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and lengths of subintervals between them) from these two spec-
tra and from the lengths of the separate strings. If the root is a
pendant vertex, the two spectra uniquely determine the parame-
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length of the main string is known. The mass distribution on the
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in the case when the root is the central vertex. Finally, we relate of
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1. Introduction

Two spectra of a boundary value problem describing small transverse vibrations of a string to-
gether with its length uniquely determine the density for a wide class of strings. This result stated
by M.G. Krein was proved by L. de Branges (see [11, p. 252]). Moreover, these authors found neces-
sary and sufficient conditions on two sequences of real numbers to be the spectra of two boundary
value problems generated by this class of strings; these conditions include strict interlacing of the
two sequences (see [23]).

In this paper we consider star graphs of so-called Stieltjes strings, i.e. massless threads bearing
a finite number of point masses. Such strings are widely used as simple models in physics (see e.g.
[25,13,14]). The same type of equations arises in elasticity theory for systems of masses joined by
springs (see e.g. [17,29]) or in the theory of electrical circuits (see e.g. the Cauer method [8] and
also [39]).

For a single Stieltjes string the inverse problem to determine the distribution of the point masses
from two spectra and the total length of the string was completely solved in [15]. In particular, a con-
structive algorithm based on continued fraction expansions originating in Stieltjes’s work [37] (thus
the name) was derived to recover the masses and the lengths of the intervals between them. This
algorithm was nicely illustrated and even tested experimentally in the paper [9], entitled “One can
hear the composition of a string: experiments with an inverse eigenvalue problem”. The continuous
analogue of this result is known for the case of smooth strings. If the density of the string is twice
differentiable, a Liouville transform reduces the string equation to a Sturm-Liouville equation. The
Sturm-Liouville inverse problem to determine the potential from two spectra was completely solved
in [28].

The so-called three spectra inverse problem solved in [31,16] for the Sturm-Liouville case (see
[20] for generalizations) and in [4] for Stieltjes strings may be viewed as an inverse problem on a star
graph with two edges. The three spectra required are the one on the whole interval or string and the
two on the two subintervals or substrings separated by the point where the string is clamped.

A generalization of the Sturm-Liouville inverse spectral problem for a star graph of 3 edges can
be found in [32] and for n edges in [33]. The inverse spectral problem for Stieltjes string equations
on a star graph without mass at the central vertex and with strict interlacing of the given spectra
was solved in [5]. In all these papers the central vertex was considered as the root, i.e. the spectra
of boundary value problems with Dirichlet and Neumann type conditions at the central vertex were
used as the given data to solve the inverse problem of reconstructing the mass distribution. The case
of a star graph of Stieltjes strings with damping at the central vertex was studied as an example in
the more general paper [35].

In the more complicated case when the root is a pendant vertex, uniqueness of the potential of the
Sturm-Liouville equation on the edge incident to the root was ensured in [6] and [38] by means of
the Weyl-Titchmarsh function related to the main edge (or equivalently the spectra of Dirichlet and
Neumann boundary value problems). The more general case of a tree of Stieltjes strings was studied
in [34] where the inverse problem was solved under the sufficient condition of strictly interlacing
spectra.

In the present paper we consider two different boundary value problems for a star graph of Stielt-
jes strings with continuity and Kirchhoff conditions at the interior vertex. The simpler case when the
root is the central vertex generalizes the results of [5] in three directions: we allow for a mass to
be placed at the central vertex, the given eigenvalue sequences need not interlace strictly, and the
distribution of the Dirichlet sequence onto the separate edges is not prescribed. The main purpose of
this generalization is to prepare for the more challenging and essentially different case when the root
is a pendant vertex, which has not yet been studied before.

In each of our two main results we propose conditions on two sequences of real numbers nec-
essary and sufficient to be the spectra of the Dirichlet and the Neumann problem of a star graph of
q Stieltjes strings; in the first result the root lies at the central vertex, in the second theorem the
root is at a pendant vertex. In both cases we establish a constructive method to recover the values
of the masses, including the central one, and lengths of the subintervals between them. This method
uses the representation of rational functions with interlacing zeros and poles by (possibly branching)



V. Pivovarchik et al. / Linear Algebra and its Applications 439 (2013) 2263-2292 2265

continued fractions. If the root is a pendant vertex, then the spectra of the Dirichlet and the Neumann
problems together with the total length of the main edge uniquely determine the values of the masses
and lengths of the subintervals between them of the main edge. The remaining inverse problem on
the subgraph of ¢ — 1 edges may be viewed as an inverse problem with root at the central vertex to
which our first result applies.

The paper is organized as follows. In Section 2 and its two subsections we consider the direct and
the inverse spectral problem for the case when the root is the central vertex of the star graph with g
edges. That is, we impose Dirichlet boundary conditions at all pendant vertices, while at the central
vertex we consider Kirchhoff plus continuity conditions for the Neumann problem and Dirichlet con-
ditions for the Dirichlet problem (in which case the whole problem decouples into q separate Dirichlet
problems). In contrast to earlier papers, we allow a mass M to be placed at the central vertex, so that
the Dirichlet problem may be viewed as the limit M — oo of the Neumann problem.

In Section 2.1 we investigate the spectra of the corresponding Neumann and Dirichlet problems
and their relation to each other, including monotonicity in terms of the central mass M. We prove
that the two spectra interlace non-strictly and if they have an eigenvalue A in common, then its mul-
tiplicity pp(1) as a Dirichlet eigenvalue and its multiplicity py(X) as a Neumann eigenvalue satisfy
pp(A) = pn(A) + 1. In Section 2.2 we show that the necessary conditions established in Section 2.1
are also sufficient for the solution of the inverse problem: given two sequences satisfying these con-
ditions and the total lengths I1,1,...,l; of all strings, we construct a mass distribution so that the
corresponding star graph of Stieltjes strings with root at the central vertex has these two sequences
as Neumann and Dirichlet eigenvalues. Since we do not assume strict interlacing of the sequences,
this solution need not be unique. The recovering procedure, based on the decomposition of Stieltjes
functions into continued fractions, is constructive.

In Section 3 and its two subsections we consider the direct and the inverse spectral problem for
the case when the root is one of the pendant vertices of the star graph with q edges. That is, we im-
pose Dirichlet boundary conditions at all other pendant vertices, Kirchhoff plus continuity conditions
at the central vertex, where again a mass M may be placed, and at the pendant vertex chosen as root
Neumann conditions for the Neumann problem and Dirichlet conditions for the Dirichlet problem.

In Section 3.1 we investigate the spectra of the corresponding Neumann and Dirichlet problems
and their relation to each other. We prove that the two spectra interlace non-strictly and if they have
an eigenvalue A in common, then its multiplicity pp (1) as a Dirichlet eigenvalue and its multiplicity
pn(A) as a Neumann eigenvalue satisfy the inequalities pp(A) <q—1, py(A) <qg—1, and pp(}) +
pN(X) < 2q — 3. Since the maximal multiplicity of an eigenvalue does not depend on the equation
generating the problem, but only on the form of the graph, these inequalities turn out to be analogues
of inequalities proved in [26] for Sturm-Liouville problems on trees and in [24] for arbitrary graphs.
We also establish a relation of the spectral functions of the above Dirichlet and Neumann problems
with the boundary value problems for the star subgraph of g — 1 edges obtained from the original
graph by deleting the main edge.

In Section 3.2 we show that the necessary conditions established in Section 3.1 are also sufficient
for the solution of the inverse problem: given two sequences satisfying these conditions together with
the length 1 of the main string and the lengths I; of the g —1 other strings, we construct a mass distri-
bution so that the corresponding star graph of Stieltjes strings with root at a pendant vertex has these
two sequences as Neumann and Dirichlet eigenvalues. Moreover, we show that the two spectra and
the total length of the main edge (i.e. the edge incident to the root) uniquely determine the masses
and the lengths of the intervals between them on this main edge; the mass distribution on the other
edges cannot be uniquely determined. The recovering procedure is based on the decomposition of the
ratio of the characteristic functions of the Dirichlet and the Neumann boundary value problem, which
is a Stieltjes function, into branching continued fractions. In fact, the coefficients at the non-branching
part of this expansion are the uniquely determined masses and the subintervals between them on the
main string, while the mass distribution on the g — 1 other edges may be recovered by our first in-
verse theorem and algorithm. An example in Section 5 illustrates that our method, in fact, allows to
construct all solutions of the inverse problem.

In Section 4 we compare our results with those in [27] and [30] (see also [18]). Tree-patterned (or
acyclic) matrices as considered in [27] and [30] are in some sense generalizations of Jacobi matrices.
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O Dirichlet condition

X Neumann condition

Fig. 1. Star graph with root at the central vertex.

The results of Section 3 of the present paper provide sufficient conditions for the existence of a
star-patterned matrix with two given sequences being the spectra of the matrix and its first principal
submatrix.

2. Star graph with root at the centre

A Stieltjes string is a thread (i.e. an elastic string of zero density) bearing a finite number of point
masses. A complete theory for direct and inverse spectral problems for Stieltjes strings was developed
by ER. Gantmakher and M.G. Krein in [15].

In this section, we consider a plane star graph of q (> 2) Stieltjes strings joined at the central
vertex called the root where a mass M > 0 is placed and with all g pendant vertices fixed. We assume
that this web is stretched and study its small transverse vibrations in two different cases:

(N1) the mass M at the central vertex is free to move in the direction orthogonal to the equilibrium
position of the strings (Neumann problem),
(D1) the mass M at the central vertex is fixed (Dirichlet problem).

We investigate the relation of the eigenfrequencies of the Neumann problem (N1) to those of the
problem (D1) which decouples completely into g Dirichlet problems on the pendant edges of the star
graph.

