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FACTORIZATIONS

G. BOGVERADZE! AND L.P. CASTRO?**

Communicated by H. Dedania

ABSTRACT. The invertibility of Wiener-Hopf plus Hankel operators with es-
sentially bounded Fourier symbols is characterized via certain factorization
properties of the Fourier symbols. In addition, a Fredholm criterion for these
operators is also obtained and the dimensions of the kernel and cokernel are
described.

1. INTRODUCTION

The main goal of the present work is to obtain invertibility and Fredholm criteria
for Wiener-Hopf plus Hankel operators acting between L? Lebesgue spaces on
the half-line. To be more precise, the main operators in study have therefore the
form:

WH, =W,+Hy,=r F 'oF(I+J): L2(R) — L*(Ry), (1.1)
where
W, == riF 'oF : LZ(R) — L*(R,),
H, = r F'pFJ:[2(R) — L*R,). (1.2)

Here L?(R) and L?(R,) denote the Banach spaces of complex-valued Lebesgue
measurable functions ¢, for which |<,0|2 is integrable on R and R, respectively. In
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addition, L% (R) denotes the subspace of L?(R) formed by all functions supported
in the closure of Ry = (0,+00), r; is the restriction operator from L*(R) into
L*(R,), F denotes the Fourier transformation, .J is the reflection operator given
by the rule Jp(z) = ¢(x) = ¢(—x), x € Rand ¢ € L>®(R) is the so-called Fourier
symbol.

We would like to point out that in recent times algebraic combinations of
Wiener-Hopf and Hankel operators have been receiving an increased attention in
view of their invertibility and Fredholm properties. Part of this interest comes
from certain applications where such combinations of operators arise. Examples
of recent results within this context can be found e.g. in [1, 7, 8, 9, 10]. Some of
these works propose certain asymmetric factorization concepts which are helpful
to look for in view of the invertibility properties of corresponding operators with
symmetries. In coherence to these developments, in the present paper we propose
an odd asymmetric factorization concept which will be crucial to find an invert-
ibility and Fredholm characterization for Wiener-Hopf plus Hankel operators with
essentially bounded Fourier symbols.

It should be mentioned that several partial results about Fredholm characteris-
tics and invertibility of Wiener-Hopf plus Hankel operators are presently known.
Namely, for such operators with continuous or piecewise continuous Fourier sym-
bols corresponding Fredholm characterizations are known for some time now. In
addition, for Fourier symbols in the algebra of semi-almost periodic functions,
conditions which ensure the Fredholm property (or the lateral invertibility) of
the corresponding Wiener-Hopf plus Hankel operators were recently described in
[4, 5, 11, 13] (e.g., upon certain mean values of the representatives at infinity
of their Fourier symbols). Also for unitary and sectorial Fourier symbols, an
invertibility criterion of Wiener-Hopf plus Hankel operators can be found in [3].

Still concerned with the context of the present work, it should be also mentioned
that a factorization theory for the class of Toeplitz plus Hankel operators was pro-
posed in [2]. Such factorization theory leads to invertibility and Fredholm criteria
for Toeplitz plus Hankel operators with the same symbols. Thus, by using some
known operator identities, it is possible to derive from [2] a corresponding criteria
for Wiener-Hopf minus Hankel operators. However, the situation of Wiener-Hopf
plus Hankel operators considered in the present paper is different, and cannot
simply be taken from the results of [2]. The reason for this is structural since
e.g. we can exhibit for the same Fourier symbols Wiener-Hopf plus Hankel opera-
tors which are Fredholm and corresponding Wiener-Hopf minus Hankel operators
which are not Fredholm (and vice-versa); the same can be seen for the invert-
ibility property, etc. In addition, we would also like to point out that the work
[12] is engaged with a factorization theory exactly for Wiener-Hopf plus Hankel
operators but with almost periodic Fourier symbols.

The paper is organized in the following way. In the next section some auxiliary
operators and identities are recalled. The new concepts of weak odd asymmetric
factorization and (strong) odd asymmetric factorization are introduced in Sec-
tion 3, as well as the main statement of the present work about the invertibility
of Wiener-Hopf plus Hankel operators with essentially bounded Fourier symbols
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(Theorem 3.4). Section 4 is devoted to the analysis of some auxiliary results
which will be used in Section 5 where the proof of Theorem 3.4 is performed.
Finally, a Fredholm criterion for WH, is obtained in Section 6 together with a
description of the dimensions of its kernel and cokernel.

