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ABSTRACT. In this paper we study singular integral
operators with a linear fractional Carleman shift preserving
the orientation on the unit circle. The main goal is to
characterize the spectrum of some of these operators. To
this end a special factorization of the operator is derived
with the help of a factorization of a matrix function in a
suitable algebra. After developing methods which permit us to
obtain a factorization of a matrix function for some classes of
interest, the spectral analysis of some types of singular integral
operators with a Carleman shift is done.

1. Introduction. In this paper we study singular integral operators
with a Carleman shift on the unit circle T of a special nature, the
so-called linear fractional Carleman shift preserving the orientation of
T (see (1.1)). The main objective is to develop tools which permit
us to give a complete description of the spectrum for some classes of
these operators acting in the Lebesgue space L,(T), p € (1,00). This
includes the identification of the Fredholm and non-Fredholm parts of
the spectrum of such an operator T (the latter, in general, is known
for the type of operators which we are going to consider here), as well
as the calculation of the defect numbers of the operator T — AI, for
all A belonging to the Fredholm part of the spectrum of 7, and a
representation for the resolvent operator. In this respect, this paper
may be seen as a continuation of [7], where the spectral analysis was
made for a very special type of operators.
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Regarding the tools we are going to use, the following must be said.
The idea of using the concept of factorization of functions to obtain a
factorization of singular integral operators is a very old one and quite
well understood. In the case of singular integral operators with a linear
fractional Carleman shift, this idea was used in [9]. Unfortunately,
at the beginning of that paper some lapses were made which, while
they do not change the final results much, completely change the
contents. This was brought to light several months ago when Prof.
G. Litvinchuk posed to the first author of the present paper some
interesting questions concerning the referenced paper. The authors
are very grateful to Prof. Litvinchuk for these useful questions. So
a part of this paper is devoted to the characterization of singular
integral operators with a linear fractional Carleman shift preserving the
orientation of T via the factorization of matrix-valued functions of a
particular type. Afterwards methods to achieve an explicit factorization
of these matrix-valued functions are developed.

Before going any further, let us make precise the notation and
terminology that we are going to use.

Let T denote the unit circle with the usual anti-clockwise orientation,
and denote by T and T_ the interior and exterior of T, respectively.
It is well known that the singular integral with Cauchy kernel Sy, given
almost everywhere on T by

T—1

S(t) = - [r L o) ar,

where the integral is understood in the sense of its principal value,
defines a bounded linear operator in L,(T) for all p € (1,00). A
very useful property of this operator is that S? = I, I denoting the
identity operator in L,(T), p € (1,00). This permits us to introduce in
L,(T) a pair of complementary projection operators by Py = (I+S5)/2

and decompose L,(T) = L} (T) ® L, (T) with L}(T) = im P, and

L,(T)=imP_. We also set L, (T) =L, (T) @ C.

On the unit circle we consider the so-called linear fractional Carleman
shift, i.e., the function « defined by
t—0
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This choice of the constant § implies that the shift o preserves the

orientation of T. Let us mention that if § % 0, which we suppose to

hold from now on, then « does not have fixed points on T, but if we

consider it defined in C\ {1/3} there are two fixed points £+ € T4,

given by &1 = (1F6)/3, with § = \/1 — |B3]2. Associated with the shift

function o we consider the weighted shift operator U : L,(T) — L,(T),
€ (1, 00), defined by

UNE) = —ar () fa))

where a is the left factor in the following factorization of «:

(1.2) a=ayta_
with
0 t—p0
1.3 t)=—— _(t)=——, teT
(13 a)= g = 5h te
With this definition the operator U satisfies the following properties:
(i) U2 =1,
(i) US = SU.

Note that a(a(t)) = a;'(t), and so property (i) is a consequence
of the Carleman condition a(a(t)) = ¢, t € T. Also this rule for
the composition plays a role in property (ii), which can be verified
by a straightforward computation. It should be emphasized that the
main reason to include the weight ay in the definition of the shift
operator U is precisely to have this property (it is well known that, for
an unweighted shift operator, i.e., V(t) = ¢(«(t)), where a preserves
the orientation of T, V'S = SV + K, where K is a compact operator).
Since we would like to consider spectral problems, the fulfillment of
property (ii) is very important.

An operator acting in L,(T) of the form
(1.4) A=al+bU,

where a,b are functions defined on T, is called a functional operator
and the functions a and b are referred to as coefficients of this operator.
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The purpose of this paper is to study singular integral operators of
the form

(1.5) T(A,B)= AP, + BP_,
where A and B are functional operators. For simplicity, in what follows
we shall deal most of the time with the case of functional operators

having continuous coefficients and afterwards we consider the extension
of the results to the case of coefficients belonging to Lo, (T).

The paper is organized as follows. In Section 2 we complete the results
of [9]. The Fredholm properties of a singular integral operator with a
linear fractional Carleman shift are expressed in terms of a factorization
of a 2x 2 matrix function. This connection was also used in [7] to obtain
the spectrum of some singular integral operators with a Carleman shift,
in the case of multiplication operators by the characteristic function of
some arc of the unit circle. As was mentioned at the beginning, one of
our objectives is to characterize the spectrum of other singular integral
operators with a Carleman shift. Therefore, in Section 3 we consider
the factorization problem for a class of 2 x 2 matrix functions, which
is a subclass of the one known as Daniele-Khrapkov class, the elements
of which can be interpreted as continuous functions of a multiplication
operator by a rational matrix function. The factorization problem for
another class of matrix functions related to singular integral operators
with a Carleman shift is also considered. Finally, in Section 4 we use
the results obtained so far to characterize the spectrum of some singular
integral operators with a linear fractional Carleman shift of the form

(1.1).

2. Factorization of singular integral operators with a Carle-
man shift. First we need to introduce the notation and recall some
basic results. Let 8 denote a decomposmg algebra of contlnuous func-

tions on the unlt circle, B =8, @ %_, with B, = P8, %_ =P_‘B

and set B_ = EB, @ C (see, for instance, [5] or [14]). By A we denote
the algebra of all functional operators with coefficients in 8. Analo-

gously, A and A _ are the sets of functional operators with coeflicients,

[e]
respectively, in B4 and B_. From the commutation relation between
U and S, it follows that

A=A DA, PrA P, = {0},
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and so the operator algebra A is decomposing. Therefore it makes
sense to consider the factorization problem for the elements of A.

Definition 2.1. Let « be the Carleman shift (1.1). In the sequel we
use the symbol B2%2 for the algebra of all 2 x 2 matrix functions of the
form

@1 A= (4o ater)

where a,b € B.

Here and in what follows by z(«) we represent the composition z o a.
In the case where x is a matrix function, its elements are defined
componentwise.

We shall use frequently the following simple characterization of the
elements of B2*2 : A € B2*2 if and only if A € B2*2 and

(2.2) A=cAle, e—<(1) é)

It is easy to verify that the subalgebra B2%2 of B2*2 is also a
decomposing algebra

(e}
2X2 __ 2X2 2X2
B, = %+,a S %7@
[e]
where B3 = PyB2*? and B2 = P_B22. We put B2 =
B2X2 1 (2X2
gy .

It is well known that the map

(2.3) W:A:aI+bU'—>A:(b((;) a(ba)>

is an algebraic isomorphism from the algebra A onto the algebra
B2%2 for every Carleman shift a (see, for instance, [10]). Moreover,
7 is a homomorphism which in the present case, where « is the
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linear fractional Carleman shift (1.1), satisfies the following invariance
properties
m(Ay) =B,

This property means that if we want to factorize a singular integral
operator with coefficients belonging to the algebra A, we must look for

a factorization of the matrix function A € B82*? in (within) the algebra
B2X2,

2.1 Factorization in the algebra B2*2. Now we proceed in order
to define a concept of factorization for the elements of the algebra B2*2
which will be convenient for our purposes.

Let us recall that a factorization of a matrix function A € B2*2 in
the algebra B2*2 is a representation of it in the form

A == .A+ AA_,
where AT! € 8272 A € B2%2 and
(2.4) A(t) = diag {t",t"?},

where k1, ko are integers, which we suppose to satisfy ki > ko and
are called partial indices of A (they are uniquely determined by A).
The number kK = k1 + ko is referred to as the total index of A and
equals indp det A. If k1 = ko = 0 the factorization of A is said to be
canonical.

