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ABSTRACT. In this paper, we characterize the system of left translates {Lk,1,m)9 : k,I,m € Z}, g € L?2(H), to
be a frame sequence or a Riesz sequence in terms of the twisted translates of the corresponding function g*. Here,
H denotes the Heisenberg group and g* the inverse Fourier transform of g with respect to the central variable. This
type of characterization for a Riesz sequence allows us to find some concrete examples. We also study the structure of
the oblique dual of the system of left translates { L2 1,m)9 : k,1,m € Z} on H. This result is also illustrated with an
example.
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1. INTRODUCTION

A closed subspace V C L?(R) is said to be a shift-invariant space if f € V = T, f € V for
any k € Z, where 7, f(y) = f(y — z) denotes the translation operator. These spaces appear
in the study of multiresolution analyses in order to construct wavelets. We refer to [17, 18]
in this context. For ¢ € L*(R), the shift-invariant space V(¢) = span{T¢ : k € Z} is called a
principal shift-invariant space. Shift-invariant spaces are broadly applied in various fields such
as approximation theory, mathematical sampling theory, communication engineering, and so
on. Apart from this, shift-invariant spaces have also been explored in various group settings.

In [6], Bownik obtained a characterization of shift-invariant spaces on R™ by using range
functions. He derived equivalent conditions for a system of translates to be a frame sequence
or a Riesz sequence. Later, these results were studied on locally compact abelian groups in
[7, 8,15, 16] and on non-abelian compact groups in [14, 20].

In recent years, problems in connection with frames, Riesz bases, wavelets, and shift-invariant
spaces on non-abelian groups, nilpotent Lie groups, especially the Heisenberg group, have
drawn the attention of several researchers globally (see, for example, [2, 3, 4, 5, 11, 19] in this
context).

In [12], Das et al. obtained characterization results for a shift-invariant system to be a frame
sequence or a Riesz sequence in terms of the Gramian and the dual Gramian, respectively,
on the Heisenberg group. Although the characterization results mentioned in this paper are
interesting from the theoretical point of view, they are not useful in obtaining concrete Riesz
sequences of system of translates. In this paper, we attempt to overcome this difficulty and try
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to obtain a characterization for the system of left translates on the Heisenberg group to form a
frame sequence or a Riesz sequence. This is done with the help of deriving such characteriza-
tions for A-twisted translates on R?. Apart from this, we also study the problem of obtaining
oblique dual for a system of left translates on the Heisenberg group.

The structure of this paper is as follows. After introducing some background information
about frames and the Heisenberg group in Section 2, we consider systems of left translates and
their relation to frame and Riesz sequences on the Heisenberg group in Section 3. Obliques
duals of these systems of left translates are then investigated in Section 4.

2. BACKGROUND

To proceed, we require the following definitions and results from frame theory and har-
monic analysis on the Heisenberg group. In the former case, most of these can be found in, for
instance, [9], and in the latter case in, i.e., [13, 21].

0 # H always denotes a separable Hilbert space.

Definition 2.1. A sequence {f; : k € N} C H is said to be a frame for H if there exist constants
A, B > 0 satisfying

2.1) AFIP <Y1 f) P <BIFI?,  VIeH.

keN

If {fx : k € N}isaframe for span{fy : k € N}, then it is called a frame sequence.
A sequence {fj : k € N} C H satistfying only the upper bound in the frame condition (2.1)
is called a Bessel sequence.

Definition 2.2. A sequence of the form {Uey, : k € N}, where {ey, : k € N} is an orthonormal basis
of " and U is a bounded invertible operator on H, is called a Riesz basis. If {fr : k € N} is a Riesz

basis for span{ fi : k € N}, then it is called a Riesz sequence.

