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Fredholm operators

For Banach spaces X and Y, let B(X, Y) and (X, Y) denote the
sets of bounded linear and compact linear operators from X to Y,
respectively.

For Ae B(X,Y), let
KerA:={x € X| Ax =0}, RanA:={Ax| x € X}.
The operator A is called Fredholm if
dim Ker A < 400, dim(Y/RanA) < +o0,
in which case Ran A is closed, and the index of A is finite
—00 < Ind A :=dim Ker A—dim(Y/RanA) < +oc.

We will denote by (X, Y) the set of all Fredholm operators in
B(X,Y).



Forany A € (X, Y), there exists e > 0 such that A+ C + K € (X, Y) for any
C € B(X,Y) with ||C|| < e and any K € K(X, Y). Moreover

Ind(A+ C+ K) =Ind A

Hence, for any continuous mapping
[0,1] 5 t— At € (X, Y),

one has Ind Ay = Ind A;.

Forany A€ &(X,Y)and B € (Y, Z), one has BA € (X, Z) and
Ind(BA) = Ind B + Ind A.

Suppose A € B(X, Y) and B € B(Y, Z) are such that BA € (X, Z). If one of Aand B
is Fredholm, then the other one is also Fredholm.



A € B(X,Y) is Fredholm if and only if there exists R € B(Y, X),
usually called a regulariser of A, such that

RA— Ix € K(X) :=K(X,X), AR-Iy e K(Y).
So, A € B(X) := B(X, X) is Fredholm: A € ¢(X) := (X, X), if and

only if the corresponding equivalence class [A] is invertible in the
Calkin algebra B(X)/K(X).

A € B(X, Y) is Fredholm if and only if A* € B(Y*, X*) is Fredholm. In
this case,

dim Ker A* =dim(Y/Ran A), dim(X*/RanA*) =dim KerA,

and hence Ind A* = — Ind A.



The spectrum and the essential spectrum

The spectrum of A € B(X) is the set

Spec(A) :={A e C: A— Al is notinvertible}.
The essential spectrum of A € B(X) is the set

Spec.(A) :={A e C: A— A\l is not Fredholm}.

Spec,(A) is the spectrum of the equivalence class [A] in B(X)/K(X),
and
Spec,(A+ T) = Spec.(A), VT € K(X).



Lebesgue and Hardy spaces

For 1 < p < o, let LP = LP(T) be the standard Lebesgue space on the unit circle T in
the complex plane C, equipped with the norm

L AP /P
flo:= (5 [ IHIpas) 1 <p<oc,

and .
[[flloo := esssup |f(€"?)].
0€l0,27]

For f e L, let

- 1 fm
fni= —
n 2r J_»

be the Fourier coefficients of f.

f(eYe= ™ do, ne 1z,

For 1 < p < o, the classical Hardy spaces HP = HP(T) are defined by

HP(T) := {f € LP(T) : f,=0 forall n<O0}.



Riesz projection

The Cauchy singular integral operator C and the Riesz projection P
are defined as follows

cnH() = 7:I,p.v./T:(_T)t dr, P:= %(/—i—C)7

where f € L' and the integral is understood in the Cauchy principal
value sense.

P( f: ?,,t”) = i?,,t”.
n=—o0 n=0

P is bounded on LP iff 1 < p < co. In this case, P is a projection of LP
onto HP.



Toeplitz operators

Toeplitz operator with symbol a € L>(T):
T(a): HP(T) — HP(T), 1 < p < oo,
T(a)f = P(af), fe HP(T).

Clearly, T(a) — M= T(a— X) forall A € C.

T(a) : HP(T) — HP(T) has the same invertibility / Fredholm
properties as the singular integral operator

aP+ Q: LP(T) — LP(T),

where Q := | — P is the complementary projection.



Let X be a Banach space, P € B(X) be a projection (i.e. P> = P),and Q := | — P be
the complementary projection.

Let X, := Ran(P) = PX, X_ := Ran(Q) = QX. Then X = X; & X_.
For any A € B(X), we have
AP+ Q: X=X = AP+ Q: Xy & X- = Xy & X_
_ (P(AP+ Qlx. PAP+ o)|x_) X Xt

QAP+ Qlx. QAP+ QIx ) & T
:(PA\X‘ 0>.)é§%)§§
QAlx, x_ X X

So,

Ker(AP + Q) = {x — QAx| x € Ker(PA|x, )},
Ran(AP 4 Q) = Ran(PA|x, ) © X_.



It is natural to consider more general singular integral operators
aP + bQ : LP(T) — LP(T), (%)
where a, b € L>(T).

Since P+ Q = I, we have aP + bQ — Al = (a— AP+ (b— X)Qforall X € C.

If (+) is Fredholm, then 1,1 € L°°(T) (see, e.g., A. Béttcher and B. Silbermann,
Remark 3 to Theorem 2.30, or |. Gohberg and N. Krupnik, Vol. Il, Ch. 7, Sect. 4,
Theorem 4.1).

If % € L°>°(T), then the multiplication operator b/ : LP(T) — LP(T) is invertible,
(b~ =%l and

aP+bO:b<§P+O).
So, for many purposes, it is sufficient to consider operators cP + Q : LP(T) — LP(T),
¢ € L*°(T), i.e. Toeplitz operators T(c) : HP(T) — HP(T).
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A. Béttcher and B. Silbermann, Analysis of Toeplitz operators,
Springer-Verlag, Berlin, 2006.

I. Gohberg and N. Krupnik, One-dimensional linear singular integral
equations, Vol. | & Il, Birkhduser Verlag, Basel, 1992.
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Toeplitz operators are usually defined over the unit circle T as above or over the real
line R, while one-dimensional singular integral operators are often considered over
more general curves ' C C: aPr + bQy,
1 1
Pr=-(+¢C), Q=I1-Pr= E(/—Cr),

T2
Crh(t) = %p.v./ ()

rm—t

dr, ter,

where f € L'(I') and the integral is understood in the Cauchy principal value sense.

If I is a smooth Jordan curve, then spectral / Fredholm properties of singular integral
operators over I are the same as those of their counterparts over T. If I is less regular,
then the essential spectrum of aPr + Qr can depend on the the properties of I'.

A. Bottcher and VY.1. Karlovich, Carleson curves, Muckenhoupt weights, and Toeplitz
operators, Birkhauser Verlag, Basel, 1997.

We will not discuss this part of the theory.
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Let I' be a piecewise smooth Jordan curve and Dt ( D™) be the
bounded (the unbounded) component of C\ T.

The Riemann—Hilbert problem (the linear conjugation problem):
given functions b, g : I — C, find analytic functions ®* : D* — C
whose (appropriately understood) boundary values at I' satisfy

() =b(t)d(t)+9g(t), teT, (R-H)
and
7 (00) := ‘zlligﬁoo o (z)=0. (00)
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According to the Cauchy integral formula,

1 <D+(T)d {¢+(z), ze Dt
T:

2ni Jr T— 2z 0, zeD,
i_ o (1) dr — 0, ze D,
2ri Jr T2 ¢ (2), zeD".

Let o(7) := T (1) — (), 7 €T. Then

A [eln) , _]oT(2), zeD,
yrors,

2ni JrT7—2 ¢ (2), zeD".
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Substituting the above formula into (R-H) and using the
Sokhotski—Plemelj theorem (Polish: Sochocki):

A fe(r) 1
Dt>zst 27” rT_ZdT_ 2(:tg0(t)+(Cr<p)(t)), te r7

we reduce the Riemann—Hilbert problem to the singular integral
equation
(Pr + er)(p =4dg.

