COEFFICIENTS OF ORTHOGONAL POLYNOMIALS ON THE UNIT
CIRCLE AND HIGHER ORDER SZEGO THEOREMS

LEONID GOLINSKIT* AND ANDREJ ZLATOST

ABSTRACT. Let u be a non-trivial probability measure on the unit circle 9D, w the density of
its absolutely continuous part, a,, its Verblunsky coefficients, and ®,, its monic orthogonal
polynomials. In this paper we compute the coefficients of ®,, in terms of the «,. If the
function logw is in L!(df), we do the same for its Fourier coefficients. As an application
we prove that if a,, € ¢* and Q(z) = ZTNn:O @mz™ is a polynomial, then with Q(z) =
ZZ:O gmz™ and S the left shift operator on sequences we have

Q)" logw(0) € L'(dB) < {Q(S)a}, €

We also study relative ratio asymptotics of the reversed polynomials @, (u)/® (1) —
oy, 1 (v)/®;,(v) and provide a necessary and sufficient condition in terms of the Verblun-
sky coefficients of the measures p and v for this difference to converge to zero uniformly on
compact subsets of D.

1. INTRODUCTION

In the present paper we study certain aspects of the theory of orthogonal polynomials on
the unit circle (OPUC). For background information on the subject we refer the reader to
the texts [6, 17, 18, 21]. Throughout, du will be a non-trivial (i.e., with infinite support)
probability measure on the unit circle 9D in C, identified with the interval [0,27) via the
map 0 — €. We will write

A(0) = 10(0) 52+ 0

with df the Lebesgue measure on [0, 27) and dpsng the singular part of dpu.
One usually denotes by

D, (2) = kpn2" + /ﬁn,n_lz”_l + o+ Kpa1Z F B (1.1)

the monic (i.e., Ky n = 1) orthogonal polynomials for p (with n > 0). It is standard to define
the reversed polynomials by

(I):L(Z) = An,nzn + )‘n,n—lzn_l + -+ )\n,lz + /\n,O

_ _ -1 _ _
/{n,Ozn + lezn +o Knn-1% + Kn,n

* The work of the first author was supported in part by INTAS Research Network NeCCA 03-51-6637.
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2 L. GOLINSKII AND A. ZLATOS

and let K, = Apm = 0 whenever m > n. We have &) = @ = 1 and for n > 0 the recurrence
relations

D,11(2) = 29,(2) — @, P (2) (1.2)
D 1(2) = Dy (2) — 02 ®Pp(2) (1.3)
with «,, € D the Verblunsky coefficients of u. A fundamental result of Verblunsky [22] says

that there is a one-to-one correspondence between non-trivial probability measures p on 0D
and sequences {a, }n>0 € D% . If we set ®, =0 and ¢ =1 for n < —1, and

a1 = —1, a, =0 (n<-=2)

then (1.2), (1.3) hold for all n € Z. We accordingly let &, ,, = 0 and A, ;, = 0,0 When n < 0
and m > 0.

Probably the most famous OPUC result is Szegd’s Theorem. In the form proved by
Verblunsky [22] it says that «,, € (*(Z{) if and only if log w(6) € L'(df). More precisely, the
sum rule

> log(1 ~ fau?) = [ log(u(6)) 5 (1.4

holds. Note that both sides of (1.4) are indeed non-positive since |a,,| < 1 and by Jensen’s
inequality, [log(w(f)) £ < log([ w(0)%) < log((0D)) = 0, but they can simultaneously
be —oo. Recently the area of sum rules, for orthogonal polynomials as well as Schrodinger
operators, saw a rapid development starting with papers by Deift-Killip [2] and Killip-Simon
[9], which were followed by many others (e.g., [3, 10, 11, 12, 14, 16, 20, 23, 24]).

If v, € /2, one defines the Szegd function

which is analytic in D. Szegd’s Theorem in its full extent also shows that then
@7,

-1
Tl D (1.5)
uniformly on compact subsets of . We have
n—1 n—1
19512 = [ [ = les)* = T o (1.6)
k=0 k=0

where pr, = /1 — |y |? (see (1.5.13) in [17]), and so if we define d,,, by

-1
D(z)" ' = (Hpk) (1+d12+d222+-.-) (1.7)
k>0
then
dy, = lim A, (1.8)

n—oo
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The first contribution of this paper is the following expression of the coefficients Ky, 1, An i,
and d,, in terms of the ay. To the best of our knowledge (and to our surprise), this result is
new despite the long history and classical nature of the subject!

Theorem 1.1. For m > 1,

Enn—m = /\mm = E E gy Oy —qy -+ - Ol Ok —q; (19)

J o ki<n
a;=m
%}al>1 ko<ki—aq

k;j<k:]'_1—aj_1

If ay, € (2, then also

dm - Z Z akl dkl—al R O-/kj@kj—aj (110)

271 aq=m Fke<ki—a
b2l picki —a;_q

Remarks. 1. In the above sums [ay, asg, . . ., a;] runs through all 2! ordered partitions of
m, and k; € Z.

2. Our choice of «, for negative n shows that the condition “—~1 < k; — a;” can be added
under the second sum in (1.9) (which is actually finite) and (1.10). For instance, if m = n,
then the sum in (1.9) has a single non-zero term with j = 1, a; = n, ky = n — 1, and so
Kno = —Qp—1. This can be seen from (1.2) and @} (0) = 1 as well.

