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Abstract—The inverse scattering problem of a quantum star
graph is shown to be solvable as a diagonalization problem
of Hermitian unitary matrix when the connection condition is
given by scale invariant Fulop-Tsutsui form. This enables the
construction of quantum graphs with desired properties. The
quantum vertices with uniform and reflectionless scatterings are
examined, and their finite graph approximations are constructed.
It is shown that a controllable spectral filter can be constructed
from a certain reflectionless graph with the application of
external potential on a line.

Keywords-quantum graph; singular vertex; quantum wire;
inverse scattering; quantum filter

I. INTRODUCTION

The inverse scattering is one of the most intriguing problems
in quantum mechanics. The inverse scattering problem of
quantum graph [1], [2], [3], [4], in particular, has two aspects.
Because the quantum graph is a nontrivial solvable system
[5], it presents a challenge for extending the range of solvable
inverse scattering problems. It is also increasingly becoming
important as the design principle of single electron devices
based on nanoscale quantum wires.

In this article, we consider the inverse scattering problem on
a star graph with Fulop-Tsutsui vertices [6], the scale invariant
subset of most general vertex couplings [7]. A star graph is
the elementary building block of generic graph having many
half-lines connected together at a single point, the singular
vertex. The scattering matrix of star graph with Fulop-Tsutsui
condition is energy independent. We exploit this simplicity to
give the full answer to its inverse scattering problem in the
form of diagonalization problem of Hermitian unitary matrix.
Two special examples of inverse scattering problems, that of
reflectionless transmission, and of equal-scattering including
the reflection, are examined in detail. Very interesting designs
involving Diophantine numbers emerge for the realization of
quantum device with such properties. Since any singular vertex
is effectively reduced to Fulop-Tsutsui vertex in both high and
low energy limits [8], our study hopefully opens up a door
for the full study of inverse scattering problems for general
singular vertex.

The quantum graph has to be controllable by external field
of macroscopic scale, if it is to be useful as a quantum device.
We formulate scattering problems on a quantum graph with
constant potentials with differing strengths applied to graph

lines. The formalism is applied to analyze several models of
quantum graphs with external potential on a line. The existence
of threshold resonance phenomenon is pointed out, and it is
shown to be useful in designing controllable spectral filtering
devices. Specifically, a controllable band filter with flat spectral
response is constructed from a n = 4 reflectionless quantum
graph.

This article is organized as follows: In the second section,
we formulate the inverse scattering problem of scale invariant
graph vertices in terms of matrix diagonalization. In the
third section, a scheme to approximate the vertex with small
structures made up of d-vertices is developed. In the fourth
section, the scheme is applied to obtain reflectionless and
equitransmitting quantum graphs. The accuracy of the approxi-
mating procedure is also examined in the same section. In the
fifth section, with the application of the quantum graphs as
controllable quantum devices in mind, the scattering formalism
is extended to handle the added external potentials on the lines.
In the sixth section, we take a look at the threshold resonance
phenomenon which is found in the quantum graph with a line
subjected to the added potential. In the seventh section, we
examine a n = 4 reflectionless graph with a positive external
potential on a line, and point out its utility as band spectral
filter. The paper ends with the concluding eighth section.

II. INVERSE SCATTERING AS DIAGONALIZATION

The quantum graph is a system made up of interconnected
one-dimensional lines on which a quantum particle moves
around. The simplest nontrivial quantum graph is a star-shaped
graph with a single node. This “elementary particle of quantum
graph” is also referred to as singular quantum vertex. We
start by considering a singular quantum vertex of degree n,
having n half-lines comming out of a point-like node (Fig. 1).
The quantum particle moving on ¢-th line is described by the
wave function v; (z;) which satisfies the Schrodinger equation,
which, after proper rescaling of the units, read

d2
— 5 i(xi) = kK*i(x;)

— (i=1,..

;n). (D
The coordinates x; on the ¢-th line are labeled outwardly from
the singular vertex, which is assigned the value z; = 0 for all

1. The specification of the connection condition at the node
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Fig. 1. Schematic representation of scattering of a quantum particle on a
star graph of degree n.

x; = 0 characterizes the system. Let us define the boundary
vectors ¥ and ¥’ by

¥1(0)
v | -

¥1(0)

: U= :

¥n(0) ¥r,(0)

in which . (z;) is the spatial derivative of the wave function

on ¢-th line. The current conservation at the node can be
expressed as

; 2

)

Ty — vy = 0. A3)
It is hown in [7] that this condition can be rephrased as
AV + BV = 0. “)
with two n X n matrices A and B, which satisfy
A'B = BTA, rank(4,B) = n. ®)

It is shown in [9] that this most general connection condition
is characterized by a complex matrix 7" of size (n —m) X m
where m can take the integer value m = 1,2,...,n — 1, and
is given by

m Ty S 0
( 0 0)‘1’ - (TT I<nm>> ¥,

where S is a Hermitian matrix of size m x m. The scale
invariant subfamily of most general connection condition is
characterized by a complex matrix T of size (n — m) X m
where m can take the integer value m = 1,2,...,n — 1, and
is given by

Im T\ 0 0
(0 o)q’ =t jo-m |9

where () signifies the identity matrix of size [ x I. To achieve
the from (7), we may have to suitably renumber lines, in
general.

