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1 Introduction

Some ten years ago Kottos and Smilansky [KS97, KS99b| introduced quantum graphs as
convenient models in the field of quantum chaos [Haa0l, St699], where a major goal is
to understand the connection between dynamical properties of a quantum system and
its associated classical counterpart [BGS84]. Previously introduced models that possess
classical counterparts with chaotic dynamics include quantum billiards, motions on Rie-
mannian manifolds with negative curvatures and quantum maps. These models have been
studied with considerable success, however, they have often turned out to bear unwanted
complications. Quantum graphs are constructed along the lines of many of these mod-
els in that they are mainly concerned with spectral properties of Laplacians. In a sense
they are maximally reduced versions of such models in that the underlying configuration
space is one dimensional. The non trivial topology of the graph, however, introduces suffi-
cient complexity such that the quantum system behaves like typical quantum systems with
chaotic classical counterparts, see [KS97, KS99b]. On the other hand, many details of the
classical dynamics are considerably simpler and quantum spectra are generally known to
some more detail, so that quantum graph models proved to be very useful in the field of
quantum chaos [GS06].

Trace formulae provide a direct connection between classical and quantum dynamics
in that they relate quantum spectra to classical periodic orbits. In general, this connec-
tion arises in the form of an asymptotic relation, valid for large wave numbers. There
are only few exceptional cases in which trace formulae are identities. Among these are,
most notably, Laplacians on flat tori and on Riemannian manifolds with constant negative
sectional curvatures. In both cases the configuration manifolds are Riemannian symmetric
spaces, allowing for the application of powerful methods of harmonic analysis in proving the
relevant trace formulae, i.e., the Poisson summation formula and the Selberg trace formula
[Sel56], respectively. Generically, however, the tools of harmonic analysis are not avail-
able, and trace formulae have to be proven using semiclassical or microlocal techniques,
which naturally involve asymptotic methods. Semiclassical trace formulae were introduced
by Gutzwiller [Gut71] for the spectral density of quantum Hamiltonians. Subsequently,
Balian and Bloch [BB72] set up analogous trace formulae for Laplacians on domains in
R™ in a short wavelength approximation. The first mathematical proofs, for Laplacians on
Riemannian manifolds, are due to Colin de Verdiere [CdV73] as well as Duistermaat and
Guillemin [DG75]. Later, proofs for the semiclassical case followed [Mei92, PU95].

One of the virtues of quantum graph models that led Kottos and Smilansky to intro-
duce them to the field of quantum chaos is that their trace formulae are identities, very
much in analogy to the Selberg trace formula. The first quantum graph trace formula,
however, is due to Roth [Rot83], who expressed the trace of the heat kernel for a Laplacian
with Kirchhoff boundary conditions in the vertices of the graph as a sum over periodic
orbits. Kottos and Smilansky [KS99b] then introduced a trace formula for the spectral
density of the Laplacian, and later Kostrykin, Potthoff and Schrader [KPS07] extended
Roth’s trace formula to more general boundary conditions. In these cases the boundary
conditions characterising the domain of the Laplacian were of a non-Robin type in that



they do not mix boundary values of functions and their derivatives. This leads to periodic
orbit sums in the trace formulae that closely resemble those occurring in the Selberg trace
formula. In this paper our principal goal now is to consider general self adjoint realisations
of Laplacians on compact metric graphs and to prove associated trace formulae with fairly
general test functions. In particular, we do not require their Fourier transforms to be
compactly supported. Allowing for Robin-type boundary conditions leads to trace formu-
lae that are still identities, yet the amplitudes multiplying the oscillating factors in each
periodic orbit contribution depend on the wave number in a non trivial way. In principle,
these amplitude functions are known and possess asymptotic expansions for large wave
numbers. Therefore, in a sense these trace formulae are intermediate between Selberg
and Gutzwiller/Duistermaat-Guillemin trace formulae, where in the latter case only the
asymptotic expansions of the amplitude functions are known, and the test functions must
have compactly supported Fourier transforms.

This paper is organised as follows: In section 2 we briefly review the construction of
quantum graphs, including parametrisations of self adjoint realisations of the Laplacian
developed by Kostrykin and Schrader [KS99a] as well as Kuchment [Kuc04]. Following
this we investigate various properties of quantum graph edge S-matrices as introduced
in [KS99b], focussing on their analytic properties. In section 4 we then discuss general
properties of Laplace spectra on compact graphs. The main part of this paper can be found
in section 5 where we prove several versions of quantum graph trace formulae: Theorem 5.3
contains a trace formula with a double sum over periodic orbits, of which only the sum
over topological orbit lengths converges absolutely, and which allows for a large class of
test functions. In Theorem 5.4, however, we restrict the class of test functions with the
effect that the entire sum over periodic orbits converges absolutely. A suitable choice of a
test function then allows to establish the trace of the heat kernel for arbitrary self adjoint
realisations of the Laplacian, see Theorem 5.5. We finally summarise and discuss our
results in section 6. Some of the results presented here have been announced in [BEOS].

2 Preliminaries

We begin with reviewing the relevant concepts underlying the construction of quantum
graphs.

2.1 Metric graphs

In the sequel we shall consider finite, metric graphs I' = (V,&,1). Here V is a finite set of
vertices {vy,...,vy} and € is a finite set of edges {e1,...,ex}. When an edge e connects
the vertices v and w, these are called edge ends. Two edges are adjacent, if they share an
edge end; loops and pairs of multiply connected vertices shall be allowed. The degree d,, of
a vertex v specifies the number of edges with v as one of their edge ends. A metric structure
can be introduced by assigning intervals [0, ;] to edges e;, along with coordinates z; € [0, [;].
The E-tuplel = (I3, ...,lg) then collects all edge lengths. Through this procedure the edge



ends are mapped to the end points of the intervals in a specified manner. The edge end
corresponding to x; = 0 is then called initial point and, correspondingly, the other end
point is the terminal point of the edge e;. Hence not only the connectedness of the graph
is specified, but also an orientation of the edges is introduced. We emphasise that the
specific choice of the orientation thus made does not impact the results of this paper, in
fact the choice of the initial and terminal points of the edges are arbitrary. The intervals
are only used to construct the Laplace operator as a differential operator.

It is useful to arrange the 2E edge ends in a particular way: we list the initial points
in the order as they occur in the list of edges, followed by the terminal points in the same
order. For the trace formula we, moreover, require the following notions.

Definition 2.1. A closed path in I is a finite sequence of edges (e;);_,, such that the edges
e; and e;1q for € {1,...,n — 1} and the edges e, and e; are adjacent. A periodic orbit is
an equivalence class of closed paths modulo cyclic permutations of the edges.

The number n of edges in a periodic orbit p is its topological length, whereas the sum
ly =1, +---+ 1., of the metric lengths of its edges is the metric length, or simply length,
of p. A periodic orbit is primitive, if it is not a multiple repetition of another periodic
orbit. Furthermore, the set of periodic orbits of the graph is called P, and P, is its subset
of orbits with topological length n.

2.2 Quantum graphs

Quantum mechanics on a metric graph can be studied in terms of the Schrodinger equation

.0
la?/)t = —A’th . (21)

Here v, is a vector in an appropriate Hilbert space and A is a suitable (differential) Laplace
operator, acting on functions defined on the edges of the graph. Since this operator is of
second order, it is independent of the choice of the coordinates z; or Z; := [l; — ; on the
edges e;, and therefore also independent of the specification of edge ends as initial and
terminal.

In order to be in a position to view the negative Laplacian in (2.1) as a quantum
Hamiltonian, it has to be realised as a self adjoint operator on a suitable Hilbert space.
We therefore introduce the space of square integrable functions on I' as the quantum graph
Hilbert space. In this context a function on the graph is a collection F' = (fy,..., fg) of
functions f; : (0,1;) — C on the edges. Therefore, one considers the following function
spaces,

Ce(I) =@ C>(0,1;) and L*T)=EHL0.1;).

The latter is a closed orthogonal sum of Hilbert spaces with respect to the scalar product
Eoopli_
(F,G) = Z/ fi(w;) gj(x;) da; .
j=1"0
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As a differential expression the (negative) Laplacian is simply given by
—AF = (—f,....— %),

where dashes denote derivatives. This expression may now serve as a way to introduce a
closed, symmetric operator (—A, Dy) with domain

E
Do = P H;(0.1) .
=1

Here each term in the orthogonal sum consists of an L2-Sobolev space of functions which,
together with their derivatives, vanish at the edge ends. The deficiency indices of this
operator are (2F,2F), and thus it possesses self adjoint extensions that can be classi-
fied according to von Neumann’s theory (see, e.g., [RS75]). An alternative approach has
been developed in detail by Kostrykin and Schrader [KS99al, which provides a convenient
parametrisation that is particularly useful for later purposes. In this context one introduces
the boundary values

Foo = (£1(0), ..., f5(0), fi(l), ..., fu(le)"
Epy = (F0),. .., fi(0), = fi(1), ..., — fo(le) ",

of functions and their derivatives, whereby the signs ensure that inward derivatives are
considered at all edge ends. Notice that the order of the terms follows the convention
of arranging edge ends introduced previously. Boundary conditions on the functions in
the domain of a given self adjoint operator are specified through a linear relation between
boundary values; they are of the form

(2.2)

AF,, + BF,, =0, (2.3)
see [KS99a]. Here A, B € M(2FE,C) are two matrices such that
e the matrix (A, B), consisting of the columns of A and B, has maximal rank 2F,
e AB* is self adjoint.

