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Abstract

The Jacobi system with matrix-valued coefficients and with the spectral parameter depending on a
matrix-valued weight factor is considered on the full-line lattice. The scattering from the full-line
lattice is expressed in terms of the scattering from the fragments of the whole lattice by developing
a factorization formula for the corresponding transition matrices. In particular, the matrix-valued
transmission and reflection coefficients for the full-line lattice are explicitly expressed in terms of
the scattering coefficients for the left and right lattice fragments. Since the matrix-valued scattering
coefficients are easier to determine for the fragments than for the full-line lattice, the factorization
formula presented provides a method to determine the scattering coefficients for full-line lattices.
The theory presented is illustrated with various explicit examples, including an example demon-
strating that the matrix-valued left transmission coefficient in general is not equal to the matrix-
valued right transmission coeftficient for a lattice.

1. Introduction

Consider the matrix-valued general Jacobi system

a(n+1)¢(n+1)+b(n) 1 (n)+a(n) ¥ (n—1)=w(n) ¢ (n), nez, (1.1)

where the spacial coordinate n takes values on the set Z of integers, A is the spectral parameter, the dag-

ger denotes the matrix adjoint (matrix transpose and complex conjugation), and the coefficients a(n),

b(n), and w(n) are some g x q matrix-valued functions of n with complex-valued entries. Here, ¢ is a

fixed positive integer. We use solutions to (1.1) that are either g x ¢ matrices or column vectors with g

components.

The scalar case occurs when g = 1. There are two important special versions of (1.1) in the scalar

case. The first is the Jacobi system on the full-line lattice with w(n) =1, and it is given by

a(n+1)(n+1)+b(n) ¢ (n)+a(n) Y (n—1)=A¢(n),

ne 7z, (1.2)

where the coefficients a(n) and b(n) are real valued. The second special version in the scalar case is the
discrete Schrodinger equation on the full-line lattice, and it is given by

-+ 1)+ 24+ V()| (n) —¢v(n—1)=AY(n), nei, (1.3)

where V(n) is a real-valued potential. Due to the presence of the matrix w(n) in (1.1), we refer to (1.1)
as the general Jacobi system.

© 2026 The Author(s). Published by IOP Publishing Ltd
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Our goal in this paper is to analyze certain aspects related to the direct scattering problem for (1.1).
That direct problem consists of the determination of the matrix-valued scattering coefficients and the
bound-state information when the coefficients in (1.1) are specified in an appropriate class. In our paper
we do not consider the determination of the bound-state information, and we only concentrate on the
determination of the scattering coefficients. In particular, we are interested in partitioning the full-line
lattice Z into a finite number of fragments and then relating the scattering from the full-line lattice to
the scattering from those individual fragments. There are various reasons to analyze such a lattice parti-
tioning. One reason is that it is easier to determine the scattering from the individual fragments than the
scattering from the whole lattice. This is because it is easier to determine the relevant particular solutions
associated with the fragments than the full-line lattice. Another reason is that the partitioning helps us
understand and visualize how the whole scattering is obtained from the accumulation of the scattering
from the individual fragments.

For the factorization of the scattering data for the one-dimensional Schrodinger equation in the
continuous case, we refer the reader to [1]. The factorization results in the continuous case for one-
dimensional Schrodinger-type equations are available in [4]. For the full-line lattice factorization results
in the scalar case with real-valued coefficients for the general Jacobi system, we refer the reader to [3].

In the continuous case, the factorization result for the one-dimensional continuous Schrodinger equation
with a position-dependent mass can be found in [10]. In the continuous case for the radial Schrodinger
equation, we refer the reader to [2] for the factorization of the scattering data. The factorization results
for continuous quantum graphs without potentials can be found in [15]. We refer the reader to [5] for
the factorization results in the continuous case for the matrix-valued Schrodinger equations on the full
line and on the half line and for the resulting unitary equivalence between the full-line and the half-

line cases. A general introduction to Jacobi systems can be found in [20]. For some recent results on
Jacobi equations related to the threshold behavior and Levinson’s theorems we refer the reader to [6-8],
and we refer the reader to [19] for the study of the direct scattering problem for the Jacobi system with
operator-valued coefficients.

We assume that the g x g matrix-valued coefficients appearing in (1.1) have their spacial asymptotics
given by

niililooa(n) = a1, niigloob(n) =boo 1, ﬂiil;loow(n) = Weo I, (1.4)
where I denotes the g x g identity matrix and the quantities doo, boo, Woo are some scalars. In order to
have a manageable scattering theory for (1.1), we impose certain restrictions on the coefficient matrices
a(n), b(n), w(n) and their spacial asymptotics. For that reason, we consider (1.1) when the the matrix-
valued coefficients in (1.1) belong to the class A introduced in the following definition.