The particle coming in from the j-th line and scattered off
the singular vertex is described by the scattering wave function
on the i-th line, /") (2) which is given in the form

v (x) (i = 5)
(i # ).

(6)

)

_ e—lkr + Sjjelkm

Sij elk(E

®)

Consider matrices M = {;;(0)} and M’ =
are given, in terms of S by

M=1I"4+8 M =ik(-I1" +8),

{1i;(0)}. They

)

Since each column of M and M’ satisfies the equation (7),
we have

e T\ -, (0 0
( 0 0>M - _TT I(n—m) M.

From (9) and (10), we easily obtain the explicit solution of
the scattering matrix S = {S; ;} in the form

(10)

(m) o
S=—1M 49 <IT:L > (I<m> + TTT) (1™ 7). (1)

Squared moduli of the elements of S have the following
interpretation: |S;;|? for j # i represents the probability
of transmission from the i-th to the j-th line, |S;;|? is the
probability of reflection on the j-th line. A notable feature of
this S obtained from Fulop-Tutsui vertex its Hermiticity;

st=s. (12)

Since the scattering matrix is unitary for any system, in
general, i. e.

Sfs =1, (13)

S belongs to a special class of square matrix that is at the
same time Hermitian and unitary [10].

A natural question to be asked is what subset of Hermitian
and unitary matrix, the scattering matrix of entire Fulop-
Tsutsui vertex forms. To answer this question, we look for
an alternative expression of (11). By multiplying (1™ T)
from the left, we obtain

(1m 1)5= (1" 1) (14)

Similarly, by multiplying (TT I ("*m)) from the left, we
obtain
(TT I(n—m)) S = — (TT I(n—m)) . (15)

Combing these two expression, we have X,,,S§ = Z,,, X, with

the definitions
Im) T
Xm = < TT _I(n_m)> P

Im) 0

Thus we can express S in the form of a products of three
Hermitian matrices as [10]

S=X'Z0nXm.

(16)

a7

Interestingly, (17) can also be viewed as the diagonalization
of Hermitian unitary matrix S by a non-unitary Hermitian
matrix X,,. We can show, in fact, that this form leads to
the path to the inverse scattering problem for quantum graph
vertex of Fulop-Tsutsui type: Let us suppose that the full set
of scattering data is given in terms of an arbitrary Hermitian
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unitary matrix S. Let us signify the rank of the matrix S+ (")
by m. After proper renumbering of lines, we can write this

matrix in the form
(m)
([TT > M (I(m) T) ’

where M is a Hermitian m X m matrix, and 7', a complex
(n — m) x m matrix. From the unitarity of S, we find the
relation (S + I™)2 = 2(S + I™), from which we obtain

S+ 1M = (18)

M =21 4 77H)~1 (19)
and we therefore arrive at (11). We conclude, therefore, that
any Hermitian unitary matrix can be viewed as a scattering
matrix S of a Fulop-Tsutsui vertex.

In order for a quantum star graph to break scale invariance
and obtain k-dependence, its scattering matrix needs to be-
come non-Hermite. The existence and the uniqueness of the
inverse scattering solution of quantum star graph extend to this
more general non-Hermite case also. These observations can
be reached easily and directly from the original “U-form” of
connection condition using a unitary matrix [2], [7], but our
procedure holds definite advantage of giving us 7' directly,
which is known [9] to allow us the physical construction of
a finite quantum graph whose small size limit reproduces the
prescribed S.

The procedure of diagonalization, in practice, is quite cum-
bersome for large n. A simpler alternative to obtain 7' from
S is the following: Let us divide S into four submatrices Si1,
812, So1 and Sag of size m x m, m X (n—m), (n—m) x m
and (n —m) x (n —m), respectively as

S Sie
S= . 20
Q@ &J (20)
These submatrices have the properties
Sli=8u, Sh=8n, S8li=Sn, e3)
and also
St +8h =1,
S5+ 85 =10,
811812 + 812822 = 0. (22)

From these equations, we have the explicit expressions of T’
in terms of S;;;

T = (I(m) +311)71 S12

-1
_~ (I("’”” - 822> . (23)

It is easy to check that the forms (11) and (17) can be kept
under the index renumbering « <+ S both for o, 5 < m and
for a,, 8 > m with the proper transformation for the elements
of T It is given by t,; <> tg; for the former and t;, <+ t;

for the latter. For the case of & < m and 8 > m, it is given
by tij — t;j with

tijtag — tajtig = <
t;j = %&.a(gﬁ
_ t(xjfsia _5ajti<x + 6’ia515 7 (24)
tap
where we define Sij = 1 — §;;. This implies that it is not

possible to exchnage the indices o and 3 whose t,4 is zero.
This corresponds to the index ordering for which both (1(™)+
S11) and (I("="™) —Syy) are singular and the T is undefined,
thus the boundary condition at the singular vertex does not
take the form (7).

