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Abstract

Our goal in the current paper is to derive the sampling theorems of a Dirac system
with a spectral parameter appearing linearly in the boundary conditions and also
with an internal point of discontinuity. To derive the sampling theorems including the
construction of Green's matrix as well as the eigenvector-function expansion
theorem, we briefly study the spectral analysis of the problem as in Levitan and
Sargsjan (Translations of Mathematical Monographs, vol. 39, 1975; Sturm-Liouville and
Dirac Operators, 1991) in a way similar to that of Fulton (Proc. R. Soc. Edinb. A
77:293-308, 1977) and Kerimov (Differ. Equ. 38(2):164-174, 2002). We derive sampling
representations for transforms whose kernels are either solutions or Green’s matrix of
the problem. In the special case, when our problem is continuous, the obtained
results coincide with the corresponding results in Annaby and Tharwat (J. Appl. Math.
Comput. 36:291-317, 2011).

MSC: 34L16; 94A20; 65115
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1 Introduction

The sampling theory says that a function may be determined by its sampled values at some
certain points provided the function satisfies some certain conditions. Let us consider the
Paley-Wiener space B2 of all L?(R)-functions whose Fourier transforms vanish outside
[-o,0]. This space is characterized by the following relation which is due to Paley and
Wiener [1, 2]:

f(k)eBg — f(k):\/%_n/aeiwxg(w)dw

for some function g(-) € L*(-0,0). (1.1)

In engineering terminology, elements of the Paley-Wiener space B2 are called band-
limited signals with band-width o > 0. The space 2 coincides with the class of all L?(R)-
entire functions with exponential type o. The classical sampling theorem of Whittaker-
Kotel'nikov-Shannon (WKS) states [3-7]: If (1) € B2, then it is completely determined
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from its values at the points A = k7 /o, k € Z, by means of the formula

fO) =Y fw)sinco(h—2p), reC, 1.2)
k=—00
where
sinu’ 0,
sincu=14 * w? (1.3)
1, m=0.

The convergence of series (1.2) is uniform on R and on compact subsets of C and it is
absolute on C. Moreover, series (1.2) is in the L2(R)-norm. The WKS sampling theorem
has many applications in signal processing (see, e.g., [8]).

The WKS sampling theorem has been generalized in many different ways. Here we are
interested in two extensions. The first is concerned with replacing the equidistant sam-
pling points by more general ones, which is very important from the practical point of
view. The following theorem, which is known in some literature as the Paley-Wiener the-
orem [2], gives a sampling theorem with a more general class of sampling points.

The Paley and Wiener theorem states that if {X¢}, k € Z is a sequence of real numbers
such that

<X, (1.4)

E:=sup 2
o’

km
e — —
keZ o

and A is an entire function defined by

nd A A
AN = (A—Ao)ﬂ(l— )\_k) <1— k_k> (1.5)

then, for any function of the form (1.1), we have

A(L)
f) = gi‘f()\k PRTEERE reC. (1.6)

Series (1.6) converges uniformly on compact subsets of C.
The WSK sampling theorem is a special case of this theorem because if we choose Ax =
km/o = —A_y, then

A() =A1_[<1— %) (1 + —) AH( M/”)z) - Sinow, A () = (1)~
k=1

The sampling series (1.6) can be regarded as an extension of the classical Lagrange in-

terpolation formula to R for functions of exponential type. Therefore, (1.6) is called a
Lagrange-type interpolation expansion. Note that, although the theorem in its final form
may be attributed to Levinson [9] and Kadec [10], it could be named after Paley and
Wiener who first derived the theorem in a more restrictive form, see [3, 7, 11] for more
details.
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The second extension of the WKS sampling theorem is the theorem of Kramer [12]. The
classical Kramer sampling theorem provides a method for obtaining orthogonal sampling
theorems. This theorem has played a very significant role in sampling theory, interpolation
theory, signal analysis and, generally, in mathematics; see the survey articles [13, 14]. The
statement of this general result is as follows: If  is a finite closed interval, (-, 1) : I x C —
C is a function continuous in A such that /C(-,A) € L2(J) for all A € C, and let {A}xez be
a sequence of real numbers such that {/C(-, Ax)}xcz is a complete orthogonal set in L%([).

Suppose that
£09= [ Km0 i,
I

where g(-) € L2(I). Then

Sy K(w, N (w, ) dw
. . ' 1.7
S0y =2 f0) [[SCYBIT v

keZ

Series (1.7) converges uniformly wherever ||(-,£)|;2(;) as a function of ¢ is bounded. In
this theorem sampling representations were given for integral transforms whose kernels
are more general than exp(ixt). Also Kramer’s theorem is a generalization of the WKS
theorem. If we take KC(w, A) = €™, I = [-0,0], Ak = ka—”, then (1.7) will be (1.2).

The relationship between both extensions of the WSK sampling theorem has been in-
vestigated extensively. Starting from a function theory approach, cf [15], it is proved in [16]
that if IC(w, A), w € I, & € C satisfies some analyticity conditions, then Kramer’s sampling
formula (1.7) turns out to be a Lagrange interpolation one, see also [17-19]. In another
direction, it is shown that Kramer’s expansion (1.7) could be written as a Lagrange-type
interpolation formula if (-, A) and A, are extracted from ordinary differential operators,
see the survey [20] and the references cited therein. The present work is a continuation of
the second direction mentioned above. In [21], Tharwat et al. studied the sampling the-
orems, with solutions and Green’s matrix, for a discontinuous Dirac system which has
no eigenparameter in boundary conditions, see also [22]. Also, Tharwat [23] studied the
same problem but for a discontinuous Dirac system with eigenparameter in one bound-
ary condition. Although the analysis of the present paper and that of [23] look similar,
the treatments and results are different from some aspects. Problems with a spectral pa-
rameter in equations and boundary conditions form an important part of spectral theory
of linear differential operators. A bibliography of papers in which such problems were
considered in connection with specific physical processes can be found in [24, 25]. In the
present work, we prove that integral transforms associated with Dirac systems, which con-
tain an eigenparameter in all boundary conditions, with an internal point of discontinuity
can also be reconstructed in a sampling form of Lagrange interpolation type. Sampling
results associated with the discontinuous Dirac system that has an eigenparameter in all
boundary conditions have not been extensively studied. Our investigation will be the first
in that direction, introducing a good example. To achieve our aim we briefly study the
spectral analysis of the problem. Then we derive two sampling theorems using solutions

and Green’s matrix, respectively.
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2 A spectral analysis
In this section we define a discontinuous Dirac system which contains an eigenparameter
appearing linearly in all boundary conditions. We define the eigenvalue problem and study

some of its properties. Throughout this paper we consider the Dirac system

PR — @@ | @ | 0 U0 (2.1)
)Y, () + g2 (¥)y2 (%) ) | ' o
Bi(u) := (w1 + Asin6y)y1(-1) — (wq + Acosby)ya(-1) =0, (2.2)
By (u) := (v1 + Asin6y)y;(1) — (v + Acos6,)y2(1) =0, (2.3)

and the transmission conditions

Ti(w) := y191(07) = 8191 (0%) =0, (2.4)

