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We study connections between continued fractions of type J and spectral proper-
ties of second order difference operators with complex coefficients. It is known that
the convergents of a bounded J-fraction are diagonal Padé approximants of the
Weyl function of the corresponding difference operator and that a bounded J-frac-
tion converges uniformly to the Weyl function in some neighborhood of infinity.
In this paper we establish convergence in capacity in the unbounded connected
component of the resolvent set of the difference operator and specify the rate of
convergence. Furthermore, we show that the absence of poles of Padé approximants
in some subdomain implies already local uniform convergence. This enables us to verify
the Baker—Gammel-Wills conjecture for a subclass of Weyl functions. For establishing
these convergence results, we study the ratio and the nth root asymptotic behavior
of Padé denominators of bounded J-fractions and give relations with the Green
function of the unbounded connected component of the resolvent set. In addition,
we show that the number of “spurious” Padé poles in this set may be bounded.
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1. INTRODUCTION

We consider the convergence of the sequence of convergents of continued
fractions of a particular form, so-called bounded J-fractions [ 24, Chap. V.26]

1| —a —ai|, —ai|
|z—b0 +’z—b1 +|z—b2 +‘z—b3

+ .., (1)

where a;, b; are some complex numbers, and a; #0 for all j, so that the
continued fraction is not terminating. Our main restriction throughout
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370 BERNHARD BECKERMANN

this paper is that these coefficients are uniformly bounded. We recall from
[24, Chap. VIII] that the nth convergent of the continued fraction (1)

L) =l =l

w,(z) =

_‘z—b |_|_ +’a'12| (2)
0

z—b ‘Z—b |z—b3 z—b,_,
may be rewritten as n, = p,/q, (n=1, 2, ...), with p, a polynomial of degree
at most n—1, and ¢, a polynomial of degree n. Also, the sequences
(Pa(2))n=0- (q,(2)),=o can be obtained as solutions of the three term
recurrence relation

Z'ynzan—l'yn—1+bn'yn+an'yn+1’ n>0: (3)
together with the initializations
qo(z) =1, q_4(2)=0,  po(z)=0, p_,(z)=—1, (4)

where a_,=1. In [24, Theorem V.26.3], Wall establishes uniform con-
vergence of the sequence of convergents (x,),, in some neighborhood of
infinity to some function ¢ which is therefore analytic in this neighborhood.
Also, it is well known (see, e.g., [ 24, Chap. VIII]) that

dy,
ru2) 1= 4(2) - 0(2) = pa(2) = S+ St s (5)

with r, being referred to as the residual. Thus, the rational function
7T, = Pn/q.» 18 the (diagonal) Padé approximant of ¢ order n (at infinity).
We recall that, by a change of variables, the nth Padé approximant of
at infinity becomes the ordinary [n |n] Padé approximant of ¢(1/z) (at
zero) [3].

Conversely, as a starting point we may suppose that ¢ is some regular
power series around infinity

W)=Y i, (6)
=0

i.e., the Padé approximants 7, = p,/q, of any order n exist and are pairwise
distinct. Then it is known (see, e.g., [16, Proposition4.2]) that the
numerators and denominators of any three consecutive Padé approximants
are related by a recurrence relation of the form (3), (4), and therefore «,,,
n=1, has the continued fraction representation (2) with coefficients a;, b;
independent of n. In addition, the expansion around infinity of ¢ and of the
continued J-fraction (1) coincide.
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A third approach to the continued fraction (1) is given by exploiting the
connection between (3) and some second order difference operators.
Consider the infinite tridiagonal matrix

by ay, O
ao bO Cll 0 M

o = . 7
O al b2 a2 M ( )

We denote by /2 the Hilbert space of complex quadratic summable sequen-
ces and by (e,),>o its usual orthonormal basis. In the sequel we will
associate with the matrix ./ a linear operator 4 in 7/ in the following way:
first we define the operator by the usual matrix product on the set of finite
linear combinations of the basis elements ¢, ¢, ..., and then we take its
closure. Since the entries a;, b; are supposed to be uniformly bounded, the
resulting operator A is defined on the whole set /2 and bounded. Notice
that A is self-adjoint if and only if @;, b; are real for all j. Let o(A) be the
spectrum of the operator, 2(A4) = C\a(A) its resolvent set, i.e., the set of all
numbers zeC so that (z-I—A) is boundedly invertible in /2 The
operator-valued function R(z):=(z-I—A)~!, analytic in Q(A4), is called
resolvent of A. Following Berezanskii (see [9]), we call

() :=(R(z) eq, €0) = ) % (8)

j=0

the Weyl function of A, analytic in the resolvent set of A4, and thus in par-
ticular in the neighborhood |z| > || 4| around infinity. Define the sequences
of polynomials (g,),s0 and (p,),=o as solutions of (3) together with the
initial conditions (4). Then, for any > 1, the rational function p, /g, turns
out to be the nth Padé approximant of the power series (8) (see [13]).
Note that the spectral equation Ay =z -y reduces to the difference equation
(3). In fact, Padé approximants of a Weyl function are useful tools in the
spectral theory of second order difference operators, which again have
applications to non-linear discrete dynamical systems (see [2, 8,9, 16] and
the references therein). We also mention that, instead of (7), we may also
allow arbitrary complex entries different from zero on both the super-
diagonal and the subdiagonal, corresponding to a different scaling of the
Padé numerators p,, and denominators ¢,. However, we will restrict our
attention in the present paper to the subclass (7) of second order difference
operators since, as shown in [ 8, Theorem 2.3], the above scaling leads to
a maximal resolvent set.
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All the subsequent considerations are in the extended complex plane
C=Cu{w}, equipped with the chordal metric. We say that some
property is valid locally uniformly in some open set D<= C if it holds
uniformly on closed subsets of D. For instance, lim sup,,_, ., f,,(z) < f(z)
holds locally uniformly in D if for every closed F < D and for every ¢ >0
there exists an N(g, F) so that f,(z) < f(z)+¢ for all ze F and for all
n= N(e, F). Also, in what follows we fix 4 and write shorter Q :=Q(A),
with Q, being the outer domain, ie., the connected component of Q
containing infinity. Furthermore, the (generalized) Green function of Q,
with a pole at infinity will be denoted by g, . Notice that for the particular
case of self-adjoint operators 4 there holds 2=, and o(A) becomes a
compact subset of the real line. However, there exist bounded operators A4
with matrix representation (7) having a resolvent set consisting of several
connected components, i.e., 2 # Q, (see Example 5.2 below).

In order to motivate our results presented below, let us shortly recall
some properties of Padé approximants for the particular case of real bounded
recurrence coefficients (i.e., 4 is a bounded self-adjoint operator). By the
spectral theorem, the Weyl function (8) may be represented as a Markov
function, with the corresponding measure being the spectral measure of A4,
supported on g(A). The Markov theorem provides local uniform con-
vergence of the sequence (7,),-, of Padé approximants to the Weyl
function ¢ in C\.%, where % is the convex hull of a(A4) (see, e.g., [16,
Chap. 2.6]). In particular, all Padé poles lic in . On the other hand, if
0(A)#% then an infinite number of Padé approximants may have so-
called spurious poles in Q, namely in the gaps of the spectrum. Thus in
general we do not have local uniform convergence of the whole sequence
(m,),=0 In the whole resolvent set. Let us also recall a result of Widom
[25] who showed that, for any closed set F < Q(A), the number of zeros
of ¢, in F may depend on n, but is bounded in n. Finally, from [20,
Chap. 1.1] or [16, Chap. 2.8 ] we obtain information about the growth of
Padé denominators on and outside the spectrum. In particular, from [ 20,
Theorem 1.1.4] one may deduce convergence of the sequence of Padé
approximants in capacity in the resolvent set.

For arbitrary bounded recurrence coefficients «a;, b;, we show in
Theorem 3.1 of Section 3 that there is convergence in capacity of the whole
sequence of Padé approximants in the outer domain Q, of the resolvent set.
The restriction to the outer domain is natural, since the Weyl function ¢
is approximated in terms of its Laurent series at infinity; moreover, accord-
ing to the special case of self-adjoint operators we may not expect that a
sharper form of convergence is valid in the whole outer domain Q.

For obtaining convergence in capacity and for specifying the rate of
convergence (see Proposition 3.2) we essentially need three elements: first
we show in Proposition 2.1 that the result of Widom on the number of
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poles in the outer component of the resolvent set is also true in our general
setting. As a second element we examine in Proposition 2.2 the asymptotic
behavior of the ratio of two consecutive denominators. Finally, in the
remaining part of Section2 we study the two functions gi,, and g,
defined on Q by

&inr(2) :=1lim inflog[ |¢,(2)|* + |a, - ¢, +1(2)? ]2+ D, 9)
aup(2) :=1im sup log |q,(z)| ", (10)

For self-adjoint A, properties of these functions are well-established; see for
instance the monograph [20] of Stahl and Totik on general orthogonal
polynomials. In the general case, some asymptotic properties for g,, have
been given by Aptekarev, et al. [2, Corollary 3]; a function closely related
to g;,c Was studied by Kaliaguine and the present author [ 8, Theorem 3.6].
Beside several other characterizations, we will show in Theorem 2.5 that
Zint» &sup Are positive continuous functions in £ (possibly the constant
+ o0), with g;,¢ being superharmonic in Q\{ o}, and g, subharmonic in
Q\{o0}. These properties are illustrated in Example 2.9. Connections to
the Green function of the resolvent set are given in Theorem 2.10. In
particular, we are interested in Corollary 2.12 to characterize the so-called
regular case where gg,, = ginr coincide with the Green function.

In Section 4 we investigate the question of local uniform convergence of
J-fractions with complex bounded coefficients. Obviously, poles are obstacles
for such a convergence, however, as observed by Gonchar [12], the
absence of poles in some (particular) domain may already imply local
uniform convergence. In Theorem 4.1 we show that any subdomain of 2,
has such properties. Some special cases are discussed in Corollary 4.2 and
Corollary 4.3, for instance the case of operators with spectrum having
capacity zero.

