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Introduction

The origin of this manuscript is a very simple question which arose nearly twenty
years ago in the context of spectral methods. It concerns the space Py (A) of restric-
tions to a bounded interval A of polynomials with degree smaller than N and can be
stated as follows.

For s; > so > 0, the interpolate space of index 6, 0 < 6 < 1, between
Py (A) provided with the norm of H*'(A) and this same space provided
with the norm of H*2(A) is clearly the space Py (A) provided with a

norm which is equivalent to that of H(1=#)s1+0s2(A),

But are the equivalence constants independent of N?

This result was intended to derive some inverse inequalities for polynomials, which
are easy to establish in Sobolev norms of integral order but not otherwise, and are
useful for handling nonlinear terms in the framework of spectral discretizations.

Several unfruitful attempts led us to work with the interpolation theory between
Banach spaces in the sense of traces, according to [23, Chap. 1] for instance. This
of course required the construction of a lifting of polynomial traces on one edge of a
rectangle. In this direction, preliminary results have been proved in [4] concerning the
lifting of traces on one edge of a triangle when all the angles of the triangle were < 7.
Extending this to a rectangle suggested us that the lifting of polynomial traces on all
faces of a cube is also an important problem which has not been investigated before,
though having interesting applications such as the treatment of nonhomogeneous
Dirichlet boundary conditions for spectral discretizations. This problem appeared
to be related to the question of compatibility conditions satisfied by traces on the
edges and vertices of a polyhedron, question which was not yet addressed. And all
of this is the origin of the three chapters of this manuscript: Trace theorems, lifting
of polynomial traces, polynomial inverse inequalities. A positive answer to the initial
question is derived from these trace results in Chapter II.
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In Chapter I, we first introduce the Sobolev spaces on intervals, polygons and
polyhedra: The spaces of integral order are defined in the usual way and those of non
integral order are defined via intrinsic norms. Indeed, in a second step, we use this
definition to prove a trace theorem which is not standard since it concerns traces of
any order in non-smooth domains such as polygons or polyhedra. In a further step, as
a generalization of [17], we characterize the compatibility conditions satisfied by these
traces at the vertices of a polygon so that they admit a lifting of given regularity. The
number of these conditions at each vertex depends on the smoothness of the traces
but in any case is smaller than the square of the number of traces. We prove the
existence of a lifting operator for the traces satisfying these conditions. Moreover we
derive its continuity for appropriate norms of the traces, which is well-known in the
non-limit cases but less standard in the limit cases. Finally, we also prove analogous
results for the traces on the faces of a polyhedron: Now compatibility conditions
concern both the vertices and the edges of the polyhedron and their number highly
depends on the geometry at vertices, as announced in [8]. These results are finally
extended to the case of weighted Sobolev spaces in the square and the cube, which
are the basic geometries for spectral methods.

Chapter II is devoted to the continuous lifting of polynomial traces into polyno-
mials, and the degree of the image as a function of the degree of the traces is also
taken into account. Preliminary results concern the lifting from a line to a strip and
from an edge to a triangle. Next, we consider the case of the square. By using a
very simple transformation that maps a part of a triangle onto the square, we first
construct a lifting operator from traces of one edge of a square into polynomials in
the square. A modified operator maps polynomials that vanish at the endpoints of
edges up to a fixed order into polynomials vanishing on the three other edges of the
square up to the same order. These operators are then used to construct the full
lifting operator acting on traces on each of the four edges of the square which satisfy
all the compatibility conditions at the four vertices of the square and with values in a
polynomial space, as announced in [6]. Analogous results are then stated and briefly
proved for the cube, since the arguments are the same. As previously and for the
same reasons, the extension to the case of weighted Sobolev norms is presented.

Relying on these results, in particular on the weighted case, we prove a pos-
itive answer to the initial question: The equivalence constants that appear in the
interpolation of polynomial spaces are independent of the degree of polynomials.

In Chapter I1I, we work with weighted spaces on the interval | —1, 1] and present
the Jacobi polynomials that form a family of orthogonal functions for weighted mea-
sures. As the spaces of polynomials can be provided with norms of different orders,
exponents and weights, we thus derive inverse inequalities of several types on the
spaces of polynomials of fixed maximal degree in the weighted norms. In a final step,
we prove that the inverse inequalities that we have established cannot be improved
by exhibiting appropriate counter-examples based on Jacobi polynomials.
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The main applications of these results concern the numerical analysis of spectral
methods, for instance for the treatment of nonhomogeneous Dirichlet type boundary
data, and also of mortar spectral element methods (see [12] or [13] for the definition
and basic analysis of these methods). Some of these applications will be presented
in a future work.






Chapter I

Sobolev spaces and trace theorems

We first make precise some notation about the different types of domains which
will be considered throughout this manuscript. We then recall the definitions, and
basic properties of the standard Sobolev spaces. Next, we prove some specific prop-
erties of the Sobolev spaces, concerning the existence of traces and the structures
of the spaces, on the model geometry of an interval. Even if these facts are already
known, the idea is that they give rise to further results about the Sobolev spaces in
a sector or in a polyhedral cone, and also that very similar techniques are needed for
weighted Sobolev spaces.

At the end of the chapter (Sections 5 and 6), we give a more original version
of the trace theorem, for both a polygon or a polyhedron. Indeed, most often, the
classical trace theorem states that the range of Sobolev spaces on a domain by the
trace operator is a Sobolev space on the whole boundary of the domain, and, when
the global domain is not smooth, this is limited to low order trace operators. In the
case of a polygon or a polyhedron we have rather work with local traces on the smooth
parts of the boundaries, which are edges for a polygon and faces for a polyhedron.
However, the trace operator is not onto the product of appropriate spaces on edges
or faces: Some compatibility conditions are necessary at the vertices and also on the
edges in the case of a polyhedron. For each given regularity and each number of
traces, we exhibit the necessary and sufficient conditions in an explicit way. These
results extend those in [17, Thm 1.5.2.8] for polygons and have been announced in
[8] for polyhedra.

Finally, the analogous properties for some weighted spaces are presented, we
refer to [7] for more detailed proofs.

1. About the geometry of domains.

Let O be a bounded open set in R%, d = 1, 2 or 3, with a Lipschitz—continuous
boundary. The generic point in O is denoted by x or sometimes ¢ in dimension d = 1,
by = (x,y) in the dimension d = 2 and by = (z,y, 2) in dimension d = 3. As
usual, n stands for the unit outward normal vector to O on dO0. According to the
dimension, we are interested in more specific domains that we now describe.

e Case of dimension d =1

The key one-dimensional domain is the interval A = ] — 1,1[, for which the
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generic point is (. However, for technical reasons, we also consider the model interval
7 =1]0,1].
— —
Figure 1.1

e (Case of dimension d = 2

In this case, the general polygon is denoted by €2 and its edges by I'y, 1 < ¢ < L.
We also introduce its vertices a;, 1 < ¢ < I (of course, I is equal to L in dimension
2). Among polygons, we consider more specifically:
— the square © = A%2. We denote by a1, as, as and a4 the vertices with coordinates
(—1,-1), (1,-1), (1,1) and (—1, 1), respectively. With the convention ag = a4, each
edge ay_1ap, 1 </ <4, is denoted by I'y, see also Figure 5.3.
— the rectangle A = A x 7.
— the sector & with vertex a and aperture x, 0 < k < 2w, which is contained
in the circle with centre a and radius equal to 1. We denote by I'y and I'y its
edges such that x is the internal angle to & when going from I'; to I'y and turning
counterclockwise; without loss of generality, we assume that I's coincides with the
edge {x = (x,0); 0 < z < 1} when needed, see also Figure 5.1.

Figure 1.2

On each I'y, we denote the unit outward normal vector to the domain by n, and
the tangential unit vector to I'y directly orthogonal to n, by 7.

e (Case of dimension d = 3

We consider a general polyhedron II with a Lipschitz—continuous boundary. Its
faces are denoted by €2, 1 < 5 < J, its edges by I'y, 1 < £ < L, and its vertices by
a;, 1 <i<1I. We also introduce a polyhedral cone C with vertex a, contained in the
sphere with center a and radius equal to 1, and the cube = = A3.

Here, n; stands for the unit outward normal vector to the domain on each ;.

Figure 1.3
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2. Definitions and standard properties.

We first give the definitions of the spaces of scalar-valued functions, and we recall
two main properties: The Sobolev imbedding theorem, the general interpolation
theorem. Next, we extend the definitions to vector-valued functions in view of the
applications to tensorized spaces.

2.1. Spaces of scalar functions.

For each p, 1 < p < 400, we first introduce the space
1
LP(0) = {v: O — R measurable; [v|1»0) = (/ lv(z)|P de)* < +oo0}. (2.1
1)

The space L*°(Q) associated with the Lebesgue measure, here denoted by p, is the
space of measurable functions v such that

[0]| L (o) = sup{t > 0; p({|v] > t}) # 0} < +oo. (2.2)

Next, let Z(0O) stand for the space of infinitely differentiable functions with a
compact support in O. Its dual space 2'(0O) is the space of distributions on O. If
k denotes a d-tuple (ki,...,kq) of nonnegative integers, we use the notation d%v
for the partial derivative (in the distribution sense) of a function v of total order
|k| = k1 + -+ + kq and partial order k; with respect to the i-th variable. For any
nonnegative integer k, we also denote by 9%, (95 and OF the partial derivatives of
order k with respect to x, y and z, respectively.

Next, for each nonnegative integer m and each p, 1 < p < +o00, we consider the
space W™P(Q) of functions such that all their partial derivatives of total order < m
belong to LP(O), namely

W™P(0) = {v e 2'(0); |[vllwmroy = (D 100500y ” < +oo},  (2.3)
|k|<m

with the obvious modification for p = oo

W (0) = (v € F'(O) Iellwneio) = s [9*vlimo) < book. (2

We recall [1, Chap. III] that W™P(Q) is a Banach space (a Hilbert space for p = 2)

and also that, for 1 < p < +o00, the space ¢ (O) of infinitely differentiable functions
on O is dense in W"™P(O).



The Sobolev spaces of non integral order can be defined in several ways, for
instance by interpolation methods [1, Chap. VII|, however we have rather define
them by the way of an intrinsic norm. We need a first notation.

Notation 2.1. For any positive real number 7 and for any function v defined a.e.
on O, ¢.[v] is defined a.e. on O x O by

jo() — v(a)|

|z — |7

¢r[v)(z, @') = (2.5)

Next, any positive real number s which is not an integer can be written [s] + o,
where [s] denotes its integral part while its fractional part o satisfies 0 < o < 1.
Then, for any p, 1 < p < oo, the space W*P(0O) is the space of distributions v in
2'(0) such that

B =

lollwero) = (I01im0) T D Ndor2 10010 0x0)) ¥ < +oo. (2.6)

|k|={s]

Obviously, the double integral on O x O that appears in this definition

8 ’ak ( /)‘pd d /
an—l— [ v HLP((/)x(’)) |w _ CC/‘o‘p—‘,—d Tar,

can be equivalently replaced with the integral on any neighbourhood of the diagonal
of O x O, for instance on

Ay ={(z,2') e OxO; |&—a'| <al,

for a fixed positive real number a. There also, W*?(QO) is a Banach space (a Hilbert
space for p = 2) and, for 1 < p < 400, the space €>°(0) is dense in W*P(QO).

Finally, for 1 < p < 400 and for any nonnegative real number s, we define the

subspace ch/S’p(O) of W#P(QO) as the closure of 2(0O) in W*P(0O). However, we have
rather postpone the characterization of this new space to the next sections.

2.2. Sobolev imbeddings and interpolation theorems.

We now recall some further properties of these spaces. We begin with the Sobolev
embedding theorem (see [32, § 4.6.1 & 4.10.2] or [1, Thm 7.57]), in a rather general
form. For any real number s > 0, we denote by ¢*(O) the space of functions
— which are continuously differentiable up to the order s if s is an integer,

— which are continuously differentiable up to the order [s] and such that all their
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partial derivatives of order [s| are Holderian with exponent o if s = [s] + o is not an
integer.

Theorem 2.2. Let p and q be such that 1 < p,q < oo, and let s and t be two real
numbers such that 0 <t <s.
(i) If t — %l <s-— %, the following embedding holds:

WeP(0) ¢ Wh1(0). (2.7)
(ii) If t is not an integer and t < s — %, the following embedding holds:
WsP(0) c €(0). (2.8)

(iii) If t < s and t — ‘Ei <5 — %, the embedding (2.7) is compact.
(iv) Ift < s — ]‘—f, the embedding (2.8) is compact.

The following results are closely linked to the theory of interpolation between
Banach spaces, we refer to [5], [23], [24] and [32] for the general theory. Here, if X
and X; are two Banach spaces such that X; is contained in Xy with a continuous
and dense embedding, we denote by [ X1, Xo]g,, the interpolate space with index (6, p)
defined by the K—method, 0 < § < 1 and 1 < p < 4+00. We recall (see [5, §3.12] or
[23, Chap. 1, Thm 10.1] or [32, §1.8.1]) that this space can be equivalently defined
as the set of traces v(0) of measurable functions v in ]0, 1] with values in X; which
satisfy

dt
/HU %, tpe <-|—oo and /||v ®%, tp9?<+oo. (2.9)

The idea is now to apply this theory to the previously introduced Sobolev spaces.
We refer to [32, §4.3] for the next theorem.

Theorem 2.3. Let p be such that 1 < p < oo and let sy, s1 and s be nonnegative
real numbers such that sy < s < s1 and s is not an integer when p # 2. The following
interpolation result holds:

WeP(O) :[Wsl’p(O), WSO’P((’))] with 6= L% (2.10)
0,p 51— S0
2.3. Spaces of vector functions.
Let X be a separable Banach space with norm || - ||x. We introduce the space

2(0; X) of infinitely differentiable functions with a compact support in O and values
in X, together with its dual space 2'(0; X).

9



For 1 < p < +o0, the space LP(O; X) is still defined by (2.1), with the norm
| - |z (o) replaced with

1
]| r0;x) = /Hv 5 dw)” (2.11)

Then, for any nonnegative integer m, the space WP (Q; X) is still defined by (2.3),
with 2'(O) replaced with 2'(O; X) and the norm || - ||yym.» () replaced with

||U”W’"’P(O;X) = ( Z ||ak¢|‘ip(o;x));‘ (212)

|k|<m

And, finally, for any nonnegative real number s = [s] 4+ o, the space W*P(O; X) is
defined similarly as the space W*P(0), with the norm | - [|ys.»(0) replaced with

1
ollwero:x) = (Pl m0m) T 2 1ora x @010 0x0) ¥ (2.13)
|k|=s

where the extended ratio ¢, x[-] is defined by

Jo(z) - v(@)llx 210

QTX[U](:L' :L‘) ‘m_wl|7

As for scalar functions, the space ¥>°(O; X) of infinitely differentiable functions on
O with values in X is dense in W*P(O; X) when p < +oc.

3. Traces and structure properties for an interval.

The aim of this section is to present a proof of the trace theorem for the model
interval A =] — 1,1[. This theorem characterizes not only the existence of a trace
but also the kernel of the trace operator, which yields results about the structure
of the Sobolev spaces near the boundary. For simplicity, we begin by working on
the interval Z =]0,1[ and only consider traces in zero. We also take p such that
1 <p< +o0.

3.1. Traces for the half of the interval.

In order to give a description of the kernel of trace operators, we first introduce
the following “weighted” space. For any nonnegative integer m, we define V'™P(Z)
by

V() = {p € 2'(T); llplvmr(z) < +oo}, (3.1)

10



where

m 1 L
- / dF P =P ) b (3.2)
k=0

We recall from [32, Chap. 3] that, for any nonnegative integer m and any value of
p, the space Z(]0, 1]) of infinitely differentiable functions with a compact support in
10,1] is dense in V"™P(Z).

Next, for any positive real number s = [s] + o, we introduce the norm

10

1 [s]
VS,W):( /O O dw+r|qg+%[d’%o]||’;p(zxz)) : (3.3)
k=0

Il

Thus, in the usual way, we set

Vs’p(I) — {go € @/(Z)Q ||80|

Vs,p(I) < +OO}. (34)
For simplicity, the space V*2(Z) is also denoted by V*(ZT).

The main results of this section are stated in the next theorem. We refer to [32,
§2.9] for a different proof.

Theorem 3.1. Let p be such that 1 < p < +00 and s be a positive real number.
(i) If sp < 1, then 2(]0,1]) is dense in W*P(Z) and the spaces W*P(Z) and V*>P(T)
coincide.

(ii) If s — % is not an integer and K denotes the integral part of s — % , for each integer

k, 0 < k < K, the trace mapping -y, defined on €>°(Z) by

V() = d*(0)

is continuous on W*P(T). Moreover, V*P(I) is the closure of 2(]0,1]) in W*P(T)
and the following characterization holds:

VOP(T) = {p € WHP(T); Vk,0 < k < K, vi(p) =0}. (3.5)

We prove this theorem in three steps. First, we treat the simple case s = 1.
Next, we explain how to reduce the general statement to the case 0 < s < 1. Finally,
we prove the result in the case 0 < s < 1.

PROOF OF THEOREM 3.1. Part I: case s = 1.

When s is equal to 1, (2.8) yields the continuity of the trace operator 7y, and the
characterization of V1'P(Z) follows from the standard Hardy inequality [32, §3.2.6,
Rem. 1] which we now recall.

11



Lemma 3.2. For any p such that 1 < p < +o0o and for any real number 3 # —1,
the following inequalities hold:
(i) when (3 is < —1, for any function ¢ € €5°(]0,1]),

1 1
| e@raar < (2o [ @ et (3.

(ii) when 3 is > —1, for any function ¢ € €°°([0,1]),

/01 p(@)P 2 do < (Wi”)p (/01 |gp'($)|pxﬁ+pdx+/01 p@)P 2" dz). (3.7)

PRrOOF OF THEOREM 3.1. Part II: reductions.
Assume that Theorem 3.1 is valid for 0 < s < 1. When s is > 1, the result then
follows by an induction argument relying on the characterizations

WHP(I) = {p e WHP(T); ¢' € W*IP(T)},

and
VoP(I) = {¢; pa™* € LP(Z) and ¢’ € V°~'P(T)},
together with inequality (3.6).
So, it remains to consider the case 0 < s < 1. There, we introduce the partition
of 7 into dyadic intervals Z; =]27U+Y 277[ where j runs through the set N of

nonnegative integers, as illustrated in Figure 3.1. Next, for any such j, we associate
with any integrable function ¢ its mean value m;(¢) on Z;:

9—J

i) =2 [ pla)da. (3.8)

2—(+1)

12



Figure 3.1

We begin with a technical lemma.

Lemma 3.3. Let V and V' be two subsets of Z, with lengths (V') and u(V"').
Let s be any nonnegative real number and p be such that 1 < p < +oo. For any
function ¢ in W*P(I), if m(yp) and m’(¢) denote the mean values of ¢ on V and V’,
respectively, the following inequality holds

s+ _1 _1
i) =@ < (_swp =)0 B0 gyl e (39)

PROOF. We start from the formula
mie) = m' () < uV) V) [ [ (@) = plat) deaa'|

Using Holder’s inequality on V' x V’ yields

i) —m' (o)) < u(V) " Fu(V)7 ( // )\pd:z:d:z;>%.

So the desired inequality follows by multiplying and dividing by |z — 2’ |s+%.

The key arguments to conclude the proof of Theorem 3.1 are presented in the
next lemma, however its proof is rather complex.

Lemma 3.4. Let s be in |0,1[, and set n = s — %, 1 < p< +oc0. Let ¢ be any
function in W*P(T).

13



(i) If sp < 1, the sequence (27" m; (cp)) belongs to (P (N).
(ii) If sp > 1, the sequence (mj(go)) tends towards a limit which satisfies the

estimate

| dim ()] < ¢ (lgar slelllr@xn) + lellrz); (3.10)

moreover, if this limit is equal to 0, the sequence (29" m; (go))j>0 belongs to ¢P(N).
In (i) and (ii), when the sequence (277 mj(‘p))jzo belongs to ¢P(N), it satisfies the
estimate .

1277 (@) ler vy < € (lgsr 2 [elllo@xz) + Iellzrzo))- (3.11)

PROOF. We first consider the case sp > 1 and prove (3.10). Next, we prove (3.11) in
this case. We conclude with the case sp < 1.
1) If sp > 1, we must check that the sequence (mj(go)—mj+1(g0))j>1 belongs to £1(N).

We apply Lemma 3.3 with V' = 7 and V' = T ;1. The quantities sup, ¢y /ey [2—2'],
(V) and p(V’) in this case are all equal to 277 up to a multiplicative constant,
whence

’mj(QO)—mj+1( )| <C(2 j) v p Hqs—l— [ ”|Lp(1'j><1j+1)
<2777 154 L[| Loz x1)-

Since = s — % is positive, 27 is > 1, hence (m;(p) — mj+1(go))j20 belongs to £}(N).

Moreover, we have

| Jim my ()] < > Imi(e) = mya (@) + Imo (@),
which yields (3.10).

2) Still in the case sp > 1, we introduce special disjoint subsets of the intervals Zj,
for any k > 2: For each integer j, 1 < j <k —1, let Z; ,—; be an interval such that

(L)

Ij’k_j C Ik and ,Ll/(.’Z-J,k;_J) = m

Since Z] 1 W is < 1, we can assume that all the Z;,, j > 1, £ > 1, are disjoint.
If m; ¢(p) stands for the mean value of ¢ on Z;,, Lemma 3.3 implies that
\m]-+1(<,0) - mj,l(SO)’ <2797 Hqs—s—%[@]HL”(Iﬁl XZTjt1)"

Since U 741 %X Zj41 is the union of disjoint intervals contained in Z x Z, we deduce
that .
1277 (mj41.(0) = mj1(9) ller @y < € llgsy 1Ml o zxa). (3.12)

14



Therefore, proving (3.11) reduces to
1277 m 1 (@)llerny < € llaar 2@l o zx1)- (3.13)

Assuming for a while that j is fixed, we first study limy_, 4 m; ¢(¢). By hypothesis,
limy—, 4 oo mjye(p) is equal to 0. Moreover, Lemma 3.3 infers that

(3 2
Imy.e(p) — mjpe(p)] < c27 0T @54 L[l Loz x 1)

and, since 7 is > 0, 2-1¢% tends to 0 when ¢ tends to +o0o. That implies

> 1 li =0.
viz1l, o lim mye(p) =0
From this, we deduce that
+oo
mia(e) =Y (mje(p) —mjea(p)).
=1

We set:
Jje = Hqs+%[SOHPzp(Ij,exzj,Hl)-
Lemma 3.3 infers that
1
() = mi 1 ()] < 27O g7,
Thus

. oo 1
27 my1(g)| < ¢y 2705 JF,.
/=1

Using Holder’s inequality yields, with ]lj + 1% =1,

. i ; ap’ P I
29 |m; 1 ()P < P (Z 9—tnp 57)? (Z Jis)-
=1 =1

Since 7 is positive, we finally obtain:

o0 00
1277 m 1 (@) llery < co (DD T

:e:

‘GIH

(3.14)

and, since the Z; o are disjoint, we have

_|_

oo

( . Jje)

_|_

oo

S =

< Hqs+%[90]HLv(Ixz)-

<
I
_
~
Il
A
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Hence, estimate (3.14) implies (3.13), which achieves the proof of (3.11).

3) Finally, when sp < 1, the proof is similar to the previous step, however we need
another family of subintervals. For any integers £k > 1 and j > k + 1, let fj,j_k be
an interval such that:

= = (L
Ij,j—k C I and M(Ij,j—k) = ﬁ

Like before, we can choose all the fﬂ, Jj>1,0<j, disjoint. If m;¢(¢) denotes the
mean value of the function ¢ on Z; ¢, we obtain, in a similar way to (3.12),

1277 (m-1.(0) = 751 (0) ller ) < €l sy 2Pl @y (3.15)

So, as in (3.13), it is sufficient to prove:

1277 21 () ler vy < € (g 2 [0l o2y + 1l Lo z))- (3.16)
We have:
j—2
M) = (Me(p) = Mjes1(0)) + i 1(). (3.17)
=1

We obtain as in (3.14):
1277 (72,1 () = W 5—1(9)) ller ey < co0 sy 2 [Pl Lo(zx)- (3.18)
Now, thanks to Lemma 3.3, we know that:
[m1(0) = g5 -1(9)] < €57 gy 2 [l Lozx). (3.19)
Estimates (3.17), (3.18) and (3.19) yield
1277 5,1 ()] er vy < cool| s 1 [Pl ez x1)
+cl|277 5% oo o [P oy + 1277 llen I ()]
Since 7 is negative, this last inequality gives (3.11), which ends the proof.

