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A NEW IDENTITY FOR PARSEVAL FRAMES

RADU BALAN, PETER G. CASAZZA, DAN EDIDIN, AND GITTA KUTYNIOK

ABSTRACT. In this paper we establish a surprising new identity for Parseval
frames in a Hilbert space. Several variations of this result are given, including
an extension to general frames. Finally, we discuss the derived results.

1. INTRODUCTION

Frames are an essential tool for many emerging applications such as data trans-
mission. Their main advantage is the fact that frames can be designed to be redun-
dant while still providing reconstruction formulas. This makes them robust against
noise and losses while allowing freedom in design (see, for example, [6, 11]). Due to
their numerical stability, tight frames and Parseval frames are of increasing interest
in applications (See Section 2.1 for definitions.). Particularly in image processing,
tight frames have emerged as essential tool (compare [8]). In abstract frame theory,
systems constituting tight frames and, in particular, Parseval frames have already
been extensively explored [3, 6, 7, 10, 11, 12], yet many questions are still open.

For many years engineers believed that, in applications such as speech recogni-
tion, a signal can be reconstructed without information about the phase. In [1] this
longstanding conjecture was verified by constructing new classes of Parseval frames
for which a signal vector can reconstructed without noisy phase or its estimation.
While working on efficient algorithms for signal reconstruction, the authors of [1]
discovered a surprising identity for Parseval frames (see [2] for a detailed discussion
of the origins of the identity).

Our Parseval frame identity can be stated as follows (Theorem 3.2): For any
Parseval frame {f;}ics in a Hilbert space H, and for every subset J C I and every
feH

(1.1) Z I(f, fi>|2 =l Z<f» fi>fi”2 = Z I(f fi>|2 = Z<f7 fi>fiH2'

ieJ icJ ieJe ieJe
The proof given here, based on operator theory, admits an elegant extension to
arbitrary frames (Theorem 3.1). However, our main focus will be on Parseval
frames because of their importance in applications, particularly to signal processing.
Several interesting variants of our result are presented; for example, we show that
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overlapping divisions can be also used. Then the Parseval frame identity is discussed
in detail; in particular, we derive intriguing equivalent conditions for both sides of
the identity to be equal to zero.

2. NOTATION AND PRELIMINARY RESULTS

2.1. Frames and Bessel sequences. Throughout this paper H will always denote
a Hilbert space and I an indexing set. The finite linear span of a sequence of
elements {f;}icr of H will be denoted by span({f;}icr). The closure in H of this
set will be denoted by span({f;}icr)-

A system {f;}icr in H is called a frame for H, if there exist 0 < A < B < o0
(lower and upper frame bounds) such that

AP <D KE P < BIFI? forall f € H.

iel

If A, B can be chosen such that A = B, then {f;};cr is an A-tight frame, and if
we can take A = B = 1, it is called a Parseval frame. A Bessel sequence {f;}icr
is only required to fulfill the upper frame bound estimate but not necessarily the
lower estimate. And a sequence {f;};cr is called a frame sequence, if it is a frame
only for span({f;}icr).

The frame operator Sf = >, (f, fi) fi associated with {f;}ics is a bounded,
invertible, and positive mapping of H onto itself. This provides the frame decom-
position

F=8T1SF =Y (. f) Fi =D (L F) b
el el

where f; = S'f;. The family { fl}ze 7 is also a frame for H, called the canonical
dual frame of { f;}icr. If {fi}icr is a Bessel sequence in H, for every J C I we define
the operator S; by

Syt = (i fi)f
icJ

Finally, we state a known result (see, for example, [9]), since it will be employed
several times.

Proposition 2.1. Let {f;}icr be a frame for H with frame operator S. For every
f € H, we have

) 1 ier(fs ffill? < NSH Zier KF5 £l
(2) Zier )P < NSTH e, (F £ £il -

Moreover, both these inequalities are best possible.

We note that for Bessel sequences {f;}icr, the operator S above is well-defined,
we still call it “the frame operator”, and part (1) of Proposition 2.1 remains true.
Also, without chance of confusion, we will use I to denote our index set and the
identity operator on H.

