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GOOD/IRREDUCIBLE INNER FUNCTIONS
ON A POLYDISC (})

by Eric SAWYER

In [8] Rudin and Ahern have studied to what extent the classical
factorization of a bounded holomorphic function on the unit disc U carries
over to the case of the unit polydisc U” (n>1). They show that every
bounded holomorphic function on U”" factors as a product of a zero-free
function in H*(U") (notation is as in [7] and [8]) and at most countably
many irreducible functions in the unit ball of H*(U"). In contrast with the
case of the unit disc, they show that this factorization need not be unique.
However, the question of the uniqueness of this factorization remains open in
the case of a good inner function. Theorem 2.3 below bears on this question. It
is shown that if \{(w,z) is an inner function on U x U" (n>1) and if
« enough » of the boundary sections 11q1r11 y(rw,.) are rational functions, then

the Rudin-Ahern factorization of  is unique.

In connection with the factorization problem, it seems desirable to
develop methods of constructing good and/or irreductible inner functions on
a polydisc. Theorem 3.5 below shows that if f, g, and R are non-constant
inner functions on U™, U", and U? respectively and if R is a product of
rational inner functions and is not divisible by a finite Blaschke product on
U?, then the function ¢, defined by

U™ x U"s (w,2) > R(f(w),9(2))

is a good inner function on U™ x U". The case m = 1, f(w) = w, and

Xy —a
R(x,y) = T~ oy (xeU)

occurs in Theorem 3.6 of [8].

(*) Most of the material in this article is taken from the author’s thesis ([11]).
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Theorem 4.5 gives necessary and sufficient conditions for the irreducibility
of @, in the case m =1, f is a Blaschke product of degree two, and
Xy — o
ly—&' (The case where f is a Blaschke product of degree one is
settled in Theorem 3.6 of [8]). The theory of the backward shift operator on
H2(U) (see [3]) plays a decisive role here.

R(x.y) =

Two other results of independent interest (used in proving the above-
mentioned theorems) will be noted here. One is a generalization of a theorem
of Frostman on good inner functions ([4]). Theorem 3.2 below shows that if
h(a,z) is bounded and holomorphicon U x U"(n>1) and if the closure of
{h(.,2); z€ U"} in the topology of uniform convergence on compact subsets
does not contain the identically zero function, then h(a,.) is a good function
for @ in U, except possibly on a set of capacity zero. Rudin has given a
generalization of Frostman’s theorem in a somewhat different direction (see
[7]; Theorem 3.6.2).

The other result is a representation theorem for certain Nevanlinna class
functions on a polydisc. Theorem 1.4 shows that if h(w,z) is in N(U™ x U")

(m,n>=1) and if « enough » of its boundary sections lim A(rw,.) (w e T™) are
r—1

rational functions, then h can be expressed as a rational function of z with
coefficients in N(U™). Additional information is supplied in the case that h
is an inner function.

We use the notation of [7] and [8]. Denote by U the open unit discin C
(the complex numbers) and by T the boundary of U. Let U*(T") be the
Cartesian product of n copies of U(T). The letter m will be used to denote
2n-dimensional Lebesgue measure on C" and normalized Haar measure on
T" for n = 1,2,.... Denote by HP(U") and N(U") the usual Hardy and
Nevanlinna spaces of holomorphic functions on U". Denote by N_(U") the
class of functions f in N(U") for which the functions log*|f|, (f,(z)= f(rz)),
form a uniformly integrable family (0<r<1). If f is in N(U"), then
f*@z) = lin} f(rz) exists for almost every z in T". If f isin H*(U") and
|f*(z)] = 1 for almostevery z in T", then f is said to be an inner function.

If fisin N (U"), then

lim f log |f(rz)| dm(z) < f log |f*(2)] dm(2)
r— T™

™

([7]; Theorems 3.2.4 and 3.3.5). If equality holds, we say that f is a good
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function. Note thatif f isan inner function on U", then this definition of a
good inner function coincides with that given in [7].

Suppose f is holomorphic on U™ x U". If w is in U™, then the
function U" 3z +— f(w,z) is referred to as a section of f and is denoted by

f(w,.). If w isin T™ and lim f(rw,.) exists uniformly on compact subsets
r—>1

of U", then this holomorphic limit function is referred to as a boundary
section of f and is denoted also by f(w,.).

Finally,for n > 1, wedefine P*(U") to be the collection of f in H*(U")
such that there exists ¢ inner on U"” and g in H®(U") satisfying
@*f* = g* almost everywhere on T". See [3] for a detailed discussion of
this class of functions in the case n = 1.

1. A Representation theorem.

1.1. LEMMA. — Suppose m and n are positive integers and 0 < p < 0.
If fisin N(U™xU" (respectively HY(U™ x U"), then f(w,.) is in N(U"
(respectively HP(U")) for every w in U™,

Proof. — The assertion concerning H® is trivial,soassume 0 < p < 0.
Denote by ¢, and ¢, the functions log*|f(.)| and |f(.)}P on U™ x U"
for 0 < p < oo. Foreach z in U", @,(.,2) iseither multiply subharmonic
oridentically — oo on U™. Thus,if £ isin (rU)™ forsome 0 < r < 1 and
if zisin U" and 0 < p < oo, then (see [7]; paragraph 3.2.1)

(1) 9,(52) < J @,(rw.z) Py(w) dm(w)

T

where Pi(w) is the usual Poisson kernel for the polydisc (rU)". Thus

2 J @,(&rz) dm(z) < j
™

™

< J @, (rw,rz)Py(w) dm(w))_dm(z)

< sup {Py(w); weT™} J @,(rn) dm(n).

Tm+n

Now fix & in U™ and let r - 1. Inequality (2) yields the remaining
assertions of the lemma.

Suppose o and P are multi-indices of degree t, ie. o, Be(Z,). If
ze U, define z* =z}, ..., z}". Define o < B if and only if o, < B; for
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t
1 <i<t. Put |of = ) o Part (A) of the following lemma is elementa-
i=1

ry and part (B) follows from chapter S of [7].

1.2. LemMA. — Let R (#0) be a rational function on C' with no pole in
U'. Then

A) R can be expressed uniquely in the form

az*

a
<hlsm

R(z) = —
1+ ) bﬂz’S
I BI<n

zeU!

where (i) m+and n are non-negative integers; a,, bye C for 0 < || < m,
1 < |Bl < n; and there are multi-indices o and B with |a| = m and |B| = n
such that a, # 0, by # 0, and (ii) the polynomials

Pz)= Y az* and Q@) =1+ Y b?
1<IBl<n

O<x<m
are relatively prime in C[z,,...,z,].