III. FINITE APPROXIMATION

Finite tubes connected at a node generically tend, in their
small diameter limit, to a vertex with delta-like connections,

given by m =1, and T' = (1 1), namely
1 1 --- 1 v 0 --- 0
00 --- 0 0 1
U= v, (25)
00 --- 0 00 --- 1

and very often to its strength zero limit, v = 0, a free vertex
[11]. We might also consider applying localized magnetic field
to achieve phase change. It is natural, therefore, to devise a
design principle to construct arbitrary connection condition out
of this elementary vertex. Once all elements of T' = {¢;;}, i =
1,...,mand j = m+1,..,n, are obtained, a finite graph with
internal lines and the d-coupling vertices can be constructed
systematically, whose small-size limit reproduces the boundary
condition of Fulop-Tsutsui vertex, (7). The scheme developed
in [12] works as follows.

(i) Assemble the edges of n half lines which we assign the
numbers j = 1,2,...,n, and connect them in pairs (¢,j) by
internal lines of length d/rij except when r;; = 0, for which
case, the pairs are left unconnected. Apply vector potential A;;
on the line (7, j) to produce extra phase shift y;; between the
edges when its value is nonzero. Place § potential of strength
v; at each edge .

(ii) The length ratio r;; and the phase shift x;; are deter-
mined from the non-diagonal elements of the matrix () defined

by
T - -TTt T
Q<ﬂwm>GT*I(U<_W IWJ7<%>

by the realation rijeiXiJ' = @;; (1 # 7). This means that we
have

rijei = — E taty
I>m
= tij
=0

(i,j < m),

(i <m,j>m),

(i,7 > m). Q7
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(iii) The strength v; is given by the diagonal elements of
the matrix V' defined by

1
V= E(zﬂm — JM)R, (28)

where R is the matrix whose elements are made from absolute
values of matrix elements of @, i.e.

R ={ri;} ={lQi[}.

The matrix J™) is of size n x n with all elements given by
1. This means that we have

(29)

uzzé(kzm) (i > m),
I<m
= %(Z[Tfl —ral— > ra)  (i<m).  (30)

I>m I(#1)<m

These fine tunings of length and strength are necessary to
counter the generic opaqueness brought in with every addition
of vertices and lines into a graph.
The wave function ¢(z)= ¢; ;(x) on any internal line (¢, j),
we have the relation
¢(0)

() -5 SR (). o
(

with F(z) = zcotz and G(x) = x cosec x. Combining (31)
with the condition at the i-th endpoint,

{(0)+ ) 0l5(0) = vigyi(0)
J#i
where we have the J-potential of strength v;, we obtain the

relations between the boundary values v; = ;(0) and ¢, =
%(0) in the form

(32)

dyj = [ vid + Y raFy | 4= eXrgGahy,  (33)
I£i I£i
where the obvious notations Fj; = —cot—l and Gj; =

i cosec il are adopted. Note that the equation (33) is exact

and does not involve any approximation. In the short range
limit d — 0, we have Fj; = 1+ O(d?) and G;; = 1+ O(d?).
We can then show, with a straightforward calculation in the
manner of [9], that the limit d — 0 gives the desired
connection condition for Fulop-Tsutsui vertex (7).

IV. REFLECTIONLESS AND EQUISCATTERING GRAPHS

With the solution of the inverse scattering fully formulated,
it is now possible to find a Fulop-Tsutsui vertex from a
given scattering matrix with specific requirement. Our previous
results detailed in [12] showing the reconstruction of “Free-
like” scattering is one such example, and could have been
achieved easier with current method. We now ask whether
there is fully reflectionless graph whose scattering matrix
has only zeros for its diagonal elements, S;; = 0. Vertices
yielding such scattering matrix is known to be useful in
developing semiclasical theory of quantum spectra [13]. If we
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Fig. 2.  Finite approximation to the reflectionless Fulop-Tsutsui vertices
corresponding to (35) (left) and (41) (right) constructed according to (26)-
(28). The relative length of internal lines r;; and strength of the J-potentials
v; for former are given by (40), while those for the latter are given by (43).
Double lines indicate the existence of non-zero phase shift x;;.