3. Notice that for each partition {a;} with 37 a; = m, the second sum in (1.10) converges
when oy, € ¢2. This is because then agdy_, € ¢* for any fixed a, and so

i< 3] (2 pe)

Z{ a=m =1
Jar>1

Next, we describe an application of Theorem 1.1 that actually motivated our work. It
involves the computation of Taylor coefficients of log D. These are interesting primarily
because they coincide with Fourier coefficients of logw. Indeed,

le?+2 1 0 20 2
= — =—4e Yz+e M+ .. 1.11
20—z 2 (1.11)
and the definition of D show that

1
log D(z) = §w0+w1z—|—w2z2—|—...

where w,, are defined by

Wy = /e‘ime logw(f)— = w_, (1.12)
2m

We know from (1.4) that
wp = Zlog(l — |ax?) = QZlogpk (1.13)

k>0 k>0
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and the methods from [20] can be used to compute the first few of the other w,,. However,the
corresponding computations become very complicated with increasing m (already at m = 4
they are close to intractable; [20] only deals with m < 2). Our method will provide w,, for all
m, although the resulting formulae will obviously not be simple. That is why we postpone
the exact expressions to Theorem 2.4 below and state the result here in the following form
that is sufficient for our first application, Theorem 1.4 (see also Lemma 3.1 that contains a
similar formula for Taylor coefficients of log @7 ).

Theorem 1.2. If oy, € (2, then
Wy = Q] — Z Qprmp + Ry (1) (1.14)

E>0
with

R < cm(z IS iakr*) (1.15)

k=

We note that (1.14) will be obtained from (1.10) by means of expanding log(1 + d;z +
dyz? 4 ...) into its Taylor series. This is a truly remarkable fact since the sum in (1.10) is
m-fold infinite and one might expect this method to only add another degree of difficulty.
Nevertheless, after appropriate combinatorial manipulations it will turn out that the sum in
(1.14) (as well as the one in the exact form (2.12)) has only a single infinite index!

The first application of the knowledge of w,, we present in this paper aims at the following
conjecture of Simon [17] that is a higher order generalization of (1.4). Here S is the left-shift
operator on sequences

S(l’o,xl,...) = (Il,l'Q,...) (116)

Conjecture 1.3. For distinct {6,,}! _, in [0,27) and n,, positive integers, define N =
Zlm:1 N, N = 1 4+ max,, n,,, and

N N
Q(z) = H(z — eifm)nm — Z qmz"™ and Q(z) = H(Z eyt = Z Im?"
m=1 m=0 m=1 m=0
so that
) N
QS) =D g™
m=0
Then
‘Q(ew)flog w(f) € L'(df) < {Q(S)a}y € £? and ay, € (*" (1.17)

For N = 0 this is just (1.4). For N = 1 the conjecture was proved by Simon (Theorem 2.8.1
in [17]) and for N = 2 by Simon and Zlatos [20]. It remains open for N > 3 although Denisov
and Kupin [4], mimicking the work of Nazarov, Peherstorfer, Volberg, and Yuditskii [14] on
Jacobi matrices, showed that for each @) there indeed is a condition in terms of finiteness of
a sum involving the oy that is equivalent to the LHS of (1.17). Unfortunately, this sum is
far from transparent and its relation to the RHS of (1.17) is unclear.
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Our contribution in this direction is the following higher order Szegé theorem in ¢* which
shows that Conjecture 1.3 holds if we a priori assume oy, € ¢,

Theorem 1.4. Assume that oy, € £*, and for qo, qu, - ..,qn € C define

N N
Qz) = Z gmz" and Q(S) = Z GmS™
m=0 m=0

Then
Q) logw(h) € L*(dF) < {Q(S)a}y € £ (1.18)

Remark. Of course, the most interesting is the case from Conjecture 1.3 when all zeros of
() are on the unit circle, because the validity of the LHS of (1.18) only depends on them.

Moreover, we provide in Theorem 3.3 an exact formula for the value of

Zo() = [ 1@t log (o)
T

in terms of the a,. Since Zg is an entropy [9, 17], it is upper semi-continuous with respect
to weak convergence of measures, and so Zg(p) > limsup,, Zg(p,) with u, the Bernstein-
Szegd approximations of p having Verblunsky coefficients {ay, ..., ay,0,0,...}. We show in
Proposition 3.4 that, in fact, we always have Zg(p) = lim,, Zg (), including the case when
both sides are —oo (they cannot be +00 as each Zg is bounded above; see Section 3).

Finally, we apply our method to the computation of the relative ratio asymptotics
Qr (1)) Pr () — o (v)/ P} (v) where @) (1) and @ (v) are the reversed polynomials of
measures u and v, respectively.

Theorem 1.5. Let u and v be two non-trivial probability measures on OD. Let {a,(n)} and
{an(v)}, respectively, be their Verblunsky coefficients and let ®F () and @ (v), respectively,
be their reversed monic orthogonal polynomials. Then

(I):;H(M) @ZH(V)

_ 0 1.19
n0) W) 1)

uniformly on compact subsets of D as n — oo if and only if for any £ > 1
m [a, (1) @n—e(pt) — an(V)@—e(v)] =0 (1.20)

n—oo

As a corollary of Theorem 1.5, we provide a simple new proof of the results of Khrushchev
(8] and Barrios and Loépez [1] on ratio asymptotics @), ,/®r as n — oo of the reversed
polynomials (Theorem 4.1), as well as their generalization (Theorem 4.2).

