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CrossMark
Abstract

In this work we present a three step procedure for generating a closed form
expression of the Green’s function on both closed and open finite quantum
graphs with general self-adjoint matching conditions. We first generalize and
simplify the approach by Barra and Gaspard (2001 Phys. Rev. E 65 016205)
and then discuss the validity of the explicit expressions. For compact graphs,
we show that the explicit expression is equivalent to the spectral decomposi-
tion as a sum over poles at the discrete energy eigenvalues with residues that
contain projector kernel onto the corresponding eigenstate. The derivation of
the Green’s function is based on the scattering approach, in which stationary
solutions are constructed by treating each vertex or subgraph as a scattering
site described by a scattering matrix. The latter can then be given in a simple
closed form from which the Green’s function is derived. The relevant scat-
tering matrices contain inverse operators which are not well defined for wave
numbers at which bound states in the continuum exists. It is shown that the
singularities in the scattering matrix related to these bound states or perfect
scars can be regularised. Green’s functions or scattering matrices can then be
expressed as a sum of a regular and a singular part where the singular part
contains the projection kernel onto the perfect scar.
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1. Introduction

Quantum graphs as metric graphs endowed with a Schrédinger operator and related similar
models have a long history in mathematics, physics and theoretical chemistry [1-7]. Due to
the simplicity of the model and the richness of properties and effects it can represent, quantum
graphs have grown into an important tool in physics and mathematics. In spectral theory, they
allow for a rigorous treatment of topics that are usually related to the study of (self- adjoint)
partial differential operators, see [8] for an introduction and overview. The scattering approach
to quantum graphs was introduced in 1997 by Kottos and Smilansky [9] and led to a wide
range of applications in quantum chaos, see [10] for an overview. In this approach, the graph
vertices are treated as scattering sites from which stationary solutions (energy eigenstates) are
constructed. This approach has also been used for many physical applications beyond quantum
chaos, including meta-material design [11], modelling the vibrations of coupled plates [12], as
well as in formulating quantum random walks [13, 14] and quantum search algorithms [15].
One advantage of the scattering approach is that eigenvalue conditions can be written in terms
of a secular equation involving the determinant of a unitary matrix of finite dimension N, where
N typically equals twice the number of edges on the graph. Similarly, the scattering matrix of
an open quantum graph can be given in terms of a closed form expression involving finite
dimensional matrices of size N [16, 17].

In 2001, Barra and Gaspard [17] used the scattering approach to express the Green’s func-
tion of a quantum graph as a sum over trajectories in the spirit of semiclassical quantum mech-
anics. At the time, it was not yet clear within the physics community what scattering matrices
are connected to matching conditions related to a well-defined self-adjoint Schrodinger oper-
ator on the metric graph. We generalize and simplify the approach [17] by using a simple
three step procedure that leads to the Green’s function for general self-adjoint matching con-
ditions for closed and open graphs with a finite number of edges. This directly provides a
number of closed form expressions that, to the best of our knowledge, have not been given
before (though implied in [17], see also [18], where closed form expressions are given for a
few simple examples). These closed forms are of great practical advantage when dealing with
explicit graphs as they sum all relevant trajectories. Moreover, they are the starting point of
an analysis of the validity and convergence of Green’s function when expressed as a sum over
trajectories. We thus hope to provide a more straightforward way of computing Green’s func-
tions on graphs. This could lead to helpful insight into the growing literature on applications for
Green’s functions on graphs that often require relatively cumbersome sums over trajectories,
see [19-21] and references therein.

We also discuss in some detail cases where the sum over trajectories fails to converge while
closed form expressions may be regularized. Indeed, when evaluating the scattering matrix on
open graphs, such as those used in the construction of the Green’s function, one must take
great care at frequencies corresponding to bound states in the continuum. These states vanish
necessarily on the scattering leads and potentially lead to singular behaviour when considering
the Green’s function. Scarring of eigenfunctions is a well-known semiclassical phenomenon in
more general systems [22]. It has been known since the work of Schanz and Kottos [23] that
quantum graphs allow for a much stronger scarring mechanism than in more general wave
systems. These so-called perfect scars are non-vanishing only on a finite subset of the edges
and vanish exactly in the remainder of the graph. They are easily constructed, for example, in
certain quantum graphs with standard (Neumann—Kirchhoff) vertex matching conditions. For
open graphs, bound states in the continuum are an example of perfect scars. Perfect scars lead
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to singularities in some inverted matrices that are used in the construction of scattering matrices
and Green’s function and this implies non-convergence of the related sums over trajectories
at the corresponding wave number. We will explain that both the scattering matrix and the
Green’s function (outside the domain of the perfect scar) stay regular at these frequencies
and give suitable regularised equations. These regularized expressions may be of practical
importance even if there are no perfect scars on the graph. This is due to the far more generic
phenomenon of almost perfect scars which was also described in [23]. These are states where
the conditions for a perfect scar on a subgraph are fulfilled up to small terms leading to states
which are only slightly coupled to outgoing channels. In the scattering matrix, almost perfect
scars lead to what is known as topological resonances [24, 25]. In this context, a simplified
variant of the regularization scheme we describe here has been used to derive the tails in the
distribution of resonance widths [24].

The paper is structured as follows: in section 2, the scattering representation is introduced
for both closed and open quantum graphs. In section 3, a three step procedure for generating
a closed form expression for the Green’s function is introduced via the scattering approach.
The expression is given generally for both closed and open quantum graph. It is assumed that
the graph scattering matrix is non-singular and well defined. In section 4, a formal definition
is given for a scar state in terms of the quantum map. It is shown that the block component of
the quantum map that refers to the compact portion of the graph is non-invertible. It is shown
through a regularization of the scattering approach, that the full solution is indeed regular as it
is evaluated within a reduced space. Further analysis of the scattering states for eigenenergies
approaching a scar state are investigated appendix D. In section 5, we generate the scattered
states and the corresponding Green’s function in the presence of scars for two examples, the
open lasso, and the open star graph. We finally conclude this work in section 6 with a brief
summary and outlook.

2. The scattering approach for quantum graphs

To construct a quantum graph, we first consider a metric graph G(V, £, L). Here, £ is the set of
edges, V the set of vertices, and L = {/, : e € £} is the graph metric containing a set of edge
lengths which are either real positive ¢, > 0 or infinite. The set of edges with finite length will
be called the set of bonds 5 and the set of edges with infinite length will be called the set of
leads £. We consider two types of finite graphs:

(i) Closed compact graphs where all edges are bonds and the number of edges Ng = |€| is
finite. Here, both ends of each edge are connected to a vertex.

(ii) Open scattering graphs which consist of a compact graph with the addition of a finite set of
leads. The leads are connected to a single vertex at one end. One may write the edge set as
aunion & = LU B. With Nz = |£| and Ng = |B|, one has Ng¢ = N + N. For each bond
e € B, we use a coordinate x, € [0,£,] with some (arbitrary but fixed) choice of direction.
The coordinate defines a position on an edge such that x, = 0 and x, = ¢, correspond to
the vertices connected by the bond. For a lead e € L, coordinates x, € [0,00) are defined
such that x, = 0 corresponds to the vertex where the lead is attached. For each edge e, we
refer to the directed edges as e; with s = & indicating the direction in which x, increases
(s =+) or decreases (s = —). A point on the graph is a pair x = (e,x,) of an edge and a
coordinate.