limit ourselves to real S, it becomes symmetric matrix with
Sij = ng

We note a useful relation concerning the trace of the
scattering matrix. Taking the trace of (17) and utilizing
tr(AB) = tr(BA), we have

trS =trZ,, =2m —n. (34)

Since S for reflectionless scattering is traceless, we can have
such scattering only for n = 2m.
Our first example is with n = 4 whose S is given by

0 0 a V1—a?
0 0 V1 —a? —a
S = a V1 —a? 0 0 B9
V1—a? —a 0 0
and the and corresponding T, by
a V1 — a2
T= . 36
(\/1 —a? —a > (36)
The finite approximation is characterized by
T2 =734 =0, "3 =712 =a, T3 =714 = V1 —a?,
eX2t = 1 ¢Xii =1 all others,
1—a—+1-a?
’U1=1)2:’U3:U4:# (37)

d )
The finite graph approximation is schematically illustrated in
the left side of Figure 1.

We next turn to reflectionless scattering with uniform trans-
mission to all other lines. The smallest non-trivial example of
such matrix exists for n = 4, and given by

0o 1 1 1

8= % 1 i 0 —i (38)
1 -1 1 0
The corresponding T is given by
w wt
T = (w‘4 o ) (39)
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with w = ¢€'5. Our finite approximation is specified by
following numbers.

T13 =T14a =723 =7 =24= 1, 112 =134 =0,
elx1s — ei%761x14 — 671%,61)@3 — 6*41%761)(24 — 641%7
1

VI =02 = U3 =00 =

The finite graph approximation is schematically illustrated in
the right side of Figure 1.

If we limit ourselves to real scattering matrix, such matrix,

called symmetric conference matrix, is known to exist for n =

6,10, 14, 18, 26, 30, 38, .... We look at the example of n = 6

whose S is given by

(40)

o -1 -1 -1 1 1
-1 0 -1 1 -1 1
1 -1 -1 0 1 1 -1
5= vsl-1 1 1 0 1 1 “h
1 -1 1 1 0 1
1 1 -1 1 1 0
The corresponding T is given by
1 1+ 147v
I'=|1l+y 1 1+~ (42)

1+ 1+4 1

where v = (v/5 — 1)/2 is the golden mean. Our finite
approximation is specified by following numbers.

T2 =7Te3 =113 =4+ 3y, T4 =715 =136 = 1,
T15 =T16 = I'26 = T'24 =731 = T32 = 1 +7,
T45 = Ta6 = rs6 = 0,

eXiz — eixas — gas — 1 piXii = ] a]] others,

+1 +1

61—~ R

d d

The finite graph approximation is schematically illustrated in
the right side of Figure 1.

Our next example is the reflectionless equitransmitting

graph with n = 10, that corresponds to the S matrix given
by n = 10 conference matrix

V] =Vy =VU3 = — , Vg = V5 = Vg = — (43)

0 -11 1 -1-11 1 1 1
-10 -11 1 1 —-11 1 1
1 -10 -11 1 1 -11 1
1 1 -10-11 1 1 -11
1f-11 1 -10 1 1 1 1 =1
S“§ -11 1 1 1 0 1 —-1-11 (44)
1 -11 1 1 1 0 1 —1-1
1 1 -11 1 -11 0 1 -1
1 1 1 -11-1-11 0 1
1 1 1 1 -11 -1-11 0

The trace of S is zero again, and we have m = § = 5. The
matrix T specifying the vertex is given by

-1 0 1 1 0

0 -1 0 1 1
T=1 o -1 o 1|, (45)

1 1 0 -1 0

o 1 1 0 -1

Fig. 3.  Finite approximation to the equal-scattering Fulop-Tsutsui vertex
corresponding to n = 10 conference matrix, (44) (left) and n = 8 Hadamard
matrix, (47) (right) constructed according to to (26)-(28). The relative length
of internal lines r;; and strength of the é-potentials v; for former are given
by (46), while those for the latter are given by (49). Double lines indicate the
existence of non-zero phase shift x;;.

where o = \/2—1 is the silver mean. Our finite approximation
is specified by following numbers for verteces;

T2 =T23 =T34 =45 =15 = 1,
T16 = T27 = T38 = T49 = I'sa = 1,

T18 = T99 = T3¢ = T46 = T57 = 1,

T19 = T9q = T36 = T47 = T58 = 1,
T13 = T14 = Toq4 = Ty5 = I'35 = 2,
T17 = T8 = T39 = T'4q = T56 = 0,

Tla = T26 = T37 = T4g8 = 59 = 0,
Te7 = T78 = T89 = I'gq = T'6q = 0,

T68 = 179 = T8a = 769 = T7a = 0,
elX12 — pixes — pixsa — oixas — pixis —

elX16 — oiX27 — piXss — oiXa9 — piXsa —

eXii =1 all others,

6
U1:’U2:’U3:’U4=’U5=—g,

2
v6:v7:vg:vg:va=—g. (46)

Here, a in subscript stands for the index for 10th edge.
The finite graph approximation for this case is schematically
illustrated in the left side of Figure 2.