Equivalently, {f; : k € N} is said to be a Riesz sequence if there exist constants A, B > 0

such that
2

< Bl{ex 7z

> erf

keN

Al{er e <

for all finite sequences {c} € *(N).
Theorem 2.1. Let h € L?(R). The system {Tyh : k € Z} is a Riesz sequence with bounds A, B > 0 iff
A<D A+ K< B forae e (0,1].
kEZ

Definition 2.3. The Gramian G associated with a Bessel sequence { fy, : k € N} is a bounded operator
on (*(N) defined by

G{Ck} = {Z<fk,fj>ck} .
kEN JeN
It is well known that {fi : k € N} is a Riesz sequence with bounds A4, B > 0 iff
AH{Ck}”zQ(N) < <G{Ck}7 {Ck}> < B”{Ck}Hl%z(N)
Definition 2.4. Let { f;, : k € N} be a Riesz sequence in H. If

f=> (fro6)fx, Vf€span{fy:k €L}

keN
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for some {gi, : k € N} C H, then {gi : k € N} is called a generalized dual generator of { fy, : k € N}.
In addition, if {gi, : k € N} is a frame sequence, then {g;, : k € N} is called an oblique dual generator
of {fr : k € N}.

Definition 2.5. Let {fy : k € J} be a countable collection of elements in H and {ay }res € (2(J).
Consider the system of equations

(2.2) <f, fk> =aqar, Vkeld
Finding such an f € H from (2.2) is known as the moment problem.

A moment problem may not have any solution at all or may have infinitely many solutions.
But if {f; : k € J} is a Riesz sequence, then the moment problem has a unique solution f €
span{ fy : k € J}. For the existence of a solution of a moment problem, one has the following
result.

Lemma 2.1 ([10]). Let {fx : k¥ = 1,2,--- , N} be a finite collection of vectors in H. Consider the
moment problem

<fafk> :5k,1 5 k= 1;27"' aN‘
Then the following statements are equivalent:
(i) The moment problem has a solution f € H.

N
(i) > exfr =0, for some {cy} implies ¢c; = 0.
1

k=

(111) fl ¢ Span{f27 f37 e 7fN}
Definition 2.6. A closed subspace V- C L?*(R) is called a shift-invariant space if f € V = Ty f € V for
any k € Z, where T, denotes the translation operator T f(y) = f(y — x). In particular, if € L*(R),
then V(¢) = span {Tx¢ : k € Z} is called a principal shift-invariant space.

For a study of frames, Riesz basis on H, and shift-invariant spaces on L*(R), we refer to [9].
Definition 2.7. Let x denote the characteristic function of [0, 1]. For n € N, set
By :10,1] = [0,1], =z x(z);
(2.3) B,: =B, 1%B;, n>2 nel
Then, B,, is called a (cardinal) polynomial B-spline of order n.

For more and detailed information about B-splines and their applications, the interested
reader may wish to consult any of the many references regarding B-splines.
The next stated result shows that cardinal B-splines form principal shift-invariant spaces.

Theorem 2.2 ([9, Theorem 9.2.6]). For each n € N, the sequence {T}, By, } ez is a Riesz sequence.

The Heisenberg group H is a nilpotent Lie group whose underlying manifold is R x R x R
endowed with a group operation defined by

(z,y,t) (@Y V) = (x+ 2’ y+ ¢ t+t + 2(a'y — y'x)),

and where Haar measure is Lebesgue measure dz dy dt on R3. By the Stone-von Neumann the-
orem, every infinite dimensional irreducible unitary representation on H is unitarily equivalent
to the representation 7 given by

T, Y, 1) B(€) = 2N 2TNEEF T2 (¢ 4y
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for $ € L*(R) and A € R* := R\ {0}. This representation m, is called the Schrodinger represen-
tation of the Heisenberg group. For f, g € L'(H), the group convolution of f and g is defined
by

(2.4) fxg(z,y,t) /f z,y,t)(u,v,5)" ") g(u,v, s) dudvds.