These conditions then imply the self adjointness of the operator, and every self adjoint
extension can be achieved in this manner. Occasionally, we shall denote a particular such
self adjoint realisation of the Laplacian as A(A, B,l). This parametrisation, however, is
obviously not unique because a multiplication of (2.3) with C' € GL(2E,C) from the left
does not change the boundary conditions. On the other hand, if A(A, B,l) = A(A", B, 1),
there exists C' € GL(2E,C) with A’ = CA and B’ = CB, see [KS99a|. Thus, for any
C € GL(2E,C) both A, B and A’ = CA, B = CB provide an equivalent characterisation
of the same operator.

The linear relations (2.3) can in principle relate boundary values at any set of edge ends.
We wish, however, the operator to respect the connectedness of the graph and therefore we
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restrict ourselves to local boundary conditions. These are characterised by the condition
that (2.3) only relates edge ends that form a single vertex. To this end we now group the
edge ends in (2.2) according to the vertices they belong to. Local boundary conditions
then lead to a block structure of the matrices A and B,

A=A, and B=EB,, (2.4)

veY veY

such that each block, represented by A, and B,, exactly relates the boundary values of
functions and their derivatives at the vertex v. In this context self adjointness of the
Laplacian is achieved, if for all v € V the rank of (4,, B,) is d, and A, B} is self adjoint.

To mention a few examples, a vertex with Dirichlet boundary conditions can be char-
acterised by A, = 14,, B, = 0, whereas for Neumann boundary conditions one would
choose A, = 0, B, = 14,. Moreover, the generalised Kirchhoff boundary conditions used
by Kottos and Smilansky [KS99b] can be achieved by choosing

1 -1

A, = and B, = , (2.5)
1 -1
1

o 1

where only the non vanishing matrix entries are indicated. Here u, must be real; when
iy = 0 the usual Kirchhoff conditions are realised.

The approach we have taken here when singling out local boundary conditions is to
start from a given graph and then to realise the Laplacian as a self adjoint operator on that
graph. An alternative view would be to consider the above construction as a realisation of
the Laplacian as a self adjoint operator on a collection of F intervals. One can then find a
graph, i.e., a way to connect the interval ends in vertices, such that a given pair of matrices
A and B is local with respect to this graph; there even is a unique graph maximising the
number of vertices [KS06a]. In the following we shall, however, stick to the previous view.

The non-uniqueness in the choice of the matrices A and B can be overcome by parametris-
ing the self adjoint realisations of the Laplacian in terms of projectors onto subspaces of
the 2 E-dimensional spaces of boundary values. To this end Kuchment [Kuc04] introduced
the projector P onto the kernel of B as well as the projector () = 1 — P onto the orthogonal
complement (ker B)* = ran B* in C?F and proved that A maps ran B* into ran B. He then
defined the (self adjoint) endomorphism

L= (Blup)  AQ (2.6)
of ran B*, and showed that the boundary conditions (2.3) are equivalent to
PF,=0 and  LQF, +QF, =0. (2.7)
Moreover, there exists a C' € GL(2E, C) such that
AA=CA=P+L and B =CB=4Q, (2.8)



implying that
L=AB".

A refinement of this construction can be found in [FKWO07]. From (2.7) one concludes that
in cases where L. = 0, the boundary conditions do not mix boundary values of the functions
themselves with those of their derivatives. We call these non-Robin boundary conditions,
and all other cases Robin boundary conditions.

Yet another description of the self adjoint realisations of the Laplacian employs the
associated quadratic forms. As shown by Kuchment [Kuc04], given a realisation of the
Laplacian as a self adjoint operator, the associated quadratic form

QulF) =Y [T 1P dr = (Fi L) (29)

has a domain that consist of all functions F' on the graph, with components f, € H'(0,1.),
whose boundary values fulfil PF;, = 0.

3 The S-matrix

In quantum graph models Laplace eigenvalues can be conveniently characterised in terms
of zeros of finite dimensional determinants, and thus these models are amenable to pow-
erful analytical as well as numerical methods. In quantum billiards a related method was
pioneered by Doron and Smilansky [DS92] as the scattering approach to quantisation. In
general, this method relies on semiclassical approximations. As first demonstrated by Kot-
tos and Smilansky [KS99b|, however, in quantum graphs the scattering approach allows to
determine Laplace eigenvalues exactly from a finite dimensional secular equation.

The scattering approach bears its name from the fact that it is based on scattering
processes occurring when one opens up a given closed quantum system appropriately. In
quantum graphs the procedure of opening up consists of replacing each vertex and its
attached edges by an infinite star graph. This is the single, given vertex v with d,, infinite
half lines attached that replace the edges of finite lengths. Carrying over the local boundary
conditions at the vertices from the original closed quantum graph, one thus obtains V' open
quantum systems, which each possess an on-shell scattering matrix ¥ (k). More precisely,
this S-matrix is defined in terms of d, functions FU) on the infinite star graph associated
with v, whose components on the d, infinite edges are

) v (fe ikz ; ;
fl(])(x) = O-izllgzx) ‘ v , ikx j ?é Z :
e + ajj(k:) err .y =1

One then requires each of these functions to fulfil the boundary conditions at v. In terms
of the parameterisation of the boundary conditions described in Section 2.2 one then finds
that

o'(k) = —(A, +ikB,) Y(A, —ikB,) , for k€ R\{0}. (3.1)
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The conditions imposed on A, and B, in order to achieve self adjoint boundary conditions
ensure that A, £ ikB, are invertible and that the vertex S-matrix ¢¥(k) is unitary for all
k € R\ {0}, see [KS99a].

The local scattering matrix associated with a vertex with Dirichlet or Neumann bound-
ary conditions is ¢¥ = —14, or 0¥ = 1,,, respectively. In contrast, according to (2.5)
generalised Kirchhoff boundary conditions lead to a vertex S-matrix with elements of the
form [KS99b]

2k
dok + ip,

The local S-matrices of the entire graph can now be grouped together vertex by vertex.
In that process all edges occur twice, namely associated with the vertex S-matrices of their
two edge ends. It is hence useful to consider directed edges, and view the matrix elements
of o as describing transitions from a directed edge with terminal point v to a directed
edge that has v as its initial point. As the list of all directed edges corresponds to listing
their initial points, the transitions prescribed by ¢¥ can also be performed on the boundary
values (2.2). As a result one obtains the matrix

O'v (k’) = —(Sij +

ij

(3.2)

S(A, B;k) = —(A+ikB) (A —ikB) . (3.3)

Again, A+ikB are invertible and S(A, B; k) is unitary for all k£ € R\ {0}. Moreover, (3.3)
is invariant under the substitution of A, B by CA, CB for all C' € GL(2F, C) and therefore
is associated with the self adjoint realisations of the Laplacian [KS06a].

We emphasise that, although (3.3) can be defined for any self adjoint realisation, the
vertex S-matrices (3.1) can only be recovered from (3.3) in the case of local boundary
conditions, i.e., when (2.4) is satisfied. Despite the fact that a closed quantum graph does
not allow for quantum scattering in the usual sense, the quantity (3.3) is often referred to
as the edge (or bond) S-matrix [KS99b] of the quantum graph.

Furthermore, using the parametrisation (2.7) of boundary conditions and utilising (2.8)
as well as the fact that (L + ik)™! commutes with L — ik, one obtains the representation

S(A,B;k)=—-P—Q(L+ik)" (L —ik)Q, keR\{0}, (3.4)

for the edge S-matrix, see [KS06a].

From the expressions (3.3) and (3.4) it appears that the S-matrix generally depends
on the wave number k in a non-trivial way. However, certain boundary conditions lead
to k-independent S-matrices. Obvious examples are Dirichlet and Neumann boundary
conditions, as well as the usual Kirchhoff boundary conditions, i.e., (3.2) with u, = 0. A
general characterisation of such boundary conditions was provided in [KPS07] in terms of
the following equivalent conditions:

e S(A, B;k) is k-independent.
e S(A, B;k) is self adjoint for some, and hence for all, k£ > 0.

e S(A,B;k) =1 — 2P for some, and hence for all, k£ > 0.
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e AB*=0,1ie., L=0.

