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Inverse Problem for Interior Spectral Data of
the Dirac Operator on a Finite Interval
By

Kiyoshi MOCHIZUKI* and Igor TROOSHIN**

Abstract

In this paper the inverse problems for the Dirac operator on a finite interval are
studied. A set of values of eigenfunctions in some internal point and spectrum are
taken as a data. Uniqueness theorems are obtained. The approach that was used in
the investigation of inverse problems for interior spectral data of the Sturm-Liouville
operator is employed.

81. Introduction

We consider the canonical form of the Dirac operator L (see [6]), generated
by the differential expression

(1) (y) =By +Qx)y (0<z<1)

with
(0 1\ o (p@) @) .

subject to the boundary conditions
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(2) y1(0)cosa+ y2(0)sina=0, 0<a <,

(3) yi(1)cos B+ ya(1)sinf=0, 0<f<m.
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Throughout this paper we require that p(x), ¢(z) € C*[0,1] and are real-valued
functions. This regularity assumption is too much restrictive. It seems to be
sufficient only to require that p(z), ¢(x) € L?(0.1). In this paper, however, we
do not enter into this problem.

As is well known, the operator L has a discrete spectrum consisting of
simple eigenvalues \,,, n € Z. We denote by yn(7) = (yn,1(2),yn2(z))’, n €
Z, the corresponding eigenfunctions.

Research of inverse problems for Dirac operator follows investigations of
closely related inverse problems for Sturm-Liouville operator. T. N. Aru-
tyunyan [1] obtained an analog of Marchenko theorem [8], [9]: he proved
that the eigenvalues \,,n = 0,4+1,42,... and normalising coefficients «,, =
lynll{r20.1)32, n = 0,£1,£2,... (for y,1(0) = sina, y,2(0) = —cosa)
uniquely determined the potential Q(z). M. M. Malamud [7] proved an ana-
log of Borg theorem [2]: he showed that the spectra of two boundary value
problems for an operator with different boundary conditions at one end (and
identical conditions repeated at the other end) uniquely determined the poten-
tial Q(z). He also proved an analog of the theorem of Hochstadt and Lieberman
[4]: one spectrum and a potential on the interval (0,1/2) uniquely determined
the potential Q(x) on the whole interval [0, 1].

The aim of our present work is to investigate a possibility to recover poten-
tial from the known eigenvalues and some information on eigenfunctions in the
internal point b € (0,1). The similar problem for the Sturm-Liouville operator
is formulated and studied in our papers [10], [11]. In these articles we have
employed technique similar to those used in [4], [12].

82. Statement of Results

Let us introduce a second Dirac operator L generated by the differential
expression

(4) I(y) =By +Qz)y (0<z<1),

subject to the same boundary conditions (2), (3). Here

5 p(x)  q(x)
Qz) = | " N
D=\aw) )
with a real-valued functions p(z),q(z) € C'[0,1]. The eigenvalues and the

corresponding eigenfunctions of L are denoted by A, and g, (2) = (Jn.1(x), Fn.2
x(z))T (n € Z), respectively.
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Theorem 2.1. If for anyn € Z

yn,l(%) o gn,l(%
1y 1
2 2

yn,2( ) gn,Z(

then p(z) = p(x), q(x) = §(x) on the [0,1].

o

An =

ns

In the case b # 1/2, the uniqueness of Q(x) can be proven if we require
the knowledge of part of the second spectrum.

We denote by u, and fi, respectivly the eigenvalues of problems (1) and
(4) subject to the same boundary conditions (2) and

(5) y1(1)cosy+y2(l)siny =0, 0<y<m, #0

Let I(n), r(n) be sequences of natural numbers with property

l(n)Z—n (1+617n), 0<o1 <1, €,n,—0,
g1

r(n) = —(1+ean)y 0<03<1, e — 0.
(op)

Theorem 2.2.  Let l(n), r(n) and 1/2 < b < 1 are so chosen that
01>2b—1, 09 >2—2b. If for anyn € Z

yr(n),l(b) _ gr(n),l(b)
Yrn),2(0)  Ur(n),2(0)

then p(z) = p(x), q(x) = ¢(x) on the [0,1].