The paper is organized as follows. Section 2 computes the Taylor coeflicients of ®; and
log D in terms of the Verblunsky coefficients and proves Theorems 1.1 and 1.2. Section 3
introduces the step-by-step sum rules (see [9, 19, 20]) and proves Theorem 1.4. Section 4
proves Theorem 1.5.
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2. COEFFICIENTS OF @ (z) AND log D(z) IN TERMS OF VERBLUNSKY COEFFICIENTS
We start with the proof of our first result, Theorem 1.1.
Proof of Theorem 1.1. From (1.2) we have for n € Z and m > 0,
Entlm = Knm—1 — OnAnm
with the convention k, _; = 0. Substituting this repeatedly into a similar equality obtained
from (1.3), we get for m > 1,
Antim = Anm — QnKnm—1

= )‘n,m + an@n—l)\n—l,m—l — OpRn—1,m—2

m—1

= )\n,m + § Oéno_énfaAnfa,mfa + O

a=1
where in the last equality we have used k,,_, —1 = 0 and \,_,, 0 = 1. If we now iterate this
and note that \,,_;,, =0 for m > 1 and [ < 0, we have

m—1
)\n+1,m = E g Oéko_ékfa)\kfa,mfa + E QRO

k<n a=1 k<n
m—1
— Z Z ﬁk,aAk—a,m—a + Z ﬁk,m (21)
k<n a=1 k<n

with 8y, = apag_q. Of course, terms with £ < 0 are zero.

We will prove (1.9) by induction on n. If n < 0 and m > 1, then it obviously holds as in
that case both sides are zero. Assume therefore that (1.9) holds up to some n and all m > 1.
Then (2.1) gives

m—1
)\nJrl,m = Z Z /Bk,a Z Z /8]?1,(11 cee 6kj,aj + Z 6k:,m

k<n a=1 Zﬂl a=m—a F1<k—a k<n
jaz1  Re<kima

k‘j <k:j,17aj,1

= > X fwaByat D O

— ko<n+1 ko<n+1
2‘:]'0@(;; 1m k1<ko—ag

kj<kj_1—(l]'_1

= Z Z 6k’o,ao s 6kj,aj

J oo — ko<n+1
Z(?j(;lo m k1<ko—ag

a;>1 lcj<kj_1—a]-_1

with ky = k and a9 = a. But this is (1.9) for n + 1 in place of n. Thus (1.9) is proved, and
(1.10) follows from (1.8). O
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Our next aim is to compute the Taylor coefficients of log D. We will again assume ay, € 2
so that D is well defined. By (1.7) we have for z close to 0,

log(Hpk) log D(z) = Z(_lj?“(dlwdzz”---)j

k>0 j>1

and so w,, is the negative of the m™ Taylor coefficient of the RHS when m > 1. That is,

= 3

] b£>1

I
M
zu

> > Bra - Bk> (2.2)

Zjl by=m (=1 Zlal by k2<kl —ai
Jibe>1 pazl ok —ap g
~ (=1)
= Z /Bkhal "‘ﬁkivaiz j Nj({(k’l,al),...,(k:z-,ai)}) (23)
{(klval) ----- (kiaai)}eM'm ]:1

with M,, and N; defined below.

Before stating the definitions, let us first describe how (2.3) was obtained from (2.2). We
multiply out the brackets in (2.2) to get a sum of products S, 4, - - - Bk,.q; (With coefficients),
and then collect terms with identical products (only differing by a permutation). The co-
efficient at each product By, 4, ... B,.q, Obtained in this way will then equal the last sum in

(2.3). For example, the product 35107 appears in (2.2) for m = 3 as “—=~ (63 1)(B11)(Bra),

S 1)3(51 1)(53 1)(ﬁ1 1) 1) (51 1)(51 1)(ﬁ3 1) ) 1 (ﬁ3151 1)(51 1) and( 1 (ﬁ1 1)(53 151 1) The
first three come from j =3 and by = by = b3 = 1 in (2.2), the fourth from j = 2, by = 2,

by =1, and the fitth from j = 2, by = 1, by = 2. Therefore the coefficient at ﬁ3715%’1 in (2.3)

has to be ¢ 3—1-(1)2 0.

It is obv10us that the products that appear in (2.3) must satisfy ¢,a; > 1 and ZZI a=m
because the sum of the @;’s in any term of the /" bracket of (2.2) equals by. The set M,
will therefore reflect this condition. The question now is, given any collection (i.e., set with
repetitions; see below) of couples P = {(k1,a1),..., (ki,a;)} € M,,, in how many ways can
the corresponding product By, q, - - - Ok, a; e obtained by multiplying out 7 > 1 brackets in
(2.2). Tf this number is denoted NJ(P), then the correct coefficient at B, q; - - - B, 0, in (2.3) is

Z; 1 ey 1) “—=N}(P). Hence to obtain (2.2)=(2.3), we are left with showing that N;(P), defined
below, equals Ni(P).

We will call a collection an unordered list of elements, some of which can be identical (i.e.,
a collection is a set that can contain multiple identical elements, a hat with multicolored
balls). Such identical elements are considered indistinguishable. A j-tuple will be an ordered
list of j elements. Collections will be denoted by {...}, j-tuples by [...]. Below we will

consider collections and j-tuples whose elements are couples (k,a) with k € Z, a € N,
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For instance, {(3,1),(1,1),(1,1)} is a collection ({(1,1),(1,1),(3,1)} is the same one) and
[(3,1),(1,1),(1,1)], [(1,1),(3,1),(1,1)], [(1,1),(1,1),(3,1)] are three distinct triples. Finally,
the union of collections is the collection obtained by joining their lists of elements, for instance,

{3, 1), (LD U{(I, D} ={G,1),(1,1), (L, 1)}.

Definition 2.1. Let M,, be the set of all distinct collections P = {(k1,a1), ..., (ki, a;)} with
i>1, k€ Z,and ¢; > 1 such that Y] ; = m. We let

5(P) = ﬁkhm Ce ﬁkmai = akldk’l—al e aki@ki_ai (24)

We say that a collection P = {(k1,a1),..., (ki,a;)} is linearif k, < k, —a, or k, < k, —a,
whenever v # v. In particular, k, # k, when u # v, which means that a linear collection P
cannot contain two identical couples, and thus it is just a set.

If Pe M, and j > 1, then N; (P) is the number of distinct j-tuples P = [Py, ..., P;] such
that each Py is a non-empty linear collection and | J;_, P, = P. We will call each such P an
admissible division of P.