The last point shows that k-independent S-matrices arise exactly in the case of non-Robin
boundary conditions.

Below we are going to prove some properties of S-matrices that are relevant for the
trace formula. In this context, for Robin boundary conditions an important role will be
played by the spectrum o (L) of the self adjoint matrix L (2.6).

We shall make extensive use of the S-matrix extended to complex wave numbers k and
therefore need the following.

Lemma 3.1. Let A and B specify self adjoint boundary conditions for the Laplacian on
the graph. Then the S-matrixz (3.3) has the following properties:

1. S(A, B; k) can be continued into the complex k-plane as a meromorphic function, and
has simple poles at the points of the set io(L) \ {0}.

2. S(A, B; k) is unitary for all k € R.
3. S(A, B; k) is invertible for all k € C\ [£io(L) \ {0}], and its inverse is S(A, B; —k).

Proof. We henceforth extend the self adjoint endomorphism L of ran B*, see (2.6), to an
endomorphism of C?£ by setting it to zero on (ran B*)* = ker B. We then diagonalise
L utilising an appropriate unitary W, and denote the non-zero eigenvalues (counted with
their multiplicities) by {A1,...,As}. This leaves the eigenvalue zero with a multiplicity
of 2E — d. There are r := dimran B* — d (orthonormal) eigenvectors of L in ran B* and
s :=dimker B = 2F — dimran B* eigenvectors in ker B, respectively, corresponding to the
eigenvalue zero.

Employing this diagonalisation in the representation (3.4) of the S-matrix then leads
to the expression

A ik
X1 tik

S(A, B;k) = W* ik W (3.5)
Ag+ik
L.

1,

Since the unitary W is independent of k£ the first statement of the lemma is obvious.

The unitarity of S(A, B; k) for real k also follows immediately by observing that the
diagonal entries in (3.5) are all of unit absolute value.

The third statement follows in a completely analogous fashion from the representation
(3.5). ]

Knowing that the S-matrix is analytic in k£, one would like to calculate its derivative.
This in fact is required in the proof of the trace formula below. It is even possible to relate
the derivative of S(k) to the S-matrix itself.



Lemma 3.2. Under the same assumptions as in Lemma 3.1 one obtains for k € C\
[+io (L) \ {0}],

d 1 -1 .
@S(A,B;k;) =5 [S(A, B; k) — S(A, B, k)™"] S(A, B; k) . (3.6)

We remark that for real k& the unitarity of the S-matrix can be invoked to obtain from
(3.6) that it is independent of k, iff it is self adjoint.

Proof. Let us first assume that £ € R\ {0} and abbreviate S(A, B; k) as S(k). We also de-
note derivatives w.r.t. k by a dash and use the relation - [X (k)] ™" = =X (k) ™" X" (k) X (k) ",
which is true for any differentiable function X (k) taking values in GL(2FE, C). Recall that

the conditions imposed on A, B ensure that A 4+ ikB is invertible for k£ € R\ {0}. Hence

S'(k) = (A +1kB) ' (iB)(A + ikB) (A — ikB) + (A + ikB)"'(iB)

= —i(A+ikB)"'B(S(k) - 1) . (3.7)

The last line is obviously invariant under a replacement of A and B by C'A and CB,
respectively, where C' € GL(2FE, C) is arbitrary.
Now choose C(k) = (A +ikB)~! € GL(2E,C) and find that (see also [KS06b])
1 1
C(k)A = —§(S(k) —1) and C(k)B= —ﬂ(S(k) +1) . (3.8)
Inserting this into (3.7) finally leads to

S0y Aot )5t o
_ _%(5(/@ — S(k)") S(k) .

which proves the statement for k£ € R\ {0}.

From Lemma 3.1 we infer that S(k) is analytic in a neighbourhood of £ = 0 and that
the right-hand side of (3.9) has a removable singularity at k£ = 0; hence (3.9) extends to all
real k. Since, moreover, S(k) is unitary on R and analytic on C\ [+ic(L)], and 1 as well
as S(k)~! are also analytic on this set, the full statement of the lemma follows by analytic
continuation. [

From Lemma 3.1 we know that S(k) is meromorphic with finitely many poles on the
imaginary axis. One can therefore perform power series expansions of the S-matrix in large
parts of the complex k-plane. Below we want to specify two such expansions, and to this
end we exclude an annulus containing io(L) \ {0}. This annulus is characterised by the
two radii

)\min/max = m1n/max{|/\|, A€ U(L) \ {O}} :

Here we assume that o(L) # {0}; otherwise L = 0 which is equivalent to the S-matrix
being independent of k.
We are now in a position to provide the announced expansions of the S-matrix.
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Lemma 3.3. Let the same conditions as in Lemma 3.1 be given and assume that L # 0.
Then the following power series expansions converge absolutely and uniformly in any closed
subsets of the specified regions:

1. For |k| > Amax,

=1
S(A,Bik)=1-2P+25 " — (iL)" . 3.10
(4, B:0 #23 ) 3.10)
2. For k| < A,
S(A,B:ik) = —1+2P —23 k" (ii)n , (3.11)
n=1

where P and L emerge from P and L, respectively, by replacing A, B with —B, A.

Proof. For the first expansion we refer to the representation (3.5) of the S-matrix and
employ the expansion

e (5 amta

valid for |k| > A,. Hence, for |k| > Ayax the S-matrix is 1+2% 7 | & (iL)" on ran B* and
—1 on ker B. Since L = 0 on ker B, the relation (3.10) follows.

For the second expansion we remark that from (3.3) one can readily deduce the relation
S(A,B;k) = =S(—B, A; 7) for k € R\ {0}, see [KS06a]. Thus, (3.10) implies (3.11), and
the domain |k| < Apin of convergence, in which S(k) is holomorphic, follows immediately.

[

Lemma 3.3 also provides limiting expressions for the edge S-matrix as |k| — oo and
|k| — 0, respectively, )
Seo=1—-2P and Sy=-1+2P,

which we shall use subsequently.

Later we shall integrate expressions containing the S-matrix along contours in the upper
complex half plane and, therefore, we need to estimate the norm of the S-matrix along the
contours. To this end we introduce

min{\ € o(L); A >0}, ifIA, >0
Ain 1= {OO e , (3.12)
and obtain the following.
Lemma 3.4. Let k € R and 0 < k < ', | then
. : Amin +
I1S(k +ix)|, |S(k — ir)~"|| < max {1 o :} (3.13)

11



in the operator norm. Furthermore, if K > Apax, then

K+ )\max

- >\max

ISk +is)ll, 1Sk —ir) | < (3.14)
Proof. From (3.5) one can read off the eigenvalues of S(k + i) as £1 and —(A\y + Kk —
ik)/(Aa — k +ik), a = 1,...,d. In absolute values the latter quantities, as functions of
k € R, are maximised at k = 0. Now suppose that A}, > 0 and let 0 < x < Af. . Then
the largest quantity among the |\, + k|/|Aa — K| is the one on the right-hand side of (3.13).
In the case AT. = oo the upper bound is one. The proof for S(k — ix)~! is completely
analogous.

If K > Apax the same argument yields the bound (3.14). O

4 The spectrum of the Laplacian

The scattering approach to the quantisation of a finite, metric graph utilises a secular
equation based on the edge S-matrix of the graph. Here we closely follow the original
approach as developed by Kottos and Smilansky [KS99b] for the case of (generalised)
Kirchhoff boundary conditions, which was later generalised by Kostrykin and Schrader
[KS06b]. To keep the presentation sufficiently self-contained, we reproduce the relevant
results below. We begin, however, with some general properties of Laplace spectra and
finish this section with some remarks on the eigenvalue zero.

4.1 Preliminaries on the spectrum

Given a Laplacian on a compact metric graph, one would naturally expect that its spectrum
is discrete and has a finite lowest eigenvalue. Kuchment indeed proved [Kuc04] that any
such self adjoint (negative) Laplacian is bounded from below, and that its resolvent is trace
class. Thus, the spectrum is discrete and bounded from below. Subsequently, Kostrykin
and Schrader [KS06b] improved the lower bound. They showed that

~A> 5%, (4.1)

where s > 0 is the unique solution of

lmin
s tanh (S 5 ) =\, (4.2)

with [,,;, denoting the shortest edge length and

(4.3)

max °

. max{\ € o(L); A>0}, if I\, >0
0, else '
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Remark 4.1. As an aside we should like to mention that the lower bound (4.1) is optimal
in the following sense: Consider a trivial example of a metric graph given by an interval
of length [, and a Laplacian with domain specified by the choice

A:)\]lg and B:]lg,

where A > 0, such that L = A1y and o(L) = {A}. (Equivalently, P = 0, @ = 1, and
L = X\1,.) Hence, (2.7) leads to the Robin boundary conditions

+(f)+ () =

and this implies the quantisation condition

A—ik\* o
()\+ik:) e =1. (4.4)

2

The solution k = ik, with k > A > 0, representing the lowest Laplace eigenvalue —x
corresponds to a solution of the equation

Kk tanh (K—l) =\.
2

This condition is equivalent to (4.2), demonstrating that the bound (4.1) is sharp for this
‘quantum graph’.