Now note that if A € B2*2 admits a noncanonical factorization, then
the central factor in a factorization of A does not belong to B2*2 i.e.,

22
A ¢ B2,
However, the situation is clear if A € B2*? admits a canonical

factorization. In fact, if this is the case then, as is well known, A
can be uniquely represented in the form

A=A A, with A4 (&) = eo,

where £ is the fixed point of the shift « in the interior of T and e is
the 2 x 2 identity matrix. Since A = eA(a)e and

A=cAi(a)ee A_(a)e, with e Ay(a(éy))e = ey,
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it follows that A = eA, (a)e and A_ = eA_(a)e or, what is the same,
Ay € B and A € B2

In the next proposition we draw some conclusions about the factors
of an arbitrary factorization of A.

Proposition 2.2. If A € B2%2 admits factorization in B2*2, say
A=A, ANA_, then the outer factors satisfy the following identities

Ay =eAi(a)ALHe
A-=AN"H. , AA_A_(a)e
where e is the constant matriz given in (2.2), Ay = diag{a',a*} and

He p @5 a triangular matriz function: H. , = (g _pg) where € € {1, -1}

and p is a polynomial of degree at most k1 —kKo which is an even number,
such that

(2.5) pla) =a " p.

Proof. For A € B2%2 we have A = eA(a)e and then
A= (e Ar(a)AL)A(A_A_(a)e)

is another factorization of A. It is well known that there exists a
triangular matrix function H = (g ]Z), where p,v € C and p is a
polynomial of degree not greater than 1 — ko (see [14]), such that the

outer factors in the two factorizations of A are related by

(26) ./4+ = 6A+(Q)A+H,
A =A"HIAA A (a)e.
The shift (1.1) has two fixed points, &4 € Ti. Calculating the

determinant of both sides of (2.6) and (2.7) and evaluating them at
the fixed points £, and £_, respectively, we obtain

pv(—=1)"%%2 = 1 and prv=-1,

where we have used the equalities a4 (§4) = —1 and a_(§-) = 1. Thus,
K1 + Ko, and also k1 — K2, is necessarily an even number. Note that
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this conclusion could actually be obtained from the fact that det A is
invariant under the shift @. On the other hand, from (2.6), we get
eo = Ay (a)H(a)A+H. Then we have u? = v? = 1, and, therefore,

pw=-v=eg, e€{l,—1},

and we also conclude that p must satisfy the equality (2.5). Setting
H.p = H, we also have H_ ) = H.p. O

It should be noted that with a little extra effort, it can be shown that
the number ¢ appearing in this proposition is uniquely determined by
the matrix function A € B2*2, thus not depending on the factorization
under consideration.

We are now prepared to introduce the concept of factorization in the
algebra B2%2,

Definition 2.3. Let A € B2*2? be nonsingular. By a factorization
of A in the algebra B2*2, we mean its representation in the form

A=A . RA_ .,
where
NYES! 2x2 441 2x2
(i) AT, € B, AT, B,
(ii) R € B2*? is of the form

R = K S ldiag {x"*,x"2} S,

where k1, ke are integers such that k; > ko, K = diag {(1, (—1)"*},
S is a constant nonsingular matrix, and X € B satisfies the following
properties:

(2.8) X(a) = —x and indpXx =1.

Here indt X denotes the winding number of the function X on T.
Let us make some remarks concerning this definition.

For some time it was not clear to us what we should demand of the
middle factor R in the above definition. However, it should be noted
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that, since B, is a subalgebra of 9B, any factorization of A in B2*2
should give rise to a factorization of A in B2%2. This is ensured by
the condition indt X = 1 since this implies that X can be factorized in
B as X = X4 t X— and, consequently, we obtain a factorization of R in
B2x2 a5 follows

R = (KS™'diag {X}*, X*})diag {t"*, "2 }(diag {X"*, X"*} S).

Substituting this factorization in the factorization A = Ay RA_ o
gives the required factorization of A in B2*2. This procedure shows
that the numbers x; and ko are nothing else but the partial indices of
A € B2%2 which according to the previous proposition are both even
or both odd numbers.

Let us now explain the role of the other condition imposed on
the function X, namely, X(«) = —X. First of all, this condition is
compatible with the first one, since every « anti-invariant function has
odd index. Further, for instance, in the case of k1 (and also k2) being
an even number, when I = eg, it implies that R(a) = R. So, in order
that R € B2*2, we must have eRe = R. This permits us to determine
explicitly the constant matrix S in order to fulfill that requirement: S
is a diagonalizing matrix for e. Analogously, in the case of x; (and
also kg2) being an odd number, when K = diag {1, —1}, that condition
on X implies that R(a) = —R. Since K anti-commutes with e, in
order that R € B2*2| the same conclusion must hold for S. Among
the diagonalizing matrices for e, we may choose those being unitary
matrices, yielding

1
(2.9) SZE(—lu ?) with v = 1.

From now on, we write S, instead of S for this choice.

As in a usual factorization, we may choose the function X as simple
as possible. We give two examples of possibly good choices. We can
take for X the function defined by X(t) = a(t) — ¢, t € T, which can
be factorized as X = X, tX_, with X, (t) = B((t — £_)/(Bt — 1)) and
X_(t) =1 — (& /t). In this case the matrix function R is rational.
Another example is provided by a convenient branch of the multi-valued
function \/t a(t), namely X(t)= /a5 t,/a_, where \/ax are branches
preserving analyticity in T4. In the present context, this choice can
be made if we can guarantee that /ax € B.
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For further reference, let us mention the following properties of the
factors of any factorization of an arbitrary function X satisfying the two
conditions (2.8):

(2.10) Xi(@)=—ai' X4,  X_(a)=a'x_.

Now we are ready to state the main result about the factorization in
3272,

Theorem 2.4. Let A € B2*2. Then the following assertions are
equivalent:

(i) A admits a factorization in 822,
(ii) A admits a factorization in B2*2.

Moreover, from any of the above factorizations of A one can obtain
explicitly the other.

Proof. From the remarks made before this theorem, it is clear that
(i) = (ii). So it remains to prove that (ii) = (i). Suppose that
(2.11) A=A, AA_
is a factorization of A in B2*? with A = diag {t"1,#*2}. If this is a

canonical factorization (A = eq), then as we have shown before, it is
also a factorization of A in B2%2. We suppose that A # eq.

Since A € B2%2 by Proposition 2.2, we know that the outer factors
in the factorization (2.11) satisfy

Ay =e A (@)AiHepy,  A-=A"H.,AA_A_(a)e
for some ¢, p satisfying the conditions given in that proposition.

Let v € {1,-1},S, be the matrix defined in (2.9) and £ =
diag {1, (—1)"1}. Further, let X € B be a function satisfying the con-
ditions mentioned in Definition 2.3, and set
(2.12) Ry =KS; A S,, Ay = diag {x"*, x"2}.

We have R, € B2%? (see the notes after Definition 2.3). Consider a
factorization of X = X4+ ¢ X_ in ‘B and the corresponding factorization
of R, in B2*2:

Ry =Rot ARy = (KS; Ay ) A (Ax_Sy),
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where Ay, = diag {X’*, X/ }. Using the first one of the properties given
in (2.10), it is straightforward to verify that R, = e Ry ()Ay Hoy o,
where we have used the notation in Proposition 2.2.

We set v = ¢ and R = R.. Since R also belongs to B2*2 and has
the same partial indices as A, if we consider an arbitrary factorization
of it, say

(2.13) R=R+AR_,
using again Proposition 2.2, we have
(2.14)  Ri=eRi(a)AiHey, Ro=A'H.,AA_R_(a)e

for some polynomial ¢ satisfying the same requirements as p.

Substituting (2.13) in (2.11), we obtain
A= (ARIHR(RIVAL).

Now we claim that from the given factorization of A, which is charac-
terized by the polynomial p, we can choose a factorization of R, which
is characterized by the polynomial g, such that the above representa-
tion is a factorization of A in the algebra B2%2. In fact, if we take
Ry = 7~3+'H57p/2 and R_ = A’lH&p/Q AR_, then (2.14) is fulfilled
with ¢ = p and, since H., = H_}, it follows that

Ato = AR = e Ay ()AL He yHo ) AR (a)e
= e(AL Ry (a)e = e Ay o(a)e

and
.A;la =e Al}a (a)e.

The verification of the corresponding properties for the factor A_ , =
R~ A_ is straightforward, and so the proof is complete. i

It should be emphasized that the proof of this theorem furnishes a
constructive procedure to obtain a factorization of a matrix function
A € B2%2 in the algebra B2*? from a factorization of it in B2*2. In
fact, if A = Ay AA_ is a factorization of it in B2*2, with partial
indices K1, K2, its outer factors satisfy the relations established in
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Proposition 2.2 (that is, the number € € {—1,1} and the polynomial p
are fixed). Then a factorization of A in B2*? is given by

A=A aRA_ .,

where R € B2%2 is given by (2.12), with v = &, where X € B is any
function satisfying (2.8); for instance, those given before this theorem.
A simple computation shows that R can be written as

U Ev .
if k1 and ko are even,
v

—E&U —-Uu

( v v ) if k1 and ko are odd,
with

1 1
(2.16) u=g (X" 4 X"2), v=3 (X" — x"2).