2. BASIC NOTATION AND IDENTITIES

Taking profit of the notations (1.1)—(1.2), we start by recalling a basic formula
from the theory of Wiener-Hopf-Hankel operators which will be used in the next
sections:

WH py = WH, GGWH , + H, GWH_ | (2.1)

where ¢y : L*(Ry) — L2 (R) denotes the zero extension operator.

We will now present some additional operators (and notation) which will be
useful in what follows. We will use the operator Wg of convolution with symbol
¢ (acting between L*(R) spaces), i.e.,

W2 =F 'oF : L*(R) — L*(R) .

The Cauchy singular integral operator Sg on L*(R) is defined by:
1 f(s
(Sep@) =~ [ T

T Jgs—x
where the integral is understood in the principal value sense. The Riesz projection
is given by the following formula

s, wT€eR,

Pr = %(I + Sr) ,
and we will also be dealing with the complementary projection Qr = I — Pg. The
analogues of these operators for the unit circle I' will also be used. Namely, the
Cauchy singular integral operator on the unit circle Sy, the Riesz projection for
the unit circle Pr and its complementary projection Qr (which are defined in an
analogous way).

The Toeplitz operator is given by the following formula:
Ty = PrL(¢)Pr : H(T) — HY(T),

where L(¢) is simply the multiplication operator defined on L?*(T"). The notation
HY(X) (1 < p < o0) stands for the usual Hardy spaces on X. The Hankel
operator for the unit circle is given by:

Hy = PrL(¢)JrPr: H(T) — H3(T) |
where Jp : L*(T') — L*(T") is a Carleman shift operator, which acts by the rule:

1 1
Jrfit)==f1-] .
=41 (3)
Hence, the Toeplitz minus Hankel operator is defined by:

In case a function f is defined on the unit circle, the previous notation fwill have

now the meaning f(t) := f(t7!), t € . As usual, on the unit circle I', we say
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that a function f is even if f: f and f is said to be an odd function if f: —f.

These definitions justify the use of the same tilde notation in both settings I and
R.

3. ODD FACTORIZATIONS ON THE REAL LINE AND MAIN INVERTIBILITY
RESULT

We start this section by introducing a definition that will be later on completed by
a corresponding stronger version which will have a central role in our invertibility
and Fredholm criteria for the Wiener-Hopf plus Hankel operators. Thus, at the
end of the present section it will be already possible to state the main invertibility
criterion for WH,, (cf. (1.1)).

Definition 3.1. A function ¢ € GL*(R) is said to admit a weak odd asymmetric
factorization in L?(R) if it admits a representation

oa)=p-(a) (251) wle) . aeR, (5.)
such that m € Z, and
T 1
i _ e H*(R), e H (R),
(2) (x_i)zso € HZ(R) (x_z.)so € HZ(R)
|z|

.. 2 -1 2
(47) 21 € Loqa(R) 24 1P € Loqa(R) .

Here L?,4(X) stands for the class of odd functions from the space L?(X). The
integer m is called the index of the weak odd asymmetric factorization (3.1) in

L2(R).

Let us note that we have the uniqueness (up to a constant) of such type of
factorizations. This last property is given in exact terms in the next theorem.

Theorem 3.2. Assume that ¢ € GL*®(R) admits two weak odd asymmetric fac-

torizations in L*(R):

oa) =00 (E1) o) = o) (L) o), wer,

T+ T+

(1)

Then, we necessarily have k1 = ko, @~ = C’go(f) and p, = 0_190572), for some

constant C' € C\ {0}.

Proof. Let ¢ admit two weak odd asymmetric factorizations:

oa) =00 (51) el0) = o) (E1) o), ek 32

(where go(_l), go(_z) and <p(()1 , gof,z) have the corresponding properties of (i) and (ii)

)
in Definition 3.1). From (3.2) we immediately have that

Do) (55) =@, cer (33)
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We can assume without lost of generality that x := k; — ko < 0, since otherwise
we would consider

P (2] =) cer

instead of (3.3) (and from this last identity we are able to take the same conclusion
and therefore proceed with the proof in a similar way).
Let us now consider the following auxiliary function:

vla) = o=@ e HU®) (3.4)

A direct computation yields that

~ -z

0= T @E ) e HL®). (33)

The right hand side of (3.3) is an even function (since it is a product of two odd
functions). Hence, from (3.3), we immediately obtain that

D) (1) =E N @E @)

This identity together with (3.4) and (3.5), lead to the conclusion that

T — Z 2k+4 _
=— : 3.6
v (553) =i (36)
Due to the inclusions in (3.4) and (3.5), if 2k + 4 < 0 then from (3.6) we im-
mediately obtain that 1 = 0 is identically zero and hence we would have a
contradiction. This means that it only remains the possibilities of K = —1 and
k= 0.