Definition 1.1. The g X q matrix-valued coefficients a(n), b(n), w(n) in (1.1) with their spacial asymp-
totics determined by the scalars ao, boo, Woo in (1.4) belong to the class A if the following restrictions are
satisfied:

(a) The matrices b(n) and w(n) are selfadjoint, i.e. we have
b(n) =b(n), wn'=wn), neZ (1.5)

On the other hand, the matrix a(n) is not necessarily selfadjoint.

(b) The matrix a(n) is invertible and the matrix w(n) is positive for all n € Z, where by a positive matrix we
mean a positive definite matrix.

(c) The scalar w, is positive, by is real, and a, is real and nonzero. Based on the comparison of (1.1)
with (1.2) and (1.3), we refer to (1.1) as Jacobi-like when a., > 0 and as Schrodinger-like when
a0 < 0, respectively.

(d) The matrix-valued coefficients a(n), b(n), w(n) and the scalars doo, boo, Woo satisfy the summability
condition given by

oo

Y P mI+Q(m) ) < +oc, (1.6)

n=—oo
where we have defined

P(n) ::Wﬁw(n—1)_1/2a(n)w(n)_l/2—l, (1.7)

Aoo
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Woo — — boo
Q(n) = == w(n) Y2 b (n) w(n) 1/&71, (1.8)
and we use the operator norm || - || in (1.6) even though any other norm for a q X g matrix can be used

there. This is because all norms for a g x g matrix are equivalent.

Since w(n) is assumed to be positive, the matrix w(n)'/2 is uniquely defined as the positive matrix
satisfying

w(n)l/zw(n)l/zzw(n), nez.

~1/2 to denote

Because the g x q matrix w(n)'/? is positive, its matrix inverse exists, and we use w(#)
that matrix inverse.

Our paper is organized as follows. In section 2 we transform the Jacobi system (1.1) into the simpler
Jacobi system given in (2.6). We prove that the linear operators in those two Jacobi systems are bounded
and selfadjoint when the coefficients in (1.1) belong to the class A or equivalently when the coeffi-
cients in (2.6) belong to the class A described in definition 2.1. We also introduce the auxiliary spec-
tral parameter z and express the Jacobi systems (1.1) and (2.6) in terms of z in the forms given in (2.11)
and (2.9), respectively. In section 3, the use of z enables us to introduce the Jost solutions, the scattering
coefficients, and the scattering matrix and to describe their basic properties. Furthermore, it allows us
to relate the Jost solutions to (2.9) and (2.11) to each other in a simple way as listed in (3.8) and (3.9).
Consequently, as shown in (3.14) the scattering coefficients for (2.9) and those for (2.11) become equi-
valent. In section 4 we introduce the left and right transition matrices for (2.11) in terms of the corres-
ponding scattering coefficients. We also present the relevant properties of those transition matrices. In
section 5 we state and prove our factorization results for the transition matrices when the full-line lattice
is partitioned into two or more fragments. The factorization formulas presented in section 5 also allow
us to express each scattering coefficient for the full-line lattice in terms of the scattering coefficients cor-
responding to the fragments. Finally, in section 6 we provide some explicit examples of the transition
matrices corresponding to a nonhomogeneity concentrated at a single lattice point. We also illustrate
some cases where the determinants of the left and right transmission coefficients are equal or unequal.