For instance, if P = {(3,1),(1,1), (1,

Y

} (corresponding to ﬁ371512,1 abov
1

(1,1), (1 )
then the admissible divisions are [{(3,1)},{(1, 1)}, {(1,1)}], {1, D} {3, 1)} {(1,1)}],
0.} (1, ) (3, DY Gt g =) and (150, L D) 01 D) G D) 468 D)., D)
(with j = 2) Hence in this case N3(P) = 3, Na(P) = 2, N1(P) = 0 and the last sum in (2 3)
is indeed =223 + 21)22 =0.

To finish the proof of (2.2)=(2.3) we need to show that N;(P) = Nj(P) for any P € M,,
(as we did for P = {(3,1),(1,1),(1,1)}), where N(P) is the number of times the product
B(P) = Bky.ay - - - Bk, .a; 1S obtained by multiplying out j brackets in (2.2). The desired equality
follows from realizing that the collection P, in the definition (¢ = 1,...,7) corresponds to the
“subproduct” of B(P) coming from the ¢** bracket in (2.2) (which is why the P’s must be
ordered, as well as why P, must be linear). With this identification in mind, it is easy to see
that each admissible division [P, ..., P;] of P corresponds to precisely one way of obtaining
B(P) in (2.3) from (2.2) by multiplying j subproducts (from j brackets) corresponding to
Py, ..., P; (with b, being the sum of the @; for which (k;, a;) € F;), and vice versa.

Hence we have obtained an explicit expression for w,,. We will now simplify it considerably
by showing that coefficients at many 3(P) in (2.3) are actually zero, as was the case for 3167
(see Lemma 2.3 below).

We say that K € Z is a cut of P = {(k1,a1),...,(ki,a;)} € My, if k; # K for all [, if
min{k; } < K < max;{k;}, and if for any u,v with k, < K < k, we have k, < k, — a,. For
instance, P = {(3,1),(1,1),(1,1)} has one cut K = 2. Our interest here will be mainly in
“cuttless” collections as is demonstrated by the following two lemmas.

)
17
D

Lemma 2.2. If P € M,, has no cut, then
mlax{k:l} - mlin{kl —a}<m (2.5)

Proof. Consider the union of intervals I = J,[k; — a;, k] C R, with |[I| < > 7,0y = m. If
P has no cut, then [ is an interval (and vice versa) because otherwise the minimum of any
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component, except for the bottom one, were a cut. But then we obviously have

I= [rnlin{kl — a1}, mlax{kl}]
proving (2.5). O

Let | P| be the number of elements of a collection P, counting identical elements as many
times as they are included in P. For instance, |{(3,1),(1,1),(1,1)}| = 3.

Lemma 2.3. If P € M, has a cut, then

1P|

> (_?)ij(P) =0 (2.6)

j=1
Proof. Fix P = {(k1,a1),...,(ki,a;)} € M, that has a cut K. First notice that if II is the
set of all admissible divisions P = [P, ..., P;,] of P, then (2.6) is equivalent to

JP

> St A (2.7)

penn JP

For each P let C(P) be the collection (not a union!) of up to 2jp non-empty sets that we
obtain by splitting each P, at K. That is, we define

Péi = {(kl,al) € Pg} + (kl —K) > 0}

so that P, = P;" U P,7, and then let C(P) be the collection of those P;* that are not empty.
Notice that the Pf are indeed sets and they are linear — both because the same is true for
P,

Hence C defines an equivalence relation on II by P ~ P iff C(P) = C(P’). We will show
that the part of the sum in (2.7) corresponding to any equivalence class is zero. That is, we
will prove

> (_,WP =0 (2.8)

cPy=c, I
for any Cy such that C(P) = Cy for some P € II.
Let us fix any such Cy. Then Cp is a collection of non-empty linear sets Q,...,Q, and

Ry, ..., R, whose union (as a union of collections) is P, such that if (k;, a;) € Q,, then k; < K,
and if (k;, ;) € Ry, then k; > K. That is, the (), are the non-empty P,” and the R, are the
non-empty P,". Let ¢ < r, since the case ¢ > r is identical.

Assume first that these sets are all distinct. Then for every 0 < s < ¢ there are (g) (:)sl(qjL
r — s)! admissible divisions P of P with C(P) = Cy and jp = g+ r — s. These are created by
choosing s sets from Q1,...,Q, and s from Ry,..., R,, taking all s! pairings of the selected
@Q’s with the selected R’s, and then all (¢ + r — s)! orderings of thus created ¢ + r — s sets
(unions of the paired couples @, U R, together with the unpaired @’s and R’s) — the Pp’s.
Since all the original sets were distinct, this construction gives no repetitions. Notice also
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that any P, = @, U R, is linear because so are (), and R, and K is a cut for P. This shows
that the LHS of (2.8) equals

S (0) s or- s g B

s=0

The last equality follows from Lerch’s identity [13] (also in [7, p. 61])
q q\ (T (p—r)
Z(_l)s (s)p(s) _ N4

= @ 0
which holds whenever p > ¢.
If now some @’s and/or some R’s are identical, then in the above sum every P with
C(P) = Cy is counted the same number of times 7', which equals the product of the factorials
of the numbers of identical sets. This is because there are T permutations of the )’s and

R’s that fix the classes of identical sets, and hence when we perform the above algorithm to
obtain all admissible P’s with C(P) = Cy, each such P will be obtained T times. Therefore

the LHS of (2.8) equals
q+rs r
= ! —s)!=0
r2 s () (o

This proves (2.8), and (2.7) follows by summing over all Cy. O

Hence the only terms that matter in (2.3) are those with no cuts (which is the main point
of this section). Moreover, it is obvious that G(P) = 0 when some k; — a; < —2. Therefore
we define w(P) = max;{k; | (k;,a;) € P}, 6(P) = min{k; — a; | (k;, ;) € P},