For the sharpness of the above convergence assertions, it is of interest
to know whether the limit, namely the Weyl function of the difference
operator A, has an analytic continuation in any domain strictly larger than
Q,. This is known to be false for many special cases (like self-adjoint
operators or periodic operators). In the final Section 5 we relate in Theorem
5.3 isolated points of the spectrum to poles or essential singularities of the
Weyl function. Some implications for the analytic or meromorphic con-
tinuation of the Weyl function are discussed in Corollary 5.4 and Corollary
5.5. Finally, we show in Corollary 5.6 that the Baker—-Gammel-Wills con-
jecture holds in the case of a countable spectrum, namely, there is local
uniform convergence of a subsequence of Padé approximants in the maximal
domain of analyticity of the Weyl function.
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2. ASYMPTOTICS FOR FORMAL ORTHONORMAL POLYNOMIALS

For a proof of the convergence assertions presented in the second part
of this paper we require several properties of the Padé denominators, i.e.,
of the formal orthonormal polynomials (g,),-o. In what follows, we
denote by v(f, F) for some closed F< C the number of zeros (counting
multiplicities) of some function f analytic on F. Furthermore, we require
the leading coefficient of ¢,, which according to (3), (4), is given by

1
k,:= . Kep:=limsup |k,| =",
Qo -dy- -+ -dy_ n— oo (11)

Ko := lim inf |k, | =1/,

n— oo
In addition, we denote the zero counting measure of ¢, by u,,, n>0, with

|g,(2)]"" = [k, |- exp( — VI, ]1(2)),

where V[ u] denotes the logarithmic potential of a positive Borel measure
. The asymptotic properties of the Padé denominators will be stated in
terms of the two functions

0(2) =1 2) P+ Ly - G r(2)]%

u,(z) :=M n=0.

ay 'qn+1(Z),

(12)

2.1. Zero Distribution and Ratio Asymptotics

Widom [25] observed for the case of real recurrence coefficients that
the number of spurious poles (i.e., of zeros of ¢,, in £,) is not arbitrary. As
our first result, we show that this property remains valid for complex
recurrence coefficients. This result is the key for establishing convergence in
capacity.

ProrosITION 2.1.  For every closed F < Q, there exists an v(F) so that
the number v(q,, F) of spurious poles in F is bounded by v(F) for all n=0.
Moreover, the same property holds for the sequence of analytic functions
(z:7, qn)n=0- In addition, there exists a closed neighborhood U of oo with
wz-r,-q,, U)=0 for all n=0.

Before giving a proof, let us motivate and state the second main result
of this subsection. The sequence (1/u,),-, of meromorphic functions is
referred to as a tail sequence of the continued fraction [15, Sect. I1.1.2,
Eq. (1.2.7)], since by (11) we have 1/u,=§,,1/q,., with §, =g, /k, which is
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monic. In case that (u,),-, converges in some set, one usually speaks of
ratio asymptotic behavior of the corresponding sequence (§,),so. In
general we may not expect such a behavior for our setting; however,
suitable subsequences of (u,,), s, will converge.

PROPOSITION 2.2.  The sequences (u,),=o and (q,/q,+1)n=0 0f mero-
morphic functions are normal in Q with respect to the chordal metric on the
Riemann sphere. Furthermore, any limit function of (u,),= in the outer
domain Q, is different from the constants 0 and oo.

The proofs of the above assertions as well as other results presented in
this work rely very much on a paper by Aptekarev et al. [2] on bounded
(not necessarily self-adjoint) second order difference operators 4 (see also
[7, 8] for recent complements and improvements). In [2, Theorem 1], a
characterization of Q(A) is given in terms of Padé polynomials p,, ¢,;
moreover, the authors provide an explicit representation of the correspond-
ing resolvent operator in terms of (#,),>0, (¢.)n>0, together with upper
bounds for the elements of this operator. By slightly rephrasing [ 2, Eq. (12)]
(see also [8, Theorem 2.1]) we get for ze Q(A4) and for j, k=0, 1, ...

ri(2)-qlz) b j=k,

rdz)-q,(z) il j<k (13)

(exs R(z) €)= |

Using results of Demko et al. [10] on inverses of band matrices, it is
shown in [2, Theorem 1] that for every z € 2 there exist positive constants
f(z) and d(z) such that for all 0 < j<k

ri(2) - q,(2)| < B(2)- (), d(z) <. (14)

The continuity of f, 0 as well as some further estimates are discussed in the
Lemma below, we closely follow arguments from [8, Lemma 3.3].

Lemma 2.3. We may choose functions f§, 6 in (14), continuous in Q
(including infinity), so that p(z)-|z| is continuous at infinity. Furthermore,
there exists a positive function y continuous in Q (including infinity) such that
for all ze 2 and for all n=0

1<v,(2) -/ Irn(2) 2+ a1 ()P <(2), (15)
1<ty | /192 P+ g0 1 (2P 12+ 1 ()P 3(2). (16)

Moreover,
lim sup |r,(z)|Y" D=8 <1, zeQ. (17)

n— oo
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Proof. As shown in [§8, Lemma 3.3], functions f;, J, satisfying (14)
and continuous in Q\{oo} result immediately from [ 10, Theorem 2.4]. In
order to include the point oo, let D:={zeC: |z| >2-| 4| }. Obviously, the
closure of D is a subset of Q2. By continuity, the two functions

_2-l4l ax f1(z),  0y(z):=max d,(z) <1,

|z|  zeop zedD

Bal2):

verify (14) for zedD. From (5), we see that z-r.(z)-¢,(z) is analytic in a
neighborhood of the closure of D including infinity for all 0 < j<k. Thus,
by the maximum principle for analytic functions, relation (14) also holds
for ze D for the functions f,, d,. Define

logfiz) i ze@ |:<2- |4l
logfalz) i |23 4],
log f(z) = E E
(3 ) log B() + <|A|2> log Bf2)
it 2. 4] <]z <3+ 4],

and J(z) by a similar combination of d,(z) and d,(z). Then f, J satisfy (14)
and have the desired regularity properties.

For a proof of (15) and (16), one first verifies by recurrence using (3),
(4), and (5), that, for n =0,

ay (qn “Pn+1—9n+1 'pn)zla (18)
an'(rn‘qn+l_rn+1'CIn)=1' (19)

Thus the lower bounds in (15) and (16) follow by applying the Cauchy—
Schwarz inequality on (19). For the upper bounds, we first replace the term
|, |1q,+1(2)] by its upper bound (|z|+ |b,[) - |g,(2)| + la, 1] 1g,—1(2)].
In the case (16), we obtain

|| -/ 19n(2) P+ g1 (2)2 1 2) 2+ 71 (2)]2
< (2] 4 lay ] + 18, 1) - (1gu(2) 7u(2)] +16(2) s 1(2)])

+ |an71| : (|Qn71q(z) l"n(Z)| + |qn71(z) Vn+1(Z)|),

and, by (14), we may bound the right hand side, e.g., by (2-|z| +6-||A4]]) -
B(z), which is continuous in £ (including o0). A proof for inequality (15)
is similar, we omit the details.
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It remains to establish (17). By taking j=0 in (14) we get

1>6(z) > lim sup |r,(z) "+
=lim sup[ |r,(2)] + [d, - 1 41(2)[2]VC7 42,

n— oo

the equality being a consequence of the fact that (a,),, is bounded. On
the other hand, by (15),

lim sup[ |r,(2)|* + |a, - 1pyq(2)]2 ]V +2

n— oo

=limsup v,(z) " Y"*D  zeQ,

n— oo

and the assertion follows from (9). ||

A sequence of functions analytic in some domain D < C is called normal
in D if, given a subsequence, we may extract a subsequence converging
locally uniformly in D with respect to the usual Euclidean metric, and thus
the limit function is analytic by theorem of Weierstrass. Recall that, by a
theorem of Montel' a family of functions analytic in D is normal in D if
and only if it is uniformly bounded on any closed subset of D.

In this paper (see, e.g., Proposition 2.2), we also deal with sequences of
functions which are meromorphic in some domain D. Such a sequence is
called normal in D if, given a subsequence, we may extract a subsequence
converging locally uniformly in D with respect to the chordal metric y(-)
on the Riemann sphere [ 17, Definition 3.1.1]. Here, any limit function is
either meromorphic in D or identically oo [17, Corollary 3.1.4]. If confu-
sion is possible, we will explicitly mention the corresponding metric. Notice
however that a normal family of analytic functions also is normal with
respect to the chordal metric. A reciprocal statement is discussed in Lemma
2.4(d) below.

In what follows we will use several classical properties of normal families,
for instance some reformulation of a theorem of Hurwitz and a link
between normal families of analytic and of meromorphic functions. For the
sake of completeness, these properties are stated (and proved) in

LemMma 2.4. Let D<= C be some domain, and suppose that the sequence
(fi)uso of functions analytic in D is normal (with respect to the usual

!See e.g., [17, Sect. 2.2 and Theorem 2.2.2]. Some authors prefer to measure the distance
of functions in the chordal metric, in which case a subsequence may also converge to the con-
stant oo. However, this case must be excluded in order to obtain equivalence in the Montel
Theorem.
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Euclidean metric). Furthermore, suppose that all limit functions are different
from the constant 0. Then there holds

(a) (See [17, Theorem 2.5.1].) For any closed F < D, the number of
zeros of f,, in F is uniformly bounded in n: there exists a v(F) such that
v( f,, F)<v(F) for all n=0.

(b) If f,(0)=1, n=0, for some [€D, then there exists a closed
neighborhood F = D of { with v(f,,, F)=0 for all n=0.

(c) Let Fc D be some closed set. If all functions f,, are different from
zero in some open neighborhood of F then there exists a constant C> 0 such
that C<|f,(z2)| for all n=0 and for all z€ F. In the general case, provided
that oo ¢ F, there exist constants C, v and monic polynomials f,, n =0, of
degree at most v such that

C-fDI<Ifl2)l,  n20, zeF.

(d) (Compare with [17, Corollary3.1.7].) Let h,, n=0, be
meromorphic in D, and suppose that (h,), s is normal in D with respect to
the chordal metric, with any limit function being different from the constant
oo. If there is a domain D' = D with h, being analytic in D" for n>=0, then
(h,)nso is normal in D' with respect to the Euclidean metric.

Proof. (a) If the first part of the assertion fails to hold, then by taking
a subsequence we may suppose that v(f,, F)>n for all n>0, and that
(f4)nso converges locally uniformly in D to some f. Then f'is analytic in D
and, by assumption, f is not identically zero. Thus the zeros of f do not
accumulate in D. By possibly slightly enlarging F we may insure that f is
different from zero on OF, and thus & :=min,_,z | f(z)| >0. In view of the
uniform convergence of (f,),-o on F, we have for sufficiently large n and
for every zeOF

1f(2) = fu(2)| <e<|f(2)].

From the Rouché Theorem it follows that v(f,, F)=v(f, F)<oo for
sufficiently large n, contradiction to the choice of the sequence (f,,),>0-

(b) By the Arzela—Ascoli Theorem, the normality of the sequence
(f)nso implies in particular that f,, n >0, are equicontinuous. Thus there
is a 0 >0 such that for all n>0 and for all z with y(z, {) <o there holds
| f.(2) — (D) <1/2, and therefore | f,(z)| = 1/2.

(c) For a proof of the first part, let D; be some domain containing
F with closure F; = D such that f,(z) #0 for all n>0 and for all ze D,. If
(f2)n>0 1s not bounded away from zero uniformly on F then there exists a
limit function f having a zero in F. It follows from the Theorem of Hurwitz
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that f vanishes identically in D,, in contradiction with the assumption of
Lemma 2.4. This shows the first assertion of part (c).

