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Abstract

The incomplete inverse spectral and inverse nodal problems for Dirac operator
defined on a finite interval with separated boundary conditions are considered. We
prove uniqueness theorems for the so-called incomplete inverse spectral problem.
Using the obtained result we show that for a unique determination of the operator it
is sufficient to specify the nodal points only on a part of the interval slightly
exceeding its half.
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1 Introduction
Consider the eigenvalue problem corresponding to the Dirac operator, denoted by L :=
L(Q(x); a, B), of the form

ly:=Byr—Qx)y=21y, O<x<l, (1.1)

(0 1 _[(px) 0 ()
&(4 J’ Qm‘(O %J’ ym‘@m)

subject to the boundary conditions

with

rmw:ﬁmnma+wwmma=a 0<aBe<r. (1.2)

V(y) :=y1(1) cos B + y2(1)sin B = 0,

Here A is a spectral parameter, p(x), g(x) € C*[0,1] and they are real-valued functions. The
Dirac operator is the relativistic Schrédinger operator in quantum physics. Here we mainly
investigate inverse spectral and inverse nodal problems for the Dirac operator (1.1)-(1.2)
and establish a connection between them.

The basic and comprehensive results about Dirac operators were given in [1]. Further-
more, spectral problems for Sturm-Liouville or Dirac operators were extensively studied
in various publications; see e.g. [2—5]. Moreover, sampling theory is one of the most impor-
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tant mathematical tools used in communication engineering, the Whittaker-Kotel'nikov-
Shannon (WKS) sampling theorem is viewed as the fundamental result in information the-
ory [6-8]. In the past years, this sampling theorem has been investigated and improved by
several authors. In particular, Tharwat and Bhrawy, etc. [9-14]) used the derivative sam-
pling theorem (Hermite interpolations and sinc-method) to compute the eigenvalues of
the discontinuous Dirac systems.

Inverse spectral problems consist in recovering operators from their spectral character-
istics. Such problems play an important role in mathematics and have many applications
in natural sciences and engineering (see [2, 5] and the references therein). Some aspects
of inverse spectral problems for the Dirac systems were studied in [1, 15-18] and other
papers. In particular, in [17] it is proved that under some conditions finitely many partially
known spectra and partial information on the potential entirely determine the potential.
Inverse nodal problems, in turn, consist in constructing operators from given nodes (ze-
ros) of their eigenfunctions (refer to [19-24]). From the physical point of view this corre-
sponds to finding, e.g., the density of a string or a beam from the zero-amplitude positions
of the eigenvibrations. In [24] inverse nodal problems of reconstructing the Dirac opera-
tor on a finite interval were studied, where it was proved that the operator L is determined
uniquely by specifying a dense set of nodal points.

In the present paper, we will consider inverse problems of recovering Q(x), «, 8 from
the given spectral and nodal characteristics. In what follows without loss of generality we
always assume the mean value of p(x) + g(x) is known a priori. Under this assumption we
obtain uniqueness theorems and provide a constructive procedure for the solution. The
novelty of this paper lies in the established connections between inverse nodal and spectral
problems and the use of a set of nodal points of the components y; (x, 1,,) of the eigenfunc-
tions y(x, A,,) = (y1(%, A,,), y2(x, 1,,)) T as the given nodal data. As far as we know, incomplete
inverse nodal problem for the Dirac system had not been considered before and the ob-
tained results are natural generalizations of the well-known results on the classical inverse
problems.

The paper is organized as follows. In Section 2, we prove the uniqueness theorems for
so-called incomplete inverse spectral problem for the Dirac operator L. Using the obtained
result we show that for unique determination of the operator it is sufficient to specify the

nodal points only on (b,1) with b < 1/2 in Section 3.

2 Incomplete inverse spectral problem

In the first part of the paper we study the so-called incomplete inverse problem of recov-
ering the coefficients of (1.1)-(1.2) from a part of the spectrum of L provided that they are
known a priori on a part of the interval. We note that for recovering Q(x) on the whole
interval [0,1] it is necessary to specify two spectra of boundary value problems with dif-
ferent boundary conditions (see [15]). We also note that the analogous problem for the
Sturm-Liouville operators and differential pencils were investigated in [17, 25-27] and
other work.