B) Set a, = by =0 if |a| > m, |B| > n. Ifin addition R is an inner
functionon U’, then m = n, there exists a multi-index T with |t| = m such
that a, =b, =0 if a does not satisfy a<t, and |a|=1 and
abg =a,_z for 0 <P <.

DEeFINITION. — Suppose that R is as in Lemma 1.2. The degree of R,
denoted deg R, is defined to be the ordered pair of integers (m,n) determined
uniquely by R as in Lemma 1.2. When R = 0, define degR = (— 1,0).

1.3. LEMMA. — Suppose that R; is holomorphic on U' and rational of
degree < (mpn) for 1 <j < 0. ((ij) < (mn)<i<m-and j<n). If R;
tends uniformly on compact subsets of U* to h in H(U') as j —» oo, then h
is a rational function of degree < (m,n).

Proof. — Suppose R; = P;/Q; where P; and Q; are polynomials of
degrees equal to or less than m and n respectively and Q{0) = 1 forall j.
Lemma 1 of [1] shows that sup {|Q;(z)|; ze K, 1<j<o} < oo for any
compact subset K of U’. Since R; - h uniformly on compact subsets, we
also have sup {|Pfz)|;ze K,1<j<o} < oo for any compact subset K of
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U*. Thus there are polynomials P and Q of degrees equal to or less than m
and n respectively such that P; > P and Q; - Q as j— oo. Hence
hQ = P where Q(0) = 1 and this completes the proof of the lemma.

The next theorem shows that if h(w,z) is in N(U?x U’) and has
« enough » rational boundary sections in z, then h(w,.) is rational of fixed
degree for almost every w in T? and h can be expressed as a « rational »
function of z with coefficients in N(U?).

1.4. THEOREM. — Suppose that h(w,z) (£0) isin N(UixU") (g=1,t>1)
and that there exists a set E contained in T with positive measure such that
h(w,.) is a rational function for w in E.

Then there exist unique non-negative integers m and n and functions h,, kg
O<|o|<m,1<|B|<n) in N(UY) such that
a) deg h(w,.) = (m,n) for almost every w in T9.
b) hwz)(1 + Y kwzP)= Y hwz (weU%zel).
1<Bl<n 0<|x<m
Furthermore the following conditions hold :
() 14+ )Y kgwez® # 0 for (wz) in U? x U* and the functions kg are

1<iBI<n
in H*(U9).
(i) The functions h,, kg are rational combinations (over C) of finitely
many of the functions {h(.,z);z e U'}.
@iii) If h isin HP(U?x U"), then h, isin HP(U9) for 0 < || < m and
1 <p< .
If in addition h is an inner function on U? x U*, then

(iv) m > n and there exists a multi-index T with |t = m such that
h, =k, =0 if o does not satisfy o <1t (set h,=ky =0 if |of > m,

o

IBl > n). Moreover the functions h,, kg arein P*(U%, h, isinneron U?, and
h¥k§ = h¥_g almost everywhere on T? for 0 < B < 7.

Proof. — Let

5(g) = degg if g is a rational function on U’
"~ |(o0,00) otherwise.
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There exists a Borel set & contained in T? with m(€) = 1 such that the map
3) & sw — h(w,.) e HU)

is a Borel function ([13]; chapter 17). Lemma 1.3 now shows that the function
& 3 x — O(h(w,.)) is Borel. Thus we can find a pair of integers m and n and
a Borel set E, contained in T? having positive measure such that
deg h(w,.) = (m,n) foreach w in E, and such that the index (m,n) satisfies
the following minimal property ;

4) If degh(w,.) = (i, j) for w in some Borel subset E, of T? and if
(i, < (m,n) but (i,)) # (mn) then m(E;) = 0.

Note thatsince h # 0, we must have m > 0. By Lemma 1.2(A) we have the

following unique represéntation of h(w,.) for w in E,;

Y aw)®

0<lal<m

1+ Y  byw:P
1<Bisn

(5) h{w,z) = (weE,,zeU").

Our aim now is to show that the functions a,(.), bg(.) defined on E,; by
(5) can be extended to quotients of Nevanlinna class functions on U? in the
sense that a,(.), bg(.) give the radial limit values on E; of these quotients.
One would hope to accomplish this by substituting a finite number of values
for z in (5) and solving the resulting system of equations by Cramer’s rule.
One of the problems arising with this approach is that in order to apply
Cramer’s rule, it is necessary that the determinant of the system of equations
be non-zero. In order to establish that this determinant is non-zero for an
appropriate choice of z’s, it seems necessary to introduce the « nested »
sequence of matrices {M,} defined below. Actually we shall not follow
exactly the argument outlined above, but rather a slight variant of it.

We totally order the multi-indices of degree t asfollows; u < v <> either
lu] < |v| or |u] = |v] and there exists s (1 < s < t) such that u, < v, and
u,=v, for 1 <r <s. Let M (respectively N) denote the cardinality of
{ve(Z,);|v|<m (respectively n)} and define v:{1,2,....M+N} > (Z,)
to be such that v(1), v(2), ..., (M) are the first M multi-indices arranged
accordingto < andsuchthat s(M+1),0s(M+2), ..., (M +N) are the first
N multi-indices arranged according to <.

For A (an integer) such that

1<A<M+N, and X = (Xq,....%)
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inU x ...U'=U", and w in U? U & (where & is as in (3)) define the
matrix M, = M,(w,x) to be the A x A matrix whose ij* entry is

{x}’“’ if 1<j<M

(6) o .
h(w,x;) x{Y if M+1<j<A.

Note that when A > 1, the matrix M, _, is obtained from the matrix M,
by deleting its last column and its bottom row.

Forfixed x in U™, Lemma 1.1 shows that the entries in the matrix in (6),
when considered as functions of w in U?, are Nevanlinna class functions.
Since N(UY) is a ring it follows that the function

(7 U? 5w — det M,;(w,x)

is in N(UY for each x in UM, («det » stands for determinant). The
definition of & together with (6) shows that the radial limits of the function
defined in (7) exist at w in & and are given by det M, (w,x) (recall that M, is
defined for w in &). ‘

From equation (5) we obtain that det M \(w,x) = O for w in E, and
x in UM+N'_ Thus for each x in UM+N'  the radial boundary values of
det M,,,\(.,x) vanishon E;. Now E, is a set of positive measure in T?
and det My, n(.,x) isin N(U?. Thus det M, (.,x) = 0 for each x in
UM+N' e det My, n = 0.

