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THE MATRIX REPRESENTATION OF A COMPOSITION
OPERATOR ON THE HARDY SPACE

YouNG-Bok CHUNG

ABSTRACT. We formulate the matrix representation of a composition op-
erator on the Hardy space of the unit disc with the symbol which is a
Riemann map of the unit disc, with respect to a special orthonormal
basis.

1. Introduction

Given a set X and a function ¢ : X — X, the composition operator C,
on a Banach space H on X with symbol ¢ is defined by C,(f) = f o ¢ for
f € H. One of important research areas related to composition operators is
how the properties of the operator relates to those of the symbol. On the other
hand, when the Banach space H is a Hilbert space, the composition operator
is heavily dependent on the matrix representation of the operator with respect
to orthonormal bases for the function space. However, except for very simple
cases, computation of the matrix of an composition operator in an infinite di-
mensional Hilbert space is very complicated and difficult, so it has rarely been
formulated so far. Suppose now that the base set is the unit disc U in the com-
plex plane and the function space is the Hardy space H2(bU). In this category
the composition operator C, with a holomorphic self map ¢ on U becomes a
bounded operator on H2(bU). In particular, when ¢ is a Riemann map which
maps the unit disc into itself, it characterizes automorphisms up to rotations
and the associated composition operator becomes complex symmetric and vice
versa with certain conditions. See [2] and [6] for references. So, from this point
of view, it is very important to formulate the matrix of the composition op-
erator with the symbol of the Riemann map. In this paper, we use a special
orthonormal basis for the Hardy space which is a generalization of monomi-
als z™ to compute the matrix representation of the composition operator with
respect to the basis when the symbol is a Riemann self map of the unit disc.
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2. Some preliminaries

Throughout the paper, we denote by U the unit disc in the complex plane
and we fix a point a in U, unless otherwise specified. Let L?(bU) be the space
of square integrable functions on the boundary bU of the unit disc U with the
usual inner product (u,v) = be uv ds, where ds is the differential element of
arc length on bU. And let H?(bU) be the classical Hardy space which is the
space of holomorphic functions on U with L2-boundary values in bU.

For a holomorphic self map ¢ of U, the composition operator C, with the
symbol ¢ is defined by Cy,(v) = voy for v € H2(bU). It is well known that C,
is a bounded linear operator on the Hardy space H2(bU). See [5] for details.
The properties of the operator C, depends heavily on the symbol ¢. In this
paper, from now on, it is assumed that the symbol ¢ is the Riemann map

fa(2) =

T 1l-—az’

zZ—a

The reason is that f, is the only function that characterizes the automorphisms
of the unit disk except for rotations. The reason more important than this is
that it is the only symbol that makes C'¢, a complex symmetric operator under
suitable conditions. See [2] for this matter.

For a positive integer m, we define the function v,, by

v (Z) — W(z B a)m71
m m (1 _az)m

which is holomorphic in a neighborhood of U. It is well known that the class
of vy, m =1,2,3,..., forms an orthonormal basis for the Hardy space h2(bU).
See [1] for general cases. The author also proved that the set {v,, |m =
0,41,42, ...} forms an orthonormal basis for L?(bU). See [3] and [4] for details.

Now we would like to compute the matrix representation [C,] of the com-
position operator Cy, on the Hardy space with respect to the orthonormal
basis {vm, |m =1,2,...}. Observe that since the basis is orthonormal, for pos-
itive integers | and m, the (I,m)-th entry of the matrix [Cy,] is obtained by
[Ct.lim = (Cy, (vm), v1). Before keeping on, we lists several properties for easy
computation whose proofs are all trivial. Suppose that z is on the boundary of
the unit disc. Then the following identities hold.

@ (=)=
@) (zia> 1 —Zaz'

®) (1—1az>:zia’
(4) zds = —idz.
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We are ready to compute the entry [Cy, |im.-
[Ctlim = (Cy, (vm), v1) = (Vm © fa, v1)
1—|af?

6 =1 [ e 1) (1 o ) T (1 ) e

1—az

Observe that

~ —2a+(1+a?)z
Jao fa(z) = 1+ a2 —2az

It thus follows from (1) and (3) that the identity (5) is equal to

1— al? 1 1—az 1-az\""' =
" dsz,
27 /bU(f ) 1+ al?—-2az \ z—a z—a’

where f(z) = %‘t‘%?z And then by (4), the above identity equals

1 —|al? . (1 —az) 1
e e a4
2 oo 1+ a]? —2az (z —a)

Finally, by residue theorem we have proved the following proposition.

Proposition 2.1. The matriz [Cy,] of the composition operator Cy, on the
Hardy space H?(bU) with respect to the orthonormal basis {v,, |m =1,2,...}
has (I, m)-th entry

1—la|> d! 1 1 —
= m D —— 1 —
©)  [Crom (—1) dzt1 A a2 — 527 L~ %) )
—2a a 2 z
where f(z) = 7f +Ta(ll2t‘27lz) .