The outer factors Ay, of the factorization of A in B2*? can be
obtained by considering a convenient factorization of R in 822,

2.2 Operator factorization. Now we apply the results of the pre-
vious subsection to analyze singular integral operators with a Carleman
shift or, to be more precise, singular integral operators with coefficients
belonging to the algebra A.

Without loss of generality, we restrict ourselves to the study of
operators of the form:

(2.17) T(A)=T(I,A) = P, + AP_,

where A € A is a functional operator. In fact, it is well known that a
necessary condition for an operator of the form (1.5) to be Fredholm
is that its coefficients, the functional operators A and B, are invertible
operators (see, e.g., [8]).

The first result that we can deduce is that the operator T'(A) admits a
factorization whenever the matrix function 7(A) admits a factorization
in the algebra B2%2 (see 2.3 for the definition of the map ). In fact,
we have
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Theorem 2.5. Let A be a functional operator of the form (1.4) with
coefficients from a decomposing algebra B, A € A, Suppose that A =
7(A) admits a factorization in the algebra B2*?, say A= Ay sRA_ 4,
where R is the matriz function (2.15). Then the operator T(A) admits
the factorization

(2.18) T(A) = A4 T(R) (A;'Py + A_P_),
where Ay =771 (AL o) and R=n"1(R).

Proof. This representation is a simple consequence of the properties
of the map n. In fact, if A = AL ,RA_, is a factorization of
A = 7(A) in B2%2 then for the functional operator A € A we have A =
A;RA_, where Ay = 7 (AL ,) are invertible functional operators,
with inverses given by A;' = 77_1(.,4;1&), such that Px A4+ Py =0 and
P A7'Py = 0. Therefore,

T(A) =Py + AP_=A, (P + RP_)(A]'P, + A_P_)
=A,T(R)(A{'Py + A_P_). O

In the next theorem, we derive some results on the generalized
invertibility of T'(A), A € A. In order to have a useful representation
for a generalized inverse, we fix the matrix function R to be the one
given by (2.15)—(2.16) with X(t) = a(t) — ¢, t € T.

Theorem 2.6. Let A € A and suppose that the conditions of the
previous theorem are fulfilled, and let k1, ko be the partial indices of A.
Let R be the matriz function given above and R = 7~ Y(R). Then T(A)
18 generalized invertible and a generalized inverse of it is given by

T(A) Y = (AL Py + AZ'PO)RT (RYH R AL

Moreover, we have
(i) T(A) is left invertible if k1 <0,
(ii) T'(A) is right invertible if ko > 0

and, therefore, T(A) is an invertible operator if k1 = ko = 0. In each
of these cases, the one-sided or two-sided inverse of T(A) is given by
the expression above.
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Proof. First of all, note that the outer factors A, and A;lPJr +A_P_
in (2.18) are invertible operators with inverses given by Afrl and
A, P, + AZ'P_, respectively, where AL = 7 1(A4 o). Therefore, we
have to prove that a generalized inverse of the operator T'(R) is the
operator

T(R)Y =RT(R"YR ' =R(P.+ R 'P_)R!
= (RP+ + P—)Rila

which is the right inverse of T'(R) if ko > 0, and is the left inverse of
T(R) if 11 < 0.

To this end, we introduce some notation and useful representations for
the operators under consideration. For the sake of simplicity in writing
formulas, let us rename the lowest partial index of A: k_1 =: k2. Recall
that we already know that the partial indices of A are both even or both
odd numbers. Since U? = I, we introduce the pair of complementary
projection operators in L,(T), p € (1, 00), by

(2.19)

1
(2.20) Qt = ST £0).
Thus
R=ul +e0U = (u+¢ev)Q" + (u—ev)Q~
=X"Q" + X" Q"
where we have used (2.16). Now, for ¢ = %1, introduce the singular
integral operators (without shift) in L,(T)

Vo=Py+x*P, VIY=P +x"P,

A.=x"P,+P., ATV =x""p 4+P.
Note that with the choice made for the function X in the definition of
R, we have P_ X P, = 0. Most of the proof is based on the fact that, as
is well known from the theory of singular integral operators (without
shift), the operator A. is either left or right invertible according to
whether k. is nonnegative or nonpositive, respectively, and moreover,
its one-sided inverse is the operator Ag_l). As a consequence, the
following identity holds: VEAEA,gfl) = V. for ¢ = +1. Since each of
the projections Py commute with each of the projections Q*, we have

T(R)= P+ RP- =Py + (X" Q" + X" Q7)P-

(2:21) —V.QTHVQ
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Also it is easy to see that R™1 = (u? — v?)"Y(ul — (=1)"evl).
Similar to what we have done above, we get

Rl = X" QT + X "-<=Q~ if kyi are even,
XF-e QY 4+ X" Q~ if kyy are odd.

Note that, by (2.8), the following commutation relations hold:

QF X" = x"Q*, if kyq are even;

2.22
( ) QF xfe = X" QF, if ke are odd.

This implies that V.QF = Q*V. as well as A.Q* = QFA., if . is
even, and V.QT = QTV. £ UP, as well as A.QT = QFTA. £+ UP_, if
Ke 1s odd.

As a consequence of P_ X Py =0, we have
P_RP_. =0, ifky>0 and P_R'P, =0, ifr_;<0.

A straightforward computation permits us to show that the operator
T(R)(~V is the left inverse of T(R), if 51 < 0, and the right inverse of
T(R), if k_; > 0. Therefore, it remains to prove that T(R)(~Y, defined
in (2.19), is a generalized inverse of T'(R) if k1 > 0 and k_; < 0.

Suppose that k1 > 0 and k_; < 0. Using the relations established
above, we first obtain

(RPy + P_)R'T(R)
A Ag_l)QJr +A_, A(__El)Q’ if k41 are even,
A Aé‘”Q* +A_, A(__El)Q+ if k41 are odd.

Suppose that k11 are even numbers. Then we immediately obtain

Z ¥ T(R)(RP, + P_)R™'T(R)

= QM VA ATYQT +Q VA ATV
=Q V. +Q V. =T(R).

Now suppose that ki1 are odd numbers. Then using the commutation
relation (2.22), instead of (2.21), we may write

(2.23) T(R)=Q V- +Q"V_..
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Consequently, in this case,
Z=Q VAATVQT +Q VA ALY
+QIVL AN+ Qv A ALY
or, equivalently,

Z=QV.Q +Q VoA ATYQT + QP VA ALYQT
+QTV_.QT
=T(R) +Q Vo(A_. AV = NQT + QT VL (A ALY — D@

For k1 > 0 and k_1 < 0, we have A,lA(:ll) =1 and
QFV_1 (M AT = DQT = Q¥ (X" — PLx™)P_X " P, QT =0,

as a consequence of the commutation relation (2.22). It follows that,
for any value of € € {—1, 1}, the last two terms in the righthand side of
the above representation of Z vanish, and thus we arrive at the desired
result. o

It is necessary to remark here that the previous theorem only gives
sufficient conditions for the (one-sided or two-sided) invertibility of the
operator T'(A). For instance, as is well known, for the invertibility of
a usual singular integral operator P, + AP_, where we denote by the
same symbol the matrix function A € B2*2 and the multiplication
operator by that function, it is necessary and sufficient that A admits
a canonical factorization in B2*2. However, in the case of our singular
integral operators with shift, the condition of A = w(A) to admit a
canonical factorization is no longer necessary for the invertibility of
T(A) (see Example 2.11 below).

Now our purpose is to characterize the kernel of T'(A). To this
end, the representations for the operator T'(R) used in the preceding
proof are important. However, as we have seen in the proof of the
above theorem, only in the case of even partial indices the operator V;
commutes with the projections Q*. To distinguish both cases, let us
introduce a parameter v € {1, —1} as follows:

(2.24) y = { 1 if k1 and Ky are even

—1 if k; and ko are odd.
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In the case v = —1, together with (2.21)—(2.23), we also have
(2.25) T(Ry=V.L™ +V_.L%,

where L* are the pair of complementary projection operators in L,(T)
defined by

(2.26) LF*=P Q"+ P_QF =Q* P, +QT P_.
In fact,

QF Ve = Q5 (Py + (uF ev)P-) = PL Q" + (uF ev) P QF
= (Py + (uFev)P_)(Py Q* + P_QF) = Vo LE.

