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Chapter 1

The Dirichlet space and its
multipliers

The topic of this thesis is the Dirichlet space and the multipliers of this space, to be defined
soon. Both the Dirichlet space and its multipliers have been the focus of quite a lot of research
and I have endeavoured to present some of the results in this thesis. On the way some exten-
sions and observations by my supervisor Arne Stray and myself are added. The main topics
are the elementary properties of the Dirichlet space and its multipliers, characterizations of
multipliers by techniques from potential theory, univalent multipliers and the Banach algebra
of multipliers.

The reader is assumed to be familiar with the elementary theory of analytic functions
and functional analysis. Moreover, some knowledge of the various boundary value results of
analytic and harmonic functions in the unit disk will be helpful. A good reference on this
subject is [15]. I have tried to introduce most of the capacitary notions needed in Chapter
2 but for Chapter 4 some knowledge of the elementary theory of Banach algebras will be
helpful.

1.1 The Dirichlet space and related function spaces

We begin by defining the Dirichlet space and the related Hardy spaces of analytic functions
in the unit disk. A general background reference for the Dirichlet space is the article [19]. We
shall state and prove some of the elementary properties of this space.

The Dirichlet space D is the set of analytic functions on the unit disk U which have a
finite Dirichlet integral

D() = = [ 17Paa (11)

where dA is the two-dimensional Lebesgue measure. An analytic function in the unit disk
with finite Dirichlet integral will be called Dirichlet finite. If f is univalent and Dirichlet finite
we have the following geometric interpretation of the Dirichlet integral.

Proposition 1.1. Let f be a univalent function in the unit disk. Then f € D if and only if
the area of the range of f, A(f(U)) = Area(f(U)), is finite. Moreover

7D(f) = Area(f(U)) (1.2)

in this case.
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Proof. Since the map f: U — f(U) is an analytic bijection, a change of variables show that
Area(f(U)) = / 1dA(w) = / |J¢|dA(2) (1.3)
fU) U

where Jy is the Jacobian of the transformation f. There may be points where Jy = 0, but
by Sard’s Theorem the set of such points must have measure zero and can be excluded (see
[25], page 72). Since f = u + iv is analytic we can apply the Cauchy-Riemann equations and
obtain

ou/0x Ov/dx

I~ \ou/dy ov/dy

_oudu 0wty

0z dy Oyox

ou 2 v\ 2

- (5) *+ (&)
= | (1.4)

From (1.3) and (1.4) we see that

Area(f(U)) = /U |f'?dA = 7 D(f)

as was to be proved. O

The expression (1.2) does not in general hold if f is not injective. For example, consider
the function f(z) = 2™ where n € N which maps the unit disk onto itself. Computing the
Dirichlet integral in polar coordinates, we see that

wD(f):/U]nz"_1|2dA

1 T
:n2/ Td?“/ r2=1) g
0 —T
1
:27m2/ 2ty
0

=nm

which is n times the area of U. Thus the Dirichlet integral is sensitive to multiplicity of the
range of the function. Indeed, there are bounded analytic functions with infinite Dirichlet
integral, for example any infinite Blaschke product (this is a corollary of Carleson’s formula
for the Dirichlet integral, see [19], Corollary 3.4). If H* denotes the set of bounded analytic
functions on the unit disk, we conclude that H>° ¢ D.

There are unbounded analytic functions with finite Dirichlet integral. To construct an
example, let A denote the disk of radius 2 centred at the origin and let

1 1
E={(z,y):2>1, —— <y< —}
{(z,y): z 3 <Y xg}

Evidently, the set G = A U F is a simply connected open set and so there exists a univalent
function f mapping the unit disk onto G by the Riemann mapping theorem. Clearly, the
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area of G is finite and so 7D(f) = Area(G) < oo and f € D by Proposition 1.1. However, f
is unbounded and so D ¢ H®.
Let f be any Dirichlet finite function. Since f is analytic, it is representable as a power

series
(0@
= E anz"
n=0

We can compute the Dirichlet integral from the Taylor coefficients.

Proposition 1.2. If f € D then D(f) = > _.° | n|an| where a, is the n’th Taylor coefficient
of f.

Proof. Since ) a,2" is a power series, we can differentiate term by term.

o0
= Z na, 2" (1.5)
n=1

Writing (1.5) in polar coordinates, we get

= Znanrnflei("*l)e (1.6)
n=1

Since the series (1.5) converges uniformly on compact sets, the series (1.6) converges uniformly
on [—, n] when r is a fixed number in the interval (0,1). Thus the function g,(e?) = f'(re')
is continuous on 7 for such 7. Since T is compact C(T) C L°>°(T) C L*(T) and so g, € L*(T).
Hence (1.6) is the Fourier series for g, and so its (n — 1)’th Fourier coefficient is given by the
formula

1 /7 : )
gr(n) = / gr(ele)eil(nil)eda = na,r""
27 J_,
Computing the L?-norm of g, in terms of the Fourier coefficients yields the formula
2 L[ i0y)2 LT o2 - 2 12,.2(n—1)
lgrllz = o [ lgr(e®)F°d0 = o— [ [f'(re®)["d0 = > nPlagr : (1.7)
-7 -7 n=1

We can now compute the Dirichlet integral of f by integrating in polar coordinates and
applying Fatou’s theorem, (1.7) and the Monotone Convergence Theorem.

/ / (re'?)|2dg
:2/ (Zn2|an\2 2(n=1) )Tdr
0 n=1
S|
:22/ n?|an)?r*" " tdr
_zz( | |22 )
=3
n=1
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The Hardy space HP, 0 < p < 00, is the space of analytic functions f in the unit disk for
which the functions f,(e?) = f(re?) are bounded in LP-norm as r tends to 1. To be precise:

1
1 (" , P
HP ={f:U — C| f analytic, sup |/fr|[ = sup </ |f(rew)\pd9>p < oo}
0<r<1 0<r<1 \ 27 J_x
In the definition above, df denotes the Lebesgue measure on 7. When p = oo define H* to
be the space of bounded analytic functions on the unit disk. For 1 < p < oo, the Hardy space
is a Banach space with the norm

1fllp = sup ([ fellp = lim [[foll, (1 <p<oo) (1.8)
0<r<1 T

1fllec = sup | f(2)] (1.9)
zeU

The second equality in (1.8) stems from the fact that ||f,|| is a non-decreasing function of r
(see [23] page 338).
Suppose 1 < p < 0o. By a theorem of Fatou the non-tangential limit
f(e®) = lim f(re?)
retf —eifo
exists for almost all €% € T as the point re?’ approaches €0 along any path in the unit disk
which is not tangent to the unit circle. Limits of this type are called non-tangential limits.

The limits define a function f € LP(T). Moreover f is the Poisson integral of f and the
LP-norm of the boundary function f is equal to the HP-norm of f defined above, that is:

1Fllp = 11£1lp

With this correspondence we can identify HP with the space of LP-functions on the unit circle
such that the Poisson integral is analytic in the open unit disk. This can also be formulated in
terms of Fourier coefficients: HP is the space of LP functions on the unit circle whose negative
Fourier coefficients vanish. Moreover, if {f(n) o o is the sequence of Fourier coefficients a
function f € HP then

fz2) =3 fn)z"
n=0

is the Taylor series for f in the unit disk. In this sense the Hardy space is a bridge between
analytic function theory and Fourier analysis.

The space H? is of special interest. If f(z) = Y oo an2" is the power series representation
of a function f € H?, then

o
1113 =" lanf? (1.10)

n=0

The proof is similar to the proof of Proposition 1.2 above.

The harmonic space h?, 0 < p < oo, is the space of harmonic functions f in the unit disk
for which the functions f,(e?) = f(re?) are bounded in LP-norm as r tends to 1. That is, h?
is the harmonic analogue of the Hardy space. The norm on AP is defined just as for H? and
the various boundary value results mentioned for H? holds for AP as well, in particular the
theorem of Fatou when 1 < p < oco. However, the boundary functions in A” may have non-
zero negative Fourier coefficients. In fact, AP is isomorphic to the space LP(T) by the same
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correspondence which identified HP with the class of LP functions whose negative Fourier
coefficients vanish.

For details and proofs on the boundary behaviour of analytic and harmonic functions in
the unit disk, consult [15], chapters 3 and 4.

Another function space we shall consider is the Bergman space B, which is the space of
all analytic functions f in the unit disk such that the integral [, |f|*dA is finite. This is a
Banach space with the norm

1% = 1 [ 17Paa (111)
Let f(z) = > o7 janz" be the power series representation of f € B. Then
= |an|?
I =35 (112)

The proof of (1.12) is analogous to the proof of Proposition 1.2. From this equation together
with Proposition 1.2 one immediately obtains the following relations between the Bergman
space and the Dirichlet space:

Proposition 1.3. 1. g€ D if and only if ¢ € B.
2. 1ff €D then||f'|lz < ||fllp-
3. DCB

Returning to the Dirichlet space, we see from (1.10) and Proposition 1.2 that the Dirichlet
space is a subset of H2. Thus the various boundary value results for H? mentioned above
apply to D as well. In particular the functions in the Dirichlet space have non-tangential
boundary values almost everywhere. In fact, even stronger boundary value results can be
obtained for functions in the Dirichlet space. For details, see [19], chapter 5.

We now ask the question: can the Dirichlet integral of a function f € D be calculated
from the boundary values? The answer is affirmative. We have the following formula by Jesse
Douglas, see [9].

Lo [TO) - FOP
D(f) = 52 /_Walt/_7r g (%) df (1.13)

We will commonly use the same notation for an analytic function on the unit disk and the
corresponding boundary function on the unit circle (whenever it exists). In this case the
context should make it clear which function is used. Whenever the need arises to distinguish
between an analytic function f and the corresponding boundary function, we will denote the
latter by f .

The Dirichlet integral is not a norm on D since D(c) = 0 for all constants ¢. But having
observed that D C H? we can endow D with the norm

o0

IFI? = I£15 + D) = (1 +n)an| (1.14)

n=0

We shall write ||.||p when there is need to be precise. It can be shown that D is complete
in this norm and, consequently, it is a Banach space. In fact, D is a Hilbert space with the



1.1 The Dirichlet space and related function spaces 11

inner product obtained from the norm (1.14):

1 ) 1 . 00 o
= — — A= 1 nbn 1.1
g) 5 /ngdﬁ + - /Uf g'd ngo( + n)anb (1.15)

where the a,, and the b,, are the Taylor coefficients of f and g respectively.
Now, fix w € U — {0} and define the function

1 1

Fu(2) = Wz log 1 —wz

If w = 0 define k,, to be the constant function with value 1. Let w # 0 and choose the

principal branch of log 171wz' Then lim,_,¢ zk,(z) = 0 and so the singularity of k, at z = 0

is removable. Consequently k,, can be uniquely extended to an analytic function in the unit

disk with the value 1 at 2 = 0. From now k,, will denote this extended function. Note that

ky is a bounded function for fixed w. Moreover k,, produces a point evaluation operator by

the inner product, which is the content of the next proposition. For this reason we call k,, a
reproducing kernel for the Hilbert space D.

(1.16)

Proposition 1.4. Fixw € U and let z € U. Then
1. ky(2) =322 o(n+1)"Y(wz)" and so ky € D

2. f(w) = (f,kw) for any f € D. In particular, point evaluations are bounded linear
functionals on D.

Proof. We first prove (1). Choose the principal branch of log z:
log z = log |z| + iArgz, —7w < Argz<m
Then the function log(1 + z), where |z| < 1, has the following power series representation:

n+1

log(1 + 2) E —2" |zl <1
Note that |wz| < 1 since w,z € U. Thus
- 1
log(1 — — vz| <1
og(1l — wz) ;:1 - |wz|

and so

1 e
() = 70g1—w2_z Z%n—i—l(wz)

The second statement of (1) now follows immediately from Proposition 1.2.
To prove (2), let f(z) = > 72, anz" be the power series representation of f. From (1.15)
we see that

(fiko) = D (n+ Dag(n+ 1) ~Ton
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By Proposition 1.4 and the Schwarz inequality we obtain the following pointwise estimate
for a function f € D:

[f ()= [(f k)| < [FI Rl

= 111k, k)2

=171 nio(“ Do+ 1) T

_ ||f||(fjo<n+ )

= Hfukz)%

- Hf”l I( —1|z|2)é (1.17)

In the calculation above we have implicitly assumed that z # 0. If z = 0 then of course k, = 1
and we get the estimate |f(0)] < ||f]|.

Proposition 1.5. Let {f,} be a sequence of functions in D, converging in norm to some
function f € D. Then {f,} converges uniformly to f on compact subsets of U.

Proof. Let K be a compact subset of U and let z be any non-zero point of K. We replace f
by the function f,, — f in (1.17) and deduce the following:

1 y\3
a2) = £ < W = Pl (10w =)

1 1 3
:Em(logm> , n>N(€)

N

Since K is compact the function ﬁ(log ﬁ) is uniformly bounded on K — 0. Since
| fn(0) — f(O)| < || fn — f|| the result now follows. O

The harmonic Dirichlet space Dy, is the set of all harmonic functions f in the unit disk
which have a finite (harmonic) Dirichlet integral.

o= [ (5l +5Da= 5 [ (5l +I51)aa as

0 0
If f is analytic then a—f(z) = f'(2) and 8—{ =0 and so D(f) =< [,;|f'|*dA. Thus (1.18) is a
z z
generalization of the Dirichlet integral (1.1) to harmonic functions.
Now, let u be any real harmonic function in Dj. If v is a harmonic conjugate of u then

f = wu+iv is analytic and so
e[ = G (= G+ (5

by the Cauchy-Riemann equations. Hence D(f) = 2D(u) < oo and so f € D C H?. Clearly,
the real and imaginary parts of a function in H? are contained in k2. Thus u € k2. Since h?
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is a linear space we conclude that D, C h?. Consequently, if f is any function in Dj, we can
write

f(re?) = Z f(n)rnlein? (1.19)

n=—oo

where the numbers f (n) are the Fourier coefficients for the boundary function fe L3(T)
corresponding to f.

Proposition 1.6. If f € Dy, then D(f) =2 In||f(n)|? where f(n) is the n’th Fourier

n=—oo

coefficient of the boundary function f € L?(T) corresponding to f.

Proof. We will compute the integral (1.18) using polar coordinates. First, suppose u is a real
function in Dj,. Then the integrand in (1.18) can be written |Vu|?> where

OU—,» (9@6—3

VU= i+
“ 6$l+8y‘]

is the gradient of u. In polar coordinates the gradient at the point (z, y) = (r cos(f), rsin(0))

is given by
ou_ 10u=

:Er—i_r@H

where 7 is the radial unit vector and 6 is the tangential unit vector. Thus

[Vul? = (?;)2 + :2(?;9‘)2. (1.20)

Let f =u+iv € Dy. It is easy to see that
52l +15]
ox oy

Vu

10f2

w5l = 5] + =l (1.21)

by applying (1.20) to the real and imaginary parts f separately.
Now, observe that

_ Zanzn + Z by 2" (1.22)

where a,, = f(n) and b, = f(—n). The sequences {|a,|?}°%, and {|b,|?}%, are summable
since {|f(n)|2}52 . is summable. Thus f; and f, are in H2. Consequently, either series
to the right of (1.22) converges uniformly on compact subsets of U. Hence the series (1.19)
converges uniformly on compact subsets of U and so we can switch limit processes when
necessary.
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Let U, denote the closed unit disk centred at the origin with radius . Evidently U, is
compact. If 0 <rg <1 and z = ret? e U,, then

g‘f T, < Z f(n |”‘em‘9) = i": In| f(n)rl"—1emd (1.23)

Since f is harmonic, so is df/0r and thus (1.23) converges uniformly on compact subsets of
U. Hence df /0or € C(T) C L*(T) and so

: .1 [T of »
In|-1 _ = inb
O M
as in the proof of Proposition 1.2. Thus
f "
Ha H / ‘ df = E 2| (n) 2=, (1.24)

Similarly, for any z = re’ € Ury
0 i — S n|_in
ag ( Z f |”|em9) = Z mf(n)r‘ lein?,
Since df /00 is harmonic, we obtain that

inf(n)rl" = — Z‘g( 0)e~ "9

Ha H / S ’2 :Z [l £ () [Pr?". (1.25)

From (1.21), Fatou’s theorem, (1.24), (1.25) and the Monotone Convergence Theorem we can
now compute the Dirichlet integral of f.

1 [t 4 afz 1,0f 2
_%/rdr/ a7 +ﬁ%)d9

- [ S RIS w2 f) e rdr

n=—oo n=—oo

- / S I 2

n=—oo

= Z [l f(n)[?

n=—0oo

and so

The proof is complete. O

The harmonic Dirichlet space can be given a norm similar to the norm on D, that is

o0

D, = 113 +D() = Y L+ )l f(n)f. (1.26)

n=—oo
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In fact, Dy, is a Hilbert space with the inner product

(frg)= D 1+ In)f(n)g(n) (1.27)
and the reproducing kernel
Ky(2) = kw(z) + kw(z) —1 = 2Reky(z) — 1 = i [(1 4 |n|)~tpmle=me]pinleid (1.28)

where z = re’® € U and w = pe’? € U.
Finally, we remark that the Douglas formula (1.13) for computing the Dirichlet integral
from the boundary values holds for functions in Dy,.

1.2 Multipliers of the Dirichlet space

We will now introduce multipliers of the Dirichlet space and deduce some properties of these
functions. We will also consider multipliers of some related function spaces introduced in
Section 1.1.

An analytic function f on the unit disk is a multiplier of the Dirichlet space D if and only
f is bounded and pointwise multiplication of functions in D by the function f is a bounded
linear operator My of D into D. In other words, the map

My: D—D
h— fh

is a bounded linear operator. Thus f is a multiplier of D if and only if f is bounded and
Ilfhllp < ¢||h||p for some constant ¢ and for all h € D.