The last example is the equal-scattering graph, in which
in the scattering is uniform in all lines including the line of
incoming particle. Such matrix, called symmetric Hadamard

matrix, is known to exist for n = 2% k' = 0,1, .... An example
of such S for n = 8 is given by
1 -1 -1 -1-11 1 1
-1 1 -1 -1 1 -1 1 1
-1 -11 -1 1 1 -1 1
1 {/-1-1-11 1 1 1 -1
3“;@ -11 1 1 -1 1 1 1 “7)
1 -1 1 1 1 -1 1 1
1 1 -1 1 1 1 -1 1
1 1 1 -1 1 1 1 -1

The trace of S is again zero, and we have m = % = 4. The
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Fig. 4. Scattering probabilities as functions of incoming momentum k& (in
the unit of 1/d) of finite quantum graph approximating the equal-transmitting
reflectionless vertex with n = 6 edges represented in Figure 1, right.

matrix T specifying the Fulop-Tsutsui the vertex is given by

1
1
T o+1

(48)

— == Q

1
o
1
1

— Q =

1
1
o

where o = v/2—1 is the silver mean. Our finite approximation
is specified by following numbers for verteces;

T12 =T13 =T14 =723 =T24 =T34 = 1 + 0,

o
T15=7‘26=7‘37=T48=1+07
1
7“16:7“17:7”18:7“27:7“28:7“38:1+U7
1
7"2527’35:7’36:7“45:7”46:7‘47:1+07
T56 = T's7 = T'58 = I'er = reg = 78 = 0,
elX12 — oixis — oix1a — pixes
=e'?24 = ¢34 = 1 ¢Xu =1 all others,
50 — 3
V1 = V2 =VU3 =Vq4 = — d
oc+1
Us =Ug =7 =Us = —— (49)

The finite graph approximation is schematically illustrated in
the right side of Figure 2.

We now take a look at the convergence of the finite size
graph approximation by numerical calculations. In Figure
3, we display the scattering matrix of the finite graph that
is constructed to approximate equal-scattering reflectionless
matrix, (41). These are calculated directly from (33). The value
of the wave length & is in the unit of 1/d. The convergence
can be seen as quite good below kd < 0.2. Numerical analysis
of other examples of different graphs give essentially the
same conclusion that the construction does represent physical
realization of singular Fulop-Tsutsui vertex.
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V. SCATTERING MATRIX FOR GRAPH WITH POTENTIALS

We are interested in controlling the scattering properties of
a quantum star graph with n lines through the addition of
potentials on the lines. Suppose that constant potential U; is
applied to the ¢-th line. The Schrodinger equation now reads

d? .
Suppose a quantum particle with mechanical energy ' comes
in the vertex from the j-th line, and scattered into all the lines
through the vertex. The i-th component of the wave function

is given by
wf])(m) _ e—ik,ia: —‘rSjjeikiw

k ) H
J ik;x
= —Sije i

ki G#3)  6D

where k; is the local momentum on the ¢-th line, defined by

ke = E - Uy,

where U, is the potential on the ¢-th line. The coefficients
\/k;/k; is there to impose proper normalization to guarantee
that the flux conservation is given by UiW/' — U'TW = 0 as
before. The scattering matrix S = {S;;} now depends, besides
the internal properties of the vertex, on E and Uy, Us, ..., U,.

(52)

V(ki/kj)Sjre kX
j

Fig. 5. Schematic representation of scattering of a quantum particle on a
star graph of degree n with potentials U; on the line 7.

As before, we define matrices M = {;;(0)} and M’ =
{¢1,;(0)}. This time, from (51), we have

M=1I" 4+ K~ 'SK,

M =iK*(—I"™ + K71SK), (53)
where the matrix K is defined by its elements
K;; = \/k/‘»i(;ij~ (54)

The boundary condition AM + BM' = 0, together with (53)
leads to [14]
S=—(AK"'+iBK) '(AK~! —iBK), (55)

which is the desired equation.
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VI. THRESHOLD RESONANCE IN STAR GRAPH WITH
EXTERNAL POTENTIAL

Let us consider an n = 3 star graph with a Fulop-Tsutsui
coupling with

T=(a b)), (56)

which gives the explicit equation for the boundary condition
BY’' = — AV in the form

0

1
0 0. (57)
0

o o e

b
0|V =
0

O = O
_ o O

—a
—b
The scattering matrix in the absence of potentials U; = 0 is
given by

1 1—a?2-0b? 2a 2b
—— | 24 -14a>-1> 20 (58)
2 2
1+a+b 2% 2ab  —1—a2+b?

