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DISCRETE AND CONTINUOUS WELCH BOUNDS
FOR BANACH SPACES WITH APPLICATIONS

K. MAHESH KRISHNA

Abstract. In 1974, Welch derived lower bounds (known as Welch bounds) on the maximum
of modulus of inner products of distinct elements in a finite collection of unit vectors in a finite
dimensional Hilbert space. Recently, continuous Welch bounds are derived for continuous Bessel
family of unit vectors indexed over measure spaces in a finite dimensional Hilbert space. In
this paper, we derive both discrete and continuous Welch bounds for finite dimensional Banach
spaces which contain Welch bounds for finite dimensional Hilbert space case as a particular case.
We formulate several problems for future research.

1. Introduction

Given a collection {’L’j}’;zl of unit vectors in C¢, using Cauchy-Schwarz inequal-
ity we get

2
max Ti, T < 1. 1
1<j,k<n,j7£k‘< QOIS )

The natural question which comes immediately is whether there is any lower bound for
the quantity max in (1). In his celebrated paper [66], L. Welch proved the following
result in 1974.

THEOREM 1. [66] (Welch bounds) Let n>d. If {t;}i_, is any collection of
unit vectors in C¢, then

2
n
Y, w2 o, YmeN.
ISjksn ( m )
Furthermore,
max (1, 7)|*" > ! _"*T Vm e N 2
1<jks<njtk : “n—1 (d+;1nq71) ) .
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REMARK 1. For m =1, (2) gives

3)

2
Ti, T > .
1<jl}<l§f§jaék‘< 7 %)l d(n—1)
Inequality (3) is called first order Welch bound. For m > 2, family of inequalities in (2)
is called higher order Welch bounds.

There are several theoretical and practical applications of Theorem 1 such as in
the study of root-mean-square (RMS) absolute cross relation of unit vectors [52], frame
potential [4,6, 10], correlations [51], codebooks [20], numerical search algorithms [67],
quantum measurements [53], coding and communications [55, 62], code division mul-
tiple access (CDMA) systems [37,38], wireless systems [48], compressed sensing [59],
‘game of Sloanes’ [32], equiangular tight frames [56], etc.

Following are some of the important connections of Welch bounds to other active
areas of research.

(I) Spherical 7-designs have direct connection with Welch bounds (see Chapter 6
in [65]). Even though the existence of spherical 7-designs is known (see [54]),
their exact number is not known. Recently, in a ground breaking work, their
asymptotic bounds are derived (see [7]).

(IT) Welch bounds are very useful in the study of equiangular lines (see Chapter 12
in [65]). Existence of equiangular lines having a prescribed angle in a given
dimension is not known (see [57]). An asymptotic bound is recently derived for
equiangular lines (see [33]).

(IIT) Benedetto and Fickus (see [4]) were able to characterize finite unit norm frames
for finite dimensional Hilbert spaces using frame potential which has connection
with Welch bounds (see Chapter 6 in [65]). This characterization later led to the
development of so called Fundamental Inequality for Finite Frames (see [10]).

(IV) In the context of compressive sensing, Welch bounds play an important role in
the construction of matrices with small coherence which uses the inner product
(see Chapter 5 in [24]).

In 2003, Waldron [63] derived Welch bounds for vectors which need not have unit
norm. In 2016, Datta [18] derived Theorem 1 for fusion frames. In 2017, Waldron [64]
improved Theorem 1 for real Hilbert spaces. In 2020, Christensen, Datta and Kim [13]
derived first order Welch bound for dual pairs of frames. It is in the paper [17] where
the following generalization of Theorem 1 has been done for continuous collections.

THEOREM 2. [17] Let CP"~! be the complex projective space and 1 be a nor-
malized measure on CP"~'. If {7} yecpn-1 is a continuous frame for a d -dimensional
subspace 7 of a Hilbert space 7, then

" 1
R [T A% 1)(0B) > ey YmEN

m



DISCRETE AND CONTINUOUS WELCH BOUNDS 83

Theorem 2 has been recently generalized in full generality for finite-dimensional
Hilbert spaces and o -finite measure spaces by the author in [40].

THEOREM 3. [40] Let (Q, ) be a measure space and {7y }qecq be a normalized
continuous Bessel family for 7 of dimension d. If the diagonal A= {(o, o) : a0 € Q}
is measurable in the measure space X Q, then

2
[ ewmp)Pratux @, p)> S50 wmen

(Y

Furthermore, we have the higher order continuous Welch bounds

2
(f,‘ffl) () (a)

m

1
2m
su T, T =
I L L Fren (R RV

VYm =2

)

and the first order continuous Welch bound

1 1(Q)?
uxu)((axm\m[ a ‘(“X“)(A>]'

sup  [(Ta, 7g)[* =
o,BeQ,o#p (

Recently, Theorem | and Theorem 3 have been proved in the context of Hilbert
C*-modules by the author in [39].

In this paper we derive both discrete and continuous Welch bounds for Banach
spaces. We pose several open problems for further research. Following are important
motivations for this paper.

(I) Starting from the theory of Schauder bases, biorthogonal systems are studied in
Banach spaces but not systems which are not biorthogonal (see [29]).

(II) Recently, Chavez-Dominguez, Freeman and Kornelson constructed a very inter-
esting collection of vectors and functionals on a finite dimensional Banach space
and showed that a new way of thinking is required even in finite dimensional
Banach spaces than finite dimensional Hilbert spaces (see Proposition 2.5 and its
proof in [12]).

2. Discrete Welch bounds for Banach spaces

Throughout the paper, 2 denotes a finite dimensional Banach space and 2™*
denotes its dual. Iy denotes the identity operator on 2. We use K to denote R or
C.

DEFINITION 1. Let 2" be a finite dimensional Banach space. Given a collection
{7j}i_; in 2 and a collection {f;}}_, in 27",
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(1) The frame operator is defined as

Spe: 2 2x—=Spex= Y fi(x)1, € 2.
=1

(i1) The analysis operator is defined as
6+ 2 Dx 0= (f(x))y € K.
(iii) The synthesis operator is defined as

n
0: : K" 3 (a;)i_; — 6:(a;)i_y == Y, a;Tj€ 2.
=1

Using direct computation we see that the frame operator factorizes as Sy ; = 0:6;.