Let us make a slightly different convention about the notation of
operators. Since for ¢ = 1 the operator V. only depends on the partial
index k1 and for ¢ = —1 it only depends on the partial index ko
(see (2.21)—(2.16)), we rename these operators and put T,;, = V5 and
T,, = V_i. More generally, for further reference, we set

(2.27) T,=P,+X"P_, nel.
‘We have

Proposition 2.7. Let A € A, suppose that the conditions of
Theorem 2.5 are fulfilled, let k1, ko denote the partial indices of A and
let € = +1 be the number which appears in Proposition 2.2. Then
ker T(A) = ker T(R) and

(2.28)

ker T'(R)

[kerT,,, Nker Q™| ® [ker T}, NkerQT| ife=1andy=1
[ker T);, Nker L] @ [ker Ty, Nker L] ife =1 and y= -1
[ker T);, Nker Q7] @ [ker Ty, Nker Q™| ife=—-1andy=1
[ker T}, Nker L] & [ker Ty, Nker LT] ife = —1 and v = —1,

where Q% and LT are the projection operators defined in (2.20) and
(2.26), respectively.
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Proof. From representation (2.18), we deduce that dimker T'(A4) =
dim ker T(R). Moreover, from (2.21) and (2.22) it follows that

ker T(R) = [ker V. Nker Q] @ [ker V_. Nker Q]
if v =1 and, from (2.23) and (2.25), we get
ker T(R) = [ker V. Nker L] @ [ker V_. Nker L]

if v = —1. Using the convention of notation established before this
proposition, we arrive at (2.28). o

Note that ker T;, = {0} for n < 0. Our next aim is to identify the
subsets in the righthand side of (2.28) for x1,%2 > 0. To this end, it
is convenient to introduce another pair of complementary projection
operators in L,(T) by

1
(2.29) Q" = 5 (I£03"U), neN.

For n € N, let P"~! denote the vector space of all polynomials in T of
degree less than n. It is easily seen that the subspace P"~1 of L,(T) is
invariant under Q*™. We shall denote by Q" the restriction operator
of Q* " to P~ L.

Proposition 2.8. Let n € N. Then

dim (ker T}, N ker Qi) = dim ker Q;t’" if m is even,
and

dim (ker T,, Nker L) = dimker Q7" if n is odd.

Proof. Tt is well known from the theory of singular integral operators
that, for n € N, dimkerT,, = n and that the elements in kerT,, can
be characterized in terms of a factorization of X, say X =Xy tX_, as
follows

(2.30) ©=DPn-1Vp, withv, =X} —t7"X"=X7(1-x""),
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with p,_; being a polynomial of degree less than n, p,_; € P"~ 1.

Suppose that n € N is an even number. The condition ¢ €
ker T}, N ker Q* means that

(2.31) pEUp=pn_1Vn £ vn(a)(Upn-1) =0,

Since X(a) = —X and X4 (a) = —a ' X4 (see (2.8) and (2.10)), we have
X"(o) = X" and X% (o) = a;"x;". Consequently, v,(a) = a"v,
and, therefore, (2.31) implies that

QF"py1 =po1£a;"Upy_1=0.

So p €ker T, Nker Q* implies that ¢ is of the form given in (2.30), with
Pn_1 € ker Q™. It is now straightforward to verify that, reciprocally,
if p,_1 € kerQ*", then the function ¢ given by (2.30) belongs to
ker T, Nker Q*. Consequently, the result about the dimension follows.

Now suppose that n € N is an odd number. First note that the
condition ¢ € ker L* is equivalent to

(i) QFPip=0
and
(il) QFP_y = 0.

We show that, for ¢ € kerT,, (i) and (ii) are equivalent. In fact, if
¢ € ker T}, Nker QT P, then

Q*PL o =pna XL+ XU pyy
=X (Pn1 Fai"Upn_1) =X1 QT " pp1 =0,

where we have used again the properties of X mentioned above. Anal-
ogously, if ¢ € ker T,, Nker QT P_, then

QFTP_ o =X} X" pp1 FXT()X " Upp_
= XIX " (o1 £a{"Upp_1) = = XP X "QT" pp_1 = 0.

Therefore, ¢ € ker T}, Nker L* if and only if ¢ is of the form (2.30) with
Pn—1 € ker Q;F™. Consequently the result about the dimension follows.
O
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The characterization of the finite dimensional projection operators
QF " is easy.

Lemma 2.9. Let n € N and QF" : P 1 — P"! be the
projection operators defined in (2.29). Then dimker Q"™ = [(n+1)/2],
dimker Q7™ = [n/2] and a basis for ker Q" is formed by the functions

1
(2.32)  ¢f = 3 " Hamt£a™™™), m=1,...,dimker Q"

Proof. All the results are obtained straightforwardly if we consider
the following basis of P™~1:

We can now state the main result about the subspace ker T'(A).

Theorem 2.10. Let A € A, suppose that the conditions of Theo-
rem 2.5 are fulfilled, let k1, ko be the partial indices of A and let e = +1
be the number which appears in Proposition 2.2. Then

0 ifﬁl <0
K1 1—c¢ .
dimkerT(A) = {7 + T} if k1 >0, ke <0,
i ;_ 2 ifﬁg > 0.

Moreover, for n = ki, ke, let v, be the functions given in (2.30), let
q?,; be the elements in a basis of ker Q?ﬁ" as given in (2.32), and let
B=A,P, + A”'P_. Then

1_
ker T(A) = span {Blah )}, m = L....., [+ 1]

if k1 >0, ko <0, and
ker T(A) = spcm{B(q:{L V1) UB(q ve2)},

K1 1—¢

:1,...,[— ]
m 5 T3
[@_'_14—6}
i) 1

=1

P
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if k1 >0, ko > 0.

Proof. Using Propositions 2.7, 2.8 and Lemma 2.9, we have, indepen-
dently of the value of v € {1, -1},

dimker Q=1 = [%} if e =1,

dimkerT(A) = i+ 1

dimler @7 = | | ife=-1,

if k1 >0, ko <0, and

1
dim ker Q7% 4 dim ker Q;r,@ — [ﬂ] + [”2 + ]

, 2 2
dimker T'(A) = ife=1 1 ;
dimker Q" + dim ker Q; "2 = [17} n {72}
ife=-1

if k1 > 0, ko > 0. Hence, for any € € {—1,1}, if k1 > 0, ko < 0, we
have

dimker T(A) = [ﬂ 1= E}

2+4

and if k1 > 0, k3 > 0, the following holds

2+4

dimker T(A) = [%4— 115] [52 1+E] :%(/@14—/@2).

The rest of the proof is a consequence of the representation (2.18) and
the description of ker T, Nker Q* for even n € N, and of ker T, Nker L*
for odd n € N, given in the proof of Proposition 2.8. O

Let us add some comments to the results in the previous theorem. It
is well known that the index of T'(A), A € A, is related to the index of
the singular integral operator (without shift) P, + AP_, A = w(A), by

(2.33)  indT(4) = %ind (P + AP) = % (k1 + R2),

where k1 > ko are the partial indices of A. By the previous theorem,
we have

indT(A) =dimker T'(A) = (k1 + Kk2)/2 if Ky > 0,
indT(A) = —codimimT(A) = (k1 + k2)/2 if kK1 <0,
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which means that, in case the partial indices have the same sign, the
(one- or two-sided) invertibility of T'(A) follows the same rule as that
of the operator P, + AP_.

However, if the partial indices have different signs, namely, if the
partial indices of A are equal to +1 and —1, and contrary to what
happens for the operator Py + AP_, it is still possible that T'(A) is
invertible. This can happen because, in such a case, although the
index of T'(A) does not depend on the parameter ¢, the dimension of
its kernel (and, therefore, also the dimension of its cokernel), depends
on . This dependence is such that if € = —1, the operator T'(A) is
noninvertible, whereas if ¢ = 1 the operator T'(A) is invertible. The
following example illustrates the latter situation.

Example 2.11. Let B be either the Wiener algebra or the algebra
of Hélder continuous functions on T, and take for X (see Definition
2.3 and the remarks after it) the function x(t) =,/a7t,/a_, t € T.
According to (2.10), in this case we have X} = /oy, Xy (a) = X!
and X_ = /a_, X_(a) = X~'. Consider the functional operator

1

1
R=§a+x*ﬂ+§w—x*ﬂh:uﬁ+x*Qi

to which corresponds the matrix function

1

R—w(R)——(

X—-x"1' x+4+xt

X+ x! x—x1>
5 .

