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INVERSE SPECTRAL PROBLEM FOR A STAR GRAPH OF
STIELTJES STRINGS

0. BOYKO AND V. PIVOVARCHIK

On the occasion of 70-th anniversary of M. L. Gorbachuk.

ABSTRACT. We solve the inverse spectral problem for a star graph of Stieltjes strings
(these are threads bearing a finite number of point masses) with the pendant ends
fixed, i.e., we recover the masses and lengths of the intervals between them from the
spectra of small transverse vibrations of the graph together with the spectra of the
Dirichlet problems on the edges and the total lengths of the edges.

1. INTRODUCTION

It is well known that two spectra of boundary problems describing small transverse
vibrations of a string, together with its length, uniquely determine the density of the
string for a very large class of strings. This result was stated by M. G. Krein and proved
by L. de Branges (see [1] p. 252). If the string is smooth such that its density belongs to
the Sobolev space W then the equation for the amplitude function of small vibrations
of the string can be reduced by means of the Liouville transformation [2] (p. 292) to the
Sturm-Liouville equation. The corresponding inverse problem of recovering the potential
by two spectra of boundary problems was completely solved in [3].

For the opposite case of an extremely non-smooth string, known as a Stieltjes string
which is a thread bearing point masses, with a finite number of point masses, the inverse
problem was solved in [4] and [5]. It should be mentioned that the model of a massless
string with point masses is used in many engineering studies [6], [7], [8], e.g. in electrical
engineering [9].

The first example of an inverse problem for three spectra is the following: to find the
potential for a given spectrum of the Dirichlet problem generated by a Sturm-Liouville
equation with a real potential on an interval [0, a], and spectra of the Dirichlet problems
generated by the same equation on the subintervals [0,a/2] and [a/2,a]. This problem
was solved in [10] (see also [11], [12], where uniqueness of the solution was investigated).

This problem was generalized in [13] to the case of more general boundary conditions
and potentials, in [14] to the case of coupled oscillating systems and in [15] for Jacobi
matrices.

These three spectral problem can be considered as a problem on a star graph with two
edges. Thus, it admits a generalization to three edged star graph [16] and to a g-edged
star graph [17].

Here we consider the inverse problem for a star graph consisting of ¢ Stieltjes strings
joined at an interior vertex. The ends of the string are assumed to be fixed. At the interior
vertex we assume the continuity condition to be satisfied together with the Kirchhoff
condition. For ¢ = 2 this problem has been solved in [18].
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Throughout the paper we assume the total lengths of the strings as well as the number
of the point masses to be finite.

In Section 2 we describe relations between the spectra: the spectrum of the whole
graph of Stieltjes strings and the spectra of its ¢ parts obtained by clamping the graph
(imposing Dirichlet boundary conditions) at the interior vertex, namely, we show that
the spectrum of the whole graph and the union of the spectra of the parts interlace
in a certain sense. It follows from the observation that the ratio of the product of the
characteristic polynomials of the problems on the edges and the characteristic polynomial
of the problem on the whole graph appears to be an S-function (a Nevanlinna function
positive on (—00,0)).

In Section 3 we solve the corresponding inverse problem: to recover values of the
point masses, the lengths of the intervals between them (the subintervals) from given
q + 1 spectra mentioned above and the lengths of ¢ strings. We use the method of
continued fractions of [4] based on the results of [19]. We show that if the ¢ + 1 spectra
do not intersect, then they, together with the lengths of the parts of the string, uniquely
determine values of the point masses and the lengths of the subintervals. A procedure of
recovering the values of the masses and the lengths of the subintervals is proposed.

2. DIRECT SPECTRAL PROBLEM

We consider a plane star graph of ¢ edges. Each edge is a Stieltjes string (a threads,
i.e., a string of zero density) bearing a finite number of point masses. Every string has one
end joined at an interior vertex of the star graph. The j-th edge consists of n;+1 (n; > 1)
intervals l,(j) (k=0,1,...,n;) with point masses m,(cj) (k=1,2,...,n;) separating them
(l,ij_)1 lies to the exterior vertex from m,(cj ) and l,(j ) lies to the interior one). The lengths
of the strings we denote by I;, ; = Y7, l,ij)
ends fixed. ‘

Denote by v,(j)(t) (k=1,2,...,n5 7 =1,2,...,q) the transverse displacement of the
point mass m,(cj), which lies on the j-th string and is the k-th one counting from the
pendant end, at the time ¢. We assume the threads to be stretched by the forces each
equal to 1.