The establishment of the factorization formulas presented in our paper requires the development
of many preliminary results, especially due to the fact that the matrix-valued coefficient a(n) for n € Z
is not assumed to be selfadjoint. To help our reader concentrate on the factorization result with less
emphasis on the preliminary background material, we provide the following guidance. We write the
matrix-valued general Jacobi system (1.1) in the form (2.11) by using the auxiliary spectral parameter
z, where z is related to the spectral parameter A as in (2.10). This is needed because it is simpler to
express the scattering coefficients in z rather than in A. We partition the full-line lattice Z into its two
fragments Z, and Z, as indicated in (5.1)—(5.4). Associated with the fragments Z, and Z,, we introduce
the left transition matrices A;(z) and A,(z) defined in (5.10) and (5.11), respectively. The left transition
matrix A(z) associated with the whole lattice Z is already defined in (4.6). Each of these left transition
matrices is uniquely determined by the corresponding scattering coefficients. We then present our main
factorization result in (5.39) by showing that the matrix A(z) is equal to the ordered matrix product
A;1(2) Ay(2z). This factorization result is generalized in corollary 5.4 when the full-line lattice is parti-
tioned into an arbitrary number of fragments. The physical significance of the factorization formula
is that it shows how the scattering from the whole lattice is composed of the scattering from its frag-
ments in an orderly way as we move from the left to the right. Similarly, the factorization formula (5.40)
involving the right transition matrices shows how the scattering from the whole lattice is composed of
the scattering from its fragments in an orderly way as we move from the right to the left. The result
in (4.10) shows that a right transition matrix is the matrix inverse of the corresponding left transition
matrix. Hence, the two factorization formulas in (5.39) and (5.40) are complementary. We remark that
an elementary fragment of the whole lattice Z consists of a single lattice point. Thus, the knowledge of
the transition matrix corresponding to an elementary fragment enables us to determine the transition
matrix for a nonelementary fragment by using our factorization formulas. In section 6 we present some
explicit examples of transition matrices corresponding to some elementary fragments. Let us mention
that, as seen from (4.6), a left transition matrix is constructed by using the corresponding left transmis-
sion and left reflection coefficients. Similarly, as seen from (4.7), a right transition matrix is constructed
by using the corresponding right transmission and right reflection coefficients. On the other hand, the
determinant of either transition matrix, as indicated in (4.11) and (4.12), is constructed by using only

3
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the ratio of the determinants of the left and right transmission coefficients. This prompts us to investig-
ate how the determinants of the left and right transmission coefficients are related to each other. This is
investigated in section 4 and also illustrated in some examples in section 6.

We finally remark that the Jacobi systems are extensively used in physics. Two such examples of the
uses are in tight-binding models in solid-state physics describing electrons tightly bound to atoms in
crystals and the Jaynes—Cummings model in quantum optics describing a two-level atomic system inter-
acting with a quantized mode of an optical cavity. Our method can be used to compute the scattering
coefficients in such models and in other similar applications. A survey of applications of Jacobi systems
in various areas of physics can be found in [9].

2. Preliminaries

In this section, we transform the general Jacobi system (1.1) into the Jacobi system (2.6) in which the
coefficients are simpler. We provide the explicit transformations for the coefficients and the spectral
parameters by using a tilde to identify the quantities related to the transformed Jacobi system. In ana-
logy with the class A described in definition 1.1, we introduce the class A in definition 2.1. We show
that the coefficients in (1.1) belong to the class A if and only if the coefficients in (2.6) belong to the
class A. For those two classes, we establish the boundedness and selfadjointness of the linear operators
associated with (1.1) and (2.6), respectively. We then introduce the auxiliary spectral parameter z and
express (1.1) and (2.6) as the Jacobi systems (2.11) and (2.9), respectively, in z. The use of z enables us
later in section 3 to introduce the relevant scattering solutions and scattering coefficients for those two
Jacobi systems.

We can write (1.1) as the eigenvalue equation Hiy) = A\, with the action of the operator H on v
described by

(1) (1) = w(m) ™ [a(n+ 1) 6 (1 1) +b(n) 0 (n) +a(n) p(n—1)] . ez,

where the operator H acts on the weighted Hilbert space ¢2(Z) consisting of complex-valued sequences
1 with values ¢ (n) for n € Z. The inner product on that Hilbert space is given by

(B 0) = > d(m) ' w(n)v(n),

n=—0o0

with the implied norm given by

1l == | D v w(n)v(n).

n—=—oo

It can be verified directly that H is bounded and selfadjoint when the matrices b(n) are selfadjoint for

n € Z, the sequences {||a(n)||}nez and {||b(n)|| }nez are bounded, and the matrices w(n) for n € Z
satisfy ¢;I —w(n) > 0 and w(n) — ;I > 0 for some positive constants ¢; and c¢,, where we recall that a
square matrix is nonnegative if and only if each of its eigenvalues is positive or zero. In particular, when
the coefficients in (1.1) belong to the class A described in definition 1.1, the operator H is bounded and
selfadjoint.