In order to show the second one, let D,, D, =D be some domains
withclosures F;, and F,, respectively, verifying F< D,, F, < D,, F, <D,
and oo ¢ F,. Furthermore, v=v(F,)< oo as in part (a). For n>0, we
denote by zy, ..,z 5, the (finite) zeros of f,, in F;, (counting multi-
plicities), and define f,(z)=(z—z,) - (Z=zuwys.F))> &n =fo -
the Theorem of Montel, the sequence (f,),>o i uniformly bounded on
F, by some constant C’'. Moreover, by construction, g, is analytic in D,
and (g,),>o 1s uniformly bounded on the boundary of F, by
C'-max{1, dist(0F,, 0F,) ™"} <oo. From the maximum principle for
analytic functions, we may conclude that (g,),, is normal in D,. In addi-
tion, each function g, is different from zero in the neighborhood D, of F
by construction, and each limit function of (g,),s, is different from the
constant 0 by assumption on (f,),~,. Hence the assertion is a consequence
of the first part of (c).

(d) Suppose that assertion (d) is not true. From the Montel theorem,
we may conclude that there exists a closed set F< D' with (4,),s, not
being uniformly bounded on F. By possibly taking subsequences, we find
a sequence (z,),so < F converging to some { € D" and (|4,(z,)|),>, tending
to infinity. By the equicontinuity of (4,),-, on F with respect to the
chordal metric, there exist a 0 >0 and an N >0 such that y(4,(z), c0) <1/2
for all n>N and for all ze U:={reD": y(1,{) <J}. Consequently, for
n = N, the function 1/4,, is analytic in U and bounded in modulus by 1, and
thus (1/A,), 5 18 normal in U with respect to the Euclidean metric. Also,
by assumption, 1/4,, n=0, is different from zero in U. Denoting by % a
limit function, we have by construction /({) =0, and thus by the Theorem
of Hurwitz 7=0 in U. Since y(1/h,(z),0)=y(h,(z), «0), by taking again
subsequences we find a limit function of (4,),, in D with respect to the
chordal metric which is equal to the constant oo in U, and thus in D. This
contradicts the hypothesis of Lemma 2.4(d). ||

Proof of Proposition 2.1.  We consider the functions g,(z) :=r,(z) - q,(2),
and f,(z) :=z-g,(z),n=0. From (13) we see that

L (Ale,, e 1 1
gn(Z)z(R Z‘; Zj+ln) Z+(§<22>z—>oo.
In particular, (g,),, and (f,),so are sequences of functions analytic in Q.
According to (14) and Lemma 2.3 they are locally uniformly bounded in Q2
and thus normal in 2 by the Montel Theorem. In addition, f,(c0)=1 for
all >0, showing that none of the limit functions of (f,),, is identically
zero in the domain D :=0,. Thus, the assertion follows from Lemma

24(a), (b). 1
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Proof of Proposition 2.2. According to the Marty Theorem, for the
normality of (u,),, in some domain D — C it is sufficient to show that the
spherical derivative

|uay, |

u,) =
pluy) =1 PNE
is bounded uniformly with respect to n on compact subsets of D. We have

1(9(2) Gns1(2) = 4ul2) @ 41(2))/an - Gy 1(2)?]
L+ 1gu(z)/ay - gy a(2)]?
)

plu,)(z) =

] 1qu(2) @ 1(2) = 4ul(2) Gy 1(2)]
Bl v,(2)? '

One easily establishes by recurrence using (3), (4), the Christoffel-Darboux
formula

qn(x) qn+l(z)_qn(z) qn+l(x) _
zZ—X

a, -

n

Z qj(x) 'qj'(Z);
=0

J

which in the limit x — z takes the form

Ay [9,(2) @ 1(2) = 40(2) 41 (2) 1= q;(2)>
=0

Consequently, using (15), we get

1

<L) +la, -1y 1 (21P1- X lg,(2)]2
j=0

plu,)(z) < S 1g,(2))

Here, the right hand side may be estimated using (14) by (1 + ||4]?)-
B(2)?/(1 —6(z)?), which by Lemma 2.3 is continuous in Q. Consequently,
(p(u,))n=0 is bounded locally uniformly in Q\{co}. In order to include a
neighborhood of infinity, we consider the rational functions ,(z) :=u,(1/z)
and observe that

plit,)(1/z) =z|?- p(u,)(2),

where again the right hand side is bounded uniformly with respect to » in
some neighborhood of infinity. Therefore, (u,), s 1S normal in Q.
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The normality of (¢,/q,,1).>0 In £ can be established using similar
arguments and (16), since

< Gn >(Z)_ 1 _
PNwir ) T lanl - (0D + 1dnaa (D)

It remains to show the characterization of the limit functions of (u,),>,
in 2,. We know from (3), (4), and (12) that

1
un(z)=7+@(2_2)zaooa n>03
z

Z C]j(Z)Z
j=0

ie. u,(00)=0 and u,(c0) =1 for all n>=0. This implies that any limit func-
tion u of (u,),so is analytic in some neighborhood of infinity, with
u'(00) =1 by the Weierstrass Theorem. In particular, u is different from a
constant in Q,. ||

2.2. nth-Root Asymptotic Behavior

We know from (9), (10), and (12) that g, is the (pointwise) lower limit
of the sequence (log v!™),.,. Moreover, since 4 is bounded, Zsup 18 the
(pointwise) upper limit of the sequence (logv!™),-,. For self-adjoint
operators A, properties of these two functions may be derived by specifying
results given in the monograph [20] on general orthogonal polynomials.
In general case, Aptekarev et al. showed [2, Corollary 3] that g, is
positive in 2, and some properties of a function closely related to g;,; have

been investigated by Kaliaguine and the present author [ 8, Theorem 3.6].

THEOREM 2.5. Let w¢ Q.

(a) The sequence (v, '"),~¢ of continuous functions is normal in Q

(with respect to Euclidean metric). We denote by 4 the set of limit functions
of (1og v}/"), .
(b) Let ge ¥, say,
g(z)= lim loguv,(z)'", zeQ,

n—oo,nef

for some infinite set A = N. Then the limit

Kyi= lim |k, ~'"

n—>oo,neAd
exists, and g is equal to the constant + oo iff x,=0. Otherwise,

g(z) —log |z — w| is harmonic in Q,

1
g(z) <log-—+log(|z| + [ 4]).  ze,
A
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and in the outer component of the resolvent set, we have the representation

1
g(z)=log P Vul(z),  zef,,

where u denotes any weak limit of (1t,)nes Y (Uns1)nea-

(c) The limit relations

lim sup v,(z) ~""=exp( — gind2)),  liminfv,(z) ™" = exp( — gqup(2))

n— o n—

are valid locally uniformly in Q. Furthermore, g, &5y are positive in Q
(possibly the constant + o0), with g,.{(z) —log |z —w| being superharmonic
and continuous in Q, and gg,,(z) —log |z — w| subharmonic and continuous
in Q.

Notice that, as a consequence of (15), the sequences (v, '"),-, and
(Llza(2) P+ |ay - 1y 1(2)]21%7),,2 o have the same asymptotic behavior; in
particular, it is possible to restate analogues of Theorem 2.5 for residuals.

For the proof of Theorem 2.5 we require some preliminary considera-
tions. In the next three lemmas, we denote by B({, d) = {ze C: x(z, {) <}
the closed chordal disk with center { e C and radius 6 > 0.

LEMMA 2.6. For any closed F = Q there exists a 6 >0 with the following
properties: for any (€ F we have B({,d) < Q, and there exists a sequence
(€x)ns0 = {0, 1} (in general, depending on () such that

log(4)
on

n+e,
)_7

<log(lk,/v, " Va4, 1(2) <0, n=0, zeB(( 9),

and v(q,, 4, , B((, 0)) =0 for all n=0. In addition, if oo € B((, J), then ¢, =1
for all n.

Proof. First, there holds B({, 6) = Q for all { € F if § is smaller than the
spherical distance of the boundaries of 2 and F. From Proposition 2.2, we
know that (u,), s, is normal in £ and thus equicontinuous on closed sub-
sets of Q. Hence, by possibly choosing a smaller §, we may insure that
x(u,(z), u,({)) <1/4 for all n =0, for all { e F, and for all ze B({, 0). Notice
that

_ ku/v,(2)]

ko2
Sl o, =)

0 =
2(0, u,(z)) ki1 /qns1(2)]
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Given a fixed {eF, we may choose ¢,=0 if (0, u,({))>1/2 and ¢,=1
otherwise (i.e., if y(oo, u,({)) > 1/2). In particular, if oo € B({, J), then ¢,, =1
for all n since u,(c0)=0. This yields

1 ko2l
4 |kn+sn/qn+sn(z)|
and the estimate in the assertion follows by taking logarithms and by divid-

ing by n. Finally, by (18) we have v,(z)#0 for all zeC, and thus
Gn+s(2) #0 for all n>0 and for all ze B(,0). 1

<1, zeB(9),

In addition we have a statement similar to [ 12, Proposition 4].

LemmA 2.7. Let A<=N be infinite, ¢, €{0,1}, and suppose that the
sequence of measure (i, 4, )pea and (41—, )ue s converge weakly to u'®,

and to 'V, respectively. Then the potentials of both limit measures coincide
in Q,.

Proof. First notice that, by Proposition 2.1, both measures are supported
on the complement of €, and thus the potentials are continuous in 2,. We
may find a set 4, =4 such that (u,),.,, converges to some meromorphic
function u locally uniformly in Q, with respect to the chordal metric. Accord-
ing to the fact that u is different from the constants 0, oo, the sequence
(|t "), c 4, converges pointwise to 1 quasi everywhere? in Q,. Since

n+1
IOg |un|1/n:T V[lun+1:| - V[:un]’ n>03

the assertion follows. ||
Our proof of Theorem 2.5 is essentially based on Lemma 2.6 and the
following

LEmMMA 2.8. Let w¢Q be some fixed complex number. The sequence
(log v,(2)**V —log |z— |), =0 of continuous functions is equicontinuous
in Q with respect to Euclidean metric, and locally uniformly bounded below
in Q.

Proof. Let
w(z) :=log(|z —wl- |k, /v, ()| "+ D), n=0.
In the first part of the proof, we want to show that the sequence (w,),=,

of continuous functions is normal in @, with any limit function w being

2 A property is said to hold quasi everywhere in some set D if it is true in D\K, where K
has capacity zero.
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harmonic in € and vanishing at infinity. Consider an exhaustion of Q,
namely, a sequence of open sets D; = Q, j=>0, with its closure F; being a
subset of D;,,, and (J; D;=Q. Furthermore, we denote by J,>0 the
number associated with F; as described in Lemma 2.6. Notice that every F;
may be covered by a finite number of open chordal disks of radius 6;/2
centered in F;. Therefore it is sufficient to show that, given a { € F;, we may
extract from every sequence (w,),., a subsequence converging uniformly
in B({,0;/2) to some function w which is harmonic in the interior of
B(, 0;/2).