For more details on frame theory we refer to the survey article [4] and the book
[9].
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2.2. Operator Theory. We first state a basic result from Operator Theory, which
is very useful for the proof of the fundamental identity.

Proposition 2.2. If S, T are operators on H satisfying S+ T =1, then S —T =
SQ _ T2

Proof. We compute
S—T=8S-(I-8)=28-1=8*-(IT-28+8*)=8*-(I-9)?*=8*—

3. A NEW IDENTITY

3.1. General frames. We first study the situation of general frames in H.

Theorem 3.1. Let {f;}ics be a frame for H with canonical dual frame {f;}ics.
Then for all J C I and all f € H we have

STUE P =SS F =S 1P =S 1S s £, Fi) P

ieJ i€l ieJe el
Proof. Let S denote the frame operator for {f;};cs. Since S = S; + Sje, it follows
that I = S~1S; + 5~ 15.. Applying Proposition 2.2 to the two operators S~'S;
and S~19 . yields
(3.1) S_ISJ—S 15]5 1S] S~ S]c —S‘lSJcS_lsjc.
Further, for every f,g € H we obtain
(32)  (ST'Ssf.9) —(S71S,STIS S 9) = (Saf, 5 g) —(STISSf, 8557 g).

Now we choose g to be g = Sf. Then we can continue the equality (3.2) in the
following way:

= (Ssf, ) = (STVSsf, S0 f) = D W flP = D [(Safs )
eJ i€l

Setting equality (3.2) equal to the corresponding equality for J¢ and using (3.1),
we finally get

STUE =D S E 2= [EFP =D 1S £ fi) 2

i€J i€l ieJe i€l
([

3.2. Parseval Frames. In the situation of Parseval frames the new identity is of
a special form, which moreover enlightens the surprising nature of it.

Theorem 3.2 (Parseval Frame Identity). Let {f;}icr be a Parseval frame for H.
For every subset J C I and every f € H, we have

Z'fafz _HZ fafz fz||2 Z‘<f fz _”Z f7fz fz||2

icJ ieJ icJe ieJe

Proof. We wish to apply Theorem 3.1. Let {fi}z’el denote the dual frame of { f;}ics.
Since {f;}ier is a Parseval frame, its frame operator equals the identity operator
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and hence f; = f; for all i € I. Employing Theorem 3.1 and the fact that {f;};es
is a Parseval frame yields

SOUEFIP = 1D fa) il

S KL P =18 £1

ieJ e e

= Y UELP =D WS £ P
e icl

= S UEEP =D 1S F)lP
iceJ el

= Z fﬂf’b Z'SJCf7f'L
ieJe iel

= > UE =180 f1?
ieJe

= UL =1 D IR
eJe ieJe

O

Note that each side of the Parseval Frame Identity is non-negative, because Sy
has operator norm at most 1 (see Proposition 2.1 and the remarks that follow it).

A version of the Parseval Frame Identity for overlapping divisions is derived in
the following result.

Proposition 3.3. Let {f;};cr be a Parseval frame for H. For every J C I, every
E C J¢, and every f € H, we have

| Z (Fo f) Fill2 = | Z (f: fa) Fill?

i€ JUE i€Je\E
= I LI = I Do f fil® + 2 F S
icJ ieJe iCE
Proof. Applying Theorem 3.2 twice yields

D I = 1 D s fafl?

i€JUE i€Je\E

= Z |<fafz>‘2_ Z |<f7fz>|2
i€ JUE i€Je\E

= Y UL =D ULBP+2) I £
eJ ieJe =y

= D IR = 1Y U EIP+2) 1 £l
ieJ ieJe icE

O

Since each A-tight frame can be turned into a Parseval frame by a change of
scale, we obtain the following corollary.

Corollary 3.4. Let {f;}icr be a A-tight frame for H. Then for every J C I and
every f € H we have

MDY NP = I F BIP = XD I f)12 = 1D (s ) Fill.

i€J i€J ieJe ieJe
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Proof. It {fi}icr is a A-tight frame for H, then { % fi}ier is a Parseval frame for
H. Applying Theorem 3.2 proves the result. (]

Furthermore, the identity in Theorem 3.2 remains true even for Parseval frame
sequences.

