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ABSTRACT. Let a := {a(k)}recz be a sequence of complex numbers and a(k) =
0 except for finitely many k. The subdivision operator S, associated with a is
the bi-infinite matrix Sa := (a(j — 2k)); ez This operator plays an important
role in wavelet analysis and subdivision algorithms. As the adjoint it is closely
related to the well-known transfer operators (also called Ruelle operator).

In this paper we show that for any 1 < p < oo, the spectrum of Sq in £, (Z)
is always a closed disc centered at the origin. Moreover, except for finitely
many points, all the points in the open disc of the spectrum lie in the residual
spectrum.

1. INTRODUCTION AND MAIN RESULTS

Let a := {a(k)}rez be a sequence of complex numbers. The subdivision op-
erator S, associated with the sequence a is the bi-infinite matrix

- a(2) a(0) a(~2) a(~4)
Sy = (a(j — Qk))zlj;oo =1 a®) a(l) a(-1) a(-3)
o ald) a(2) a(0)  a(-2)

Throughout the paper we assume that the sequence a is finitely supported. Then
for a sequence v on Z, the acting of S, on v is another sequence S,v given by

(1.1) Sav(j) = a(j —2k)(k),  j€Z.
kEZ

For any 1 < p < oo, the linear operator S, is bounded in ¢,(Z). The purpose of
this paper is to analyze the spectrum of this subdivision operator S,.

Let I be the identity operator (in ¢,(Z)). The spectrum of the subdivision
operator S, in ¢,(Z), denoted as o(S,),, consists of all the complex numbers A
such that S, — Al does not have a bounded inverse in ¢,(Z). Our first main result
states that the spectrum of the subdivision operator is always a closed disc centered
at the origin.
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Theorem 1. Let a be a finitely supported sequence of complex numbers, and 1 <
p < 00. Then o(Sq)p, the spectrum of the subdivision operator Sq in (Ly(Z)), is a
closed disc centered at the origin.

The spectrum o(S,), is a compact set, so the number
Tp(Sa) :=sup{|A| : A € 0(Sa)p}

is finite and is called the spectral radius of S, in ¢,(Z). Thus Theorem 1 shows
0(Se)p ={A€C:|A <1p(Sa)}-

The spectrum of the linear operator S, can be divided into three mutually ex-
clusive parts:
(1) point spectrum (the set of all the eigenvalues)

0e(Sa)p :={A: (Sq — M)v =0 for some nonzero sequence v € £,(Z)};
(2) continuous spectrum
0c(Sa)p == {A: Sq — A has an unbounded inverse but dense range};
(3) residual spectrum
0r(Sa)p := {A: Sq — M is one-to-one, but its range is not dense}.

Our second main result shows that all the points in the open disc of the spectrum
are in the residual spectrum, except for finitely many points. These possibly ex-
ceptional points are eigenvalues of a finite matrix. If the sequence a is supported in
[0, N] for some positive integer N, then the matrix is A|[_y o}, where form <n € Z,

(12) A|[m,n] — (a(j _ 2k));'l,k=m c C(n—m-l—l)x(n—m—!—l).

So our second main result can be stated as follows.

Theorem 2. Let a be a sequence supported in [0, N] for some positive integer N,
and 1 < p < oo. If X € C is not an eigenvalue of A|[_n,o) and |A| < 1,(Sa), then A
lies in the residual spectrum o,(Sq)p.

The subdivision operator was introduced in CAGD for generating curves by
subdivision algorithms. It plays an important role in wavelet analysis. If we want
to have a continuous function ¢ satisfying the refinement equation:

(1.3) o(x) = Za(k)qﬁ@m - k), z €R,
kEZ
then by iterating (1.3),
o(x) = Z S ta(k)p(2"x — k), n € N.
kEZ
Hence
(1.3) o(j/2") = Sgv(j),  j€Z neN,
where the sequence v is the restriction of ¢:

o(k) = o(k), ke

Moreover, if suppa C [0, N], then suppv C [0, N — 1] and {v(k) évz_ol is an eigen-
vector of the finite matrix (a(2j — k));vk_:lo associated with eigenvalue 1. Under
some mild conditions such as the convergence of the subdivision algorithm, this
eigenvector is unique up to a constant multiplication. For more details, see [23].
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Thus the continuous function (curve) ¢ can be completely determined by the
sequence a in terms of the iterative acting of the subdivision operator S, on the
sequence v (see the monograph of Micchelli [15]). Here, to ensure the convergence
of the sequence (1.4) to a continuous function ¢, we have to pose some conditions
on the sequence a, or equivalently, on the subdivision operator S,. This method
was employed by Deslauriers and Dubuc [7], and Micchelli and Prautzsch [16] in
order to consider the regularity of interpolatory refinable functions (v(k) = dg0)
from the eigenvalues of S,. Cavaretta, Dahmen and Micchelli [4] presented a sys-
tematic study of subdivision operators for refinable functions. Villemoes [20] used
the spectral radius of the subdivision operator to characterize the L, (1 < p < c0)
regularity of refinable functions, which refined the analysis of continuous regularity
provided by Daubechies and Lagarias [6]. The result of Daubechies and Lagarias in
[6] was stated in terms of the joint spectral radius of finite matrices, which initiated
the application of joint spectral radius to much research of regularity and conver-
gence of subdivision schemes in wavelets (see, e.g., [I1], [13], [14]). Jia [11] showed
that the spectral radius 7,(S,) of the subdivision operator equals the p-norm joint
spectral radius of two matrices; hence the L, regularity of refinable functions can
be characterized by the p-norm joint spectral radius of finite matrices. Eigenvalues
and eigenvectors of subdivision operators can also be used to analyze the accuracy
and approximation order of refinable functions (see, e.g., [9], [12]). All these results
involve only the eigenvalues (and the corresponding eigenvectors) and the spectral
radii of subdivision operators.

Another motivation for our investigation is the spectral analysis of the transfer
operator. The transfer operator T, associated with the sequence a is a linear
operator in a space B(T) of 2r-periodic functions and is defined as

Tuf(&) = a(&/2)f(§/2) +al&/2+m)f(§/2+m),  §€R, feB(T).

Here a(€) is a 2m-periodic function, called the symbol of the sequence a, given by

a(€) = Z a(k)e™ e, £eR.

keZ

If we write f € Lo(T) in its Fourier series, we can easily see that the repre-
senting matrix of T, in Lo(T) with respect to the usual basis {e~*¢ k € Z} is
2(a(2j — k));fgifoo. Therefore, the subdivision operator S, is the adjoint of a
transfer operator, at least in ¢5, for which we take B(T') = Lo(T).

When we choose B(T') = C*(T), the space of all the C* (27-)periodic functions,
the transfer operator is sometimes called Ruelle operator and has been studied
extensively in dynamical systems (see, e.g., [, [3], [I8]). In particular, Ruelle
showed in [I8] that for a > 0, the spectrum of T, in C“(T’) consists of a closed disc
centered at zero and some isolated eigenvalues with finite multiplicity. Moreover,
if a(¢) > 0 everywhere, then the spectrum of Ty, in C(T') is a closed disc centered
at zero.

Cohen and Daubechies [5] considered the choice B(T) = {f(&) = 3. fre ¢ €
C(T) : Ifll == O |fxl?e*)1/2 < o0}, and showed that the transfer operator T,
is compact in this Hilbert space. They used the eigenvalues of T, in this space to
estimate the Lo regularity of refinable functions with exponentially decaying masks.

Ho took the choice B(T') = Ly(T') in [I0]. He proved that the spectrum of T,
in Ly(T) is a closed disc centered at zero. Moreover, if the sequence a is finitely
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supported and its symbol @ never vanishes, then all the points in the open disc of
the spectrum are eigenvalues.

In this paper the space B(T') consists of the (formal) Fourier series of all the ¢,
sequences for some fixed p. We have the flexibility in choosing the parameter p.
Note that for a > 1/2, C*(T) C {f(&) = Y cre ™ : {ex} € t1(Z)} € O(T) C
Lo(T). The choice p = 2 corresponds to the space B(T') = L2(T) studied in [10].