In order to make the system controllable with external field
of macroscopic scale, we add a constant potential to one of
the lines [14]. We choose the third line for this purpose, while
leaving the other two lines free. The graph is schematically
illustrated in Fig. 6. The system is conceived as a model of the
quantum device that is controlled through the variation of the
potential strength. The roles of individual lines are identified
as follows:

e Line 1 is the input. Particles of various energies are
coming in the vertex along this line.

o Line 2 is the output. Particles passed through the vertex
are gathered on this line.

o Line 3 is the controling line. We assume that this line is
subjected to an adjustable constant external potential U.

3
ik lU S o il
A
1 FT: (ab) 2

Fig. 6. Schematic depiction of the n = 3 star graph with an external potential
U on the line 3.

A quantum particle with energy E = k? coming in the vertex
from the input line 1 is scattered at the vertex into all the lines.
The scattering amplitudes can be calculated by substituting
the matrices A, B from the boundary condition (57) into
equation (55), together with the local momenta

ky=ko=k, ks=+vVk%2-U. (59)
For the incoming particles from the line 1, we obtain:
2a
Soa1(k;U) = (60)

1+a2+0%/1-5

1—a?—-b%/1- 5

311(k; U) = ) (61)
1+a2+0b%/1- 5
2 (1 U)ok — VT

Sa1(k;U) = (1= iz)" Ok = VD) (62)

1+a2+0%/1- 5

The Heaviside step function ©(k — +/U) in (62) is there to
make the expression valid for all energies k2, including k% <
U. It represents the absence of the transmission to the line 3
below the threshold momentum

kth - \/ﬁ

We look at the probability of transmission from the input
line 1 into the output line 2, which we denote by P(k;U),
which is given by

Pk U) = [Sa1 (k; U) .

(63)

(64)

We are nterested in its k-dependence, in particular. We have,
from (60),

2
Pk;U) = 1 ; (k=V0),
(1+a2+b2./1 - k%)
2
- da (k< VU). (65)

(I+a2)2+b4(5% —1)
We observe that for a given constant potential on the line 3,
P(k;U) as a function of k grows in the interval (0,vTU),
attains its maximum at £ = ky;,, and decreases in the interval
(Ktn, 00). In particular, we have

PO;U) =0,
Pkw; U) = <2a>2 ;
1+ a?
P00 U) = (2a>2 . (66)
1+a%+0?
If the parameters a, b satisfy
b>a>1, (67)

the function P(k;U) displays a sharp peak at the threshold
momentum k. Equation (66) implies that the peak attains
the highest possible value 1 for a 1. We conclude that,
with the choice b > a = 1, the system has high input to
output transmission probability for particles having momenta
k ~ k¢p, and that the transmission is perfect for k = ki, while
the transmission probability for other values of k is strongly
suppressed. The situation is numerically illustrated in Fig. 7.
The quantum graph schematically depicted in Fig. 6 can be
therefore used as an adjustable spectral filter, controllable by
the potential put on the controlling line 3. We remark that the
resonance at the threshold momentum k¢, is related to the pole
of the scattering matrix which is located on the positive real
axis at

b2

— U 68
b4—(1+a2)2\/> ©%)

kpol =
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Fig. 7. Scattering characteristics of the graph from Fig. 6 with parameters
a = 1, b = 3. The transmission probability P(k;U) as a function of k
with the value of the potential set to U = 1 is plotted in the top figure. The
lower figure shows reflection probability |S11(k; U)|? and the probability of
transmission to the controlling line |Sz1 (k; U)|?.

on the unphysical Riemann surface, which is connected to
the physical Riemann surface at the cut that runs between
]f == ikth.

VII. FLUX CONTROL AND QUANTUM SLUICE-GATE

Let us consider an n = 4 star graph, in search of another
model of the quantum device, which is schematically illus-
trated in Fig. 8. The roles of individual lines are identified as
follows:

e Line 1 is the input. Particles of various energies are
coming in the vertex along this line.

o Line 2 is the output. Particles passed through the vertex
are gathered on this line.

o Line 3 is the controling line. We assume that this line is
subjected to an adjustable constant external potential U.

e Line 4 is the drain Our analysis has shown that this
seemingly redundant line is needed for the device we
wish to construct.

The vertex coupling is again assumed to be of a Fulop-Tsutsui
type, specified by the coupling matrix

(69)

which gives the explicit equation for the boundary condition
in the form

1 0 a a 0 0O 0 O
01 a —a , 0 0 0 O
00 0 O = —a —a 1 0 v (70)
00 0 O —-a a 0 1

International Journal on Advances in Systems and Measurements, vol 5 no 1 & 2, year 2012, http://www.iariajournals.org/systems_and_measurements/

41

with a € R. The scattering matrix in the absence of potentials
U =0 is given by

1-2¢2 0 2a 2a
1 0 1—2a2 2a —2a
T 11222 | 2a 2¢ —1+424>2 0 7D
2a —2a 0 —1+2a?

