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Abstract

We present a direct and simple method for the computation of the total scattering matrix of an arbitrary
finite noncompact connected quantum graph given its metric structure and local scattering data at each
vertex. The method is inspired by the formalism of Reflection—Transmission algebras and quantum field
theory on graphs though the results hold independently of this formalism. It yields a simple and direct
algebraic derivation of the formula for the total scattering and has a number of advantages compared to
existing recursive methods. The case of loops (or tadpoles) is easily incorporated in our method. This
provides an extension of recent similar results obtained in a completely different way in the context of
abstract graph theory. It also allows us to discuss briefly the inverse scattering problem in the presence
of loops using an explicit example to show that the solution is not unique in general. On top of being
conceptually very easy, the computational advantage of the method is illustrated on two examples of “three-
dimensional” graphs (tetrahedron and cube) for which other methods are rather heavy or even impractical.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Excitement in the study of systems on quantum graphs has been revived recently as they pro-
vide models for the study of transport properties in quantum wires connected through junctions.

* Corresponding author.
E-mail addresses: v.caudrelier @city.ac.uk (V. Caudrelier), ragoucy @lapp.in2p3.fr (E. Ragoucy).

0550-3213/$ — see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.nuclphysb.2009.10.012


http://www.elsevier.com/locate/nuclphysb
mailto:v.caudrelier@city.ac.uk
mailto:ragoucy@lapp.in2p3.fr
http://dx.doi.org/10.1016/j.nuclphysb.2009.10.012

516 V. Caudprelier, E. Ragoucy / Nuclear Physics B 828 [PM] (2010) 515-535

It is largely motivated by the range of different physical applications that can be linked to such
models, starting from condensed matter experiments or atomic wires up to chaos and neural
networks, for reviews, see e.g. [1,2].

A powerful formalism in this respect is that of quantum fields theory on graphs combined
with bosonization techniques. One of the central objects in this approach is the total scattering
matrix of the graph and the knowledge of its analytic structure. A number of results are already
available in [3-6] but essentially for star graphs. Results that apply to more general graphs can be
found in [7-12] where spectral properties of the one-dimensional Laplace operator are studied to
obtain general information (and/or construction) of the total scattering matrix. A purely algebraic
approach (based on RT algebras [13,14]) for general graphs has been presented in [15], but it uses
a rather heavy recursive construction, preventing its possible use for the construction of quantum
interacting fields on a graph.

The goal of this paper is to provide an efficient and simple technique to compute this matrix
for an arbitrary finite noncompact connected quantum graph knowing only its metric structure
and local scattering data at each vertex. The point of view taken here is that the complete graph is
obtained by assembling star graphs (single vertex graphs with a certain number of edges) which
are well-understood. We obtain an explicit formula for the total scattering matrix. It turns out
that our results hold beyond the context of quantum field theory on graphs. Not only do they
represent an extension of recent results [10] to the case of graphs with loops but our method also
provides a direct (as opposed to recursive [15]) and simple derivation, involving not more than
basic linear algebra.

The paper is organised as follows. In Section 2 we present our formalism to compute directly
the scattering matrix associated to a general quantum graph without loop. Once the notation is
settled, the calculation is very simple and effective. In the next section, we show how to extend the
techniques to graphs with loops. Then, in Section 4, we illustrate the techniques in computing the
scattering matrix for graphs corresponding to Platonic solids, the cases of tetrahedron and cube
being treated in great details. Finally, the last section is devoted to a short conclusion on possible
applications.

2. General setting and results

We consider a finite noncompact graph with N vertices that we label with o = 1,..., N
and with internal and external edges. The graph is compact if it has no external edges. At each
vertex « are attached possibly several edges. One can endow the graph with a metric structure:
the external edges are associated to infinite half-lines and are connected to a unique vertex; the
internal edges are associated to intervals of finite length and connect two vertices, possibly not
distinct. In the case where an internal edge connects the same vertex, we call it a loop (also called
tadpole in the literature). Two edges are adjacent if they are connected by an internal edge. We
consider a connected graph i.e. a graph such that for any two vertices «, 8 there is a sequence
{a1 =a, a2, ..., 0, = B} of adjacent vertices. We define an orientation on the edges, and in the
case of internal edges, («f) will define an edge with orientation from vertex « to vertex 8. By
convention, external edges («0) are always oriented from the vertex to infinity. On each of these
edges, we attach modes (of fields living on the edge)

aP(p). j=1.... . Neg: p=0.1.....Nia=1.....N: a#p,

p being an orientation dependent parameter which has the interpretation of a momentum or a
rapidity in applications to quantum fields on graphs and with the following conventions:
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e a=1,2,..., N denotes the vertex to which the edge is attached;

e 3=0,1,2,..., N denotes the vertex linked to « by the edge under consideration, with the
convention that external edges corresponds to 8 = 0;

e j=1,..., Nyg numbers the different edges between « and B, Nyg being their total number.
We set Nyg = 0 if o is not connected to .

In this way the ordered triplet (c, B, j) uniquely defines all the oriented edges of the graph.
Obviously, («, B, j) and (B, «, j) define the same edge, but with a different orientation. Hence
we have Nyg = Ngo. We will call internal mode (resp. external mode) a mode living on an
internal edge (resp. external edge).