In this case R admits the noncanonical factorization
R = (KST'AY?) A (AM2S)

with Ay, = diag{X+,X3'}, A = diag{t,t"'}, K = diag {1, -1} and

S= (j1 }) So, according to our notation k1 =1, ko = —l and € = 1.

From Theorem 2.10 and (2.33), we have for the operator T(R) =
P, +RP_,
dimkerT(R) =indT(R) =0

and, therefore, T'(R) is invertible in L,(T), p € (1, 00).
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It is possible to give an expression for the inverse of T'(R). Introduce
the operators

Ny =x7"Pyxy, K=N,_xQ"P._,

(note that N3 = N1 and Ny + N_ = I). Then the inverse of T(R) is
given by
T(R) ™' =Ny +(R+(X-1)KXx 'Q )N_.

In the rest of this section, we consider a generalization of the results
obtained so far for the case of more general, not even continuous but
essentially bounded, coefficients a and b of the functional operator A,
given in (1.4). This can be done using the concept of generalized
factorization of 2 x 2 matrix functions (see [14], where the term ®-
factorization was used, and also [5], for the case of a right factorization).

For p € (1,00), let ¢ = p/(p — 1). Given a function G € Lo (T)"*",
n € N, we say that G admits a (left) factorization in (or relative to)
L,(T) if

(i

i) G can be represented as
G =Gy diag{t™,... ,t"}G_,

where G, € L(T)"™", G;' € LI (T)™", G_ € L (T)"", G_' €
L;(T)”X" and k1 > -+ > Ky, are integers (they are called the partial
indices of G),

(ii) The operator B acting according to the rule B = G P_ g;lgo is
a bounded linear operator on Ly (T).

It should be noted that a continuous matrix function admits a
generalized factorization in L,(T), p € (1,00), if and only if it is
nonsingular on T and, in this case, the outer factors of any factorization
of it belong to the space L,.(T), for every r € (1,00), although they are
not necessarily continuous (see, for instance, [14]). For this reason, if
G € C(T)™*™, we simply talk about a factorization of G instead of a
factorization of G in L,(T).

Continuing to associate to the functional operator A the matrix
function A given by (2.1) (which of course satisfies (2.2)), following
the lines of the proof of Theorem 2.4, it is not difficult to see that the
following two statements are equivalent: for p € (1, 00)
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(1) A admits a generalized factorization in L,(T),

(2) A admits a generalized factorization in L,(T) of the form A =
AL RA_ ,, where the outer factors in addition to the conditions in
the previous definition also satisfy the invariance relations Af)la =

eAfa(a)e, Afla = eAf}a(a)e and R is given by (2.15)—(2.16).

Using this equivalence, all the results about the factorization of the
functional operator A and the singular integral operator with shift 7'(A)
remain valid in this new context if we interpret them in a generalized
sense, that is, all the operators are bounded in a dense subset of Ly (T)
and admit continuous extensions to Ly (T). In particular, the results
about the kernel of the operator T(A) are the same.

3. Factorization of 2 x 2 matrix functions. In the previous
section we saw that the characterization of a singular integral operator
with the linear fractional Carleman shift (1.1) in what concerns the
Fredholm properties, such as the determination of the dimensions and
basis for the kernel and cokernel of such an operator, is strictly related
to the factorization problem for a 2 x 2 matrix function of the form
(2.1).

One of the purposes of this work is to identify the spectrum of some
integral operators with a Carleman shift. To this end it is essential to
deal with the factorization problem for some 2 x 2 matrix functions.
As is well known, the factorization problem for matrix functions of any
order n > 2 is a very difficult one and, in particular, for the order
2, only for some special classes is the question treatable. Among these
classes we refer to the algebra of the so-called Daniele-Khrapkov matrix
functions, i.e., those 2 x 2 matrix functions G which can be given the
form

0 1
(3.1) G=cI+dD, D—<T 0>,

where ¢, d are scalar coefficients belonging to an algebra of continuous
functions on T, r is a fixed rational function without zeros or poles in
T and [ is the identity matrix of order 2.

In recent years a series of papers appeared that were devoted to the
factorization problem for Daniele-Khrapkov matrix functions on the
real line (but the results can be transferred to the unit circle). As a
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rule, the methods used to touch on that question highly depend on
the number (and the location) of zeros or poles of the function r. The
simplest case corresponds to the situation where r is itself the square
of a rational function (see [11] and [15]). The first rigorous study
of the class of Daniele-Khrapkov for the case where r is the quotient
of two polynomials of the first degree was done in [18], where the
problem of obtaining a canonical factorization was considered. For the
same case in [12] the factorization problem was solved, including the
determination of the partial indices as well as formulas for the factors
in a factorization (although the Lebesgue space Lo was considered in
[12], the results are also valid for the space L,, p € (1,00)). In [1] these
results were generalized for a class of matrix functions of order greater
than 2 by a different method. In [3] and [4] (see also [2]) the case where
r is a quotient of polynomials of degree two was considered. From these
results we cite a criterion for the existence of a canonical factorization
(both partial indices are zero), formulas for the factors in a canonical
factorization and, with some other restrictions, the determination of
the partial indices. We also refer to [17], which was written already
for the unit circle and the class of matrix functions considered can be
reduced by a rational transformation to the form (3.1). In this paper
an algorithm is present in order to achieve a factorization.

In the first two subsections of the present section we shall consider a
subalgebra of the algebra of Daniele-Khrapkov matrix functions which
is not characterized by any restriction concerning the number of zeros
(equal to the number of poles) of r, but with another kind of restriction
which is more convenient for our purposes. The basic idea is to
use the method developed in [6] (see also [16]), which permits us to
interpret the elements of our subalgebra as continuous functions of a
multiplication operator by a rational matrix function.

The last part of this section is devoted to the factorization problem
for matrix functions belonging to a special class of the subalgebra B2%2.
This constitutes a new class of matrix functions which can be factorized
explicitly.

3.1 The algebra 2 (V). Let V be a 2 x 2 matrix function of the
form

(3.2) v_<é %),
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where 61 and 65 are the finite Blaschke products

N t— B
3.3 0:(t) = cit™ | [ =—L,
( ) () ¢ j];[lﬂi,jt—l

where |¢;| =1, m; e NU{0}, |8i;] <1,i=1,2,j=1,... ,N.

Now consider in L2(T), p € (1,00), the operator of multiplication on
the left by the matrix function V, which we shall denote by the same
symbol V. It is clear that the following properties for the invertible
operator V hold:

(i) The spectral radius of both V and V=1 is equal to one, in symbols:
o (V) = TU(Vil) =1,

and
(3.4)
(i) VP, =P, VP,, V'P_.=P. V'P_ and VP, #P,V.

Let 2 = 2A(V) stand for the closed subalgebra of £L(L2(T)) containing
the identity operator which is generated by V and V~!. Naturally the
elements of 2 can be seen as 2 x 2 matrix functions. Thus a matrix
function A € 2 if and only if it has the form

A= Zajvj,

JEZ

the series being convergent in the operator norm. It was proved in
[16] that, by virtue of (i) and (ii), there exists a symbol map, i.e., a
continuous homomorphism, ¢ : A — &, where & is a subalgebra of
C(T) (with the supremum norm || - ||«), that associates to a matrix
function A the scalar function defined on T by

a(t) = Z ajt!,
JEZ

which is called the symbol of A and satisfies ||al|c < ||A||. We shall use
the notation A = a(V) to express the connection between an operator
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in 2 and the corresponding symbol. This symbol map is such that
A =a(V) € A is invertible if and only if a(t) # 0, t € T.

Moreover, in the present case (V is the multiplication operator), this
map is even a Banach algebra isomorphism and, since ||[V|| = ||V} =
1, & contains the Wiener algebra W (the Banach algebra of functions
on T which can be expanded into an absolutely convergent Fourier
series, the norm of an element being given by the norm in ¢1(Z) of its
Fourier coefficients). It is also known that, in the case p = 2, there
holds & = C(T) since V is a unitary operator in L3(T) (see [16]).

There are some more special features in the present case. Set
0 =61 05.
In the next lemma we derive a useful representation for the elements of

2. From now on, we shall use the following notation for the composition
of functions: f, = foh.

Lemma 3.1. The following assertions are equivalent:
(i) Ae .
(ii) There exist b,c € C(T) such that:

(3.5) A=byI+coV.
Moreover, if A=a(V) € 2, then
(3.6) a(t) = b(t?) + te(t?).

