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Venancio Alvarez, Domingo Pestana*, José M. Rodriguez*, Elena Romera*
Abstract

In this paper we present a definition of weighted Sobolev spaces on curves and find general conditions
under which the spaces are complete for non closed compact curves. We also prove the density of the
polynomials in these spaces and, finally, we find conditions under which the multiplication operator is
bounded in the space of polynomials.

1. Introduction.

In very different areas of mathematics ranging from the partial differential equations to approximation
theory we find the topic of weighted Sobolev spaces (see e.g. [HKM], [K], [Ku], [KO], [KS] and [T]). Some
particular cases of Sobolev spaces with respect to measures instead of weights are studied in [ELW1], [EL]
and [ELW2], where we find some examples of Sobolev spaces related to ordinary differential equations and
Sobolev orthogonal polynomials. We presented a very deep study of Sobolev spaces with respect to general
measures in the real line in the papers [RARP1], [RARP2], [R1], [R2] and [R3]. Now we are interested in
Sobolev spaces with respect to general measures along curves in the complex plane.

What we understand by a Sobolev norm on a Borel set E C C is the following: for u = (po,. .., )
a vectorial Borel measure in E, the Sobolev norm in W*P?(E, 1) of a function f which is holomorphic on a
neighbourhood of E is defined by

k . 1/p
Hf||W’“vP(E7u) = (Z ||f(])||1£p(E,m)) ’
§=0

Sobolev orthogonal polynomials on the unit circle and, more generally, on curves is a topic of recent and
increasing interest in approximation theory; see, for example, [CM] and [FMP] (for the unit circle) and
[BFM] and [M-F] (for the case of Jordan curves). If E = ~y is a simple and locally absolutely continuous
curve, it is clear that the set of holomorphic functions whose norm in W*P(v, ;1) is finite is not a Banach
space except when the support of p is finite. In order to obtain a complete space we have to deal with
functions which are not holomorphic. Consequently, we need to define f) when f is not holomorphic; the
precise definition is presented in Section 2. In this context we talk about a Sobolev norm although it can be
a seminorm; if this were the case we would take equivalence classes, as usual. When every polynomial has
finite W*P(y, u)-norm, we denote by P*P(v, 1) the completion of polynomials with that norm.

The zeroes of the Sobolev orthogonal polynomials with respect to the scalar product in W*2 (v, 1) have
been studied in [LP] in the case of a segment on the real line. There it is proved that they are contained
in the disk {z € C : |z| < 2||[M||}, where (M f)(x) = x f(x) is the multiplication operator, considered
in the space P*2([a,b], ). Consequently, the set of the zeroes of the Sobolev orthogonal polynomials is
bounded if the multiplication operator is bounded. The location of these zeroes allows one to obtain results
on the asymptotic behaviour of Sobolev orthogonal polynomials (see [LP]). In [LP] they prove something
more when they consider only sequentially dominated measures, i.e. measures such that #supp g = o
and dp; = fjdp;—1 with f; bounded for 1 < j < k. They prove that if i is a finite sequentially dominated
measure in [a, b], then M is a bounded operator on P¥:2([a, ], 1). Recently, these results have been improved
for measures on compact sets in C (see [LPP)).

It is not difficult to see that the multiplication operator can also be bounded when the vectorial measure
is not sequentially dominated. In Section 8 below other conditions are given in order to have the boundedness
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of M even on compact sets in C. In [R1] one of the authors obtains a characterization of the boundedness
of the operator M for measures in R. Also, in Section 8 (see Theorem 8.1 below) this result is generalized
for measures on compact sets in C; therefore this theorem is useful in the study of orthogonal polynomials.

Though we do not have yet the definitions, we state the main theorems here. The results are numbered
according to the section where they are proved. The first one gives a sufficient condition under which one
obtains a complete Sobolev space. The condition is a bit technical although it is very general, so we prefer
to state the theorem in a short version where this condition is denoted by: (v, ) € C. The definition of the
class C is in Section 4, Definition 4.2. The theorem is as follows:

Theorem 5.1. Let us consider 1 <p < oo and p = (po,- .., ) a p-admissible vectorial measure in vy with
(7, 1) € C. Then the Sobolev space W*P (v, 1) is complete.

Our main result on the density of polynomials in these spaces is Theorem 6.2. Now, the conditions we
need are more restrictive than in Theorem 5.1, but we have found five general types of measures for which it
is true. We simply name them by types 1, 2, 3, 4 and 5 and the definitions are in Section 6. These measures
include the most usual examples like Jacobi-type weights (that are measures of type 2).

Theorem 6.2. Let us consider 1 < p < oo and u = (po, ..., k) @ p-admissible vectorial measure in a
non-closed compact curve vy : I — C. Assume that v' € WE=1°(I) if k > 2. If u is a measure of type
1,2,3,4 or 5, then P is dense in the Sobolev space WP (y, ).

The last result we present here is Theorem 8.1. It gives a necessary and sufficient condition so that the
multiplication operator is bounded on the space P*? (E, p). The kind of measures that appear here, ESD,
is a generalization of sequentially dominated measures. The definition is in Section 5, Definition 5.1.

Theorem 8.1. Let us consider 1 <p < oo and p = (po, ..., k) @ finite vectorial measure in a compact set
E. Then, the multiplication operator is bounded in P¥P(E, ) if and only if there exists a vectorial measure
W € ESD such that the Sobolev norms in W*P(E, i) and W*P(E, ') are comparable on P. Furthermore,
we can choose p' = (g, . . ., py,) with W} i= pj + prji1 + - + pig.

We also answer (see Theorem 4.1) to the following main question: when the evaluation functional of f
(or f)) in a point is a bounded operator in W*P(y, u)?

We also obtain results which partially generalize the classical result on density of polynomials in L? of
the unit circle to the context of Sobolev spaces (see Section 7).

Notation. We only consider simple curves which have a locally absolutely continuous parametrization. In
the paper k£ > 1 denotes a fixed natural number; z; are points along a curve v C C. All the measures we
consider are Borel and positive, and all the weights are non-negative Borel measurable functions. We can
split p; as dpj = d(pj)s + wj ds, where (u;)s is singular with respect to the arc-length measure, w; is a
weight on v and ds is the differential of arc-length. We always use this terminology for the Radon-Nikodym
decomposition of 11;. We identify a weight w on  with the measure wds. We denote by supp v the support
of the measure v. If A is a Borel set in v, [A], x4, A, intA and #A denote, respectively, the length, the
characteristic function, the closure, the interior and the cardinality of A (the interior and the closure of A
are considered in the relative topology in 7). P and P, denote, respectively, the set of all polynomials and
the set of polynomials with degree less than or equal to n.

If v : I — Cis anon-closed curve and tg € I, by a right (respectively, left) neighbourhood of zy = v(t)
in v we mean the image by v of [tg,to + €] (respectively, [to — €, tg]) for some € > 0. If ¢y is the maximum
(respectively, minimum) of I we also have left (respectively, right) neighbourhoods of (o).

If y: I — C is a closed curve and ty € I, we can consider its periodic extension 75 : R — C, and
define left and right neigbourhoods of v(¢y) in a similar way.

Finally, the constants (denoted by ¢ or ¢;) in the formulae can change from line to line and even in the
same line.

The outline of the paper is as follows. Sections 2, 3 and 4 contain the definitions and some technical
results we need. In sections 5, 6 and 7 we prove respectively the results on completeness, density and density
in closed curves. We prove the results on the multiplication operator in Section 8.
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2. Derivatives along curves.

In this section we introduce a definition of derivative along a curve extending the usual complex deriva-
tive, which will be crucial in the future. As far as we know this concept is new. Recall that every curve is
simple and has a locally absolutely continuous parametrization.

Definition 2.1. a) Let I C R be any interval and v : I — C be a curve. If z1, 29 are two distinct points
of v(I), we denote by f:’ 9({)d¢ the complex integral of the function g along the arc of v joining z; and
zo, (which we denote by [z1, z2]). We also can consider arcs where one or the two extremal points are not
included, as (z1,22),[21,22) or (z1,22]. If v is a closed curve we take the arc of v joining z1 and z2 in the
positive sense (according to the parametrization).

b) Let 2y be a fived point in ~. If v is compact we say that f € AC*(v) if f can be written as

z y— k—1
(2.1) 16 =g+ [ o E 0 ac

20

for some h € L(v,ds) and some polynomial ¢ € Py_1. If v is a closed curve we require also the function

h € LY(v,ds) to verify f h(¢) ¢t d¢ =0, for 0 <i < k. When v is not compact, we say that f € ACE (v) if
it can be split as in (2. 1) with h € Li _(v,ds).
) If f € ACE () and zy € v, we define its derivative f' along v as

z o ()2
FE=d@+ [ ae <(k<>2)!d<,

Z0

where ¢'(z) means the classical derivative of q(z) and f — )7/ (=1)1d¢ means h(z).

Obviously, if v is a compact real interval, the space ACI( ) is the set of absolutely continuous functions
in 7. If v is a closed curve and f € AC*(v), we have f,y h(¢) (z—¢)k~td¢ = 0 for every z € . This property

is equivalent to f) being continuous in v for 0 < j < k, where fU) denotes the j-th derivative (according
to the previous definition) of f.

We also notice that it is natural to define the derivative along - in this way, since this is the “inverse”
of integration:

//h dcdg //h (S Ck)Qdde

- [ "o [w = o Edrac,

Remark. Observe that if f is holomorphic in a region containing ~, then f’ is the usual complex derivative
of f at almost every point of ~.

Next, we prove that the definition of derivative is independent of the representation of f we are using.
Without loss of generality we can assume that 7/ # 0 almost everywhere since the definition of f’ does not
depend on the parametrization. In fact, we shall see that the representation is unique. Let us suppose that

f(2) = q(2) + Hi(2) = r(2) + Gr(2),

where ¢(z) and r(z) are polynomials with degree at most k — 1 and

z P k—1 z y— k—1
Hk(z):/ h(g)((kf)l)!dc, Gk(z)=/zo g(C)((k_C)l)!dC
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We want to see that ¢ = r and g = h. Observe that
: (z =
—h ————d{=(q— .
[ om0 Gt ac= =)
We proceed now by induction. Let us denote v = g — h. For k = 1, the function V(z) = fZZO v(¢)dC is

constant. It follows that fttf v(y(t)) ¥ (t)dt = 0 for all t1,t2 € I and this implies that v(y(t)) = 0 almost
everywhere in I. Therefore v =0, i.e., g =h and ¢ = 7.