In wavelet analysis we often assume that the refinement equation (1.3) has a
compactly supported solution ¢ € L2(R) which has orthonormal integer translates.
In this case, a(0) = 2 and

(1.5) a()P +laE +m)> =4,  £€R

In particular, a(7) = 0. Hence the symbol @ vanishes somewhere on the real line.
Thus, from the duality, our Theorem 2 improves the result of Ho even in the case
p = 2, since we do not assume that the symbol never vanishes. Let us mention that
the method here can be extended to matrix subdivision operators [12]. It could
be used to prove the quasi-compactness of matrix transfer operators, which will be
treated elsewhere.

Subdivision operators were also investigated by Bratteli and Jorgensen [2] from a
representation theory point of view. For a sequence a satisfying (1.5), they consid-
ered the C*-algebra generated by two subdivision operators related to the sequence
a. This is a representation on ¢3(Z) of the Cuntz algebra, and some properties of
the solution ¢ to (1.3) with [ ¢(x)dz = 1 can be characterized by properties of this
representation. We hope that our spectral analysis of the subdivision operator will
help the understanding of this representation of the Cuntz algebra.

The proof of our main results will be given in Section 3. The main tool is the
p-norm joint spectral radius which we shall review in Section 2.

2. THE p-NORM JOINT SPECTRAL RADIUS OF MATRICES

The p-norm joint spectral radius of matrices plays an essential role in our proof
of the main results. This concept can be found in [I7], [6], [I1], [19], [22] and is
reviewed in the following.

Let || - || be a vector norm on CM. The norm of an M x M matrix A is defined
as

M
[All = max{[|Az| : z € C¥, [[zf| < 1}.

It is well known that the spectral radius of the matrix A, p(A4), has the representa-
tion

(2.1) p(A) = lim A" V",

n—oo

Our purpose is to extend the concept of spectral radius to a finite multiset of M x M
complex matrices A = {4;,---,Aq}. To this end, replace ||A"|| by the norm of
products of n matrices selected from 4. Since we have to count many different

products, we take 0 < p < oo and set || A"||, as the £, norm (seminorm) of the
sequence of all products (in all orders) of n matrices from .A:

(S yeallAr - AnPYYP, 30 < p < oo,
LA™ =
maXAl,"'7AnEA{||A1"'AnH}; ifpzoo.
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Then the p-norm joint spectral radius p,(.A) is defined to be
(2.2) pp(A) == lim [|A™[L/™

n—oo
It is a classical fact that this limit exists and equals the infimum

. n|l/n _ n|l/n
o (A" = nf AT,

Clearly, p,(A) is independent of the choice of the vector norm || - || on CM.

If A consists of a single matrix A, then p,(A) = p(A4) and (2.2) is reduced into
(2.1). If Ay = --- = Ay = A, then p,(A) = d*/Pp(A) for 0 < p < co. Moreover, if
AT = {AT : A € A}, it is easily seen that p,(AT) = p,(A).

What is disappointing about the joint spectral radius is that the limit in (2.2)
is reached very slowly. We can hardly compute p,(A) using (2.2). However, it is
well known in wavelet analysis that for matrices arising from wavelets (see (2.5)
and (2.6) in the following) the 2-norm joint spectral radius can be computed by the
spectral radius of some finite matrix (see, e.g., [8], [7], [13]). Moreover, when p is
an even integer, p,(A) can be computed explicitly in terms of the spectral radius
of a finite matrix: For any k € N,

(2.3 por(A) = {p(i@ o 4)H) }W.

=1

Here the Kronecker product of A € CM*M and B € C™*™ is the block matrix

anB  apB - aiuB
ang GQQB GQMB

A®B := , , e CMmxMm
aynB ay2B - auymB

We set A = 4 and A¥+1 .= A @ A, This result was proved by the author in
[22).

It was verified by Strang and Zhou [19] that the function log p;/,(A) is convex
on 0 <z < 1. This in connection with (2.3) provides a method to estimate poo(.A)
in terms of p,(A) (see [19], [22]).