Proof. Introduce in C(T) the pair P., P, of complementary projection
operators defined by

(Pea)(t) = 5 (a(t) + a(~1)),  (Poa)(t) = J (alt) —a(~1)), t€T.
For any a € C(T) we have

a(t) =b(t)+tét), teT
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with b = P.a and é&t) = (1/t)(P,a)(t), t € T. Note that in

this representation both b and ¢ are even functions on T since, for
at) =3 ez at’, we get

(37) B(t) = Z az; t2j, E(t) = Z a2;5+1 t2j, teT.
JEZ jEZ

Therefore, we may define b, ¢ € C(T) by
D) =B(t),  P)=clt), teT,

and so
a(t) = b(t?) +te(t?), teT.

Let A = a(V). Since a € & C C(T), we can represent it as above.
On the other hand, if we make use of the identity V? = 01, we have

A=) a; V) = (Zazjaﬂ‘)u (Zagjﬂaﬂ’)v

JEZ JEZ JEZ
=bgl+cyV.

Reciprocally, suppose that .4 admits the representation (3.5) where
b,c € C(T). Then b = lim, o0 pp and ¢ = lim, . g, (the limits
being taken in the supremum norm) for some polynomials p,,, g, in the
variables t and t~!. For each n € N consider the operator

A, = (pn)@ I+ (q”)Q V= pn(vz) + Qn(VQ)Vv
where again we have used the relation V? = 1. We have

A=Al =[[(b=pn)o I+ (c=an)o V|
<16 = pn)olloo + (¢ = gn)olloc,

and, consequently, lim,, .« || A — A, || = 0. Therefore, A € A. More-
over, the symbol a of A is given by

a(t) = lim [p,(t?) + t g, (t*)] = b(t?) +tc(t?), te€ T,

n—oo

which completes the proof. ]
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As a result of the previous lemma, we can interpret the elements of
2l as matrix functions belonging to C(T)?*2. In what follows we shall
use the following notation

&5 = {(fo,90) € C(T)* : h(t) = f(¢*) +tg(t*), t € T, h € &}.

Suppose that )8 C & is a decomposing R-algebra of continuous
functions on T, i.e., the rational functions without poles on T are dense
in R and R =RT @Ry with R=RNCT(T) and Ry, = RNy (T),
where CT(T)(Cy (T)) is the subalgebra of C(T) consisting of functions
which are holomorphically extendable to the interior of T (exterior of
T and vanishing at infinity). Set R~ = R, @ C.

We derive a very useful property of the representation (3.5) concern-
ing the subalgebras Rt*.

Lemma 3.2. Let ax € R, and let Ax = a+(V) € A. Then Ay
can be analytically extended to T+ and, consequently, Ay € CT(T)?*2.
Here Ty ={2z€C:|z| <1} and T-={z€C:|z| > 1}.

Proof. Let a; € Rt and let Ay = a, (V) € 2. Then, by the previous
lemma, ay(t) = by (t?) + tes(t?), t € T, and it is straightforward to
verify that by, c; € C*(T). Since §# € C*(T) and 6(T,) C T, using
the representation of A, given in the previous lemma, it follows that
Ay € CF(T)?x2,

Now let a_ € R, and let A_ = a_(V) € 2. Proceeding similarly,
first we get a_(t) = b_(t?) + te_(t?) = b_(t?) +t71'd_(?), t € T,
where b_ € C~(T), c € Cy (T) and d_(t) = tc_(t), d- € C~(T).
Alternatively, we can write a_(t) = by (t72) +t~1d, (t72), t € T, with
bi(t) = b_(t7') € CT(T) and d4(t) = d_(t7') € CT(T). Using
these representations, we get A_ = (b_)gI + (d_)g V1= (by)g-1I +
(dy)g-1 VL. Since 67! =1/6 is analytic in T_ and §71(T_) C Ty, it
follows that A_ € C~(T)?*2, which completes the proof. O

3.2 Factorization for a class of Daniele-Khrapkov matrix
functions. As was done at the end of the previous subsection, suppose
that R C 6 is a decomposing R-algebra of continuous functions on T.

At this point we are concerned with the explicit factorization for
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matrix functions of the form
(3.8) A=a1Z+as V,

where (a1, as) € R (see the previous subsection for the definition of the
set R2) and V is the rational function defined in (3.2). Matrix functions
of this type belong to the Daniele-Khrapkov class (take ¢ = a1, d = a6,
and 7 = 62/6; in (3.1)) and, moreover, according to Lemma 3.1, they
also belong to the algebra 2, introduced in the previous subsection.

The following result is the key to obtaining a factorization of Daniele-
Khrapkov matrix functions of the form (3.8).

Theorem 3.3. Leta; = fy, as = go, and suppose that (ay,az) € 9‘15.
If the function a € R defined by

(3.9) a(t) = f(t*) +tg(t?), teT,

does not vanish on T, then the matriz function A in (3.8) admits the
representation

A=A V7 A
where ALt € CF(T)2*? and A% € C~(T)?*? and » = indra.

Proof. As was previously mentioned, the matrix function A belongs
to the algebra 2. According to Lemma 3.1, its symbol is the function
a given in (3.9). It is well known (see [16]) that the condition a(t) # 0,
t € T, is necessary and sufficient for the existence of a J-factorization
of a, i.e., a representation of a as

(3.10) a=a_t"aq,

with a*! € |, afl € RT and s = indra.

Since, by hypothesis, a(t) # 0, t € T, a admits an R-factorization
like in (3.10). Then this factorization of a induces a factorization of
the matrix function A = a(V) in the form

(3.11) A=A VA, Ay =ar (V).
Further, from Lemma 3.2, it follows that

Py AT PL = AT P, PLAM'P =AM P



SINGULAR INTEGRAL OPERATORS WITH SHIFT 369

which means that the outer factors in (3.11) enjoy the properties of the
outer factors in a factorization of A. o

As a consequence, we have

Corollary 3.4. Let a € R be such that a(t) # 0, t € T. Then the
partial indices of the matriz function A = a(V) coincide with the partial
indices of V*, where k = indra.

But, actually, much more can be said. In fact, since V is a rational
function, one can obtain not only the partial indices but as well a
factorization of A. In the next proposition we characterize the partial
indices of A.

Proposition 3.5. Suppose that the conditions of Theorem 3.3 are
fulfilled. Then the partial indices of the matriz function A in (3.8) are

given by
x+1
i [57))

e ([ o
e (5 g 5 50

where s = indta and k12 = indr6 2.

_|_

ST

AN
+

ISR

Proof. Taking into account that

o { 6*/21 if s¢ is even,
9=D/2y  if 5 is odd,

we obtain the desired formulas. m]

We can now describe a procedure which permits the construction of
an explicit factorization for a Daniele matrix function of the form (3.8):

1. Construction of an explicit factorization of the symbol a of A,
given in (3.9):
a(t) =art*a_.
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The factors a4 can be calculated by the formula ax=exp(Px log(t~*a)).
2. Finding of the matrix functions A1 = a4 (V), using Lemma 3.1.

3. Construction of a factorization of V*:

Ve, (tol - ) V..

This step can easily be performed since V is a simple rational matrix
function (its partial indices were given in Proposition 3.5).

4. Finally a factorization of A is given by

A = (10 oman.

3.3 A class of matrix functions in $B2*2. In this part we consider
the factorization problem for 2 x 2 matrix functions belonging to the
algebra B2*2 of a special nature. The matrix functions we want to
deal with are those elements in B2*? for which the coefficients a and
b in (2.1) are such that its difference is invariant for the shift «, i.e.,
a—0b = (a—b)y After a simple normalization, and up to a scalar
function, to this type of matrix function can be given the form

1—a —a
(3.12) A_(—aa 1_aa>, a€B.
In fact, suppose ¢,d € B are such that ¢ —d = (¢ — d), and consider
the matrix function B given by (2.1) with a and b replaced by ¢ and d,
respectively. Then we have B = (¢ — d).A, where A is given by (3.12)
with a = —c(c — d)~L.

Matrix functions of the form (3.12) appear in one of the spectral
problems that we shall consider in the next section. Note that the
function d = det A being invariant under the shift « has an even index.

The main result concerning the factorization of matrix functions of
the form (3.12) reads as follows.

Theorem 3.6. Let A be a nonsingular matriz function of the form
(3.12). Also let d = dyt"d_ be a factorization of d = det A, let
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b= (a+aan)/2, c=(a—ay)/2, decompose ¢ = c4 + c_ with cx = Pyc,
let e = 2Pi(c+d:1) and, for k > 0, denote by p the polynomial
which contains the first k terms in the Taylor expansion of ey in a
neighborhood of the origin. Further, set

fdy—ept™" -1
f+_<d++€+tK 1 )’
7o 1 d_ d_
T2\ 2. —1+e.d. 2c_+1+4+e_d_ )’
Then a factorization of A in the form

A:A+AA_

is obtained as follows:

(i) If k <0, then

AL =Fy, A = diag {t", 1}, A_=F_.