Suppose now that
/ v(¢) @ d¢

n!

is a polynomial of degree at most n if and only if v = 0, and consider the function V' € P,,;; defined by

z P n+1
Vi(z) = / v(¢) ((nf)l)' dac.
If 2o = v(to), z =v(T), then
T _ n+1
W)= Vo) = [ ooy DD g an,

and therefore . .
Vi) (@) = W) = [ o) SOy @ ar,
As v/ # 0 almost everywhere it follows that
vie) = [ oo a

almost everywhere and so everywhere by continuity. Since V' € P,,, the induction hypothesis implies that
v =0.

We need to prove now that this definition does not depend on the choice of the point zg. To see this,
let us denote
= Q!

M) = [ 0 S ac.

If z; is another point in ~y, then

o )1
(2.2) Hin (2 / W ) d<+/ h(¢ (,ff”)dc Qu(2) + Hios(2).
where Qf € Px_1. Observe that (2.2) is true for a closed curve v since then fv h(¢)(z—¢)*~1d¢ = 0 for every
z € . Consequently, Hy . = Q) + H_,; . Therefore, in what follows, we can assume that zo is arbitrary
but fixed.

Finally, we need also to prove that our definition does not depend on k. Indeed, we shall show that if

f € ACE (v) then f € AC{ () and the corresponding definitions of derivative along 7 coincide. Let us
suppose that

SN o N TS

f(z) =a(z) + h(C)WdC and  f(z) =Q(2) + H(C)Wdﬁ

= ! !
with ¢ € P,_; and Q € Pr_2. Then we can write ¢(z) = qo(2) + ¢(z — zo)’c 1/(k —1)! with g9 € Py_2 and
therefore, integrating by parts in the first integral,

(- (-

B CE AR S T

¢
dv = h(C) de, v(<>=/ h(E)de + .,

Z0

and so



)k—l

Z—Ck_l =z z Z_C k—2
* [((k—)l)! () +/ZO v(©) ((k—)2)! d

(=20

zZ— 20

(k—1)!

z o )k2
= ao(2)+ [ o(0) St ac.

F(2) = ao(z) + £ &

This means, by the unicity of the representation for the same k, that go = @ and v = H. On the other hand,
integrating by parts again, we have that

5 o Yk2 z o C)h2
=g+ ¢ e [ o S
z P k—3
= ao(e)+ [ o0 e ac

The proof of the following three results is trivial.
Lemma 2.1. If f,g € ACE _(v) and o, 8 € C, then af + B9 € ACE (7).

Lemma 2.2. f € ACE (v) if and only if the j-th derivative fY9) along v belongs to AC{Z;j ().
Lemma 2.3. If f € ACE () and 29 € v, then

2 P
16 =a+ [ w0 e,

where q(z) is the (k — 1)-th Taylor polynomial of f centered at z, i.e.,

=12y, ,
q(z) = Z fj('()) (z — 20)7, and h(z) = f(k)(z) .
=0

Definition 2.2. We say that f € C*(v) if f € ACF () and f*) is continuous in .
Next, we study Leibniz’ rule.
Lemma 2.4. If F,G € ACL (v) then FG € ACL () and (FG) = F'G + FG'.

Proof. We can write
F) = Fleo)+ [ 5@, G =G+ [ glc)dc.
20 20
where f,g € LL (v, ds) and z, 29 € 7, but,

23 FEOE) = Fe) G+ [ (Fleal€) + 6l 1©) o+ ([ 56rac) ([ at0rac)

and applying Fubini’s Theorem we get

([ s0) ([ a0w)= [ [ resacic

:/Z:/ij(@g(odcdu/Z:/;ﬂg)g(odw&

:/Z:/Z:f(g)g(C)dCdf+/Z:/z§f(§)g(C)d€dC
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z I3 z ¢
- / / F(€)g(C)dC de + / / £(6) g(¢) de de
- / TF(©) (G(6) — Cla0) de + / 90 (F(O) — F(z0)) d¢

This and (2.3) give
F(2) G(2) = F(20) G(20) +/ (F(¢)9(0) +G(¢) (<)) e,
with Fg+ Gf € LL (7, ds), i.e., FG € ACL .(7) and (FG)' = F'G + FG' almost everywhere in +.
Proceeding inductively we obtain that if F, G € ACE () then (FG)*~1) € ACL () which implies that
FG € ACE (v), that is

loc

Lemma 2.5. Let F,G € ACE (7). Then FG € ACE () and verifies Leibniz’ rule, i.e.,

k
(FQ)®H =3 (k> FO) U5

i=o M

Lemma 2.6. Let us consider v : I — C with ' # 0 almost everywhere. Then f € ACL (v) if and only if
foy€ ACL (I). Furthermore, if f € ACL_ () we have

loc

%f(w(t)) = f'(v(t) Y (t), for almost every t € I.

Proof. If f € ACL_(v) we obtain directly f o~y € ACioc(I). Fix now ty € I. If fory € ACioc(I) then
d(fov)/dt € L .(I) and so

loc

F0) = 1ot + | s L () Y @ dr,
for every t € I. Therefore, for every z € v,
? . 1 d 1
50 = ft)+ [ mQdc, it 10 = (5 £ 60)670)

Finally, let us introduce our last concept on derivatives:

Definition 2.3. We define the D-derivative of a function g in I, as

Dlgl(t) = .

It is natural to ask what functions belong to the class AC’{f)C('y). The following results answer this
question if v is smooth enough.

and D¥ = DF1o6D.

k(1) and v # 0 in I. Then f € ACE () if and only if
fo~y e ACE (I). Furthermore, if f € ACE () we have

(2.4) DI[f or](t) = fD ((t)) for 1 < j <k and almost every t € I.
Proof. Assume that f o~y e ACF

loc

Lemma 2.7. Let us suppose that v € ACF

(I) and fix tg € I. Lemma 2.6 gives
t

fOv(@®) = f(v(to)) + | DIf orl(m) Y (7)dr.

Integrating by parts, we have, for 1 < j < k, that 0
' CTORC
/to D[t o)) L2~ (r) ar
= il oaltte) LI [ pisagoayir) TOZ2OE iy ar.

Consequently we obtain



T k—1
ZODJ oty ) =70 /DkfM ) DOy

Then f € ACE .(v) and we have (2.4).

Assume now that f € ACE (). We prove (2.4) by induction in j. Lemma 2.6 gives D[fov](t) = f'(v(t)).
Assume that D?[f o ~](t) = £ (y(t)) for some j (1 < j < k). Since f9) € ACL_(v) we have by Lemma 2.6
that ) (5(t)) = DI[f 0](t) € AC}(I) and

S(DILF on)(0) = I 0) ().

Therefore DI [f 04](t) = fUTV (y(t)). This gives (2.4). Now it is immediate that
(o)D) QL o)y (FoND,y 2 V()
v (t)F1 ()21 ;

where @ is a polynomial. Since f*~1 € ACL (v), Lemma 2.6 gives D=1 [for|(t) = fE~D(y(t)) € ACL (I).
This fact and (2.5) give (f oy)*~1 € ACL (I).

Corollary 2.1. Assume that v € C*¥(I) and ¥' # 0 in I. Then f € C*(v) if and only if f oy € C*(I).

(2.5) DM [for(t) =

3. Sobolev spaces.

Obviously one of our main problems is to define the space W#? (v, 1). There are two natural definitions:
(1) Wk2(y, 1) is the biggest space of (classes of) functions f regular enough with || f|lye.s () < 0.
(2) WkP (v, ) is the closure of a good set of functions (e.g. C°°(y) or P) with the norm || - [lyyr.n(y,)-

However both approaches have serious difficulties:

We consider first the approach (1). It is clear that the derivatives 9 must be derivatives along -y
in order to obtain a complete Sobolev space. Therefore we need to restrict the measures p to a class of
p-admissible measures (see Definition 3.6). Roughly speaking, p is p-admissible if (y;)s, for 1 < j < k,
is concentrated in the set of points where f() is continuous, for every function f of the space; otherwise
£ is determined, up to zero-Lebesgue measure sets. Then (uy), is identically zero. However, there is no
restriction on the support of (po)s-

This reasonable approach excludes norms appearing in the theory of Sobolev orthogonal polynomials.
Even if we work with the simpler case of the weighted Sobolev spaces W*(~, w) (measures without singular
part) we must impose the condition that w; belongs to the class B, (see Definition 3.2 below) in order to
have a complete weighted Sobolev space (see e. g. [KO]).

The approach (2) is simpler: we know that the completion of every normed space exists (e.g. (C* (%), ||-
lwereiy,m) o (Bl - lwkr(y,m)), but we have two difficulties. The first one is evident: we do not get an
explicit description of the Sobolev functions as in (1) (in Section 6 there are several theorems which prove
that both definitions of Sobolev space are the same for p-admissible measures). The second problem is worse:
The completion of a normed space is by definition a set of equivalence classes of Cauchy sequences. In many
cases this completion is not a function space (see Theorem 3.1 in [R1] and its Remark).

However, since we need to work with the multiplication operator in P¥? (v, 1), we have to choose this
second approach if u is not p-admissible. First of all, we explain the definition of generalized Sobolev space
on a curve. Let us start with some preliminary technical definitions.

Definition 3.1. We say that two functions u,v are comparable on the set A C -y if there are positive constants
c1,¢2 such that civ(z) < u(z) < cou(x) for almost every x € A. Since measures and norms are functions
on measurable sets and vectors, respectively, we can talk about comparable measures and comparable norms.
We say that two vectorial weights or vectorial measures are comparable if each component is comparable.

In what follows, the symbol a < b means that a and b are comparable for a and b functions, measures
Or norms.



Obviously, the spaces LP(A, ) and LP(A,v) are the same and have comparable norms if u and v are
comparable on A. Therefore, in order to obtain our results we can replace a measure pu by any comparable
measure V.

To define a Sobolev space along a curve v we consider first a class of weights which plays an important
role in our results.

Definition 3.2. If 1 < p < co, we say that a weight w belongs to By([z1, 22]) if and only if

L e LYY (2, 2)) if p < oo,
wt € LY([z1, 22)) if p=o0.

