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Abstract

Sobolev orthogonal polynomials with respect to measures supported on compact
subsets of the complex plane are considered. For a wide class of such Sobolev orthog-
onal polynomials,; it is proved that their zeros are contained in a compact subset of
the complex plane and their asymptotic zero distribution is studied. We also find the
nth root asymptotic behavior of the corresponding sequence of Sobolev orthogonal
polynomials.

§1. Introduction

1. Let {ur}i2y be a set of m + 1 finite positive Borel measures. For each k = 0,...,m
the support S(uy) of ux is a compact subset of the complex plane €. We will assume that
S(po) contains infinitely many points. If p, ¢ are polynomials, we define

s = [ o @) = 0,00 M
k=0

k=0

As usual, %) denotes the kth derivative of a function f and the bar complex conjugation.
Obviously, (1) defines an inner product on the linear space of all polynomials. Therefore, a
unique sequence of monic orthogonal polynomials is associated to it with a representative
of each degree. By @Q),,, we will denote the corresponding monic orthogonal polynomial of
degree n. The sequence {@,} is called the sequence of general monic Sobolev orthogonal
polynomials relative to (1).

Sobolev orthogonal polynomials have attracted considerable attention in the past
decade, but only recently there has been a breakthrough in the study of their asymp-
totic properties for sufficiently general classes of defining measures. In this connection, we
call attention to the papers [4], [5], and [7], in which the first results of general character

*The research of this author was partially supported by Direccién General de Ensefianza Superior under
grant PB 96-0120-C03-01 and by INTAS under grant 93-0219 EXT.


Nota adhesiva
Published in: Journal of Computational and Applied Mathematics, 2001, vol. 127, n. 1-2, p. 219-230


where obtained regarding nth root, ratio, and strong asymptotics, respectively, of Sobolev
orthogonal polynomials with respect to measures supported on the real line. The corre-
sponding problems for the case when the measures are supported on arbitrary compact
subsets of the complex plane has not yet been studied.

In this paper, we deal with the nth root asymptotic behavior; therefore, we will only
comment on [4]. In that paper, for measures supported on the real line and with m = 1, the
authors assume that ug, 11 € Reg (in the sense defined in [10]) and that their supports are
regular sets with respect to the solution of the Dirichlet problem. Under these conditions,
they find the asymptotic zero distribution of the zeros of the derivatives of the Sobolev
orthogonal polynomials and of the proper sequence of Sobolev orthogonal polynomials
when additionally it is assumed that S(up) D S(p1). In [6], these questions were considered
for arbitrary m and additional information was obtained on the location of the zeros which
allowed to derive the nth root asymptotic behavior of the Sobolev orthogonal polynomials
outside a certain compact set.

The object of the present paper is to extend the results of [6] to the case when the
measures involved in the inner product are supported on compact subsets of the complex
plane. Under a certain domination assumption on the measures involved in the Sobolev
inner product, we prove in section 2 that the zeros of general Sobolev orthogonal polyno-
mials are contained in a compact subset of the complex plane. For Sobolev inner products
on the real line, we also study in section 2 the case when the supports of the measures are
mutually disjoint and give a sufficient condition for the boundedness of the zeros of the
Sobolev orthogonal polynomials. Section 3 is dedicated to the study of the asymptotic zero
distribution and nth root asymptotic behavior of general Sobolev orthogonal polynomials.
For this purpose, methods of potential theory are employed.

2. In order to state the corresponding results, let us fix some assumptions and addi-
tional notation. As above, (1) defines an inner product on the space P of all polynomials.
The norm of p € P is

1/2

Iolls = (z / rp<k><x>\2duk<m>) - (Z upww&g(uk)) . e
k=0 k=0
We say that the Sobolev inner product (1) is sequentially dominated if

S(:u’k)cs(:u’kfl)v k:17"'7m7

and
dpk = fr—1dpg—1 , fe—1 € Loo(ptk—1) k=1,....,m.
For example, if all the measures in the inner product are equal, then it is sequentially

dominated. The concept of sequentially dominated Sobolev inner product was introduced
in [6] for the real case (when the supports of the measures are contained in the real line).

