CHARACTERIZING HILBERT SPACE
FRAMES WITH THE SUBFRAME PROPERTY

PETER G. CASAZZA

ABSTRACT. We characterize frames which satisfy the subframe property (i.e. frames
with the property that every subset is a frame for its closed linear span). With this
characterization we can answer most of the problems from the literature concerning
the subframe property, including its relationship to Riesz frames and the projection
methods.

1. INTRODUCTION

A sequence (f;)$2, in a Hilbert space H which is a frame for its closed linear span
is called a frame sequence. If every subsequence of (f;)$2, is a frame sequence,
we say that the frame has the subframe property. If (f;):2, is a frame for H with
the subframe property and additionally there are uniform upper and lower frame
bounds for all subsequences of the frame, then we call (f;)$2, a Riesz frame.
Riesz frames were introduced in [6] where it was shown that every Riesz frame
for H contains a subset which is a Riesz basis for H. The projection methods
[4] play a central role in evaluating truncation error which arises in computing
approximate solutions to moment problems, as well as handling the very difficult
problem of computing dual frames. There were many natural questions arising
from the literature concerning the interrelationships between Riesz frames, frames
with the subframe property, and the projection methods [2,4,5,6,8]. In this paper
we characterize Riesz frames and frames with the subframe property which allows

us to answer most of these questions.

2. RiEsz FRAMES

If F is a subset of H, we write span F for the closed linear span of 7. A sequence
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(fi)2, in H is called a frame for H if there are positive constants A, B satisfying,

(21) AlFIP <Y< £.0> P <BIFI?. VfeH.
i=1

We call A, B the lower and upper frame bounds respectively. In general, a subset
of a frame need not be a frame for its closed linear span. But clearly B is an upper
frame bound for every subset of the frame (i.e. It is only the lower frame bound
that might be lost when switching to a subset of a frame). For a Riesz frame, the
common frame bounds for all subsets of the frame will be called the Riesz frame
bounds. The largest A and the smallest B satisfying (2.1) are called the optimal
frame bounds. An unconditional basis (f;);er for H is called a Riesz basis.
Equivalently, (f;)i:cr is a Riesz basis if it is total and there are constants ¢, C' so

that for every sequence of scalars (a;);c; we have

(2:2) e Y lail> <Y aifill <C [ |ail
i€l i€l i€l

The largest ¢ and the smallest C satisfying (2.2) are called the Riesz basis con-
stants for (f;);cr- If (fi)icr is a Riesz basis, then [7] the Riesz basis constants
equal the square root of the optimal frame bounds. Finally, we say that two
frames (f;)$24, (9:)52, are equivalent if there is an isomorphism 7" : H — H
with T'(f;) = g;, foralli =1,2,....

We start with an elementary observation concerning Riesz frames.

Proposition 2.1. For a frame (f;)32, for H, the following are equivalent:

(1) (f:)$2, is a Riesz frame,

(2) There is an A > 0 so that for every finite set of natural numbers A for which
(fi)ien is linearly independent, the family (f;)ica has lower Riesz basis bound A.

Proof. = If (fi)iea is linearly independent, then the lower Riesz basis constant for
this set equals the square root of the lower Riesz frame bound.

< It is only the lower frame bound that needs to be checked. For any finite set
of natural numbers T', let (f;);ca be a maximal linearly independent subset, where
A CT. Then the lower frame bound of (f;);cr is greater than or equal to the lower
frame bound of (f;);ca which is equal to the square root of the lower Riesz basis
constant, v/A. So (f;)$2, is a Riesz frame.

This remark yields a short proof of a result of Christensen [6].



Corollary 2.2 (Christensen). Every Riesz frame contains a Riesz basis.

Proof. Choose a maximal linearly independent subset of the frame. This is a Riesz

basis, by Proposition 2.1.

We now introduce some of the notation which will be used throughout the paper.
If (g;)ics is a Riesz basis for H, and A C I, we let Pn be the natural projection
of span(g;)ic; onto span(g;)ica. That is, Pa Y ;c;@igi = Y ;ca @igi- We will also
write P, = P{12,... n}, and for m < n, P, = Py — Py, If (fi)ies is a frame
with frame bounds A, B, and P is an orthogonal projection on H, then (P f;);cs
is a frame sequence with frame bounds A, B. Conversely, if (f;);cs (respectively,
(gj)jer) is a frame for P(H) (respectively (I — P)(H)) with frame bounds Ay, B;
(respectively, Ag, By), then ((f;)ier, (gj)jer) is a frame for H with frame bounds,

A =min{A;, A}, B = max{By, Bs}.

We will make extensive use of a slight extension of these properties which we now

state.