Given a (eF;, let (¢,),-0 be as in Lemma 2.6, and write shorter
B:=B((,9;), B :=B({, 0;/2). From the last of Proposition 2.1, we know
that there exists some compact set K containing the supports of the
measure 4, , for all n>0. Helly’s theorem asserts that any sequence
(Hnss)nes contains a subsequence (i, ., )nc, that converges weak™* to
some probability measure x. According to Lemma 2.6, 4, , is supported
in K\B. Therefore, u is supported in the closure of K\B, a subset of the
complement of B'. In particular, the sequence of potentials (V[ 1z, 4, 1(z) +
log |z—w]), <4 converges uniformly to w(z):=V[u](z)+log|z—w| on
B'. Thus, with the aid of Lemma 2.6 we obtain the uniform convergence of
(W,)ne ., to won B'. Finally, notice that w is harmonic in the interior of B’,
and w(oo) =0. This proves the assertion made in the beginning of the proof.

From the Arzela—Ascoli Theorem, we may conclude that (w,),>, is
equicontinuous and locally uniformly bounded in Q. Thus the assertion of
the lemma follows immediately since

log v,(2)""* " =log |z — @] — w,(z) + (20)

n o 1
nl Sk,

and |k,| """ < ||4| for all n. |

It is known that all the zeros of ¢, have a modulus less than or equal to
|A] (see, e.g., [8, Theorem 3.10]), and thus

Vlua1(z) =log zeC. (21)

_
ERIVIE

This estimate will enable us to derive explicit upper bounds for (log v,(z) "+

—log |z =)o

Proof of Theorem 2.5. Since v,,(z) ~Y/"+ D = |z —w| =" exp( —[log v,(z) /" +1
—log|z—w|]), we may conclude from Lemma 2.8, that the sequence
(v, ""),50 is equicontinuous in @, and locally uniformly bounded above.

Also, by construction, this sequence is trivially bounded below by zero in
Q, and assertion (a) is a consequence of the Arzela—Ascoli Theorem.
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For a proof of part (b), let A’ = A be such that (|k,| ~""),., tends to
some k€ [0, ||4]], and (w,), ., converges locally uniformly in £ to some
w. We know from Lemma 2.8 that w is harmonic in Q, vanishes at co, and
w(z) =log[(|z—w|)/(|z] + | 4]])] for ze Q by (21). According to the fact
that (w,), < 1s bounded uniformly on closed subsets of 2, we see from
(20) that (log v}"),. + tends to the constant + oo locally uniformly in Q
if and only if x=0. Otherwise, (logovY"*V), _,. converges locally
uniformly in Q to g(z) :=log |z —w| —w(z) +log(1/x). In order to deduce
the representation of g in Q,, we may in addition assume that both sequen-
ces of zero counting measures (4,),c and (g, 1), converge weakly.
Notice that the potentials of the limit measures coincide in Q, by
Lemma 2.7. Thus Lemma 2.8 yields the desired representation w(z)=
log |z —w| +uV[u](z) for, e.g., the limit u of (u,), - It remains to show
that all these findings do not depend on the choice of the subsequence A’
of A. In fact, if 4* = A is chosen so that (log v}/ +1) _ . converges locally
uniformly in Q to g*(z):=log|z—w|—w*(z) +1log(1/k*), then g(z)=
g*(z) by assumption on A, and from w(o0) =w*(00) =0 we may conclude
that x=x*, and w=w* in Q.

In order to show (c), notice first that

log [¢,(z)]""* <log |v,(z)| ",

1
log ()1 <2V max {log g (2) 1+, g 4]
n

T log |qn+1<z>|“("+“}.

Therefore, by (9), (10), the claimed limit relations hold pointwise for z € Q,
with 0 <g;dz) < ggp(z) for zeQ according to (17). From the equicon-
tinuity property established in Lemma 2.8, we may conclude that these
limit relations (and thus also (9), (10)) hold locally uniformly in 2, with
Zinf(z) —log |z — | and gg,,(z) —log |z —w| being continuous in Q, w ¢ Q.
Finally, again by equicontinuity and by part (a) we have for ze Q

Zine(z) —log |z — w| =min{g(z) —log |z —w|: ge %}, (22)
Zoup(z) —log |z — | =max{g(z) —log |z—w|: ge ¥}, (23)

where we recall from part (b) that g —log |z — w| is harmonic in Q for all
ge%. In particular, g;(z)—log|z—w| is superharmonic in £, and
Zsup(z) —log |z — | is subharmonic in £, as claimed in Theorem 2.5(c). |

Already from the case of self-adjoint operators 4, we know that Theorem
2.5 may not be essentially improved. If the sequence of zero counting
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measures (4,),-o converges, the limit x (which by Proposition 2.1 is
supported on C\Q,) usually is referred to as density-of-states measure
(see, e.g., [ 11, Definition 1.1 and following Remarks]). Let 4, and A, result
from the infinite tridiagonal~ matrix (7) with entries a;, b, andfzj, l;j,
respectively. If both 4 and A are bounded self-adjoint operators, 4 has a
density-of-states measure u, and

) 1 n—1 . -

lim . Y. (la;—a,;|+1b;—b,]) =0, (24)
n— oo j:O
then it follows from the general result [11, Theorem 2.4] of Geronimo et
al. that also A has the density-of-states measure . This enables us to
discuss several special cases of Theorem 2.5.

ExAMPLE 2.9. In this example we take d,=1/2, b, =0, n>0. Here, §,
coincides up to a scaling with the Chebyshev polynomial U, of the second
kind. In particular, the density—of—gtates measure of 4 is given by the equi-

librium measure of [ —1, 1]=0a(A4) (see, e.g., [ 16, Sect. [1.9.2]); and thus
&sup = &inr coincides with the Green function of Qq(A).

(a) As in [11, Example44], let a,=ad,=1/2, n=0, b,=1 if
10 <n < 10* + k for some integer k, and b, =0 otherwise. Here, not only
the density-of-states measure but also the quantities #;,r = Ky, = 1/2 remain
invariant. On the other hand it is shown in [11, Example4.4] that
a(4)=[—1, +2], ie., we have found an operator 4 with g;,;= g,, being
a Green function, but not that of Q.

(b) The equality r;e = K, does not necessarily imply that g, = g
in Q,. Otherwise, it would follow from Theorem 2.5(b) that there
necessarily exists a density-of-states measure, in contradiction with [11,
Example 4.1] where the following example was studied: a,=d,=1/2,
n=0, b,=(—1)% if k<loglogn<k+1 for some integer k, and b, =1
otherwise.

(c) The existence of a density-of-states measure does not imply that
Ksup = Kine (and thus we may have g, — ginr 70 in ), as it becomes clear
from the following example: with some fixed a€(0, 1), choose b, =b,=0,
n>=0, a,=a,-a" if n=2* for some integer k, and a,=a, = 1/2 otherwise.
First, from [11, Theorem 2.4], we may conclude that A4 has the same
density-of-states measure as A. Furthermore, 1/k,=2"".0*""=1 for
2¥<n< 2%t and consequently (|k,|~""),-, has accumulation points
dense in [a?/2, a/2], with K= 0?/2, Ko, = /2. Thus, combining Theorem
2.5(b), (9), and (10), we get gq,p(2) — gind2) = —log(a) for ze Q.



SECOND ORDER DIFFERENCE OPERATOR 387

2.3. Regular Asymptotic Behavior

Following [20], it is of interest to relate the functions gi,r, gsup to the
Green function of the outer component of the resolvent set. Such a relation
was given in Example 2.9 for some particular cases. The exact connection
as well as further properties are stated in

THEOREM 2.10. (a) The function g (and gg,,, respectively) is harmonic
in Qo\{ o0} iff it coincides in Q. with an element of 4. A similar statement holds
for any other connected component of Q.

(b) The following statements are equivalent:

(1) There exists an element g € G with limit boundary values 0 quasi
everywhere on 09, i.e.,

lim g(z)=0  for quasi every { € 0Q,.
z—>{,zeQ,
(11)  ginr has limit boundary values 0 quasi everywhere on 08,.
(i) gine= 8a, N Q.
In any of these cases, the resolvent set Q is connected, i.e., 2,= (.
(c) The following alternative holds for g,
(i) Kgp=0. Here, gipe(z) = + o0 for all ze Q.
(ii) cap(0Q) = kg >0. Here, gine(2) = go () >0 for all ze Q =Q,,.
(ili) cap(0Q) > Kgp>0. Here, 0 <gi(z) < o0 for all ze Q\{ w0},
and g;,(2) > gq (2) for all ze Qy\{x0}.
(d) The following alternative holds for gg,,:
(i) Kine=0. Here, g, (z) = + o0 for all ze Q.
(i) cap(0Q) = Kins> 0. Here, gqp(2) = 8o (2) >0 for all ze 2 =Q,,.
(iii) cap(0Qg) > Kinr>0. Here, 0 <gg,(z) <o for all ze Q\{ w0},
and gq.p(2) > gq (2) for all z e Qo\{o0}.
Alternatives (ii) and (iii) of Theorem 2.10(c), (d) occurred in Example 2.9.
The alternative (i) will be illustrated in Example 5.2 below, here both cases

cap(0Q,) =0 and cap(0L2,) >0 are possible.
In the proof of Theorem 2.10, we will make use of

Lemma 2.11. (a) For any ge 9 there hold g(z) > gq (z) for z € w,, with
equality for one z if and only if g = gq in Qo. Furthermore, for the constant
K 4 as defined in Theorem 2.5(b) there holds k ;< cap(0Q,), with equality if
and only if g = ggo in Q.

(b) We have the equivalences kgp,=0<%={+00}, and Ky=0
< +w0eYg.
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Proof. Let D be some domain containing oo, with its closure F being
a subset of Q,, and cap(dF) > 0; furthermore, suppose that D is regular
with respect to the Dirichlet problem. From Theorem 2.5(b), (¢), we know
that f,:=g—gp 1s harmonic and continuous on F, and fp(z)=
g(z)—gp(2)=g(z) = gin(z) >0 for z € dD. Thus, by the maximum principle
for harmonic functions, there holds g(z) > gp(z) for all z € F. Since g, may
be defined by an exhaustion of Q2 as the local uniform limit of Green func-
tions g, of the above type (see, e.g., [ 16, Chap. V.5.3]), it follows in the
case cap(0Q2) >0 that f/:=g — go is harmonic and nonnegative in £,, with
f(o0) =log(cap(0L2y)/x 4). Furthermore, by the minimum principle for
harmonic functions we have either f=0 in Q, or />0 in Q, (including
infinity), as claimed in part (a). In the case cap(022) =0 there holds 8o, =
+ o0 in Q. Here, taking the above limit, we get ¥, =0 and g= o0 in Q,,
and again assertion (a) follows.