DEFINITION 2. [25,60] Let {7;}/_; be a collection in 2" and {f;}}_, be a
collection in 2. The pair ({f;}_;,{7;}}_,) is said to be an approximate Schauder
frame (ASF) for 2 if the map '

Spe: X x> Spxi=Y fi(x),€ 2.
j=1
is invertible. If Sy ¢ = Aly, for some non zero scalar A, then ({f;};_;, {7;}]_,) is
called a tight ASF for 2.

Following theorem says that we can recover the trace of frame operator using
ASFs.

THEOREM 4. Givena collection {t;}}_, in 2" and a collection {f;}"}_, in 2,
we have

Tra(Sy:) = ifj(@'%
-
Tra(S7 ;) = i i fi(w) fi(z)).

\
i
[N
T
[N

Proof. From the expression of S ; and from the definition of trace of operator in
Banach space (see [34]) we get

Tra(Sy ;) = ilfj(’fj)
=



DISCRETE AND CONTINUOUS WELCH BOUNDS 85

Now
Stox= Y fi(xX)(Sset), Vxe 2.
j=1

Again using the definition of trace we get

TraS Z [i(Sreti) = fi (ka(fj)fk> >
j k=1

j=1k

M=

filw) fi(z;). O

1

Now we can derive the first important result of the paper.

THEOREM 5. (First order Welch bound for Banach spaces) Let {7;}_, be a
collection in a finite dimensional Banach space 2" of dimension d and {f j};?: | bea
collectionin Z'*. Let n > d. If the operator Sy : X 3 x— Sy rx:= Z?Zl fimrie
is diagonalizable and its eigenvalues are all non negative, then

2
Z fj(Tk fk Tj (ij Tj ) “4)

1<j.k<n

and

2

PR 5(2'}=1f/’(71)> =X i)
()] = .

1<jbm i T N n?—n

Furthermore, equality holds in (4) if and only if ({fj}'}:l,{rj};f:l) is tight ASF for
X In particular, if fj(tj) =1 forall 1 < j <n, then

n—d
. A >
1<jg1§;fj#k|fj(fk)fk(fj)‘ > T D)

and we have first order (discrete) Welch bound for Banach spaces

()| = .

Proof. Let Ap,...,Aq be eigenvalues of S; ;. Then Ay,...,A4; > 0 and using the
diagonalizability of Sy, we get

—dTranT dzz (1) fie(T)- Q)
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For the second inequality,

2
% (ij(fj)> <Y Y i) =Y )+ Y, fitw) ()
j=1 j=1k=1 j=1 k=1, j#k
<SP+ S )
= J=T itk

N
M=

[P+ =n) _max |f;(5) fi(7)))]

1</ k<n, j#k

~.
I
—_

which gives

2
(i) S ()P

|fi(m) fu(Tj)| =

1<, k<n J#k n2—n

Now let 1 < j,k < n,j#k be fixed. Then
. N < . .
|fi(m) fi(T))| < 1<j{?g;fﬁékIfj(fk)l 1<j{?g;fj,#kIfk(fj)l

= max T, max il T
max  f(l_max 15

1<
2
( max fi( rk>|).

J.k<n,j#k

Therefore

2
max f,'(Tk)fk(”Lf;)|<< max |fj(Tk)|)-

1<) k<n, j#k 1< k<n, j#k

Using (6) we now get

2
wax () > | LERID) Sl
i\t)| =2 |

1< jk<n, jAk ™ n?—n

Whenever f;(7;) =1 forall 1 < j < n, Inequality (6) gives

2
o —n n—d
. 3| > d _
1<j1}<1§2#k (Al n?—n dn-1)
and (7) gives
n—d

(6)

(M
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Equality holds in Inequality (5) if and only if
d 2 d d
Yh) = X1 (XA
k=1 k=1 k=1

M =a, forsome a > 0,V1 <k<n

if and only if

if and only if Sy ; is a tight ASF for 2°. O

Given a finite collection {7;}’_; in a finite dimensional Hilbert space ¢, the
operator

n
Se:H Sh— Sthi=Y (h,1)1; € H
J=1

is positive definite and hence diagonalizable and all eigenvalues are non negative. But
we cannot say the same for Sy ;. Even in finite dimensions, frame operator S¢, being
a sum of rank one positive operators, is positive so that diagonalization is ensured. In
Banach spaces (even finite dimensional) the frame operator S¢ ; need not be a sum of
positive operators. Hence Sy ; may not be diagonalizable. Thus even finite dimen-
sional Banach space frame theory differs from (finite dimensional) Hilbert space frame
theory. This is also the reason for additional assumptions in the statement of Theorem
5. We next derive higher order Welch bounds for Banach spaces. For this we need the
notion of symmetric tensors. For this we need the concept of vector space of symmet-
ric tensors. Given a vector space ¥ of dimension d, let ¥ ™ be the vector space of
m-tensors. A vector

n
Y X 1@ @xj € VE
j=1

is said to be symmetric if for every bijection o : {1,...,m} — {1,...,m}, we have

n

D o) @ BXjgm) = D X1 @ DX jm
=1 =1

Set of all symmetric m-tensors will form a vector space, denoted by Sym™(¥'). It is
known that (see [5, 14])

dim(Sym™ (7)) = (d =l

m

), Vm € N.