Under this group convolution, L' (H) becomes a non-commutative Banach algebra. The group
Fourier transform of f € L'(H) is defined by

2.5) Fo = /H F(@,y,8) ma(x,y, £) dadyds, A€ RX,

where the integral is a Bochner integral acting on the Hilbert space L*(R). The group Fourier
transform is an isometric isomorphism between L?(H) and L?(R*, Ba;du), where du(\) de-
notes Plancherel measure |\|dX and B is the Hilbert space of Hilbert-Schmidt operators on
L?(R) with inner product given by (T, S) := tr(T'S*). Thus, we can write (2.5) as

JN = | 1@ y)ma(a.y.0) dady
where
Plary) = / F(,y, )2 dt.
R

Note that the function f*(z,y) is the inverse Fourier transform of f with respect to the ¢ vari-
able. For g € L'(R?), let

Wi(g) := /Rzg(fc,y)m(%y,o) drdy, for A € R*.

Using this operator, we can rewrite f()\) as Wy (f*). When f,g € L?*(H), one can show that
A, 9" € L?(R?) and W), satisfies
(26) <f/\7g)\>L2(]R2) |)“<W)\ W)\( )>[52'
Now, define 7 : L2(H) — L2((0, 1], ¢*(Z, Bs)) by
) = A= rPF =)}z, Y f € LA(H) A€ (0,1,

Then, T is an isometric isomorphism between L?(H) and L?((0, 1],¢*(Z, Bz)) (see [11, 12] in this
context). For (u,v, s) € H, the left translation operator L, , ;) is defined by

L(u,'u,s)f(xay7t) = f((u,v,s)_l(x,y,t)), v(xvyat) € H,

which is a unitary operator on L?(H). Using the definitions of the left translation operator and
the convolution, one can show that

(27) L(u,v,s) (f * g) = (L(u,v,s)f) *g.

For (u,v) € R? and X € R*, the A-twisted translation operator (T(tu’v))’\ is defined by
(Tl F () i= XD Pz —uy =),V (a,y) €R?,

which is also a unitary operator on L?(R?). It is easy to see that

(28) ( (u,v S)f) 27”8)\ (Tu y)) f)\

For further properties of A-twisted translation, we refer to [19].



226 Santi R. Das, Peter Massopust and Radha Ramakrishnan

Recall that for a locally compact group G, a lattice I' in G is defined to be a discrete subgroup
of G which is co-compact. The standard lattice in H is taken to be I' := {(2k,I,m) : k,I,m € Z}.
For a study of analysis on the Heisenberg group we refer to [13, 21].

3. SYSTEM OF LEFT TRANSLATES AS A FRAME SEQUENCE AND A RIESZ SEQUENCE

Let g € L*(H). In this section, we wish to obtain characterization results for the system
{L(Qk,hm) g : k,1,m € Z} to form a frame sequence or a Riesz sequence in terms of the \-twisted
translations ¢g* of g.

From Corollary 3 of [12], we know that {L(2x1m)9 : k,I,m € Z} is a frame sequence with
bounds A, B > 0 iff

(3.1)

AR < D KB, T(Lakn,09) W) < B2, ¥ &(A) € J(), forace. A € (0,1],
k,l€Z

where J(A) := span{7(L2x,1,09)(A) : k,1 € Z}. In order to prove that {Lx1,m)9 : k,I,m € Z}
is a frame sequence, it suffices to consider the class span{7(L(2x1,09)(\) : k,I € Z} instead
of J(A). Thus, the required condition for the verification of frame sequence reduces to the
following two inequalities:

For any finite 7 C Z? and any finite sequence {ay;} € (*(Z?),

2

4

Z ak,lT(L(Qk,l,O)g)()‘)

(k,l)eF

5

k,l€Z

02(2,B2)
2

> (L r 09N, T(Lek0g) () )
(k' 1NeF

Z araT(L2k,1,009)(N)

(k,l)eF

2
<B‘ , ae. A e (0,1].

02(Z,B2)

Now, for k. k', 1,l' € Z,

<7(L(2k/,l’,0)g)()‘)a T(L(Zk,l,())g)()‘)>E2(Z,B2)

= Z A= <L(2k’,l’,0)g()‘ = 1), L2k,1,009(A — 7‘)>52
re’Z

=> A=l (W (L) ™) Wasr (L2rr,009™ ") )
re’

= Z <(L(2k’,l’,0)g)A_T7 (L(Qk,l,O)g)A_r>L2(R2)
rez

=2 AT i) 7 (o)) 797 1)
rEL

(3.2) = Z e (R ¢ (T(tz(kuk),lul))A_Tgk_r’ 9/\_T>L2(JR2)’
rEZ

where we used (2.6) and (2.8).
In the following theorem, we state a condition for the system {L o5 ; )9 : k,1,m € Z} to be
a frame sequence in terms of the \-twisted translates of g* on R2.