For a particle with energy E = k? coming in the vertex from

3
v So1 e ikxe
1 aa 2
TFT: (@9)
4

Fig. 8. Schematic depiction of the n = 4 star graph with an external potential
U on the line No. 3.

e-|kxw
_—

the input line 1, we have

by =ke =k, ky=k2 U, kyq=Ek. (72)

The scattering amplitudes for particles entering from the line

1 can be calculated as
22 (1-/1- %)

So1(k;U) = ) (73)
(1+2a2)(1+2a2\/1—k%)
and
1—4da*y/1- 5
S11(k;U) = ) (74)
(1+2a2)(1+2a2\/1—k%)
2a(1- Y) Ok — T
Su(ti ) = 22— w) O = VO (75)
1+2a2,/1- %
2a
Su(k;U) = 11222 (76)

We again denote the transmission probability from input to
output lines by P(k;U) = |Sa1(k; U)|?>. We obtain, for the
transmission below the threshold,

U) = 4a*U / k2
(142a2)? (1—4a*+4a* )
and above the threshold,

da (1f kl)

2
(1+242)2 (1+2a2,/1—k%)

Hence we have

P(k; (k<VO), 7

2

o

P(k;U) = (k> VU). (78)

1
4q?
P(\/ﬁ§ U) = m7
P(o0;U) = (79)
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When U is fixed, P(k;U) as a function of k quickly falls
off to zero at k > +/U. A typical behaviour is illustrated
in a numerical example in Fig. 9. The peak at the threshold

1.0+
3 a=1
keh = VU
P 0.5 :
O.OJL T !
0.0 0.5 1.0 1.5 2.0
k
1.0 T
18441 O-S’ﬂ a=1
0.04, : \
1851”051 kth=‘/U3r*
OO U T T T
15,17 054
O'O’\ T i T T
0.0 0.5 1.0 1.5 2.0
k

Fig. 9. Scattering characteristics of the graph from Fig. 8 with parameter a =
1. The transmission probability P (k; U) as a function of k with the value of
the potential set to U = 1 is plotted in the top figure. The lower figure shows
the reflection probability |S11(k; U)|? and the probabilities of transmission
to the controlling line |S31(k; U)|? and to the drain line |S41(k; U)|?.

momentum ki, = /U, appearing for a > 1/\/5, is again
related to the pole in the unphysical Riemann plane at

22
/7

—— 80
(4a* — 1) (80

kpol =
There is a value of the parameter a that deserves a particular
attention, namely a = 1/ \/2. For this choice of a, the peak

disappears and the function P(k;U) becomes constant in the
whole interval (0,vTU);

P(k;U) = 5

(k <VU)

1 (1-y/1-5

=i l— 7] > V).
1+4/1- &

The situation is evident in Fig. 10. This can be also regarded
as the a = 1/ V2 case of (35) considered in the section IV.
Our device behaves as a spectral filter with a flat passband that
transmits one fourth of quantum particles with momenta k €
[0, VU | to the output, whereas particles with higher momenta
are diverted to other lines, mainly to 3 and 4. The process is
directly controlled by the external potential U. Note that, at
this parameter value a = 1/ V2, the scattering matrix without
the external potential has the form

81)

0 0 1 1

L fo 0 1 -1
S*ﬁ 1 1 0 0 82)

1 =10 0

1.0
| a=1/2
kth = VU
P 0.5
O'OT T i T T
0.0 0.5 1.0 1.5 2.0
k
1.0+ ;
15,17 05 a=1/v2
0.0+ : —
|S3‘||2 0.5+ kth=\/U§h_
0.0 T . :
2 .
15,17 05 ;
0'0’\ T i T T
0.0 0.5 1.0 1.5 2.0
k

Fig. 10. Characteristics of the flat spectral filter obtained from the graph on
Fig. 8 for a = 1/+/2. The transmission probability P(k;U) as a function
of k with the value of the potential set to U = 1 is plotted in the top
figure. The lower figure shows the reflection probability |S11(k;U)|? and
the probabilities of transmission to the controlling line |S31(k; U)|? and to
the drain line |S41 (k; U)|2.

Since increasing U opens the channel 1—2 for more par-
ticles, the device can be regarded as a quantum sluice-gate,
applicable as a quantum flux controller (Fig. 11). When there
are many particles described by the momentum distribution
p(k) on the line 1, the flux J to the line 2 is given by

JU) = /dkp(k)kP(k;U). (83)
Assuming the Fermi distribution with Fermi momentum kg
larger than our range of operation of v/U, we can set p(k) =
p = const. With the approximation P (k; U) ~ 10(V/U — k),
we obtain

J(U) = épU, (84)
which indicates the linear flux control.