THEOREM 6. (Welch bounds for Banach spaces) Let {7;}}_, be a collection
in a finite dimensional Banach space %  of dimension d and { fj}';zl be a collec-
tionin . Let n > d and m € N. If the operator Sy : Sym™(Z") 2 x — Sy x =
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i f}?@m (X)Tj®m € Sym™(Z") is diagonalizable and its eigenvalues are all non nega-
tive, then

2
> i) ()" = (d+m n (Z ) (8)

and

2
. @y (Zia @) =S ()P
max ()™ =

1< k<n, j#k n?—n

Furthermore, equality holds in (8) if and only if ({fj};?zl,{rj}’;zl) is a tight ASF for
Sym™(Z"). In particular, if f;(tj) =1 forall 1 < j <n, then

e 20D Lo
1o Wi I (TN n—1) a1 (Tl
and we have (discrete) Welch bounds for Banach spaces
d+m—1
max s |2 Ca ) L
1< ks jk (1) n—1|(¢m)

Proof. We will do the proof of Theorem 5 for the space Sym™(.Z") (we refer to

[50] for the tensor product of Banach spaces). Let 41, ..., Agim(symm(2°)) be eigenvalues
of S¢¢. Then
d ? n 2 dim(Sym”(27)) \ 2
(Z f./’(TJ')m) = (Z f;em(f;@m)> = (Tra(S;7))* = ( lz)
j=1 j=1 =
dim(Sym™(.2"))

<dim(Sym™(2)) Y A= (‘”Z a 1) Tra(S7 ;)
=1

d+m—1 S m m m m
() S B

j=1l=1

<d+m_l>22f/ Y ()"

j=lk=1
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and

2
ﬁ(Zﬁ(m’“) = 2 fi@)" ()"
j=1 1</ k<n

J

=Y B RS

1< k<n, j#k J=1

Y |f,-<rk>fk<r,->m+il|fj<r,->2’"

1< jk<n, j#k

< —n)  max |fi(n) fi(zr)|"+ X |f() P
=1

N

1< k<n, j#k
Other parts are similar to the corresponding part in the proof of Theorem 5. [l

REMARK 2. For m > 2, we call family of inequalities in (9) as (discrete) higher
order Welch bounds.

REMARK 3. Note that Theorem 1 is a corollary of Theorem 6. In fact, Let {1;}_;
be a finite collection in a finite dimensional Hilbert space .7¢ of dimension d. Define

fit A >h— (h1j) €K, VI<j<n.Let meN. Then the operator

n n
Se:Sym" () 3 hi Y FEM )T = Y (B P T € Sym” ()
j=1 j=1

is positive definite and we can apply Theorem 6.

Theorem 6 gives Welch bound for all natural numbers. One can now ask whether
we can replace naturals by positive reals. Following results show that we can do this.
For normalized tight frames for Hilbert spaces, these results are derived in [22] and [28].

THEOREM 7. Let { Tj};fz 1 be a collection in a finite dimensional Banach space
2 of dimension d and {fj};le be a collection in Z*. Let n > d. If the operator
St X ox—= Spax = Z?Zl fi (x)’L'j € 2 is diagonalizable and its eigenvalues are
all non negative, then

(Z’}:Jj(ﬁ))r

Tra(Sp.) 2 ~——————, Vre[l=)
and
(Z’}:lfj(fj))
Tra(S) ) < ~—————, Vre(0,1).
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Proof. Let A1,..., A4 be eigenvalues of Sy ;. Let r € [1,e0). Using Jensen’s in-
equality, we have

S LN (TS (S LA 1
(Bt () (B (B,

which gives the first part. Second part again follows from Jensen’s inequality. [

REMARK 4. If fj(tj) =1 forall 1 < j<n,then Theorem 7 says that

r

n
Tra(S}.’T) = F, Vr e [1,00)
and

r

r n
Tra(Sf’T) < di’——l’

Vre (0,1).

THEOREM 8. Let {7;}" "i_1 be a collection in a finite dimensional Banach space
X2 of dimension d and {fj} | be acollectionin 2. Let 2 < p < eo. If the operator

St X ox—= Spax = i lfj( )Tj € X is diagonalizable and its eigenvalues are
all non negative, then

4

PRI CER) (#) i

1<jk<n (n—1)

Proof. Define r:=2p/(p—2) and ¢ be the conjugate index of p/2. Then g =
r/2. Using Theorem 5 and Holder’s inequality, we have

%—n< > i) fi(Ty)]

1< jk<n, j#k

2 1
» p
( > @i ( > 1)
1<) k<n, j#k 1<) k<n, j#k

|fi(T) fi(T))] 2 ) ’ (n2 —n)%

N

1<y, k<n,j7ék

1<j,k<n, j#k

Fi() fi(7)]®

( |fi (7o) fi(77)]

1</,k<n,ﬁék
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which gives

2 g ) »
<g—n> << > fj(Tk)fk(Tj)|7>(nz—n)7 L

1< k<n, j#k

Therefore

wr=1) (d?n_—dm) e ﬁ (5‘) o

< ¥ ff(Tk)fk(T.f)ngrilf./(Tj)f.f(Tj)5

1< k<n, j£k

= 3 Ifwni)E O

1<) k<n

Some of the proofs of Theorem 6 (for instance see [49]) use the Gram matrix and
Frobenius norm/Hilbert-Schmidt norm. We now give Welch bound for Banach spaces
using matrices. First we need a definition.

DEFINITION 3. Let {7;}}_; be a collection in a Banach space 2" and {f;}}_,
be a collection in 27*. We define the Gram matrix Gz of ({f;}j_;,{7;}}_,) as

=1
fi(n) filw) - fi(Ta)

Gpeim [ (1)1 cn = f2(:71) fz(:Tz) fZ(:Tn) € M, (K).

fule) fule) - fule))

In terms of analysis and synthesis operators, G = 6:0;. We observe that Defi-
nition 3 reduces to the definition of Gram matrix in Hilbert spaces. Indeed, let {7;}"}_;

be a collection in a Hilbert space .#. Now define fj(h) = (h,t;) for all h € 2, for
all 1 <j<n.