NP =D <__1)ij(13) (2.9)

and for 0 <n < oo
M}, = {P € M,, | P has no cuts and 0 < w(P) < n} (2.10)

If now P € M, ~ M2, then either P has a cut and so N(P) =0, or w(P) < —1 and then
B(P) = 0 because §(P) < —2. This means that the sum in (2.3) only needs to be taken over
M*. Before formally stating this fact, we remark that

M} ={P+k|PeM)and0<k<n} (2.11)

where P+ k = {(k;+ k,a;) | (ki,a;) € P}. Also notice that N(P + k) = N(P) by definition,
P —w(P) € M for any P € M, and M) is a finite set by Lemma 2.2. In this light the
following result is an immediate consequence of (2.3) and Lemma 2.3.

Theorem 2.4. If ay, € (2, then for m > 1

wa = Y N(P)BP)= > NP)Y BP+k) (2.12)

PeEM PeM9, k
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Remark. The second form of w,, in (2.12) shows that for m # 0, the m*™® Fourier coefficient
of logw(#) (and so the m™ Taylor coefficient of log D(z)) can be expressed as a sum over a
single infinite index of products involving only “nearby” ay’s.

Now we are ready to prove Theorem 1.2.
Proof of Theorem 1.2. If
M, ={P e My||P|l=1}
then (2.12) can be written as
T O SR S T (213)
PeM!, PeMg~M),

Note that the sum in (1.14) together with «,,_1 = —a,,_1_1 is just the first sum in (2.13),
and so R, (u) is the second sum in (2.13). It remains to prove (1.15).
Since each N;(P) is bounded by a constant only depending on m,

Ru(W)| < Cr > 1B(P)]

PeM~M!,

For any P € M>° ~ M/ let i = |P| > 2. If 6(P) < —2, then 8(P) = 0. If §(P) = —1, then

by Lemma 2.2
1 m—1
o[ <D oyl
=0 =0

m—

BP)| < [ lew| <
=1

And if 6(P) > 0, then

S(P)+m 8(P)+m

B <Y (Jaw [ + |ag—a ) <m D oy <m D oyl
=1

J=6(P) J=6(P)

Since each P € M has no cuts, the number of P € M with any given §(P) is a finite
constant only depending on m. Hence (1.15) follows and the proof is complete. U

We write here explicitly the first three w’s from (2.12). Recall that a_; = —1, a_y =

a_3=---=0,and pp = /1 — |ag|?.
wy = — E Qg1
k
_ - 2 1 2-2
Wy = — E O Qg—2Pp_1 T 3 E Qg
k k
_ = 2 2 2~ = 2 _2 9 1 3.3
W3 = — E QO30 _1Pk—2 T E :Oékak—loék—2ﬂk—1 + E QpQp—10,_9Pk_1 — 3 E Qg1
k k k k

Finally, we note that all Taylor coefficients of log(D(z)/D(0)) verify the claim of the remark
after Theorem 2.4. It turns out that this is essentially the only such function of the form

F(D(2)/D(0)).
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Proposition 2.5. Assume that F is analytic on a neighborhood of 1 and each Taylor coef-
ficient h,, of H(z) = F(D(2)/D(0)) is, as a function of {ax} € €, a sum of products of the
ay’s such that if oy and oy both appear in the same product, then |k — 1| < cp,, for some
Crm < 00. It follows that H(z) = a + blog(D(z)/D(0)) for some a,b € C.

Proof. Define G(z) = F(e*) so that G is analytic on a neighborhood of 0 (with Taylor coef-
ficients g,,) and H(z) = G(log(D(z)/D(0))). The fact that log(D(z)/D(0)) = >, < wmz™
satisfies the proposition shows that when g,, is the first non-zero coefficient with m > 2,
then h,, does not satisfy the required condition because h,, = giw,, + gnw(". Therefore
G(z) = a + bz for some a,b. O

3. A HiGHER ORDER SZEGO THEOREM

In this section we will prove Theorem 1.4. We will do this by first deriving sum rules a
la Denisov-Kupin [4] that provide us a necessary and sufficient condition for the left hand
side (1.18) to hold. The difference between our Theorem 3.3 below and [4] is that in [4] this
condition is expressed in terms of traces of powers of the CMV matrix (see, e.g., [17]), which
is less explicit than the form we obtain here (although, obviously, the two conditions have to
be equivalent). This, together with Theorem 2.4, will suffice to yield Theorem 1.4.

We start by introducing some notation. The Carathéodory and Schur functions, £ : D —
1C~ and f: DD — D, for du are defined by

e + 2 1+ 2f(2)
F(z) = . dp() = ————~=
() /ele—z Ho) 1—2z2f(2)
It is a result of Geronimus [5] that the Verblunsky coefficients of p coincide with the Schur
parameters of f defined inductively by the Schur algorithm
1o = Rl
1+ zapfi(2)
Here (3.1) defines oy € D and f; : D — D, and iteration then yields oy, g, ... and fo, f3,. ...
Note that f(0) = ag and, by induction, m'" Taylor coefficient of f only depends on aq, . . . , Q.

