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ABSTRACT. Three different inverse problems for the Schrodinger operator on a
metric tree are considered, so far with standard boundary conditions at the ver-
tices. These inverse problems are connected with the matrix Titchmarsh-Weyl
function, response operator (dynamic Dirichlet-to-Neumann map) and scat-
tering matrix. Our approach is based on the boundary control (BC) method
and in particular on the study of the response operator. It is proven that the
response operator determines the quantum tree completely, i.e. its connec-
tivity, lengths of the edges and potentials on them. The same holds if the
response operator is known for all but one boundary points, as well as for the
Titchmarsh-Weyl function and scattering matrix. If the connectivity of the
graph is known, then the lengths of the edges and the corresponding potentials
are determined by just the diagonal terms of the data.

1. Introduction. Let I' be a finite compact metric tree, i.e. a metric graph with-
out cycles. Every edge e; = [ag;j_1, as;] is identified with an interval of the real line.
The set of edges will be denoted by E = {e; }é\le The edges are connected at the
vertices v; which can be considered as equivalence classes of the edge end points
{a;}. The set of vertices will be denoted by {v1,...,vny+1} = V. For a rigorous
definition of the metric graph suitable for our consideration see [23, 32, 31].

In what follows it will be convenient to consider loose end points (vertices having
valency one) separately. Let us denote these vertices by {v1,...,vm} = ' C V.
These vertices will play the role of the graphs boundary.

The graph I" determines naturally the Hilbert space of square integrable functions
L(T). The (Dirichlet) Laplacian L in Lo(T") is the second derivative operator
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2 SERGEI AVDONIN AND PAVEL KURASOV

defined on the domain of functions ¢ from the Sobolev space W3 (I" \ V) satisfying
the so-called standard boundary conditions at all internal vertices v; € V' \ 9T

> 0uip(ay) = 0;
(1.2) a; e
1 is continuous at the vertex vy;

and the Dirichlet conditions at all boundary vertices
(1.3) 1/)(’01) =0, vy €0l.

Here 8,, denotes the internal normal derivative taken along the corresponding edge.*
Let ¢ € L1(T") be a real valued function. Then quadratic forms can be used to define
the Schrodinger operator

2

1.4 H=1L -
(1.4) +4q A2

+q.

The domain of the quadratic form for H coincides then with the domain of the
quadratic form of the Laplace operator L and consists of all functions from W, (T'\V)
which are in addition continuous at the vertices. One can show that the domain of
the operator H consists of all functions 1, such that 1,1’ are absolutely continuous
on I'\ V and satisfy boundary conditions (1.2), (1.3) at the vertices.

The Laplace operator L is uniquely determined by the geometric tree and reflects
its connectivity. The Hilbert space Lo (I') does not “feel” the way the edges are con-
nected to each other. It is the boundary conditions (1.2) that “glue” different edges
to each other. Instead of the standard boundary conditions (1.2) other symmetric
boundary conditions at the vertices may be considered. Then the Schrodinger oper-
ator H is determined by both the geometric graph I', real potential ¢ and boundary
conditions at the vertices.

By quantum graph one means the metric graph I' together with the Schrédinger
operator H in Ls(T). Hence the inverse problem for a quantum graph consists of
reconstructing of

e geometric graph T,
e real potential ¢ , and
e symmetric boundary conditions at the vertexes.

In the current article we restrict our consideration to the case of the standard
boundary conditions (1.2) at internal and Dirichlet conditions (1.3) at boundary
vertices. In this case reconstruction of the quantum graph consists of reconstruction
of the metric graph and real potential.

In what follows we assume that the graph is clean, i.e., no vertex of valency 2
occurs. The reason is that the standard boundary conditions (1.2) for such vertex
imply that the function and its first derivative are continuous and therefore the
corresponding two edges may be substituted by one edge having the length equal
to the sum of the lengths. Thus this assumption is not restrictive.

INote that the standard Laplace operator on I' is defined by the same differential operator
of minus second derivative (1.1) on the domain of functions from W2(T'\ V) satisfying boundary
conditions (1.2) at all edges including the boundary edges of T.
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Fig. 1 Metric tree.

The spectrum of the operator H is determined by nontrivial solutions to the
following differential equation on I"
d*y

(1.5) — TS +av =X i {T\V};

subject to standard boundary conditions (1.2) at the internal vertices and Dirichlet
conditions (1.3) on the boundary. The spectrum of H is pure discrete, since the
operator H is a finite rank perturbation (in the resolvent sense) of the orthogonal
sum of Sturm-Liouville operators on the edges with Dirichlet boundary conditions
at all vertices. The spectrum of each of the Sturm-Liouville operators consists of
an infinite sequence tending to +oco [38]. Therefore the spectrum of H is formed by
eigenvalues of finite multiplicity: Ao < A1 < ... increasing to 4oc.

The system of differential equations (1.5) with boundary conditions (1.2), (1.3)
has no solution for A ¢ R. Therefore this system of equations has a unique solu-
tion satisfying standard boundary conditions (1.2) at internal vertices and non-zero
boundary conditions on the graph’s boundary

(1.6) P(y)=1,and =0 ondl'\ {v}.
Then the m x m matrix M(\) with the entries
(1.7) My, ~;(X) = Ontb(v;), 1,5 = 1,...,m,

will be called the Titchmarsh-Weyl m—matrix (T-W matrix).
Let ¢/ (z, k) be a solution to equation (1.5) satisfying (1.2) at all internal vertexes

and boundary conditions
(1.8) (k) = fi, §=1,2,m

at all boundary points. Then the Titchmarsh-Weyl function allows one to calculate
the normal derivatives of the solution

(1.9) Gnto! |or = M(N)F.

The main reason that inverse problems for quantum graphs are difficult is that
the Cauchy problem is not uniquely solvable if the graph contains cycles. But for
trees one may consider a sort of Cauchy problem: if the solution and its derivative
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are known at all but one boundary points, then it is possible to find the unique
solution to the differential equation with prescribed initial data.

The main results of the paper are Theorems 4.1 and 4.2 (see Section 4 below).
It is proven that quantum tree can be reconstructed from the reduced response
operator associated with all except one boundary points. If the connectivity of the
tree is known then the reconstruction can be carried out using the diagonal of this
operator.

This problem is closely related to the reconstruction of the quantum tree from the
Titchmarsh-Weyl function and from the scattering matrix. The relations between
these three inverse problems are clarified.