2
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Theorem 3.3. Let g € L*(H). Then, the system {Lr,mg : k,1,m € Z} is a frame sequence with
bounds A, B > 0 iff

2
AD N D o (T ) g™
rez !\ (k' 1) eF L2(R?)
2
< Z Z g g emAT R =l )<(T(tQ(k/—k),l/—l))Airg)\irvg)\ir>L2(R2)
k,EZ" (k' I')EF,r€l
2
SBZ Z Qg (T(tzklyl/)))\_rgk_r , a.e. A€ (O7 1}
reZ ' (k' 1")eF L2(R2?)

for any finite F C 72 and any finite sequence {ay,} € (*(Z?).

Proof. The system {L(aj1,m)g : k,I,m € Z} is a frame sequence with bounds A, B > 0 iff (3.1)

holds. Consider ®(X) := > a7(L(2k,,0)9)(A), for some finite F C Z? and a finite sequence
(kDEF

{ak,l} S 62(22) Then,

2
POy = | 3 anir(EasionO)
(k,l)eF £2(Z,B2)
2
H A —r|/? Z Oéle(zkzo)g(/\—T)} ;
(k)EF retllez,8,)
2
:Z\)\—H Z g1 Li2,1,009(A — 1)
rez (k,)eF B2
2
:Z\)\—ﬂ Z e Wa—r (La,009)> )|
rez (k,)eF By
Employing (2.6) and (2.8), yields
2
||(I)(>‘)H?2(Z,82)ZZ Z ak,l(L(%,l,O)g)A_r
rez ! (k,l)eF L2(R?)
2
3.3) _Z Z g ( (gk,l))’\_rgl\_r :
rez 'V (k)eF L2 (R?)
On the other hand,
(3.4) (@A), T(Lrsg) V) = > aw i {m(Lw,09) (N, T(Lk09) (V)
(k' I')EF
for k,l € Z. Using (3.2) in (3.4), we obtain
(3.5
T '~ A— - -7
(@A), T(L(2k,1,009)(N)) = Z gy €™ OTTIR lk)<( o)1) " g >L2(R2)'

(k"I eF re’

Employing (3.3) and (3.5) in (3.1), the required result follows. ]
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Next, we aim to characterize the system of left translates {L(ay,1,m)g : k,l,m € Z} to be
a Riesz sequence, again in terms of A-twisted translates of g*. To this end, we consider the
Gramian associated with the system {7(L(21,,019)(\) : k,1 € Z} and obtain an equivalent con-
dition for a Riesz sequence.

First, consider the Gramian associated with the system {7(L1,0)9)(\) : k,l € Z}. For
g € L*(H) and X € (0, 1], the Gramian of {7(L2y1,0)9)(A) : k,1 € Z} is defined by

G(\) == HNH(N) : £2(Z2) — (*(Z?),

where H(\) : (?(Z?) — (*(Z,Bs) is given by

H(\) ({cr,}) : Z craT(Li2k,1,009) (N)-

k€L
We obtain the following

Theorem 3.4. The system { Loy 1,m)g : k,1,m € Z} is a Riesz sequence iff there exists A, B > 0 such
that

T ’ A—
Alfertlfa@y < D Y eramow e O EUTE )T e
kK €L rEL

(3.6) < B|{ck} 722

for a.e. X € (0,1] and for all {cx,} € (*(Z?).