Also, if J is any arc of v we say that w € By(J) if w € By(Jy) for every compact arc Jo C J. We say that
a weight belongs to By(J), where J is a union of disjoint arcs UjcaJ;, if it belongs to B,(J;), fori e A.

If the curve v is R, then B,(R) contains the classical A,(R) weights appearing in Harmonic Analysis
(see [Mul] or [GR]). The classes B,(©2), with @ C R", and A,(R"™) (1 < p < o0) have been used in other
definitions of weighted Sobolev spaces on R™ in [KO] and [K] respectively.
Definition 3.3. Let us consider 1 < p < oo and a vectorial measure p = (po, ..., pr) defined on the curve
v. For 0 < j <k we define the open set

Q= {z € 7 : 3 an open neighbourhood V' of z on the curve v with w; € By(V) } .

Remark. Observe that we always have w; € B,(€2;) for any 1 < p < oo and 0 < j < k. In fact, Q; is the
greatest open set U with w; € B,(U). Obviously, §2; depends on p and p, although p and g do not appear
explicitly in the symbol ;. Applying Holder inequality it is easy to check that if f () e P (Q;,w;) with
1 <j <k, then f9) € LL (Q;) and fU=Y € ACL ().

The following definitions also depend on p and p, although p and p do not appear explicitly.

Let us consider 1 < p < oo, a vectorial measure u = (ug,...,ur) and zg € . We can modify the
measure g in a neighbourhood of zg, using the following version of Muckenhoupt inequality in curves. This
modified measure is equivalent in some sense to the original one (see Theorem 4.1).

Theorem 3.1. (Muckenhoupt inequality in curves.) Let us consider 1 < p < oo, [20,21] C v and po, 1
measures in (2o, 21 ]. Assume also (po)s =0 zfp 0o. Then there exists a positive constant ¢ such that
<c HgHLP((Zo721]7#1) ’

z1
(3:1) P((20,21], 1o)

for any measurable function g in (zo, z1], zf and only if

sup MO((Z()aC]) Hw1_1||L1/(p—l)([< 21]) < o0, Zf 1 S p < o0,
¢€(z0,21) ’
(3.2) 21 . '
ess sup wn() [ wn (€)1 lde] <0, ifp=cx.
¢€(z0,21) ¢

where ess sup refers to the arc-length.

Remark. This inequality is already known if + is contained in the real line (see [Mu2], [M, p.44] for
1 < p < oo, and [RARP1, Lemma 3.2] for p = o0).

Proof. We only deal with the case 1 < p < oo; the cases p = 1 and p = oo are similar. Consider the
arc-length parametrization 7 : [a, b] — [z0, 21]-

We prove first that (3.2) implies (3.1). We can define measures u, 1 in (a,b] as follows: pf(D) =
wi(y(D)) for any Borel subset D of (a,b] and for ¢ = 0,1. Consequently, f;lz fdu; = f;(f o~y)duf for any
f € L'(v, u;). Note that wi, the absolutely continuous part of uj, is equal to w; o almost everywhere,
since |7/| = 1 almost everywhere. By condition (3.2) we have

S?pb) MS((avtDH(’wf)il||L1/<p—1>([t,b]) < 00,

since w¥ = w; o~ and |7/| = 1 almost everywhere. Muckenhoupt inequality in the real line gives
1 0 0 Yy p q y g

| [ weoner]

SC gory o £,
L7 ((ad], ug) | lze (@b, up)



for any measurable function g defined in (zo,z1]. This inequality and the facts [|g o V[|Lr((ab), ur) =
||gHLp((Z(]721L/J‘1) and

YRGE

7v(b)
- d ’
L?((20,21], o) H/ (t) 9(¢)de Lr((a,b], ng)

_ H/t 9(7(7))7/(7)617‘LP((a,bMS) < H/tb l9(v(7))
give (3.1).

Assume now (3.1). Fix ¢ € (20, 21) and consider the function g in (zg, 21 ] defined by

)

Lr((a,b], ng)

—1/(p—1)

9(2) == wi(2) Xieapya (D)7 (77H(2))

if wy € Bp((20,#1]), where A is a set of zero length in (29,21] with (u1)s concentrated in A. If wy ¢
B,((z0, 21]), we can consider w; + ¢ instead of wy and take the limit as ¢ — 0. We have

1 _ _ _1n1/(p—1)
(3-3) ”gni”((%,m]wl) - /< wi(2) ey |dz| = H IHLI/@ D([¢,z1])

z1
[ ot
z

[ e ot

# p
/C g(g) df‘ dﬂO(z) = IU'O((ZOa ) ||w_1| 1[)//1(/1();0 11))([4721}) ’

¢

=/

Zo Zl #0) 20
/C

= .

since

/;1 (&) d¢ = /tbg(v(f))v’(T) dr

b . Z1
/ wn (3(r)) YD () ' (7) dr = / w (€)1 g,

t ¢
it v(t) = ¢. Now (3.1), (3.3) and (3.4) give (3.2).

Definition 3.4. A wvectorial measure @ = (fig, ..., Hy) S a right completion of a vectorial measure p =
(fos - - -5 j1x) with respect to 29 € 7 in a right neighbourhood [z9,z1], if Ty, = px in 7y, B; = p; in the
complement of (zo, z1] and

;= [y + [y in (z0,21] for 0 <j <k,

where fi; is any measure satisfying:
(i) f15((20, 21]) <00 if 1 < p < o0,
(ii) (fj)s =0 and w; € L™ ([20,21]) if p = o0,
(iii) Ap(fij, Fjqr) < 00, with

Ap(v,0) == sup z/((zo,(])H(Ccll—Z)_ll

¢€(z0,21)

Ao (v, 0) := ess sup dy(g)/;l (Z:>_l(§) |dg| .

C€(z0,21) ds

, if1 <p<oo,
LY/e=1([¢,21]) flzp

The Muckenhoupt inequality guarantees that if fU) & LP(p;) and f G+D) ¢ Lp (Ti;41), then f G) €
LP(fz;). If we work with absolutely continuous measures, we also say that a vectorial weight w is a completion
of p (or of w).



The following is an example of a completion when -~y is an interval. It can be generalized to curves in
an obvious way.
Example. We choose w; := 0if W,11 ¢ By((y,y+¢]); f W11 € Bp([y,y+e¢]) we set w;(x) :=1in [y, y+el;
and if W11 € By((y,y+€]) \ Bp([y, y + €]) we take w;(z) :=1for z € [y +¢/2,y +¢], and

. d U ey P (e D) W () :
st () B o
x Jj+1
d
~ L q——1 =1 ——1 -1 : _
wj(z) = ||wj+1||L0°([m)y+g]) + %(ij+1”po([z,y+s])) ) ifp=1,
£

y+ -1
@; () ;:min{l,(/ wj—jl) } if p = oo,

for x € (y,y +¢/2).

Remarks.
1. We can define a left completion of p with respect to zg in a similar way.
2. fw;11 € By([20,21]), then Ay(fij,W,11) < oo for any measure ji; with fi;((z20, 21]) < 00 if 1 <p < o0
and for any bounded weight @, if p = co. In particular, A,(1,W;j41) < 0.
3. If u, v are comparable measures, 7 is a right completion of v if and only if it is comparable to a right
completion 7 of u.
4. If pu, v are two vectorial measures with the same absolutely continuous part, then i is a right
completion of p if and only if it is a right completion of v.
5. If @ is a right completion of p with respect to zq in (29, z1] and 22 € (20, 21), the measure p* defined
by
*_{/,L, in [20,2,’2],
w = .
i, in v\ [20, 22] -

is a right completion of p with respect to zp in (2o, 22 ].

6. If 7 is a right completion of u with respect to zp in (29,21] and z1 € (z0,22), [ is also a right
completion of p with respect to 2z in (zg, 22] (it is enough to take i =0 in (21, 22]).

7. Let us fix 23 € (29, z1]. If for every 2o € (20, 23] we have W;11 ¢ Bp((20, 22]), then there exists some
24 € (20, z1] such that every fi; must be 0 in (zq, 24).

Definition 3.5. For 1 < p < oo and a vectorial measure p, we say that a point zg € v is right j-reqular
(respectively, left j-regqular), if there exist a right completion T (respectively, left completion) of u in [zq, #1]
and j < i < k such that W; € Bp([z0,21]) (respectively, B,([z1,20])). Also, we say that a point zg € 7y is
j-reqular, if it is right and left j-regular.

Remarks.
1. A point zg € v is right j-regular (respectively, left j-regular), if at least one of the following properties
is verified:

(a) There exist a right (respectively, left) neighbourhood [z, 21] (respectively, [z1, zo]) and j < i < k
such that w; € B,([20, 21]) (respectively, By([z1, 20])). Here we have chosen w; = 0.

(b) There exist a right (respectively, left) neighbourhood [zg, z1] (respectively, [z1, 20]) and j < i < k,
a>0,0 <6, withd, = (i—j)p—1if 1 <p < co and o := i—7j—1, such that w;(z) > a|z—20|°, for almost
every z € [29,21] (respectively, [21,20]) and we have |z — zo| =< |y~ (2) — v~ 1(20)| in [20,21] (respectively,
[21, 20]), when ~ is the arc-length parametrization. See Lemma 3.4 in [RARP1].

2. If 2y is right j-regular (respectively, left), then it is also right i-regular (respectively, left) for each
0<i<j.

3. We can take i = j+ 1 in this definition since by the second remark after Definition 3.4 we can choose
wy =w; + 1€ By([z0,21]) for j <l <, if j+1<i.

4. If 2y is right j-regular, by Remark 3 there exists a right completion i of p with ;41 € B,([20, 21])-
If furthermore wy, € B, ((20, 22]) with 21 € (29, z2) we can assume that W;41 € Bp([20, 22]).
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5. If u, v are two vectorial measures with the same absolutely continuous part, then zg is right j-regular
(respectively, left) with respect to p if and only if it is right j-regular (respectively, left) with respect to v.

When we use this definition we think of a point {z} as the union of two half-points {z"} and {z7}.
With this convention, each one of the following sets

(20,21) U (21, 22) U {2} = (20, 21) U [2]", 22) # (20, 22)
(20,21) U (21,22) U {21 } = (20, 21 | U (21, 22) # (20, 22) s

has two connected components, and the set
(20, 21) U (21, 22) U {21 } U {2} = (20, 21) U (21, 22) U {21} = (20, 22)

is connected.