T2(u) := y232(07) = 8292(0*) = 0, (2.5)

where X is a complex spectral parameter; p(x) = p; for x € [-1,0), p(x) = p» for x € (0,1];
p1> 0 and p; > 0 are given real numbers; y = [yyz1 ], the real-valued functions ¢;(-) and g,(-)
are continuous in [-1,0) and (0,1] and have finite limits ¢;(0%) := lim,_, o= ¢1 (%), 2(0%) :=
lim,_, o+ g2 (%); w3, i, v, 8 € R (i =1,2); ; #0,8; #0 (i =1,2) and

o1 o~ wy Sinf; — w; C.OS 6, > 0. (2.6)
fop V1 COS By — vy Sin by
To formulate a theoretic approach to problem (2.1)-(2.5), we define the Hilbert space & =
H @ C? with an inner product

0 1 ! 1 1
v (%)z(x) dx + — / ¥y (®)Z(x) dx + —z W) + — 29y, (2.7)
P2 Jo o1 02

1
DOZ0)e = - f

-1

where T denotes the matrix transpose,

y(x) z(x)
y(x) = zZ1 ) Z(x) = w1 € el )/(x): Z(x) S H; Zi, Wi [S (Cy l = 1: 21
V) Wo

H:= {y = Bl} :y1, 92 € L*(-1,0) @Lz(o,l)} .
2
Throughout this article, we consider
[%(y(x)) T,0) }

Lo (0V(x)) T, (¥())

o |: 01y1(=1) = @2y2(-1) viy1(1) — vaya (1) i| ‘

2.8
sin6yy1(-1) — cos O1y2(—1)  sin6yy1(1) — cosbay2(1) 28)
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Equation (2.1) can be written as

L(u) := P(x)y' (x) — Q(x)y(x) = Ay(x), (2.9)
where
0 pl qax) 0 )
P(x) = , = ) = ) 2.10
* [—p@c) o} @ [o 612(x):| ) |:y2(x)i| 210

For functions y(x), which are defined on [-1,0) U (0,1] and have finite limit y(0%) :=

lim,_, 10 y(x), by ya)(x) and y)(x) we denote the functions

(2.11)

yx), xel-1,0), y(x), x€(0,1],
Yo ) = Yo (%) =
y(07), x=0, y(0*), x=0

which are defined on Z; := [-1,0] and Z; := [0, 1], respectively.

In the following lemma, we will prove that the eigenvalues of problem (2.1)-(2.5) are real.
Lemma 2.1 Let 1y, = 818,. The eigenvalues of problem (2.1)-(2.5) are real.

Proof Suppose the reverse that i # 1 is an eigenvalue of problem (2.1)-(2.5). Let [yy;g;] be

a corresponding (non-trivial) eigenfunction. By (2.1), we have

d
P2 @5 - 5@} = @ -w{h e 1+ @[}, xel-1,0)U(0,1].

Integrating the above equation through [-1,0] and [0, 1], we obtain

—  \r 0 ;
(/’Lplﬂ) -[1 (|y1(x)|2 n |y2(x)|2) dx_

=21(07)7,(07) =,(07)52(07) = [11 (=135 (=1) = 3, (~1ya(-1)], (212)
—__ - 1 -
(/’LPZM) /(; (|y1(x)|2 + |}/2(x)|2) dx

=11y, @) = y,(D)y2() = [1(0%)7,(0%) = 7,(0%)52(0%)]. (2.13)

Then from (2.2), (2.3) and transmission conditions we have, respectively,

o= Wy (-1

|1 + 4 sin &y |2

=1y, (1) =5, (-1)ya(-1) =

o _a@-wnO)P?
yl(l)yz(l) —y1(1)y2(1) = —m
and

71(07:(07) =71(0)2(0) = £ [(1(07)7,(07) ~51(07)22(0") ]
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Since u # 1, it follows from the last three equations and (2.12), (2.13) that
1[0 2 2 I 2 2
[ Ul + baoPyaes - [ (ol + oo’ a
pP1Ja p2 Jo

B o1ly2 (1) B 0282y (1)1
|y + wsind;2 |y + wsinby|?2”

(2.14)

This contradicts the conditions pi] f_ol(lyl(x)|2 +[y2(x)|?) dx + piz f01(|y1(x)|2 +1y2(x)2) dx >0
and o; > 0, i = 1,2. Consequently, 1 must be real. O

y(x)
Let D(A) C € be the set of all elements Y(x) = |: RO (W‘))i| in € such that:
Ty 0x)
1.y, ¥23)(-) are absolutely continuous on Z;, i = 1,2,

2. Ly)eH,
3. yi(07)-38;5:(07)=0,i=1,2.
Now we define the operator A : D(A) — € by

(%) L(y) y(x)
Al To0) | = | -Tu0®) | | Te(0(x)) | € DIA). (2.15)
T, (%)) %, (y(x)) o, (0(%))

Lemma 2.2 Let y1y; = 818,. The operator A is symmetric in €.

Proof For Y(), Z(-) € D(A),
e s L [ o) e
<Ay(~),Z(-))G = [1 (L(y(x))) z(x) dx+p2/0 (L(y(x))) z(x)dx

1 _ 1 _
= o T b@) T EW) - % (/) Te, (). (2.16)
By partial integration we obtain

(AV(), Z2())e = (V) AZ()) e - W(3,2)(07)
+ W»,2)(-1) - W(y,2)1) + W(y,2)(0%)

- [ (0) T (29) ~ Ty (70T (2)]

-— [T, (%) T, (2(x)) — To, (%)) T (2(0)) ], (217)

2

where, as usual, by W(y, z)(x) we denote the Wronskian of the functions u and v defined
in [26, p.194], i.e.,

W, 2)(x) := y1(x)z2 (%) — y2(x)z1 (%). (2.18)
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Since y(x) and z(x) satisfy the boundary condition (2.2)-(2.3) and transmission conditions
(2.4) and (2.5), we get

To ((®)) Tay (25)) — Ty (1)) Tuo (2(%)) = 1 W(3,2)(-1),
Ty (%)) To, (2(%)) — T, (¥()) T (2(%)) = 02 W(,2)(1), (2.19)
nr2W(,2)(07) = 8:6W(5,2)(0%).

Then, substituting the equations of (2.19) in (2.17), we obtain
(AY(), Z0))e = (V(), AZ())e V), Z() € D(A). (2.20)

Hence the operator 4 is Hermitian. Since D(A) is dense in € (see, e.g., [27]), then the
operator A is symmetric. 0

The operator A : D(A) — € and the eigenvalue problem (2.1)-(2.5) have the same
eigenvalues. Therefore they are equivalent with respect to this aspect.