Let S(x, A), ¢(x, 1) and ¥ (x, A) be the solutions of Eq. (1.1) under the initial conditions

$(0,2) = (0)’ 0(0,2) = < sino )’ w(l,k):< sin 8 )
1 —cosa —cos
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It is clear that, for each fixed x € [0,1], these solutions are entire in A. Let T = ImA. Then
the following representations hold uniformly in x as |A| — oo (see [1], p.208, (5.11) and

(5.12)):
1%, 2) = sin(ux + @ + n(x)) + A& 4 O(47),
02(%, 1) = —cos(hx + & + n(x)) + Yot (1) O(e'”") @D
Here
%@JJ:@:gxﬁstx+m@+a)+g:fKQSmQx+ﬂ@—a)
&———g—liyuwﬁx+MM+a)
\@@J):@:fﬁﬁamux+mm+a)+@lfmaamQx+mm—a)
_ w sin(ix + 1) + )
and
0= [ )+ at0) . (22)

Denote A(A) := (¥ (x, 1), o(x, A)), where (y(x), z(x)) := y1(x)z2(x) —y2(x)z1(x). The function
A() is called the characteristic function of L and it does not depend on x. Substituting
x =0 and x =1 into A(X) we obtain A(A) = V(¢) = U (). The function A()) is entire in
A and its zeros {A,},cz coincide with the eigenvalues of L. It follows from (2.1) that for
L] = oo

A(A) = cos Ber(1, 1) + sin B (1, 1)

[3 () - q(2)*dt

= sin()»+a—ﬁ+n(1))— o

(g-p)1)
+7
a)

cos(k +a—-B+ n(l))

sin(A+a+B+n()) + % sin(A —a - B +n(1))

|7]
. o(%), (2.3)

where 7n(x) is defined in (2.2). It is well known that the spectrum of the problem (1.1)-
(1.2) consists of the eigenvalues A, n € Z, which are all real and simple, and the sequence
{\, n € Z} satisfies the classical asymptotic form [1]

1
A -nn+co+i+0( 2) (2.4)
nrw n

where ¢cg = B — o — n(1) and

_l[(p_ )(1)sin28 — (p )(o)sin2a+1/1(p— )2dt]
1| -4 q y ), p-ardel.
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For our purpose of this paper, together with the problem L defined by (1.1)-(1.2), we
consider another problem L of the same form but with different coefficients p(x), 7(x),
@, . We agree that, everywhere below if a certain symbol 8 denotes an object related to L,
then § will denote an analogous object related to L. Thus from the assumption we have
n(1) = 7(1).

For the rest of the paper, we shall only consider the boundary condition «, 8 > 0. The
other cases can be treated similarly.

Denote eg(x) = (exp(2ix),exp(—2ix))T. The following theorem has been proven by
Horvath [28] for the Sturm-Liouville operator. We show it also holds for the Dirac op-
erator (1.1)-(1.2).

Theorem 2.1 Fix b € (0,1/2]. Let A C Z be a subset of integer numbers, and let Q :=
{Au}nen De a part of the spectrum of L such that the system of functions {€o(AyX)}nen is
complete in {L,(0,b)}*. If p(x) = p(x), q(x) = §(x) on [b,1], and B = B, Q@ = Q, n(1) = 7(1),
then p(x) = p(x), qx) = g(x) on [0,1] and « = &.

Remark 2.2 Itis easy to see thatif » = 1/2 then Theorem 2.1 reduces to the Hochstadt and
Lieberman’s theorem [29] for the Dirac operator, which is studied by Malamud in [30]. At
this point, our results are generalizations and improvements of the well-known results.

Proof Since Q2 = Q, it follows from (2.4) that co = ¢, which together with the conditions

B =Bandn@) =7Q) yields a = &. Let us denote by ¢(x, 1) = (¢1(x, ), 92 (x, A))T the solution

to the equation
By — Q(x)y = Ay (2.5)
with the initial condition
(yl(O,A)> _ ( sina ) ’ 2.6)
92(0, 1) —cosa
and by ¢(x, ) = (¢1(x, A), @2 (x, 1)) T the solution to the equation

By - Qx)y = Ay 2.7)

with the same initial condition as (2.6). Suppose 0 < a < b < 7, forall (a1,a,)” and (by, b2)”

in (Ly[a, b])?, define the inner product
((ﬂlyﬂz)T, (b1, bz)T> =a1by + axbs.