It is possible to transform (1.1) into a simpler system where the weight factor w(n) no longer
appears and where a,, =1 and b, = 0. For this, we proceed as follows. We transform the g x g matrix-
valued coefficients in (1.1) to the g X g matrix-valued coefficients a(n) and b(n), transform the wave-
function ¢ (n) to the wavefunction ¢(n), and transform the spectral parameter A to the spectral para-
meter \ through the assignments

Zl(n)::ﬁw(n—l)fl/za(n)w(n)fl/z, nez, (2.1)

b(n) = %wm)*/zb<n)w(n>—1/2_%1, nez, (22)
_ 1/2

& (n) = W(’gz (n), nez, (2.3)
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\ = M (2.4)
doo
Using (1.4) in (2.1) and (2.2), we see that
nkrfooa(n) =1, nilrinoob(n) =0, (2.5)
where it is understood that the quantity 0 denotes the g x g zero matrix. Under the assignments
described in (2.1)—(2.4), we transform (1.1) to the g x g matrix-valued Jacobi system given by
an+ 1) (n+1)+b(n)dn)+an) dn—1)=Xp(n), nel (2.6)

Furthermore, the restriction on the coefficients a(n), b(n), w(n) given in (1.6) becomes equivalent to the
simpler restriction

o0

> bl (1a(n) =1+ 1B ()]} < +o0, (27)

n=—00

where the norm used is the standard norm. We note that the restriction in (2.7) is similar to the restric-
tion used in [17, 18]. We consider (2.6) when the coefficients there belong to the class A, which is
described in the following definition.

Definition 2.1. The g x q matrix-valued coefficients a(n) and b(n) in (2.6) with their spacial asymptotics
in (2.5) belong to the class A if the following restrictions are satisfied:

(a) The matrix b(n) is selfadjoint for € Z. On the other hand, the matrix a() is not necessarily
selfadjoint.

(b) The matrix a(n) is invertible for n € Z.

(c) The matrices a(n) and b(n) satisfy the summability condition given in (2.7).

When the coefficients in (1.1) belong to the class A described in definition 1.1, with the help
of (2.1)-(2.5) and (2.7), we can verify that the coefficients in (2.6) belong to the class A. Conversely,
if the coefficients in (2.6) belong to the class A then it follows that the coefficients in (1.1) belong to the
class A.

We can write (2.6) as the eigenvalue equation Htp = \t, with the action of the operator H on v
described by

(H2) () =a(n+ 1) G On+ ) +b(n) b (m) +a(n) d(n—1),  nez,

where the operator H acts on the Hilbert space ¢2(Z) consisting of complex-valued sequences ) with
values 1(n) for n € Z. The inner product on that Hilbert space is the usual inner product given by

(@.0) = o),
with the implied norm defined as
[l = [ D d () (m),

which is the norm used in (2.7). It can be verified directly that the operator H is bounded and selfad-
joint when the matrices b(n) are selfadjoint for n € Z and the sequences {||a(n)||}nez and {||b(n)]|}nez
are bounded. In particular, the operator H is bounded and selfadjoint when (2.7) holds and the matrices
b(n) are selfadjoint for n € Z.

Even though (1.1) can be transformed into (2.6) with simpler asymptotics for its coefficients, we
continue considering (1.1) for its importance in applications where its coefficients and its solutions have

5
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some appropriate physical relevance. It is convenient to parameterize A appearing in (2.6) in terms of an
auxiliary parameter z as

)\:z+§, zeC\ {0}, (2.8)

where we use C to denote the complex plane. By replacing A in (2.6) by its equivalent in terms of z
given in (2.8), we can write (2.6) in terms of the auxiliary spectral parameter z as

an+1) %+ 1)+bm)dm) +am) dn—1)=(z+2z")¢(n), nek (2.9)

From (2.4) and (2.8), it follows that the spectral parameter A is expressed in terms of the auxiliary para-
meter z as
 deo (z427") + boo

A= . (2.10)
Woo

Using (2.10) in (1.1), we also express (1.1) in terms of the auxiliary spectral parameter z as

Ao (2+271) + b
Woo

a(n+1) P (n+1)+b(n)(n)+an) ¢n-1)= w(n) ¢ (n), neZ. (2.11)

Even though (1.1) and (2.11) are equivalent, it is convenient to use (2.11) to obtain solutions expressed
in terms of the auxiliary spectral parameter z rather than the spectral parameter A. In fact, those partic-
ular solutions satisfying certain spacial asymptotics, which are usually known as the Jost solutions, are
conveniently expressed in terms of z rather than in terms of A. Furthermore, the scattering coefficients
associated with (1.1) are also conveniently expressed in terms of z rather than A. Hence, in the analysis
of (1.1) in our paper, it is more convenient to use (2.11) rather than (1.1). Furthermore, (2.9) is more
closely related to (2.11) than to (1.1) because each of (2.9) and (2.11) is expressed in terms of z. We can
use the known results for the simpler equation (2.9), and by using the transformations in (2.1)—(2.3), we
can establish the corresponding results for (2.11).