The sluice-gate built from an n = 4 star graph has another
possible mode of operation. We can apply another external
field V' which we assume to be in the range 0 < V < U to
the line No. 4. The local momenta on lines 1 to 4 are given

by

ky=ko=k, ksi=vVk>-U, kas=+VEk2-V. (85
The system now has two threshold momenta given by
ki = VU,  kpe = VV. (86)

For the incoming particles from the line 1, we obtain the
scattering matrix in the form

(T E D
(1—|—2a2 1—,%) (1—}—2@21/1—%)

521(k;U) = , (87)
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Fig. 11. The graph showing the sluice-gate operation of the quantum graph
depicted in Fig. 8. The transmission spectra P(k) is plotted with various
values of the control potential U.

1—da*/1— 5\ /1-

Su(k;U) = , (83)
0+2ﬁd1—%)0+ﬂﬁﬂl—%)
_ Uik —
(s = 2L )" Ok o), (89)
1+2a2/1 -5
_V\ig(k —
Su(k;U) = 20(1-42)" Ok~ VV) . (90)

142a2y/1 - %

The channel 1—2 opens for particles with k& € [ktno, ktn1]
and mostly closes for particles with k& outside this interval
(Fig. 12). The gate then works as a fully tunable band spectral
filter. However, in contrast to the standard V' = 0 operation
mode, the filter with V' > 0 does not have a flat passband.

We emphasize that the controllable filter using the threshold
resonance is possible only with “exotic” Fulop-Tsutsui-type
couplings in the vertices. Standard vertex couplings, namely
the free and the §-coupling, fail to work in this manner. It
is essential, for the proposed designs to be experimentally
realizable, that the required Fulop-Tsutsui vertices can be
created using standard couplings, which themselves have a
simple physical interpretation [15]. This problem has been
addressed in [9] and [12], where it was proved that any
Fulop-Tsutsui coupling given by b. c. with real matrices A, B
can be approximately constructed by assembling a few J-
couplings. The solution for our case is shown in Fig. 13:
For the n = 3 case (top), the d-coupling strengths are given
by v1 = [ala — 1) + b(b — 1)]/d, v2 = (1 — a)/d and
vz = (1 —10)/d. For the n = 4 case (bottom), the strengths are
vy = ve = 2a(a — 1)/d, v3 = v4 = (1 — 2a)/d. The double
line represents a line with a “magnetic” vector potential, which
can be alternatively replaced by a line carrying the J-coupling
of strength v5 = —8a/d in its center, together with changing
vy and vy to ve = 2a(a — 2)/d, vy = (1 — 4a)/d.

2
|SH|

2
|S31|

2
|S4-||

Fig. 12. Characteristics of the flat spectral filter obtained from the graph
on Fig. 8 for @ = 1/+/2 and added second potential V on the 4th line. The
transmission probability P(k;U) as a function of k with the value of the
potentials set to U = 1 and V' = 0.1 is plotted in the top figure. The lower
figure shows the reflection probability |S11(k;U)|? and the probabilities of
transmission to the two controlling lines |S31(k; U)|? and |Sa1 (k; U)|2.

Fig. 13. Finite constructions of the Fiilop-Tsutsui couplings used. The design,
based on [12], utilizes the §-couplings connected by short lines. The small size
limit d — 0 with the d-coupling strengths scaled with d effectively produces
the required F-T vertex coupling.

VIII. CONCLUSION AND PROSPECTS

It has been shown, in this article, that the task of finding
desired property of Flulop-Tsutsui graph can be turned into
mathematical problem of identifying proper Hermitian unitary
matrix. Naturally, the search of system with S having other
interesting specifications should follow. Several questions arise
along the line. One is the question whether we always have
trS = 0 for systems with “exchange symmetric” |S;;|. The
generalization to complex S is also an interesting problem
[16]. Other open questions include the generalization to non-
Fulop-Tsutsui connection which yields general unitary S not
limited to Hermitian ones. The study of the bound state spectra
is one thing we have completely neglected in this work.
Application to non-quantum waves, including electro-magnetic
wave and water wave should be another interesting subject.

Through the finite construction of star graph with no internal
lines, what we have shown, in fact, amounts to the study of
the low energy properties of graphs with internal lines, all of
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whose edges are connected to external lines. The examination
of more complicated graphs, having purely internal lines, is
the natural future direction.

The full solution to the inverse scattering problem and its
use as a basis for filtering device, which we have shown in
this article, amount to the partial fulfillment of the hope, that
quantum graph could be a solvable model and useful design
tool at the same time. The application of the quantum graphs
we have considered here obviously is just a starting attempt,
to which many follow-ups in the future should be expected.
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