Lemma 2.3 Let A and p be two different eigenvalues of problem (2.1)-(2.5). Then the cor-
responding eigenfunctions y(x) and z(x) of this problem satisfy the following equality:

1[0+ 1 [t
n /: 4 (JC)Z(JC)@UHP2 /0 ¥ (x)z(x) dx

1 1
+ 0—1‘591 (y(x)) T, (2(x)) + 0_2ng (y(x))To, (2(x)) = 0. (2.21)
Proof Equation (2.21) follows immediately from the orthogonality of the corresponding
eigenelements
y(x) z(x)

V)= | T &) |, Z(#) = | Tp (W)

Zo, (7)) T, (2(x))
in the Hilbert space €. O

Now, we shall construct a special fundamental system of solutions of equation (2.1) for A
not being an eigenvalue. Let us consider the following initial value problem:

P —qu@n@) = Ay x),  pi) + %)y (x) = Ay (x), x€(-1,0), (2.22)
y1(=1) = wy + Acos by, ¥y2(=1) = w1 + A siné. (2.23)

By virtue of Theorem 1.1 in [28] this problem has a unique solution y = [2;((;;\; ], which is

an entire function of A € C for each fixed x € [-1, 0]. Similarly, employing the same method
as in the proof of Theorem 1.1 in [28], we see that the problem

P2ys(x%) —qu(x)y1(x) = Ay (%), payi(x) + @2 (x)y2(x) = Ay (x), x€(0,1), (2.24)
¥1(1) = vy + A cos by, y2(1) = v; + Asin6, (2.25)
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has a unique solution y = | ;Zg';))

fixed x € [0,1].
Now the functions 9 (x, 1) and 3;1(x, 1) are defined in terms of H; (x, 1) and 3,5(x, A), i =

] which is an entire function of the parameter A for each

1,2, respectively, as follows: The initial-value problem

P2Yo@®) —qu(x)i(x) = A (%), payi(x) + qa(X)y2 (%) = —Aya(x), x€(0,1), (2.26)

71(0) = ?nn(o,x), 72(0) = 3;—2\)21(0,)0, (2.27)
1 2

has a unique solution y = [ 2;83] for each 1 € C.

Similarly, the following problem also has a unique solution y = [ 311("'”]'

321(0) 1"

Py ®) — (o (x) =an(x),  p () + @a(®)yax) = -Aya(x), x€(-1,0), (2.28)

é 8
91(0) = —1312(0,)»), ¥2(0) = —2322(01)»)' (2.29)
4! )2)

Let us construct two basic solutions of equation (2.1) as

. — Ul(:)‘) . _ 51())‘)
o [m(-,m]’ 3 |:32(':)»):|,

where
’)"1 _110¢ ’)"1 _1101
01, ) = pulx,2), x€[-1,0) 1) = 9, 2), x€[-1,0) (2.30)
Ul2(x7 )\,), S (O) ]-]1 UZZ(xi )")r S (0! 1];
,)\,, _1;0; ;}\‘1 _110;
51(60) = ), xef ) 5%, 0) = dalrr), xel ) (2.31)
312(96, )‘-): X € (Or 1]; 322(96, )\); X € (0: 1]'
Therefore
T (n(x, 1)) = 01, To, (3(x,1)) = 02 (2.32)

Since the Wronskians W(y;, 3;)(x, 1) are independent on x € Z; (i = 1,2), and p;(x, 1) and
3:(x, 1) functions are entire of the parameter A for all x € Z; (i = 1, 2), then the functions

Qi(A) == W01, 3 (%, A) = 91i(x, A)32i(x, A) — 92:(x, M)31:(x, ), x€Z,i=1,2, (2.33)
are the entire functions of the parameter A.

Lemma 2.4 If the condition y1y, = 818, is satisfied, then the equality (1) = Qy(A) holds
foreach » € C.

Proof Taking into account (2.27)and (2.29), a short calculation gives y12WV(91,51)(0,A) =
816 W(92,32)(0, 1), so ©21(A) = Q2(A) holds for each A € C. O

Corollary 2.5 The zeros of the functions Q1(X) and Q,()) coincide.

Page 8 of 27
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Then we may introduce to the consideration the characteristic function (1) as
Q) := Q1(A) = Q2(A). (2.34)
Lemma 2.6 All eigenvalues of problem (2.1)-(2.5) are just zeros of the function Q().).

Proof Since the functions t;(x,A) and y(x, A) satisfy the boundary condition (2.2) and
both transmission conditions (2.4) and (2.5), to find the eigenvalues of (2.1)-(2.5), we have
to insert the functions 1 (x, A) and yy(x, 1) in the boundary condition (2.3) and find the
roots of this equation. g

In the following lemma, we show that all eigenvalues of problem (2.1)-(2.5) are simple,
see [23, 29, 30].

Lemma2.7 Lety1y; = 818,. The eigenvalues of the boundary value problem (2.1)-(2.5) form
an at most countable set without finite limit points. All eigenvalues of the boundary value
problem (2.1)-(2.5) (of (1)) are simple.

Proof The eigenvalues are the zeros of the entire function occurring on the left-hand side
in (see Eq. (2.34)),

(v1 + Asin€y)n12(1, ) — (V2 + A cos62)922(1, 1) = 0.

We have shown (see Lemma 2.1) that this function does not vanish for non-real A. In
particular, it does not vanish identically. Therefore, its zeros form an at most countable
set without finite limit points.

By (2.1) we obtain for A, u € C, A # ,

d
p) - {9106, )926x, 1) = 01, D203, 2) } = (1 = 2) {92 (x, )01 (s ) + 02, )02 (%, ) .

Integrating the above equation through [-1, 0] and [0, 1] and taking into account the initial
conditions (2.23), (2.27) and (2.29), we obtain

912(1, A)922(L, 1) — 912(1, )922 (1, A) — (0 = Aoy

0
(=) (i / (9125 )16 1) + 01 (5 A 1)
P1Ja

1
+ L / (D126, A)912 (%, 1) + D223, M) 022 (%, 1)) dx). (2.35)
b2 Jo

Dividing both sides of (2.35) by (A — u) and by letting u —> A, we arrive at the relation

A1, A (L, A
022(1,1)% - Ulz(lr)\)% +01

0
) _(pll /_1 ([ouae D[ + 021, 2)[)

1
*,9%/0 (|2, V)| + |l)22(x,k)|2)dx>. (2.36)
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We show that the equation
Q(A) = (v + AsinBy)n12(1, 1) — (V3 + AcosBa)naa(1,A) =0 (2.37)

has only simple roots. Assume the converse, i.e., equation (2.37) has a double root . Then

the following two equations hold:

(V1 + Asin6y)12(L, 1) — (v + Acos ) (L, 1) = 0, (2.38)
- - a1, A
sinfy112(1, 1) + (v; + A sin 92)%
3922(1, 1) _

—c0sBa195(1,A) — (Vg + A cos By) 0. (2.39)

oA

Since 0, # 0 and X is real, then (v; + Asin6,)? + (v, + Acos6,)? # 0. Let vy + Asin6, # 0.
From (2.38) and (2.39), we have

~ (vy +Acosby) ~
(1,A) = ———pxn(1l,7),
h2 (v1 + A sin6,) 2

. ~ . . (2.40)
9912(1, 1) o222(1, 1) .\ (v2 + Acosbr) Anga(l, 1)

A (v +Asindy)? (v +Asing,)  OA

Combining (2.40) and (2.36) with A = A, we obtain

02(022(L, 1)) .
(v1 + A sin6)?