Recent interest in quantum graphs and trees in particular is motivated by possible
applications to nano-electronics and quantum waveguides [2, 28, 29]. Mathemat-
ically rigorous approach to differential operators on metric graphs was developed
in the 80’s by N.I. Gerasimenko, B.S.Pavlov, P. Exner, P.Seba, and V. Adamyan
[1, 16, 17, 18, 19, 20]. Tt is worth to mention recent articles by V.Kostrykin and
R.Schrader (see e.g. [23, 24, 25, 26]) describing most general models of quantum
graphs, as well as [32], where the connection between the geometric properties of
graphs and their models is described. Spectral properties of differential opera-
tors on metric graphs have been studied by many authors and we refer to [12, 34]
for complete reference list. Here we would like to mention works by K. Naimark,
A.Sobolev and M. Solomyak [33, 36, 37, 39], where spectral properties of quantum
trees have been studied in detail. It was discovered that the inverse spectral and
inverse scattering problems in general do not have unique solutions [21, 27, 31].
For the inverse scattering problem this fact is usually connected with graphs hav-
ing internal symmetries [11] and for inverse spectral problem - with the existence of
isospectral graphs. It is well-known that one spectrum does not determine potential
even in the case of classical Sturm-Liouville operator on one interval, but examples
presented in [21] show that even the geometry of the graph cannot be recovered
from one spectrum.’ It has been shown recently that some information concerning
the topological structure of the graph is uniquely determined by the spectrum of
the corresponding Schrodinger or Laplace operator [35, 30], in particular the Euler
characteristic of the graph can be calculated from one of these spectra. Therefore
in the current article we concentrate our attention to the case of metric trees and
study the corresponding inverse problems. It is important to have in mind that
there exist isospectral trees and therefore the knowledge of just one spectrum is not
enough to reconstruct even the underlying geometric graph.

The first question to be asked when one studies the inverse problem is to estab-
lish the uniqueness result, i.e. to characterize spectral data ensuring unique solution
of the inverse problem. Such result for trees with a priori known connectivity and
lengthes of edges was established independently by M. Brown and R. Weikard [12]
and V. Yurko [41]. See also recent paper [13] containing generalizations for trees of
Levinson and Marchenko results obtained originally for a compact intervals. These
results are related to our studies in Section 4.2, where trees with arbitrary lengths
of edges are considered. M. Belishev [9] and later M. Belishev and A. Vakulenko [10]
considered the inverse spectral data (eigenvalues and derivatives of eigenfunctions at
the boundary vertices) equivalent to the knowledge of the whole Titchmarsh-Weyl
function. We prove in Theorem 1 that to solve the inverse problem it is enough

2See also [14] where the inverse spectral problem is considered in the special case of directed
graphs.
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to know just the reduced Titchmarsh-Weyl function associated with all except one
boundary points. The proof of Yurko is ‘spectral’; it is based on the theory of
the Titchmarsh-Weyl function; Belishev reduces the spectral problem to the time-
domain problem and uses the Boundary Control (BC) method. Our approach uses
the both spectral and time-domain techniques and also the connections between
spectral and time domain data and the proofs are constructive: together with the
uniqueness theorems we give the constructive procedures to solve the inverse prob-
lems. We believe that our approach is more transparent than that of Yurko and
Belishev and can be used in numerical calculations.

Notice that the BC method is an important part of our approach. This method
is based on deep connections between controllability and inverse (identification)
problems [3, 4]. Controllability results for the wave equation on graphs relevant to
our identification results can be found, for example, in [5, Chapter VII] and [15].

2. Titchmarsh-Weyl function and dynamical response operator for a fi-
nite interval. In this section we demonstrate the equivalence of two kinds of inverse
boundary data: the Titchmarsh-Weyl function and the non-stationary Dirichlet-to-
Neumann map (response operator). For clarity of the exposition we begin with
the case of the Sturm-Liouville operator on a finite interval. Certainly in this case
the equivalence of these two data is not a new result (at least if the potential is
smooth); an interplay between spectral and time-domain data is widely used in
inverse problems (see, e.g., [22] where the equivalence of several types of boundary
inverse problems is discussed for smooth coefficients; notice, however, that we con-
sider the case of a not necessarily smooth but are just L; potentials). Moreover, the
boundary inverse problem on a finite interval can easily be solved using either the
Titchmarsh-Weyl function or the dynamical response operator and there is no need
to reduce one problem to another. However, for the graph (tree) the equivalence of
these two inverse problems turns out to be very useful and significantly simplifies
the proof of the uniqueness and provides an algorithm to solve the boundary inverse
problem.

2.1. Wave equation on a finite interval: regularity and controllability.
The application of the BC method to solve boundary inverse problems relies on the
regularity and controllability results for a closely related boundary value problem
for the wave equation, which we briefly discuss in this subsection.

2.1.1. Control from the left end: small values of t. Consider the one dimensional
wave equation on the interval = € [a1, ag]

0%w(x,t) B 0%w(x,t)
ot? Ox?

with the Dirichlet boundary control at a; and the homogeneous Dirichlet boundary
condition at as

(2.1)

+g(x)w(x,t) =0, z€ (ar,a2), t €(0,7T),

(2.2) w(ay,t) = f(t), w(az,t) =0, t€ (0,T),
and zero initial data
(2.3) w(x,0) = %—?(1,0) =0, z € (a1, a2).
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We denote the solution of (2.1)—(2.3) by w/(a1;z,t). We consider w/ as a function
of (z,t) depending on a; as a parameter. Here and below we assume all functions
to be real.

The solution w/ can be obtained using the integral kernel h(ai;z,t) which is
the unique solution to the Goursat problem [10] (for shortness we often omit the
parameter a; in arguments of w/ and h when it leads to no confusion):

(2.4) hit —hge +q(x)h =0, 0<z—a1 <t<T,

1

(2.5) h(ai,t) =0, h(z,z—a1) = —5/ q(s)ds.

Using the standard successive approximation method, one can prove the following:

Proposition 1. For q € Li(a1,az) the problem (2.4), (2.5) has a unique generalized

solution h continuous in QT, QT := {(z,t) :a; <z <t+a; <T+a; <as}.

Similar proposition is proved e.g. in [10, Sec. I1.4] for smooth ¢, but the method
works for ¢ € Li(ay,az) as well (see [6, 7, §]).
The next proposition can be proven by direct calculations.

Proposition 2. If f € Ly(0,T) := FT, the problem (2.1)-(2.3) has the unique
generalized solution w/ € C([0,T]; La(ay,az)). Fort <1y = as — ay,

t
26) Wl = { SO s L Moen = mdn 2 <tha
0, r>t+aq.

Let
H = Lo(ar,az) and H' :={u€H: supp u C [as,a; +T]}.

Proposition 2 implies in particular that the control operator W:;Fl associated with
the left end point,

WEFT = Y, WE f =wf(ar;-,T),

is bounded. The next proposition claims that the operator ng is boundedly in-
vertible. This property is called exact controllability of system (2.1), (2.2).

Proposition 3. Let potential ¢ € L1(ay1,az) be known and T € (0,11], then for any
function u € HT, there exists a unique control f € FT such that

(2.7) w! (ay;2,T) = u(x) in HT.

Proof. According to (2.6), condition (2.7) is equivalent to the following integral
Volterra equation of the second kind

T
(2.8) w@)=f(T+a —3:)—!—/7 hiay;z, ) f(T —71)dr = € (a1,a1+T).

The kernel h(aj;xz,t) is a continuous function and therefore equation (2.8) is solv-
able, that proves the proposition. O
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2.1.2. Dynamical boundary inverse problem for a finite interval. With the solution
of the initial boundary value problem (2.1) — (2.3) we associate the response op-
erator (the dynamical Dirichlet-to-Neumann map) RaTla . Fr— FT

ajal

(2.9) (RT . H)(t) = %w-f(al; x, t)‘ ,

r=ai

Dom RT = {f € C?[0,T]: f(0)= f'(0)=0}.