2.1. General case without loops

For the time being, we assume N,, =0foralla =1, ..., N i.e. we do not consider loops. We
will see later on that they are easily incorporated in our formalism. The modes are not indepen-
dent but are related by two types of fundamental relations defining the scattering and propagation
on the graph:

e Local scattering at vertex «: Following the RT-algebra formalism (see e.g. [13,14]), this
reads
N,

ay
0%’ (p) = ZZsa,k@)akV( p) Vi=1,... Nags ¥B=0,1,....N, (1)
y=0 k=1

where 5 of k(p) are the components of the local scattering matrix S, (p) which satisfies

Sa(p)Su(=p) =1.
e Propagation on edge (afj): As already mentioned, the edges («fj) and (B«j) are identical

(up to the orientation), so that the modes a‘}lﬂ (p) and a’;} “(p) are related. Denoting by dj.‘ﬂ =
d f “ the length of the edge, we have!

a‘;ﬂ (p) = exp(—id;lﬂp)afa(—p). 2.2)

The aim now is to obtain the scattering relations directly between the external modes i.e. relations
of the form

N Nyo

0 .
aC(p)=) D s (P (=p) Vj=1,...,Neo; Va=1,...,N, (2.3)
y=1 k=1

where 5‘;}; ik (p) are the components of the total scattering matrix for the graph, Sy,;(p). This
is most easily achieved by arranging the modes in vectors and using simple linear algebra. De-
note M, s the vector space of r x s matrices over C. In particular, we identify M, «, and
End(C"). We denote E rjs the » x s matrix whose only nonzero entry is 1 at position (i, j). The

set {E ”} i=1,..r: is abasis of M, . We will drop the superscripts every time this does not cause
=1,...,s

1 The particular form of this relation comes from the fact that we have in mind applications to quantum fields which
are Fourier transforms of the modes considered here, see [15] for instance.
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confusion i.e. each time the size of the matrix corresponds to the range of the indices. Similarly,
we denote {e"} j—1 ., the canonical basis of C" and we will use a similar convention. Finally, we
denote F(p) the space of all (possibly generalized) functions of p € C, with the understanding
that these functions can be operator-valued in quantum field applications (cf. the modes). The
following definitions illustrate our notations and conventions. For a given vertex «, we define
different vectors:

o We collect the external modes attached to « in
a‘i‘o(p) Neo
Ag(p) = : =Y ej®ai’(p) eC0 @ F(p). (2.4)
ax (p)/ =
e We collect the internal modes attached to « in
af'(p)

ayl (p)
a¥?(p)

By(p)=| aiZ,(p) |, (2.5)

aV (p)

ayY (p)

where only the modes with Nyg # 0 appear. For conciseness,’

we write this as
N Nntﬁ
Bu(p)=Y_ Y ep®e; @0l (p) eC™ @ F(p), 2.6)
B=1 j=1
where v, = Z/];/:l Ngyp is the number of internal edges attached to . This makes the follow-
ing computations a lot more transparent but the reader should remember the actual content
and size of each vector.
e Similarly, we collect all the modes attached to « in
N Nocﬂ
Aup) =YY epri®@e; @al (p) e CM @ F(p), @7
=0 j=1

2 The explicit, longer formula is

go Bp+1=1 Nag

Bad=Y > ey we;0alp),

p=0 f=pp+1 j=1

where {B1, ..., Bg, } are the labels B such that Nyg = 0 and we have set By =0 and By, +1 = N + 1 for convenience.
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where Ny = Nyo + v is the total number of edges attached to «. This way, A, is the
concatenation of A, and B, with A, “sitting on top”.

With the same conventions, we introduce

N  Nag Ny

SuP)=3_ Y Epiiy1 ® Ejx @), (p) € End(CY) ® F(p), 2.8)
B.y=0 j=1 k=1

so the relations (2.1) read
Aa(p) = Sa(p)Aa(=p), Ya=1,...,N. (2.9)

The set of relations (2.9) can be gathered into a single one:

N N
A(p) = S(p)A(—p)  with A(p) = ea ® Ag(p) and S(p) = Y _ Eaa ® Sa(p).

a=1 a=1

(2.10)

Remark that A(p) € CNet2Ni @ F (p) where N, = Zg’zl Ngo is the total number of external
edges and N; = Zl< a<p<N Nap is the total number of internal edges. Then, we introduce

N
B(p)=Y _ea ® Bu(p) e C*Ni @ F(p), @2.11)
a=1
and
N  Nog
E(p)= Y. Y Eup®Epa®Ej; @exp(—id? p) eEnd(CM) @ F(p).  (2.12)
a,p=1 j=1
so the relations (2.2) read
B(p) = E(p)B(—=p). (2.13)
It is easy to see that
N Nep
EPE(=p =Y Y Ewa®Epp®Iy,
a,f=1 j=1

that acts as the identity matrix 1,y,. The final step is to decompose the matrix S(p) into four
submatrices related to external or internal edges:

N NO(O
SIW(P) =" > Eoa ® Eji @50, (p) € End(CY) @ F(p). (2.14)
a=1 j,k=1
N Na() NO‘V 0
SP(p)=Y" D ) Eaw®E1, ®Ejx @5, ,(p) € Mysan, ® F(p), (215
a,y=1 j=1 k=1
N Nl’(ﬁ Ngo
Sy =" 3 Eau ® Ep1 ® Eji ® 5y (p) € Manen, ® F(p).  (2.16)

a,p=1 j=1 k=1
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N Nop Noy

Sy = Y YD Eaw®Epy ® Ejx @5} (p) €End(CM) @ F(p).  (2.17)
o, B,y=1 j=1 k=1

Therefore, the set of all the relations we have becomes

A(p) =S"D(p)A(=p) + S"P(p)B(—p), (2.18)

B(p) = S®V(p)A(=p) + S®P (p) B(—p), (2.19)

B(p) = E(p)B(—p). (2.20)
Assuming that E(p) — S @2 (p) is invertible this yields the desired relations in the form

A(p) = S1or(P)A(—p), (2.21)
with

S (p) = S (p) + S (P)[E(p) — s (p)] 7 5@V (). (2.22)
The internal modes can be expressed in terms of the external ones:

B(p) =[E(=p) = P (=p)] ' sV (= p)A(p). (2.23)

These two formulas are the central result of this work. We note that in the course of our inves-
tigation, we discovered that the analog of the result (2.22) has been found in [10] in the setting
of abstract graph theory and using the formalism of Grassmann variables. However, the proof
is based on the notion of generalized star product [8] and requires a rather involved proof by
induction on the size of the graph. Here, it is obtained directly by simple linear algebra and ready
to use for computations (either analytical or numerical).

2.2. Discussion

We have checked that our formula reproduces known results obtained by other methods for
simple graphs (star-triangle, etc.) [7,8,15]. In the following, we present in detail the computation
for new graphs, especially in 3D, for which the previous methods are impractical analytically.
Our method presents several advantages compared to previous ones. First, as just mentioned, it
is computationally easier and one does not have to worry about the sequence of steps used in
iterative methods where one has to make sure that fusing two given vertices and then a third
gives the same results a fusing the first and third and then the second (cf. [15]). The only task
involved is the inversion of a matrix and there are well-known efficient methods both analytically
and numerically. Then, we have an explicit formula which shows the location of the poles of S;,;
(on top of the possible ones from the local matrices which are given data in our approach). They
are solutions of

det(E(p) — S (p)) =0. (2.24)

This is important as these poles play a fundamental role in the computation of physical quantities
like the conductance in quantum systems defined on graphs (see [5,15]). Finally, for quantum
systems on compact graphs, i.e. without external edges, the same equation provides the allowed
modes on the graph. In this respect, (2.24) is the generalization to an arbitrary compact quantum
graph of the quantization equation

Pk — 1 (2.25)
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for a particle in a box of length L. The matrix @2 (p) accounts here for the one particle scat-
tering occurring at the vertices. In the theory of integrable systems, this type of equations is
sometimes called Bethe ansatz equations. However, here we emphasize that it is not related to
such an ansatz. In condensed matter physics, the information given by this equation together with
the dispersion relation of the model provides the basis of band structure analysis.

Scattering matrix of a graph and RT algebras

We would like to comment on the fact that we call S;,; the scattering matrix of the graph. This
comes from the terminology one encounters when one takes a graph such as those described
in this paper to model quantum wires for instance. In this context, our method gives the matrix
which is known to be the scattering matrix in those models. Also, in the context of quantum field
theory on graphs, the total scattering matrix that we obtain is precisely the matrix whose elements
are the transition amplitudes between asymptotic states. Indeed, using the formalism of quantum
field theory, the modes a‘;ﬂ (p), which are used as labels in the previous general setting, acquire
the status of Fourier modes of the quantum fields living on the edges of the graph. Together with
another set of modes, denoted ajaﬂ (p), they are creation and annihilation operators acting in a
Fock space and obeying the RT-algebra relations. This situation has been described and used in
detail in [3,4] for star graphs and in [16] for a simple line of edges. Following the latter, we know
that relations (2.1) and (2.2) (together with their hermitian conjugates), in the case where the
local scattering matrices derive from the self-adjoint extensions of the one-dimensional Laplace
operator, ensure that the complex scalar field

o0

d . .
¢ (x,1) = / EP (o (pyeipx—iv’s (2.26)
J 2

—00

living on the edge («, 8, j) with x € [0, d?’g ] satisfies the Schrodinger equation3

(i0 +02)95" (x. 1) =0, (2.27)
together with the boundary conditions
N NDt]/
33 (CE b 0.0+ DEY .4 (0.1) =0, (2.28)
y=0 k=1

where the matrices C, and D, form the local scattering matrix S, (p) as explained in [7]. In
this setting, an incoming asymptotic state on the j-th external edge attached to the vertex « is
given by a;ao( p) with p < 0 while an outgoing state corresponds to p > 0. Hence the scattering
amplitude between an incoming and an outgoing state is

012 (=) (10, p.q >0, (2.29)

where |0) is the vacuum state annihilated by the a’s (see [13] for more details). The RT alge-
bra formalism then enables to compute this scattering amplitude using the following exchange
relations between the external (and independent) generators

3 This is just an example of governing equation one might want to use on the edges. For a relativistic model, one simply
changes the dispersion relation and the measure appropriately in (2.26).
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(P’ (g) — af"(@)a°(p) =0, (2.30)
() () — 0 (@)al*(p) = (2.31)

“‘)(p)a"”(q)—a*ﬁ°<q>a“°<p>—Zna,ksa,gap )+ 25y (PSP + ), (232)

where 5mt jk(p) are the elements of the total scattering matrix S;;(p) obtained in (2.22)

from (2.1) and (2.2). Then one gets

(0107 (=)a[**(p)I0) =2ms;h ., (—@)8(p— ), Pp.q > 0. (2.33)

This also shows that, given the metric and local scattering data of the graph, the total scattering
matrix is unique.