The above reduction can be made rigorous for functions in suitable
function spaces (e.g., Hardy—Smirnov spaces).

The Riemann—Hilbert problem and Toeplitz operators are closely
related to each other.
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Back to Toeplitz operators

Spectral / Fredholm properties of Toeplitz operators depend on the
underlying Hardy space, and going beyond the Hilbert space setting
of H? has its advantages.

Example: Let a(e’) = +1 for 60 € (0, 7). We will see later that the

only value of p € (1, 00) for which T(a) : HP(T) — HP(T) is not
Fredholmis p = 2.

16



Weighted spaces

Toeplitz operators are often considered on weighted Hardy spaces.

For 1 < p < oo and a measurable function w > 0, let
LP(w):={f: wfelP} and |/f||ww) = ||Wf|w.
Suppose w € LPand 1/w € LP, p' = 227. Then

L= C [P(w) C L.

The weighted Hardy space:

HP(w) = {fe [P(w) : f,=0 forall n<O0}.

17



Muckenhoupt weights

Let 1 < p < . The Riesz projection is bounded on LP(w) if and only

if weA,,i.e.
sop (i [weeoian)” (o [w ()|dr|)1' <o,

where | C T is an arbitrary arc, |/| denotes its length (R. Hunt, B.
Muckenhoupt, and R. Wheeden, 1973).

Khvedelidze weights: Let w(t) := [[[_ |t — ]|, t € T, where

ti,..., 1, € T are pairwise distinct, and p1,...,un € R. Thenw € A
if and only if —%<u,-<§ forj=1,...,n

18



w € A if and only if w = e¥tV, where u and v are real-valued
functions in L>°, and || v|| < 7/4 (H. Helson and G. Szegb, 1960).

Here, v denotes the Hilbert transform (the harmonic conjugate) of v:

v (e’”) = (Hv) (e’”) = 217 p.V. /_Tr v (ef9> cot 2=

Hv = —iCv+iV.

4 do, o€ [—m, ],

w e A, N Ay if (1.B. Simonenko, 1964) and only if (N.Ya. Krupnik,
1978) w = etV where u and v are real-valued functions in L*°, and
Voo < m/(2max{p,p'}).
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Toeplitz operators have been studied on Hardy spaces built upon a
variety of function spaces, including Orlicz, Lorentz, Marcinkiewicz,
Morrey, and variable Lebesgue spaces.

It seems natural to try to develop a unified theory of Toeplitz operators
on Hardy spaces built upon general Banach function spaces.
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Banach function norms

L% — the set of measurable functions on T whose values lie in [0, oc].

A mapping p : Lﬂ — [0, <] is called a Banach function norm if, for all functions
f,g,fn € LO+ with n € N, and for all constants a > 0, the following properties hold:

(A1) p(f) =0« f=0ae., p(af) = ap(f), p(f+9) < p(f) + p(g),
(A2) 0<g<fae = p(g) <p(f) (thelattice property),

(A3) 0<fatfae. = p(f) T p(f) (the Fatou property),

(A4) p(1) < oo,

(A5)

AS / #(e®) do < Cp(f)

with a constant C € (0, co) that may depend on p, but is independent of f.
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Banach function spaces

Identifying functions that are equal a.e., one gets a Banach function space

X := {f: T — C measurable | ||f||x := p(|f]) < oo} .
(Ad), (A5) = L°°(T)C X C LY(T).

The norm

I g(e"’)f(e"’)de' il <1

generates the associate (Kéthe dual) Banach function space X’. The associate space
X' can be viewed as a subspace of the Banach dual space X*.

lgllxr = sup {

@ X’ = X*if and only if X is separable. X is reflexive if and only if both X and X’
are separable.

° X' =X.
@ (L>>(T)) = L'(T).
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Abstract Hardy space built upon the space X

H[X] = H[IX](T) :={ge X : g(n)=0 forall n<O0}.

Let D be the unitdiscin C, D := {¢ € C| [¢| < 1}. Let H[X](D) be the Hardy space
over D, which consist of all analytic functions f : D — C such that

Ifllxy == sup [If(r-)lIx(r) < oo
0<r<

Since X C L', each f € H[X](D) C H‘. has a nontangential limit at almost every
e'? ¢ T. Let’s denote this limit by f*(e'?). Then f* ¢ H[X](T), 11 xcry < 1fllax (o)
and the mapping

HIX](D) > f — f* € H[X](T) (BV)
is injective.
If X = LP or, more generally, X = LP(w) with w € Ap, then the mapping (BV) is
surjective, and one can identify H[X](D) with H[X](T). However, there are weights w
for which (BV) with X = LP(w) is not surjective (M. Rosenblum, 1962).
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Toeplitz operators on abstract Hardy spaces

From now on, we will aways assume that the Riesz projection P is
bounded on X.

In this case, P projects X onto H[X], and one can define the Toeplitz
operator T(a) € B(H[X]) with symbol a € L> as above:

T(a)f = P(af), fe HIX].

Clearly,
I T(a)llsHx < IIPllseollallis-
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For fe X and g € X', put

_ VT oo
(f,9) = or | f(e”)g(e"?) do.

If Pis bounded on X, it is bounded on X', ||P||zHix) = [IPll(Hix)»
and, forall f e Xand he X/,

(Pf, h) = (Pf, Ph) = (f, Ph),
(Pf,Qh) = 0 = (Qf, Ph)

(O. Karlovych & ES, 2023).
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Let ex(z) :=z¥, ze€ C, ke Z.

Letac L. Then

(T(a)ej, ex) = (P(ae)), ex) = P(ae;), = (ae)),
=ac; foral j k>0.

So, T(a) has the following matrix representation

ap /3\_1 5_2 /3\_3
a a a1 ao
a a da aq
a a a

)
. O
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Brown-Halmos Theorem

Theorem (A. Karlovich & ES, 2019)

Let X be a separable Banach function space and let the Riesz
projection P be bounded on X. If A € B(H[X]) and there is a
sequence (ap)nez of complex numbers such that

(Aejex) = ax; forall j k>0,

then there exists a function a € L> such that A = T(a) and a, = a,
for all n € Z. Moreover,

lall < [IT(a)llzHixy) < 1Pl llallLes-
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A very short sketch of the proof.

Let by := e_pAep € X, n > 0. Using the Banach-Alaoglu theorem, one can prove the
existence of a subsequence such that, for some a € X, one has

kimoo<bnk,ej> = (a,e;) forall jeZ

On the other hand, for nx +j > 0,
(b, €j) = (e_n,Aen,,€)) = (Aen,,en 4j) = &
Then one shows that ||al||z(xy < [|Alls(Hix]) < oo, and hence a € L.
Finally,
(ae,-)k = (aej, ex) = (a, ek_,> = &-—j = (Aej,ex) = (Ae,-)k forall j,k>0

implies, by the uniqueness theorem for Fourier series, that P(ae;) = Ae; for all j > 0.
Since X is separable, the closed linear span of {e;},>¢ is equal to H[X], and one
concludes that T(a) = A. O

o’
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Discrete Toeplitz operators

Let (an)nez be sequence of complex numbers. For a Banach
sequence space X(Z.) (e.g., for ¢ or for a weighted ¢°(w)), one can

consider the discrete Toeplitz operator

da 4d-1 4a-o a-s
a aop a1 da-o .

A=la a a a-1 -—|:X(2y)— X(Zy),
as ao a1 ao s

ez, ), Zak_, i forall k>0.