1 0
o :‘<_ f (9@ D) + 922 1)) dx
p1Ja

1
+ piz /0 (91266, V)| + 92266, 1)[7) dx), (2.41)

contradicting the assumption o; > 0, i = 1,2. The other case, when v, + 7. cos 6, #0, can be

treated similarly and the proof is complete. d

Let {1,}5°_., denote the sequence of zeros of ©2(1). Then

(%, A1)
D, An) = | To (0(%, 1)) (2.42)
T, (0(x, 1))

are the corresponding eigenvectors of the operator .A. Since A is symmetric, then it is easy

to show that the following orthogonality relation

DA, D Am)e =0 fornsm (2.43)

holds. Here {y(-, 1,)}>°_., will be a sequence of eigenvector-functions of (2.1)-(2.5) corre-

sponding to the eigenvalues {A,,}3°__ . We denote by W(x, A,,) the normalized eigenvectors
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of 4, ie.,

w(% )\n)
W) e DA T (W (6, 00)) | - (2.44)

1D A0l e
! T, (Y (%, 1))
Since 3(-, 1) satisfies (2.3)-(2.5), then the eigenvalues are also determined via
(a)1 + A-sin 91)311 (—1, }L) - (a)2 + COS 91)321 (—1, )L) = —Q()&) (245)

Therefore {3(-,1,)}0°_
(A}l _o with

« is another set of eigenvector-functions which is related by

3 An) = ka) (%, ), 2 €[-1,00U(0,1],n € Z, (2.46)

where k, # 0 are non-zero constants since all eigenvalues are simple. Since the eigenvalues
are all real, we can take the eigenfunctions to be real valued.

3 Green’s matrix and the expansion theorem
£

Let F(-) = |: w1:|, where f(-) = [;218 ], be a continuous vector-valued function. To study the
w;

completeness of the eigenvectors of A, and hence the completeness of the eigenfunctions
of (2.1)-(2.5), we derive Green’s matrix of problem (2.1)-(2.5) as well as the resolvent of A.
Indeed, let 1 be not an eigenvalue of .4 and consider the inhomogeneous problem

y(x)
(A-ADY(x)=Fx), V&) =|Te0w) |,
T, (¥(x))

where I is the identity operator. Since

L(y) y(x) f®)
(A-ADY () = | ~Tu(() | =2 | To, () [ = | w1 |,
-T0/)) To, (7)) W)

then we have
Px)y5 ) — {1 (%) + A }y1 () = i(%),
pR)Y(x) + {g2(x) + A}y (x) = —fo(x),  x€[-1,0)U(0,1],

wi = -T, (%)) = 2T (), wa=-T,(y(¥)) - ATp, (¥(x)) (3.2)

(3.1)

and the boundary conditions (2.2), (2.4) and (2.5) with A are not an eigenvalue of problem
(2.1)-(2.5).
Now, we can represent the general solution of (3.1) in the following form:

Al[ r)u(x,)n)] + Bl[ 311(x,k)]’ x € [-1,0),

= (0.4) 321(x,2)
e o (3.3)
D12(%,2) 312(5,1)
AZ[ ‘722(96,)»)] + Bz[ézz(x,)h)]’ x € (0,1].
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We applied the standard method of variation of the constants to (3.3), thus the functions
Ap(x, 1), Bi(x,A) and Ay(x, 1), Ba(x, 1) satisfy the linear system of equations

A, 10216, 2) + B (6 A 3,2) =2,
P
(x) (3.4)
A7, )11 (6, A) + By (o, A)311(3, 1) = = f2 €[-1,0),
and
A )22, 2) + B, 1 )an ) =)
P2
(x) (3.5)
A6 M0, 2) + By, V3o, 2) = fz € (0,1]

Since X is not an eigenvalue and €2(1) # 0, each of the linear system in (3.4) and (3.5) has

a unique solution which leads to

0
Ayl 2) = m) / sT(E M) dE + Al

(3.6)
Bl(x, )\)

oy | e ©d B, ael10)

_ T
Az(x,M-sz(M / 5T(E ) (€) de + Ay, .

BZ(x!)‘) = )f(é)d%' + B27 X € (Or 1]:

where A;, A, B; and B, are arbitrary constants, and

3(E,)‘-) =

vu(6.4) s1(6n)
o6 = | Lomen ] & €-1.0) [enl &€l-10)
L) <1, (260, & e 0,11,

Substituting equations (3.6) and (3.7) into (3.3), we obtain the solution of (3.1)

e [057 (€A (€)d + 22 [ 9T (€, 0)f (§) dE

PR

S A) = +A1n(x, A) + Bz, A), xf [-1,0), (3.8)
pzm)f 3 &N S)d§+;2?2 Jo 0" ENf(E)

+Aap(x, M) + Bozlx, A), «x€(0,1].

Then, from (3.2) and the transmission conditions (2.4) and (2.5), we get

w1

1 1 T Wy
e O g B

Ay
(3.9)

%) 1 0 T w1
=T = ) d .
oW’ P haw /_1" EA 0+ 55
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Then (3.8) can be written as

30 [*0EAf6)

i) = =gt k) st )+ G | S
pixA) [137(E 1)
+ ot J. o) dé, x,&€[-1,0)U(0,1], (3.10)
which can be written as
_wm £©)

o) =~ () + o3 4 / Gl 6,105 3 s, (3.11)

where
T a—
Gl &) = 1 |3’ (E1), -1<&6<x<1x#0,£#0, (3.12)
Q) |y T €2), -1=x<E<1Lx70,8 A0,

Expanding (3.12) we obtain the concrete form

s B

[‘;i(xk)gi( ) 31<xx)§§(s:x>]’ “l=x=8=Lx70.570.

The matrix G(x,&, 1) is called Green’s matrix of problem (2.1)-(2.5). Obviously, G(x, &, A)
is a meromorphic function of A for every (x,£) € ([-1,0) U (0,1])? which has simple poles
only at the eigenvalues. Therefore

— 500 2) + s 2) + [ Gl £, )58 dE
V() = (A= 1D 7'F(x) = %@@) . (314)
Lo, (0(x))

Lemma 3.1 The operator A is self-adjoint in €.

Proof Since A is a symmetric densely defined operator, then it is sufficient to show that
fx)

the deficiency spaces are the null spaces and hence A = A*. Indeed, if F(x) = [ wl] e
w2

and A is a non-real number, then taking

Y0 | [-a%0062) + gia ) + [ Gl &, )58 de
Yw)=| z |= Ty /(%))
22 i92(3’(95))

implies that ) € D(A). Since G(x, £, 1) satisfies conditions (2.2)-(2.5), then (A — A1) Y(x) =
F(x). Now we prove that the inverse of (A — AI) exists. Since A is a symmetric operator,

then, if AY(x) = AY(x),

A=, YO)e = (VO AVO)e = AV, V)

(M
(v ()Ay<) ~(AVO, YO

0.
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Since A — A #0, then (V(:), V(-))e =0, i.e., Y = 0. Then R(%; A) := (A — AI)7L, the resolvent
operator of A, exists. Thus

ROGAF =(A-A)'F=).