3. Necessary lemmas

In order to get our final formula for the value of the matrix [C'y, |, we consider
separately all derivatives of the functions inside of the bracket in the formula
(6) in this section. Let

_ —2a+ (1+]a]?)z

1@ =T
Lemma 3.1. f(¥(a) = —a.
Proof.
—2a+ (1+|a®)a  —a+ alal?
0)(g) — _ .
P = T 2P 1— [af? ¢ O

Lemma 3.2. fM)(a) = 1.
Proof. Since
fW() = 1~ al’)* (1 + Jaf* - 2a2)72,

we have

F0(a) = (1 |al?)2(1 + [af* — 2Ja?) 2 = 1. O
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Lemma 3.3. For a positive integer k,
fPa) = k12871 @ (1 — Jaf?)TFHL

Proof. For k = 1, by Lemma 3.2, the above formula holds. Since f®*)(z) =
(1 —]al®)?(=2)(1 + |a|?> — 2az)~3(—2a), it is easy to see from mathematical
induction on the order of derivative that

(7) P (z) = (=2)(=3)(=4) - (=k)(1 = [a]*)*(1 + |a|* — 2a2) 7" (—2a)* "
which proves the statement of the lemma. ([

Remark 3.4. It thus follows from Lemmas 3.1, 3.2, 3.3 that for a nonnegative
integer k,

(8) FP(a) = 65 (—a) + xy(k)k1 22X a1 (1 — Jaf?) 7,

where 53 is the Kronecker delta defined by 5{ =1 fori = j, 65 =0 for i # j and
Xn (k) is the characteristic function defined by X (k) =1 for k € N, xy(k) =0
for k ¢ N.

We would like to compute the value of
(f™H®) () for integers m and k with m > 1 and k > 0.
Notice from Lemma 3.1 that
("0 (a) = (=)

We use Leibniz product rule for higher derivatives of an arbitrary number
of factors to obtain

W

9 = . . . (41) £G2) ... f(Gm-1) .
( ) Z (]17]27"'5]”1.—1) f f f z=a

Jit+jettim—1=k

Here indices j; run over all nonnegative integers. In order to compute the values
of each term in the summation more effectively, we consider the n-tuples in the
summation by partitioning according to the number of coordinates which are
zeros. Let A denote the set of the (m — 1)-tuples (j1, j2, .- ., Jm—1) for which j;
are nonnegative integers satisfying ji +ja+- - -+jm—1 = k and let A’ denote the
subset of A whose elements have only j zero coordinates for j = 0,1,...,m—1.
If j = (j1, 2,5 Jm-1) € A% i.e., for each i, j; # 0, then each term in the
summation of (9) can be from Lemmas 3.2 and 3.3 written as

(. ke >f<j1>f(j2>...f(jm_1>
J1,J25 -5 Jm—1 z=a

— (] j k j )(jlleI...jm1!)(2j1+j2+~~+jm1—m+1)
1,J2, yJm—1

. (aj1+j2+~'+jm71—m-‘rl)(l _ |a|2)_(j1+j2+"'+j7n71)+m_1
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— kl2k—m+1ak—m+1(1 _ |a|2)—k+m—1

)

which does not depend on indices ji, ..., jm—1. On the other hand, since each
j € AC is a solution of the equation ji + jo + -+ + jm—1 = k with j; > 1, the

set A° has exactly
k—1 m—1
k—m+1 0

elements. Here the reason this product is multiplied by the latter (m(; 1) is
because the positions j1,js, ..., jm_1 has no rooms for the zero. By selecting
elements of A® from A, we have the identity

Z ( . k 3 > f(Jl)f(JQ) ...f(jm—l)
J15J25 -+ 5 Jm—1

je Ao

k—1 -1
= ( > . <m0 >k!2k—m+1ak—m+l(1 . |a‘2)_k+m_1.

zZ=a

k—m-+1

Next suppose that j = (j1, 2, .., jm_1) belongs to A with j; = 0 for some
i=1,...,m—1. Then by Lemmas 3.1, 3.2 and 3.3 each term in the summation
of (9) is equal to

<, . K ] )f(jl)f(jz)...f(jml)
J1,325 - -5 Jm—1

= ( o k )f(o)f(jl)f(jZ) . f(ji—l)f(jiJrl) .. f(jm—1)
J15J2

"7ji71a0aji+l7"'7jmfl

k
= .. . . . —a jl!jZ!"'j‘_ﬂj‘ 1!...j 4!
(‘]1"727 ”’Jil’o’]i+17"'7]’ml)( )( ¢ Lo m )