Since (2.9) and (2.11) are both linear homogeneous systems, any constant scalar multiple of a solu-
tion to each of those two systems of equations remains a solution. Thus, we can multiply either side
of (2.3) by a constant scalar without affecting the transformation from (2.9) to (2.11). With the spe-
cial choice of the transformation given in (2.3), we see that ¢)(n) and (1) have the same leading spacial
asymptotics as n — Fo0.

Let us remark on the transformation A +— z described in (2.10). We use C* for the upper-half com-
plex plane, C~ for the lower-half complex plane, C* for the closure of C* so that C* := C* UR, and
we use C~ for the closure of C~ so that we have C~ := C~ UR. Let us also use T to denote the unit
circle |z = 1 in the complex z-plane, D for the open unit disc |z| < 1, and D for the closed unit disc
|z| <1 so that we have D :=DUT. We let

_ —2|ace| + beo  2|ace| +boo

>\min L >\max =
Woo Woo

If (1.1) is Schrodinger-like, i.e. when we have a., < 0, the transformation A — z in (2.10) maps the
real \-axis to the boundary of the upper portion of D in such a way that the interval A € (—00, Amin)
is mapped to the real interval z € (0,1), the interval A € (Apin, Amax) is mapped to the upper portion
of T, the interval A € (Apax, +00) is mapped to the real interval z € (—1,0), while A = A, is mapped
to z=1 and A = A\ is mapped to z= —1. Thus, the upper-half complex A-plane is mapped to the
upper portion of I by preserving the orientation. On the other hand, if (1.1) is Jacobi-like, i.e. when we
have a., > 0, the transformation A — z maps the real A-axis to the boundary of the lower portion of
D in such a way that the interval A € (—00, Apin) is mapped to the real interval z € (—1,0), the inter-
val A € (Amin, Amax) is mapped to the lower portion of T, the interval A € (Apay, +00) is mapped to the
real interval z € (0,1), while A = Ap, is mapped to z= —1 and A = A,.x is mapped to z= 1. Thus, the
upper-half complex A-plane is mapped to the lower portion of D by preserving the orientation.

Since z and z~! appear together as the sum (z+2z7') in (2.11), we see that if 1(z,n) is a solution
to (2.11) then t(z~!,n) is also a solution to (2.11). Thus, any solution to (2.11) defined on either the
upper or lower portion of the unit circle T is extended to the z-values on the whole unit circle. Note
that we have

z =27, zeT, (2.12)
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where the asterisk denotes complex conjugation. Thus, any solution t(z,n) to (2.11) satisfies
7/}(2717”)21/1(2*7”)7 ne, ze€T.

When the coefficient matrices in (2.9) are replaced by their limiting values specified in (2.5), we obtain
the unperturbed g x g system

o] o

w(z,n—i—l)—&-{;(z,n—l):(z—i—z_l)w(z,n), neZ. (2.13)

We observe that (2.13) has the two g x g matrix-valued solutions given by

o o

Y(zn)=2"1, ¢(z,n)=z"1,

and those two solutions are the left and right Jost solutions, respectively, to the unperturbed sys-
tem (2.13). The general g x g matrix-valued solution to (2.13) has the form z"c; +z7" ¢4, where ¢3 and
¢4 are two arbitrary complex-valued g x g matrices that may contain z but not n.

3. The direct scattering problem

We know from section 1 that (1.1) containing the spectral parameter A and (2.11) containing the auxili-
ary spectral parameter z are equivalent. In this section we present some basic results related to the direct
scattering problem for (2.11) when the coefficients there belong to the class A specified in definition 1.1.
In particular, we introduce the pair of g x q matrix-valued Jost solutions fi(z,n) and f;(z,n), the pair of
q X q matrix-valued Jost solutions g(z,n) and g (z,n), the pair of g x g matrix-valued physical solutions
U)(z,n) and V,(z,n), the four q x q matrix-valued scattering coefficients Ti(z), T:(z), L(z), R(z), and
the 2g x 2q scattering matrix S(z). After introducing those relevant quantities, we establish their basic
properties that are needed to obtain the factorization results presented in section 5. While introducing
the aforementioned quantities and establishing their properties, we exploit the connection between the
solutions to (2.9) and (2.11). This is done by using the transformation given in (2.3). With the help of
the third asymptotics in (1.4), from (2.3) we observe that the leading spacial asymptotics of the solution
to (2.9) and (2.11) coincide.