Let M(D) denote the space of multipliers of D. This space might be considered either
as a space of analytic functions on the unit disk, or as a subspace of the Banach space of
bounded linear operators on the Hilbert space D, denoted by Z(D). This observation makes
is clear that M (D) is a normed linear space: the sum of two multipliers is clearly a multiplier
and the norm is given by the operator norm on (D), namely

[fll=I[Msll = sup [[Ms(h)[p= sup [ fhlDp. (1.29)
feD,||hllp< feD,|lhlp<

If f e M(D) then f € D since 1 € D. Thus M (D) C HyY = H* N D. In Chapter 3 we will
give an example of a bounded analytic function with finite Dirichlet integral which is not a
multiplier of D. Another example is to be found, for example, in [31], page 37-39. Thus the
inclusion above is strict.

If f is a multiplier of D then fh € D for every h € D, or written more concisely; fD C D.
For the Dirichlet space D it turns out that this property is sufficient. The following proposition
is an adaptation of a more general result; see [10], Lemma 11.

Proposition 1.7. Let f be an analytic function defined in the unit disk. Then f € M (D) if
and only if fD C D.
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Proof. If f € M(D) we have already observed that fD C D.

Conversely, suppose fD C D. First we prove that the multiplication operator M} corre-
sponding to f is bounded. To this end, we shall show that the graph of M} is closed. Since
D is a Banach space, My will then be bounded by the closed graph theorem. Let {h,} be a
sequence of functions in D, converging in the norm of D to an element h € D, and suppose
{M¢(hn)} = {fhn} converges in the norm of D to g € D. Let z € U. By Proposition 1.4 evalu-
ation at a point is a bounded linear functional on D, and so |(fhy)(2)—g(z)| < c(2)||fhn—9llD
where the constant ¢(z) depends on z but not on the functions. Hence {fh,} converges point-
wise to g. But {fh,,} evidently converges pointwise to fh, since h,, converges pointwise to h.
Since a sequence of functions cannot have two distinct pointwise limits the equality fh = g
follows, that is, the graph is closed.

To show that f is bounded, choose z € U. By Proposition 1.4, evaluation at a point is
given by the bounded linear functional A\, (h) = h(z) = (h, k). Hence

A(WIF )] = [f(2)h(2)] = [A=(Mp ()] < [A:A[Mp ()l o < AT M) o

Taking the supremum over all h € D of norm 1 yields

[f(2)| < [| Mg
Since this is true for all z € U, f is bounded. O

This is a very useful result. It allows us to determine if a function f is a multiplier by
computing the Dirichlet integral D(fh) where h € D, instead of having to check whether the
operator My is bounded or not. Moreover the proposition imply that boundedness could have
been omitted from the definition of a multiplier since it is deduced from the boundedness of the
corresponding multiplication operator and the boundedness of the point evaluation operator.
The proof above also furnishes an estimate which is interesting enough to be stated as a
corollary.

Corollary 1.8. If f € M (D) then

sup |f(2)| < [[My|| = sup [[fh]p.
2€U Irlp<1

It is clear that the sum and the pointwise product of two multipliers are multipliers.
Indeed, we have the following:

Proposition 1.9. The space M (D) is a commutative Banach algebra.
Proof. Let f,g € M (D). We must show:
L \ifgll < I£ gl
2. M (D) is complete
We first prove (1). Observe that
Myq(h) = fgh = (Mf o My)(R).

Hence
[Mpg(h)llp = [[(Myf o Mg)(h)||p < || Mg][|Mg(R)|p < | M[[|| Mgl ]| p-
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Taking supremum over all h € D of norm 1 we get
[ Mgl < |[M [l Mgl

as required.
To show that M (D) is complete, choose a Cauchy sequence { f,} in M (D). Then

an_me = Ssup ||fnh_fmh||D <k, m,nzN(e).
lhllp<1

Letting h = 1 we observe that {f,} is a Cauchy sequence in D and thus converges in the
norm of D, as well as pointwise, to a function f € D. Thus {f,h} will converge pointwise to
fh for each h € D. We must show that fh € D. Fix a function h € D. Then

[fnh = fmhllD <[ fo = fmlllllp < €llbllD, m,n = N.

Hence {f,h} is a Cauchy sequence in D and consequently converges in the norm of D and
pointwise to a function A(h) € D. It follows that fh = A(h). Thus fh € D for each h € D,
and so f is a multiplier of D by Proposition 1.7.

It remains only to show that {f,} converges to f in the operator norm. By the definition
of the operator norm, there exist a function hg € D such that 3| f, — f|| < || fuho — fholp-
Since { fnho} converges in the norm of D to A(hg) = fhy, the result now follows.

The proof is complete. O

In Chapter 4 we will study the maximal ideal space of the Banach algebra M (D). Presently
though, we want to show that the outer part of a multiplier is itself a multiplier. For this we
will need the following lemma.

Lemma 1.10. Let f € H'. Then f can be written as the difference of two outer functions
f = fi— f2, where f1 and fy are in H'. In fact, we can choose fi = (1 + 1)F and fo = F
where I is the inner part of f and F is the outer part.

Proof. Observe that if (1+1)F is an outer function, then f = (14 1)F — F' is a representation
of f as the difference of two outer functions. Since the product of two outer functions is an
outer function, the proof will be complete if we can prove that 1+ I is outer.

By the definition of an inner function, I is analytic in U, bounded by 1, and with modulus
almost everywhere equal to one on the boundary. Thus, by the maximum modulus principle,
|I(z)] < 1in U, and so Re(I) > —1 on U and Re(1+I) > 0 on U. We shall now show that if
g is any analytic function in H! such that Re(g) > 0 in U, then g is an outer function.

Since Re(g(z)) > 0 for any z € U we can define an analytic branch of log g(z) in U:

log g(z) = log |g(2)| + iArg(g(2))

Im(g(Z))> e (-1

Re(g(2)) 272

Clearly, Arg(g(z)) is a bounded harmonic function, that is, Arg(g(z)) € h*°. In particular
Arg(g(z)) € h? since h° C h%. Observe that —ilog g(z) = Arg(g(z)) —ilog|g(z)| is analytic
in U. Thus — log |g(z)| is an harmonic conjugate of Arg(g(z)). But in general, if u € h? and
v is the harmonic conjugate of u, then ||v||2 < ||u/|2 where ||.||2 denotes the h2-norm (see [11],

Arg(g(z)) = tan™" (
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page 53-54). Thus — log |g(z)| € h?. Hence — log |g(z)| is the Poisson-integral of its boundary
values:
‘ 1 /7 ‘
—loglg(re”)| = —— [ Px(6 —t)logg(e™)]dt
0

—T
Letting z = re'® = 0 we obtain

™

1 %
log|9(0) = 5 [ Toglalc™)at

—T

This is a necessary and sufficient condition for g to be an outer function.
We conclude that 1+ I is outer. The proof is complete. O

Proposition 1.11. Let f = IF € M(D), where I is the inner part of f and F is the outer
part. Then F' € M(D).

Proof. We must show that F'D C D, that is, D(Fh) = %fU |(FRh)|2dA < oo for any h € D.
First, assume h is an outer function. If g is any function in the Dirichlet space, and G is
the outer part of g, then G € D and D(g) > D(G). These results are corollaries of the
representation formula for the Dirichlet integral by Lennart Carleson, see [19] Corollary 3.5
and 3.6. From these results, and the fact that f € M (D) we see that

00 > D(fh) = D(IFh) > D(Fh)

since the product F'h is outer.
Now, let h be any function in D. Since D C H', h can be written as the difference of two
outer functions hy and hs by Lemma 1.10. Thus

D(Fh) = D(Fhy — Fhy) = - / (Fhy — Fhy)'[2dA
T Ju

l 2 l 2
< W/U](Fhl)] dA+7T/U](Fh2)\ dA
< D(Fhi1) + D(Fhy)
< D(fhy) + D(fha)

< 00

Hence F' € M(D) as was to be proved. O

We now attempt to define multipliers of the harmonic Dirichlet space Dy in the same
manner as for D: f € M(Dy) if and only if f is bounded, harmonic and the map M (h) = fh
is a bounded linear operator from D}, into Dy. The functions are considered in the unit disk.
But a problem now occurs. When M (D) is defined in this manner it turns out to be trivial,
that is, consisting only of the constant functions. The reason for this lies with the nature of
harmonic functions: unlike analytic functions, the product of two harmonic functions need
not be harmonic.

Proposition 1.12. If f is a multiplier of Dy, where the functions are considered in the unit
disk, then f is a constant function.
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Proof. The functions p(z,y) = x and ¢(x,y) = y are evidently harmonic functions in Dy
If f satisfies the hypothesis of the proposition then pf and ¢f are contained in Dj and,
consequently, they are harmonic. Thus

*(pf)  Wwf) _ 0 of *f
pum A = - — — [
0 (nf) 0%z + 0%y x (f + x@x) * x82y
_of of | 9*f  9*f
_ 501
- oz
since f is harmonic. Thus 9f/0x = 0. Similarly 0f /9y = 0. We conclude that f is a constant
function, as was to be proved. O

This problem can be remedied by considering multipliers only on the unit circle. That is,
we consider the boundary functions for the functions in Dy, and the corresponding multipliers
on the unit circle. This will be done in Chapter 2.

We can define multipliers more successfully on other spaces of analytic functions intro-
duced in Section 1.1. In particular, define multipliers of the Bergman space B and the Hardy
space H?. That is, f € M(B) if and only if f is bounded, analytic and | fh|/p < c||h||p for
some constant ¢ and for each h € B. Define multipliers for H? similarly. It turns out that
the multipliers of B and H? are very easy to characterize.

Proposition 1.13. The multipliers of B and of H? are precisely the bounded analytic func-
tions in the unit disk, that is

1. M(B) = H®
2. M(H?) = H>.

Proof. The inclusions M(B) C H*® and M(H?) C H® follows by the definition of a multi-
plier.
Suppose f € H*® and let h € B. Then

I = (3 [ 1rma)” < (3 [ W2a)* = il

and so f € M(B).
Similarly, suppose f € H*® and let h € H?. Then

Ifh|l2 = sup < ! /7r j"(rem)h(reig)|2d9>2

0<r<1 2 -7

1
1 [ A 3
I 0, (5 [ Ihtrean)
0<r<1 \ 4T J_x
= 7l

and so f € M(H?). This completes the proof. O]

IA
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The following question now arise: can we give characterizations of the multipliers of the
Dirichlet space? The answer is yes, but the characterizations are not as simple as for the
Bergman space and the Hardy space. Characterizations involving notions from potential
theory were given by David Stegenga in the article [27]. The results of this article is the
content of the next chapter.

We end this section by remarking on the generality of some of the results contained
herein. Let H be a Hilbert space of analytic functions in some open and connected subspace
Q C C. Assume further that point evaluations are bounded linear functionals on H. Defining
multipliers of H just as for D, it turns out that both the results and the proofs of Proposition
1.7 and Proposition 1.9 remains true if D is replaced by H. The key result in these proofs is
precisely the boundedness of the point evaluation operators.



Chapter 2

Characterizations of multipliers of
the Dirichlet space

In the article [27] David Stegenga gave two characterizations of multipliers of the Dirichlet
space. The first is a characterization in the unit disk and the second is a boundary char-
acterization, that is, a characterization of the boundary functions of the multipliers. Both
characterizations involve the notion of a capacity, which is a set function arising in potential
theory. The results in this article, and the concepts used in proving them, is the content of
this chapter. The presentation follows the article by Stegenga quite closely, but the proofs and
explanations are often more detailed as Stegengas style is quite terse, especially the content
of Section 2.2 and Section 2.3.

In Section 2.1 the characterization in the unit disk is given. The motivation is that
multipliers are closely related to a particular type of measures called Carleson measures.

In Section 2.2 characterizations of the multipliers of two particular function spaces of the
real line and the unit circle are given. Denoted by L? /Q(R) and L? /2(T), they are special
cases of the so called Bessel potential spaces. We will also investigate the multipliers of the
harmonic Dirichlet space.

In Section 2.3 the boundary characterization of the multipliers of D are given by the
realization of M (D) as a subset of the multipliers of L2 /Q(T) and a subsequent application of
the results of Section 2.2.

2.1 A characterization in the unit disk of multipliers of the
Dirichlet space

As mentioned above, we start by defining Carleson measures for D.

Definition 2.1. A positive Borel measure p on the unit disk is a Carleson measure for D
provided there exists a constant ¢ such that

/U 9%y < clgll3

forall g € D.

Since we shall only work with Carleson measures for D, we will skip the suffix “for D”
from now on.

21
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The following proposition reveals that multipliers and Carleson measures are closely re-
lated.

Proposition 2.2. A function f in the unit disk is a multiplier of the Dirichlet space if and
only if f is bounded, analytic and the measure

|f'PdA
is a Carleson measure.

Proof. Suppose f € M(D) and let g € D. First, note that ||g||p < oo since D C B. Now,
observe that

Tl gl = /U I/ PlgPPdA.

In light of this equation we must bound ||f'g||p by a constant multiple of ||g||p. From the
identity f'g = (fg)' — f¢’ and the triangle inequality we deduce the following:

1f'gls <I(fo)lls + I fd'lls (2.1)
Aided by Proposition 1.3 and the fact that f is a multiplier of D, we obtain:
1(f9)lls < Ifgllp < IMslllgllp- (2.2)

Since f is bounded, we quickly obtain a satisfying estimate for the second number to the right
in Equation (2.1):

I6n = (5 [ 15PlgPaa)”
<3 [ toPas)’

— 1l llg’ 15
< 1 fllliglln (2.3)

Combining the equations 2.1, 2.2 and 2.3 we obtain the estimate we need:

/U FPlglPdA = x| £'g%

<a(l(f9)'llz + 1 £9'll5)?
< (1Ml + 11 £llso) 911

Since g was an arbitrary function in D we conclude that |f’|?dA is a Carleson measure.
Conversely, suppose f is bounded, analytic and that |f’|2dA is a Carleson measure, that
is

[ 15PlsPaa < clglp, forallge D
U
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We must show that f € M (D). By Proposition, 1.7 it suffices to prove that fD C D. To this
end, assume g € D. With the aid of our assumptions, we deduce the following estimate:

D(fo) = 1 [ 179y Paa

1 1
/ \f’gl2dA+/ |fg'|?dA
T JU T JU
C
< ;Ilgll% + [ f112.D(g)

< oQ.

IN

A

Thus f is a multiplier of D. This completes the proof. O

Motivated by the proposition above, the rest of this section is devoted to the characteriza-
tion of Carleson measures. It is during this endeavour the potential-theoretic concepts come
into hand. First though, we shall realize the Dirichlet space as a set of convolutions on the
unit circle.

Recall that the boundary function of a function in H?, and in particular a function in D,
is a function in L?(T) with vanishing negative Fourier coefficients. We now ask two questions:

1. Can we isolate those functions in L?(T) which are boundary functions of functions in
D?

2. And having done so, can this be used to redefine Carleson measures by means of the
boundary functions?

The answer to bo‘ch1 questions is affirmative. We proceed as follows.
Let k(z) = |z|~2 for |x| < 7 and extend it to a 2w-periodic function. It is easily verified
that the extended function k € L'(T) and if g € L*(T) the convolution

™

(hx)6) = o [ b6~ D)g(t)dt

s

—

is in L2(T). The Fourier coefficients of k * g satisfy (k % g)(n) = k(n)j(n).

Lemma 2.3. The Fourier coefficients of k(x) = |$|7% are of the form by (1 + |n|)7% where
0<d6 1 <b, < foralln.

Proof. The Fourier coefficients of k£ are given by the improper integral

N 1 T 1 .
k - —3e Nz
() =g [ lalHe s
1 s N ™

=5 g |x|_% cos(nx)dx — % |x|_% sin(nzx)dx. (2.4)

—Tr

Since |1:]_% sin(nx) is an odd function, the second integral in (2.4) is zero. On the other hand,

|x\_% cos(nx) is even so that

k(n) == /07r x2 cos(nz)dz. (2.5)
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Clearly, 12:(0) is finite positive number. Suppose n # 0. Since x is non-zero in the interval of
integration, and since cos(—xz) = cos(z), we can substitute x = ‘%'tz and so obtain that

NI
/ cos(—’tQ)dt

VInlm

cos(t*)dt. (2.6)

1 (™ _1
— [ x72cos(nx)dx = lim
0

s Hoﬁ\/ﬁ
W\/W\/

The integral to the right in (2.6) is called a Fresnel integral. By means of residues one can
show that it converges and that the limit is given by fo cos(t?)dt = f For a sketch of
this calculation, see [6] page 266 and 267.

Now, let ¢, = 2 fo cos(t2)dt Then the sequence {c,} converges, and so it must be
bounded. Moreover ¢n > 0 for all n. For large |n| this follows by the convergence of the
sequence. For small |n| it can be seen by inspection (notice that the function cos(#?) oscillates
faster and faster as ¢ increases. Since cos(t?) is positive for the smallest values of ¢ we conclude
that ¢, must necessarily be positive for all n). Now, choose a positive number A so that

A< E0) <A, Al<e, < (2.7)
for all n. It is easy to see that
vat
1< \/H”' <2 (2.8)
n

for all nonzero n € Z, and from (2.5) and (2.6) we obtain the identity

~

k(n) =

(2.9)

Cn by,
Vinl V/1+]n|

where b, = ”\;i'n‘cn for all nonzero n. Set by = k(0). From (2.7), (2.8) and (2.9) we deduce
that

0< (V2X) 7' < b, < V2.
Finally, let § = v/2\. This completes the proof. O

Now, suppose ¢ is a function in L?(T") whose negative Fourier coefficients vanish, that is,
g € H? where H? is considered as a subset of L?(T). Then the negative Fourier coefficients
of the convolution k * g vanish as well, and so k* g € H2. Hence the Poisson integral P[k * g]
is an analytic function on the unit disk. In fact, this correspondence defines an isomorphism
between H? and the Dirichlet space, and so we have an answer to question (1) above.

Lemma 2.4. A function f is in D if and only if f = Pk % g] where g is a function in
H?. Moreover, this correspondence is an isomorphism and the norms || f||p and ||gll2 are
comparable.

