OPTIMAL CONVERGENCE RATES FOR THE FINITE ELEMENT
APPROXIMATION OF THE SOBOLEV CONSTANT

LIVIU I. IGNAT AND ENRIQUE ZUAZUA

ABSTRACT. We establish optimal convergence rates for the continuous piecewise affine finite
element approximation of the Sobolev constant in arbitrary dimensions N > 2 and for Lebesgue
exponents 1 < p < N. Our analysis relies on a refined study of the Sobolev deficit in suitable
quasi-norms, which have been introduced and utilized in the context of finite element approx-
imations of the p-Laplacian. The proof further involves sharp estimates for the finite element
approximation of Sobolev minimizers.

Communicated by Endre Suli

1. INTRODUCTION

This paper is devoted to the study of the P1 finite element approximation of the Sobolev
constant

Du
(1.1) S(p,N) = inf 1Dulirg)
u€Wbp(RN) ||u||Lp*(RN)

)

which ensures the validity of the optimal Sobolev inequality

(1.2) [ Dullzo@ny = S(p, N)ull o= @y, Yu € Wl’p(RN)7
in dimensions N > 2 and for exponents 1 < p < N, where
Np
1.3 LIS
(13) e

denotes the Sobolev conjugate of p.

When 1 < p < N, the minimum constant S(p, N) is attained on an (N + 2)-dimensional
manifold M, see [2, 26]. The case p = 1, which involves distinct features and will not be
addressed in this work, was treated in [15, 24], where the sharp constant was determined.

The Sobolev constant plays an important role in various areas, including, of course, the
existence and regularity of solutions for nonlinear PDE. As already emphasized in [7], the de-
termination of optimal constants in Sobolev inequalities, both in their discrete and continuous
formulations, has significant analytical and computational implications. These constants al-
low for sharper error estimates in the numerical approximation of partial differential equations
[11], facilitate the characterization of convergence domains for parameter-dependent iterative
schemes employed in their resolution [20], and provide precise time scales governing the as-
ymptotic behavior of solutions to time-dependent problems. Further applications and related
developments can be found in [7].

For numerical analysis, we restrict our attention to bounded domains. To simplify the pre-
sentation, we consider the unit ball B ¢ RY with N > 2, equipped with a finite element mesh of
characteristic size h. Let V}, denote the corresponding finite-dimensional subspace of W, ”(B),
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2 L. I. IGNAT AND E. ZUAZUA

consisting of P1 finite element functions on B that are continuous, piecewise linear, and vanish
on the boundary. These functions are extended by zero outside of B. A precise construction
of V}, is provided in Section 2.

Sobolev’s inequality still holds in VVO1 P(B), with the same sharp constant (see, for example,
[1]), but, in this case, the infimum is well-known not to be achieved:

Du
(1.4) S N)= g DUl
u€W, ?(B) ||U||Lp*(3)

Obviously, the same inequality holds in the finite-element subspace V}, as well, with the follow-
ing, slightly larger, minimal constant

(1.5) Sh(p, N) := min M.
un€Vi[|up| Lo mvy
Obviously
(1.6) Sh(p, N) > S(p, N).
In view of the convergence properties of finite element methods, one can also prove that
(1.7) Su(p, N) = S(p, N), ash — 0.

Our goal here is to provide sharp convergence rates. This is relevant, of course, for the ob-
tention of sharp finite element convergence rates for PDE solutions in which the continuous
analysis relies on the fine use of the Sobolev inequality. This problem was already addressed
by Antonietti and Pratelli [1] for p = 2, N = 3, who proved suboptimal convergence rates.

These kinds of problems have been previously considered in a number of related contexts. In
particular, the answer is well-known for Poincaré’s inequality, related to the first eigenvalue of
the Laplacian in a bounded domain Q of RY, N > 1, defined as

Dul?d
M(Q) = i delPuldr
weH Q) [ utdx

The corresponding finite element approximation is defined as

. fQ|Duh|2d:U
An(Va) = u’lfelgh T adr

and it is well known to satisfy [8, Prop. 6.30, p. 315], [3, Section 8, p. 700]:
Mn(Vi) = () =~ d(¢, Vi)? = inf ¢ — unllfn ) ~ b,
Up h

where ¢ € HJ(Q) is the first eigenfunction associated with A;(€2). In this case the optimal
convergence rate is given by the H'-distance d(¢,V}), the distance form the first continuous
eigenfunction (normalised to one in H{(f2)). This distance turns out to be of order h given
that ¢ belongs to H?(Q) for {2 smooth or convex.

In the context of Sobolev inequalities, we recall the earlier work [7], where a different type
of inequality is studied, namely:
B . | Au|| 22 (o)
y=  min ———=.

w2@nH}(©) [ull (@)

In [7], the authors introduce two numerical methods and present numerical experiments indi-
cating an order-two convergence of the discrete constant 7, toward . Although no analytical
proof of this rate is provided there, the computational evidence is consistent and informative.
Explicit values of v are available in [21].
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Poincaré’s inequality can be seen as the simplest instance of the type of problems addressed in
this work: determining convergence rates for the finite element approximation of key constants
in the functional analysis of PDEs. In the Poincaré setting, the minimum is attained by the
first eigenfunction of the Laplacian, which is unique up to normalization in HJ(€2), and the
problem is of linear-quadratic nature.

In contrast, the Sobolev inequality presents a genuinely nonlinear character. In bounded
domains, the infimum is not attained, although explicit families of minimizing sequences can
be constructed via scaling from the exact minimizers in RY. Our main objective is to develop
and combine the necessary tools to fully address this more intricate setting, while building a
broader methodology that could also be applied to related problems, such as those involving
Hardy constants (see [13, 22]).

The main result of this paper is the following optimal convergence rate:

Theorem 1.1. Let N > 2, 1 <p < N, and V), the space of P1 finite elements in the unit ball
B. Then

(18) Sh(pa N) - S(p7 N) = ha(p’N)v
where

~ 2(N -p)
(1.9) op.N) = 55

We compare our results with the earlier work of Antonietti and Pratelli [1]. In the specific
case p = 2 and N = 3, they established the estimate

(1.10) R < Sp(2,N) — S(2,N) < hl/3,

for some exponent v > 2 - (26)%/3. In contrast, we prove the sharp convergence rate h?/3,
which improves upon the upper bound h'/3 obtained in [1]. Moreover, our result is shown to
be optimal, as we also establish a matching lower bound.

Our proof, which also lays the foundation for a systematic methodology to address similar
problems, relies on several novel ingredients:

e The first key ingredient in our proof is the Sobolev deficit

_ Dull @y B

d(u) S(p,N), u€ WP(RYN).

[ull Lo mv)
Building on the analysis developed in [17], we adapt this concept to the P1 finite
element setting. However, as we will show, this adaptation alone is insufficient, as it
yields suboptimal convergence rates.

e Achieving sharp convergence rates requires the use of quasi-norms introduced in the
context of finite element approximations of the p-Laplacian [4, 14]. These quasi-norms
play a crucial role in capturing the nonlinear structure of the problem with the necessary
accuracy.

This general systematic strategy is also applicable to other nonlinear variational constants,
such as Hardy constants or the best constants in Gagliardo—Nirenberg inequalities. The first
step is to develop a continuous theory that quantifies how the deviation of a minimizing quan-
tity from the optimal constant can be expressed in terms of an appropriate distance to the
minimizing manifold. The second step is to select a notion of distance that faithfully reflects
the nonlinear structure of the problem. Finally, one must estimate this distance for specific
classes of approximating functions, such as P1 finite elements.
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Let us recall that in the finite element setting, when approximating solutions u of the con-
tinuous p-Laplacian problem, the error is not measured in the classical WP-norm. This norm
would require W?2P regularity of the solution, which is generally not available. Instead, the
error is measured in quasi-norms specifically adapted to the function u, namely:

= vz = (42Ul + 1D~ ) 2ID( - o) "

This tool, introduced in [4, 14], allows to handle the degeneracy of the p-Laplacian, in order to
obtain sharp error bounds.

The key idea underlying the proof of Theorem 1.1 is to derive optimal convergence rates by
exploiting a form of Taylor expansion for the Sobolev deficit:

(1.11) 0(u) ~ f(d(u, M)), VY uwith §(u) << 1, | Dul|pp@ny =1,

where f is a suitable function and d denotes a suitable distance to the manifold M.
The classical approach (see [17]) in studying the deficit is to obtain a lower bound of the type

(1.12) o(u) 2 f(d(u, M)),

for d(u,v) = ||D(u — v)|| s~y and f(s) = s"*>2P} However, as we shall see below, when
proceeding this way, the obtained upper counterpart is of order min{2, p}. The obtention of
sharp bilateral bounds of the same order requires replacing the Sobolev distance by the quasi-
norms above. In fact, in [16], for the particular case p > 2, a variant of the quasi-norm above
is also employed.