In the following theorem, we establish the existence of the Jost solutions fi(z,#) and f;(z,n) to (2.9)
and present their basic properties. We recall that the sets T, D, and D are defined in section 1 and that
they denote the unit circle, the open unit disk, and the closed unit disk, respectively, in the complex
plane. The Jost solutions play a significant role in the direct scattering theory because a certain com-
bination of them forms a fundamental set, which allows any other solution to be expressed as a linear
combination of the fundamental set of solutions. Furthermore, the Jost solutions are defined by using
rather simple spacial asymptotics, and hence their properties are not extremely difficult to determine.

Theorem 3.1. When the q x q matrix-valued coefficients a(n) and b(n) in (2.9) belong to the class A specified

in definition 2.1, we have the following:

(a) ForanyzecD, there exists a unique q X q matrix-valued solution to (2.9), known as the left Jost solution
and denoted by fi(z, n), satisfying the spacial asymptotics

fi(z,n) =2"[I+0(1)], n— +oo. (3.1)

Moreover, for each fixed n € 7, the quantity fi(z,n) is analytic in z € D and continuous in z € D, with the
understanding that a matrix satisfies a property if and only if each entry of that matrix satisfies the
aforementioned property.

(b) Similarly, for any z € ﬁ,fhere exists a unique q X q matrix-valued solution to (2.9), known as the right Jost
solution and denoted by f;(z,n), satisfying the spacial asymptotics

filzn)y=z"[[+0(1)], n— —oc. (3.2)

Furthermore, for each fixed n € 7, the quantity f,(z,n) is analytic in z € D and continuous in z € D.

(c) Forany fixedz € T\ {—1,1}, the solution set {fi(z,n),fi(z"",n) }nez and the solution set
{fi(z,n),£:(z71,n) }nez each form a fundamental set of q X q matrix solutions to (2.9).

7



10P Publishing

J. Phys. A: Math. Theor. 59 (2026) 145207 T Aktosun et al

Proof. For the results presented in the theorem, we refer the reader to [17, 18]. O]

The results presented in theorem 3.1 for the matrix-valued system (2.9) have analogs for some
related systems. We refer the reader to [12, 13] for the corresponding results in the scalar case on
the half-line lattice, to [13, 14] in the scalar case on the full-line lattice, to [16] in the matrix case on
the half-line lattice, and to [19] on the full-line lattice when the coefficients in the Jacobi system are
bounded operators on a Hilbert space.

For ze€ T\ {—1,1}, any solution to (2.9) can be expressed as a linear combination of either of the
two fundamental sets of solutions specified in theorem 3.1(c). This fact allows us to introduce the scat-
tering coefficients for (2.9) as follows. From [18] we know that there exist g x g matrix-valued functions

A(z), B(2), C(2), D(z) that are continuous in z€ T\ {—1,1} in such a way that

fizn) =f(zn) A@@) +fi(zn) B(z),  zeT\{-L1}, (3.3)

filzn) =fi(z,n) C2) +fi(z",n) D(z),  zeT\{-1,1}. (3.4)

It is also known [18] that the matrices A(z) and D(z) are invertible when z € T\ {—1,1}. We then
introduce the left transmission coefficient Tj(z), the left reflection coefficient L(z), the right transmission
coefficient T;(z), and the right reflection coefficient R(z) as

Ti(z):=A(z2)"", L(z):=B(2)A(2)”", T.(2):=D(2)”", R(2):=C(2)D(2)"". (3.5)

We remark that (3.5) holds when z€ T\ {—1,1}. We use Ti(z)~" and T,(z)~" to denote the inverses of
the matrices Tj(z) and T;(z), respectively. From (3.3)—(3.5) it follows that

fiz7hn) =fi(zn) Te(2) —filzn) R(z),  ze€T\{-1,1}, (3.6)

fi(zhn) =fizn) Ti(2) — fi (zn) L(z),  z€T\{-1,1}. (3.7)

In terms of the Jost solutions fi(z,#) and f;(z,n) to (2.9), with the help of (2.3) we introduce the
particular solutions fi(z,n) and f;(z,n) to (2.11) as

fizn) = wilPw(m) " fi(zn), (3.8)
fr(z,m) = wéézw(n)*l/zj?r (z,m). (3.9)

In the next theorem, we present the analog of theorem 3.1 by introducing the Jost solutions to (2.11)
and describing their basic properties. In the theorem, we also introduce the scattering coefficients

for (2.11), present their basic properties, and relate them to the scattering coefficients for (2.9). The sig-
nificance of the theorem comes from the fact that it shows that the scattering coefficients for (2.9) coin-
cide with the corresponding scattering coefficients for (2.11).