PROOF OF THEOREM 3.1. Part III: case 0 < s < 1.
The key idea is now to define, in the case sp > 1, the trace operator vy by

Yo = lim  m;(p).
J—too

Indeed, thanks to Lemma 3.4, it suffices to check that, for any function ¢ of W*?(Z),
if the sequence (2_j(_s+%) m;j (gp))j>0 belongs to ¢P(N), then the function ¢ belongs
to V*P(Z) and satisfies the estimate:

lox™?| ey < C(||qs+%[80]||Lp(IxI) + |27 et m; (@) || er(vy)- (3.20)
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To check this, we start from an estimate on Zy that can be derived from the Peetre—
Tartar lemma (see for instance [14, Chap. I, Thm 2.1]): Any ¢ in W*P(Z,) satisfies

ol < e Wllaray +1 | o) o)
Together with the scaling from Z; onto Zy: x — & = 27z, this yields

27 [@llLe(z;) < c(27967%) ||qs+%[90]||m(zszj) + [m;(©)]),

whence
12° 0115z, < c(llgsr 2 [P0z, xz;) T 127 T2 my () P). (3.21)

Since /277 and its inverse are bounded on Z;, summing up this last estimate on all
integers 7 > 1 gives the desired result.

Note that, if the assumptions of part (ii) of Theorem 3.1 hold, V*P(Z) has
codimension K + 1 in W*P(Z). So proving the following corollary is now easy.

Corollary 3.5. Let p be such that 1 < p < 400 and s be a positive real number. If

55— ]% is not an integer and K denotes the integral part of s — ]l) , the space W*P(T) is

equal to the direct sum of the space V*P(I) and of the space Pk (Z) of polynomials
with degree < K on Z.

3.2. Traces for the interval.

All the previous properties can trivially be extended to the interval A, where the
weight p is the product of the distance to the two endpoints of the interval:

p(Q) = 1—C2 (3.22)

For any nonnegative integer m, we define the space V"?(A) by (3.1), with the norm
| - [[vm.»(z) replaced with

m 1 L
lellymem) = (Z/ |d* | pmIP(¢) dC) (3.23)
k=0" 1

Next, for any positive real number s = [s] + o, we define the space V*P(A) by (3.4),
with the norm || - ||y-m.»(z) replaced with

3 |-

1 [s]
@llyenca) = ( | el o) dc + ||qa+%[d’%o1||’;pw)) C329)
-1 r—g
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We also denote by V¥(A) the space V*2(A).

Theorem 3.6. Let p be such that 1 < p < +00 and s be a positive real number.
(i) If sp < 1, then P(A) is dense in W*P(A) and the spaces W*P(A) and V*P(A)
coincide.

(ii) If s — % is not an integer and K denotes the integral part of s — % , for each integer

k, 0 < k < K, the trace mappings 7,;'[ defined on €>°(A\) by

ViE(p) = dP (1)

are continuous on W*P(A). Moreover, V*P(A) is the closure of Z(A) in W*P(A) and
the following characterization holds

VoP(A) = {p € WHP(A); VE,0 < k < K, v (¢) =0} (3.25)

The space W*P(A) is equal to the direct sum of the space V*P(A) and of the space
Por+1(A) of polynomials with degree < 2K + 1 on A.

We finally extract from [32] (without proof) the available results about the limit
cases which are the situations where s — ]% belongs to N. The next statement involves

the spaces s (A), see the end of Section 2.1.

Corollary 3.7. Let p be such that 1 < p < +o00 and s be a positive real number.
If sp > 1 and if s — ]l) is an integer, let K denote s — % — 1; for each integer k,

0 < k < K, the trace mappings 'yk,i are continuous on W#®P(A). Moreover the
following characterization holds

W=P(A) = {p € W*P(A); Vk,0 <k < K, 7 (¢) =5 (¢) = 0}.

As a conclusion, note that the space V*P(A) and s (A) coincide when sp < 1

(in this case they also coincide with W*P(A)) or when s — % is not an integer. But

they do not coincide when s — 1—1) is an integer. This result is well-known when p is

equal to 2: For instance, with the notation of [23, Chap. 1, §11], the space V%/%’Q(A)
1
coincides with Hz (A) while the space V2:2(A) coincides with HZ (A).

4. Traces for a polygon or a polyhedron.

The aim of this section is to establish the first half of the trace theorems, i.e.
to prove that the trace operators act from Sobolev spaces on the polygon or the
polyhedron into the product of appropriate Sobolev spaces on the edges of the polygon
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or the faces of the polyhedron. The second part of the trace theorems (see the
next sections) consists in providing a full characterization of the range of the trace
operator.

With each edge of a polygon, it is possible to associate a trapezium (in the
British sense of a quadrilateral with two parallel edges) contained in the polygon
such that this edge is contained in the boundary of the trapezium. Moreover, this
trapezium can be mapped onto a rectangle by a very simple quadratic mapping that
preserves the tangential coordinate on the edge, see Figure 4.1. So, without loss of
generality, we now work on the rectangle A = A x 7 and we are interested in traces
on the edge I' = A x {0}.

— A=AXT

Figure 4.1

Let s be a nonnegative real number and p be such that 1 < p < +00. As in
Section 3, we set

(4.1)

s—1_1 if s — L is an integer,
[s — 5] otherwise.

4.1. Traces for the rectangle.

The idea is that Sobolev spaces on rectangles can be equivalently defined by
tensorization, and these tensorization properties are the key arguments for proving
the trace theorem. Using the definitions given in Section 2.3, we are in a position
to state the following lemma. Note that the second property when s is an integer is
known as the inequality of Aronszajn and Smith [2].

Lemma 4.1. For any p such that 1 < p < +o00 and real nonnegative numbers s
and t, t < s, the following embedding holds

WHP(A) € W (T, WH 0 (A)), (4.2)
and the following identity holds
W*SP(A) = WP(Z; LP(A)) N LP(Z; W*P(A)). (4.3)
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PrOOF. Embedding (4.2) is obvious when both s and ¢ are integers and it follows
from [16, Thm 5.1] for s = 1. So it suffices to check it for 0 < s < 1. In this case, we
start from the imbeddings with s = 0 and s = 1:

LP(A) C LP(Z; LP(A))  and  W'P(A) ¢ W P(T; Wi=P(A)),

valid for all ¢ < 1. Relying on Theorem 2.3 and [23, Chap. 1, Th. 13.1] (note that
each W*P(Z), resp. W*P(A), is the domain of an operator in LP(Z), resp. LP(A),
and that these operators act on different variables, hence commute), we derive

WSP(A) € WP (T, Ws—sP(A)),

where ¢ = st’ runs on all nonnegative real numbers < s. This concludes the proof of
(4.2).

The imbedding of W*P(A) into W*P(Z; LP(A)) N LP(Z; W*P(A)) follows from (4.2).
The converse imbedding is obvious for s = 0 and s = 1, and is proven in [32, §4.2.4]
for any positive integer s. Moreover, when s is not an integer, applying [23, Chap.
1, Th. 13.1] to interpolate between the imbeddings

LP(Z;LP(A)) C LP(A) and W™P(Z; LP(A)) N LP(Z; W™P(A)) C W™P(A),
for any integer m > s, yields the desired result.

Thanks to Lemma 4.1, proving the trace theorem is now easy.

Theorem 4.2. Let p be such that 1 < p < +00 and s be a positive real number.
(i) If sp < 1, then the space 2(Ax]0,1]) of infinitely differentiable functions with a
compact support in Ax]0,1] is dense in W*P(A).

(ii) With K defined in (4.1) and for each integer k, 0 < k < K, the trace mapping

vk defined on €*°(A) by
w(w)(z) = (9yu)(z,0)

is continuous from W*®P(A) onto Wek=pp (T'). There exists a continuous lifting
operator of the mapping v = (Yo,.--,VK) from_Hfzo Ws_k_%’p(F) into W*P(A).
Moreover, if s — % is not an integer, the space 2(Ax]0,1]) is dense in the kernel of .
PROOF. When sp < 1, we observe that part (i) of Theorem 3.1 combined with (4.3)
implies

11 i
([ [ Py dedg)? < clolwess)
-1J0
So the product of v by a function x, equal to 0 on ]0,1[ and to 1 on ], 1[ still
belongs to W*P(A). Using a regularization of x,,v by convolution and letting n tend

to oo gives the desired density. On the other hand, when sp > 1, we first observe
that, for 0 < k < K, the existence of the trace operator v, on W*P(Z;LP(A))
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follows from (2.8). Moreover, for 0 < k < K — 1, from the imbedding of W*P(A)
into WFP(T; Ws=kP(A)) N WktLp(T; Ws—k=1P(A)), we observe that, for any v in
WeP(A), OFv satisfies (2.9) with Xo = W " 1P(A), X; = W P(A) and 0 = %,
so that, thanks to Theorem 2.3, the operator 7y is continuous from W*P(A) onto
Ws_k_%’p(A). We refer to [32, §2.9.3] for the extension to the case k = K.

Note that the arguments used for the proof of this theorem obviously extend to
the case of the cylinder Q2 x Z and its face 2 x {0}, for any polygon €.

4.2. Traces for the polygon or the polyhedron.

Let us now consider the case of a general polygon €2 or polyhedron II, as described
in Section 1. From the previous theorem, a trace operator 7,‘;, resp. 7, can be defined
on each edge I'y, for 0 < ¢ < L, of Q, respectively on each face €5, 1 < j < J, of IL.
This leads to the following corollary.

Corollary 4.3. Let p be such that 1 < p < +00 and s be a positive real number,
and let K be defined in (4.1).
(i) In the case of the polygon , the global trace operator (7§, ..., v%)1<e<r is con-

tinuous from W*P(Q) into HeL:1 HkK:o Ws_k_%’p(l“g). Moreover, if s — % is not an
integer, the following characterization holds

WP(Q) = {v € W™P(Q); V4,1 < (< L, Vk,0 < k < K,4Lv =0}, (4.4)

(ii) In the case of the polyhedron II, the global trace operator (’yg, e ,’}/g()lgjgj is
continuous from W#P(II) into H;.Izl H?:o Ws_k_%’p(Qj). Moreover, if s — % is not
an integer, the following characterization holds

WP(IT) = {v € WP(IT); Vj,1 < j < J,VE,0 < k < K,7lv =0}, (4.5)

Of course, when s — ]% is larger than %, traces on the edges I'y of the polygon 2
have themselves traces at the endpoints a; of the edges. The traces on a corner from
two neighbouring edges must coincide and this explains why the global trace operator
is not onto: Indeed, compatibility conditions must be satisfied at the corners. We
describe them in Section 5. Similarly, on the polyhedron II, compatibility conditions
appear at edges and corners, as explained in Section 6.

4.3. A global trace theorem.

In contrast with higher order operators, the first trace operator (i.e. the operator
7o) can be defined globally on the whole boundary 0O for any domain O with a
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Lipschitz—continuous boundary, and not only on regular parts of the boundary. We
refer to [20] for an appropriate definition of the space WP (90O) by local charts and
for the global trace theorem that we now state.

Theorem 4.4. Let O be a bounded open set in R%, d = 2 or 3, with a Lipschitz—
continuous boundary. Let p be such that 1 < p < 400 and s be a positive real
number, % <s< 1+]%. The global trace operator 7y, is continuous from W*P(O) onto

We~ P (00). There exists a continuous inverse of the operator 7y from W* s (00)
into W*P(QO). Moreover, the following characterization holds

Vf/s’p((?) = {v e W*P(O); yov = 0}. (4.6)

Note that, for a polygon 2 or a polyhedron II, the definition of the spaces
WS_%’p(aQ) and WS_%’p((?H), is obtained thanks to a partition of unity: These
spaces inside the edges or faces are defined in Section 1, and elsewhere they are
defined by using the simple transformation that maps the two edges of a sector into
a straight line, the two faces of a dihedron or all the faces that share a conical point
into a plane. It involves compatibility conditions of the traces at the corners and on
the edges, as described for general values of m in the next sections.

5. Traces and compatibility conditions for a polygon.

We first identify the compatibility conditions that are satisfied by the traces at
the corner a of the sector S introduced in Section 1 (and illustrated in Figure 5.1).
In a second step, we give a full characterization of the range of the trace operator
defined on a polygon.

T1

>_
a = (0,0) Ty ngl

Figure 5.1

22



From the previous Theorem 4.2 applied on the two edges of the sector S, for any
integer m such that 0 <m —1< s — ]%, the trace operator v("™) reduced to the first
m traces on I'y:

V(m) = (767"'77’}71—1,7(2),...7/77271—1)‘

maps W*P(S) into

m—1 m—1
werm(9s) = T Wk o) x [[ W 3#(r),
k=0 k=0
provided with the natural norm || - |lys.» (m)(as)- The aim of this section is to identify
the subspace of WP (™) (9S) which coincides with the range of 4(™). We consider
successively the case where s — 2 is not an integer, called non-limit case, and the case

where it is an integer, which turns out to be a limit case.

5.1. Non-limit case for the sector.

We are going to check that the range of 4™ is closed, has a finite codimension
in WP (M)(9S) and is characterized by the cancellation of a finite number of linear
forms on WP (") (9S). These forms are given by linear combinations of derivatives
evaluated at the vertex a that we take now equal to (0,0).

The general principle on which the compatibility conditions rely follows from
Corollary 3.5: It is sufficient to study the traces of homogeneous polynomials of
degree n on S, for 0 < n < [s — %] Let P, (R?) stand for this space. Note that
the dual space &,(R?) of P, (R?) is the space of partial differential operators with
constant coefficients which are homogeneous of degree n, and that the duality pairing
between &, (R?) and P, (R?) is given by

(L,v) = (Lv)(a).
Let us introduce the following subspaces of &,(R?): For 1 < ¢ < 2 and for any
positive integer m,

min{n,m—1}

EmS)={Le&®); L= > koL, (5.1)

Ne=Te
k=0

where, as standard, 674_ and 0,, denote the tangential and normal derivatives on I'y.
Clearly, the image of P,(R?) by the trace operator (v§,...,~5,_;) is contained in
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2:01 Pr_w(Ty). Tts dual space coincides with HZ:ol En—k(Ly), where each &, ()
stands for the space spanned by the operator 97 , and the duality pairing is given by

>_|

m—

<(Mk)0§k§m—1a(¢k)0§k§m—1> D (Migpr)(

k=0
We now state an algebraic lemma which is trivial but very useful.

Lemma 5.1. For 1 </ < 2, the operator
m—1
Ty : Z CkL 8&(977}2 ko (Ck 82;’“)0991_1, (5.2)

is an isomorphism from £, (S) onto 2:01 En—k(Lp).

We are now in a position to prove the main result of this section.

Theorem 5.2. Let p be such that 1 < p < +o00 and s be a real number > %

such that s — 1% is not an integer. Let m be an integer such that 0 <m —1 < s — %.

Then, an element G = (G',G?) of W*?(™)(9S) is the image of an element v of
W#P(S) by the trace mapping 4™ if and only if the following conditions hold for all
n,0<n<s— % , and any pair (L1,Ls) in €}, (S) x E2 . (S) such that L1 + Ly = 0:

([m1£1]G")(@) + ([m2L2]G*)(a) = 0. (5.3)

Corollary 5.3. If the assumptions of Theorem 5.2 hold, the space Wep (m)(QS)
of all functions in W*? (") (9S) satisfying all conditions (5.3) prescribed in Theorem
5.2 is closed in W*P (™) (9S). The operator v\™) is continuous from W*P(S) onto

Wep (m)(9S) and admits a continuous inverse from WS»PW(@S) into W*P(S).

Proor. Thanks to Corollary 3.5 and with obvious extension of the notation, each
m~tuple G* admits the expansion

G' = Gf + P,

with G§ in HZI:_OI Vs_k_%’p(f’g) and P’ in HZ:OI - _%](Fg) It follows from The-
orem 3.1 that each G§ is the limit of a sequence in Z(T';)™, where '} here means
Ty \ {a}, so that a lifting of the pair (Gé,O) and (0,G3) is easy to construct. So,
it remains to determine, for 0 < n < [s — p], the range of 4™ from P, (R?) into

H§:1 ;::—01 Pn_r(Ty). This range is the orthogonal of the kernel of the dual operator
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(M) from H?:1 HZ:()l En—1r(Te) irllto E.(R?). Note that, for any (M, M?), with
each M% = (M{)o<k<m—1 in [[1—y En—r(Ls), we have

(Y (MY, M?), ) = (M, M), ™)
(MY v) + (M2 2 0) = (P M o) + (5 M2 v),

which gives
A — 7r1_1./\/l1 + 772_1/\/12.

Then, we derive that (G1,Gg) is orthogonal to the kernel of v(™* if and only if
(M, G1Y+(M?, G?) vanishes for all pairs (M*, M?) such that 77 * M 475 ' M? = 0.
This yields the theorem.

In spite of this rather abstract proof, the compatibility conditions in (5.3) are
fully explicit. Their number is easy to compute from the next lemma.

Lemma 5.4. For any positive integer m and any nonnegative integer n, the
dimension of £}, ,,(S) N EZ ,,.(S) is equal to

n+1 ifn<m-—1,
{Qm—l—n ifm<n<2(m-1), (5.4)
0 ifn>2m — 1.

PROOF. An operator £ in £2, (S) can be written as

min{n,m—1}

L= > oot

k=0
Next, we observe that no, and 75 are linear combinations of nqy and 71:
Ty = —COS K Ny + sin K T, T = —sin K M1 — COS K T1.

So, we have

min{n,m—1}

L= Z ck (—cos Kk Op, +sin K 3Tl)k(— sin K O, — cos K an)n_k-
k=0

Thus it appears that all these operators £ belong to &, ,.(S) if n < m — 1 while,
when n > m, only those where the sum on k reduces ton — (m—1) <k <m—1
belong to &, ,,,(S). This leads to the desired result.

Note that the intersection of £}, (S) and &2, (S) is reduced to {0} when n >
2(m — 1). So, the maximal number of compatibility conditions is bounded as a
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function of m. The total number of conditions in (5.3) is explicitly given by the
formula

min{m—l,s—%} min{2(m—1),s—%
> on+1 o+ > 2m — 1 —n. (5.5)
n=0 n=m
It varies from w when s belongs to ]m—l—i—%, m—i—%[, to m? when s > 2(m—1)+%.

In the following Tables 5.1 to 5.3, we write the compatibility conditions for m =
1, m =2 and m = 3. Here, we take each G’ equal to the m-tuple (gg, ...,gb 1) and
denote by gi’,gt", ... the successive derivatives of gt with respect to the tangential

coordinates associated with 7. For simplicity, we set: ¢ = cos k, s = sin k.

m = 1|n = 0|1 condition

Table 5.1

m = 2 |n = 0|1 condition

n = 1|2 conditions

g6’ (a) = —cgy'(a) — sgi(a)

gi(a) = sgy'(a) — cgi(a)

n = 2|1 condition

5" ( a) +sg;'(a)

cgs 1//(

a) — 39%’(“) =CYo

Table 5.2
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m = 3 |n = 0|1 condition

n = 1|2 conditions

7'(a) = —cgy'(a) — sgi(a)

¢2(a) = sg(a) - cgl(a)

90" (@) = ¢ 95" (a) + 2sc 91’ (@) + 5% g3 (a)

gt'(a) = —scgy”(a) + (¢* — 5%)g1'(a) + scgs(a)
g5(a) = s* " (a) — 2scgy’(a) + c* g3(a)

n = 3 |2 conditions
693'2"(@) —5g7"(a) = —c? g5 (a) — 2scg1"(a) — s* g’ (a)
124

¢ g3 (a) — 2593 (@) + s g¥'(a) = —cgh” (a) - s 91" (a)

n = 4 |1 condition
P (a) — 2507"(a) + $03"(a) = g4 (a) + 2scg"(a) + 50} ()

Table 5.3

In the special case where « is equal to 3, these conditions are much simpler,

since 7 coincides with ny and 7 with —n;. So we present them in Tables 5.4 and
5.5 respectively for m = 2 and m = 3 (the condition for m = 1 is the same as in

Table 5.1).

m = 2 |n = 0|1 condition

n = 1|2 conditions

n = 2 |1 condition

Table 5.4
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m = 3 |n = 0|1 condition

n = 1|2 conditions

n = 2|3 conditions

n = 3 |2 conditions
g0~ gl
g5 (a) = —g;"(a)

n = 4 |1 condition
93" (a) = g3" (a)

Table 5.5

Remark 5.1. In the case where only my traces out of the first m ones are given
on each I'Y in the appropriate spaces WP (T'¢), there exists a continuous lifting
of these traces with values in W*P(S) if, among conditions (5.3), those which only
involve the given traces are satisfied (the idea is to replace the missing traces with
polynomials such that the other conditions are satisfied). However, the number of
conditions in this case can vary according as k is equal to 5 or not. For instance, in the
case m = 2, a continuous lifting of the traces (g3, ¢7) in WS_%’p(Fl) X Ws_l_%’p(l’g)
for s > 2 4 % exists without any condition for x # 7, with one condition for x = 7.

Remark 5.2. Let us for a while consider the case of a sector with a crack (k = 2m),
i.e. the edges I'1 and I's coincide. The boundary dS is no longer Lipschitz—continuous,
however Theorem 5.2 is still valid in this case but the spaces &} ,,(S) and &7, (S)
coincide, so that the number of compatibility conditions is no longer bounded as a
function of m.

5.2. Limit case for the sector.

The limit case occurs when s — % is an integer n, together with the condition

Enm(S) N EL . (S) # {0}
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We know by Lemma 5.4 that this intersection is not {0} only if n < 2m — 2. If
we are in this situation, the operators m1£; and w3 Ly which appear in (5.3), when
applied to the traces in WP (™) (9S), are no longer defined in a. The corresponding
compatibility conditions in @ must be replaced with integral ones. This is stated in
the following theorem.

Theorem 5.5. Let p be such that 1 < p < +o0 and s be a real number > ]l). Let m

be an integer such that 0 < m—1 < s— %. We assume that s — % is an integer. Then,

an element G = (G*, G?) of W*P (™) (9S) is the image of an element v of W*P(S) by
the trace mapping ¥™ if and only if properties (i) and (ii) are satisfied:

(i) For allm, 0 <n < s — %, and any pair (L1, L2) in &, . (S) x &2 ,,.(S) such that
Ly + Lo =0, condition (5.3) holds.

(ii) Forn = s — 12—) , and any pair (L1, L2) in &, (S) x EZ . (S) such that L1+ Ly =0,
the following condition holds:

/0 ([m1£]GY) (@ — t71) + ([ra£a]G) @+ £72) p% < 400, (5.6)

If s — 2 > 2m — 1 condition (ii) is void.

Corollary 5.6. Ifs— ]% belongs to {m —1,m,...,2m — 2}, the space Ws:p (m)(98)

of all functions in WP (™) (9S) satisfying all conditions (5.3) and (5.6) prescribed

in Theorem 5.5 is not closed in W*P (™) (9S). When this space is provided with the

norm,—withnzs—%,

(||G||§Vs,p(m)(as) + > /01 \([ma]Gl)(a—tm + ([mcz]GQ)(aHn)\p @) %,

L£1+L2=0
L€EL 1, (S)

the operator v(™) is continuous from W*P(S) onto Wep (m)(9S) and admits a con-
tinuous inverse from WP (™) (98) into W*P(S).

Remark 5.3. For the lifting of a single trace (m = 1), the limit case corresponds

to a single value of s, namely s = %. Nevertheless, when p = 2, we find the very

important case of integral trace compatibility conditions for the space H!(S).