One of the main contributions of the present paper is to carefully adapt these methodologies
to the distance defined by the quasi-norm: d(u,v) = |u —v|,2 (see Lemma 3.1). This, together
with the upper bound in Lemma 3.3 gives us an estimate of the type (1.11).

As mentioned above, the results in [1] are suboptimal due to two key limitations: they rely
on a version of (1.12) where the distance is defined by the weaker norm d(u,v) = |u— | gxy,
and they employ only a one-sided estimate for §(u), in contrast to the two-sided expansion used
in (1.11).

The proof of Theorem 1.1 is structured as follows:

e We begin by establishing the upper bound. To this end, we consider u) y, the projection
of a minimizer U, € M (with A > 0) onto the finite element space V},. Using the estimate
urn) S f(d(uA,h, U,\)), we then evaluate the distance d(uy p, Uy) in terms of the mesh
size h. Optimizing with respect to the parameter A yields the desired upper bound for
the difference Sy,(p, N) — S(p, N).

e To establish the lower bound, we consider the discrete minimizer u, € V},, for which
d(un) = Sp(p, N) — S(p, N) is known to be small when h is small. A concentration-
compactness argument ensures the existence of a minimizer U, € M such that d(uy) 2
f (d(uh, Uh)). The final step consists in deriving a sharp lower estimate for the distance
d(uh, U h)‘

When the estimates for the Sobolev deficit are used in the classical framework — i.e., in terms
of the W1P(RY)-norm, as in [17] — rather than via the quasi-norms introduced above, it is still
possible to obtain lower and upper bounds. However, these bounds are not sharp. Specifically,
this approach yields:

Proposition 1.2. In the setting of Theorem 1.1,
(1.13) Y (:N) max{2,p} < Su(p,N) = S(p,N) < pY(®.N) min{2;p}



where

(1.14)

N—p

v(p, N) = Nip—2)

When p =2 and N > 3, Proposition 1.2 above yields the same sharp result as Theorem 1.1,

namely

2(N—2)

Su(2,N) = S(2,N)~h" v .

Our results also lead to some interesting and challenging questions:

Sharper asymptotics. A natural question that arises is whether the lower and upper
bounds can be refined to identify the exact limit

lim h=*®N)(S, (p, N) — S(p, N)).
h—0

In a weaker form, one could instead aim to derive sharper, explicit estimates for the
multiplicative constants in the asymptotic unilateral bounds, namely:

h_m h_a(nN)(Sh(pv N) - S(pa N))

h—0

and
lim h’_a(%N)(Sh(pa N) - S<p7 N))
h—0

It is worth noting, however, that achieving such refinements may require significant
further developments and new technical tools. Moreover, the precise behavior of the
asymptotics could depend sensitively on the geometric properties of the finite element
mesh.

General domains. Our analysis is limited to the case of the ball B to simplify the
presentation. But it can be extended to any bounded, Lipschitz domain which is star-
shaped with respect to an internal ball. Also, the same problem could be formulated
and analysed for more general finite-element methods. We refer to [1, Remark 3, 4]
for a review on the possible extensions one could pursue. One could also consider the
problem of the finite element approximation in the whole space RY.

Case p = 1. The case p = 1 is even more interesting since the set of minimizers is
totally different in this case, Ay g, with A € R and for some ball B. They do not belong
to WHHRY) but BV (RY), see [10, 19].

The paper is organized as follows:

In Section 2, we present in detail the finite element method under consideration and
establish some preliminary results on the finite element approximation.

In Section 3, we recall known results on the Sobolev deficit and demonstrate how the
framework developed in [17] can be adapted to our setting to prove Theorem 1.1. We also
derive an upper bound on the Sobolev deficit in terms of quasi-norms (see Lemma 3.3).
Furthermore, we analyze the class M of minimizers in Sobolev’s inequality (see [2, 26])
to obtain estimates of their Sobolev norms inside and outside the unit ball, and to
quantify their distance to the finite element subspace Vj.

Section 4 contains the complete proofs of the main results. We begin with the proof
of Proposition 1.2, which addresses the core difficulties of the problem, and proceed to
establish the sharp convergence result stated in Theorem 1.1.

Finally, the Appendix collects the proofs of several technical results that play a crucial
role in the main arguments of the paper.
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2. PRELIMINARIES ON FINITE ELEMENTS

2.1. The finite element basis. Let us consider  a polyhedral domain in RY. Of course,
depending on the dimension, we should refer to intervals in dimension N = 1, polygons in
dimension N = 2, polyhedra in dimension N = 3, and polytopes in arbitrary dimension
N. But to simplify the presentation, we will generically use the term “polyhedron” without
distinguishing the dimension. For each positive h we construct a partition 7, of the domain €2
into a finite set of N-simplicial elements 7' satisfying the following properties ([12, p. 38, p.
51], see also [23, Appedix B and C] for a concise presentation):
(]‘) UTEThT = Q)
(2) Each T € Ty, is closed and its interior non-empty,
(3) For distinct 7" and 7" their interior are disjoint,
(4) I T,T" € Tp, T # T', then either TNT = 0, TNT is a common m-face, m €
{0,...,N —1}.
For each T € T, we denote by pr and hp the diameter of the largest ball contained in 7" and
the diameter of T' respectively. We set

h=h(Ty) = max hr.

We will consider a set of regular meshes (7)n>0: there exists o > 0, independent of h, such
that

h

(2.1) L <o, VT ET Vh>0.
Pr

Also, the mesh is assumed to be quasi-uniform, i.e.

(2.2) inf mingey, by

> 0.
h>0 maXreT;, hT

Each element of the mesh 7y, is the image of a reference simplex (interval (N = 1) /triangle(N =
2) /tetrahedron(N = 3)/N-simplex, in general) through an affine mapping Fr : RN — R,
FT(Z/E\) - BTZL'\ + bT,
Br being an invertible N x N matrix, b € RV, i.e.

Fr(T)=T, VTEeT.
Matrix By = V Fr satisfies (cf. [23, Lemma C. 12, p. 735]):

hr B h
(2.3) IBr|| < —, |B7'll <=
Pr Pr
and T
|det B| = |JFr| = Q
T

For a fixed partition or grid 7, we define the finite element space V}, as
Vi={feCQ);foFre Pl(f), VT € Ty, f =0 on 00},

where P! (f) is the space of linear polynomials on 7.

Our analysis is carried out in the unit ball, 2 = B. This requires a first approximation
of B by means of polyhedral domains B, C B (as in [1]) such that all the nodes of 0By
are on 0B. The finite element subspace V) employed to define the numerical approximation
of the Sobolev constant will be the one corresponding to the polyhedral domain By, so that
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Vi, C HY(By) N C(By). The elements of Vj, can be extended by zero outside By, so that Vj, can
also be viewed as a finite-dimensional subspace of Hj(B).

2.2. Approximation by finite elements. We first recall some classical finite element ap-
proximation results in Sobolev spaces [6, Th. 4.4.20]: For any polyhedral domain Q in RY,
and partition 7, as above (see [6, Th. 4.4.4] for the complete set of restrictions), the global
piecewise linear interpolant I, mapping W?P(Q) into V}, satisfies

1
(2.4) ( 3 u— IhuHWsp(T)> < Ch2*|[ul| 2oy, Yu € W2P(Q),
TeTh

for all s € {0,1} and p > N/2.

Of course the multiplicative constant C' in (2.4) depends on N, p, s and the domain €2, but
it is independent of u. All along the paper the dependence of the constant C' on each of the
parameters of the problem (in particular the dimension N and the exponent p) will not be made
explicit in the notation. Constants in our estimates are normally independent of the function
u under consideration (or its discrete counterparts), unless otherwise stated.

The above restriction on p > N/2 is necessary when dealing with general functions in W2?().
The fact that p > N/2 ensures the continuous embedding of W2P(Q) into C°(Q), needed to
define the interpolation I" by taking the pointwise values over the vertices of the mesh. The
above result can be adapted to the particular case of W% () functions. It can be established
by a slight adaptation of the arguments in [6, Th. 4.4.4, Chapter 4]. The result can in fact be
extended to more general finite element spaces and to functions u € C™(Q), but such extensions
fall outside the scope of the present paper.

Lemma 2.1. Let T, be a reqular mesh on a polyhedral domain Q € RN, N > 1, and s € {0,1}.
Then, for all 1 < p < 0o and |a| = s, there exists a positive constant C = C(N,p,s,o) such
that:

/ /
(2.5) ( > DY~ "), T)>1 "< Ch“( > ICF\|ID2u|V”oo(T))1 !, Yu e W),

TeT TeTh

and

(2.6) max |1D*(u — I"u) || oo (ry < CR* max | D?ul| oo (), Yu € W>(Q).