Proposition 2.3. Let (f;)2, be a sequence in H with upper frame bound B. Let
A be a subset of the natural numbers and P denote the orthogonal projection of H
onto spon(f;)ica-

(1) If (fi)ien is a frame with frame bounds Ay, B, and ((I — P)fi)iea< is a frame

sequence with frame bounds Ay, B, then (f;)52 is a frame for H with frame bounds

Ay Ay
a5, B.

(2) If (f:)$2, is a frame with frame bounds A, B then ((I — P)fi)icac is a frame

sequence with frame bounds A, B.

Proof. (1) For any f € H we have,
(2:3) SNI<HE>P=DI<ff>P+ D [<ffi>]
=1 1€EA 1€EAC

=3 |<Pf fi>*+ Y | <PfPfi>+<{I-P)f,(I-P)f;> |

1EA 1EAC

> AIPFIP+ | D I<UT=P)f,(I=P)fi> 2= |Y | <PfPfi>|

1EA*C 1EA°C

> AIPSIP + VAN~ Pyl VBIPS]

Now, there are two possibilities.



Case L. ||Pf||>> g3l fI1
In this case, inequality (2.3) and the fact that % < 1 immediately yields,

Ai1Ay

> 2> 21112
2I< gz Pz S

Case II. ||Pf]|*> < ?—§||f||2

In this case, since §2 < %, we have that ||(I — P)f||*> > 4. This combined with

inequality (2.3) yields,
> 2
SoI< £ fi> P> VAl - P)f| - VBIPS)
i=1

A1As

>
- 8B

2
A2 A2 A2 2 2
4/ == = = > .
2= 2080 = L2002 > SR

(2) By our assumptions, (I—P)H = span((I—P)f;)ica-. Soforany f € (I-P)H,

AP <Y < £ fi>1P= Y I <fU-P)fi>
=1

iEAC

We next give a (slightly internal) classification of Riesz frames which is of some
interest itself, and will be important later for our classification of frames with the

subframe property.

Theorem 2.4. The following are equivalent for a frame (f;)52,:
(1) (fi)52 is a Riesz frame,
(2) (fi)32, can be divided into two subsets, (9;)2, (h:i)icr satisfying,
(i) (9:)$2, is a Riesz basis for H,
(i) There is an Ag > 0 so that for each subset A of the natural numbers, and
rcr,
the set (Pah;)ier, is a frame sequence with lower frame bound Ag.
Moreover, in this case, if A, B are the Riesz frame bounds for (f;)$2,, then there
is natural number k so that we can write h; = hi(5)g;, with |A;] < k, and

JEA;

Proof. (1) = (2) Since (f;)$2, is a Riesz frame, by Corollary 2.2, it contains a Riesz

basis, say (¢g;)52;. Let (h;);er be the remaining elements of the frame, and assume
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that A, B are the Riesz frame bounds for (f;)$2,. It suffices to prove the theorem
for any frame equivalent to our frame. So, by taking the natural isomorphism of
(g9i)$2, to an orthonormal basis for H, we may assume, without loss of generality,
that (g;)$2, is an orthonormal basis for H. However, the Riesz frame bounds have
to be adjusted by the norm of the isomorphism to A%, B2. If A, Ty be as in (2)(ii),
then ((gi)ieac, (hi)ier, ) is a frame sequence with frame bounds A2, B% and (g;)52,
is an orthonormal basis. If Pac is the natural projection of H onto (g;)icac, then
I — Ppe = Pa. Proposition 2.3(2) now yields that (Pah;)icr, is a frame sequence
with frame bounds A%, B2. This concludes the proof that (1) implies (2). To check
the "moreover” part, write h; = ZjeAi hi(j)g;, where h;(j) # 0, for j € A;. For
any i = 1,2,...,and any j € A;, consider the subset F' = {h;}U{g,, : j # m € A;}.
Then g; € spanF and this set has frame bounds A%, B? implies,

(2.4) Y 1< gmigi > P+ <higp > P = [hi(j)]? > A%
JEMEA;

Also,

(2.5) hi(5)* < ||hi]|* < B2

Since supi<i<ool| fil| < 00, the existence of k is now immediate from (2.4) and (2.5).

(2) = (1) Let (fi)$2, = ((9:)$21, (hi)ier) be a sequence of vectors in H satisfying
(2). Again we can start by taking the natural isomorphism of (g;)$2; onto an
orthonormal basis (e;)$2,. This will change the A in (2)(ii) to say A. Letting A
equal the natural numbers and I'y = T" in (2)(ii), we see that (h;);cr is a frame
with frame bounds A, B. So (f;)$2; has a finite upper frame bound 1+ B. Choose
a subset of our set of vectors of the form: ((g;)ica, (hi)ier,). Let Ty = {i € 'y :
Pah; # 0}. By our assumption (2)(ii), (Pach;);cr, has lower frame bound A.
Applying Proposition 2.3 (2) (recall that (g;)$2, is an orthonormal basis) we have

that (f;)$2; has lower frame bound £. So (f;)$2, is a Riesz frame.