2.3. Properties

To be consistent, our general formula should not depend on the numbering of the internal
edges or vertices (internal permutation) and should transform appropriately under a permutation
of the external modes (external permutation). Let /7 be an external permutation acting on A(p)
and P an internal permutation acting on B(p). It is easy to see that this induces the transforma-
tions

S (p) — s (pyn, (2.34)
s (py > s pypt, (2.35)
SCY(p)y — PSS (py!, (2.36)
S (p) - PSP (p) P!, (2.37)
E(p)— PE(p)P™", (2.38)

producing Sy,; — ITS;,,J1~" as it should. Therefore, in examples or applications, one can always
fix a convenient numbering of edges and vertices and work up to an external permutation.
In view of physical application, we must also be concerned with the properties of S;,;. We
have seen already that Sy (p) Sy (—p) = 1y, . This implies
Stor(P) Stor(—p) =1y, (2.39)

To see this, note that the block matrix made of (2.14)—(2.17) is related to S(p) given in (2.10) by

SUD(p)[S1D(p)
S(p)= (5(21)([))‘5(22)(17)

) =PS(p)P !, (2.40)

where P is the permutation matrix defined by

PA(p) = (2%) (2.41)

Then by direct calculation and upon using S(p)S(—p) = 1y,4on; and E(p)E(—p) = Loy, we
get

Siot(P)Stor(—p) =1y, + S () (E(p) — S (p)) ™
x M(E(=p) — S®(=p))~' sV (= p), (2.42)
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where

M =1y, — (E(p) — S® (0)(E(=p) — SP(=p)) — (E(p) — S®())S*? (—p)
= S () (E(=p) = 5% (=p)) = S (p) S (—p)
=0. (2.43)

Now the local scattering matrices can be required to have additional properties, like unitarity.
This is the case in particular if they arise from non-dissipative local boundary conditions emerg-
ing from self-adjoint extensions of the free one-dimensional Hamiltonian (see e.g. [7]). One then
has unitarity

SH(p) =S, (p). (2.44)

Following the same type of argument as above, one finds that S;,; is also unitary.

We finish this section by providing a few properties of E(p). It is symmetric and we have
already seen that E(p)E(—p) = 1,y;. In particular E(0)? = Loy so its eigenvalues are =1 and
are equally degenerate. Also, E (0) is a permutation matrix and E (p) is a generalized permutation

—ipd”

ap
matrix (with coefficients of the type e "/ ) which can be written as a product of a permutation

matrix and a diagonal matrix

E(p)=D(p)E(0) = E(0)D(p), (2.45)
where
N thﬂ
D)= Y Y Euu®Epp®Ej; @exp(—idS p). (2.46)
o,f=1 j=1
with
D(p)D(q)=D(p+q), p,qeC. (2.47)

3. Including loops

The case of loops attached to single vertices can be treated with minor modifications in our
formalism. Essentially, the idea is again to see a loop attached to a given vertex « as arising
from the gluing of two edges attached to this vertex. This will be most easily incorporated in
the general formalism if we use the following trick for notations. Let Ny, # 0 be the number
of loops attached to vertex «. To each loop j, j =1, ..., Nyg correspond two modes® a‘z)‘l“ (P
and ag“" (p) which are related by

a3 (py=e P ag(=p). j=1..... Nua. 3.1)
We collect these modes in two-component vectors
a’}‘“(p):( 2)- 1((’;)), =1, Nag. 3.2)
2

We denote all the components of the local scattering matrix S, (p) related to the loop modes
by szﬁ]k(p) j=1 o 2Naw k=1, Nagi s (p), = 1..... Nag, k =1,.... 2Naq; and
S jk(p) Jj.ok=1,...,2Ny,. Mimicking (3.2), we then define, for « # 8,

4 Again, the choice of numbering is for convenience only and is irrelevant to the final results.
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j-1k(P) .
ajk() ("‘ - ) =1, Naa, k=1,..., Nog, (3.3)
0,2];((17)
S (D) = (55 () B () =1 Nep, k=1,..., Naa, (3.4)
and also,
Sgy i (p) s5%; (p)
2j—1,2k—1 ;27—1,2k .
Ol]k( )_(C‘a({[ ( ) aaé ( ) )7 ]akzla"'aND{C{' (3'5)
Se;2j,2%k—1\P Sa;2j,2k\P

Finally, we define

ipdqﬁ .
Ofﬁ(p)z[e i, if B# o and Nyg #0, (3.6)

PETOD),if B = and Nag #0.