. (2j1+j2+“'+ji71+j'i+1+"'+j7n71_7n+2)
. (aj1+j2+"‘+jif1+ji+1+“'+jm—1—m+2)
. (1 _ |a‘2)*(]’1+j2+"'+ji—1+ji+1+"'+jm_1)+m72

— k!(_a)2k7m+26k7m+2(1 _ |a|2)7k+m72

)

which does not depend on ji,. .., j,_1. Notice that each j € A with j; = 0 is
a solution of the equation ji +jo + -+ jic1 + Jit1 -+ Im—1 = k with j, > 1
for p # i and there are (ml_l) cases for selecting j; = 0 and hence the set A!

has exactly
k—1 m—1
k—m+2 1

elements. It thus follows that the sum of all terms from (m — 1)-tuples of A*
equals

Z( e )ﬂmf(jz)...f(jm_l)
J15J25 -5 Jm—1

jeAl



1124 Y.-B. CHUNG

k—1 m—1 —m+2=k—m —k+m—
:(k—m+2>'< 1 >k!(—a)2k TR (L Jaff) TR,

Continuing this process through the subset A™~2, we obtain

3 ( K >f(j1)f(j2)...f(jm1)
J1,72, -

s -y Jmet
k-1 m—1
— . k(= m—22k7k 1— 2 —k+1.
(121) (2 ream=22iat - )
By collecting all sums computed in the summation from A%, A', ..., A™—2

like
m—2 k
Z Z ( , _ ) fa0) pG2) L plm=n)|
i=0 jeAi J15J25 -5 Jm—1 z=a
we get the final value (f™~1)*)(a) for k > 1.

Lemma 3.5. For positive integers k and m,

(fmhH®
m—2
=0

X (1 _ ‘a|2)—k+m—1—i.

Next we need computation of the second factor of the formula (6).

Lemma 3.6. Define

h(z) = (1+|a|* —2az)"", 2 € U.
Then for a nonnegative integer k,

R (a) = k128 @ (1 — |a)?)7F L.

Proof. For k = 0, it is obvious. Since hV(z) = (—1)(1+|a|? —2az)~%(—2a) and
R (2) = (=1)(=2)(1+|a|? —2az) ~3(—2a)?, it is easy to see from mathematical
induction on the order of derivative that

(1) () = (~1)(=2) - (k) (1~ |a]*)* (1 + |af* - 2a2) " (~2@)",
which proves Lemma 3.6. (]
Finally we consider the last factor of (6).

Lemma 3.7. For a positive integer [, define
g,(2)=(1—-a2)!, z€U.

Then for a nonnegative integer k,

90) = (<) G a1 =)
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Proof. For k = 0, it is obvious. Since gV)(2) = I(1 —@z)'~!(—a) and g?(2) =
I(1 — 1)(1 —@z)'~2(—a)?, it is easy to see from mathematical induction on the
order of derivative that

which proves Lemma 3.7. 0

We remark here that the term containing n! in summation is regarded as
non-existent, that is, the term is not added when n! appears with n < 0.

4. Computation of the matrix of a composition operator

In this main section, we would like to compute the matrix representation
of the composition operator C'y, on the Hardy space H?(bU) with symbol, the
Riemann map f,(z) = (2 — a)/(1 — @z) on the unit disc U with respect to the
special orthonormal basis {v,, |m = 1,2, ...} defined by

1—la? (z —a)™ !
2r (1 —az)™

for a given fixed point a in U. From the identity (6), the entry of the matrix
[Cy,] is written as

v (2) =

_ Cl2 1—1
(13) Crlim = o3y s I @b )|
where
flzy= 20 0 H1aD)z oy (1P — 282, g(2) = (a2

1+ |a|]? — 2az

To begin, we need to consider the first column [Cy,]! of the matrix [C},]
because it does not contain the function f. The (I, 1)-th entry of [Cy,] is given
by

1— |a|2 dlfl
[CrJn = Z—7 7= (har)
(I—1)! dzt-1 .
-1
_ 1-— |a|2 -1 h(J)g(l_l_J)
(- \Gl-1- ! i=a
1—a2 2/ 1-1 —_ i
= 29 i@l (1 — J
(EE~AVARS B jta (1 = al)
TR | ,
~(—1)l 1 Jmal 1 ](1_ |a|2)j+1

()oY |

= (1 —|a*)I! 2 (TS
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Here we used Lemmas 3.6 and 3.7.
The second column of the matrix is given by
1—|a]? d'7!

[Craliz = (- 1) g1 .