Proof. Suppose g € H? and let g(e??) = 3% ¢
kxge H? and k* g(n) = k(n)g(n) = by(14+n)~

g(n)e™® be the Fourier series for g. Then
2§ G(n) where 0 < 6=! < b, < § for each n
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by Lemma 2.3. Thus f(re?) = Plkxg](re??) = >0° /b, (1+ n)fég(n)r”eme is a power series
representation for the analytic function f and so

o0

IF1H =D (1 +m)lbal* (1 +n) "M g(n)?

n=0
[eS)
<6 lg(n)?
n=0
=0%|gl3
<0oQ0.

Thus f € D. Moreover
o0
1F11H =672 la(m))* = 6~ 2llgll3
n=0

and so || f||p and ||g||2 are comparable.
Conversely, suppose f € D. Then f(z) =>,° ja,2z" and {ay} is the sequence of Fourier

coefficients for the boundary function of f. Define ¢, = a,b; (1 + n)% for n > 0. Then

Z |Cn’2 = Z(l + n)|an‘2‘bn|2 < 52HfH2D
n=0 n=0

and 5o {|c,|?} is summable and must be the sequence of Fourier coefficients for some function
g€ H2 Then k+g e H? and k * g(n) = k(n)§(n) = bu(1 +n) 2apb; (1 +n)> = a,. Thus
k x g is equal to the boundary function of f and f = Pk * g]. We have now proved that the
given correspondence is surjective. Since it is evidently injective, the proof is complete. [

The next lemma answers the second question, (2), above.

Lemma 2.5. A positive measure p on the unit disk is a Carleson measure if and only if there
ezists a constant ¢ such that

/U |Plk # g)Pdu < clgll (2.10)

for all g >0 in L*(T).

Proof. Assume (2.10) holds for all g > 0 in L?(T). Now, let h be any function in L*(T).
Writing h = u + iv and observing that P[k x h] = P[k x u] 4+ iP[k * v] is is readily checked
that (2.10) holds for h. In particular (2.10) holds for all functions in H2. By Lemma 2.4, any
function f € D is of the form f = P[k * g] where g € H?, and the norms ||f||p and | g2 are
comparable. Thus

/ P2y = / (Plk % g] Py <c|g]3
U U
<c|fllp

and so p is a Carleson measure.
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Conversely, suppose p is a Carleson measure, that is, fU |f|?du < || f]|% for all f € D. If
g € H? then f = P[k*g] € D and so

[ 1Pt glPau= [ \rPdu <l 715
U U

2
<cllglz-
This proves (2.10) for functions in H?. Now let g be any function in L?(T) and let
3% ane™? be the Fourier series for g. The partial sums of this series can be written
N N N
sy = Z anem9 _ Zanezne + Z Cneinﬁ (211)
n=—N n=0 n=1

where ¢, = a,. Either series to the right in (2.11) converge in the norm on L2. Denote the
limits by g1 and g respectively. Then g; and g, are in H? since either function has vanishing
negative Fourier coefficients. It is clear that g = g1 + g2 and ||g||3 = [|lg1/|3 + |lg2/|3. Finally,
since both the Poisson kernel and the function k are nonnegative

Plk % g] = P[k x g1] + P[k % go] = Plk x g1] + Pk * g2

and so
[ 1P gl < [ 1P glPdut [ |Plk s gl P
U U U
<c(lgull + llg2ll3)
=|lgll3-
Since g was an arbitrary function L?(T), this completes the proof. O

We must now introduce some concepts related to potential theory. The Bessel kernel of
order « is the real function on RV given by

Go = F (1 + |z]?)~2/?) (2.12)

where F~! denotes the inverse Fourier transform. Thus G, is the function whose Fourier
transform is Go(x) = (1+|z|?)~*/2. For o > 0 the function G, has the integral representation

1 1 X a-nN _xe?®_ ¢ dt
= - TAr — 1
Gal®) = =72 T(a/2) /0 bre (2.13)

For such « the function G, is clearly positive. Moreover Gy, € L'(RY) and Go(x) = O(e°*l)
as ¢ — oo for some ¢ > 0. The norm is ||G,||1 = 1 (see [29] page 132). We are mostly going
to consider the case a = 1/2, and as such we shall write G' = G| /5. In this case, G/(x) behaves

asymptotically as G(z) ~ c|z|~1/2 for  near the origin.
We can now define the Bessel potential spaces Lb, = L5 (RYN) by

LERY) = {f: f=Gaxg, g€ LPRY)} (2.14)

Since g € LP(RY) and G, € L*(RY) it follows that Go*xg € LP(RY). Thus LL(RYN) ¢ LP(RY).
In other words L5 (RY) is a subspace of LP(RY), consisting of all functions f € LP(RY)
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that can be written as a convolution f = G, * g. We can place a norm on L% defined by
|lGa * gllap = ||lgllp- The convolution operator is bounded, for

1Ga* gllp < Gallillglly = llgllp = [|Ga * gllap (2.15)

since ||Gall1 = 1. It is not hard to verify that L% is complete in this norm, and so it is in fact
a Banach space. Finally we mention that if « is an integer, a > 1 and 1 < p < oo then the
Bessel potential space L% is equal to the Sobolev space WP (RN ) consisting of all functions
in LP whose distribution (weak) derivative D7 f belongs to LP for each multi-index o of order
lo| < a (see [29], page 135-138).

For a detailed exposition of the Bessel kernel and the Bessel potential space, see for
example [29], Chapter 5, or [1].

We will now introduce capacities, which is the concept we need for the characterization
of the multipliers.

Definition 2.6. A capacity is a positive set function C given on a o-additive family of sets
& which contains the compact sets and satisfy the following properties.

1. C(0)=0
2. If A1, Ay € € and Ay C Asg, then C(A1) C C(A2) (monotonicity)
8. IfAp €& formn=1,2,... then C(Uy~1 An) < > 021 C(Ay) (countable subadditivity)

If in addition C(A) = sup{C(K) : K compact, K C A} for every A € £ then C is called an
inner capacity, and if C(A) = inf{C(G) : G open, A C G} for every A € € then C is called
an outer capacity. We can define C' on all subsets A of RN by setting C(A) = inf{C(E) :
Ec& ACE}.

Notice the similarity of the properties of a capacity with those of a measure. Indeed the
properties 1,2 and 3 of Definition 2.6 are exactly those defining an outer measure, which can
be used to construct measures. (see [20], Chapter 12). We say that a property holds quasi-
everywhere (abbreviated q.e) if it holds everywhere except possibly on some set of capacity
Zero.

We will now define the capacities we need. The Bessel capacity B, for 1 < p < oo is
defined by

Bap(A) = inf{||Ga xg|8, = llgll5: g € LP(RY), g >0, Ga+g > 1 on A} (2.16)

The fundamental theory of this capacity is given, for example, in the article [17] and the book
[1]. We will mention the results we need. First off, the Bessel capacity is an outer capacity
defined on all subsets of R, see Theorem 1 [17]. Comparing the Bessel capacity with the
Lebesgue measure, we find that sets with zero capacity has zero measure, but there are sets
with zero measure and positive capacity. Let o,(z¢) denote the open ball in RN with centre
at z, and radius 0 < r < 1. Suppose p > 1 and that ap = N. Then we can find a constant ¢
such that

¢ (log 1) < Baylon(x0)) < e(log 1) . (2.17)

See Lemma 8 [17]. Now, if p is a positive measure and f is a measurable function, the
following identity holds:

(/!ﬂwu—/muH:U@N>ﬂﬁp (2.18)
RN 0
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where dt? = ptP~tdt and p{x : |f(z)| > t} is the distribution function for |f| (see [23], 172-
174). We now ask: is something similar true for the Bessel capacity? The answer is, at least
partially, yes. To be precise, we have the following capacitary strong type inequality:

/ " Bay({z (Gax f)(x) > t))dt? < | f|12 (2.19)

for all f > 0in LP(RYN). It is required that 1 < p < oo, and the constant ¢ depends only on

N and p. For the proof of this inequality, see [1] p. 189-191. From now on we will specialize

to the situation a = 1/2, p = 2 and N = 1, and write C' = Bi1,. A nonnegative function
27

f € L*(R) such that G * f > 1 on A will be called a test function for C(A).
We will also need a capacity on the circle. If E C T let 7(E) = {t € [-m,7] : e € E}.
This is clearly an open map from T into the interval [—m, 7]. Now define

Y(B) = mf{|f|3: f € LXT), f>0,k+f>1on7(E)} (2.20)

This is an outer capacity defined on all subsets of T', again by Theorem 1 [17]. A nonnegative
function f € L?(T) such that k* f > 1 on E will be called a test function for v(E).

Lemma 2.7. The capacity v(E) is comparable to the Bessel capacity C(7(E)) for any subset
E of the unit circle.

Proof. We begin by proving that there exists a constant ¢ such that
C(r(E)) < ¢y(E), forany E CT. (2.21)

To this end, let f be a test function for y(£). We shall find a test function g for C(7(E))
such that ||g||2 < co||f]|2 for some constant cg, and (k* f)(z) < (G*g)(x) for any = € [, 7.
Then the inequality (2.21) follows from the definitions of v and C.

Recall that G(x) ~ 01]x|_% = c1k(x) where ¢; is some constant and z is near the origin.
Hence G and k are comparable on [—7, 7]. Define go(x) = f(x) for z € [—2m, 27] and zero
otherwise. Clearly go € L?(R). From these considerations we deduce that

(ks @) = 5= [ T@—pkdy <c [ 1w -Gy

T o o

< / " gole — y)Gy)dy

—0o0

=c(G * go)(x), x € [—7, 7 (2.22)

Setting g = cgo we get
2 2 o 2 2 2 2 2
lgll3 = ¢ / golPde = ¢ / 1 (@)2dz < col 13-
—00 —27

Evidently, g is nonnegative and G * g > k* f > 1 on 7(E). Thus g is a test function for
C(7(E)). This completes the proof of (2.21).
We must now show that there exists a constant ¢ such that

Y(E) < cC(r(E)), forany E CT. (2.23)
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First, we will show that it is enough to prove (2.23) for sets with small capacity, and with this
in mind suppose (2.23) is true for all sets E C T such that C(7(E)) < e. Let J be an interval
in [—m, 7] with length m(J) = § < 1 where m is the Lebesgue measure on [, 7]. By (2.17)
C(J) < c(log 2)~1. Now, choose § small enough so that c(log 2)~! < e. Then C(J) < e. Since
T is compact, it is totally bounded, and so we can find a family of open intervals {I;}7* ; of
the unit circle such that the length |I;] = m(7(l;)) = 6 for each ¢ and T = (J;_, I;. Now, let
E be a subset of T" such that C(E) > e. Then

E) < Z’y([i) since v is subadditive

SCZ C(r(I;))  since C(7(I;)) < e, 1<i<n
<enC(7(E)).

Since n only depends on ¢ and e and not on the subset E, we conclude that (2.23) holds for
al ECT.

Now, let E C T with C(7(E)) < e. A sufficient upper bound for € will be decided soon. Let
h be a test function for C(7(FE)). Evidently ||h|l2 < v/e. Recall that G decays exponentially
to zero. From these considerations one obtains by the the Schwarz inequality

/|y>7r h(z —y)G(y)dy < ( /y|>7T h2(z — y)dy)é </|y|>,r G2(y)dy>%

<
1
= 2.24
< (224)
if /e < 1/(2¢). Fix such e. Since (G * h)(z) = [ h(xz —y)G(y)dy > 1 on 7(E), we see
from (2.24) that f < h(z —y)G(y)dy > 5 for x € 7'( ). Since k and G are comparable on
[—7, 7], this means that 5- f|y‘<7r h(x — )k( Ydy > ¢!
Let h|(4,5 denote the restrlctlon of h to the interval [a, b]. Let f; be the periodic extension
of h||_ax,0) to all of R. Similarly, let f2 be the periodic extension of ||y 25 to all of R. Then
the function f = c(f1 + f2) is 2m-periodic, f € L?(T) and f > 0. Moreover f; + fo > h on
[—2m, 27] and so

for some constant ¢ and = € 7(F).

(b @) = 5 [ @bty = [ (i =)+ fale — y)k(s)dy

> " b — y)k(y)dy

27 J_,
>1

for x € 7(E). We conclude that f is a test function for v(E). Observe that 27| f1||3 =
ST fi(@)de < [7_ h*(x)dz = ||h||3. The same inequality holds when fi is replaced by fo.
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From our considerations above we obtain that

Y(EB) <IIFIE = (11 + fal13)

<(|l fll2 + 1 f212)
62 2
<o (Ihll2 + [11]12)

T
2¢2
ZTHM@
and so
2¢% 2 2
v(E) <—inf{||h|53: he€ L*(R), h>0,G«h>1on 7(E)}
T
2¢?
= E)).
- 0(r(B))
This completes the proof. ]

Corollary 2.8. The strong type inequality (2.19) holds for the capacity v, that is, the in-
equality

| e €T kx g > e <13
0
holds for all f >0 in L*(T).

Proof. Let f be a nonnegative function in L?(T) and let E; = {€® € T : k* f > t}. Then
T(Ey) ={z € [-m, 7] : kxf > t}. Like in the proof of Lemma 2.7, define fo = f on [—2m, 27]
and zero otherwise. Then (k x f)(z) < ¢1(G * fo)(z) for some constant ¢; by (2.22) and
lfoll2 < c2||fl|2 for some constant co. Since v(E;) and C(7(FE;)) are comparable we obtain
that

/OO V€T €T b+ f > 1) <o /oo Cz € [om 7] b+ f> 1))
0 0

<cp /000 C({z € [—m, 71| : c1(G * fo) > t})dt?

<collerfoll3 by (2.19)
<c|lfl3

as was to be proved. O

Let I be an arc on T" and denote the length of I by |I|. We define the approximate square
with base I by
z

SI)={zeU: = eI, 1-|I|<|s <1} (2.25)

||

If|I| > 1let S(I) =U. If z € U, let I, be the arc on T centred at z/|z| and with length 1—|z|.

Similarly, the notation nl, will denote the arc centred at z/|z| and with length n(1 — |z]).
We now have all the material we need to characterize the Carleson measures.
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Theorem 2.9. A positive measure p is a Carleson measure if and only if there exists a
constant ¢ such that

U ) <cC(r(|J 1) (2.26)
: j:l

for all disjoint collections {Ij}jzl of subarcs on the circle.

Proof. Assume f is a Carleson measure and set E = ;" ; I;. We will prove that (2.26) holds
for the capacity -y instead of C. It will then be true for the capacity C as well by Lemma 2.7.
Accordingly, let f be a test function for v(E), that is, f € L*(T), f > 0and k* f > 1 on
7(E). Clearly k x f > xy, for each j.

Suppose |Is| > 1 for some 1 < s <n. Then S(I;) = U. By (2.17) there exists a constant
¢o such that 0 < ¢g < C(7(1)) for all intervals of length |I| > 1. Thus we can find another
constant ¢ such that

n

wlJ 81)) = uU) < erep < e1C(r (L)) < erC(r(|J 1)

J=1 J=1

and so (2.26) holds.
Assume |I | < 1forall j. Let 2 = re? € S(I;) where § € [, 7]. Recall that P.(6 —t) =
1—r? 1— |22

T 2rcos(@—1) 517 = 2 = P,(t) and observe that

Plxr](z) = % / L B (2.27)

First, notice that P,.(0 — t) is nonnegative. The curve of P,(0 — t) (with respect to § — t) is
bell-shaped and assumes its maximum value at § — ¢t = 0. Since 6 € 7(/;) this maximum is
assumed when ¢ runs through the interval 7(/;), the interval of integration in (2.27). Notice
further that if 0 < § < 7 then lim, 1 supjg_>5[P-(6 — t)| = 0. In other words the curve of
P.(6 — t) becomes slimmer and more concentrated around 6 = ¢ as r increases and so the
integral (2.27) increases monotonically with r. Since inf{r : re? € S(I;)} = 1—|I;| we obtain

dt
Pr9—tdt2/ P (0 =t)dt =|1;|(2 — |1; / —_.
L, Bo-vaz [ P -va=mie-in) [

J

It is not hard to see that ‘
et — 2] < gt |1 (2.28)

for some constant cg and for any ¢t € 7(I;) and z € S(I;). The constant ¢y is determined by
the geometry of the approximate squares of the form S ( ) and so (2.28) holds for any arc I
on the unit circle when t € 7(I) and z € S(I). Thus ¢ is independent of j. Consequently,

2 62
Pl)(:) 25 1~ Dty [ = e 15

2
C
2—0:c>0
27
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for any z € S(I;). Thus ¢ *P[k * f](z) > ¢ *Plxy,](z) > 1 for any z € S(I;) and for each
1 < j < n. Therefore ¢ 'P[k* f] > 1 on Uj=1 S(Z;) and so

wUsap = [ awse® [ (Pl P
j 1 S(I;) Ui—: S(15)

7=1 J=1
<c?||f13, by Lemma 2.5.

Since f was an arbitrary test function for y(E) it follows that p(UJ7—; S(I;)) < ¢ 2y(E) and
so u satisfies (2.26).
Conversely, suppose p satisfies (2.26). Let f be a nonnegative function in L?(T") and let
u = P[kx f]. The non-tangential approach region e%Q),. with vertex e is the smallest convex
set that contains the disk centred at the origin with radius 7, and the point e’ on the unit
circle. The non-tangential mazimal function N,u is defined to be the supremum of |u(z)| on
e?Q),.:
(Nyu)(e) = sup |u(2)] (2.29)

z€eQ),.

Choose 7 large enough so that z € €¥Q, for all e’ € 2I..
We will also need the Hardy-Littlewood maximal function defined by

MfYe®) = sup o [ Ir(oae (2.30)

where I is a subarc centred at €. There are three facts concerning this maximal function we
are going to need. First, M[g] is bounded on L?(T), that is

1M [glll2 < cllgll2 (2.31)

for any g € L?(T). See for example Theorem 8.18 [23]. Secondly, if g € L?(T) the non-
tangential maximal function of P[g] is dominated by the Hardy-Littlewood maximal function

corresponding to g: , )
(N Plg)) (") < Mlg](e”) (2.32)

for each € € T. See Theorem 11.20 [23]. Finally, we want to prove the inequality
Mk f] < k * M[f]. (2.33)

Let F(x,y) = f(x — y)k(y). Since F is dxdy-measurable and F' > 0 we can apply Fubinis
theorem. The notation I(6) shall denote an arc on T' centred at €.