Kostrykin and Schrader also showed [KS06b] that the number of negative Laplace
eigenvalues is bounded by the number of positive eigenvalues of L (counted with their
respective multiplicities). In the example above, the Robin Laplacian on an interval hence
has at least one and at most two negative eigenvalues.

For the trace formula one requires an a priori estimate on the number of eigenvalues.
This is well known for the Dirichlet and the Neumann Laplacian, and in the case of Kirch-
hoff boundary conditions can be found in [Sol02]. The same asymptotic law, however,
holds also in the general case.

Proposition 4.2. Given a self adjoint realisation of the Laplacian on a compact metric
graph, the number of its eigenvalues kJQ € R (counted with their multiplicities) fulfils the
following asymptotic law,

N(K) :=#{j; k?gKQ}NgK, K — oo, (4.5)

where L := 1., + -+l 1s the total length of the graph. In particular, the Laplacian has
infinitely many eigenvalues that only accumulate at infinity.
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Proof. We prove the asymptotic law employing a variational characterisation of the eigen-
values based on the quadratic form (2.9), as well as an analogue of the Dirichlet-Neumann
bracketing (see [RS78]). To this end we introduce two comparison operators.

The first comparison operator is the direct sum of the Dirichlet operators on the edges,
i.e., the Dirichlet-Laplacian of section 2.2. The domain of the associated quadratic form is
characterised by the condition Fy, = 0, and therefore is contained in the domain of (2.9).
Moreover, on the Dirichlet-form domain both quadratic forms coincide. The comparison
lemma devised in [RS78] hence implies that Np(K) < N(K). Here Np(K) is the counting
function for the eigenvalues of the Dirichlet-Laplacian, which trivially fulfils the asymptotic
law (4.5).

As our second comparison operator we choose the direct sum of Robin Laplacians on
the edges (see the example above). This operator is characterised by Pgr = 0, Qr = 1ap
and L = Alop with some A > 0. (A = 0 in fact corresponds to Neumann Laplacians
on the edges.) The boundary conditions are A\Fy, + F}, = 0, and thus they decouple the
edges. The respective eigenvalue counting function Ng(K) can be determined from (4.4)
and clearly obeys the asymptotic law (4.5). The associated form domain, characterised by
the condition PrFy, = 0, contains the domain of (2.9). Choosing A = A\f_ | see (4.3), on
the form domain of (2.9) one finds Qg[F] < Qa[F]. Therefore, the comparison lemma of
[RS78] implies Ng(K) > N(K).

Thus, Np(K) < N(K) < Ng(K) and the upper and the lower bounds both fulfil the
same asymptotic law, which proves (4.5). The further statement follows immediately. O

This result is independent of any details of the quantum graph, apart from its volume.
This is analogous to the corresponding results for Laplacians on manifolds or domains. In
general, the asymptotic growth of the number of eigenvalues is proportional to the volume
of the manifold/domain and to K, where D is the dimension of the manifold/domain.
This type of results is often referred to as ‘Weyl’s law’ [Wey11], and insofar Proposition 4.2
is the quantum graph version of Weyl’s law.

4.2 The secular equation

Apart from the edge S-matrix, the scattering approach requires the metric information of
the graph, which enters through

oikls
T k) = ( 0 k>) with ¢l k) = , (4.6)
t(l; k) 0 ki
e
where k£ € C. Both matrices are then used to introduce
U(k):=S(A,B; k)T (L; k) . (4.7)

The topological and the metric data entering U (k) are hence clearly separated.
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For real k the endomorphisms S(k), T'(k) and U(k) of C?F are obviously unitary. We
therefore denote the eigenvalues of U(k) by ¢®1®) . ¢i%28(k)  Following Lemma 3.1 we
conclude that U(k) can be extended into the complex k-plane as a meromorphic function
with poles at io(L) \ {0}. The determinant function

F(k) :=det(1 — U(k)) , (4.8)

on which the scattering approach is based (see [KS99b]), hence is also meromorphic. Its
poles are in io(L) \ {0}, but do not necessarily exhaust the entire set.

Proposition 4.3 (Kostrykin, Schrader [KS06b]). The determinant function (4.8) is mero-
morphic on the complex plane with poles in the set io(L) \ {0}. Furthermore, let k, €
C\ [ie(L) U {0}] with Tmk, > 0, then k2 is an eigenvalue of —A, iff k, is a zero of
the function (4.8), i.e., F(k,) = 0. Moreover, the spectral multiplicity g, of the Laplace
eigenvalue k2 > 0 coincides with the multiplicity of the eigenvalue one of U(ky).

Proposition 4.3 establishes a close connection between zeros of the determinant function
(4.8) and Laplace eigenvalues. Notice that although Laplace eigenvalues occur as squares,
k%, the function (4.8) is not invariant under a change of sign in its argument. There exists,
however, a functional equation under the substitution k£ — —k.

Lemma 4.4. For all C\ [io(L) \ {0}] the following identity holds:

F(k) = (—1)M e2ihe ( ;Z;i’;) F(=k) | (4.9)

where M = E'+d +dimker B and L =1, + - - + l.,, is the sum of all edge lengths.

Proof. We decompose
1—S(k)T(k) = —S(k)[1 — S(=k)T(—k)]T(k) ,
so that after taking determinants,
F(k) = (—=1)*£ det T'(k) det S(k) F(—k) .
Using the definition (4.6) of T'(k) and the representation (3.5) of S(k) then yields (4.9). O

We remark that when k% € R is a Laplace eigenvalue, then either ¥ € R when the
eigenvalue is non-negative or, in the case of a negative eigenvalue, k = +ix with x > 0.
The relevant zeros of the determinant (4.8) are then £k € R or ik, respectively. Unless
k € o(L) or k = 0, all Laplace eigenvalues are covered by Proposition 4.3. However, in
order to count Laplace eigenvalues in terms of zeros of F'(k) with their correct multiplicities
one has to establish a connection between the order of the zero and the multiplicity of one
as an eigenvalue of U(k). In the trace formula we shall need this connection for the non-
negative eigenvalues and hence now consider the eigenphases 6(k) of U(k), defined through

Uk)o(k) = ®®y(k) with |u(k)|]| =1, (4.10)
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for £ € R. We then recall that U(k) = S(A, B; k)T(l; k) is analytic in C\ [io(L) \ {0}].
According to analytic perturbation theory (see, e.g., [Kat95]) its eigenvalues, for which we
keep the notation e*) are continuous on this set and differentiable apart from possibly
isolated points. Since, however, U(k) is real-analytic and normal for all £ € R, we can
apply a sharpened version of analytic perturbation theory (see [LT85]) to conclude that
the eigenvalues are real analytic for all £ € R and that there exists a choice of eigenvectors
with the same property.

The following statement is a generalisation of a result found in [KS99b, BW08] that is
valid for k-independent S-matrices.

Lemma 4.5. Let (k) be an eigenphase of U(k), k € R, with associated normalised eigen-
vector v(k) = (vi(k), ..., vap(k))T. Then

%9(/@ = ;zim(w - 2<v(kz),%+k2v(k)>cw . (4.11)
Proof. Taking Lemma 3.2 into account we first observe that
U'(K) = =5 (S() = °(0) S(T(k) +S(R)T(R)D(L) -
. L . '
= —21—L2 e U(k)+iU(k)D(1) ,
where
h
Dy(l) 0 :
D(l) = , D;(1) := .. : (4.13)
10 o) ZE

We also employed the relation

1 . . L
_ﬁ(s(k) -5 (k)) - _21L2 + k2 (4.14)
that follows from (3.4). This then yields
<v(k:), %[U(kz)v(k:)]> = —2i k) <v(k), ﬁv(k» +i(U*(k)v(k), D(D)v(k))
+ (U (k)v(k),v'(k))
(4.15)

= —2je?k) <U(k), ﬁv(k‘)> +ie?® (v(k), D(L)v(k))

+e® (v(k), v/ (k) .

On the other hand, taking the derivative on the right-hand side of (4.10) and then multi-
plying with v(k) leads to

<v(k), %[eie(k)v(lﬂ)]> =10/ (k)™ 4 ") (y(E), ' (k) . (4.16)

16



Comparing (4.15) and (4.16) proves the statement (4.11). O

This lemma allows us to obtain an upper and a lower bound for the derivative of an
eigenphase. Using liax /min to denote the largest and the smallest edge length, respectively,
and introducing

o [min{DE xe(m R}, if <0
min ) o, else

in analogy to (3.12), we immediately get the following.