Proof. By Theorem 6 of [12], the system {La11,m)9 : k,1,m € Z} is a Riesz sequence iff there
exist A, B > 0 such that

(3.7) All{er i} 172 z2) < GO ena}s {erib) @y < Bll{cri} Iz @2

fora.e. A € (0,1] and for all {cy;} € ¢*(Z?). But

(G {erit {erib) ey = [|HO ({Ckl})sz‘(zzsz)
Z ka7 (L2k,1,009)(A)

k,lez

= Z Ck,lék’,l’<T(L(2k,l,0)g)()‘)vT(L(2k’,l’,0)g)(A)>g2(z732)
kLK€L

Z chlck’ p AR = kl)<(T(2(k k') l— l’))k_rg)\_zg/\_r>L2(R2)
kLK ' €Z el

2

02(Z,B2)

(3.8)

by using (3.2). Employing (3.8) in (3.7), we obtain (3.6). (]

Example 3.1. Let ¢(x,y,t) := x|, 2] (7)x[0,2 ]( )h(t), where x|, denotes the characteristic function
on [0,2] and h € L?(R) is given by h()\) = X[o,p](A), for N > p > 3. Then, ||¢HL2(H) =4 ||h|\L2(]R
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N _ ~
Furthermore, ™ (z,y) = X[0,2) (%) X[0,2)(¥) M (—=A). Now,

A . -
<(Ték,z>) ¢A,¢A> 3 /R NG @ — 2k, y — )N, y) dw dy

2 2
= h(=\) / / A=Y A (3 — 2y — 1) dy dx
0 0

_ 2-2k 21
_ h(*)\) / e‘n’z)\(lzfmcy)(?ZS/\(‘Z,7 y) dy dx
—2k —1
(39) L / / ¢mNIZ=2KY) gy o
[—2k,2—2K]N[0,2] /[-1,2—1]N[0,2]

For X € (0,1] and {cy} € *(Z*), consider the middle term in (3.6) which is (G(A\){ck}, {cki})ezz2)-
It follows from (3.9) that only k' = kand I' =1 — 1, I, | + 1 will contribute to the sum over k',1" € Z.
Thus, we have

(GMert {erat)er ey = My + Mz + Mg,

where
y 9 A_T —r —r
(3.10) M=) epierige”™ O <<T{O’1)) N >
reZ k€L
. ) A—r . _r
M= Z Z ChiCriyie TR <(T(t0,1)) N >
rez k,lez
and

My =" lera* ) !\‘bA_THi?(RZ> '

k,l€Z rEL

We observe that My = M. Hence, (G(N){ck,i}, {ck,})e2(z2) = 2Re (M1)+Ms. But Re(My) < |M;].
Applying the Cauchy-Schwarz inequality in (3.10), we obtain Re(M;) < ||{ck7;}||?2 (z2) 11,1, where

A—r
II,A = Z <(T(to71)) ¢)\T7¢>\T>|
rEL
R 2
=[S0 mE [ e
reZ 0

p 2 )
Z / e‘n’z()\fr)m dz! .
r=170

But,
2 . .
/ ™A g = 2™ A gine(\ — ).
0
Hence,

p p
I < 22|sinc()\—r)| < 221 = 2p.
r=1 r=1
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~

2
As H(b)\ HLZ(Rz) = [A(=(A =7))P,
My =2 [Zm A—7) |2] ety = 20 IHera} 2 sy -
reZ
Therefore,

(@M el {eniDeae) < 60 {er g -
On the other hand, Re(My) > —| M| leads to

P
Z e™ A gine(\ — 1)

r=1

(G et Acri}) e @) > 2 lp -2

2
] ||{Ck,l}||e2(z2) :

Now,

p

Z A=) sine(\ — 7)

r=1

(Z 7)) sinc(A — ’I“)) +1 (Z sin (w(A — 7)) sinc(A — r)) ‘

r=1
(3.11) =:p—A,(N).