Let us recall some notation. If (f;)$2, is a basis for its span, we say that a
sequence (g;):2, is disjointly supported with respect to (f;)i2, if there exist a

disjoint family of subsets of the natural numbers (A;)$°, so that

g; € span(f;)jea;, Vi

That is, the supports of the g;, relative to the basis (f;)$2,, are disjoint.
Theorem 2.4 shows that Riesz frames have a somewhat exact form. The next

corollary gives a further restriction on Riesz frames.



Corollary 2.5. FEvery Riesz frame for H is equivalent to one of the form

((e)i21, (fij)iil’,joil)

where (€;)§2, is a orthonormal basis for H, for each 1 <i <k, (f; ;)52, is disjointly

o0
=1’

orthonormal basis (e;)) satisfy A < |f; j(n)| < B for some A, B > 0, and there is a

supported with respect to (e;) and the non-zero coordinates (with respect to the

natural number K so that
{n: fij(n) # 0} < K.

Proof. Let By be the upper Riesz frame bound for (f;)$2,, and choose a natural
number K so that %(B )2 > By. Basically, we will apply the pigeonhole principle to
(h;) in Theorem 4.4 to divide it into at most K-sets, G1, G, ... , G where the h;
in G; are disjointly supported. We start by putting h; into G;. If hy has disjoint
support from hq, put it also into G, otherwise, put it in Gy5. We continue by
induction. Assume that hq, ha, ..., h, have been distributed into the sets so that
the elements of each set are disjointly supported. If h,; is disjoint from all the
elements of Gy, put it in G;. If not, go to G3 and so on. If we reach set G,
then by assumption, h,41 has a non-zero coordinate in common with at least one
element from each of the sets G1,Go,... ,Gg—1. But, by Theorem 4.4, h, 1 has
only k non-zero coordinates. Hence, h,,4; has a fixed non-zero coordinate, say m,

in common with % of the h;. Hence,
K
Y < emhi>*> ?(3)2 > Bo,

which is a contradiction. Thus, h,4; must go into at least one of the sets.

The next corollary shows that Corollary 2.5 comes close to classifying Riesz

frames (All we are missing in Corollary 2.5 is condition (2) of Corollary 2.6).

Corollary 2.6. Let A,B > 0, and K be a natural number. Let (e;)52, be an
orthonormal basis for H, and (fij)z-ich;Ol be vectors in H satisfying:
(1) The non zero coordinates of f; ; (with respect to the orthonormal basis (e;))
satisfy:
(i) A< |fi;(n)]* < B,
(i) [{n s fiz(n) # 0} < K.
(2) span(fi;)52, C span(fi—1,3)52,, V2 <i <k,
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(3) Each (fzg)Jo';l 1s a disjointly supported sequence with respect to (fi_l,j);?';l
(with
fO,j = g;, forall 3 =1,2,.. )

Then ((e;)$24, (fij)iil’,j:i) is a Riesz frame for H with Riesz frame bounds

1
DFFTTE, (1 +4D)

1+ kD,

7

_ KB
where D = =7
Proof. We will do the proof in three steps.
Step 1. We start with a calculation.

Let A be a subset of the natural numbers and Pa denote the natural projection
of H onto span(e;);ea. By deleting the f; ; with support in A and reindexing, we
may assume that Pacf; ; # 0, forall 1 <7 <k, and j = 1,2,.... We will work
with the family ((e;)iea, (fij)i%1 21)- Fix 2 <ip < k and note that (Pac fi,,)52,
is an orthogonal sequence in H with A < ||f;, ;||* < KB. By taking the natural
isomorphism

Prc fiy

[ Pac fig il
we have that A < ||T|| < VKB. Forig <i <k, let gi.j = T(Pacf; ;). It follows
that,

T(Pac fig,) =

(2.6) (gio,5)52, is an orthonormal basis for its closed linear span
(2.7) span(g;,;)72; C span(gi-1,j)524,
(2.8) Each (g;,7)32, is a disjointly supported sequence with respect to (g;—1,;)§2;-

kFor all 49 <7 < k, we can choose subsets of the natural numbers A; ; so that

(29) 9i,j = Z amfl,nu Am 7é O,Vm € Ai,j'

’I’TLEA,’O,J'

By our assumption (1)(i), the non-zero coordinates of Pa- f; ; (relative to the Riesz

basis (e;)$2,) satisfy:

(2.10) A < |Pacfi;(n)* < B.