We only use this convention in order to study the sets of continuity of functions: we want that if
f€C(A) and f € C(B), where A and B are union of arcs, then f € C(AU B). With the usual definition of
continuity in an arc, if f € C([z9, 21)) N C([z1, 22]) then we do not have f € C([zo, 22]). Of course, we have
f € C([#0, 22]) if and only if f € C([20,21]) N C([2]", 22]), where by definition, C([z;", 22]) = C([21, 22]) and
C([20, 21 ]) = C([#0, z1])- This idea can be formalized with a suitable topological space.

Let us introduce some more notation. We denote by Q) the set of j-regular points or half-points, i.e.,
z € QU) if and only if z is j-regular, we say that 2t € QU) if and only if z is right j-regular, and we say that
2z~ € QU) if and only if z is left j-regular. Obviously, Q) = ( and Qg1 U---UQy C QU). Observe that
QW) depends on p (see Definition 3.5).

Remark. If 0 < j < k and J is an arc in v, J C QU), then the set JN(Qjp1 U--- U Q) is discrete: If
zt e J\ (41 U---UQy), there exist (z, 21] C J, a right completion 7z and j < i < k with w; € By([z, z1]).
Then there exist 2o € (2,21] and ¢ <1 < k with w; € Bp((2, 22]) and consequently (z,22) C Q41 U---UQ
(see the seventh remark to Definition 3.4). The same is true for z~ with the obvious changes.

Definition 3.6. We say that the vectorial measure p = (ug, ..., pr) is p-admissible if
(Mj_(wj)‘Qj)(’Y\Q(j))zov fOT’lSjSk‘.

We say that p is strongly p-admissible if supp (u; — (w;)|e,) C QU for1<j<k.

We use the letter p in p-admissible in order to emphasize the dependence on p (recall that Q) depends
on p).

Remarks.

1. There is no condition on pyg.

2. We have (u)s = 0 and wg = 0 in almost every z € v\ Q, since Q) = .

3. Every absolutely continuous measure w with w;(z) = 0 in almost every z € v\ ; for 1 < j < k is
p-admissible.

4. Recall that we are identifying w; with the measure w; ds.

5. This definition is more general than the definition of p-admissible measure in [RARP1]; there we
always assume w;(z) = 0 in v\ ©;. There exist weights which do not satisfy this reasonable condition:
Consider a Cantor set C' in [0, 1] with positive length and define w; := 1 in C' and wy(x) := dist (z,C) if
xz € R\ C; it is clear that 1 =R\ C and w; =1 in C.

Definition 3.7 (Sobolev space). Let us consider 1 < p < oo and p = (uo,- .., k) a p-admissible vectorial
measure. We define the Sobolev space W*P(~, 1) as the space of equivalence classes of

VER(y, ) = {f 17— C | 1 € ACL(QY)) for 0 < j < & and
Hf(j)”LP('y,,uj) <o for0<j< k}v

11



with respect to the seminorm

1/p
Hf”W"P('y,u) - (Z”f ||LP('\/H] ) ) for1§p<oo,

and
£ llws. 00 (y,p) T Ofgaé(k ||f(J ||L°°('y wi) s
where
90l () = max { ess sup lg(=) | wy(2),  sup |g(2)]}
z€y z€supp (K;)s
and we assume the usual convention sup ) = —oo.

Remark. It is natural to ask for fU) € ACL_(Q)), since when the (u;) -measure of the set where |f()] is
not continuous is positive, the integral [ |f G |p d(p)s does not make sense.

4. Technical results.

Lemma 4.1. Let 1 < p < oo, I = [29,21] a compact arc in vy and p = (po, - .., k) a p-admissible vectorial
measure in I, with (20,21 C€ ¥~ for some 0 < kg < k. If we construct a right completion Ti of p with
respect to the point zo, satisfying 1i; = p; for ko < j < k, then there exists a positive constant ¢ such that

ko—1
C||9 ”LP(I i) < Z Hg )”LP(I ui) Z \9() (z1)],
=j i=j
for all 0 < j < kg and g € VFP(I, u). In particular, we have
ko—1
cllgllwrsam < lglwesa,m + Y 199 (1)1,
j=0

for all g € VFP(I, ).

Proof. The fact i; = p; for ko < j < k and the first inequality give the second one. Then we only need
to prove the first inequality. If g € VFP(I, u), we have g@/) € ACL _((20, 21]) since (20, 21] € QW) C Qko=1),
Muckenhoupt inequality gives

cllgD(2) = gD () ler(r, 5y < ||g(j+1)\|m(1,nj+1) ,

for 0 < j < ko (we can consider the point z; as the limit of the completion by remarks 5 and 6 to Definition
3.4). Then we have for 1 < p < oo,

C”g(j)HLP(I, i) < ||g(j+1)||LP(I,ﬁj+1) + 199 (21)1

since fi;(I) < 00 if 1 < p < oo, and w; € L>(I) and fi; is absolutely continuous if p = co. This inequality
gives now
cllgN ez < N9 Lo, up) + 199 oz, + 199 (201

for 0 < j < ko. This fact and f, = pg, prove the first inequality.
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Lemma 4.2. Let us consider 1 < p < oo, I a compact arc in vy, zo € intl and pj, an absolutely continuous
measure in I, with wy, € B,(intI). Assume also that Q) =T for y = (0,...,0,ux). Then, there evists a
positive constant ¢ with

= (k)
g™ (<) _ .
[ 229 e 0reta, el ooy g€ o)

Furthermore, if I; C QU is a compact arc (0 < j < k), then there exists a positive constant ¢ with

H/ Zﬂ(z—ok‘j‘ldCH < cllg™ o, p) Jor every g € ACi(int).
o (h—j— 1) L) = o "

Proof. We prove the first inequality; the second one is an immediate consequence of it. Without loss of
generality we can assume that g € V*P(I, p), since otherwise ||g(k)||LP(1, u) = 00, and the inequality is
trivial. Assume that I = [z1,22]. Since z; is right O-regular, by Remark 4 to Definition 3.5, there exists a
right completion i of pu with respect to zq, with Wy € B,([21, 20]). Then, by Lemma 4.1 we have that

k—1

g llLr(er,zol. ) < Nglwen(ien o), m + D 199 (20)]
j=1

for all g € VFP([21, 20], 1), and so

91z (21,200 < N9 1L (21,201 + 19(20)] < €llg | Lo (121,200, 7,) + 19(20)]

k—1
< cllgllwrn(ie o), m +¢ Y 199 (20)]
j=0
A symmetric argument gives
k—1
191l 2% ((z0,22)) < € Ngllwen(izozat, ) +€ D 199 (20)]
=0

Since the function

z (k)
o) = [ E -0

verifies al?) (z9) = 0 for 0 < j < k, the proof is finished.

Proposition 4.1. Let us consider 1 < p < oo, I a compact arc in vy and p = (110,0,...,0, ug) a vectorial
measure in I with py, absolutely continuous, wy € B,(intI) and #supp (u0|Q<o)m) > k. Define X = {f €
ACE (I): ||f(k)||Lp(]“uk) < c0}. Then, given compact arcs I; C QW NI for 0 < j < k, there evists a positive
constant ¢ with

k—1

> I DNpoeqryy < Mo ) + 1S N or, o) for every feX.
j=0

Proof. Without loss of generality we can assume that po(l) < oo, since in other case the right hand side
of the inequality is greater. Without loss of generality we can assume that Q) N T = I, since otherwise
we can change [ by I UI; U---U Ix_1 UA, where A is any compact arc contained in QO N T and with
#supp (MO\A) > k. We can assume also 0 # Iy C I_o C--- C Iy =1 and even [; = I if QU Nr=r.

We prove first that the normed spaces (X, || - ||a) and (X, || - ||5) are complete, where

k—1
1 lla = 1F ot ) + 1F Moy s Wl = D NF DNy + 1P on(r, ) -
j=0
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We start now by proving the completeness of the space (X, || - ||a). Observe first that || - ||4 is a norm
in Xz if || %) o1, ) = 0, then f € Py_y; this fact and || f[|ro(r, uo) = 0 gives f =0 in I, since || - ||zo(7, uo)
is a norm on Pj_; (recall that ug is finite and #supp (ol ~7) > k). Let us consider a Cauchy sequence
{fn} € (X,||- la). Each function can be written as:

k=1 () R
fn' (z0) - (9 )
=%, i <z_ZO>J+/ZO P e
with zg € I,_1. So,
k=1 (), ) (¢
fa(2) = fm(2) = i (zO)jl o G / e fm <O (z— O ldc.
j=0 :

Lemma 4.2 gives

H/ £ _1('“)(4) (Z_OkfldC’

(k)
LP(I, po) <CH/ f" —l)m ©) (=0 k Hd CHLOO(I

< el £ - fﬁi“’Hm,uk) —0,

as n,m — 00, since g is finite. Using that || f, — finllzr (1, ue) — 0 as n,m — oo we obtain

H kil fy(zj)(zo) — fv(nj)(ZO)

zZ— 2 j’ — 0
=0 J! ( ) LP(I, po)
as n,m — 00. Since || - [|zr(1, o) is @ norm on Pj_;, we have that f(j)(zo) — ¢; for some constants ¢;, with
0<j<k-—1and
-1 (j)(z ) s )
4.1 H In A0 Ty, ]‘ — 0,
#1) 2 SR P

|

= L

as n — oo. We obviously have functions Fy € LP(I, pg), F, € LP(I, pug) such that
1Eo = Fall oz, o) + 1 Fx = 8 llo (1, ) — 0,

as n — o0o. Now, we can define

k—1

“Y G- [ o

Jj=0

Next we prove Fy = Fy, po-almost everywhere in I; this fact gives ||F0 — fulla — 0 as n — oo. We have
this by (4.1) and

) < CHf’I(LIC) - FkHLP(I,uk-) -0,

= p(k) () _
H/ fr Eg)_ 1l;k(<) (2= O~

as n — oo. This gives the completeness of the space (X, || - ||4)-
We prove now the completeness of the space (X, || - ||g). Let us consider a Cauchy sequence {f,} C
(X, |- |l)- For each 0 < j < k there exists F; with

| F; — -0, for0<j<k, | Fe— f

o PR

e
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as n — oo. If we fix zg € I,_1, we have

(k)

k=1 ,(i) z
() (2) = fn_(20) 5 p0)iTd O 5 ()il

for z € I; and 0 < j < k. By Lemma 4.2 and the uniform convergence of fy(Lj) in I;, we have

Fite) = Z (ljzfzj))i (2 —20)""7 + /Z: (kaj(C_)l), (z = QF771dc,

for z € I; and 0 < j < k. Consequently F\) = F; in I, for 0 < j < k and F\* = F, in I. This gives the
completeness of (X, || - ||5)-

Observe that ||f|la < c||f||p for every f € X. Since (X, | - ||a) and (X, | - ||g) are Banach spaces, the
open mapping theorem in Banach spaces gives ||f||p < ¢||f||a for every f € X, and this finishes the proof.