We will not discuss this part of the theory.
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Let a, b € L°°(T). In general, T(a)T(b) # T(ab), butif a € H>*(T) or b € H>*(T),
then the operators T(a), T(b) € B(H[X]) satisfy the equality

T(a)T(b) = T(ab).

Forallu € H[X] and v € H[X'],
(T(a)u,v) = (u, T(a) V)
(O. Karlovych & ES, 2023).

If X is separable, then X’ = X*, and T (@) : H[X'] — H[X’] can be identified with the
adjoint of the operator T(a) : H[X] — H[X]. This is not the case if X is non-separable.
Nevertheless, one has the following result.

Theorem (O. Karlovych & ES, 20257?)

T(a) : HX] — H[X] is Fredholm if and only if T (@) : H[X'] — H[X'] is Fredholm.
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Coburn’s lemma

Theorem (L.A. Coburn, 1966)

If T(a) is a non-zero Toeplitz operator on H?, then

Ker T(a) = {0} or KerT(a)={0}.

This result remains true for HP with 1 < p < oo, and it can be rephrased as follows.

Theorem (I.B. Simonenko, 1968)

Ifa € L> \ {0}, then the Toeplitz operator T(a) has a trivial kernel or a dense range on
each Hardy space HP with1 < p < oo.

Corollary (Important!)

Letae L> \ {0} and T(a) : HP — HP be Fredholm. Then T(a) has a trivial kernel or
its range is equal to HP. Hence, T(a) is left-invertible if Ind T(a) < 0, right-invertible if
Ind T(a) > 0, and invertible if Ind T(a) = 0.
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Coburn’s lemma in its original form can be extended to abstract
Hardy spaces H[X].

Theorem (O. Karlovych & ES, 2023)

Ifa e L>\ {0}, then the kernel of the Toeplitz operator
T(a) : H[X] — HI[X] or the kernel of the Toeplitz operator
T (@) : HIX'] — H[X'] is trivial.

A short sketch of the proof.

Suppose there exist u € H[X] and v € H[X’] be such that T(a)u =0and T (a) v = 0.
Then one can show that all Fourier coefficients of g := auv € L' are equal to 0. Hence
g = 0 a.e. Since a # 0, the product uv is equal to 0 on a set of positive measure. Then
at least one of the functions u € H' and v € H' is equal to 0 on a set of positive

measure and hence a.e. due to the uniqueness theorem for H' functions. a
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The second form of Coburn’s lemma can be extended to H[X] if X is separable, in
which case T (@) : H[X'] — H[X'] is the adjoint operator of T(a) : H[X] — H[X], but it
might fail if X is non-separable.

The weak LP-space (the Marcinkiewicz space) LP>>°, 1 < p < oo consists of all
measurable a.e. finite functions f : T — C such that

1
[fllp,o0 := sup (WP|{t € T : |f(t)] > A})"/P < oo.
A>0
Il - llp,00 is @ quasinorm but not a norm. It is equivalent to the norm

141
IFlpoey i= sup [E775 [ 17(0) Il
|E|>0 E

LP->° is non-separable, and P is bounded on LP-°.
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It is well known that elements of the kernel of a Toeplitz operator with piecewise
continuous symbol may have power singularities at the points of discontinuity of the
symbol. For any ¢o € T, the function ¢(¢) := |¢ — ¢o| /P does not belong to LP(T),
1 < p < oo, but it does belong to LP->°(T). So, it seems natural to consider Toeplitz
operators on the weak Hardy (Hardy-Marcinkiewicz) spaces HP:>°(T) = H[LP->°(T)].

Theorem (A. Karlovich & ES, 2022)

Let1 < p < oo. Then there exists a function a € C(T) \ {0} depending on p such that
a(—1) = 0 and the following equalities hold for the kernel and the closure of the range
of the Toeplitz operator T(a) acting on H[LP-*°]:

dim (Ker T(a)) = oo, dim (H[Lp’oo]/C|OSH[Lp,<>o] (RanT(a))) = oo.
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The range Ran T(a) of the Toeplitz operator in the previous example is not closed.
Unfortunately, we don’t know the answer to the following question.

Does there exists a function a € L>°(T) \ {0} such that the range of the Toeplitz
operator T(a) acting on H[LP->°] is closed, and

dim (Ker T(a)) > 0, dim (H[L”*°]/Ran T(a)) > 07

Fortunately, the above difficulty does not arise for Fredholm Toeplitz operators, and we
still have the following result.

Theorem (O. Karlovych & ES, 20257?)

Leta € L> and T(a) : H[X] — H[X] be Fredholm. Then T(a) has a trivial kernel or its
range is equal to H[X]. Hence, T(a) is left-invertible if Ind T(a) < 0, right-invertible if
Ind T(a) > 0, and invertible if Ind T(a) = 0.
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Letae L=, T(a) : H[X] — H[X] be Fredholm and let n:= Ind T(a).
Then T(epa) is invertible.

Indeed,
) T(a)T(e,) if n>0,
T(ena) = {T(e,,)T(a) if n<o.

It is easy to see that Ind(T(e,) : H[X] — H[X]) = —n. Hence,
Ind T(epa) =Ind T(a) +Ind T(e,) =n—n=0.

So, T(epa) is invertible.
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Auxiliary results from the theory of HP spaces

Let f € HP(D) \ {0}, p > 0, and let z, z, ... be its zeros repeated
according to their multiplicity. Then Y77, (1 — |z4|) < .

For any sequence of (not necessarily distinct) points zy, 25, ... in D
such that > (1 — |z,|) < oo, the Blaschke product

oo

o |zn| zn— 2z
B(z):=]] T |z| < 1
n=1

converges uniformly in each disc |z| < r < 1. Here, we adopt the
convention that 2! = 1 when z, = 0.
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Let g: T — [0, o) be a measurable function such that log g € L'.
Consider the outer function

T A6 )
G(z) :=exp (2177/ 2/.9715 log g(e”) dH) , zeD.

The functions G*' are holomorphic in D, their nontangential limits at
T exist a.e. and satisfy |G|*' = g*' a.e. on T.

If g*' € L', one has G*' € H'(D) and G*' € H'(T).

If, additionally, g € Y (or g~' € Y) for some Banach function space
Y = Y(T), then Ge YNH'(T)=H[Y] (G € H[Y], respectively).
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Canonical factorisation in HP spaces

If f € HP(D) \ {0}, p > 0, then log |f| € L.

Every f € HP(D) \ {0}, p > 0 admits a unique factorisation f = cBSG, where ¢ € C,
|e| = 1, Bis a Blaschke product, S is a singular inner function given by the formula

™ ei@ +z
- ———du(0) |, zeD,
exp< | S au ))
with a finite positive Borel measure p on [—, 7], singular with respect to the Lebesgue
measure, and G is the outer function with g = |f|.

|B(2)| <1,|S(z)] < 1forallze D, and |B(t)] =1 =|S(t)| for almost all t € T.

A holomorphic function u : D — C is called an inner function if |u(z)| < 1 forall z € D
and |u(t)| = 1 for almost all t € T. Every inner function admits a unique factorisation
f = cBS, where ¢ € C, |c| = 1, Bis a Blaschke product, and S is a singular inner
function.
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The Hartman-Wintner-Simonenko theorem

Theorem (O. Karlovych & ES, 2023)

Ifae L>\ {0} and the range Ran T(a) of the Toeplitz operator
T(a) : H[X] — H[X] is closed, then 1 € L>.

The following corollary has an easier direct proof.