Let A = min {A;1<A<M+N and det M, =0}. One can easily show
that det M;#£ 0 for 1 <A <M (if 1<A<M and det M, =0 expand
det M, according to the bottom row to obtain a polynomial in x,. The
coefficient of x{™, which must be identically zero, is precisely M, _,.
Continuing in this fashion, we eventually obtain M, = 0, a contradiction).
Thus A>M + 1. Let x = (x,,...,x4_;) and z = x,. Using (6) expand
det M, according to the bottom row to obtain

9) 0 = det M, (w,(x,2))

A
= h(w,z) (x _%:

for x in UA-Y z in U’, and w in U? and where (for any matrix M,
denote by [M];; the matrix obtained from M by deleting the it row and
jth column)

M
Hl(w,x)z”(”> + Y H,(w,x)z"™
rA=1

+1

(10)  Hy(w,x) = (= DA+*det [M(wi(x,2)]an  (1<ASA).

Clearly the functions H, are holomorphic on U? x UA-V',
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Now H, = det M,_; (see the comment following (6)) and by the
definition of A, is not identically zero. Thus there exists x, in U“~"" such
that H,(.,x,) # 0. Theexistence of such an x,, is the crux of the proof. Now
substitute x, for x in (9). Changing notation we obtain

Bv(w)z"> = Yy A wez" (weUdzeU)

oO<ul<m

(11) h(w,z) (

o<ei<n

for A (w) = — Hy(w,xy) (u=v(A)A<M) and B,(w) = H,(w,x,)
(v=v(A),A,>M). Equation (10) shows that the functions A, and B, are in
N(UY% by the same argument used to show that (7) is in N(U9). Since
B, = Ha(.,x0) # 0, equation (11) shows that deg h(w,.) is at most (m,n) for
almost every w in T?. The minimal property of (m,n) given in (4) then shows
that deg h(w,.) = (m,n) for almost every w in T9.

Suppose, in order to derive a contradiction, that B, = 0. Then
Aqo. .0 =0 andforeach w in &, equation (11) and Theorem 1.3.2 of [7]

show that the polynomials Z B,w)z* and ) A w)z* have a

o<ii<n o<l<m

common factor in C[z,,...,z,]. Together with (11), this shows that
deg h(w,.) < (m—1,n—1) foralmostevery w in T?, contradicting(4). Thus
Bo. o # 0. Henceforth we shall write B, for B, .

At this point we appeal to a theorem of Ahern ([1]; Theorem 2) to
conclude that the meromorphic functions A, /B, are actually holomorphic
on U¢, that the meromorphic functions B,/B, are actually bounded and
holomorphic on U?, and that the function

U x Uswz) =1+ Y (Bw)/Bo(w)z’
I<p|<n
is zero-free. Thus equation (11) can be written

(12) h(w,z) <1 + ) kv(w)z"): Y hw)z*

I<el<n o<lul<m
where the functions h,, k, are holomorphic, the functions k, are bounded, and

1+ ) kwz#0

1<|<n

for (w,z) in U? x U'.
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We now show that h, is in N(U?). Indeed
log*|h,| < log*|A,| + log™[Bo| — log|B|.

Now B, # 0 and hence lim J ldngo(rw)| dm(w) > — oo. Since both A,
r—1 T4
and B, are in N(UY), it now follows that h, is in N(UY).

Thus far we have established (modulo the uniqueness) assertions a) and b)
of Theorem 1.4. Clearly the integers m and n in a) are uniquely determined
by h. We now show that the Nevanlinna class functions h,, k, in (12) are

uniquely determined by h. Suppose that ki, k,, are in N(U?) and that

w v

12y h(w,z) <1 + ) k’v(w)z”> = Y  h(wz“
1<li<n O<ul<m

Now suppose that w in T? is such that deg h(w,.) = (m,n) and that each of
the functions h,, k,, h,, k;, hasaradial limitat w. The uniqueness assertion of
Lemma 1.2(A) together with (12) and (12)' shows that h,(w) = hy(w) and
k,(w) = k(w) for 0 < |u] < m,1 < |v] < n. Since the set of such w in T?
has measure one, we must have h, = h, and k, = k;,. This completes the
proof of assertions a) and b).

Assertion (i) has already been established and assertion (ii) is an immediate
consequence of (6), (10), and the definition of the functions h,, k,.

We now prove (iii). Let P(w,z) = )  h(w)z* = aw,z,,. . .,2)24
=0

O<L|ul<m k=

and Qw2 =1+ Y k(wz" where g(wz,...,2) is in

1<tj<n
NUY[z,,...,z] (0<k<m). Since Q is bounded, it follows that P is in
H?(U?xU") whenever h is (1<p<oo). Lemma 1.1. shows that
go(.) = P(.,0,-,...")) isin HP(U?x U'"!). Thus the function

U? x U's (w,2z) » PW,2) — go(W,25,. . -,2,)

isin HP(U?x U"). Let P (w,z) =

k

gW,z5,. . .,z)2X" 1. Since
1

1M 3

lel(w’z) = P(W,Z) - gO(waZZs- . -,Zt)a

it follows easily that P, isin HP(U?x U"). Another appeal to Lemma 1.1
shows that g,(.) = P,(-,0,-,...,)) isin H?(U?x U'"!). Continuing in this
manner we obtain that g, isin H?(U?x U'"?!) for 0 < k < m. Now write
each g, as a polynomial in z, with coefficients in N(U9)[z,,...,z,]. Asin
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the above we can show that these coefficients actually lie in HP(U?x U'~2),
Continuing with this argument ¢ times we finally obtain that h, is in
HP(UY) for 0 < Ju| < m.

It remains to prove (iv). If h is inner, then by (i) and (iii) the h,, k; are
bounded. Furthermore, for almost every w in T4, h(w,-) isinner on U* and
rational of degree (m,n). Lemma 1.2(B) now establishes assertion (iv) and this
completes the proof of Theorem 1.4.

The following corollary is an easy consequence of parts b) and (ii) of
Theorem 1.4. We omit the proof. This corollary generalizes a result due to
Ahern ([1]; Theorem 5). Compare also with Theorem 2.1 of [9] where a
similar result is proved with boundary sections replaced by slices.

1.5. CoroLLARY. — Suppose that h (£0) isin N(U") (n=2) and that for
each k between 1 and n inclusive there exists a subset E, of T"™! having
positive measure such that the boundary section

U3z - h(Wy,. .  Wee 1,2 Wi g 15 - -sW,)

is rational for every (Wy,...,Wy_{,Wxs1,----W,) in E,. Then h is rational.

2. The Rudin-Ahern factorization.

2.1. DerFINITION. —  Suppose Q is in  P*(U)[z,,...,z,], 1ie.
Qw,z) = Y  kyw)zP (ke P=(U)), that Qw0) =1, and that

o<ipl<n
Q(w,z) # 0 for (w,z) in U x U'. Let 1 be the least multi-index such that
T — B > 0 forall B suchthat k; # O andlet h, be the inner function such
that

hH2(U) = {he HX(U); h*k§ e HXT) for 1 < |B| < n}.