7



Therefore,

(2.11) =5 <=

By (2.9) and (2.11) we have,

(2.12) < lamfim(n)]? < —.

KB A

Combining (2.11) and (2.12) we have

1 A KB _

— = < < .
D= xp = lml< D

(2.13)

It follows that for 2 < 19 < 7 < k, and for every j, the non-zero coordinates

gi,;(m) (This denotes the coordinates of g; ; with respect to the orthonormal basis

(9i0,5)521) satisfy
(2.14) — < gi,;(m)| £ D,

Also, note that the number of these non-zero coordinates is still < K.
We will prove the corollary by induction on k£ with the hypotheses of the corollary
except that we will assume that our family satisfies (2.14) and replacing A, B in

assumption (1)(i) by %, D respectively.
Step II. Starting the induction. i.e. The case k = 1.

Since (e;)$2, is an orthonormal basis for H, the (f1 )32, are disjointly supported,

and % < || f1,;]| < D, it follows that (f1,;)521 has Riesz basis constants +.,VD,
and hence frame bounds 7, D. So ((e;)§2;,(f1,;);2;) has upper frame bound <
1+ D. Let ((e:)iea,(f1,j)jer) be a subset of our set of vectors. Let Pa be the

natural projection of H onto span(g;);ca. and let

Now, Paf1,; = f1,,forallj € T=A. So ((€;)iea, (f1,j)jer—a) is a frame with frame
bounds 1,1 + D. Now, (Pacf1 )jea is a disjointly supported sequence of vectors
with respect to (e;);cac for which: % < ||Pac f1,]|* < D. Hence, this is a Riesz
basis with constants 4/ %, /D and lower frame bound A%. By Proposition 2.3 (1),
it follows that ((e;)iea, (f1,)jer) is a frame with frame bounds m, 14+ D. So

our family is a Riesz frame with the bounds specified in the corollary.
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Step III. The induction step.

Assume the result holds for some k — 1, and we will prove that it holds for
k. Choose a subfamily of our set given by: «ei)iEA?(fiaj)iil,jEAi)' For each
1 <i <k, (fi;)$2, is an orthogonal sequence satisfying % < |Ifi;lI* < D, and so
this family has upper frame bound D. Hence, ((e;)ica, (fi,j)iil,‘f:l) has upper frame
bound 1+ kD. Since (e;)iea is an orthonormal sequence, ((€;)iea, (Pafi;)if1 5%,
has frame bounds 1,1 + kD. So, without loss of generality, we may assume that

Pacfi j # 0, for all j € A;. Let ip = 1 in Step I to obtain the corresponding g; ;. By

Step I, we can apply the induction hypothesis to the family ((g1,;)52,, (gi7j)i=k27j°:‘°1)
to discover that this is a Riesz frame with Riesz frame bounds,
(2.15) e Hl’°—1(1 o LHE-vD
i=1
That is, (T' Pae fi,j)iil,jeA,-) is a frame with frame bounds given by (2.15). There-
fore, (Pae fi,j)iiLjeAi) is a frame with lower frame bound

1
DFFI T (1 44D)

Applying Proposition 2.3 (1), we see that ((e;)iea, (fi,j)iil,jeAi) is a frame with

frame bounds .

D8R [, (1+iD)’

This proves that our original family is a Riesz frame with the stated frame bounds,

14+ kD.

and concludes the proof of corollary 2.6

3. CHARACTERIZING FRAMES WITH THE SUBFRAME PROPERTY

In this section we characterize of frames having the subframe property. To sim-

plify the proof of the theorem, we first make an elementary observation.

Lemma 3.1. If (f;)2, is a frame for H, G is a finite dimensional subspace of H
and P is the orthogonal projection of H onto G, then

S IIP£il? < oo.
=1

Proof. Let {eq,ea,...,e,} be an orthonormal basis for G. Then
DPAHIF=Y Y [ <Plieg>P =3 > |<fiPej>|
=1 =1 j=1 1=1j=1



n

=3 N I<fie;> = ZZ| < foe; > < ZB||63||2

=1 j=1 j=1:=1
Now we are ready to prove the main theorem of this paper.

Theorem 3.2. For a frame (f;)$2, the following are equivalent:

(1) (f:)$2, has the subframe property,

(2) The frame (f;)32, can be divided into three sets of vectors, (¢9;)24, (hi)ier, (ki)
where I' may be finite or infinite, (g;)72, is a Riesz basis for H, and there is a nat-
ural number m so that if G = span(g;)™, then h; is of the form h; = h} + h? with
h? € G,h} € Gt and satisfying:

(i) The k; have infinite support,
(i6) Yser B2 < o,
(13) ((9:)$24, (h})ier) is a Riesz frame for H.