An = S\’ru Hi(n) = ﬂl(n)7

83. Proof of Theorem 2.1

We shall first mention some results which will be needed later.
Let us denote by w(x, \) = (w1 (x, \),wa(z,\))T and w(z,\) = (1 (z, ),
wa(z,\))T the solutions of initial-value problems

Buw' + Q(z)w = \w,

w1(0) =sine,  wy(0) = — cosa

and



390 KiyosHi MocHIZUKI AND IGOR TROOSHIN

There exist (see [3], [6]) kernels K (z,t) = (Kij(z,1))7 =, K(z,t) = (Kij
x(x,1))7 j=1, with entries continuously differentiable on O <t <z <1such
that

(6) w(z, ) = go(z, A) + /Of K(x,t)po(t, N)dt

@ ) = nle ) + [ Kwt)on(t, N
0
Here ¢g(z,\) = (sin(Az + a), — cos(Az + a))7.

Proof of Theorem 2.1. If we multiply (4) (in the sense of scalar product
in R?) by @w(z,\) and the equation of @(z,\) by w(z,)\) and subtract, after
integrating from 0 to 1/2, we obtain

3 ~
| (@@ - @wpute. ). (e e
1
= (W (x, w1 (z,\) — W1 (x, Nws(z, N))|E.
Since w(x, A) and w(x, A) satisfy the same initial conditions, it follows that

’LZJQ (O, )\)wl (O, )\) — 1211 (O, )\)U)Q (O, )\) = O

and
H(\) = / (P(x)w(z, )b (z, \))dx

Then from the conditions of the theorem it follows that
_ (1 1 (1 1
wo <§7>\n> w1 <§7>\n) — W1 <§7>\n) wo <§,)\n) = O

H(\) =0, neZ
We can show from (6), (7) that

and hence

(8) H(N)= /E p1(x) [— cos2(Az + a) + /OI Ry (x,t) exp(2iAt)dt

1

/ Ra(z,t) exp( 2i/\t)dt} dz + /2 ¢ (z) {— sin2(Azx + «)
0 0

—|—/ Rs(z,t) exp 2Mt)dt—|—/ Ry(z,t) exp(—2i/\t)dt} dz,
0 0



INVERSE PROBLEM FOR SPECTRAL DATA 391

where Ri(x,t), | = 1,...,4, are piecewise-continuously differentiable on 0 <
t<z<1.

Therefore it follows that H(\) is an entire function of order no greater
than 1.

We next define the function

w(A) = wi(1,\) cos 8+ wa(1, A) sin 5.
It follows from the formula (6) that
1
w(A) =sin(A + a) cos 8 + / [K(1,t)po(t, N)]1dt cos 5
0
1
—cos(A + o) sin B + / [K(1,t)po(t, A)]2dt sin 5.
0
Integrating by parts we obtain the following asymptotic relations:
SA
(9) w(\) = sin(A +a —B) + 0 <w>

The zeros of w(\) are the eigenvalues of L and hence it has only simple zeros
An-

From this and the estimates for w(\) and H()) it follows that
HQ)
)\ = —_—
X w(A

is the entire function of order no greater than 1.

It follows from asymptotics (9) and formula (8) that x(A) is bounded on
any nonreal axis with vertex in origin of A-plane. Then it follows from the
Phragmen-Lindel6f theorem that x(A) = M is constant on the whole A-plane.

Let us show that M = 0. We can rewrite the equation H(\) = Mw(1, \)
in the form

/é p1(z) [— cos2(Ax + a) + /Ow Ry (x,t) exp(2iAt)dt

1
+/ Ro(z,t) exp( 2i)\t)dt] dx + /2 ¢1(z) [— sin2(Az + «)
0 0

+

/ Rs(x,t) exp 2Mt)dt+/ Ry(x,t) exp(—Zi)\t)dt] dz
0 0

it (snhra- 90 (22UB0Y),
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By use of the Rimann-Lebesque lemma, the left side of the above equality
tends to 0 as A — 0o, A € R. Thus we obtained that M = 0. We are now going
to show that Q(z) =0 a.e. on [0,1/2].