Ifae L\ {0} and the Toeplitz operator T(a) : H[X] — H[X] is
Fredholm, then 1 € L.
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Proof of the corollary.

Suppose the contrary: ‘5 ¢ L>°. Then for every € > 0, there exists a
set E. C T of positive measure such that |a] < e a.e. in E.. We can
assume that [T\ E.| > 0. Let a. := In\g. a Thena. =0a.e. in E,
and

la— alli~ = |1z.a]~ <e.

Hence

I7(a) = T(a)llsrix) < [IPllsexlla—acll= < [IPllsx)e-

If £ is sufficiently small, the above estimate implies that T(a.) is
Fredholm. So, its range is closed, which contradicts the following
lemma and completes the proof. O

4
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Ifae L[>\ {0} and a= 0 on a set of positive measure, then the
range of T(a) : H[X] — H[X] is not closed.
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Sketch of the proof.
Let E C T be such that |[E| >0and a=0 a.e. in E.

Let u € H[X] be such that T(a)u = 0, i.e. P(au) = 0. Then (au), = 0 for n > 0.
Hence, (au), = 0 for n < 0. So, au € H[X] C H'. Since au = 0 a.e. in E, it follows
from the uniqueness theorem that au = 0 a.e. in T. Since a # 0, the function

u € H[X] c H" has to be equal to 0 on a set of positive measure. Using the
uniqueness theorem again, one gets u = 0. Hence, Ker T(a) = {0}.

We know from the above that there exists u, € H> C H[X] satisfying
|UI7‘ =1g+ 1n HT\E a.e., n € N. Then

lunllHpxg = llunllx = lILellx > 0,
1 1
IT(@unlbasg = PGl = [P (a5 1me )| < 7 IPlscolalle 1zl

1T (a)unllHpxq <1 1Pl Bxyllalles [ Loy ellx
lunllppg  — n ILellx

Then the range of T(a) : H[X] — H[X] is not closed. O

—0 as n— oco.
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A number ¢ € C is called a (left, right) cluster value of a measurable functiona: T — C
atapointt e Tif1/(a— c) ¢ L°>°(W) for every neighbourhood (left
semi-neighbourhood or right semi-neighbourhood, respectively) W C T of t. Cluster
values are invariant under changes of the function on measure zero sets. We denote
the set of all left (right) cluster values of a at t by a(t — 0) (by a(t + 0)), and use also
the following notation a(t) = a(t — 0) U a(t + 0), a(E) = Uice a(t) for E C T. ltis
easy to see that a(t — 0), a(f+ 0), a(t) and a(T) are closed sets. Hence they are all
compact if a € L°(T).

The above results imply the following theorem.

Letae L. Then

a(T) C Spec, (T(a) : H[X] — H[X]).
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Leta e C(T). Then

Spec, (T(a) : H[X] — H[X]) = a(T).

It follows from the previous theorem that we only need to prove the inclusion
Spec, (T(a) : H[X] — H[X]) C a(T).
Take any A ¢ a(T). Then . € C(T), and it follows from the lemma below that

1

(T(a)—)\I)T(m> = T(a—)\)T( !

ﬁ) =1+Ky, KyeK(HX]),

U (ﬁ) (T(a) = M) = I+ K, Kz € K(H[X]).

So, T (alﬁ) is a regulariser of T(a) — Al. Hence T(a) — Al is Fredholm, i.e.
A & Spec, T(a). O
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Lemma

Letb € C(T). Then
[P, bl] = Pbl — bP € K(X).
Hence,
T(bc) — T(b)T(c), T(bc)— T(c)T(b) € K(H[X])

for any ¢ € L>(T).
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Proof.

Since P = 1(I+C), itis sufficient to prove that [C, bl] € K(X).
Let b = ek, k € N. Then

1 7k — tYf(r 1= i
(IC, exNF)(t) = *I.p.V. (771()de —’Z /Tk_1_lf(T) dr.
™ T T miz Jr
So, [C, ex/] is a finite rank operator. Similarly,
1 k _ .k k=1 )
(IC,e_kN)(t) = — p.v./ oD g, o L tl—k/T—Hf(T) dr,
il T TREK(T —t) ™ T

and [C,e_/] is also a finite rank operator. Hence [C, bl] € K(X) for any trigonometric
polynomial b. Since trigonometric polynomials are dense in C(T), we conclude that
[C, bl € K(X) for any b € C(T). O

v
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Notation: For any Banach algebra B, we will denote the set of all
invertible elements by G5.

Our next aim is to find the Fredholm index of T(a) : H[X] — H[X] with
ae GC(T).

Let b € C(]0, 2r]) be defined by b(x) := a(e*). Then b has a
continuous argument ¢ € C([0,2x]): b = |ble"’. Since
b(0) = a(1) = b(2x), one has 8(27) = 6(0) + 2rm, m € Z. The
number
6(2r) — 6(0)
2m
is called the index (winding number) of a.

inda := €7
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The index ind a does not depend on the choice of a continuous
branch 6 of the argument. If d € C(T) is such that
|[d(t) — a(t)| < |a(t)| for all t € T, then d € GC(T), and

indd = ind a.
If ai, a» € GC(T), then
ind(a1 32) =ind @y + ind a».

(For proofs of the above results, see, e.g., R.H. Dyer and D.E.
Edmunds, From Real to Complex Analysis, Theorems 3.4.18-3.4.20,
3.4.26.)
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We say that ap, a; € GC(T) are homotopic in GC(T) if there exists a continuous
mapping
[0,1] 5 s+ as € GC(T).

It follows from above that, in this case, ind a; = ind ap.

Take any a € GC(T) and set x := ind a. It is easy to see that the mapping

[o, 1]95»—> 5 € GC(T)

is continuous, so a and Tal | are homotopic in GC(T). Hence, ind |a‘ =K.

It is also easy to see that inde,, = . Then Tal ‘ and e,; are homotopic in GC(T) (see,
e.g., Tej Bahadur Singh, Introduction to topology, Theorem 14.3.8).

So, a and e, are homotopic in GC(T).

50



Let
[0,1] 2 s~ as € GC(T)

be a continuous mapping such that ap = a and a; = e,. Then
[0,1] 2 s~ T(as) € ®(H[X])
is also continuous, and

Ind T(a) = Ind T(e.).

Since Ind(T(e,) : H[X] — H[X]) = —k, one gets
Ind(T(a)) = —inda.

This formula is an ancestor of the celebrated Atiyah—Singer index
theorem.
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Putting the above results together, we get the following theorem, which goes back to
B.V. Khvedelidze (1956, 1958), |. Gohberg (1958, 1964), and I.B. Simonenko (1959).

Leta € C(T). The operator T(a) : H[X] — H[X] is Fredholm if and only if a(t) # O for
allt € T, in which case

Ind(T(a)) = —inda.

Moreover, T(a) is left-invertible if Ind T(a) < 0, right-invertible if Ind T(a) > 0, and
invertible if Ind T(a) = 0.

Leta € C(T). Then

Spec (T(a) : H[X] — H[X]) = a(T) U {A € C\ a(T)| ind(a— ) # 0}.
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It follows from the above that if a € C(T), then Spec, T(a) and
Spec T(a) are connected.

Figure: The red curve is a(T) = Spec, T(a). The rest of Spec T(a) is coloured in blue,
where Ind(T(a) — Al) = —1, and in green, where Ind(T(a) — A\/) = —2.
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Back to the general case a € L*°(T)

P.R. Halmos (1963): Is the spectrum of a Toeplitz operator
necessarily connected?