Such an h, exists and is unique up to multiplication by a constant of modulus
one by Beurling’s theorem ([2]). Define

Q*wz) = h(wz' + > h_yw)z"P
1<Bl<n

where h,_g is bounded and holomorphic in U and satisfies h¥ g = h;“k—’g.
Q# is uniquely determined up to multiplication by a constant of modulus one.
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The quotient Q#/Q is an inner function on U x U’ ([1]; the discussion
following Theorem 3).

The following remark will be useful in § 2.2 and § 2.3.

Remark. — Suppose that P and Q are polynomialsin P*(U)[z,,...,z,]
of degrees m and n respectively (and where Q is as in the above definition).
Suppose also that P(w,z)/Q(w,z) defines an inner function on U x U’ such
that deg (P(w,-)/Q(w,")) = (m,n) for almostevery w in T. Then there exists
an inner function ¢ on U and a multi-iindex 7y such that
P(w,z) = @(w)z2"Q#(w,z). Furthermore P is a constant multiple of Q# if
and only if m = n and there is no non-constant inner function on U which
simultaneously divides each coefficient of P. Note that ([3]; Theorem 2.2.8)
if f, g arein P®(U), then g divides f in P®(U) ifand onlyif g divides f in
H>(U).

The proof is an easy application of Theorem 1.4, the definition of Q#,
and Beurling’s theorem. We now present some algebraic preliminaries that
will be needed in § 2.2 and § 2.3.

Let R bearing. For a and b in R, we shall say that b divides a (in
R), written bla (in R), ifthereexists ¢ in R suchthat a = bc. Asubset S
of R issaid to be a prime set for R if whenever aeS, b and ¢ arein R,
and albc, then there exists a, € S such that agla and a, divides at least
one of b and c¢. For example, the collection of non-constant inner functions
on U is a prime set for both H*(U) and P*(U).

The following lemma may be viewed as an analogue of Gauss’ lemma. The
elementary proof is omitted.

LemMMA A. — Let R bearing and suppose that S(<R) isa prime set for R.
Then S is a prime set for R[z,...,z],t =12,....

LEMMAB. — Let R denote either H*(U) or P®(U) and denote by F the
quotient field of R. Let Qg be in R[zy,...,z,] and let Q, and Q, be in
F[z,,...,z]. Suppose that Q, = Q,Q, and Q,0) = Q,0) = 1. Then
Q, and Q, arein R[z,...,z,].

Proof. — Consider the case R = H®(U) first. Let S be the collection of
all non-invertible elements (non-units) of H*(U). It is easy to see, using the
classical factorization of bounded holomorphic functionson U, that S isa
prime set for H®(U). Moreover, the classical factorization shows that there
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exist g, and g, in H®(U) such that both of the following two conditions
hold (the assumption Q,(0) = Q,(0) = 1 is used here).

) g.Q,e H*(U)[z,,...,z] for k = 1,2,

(
(i) g,Q, is not divisible (in H®(U)[z,,...,z,]) by a member of S,

k=12.

If 9,9, €S, then applying Lemma A to ¢,9,Qo = (9:Q,)9,Q,), we
obtain that some element of S divides either ¢g,Q, or g,Q,, contradicting

condition (ii). Thus ¢,9, ¢S, ie. g, and g, are invertible. It follows that
Q, and Q, arein H*(U)[z,,...,z,].

The case R = P*(U) follows easily from the above case with the aid of
Theorem 2.2.8 of [3] which shows thatif f and g arein P*(U) and f/g isin
H*(U), then f/g is actually in P*(U). This completes the proof of the
lemma.

The next lemma follows easily from Lemma B.

LemMMma C. — Let R denote either H*(U) or P*(U). Let Q be in

R[z,,...,z,] and suppose that Q(0) = 1. Then Q factors uniquely (up to
k

reordering of the factors)as Q = [| Q; where Q; is an irreducible element
j=1
in
Rlz,,. . .,2,] and Qi0) =1 (1<j<k).

2.2. LEMMA. — Suppose \i(w,z) is an inner functionon U x U of the form
given in Theorem 1.4 with. ¢ = 1 and n > 1. That is

hw)z* + Y h_gw)z*~
1) Wwz) = <= (weUzeUb.
1+ Y kyw)z?
I1<iBl<n

Then with the notation of Theorem 1.4 and letting P(w,z) and Q(w,z) denote
the numerator and denominator respectively on the right side of (1),

A) Vv isirreducible as an inner function on U x U" if and only if both of
the following two conditions hold :

a) 7T is the least multi-index such that t© — B > 0 for all B such that
ks £0 and h,_ is the «smallest» inner function on U such that
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h*k e H™(T) for all B, ie. hH*U) = {fe HXU); f*k} € H(T) for all
B}

b) Q isirreducible as an element of the polynomial ring P*(U)[z,,. . .,z,].

B)If Q= H Q; where each Q; is an irreducible element of

P*(U)[z,,. . ,] then there exist elements P; in P®(U)[z,,...,z,] and an
innerfunctlon ¢ on U and a multi-index y such that V; = P;/Q; is an
irreducible inner function on U x U* for 1 <j < k and

k
Y(w,z) = @(w)z" H v (w,2) weU,zeUY).

Proof. — The proof of (A) is split into three parts.

(I) ¥ irreducible = (a) : Let o be the least multi-index such that
6 — B >0 forall B suchthat kg #0. If 1 # o, then 1 > o and the
non-constant inner function z-< divides (w,z), i.e. | isreducible. Let Y
be the closed invariant (for the forward shift operator) subspace {fe H*(T);
f*k} € H¥(T) forall B} of H*(U). Let h bean inner function that generates
Y (Beurling’s theorem), i.e. Y = hH?*(U). If Y # hH?(U), then since
h.eY, there exists a non-constant inner function ¢ on U such that
h, = oh. Thus

VY(w,2) = o(w)z"Q#(w,2)/Q(w.z)

for some y in (Z,)' where Q# isasin §2.1 and Q#/Q is a non-constant
inner function (n=1) on U x U'. Thus ¥ is reducible.

(IT) v irreducible = (b) : Assume that Q = Q,Q, where Q; is a
polynomial in P*(U)[z,,...,z,] of positive degree (j = 1,2). Clearly we
may assume that Q,(0) = Q,(0) = 1. Let S be the collection of all non-
constant inner functions on U. The Remark in § 2.1 shows that Q7 is not
divisible by an element of S, hence by Lemma A, neither is Q{Qf. The
Remark in § 2.1 thus shows that Q# = Q{Qf and that there exists an inner
function @ on U and a multi-index y such that

P(w,2) = o(w)z'Qf (w,2)QF (w,2).
‘Thus
Y(w,2) = o(w)2"(Qf (w,2)/Q,(w,2))(QF (w,2)/Q,(w,2)).
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Since Q, and Q, have positive degree, the inner functions Qf/Q, and
Q7/Q, are non-constant and ¥ is reducible.