In the sequel, we label the edges of the star graph by j=1,2,...,q (¢ > 2) and we assume that
each edge is a Stieltjes string. We suppose that the j-th edge consists of nj +1 (n; > 0) intervals of

length l(]) (k=0,1,...,n;) with point masses m(’) (k=1,2,...,n;) separating them (both counted

from the exterior towards the centre); the length of the j-th edge is denoted by I := ZZLO l,((j> (see
Fig. 1).
By v(”(t) (k=1,2,...,n4, j=1,2,...,q) we denote the transverse displacement of the k-th point

mass m,(“ (counted from the exterior) on the j-th string at time t, and by v(]) ), v(’) 1(t) those of

the ends of the j-th string. If we assume the threads to be stretched by forces each equal to 1,
the Lagrange equations for the small transverse vibrations of the net are given by (compare [15,
Chapter II1.1])

Wwo-vho vVo-vo

o) o)
lk lkfl

+mPvd ) =0
k=1,2,...,n;, j=1,2,...,9).
At the central vertex joining the edges the continuity of the net requires that

(1) (2) _ (q)
V41O =V, (O =- Vg1 O



V. Pivovarchik et al. / Linear Algebra and its Applications 439 (2013) 2263-2292 2267

and the balance of forces implies that

(@) @)
a V41 () = iy () — vV )
l(j) B m+1
j=1 nj
Since all pendant vertices are supposed to be fixed, their displacements véj) ) (j=1,2,...,q) satisfy

the Dirichlet boundary conditions

v =0 (j=1.2,....9.

Separation of variables vl({j) t) = u,ij)em leads to the following difference equations for the displace-
ment amplitudes u,((j) (k=0,1,2,...,nj, j=1,2,...,q) for the Neumann and Dirichlet problem:

Neumann problem (N1). If the central vertex carrying the mass M is allowed to move freely, we
obtain

) —uly ul —uf (142,,0)

k +1 -1 ()42,,0) _ _ i

0 g m Ay =0 k=1,2,...,nj, j=1,2,...,q), (2.1)
k k—1

@O @ _ @

Unj41 = Unpy1 = = Unggrs (22)
) ()

9 u — Uy
nj+1 o a2, (D)

> = i, 23)

j=1 nj

D_o (i=12 24

Ug’ = J=12,....9. (24)

Dirichlet problem (D1). If we clamp all strings at the central vertex, the problem decouples and
consists of the g separate problems on the edges with Dirichlet boundary conditions at both ends,

o) ) u l(<j) o)

U =i ~ U ()42, _ _ ,
0 g —m Ay =0 (k=1,2,...,nj), (2.5)
k k—1
G I (2.6)
nj+1 77— .
1 =0 2.7)

forall j=1,2,...,q.

Note that the Neumann problem (N1) and the Dirichlet problem (D1) share Eqs. (2.1) and (2.4).
If M tends to oo, the Neumann problem (N1) becomes the Dirichlet problem (D1); indeed, in this

case the condition (2.3) becomes “1(111)4-1 =0 and, together with (2.2), it becomes equivalent to (2.6)
for j=1,2,...,q.

Notation. In the following two subsections we denote by
()n= 3:1 nj the number of masses on the star graph without the mass M in the centre,
Al if M >0,
(2) e mi1), k0 Ak = —Ak, Ak = Ay for k> k' > 0, the eigenvalues of the Neumann

IR ko iftM=0, "~
problem (2.1)-(2.4) on the star graph,

3) {U,Ej) }Zj:_nj’,#o, v(_’,z = fv,ﬁj), v,ﬁj) > vé’;) for k¥ > k' > 0, the eigenvalues of the Dirichlet problem
(2.5)-(2.7) on the j-th edge for j=1,2,...,q,
(4) (G _n ko = ?:1{11,@ Zj:inj_’,(#o, k=~ & =& for k> k' > 0, the eigenvalues of the

Dirichlet problem (D1) on the star graph.
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2.1. Direct spectral problem for a star graph with root at the centre

In this subsection we investigate the interlacing properties and multiplicities of the eigenvalues of
the Neumann problem (N1) and the Dirichlet problem (D1). ,
According to [15, Supplement 11.4], for each j=1,2,...,q, one may obtain the solutions “1(<]) (k=

1,2,...,nj+1) of (2.1) with Dirichlet condition uéj) =0 as in (2.4) successively in the form

@) _ pW) 2\, () _ .
ul =Ry ,(AM)uy” k=1,2,....n;+1),
where R;],?_Z(AZ) are polynomials of degree 2k — 2 which can be obtained solving (2.1). If we set

()2 )] 2
i Ry (A%) —R x°)
() 2\ ._ 2k 2k—2 _ )
RZk—l()L ) = 1D (k=1,2,...,nj),
k

then, due to (2.1) (or, equivalently (2.5)) and (2.4), the polynomials Ré”,Rﬁ”,...,Ré{}}_ satisfy the
recurrence relations

RS (4%) = =22m RS, (3%) + RY)_5(3?), (2.8)

R (2) =1PRY) (%) + RS ,(02) (k=1,2,....n)), (2.9)

RY}(22) = o R (3%) =1. (210)
0

The spectrum of the problem on the j-th edge, depending on the boundary condition at the other
end point, is then given by the zeros of the polynomial

¢g) (3?) = R;],;)j (x2) for the Dirichlet condition u,ﬁjjll =0, o)
qﬁl(vj) (3?) = Ré{l)jf1 (x?) for the Neumann condition ”;(11]1)+1 = u,(f)'.).

A crucial tool in the study of the eigenfrequencies of Stieltjes strings is the notion of Nevanlinna
and So-functions:

Definition 2.1. (See [22, §1].) A function f :z+ f(z) of a complex variable z (or simply f(z) by abuse
of notation) is called Nevanlinna function (R-function in terms of [22]) if

1) f is analytic for z in the half-planes Imz > 0 and Imz < 0,
2) f(2)= f(2) for Imz #0,
3) Imz-Im f(z) >0 for Imz#0,

and it is called an S-function if, in addition,

4) f is analytic for z ¢ [0, 00),
5) f(z) >0 for ze (—o0, 0);

an S-function f(z) is called an So-function if

6) 0 is not a pole of f.

The following basic properties of rational So-functions and characterization of them will be used
throughout this paper.

Lemma 2.2. Let f be a rational So-function and let p € N be the number of its poles. Then
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i) f admits a unique continued fraction expansion

1
f(@) =ap+ 1 (2.12)
—b1z+ 1
aj+ i
—byz+-+ 1
ap_1+—b 7+ gt
p“Tap
withag =limz_ 1o f(z) >20and ay, by >0 (k=1,2,...,p);
.. . |p ifapg > 0,
ii) the number of zeros of f is p—1 ifag=0:
iii) the poles o and zeros By of f are all simple and interlace strictly,
{O<ot1 <pr<oap<---<Pp_1<oap<Pp ifag>0,
O<Ol1<ﬂ1<0{2<-~-<,3p,1<05p ifao:0;
iv) f is strictly increasing between its poles, i.e. in the intervals (—oo, a1), (o, ag+1) (k=1,2,...,p—1),
and (atp, 00);
v) if fi(z) is the i-th tail of the continued fraction (2.12) (i=0,1, ..., p), ie.
1
fi =a;i + i , (2.13)
—bi+]Z + 1
Qi1+ i
“biyazeet

T
p-1t 1
—bpz+@

and ﬂ,i are the zeros of fj, then
B < By fori=1,
Bl < Bl fori=2,3,....p—1

in particular, 81 = ﬁ? < /311; the non-strict inequalities become strict if ap > 0.

k=1,2,...,p—1),

Vice versa, if f(z) is a rational function whose poles and zeros interlace as in iii) with ag = lim;_, o f(2), then
f is an So-function.

Proof. ii), iii), iv) From the integral representation of So-functions (see e.g. [22, (S1.5.1), (S1.5.6)]) it
follows that f is strictly increasing between two poles and that ag :=lim;_, _», f(z) > 0. This implies
claim iv) and the strict interlacing of poles and zeros of f. The latter shows, in particular, that the
number of zeros differs at most by one from the number of poles.

Since an S-function is strictly positive on (—oco,0) by property 5) and 0 is not a pole, we must
have 0 < a7 < B1. This shows that there are either p or p — 1 zeros; the latter occurs if and only if
0=1limz f(2) =lim; _ f(2) = ao.

i) If ag > 0 and hence f has the same number of zeros and poles, f has a continued fraction
expansion (2.12) by [15, Appendix II.3]; if ag = 0, we consider f + a for an arbitrary constant a > 0.
That the leading term in the expansion (2.12) coincides with ag follows by taking the limits z — +o0
in (2.12).

v) It suffices to prove the first inequality for i =1, i.e. to show that 8, < ,B,} and B < ,3,} ifag>0
(k=1,2,...,p—1). By the definition of f = fy and f1, we have

f1(@)
—bizfi(2)+1°

This implies that f1(z) =0 if and only if f(z) =ap > 0. Since f is strictly increasing between its poles,
it follows that every zero ﬁ,: of fy is greater than or equal to the respective zero By of f, and strictly
greater if ap > 0.

In order to prove the last claim, we use that if f is a rational function whose poles and zeros are
all simple and interlace strictly, then f or —f is a Nevanlinna function by [1, Theorem II.2.1]. Since

f@) —ao=
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all poles and zeros are positive and the first pole is smaller than the first zero, it follows that f is an
So-function. O

Remark 2.3. It is well-known that the quotient of the functions in (2.11),
() o)
¢(j)(z) — ¢DA (2) _ R?nj (2) 7
o @ RG @

is an Sp-function and that the constants in the corresponding continued fraction expansion are the

(2.14)

lengths l,ij) and masses ml(cj) (j=1,2,...,q) (see [15, Supplement II, (18)]):
; i 1
D) =1V + : : (2.15)
j —m(])z+ . 1
nj ly(g_)f1Jr - 1 -
! "”ni-—l”'“’,(j)+ 5
1 7m§“z+i)

in particular, the polynomials ¢g> (2) = Ré{fj (z) and ¢ﬁ,j> (2) = Ré{qu (2) have only simple zeros. In fact,
by (2.8)-(2.10), we have

() )
Ry (@ RZ"]'(Z) ) 1 216
R(j) —0- R(j) - (€)] 1 ’ (216)
5@ ;-1 M2+ oo
2r.1j—2
R;Jn)jf3<z)
for j=1,2,...,q. So the continued fraction expansion (2.15) follows by induction.