_p—2

Employing some properties of the digamma function [1, Section 6.3]
d
PO (z) = - logl'(z), Rez>0,
we deduce that

Z cos ( )) sinc(\ —r)

_Ep: cos( 7r)\ ) sin(m )\)
r=1

,r_

L (cos(w)\) sin(w)\) N sin(7\) cos(mA) (YO (p = X+ 1) — (@ (2 — )\))>
B (1 —A) T
and
sin ( )sinc(A —r) = 3 M
Z (A=) 7;1 w(r—A)
~sin®(m)) | sin? () (@ (p— A+ 1) — (02— X))
(1l —X) T '
Hence,
sin(mA)

Ap(\) = 2m(1 — (=02 =N+ (1= (p-A+1))
=2sinc(1 = \)[1+ (1 - NP (p—-A+1) - @2 -N)],

where we used that sin(w\) = sinm(1 — ).
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The goal is to find those values of p for which p — 2A,(X) > 0, for all X € (0, 1]. As the digamma
function is monotone increasing and positive for integer arquments > 2 and as

(3.12) ,\IE& Ap,(A)=0 and Ay(1) =2,

we show that p — A,(X\) has a unique positive minimum at \g € (0, 1) whose value is strictly positive
forp>3andthatp+1— Api1(N) > p— Ay(N), forall X € (0,1) and p > 3. To establish the latter,
note that

pH1—Apa(N) = p+1— (2sinc(l = )1+ (1= N O(p+1-2+1) =92 - ))]

1
y0 )]

:p+1—(QSinC(l—)\))[I—F(l—)\)(?ﬁ(o)(p—Fl—/\)‘F}H_T

B 21— 1))
=p—A,(N)+1 msmc(l A)

>p—A,(\), forp>3.

Hence, it suffices to show that 3 — A3(\) has a unique minimum value for a X € [0, 1]. To this end, we
remark that

3— A3(\) =3 — (2sinc(1 = A)[1+ (1 =N (D@ -A+1) =902 -))]
. 2 1

Differentiation of ¥ with respect to \ yields
2r(A=3)(A=2)(A = 1)(3(A =4 + 11) cos(m) — 2(3(A = HA((A — 4)A 4 8) + 49) sin(7 )
B T(A —3)2(A —2)2(A —1)2
Numerically solving W'(X) = 0,0 < X\ < 1, produces an unique zero at Ao ~ 0.762714. As ¥"'(\g) =~
12.8421 and because of equations. 3.12, the point (Ao, 3—Az(Ao)) =~ (0.762714,0.638135) is the unique
global minimum of 3— Az(X) on [0, 1]. Therefore, the right-hand side of (3.11) is strictly positive. Hence,
by Theorem 3.4, we conclude that the shift-invariant system { Lo 1.m)¢ : k,l,m € Z} forms a Riesz
sequence for each p > 3.

'(N)

The following result shows that one can obtain more examples of Riesz sequences of left
translates on H from the Riesz sequence of classical translates on R.

Proposition 3.1. Let h € L*(R). Define ¢(x,y,t) := Xx[0,21()x[0,1)(¥)1(t). Then, the system
{Lkimy® : k,l,m € Z} is a Riesz sequence in L2(H) with bounds A, B > 0 iff the system
{T.h : r € Z} is a Riesz sequence in L*(R) with bounds 1 A and 1B.

Proof. We have ¢*(z,y) = x(0.2)(%)X[0.1](¥)h(~). Now,

A , o
<(T(tzk,z>) o™, ¢>A> = /2 e AR @A (3 — 2k, y — 1)PM @, y) dz dy
R

2 1

h(—)\)/ / e A=Y A (1 — 2y — 1) dy dx
0 0

2—2k

1-1
h(—)\) N /l eﬂi/\(lI_Qky)(b/\((E, y) dy da

_ |ﬁ(7}\)|2/ / emiA(lz—2ky) dy dz,
[—2k,2—2k]N[0,2] J[~1,1—-1]N[0,1]
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which in turn implies that (T, ;) ¢*, ¢*) = 0,V (k,1) € Z* \ {(0,0)}. Moreover, for (k1) =
(0,0, (T )6, %) = 2[h(—=A)|2. For {ci 1} € £*(Z2), the middle term in (3.6) becomes
(G ek} {eniDeaey = Yl D 2/h(=(A = 7))

k,l€Z rez

= 2|{er sl zz) D IR (=(X = 1))

reZ
From Theorem 3.4, the system {L o), ;. m)® : k,1,m € Z} is a Riesz sequence with bounds A, B >
0 iff
Al{era} I z2y < 2lHeratlZzey Y 1= = m)[* < Bll{er} I 22
reZ

for a.e. A € (0,1], which is equivalent to

A ~ B
SR <y
reZ
for a.e. A € (0,1]. Hence, the required result follows from Theorem 2.1. O