The metric graph is turned into a quantum graph by adding a Schrodinger operator H which
requires a set of boundary conditions on the graph vertices in order to become a self-adjoint

3



J. Phys. A: Math. Theor. 56 (2023) 475202 T Lawrie et al

problem. For this, we consider the Hilbert space L*(G) = @, L*([0,,]) of square integrable
complex-valued functions ®(x) = {Pe(x.) }ce and define

2

[ (3)] = 00 () Ve (x) 6 () 1)

e
with a potential V(x) = {V,(x.) }.ce, that is, a real valued scalar function defined on G. We
will only consider free Schrédinger operators, that is, negative Laplacians, where V(x) = 0. To
ensure that the second derivative is well defined and square integrable, one needs to restrict the
domain of H to an appropriate Sobolev space. Apart from this standard restriction, the domain
of H has to be further specified by appropriate boundary conditions at each vertex v in order
for H to define a self-adjoint operator. According to a theorem by Kostrykin and Schrader [26],
the most general such boundary conditions at the vertex v may be written in the form

_dde

;Aem (0) + B o 0)=0 2)

for any e connected to v and the sum extends over edges ¢ connected to v. (We assumed here for
simplicity that x, = O at the vertex for each edge e connected to v.) The complex coefficients
A.; and B,; refer to the elements ee of two square matrices A and B of dimension d,, the
number of edges connected to v. In [26], it was proven that the matching conditions preserve
self-adjointness if and only if two conditions are satisfied. First, the set of equations need to
be independent which means that the rectangular d, x 2d, matrix (A,B), i.e. A and B being
horizontally stacked, must have full rank d,. Second, the product AB' = BA' is a Hermitian
matrix. The matrices A and B may be chosen independently for each vertex and we will often
write A" and B to indicate the vertex where these matrices act.

The self-adjointness of H implies a unitary evolution of the time-dependent Schrédinger
equation i S ® () = H®(1). The stationary solutions ®(r) = e ~#'W satisfy the (homogeneous)
eigenproblem

2

[(E—H)@(X)LZ<E+;x%>¢e(xe)=o. 3)

Here, E is the energy. It implies furthermore that solutions to (3) only exist for real values of £
and the set of all such (generalized) eigenvalues forms the spectrum of H. In the remainder we
will only consider the positive part of their spectrum and write E = k* > 0 with the wave num-
ber k > 0. In the following constructions, the energy appears as a variable that is not restricted
to the spectrum.

Any solution to equation (3) fulfilling the prescribed boundary conditions at the vertices is
expressed as a superposition of counter propagating plane waves, that is,

__in _—ikx, out _ikx,

P (x,) =d) e +agle
__out,—ik(x,—¥£,) in Lik(x.—£.)
=a, € +a, +€

_ in _—ikx, in Lik(x.—£,)
=a, € +a, e “)

Here, aieni/om is the complex wave amplitude on edge e propagating in the direction of increasing

(+) or decreasing (—) x,, heading in or out of a vertex. If e is a lead only the amplitudes ai;"i/om

at x, = 0 are used.
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Introducing the 2Ng-dimensional diagonal length matrix
LégeA = 5eé(ss§£e (5)

(where each edge length appears twice) the bond wave amplitudes can be mapped to one
another by the diagonal square 2Ng-dimensional matrix

T (k) = &'* (6)
that takes account of the phase difference between wave amplitudes across all bonds, that is,

al) = T (k) ap" . (7N

Here, algn/ U refers to the 2N, s vector of plane wave coefficients on the directed bonds.

In addition, the graph wave amplitudes can be mapped onto one another across the vertices
by taking account of the imposed vertex boundary conditions. For this one writes the matching
conditions at a given vertex v in the form of a d, X d, vertex scattering matrix E(V), that is,

a(v),out — E(V)a(v),in (8)

where a(")"/°" are d, dimensional vectors that collect all incoming/outgoing amplitudes of
plane waves on the edges e in the neighborhood of vertex v. With the prescribed boundary
conditions given in equation (2), ) takes on the form

=0 (k) = — (A(V) —HkB(”)) - (A(V) - ikB(V)) . )

For real k (E > 0), this is a well-defined unitary matrix due to the conditions on A® and B™
which imply that A" 4+ ikB" is invertible. Note, however, that neither A") nor B") need
to be invertible by themselves (in general neither is) and one needs to take care at k=0, for
instance, where it remains well defined as a limit. Another consequence is that the explicit
dependence on k may drop for some choices of matching conditions. Indeed, this is the case
for the so-called Neumann-Kirchhoff matching conditions most widely used in the literature
[8-10]. They require continuity of the wave function at the vertex ¢,.(0) = ¢;(0) (for any e
and e connected to v) and a vanishing sum of outward derivatives on the edges connected to

this vertex ), ((jifj’ (0) = 0 (where the sum is over all edges connected to v). This yields

2
SONKE - 14 —Ea,, (10)
,

where [ is the identity matrix and [E,, is the matrix of dimension d, with all entries equal to
one.

It is worth noting that in the physics literature including [17], the stationary problem is
often defined on a quantum graph by prescribing arbitrary unitary matrices (") at the vertices
v. While this does in general not define an operator in a Hilbert space (self-adjoint or not) this is
of obvious value for an effective description of a physical system if appropriate caution is used.
For instance, one should not expect eigenstates to be orthogonal and time-dependent solutions
obtained by superposition may not preserve probability (the norm). In some applications that
focus on spectral properties, for instance many applications in quantum chaos, these issues are
not physically relevant, see [10] and many references therein. Moreover, they may be given
physical meaning by assuming that a vertex stands for a hidden part of the system, such as

5
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a scattering region, thus also ‘hiding’ parts of the Hilbert space. In the following, we will
assume that scattering matrices are of the form (9) that ensures a self-adjoint operator. Most
of our results remain valid if arbitrary scattering matrices are prescribed as long as they do not
depend explicitly on the wave number.

One may combine all vertex scattering matrices into a single (directed) edge scattering
matrix X, such that

a®' =X a" (11)

Here, a™/°" is a 2Ng 4+ Ny dimensional vector that collects all the incoming/outgoing amp-
litudes for all graph bonds and leads. The scattering matrix elements are expressed in terms of
the individual vertex scattering matrices »®), such that, after ordering the directed edges in
an appropriate way,

=M 0 0
o x® ... o0 .
s=II| . o _ =13 (12)
0 0 .. W

Here, II is a permutation matrix that interchanges the two directions on a given edge with
matrix elements given as

Iz, = 02e5(—s) - (13)

2.1 Compact quantum graph eigenstates in the scattering representation

In the case of a compact quantum graph, we have aig/ Ut = gin/out The two relations (7) and (11)
combine to give one condition,

a" = U (k) al", (14)

U(k) =T (k)X (k), (15)

where we stress that the edge scattering matrix X (k) can be k dependent. Non-trivial solutions
to (14) exist for wave numbers k for which the quantum map U has a unit eigenvalue, that is,
for wave numbers that satisfy the secular equation

€ (k) = det (I - U (k) =0. (16)

The positive (discrete) energy spectrum of the quantum graph corresponds one-to-one to the
zeros of £(k) with k >0 [9, 26, 27]. The corresponding eigenstates can be obtained from (14).