(III) (a) and (b) = Virreducible : Assume that (a) and (b) hold.
Suppose that { = Yy, where each V; is an inner function on U x U’.
We must show that either {; or V{, is constant.

Now for almost every w in T, Y(w,-) = ¥,(w,"W,(w,") is a rational
inner function on U’. It follows that for such w, both {,(w,") and Y,(w,")
are rational inner functions (if f and g are inner on U' and fyg is rational,
then for a.e. z € T',f,g, is a rational inner function on U. Theorem VIIIL.32
of [12] shows that both of the slices f, and g, are rational for such z.
Theorem 5.2.4 of [7] then shows that f and g are rational inner functions).
Thus Theorem 1.4 applies. Let Y ;(w,z) = Pj(w,2)/Q;(w,2) where P;, Q; arein
P*(U)(z,,...,z] be the representation of V; as given in Theorem 1.4
(=12). Now ¥ = {,¥, and

deg Y, (w,") + deg Vy(w,) = deg(V;(w, )W,(w,"))

whenever both V,(w,*) and V,(w,-) are inner functions (this is certainly true
for rational inner functions on the disc as their zeroes and poles lie in disjoint
sets, namely U and C®\U respectively. For the general case, apply this
result to slices and use Theorem 5.2.2 of [ 7]). Thus the uniqueness assertion of
Theorem 1.4 implies that Q = Q,Q, and P = P,P,.

Condition (b) (Q is irreducible) shows that one of Q, and Q, has
degree zero as a polynomial in P*(U)z,,...,z], say Q,. Since
Q,(-,0) = 1, wehave Q,(-,-) = 1. Thus there exists an inner function ¢
on U and a multi-index y such that P,(w,2) = ¥,(w,z) = @(w)z" for (w,z)
in U x U’'. Thus P(w,z) = @(w)z"P,(w,z). Condition (a) and the Remark
in § 2.1 show that y = O and that ¢ is constant. Thus V, is constant and
the proof of part (A) of the lemma is complete.

B) Let Y(w,z) = QF(w,2)/Qfw,z) where Q isasin§ 2.1 (1<j<k). By
part (A) of this lemma, V; is an irreducible inner function on U x U'.
Arguing as in (IT) above, we can show that there exists an inner function ¢
on U and a multi-index y such that

k
V(w,2) = o(w)z" [T ¥x.2)
j=1
and this completes the proof of the lemma.

2.3. THEOREM. — Suppose that \y(w,z) is aninner functionon U x U' and
that \i(w,-) isrationalfor w in some subset of positive measurein T. Then the
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Rudin-Ahern factorization of \ is unique, i.e.  factors uniquely as a product
of a zero-free inner function and at most countably many irreducible inner
functions.

Proof. — Theorem 1.4 and Lemma 2.2(B) show that \{ has the
factorization

V(w,2) = o(w)z" U Viw,2)

where \; is an irreducible inner function on U x U for 1 <j<k and
' =z}',...,z;' where z is an irreducible inner function on U’ for
1 < s <'t. Itis wellknown that the Rudin-Ahern factorization for ¢ is unique.
Thus it suffices to show that if X, is any irreducible inner functionon U x U’
that divides ¥, then either X, is independent of z and divides ¢ or X, isa
constant multiple of one of the functions V, ..., VY, 2, .. ., z.. Sosuppose that
¥ = X,X, where X; and X, are inner functions on U x U  and X, is
irreducible. Let ¥ = P/Q(Y; = P;/Q)) be the representation of Y({;) as given
in Theorem 1.4. Arguing as in the second paragraph in (III) above (see the third
part of the proof of Lemma 22(A)) we obtain that X; has the
representation  X; = A;/B;(A;,B;e P*(U)[z,...,z]) as given in
Theorem 1.4 and that P = A;A, and Q = B;B,. Now if B, has degree
zero as a polynomial in P*(U)[z,,...,z], then

B,=1 and X;(w2) = A,(wz2) = AwW)Z®

for some inner function A and multi-index 8. Since X, is an irreducible
inner function, it follows easily that either X, is a constant multiple of one of
zy, .., 2z, or X, divides @. If B, has positive degree, then since B, is
irreducible (Lemma 2.2(A)), Lemma C of § 2.1 now shows that B, is one of
the Q;’s, say Q,. Lemma 2.2(A)now shows that X, isa multiple of ; and
this completes the proof of the theorem.

3. Good Inner Functions.

3.1. LEMMA. — Let p be a positive finite Borel measure on C with compact
support contained in the unit disc U. Suppose that the function defined by

Cow-— Jlog|z—w| dy(z)

is real-valued and continuous. Then,if {f,}*., < H(U) and f, # 0 Vn > 0,
we have

(1) Jlog|f,,(z)| dw(z) > — oo, Yn = 0.
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(i) If f, - fo uniformly on compact subsets of U as n — oo then

lim f log|f,(2)] du(z)

exists and equals J]ogl fo(2)| du(z).

Proof. — Choose 0 < r <1 such that supp p is contained in
B(O,r) = {ze C;|z|<r}

and such that f, hasno zeros on 0B(0,r). Suppose f, has k zeros(counting
multiplicities) in B(0,r). Then there exists an integer N such that f, hasno
zeros on OB(0,r) and has k zeros (counting multiplicities) in B(0,r) for all
n>=N. Without loss of generality we may assume that N = 1. Clearly, for
each n > 0, we may enumerate the k zeros, {aj}, ;< of f. in B(0,) in
such a way that lim a = a) for 1 <j < k. Now define

n— oo

k 2_ j
) hi2) = @) 1 (' “"Z) zeUn > 0.

ji=1 Hz—aj))

Clearly h, is holomorphic and bounded away from zero on B(0,r) for each
n>=0. Also |h(z)] = |f(z)] for |zl =r,n > 0. Since

log|h, ()| = log|f,(*)| — log|fo(*)| = loglho(*)I

uniformly on dB(0,r) as n — oo and log|h,()| is bounded and harmonic in
B(0,r) Vn > 0, we must have that loglh,(-)| — log|hy(-)| uniformly on
B(0,r). Hence

@) lim J loglh,(2)] dp(z) = f loglhg(2)| dp(z).
From equation (1) we obtain for all n > 0

©) JIOglf,.(Z)I du(z) = jloglh,,(z)l du(z) + kil log r

k _
+ Y <J log|z — al| du(z) — flog{rz—aizl du(z)).
j=1

Conclusions (i) and (ii) now follow easily from (2), (3), and the hypothesis on
the measure p. This completes the proof of the lemma.
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3.2. THEOREM. — Suppose that h is in H*(U"xU) (where nz1).
Denote by K the closure in H(U) (with respect to the topology of uniform
convergence on compact subsets of U) of the set of functions {h(w,*); we U"}.
If 0, ie. the identically zero function, is not in K, then h(-,z) is a good

function for quasi-every z in U, i.e. except on a set of logarithmic capacity
zero.