Proof. (1) = (2) By Casazza, Christensen [3], (f;)$2, contains a Riesz basis, say
(9:)2,. To simplify the proof, we take the natural isomorphism of (g;)$2; to an
orthonormal basis (e;)$2, and see that, without loss of generality, we may assume
that (g;)$2, is an orthonormal basis for H. Let (k;);ca be the elements of (f;)52,
with infinite support with respect to (g;)$2,, and let (h;);er be the remaining
elements of the frame (i.e. The elements of the frame which are not one of the g;

and which have finite support). We can write:
= > hi(i)gs
JEQ;
where |Q;| < oo, and h;(j) # 0,Vj € ;.
Step I. |A| < oc.

We proceed by way of contradiction. So assume we have infinitely many infinitely
supported vectors (k;)$2,. We must construct a subset of our frame which is not a
frame for its closed linear span. To do this, we apply an inductive construction to

the two conditions below:
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By alternately applying these two conditions and induction, we can find sequences

of natural numbers 17 < 19 <13 < --- and 1 < J9 < j3 < --- so that
(3.1) 0<i|ki (jm)|2<i, Vm=1,2,3,....
n=1 h m

We will sketch the beginning of this induction proof. From the first condition, we

can choose a i; = 1, 71 so that:

. 1
0< |ki1(]1‘2 < 5

The second condition allows us to switch to a subsequence of (k;)$2,, starting with

k;, (call it (k;)$2, ) so that

i:il
o

> kG <5

n:il +1

Now, using the first condition, we can find a natural number m so that |k;, (5)]? <

1
)2

some j9 > j1 so that

for all j > m. Choose any 292 > ¢;. Since k;, is infinitely supported, there is

1
(3)(2)°
By condition 2 again, we can choose an i, > i; and a subset of the (k;)72; (denote
it (ki,, ki, kiy41,kiyt2,...))) so that

0 # |k, (j2)|* <

oo

D)) 1
Z |kn(12| SW-

n=is+1

Now choose any i3 > 15 and a natural number m so that

. 1 )
S ki, ()2 < vj > m.

Again, since k;, is infinitely supported, there is some j3 > j2 so that,

0< |kz3(]2)|2 <

(3)(3)
and by switching to a subsequence of (k;) we may assume that

(o]

- 1
3 kG)F < gy

11



Now continue this construction by induction.

Finally, let A = {j,, : m = 1,2,3,...}° and consider the subframe of our frame
given by: ((gi)iea, (ki,)o>;). Now, g;  is in the span of our frame for each m =
1,2,3,...,. But, by inequality 3.1,

oo 0 ] 1
S 1< Fiugi > 2= 3 ki i) P < ()l

So this set is not a frame for its span. This contradiction completes the proof of

step 1.

Step II. There is a natural number m and numbers A, B > 0 so that Vj € €;,
with j > m, we have:
A< |hi(j)] < B.

To obtain the m, and the lower bound for |h;(j)|, we proceed by way of con-
tradiction. If there is no such m or A, then choose natural numbers i1, j; so that

0 < |hi, (71)| < 1. Since h;, is finitely supported and for all n € supph;,, we have

S i)

i€l
it follows that there are natural numbers 75 > 21, and jo > j; with

(1) j2 > max{supph;, } (so h;, (j2) = 0),

(2) 0 < Jhiy ()] < 1,

(3) lhs, (41)] < 3-

Continuing by induction, we can find natural numbers 71 < 725 < 723 < --- and
J1 < Ja < jg3 < --- satisfying:

(4) h;, (jm) = 0, for all m > n,

(5) 0 < |hin(jn)| <

(6) |hi, (Jm) < 5 Vm <n.

Let A = {j; : ¢ = 1,2,3,...}, and consider the subset of the frame (f;)52,
consisting of the elements, ((gi)ien, (h; )22 ,). Let Pa be the natural orthogonal
projection of H onto span(g;);ea. Note that (4)-(6) imply span(g;, )32, = span((/—
Pa)h;, )22 ;. By our assumption for this direction of the theorem, ((g;)ica, (hi, )52 ;)
is a frame sequence. By Proposition 2.3 (2), ((I — Pa)h;, )%, is also a frame se-

quence. Now, for all n =1,2,3,..., we have
(I PA Z hzn Jm 9i,. -

12



But

7

. & : - . . — 1
inf,, Z | < (I = Pa)hi, g5, > > = 1nfmz \h;, (3m)|? < inf, Z ‘ﬁ|2 =0,
n=1 n=m

n=1

which contradicts the fact that ((I —Pa)h;, )2, is a frame for span(g;, )oo_;. This
concludes the proof of step II.