Multiplying (2.5) by @(x, A) and (2.7) by ¢(x, 1) (in the sense of scalar product in R?), re-

spectively, and subtracting, we get

d -
o [@1(x, M@ (x, 1) = @a (o, Meor (6, 1)] + ((Qx) — Q) (s, 1), @, 1)) = 0.



Wei et al. Advances in Difference Equations (2015) 2015:188 Page 5 of 12

Integrating the above equality from 0 to 1 with respect to x, we infer from the conditions
px) = px), g(x) = g(x) on [b,1] and @ = & that

b
/o ((Q®) - Q®)(t, 1), @(t, 1)) dt = @1 (L, Mea(1, 1) = G2(1, V)1 (1, 1)
=@ 1)AM) = A)ei(1,1)]/sin B. (2.8)

Define
p1(x) = p(x) - p(x), q1(x) = g(x) — g(x)
and
b ~
H() = /0 ((QUE) - Q) (e, 1), §(6, 1) d
Since A(A,) = A(A,) = 0 for 1 € A, it follows from (2.8) that
H(.,,) =0, neA. (2.9)

It is known [1] that there exist kernels K (x, t) = (Kj;(x, t))f,j:1 and K(x, t) = (f(,-j(x, t))l-zvl.:1 with

entries continuously differentiable on 0 < ¢ < x <1 such that

{go(x, 2) = 9ol 2) + [ K(x, o (8, 1) dt, (2.10)

P, 1) = 9ol A) + [o K(x, )o(t, 1) dt,
where @o(x, 1) = (sin(Ax + ), — cos(Ax + @))”. Thus we can show from (2.10) that
b ~
1) = [ (@0~ Qw)ote )56, 1)ar
b t t
= / pi(t) |:— cos2(At + o) + / Ri(t,5)e*™ ds + / Ry (t,5)e 2 ds] de
0 0 0

b t t
+ / q(t) [— sin2(At + o) + f Rs(t,5)e*™ ds + / Ry(t,s)e™ 2 ds:| de
0 0 0

t
/ f(t [ 2irt / Su(f S) 21Asds+f Slz(lf,S)eiziks dSi| dt
t
/fg |:_2’“ / Salt, s)emsds+/ Sgg(t,s)e_%“ds] dt
0

_ / m[ (5) + / FOSu(t,5) + DSt s)dt]ds
0

b
+/ e‘ms|:f2(s)+/ Si)S12(t, ) +f2(f)522(t,5)dt:|ds
0 s

b b
= / <€0()»S),f(S)+/ S(t,s)f(t)dt>ds
0 s
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where

2i0 —2ia

(1) + ip1 (%)),

2i

T
@) - ipl(x))) ,

£ = (R )" = (—e

and Ry(x,t), [ =1,...,4, S(x,t) = (S;j(x, £)), i,j = 1,2 are matrix functions with entries which
are piecewise-continuously differentiable on 0 < ¢ < x < 1. Taking (2.9) into account, it

yields

b b
0=H(A,) = / <eo(kns),f(s) + / S, s)f (2) dt> ds, meA.
0 s

Thus from the completeness of the functions {eq(A,x)},ea in {L2(0,b)}?, it follows that

b
fls)+ / S(t,s)f(t)de=0 forse (0,b).

But this equation is a homogeneous Volterra integral equation and has only the zero so-
lution. Thus we have obtained f(x) = (fi(x),f2(x))T = 0 on [0, b] and consequently p; (x) =
q1(x) =0, i.e. p(x) = p(x), g(x) = g(x) on [0, b]. This completes the proof. O
In Section 3 the following theorem will be used.

Theorem 2.3 Fix b < 1/2 and N € N. Let g = B, px) = plx), qlx) = g(x) on [b1]. If
AN = {X,,}‘,,EN and n(1) = 7(1), then L = L, ie., px) = p(x), qx) = q(x) on [0,1] and
o=d.
Proof 1t follows from the conditions of the theorem that

a=a, n(a) = n(a). (2.11)
Let ®(x,A) and W(x, 1) be the solutions of Eq. (1.1) under the boundary conditions

ue)=1, V(®) =0; W (0,A) =1, V(¥)=0.