THEOREM 9. Let {Tj}f;zl be a collection in a Banach space 2~ and {fj}?zl be

a collection in 2. If the Gram matrix Gy = [f;(%)]i1<jk<n is diagonalizable and
its eigenvalues are all non negative, then

2
2 fJ(Tk)fk(Tj> rank Gfr <Zf/ Tj )

1< k<n

and

2
max |f;(5)| > e (o £50) =T (5P

1< k<n,jk - n2—n
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In particular, if fi(tj) =1 forall 1 < j<n, then
n—rank(Gy )
1<, k<n ;#k‘f’(rk)fk( = rank(Gyr)(n—1)

and

n—rank(Gy ;)
. 2|
1<k Ak i@ \/” ank(Gyr)(n—1)

Proof. Let A1,..., Aank ;o) be the eigenvalues of Gy ;. Then

., 2 rank (G ;) 2 rank(Gy 1)
(2 rj> (Trace(Gyz)) =< Z lk) < rank(Gy,¢) Z A

n

n
= rank(Gy.¢) Trace(G7 ;) = rank(Gy.¢) Z Z (%) fi(z))

< rank(Gy 7) ( Y, i)l + i f./’(TJ')|2>
=1

1< k<n, j£k

< rank(Gy¢) ((n2 —n)  max |fi(%)fi(t))|+ i |fj(7j)2> .

1< k<n, j#k =

Given a finite collection {7;}"}_; in a Hilbert space .7, the Gram matrix

[<Tk7 T/H 1<jk<n € M, (K)

is always positive definite and hence diagonalizable and all eigenvalues are non nega-
tive. For Banach spaces, the Gram matrix Gy ; need not be positive definite. Therefore
we imposed conditions on Gy ¢ in the statement of Theorem 9. In the following re-
sult, given a matrix G, G°" denotes the Hadamard/Schur/pointwise product of G with
itself, m times [31].

THEOREM 10. Let {1;}_, be a collection in a Banach space 2" and {f;}"_

be a collection in Z*. Let m € N. If the Hadamard product Gf7T is dzagonallzable
and its eigenvalues are all non negative, then

2
m > .
1<%<nfj(7k fi( Tj Fz,lkg,lfj " fie( T/ Z n k(Gom (gfj Tj )
and

2
e (T fi@)") =S ()P

ma (T )" >
lgj,kgr):j;ék‘fj( i) i ( j)| = w2 —_n )
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2
s | e ) - E
max ()™ > '

1< k<n, j#k n?—n
In particular, if fi(tj) =1 forall 1 < j<n, then

n— mnk(G;':;)

IO > s 6T

1< k<n, j£k

and

e n— rank(G(;'_"T)
i(T) > m — .
1<j9<1§2j#k i) rank(G} ) (n—1)

Proof. We note that

Fe =0 i<iuen = [FF™ (5™ 1< jken-

Now the proof is similar to the proof of Theorem 9. [

3. Applications of discrete Welch bounds for Banach spaces

We begin by defining the RMS of vectors and functionals in Banach spaces.

DEFINITION 4. Let {7;}’_, be a collection in a finite dimensional Banach space
2" of dimension d and {f;}}_; be a collection in 2™ satisfying f;(7;) =1 for all
1 < j < n. Assume that the frame operator Sy ; is diagonalizable and its eigenvalues
are all non negative. We define the root-mean-square (RMS) absolute cross relation of

(o ATio)) as

vs({ /=1, {7} )=1) = (ﬁ > ff(ﬁc)fk(?i)) .

1< k<n, j#k

Theorem 5 gives the following result.

THEOREM 11. Let {7;}]_, and {f;}_, be as in Definition 4. Then

max | fi(%)| = Irms({ £} =1, {7} ]=1) 2 (%) 7'

1< k<n, j#k (n—1

Here is another notion similar to that of frame potential in Hilbert spaces.
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DEFINITION 5. Let {7;}_; be a collection in a finite dimensional Banach space
2" of dimension d and {f;}}_; be a collection in 2™ satisfying f;(7;) =1 for all
1 < j <n. Assume that the frame operator Sy ; is diagonalizable and its eigenvalues
are all non negative. We define the pseudo frame potential of ({f;};_;. {7;}}_;) as

PP o (5150 = 3 3 @A (5)

Note that we defined the notion pseudo frame potential and not frame potential.
The reason is that frame potential for Banach spaces cannot be defined in the way in
Definition 5. One has to go to the theory of p-summing operators (see [19,61]) to define
frame potential in Banach spaces, see [12]. Theorem 5 again gives the following result.

THEOREM 12. Let {7;}_| and {f;}|_, be as in Definition 5. Then

[\S]

7 max |f5(w)P > PP A5 ) > 5 (10)

We next introduce the notions of Grassmannian frames and equiangular frames for
Banach spaces. First we need a definition.

DEFINITION 6. Let ({f;}}_;,{7;}j_,) be an ASF for 2" satisfying f;(7;) =1,

V1 < j < n. Assume that the frame operator Sy ; is diagonalizable and its elgenvalues
are all non negative. We define the frame correlation of ({f;}i_;,{7;}}_;) as

A Y j—oATYiz) = max [fi(T)].

1< k<n, j#k

DEFINITION 7. Let ({f;}}_,{7;} ;) be an ASF for 2" satisfying [|f;|| =1,
Izl =1, fj(zj) =1, V1 < j <n. Assume that the frame operator S ; is diagonal-
izable and its eigenvalues are all non negative. ASF ({f;}}_,{7;}}_;) is said to be a
Grassmannian frame for 2" if

///({fj}?ﬂ:{fj}']':l):inf{ ({gj}, 1’{wJ}j 1) ({gj}, 1’{wJ}j 1) is an ASF for

Zsatisfying [[gjl| = 1, loj]| = Lgj(@;) = L,VI < j<n
and the frame operator S, is diagonalizable and its

eigenvalues are all non negative}.

THEOREM 13. Grassmannian frames exist in every dimension for every Banach
space.