6
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2.2. Scattering states on open quantum graphs

Let us consider the positive energy states for open quantum graphs next. Generically, these
consist of an N -fold degenerate continuum of scattering states. Physically, the N--fold degen-
eracy is obvious from the ability to choose N independent incoming plane waves along the
leads. To describe the scattering states, let us write the unitary edge scattering matrix in block
form

3 (k) 3 (k) ) (]I O) o
(k)= LL LB | = 3 (k), a7
W= 302)=( n)=w
where the block-indices B and L refer to 2N directed bonds and N leads. In the second
equality, we have expressed this explicitly in terms of the matrix (k) defined in (12) which
is block-diagonal in the vertex scattering matrices and the permutation matrix II that inter-
changes the two directions for any two bonds as defined in (13). For an open quantum graph,

IT only acts on bonds. Analogously to the compact case in equation (15), we introduce the
unitary quantum map for an open graph, again expressed in block form,

U (k) U (k) B 3 (k) X (k)
U(k) = <U (k)ZE U(")Zi) o <T(k)E(Lk§BL T(k)z(ﬁkl)gsz) . 1o

The scattering states are spanned by the N, -dimensional vector al? of incoming plane wave

amplitudes on the leads. The outgoing amplitudes a®" and the incoming amplitudes on the

directed bonds aifl then result from solving the set of linear equations

a(kz") _ (U (6) 2 U(k)ﬁlg) aj (19
a(k)y Uk)g, Ulk)gg) \a(k)s
which follows again from (7) and (11). Solving these equations, one obtains for the outgoing
amplitudes on the leads

a(k)z' = o (k)az (20)
where the unitary graph scattering matrix is given as

I

o(k)=U(k) . +U(k) 5 =00 g

U(k)g, - 21
The plane wave amplitudes on the directed bonds can be expressed as
a(k)y = p(k)al (22)

with the rectangular 2Nz x N, matrix

I

P0 = T,

U(k)g, - (23)
The scattering matrix o (k) is related to the matrix p(k) via

o (k) =U(k)z, +UK) 5 pK) - 24)

We now have the required mathematical language for constructing Green’s functions on
quantum graphs.
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One may rightfully question whether the matrix I — U(k)pp can always be inverted as
required in equations (21) and (23). This is related to the existence of bound states in the
continuum (a pure point spectrum in mathematical terms). In the absence of such bound states
U(k) s does not have a unit eigenvalue and the expression is valid for all wave numbers & > 0.
We will return to the discussion of this expression in the presence of bound states, also known
as perfect scars, later in section 4.

3. The scattering approach to the Green’s function

The Green’s function may be considered as the integral kernel of the resolvent operator (E —
Iil)*1 which has singularities at the spectrum of H. It has poles at the discrete spectrum and a
branch cut along the continuous spectrum.

For a given (complex) energy E = k> and two points x = (e,x,) and x’ = (e’,x/,) on a
quantum graph, the Green’s function G(x,x’, E) satisfies the inhomogeneous equation

0(xe—x),) ife=e’

25
0 ife#e'’ (2)

(E—I:I)G(x,x’,E) =6(x,x") = {

where H acts on x. The solution of this differential equation (25) with given self-adjoint match-
ing conditions at the vertices may not be unique or not exist at all. The latter happens when
the energy E belongs to the discrete real eigenvalue spectrum. For complex energies with a
non-vanishing imaginary part, one can always find a unique square integrable solution and this
then coincides with the integral kernel of the resolvent operator. The relation to the resolvent
operator gives rise to the symmetry

G(x,x";E) =G(x',x;E*)" . (26)

We focus on the Green'’s function G4 (x,x’, E) = G(x,x’, E ) with positive real and imaginary
parts: £y = k%r =FE,+1E; with 0 < E, € R and 0 < E; € R. For real energies that are not in
the (discrete or continuous) eigenvalue spectrum, we allow the imaginary part to vanish, that
is, E; =0, as the Green’s function is well defined in that case. Solutions at real energies in
the continuous spectrum require the limit £; — 0" which is always implied. If E, belongs to
the discrete eigenvalue spectrum, the Green’s function has a pole G(x,x’; E) ~ P(XTX/) (with a
non-vanishing function P(x,x’)) preventing the limit E; — 07 to exist. For brevity we write
E =E, and k = k during the following derivations.

To construct the Green’s function, we exploit the fact that for all x # x’ the solutions to
equation (25) are solutions to the homogeneous wave equation in (3). This allows one to
express the solutions again as a linear superposition of counter propagating plane waves as
express in (4). The set of unknown coefficients are then chosen to satisfy the imposed ver-
tex boundary conditions as well as the appropriate boundary conditions at the delta function
excitation x = x’. This procedure is detailed via a scattering approach in the following.

3.1 Construction of the Green’s function for compact graphs

The Green’s function on a graph can be constructed in a three step procedure as illustrated in
figure 1.
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Step 1. Step 2. Step 3.
! /
i aou1 6(3:& - Sl?e/)
N SEDER Q7
" ~ in H
e—=c¢e CLOUt ' aH
ol Lot = 0 Tt = Eef

Figure 1. This three step procedure is described in detail below.

Step 1. Define the graph and the coordinate of the delta function excitation x” = (e’,x,). The
delta function acts as a source which we model by creating an auxiliary open scattering
graph by ‘cutting out’ the excited edge ¢’ and replacing it with two auxiliary leads.

Step 2. Treat the auxiliary graph as a scattering site and construct a lead scattering matrix for
energy E. . This allows one to determine the two outgoing lead wave amplitudes in
terms of the two incoming wave amplitudes which are free parameters.

Step 3. Take the scattering solution on the auxiliary leads at distances x/, and £, —x,, from
the vertices and ‘glue’ these solutions together such that the differential equation (25)
is satisfied yielding a Dirac d-function at the position x’. This determines all free para-
meters and results in the Green’s function G(x,x; E;).

Let us now go through these steps in detail:

Step 1. Consider a compact quantum graph G(V, €, L) as defined in section 2 which we wish
to excite with a delta function at location x’ = (e’,x.,) € G. Let us denote the vertex at x, =0
as the ‘tail’ vertex vt and the vertex at x,» =1,/ as the ‘head’ vertex vyg. We begin by cut-
ting the excited edge ¢’ and replacing it by two leads attached at vr and vy, respectively,
thus creating the auxiliary open scattering graph Gaux.e’ = Gauxe’(V, Eaux,e’s Laux,e’ ), Where
Eaux,e’ = Laux,er U (B\ {e’}) and Lyyx . = L\ {,+}. The coordinates on the leads are set to
be xt = xyg = 0 at the vertices vt and vy, respectively. On each lead, the solutions are defined
as

/(/}T (-XT) — ai]l}e_ik+x7- +a%uleik+xr’

Yy (xp) = albe K+ 4 gOeiken 27
Step 2. Next, we construct the scattering states on the auxiliary graph. The quantum map of
the auxiliary graph can then be written in the form equation (18) and only differs from the
quantum map (15) of G by excluding the rows corresponding to the excited edge ¢’. The wave

amplitudes on the two leads are mapped from incoming to outgoing wave amplitudes by the
graph scattering matrix o (k) as defined in (20) with matrix elements

ay"\ (o (kp)yy o lky)yr a}'}
out | n | ° (28)
as oky)ry olky)rr) \af
The incoming wave amplitudes ai? and ¢! are at this stage free parameters.

Step 3. We project the set of scattering solutions from the auxiliary graph onto the original
graph by cutting the leads H and T at xr = x/, and xyq = {,» —x/,, then ‘gluing’ the two ends
together forming a single bond. The solution on ¢’ is then

9
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aite—k+%es | (gt 4 g gin) @ik xes for x,» < x!,;
%/(xe/)_{ T (otnaf + orraf) e S ers (29)

alte=k+(br %) 4 (opyall + oprall) ek (e =%e) for x, > x/,.