Corollary 4.6. The derivative ' (k) of an eigenphase 0(k) is bounded from above and
below according to

2 2
Lnin — <O(k) < lpax + — . 4.17
)\r—’r—un N ( ) N " /\r:lin ( )

In particular, if lnm > 2/X\E. the derivatives of all eigenphases are always positive.

min

Proof. Obviously,

mm<2zm )W < L

since the eigenvector is supposed to be normalised. Moreover, after a diagonalisation of L,
when W LW* is diagonal with the eigenvalues A, on the diagonal, one obtains

L
<U(k)’L2+k2 > Z’O‘ A2+k:2’

where w(k) = Wo(k). This first yields

1 L 1
—m < <U(k)7mv(k>> < T )

and then finally (4.17). O

As an important consequence of this corollary we are now able to extend the statement
of Proposition 4.3 as required to count eigenvalues in terms of zeros of the determinant
function.

Proposition 4.7. Let the metric structure of the graph be such that Ly, > 2/\5. . Then

k% > 0 is an eigenvalue of the Laplacian with multiplicity g,, if +k, € R\ {0} are zeros of
the function F (k) of order g,.

Proof. From Proposition 4.3 and Lemma 4.4 we know that the positive Laplace eigenvalues
are in one-to-one correspondence with (pairs of) k values where U(k) has an eigenvalue
one, and the respective multiplicities coincide. It hence remains to establish that the order
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of the corresponding zeros of F(k) are exactly these multiplicities: From the definition
(4.8) of the function F'(k) one obtains

2F
F(k)y =] (1 —-e%®)
j=1

so Corollary 4.6 implies - (1 — % ®) = —i0/(k)e!® £ 0, and the claim follows immedi-
ately. ]

We remark that since the scattering approach to the proof of the trace formula is
based on counting zeros of the function F'(k) on the real line with their multiplicities, the
requirement ly, > 2/\. is essential. Otherwise one might count Laplace eigenvalues
with incorrect multiplicities. Whenever L has no positive part, however, the condition is
empty. This is, e.g., the case for non-Robin boundary conditions.

4.3 The eigenvalue zero

In general, zero is a Laplace eigenvalue as well as a zero of the determinant (4.8), and in so
far Proposition 4.3 also applies to kg = 0. The spectral multiplicity gy, however, typically
is different from the degree of kg = 0 as a zero of F'(k). For Kirchhoff boundary conditions
it has been shown in [KNO05] that the degree of the zero is £ — V + 2, whereas the zero
Laplace eigenvalue is non-degenerate, i.e., go = 1. Kurasov [Kur08] subsequently linked
this difference in the multiplicities to the topology of the graph by noticing that a suitable
trace formula contains the quantity

1 lmvig=lv_p.
2 2

and hence the Euler characteristic of the graph. This observation was generalised to yield
an index theorem for any quantum graph with non-Robin boundary conditions by Fulling,
Kuchment and Wilson [FKWO07]. One can view the t-independent term 1 trS = 3(V — E)
in the trace formula for the heat kernel (due to [Rot83] for Kirchhoff boundary conditions
and [KPS07] for general non-Robin conditions) as a predecessor of this result. See also
[BEO8] for a more detailed discussion.

We here wish to give a further characterisation of the spectral multiplicity of the zero
eigenvalue in the case of a general self adjoint realisation of the Laplacian. To this end we
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first introduce, for £ € R\ {0}, the matrix

l

ol

24 +0 2440
Lo 25
2+ +lp i
k 27+ZE
. — k
C(lk) = 21 L , (4.18)
24+ 24+l
24 g
2111y 2ptle

in which all matrix entries not indicated are zero. This now enables us to formulate the
following.

Proposition 4.8. For any given self adjoint realisation of the Laplacian specified through
A, B, zero is a Laplace eigenvalue, iff one is an eigenvalue of S(A, B; k)C(l; k) for one,
and hence any, k € R\ {0}. Moreover, the multiplicity of this eigenvalue one coincides
with the spectral multiplicity gy of the zero Laplace eigenvalue.

Proof. Eigenfunctions of the Laplacian corresponding to the eigenvalue zero must be of
the form F = (fy,..., fg)T with

f]({L') =a; + ﬁjl‘ , T E [O,ZJ] . (419)

Hence, the boundary values (2.2) take the form

Fy, = (041,-‘-;04}3,041+ﬁ111,-~,OéE+ﬁllE)T,
FI:v: (ﬂl?"'aﬁEa_ﬂla"'a_ﬁE)T-

We now employ the boundary conditions (2.3) by using the expressions (3.8) for a possible
choice of A and B. The result can be rearranged to yield

st (§) = c-wn (5)

where, for any £ € R\ {0}, we have introduced

(4.20)

. (1g i%]lE
Ce(lik) = (]lE :F%ﬂE—i-Dl(l)) ’

with D; (1) as defined in (4.13). We also use the abbreviations

aq B
and B:= | :

ap 5E
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The matrices C1(I, k) are invertible for all £ € R\ {0}, with

+i-p +1
+2i- +21 4
+i-ip +1
Ce(lik)™ = X 211 X 21 g
+21 -1 +25 -1
1 e
+21—lp 251

We now substitute
v(k) == C_(1; k) (g) (4.21)

in (4.20) and obtain
S(K)CL(LE)C_(L k) (k) = v(k) .

It is straight forward to check that C(I;k)C_(l;k)~' = C(l;k), compare (4.18). The
linearly independent eigenvectors of SC' corresponding to the eigenvalue one then yield,
via (4.21) and (4.19), coefficients «; and [; for as many linearly independent Laplace
eigenfunctions in L*(T). O

We remark that the order N of ky = 0 as a zero of the function (4.8) is the multiplicity

of the eigenvalue one of
B 0 1g
o =si (1 )

which is in no obvious way related to the multiplicity of the eigenvalue one of S(k)C(l; k)
that appears in Proposition 4.8. In the case of non-Robin boundary conditions, where the
edge S-matrix is independent of k, however, Fulling, Kuchment and Wilson [FKWO07] were
able to relate the different multiplicities in the form of an index theorem. They showed, in

particular, that then

1 1
—=—N=-trS§S.
90 5 4F

As mentioned above, this term will reappear in the trace formula.

5 The trace formula

A trace formula expresses counting functions of Laplace eigenvalues in terms of sums
over periodic orbits. Ideally, one would like to count Laplace eigenvalues k2, with their
multiplicities g,, in intervals I in the form

Trx(—A) =Y gn. (5.1)

kZel
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The sharp cut-off provided by the characteristic function x; of the interval I, however,
cannot be dealt with. One therefore replaces (5.1) with a smooth cut-off and, moreover,
performs this count in terms of the associated wave numbers k,, i.e., one seeks to find a

representation for
> gn h(kn) (5.2)

in terms of sums over periodic orbits. One ambition then is to find a sufficiently large class
of test functions h. It turns out that the following one parameter family of test functions
is particularly suited for these purposes.

Definition 5.1. For each » > 0 the space H, consists of all functions h : C — C satisfying
the following conditions:

e hiseven, ie., h(k)= h(—k).

e For each h € H, there exists § > 0 such that h is analytic in the strip M, 5 := {k €
C; |Imk| <r+4d}.

e For each h € H, there exists 7 > 0 such that h(k) = O (W) on M,,s.

We stress that the trace formula will only take non-negative Laplace eigenvalues into
account. Hence, the test functions in (5.2) will be evaluated at real arguments. We can
therefore arrange the wave numbers k, > 0 corresponding to Laplace eigenvalues k2 in
ascending order. Proposition 4.2 then readily implies the existence of a constant C' > 0
such that

S° gulh(ka)| < CK sup |h(k)| . (5.3)
0<kn<K k€[0,K]
The third condition of Definition 5.1 now ensures that the sum in (5.2) converges absolutely
when h € H, with some r > 0. Since this sum constitutes one side of the trace formula,
choosing test functions h from any of the spaces H, is an appropriate prerequisite for the
trace formula.

5.1 A precise eigenvalue count and the trace formula

The trace formula is based on an exact count of non-negative Laplace eigenvalues with,
however, a smooth cut-off as in (5.2). Essentially, this sum is expressed in terms of a sum
over periodic orbits on the graph. In order to perform such an eigenvalue count one relies
on the connection between Laplace eigenvalues and zeros of the determinant function (4.8).
More specifically, one chooses a test function A € H, with some r > 0 as well as some & > 0,
which must be sufficiently small so that in the set C. x = {k € C; |Imk| <¢, |Rek| < K}
the determinant function F'(k) has only (finitely many) real zeros related to non-negative
Laplace eigenvalues (compare Proposition 4.3). Then, by the argument principle,

1 F’

2 e, 7 (k) h(k) dk = N h(0) +2 > gahlkn) - (5.4)

0<kn<K
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Here N and g, are the multiplicities of kg = 0 and k,, > 0, respectively, as a zeros of F (k).
Following Proposition 4.7, g, also is the multiplicity of the Laplace eigenvalue k2. The
factor of two occurs since ky,, —k, € C: x and we have exploited the fact that h(k) is even.
Based on this relation the trace formula emerges when one expresses F'(k)/F (k) in terms
of a suitable series (eventually leading to a sum over periodic orbits), and performs the
limit K — oo. The result of this procedure is summarised in the following statement.