Example 3.2. Let ¢(z,y,t) := X[o,2)(%)X[0,1] () Bn(t), where By, denotes the cardinal polynomial B-
spline of order n. It is well known that {T, B,, : r € Z} is a Riesz sequence in L*(R), for each n € N.
Hence, it follows from Proposition 3.1 that { L(oy,,m)¢ : k,1,m € Z} is a Riesz sequence.

4. OBLIQUE DUAL OF THE SYSTEM OF LEFT TRANSLATES

In this section, we investigate the structure of an oblique dual of the system of left translates
{Lok1m)® : k,1,m € Z}.

Lemma 4.2. Assume that ¢, (E € L*(H) have compact support and {Lkime - k,l,m € Z} and
{L2k1,m)® : k,1,m € Z} form Riesz sequences. Then, the following statements are equivalent:

Q) f= > (fiLekim®) Lorim® Y feV =span{Lokim¢: k,l,m e Z}.

k,l,mez

(i) (@, L2k,,m)®) = O(k,1,m),(0,0,0), ¥ (k,1,m) € Z°.

Proof. The proof of this lemma is similar to the proof of Lemma 2.1 in [10]. However, for the
sake of completeness, we provide the proof. Suppose that (i) holds. As (i) is true for f = ¢, we
have

¢ = Z <¢aL(zk,z,m)¢~5>L(2k,l,m)¢7

k,l,meZ

which leads to

[<¢7 L(2k,l,m)$> - 1]¢ + Z <¢7 L(2k,l,m)$>L(2k,l,m,)¢ =0.
k,l,meZ
(k,1,m)#(0,0,0)

As {Lak,1,m)¢ : k,I,m € Z} is a Riesz sequence, we know that (¢, L(ak1,m)®) = d(k,1,m),(0,0,0)s
V (k,1,m) € Z3, which is (ii).
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Conversely, suppose (ii) holds. Let f € V. Then f = >~ cx1,mL2k,1,m)¢ for some coeffi-
kI meZ
cients {ck ;,m }- Now,

(fs Li2k,1,m)®) = Z crr 1t m/ A L2k 17 mn P L2k, 1,m) ®)

K1 m! €7,
= E Crr 10 m/ APy L2 (k=) 1=t sm—m/ (b 11 k)) D)
k' l'm'€Z

= E Ch/ 1m0 O (ke — k! 1~ ;m—m/ + (k' 1—1"k)),(0,0,0)
k' 1 m/ €T

= Ck,l,m;

from which (i) follows. O

Theorem 4.5. Let ¢ € L?(H) be supported in [0, 2n] x [0,n] x [0, M] for some M,n € N. Also assume
that the system {L(ox1.m)9 : k,l,m € Z} forms a Riesz sequence. Then, the following statements are
equivalent:

() The system {Lak,1,m)¢ : k,1,m € Z} has a generalized dual {L(zk’l,m)fg 2 k,l,m € Z} with
supp ¢ C Q, where @ :=[0,2] x [0,1] x [0, 1].

@) If > ck,l,mL(%l,m)(b(x,y,t) =0, forall (z,y,t) € Q and for some coefficients {cy ;.m },
(k,I,m)eEA

then cooo =0, where A :=={—(n—1) <k, 1<0,—-M—-n+1<m<n}
(111) ¢|Q ¢ span {(L(2k,l,m)¢)|Q : (kv l7 ’ITL) €A \ {(Oa 07 O)}}
In case that any one of the above conditions is satisfied, the generalized duals {L(Qk.’l’m)& ck,l,meZ}

form orthogonal sequences and they are oblique duals of { Lok 1,m)¢ : k,1,m € Z}. One can choose ¢
to be of the form

6= { Z diet.mL2k,1,m)?| XQ
(

klm)eA
for some coefficients {dy ;. m }. Here, xq denotes the characteristic function of Q.