1 1 ™

@7 o O DN =5 [ e [ s wikway
1 ™

:W‘/ k(y)dy/ f(z —y)dx

1

1
5 / AT AL
~(k

« M[f])(e") (2.34)
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Take the supremum over all arcs centred at € on the left in (2.34) to complete the proof of
(2.33).

Let Ay = {z € U : |u(z)| >t} for t > 0 and let K be a compact subset of A;. Then we
can find a finite number of points 21, z2,...,2, € K such that K C |J;_; S(2I.,). The union
Ui, 21, can be expressed as a disjoint union U;n:l Jj where each 2I., is contained in some
Jj. Evidently K C UL, S(J;). Define B; = {e? € T : (Nyu)(e?) >t} and let € € 21,,.
Then z; € €, by our choice of r and so (N,u)(e?) = sup, g, [u(2)| > |u(z;)| > t since
2z € K C A;. Hence € € B, and so Ui, 2L, = U;”Zl J; C By. From this and the fact that
w satisfies (2.26) we obtain that

s

p(K) <p(lJ 5(J5))

J

<ey( J5)

TCs -

<cy(Bt). (2.35)
Since p is a regular measure (2.35) imply that
u({z: fu(2)] > 1) < erv({e? : Nou(e®) > 1), (2.36)
Finally, our considerations yield
[ Pt = [t ) > e by (235)
<c /0 T T (N () > )2 by (2.36)
<c /0 T € T Mk f](e?) > £))di2 by (2.32)

§c/oo y({e? e T : (k M[f])(e?) > t})dt? by (2.33)
0

<c|M[f]||3 by Corollary 2.8
<clfI3 by (231)

Since f was an arbitrary nonnegative function in L?(7T") the measure y is a Carleson measure
by Lemma 2.5. This completes the proof. O

Now that we have classified the Carleson measures, we can formulate a necessary and
sufficient condition for a function f to be a multiplier of the Dirichlet space.

Theorem 2.10. A function f € M(D) if and only if f is bounded and there is a constant c

such that .
/ f'PdA < cC(w(| 1)) (2.37)
Uiz, S i=1

iz1 S

for each disjoint collection {I;}I' | of arcs on the unit circle.

Proof. The result follows immediately from Proposition 2.2 and Theorem 2.9. O
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2.2 Multipliers of L%ﬂ

In this section we shall characterize the multipliers of the Bessel potential space L% /Q(R) and
the related space L% /2(T) on the unit circle. This will also yield a characterization of the
multipliers of the harmonic Dirichlet space, when properly defined. This work will then aid
us in giving a similar boundary characterization of the multipliers of the Dirichlet space in

the next section.

Recall that L%/Q = L%/Q(R) = {G =« f: f € L*(R)} is a Banach space with the norm
|G * fllij2 = [ fll2. A multiplier of L? Jo IS a function f such that pointwise multiplication

of functions in L% /2 by f is a bounded linear operator from L% /2 into L% /2 In other words
fe M(L%ﬂ) if and only if there is a constant ¢ such that

1 £gll1/2 < cllglliy2 (2.38)

for each g € L% /2° Multipliers of the general Bessel potential space L5, (]RN ) were studied in

[30]. In this article it is proved that M (L) C L* for a > 0 (Proposition 1.1, Chapter 2).
If f € L?, define the function

Pf(x) = (/"" |f(z —y) —f(w)lzdy)l/% (2.30)

oo |y|?

The following characterization is due to E. M. Stein, see [28].

Proposition 2.11. A function f is in L%/Q if and only if f € L? and 2f € L?. Moreover
1fll12 is comparable to || fll2 + 2 f|l2-

Lemma 2.12. Let i be a positive Borel measure on R. A necessary and sufficient condition
that

JERIEN (2.40)
for every [ € L%/z is that p(K) < cC(K) for every compact subset K C R.

Proof. Assume (2.40) holds for all f € L%/Q, and let h be a test function for C'(K) where K

is a compact subset of R. Then |G * h|?> > 1 on K and so

p(k) = [ dus [ (G enPau< [ 16 hPdn = G+ gl < 16 <A, = 13
by (2.15). Since h was an arbitrary test function for C(K) we conclude that u(K) < C(K).

Conversely, suppose u(K) < ¢C(K) for all compact subsets K C R and let f € L?. Then
|f| € L? and so G * |f| € L%/z' Let By = {x : G x|f| > t}. With the aid of the capacitary
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strong type inequality we obtain that

0||f||§ZCI|f!|!§Z/O C({z: G=|f| > t})dt* by (2.19)

> / sup{C(K) : K C E;, K compact}dt* since C' is subadditive
0

1 oo
> / sup{u(K) : K C E;, K compact}dt* by assumption
¢Jo

1

oo
= / p({z: Gx|f| > t})dt? since p is regular
¢Jo

1 oo
:C/ |G * fl?du by (2.18).

Since f was an arbitrary function in L2, (2.40) holds for all functions in L% /2 This completes
the proof. O

The following result is due to R. S. Strichartz, see Lemma 3.1, Chapter 2, in [30].

Lemma 2.13. A function f is in M(L%/Q) is and only if f € L™ and
lgZfll2 < cllgll1y2 (2.41)
forall g € L%/Q.

Proof. Suppose f is bounded and Zf is a multiplier of L%/z into L2. Then ||fgll2 < || f/loolgll2
and so fg € L% Let g € L% /2 and observe that

> T — xr — — f(x)a(xz)|?
7(f9)(x) = ( / = Dotz )~ ) )

oo ly|?
_ </°° [f(x —y)g(z —y) — f(z —y)g(x) + f(z —y)g(z) — f(x)g(x)l2dy) 172

oo ly|?

> gz —y) —g@)Pflx —y)P* , \1/2
= </_oo ly|? dy)

> |f(x—y) = f(@)Plg(@)]* | \1/2
* </_oo ly|? dy)

< |[[fllwZg(x) + g(2)| 2 f (). (2.42)

Thus [[2(fg)ll2 < I fllecllZgll2 + 92 fll2 < [ fllcl|Zgll2 + cllgll1/2 by the hypothesis on Zf,
and so 2(fg) € L?. Hence fg € L§/2 by Proposition 2.11. Moreover

< c(lfgllz +112(f9)ll2)

< clllflloollgllz + I fllol 292 + 192 f1l2)
< c(ellflloollgllyz + callglliy2)

= cllglli/2-

1£9ll1/2

Thus f € M(L%/Q).
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Yand let g € L?,,. Then f is bounded and

Conversely, suppose f € M(L? 1/2°

1/2

> T — z) — f(x)g(x)|?
9(2)| 2 f(z) = (/ [f(z—y)g( ’y)|2 f(z)g(x)] dy)l/z
| flz—yPlglz —y) —glx)* | \1/2
= (/OO \y|2 dy)

> |flx—y)gle —y) = f@)g(@)]*  \1/2
! </oo ly? dy)

< fllcZg(x) + 2(f9)(2)-

Hence
192 fll2 < [ flloclZgll2 + 12(f9)l2
< fllse(llgllz +129ll2) + 1 fall2 + [|2(f9)l2
< collgllij2 + el fglli/2
<cllglyz  since f e M(L? ).
Thus (2.41) holds for all g € L? /2 This completes the proof. O

Theorem 2.14. A function f is in M(L%/z) if and only if f € L*° and

/ |2 f|?dx < cC(K) (2.43)
K

for all compact subsets K C R.

Proof. By Lemma 2.13 f € M(L%/Q) if and only if f € L*° and

97118 = [ 199 $ds < clgl?, (2.44)
for all g € L%/Q. Define the positive Borel measure du = |2 f|?dz. By Lemma 2.12, (2.44)
holds for all g € L% /2 if and only if

wK) = /K |2 f|2dx < cO(K)

for all compact subsets K C R. The proof is complete. ]

We now define and study a function space on the unit circle which is closely related to

L7 /Q(R), namely the space

L3 o(T) ={f: f=kxg, g€ L*(T)} (2.45)

In Section 2.1 functions from this space were used, for example, in the definition of the capacity
~ on the unit circle, and in the boundary characterization of D. Indeed, much work in that
section centred on moving between the spaces L2 /Q(R) and L? /Q(T). The key observation was
that the kernels G and k are comparable on [—m, 7].
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Proposition 2.15. The space L%/Q(T) is a Banach space with the norm ||k * fll1/2 = || f]|2-

Moreover L3 5(T) € L*(T) and ||k = fll2 < [kl fll2 = [|Kll1[1& % fll1/2.

Proof. Let {kx f,} be a Cauchy sequence in L? /2(T). Then {f,,} is clearly a Cauchy sequence
in L?(T) and so converge in the norm on L?(T) to some function f € L?(T). Since k x f €
L3 ,(T) and

[k fo =k fllye = Ik * (fa = Dz = 1o = fll2
we conclude that {kx f,,} converges in the norm of L%/Q (T) to k= f. Thus L%/Q (T) is complete
with the given norm.

Since k € LY(T) we know from the elementary theory of convolutions that k x f € L(T)
for any f € L?(T) and that ||k * f|l2 < ||kl f|l2. This completes the proof. O

We define multipliers of L%/Q(T) just as for L?/Q(R): f e M(L%/Q(T)) if and only if
I fglli/2 < cllglli/2 for some constant ¢ and for all g € L%/Q(T). We will prove in Section 4.3

that M(Lf/Q(T)) C L*™(T') (Corollary 4.27). With the operator norm
LFIF= 1Ml = sup [[fgll1/2
llglly/2<1

the space M(L%/Q(T)) is a Banach algebra. Moreover M(L?/Q(T)) C L%/Q(T) since 1 €
L%/Q(T). For a proof of these statements, we refer again to Section 4.3 (Proposition 4.28).
For now, our interest is to give a characterization of of the multipliers of L? /Q(T).

Recall from Lemma 2.4 that the Dirichlet space D could be identified with the set of
functions {k * f : f € H?}. It turns out that the harmonic Dirichlet space can be identified
with the larger space L%/z(T) ={kx* f: f e L*T)}. We will prove this shortly.

Let f € Dy,. If we define

L (™ 1f0) - fFOFF N2
t)=|— ————df 2.4
71(t) (M /_W sin? (%20) ) (2.46)
then D(f) = ||Zf]|3 since the Douglas formula (1.13) holds for functions in D,.

Proposition 2.16. a function f is in Dy, if and only if f = Plk* g] where g is a function in
L?(T). Moreover, this correspondence yields an isomorphism

Dy, — L3 5(T)

f—F=kxg
and the norms || f|p, and ||k *gll1/2 = ||gll2 are comparable.
Proof. By Proposition 1.6 the formula || f||p, = S2°° __ (1+ |n])|f(n)]? holds for any f € Dy,
where f (n) is the n’th Fourier coefficient for the boundary function of f for any f € Dy,.
Hence the proof of this proposition is similar to the proof of Lemma 2.4. The only difference

is that the bondary functions corresponding to a function in D} may have nonzero negative
Fourier coefficients. ]
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Recall from Section 1.2 that defining multipliers for the harmonic Dirichlet space in the
same manner as for the Dirichlet space turned out to be unsuccessful since products of har-
monic functions need not be harmonic. But having identified in the proposition above Dy,
with the set of boundary functions L? /Q(T) we may define multipliers of Dy on the bound-
ary. That is, a harmonic function f in the unit disk is a multiplier of D, if and only if the
corresponding boundary function is a multiplier of L% /2 (T'). Denote the set of multipliers of
Dy, by M(Dy,).

We now want to show that Theorem 2.14 holds for multipliers of L% /2(T ). For this we

will use the following Lemma, which is an analogue of Proposition 2.11 for L% /Q(T).

Lemma 2.17. A function f is in L%/Q(T) if and only if f € L*(T) and 2f € L*(T).
Moreover || f||1 /o is comparable to || fll2 + |2 f]|2-

Proof. Suppose f € L§/2(T). Then f € L*(T) since L%/z(T) c LT
by Proposition 2.16 and so D(P[f]) = |2 f||3 < co. Thus 2f € L*(T
Conversely, suppose f € L?(T) and 2f € L*(T). Then P[f] € Dy, since D(P[f]) =

|23 < oo and so f € L%/Q(T) by Proposition 2.16.

To prove the equivalence of || f||1 /2 and || f[|2+||Z f ||2, define the norm | g||" = lgll2+D(g)"/?
on Dj,. Evidently, ||g|| < |lg||" for any g € Dy, where ||g|| = ||g||p, is the standard norm (1.26)
on Dp. We want to show that when D}, is endowed with the norm ||g||’ the resulting normed
space, denoted by (Dp, ||.||'), is complete. To this end, let {g,} be a Cauchy sequence in
(Dp, ||I[II")- Then ||gn — gmll < llgn — gml||" and so {g,} is a Cauchy sequence of (Dp, ||.||).
Thus {g,} converges to some function g € Dy, in the norm |.||. But then ||g, — g|l2 — 0
and D(gn — g) — 0 and so {g,} converge to g in the norm |.|[,, as well. Hence (Dp, ||.|")
is complete and so ||g|| and ||g||" are comparable by a corollary of the open-mapping theorem
(see for example Proposition 11 in Chapter 10, [20]).

Since || f||1/2 is comparable to || P[f]||p, by Proposition 2.16 and || P[f]||p, is comparable
to ||fllz+D(PfNY? = || flla+||2 f||2, we conclude that | f1l1/2 is comparable to || f|l2+[|Z f|]2.
This completes the proof. ]

). Moreover P[f] € Dy,
).

We now rewrite Zf in a form more appropriate to our needs. An easy computation shows

that 4sin? (%) = %=1 — 1] and so

210= ([ o)
- e /t:T = |;S )—_1IJ;(t)|2d5) . </t:T d“) e p(e"T) = p(T)
- (% /: |f(t ’;j)_li];(mzds)l/g. .

Notice the similarity between this expression for 2 and (2.39). Indeed, with the aid of this
expression, Proposition 2.15 and Lemma 2.17, the proofs of Lemma 2.12 and Lemma 2.13
goes through virtually unchanged. Simply replace the domain of integration by the unit circle,
and the denominator of Zf by |e% — 1]?). In addition, use the capacity v in Lemma 2.12
instead of the Bessel capacity. Thus we have proved that the characterization of multipliers
of L2 /2 (R) holds for L? /2(T) as well. Moreover, this will also be the characterization of the
multipliers of the harmonic Dirichlet space. Explicitly, we have the following theorem:
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Theorem 2.18. Let f be a function on the unit circle. Then the following are equivalent:
1. f € M(L} 5(T))
2. Plf] € M(Dy)

8. feL®(T) and [ |2 f|2dx < cC(K) for all compact subsets K C T

2.3 A boundary characterization of multipliers of the Dirichlet
space

In this section, we shall give a boundary characterization of multipliers of the Dirichlet space
similar to the characterization of M (L? /Q(T)) in the last section. In doing so, we will show

that the boundary function of a multiplier of D is a multiplier of L? /2 (T).

If 2 is the expression (2.47) then D(f) = |2 f||% for any f € D, just as for Dj,.

Lemma 2.19. A function f is in D if and only if f € H? and 2f € L*(T). Moreover ||f|p
is comparable to || f|l2 + |2 f]|2-

Proof. This is just a special case of Lemma 2.17 where f is assumed to be analytic. O

Recall that Lemma 2.12 and Lemma 2.13 remain true if the real line is replaced by the
unit circle and Zf is the expression 2.47. We now show that Lemma 2.12 can be improved
in this context.

Lemma 2.20. Let i be a positive Borel measure on T. A necessary and sufficient condition
that

JERTE (2.49)
for all f € D is that (K) < cC(7(K)) for each compact subset K C T.

Proof. Assume (2.48) holds for all functions in D, and let f = k* h € L2 /2(T). Then

h € L*(T), and h = hy + hy where hi, ho € H? and ||h||3 = ||h1]]3 + ||h2]]3 as in the proof of
Lemma 2.5. Clearly f = k*h =k * hy + k * ho and so

/ FPdu < / ke B P+ / ko fdp
T T T
< [Pl *hllb + cl|Plk« ol by (2.48)

<c|h|3+¢|lh2]]} by Lemma 2.4
= c||h||3

= c|[ f17)2-

Since f was an arbitrary function in L? /Q(T) we conclude that pu(K) < ¢C(K) for each
compact subset of T' by Lemma 2.12.
Conversely, suppose p(K) < cC(7(K)) for each compact subset of 7. Then

FPdu < el £113 2
T
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for each f € L%/2(T) by Lemma 2.12. Suppose g = P[f] € D. Then f € L%/Q(T) and the
norms || f|l1/2 and ||g||p are comparable by Lemma 2.4. Thus

/T G2 = /T |2 < el F12, < cllgll-

Since g was an arbitrary function in D the proof is complete. O

Lemma 2.21. A function f is in M (D) if and only if f € H>® and

192 fl2 < cllgllp (2.49)
for each g € D.

Proof. The proof of this lemma is analogous to the proof of Lemma 2.13. Assume f is bounded
and that (2.49) holds for all g € D. Let g € D. By an argument similar to the one found in
the proof of Lemma 2.13, we get that

g — s —_5) — 2
S = (L [l ) SOl )

< [ flleZg(t) + 19(t)|2 f(2)

and so

1Z2(f9)ll2 < [ fllcollZ9ll2 + g2 f |2
< [ fllcllZgll2 + cllgllp
< o0.

Thus D(fg) = |2(fg)||3 < oo and so fg € D. We conclude that f € M (D).
Conversely, suppose f € M (D) and let g € D. Then f is bounded, fg € D and

T —_s _ 2
oo = (& [ V=0 SOs0r

T |eis - 1|2

< flleZ9(t) + 2(f9)(1).

Thus
192 fll2 < [ flloclZgll2 + 12(f9)l2
< [ flloo(llgllz +129ll2) + 1 Fall2 + [12(f9)l2
<cillglp + el fglp by Lemma 2.19
< cllgllp since f € M(D).
The proof is complete. ]

We now quickly obtain the boundary characterization of functions in M (D). We include
the previous characterization for completeness in the following theorem.