Then a direct calculation yields

D(x, ) = - 575 = S [S(x, 1) + M(W)g(x, M),
wGen) _ 1 (2.12)
\IJ(x,A) = ¥1(0,2) = m[‘ﬂ(x:)») +M0()‘)S(x! )»)],
where
_ (O A1
M) =~ AG) and Myp(A) = - 0.0 = MY’ (2.13)
Denote

Page 6 of 12
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With the help of (2.12)-(2.13), we calculate for all |n| > N

Y10, )P1(0,2) i

D)

sino ‘A:x = (\Ij(b’)‘)’ qj(b,k))h:)\,, =

Under the conditions of the theorem we have ¥ (x, 1) = ¥ (x, A) for x € [b,1], hence
D(A,) =0, |n|>N. (2.15)

Moreover, we can infer from (2.1), (2.11) and (2.14) that

eerla
D(A):O( . ) (2.16)

Consider the function

DG N-1

HM—ZayA—M@IQ—L»u—ML

which by virtue of (2.15) is entire in A. On the other hand, according to (2.3) and with the
help of [31], pp.118-119, we have for sufficiently large |A|

|AM)] = Cse™!, 1 e G, (217)
where G5 = {A: |A — nw — co| > §,n € Z}, which together with (2.16) implies that
F(A) = 0(x*Nexp(2a-1)It])), |A| > 00,1 € Gs.

Using Phragmen-Lindelof and Liouville’s theorems we arrive at F(1) = 0. Consequently,
D(A) = 0, which means

o(b))  GibA)

m-(6,2) = Cob,h) @by

mn_(b,1). (2.18)

The result is obtained immediately from the uniqueness theorem in [17] and this com-

pletes the proof. d

3 Incomplete inverse nodal problem
In the first part of this section we obtain uniqueness theorem of recovering the potential
Q(x) on the whole interval [0, 1] and the parameters ¢, 8 in the boundary conditions from a
dense subset of nodal points. Further, using the obtained result in Section 2 and developing
the idea of the works [25, 27] we prove that for a unique determination of L it is sufficient
to specify the set of nodal points only on [b,1] with b < 1/2.

First we study the oscillation property of the first component y; (x, 1,,) of the eigenfunc-

tion y(x, A,) of the Dirac system for sufficiently large |n|.
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Lemma 3.1 For sufficiently large |n|, the first component y,(x,1,) of the eigenfunction
y(x, A,) of the Dirac system has exactly |n| nodes in the interval (0,1):

1 n
0<x,<---<x,<1 forn>0,

(3.1)
0<ad<---<a™ <1 forn<O.
Moreover,
J I n) g —a—n@) -c
" ni (nm)?
2 _ i J
L @-efr—a—n@) (1 (32)
()3 nd
uniformly with respect to j € Z, where
sin 2« 1 # 2
o= " a-p0)+ g [ (- at0) dr (33)
0

Proof We note that the eigenfunctions (y,(x, A,.), y2(x, 1,))7 of the Dirac operator L are
real-valued. From (2.1) we see that the function y; (x, A,,) has the following asymptotic for-
mula for sufficiently large |#|, uniformly in x:

Jo () - q(1)* dt o

. s(Anx +a + n(x))

Y1, A) = sin(Aux + o + () —

(g -p)x)
P s

m sin()»,,x +o+ n(x)) + w sin()»,,x -+ n(x)) + O<i>

41, A2

From yl(x’;,, An) =0, we get

tan(A,, + o + ()

e vt p o), o(37)

Using Taylor’s expansion for the arctangent, we have

where ¢; is defined in (3.3). Furthermore, using the asymptotic formula

1 o -a 1
A= — - + +0| —
" oumw (mm)? (nm)3 n*

we conclude that equality (3.2) holds.

Equality (3.2) gives the asymptotic expansion for the nodal lengths L, := " —a; we have
uniformly with respect to j

T - %ffl(p(t) +q(0)dt  com -3 [ ;,fﬂ (p(t) + q(t)) dt) 5 ( ) >
+

" nmw B (nm)?