In this paper we shall use the p-norm joint spectral radius of two matrices induced
by the sequence a. Note that for any ko € Z, A € C and sequence v,

(24)  (Su(rg) = ADO(E) = [(Sa = AD0(- — ko)|(k + ko), Yk €.

Therefore, to consider the subdivision operator S, without any loss of generality,
we shall always assume that the sequence a is supported in [0, N] for some positive
integer N, i.e., a(k) = 0 for kK > N or k < 0. Under this assumption, the two
matrices involved in p,(A) are defined by

(2.5) Ao = (a(2j — k))j‘\,fk;lo = [a(*O) /ﬂ
and

(26) A= (a2~ b+ D = [0 ]
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where A is the (N — 1) x (N — 1) matrix given by

-+« a(N—-2) a(N-3)
0 0 a(N) a(N —1)
The relation between these two matrices and the subdivision operator can be
seen from the following result given in [§], [11]. For a sequence v on Z and k € Z,
as in [8], we define vy € CV by

’Uk(j):’l}(k—j), j:()v]-a"'aN_]-'
Lemma 1. Let a be supported in [0, N]. Define S,, Ao and Ay by (1.1), (2.5) and

(2.6), respectively. Then for n € Nyey, -+ ,e, € {0,1},k € Z,j =0,1,--- ,N —1
and any sequence v, we have

(2.7) Srtu(er + 262+ -+ + e, + 27k — Jj) = AETIAET2 . ~A€T”vk(j).
That is,

(2.8) (SE20)e, 30 o2 e san = AL AL -2 AT .
Applying the formula (2.7) for iterations, Jia [I1] proved that
(2.9) Tp(Sa) = pp(Ao, A1), 1<p<oo.

The relation (2.7) or (2.8) tells us more information about the eigenvalues of the
subdivision operator. The following result was proved in [I3] under the assumption
A # 0. Here we omit this assumption, and give a proof for completeness. For a
sequence v on Z, we denote vl}, ,) as the vector (v(m),--- ,v(n))T.

Lemma 2. Let a be supported in [0, N]. Suppose that A € C and a nonzero se-

quence v satisfy Sqv = Mv. Then X is an eigenvalue of the matriz Al_y g given by
(1.2).

Proof. Suppose to the contrary that A is not an eigenvalue of A||_y . We show
that v is the zero sequence.
To this end, restrict (1.1) to [-N,0]. Then

0

0
Sav(j) = Z a(]—Qk)’U(k') = Z A|[—N,O](j7k)v(k)v j:_Nv _N+1a 70'
k=—N k=—N

By the eigenvector condition,

Al=N.0vl-n,0 = A= n,0]-
However, A is not an eigenvalue of A||_y . Therefore, v(—=N) = --- = v(0) = 0.
Hence vg = v_1 = 0.
Applying (2.8) for n = 1, we have
(2.10) (Sav)ey 421 = AL v, g1 €{0,1},k € Z.
If A # 0, then (2.10) tells us that

1 1
Veq+2k = X(Sa'l))61+2k = XAz;’Uk, €1 € {0, 1},/€ € Z.
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For any | € N, there are k € Z and €1 € {0,1} such that
e1+2k=1>k.

Therefore, starting from vg = 0, we get inductively v; = 0 for any [ € N.
For [ < —2, there are k < 0 and € € {0, 1} such that
e1+2k=1<k.

Once again, starting from v_; = 0, we have inductively v; = 0 for any —2 > [ € Z.
Thus, v is the zero sequence in the case A # 0.
If A =0, then S,v = 0. Hence for any s € Z,j = —N,--- ,0,
0

Sav(j +2s) =Y a(j+2s—2k)o(k) = > a(j — 2k)v(s + k) = 0;
keZ k=—N

that is

v(s)
But A = 0 is not an eigenvalue of A|[_y o by our assumption. Therefore, v(s—N) =
-+~ =w(s) = 0. Thus, v is again the zero sequence in the case A = 0.
Combining the above two cases, we conclude that v = 0, which is a contradiction.
O

The above same procedure yields the following similar result which will be used
in the proof of Theorem 2.

Corollary. Let a be supported in [0, N]. Then the set of all the eigenvalues of the
matriz Al n) is contained in that of the matriz A|j_y .