Formula (2.6) implies that

t

(2.10) (R, F)(t) = —1'(t) + / ray;t— 1) f(r)dr,

0

where r(a1;t) = %h(al; x, t)}w:al . This shows that operator RaTla1 is completely
determined by the kernel h(aq;x,t), t € [0,T]. It is proved in [7] that r € Ly if
q € L. Note that the kernel of the response operator RaTla , may be written using
distributions as

(2.11) —0'(t—71)+r(a;t—1)O — 7).

Now we are going to show how to recover the potential function ¢(x) from the

known RaTla17 T > 2¢. Introduce the connecting operator C* : ' — FT for the

wave equation (2.1)-(2.3):
(Cva g)]:T = (wf('v T)v wg(_, T))H .

The operator C* is bounded and boundedly invertible, since CT = (WT) “WT. The

operator CT' plays a central role in the BC method. The important fact is that it

can explicitly be expressed through the response operator R?hTal (see, e.g., [4, 3]):

(212) (€A = f(t) + / P — t — ) — pllt — s|)]f(s) ds

where

Let y(x) be a solution to the boundary value problem

(2.13) y'(x) —q(x)y(z) =0, y(a1) =0, y'(a1) = 1,2 € (a1, az)
and let us find a control 27 € FT such that

2T _ y(x), €r — ay S Tv
(2.14) w® (x,T) = { 0. e —a ST

INVERSE PROBLEMS AND IMAGING VOLUME 2, No. 1 (2008), 1-21
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Note that, since g(x) is unknown, both y(x) and 27 (¢) are unknown functions at
this point. For any g € C§°[0,T], we have

€ g)rr = (v (1) 1))
a1+T

:(L y(@)w? (2, T) da

1

ATat‘”<AT+TM@w$@¢ﬁm>ﬁ

T a1 +T
/(T—w</ y@ﬂ%ALU—M@W@me>ﬁ
0

ai

T
A(T—M@@mﬂmw—yuMﬂawmgfﬁ

T
A(T—ﬂmwﬁ

(we used that for g € C§°[0, T, the function w? and its derivatives are equal to zero
at x = T). Hence the function 27 satisfies the equation

CT) () =T—t, telo,T).

Since CT' is boundedly invertible this equation has a unique solution, 27 € FT, for
any T < /.

Moreover, it can be proved that 27 € H'(0,T). Indeed, by (2.12), the operator
C" can be represented in the form

ch=1"+cj,
where I7T is the identity operator in FT and C{ is bounded from F7 to H'(0,T).
Hence,
2=l +T—-te HY(0,T).
Formula (2.6) yields
w! (t = 0,a1 +1) = f(+0)

provided the limit f(+0) exists. Applying the propagation of singularities property
to f = 2T, we obtain

w? (T —0,a; +T) = 27 (+0).
Denote z7(40) by u(T). From (2.14), w?' (T —0,a1+T)=y(a1 +T), and (2.13)
gives
oz - VO D)

y(T)  w(T)

By varying T in (0,£), we obtain ¢(-) in that interval. Since the function y(T)
may have only a finite number of zeroes in (0, £), this completes the solution of the
identification problem.

Let us notice an important property of this approach — its local character: op-
erator RT determines potential g(z) for z € [0,T/2]. Thus to recover the potential
on the whole interval a1, as] we have to know R2 . Note that for 7' > [; the so-
lution is not given by formula (2.6) anymore — it contains a certain additional wave
reflected from the right end point (to be discussed in subsection 2.1.3). However,
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T

this wave could be ignored during the calculation of R ,,

not have enough time to reach the left end point.

for T' < 2ly, since it does

2.1.3. Solution to the wave equation on the interval. In the present section we con-
struct the solution to the equation (2.1) with boundary and initial conditions (2.2),
(2.3) for t € (0,3l1), I = as — a;. First we observe that the solution w/ (ai;z,t)
admits the Duhamel representation

(2.15) w! (ay; 2, 1) = w’(as; 2, t) * f(1),

where * stands for the convolution with respect to t and w®(ay;,t) is the solution
to initial boundary value problem (2.1)—(2.3) with f(¢) = 6(¢). The representation
formula (2.15) implies that for the construction of wf(ay,z,t) it is sufficient to
construct w® (ay;x,t).

In the sequel we use also w’(ag; x,t), the solution to (2.1), (2.3) with the bound-
ary conditions

(2.16) w’(ag;ar,t) =0, w’(ag;as,t) =d(t).
For t € (0,11), the representations hold:

(2.17) w®(ar;x,t) = 8(t — x + ay) + h(ay; z,t),
(2.18) wd(ag; x,t) = 0(t + = — ag) + h(ag, ; ,1).

The function h(aq;x,t) is a solution to the Goursat problem (2.4), (2.5), and
h(as; x,t) has the similar properties.

For t € (11, 2l1) the function given by formula (2.17) solves wave equation, satisfies
zero initial data and the boundary condition at x = a; but not at © = as. The
solution satisfying Dirichlet condition at = as can be obtained by adding to (2.17)
the term

(2.19) —w? D (ag; z, t) — wh(91592:0) (ay; 22, 1).

Then the solution u®(ay,z,t) for I; <t < 2I; is given by

w(ay;xz,t) = 0(t —x +a1) + hlar; 2, t) — 5(t +x —ag — 1) + H(x,t),
H(z,t) = —h(az; 2, t — 1) — w1 (ag; 2, t) % h(ar; ag, t).

Consider now the time interval 2l; < t < 3l;. One needs to take into account
the reflection from the left end point and to add to solution (2.20) the “correcting”
term
(2.21) w2 (ay; 2, ) — w1 (ay; 2, 0),
which leads to the following representation:
w(ay;z,t) = 0(t —x +a1) + hlay; 2, t) — 5(t +2 —ag — 1) + H(x,t)

+8(t — 2 — 21y +ay) + h(ay; o, t — 20y) — w®(ay; z,t) * H(ay,t).

(2.20)

(2.22)

Using this formula we can write down the representation for the response function
r(t) = ul (a1, ay,t) and response operator RY , for 21 <t < 3l:

(2.23) r(t) = —8'(t) — 20'(t — 21) + G(ay, as, 1),

(224) (BT, f)(t) = —f'(t) — 2f'(t — 20) + / Glar, an ) (t — 5) ds,

with some G(a1,az,-) € L1(0,31).
This method can be continued in order to get representations for the solution of
the initial boundary value problem for any ¢. It is clear that the solution will contain

INVERSE PROBLEMS AND IMAGING VOLUME 2, No. 1 (2008), 1-21
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several nonintegral terms corresponding to the reflections from the boundaries. We

conclude that the knowledge of the response operator RaTla , for some T' > 2I; allows

one to reconstruct not only the potential ¢ but also the length [; of the interval.

2.2. Connection between spectral and dynamical data. Let f € C§°(0,00)
and

F(k) = / f(t) et dt
0
be its inverse Fourier transform. F'(k) is well defined for k € C and, if Sk > 0,
(2.25) |F (k)| < Ca(1+ |k[)~"

for any a > 0.
Let ¢ be a solution of the equation

2
a2

with boundary conditions
V(a1 k) = F(k), (az,k)=0.