Proof. — Without loss of generality we may assume that [k < 1 on
U” x U. Let B = {zeU; h(-,z) is not good}. Now B is Borel and hence
capacitable. Assume, in order to derive a contradiction, that the logarithmic
capacity of B is positive. Then there exists a positive finite non-trivial Borel
measure p supported in B such that the function defined by

C3& - Jloglz —E&| dp(z) is real-valued and continuous ([5] ; 7.33 and 7.37).

Clearly K is metrizable and since it is contained in a bounded (with respect to
the supremum norm) subset of H(U), it follows that K is also compact.

Now define T: K-> R by T(f) = Jloglf(z)l dw(z) for f in K. The

measure p satisfies the hypotheses of Lemma 3.1 and K does not contain the
identically zero function by hypothesis. Thus Lemma 3.1 implies that T is
real-valued and, since K is metrizable, that T is continuous. In particular
we have

4 linll J loglh(rw,z)| du(z) = f log|h(w,z)| du(z)
=t Ju

U

for w in & = {weT"; h(w,") = lim h(rw,-) exists uniformly on compact
r—1

subsets of U}, thus for almost every w in T". Since K is compact, T is
bounded and hence

) sup sup

O<r<1 weT"

< 0.

J log|h(rw.z)| du(z)
8]

Thus by Fatou’s lemma and Fubini’s theorem

j <11£r11 '[ loglh(rw,z)]| dm(w)) du(z)

> lim -[ ( j loglh(rw,z)| du(z)) dm(w)
r=1 Jn u
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and by (4), (5), the bounded convergence theorem, and Fubini’s theorem again

= j (f log|h(w,z)| dm(w)> d(z).

(6) f (J log |h(w,z)| dm(w) — lim J log |h(rw,z)| dm(w))
U T™ ™

r—1

Thus we have

di(z) < 0.

Fatou’s lemma shows that the quantity in parentheses in (6) is non-negative
for each z in U and hence it follows from (6) that

J log |h(w,z)| dm(w) = lim J log |h(rw,z)| dm(w)
T™ r—>1 ™

for p-almostevery z in U. Thissays that h(-,z) is good for p-almostevery
z in U and contradicts the fact that p is a non-trivial measure with support
in B={zeU;h(-,z) is not good}. This completes the proof of Theo-
rem 3.2.

The next result is a simple generalization of a result due to Nordgren and
Ryff in the disc ([6], [10]). Indeed the proof given by Nordgren in [6] applies
almost verbatim to the more general situation considered below. The details
can be found in [11].

33. Lemma. — Let ©¢y,...,9,, be non-constant inner functions on
Uk, . .., Ukn respectively and define
(p : U" - Um (nzkl + +km) by (p(Z) = ((pl(zl)s\ . 'a(pm(zm))
for z =(zq,...,2,) in Uk x -+ x Uka. Then

a) HY(U™) s f - fo @ defines a bounded linear map from H*(U™) into
H2(U").

) (fo@)* = f*o@* almost everywhere on T" for f in H*(U™).

DEFINITION. — A finite Blaschke product on U" is a function of the form
Nz —al Nz —a
U" 3(zy,...,2,) = ¢ H (—1——_—"—) H ( k>
k=1 1—0,:21 k=1 l—ak

where |c| = 1 and the af arein U.
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3.4. THEOREM. — Let R be a non-constant irreducible rational inner
function on U? that is not a finite Blaschke product on U? (see above
definition). If f and g are non-constant inner functions on U™ and U"
respectively, then the function Oryr defined by
U™ x U" 3 (z,w) - R(f(z).g(w)) is a good inner function on U™ x U".

Proof. — Lemma 3.3 shows that ¢, is an inner function on U™ x U”".
Chapter 5 of [7] shows that there exists a polynomial Q in C[x,y] with no
zeros in U? and a monomial M in C[x,y] with coefficient of modulus one
such that

11
P(X,y) = M("a.V)Q(;v ;)

(Q denotes the polynomial obtained from Q by replacing the coefficients of
Q by their complex conjugates) is a polynomialin x and y that isrelatively
prime to Q and such that

. ~(11
Pey) %Y )Q(E”>
7 R(xy) = —— = Y (xy) in U2

Q(x.y) Qx.y)

Lemma 2.2(A) shows that Q isirreducible as a polynomial on C2. We claim
also that P isirreducible. Indeed, suppose (in order to derive a contradiction)
that P = P,P, where each P; is a non-constant polynomial. Now

<11 11 11
Q(x,y) = P(—, ~> / M(— —> M(x,y)P<— —)
Xy xy y

and clearly we can factor M as M = MM, where M; is a monomial such
that

11
Qj(x!y) j(x’y) <; ;)

is a polynomial for j = 1,2. Since P is not divisible by a non-constant
monomial (Lemma 2.2(A)), it follows that Q; is a non-constant polynomial
for j = 1,2. Since Q = Q,Q,, this contradicts the 1rreduc1b111ty of Q.
Thus P is an irreducible polynomial.

Now if the quotient of two good functions isin N, , then the quotient is
again good and hence the proof of the theorem will be complete once we show
that the function @, x(z,w) = P(f(z),g(w)) is a good function whenever P is
an irreducible polynomial in two complex variables.

It will now be shown that the function defined by
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U x U">3(a,w) - P(2a,g9(w)) satisfies the hypothesis of Theorem 3.2 (the
« 2 » here could be replaced by any constant greater than one). Suppose (in
order to derive a contradiction) that 0 is in the closure of the set of functions
{P(2-,9(w)); we U"} = H(U). Then there exists a sequence {w,};>, contai-
ned in U”" such that P(2-,g(w,)) — 0 uniformly on compact subsets of U as
k — oco. If y, isa cluster point of {g(w,)}>,; in U, then the continuity of
P forces P(2-,y,) to be identically zero on U and hence P(-,y,) = 0 on
C. Since P(x,y) isnotindependent of x (by (7)and the hypothesison R), it
is easily seen that P is a reducible polynomial and this yields the desired
contradiction. We now conclude from Theorem 3.2 that P(2a,g(-)) is a good
function for quasi-every o € U. Since sets of logarithmic capacity zero are
invariant under dilations, we have in particular that P(o,g(-)) is good for q.e.
aeU.