For the Neumann problem (N1), the conditions (2.2) and (2.3) at the central vertex yield the
)

following system of linear equations for uy”’ (j=1,2,...,q):
(1) (42),,(D (2) (42Y,,(2) @ (42Y,,@
Ry, (*)u; :RZnZ()“ Juj :"':Rznq()“ Juy”, (217)
q
() 2\, () _ ary2pM 42y, (D
D Ron 1 (P)uy” = MA2Ry, (R2)uy”. (218)
j=1

Therefore, the spectrum of the Neumann problem (2.1)-(2.4) coincides with the set of zeros of the
polynomial

q q
2\ ._ Z () 2 2p() (42 (k) (42
¢N,q()" ) T |:<R2nj—l ()\' ) - E)\' R2nj ()\' )) 1—[ Ran ()\' )} (219)
j=1 k=1, ksj
For the Dirichlet problem (D1), the conditions (2.6) imply Rg;)j (A?) =0 and hence the spectrum of
the Dirichlet problem (2.5)-(2.7) for j=1,2,...,q coincides with the set of zeros of the polynomial

q
2\ ._ () (42
¢0.q(A%) = [ Ran, (%) (2.20)
j=1
Note that the polynomial ¢y ¢ may also be written as

q R(]) O (}\2)

onai?) = (Z n;

S M2 22). 221
B )¢D,q( ) (2.21)
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Theorem 2.4. After cancellation of common factors (if any) in the numerator and in the denominator, the
function

_ ¢pq@ 1

- R 1
#N.q(2) =1 30 — Mz

$q(2) : (2.22)

becomes an So-function.

Proof. By [15, Lemma S1.1.2], the function ¢4(z) is a Nevanlinna function if so is —qbq(z)”. By (2.21)
and (2.14), the latter can be written as

q R(]) (Z) q
) =S (2 M)= <_—1 ) M 2.23
i ;( R) (2) T’ ; p0) 22

which proves the identity (2.22). Clearly, the function Mz is a Nevanlinna function. By Remark 2.3 the
function ¢ (z) and hence —¢¥ (2)~! is a Nevanlinna function. Altogether, by (2.23) we obtain that
—¢q (2)~ 1 is a Nevanlinna function.

Since ¢ (z) is an So-function by Remark 2.3, we have ¢ (z) > 0 (z € (—o0, 0]) and hence (2.22)
yields that ¢¢(z) > 0 (z € (—o0, 0]); in particular, 0 is not a pole of ¢4(z). O

By means of Theorem 2.4, we can now prove the following relations between the eigenvalues of
the Neumann problem (N1) and the eigenvalues of the Dirichlet problem (D1).

Theorem 2.5. If M > 0, then the eigenvalues {Ak},':;rl_(nﬂ) k0" A_k = —Ak, of the Neumann problem (N1)
and the eigenvalues {{k},ﬁ:fny k0r Sk =~ of the Dirichlet problem (D1) have the following properties:

1) 0<iy <81 < < Ap < &n < Any1s
2) G—1 =X ifandonly if Ay = ¢ (k=2,3,...,n);
3) the multiplicity of Ay does not exceed q — 1.

If M = 0, then the above continues to hold for the eigenvalues {A¢}}__, ks A=k = —Ale of the Neumann
problem (N1) with the modified condition

1) 0<rm << << pe

Proof. Suppose that M > 0.
1) It was shown above that the sets {)Lk}z;rl_(nﬂ)’k#o and {0} U {§/<}Z:—n, kzo are the poles and
zeros, respectively, of the rational function

¢p.q(M%)
¢N,q ()LZ)

with ¢p ¢ and ¢y ¢ given by (2.20), (2.19). By [22, Lemma S1.5.1(2)] and Theorem 2.4, ‘Z’q becomes a
Nevanlinna function after cancellation of common factors (if any) in the numerator and the denomi-
nator. Hence, after this cancellation, ¢~>q has only simple poles and zeros which strictly interlace as in
Lemma 2.2 iii). This proves 1) except for the strict inequalities therein.

Since A1 is a zero of the So-function qu, it cannot be 0 (see Definition 2.1 6)). The strict inequality

A < &1 will follow if we prove 2).
(jo)

3102) = 290(07) =

2) Suppose that Ax, = &k, = Vi, for some ko € {1,2,...,n} and some ko € {1,2,...,nj}, jo €
{1,2,...,q). Since A, is a zero of ¢y q(1?) and v,S{)") is a zero of the factor R(zjn"j) (A2) in ¢p q(A?) (see
0

(2.19) and (2.20)), we have
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q q
: M X .
o= 3| (R 00 - Mt 00) TT 507

j=1 k=1, k#j

q
(jo) (jo)2 (k) (]0)2
=Ran,, e T R (Vg™ )- (2.24)
k=1, k#jo
Since their quotient is an Sg-function by Remark 2.3, the polynomials R(’) (A?) and R(]) () do

not have a common zero by Lemma 2.2 iii) (see also [15, p. 290]). Thus R(]O) (V(JO)Z) =0 1mp11es that

Réjnoj) 71(1)(’0)2) # 0. Hence by (2.24) there exists an ig € {1,2, ..., q}, io # jo, such that

(io) (,,(J0)2
R2n,~ (vKO ) 0’
and thus Ay, = v,S{f’) = vl(;") € {&kYi—_p. e fOr some lo € {1, 2,...,mj, ). Since iy, = v,ﬂ{)" = ¢, and we

had assumed that g > ¢ for k > k' > 0, it follows that Ay, = ¢x,—1. The latter implies, in particular,
the strict inequalities A1 < ¢1 and ¢, < Ap41 in 1). In the same way, one can show that if Ay, = Z,—1,
then Ay, = -
3) The multiplicity of each zero ¢ of ¢p q(z) = 3 | RU) (A% cannot exceed q because each factor
in the product has only simple zeros by Remark 2.3 and Lemma 2.2 (see also [15, Chapter III, §2,
Theorem 1]). Hence, by 2), the multiplicity of each A, can be at most q — 1.
The claim for the case M =0 was proved in [5, Theorem 2.2]. O

Corollary 2.6. Out of two neighbouring eigenvalues Ay < A1 one must be simple.

Proof. Otherwise, if both have multiplicity greater than 1, we have Ay_1 = Ay < Agr1 = Ags2. Then, by
Theorem 2.5 1), we have Ag_1 = {x—1 = Ak and Ag4q = Ck+1 = Akt2. Now Theorem 2.5 2) yields that

$k—2 = Ak—1 = Gk—1 = Ak = ks Sk = M1 = Sk+1 = Ak2 = Ckt2
and hence the contradiction Ay = Agyq. O

Remark 2.7. If we modify the Neumann and Dirichlet problem (N1) and (D1) by imposing a Neumann
condition instead of a Dirichlet boundary condition at one pendant vertex and call the modified prob-
lems (N1') and (D1’), then Theorem 2.5 continues to hold for the eigenvalues A, of (N1’) and ¢, of
(D1"). In particular, the multiplicity of every eigenvalue A does not exceed q — 1.

Proof. Without loss of generality, let the pendant vertex of edge number q be subject to a Neumann
condition. Then the proof of Theorem 2.5 carries over literally, with the only change that in the

recurrence relations (2.8)-(2.10) for the polynomials R(Q) (02, R(q) (12) the condition R(q) A2 = 1(‘”

n (2.10) has to be replaced by R(fi (1) = 0 (which corresponds to setting l(()q) =00). O
We conclude this subsection by considering the eigenvalues A, of the Neumann problem (N1) as
functions of the mass M located at the central vertex (compare [15, Appendix I1.8]); note that we

have a different sign in the recurrence relations (2.8) for the first term on the right hand side.

Proposition 2.8. The eigenvalues {Ak};::l(nﬂ)’ k£0? A_k = —Ag, of the Neumann problem (N1) have the fol-
lowing monotonicity properties:

a) Ak is a monotonically decreasing function of M € [0, 00) fork=1,...,n+1,
b) Mk > ko1 k=2,3,....,n+1)and A1 > 0if M — o0,

where we have set Ap41 := 00 if M =0.
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Proof. For the purpose of this proof, we write Ax(M) and ¢y q(-; M) to indicate the dependence on
M € [0, 00). From (2.21) we conclude that for M, M’ € [0, o0), M < M’, we have

¢N,q(k2§ M/) ¢N,q()\2§ M) , 2
- =— + (M — M)A“.
#p.q(A2) ép.q(12) ( )

IN.g02:M)
¢D,q()\2)
creasing between its poles, the zeros A,(M’) of the left hand side must lie to the left of the zeros

An(M) of — M,i.e. An(M") < An(M). O

q02)

Since (M’ — M)A2 > 0 and the rational function — is a Nevanlinna function and hence in-

2.2. Inverse spectral problem for the star graph with root at the centre

In this subsection we investigate the inverse problem of recovering the distribution of masses on
the star graph from the two spectra of the Neumann problem (N1) and the Dirichlet problem (D1)
together with the lengths I; of the separate strings.

More precisely, suppose that g € N (q > 2), is fixed and a set of lengths [; >0 (j=1,2,...,q) as
well as sequences {}‘k}zzl—n—l,k;eo' {;k};}:_m k0 C R having the properties 1)-3) in Theorem 2.5 are
given. Can we determine numbers n; € Ny, sets of masses {m,(g)}ZL1 U {M} and of lengths {l,(j)};(io of
the mtervals between them for j=1,2,...,q so that the corresponding star graph has the sequences
{Ak}k__(n+1) k20" {§1<}Z:—n,k¢o as Neumann and Dirichlet eigenvalues, respectively?