Estimate (2.25) implies that |¢(z, k)| decreases rapidly when |k| — oo, Sk >
€ > 0. The values of the function and its first derivative at © = a1, ¥ (a1, k) and
¥y (a1, k) are related through the Titchmarsh-Weyl m-function

(2.26) z, k) + q(x)(z, k) = k*p(k,z), a1 <z < ag,

(2.27) olar, k) = MK F (k).

The Titchmarsh-Weyl function is a Nevanlinna function (analytic in the upper half
plane, having positive imaginary part there) which is usually defined as M (k?) =
¢z (a1, k) where ¢(z, k) is a solution of the equation (2.26) with boundary conditions

(b(alak) =1, ¢(a27k) =0.

The Fourier transform
1 [ o
w(z, t) = Py / Y,k +iv) e T gk p >0,
™ — 00

defines the function which solves the initial boundary value problem (2.1)—(2.3).
Using (2.27) we get

1 [ "
(2:28) (Raya,f) (1) = o / M (1 +iv)?) F(r+iv)e T dk ¢ € [0,7].
— 00
Thus the Titchmarsh-Weyl function M () and the response operator RaTla1 taken
for all T" > 0 are in one-to-one correspondence, i.e. the response operator RaTla1
determines the Titchmarsh-Weyl’s m-function and the m-function determines the
response operator for all T In fact it is enough to know the response operator for
T = 2l only in order to reconstruct the potential and therefore in order to calculate
the m-function. On the other hand, the knowledge of the m-function is sufficient to
reconstruct the potential and therefore to determine the response operator for all
T>0.

INVERSE PROBLEMS AND IMAGING VOLUME 2, No. 1 (2008), 1-21
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3. Dynamical boundary inverse problem for star graph. In this section we
consider the solution to the boundary inverse problem for the simplest graph Tstar
formed by m intervals [agj_1,az2;], j = 1,2,...,m having lengths I; = ag; — ag;_1
joined together at one vertex — the star graph. It follows that the vertex has
valence m. Without loss of generality we can suppose that the common vertex joins
together the right end points, vg = {as2, a4, ..., a2, }. Then the left end points form
the boundary of the graph dl'sar = {a1, as, ..., ag;m—1 - This graph can be considered
as elementary building block for more sophisticated graphs.

Fig. 2 Star-like graph.

In the current section we are going to study the boundary control problem for
the wave evolution associated with the operator H = L 4 ¢

2

—%w(m, t) = Hw(x,t).

The control will be first introduced using one of the boundary points only. This
control is not enough for exact controllability of the system: it is impossible to
transfer the system to an arbitrary function from Lo (Tstar). Therefore in order to
recover the potential it is necessary to use the response operator associated with all
but one boundary points.

3.1. Wave equation on star graph: partial controllability /reconstruction
from one boundary point. In this subsection we are going to study the possi-
bility to reconstruct the potential on one of the edges using the response operator
corresponding to the graph’s boundary point situated on this edge. It will be shown
that the response operator allows one to reconstruct not only the potential, but the
length of the edge and the number of edges in the star graph. Without loss of
generality we may assume that the graph is controlled by introducing the boundary
control at the point a;.

INVERSE PROBLEMS AND IMAGING VOLUME 2, No. 1 (2008), 1-21



12 SERGEI AVDONIN AND PAVEL KURASOV

The problem we are going to solve is

O%w(x,t) B 0%w(x,t)

(3.1) 9 902 + q(x)w(x,t) =0, x € Lgar \ vo,t € (0,T),
with standard boundary conditions at the internal vertex
(3.2) Yo Opw(agy, t) = =00, Lw(ag;,t) = 0;

w(z,t)is continuous on Cyar ,

boundary control at a;
(3.3) w(ay,t) = f(t), w(as,t) =w(as,t) =" =w(agm-1,t) =0

and zero initial data

0
(3.4) w(x,0) = gw(x,()) =0.
We use the Duhamel representation:
(3.5) w! (@, t) = w(ar;2,1)  f(2),

where w® (a1;x,t) is a solution to (3.2), (3.4) with delta function boundary control
at the vertex ai:
wl(ay, a1, t) = 6(t),

(3.6) wl(a;as,t) = w’(ay;as,t) = - = w’(ay,;azm—1,t) = 0.

It is clear that for ¢t <l; = az — a; the solution to the problem (3.1), (3.2), (3.4),
(3.6), on the edge [a1,as] is given by formula (2.17) , since for so small values of
t the solution does not reach the internal vertex vy and it is not influenced by the
boundary condition (3.2) imposed at that point. The solution is equal to zero on
all other edges. Let us calculate now w® for ¢ € (I1,l; + min {l;}71). The upper
bound is necessary in order to ensure that the wave does not have time to reach the
other boundary points as,as,. .., aam—1. If we were deal with one string [a;, as],
the solution on the time interval [; < ¢ < 2I; would be given by the sum (2.17) and
(2.19):

(3.7) wl(ay;x,t) = 5(t—x—|—a1)—|—h(a1;x,t)—u‘s(tfll)(ag;:zr,t)—uh(a“a2’t)(a2;:zr,t).
Let us set up the boundary value problem on each edge [ag;—1,a2;], j = 1,...,m,
for t € (I1, 11 + min {J;}72,):
Ujyp = Ujpy +quj =0,
(3:8) uj(2,0) =y, (2,0) = 0,
Uj(agj,t) = Oé5(t — ll) + g(t)
The constant a and function g € Wi (I1,1; 4+ min{l;}72,) should be determined.
On the edges = € [azj_1,a2;],7 = 2,3, ..., m, the solution w’(ay;z,t) is equal to the
solution of (3.8), w;(as;;x,t):
(3.9) w?(agj; z,t) = ad(t—Ily +x—ag;)+ahlagj; z, t— 1) +w’ 1) (ag;; z, t) g (1),
and on the edge = € [ay,as] it is given by:
w(ay,z,t) =0t —x+a1) —0(t+x—ay—1) +ad(t —1; +x—as)
+wd =) (ag, z,t) * g(t) + ah(ag, z,t — 1) + u(x,t)
u(z,t) := hay,z,t) — hag, 2, t —1;) — w1 (ay, z,t) * h(ay, az, t)
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Substituting these solutions into the first boundary condition (3.2) (the second
continuity condition is trivially satisfied) and equating the singular part, we get the
equation on a:

(310) 25l(t — ll) — ma&'(t — ll) = O,

which gives that a = % Equating the regular parts, we obtain the integral equation
on g:

t
(3.11) g’(t—ll)—i-/ G(s)g(t — s)ds = F(t),
0
where
1 m
G(f) = E Z hm(azj, agj,t — ll),
Jj=1
1 2
F(t):—E CLQ, ZE CLQJ,CLQJ,t—ll)

We can suppose that g(0) = 0 and reduce equation (3.11) to the second kind Volterra
type equation with continuous kernel with respect to g’.