PROOF OF THEOREM 5.5. We restrict the proof to the case s = ]%, and m = 1, since
the general argument is similar. Let G = (g}, g2) be any pair in W%’p(l)(8§). Let us
consider the mapping: g' — g', where g' denotes the extension of ¢! to I'; UT, by
parity: More precisely, g* is equal to g' on I'; and is defined on I's by

G (a+tm) =g (a—t), 0<t<1.
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This mapping is continuous from LP(T';) into LP(T; UTy) and from W1P(I';) into
WLP(Ty UTs), hence from W%’p(Fl) into W%’p(fl UT5) by interpolation. The idea
is to write (with obvious notation) the pair G as

(90,95) = (?(1)|Fla§(1)|1“2) + (0,95 _5(1)\1“2)'

Indeed, from Theorem 4.4, since gy belongs to WP (T; UT,), there exists a lifting
of the pair (gélFl’g(l)le) into W%’p(S). Moreover, thanks to condition (5.6), the

function g% — g} r, belongs to VP (T'2), so that applying once more Theorem 4.4
yields the existence of a lifting of (0, g2 — g |r2) into WP (S). This ends the proof.

5.3. Trace theorem for a polygon.

The construction of a lifting of traces on all edges of a polygon (2 is performed by
using an appropriate partition of unity, the support of each function of the partition
being a neighbourhood of a corner, indeed the compatibility conditions at each corner
are the same as in (5.3) and (5.6). So we only state them in this general case for the
sake of completeness.

Figure 5.2

For each corner a;, 1 < ¢ < I, we agree to denote by I'y, (;) and I'y_(;) the two
edges that contain a;, see Figure 5.2. We also denote by h; the smallest of the lengths
of I'y_(;y and I'y, ;). The space & ,,,(€2) and the operator m; are still defined by (5.1)
and (5.2) respectively (with S replaced with ), but now for 1 < ¢ < L. We also
introduce the space

L m-—1

Ws,p(m)(ag> _ H( H Ws—k—%,p(pe))_

(=1 k=0

The trace operator 4™ is obviously defined by

A = (v v ) 1<e<r

Theorem 5.7. Let p be such that 1 < p < +o0 and s be a real number > %. Let
m be an integer such that 0 < m —1 < s — 119. Then, an element G = (Ge)lgggL of
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WP (M) (9Q) is the image of an element v of W*P(Q) by the trace mapping (™) if
and only if properties (i) and (ii) are satisfied:

(i) For 1 < i < I, the following conditions hold for alln, 0 <n < s— % , and any pair
(L_,L4) in E550(Q) x EE45(Q) such that £ + L4 = 0:

([re-£-1G*=D)(@i) + ([mes L4]G* D) (as) = 0, (5.7)

(ii)) When s — % is an integer, the following conditions hold for n = s — % , and any

pair (L_, L) in E(Q) x £545(Q) such that L_ + L, = 0:

h.
7 . . dt
/0 ’([ﬂg_ﬁ_]Gﬁf(z))(ai—tTg_(i))+([7T£+£+]GZ+(Z))(CLZ'+t7’g+(i))’p? < +00. (58)

Corollary 5.8. If the assumptions of Theorem 5.7 hold, the space W*P (m) (9QY)
of all functions in W*P (™) (9€)) satisfying all conditions (5.7) and (5.8) prescribed in
Theorem 5.7, is closed in WP (™) (9Q)) if and only if s — % Z{m—1,m,...,2m—2}.
Let this space be provided with the norm of WP ("™)(9Q), augmented with the left-
hand sides in (5.8) when s — % € {m—1,m,...,2m — 2}. Then the operator ™

is continuous from W*P () onto W (m) (09)) and admits a continuous inverse from
Wer (M) (9Q) into W*P(Q).

Since in the following chapters we are mainly interested in the application of
these results for spectral methods, we now give the specific statement in the case of
the square ©. We recall that each vertex a;, 1 <17 < 4, is the intersection of the two
edges I'; et I';11 (with the convention I's = I';). With this notation, it is clear that
n; is equal to —7;41 and that n;,; is equal to 7.

ay Ty Iy as
T4
’7'3L>
Fl nsg
[ J
(0,0)
U F3
1
72
a; Iy no as
Figure 5.3
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Corollary 5.9. Let p be such that 1 < p < +o00 and s be a real number > %. Let
m be an integer such that 0 < m —1 < s — %. Then, a 4-tuple (GY,... , G*), with
GI = (g, g’ 1), in WP (M) (9O) is the image of a function in W*P(©) by the
trace mapping v\™) if and only if properties (i) and (ii) are satisfied:

(i) For all i, 1 <14 < 4, and for all integers n, 0 <n <2m —2 withn < s — 2

p7
Or g (ai) = (=1)" (95,9, )(ai),  0<k,n—k<m-1,  (59)
(ii) VVhens—2 e{m—1,m,...,2m —2}: For all i, 1 <i <4, and Withnzs—%,
/ ‘ (07 Fgi)(a; —tm) = (=1)* (85,9, %) (@i + t Tip1) g +o0,
mis19n i (5.10)

0<k,n—Fk<m-—1.

6. Traces and compatibility conditions for a polyhedron.

We work in the polyhedral cone C with vertex a introduced in Section 1, we
assume that it has a Lipschitz—continuous boundary. We begin with the compatibility
conditions on the edges. Next, since compatibility conditions at the corners are more
complex, we first describe them and prove the result in the simpler case m = 1 of one
trace per face. Next we state them in the general case, with only a sketch of proof.
We conclude this chapter by giving a full characterization of the range of the trace
operator defined on a polyhedron.

6.1. Compatibility conditions on the edges for the cone.

Here, we denote by I'y, 1 < ¢ < L, the edges of C. Let also oy stand for the
unit tangential vector to I'y, pointing towards a. Each I'y intersect two faces ﬁj,
which we denote ﬁji(g) and ﬁj L(0)- With these two faces, we associate the two
orthogonal bases {n,_,o¢,7_} and {n,, 0o, 70, }, where n,, stands for the unit
outward normal vector to €;, (,) and 74, for a unit tangential vector to €2;, (,) which
is orthogonal to oy.

Figure 6.1
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Indeed, note that in a neighbourhood of the edge I'y, €2 coincides with the ten-
sorized product of I'y; by the sector S, with edges parallel to 7,_ and 7,. So the
compatibility conditions on the edge I'y are directly derived from Theorems 5.2 and
5.5 by a tensorization argument. Let &,(R?) be the space of partial differential oper-
ators on R? homogeneous of degree n with constant coefficients, and let Sﬁfm (C,o0)

and &5, (C, 0¢) be the spaces

min{n,m—1}

n,m\L,0¢) = €cn ) = Ck Oy, T_ )
Ehn(C Le&ERY); L o, onr

k=0
6.1
min{n,m—1} ( )
o+ _ 3y, o E  an—k
EXCo)={Lec&®); L= ) & oy, On "}
k=0
We also introduce the operators 7, defined respectively by
min{n,m—1}
LV S wdf, 0 (02 Fo<ksm-1,
k=0
6.2
min{n,m—1} ( )
e, Z Ck 8S£+ 8:2’“ — (ck a%;k)ogkgm_l.
k=0

So the compatibility conditions on the edge I'y, 1 < ¢ < L, and for any pair

m—1 m—1
[T w2 ) x [T W 72(Q, )
k=0 k=0

now read:
o foralln,0<n<s— %, and any pair (£_, L) in Eﬁjm(C,ag) X é’ﬁfm(c, o) such
that L_ + L4 =0:

([me_ £-1GI-O) (@) + ([m¢, L1]GI+O)(2) =0 for a.e.  inTYy, (6.3)

e and if, moreover, when s — 2 is an integer, the following conditions hold for

n=s— %, and any pair (£_, L) in Eﬁ,’m(c, o) X Eﬁfm(c, oy) such that £L_+ L, =0:

h@) : : dt
| e 2060w+ m )+ (e, £06 O @ = tm )P <00
0 .
for a.e.  in Iy,

for an appropriate h(x) depending on x.
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Note that conditions (6.3) are satisfied everywhere when s —n > 2 and also

that they can be differentiated in the tangential direction of I'y, which leads for all
positive v to

8;’8([7rg_£,]Gj‘(£) + [, £4]G7+®)) =0 in the distribution sense onTy.  (6.5)
There also these conditions are satisfied a.e. on I'y when s — n — v is positive and

everywhere when it is > %. Conditions (6.4) can be differentiated similarly.

6.2. The case of a single trace (m = 1) for the cone.

We denote by ©;, 1 < j < J, the faces of C and, to avoid useless complexity,
we assume that two different faces are not coplanar. We set m = 1 and introduce
the space

=

J
e (oe) = [T Wi (ey).
j=1

provided with the natural norm, together with the global trace operator of order 1

(1)

Y = ()i<j<s-

Two different faces 2; and 2/, 1 < j < j' < J, have a unique common tangential
direction or, equivalently, the intersection of the two planes P; and Pj containing
1; and Qj/, respectively, is a line D;;;. When ﬁj and ﬁj/ are adjacent, i.e. share
an edge I'y, this I'y is contained in Dj;/, otherwise we say that D, is a virtual edge
common to 2; and ;. Let o,/ stand for a unit vector in D;;;. The key idea here
is that the traces of polynomials on 2; and 2;/ are in fact defined on P; and Py,
hence are connected together via their trace on Dj;/.

Next, we denote by Y, the set
Za:{aj]/, 1§j<]lSJ} (66)

For all o in ¥,, we introduce the set J(o) of indices j, 1 < j < J, such that o is
tangential to €2;. For any j in J(o), 7; stands for the unit vector tangential to P;
which is directly orthogonal to o.

Remark 6.1. We give some examples to illustrate these abstract definitions.

e If the cone has 3 faces, Y, has 3 elements, and no virtual edge.

e If the cone has 4 faces, ¥, has 6 elements, and for all o € ¥, the cardinality of
J (o) is reduced to 2.

e More generally ¥, has at most J(J + 1)/2 elements, and there exist cases, as
illustrated in Figure 6.2, where some of the J(o) have 3 elements.
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Virtual edges

Figure 6.2

We are now in a position to state the main result of this section, in the non-limit

case where s — ]% is not an integer. For all nonnegative integers n, we introduce the

one-dimensional space of operators £ (C, o) generated by Gﬁj (note that this space
coincides with the Eﬁfm (C, o) defined in (6.1) with m =1 and j = (4).

Theorem 6.1. Let p be such that 1 < p < +00 and s be a real number > % such
that s — % is not an integer. Then, a J-tuple (g*,...,g”) in WP (1)(9C) is the image

of a function in W*P(C) by the trace mapping v) if and only if
(i) For all ¢, 1 < ¢ < L: Ifs;«éz%,

Gj—(g)(az) = Gj+(£)(a:) for a.e. x € T'y, (6.7)
and, if s = 2 ,
P

P dt
7 < +oo fora.e.x€l'y, (6.8)

h(z) :
/ ‘G]_(Z)(w—f—t’rg_)—|—GJ+(£)(CL‘—tTg+)
0

(ii) For alln, 0 <n < s — %, for all o € X4 and any (Lj)jei(o) i []c 0 EI(C, o)
such that Zjej(a) L;=0,and forallv, 0 <v <s— % — n, the following conditions

hold: |
% Y (Lig)(a)=0. (6.9)

jed(a)

Corollary 6.2. If the assumptions of Theorem 6.1 hold, the space WS»PU)(aC)
of all functions in W*P (1) (9C) satisfying all conditions in (i) and (ii) prescribed in
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Theorem 6.1 is closed in W*P (1) (9C) if and only if s # %. Let this space be provided

with the norm of W*?(1)(9C), augmented with the integral terms in (i) when s = %.

Then the operator v is continuous from W*?(C) onto W&p(l)(@C) and admits a
continuous inverse from W*? (1) (9C) into W*»(C).

The proof of this theorem (and of its corollary) is rather complex, it is performed
in several steps. We first observe that, for any function v in W*?(C) with traces g7,
conditions (6.9) are easily derived from the identity > jeso) L5 = 0. Conversely,
let (¢g%,...,g”7) be any J-tuple in W*?(1)(9C) satisfying all the conditions in the
theorem.

PROOF OF THEOREM 6.1. It proceeds in three steps.
1) Reductions.
Let us introduce the spaces

V() = {g € WP(Q)); / 0FgrF1=s dr < o0, |k| < s},
Q;

where 7 denotes the distance to a. It can be observed that each ¢ admits the
decomposition

g =g+,

. 1
with ¢ in V:_;’p(Qj) and p/ in Py_31(Q;), where P,(€2;) stands for the space of
polynomials with degree < n with regpect to the tangential variables on ;. By
the same arguments as for Theorem 5.2, it suffices to investigate the compatibility
conditions for traces of polynomials in the space P, (C) of homogeneous polynomials
of degree n with three variables on C and for all n, 0 < n < s — 2. Note that, since
polynomials on €2; are in fact defined on the plane P; which contains €2;, and since

the polynomials £;p’ are of degree < s — % — n, conditions (6.9), which are

. 3
0% > (Lip)(a)=0, 0<v<s—=—n, (6.10)
j€I(o) P

yield that
Z Ejpj =0 on D,,
j€J (o)
where D, stands for the line which contains a and is parallel to o.
2) Lifting of the polynomial traces.
Let now p;, 1 < j < J, be polynomials in 79[87%](93-) satisfying (6.8). The idea is to
construct a lifting of the first j traces (p1,pe,...,p;), for j running from 1 to J, and

the proof proceeds by induction on j.
e There exists a lifting of the trace p;, so that the result is obvious for j = 1.
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e Suppose that there exists a lifting u; of the first j traces (p1,...,p;). By subtracting
this u;, we want to lift the traces (0,---,0,pj11 = pjr1 — ujq,,,). Assume for a
while that there exists a polynomial g;11 in Pj,_2(€;) such that

p

Pi+1 =4t qj4, (6.11)

where ¢; denotes the restriction to §j+1 of the affine function ¢; such that Zz(az) =0
is the equation of the plane P;. Thus, there exists a lifting v;11 of ¢j4+1, and the
function /; - - -Zj vjy1 lifts the first j+1 traces (0,---,0,p;41). So it remains to prove
(6.11).
3) Proof of (6.11).
Note that the compatibility conditions (6.10) are still satisfied by the j + 1 traces
(0,--+,0,pj+1). When the j vectors o; j11, 1 <i < j, are different, the lines D; ;14
are distinct and, since it follows from (6.10) that p;;, vanishes on each line D; j 1, it
can be factorized by /; ---£;. Now, assume that all the indices j1, ..., jq, 7 + 1, with
1 <ji1 <---<jq <7, belong to the same J(o). We must prove that, if ¢ < s — %,
Dj+1 vanishes at the order g on D,.
e We first check that, for 2 < ¢’ < ¢, the ¢’ partial differential operators 83;:1,
1 < i < ¢, are linearly independent. Let (z,y,2) denote a system of Cartesian
coordinates such that o is parallel to the z—axis. There exist two constants A\; and
«; such that

/\i 87-].1_ = O 895 + 8y,

where the «; are all different. This yields

q' -1

A?‘%ﬁ;4::§:<q7;1>afdﬁ%LhJ.

k=1

%

It is readily checked that the determinant made by the (q k_l) o is not zero, which

prove the independence.
e Next, the operator 82];11 belongs to the ¢’-dimensional space spanned by the 87‘%3__1,

1 <4< ¢, so that there exist constants (3; such that

q/
/_1 o /_1
O = Zﬁi 8%; :
i=1
Using the compatibility condition (6.10) associated with this formula and satisfied
by (07 e aoapj-l-l) giVGS
04 'pj1=0 onD,  2<q <gq

This implies (6.11), which concludes the proof of the theorem.
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Let us write more explicitly conditions (6.9).
e For n = 0, they are obvious

g'(a)=---=g’(a). (6.12)

e For n =1, and for any pair (j, ), the previous condition is differentiated in the
common direction o ;;/, which leads to

05,9 (a) =y _,¢" (a), 1<j<j <l (6.13)

However, if there exists an o in 3, such that the cardinality of J(o) is > 3, for all
such o and for any triple (4, j’,7") of J(o), j < j' < j”, it is readily checked that
Tj» is a linear combination of 7; and 7/, which leads to a further condition of the
type

0-,9" (a)=0;0- ¢ (a) + 0y 0-, ¢ (a),  (j,j',i") € J(@), o€ (6.14)

e For n = 2, conditions (6.13) can be differentiated with respect to o;; and condi-
tions (6.14) can be differentiated with respect to o. However, if there exists an o in
Yo such that the cardinality of J(o) is > 4, a further condition appears for all such
o and for any 4—tuple (4,5, 5", 5") of J(o), j < j' < 3" < j".

And so on... So the maximal number of conditions is only bounded as a function of
the regularity coefficient s.

However in a large number of geometries these conditions are simpler.
e When the cardinalities of all J(o), o € X,, are equal to 2, all compatibility
conditions (6.9) are obtained from (6.12) by tangential differentiation, they write for
0<v<s— %

o g'a)=05 g (a), 1<j<j < (6.15)

e When the intersection of ﬁj and ﬁj/ is an edge I'y, this one is parallel to o;; and
conditions (6.13) are only a consequence of the compatibility conditions (6.7) or (6.8)
on this edge, see (6.5).

e And, finally, when J is equal to 3 (as for instance for an octant), all the compati-
bility conditions at the corner are derived from those on the edges.

We now state the result in the limit case where s — 2 is an integer. We introduce

a plane sector VW with corner in 0 and angle and radius small enough in order that,
for any j, 1 < j < J, there exists a mapping I}, equal to the product of a translation
and a rotation, such that the sector F;(W) is contained in €; and that its corner
coincides with a.

Theorem 6.3. Let p be such that 1 < p < +o0o and s be a real number > % such
that s — % is an integer. Then, a J-tuple (g*,...,g7) in WP (1)(9C) is the image
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of a function in W*P(C) by the trace mapping v) if and only if all conditions in
part (i) and (ii) of Theorem 6.1 are satisfied, and if moreover the following conditions
hold forn < s — % , for all o in X4 and any (L£;)jes0) 0 ]1c 00 &J(C, o) such that

> jeso) L£i =0, and forv=s — % —n:

J,

Corollary 6.4. If the assumptions of Theorem 6.3 hold, let W** (1) (8C) be the
space of all functions in WP (1)(9C) satisfying all conditions in part (i) and (ii) of
Theorem 6.1 and also all conditions (6.16) prescribed in Theorem 6.3. When this
space is provided with the norm
pdt\?
\t|2) ’

(|
w

the operator v!) is continuous from W*?(C) onto W*? ()(AC) and admits a contin-
uous inverse from W*» (1) (9C) into W*P(C).

9 N (L;97)(Fj(8)) pg—|’; < +oo. (6.16)

jeJ (o)

9y Y (Lig")(F;(t)

jed (o)

PROOF IN THE CASE s = %. We first note that conditions (6.16) in this case write

. y dt .
| 10 ®) = B i <400, 1< <
w
We use the polar coordinates on VW and assume that

W={(r0); 0<r<rgand 0 <6 <#6}.

Let v be any function in W%’p(C), with traces on the ; denoted by g’. Thus, if Dy
denotes the segment {(r,0); 0 < r < 1o}, each trace g; has a trace on F;(Dy) which

belongs to WP (Dg). Moreover, it follows from Theorem 5.5 that, in the plane sector
Sy with edges Fj(Dy) and F;/(Dg), 1 < j < j' < J, these traces satisfy

o : % dr
J(F. —d(F. 2 < < _
|90 = o) < eloll ) < ol
Integrating this inequality with respect to 0 yields

dr df

r

0o 0 ,
/0 / 7 (F5(r.0)) — ¢ (B (r, )P =2 < 100
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For any t = (r,0) in W, we have dt = rdrdf and |t|* = 2, so that the ¢’ satisfy
conditions (6.16).

Conversely, let (¢*,...,9”7) be a J-tuple in W%’p’(l)((?c) satisfying (6.16). We intro-
duce a lifting v; of the trace g' in W%’p(C), so that it remains to lift the J-tuple
(0,6%,...,3”), with each § equal to ¢/ — v; io,- Conditions (6.16) are satisfied by
the functions g;, they now write

/|g ’t‘2<+oo 2<j5<

Equivalently, each function ¢’ belongs to the space of flat functions

dt
me {g € Vp’p(Q ); /Q lg(t)|P |t|2 < +oo}

J

This yields the existence of a lifting @ of (0,32,...,§”) in WP (C), which moreover

satisfies J
T
[ B@p o <+
C ||

Remark 6.2. The sector W is only involved in condition (6.16), and it is readily
checked that this condition is independent of the choice of W.

which concludes the proof.

Remark 6.3. When J is equal to 3, we have seen that the pointwise conditions
(6.9) are a consequence the conditions (6.7) on the edges. Likewise, the compatibility

conditions (6.16) are derived from the conditions (6.7). Thus, Wep (1(aC) is a closed
subspace of W*?(1)(9C) and the case where s — % is an integer is not a limit case.
But this is no longer true for J > 3.

Remark 6.4. Theorems 6.1 and 6.3, when compared with Theorem 4.4, provide a
full characterization of the space W*™ »"P(G), where G is a neighbourhood of a in 9C.

Remark 6.5. When two faces are coplanar, conditions (6.7) and (6.8) on the edges
remain unchanged. But the conditions on the corner are modified since the inter-
section of the planes containing these faces is no longer a line. So all tangential
derivatives on the coplanar faces must coincide in a, and conditions (6.9) and (6.16)
must be reformulated.

6.3. The general case for a cone.

We now introduce the general trace space

WP () (9C) = H(HWS ),

j=1 k=0
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provided with the natural norm, and we consider the global trace operator

Y =, )1<i<a

With any o € ¥, and j = 1,...,J, we now associate the space Sﬂévm(C, o) spanned
by the operators 8,’; (9%__’“, 0 < k < min{n, m — 1}, and the corresponding operator
Ty
min{n,m—1}
- Z Ck 87'; 877}]_k = (Ck 8Z_k)0§k§m_1.
k=0

There also, we separately state the results depending on s — % being an integer
or not.

Theorem 6.5. Let p be such that 1 < p < 400 and s be a real number > ]% such

that s — % is not an integer. Let m be an integer such that 0 < m—1 < s—+. Then,

P
a J-tuple (G*,...,G7) in WP (™) (9C) is the image of a function in W*P(C) by the
trace mapping v™) if and only if

(i) conditions (6.3) hold for all ¢/, 1 < ¢ < L, and for alln, 0 < n < s — %, and,

moreover, if s — ]% is an integer, conditions (6.4) hold for all ¢, 1 < ¢ < L, and for

n:s—%,

(ii) the following conditions hold for alln, 0 < n < s — % , for all o in ¥, and any
(£5)jero) n e s &) n(C,o) such that > jes)Li =0, and for all v, 0 < v <

s—32 —n:
P

05 3" (ImiL516%) (@) =0, (6.17)

Jje€J (o)

Corollary 6.6. If the assumptions of Theorem 6.5 hold, the space W (™) (0C) of all
functions in W*? (™) (9C) satisfying all conditions (6.3), (6.4) and (6.17) prescribed in
Theorem 6.5 is closed in W*? (™) (9C) if and only ifs—% Z{m—1,m...,2m—2}. Let
this space be provided with the norm of WP (™) (9C), augmented with the integral
terms in (6.4) when s — % € {m —1,m...,2m — 2}. Then the operator (™ is
continuous from W*P(C) onto Wep (m)(9C) and admits a continuous inverse from
Wep (m)(9C) into WP (C).

The proof of these theorem and corollary is also rather complex. Since it is very
similar to the proof of Theorem 6.1, we only give an abridged version of it.

SKETCH OF PROOF. It is performed in four steps.
1) By the same arguments as in the proof of Theorem 6.1, first part, relying on a
decomposition of each G’ as the sum of a “flat” function and a polynomial, we must
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prove the result with G7 replaced with P7 in HZ:J Plo—t—3 1(825).

2) Next, as in the proof of Theorem 6.1, second part, we proceed by induction on
j and try to lift the traces (0,---,0, Pj11). The idea is to look for a lifting of these
traces of the form wjy1 = (01 €;)™ vjq1.

3) A necessary and sufficient condition for the existence of v;; is that, with the
notation P71 = (pitt, ... p/t1), there exist polynomials qi“, 0<k<m-—1,such
that

p%—H =(ly---4;)" qg+1 and

Jj+1

) A . (6.18)
pfjl +Trro0qy TR E-1 Qii = (l1-- 'Ej)m C]iﬂ, l1<k<m-—1,

where the 7, ¢, stand for the successive derivatives of (¢ - - - £;)™ in the direction 14,
multiplied by appropriate constants. Indeed, if these conditions are satisfied, the
function v;4 is taken such that: 8’T§j+1vj+1 = qi“, 0<k<m-—1.