Theorem 3.2. When the q x q matrix-valued coefficients a(n), b(n), w(n) in (2.11) belong to the class A

specified in definition 1.1, we have the following:

(a) The q x q matrix-valued quantity fi(z,n) defined in (3.8) is the unique solution to (2.11) satisfying the
spacial asymptotics

fi(z,n) =2"[I+0(1)], n— —+00. (3.10)

Similarly, the q X q matrix-valued quantity f;(z,n) defined in (3.9) is the unique solution to (2.11)
satisfying the spacial asymptotics

fr(z,n) =z""[I+0(1)], n— —00. (3.11)

Since (3.1) and (3.10) are analogous and that (3.2) and (3.11) are analogous, it is appropriate to refer to
fi(z,n) and f;(z,n) as the left and right Jost solutions, respectively, to (2.11).
(b) For each fixed n € Z, the Jost solutions fi(z,n) and f,(z,n) are analytic in z € D and continuous in D.

(c) Foranyze T\ {—1,1}, the two solution sets {fi(z,n),fi(z"',n)} and {f.(z,n),£:(z"',n)} each form a
fundamental set of q X q matrix-valued solutions to (2.11).

8
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(d) The solutions fi(z~*,n) and f,(z~*,n) are expressed as linear combination of fi(z,n) and f;(z,n) as

fi(z7hn) =fi(z,n) T, (z) — fi(z,n) R(2), zeT\{-1,1}, (3.12)

fi (27" n) =fi(z,n) Ty (2) — f; (z,n) L(2), ze T\ {-1,1}, (3.13)

where the coefficients T\(z), L(z), T;(z), R(z) are some q X q matrix-valued functions of z. Furthermore, we
have

Ti(z2) =Ti(z), L(z)=L(z), T.(2)=Te(2z), R(z)=R(2), ze T\ {-1,1}, (3.14)

where Ty(z), L(z), T.(2), and R(z) are the scattering coefficients appearing in (3.6) and (3.7) associated
with (2.9). We refer to the coefficient T\(z) as the left transmission coefficient for (2.11), the coefficient L(z)
as the left reflection coefficient, the coefficient T,(z) as the right transmission coefficient, and the coefficient
R(z) as the right reflection coefficient. Hence, the equalities in (3.14) show that the scattering coefficients
for (2.9) and the corresponding scattering coefficients for (2.11) coincide.

(e) The matrices Ti(z) and T.(z) are invertible, i.e. the q x q matrices Ti(z) ™! and T,(z) ™! exist for
zeT\{-1,1}

(f) Foreach fixed z € T \ {—1,1}, the Jost solutions fi(z,n) and f,(z,n) have their respective spacial
asymptotics given by

filzn) =2" [Tl 2"+ 0(1)} 4o [L(z) Ti(2) " +0(1)} . n— —oo, (3.15)

fr(z,n)=2z7" [Tr(z)fl—&—o(l)} +27" [R(z) Tr(z)fl—i—o(l)} ) n— +o0. (3.16)

Proof. The proofs for (a)—(c) follow from theorem 3.1 by using (3.8) and (3.9) and the third spacial asymp-
totics in (1.4). We obtain the proof of (d) by using (3.6)—(3.9). The result in (e) follows from (3.14) and the
fact that Tj(z) and T;(z) are themselves invertible matrices for z € T\ {—1,1}. In order to prove (f), we pro-
ceed as follows. Since Tj(z) is invertible for z € T\ {—1,1}, we can postmultiply (3.13) by Tj(z) ! and write
the resulting matrix equality as

filz,n) =f (z7",n) Ti(z) ' +f(zn) L(2) T (2) ", zeT\{-1,1}. (3.17)

Similarly, since T;(z) is invertible for z € T \ {—1,1}, we can postmultiply (3.12) by T;(z) ~! and write the
resulting matrix equality as

fi(zn)=fi(z"",n) Te(2) "' +fi(zn) R(2) T (2) ", zeT\{-1,1}. (3.18)

Using the spacial asymptotics (3.11) in (3.17), we obtain (3.15). Similarly, using the spacial asymptotics
in (3.10) and (3.18), we obtain (3.16). Hence, the proof of (f) is complete. O