Theorem 2.9.letqe N, q > 2, (l])q 1 € (0,00),n €N, and suppose that {)‘k}k——(n+l) k0" {g“k}zzfn‘k;éo C
R are such that

0) Ak =—2k, §p =~k

N0<M <8< << <Ant1s

2) Lk =M ifandonly if \py =g (k=2,3,...,n);
3)

the multiplicity of Ay in the sequence {)Lk}k__(n_m k0 does not exceed q — 1.

Then there exists a star graph of q Stieltjes strings, i.e. sequences {le};]-zl C Np and {mo)}k U {M},
{I,ij)}Zio Cc(0,00) (j=1,2,...,q) withn= Zq:1 n;j and ZZLO I,((j) =1} such that the Neumann problem
(N1) in (2.1)-(2.4) has the eigenvalues {)‘k}k o and the Dirichlet problem (D1) in (2.5)-(2.7) for
Jj=1,2,...,q has the eigenvalues {}},_ . k£0"

—(n+1), k#

For the case M = 0, the above continues to hold if we replace {Ak}k_ (n+1), k0 by a sequence {\;}"
and/or set A4 1) = o0.

k=—n, k0

Remark 2.10. Due to assumption 2), condition 3) is equivalent to

3’) the multiplicity of ¢ in the sequence {{i )} does not exceed q.

k=—n, k0
Proof. Let {nj}'}:1 C Np be a sequence such that n = ‘}:1 n;j and {{k}Z:—n,k;ﬁO can be written as the
union
! )
n _ D1
im0 = U0 Fel ;o (2.25)
j=1

with sequences {11(1)},61_7,1 k0 SO that v(]) = —v,((j) and v,ﬂ > v(],) for k > K’ > 0; note that the

latter is possible because of assumption 3).
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In order to prove the claim, we consider the rational function

n+1(1_}\%)

Wy (2) := (Z . )m (2.26)

The function ¥, '(z) is an So-function by Lemma 2.2 since its poles and zeros {211 and (¢4,
after cancellatlon of common factors, are all simple according to condition 2), mterlace strictly and
are ordered as in 1).
The Fheorem is proved if we find sequences {m(])}k ; YU {M} and {l(])} (=1,2,...,q) with
Z]:o l,((]) =1; so that, including multiplicities of zeros and poles,
ON,q(2)

_ —1
opqz)  P0@

Yy(2) =

with the polynomials ¢y (z) and ¢p q(z) constructed from a star graph with masses {m,’)}k 1 UM}
and lengths {l(’)}k o (i=1,2,....9) as in (2.19), (2.20).

Since v 1(z) is a Nevanlinna function, so is —Y;(2). Thus expansion into partial fractions shows
that there are constants Ag >0, A1, Ay, ..., A; >0, BeR so that

n
A.
W, (z) = —Aoz—i—Zﬁ +B (2.27)
i— i

(see e.g. [10, Chapter II.2, pp. 19, 26] where Nevanlinna functions are called Pick functions). More
precisely, the coefficients A; = res(¥g, g‘iz) (i=1,2,...,n)and B are given by

n o2 n+1 _
A= lim, ty(@) (e (Z, ) (H?> i

k=1 %k / 774 Hk:],k;ﬁi({k —Z
q
1 Ay
B=D gt Z—£~ (228)
j=1 k=1 é‘k

Using the sequence {nj}iz1 C Ny in the decomposition (2.25) of {¢};_ we set

—n, k#0’

A=A v =g (G=1.2...q. k=1,2,...nj, k=1,2,...,m),

Bj:= 1 + 3 A(D , (2.29)
Tt
so that we can write
qa /0 A(]) q
wq(z)z—AonrZ(ZZWJFB ) =1 —Aoz+ Y _¥(2). (2.30)
j=1 \k=1 j=1
Since A,((j) = Ay > 0, the derivative of the rational function lI/ L) is posmve for all z # v(])z More-

over, lII._l(z) >0 (z € (—00,0]), and limz_ o lI/._l(z) = Bij > 0. Hence lI/j (z) has only simple poles

(J)2 (J)2

me’” > 0 strictly interlacing with its simple zeros v,/’* as follows:

2 H2 2 )2 2 2
0< ,ugj) < V1(]) < ug]) < véj) - < ug) < v,gj) .
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Therefore, by Lemma 2.2, lI/_l (2) is an Sp-function and hence there exist unique sequences of positive

numbers {l(’)} /o and {m(])} ’_, such that

nj ()] -1
Ay ; 1
(Z W +B ) =l +—3; 1 : (231)
k=1%" m”] z+ 19 1

;1 )

From (2.29) and from (2.31) with z=0 we see that

nj U) -1
_(_ — 1) 419 Uy )
1]_< i ) R N R
k=1 Y%k

Hence the above sequences of masses and intervals between them yield a star graph of Stieltjes
strings with g edges of lengths I; (j=1,2,...,q). For this star graph we find, comparing with (2.14),
(2.15),

1 =AY o _ @ _
- _ K' + B; — i=1,2,...,q).
Vi (@ (;; . 1),((])2 J) ¢(J)( 2) ¢7@ U ?

If we set M := Ag > 0 and observe (2.22), we arrive at the desired relation

Wy (2) = —Mz + Z =¢; ' @. (2.32)

qj(])(z)

In order to show the equality of the multiplicities of all poles and zeros, it is sufficient to consider e.g.
the poles. Taking the inverse in (2.31) and using the uniqueness of the expansions therein, we find
that, for every j=1,2,...,q, the set {v(m} i ', must be the set of poles of the inverse on the right

hand side, i.e. the set of zeros of ¢>(]) (z). Hence we obtain that Uq_l{v”)z}:’ 1= {C;?}Z:1 coincides

with the set of zeros of ¢p ¢(2) = ¢(“(z) including multiplicities. O

Remark 2.11. In the case M = 0 and under the additional assumptions that the sequences
{)»k}ﬂ_,n k20 and {fk}Z—fn k0 strictly interlace and the distribution (2.25) of the latter eigenval-

ues onto the g strings is prescribed, it was proved in [5, Theorem 3.1] that the sequences {m,’) },< 1

{1(1)}n1 (j=1,2,...,q) are unique.

3. Star graph with root at a pendant vertex

In this section, we consider a plane star graph of q (> 2) Stieltjes strings joined at the central
vertex where a mass M > 0 is placed with the pendant vertices fixed except for one called root and
denoted by v. We suppose that this web is stretched and study its small transverse vibrations with
Kirchhoff and continuity conditions at the central vertex in two different cases:

(N2) the pendant vertex v is free to move in the direction orthogonal to the equilibrium position of
the strings (Neumann problem),
(D2) the pendant vertex v is fixed (Dirichlet problem).

We investigate the eigenfrequencies of both problems and their relations to each other in order to
be able to establish necessary and sufficient conditions for the solution of the corresponding inverse
problem.



2276 V. Pivovarchik et al. / Linear Algebra and its Applications 439 (2013) 2263-2292

O Dirichlet condition

root

X Neumann condition

Fig. 2. Star graph with root at a pendant vertex.

In the sequel, the string incident to the root is called the main edge or string and we label the
other edges of the star graph by j=1,2,...,q —1 (g > 2), assuming that each edge is a Stieltjes
string. We assume that the main edge consists of n+1 (n € Np) intervals of lengths I, (k=0,1,...,n)
with point masses my (k=1,2,...,n) separating them (both counted from the exterior towards the
centre); the length of the main edge is denoted by I1:= ZI?:O I;. For the other ¢ — 1 edges, we use
the same notation as in Section 2, i.e. the j-th edge consists of nj +1 (n; € Np) intervals of length l,(c“
(k=0,1,...,n;) with point masses m,(j) (k=1,2,...,n;) separating them (both counted from the
exterior towards the centre); the length of the j-th string is denoted by [; := Z;O l,({’) (see Fig. 2).

By vi(t) (k=1,2,...,n) we denote the transverse displacement of the k-th point mass my
(counted from the exterior) on the main edge at time t, and by vo(t), vp11(t) those of the ends
of the main string. For the other g — 1 edges, by v,ﬂ’)(t) (k=1,2,...,n;) we denote the transverse
displacement of the k-th point mass m,EJ) (counted from the exterior) on the j-th edge at time t, and

by véj)(t), vfé% (t) those of the ends of the j-th string (j=1,2,...,q—1).
If we assume the threads to be stretched by forces each equal to 1, the Lagrange equations for

the small transverse vibrations of the net (compare [15, Chapter IIl.1]) together with separation of

variables vy (t) = ugel, v,(j) t)= u,(cj)em yield the following difference equations for the amplitudes u;
.
and u;”’:
U —u u, — Uy
kZ Tkt L TR TR mealu, =0 (k=1,2,...,1), (31)
l I 1
€)) (@) @) (€)]
u’ —u u’ —u ; ;
k k+1 k k— (N4y2,,0) _ _ R -
0 Q) —-m A uy =0 (k=1,2,...,n5, j=1,2,...,q 1), (3.2)
k k—1
_, @) _ _ ,(@-1
Un1 =Up g =y = =y e (33)
g-1 () _ 0
Up41 — Up nj+1 nj _ 2
I + Z ) = MAr“up41, (34)
j=1 nj
u =0, j=1,2,....q-1. (3-5)

Neumann problem (N2). If the pendant vertex v called root is allowed to move freely, we have to
consider (3.1)-(3.5) with

up =uy. (3.6)
Dirichlet problem (D2). If we clamp the pendant vertex v called root like all other pendant vertices,

we have to consider (3.1)-(3.5) with
up =0. (3'7)
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Remark 3.1. Note that the Dirichlet problem (D2) is nothing but the Neumann problem (N1) given by
(2.1)-(2.4); in both cases all pendant vertices are fixed while the mass M at the centre is allowed to
move freely.