Proposition 4.2. Let us consider 1 < p < oo, I a compact arc in v and p = (po, ..., k) @ p-admissible
vectorial measure in I, with w, € By(intl), and #supp (MO|Q<U)N) > k. Then, given compact arcs I; C
QU NT for 0 < j <k, there exists a positive constant ¢ with

k—1
e M Ny < MFllwer(r, - for every f € VEP(I, ).
j=0

Remark. Observe that in Proposition 4.1 the set Q) only depends on wy,. However, in Proposition 4.2 the
set QU) depends on wj 1, ..., wy.

Proof. By Proposition 4.1 the result holds if I; C int/. Therefore, we only need to obtain the bounds in a
neighbourhood of 0I. If I = [21, 22, assume that z; € I; for some 0 < j < k (the case 2z € I; is symmetric).
Since I; € QU N1, there exist a completion 7z and zy € (21, 22) with W11 € By([21, 20]). Then Lemma 4.1
and Proposition 4.1 give

F M 2o o200y < IFITD N Lt (o z0d) + 1P (20)] < e IF9 Do (21,200, 7,,0) + 1F9 (20)]
k—1

< el fllwrp(z,200, w) T CZ £ D (z0)] < el fllwrr, ) -
=0

Definition 4.1. Let us consider 1 < p < oo and u a p-admissible vectorial measure in . Let us define the
space K(v, 1) as

K(v, ) = {9 00— ¢/ ge VPP (y, plgom), lgllwrr v, ul o) = 0}-

K (v, ) is the equivalence class of 0 in W*? (v, ulgw). Therefore, | - [|ywks(y, 4 is @ norm if and only if
K(7, ) = {0}. It plays an important role in the study of the multiplication operator in Sobolev spaces (see
Theorem 8.3 below) and in the following definition of classes C and Cy, which will be crucial in the study of
Sobolev spaces (see theorems 4.1, 4.2 and 5.1 below).

The case in which || - [[yyx.p(4, ) is @ norm is the most interesting. However we need something more in
order to prove part (a) of Theorem 4.1 below: this additional condition is what we present in our following
definition of class Cop. Roughly speaking, u € Co if || - [lwr.»(ns,, 4 is @ norm for some sequence of compact
sets {M,,} growing to . This condition is exactly what we need since in the proof of Theorem 4.1 we
approximate v by compact sets.

If ¢ Cp we still can prove part (b) of Theorem 4.1 by adding some Dirac deltas to pug; we only add the
exact amount that we need. This leads to the definition of class C.
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Definition 4.2. Let us consider 1 < p < oo and u a p-admissible vectorial measure in v. We say that (v, p)
belongs to the class Cy if there exist compact sets M, which are a finite union of compact arcs in -y, such
that

1) M,, intersects at most a finite number of connected components of Q1 U ---U Qy,

i) K(My, 1) = {0},

Z“) Mn c Mn+17

i) Uy, M, = Q).
We say that (v, ) belongs to the class C if there ewists a measure pig = fio + _,.cp €m0z, with ¢y, >0,
{z} € QO D C N and (v,1') € Co, where pi' = (b, g1, ..., px) is minimal in the following sense:
there exists {My} corresponding to (v,u') € Co such that if pg = piy — Cmy0s,,, with mo € D and p" =
(lu’é]/7/1‘17 s 7/1']6)7 then IC(Mﬂmlj’H) 7é {0} Zf Zmg € M,.
Remarks.

1. The condition (7, u) € C is not very restrictive. In fact, the proof of Theorem 4.1 below gives that if
QO (Q,U---UQy) has only a finite number of points in each connected component of QO then (v, u) € C.
If furthermore K(v, u) = {0}, we have (v, u) € Co.

2. Since the restriction of a function of K(v, 1) to M, is in (M, u) for every n, then (v,u) € Co
implies K(v, u) = {0}.

3. If (v, ) € Cy, then (v, p) € C, with ¢/ = p.

4. The proof of Theorem 4.1 below gives that if for every connected component A of 21 U--- U Q we
have K(A, p) = {0}, then (v, p) € Co. Condition #supp fiolxHqw > k implies K(A, u) = {0}.

The next results play a central role in the theory of Sobolev spaces in curves. The first one answers to
the following main question: when the evaluation functional of f (or f()) in a point is a bounded operator
in WHP(y, 11)?

Theorem 4.1. Let us consider 1 < p < oo and p = (po, ..., k) a p-admissible vectorial measure in 7. Let
K be a finite union of compact arcs contained in QU for 0 < j <k and T a right (or left) completion of
w. Then:

(a) If (y,p) € Co there exist positive constants ¢y = c1(Ko,...,Kk—1) and ca = ca(fr, Ko, ..., K1)
such that

k—1
C1 Z ||g(])HL°°(K7) < ||g||W"’vP('yHu)7 C2 HgHWk’P('«hﬁ) < ||g||Wk'vP('yHu)7 Vg € Vk’p(,Y7/4L)'
j=0

(b) If (’y, u) € C there exist positive constants cs = c3(Ko, ..., Kp_1) and c4 = c4(@t, Ko, ..., Kr—1) such
that for every g € VFP(vy, 1), there exists go € VFP(v, ), independent of Ko, ..., Kj_1, c3, ¢4 and Ti, with

||gO - gHWk~p('y,;1,) =0,

k—1
e3> N9 Mz (rey) < lgollwenr, wy = lgllwrney, s callgollwrnir,my < lgllwrny, -
j=0

Furthermore, if go, fo are, respectively, these representatives of g, f, we have with the same constants cs,cq4
k=1 _
cs Z lgs” — féj)HLoo(Kj) <|lg = fllwerey, wys callgo — follwrw(y,m) <19 = Fllwer(y, -
j=0

Proof. The main ingredient in the proof is Proposition 4.2. We only need to cut in an appropriate way
the compact sets K in order to fulfil the hypotheses of this Proposition. To see the details we can follow
the argument in the proof of Theorem 4.3 in [RARP1] (Proposition 4.2 plays the role of Corollary 4.1 in
[RARP1]).
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Theorem 4.2. Let us consider 1 < p < 0o and p a p-admissible vectorial measure in y. Let K; be a finite
union of compact arcs contained in Q9| for 0 < j < k. Then:

(a) If (v, ) € Cy there exists a positive constant ¢y = ¢1(Ko, ..., Kr—1) such that
k—1

a1 > 199 i,y < lNgllwerngy, s Vg€ VEP(y, ).
7=0

(b) If (7, 1) € C there exists a positive constant c; = c3(Ko, . .., Ki—1) such that for every g € V*P(v, 1),
there exists go € VP (v, 1) (the same function as in Theorem 4.1), with

lgo — gllwrr(y, ) =0,

k—1
-
c2 D 95 ey < Ngollwen i,y = lgllwen (s, -
§=0

Furthermore, if go, fo are, respectively, these representatives of g, f, we have with the same constant co

k—1
j+1 i+1
2 Y Mg = £ Vs < Mg — Flwrnc, -
7=0

The representatives gg, fo are the same as in Theorem 4.1.

Proof. We only prove part (b) since (a) is simpler. Given a function g € V*®(y, i), let us choose go as
in Theorem 4.1(b). Fix 0 < j < k. Since K; C QU) | given any point z € K, there exist an arc J, and a
completion w* of w with z € J, and W}, € By(J.). The compactness of K; gives that there exists a finite
set of points z1,...,2z with K; C J,, U---U J,,.

If we define w}, | = Zi’:l WX R the second inequality in Theorem 4.1(b) gives

.
g8 Loy ot

j+1) S ||gO||Wk’P(77ﬂ)’

and this finishes the proof of the first inequality, since v}, € B, (K;). The proof of the second one is similar.

A simple modification in the proof of Theorem 4.2 gives Corollary 4.1. We use the symbol W*="P (v, p)
to denote the Sobolev space W =P (v, (tim, ..., pir))-

Corollary 4.1. Let us consider 1 < p < oo and p = (po, - .., ) a p-admissible vectorial measure in . For

some 0 < m <k, assume that (v, (tm, .-, k) € Co. Let K be a finite union of compact intervals contained
in QU1 Then there exists a positive constant ¢, = ¢1(K) such that

cillgllorxy S Ngllwr-moiyy, Vg€ VFT™P(y,p).

5. Completeness.

Theorem 5.1. Let us consider 1 < p < oo and p = (uo, - - -, k) a p-admissible vectorial measure in v with
(v, 1) € C. Then the Sobolev space W P (~y, 1) is complete.
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Proof. Let {f,} be a Cauchy sequence in W*P(v, 1). For each n, let us choose a representative of the class
of f € WkP(v, 1) (which we also denote by f,,) as in Theorems 4.1 and 4.2. Therefore, for each 0 < j < k,
{f )} is a Cauchy sequence in LP(v, ;) and it converges to a function g; € LP(v, ;). We only need to
prove that, for each 0 < j <k—1, g; is (perhaps modified in a set of zero p,;-measure) a function belonging
to ACE (1Y) such that g5 = gj+1 in Q).

Let us consider any compact arc K C QU) (K can be the whole curve ~ if 0U) = ~ and it is a compact
curve). By theorems 4.1(b) and 4.2(b) we know that there exists a positive constant ¢ such that for every
n,m €N

k
1£9 = £ N poeaey + IF9HY = £ ey < e DML = £ Lo, o) -

As {féj)} C C(K), there exists a function h; € C'(K) such that

k

cllf9D = hillpoe ey < DN = gill oy, ) -
1=0

Since we can take as K any compact arc contained in QU), we obtain that the function h; can be
extended to QU) and we have in fact hj € C(QW). Tt is obvious that g; = h; in Q) (except for at most
a set of zero pj-measure), since fn converges to g; in the norm of LP(v, ;) and to h; uniformly on each
compact arc K C Q). Therefore we can assume that g; € C(Q)).