Theorem 1 Assume that the Sobolev inner product (1) is sequentially dominated, then
for each p € P we have that

lzplls < Cliplls 3)

where

C < (2[CF + (m+1)°Ca)) /2, (4)



and

C) = Cy = .
= el Co= max [l

As usual, two norms ||-||; and ||-||2 on a given normed space E are said to be equivalent
if there exist positive constants ci, ¢y such that

cllzll <llzll < eaffzfl, =< E.

If a Sobolev inner product defines a norm on P which is equivalent to that defined by a
sequentially dominated Sobolev inner product, we say that the Sobolev inner product is
essentially sequentially dominated. It is immediate from the previous Theorem that
a Sobolev inner product which is essentially sequentially dominated also satisfies (3) (in
general, with a constant C' different from (4)). Whenever (3) takes place, we say that the
multiplication operator is bounded on the space of all polynomials. This property implies
in turn the uniform boundedness of the zeros of Sobolev orthogonal polynomials.

Theorem 2 Assume that for some positive constant C, we have that ||zp||s < Clp|ls,p €
P. Then, all the zeros of the Sobolev orthogonal polynomials are contained in the disk
{z : |z| < C}. In particular. this is true if the Sobolev inner product is essentially
sequentially dominated.

In a recent paper, see Theorem 4.1 in [9] (for related questions see also [1]), the
author proves for a large class of Sobolev inner products supported on the real line that
the boundedness of the multiplication operator implies that the corresponding Sobolev
norm is essentially sequentially dominated. Therefore, in terms of the boundedness of the
multiplication operator on the space of polynomials, we cannot obtain more information
on the uniform boundedness of the zeros of the Sobolev orthogonal polynomials than that
expressed in the theorem above. It is well known that in the case of usual orthogonality
the uniform boundedness of the zeros implies that the multiplication operator is bounded.
In general, this is not the case for Sobolev inner products as the following result illustrates.
In the sequel, Co(K) denotes the convex hull of a compact set K.

Theorem 3 For m =1, assume that S(ug) and S(u1) are contained in the real line and

Co(S(ko)) N Co(S(p1)) = 0.

Then, for all n > 1 the zeros of Q), are simple, contained in the interior of Co(S(uo) U
S(p1)), and the zeros of the Sobolev orthogonal polynomials lie in the disk centered at the
extreme point of Co(S(u1)) further away from S(po) and radius equal to the diameter of

Co(S(po) U S(p))-

The statements of this theorem will be complemented below. As Theorem 3 clearly
indicates, Theorem 2 is far from giving an answer to the question of uniform boundedness
of the zeros of Sobolev orthogonal polynomials. The main question remains; that is,
prove or disprove that for any Sobolev inner product compactly supported the zeros of
the corresponding Sobolev orthogonal polynomials are uniformly bounded. This question
is of vital importance in the study of the asymptotic behaviour of Sobolev orthogonal
polynomials.



3. We mention some concepts needed to state the result on the nth root asymptotic
behaviour of Sobolev orthogonal polynomials. For any polynomial ¢ of exact degree n, we

denote
n
Z :

where z1,...,2, are the zeros of ¢ repeated accordlng to their multiplicity, and ¢, is
the Dirac measure with mass one at the point z;. This is the so called normalized zero
counting measure associated with ¢. In [10], the authors introduce a class Reg of regular
measures. For measures supported on a compact set of the complex plane, they prove that
(see Theorem 3.1.1) u € Reg if and only if

1
n

lim HQnHLM = cap(S(n))

where @, denotes the nth monic orthogonal polynomials (in the usual sense) with respect
to u and cap(S(u)) denotes the logarithmic capacity of S(u). In case that S(u) is a regular
compact set with respect to the solution of the Dirichlet problem on the unbounded
connected component of the complement of S(u) in the extended complex plane, the
measure £ belongs to Reg (see Theorem 3.2.3 in [10]) if and only if

Ipallsgo \ "
lim () =1 (5)
n—o0 HanLz(u)
for every sequence of polynomials {p,},degp, < n,p, # 0. Here and in the following,
| - ls(u) denotes the supremum norm on S(u).