_L +o<l>, |n| — oo. (3.4)

n
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Consequently, for large |#| we have x/,'q < x’;] for positive 7 and x/,; > x{fl for negative n. The
asymptotic formula (3.2) gives for j = 0, +1,n,n + 1 that

4 T« 1 0 —u 1

X, = +0| =), x,=—+0| = ),

" nmw <n2> " nm <n2

. T« 1 . o 1
x, = +0| = ), ceo x,=1-—+0[ = |,
" onm (nz) " nm <n2

T-o 1
Al =14 — +O<ﬁ>'

Thus, according to the order of x/;,, for large |n|, the first component y;(x, A,,) of the eigen-
function y(x, 1,,) of the Dirac system has exactly |#| nodes in the interval (0,1), i.e., x,,

j =1, u for positive n and Xy j=n+1,0 for negative n. The proof is complete. d

Corollary 3.2 From Lemma 3.1 and (3.4) it follows that the sets X, = {xiq},po, X, = {x{q},,<0
and Xo = X1 U X, are all dense in (0,1).

Definition 3.3 Let X C X}, j = 0,1,2. The set X is called twin if together with each of its

points «, the set X contains at least one of adjacent nodal points «, " and/or 4"

Let us now formulate a uniqueness theorem and provide a constructive procedure for
the solution of the inverse nodal problem.

Theorem 3.4 Fix i=1,2. Let X C X; be a subset nodal points which is dense and twin in
(0,1). If X = X and n(1) = 7j(1), then p(x) = p(x), q(x) = G(x) on [0,1] and & = &, B = .

Remark 3.5 Note that in this theorem the dense subset X only need to be known for
n > 0 or n < 0 rather than both, i.e., the known subset X do not need to be contained
in Xy. Similar results can be obtained using a dense subset of nodal points of the second
component y,(x, A,;) as the given spectral data for recovering the Dirac system.

Proof of Theorem 3.4 We first prove the given nodal set X uniquely determines the param-

eters «, B and the function p(x) + g(x) on [0, 1]. For each fixed x € [0,1] choose a sequence

{#,} C X; such that &, — x as |n| — co. Using the asymptotic expansion (3.2), we get
o g 1
nwx, —jw = —a — n(x’n) - Zco +0 ) (3.5)

Also the fact lim|n‘_>oox/;, = x implies that j/n — x and n(x’},) — 1n(x). From this it follows
that as |n| — oo the limit of the left-hand side of (3.5) exists and

gilx) = ‘ l‘im [mrx’,; —jn] =—a —nx) — cox. (3.6)
n|l— 00
Taking the values for g;(x) at x = 0 and x = 1, respectively, we obtain

o =-gi(0), B =-gi(1). 3.7)
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After o and B are reconstructed, taking derivatives of the function g;(x), we derive
1
p)+a(0) - [ (pl6) +a(0) e = -2[gx) ~a + ] (3.8)
0

Note that if X = X, then (3.6) yields g;(x) = g;(x), x € [0,1]. By virtue of (3.7)-(3.8) and the
assumption 7(1) = 7(1), we get

a=a, B=B  p®+qx)=pe) +qx) onl0,1]. (3.9)

Next we are going to show p(x) = p(x), g(x) = g(x) on [0, 1]. Multiply (2.5) with A = ,, by
@(x,1,) and (2.7) with A = X, by ¢(x, 1,,) (in the sense of scalar product in R?), respectively,
subtract the two equations and integrate it from «/, to ", This result is

x]}‘:l 5 ; ;
0= /3/ ((Q®) - Q@) = (A = A)D)@(t, An), @ (8, h)) dt

x};;’l 3 x];rl 3
=/, (2(t) - p@®)) @1(t, M) @1 (8, 1) A + ij (7() = q(8)) 2 (£ 1) @2 (£, 1.) dt

n n

x/;l 3 5
+ (j\n - )‘n) L [‘Z)l (t: )"n)(pl(t: )"n) + 902(’57 An)¢2(t7 )"n)] dt. (310)

Since n(1) = (1), it yields from (2.1), (2.4) and (3.9)

A = oy = o<l> (3.11)

[1 - cos((hy + An)x + 2(c + n(x)))] + O

1
[1+cos((Ay + Au)x + 2(x + 1(x)))] + O(%).