Take A = +i. The domains of (A — il)™! and (A + i)™ are exactly €. Consequently, the
ranges of (A — il) and (A + il) are also €. Hence the deficiency spaces of A are

Noii= N (A* +il) = RA-iD*" = & = {0},

N = N(A* —il) = R(A + il)* = € ={0}.

Hence A is self-adjoint. O

The next theorem is an eigenfunction expansion theorem. The proof is exactly similar
to that of Levitan and Sargsjan derived in [28, pp.67-77], see also [24, 26, 31, 32].

Theorem 3.2
(i) For Y(-) €€,

1VO]e = Y VO, @) (3.15)

(i) For Y(:) € D(A),

o]

V) = D (V0O W) W), (3.16)

n=-—00

the series being absolutely and uniformly convergent in the first component on

[-1,0) U (0,1], and absolutely convergent in the second component.

4 Asymptotic formulas of eigenvalues and eigenvector-functions

In this section, we derive the asymptotic formulae of the eigenvalues {1,}52 ., and the
eigenvector-functions {(-, 1,,)}°2_ . In the following lemma, we shall transform equations
(2.1), (2.23), (2.27) and (2.30) into the integral equations, see [26].

Lemma 4.1 Let (-, 1) be the solution of (2.1) defined in Section 2. Then the following inte-
gral equations hold:

D11(x, 1) =wzcos[k(x+1):| - sin[k(x+l)] +)\cos[(k(x+ D) +91]
b b )41

1 [ [Ax-t
L sm[ ( )]ql(t)nu(t,wt
pP1Ja P

1 XCOS[M""t)]qz(t)gm(t,x)dt, (4.1)
P/ )21
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921(x,2) :wlcOS[MxH)] +wy sin[k(x+ 1)] +/\sin[<k(x+1)> +91]
b1 JZ! )21

1 xcos[k(x_ t)]ql(t)nll(t,k)dt
pP1

p1Ja
1 . [Ax-t
-— sm[ ( )}qz(t)nzl(t,k)dt, (4.2)
p1Ja
AX
D12(x, A) = g—inu(o‘,k) 008[172]
1 [* AMx —
—?nm(o*,x) sin[ﬁ]——/ sin|: = t)]ql(t)nu(t,x)dt
2 b2 p2 Jo b2
1 [ Alx —
- = c0s|: br t)}qz(t)ngz(t,k)dt, (4.3)
P2 Jo b2
A
D22 (X, A) = Z;—ilju (0_,)») sm|:p—2]
+ &021(0’,)\) cosl:&] + i/ cos[k(x_ t)]ql(t)nlz(t,k)dt
& p21 p2Jo P2
1 [* Alx —
L sin|: b t)i|q2(t)t)22(t,)\)dt. (4.4)
P2 Jo P2

Proof To prove (4.1) and (4.2), it is enough substitute pi15,(5,A) — Apn(Z,A) and
—p1911 (& A) — Ao (¢, 1) instead of gy (£)n11(¢,A) and g2(£)y1 (¢, A) in the integral terms of
(4.1) and (4.2) and integrate by parts. By the same way, we can prove (4.3) and (4.1) by
substituting ps5,(2, A) — A912(t, 1) and —pa 1, (2, A) — Ayaa(2, 1) instead of g1 (£)n12(¢, 1) and
q>(£)922(2, 1) in the integral terms of (4.3) and (4.1). O

For |A| — o0, the following estimates hold uniformly with respect to x, x € [-1,0) U
(0,1] (cf [28, p.55], see also [22, 23]):

lx,A) = )\cos[(k(x * 1)> + 011| + (’)(exp[r bt 1):|>, (4.5)
b1 b1
o[ (57) ool 57])
921(x, A) = Asin +0; | +Olexp|t , (4.6)
b1 b1
D2(x,4) = K[ﬁ cos[(i) + 91] cos[k—x] _r sin[(i) + 91i| sin[&ﬂ
& p1 P2 89 p1 )23
+ O(exp[ri(plx+p2)j|), (4‘7)
pip2
922(%, A) = K[& COS|:<£> + 91:| sin[k—x] + r sin|:(£> + 91:| COS[&:H
& 1 P2l & 1 P2
+ O(exp[r 7(plx+p2)]>, (4.8)
)2V2)

where 7 = |JA|. Now we will find an asymptotic formula of the eigenvalues. Since the
eigenvalues of the boundary value problem (2.1)-(2.5) coincide with the roots of the equa-
tion

(V1 + Asin6y)h1a(1,A) = (V2 + Acos62)22(1, 4) = 0, (4.9)
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then from estimates (4.7) and (4.8) and (4.9) we get

A A A A
22 sin@zliﬁ cos|:(—) + 01] cos[—] _r sin[(—) + 91:| sin[—]]
1 p1 P2l & p1 )2)
A A A A
-2 c0502|:ﬁ005|:<—> + 91] sin|:—] + ) sin|:(—) +01] cos[—]:|
4 P P2l & 2! )2
+ O(kexp[rw]> =0,
pip2
which can be written as
A A A A
sin@z[& cos[(—) + 91:| cos|:—] _ s1n[<—) + 91] sin[—]]
31 p1 P2l & p1 )2)
A A A A
—cos@z[ﬁcos[(—> +91] sin|:—i| + el sin|:<—> +01] cos|:—:|:|
| P P2l & P )2

+ o( exp[ (1 + ]) =0. (4.10)
A P2
Then, if 18, — 1261 = 0, equation (4.10) becomes
sin|: <p1 pz) +6; — 92] + O( exp|: (1 + pz)]) =0. (4.11)
pip2 pip2
For large ||, equation (4.11) obviously has solutions which, as is not hard to see, have
the form
xn<pl+p2>+el—92=m+an, n=0,41,42,.... (4.12)
pip2

Inserting these values in (4.11), we find that sin§, = (9(%), ie,d, = (’)(%). Thus we obtain

the following asymptotic formula for the eigenvalues:

1
Ao = m(m+92_91)+@<_), n=0,41,42,.... (413)
p1t+p2 H

Using formulae (4.13), we obtain the following asymptotic formulae for the eigenvector-

functions y(-, A,):

x €[-1,0),

M ws[(w @)y 014 O(1)
An sm[( )+6 1+OQ1)
0, An) = [x a5 ws[( )+€1]cos[)‘”x]——sm[(%)+91]sin[);"—2x]]+0(l)
)

(4.14)
hnl §b cos[(52)+6n ] sin[ 521+ 32 sm[(;—*f)+91]cos[%"]]+0(1)j| » %€(0.1),

An
71
dn
P1

where

v11(%An)
, x€[-1,0),
(% A) = Lo 1=1.0) (4.15)

912(%2)
[021:<x,xn)]’ x € (0,1].
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5 The sampling theorems
In this section we derive two sampling theorems associated with problem (2.1)-(2.5). The
first sampling theorem of this section associated with the boundary value problem (2.1)-

(2.5) is the following theorem.