Thus the solution w’ (a1, z,t) on the interval z € [ay,az], l; < t < 1 +min {517
is given by

(3.12) w’(ay,z,t) = 5(t—3:—|—a1)—mT_25(t—ll+x—a2)—|—H(x,t) if = € [a1,as]

where H is a function whose derivatives Hy(x,-), Hy (-, t), He(x, ), Hi (-, t) belongs
to Li(a1,az). The coefficient ™=2 appearing in front of §(t — ll + 2 — ag) is the
reflection coefficient from the Vertex 0.

Hence the response function r(as1,t) = u’(ay, z,t) for t € (21, 2l; 4+ 2min{l;}" )
associated with vertex a; and response operator Ra ars 2l < T <2l +2min{l; }72,
corresponding to the graph Iy, have the form (compare with (2.20), (2.22), (2. 23)
(2.24))

(3.13) rar,t) = —8'(t) — 22=25'(t — 21;) +f1 (a1, 1),
(3.14)  (RL, f)(t) = —f'(t) = 222 f'(t — 20) + [y Ho(ar,5)f(t — s)ds.

t e [211,211 + min {ZJ};nzl ]

An extra coefficient 2 in front of the retarded wave appears due to the reflection
from the point a; (compare with formulas (2.23), (2.24)).

It is important to understand that the singular part of the response operator is
just the same as for the Laplace operator on I'y,,. The integral part appears due
to the “soft” reflection from the potential q.

We are ready to prove the following Lemma

Lemma 3.1. Let Ugoy be a star graph with the central vertex of valence m > 2
and let H = L+ q be a Schrodinger operator in La(Tsar). Then the knowledge of
the corresponding response operator Ra1a1 for 0 <t < T, T > 2l allows one to
reconstruct the length ly of the controlling edge (a1, as], the valence m of the central
vertex and the potential q on the controlling interval a1, as].

INVERSE PROBLEMS AND IMAGING VOLUME 2, No. 1 (2008), 1-21



14 SERGEI AVDONIN AND PAVEL KURASOV

Proof. Formula (3.12) shows that the solution to the wave equation on the controlled
edge contains the retarded wave —2’”7_2f(t + & — 2as + a1) corresponding to the
reflection from the vertex. This wave causes §’-singularity in the response operator
given by (3.14). This means that by measuring the delay time of this wave one may
calculate the length of the controlled edge. The amplitude 2%72 of this wave gives
the valence m of the central vertex. The potential ¢ may be reconstructed from
the response operator for 0 < ¢ < 2[; using standard methods, since for ¢t < 2y
the response operator is determined entirely by the Schrédinger equation on the
interval [a;, as]. The rest of the graph has no influence on the response operator for
sufficiently small values of t. O

Remark. The condition m > 2 is not restrictive, since the standard boundary
conditions for vertex of valence 2 mean that the function and its first derivative are
continuous along the vertex (see the comment in the Introduction).

In fact the response operator associated with one of the boundary points allows
one to reconstruct the whole star graph.

Lemma 3.2. Let ['gtar be a star graph with the central vertex of valence m > 2
and let H = L + q be a Schrédinger operator in Lo(Tsar). Then the knowledge of
the response operator RaTla1 for 0 <t < T, T > 2l + 2max{l;}L, allows one to
reconstruct the graph, i.e. the total number of edges and their lengths.

Proof. Let us continue to apply the same method as in the proof of Lemma 3.1 and
take into account more and more reflections from the other boundary points and
multiple reflections from the central vertex. Then for sufficiently large values of T'
the response operator has the form

(315) (RL, N =-fB+2 > Spf/(t_l(p))""/(;k(taT)f(T)dTv

pepal (Fstar)

where:
o k(t,-) € L1(0,T) ;
e P, (Dytar) is the set of all paths on [y,, starting and ending at a1 and turning
only at the vertices of the graph;
e S, is the product of scattering coefficients along the path p (see the precise
definition below);
e [(p) is the length of the path p.

Each path from P, (Tstar) is uniquely determined by the sequence of the vertexes
that it comes across. For example the path p = (a1, vo,as, vo, as, vo,a1) starts at
the point a; and goes along the interval [a;, az]. It continues then along the interval
[a4, a3] reflects from the end point a3 and returns back to vy along [as, as]. Then it
reflects from v and goes again along [a4, ag] and [a3,a4]. Then it returns back to
ay along [az,a1]. Here [a4, as] indicates the interval [ag, as] crossed in the negative
direction. It is clear that the set of paths is infinite but countable. The length I(p)
is equal to the sum of the lengths of the intervals the path comes across, for example
the length of p is equal to I(p) = l1 + 1o+ 1o+ 1o+ 1o+ 11 = 213 +4l5. With the vertex

vy we associate reflection 7(vg) = —2=2 and transition ¢(vg) = 2 coefficients. With
the boundary vertexes we associate just reflection coefficients r(ag;—1) = —1. Then

the coefficient .S}, is just the product of all scattering coefficients corresponding to
the path p. For example S5 = t(vo)r(as)r(vo)r(as)t(ve) = Z(—1)(—=2=2)(-1)2 =
_4(m=2)

m3
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In order to ensure that the sum in (3.15) converges let us consider f € C§°(Ry).
Consider the sum of singular terms only

(3.16) Yo Sft—1p).

pepal (Fstar)

As we have already seen during the proof of Lemma 3.1 the first retarded wave gives
us the length [; and the number of edges. Let us substract from the sum (3.16) the
contribution from all orbits containing only the edge [a1, as]. Then the first retarded
wave which is left corresponds to the orbit with the length 21 +2min {/;}7* , and its
amplitude gives the number of edges among l2, l3, ..., [, having the minimal length.
Suppose that such edges are lo, ...,l;. Then let us substract from the sum (3.16)
the contribution from all paths containing only the edges [a1,as], ..., [a2x—1, azi].
Examining the rest of the sum we can reconstruct the second shortest length, say
lk+1 and the number of edges having exactly this length. Continuing this procedure
the whole star graph will be reconstructed. O

These two lemmas will be very important in applications to arbitrary graphs.
Let us summarize our results: The knowledge of one diagonal element of the re-
sponse operator for a star graph allows one to reconstruct the graph and potential
on the edge directly connected to the control point. In general it is impossible
to reconstruct the potentials on the other edges. The reason will be clear after
the following subsection where the connection between the response operator and
Titchmarsh-Weyl function is investigated.

3.2. Spectral, dynamical and scattering data for star graph. The Titchmarsh-
Weyl m-matrix M(\), A = k? associated with the graph I' has already been intro-
duced in the Introduction.
In order to define the matrix response operator R” let us consider the solution
w(z,t), x € T,t € [0,7T] to the wave equation
52 . 52 -
- f
(317) — @w = (—@ + q)w
on the graph, standard boundary conditions (3.2) at all internal vertexes and the
Dirichlet control conditions

(3.18) wflor = f(t)

on the graph’s boundary. Then the response operator R” = {R%Fﬂk Tk 18 defined
by

(3.19) (R"F) (6) = 0w’ (@, D)o,

where 0,, denotes the normal derivative (taken along the normal pointing inside the
graph).