Moreover, for any T € T, and p > 1:

~lal+3

(2.7) IDT"ullpoiry S he " llullpe(ry,p > 1, ¥V u € CYT).

The above upper bounds are optimal when considering functions that are strictly convex in
one direction.

We recall first the following result, proved in [9, Lemma 2.5], will be instrumental: for any
1 < p < oo, any strictly convex function u € C?() and any simplex T € 7T, with vertices
{ax}2*! the interpolation error of u by its linear interpolant I"u admits the following lower
bound:

[ R S min [\ (D*u) (@) || Yo lai—al™
1<i#j<N+1

In particular when 7}, is quasi-uniform we have

= Tl gy = Coh™ 2 min Ay (D) ()|
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We establish a similar estimate for the gradients. Denoting the unit sphere in RY by SV-1,
we obtain the following result.

Lemma 2.2. For any p € (1,00) there ezists a positive constant C(p) such that for any T € Ty,
and any u € C*(T)

. A N+p 1T 2 P
j&ﬁélv/T'D“ AlPdz > C(p)pr (hax, min & D u(x)S]".

The proof will be given in the Appendix.

2.3. Eigenvalue approximation and the case p = 2. Let us first recall the classical esti-
mates for the eigenvalues of the Laplacian, [3]. We focus on the simplest case since we aim to
present those tools that will be useful to handle the Sobolev constant for p = 2. We refer to [3]
for other extensions.

We adopt the notations in [3, Section 8, p. 697]. Let V' a real Hilbert space and a(-,-) be a
symmetric, continuous and coercive bilinear form on V. Let H be another Hilbert space such
that V' C H, with compact embedding, b a continuous symmetric bilinear form on H, satisfying
b(u,u) >0, for all u € V, u # 0. Let V}, C V be a family of finite-dimensional spaces of V.

Let A1 be the first eigenvalue of the form a, relative to the form b. Then, there exists a
nonzero ¢; € V such that

a(¢p1,v) = A (¢p,v),YVveV.
In a similar way we define Ay, in the space Vy:
a(P1n,v) = An(@1h,v), ¥ v € Vi

An important result in the eigenvalue approximation theory (Babuska-Osborn [3, Section 8,
p. 700], which goes back to Chatelin [8, Prop. 6.30, p. 315]) asserts that:

(28) 016]21 S /\1h — )\1 S 026]21
where
en = dy (o1, Vi) = inf |[|or — up|lv.
upEVh

The upper bound together with the trivial estimate 0 < Aj, — A1, can also be found in [25, Th.
6.4-2]. If the family (V},)n>0 satisfies

VueV, lim inf |u— =0
we v e el

one obtains that £, — 0. But the obtention of the convergence order of Ay, towards A\; requires
a finer analysis.

3. THE SOBOLEV CONSTANT AND FINITE ELEMENT APPROXIMATION OF MINIMIZERS

This Section is devoted to gather a number of technical results whose proofs are postponed
to the Appendix at the end of the paper.

Let us recall some classical facts about the Sobolev inequality: for any 1 < p < N, N > 2,
it holds

(3.1) [ Dullo@yy = S, N)||ull 1o @ny, Vu € Wl’p(RN),

where p* = A’,’—ij. The optimal constant S(p, N) was obtained by Aubin [2] and Talenti [26] and
shown to be attained for the (/N 4 2)-dimensional manifold M of functions of the form

(3.2) Uproo () = cUn g (2) = AU/ NP (1 — 1)),



with
ko
(3'3) U(x) = 'U/O(|.T|); U’O(T) = p N—-p-~
(1+[rl70)
where kg is chosen such that || DU »g~) = 1. In particular, for ¢ = 1, || DU 4 || Lrevy=1.
The N + 2 free parameters of the manifold M are the center of gravity xy € RY, the positive
parameter A > 0 and the constant ¢ € R.

3.1. The p - Sobolev deficit. Let us now consider the so called p-Sobolev deficit

”DUHLP(RN)

o(u) = —S(p,N), Y ue WH(RY).

||u||LP*(RN)

It is well known from the works of Bianchi and Egnel [5] and more recently of Figalli and Zhang
[17], that for every 1 < p < N, there exists a positive constant ¢(p, N) such that

(3.4) d(u) > c(p, N) inf

Du — Dvl|;» max{2,p}
(” e (R”’) ,Yue WWRY).

[ Dul| Lo ev)

Indeed, the results in [17] include a refined estimate in the range 2 < p < N, which is
particularly useful for our analysis. This estimate involves a quasi-norm, rather than the
classical Sobolev seminorm ||Du — Dv||»®~y and is reminiscent of the approach introduced in
[4, 14] to obtain sharper convergence rates for the p-Laplacian. The following lemma presents

a refined version of these estimates, valid for the full range 1 < p < N, expressed in terms of
the quasi-norms used in finite element theory.

Lemma 3.1. Let 1 < p < N. There is a positive constant c(p, N) such that for any u €
WLP(RN) there exists a function v = v, € M such that

d(u) > fRN(|Du — Du| + |Dv|)?~2|Du — Dou* dx N (HDu — Dv||Lp(RN))max{2,p}
e, N) ~ [Dul, e, .
Remark 3.2. In particular, we obtain
Du — Dv| + |Dv|)?~2|Du — Dv|*d
(36)  5(u) > ¢ inf Jev(1Du= Do+ Doy Du — DuP da
e [Dulp e

(3.5)

”DUHLP(RN)

, YV u e WH(RY).

After submitting this paper, we were informed that a related result for 2 < p < N appears
in [18, Theorem 14].

Proof. The proof follows the lines of Theorem 1.1 in [17].

By homogeneity we can assume that ||Dul|»@~y = 1. Also it is sufficient to consider the
case where §(u) << 1. Lemma 4.1 in [17] shows that, when the deficit is small, there exists
v € M such that € := ||Du — Dv||p@ny is small and u — v is orthonormal to T, M. For full
details, we refer the reader to the proof of Theorem 1.1 and Lemma 4.1 in [17].

For 1 <p <2N/(N +2), [17, formulas (4.4), (4.5)] give

(3.7) d(u) > co(p, N) /]RN min{|D(u — v)[?, |Dv[P~?|D(u — v)|*}dx
—a(p ) [ min{ID(u = 0% Do Dl = v) e

> c1(p, N)||D(u — v)“iP(RN)‘
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When p < 2 we also get

(3.8) d(u) > co(p, N) /RN min{|D(u — v)[P~2, |Dv[P~?}|D(u — v)|*dx

> co(p; N) /RN(!D(U =)l + |Dv)P?|D(u — v)|*da.

Both inequalities yield (3.5) when 1 < p < 2N/(N + 2).
When p € (2N/(N + 2),2) repeating the arguments in [17] we have

d(u) > co(p, N)/ min{|D(u—v)|p_2,|Dv|p_2}|D(u—U)|2d:r—C’1/ lu — v|P" da
RN RN

> CO(p7 N)
- 2 RN

Cl(p7 N)
+ =D =)@y = Cillu—v

. _ _ c (p, N)
min{|D(u — v)["~%, | Dv[P~2}| D(u — v)|*dz + ———|| D(u — v)||3, @)

Since p* > 2, the last term in the right-hand side is positive by the Sobolev inequality if
| D(u —v)||Lpwn) is small.
For p > 2, the proof of [17, Th. 1.1] gives

3(w) > alp. M)( [ 1D D= 0P do+ [ D= 0P do)
> (V) | (D= 0)| + Dol *|D(u — ) da,

and the proof is finished.

We now turn our attention to the upper bounds of the deficit.

Lemma 3.3. Let 1 < p < N. There exists a positive constant C(p, N) and a positive number
g0 such that

5(u) < Jan (IDu| + | D(u — v)[)P~*|Du — Dv|2
C(p’ N) ||Du||Lp(]RN)

(3.9) de, p>2,

and
(3.10)
5(u) Jen (IDu] + [ D(u — 0)[)P~2[Du — D> ¢ [on [Dv[P7D(u — v)| da\ 2
< + , l<p<?2,
C(p,N) | Dul[7, gy | Dul|7, gy

hold for all w € W'P(RYN) with §(u) < S(p,N) and v € M such that |D(u — v)||r@y) <
eol| Dul| Lo ().

Remark 3.4. As we shall see, we shall prove that, for any 1 < p < N | the following inequality
holds:
(3.11)

5(u) < M(/ (|Dv|—|—|D(u—v)|)p_2|D(u—v)|2dx+/ [Dof?~*| Du — Dupdz).
||D ”LP(RN RN RN

This inequality immediately leads to estimate (3.9).
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However, when 1 < p < 2, as we shall below (see remark 6.3 in the proof of Lemma 3.10,
Appendix 6.7), the last term on the right hand side, namely

| Dv[P~?|Du — Dv|*dx
R

is singular. Thus, it has to be replaced by

(@HDm“wa—vnmja

which is well defined also in the range 1 < p < 2 when u € V}, and v € M.