Recall that P,, denotes the natural (orthogonal) projection of H onto span(g;)™,,
and for m <n, Py, =P, — Py_1.

Step ITL. There is a natural number mo > m so that ((9:)2,,, 41, (I—Pmg)hi)icr)

1s a Riesz frame.

We prove Step III by way of contradiction. If no such mg exists, given m as in

Step II, there are finite sets of natural numbers I'y and Ay C {n:n >m + 1} and
a vector fl € Span{(Qi)iEAm ((I - Pm)hi)iel"l} SatiSfying:

1fall =1,

dDoI<fg>P+ Y |<f,(I-Pa)hi>>< 1.

1€EA, i€l

Let £ = max{n : n € Ay U U;ep,supp(! — P,)h;}. By Step II, there are only a
finite number of h; whose supports intersect {m + 1,m + 2,... ,¢;}. . Since each
h; has finite support, there is a natural number m < m; so that (I — P,,, )h; # 0,
implies Py, ¢, h; = 0. This fact and our assumption that Step III fails, implies the
existence of finite sets of natural numbers I'y C I'1° and Ay C {n:n > my} and a

vector fo satisfying:
hj € Span{(gn)iozml-}-la (gn);nzl}a VJ € FQa

f2 € Span{(gn)neAm (I - Pm1+1)hi)i€F2}7 ||f2|| = 1’

1
Do <Frgi> P+ D<o (L= Puhi > P < o
1EA, i€l

Continuing by induction, there exists natural numbers mg =m < m; < mg < ---

and finite subsets of the natural numbers A; and I';, and vectors f; satisfying:

(32) A; C {mi_l +1,m;_1+2,... ,mi},

13



(3.3) hy € span{(ga) . 110 (971} € T,

(3'4) Ji € Span{(gn)neAm (Pmi—hmi hj)jEFi}n
(3-5) 1fill = 1,
1
(3.6) < fingi > P+ D1 < fis Pro_ymihy > 7 < 7
JEA; JjEL;

Next, let A = U2, A; U{1,2,3,...,m} and ¥ = U2, I;. We will show that the
subset of our frame given by ((g:)ica, (hi)icw) is not a frame for its closed linear
span, contradicting our assumption that (f;)$2; has the subframe property. To
see this, let K = span((g;)ica, (hi)icw) and note that {1,2,... ,m} C A and (3.3)
imply that P,,, , mh; € K, for every j € I';. Since A; C A, it follows from (3.4)
that f; € K, for all 4. Finally, by (3.2), (3.3), (3.4) we have:

fi Lspan((g;)jea—na,), (hj)jew—r,))-

Therefore,
YoI<figp> P+ Y I<fohi>P=> |<fogi>P+ D> < fihj>]
JEA JEV JEA; JET;

1
=Y 1 <Ffingi> P+ D 1< fis Pr_ymihy > P < .
JEA; Jjer;

Therefore, our subset of the frame is not a frame sequence. This completes the
proof of Step III.

Now, let G = span(g;);~", Pm, the natural (orthogonal) projection of H onto G,
and h? = P, h;. Alsolet A; = Q; N {mg+1,mg+2,...}, and

ht = (I = Ppno)hi= Y hi(j),
JEA;

Step IV. We verify (ii), and (iii) of the theorem.

Since (h;);cr is a frame and RngP,,,, is finite dimensional, (ii) follows from Lemma
3.1. Part (iii) follows immediately from Step IIT and the fact that

span(g;)ie L span{(g;)2,,, 41, (hi)ier}
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(2) = (1) Assume that ((g:)$24, (hi)ier, (ki)’,) is a frame for H satisfying the
conditions in part (2) of the theorem. Since ((g;)$2,, (h})icr) is a Riesz frame, we
assume it has the properties of Theorem 2.4. Letting A equal the natural numbers
and D = T in (2)(ii) of Theorem 2.4, we get that (h});cr is a frame sequence
with lower frame bound Ag. Since } ;. |h?||> < oo, there are only finitely many
infinitely supported vectors k;, and (g;);2, is a Riesz basis it follows that our set
of vectors satisfies the upper frame condition (and hence every subset satisfies the
upper frame condition) with constant say B. By taking the natural isomorphism of
(g:)$2, to an orthonormal basis for H, we may assume that (g;)$2, is an orthonormal
basis for H. (To simplify the notation, we will use the same constants given earlier).
Choose an arbitrary subset of the frame of the form: ((g;)iea, (ki)iea, (hi)ier,)-
Applying (2)(ii) of Theorem 2.4 again, we see that (Pach});cr, is a frame sequence
with frame constants Ag, B. We will finish the proof in three steps.