DISCRETE AND CONTINUOUS WELCH BOUNDS 95

Proof. Our arguments are motivated by the arguments given in [3] for Hilbert
spaces. We give arguments only for real Banach spaces and complex case follows by
considering real and imaginary parts (of the linear functionals). Define

S = {61 ) 20,20 € 2 [ = e = [ = 13,
TZ’ZV'* = {(¢17"‘7¢n) HTPRRRN IS ‘%*7”(151” == ”(PnH = 1}7
W=, x0) (Do 00) 1 (1, X0), (@1, Bn)) € 8 X S,
0i(x;) = 1LY1 < j<n,({9}j=1,{x;}}=1) is an ASF for 2 and the frame
operator Sy .is diagonalizable and its eigenvalues are all non negative},
W — [O, 1]7 (I)((xh. .. ,xn), (¢1,. o ,(Pn)) = .%({(Pj ;1»:17 {xj}?:l)'
We re-norm 2" x 2" by

1(Gers %), (@15 00))] Z [l + 11 511)

and consider 7 in this norm. Then % is compact. We show that @ is continuous on
% which proves the theorem. In fact, in this situation, @ being continuous on a com-
pact set attains its infimum. But then, from the definition of Grassmannian frame, every
element in %’ attaining infimum is a Grassmannian frame. Let ({7;}/_;,{f;}}_)
€W . Let € >0 be given. Define

R=1 Tj
+1$§3‘<n{” il el

and let

Vi+e—1
—%

Now for any given ({@;}_;.{g;}}_;) € ¥, with

0<o<

H((wh'"’w")’(gh""gn))_((Tla"'77")’(f1""’f"))H <67
if we define hj :=g; — fj,pj = 0; — 7;,V1 < j <n, then ||h;|| < 8,||pj|| < &. Then
|q)((w17'"’w")’(gh""gn))_q)((rla"'77")’(f1""’f"))|

_ 1<jr]r<1<afﬁék‘gj(wk)‘_l _ max. 7Eklfj( )| < 1<jr]§1§><’j#y|g,,»(wk)\_\ fiw)l|
< max g0~ fim)| = _max [ 4+hs) (ot o)~ fi(m)]
_1<j,<<n (@) £5(p0) + (Tk)+h (pk) Fi(w)]

S 1<Jl}3<ax #k|f1(pk)‘ + 1<Jnklaxq,7g |h (Tk)‘ + 1<JI}3<3X,#| j(Pk)‘

< j hillllT hj
< max fllped+ _max el max g lled

U \7\”7.

<R 6+8 R+8*°<R-86+8-R+R&*<e. O
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DEFINITION 8. Let ({f;}]_;,{7;}j_,) be an ASF for 2" satistying f;(7;) =1,

V1 < j < n. Assume that the frame operator S ; is diagonalizable and its eigenvalues
are all non negative. ASF ({f;}_;,{7;}}_;) is said to be y-equiangular if there exists
¥ > 0 such that ' '

(@) =y, VI<jk<nj#k
Following theorem again follows from Theorem 5.

THEOREM 14. Let ({f;}j_,,{7;}}_|) be as in Definition 1. Then

A { Y=o AT j=) = =7 (11)

If the ASF is y-equiangular, then we have equality in (11).

4. Continuous Welch bounds for Banach spaces

Given a finite collection in a Banach space and in its dual, three maps defined in
Definition 1 are well-defined. We cannot do this for collections indexed with a measure
space and hence certain conditions have to be imposed on the collections to get well-
defined bounded linear operators. First we recall the notion of weak integral also known
as Pettis integrals [58]. Let (Q, 1) be a measure space and 2~ be a Banach space. A
function f:Q — 2 is said to be weak integrable or Pettis integrable if following
conditions hold.

(i) Forevery ¢ € 2", the map ¢ f : Q — K is measurable and ¢ f € £1(Q,u).

(ii) For every measurable subset E € Q, there exists an (unique) element xg € 2"
such that

o(xe) = [ o(f(0))du(e), Vo2

The element xg € 2 is denoted by [ f(a)du(cr). With this notion, we have
0 ( / f(a)du(a)) = [oU(endu(@). Ve vECQ.

Following definition is motivated by the notion of continuous frames for Hilbert spaces
[1,35], continuous framings for Banach spaces [42], continuous Schauder frames for
Banach spaces [23] and approximate Schauder frames for Banach spaces [25, 60]. We
wish to say that there is a long way which led to the notion of approximate Schauder
frames. First, the Han-Larson-Naimark dilation theorem [16] for Hilbert space frames
[30] motivated the notion of unconditional Schauder frames (also known as framings)
due to Casazza, Han and Larson [11]. A decade later, Casazza, Dilworth, Odell,
Schlumprecht and Zsak [9] introduced the notion of Schauder frames.
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DEFINITION 9. Let (Q, i) be a measure space. Let {7y }4cq be a collection in a
Banach space 2" and {fy }aecq be acollection in 2. The pair ({fo}oca;{Ta}aca)
is said to be a continuous approximate Schauder frame for 2" if the following holds.

(i) Forevery x € 2 and for every ¢ € 2, the map
Q3 ar fu(x)9(10) €K
is measurable and integrable.

(i1) The frame operator
Ste: X x> Spx ::/ fo(X)tqdu(a) e Z
Q

is a well-defined invertible bounded linear operator, where the integral is weak
integral.

If Sf.r = Aly-, for some non zero scalar A, then ({fu}acq.{Ta}tacq) is called a right
continuous ASF for 2. If we do not demand the invertibility of Sy , then we say that
({fotaco,{Ta}tacq) is a continuous approximate Bessel family for 2.

Our first observation is that there is a large supply of continuous ASFs for finite
dimensional Banach spaces. Here is a result of existence of them for Banach spaces.
Our result is motivated by the work in [45].

THEOREM 15. Let 2 be a finite dimensional Banach space of dimension d. Let
(Q,u) be a finite measure space such that there are measurable subsets Qj,...,Q,
satisfying

Q=QU---UQ,, QjﬁQk:@7 V1< j,k<n,j#n.
If n > d, then there exists a continuous ASF ({fo }ocq, {Ta}acq) for 2
Proof. Let ({g;}}_;,{®;}j_,) be an ASF for 2. Note that ASF always exists.

Infact, it is easy to see that spanning collection can be turned to an ASF. It is also known
that a pair of basis for the space and its dual is an ASF [41]. Define

8j . @j .
fao=—2L_ VaeQVi<j<n Ty=-—io VaecQVI<j<n
’ p(€2;) ! ’ p(€2;)) ’

Then
@j
/fa )Todp (o) = / (x)Tadu(o Z/ d,u(a)
Vu(Q))

n
| fa
j=1 Q;

n

=Y giNw;, WxeZ.
j=1
Hence ({fo}acq:{Ta}acq) is a continuous ASF for 2. O

Like in discrete case, we can get trace of frame operator using continuous ASFs.
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THEOREM 16. Let ({fo}ac,{Tataca) be a continuous approximate Bessel fam-
ily for 2. Then

Tra(Sf.’T):/Qfa(Ta)d“(a);

10(8%e) = [ [ fo(za) fuly) dua(0) dua(B).