The connection between the Titchmarsh-Weyl matrix and the response operator
can be established in the same way as in the case of one interval (see section 2.2).
Let f € (C§°(0,00))™ be a vector valued function having m components, and let
F(k) be its inverse Fourier transform

Fk) = / Fltyeta,
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well-defined at least for any complex k. For Sk > 0 the function possesses the
estimate

(320) [F(k)| < Ca(1+ [k])
for any o > 0. Then the following formula similar to (2.28) is valid

(3.21) (RTf) (t) = % /O; M((k + iv)?) F(k + iv)e "+t gk ¢ € [0, 7).

This formula implies that the knowledge of the response operator allows one to
reconstruct the Titchmarsh-Weyl matrix and vice versa. Note that this relation is
valid for arbitrary quantum graphs, not only for star graphs or trees.

Let us establish now the relation between the Titchmarsh-Weyl function M(\)
and the scattering matrix. In order to introduce the scattering matrix, let us attach
to each boundary vertex ~; interval [y;, £00) with ¢; = 0 there. The sign + depends
on whether ; is left (=) or right (+) end point of the corresponding edge. Then
every solution 1 to the equation (1.5) on the whole graph (including new attached
infinite branches) satisfying standard boundary conditions (1.2) at all vertexes (in-
cluding v;,7 = 1,2, ..., m) when restricted to new branches is a combination of plane
waves

(3.22) ¢|[%ioo) = ajeik\zw]'\ + bjefik\zfm’
Consider the restriction of the function 1 and its normal derivative to the boundary
of the original graph I"

Blor = a+b, Onlor = —ikd + ikb.
Taking into account that these boundary values are connected via Titchmarsh-Weyl
function (1.9) we get the following formula for the scattering matrix

- . ik + M(X) 9

3.23 b=S(k Sk)=———+—=, A=k~
(3.23) (k)3 = S(k) = S
Similarly the knowledge of the scattering matrix allows one to reconstruct the
Titchmarsh-Weyl matrix
S(k)—1
S(k)+ 1

Using the scattering matrix one may reformulate Lemmas 3.1 and 3.2 as follows:

(3.24) M(\) = ik

Lemma 3.3. Let T'gay be a star graph with the central vertex of valence m > 2 and
let H =L+ q be a Schridinger operator in Lo(Tsar). Then the knowledge of one
back scattering coefficient allows one to reconstruct the graph, i.e. the total number
of edges and their lengths and the potential ¢ on the corresponding interval.

3.3. Exact controllability and complete reconstruction of the star graph.
Lemma 3.1 implies that the knowledge of the response operator R’ for sufficiently
large T allows one to reconstruct the star graph and potentials on the edges. In
fact it is clear that one needs to know the diagonal part of the response operator
only, since from any of Rq,, ,a,, , one may reconstruct the graph (Lemma 3.2) and
then the knowledge of each Rq,;_,4,,_, allows one to calculate the potential on the
corresponding interval [ag;j_1,as;]. It is clear that it is possible to reduce further
the amount of information necessary to reconstruct the potential. For example in
the case of just one interval, it is enough to know the Titchmarsh-Weyl function
associated with one of the end points. We are going to prove now that the knowledge
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of Ray; vas;—1,J = 1,2,...,m —1 — all except one diagonal elements of the response
operator — is enough.

Lemma 3.4. Let U'gay be a star graph and let H = L+ q be a Schrodinger operator
in La(Dstar). Then the graph and potential q are uniquely determined by the diagonal
minus one element of the response operator RT for sufficiently large values of T.

Proof. Let us suppose without loss of generality that 1~2¢IT2J_71¢12J_71 ,Jg=1,2,...,m—1,

are known. It follows that the graph T'say can be reconstructed (Lemma 3.1) and
as well as potential on the intervals [ag;—1,a9;],j = 1,2,...,m — 1. It remains to
show that the potential on the interval [a2,,—1, 2] may be reconstructed. Formula
(3.21) implies that the knowledge of RaT2j71a2j71,j =1,2,...,m — 1 is equivalent to
the knowledge of the Titchmarsh-Weyl coefficients Ma,, 4., ,,J = 1,2,...,m — 1.
Consider the solution ¥(z, k) to the equation (3.1) satisfying standard boundary
condition (1.2) at vy and the following conditions at the boundary

1/)(017/@ =1, 8n1/)(a17k) = Ma1a1 (k2)7 C\\Yk2 >0

at a1 and the homogeneous Dirichlet conditions at all other boundary points. It is
clear that this problem has a unique solution. This solution is uniquely determined
on the interval [ai,as] (the potential on this interval is already reconstructed).
Therefore the value 1 (ag, k) of the solution at the vertex vg is determined. Note that
it is different from zero, since S\ # 0. Consider the Titchmarsh-Weyl coefficients
M;(X) associated with the right end points of the intervals [ag;_1, az;] and Dirichlet
conditions at the left points:

d? 9
_ — d
dx2f(17,k)+q($)f($,k) k f(I,k), :>M]()\) — _Ef(azj,k)'
flazj, k) =1, f(azj-1,k) =0, x € [a1;—1, az;];
These coefficients are uniquely determined for j = 2,3,...,m — 1 by the potential

on the corresponding intervals (already known). Taking into account that (z, k)
satisfies standard boundary conditions (1.2) we conclude that

m—1

Dl K) = Plaz, ) and ooz, k) =~ 0a k) + 3 My(\)o(as, k)
=2
iw(az k) m—1
(3.25) = My (N) = 2222 = N M().

1/)(6% k)

Hence the Titchmarsh-Weyl coefficient for the last interval [ag,;,—1, a2, ] is uniquely
determined and therefore the potential on the whole graph g, may be recon-
structed. O

Jj=2

This proof shows that in general it is impossible to reconstruct the potential from
the knowledge of less than m—1 diagonal elements of the response operator. Assume
that only part of these elements is given, say Raszflazjfl, 1=12,...mpg—1; mg <

m. Then it is possible to calculate only the sum Y°7"  M;(X) of Titchmarsh-Weyl
coeflicients associated with the intervals, which are not controlled directly.

Lemma 3.5. Let T'gar be a star graph and let H = L+ q be a Schrédinger operator
in La(Tstar). Then the graph and potential q are uniquely determined by all except
one back scattering coefficients.

INVERSE PROBLEMS AND IMAGING VOLUME 2, No. 1 (2008), 1-21



18 SERGEI AVDONIN AND PAVEL KURASOV

4. Titchmarsh-Weyl matrix function and the response operator for a
tree. In this section we are going to discuss the possibility to reconstruct the tree
and potential from the response operator R”. Using methods developed it is easy to
see that the knowledge of the whole response operator is enough. It is interesting to
find necessary conditions. Our experience from star graphs tells, that it is necessary
to know at least all minus one diagonal elements of the response operator.