In the following we will write ®*(u,z) and D(pu, z) for the reversed polynomials and the
Szegé function. Accordingly, we will write w,,(u) for the Taylor coefficients of log D(u, 2),

and we will also let
—log (11, 2) = Y wym(1)2"

(3.1)

m>1
We will now fix a measure p and denote its Verblunsky coefficients ay. For the sake of
transparency, we will include a_; = —1 at the beginning of the sequence of the coefficients,

so that these will be {—1, ag, g, ... }. We let p, be the n-th Bernstein-Szegd approximation
of p, with Verblunsky coefficients {—1, ag, a1, ..., ay,0,0,...}, and p™ = w(”)(ﬁ)% + dug;)g
the measure with Verblunsky coefficients {—1, o, i1, - .. }-

In Section 2.9 of [17], Simon defines the relative Szegd function

_1—af(z) 1-2fi(2)
D) = = T TG

(3.2)
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with f, fi from (3.1). Its advantage is that, unlike D, it is defined for any p. If w(#) is
positive almost everywhere, then so is w™(#), and

w®) _ .y
log 2 (0) € LP[0,21), p<oo (3.3)
with 0
B e + z w(B) \ do
D)) = ([ G0 () 1) (3.4)
(see Theorem 2.9.3 in [17]). Obviously, in the case ay, € £* we have
D(p, z)
D = ) .
(5 )(IU/7 Z) D(/,L(l)7 Z) (3 5)

which explains the name. We define the Fourier coefficients of log(w(8) /w™(8)) to be dw,, (1)
so that from (3.4) and (1.11) we obtain

1
log(0D) (s, 2) = §5w0(u) + dwy (1) z + Swo ()2 + . .. (3.6)
In particular,
dwo(p) = 21log po (3.7)
by (3.2) and f(0) = ap, and dw_,, (1) = dw,,(1). In the case ap € 2 we have by (3.5)
W (1) = Wy (1) — Wi (1Y) (3.8)

Finally, we define N(P) by (2.9), 8(P) by (2.4), and let 3™ (P) be defined as 3(P), but
with a_1,aq, ..., a,_s replaced by zeros and «,,_; replaced by —1. That is, 3™ (P) equals
B(P — n) for the measure (™. For instance, 8 ({(3,1),(1,1)}) = az@s(—1)0 = 0, which
is 3({(1,1),(—=1,1)}) for the measure u® with Verblunsky coefficients {—1,ay, as,...}. In
particular, (2.12) for the measure ;™ and N(P —n) = N(P) imply

wn (™) = Y N(P)B™(P) (3.9)
PeMge
whenever ay, € 2. Notice also that by Lemma 2.2,
B(P) = B(P) (3.10)
when P € M° and w(P) > m+ n. Since we have fixed the ay’s, it will be more transparent

to use the notation 3(P), 3™ (P) rather than S(u, P), 3(u™, P —n).
Next we show that Theorem 2.4 easily extends to D(uy,), @} (1), and 6D (u).

Lemma 3.1. For m > 1 and any p we have

W) = Y N(P)B(P) = wni1m(p) (3.11)
Swn(p) = Y N(P)[B(P) =BV (P)] (3.12)

PeMg
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Proof. The first equality in (3.11) is nothing but (2.12) for the measure p, instead of g. Then
(1.3), (1.5), and (1.6) show that

log @}y, (1, 2) = log @ (ttn, 2) = > _log p — log D(pun, 2)
k=0

since ®F 4 (fin, 2) = |51 (i 2)| 220y D~ (ftns 2), and S0 Wy p1,m (1) = Wi (pt) for m > 1.
By (3.2), the m-th Taylor coefficient of 6 D(u, z) (and so of log dD(u, z), too) only depends

on «p, the first m Taylor coefficients of f and first m — 1 of f;. That is, dw,,(u) is a function

of ag, ...,y only (see (1.3.48) in [17]). This means that for any n > m we have
Otm(1) = Otm(jin) = Wn(pin) = Wi () ) = 3 N(P)[A(P) = BV (P)]
PeMy,

where the second equality is (3.8) for p, and the third follows from (3.11) and (3.9). But
the last sum equals the right hand side of (3.12) because (3.10) shows that 3((P) = 3(P)
when P € M>X ~ M. U

After this preparation we are ready to provide a characterization of sequences of Verblunsky
coefficients corresponding to measures p for which log w(6) is integrable with respect to some

polynomial weight |Q(e)|2. We let Q(2) = [[_, ¢mz" and define p,, by

N N
= Z Pm2" = po + Z 2Re(pmz™) for [z| =1

m=1

(note that p, = qNGN—m + *** + @ndo = . With the convention log0 = —oco we set

/ Q)P loguw(6) (3.13)

which is defined for any p but can be —oco. This is because with log, x = max{+logx,0},

, df do 2
[1ae kg, w®f <l [wo)g < 19 (3.14)

but the integral of log_ w(@) can be infinite, for instance, when w(f) = 0 on a set of positive
measure. It is more common to let Zg be the negative of (3.13), so that it is bounded
from below rather than above, but our definition will be more convenient here. Note also
that by (3.3) with p = 1 subsequently applied to ™, n >0, in place of u, we have either
Zo(p™) = —oo for all n > 0 or Zg(u™) > —oo for all n > 0.

Before determining the condition for Zg(u) > —oo, we prove the following step-by-step
sum rule.

Lemma 3.2. For any i
N

Zo(1) = polog po + > Re (pm S N(P)[B(P) - ﬁ(”(P)}) + Zo(u™)  (3.15)

m=1 PeMg?
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Proof. The sum on the right hand side of (3.15) is always finite since it has only finitely many
non-zero elements and so (3.15) holds if both Z terms are —oo. If both are finite, then (3.3)
holds and so
N
29 2 ( ) do 1 —
10t 1es (s ) g7 = et + 3 Relpsune)

together with (3.7) and (3.12) gives (3.15). O

Theorem 3.3. For any p and @,

ZRe (po log pr. + me > N(P)B(P+ k)) (3.16)

m=1 pPeM),
Remark. This shows that Zg(p) is finite if and only if the above sum converges.