Proof. Let {®;}9_; be any basis for 2", where d is the dimension of 2". Let
{Ci}9_, be the dual basis associated with {®;}9_,. Then Sf.rx = X"_; §;(x)(Ss.:0))
which gives

n

Tra(Ss.;) = Z (Sf 1)) = ZC, (/ fo (@) T du (ot ))

_E/fawjg,radu /m(ZCﬂa ) p(o)
~ [ fulta)du(a)

and

n

Tra($% ;) = 2 (8% ;) = ; (/fanrwj)Tad“( ))

= Z/fa Srr0;)C(To) du (o /foc (ZC] (Tar) Sf‘l,'a)j> du(o)

—/foc SfeTo)dp(a /fa (/ fp(Te)Tg i ( )) du (o)

= [ [ fsea)falz)du(e)au(p). O

Note that we did not assume any condition on set of vectors and functionals to
derive Theorem 4. The reason is that frame operator always exists in discrete case. To
get the existence of frame operator we assumed Besselness in Theorem 16. We now
derive continuous versions of Theorem 5 and Theorem 6.

THEOREM 17. (First order continuous Welch bound for Banach spaces) Ler (€, 1)
be a o -finite measure space and ({fo }ocq,{Ta}acq) be a continuous Bessel family
for finite dimensional Banach space % of dimension d. If the diagonal A :={ (o, ) :
o € Q} is measurable in the measure space Q x Q,

L ) () o ¢ ) (0, B) <
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and the operator Sy : X 3 x+— Spix = [o fa(¥)Tadu(a) € 2 is diagonalizable
and its eigenvalues are all non negative, then

L o fei st <) > [ futso)duta >)2 (12

and

U oo () A2 () — o el to) Pl (% 1) (@, 00)
wpomp M)l > \/ (< (2 < )\ &) '

Furthermore, equality holds in (12) if and only if ({fa}acq,{%a}tacq) is a tight con-
tinuous ASF for 2. In particular, if fo(Ta) =1 for all o € Q, then

! EE o)

wpop Me®)p (| > G e e a)

and we have first order continuous Welch bound for Banach spaces

! HEQ?
a,ﬁ:l(lfa;éﬁva( )/\/(HXH)((QXQ)\A)[ d (“XW(A)}

Proof. Let A1,...,Aq be eigenvalues of the frame operator S¢ ;. Then Ay,...,A; >
0. Now using Theorem 16 we get

2 2 d
(/Qfa(ra)du(a)> = (Tra(Sy,0))? (Zflk> <dZ7Lk2
= dTra(S7, d//fp Ta) fa(Tp) dp (o) du(B).

which gives the first inequality. Using Fubini’s theorem, now we get

([ trraute) < [ rutap)sy(eo)duerauts)
= [ fal)fp(z)du x p)(@B)
= [ et pa)dx )B4 [ () () s < ) o)
= [ Valw dwx @)+ [ g r,»fﬁ(ra) (1 ) (t,B)

S/Alfa Tar) \261(#Xu)(a,a)Jr(#X#)((QXQ)\A) sup | fo(78).fp(Ta)|. T

o,BeQ.a#p
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THEOREM 18. (Continuous Welch bounds for Banach spaces) Ler me N, (Q, 1)
be a o -finite measure space and ({ fo}acq.{Ta}acq) be a continuous Bessel family
for finite dimensional Banach space % of dimension d. If the diagonal A :={ (o, ) :
o € Q} is measurable in the measure space Q x Q,

| Watp) )" (< ) (. B) <

and the operator Sy 1 : Sym™ (") 3 x — [ £ (%)™ du () € Sym™ (Z") is diago-
nalizable and its eigenvalues are all non negative, then

2
fa(rﬁ)mfﬁ(ra)’"d(l-‘ x u)(o,B) > ﬁ (/Qfa(fa)mdll(a)> (13)

QAxQ
and
) J s U fo (R i (00 = Iy ) P ) a0
b Me(Tp)l TENICEIONS '

(14)

Furthermore, equality holds in (13) if and only if ({fo}aca,{Ta}acq) is a tight con-
tinuous ASF for Sym™ (Z"). In particular, if fo(Tq) =1 forall o € Q, then

2
(‘jff)l) () (a)

. 1
wpennsp o35 (7a)l" > (ux ) (QxQ)\A)

and we have continuous Welch bound for Banach spaces

(fffff_)f) ~ (ux u)(A)] )

m 1
it J (> ) ((@xQ)\A)

Proof. Let A1, ..., Agim(symm(27)) be eigenvalues of Sy r. Then

()~ (fmam)

dim(Sym™(2"))
= (Tra(S7.0))* = ( > lz)

=1

< dim(Sym” (2" >>dlm(sy§ WV - (d +Z ) 1) Tra(S}.c)
(‘”’“ ) [ ey e dute dus)
(‘”’”‘l)//fa (25" (7o) dpt () dpt (B)
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and

d+rt—1) (/Qfa(fa)mdﬂ(a))z
= [ | Sy () da(r) du(B)

= Ja(18)" fp(Ta)" d(1 x p)(et, B)
QxQ

- (QXQ)\Afa(Tﬁ)mfﬁ(Ta)md(“ XH)((X,ﬁ)—l—/Afa(Ta)zmd(,u X.“)(OC,OC)

—

N

/(ng)\A |fa(7).fp (7o) |" d (> ) (e, B) +/A\fa(fa)|2’"d(u x u)(a, o)

X (©@x Q\A) s ) ()" + [ () P ¢ 1) e 0).
o,BeEQ,a#£p A

O

REMARK 5. For m > 2, we call family of inequalities in (15) as continuous higher
order Welch bounds.

COROLLARY 1. Theorem 6 is a corollary of Theorem 18.