4.1. Reconstruction of the tree from the reduced response operator. Let I’
be a tree with m boundary points 1, o, ..., ¥m- Then the corresponding Titchmarsh-
Weyl function is an m x m energy dependent matrix. Any of the boundary edges
can be considered as a root of the tree. Without loss of generality suppose that
the corresponding boundary point is v,,. Consider the Titchmarsh-Weyl coefficients
associated with all other boundary points

(4.1) M 1(A) = (Mo, (V)12

ij=1
This is a (m—1) x (m—1) matrix function. It appears that the tree and the potential
may reconstructed using only the reduced Titchmarsh-Weyl matrix M,,_1()).
The reduced scattering matrix and response operator associated with all except
one boundary points can be defined similarly
(4.2) Sin—1(k) = { Sy, (B)} 21 Ry = { B, 320
Theorem 4.1. Let I' be a tree with m boundary points and H = L + q be the
corresponding Schridinger operator, where ¢ € L1(T') is a real valued function.
Then the connectivity of the tree, the lengths of edges and the potential q are uniquely
determined by one of the following sets of data:
o reduced (m — 1) x (m — 1) Titchmarsh-Weyl matric M,,_1(\) (defined by
(4.1));
o reduced (m — 1) x (m — 1) Scattering matriz Sy,—1(k) (defined by (4.2));
o reduced (m — 1) x (m — 1) operator RL _| for sufficiently large T (greater or
equal to the double the distance from the root ~,, to the most remote other
boundary vertex).

Proof. The diagonal elements of M,,,_1()\) allows one to calculate the lengths of
the corresponding boundary edges and the potential on these edges (via the cor-
responding response operator). Two boundary edges, say [v1,b1] and [y2,bs] have
one common end point if and only if

BT _ =0, forT < (by —y1)+ (b2 —12);
Y172 #£0, forT > (by — 1)+ (b2 — 12);

i.e. a wave from the boundary point ~; reaches the boundary point - at exactly
t = (b1 —71) + (b2 — ¥2). Considering all boundary edges [y;,b;], j =1,2,...,m —1
let us select all those edges joined together with [y1,b1]. Assume that these edges
are [y2,02], ..., [Ymo, bmo]- These edges form a star subgraph together with another
one edge, which will be denoted by [c1, ¢2]. Now the knowledge of the potential on
the edges [v;,b;], 7 = 1,2,...,mo allows one to calculate the reduced Titchmarsh-
Weyl matrix associated with the tree I obtained from I'" by removing the edges
[v5,b5], 7 = 1,2, ...,mp in exactly the same way as it was done for the star graph
during the proof of Lemma 3.2. Hence we are faced with solving the original recon-
struction problem but for a smaller graph. Since the tree I is finite, the problem will
be reduced to the classical problem of reconstructing the potential g on [Yy,, by ] from
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the Titchmarsh-Weyl coefficient associated with the right end point. This problem
has unique solution. O

This theorem shows that the knowledge of the whole Titchmarsh-Weyl matrix
function allows one to reconstruct the tree and the potential. This theorem in
general does not hold for arbitrary graph. The reason is that the response operator
does not contain any information concerning the eigenfunctions with the support
separated from the boundary points.

4.2. Reconstruction of the tree from the diagonal of the Titchmarsh-Weyl
matrix. Note that the non-diagonal elements of the Titchmarsh-Weyl matrix were
used only in order to establish the way the edges are connected to each other. This
structure can be described using the connectivity matrix. Let a graph I' have N
edges, then the connectivity matrix C' is the N x N matrix with entries equal to 0
or 1 determined as follows

= 0, if the edges I; and E; have no common points,
‘ 1, if the edges E; and E; have one common point.

The following theorem holds.

Theorem 4.2. Let I' be a tree with m boundary points and H = L + q be the
corresponding Schrddinger operator, where ¢ € L1(I') is a real valued function.
Assume in addition that the connectivity matriz C is known. Then the lengths of
edges and the potential q are uniquely determined by one of the following sets of
data:

o the diagonal of the reduced (m—1)x (m—1) Titchmarsh- Weyl matriz M, 1 ()
(defined by (4.1));

e by all except one back-scattering coefficients;

e the diagonal of the reduced (m—1) x (m— 1) response operator RL | (defined
by (4.2)) for sufficiently large T.

Considering star graph one may conclude that the theorem in general cannot be
improved in the following sense: reducing the dimension of the Titchmarsh-Weyl
function by two dimensions may not allow to recover the potential completely.

Our results can be generalized to include graphs with cycles (not trees). In
this case our method allows to recover any loose branch (any subtree on the graph
which can be separated from the rest of the graph by cutting just one vertex) of
such graphs together with the potential on it.

Acknowledgements. The authors would like to thank the Isaac Newton Institute
for Mathematical Sciences for hospitality, where this work was accomplished. We
are grateful to Victor Mikhaylov for fruitful discussions.

REFERENCES

(1] V. Adamyan, Scattering matrices for microschemes, Operator Theory: Advances and Appli-
cations, 59 (1992), 1-10.

(2] S. Albeverio and P. Kurasov, “Singular Perturbations of Differential Operators,” (London
Mathematical Society Lecture Notes N271), (Cambridge: Cambridge Univ. Press), 2000.

(3] S. A. Avdonin and M. I. Belishev, Boundary control and dynamical inverse problem for
nonselfadjoint Sturm-Liouville operator (BC-method), Control and Cybernetics, 25 (1996),
429-440.

[4] S. A. Avdonin, M. I. Belishev and S. A. Ivanov, Boundary control and an inverse matriz
problem for the equation uit — uze + V(z)u = 0, Math. USSR Sbornik, 7 (1992), 287-310.

INVERSE PROBLEMS AND IMAGING VOLUME 2, No. 1 (2008), 1-21


http://www.ams.org/mathscinet-getitem?mr=1246807&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1752110&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1408711&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1110068&return=pdf

20

[5]

[6]

29]

(30]

SERGEI AVDONIN AND PAVEL KURASOV

S. A. Avdonin and S. A. Ivanov, “Families of Exponentials. The Method of Moments in
Controllability Problems for Distributed Parameter Systems,” Cambridge University Press,
N.Y., 1995.

S. Avdonin, S. Lenhart, and V. Protopopescu, Solving the Dynamical Inverse Problem for
the Schrédinger Equation by the Boundary Control Method, Inverse Problems, 18 (2002),
349-361.

S. Avdonin, V. Mikhaylov and A. Rybkin, The boundary control approach to the Titchmarsh-
Weyl m— function. I. The response operator and the A—amplitude, Comm. Math. Phys., 275
(2005), 791-803.

S. Avdonin and V. Mikhaylov, The boundary control approach to spectral inverse problems,
submitted.

M. L. Belishev, Boundary spectral inverse problem on a class of graphs (trees) by the BC
method, Inverse Problems, 20 (2004), 647-672.

M. I. Belishev and A. F. Vakulenko, Inverse problems on graphs: recovering the tree of strings
by the BC-method, J. Inv. Ill-Posed Problems, 14 (2006), 29-46.

J. Boman and P. Kurasov, Symmetries of quantum graphs and the inverse scattering problem,
Adv. Appl. Math., 35 (2005), 58-70.

B.M. Brown and R. Weikard, A Borg-Levinson theorem for trees, Proc. R. Soc. Lond. Ser. A
Math. Phys. Eng. Sci., 461 (2005), 3231-3243.