One determines ai and @ by fulfilling equation (25) at x,» = x,,; this leads to the following
conditions:

i. continuity at x,» = x/,

lim_[ther (xgr + @) = er (xg — )] = 05 (30)

a—0t

ii. a discontinuity of the derivatives of the form

. dper (X!, + @) diher (x), — )
1 < — < =1.
im [ o ™y

€19

a—0t

These two conditions result in a non-homogeneous system of linear equations for the two
incoming scattering amplitudes. The unique solution of this system is

ik L,/ (e—ik+ (Cer =) 4 ek (ber =01 UTHeiker;,)
in
ar = — - - .
T 21k+ [(1 _ elk+£e/ UHT)(I _ elk+fg/ UTH) _ 62lk+[<’/ UHHUTT)]

1 ikyx’ I iky (L, —x')) I
= 1 e’ ! e’ el 32
2lk+ [e |:HU(k+):|e’e’ e ]IiU(k"r) eLEjr ( a)

' eiki L,/ (e—ikere/, T oppek+l — gypeitt (zé,,—x;,))
mn
ay = — > - .
H ik [(1 — ekt UHT)(I — eik+ b, UTH) — e2iky b, UHHJTT)]

N I e [T
= o [ ] | e lges] | (320)
2k, [ ) )

The derivation of the expressions involving (I —U(k,))~!, the resolvent matrix of the
quantum map, can be found in appendix A. Inserting (32) into (29) and extending the solu-
tion to the entire graph using (22), the Green’s function of the compact graph G can finally be
written in the form

G(x,x",Ey) =

ki T—U(ky)

/
+

5ee/eik+ |xe—x//| + elk+ (xe—x/ —Lett,1) I:W]
ere

4okt (exls) {m] » | etk (s —te) [H_U[(Jk&l)} e

—ik ngrxe',fZ(,/ U(k+)
e )[H—U(m o] .

This is our main result in this section. We give here for the first time a closed form expression
of the Green’s function on a graph following the recipe from Barras and Gaspard [17].

10
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By formally expanding % = Z;il U”, one may express the Green’s function as a sum
over paths p on the metric graph starting at x” and ending at x, that is,

1 .
G(x,x' Ey) = T > Ay (ky) et (34)
p

Here, L, is the metric length of the path and the amplitude A, is the product of all scat-
tering amplitudes along the trajectory. If ¢ =e’, the direct path between x,, and x/, has
L, =|x,» —x,,] and A, = 1. Equation (34) is the starting point for the investigations in [17],
which, however, makes it necessary to do an explicit summation over all possible paths—in
general a cumbersome task. Note also that this expansion converges only if the imaginary part
of k4 is positive and these expressions thus require a limit if used for real wave numbers. This
is all well known for similar expansions into sums over paths in trace formulae and scattering
systems, we refer to the textbook [8] and references therein.

Finally, let us shortly discuss the pole structure of the Green’s function. For a compact graph,
the eigenvalue spectrum is a discrete countable set {Ep, Ej,...}. Let us assume that there are
no degeneracies and all eigenvalues are positive, that is, E, > 0. The spectral decomposition
of the Schrddinger operator H allows us to write the resolvent operator as

(boh) ' => 65)

where P, is the projection operator onto the subspace spanned by the nth eigenvector. For the
Green’s function this implies

= P, (x,x")
G(x,x Ey)=) -2 36
(x.x.Ey) ;a—]z,, (36)

where P,(x,x’) is the integral kernel of P,.. Let us now show that (33) and (36) are indeed
equivalent. We start by considering the limit £, — E, for some given eigenvalue E, = k> and

. . R . . C e e, . . P, (x,x /)
by showing that the singular part of the Green’s function (33) in this limit is given by EE
Let us extract first the singular part of the matrix

U(k P

I-U(ks) —i(ks —k,)C "

Here, P = bibn' s the projection matrix with matrix elements on the corresponding unit
eigenvector U(k,)b™ = b™ and

€ =b"" [k,L + sin (k,L) IT]b™ > 0 (38)
is a positive constant and L is a 2Np dimensional diagonal matrices with diagonal entries £,. We

refer to appendix B for a detailed derivation of (37) and (38). With 2k (ky — k,) ~ E4 — E,
one then finds

1
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*
(alen e*lk”)(e +alen elk,l(xefée)) (am/ eflk,,xez s elkn(xelfl(/)>
_ + el LA

C(E, —E,)

G(X,X/,E+) ~

P !/
— n (X7X ), (39)
E, —E,

where the last equality requires that the constant C gives the correct normalization of the pro-
jection kernel P, (x,x’). This is equivalentto ) _, o folf P,((e,x.),(e,x.))dx, = 1 which is eas-
ily checked by direct calculation. Repeating this calculation for E near to all other energy
eigenvalues shows that expressions (33) and (36) have the same poles and the same residues.
Both expressions can be continued analytically to the lower half plane where the imaginary
part of the energy is negative. They are thus equivalent up to an entire function F(E), (i.e. it is
analytic in the whole complex plane). As both (33) and (36) vanish in the limit E; — 400, the
same must be true for their difference F(E). The entire function that vanishes in these limits
forall E, is F(E) = 0.

3.2. Construction of the Green’s function for open scattering graphs

The construction of the Green’s function on an open scattering graph follows analogously.
In this case, our assumption that the energy has a positive imaginary part together with the
requirement of square integrability leads to outgoing boundary conditions along the leads.
That is, the amplitudes of incoming plane waves need to vanish, as these would lead to expo-
nentially increasing contributions. These conditions are straight forward to implement and we
can go through the same construction as for the compact graph. A short-cut is obtained by
first replacing each lead e € £ by an edge of finite length with a dangling vertex of degree one
and choosing some self-adjoint boundary conditions at the dangling vertices. This results in an
auxiliary compact quantum graph as described in the previous section. The Green’s function of
the auxiliary quantum graph is then given by (33). Clearly, the solution depends on the lengths
that have been introduced for the leads as parameters. Next, one sends the introduced edge
lengths to infinity. Because the imaginary part of the wave number is positive Im k4 > 0 the
corresponding phase factors then decay as e*+‘ — 0 as £, — oc. In this limit any dependence
on the arbitrary choice of boundary conditions at the dangling vertices disappears and what
remains is the Green’s function of the open graph. We refer to appendix C for the details of
the calculation which results in

G(x,x',E4)

Berer ikt [xe—x/s| + ikt (e tx/)) [U(k+)gg + U(k“')ﬁB]IfU

I
ks Uk Jse

ee’
ife,e’ €L,
ks (e—x/1+€,1) [U(k+)LB 4H7U(/i1+)35 } vo! + eik+ (retx/1) [U(k+)LB ]IfU(kH_*_)BE}
ey
ifec Land e’ € B,

1 efikJr (xe 7,\';, ) [

ee!

4 ik (e +x//—te) [
’

I I
H*U(k+>sBU(k+)BE} H*U(k+)EBU(k+)BE}

e_e eje’

ifecBande’' € L,

. ’ H i : ’
(5“/ elk+\xp—xe,| + elk+ (-’Q*J\l‘/ *frkée/) U(ky)BB + e—1k+ (xp—xe,) U(ky)BB
I-U(ky)BB], I=Ukp)BB],

iy (xe4x’, —£,) [ U(ky ) BB ] —iky (xe4x!, —£ ,)[ U(ky ) BB ]
c e —_— e e e —_ /0D
+ [-Uk)BB |, , + Uk )BB |, 1

ife,e’ €B.
(40)
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If the energy spectrum of the graph is continuous these expressions are regular and the limit
Im k; — O™ can be performed by just choosing k. — k € R. A similar expression for energies
E% = k> with negative imaginary parts may be obtained in the same way. More directly, it can
be obtained from the symmetry (26). Note that it will have a different limit as k_ approaches
the real axis.

The energy spectrum of an open graph may contain a discrete set {Ep,Ej,...} of bound
states in the continuum. These have square integrable eigenfunctions and they thus vanish on
the leads. The Green’s function for E close to any of these energy eigenvalues will have poles
just as in the compact case that we discussed in the previous section. And the calculation there
applies here as well. If either x or X’ is chosen on a lead the expression for the Green’s function
should remain regular as E — E, = k2 which is not obvious from the given explicit expressions
above which contain the inverse (I — U (k+)33)71. We will show regularity explicitly if both
x and x’ are on the leads. In that case the expression above reduces to

1 . ’ . 7
G(X,X/,E+) — T [58’6/elk+|xe—xgr| +elk+(xe+xe/)a(k+)e7e,} . 41
+

We will show in the following section that the scattering matrix is indeed regular as k — k,, for
at a bound state. Regularity in the case that one point is on a lead and the other on a bond can
be shown as well using essentially the same tools but we will leave this to the reader.