Proof. Take Q={1,...,n} and u as the counting measure. [J

THEOREM 19. Theorem 3 is a corollary of Theorem 18.

Proof. Let {74 }acq be a normalized continuous Bessel family for .7 of dimen-
sion d. We define

Jo:Hd3h— (h14) €K, VoeQ
and apply Theorem 18. [

As observed in [40], we again observe that given a measure space €, the diagonal

A need not be measurable (see [21]). Now we derive continuous versions of Theorem
7 and Theorem 8.

THEOREM 20. Let (Q, 1) be a o -finite measure space and ({ fo }ocq;{Ta}acq)
be a continuous Bessel family for finite dimensional Banach space 2~ of dimension d.
If the diagonal A= {(a, ) : o« € Q} is measurable in the measure space Q x Q and

the operator S¢1: & 3 x— Spx = [ fo(x)Tadu(a) € Z is diagonalizable and its
eigenvalues are all non negative, then

ymasy > (5 [ Ful)dut)) . vrelie
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and
éTra(Sf?T)rg (% /Q fa(ra)du(a)) . Vre(0,1).

In particular, if fo,(To) = 1 forall o € Q, then

1 s (@)
mTra(Sf,r) 2(7) , Vre(le)
and
1 o (N
m T < () e

Proof. Let Ay,...,A4 be eigenvalues of Sy ;. Let r € [1,00). Jensen’s inequality
gives

U

1 d r 1 d
Y ) <3 3AL
k=1 k=1

Therefore

r

1 " 1 1
(3 [ utmdue) = (§ma(sr0) < sy
Similarly the case r € (0,1) follows by using Jensen’s inequality. [

THEOREM 21. Let 2 < p <o, (Q,t) be a © -finite measure space and ({ fo }ocq,
{Ta}acq) be a continuous Bessel family for finite dimensional Banach space %~ of di-
mension d such that fu(To) =1 forall a € Q. If the diagonal A= {(a, o) : o0 € Q}
is measurable in the measure space € X Q,

L alm) ()l da x ) (@, B) < ==

and the operator Sy : X 3 x+— Spix = [o fa(¥)Tadu(a) € 2 is diagonalizable
and its eigenvalues are all non negative, then

) ()| ) e )

2 3
g (uxu)((glxg)\A)é’l (u(;z) _(”XW(A)) + (X u)(A).

P
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Proof. Define r:=2p/(p—2) and g be the conjugate index of p/2. Then g =
r/2. Using Theorem 17 and Holder’s inequality, we have

EEL —uxw@) < [ ) fp (1)l 4 x ) (@, B)

(QxQ)\A

[ dratstian s ([ awems)

Q=

(1> 1) ((Qx Q)\A)

~ I

d
(

=(/(QXQ)\A|fa<rp>fﬁ<ra>% (1% 1) (e, )
( B)

)
) (1% 1)(@% )\ 4)
)

(/ |fa(T/3)fﬁ(Ta)\% (wxu)(a,B) ) (uxu)( QxQ)\A)pT
(QxQ)\A

which gives

(%Q)Q—Wu)m))g

< (/(Q a0 5)

Therefore

14
2

d(u x u)(a,m) (> 1) (@ x )\ )5

! H(Q)?
(#XH)((QXQ)\A)%< o~ (uxp)(a )) +(ux p)(A)

1
C (uxp)(Q@xQ)\ A ( e )>
+ / for (1) £ (7o) |2 (1) (et B)

< /(QXQ)\A‘fa(Tﬁ)fﬁ(Ta”gd(ﬂ X,u)(a,ﬁ)+/A|fa(’1'a)fa(‘[a)|§d(” « (e, )
:/ng‘fa(rﬁ)fﬁ(fa)ﬁd(#XH)(a,ﬁ). O

5. Applications of continuous Welch bounds for Banach spaces

Here we list continuous versions of corresponding concepts, results and open prob-
lems stated in Section 3. Throughout this section, (Q, 1) is a o -finite measure space.
We furthermore assume that the diagonal A is measurable.

DEFINITION 10. Let ({fo}acq:{Ta}tacq) be a continuous Bessel family for a
finite dimensional Banach space 2~ of dimension d satisfying fy(7q) = 1 for all
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o € Q2. Assume that the frame operator Sy ; is diagonalizable and its eigenvalues are
all non negative. Also assume that

W) fp () d x ) (01, B) < .

We define the continuous root-mean-square (RMS) absolute cross relation of

({fataco,{Ta}aca) as

Icrms ({ fo } e, {Ta tacn)
1
((H X 1)(QxQ)\A)

THEOREM 22. Let ({fu}acq,{Ta}acq) be as in Definition 10. Then

1
2

AQXQ)\Afa(Tﬁ)fﬁ(Ta)d(u x u)(a,ﬁ))

sup ‘fa(T/}” > Icrus({fo} e {Ta}aca)

a.BeQarp 1
> (Go@eans [”(?)2 ~w@))

DEFINITION 11. Let ({fo}acq:{Ta}tacq) be a continuous Bessel family for a
finite dimensional Banach space 2~ of dimension d satisfying fy(7y) = 1 for all
o € Q. Assume that the frame operator Sy ; is diagonalizable and its eigenvalues are
all non negative. Also assume that

W) fp () du x ) (01, B) < .

We define the continuous pseudo frame potential of ({fo }oeq, {Ta }acq) as
CPPP({fubaca{atace) = [ ful®)fp(ta)d(t 1) (ot B).