Proof. Since (1.12) and (3.13) give

1 N

Zq(pin) = 5powo(pin) + mZ:1 Re(pmwm (tin)) (3.17)
it follows from (1.13) and (3.11) that
n N
Zofi) =S mlogpi+ S Re (5 3 N(P)AP)) (3.18)
k=0 m=1 PeMp,

Hence by (2.12) and N(P) = N(P — w(P)), the claim is equivalent to Zg(p) =
limy, oo Zg(ftn)-

It is well known that Z is an entropy and therefore upper semi-continuous in ¢ with respect
to weak convergence of measures (see Section 2.3 in [17]). In particular, since p, — u, we
obtain

Zo) > limsup Zo (i)

Thus we are left with proving
Zg(p) <liminf Zg(py) (3.19)

This is obviously true if Zg(u) = —00, so assume that Zgo(u™) > —oo for all n > 0. Then
w(#) > 0 for a.e. # and by Rakhmanov’s theorem, «,, — 0 as n — 0.
The step-by-step sum rule (3.15) for 1™ in place of u reads

Zo(p'™) = pologanrZRe (pm Z N(P )_5("+1)(p)}>+ZQ(u(n+l))

PeMg?

and therefore we can iterate it and cancel the terms in the telescoping sum to obtain

0 =m Y logpt 3 Re (B 3 NPIAP) - 5UI(P)] ) + Zolul )
k=0 m=1

PeMgs
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Using p(™ — d—i (since o, — 0), ZQ(S—G) = 0, and upper semi-continuity of Z, we obtain

Zo() < lim in [po Zlog P+ Z Re <pm > N(P)[B(P) - 6(”“)(13)}”

PeMgP

We claim that the quantity inside the liminf differs by o(1) from (3.18) (in which case
(3.19) holds and we are done). Indeed — the difference of these two is at most

Z|pm|( 3 |N(P)||6(P)—B(”“’(P)!)

PeMpT™ME,

m=1

by (3.10) and the fact that "+ (P) = 0 when P € M?”. This sum has a uniformly bounded
number of terms for all n, both p,, and N(P) are also bounded by a constant not depending
on n (only on N and @), and

im  sup  {[B(P)| + BV (P)} =0

0 pempttMn,
since o, — 0. O

We have thus expressed Zg(p) as an infinite sum in terms of the Verblunsky coefficients
of u. We can now apply Theorem 1.2 to prove Theorem 1.4.

Proof of Theorem 1.4. The right hand side of (1.18) is equivalent to Zg(pu) > —oo. By
Theorem 3.3, this happens precisely when lim,, .., (3.17) > —oco. But

n

1 1
SPoto(fin) pOZIngk =500 ) (loxf* + O(lax] ")

2
k=0

and by Theorem 1.2 applied to p,, the sum in (3.17) is equal to
N
>t (o Rt = 3 anenan))
m=1 k<n—m

The estimate (1.15) and the hypothesis show that Ry, (i) and Y-, O(|oy|*) are uniformly
bounded in n, so it only remains to show that {Q(S)a}, € €% is equivalent to

[ Spo ) o’ +ZR€ (pm > ozk+mozk)] (3.20)

k<n k<n—m
being uniformly bounded in n. We write

Y HOS)al* =) lavanin + -+ + Goc|’

k<n k<n

N
= (lqn]> + -+ +190]*) Z |ag|® + Z 2Re ((C]NC]N—m + 4 Gmo) Zak+m04k> +O(1)

k<n m=1 k<n
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N
=Po Z o |* + Z 2Re (ﬁm Z Oék+m5ék) +0(1)
k<n m=1 k<n—m
In the second equality the remainder O(1) is bounded by a constant independent of n because
it is a sum of a bounded number of terms involving only oy with & < N or |k —n| < N.
And the last equality holds because p,, = qnGN_m + - + ¢mGo and Zzzn_mH QpimQg 18
uniformly bounded in n and so O(1). Hence {Q(S)a}y € £? if and only if (3.20) is uniformly
bounded in n. g

Recall that in the proof of Theorem 3.3 we have showed Zg(p) = lim,, oo Zg(pn). Here is
a generalization of this fact.

Proposition 3.4. If f = gQ with g € C(9D) a positive function and Q a polynomial, then
for any w,
Zy() = Tim Zy(un) (3.21)

Proof. We again have Z;(u) > limsup,, Z;(u,) because Z¢ is upper semi-continuous as well
[17]. Let g. be a polynomial such that g*> < [g.[*> < g* 4+ ¢ on JD. Such a polynomial
exists because the functions h(z) = ZkK:_ « 12" are dense in C(9D) (by the complex Stone-

Weierstrass theorem) and the polynomial 2% h(z) satisfies |2Xh(z)| = |h(2)] for |z| = 1. Then
lim. .o Z, () = Z¢(1) because g is bounded away from 0, and

£
Z5(1m) 2 Zosqlitn) = QI

by (3.14). Since ¢g.Q is a polynomial, the proof of Theorem 3.3 shows lim, Z, o(u,) =

Z,.q(p), and we obtain lim inf,, Z;(u,) > Z¢(p) by taking € — 0. O

It is an interesting open question whether this result holds for any f, not just such that
vanish at only finitely many points of 0D and to an even degree.

4. RELATIVE RATIO ASYMPTOTICS

In this section we provide another application of our methods. We prove Theorem 1.5 and
give a simple proof of a deep result, in part due to Khrushchev [8] and in part to Barrios and
Lépez [1], on ratio asymptotics @7, /®¥ as n — oo of the reversed polynomials (see also [18,
Section 9.5]). We also give a generalization of this result.

Proof of Theorem 1.5. Let us define

71 (1)) Py, (1) B .
o: ()05 (1) log Q (1, v) = mz>1 W (11, 1)z

(recall that ®*(0) = 1). It follows from |®,(z)| < |Pf(z)| for z € D (see (1.7.1) in [17]) and
from

Q,(p,v) =

o o,

n
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(see (1.3)) that the ratio ®_,/® is bounded away from 0 and co on any compact K C D.
Hence (1.19) is equivalent to €, (u,v) — 1 as n — oo uniformly on compact subsets of D,
which in turn is equivalent to wy,,, — 0 as n — oo for each m > 1.