It will now be shown that each of the functions

P(f*()g()  and  P(f(rz)g()) (O<r<I)

is good for almost every z in T™. To thisend,let B = {o e U;P(o,g(+)) is
not good}. Theset B haslogarithmic capacity zero and hence there exists a
positive superharmonic function v defined in a neighbourhood of U that
takes the value + oo on B ([5]; Theorem 7.33). Since vef is a positive
multiply superharmonic function on U™ we have for 0 <r < 1

j v(f(rz)) dm(z) < oo and j lim (vof)(rz) dm(z) < oo.
™

™ r-1

The first inequality shows that {z e T™;f(rz) € B} is contained in a set of
measure zero for 0 < r < 1. The lower semi-continuity of v shows that

lim (vof)(rz) = + oo on {z e T™;f*(z) € B} and hence the second inequali-

r-1
ty shows that {z e T™;f*(z) € B} is contained in a set of measure zero. Thus
we have shown that if 0 < r < 1, then

®) lim j log [P(f(rz).g(sw)) dM(W)=J log [P(f(rz),g*(w))l dm(w)
s

™
for almost every z in T™ where when r = 1, f(rz) is to be interpreted as
[*@).

Now fix 0 < r < 1 momentarily and consider the following family of
measurable functions on T™ indexed by s (0<s<1)

) T3z > f log |P(f(rz),g(sw))| dm(w).
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This family is uniformly bounded above and increases pointwise with s.
Hence if we let h, denote the function in (9) corresponding to s, we have

1
that |hy(z)] < )h%(z)l + C for 2 < s <1 where C is a constant such that

h(z) < C forall 0 <s <1 andall z in T™. Now using (8) we apply the
dominated convergence theorem (|h%(-)| + C is integrable with respect to

Haar measure on T™) to conclude that

(10) lim f
s—1

T

(J log |P(f(rz),g(sw))l dm(W)) dm(z)
m \ Jpr

= j (J log [P(f(rz),g*(w)) dm(W)) dm(z)

for 0 < r < 1 where again, when r = 1,f(rz) is to be interpreted as f*(z).
By symmetry we also have for 0 < s < 1

(1) lim j <J log [P(f(rz),g(sw))l dm(2)> dm(w)
r— ™ ™
= J <log|P(f *(2),9(sw))l dm(z)> dm(w).
™

Let A = j log |¢;,pl dm and suppose that € > 0 is given. By (10)
T”l+’l

with r = 1 there exists 0 < s; < 1 such that

j. log [P(f*(2),g(sow))| dm(z,w) > A — ¢
Tm+ﬂ

(the continuity of P has been used here) and now by (11) with s = s, there
exists 0 < r, < 1 such that

(12) J log [P(f(ro2).9(sow))| dm(z,w) > A — €.
Tm+’l

Using the multiple subharmonicity of log |, |, we obtain from (12) that for
all ¢ satisfying max(rq,s,) <t < 1

j 10g|y, o(t5)] dm(&) > A — €.
Tm+n

This shows that @, is good and completes the proof of Theorem 3.4.
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3.5. THEOREM. — Let R be a finite or infinite (converging uniformly on
compact subsets) product of rational inner functions on U?. Suppose that R is
not divisible by a non-constant finite Blaschke product on U%. If f and g are
non-constant inner functions on U™ and U" respectively, then ¢, (see the
statement of Theorem 3.4) is a good inner function on U™*",

Proof. — Without loss of generality R is non-constant. Now every
rational inner function on U? factors as a finite product of irreducible
rational inner functions on U? (Lemma 2.2(B)). Hence there exist non-
constant irreducible rational inner functions R; on U? such that

R =[] R; where I isan at most countable index set. By hypothesis,no R;

iel
is a finite Blaschke product on U? and hence Theorem 3.4 implies that R,
is a good inner function on U™*" for every iel. Now

((Pf,g,k)w = ‘11 ((Pf,g,k,.)w

for all w in T™*". For almost every w in T"*", (@), is a Blaschke
product for every i eI (Theorem 5.3.2 of [7]) and thus (¢, ), isa Blaschke
product for almost every w in T™*". Theorem 5.3.2 of [7] now implies that
@& is a good inner function on U™*" and this completes the proof of
Theorem 3.5.

4. Reducibility of certain inner functions.

The purpose of this section is to indicate a technique for investigating the
reducibility of certain inner functions. Complete proofs will not always be
given. However, detailed proofs of all the results stated here may be found in
[11]. The following lemma follows easily from Theorems 2.2.1, 2.2.3, 2.2.4,
and 2.4.4 of [3].

4.1. LemMmA. — A) Suppose t is in H*(U") (n=1). If o is an inner
function on U" and ot is in P®(U"), then t isin P®(U").

B) Suppose f isin H*(U),f is not rational, and f?* is rational. Then f is
not in P*(U).

C) If ¢ is a non-constant inner function on U" (n=1) and if f is in
H*(U), then f isin P*(U) if and only if f o ¢ isin P®(U").
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4.2. LEMMA. — Suppose that F is in H(U") (n=2) and that m is an
integer greater than one. Then ¥ admits a holomorphic m™ root in U" if and
onlyif Fwy,. . . W1, s Wi s 15- - -,W,) admits a holomorphic m* rootin U for
every choice of w; in U and 1 < k < n.

The lemma is proved eas.iy by induction using the following claim.

Claim. — Suppose F isin H(U%"!)(g>1), m is an integer greater than
one,and F(w,-) admits a holomorphic m™ rootin U foreach w in U? and
F(-,z) admits a holomorphic m™ root in U? for each z in U. Then F
admits a holomorphic m" root in U4*!,

Proof of Claim. — Without loss of generality F # 0. Fix w, in U? such
that F(wg,-) # 0 and let ¢ be a holomorphic m" root of F(w,,-) in U.
Let G = U\Z(9) (if f isa function, then Z(f) denotes its zero-set). Clearly
G is an open, connected, and dense subset of U. Now for each z in G,
there exists a unique holomorphic m' root g, of F(-,z) in U satisfying
g.(wo) = @(z). Using this together with the fact that the family of functions
{g,}.cx 1s a normal family on U? whenever K is a subset of G that is
relatively compact in U, it is easy to see that the function
G 3z — g, € H{UY) is continuous.