Notation. In the following two subsections we denote by

(1 ni n+ Y9 inj+1 ifM>0,
- n+2‘};}nj if M =0,

n+1 :
if M >0, .
(2 {#k}’,i:‘("“)”‘#o . Wk = — bk Mk = i for k> k' > 0, the eigenvalues of the Neu-
{I/Lk}k:,n, k0 if M= 0,

mann problem (N2) given by (3.1)-(3.5), (3.6) on the star graph,

+1 :
3) {)‘k}lrzz—<n+1),k¢0 ff M >0,
{)"k }Z:_n! k0 if M= 07
problem (D2) given by (3.1)-(3.5), (3.7) on the star graph.

the total number of masses on the star graph,

Ak = —hk, Ak = A for k >k’ > 0, the eigenvalues of the Dirichlet

3.1. Direct spectral problem for a star graph with root at a pendant vertex

In this subsection we investigate the relations of the eigenvalues of the Neumann problem (N2)
with those of the Dirichlet problem (D2). For the strings labelled j=1,2,...,q —1 we proceed pre-
cisely as in Section 2.1 following [15, Supplement I1.4]; for the main edge we proceed similarly, now
following [15, Supplement IL.7].

In this way we obtain the solutions u; (k=1,2,...,n+1) of (3.1) and, for j=1,2,...,q— 1, the
solutions u,(j) (k=1,2,...,n;4 1) of (3.2) successively in the form

w — ( Ryi_2(lp, 22)u;  for the Dirichlet condition (3.7),
Rok_2 (00, A%)uy  for the Neumann condition (3.6),

U _ gD

2,0 ‘
Uy e (M) k=1,2,....n)),

where Ry,_»(-, A%?) and Ré{f_z(kz) are polynomials of degree 2k — 2 which can be obtained solving
(3.1) and (3.2), respectively. We set

Rok (-, 22) — Rak—2 (-, A2)

Rok—1(-, A%) == i k=1,2,...,n),
K
(D 32y _ gD 52
- R %) = Ry, (A7)
RS (32) = -2 ﬂj)Zk 2 (k=1,2,....n)).
k

Then, due to (3.2) and the initial condition ugj) =0 in (3.5), the polynomials Réj)(kz), jo)(kz),...,
Réfn)j A?) (j=1,2,...,q—1) satisfy the same recurrence relations (2.8)-(2.10) as in Section 2.5. The

same is true, due to (3.1), for the polynomials Ro(lp, 22), Ri(Ig, A2, ..., Ron(lg, %) if we consider the
Dirichlet condition (3.7); the corresponding polynomials Rg(co, 12), Ry (00, 22), ..., Ran(oo, A2) for the
Neumann condition (3.6) satisfy the same recurrence relations if we set R_q(00, ) :=0, i.e. Iy = 00
(thus explaining the notation):

Rok—1(lo. 2%) = —A?myRox_3 (lo, 4%) + Rok—3(lo. %), (3.8)
Ro (lo. 1%) = LRo—1 (lo. %) + Rar—2 (lo. ), (3.9)

l .
l02) =1, R [E <0

(3.10)
0 ifly=oo.
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The conditions (3.3) and (3.4) at the central vertex yield the following system of linear equations
for uy, ul’ (j=1,2,...,g—1):

RZn(IO )\2)u] R(U ()\2) (e8] R(Z) ()»2) @ _ ... _R(q 1)()\2) q— 1)
Ron-1(lo, U1+ZR(]) (A?)u” = MA?Ron (10, 2%)us.

Therefore, the spectrum of the Dirichlet problem (D2) given by (3.1)-(3.5), (3.7) coincides with the
set of zeros of the polynomial

q—1 q—1
(1o, 2%) =R2n(|0’A2)Z|:R;]n)1 1—[ Rg;’)k 2) :|
j=1

k=1, k#j
q—1 q-1
+Ran-1(lo. 22) [T RS (32) — Ma2Ran(lo. 2%) [T RS (1%). (3.11)
k=1 k=1

and the spectrum of the Neumann problem (N2) given by (3.1)-(3.5), (3.6) coincides with the set of
zeros of

q—1 q—1
¢ (00, 2?) =Ran(00, ) Z[Réjn), 102 T1 Rg;)k()\'z)i|
j=1

k=1, k#£j

® (22). (312)

+Ron_1(00, A? l_[R(k) (12) — M2?Ran (00, ) HRZn’

k=1 k=1
The degree of each of the polynomials ¢ (lp, z) and ¢ (o0, z) is equal to n where n is the total number
of masses on the star graph (including the mass M in the centre if M > 0).

Proposition 3.2. Let ¢p q—1(2), $n,g—1(2) be defined as in (2.20), (2.21) for the subgraph of the q — 1 edges
that are not the main. Then

¢ o, 2) =Ran(lo, 2)¢N,g—1(2) + Ron—1(o, 2)¢p g—1(2),
¢ (00, 2) = Ron (00, Z)PN q—1(2) + Ran—1(00, 2)Pp q-1(2)-

Remark 3.3. The fact that the Dirichlet problem (D2) coincides with the Neumann problem (N1) (see
Remark 3.1) can also be seen from the equality of their characteristic functions: ¢ (Ip, A%) = ¢N,q()\2)
(compare (2.21)).

Lemma 3.4. We have the following continued fraction expansions:

Ron(lo, z 1
2n(lo, 2) 1+ . (313)
1
Ron—1(lo, 2) —mpz+ — -
L 17+ L
—m12+%
Ron(lp, 2z 1
lo.2) _ ; (3.14)
1
Rzn(OO z) —mz+ :
1 myz+- 1
—myz+ +]n—1+ —
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Ron-1o.2) _ | n 1

= (3.15)
0R2n—1 (00, 2) 0 —mZ+ I

1
1

1+

—myzfet 1

1
In—1+ =mpz

In particular, the total length of the main string satisfies

Ran(lo, 0)

I=lg——.
Ron (00, 0)

Proof. The expansion (3.13) may be found in [15, Supplement II, (18)] (see also (2.15)). The expansion
(3.14) follows if we consider the same string with opposite orientation. The expansion (3.15) may be
found in [15, Supplement I, pp. 332-333] (where the notation Qs(z) is used instead of Rs(0c0,2)). O

Lemma 3.5 (Lagrange identity). Fork =0, 1, ..., n, we have

1
Rok(lo, 2)Rp—1(00, 2) — Ryr_1(lo, 2)Rk (00, 2) = iy (3.16)

Proof. Using (3.9), we find that
Rok(lo, 2)Rp—1(00, 2) — Ryk_1(lo, 2)Ryk (00, 2)

= Rok—2(lo, 2)Rak—1(00, 2) — Rok—1(lo, 2)Rpk—2(00, 2),
while from (3.8) and (3.11), we conclude that

Rok—2(lo, 2)Rak—1(00, 2) — Ryk—1(lo, 2)Rok—2(00, 2)
= Rok—2(lo, 2)Rak—3(00, 2) — Ror—3(lo, 2)Ro—2(00, 2).
Using these two identities successively and taking into account (3.10), we arrive at

Ry (lo, 2)Ro—1(00, 2) — Ryr—1(lo, 2)Ryi (00, 2)

1
:...:Ro(lo,Z)R—1(oo’z)_R—l(lo’z)RO(oo’z):_E' O

Remark 3.6. Using (3.16), (3.11), and (3.12), we find that

-1
lo(¢ (lo, 2)Ren (00, 2) — $(00, 2Ran(lo. 2)) = [ | G, (2) = $p.g-1(2). (317)
j=1

lo(—¢ (o, 2)Ran—1(00, 2) + ¢ (00, 2)Ran-1(lo. 2))
q—1 ) q—1 q—1 )
= Z[jojl(z) [T &S (z)i| ~Mz[ [R5 @) = ng-1(2). (3.18)
j=1 k=1, k] j=1

Note that the polynomial on the right-hand side of (3.17), which has degree Z‘}.;} nj, is noth-
ing but the characteristic function of the boundary value problem on the same star graph of q — 1
edges with Dirichlet boundary conditions at the interior vertex; in particular, its zeros coincide with
the union of the spectra of the Dirichlet problems (2.5)-(2.7) on the edges with j=1,2,...,q—1
(compare (2.20)).

The polynomial on the right-hand side of (3.18), which has degree Z‘};} nj+1if M >0 and

Z‘};} nj if M =0, is the characteristic function of the boundary value problem (2.1)-(2.4) on a star
graph of ¢ — 1 edges with Neumann boundary condition at the central vertex (compare (2.19)); in par-
ticular, its zeros coincide with the eigenvalues of the Neumann problem (2.1)-(2.4) on the subgraph
of g — 1 edges excluding the main edge.
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Theorem 3.7. After cancellation of common factors (if any) in the numerator and in the denominator, the
function

oo, 2)
¢ (00, 2)

becomes an So-function.

Proof. If we multiply Eq. (3.2) by u(]) take the imaginary part on both sides and substitute z = A2,
we obtain

lm((u(]) (]) )u’])) Im((u(]) u,j))u(]))

Ui k-1 _ 1,2
@ 0 = (mz)m,” [u,”|". (3.19)
k k-1
Summing up (3.19) over k=1, ..., n;, taking into account (3.5) and the fact that the terms u,Ej)u,((’),
) (J) NON
WU +u ), are real, we arrive at
G _ ) Ol 0 O i
Im((u n +])u,1 +1) Im(un,ﬂun ) J . .
j i (1,2
0 0 =(m2) Y mdu)|". (3.20)
J J

Adding up the leftmost and rightmost side of (3.20) for j =1,2,...,q — 1 and taking into account
(3.3), we conclude that

a1 4y -1 nj
j nj+ (1) 1,2
lm((ZTJ> n1+])—(lmz)22m lu’|" (3.21)
n;j

j=1 j=1k=1

In a similar way, using (3.1) and (3.4), we see that

n
Up — 4 u —up__
Im( 2= g+ g =(Imz) Y myjuf*, (3.22)
In Io
k=1
1,0 0
Upeq —U w1 " Unp N
lm(%um—] +lm<<z %)un—ﬂ)) = (Im2)M|lup41 ”2 (3.23)
n ‘
Jj=1 nj

Adding (3.21), (3.22), and (3.23) and observing that u(l) 11 = Un41 by (3.3), we obtain

My, ()2
u —u my |ug|? + Mlugg]? + my” ug” |
Im< L ) — (Im Z" ! " T i k (3.24)

lollo [ug |2

The right hand side of (3.24) is positive if Imz > 0. The set of zeros of u; —ug is nothing but the spec-
trum of problem (3.1)-(3.5), (3.6), while the set of zeros of ug is the spectrum of problem (3.1)-(3.7).
This means that

up—u _ ¢(00,2)
loug ¢ (o, 2)
Together with (3.24), this shows that —‘;((‘f:f)) and hence ;5((:)‘322)) is a Nevanlinna function. To finish the

proof, we notice that according to (3.8)-(3.10) all R,Ej) (2) and Ry(z) are positive for z= 1% € (—o0, 0]
and, consequently, the polynomials ¢ (lp, z) and ¢ (oo, z) are positive for z € (—o0,0]. O
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¢ o,2)
¢ (00,2)

¢(lo, 2) N 1

b oo~ i
- 1Z_'_a]-i- 1

Corollary 3.8. The ratio can be expanded into a continued fraction:

(3.25)

—byzet 1

1
a1 t———1
p-1 *bpl“’#

withpe{0,1,...,n},a, >0k =0,1,...,p),andb, >0 (k=1,2,...,p).