Notice that the orders of A.(¢ = 0,1) and Al_y g are different. We may ask
whether the matrix A|[_y o in Lemma 2 can be replaced by Alj;_x,o in order to
exclude the point spectrum. The following example shows that this is not the case
in general.

Example. Let p =00, N =1,¢t € C and a be given by
a(0) =1, a(l) =t.

If |t| > 1, then A = t lies in the point spectrum o, (S,)eo, while it is not an eigenvalue
Of A|[1—N,O] .

Proof. Observe that Al;_y g = [1]. Then A =t is not an eigenvalue of Al;1_x -
Let v be a sequence on Z. Then S,v = tv if and only if

tv(2) + ¢) = tv(j), JjE€Ze=0,1,
if and only if v is supported in (—oo, —1] and for n € N,eq,--- ,&, € {0,1},
v(er 4+ 2" e, — 27) = t2i=15 Py (1),
Since |A| > 1, the sequence v supported in (—oo, —1] and given by
v(ey + -+ 2" e, — 27) = tXim1 5"
is in £ (Z) and satisfies S,v = tv. Therefore, A =t € 0.(54)o- O



198 DING-XUAN ZHOU

3. RESIDUAL SPECTRUM

In this section we apply the p-norm joint spectral radius to prove the main
results. The following technical result plays an important role in our proof and is
of independent interest.

Lemma 3. Let 0 < |\ < o and {d,} be a sequence of nonnegative numbers.
Suppose that
o |>\| n—1
n — n—1-—s
(3.1) dn <CA" + —— Z Al ds,  VneN,
where C' is a positive constant independent of n. Then

no .
dn < (1+Z%)U", Vn > no,

where ng € N satisfies
C(lAl/o)™ < 1.
Proof. Define a sequence { f,,} by

= max41, max —=
I { "1<j<n UJ

Then by (3.1)

n—1 d
fu < max{ fu-1, C(N|/0)" + (o = ]AD/( Z (Al/o) 72}
0

o—|A
2| | |>\|fn 1} < max{ fu_1, 2C(|A|/0)"}.
Let ng € N satisfying 2C(|A|/o)™ < 1. Then for n > ny,

fn S max{fnflv ]-} = fn71~

< max{ fu1, 20(\|/0)", 2

It follows that

fn < fros Vn > ng.
Hence
dp, < froo”, Vn > ng.
The proof of Lemma 3 is complete. O

We are now in a position to prove Theorem 2. The proof is based on the enlarging
property (2.8): the terms of S,v around the position 2k are determined by the terms
of v around the position k.

The main idea can be seen from the special case A = 0. In this case, A|_n N
is invertible. If the range of S, is dense, then for each sequence y supported in
[—N, N], there is a sequence u which is arbitrarily close to y and satisfies u = S,v
for some v. Applying (2.8) to S"v = S"~ 1y and k = N, we know that

AL AL oy = AL AL o e,
When y varies over sequences supported in [N, N], it follows that v|_y N} =

(A](=n,n7) " ulj—n, N varies (closely) over all vectors in C*V*1. Then vy yields
(almost) all the vectors in CV and realizes the norm [|AL --- AT ||. On the other



SPECTRA OF SUBDIVISION OPERATORS 199

side, y vanishes outside [— N, N]. Hence uan ., is very close to the zero vector and

the norm of AET1 e AET,,L, L U2N1e, is very small, which would imply a contradiction.

Let us turn to the detailed proof of our main results. It is possible to replace
A~ n,n] by a matrix of smaller size in our proof. However, the example in Section 2
shows that the N x N matrix A|;;_ o is not enough to exclude the point spectrum.
For j =0,1,---,N —1, denote e; as the jth column of the N x N identity matrix.

Proof of Theorem 2. Suppose that A € C is not an eigenvalue of A|[_y o) and || <
7p(Sa). Choose the vector norm ||-[|os. By the Corollary, ||(A|_n,n—A) ! < oc.
By Lemma 2, S, — Al is one-to-one in ¢,(Z). It is sufficient for us to show that the
range of S, — Al is not dense.