Theorem 2.22. The following are equivalent:

1. fe M(D)
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2. fe H*® and fU”—l (1) |f'[PdA < cC(T(U, L)) for each disjoint collection {I;} | of
arcs on the unit circle

3. f e H® and [,(2f)*dzx < cC(7(K)) for all compact subsets K C T

Proof. We have already proved the equivalence of (1) and (2). We now prove the equivalence
of (1) and (3). By Lemma 2.21, f € M (D) if and only if

B 1 7r B 1/2
la79l: = (55 [ lo2sPaz) ™ < clgle (2.50)

for all ¢ € D. Define the positive Borel measure dy = (2 f)?dx. Then Lemma 2.20 imply
that (2.50) holds for all g € D if and only if u(K) = [, (2f)*dz < ¢C(K) for each compact
subset K C T'. This completes the proof. ]

The boundary characterization of multipliers of the Dirichlet space together with the
characterization of multipliers of the Bessel potential space in the last section furnishes the
following interesting result.

Proposition 2.23. If f € M(D) then the boundary function of f is contained in M(L%/Q(T)).
Equivalently, f € M(Dy,).

Proof. If f € M(D) then f € H* and fK(.@f)2dx < ¢C(K) for all compact subsets K C T by
Theorem 2.22. Thus f € M(L%/Q(T)) by Theorem 2.18. Hence f € M(Dy,) since f € M(Dy,)

if and only if f € M (L3 /2(T )). This completes the proof. O



Chapter 3

Univalent multipliers of the
Dirichlet space

In this chapter we shall investigate a certain class of multipliers of the Dirichlet space, namely
the univalent multipliers arising from the application of the Riemann mapping theorem. The
discussion is mainly based on the article [5] and most of the results in this section can be
found in that article, in particular Theorem 3.5 and Theorem 3.6. However, we will extend
some of the results and add some comments to others.

First, we are going to generalize the definition of the Dirichlet space and the Bergman
space to include sets different from U. Let G be a connected and open subset of C, which we
shall call a domain. The Dirichlet space corresponding to G is the set of all analytic functions
f: G — C such that f(z9) = 0 where zp is some distinguished point in G, and

1
e = 5 [ 1£PdA < (3.1)

The condition f(zp) = 0 ensures that 0 is the the only constant function contained in D(G)
and so (3.1) indeed defines a norm as no non-zero function has zero norm. We can give D(G)
the inner product (f, g) = %IG f'g’dA, turning it into a Hilbert space. A multiplier f of D(G)
is defined just as for D: f is bounded and the map My(h) = fh of pointwise multiplication
is a bounded linear operator from D(G) into itself. We will denote the space of multipliers of
D(G) by M(D(G)) or M(D¢) for brevity.

The Bergman space corresponding to G is the set of all analytic functions f : G — C
such that

1
1126 = = / FPdA < oc. (3.2)
T Jg

The proof of the following proposition is based on the proof of Theorem 12.38 in [21].

Proposition 3.1. Let G be a domain, and let K be a compact subset of G. Then there is a
constant ¢ such that

[f(2)] < cllfll e (3.3)

forallz € K and f € B(G). In particular, evaluation at a point is a bounded linear functional
on B(G).

Proof. Let z € K and let § be a non-zero finite number less the distance from K to the
boundary of G. Note that this distance cannot be zero since G is open and K is compact.

42
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Let A be a disk of radius 6 centred at z. Then f(¢) = > .2 jan(¢ — 2)" for ( € A. If
¢ —z=re" then f(re?) = f.(e?) = 32 jayr™e™ and || £, |3 = Y00 |an|*r®™. Thus

1 1 J ™ . § X o9
/ f[PdA = / Tdr/ !f(reze)\2d9=2/ > " anr¥Tdr =Y " (n+ 1) a, 2622,
e o - 0 n=0 n—0

Note that f(z) = ap and so

o0

£ = lao] <6713 (n+ 1) jan2677+2) 2

n=0
_51(/A f\QdAf

<5 " £l
Since § is independent of z and f, (3.3) holds for all z € K and f € B(G). Moreover, point
evaluations are bounded since G is locally compact. This completes the proof. ]

Corollary 3.2. Let G be a domain. Evaluation at a point is a bounded linear functional on
the Dirichlet space D(QG), that is, for each z € G there exists a constant ¢ such that

A=(N) =@ < el flipe) (3.4)
for each f € D(G).

Proof. Let z € G and let I' be a rectifiable arc in G from the distinguished point zg to z. If
f € D(G) then f’ € B(G) and so

lf(2)] = ‘ /Z f’(w)dw‘ <(length of T") Sul; |f(w)], since I is rectifiable
2 we
O <clf'lp), by Proposition 3.1 since I' is compact
=c[|fllp(a)-
This completes the proof. ]

Thus D¢ is a Hilbert space of analytic functions on the domain G such that evaluation
at a point is a bounded linear functional. Hence Proposition 1.7 and Proposition 1.9 holds
for Dg as we remarked at the end of Chapter 1. Consequently, f € M(Dg¢) if and only if
fD(G) C D(G). Moreover M(D¢) is a Banach algebra.

Now, consider the special case where G = U and zy = 0. Evidently, any function f € D(U)
has a power series representation with constant term equal to zero. Moreover Proposition 1.2
holds for D(U). If w € U — {0} define k},(z) = log =—. If w = 0 let k}, = 0. Then k}, will
be a reproducing kernel for D(U), that is f(z) = (f, k}). The proof is similar to the proof of
Proposition 1.4. Thus Proposition 1.5 holds for D(U) as well.

Proposition 3.3. An analytic function f in the unit disk is a multiplier of D if and only it
is a multiplier of D(U), that is, M (D) = M (Dy).
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Proof. Suppose f € M(D). Then f is clearly a multiplier of D(U) since D(U) C D.

Conversely, if f(z) =Y " anz" € M(Dy) then f € M(D) if and only if f multiply the
constant functions, that is, D(f) < oco. But zf € D(U) since f € M(Dy) and z € D(U).
Since (zf)(z) = D02y a2zt =32 | b,2" where b, = a,_1 we obtain that

00> Df) = 3 b2 =3 nlan- 1 = 30+ Dl = 3 nlaal? = D(f).
n=1 n=1 n=0 n=1
Thus f € M(D) and so M (D) = M(Dy). O

If G is a domain and zy € G, then the Riemann mapping theorem furnishes an analytic
homeomorphism ¢ of U onto G such that ¢(0) = zg. We will call ¢ a Riemann map. Let C
denote the composition operator defined by Cy(g) = g o ¢.

Lemma 3.4. Cy is an isometry from D(G) onto D(U).

Proof. Cy is obviously a linear operator. To verify that Cy is surjective, choose f € D(U).
Since w = ¢(z) is an analytic homeomorphism of U onto G, the inverse function z = ¢~ (w)
is also analytic. Moreover, the derivative ¢’ can never vanish and (¢~ !(w))" = m

Then g = f o ¢! is an analytic function and

7 (w)
F (61 (w))

Using the method of changing the integration variables, we deduce that

1( 1—1 w 2
lolfey = [ lo'tw)Paacw) = | m JA(w)
/Z 2
- [ |59 werpaac) = [ 1rPaac) =i, <

Hence g € D(G). Thus Cy is surjective, since Cy(g) = f. Moreover, the calculation above
shows that Cy is norm preserving. It is trivial to verify that it is also injective. Thus Cy is
an isometry, as was to be proved. O

For G simply connected we define the integral operator V' by the formula

Vo)) = [ " g(w)du

20
Clearly, V maps B(G) onto D(G).

Theorem 3.5. Let G be a bounded simply connected domain and let ¢ be a Riemann map of
the unit disk U onto G. The following are equivalent.

1. D(G) C B(G)
2. 2D(G) C D(G)
3. ¢D(U) C D(U), that is, ¢ € M(D)
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4. ¢’D(U) C B(U)
5.V maps B(G) into B(G)

Proof. For g in D(G), (z9)' = z¢g' + g. Since ¢’ € B(G) and z is bounded on G, the function
zg' is in B(G). Thus the equation above shows that zg is in D(G) if and only if ¢ is in B(G).
Hence (1) and (2) are equivalent.

Choose the distinguished point zg of G to be ¢(0). Note that the validity of (1) and (2)
are independent of the choice of z.

To show the equivalence of (2) and (3), suppose that (2) holds. Let f be in D(U). Since
of = C¢(qu;1f), we see that ¢f is in D(U) as required.

Conversely, suppose (3) holds. Let g be in D(G). Since zg = C’;l(gbcqg(g)) we see that zg
is in D(G), and (2) holds.

To see the equivalence of (3) and (4), let f be in D(U). Then (¢f) = ¢'f + ¢f'. Since ¢
is bounded and f’ is in B(U), we see that ¢ f is in D(U) if and only if ¢/ f is in B(U), and so
(3) and (4) are equivalent.

Thus (1) through (4) are all equivalent. Finally, since V maps B(G) onto D(G), (1) is
equivalent to (5). This completes the proof. O

A region G is called star convez if there is a point wg in G such that for each point w in
G, the line segment from wqg to w is included in G. In particular, star convex sets are simply
connected.

Theorem 3.6. Let G be a bounded star convex domain and let ¢ be a Riemann map of the
unit disk U onto G. Then ¢ € M(D)

Proof. We can assume without loss of generality that that G is star convex with respect to the
origin and that the distinguished point zy of G is also the origin. We will prove the theorem
by showing that condition (1) of theorem 3.5 holds.

Let g € D(G). Then

o) = [ gty = [ g

Notice that we used the fact that G is star convex in the last integral above. By the Schwarz
inequality we now have

o = 1P| [ oearar]
< =7 [ 1oz )’
< ([ va) ([ i era)

1
1pa\|2
< C/o lg'(tz)|=dt (3.5)
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where c is a constant such that |z|?> < ¢ for all z € G. From (3.5), the Fubini theorem and a
change of variables we obtain that

1
rllgl3e = /G 9()PdA(2) < c /G dA(z) /0 g/ (t2) 2dt

1
< c/o dt/G|g’(tz)|2dA(z)
1
<c /0 12t /tG 1§/ () PdA(w). (3.6)

Since the origin is an interior point of G and G is bounded, there is a positive number s < 1
such that the closure of sG is contained in G. Since |¢/|? is continuous, there is a constant cg
such that |¢'|? < ¢p on sG. If 0 < t < s then tG C sG and so

t2 /tG lg' (w)PdA(w) < cot ™2 /tG dA(w)
:co/GdA(z)
= ¢o|G| (3.7)

where |G| denotes the area of G. So

/t_2dt/ |g'(w)|2dA(w)</ o Gldt < oo (3.9)
0 tG 0

Moreover,

1 1
|t [ gwPaaw) < [ 2 lglb (3.9
(57 = Dyl < o0 (3.10)
Now Equation (3.6), (3.8) and (3.9) show that ¢ is in B(G), which completes the proof. [

A simply connected domain G of the complex plane shall be called a piecewise star convex
domain if G is the union of finitely many disjoint star convex domains G, and a set E of
Lebesgue measure zero. One can visualize E as the union of the arcs dividing G into star
convex domains. We shall extend Theorem 3.6 to piecewise star convex domains.

Lemma 3.7. Suppose f is analytic in the piecewise star convexr domain G = Gi UGoU ... U
GnN U E, where the G,, are pairwise disjoint. Then f € D(G) if and only if f € D(Gy,) for
eachn=1,2...N.

Proof. Since E has measure zero, we have

N
1 1 1
D(f) = / |f/[PdA = / [fPdA == / |f'[PdA
™ Ja ™ G1U...UG N Trn:1 Gn

The result now follows. O
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Proposition 3.8. Let G be a bounded piecewise star convex domain, and let ¢ be a Riemann
map of the unit disk U onto G. Then ¢ € M (D).

Proof. We will prove the theorem by showing that condition (2) of Theorem 3.5 holds;
zD(G) C D(G). Write G =G1UG2U...UGN UE as in Lemma 3.7 and choose f € zD(G).
Then f = zg where g € D(G), and so g € D(G,) for each n = 1,2... N by Lemma 3.7.
Thus f = zg € zD(G,,) for n = 1,2...N. Since each G,, is a bounded star convex domain,
we know that zD(G,) C D(G,) by Theorem 3.5 and Theorem 3.6. Thus f € D(G,) for
n=1,2...N and so f € D(G), again by Lemma 3.7. This completes the proof. O

A polygon in the plane is a closed curve composed of a finite number of straight line
segments, called edges. A point where two edges meet is called a vertex. If none of the edges
intersect each other except at the vertices, the polygon is called simple.

Let P be a simple polygon. By the Jordan curve theorem the simple closed curve P divides
the plane into exactly two connected components, one of them being the (bounded) interior
of P, denoted by int(P). We shall show that the interior of a simple polygon is a piecewise
star convex domain. Consequently, a Riemann map from U onto int(P) is a multiplier of the
Dirichlet space by Proposition 3.8.

Proposition 3.9. The interior of a simple polygon P is a piecewise star conver domain.

Proof. Since P is a closed Jordan curve the interior int(P) is evidently a simply connected
open set. To show that it is a piecewise star convex domain we shall divide the polygon into
finitely many triangles. Choose a vertex p such that the interior angle « is less then 7. It is
easy to see that at least one such angle must exist for simple polygons.

Denote by p1 and ps the vertices connected to p by edges. Let R, denote the open rectangle
with vertices p, p1 and py. We shall draw a line which will be a subset of E; the set dividing
P into star convex domains. This will be done in one of two ways, depending on the interior
of Rp:

1. R, C int(P): There are no vertices of P contained in R,,. Draw the straight line between
p1 and p2. We have now successfully split P into a star convex rectangle and a polygon
P; having less vertices then P.

2. R, ¢ int(P): There are vertices of P contained in R,. Clearly, a line contained in
int(P) N R, can be drawn from p to one of these vertices. Having done so, we have
divided P into two smaller polygons P, and P», each having less vertices then P.

We proceed inductively in this fashion. With each step the original polygon is split into
two smaller polygons, each with less vertices then the polygon we started with. The process
only terminates when P has been split into a finite number of star convex rectangles. This
completes the proof. ]

We will now find another necessary and sufficient condition for a univalent map ¢ to be a
multiplier that will relate the problem of finding multipliers to other fields in analysis. First,
a lemma.

Lemma 3.10. Let G be a bounded simply connected domain. If D(G) C B(G) then the
inclusion map from D(G) into B(G) is a bounded linear operator, that is, there ezists a
constant ¢ such that

I fllB) < clfllpe)- (3.11)
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for all f € D(QG).

Proof. Let I denote the inclusion map. It is evidently a linear operator and we are left with
proving that it is also bounded. By the closed graph theorem it is sufficient to show that the
graph of [ is closed.

Let { fn} be a sequence in D(G) converging in the norm on D(G) to the function f € D(G)
and suppose I(f,) = f, converges in the norm on B(G) to the function g € B(G). We must
show that I(f) = f = ¢g. But since point evaluations are bounded linear functionals on both
D(G) and B(G) we know that f, — f and f, — ¢ pointwise. Thus f = g and we conclude
that I is bounded. This completes the proof. O

The inequality (3.11) is one form the Poincaré inequality which arise, for example, in the
theory of Sobolev spaces. With this in mind we make the following definitions.

Definition 3.11. Let G be a domain and fix a point zg € G. Then G is called an analytic
Poincaré domain if there exists a constant ¢ depending only on G such that

/ If|?dA < c/ |f'|2dA (3.12)
G G

for all f € Hol(G) such that f(zp) = 0.

Note that the validity of (3.12) is independent of the choice of zy. In fact, for G to be an
analytic Poincaré domain it is sufficient to check the inequality for all functions f € D(G)
(the point zg is then included in the definition of D(G)).

Definition 3.12. A domain G is called a Poincaré domain if there exists a constant ¢ de-
pending only on G such that

/ If|?dA < c/ |V f]2dA (3.13)
G G
for all f € CY(G) such that [, fdA = 0.

Hamilton proved in [14] that a simply connected domain G with finite area is an ana-
lytic Poincaré domain if and only if it is a Poincaré domain. This result was extended by
Stanoyevitch and Stegenga in [26]. Combining this result with Theorem 3.5 and Lemma 3.10
we obtain the following extension of Theorem 3.5:

Proposition 3.13. Let G be a bounded simply connected domain and let ¢ be a Riemann
map of the unit disk U onto G. The following are equivalent.

1. ¢ € M(D)

2. D(G) C B(G)

3. [o|fIPdA < c [ |f'|*dA for all f € D(G)
4. G is an analytic Poincaré domain

5. G is a Poincaré domain
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Proof. The equivalence of (1) and (2) has already been proved. The equivalence of (2) and
(3) follows from Lemma 3.10. The equivalence of (3) and (4) follows by definition and the
equivalence of (4) and (5) is the result by Hamilton mentioned above. This completes the
proof. O

From the observations above we see that finding bounded simply connected Poincaré
domains will yield univalent multipliers of the Dirichlet space. In [24] several domains of this
type are found and they will all yield multipliers by the corresponding Riemann map from U
into the Poincaré domain. In the same article the authors also construct an interesting non-
Poincaré domain (see Section 5 of the article). Let ¢ be the Riemann map corresponding to
this domain. From the results of Chapter 2 we know that the corresponding measure |¢'|?d A
is not a Carleson measure and so the characterization (2) in Theorem 2.22 does not holds for
arbitrary collections of disjoint arcs on the unit circle. However, it is shown that the property
holds for intervals on the unit circle. We conclude that it is not sufficient for property (2) of
Theorem 2.22 to be satisfied on intervals of the unit circle. A counter-example of this sort
was also produced in [27] but it was not given by a conformal map as the example in [24].

We now apply the observations above to another concrete example. Let G be the ribbon
inside the unit disk spiralling out to the boundary. Then G is a bounded simply connected
domain and it is shown in [16] that G is not a Poincaré domain since there exists an analytic
function f on G such that

1
2 _ 12
e = 7 [ 1£PdA <oc

but )
1@ = 5 [ 1fFdA = o0
Thus a Riemann map ¢ from the unit disk onto G is not a multiplier of the Dirichlet space.