Let us analyze the case where k = —1. In the present case, (3.6) is reduced to
the form

(z —i)*0(z) = —(z + )" () .

Hence, using (3.4)—(3.5), we have a contradiction which shows that x cannot be
equal to —1.

Thus, the only possibility which is left for x is to be equal to zero. Therefore,
in such a case, k1 = Kko. In this case we will have that

V(@)@ (@) = V@) P @)
Consequently, " (z)(® (z))~! = C for a constant C' € C \ {0}. Thus ¢ =
Cp® and i = c—1pP. O

The following definition may be viewed as a strong version of the previous
introduced weak factorization and will play a crucial role in the main theorem
below.
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Definition 3.3. A function ¢ € GL>(R) is said to admit an odd asymmetric
factorization in L?(R) if it admits a representation

x—i\ "
oa) =) () eule) . wER. 57)
such that m € Z, and
T 1
' — o e H*(R — o 'e H*(R
(7’) (x_Z)QSO € —( )7 (‘T—Z)2(P_ € —( )7
3 1 || _
(47) m% S Lgdd(R) ’ m% te Lgdd(R) ;
(it7)  the linear operator . := ngo‘l([ = NW -1 2 LA(R) — L2,,(R) is
bounded.

The integer m is called the index of the odd asymmetric factorization (3.7) in
L3 (R).

We are now in a position to state the main result about the invertibility of our
Wiener-Hopf plus Hankel operators with L symbols.

Theorem 3.4. Let ¢ € GL*(R). The operator WH, is invertible if and only if
© admits an odd asymmetric factorization in L*(R) with index m = 0.

The proof of this theorem will be given in Section 5.

4. ODD FACTORIZATIONS ON THE UNIT CIRCLE

In the present section we will introduce some auxiliary notions which will be
useful to work out some conclusions in the unit circle setting.

Definition 4.1. A function ¢ € GL>(I") is said to admit a weak odd asymmetric
factorization in L?(T") if it admits a representation

o(t) = ¢ ()t po(t), teT,
such that k € Z and
(i) (A+to-e HAT), (1—t")eo' € H(T),
(i) |1 =tlpo € L244(T), 11+ tlg, " € Logq(T).

The integer k is called the index of an asymmetric factorization in L*(T).

Now we will present a theorem about the uniqueness of a weak odd asymmetric
factorization in L?(T).

Theorem 4.2. Assume that ¢ admits two weak odd asymmetric factorizations in
LA(T):

o(t) = oV ()t oV () = sP (1)t eD (1), tel. (4.1)
Then ky = ky, ¢ = Co?, ¢V = C=1¢8? with C € C\ {0}.
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Proof. Without lost of generality, we can assume that m = k; — ky < 0. From
(4.1) we have that

(621 Wem = o2 (6) . (42)

Take ¢ = (1 — t*2)(q5(,2))*1¢(,1). Obviously, we have that ¢ € H!(T'). Formula
(4.2) leads to

(=727 (0" = &7 (£)(¢5) (1) "
where the right hand side is an even function (since it is a product of two odd
functions). Therefore,

(L=t ()™ = (1 =) tp(t e ™,
and from here we have:

YO = —p(t7).

If we assume that m < —1 we would obtain that ¢» = 0 (by observing the Fourier
coefficients of 1), which is a contradiction. Hence m = 0. In this case we have that

W(t) = C(1 — t~2) with C # 0. Finally, from here we have: k; = ko, o) = C¢'?,
and ¢ = 01, O
Consider the following complementary projections:
I+ Jr
PJF = 5
These projections decompose L*(T) into the direct sum: L*(T') = ImP;. &ImQ ;..

Let R stand for the linear space of all trigonometric polynomials. A natural
strong version of the Definition 4.1 is given next.

cLA(D) — LX), Qu.:=1—Py .

Definition 4.3. A function ¢ € GL*>®(I') is said to admit an odd asymmetric
factorization in L?(T") if it admits a representation

o(t) = ¢-(t)t"do(t),  teTl, (4.3)
such that k € Z and
(i) (1+tHe e HXI), (1 —-tHe te H* (),
(i) 11—ty € L2(D), [+ l6;" € L2(T)
(i)  the linear operator & = L(¢,)(I + Jr)PrL(¢~') acting from
X, ={(1 =t Hf@t): feR} into Xy :={(1+t N, () f(t): f €N,
F(t) = f(t™1)} extends to a linear bounded operator & acting from
L*(T) into ImQ ..