4) Conditions (6.18) can be derived from conditions (6.17), easily if all the cardinal-
ities of the J are equal to 2, in a more technical way if not.

Theorem 6.7. Let p be such that 1 < p < 400 and s be a real number > ]lo such
that s — ]% is an integer. Let m be an integer such that 0 < m —1 < s — ]ly. Then,
a J-tuple (G*,...,G7) in W*P (™) (9C) is the image of a function in W*P(C) by the
trace mapping v™) if and only if all conditions in parts (i) and (ii) of Theorem 6.5

are satisfied, and if moreover the following conditions hold for n < s — % , for all o
in ¥, and any (L;)jes(o) in [1;c (o) &m(C, o) such that >°. ;) L£; = 0, and for
v=s—3—_n
’ dt
05 > (LG (FE; @) 7 < oo (6.19)

Corollary 6.8. If the assumptions of Theorem 6.7 hold, let W*? (™) (9C) be the
space of all functions in WP (™)(9C) satisfying all conditions in part (i) and (ii) of
Theorem 6.5 and also all conditions (6.19) prescribed in Theorem 6.7. When this
space is provided with the norm

(161 ooy + [
w

the operator v(™) is continuous from W*P(C) onto Wep (m)(C) and admits a con-
tinuous inverse from W*P (™) (9C) into W*P(C).

0y Y (ImL5)G7)(Fy(t))

jed (o)

podt\?
— 2
W) 6o
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6.4. Trace theorem for a polyhedron.

For the sake of completeness, we now state the result in the case of a general
polyhedron II. The trace operator is defined as previously, with values into the space

m—1

WP (m)(al‘[) = H ( H Ws_k_%m(Qj))'

j=1 k=0
The trace operator v(") is now given by

V(m) = (7(%7 . v’y;jn*l)lfjgj'

As in Section 6.1, for each edge I'y, 1 < ¢ < L, we denote by ﬁji(@ and §j+(4)
the two faces that intersect I'y and, with these faces, we associate the orthogonal
bases {n,,, o, 7. }, the spaces Sﬁfm(c,ag) defined in (6.1) and the operators
defined in (6.2). As in Section 6.2 and 6.3, with each vertex a, we associate the set £,
defined in (6.6), and for each face (2; tangential to an o in X, the orthogonal basis
{n;,o,7;}, the space Sgym(C, o) spanned by the operators 8,’27_8?]_—’“, 0<k<m-—1,
and the operator 7;.

Theorem 6.9. Let p be such that 1 < p < 400 and s be a real number > %.

Let m be an integer such that 0 < m —1< s — zl)’ Then, a J-tuple (G,...,G”) in

W2 (M) (A11) is the image of a function in W*P(II) by the trace mapping v™) if and
only if

(i) conditions (6.3) hold for all ¢, 1 < ¢ < L, and for allm, 0 < n < s — %, and,
moreover, if s — % is an integer, conditions (6.4) hold for all ¢, 1 < ¢ < L, and for
n=s-— % ,

(ii) conditions (6.17) hold for all corners a of I and for alln, 0 < n < s — %, and,

moreover, if s — % is an integer, conditions (6.19) hold for all all corners a of I and

forn=s—3.

p
Corollary 6.10. If the assumptions of Theorem 6.9 hold, the space We:p (m) (011) of
all functions in W*? (™) (9I1) satisfying all the conditions prescribed in this theorem

is closed in W#*P (™) (9Il) when neither s — % nor s — % is an integer. When this
space is provided with the norm of W*P (m)((?H) augmented with appropriate terms
(issued from (6.4) and (6.19)) the operator 4™ is continuous from W*P(II) onto
Wep (m) (OI1) and admits a continuous inverse from Wep (m) (OI1) into W*P(II).

This theorem is rather complex, this is due to the generality of the geometry.
In view of the application to spectral methods in the next chapters, we sum up the

—_

results in the simple case of the cube = in the next corollary. Here, each edge I'y,
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1 < ¢ < 12, is the intersection of the two faces §2; () and Q;_ (4 and is parallel to
the unit vector o,. For simplicity, we choose the vectors n,, and 7, such that: n,
= Ty, and ny =Ty, .
Corollary 6.11. Let p be such that 1 < p < +o0 and s be a real number > %. Let
m be an integer such that 0 < m —1 < s — %. Then, a 6-tuple (G!,...,GY), with
GI = (g),--, gl _)), in WP (")(92) is the image of a function in W*P(Z) by the
trace mapping v\"™) if and only if, properties (i) and (ii) are satisfied:

(i) For all ¢, 1 < ¢ < 12, and for all integers n, 0 <n < 2m — 2 withn < s — %,

e =0 gy onTy,  0<km—k<m—1, (6.21)
(ii) When s — 2 € {m —1,m,...,2m —2}: Forall £, 1 < { < 12, and withn = s — 2,
P P
n—=k (f) k () P dt
/ ‘ 3 j —tTg ) (8 ggjk)(w—t‘l'g_i_) 7<+OO (622)

forae. x inl'y, 0<k,n—k<m-—1.

The space W*» (™) (0Z) of all functions in W*? (™) (9ZE) satisfying all prescribed con-
ditions (6.21) and (6.22) is closed in W*P:(™)(9=) if and only if s — 2 & {m —

1,m,...,2m — 2}. When this space is provided W1th the norm oow(m)(a ), aug-
mented W1th the left-hand side of (6.22) when s — = E {m —1,m,...,2m — 2}, the

operator v(m) is continuous from W*P(Z) onto Wep (m) (0Z) and admits a continuous
inverse from W*? (™)(9Z) into W*P(E).

As already hinted, since all the compatibility conditions at the vertices are de-
rived from those on the edges, W#?:(1) (0Z) is a closed subspace of W*P-(1)(9=) even
in the case where s — % is an integer. A similar simple statement holds for any
tetrahedron. But this is no longer true for all pentahedra (think of a pyramid with

a square basis!).

7. Extension to weighted Sobolev spaces.

The aim of this section is to present the analogues of the previous trace the-
orems in weighted Sobolev spaces, the main application being the interpolation of
polynomial spaces in the sense of traces. For simplicity, we only define the spaces
on the intervals 7 and A, the square © and the cube Z. In each case, we state the
corresponding trace theorems. Since the trace results are local, the extension to more
complex weights, for instance the product of the distance to the endpoints, edges and
faces up to different powers, is obvious. We refer to [32] and [21], [22] for analogous
results.
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7.1. Case of the half-interval.

Like in Section 3.1, Z is considered as the half of the reference interval A. Let
a be a fixed real number. For any p, 1 < 1 < 400, LE(Z) denotes the space of
measurable functions which are LP—integrable with respect to the measure x® dz. In
other words,

1 1
L2(Z) = {¢ : T — R measurable; ||¢||zr 1) = (/ lp(z)|P 2% dz)* < 4o0}. (7.1)
—1

What is the convenient definition for L2°(Z)? Let us recall that the L°°—space
associated with a measure p is the space of measurable functions ¢ such that

sup{t > 0; pu({[¢| >t}) # 0} < +o0.

As an obvious consequence of the definition, if v is an absolutely continuous measure
with respect to u, then the L°°—space associated with p is continuously embedded
in the L°°—space associated with v. Since the measures dr and z® dxr are mutually
absolutely continuous on Z, we define

L2(T) = L=(T). (7.2)

Remark 7.1. Note that, for a > —1, the measure z® dx is finite on Z. Hence, as a
consequence of [5, Thm 5.1.2], if 1 < p < 400 and if v is > —1, then the interpolate

space of index 6 between L*°(Z) and L2 (Z) coincides with L% (Z), for é = %.

Now, we introduce the Sobolev spaces associated with the measure x® dx; for
any nonnegative integer m and for any p, 1 < p < +oo, W2»P(Z) is defined by

WIH(T) = {p € 2@ Ielwrm = (YN0l 7)F < 4o}, (73)
k=0

That space coincides with Triebel’s space W"(€; po), defined in [32, § 3.2.1]. Ac-
cording to Triebel’s terminology, loc. cit., the weight that we consider is of type 3
for « > 0 and of type 4 for a < 0.

As for the unweighted case, it is natural to introduce the following other type of
weighted space. We define VP (Z) by:

VIR (T) = {p € 2(T); ol < +ook, (7.4)
where . .
1
Il = (3 / ol o ) (7.5)
k=0"Y
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This space coincides with the space W) (Z; pa, pa—mp) of [32]; in the case p = 2, it is
the space denoted ﬁ/gy in [21]. All these spaces were also introduced by Maz’ja and
Plamenevskii with « replaced with «/p in the notation of [27].

When s is a positive real number which is not an integer, we define the spaces
W2P(Z) by intrinsic norms. We consider the neighbourhood of the diagonal of 7 x 7
x

AI:{(xay)GIXI; 4

<y <4z} (7.6)

Let a be a real parameter and p a real number, 1 < p < 4+00. Using Notation 2.1,
for any o, 0 < 0 < 1, we define the semi-norm:

(Plopaiz = o121 [0] 27 [ Loiag), (7.7)

or, more explicitly,

1
lp(x) — oM . v
©lop,aiz = (/AI P x® dxdn

Indeed, for any positive real number s, denoting by [s] the integral part of s and
setting o = s — [s], we introduce the norm

1
HSO‘ V;’p(I) - (”Spni)/[s],p (I) + |d[8]90’§,p,a;1) P’ (78)
or equivalently
1 8] L
el = ([ (et -rds s ey, o0) . (09)
—1 k=0

Thus, in the usual way, we set

VaP(T) = {p € 72'(T); |l

V;,p(I) < —|—OO} (710)

Now, we intend to define the spaces W3P(Z). As is well-known [15][32], there is

a limit case when o — % — % is equal to 0, so we first assume that

1
- #0, (7.11)

o
0'__
p

and we define the norm

3 |-

(7.12)

Iellwerz = (K012 1 gy + 1AL )
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Next, we introduce the space W2P(Z) by
War(Z) ={e € 7'(D); llellwer @) < +oo} (7.13)

(the space WSP(Z) for o — & — % = 0 is defined later on by interpolation). We now
state the main properties of these spaces, which extend the results of [32, Chap. 3]

and [27, Thm 2.1] to the case of non integral exponents.

Theorem 7.1. Let p be a real number, 1 < p < 400, and s be a positive real
number.

(i) If o is < —1 or > sp—1, then %(]0, 1]) is dense in W2P(Z) and the spaces W3P(T)
and V3P(I) coincide.

(ii) If ov is such that =1 < a < sp—1 and if s— % _zlo is not an integer, then €°°([0, 1])
is dense in W3P(Z). If K denotes the integral part of s — % — ]l? , for each integer k,
0 < k < K, the trace mappings vy, defined on €*°([0, 1]) by

are continuous on WP (Z). Moreover, V2P(Z) is the closure of %(]0,1]) in W2P(Z)
and the following characterization holds:

VaP(Z) ={p € WaP(I); Vk,0 <k < K, (o) = 0}

The space W2P(T) is equal to the direct sum of the space VP(Z) and of the space
Pk (Z) of polynomials with degree < K on Z.

To conclude, we state some further properties of the weighted spaces, first the
Sobolev type embeddings, second some interpolation results. We refer to [7, § 1.d &
1.e] for the proofs. For the sake of completeness, before stating these last properties,

we give the definition of the space W2P(Z) when s — % — L s an integer.

p
For any p, 1 < p < 400, and any positive real number s such that o — % — ]lg is
equal to 0, where o is the fractional part of s, the space W3P(Z) is defined by
War(z) =Wl whinao)| (7.14)
l—J’p

Theorem 7.2. Let o and 3 be two real numbers > —1. Let p and q be real numbers,
1 <p,qg<+00,, and let s and t be two real numbers such that 0 <t < s.
(1) If the next two conditions are satisfied

1 1
t—5<8—1—)
or (7.15)
t—%:s—% with p < q,
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8 1 o 1
b= = a<%57 575
or (7.16)
t—g—é:s—%—% Withpgqands—%—%géN,
the following embedding holds:
WSP(T) ¢ Wg(T). (7.17)

(ii) If t is not an integer, if t < s — ]l) andt < s — 9 — % , the following embedding
holds: B

W2P(I) C ¢4 (T). (7.18)
(iii) If t < s, jft—% < s—% andt—g— < 3—%—%, the embedding (7.17) is
compact.
(iv) If t < s — 119 andt <s—$ — % , the embedding (7.18) is compact.

1
q

Theorem 7.3. Let o be any real number. Let p be a real number, 1 < p < +00,
and let sg, s; and s be nonnegative real numbers such that

[s] <so<s<sp<[s]+1. (7.19)

Then the following interpolation result holds:

S1— S

WeP(T) = [leap(z), WP (7) with 0 = (7.20)

0,p 81 — So

We only state the general interpolation result in the simpler Hilbertian frame-

work p = 2 (see [26, Chapter 1, Thm 3.5] for its proof in the special case a = —%)

Corollary 7.4. Let a be any real number. Let sy, s1 and s be nonnegative real

numbers such that sy < s < s1. Then the following interpolation result holds:
WE2(T) = | W3 2(T), W2 (T) with 0= 1—°

0,p S1 — 8o

(7.21)

Similarly, we define the spaces WP (A) and V2P (A) with the weight = replaced
by the weight (1 — ¢?)®. All the results in this section are still valid with Z replaced
by A.

7.2. Case of the square.

We now work on the square © and, for simplicity, we only consider the case p = 2
of Hilbertian Sobolev spaces. Let o and [ be fixed real numbers, and let Liﬁ(@)
denote the space

L2 5(0) = {v: © — R measurable;

vt 1 7.22
[0z 0) = (/_1/_1 o(a, y)|? (1 — 22)*(1 — y?)? da dy) * < 400} (7.22)
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Next, for each positive integer m, H[(0) stands for the space of functions in L2 5(©)
such that all their derivatives of order < m belong to L? 5(@). It is provided with

the norm )
HUHH;”B(Q) = ( Z ’|8kv|’%iﬁ(@))2. (7.23)
[k|<m

Finally, for any positive real number s which is not an integer, the space H;;(0) is
simply defined by interpolation: With s = [s] + 0,0 <0 < 1,

p(0) =[5 @) ahe©)] (7.24)
Then, the following tensorization property can be checked
o5(©) = L& (A HE(A)) N H (A; LE(A)). (7.25)

In order to state the trace theorems, we denote by I'y, respectively I's, the edge
of © contained in the line x = —1, respectively y = —1, see Figure 5.1. The weighted
spaces H3(I'1) and H (T'2) are obviously defined as the spaces Wg’z(A) and W52(A)
of the previous Section 7.1. Here, we skip the limit cases for simplicity.

Theorem 7.5. Let s be a positive real number.
(i) If s— 5 — % is not an integer and K; denotes the integral part of s — 5 — %, then,

for each integer k, 0 < k < K1, the trace mapping vy} defined on € (©) by

Y (u)(y) = (O5u)(—1,y)

is continuous from H;,5(©) onto H;_k 2 2(I'y). There exists a continuous lifting

_fk—a_1
operator of the mapping v' = (74, ..., vk, ) from HkK:lO H; Fg (I'1) into H;45(O).
Moreover, the space Z(] — 1,1] x [—1,1]) is dense in the kernel of y*.
(i) If s — g — % is not an integer and K5 denotes the integral part of s — g — %, then,

for each integer k, 0 < k < K,, the trace mapping v defined on € (©) by
2 _ (ak
T (w)(@) = (Oyu)(x, —1)

_k—B_1
is continuous from H;(©) onto ;MR (I'g). There exists a continuous lifting

_k—B8_1
operator of the mapping v* = (v§,...,7%,) from 12, Ha "T373(1y) into H;5(0).

Moreover, the space 9([—1,1]x] — 1,1]) is dense in the kernel of ~2.

Lifting given traces on the edges of the square requires that compatibility condi-
tions at the corners are fulfilled. Fortunately, they are the same as in the unweighted
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case, and specially simple since the angle in a is equal to 5. Here, without restriction,
we take a < 3. We introduce the space

s—f—a_1 s—k—B_1
H M (00) = [T #5723y x [ #2272 ()
k=0 k=0
m—1 b a m—1 .
Hy " "2 3(Ts) x [[ Ha " 2 %(Tw)
k=0 k=0

The trace operator 7™ is still defined by

S R Y

Theorem 7.6. Assume that o« < (3. Let s be a real number > g + % Let
m be an integer such that 0 < m —1 < s — g — % We assume that s — 0‘2& g
{m,m+1,...,2m —1}. Then, an element G = (G*, G%, G3, G*) oin(ﬁm)(a@), with
each G’ equal to (gg, e ,gf;%l), is the image of an element v of H,5(©) by the trace
mapping ¥\"™) if and only if the following conditions hold for all i = 1,2,3,4 and for
a]]n,0§n<s—o‘T+ﬁ—1,

8”"“92(%) = (—1)’~€ 8fi+1gff_1k(ai), 0<k,n—k<m-1. (7.26)

T4

7.3. Case of the cube.

The results in the cube = are very similar to their analogues in the square. Let
a, § and ~ be fixed real numbers. We now introduce the space

L25,(2) = {v: E — R measurable; HUHLi@y(E) < 400},

with

1
2

HUHLim(E) = (/1 /1 /1 lv(z,y, 2)|? (1—x2)a(1—y2)5(1—ZQ)Vdacdydz) . (7.27)

3, (Z) the space of functions in L2 5 (Z)

such that all their derivatives of total order < m belong to L? 5(Z). It is provided
with the norm

@ =2 19"l =)* (7.28)

|k[<m

For each positive integer m, we denote by H"

lolar,
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For any positive real number s which is not an integer, we define the space H jﬁ,y(E)
is by interpolation: With s = [s] + 0,0 < 0o < 1,

s — sl4+1 /= s —_
0@ =[H e, )] (7:29)
Qe
‘A B
! y
Q ! Lﬁ o
| Q
Q3
Figure 7.1

Here, we denote by €2, respectively {25, respectively (3, the faces of = con-
tained in the plane x = —1, respectively y = —1, respectively z = —1 (and also by
Q4, respectively €25, respectively (g, the faces of = contained in the plane x = 1,
respectively y = 1, respectively z = 1, see Figure 7.1). Since these faces are squares,
the weighted spaces on the faces, for instance the H 57(91)7 are defined as in Section
7.2.

a 1

Theorem 7.7. Let s be a positive real number. If s — § — 5 is not an integer and

K, denotes the integral part of s — 5 — %, then, for each integer k, 0 < k < Ky, the

—_
—

trace mapping i defined on € (Z) by

1 (W)(y, 2) = (O5u)(~1,y,2)

is continuous from H;, (Z) onto Hg;k 2 2(Qq). There exists a continuous lift-

—k—2a_1
ing operator of the mapping v' = (7g,...,7k,) from H,f;lo H;Vk 2 2(Qy) into
H;45. (2). Moreover, the space 2([—1,1]*x] — 1,1]) is dense in the kernel of ~'.

Of course, the statement of Theorem 7.7 still holds when exchanging the variables
x, y and z and the parameters «, § and ~, and the trace operators on {25 and {23 are
denoted by 72 and 73, respectively.

Since only three faces of = share the same vertex, lifting given traces on the
faces of the cube only requires compatibility conditions on the edges, in fact the
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same as in the unweighted case. The trace operator is still defined as (™ =

(fyg, . "Ygz—l)j:h,,,a- and we introduce the space
m—1 . m—1 . m—1 .

m02) = [ #5272 (@) x [ #3272 (2) x [ Hog' 7 2 ()
k=0 k=0 k=0
m—1 m—1

s—k—g—1 s—k-8-1 s—k—F—1

< [T H#, (1) x || Hay 2() x [ Hog 2 2 ()

k=0 k=0 k=0

Theorem 7.8. Assume that « < 3 <. Let s be a real number > % + % Let m be

an integer such that 0 <m—1<s—3 — % We assume neither s — O‘Tw, nor s — O‘Tﬂ,

nor s — @ belongs to {m,m+1,...,2m — 1}. Then, an element G = (G!,... G°)

of Hggj)(az), with each G’ equal to (gg, e ,gfn_l), is the image of an element v of

—
—

op~(E) by the trace mapping ~(™) if and only if the following conditions hold
(i)fora]]n,0§n<s—ﬁ$—1,

Qg_kg,i(—l, 2)=(—=1)"0kg2 (~1,2) fora.e z €A, 0<k,n—k<m-1,
(7.30)

and similar conditions on the three other edges parallel to the z axis,

(i) for allm, 0 <n < s — 25 — 1,

7 Fgi(y,—1) = (-1)"05gp_(~1,y) foraeyed, O0<kn-k<m-1,
(7.31)
and similar conditions on the three other edges parallel to the y axis,
(iii) for alln, 0 <n < s — 248 1,

kg2 (x,—1) = (=1)" 8ggi_k(:c, —1) fora.e x €A, 0<k,n—k<m-—1,
(7.32)
and similar conditions on the three other edges parallel to the x axis.

Remark 7.2. Among the main applications of the weighted spaces on the square and
the cube, let us quote the so-called “driven cavity problem” (at least when Navier—
Stokes equations are involved): A second-order elliptic equation is set in the square
or cube, it is provided with Dirichlet boundary conditions equal to zero except on
the top edge (for the square) or top face (for the cube) where they are equal to 1.
It is readily checked from the previous results that the solution of such a problem
cannot belong to H(Q). However a variational formulation of this problem can be
written in H}5(©) or H3 (Z) when «, 3 and ~ are positive.

«
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Chapter I1

Polynomial spaces and lifting of polynomial traces

This chapter is devoted to the construction of stable polynomial lifting operators
for polynomial traces on the edges of a square or the faces of a cube. The compatibility
conditions between traces at the vertices and edges are explicitly written in Chapter
I. It can be noted that the construction of a polynomial lifting of traces satisfying
these conditions is rather easy. But the lifting operator that we intend to construct
has two further properties: It is continuous in appropriate norms, with its norm
independent of the degree of the polynomial traces, and it preserves the degree of the
polynomials in most cases.

The first results in this direction are due to I. Babuska and M. Suri [4], with
applications to the h-p—version of the finite element method; as a preliminary step,
we generalize their results by constructing a polynomial lifting into a triangle (we also
refer to [18] for a pioneering work on this subject). Next we construct the appropriate
lifting operators into the square and the cube (we refer to [10] and [25] for related
results).

We also state and prove a key result concerning the interpolation of spaces of
polynomials by the method of traces, see [23, Chap. 3|. Of course, this result relies
on the use of the polynomial lifting operators built and analyzed in the beginning of
the chapter.

1. Polynomial spaces.

We first introduce the space of polynomials we work with all along this chapter.
We begin with one-dimensional geometries.

Notation 1.1. On any interval I' of R and for all nonnegative integers n, we denote
by P, (I") the space of restrictions to I' of polynomials with one variable and degree
<n.

The dimension of P, (") is n+ 1. Several bases of P,,(I") are used in what follows
and, among them, the simplest one is made of the polynomials 1, (,-- -, ("". However,
in the special case of the interval A =] — 1, 1], we also consider the family (L, )m>0
of Legendre polynomials: Each L,, has degree m, is orthogonal to all other ones in
L?(A) and satisfies L,,,(1) = 1. We refer to [30] for the properties of these polynomials
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and only note that the set {Lg,---,L,} is a basis of any P, (I") and an orthogonal
basis of P, (A).

Notation 1.2. On any bounded interval I' of R and for all nonnegative integers n
and positive integers k, we denote by P¥9(T") the set of polynomials in P, (T') which
vanish at the two endpoints of I' together with their derivatives up to the order £ —1.

Of course, these spaces are reduced to {0} when n is < 2k. Otherwise, their
dimension is n + 1 — 2k.

On the tensorized domains, namely on the square ¥ or cube =, we define spaces
of polynomials that satisfy analogous tensorization properties as Sobolev spaces, see
Lemma 1.4.1.

Notation 1.3. On the square ¥ = A2, and for all nonnegative integers n, we denote
by P, (X) the space of restrictions to ¥ of polynomials with two variables and degree
< n with respect to each variable. On the cube = = A3, and for all nonnegative
integers n, we denote by P, (Z) the space of restrictions to E of polynomials with
three variables and degree < n with respect to each variable.

The tensorization properties are described in the next lemma.