1— al|? -1 )1 (o) G
= 1) Z ( ) FURG )gl(as) o

" Jitietis=l-1 1,92, 3

We divide the sum into two parts, one for j; = 0 and the other for j; > 1.
Then the above identity yields

1—|al? -1 o 2\ —ja1
(1 —|1)! l Z (0,j27j3)(_a)2]2 Sttt =)

Jo+js=l—1

)

. (_1>j3 i ajs(l _ |a|2)l—j3

(L= Js)!
—lal? _
+ 1 |a| Z (.l ] 1. )j1!2j11aj11(1— ‘a|2)7j1+1
(l B 1)' Jitiet+iz=l-1 J1:J2: 3
J1#0
I

—— a3 (1 — |a]?) .
=g )

Now apply the identity jo+j3 = [—1 for the first sum of the above expression
and replace the index js by a new index j for convenience. Use the identity
j1 + j2 +j3 =1 — 1 to the second sum. It then follows that the above value is
equal to

. 2jzj2!5j2(1 _ |a|2)7j271(71)j3

-1

o G -
=1 |3 =i | )

—1)J39l=2-Js
(A =lait > ((l)_.),.,a”u — laf?).
j1-+atga=1-1 38
J17#0

For the second sum of the above expression, we first consider a solution (j1, jo)
with ji,j2 > 1 of the equation j; + jo = [ — 1 — j3 for fixed j3 and allow for
j2 to be zero. Thus we have (tgiﬁ) + 1 cases for each fixed j3 and hence by
replacing js by j, the above identity which is the same as the entry [Cy, ]i2 is
given by

1-1 o
= (1—lal? ()Y —a)a !
[CrJiz = (1= a)! ;J (I—1—H)IG+1)! (—a)

j=

-1 s Niol-2—j
KNGS [(ﬁ - _j) . 1] C L)
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Next using the identities (3.1), (3.6), (3.7), we compute the first row of the
matrix as follows.

[Cfa]lm

(1= [a?) (f™*hg1)|,_,
(1~ [aP)[(~a)" (1~ |al?) (1 ~ [a]?)]
(1= [af?) (—a)™ .

Finally we compute the general form (I, m)-th entry of the matrix for [ > 2
and m > 3.

[Cr.)im = m dd;l—_ll [fm™ha] _
0, 2 () 07
(14) = tl_—hllr' jﬁ;ll (ij;ljg) (fm=1) (O ) g09) _
S, T () 0]
k40

Here we used the index k for j; for the consistency with the formula (10). The
first term of the equation (14) is from Lemmas 3.1, 3.6, and 3.7 equal to

1—la|? ( -1 )
(lil)' Z Oaj25j3

" jetis=l—1

, , ‘ T . .
() (1 [af?) e (1 (1 [af?)
(I —Jjs)!
-1 o
(—1)f 1= —1--1
15) = (1 = |a|?)I! . - —a)" .
15) = (=1 D o i i

And the second term of (14) is from (10), Lemmas 3.6 and 3.7 equal to

i GG

k-+jotis=I—1
k40

.2k—m+1+j(7a)jak—m+1+j(l o |a2)—k+m—1—j:|

!
(I —=gs)!

,2j2j2laj2 (1 _ ‘a‘Z)—jz—l(_l)js

@ (1~ |a2>‘-j3}
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1 =2 E—1 m—1
S [ S (Y
Ktiarract—1 173 520 J J
k20

!
(I = js)!

(1— a|2)’€+m1jj21+lj3:|

= (1= la)u Z [Js(ll—)j?,'jz_f(k m+1+j>(mj_1)

k+j2+js=1-1
k£0

.2k7m+1+j+j2(_1)j3 (_a)jak7m+1+j+j2+j3

Ql=m=dsti(_q)igt=mti(1 — |a2)m LI

(16) = (1 — |a|? Z'Z > m[j§<ki_+11+j)<m'_l>

72=0 k+ja=l—1—js J
k0
,Ql—m—j3+j(,a)jal—m+j(1 _ a2)m—1—J] .
Hence by replacing (14) by the sum of (15) and (16), we obtain the following

final form of (I,m)-th entry of the matrix.

Theorem 4.1. Let U be the unit disc and let a be in U. Then for given two
positive integers l,m, the matriz [Cy,] of the composition operator Cy, on the
Hardy space H2(bU) with respect to the orthonormal basis {v,, |m = 1,2,...}
has (I, m)-th entry

-1 l 1- 122
[Crolim = (1~ lal)l Z 1—2 )N+ 1)1

=

+i > M[g@i_:lﬂ)(m;l)

J2=0k+jz=l—1—j2
k40

. 2l—m—j3+j(_a)jal—m+j(1 _ |a|2)m—1—j] }

Remark 4.2. For an easy reference, the first few elements of the matrix are
listed as follows:
1 —a (—a)?

0 1 - Jaf? 2(—a)(1— |af?)
[Cr)=Q~aP)| @ (-a@ 1580~ 10P) (a8 + (1 - |a>)? + 4(~a)a(l - |af>) -
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