Then small transverse vibrations of the net are subject to the equation
o0 gL ) o -l
1) 1)
k k—1

. The strings are stretched and the pendant

+ m,gj)v,(cj)'/(t) =0

(k=1,2,...,n;, j=1,2,...,9).
Continuity of the string at the point joining the edges yields
1 2
”511)+1(t) = ’U7(12)+1(t) == ”fi)+1(t)~
Absence of a point mass or external force at the point of joining implies that

q U(j) (t) — v(jv) (t)
n;+1 nj
(2.1) Yo o = 0.

Jj=1

We impose Dirichlet boundary conditions at the pendant vertices,
W) =0, j=1,2,....q,

which mean that the ends are fixed. Substituting v,(cj )(t) = u,(j )eiMt we obtain the follow-
ing recurrences for the amplitudes u,(j ).

u;j) - ul(ej—i)-l n “l(g) - “1(<]—)1

(2.2) —mIND =0 (k=1,2,...,n;, j=1,2,...,9),

Uk lk—1
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1 2
(2~3> 1('7,1)-"-1 = u1(12)+1 == USZJ)J,-D
W), - ug)
@) ot
Jj=1
(2.5) u$) =0, j=1,2....q

According to [4],
ug) = jo,;)_Q(X")ugj) (k=1,2,...,n;),

where RéJ,;)_Q()\g) are polynomials of degree 2k —2 which can be obtained by solving (2.2).
We set, by definition,

(J) (y2 ) 2
: Ry (A°) — 5(A%)
Réjk)fl()‘Q) Z(J) .
k

Due to (2.2), the polynomials R,(g ) satisfy the recurrence relations
Ry (V) = =Xml By ,(\) + R 5(0%),
Ryl (N) = I Ry (O0%) + Ry, (V)
1

(k=1,2,...,n;; RY)(\?) = ok RV (N2 =1).
Due to (2.3) and (2.4), at the point of joining we have
(1 2)
2n)1 (/\2) Rgn?, ()\2) = Rgi)q ()‘Q)ugq)a
q
ZRéjn)j—1()‘2)U:(LJ) =0.
j=1

Therefore, the spectrum of problem (2.2)—(2.4) coincides with the set of zeros of the
polynomial

q q
j k
(2.6) o) =D Re, 0% JT B0,
j=1 k=1, k#j
RE) ()
It should be mentioned that according to [4] the fractions W and can be expanded

Ry 1(2)
into continued fractions,

(2.7) M 16 1
’ RW Ty () 1
3n,—1(2) Maij 2 + o 1
nj—1 m) iy 1
n;—1 1) 4 1
1 7m(.7)z+ 1
1 [€))

Definition 2.1. The function w(\) is said to be a Nevanlinna function (or an R-function
in terms of [20]) if the following conditions are satisfied:

1) it is analytic in the half-planes ImA > 0 and Im\ < 0;

2) w(}) = w(V) (ImA  0);

3) ImA Im w(A) > 0 for ITmA # 0.

Definition 2.2. (see [20]). The Nevanlinna function w(\) is said to be an S-function if
w(A) >0 for A < 0.
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Definition 2.3. An S-function w(\) is said to be an Sp-function if 0 is not a pole of
w(A).
Theorem 2.1. After cancellation of common factors (if any) in the numerator and the
denominator, the function
1o B (2)
¢(Z)

becomes an Sy-function.

Proof. Let us represent the ratio as follows:

R HON iRé&Bj_Az) -
(2) j=1 R(QQJ(Z) '

R§) (2) R 1 (2)

Since —+—— are Nevanlinna functions (see [4]), the functions _T() are also
Z 2n

. . Y () R L@\
Nevanlinna as well as the functions — Z?Zl W and ? 1 W . Since
. (]) (Z) J i
So-functions (:)7
Ry —1(2)

also positive for z € (—o00,0]. The theorem is proved. O

Ron, - -1
are positive for z € (—o0, 0], we have that ( ;1,=1 : ;27 (12()2)) is

Let us denote by n = Z§:1 n; and by {M\p} (k= £1,£2,...,£n, Ay = —); and
A > A for k > k') the eigenvalues of problem (2.2)—(2.5). If we clamp our string at
the point of joining of its parts then we obtain ¢ problems on the edges with Dirichlet
boundary conditions at both ends,

(J) (4) u(J) (4)

— U U . .
(2.8) S S L D) =0 (k=1,2,...,my),
lk lk—l
(2.9) uly =0,
(2.10) u) = 0.