Lemma 1.4. For any nonnegative integer n and any basis {¢;,; 0 < m < n} of
P, (A), a polynomial p belongs to P, (X) if and only if it admits the expansion

p(@,y) = Y am(@) om(y), (L.1)

where the ¢,,, 0 < m < n, belong to P, (A). For any nonnegative integer n and any
basis {¢m; 0 < m < n} of P,(A), a polynomial p belongs to P, (Z) if and only if it
admits the expansion

p(@,y,2) = Y qm(,y) om(2), (1.2)
m=0

where the ¢,,, 0 < m < n, belong to P, (X%).

Notation 1.5. On the square X, respectively the cube Z, and for all nonnegative
integers n and positive integers k, we denote by P¥9(X), respectively by PE0(Z), the
set of polynomials in P, (X), respectively P, (Z), which vanish on the four edges of
Y., respectively on the six faces of =, together with their normal derivatives up to the

order k — 1.

There also, the spaces are reduced to zero when n is < 2k. The tensorization
properties are exactly the same as previously, as stated below.

Lemma 1.6. For any nonnegative integer n, any positive integer k such that n > 2k
and any basis {1,,; 0 < m < n — 2k} of PFO(A), a polynomial p belongs to PEO(%)
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if and only if it admits the expansion

n—2k

p(xvy) = Z Qm(x) ¢m(y)? (13)

m=0

where the q,,, 0 < m < n, belong to PX°(A). For any nonnegative integer n, any
positive integer k such that n < 2k and any basis {1,,; 0 < m < n — 2k} of PFO(A),
a polynomial p belongs to PX:%(Z) if and only if it admits the expansion

n—2k

Pe.y,2) = > dnl@,y) d(2), (1.4)

m=0

where the ¢,,, 0 < m < n, belong to P¥0(%).

An immediate consequence of the previous lemmas is that the dimensions of all
the previous spaces P,,(X) and P, (Z), and also of P¥0(X) and PX°(Z) when n is
> 2k, are respectively

(n+1)%, (n+1)3 (n+1-2k72 (n+1-2k)3

To conclude, we introduce the following space which is needed for technical
arguments.

Notation 1.7. On any domain 7 of R? and for all nonnegative integers n, we denote
by P,(7) the space of restrictions to 7 of polynomials with two variables and total
degree < n.

2. Preliminary lifting results.

The lifting operator is first introduced from the line R into the strip R x Z, where
7 is the interval 0, 1[, with the help of Fourier transform. Next, it is defined from one
edge of a triangle into the triangle. In each case, its basic properties are established.
The construction of these liftings relies on the following key formula: For a function
x with a compact support in R and such that the integral of xy on R is equal to 1,
the function Fy(y) defined by

Fo(p)(z,y) = /_Oo x(v)e(x + yv) dv,

is a lifting (onto the strip) of the trace ¢ defined on the line y = 0.
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2.1. Lifting from a line to a strip.

Let x be a fixed real function of L!'(R), with a compact support. For any
nonnegative integer k, we define the operator:

k oe)
o)) =5 [ x)ela + o). (21)

Remark 2.1. The interest of this operator is that, if ¢ is a polynomial, so is Fj(y).
More precisely, if the degree of ¢ is < N, the total degree of Fi(p) is < N + k and
its degree with respect to the variable x is < V.

Defining the function x¥ by x¥(v) = %X(ﬁ), we note that the operator Fj can
equivalently be written

yk
Fi(p)(z,y) = o (o xxY)(x,y), (2.2)

where * denotes the convolution product with respect to the x—variable. Equation
(2.2) is equivalent to

/\ k

F(@)(€y) = T3 $OXE). (2.3)

where the notation © means the Fourier transform of the function v with respect
to the x—variable. This last formula allows to derive some properties of the operator
F}., as stated below.

Lemma 2.1. For any nonnegative integer k and for any real number s > k + %,
if the mapping: z — (1 + |z|)*x(2) belongs to H*(R), the operator F}, is continuous
from H* %~ (R) into H*(R x T).

PROOF. Let ¢ be any function in H S_k_%(R). Due to the tensorization properties
(see Lemma 1.4.1), it suffices to check that

+o0 o
g/ IF(@)(€ ) ez dE < o0,

where the parameter-dependent norm || - || s (z,¢) is defined as
10113 (z.6) = (L +E2)° ([0l 221y + 0|5 (1) -

From (2.3), we have

—

1
1Fe ()& e z.e) = 2 PPV XY= (z.e)-
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First, for |£] > 1, by using the change of variable z = y&, we derive

|Ee() (& M3 z.6) < ¢ (1 + €312 X(2) 37 a).

Next, for || < 1, the same change of variables yields

€ ||Fe(@) (& 22 + 1R (@) (€ e (zy < €275 D10(6)12)12* ()12 .

while (note that y is < 1)

—_

1F(2) (€ 72y < cl@©OPIE IR()32(_c.e)-

To bound this last term, we observe that, since the mapping z — (1 + |2])¥x(2)

belongs to H*(R), s > 1, it belongs to L>°(—¢,£) and the same property holds for

the mapping X, so that the quantity ! || )Q(z)\|%2(_£ ¢) 1s bounded independently of
¢. Combining all this leads to

2

+oo
2 2
| RGO o e < ellell sy

which is the desired result.

On the other hand, we note that

E 0 if 0<0<k—1,
9y () (2,0) = e < [0 pt=ky(v) dv) diFo(x) i €3> k.

— 00

Hence, if the following condition is satisfied for a positive integer m:

+o0 oo
/ x(v)dv=1 and / v"x(v)dv=0, 1<n<m-—1, (2.4)

— 00 — o0

we have
By Fr () (2,0) = e p(a), 0<L<k+m—1

This leads to the following statement.

Proposition 2.2. Let m be any positive real number, and s a real number > m — %

If the function x satisfies (2.4) and is such that the mapping: z — (1 + |z|)™ " 1x(2)
belongs to H*(R), the operator F defined by

[a

m—

F(gO,"',gm—1> = Fk(Qk)?
k=0
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is continuous from [[7—)" H*~*~2(R) into H*(R x T) and satisfies
Ve eR, 05(F(g0,- 9m-1))(2,0) = gr(x), 0<k<m—1. (2.5)

Moreover, it maps Py (R)™ into Pnym—1(R x T).

Remark 2.2. We recall that, for any ¢ > 0, each derivative d¥) L, of order ¢ of
the Legendre polynomial L, ¢, n > 0, is orthogonal to P,,_1(A) for the weighted
measure (1 — ¢2)¢d¢ on A. So, for any fixed integers m > 1 and £ > 0, coefficients
aj can be computed by induction on k in order that the function xy,, given by

XZm(U) — (1 - 7)2)Z 221:_01 O d(g)L]H_g(v) in [—1, 1]7
0 elsewhere,

satisfies condition (2.4). Moreover, when ¢ is > m — 1, this function xy,, is such that

the mapping: z — (1 + |2])™ e (2) belongs to H*(R) for all s > 0.

2.2. Lifting from an edge to a triangle.

We now consider a triangle 7 with vertices a1, as, a3, such that the edge with
endpoints a; and as is contained in the axis y = 0 and coincides with the segment
A={(z,y) e R? —1 <z <1, y=0}, see Figure 2.1.

Ay
as
Iy I's
K1 K2

>

a Ty asz X
Figure 2.1
Let us denote x1 and ko the angles of 7 at a; and as respectively — they

are adjacent to A. If the support of the function x is contained in the interval
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| — cot k1, cot ko[ (which is not empty since k1 + K2 is < ), the values of the function
Fj(¢) defined in (2.1) on the triangle 7 only depends on the values of ¢ on its edge
A. So, the operator Fj can be considered as a lifting from A to 7. Its continuity
properties follow from Lemma 2.1.

Lemma 2.3. For any nonnegative integer k and for any real number s > k + %,
if the function x has its support contained in | — cot k1, cot ko[ and is such that the
mapping: z — (1 + |z|)*x(2) belongs to H*(R), the operator F}, is continuous from
Hs=%=3(A) into H*(T).

So we can now build the general lifting operator in this case.

Proposition 2.4. Let m be any positive real number, and s a real number > m — %

If the function x satisfies (2.4), has its support contained in | — cot k1, cot ko[ and
is such that the mapping: z — (1 + |z|)™ 1¢(2) belongs to H*(R), the operator F
defined by

[

m—

F(go,-+,9m-1) = Y _ Filgr),
k=

o

is continuous from sz:—o1 H*"*=3(A) into H*(T) and satisfies
Vr € A, GS(F(gO, _ ,gm_l))(:c,O) =gr(z), 0<k<m-—1. (2.6)

Moreover, it maps Py (A)™ into Pnim—1(7).

We now state two extensions of Lemma 2.3 to weighted spaces: On the triangle,
the weight is the distance to the two vertices a; and ag, up to some power. The first
lemma involves the following weighted spaces:

e On the edge A, in analogy to Definition (I.7.4), for any nonnegative integer m,
V™ (A) is the space of distributions ¢ in 2’(A) such that d¥¢ (1 —22)2T*=™ belongs
to L2(A) for all k, 0 < k < m. For any positive real number s which is not an integer,
V2 (A) is defined by interpolation between Va5]+1(A) and V. (A).

e On the triangle 7 and in analogy with the spaces V.>”(2;) introduced in the proof
of Theorem 1.6.1, for any nonnegative integer m, V(7)) is the space of distributions
v in 2'(T) such that 9%v p tI¥I=™ belongs to L?(7) for all k, 0 < |k| < m, where p
denotes the product of the distances to the points a1 and as (note that its restriction
to A coincides with 1 — 2?). For any positive real number s which is not an integer,

V2,(T) is defined by interpolation between V*[Z}H(T ) and V*[a](’T ).

Lemma 2.5. For any nonnegative integer k, any real number « and for any real

number s > k + %, if the function x has its support contained in | — cot k1, cot Ka|

and is such that the mapping: z — (1+ |z|)*X(z) belongs to H*(R), the operator Fj,
1

is continuous from Vg "2 (A) into V2 (7).
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e e = o,
’

T, as x

Figure 2.2

PROOF. Let ¢ be any function in A (A). As ¢ belongs to H5 %~ 2 (—144,1—6)
for any fixed § > 0, and due to the assumption on the support of x, Lemma 2.3 implies
that F () belongs to H*(7s), where 7 is the intersection of 7" and of another triangle
with edge | — 1+ 6,1 — §[x{0} and angles at the endpoints of this edge larger than
k1 and kg, respectively. So, by symmetry, it remains to prove that Fj(¢) belongs to
V2(S), where S denotes the sector with vertex a; and edges containing the segments
aias and aiasz, and with radius %, with R equal to the smallest of the lengths of
ajas and ajas. Of course the weight on S is now bounded from above and below by
a constant times the distance p; to a;.

We introduce the domain (see Figure 2.2)

S R=v

}.

Due to the assumption on the support of x, there exists an interval Z; contained in
| —1+4¢,1 —¢[ for some € > 0 such that the values of Fi () on Ky only depend on
the values of ¢ on Zy. From Lemma 2.3, we derive the estimate

R
Ko ={(z,9) € S; 7 <plz,y) <

1F (@)= 0c0) < elloll ot 7,

Since both weights p and 1 — 22 are bounded together with their inverses p~! and
(1 —2?)7! on Ky and Zy, respectively, we deduce the estimate
F o < : 2.7
1Es (P veyoco) < ellellomneg (2.7)
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The proof now follows from a dyadic partition argument. For any j > 0, let ®;
denote the mapping (x,y) — (=14 27 (z + 1),2’ y) and set

Kj =27 (Ko), I =2 (To).
Setting ¢/ = p o @;1, we deduce from (2.7) the uniform estimate

R o 2.8
[Ee (") llvs, (o) < el ”V;*kﬁ(zo) 29

We note that . ‘
Fir(¢?) = 2F Fi(p) 0 @5 Y,

and we derive by change of variables that

1Fx (@) llva, (xy) < 27672 7D || Fi(p) 0 @5

'

> 23(3 k—5-1)
ol ooty 2 ey g

Vi, (Ko)»

which, combined with (2.8), yields the uniform estimate

IFu) vz < el ooy
Summing up the square of the above inequalities for j > 0, we obtain that Fj(y)
belongs to V.2, (S), together with the desired continuity property.

The second lemma involves other weighted spaces, defined as follows:

e On the edge A, for any nonnegative integer m, HZ*(A) is the space of distributions
¢ in 2'(A) such that d*p (1 — 22)% belongs to L?(A) for all k, 0 < k < m. For
any positive real number s which is not an integer, H(A) is defined by interpolation
between H5' T (A) and HE'(A).

e On the triangle 7, for any nonnegative integer m, H!" (7) is the space of distribu-
tions v in 9'(7T) such that 9%v p% belongs to L?(7T) for all k, 0 < |k| < m, where p
still denotes the product of the distances to the points a; and as. For any positive
real number s which is not an integer, H3(7) is defined by interpolation between

HEFY(T) and HE(T).

Lemma 2.6. For any nonnegative integer k, any real number o and for any real
number s > k + 5, if the function x has its support contained in | — cot k1, cot Ky
and is such that the mappmg z — (14 |2])¥x(2) belongs to H*(R), the operator Fy,

is continuous from Hp, ~3 (A) into HE (7).

PROOF. We first consider the case where s — 5 is not an integer. Taking K equal to

the integer part of s — k — § — 1, we observe from an obvious extension of Theorem

k1 s—k—1
1.7.1 that HS "2 (A) is the direct sum of V, ko (A) and of the space Pag11(A).

So the result is consequence from Lemma 2.5 and Proposition 2.4. The case where

s — 5 is an integer follows by an interpolation argument.
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3. Lifting of traces into the square.

The general result consists in lifting a set of polynomial traces on the four edges
of the square which satisfy all the compatibility conditions described in Corollary
[.5.9. The notation for the vertices a; and the edges I'y of the square © are specified
in Figure [.5.3. We begin with two preliminary results concerning traces on one edge
of the square.

3.1. Lifting on one edge of the square.

We now choose the triangle 7" introduced in the previous section to be equilateral,
so that the vertex as has coordinates (0,+v/3). We then use an homography which
maps the trapezium 7* = {(z,y) € T;y < 1} onto the square © = A?: indeed, the

change of variables: = = (1 — \%)X maps 7 * onto the rectangle | — 1,1[x]0, 1] and
the dilatation: y = % maps this rectangle onto © (see Figure 3.1). We denote by

% the one-to-one mapping from © onto 7 *:

1+v 1—|—Y>

(5,0) = F(r,0) = (1= 5700, =

(3.1)

Since the edge I'y is the image of A by .# ~1, relying on Proposition 2.4, we can build a
lifting operator of traces on I'; into ©. However we have rather use a modification of
it, such that its range is contained in a space of polynomials vanishing on the opposite
edge I'y at the order m — 1. Of course, similar results can easily be derived on the
other edges by rotation. We now state and prove the existence of such operators.

as
r=(1-25)x y = 1Y
T* - <
C)
aq as
Figure 3.1

Proposition 3.1. For any edge I'y, 1 < ¢ < 4, and for any positive integer m, there
exists a linear operator RE:*:
(i) which is continuous from H',T:_Ol H*~ k=2 ([';) into H*(O©) for any real number
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s>m—1

2
(ii) which satisfies

m—1
VG = (go, ..., gm—1) € | H* 572 (L),
w0 (3.2)
8k7€g’€(G‘F =g, 0<k<m-—1, .
k 50,4 —
ang+2Rm (G |Fz+2_ ) OSI{ISTTL—].,

(iii) such that for any nonnegative integer N, the operator 7%%8 maps the space of
polynomials Py (I'y)™ into Pyi3m—2(0).

The proof of this proposition requires a preliminary lemma, concerning the con-
tinuity of the operator defined on functions in L?(I'y) by

Fr(p)(x,v) = (=2)" Fi(p) 0 F(x, ). (3.3)
Indeed, the appropriate trace properties of this operator follow from the formula

X 1

Ony = —= 0y — = Oy,
2/3 2 Y

(3.4)

Lemma 3.2. For any nonnegative integer k and for any real number s > k + %, the
mapping F}, is continuous from H*¥~2(I'y) into H*(©) and satisfies

O, Fu(9)|p, = Okeg, 0<C<k (3.5)

Moreover, Fy, maps Py (D'3) into P44 (0) and if ¢ belongs to Py (I'y), the degree of
Fy.(¢) with respect to x is < N.

PROOF. The continuity property is obvious when s is an integer and follows by an
interpolation argument otherwise. The assertions about the polynomial traces are
straightforward consequences of definition (2.1) together with (3.4).

PROOF OF PROPOSITION 3.1. For any G' = (go, ..., gm—1) in [[jg H**"3(T2),
we first set

m—1
gk — 28 He and ﬁg’Q(G) = Z Hk.
k=0

Due to the inequality
108, Hll sy ) < cllgellrecon,
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which is a consequence of the trace Theorem 1.4.4, the continuity of the mapping 7%%2
follows from the previous lemma. It remains to achieve the null trace conditions on
the opposite side (here I'y). To this aim we introduce the unique polynomial y,, in

P2 —1(A) such that

Xm(_l) =1 and X/m(—l) = X’rﬁz(—l) S dmflxm(_l) — 0,
{Xm(l) =X (1)=--=d" x,(1) = 0. (3.6)

Then, for G in Py (I'2)™, the function ﬁ%’z(G) defined by
ROA(G)(x,7) = X (V)R (G)(x,v)

satisfies all the boundary conditions in (3.2) and its degree with respect to x is < N
and with respect to v less than N + 3m — 2. Tt is also clear that R9:? acts between
Sobolev spaces as stated in part (i) of the proposition.

We now prove, as a consequence of the previous proof, a statement about poly-
nomial trace lifting in weighted spaces, in a form which we will directly use for
interpolation of polynomial spaces in Section 4. The following corollary makes use of
the weighted spaces H{ 5(A x Z) defined as, cf. (1.7.25) with a =0,

H 5(Ax T) = L*(A; H5(Z)) N H*(A; L3(T)), (3.7)

with the weighted space Hj3(Z) associated with the weight t? t € I, cf Section 1.7.1.

Corollary 3.3. Let 3 be a real number > —1. There exists a linear operator RAXT.
1
(i) which is continuous from H*~ e (A) into Hgﬁ(A x T) for any s > #,

(ii) which satisfies for all ¢ € Hs=5° (A),

R (), = o (3.8)
(iii) which maps, for any nonnegative integer N, the space of polynomials P (A) into
€ (Z,Pn(N)).
PRrROOF. We define RA*Z by a similar formula as (3.3) for k = 0:

R (p)(x.) = Fole) (1= 2 x.t).

We check that RA*Z satisfies conditions (ii) and (iii). The proof of (i) relies on the
generalization to weighted spaces of Lemma 2.1: By a similar proof using partial
Fourier transformation, we obtain that, under the same assumptions as in Lemma

2.1 on the convolution kernel x, the operator Fy is continuous from H s— 452 (R) into
H§ 5(R x Z), where Hj 5(R x Z) is defined by (3.7) with R replacing A.
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Now, we build a further operator R9>¢ which has the same continuity properties
as the mapping RE:¢, but which maps Py (T,)™ into Px(0) instead of Py 3., _2(0).
To obtain this result, we use the “degree reduction” operator introduced in the next
lemma.

Lemma 3.4. For any positive integer M and for any integer N > 2M, there exists
an operator r from Py1(A) into Py (A) such that

Von € Pnyr(A), dM(on)(£1) = dion(£1), 0<0< M -1, (3.9)

and that the following uniform continuity property holds: There exists a positive
constant ¢ such that, for any integer N > 2M,

Von € Pnpi(A),  |IrN (on) ) < cllonllme@), 0<s< M. (3.10)

PROOF. For any polynomial ¢y of Pxy1(A), we write the expansion in the basis
made by the Legendre polynomials L,,, 0 <n < N +1: oy = Zgjol an L, and we

choose

v (on)(€) = en(¢) —anp (=DM (1 = )M
kN1

d(M)LN+17M7
knstat (N +1— M)(N — M)...(N +2— 2M)

where k,, denotes the coefficient of (" in L, ({). It is easy to check that the coefficient
of (N in r¥ (on)(¢) is equal to 0, hence i () belongs to Py (A). Property (3.9)
is also obviously satisfied. To check the stability property (3.10), we first use the
formula (see [19]) k, =277 (ZT,LQ) ! together with Stirling’s formula, to derive that the
ratio kn41/kny1—n 18 bounded independently of N. So the desired property follows
from the estimates

_1
HSDN”LQ(A) 2 CN_% ’OéN_|_1| and ‘@NlHM(A) Z CNM 2 |aN+1|, (3.11)

N_MH(l - Cz)MdMLNH—MHL?(A) < ¢cN™2 and (312)
N_M|(1 - Qz)MdMLN+1—M|HM(A) < cNM—3, '

that we prove successively.
1) Since the (Ly)n>0 is an orthogonal family in L?(A), it is clear that

lenllzza) = lantal [[En+1llzz(a)s

and the first estimate of (3.10) follows from the formula (see [19] or [11, Thm 3.2])
||Ln“%2(A) = zfﬁ On the other hand, using iteratively the formula in [11, Thm 3.3]

! L, ,—L

Ln = m( ni1 — Lypo1)s n>1, (3.13)
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we see that d™ Ly is the sum of (2N +1)(2N —1)...(2N +3 —2M)Lyy1_ and
of a polynomial of degree < N — M, hence it follows from the orthogonality property
that

lonlmmay = e NMlan il Ly yi-allzz(ay,
whence the second estimate of (3.11).
2) From the differential equation [19]
(A-¢AH L) +nn+1)L, =0, (3.14)

the following equation is easily derived by induction on M (see [11, form. (3.8)])

a1 =AML, + ()M (n—M +1)(n—M+2)---(n+ M)L, = 0.

Then, recalling that HLnH%Q(A) is equal to ﬁ, we prove the first estimate in (3.12)

by multiplying this equation for n = N+1—M by Ly11-as and integrating M times
by parts, the second one by computing the norm in L?(A) of the two terms in the
equation.

Applying iteratively this lemma gives the next more general result.

Corollary 3.5. For any positive integers M and K, and for any integer N > 2M,
there exists an operator ry] ;- from Py x(A) into Py (A) such that

Von € Pnik(A), diriN g(en) (1) =dion(£l), 0<e<M-—1,  (3.15)

and that the following uniform continuity property holds: There exists a positive
constant c such that

Von €Pnix(A),  IrNx(em)lasa) < cllonlma@y, 0<s<M. (3.16)

We are now in a position to prove the next theorem.

Theorem 3.6. Let m and M be two positive integers with m < M. For each edge
'y, 1 <€ <4, and for each integer N > 2M, there exists a linear operator R%fn

(i) which acts from Py (I'y)™ into Py (O); 7

(ii) such that

VG = (g0, - 9m—1) €Pn(T)™,

O RN m(@p, =96, 0<k<m—1, (3.17)
0RO, , =0 0SK<m—1

UTES]
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(iii) which satisfies the following uniform continuity property for any real number s
such that m — % <s< M:

m—1

VG = (g0, 9m-1) €PN, [RY(G)la=0) < ¢ D N9kl iy,
k=0
(3.18)
where the constant c is independent of N.

PROOF. In the case ¢ = 2, we recall that the operator 75%2 that we have built above
satisfies the desired properties of continuity and trace but that it maps the space
Py (T2)™ into Py43m—2(0). Moreover, it can be checked from Proposition 3.1 that,
for any G in Py (I'2)™, the degree of 7%2’2((;) with respect to x is < IV and its degree
with respect to v is < N + 3m — 2. That leads us to take

vxeR, RS2 (G)(x,.)=ryi) ROHG)(x,.)

where T%éZlQ stands for the operator 7‘% 3m—o applied to the y-variable. The sta-

bility properties of the new operator R%fn are a straightforward consequence of
Proposition 3.1 and Corollary 3.5, togethef with the fact that the space H*(©) co-
incides with the space L?(A; H5(A)) N H®(A; L?(A)) with an equivalent norm, see
Lemma 1.4.1.

3.2. Lifting of flat traces on one edge of the square.

Here, “flat” traces means polynomials in the space PE’O(I‘Z) introduced in Nota-
tion 1.2, and the idea is to define a lifting operator which preserves these cancellation
properties: More precisely, it maps traces in IP’TNn’O(Fg)m into a polynomial in Py (O)
which has null traces and normal derivatives up to the order m — 1 on the other
edges.