Theorem 5.1 Let f(x) = [f1 x)] e H.ForxeC,let

fa(x)

0 1
= l/ fT(x)t)(x,k)dx+ i/ fT(x)n(x,A)dx, (5.1)
p1Ja P2 Jo

where v(-, 1) is the solution defined above. Then F(1) is an entire function of exponential
type that can be reconstructed from its values at the points {1,}.°_., via the sampling for-

mula

- Q)
FO= 2 P0Gty

n=—00

(5.2)

Series (5.2) converges absolutely on C and uniformly on any compact subset of C, and (1)
is the entire function defined in (2.34).

Proof Relation (5.1) can be rewritten in the form

FO) = (50,001, / £ s Ry s / FTen@ds, reC (53)

where
S n(x, 1)
Sx)=| 0 |, D(x, L) = | Tp (h(x, 1) | € €.
0 T, (n(x, 1))

Since both F(-) and (-, A) are in &, then they have the Fourier expansions

N i o0t Y, A)
§x) = n;o<&( ) DA BRI
(5.4)
N o, _ (e, 1)
D)= n;o@( R DG A)%
where A € C and
30, D0, / SN ) s f TG00 1) (55)
Applying Parseval’s identity to (5.3), we obtain
FG)=Y_ Fo,) BN DGIe - (5.6)

[DIICVI

n=-00
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Now we calculate (9)(-, 1), D(-, 1)) e and || (-, A,)|le of A € C, n € Z. To prove expansion
(5.2), we need to show that

<@(")‘-)’Q.j('1)‘-n)>€ _ Q(}\)

IDC A A= 2)Q(M)

neZ,,eC. (5.7)

Indeed, let 1 € C and # € Z be fixed. By the definition of the inner product of &, we have

e Ly
(96,964 = / RACRUCTRr fo 5T (5 Ao 1)
+ %391 (U(x) )‘*))591 (U(x’ }‘n))
N GLZ% (06 1)) T, (0 ). (5.8)

From Green’s identity (see [28, p.51]) we have

0 1
(xn—m[i / 0T (o )0, ) i+ — / UT(x,k)n(x,An)dx]
p1Ja P2 Jo

=W(n(07,1),9(07, 1)) = W(n(-1,1),9(-1,1,))
- W(H(0%,1),9(0%,1,)) + W(n(L, 1), n(1, 1)). (5.9)

Then (5.9) and initial conditions (2.23) and (2.27) imply
1 0 1 1
Ay — A)|:—f 9" (%, A)n(x, Ay) dx + — / ' (%), Ay) dx]
b1 Ja b2 Jo
=W((1,2),9(14r)) = (= )01, (5.10)

from which

1 [0 1 [t
L / 0T (6 A, h) 4 / 0T (6 A0, A) e
P Ja P2 Jo

_WOMR0)

P (5.11)
From (2.46), (2.25) and (2.8), we have
W(n(L4),9(1 20)) = 912(L, A)922(L A) = 922 (L M), 4,.)
=k, [912(L V322 (L An) = 922(1, A)312(1, 1) ]
= k;l[()w, sinfy + v1)h12(1, A) — (A, cos B + v2)92a(1, A)]
=k [Q() + Oun = 1) Ta, (0, 1)) ]- (5.12)

Relations (2.46) and Ty, (3(x, A,)) = —09 and the linearity of the boundary conditions yield

-1

k
0%‘392 (0% 1)) T, (9(x, 1)) = 0—”2592 (0 1)) T, (305, An)) = —k,'To, (n(x, 1)), (5.13)
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Substituting from (5.11), (5.12), (5.13) and %y, (y(x, 1)) = T, (n(x, 1,,)) = o1 into (5.8), we get

4 Q0)
(m(")‘)r @(’An» = kn )" _ )\. (514)
Letting A — A, in (5.14) and since the zeros of Q2(1) are simple, we get
(D2 D)) g = [ D) = k512 (o) (5.15)

Since A € C and n € Z are arbitrary, then (5.14) and (5.15) hold for all . € C and all n € Z.
Therefore from (5.14) and (5.15) we get (5.7). Hence (5.2) is proved with a pointwise con-
vergence on C. Now we investigate the convergence of (5.2). First we prove that it is abso-

lutely convergent on C. Using the Cauchy-Schwarz inequality for A € C, we get

1/2
sz(x) o [EO.YG A el
F < ALANAIC ARV
Z‘ PRI (kZ; 1960 )
(3 16D AR ) 6516
IO ‘ '

Since F(-), D(-, 1) € &, then the two series on the right-hand side of (5.16) converge. Thus
series (5.2) converges absolutely on C. As for uniform convergence, let M C C be compact.
Let A € M and N > 0. Define «x(X) to be

N Q)
A):=|F(L) - F(u 5.17
)= FO - 3 F) g s .17)
Using the same method developed above, we have
oty = (30 1B A " $° 6640 " 518
YUE\NE DGR & I6EMIE ’ '
Therefore
X EODCDel
A Y LAUAYCAS LS I 519
ex(3) < |9 k)||¢<kZ_N e (519)
Since [-1,1] x M is compact, then we can find a positive constant Cy; such that
||2j(~,k)||@ <Cpy forallA e M. (5.20)

Then

B0V
C O D6l 5.21
kn(r) < M(kX_;\[ 1D, 2 11% ) -
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uniformly on M. In view of Parseval’s equality,

(i 1FE D)) el

1/2
3 — 0 asN — o0.
= IGMIE )

Thus «kn (1) — 0 uniformly on M. Hence (5.2) converges uniformly on M. Thus F(1) is an

entire function. From the relation
1 [ 1 [°
F)| < —/ 56 s e, 1) e + —/ 15| |92206,2)| dx
prJa P Ja

1 /1 1 /1
+—/ M(x)|\mz(x,x>|dx+—/ 5|96 )| dx, 2 eC
P2 Jo P2 Jo

and the fact that v;;(,1), i,j = 1,2, are entire functions of exponential type, we conclude
that F(1) is of exponential type. d

Remark 5.2 To see that expansion (5.2) is a Lagrange-type interpolation, we may replace
() by the canonical product

[o¢]

Q) = ( —)\0)]_[<1 - %) (1 - C ) (5.22)

n=1

From Hadamard’s factorization theorem, see [1], Q(A) = h(A)SNZ(A), where /(M) is an entire
function with no zeros. Thus,

Q) hM)QM)
Q) AR (M)

and (5.1), (5.2) remain valid for the function F(1)/h()). Hence

e K.
s n;o Fk) B() 2 Ou) (A = A) (5.23)
We may redefine (5.1) by taking the kernel % =%(, 1) to get
?(A) _ F()) _ Z F’()»,,) Q(A) o)

h() = (A=A ()

The next theorem is devoted to give vector-type interpolation sampling expansions as-
sociated with problem (2.1)-(2.5) for integral transforms whose kernels are defined in
terms of Green’s matrix. As we see in (3.12), Green’s matrix G(x, £, 1) of problem (2.1)-(2.5)
has simple poles at {A¢}2_, . Define the function G(x, 1) to be G(x, 1) := Q(A)G(x, &y, 1),
where & € [-1,0) U (0,1] is a fixed point and (1) is the function defined in (2.34) or it is
the canonical product (5.22).