Proposition 5.2. Let Iy, > 2/X5. and choose h € H, with any r > 0. Then

00 1 +oo
NRO)+2Y g,h(k,) = —,/ tr[A(K)U' (k)] h(k) dk | 5.5
O +23 bt =X gz [ wla0u' ) nee (5.5
where
A(k) = L2k +1iD(1) (5.6)
=g i . :
Proof. Our strategy is to show that both sides of (5.5) equal
B B R b , : F’ : :

Elirg# o /_oo {F(k: —ie) h(k —ie) — f(k +1ie) h(k +1ie)| dk . (5.7)

Beginning with the left-hand side, we have to show that in (5.4) the limit X' — oo can
be taken, followed by ¢ — 0. To this end we notice that the right-hand side of (5.4) is
explicitly independent of ¢, in the range described above that equation. Furthermore, from
(5.3) we already know that the sum over k, converges absolutely in the limit X' — oo.
In order to perform these limits on the left-hand side of (5.4), and thus producing (5.7),
we have to estimate the contribution to the integral coming from the vertical parts of the
contour.
Lemma 3.3 implies that for & € C with |k| > Apax the approximation F'(k) = Fo(k) +
O(|k|™1) holds, where
Foo(k) :=det(1 — S T(k)) . (5.8)

Since F,, depends on k only through the matrix entries e*< of T'(k), see (4.6), it can be
represented as

b
Fo(k) =1+ d,e™* (5.9)
n=1

with some b < oo. Moreover, (3, > 0 is a finite sum of edge lengths, and d,, € C is an
appropriate coefficient. The expression (5.9) is first defined for & € R, but can be readily
extended to complex k. Since S'(k) = O(|k|™2), see Lemma 3.2 and eq. (4.14), we also
find F'(k) = F! (k) + O(|k|™"). For sufficiently large |k| one can therefore approximate
F'(k)/F(k) by F. (k)/Fx(k). In order to estimate the latter we employ (5.9) to obtain

| FLo(F)| < b dumax Bnax €m0 F (5.10)

Wwith dimax = max{|d,|} and Bmax /min := max /min{3,}. Note that this bound is indepen-
dent of Re k. Furthermore, we pick k() € R such that F(kqy) # 0 as well as Fi (ko)) # 0,

22



and take advantage of the fact that Fi,(k), k € R, is an almost periodic function (see, e.g.,
[Boh47]). One can hence construct a (strictly increasing) sequence {k;); j € No} with

[ Foo (K(0))]

|Fas(k(j)) — Foo(ko))] < 5 . J>0. (5.11)

Hence, in particular, Fio(k(j)) # 0. The estimate (5.10), moreover, implies that

[ Foo (F(0))|

| Foolby)) = Foolkgy + 1K) < —

(5.12)
when |x| is sufficiently small. Therefore, when ¢ is small enough, the function |Fg (k(j)+ir)|,
—e < k < g, is uniformly bounded from below away from zero. Thus there exists C. > 0
such that

/ R L a
k

e Fo(k) < C. sup{|h(ky) +iK)|; Kk € (—¢,+¢)} . (5.13)

The third property of test functions required in Definition 5.1 then ensures that this integral
vanishes as k(;; — o0o. A completely analogous reasoning applies when replacing k;
with —k(j). Hence, as K — oo the contributions coming from [-K + i, =K — ig] and
[K — ie, K + i¢] to the integration along 0C. k in (5.4) vanish, and the limits ¢ — 0 and
K — oo can be interchanged.

It remains to prove the equality of (5.7) with the right-hand side of (5.5). In order to
achieve this we first recall from Proposition 4.3 that the function F'(k) is holomorphic and
zero-free in the strip {k € C; 0 < Imk < &}, where €, := min{\}.  x;} when —x? is the
largest negative eigenvalue of —A; if —A > 0 we set ¢, := \T. . Hence,

min*

f/(k +ig) = d% log det (1 — U(k + i) = — tr((]l —U(k+ie)) U (k + ig)) ,

when 0 < € < g1. Furthermore, following Lemma 3.13 we obtain the bound
)\+
Uk +ie)|| < ||IS(k+ie)||||T(k + ie)|| < max {1 )\i“n — 5} g tmin (5.14)

min

in the operator norm. Thus, when

min

e < AL tanh( l;) , (5.15)

the operator norm of U(k + i¢) is less than one. Iff l,,;, > 2/ A this condition is solvable,

min

providing some g5 with 0 < g < AT, such that (5.15) is true for all € € (0,3). For such
€ the expansion

( Uk+15 :ZUk+15
1=0
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holds. Moreover, a straight forward calculation based on the relation (4.12) produces
tr[U (k)!U' (k)] = tr[A(k)U(k)'1], see (5.6). Therefore, after cyclic permutations under the

trace,
/

F
F (k+ie) = Ztr (k+ie)U'(k +ig)) (5.16)

is true for all £ € R and € € (0, ¢3), Where g3 := min{ey, ea}.
Likewise, based on the relation

(1-Uk—ie) " = =1 —U ' (k—ie)) U (k—ie)

that holds for 0 < € < \*. . we obtain

min?

F/ Ztr U~ (k — ie)) (5.17)

for k£ € R and sufficiently small € > 0.

We now want to use the representations (5.16) and (5.17) in (5.7), interchange integra-
tion and summations, and finally perform the limit € — 0. In order to achieve this we first
notice that (for fixed €) the estimate

ltr(A(k £ ie)UH (k +ie))| < 2E|A(k £ie)U™ (k +ie) |

5.18
< 2B||A(k £ i) |||[U* (k £ ie) 19

justifies to interchange integration and summation according to the dominated convergence
theorem. Next, the contour of the integral

/ tr[A(k)US (k)] h(k) dk (5.19)
mk==¢

can be deformed into Im k = 4+0 with a sufficiently small § > 0; in particular, § < r. We
then fix § and find

(/ AU )] A dk‘
g/_ (Al £ 1)Uk = 16)) | [h(k + 16)]dk (5.20)

o0

)\r—ir_un -9 (o)

+ L ptoo
<2E (Amm 0 e—“min) / |A(k £16)|| |h(k £i6)|dk |

when using (5.14) and (5.18) with J instead of . Since the conditions in Definition 5.1
apply, the integral on the right-hand side is finite and the positive constant raised to
the power [ is smaller than one. The sum on [ hence possesses an absolutely convergent
majorant, uniform in ¢ in the range indicated. Thus the summation and the limit ¢ — 0 can
be interchanged. Furthermore, another application of the dominated convergence theorem
allows to perform the limit ¢ — 0 of (5.19) inside the integral, finally proving (5.5). O
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In order to arrive at the trace formula itself, the sum on the right-hand side of (5.5)
has to be reformulated as a sum over periodic orbits. The summation index [ then denotes
the topological length of the orbits and the trace of A(k)U!(k) is identified as a sum over
the set P; of periodic orbits with topological length [. The term with [ = 0 plays a special
role and will be treated separately, whereas contributions with negative [ are related to
those with —[ in a simple way.

Before we state the trace formula, however, we introduce some notation: The ‘volume’
of the graph is the sum £ =1, +---+ ., of all edge lengths. Furthermore, if h € H, is a
test function, its Fourier transform is

h(z) ! / +Ooh(k)e”“ dk .

:% N

We recall that the second and the third property required for A in Definition 5.1 guarantee
that h(z) = O(e™"™) as * — oo. Moreover, the Fourier transform of a product A(k)h(k) is
the convolution of the respective Fourier transforms, i.e., it reads

—+00

Ah(z) = Az —y) hy) dy = A = h(z) . (5.21)

—00

Below this convolution will often have to be understood in a distributional sense, as the
functions A(k), though being regular, not always decay sufficiently fast as k — oo.
We are now in a position to state the first variant of the trace formula.

Theorem 5.3. Let I" be a compact, metric graph with a self adjoint realisation —A(A, B;1)
of the Laplacian, such that the condition Ly > 2/\E. s fulfilled. Furthermore, let h € H,

be a test function with an arbitrary r > 0. Then the following identity holds:

g hlkn) = £h(0)+ (90— AV a(0) — = [ hiry TSR g
> gnhlkn) (0) + (90 — LN) h(0) /<>

A J_ k
- ) (5.22)
F0 3 [ A) ) + (= A) )] -

Here flp is the Fourier transform of the amplitude function A,(k) associated with every
periodic orbit p. This function is meromorphic with possible poles at the poles of the S-
matrix, and has a Taylor expansion

Ay(k) = i af k™ (5.23)

Jj=0

that converges for |k| > Amax. In general, only the sum over the topological lengths I on the
right-hand side of (5.22) converges absolutely, but not the entire double sum over periodic
orbits.