Set
A = UoS() -

We call this set the support of the Sobolev inner product. Denote by ga(z, 00) the Green’s
function of the region ) with singularity at infinity where € is the unbounded connected
component of the complement of A in the extended complex plane. When A is regular then
the Green’s function is continuous up to the boundary and we extend it continuously to all
of € assigning it the value zero on the complement of 2. By wa we denote the equilibrium
measure of A. Assume that there exists [ € {0,...,m} such that U\_,S(ux) = A, where
S(uk) is regular, and pp € Reg for kK = 0,...,l. Under these assumptions, we say that
the Sobolev inner product (1) is [-regular.
The next result is inspired in Theorem 1 and Corollary 3 of [4].

Theorem 4 Let the Sobolev inner product (1) be l-reqular. Then for each fized k =0, ...,
and for all j > k

T Q) < cap(d) . (6)

Forall j >1
Tim [|QY[ X" = cap(A). (7)
Furthermore, if the interior of A is empty and its complement connected, then for all j > 1
Jim v(QY)) = wa (8)

in the weak star topology of measures.



The following example illustrates that (8) is not a direct consequence of (7). On the unit
circle, take pj,7 = 0,---,m, equal to the Lebesgue measure. This Sobolev inner product
is O-regular and thus (7) takes place for all 7 > 0. Obviously, {z"} is the corresponding
sequence of monic Sobolev orthogonal polynomials whose sequence of normalized zero
counting measures converges in the weak star topology to the Dirac measure with mass
one at zero. Under (7), (8) takes place if it is known that lim, . v/( gf))(A) = 0 for
every compact set A contained in the union of the bounded components of €'\ S(wa) (see
Theorem 2.1 in [2]). But finding general conditions on the measures involved in the inner
product which would guarantee this property is, in general, an open problem already in
the case of usual orthogonality.

If the inner product is sequentially dominated, then S(ug) = A; therefore, if S(up) and
o are regular the corresponding inner product is O-regular. In the sequel, Z; = {0,1,...}.
An immediate consequence of Theorems 2 and 4 is the following.

Theorem 5 Assume that for some positive constant C, we have that ||zp||s < C|p||s,p €
P and that the Sobolev inner product is l-reqular. Then, for all j >1

T QP ()" < cap(A)emC), e o
Furthermore, A
Tim [QY) ()" = cap(A)es () (10)

uniformly on each compact subset of {z : |z| < C} N Q. Finally, if the interior of A is
empty and its complement connected we have equality in (9) for all z € C except for a set
of capacity zero, S(wa) C {z:|z| < C}, and
(3+1) d
lim "7(2) — / M7 (11)
n—00 nQ%])(z) Z2—x

uniformly on compact subsets of {z : |z| < C'}.

These results will be complemented in the sections below. In the rest of the paper, we
maintain the notations and definitions introduced above.

82. Zero location

We fix an inner product of the form (1). For simplicity in the notation, we write

(5 ) La(ue) = (5 ke I N o) = 11+ Nk

Proof of Theorem 1. Take C7 and Cs as in the statement of this theorem. Straightforward
calculations lead to the estimates

lzplz = 3" @p) P = Y [lap™ + kp®= D)2 < 23 (|lap® )17 + K2 [p*V|3) <
k=0 k=0 k=0

2> (CRIPM 7 + K Callp™ V7)) < 2[CF + (m +1)°Ca] D [1p™7 = C2[lp1%
k=0 k=0



which imply (3) with C' as indicated in (4). [ ]

Proof of Theorem 2. Let @, denote the nth Sobolev orthogonal polynomial. Since it
cannot be orthogonal to itself it is of degree n. Let xy denote one of its zeros. It is obvious
that there exists a polynomial ¢ of degree n — 1 such that xq = x9q + Q,. Since @, is
orthogonal to ¢, and using the boundednes of the multiplication operator, we obtain

[zolllglls = llzoglls < [lzqlls < Cllglls-

Simplifying ||¢||s(# 0) in the inequality above, we obtain the bound claimed on |zo| inde-
pendent of n. The rest of the statements follow from Theorem 1.
|

Now, let us consider the special case refered to in Theorem 3. For the proof of the
corresponding result we need some auxiliary lemmas. Let I be a given interval of the real
line (open or closed) and g a polynomial. By ¢(q;I) and k(q; ) we denote the number
of zeros and the number of changes of sign respectively that the polynomial ¢ has on the
interval I.