However, since ¢ is bounded and univalent we know that 7D(¢) = Area(¢(U)) < oo by
Proposition 1.1. Thus ¢ € Hyy but ¢ ¢ M (D).



Chapter 4

M (D) as a Banach algebra

In Chapter 1 we proved that M (D) is a complex commutative Banach algebra. In Section
4.1 we explore the structure of the maximal ideal space of M (D).

In Section 4.2 we change the domain of definition and investigate the maximal ideal space
of M(Dg).

In Section 4.3 we discuss the open problem of identifying the Shilov boundary of M (D)
with the maximal ideal space of some Banach algebra of functions on the unit circle.

4.1 The maximal ideal space of M(D)

The space H* of bounded analytic functions in the unit disk is a Banach algebra with the
supremum norm. This Banach algebra is studied extensively in Chapter 10 of the book [15].
The space H7Y = H>ND of bounded functions in the Dirichlet space is also a Banach algebra
with the norm || f|| = || fllec + P(f)"/2. References on this Banach algebra are the articles [7]
and [8]. It will turn out that the structure of the maximal ideal space of M (D) is very similar
to that of H7P which in turn is very similar to the structure of the maximal ideal space of
H®°. The key to this observation is Proposition 4.2, which is an analogue of Proposition 2.2
in [7] for M (D). When this result is established several results obtained for H% in [7] and [§]
can be obtained for M (D) in a similar manner. Indeed, all of the propositions in this section
are proved for Hpy in those articles. However, in some cases the arguments for H7’ cannot
be reproduced for M (D) because they rely on specific bounded dirichlet finite functions that
may not be multipliers. However, this problem will be remedied with the aid of the Corona
theorem for multipliers.

First, we consider the following questions: is M (D) a uniformly closed subalgebra of H>?
And is every function that is analytic in U and continuous on U contained in M(D)? The
answer to both of these questions can be given by considering the function f(z) =3 >, 2—’;
given in [7]. In this article the same questions were posed for the Banach algebra H. First,
notice that z € M(D) since D(zf) = L [/ |f + zf'|*dA < || f|% + D(f) for any f € D. Thus

all polynomials are contained in M (D) and so the partial sums fy(z) = Zgzo 2—? € M(D).
If 2 € U and € > 0 we see that

S =1
@ -@l=| 3 Sl > <
n=N+1 n=N+1

50
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tN>M (€). Thus fn converges uniformly to f on U and so f is analytic in U and continuous
on U. Observe that a, = 1/n? is the n!’th Taylor coefficient of f and that a,, = 0 if m # n!
for any n € N. Thus

o0

D(f) = nlan® = Zn'f

n=1

which diverges. Thus f ¢ D and so f ¢ M (D). We conclude that M (D) is not a uniformly
closed subalgebra of H*°. Moreover, f is an example of a bounded analytic function on the
unit disk with continuous boundary values which is not a multiplier of D, nor even in the
Dirichlet space.

Lemma 4.1. If f € M(D) then f'D C B.

Proof. We must show that [, |f'g|?dA < oo for every g € D. First, note that f'g = (fg)'—fg'.

Hence
/12 _ ’ 12 12 12
/Ulfgl dA—/Ul(fg) fg!dAS/U!(fg)!dA+/U!fgldA

The first integral is finite because fD C D. The second integral is finite because f is bounded
and g € D. Thus f'D C B, as was to be shown. ]

Proposition 4.2. For f € M (D), the following are equivalent:
1. f is invertible in M (D).
2. f is invertible in HY.
3. f is invertible in H*®
4. inf{|f(N)|: AeU} >0

Proof. First, note that (3) and (4) are obviously equivalent. Moreover (2) clearly implies (4).
To show that (4) implies (2), note that

1 / ’ (1 72 1 / 12
C o JulNf STy f?
Thus f~! € HY, and so (4) implies (2).
We will now show that (1) is equivalent with the other statements. Clearly, (1) implies
(2) since M (D) C Hgy. To show that (2) implies (1), suppose f is invertible in Hy. We
must show that f~' € M (D), that is, f~'D C D. Since (2) and (4) are equivalent, we have
inf{|f(A\)]: A€ U} > 0. Choose g € D. Then

() =7/, T

2
= WlaneU|f ) [/ /] dA+/ o/ dA]

Since f is bounded and g € D, the first integral above is finite. Since f € M(D) we know
that gf’ € B by Lemma 4.1. Thus the second integral is also finite. Hence f~! € M (D).
This completes the proof. O

1
~ minfrer [f(A)*

D(f) < >
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Let A be any complex commutative Banach algebra. The spectrum of any f € A, denoted
by Sp(f, A), is the set of all complex numbers A such that f— A is not invertible. The spectral
radius of f is the number

r(f, A) = sup{[A[ : A € Sp(f, A)}.

Let 9t(A) be the set of complex homomorphisms ¢ : A — C. If m is a maximal ideal of A
the Gelfand-Mazur theorem states that there is an isomorphism j of the quotient space A/m
onto C, and so the canonical surjection k,, of A onto A/m induces a complex homomorphism
¢ =jokm e MA) of A onto the field of complex numbers whose kernel is m. Conversely,
the kernel of every complex homomorphism ¢ € 9t(A) is a maximal ideal. Consequently, the
set of complex homomorphisms M(A) of A may be identified with the set of maximal ideals
of A and, as such, is commonly referred to as the mazimal ideal space.

If Ais equal to H>*, HY or M(D) and X € U define the the point evaluation homomor-
phism at X\ by the formula

oA(f) = f(A) (4.1)

for each f € A. Evidently, ¢, € M(A).
If f € A then the Gelfand transform of f is the function

f: MA — C
¢ — f(¢) = o(f)-

Let A be the set of all f, for f € A. We will sometimes refer to A as the Gelfand space
corresponding to A, and we shall write f 4 whenever it is advantageous to specify the Banach
algebra to which f belongs. The weak topology of 9(A) is the weakest topology such that
all the functions f are continuous. With this topology, 9 (A) is a compact Hausdorff space
contained in the unit ball of the dual space A*. Clearly Acc (M(A)) and when Ais equipped
with the supremum norm

1fal = sup |f()] (4.2)

PEM(A)
is will in fact be a subalgebra of C'(9(A)). The spectral radius theorem asserts that
1fall = x(f, 4) (4.3)

for any f € A.

A commutative Banach algebra A is called semisimple if and only if A is isomorphic to the
space of Gelfand transforms A. The Banach algebras H>°, Hpy and M (D) are all semisimple.
To show this, let fi and fo be functions in A where A is equal to H*>, Hpy or M (D), and
suppose f1 # fa. Then fi(\) # fa(A) for some point A € U and so

Fi(@3) = x(f1) = fi(N) # f2(N) = da(fo) = fo(n).

Thus f; % fg and so the map f — f is injective.
It can be shown that H* is isometric to H*°. This does not hold for Hy or M (D).

Proposition 4.3. If f € M(D), then

1. Sp(f,M(D)) = Sp(f, HY) = Sp(f, H®)
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2. r(f, M(D)) = r(f,Hy) = r(f, H>)

Proof. The proof of (1) follows easily from Proposition 4.2. For example,
if A € Sp(f, M (D)), then f — A is not invertible in M (D). But then it cannot be invertible
in HY either, by Proposition 4.2. Hence A € Sp(f, HY'). The other inclusions are proved in
the same manner.

Clearly, (2) follows immediately from (1). O

Proposition 4.4. If f € M(D), then HJEMH = HfH,%"” = HfooH

Proof. By the spectral radius theorem, we have || f 4l| = r(f, A) for any commutative Banach
algebra A. The result now follows from Proposition 4.3. O

Proposition 4.5. Let A be M (D), HY or H*. If {fn} is a sequence of functions in A that

converges uniformly to some function f € A on U, then {(fn)A} converges uniformly to f on
M(A).

Proof. As we mentioned above, H®® is isometrically isomorphic to H®>. From this and Propo-
sition 4.4 we see that

1= Pl =11 = Dool = Ilfn = flloe =0 a5 n— o0
and so {(fn)a} converges uniformly to f on U. O

We will now show that the maximal ideal space of M (D) can be considered as as the unit
disk with certain fibers on the boundary, to be defined soon. The interior of the unit disk
will consist of the point evaluation homomorphisms. For the proof, we will need the following
lemma.

Lemma 4.6. Let A be M(D), HY or H* and let A\ € U and f € A. If f has a zero at A
and f(z) = (z — AN)g(z), then g € A.

Proof. First, note that g € H* and so the statement holds for A = H.
Suppose f € H. We must show that g has finite Dirichlet integral. Let N be a closed
disk centred at A and contained in U. Then

1 1 1
D(g) = / g/[PdA = / \g’PdAJr/ lg'[PdA.
™ Ju T JN ™ JU-N

The first integral is finite because N is compact and |¢’|? is continuous. On U — N there
exists a constant ¢ > 0 such that |z — A\| > ¢ > 0, and we can write

9(z) = : (4.4)

Thus we have

(4.5)

and so

/UN]g’\ZdAgc_z/U Nyf'|2dA+c—4/U Ifpaa. (4.6)
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Since f € HY either integral in (4.6) is finite. Thus the proposition holds for A = Hf¥.
Finally, we must show that gD C D. We proceed as above. Let N be a closed disk centred
at A and contained in U. For any h € D we have

1 1
D(gh) == [ (ah)Paa= < [ lgh-+ g Pas

1 1
g/ lg'h 4 gh'|PdA + / lg'h + gh'|?dA (4.7)
TJN T N

The first integral is finite because |g'h + gh'|? is continuous and N is compact. On U — N the

expressions (4.4) and (4.5) hold and so

/ \g’h—i—gh’|2dA§/ |g'h|2dA+/ g/ [2dA
U—-N U-N U-N

30—2/ /B2 dA + 0‘4/ |fh?dA + msup |g(2)PD(h).

The first integral is finite because f’ multiply D into B by Lemma 4.1. The second integral is
finite because f is bounded and h € D C B. We conclude that D(gh) is finite for any h € D.
Hence g € M (D). This completes the proof. O

Proposition 4.7. Let A be M (D), Hy or H*. Then the map 24 is a continuous mapping
of M(A) onto the closed unit disk U. Over the open unit disk U, 24 is injective, and (£4)~!
maps U homeomorphically onto an open subset A(A) of M(A).

Proof. The cases A = H* and A = H{¥ were proved in [15] and [7] respectively. The proof
when A = M (D) follows similar lines. Write 7 = Z); = 2 and let ¢ € 9. By Proposition 4.4
we have

(@) = O < sup 156)] = lanll = el = ll2llc = 1
PEM(M)

Hence m maps 91 into the closed unit disk. Each point X\ in the open unit disk is in the
range of 7, since m(¢py) = ¢x(2) = A. Moreover, 7 is continuous by the definition of the weak
topology on M(M). Since M(M) is compact, so is the range of w. Therefore this range must
be the entire closed unit disk.

To show that 7 is one-to-one over U, suppose 7(¢) = A € U. Suppose f € M(D) and
f(A)=0.1If f(2) = (z— N)g(z) then g € M(D) by Lemma 4.6. Hence

¢(f) = ¢(z = A)o(g) =0-9(g) =0

Thus ¢(f) = 0 for every f which vanish at A. Let g be any function in M (D). Then the
function g — g(A) vanish at A and so 0 = ¢(g — g(N)) = ¢(g9) — g(A). Thus ¢(g) = g(A\) and
since g was an arbitrary function in M (D), we conclude that ¢ is evaluation at .

Let A = A(M) = 7n=1(U). Tt is clearly an open subset of 9. The restriction map 7| is
a continuous bijection of A onto U. To show that it is actually a homeomorphism, note first
that the set A consists precisely of the evaluation homomorphisms. Fix a point w € U and
the corresponding ¢,, € A. A basis neighbourhood of ¢,, in the weak topology of A is of the
form

V={preD: |oa(fi) —du(fi)l<e, 1<i<N, fie M(D)}
={pre D [fi(N) - filw)<e 1<i<N, fieM(D)}
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Thus we have
r(V)={reU: |[fi(N)-filw)|<e 1<i<N, fieM(D)}

This is an open set in the weak topology of U defined by the functions f € M(D). We
conclude that the map 7|a from A onto U is open. Hence it is a homeomorphism. The proof
is complete. ]

We can visualize 7 as the projection of 9M(A) onto the closed unit disk. The interior of
the disk, U, is homeomorphically embedded in 9(A) by A — ¢,. The image of the open unit
disk by this mapping is the set A(A) introduced above. The rest of M(A) is mapped by 7
onto the unit circle.

If |o| = 1 we shall call 7=!(a) the fibre of M(A) over a.

M(ar, A) = 77 (a) = {¢ € M(A) : 7(9) = ¢(2) = )}

It is a closed, hence compact, subset of M(A).
The following result was first proved by Lennart Carleson for H*°. For an extensive
discussion of the proof, see [13]. For a proof of the Corona theorem for multipliers, see [32].

Theorem 4.8 (The Corona Theorem). Let A be M (D), HY or H*. The open unit disk
A(A) is dense in M(A).

For the remainder of this section, we will mostly consider M (D), though the results can be
proved for H> and HY as well. For brevity, we shall write 9t = 9t(M) and M, = M(a, M).
Proposition 4.9 and Proposition 4.10 will be obtained independently of the Corona theorem.
Proposition 4.11 can be proved independently of the Corona theorem for Hy but the argument
rely on a function that may not be a multiplier.

Proposition 4.9. Let f € M(D) and let o be a point of the unit circle. Let {\,} be a
sequence of points in U which converges to o and suppose that the limit ¢ = lim f(\,) exists.
Then there is a ¢ € My such that ¢(f) = (.

Proof. Let J be the collection of all functions g € M (D) such that lim g(\,,) exists. This is an
ideal in M (D) and is contained in a maximal ideal, that is, there is a complex homomorphism
¢ € M such that ¢(g) =0 for all g € J. But the functions z — a and f(z) — ¢ are both in J.
Thus ¢(z) = o and ¢(f) = C. O

Proposition 4.10. Suppose f € M(D). The function f is constant on the fibre My if and
only if f is continuously extendible to U U {«a}. If this holds, the constant is f(¢) = f(a)
where ¢ € M,,.

Proof. Let ¢ € M, and suppose f is continuously extendible to UU{a} with f(a) = ¢. Since
constant functions are multipliers of D, f is a multiplier of D if and only if f —( is a multiplier
of D. Thus we can assume that ( = 0. Define h € M(D) by h(z) = 3(1 + az). Clearly
h(a) = 1 and |h(z)| < 1 for all z € U. Since f is continuously extendible to U U {a} with
value 0 at o, {h" f} — 0 uniformly on U as n — oo. By Proposition 4.5 {W } — 0 uniformly
on M. Thus lim,, o ¢(h"f) = 0. On the other hand, ¢(h) =1 and so ¢(h" f) = ¢(f) for all
n. Hence ¢(f) = f (¢) = 0. Since ¢ was an arbitrary homomorphism of 9, f is constant on
M, with value O.
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Conversely, suppose f is not continuously extendible to UU{a}. Then there are sequences
{A\n} and {wy,} in U such that lim f(\,) = ¢1 and lim f(w,) = (2. By Proposition 4.9, there
are complex homomorphisms ¢1, ¢2 € M, such that ¢1(f) = (1 and ¢a(f) = (2. Hence fis
not constant on M,,. ]

Proposition 4.11. Let f € M(D) and let « be a point of the unit circle. Choose any ¢ € U
and suppose there is a ¢ € M, such that ¢(f) = (. Then there exists a sequence {\,} of
points in U converging to « such that lim, o f(A,) = C.

Proof. By the Corona theorem, there exists a net of complex homomorphisms {¢., }res in A
converging to ¢, where J is a directed set with partial order <, and w, € U for each v € J.
For each basis neighbourhood

V={peM: |o(fi) —¢(fi)l<e 1<i<N, fieM(D)}

of ¢ there exists an n € J such that n X v = ¢,, € V. In particular, this is true for the
neighbourhoods U, obtained by choosing the functions z and f in the definition of V' above:

Ue={peM: |o(f) —C<e [o(z) —al <€}

That is, for each € > 0 there is an n(e) € J such that |¢y, (z) — o] = |w, — o] < € and

|Guw, (f) — ¢| = |f(wy) — a| < € for n(e) < v. Let €, = =. Choose one element v;, = n(e,) for
each n. We obtain a sequence {w,,, } = {w,} such that lim,, . w, = @ and lim,_,o f(w,) =
(. This completes the proof. O

Corollary 4.12. Let f € M(D) and let o be a point of the unit circle. The range off on
the fibre M, consists of all complex numbers ¢ for which there is a sequence of points {\,}
in U with limy, . Ay, = a and lim,,_,o f(A,) = C.

Proof. The range of f on the fibre M, is f(Ma) = {#(f) : ¢ € My}. Choose ¢ € M.
Then ¢(f) is in the range of f on 9, and by Proposition 4.11 we can find a sequence {\n}
converging to « such that lim f(\,) = ¢(f). Conversely, if there exists a sequence {\,}
converging to « such that ¢ = lim f(\,) exists, then there is a ¢ € M, such that ¢(f) = ¢
by Proposition 4.9. Thus ¢(f) is in the range of f on M,. This completes the proof. O

Corollary 4.13. If f € M (D) then
Frr(M(a, M) = frge (M(a, HE)) = foo(M(cr, H)).

Proof. The characterization of the range of f given in Corollary 4.12 holds for any f € H
and f € H*> as well. Since M (D) C Hy C H* the result now follows. O

Since M (D) C H*, we can define a restriction map from the maximal ideal space of H>
to that of M (D) as follows:

w: MH>) — M(M)
¢ — ol
This restriction map will yield topological properties of the maximal ideal space of M (D)

from the corresponding properties of 9 (H°) with minimal effort. Similar restriction maps
can be defined from H* to Hyy and from HY to M (D).
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Proposition 4.14. The restriction map w is a continuous surjection from IM(H>) onto
IM(M). Moreover, w is bijective over AN(M) and maps fibers onto fibers.