H. Widom (1964 for p = 2 and 1966 for any p € (1, )):
Spec (T(a) : H? — HP) is connected.

R.G. Douglas (1972): Spec, (T(a) : H? — H?) is connected.
A.Yu. Karlovich and I.M. Spitkovsky (2009): Let 1 < p < oo and
w € Ap. Then Spec, (T(a) : HP(w) — HP(w)) is connected.

We expect Spec, (T(a) : H[X] — H[X]) to be connected in the
general case (possibly under additional restrictions on X, like
separability or reflexivity). This would imply that

Spec (T(a) : H[X] — H[X]) is also connected. —»
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We know from the above (Coburn’s lemma) that T(a) is invertible if
and only if it is Fredholm and its index is equal to 0. Hence, Spec T(a)
is the disjoint union of the closed set Spec, T(a) and the set

{N e C| T(a) — Al is Fredholm and IndT(a) # 0}.

It follows from the stability of the Fredholm properties of an operator
under small perturbations that the latter set is open. So, the boundary
of the closed set Spec T(a) is a subset of Spec, T(a). Hence Spec T(a)
is connected if Spec, T(a) is. Indeed, any disconnection of Spec T(a)
would have been a disconnection of its boundary and of Spec, T(a).
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Reminder: Letac L. If T(a) : H[X] — H[X] is Fredholm, then
ac GL*>.

Theorem

Leta e GL*>. Then T(a) : H[X] — H[X] is invertible (Fredholm) if and
only if T(:%) : H[X] — H[X] is invertible (Fredholm, respectively), and

|al

dim Ker T(a) = dim Ker T <%> )
dim (H[X]/ Ran T(a)) = dim (H[X]/Ran T (%) ).
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Proof.

We know that there exists G € H* such that |G| = |a|'/? a.e. and
& € H*. Then GG = |4| a.e., and

T(@)=T(G)T <|Z|> T(G).

It is left to note that T (@) and T(G) are invertible:

(T(@))f1 — 7 (;) , (T(G) " = T(é) .
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For a measurable function w > 0, the weighted space X(w) consists
of all measurable functions f: T — C such that fw € X. We equip it
with the norm ||f||xw) = ||fw|x. If w € X and 1/w € X', then X(w) is
a Banach function space, whose associate space is X'(1/w).

Let

H-[X]:=={geX: g(n)=0 forall n>0}
HY[X]:={geX: g(n)=0 forall n>0}=H_[X]aC.

Then Q = | — P is a projection of X onto H_[X], and P(H_[X]) = {0}.
Also, g € H° [X] if and only if g € H[X].
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Simonenko’s factorisation theorem

Definition

A function a € GL*°(T) is said to admit a Wiener-Hopf factorisation in X if it can be

represented in the form
a=a-eya;, (WH)

where k € Z,
a_ cH [X], a_'eHY[X], a; € H[X], a'e€HIX],
and P is bounded on X(1/|ay|).

Theorem (O. Karlovych & ES, 20257?)

Leta € L>°(T). Then T(a) : H[X] — H[X] is Fredholm if and only if a € GL*>°(T) and
a admits a Wiener-Hopf factorisation in X, in which case Ind(T(a)) = —« (see (WHf)).
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D. E. Sarason (1967): C + H* is a closed subalgebra of L.
The set of functions e_ph with h € H> and n € Z isdense in C + H*.

R. G. Douglas (1968): a € C + H* is invertible in C + H*° if and only if there exist
d,€ > 0 such that

‘é (re"‘9>’ >e¢ foral re(1—-6,1),0¢[-n ],

where 2 is the harmonic extension of a to D given by the Poisson integral:

a <re’9) = 21—” :; T 2rc:s(9r— e a(elv> dep.

If a= bg, where b € GC(T) and g € GH*°(T), then
indar = ind b

for all sufficiently large r € (0, 1). Here, ar (€/) := @ (re'?).
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Letd e L~, ae C+ H*, a= b+ h,where b € C(T) and
h € H>(T). Since [P, bl] € K(X), one has

T(d)T(a) = T(d)(T(b) + T(h)) = T(d)T(b) + T(d)T(h)
=T(db)+ K+ T(dh)=T(d(b+ h)) + K = T(da) + K,

where K € K(H[X]).

Ifae G(C+ H>), then T(a) : H[X] — H[X] is Fredholm.

Since 1 € C+ H>, it follows from the above that T (1) is a
regulariser of T(a).
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Theorem

Let a € H>(T) \ {0}. Then the following holds for the operator T(a) : H[X] — H[X].
@ Ker T(a) = {0}.
@ T7(a) is invertible if and only if a € GH>(T).2

@ 7(a) is Fredholm if and only if a = bg, where b is a finite Blaschke product and
g € GH*>(T).

aThis result goes back to A. Wintner (1929).

Proof.

1. Forany f € Ker T(a), one has af = T(a)f = 0. Since a # 0, the function
f € H[X] C H' has to be equal to 0 on a set of positive measure. Then f = 0 due to
the uniqueness theorem.

| A\

2. If ‘5 € H>,then T (‘5) is the inverse of T(a). Conversely, if T(a) is invertible, then
‘5 € L*° (due to the Hartman-Wintner-Simonenko theorem), and there exists f € H[X]
such that af = T(a)f = 1. Hence, 1 = f € H[X] N L= = H>.
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Proof (continued).

3. Ifa= bg, where b is a finite Blaschke product and g € GH>°(T), then 1b € C(T)
and 1 = big b3 € C+ H>. Hence T(a) is Fredholm due to the previous lemma.
Conversely, suppose T(a) is Fredholm. Then 1 3 € L>° and

n :=dim (H[X]/Ran T(a)) < co. Since the dimension of the space of analytic
polynomials of degree not exceeding n is equal to n+ 1, there is a polynomial p that
belongs to Ran T(a). Let f € H[X] be such that af = T(a)f = p

The canonical factorisation of p has the following form p = Bg, where B is a finite
Blaschke product (which has the same zeros as p) and g € H*° is an outer function
times a unimodular constant.2 The singular inner factor is trivial, i.e. is equal to 1. Let
a= ¢1B1S;Gy and f = ¢, B> S, G, be canonical factorisations. Then

p = (c1¢2)(B1B2)(S1S2)(G1 Gz), and it follows from the uniqueness of the canonical
factorisation that ByB, = B and S1S, = 1. Hence, both By and B; are finite Blaschke
products,and Sy =1 = S.

So, a = ¢1 B Gy, where Gy € H® is an outer function. Since G B‘ € L, one
has € H°°.

4See, e.g., Section 13.1 in S.R. Garcia, J. Mashreghi, and W.T. Ross, Finite
Blaschke products and their connections, Springer, Cham, 2018.
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The Douglas theorem

Let ae C+ H®°. Then T(a) : H[X] — H[X] is Fredholm if and only if ‘15 € C+ H*>,in
which case Ind(T(a)) = —ind ar for all sufficiently large r € (0, 1).

Proof.
We already know that a € G(C + H*®) = T(a) € ®(H[X]).

Suppose now T(a) € ¢(H[X]). Then ‘1; € L*°. Take a sequence g = e_p;h; with
h; € H> and n; € Z that converges to a in L>° as j — oco. Then T(g;) € ®(H[X]) for
all sufficiently large j € N. Since T(&;) = T(e—p)T(hy) and T(e—p,) € ®(H[X]), one
gets T(h;) € ¢(H[X]). It follows from the previous theorem that hl € C+ H®°. Then

]

L = 1 € C+ H>. Onthe other hand, 1 converges to 1 in L. Since C + H> is
j —n;" ]

a closed subalgebra of L°°, one concludes that 15 € C+ H*.
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Proof (continued).