Accordingly as before, also in here k is called the index of the odd asymmetric
factorization in L?(T).

Taking into account that X; is a dense subset of L*(T"), an equivalent formu-
lation of the condition (7i7) is evidently the following:

(iii*)  the operator & is a bounded operator on L*(T).
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We observe that Definition 4.3 is related with Definition 3.3 in the sense that a
function ¢ : I' — C admits an odd asymmetric factorization in L?(T) if and only
if the function p(x) := ¢ (ﬁ—ji), z € R, admits an odd asymmetric factorization
in L?(R). To present such a relation in an explicit way, let us consider the useful
operator By given by

(Bo¢)(t)=¢('1+t) ter.

14

Obviously By : L*(R) — L*(I") is an isometrical isomorphism, the inverse of
which is given by the following formula:

<Bol¢><x>=¢(“i> . zeR.

T+

In addition, the operator B given by

(Be)(w) = ﬂso("”‘i) . zeR,

x4 \x+i

is an isometrical isomorphism of L*(T") onto L*(R), of H?(T") onto H?(R), and of
t~1H?2(T') onto H?(R). For the inverse of B, we have:

(B6)(1) = mgﬁ(“’*)  ter.

= 1
1—1t 1-—1¢

By using the “convolution” with B operators, it is obtained the formula:
BL()B™ = (Bi'0)I . (4.4)
A straightforward computation shows that
Sg = BSpB™', Pp=BP:B™', Qr=BQrB™'. (4.5)
The following formula is also of interest:
FPRF =lory : *(R) — L(R) . (4.6)

Let £(X,Y) denote the Banach space of all bounded linear operators acting
between Banach spaces X and Y. In the case of X = Y, we will abbreviate
L(X,X) by L(X).

In what follows we will also use the notion of equivalent operators in the fol-
lowing way. Let T € L£(Z;,Y1) and S € L(Z5,Ys) (for Banach spaces Z1, Zs,Y;
and Y5). It is said that 7" and S are equivalent operators, if there exist bounded
invertible operators £ € L(Y3,Y)) and F € L(Z1,Z,), such that T = ESF. In
addition, if we have an equality 7' = ESE~! we say that T and S are unitarily
equivalent operators.

Proposition 4.4. A function ¢ € GL*>®(TI") admits an odd asymmetric factoriza-
tion in L*(T) with index k if and only if ¢ := (By'¢) € GL™(R) admits an odd
asymmetric factorization in L*(R) with indez k.
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Proof. Let us assume that ¢ admits an odd asymmetric factorization in L?(T)
with index k. Hence, we can write (cf. (4.3)):

o) = o-(t)t"po(t),  teT, (4.7)
with the properties (7)—(i7) on the factors stated in Definition 4.3. Performing
the By' transformation in both sides of the equality (4.7), we obtain:

(By'¢)(x) = (By ' o-)(w) (By 'd)(x) (By o) (x)
where d denotes the function d(t) := t*. Now, if defining

ola) = (BN =o( 11

r+1

r+1

o (2) = (Bylo.)(x) = <zﬁ(x - ) ,

po(z) = (B du)(x) = ezso(m ‘i) |

T+
it follows

o) = o-0) (25 i)kmw .

Le., formula (3.7) with m taken to be equal to k. Thus, we are left to show that
the corresponding conditions (i)—(7i7) on the factors used in the factorizations of
definitions 4.3 and 3.3 are equivalent.

We have that

(1+t 1o € H2(T)
if and only if

V2 (1+$+Z:> o€ H*(R) .

Tr—1 T —1

Indeed, let (1 4+t Y)¢_ € H?(T), then [By'(1+t 1o |(z) € (z —i)H?(R) (cf.,
e.g., [0, page 108 and in particular formula (6.3)]). That means

T \/5 T+
2V/2 _(2) = 1+ _(z) € H2(R),
@ = 2 (1 T @ e 2w
and therefore we have the equivalence of the first propositions of conditions (i).