Proof. The restriction map w is continuous if and only if for every convergent net of complex
homomorphisms (¢, ),es in (H*), converging to ¢, the net (w(¢,)),es converges to w(ep).
The statement that (¢, ),cs converges to ¢ in the weak topology on 9(H°) is equivalent to
the following: (¢, (f)) converges to ¢(f) for every f € H*>. Since M (D) C H*, the same
statement is true for all f € M (D). Thus (¢,|p) converges to (¢|n) in the weak topology
on M(M), and so (w(¢,)) converges to w(¢). Hence w is continuous.

If ¢ € M(a, H®) then ¢(2) = ¢|p(2) = w(@)(2) = a. Hence w(¢) € M(a, M), and so
fibers are sent into fibers.

If ¢ € A(H™), then w(pr) = ¢alm is the unique evaluation homomorphism at A € U.
If p) € A(M), then w™t(p,) is the unique evaluation homomorphism in 9(H>) at A since
wHpx)(2) = pa(2) = A\. Hence w is bijective over A(M).

Finally, we must show that w is surjective on the fibers of MM(M). Let ¢ € M(a, M).
By the Corona theorem, we can find a net (¢, )ves in A(M) converging to ¢. The corre-
sponding net (w™!(¢w, )y in A(H), which we denote by (¢, ), must contain a subnet (¢, )
converging to some ¢ € M(H>) since M(H>) is compact. We must show that ¢|pr = ¢. To
this end, observe that (w(¢w,)) = (Pw,) is a subnet of (¢u, ). Since (py, ) converges to ¢, so
must (¢, ). Thus, for any f € M (D) we have

@(f) = lim @y, (f) = lim ¢u, [ (f) = lim ¢u, (f) = ¢(f)
But this means that ¢|M = w(¢) = ¢. Hence w is surjective. The proof is complete. O
Proposition 4.15. The fibers M(M) are connected.

Proof. We have w(M(a, H*)) = M(a, M) by Proposition 4.14. The fibers M(a, H*) are
connected; see [15], page 188. Since w is continuous and continuous images of connected sets
are connected, the result now follows. ]

Proposition 4.16. In the mazimal ideal space of M (D), the complement of the open unit
disk is connected.

Proof. We have M(M)—A(M) = w(OMM(H>®)— A(H™)) by Proposition 4.14. In the maximal
ideal space of H*, the complement of the open unit disk is connected; see [15], page 188.
The result now follows from the from the continuity of w. O

Let X be a compact Hausdorff space and let A be an algebra of complex-valued continuous
functions on X which contains the constant functions and separates the points of X. A
boundary for A is a subset S C X such that sup,cx |f(2)| = maxzes|f(z)| for all f € A. In
other words, a boundary is a subset of X where all the functions in A attain their maximum
modulus. The Shilov boundary for A is the intersection of all closed boundaries for A. This is
a closed boundary for A and will be denoted by .#(A). For a proof, see Theorem 4.2 of [12].

The Shilov boundary for a semisimple Banach algebra of analytic functions in the open unit
disk is defined to be the Shilov boundary of the corresponding algebra of Gelfand transforms,
which is an algebra of continuous functions on the compact maximal ideal space. In this
sense, the Shilov boundary of H*® can be identified with X = 9(L°>°(T)). The identification
is as follows: Since H>* C L* any ¢ € X can be restricted to H* to yield a complex
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homomorphism on H>. The set of all such restrictions turn out to be the Shilov boundary
for H* (and so for H*°). For a proof of this statement, see Chapter 10 in [15]. Using the
map w we now obtain some information on the Shilov boundary for M (D).

Proposition 4.17. ./ (M (D)) C w((H*)) = w(X)
Proof. Let f € M(D) and ¢ € 9M(H>). Then

foo(8) = ¢(f) = Sla(f) = Fru(ln) = (Far o w)(9)
and so fso = far ow for any f € M (D). Thus

sup{| far () : ¢ € MM} = || far]| = || fosl
= sup{|foo(¢)| : ¢ € M(H>)}
= sup{|foo(¢)| : ¢ € .S (H™)}
= sup{|fasr ow(9)| : ¢ € S (H>)}
= sup{|fa ()| : ¢ € WS (H>))}

and so w(.(H®)) is a boundary for M (D). The Silov boundary .’(H*°) is compact since it
is a closed subset of the compact maximal ideal space M(H*°). Thus w(.(H*)) is compact
since w is continuous. Hence w(.7(H®)) is closed since M(M) is Hausdorff. We conclude
that w(.”(H)) is a closed boundary for M (D) and the result now follows. O

In light of the identification of the Shilov boundary for H*°, the result above seems
somewhat incomplete. Can we identify the Shilov boundary for M (D) with the maximal
ideal space of some Banach algebra of functions on the unit circle? This question remains
open, see Section 4.3.

We end this section with a remark on representing measures and algebras on the fibers. A
uniform algebra A on a compact Hausdorff space X is a uniformly closed subalgebra of C'(X)
which contains the constants and separates points on X. If we endow A with the supremum
norm

[fall = sup [ ()]
zeX

it becomes a Banach algebra. Consequently, if ¢ is a complex homomorphism of A we know
that ¢ is continuous:

[¢(f)] < sup |f(z)].

reX
The map f — f|y(4), which restricts each function f to the Shilov boundary .7(4), is
an isometric isomorphism of A onto a subalgebra of C(¥(A)), and ¢ is a bounded linear
functional with norm ||¢|| = 1 on this subalgebra:

[p(S)] < sup [f(x)].

zeS(A)

By the Hahn-Banach theorem such a functional can be extended to a bounded linear functional
with norm 1 on C'(.¥(A)) and by the subsequent use of the Riesz representation theorem this
functional is determined by a complex measure mg on .#(A). Thus

o(f) = /y L, ime
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for each f € A. It turns out that mg must be a positive measure and that mg(.7(A)) = 1.
Such a measure is called a representing measure for ¢ and we see that at least one must exist
for each ¢ € MM(A). The observations above are based on [15] page 180-181, which contains
more details. e

If we try to apply these concepts to the algebras M (D) and ﬁ%" a problem occurs:
neither algebra is uniformly closed and so cannot be Banach algebras when endowed with
the supremum norm. We proved this at the start of the section when we observed that the
functions fy = SN Zn%l € M(D) but the uniform limit has infinite Dirichlet integral. Thus

{fn} is a Cauchy sequence in M (D) and ﬁ%" but the uniform limit f is not contained in
either algebra.

The solution to this problem is given for H in [8], and it works for M (D) as well.
We only sketch the solution and refer the reader to the mentioned article for details. Let
X = M(M). Consider the uniform closure .# of M (D) in C(X). Clearly, .# is a Banach
algebra with the supremum norm. It can be shown that the maximal ideal spaces of M (D)
and .# are homeomorphic. Moreover . (M (D)) ~ . (.#) and M(a, M (D)) ~ M(a, #)
for each |a| = 1 where ~ denotes a homeomorphism. Let .#, be the algebra obtained by
restricting each function to the fiber 9M(«,.#). Since .# is uniformly closed we are now in
the same situation as for H* in [15] and the same results and proofs hold.

n=0

Proposition 4.18. 1. ., is a uniformly closed subalgebra of C(IM(av, A)).
2. The mazimal ideal space of My is M(cv, ).
3. The Shilov boundary for M, is contained in Xo = (M) N M(cv, ).

Corollary 4.19. For each ¢ € IMM(M) the representing measures for ¢ are supported on
Xo=L(AM)N M (e, M) ~ .S (M(D)) NM(a, M(D)).

4.2 The maximal ideal space of M (Dg)

Let G be a domain and let zp € G be the distinguished point of the Dirichlet space D(G).
Recall that from Chapter 3 that the multipliers of D(G), denoted by M(Dg), is a Banach
algebra. We also showed that if w : U — G is a Riemann map and w(0) = 2, then the
composition operator C,(f) = f ow is an isometry of D(G) onto D(U). This raises several
questions. Are M (D) and M (D¢ ) isometric? Will their maximal ideal spaces be isomorphic,
or even homeomorphic? Can we say anything about the structure of the maximal ideal space
of M(D¢)? The answer to these questions are yes, at least when certain extra conditions are
imposed on G.

Proposition 4.20. The composition operator C,, is an isometric isomorphism of M (Dg)
onto M (D) with respect to the operator norms.

Proof. 1f f € M(Dg) then the number || k| p) = [Cu(fR)|p@) = I(f o w)(how)|pw) is
finite for each h € D(G). But every function in D(U) is of the form how for some h € D(G)
and so fow € M(D) C D(U). Hence C, maps M(D¢) into M (D). Similarly, if f € M (D)
then C,1(f) = fow™! € M(Dg) and so C,, is an isomorphism of M (D¢) onto M (D).
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Now, let f € M(Dg). Since C,, is an isometric isomorphism of D(G) onto D(U), we see
that

| M| =sup{[|fhlp@) : Pl <1}
=sup{[|Cu(fP)|Ipw) : ICu(M)lIpw) <1}
=sup{[|(fow)gllpw) : llgllpw) < 1}
=[[Mou-

Thus C,, is isometric with respect to the operator norms on M(D¢g) and M (D). The proof
is complete. ]

From the proposition above it follows immediately that the maximal ideal spaces of
M(D¢g) and M (D) are isomorphic. The isomorphism, which we denote by H,, sends a
maximal ideal m C M (D) to the maximal ideal C;*(m) = {gow™ : g € m} C M(Dg).
Let ¢ be the unique complex homomorphism of M (D) with kernel m. The unique complex
homomorphism ¢ of M(Dg) with the kernel C!(m) is

o(f) = o(f ow)

for f € M(G). For, if f € C;'(m) then fow € m and so o(f) = ¢(f ow) = 0. Thus
H,(¢) = ¢ € M(Mg) for each ¢ € M(My).

Lemma 4.21. The map H,, : M(My) — M(Mg) is a homeomorphism.

Proof. Let (¢,),es be a net in M(My) converging to ¢ € 9M(My). This means that
lim ¢, (f) = ¢(f) for any f € M (D). We must show that (Hy,(¢y))ves converges to Hy(¢).

But H,(¢,)(g9) = ¢u(g9) = ¢,(g9 ow) and so
lim Hy,(¢,)(g) = lim ¢, (g o w) = ¢(g ow) = Hu(6).

By a similar argument the inverse map H_! is also continuous. This completes the
proof. O

We will now study the structure of the maximal ideal space of M (D¢ ), as we did for M (D).
Let ¢ € G and define the point evaluation homomorphism of M (Dg) at ¢ by ¢¢(f) = f(¢) for
each f € M(Dg). Let A(M¢) denote the set of point evaluation homomorphisms of M (Dg).
Clearly, A(My) and A(Mg) are homeomorphic. For, if A € U, then w(\) € G and

Ho(92)(f) = 0a(f) = oa(f ow) = (f ow)(N) = f(w(N) = pun) (f)

for each f € M(D¢). Conversely, if ¢ € G then H; ' (¢¢)(f) = Gu-1(¢)(f) for each f € M(D).

Now we want to define the fibers of 9(M¢). But in order for this to make sense, z must
be in M(Dg), that is, z must be a multiplier of D(G). Otherwise we cannot consider the
map 2 of M (M) onto some subset of the complex plane. But if G is bounded and simply
connected the statement zD(G) C D(G) is precisely statement (2) of Theorem 3.5. We will
assume that this property holds. In other words, we are assuming that w is a multiplier of
the Dirichlet space or that G is a bounded Poincaré domain.

We are going to need another condition on G as well: it must be a Jordan region (the
interior of a closed Jordan curve). For the following is known (a statement without proof can
be found in [3], page 232):
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Theorem 4.22. Suppose [ is an analytic homeomorphism of Q onto . If Q and Q' are
Jordan regions, then f can be extended to a homeomorphism of the closure of £ onto the
closure of V.

If X € G then 2(¢)) = ¢x(z) = A. Thus 2 is a continuous bijection of A(M¢) onto G,
given by A — ¢,. In fact, it is a homeomorphism. The proof of this statement is similar to
the analogous result for M (D) in Proposition 4.7.

Now, choose ¢ € M(«, M), that is, a complex homomorphism from the fiber of (M)
over a. Then H,(¢) = ¢ € M(Mg) and

2(0) = d(2) = ¢z o w) = d(w) = &(9). (4.8)

By Proposition 4.10, @ is constant on the fiber 9(«, M) if and only if w is continuously
extendible to c. In this case, the value of & assumed on the fiber is equal to w(a). Assuming
that G is a Jordan region, we conclude from Theorem 4.22 that for each o € QU the value

of @ is constant and equal to w(c) € OG on the fiber M(c, My7). Thus 2(¢) = w(a) if
¢ € M(a, My) by 4.8. If we define the fiber of M(M¢) over ¢ € OG by

M(C, Ma) = {p € M(Mg) = 2(p) = ¢(2) = (}
we conclude that the map H,, sends fibers into fibers.

Proposition 4.23. Let G be a bounded simply connected Jordan region, and suppose zD(G) C
D(G). If w:U — G is a Riemann map, then the map

Hy,: M(My) — M(Mg)
¢ — dg)=d(gow)

is a homeomorphism. Moreover, it maps the fibers of M(My) onto the fibers of M(M¢) and
A(Myr) onto A(Mg).

Proof. In view of the discussion above, it remains only to show that H,(M(a, My)) =
M(w(a), Mg). We have already proved the inclusion C. To prove the reverse inclusion,
let ¢ € M(w(ar), Mg). Then

w(a) = () = d(z 0w) = $(w) = &(¢)

Hence ¢ € M(a, Myr). For, if g # o and ¢g € M(ap, My) then &(¢pg) = w(ag) # w(a) since
w is constant on each fiber and maps AU bijectively onto OG. The proof is complete. O

4.3 The Shilov boundary for M (D) - an open question

At the end of Section 4.2 we asked the question: can we identify the Shilov boundary of
M (D) with the maximal ideal space of some Banach algebra of functions on the unit circle?
Recall that the boundary function of any multiplier of the Dirichlet space is a multiplier of
the Bessel potential space L%/Q(T). In this sense, M (D) C M(L%/2(T)). If ¢ € i)ﬁ(M(L%/z))
then this inclusion yields the restriction map

T M(M(LY)y)) — M(M(D))
¢ —  olup)
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from the maximal ideal space of M (L7 /2) denoted by X, into the maximal ideal space of
M(D). The map 7 is continuous. The proof of this is analogous to the proof of the continuity
of w in Proposition 4.14. Arne Stray has pointed out that 7 maps X homeomorphically onto
the Shilov boundary for M (D) if the answer to the following question is yes: if g € M (L] /Q(T))

is real-valued, u = P[g] and v is the harmonic conjugate of u, is f = e“*® € M(D)? In other

words, is the function
f(z) =exp [/ 7u(0)d0}

21 J_. e — 2

in M (D) for real valued functions u in M (L? /Q(T))? This question remains open and we will
refer to it as the multiplier hypothesis. Notice that f € H* even though v may be unbounded.
The goal of this section is the identification of the Shilov boundary for M (D) given that
the multiplier hypothesis holds. First, we prove that M (L? /2( )) is a Banach algebra and
that functions in this space are bounded (independently of the multiplier hypothesis). To this
end, we now introduce some tools.
First off, we show an analogue of Proposition 1.7 for L% /2"

Pr0p051t10n 4.24. Let L1/2 be L1/2( ) or L1/2( ). A function f is in M(L%/Q) if and only
if le/z 1/2'

Proof. If f € M(L 1/2) then it is clear that fL? /2 C L1/2

Conversely, suppose fL% /2 C L% /2 We must show that the operator M of multiplication
by f is bounded. To this end, let {h,,} be a sequence in L% /2 converging in the norm on L% /2
to h. Then fh, € L% /2 for each n and fh € L% /2 by assumption. Assume {fh,} converges

in the norm on L%/Q to some function g € L%/Q. If we can show that g = fh, then My is a
bounded operator by the closed graph theorem.
Recall that ||g[l2 < c[|g[;/2 for some constant ¢ and for any g € L1/2 ((2.15) and Propo-

sition 2.15). Thus any sequence of functions which converge in L1 /2( ) will also converge in

L?(T). Thus {h,} has a subsequence {h,,,} which converge pointwise almost everywhere to
h (this is a general result for LP spaces, see [23], page 68). Then {fh,, } converges pointwise
almost everywhere to fh. But {fh,,} is a subsequence of {fh,} and so converges to g in
the norm on L2. Thus {fh,,} has a subsequence {fh,,} which converges pointwise almost
everywhere to g. But {fh,,} is a subsequence of {fh,, } and so converges pointwise almost
everywhere to fh. Thus g = fh and we conclude that My is a bounded operator. Hence
feM(L 1/2) This completes the proof. O

Recall that f € L1/2(R) if and only if f € L?(R) and

S R e o {05 P R SRV CO R {00 PR
/_ood:n/_oo e dy—/_ood /_OO PyE dy < o0. (4.9)

We also showed that f € L1/2( ) if and only if f € L*(T) and

/_trdm/_tr S |;3)__1|2 /_7T /7r |ii”f » 1)||22dy< 0. (4.10)




4.3 The Shilov boundary for M (D) - an open question 63

Suppose ¢ € C*°(R) have compact support in (—m, 7). Such functions clearly exists, for
example
1 .
exp(1—z) if [z] <1
= . 4.11
#() { 0 otherwise ( )

Let ¢ denote the 27 periodic extension of ¢. We will often identify ¢ and ¢. The context
should make it clear which function is referred to.

Proposition 4.25. Let ¢ € C*° have compact support in (—m, ).
1. g M2 ,(R))

2. § € M(L2,(T))

Proof. First, we prove (1). Suppose g € L? /2( ). We will show that the integral (4.9) is finite
for ¢g. Since ¢g is in L*(R), this will imply that ¢g € L1/2( ) and so ¢ is a multiplier of
L} 5(R) by Proposition 4.24. Now

2
/ dx < lo(x ’m_y|(2 y)9(y)| dy
b(z — d(y)g(x) + d(y)g(x) — d(y)g(y)|?
/ dx/ |z — y? 4y
2
< [ latPas [ Wﬂg}”@ (1.12)
2|9 —g(y)?
/ dx / V)| Ty (4.13)

The integral (4.13) is finite because ¢ is bounded and ¢ € LI/Q(]R). For the integral (4.12),
observe that

/°° W@—Wdy:/“l Wwdy+/ 16@) = 0w, (414
— 0 T ly—=z|>1

|z — y? 1 |z —y? |z —y?