Proof. We have to evaluate tr[A(k)U'(k)], and first notice that according to (4.6) and (4.7)
the matrix entries of U are

ikl

Uj1j2 = Sj1<—dj2 e,

where
j+E, if1<j;j<FE
wj = :
! j—E, ffE+1<j<2E
Hence, the indices j and w; correspond to the two edge ends of the j-th edge. Local

boundary conditions then imply that Sj.,, 7# 0 requires the edges with ends j; and wy, to
be adjacent. Therefore, when [ > 0 the non vanishing terms in the multiple sum

r(AUY) = E: Ajojr Siva, - - - Sy, @t H) (5.24)

correspond to the closed paths of topological length [ on the graph.

We then make use of the decomposition (5.6) of A and begin with the contribution
of tr[D(I)U'(k)], which can be evaluated as in the case of Kirchhoff boundary conditions
[KS99b]: Due to the specific diagonal form of D the terms in (5.24) corresponding to closed
paths related by cyclic permutations of their edges can be grouped together. This finally
yields a sum over the periodic orbits of topological length [,

tr[DOU' (k)] =2 1A, (k) e .

PEP;

According to (5.24), the functions A; ,(k) result from multiplying the local S-matrices of
the vertices visited along the periodic orbit p. Moreover, lff is the primitive length of p,
i.e., the length of the primitive periodic orbit associated with p. Due to the relation (5.21)
we therefore obtain

1 [T

| alDOU K] AR) dk =23 1 (s Au)(0,)

PEP;

The case of negative [ follows by noticing that

U~ (k) =T (k)S™ (k) = T(=k)S(=Fk) ,

and thus
(DU (k)] =2 1#A, (k) e *r |
pEP)
leading to
L[ w b k) + U w)] Ak dk

—0o0

=23 i [ (e Any) (@) + (s A1) (1)

PEP

26



In order to calculate the contribution from tr| Ul (k)] we notice that

L
L2+k2

L .
_21 tl" |: k2U:| S/TUI 1 Z le]2 2(")]3 e Sjlel elk(lj1+m+ljl) . (525)

L2 +

Again, the multiple sum can be viewed as a sum over the closed paths of topological length
[, and the contributions of representatives of periodic orbits can be grouped together.
Eventually, this leads to

L 1 ikl
2ty [L? —=U (k)} =2 Ay, (k)er (5.26)

peEP;

where the functions A, ,(k) emerge from multiplying local S-matrix elements and their
derivatives along the closed paths as specified in (5.25). Negative [ are dealt with as above,
so that the contribution from [ € Z \ {0} to the sum on the right-hand side of (5.5) yields
the sum on the right-hand side of (5.22), with A, (k) = 1Ay (k) + Agp(k).

The contribution coming from [ = 0 finally is

1 [T 1 [t 2L L [T
_ A - _ _— _
3 | ARG db=—5- | tr<L2+k2) h(k) dk + 7T/_Oo h(k) dk
A 1ol
— 2L h(0) — —/ iy S
21 J_ k

Adding the contribution of the Laplace-eigenvalue zero to (5.5), after a rearrangement of
the terms the result (5.22) follows. O

As mentioned in Theorem 5.3, the double sum over periodic orbits in (5.22) does not
converge absolutely when h € H, with arbitrarily small » > 0. In the following we are going
to show that an absolutely convergent periodic orbit sum can be achieved under sharpened
conditions on the test function. In order to formulate these conditions we introduce the
function

(5.27)

+ min
min

1 2
(k) := —log(2F) + — artanh(i> , 0< k<AL
K K

which attains its unique minimum at some o € (0, A\*. ). Moreover, the minimum can be

? min

bounded from below as (o) > (2 + log(2E))/AL. so that, in particular, I(c) > 2/

min*

Theorem 5.4. Let I be a compact, metric graph with a self adjoint realisation —A(A, B;1)
of the Laplacian, such that the condition Ly, > (o) is fulfilled. Furthermore, let h € H,
be a test function with an arbitrary r > o. Then the following identity holds:

ignh(k:n)z Lh(0) + (go__N)h(())—ﬁ/mh(k)lmtrks(k) 4

30 (e A @) + (o A,) 1)
peEP
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The quantities appearing are the same as in Theorem 5.3. Here, however, the sum over
periodic orbits converges absolutely.

Proof. The task is to analyse the convergence of the sum over periodic orbits in (5.28)
more closely. In Theorem 5.3 we only considered the convergence of the sum over [.
This was based on the estimate (5.20), which shall now be refined. To this end we refer
to (5.24) and (5.25), and notice that tr[A(k)U'(k)] is a sum consisting of (2F)! terms
Siin(K) - .. Siyiy,, (k)h(k), each of which contains a product of [ factors that are matrix
elements of either S(k), iD(l), or iLf—ka. These factors are all holomorphic in a strip
0 <Imk < A}, and, following Lemma 3.4, in any strip 0 < Imk < k with k < !, | they
are bounded from above in absolute value by a constant times (A, +x)/(Af. — k). Thus,
in particular, for all £ < min{\},,r} any product s;,4, (k) ... i, (k) h(k) is holomorphic
for 0 <Imk < k. Since here we are evaluating Fourier transforms at l;, +---+1{;, > 0, we
can apply a suitable version of the Paley-Wiener theorem that is concerned with Fourier
transforms of holomorphic functions in vertical strips of the upper half plane. This is an
obvious, slight variation of Theorem IX.14 in [RS75], and implies that there exists C\, > 0

such that

2F

‘/: tr[ARU'(R)] (k) dk' S

i1,eig=1

+oo
/ 8i1i2<k> <o Sy (k') h(k) eik(lilerJrlil) dk

o0

)

+ !
< (O, <2E M enlmin) — Cnenl(l(n)—lmin)

min —

(5.29)

where we made use of the function defined in (5.27). We hence conclude that under
the conditions stated the sum over periodic orbits converges absolutely. In particular,
Imin > l(k) must be fulfilled. The latter condition is optimised for k = o, at which the
function I(x) attains its minimum. For the above to hold, the condition h € H, with r > o
must be satisfied. O

We remark that whenever an amplitude function A, (k) associated with a periodic orbit
is independent of k, as it is always true for non-Robin boundary conditions, the convolution
h flp(lp) degenerates into a product A, iz(lp). In any case, the condition r > o imposed
on the test function h ensures that h x A,(z) = O(e 1), which enables the absolute
convergence of the periodic orbit sum.

5.2 The trace of the heat kernel

The first trace formula of a quantum graph, due to Roth [Rot83], expresses the trace of the
heat kernel for the Laplacian with Kirchhoff boundary conditions in terms of a sum over
periodic orbits. This has recently been extended to all non-Robin boundary conditions by
Kostrykin, Potthoff and Schrader [KPS07]. An application of Theorem 5.4 now allows us
to produce an appropriate trace formula for all self adjoint realisations of the Laplacian. In
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such a case, however, negative Laplace eigenvalues —x2, with multiplicities ¢, , may occur
so that the trace of the heat kernel,

Pi= Y gpemt ) gae >0,
—k2<0 k2>0
does not follow immediately from Theorems 5.3 and 5.4. Instead, we consider
Try e? = Z gne_kit , t>0.
k2>0
In the trace formula we hence have to choose the (entire holomorphic) function h(k) = e Kt

t > 0, which is in H, for all r > 0. Its Fourier transform is h(z) = ﬁe‘xz/ . We also
introduce the functions

1 oo B
ap(t) = \/m / Ap<lp —y)e vH/ae dy

associated with the periodic orbits on the graph and obtain the following statement.

Theorem 5.5. Let I be a compact, metric graph with a self adjoint realisation —A(A, B;1)
of the Laplacian, such that the condition ly, > (o) is fulfilled. Then the following identity
holds:

d
L I~ A
Trye® = ——+ (go—3N) — 5> j © et erfe(|Ao|VE) +2) Reay(t) . (5.30)
Vit 25l

Here d is the number of non vanishing eigenvalues A\, of L (counted with their multiplicities)

and
erfc(z / eV’ dy, x>0,
%

is the error function complement. Moreover, ast — 07 the trace of the heat kernel has a
complete asymptotic expansion in powers of \/t, whose leading terms read

£
VAart

N —d
T=go— 5 D 0 - Z%,ﬁ va,] —,

where o and v, ; are the orders of the ﬁmtely many, non zero, purely imaginary ze-
ros and poles, respectively, of the determinant function F and d4 denotes the number of
positive/negative eigenvalues of L.