Let us see now that g% = g; 41 in K. We have for z, 29 € K that

@) = 100 + [ S0
20
The uniform convergence of ff(f )in K and the L'- -convergence of fy U+ i K give that

9i(2) = g;(z0) + /Z gi+1(¢) d¢.

20

Definition 5.1. A wvectorial measure pu = (ug,...,ux) in the complex plane belongs to ESD (extended
sequentially dominated) if there exists a positive constant ¢ such that pj11 < cpj for 0 <j <k.

Remark. If u € ESD is a p-admissible vectorial measure in a curve 7, then (v, u) € Cy (see Remark 4 to
Definition 4.2). A vectorial measure p is sequentially dominated if and only if © € ESD and #supp po = 00
If p € ESD, 0 is the unique polynomial ¢ with [|q[|yw+.»(c,.) = 0 if and only if #supp pg = oo

Theorem 5.2. Let us consider 1 <p < oo, v:1 — C a curve with ' € W*=12°(I), and u = (uo, - - -, ix)
a p-admissible vectorial measure in v with (v,u) € C. Let us assume that p € ESD if k > 2. Then there
exists a p-admissible vectorial measure p* in I, with (I,u*) € C, and p* € ESD if k > 2, such that the
spaces WRP (I, u*) and WP (v, 1) are isomorphic as normed spaces. Furthermore, u* is finite (respectively,
locally finite) if p is finite (respectively, locally finite).

Proof. Given the measure y; in v we define the measure p in I by uj(A4) = p;(y(A)), for all Borel
set A C I. This measure is well defined since « is injective (if v is a closed curve and its domain is
I = [a,b] we can consider 7 : [a b) — Cin order to define ). With this definition we have that, for any
function f € L' (v, py), f f(2)dpj(z) = [; f(y(t)) dwj(t). We define now p* = (i, - - ., pufp)- It is clear that
pw* € ESD if k > 2, and p* is finite (respectlvely, locally finite) if p is finite (respectively, locally finite). We
have w} = [y/[ - (wj o7); if v is a closed curve and I = [a, b], without loss of generality we can also assume
that y(a) = (b) is a (k — 1)-regular point; then we have that the set of j-regular points for  is the image by
~ of the j-regular points for p*. This fact gives that u* is p-admissible and (I, u*) € C. It is natural to define
the linear mapping ® : W*P(~y, u) — W,P(I, u*) by ®(f) = f oy. We shall see that ® is an isomorphism.
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Observe that ®(f) = f/(v)+" and that

j
(N =" D NQi; (), for 1<j<k,

i=1

where Q; ; is a differential operator of degree less than or equal to j. As 4 € L>®(I) for 1 < i < k, we
obtain

J J J
12D i1,y < SO oty = €SI ertrny < e ST iy < el flwenip
=1

i=1 i=1

since p € ESD if k > 2. That is to say [|®(f)lwr.r(r, o) < cllfllwrr(y, p)-
Since (v, u) € C and (I, u*) € C, the other inequality is a consequence of the open mapping Theorem in
Banach spaces.

6. Density.

We do not have a density theorem as general as Theorem 5.1, but Theorem 6.1 covers many important
cases. We begin with the following definitions.

Definition 6.1. Consider 1 < p < 0o, a compact curve v and a vectorial measure 1 = (fo, ..., ) in 7.
We say that w is of type 1 if it is finite and p-admissible in v and wy, € B,(7).
Definition 6.2. Consider 1 < p < o0, a non-closed compact curve v = [z1,22] and a vectorial measure
w=(po,-..,ux) iny. We say that u is of type 2 if it is finite and strongly p-admissible in v and there exist
points along the curve z1 < (1 < (3 < (3 < (4 < 29 and integers ki, ky > 0 such that

(1) wy € By([¢1,Ca]),

(2) if z1 < (1, then w; is comparable to a non-decreasing weight in [z1, (2], for kv < j <k,

(3) if (4 < 2o, then w; is comparable to a non-increasing weight in [Cs, z2], for ke < j <k,

(4) 2 s right (k1 — 1)-regular if k1 > 0 and z2 is left (ko — 1)-regular if ko > 0.

Definition 6.3. Consider 1 < p < 0o, a compact curve v and a vectorial measure p = (jig, - - ., fbg) N Y-
We say that p is of type 3 if it is finite and p-admissible in v and there exist zy € 7y, an open neighbourhood
V' of zy in v, an integer 0 < r < k and a positive constant ¢ such that

(1) dpjy(z) <clz—zo|Pdu;(z) inV, forr < j <k,

(2) wi € Bp(y\ {20}).

(3) ifr>0, 2 is (r — 1)-regular.
Remark. Condition (1) means that g4 is absolutely continuous with respect to p; on V' and its Radon-
Nikodym derivative is less than or equal to ¢|z — zgl|P.

Definition 6.4. Consider 1 < p < 0o, a compact curve v and a vectorial measure p = (g, ..., ) in .
We say that p is of type 4 if it is finite and p-admissible in v and there exist zy € vy, an open neighbourhood
V of zp in v and a positive constant ¢ such that

(1) ifp>1, we(2) < clz— 20|P~L for almost every z € V; if p= 1, wy, can be modified in a set of zero
length in such a way that lim,_, ,, wi(z) =0,

(2) wi € Bp(v\ {20}),
(3) ifk>1, 2z is (k — 2)-regular.

Definition 6.5. Consider 1 < p < oo, a non-closed compact curve v = [z1,22] and a vectorial measure
w=(po,---,ux) iny. We say that u is of type 5 if it is finite and p-admissible in v and verifies

(1) wk € Bp((21,22)),
(2) if k> 1, z1 is right (k — 2)-regular and zo is left (k — 2)-regular.

Remark. We want to remark that the types of measures in [RARP2] and here do not coincide.
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Lemma 6.1. Let us consider 1 < p < 0o and a finite p-admissible vectorial measure p of type i (1 < i <5).
Then there exists a finite vectorial p-admissible measure 1’ of type i such that u' € ESD and p' > p.

Proof. It is easy to check that the measure p’ = (g, ..., p1,) With p := pj + - - - + py, verifies the required
conditions.

Lemma 6.2. Let us consider 1 <p < oo, c>0,7:I — C a curve withc™! < |y'| < candy' € Wk=1ee(]),
and a vectorial measure p of type i (1 <14 <5), with u € ESD. Then the vectorial measure p* which appears
in the statement of Theorem 5.2 is of type i.

Proof. It is an immediate consequence of the following facts: w} = |v/| - (w; o), [[(w}) ™ p/w-v sy =

[w; || L1/ (4(y) for all arc J C I, 7y is a bijection between the j-regular sets in WP (I, *) and Wk (v, ),
and |y(t) — y(to)| < c|t — tol.

Theorem 6.1. Let us consider 1 <p < oo, ¢ >0 and pu = (o, ..., ) a p-admissible vectorial measure in
a compact curve v : I — C. Let us assume that c=' < |¥'| < ¢ and v/ € WFL°(I). If i is a measure of
type 1,2,3,4 or 5, then AC*(I) is dense in the Sobolev space WP (v, u). Furthermore, if v € C(I), then
C>(v) is dense in WFP (v, ).

Proof. Assume first that v is not a closed curve. We can replace the measure p by a greater measure, since
then the theorem is more difficult. Therefore, by lemmas 6.1 and 6.2, we can assume p € ESD, and so the
measure p* which appears in the statement of Theorem 5.2 is of type 7.

We can deduce that C*°(R) is dense in WP (I, u*); this is an immediate consequence of [RARP2,
Theorem 4.1] if p is a measure of type 1, 2 or 4. On the other hand, if u is of type 3 (respectively, 5) this
fact follows from [R3, Theorem 3.4] (respectively, [R3, Theorem 3.3]). Recall that the types of measures in
[RARP2] and here do not coincide.

Therefore AC*(I) is dense in W*P(I,u*). By Theorem 5.2 and Lemma 2.7, AC*(y) is dense in
WHP(y, u). If v € C*(I), Theorem 5.2 gives that C°(v) is dense in W¥P (v, u). This finishes the proof in
this case.

If v is closed the proof is similar but it is necessary to reformulate slightly the last arguments. As an
example we deal now with type 1.

Let f € V*P(v,p). Let g be a continuous function in v which approximates f(*) in the LP(, yz) norm.
Fix zp € v and consider the function

k—1

z—2) ? Z—QF !
h(Z) Zf(ﬂ)(zo)(.ﬂo)ﬂL/ Q(C)((kf)l)[dc

j=0
We have, for 0 < j < k, that

1F9 = 2D oy sy < lF® =gl < ellf® = gl »

and then
1f = Bllwro oy < e lF® = gllno ) » with h € AC*(v).

Theorem 6.2. Let us consider 1 < p < oo, ¢ >0 and pp = (uo, ..., pr) o p-admissible vectorial measure in
a non-closed compact curve v : I — C. Let us assume that c=' < |y/| < ¢ and v € WF=L°(I). If u is a
measure of type 1,2,3,4 or 5, then P is dense in the Sobolev space W P (v, p1).

Proof. Let fo € V¥P(y,u). By Theorem 6.1 we can approximate fy by a function f € AC*(v). Let g be a
continuous function approximating f*) in the LP(v, uz,) and the L'(7) norms (see [R3, Lemma 3.1]). Since
~ is non-closed, we can choose a polynomial ¢ approximating g in L>(+) (and therefore in the L (v, uz) and
the L'(y) norms). By fixing 29 € v and considering the function

ity z—z)d # 2 — ()1
Q)= ;ﬂﬂ(z@)(ﬂ”) S RGE =t

we can finish the proof as above.
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7. Density in analytic closed curves.
We deal first with the case of the unit circle 0D.

Lemma 7.1. Let us consider 1 < p < oo, m € Z* and p a finite scalar measure in OD. Then the
polynomials P are dense in LP(0D, u) if and only if 1/z™ belongs to the closure of P in LP(0D, ).