Theorem 5.3 Let f(x) = [};1((3] e Let F(\) = [282] be the vector-valued transform

1 [ - 1! -
F(r) = [9_1 /_1 Gx, AM)f (x) dx + P_z/o G(x, A)f (x) dx. (5.25)
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Then F (M) is a vector-valued entire function of exponential type that admits the vector-

valued sampling expansion

F0)= 3 Fld o (526)

A= )\‘}’I)Q/()"Vl) ’

The vector-valued series (5.26) converges absolutely on C and uniformly on compact subsets
of C. Here (5.26) means

Q) Q1)

Filr) = 2;0 Fln G Sogoy W 2;0 e L)
where both series converge absolutely on C and uniformly on compact sets of C.
Proof The integral transform (5.25) can be written as
FA) =(8(1),30)) g (5.28)
f®) G (x, 1)
= 0 [,  Bxr)=|T(G (1) | €€
0 T, (G (%, 1))
Applying Parseval’s identity to (5.28) with respect to {2)(-, A,)}32_.,, we obtain
> 3’()’ ('1 )Ln)
Foy= 3 (60,00,90,10) SD ke (5.29)
Nn=—00 ”2:)(':)¥n)”@

Let A € C such that A # 1, for n € Z. Since each (-, A,,) is an eigenvector of A, then

(A - )\])QJ(?C, )"n) = ()\n - )‘)Q.j(x’ )"n)

Thus

1

(A= 20D hn) = D ). (5.30)

An
From (3.14) and (5.30) we obtain

_ (262 (U(x: )Vn))
Q0)

(ZHl (U(xx }‘n))

U(%-O’)") +

1 (O 1 [t
+ —/ G(x, &0, M)y(x, X)) dox + —f G(x, &0, M) (x, Ayy) dx
p1Ja P2 Jo

) (531

An
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Using Ty, (n(x, 1,)) = 01, (2.46) and Ty, (3(x, 1)) = —03 in (5.31), we get

O’zkn_1
Q6 9(€o, 1) + Q(A) / G(x, &0, A)0(x, 1)

L1 / G, 0, M0, An)
P2 Jo

An)- (5.32)

Hence (5.32) can be rewritten as

ok (60, 1) + 013(E0s ) + = [ G A A) x4 / G, M), 1)

pP1Ja
= Q()L) (5.33)
The definition of &(-, 1) implies
1 0 1 1
<Q5(")‘)!§D(")\n)>@ = g(x,A)U(x;kn)dx+ - g(x,k)‘)(x;)\n)dx

b1 Ja p2 Jo
. Uilzel (GT(6,2) T4, (0, 2)
+ isgz (G7 (% 1)) T, (03, 1)) (5.34)

)]

Moreover, from (3.12) we have

391 (gT(x, )")) (50 )‘Igl ( (x, )‘))! T92 (gT(x, )")) = U(EO! )\)T92 (3T(x: )‘)) (535)

Combining (5.35), Ty, (n(x, 1)) = Ty, (n(x, 1)) = 01, T, (3, A)) = Ty, (3(%, 1)) = —0 and
(2.46) together with (5.34) yields

(60,20, 9(,2) f G, )0, 1) dx
L / G, )9 A dx + 0ok (0 1) + o130 h).  (5.36)
P2 Jo

Thus from (5.33) in (5.36), we obtain

Q)
T

(B2, (A0 = 0(E0> An)- (5.37)

Taking the limit when A — A, in (5.28), we get

(QJ(':)\](): S())Q’ )

5.38
19601l 539

F(ha) = lim (B(,2),50))g = lim D (B(,4), D 10)),
n nk:_oo
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Making use of (5.37), we may rewrite (5.38) as, & € [-1,0) U (0,1],

7] [ s ot i
F,) = "= DEADEO)
Fala) | [Ty, 3528 oo 728 0060, i) RS

[ o k) B (5.39)

|~ G0, ) FgSi

The interchange of the limit and summation is justified by the asymptotic behavior of
(%, A,) and that of Q(1). If v1(&0, A,) # 0 and v2(&0, 1,,) # O, then (5.39) gives

(3:();2)(: )\n))qf __ fl()‘n)

”2)())“}1)”2@ Q’()»n)\)l(fo, )‘n)’
- (5.40)
S DC ) e Fa(hn)

DGR QO)n(Eorrn)

Combining (5.37), (5.40) and (5.29) we get (5.28) under the assumption that ;(§,1,) # 0
and 1, (&p, A,) # 0 for all n. If y;(£9, A,,) = 0, for some n, i =1 or 2, the same expansions hold
with F;(A,) = 0. The convergence properties as well as the analytic and growth properties
can be established as in Theorem 5.1 above. O

Now we derive an example illustrating the previous results.

Example 5.1 The boundary value problem

¥y —q@y =ry, ¥ +q@)ys =iy, xe[-1,00U(0,1], (5.41)
(=1 =2ry2(-1),  yn@)=-1y(D), (5.42)
71(07) =2y1(07) =0,  295(07) —»2(0") =0, (5.43)

is a special case of problem (2.1)-(2.5) when wy =1, v, =1, 0 =v =0, pr=po =1, 1 =
S=11n=58=2,0=0=7 and q1(x) = q2(x) = g(x),

1, -1<x<0,
q(x) =
0, O0<x<l.

In the notations of equations (2.30) and (2.31), the solutions y(-,A) and 3(-, 1) of (5.41)-
(5.43) are

il A) = cos[(k +1)(x + 1)] - sin[(k +1)(x + 1)],

(5.44)
(X, A) = A cos[(k +1)(x+ 1)] + sin[()» +1)(x + l)],
D(x, A) = cos[l +Ax+1) ] k51n[1 +Alx+1) ]

(5.45)
D22(x, A) = Acos[1+ A(x +1)] +sin[1+ A(x +1)],
31(%4) = Asin[A — (A + 1)x] — cos[A — (A + 1)x],

(5.46)

321(%,4) = sin[A — (A + 1)x] + A cos[A — (A + )],

Page 23 of 27



Tharwat and Alofi Boundary Value Problems (2015) 2015:33 Page 24 of 27

gl ]

-4 -2 0 2 4

Figure 1 The eigenvalues of 2(1).