To prove the equivalence of the first proposition of (ii)—conditions we need to
“compensate” the space with a particular even weight. Letting |1—t|¢, € L?;4(T),
then

By (|1 = tlgo) € By (Laaa(T)) - (4.8)

Thus, to obtain from the last inclusion a new one where we will be dealing with
the space L?,4(R) we just need to use in (4.8) the multiplication by the weight
function ﬁ and therefore reach to

1

W(Bal(ll — t]o))(x) € L3gq(R) .
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Consequently, we have:

mQ—H%(@ € L3 (R) .

Analogous arguments will give corresponding equivalences for the second inclu-
sions in conditions (i) and (ii).

We will prove now the equivalence of conditions (i7i). As far as the condi-
tion (i7i) of Definition 4.3 can be written in the form of the condition (iii*) cited
after Definition 4.3, we will show that & is a bounded operator if and only if .
is a bounded operator. Consider the following operator:

F'BEB'F. (4.9)

This operator is equivalent to & simply because it is obtained from & by multi-
plying from the left and from the right by invertible operators. Moreover, from
(4.9) we have:

F'BEBT'\F = F'BL(¢,")I + Jr)PrL(¢~_")B~'F

_ -1 -1 -1 —1 -1 1
= F'BL(¢o;") B J’EI]-" B(I + Jr) B ]—"I]-" B Pr
—1 —1 —1 —1
B }"I]-" BL(¢p~"\B'F
= FloVF(I— )yry F ot F
= Woi(I = D)W, =5,

where we have used formulas (4.4), (4.5) and (4.6). Finally this means that &
and . are unitarily equivalent operators.

From the above reasoning it is clear that we can proceed in a “reverse” direction,
i.e., starting from a factorization for the function ¢ and obtain a corresponding
factorization to the function ¢, which completes the proof. OJ

5. PROOF OF THE INVERTIBILITY CRITERION

To prove the main invertibility result of the present work (i.e., Theorem 3.4) we
need first to prepare some auxiliary material.

5.1. Auxiliary notions, operators, and results. We will relate Toeplitz mi-
nus Hankel operators with the following operators:
é
Tqﬁ = PFL(gb)QJF : ImQJI‘ - H—Qi—(r)v (51)
H
Ty, = QiL)Pr:H(T) — ImQy ,
where ¢(t) = ¢~ *(—t™!). It is readily seen that 277; = (Ts — Hy)l1mg, -
r
The following well-known lemma is of interest and will be used to prove Propo-

sition 5.3.

Lemma 5.1. Let Z; and Zy be linear spaces, A : Z1 — Zy be a linear and
wnvertible operator, Py : Zy — Z1 and Py : Zy — Zs be linear projections, and
Qr=1—P and Qs =1 — P,. Then P,AP, : ImP, — ImP; is invertible if and
only if Q1 AT1Qy : ImQy — ImQ); is invertible.
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The proof of Lemma 5.1 can be found e.g. in [11].
We will now present two basic propositions which anyway will turn clear the
— —

reason why to consider the above introduced operators T}, and T5.

Proposition 5.2. Let ¢ € GL>(T"). The opemtorf; € L(ImQ ., H(I")) (defined
in (5.1)) is equivalent to the Toeplitz minus Hankel operator Ty— H, € L(H2(T)).

Proof. Let us consider the operators
Ry = (I—Jpr)Pr: Hi(f‘) — ImQ .
1
R2 = §Pp(] - JF> . IIIlQJF — Hi(l“) .
These operators are inverses to one another and a direct computation yields that
_)
ToR, =Ty — Hy
which shows explicitly the equivalence relation between the operators f; and
Ty, — Hy. O

Proposition 5.3. Let ¢ € GL®(T') and ¥(t) = ¢~ '(—t71), t € T. The oper-
— —

ator Ty - ImQ . — HI(T) is invertible if and only if T, - HI(T') — ImQ . is

invertible.

Proof. We will make use of Lemma 5.1 by choosing P, = Q ., P, = Pr, Q1 = Py,

and Qo = Qr. Thus, from Lemma 5.1 we derive that 7_’; is invertible if and only
if Py.L(¢~")Qr is invertible. Multiplying from the left and the right in this last
operator by Jr, we obtain

JrPr. L(¢™ N QrJr = Py JrL(¢™ ") JrPr . (5.2)

Now, to reach the operator <T_¢, we will consider the operator Vr : L*(T') — L3(T),
(Ve f)(t) = f(—t), and use it in (5.2) in the way that:

-
Ve Py JrL(¢™ ) Jp PrVe = Q. YFJFL(QZs_l)JFVI:PF =Ty,

L(¢)
where (t) = ¢~ (—t71). O

We assemble in the next corollary a direct consequence of the last two propo-
sitions.