Proof. The idea of the proof is similar to that of Theorem 3.1 of [10]. Here, we provide the main
steps in the proof.

Let ¢ € L2(H) be such that supp ¢ C Q. Then,

(L2k,1,m)9: )
:/ L(2k7l,m)¢(x7yvt)$(xay7t) dl’dydt

Q

2(1-k) pl—=l pl—m+i(—lo+2ky) - 1

= / / Oz, y, )d(x + 2k, y + L, t + m — =(—lz + 2ky)) dtdydz,
ok 1 Jom+L@ky—iz) 2

by applying a change of variables. Further, using supp ¢ C [0,2n] x [0,n] x [0, M], we obtain

(Lo pymyds &) = 0, ¥ (k,1,m) € A°. -
Assume that (i) holds. Then, by Lemma 4.2, we have that (¢, L(2x,1,m)®) = (k,1,m),(0,0,0),
V (k,1,m) € Z3. Hence, we obtain the moment problem

(L(2k,1,m) s @) = O(k,1,m),(0,0,0)
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for (k,l,m) € A. Now, condition (i) is equivalent to the existence of a solution of the moment
problem. By Lemma 2.1, the existence of a solution of the moment problem is equivalent to

conditions (ii) and (iii). Moreover, if (i) is true, then supp 5 C @ leads to the fact that the system
{L2k,1,m)® : k,1,m € Z} is an orthogonal sequence. O

Example 4.3. Let ¢(z,y,t) := X[o,2](2)X[0,1](y) B3(t), where B3 is the cardinal polynomial B-spline
of order 3, given by

32, te0,1];
—t2+3t—3, te[1,2);
$t2—=3t+ 3, tel23];
0, otherwise.

Bs(t) =

Thus, it follows from Example 3.2 that {Lap,1.m)¢ : k,1,m € Z} is a Riesz sequence. We know that
suppa C Q. Consider

(L(2k,1,m) D, ®)

2 1 gl .
z/ / ¢z —2k,y —I,t —m+ L(2ky — lz))¢(z,y,t) dt dy dx
o Jo Jo

1
:/ / / Bs(t —m+ 3(2ky — lx))¢(z + 2k, y + |, ) dt dy d.
[—2k,2—2k]N[0,2] J [~1,1=1)n[0,1] Jo

Hence, for (k,1) # (0,0), (L(2k,1,m)®, #) = 0.
For (k,1) = (0,0), we have

2 1 -
Loome.d = [ [ ] Ba(t)a{wy.t +m) dt dy da.
0 J0o J[-m,1-m]N[0,3]
which shows that —2 < m < 0. Define A := {(0,0,-2), (0,0, —1),(0,0,0)}. Then, (L,0,m)®, 5) =
0,V (k,l,m) ¢ A. Furthermore, it is easy to show that {¢|o, (L(0,0,-1)®) lo: (L(0,0,-2)9) |q} is a
linearly independent set. Thus, by Theorem 4.5, an oblique dual of ¢ is given by

(4.1) q”s:[ > dmLm,o,m)a:]m

m=—-2,—-1,0

satisfying the moment problem

4.2) (L(0,0,m)®> @) = S0,m

form=-2,-1,0.
Next, we proceed to solve the above moment problem. Substituting (4.1) in (4.2), we get the following
equations

Z @<¢7L(O,O,m)¢'><@> =1,

m=—2,—1,0
Z dm (L0,0,-1)% L(0,0,m)® - X@) =0,
m=—2,—1,0

Z A, <L(0,0,—2)¢,L(0,0,m)¢ : XQ> =0.

m=—2,—1,0
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Upon simplification, we obtain
6dy 4+ 13d_1 + d_o = 60,

54
do + ECLI +d_2 =0,

do +13d_1 +6d_o = 0.
Solving these equations and then substituting back into (4.1), yields

S(x,y,t) = 2(40t* — 36t + 5)xq(z, y, 1).
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