Lemma 1 Let I be an interval of the real line and q a polynomial such that degq =1> 1.
We have that
o(q; 1) +e(d; @\ 1) < 1.

Proof. By Rolle’s Theorem, it follows that
c(q; 1) < ed’s 1) + 1.
Therefore,
(g 1) +c(¢5O\ 1) < e(ds ) + 1 +¢(dsC\ 1) = c(¢’;C) +1 =1

as we wanted to proof. |
As above, let @, denote the nth monic Sobolev orthogonal polynomial with respect to
(1) where all the measures are supported on the real line.

Lemma 2 Assume thatn > 1. Then

£(Qn; (Co(S(p0)))°) = 1.

Proof. If, to the contrary, @, does not change sign on the indicated set, we immediately
obtain a contradiction from the fact that @), is orthogonal to 1 since then

0= (Qn.1)s = / Qn() dpro(x) £ 0.

|

Unless otherwise stated, in the rest of this section we restrict our attention to the case

presented in Theorem 3. That is, m = 1, the supports of ug and p; are contained in the

real line and their convex hulls do not intersect. By (Co(S(ur)))° we denote the interior
of the convex hull of S(u) with the usual euclidean topology on IR.



Lemma 3 Under the hypothesis of Theorem 3, for n > 1, we have that
K(Qnsi (Co(S(10)))?) + K(Qn; (Co(S(p1)))?) 2 n — 1. (12)

Proof. For n = 1,2 the statement follows from Lemma 2. Let n > 3 and assume that (12)
does not hold. That is

K(Qn; (Co(S(10)))°) + £(Qn3 (Co(S(m1))?) =1 <n—2. (13)
Without loss of generality, we can assume that
Co(S(po)) = [a,b],  Co(S(m)) =le,d),  b<e

This reduction is always possible by means of a linear change of variables.
Let z¢ be the point in (a,b) closest to [, d] where @Q,, changes sign. This point exists
due to Lemma 2. There are two possibilities, either

Q. (ro+¢€) - Q(c+e)>0 (14)

for all sufficiently small € > 0, or

Q. (ro+¢€) - Q(c+e)<0 (15)

for all sufficiently small € > 0. Let us consider separately each case.

Assume that (14) holds. Let ¢ be a polynomial of degree < [ with real coefficients, not
identically equal to zero, which has a zero at each point of (a, b) where @,, changes sign and
whose derivative has a zero at each point of (¢, d) where @, changes sign. The existence
of such a polynomial g reduces to solving a system of [ equations on [ + 1 unknowns (the
coefficients of ¢). Thus a non trivial solution always exists. Notice that

I < c(g; (a,b) + ed’; (¢, d))

with strict inequality if either ¢ (resp. ¢') has on (a,b) (resp. (c¢,d)) zeros of multiplicity
greater than one or distinct from those assigned by construction. On the other hand,
because of Lemma 2 the degree of ¢ is at least 1; therefore, using Lemma 1, we have that

c(q; (a,b)) + c(q’; (¢,d)) < degq < 1.

The last two inequalities imply that

I = c(g; (a,0)) +¢(q’; (¢, d)) = deg g .

Hence, ¢@, and ¢'Q), have constant sign on [a,b] and [c, d] respectively. We can choose
g in such a way that ¢@, > 0 on [a,b] (if this was not so replace ¢ by —¢q). With this
selection, for all sufficiently small € > 0, we have that ¢'(zo + €)Q/,(zo + €) > 0. All the
zeros of ¢/ are contained in (a,zg) U (¢,d), so ¢’ preserves its sign all along the interval
(x0,c + €), for all sufficiently small ¢ > 0. On the other hand, we are in case (14) where
@), has the same sign to the right of zg and of ¢. Therefore, ¢'Q), > 0 on [¢,d]. Since
deg g < n — 2, using orthogonality we obtain the contradiction

0= [ 4@)Qu(a)dpo(@) + [ ¢ @)Q(@)dpu () > 0.