4. Regularisation schemes for perfect scars

4.1. Bound states in the continuum

The eigenstates of a quantum graph are generally supported on all edges of a graph as long
as the graph is fully connected. However, it is not too difficult to construct graphs which have
eigenstates that are non-zero exclusively on a compact subgraph S, but vanish exactly on the
rest R of the edges. We call such an eigenstate a perfect scar of the graph. These states exist,
for example, on quantum graphs with Kirchhoff-Neumann conditions where the subgraph S
is a cycle on which all edge lengths are rationally dependent. In that case, the cycle edge
lengths are an integer multiple of a minimal length ¢, = n,£y. At wave number k = 27 /4o (or
any integer multiple of it), one may then set

+sin (kx,) if ebel to the cycle of S;
’(ﬁg(xe)—{ sm(x) I e eongso ecyceo (42)

0 if e belongs to R.

Here the signs &+ can be chosen to satisfy the flux conservation condition.
Since the union of S and R make up the total graph G, it is natural to express the quantum
map in the block-form

(VW U
vo- (Ui vis) “

with appropriate permutations applied. In general there is perfect scar on the subgraph
S at energy E =k* > 0, if the block U(k)ss has an eigenvector all with unit eigenvalue
U(k)ssal! = all. The unitarity of the full quantum map then implies that U(k)rsa = 0 van-
ishes. One may extend aill to an eigenvector of the full map by setting al3 = 0 resulting in the
vanishing of wave amplitudes on edges that do not belong to S.

13
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For open graphs, a perfect scar at a wavenumber ky > 0 is a bound state in the continuum
and this situation is again straight forward to construct, such as by using the cycle example
above. In this case, one may take R to contain all leads and S to be a sub-graph containing a
sub-set of the finite bonds.

Throughout the previous sections, we assumed that the matrix I — U(k)pg is invertible,
which it is generically the case as U(k)pp is a block of a unitary matrix. However, a perfect
scar exists, if and only if U(k)gp has an eigenvalue one at the wave number k = ko. Even in
the case of ‘almost’ perfect scars (with small nonzero entries for ai;é), matrix inversion may
cause large numerical errors when inverting I — U(k) gg. To deal with this issue, we describe a
regularisation scheme of the scattering matrix in the following section. This is important when
dealing with open quantum graphs and when constructing Green’s function both in the compact
and open case. The approach may also be used to find the regular part of the Green’s function
in compact quantum graphs when the energy is in the eigenvalue spectrum. (By regular part,
we refer to the Green’s function where the contribution from the pole at the energy has been
removed.) We will focus on the regularization of the scattering matrix, as the other applications
can all be derived from there when needed.

4.2. Regularization of the scattering approach at a bound state

We will show in this section that scattering solutions of the form (20) are well defined at k = kg
even in the presence of a bound state at that wave number. We show in appendix D that the
scattering matrix can be regularised across a whole k interval containing k.

Consider a non-degenerate bound state at wave number k = ky with wave amplitudes big
such that,

U (ko) g5 b3 =big . (44)
As discussed in the previous section, the unitarity of the quantum map U(k) implies
U(ko).zb=0  and b2 U (ko) s =0, (45)

that is, incoming waves a'? in the leads can not couple into the bound state bi3 and the bound
state can not couple back out. Let us assume for simplicity that the perfect scar described by
15 is not degenerate and introduce the idempotent, Hermitian 2Nz x 2Np projection matrix

P =i’ (46)
and its orthogonal complement
Q=I-P. 47

The methods below can be generalised to situations where more than one perfect scar exists
at the same wave number kg, such as, if all edge lengths are rationally related in a large graph
with Neumann—Kirchhoff matching conditions. Writing equation (22) in the form

(I-UK)s5) a5 = U (k). Az, (48)
we find that the solution aifl is not unique at k = ko as both

P(I—U(k)gg) =0 and PU(ky)g, =0, (49)

14
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which follows directly from (45). This implies, that for any solution ait of equation (48), ail +
abz, a € C, is also a solution. However, a unique solution aj exists for the reduced system
of equations

Yo (ko) ajg = U (ko). af with Yo (ko) = Q(I—U (ko)) Q. (50)

As Yo (ko)bil = 0, its standard inverse does not exist. One may invert it in the subspace ortho-
gonal to b;. Let us define (with mild abuse of notation)

_ I
Yo (k)™ = Qi Q 51)

QU (k) Q

as the unique 2N x 2N matrix with by Yo (ko) ~'Yo(ko) = Q= Yo (ko) Yo (ko)™ and
Yo (ko) "'P=0=PYy(ko)~'. As U(ko) 5P = 0, one obtains a well-defined scattering solu-
tion for equation (20), that is,

a(k)2 =Ul(ky) 5 ag. (52)
We may thus write the scattering matrix (21) in the form
o (ko) = U (ko) .o + U (ko) .5 Yo (ko) ' U (ko) g, - (33)

For an in-depth discussion of the regularity of the scattering matrix as k — ko, see D.

5. Worked examples

In this section we explicitly construct the scattering matrices of two open quantum graphs
which contain perfect scars. Expressions for the Green’s function on the leads follow directly
using (41).

5.1. Open lasso

Consider the open lasso quantum graph illustrated in figure 2. The coordinate x; > O runs along
the lead with x; = 0 at the vertex v, and the coordinate x, € [0, ;] runs along the loop such
that x, = 0 and x, = ¢, are the endpoints at the vertex v;. At the vertex, we enforce Neumann
boundary conditions, as expressed in (10), leading to the quantum map written in block form
as

_1 2 2
3 3 3
: , . U Uzs
U(k) = 2e;‘€2 26‘;22 _ e‘];fz = (U (k) N (k) BB) . (54)
262 ikl 262
31 T3 T3

In the construction of the scattering matrix and the Green’s function, one needs to invert the
matrix I — U(k) g which yields

3_ ikt okt
I B (eikfzil)(eikzziig) - (eiklzil)(ekéz 73)
T-U(k)gs |- ¢ 3-2¢it2 (35)

(eikzz_l)(eikez_3) (eikez_l)(eikz2_3)

15
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E1 (%] e
-=- 2
5131:0

Figure 2. An open lasso graph constructed from two edges e; and e; where ¢; is a lead
and e; is an bond. Both edges are connected to the same vertex v; where edge e> has
both ends connected forming a loop wherein bound states can exist in the continuum.

and is well defined as long as elktz # 1, thatis, if k # k, = 2wn/¢, forn = 1,2,.... The reason
for this is the existence of perfect scars on the loop which here lead to bound states in the
continuum of scattering states. These bound state wave functions are given as

e, (x1) =0, (56a)

2
Ve, (X2) = \/; sin (k,x72). (56b)

The continuum of scattering states exists for all wave numbers k > 0 and is given by

e (1) =™ 4o (k) e, a
e, (11) = * o (k) e (57a)
e, \(X2) = P eA T +p e_' .
Ve, (x2) = p (k) €27+ p(k), e (57b)
where
I 2eiks
3_eik£2
pk)=———Uk)g,=|"_,, (58)
[=U s
and
36tk — |

o(k)=Usr+Urpp(k) = 59)

3 eikly
While the matrix H_U(% is used to find p(k) and o (k) in the scattering approach the poles
at k =k, have disappeared in the final results. Note that bound states and scattering states
are trivially orthogonal due to their symmetry under x; — ¢, — x, (which can be viewed as a
mirror symmetry of the lasso). The bound states are odd under this symmetry as ¢ (x;) = 0 and
Pa(x2) = =2 (£y — x2) at wave numbers k,,. The scattering states are even under this symmetry
for all wave numbers k£ > 0 as

4eikt2/2 2xy — 4
Ve, (X2) = 3 oits ©08 ( 22 2) =2 (l2—x2). (60)

For completeness, we give the full Green’s function for this example below, where x, (or x.,)
are either on the lead (e = e;) or on the loop (e = e,). Following on from the last line in (40),
one obtains, using the expressions in (54) and (55),

16
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Figure 3. A 3-star with one lead consists of a central vertex v; with three edges e,,n =
1,2, 3, attached. Here, ¢, is a lead and the other two edges e, and e3 are bonds of lengths
¢, and /3 ending in vertices v, and v3.