As a consequence of this lemma, we can deduce an upper counterpart to the lower bound
in (3.4). Although one might expect that an upper bound for the deficit would be easier to
obtain than the lower bound, we have not found such a result in the literature. This estimate
will play an important role in the proof of Proposition 1.2.

Corollary 3.5. There is a constant C' = C(p, N) and a positive number e such that

<O
(3.12) d(u) < C’vlenja

holds for all u € WHP(RYN) satisfying
d(u, M) = viélAfA | Du — DU||LP(RN) < €o||DU||Lp(RN)-

(||Du - DU||LP(RN))min{2,p}
”DUHLP(RN) '

Remark 3.6. This estimate is sharp. In fact, the same argument as in [17, Remark 1.2] shows
that if

(3.13) d(u) < C’Ulenj\f/[

( ||Du — D’UHLp(RN))B
||DU||LP(RN)

holds, then, necessarily, 5 < min{2, p}.
Note that there is a gap in the exponents, max{2, p} for the lower bound in (3.4), while the
upper bound in (3.12) holds with min{2, p}.

3.2. Estimates on the minimizers M. In this section we establish various estimates for the
minimizers U ., € M that, as indicated above, are defined as in (3.2) and (3.3). Their proofs
are given in the Appendix.

Lemma 3.7. Let 1 <p < N and N > 2. There ezist two positive constants ¢; = ¢1(N,p) and
co = co(N, p) such that for any |xo| < 1 the minimizer Uy ., satisfies

(3.14) e ATV < / |DU, 4, [Pz < el A¥ 5055 vV 0 < X < 1,
lz|<1
AP )
(3.15) 1 # < /|| DUy [Pdz <1 — e, A77T, ¥ A > 1.
— |Zo p—1 z|<1

Remark 3.8. Observe that, when |zg| > 1, the exterior of the unit ball contains a half space
passing through x. Thus,

1 1
[ ipUpdez 5 [ DU Pae =
|z|>1 2 JrN 2

for all A > 0. This illustrates behavior opposite to the energy concentration phenomenon
described by (3.15) in the case |zo| < 1.
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Lemma 3.9. Let 1 < p < N. The second order derivatives of the minimizer Uy 5, satisfy the
following estimates:

(3.16) DU 4, (2)| < CnpyANFa(ANT |z — 20|), = € RY,
where
a(r) = tolr) = ot (1 + rr%)_%
and '
(3.17) /| P U@ < O A7
x|<1

Moreover, there exists a positive constant Ay, a finite covering of RN with open sets RN C
Urerlx and a set {& rer € SN~ such that

(3.18)  [€7DUuy (2)6k] > AN AN Fa(AYF |z — 20]), VA > 0,2 €Ty, k€ F.
The proofs of these results are presented in the Appendix.

3.3. Approximation of the minimizers. As discussed in Section 2.3, it is necessary to
estimate the distance between the minimizers in M and the space V},, the P1 finite element
space introduced in Section 2.

To obtain the upper bounds in Proposition 1.2 and Theorem 1.1, we do not need to measure
how far all the minimizers in M are from the space V},; it suffices to sample just one. In the
next lemma, we estimate the distance between the minimizer U, and its projection onto V},,
both in the classical Sobolev norm and in the quasi-norms. Since the upper bound for the
Sobolev deficit obtained in Lemma 3.3 includes an additional term when 1 < p < 2, we also
need to estimate this remainder term.

Lemma 3.10. Let N > 2 and 1 < p < N. For any A > 1 and h < 1/2 such that eT <1
the following holds

(319) [ 1DWho—m)lds S 37+ (ay,
RN
(3:20) / (IDUo| + 1D(Uno — un) )P 2| D(Ung — wn)[Pdz S X777 + (hAF7)?,
RN
(3.21) / DU, 0[P | D(Usg — un)|dz S AT7T 4+ hAT 5,1 < p < 2,
RN

where uy, € Vy, is given by uy, = I"(Uy — (Uxo)joB) extended with zero outside By,.
Remark 3.11. The above lemma implies
inf (| D(Uso — wn)l|po@yy S AT + hAT.
up €V

(N—p)

Optimising this estimate with AT = B we get
inf | D(Uxo — un)| o@ry S H7PN
upEVy
where
N—p

7(2?,N):m-
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A similar argument works for the quasi-norms

inf / (IDUso| + |D(Uno — un)|)?2| D(Uno — un)[2da < ho®)
RN

up€Vy
with

a(p, N) = if(fip__p)z.

4. PROOF OF THE MAIN RESULTS
In this section we first prove Proposition 1.2
(4.1) (PN max{Zp}h < Sp(p, N) — S(p,N) < pY(@:N) min{2,p}
and secondly we consider the improved result in Theorem 1.1
(4.2) RPN < S(p, N) = S(p, N) < ho®N),

The proof of Theorem 1.1 follows the same overall strategy as that of Proposition 1.2, with the
key difference that the Sobolev distances used in Proposition 1.2 are replaced by quasi-norms
of the finite element analysis the p-Laplacian. This allows to obtain sharp lower and upper
bounds of the same asymptotic order in A.

The proof of Proposition 1.2 (and therefore that of Theorem 1.1 as well) is conducted in two
main steps:

e Step 1. In the first step we prove the upper bound in (4.1) (or in (4.2)). For that we
employ the finite element projection of suitable continuous minimizer Uy by choosing
optimally the values of A >> 1 and h << 1.

e Step 2. In the second step we prove the lower bound. Employing the general lower
bound for the deficit in (3.5), this is done by a suitable approximation in M of the
finite-element minimizer.

We consider the unit ball B. The Sobolev constant in the unit ball B coincides with that in
the whole space, although it is not attained in B; see [1].
We construct the space V}, as in Section 2 and use that
Du Du
Sh(p, N) = min —H nllze o) — mi —” llzee)

up€Vh ||uh||Lp*(B) up eV ||uh||LP*(RN)

)

identifying V}, with the space of functions defined everywhere by extending them by zero outside
their support.

For notational simplicity, throughout this section, we will write S, and S in place of the full
expressions for the two constants introduced above.

Proof of Proposition 1.2. As described above, we proceed in two main steps.
Step I. The upper bound. To obtain an upper bound we choose a suitable Uy and the finite
element approximation uy y = 1 hNUN-U Ao ) € Vi, extended by zero outside By, with a suitable
A>>1and h << 1.
Lemma 3.10 shows that choosing
1 __(N-p)
)\ﬁ = h N+p *2P7
we have
| Dupx — DU | oy ~ 7N,
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This allows us to use Corollary 3.5 to obtain

DU » DU - DU P min{27p}
S, < | h,A||L (RN) < S+C(p,N)(|| h,A NP (]RN)> .

Nl @y [Dun Al o)

Since ||DU,|| ey = 1 we also get || Dup, x||rprnyy =~ 1. Thus, we get the desired upper bound
RY) ) (RN)
Sy, — § < pr@N)min{2,p}

Step II. The lower bound. Let u;, € Vj, be aminimizer of S, with, for simplicity, || Du||»@yy) =
1.

From the previous upper bound and the estimate of the Sobolev deficit (3.4) we have that
there exists U, = cpUy, 2, € M such that

hsAhsTh

PN min{2e} > 6 G §(y,) > (”D“h - ChDUAh,wh||LP<RN>)max{2’p}
~ ~ ”DuhHLP(RN)

We now need to get a lower bound on the right-hand side of this inequality in terms of h.
For this, we need to gather further information on ¢, z;, and A\,. We therefore proceed in two
steps.

_pP_
e In the following we prove that |c,| — 1, 2, € By, A\, > Ao and kA, 7 < A for some
positive constants \g, A as h — 0.
Since ||Duh||Lp(RN) = ||DU/\h,:ZIh||LP(RN) = 1 it follows that

1= [enll < |1 Dun = cn DUy, | Loy = o(1).
Choosing h small we trivially have |c,|[? > 1/2 and then

_»
0(1) _ 5(Uh) max{2,p} > ||DUh — ChDUAh,IhHIEP(RN)

= \ch|p/ \DU,\h,xh|pd:E+/ lcn DUy, o, — Dwp,|Pdx
BS B

pe |DUy, ., |Pdx +/ |DUy, .z, — c,;lDuh|pdx
B¢ By,

= |DU>\h1$h |pd’r + 1.
BC

Assuming |z,| > 1, Remark 3.8 shows that for all A > 0 the exterior of the unit ball B¢
contains always a half space passing through z; and then

1
5
Hence |zp,| < 1. A similar argument shows that x, ¢ B\ By. In this case

1
/ DU, [Pde > ~.
B 2

c
h

o(1) 2 [ DU, [dz >
BC

Let us assume that, up to a subsequence, A\, — 0. By estimate (3.14) we obtain
N (N+2E5)
o(1) 2 |DUy, 2, [Pdz =1 — [ |DUy, 4, [Pde > 1—ci A, " 770,

Be B

which gives a contraction. Hence, there exists a constant Ay such that A\, > A\g for all
sufficiently small h.
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_pb

Let us now prove that the sequence (A, ”h)p=o is uniformly bounded. Suppose, by
contradiction and up to a subsequence, that )\f/ (V=P s 0. We will show in this case
that

Iy 2 1.