So, (14) cannot take place if (13) is true.

Let us assume that we are in situation (15). The difference consists in that to the
right of 2o and ¢ the polynomial @/, has different signs. Notice (see (13)) that we have
at least one degree of freedom left to use orthogonality. Here, we construcrt ¢ of degree
< [+ 1 with real coefficients and not identically equal to zero with the same interpolation
conditions as above plus ¢’(¢) = 0. Following the same line of reasoning as above we have
that ¢Q, and ¢'Q), preserve their sign on [a,b] and [c,d] respectively. Taking ¢ so that
qQ, > 0 on [a,b] one can see that also ¢'Q], > 0 on [c,d]. Since degg =1+1<n—1,
using orthogonality we obtain that (15) is not possible under (13). But either (14) or (15)
must hold, thus (12) takes place. [ ]

Corollary 1 Set I = Co(S(uo) U S(p1)) \ (Co(S(mo)) U Co(S(11)). Under the conditions
of Theorem 3, we have that

co(@niI) +e(@ 1) < 1.

Proof. It is an immediate consequence of Lemmas 1 and 3 applied to Q. |

Proof of Theorem 3. We will employ the notation introduced for the proof of Lemma 3.
According to Lemmas 1 and 3

0= 1< 1= ~(Qus (a, b)) + r(Qi (e, d) <.

If I = n, then by Rolle’s Theorem we have that all the zeros of )/, are simple and contained
in (a,b) U (c,d) which implies our first statement.

Suppose that [ =n — 1. We consider the same two cases (14) and (15) analyzed in the
proof of Lemma 3. Following the arguments used in the proof of Lemma 3 it is easy to see
that (14) is not possible with [ = n — 1. If (15) takes place, then @/, has an extra zero in
the interval [zo, ] and again by use of Rolle’s Theorem we have that all the zeros of @,
are simple and contained in (a, d).

In order to prove the second part of Theorem 3 we use the following remarkable result
known as Grace’s Apollarity Theorem (we wish to thank T. Erdelyi for drawing our
attention to this simple proof of the second statement). Let ¢ be a polynomial of degree
greater or equal to two. Take any two zeros of ¢ in the complex plane and draw the
straight line which cuts perpendicularly the segment joining the two zeros at its middle
point. Then ¢ has at least one zero in each of the closed half planes in which the line
divides the complex plane. For the proof of this result see Theorem 1.4.7 in [8] (see also
pp. 23-24 of [3]).

For n = 1 the second statement is certainly true because from Lemma 1 we know that
for all n > 1, @, has a zero on (a,b). Let n > 2. If @, had a zero outside the circle with
center at d and radius equal to |a — d|, from Grace’s Apollarity Theorem @), would have
a zero outside the segment (a,d) which contradicts the first statement of the theorem.
Therefore all the zeros of (), lie in the indicated set. |

Remark 1. The arguments used in the proof of Lemma 3 allow to deduce some other
interesting properties which resemble those satisfied by usual orthogonal polynomials. For
example, the interval joining any two consecutive zeros of @, on (a,b) intersects S(uo).
Analogously, the interval joining any two consecutive zeros of @, on (¢, d) intersects S(u1).
In order to prove this notice that if any one of these statements were not true then in



the construction of the polynomial ¢ in Lemma 3 we can disregard the corresponding
zeros which gives us some extra degrees of freedom to use orthogonality and arrive to a
contradiction as was done there. From the proof of Theorem 3 it is also clear that the
zeros of @, in (a,b) are simple and interlace the zeros of @/, on that set.