It follows from the previous theorem that h; = b;g;, where b; € GC(T) and
9 € GH*(T). Clearly e_n,b; € GC(T). Since a; = e_p;b;g; and T(gj) is invertible,
one gets, for sufficiently large j € Nand r € (0, 1),
Ind(T(a)) = Ind(T(a)) = Ind(T(e—n;b;9;)) = Ind(T(e—nb;) T(g;))
= Ind(T(e—n b)) = —ind(e_pb;) = —ind(a)r = —ind ar.
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From now on, we will focus on the case where X is a (weighted) LP space. We will start
with X = L2,

A function a € L is called sectorial if a(T) lies in an open half-plane whose boundary
contains 0. It is easy to see that if a is sectorial, then a € GL*°.

Theorem (A. Brown and P.R. Halmos (1964), A. Devinatz (1964))

Let a € L be sectorial. Then T(a) : H> — H? is invertible.

Proof.

Since a is sectorial, there exist ¢ € C such that |c| = 1 and ca(T) lies in an angle of
opening less than = with vertex at 0 and with bisector (0, +c0). Then it is easy to see
that for all sufficiently small 6 > 0,

|1 —dcaljoo < 1.

Since ||P||g(.2) = 1, one gets ||/ — 6¢cT(a)l| 5,2y < 1. Hence, 6¢T(a) is invertible, and
then so is T(a). O

v
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A side remark: ||P|zx) = 1if and only if X = L? and there exists a
constant C € (0,00) such that || - || x = C|| - || .2
(O. Karlovych & ES, 2023).

Theorem
Let a € L>=. Then the following holds for T(a) : H> — H?:

a(T) C Spec.(T(a)) C Spec(T(a)) C conv a(T),

where conv stands for the closed convex hull.

| \

Proof.

We only need to prove the last inclusion, which is due to A. Brown
and P.R. Halmos (1964). Take any A € C\ conv a(T). Then a— \ is
sectorial. So, T(a) — A/ = T(a— \) is invertible according to the
previous theorem, i.e. X & Spec(T(a)). O
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Theorem (P. Hartman and A. Wintner, 1954)

Let a € L be real-valued. Then the following holds for
T(a): H?> — H?:

Spec.(T(a)) = Spec(T(a)) = [inf a(T), sup a(T)].

Since [inf a(T), sup a(T)] = conv a(T) is the smallest connected set
containing a(T), the above equalities follow from the previous
theorem and the fact that Spec.(7(a)) is connected. O
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Let a € GL*. Then
@ 7(a): H2 — H? is invertible if and only if a = bs, where b € GH>, and
s € GL® is sectorial;

@ T7(a) : H? — H? is Fredholm if and only if a = bs, where b € G(C + H>°), and
s € GL*° is sectorial.

| 5\

Sketch of the proof.

2. If a admits the above representation, then
T(a) = T(sb) = T(s)T(b) + K, K e K(H?).
Since T(b) is Fredholm and T(s) is invertible, T(a) is Fredholm.

The same proof works for the “if” part of 1. One only needs to change “Fredholm” for
“invertible” (and K = 0 in the above formula).

The remaining part of the theorem can be derived from the following result.




Let a € L>° be unimodular, i.e., |a| =1 a.e. onT. Then
@ T(a) is invertible on H? if and only if dist;~(a, GH>®) < 1 (H.
Widom (1960) and A. Devinatz (1964));
@ T(a) is Fredholm on H? if and only if dist,~(a, G(C + H*)) < 1
(R.G. Douglas and D. Sarason (1970)).
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Theorem (H. Widom (1960) and A. Devinatz (1964))
Let a € GL*. Then T(a) is invertible on H? if and only if

a S~
. e/(u+v+c) ae on T,
|al

where ¢ € R, u and v are real-valued functions in L*°, and

V- < /2. Here, as above, u denotes the Hilbert transform (the
harmonic conjugate) of u.
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Moving to (weighted) HP spaces

Let2 <r < co. We will say that a € GL*™ is r-sectorial if a(T) lies in
an angle of opening less than 27 /r with vertex at 0.

Theorem (I.B. Simonenko)

Let1 <p<oo, f+ 4 =1, -1 <u<g, wt)=[t-b" beT,

1 -1 /4 1
r:=ma P, =+ — - .
X{pp (p “) (p’ ”) }

Let a € GL*™ be r-sectorial. Then T(a) : H?(w) — HP(w) is invertible.




Let ap := a/|a|. It is sufficient to prove that T(ay) : H°(w) — HP(w) is
invertible. Clearly, aq is r-sectorial. Hence, there exist ¢ € C such

that [c| = 1 and ca(T) Cc {€": —n/p <6 <m/p} for some p > r. Let
9 := cos(m/p). Then

|1 —deap|?, < sup ((1 — §cosh)? 4 52 sin? 0)
—7/p<O<m/p

= sup (1 —25cos + 6%) =1 — 25 cos(n/p) + 62
—m/p<O<m/p

=1-6% =sin®(n/p) < sin®(x/r).

Since ||P|aew)) = sm(w/r) (B. Hollenbeck and I.E. Verbitsky, 2000),

one gets ||/ — 5cT( o)l B(Le(wy)y < 1. Hence, dcT(ap) is invertible, and
then so is T(ap). O

v
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Let 1 < p < oo and w be a Khvedelidze weight: w(t) := H;’:1 [t —t]", t € T, where

t,...,tn € T are pairwise distinct, and —% < i < ‘% forj=1,...,n. Set
max {p, p’} if 7eT\{t,...,t},
rr = —1 —1 .
max {p, o, (15 +uj) , (% - Nj) } if 7=t.

We will say that a € GL*° is locally (p, w)-sectorial if for every 7 € T, there exists an
open arc ¢(7) C T containing = and functions g- and h- such that

g-,hr € G(C + H®?), and (g-ah;)(£(7)) lies in an angle of opening less than 27 /r-
with vertex at 0.

Using the previous result and localisation techniques, one can prove the following
theorem.

Ifa € GL®* is locally (p, w)-sectorial, then T(a) : HP(w) — HP(w) is Fredholm.

74



Unfortunately, the Widom—Devinatz theorem does not have an
HP-analogue. However, the following holds.

Theorem (N.Ya. Krupnik, 1978)
Let1 < p< oo, 15 o % =1, and a € L>=. Then the following are
equivalent:
@ T7(a) is invertible on H? and H”',
@ T(a) is invertible on HY for all q € [min{p, p'}, max{p, p'}],
Q a= he“t", where h e GH>, u and v are real-valued functions in
L, and ||V||c < 7/ max{p, p'}.

V.
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Theorem (R. Rochberg, 1977)

Let 1 < p < oo, w be a Muckenhoupt weight: w € A,, and let a € L*°.
Then T(a) is invertible on HP(w) if and only if a € GL> and

i _ i(ﬂ+c)
al

b

where ¢ € R and u is a real-valued function such that we=/2 € A,.

V.
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Our next aim is to consider Toeplitz operators with piecewise
continuous symbols. We start with some auxiliary results.

Let 1 < p < oo, w e Ap, andleta,b € L> be such that supp ansuppb = 0. Then
T(a)T(b) € K(HP(w)).

Sketch of the proof.
It is sufficient to prove that aPbl € KC(LP(w)).

(aPbf)(t) %(a(I+C)bf)(t) = %(abe)(t)

_ 1 [ ab(n)f(r)
= ; /T T —10 ar.