By the mean value theorem
P(x) — ¢(y) |2 2
[ZE =2~ 9 (2]
T —y
for some z between z and y. Since ¢’ is continuous and has compact support, we know that
|¢/(2)|? < M for some constant M; and for all z. Consequently, the the first integral to the
right of (4.14) is finite.

For fixed z the expression |¢(z) — ¢(y)|? is bounded since ¢ is bounded. Denote the bound
by Ms. If t = y — x then dt = dy and

|6(x) — o) < dt “at
/y—x|>l ’33 - y’2 = My / @ T /—oo t2

which is finite. We conclude that (4.14) is finite and so (4.12) is finite as well since
ffﬂ lg(x )|2d:c < ||g||2 < co. Hence ¢g € L1/2( ). This proves (1).

Since |e? — 1|2 and t? are comparable on (—7,7) the same arguments as used in the proof
of (1) apply for (2) as well. The proof is complete. O
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The function ¢ is more then an example of a multiplier; it allows us to move between the
spaces L? /2( ) and L} (R ) as the following Proposition, based on Lemma 2.2 in [4], shows.

Proposition 4.26. Let ¢ € C*°(R) have compact support on (—m, ).

1. If f € L1/2( ) then ¢f € Ll/Q(R)
2. If f e L1/2(R) then ¢f € LI/Q(T)
8. If fe M(L 1/2( )) then ¢f € M(L 1/2(R))

4. If fe M(L 1/2( )) then ¢f € M(L 1/2(T))
Proof. We first prove (1). By Proposition 4.25 we know that ¢f € Ll/Q(T) and so

T T T ) — 2
[ )ﬁg(x)_y)ﬁb_(ylg(yﬂ “ (15)

is finite. Notice that (4.15) is finite if |e*(*=¥) — 1|2 replaced by |z —y|? since these expressions
are comparable on (—m, 7). The function ¢f has compact support in (—7,7) and is clearly
in L?(R). We must show that the integral

|¢(x — o) fy)?
dx/ dy 4.16
/ va —yl (#16)
is finite. Let u = ¢f and write the integrand as
|u(z) — u(y)|?
Flz,y) = ———7—. 4.17
() = (4.17)

Notice that (4.17) is zero on {(x,y) : |z| > 7, |y| > 7} and so (4.16) reduces to

/ dx/ az:ycxly—/_7rc1lm/_7r a:ydy—l—/ dar;/_Tr (z,y)d
+/_:d:r/_7rF(x,y)dy+/_7rdx/7r F(a:,y)dy—l—/_ﬂdx/_:F(x,y)dy. (4.18)

We have already observed that the first integral to the right in (4.18) is finite. The remaining
four integrals are all of the same type, that is, integrals over infinite strips in the plane. We

consider the second integral:
g ’U, ‘2
—dy. 4.19
/ / Ix - yl2 (#19)

Since ¢ has compact support in (—7, 7) the integral (4.19) is equal to

00 T—E€ 2
/ dx/ [u(y)| 5dy. (4.20)
s —m+e ’IIZ - y’

for some ¢ > 0. By Fubini’s theorem we see that (4.20) is equal to

mT—€ oo 1
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Let t =z — y. Then dt = dz and the lower bound of integration is 7 —y > 7 — (71 —€) = €.
Thus (4.21) is less then or equal to

mT—E€ oo dt 1 mT—E€
[ty [T =2 [ Py (422)
—mte € € J—m+te

which is finite since u = ¢f € L?(T). Thus (4.19) is finite. The arguments for the remaining
three integrals in (4.18) are similar. Thus (4.16) is finite and so ¢ f € L? ,(R). This completes
the proof of (1).

The proof of (2) is simpler. Suppose f € L1/2( ). Then ¢f € L1/2( ) by Proposition
4.25 and so (4.16) is finite. But this clearly implies that (4.15) is finite as well. Since ¢ f has
compact support in (—m,7) we can extend it to a 27 periodic function and so ¢f € L? /2( )

To prove (3), let g € LI/Q(R) We must show that ¢fg € L1/2(]R) Then ¢f € M(L 1/Q(R))
by Proposition 4.24. First, note that ¢g € L1/2( ) by (2). Thus fo¢g € L1/2( ) since f is a
multiplier of L1 /2( ). If u = ¢fg we conclude that the integral

T ’u ‘2
/_7r / \el . y) — 1’2 — "y (4.23)

is finite. But the function u has compact support in (—7,7) and so the calculations in the
proof of (1) shows that the integral (4.23) is finite if and only if the integral

[ [ ywﬂy (4.24)

is finite. In other words (4.23) and (4.24) are simultaneously bounded for u. Thus ¢fg €
L%/Q( ) and so ¢f € M(L 1/2(]1%)) This proves (3).

Finally, we prove (4). Let g € L1/2(T) Then ¢g € L1/2( ) by (1) and so f¢g € L1/2(R)
since f € M(L 1/2(R)). Writing u = f¢g we conclude that (4.24) is finite. Thus (4.23) is

finite as well and so fog € L1/2( ). Consequently, f¢ € M(L 1/2(T)) and so (4) holds.
The proof of the proposition is complete. ]

1/2

Corollary 4.27. If f € M(L 1/2( )) then f e L>=(T).

Proof. Let (a,b) C (—m,m) where a,b ¢ {—mn, w}. Then (a,b) is contained in the compact set
[a—€,b+ €] where [a—e€,b+¢] C (—m, ) for some € > 0. We can find a function ¢ € C*° with
compact support Ky containing [a — €,b + €] and contained in (—m, 7). If f € M(L 1/2(T))
then ¢of € M(L 1/2( )) by Proposition 4.26 and so ¢f € L*>(R) since M(L%m(R)) C L*™(R).
Since (a,b) C [a —€,b+ €] C K, there exists a constant ¢ such that |¢| > ¢ > 0 on (a,b).
Thus f € L*((a,b)).

It remains only to verify that no problems occur in neighbourhoods 7 or —m. To see this,
let I be a small open interval containing = and choose § > 0 such that I —§ C (==, 7). The
shift h — hs = h(z + ) is an isometric isomorphism of L? (T onto itself. For, if t = z +
and § = y + § then

h(z +6) — h(y + 9)|? h(t
[ - F—r wy=[ | ‘u—m2|w (4.25)

1/2
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and 50 [[hsl15 = 1Al Let f € M(L 1/2< )). Then

[an [ R Oy = [ [ O OO g

by the same change of variables as in (4.25). Thus f5 € M (L] /Q(T)) since any function

in L7 /2(T) can be written in form h(x — 0) as we observed above. Thus the shift f — fs

maps multipliers into multipliers. Consequently, fs € L>((I — J)) and so f € L*°(I). This
completes the proof. O

Proposition 4.28. The space M (L 1/2( )) is a Banach algebra with pointwise multiplication
and the operator norm

[l =IMpll = sup [|fglli/2-
llgll1/2<1

Moreover, M(L%Q(T)) - L1/2(T)

Proof. First, notice that M(L%/Q( )) is a linear space. Moreover M(Lf/Q( )) C L%/Q(T) since
1e LI/Q(T). To see this, observe that 1 € L?(T) and (4.10) is finite when f = 1:

1—12
/ / AL=1F L —o.
- e —1]2

If f1 and fy are multipliers of L1 /2(T) then the pointwise product f = fi fo is multiplier
as well. The proof is similar to the proof of the analogous statement for the Banach algebra
M (D) in Proposition 1.9.

It remains only to show that M (L} /2(T )) is complete. Let {f,} be a Cauchy sequence in
M(L2,,(T)) and let h € LI/Q(T). Then

1/2
”fnh - fmh”l/Q < an - fm”HhHl/Q <€
when n,m > N(e, h). Thus {f,h} is a Cauchy sequence in L%m( T) for each fixed h € Ll/Q(T)

Consequently { f,h} converges to some function F'(h) € L%/Q( ) in the norm on L1/2( ) since
L%/Q(T) is complete. In particular, { f,} converges to f = F/(1). Recall that ||g[|2 < c[|g]|,/2 for
some constant ¢ and for any g € L% /Q(T) (Proposition 2.15). Thus any sequence of functions
which converge in L? /2(T ) will also converge in L?(T). Hence {f,} is a Cauchy sequence

in L?(T) with limit f and so there exists a subsequence {f,,} which converges pointwise
almost everywhere to f. Now {f, h} is a subsequence of {f,h} and, consequently, converge
to F'(h) in the norm on L%/Q(T) and the norm on L?(T). Thus {f,.h} has a subsequence
{fn,h} which converge pointwise almost everywhere to F'(h). But {f,,h} converges pointwise
almost everywhere to fh since {f,,} converges pointwise almost everywhere to f and {f,,}
is a subsequence of {f,.}. Thus fh = F(h) € L%/z(T) and so

le/z( ) C L%/2(T)' (4.26)

Thusj’E]W(L%ﬂ(T))byIHopoﬁﬁonzL24

Finally, the proof that { f,,} converges to f in the operator norm is similar to the analogous
proof in Proposition 1.9. We conclude that M (L? /Q(T)) is complete. This completes the
proof. O



4.3 The Shilov boundary for M (D) - an open question 67

We will now state and prove some lemmas concerning the maximal ideal space and Gelfand
space of M (L] /2(T)). They will be needed in the hypothetical identification of the Shilov
boundary for M (D), but are not themselves dependent on the multiplier hypothesis.

Lemma 4.29. If f € M(L 1/2( )) is real valued and ¢ € im(M(L%ﬂ)) then ¢(f) is real.

Proof. Assume ¢(f) = z +iy. Then ¢(f —x) = iy and so ¢((f — x)?) = —y? and o((f —
7)2+y%) =0. Set g = (f — )% + 3% Then g(t) > y> >0 for all e € T and u = % > 1. Set

v
= % Then v <1 and
1 ’ B ’ — u(ta)
uty)  ultz) ) (t2)
and so v € M(L 1/2(T) by Proposition 2.18. Thus w is invertible in M (L 1/2(T)) which is

a contradiction. For ¢(u) = ¢(y—2) = 0, but if u is invertible then 1 = ¢(1) = ¢(uu~1) =
d(u)p(u=t) and so ¢(u) # 0. We conclude that ¢(f) is real. This completes the proof. [

[v(t1) —v(ta2)] = < fu(tr) — u(ta)|

Lemma 4.30. If f=u+1iv € M(LI/Q( )) then u,v and f are in M(LI/Q(T)) and

f(9) = 1)
for each ¢ € M(M (L ,(T)).
Proof. Since
[f(t1) = ()P = [u(ty) = ult2)]” + |o(t:) — v(t2)|?
we see that f = u + iv € M(L2,(T)) if and only if u,v € M(L2,,(T)) by Proposition 2.18.

Thus f =u —iv € M(L 1/2(T)) as well.
Let ¢ € M(M (L 1/2)) Then ¢(u) and ¢(v) are real numbers by Lemma 4.29 and so

J(®) = 6(]) = é(u) ~ id(v)
= o(u) +ip(v)
= o(f)
= f(9)-
This completes the proof. O

If A is any Banach algebra and u € A then

u S un
=y o (4.27)
n=0

is in A where the convergence of the series (4.27) is in the norm on A. To see this, notice that
the partial sums sy = ZN W e A for any N. Moreover, sy is a Cauchy sequence in A, for
n

n=0 n!
I P 4.28
B H Z = Z n! <€ (4.28)

N u” M u”
P e,
n=0 n=0 n=M+1 n=M+1
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if N,M > P(e) since |u is a complex number and S 0 Hl:ll!'n converges to the complex
number e/, Thus sy — > nT,L = e" in the norm on A since A is complete.
From the observations we conclude that e € M (Lj /2( )) for any u € M (L] /2(T)). The

same argument cannot be used for the Gelfand space M (L2 1/2 o(T")) since this algebra is not
uniformly closed and, consequently, is no Banach algebra with the supremum norm. It is still
true though, for e* € M(L%/Q( )) for any uw € M (L 1/2( )) and if ¢ € Dﬁ(M(L%/z)) then

et (¢) = p(e")

Thus e? € ]\/Z(L%/Q(T)) and e® = et

Lemma 4.31. Suppose u € M(L 1/2(T)) and
u=log ||

where F, is some invertible element of M (D). Then
@ = log |F,|.

Proof. Clearly et = \F/Z] and from the observations above, we know that e* = ¢, Moreover,
F,e M(L 1/2( )) by Lemma 4.30 and if ¢ € S)JZ(M(L%Q)) we see that

@w)) S(|Fu?) = 6(F.)6(F)

S(Fu)o(Fu)
= |Fu(o)

and so @ = |F,|. Thus ¢ = |F,| and @ = log |F,| as was to be shown. O

Lemma 4.32. The uniform closure of the algebra M( 1/2(T)) is the set of all complex con-
tinuous functions on X.

Proof. We will show that the algebra M ( 1/2 (1) is self-adjoint, separates points on X and
vanishes at no point of X. The result then follows by the Stone-Weierstrass theorem (see for
example [22] page 165).
First, M(L%/2( )) is self-adjoint by Lemma 4.30.

To show that M(L%/Q( )) separates points on X, let ¢1,¢2 € X and suppose ¢1 # ¢2.
Then ¢1(f) # d2(f) for some f € M(L3,(T)) and so f(¢1) # f(¢2).

If ¢ € X and ¢ # 0 then ¢(f) # 0 for some f € M(L 1/2(T)). Thus f(¢) # 0 and so

M (L% /Z(T)) vanishes at no point of X. This completes the proof. O
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Proposition 4.33. Suppose the multiplier hypothesis holds. Then T is a homeomorphism of
X into M(M (D)), and the image set 7(X) is the Shilov boundary for M (D).

Proof. First, we prove that 7(X) is a closed boundary for M (D). But 7(X) is closed since
7(X) is compact and compact subsets of Hausdorff spaces are closed. Notice further that

since M(L%/Q(T)) C L*°(T) there is a restriction map

ki ML) — MM(L] )
¢ —  Plaue,)

1/2

If f € M(L}y) then

sup{|f ()| : ¢ € M(M(L]5))} = sup{| /()] : ¢ € MM (L))} (4.29)

To see this, let ¢ € M(M(L>)). Then k(¢) = ¢’M(L§/2) € ET)T(M(L%/Q)) and ¢’M(L§/2)(f) =
¢(f). Thus the right side of (4.29) cannot be greater then the left side. R

We remark that the map L® — L* which sends f to its Gelfand transform, f, is an
isometric isomorphism (the norm on L is the supremum norm). Let f € M (D). Then

sup{|f(¢)] : ¢ € T(X)} = sup{| /()| : & € M(M (L3 ,))}

> sup{|f(9)] - ¢ € M(L™)}

= sup | f ()]
teT

=sup |f(A\)] by the maximum modulus principle
AeU

= sup |¢px(f)| where ¢, is evaluation at A
AeU

= sup{[o(f)[ : ¢ € A(M)}
= sup{[f(¢)] : ¢ € M(M(D))}
since A(M) is dense in MM(M (D)) by the Corona theorem. We conclude that 7(X) is a closed
boundary for M (D).
Since X is compact, MM (M (D)) is Hausdorff and 7 is continuous, we can prove that 7 is a
homeomorphism of X onto its image 7(X) by showing that it is injective (see [18] page 167).

Suppose ¢1 and ¢9 are in X and that ¢1 # ¢o. Then ¢1(u) # ¢2(u) for some real valued
u € M(L%/2(T)). The function

1 [T e 4z

is in M (D) by the multiplier hypothesis. Consequently, Lemma 4.31 yields that

log|1(Fy)| = log |Eu(61))]
= a(¢1)
# U(p2)
= log |2 (F)|
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and so |¢1(Fy)| # |¢2(Fy)|. In other words 7(¢1)(Fy) # 7(¢2)(Fy). Hence T is injective and
so 7 is a homeomorphism of X onto its image 7(X).

Finally, we must show that 7(X) is the smallest closed boundary for M (D). Suppose
Xy C X is a proper closed subset of X. Since Xj is a closed subset of a compact space, it
must be compact. Let ¢ € X — Xj. Since X is a compact Hausdorff space, it must be regular
(see [18], Exercise 3, page 205) and so we can find disjoint open sets U and V' of X containing
1 and X respectively. By Urysohn’s Lemma there exists a function g € C'(X) such that

e 0<g(p)<lforallp e X
e g(¢p)=1for p € Xy
e supp(g) CV

where supp(g) denotes the support of g (see [23], page 39). Clearly, g(v) = 0 since ¥ € U.
Let h = 1—g. Then h € C(X) and h(¢) = 0 for all ¢ € Xy, supp(g) € X — V and
h(1)) = 1. By Lemma 4.32 the algebra M(LI/Q) is dense in C(X). Thus the real valued

functions in M ( 1 /2) are dense in the real continuous functions on X. Consequently, for

every € > 0 there exists a real valued function & € M ( ] /2) such that

[& = hl| = sup |a(¢) — h(¢)| <e.
peX

Choosing € small, we get a function @ which is close to zero on Xy and close to 1 at 1. Notice
further that @& = @ since @ is real. But @ = @& by Lemma 4.30. Thus @ = @ and so v = @ since
M(L? /2( )) is semisimple. We conclude that u is real. Thus

Fu(z) = exp[ o /7r ‘f*ju(e)de
is in M (D) by the multiplier hypothesis and
o log|o(Fu)| = la(¢)| < e for ¢ € Xo
o [logl(F)| — 1] = [a() — 1] < e
by Lemma 4.31. Thus
o [¢(Fu)| < e for ¢ € Xo
o el < |Y(Fu)|-

Choosing € sufficiently small, we see that ﬁu does not attain its maximum modulus on 7(X)
and so 7(Xp) cannot be a boundary for M (D). Consequently, (M (D)) = 7(X). This
completes the proof assuming the multiplier hypothesis is true. ]
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