Remark 2. The key to the proof of Theorem 3 is Lemma 1. It’s role is to guarantee that in
the construction of ¢ in Lemma 3 no extra zeros of ¢ or ¢ fall on (a, b) or (¢, d) respectively.
Lemma 1 can be used in order to cover more general Sobolev inner products supported
on the real line as long as the supports of the measures appear in a certain order. To be
more precise, following essentially the same ideas we can prove the following result.

Consider a Sobolev inner product (1) supported on the real line such that for each
k=0,....m—1

Co(US_oS (1)) N S(pts1) = 0.

Then for all n > m the zeros of Q%m) are simple and they are contained in the interior
of Co(UjLyS (k). The zeros of Q,(f),j =10,...,m — 1 lie in the disk centered at zo and
radius equal to 3™ 77, where zq is the center of the interval Co(UjLyS(p5)) and r is equal
to the half the length of that interval.

For m = 1 this statement is weaker than that contained in Theorem 3 regarding the
location of the zeros of the @), because in the present conditions we allow that the support
of S(u1) have points on both sides of Co(S(uo)).

§3. Regular asymptotic zero distribution

For the proof of Theorem 4, we need the following lemma which is proved in [6] and is
easy to verify.

Lemma 4 Let E be a compact regular subset of the complex plane and {P,} a sequence
of polynomials such that deg P, <n and P, £0. Then, for all k € Z,

k’) l/n
—y HE)
lim | ———= <1. (16)
"HOO< [Pl

The guidelines for the proof of the next result are essentially contained in [4] (for m=1)
and [6].

Proof of Theorem 4. We start out showing that
T [Qulld" < cap(a) . (17)

Since each of the sets S(ug),k = 0,...,1 is regular, so is the support A of the Sobolev
inner product. Let T, denote the monic Chebyshev polynomial of degree n for the set A.
It is well known that lim,, \|Tn||1An = cap(A). Then, by Lemma 4, for all j € Z

lim |79 X" < cap(A) . (18)

n—oo



Therefore, by the minimizing property of the Sobolev norm of the polynomial @, we have

1QnlE < INTullS = Y2 ITMIR < D7 (S G TR -
k=0

This estimate, together with (18), gives (17).
From the regularity of the measure pj, and of its support (see (5)), we know that for

each k =0,...,1
() 1/n
lim M -1 (19)
AN [ |

1QYx < 1Qnlls ,

Since

(17) and (19) imply

hm 1Q k)||}9/(z < cap(A) . (20)

Taking into consideration Lemma 4, relation (6) follows from (20).
If j > 1, (6) takes place for each k =0, ...,[. Since

1R lla = max Q%)

using (6), we obtain
Tim QY " < cap(d) .

On the other hand '
lim [QYIX™ > cap(A)

is true for any sequence {@,} of monic polynomials. Hence (7) follows.
If the compact set A has empty interior and connected complement, it is well known
(see Theorem 2.1 in [2]) that (7) implies (8). [ |

Remark 3. We wish to point out that in Theorem 4 eventually some of the measures
pr,k = 2,...,m — 1, may be the null measure in which case p; and S(ug) = 0 are
considered to be regular and HQ%] )H@ = 0. With these conventions Theorem 4 remains in
force.

The so called discrete Sobolev orthogonal polynomials have attracted particular atten-
tion in the past years. They are of the form

fgs—/f (@) dpo(a +22Auf )90 (cz) (21)

i=17=0

where A;; > 0,4; n, > 0. If any of the points ¢; lie in the complement of the support
S(po) of wp, the corresponding Sobolev inner product cannot be l-regular. Nevertheless,
a simple modification of the proof of Theorem 4 allows to consider this case.

Theorem 6 Let the discrete Sobolev inner product (21) be such that S(pg) is reqular, and
po € Reg. Then, (7) takes place for all j > 0, with A = S(uo) and so does (8) under the
additional assumption that S(uo) has empty interior and connected complement.