Step 1. There is a subset Q C I'y with |I'y —Q| < 00, so that (Pach;)icq is a frame

sequence.
By our assumption (ii), we can choose €2 of the form above so that
A
SRR < (50
i€Q
Then for any f € span(Pach;);cq, and the fact that (Pach});cr, is a frame sequence

with frame constants Ag, B, we have

S I< i Pachi > 2> [>T < f,Pacht> 2= [> | < f,Pach? > |2

1€EQ 1€EQ 1€QN

A A
> VAN =[S IPa2IEIAI > VAl = /21 = /5201

1EQ

Step II. We will prove that the family ((Pach;)ier,, (Packi)ica) is a frame se-

quence with frame bounds say A, B

By step I, (Pach;)icq is a frame sequence. But |A| < oo and [I'; — Q| < oo,
and adding any finite number of vectors to a frame sequence always yields a frame

sequence.
Step III. We prove that ((g:)ien, (hi)ier, (ki)—1) is a frame sequence.

Since (g;)$2, is an orthonormal basis, Pa is an orthoronal projection on H with

I — PA» = Ppe. Now, (g;)iea is an orthonormal basis for its span, and by Step II
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we have that ((Pach;)ier,, (Packi)ica) is a frame sequence. Applying Proposition
3.2 (1), it follows that ((gi)iea, (hi)ier, (ki);) is a frame sequence.
This completes the proof of Theorem 3.2.

Now, let us look at how this theorem uniquely relates frames with the subframe
property to Riesz frames. To get a frame with the subframe property, we first
choose a Riesz frame ((g;)524, (h;)ier) for H where (g;)52, is a Riesz basis for
H. Now choose a finite set of vectors (k;)7_; from H each with infinite support
with respect to our Riesz basis (g;)72,. Next, choose a natural number m and let
G = span(g;)7, be a finite dimensional subspace of H. Finally, choose a set of
vectors (f;)ier from G satisfying:

D lIFl? < oo

i€l
Then Theorem 3.2 yields that the set ((¢:)$2,, (ki)i—;, (hi + fi)ier) is a frame for
H which has the subframe property, and this is the only way to produce a frame
with the subframe property. This also shows, for example, that if we take a Riesz

basis for H and add to it an infinite number of infinitely supported vectors, then

this new set has a subfamily which is not a frame for its closed linear span.

4., THE PROJECTION METHODS

If (fi)$2, is a frame, we define the frame operator S : H — H by,

(4.1) S(f) = Z < ffi> fi

=1

Then S is an isomorphism of H onto H and so (S™!f;)2, is also a frame for H

called the dual frame. For f € H, we can write,
(4.2) f=8ST'f =) <f,ST'fi> fi
i=1

where the < f, S™!f; > are called the frame coefficients for f. One of the most
difficult problems in frame theory is to explicitely calculate the dual frame of a

frame. A useful method here is to ”truncate” the problem. That is, for each n, let
H, =span(f;)"_, and S, : H, — H,, be given by,

(4.3) Suf = <[ fi> fi
=1
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For each f € H, P,f converges to f in norm. But in general [4], the frame
coefficients for P, f need not converge (even coordinatewise) to those of f. If for

every f € H, and for every 1 = 1,2,3,..., we have
(4.4) limy,—oo < f, S, 1 fi >=< [, 57 fi >,

we say that the projection method works. The advantage here is that finite
dimensional methods, applied to the frame (f;)"_,, can be used to approximate the
frame coefficients. If (< f, S, 1f; >)"_, converges to the frame coefficients for f in

the /5 - sense, i.e.

(45) hmn—wOZ‘<f757:1f1>_<fa5_1fz>|2+ Z |<f’S_1fi>|2:Oa
=1 1=n+1

we say that the strong projection method works. For a discussion of the pro-
jection method, we refer the reader to [2]. Also, for an in-depth study of the strong
projection method, and a host of examples, we refer the reader to [4]. It is known
[2] that the projection method and the strong projection method working are not
equivalent. Also note that the projection methods depend upon the order in which
the frame elements are written. That is, a frame may satisfy the strong projection
method but have a permutation which fails it [4]. It is immediate that the strong
projection method works for Riesz bases (Or see Zwaan [8]). It also works for Riesz
frames but may fail (even the projection method may fail) for frames with the sub-
frame property [4]. The main theorem of this section will show that for frames with
the subframe property, the projection methods become equivalent and independent

of the order in which the frame elements are written.