Proof. By Theorem 3.7 and Lemma 2.2, the claimed continued fraction expansion follows if p <n is
such that n — p is the number (with multiplicities) of common zeros of ¢ (lp, z) and ¢ (o0, z). Since
¢(lp, z) and ¢ (o0, z) both have degree n, Lemma 2.2 shows that ag > 0. O

A more general expansion into branching continued fractions which applies for trees was estab-
lished in [34] (see [36,2] for details on branching continued fractions).

Proposition 3.9. The ratio ¢00.2) g pe represented as a branching continued fraction:

$(0,2)
lo, z 1
22 _ : , (3.26)
d)(oo 2) —miz+ T
I+ T
—myz+-+ 1
In_1+ 1
—mnz+ln 1
,MZ+Z} 1 ¢(l)(z)
where
R“)_](Z) 1 G=1.2 H
- . j=1,2,...,q—1).
(@) () @) 1
pD (@) R3n, (@) lnj s e —
" z;’_’71+-~-+%
j I§
Proof. We can rewrite (3.17) in the following two ways:
q—1 p())
9.2 | Ran(o.2) _ [Tj=1 Ran, @ (327)
’$(00,2)  "Ron(00,2)  Ron(00,2)$(00,2)’ ’
q—1 p(j)
$(0,2) | Ron(0.2) _ [Tj=1 Ran, @ (328)
0 , .
$(0,2)  ° Ron(ly, 2) Rzn(lo,Z)¢(lo,Z)
and we can rewrite (3.18) as
¢(lo, 2) Io Ron-1(lo, 2)
¢(00 2) Ron— 1(00 z)
q—1 R(J) R(k) M q— 1R(])
Z 1RS, @ TT] sy RO @] = M2[TIZ{ RS (2) (329)

R2n71 (OO, Z)d)(OO’ Z)

First we show that aqy =1, (k=0,1,...,n), by=my (k=1, 2 .,n). To this end we note that on the
right hand side of (3.27) the degree of the numerator is Z n j» whlle the degree of the denominator

ISZ nJ+2n1fM Oandz n]+2n+11fM>0 hencemanycase

im 2+ LLi=1 Ry @

—=0 k=0,1,...,n). 3.30
A7 Rontlo. D902 0 & m (330)
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If we take the limit z— oo in (3.25) and (3.14), we find that

lo= lim Io Ron(lo, 2)
z—00 " $p(00,2) 200 " Ryn(00,2)"

Using all these in (3.27) yields that ag = lp. Applying the same reasoning to the functions

(( ¢(o, 2) ))‘1 << Ron(lo, 2) >)“
z —1Ip s Z(lom————— 1o
0% (c0, 2) Ron (00, 2)

and using the respective continued fraction expansions from (3.25) and (3.14) together with (3.30) for
k =1, we find that by = mjy. Since (3.30) may be used up to k =n, we may continue this reasoning
up to the equalities ap =1y, by = my,.

It remains to prove the particular form of the n-th tail fj(z) =1, + —— of the continued fraction

fn (
n (3.25). To this end, we have to show that
1 1
fa@:= _bn+1z+a n I =—MZ+ZM
n-+1 *bn+22+"'+a7+ - J=1
p-1 —bpz+$

or, equivalently,

Z5a [Riny 1 T sy Ron D] = M TS Ry )
l_[q 1R(]) (Z)

fn@ = (3.31)

Using (3.15), we find that zg is a zero of fn(z) if and only if

¢(lo, Z0) _ 1 _; Ran—1(lo, 20)

o =1 )
Yp(c0,20) —mzo + — 1 Ran-1(00, 20)
1

ST — —
1+ —mrz
n—1 —mnz(

By (3.29), this holds if and only if zg is a zero of the numerator on the right hand side in (3.31).
Similarly, using (3.14) and (3.27) instead of (3.15), (3.29), we find that zp is a pole of fn(z) if and
only if zg is a zero of the denominator on the right hand side in (3.31). Hence fn(z) is a constant
multiple of the right hand side of (3.31).

To prove that this constant is, in fact, equal to 1 we use that by (3.26) for z=0

$10,0) ¢ 1 1
020D S
*$(c.0) ,; “TFa@  Fa@

On the other hand, due to the recurrence relations (3.8)—(3.10), we have

k

1 1
Ryi_1(p,0) = —, Ryr(Ip,0) = — 1
ok—1(lo, 0) Io ok (lo, 0) logs k=0.1.....n),

Rok-1(00,0) =0, Rok(00,0) =1
and hence by (3.11), (3.12) for z=0
000 [T921 RS 0
P, S io[Ron 1O TS ez Ron O]

which completes the proof of (3.31) and hence of Proposition 3.9. O
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Theorem 3.10. Let zg be a zero of multiplicity ko > 1 for ¢ (lp, z) and of multiplicity koo > 1 for ¢ (00, z). Then
zo is a zero of multiplicity

=i
min{ko, ko} of Z[R;{j @ ]_[ RY (z):| (and hence of pn g-1(2)),
j=1

k=1, k]
min(ko, koo} +1 of H R, @) (=¢p.q-12)).
and ko + koo < 2q — 3.

Proof. 1) Denote by xp and «y the multiplicity of zp as a zero of the polynomials ]_[q 1R(]> (2)

and of Zq 1R(’) @ ]_[k . Ré’;)’ (2), respectively. By (3.17), (3.18), it follows that mm{ko,koo} <
min{«ky,kp}, whlle (3.11), (3.12) yield min{kg, kso} > min{xn, kp}, so that altogether min{kg, koo} =
min{kp, ky}. By Remark 3.6 and by Theorem 2.5 2) on the multiplicities of Neumann and Dirichlet
eigenvalues in Section 2.1, we know that kp =k + 1. This implies that ky = min{kg, keo} and xp =
min{ko, koo} + 1.

2) According to [35, Theorem 6.3(v)], we have ko <q—1 and koo <q — 1 for a star graph of g — 1
edges. On the other hand, from Remark 3.6 and Theorem 2.5 3), 2) for a star graph of ¢ — 1 edges,
it follows that kxp <q—1 and ky =kp — 1 < q — 2. Then, by 1), min{ko, keo} = kN < q — 2 and thus
ko +koo <2g—3. O

Corollary 3.11. Let zg be a zero of multiplicity koo > 1 of ¢ (00, z) and of multiplicity ko > 1 of ¢ (lp, 2).

1) Ifko > koo, then Ryp (00, 2g) # 0 and

lo, z 1
¢( 0, 20) —1 : (332)
¢(OO 20) —mjzo + 1
I+ 1
—m220+-~-+w7]
—mnzo+ -
2) Ifko < koo, then Rap(lo, zo) # 0 and
1¢(00.20) _ 1 (333)
o 60, 20) o+ - '
—mjzp+ T
1+ I
—myzg+-+
l“_1+*mnlo+]l

Proof. 1) If kg > koo and Ryp (00, zg) =0, then Theorem 3.10 shows that, in Eq. (3.12), the multiplicity
of the zero zg is ko, on the left hand side and ko, + 1 on the right hand side, a contradiction. Hence
Ron (00, z9) # 0. As a consequence, zg is a zero of the right hand side of (3.27) because the multiplicity
is koo + 1 in the numerator and k., in the denominator. Thus zgy is also a zero of the left hand side
of (3.27) and formula (3.32) follows from (3.14).

2) The proof of 2) is similar to that of 1) if we use (3.11) and (3.28) instead of (3.12) and (3.27),
respectively. O

Theorem 3.12. The eigenvalues {uk}z:_n, ko M~k = =Mk, of the Neumann problem (N2) and the eigenval-
ues {)Lk},'}:_m k0 A_k = — Ay, of the Dirichlet problem (D2) have the following properties:

D 0<pr <i <p2 << fhn < A

2) the multiplicities of . and iy do not exceed q — 1; if i = Ak (or = Ak1), then the sum of multiplicities
of g and iy (or Agyq1)is < 2q —3;

3) if b = M (07 = Agey1), then puy is a zero of ¢g—1(2) = gzz:: 8
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n+1

Proof. 1) It was shown above that the sets {uf}k:_n. k20

respectively, of the function

oo, 2)
¢ (00,2)

which becomes an Sg-function by Theorem 3.7 after cancellation of common factors (if any) in the
numerator and the denominator. This proves 1) except for the strict inequality @1 < Aq therein.

3) The last property is immediate from Theorem 3.10 since the multiplicity in the numerator is
larger (by 1) than the multiplicity in the denominator.