3206 2) =2 sin[A(l - x)] - cos[k(l - x)],

(5.47)
322, A) = sin[k(l - x)] + A cos[)\(l - x)].
The eigenvalues are the solutions of the equation
Q1) =21 cos[24 +1] - (A* = 1) sin[2A +1]. (5.48)

As is clearly seen, eigenvalues cannot be computed explicitly. Hence the eigenvalues are
the points of R which are illustrated in Figure 1.
Green’s matrix of problem (5.41)-(5.43) is given by

1
G080 = s+ 1= G2~ Dsinli 1 1]
Gi(x,&,1), -1<&E<x<O,
gZ(x)‘i:))")’ —1Sx§§ <0»
« g3(x’$7)"); -1 < é < O’ 0 <x < 1; (549)

g‘L(xré!)")r _1§x<070<€§1,

gS(x’sr)‘)i 0<$§x§1;

g6(x1‘i:;)")’ 0<x§‘§51)

where

(A2 —1) cos[h] + 2A sin[] — (A% + 1) cos[D]

1
Gi(x,6,2) = 3 |:(1 — A sin[%] + 2x cos[h] — (A2 + 1) sin[D]

(A2 = 1) sin[9%] = 2A cos[1] = (A% + 1) sin[85]
(A2 —1)cos[h] + 2 sin[h] + (A2 + 1) cos[] |
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(A2 = 1) cos[03] + 2 sin[P3] — (A2 + 1) cos[5]

Gl ,2) =2
25 = 1 (02 2 1) sin[9s] — 2 cos[Ps] — (A2 + 1) sin[9]

(1= A2)sin[93] + 2 cos[P3] — (A% + 1) sin[V5]
(A% —1)cos[93] + 2A sin[®3] + (A2 + 1) cos[D] |

(A% = 1) cos[05] + 2Asin[D5] — (A2 + 1) cos[D4]

1
G, €,2) = 2 |:(1 — A2)sin[05] + 24 cos[D5] + (A2 + 1) sin[134]

(A% =1)sin[05] — 2A cos[Ps] + (A% + 1) sin[D4]
(A2 = 1) cos[9s] + 2A sin[P5] + (A2 + 1) cos[P4] |

Galx, €,0) = 1 (A% = 1) cos[¥7] + 2Asin[07] — (A% + 1) cos[1%]
a5 A) =5 (A2 —1)sin[87] — 2A cos[9;] + (A% + 1) sin[6]

(1 =A%) sin[0] + 21 cos[97] + (A% + 1) sin[d]
(A2 = 1) cos[97] + 2A sin[;] + (A2 + 1) cos[D6] |

(A2 = 1) cos[9] + 2 sin[9] — (A2 + 1) cos[Ds]

1
Gs(x.§,2) = 2 |:(1 —A2)sin[] + 2X cos[Dg] — (A2 + 1) sin[Jg]

(A2 = 1) sin[D9] — 2A cos[9] — (A2 + 1) sin[Us]
(A% —1) cos[Pe] + 2A sin[Pe] + (A2 + 1) cos[Ws] |

(A% = 1) cos[Vp] + 2A sin[D19] — (A% + 1) cos[Ig]

Golw,£,0) = =
65 =5 (02 — 1) sin[0] — 2 cos[ro] — (A2 + 1) sin[Ds]

(1 = A%)sin[P10] + 21 cos[P19] — (A% + 1) sin[Ds]
(A% = 1) cos[B10] + 2A sin[D10] + (A2 + 1) cos[9s] |

1= EA) =(A+1)(E —x) + 24 +1, Oy = Da(x,6,4) = (A +1)(§ +x) +
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D3:= 03, EA) =L +1)(x—&) + 21 +1, By = 04(,E,0) = A —Ax — (A +1)(E +1),

¥5:= 05k, E,A) = A —Ax+ (A + 1)(§ +1), Vg = Ve, E,A) = A — (A +1)(x + 1) — AE,

O7 =000, 6,0) =1+ (A + 1)(x +1) — A, Vs = Ug(x, E,A) = A€ +%) + 1,

Vg := Vo(x,&,A) = A€ —x) + 21 + 1, Yo := Do, E,A) = Alx — &) + 21 + 1.

By Theorem 5.1, the transform

0
F()) = / [A(®)(cos[ (A + 1)(x +1)] = Asin[(A + 1)(x + 1)])

1
+f2(x)(k Cos[(k +1)(x + 1)] + sin[()» +1)(x + 1)])] dx
1
+ / [ﬁ(x)(cos[l +Alx+ 1)] —A sin[l +Alx+ 1)])
0
+fo(x)(Acos[1+A(x +1)] +sin[1+ A(x +1)])] d

has the following expansion:

oo

F()= Y F(h)

n=-00

21 cos[2A + 1] — (A2 = 1) sin[2A + 1]
(hn = X)[2(A2 = 2) cOS(2A,, + 1) + 61, sin(2A, +1)]

(5.50)

(5.51)
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where {1,}°°_ are the zeros of (5.48). In view of Theorem 5.3, the vector-valued trans-

form
Asin[A—(A+1)&g]—cos[A—(A+1)&p] cos[(A+1)(§g+1)]-A sin[(A+1) (59 +1)]
[sin[k—(x+1)§0]+kcos[A—(A+1)ég]]F [ sin[A—(A+1)&g]+A cos[A—(A+1)&p] ](FZ + FS)
-1<§<0,
]:()L) = Asin[A(1-&p)]—cos[A(1-&p)] (F r ) cos[1+A(§0+1)]-A sin[1+A (50 +1)] r (552)
[9m[k(1 £0)]+X cos[A(1— ]] 4t [Acoq[1+k(§0+1)]+<1n[1+l(50+1 ] 6
0< %‘0 S 11
where

§o
= / [(cos[(k +1)(x+ 1)] - A sin[(k +1)(x+ 1)]) (%)

1
+ (k cos[(k +1)(x + 1)] + sin[()» +1)(x + 1)]) g(x)] dx,
0
Ty = / [(Asin[A = (A + D)x] = cos[A — (A + D)x])fi (x)
o

+ (sin[A = (A + Dx] + Acos[A = (A + Dx])fo(x)] dx,
ro- | [(esinfr(1 = )] - cos[1(1 -]V

+ (sin[A(1 - x)] + A cos[A(1 - x) | )fa(x) ] dx,
Ty = /_j[(cos[(k +1)(x +1)] = Asin[(A + D) (x + 1)])fi(x)

+ (rcos[(A + 1)(x +1)] +sin[ (2 + 1)(x + 1)])fo(x) | d,
I = /OEO [(cos[1+A(x+1)] - Asin[1+ A(x +1)])fi(x)

+ (hcos[1+A(x +1)] +sin[1+ A(x + D)])fa(x)] dx,
T = /g:[(x sin[A(1 - x)] — cos[A(1 - x)] )i (%)

+ (sin[k(l - x)] +A cos[k(l - x)]) g(x)] dx

The vector-valued transform (5.52) has the following vector-valued expansion:

_ 2).cos[2A+1]—(A2-1) sin[21+1]
FO) = Fih) =30 o Fi(hn) (=M [2(02=2) OS2y +1) +6Ay sin(20+1)] (5.53)

_ 2X cos[2A+1]—(2-1) sin[2A+1]
Ta(h) =320 oo Falhn) Oon—M)[20:2-2) co8(2hy +1)+ 61y Sin(20y 41)]
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