5/1(?6, in)yl(xr)‘n) =
j/Z(x: Xn)_yZ(xr )‘n) =

o= NI

From the above equalities we get from (3.10) and (3.11)

x};;’l
0- /’/ [(@(0) - q(0) + ((0) - p(0)] de

n

x/;l 3
+ L [(7(®) - q(®) - (@) - p(£)) ] cos(2(e + N(8)) + (A + X,)E) dt + O(%)

n

xjy:—l ~
= i fx]n [(7(8) - q(®) - (B() - p(£)) ] cos(2(e + n(8)) + (A + X,)E) At + O(%)

Thus applying the result in [32], we derive with j = j,(x) that for n — oo
[(7) - g®) = (B) - p(x)) ] cos(2(cr + (%)) + (A + An)x) =0, (312)
which means g(x) — p(x) = g(x) — p(x), since the quantity cos(2(x + n(x)) + (A, + J)x) cannot

be identically zero for all # € Z and x € [0,1]. Hence we obtain from (3.9) that p(x) = p(x),
q(x) = g(x) on [0,1]. The proof is complete. O



Wei et al. Advances in Difference Equations (2015) 2015:188 Page 11 of 12

According to Lemma 3.1 one can choose sufficiently large Nj such that for all # > Nj there
are exactly the first component y; (x, A,,) of the eigenfunction y(x, 1,,) and the first compo-
nent y;(x, A_,) of the eigenfunction y(x, A_,), corresponding to the eigenvalues A, > 0 and
A_y < 0, respectively, of the operator L that posses precisely # nodes in the interval (0,1).
Analogous to the proof of [25], Theorem 6, the same assertion with the same N; is also

valid for the operator L, of the form
Byr—Qx)y=xy, 0<a<x<l, y(a)=V(y) =0, (3.13)

which can be formulated thus: for all & € [0,1) and n > N; there are exactly the first com-
ponent y;(x, A, ;) of the eigenfunctions y(x, A,,,) and the first component y; (x, A_,,) of the
eigenfunctions y(x, A_,,), corresponding to the eigenvalues A, , >0 and A_,, < 0, respec-
tively, for the operator L, possess precisely # zeros in the interval (g, 1).

Let us go on to the investigation of an incomplete inverse nodal problem when the nodal

points are given only on a part of the interval.

Theorem 3.6 Fix b<1/2.If X, N (b,1) = Xo N (b,1) and nQ) = (1), then L = L. Thus, the
specification of the nodes on any interval (b,1), b < 1/2, together with the mean values of
p +q, uniquely determines the functions p(x), q(x), and the coefficients «, 8 of the boundary

conditions.

Proof By the same arguments in the proof of Theorem 3.4, it is easy to see that

B=B  px)=p®), qx)=qx) onlb1]. (3.14)

Choose N > N so that & ™" > b and 72"™** > b for n > N. Fix n > N and put
a:= xZ_Nl_l. Consider the operator L,, then for n > N the component-function y;(x, A,,,)
of the eigenfunction y(x, 1,,) and the component-function y;(x,A_,,) of the eigenfunc-
tion y(x,A_,,) for the operator L, both have precisely n zeros in the interval (a,1),
corresponding to the eigenvalues %,, > 0 and A_,, < 0, respectively. Moreover, these
component-functions also satisfy the boundary conditions in (3.13) for the correspond-
ing eigenvalues. Since the function y;(x,A,) has precisely N; zeros in the interval (a,1)
and V(y) = y1(a, 1,) = 0, thus we have A, = An; 4 Or A, = A_n, .. Furthermore, (3.14) yields
dop = ANy,a OF dop = A_Ny,a- Since Jphn > 0 and ANpar-Nya < 0, we get A, = Jon- Analogously
putting @ := x_;""** we arrive at A_, = A_,,. Thus, we have A, = i, for |1 > N and it re-
mains to apply Theorem 2.3 to get p(x) = p(x), g(x) = g(x) on [0, 5] and o = &. The proofis
complete. O
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