Proof. We prove first the result for m = 1. The “only if” direction is immediate. In order to prove the
non-trivial implication, assume that 1/z belongs to the closure of P. Then we have, for any r,n € Z*,

dist(1/z, P,)? : = min / 27— (a0 +arz+ -+ anz”)|p du(z)
2:€C JoD

= min / 277 = (apz" ™"+ a1 4+ anz"+17’“)|p du(z)
a€C /oD

diSt(ZiT, span{zlfr, 22*7" Ce ’ZnJrlfr})P )

This fact and an induction argument in 7 give that 1/2" belongs to the closure of P in LP(9D, i), for every
r € Z*. Since any function in LP(OD, u) can be approximated by continuous functions in the norm of
LP (0D, u), and that any continuous function can be approximated uniformly in D by linear combinations
of integer powers of z, we have that the polynomials are dense in LP (9D, ).

We prove now that 1/2™ belongs to the closure of P if and only if 1/z belongs to the closure of P. The
last argument gives that 1/2™ belongs to the closure of P if 1/z does. Assume now that 1/z™ belongs to
the closure of P. Choose p,, € P with ||p, — 1/2™|1»(,) — 0. Then

1" P = /2l oy = llpn = 1/2™ Loy — 0,

so 1/z belongs to the closure of P, and this finishes the proof of the lemma.

Proposition 7.1. Let us consider 1 < p < oo and p = (uo, ..., k) a finite p-admissible vectorial measure
in OD. If the polynomials are dense in WP (0D, ), then they are dense in LP(OD, wi) for any 0 < j <k.

Proof. Fix 0<j< k. The function 1/z can be approximated by polynomials in W*®(dD, u1). Then the
function 1/2971 can be approximated by polynomials in LP(9D, ;). Lemma 7.1 gives now the result.

Definition 7.1. A scalar measure p in an analytic closed curve v with absolutely continuous part w verifies
the Szegd condition if

/logw(z) |dz] > —oc0.
8!

The following theorem of Kolmogorov-Krein-Szegd is well known (see e.g. [G, pp.135-137]).

Theorem A. Let us consider 1 < p < oo and a finite scalar measure p in OD. Then the polynomials are
dense in LP(0D, u) if and only if p does not verify the Szego condition.

We have the following consequence of Proposition 7.1 and Theorem A.

Corollary 7.1. Let us consider 1 < p < oo and u = (o, ..., 1k) @ finite p-admissible vectorial measure in
OD. If for some 0 < j < k the measure p; verifies the Szegé condition, then the polynomials are not dense
in WFP(0D, p).

Remark. One could think that the converse of Corollary 7.1 is true. However, if we consider A := {z €
D : |argz| < m/2}, B := {2z € OD : |argz| > n/4} (with argz € (—m,7]), dpo(z) := x,(2)|dz| and
dp1(z) == X (2) |dz|, then po, p1 do not verify the Szegd condition and the polynomials are not dense in
WP (9D, i), as the following results, which are improvements of Corollary 7.1, show.

Theorem 7.1. Let us consider 1 < p < 0o, p = (uo,-.., k) a finite p-admissible vectorial measure in 0D
with (0D, ) € Co and [t a finite sum of completions of p. If for some 0 < j < k the measure [i; verifies the
Szegd condition, then the polynomials are not dense in W*P (0D, ).
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Proof. Part (a) of Theorem 4.1 and the fact 7 > p give that the polynomials are dense in WP (9D, i) if
and only if they are dense in W*?(dD, 7). Now Corollary 7.1 gives the result.

Corollary 7.2. Let us consider 1 < p < 00, a fized integer 0 < j <k, u = (po, ..., ux) a finite p-admissible
vectorial measure in 0D with (0D, u) € Cy and K a finite union of compact arcs with K C QU If the
measure [1; verifies

/ log w;(z) |dz| > —o0,
D\ K

then the polynomials are not dense in WP (0D, p).

Proof. Theorem 4.1 guarantees that we can take a measure [, as in Theorem 7.1, such that w;(z) >
w;(2) + X (2). Then we only need to apply Theorem 7.1.

As positive results on density of polynomials in 0D we have already proved the theorems in Section 6
when A, the union of the supports of p;, is not equal to 9D (it is enough to consider a non-closed curve ~y
with A C 7).

We deal now with general analytic closed curves.

Proposition 7.2. Let us consider 1 < p < oo and p = (uo, - - ., k) a finite p-admissible vectorial measure
in an analytic closed curve . Let us assume that € ESD if k > 2. If for some 0 < j < k the measure pu;
verifies the Szegi condition, then the polynomials are not dense in WP (y, ).

Proof. Let us consider a conformal map F' between D and the simply connected domain E bounded by ~.
Since v is analytic, we can extend F to D with F : D — E biholomorphic.

Given the measure y; in v we define the measure y in 9D by uj(A) := p;(F(A)), for all Borel set
A C 0D. Since p € ESD if k > 2, the argument in the proof of Theorem 5.2 gives that W*? (9D, uu*) and
WFP(y, 1) are isomorphic as normed spaces. By Mergelyan and Weierstrass theorems the polynomials are
dense in W¥*P(v, i) if and only if the holomorphic functions in E are dense in W¥*P(v, u). Therefore P is
dense in W*?(9D, p*) if and only it is dense in W*P (v, 1). Since w} = |F'|- (w; o F) and there is a positive
constant ¢ with ¢™! < |F’| < ¢ in 0D, p; verifies the Szegd condition if and only if p; does. These facts and
Corollary 7.1 give the result.

The same argument used in the proof of Proposition 7.2 gives the following generalization of the theorem
of Kolmogorov-Helson-Szego.
Corollary 7.3. Let us consider 1 < p < oo and a finite scalar measure p in an analytic closed curve -y.
Then the polynomials are dense in LP(vy, 1) if and only if u does not verify the Szeqo condition.

The same proof of Theorem 7.1 and Corollary 7.2 (using now Proposition 7.2) gives the following results.

Theorem 7.2. Let us consider 1 < p < oo, i = (uo,- .., k) a finite p-admissible vectorial measure in an
analytic closed curve 7y, with (v, u) € Co and i a finite sum of completions of p. Let us assume that p € ESD
if k > 2. If for some 0 < j < k the measure @; verifies the Szego condition, then the polynomials are not
dense in WEP(y, 11).

Theorem 7.3. Let us consider 1 < p < oo, a fixzed integer 0 < j <k, u= (o, ..., px) a finite p-admissible
vectorial measure in an analytic closed curve vy, with (v, 1) € Co and K a finite union of compact arcs with
K C QY. Let us assume that p € ESD if k > 2. If the measure w; verifies

/ logw;(2) |dz| > —o0,
YNK

then the polynomials are not dense in W*P(vy, 11).
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8. Multiplication operator.

First of all, some remarks about the definition of the multiplication operator. In this section we only
consider measures such that every polynomial has finite Sobolev norm. Recall that when every polynomial
has finite W*P(E, u)-norm, we denote by P*?(E, 1) the completion of P with that norm. We start with a
definition which has sense for measures defined in arbitrary Borel sets (not necessarily curves).

Definition 8.1. If i is a vectorial measure in the Borel set E C C, we say that the multiplication operator is
well defined in P*P(E, ) if given any sequence {s,} of polynomials converging to 0 in W*P(E, 1), then {zs,}
also converges to 0 in W*P(E, ). In this case, if {g,} € P*P(E,p), we define M({qn}) = {zqn}. If we
choose another Cauchy sequence {r,} representing the same element in P*P(E, i) (i.e. {gn —mn} converges
to 0 in WrP(E ), then {zq,} and {zr,} represent the same element in P*P(E, u) (since {z(qn — 7n)}
converges to 0 in WFP(E, 1)).

We can also think of another definition which is as natural in the case of curves:

Definition 8.2. If yu is a p-admissible vectorial measure in vy (and hence W*P(vy, 1) is a space of classes
of functions), we say that the multiplication operator is well defined in W*P(~, u) if given any function
h € VFP (v, u) with ||hl|weo(y,.) = 0, we have ||zh|lyrs(y, ) = 0. In this case, if [f] is an equivalence class in
WHhP(v, 1), we define M([f]) := [zf]. If we choose another representative g of [f] (i.e. || f — gllwrn(y,m) = 0)
we have [2f] = [2g], since [|2(f — g)lwkr(y,u) = 0.

Although both definitions are natural, it is possible for a p-admissible measure p with W#?» (v, 1) =
PEP(y, 1) that M is well defined in W*P(y, ) and not well defined in P¥P(y, ) (see Lemma 8.1 and
Theorem 8.3). The following lemma characterizes the spaces P*P?(E, u) with M well defined.

Lemma 8.1. Let us consider 1 < p < oo and p = (po, ..., k) a vectorial measure in a Borel set E C C.
The following facts are equivalent:

(1) The multiplication operator is well defined in P*P(E, ).

(2) The multiplication operator is bounded in P*P(E, ).

(3) There exists a positive constant ¢ such that

lzallwrrzm < cllallwer e for every g € P.

Remark. When we say that the multiplication operator is bounded in P¥P(E, 1), we assume implicitly
that it is well defined in P¥P(E, 1), since otherwise the boundedness has no sense.

Proof. It is clear that condition (3) implies (1). If we assume (1), we have that the multiplication operator
M is continuous in 0 € (P, ||+ [[wk.»(g,))- Since M is a linear operator in the normed space (P, |- lwr.»(£,u))s
we know that M is bounded in (P, || - [y (g,y)), which gives (3).

We now show the equivalence between (2) and (3). Let us consider an element o € P*?(E, ). This
element « is an equivalence class of Cauchy sequences of polynomials under the norm in W*P(E, 11). Assume
that a Cauchy sequence of polynomials {g,} represents a. The norm of « is defined as ||| prr(p,.) =
limy, oo [|gnllw.r(,u), Which obviously does not depend on the representative. Hence, condition (2) is
equivalent to

Jim [|zgnllwer (e < e lm (lgnllwer s,
for every Cauchy sequence of polynomials {¢,}. Now the equivalence between (2) and (3) is clear.

