, we prove Proposition 1.4, which follows easily by Proposition 2.1 by scaling

arguments.

Proof of Proposition 1.4. As a corollary of Proposition 2.1, we deduce that given two
nonnegative functions u,v : R — R with [u = [v < oo, the following inequality in
additive form holds

/ (u—uiﬁi%)““ < IVl + v BT WR(u, 0) + v |19 Ho)
+

We pass from the additive form to the multiplicative one, by scaling in z. Indeed for

r = Lz, we have

/(u—y3gi3)3d+l < L7 Vull;
+

L ()W) + (L) V] 303)
a1 ) 1 — L
G 1 . N 3 1
Setting = v L and choosing L = (HVqu)d i (yd+1W22(u,v) +Vd+1H‘V|7§UH§) 3+>
we deduce

3d+3
[ (w=vE8) 5 < (19l ) (s W) +
+

Taking the supremum in v (that is the supremum in 2 on the right-hand side, since

v = Lv) and raising to the power (3d + 1)/(3d + 3) we conclude the proof. O
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