Then we have

/0 " o) [exp(zm) + /0 ) Si1(z,t) exp(2iXt)dt

+/ Si2(z,t) exp(—2i)\t)dt} d$+/2 fa(z) [exp(—%)\x)

0 0

+/ So1(z,t) exp(2i)\t)dt+/ Sa2(x,t) exp(—QiAt)dt] dx =0,
0 0

where

exp(2ia) exp(—2ia)

fi(z) =— %

(@1(z) +ip1(x)),  fa(z) = (q1(z) —ip1(z))

and S(z,t) = (Si;(x, 1)), 1,7 = 1,2, is a matrix with entries which are piecewise-
continuously differentiable on 0 <t <z < 1.
This can be rewritten as

/0% exp(2iAT) |:f1(7') + /f(ﬁ(x)sll(mm) + f2(m)521(x,7))dx] dr

+ /0 ¥ p(—2i7) [f2(7)+ / (F1(2) S (2, 7) + fz(:c)SQQ(;E,T))dI} dr =0,

/Oé(eo)\T / S(z, ) f(z)dx)dr = 0.

Here eg(z) = (exp(2iz),exp(—2ix))T and f(z) = (fi(z), f2(x))T. Thus from
the completeness of the functions eg(A7) in {L2(0,1/2)}?, it follows that

or

[N

f(T)+/ S(z,7)f(z)dz =0 for O<T<%.

But this equation is a homogenous Volterra integral equation and has only the
zero solution. Thus we have obtained f(z) = (f1(z), f2(x))T = 0 on [0,1/2]
and consequently p1(z) = ¢1(z) =0 on [0, 1/2].

To prove that p1(z) = ¢1(z) = 0 on [1/2,1], we should repeat arguments
for the supplementary problem

I(y) = By + Q1(z)y, Qi(r) =Q(1 —x) 0<z<1)
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subject to the boundary conditions

y1(0)cos B+ y2(0)sin 8 =0, y1(1)cosa+ y2(1)sina = 0.

84. Proof of Theorem 2.2
Let m(n) be a sequence of natural numbers with a property
n
mn)=—=(14e¢€,), 0<o<1, ¢€,—0.
o
We prove an auxiliary lemma

Lemma 1. Let m(n) and 0 < b < 1/2 are so chosen that o > 2b. If for
anyn € Z
Ym(m) 1 (8) _ Gm(n).1(b)
Ymn)2(0)  Tm(n),2(b)’

then p(z) = p(x), q(z) = ¢(x) on the [0,].

Proof. As in the proof of Theorem 2.1 we can show that

b
(10) GO\ = /0 (P(2)w(x, \), 0 (x, \))dz
= (Wa(z, Nwi (z,\) — w1 (x, Nwa(x, \))|z=b-

where P(z) = Q(z) — Q(z). Thus from conditions of Theorem 2.2 it follows
that
G()\m(n)) =0, neZ

To prove Lemma, as in the proof of the previous theorem, it is enough to
show that G(A) =0 on the whole X -plane.

From formula (8) and asymptotic (9), it follows that an entire function
G(A) is function of exponential type < 2b. Let us define an indicator of function
G(A) by the formula:

h(6) = limsup

T—00

In |g(re®)|
—.

Since |SA| = r|sinf|, § = arg A it follows that

h(6) < 2b|sin4|.
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Let us denote by n(r) the number of zeros of G(A) in the disk |A] < r.
There are following asymptotics (see e.g., [6]) for A

e (i+0(1)).

These asymptotics and assertions of theorem show that
)\m(n) = ﬂ(1 +én), € —0.
o
Let us now count how many zeroes A, lie inside the disk {|A\| < r}. Tt is
easy to see that for a sufficiently large r this quantity is
or or
n(r) =142 [?(1 + e(r))] =22 (1 +€(r).
Here e(r) — 0 for r — oo and [z] is the integer part of x.
It follows that in the case under consideration

2 2m
1) M2, 4 2—b/ |sin 6]d6 > i/ h(6)do.
™ 0 27T 0

r—oo T T m

To complete the proof we have to recall the following theorem [5], p. 173:
The set of zeros of every entire function of the exponential type, not identically
zero, satisfies the inequality:

(12) lim inf 2 < L /%h(ﬁ)de.
0

r—oco r 27

This theorem and the inequality (12) implies, that G(\) = 0 on the whole
A -plane and, as we already mentioned, it involves p(z) = p(x), ¢(z) = ¢(z) on
[0, b]. O

Proof of Theorem 2.2. Firstly let us note that based on the condition

yr(n),l(b) _ gr(n),l(b)
Yrn),2(0)  Tr(n),2(D)’

Ar(n) = )\T(TL) )

it follows from Lemma 1 that p(z) = p(z), q(z) = ¢(x) a.e. on [b, 1].
Eigenfunctions y,(z) and g, (z) satisfy the same boundary condition on

the right end. This means that
w(x, \p) = Crw(z, Ap)

on [b,1] for any n € Z (C,, are constants). Therefore from definition (10) of
function G(p) it follows that
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and, in the same way, that

We are going to show that inequality (12) does not take place and con-
sequently, the entire function of the exponential type G(\) = 0 on the whole
A-plane. If we count a quantity of A\, and p, located inside the disc of radius
r, we have 1+ 2[(r/m) + O(1)] of A\,,’s and 1 + 2[(ro1/7) + O(1)] of py’s.

This means that n(r) = 2+ 2[r(c; + 1)/7 + O(1)] and

2
lim w = —(o1+1).
r—oo T m

Repeating the last part of the proof of Lemma we can show that G(\) =0

identically on the whole A-plane which implies that p(z) = p(z), ¢(x) = ()

on [0,b] and, consequently, on [0, 1]. O
References
[1] Arutyunyan, T. N., Isospectral Dirac operators, Izv. Nats. Akad. Nauk Armenii Mat.,

29 (1994), no. 2, 3-14; English transl. in J. Contemp. Math. Anal., Armen. Acad. Sci.,
29 (1994), no. 2, 1-10.

[2] Borg, G., Eine Umkehrung der Sturm-Liouvilleschen Eigenwertaufgabe, Bestimmung
der Differential gleichung durch die Eigenvert, Acta Math., 78 (1946), 1-96.

[3] Gasymov, M. G. and Levitan, B. M., The Inverse Problem for a Dirac System, Dokl.

Akad. Nauk SSSR, 167 (1966), 967-970.

Hochstadt, H. and Lieberman, B., An Inverse Sturm-Liouville Problem with Mixed

Given Data, SIAM J. Appl. Math., 34 (1978), 676-680.

Levin, B. Ja., Distribution of zeros of entire functions, AMS Transl. Vol.5, Providence,

1964.

Levitan, B. M. and Sargsjan, 1. S., Sturm-Liouville and Dirac Operators, Kluwer Aca-

demic Publishers, Dodrecht, Boston, London, 1991.

Malamud, M. M., Uniqueness Questions in Inverse Problems for Systems of Differential

Equations on a Finite Interval, Trans. Moscow Math. Soc., 60 (1999), 173-224.

Marchenko, V. A., On certain questions in the theory of differential operators of the

second order, Dokl. Akad. Nauk SSSR, 72 (1950), 457-460 (in Russian).

, Some questions in the theory of one-dimensional linear differential operators of
the second order. I, Trudy Moscov. Mat. Obsc., 1 (1952), 327-420 (in Russian); Amer.
Math. Soc. Transl., Ser. 2 101 (1973), 1-104.

[10] Mochizuki, K. and Trooshin, I., Inverse Problem for Interior Spectral Data of Sturm-
Liouville Operator, Seminar Notes of Mathematical Sciences, 3 Ibaraki University,
(2000), 44-51.

, Inverse Problem for Interior Spectral Data of Sturm-Liouville Operator, J. In-
verse Ill-posed Prob., 9 (2001), 425-433.

[12] Ramm, A. G., Property C for ODE and applications to inverse problems, in Opera-
tor theory and applications (Winnipeg, MB, 1998), Fields Inst. Commun., 25, AMS,
Providence, RI, (2000), 15-75.

[4

[5

6

[7

8

[9]

(11]