As previously, the lifting operator is built in four steps, for traces on the edge
I's for instance:
(i) We consider the mapping M _,,, which associates with any function g on I'y the
function (1 — x2)~™ g. Clearly, the image by M_,, of P%’O(Fg) is Py_om(T2).
(ii) We apply the operator R:2 and note that it sends Py _o,m (I'2)™ into polynomials
of degree < N — 2m with respect to x and < N +m — 2 with respect to v.
(iii) So, when m is > 2, we must apply the degree reduction operator r%ﬁmy_)Q with
respect to the y-variable.
(iv) We introduce the mapping M,, which associates with any function v on ©
the function (1 — x2)™ v and we apply this operator in order to recover the nullity
properties on the two edges I'y and I's of ©.

67



So, on the edge I's, the lifting operator is built from the formula

o, M (Y ~
R 0(G) = (Mun 01101 0 RDZ 0 M_1n)(G). (3.19)
We now investigate successively the continuity properties of the four operators in-
volved in this definition.

(i) Recalling that the spaces V¥(A) are introduced in Section 1.3.2, see (1.3.24), we
consider the spaces, for any positive real number ¢,

VE(A), iftgm—%,
Zb™(A) = (3.20)

{pe H'(A); d*p(£1)=0,0<k<m—1}, ift>m— 3.

Lemma 3.7. For any real number t > 0, the operator M_,, is continuous from
Z4™(A) into HE, (A).

PRrROOF. We first observe that the derivative of order k of any product ¢ (1 — x?)™™
is a linear combination of the d‘p (1 — x2)™™ k+¢ 0 < ¢ < k. So M_,, is an
isomorphism from V*(A) onto V¥ (A). We successively consider the cases t < m — %
and t > m — %
1) When ¢t <m — 3, V§ (A) and HE, (A) coincide, whence the result.

2) When t > m — % and t — % is not an integer; it follows from Theorem 1.3.6 that
ZH™(A) is equal to the direct sum of V*(A) and of the space of polynomials of degree
< 2[t — 5] +1 that vanish in +1 together with their derivatives up to the order m — 1.
This yields the result in this case, and an interpolation argument gives the result

when t — % is an integer.

(ii) We state the properties of the operator 7“3’7(?%,2 introduced in Proposition 3.1, now
in the weighted spaces. They involve the spaces H3,, ;(0), i.e. the spaces H;;(0)
with @ = 2m and 8 = 0, cf Section 1.7.2. Let us recall from (1.7.25) that there holds

H3,0(0) = L3, (A H*(A)) N H,,, (A3 L2(A)). (3.21)

Lemma 3.8. For any positive integer m, the operator ﬁ%,z is continuous from

k1
21:_01 stmk *(A) into H3,, ((©) for any real number s > m — 1.

PROOF. Owing to Lemma 2.6, the operators F}, defined in (3.3) are continuous from

H‘;n:k_%(/\) into the space of distributions v in 2’(7) such that 9%v p™ belongs to
L?(0©), where p is the product of the distances to the two endpoints of I's. Since p
is larger than the product of the distances to I'y and I's, this space is imbedded in
H3,, 0(©). So the operator R:2 introduced in the proof of Proposition 3.1, hence

the operator 7%7%2, satisfy the desired continuity properties.
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(iii) The operator TAN{STYQ is applied with respect to the v variable. So its continuity

from H3,, 1(©) into itself follows from the definition of this space and Corollary 3.5.

(iv) Finally, we introduce the spaces, for any real number s > m — %,
z=m (@) ={ve H*(O); dkp=00onT1andT3, 0 <k <m—1}. (3.22)

We skip the proof of the next lemma which relies on the same arguments as for
Lemma 3.7, combined with tensorization properties.

Lemma 3.9. For any real number s > m — %, the operator M,, is continuous from
Hs,, o(©) into Z*™X)(0).

The next proposition is now a consequence of the previous results.

Proposition 3.10. Let m and M be two positive integers with m < M. For each
ed@geg I'y, 1 < ¢ < 4, and for each integer N > 2M, there exists a linear operator
RNm,o0

(i) which acts from P7°(T')™ into Py (O);

(ii) such that

VG = (g0, -, 9m_1) € PROUTH™,

O Rumo@p, =gk, 0<k<m—1, (3.23)
0,
8§€,RN’m7O(G)|F£/ =0, 0<k<m—1, forl<l <40 #1Y,
(iii) which satisfies the following continuity property for any real number s such that
m — % < s < M, when s does not belong to {m,m+1,...,2m — 1},
m—1
m (SN
VG = (g0, gm—1) EPN(T)™, R mo(@ @) <e Y lgkll omv3 1)
k=0
(3.24)
and when s belongs to {m,m +1,...,2m — 1},
VG = (g(), . ,gm_l) € Py (T m,
s—m—1 m—1
o. (3.25)
RS @ i) < e( 3 Matlyo syt 3 Ionlyo i)
=0 =s—m

where the constant c is independent of N.

PROOF. We assume without restriction that ¢ = 2 and define R%,?n,o by (3.19). We

have obviously (i) and (ii). Applying Lemma 3.7 with ¢ equal to s — k — %, for
0 <k <m—1 we obtain (3.25) in any case. We deduce (3.24) in the non-limit case,
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i.e. when s ¢ {m,m—+1,...,2m—1} since then, by virtue of Theorem 1.3.6 the norms
(I To) and || - | are equivalent on smooth functions vanishing on
4

[’y up to the order m.

1
VRT3 (1Y)

Note that, however, this equivalence is no longer true in the limit case s €
{m,m+1,...,2m — 1}.

3.3. The general polynomial lifting onto the square.

We are now in a position to prove the general result of this section, which deals
with the lifting of traces on the four edges of the square. From Corollary 1.5.9, the
existence of a polynomial lifting requires that all the m? compatibility conditions
must be satisfied by the traces on the edges I'; and I';1; at each vertex a;, 1 <17 <4
(with the obvious convention I's = I'1). They read

(02 g;)(a;) = (—1)k (8fi+1g;+1)(ai), 0<k,n<m-1. (3.26)

Let IP’S\T,n) (00) be the subspace of polynomials in Hz‘:l Py (Tp)™ satisfying these con-
ditions for 1 < ¢ < 4.

Theorem 3.11. Let m and M be two positive integers with m < M. For each
integer N > 2M , there exists a linear operator R?V’m:

(i) which acts from IP’E\T,”) (00) into Pn(©);
(ii) such that

VG = (G, G2, G?,GY) € PUY(00), with GY = (gf,..., 4% 1), 327
O Ry m(@p, =gk 0<k<m—1, '

(iii) which satisfies the following continuity property for any real number s such that
m—3<s<Mands¢{mm+1,...,2m—1},

VG = (GY,G?,G3,GY e P\ (80), with G’ = (gf,....d% 1),
4 m—

o ¢
IRN.m (G me@) < ¢ ; 2 Hgk”Hs_k_%(FZ)'

[y

(3.28)

PrOOF. The operator R%m is simply defined by the following sequence of formulas:

0,2 0,4
HQZRNm(gg,...,gTQn_l) and H4:7€N’m(g§,...,gf‘n_1),
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where R%fn is the operator of Theorem 3.6,
hiy =gp— 0k Hy—0F Hy and hj =gy —0F Hy— 0k Hy, 0<k<m-—1,

Hy =Ry o(hd, ... hh, 1) and  Hs =RY> ((h3,... h3, 1),

m—1 m—1
where R%fn o is the operator of Proposition 3.10
RN m(¥) = Hy + Hy + Hy + Hs.
And its properties are ... a straightforward consequence of the previous pages.

The statement of the continuity property in the limit case s = m is more complex
and makes use of the notation in Corollary 1.5.9 (see also Figure 1.5.3). We leave the
other cases to the reader.

Theorem 3.12. When s is equal to m, the operator R%m introduced in Theorem
3.11 satisfies the following continuity property

VG = (G',G%,G*,G*) € P (00), with G* = (gf,.... 4% 1),

4 m-—1

RS (@)l < (303 Lokl v,
¢=1 k=0
4 m-—1 1 L i i » 2 gt o
+ZZ(/O \(817‘1‘ gi)(ai —t;) — (=1) (8Ti+lg;,;"_1_,€)(ai+t7'i+1)‘ 7)2)'
=1 k=0

(3.29)

Of course, this estimate is much simpler in the case m = 1 which is needed later
on. It reads

Vg = (g%, 9% ¢% g*) € P (00),

4
RS a0l e < ¢ (X 1901,
(=1

+i§;(/01

(3.30)

g(ai—tm)—yg

; 2dt\1
"a; +t7'z'+1)‘ ?)2)'

3.4. About the lifting in Py (0).

Only for this section, we consider the space Py (O) of restrictions to the square
© of polynomials with total degree < N. We are interested in the action of the trace
operator 71) = (v5)1<¢<4 on this space.
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Since the dimension of the space Py (0) is equal to w and the kernel
of the operator y(1) in Py (0) coincides with the space (1 — 22)(1 — y?) Pn_4(0), it
is clear that the dimension of its range 73](\})(8@)) is equal to 2(2N —1). On the other
hand, we have the imbedding

4
PV (00) ¢ []Pn(Te),

(=1

and the dimension of the space in the right-hand side is 4(N + 1). Therefore 6
independent compatibility conditions have to be fulfilled.

It follows from Theorem 1.5.2 that only 1 compatibility conditions must be en-
forced at each of the 4 vertices of ©, in order to have a smooth lifting. However the
previous dimension arguments yield that they are not sufficient to obtain a lifting
in Py(0O): 2 extra conditions must be enforced on elements of the product space
H;}Zl Pxn (') to be the image of a polynomial in Py (©) by v). These two extra
conditions can be easily identified: The leading coefficients of the polynomial traces
on two opposite edges must coincide.

Remark 3.13. Extra compatibility conditions are also necessary when © is replaced
with any polygon with 4 sides or more.

For any 4-tuple in H;}Zl Py (Ty) satisfying the compatibility conditions at each
vertex plus the further 2 conditions, an algebraic lifting can be constructed. This
lifting is certainly not unique and we are now interested in exhibiting such a lifting
that could be stable in the natural norms. The following lemma states that this quest
is hopeless, even in the simplest case m = 1 we deal with. A posteriori, this is not
too surprising since the additional compatibility conditions are no more local.

Lemma 3.14. For / in {1,2,3,4}, let R®* be a mapping:
(i) which acts from Py (I'y) into Pn(O) for all integers N,
(ii) such that

Vg e Pn(Te), R 9)|., = 9-

Then the norm of R®* from each Py(I';) provided with the norm of Hz (') into
P (©) provided with the norm of H'(©) is larger than a constant times N2.

PROOF. Let us assume that such an operator R®:¢ exists, for instance for £ = 2. We
take

where (L,,), denotes the family of Legendre polynomials. and and set: v = R®:2(g).
Since the edge I's is contained in the line vy = —1, we have

v(x,v)=g(x)+ (v +1)h(x,v)
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with h in Py_1(©). Thus
Oxv(x,v)=¢'(x)+ (v + 1) dxh(x,Y)

Let us recall that, by construction, ¢’ is equal to Lx_1, hence is orthogonal to any
polynomial with degree < N — 1. This implies that

2 3
oxvlzze) > 16l 2 = (5575

whence

[N

=
2N -1

On the other hand, a standard calculation gives

lellr o) = (

< C

which concludes the proof of the lemma.

In opposite, a lifting operator from traces on the three edges of a triangle 7
satisfying the continuity properties at the vertices into Py (7) exists, which is stable
into H*(7), see [4], [18] and [7, Thm 3.e.11].

3.5. Continuity of liftings in weighted Sobolev spaces.

Our aim is now to extend the results of §3.1-3.3 to the general weighted spaces
introduced in Section 1.7. Let a and 3 be real numbers > —1. In particular, with
the weighted spaces H;;(0) introduced in §1.7.2, cf (1.7.25), we now wish to build
a lifting operator for polynomial traces, analogous to the lifting R%,m constructed
in Theorem 3.11, which should satisfy conditions (i) and (ii) of this theorem, plus
continuity estimates in H;;5(6). We also want to obtain a generalization of Corol-

lary 3.3 to polynomial spaces with weighted norms H(i_(Hﬁ )/ Q(A), and to prove a
correspondingly statement for spaces of polynomials which vanish at the ends of the
interval A.

For this we have to review the main statements of Sections 2 and 3.

Concerning Lemmas 2.1 and 2.3, we have already mentioned in the proof of
Corollary 3.3 that Lemma 2.1 extends to weighted spaces: The operator F} is con-
tinuous from H*~F~(0+A/2(R) into H§ 4(R x ) and, thus, from H*~F=(1+A)/2(})
into H 5(7). ’

Concerning Lemmas 2.5 and 2.6, we have first to define some new weighted
spaces on the triangle 7: let V7, 5(7) and HJ, 5(7) be the spaces of functions v
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such that p%+|k|_my§8kv and p2 ygé’kv, respectively, belong to L?(7) for all k,

|k| < m. The spaces V7, 5(T) and H;, 5(7) are then defined by interpolation.

We can check by similar arguments to Lemma 2.5 (dyadic partition near the
corners) and Lemma 2.6 (splitting into polynomials and flat functions, plus interpo-

lation) that the operator F} is continuous from V&S*k*(HB)/Q(A) into V3, 5(7), and

from Ha "~ T/2(A) into H;,, 5(T), respectively.

From this last continuity property, we deduce that the lifting operator F}, defined
on the square © by formula (3.3) is continuous from Hé_k_(Hmm(A) into H, 5(0)
when a > 0 and [ > 0, since in this case the change of variables .# defined in (3.1)
is continuous from H;, 5(7) into H; 5(©). It is also continuous from HZ, 5(7) into
the weighted H*® space associated with the weight (1 — x2)*/2(1 +v)?/2 on © for all

a>0and g > —1.

With this at hand we deduce that the operator 7%7(?1’5 in Proposition 3.1 is con-
tinuous from H;n:_ol Hi_k_(Hﬁ)/Z(Fg) into H;, 5(0) for all @ > 0 and 8 > —1.

Likewise, Corollary 3.3 extends to general nonnegative a’s: We can check that
the lifting operator R**Z on the rectangle A x Z is continuous from gy m/ 2(A)
into H;, 5(A x Z) for all @ > 0 and 8 > —1.

To go further we need a degree reduction operator as exhibited in Lemma 3.4.
We skip its proof, since we only have to replace the Legendre polynomials with the
Jacobi polynomials JZ%, orthogonal on A for the measure (1 — ¢2)P d(.

Lemma 3.15. For any real number 3 > —1 and any positive integer M and for any
integer N > 2M, there exists an operator r%’ﬁ from Py (A) into Py (A) such that

Von € Pyyi(A),  dryP(on) (1) = don(£1), 0<L< M -1, (3.31)

and that the following uniform continuity property holds: There exists a positive
constant ¢ such that, for any integer N > 2M,

Von € Pya(A), ey P (em)llagm < cllenllmgny, 0<s< M. (3.32)

Using this degree reduction operator we can immediately extend Theorem 3.6
to weighted spaces for any a > 0 and g > —1.

Now we prove the analogue of Proposition 3.10 (lifting of flat traces on one edge
of the square). Besides the generalization of Proposition 3.10, this statement will
serve to settle the case —1 < o < 0 which is still pending for the lifting of general
traces.
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Proposition 3.16. Let « and (3 be real numbers > —1. Let m and M be two
positive integers with m < M. For each integer N > 2M, there exists a linear
operator Rjevfnﬁ 0

(i) which acts from P7°(T'2)™ into Py (0);

(ii) such that

VG = (90> s 7gm—1) € ]P)T](LI’O(FQ)m7
ORI, =gk 0<E<m—1, (3.33)
9’ b
oF, Ry 20 (G

1“i:(), 0<k<m-—1, fort=1,3,4

(iii) which satisfies the following continuity property for any real number s such that
m—%—k% < s < M, when s — O‘T’Lﬁ does not belong to {1,2,...,2m — 1},

m—1
m 67 )
VG = (g0 gm1) €BN(TD)™, RSO az 0 < e Y ol ., sia
k=0 H

5} )
a 2 (FQ)
(3.34)
and when s — O‘Tw belongs to {1,2,...,2m — 1},
_ m @727/8
VG = (90, 9m—1) € PN (T2)™, RN 0(G)las ,0) <
s—ot8 1 m—1
(X el e+ D el e )
k=0 Ha ¢ () k:max{O,s—aTw—m} Vo ¢ (T)
(3.35)

where the constant c is independent of N. In (3.35) we make the convention that the
first sum is empty if s — O‘TJ“B -—m—1<0.

(Y)
m—1

PRrROOF. The operator R]%’ﬁr’w is built by a formula similar to (3.19) with T%
replaced by its weighted analogue:

0,2, MBY) 5
R m0(G) = (M 0y, ) 0 REE 0 ML) (G).
We follow the same four steps as in the proof leading to Proposition 3.10.
(i) Introducing, in the same spirit as (3.20)
Va(A), ift <m-—1+%,
Z5m(A) =
{o€ HL(A); dip(£1) =0,0<k<m-—1}, ift>m—1+%.

we check that the operator M_,,, maps Z;™(A) into Hf_,,,(A), for all t > 0.

(ii) Since a+2m is > 0, as already mentioned, the lifting operator 75%2 is continuous
— s—k—(1 2 .
from H;nzol HaJer( +8)/ (I'g) into Hj 5, 5(0©).
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(iii) The continuity properties of TN’B( )

Lemma 3.15.
(iv) Setting as in (3.22)

are easily derived by applying iteratively

Z;bm(X)(@) = {1} c H;ﬁ(@)7 d];(go =0onl, anng, 0<k<m-— 1}’

we check that the operator M, is continuous from Hj . 5(©) into Z; m(X)(@).

Finally, we end the proof like for Proposition 3.10, using weighted norms for the

estimates of HRgif 0 (G| H: () When necessary.

Note that, in contrast with Proposition 3.10, the condition s > m — l + g does not

imply that s— O"Lﬁ is larger than m. That is why the situations when s — 42'5 belongs

to{1,...,m— 1} have to be included in the limit cases.

By a similar proof we obtain the corollary which will be used for interpolating
polynomial spaces P7°°(A) in standard or weighted Sobolev norms:

Corollary 3.17. Let «, # be two real numbers > —1. For any positive integer m,

there exists a linear operator RAXI :

(i) which is continuous, for any rea] number s > #,

s 118

from Hy 2 (A)NPwY(A) into Hig(AXI) ifs— O‘2iﬁ Z{l,...,m},
s_ 118

from Vo * (A) into Hj5(A x I) ifs—%ﬂe{l,...,m}.

(ii) which satisfies the trace property RAXI ‘ o = P
(iii) which maps the space of po]ynomla]s Py O(A) into € (T, }P’%’O(A)).

PrOOF. With the lifting RAT introduced in Corollary 3.3, we set
RAXI( )= Mmo RMT o M_p) ().

The points (ii) and (iii) are obvious. We check the continuity properties in point (i)
as in the previous proof.

Now, we can use this corollary with m = 1 to treat the case —1 < a < 0 for the
generalization of Corollary 3.3 to any a > —1:

Corollary 3.18. Let «, 3 be two real numbers > —1. There exists a linear operator
']éAXI,a'.

_1t8
i) which is continuous from Ha 2 (A) into HS (A x T) for any real number s > Hﬁ
aB Y
satisfying moreover s — %ﬂ # 1 ifa <0, ;
1+

(ii) which satisfies ﬁAXI’a(go)h:O =y forallp € Hy 2 (M),
(iii) which maps the space of polynomials Py (A) into € (Z,Px(A)).
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PRrRooOF. There are three cases.
1) If a > 0, we simply set RA*XTe = RAXT,
148 1+8

2) In the case —1 < a < 0, and if s— 0‘2& < 1, the spaces Hy 2 (A)and Vo, * (A)
coincide with each other and we set RAXT:o = 7?/?7 EI .

3) In the remaining case —1 < a < 0 and s — O‘zﬂ > 1, using Theorem [.7.1, we write

_ 148
any function ¢ in Hy, * (A) as

o(x) = go(x) + (1) 25 4 o) L1

s_ 148 9
with g € Va2 (A). Then the operator R**Z defined by

o N o 1—x 1+x
(RYT2)(x,v) = (R T0) (6, ¥) + 9(—1) == + (1) — >,

satisfies the desired trace and continuity properties.

We conclude this section with the weighted analogues of Theorems 3.6 and 3.11.
For the next statement, just like in the previous proof, we rely on the lifting of flat
traces constructed in Proposition 3.16 in order to deal with the case —1 < a < 0, the
remaining cases being covered by a natural extension of the validity of Theorem 3.6,
as already mentioned.

Theorem 3.19. Let o and (3 be real numbers > —1. Let m and M be two positive
integers with m < M. For each edge I'y, 1 < ¢ < 4, and for each integer N > 2M,
there exists a linear operator R%fﬁ’ﬁ

(i) which acts from Py (T'y)™ into Py (©);

(ii) such that for any element G = (go,...,gm—1) of Pn(I'¢)"™ the trace properties
(3.17) hold for RG5“%(@),

(iii) which satisfies a continuity property as in (3.34) for any real number s such that
m — % + g < s < M, with the extra condition that s — O‘Qiﬁ does not belong to
{1,2,...,2m -1} if -1 < a < 0.

The next theorem is easily derived by combining Proposition 3.16 and Theorem
3.19. It is the weighted analogue of Theorem 3.11, and makes use of the same polyno-

mial trace space ]P’S\T)(a@) satisfying the compatibility conditions (3.26) introduced
there.

Theorem 3.20. Let o and (8 be real numbers > —1, and let m and M be two
positive integers with m < M. For each integer N > 2M, there exists a linear
operator R?V%B

(i) which acts from IP’E\T)((?@) into Pn(©);

(i) such that for any element G = (G*,G? G3,G*) € IP’E\T)(@@), the trace properties
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(3.27) hold for Ry %P (G),
(iii) which satisfies ‘the fo]lowmg continuity property for any real number s < M with
$>m — —+max{2, 2} and s — O‘J”g Z{1,2,...,2m — 1},

VG =(GY,G2,G3,G4) € P(m)(a@), with G* = (g6, -, gin—_1);

m—1
R(—) CKB s < ( 1+
I m (G HH 5(©) ; Hng o k,ﬂ(rl) + Hng 0 k—%(rz) (3.36)

+ + _lta )
[CaE Y

3

4. A general interpolation result for polynomial spaces.

Let k be a positive integer and 6 be a real number, 0 < § < 1. On the interval
A =]—1,1[, the interpolate with index 6 of the space Py (A) provided with the norm
of H*(A) and of this same space provided with the norm of L?(A), is obviously the
space Py (A) provided with a norm equivalent to that of H*(1=)(A). Nevertheless
this argument does not prove that the equivalence constants are independent of N.
The approach that we follow here relies on the interpolation of spaces by the method
of traces, see [23, Chap. 3]. That is why we use the results of Section 3. We present
the results first for the standard Sobolev norms, next for the weighted Sobolev norms
introduced in Section I.7.

4.1. Case of standard Sobolev spaces.

Notation 4.1. For any positive real number 7 and any integer k > 7, we denote by

| - ||N kx) the norm of the interpolate space of index 1 — 7 between IP’N(A) provided

with the norm || - || g (a) and this same space provided Wlth the norm || - [[z2(a).
N,k,0
e,
and || - [[g-(a) are equivalent on Py (A) with equivalence constants independent of
N. To do this, we use the following extension of the theory of interpolation by the
trace method, for which we refer to [5, §3.12] or [32, Thm 1.8.2]: If X, and X; are
two Banach spaces such that X; is contained in Xy with a continuous and dense
embedding, the interpolate space [X1, Xolgp, 0 <0 <1 and 1 <p < 400, is the set
of traces v(0) of functions v continuous in [0, 1] with values in X, and measurable
in ]0, 1] with values in X3, which satisfy

We going to prove that, for any value of the integer k, the norms | -

dt dt
/uv\wtme < 400 and /Hf O, 77 < < 4o (41)
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Theorem 4.2. For any positive real number T and for any integer k > T, there
exists a positive constant c¢ such that, for any nonnegative integer N and for any
polynomial ¢ in Py (A), the following inequalities hold

N.E,0
lenllary < lenllgryiay < cllenllar - (4.2)

PROOF. The norm of the imbedding of Py (A) provided with the norm || - || g (a) and
|- [|z2(a) into H¥(A) and L%(A), respectively, being equal to 1, we obtain at once by

interpolation
N,k,0
Von € Pn(A), llonllar@) < llenllgrin):

To prove the converse estimate, we use the characterization of the interpolation norm
as a trace norm recalled in (4.1):

1 1
. _r dt\ 2
H@NH%’?’%:mf{(/o 2O Yo )y + 10F0( )0} T)

v e CYT;Py(A)) and v(.,0) = gpN}.