Let us denote by {V,(Cj)} (k= £1,£2,...,%n;), where 1/(_],2 = ,V](Cj) and V,ij) > 1/,9) for
k>kK,j=1,2,...,q, the spectra of problems (2.8)—(2.10) , respectively. By {¢x}",, we

denote the union {Cx}",, ;.o = Uj— 1{V(])}J__n] ko£0-

Theorem 2.2. The sequences {\i}",, 2o and {Cx}",, 4o interlace as follows:
1) CCnSAn S < S <A <0< <G <A< <G
2) Ck—1 = i if and only if \p = (i;

3) the multiplicity of (i does not exceed q.

Proof. By Lemma 5.1 in [20], Theorem 2.1 implies that

)\ H .7) ()\2)
¢()\2)
becomes a Nevanlinna function possibly after cancellation of equal factors in the numer-

ator and the denominator. Suppose A\ = 1/,(, ) for some k, p and j, then (2.6) implies

(2.11) R;Jnj_l (4)2 H R (112
k=1,k#j
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It is known (see [4]) that Ré{l)j (uéj)Q) = 0 implies R(ngj_l(u,()jﬂ) # 0 which, together with
(2.11), yields

RY) (v9)%) =0

Uz
for some r # j.
This means v € {V(T)}k_in k0~ Assertions 1 and 2 are proved. The multiplicity

of a zero of Hg:1 R;jn)j (A?) cannot exceed q because each factor in the product has only
simple zeros. Theorem 2.2 is proved. O

3. INVERSE THREE SPECTRAL PROBLEM

Here we will consider the problem of recoverlng the sets {m,C b, {l,(cj ) v (G =

1,2,...,q) using the spectra {)‘k}k:—n,k;éO’ {Vk }sznj,k;éo (j = 1,2,...,q) and the
lengths [; of the strings. Here n = >"{_, n;.

Theorem 3.1. Letl; >0 (j =1,2,...,q) be given. Let the sequences of real numbers
OV v kt0s {V,(vj)};i_nj’ kA0 G=12,....,q,n= 25:1 n;) satisfy the conditions

1. Mg = =g foreach k; M\, < A\ if k < K/, 1/(_],2 = —V,(Cj) for each k and each j; and,
for each j =1,2,...,n;, u,(j) < u,(cj,) if k <K

2. { MR kg0 D {uk kffn], keo = 0 forj =1,2,...,q, and {ij)}k,fn kg0 N

{v g)}k__ns 0o=0 forj,s€{1,2,...,q} and j # s.

3. Elements of the set {Cx}p__, =%/{0} U?:l{ylg:j)}zifnj, ko are indezed in such
a way that (_x = —Ci for each k; (. < Cu if k < k' interlace with elements of
{Ak}k:—fn k#£07
(3.1) Con < Ap <(pp1 < <A1 <0< M <G < <Cp-

Then there exist a unique collection of sets {m(])}k L =12,...,q9), {l,(ij)
(G =0,1,2,...,q) such that Y%, 1(7) = I, which generate problems (2.2)-(2.5) and
(2.8)~(2.10) with the spectra {\i}i__,, 140 {V,E”}Zifnj’ ktos Tespectively.

Proof. Let us construct the polynomials

652) ) =35 TIVTT (1-5).

N X

(3.3) Qi(N) =1; 1-—: |
v
k=1 k
and the Lagrange interpolating polynomial
34) PO =Y Nl ) S TR IR RV
(3.4) Py( )_Z (4)2 H (@2 _ )2 (4)2
k=1 Yk s=1, s#j QS( ) p=1, p#k (Vk Vp ) k=1 Vi

It is clear that
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P;(0) =1,
(4)2
Py (1) QO( )
s=1, s#j QS( )
(3.5) , .
(2, 4Q;(2) 1= @5(2)
- QO( ) d . d )
Z L= o ey (D)2
=V
k= 1,2,...,7’1,]'.

From (3.5) and (3.1) we conclude that
P;j(0) >0, P (-1)F>0, k=12,...,n,

Consequently, the zeros ,u(J 2 of Pj(z) are all positive and interlace with the zeros l/](cj )2

OfQJ( )

0< u( N2 - V(7)2 S < uﬁg’}“’ < V,(L]PQ.