Corollary 3.5. Let {f;}icr be a Parseval frame sequence in H. Then for every
J C I and every f € H we have

SUL I =D Bl =D K P =1 Y fa) fall

ieJ ieJ ieJe ieJe

Proof. Let P denote the orthogonal projection of H onto span({ f;}icr). By Theo-
rem 3.2, for every f € H, we have

S UPEIN =D PN =D KPP =1 D _(PF ) Fill

icJ icJ ieJe icJe
Since (Pf, fi) = (f, Pfi;) = {f, f;) for all i € I, the result follows. O

We finally remark that Theorem 3.2 is logically equivalent to Theorem 3.1. In-
deed, let {fi}icr be a frame for H, with frame operator S. It is well-known (see,
for example, [4, Theorem 4.2]) that {h; := S_%fi}iej is a Parseval frame for H. It
is easy to check that Theorem 3.2 applied to {h;};cs yields Theorem 3.1.

4. DISCUSSION OF THE PARSEVAL FRAME IDENTITY

The identity given in Theorem 3.2 is quite surprising in that the quantities on the
two sides of the identity are not comparable to one another in general. For example,
if J is the empty set, then the left-hand-side of this identity is zero because

Z I/, fi>|2 =0= Z<fa fi>fi||2'
i€ ieJ
The right-hand-side of this identity is also zero, but now because

SOULFP =117 =1 D £l
ieJje ieJje
Similarly, if |J| = 1, then both terms on the left-hand-side of this identity may be
arbitrarily close to zero, while the two terms on the right-hand-side of the identity
are nearly equal to | f||?, and they are canceling precisely enough to produce the
identity.
If {fi}ier is a Parseval frame for H, then for every J C I and every f € H we

have
I = DI L+ D0 WA S
icJ icJe
Hence, one of the two terms on the right-hand-side of the above equality is greater
than or equal to % | f||>. It follows from Theorem 3.2 that for every J C I and every
feH,

STUEP DAL FEIP =D WL P+ 1D ) fillP >

icJ i€Je i€Je i€J

1112

N

We will now see that actually the right-hand-side of this inequality is in fact much
larger.
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Proposition 4.1. If {f;}:cr is a Parseval frame for H, then for every J C I and
every f € H we have

Z [(fs f) 2+ | Z(f’ fFill? = 117017
icJ icJe
Further, we have equality for all f € H if and only if Sy = %

Proof. By completing the square, we see that

. 1\> 1
S5+ 85.=2(S;—=1) +=I;
2 2
and so )
S% 4+ 8% > 51

with equality if and only if S; = %I .

Since Sy + Sye = I, it follows that Sy + S%. + Sye + S% > %I. Applying
Proposition 2.2 to S = S; and T = Sye yields Sy + S%. = Sye + 5%. Thus

2(Sy +55.) =Sy + 55 + Sy +55 > 31

Finally, for every f € H we have
S UL FPHI DS F FillP = (S F)+(Sse f,S5e f) = (Ss+S7)f ) = S £
ie ieJge

From above, we clearly have equality for all f € H if and only if S; = % ]

We remark that a key part of the proof of Proposition 4.1 extends in a straight-
forward manner to prove the following fact. Let {f;};cs be a Parseval frame for H.
Let {Jx}7_, be a finite partition of the index set I and let Sy := S, for each k.
Then

1
Si4-+ 8> I
with equality if and only if S; = S, for all j,k € {1,---,n}; if and only if §; = 11,
for all j € {1,---,n}.
Let {fi}ier be a A-tight frame for H. Reformulating Corollary 3.4 yields that for
every J C I and every f € H we have

AD WL S =AD UL S = 1D S fill? =11 D (F fa) fill
ieJ ieJe ieJ ieJe
We intend to study when both sides of this equality equal zero, which is closely

related to questions concerning extending a frame to a tight frame. The proofs of
these results use the next lemma as a main ingredient.