Glasso (X7 X ! ) E+)

ik = ’ ik . ’ ikp £y .
e + ey = +eé' +(xl+xcl)33e_aw+e2] if e=ejande’ = e,
2 ikyxe, [ aikgx), —iky (x,—) o de' —
3—e‘*+‘26 (< 2 4€ if e=ejand e’ = ey,
1 B 7 . .
— 2 ik x, ik xe —ikg (xc —Zv) . o ’_
= : e e 2 T2 = —
i) ein e (e +e if e=e;and e el
ik g |xe, —x] | 2ei+ 42 ik 0 /
€ e <e|k+22_]) (e,k+zz_3) [(Z_e )Cos(k+ (Xe, —Xc,))
—cos (ky (Xe, +x, — £2))] if e=e;ande’ =es.

(61)

5.2. Scattering states for an open 3-star with one lead

Consider the open T-junction quantum graph as illustrated in figure 3. We choose the three
coordinates such that x, =0 for n = 1,2,3 at the central vertex v; with x, = £, at vertices
vp,n =2,3. We enforce Kirchhoff-Neumann boundary conditions at the central vertex as
expressed in (10) and Dirichlet boundary conditions at v,, v3, thatis, 2(") = —1,n = 2,3, lead-
ing to the quantum map

1 2 2
-3 | 0 0 3 3
. . . ( Uze Uzs ) (62)
U((k) = 2eike3 2¢ike3 ike3 = .
() GT 0 0 GT _e3 U(k)Bﬁ U(k)BB
0 _ ikl 0 0 0
0 0 —eikts 0 0

Computing the scattering matrix and Green’s function in the scattering approach require that
one inverts the matrix I — U(k) g which is given as

17
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I
I-U(k)ps
3 _ eZik£3 _zelk(lz+23) _ (1 _|_ 621/6[3) eikfz ZelkZZ
B 1 726116([24*@3) 3 . eZik£2 2eik£3 . (1 + ezikfz) eik£3
"Dl _ (3 . eZikZ3) oikls 2eik(202+03) 3 _ Q2ikts _De2iks
ik(t2+263) . (3 . eZikéz) eikls _0e2ikts 3 _ Q2ikes
(63)
where
D= 3 o eZikfz o ezikf;; _ eZik(fz+Z3) . (64)

Note that for e?*2 = ¢?*s = |, one has D = 0 making the inverse not well defined. This can
only happen if the bond lengths are rationally related, then giving rise to a set of bound state
in the continuum that vanish on the lead and are a sinusoidal wave along the two bonds with a
node on the vertex v;. In either case the scattering states are given by

Ve, (x1) =7 4o (k) e, (65a)
Ve (12) = p k), €275 4 p(k), ek (65b)
e (13) = p k)3, 1 €7 4 p(k)y ek (65¢)
where
ikl, ( 2ikz3)
lkf'; 21]{[2
i 2 (1—e? )
p(k) - I— U(k)BBU(k)BL‘, - 21k h ( Zikéz) (66)
_ o2kt ( 2ikez)
and
D" ier+as)
O'(k) = U[,L +U£Bp(k) = 66‘ 2R (67)
The scattering states are then given as
w (x]) —ikx; 4 D e [k(x1+252+2f3) (680)
(4] D
2 (1 — e2ik2) (1 — 2k gin (k (£r —
e, (x2) = ( ) (1—e )Sm(.( 2 xz))7 (685)
D sin (kf,)
2(1 = 2ikly 1— 2ikls in(k(tx —
Yoy (13) = (=) (1=e )Sm(.( 2= %)) (68¢)
D sin (k¢3)

. L. . . z(l_ezikéz)(l_ezikz3) X .
The scattering matrix is continuous due to 1 + o (k) = =———————_ It is straight for-

D .
ward to check that the scattering states also behave well near e**> = e?*s = 1. Given the
above scattering matrix constructions, the Green’s function can be derived analogously to the
previous example from equation (40).
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6. Conclusion

To conclude, we present a simple three step procedure for generating the Green’s function
on both closed and open finite quantum graphs. The procedure exploits the standard scatter-
ing approach wherein the infinite sum of trajectories between a given source point and receiver
point on the graph involves the inverse of a block component of the matrix defining the graph’s
quantum map. Generically, this matrix is sub-unitary and its inverse is well defined. Using this
scattering representation, a closed form expression for the Green’s function is given here for
the first time. We also discuss the possibility of perfect scars and bound states in the continuum
for which the existing approaches (based on sums over trajectories) diverge. We show that our
closed expressions can be regularized in these cases. This regularization scheme is important
also on a practical level, as scattering matrices of generic quantum graphs with NK matching
conditions which do not have any exact bound states still have resonances. These can be arbit-
rarily close to bound states and they can lead to large errors in numerical investigations if not
treated with care.

We restricted ourselves here to the positive energy domain, mainly to keep the discussion
concise and relevant—generalizations to the negative energy domain follow along the same
ideas, but require extra care as scattering matrices are no longer unitary. A more relevant
extension of our results would be to graphs which do not have a finite number of edges (such
as infinite periodic quantum lattices).
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Appendix A. Derivation of coefficients in the Green’s function in terms of the
resolvent matrix of the quantum map

For any given edge ¢ € £, we will denote its complement as
E=E\{e} . (A1)

Analogously, we write B¢ = B\ {e} if e € Bor £ = L\ {e} if e € L. For any given edge e,
we may now write the quantum map in block form (after appropriate reordering of the directed
edges), that is,

Uee UeB“
U= , A2
<UB(’€ UBeBe) ( )

where U,,, U,.pe, Upc, and Up.ge are matrices of dimension 2 x 2, 2 x 2(Ng — 1), 2(Ng —
1) x 2 and 2(Ng — 1) x 2(Ns — 1), respectively. Eliminating the all components in (14), we
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can write the quantization condition with the help of the unitary 2 x 2 matrix U(k)™"¢ defined
as

Ut = Upe + Upse (I— Upese) ™ Ugsee. (A3)
We also define an alternative reduced secular function

£ (k)% = det (]1 U (k)fed‘) : (A4)
which is related to (k) defined in (16) through the identity

€ (k) = & (k)" det (T — U (k) jej50) - (A.5)

The relation above is obtained using the decomposition

_(1-U* U (I—Upep)" I 0
I U_< 0 ; Up, I-Upg) GO

Note that the reduced quantum map U™%* is related to the quantum scattering matrix o (k)
introduced in equation (28) by

d,e red,e
| O | Oy
etet ete— i OTH OTT
Ured,e — — elk& . (A7)
Ured,e Ured,e OHH OHT
e—et e~ e~

In order to obtain the second line in (32), we note that the denominator in these expressions
can be written in terms of the reduced secular function of the compact graph, that is,

[(1 — €M”'CTHT) (1 — elkber UTH) - eZikedp”mUHHUTT] =& (k)red761 ; (A.3)

where we use the ¢’ notation as in section 3.1.
By writing out the resolvent of the reduced 2 x 2 quantum map, that is,