Thus, due to the evident inequality P, ((0)) = l; > 0, we conclude that % ((:)) is an S-

function.
It is shown in [4] that the an Sp-function can be expanded into a continued fraction,

Q](Z) _ )
P o l"j + (9) 1 ’

(2 _
i(2) Maij 2 4 o T
-1t

(3.6)

where {l,(cj )}gj and {m,(cj )}71” are sequences of positive numbers which we identify with
the subintervals and masses we are looking for. From (3.3), (3.5) and (3.7) we obtain

Qi) 4y G () 4 0)

=l = 1D ) 1 g
J P](O) i—1 1 0

Comparing (3.6) with (2.7) we conclude that

(3.7) RY) () =T3Q;(2), RY) _,(2) = TjP;(2),

where T} are nonzero constants and Réﬁj (2), R;ijl(z) are the polynomials described
in the previous section.
From (3.7) we conclude that the spectra of problems (2.8)—(2.9) generated by the

obtained sets {l(j)}k 0> {m(])}k | coincide with {uk +2,. Let us show that the spec-

trum of problem (2.2)—(2.5) generated by the sets {I J)}k 0 Am ,gj)}kzl coincides with
{A I, kso- As it was shown in Section 2, the spectrum is nothing but the set of zeros
of the polynomial

q
S Lon I1 mLe
j=1

s=1, s#j

Using (3.7) we obtain

q q
Y ) 1 () =170
]:1 :
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where we use the notation

Let us compare the polynomial Qo(z) with the polynomial Qo(z). It follows from (3.2)—
(3.5) that

QO(V](gj)2) = H QS (])2 ( 2) :QAO(V](cj)2)7 k= 172u"'7nj7 .7 = 1727"‘7q7
s=1, s#j

and, consequently, Qo(z) = Qo(z). Hence, ¢(z) = H‘;:l T;Qo(z) and the set of zeros of
¢(A?) is nothing but {Ar}i_ ., 1o

Let us prove now uniqueness of the solution of the inverse problem. Suppose there exist
two collections of sets {{m(J k n {l Wi =1,2,...,q} and {{mkj)}k LAl j)}k 0 J =
1,2,...,q} which satisfy "7, 1 =317, l,(j) =1l; for j = 1,2,..., g and which generate
problems (2.8)—(2.10) with the same spectra, {y](cj)}zifnj,k;éo = {Dlij)}zifnj,k;éo (j =
1,2,...,¢q) and problems (2.2)~(2.5) with the same spectra {\r}3__,, ;.o = {;\k}Z}n,k#o
(n =3"9n;). Then solving the corresponding direct problems (2.8)—(2.10) we find poly-

nomials Rgl)j (2) and Réjn)] (z) the sets of zeros of which coincide. This means that
(3.8) RY) (2) =T3RY) (2), j=12.....q,

where T} are nonzero constants. Solving problem (2.2)—(2.5) for both collections

Y 1) 3 = 120 qb and {02 ()4 = 120, g} e ob-
tain the corresponding characteristic polynomials ¢(z) and (b( ) which have the same set
of zeros {\}. Therefore,

(3.9) o(2) = C¢(2),

where C' is a nonzero constant. Using (2.6) we obtain

(3.10) o) = RY) (! H RS) (v
s=1, s#j
and
q
(3.11) o) =RE) ) ] RS
s=1, s#j

Using (3.7), (3.10), (3.11) we obtain

2
Rznj -1 (Vlij)

(3.12) 077@2 H T,.

()
R2Jnj71(l/k s=1, s#j
Using (2.7) taking into account the equation l~j = [; we obtain

B0 . RS0
=Y

(3.13) —_— = = —i
RY) _,(0) RY) _,(0)
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Now (3.8) and (3.13) imply
R5,1(0) _ R5),(0)
(3.14) ) =20 oy L
R2n]-71(0) R2 i (0)
Using (3.9)—(3.12) and (3.14) we obtain
(3.15) C=TTs...T,.
Substituting (3.15) into (3.12) we obtain

i o ‘ . _
(316)  RY) ) -TRY) 0P =0, k=12...n; j=12...4q

According to (3.13) and (3.16) the polynomial jon)rl(z) - J}Réﬁjfl(z) of degree not
greater than n; vanishes at n; 4+ 1 points and is identically 0. This means that

RY) () =TyRY) _\(2).
Together with (3.8), this implies
RY) (z)  RY)\.(2)
RS 1(2)  RY.i(2)

The left-hand side and the right-hand side possess the same decomposition into continued
fractions (2.7). Theorem 3.1 is proved. O

Remark 3.1. If Condition 2 of Theorem 3.1 is violated but Condition 2 of Theorem 2.2 is
satisfied instead, then the sets of positive numbers {m](j ) [y {l,(gj )}ZJ: o exist such that

[ l](cj) = [; and the sets generate problems (2.2)-(2.5), (2.8)—(2.10) with th(i spec-
Dy
k

tra {A\k}i_ . k0 {V,ij)}Z;_nj k0 Tespectively, but the collection of sets { {m;"},Z,,

{l,(cj)}Z;o } is not unique.

Remark 3.2. Similar to Theorem 3.1, the result is true if we impose Neumann or Robin
conditions at pendant ends instead of the Dirichlet conditions.
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