2) The eigenvalues A, of (D2) coincide with the eigenvalues of problem (N1) and hence the first
claim for Ay follows from Theorem 2.5 3). The eigenvalues v, coincide with the eigenvalues of problem
(N1”) and hence the first claim for v, follows from Remark 2.7. The second claim follows from 3) and
Theorem 3.10. ) )

It remains to be proved that s; <A1 in 1). Denote by 0 < «f < p] < --- the strictly interlacing

and {Ai}zz—n,k#o are the poles and zeros,

poles and zeros of the j-th tail of the continued fraction expansion of Iy ¢do.2) iy (3.25) (i.e. for j=0

¢(00,2)
the poles and zeros of I q‘f& 2. after cancellation of common factors). Then w1 = oz] Suppose now
that 1 = Aq. Then Theorem 3. 10 implies that 1 is a zero of
1
l_[q R(]) (Z) 1 1
q—1rp(j) R® RY)
Z [R2nj—1(z) Hk 1, k] 2nk(z)] Zq—l nj-1@) Z; 1 ¢(])(z)

j=1 R(J) @

Thus, by (3.26), i1 is a zero of the (n+ 1)-th tail of the continued fraction for Iy ;f((cl)%zz)) in (3.26) and

hence w1 = ﬂ““ > ,B“Jrl for some k=1,2,.... Since the smallest zero of every tail of a continued
fraction is greater than or equal to the smallest zero of the continued fraction itself by Lemma 2.2 v),
we arrive at the contradiction

1 g0 0
> 2B >a)=1. O
3.2. Inverse spectral problem for a star graph with root at a pendant vertex

In this subsection we investigate the inverse problem of recovering the distribution of masses on
the star graph from the two spectra of the Neumann problem (N2) and the Dirichlet problem (D2)
together with the lengths 1 and [; of the separate strings.

More precisely, suppose that g € N (q > 2), is fixed and a set of lengths 1,I; >0 (j=1,2,...,4—1)

as well as sets {ugly__, k0" {Aedp__ n k20 C R are given. Under which conditions can we determine
numbers m, nj e Ng (j=1,2,...,q9 — 1), sets of masses {m “}k 1 Y{M} and of lengths {I(J)}
the intervals between them so that the corresponding star graph has the sequences {/’Lk}szn k0"

V93— 40 a5 Neumann and Dirichlet eigenvalues, respectively?

Lemma 3.13.Letqe N, q>2, (I} U {Ij}(};} C (0, 00), n € N. Suppose that {ui}y_;, {Ae)j_; C R are such
that

O<pur <A S<pU2< < Up < Ay (3.34)
and let

Hk 1( LZ) a-1 1 !
D(2) = yij, y =14 ( ) ) (3.35)
[Tk=r (1 - ,Tf) 2
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Then there exist unique p, n € N withn < p and

n—1 n
Yoa<l D @=Ll (3.36)
k=0 k=0

aswellasak>0(k:0,1,...,p),bk>0(k:1,2,...,p),anda}1>Osuchthat

1
D(2) =ap + 7 (3.37)
—b1z+ 1
a1+ 1
—byz+-+ 1
LU —
an—ap+fn(2)
withal :=>"F_,a; —1>0and
~ 1 1
fa@:=ay+ : (338)
_bl‘H—]Z + T
1+ ZHot 1
n+2 ”P*1+b7+1
opzt g

Proof. Choose p € N such that n — p is the (maximal) number of common factors in the numerator
and denominator of @. After cancellation of these common factors, there are subsets {Ak},’::_p k0 C

dp— . ko and {ﬂk}{j:_p. ko C K= . tso With A < A, flg < fue for k <k such that

o, 02
z :)/—Z
H5=1(1—,;—,3)

Then 0 < i1 < M<-< Ap < Xp and hence @ has become an Sp-function by Lemma 2.2 and
lim;_, 00 @(z) #0. Thus there are unique a; >0 (k=0,1,...,p), by >0 (k=1,2,..., p) with

P(2)=ao+

1
—b1Z+a T

-1t T
—bpz+ﬁ

Since we have Zfzo ar = ®(0) =y > 1, there exists an n € N such that (3.36) holds and all claims
follow. O

Theorem 3.14. let g € N, ¢ > 2, {I} U {lj}?;} C (0,00), n € N, and suppose that {,uk}ﬁzfn’k#),

{AkYke_n, ko C R are such that

0) Mok =—Mi; Ak=—hk;

N 0<pr <ty <p2 < < n < s

2) the multiplicities of pux in {ue}__, k0 and of Ay in {Med__, k0 do not exceed q — 1;
)

3) if g = Ak (Or = Ag41), then fn()hi) = 0 with fn defined as in Lemma 3.13 in (3.37), (3.38).
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Then there exists a star graph of q Stieltjes strings, i.e. numbers {n}, {nj}[]’-;} C No, masses {my};_;,
{ml({j)}"f C (0,00), M € [0, 00), and interval lengths {l}_,, {l,ij)}ZLo C(0,00) (j=1,2,...,q— 1) be-

k=1 .
tween them with Y p_ L =1, Y oIt =1;, and

q—1

M=0, n:n-l—an ifa,ll>0,
j=1
q—1

M>0, n=n+) nj+1 ifaz=0,
j=1

with a}, as defined in Lemma 3.13, so that the Neumann problem (N2)in (3.1)-(3.5), (3.6) has the eigenvalues
{Mk}Z?n, k0 and the Dirichlet problem (3.1)-(3.5), (3.7) has the eigenvalues {)“k};::fn, k0"

Proof. Due to assumptions 1) and 2), the given data yield integers p, n € N and the functions ¢ and
fn as in Lemma 3.13 in (3.35)-(3.38). The star graph we search for will be constructed as follows. For
the main edge we choose n as in (3.36) to be the number of masses, my :=b; (k=1,2,...,n) as the
masses, Iy :=a, (k=0,1,...,n—1) and Il :=ap —a}l as the lengths of intervals between them, while

the function fn from (3.37), (3.38) will be used to construct the subgraph of the other g — 1 edges
using our first inverse Theorem 2.9.

From the continued fraction expansion (3.38) of f,,, it follows that f,, is an Sp-function; moreover,
fn is the quotient of two polynomials gn(z) and hy(2),

z —n ifal >0
&n( )’ deg gp = p : ;1 > U,
ha(2) p—n—1 ifal =0,
By Lemma 2.2, the zeros and poles of fn, i.e. the zeros of g and hy strictly interlace.

As in the proof of Lemma 3.13, let n — p be the number of common factors in the numerator and
denominator of @. Denote by {ykz}ﬁ;f their common zeros and set

fa@ = deghp=p —n.

n—p n—p
@ =ga@[[(-7) mm@=m@[][E-7)

k=1 k=1

The number of zeros ‘L'k2 of gn(z) and 9k2 of fln(z), counted with multiplicities, coincides with the
respective degrees,

n—n ifal >0,

deghy =n —n.
n—n-1 ifal =0, &lln

deg gn = {

We now show that the sequences {+7};_] if a} >0 and {:I:‘L'k}z;?_l if al =0 and {6, };_} satisfy
the assumptions of Theorem 2.9 with g — 1 instead of q; more precisely, £6, will take the role of Ay
in Tlheorem 2.9 and =7, the role of ¢4y in Theorem 2.9, and we will have M =0 if all1 >0and M >0
if ap =0.

Condition 0) in Theorem 2.9 is satisfied automatically. The interlacing conditions in 1) except for
the second strict inequality in Theorem 2.9 hold because the zeros of gpn, hp are all positive, interlace
strictly and gp, hy arise from gy, hy only by adding common zeros. If 6; = 71, then 6; is a com-
mon zero of the numerator and denominator of @ and hence 6; = w1 = A1, a contradiction to the
inequality w1 < Aq in assumption 1). Condition 2) in Theorem 2.9 holds because if 7, = 6, then 6
is a common zero of the numerator and denominator of ¢ and hence 6, = uy = A or = Ax41. Then
assumption 3) yields that fn(e,f) = 0 which implies that the multiplicity of the zero 9k2 of gp is one
more than the multiplicity of the zero 9,? of hy, and the same with g, and hp. Finally, condition 3)
of Theorem 2.9 holds because by assumption 2) the multiplicity of ‘l:k2 is <q—1 and hence, by the

above, the multiplicity of 9,(2 is<q—2.
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It remains to be shown that if we construct the functions @ (lg, z), @ (o0, z) from all the data on
the main string and the subgraph with q¢ — 1 edges collected above according to the formulas (3.11)
and (3.12), then

D, z
o) =1p 2002 (3.39)
@D (00, 2)
and the multiplicities of all zeros and poles on the left and right hand side coincide.

By Lemma 3.13 (3.37) and the choice of the masses and intervals between them on the main edge,

we know that

D)=+

(3.40)

1
+—1
g In+/fn(2)

On the other hand, by (2.26) and (2.32) in the proof of Theorem 2.9 (recall that 6 plays the role of
M and Ty the role of ¢ in (2.26)) we have

—1 pW) -1
R gn(2) 1 il Rznj—1(2)
n(2) =2 =—  —(|-Mm E = ] . 3.41
fn@ e ( z+ Réj) @ (3.41)

nj

j=1

Now (3.40), (3.41) together with Proposition 3.9 yield the claimed identity (3.39), including equality
of all multiplicities. O

Corollary 3.15. The eigenvalues of the Neumann problem (N2)in (3.1)-(3.5), (3.6) and of the Dirichlet problem
(D2) in (3.1)-(3.5), (3.7), together with the total length 1 of the main edge, uniquely determine the mass
distribution on the main edge, i.e. the number n, the masses {mk}gzl, and the subintervals {l,<}l'<‘:] between
them.

For the case of strict interlacing of the two spectra of (N2) and (D2), which means that all eigen-
values are simple, we have the following simpler sufficient conditions for the solvability of the inverse
problem.

Corollary 3.16. All claims of Theorem 3.14 and Corollary 3.15 continue to hold if we only assume condition Q)
together with the strengthened condition

1)0< i1 <A <Mz <--+ < n < An.
4. Comparison with results for eigenvalues of tree-patterned matrices

Interlacing conditions of finite sequences of real numbers also play a role in the theory of symmet-
ric matrices. To conclude this paper we show how our results on star graphs of Stieltjes strings can
be used to prove the existence of a star-patterned symmetric matrix and submatrix with prescribed
interlacing spectra.