For a proof of (b), notice that gy, =0 (and &;,,=0, respectively) iff
% ,=0 in Theorem 2.5(b) for any infinite set 4 = N (for some infinite sets
A <= N according to the normality established in Theorem 2.5(a)), showing
the above equivalences. |

Proof of Theorem 2.10(a). Given a {e€Q,\{o0}, according to (22), we
may find ge% with g({) = gi,e({). In the case kg, =0, the assertion is
trivial since g= g,,,= + 00 by Lemma 2.11(b). Therefore, suppose that
Ksup >0, and consider the function f(z):=g(z) — gixdz). From Theorem
2.5(b), (c), and (22), we know that f is subharmonic, non-negative and
continuous in Q,, with f(c0)=0 by construction. Taking account of the
minimum principle for harmonic functions, we may conclude that f is
harmonic in Q, iff f =0 in 2, as claimed in Theorem 2.10(a). A proof for
gsup and for other connected components of € is similar, we omit the
details. ||

Proof of Theorem 2.10(b)  (ii1) = (i1), (). If g, coincides with g in £
then in particular it is harmonic in ,\{c0}. From part (a) it follows that
there exists a g € % coinciding with go in €,. Taking into account that the
Green function g, has limit boundary values 0 quasi everywhere on 0€2,,
we have established the implications as claimed above.

(1) = (i1). Let g have limit boundary values equal to zero quasi every-
where on 0Q,. From (22), we know that 0 <g;,<g in Q,, and thus (ii)
is trivially true.

(i) = (iii). From Lemma 2.11(b), we know that xy,=0 implies that
Zinr= +00 In Q. Here, (ii) implies that cap(0Q,) =0, and the assertion
(iii) is true. It remains to discuss the case xg,,> 0, and thus cap(9Q,) >0
by Lemma 2.11(a). According to the fact that 0Q, ca(A4)={zeC: |z| <
| A}, one verifies that go,(z) <log(1/cap(0,)) +log(|z] + ||4]|) for zeC.
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Consequently, the function f:= gj,r— gq, is bounded below in Q,, super-
harmonic in 2,, with limit boundary values equal to 0 quasi everywhere
on 0Q,. From the second maximum principle (see, e.g., [20, p.223]), we
may conclude that gi,<ggq, in £,. A combination with Lemma 2.11(a)
and (22) gives ginr= gq, in €2, as claimed in (iii).

It remains to deduce that Q =Q,. Denote by F the (compact) comple-
ment of Q,, and by D the interior of F. Given g as in part (i), we choose
A and x4 as in Theorem 2.5(b). As above, it follows from the second maxi-
mum principle that g = ggo in Q,; in particular, k4= cap(0£2,) = cap(F).
Notice that cap(F)=0 implies that the interior of F is empty, and thus
Q=2Q,. Therefore, let cap(F)>0. By possibly taking a subsequence, we
may assume in addition that the sequences of zero counting measures
(Un)ness and (i, 1), converge weakly to some unit measures u, and ',
respectively. Recall from Proposition 2.1 that u, x4’ are supported on F.
Also, in Lemma 2.7 we have shown that the potentials of both measures
', p coincide in Q,, and thus by (iii)

8o,(z) =g(z) =log —VIul(z)

cap(F)

—VIw'1(z),  zeL,. (25)

~ % Cap(F)

From the continuity in the fine topology (see [20, Appendix A.2] and the
argument used in [20, Proof of Theorem 2.2.1(b) and Proof of Theorem
3.1.1]), we may conclude that (25) is also valid for z€0Q,=0F. In par-
ticular, both potentials V[u] and V[u'] are equal to log(1/cap(F)) quasi
everywhere in OF. By the second maximum principle, we get

zeD.

VIul(z) = log V' 1(z) > log

1
cap(F)’ cap(F)’
Using the principle of descent (see, e.g., [20, p.222]), we may conclude

that, for ze D,

lim log|v,(z)|Y"

n—oo,neAd

+  lim - max{ — V[, 1(2), =Vt 11(2)}

=1
g Cap(F) n—>oo,ned

<log

ooy T VIHIE), VI 1)) <0

and thus z ¢ Q, showing that 2=0Q,. |
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Proof of Theorem 2.10(c), (d). Notice first that by Lemma 2.11(a) there
holds 0 < Ky < iy, < cap(09,). If alternative (c)(i) or (d)(i) holds, then
the corresponding assertions follow from Lemma 2.11(b) together with
(22), (23). Otherwise, it follows from Lemma 2.11(a) that cap(9Q) > 0.

In cases (c)(ii), (c)(iii), the inequalities 0 < g;,¢(z) < co for ze Q\{ 0} are
a consequence of Theorem 2.5(b), (¢) and (22). The inequality g,.(z)>=
ga,(2), for z€ g, follows from Lemma 2.11(a) and (22). Now, if gi,({) =
gq,({) for some (e Q,, then by (22) there exists an g€ ¥ with g({) =gq ({).
It follows from Lemma 2.11(a) that g= gq in Q,, and thus gi,r= ggo in 2,
and in particular Q@ =0, by part (b). Furthermore, we see from the
second part of Lemma 2.11(a) that this case occurs if and only if g, =
cap(0Q,). This establishes the assertions of alternatives (c)(ii) and (c)(iii).

In cases (d)(ii) and (d)(iii), we use (23) and the above arguments to
show that 0 < g,,(2) < 0 for ze Q\{ o0} and gy,,(z) = gg (2) for z€ Q,. By
part (c¢) and (23), equality holds for some { in the second estimate iff
g({)=gq,({) for all ge%. Thus a proof for the remaining assertions of
alternatives (d)(ii) and (d)(iii) follows closely that of part (c), we omit the
details. ||

To conclude this subsection, we characterize a subclass of operators
with formal orthonormal polynomials having regular asymptotic behavior,
generalizing the concept of orthogonality with respect to a measure supported
on [—1,1] (see [22]) or on a compact subset of the real line (compare
[20, Sect. 3]).

COROLLARY 2.12.  The following three statements are equivalent:

(@) geup=8q, in 2, Le, (v,7'"), 5o converges locally uniformly in Q,
10 exp( — ggo,(+))-

(b)  Kir=cap(0Q,), ie., the sequence (lk,| ""),=, converges to
cap(09,).

(¢) The limit limsup, o, |q,(2)|V"<1 holds true quasi everywhere
on 0Q2,.

In any of these cases, we have
(d) Q=2Q, is connected.
(e) If in addition a(A) has empty interior and cap(a(A)) >0, then the
sequence of zero counting measures of ¢,, n=0, converges weakly to the
equilibrium measure of a(A).

Proof. (b)=>(a), (d). From Theorem 2.10(c), (d), we know that asser-
tion (b) implies gqp, = gins= g, 1N 2o, and thus part (d) by Theorem
2.10(b). In particular, we obtain % = { gQO}, and the convergence claimed in
part (a) follows from Theorem 2.5(a).
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(a)=(b). From part (a) together with the inequalities g, = gine = g, In
2y, we may conclude that gy, = ginr=gq, In 2o, and thus Q,=Q by
Theorem 2.10(b). Consequently, the assertion of part (b) follows from
Theorem 2.10(c), (d).

(c)=(b). Notice first that in the case cap(0Q,)=0 the assertion (b)
trivially follows from Theorem 2.10(d). Also, from Theorem 2.10(d), we
know that cap(0Q,) = K, and it remains to establish the reverse inequality
in the case cap(0L2,) > 0. Here, we use arguments similar to [20, Proof of
Theorem 3.1.1.7: let 4 =N be such that (|k,| "), , converges to k4. By
taking a subsequence, we may suppose in addition that (u,), ., converges
weakly to some measure i ,. By assumption,

0> limsup log|q,(z)|""= limsup log VT, 1(z2)

n—oo,neAd n—>oo,neAd

A

1
=log—— liminf Vu,](2)

K4 n—oo,neAd

for quasi all ze0Q,. From the lower envelope theorem [20, p.223] it
follows that

1
IOgF_ VTp,1(z) <0 for quasi all ze€0Q,. (26)

A

In particular, since cap{ze C: V[u](z) = + oo} =0 for any measure u (see,
e.g., [20, p.222]), we obtain x> 0. Since cap(0f2,) >0, the equilibrium
measure @ of C\Q, exists and is of finite energy. Notice that the exceptional
set E:={z€0Q,:log(1/x 1) — V[u4](z) >0} has capacity zero according to
(26), and thus w(E) =0. Taking into account that w is supported on 0Q,,
we obtain

1 1
03 [ | tog = V)2 | dot)=log = [ VT )(z) o2
SPOD0) 1 [ gaz) diuatz).

A

1
= log —— | VTw1(2) dis(z) =108

A

where we have used the fact that gq (z)=log(1/cap(9€2,)) — V[w](z) for
zeC (see, e.g., [20, p. 227]). Notice that the integral on the right hand side
is nonnegative, showing that x,>cap(0Q2,) for any such set A4, and in
particular ;> cap(0€2,).

(a), (b)=(c). If cap(0R2,)=0 then (c) trivially holds. Therefore, let
cap(0Q,) >0, and denote again the equilibrium measure of 022 by w. As a
first step let us show that V{w](z)=V[u](z) for ze 0, for any weak
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accumulation point u of (x,,),s,. Let 4 = N be such that (u,), ., converge
weakly to u. By part (b), the sequence (|k,|""), o converges to 1/cap(0€,).
Thus, from part (a) and Theorem 2.5, we obtain the representation g (z)
=log(1/cap(0L2,)) — V[u](z) for ze Q,, and thus V[w](z)=V[u](z) for
zeQ,. As before, we conclude that this equality remains valid on 0Q,
leading to the claim above. For establishing (c), it remains to show that the
set

E={ze0Q:lim sup log |¢,(z)|"*> 0}

n— oo

is of capacity zero. Since (|k,| ~""), -, converges to cap(0£2,) >0, we have

. 1
E= {ze@Q. hnrrili}f Vi, 1(z) <log cap(a.Qo)}'

By the principle of descent (see, e.g., [ 20, p.222]), it follows that

EcE = {26591 Vinl(z)<log o505

for some weak accumulation point u of (u,,),, }

Taking into account the assertion above, we obtain the description
E'={z€0Q: V[w](z) <log(1/cap(02,))} = {z€ 02: gq (z)>0}.

Consequently, cap(E£') =0 and thus cap(E) =0, showing (c).