Since supp ansupp b = 0, the above integral operator has a bounded kernel and
hence is compact on LP(w). O

v
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Let 1 < p < oo, w € Ap, and suppose the closure of the set of the points of
discontinuity of a € L*° does not intersect that of b € L>. Then
T(ab) — T(a)T(b) € K(HP(w)).

Proof.

One can represent a and b as follows: a = a; + as, b = by + b, where
a, b, € C(T), and supp a; Nsupp by = 0. Then a;b; = 0 and
T(2)T(b) = T(ai + a2) T(b1 + b2)
= T(a1)T(b1) + T(a1)T(b2) + T(a2)T(b1) + T(a2) T(b2)
= T(a1b2) + T(azby) + T(azb2) + K
= T(aibo + asby + apbp) + K = T(ab) + K,
where K € IC(HP(w)).
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Forzy,zo € C, zy # zo,and r > 1, let

z1—z _2
Arcr(zq,22) == {Z € (C‘ arg17 € e +27rZ}.
Z: z r

This is the circular arc from the points of which the line segment [z;, 7] is seen at the

angle 2x/r. For r = 2, Arcr(2y, ) is the segment [y, Zp] itself. For r' = -7, the arc

Arc, (21, 22) is the reflection of Arcr(z1, 22) through the straight line containing [zy, ).

An elementary argument shows that Arc,(z1, zz) admits the following parametrisation
Z(S):Z1 +(22721)07(3)7 se [0’1]:

where o(s) = s for r = 2, and

sin(s) io(s—1) g—n_ 2T

Ur(S = "
sin S r

forr # 2.
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Below', the argument arg z of a number z € C \ {0} will always be chosen so that arg
arg z € (—m, w]. The logarithm and complex powers will be understood accordingly.

For 7 € T and 38 € C, set
0. (t) = ePre=/n)  per

Then ¢g . has at most one discontinuity, namely a jump at 7, and
s, (T+0) = e ™F and pg . (7 — 0) = e™h.

Let
\ B £\ 8
)= (1-7) . 0= (1-1) e
It is not difficult to see that

5.7 (1) = €. (Dms.- (1) forall teT\ {r}.

1Our treatment of Toeplitz operators with piecewise continuous symbols follows
closely the presentation in A. Boéttcher and B. Silbermann, Analysis of Toeplitz
operators, Springer-Verlag, Berlin, 2006.
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Lemma

Let3 € C,1<p<oo,and w(t):=[[_|t—t", teT, where
t,...,t, € T are pairwise distinct, and —‘5 < py< % forj=1,...,n.
Then the following are equivalent

Q T(ps.) € ®(HP(w)) and Ind T(pp,y) = —k,

Qo /@—ﬁ<ReB—u1 <k+1,

@ 0 ¢ Arc, (¢p4(t —0), 8,4 (t +0)), wherer = (1/p+ 1), and
the index of the closed continuous and naturally oriented curve
obtained from vz ¢+ (T) by filling in the arc
Arc, (.4 (t — 0), a1 (t + 0)) is equal to k.
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A short sketch of the proof.

2 < 3 is straightforward.

2—1. Puty=p— k. Then —[% < Revy—py < 1p, and it is not difficult to see that
Oty = E—~,t, .t 1S @ Wiener-Hopf factorisation of ¢., ¢ in LP(w). Hence, T(p,t) is
invertible on HP(w). Since w3 1, = €xp .y, the operator T(pg ¢, ) is equal to

T(¢~,t) T(ex) orto T(ex)T (v, ), depending on the sign of . So, T(wpg, ) is
Fredholm on HP(w), and

Ind T(pp,y,) =Ind T(pqy ) +T(€s) =0—Kr = —k.

1= 2. There exists k € Z such that k — ,% < RefB — 1 gk-&-llj.lf

ReB — puy < k+ 1p , then k = k by the above, and we are done. So, suppose

ReB —puy =k + 23 . It follows from 1 and stability of Fredholm properties that
T(pp. 1, ) are Fredholm of index &, provided 3+ € C are sufficiently close to 3. We

can choose them in such a way that

1 1 1
k— — <Ref— —p1 <k+ —-—<Refy —p1 <k+1+—.
P ! p - p

Then it follows from the above that Ind T(¢s_ 1) = —k and Ind T(¢g, ) = —k — 1,
which is a contradiction.

O

v
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One can apply the previous lemmato T(yg;,), where
to € T\ {t,...,t}. Indeed, w(t) = [T, |t — t;|", where 1o = 0. So,
one only needs to change 1 for ug = 0 in the lemma.

Let PCy denote the set of all piecewise continuous functions on T that
have at most finitely many jumps. The closure of PCy in L is
denoted by PC. A function a € PC has finite right and left limits
a(t+0) at every point t € T, and there at most countably many ¢ such
that a(t — 0) # a(t + 0).
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Definition

Let1 < p<oo,and w(t):=[]L,|t— 4", t€ T wherets,..., 1t € T are pairwise
distinct, and —% <p < % forj=1,...,n. Forae PC,define ap,w : T x [0,1] — C
by

apw(t,s) == (1 —onp(s))a(t — 0) + oy (s)a(t +0), (t,s) €T x[0,1],

where o is the function introduced above, r(t) = p fort € T\ {4, ..., t}, and
r(t)y=(1/p+p))~ " fort=t.

If a(t — 0) = a(t + 0) = a(t), then ap,w(t,s) = a(t) forall s € [0, 1].

The range of ap, v is a continuous closed and naturally oriented curve obtained from
a(T) by filling in the arcs Arc,)(a(t — 0), a(t + 0)) for each t € T at which a has a
jump. If the curve does not pass through 0, its winding number with respect to 0 will be
denoted by ind ap,w.
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Ifa, b € PCy have no common points of discontinuity and ap,w, bp,w have no zeros in
T x [0, 1], then (ab)p,w = ap,wbp,w, and ind(ab)p,w = ind ap,w + ind bp,w.

Theorem (I. Gohberg and N.Ya. Krupnik, 1968-1969; H. Widom, 1960)

Let1 < p < oo,and w(t):= ]'[;':1 [t —4|"i, t €T, wherety, ..., tn € T are pairwise
distinct, and —1 < ji; < 2 forj=1,....n. Leta e PCy. Then

T(a) € d(HP(w)) < apw(t,s)#0 forall (t s)eTx]|0,1],

in which case Ind T(a) = —ind ap,w.
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A short sketch of the proof.

We can assume that a € GL*°. Let 71, ...,7m € T be the points of discontinuity of a.
Then a admits a representation

a=byg i Phmrm
where b € GC(T) and
e2mifl = 73(7”0), I=1,....,m.
a(r; +0)
Since the above functions do not have common points of discontinuity,
T(a) = T(b)T(pp,,my) * T(PBm,m) € K(HP(W)).

If ap,w(t,s) # 0forall (¢,s) € T x [0, 1], then each operator in the above product is
Fredholm. So, T(a) € ¢(HP(w)) and

Ind T(a) = Ind T(b) + Ind T(pg, ) + -+ Ind T(¢s,.tm)

= —indb— ind(tpghz1 Jow — - — ind(‘pﬁm,l‘m)P»W
= - ind(b@/@hﬁ e @Bm,fm)PvW = —ind ap,w-
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Proof (continued).