Lemma 4.2. Let {f;}icr and {g;}icx be Bessel sequences in H with frame opera-
tors S and T, respectively. If S =T, then

span({ f;}ier) = span({g: }icx ).
Proof. For any f € H, we have

DL LI =(SEL = (TF 1) =D (o)

i€l €K
It follows that f L f; for all ¢ € I if and only if f | g; for all i € K. O
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The following result is an immediate consequence of Lemma 4.2 and the above
reformulation of Corollary 3.4.

Proposition 4.3. Let {f;}icr be a A-tight frame for H and J C I. If ||S;f| =
1Sy fll, for all f € H, then

span({fi}ier) = span({ fi}icse)-

It is well known that given a frame {f;};cs for a Hilbert space H, there exists
a sequence (and in fact there are many such sequences) {g;};cx so that {f;}icsr U
{gi}iek 1s a tight frame (see, for example, [5]). We will now see that, if we choose
two different families to extend {f;}icr to a tight frame, then these new families
have several important properties in common.

Proposition 4.4. Let {f;}icr be a frame for H. Assume that {f;}ier U {g:i}ick
and {fi Yier U{hi}icr are both \-tight frames. Then the following conditions hold.

(1) For every f € H, 3o;c i f,90) P = Xier S hi)]?.
(2) For every f € H, 3 ;i (f19:)9: = D i (f> hi)hi-
(3) span({g;}iex) = span({hi}ticL).
Proof. For all f € H, we have
DUFFIE D 9P = AP = DU F P+ D 1 ki),
iel €K iel =
This yields (1).
Similarly, for all f € H,
STU SN A Fg)gi =M =D AF ffi + D hadh,
i€l €K i€l i€l
which proves (2).
Condition (3) follows immediately from (2) and Lemma 4.2. O

In the next theorem we will derive many equivalent conditions for both sides of
the Parseval Frame Identity (Theorem 3.2) to equal zero. For this, we first need a
result concerning the operators Sy, S je.

Proposition 4.5. Let {f;}icr be a Parseval frame for H. For any J C I, S;S e
is a positive self-adjoint operator on H which satisfies

Sy —5%=295;8;.>0.
Proof. Clearly,
Sy —S8%=2S8;(I—-S;)=Ss5..
Moreover, since Sy and S j. are commuting positive, self-adjoint operators, it follows

that S;S ;. is also positive and self-adjoint.
]

Note that for any positive operator T° on a Hilbert space H and any f € H,
Tf =0 implies (T'f, f) = 0. The converse of this is also true. If (T'f, f) = 0, then
by a simple calculation

(Tf,f) = (TV25,TV2f) = | T2 | = 0.

So TY2f = 0, and hence T'f = 0. Noting that one side of the Parseval Frame
Identity is zero if and only if the other side is, we are led to the following result.
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Theorem 4.6. Let {f;};cr be a Parseval frame for H. For each J C I and f € H,
the following conditions are equivalent.

(1) Zics W )P =11 i Fs fi) fill >
(2) Zicse l{fs fi)? = (1 sese(fs fi) Fil 2
(3) Xies s fidfi L3 se e (S, fi) fi-

(4) fLS;Syef.

(5) Sypf =S3f.

(6)

Proof. (1) < (2): This is follows immediately from Theorem 3.2.
(3) & (4): This is proven by the following equality:

O £ i D L F) fi) = (Saf, Sye f) = (£, 8255 ).

icJ icJe
(5) < (6): This follows from Proposition 4.5.
(1) & (5): We have

STUL I =D S Fil2 = (Saf, £) = (Saf. 828y = (S5 — S3) . f)-

ieJ ieJ

By Proposition 4.5, S;—S% > 0. Therefore the right-hand side of the above equality
is zero if and only if (S; — S%)f = 0 by our discussion preceding the proposition.
(1) = (4): By (1), (Ssf, f) = (Ssf,Ssf). Hence (SySyef, f) = ((Ss=59)f, f) =
0, which implies (4).
(4) = (6): By Proposition 4.5, we have that S;S5 . > 0. Thus (S;Sy.f, f) =0
if and only if S;S ;- f = 0 by the discussion preceding this proposition. ]

SJSJL = 0-
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