Now

log (11, v) = log @7, (1) — log @, (1) — log @7, (v) + log ;,(v)
and so by (3.11) and (2.11)

Wnm(pv) = Y N(P)(B(v, P+n) = B(n, P +n)) (4.2)

PeMY,

for m > 1. If (1.20) holds, then obviously 8(v, P +n) — 8(u, P +n) — 0 for each P € M?
that is, wym(u, v) — 0 as n — oo.

Assume now that wy, (@, ) — 0 as n — oo. When m = 1, then M2 = {{(0,1)}} and
(4.2) equals just ay, (p)a,—1(p) — an(v)an,—1(v). Hence (1.20) holds for ¢ = 1. We proceed by
induction, so assume (1.20) holds for £ =1,...,m — 1. If P € M? and |P| > 2, then by the
induction hypothesis g(v, P+n) — 3(u, P+n) — 0 (because max{a; | (k;,a;) € P} < m—1).
Since (4.2) converges to 0 and the only element of M? with |P| = 1is P = {(0,m)} (in
which case N(P) = —1), it follows that 5(v, {(n,m)}) — B(u, {(n,m)}) — 0 as well. But this
is (1.20) for ¢ = m. O

For any a € [0, 1] we define

1
Ga(z) = 3 (14 2+ /(1 —2)2 + 4a22)
with the usual branch of the square root (in particular, Gy = 1). We then have

Theorem 4.1 ([8] and [1]). Let u be a non-trivial probability measure on OD. Then

@*
O, () = 2 4.3
= (4.3
converges uniformly on compact subsets of D as n — oo if and only if for each € > 1 there is
ce € D such that

lim o0y = ¢4 (4.4)

n—oo

Moreover, if (4.4) holds for all £ > 1, then ¢, = a*\* for some a € [0,1] and |\ =1 and
lim Q,(u;2) = Go(\z2)

Remark. In particular, lim, ©,(u) = 1 precisely when all ¢, = 0. In this case (4.4) is called
Maté-Nevai condition. Accordingly, one might call (1.20) relative Maté-Nevai condition.

Proof. Equivalence of the convergence of (4.3) and (4.4) is proved in the same way as Theorem
1.5. The only difference is that now with

log Qn(ﬂ) = Z wn,m(u)zm

m>1
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(4.2) reads
nan) = = 7 N(P)3(u, P+ ) 45)

pPeMy,
and “B(v,P +n) — B(p, P +n) — 07 and “w,m(p,v) — 07 are replaced by “B(u, P +
n) converges” and “w,,,(u) converges”, respectively, in the argument (we actually have
B, P4+ mn) — ¢4y ...Cq, when P = {(ky,a1),...,(ki,a;)}). Note that the proof also shows
that lim,, Q, (1) = 1 = Gy precisely when all ¢, = 0 (and so a = 0).

Hence assume (4.4) holds with not all ¢, = 0. It is obvious that if ¢; = 0, then the existence
of the limit ¢, implies ¢, = 0 for all £. Thus we must have ¢; = a?) for some a € (0,1] and
|A] = 1. In particular, liminf, |a,,| > 0. But then |a,is||anie| — |anii|lan] — 0 and
|ntsl| Qg1 — |ans2||an| — 0 (both by (4.4)) give |an1a| — |@nt1| — 0, which together with
|t io||ny1| — @ gives |a,| — a. This and (4.4) imply a4 10,1 — A, and then oy, — A
so that ¢, = a?\* for all /.

It remains to prove that in the case a # 0 the limit G(z) of (4.3) is G,(Az). Let v be the
measure with Verblunsky coefficients a,,(v) = aA™ if 0 < a < 1 and «a,(v) = a,\" with a,, T 1
if @ = 1. Then Theorem 1.5 applies and so the limit function of @7, ,(v)/®}(v) is also G(z).

n+1
By (4.1) we know that the limit H(z) of a,(v)®,(v)/®!(v) also must exist and

G=1-zH (4.6)
From (1.2) we have

D) ) Pennl) Do () i (1)
0 " e B () (0]

Therefore \2H = HG+a?\. We substitute H(G—\z) = —a®)\ into (4.6) multiplied by G —\z
to obtain G — (1+A2)G+(1—a*)\z = 0. Using G(0) = 1, it follows that G(z) = G,(\z). O

Aza, (V) +a’X = apy1 (V) +a*\

We conclude with using (4.5) to obtain the following generalization of Theorem 4.1.

Theorem 4.2. Let p be a non-trivial probability measure on 0D, let {j,} be an increasing
sequence of integers and k' € Z U {oo}. Then Qi (1) from (4.3) converges for any k < k'
uniformly on compact subsets of D as n — oo if and only if for each £ > 1 and k < k' there
IS Chp € D such that

lim ak+jn65k+jn—é = Cky (47)

Remark. For the special case j, = np with p > 1 see [18, Theorem 9.5.10].

Proof. We again follow the lines of the two previous proofs. In one direction we have that
the existence of all the ¢, with k < k' gives the convergence of 3(u, P + k + j,,) for any
Pely,, M) and k < k" as n — oo (note that if (k;,a;) € P € MY, then k; < 0). This in
turn gives the convergence of wyy;, m(p) for any k& < k' and m by (4.5), and thus that of
Qpetj () for kb < K.

In the opposite direction, the reverse of this argument and induction on ¢ as in the proof
of Theorem 1.5 shows that the convergence of € ; (1) for any & < k' implies (4.7). This
again uses the fact that if (k, @) € P € M), then k; < 0. O
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