(a), (b)=(e). First, note that parts (a), (b) together with Theorem
2.5(b) imply that for any weak accumulation point u, of (u,),- there
holds log(1/cap(9€,)) — V[p41(z) = go,(z) for z€£y, and thus also for
ze€dQ,. Now, if the interior of o(4) is empty, then a(A4) = C\Q,=02Q,. It
follows that this identity holds everywhere in C, and thus x4 coincides with
the equilibrium measure of a(A4). ||

If one of the conditions (a)—(c) of Corollary 2.12 is satisfied, we will
write® for short 4eReg. If in addition o(4) has empty interior and
cap(a(A4)) >0 then in terms of the remark before Example 2.9 it follows
that 4 has a density-of-states measure which coincides with the equilibrium
measure of o(A4). Note however that the reciprocal of this assertion is not

3 The class Reg of particular finite Borel measures with (possibly complex) compact support
has been introduced by Stahl and Totik [20]. It follows from [ 20, Theorem 3.1.1(a)] that, for
the particular case of bounded self-adjoint operators A4, we have A4 e Reg iff its spectral
measure is of class Reg.
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true (i.e., (e) does not imply 4 €Reg). To see this, take in Example 5.2
below as set £ some subset of the real axis with positive capacity, and as
(b,) .o for instance the sequence of Leja points of E. Then the density-of-
state measure of A is shown to be the equilibrium measure of E, and the
same is true for 4 by [ 11, Theorem 2.4], though x;r = K, = 0 # cap(0Q,).
From results given in [8, Sects. 2.2 and 2.3] it follows that operators
with complex periodic Jacobi matrices or more generally operators with
complex asymptotically periodic Jacobi matrices are elements of Reg.

3. CONVERGENCE OF BOUNDED J-FRACTIONS IN
CAPACITY OR MEASURE

As our first convergence result for a general bounded J-fraction, we may
now show that there is convergence in capacity of the whole sequence of
Padé approximations in the outer domain Q, of the resolvent set of the
corresponding second order difference operator. Note that the restriction to
the outer domain is natural, since the Weyl function ¢ is approximated in
terms of its Laurent series at infinity; moreover, according to the special
case of self-adjoint operators, we may not expect that a sharper form of
convergence is valid in the whole outer domain Q.

THEOREM 3.1.  The sequence of Padé approximants (z,,), s, converges in
capacity in Q, to the Weyl function. More precisely, for any closed set
Fc Q and for any ¢ >0 there holds

lim cap{zeF: |(z) —m,(z)|"/? = e~ &m) 4 ¢} =0, (27)
lim cap{zeF: |¢(z) —m,(z)|/* <e 8w —¢} =0, (28)

where cap(-) denotes the logarithmic capacity.

Proof. Let FcQ, be closed and bounded,* and ¢ > 0. Furthermore, let
wea(A) be some fixed complex number. First recall from the proof of
Proposition 2.1 that the functions f,(z) :=(z—w)-r,(2)-¢,.(2), n=0, z€
Q,=: D meet the requirements for Lemma 2.4(c). Thus there exist positive
constants C, v and monic polynomials f,, n >0, of degree v, <v such that

C-\f2<Iff2)l,  n=0, zeF.

4 By combining the last part of Proposition 2.1 with the first part of Lemma 2.4(c), we see
that the two estimates (30) below remain valid with f,=1 for z lying in some closed
neighborhood U of infinity. Thus it is sufficient to prove Theorem 3.1 for compact sets F.
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Taking into account (14) and Lemma 2.3, we get for ze F and n>0
[(z— )1, (2)*|\""*"
19(2) — 2 (2)[ 2 = (
[ /u(2)]

_Uz—ol - (4142 - p(z)*/C)

T A E R C L
|/a(2)] >1/2”
_ l/2n:
|¢(Z) 7'[”(2)| |(Z* ).qn(z)2|
Cd F 1/2n 7 1/2n
2( / ISt(w,U )()Z)l/n ) (29)

Since |z| - f(z) is continuous in 2, it follows from Theorem 2.5(c) that there
exists an N = N(F, ¢) such that for all n> N and for all ze F

19(2) = 7(2)] 2" | Ju(2)] " < exp( — Giag(2)) + %
(30)
16(2) = 7)1 fu )] 2" 2 expl — Zanpl(2)) —g

We are now prepared to show (27). In fact, the exceptional set {zeF:
|p(z) — 7, (2)| V> = exp( — gine(2)) + ¢} is included in {zeF: |f,(z)|"*"<
(exp( — Zine(2)) +&/2)/(exp( — gine(z)) + ¢)} for n>= N, which is a subset of

l+¢ -
1+e2" 7

R 1
Upi={zeciifor sl nie

since g;,¢ 1S positive on F. According to the monotoniticy of the set function
cap(-), for the assertion (27) of Theorem 3.1 it is sufficient to show that
(cap(U,)),=o tends to zero.

Let g,(z) :=log([7- |f,(2)]V?"]*""), then g, is nonnegative and harmonic
in C\U,, zero on the boundary of U,, and

1
gn(z) =log |z| +logm+0(l)|z|—>o®'

Thus g, is the Green function of U,, and cap(U,)=n~2"/"»<n 2", which
for n — oo tends to zero.

It remains to show (28) which trivially holds if g, equals the constant
+ 00 in Q4. Otherwise, we know from Theorem 2.5(c) that g, is positive
and continuous on the compact set F, and by possibly making ¢ smaller,
we may insure that exp( — gq,p(2)) = 3¢/2 for all z e F. It follows from (30)
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that the exceptional set {z e F: [¢(2) —7,(2)| /®" <exp( — goup(2)) —¢} is a
subset of {zeF:|/,(2)]"*" < (exp( — gaup(2)) — &)/(eXp( — geup(2)) —¢/2)}
for n > N. Therefore we may estimate the capacity of the exceptional set as
in the first part of the proof. |

For a class of (multivalued) functions ¢ including algebraic functions,
Stahl [ 18, Theorem 2] established convergence in capacity of the whole
sequence of Padé approximants in a domain D with the rate exp( — g,(z)).
This set D is uniquely characterized by the fact that the compact set C\D
is the (smallest) set of minimal capacity outside of which ¢ is a single-
valued analytic function. Of course, algebraic functions do not necessarily
have a (bounded) J-fraction expansion around infinity. However, for such
a subclass, we get from Theorem 3.1 that gy, = ginr= gp, and Q, < D.
Also, at least for some special cases (namely periodic difference operators,
see [ 8, Remark 2.9]), we know that Q,= D, leading to a quite interesting
description of the resolvent set of a second order difference operator in
terms of analytic continuation of its Weyl function ¢. A description of
spectral properties of such an operator in terms of analytic properties of
its Weyl function will also be the subject of subsequent considerations in
Section 5.

In the next assertions, we study the question whether the rate of con-
vergence given in Theorem 3.1 is the best possible.

THEOREM 3.2. (a) In Theorem 3.1, the function exp( — g;.e(+)) may not
be replaced by any smaller function continuous in Q,. More precisely, for
any ¢ and for any { € Q there exist a neighborhood U < Q of { and an infinite
set A <N such that

liminf |¢(z) — 7, (2)|V* = e~ &m® —¢g, ze U. (31)

n—>oo,neAd

Similarly, the function exp( — gqp(-)) may not be replaced by any larger
function continuous in Q.

(b) There exists an infinite set A =N such that, for any compact set
Fc Q, and for any >0,

lim cap{zeF: |§(z) —m,(2)| /P < e =) — g} =0
A

n—oo,ne

if and only if g is harmonic in Qy\{oo} (including the constant + o0).
A similar remark holds for gg,,.

For the proof we require a property which is also of independent interest.
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LemMMA 3.3. For any (€ Q there exists a neighborhood Uc Q of { and
integers ¢, €{0, 1}, n>0, such that
ap  Tuse(2) Guir—e(2) =14, n=0, zel. (32)

Proof. By (15) and the Montel Theorem, the sequences of functions
(@ Ty Guni1)nso and (a,-7,,1-q,)n>o of functions analytic in Q are
normal in 2, and in particular equicontinuous. According to (19), we find
¢, €40, 1} such that

|an'rn+g”(C)'qn+lfsn(C)|21/23 n>0

Thus (32) follows by equicontinuity by taking a sufficiently small neigh-
borhood U. |

Proof of Proposition 3.2(a). By definition (9), there exists a A" such that

lim v, ({) "= 5m®),

n—oo,ned

n

In Theorem 2.5(a) we have shown that (v, '), , is equicontinuous in £,
and the continuity of exp( — gi(-)) in £ was established in Theorem
2.5(c). Thus, there exist a neighborhood U of { and some N such that

|0a(2) 7" —exp( — ging(2))] < /2
for ze U and for ne A', n= N. By possibly choosing a smaller U, we get
with the help of Lemma 3.3

1 0,(2) "

- V2n) 5 >
|p(2) 7Tn+en(2)| 14-a, -(]n(Z)'qn+1(Z)|l/(2") P

n>0, ze U. Combining both estimates, we see that the set 4:={n+e¢,:
ne A'} has the required properties. ||

Proof of Proposition3.2(b). Suppose first that g, is harmonic in
Qo\{ oo}, and thus g, coincides in 2, with some g€ ¥ by Theorem 2.10(a).
We choose the corresponding set A as in Theorem 2.5(b). Furthermore, let
Fc Qg be compact, and &> 0 sufficiently small. With the notation of the
proof of Theorem 3.1, it follows from (29) that there is an N such that

16(2) = 7)1 /1 fu )" = XD — Zine(2)) —g

for ne A, n= N, and for z € F. Consequently, the estimate for the capacity
of the exceptional set may be obtained as in the second part of the proof
of Theorem 3.1.
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In order to show the other implication, we will apply Theorem 2.5(a): by
possibly taking a subsequence, we may assume that (v, '), ., converges
locally uniformly in Q to some function v=exp(—g) for some ge¥.
According to Theorem 2.10(a), it is sufficient to show that v =exp( — ginr)
in Q,. Suppose the contrary, ie., let {€Q,\{ oo} with exp( — gine({)) —v({)
=: 3¢ > 0. By continuity, we find some compact neighborhood F of { such
that exp( — gine(z)) —v(z) = 2¢ for ze€ F. Then as in the proof of Theorem
3.1 one shows that

lim  cap{zeF |¢(z) — 7, ()| = v(z) + ¢} =0.
A

Consequently,

lim  cap{zeF: |§(z) —m,(2)| /P = e ml®) — ¢} =0,
A

n—oo,ne

which obviously contradicts the hypothesis of Proposition 3.2(b). |

By slightly modifying the proof of Theorem 3.1, we may establish con-
vergence u-almost everywhere for measures u satisfying some regularity
property, such as the (two-dimensional) Lebesgue measure or the a-dimen-
sional Hausdorff measure [21].

COROLLARY 3.4. Let u be a positive measure satisfying u(4,) < C-r* for
any closed disc A, of radius r >0, where o, C are some positive constants.
Then (n,),=o converges u-almost everywhere in Q, to the Weyl function ¢,
and

lim sup |§(z) — 7,(z)| /M = g~ &mil=)]

n— oo

lim inf |§(z) — 7,(z)| /2D = e~ ()

n— oo

for pu-almost all ze€ Q,.