With all this, the relations defining scattering and propagation on the graph take the same form
as before (cf. (2.1) and (2.2))

Noy
“"(p)—ZZa 7 (DT (=p) Vj=1,... Nug: VB=0.1,....N 3.7
y=0 k=1
and
o’ (p) =P (—p)a(=p) Vj=1.... Nup: ¥=0.1,....N. (3.8)

Therefore, all the formalism and the results developed in Section 2.1 hold in the same form, pro-
vided one substitutes ¢ (—p) for e P dj ’ in (2.12). One should not be deceived by the apparent
similarity of the results with or without loops. In general, the consequences of adding a loop in a
given graph can be drastic.

However, as the formalism suggests, allowing for loops in graphs opens the possibility that
two topologically completely different graphs can have exactly the same total scattering matrix.
This is illustrated on the example below. In particular, this shows that the uniqueness of the
inverse scattering problem, as discussed in [9], does not extend to the case of graphs with loops.>
The equivalent statement in terms of the Schrédinger operator on a graph was discussed in [17]
where it was shown that in general the knowledge of the scattering matrix of a noncompact graph
is not enough to fix its topological structure and the boundary conditions at the vertices.

We consider the two graphs depicted in Fig. 1 below. To illustrate our notations, we have
displayed the modes involved in the construction, dropping the p-dependence for conciseness.
They are topologically completely different, one being a triangle with one external edge attached
to each vertex and the other being a single vertex star graph with three external edges and three
loops attached to it. Note that for the triangle, we drop the unnecessary Latin subscripts since
Ngg=1foralle=1,2,3and 8 =0,1,2,3, B #«a.

We assume that the scattering and propagation data is given as follows (we drop again the p
dependence for clarity),

5 Uniqueness is only guaranteed if one requires in addition that the number of vertices is maximal (¢f. Theorem 4.6

in [9]).
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Fig. 1. Two topologically different graphs with the same total scattering matrix. Left: triangle. Right: star graph with
loops.

For the triangle,

590 592 93 590 91 93 590 91 Y
S = 5%0 5%2 5%3 , S = 5%0 5%1 5%3 , S3= 5%0 5%1 5%2 ,
30 32 33 30 31 33 20 21 22
5181 91 S % %5 S37 53 53 3.9)
giving the four blocks as defined in (2.14)—(2.17) in the form
s s 0 0 0 0
" s2 s 0 0 0 0
5 0 0 0 0 11 .13
s 5 0 0
11 _ 00 22) __ 2 2
sth=10 s o],  s®= N5 . (310
0 0 5(3)0 0 0 s 55 0 0
0 0 0 0 sit &2
0 0 0 0 s s
s 0 0
30
5 0 0
s2 s 0 0 0 0 0 <0 o
SP={0 0 & s 0 0 SeH = 2 3.11)
’ 0 s 0| ‘
01 02
0 0 0 0 s s 0 (2) 510
0 0 s3°
and
0 0 e o 0.0
0 0 0 0  eird” 0
e~ird 0 0 0 0 0
E, — . . 3.12
! 0 0.0 0 0 e ird? (3-12)
0 e ird” 0 0 0 0
0 0 0 e rd? 0
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For the star graph,
00 01 01 01
t1;11 0 0 t1;11 t1;12 t1;13
00 01 01 01
0 5 0ty o tx

00 01 0l 40l
. 0 0t b3 b s | < 7L |70 ) (3.13)
— | 10 10 10 11 11 11 = ey|re ) )

oo o b bt b r=v|t

10 10 10 11 11 11
t1;21 t1;22 t1;23 t1;21 t1;22 t1;23
10 10 10 11 11 11
t1;31 t1;32 t1;33 t1;31 t1;32 t1;33
and
0 eidl' 0 0 0
emirdl' 0 0.0 0
0 0 0 e~irdy 0 0
Es 0 0 etk 0 0 (3.14)
0 0 0 0 0 eirds'
0 0 0 0 eirds

The lengths of the internal edges of the triangle are related to the lengths of the loop in the
star graph by

q"2 =d1“, dB =l 4B =gl (3.15)

and the following relations for the scattering data hold, showing in particular the matrix structure
defined in (3.3)—(3.5) in the case of loops,

@=sll = = .16
G=6Y 0, =0 0, ;=06 0), G.17)
=0 3, O, =6P 0, =0 0), (3.18)
"(1);131 =(0 0), t(l);l32 =(0 5(3)2)7 "(1);133 =(0 5(3)1 ) (3.19)

20
10 S 10 0 10 0
t1;1]=( (1) )’ t1;122(550)9 t];]gz(o), (3.20)

30

10 0 10 s 10 0

tio = <0> ; tin = < (2) ) ; ty = <5%0> , (3.21)
30

10 s 10 0 10 0

bz = ( 0 ) iz = (0) bz = (5%()), (3.22)
2 23

11 5 0 11 0 0 11 S 0

"1;11=< (1) 551), t 12-(513 0) thiz= (1) 0): (3.23)

31 33

11 0 s 11 5 0 11 0 0

tio = (0 3 ) o b, = ( o 532) o b= <O 2! > ; (3.24)
32 33

11 57 0 1 0 0 1 s 0

iz = < 0 0) o bip= (0 5%2)v b= < (1) sl ) (3.25)
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The fact that these two graphs give rise to the same total scattering matrix follows from the fact
that their scattering data are related by an internal permutation