Corollary 5.4. Let ¢ € GL®(I"). Then the following assertions are equivalent:
(i) Ty — Hy is invertible in L(H2(T)) ,
(i1) 77; is invertible in L(ImQ 5., H3 (T)) ,
(447) E is invertible in L(H2(T),ImQ ), where ¢(t) = ¢~ (—t71).
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Proposition 5.5. Assume that ¢ € GL™®(I") admits a weak odd asymmetric
factorization in L*(T') with index k = 0. Then the following assertions hold:

(i) the operator & = L(¢,")(I + Jr)PrL(¢~") is a well-defined linear
operator acting from X into Xy ,
(22) i;g = Prix, ,
(iii) KerT, = {0} .
Proof. (i) Let f € X; and ¢ = ¢_¢, (with ¢_ and ¢, under the conditions of

Definition 4.1). We will compute &f. First, we write f(t) = (1 —¢7) fi(¢) with
f1 € M. Multiplying both sides of the last equality by ¢~!, we have:

B (t) = (1=t o () A1) -

Hence, we can decompose ¢! f in an unique way:

o= () f(t) = w(t) + pa(t) (5-3)

where u; € t7'H?(T') and p; is a polynomial. From the last equality and
from the assumption that f € X; it also follows that f has the following form:
f(t) = ¢—(t)(ur(t) + p1(t)). Later on we will use this fact. Now, applying the
Riesz projection to (5.3), we will have Pr(¢='f)(t) = pi(t). Hence (&f)(t) =
&7 () (pr(t)+ttpy(t7h)). Since py(t)+¢ ' pi(t~1) vanishes at t = —1, this expres-
sion is (1+¢7!) times a trigonometrical polynomial fy, such that fo(t) = fo(t™1).
Now it is clear that & f belongs to the space Xs.

(ii) Let us take again f € X; and assume the existence of a weak odd asym-
metric factorization of ¢ = ¢_¢, in L*(T') (with index & = 0). From the part (7)
of the proof we know that

f(t) = o-(t)(ur(t) + pa(2)) ,

where u; and p; are as in the formula (5.3). Our aim is to compute 7_’;5 f. We
have already calculated (£ f)(t) = ¢, (t)(p1(t) + ¢ 'p1(¢t7)). From here we have
that

— I—Jr 1~
(Te&)(t) = (PrL(@)L(%)TFfbol(le p1))(1)
= Pr(o-(p+1t7'p1))(t) .
In addition, we need to prove that 7_125 = Prix,. To this end, we need to show
that the following inclusion holds true: ¢_(p; +t 'p1) — f € t 1H(T"). We are

left to note that the last inclusion was already deduced (even in a more general
setting) in [2, Lemma 4.1]. This proves the part (i7) of the proposition.

(iii) For f € Kerf;, we directly have f € Im@) ;. and

Pr(of) =0 (5.4)

Define f_ := ¢f. From the definition of P and (5.4) it follows that f_ €
t~'H?(T'). Consequently, we have

¢:1f— = ¢of )
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and therefore
t(1 =t o= ) f-(t) = (t = D)go(t) f (1) =: (1) - (5.5)

Additionally, we have that (1 — ¢ Y)¢~' € H2(') and tf_ € H2(T'). Then it
follows from (5.5) that ¢» € H!(T'). Moreover, from the last identity in (5.5) we

have @Z = —. In particular, this implies that ¢» = 0 and consequently f =0. U

5.2. Proof of Theorem 3.4. After all the previous auxiliary material, we are
now ready to present the proof of the invertibility criterion for WH .

Proof of Theorem 3.4. Let ¢ € GL®(R). First of all observe that
WH, : 12(R) — [X(R,)

is equivalent to T(p,p) — H(pyp) : HI(I') — HI(T'). Indeed, if we consider the
operator

F'BT(pyp) — Hpop))B'F : L2(R) — L% (R) ,
then a straightforward computation leads to

F'BT(pyp) — Hpop))B'F = F 'B[PrL(Bop)(I — Jr)Pr]B~'F
= F 'BRB 'FF 'BL(Byp)B ' F

Lory LE;)
F'B(I - Jr)B'FF 'BPB™'F
) 17 ’ fg?”:
= Lory FroF (I + J)lory
1 L2(R) — L% (R) . (5.6)

We notice that in the last identities the formulas (4.4), (4.5) and (4.6) were used.
In addition, it is clear that we can drop the last {yr; operator in (5.6) since this
is just the identity operator in L2 (R). So, we have that

F'BTpyy) — Hipy)| B~ F = LeWH,, .