THEOREM 23. Let ({fu}acq,{Ta}acq) be as in Definition 11. Then

2
B sup Ifaltp)P > CPEP({fa)aca (tadacn) > K25 16)

o,fed

DEFINITION 12. Let ({fo}aco,{T«}aca) be a continuous ASF for 2 satisfy-
ing fo(7e) =1 forall o € Q. Assume that the frame operator Sy ; is diagonalizable
and its eigenvalues are all non negative. Also assume that

L alm) ()l da x ) (@, B) < ==

We define the continuous frame correlation of ({fo}aca,{Totacq) as

M ({fataca,{Tatacn) =  sup 5 ‘fa(T[})‘-

o,BeQ,o
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DEFINITION 13. Let ({fo}aco,{T«}aca) be a continuous ASF for 2 satisfy-
ing || full = L||Tll = 1, fa(Te) = 1 for all & € Q. Assume that the frame operator
S¢.¢ is diagonalizable and its eigenvalues are all non negative. Also assume that

L alm)fp ()l da x ) (@, B) < o=

Continuous ASF ({fo}acq,{Tatacq) is said to be a continuous Grassmannian frame
for 2 if

(Y acen [T bacsr) — inf{%({ga}aegxwa}aeg) : ({8ataco {@atace) is a

continuous ASF for 2 satisfying ||go| = 1, || 0| = 1,
8a(0q) = 1,Vo € Q, the frame operator S, ) is
diagonalizable and its eigenvalues are all non negative

nd [ lealop)ep(o0) dlp x 1) @.B) < ).

DEFINITION 14. Let ({fo}aco,{T«}aca) be a continuous ASF for 2 satisfy-
ing fu(7e) =1 forall o € Q. Assume that the frame operator Sy ; is diagonalizable
and its eigenvalues are all non negative. Continuous ASF ({fu}aeq; {Ta }acq) is said
to be y-equiangular if there exists y > 0 such that

‘fa(rﬁ)‘:% VO@ﬁEQ,Oﬂ#ﬁ.

THEOREM 24. Let ({fu}acq,{Ta}acq) be as in Definition 13. Then
1
2
@] ) =
(17)

1 u(Q)?
W) @xQ\A) | d

M {fabacor ot aca) > (

If the continuous ASF is y-equiangular, then we have equality in (17).

6. Problems for future research

Based on the results in this paper, results and conjectures in Hilbert space frame
theory, we formulate following problems for future research.

(I) Recall the definition of Gerzon’s bound which allows us to recall the bounds
which are in the same way to discrete Welch bounds in Hilbert spaces.

DEFINITION 15. [32] Given d € N, define Gerzon’s bound

d> if K=C
Z(d,K) =
(d,K) {d(d2+1) f KR
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THEOREM 25. Define m := dimg(K)/2. If {7;}_, is any collection of unit vec-
tors in K9, then

(i) [8,44] (Bukh-Cox bound)

max (7, T)| = Zn—dK)
1<ikemizk N U mn—d— D)Vm tn—d)— Z(n—d,K)
if n>d.
(i1) [15,46] (Orthoplex/Rankin bound)
1
T > — 2(d,K).
max W@l 2 == i n> Z(dK)

(iii) [27,32] (Levenstein bound)

nm+1)—d(md+1)
. > .
1< Ryl (0 > \/ ndmatn U "> Z@K)

(iv) [43,67] (Exponential bound)

—1
max T: T >1 a1,
1§j7k<n7j7ék‘< /o k>| = on

—|

Theorem 25, Theorem 5 and Theorem 17 give the following question.

PROBLEM 1. What is the discrete and continuous versions of
(i) Bukh-Cox bound for Banach spaces?
(i1) Orthoplex/Rankin bound for Banach spaces?
(iii) Levenstein bound for Banach spaces?

(iv) Exponential bound for Banach spaces?
(IT) Benedetto and Fickus characterized unit norm frames for finite dimensional Hilbert

spaces using frame potential (see [4]). Theorems 12 and 23 give the following
problem.

PROBLEM 2.
(i) Whatis a characterization of ({;}_;,{7;}}_;) by using equality in (10)?

(ii) What is a characterization of ({f¢ } e, {%Ta}acq) by using equality in (16)?
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(II) Celebrated Zauner’s conjecture for Hilbert spaces (see [2,26, 36,47, 68] for Za-
uner’s conjecture and its connections with Hilbert’s 12-problem and Stark con-

. . . 2 .
jecture) asserts the existence of d* unit vectors {7;}_, in C? for every d such

that
1
2 . 2 .
T, )| = ——, VI<jk<d, k.
(), )| d+1 J J#
Motivated by this conjecture and Definitions 8§ and 14 we formulate following
problems.

PROBLEM 3. Given a Banach space 2" of dimension d and a y > 0, for which
n € N, there exists a collection {7;}_, in 2" and a collection {7;}/]_; in 2" satis-
fying the following.

@ [Ifill = llzll = fi(7y) = LYI < j<n.
(b) Forevery x € 2,

d n
X = ; fj(x)’l.'j
=1
(c) Forevery 1 < j,k<n,j#k,
()l = 7.

PROBLEM 4. Given a Banach space 2" of dimension d and a y > 0, for which
measure spaces (Q, 1), there exists a continuous Bessel family ({fo}aco, {Ta}acq)
for 2" satisfying the following.

@ [[fall = l7all = fa(ta) = 1,V € Q.
(b) Forevery x € 2,

X ﬁ/ﬂfa(x)radu(a).

(c) Forevery a, € Q, o # 3,
|fa(7ﬁ)‘ =7

(IV) In [55] Strohmer and Heath showed that there is a relation between the number
of elements in the ASF and dimension of the space. Inequalities (11) and (17)
then give following problems.

PROBLEM 5.

(i) Whether the equality in (11) implies that the ASF ({f;}}_,{7;}}_,) is y-equian-
gular?

(i) Whether the validity of (11) implies there is a relation between the number of
elements in the ASF and dimension of the space?
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PROBLEM 6.

(i) Whether the equality in (17) implies that the continuous ASF ({fo }ac, {Ta }ac)

is y-equiangular?

(i) Whether the validity of (17) implies there is a relation between the measure of €

and dimension of the space?

(V) In Theorem 13 we showed that (discrete) Grassmannian frames always exist.

However, the arguments used in the proof of that theorem cannot be carried to
measure spaces. Hence we have following problem.

PROBLEM 7. Classify measure spaces and (finite dimensional) Banach spaces so

that continuous Grassmannian ASFs exist.

(VD) Theorem 18 gives the following problem.

PROBLEM 8. Classify measure spaces (Q, ) such that Theorem 18 holds? In

other words, given a measure space (£, 1), does the validity of (13) or (14) implies
conditions on measure space (2, 1), say o -finite?
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