Let z, € B, be the point where the integrand I, is essentially concentrated. If
for some ¢ > 0 the ball B.,(z,) is included in some Ty, € T, then By _p/v—p(xy) C
B.p(xp) C Top. Otherwise we can consider the intersection To, N By—p/(v—p) (1), which
still contains a cone C' centered at x;, which occupies a fixed proportion (independent
of h) of the ball By »/v—p(x) and C N By —p/v—n) (z1) C Top.

Let us now explain in more details this geometrical property and how to construct a
cone as above. For zp € RV, R >0, a € (0,1) and £ € SV~ we define the cone

Crla,& x0) = {x € RY, |z — x| < R, (z — 0) - € > alz — x|}
For the reference simplex 7' there exists R > 0 and a € (0,1) such that
VieT 3E=E(#) e SV such that Cr(a, &, 2) C T.

We transfer this property to any 7' € 7, by using the properties of the matrices By in
(2.3) and (2.1), (2.2). In view of these properties there exists R, > 0 and «, € (0,1)
such that

VT € Ty Vo e T 3¢ =&(x) € SV such that O, p(ap, &,2) C T.

Let us now consider the case when By, vy (2) C Top, otherwise we will apply the
same argument on C —/v—p (o, {(2h), 2p) C Top. Since Duy, is constant inside triangle
Ton, and satisfies c}_LlDuh = A, we can apply estimate (3.18) from Lemma 3.9 to obtain
a contradiction:

o(1) 2 I, > / |/\N PDU()\ Pz —xp)) — Apl|Pdx
|z— xh|<)\

_L
N—

- / DU () — A\, V7 Pde > in / \DU(z) — AlPdz > Co > 0.
|z]<1 |z[<1

A€eRN

_pP
e With the above considerations on zj, Ay, and h\, ™, we proceed to prove the desired

lower bound. Choosing, if needed, a smaller value of h, we can assume

N
h)\N”<A 20 < lh
<10="10

We use estimate (3.15) to obtain

P

|DU, 2, [P dz > i\, 77T,
Bc

for some positive constant c;.
Let us now estimate the term [,. Using that w; is piecewise constant in each triangle
T € Ty, by Lemma 2.2 and estimate (3.18), we obtain

Ih— Z/‘DU)\hrh Duh|pdx> ZAITHGIIE /’DUAhzh AT‘dej
TeTh TeTh

Z hN+p)\

TeTh

_pP_
P N—p
= I;lel%la( w e — ).
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We denote by 7;! the elements T" € 7T, which have a nonempty intersection with the
ball {|z — z;| > 2h}. Any element T € 7;' is included in the exterior of the ball
{|x — x| < h} and for any x € T C T,} we have
_a7>5|f—xh| <|lx—ap| + hr <|x—ap| + h <2z — 2
TE
and
— < T — < 2mi — <2|x — .
|# — on| < max [z —op| < 2min|z — | < 20z — 24|

This implies that
p(N+p) P (N+p) P
I, > Z RNFPN, NP mi%’la”()\,’lv"’\x —an|) 2 WP NV Z / a?( NP |l — wy)) da
TeT;! " rerp T

P(N+p)

_p_
Z PN / a?(A\) 7P o — ) da.
h<|z—zp|,|z|<1—h

If |z| < 1/2 then the set {h < |x —x,| < 1/4} is included in wy, = {h < |z — x4, 2| <
1 —h} C By since |z| < |xp| + |x — 2, < 1/2+1/4 <1 — h. This implies

p(N+p)

_p_ 2
I, = PN, N7 / ap()\;f_p|x—xh|)d$:hp)\,iv_”/ b
h<|z—zp|<1/4 h

a’(ly|) dy

N—p

A

p
P<lyl<n, 7P /4
2

P
> hp)\,iv_p/ a(|z|) dx.
A<|z|<X /4

When |z;,| > 1/2, it may happen that x;, lies close to the boundary of Bj,. Nevertheless,
even in the worst-case scenario, we can always construct a cone centered at x; that is
entirely contained within the set wy,. Assume that x, = (21,0") with zy, € [1/2,1].
Thus

1
{x = (z1,2"),]|2" = 0| < a|zyy — 21|, 2h < 29p — 17 < 5} C wp,
since, in this case, |z| < |z1|+a|r; —214] < @z + (1 —a)x, = 21, —2(1—)h < 1—h
for o < 1/2. Denoting
1
W' ={y =)yl < alml,2h <y < S}
we obtain, after a change of variables, that
2 2
B2 [y 2 A
ye/\}i\]—pw’

_p
where we have used that the set A, ”w’ contains a subset with positive measure, inde-
pendent of the small parameter h,

Ap
{y = (ybyI)? |yl| S&‘yﬂ,?/\ <y < 70}

P

N—p p

P A P
C{y = (yi,¥), [V| < alyi], 2k, 7" <ys < h2 }CATW

Putting together the estimates for I;, and (4.3) we find that
1 P

Sh—=58% (/\;pj + h)\,ivllp)max{zvp} > p(p.N) max{2,p}

which finishes the proof.
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Proof of Theorem 1.1. We proceed as above, but now considering the quasi-norms.
Step I. The upper bound. The proof follows the same ideas as in Proposition 1.2 by taking
upy = I"(Uy — Uxjps,) € Vi In view of the estimate (3.19), |[Dupx — DU,||, is small enough

when A\ is large and hAN5 is small. This allows us to apply the upper bounds for the Sobolev
deficit in Lemma 3.3.
For p > 2 the deficit estimates in Lemma 3.3 give

S(uny) < / (|Dup | + | DUy — Duy, A|)P"2| DUy — Duy, 5|*dx
RN

and estimate (3.20) leads to

y

S(uny) SA7T + (hAF7)2.
Taking A such that A™77 = (hA¥7)2 we find the desired estimate &(up,) < h*®N) with

2(N —p)

N)= ——.

For 1 < p < 2 we apply Lemma 3.3 to get

6(upy) < /N(IDuh,A! + [ D(Uy = up )P 2| D(Ux — upy)[*da
R
1 2
- (/ | DUL[P™ |D(UA—Uh,A|d37) :
RN

Using estimates (3.20) and (3.21) we obtain

D P

(S(U;W\) 5 AT 4 (h)\N_*P)2
Taking A conveniently, the proof of the upper bound is obtained as in the proof of Proposition
1.2.

Step II. The lower bound. As in the proof of Proposition 1.2 let us take u, € V}, with
| Dunl|o@@vy = 1 and |lup || 1o* @y = 1/Sp. From the upper bound estimate in Step I, we have

he®N) > 6 S = §(uy,).

By Lemma 3.1 there exists U" = U, », ., such that (3.5) holds:

) 2 [ (1Dusl+1DW* ~u) P 2|DU* ~ w)Pdo+ [ D"~ )P
RN RN

The same analysis in Step II of the proof of Proposition 1.2 shows that |c,| ~ 1, hAF <A
and A, > Ao > 0. Also || D(U" — w,)||po@ny < 1 for h small and || DU"|| pp@ny ~ 1.
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For p > 2 the same analysis as in the proof of Proposition 1.2 shows that there exists a set
w independent of h such that

5(un) 2 / (Dunl + D" )P DU" — )P

z/ |\ DUMP=2|D(U" — uy) |*da
]RN

/.