This means that (as announced above) WH,, is equivalent to T\, — H(py) (due
to the fact that ¢ : L*(R;) — L% (R) is an invertible operator, the inverse being
ry : L3 (R) — L*(Ry)). Therefore, WH,, is invertible if and only if T(p,,) — H(Byy)
is invertible.

The next step is then to prove that the invertibility of T( g,y — Hg,,) happens
if and only if Byp admits an odd asymmetric factorization in L*(T") with index
k= 0.

If T Byy) — H(B,y) is invertible, then by Corollary 5.4 it follows that:

(a) T(Byy) is invertible;
(b) T, is also invertible (with ¥(t) = (Bop) {(—t~1)).
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—
From (a), it follows that ImT(p,,) = H3(T). Let us now consider h, € ImQ .

such that T(p,x)ho = 1. In addition, take h_(t) := (Boy)(t)ho(t). From here we
have that h_ € H*(T") and h_ # 0. If defining

fot) = A+t ) ho(t),
fot) = 1+t he(t)

it is readily seen that |1+ ¢|f, € L*(T") and f, is an odd function. Indeed, for all
t € I', it holds true

L) = (T4 Th(t™h) = —(1+1) 1 tho(t) = —(1+t 1) hy(2)

- _fO(t> :
In addition, we obtain the “factorization”
f-=(Bop)fo (5.7)
with
L+t e HAT),  [1+t|f, € L2(T).

From (b), it follows that the corresponding adjoint operator (E) = fi is also

invertible (recalling that ¢(t) = (Boy) ' (—t')). Thus, from the just presented
reasoning, we guarantee the existence of elements f_ ## 0 and f, such that

(1+¢ ") fo e HX (D), 11+t f, € L3g(T) ,

and

F-(t) = (Bow) " (=) ful(1).

Let us now pass to the complex conjugate and make the substitution ¢ — —¢71.

Choosing g_(t) = f_(—t=1) and g,(t) = f,(—t~1), it follows that
(1—t""g- € HX(T), |1 —t|g, € L3ga(T),
and
g-(t) = (Bow) " (t)go(t). (5.8)

Multiplying now the corresponding elements in the identities (5.7) and (5.8),
we obtain g_f_ = g,f,. Moreover, it follows that g_f_ = g,f, =: C' is a nonzero
constant (this can be verified in a similar way as in the proof of the uniqueness
of weak odd asymmetric factorizations in L*(T")).

Now, we put (Bop) = f- = Cg-" and (Bop), = f,' = g,C~'. Hence,

Bop = (Boy)_(Bog),,

and we have shown that Byp admits a weak odd asymmetric factorization in
L*(T) (with index k = 0). Now we have to prove that

& = L((Bow), )(I + Jr)PrL((Bow)~")
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can be extended to a linear bounded operator which acts on L*(T"). From Proposi-
tion 5.5 we have that this & is well-defined. Assertion (ii) of the same proposition
gives the following:

N |
& = (T(BW)) Prix,
—

(recall that T{p,,) is invertible due to the hypothesis on T(p,) — H(pyp)). Ob-
viously, this right hand side can be extended by continuity to a linear bounded
operator acting from L?(T') into Im@Q) . (since that is a restriction of such an op-
erator to the space X7), and hence the present operator & can also be extended
as well.

Let us now assume that Byp admits an odd asymmetric factorization in L?(T")
with index & = 0 (and so the corresponding conditions (i)—(iii) of the Defin-
ition 4.3 are satisfied). By & we will denote the continuous extension of the
operator & = L((Bow), )(I + Jr)PrL((Bop)_'). As far as X, is dense in L*(T),
we have that

—) ~
Tipop)6 = Pr

for operators defined in L?(T"). In particular, this shows that g m2(r) 18 the right

. — . . .
inverse of T(p,,). Moreover, from the above identity we obtain

_ sy~

Tisop) iz ) LBow) = T(Boy) »

and from here we have
—_— [~ s
Tisoe) (ﬁHﬁ(r)Twm -1 ) =0. (5.9)

Recalling now that the kernel of T(p,, is trivial (cf. Proposition 5.5 (4i7)), it
~ — —
follows from (5.9) that & w2 () I(Bop) = 1. Consequently, T(p,,) is invertible and

its inverse is just & H2(T): In such a case, observe that from Corollary 5.4 we
conclude that T(p,,) — H(p,) is also an invertible operator.