Lemma 8.2. Let us consider 1 < p < oo and p = (uo, ..., ) a finite vectorial measure in a compact set
E. Then, the multiplication operator is bounded in P*P(E, ) if and only if there exists a positive constant
c such that

(-1

||q )||LP(E,pj) <c ||QHW’“P(E,;1,) )

for every1 < j <k and q € P.
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Proof. If M is bounded in P*?(E, i), we have that
1) Loy < 1M allwen (s,
for every 1 < j <k and ¢q € P. Since
||(ZQ)(j)\\Lp(E,Mj) = ||Zq(j) +jq(j_1)||Lp(E,uj) > ||q(j_1)||Lv(E,Hj) - K Hq(j)”LP(E,M) ;
with K := max{|z| : z € E}, we have
19" Lomy) < K NaD) pom ) + IM I allwes ey < K+ M) allwes s,

for every 1 < j<kand g€ P.

We now prove the converse implication. Observe that

1) | Lo 8y = 129 + 509Vl Loy < 5169 D Loe ) + K N1a9) Lo e ) »

with K as before, for every 1 < j <k and ¢ € P. Then

”(ZCI)(j)Hz[j,P(Evuj) < or~1 (jp||q(j_l)||ip(E,/tj) + Kp"Q(j)‘lip(E7Mj)>
<2 (7l + K710 )

for every 1 < j <k and ¢ € P (if j = 0 the inequality is trivial). Consequently

1200y < 20 (B iy + KNy )
and y
llzqllwer . < 2(p71)/p(kp+1cp + K?) p”QHW’W’(E,u) )
for every ¢ € P. Hence, Lemma 8.1 proves that M is bounded in P*?(E, p).
In the following we often use the next result. We omit the proof since it is elementary.

Lemma 8.3. Let us consider 1 < p < oo and pt = (po, ..., k), &' = (Ko, - .., 1},) vectorial measures in a
Borel set E C C. If the Sobolev norms in W*P(E, 1) and WP (E, /') are comparable on P, then:

(1) PR2(E, 1) = PR2(E, ).

(2) M is bounded in P*P(E, ) if and only if it is bounded in P*P(E, u').

Theorem 8.1. Let us consider 1 <p < oo and p = (o, - - -, x) @ finite vectorial measure in a compact set
E. Then, the multiplication operator is bounded in P*P(E, i) if and only if there exists a vectorial measure
W € ESD such that the Sobolev norms in W*P(E, i) and W*P(E, ') are comparable on P. Furthermore,
we can choose p' = (g, . . ., p1y,) with p) == g+ pjpr + -+ -

Remark. In order to apply Theorem 8.1, if £ = v is a curve, the best way to deduce that || - [y r.5(4,,) and
| - llw».p(y,u) are equivalent is to prove that u' can be obtained by a finite number of completions of y (in
that case we can use Theorem 4.1).

Proof. Assume that there exists a vectorial measure y/ € ESD such that the Sobolev norms in W*?(E, p)
and W*P(E, ;') are comparable on P. By lemmas 8.2 and 8.3 it is enough to show
(8.1) ||q(j_l)|\Lp(E,H;) < C||Q||kap(E,;u) )
for every 1 < j < k and ¢ € P. The hypothesis ¢/ € ESD gives
||q(j_1)||Lp(E,u;) < C||q(j_1)||LP(E,p3.71) <cllallwrr ey
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and then we have (8.1).
Assume now that M is bounded in P*?(E, ;1) and let us consider the vectorial measures u°, u!, ...,
1* defined by ‘
wl =, ifo<i<y,

k
pl=> ", ifj<i<k.
=1

Observe that pu* = y and u° is the measure y’ defined at the end of the statement of Theorem 8.1. These
vectorial measures verify, for 0 <i < k and 0 < j <k,

=gl i -1,
o S
5y = ) g1 = g

Therefore we have ||ql|w .z, < llgllwrr(g,ui-1), for every ¢ € P and 1 < j < k.

Since ° € ESD it is enough to show that the Sobolev norms in W*?(E, u*) and W*P(E, u°) are
comparable on P. We prove this by showing for 1 < j < k that the Sobolev norms in W*P(E, /) and
WkP(E, /~1) are comparable on P and M is bounded in P¥P(E, /~1). We prove this last statement by
reverse induction on j. Assume that the induction hypothesis holds for j + 1. Then we have that M is
bounded in P*?(E, ;7). Lemma 8.2 gives that

Hq(j_l)HLp(E,,L;j) <c ||Q||Ww(E,,n) )
for every ¢ € P. This inequality and (8.3) show
”q(j_l)Hip(Ew;::i) <cP ||Q||€Vk,p(E7uj) + Hq(j_l)HIzp(E’H;il) < (P +1) HqHI{j[/k,p(E,’uj) )

for every ¢ € P. This fact and (8.2) show that the Sobolev norms in W*?(E, ) and W*P?(E, u7=1) are
comparable on P. Then Lemma 8.3 shows that M is bounded in P¥?(E, /1), since it is bounded in
PFP(E, 7). The proof of the case j = k is similar. This finishes the induction argument and the proof of
Theorem 8.1.

If we consider the case of a curve E = ~, we have the following results.

Theorem 8.2. Let us consider 1 < p < oo and a p-admissible vectorial measure p in . If p is of type 1,2
or 3, and the multiplication operator is well defined in W*P (v, i), then it is bounded in P*P (v, p).

Remark. In this situation Theorem 6.2 gives P*P(vy,u) = W*P(y, ) if v : I — C is a non-closed curve
with ¢~ < |7/| < cand v/ € W*~1:°°(]). In this case the multiplication operator is bounded in W* (v, 11).

Obviously the multiplication operator M is well defined in W¥*P(v, 1) if and only if it is well defined
in VFP(y, 1) (ie. zf € VEP(y,p) for every f € VEP(y, 1)) and |2 fllww>(y,u) = 0 for every f € VEP(y, 1)
with || f[|w#.»(y,u) = 0. This second condition can be written as M (KC(v, u)) € K(v, p)-

Theorem 8.3. Let us consider 1 < p < oo and a p-admissible vectorial measure p in . Assume that the
multiplication operator M is well defined in V*P(y, ). Then M is well defined in W*P(~, u) if and only if

K(v; 1) = {0}.

Proof. Suppose first that K(y,p) = {0}. Then, if f € V*P(y,p) with ||f[wrriy,y = 0 we have
|\f||Wk,p(%M|Q(O)) = 0. Consequently f|no = 0 and so ||ZfHWk,‘p(,\/7H‘Q(O)) = 0. On the other hand, we
also have || f| e (y,u0) = 0, and so f(z) = 0 for po-almost every z € 7. Then zf(z) = 0 for pp-almost every

z € v and ||2f||Lr(y,u0) = 0. Observe that p; is concentrated in ; U QW C QO for 1 < j < k. We deduce
from these facts that

”ZfHI;V’“*P(%u) = HZfHIlZJP(%Mo) + HZfH[‘;V’“P('v,uIQ(m) =0,

and therefore the multiplication operator is well defined in W*P (v, ).
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On the converse, let us suppose that there is f € V¥P (v, 1) such that
||fHWk’P(’y,/L\n(O)) = O)

but f is not identically zero in Q). We know that there exists an arc v9 € Q) such that flvo # 0,
and therefore there is another arc y; C v such that v; C Q; for some 1 < i < k and f|,, # 0. If g
belongs to K(v, i), we have that g(¥)(z) = 0 for almost every z € ;, and therefore that ¢g*~!) is constant
in each connected component of ;. Then g|,, € P,_1. Let us choose now h € KC(vy, 1) such that degh|,, >
deggly, for all g € K(v, u) (we have deg hl,, > 0 since the function f is not identically zero in ~1). Then,
deg zh|,, >degh|,,; therefore zh ¢ KC(~y, u) and M is not well defined.

Proof of Theorem 8.2. We divide this proof into three parts; each of them will be devoted to each type
of measure. Remember that in our hypotheses we always have (v, u) = {0} by Theorem 8.3. Therefore
(v, 1) € Co, since QO \ (Q; U---U Q) has at most two points (see Remark 1 after Definition 4.2).

Measures of type 1. By Theorem 4.1 we have directly

||f(j_1)||LP(%uj) < C||f(j_l)||L°°(v) <clfllwer iy »

for all f € VFP(y, ) and 1 < j < k, since (7, 1) € Co. Now Lemma 8.2 gives the conclusion.

Measures of type 2. A computation (using Muckenhoupt inequality) gives that
el F9 D wo(ter o) < NFP N er oty + 197G
for k1 < j < k. Then Theorem 4.1 gives

(8.4) P92 1, calng) < € lF lwren (o -

If k1 > 1, again by Theorem 4.1, we have

£ N en o oty S €lF9 VN n,cay < €N flwrn iy -
forall f € V¥P(y,u) and 1 < j < ky, since z; is right (k; —1)-regular (and then [z1, (3] € Q*1=1)). Therefore

(8.4) is true for all f € VFP(y,u) and 1 < j < k. The arc [(3, 2o is treated in a symmetric way and we
obtain an inequality similar to (8.4). The arc [(2, (3] needs the same argument as measures of type 1.

Measures of type 3. Condition (1) of measures of type 3 gives

19" evipy) < e lf9 o,y »
for r < 53 <k. If r > 0, Theorem 4.1 gives
||f(j_1)HLp(V,,uj) <c Hf(j_1)||L°°(V) <c ||fHW’“vT’(%M) )
for 1 < j <r. Consequently we have
P9 N o) < el fllwentp
for 1 < j < k. The arc v\ V needs the same argument as measures of type 1.
Theorem 8.4. Let us consider 1 < p < oo and a finite p-admissible vectorial measure p in a compact curve
v. Assume that (v, ) € Co and that for each 1 < j < k we have p;(y\ (Jj—1 U K;j_1)) =0, where K;_y is
a finite union of compact arcs contained in Q(j_l), and J;_1 is a Borel set with p; < cpj—1 in Jj_1. Then

the multiplication operator is bounded in PP (v, ).
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Proof. We have by () < oo and Theorem 4.1

19 2o (s, ) < €llg¥ Do,y < clgllwrny »

for every 1 < j < k and g € W*P(v, ). The hypothesis on J;_1 gives

199" Lo, 1) < g Vo, 1) < cllgllwer iy -

These two inequalities imply

”g(j—l)”Lp(%M) <c ||g||W’“P(%#) ’

for every 1 < j <k and g € W*P(v, u). Lemma 8.2 finishes the proof.
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