Theorem 4.1. If (f;)$2, is a frame with the subframe property, then the following
are equivalent:

(1) There are no infinitely supported vectors k; in Theorem 3.2,

(2) (fi)$2, has a permutation satisfying the projection method,

(3) Every permutation of (f;)$2, satisfies the strong projection method.
Proof. (3) = (2) is obvious.

(2) = (1) We will prove this by way of contradiction. So suppose we have
a frame ((g;)32,, (hi)icr), (ki)%_,) satisfying the conditions of Theorem 3.2. As
usual we may assume that (g;)$2, is an orthonormal basis for H. Let (f;)2, be
a permutation of this frame satisfying the projection method. Let I,.J be sets of

natural numbers so that (recall the m of theorem 3.2):
{firiel}={g;:1<i<m}, {fi:iedJ}={k;i:1<i<[t}.
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Let mo = max;ecus? and let S,, be the frame operator for (f;)"_;. Our assumption
that (f;)$2, satisfies the projection method implies there is a constant K > 0 so
that for all n > mg, we have ||S;;  k;|| < K. So fix any n > mg and write (f;)7, as
((g:)iea, (hi)ien, (ki)é—,). Let Q, be the orthogonal projection of span(f;)”, onto
its subspace span{(g;)ica, (h;)ica}. Choose 1 < j < £ so that

(4.6) (I — Qn)k;|| = maxy<i<ellkl|-

Since the h; all have finite support with respect to the orthonormal basis (g;)52,,
and the k; have infinite support, it follows that ||( — Q,)k;|| # 0 in formula (4.6).
Let

(] - Qn)kj
1 — Qn)kjl1*

fni =

so that < f,, ;,k; >= 1. Finally, let

F="Fng= Y < fujrki> S ki
i#]

Now we compute,

Suf = Snfnj— S < fajrki > S, 'ks)
1#]

=Y <fugfi>fi= Y < fugiki> ki
=1

i

2
= Z < fn,j,ki > k; — Z < fn,j;ki > k; =< fn,j,kj > kj = kj.
i=1 i#]

So S, 1k; = f. It follows from our earlier assumption that
(4.7) 157 sl = [1£1] < K.
Combining (4.6) with (4.7) we have

(4.8) K >Nl > gl = 1) < fago ki > Sy
i£]
> || full = D1 < fags (1= Pk > |15, |
i#j
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> ([l = K Y gl = Pkl > || £ gll - K.
i#j
However,
1
(4.9) Supn || fn ;| = Supnm = 00.
n)Nj

and (4.8) and (4.9) contradict one another.

(1) = (3) By (1) and Theorem 3.2, our frame is of the form ((g;)$2,, (h;):er) and
has the properties listed in Theorem 3.2. As usual, we may assume that (g;)52, is
an orthonormal basis for H. Let m and G be given as in Theorem 3.2, and let P be
the natural (orthogonal) projection of H onto G. Let (f;)$2; be any permutation
of this frame. Choose a natural number mg so that g; € {f; : 1 < i < mg}, for
all 1 < 5 <m. Let A be the lower Riesz frame bound for the Riesz frame given in

Theorem 3.2 (iii), and choose 0 < § < 3 with

A
82 || Pahil* < T
el

Let n > mg and let S, be the frame operator for (f;)*_ ;. By our assumptions,

there are finite sets of natural numbers J C I', and I C {m + 1,m + 2,... so that
(fi)iz1 = ((96)iZ1; (9i)ier: (hi)ies). Choose f € span(f;)i_, with

L=IfII* = 1PcflI* + (I = Pa)fII*.

We consider two cases.
Case 1. ||Psf]|? > 6.

In this case,
YoI<HE>P2) 1<f00> = |Paf|® > 6.
=1 =1

Case II. ||Pof]|*> <6.

In this case, applying (iii) of Theorem 3.2, we have,

Z|<f,fi>\22\/Z\<f,gz->\2+Z|<f,hi>|2
=1

i€l i€J
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> > 1< =Pa)f,9:>P+) | <(I—Pa)f,(I - Pg)hi>|*~
el ieJ

> | < Paf, Pahi > |?
icJ

> VA = Pa)fll = [D IIPafIIl| Pehsll?

1€J

A A
Pohi||2 >4/ = — /2.
S lPahillz > (/5 —1/4

i€J

> VAL —=68)—6

Hence, our frame (f;)$2, satisfies the strong projection method.

Although frames with the subframe property may fail even the projection method,

Theorem 4.1 implies that this occurs because of a few ”"misbehaved” vectors. We

state this formally as,

Corollary 4.2. If (fi)icr is a frame with the subframe property, then there is a

finite subset A C I so that the strong projection method works for (f;)icr—na.
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