The necessity in the following well-known equivalence result is attributed to Cauchy (see [7]);
sufficiency was proved in [12] (see also [3] and [19]). Here, for an (n + 1) x (n 4+ 1) real symmetric
matrix H, we denote by H ; the n x n first principal submatrix obtained from H by deleting the first
row and first column.

Proposition 4.1. (See [30].) There exists an (n + 1) x (n + 1) symmetric matrix H such that the eigenvalues
of Hare A1 < Ay < --- < Ay and the eigenvalues of the submatrix Hy 1 are ji1 < 2 < -+ - < Wy if and only
if

M <A <2 <<l < Ange (4.1)
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The connection of this result with tree-patterned matrices is given in [27] and [30]. First we recall
the following definition and notation.

Definition 4.2. (See [27].) Let I" be a tree with vertex set V ={vq,Vv2,...,Vp+1} and A= (a,-,j)’;’}il an
(n+1) x (n+ 1) matrix (with entries a;; from some ring). Then A is called I'-acyclic if a; j =a;j; =0
whenever i # j and v;, v; are not adjacent.

If A is I'-acyclic and I’ is a subgraph of I', we denote by A the principal submatrix of A
consisting of all rows and columns whose indices are the vertices of I'’. If i, j € {1,2,...,n+1}, i # ],
we denote by I"(i) the subgraph obtained from I" by deleting the vertex v; and all the edges incident
to v, and by Ij(i) the connected component of I"(i) that has v; as a vertex (v; € V\{v;}); finally,
we set N;(I") :={j e{1,2,...,n}: vj adjacent to v; in I'}.

Theorem 4.3. (See [27].) Let I" be a tree with n + 1 vertices, i € {1,2,...,n + 1}, and let m := #N;(I").
Let g1, &2, ..., &gn be monic polynomials with real roots and deg g; equal to the number of vertices of I'j(i)
(j=1,2,...,m).Let pq < --- < WUy denote the roots of the product g:=g1-82- -+ - gm, and let .1 < Ay <
-++ < Ap4q bereal.

Then there exists a Hermitian I"-acyclic matrix A possessing the eigenvalues A1, A2, ..., Ant1 Such that
for each j € N;j(I') the submatrix Ay has characteristic polynomial g; if and only if (4.1) holds; if all
inequalities are strict, then A is irreducible.

Remark 4.4. In the two-dimensional case the only Hermitian matrix having the eigenvalues A1 =
Az =1 is the identity matrix. The corresponding graph consists of two isolated vertices, i.e. it is not
connected and hence not a tree. Therefore it seems that I" in the above theorem from [27] may be
disconnected.

In [30] the above result was reproved by another method if the strict inequalities
M < <Ay << Mp <Anpg (4.2)

hold. Thus condition (4.1) is necessary, while condition (4.2) is sufficient for the existence of a tree-
patterned matrix as described in Theorem 4.3.

To relate our results to star-patterned matrices, we reformulate the direct Neumann and Dirichlet
problem in Section 2.1 in the case M > 0 as matrix eigenvalue problems.

To this end, we define the (n + 1) x (n + 1) diagonal matrix

. H n @ @ 2 (
M :=diag{M,my) . m o om{P m) mP L m ),...,mn‘;),mﬁgll,...,mgq)},

as well as the nj x n; matrices

1 1 1
R 0 0 0
K 1nj71 1 nr]] 1
“o. o.To 0 0 0
nj—l nj—2 }—1 n)-—Z
1 1 1 1
0 9 D )
nj—Z nj—3 nj—2 n]—3
Lj:=
0
11 1 1
0 oty T
2 2 1 1

1 1 1
0 0 ) o+
1 0

e
li



for j=1,2,...

,q and

q

j=1 @ e
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_ 1
1
15}

0

L4

0

_1
2
I

0 0 Lo

0

@
tn‘;

0 0 Lg

0

Then the Neumann problem (N1) in (2.1)-(2.4) with z= 22 is nothing but the eigenvalue problem
for the matrix

=M LM 3,

while the Dirichlet problem (D1) given by (2.5)-(2.7) for j=1,2,...,q is the eigenvalue problem for
the submatrix £y 1 where the first row and column are deleted.

The matrix £ is tree-patterned, where the corresponding tree I" is our star graph (a generalized
star graph in terms of [21]) if each mass (including M > 0) is identified as a vertex.

Theorem 2.9 means that, under the assumptions therein and letting i = 1, there exists a real Her-
mitian star-patterned (n + 1) x (n 4+ 1) matrix such that its spectrum coincides with the set {Ai}zg
and the spectrum of the submatrix obtained by deleting the first row and the first column coincides
with the set {¢2}1_,.

Thus Theorem 2.9 provides sufficient conditions for two sequences {Al%}z;r} and {gkz}Z:] to be the
spectra of a real Hermitian star-patterned matrix and its first principal submatrix, respectively.

5. Examples

We conclude this paper by illustrating the inverse Theorems 2.9 and 3.14 and their constructive
proofs by means of a simple example.

Example 5.1. Does there exist a star graph with root at a pendant vertex with ¢ = 3 edges and
edge lengths 1=2, Iy =2, I, =1 so that the corresponding Neumann eigenvalues {Mﬂ:k}z:_g k20

and Dirichlet eigenvalues {Aik}ﬁz_g, ko A€ given by
ui=0,5 pi=1,5 pi=2, AM=1, A=13=2 (5.1)

and (= —fig, Ak = —A?

Constructive Solution. First we check if the numbers {/Li,<},§:_3 k0 and {Aik}lf:_3 k20 given in Ex-
ample 5.1 satisfy the assumptions of Theorem 3.14. To this end, we note that, by (3.35),
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il 8
:l = -,
¥ +l1+12 3

1-2)(1—2/2 2 2 1
(p(z)zg( 9(-2/2)  22-32+42 _

=1 EEEEE———
30-20(1-223) Z—2z43/4 T % S

3

-3z++
3

Hence ag =1, a; =73 in (335) and so ag=1<1=2 <1+ $ =ag + ay. Thus, by (3.36), we have to

choose n = 1. Moreover, we have alll =ap+a—1= % —-2= % an —a},_ % — 3 =1 and hence, by
(3.37), (3.38),
1 A 1 1 12-2
P)=14 —7—, fi@=5+ == .
-z 1 3 -3z+41 30-2
1+f1(2) 3

Since {ui}i_ 5 ket a5 ko in Example 5.1 satisfy the interlacing conditions
O<p <A <Ua<ty=U3=A

and f1 (u3) = f1(2) =0, a graph as required does exist by Theorem 3.14.
In order to construct one such graph, we decompose

f @) 1 1 1
1(2) = 3 73, 1 .3, 2 1 i
3475 atmtatss =t =
%2—2 %z—l
1 1
= 1 1 = 1 1
7+ 7 p R S R S
2__5 2_ 3 5too, T 3T To, T
32 7 3 3 3

Thus the star graph with the mass distribution M =0 and

2 4
1 _ M _ (1)
Lh'=5 4 m;

) ’

SO 0O

(5.2)

3
@ — @ 1 @)
3

= -, m] =

UJIN

)

has the desired Neumann and Dirichlet eigenvalues. O

The proof of Theorem 2.9 does not only allow to construct one star graph with the given spectral
data, but it provides a method to describe all such star graphs. These isospectral star graphs differ only
on the subgraph of g — 1 non-main edges and are constructed by applying the proof of Theorem 2.9
to

1 1-z 3(1-2)(1-
= _30=0 20290
fim "e-2 2a-

ie with A2 =1,:2=23=¢=2.

Example 5.2. Construct all star graphs with root at the central vertex with ¢ — 1 =2 edges and edge
lengths I; =2, I =1 such that the corresponding Neumann eigenvalues {Aik}iz_z k0 and Dirichlet

eigenvalues {fikﬁ:fz,k;eo are given by

and A_p = —Ag, &g = —!
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1
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Fig. 3. Star graph solving the inverse problem in Example 5.1 (a =2).

Constructive Solution. It is easy to see that the numbers {)\ik},fzfz_ k20 and {fikb%:fz. k20 satisfy the
assumptions of Theorem 2.9. The first possibility for non-uniqueness is the subdivision (2.25). In the
present example, there is only one such decomposition, namely ny =1, n, = 1 because otherwise the
Dirichlet eigenvalues on one edge are not simple, as required.

Since the eigenvalue ¢ = ¢, =2 is double, ¥,(z) has a double pole and hence the representa-
tion (2.30) is not unique; it allows for one free parameter: Because the degree of the numerator and
denominator in ¥, (z) are the same, we have M = Ag = 0, and according to (2.29), (2.30) we can write

w 3 3_ a 1 a 3—a 1 3—a\ @
z(Z)—Z_—z-‘r = Z——2+§+5 + Z—2+ +T =:Y1(2) + ¥2(2),

where the parameter is given by a := Agl) > 0. It is not difficult to check that the unique continued
fraction expansions of v, 1(z) and vy 1(2) are given by

= 1 i 2 1 ’ - _ 1 5— 2 1
Vi@ a+1 - _ladlyS o V2() S—a (33854 EET

Hence the mass distributions of all star graphs with root at the central vertex and ¢ — 1 =2 edges
having the Neumann and Dirichlet eigenvalues (5.3) are given by M =0 and

2
l(l): 2 l(l): 2a m(])zl a+1
O Ta41’ ' 7av1 T 7a\ 2 ’

2
2 3—a 1 5—a
= P=—, mP= ( ) : (54)

5—a 5—a’ 1 3—a\ 2

where a € (0, 3) is a free parameter; note that a =2 yields the solution calculated in (5.2).

Corollary 5.3. All isospectral star graphs with q = 3 edges and root at a pendant vertex sought in Example 5.1
are givenby M =0, lp =1 =1, mq = 1 on the main edge and (5.4) on the other 2 edges (see Fig. 3).
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