(ii) If k > 1 and all the derivatives eg), j=1,...,k—1, vanish at
the origin, then

1 0 . %
A+ - ]:Jr (_p(o)tn 1) 9 A= dlag {t 9 1}3

A-= <p(10) (1)> 7

(iii) If K > 1 and at least one of the derivatives eg), i=1,...
does not vanish at the origin, then

A+ = *7:+ (_p]f:—n 2) P, A= diag {tm_V7tV}7 A-=RF_,

where v € {1,...,k — 1}, the polynomial matriz function P and
the rational matriz function R can be explicitly determined by the
polynomial p.
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Proof. We start the factorization procedure to obtain a factorization
of A with a very useful observation. Let b and ¢ be as defined in the
theorem, and write A as

A=BC,

1-b —b l1-¢ —c
B_<—b 1—b>’ C_< c 1—|—c)'
Note that d = det A = det B, since detC = 1.

Now a moment of thought reveals that C admits a canonical factoriza-
tion which can be obtained by using the decomposition of ¢ = ¢4 +c_.
In fact, it is easily verified that

where

C=0C,C_ withCy = (1 ;ici 1?;) .

Further, note that the matrix function B can be diagonalized by means
of a constant matrix. Indeed,

B=Sdiag{d,1}8" with S = (} _11)

Therefore a factorization of 5= B, A B_ is obtained by taking

By = Sdiag{dy, 1}, A = diag {t", 1}, B_ =diag{d_,1}S "

Substituting the factorizations of B and C just obtained in the
representation (3.12), we get

./4: B+ ABf CJFC,.

Now, observe that £ = B_C+B:1 is a lower triangular matrix function,

(1 0 . B 1,
5—<e 1) with e = 2¢y d”;

thus, from the decomposition e = e, + e_, ex = Pie, we obtain a
canonical factorization of &,

1

E=ELE ., where &L = (e
+

— O
N————
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So,
A=BLAELE_B_C_
and to obtain a factorization of A it remains to factorize AE;. We have

(1) I & < 0, then Ay = & A, where & = (-, |

a factorization of A = A, A A_ is obtained by taking

). In this case

def def

A, =B E,=F, A =£BC=F,

and A = diag {t",1}.
Now let p be the polynomial defined in the theorem. We have

(ii) If kK > 1 and all the derivatives esz), j=1,...,k—1, vanish at

the origin, that is, if p = p(0) = e;(0), then

AEL=E (_p(é)t—*”v (1)> A (p(lo) (D

with £, defined as before. Therefore a factorization of A is given by

1 0 . %
A+ - ]:Jr (_p(o)t—n 1) 9 A= dlag {t 9 1}3

A-= <p(10) (1)> 7

(7)

(iii) If & > 1 and at least one of the derivatives e}’, j =1,... ,k—1,
does not vanish at the origin (in this case, p is not a constant), we have
(3.13) AEL=E AT

+ + —pt=r 1 p 1 )

where the product of the two first left factors on the righthand side as
well as its inverse belong to CT(T)%*2. So it remains to factorize the
polynomial matrix function on the righthand side. This can be done by
considering the partial fraction decomposition of the function r = t* /p:

1 1
-1
r=potmr S =pot———— =pot 71
pr+rary p1+ﬁ
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where the p; are polynomials and the r; are rational functions. From
this representation it is possible to obtain explicitly a factorization of
the right factor in the righthand side of (3.13) in the form

v 0 : K—V 4V
(p 1)—Pd1ag{t IR

for some v € {1,... ,k—1} and P, R with the properties mentioned in
the theorem (see [14] for the details). Therefore, in this case, we end
up with a factorization of A as follows:

1 0 . K=V v
A+f+(_pt—n 1>Pa A*dlag{t ,t }a

A_ =RF_. o

Let us now talk about the generalization of the results obtained in
this section for the case of more general matrix functions.

In principle, the results obtained in subsections 3.1 and 3.2 cannot
be further generalized by this method. The main reason for this is
that, with the operational calculus considered, in terms of powers
of a multiplication operator by rational functions, we can only get
continuous matrix functions.

The result in subsection 3.3 (Theorem 3.6) can be generalized directly
to the case where the coefficient a in (3.12) belongs to Lo (T) with a
little change in its formulation. As remarked before, in the case where
a € C(T) the function d = det.A being nonsingular on T admits
a factorization in every L,(T) with p € (1,00) and its factors do
not depend on the value of p. On the contrary, if we suppose that
a € Loo(T), then Theorem 3.6 remains valid for each p € (1,00), that
is, it gives a factorization of A in L,(T) if we know a factorization of d
in L,(T). Thus, in this case, the existence of a factorization depends
on the value of p and, if it exists, the factors can vary with p.

4. Spectrum problems. In this section we make use of the results
in the previous sections to describe the spectrum of some singular
integral operators with a Carleman linear fractional shift.

We shall use the following notation. If A : L,(T) — L,(T) is a
bounded linear operator, then by oy, (A) we denote the spectrum of A
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in the algebra £(L,(T)). By U(Lep) (A) C op,(A) we denote the essential
spectrum of A, i.e., the set of those A € C for which Ay = A — A is
not a Fredholm operator in L,(T).

Let us mention that, apart from the essential spectrum which was
characterized in [13] (see also [8]) very little is known about the
spectrum in L,(T), p € (1,00), of an operator involving the three
canonical operators: multiplication, shift and singular integral operator
with Cauchy kernel. In fact, to the authors’ knowledge, only in the
very special case of an operator of the form XU S, where X is the
characteristic function of an arc of T, the spectrum is known (see [7]).

We start the analysis of spectrum problems by considering, in the
space L,(T), p € (1, 0), operators of the form

TW =al +bUS = (al+bU)Py + (al —bU)P-_.
‘We have

Proposition 4.1. Let 61 be a Blaschke product of the form (3.3),
02 = (01)o and 6 = 0105. Suppose that a,b € C(T) are such that

(4.1) a=fo,  b=101gs,

let v be the function defined on T by

(4.2) V() = f(£%) +tg(t?)

and put ' =imy={pu € C: u=~(t),t € T}. Then

01, (T) = o) (1) = T.

Proof. For any A € C, we have
T = AT P, + A P, with AY = (a— NI £bU.

Put AT = (a — A\)(aa — A) £ bb,. It is well known that a necessary

and sufficient condition for T' /{1) to be a Fredholm operator in L,(T) is
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that Ay does not vanish on the unit circle. Supposing that this is the
case, we may write

T = A{(Py + CAP-),  with Cy = (A}) A5 = A\ T+ V)T,

where Ay = AT/A} and Vy = —2(a, — A)b/A}. We have (note that
(Ax)a = A))

e == (), )

If we suppose that the conditions in (4.1) are fulfilled, then C, takes
the form

Cr= (F eI+ (9r)o V,

where V is the matrix function given in (3.2) and

) - YO+ 15°0)
RO= (0 =
) = 20 A) o

Introduce the function c,, defined on T by

(4.3) ea(t) = Fr(t?) + taa(t?).

A straightforward computation yields
(4.4) C) (t) =

where v is the function defined by (4.2). Setting I' = {u € C : p =
~(t),t € T}, we find that for A ¢ T', ¢y is a well-defined continuous
function on T which does not vanish. According to Lemma 3.1, if
A ¢ T, then Cy € 2 and c,\ is its symbol In the notation introduced in
Section 3 we have (1 — A71f,A\71g) € &2.

Let A ¢ T'. Since ¢y does not vanish on T, the matrix function
C, admits a factorization in L,(T). Now from (4.4) it follows that
ex(t)ex(—t) = 1, t € T, and, consequently, s, = 0. But then C,
admits a canonical factorization (Proposition 3.5) and therefore, by
Theorem 2.6, T)(\l) is invertible. On the other hand, if ¢y vanishes on
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T, that is, if A\ € T', then T)(\l) is not a Fredholm operator in L,(T).
Therefore, oy, (TV) = agip) (TM) =T. O

Now we consider a general singular integral operator with shift
T(A)=PL+AP_, A=al+0bU.

We have

Proposition 4.2. Suppose that the conditions of Proposition 4.1 are
fulfilled by the coefficients a and b, and let v and T' be, respectively,
the function and the curve as defined there. In addition, for any
Ae C\ (T U{l}), let cx = A —, sn = indrcy and put Q = {p €
C\ (TU{1}): s, #0}. Then

o1, (T(A)) = QUTU{L}, o} (T(4)) =T U{1}.

p

Moreover, for any A € Q, T(A)x is a one-sided invertible operator,
which is left or right invertible according to »xyx < 0 or sy > 0,
respectively, with

indT(A)\ = k sy, Kk = indr0;.