Proof. From Proposition 3.2(a), we know that

lim sup |§(z) — ,(z) | V2" > ¢

n— oo
and

liminf |¢(z) — 7,(z)| YV < e~ &

n— oo
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for all ze Q. Thus for the assertion of Corollary 3.4 it is sufficient to show
that for any closed set F < Q, and for any ¢ >0 there holds

lim ,u< U {zeF |¢(z)—7z,,(z)|1/(2”)>eginf(z)+6}>=0,

m — o0 =m
and that a similar estimate is true for the union of exceptional sets for the
upper bound e~ &w(®) —¢g With the notations of the proof of Theorem 3.1,
this follows by establishing that

“ A 1
lim ,u< U U,,>=0, Un={ze(€: Ifn(z)ll/z"s}, n=0,
n— oo ne—m 77
where £,, n>0, is some monic polynomial of degree bounded by v. Denote
by U,, n>0, the union of circles of radius r, :=# 2" <1, centered at the
zeros of f,. Then

|fn(z)|>r?zegfn>r:t:j’ Z¢Un’

n

implying that U, c U, for n>0. Consequently,

© o) - © 1 m
ﬂ< Un><2u(Un)<C'v-Z r:<cl~<2w>
n=m n=m n=m 7

for all m >0, with C, some constant. Thus this expression tends to zero. ||

For a summary of other results concerning convergence of Padé
approximants in measure and/or capacity we refer to [3, Chaps. 6.5 and
6.6]. A number of open problems in this context are given by Stahl [19].

4. LOCAL UNIFORM CONVERGENCE OF
BOUNDED J-FRACTIONS

In this section we study the question of uniform convergence in (some
part of) the resolvent set.

In [2, Theorem 2], Aptekarev et al. showed that there is point-
wise convergence of a subsequence of Padé approximants to the Weyl
function in the whole resolvent set Q. However, the choice of indices
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for this subsequence may depend on the point under consideration, as it
becomes clear from the following formula which is a consequence of
[8, Corollary 3.4]

lim sup min {4(2) — 7,(2)| V2, [6(2) = 7, o(2)] 2}

n— oo

< e E&n(?), zeQ. (33)

Obviously, the poles of the rational functions 7z,, >0, serve as an
obstacle for uniform convergence. Therefore, it will be useful to consider
asymptotically polefree domains. A domain D will be called asymptotically
polefree with respect to some infinite set A < N if for any closed F'< D there
exist an n(F) such that the functions x, are analytic on F for all ne 4,
n>n(F).

Polefree domains with respect to N are given by several authors, and in
general also local uniform convergence in such domains is established. For
instance, there are the Cassini ovals [ 23, Corollary 4.1], the Worpitski set
(see [24, Theorem V.26.2; 8, Sect.3.1]), the set |z| > || 4] [24, Theorem
V.26.3], or more generally the complement of the closure of the numerical
range of 4 (see [8, Theorem 3.10]), namely

C\{(4y, y): yel, |yl =1} = Q,.

Note that all these domains contain a neighborhood of infinity. From
examples reported in [8], we also know that in general the closure of the
numerical range is larger than the convex hull of the spectrum. In this
context, let us also mention some important results of Barrios ef al. on
second order difference operators which are (possibly complex) compact
perturbations of a (possibly unbounded) self-adjoint operator [6] (for
special cases see also [4,5]): the authors prove that here the whole
sequence of Padé approximants converges locally uniformly in Q\R.

Gonchar showed in [12, Theorem 1] that there is local uniform con-
vergence of the whole sequence of Padé approximants in any asymptoti-
cally polefree domain D with respect to N containing infinity and satisfying
an additional regularity property (namely, up to a set of capacity zero, the
boundary 0D has to be a subset of the boundary of the convex hull of the
complement of D). On the other hand, such a property does not necessarily
remain valid for subsequences (see [ 12, Sect. 3.2]).

The aim of the following theorem is to show that for asymptotically
polefree subdomains of Q, we may drop additional regularity properties.’

5By a Lemma of Gonchar, convergence in capacity implies local uniform convergence in
asymptotically polefree subdomains. Here, we prefer to give a direct simple proof.
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THEOREM 4.1. Let D <, be an asymptotically polefree domain with
respect to some infinite set A = N. Then

limsup [¢(z) —m,(z)| /" < e &nl?)

n—>oo,neAd

locally uniformly in D.

Proof. By Proposition 2.2, the sequence (u,,_;), 4 of rational functions
is normal in Q, with respect to the chordal metric, with limit functions
different from the constant infinity. Let F be some closed subset of D, and
D' some domain containing F, with its closure being a subset of D. Then
u,_; is analytic in D’ for all (sufficiently large) ne A. From Lemma 2.4(d)
and the Theorem of Montel, we may conclude that there exist constants N,
C such that

lu, (z2)|<C, zeF, n>=N, ned.
Also, by (15),

7(2)

an—l'rn(z) <

[¢(2) —m,(2)| =

a, 1 'qn(z) h |an71 'qn(z)|2
() (L+Ju, 4 (2)]%)
- Un71(2)2

for ze€ Q. Thus the assertion of Theorem 4.1 follows from the above two
estimates together with Theorem 2.5(c). |

For self-adjoint A4, the convex hull of o(A) contains all Padé poles (see,
e.g., [20, Lemma 1.1.3]), in fact, it coincides with the closure of the
numerical range. Thus the Markov convergence theorem is a special case
of Theorem 4.1. Two other special cases are discussed in

COROLLARY 4.2. Suppose that (a,_;),c, tends to zero. Then (7,),c.
converges to ¢ locally uniformly in Q, (and in Q).

Proof. Let ze Q. Using (13), we get for n>1
I(z1—=A) 7112 (L [s,(2)12) = (2L = A) 72 - [l gu(2) - €0 — e, I

(
(zI—=A) " (q,(2) - eg—e,)?

11;(2) q(2) = 1,(2) 4;(2)|?
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the final term being equal to 1/|a,,_,|? by (19). Consequently, (1/[|a, _,|*-
(1+1¢,1*)1),>1 is bounded locally uniformly in Q. Now, if (a,_1),ec4
tends to zero, then for any closed F<Q there exists an N such that
|g.(z)| =1 for all neA, n=N, and for all ze F. In particular, Q, is
asymptotically polefree with respect to A, and the local uniform con-
vergence in £, follows from Theorem 4.1. Note that here we may even
establish local uniform convergence in Q using (14) since

1/n

ru(2)

qn(2)

lim sup max |¢(z) —7,(z)|"*= lim sup max

n—oo,ned 2€F n—oo,ned 2€F

<maxd(z)<l1l. 1|
zeF

COROLLARY 4.3. If cap(0L,)=0 (or, equivalently, cap(a(A4))=0, and
thus Qy= Q) then there exists a subsequence of (n,),o converging locally
uniformly in Q to ¢, with error decreasing faster than any geometric
sequence.

Proof. By Theorem 2.10(c), cap(d€f2,)=0 implies that r,,=0 and
Zint(z) = + o0 for all ze Q. As a consequence of g, =0, there is a sub-
sequence of (a,),-o tending to zero. Thus the assertion follows from
Theorem 4.1 together with Corollary 4.2. |

In the final part of this section, we are concerned with uniform con-
vergence in subsets of the whole resolvent set. As a counterpart of Proposi-
tion 3.2(a) and (33), we may prove uniform convergence of quite a dense
subsequence in some neighborhood of any { € Q with geometric rate. This
generalizes a result of Ambroladze [ 1, Corollaries 3 and 4], who studied
the special case of real recurrence coefficients.

THEOREM 4.4. For any (€ there exist a neighborhood U< Q of { and
(1)ns0 =10, 1} such that
lim sup |¢(z) — 7, ., (2)] VPP < e~ &m)

n— oo

n+mn,
uniformly for ze U.
Proof. Let U and (¢,),so be chosen as in Lemma 3.3. Then
|¢(Z)_7rn+l—sn(z)|l/(2n)<|4'an'rn(z)'rn+l(z)|l/(2n)a I’I?O, ZGU.

Thus the assertion follows by combining (15) with Theorem 2.5(c). ||



402 BERNHARD BECKERMANN

5. SINGULARITIES OF THE WEYL FUNCTION

In the preceding sections, we have given convergence results for (7,,), in
the resolvent set Q or its outer component. Its limit, the Weyl function ¢,
is analytic in Q. In view of the Baker—Gammel-Wills conjecture, it is of
some interest to know whether the singularities of (some continuation of)
the Weyl function already determine at least partly the shape of the resolvent
set (or its outer component).

In the rest of this section it will be useful to consider an additional classifica-
tion of the spectrum a(A4); here we will follow Kato [ 14, Sect. IV.5.6].

LemMma 5.1. (a) If z is an eigenvalue of A then its geometric multiplicity
equals one.

(b) The (non-empty and compact) essential spectrum o
consists of ze€ C such that the range of (zI— A) is not closed.

(c) Elements of o(A)\o,,(A) are eigenvalues of A.

(d) The boundary 0Q of the resolvent set consists of isolated points of
o(A) and of a subset of 00 ,.(A).

Proof. For a proof (a), notice that the eigenspace of an eigenvalue z of
A is given by {y=(y;);s0€¢* (zI—A)y=0}. A comparison with the
recurrence relation for (¢,(z)),-, shows that necessarily y,= y,-¢,(2),
n>=0, implying (a).

In order to show the other assertions, it is useful to take a slightly more
general point of view. Let IT: /> — /* denote the complex conjugation
operator, ie., [I1(y;);50=(V;);>0- For a bounded linear operator
T: /*— /2, we denote by 4 (T) its hullspace, and by %(T) its range. Such
an operator is called /7-symmetric if its adjoint verifies 7%= [ITII. For
instance, bounded second order difference operators with matrix represen-
tation (7) are easily shown to be I7-symmetric. Furthermore, with 7 also
zI— T is II-symmetric for all ze C.

Let T be II-symmetric, and #(T) be closed. Since N (T)= (N (T*)),
we seem from [ 14, Lemma II1.1.40 and Problem II1.5.27] that the nullity
index dim A"(T) coincides with the deficiency index, i.e., the codimension
of Z(T). 1t follows from the characterization given in [ 14, Section IV.5.6]
that the essential spectrum of a /I-symmetric operator 7 is the set of all
zeC such that #£(zI—T) is not closed, or dim A" (z[—T)=co. Thus,
assertion (b) is a consequence of assertion (a), and (c) is valid for any
II-symmetric operator. Finally, property (d) is true for any closed operator
(see [ 14, Problem 1V.5.37]). |

As it becomes clear from the following example, there are no further
restrictions for the shape of the (essential) spectrum of second order dif-
ference operators.

A)ca(A)

ess(
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ExampLE 5.2. Let EcC be compact. Furthermore, let (b,),-, be
dense in E, and suppose that for any isolated element e of E there exists
an infinite number of indices n with b, =e. We consider the bounded linear
operator 4 with diagonal matrix representation, ie., b,=b, and d,=0,
n>0. By construction, b, is an eigenvalue of A4 for any k>0, with
geometric multiplicity given by the multiplicity of b, in (b,,),,» . From [ 14,
Theorem IV.5.2], we may conclude that the range of zI— A4 is not closed
iff for any ¢>0 there exists an n>0 with 0 < |b, —z| <e. Also, with the
notations of the proof of Lemma 5.1, the operator A is JI-symmetric, and
thus o, (A)=E.