B. M. Brown, R. Weikard, On inverse problems for finite trees, to be published in Proc.
OTAMP 2006.

R. Carlson, Inverse eigenvalue problems on directed graphs, Trans. Amer. Math. Soc., 351
(1999), 4069-4088.

R. Dager and E. Zuazua, “Wave Propagation, Observation and Control in 1-d Flexible Multi-
Structures,” Springer, 2006.

P. Exner and P. Seba, Schrédinger operators, standard and nonstandard, Papers from the
conference held in Dubna, September 6-10, 1988, (Teaneck, NJ: World Scientific Publishing
Co., Inc.), 1989.

P. Exner and P. Seba, Applications of selfadjoint extensions in quantum physics, in “Pro-
ceedings of the Conference Held in Dubna, September 29-October 1, 1987”7, Lecture Notes in
Physics, 324 (Berlin: Springer-Verlag), 1989.

P. Exner and P. Seba, Free quantum motion on a branching graph, Rep. Math. Phys., 28
(1989), 7-26.

N. I. Gerasimenko and B. Pavlov, Scattering problems on noncompact graphs, Teoret. Mat.
Fiz., 74 (1988), 345-359 Eng. transl., Theoret. and Math. Phys., 74 (1988), 230-240.

N. I. Gerasimenko, Inverse scattering problem on a noncompact graph, Teoret. Mat. Fiz., 75
(1988), 187-200; translation in Theoret. and Math. Phys., 75 (1988), 460-470.

B. Gutkin and U. Smilansky, Can one hear the shape of a graph?, J. Phys. A. Math. Gen.,
34 (2001), 6061-6068.

A. Kachalov, Y. Kurylev, M. Lassas and N. Mandache, Fquivalence of time-domain inverse
problems and boundary spectral problems, Inverse Problems, 20 (2004), 419-436.

V. Kostrykin and R. Schrader, Kirchoff’s rule for quantum wires, J. Phys A:Math. Gen., 32
(1999), 595-630.

V. Kostrykin and R. Schrader, Kirchhoff’s rule for quantum wires. II. The inverse problem
with possible applications to quantum computers, Fortschr. Phys., 48 (2000), 703-716.

V. Kostrykin and R. Schrader, Quantum wires with magnetic fluxes, Comm. Math. Phys.,
237 (2003), 161-179.

V. Kostrykin and R. Schrader, The inverse scattering problem for metric graphs and the
travelling salesman problem, arXiv:math-ph/0603010.

T. Kottos and U. Smilansky, Periodic orbit theory and spectral statistics for quantum graphs,
Ann. Physics, 274 (1999), 76-124.

P. Kuchment, Waves in periodic and random media, in “Proceedings of the AMS-IMS-SIAM
Joint Summer Research Conference Held at Mount Holyoke College, South Hadley, MA, June
22-28, 20027, Contemporary Mathematics, 339 (2003), (Providence, RI: American Mathe-
matical Society).

P. Kuchment, Quantum graphs. I. Some basic structures, Special section on quantum graphs,
Waves Random Media, 14 (2004), S107-S128.

P. Kurasov, Graph Laplacians and topology, in preparation.

INVERSE PROBLEMS AND IMAGING VOLUME 2, No. 1 (2008), 1-21


http://www.ams.org/mathscinet-getitem?mr=1366650&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1910242&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2336364&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2067494&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2218385&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2141505&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2172226&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1473434&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2169126&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1091986&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1009836&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1109248&return=pdf
http://www.ams.org/mathscinet-getitem?mr=0953298&return=pdf
http://www.ams.org/mathscinet-getitem?mr=0959124&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1862642&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2065431&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1671833&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1778728&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2007178&return=pdf
http://arxiv.org/pdf/math/math-ph/0603010.
http://www.ams.org/mathscinet-getitem?mr=1694731&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2042526&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2042548&return=pdf

INVERSE PROBLEMS FOR QUANTUM TREES 21

[31] P. Kurasov and M. Nowaczyk, Inverse spectral problem for quantum graphs, J. Phys. A, 38
(2005), 4901-4915.

[32] P. Kurasov and F. Stenberg, On the inverse scattering problem on branching graphs, J. Phys.
A, 35 (2002), 101-21.

[33] K. Naimark and M. Solomyak, Eigenvalue estimates for the weighted Laplacian on metric
trees, Proc. London Math. Soc., 80 (2000), 690-724.

[34] Yu. V. Pokornyi, O. M. Penkin, V. L. Pryadev, A. V. Borovskikh, K. P. Lazarev, S. A.
Shabrov, “Differential Equations on Geometric Graphs,” FIZMATLIT, Moscow, 2005.

[35] J-P. Roth, Le spectre du laplacien sur un graphe, (French) [The spectrum of the Laplacian
on a graph]|, Lectures Notes in Mathematics: Theorie du Potentiel, 1096 (1984), 521-539.

[36] A. V. Sobolev and M. Solomyak, Schriodinger operators on homogeneous metric trees: spec-
trum in gaps, Rev. Math. Phys., 14 (2002), 421-467.

[37] M. Solomyak, Laplace and Schridinger operators on regular metric trees: the discrete spec-
trum case. Function spaces, differential operators and nonlinear analysis (Teistungen, 2001),
(2003), 161-181, (Basel: Birkh&user).

[38] M. Solomyak, On the eigenvalue estimates for the weighted Laplacian on metric graphs,
Nonlinear problems in mathematical physics and related topics, I, 327-347, Int. Math. Ser.
(N.Y.), 1, Kluwer/Plenum, New York, 2002.

[39] M. Solomyak, On the spectrum of the Laplacian on regular metric trees, Special section on
quantum graphs, Waves Random Media, 14 (2004), S155-S171.

[40] A. N. Tikhonov and A. A. Samarskii, “Equations of Mathematical Physics,” Pergamon Press,
New York, 1963.

[41] V. Yurko, Inverse spectral problems for Sturm-Lioville operators on graphs, Inverse Problems,
21 (2005), 1075-1086.

Received April 2007; revised June 2007.

E-mail address: flsaa@uaf.edu
FE-mail address: kurasov@maths.lth.se

INVERSE PROBLEMS AND IMAGING VOLUME 2, No. 1 (2008), 1-21


http://www.ams.org/mathscinet-getitem?mr=2148632&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1891815&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1744781&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2271942&return=pdf
http://www.ams.org/mathscinet-getitem?mr=0890375&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1912093&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1984167&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1970620&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2046943&return=pdf
http://www.ams.org/mathscinet-getitem?mr=0165209&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2146822&return=pdf

	1. Introduction
	2.  Titchmarsh-Weyl function and dynamical response operator for a finite interval
	2.1. Wave equation on a finite interval: regularity and controllability.
	2.2. Connection between spectral and dynamical data.

	3. Dynamical boundary inverse problem for star graph
	3.1. Wave equation on star graph: partial controllability/reconstruction from one boundary point
	3.2. Spectral, dynamical and scattering data for star graph
	3.3. Exact controllability and complete reconstruction of the star graph

	4. Titchmarsh-Weyl matrix function and the response operator for a tree
	4.1. Reconstruction of the tree from the reduced response operator
	4.2. Reconstruction of the tree from the diagonal of the Titchmarsh-Weyl matrix

	Acknowledgements
	REFERENCES