1 000 0O

001000
000100
P=lo o000 1] (320
010000
0000T1O0
such that
ps@pt=7®  PEP'=E,
s(12) p=1 _ 7(12), psCh — r@h (3.27)
Then,
Stt;‘zt'angle —s(b 4 S(]Z)(Et . S(22))*IS(21)
=510 4§02 p=l(pE, P~ — ps® p-1)~! pgD
=700 4 70D(E, — T<22>)—1T<21)
_ g, (3.28)

4. Platonic solids

In this section, we illustrate the freedom on numbering and the use of formula (2.22) on
the convex regular polyhedra known as Platonic solids (tetrahedron, cube, octahedron, dodeca-
hedron, icosahedron) [18]. Once the scattering matrix is known, physical quantities associated
to the graph can easily be computed, such as the conductance, using the formalism developed
in [3]. The calculation essentially relies on the pole structure and the general techniques have
been explicited in [15].

We carry out explicit calculations in the case of the tetrahedron and the cube. This choice
is primarily motivated by aesthetic and academic criteria rather than any particular practical
application. It also shows the computational advantage of our method over recursive ones on
rather involved graphs. More precisely, we consider graphs whose internal edges and vertices
correspond to Platonic solids and for which exactly one external edge is attached to each vertex.
This corresponds to Nyg =1, =1,...,N, B =0,..., N, a # 8. Note that the condition of
regularity yields d;’ﬂ =dforalla,B=1,...,N. Also, all the vertices are connected to the same
number of vertices so v, = v is the same for all @ = 1,..., N. N is even for all those graphs.
Finally, from the general theory of graph colouring, see e.g. [19], it is known that we can assign
a label (or colour) a € {1, ..., v} to the edges connected to the same vertex in a way compatible
with the graph, i.e. in colour terms, such that no two edges connected to the same vertex have
the same colour and each edge can only have one colour. This allows us to define functions n,
aefl,...,N}from{1,...,v}to {l,..., N} such that ny(a) = g if and only if g is connected
to o by the edge labelled a. We use the convention a = 0 for external edges and set ny(0) =0
forall @ € {1, ..., N}. By construction, we have the following properties

ng(a) =B & ngla) =«a, ng(a) =nga) & a =4,
ng(a) =ng(b) & a=h. 4.1
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In view of formula (2.22), the main object of interestis E(p) — S @2)( p) which we seek to invert.
With our notations, we get

N v
E(p)=eird Z Z Eq ny(a) ® Eaas

a=1 a=1

N v
SP(P)=)" Y Eva®Ea®5y(p), (4.2)
a=1 a,b=1

where the local matrices read
v
Sa(p)= Y Eat1p1 ®58"(p), a=1,....N. (4.3)

a,b=0

For later convenience, we define a reduced scattering matrix containing only the information
about scattering on the internal edges

v
SEp)= Y Eap®se(p). a=1,....N. (4.4)
a,b=1

Let us also define
N
Ea=_ Eanyta)- (4.5)
a=1

Then E(p) = e~ P4 Y v _1 € ® Eqaq and from the general properties of E (or by direct calcula-
tion) we find

=& =& a=1,...,v. (4.6)

Therefore &, is diagonalizable with eigenvalues 1 each degenerate % times and with eigenvec-
tors v§, = %(ea + €en, ), € = E1, o < ny(a), forming an orthonormal basis.

4.1. Tetrahedron

For the tetrahedron, N =4, v = 3 and the matrices &, enjoy the additional property

Ealp =EpEq, Ya,b=1,2,3, 4.7
due to the fact that

VB e{l1,2,3,4}, Va,be{1,2,3}, nnya) (D) =nnyzw)(a). 4.8)
This can be seen to hold by direct inspection on Fig. 2 and holds also for other inequivalent
numberings.

From (4.7), they can be diagonalized simultaneously. As already explained, to fix ideas we
can fix a numbering without loss of generality since we work up to permutations. In the present
case, changing the edges and or vertices numbering amounts to interchanging the &£,’s. From the
figure we obtain

0

&= , (4.9

o—o o
co~o
co o~
co~—o
coo~—
—oc oo
o—o o
o—o o
— o oo
co o~
co—~o

0
0
1
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Fig. 2. Tetrahedron with an example of numbering.

and a diagonalizing matrix is

1 1 -1 1
11 -1 -1 1 o

r=x_, I, 7 o |=T'=T" (4.10)
1

1 1 1

So far, we haven’t taken advantage of the geometry and its symmetries. The scattering can still
be different from vertex to vertex (as labelled by the index « on the local matrices) and at a given
vertex, the scattering from edge a to edge b needs not be the same as the scattering from edge a
to edge c say. Clearly, this does not respect the natural symmetry of the underlying graph. One
can impose that the local scattering matrices be the same for all vertices i.e. Sy (p) = S(p) and
in particular ngd( p) = 8" (p) for all @ = 1,2, 3, 4. This already greatly simplifies the problem
of inversion. Let t =T ® 13 and D, = TE,T ! then

3
T(E(p) =SSP (p))t ' =7 Dy ® Eua — 14 ® 5(p). (4.11)
a=1
The matrix on the right-hand side is a block diagonal matrix made of four 3 x 3 blocks essentially
determined by §"¢?