Let (a,),>0 tend to zero. The operator A4 resulting from (7) is a compact
perturbation of A, and thus has the same essential spectrum o,,(4) = E by
[ 14, Chap. IV, Theorem 5.35].

Let the complement of E be connected. From Lemma 5.1(d) it follows
that the spectrum of A4 is the set E plus a countable set of isolated points
with accumulation points on E. In particular, we have Q=¢,, and
cap(0Q,) =cap(E).

If the complement of E consists of a finite number of connected com-
ponents, then by possibly making sup, |a,| smaller, we may insure that
there is an element of 2 in any connected component of the complement
of E (see, e.g., [ 14, Theorem IV.5.221]). It follows from [ 14, Sect. IV.5.6]
that a(A) is the set E plus a countable set of isolated points with accumula-
tion points on E. In particular, we have constructed a bounded second
order difference operator with resolvent set consisting of several components.

For the particular case of a self-adjoint A4 it is well-known (see, e.g., [ 14,
Chap. V.3.5]) that any isolated point of g(A4) is an eigenvalue of 4 with
geometric and algebraic multiplicity 1; in particular, the corresponding
Weyl function has simple poles (namely, the isolated mass points of the
spectral measure, see, e.g., [ 16, Proposition 11.8.4]). Also, the remaining
part of a(A) coincides with o,,(A4). From the Stieltjes—Perron inversion
formula one may deduce that the Weyl function of a self-adjoint 4 does not
have neither an analytic continuation in some set larger than Q =, nor
a meromorphic continuation in some set larger than C\o,.(A4).

In the general case, we may at least describe the behavior of ¢ at isolated
points of the spectrum.

THEOREM 5.3. If { is an isolated point of o(A), then { e (A) iff ¢ has
an essential singularity in {, and { is an eigenvalue of algebraic multiplicity
m< oo iff ¢ has a pole of multiplicity m.

Proof. By assumption, there exists some closed disk U centered at (,
with a(4)nU={{}. If { is an eigenvalue of A4, then we denote by
m'e N U {00} its algebraic multiplicity (its geometric multiplicity is one by
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Lemma 5.1(a)), and otherwise we write m’ = oco. Notice that ¢ is analytic in
U\{{} = Q, ie., ¢ has an isolated singularity at . If this is a pole, then we
denote by m the multiplicity (including m =0 if ¢ has an analytic continua-
tion in U), and otherwise we write m = co.

It is shown in [14, Theorem IV.5.28] that ze o, (A) iff m' = co. The
resolvent R has a Laurent series at {, and from the restriction for the
geometric multiplicity, we may conclude (see, e.g., [ 14, Sect. I11.6.5]) that
the principal part is finite iff m’ < co, more precisely,

m'=inf {n>0: R,=0for all />n}, R, ::j (z— )" R(z) d=,
oU

where the integral has to be taken in the sense of Dunford-Taylor. Notice
that R, is a bounded operator defined on /2, which is zero iff (e;, R,ex) =0
for all j, k >0. From (13) we get (e, Rneo)zyau(z—é)" ¢(z) dz, and thus
m<m'. On the other hand, if m is finite, then again by (13) the functions
(z—{)"-(e;, R(2) ¢;) are analytic in some neighborhood of U for all />m
and for all j, k > 0. This implies that m' <m, and consequently m'=m. |

COROLLARY 5.4. Let D be some bounded domain with 0D <= Q(A). The
Weyl function ¢ has an analytic continuation in DU.Q( ) iff DcQ(A).
Similarly, ¢ has a meromorphic continuation in D U Q(A) iff Do, (A) is
empty.

Proof. If DcQ then the assertion is trivial. Suppose now that
Dno,(A)is empty. It follows from Lemma 5.1(d) that D contains only (a
finite number of) isolated elements of a(A4), and thus ¢ has a meromorphic
continuation in D by Theorem 5.3.

In order to show the converse, let ¢ have a meromorphic continuation
in DU Q(A). By assumption, ¢ is analytic in some neighborhood of 0D,
and thus may only have a finite number of poles (counting multiplicities)
in D. Let A by a polynomial of minimal degree such that ¢ -4 is analytic
in D. From (14), we get by applying the maximum principle for analytic
functions

max |A(2)(qx(z) ¢(z) — pa(2)) re(2) - ;(2)]

zeD

<max |A(z)| -max B(z) - max &(z)* 7
z€edD zedD zedD

for all 0 < j <k, with all quantities on the right being finite, and max, . 5p J(z)
<1 by Lemma 2.3. It follows from the criterion [2, Theorem 1] for the
resolvent set (see also [8, Theorem 2.1]) that {ze D: i(z) #0} is a subset
of Q. Furthermore, zeros of A may not be elements of the resolvent set since
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otherwise ¢ would be analytic in a neighborhood of such a point. Also,
zero of A are necessarily isolated points of g(A4), and thus elements of
0(A)\o,(A), as shown in Theorem 5.3. ||

Also, by combining Lemma 5.1(d) and Theorem 5.3, we obtain

COROLLARY 5.5 Suppose that D :=C\o,(A) is connected. Then the
Weyl function ¢ is meromorphic in D, and o(A)\o,(A) coincides with the
set of poles of ¢ in D.

For asymptotically periodic second order difference operators 4 with
matrix representation (7), it is shown in [8, Lemma 2.5] that the essential
spectrum has empty interior and connected complement. Thus Corollary
5.5 contains as special case the characterization of [8, Theorem 2.7].
Notice also that for this special case an explicit formula for o,,(A) is given
in [8, Remark 2.8].

Let us denote by A’ the largest open disk centered at infinity in which
the Weyl function ¢ has a meromorphic continuation. The Baker—Gammel—
Wills conjecture [3,19] says that there is a subsequence of (%,), -, con-
verging to ¢ locally uniformly in the set obtained by dropping from A’ the
poles of ¢. We denote by 4 the largest open disk centered at infinity which
has an empty intersection with a,,(A4). From Corollary 5.4, we know that
Ac A', and we conjecture® that 4 coincides with A’

Let us mention two interesting implications: By the homographic
invariance property of diagonal Padé approximants, the validity of our
conjecture would imply that the convex hull of the essential spectrum is the
maximal convex set outside of which the Weyl unction has a meromorphic
continuation. Furthermore, in view of Theorem 4.1, for proving the Baker—
Gammel-Wills conjecture for bounded J-fractions it would be sufficient to
show that there exists a subsequence of Padé approximants asymptotically
having no poles in 4\a(A4) (for a special case see, e.g., Corollary 4.2).

COROLLARY 5.6. If g,(A) (or a(A)) is at most countable then there is
local uniform convergence of a subsequence of Padé approximants in the
maximal domain of analyticity of the corresponding Weyl function. In par-
ticular, A =A', and the Baker—-Gammel-Wills conjecture is valid.

Proof. 1Tt is shown in [ 14, Theorem IV.5.33] that if g,,(A) is at most
countable then also a(A) is at most countable. In particular, cap(a(4)) =0,
and, by Corollary4.3, a subsequence of (=x,),», converges locally
uniformly in Q to the Weyl function ¢. For the first part of the assertion
it remains to show ¢ has no analytic continuation in any larger set as Q.

5 As seen above, this conjecture is true at least for the case of self-adjoint A.
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Notice that any element of a closed and at most countable set EcC is
either isolated, or is a limit of a sequence of isolated elements of E. Taking
E=0(A), we may conclude from Theorem 5.3 that ze g(A) = C\Q is either
a pole of ¢, or an essential singularity of ¢, or a limit point of isolated
singularities of ¢, as claimed above. Moreover, since accumulation points
of isolated points of g(A4) are elements of o,,(A), we see that the maximal
domain of meromorphicity of ¢ is given by C\a,(4). This implies 4= A’,
and the validity of the Baker—-Gammel-Wills conjecture. ||

A final example illustrates some of the findings of the last two sections.

ExampLE 5.7. It is well known (see, e.g., [ 15, Appendix, Eq.(3.2.2)])
that the kth convergent of the continued fraction

1 1/(2-6)|+ 1/(6~10)|+ 1/(10-14) |
(Lw) =2 1w 1w 1w

+_

1+|

is the Padé approximant at zero of type [ k/k ] of the function f(w) = exp(w),
and that the sequence of convergents converges to f locally uniformly in C.
With a, b, ce R, a<b, we consider the substitution 1/w=(z—a)(z—>b).
One easily verifies that the kth convergent of the continued fraction

c—e | 2-6) | 146-10) | 1/10-14) |
(a2 [coa)e—b) [C—ae—b) [c—a)z—b)

equals 7,,, the Padé approximant at infinity of order 2k of the function
d(z)=(z—c)-[exp(l/[(z—a)(z—Db)])—1]. Provided that ¢ has a J-frac-
tion expansion,” its even part has the same convergents as the above
continued fraction. Comparing coefficients (see, e.g., [ 15, Theorem 11.127)
gives —aZ+1/2=ab—c(a+b—c), and

b2n:a+b_ca b2n+1:C’

—a? a2 _ 1
T ml 42n+1)2n+3)

2 2
—a5, y— a5, 1 =ab—cla+b—c)

for n > 0. We first discuss the case ce {a, b}, here —a3,=1/(4n+2)=a3,_,
for n>0. Thus the corresponding operator 4 is a compact perturbation of

"In fact, ¢ has a J-fraction expansion iff the recurrence below has a solution, that is, iff
all a,, are different from zero. This is for instance the case if a <c¢<b, since then a,,>
cla+b—c)—ab>=0 for all n=>0. Also, in the case b= —a >0 and ¢?>1/2+ b?, one verifies
that a,,<b?>—c*< —1/2 for all n>1.
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the operator with diagonal matrix representation diag(b,, by, ...), and a(A4)
=0,,(A4)=1{a,b} by Corollary 5.5. Here we have local uniform con-
vergence of (7,), s, in 2 according to Corollary 4.2.

Finally, we study the case ¢ ¢ {a, b}. By means of elementary techniques
one shows that there exists an ¢ € {0, 1} such that (a,, )., tends to zero,
and (dy,_144)ns1 tends to c(a+b—c)—ab #0. Consequently, the corre-
sponding operator 4 is a compact perturbation of the operator with block
diagonal matrix representation diag(C, C, C, ...), where the 2 x 2 matrix C
has the eigenvalues a, b. As above, it follows that o(A4)=0,4(A4)={a, b}.
Notice that 7,,(c)=0=d¢(c), and 7,5, (a+b—c)=00 #d(a+b—c) for
all n>0. Since ¢, a+ b — ce Q,, Corollary 4.2 implies that ¢ =1, and conse-
quently (7,,),s o converges to ¢ locally uniformly in  =Q,.

Choosing 0 <b= —a <c¢ in the second part of Example 5.7, we see that
the spurious pole a + b — ¢ lies outside the convex hull of the spectrum, and
is an element of 4 = A’. Thus it seems that Corollary 5.6 may not be essen-
tially improved.
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