2N AT [ lillyDP-2a(ulidy 2 neo
For 1 < p < 2 let us first recall the following inequality for quasi-norms in [4, Lemma 2.2]

ID(w = v) 1700
(1Dull (@) + 1Dl o) *~#

|\DU"Pda + / |\ DU P=2|D(U" — wy)|?dx

By,

[ 1Dul + Dol D — o) do >
Q
Using that || DU"||L»@yy ~ 1 we get
Oun) 2 / (Dus| +DU" = wn) 2D (Un = un) [ da
R

Z/
By

A;ﬁ N IDU" = un)ll3 55,
([IDUM| 1o (s, + DU = wp)|| o 5,)) > P

—__P_
2N+ IIDU" = wn) Lo,

|DU"Pdx +/ (|Dup| + | D(U" = up) )P 2 D(U" — uy) *da

By,

Vv

_p
From Step II of the proof of Proposition 1.2, we know that || D(U" —up,)||1»(5,) Z hA; ", hence

O(un) 2 0,7+ (hA7)? 2 he @),

and the proof is completed. O

5. CONCLUSIONS AND PERSPECTIVES

In this paper, we have established sharp convergence rates for the P1 finite element approxi-
mations of the Sobolev constant. Our approach is inspired by existing techniques for analyzing
the deficit function in Sobolev inequalities in the continuous setting, but extends them through
significant new developments. These advances are particularly crucial given that the Sobolev
constant is not attained in bounded domains, necessitating a careful analysis of approximation
rates for explicitly known minimizing sequences.

Moreover, achieving sharp convergence rates requires working with quasi-norms commonly
used in the finite element analysis of the p-Laplacian, rather than with the standard W1?(RY)
norms. Our methodology builds on prior results concerning finite element approximation rates
for Laplacian eigenvalues, adapting them to the context of the Sobolev constant.

The techniques developed here can also be adapted to analyze P1 finite element approxima-
tions of other fundamental constants in the theory of PDEs and mathematical physics, such
as the Hardy constant, which is discussed in [13, 22]. This direction will be pursued in future
work, as it requires a substantial refinement of the methodology introduced in this paper.
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Finally, the questions explored here naturally extend to other settings, including the approx-
imation of the Sobolev constant using different classes of finite element methods. However,
addressing these extensions will require considerable additional work.
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6. APPENDIX

6.1. Piecewise linear approximations. In this section we prove Lemma 2.2. We first con-
sider the one-dimensional case.
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Lemma 6.1. Let —00 < a < b < oo and u € C*([a,b]). For any p € (1,00) there exists a
positive constant C(p) such that

/ W (r) — APPdr > C(p)(b— ' inf [ (r)P, ¥ A € R.

réela,b]

Proof. Consider the function f(A f |/ (r) — AlPdr. Tt is a convex function satisfying
limg_,4+. = 00. It attains its mlnlmum at a pomt Ay such that

b
/ [u/(r) — Ao|P sgn((v/(r) — Ag))dr = 0.

It follows that there exists ry € (a,b) such that u'(rg) = Ap. Using that
() = o) I = ol nf o),
we get the desired estimate
b
FA) = inf [/ [l = roPdr = Co)o = )™ int ()P
a r€la,

This finishes the proof. O

Proof of Lemma 2.2. To fix the ideas, we prove it for the direction z;. For any A; € R we have:
/ |0, 1 — Ay [Pdz > C(p)ph P mi:Ipl |0y ()P

Take a cube C,, C B,, C T. To simplify the presentation, let us assume C,, = [0, L. We
write © = (x1,2’) and apply the one-dimensional result in Lemma 6.1:

L
/ |0, u — Ai|Pdx > / |0p,u — APz = / / |0z, u — A;|Pdayda’
T c ,L)8-1 Jo

PT

> C(p) LN min [0s,0,u(2)|” > C(p)pr ™ min |00, u(x)|".

Let us now consider the general case. It is enough to prove that, for any A € RY and
¢ € SM1 it holds

| 1Du=Apde = Copy minle! Du(e)P.
By zEe
Consider a rotation R of the unit sphere SV~! such that Re; = ¢ and v(y) = u(Ry). Using the
previous step for v and the fact that, Dv(y) = RT Du(Ry), D*v(y) = RT D*>u(Ry)R we get for
any A € RV that

min |£7 D*u(z)EP = min |el RT D*u(x)Re,|P = mén leF D*v(x)e, |P

:EGB,,T xeBpT T

o
S—
Cp)pyr ™™ Js

o
Y [ |pu-Rapd.
C(p)oyr ™ Ja,,

Replacing A by RT A gives the desired result. O

1
|Dv — AlPdx = —/ |RT(Du) — A|Pdx
Clp)pr ™

T T
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6.2. An elementary inequality. The following holds:
Lemma 6.2. Let q € (1,00). Then, there exists positive constants A, and B, such that
(6.1) |la+b]* — |a|* — gla|**ab| < Agla|"?|b]* + B,|bl%, Va,b € R.

Furthermore A, =0 if ¢ € (1,2].
On the other hand, for suitable A,, B, and C, the following inequalities hold:

(6.2) |z +y|? < |z|?7+ q|x\q_2x cy+ Aq\x|q_2|y]2 + B,ly|?, Vz,y € RY
with A, = 0 when q € (1,2], and

(] + [yDI*

(6.3) |z +y|* < [2|” + g2z -y + C
Proof. Some cases are treated in [16, Lemma 3.2]. For completeness, we give here a short proof.
Let us begin with (6.1). By homogeneity, we can reduce the proof to the following one:
11+ 2|7 =1 — qz| < Aglz” + By|2|*,Vz € R.

It is clear that for |z| > 1 the inequality is true with A, = 0 independent of the value of gq.
When |z| < 1, we have to consider the case when z ~ 0. Taylor’s expansion yields

1427 = 1 =gz = O(|2*) < O(|z""E), 2 ~ 0.

So, for ¢ < 2, one can choose A, = 0.

Inequality (6.2) holds trivially when |z| = 0. Also, one can consider only the case when
|z| = 1 and after a rotation we can also assume x = (1,0,...,0). It is then sufficient to prove
that

q/2
((1 + 1) + Iy’IQ) <1+ qys + Aglyl* + Byly|?

for y = (y1,y') € R x RV,
When ¢ < 2 we easily have

q/2 ~
(Um0 + 1y F)" <L+ gl + 1917 < 1k qyo + Bolunl? + 1y/17 < 1+ qu + Bylyl".

For ¢ > 2 we distinguish cases ¢/2 < 2 and ¢/2 > 2. When ¢/2 < 2, in view of inequality (6.1),

(At +1P)" <+l + 20+ P+ Byaly
< L+ yil?+ Collyl* + 1yl
< L+ gy + Ay + Byl + Cy (P + y]*)
<14 qy + Co(lyl* + ly9).

When ¢/2 > 2, using again inequality (6.1), we have

(02 4 WE)" < 1wl + L 2P + Ayt + 1 + Byl
<1+ w7+ Colyl* + [yl + [yl*)
< 1+ qyi + Agyi P + Byl | + Collyl? + [y]9)
<14 gy + Co(lyl> + lyl9).
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Let us now consider the last inequality (6.3). For ¢ > 2, it is an immediate consequence of
the second one. When ¢ < 2, it remains to prove that

(1 + |y’)q| |2

(At )" <14+,
T+ P

In this case, we easily have

q/2 ~
(Um0 + 1 B) " <L+ gl + 1917 < 1k ayo + Bolunl? + 1y/17 < 1+ qu + Bylyl".
For |y| > 1 we get the desired estimate since |y|? < SHE )12, When |y| < 1 we use that

~ o 1fy?
(1+z)*<l4+axforall0<a<1landz>—1:

q/2 q q
A+ +1yP)" =+ 2m+9d + WA < 1+ + 20+ Iy < T+ ay + Syl

2
< @+l
~o1+yl?

The proof is now completed. O

ly|*.

6.3. Proof of Lemma 3.3. Let u be such that [lu|| g~y =1 and
6(u) = || Dullpo@ry — S(p, N) < S(p, N).
Then S(p, N) < || Dul|pp@y) < 25(p, N) and, using
ly" —a?| = |(y — )" | = =Py —al, V]| <y,

we get

1
(6.4) 6(u) = | Dul| Loy — S(p, N) < W(IlDU||’£p(RN) — (S(p, N))P).

It suffices, therefore, to estimate the right-hand side of the above inequality.
Let v € M and set € = [|[D(u — v)|| Lrry). We write

u—"v

u =+ || Du — Dv||p@ny = v+ €p,

[Du = Dol o)
where || Dol pp@ry = 1. When e < &gl Du|| pp@yy with g9 < 1/2 we have
S, N) _ Doy

2 - 2
Hence || Dv||po@ny = || Dull oy = S(p, V). Since [|ul| o= @y and

L < ||Dv| o@ny < 2| Du| o@y < 45(p, N).

[ — 0| o vy < S(p, N) || Du — Dvl| oy < 4605%(p, N),
for g9 small enough we get that

< vl o vy < 2.