Therefore, until now we have proved that WH, is an invertible operator if and
only if Byp admits an odd asymmetric factorization in L*(T') with index k = 0.

In addition, due to Proposition 4.4, we have that Byp admits an odd asymmet-
ric factorization in L?(I') with index k = 0 if and only if B;'(Boy) = ¢ admits
an odd asymmetric factorization in L?(R) with index k = 0.

Putting altogether, we have that WH, is invertible if and only if ¢ admits an
odd asymmetric factorization in L*(R) with index k = 0. O

6. FREDHOLM PROPERTY

In the present section it will be obtained a Fredholm criterion for WH,. Besides
this, other particular results will follow as direct consequences of this Fredholm
criterion.
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Theorem 6.1. Let ¢ € GL™(R). The operator WH,, : L3 (R) — L*(R.) is a
Fredholm operator if and only if ¢ admits an odd asymmetric factorization in
L*(R). Moreover, if WH, is a Fredholm operator, then it holds

dim KerWH , = max{0, -k}, dimKerWH? = max{0,k} , (6.1)
where k is the index of an odd asymmetric factorization of ¢ in L*(R).

Proof. Assume that WH, is a Fredholm operator with index —k. We will start
by using the classical Wiener-Hopf technique to built a corresponding auxiliary
invertible operator. For this purpose, let us consider the auxiliary function ¢ (z) =

(i—jrz) " (). It is well-known that an Hankel operator with a continuous symbol

is compact. Therefore (since for k € Z the element (=% with ((z) := (i—er) is
continuous in the compactified real line), by employing formula (2.1), it follows

that
WHy = WH-xb¢(WH , + K1 , (6.2)

where K is a compact operator. In addition, let us also observe that WH—x =
We-r + K, (where K is a compact operator). Thus, from the Fredholm theory
of Wiener-Hopf operators we conclude that WH -« is a Fredholm operator with
Fredholm index k. Consequently, from identity (6.2) we conclude that WH, is a
Fredholm operator with index zero.

Let us now consider the Lebesgue measure zero set

Vy ={zx e R:¢Y(zx) =¢(—z) =0}
(note that ¢» € GL>*(R)), and the corresponding characteristic function

1, x € Vy;
XW(””):{ 0, :chVZ.

Arguing in a similar way as in the Toeplitz plus Hankel case (see [2]), it follows
that

KerWH,, = ImWH,, ~or KerWH;, = {0}, (6.3)

where = denotes the existence of an isomorphically isomorphism between the
related sets. Since V,;, has zero Lebesgue measure, and hence xvy, = 0 for almost
all x € R, it follows that ImWH,, = {0}. This combined with (6.3) leads to
KerWH,, = {0} or KerWH;, = {0}. Thus KertWH, = {0} or KertWH;, = {0}.
This means that WH,, is invertible (since we have already previously concluded
that WH, is a Fredholm operator with index zero).

Now, employing Theorem 3.4 we deduce that 1 admits an odd asymmetric
factorization in L?(R) with index zero. Hence ¢ admits an odd asymmetric
factorization in L?(R) with index k.

Now we will proceed with the reverse implication. Assume that ¢ admits an
odd asymmetric factorization in L?*(R) with index k. Consequently, we have a
corresponding operator decomposition:

WH, = W, (GWHloWH,, + K |
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where K is a compact operator. Thus, WH,, is a Fredholm operator if and only
if W,_loWHloWH,, is a Fredholm operator. However, the latter operator is
equivalent to WH ¢«, because £y, W,_ and WH,, are invertible operators. There-
fore, as above, we simply have to notice that WH ¢« = Wer + Her is a Fredholm
operator with index —k.

Let us now turn to formulas (6.1). Under the Fredholm property we already
know that WH, has a Fredholm index equal to —k. Thus, combining this fact
with (6.3) it directly follows the presented formulas for the defect numbers. [

As a direct consequence of the last result we collect the following interesting
conclusions.

Corollary 6.2. If WH, is a Fredholm operator, then WH , has a trivial kernel
or a trivial cokernel.

Corollary 6.3. The Wiener-Hopf plus Hankel operator WH , is invertible if and
only if WH , is Fredholm with index zero.

In addition, it is also clear that Theorem 6.1 implies Theorem 3.4 but we would
like to emphasize that to prove Theorem 6.1 we needed to use Theorem 3.4.
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