(4.3)
With 6 =2(k — 7) — 1, it is readily checked that

1 1
_r dt\ 2
(f e { D + 105000l } §)7 < ol e (49

Let now ¢ be any polynomial in P (A). Using Corollary 3.3, we derive the existence
of a function v € €°°(Z;Px(A)) such that the trace v(-,0) is equal to ¢ and that

ol < cllenlusge ) = ellon )

The above inequality combined with (4.3) and (4.4) yields that

N,k,0
HSONHHT(A) < cllenllm(a),

which ends the proof.
We generalize Notation 4.1 to any triple 79 < 7 < 71 of nonnegative numbers:

Notation 4.3. For any nonnegative real numbers 79, 7, and 7 such that 7o < 7 < 7,
N,71,70

let us denote by || - || Hr (A) the norm of the interpolate space of index =" between
Pn(A) provided with the norm || - ||z (o) and this same space provided with the

norm || - ||HTO(A).
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The next corollary is an easy consequence of Theorem 4.2, combined with the
reiteration theorem [23, Chap. 1, Thm 6.1].

Corollary 4.4. For any real numbers 19, 71 and T such that 7o < 7 < 71, there
exists a positive constant ¢ such that, for any nonnegative integer N and for any
polynomial ¢ in Py (A), the following inequalities hold

sT1,T0

ol (ay < llowllg7ixy < ellenllar - (4.5)

We present now the analogue of Theorem 4.2 for the spaces }P’%’O(A) of polyno-
mials in Px(A) which vanish at +1 together with their derivatives up to the order
m — 1.

Notation 4.5. For any positive real number 7 and any integer k£ > 7, we denote by

IE HZT(EZ))ICO the norm of the interpolate space of index 1—7 between P7Y(A) provided

with the norm || - || gz (a) and this same space provided with the norm || - ||z2(4)-

We expect that the cancellation condition at the ends of the interval A may
have some influence on the norm of the interpolate, since for instance when k = m,
the space IP’ij’O(A) is imbedded in H{"(A), which in turn coincides with the weighted
space V™ (A) by virtue of Theorem 1.3.6. The spaces V7 (A) forming an interpolation
scale, cf [32], their norms will naturally appear for interpolate polynomial spaces.
For the reader’s convenience, let us recall that for any 7 > 0

VT(A) = {p € H™(A); [d' (1 = ¢*)"T e L'(A), £=0,...,[7]}.

In limit cases, the norms of H™(A) and V7 (A) are not equivalent to each other, thus
the norm V7 (A) appears there:

Theorem 4.6. Let m be a positive integer. For any positive real number T and for
any integer k > T, there exists a positive constant ¢ such that, for any nonnegative
integer N and for any polynomial ¢ in IP’K,L’O(A), the following inequalities hold

(i) When7'¢{%,...,m—%},

N,(m),k,0
lenllay < llen ™ < ellonllar @, (4.6)
(i) when 7 € {1,...,m — 3},
N,(m),k,0
lenllvecay < llen Iy < cllienllv-i)- (4.7)

PrROOF. We use similar arguments as previously for Theorem 4.2, relying now on
Corollary 3.17 with a =0, 6 =2(k—7) — 1 and s = k.
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As before, Notation 4.5 can be extended to any triple 79 < 7 < 71, and the
reiteration theorem allows to extend the validity of (4.6) to any such triple when
none of 7y, 7,71 belongs to {%, c,m— %}

To conclude this subsection, let us mention that Theorems 4.2 and 4.6 are spe-
cially interesting for applications in numerical analysis when k =1, 7 = 2, and m = 1.
Concerning Theorem 4.2, we obtain that any polynomial ¢y in Py (A) satisfies

N,1,0

il gy < lon 30 <

< cllonlly g (43)
with a constant ¢ independent of N. We also see that this situation enters the
limit case of Theorem 4.6: More precisely the following inequality is satisfied by any
polynomial ¢y in P}\}O (A),

N,(1),10
< 4.9
||90N|| (A) HSDNHH%(A) ||‘PN|| (A) (4.9)

with a constant ¢ independent of N. This result is clearly what should be expected,
since Py”(A) is a subspace of H}(A) and there holds

[HL(A), L2(A)]5 = HE)(A).

The equivalences (4.8) and (4.9) can be used to find discrete analogues of the char-

acterization of H'/2 and Hoé norms by Fourier coefficients on eigenvector bases of
one-dimensional Neumann and Dirichlet problems, respectively.

4.2. Extension to weighted Sobolev spaces.

We now state the weighted analogues of the interpolation results between spaces
of polynomials.

Notation 4.7. Let a be a real number > —1. For any nonnegative real number 7
and for any integer k£ > 7, let us denote by || - Hg;k(’/(z the norm of the interpolate
space of index 1 — 7 between Py (A) provided with the norm || - || zx () and this same

space provided with the norm || - |72 (a)-

Theorem 4.8. Let a be a real number > —1. For any nonnegative real number
T such that T # O‘TH if « < 0, and for any integer k > 1, there exists a positive
constant c¢ such that, for any nonnegative integer N and for any polynomial ¢y in
Py (A), the following inequalities hold

lonllaza) < llenllzie, < cllenllaga). (4.10)
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The proof of this theorem follows the same lines as Theorem 4.2, using Corollary
318 with 8 =2(k —7) — 1.

Notation 4.7 can be extended to triples 79 < 7 < 71 of nonnegetive numbers and
a general statement as Corollary 4.4 proved by reiteration, provided 7o, 7,7 # O‘T“
if  <0.

We end this section by extending Theorem 4.6 in weighted spaces.

Notation 4.9. Let a be a real number > —1. For any nonnegative real number 7

and for any integer k£ > 7, let us denote by || - ||gf(z7\))k0 the norm of the interpolate
space of index 1 — - between P7Y(A) provided with the norm | - || mr(a) and this
same space provided with the norm || - [|z2 a)-

Theorem 4.10. Let m be a positive integer. Let o be a real number > —1. For any
positive real number T and for any integer k > T, there exists a positive constant c
such that, for any nonnegative integer N and for any polynomial ¢ in IP’%’O(A), the
following inequalities hold

(i) WhenT—%g{%,...,m—%},

N,(m),k,0

lenllaz ) < llenllgz oy < cllenllazay, (4.11)
(i) when 7 — 2 € {3,...,m — 1},
N,(m),k,0
lewllv ) < lenllmmy™ < cllenlvea)- (4.12)

5. Lifting of traces into the cube.

The arguments here are very similar to those used in the previous sections for
the lifting onto a square. Indeed, as explained in Corollary 1.6.11, the compatibility
conditions in this case are reduced to conditions on the edges. So we have rather
briefly recall the main steps of the proof and only state the general lifting theorems.
See Figure 1.7.1 for the notation of the cube faces.

5.1. Construction of liftings into the cube.

With the same notation as for Corollary 1.6.11, let IP’E\T) (0Z) be the subspace
of polynomials G = (G!,...,G%) in H?zl Py (Q;)™, with each G7 = (g),...,q7,_1),
satisfying the conditions, for 1 < /¢ < 12,

or g~ W =9k g+® onl,,  0<kn<m-— 1L (5.1)

To— TerIN
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STEP 1. Lifting from a plane to an infinite slab
Let us now consider the mapping

Fr (o) (z,y, 2z =4 / / Yo(x + zv,y + zw) dv dw. (5.2)

If the function y satisfies the same assumptions as in Proposition 2.2, the operator
F* defined by

[ary

m—

F*(g()a"'agmfl) = Fl;k(gk)a (53)
k=0

is continuous from [[,—, ' Hs—F=3 (R2) into H*(R? x T) and satisfies
VmGR, 8§(F*(907'"7gm71))(x7y70):gk(xuy)v OSkSm_l (54)

Moreover, it maps Py (R?)™ into Pan+m—1(R? x T), more precisely into its intersec-
tion with the space of polynomials with degree smaller than N with respect to x and
y and smaller than 2N + m — 1 with respect to z.

STEP 2. Lifting from a square face to a pyramid

Let P denotes the pyramid with vertices (—1,—1,0), (1,—1,0), (1,1,0), (1,—1,0)
and (0,0,v/3). It can be noted that its square face coincides with © x {0} and that
the angles of the four other faces Wlth this one is equal to 5. So, when the support of
the function x is contained in [— f f] the previous operator F* lifts traces defined

on © x {0} into P.

STEP 3. Lifting on one face of the cube
We use the one-to-one mapping

1+2z 1+2z 1+Z)

m)x,(l 2\/5)1/, 5

which sends the cube = =] — 1, 1[> onto the trapezoid P* = {(x,y,2) € P;z < 1}. By
this argument, denoting by €25 the face of = which is contained in the plane z = —1,
we construct a lifting operator from Py (£23) into the subspace of polynomials in
Pon+3m—2(Z) made of polynomials vanishing together with its normal derivatives up
to the order m — 1 on the opposite face to 25. Thus, applying the degree reduction
operator rypy 5, o now with respect to the z-variable produces a lifting operator
from Py (€22) into the subspace of Poy(E). Moreover, this operator is continuous in
appropriate norms.

(2,9, 2) = F*(x,v,2) = ((1 - (5.5)

STEP 4. Lifting of half-flat and flat traces on one face of the cube

Still relying on the tensorization properties of the spaces H*(Z), we can construct by
the same arguments as in Section 3.2

e a lifting of polynomials of Py (£22) vanishing together with their v-derivatives up
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to the order m — 1 on the edges contained in the planes x = +1 (half-flat traces)
into a polynomial in Py (Z) vanishing together with its normal derivatives up to the
order m — 1 on the opposite face to {25 and on the two faces contained in the planes
X = =+1,

e a lifting of polynomials of Py (€22) vanishing together with their normal derivatives
up to the order m—1 on the four edges of Q5 (flat traces) into a polynomial in Poy (Z)
vanishing together with its normal derivatives up to the order m — 1 on the five other
faces of = but Q5.

STEP 5. The general polynomial lifting onto the cube

The idea is the following:

e By using the operator exhibited in Step 3, we lift the traces on the faces contained
in the planes z = £1 into Pon ().

e We now lift the half-flat traces contained in the planes y = +1 by using the first
operator introduced in Step 4 into P5y(Z) (indeed, the previous arguments can be
extended to the case of traces with degree < N with respect to x and < 2N with
respect to z).

e Finally we lift the flat traces contained in the planes x = +1 by using the second
operator of Step 4 into Py (Z).

Combining all this leads to the next statements.

Theorem 5.1. Let m and M be two positive integers with m < M. For each integer
N > 2M, there exists a linear operator REN’m:

(i) which acts from IP’E\T,”) (0Z) into P5n(2);
(ii) such that

VG = (GY,...,G% e PUY(08), with G’ = (g),....q° ), 56

(iii) which satisfies the following continuity property for any real number s such that
m—3<s<Mands¢{mm+1,...,2m—1}:

VG = (GY,...,G% ePU(02), withG' = (gi,....¢°,_)),

6 m—

J
Z ||gk||H5—k—%(Q])'

1 k=0

[y

- (5.7)
RN m (G| s z) < c

J

The limit cases require augmented norms, according to Corollary 1.6.11. We just
give the statement for s = m.

Theorem 5.2. When s is equal to m, the operator REN,m introduced in Theorem
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5.1 satisfies the following continuity property

p it H™ 3 (0y)
12 m—1 1 (5.8)
m—1— i— (¢
([ et e em)
¢=1 k=0 “T¢’0

i+ (£
— @k g )@ —tm,)

2%daz>%}.

The operator R]:“V’m has the disadvantage of lifting polynomial traces with degree
< N into P5n (E), which is a little deceitful in view of the results in dimension d = 2.
So we now propose a solution to this problem, but only in the case m = 1 of a single
trace. This requires a further lemma.

We recall from [11, §4] for instance that the nodes of the Gauss—Lobatto formula
which is exact on Poy_1(A), are the zeros of the polynomial (1 — ¢?) L’y(¢). Let in
denote the Lagrange interpolation operator at these nodes with values in Py (A).

Lemma 5.3. The operator iy maps €°(A) into Py (A), satisfies
Vo e 2O®), inp(d]) = p(21), (5.9)

Moreover, the following uniform continuity property holds: There exists a positive
constant ¢ such that, for each positive integer k,

Von € Pen(A),  lin(en)llmeay < c1+ k) lonllae), 0<s<1. (5.10)

PRrROOF. We recall from [11, form. (13.27) and (13.28)] the following properties

Von € H'(A),  lin(en)llmr ) < cllenllma,
and
Von € Prn(A),  [lin(en)llza) < (1 +K) lonllrz(a)-

Thus, applying the principal theorem of interpolation, see [23, Chap. 1, Th. 5.1],
leads to, with the notation of Section 4,

Von € Pin (M), lin(on)llmsa) < c(l+8)' " lonling), 0<s<1.
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So, the desired result follows from Corollary 4.4.

We go back to the previous Steps 1 to 5 in the case m = 1. Steps 1, 2, 4 and
5 remain unchanged but, in Step 3, we use the operator iy instead of the degree

reduction operator 3 n1- The next statements are then easily derived from Lemma
5.3 applied with k£ = 3.

Theorem 5.4. For each integer N > 2, there exists a linear operator R]EV*l

(i) which acts from P%)(az) into Py (E);
(ii) such that
VG =(g'....9%) € P(05), R¥m(G)|g, =9, (5.11)

(iii) which satisfies the following continuity properties:
- For any real number s such that % <s<1:

6
VG =(g' o) EPYOE)..  IRRA O < e D19 ot g,y (5:12)
=1

- For s = 1:
VG = (9", 9%) € PY(99),

IRZ (Ol ey < C{Zug .

L

(5.13)

) 2 1
J- (Z) W —tT—) — g“(g)(az—t‘rh)’ @dw>2}.

5.2. Continuity of liftings in weighted Sobolev spaces.

It is also possible to construct polynomial lifting operators which are continuous
between weighted Sobolev spaces, like in the trace Theorem 1.7.8.

Theorem 5.5. Let o, § and v be real numbers > —1. We assume without restriction
that o < 8 < ~. Let m and M be two positive integers with m < M. For each integer
N > 2M, there exists a linear operator R?‘Vﬁ 8

(i) which acts from Pg\T)(ﬁE) into Psn(2);
(ii) such that, for j =1,...,6,

VG = (GY,...,G% ePU(02), withG' = (g,....¢° ),

. 5.14
8ZjR?‘VB%(G)|Q =g, 0<k<m-1, (5:14)
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(iii) which satisfies the following continuity property for any real number s < M with
s>m — % + 3, and such that neither s — O‘—w nor s — a;’”, nor s — BQﬂ belongs to

{m,m+1,...,2m — 1},

VG = (G',...,G% e PU(02), withG? = (g, ....¢° ),
IR (G)az,. =)

(5.15)

<:C < +‘ 2 +‘ 3 e
Z . P P

+ + g7 + g7 o )
ungHS*kﬁTw(m loBl e+l e

2
apB 4 oy 5 57

In the case m = 1 of a single trace, it is also possible to construct another
operator which is similar to Raﬁ 7 but now takes its values in Py (Z). Its construction
relies on the weighted analogue of Lemma 5.3, more precisely on some properties of
the Lagrange interpolation operator zﬁ, at the nodes of the Gauss—-Lobatto formula
for the weighted measure (1 — ¢2)%d¢. We refer to [11, form. (21.6)] for the exact
definition of this operator.

Lemma 5.6. For any real number 3, —1 < 3 < 1, the operator zﬁ, maps €°(A) into
Py (A), satisfies
Vo € €°(R), ifp(£1) = p(+1), (5.16)

Moreover, the following uniform continuity property holds: There exists a positive
constant ¢ such that, for each positive integer k,

Vo € Pin(8), [l (emllmsa) < 1+ K) lonlligy, 0<s<1.  (5.17)

PROOF. It is performed in three steps, according to the values of s.
1) For s = 1, we derive from [11, form. (21.11) & (21.12)] and a Hardy inequality
that (note that this requires that 3 is < 1)

Von € Pin(A),  llix(om)llas ) < e(t+ k) lonllma)-

Then, for any polynomial ¢y in Pyx(A), we use the expansion

, 1— 1+
ON = PX + ¢ with sostN(—l)TCJr@N(—l)TC»

and derive from the identities ¢Q (£1) = 0 and iy (¢) = ¢ that

% (on)llmsay < ¢ (L4 k) (lowllza) + el a)) + el a)-

87



It follows from Theorem 1.7.2 that

el < ¢ (ew (=Dl + len ) < ¢ lonllzmy < ¢ low -
All this gives the estimate

Von € Prn(A), ||i]ﬁv(90N)||Hé(A) <c(l1+k) HSONHH};(A)- (5.18)
2) For s = 0, a closer look at the proof of [11, Thm 21.1] gives
Vo€ Hyo(N), 1l (@)lzzen < e (el
+ N o (1= ) F o + NP = ) i)

Thus, combining a Hardy inequality and a standard inverse inequality yields

Von € Pin(A),  lin(en)llzza) < e(1+K) lowllzz -

We introduce the polynomials xy_1 = Jﬁ,’ / Jﬁ,/(l) and its analogue yn, where the
JB are the Jacobi polynomials orthogonal in L%(A) and, for any polynomial @y in
Pin(A), we write the expansion

XN-1+t XN

on =% +5  with $=opn(-1) ;

and as previously we derive
lix (o) llzzay < e (L4 k) (lenllzz o) + 121z ) + 181z )

Since both HXN—IHL%(A) and HXNHL%(A) are smaller than ¢ N~1=, we have
81z < N1 [ (&)

Writing the expansion of ¢ in the basis {Jég R | f,} and using standard properties
of the Jacobi polynomials J? (see [11, form. (19.1) and (19.9)]) thus give

||90HL%(A) < C||90NHL§(A)-
Combining all this leads to
Von € Prn(A), ||’iz5v(90N)||Lg(A) < c(1+k) lenllzy - (5.19)
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3) Finally applying the principal theorem of interpolation (see [23, Chap. 1, Th. 5.1])
between (5.19) and (5.20) and Theorem 4.8 leads to the desired result for 0 < s < 1.

Theorem 5.7. Let o, B and v be real numbers such that —1 < «, 3,y < 1. For each
integer N > 2, there exists a linear operator R%ﬁ e

(i) which acts from Ps\l,)(aE) into Py (2);
(ii) such that, for j =1,...,6,

VG = (g%, ..., 9% € P (92), RYTH(G)|, =d (5.20)

Q;

iii) which satisfies the following continuity property for any real number s such that
g Y V y
{H—a, = 1+V} < s <1 such that s ¢ {1+ O‘+f3 , 14+ 5+v 1+ ’Y"Q-Ot}:

VG =(g',...,9% € PV (@),

IR @l < e (l'] e 1PN ags  + 16l e
H.,~ 2 () Ho, 2 () Hy "2 (Q)
S o e NP [Pl (s
H,g a (4 Hexy E (Q5) By ER (Q6)

(5.21)
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Chapter II1

Polynomial inverse inequalities

One of the applications of the previous trace properties is to derive optimal
inverse inequalities on the polynomial spaces in Sobolev norms of non integral orders.
Indeed, in the case p = 2 of Hilbertian Sobolev norms for instance, deriving such
inequalities relies on the interpolation of spaces of polynomials by the method of
traces, see [23, Chap. 3|, so on the use of the polynomial lifting operators built
and analyzed in Chapter II. Inverse inequalities can be also be derived by different
arguments in the non Hilbertian case. Once all these inequalities are established, we
provide counter-examples that prove their optimality with respect to the degree of
the polynomials.

For simplicity, we only work on the interval A =] —1, 1] with a symmetric weight.
We first describe the corresponding Sobolev spaces, together with the Jacobi polyno-
mials which are orthogonal with respect to the weight. Next, we state and prove the
results concerning the interpolation of spaces of polynomials. We then derive inverse
inequalities: The three parameters s, p and o which are involved in the definition of
the space W3P(A) being called order, exponent and weight of the space, respectively,
we prove inverse inequalities between spaces first of different exponents and second of
different orders. Next, we prove these inequalities for different orders and exponents,
and finally for different orders and weights in the Hilbertian case of exponent p = 2.
We conclude by checking the optimality of the previous estimates.

1. Weighted Sobolev spaces and orthogonal polynomials.

Let a be a fixed real number. On the interval A, we introduce the weight

palC) = (1 -~

For any p, 1 < p < +o00, we first consider the space

1 1
L2 (A) = {¢ : A — R measurable; ||¢||zr ) = (/_1 [L(OIP pa(¢) dC)” < +o0}.
(1.1)

As already explained in Section I.a, the natural extension for p = oo is
L (A) = L=(A). (1.2)
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The corresponding Sobolev spaces are defined as follows. For any nonnegative
integer m and for any p in [1, +o00[, WZ"P(A) is defined by

W) = {p € /(A% lpllwme = (S Il ) * < 4o}, (13)
k=0

To define the spaces of non integral order, we rely on the spaces W2P(Z) defined
in (I.a.13). For instance, with any function v on A, we associate the functions v_
and vy on Z given by

3x 3x

v_(x) =v(-1+ 5 ) and v+(w):v(1—?), rel.

Next, for any positive real number s which is not an integer, we define the space
W2P(A) as
WaP(A) = {¢ € LE(A); (v-,vy) € WIP(T)?}. (1.4)

Note that there is no contradiction with definition (1.3) since this property holds
when s is an integer. Intrinsic norms can be constructed on these spaces WSP(A)
thanks to the definitions in Section 1.7.1 and moreover all the properties stated in
this same section for the spaces W2P(Z) still hold for the W2P(A). It can also be
noted that, in the case p = oo, all spaces W2°°(A) coincide with W*°°(A). As usual,
in the case p = 2, the Hilbertian Sobolev spaces W52(A) are denoted by H(A).

The Jacobi polynomials J%? form an orthogonal family on A for the weighted
measure (1 — ¢)*(1 + ¢)?d(, for any real numbers o > —1 and 3 > —1. We only
consider here the case a = (3 of polynomials which are orthogonal in L?(A) (these
polynomials are usually called ultraspherical polynomials but with a different «).
Indeed the corresponding orthogonal basis plays an important role, first for proving
certain inverse inequalities (cf [28]) and second for stating the optimality of certain
estimates and providing counterexamples.

Notation 1.1. For any fixed real number o« > —1, we denote by (J2),, the family of
Jacobi polynomials: The polynomials J~, n > 0, are of degree n, orthogonal to each
other for the measure p,(¢)d¢ on A and satisfy the condition

'n+a+1)
JY(1l) = ————=. 1.5
n (L) n! (o +1) (15)
We also introduce the associated orthonormal polynomials Jo* = %, n > 0.
n ILE (M)

Note (see [19] for instance) that we have the following equivalences for the L2 (A)
and the L>°(A) norms of the J¢: Combining the equation

o2 2201 (n + o+ 1)2
12 N2z (a) =
a 2n+2a+1)n!l(n+2a+1)

(1.6)
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with Stirling’s formula, we observe that || J5][ 2 () behaves like n~2 when n tends to
+00, independently of a. The behaviour of the L>°(A) norm is [30, form. (7.32.2)]

I3\ e ) ~nt if-l<a< 32 when n — 400 (1.7)
||JT?||L00(A)27’LQ 1f0z2—% ' ’
The change of behaviour of ||J%||r=(a) for & = —3 is linked to the fact that Jg

reaches its maximal absolute value in +1 when « is > —% and near 0 when « is
< —%. This basic example indicates that the behaviour of weighted Sobolev norms
of polynomials is not always simple.

A rather important property of the Jacobi polynomials is that they are the
eigenfunctions of a Sturm—Liouville type operator, more precisely they satisfy the
following differential equation [19]

(Pat1 JTOL”)/ +n(n+2a+1)ps JS =0. (1.8)
A consequence is the result of the following lemma.

Lemma 1.2. The following formula holds for any real number o« > —1 and for any
positive integer n:
n+2a+1

Ja/:
" 2

Jotl (1.9)

PROOF. From equation (1.8), we derive first that J¢’ is orthogonal to all polynomials
in P,,_5(A) for the measure p,1(¢)d(¢, hence is equal to a constant times J},
second that ( 5 D
nn +2a +
J¥ (1) = JX(1).