N | —

The two cases 1 < p <2 and 2 < p < N are treated differently.
Case I. 2 < p < N. Inequality (6.3) shows that for any ¢ > 1 and z,y € R" the following
holds

(6.5) |z +yl* < |2]? + qlz "2 -y + Collz] + [y))* [y
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Thus we obtain
1Dl ey = [ Do+ ep)Pda
= /RN | Dv|Pdx + ep|Dv|P~>Dv - D + C,e®(|Dv| + | D] )P~ 2| Dy|*dz.
We use that for p* > 1 inequality |1 + 2|P” > 1 + p*z holds or all € R to get
HuH’zp*(RN) > (/sz(lvlp* 2,0) dx)p/p*

Since [[v|| o+ gy = 1 and

‘/ |v]p*_2v<,0dx‘ < Hv p
RN

*

Jan 0[P 20 d:L‘)P/P
loll7,-

= [|v|?,. (1 +ep?

H‘PHLP RN) S S

we obtain .
o [P opda]
[vll%,

The Taylor’s expansion at = 0 of (14 2)* =1+ ({)2™($)2? + ... shows that

* X
(1+ex)’” >1+ 22 _ ey
p*

holds for all |z] < 1 and & small enough. We apply it to get

fRN |U|p*_21)<p dx B 052(fRN |U|p*_21)(p dI)Q)
[0l ) '

Putting together the above two estimates and using that

lulfse > llolf,- (1 +ep

(6.6) [ 1o = (S NP e
RN
(6.7) [ 1Dep Do Dgds = (S0 NPl [ 1o oo
RN RN
we get

0(u) S 1Dull7,@ny — (S0, N))PlullZ-
=< [ (Dol + Dl 2 iDgldo + ([ o upde) ol A
RN RN
Hoélder’s inequality and [16, Lemma 3.3] give us

(/RN ol vz < (/RN| p-2 de)(/RN v

This shows that
§(u) < 52/ (|Dv| + | Dp|)P~2| Dp|*dx + 52/ | Dv|P~2|Dy|? dx
RN RN

) S0l ) [ 102D

= /RN(\DU\ + |D(u — v)|)P72|D(u — v)|*dx + /RN |Dv|P~2|D(u — v)|? dz.

This is exactly the estimate in Remark 3.4. Since p > 2, we immediately obtain (3.9).
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Case II. 1 < p < 2. In this setting,

[ :/ [0+ epl?” dl’Z/ ki dx+8p*/ lv|P" v da
RN RN RN

and, by inequality (6.3),

p*/p
IDulfyen = ([ 1D+ =0 do)
RN

p*/p
< (/ | Dv|P + ep| Dv|P"2Dv Dy + Cpe?(|Dv| + €| Dip|)P | Dep|? da:)
RN

ep Jan |DvP~2DvDy + C), [on €%(|Dv| + €| D] )P~ 2]Dg0|2 p*/p
= 1DV (1 + - ar)"".
I U”LP(RN)

For small x we have
p*

114 2P"/? <1+ Zg 4 Ca?
p

and this gives us

||Du”LP RN) <||Dv||LP RN) +ep” ||DU| 22 RN /RN |Dv[P2DvDy dx

C
+ S Dol ik, [ (Do + <Dl Dl
2
+C||Dv|\Lp z <Ep/ |Dv|p2DvDapdx+Cp/ £2(| Dy +5|D<p|)p*2|pgo|2dx) .
RN RN
Since for p < 2 we trivially have
52/ (|Dv| 4 €| D] )P~2| Dyp|*dx < 5p/ |Dp|Pdx = €P.
RN RN
Identities (6.6) and (6.7) imply that
() < (S, NPl

2
< 82/ (|DU| + €| Dp|)P~2| Dyp|*dx + (8/ |Dv|P~2Dv Dy dm)
RN RN

— /RN(\D'U\ + |D(u — v)|)P72|D(u — v)|*dx + (/RN |Dv[P~D(u — v)| da:)2

which finishes the proof.

6.4. Proof of Corollary 3.5. Let us consider v € W' with | Dul|prvy = 1 such that
d(u, M) = € with ¢ a small positive parameter, so that there exists v = v, € M such that
d(u, M) = [[D(u — v)||pp@ny = €. Since v € M we have [Jul| o gyy = [[v]| o= gyy and d(u) is
that Lemma 3.3 applies. For p > 2 and € < 1 we have

5(u) < / (IDu] + | Do) D(u — v)[* < / (ID(u — )| + |Dul)* | D(u — v)|?
S 1D = )y gy + 1Dl 2 1D (1 = )2
SID(u— )HLP(RN)'



26 L. I. IGNAT AND E. ZUAZUA

A similar argument works for 1 < p < 2 since || Dv||pp@yy < 2 for small e:

) 5 [ (Dol+1D( =)D = o)fde+ ([ 1Dop D= v)ldz)’

2/p' 2/p
§/‘HXu—vW@v+</ unwm) (/'uxu—mw@)
RN RN RN

S 1D =) gy + 1D = V)], S 1D = )2, .
This finishes the proof.
6.5. Proof of Lemma 3.7. Let us assume, without loss of generality, that o = (2¢1,0,...,0)

with |zo;| < 1. Using the explicit form of Uy ,,(z), and denoting

y

A= {n,9) €RXRY (g + A7 Fa0r,/)] <A77},

we obtain, by an elementary change of variables,

i
[ thapie= [ ipupay = cy [ A
j2|<1 Ay Ay (1+[y|71)

Observe that, since |z1| < 1, Ay C {y € R, |y| < 2A¥5}. Then the upper bound in (3.14)
holds for all A > 0:

P
%ld 22AN-p N—1+%1d

/ |DU>\,mo|pdxr§/ p |y|p Ly 5/ : pL r'
|z|<1 wl<2av=r (1 + |y|»-1)N 0 (1+rr1)N

For the lower bound in (3.14) observe that for |zo;| < 1/2, there is always a ball centered at
the origin included in Ay, {|y| < A¥7/2} C A,. Then

id
/ IDUml”de/ Ty s et ya<n
lz|<1 ’ x5 72 (1 + |y|7=1)N

Let us now consider the case when 1/2 < |z¢;| < 1 and choose the particular case 1/2 < zg; < 1.
Observe that . .
y €Ay <= |V +yl+2yA\¥rr0 < AV (1 —x3))
and then, for A\ small enough,
By:={(y1,y) € R x RNV [y P 4y} + 4y, A% <0, 1 <0} € Ay C {Jy| < 1}.
Moreover, By = NP B, and then
o1
[ A s iy = A [y
By (L+[y[=1)N = 27 U, B,
The proof of estimate (3.14) is finished.

Let us now consider the inequalities in (3.15). They are reduced to estimate the minimizers
outside the unit ball

71d
DUy Pl = O [ M
» L0 L-\N
ja>1 5 (L4 [y[»=7)

P
Using that for A > 1, {y € RV |y| > 2A¥-+} C A§ we have

ly|7Td | 71d (N-1)
P p— N—1

/ J Ly > / p y—Ly 2/ P |y|_pp_1 dyﬁ)\_ﬁ,
a5 (1+ [y[»=)N =25 (14 [y|7=1)N ly|>2A NP
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Also, observe that Ay = A¥ 5 A; and any y € AS, i.e. [y+(zor,0)| > 1, satisfies [y| > 1—|zq]-

Hence

_pP_ _p_
/ _lylrrdy )\NL—p(NWLp_ﬂ)/ ly|> T dy
P - 2
As (L4 Jy|e—1)N A5 (14 )\MWM%)N

214
e
< A—N’:,J(Nn—fl)/ P dy
[y|>1—|zo1] (1 + A= —1) ’y‘ﬁ)N
AT
o=
<A ly| TV Vdy = ————.
[y[>1—|zo1] (1 — |zo1|) P2

This proves (3.15) and finishes the proof.

6.6. Proof of Lemma 3.9. Using a translation and a scaling argument, it is sufficient to
consider the case o = 0 and A = 1. For the radially symmetric function U(z) = u(|z|) we have

il
r2

2
51']'7‘ — l’il'j

Oz, U(x) = (r) +u'(r)

r3

and the eigenvalues of the Hessian matrix are A\y(D?(z)) € {u”(r), L2},

T
Denoting ¢y, = _k‘b%’ explicit computations show that
1 N
ug(r) = enprrt(1+ rp%l)_?,
2

ull(r) = pCN’Plu 45t 1) e T (1= (N = )rsot)pat,

IS

and
6.8)  AU(z) = pcfjplri%ﬁ’ (1 + rp%)‘ﬂ’l [(p —2)(N = 1)ro T + 1+ (p—1)(N - 1)].
Moreover, for any 1 <i,5 < n we have

0 U@ S ]+ 20 o5 (1 050)

It implies that under the assumption 1 < p < N, D*U € LP(RY). Indeed,

& (2-p) -N
/ | DU (z)|Pdx < / PNl (1 + Tp_fl) dr < oo
RN 0

since

2 — N
N+p( p)— b <0&p>1
p—1 p—1
and
2 — N+2—-—+/N24+4 N+2++/N2+4
N+p—;_1p)>0(:>pe( i 5 AT +2 o).