We now claim that the function G 3z — g,(w) is a holomorphic function
on G for each fixed w in U?, that it admits a (necessarily unique)
holomorphic extension to U and, denoting this extension by h,, that
h,(-)" = F(w,-). To see this, fix w in U? momentarily. If g,(w) = 0 for
every z in G, let h, beidentically zero. If gzO(w) # 0 for some z, in G,
then by hypothesis there exists a holomorphic m™ root f of F(w,") in U
such that f(zo) = g.(w). Let G’ = G\Z(f) = U\Z(pf). Clearly G’ is an
open, connected, and dense subset of G. Now if € = ¢*/ and z isin G’,
then

0 = F(w,2) — F(w,2) = f(2)" — g.(w)" = R(z)S(2)

where R(z) = f(z) — g,(w) and S(z) = m[:[ (f(z) — €g,(w)) for z in G'.
k=1

Both R and S are continuous functions on G’ and thus their zero-sets,
Z(R) and Z(S), areclosed relative to G'. Furthermore, Z(R) U Z(S) = G’
and Z(R) N Z(S) = J- Now Z(R) # J since z, isin Z(R) and thus the
connectedness of G’ forces Z(R) = G'. Hence f(z) = g,(w) forall z in G'.
Since both sides of this equation are continuous for z in G and since G’ is
dense in G, it follows that f(z) = g,(w) for all z in G. Thus the claim
made at the beginning of this paragraph holds upon letting h, = f.
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Now define ¥ : U? x U - C by Yy(w,z) = h(z) for (w,z) in U? x U.
Clearly y(w,) is holomorphic on U forevery w in U?. Using once more
the fact that {g,},« is a normal family on U? whenever K =« G and
K <= U, itiseasy to see that (-,z) is holomorphic on U? for every z in
U. Hartogs’ theorem now shows that  isholomorphicon U? x U and ¥
obviously satisfies Y™ = F. This completes the proof of the claim.

4.3. COROLLARY. — Let m be aninteger greater than one. Suppose f and ¢
arein H(U") and Z(f)(Z(9) = . If fg admits a holomorphic m™ root in
U", then both f and g do also.

z—a _
Define ©,(z) = — for zeU,aeU.
1 —az
4.4. LEMMA. — If o and B arein U, thenthereexist v and & in U and
0 in [0,2m) such that

(1) P2)Ph(2) = €’pi(p,(2)?),  zeU.

Proof. — Without loss of generality, we may assume that o # f. Clearly
there exists y in U such that ¢ (x) = — ¢.(B). Let & = ¢ (x)* = ¢.(B)*.
The function (p5((py(-)2) is holomorphic in a neighbourhood of U, inner on
U, has zeros of multiplicity one at « and {3, and has no other zerosin U.
Thus, up to multiplication by a constant of modulus one, @,(- )*) must be
the function @,()@y(-) ([12]; Theorem VIIL.32). This completes the proof of
the lemma.

4.5. THEOREM. — If g is a non-constant inner function on U" and
0 < |u| < 1, then the inner function on U"*' defined by
P.(2)@p(2)g(w) — 1
1 — 1,(2)pg(2)g(w)

(2) U" x Us(w,z) —
is reducible if and only if o = B and g admits a holomorphic square root in
ur.

Proof. — Denote the function defined in (2) by H.

(if) Assume o =B and g = h* where h is holomorphic on U”".
Clearly h must be an inner function. Let v in U be such that vZ = p.

Then
H _ <<Pu(2)h(w) -V ) < Ou(2)h(w) + v )
(w,2) = — — .
1 — Vo,(2)h(w) / \1 + Vo,(z)h(w)
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The two functions on the right side are non-constant inner functionson U"*?
(they are also irreducible ; see the proof of Theorem 3.6 in [8]) and this shows
that H is a reducible inner function.

(only if) Define H(w,z) = H(w,0_,(z)) where vy isrelatedto o and B as
in Lemma 4.4. Using (2) and Lemma 4.4 we obtain after some elementary
algebra that

P(wz)  A(w)z? — B(w)

) Hiw2) = Qw,z) 1 — K(w)z?
where
4 AW) = ¢_5g:(w), Bw) = ¢_,(8g,(w)),

Kw) = ¢_gHg,(w), g, = €.
Note that A is an inner function and that B and K arein P*(U") (indeed

A*B* = K* almost everywhere on T"). Now assume that H is reducible.
Thensois H, say H = H;H, where H, and H, are non-constant inner
functions on U"*!. Now neither H, nor H, can be independent of z.
(Indeed, if H, is independent of z and if H;(wgyz,) =0, then
H,(w,,’) = 0. Since H = H,H, it follows that H(w,,-) = 0. This is
clearly impossible from an inspection of (2). Thus H, is zero-free. Now H is
a good inner function by Theorem 3.4 and hence H, is also a good inner
function. This forces H, to be constant, a contradiction, and we conclude
that H, cannot be independent of z. This line of reasoning appears in the
proof of Theorem 3.6 in [8]).

Arguing as in the second paragraph in part (III) of the proof of Lemma
22(A), we obtain that H; has a representation H; = P;/Q;
(P,Q; € P®(U"[z]) as given by Theorem 1.4 and that P = PP, and
Q = Q;Q,. Since H; isnotindependent of z, it follows that the degrees of
P, and P, (aspolynomialsin P*(U")[z]) must each be one. An inspection
of (2) shows that H is not divisible by z and thus we conclude that the
degrees of Q, and Q, are also each one. Thus both P and Q, considered
as quadratic polynomials in P*(U")[z], factor into linear factors. Hence the
discriminants of P and Q, respectively 4AB and 4K (see (3)), each have a
square root in P®(U"). We claim that B also has a square root in P*(U").
Indeed, the zero-sets of the functions A and B are disjoint (from an
inspection of (4)) and so Corollary 4.3 implies that both A and B have
square roots in H®(U"), say a and b respectively. Now ab isin P*(U")
and a isinner (since A isinner)and thus Lemma 4.1(A) implies that b isin
P>(U").
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Assume (in order to derive a contradiction) that & s 0. If |§] < |u| then
the functiondefined by U 5§ — o _ (8§) is bounded, rational, and zero-free
on U. Let S be a holomorphic square root of this functionin U. Now S2
is rational and S is a bounded holomorphic function on U that is not
rational. Thus Lemma 4.1(B) shows that S is not in P®°(U) and Lemma
4.1(C) then shows that S og, is not in P®(U"), a contradiction since
S og, = + b. Similarly, by considering K in place of B, a contradiction
is derived from the assumptions & # O, [u| < |§|. Thus the assumption that
3 # 0 is false. So 6 = 0 and from (4), K = pg,.

Now & =0 implies that o = (Lemma 4.4) and the equation
K = pg, = pe®y implies that g admits a holomorphic square root in U".
This completes the proof of Theorem 4.5.
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