10



Proof. Let T,, denote the nth monic Chebyshev polynomial with respect to S(ug). Set

w(z) = H(z — ;) Nitt
Let N = degw, and take n > N. Then,
1Qullg < 1Qnlls < lwTh-nl5 = / T dpao < 10 (S (1) w5 i) I T3 ) -

Since ,LLQ(S(,LL[)))HU)”%(“O) > 0 does not depend on n, we find that

Tim [[Qullg" < C(S(1o)) -

n

From the regularity of the measure pyg, it follows that

T [|QulIX) < C(S(o)) -

Using the regularity of the compact set S(po) and Lemma 4 (for £ = S(po)), we obtain
that

Tim [QP[IX < C(S(mo))

for all j > 0. This inequality is necessary and sufficient in order that (7) takes place (with
A = S(po)), which in turn implies (8). [ ]

Proof of Theorem 5. Fix j € Z. Set

QY (2)]
vp(2) = —log ——=—" — ga(z;00).
n s
Let us show that
vn(2) <0, z € CU{oo} (22)

This function is subharmonic in the 2 and on the boundary of €2 it is < 0. By the
maximum principle for subharmonic functions it is < 0 on all 2. On the complement of
2 we also have that v,(z) < 0 because by definition (and the regularity of A) Green’s
function is identically equal to zero on this set and the other term which defines v, is
obviously at most zero using the maximum principle of analytic functions. These remarks
imply (9) taking upper limit in (22) and using (7) (for this inequality no use is made of
the boundedness of the multiplication operator on P).

From Theorem 2, we have that for all n € Z,, the zeros of the Sobolev orthogonal
polynomials are contained in {z : |z] < C}. It is well known that the zeros of the
derivative of a polynomial lie in the convex hull of the set of zeros of the polynomial itself.
Therefore, the zeros of Qn) for all n € Z, lie in {z : |z| < C}. Using this, we have that
{vn} forms a family of uniformly bounded harmonic functions on each compact subset of
{z : |z] > C} NQ (including infinity). Take a sequence of indexes A such that {v,}nen
converges uniformly on each compact subset of {z : |z| > C'} N Q. Let vp denote its limit.
Obviously, va is harmonic and < 0 in {z : |z] > C} N Q and because of (7) vp(co) = 0.
Therefore, vy = 0 in {2z : |z| > C'} N Since this is true for every convergent subsequence

11



of {v,}, we get that the whole sequence converges uniformly on each compact subset of
{z :|z| > C} NQ to zero. This is equivalent to (10)

If additionally the interior of A is empty and its complement connected, we can use
(8). Since the measures v, ; = v/( ¢ )),n € Z,, and wa have their support contained in
a compact subset of €. Using this and (8), from the Lower Envelope Theorem (see page

223 in [10]), we obtain

1 1
li log ——dvp i(z) = [ 1 d
nliﬂo/ 8 ] Vn,j () / 8 ] wa () ,
for all z € € except for a set of zero capacity. This is equivalent to having equality in (9)
except for a set of capacity zero because (see page 7 in [10])

(2100) =log —— o [ log - dua(a)

z;00) = log ——— — [ log —— dwa(x) .

ga(z; 8 can (D) 8 17—y e

Let xi”,z =1,...,n— j, denote the n — j zeros of Q%j). As mentioned above, all these

zeros are contained in {z : |z| < C}. From (8), each point of S(wa must be a limit point
of zeros of {Q,(f ) }; therefore, S(wa C {z: |z] < C} Decomposing in simple fractions and
using the definition of v, ;, we obtain

(j+1) n—j .
1 1 — i
(2) Z - n—j / dvy, j(x) . (23)
i=1 %~ Th,

n

@) m

n Z—X

Therefore, for each fixed j € Z, the family of functions

7()

is uniformly bounded on each compact subset of {z : |z| > C'}.

On the other hand, all the measures v, j,n € Z, are supported in {z : |z| < C} and
for z,|z| > C, fixed, the function (z — z)~! is continuous on {xz : |z| < C} with respect
to x. Therefore, from (8) and (23), we find that any subsequence of (24) which converges
uniformly on compact subsets of {2 : |z| > C'} converges pointwise to [ (z — )~ dwa(z).
Thus, the whole sequence converges uniformly on compact subsets of {z : |z| > C'} to this
function as stated in (11). [ |
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