By comparing this formula with (1.5), we derive the desired result.

2. Inverse inequalities with different exponents.

We first recall the basic inverse inequality which can be deduced from [28] (see
also [29]) and holds for any o > —1, for any p and ¢, 1 < ¢ < p < +oc, and for any
N inP N(A),

lonlze ) < eN*DGT) on g o). (2.1)
Applying iteratively this inequality to the derivatives of the polynomial leads to the
following result.

Proposition 2.1. Let o be a real number > —% and p and q be such that 1 < q <
p < +o0. For any nonnegative integer m, any polynomial ¢ in Py (A) satisfies

1

lonllwgray < e N*EFDET) oyl s, (2.2)
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Estimate (2.2) still holds with the integer m replaced with any nonnegative real
number s. However we prefer to skip the corresponding statement since this estimate
is proved later on in a more general case.

3. Inverse inequalities with different integral orders.

These inequalities are well-known in the case p = 2, since they rely on the
orthogonality property of the J. Proving them is much more complex for other
values of p.

For any function f in L!(A), we denote by c2(f), n > 0, its coefficient in the
basis (J2*)p:

1
() = /_ QIO pal6) .

In the same spirit as for Cesaro’s means, we fix a function A of class € from R, into
[0, 1], which is equal to 1 on [0, 1] and vanishes on [2, +00). Then, for any nonnegative
integer N, we set

NE=D AN (F) I (3.1)

It is easily checked that the operator L is linear continuous from L2 (A) into Pox (A)
and that it coincides with the identity on Px(A). Furthermore, it satisfies a very
important stability property, which is derived in [28] from its analogue for the Cesaro’s
means of appropriate order j.

Lemma 3.1. Let o be a real number > —% and p be such that 2 < p < co. any
function f in LP(A) satisfies

LR fllzza) < ellfllz - (3-2)

This property is the basic argument for the proof of the two propositions that
follow.

Proposition 3.2. Let o be a real number > —% and p be such that 2 < p < oo.
Any polynomial ¢ in Py (A) satisfies

levllznay < e N2y a)- (3-3)
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Proor. This inequality is already known in two particular cases: This is Markov’s
inequality when p is equal to +oo [31] and it is proven in [9, §V] when p is equal
to 2. We derive the result for 2 < p < oo by the following interpolation argument,
using the interpolation result between the spaces LP (A) quoted in Remark 1.7.1: Let
us introduce the mapping defined on Ll (A) which, with any function f, associates
(L% f)'; from [31] and [9], loc. cit., it is linear and continuous from L2 (A) into itself,
with norm < ¢ N2, and also from L>°(A) into itself, with norm < ¢ N?; hence, it is
continuous from LZ(A) into itself, with norm < ¢ N2. We obtain the desired result
by taking f = on in Py (A).

Proposition 3.3. Let o be a real number > —% and p be such that 1 < p < 2. Any
polynomial ¢ in Py (A) satisfies

Iz @y < eN?llon e - (3.4)

PROOF. Here, we use a duality argument. Defining ¢ as the conjugate number of p,
i.e., by % + é =1, we have

1
/ 21PN (Qv(€) palC) dC
lenlleay = sup Jo1 (O o0 pal0) : (3.5)
veLL(A) \|U||L3(A)

Next, we compute

1

1 N—-1
/ (O 0(0) palQ)dC = 3 () e (v) = / e (O) (L30)(€) pa(C) dC.
1 "0 1

There exists (see [9, form. (V.35)]) a polynomial £y in Py (A) which is equal to 1 in
—1, to 0 in 1 and which satisfies

[€n Lz (a) < e\ (3.6)
We set
on(€) = L{v(¢) — (Lxv)(=1) En(¢) — (Lxv)(1) En (=C)
and, since vy (—1) = vy (1) = 0, we may write
| @00 (@ = [ @ ow (O palc) dC+ A+ Ay
with X
A = (E30)ED) [ Q) En(FO pald) de.

-1
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By integration by parts, this yields

1 1
/ Q) 0(0) o€ S = - / en(Q) (o pa) (€) G+ A- + Ay

Next, note that

/ o (0) (o pa) Q) e

- / ox(Q) W (C) pa(C) dC — 2a / en(@Q (O paa(€) e,

-1 —

whence

1
\/1 on(C) (vn Pa)/(f) d¢| <c HSDNHLQ(A)(|’U§VHL1(A) + ||UNHLg_q(A))-

When ¢ differs from a + 1, using Hardy’s inequality quoted in Lemma 1.3.2 leads to

1
|/1‘PN(O (vn pa)'(Q) dC] < cllon ey (lonllca ) + lonllze a))-

Finally, we obtain

1
I/_lwk(C)v(C)pa(C) dC| < ez @y (lonllaay + lon e a))
+ (L) (=D + [(LY0) W) ez ) llEnlzz a)-

Using the inverse inequality of Proposition 3.2, together with (3.6), leads to

1
| / OV pa(0)dC] < N ow iz low iz
¢ N2 (|(L%0) (<) + [(£50)W)]) [onlzz ) N~

By using (2.1) for the pair (p, q) equal successively to (00, q) and to (2,p), we have

2(a+1)

(LX) (ED] < e NTa [ILFvll g (a),

at1)(L_1
lenllzza) < c N2t =2) lenlLe ay

whence

1
[ O v pa€)dC] < eV ipw luzeny (lomllzg oy + I1E7 0l
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On the other hand, we estimate |[uy| s (a) by using once more (3.6) and (2.1):

lonllza sy < I€X0lLaa) + (((ER) (D) + (LX) D)) [1€x ] L2 a)
< c||L¥vllLa (a)-

These last two estimates, combined with (3.5), give the desired inequality when ¢
is not equal to a4+ 1. In this last case, the result is obtained by an interpolation
argument as in the proof of Proposition 3.2.

Applying Propositions 3.2 and 3.3 to the derivatives of polynomials gives the
general result in integral order spaces.

Corollary 3.4. Let o be a real number > —% and p be such that 1 < p < oco. For
any nonnegative integers ¢ and m, ¢ < m, any polynomial ¢y in Py (A) satisfies

lenllwmeay < e N2 M=oy leo ay- (3.7)

We do not consider the case —1 < a < — , since we have no application for
that.

4. Inverse inequalities with different orders.

The general inverse inequalities are derived in two steps.

Proposition 4.1. Let a be a real number > —% and p be such that 1 < p < oco. For
any integer { and nonnegative real number s, s > {, any polynomial ¢y in Py (A)
satisfies

lonllweray < CNZ(S*E)HSONHW;;WA)- (4.1)

PROOF. In the case 1 < p < oo, we first derive from Corollary 3.4 the inequality
(which is obvious when [s] is equal to /).

lonllyiincny < eN2E0 x| yeny- (42)

The space Py (A) provided with the norm of WP (A) is imbedded
o in Wi P(A), and the norm of the embedding is 1,

e in Wc[le’p(A), and the norm of the imbedding is < ¢ N? from Corollary 3.4.
We know from Theorem 1.7.3 that W2P(A) is the interpolate space of index [s] +

1 — s between WLITHP (A) and whlr (A). So applying the principal theorem of
interpolation [23, Chap. I, Thm 5.1] yields that the space Py (A) provided with
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the norm of W, (A) is imbedded in WZP(A), with the norm of the imbedding
< ¢N26=I) . Combined with (4.2), this yields the desired result. We refer to [7,
§4.b] for the extension to the cases p =1 and p = oc.

Theorem 4.2. Let o be a real number > —% and p be such that 1 < p < oco. For
any nonnegative real numbers t and s, t < s, any polynomial ¢y in Py (A) satisfies

lonllwaray < e N2 lon e (4.3)

We establish this theorem only in the case p = 2 and refer to [7, Thm 4.b.1]
for the proof in other cases which is much more technical (it requires a different but
equivalent norm on the space W2 P(A)).

PROOF IN THE CASE p = 2. We treat successively two cases.
1) When [s] is > t, we write the inequality (4.2) for ¢ equal to [s], which gives

Von € Pn(A), ol a) < eN2E7lED 1Nl 5711 Ay
next for £ = 0, which gives
Von € Pn(A),  llonllms @) < eN* llonlicz a)-
A standard interpolation argument gives
Yon €Pn(A),  llonllmgm) < N7 flonllfiy, with £=[s],

and the result follows from Theorem 2.2.
2) In the case [s] <t < s, we obtain the result from the inequalities (the first one is
derived from the first part of the proof)

Von € Pn(A),  llon|l gy < eN2UET=D o (),

lonllae ay < cllenllae ),

by noting from Theorem 1.7.3 that HS(A) is the interpolate of index [[i]]ﬁi‘: between

g (A) and H! (A) and using once more the principal theorem of interpolation [23,
Chap. 1, Thm 5.1].

5. Inverse inequalities with different orders and exponents.
Our problem is now to obtain more general inverse inequalities of the type
Von € Pn(A),  [lonllwera) < eN7 [lonllwraay, (5.1)
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for a convenient exponent v when the space WZ2P(A) is contained in the space
WEa(A), or in the case of critical exponents. In view of Theorem 1.7.2, the following
assumption is natural

~
|
Q=
VAN
»

1
P
and (5.2)

t— <s—2-

S
D =

1
q

We already know such inverse inequalities in certain particular cases: For a fixed
a > —%, if ¢ and s denote two real numbers, 0 <t < s, and p and ¢ are such that
1 < g <p< o0, werecall from (2.1) and (4.3) the next inequalities

N2+ (-3

1
Von € PN(A),  lenllrem) <c ) lenllza(ays

and
Vion € Py(A), H@NHW@PM)f§CAﬂ®_0”¢N”W5%AY

We now prove that inverse inequalities (5.1) hold in the case when ¢ is < p with
the exponent v equal to twice the difference between the “Sobolev characteristic

exponents” of the two spaces, i.e. 2((3 —e_Ly_(- i %)) We treat separately

the cases @ > 0 and a < 0, since in the latter case, we need a stronger assumption
on t and s.

Theorem 5.1. Let o be a real number > 0 and p and q be such that 1 < g < p < .
For any nonnegative real numberst and s, t < s, any polynomial o in Py (A) satisfies

1

s— « 11
lonllwgray < e N2ETOFEEVGETD on |y (5-3)

PROOF. Since (5.3) is already proven when p = ¢, we may assume that ¢ < p. We first
note that, as consequences of the assumptions, the inequalities in (5.2) are strictly
satisfied. Thus it is possible to find two real numbers ¢’ and s’ such that:

t<t, §<s &<t (5.4)
1 1 1
N N N A7) \{ (5.5)
a q p P pp
1 1
s - =<t — - (5.6)
p q

Indeed, (5.4) and (5.5) are compatible due to the inequality ¢ — ¢ — % <s—3— %

(5.6) is a consequence of (5.5) because a is > 0. Since p is > ¢, these three conditions

and
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on t' and s’ infer that, by application of Theorem 1.7.2, the following imbedding
holds: , /
WL 9(A) C WEP(A).

Then applying twice the inequality (4.3), we obtain for any ¢y in Py (A),

2 _ ’
lowlwerea) < €N o ey,

< CNz(S_S )HSONHW;’,q(A)

< cN2(3_3')N2(t’—t)H90NHWt’Q(A)-

Finally equation (5.5) yields that s —s' +t' — ¢ is equal to (s — t) + (o + 1)(% - %),
whence the result.

Theorem 5.2. Let o be a real number, —% < a < 0, and p and q be such that
1 < g < p < oo. For any nonnegative real numbers t and s, t < [s]|, any polynomial

on in Py (A) satisfies the inverse estimate (5.3).

PROOF. The result follows by applying twice the basic inequalities (4.3) and once
(2.1), i.e.

lonliwereay < e N2 EDllon i)

< ¢ N2([sD) Nz(aﬂ)(%_%)||90N||W[51»Q(A)

< e N2e=lD NG5 N2ED gy [0y

When ¢ is > p, we are only able to treat the non-weighted spaces (o« = 0). The
formula giving the exponent of N in (5.3) is no more valid in this case. This can be
seen in the fundamental situation above.

Lemma 5.3. Any polynomial ¢y in Py(A) satisfies

lenllwriay < e N flenllzea)- (5.7)

In Section 7, it is checked that this estimate is optimal. However, the formula
of the exponent of N in (5.3) would have given 0. Note also that, although we are in
a limit case, W1 1(A) is contained in L>(A).

PROOF. Let ¢y be in Py (A), and let (3, ..., (, denote the zeros of ¢/, which are in
A. Then n is < N. Setting (s = —1 and (,+1 = 1, we have

n Cit1 n
/ PN ()l d¢ =) }/ PN (Q) d¢] =D lon(Gi) — en(Civ)l
A i=0 Gi 1=0
<2(n+1) lonllze (),
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which proves the lemma.

Theorem 5.4. Let p and q be such that 1 < p < q < co. For any nonnegative real
numbers t and s, t < [s] — 1, any polynomial ¢ in Py (A) satisfies

1

lowllwesay < e N0 lon weaga). (5.8)

PrROOF. We begin with the case when t = 0 and s = 1. We use an interpolation
argument between the estimate Wh1(A) — L>°(A) and the estimate WH"(A) —
L"(A) for a convenient r. Indeed, setting

1 1
f=14+-——- and r =0q,
qa P

we note that € and r are such that 0 < # <1 and 1 <r < oo. Moreover, we have
[LY(A),L"(A)]g = LP(A) and [L*®(A),L"(A)]s = LI(A).

The application f +— (L% f)" introduced in (3.1) is continuous from L>°(A) into
LY(A) with a norm < ¢ N (see Lemma 5.3) and is continuous from L"(A) into L"(A)
with a norm < ¢N? (see Propositions 3.2 et 3.3). We deduce by interpolating that

the same application is continuous from L9(A) into LP(A) with a norm < ¢ N1*9,
ie. < ¢ N**s~%. This proves the theorem when ¢ = 0 and s = 1, and this result

obviously extends to the case where s is an integer and ¢ is equal to s — 1.
We treat the general case by applying twice the basic inequalities (4.3) and once the
estimate (5.8) in the above case (for the exponents [s] — 1 and [s]), which gives

lonllweray < e N2 lon ey,

1

< ¢ N2(s=ls) N2+(57%)||90N”W[s]—1»q(A)
1

< ¢ N2~ 1D N2 (G —3) N2(sl-1-0) lonllweaay:

This concludes the proof of the theorem.

6. Inverse inequalities with different orders and weights.

For simplicity, we only consider the case of exponent p = 2 and try to compare
the norms of a polynomial in L2(A) and L3(A), a # 3. The proof of the first
statement relies on the formula, see [11, form. (19.11)]

n+2a+1 _, n+aoa .,

2 2 HNJY = ——— -
(n+ a+)n n+a+1 n+1 n—|—2a n—1

(6.1)
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Proposition 6.1. Let a be a real number > —1 . Any polynomial ¢y in Py(A)
satisfies

lenllzz ) < eNllenlizz o) (6.2)

PROOF. Writing the expansion oy = 25:0 o™ JoTL | we have

[N

N
lowllz, = (@2 17242, )

n=0

On the other hand, we obtain by a Cauchy—Schwarz inequality

N
lenlizzay < e D™l TatH e a)
n=0
- n\2 || Ta412 e H']T?HH%?X(A) 3
< (Z(@ ) H']n HLi_H(A)) <Z ||Ja+1||2 ) ’
n=0 n=0 n L2+1(A)
whence
NI T ) 3
lewllzzw < lewlizz, o (X marme )
2R

To evaluate this last quantity, we derive from formulas (1.9) and (6.1) that

2 2
SR L R < VI
n+2a+ 2 n+2a+20§2m§n
with
) Fn+a+2)T'(n—2m+2a+2) (2(n—2m)+2a+1)(n —2m+a+1)
n—2m — .

I'(n—2m+a+2)'(n+2a+2) n—2m+2a+1

Recalling that || J£][12 (a) behaves like n~2 thus gives that |75 | 12 () is bounded
independently of n, whence

TR 1 2 ()

+112 —
EEETPN

Inserting this into the previous formula leads to the desired result.

The following result is now derived via an interpolation argument.
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Corollary 6.2. Let o and (3 be two real numbers, o > —1 and > 0, with a < (3.
Any polynomial ¢ in Py (A) satisfies

lonllzz a) < CNB_Q||SON||L§(A)- (6.3)

PROOF. When —« is < 1, we use the following interpolation argument: The identity
operator is continuous from the space Py (A) provided with the norm of L3(A) into
L%(A) with norm 1 and into L%_l with norm < ¢ N as a consequence of Proposition
6.1, hence from this same space into L%_/\(A) with norm < ¢ N> for 0 < X < 1.
Taking o = 3 — X gives the desired result. When g — «a is > 1, we obtain by iterating
inequality (6.2)

lenllrz a) < CNkHSDNHLiHC(A)?

and combining this with the previous result leads to the desired estimate.

Of course, the previous inequality still holds with « > —2 and 8 > —1, for
polynomials ¢y vanishing in +1, with @ > —3 and 8 > —2, for polynomials ¢y
vanishing in +1 together with their first derivative, and so on.

In a second step, we prove the inverse inequality related to Hardy’s inequalities
(I.3.6) and (1.3.7), see Lemma 1.3.2. The next property plays a key role in the
derivation of optimal approximation properties for the interpolation operator at the
Gauss-Lobatto nodes, see [11, §21] for instance.

Proposition 6.3. Let a be a real number > —1 . Any polynomial ¢n in Px(A)
satisfies

/
lonllzz

) < eNllpnllzz a)- (6.4)

PROOF. By writing the expansion ¢y = erj:o ©" J& we have

(Sl

N
lenllzz o = (@2 15 13a0m)

n=0
and, thanks to the differential equation (1.8),

N
HSOINHLiH(A) = (Z(@H)Q n(n+2a+1) HJSH%g(A))

n=0

NI

This gives the desired result.

It can be noted that this inequality is much better than (3.3), in the sense that
the equivalence of norms hold with a constant times N instead of N2. It is readily
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1
checked that the constant ¢ in (6.4) is equal to (2(a + 1)) and also, by taking ¢
equal to J§, that the power 1 of N in (6.4) is optimal.

Another consequence of (6.4) is that, for all 5 > a + 1, and for any polynomial
PN in ]P)N(A),
||<P/N||L§(A) < cNllenllzza), (6.5)

and this inequality is also optimal, as can be proved by also taking ¢n equal to J§
and computing [|JY|| 2 () (this calculus is rather simple in the case a = 0). We

conclude with a more general result.

Corollary 6.4. Let o and (8 be two real numbers, o« > —1 and (3 > 0, and let k and
m be two nonnegative integers with k > m. Any polynomial ¢y in Py (A) satisfies

lon |l mxay < ¢ N2Emm)—min{a=fk=m} lonlmma)- (6.6)

PROOF. By applying inequality (6.3) to the derivatives of ¢, we derive the following
inequality for any integer s > 0 and a < 3

Von € Pn(A),  [lonllas @) < CNB_O‘HSDNHHE(A), (6.7)

and the same inequality when s is a nonnegative real number is then easily proved
by an interpolation argument relying on Corollary 2.4. Inequality (6.7), combined
with (4.3), yields (6.6) when « is < f3, since a — 3 is < k — m in this case.

The proof when « is > (3 relies on the following arguments:

1) In the case § < a < f+ 1, we obtain by combining (6.3) and (6.4)

I L2 (a) < e NPHI= lenllzz, ) < ¢ NHP-e lenllzz a)-

2) Applying this result to the derivatives of ¢ up to the order m and using its
analogue k —m times iteratively gives (6.6) when o — 3 is < k —m. Then, using (6.5)
allows for handling the case where o — (3 is > k — m.

To conclude, we observe that, thanks to an interpolation argument relying on
Corollary 2.4, inequality (6.6) is still valid with & and m replaced with nonnegative
real numbers s and ¢, with s > ¢,

(i) either when o — 3 is nonpositive,
(ii) or when s — ¢ is an integer,
(iii) or when s and ¢ satisfy [s] > [t] + 1 and

a—fF<[s]=[]-1 or a-F=[s|-[t]+1,

(indeed, when this last condition is not satisfied, we can only prove the estimate with
a slightly larger power of N).

So it is likely that estimate (6.6) holds for all s and ¢, s > ¢, however the interpolation
theory does not seem sufficient to prove this result in all cases.
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7. Optimality.

We now prove that certain basic inverse inequalities that we have just stated
are unimprovable, namely estimate (2.1) for (p,q) = (2,1) and for (p,q) = (+00,2),
estimate (4.3) for (s,t) = (1,0) and p = 1,2, 00, and estimates (5.7) and (6.2)

To check this optimality, we determine the asymptotic behaviour of different
norms of the Jacobi polynomials J§ and of their first and second derivatives. For
the evaluation of the norms in L. (A), we rely on the following result of Szego [30,

form. (7.34.1)]:

N-1/2 if o <28+ 2
||J]%]”Lé(A) a N~2logN ifa =28+ 3 when N — +oo. (7.1)
Na—26-2 if o >23+ 32

For the norm of LS°(A), we rely on (1.7) while, for the norm of L2(A), we use (1.6).
All this can be combined with Lemma 1.2 and a further argument for estimating the
first and second derivatives.

For simplicity, in the following tables, we omit the A in the norms. Table 7.1
gives asymptotic behaviours when N — +o0.
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o
=
-4,
|5l - l
: 2
—— ] 5,51
N—1/2 %
T N-1/2 —
- — N-1/2 2
- N—1/2
- N—1/2 N—1/2
NHL%; N-1/2 N—1/2 N
. —1/2
- : — log N No—2
I,00 N« —
. N—1/2
[Tl : -
Lt ! |
1 | NY/?log N :
N1/2 .
HJO” N1/2 N«
&z N1/2 -
N1/2 N1/2
| N1/2 |
I8l 22 = -
N X
[ TR o N : Na
a+2 !
Na+2 :
18" - |
ey N2« N
N2_a Na+2
|| JO‘ 1 N3/2 10 Na+2
Nl N3/210 - .
g N
Na+2 N3/2
“JX[TH No+2 N3/2
HL?X N3 Na—|—2
N3 Na+2
[N || Lo . -
Na+4 N3
Na+4 N3
||J]%]/// Na+4 N3
“L}l N4_a Na—|—4
N4_a Na+4
N4_a Na—|—4
N4—a
N°/2log N
T:
able 7.1 -
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The results given in Tables 7.2, 7.3 and 7.4 are deduced from Table 7.1.

They

concern the asymptotic behaviour when N — +o0 of different ratios between couples
of norms. For Table 7.2, the upper bound which appears in formula (2.1) is N**1

1 11 1 13 3 3 5
o —3 =231 2 23 3 B
Oé//
TN "2z s 5 5 3
i O”'ll Netl Notl Nzlog 'N Nz Nz Nz
Ll
I T8 || Lo
Na—l—l Na—i—l Na—l—l Na—i—l Na—l—l Na—i—l
| “"Hm
Table 7.2
For Table 7.3, the upper bound which appears in formula (4.3) is N2.
1 11 1 13 3 3 5
o —3 =323 2 IEA 3 A
I ]%//”W;J 9 9 21 —1 5
1757 N N N-log "N N2~ Nlog N N
L,
ol
MQ N2 N2 N2 N2 N2 N2
175" | 2
i~ . . ., . .
[ TR o
Table 7.3

For Table 7.4, the upper bound which appears in formula (5.7) is N.
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N[+
N[ —
N[ —
N~
N
[\] [V
N
N
DOt

[ T5 llwa ,

— N N3 log N 1 1 1
[Nl zee

1R oo

IR e

Table 7.4

To conclude, we observe that, even if all previous inequalities are optimal, com-
bining them does not necessarily lead to an optimal result. For instance, we derive
from Proposition 2.1, Lemma 5.3 and formula (2.1) that, for all ¢ in Px(A),

lenllaray < eNllenllwiiay < ¢ N lonllen) < ¢ NP lonllczay,
while the optimal inequality, stated in Proposition 3.2, reads
lonllaray < eN? lonlle -

In contrast, if ¢ vanishes in 1, we derive from Propositions 6.3 and 6.1 the optimal
inequality
lonllmray < eNllenlle @) <€ NZ llonllz2(a)-

This last inequality brings to light the importance of using weights when working
with polynomials, which seems coherent with the differential equation (1.8).
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