A scaling argument proves (3.16) and

2

/ | DUy 4 (z)|Pdz < AN5.
|z|<1

Let us now consider the lower bounds. The representation (6.8) shows that for p > 2 there

exists a positive constant Ay, such that
N

AU(@)| = Anyrit (14777) 7
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The sets

N
Iy = {a: € RN 1 |0y, 0, u(w)| > AN’er (1 + rﬁ) ?
2N
cover the space R and then the conclusion holds.

When 1 < p < 2 the proof is more delicate since there exists a set {z : |z|7T = 1/(N — 1)}
where u”(r) = 0 and then \;(D?U(z)) = 0. Also, when 1 < p < 2, there is the point x = 0
where u'(r)/r = A\ (D?U(x)) = 0. However, since the Hessian is non-degenerate, we can cover
these sets with cylinders in which there exist directions on S¥~! along which the associated
quadratic form admits a uniform lower bound.

Let us take a point z € {z : |z|71 = 1/(N — 1)}. For simplicity assume z = (z,0) €
R x RY~!. Choosing € = 1/100, there exists §y such that

M (H ()] = [u"(J]) < ea(lx])

,k:L“WN}

and
[Ao(H ()] = [/ (Jz])/|z]| > a(|=])
for all x = (z1,2’) in the cylinder Cs, = {|z1 — xo| < do, |2' — 0'| < dp}. Using that

(€1, 0)" H(2)(&, 0)] = [€F]|u" (2] < ea(|x]),

10,67 H(2)(0,€)] = |0 g,

]
there exists a. such that for all £ € {& € SN |&)] < a.|¢'[} it holds

and

€ H(@)e] > sallal), Ve € Cs,

Covering the set z € {z : |#|7T = 1/(IN — 1)} with a finite number of cylinders, we obtain the
desired property. A similar argument works when |z| = 0.

6.7. Proof of Lemma 3.10. For simplicity we write U, instead of Uyo. We split all the
integrals over Bj, and Bj. Since functions in V}, vanish outside B}, there is no contribution
from this region. In view of the way the polyhedral domain By, is constructed, By, C {|z| > 1/2}.
The same arguments as in the proof of (3.15) lead to

J

It remains to estimate the integrals in Bj;. We proceed in several steps.
Step 1. Proof of (3.19). Let us denote

Ih:/ |DU,\—Duh|pdx.
By,

|Dmmmg/ﬁ | DU, [Pda < X501

e |z|>1/2

When p > N/2, classical estimates for the linear interpolator [6, Theorem 4.4.20, p. 108] and
the result in (3.17) show that
I, < WP DU, S (BAV)P,
which finishes the proof of (3.19).
Let us now consider the case 1 < p < N/2, in which we will make use of the estimate provided
in Lemma 2.1.We estimate differently the terms in the triangles 7" which are outside the ball
{l| <2h}. fx € T € T, with T C {|z| > 2h}, we have |x| > 2h > 2hp, |2| < infer |2|+hr <



29

inf,er || + |2|/2 and then |z| < sup,cp|z| < 2infer |z| < 2|z|. In this case estimate (3.16)
gives us

(N+p) (N+p)
T D2UAE gy S IT]sup A“N7 (AR [2]) S A*F=7 /a”(ANL—p|x|)dx.
zeT T
Using Lemma 2.1 it follows that
Lp= Y / DUy = DupPde < 0P > |T||ID*UsE gy
TeT,, TC{|x|>2h} T TeT,, TC{|x|>2h}

< AN / @’ (A7 |z|)dz = hPAN 5 / a” ()Nt dr < hPAN T,
2h<|z|<1 0

The triangles T' € T}, that are not entirely contained outside the ball {|z| < 2h} are included
within the larger ball {|z| < 3h}. We denote by I, the part of the integral corresponding to
these triangles. We recall the following estimates for the linear interpolator (2.7)

pr <hTh > 1
| DI oy S hy P |||l gy, p> 1.

From the construction of Bj all boundary nodes of By, lie on 0B. Also, since U, is radial, the
nodal values of Uy on 0By, are all equal to Cy := U,|gp. Hence the nodal interpolant I;,(Uy—C)
belongs to Vj,, and Duy, = DI,(Uy — C)) = DI,U) elementwise. Thus

Ln< ) (IDUN + [ Dun|)dz S / [DUPda + NP U oy <sm)
TeTy, Tc{|z|<3h}” T |z|<3h

~Y

3hp\P/ (N —p)

< / ()75 ds + BN PNNUND o
0

P

< (RAVS) N5 4 (hAF5)NP < (RA7 )N P,

Summing with the estimate for I3, and using that 1 < p < N/2 we get the desired result
p

In < (BAT )P + (RAFT)NP < (hRAN5 )P,

Step II. Proof of (3.20). Let us first consider the case p > 2. For p > N/2, we use the error
estimates for the quasi-norms in [14, Th. 3.1] to get

I, — / (IDU,| + | DUy — Dup|)*~%| DU — Duy*dec
By
< h2/ (IDUL| + h| D20, |2 DU, [2da:
By,

§h2/ |DUA|”‘2|D2UA|2dm+hP/ | DU, |Pda
By, B

h
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Let us consider the case 2 < p < N/2. We split I;, = I, + I, as in Step 1. For the first term,
we use similar arguments as in Step I:

Ly : = > /(|DUA] + | DUy — Duy|)P~2| DUy — Duy |*dz:
TeTy, TC{|x|>2h} T
< > (|DUP~2| DUy — Duy|* 4+ | DUy — Duy|P)da
TeTy, TC{|z|>2h} T
p2
< h? > IDUA /T |DU, — Duy,|*dz + hPAV=5

TeTh,TC{|z|>2h}

p2
< WAV + h2/ | DU, |P~2| D*Uy |*dx
|z|>2h

P

< AT+ (A [ PR S (A
0

For the term Iy, we proceed as in the Step I since N —p > p > 2:

Ly, < > (|DU,| + | DUy — Duy|)*~2| DUy — Duy,|*da
TeTh, Tc{|z|<3h} ¥ T
< Y (|DUAP + [ Dup[P)dz < (hAFF)N 7 < (hAF7)2,

TeTy, TC{|z|<3h} T

Let us now consider the case 1 < p < 2:

Ly, = Z (|DUA| 4 |DU\ — Duy|)P~?| DU — Duy,|*da
TeTh Tcq|z|>2h) 7 T

< Y RIDU [ DU
TeTy, TC{|x|>2h} T

2(N+p)

<h? / (AT )72 (AT |2 ) P27 [a(AFF o)) P
|z[>2h

< A7 [ WP € ()
0

We use that for p < 2 function a is uniformly bounded near the origin to get

Iy, < > (|DUy| + | DUy — Duy|)P~2| DUy — Duy,|*da
TeT, TC{|x|<3h} T

< > /T|DUA — Duy[Pdx < hP > T DU

TeTh,TC{|z|<3h} TeTh,TC{|z|<3h}

(N+p)p P P_\Nip

< RPN aP(AVFh) < (RAYR)
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Remark 6.3. At this point, it is important to observe that, even if the following inequality holds

Iy, < > (|DUA| 4 | DUy — Duy|)P~2| DUy — Duy|?dx
TeTh Tc{|z|<3h}” T
< > |DU,|P~2| DUy — Duy,|*dz,

TeT, T {|z|<3h} T

it is useless in practice since the last integral diverges over the triangle 7" containing the origin.
This is so as |DU,|P~2 fails to be integrable in a neighborhood of the origin, in contrast to
| DU, P, which remains integrable. This is why the estimate in (3.11) had to be improved to
the one in (3.9).

Step III. Proof of (3.21). With similar notations as in the previous steps

Ly, = > / |DU|P~Y| DUy — Duy|dx
TeTy, TC{|x|>2h} T

<h Y Dl [ DU
TeT,, TC{|z|>2h} T
(N+p)

ShATESE I / /(AT [a]) P~ a(AF 2] )da
2h<|z|<1

(p=1) (N+p—pN)

N o0 P
<hA N2 N\ Np / [/ (r) [P a(r)rN "tdr < hAS-5.
0

For the second term Iy, we proceed as before but we cannot compare ||D?u, | . (ry With its
integral. Instead, since we are in the ball {|z| < 3h} and p < 2 we can compare it with the

2—
values at || = h and use that a(r) < re-1 for 0 < r < 1:

m<h > [ IDUPD e
TeT;, Tc{|z|<3h}” T

(N+p) N(p—1)

< hA N7 a(ANTR)A N» / |/ (AT |z]) [P~ da
|z|<3h

_ _ oo
< BV ARSI [ () PN
0
p 1 p

AN-p,

N
=
>
i
S
p
A
>=
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The proof is now complete.
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