Tre?t = +94+0W1t), t—o0t. (5.31)

Here
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Proof. We first observe that the expression (4.14) implies

Imtrs(k):trLQ—l—k:?: Z)\Q 12

then we employ the representation

Ae| o [° eV
erfc(|z]) = Te_“’c / T dy, zeR.

Hence the relation (5.30) is an immediate consequence of (5.28), when the test function h
is chosen as indicated above.

In order to determine the small-t asymptotics we go back to the relation (5.4), in which
we use the test function h(k) = e ***, ¢ > 0. We then deform the contour into dCj ., with
B > max{Apax, s}, where s from (4.2) is such that —s? yields a lower bound on the Laplace
spectrum. Thus the contour now encloses all non real zeros and poles of the determinant
function F' and, therefore, in this process we pick up contributions from all poles of F'/F
on the imaginary axis.

Having to perform the limit K — oo with 3 kept fixed, we need to estimate the
contribution coming from the vertical parts of the contour, i.e., for |Rek| = K and ¢ <
|Im k| < (. Firstly, F'(k) is a polynomial in the matrix entries of S(k) and T'(k). The
latter are e*'e, whereas the k-dependence of the former is given by (A, — ik)/(Aa + ik),
see (3.5). In the two strips ¢ < |Imk| < 3, with neighbourhoods of the poles at i\,
removed, all matrix entries are bounded, and hence F’(k) is of polynomial growth in k.
Secondly, for sufficiently large |k| we again approximate F(k) by Fi(k), see (5.8), and
write Fio(k) = ijl(l — u;(k)). Here uy(k),...,usp(k) are the eigenvalues of S,,T'(k),
which satisfy

s ()] < ISscll ITGR)]| < ein < 1,

for all k in the strips ¢ < |Im k| < 3. Thus, in these strips,
|Fo (k)] > (1 —emn)*" > 0,

Thirdly, when |K| > # the factor e ™" is of the order e™*%” in the strips. Hence, the
integrand of (5.4) on the vertical parts of the contour with |Imk| > ¢ is bounded by a
polynomial times e =X ‘L AsK — o0, these parts of the contour therefore do not contribute
to the integral. Hence, from (5.4) we obtain

1.2 K2 K2
N + QZgne Fnt — vaﬁje Pt — Z%Je 0,4t
n=1 J j
1 d a2 F’
E—i —(k—i8)7t _ k —(k+iB)? dk .
v ] [F< i)t T gy e

Here the non real zeros of I are denoted as iro ; and its poles as ix,, j; the respective orders
are 7o ; and 7, ;.
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To proceed further we follow the argument leading from (5.14) to (5.16) and (5.17), as
well as the subsequent discussion of interchanging integration and summation. As we are
dealing with large [ instead of small €, due to (3.14) the estimate (5.14) is replaced by

>\max — .
06 +i0)] < ma {1, 5 e

Hence, for £ € R and (3 sufficiently large analogous relations to (5.16) and (5.17) are
obtained, eventually leading to

o0

2: 7k2t_§: K2t 2: K2 .t
N _|_ 2 gn e nt = P)/p,j e'ri — P)/O,j 0,5

n=1 j j

N /+oo k' 4 lﬂ) Ul(k + 15)} —(k+iB)%t dk

M
ﬂ~

Tl 00

l

I
—

+ i3)U (k —iB)] =+ g .

NE
T\H

l mi —©

In the integrals with [ # 0 we now replace 3 by 3/v/t, 0 < t < 1, and change variables
from k to ¢ = kv/t, yielding

+oo
IF(t, ) : 27“\/_/ (q + 16))Uil(%(q +i6))] o~ (@EA)” qq

These integrals can be bounded in analogy to (5.29),

=1, 8) < <2 (2E B4 VP - v )
Vi B = VtAmax
Summing over [ # 0 then finally shows that these contributions can be estimated as being
O (Lo e V1),

The term with [ = 0 can be calculated explicitly and yields the same contribution to
the heat trace as the first term and the sum over o(L) \ {0} on the right-hand side of
(5.30).

We add the contributions of negative Laplace eigenvalues and use that erfc(x) has a
complete asymptotic expansion in z, with erfc(x) = 1 + O(z), as * — 0. The expansion
(5.31) then follows immediately. O

I
o

l

At this point we recall that in the case of non-Robin boundary conditions v = go— %N =
%‘tr S, which has also been given an interpretation as (one half of) a suitable Fredholm
index. In this case, therefore, the constant term in the small-¢ asymptotics of the heat
kernel has a topological meaning.

Finally, we should like to mention that a suitable Tauberian theorem (see, e.g., [Kar31])
allows us to recover Weyl’s law

MMNEK,Kﬁm,
e

see also Proposition 4.2, from the leading term in the expansion (5.31).
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6 Conclusions

Our principal goal was to investigate spectra of general self adjoint realisations of Laplace
operators on compact metric graphs, culminating in proofs of some trace formulae. In this
context we achieved to allow for a large class of test functions, leading either to absolutely or
conditionally convergent sums over periodic orbits, respectively, representing appropriate
spectral functions of the Laplacian.

Previous work on quantum graph trace formulae [Rot83, KS99b, KN05, KPS07] was
restricted to Laplacians with non-Robin boundary conditions. As compared to these cases
there are some modifications we had to take care of. Firstly, non-Robin boundary condi-
tions correspond to k-independent S-matrices and hence do not involve any derivatives of
S(k). This is in line with the fact that L = 0, so that in the trace formula the contribu-
tion (5.26) to the periodic orbit sum is absent. Moreover, since therefore \. = oo, the
restriction imposed on [, in the general case is void so that any set of lengths can be
attributed to the edges. What still remains to ensure an absolutely convergent periodic
orbit sum in the case of non-Robin boundary conditions is the single requirement h € H,
with 7 > (10g 2E) /i on the test functions. This implies A(z) = O(e~"1*!), which in turn
compensates for the growth in the number of periodic orbits entering the sum

D Ah(l)

pEP, 1<l

when ¢ — oo.

Another property of Laplacians with non-Robin boundary conditions is that they are
non-negative. This fact is linked to the non-positivity of L which, as L = 0, is trivial. The
determinant function (4.8) hence is entire holomorphic with only real zeros in the complex
non-negative half plane, see Proposition 4.3.

As we have shown in Theorem 5.3 the condition on the test functions can be relaxed
to h € H, with any r > 0, so that h(z) = O(e~°l*l) with some (arbitrarily small) § > 0,
when one is willing to accept a conditionally convergent sum. This has to be understood
in the sense given in (5.22), i.e., where the terms are arranged as a double sum over the
topological lengths of the orbits and over the periodic orbits of fixed topological length.
For non-Robin boundary conditions a refined analysis of convergence had produced even
more relaxed conditions to be demanded from the test functions, see [Win08].

An important application of the trace formula for quantum graphs with non-Robin
boundary conditions was to prove an inverse theorem, very much in the sense of Kac’s
famous question ‘Can one hear the shape of a drum?’ [Kac66]. Gutkin and Smilansky
[GS01] showed that under certain conditions, which include the requirement that the edge
lengths be rationally independent, the Laplace spectrum determines the connectedness and
the metric structure of a compact metric graph uniquely. In this sense isospectral quantum
graphs are isomorphic. Gutkin and Smilansky made essential use of the trace of the wave

group,
Tre V2 4 ce = QZgn cos(kyt) , t#0,

n=0
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which can, in the case of non-Robin boundary conditions, be expressed as a sum of -
singularities at the lengths [, of periodic orbits. Searching for these singularities then
allows one to first identify the geometric length spectrum. In a second step a certain
algorithm can be used to determine the connectedness and all individual edge lengths.
After a slight modification this proof can now be taken over to the case of Robin boundary
conditions almost verbatim. For this purpose one reads off from the trace formula (5.28)
the distributional identity
> 1< A
n cos(knt) = LO(t —iIN-—Z L2 g Aal

+ Y Re[Ay(l, —t) + A1, +1)] -

Since, in general, the periodic orbit amplitudes are functions of k, there are no longer
pure d-singularities present at the lengths of periodic orbits. For large k the amplitudes,
however, possess the expansions (5.23) with leading terms afg,o). These do not vanish since
they stem from the corresponding leading term S, = 1 — 2P of the S-matrix. Hence, the
Fourier transforms Ap of the amplitudes have leading singularities of J-type at the lengths
l, of periodic orbits. Therefore, applying the algorithm of Gutkin and Smilanksy to this
wave trace enables one to identify the graph connectivity and the edge lengths in the same
way as previously.

In summary, almost all spectral properties established so far for Laplacians on compact
metric graphs with non-Robin boundary conditions carry over to arbitrary self adjoint
realisations of the Laplacian. Therefore, there are many more quantum graphs model
available that are suitable for further investigations in, e.g., the field of quantum chaos.
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