Suppose to the contrary that the range of S, — Al is dense in ¢,(Z). Choose
some constant o satisfying |A| < o < rp(S,). Set

A= min{l/(2N2(2N +DI(Af-nn = AD T, (0~ IAI)/(4N3)} > 0.

Let k € {0,1,--- , N — 1}. Define a sequence y € £,(Z) supported in [-N, N| by
y(j) = a(j —2(N —k)) = Nox—kj, j=—N,---,N.
Then
(3.2) Y-y = (Al=n,n) — ADON—k|[— v, n)-

Since the range of S, —AI is dense, there exist some u € ¢,(Z) such that ||[y—u/||, <
A and u lies in the range, i.e., for some v € £,(Z),

(3.3) Sat — Av = u.
Restricting to [—N, N], we have
(Al[=n,n) — M)v|[—n,N] = ul[-N,N]-
Together with (3.2), this implies
(Alj=n,n) = ANk = V)|[-n,n) = (¥ = uw)|[-n,N)-

Hence
(3-4) 108k = V)li=nwilloo < (Al n,ny = AD T = w)l = v, oo
Now we iterate (3.3) n times and obtain
n—1
Spv=A'w+ Y AT,
s=0

Applying (2.8) to this relation with e1,---,&, € {0,1}, we know that AZ ---
AETnvN equals

n—1
n n—1—s AT T
A Vey4-f2n—1g, 427 N + E A A€1 < 'AESU€S+1+,.,+2n—s—1€n+2n—sN
s=0
n—1
—\n E n—1—s AT T
= A Usl+---+2"_16n+2”N -+ A A€1 e AES (’LL — y)65+1+,,,+2n—s—16n+2n—sN.
s=0

The last equality holds, because y is supported in [—N, N] and

y65+1+,,,+2n—1—s€n+2n—sN =0
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for 0 < s <n —1. This in connection with (3.4) and the fact (6x_x)n = e shows

1AL, -+ AL exlloo < IIAL -+ AT HI(Al v,z = AD My = 0= vow [l

+ A" Jve, 4 pon—1c, yonn |l

n—1
+ ) P AL AL
s=0

|| (’LL - y)55+1+...+2n—1—s€”+2n—sN||.

Recall the notation ||A™||, for A= {Ag, A1}. Since ||y —ul|, < A, by the choice
of A we have

{ > 1AL AT el < ICAT) lp I1(Al-n,vy = ADTHIEN + Dlly = ull,

n—1
+ AN ol + D AT AT N =yl
s=0
1 n—1
< W”(AT)nnp + AN ollp + NAD AT (AT
s=0
Note that for A € CV*V,
N-1
= T < <N A :
1401 = g, 1Al <N s el <N 3 ]
Then we take the summation over k € {0,---, N — 1} and obtain
N-1 .
AT I, < N Y D> 1AL - AL enllB} "
k=0 €1, ,En
1 T\n c n 3 = n—1l—s T\s
< SICAD)" lp + S A" + NV AN (A7) [Ip-
s=0

Here C' is a positive constant independent of n € N. It follows that for n € N,

n—1
(35) [CAT) [l < CIA™ +2N3A D A (ATl
s=0
This estimate also holds for p = co.
By our choice of A,
IN3A < o —[Al
= 2 .

Thus, the sequence {||(AT)"||,} satisfies (3.1). By Lemma 3,
pp(A) = pp(AT) = lim [[(AT)" |, < o < rp(Sa).

This is a contradiction to (2.9).
Therefore, the range of S, — Al is not dense, and A is in the residual spectrum
of S, in £,(Z). The proof of Theorem 2 is complete. O
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Recall (2.4). Then 0(Sa)p = 0(Sa(.—ko))p for 1 <p < 0o and any kg € Z. Thus,
see the proof of Theorem 1, we can assume that a is supported in [0, N]. Since

0(Sq)p is contained in {A € C : |A\| < r,(S,)} and is compact, Theorem 2 tells us
immediately that

is

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

0(Sa)p ={A € C: |\ <1p(Sa)}

a closed disc centered at the origin. Hence Theorem 1 holds true.
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