Proof. 1t is clear that A = 1 belongs to O'(Lep) (T'(A)), since T(A) —1I has
an infinite dimensional kernel. So for the rest of the proof we suppose
that A # 1. We have

T(A)y = (1-N)[Py + (1=N)"2C\P_] with Cy = [(a=\)I +bU].

According to the results in Section 2 the Fredholm properties of this
operator are determined by the factorization properties of the matrix

function
- A b
C)\_W(C/\)_<ab a —A)'

If we suppose that the conditions in (4.1) are fulfilled, then C, takes
the form
Cr=(fo— NI +goV,



378 V.G. KRAVCHENKO, A.B. LEBRE AND J.S. RODRIGUEZ

where V is the matrix function given in (3.2) with 62 = (01),. There-
fore, according to Lemma 3.1, C) € 2 and its symbol is the function cy
defined on T by ¢y = v — A, where v is defined by (4.2).

If ¢y does not vanish on T, that is, if A ¢ T', then C) admits a
factorization in L,(T) and, using Proposition 3.5, we find that its
partial indices k; = k;()) are equal and are given by

kj = Ky, where x =indr6;, ) =indrcy.

Since k > 0, if s, = 0, then C) admits a canonical factorization and,
therefore, by Theorem 2.6, T'(A), is invertible. If s, # 0, then Cy
admits a noncanonical factorization and, therefore, by Theorem 2.6,
T(A), is only a one-sided invertible operator. Using Theorem 2.10 we
have

dim ker T'(A) if s¢y >0,

ind7T'(A)y = =
indT(A)x = £ s {_codimimT(A)/\ if 22, < 0.

If ¢y vanishes on T, that is, if A € I', then T'(A4)) is not a Fredholm
operator in L,(T). So U(Lep) (TM)y =TuU{1}. o

In the spectral problems considered above we made some restrictions
on the coefficients of the functional operator A which appear in the
singular integral operator with shift 7(A) under consideration. These
restrictions are such that the factorization problem for the correspond-
ing matrix function A = 7(A) can be solved. In some cases it is possible
to consider general coefficients if there are already methods available
to perform the factorization of the matrix function A. The following
example fits into this category.

Let Q™! be the projection operator in L,(T), p € (1,00), defined by
(2.29) with n = 1 and consider in L,(T) operators of the form

T® =aQ*! P_
with a € C(T). We have
Proposition 4.3. Let b = (a + a4)/2, ¢ = (a — aq)/2 and, for

Ae C\{0}, letdy =1—(b/A). SetT'={ppe C:pu=>(t),tcT} and
Q={peC\(TU{0}): indrdy #0}. Then

o, (T®)=quru{o}, o (T®)=rufo}.
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Proof. It is clear that A = 0 belongs to U(Lep) (T®). So in the rest of
the proof we suppose that A # 0. We have

T(A)y = —A[Py + C\P_] with Cy = (1 a )1 _%

B2 VAR s
and
(4.5) Cy = diag {1, a4 } Ay diag {1,a7'},
where _a a
Av= ai/\ 2c/z\a
20 2)

belongs to the class considered in Theorem 3.6. Here we shall use
the conventions about the notation introduced in that theorem and
set xx = x/Aif © € {a,b,c,d,e}. We have d) = detCy = det Ay =
1—(a+aq)/2X=1—(b/A) =1 —by. Therefore, if dy vanishes on T,
that is, if A € T', then C), is singular and, consequently, A € U(Lep) (T®).

Suppose that A ¢ QU T U {0} and let dy = dx_dx4 be a canonical
factorization of dy. According to Theorem 3.6, A, also admits a
canonical factorization, Ay = Ax;Ax—. Consequently, to obtain a
factorization of Cy it remains for us to consider the influence of the
multiplication on the right of the factor Ay_ by the matrix function
diag {1,a;"'}. From Theorem 3.6, we have

1 /dy_ dr_
Ay == ,
AT 2 (fx— 2+f,\—)
where fy_ =2ch_ — 1+ ex_dy_.

Let us note that the function dy is invariant for the shift o and this
property also holds for the factors of its canonical factorization. From
this one easily concludes that d_(co) = d_(tg), where to = 1/3 (the
point where a; has a pole). Now we can consider the factorization of
the matrix function Ay_diag {1, "'}. The following conclusions hold:

(i) If fr—(to) = 1, then Ay_diag{l,a;'} admits a noncanonical
factorization with partial indices +1 and —1 given by

Ay_diag {1,a;'} = M diag {t, ¢!} A
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where

< tild)\, t 1ofld>\,
A = +
tay(fom —kidy-) t(24 fam —kida-)
for k1 = d;i(to) (note that fy_(co) = —1and so 2+ fa_ —kidy— — 0
as t — 00).

(i) If fr—(to) # 1, then Ay_diag {1,a;'} = M. A\_ is a canonical
factorization, with

t -
1 . —oy
Ni = 2 | k1 "

i1 kay

)
R ( Fa— —kida- a2+ fro — kidao) >
Ay = oy t )

E[tfxf — (k1t + k2)dx_] gQ[(QJrfAf —kidy_) —dx]

where k; is defined as before and ko is chosen so that ¢fy_ — (kit +
kg)d)\_ —0ast— to, yielding k‘g = kilto(f)\_(to) — 1) = to[z(C)\_ (f,o) —
1)dy ! (to) + e—(to)]-

For the matrix function C, we have:

(i) If fa—(to) =1, then Cy admits the noncanonical factorization
Cy = [diag {1, ay } Axy M| diag {t,t '} Ay_.
(ii) If fa—(to) # 1, then C) admits the canonical factorization
Cy = [diag {1, a4 } Axy N3] Ay
As an immediate consequence, by Theorem 2.6, Tf) is invertible if

fa—(to) # 1. But T)(\z) is also invertible if fy_(tp) = 1. In fact, from
the factors of the factorization of Cy for case (i), we obtain

1 e 1 0
H:A"rlc)\j(a)ec)\'i‘: (O _1)7
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that is, we have H = H. , with ¢ = +1 and p = 0 in Proposition 2.2. To
establish this result we have used the following easily verifiable relations

(ext)a = —axg —aa=(to),  (ea4)a = —cr- —ex-(to),
(ext)a = —ex, — ex—(to) + 2ea—(to)d; ! (o).

Therefore, by Theorem 2.10 and (2.33), T)(\2) is invertible.

Finally, suppose that A ¢ T' U {0}. According to Theorem 3.6, if
A € , then one of the partial indices of A, is positive (negative) and
the other is nonnegative (respectively, nonpositive). Therefore, taking
into account Theorem 2.10 and (2.33), as well as the above conclusion
on the changes of the partial indices by multiplication by the factor
diag {1, "'}, in this case we have also \ € oL, (T®). o

Before ending, let us make some remarks concerning this proposition:

(i) Matrix functions of the form (4.5) were considered in the paper
[2] from the point of view of the existence of a canonical factorization
(they belong to a class which was referred to there as D — N class).

(ii) As we can see from the proof of the previous proposition, for
A ¢ QuT U{0}, T)(\2) provides another example of a singular integral
operator with shift T'(A) which is invertible in spite of the fact that the
matrix function A = 7(A) does not admit canonical factorization (see
the comments after Theorem 2.10 and Example 2.11).

(iii) With a little extra effort it would be possible to characterize the
dimensions of the kernel and cokernel of T)(\z) for A € Q. This could be
done since we can construct a noncanonical factorization of the matrix
function A, (see the proof of Theorem 3.6) and perform operations
similar to those considered in the above proof, to obtain from it a
factorization of the matrix function C,.

(iv) Proposition 4.3 maintains its validity for an arbitrary coefficient
a € Lo(T). In fact, as mentioned at the end of Section 3, the
factorization procedure for matrix functions in the class considered
in subsection 3.3 is valid in the context of generalized factorization.
Therefore, in the proof of Proposition 4.3 we only have to substitute
the term “factorization” by the term “factorization in L,(T).” As
a consequence, if a € Lo (T) the spectrum of the operator T3 in
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L(Ly(T)) depends on the number p € (1,00) and so it can be different
for different values of p.

As a final comment to the results given in this section, let us
emphasize that, whenever it would be needed, the resolvent operator
for any of the operators considered can be obtained by the use of the
canonical factorization of the corresponding matrix function.
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