4
T(E(p) =S ()t =) Eea ® (771 — S (p)), (4.12)
a=1
with
-1 0 O 1 0 0
11:<0 -1 0), 12:<0 -1 0),
0 0 1 0o 0 -1
-1 0 O
13=< 0 1 0 ) Iy =13. (4.13)
0 0 -1

Thus, the problem is reduced to inverting 3 x 3 matrices. In particular, the poles of S;, are
solutions of

det(e 71, — §™(p)) =0, a=1,2,3,4. (4.14)

We now turn to the explicit calculation of S, in the case where the vertices are described by
scale invariant local matrices (independent of p) capturing universal features of scattering. In
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our case, each local matrix is the same 4 x 4 scale invariant matrix whose explicit form has been
classified in [3]. Note also that we can take further advantage of the symmetries of the underlying
geometry here by imposing for instance that the scattering be invariant under a rotation of 7 /3
around the axis passing through a vertex and the centre of the opposite face. Physically, this
means that an incoming particle from the external edge of a vertex has the same probability of
being transmitted to any one of the internal edges attached to this vertex. Mathematically, this
amounts to requiring that S satisfies

<é 3)3((1) ﬁl):S, (4.15)

where
010
J=<O 0 1), J3=1;. (4.16)
1 0 0
Putting everything together, we find two possible local scattering matrices
11 1 1 11 1 1
2 2 2 2 2 2 2 2
1 1 1 1 s _1 _1
2 2 2 2 2 6 6 6
Si={ 1y 0 o1 Sl s “.17)
2 2 2 2 2 6 6 6
1 1 L _1 L1 _1 5
2 2 2 2 2 6 6 6
In the first case, we compute S;,(p) as
1 . . . .
Spi(p) = ——(=2(e7¥P? 4+ ¢7P? — 1)1y + 7P (7P 1 1) A), (4.18)
Gi(p)
where G1(p) = (e %P4 4 =P 4 1)(2¢~P4 — 1) and
01 1 1
1 0 1 1
A= 110 1 (4.19)
1 110
The poles of this matrix are given by
: 1 —14iv/7 —1—i/7
il _y withx e |1, ZIEVT 212V (4.20)
2 4 4
In the second case, we obtain
1 . . .
S2 (p) = ———(=2(=6e73P4 4 467274 4 10774 — 6)1,4
tot GZ(p) ( ( )
+ 3e—ipd(€—ipd _ l)A), 4.21)
where G, (p) = (6e 2P — ¢=iPd _ 3)(2¢~P4 _ 1), leading to the poles
: 1 14+/73 1-+73
e P =x withx e {E’ +]2 0 } (4.22)
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P,
)

Fig. 3. Cube with an example of numbering.

4.2. Cube

531

For the cube, N = 8 and v = 3 and the matrices &, also commute. So one can perform the

same analysis as before.
Based on Fig. 3, we get explicitly

01 000O0TO0DO 000100
1 000 O0OO0ODO 001000
0001 0O0O00O0 01 0000
& = 001 0O0O0O0O &= 1 000 00O
00 0O0OO0OT1TTO0OO0} 00 0O0O00O
000O0OT1O0TO0O0O 00 0O0O00O0
000 O0O0OO0OTO 071 000 0 O0°1
00 0O0O0OOT1DP0 00 0O0T1O0
000O0OT1O0TO0TD0O
000O0OO0OT1TO0TD0O
00 0O0O0OOT1DP0
&= 000 O0O0O0OTO 01
; 1 000 0 O0O0O]
01 00O0O0TO0O
001 00O0O0TO0O
0001 0O0O0D0O
and a diagonalizing matrix is
!l -1 1 -1 -1 1 -1 1
1 1 -1 -1 -1 -1 1 1
-1 1 1 -1 1 -1 -1 1
1 -1 -1 -1 -1 1 1 1 1 1\
V‘ﬁ 1 o1 o1 -1 1=V
-1 -1 1 1 -1 -1 1 1
I -1 -1 1 1 -1 -1 1
1 1 1 1 1 1 1 1

eNeh Seolcho =]

eNelol SeoloNehl

(4.23)

(4.24)

(4.25)
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Again assuming that the local scattering matrices are the same at all vertices, we get

3
V(E(p) =SSP ()Y =eT Y " Ay ® Ea — 13 ® S (p), (4.26)

a=1

where A, = VE,V~! and V = V ® 13. This is a block diagonal matrix and the problem is
reduced to inverting 3 x 3 matrices,

8
(E(p) - S<22>(p))*‘ =yp! [Z Eoo ® (e79T, — S’ed(p))‘]v, (4.27)

a=1

where

-1 0
T, =13, I2=(0 1 )
0
1 0 O
I3:<0 -1 O), I4:<
0O 0 1

1 0 O
I5:<0 1 0), Is =
0 0 -1

1 0 O
17 = (O -1 O) , Ig = —13. (4.29)
0 0 1

We turn to the explicit computation of the total scattering matrix in the two cases (4.17) describ-
ing scale and rotation invariant local scattering at the vertices. In both cases, we find the following
structures for Sy, it is a linear combination of matrices in the Abelian group generated by the
£’s with coefficients being polynomials in e =7, For j =1, 2,