—1
red,e’ red,e’ red,e’ red,e’
H I_U// _U// 1 l_U// U//
_ ejel ejel . el el elel (A.9)
rede’ — red,e’ red,e’ T tred,e’ red,e’ red,e’ | :
1-U Uty U 3 ustyr-usy

we can relate the terms in (32) to matrix elements of the inverse of the reduced quantum map
using again (A.7). The expressions as given in equation (32) are now obtained observing in
addition

I I
e = [HU} - (A.10)

which follows, for example, from the decomposition (A.6).
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Appendix B. Details on the pole contribution to the Green’s function in
compact graphs

In this appendix, we want to give a detailed derivation of equations (37) and (38) that define the
pole contribution of the Green’s function at an energy eigenvalue E,, = k2. With the orthogonal
projector Q = I — P let us start by writing

U (k) 1 I I I
— =1+ P+P Q+Q P+Q Q (B.1)
I[-Ul(ky) x (k) I[-Uf(ky) I-Uf(ks) I-Uf(ks)
where
—1
(k ) — binTLbin (B.2)

A I-Uky) '
and we have used that P = b"b™' is a rank one projector. We will show that, as k; — k;,, the
only singular term in (B.1) is contained in mP. Writing

— (P I-U(ky))=1 B.3

and multiplying it from left and right with either P or Q results in four equations that may be
solved for

k) = 1= U (k) = U0 Qg g QU b+ (B.4a)
PH_S(MQ— X(llc+)PU(k+)QI[—()IJH(l<+)()Q (B.4b)
QH_[}JI(]@)P: X(/1<+)QH—Q[;I(/<+)QQU (k)P (B.4c)
O~ O i E e Pk O gy g "

using standard properties of orthogonal projectors such as P> = P, Q*> = Q, and PQ = QP = 0.
Now let us write k = k, + dk and consider §k — 0 using the Taylor expansion

dU
U (ko +06) = U (k) + - (k) 6k+0((6k)2> . (B.5)
The derivative of the quantum map U(k) can be performed explicitly. The latter depends on the
wave number via phases ¢'*“ on each edge e, and in general also via an explicit k dependence
of the vertex scattering matrices. For the vertex scattering matrices of the form (9), one finds,
using standard matrix algebra,

s L (1-50 2
=00 =5 (11 > (k)). (B.6)

Then the derivative of U(k) = ¢TI gives

du . o —ikL
o 0 =LU (k) + o [T U (ke MU (k)] - (B.7)

21



J. Phys. A: Math. Theor. 56 (2023) 475202 T Lawrie et al

At this stage we may identify that the constant C stated in (38) is just

1..+dU .
C=-b"" — (k,)b". B.8

The expressions (B.5) and (B.7) have the following implications

PU (k + 6k) Q = O (6k) (B.9a)
QU (k+ 6k)P = O (6k) (B.9b)
X (k+ 6k) = —iCok+ O ((5k)2> (B.9¢)

such that P%Q, Q%P and Q%Q are not singular in the limit 6k — 0 and we are
left with the singular part
U (k, + dk) 1

— 0
I—U(k,+0k) —icakP+0((5k) ) (B.10)

which is equivalent to the equation (37) we wanted to proof in this appendix.

Appendix C. Details of the derivation of the Green’s function in open
scattering graphs

In this appendix, we give details how the Green’s function (40) for an open scattering graph
G can be derived from the Green’s function (33) of an auxiliary compact graph G,,x by send-
ing the edge lengths of those edges turning into leads to infinity. Note that one has to send
the lengths to infinity while the imaginary part of k. is positive. The auxiliary graph G, is
obtained from the open graph G by replacing each lead by an edge of finite length with a vertex
of degree one at the other end. For simplicity, we will put Neumann-Kirchhoff conditions at the
vertices of degree one, the final results will not depend on this choice. For the sake of this deriv-
ation, we will bend the use of notation and continue to refer to ‘leads’ and ‘bonds’ of the aux-
iliary graph. Let us also introduce the N -dimensional diagonal matrix L, = diag(/. : e € £)
that contains the edge lengths of the leads. We start from the Green’s function for the auxil-
iary graph (33). It contains four matrix elements of the matrix R = % where we denote
the (2(Np 4 N )-dimensional) quantum map of the auxiliary graph by U*™* in order to distin-
guish it from the (2Np + N-dimensional) quantum map U of the open graph. We suppress
the dependence on k4 here, as it can be reintroduced easily at the end of the calculation. The
standard way to continue the calculation would be to decompose the involved matrices into
blocks that correspond to three sets of directed edges: directed bonds B, outgoing leads £
and incoming leads £_. For the quantum map of the auxiliary graph the structure of the graph
then implies

Uﬂ@ Ut Urls 0 T Uz TUzs
U= (U, U, Ug|=|Tc 0 0 (C.I)
Usc,  Usz.  Ugg 0 Upc Ups

where four blocks vanish due to the connectivity of the auxiliary graph, the other four blocks
can been identified with corresponding blocks of the quantum map of the open graph and
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we introduced T, = e*+12, an N -dimensional diagonal matrix that contains the auxiliary
lengths of the leads in the phase. Note, that T, — 0 as the auxiliary lengths are sent to infinity.
Writing the identity U** = R — U**R in terms of its blocks one may express the blocks of R
in the form

Re.c. Re oo Rep
+L4 + +

R=|R; .. Rz . Rgop
RBL+ R RBB
i ¢
Teo;Te To—s o Tri—gq ™
_ T TZLU' T2 I out (C 2)
= H—TZLa L 1o LTtz P :
out

in__ I in__ I Ups inp2 I
PlirsTe Plims  Ties TP oo P

whereo =U,,. + Ursr—o= U UB £ 1s the scattering matrix of the open graph, p == UBB Up,
and p° = U,glg]I U

To proceed one chooses two points X = (x,,¢) and x’ = (x,s,e’) on the auxiliary graph G***
and expresses the Green’s function (33) of G*** in terms of appropriate matrix elements of R
and then performs the limit T, — 0. Let us do this explicitly for e,e’ € £ and write (33) for
this case in the form

ki i G*™ (X,XI,E+) =00l eik+\xe—x[,//\ + eik+ (xe=x/,) [TZIR£+£+ TL}

224

perhlex) Ry g ], e ) TR, £

ee’

+ eik+ (xe""xyl’) [RL,[A,T'C:I ee’

2
= (5(1 e’ eik+‘xl’_xe//‘ + eik+ (X"ixé’,/) 0-7’[‘['
" I- UT2£ ee
2
n e*ikJr (x(,fxe//) ’I‘ﬁio- + eik+ (xz+xell) O'L
I[—TZLO' ce! H—T%O’ ee’!
. ’ ]I
iky (xe+x 2
+e +( ¢ e’) 7’1‘ C3
|:H - T%O’ £:| ee’ ( :

where we may now send the edge lengths of the leads to infinity T, — 0. This results in
2k+l G(X,X/,E+) _ 66,9’ eik+ |xe—x/s] + eik+ (XrFX(//)o.gg, (C4)

which is equivalent to the given expression for the open Green’s function (40) if both points
are on the leads. The other cases can be derived in the same way. This calculation is equivalent
to formally expanding the Green’s function of the auxiliary graph as a sum over trajectories.
Sending the lengths of the leads to infinity is equivalent to only summing over trajectories that
never travel through any lead from one end to the other—summing just these trajectories then
gives back (40).

Appendix D. Regularity of the scattering matrix o at a bound state in the
continuum

Following on from the discussion in section 4.2, we show here that the singularity of the scat-
tering matrix o (k) and the coupling matrix p(k), equations (21) and (23), in the presence of
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a perfect scar (described by the eigenvector by) can be lifted and that the solution is regular
across a whole k interval containing k.