Once the index formula has been proved, the same perturbation argument as above
shows that ap,w(t,s) # 0 for all (t,s) € T x [0,1] if T(a) € ®(HP(w)). O

Under the conditions of the above theorem,
Spec.(T(a) : HP(w) — HP(w))

= (U{a(tﬂ:O)}) U ( U Arc,(t)(a(t—O),a(t—l—O))) .

teT a(t—0)5a(t+0)

The above results can be extended to symbols a € PC.
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I.M. Spitkovsky (1992): in the case of general Muckenhoupt weights w € Ap, the
discontinuities of a € PC contribute not just circular arcs but two-dimensional sets,
so-called horns, to Spec.(T(a) : HP(w) — HP(w)).

For a definitive exposition of the theory of singular integral operators on LP(w) with
general Muckenhoupt weights over general Carleson (Ahlfors regular) curves, see A.
Bottcher and Y.I. Karlovich, Carleson curves, Muckenhoupt weights, and Toeplitz
operators, Birkhduser Verlag, Basel, 1997.

A. Karlovich (2002) extended the Béttcher—Karlovich theory to the case of
rearrangement-invariant spaces with Muckenhoupt weights.

V. Kokilashvili and S. Samko (2003): singular integral operators with piecewise
continuous coefficients on variable Lebesgue spaces.
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Suppose that for each t € T, the set a(t) consists of two points
ai(t),ax(t) € C

(which may coincide). We say that t € Ty if a;(t) # ax(t) and each of the sets a(t — 0)
and a(t + 0) consists of one point, i.e. if a has a left and a right limits at ¢ and they do
not coincide. We say that t € Ty if at least one of the sets a(t — 0), a(t + 0) consists of
two points, i.e. if a does not have a left or a right limit at ¢.
Let
a(t) — 2
Rp(a; t) = {C c (c‘ 1( ) C T

2T < ang < —
max{p, p'} a(t) —¢ = min{p,p’}

}, 1< p<oo.

Rp(a; t) is a two-dimensional (lenticular) set bounded by the circular arcs
Arcp(ay(t), ax(t)) and Arcy (a1 (1), a=(t)). C\ Rp(a; t) is the set of points from which

the line segment [a;(t), a=(t)] is seen at an angle less than ﬁ;p,}.
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Theorem (K.F. Clancey, 1976 and 1984; |.M. Spitkovsky, 1983)

Let1 < p < oo and a € L>°(T). Suppose that, for each t € T, the set a(t) consists of
at most two points. Then

Spec(T(a) : HP — HP) = a(T) | J (U Arcp(a(t — 0), a(t + 0))>

tem,

U ( U Ro(a: t)) .

teTy

A complete description of the (essential) spectrum of T(a) interms of a(t +0), t € T is
no longer possible if a(t) is allowed to contain more than two points.
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Suppose a € L°°(T) is such that a(1) consists of three points,

a(1+£0) =a(T) ={c1, ¢, c3} C C and the closed triangle A(cy, co, c3) with the
vertices ¢y, ¢, c3 is non-degenerate. Then the (essential) spectrum of

T(a) : H?(T) — H?(T) is a connected set that contains {cy, ¢, c3} and is contained in
A(cq, c2,c3). It turns out however that this set is not determined solely by ¢y, ¢, c3.

A. Béttcher (1986) constructed examples where the spectrum of

T(a) : H?(T) — H3(T)

(i) does not contain any points of the boundary of the triangle A(cy, ¢y, c3) other than
Cy,C2,C3;

(i) contains a side of A(cy, ¢o, c3) and no other point of the boundary apart from
Cy,C2, C3;

(i) coincides with the union of two sides of A(cq, ¢z, C3);

(iv) coincides with the boundary of A(cy, ¢z, ¢3);

(v) coincides with A(cq, ¢, C3)

These striking examples imply that if a(t) is not required to contain at most two points
for every t € T, then it is no longer possible to describe the (essential) spectrum of
T(a) in terms of the cluster values of a. In other words, it is no longer sufficient to know

the values of a, it is important to know “how these values are attained” by a.
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Let K C C be an arbitrary compact set and A € C \ K. Then the set

w
o(K;\) = { W
is compact as a continuous image of a compact set. Hence the set
Ax(K) :=T\ o(K; ) isopenin T. So, Aj(K) is the union of an at most countable
family of open arcs.
We call an open arc of T p-large if its length is greater than or equal to
27/ max{p,p’'}, 1 < p < 0.

;(weK}gT

We know that a(T) C Spec,(T(a)). Béttcher’s examples show that no pointin C \ a(T)
will always belong to the (essential) spectrum of T(a) : H?(T) — H?(T), unless a(T)
lies on a straight line. The following result shows that the situation is somewhat
different for p # 2.

Theorem (ES, 2007)

Let1 < p< oo, a€ L>®(T), A € C\ a(T) and suppose that, for some t € T,

(i) Ax(a(t — 0)) (or Ax(a(t + 0))) contains at least two p—large arcs,

(i) Ax(a(t + 0)) (or Ax(a(t — 0)), respectively) contains at least one p—large arc.
Then X\ belongs to the essential spectrum of T(a) : HP(T) — HP(T).
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Suppose a(t) consists of two points. Then condition (ii) in the above theorem is
automatically satisfied, while condition (i) means that a does not have a left limit at ¢ (or
a right limit at ¢, respectively) and that X belongs to Rp(a; t). Hence, the above
theorem is in a sense an extension of the Clancey—Spitkovsky theorem.

Condition (i) is optimal in the following sense.

Theorem (ES, 1994)

Lett € T, K C C be a compact set, A € C\ K, and suppose A (K) contains at most
one p—large arc. Then there exists a € L (T) such that

a(t+£0)=a(t) =a(T) =K

and
T(a) — Al : H'(T) — H'(T)

is invertible for any r € [min{p, p'}, max{p, p’}].
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While condition (i) is the main reason why A belongs to Spec.(T(a)),
the réle of (ii) is to make sure that the behaviour of a(7) as 7
approaches t from the other side does not counterbalance the effect
of (i). It turns out that condition (ii) cannot be dropped.

Theorem (S.M. Grudsky and ES, 2008)

There exists a € L>°(T) such that a(1 — 0) = {£1}, |a| =1,
T(a) : HP(T) — HP(T) is invertible for any p € (1,2), and
T(1/a) : HP(T) — HP(T) is invertible for any p € (2, +oc0).
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The main conclusion of the course.

We seem to be very far from being able to find the (essential)
spectrum of T(a) for an arbitrary a € L.

®
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Unfortunately, we have not discussed many important topics,
including:
@ Banach algebras in the theory of Toeplitz operators;

@ localisation (the Allan-Douglas, Gohberg-Krupnik, and
Simonenko local principles);

@ the case of matrix-valued symbols a € L>(T, CN*N).
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Many of the above results can be generalised to the matrix-valued case. However,
there are important differences.

Consider, for example, the matrix-valued symbol
a— (& 0
o ‘= 0 e_q .

dim (Ker T(&)) =1, dim (Hp(’]l‘, C2)/Ran T(ao)) =1.

It is easy to see that

So, there is no analogue of Coburn’s lemma in the matrix-valued case, and a Fredholm
Toeplitz operator of index zero does not have to be invertible. Also, while the index of a
Fredholm operator is stable under small perturbations, dim (Ker T(a)) and

dim (HP(T,CN)/ Ran T(a)) are, in general, unstable.

G.S. Litvinchuk and I.M. Spitkovsky, Factorization of measurable matrix functions,
Birkh&auser Verlag, Basel, 1987.
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... and | nearly forgot to mention one of my favourite books:

N.Ya. Krupnik, Banach algebras with symbol and singular integral
operators, Springer, 1987.
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