-1 0 O
0 -1 0 ) , (4.28)
0

Si(p) = al (p)is +al (P& +al (P& + al (p)E; + al (p)€1E2 + al (p)E1 &

+ aé (p)&2&3 + a{ (P)E1&2E5. (4.30)
In the first case, we find
| 8+ e—ipd _ SE_ZiPd _ 56—3ipd _ 406—4ipd +4e—5ipd _ 326—6ipd
4(—1+ e=2iPd 4 8e=4rd 4 |6~ 0ird)
_Sefipd + 673ipd _ 206751'17(1
1(p) = T ey e T 4.32)
4(—1 4 e=4P¢ 4 8e=Pd 4 16~ 01Pa)
3e—ird
1 _
a(p) = 4_ 160-2pd" (4.33)
1 3e~ird
a3(P) = ;T e3ipa- (4.34)
e—[pd(l _9e—ipd+ze—2ipd)
a(p)=—7 — (4.35)
(=1 + P4 4 2¢~2ipd — 4¢3ipd 1 e—4pd)
e—ipd(l _9e—ipd+2e—2ipd)
a3(p) = (4.36)

" 4(—1 4 emird - 2¢=2ipd — 4e=3ipd 4 ge—dipd)’
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e~ 1PA(1 4 9e=iPd 4 2= 2pd)

1 —
a5(P) = 4(—1 —e~ipd 4 2e=2ipd | fe=3ipd | Ge—4ipd)’ (4.37)
e~ 'Pd 4 19¢73ipd 4 40=5ipd
al(p)=— —— — . (4.38)
4(—=14 e==P4 + Be~HPd 4 16e~01P4)
The poles of the scattering matrix can be then computed. They are given by
, 1 14+iv7  1—i7
e—ird — Withxe{:lzz,:i: +;*/—,i i*f}. (4.39)

In the second case, we find

72+ 9¢~iPd — 440e=2iPd — 45¢3iPd | 728 —4iPd 4 36,—5ird _ )8Re—0IPd

2 —
WP = 4(—9 + 73¢=2ipd — [84¢—4ird | 144e—0ird) ’
(4.40)
20) 3¢=Pd (15 — 67e7 2P 4 60e 1) 441
a =— , , __ )
TP = T (C9 1 73¢=2ipd — 184e—4ipd 1 144¢—6ird)
3€—ipd
2 —
a5 (p) = 1 160 20d (4.42)
3e—ipd
2 —
as(p) = 1 160 20d’ (4.43)
2 _ Se’ipd(—l +3e7ird 4 2672"1”‘1) 444
GP) = "3 o ind 8¢ 2 4 el 24 Wl (4.44)
2, 3¢ iPd(—1 4 3e~iPd 4 o= 2ipd) 4.45
a5 (p) = 43 — emird — 18¢2ipd 4 4¢=3ipd 4 24e—4ipd)’ (4.45)
2 3¢=Pd(—1 — 3e7iPd 4 2¢72iPd) 146
4 (p) = 43+ e~ipd — 18¢=2ird — 4e=3ipd 4 D4e—4ipd)’ (4.46)
2( ) 3e—ipd(3 _ 7e—2ipd + 128—4ipd) (4 47)
a = . . —. .
TP = 49 —73¢2ipd 1 1840 —4ipd — 144e—6ind)
The poles of the scattering matrix are given by
: 1 14+v73  1-+73
e P4 — x  withx e {ii + +12 ,+ B } (4.48)

5. Conclusion and outlooks

In this paper, we have presented a direct method for the computation of the total scattering
matrix of an arbitrary finite noncompact connected graph given its topology, metric structure
and local scattering data at each vertex. The method uses the formalism of quantum modes as
our initial motivation was the study of quantum fields on graphs. This resulted in a simple and
direct algebraic derivation of formula (2.22). We have also shown that the case of loops is easily
incorporated in our method. This has been illustrated with an explicit example whose purpose
was also to point out that the inverse scattering problem on graphs does not have a unique solution
in general for graphs with loops.
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We want to stress that in the present paper, the modes as we called them, appear more as con-
venient labels than true quantum field theoretic objects. This has two consequences. First, our
results are ready to use for applications in quantum field theory on graphs by simply promoting
the modes to generators of the RT-algebra [13], as briefly discussed in Section 2.2. Second, it
means that our results hold in complete generality for abstract graphs with or without loops.
In this respect, the present results provide an extension of the results in [10] to the case of
loops.®

Finally, this paper lays the ground to applications to transport problems on arbitrary graphs
in the spirit of the studies performed in e.g. [3-6] using quantum field theory and bozonization
techniques. Indeed, it provides one with the central ingredient which is the total scattering matrix
together with its pole structure. Once this structure is known, the calculation of physical data
such as the conductance between external edges is rather direct, see e.g. [15]. We will return
to these questions in the near future. Let us note that some of them have been addressed in
the first quantization approach, where the scattering matrix was computed for continuous wave
functions [20], and then used to compute local conserved quantities [21].
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