D.1. Closed expressions for P p(k)
First, we decompose the internal graph amplitudes of a scattering solution (22), thatis, a(k)ig =
p(k)a'’?, into components parallel and orthogonal to by,

Pa(k)j +Qa (k) = (Pp(k) + Qp(k)) a, (D.1)

where the projection operator and its orthogonal component are defined in (46) and (47).
Starting from equation (48), we write

P(I-U(k)gz)(P+Q) ag‘ =PU(k)5, ai{:na
QI -U(k)gp) (P+Q)ag =QU(k)z, af,
which yields
(b" (1 U (k) 55) D) - Palf — PU(K) s Qa = PU(K) s 2, (D20

—QU (k) gz Pajs + Yo (k) Qajg = QU (k)5 a2, (D.2b)
where Y (k) has been defined in (50) We have defined Yo (k)~! in (51) as the inverse on the
reduced space spanned by Q. Note that these definitions are here extended to wave numbers

close to ko while P and Q do not depend on k. We used the general relation PAP = (biB"TAbig) .
P for a square matrix A. After rearranging (D.2b) by multiplying with Y, (k)~! and replacing
a(k)3 by p(k)a?, we obtain

Qp (k) = Yo (k) "' U(K)ggPp (k) + Yo (k)" U (K) . - (D.3)

Given that bil@an (I—U(k)pp) b in (D.2a) is a scalar and after replacing Qal} by Qp(k)ail
using (D.3), one obtains after some further manipulations
1+ U (k) Yo (k)

Pp(k) =P—— — ;
b [1— U (k) g — U (k) Yo (B) U ()55 big

U(k)g,. (D.4)

In order to analyse the scattering solutions in the vicinity of the bound state, we consider
wave numbers k close to kg in the limit 0k = k — ko — O in the matrices o (k) and p(k). By
construction we have Yo(k)bil = 0 and Y (k) ™! has been defined on the subspace spanned
by the projector Q in order to remove the pole at ky. For wave numbers k sufficiently close
to ko this definition remains well defined due to the (assumed) non-degeneracy of U(k) as the
matrix is then free of poles.

D.2. Expansion of Pp(k) around k = ko

We will show in the following that, as k—ky in (D.4), the denominator
big " [1—U(k)ss — U(k)s5Yo(k)"U(k) 5] b vanishes but so does the numerator. We will
show this for vertex scattering matrices of the form (9) by performing a Taylor expansion of
both expressions around k = kg. For this, we need to find explicit expressions for the deriv-
ative of the blocks of the quantum map U(k). The calculation of these is similar to the one
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performed in appendix B using equation (B.6). When this equation is applied here to the full
quantum map U, one obtains

Rl (8 ZOL> U+ o [(ES eik(L)H> ~UK) <g e_,-?LH> U(k)} . (DS

where L and exp(—ikL) are 2Np- dimensional diagonal matrices with diagonal entries ¢, and
exp(—ikl,), respectively. Setting k = ko + 0k, we find the expansions

; L —i
U (ko + 6k) g5 = U (ko) ;55 + i 0KLU (ko) g5 + 7 ("I — U (ko) g e " TIU (ko) 5

5k )
~ 3 U k)5 U ko) + O ((ok7%) (D.6a)
. 5k —ikoL
U (ko 0K) s = U ko) 0L (ko). — U (ko)™ TIU (ko)
5k
— 3 U k) U ko) o+ 0 ((5k)2) : (D.6b)
0

As bill is a normalized eigenvector of U(ko)gs with eigenvalue one and as U(ko) c5bi% = 0,
bg‘TU(ko) s = 0 due to the unitarity of U(kg), one gets

sin (koLL)

bi2"U (ko + 6K) g it = 1 +iokbi2 ' <L +
0

H) i+0((0k?) @7
and

b2 U (ko + 0k) 55 Yoo (ko + 5K) ™" U (ko -+ 0k) 5 b2 = O ((6k)2) . (D.8)
The last two equations together give

bE' [1=U (055 — U (k)5 Yo (0) " U (k) 5] b3

— —iok b’ [L+ Smgk")n} 5+ 0((007). (D.9)
0

Analogously one finds

PU (ko + 0k) 5 = iPLU (ko) ;5 0k — Pz%ke—ikoLHU (ko) + O ((5k)2) (D.10)
0

and

1 . .
PU (ko -+ 0K) 5 Q = 0k P [iLU (ko) s + 51T (ehl — e—lkgLU(kO)BB)] Q410 ((5k)2>
(D.11)
which together yield
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P(I+ UK Yo () )UK,
- . 1 —ikoLL
=10k P |:L %He :| U(k())BL

+idk P [(LU (ko) 5+ ne e;:oLiU (ko)“) Yo (ko)l] U ko) +0 ((5K)7) -

(D.12)

Finally, we show that the term b}g‘T(L + & sin(koL)IT)b} in (D.9) does not vanish. This is
essential for the limit limg;_,o Pp(k + k) to be well defined (and finite). Indeed one has

ot sin (koL) - sin (kole) /. .
b3 (L e Wb = > e (Jbe, P+ 1be P) + 0 (be+b€_ + be_be+>
echB
(D.13)

which is a sum over positive terms as (for ky > 0)

sin (kofe>
kol

(bj+b ) +bj_be+) ’ < ’ (b;ﬁrbh n bj_bH) ‘ <lbe P+ P
using the Cauchy—Schwartz inequality.
This means that the limit Pp(ko) = limgs—0 Pp(ko + k) is well defined and we obtain to

leading order

2i

P HnerikoL — koL — (koLUBB T H;UBB) Y;}
U (ko)

Pp (ko) = ar- (D.14)

bin' koL -+ sin (kL) TT] bia

For quantum graphs with vertex matching conditions leading to vertex scattering matrices
not depending on the wave number, (such as Neumann—Kirchhoff boundary conditions), this
simplifies further to

1+ U (ko) g Yo (ko)

Pp (ko) = —PL bilr;‘TL biBn

U (ko) - (D.15)

Likewise, it can be shown that Qp in (D.3) and the scattering matrix in (24) are also well
defined in an interval containing ko. In the limit kK — k(, we obtain for the latter the result (53)
as expected.

In this regularization, we have explicitly used equation (B.6) which is valid precisely for
scattering matrices that come from a self-adjoint matching condition. So one may wonder
whether it is valid for the large amount of physical quantum graph models that define the
quantum graph in terms of arbitrary prescribed scattering matrices (as for instance in [17]). In
most of these physical cases, the scattering matrices are assumed to be constant with respect
to k which implies that the right-hand side of equation (B.6) vanishes. It is easy to see that this
leads to some simplifications in the following formulas and leads to a well-defined regularized
scattering matrix. If one prescribes scattering matrices with some dependency on the wave
number then the regularity of the scattering matrices in the presence of bound states cannot
be guaranteed in general. However if the scattering matrix is an effective description derived
from a more detailed self-adjoint system (whether that is a graph or a different type of model),
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then there exists a well-defined scattering matrix both physically and mathematically basically
because the spectral decomposition of self-adjoint operators is always based on orthogonal
projections, such that scattering states are always orthogonal to bound states. Showing the
regularity in this case will require an analogous projection method but will generally require
its own analysis. Vice versa a non-regular scattering matrix may be an indicator that a model
is not physical in all respects (which does not necessarily mean that the model is bad as long
as its limitations are known).

Our assumption that the perfect scar is non-degenerate may also be lifted but leads to more
cumbersome calculations—if the perfect scars do not overlap, one may regularise by first reg-
ularizing the scattering matrices of the corresponding non-overlapping subgraphs and then
build up the full scattering matrix from there. Otherwise the rank one projector P needs to be
replaced by higher rank projectors.
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