The scattering coefficients Ti(z), L(z), T:(z), R(z) defined in (3.5) for the Jacobi system (2.9) appear
in the coefficients in (3.3) and (3.4) as well as (3.6) and (3.7). Similarly, the scattering coefficients Tj(z),
L(z), T;(z), R(z) for the Jacobi system (2.11) appear in the coefficients in (3.12) and (3.13). In both
cases, in order to introduce the scattering coefficients, we have used a particular fundamental set of
matrix-valued solutions to the corresponding Jacobi system described in theorems 3.1(c) and 3.2(c),
respectively. Next, we have expressed another particular matrix-valued solution as a linear combination
of the two solutions in the fundamental set. Then, we have used the coefficients in the corresponding
linear combinations to introduce the scattering coefficients. The scattering coefficients can alternatively
be introduced with the help of the Wronskians of some particular solutions to each corresponding Jacobi
system. For example, in theorem 3.4 in this section we express the scattering coefficients for (2.11) in
terms of the Wronskians of certain particular solutions to (2.11). Another way to introduce the scattering
coefficients is through the use of the spacial asymptotics of the left and right Jost solutions. For example,
using (3.15) and (3.16), we can first obtain Tj(z) ™!, L(z) Ti(z) ™!, T:(2) 7!, R(z) T:(z) "}, and then we can
form the scattering coefficients Tj(z), L(z), T:(z), R(z).

Letting

g(zn):=fi(z""\n), g(zn) :=f(z"n), (3.19)

9
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with the help of (3.10), (3.11), (3.15), and (3.16), we observe that g(z,n) and g (z,n) are the g x g
matrix-valued solutions to (2.11) satisfying the respective asymptotics

(em) = z "[I+0(1)], n— 400, (3:20)
SN =A o {Tl (zfl)f1 —1—0(1)] +z" [L (zHmn (z’l)f1 —|—0(1)] , n— —0o0, ’
g (zn) = {z” [Tr (271)71 +0(1)] +z" [R (zfl) T, (271)71 +0(1)] , n — +00, (3.21)
o Z'[[+0(1)], n— —oo.

Since fi(z,n) and f,(z,n) are analytic in z € D and continuous in z € D, the quantities g(z,1) and g (z,n)
are analytic when we have |z| > 1 and continuous when we have |z| > 1.
The 2q x 2q scattering matrix S(z) associated with (2.11) is defined as

S(z)::[?((;)) i(é))], zeT\{-1,1}. (3.22)

The left and right physical solutions to (2.11), denoted by ¥;(z,n) and ¥,(z,n), are the two particular
q X q matrix-valued solutions that are related to the Jost solutions f(z,n) and f;(z,n), respectively, as

Uy (z,n) :==fi(z,n) Ti(2), W:(z,n):=f(zn)T;(2),
and, as seen from (3.10), (3.11), (3.15), and (3.16), they satisfy the respective spacial asymptotics

Ui (z,n)=2"[T1(2) +0(1)], ¥.(z,n)=z"[I+0(1)]+2"[R(z)+0(1)], n — 400, (3.23)

Uy (z,n)=2"[I+0(1)]+z "[L(z)+0(1)], V.(z,n)=z"[T;(2)+0(1)], n— —oo. (3.24)

With the help of (3.23) and (3.24), we can interpret ¥)(z,#) in terms of the matrix-valued plane wave
Z"I of unit amplitude sent from n = —o0, the matrix-valued reflected plane wave z~"L(z) of amplitude
L(z) at n = —o0, and the matrix-valued transmitted plane wave z" Ti(z) of amplitude Tj(z) at n = +o0.
Similarly, the physical solution W,(z,n) can be interpreted in terms of the matrix-valued plane wave z7"I
of unit amplitude sent from n = +o00, the matrix-valued reflected plane wave z"R(z) of amplitude R(z)
at n = 400, and the matrix-valued transmitted plane wave z~" T;(z) of amplitude T,(z) at n = —oc.
Thus, we have a physical interpretation of the direct scattering problem for (2.11) by using the left and
right scattering coefficients.

Let us use [a(n);5(n)] to denote the Wronskian of two g x q matrix-valued functions of n, where we
have defined

[a(n);B(n)]:=a(m) a(n+1)Bn+1)—am+1)aln+1) B(n), (3.25)

with a(n+ 1) being the q X q matrix-valued coefficient appearing in (2.11). We can write the right-hand
side of (3.25) as a matrix product, and hence (3.25) is equivalently expressed as

[a(n);B(n)] = [a (n) O‘(”+1)] a(n(j_ Y —a(n0+ I)T] {521(:)1)} '

We have introduced the scattering coefficients for (2.11) by using the spacial asymptotics of the Jost
solutions. We can alternatively express those scattering coefficients with the help of the Wronskian
defined in (3.25). For this, we need the result stated in the following proposition. This result will be
used later in the proof of theorem 3.4.

Proposition 3.3. Assume that the q X q matrix-valued coefficients in (1.1) belong to the class A described in
definition 1.1. Let ¢(z,n) and p(z,n) be any two q x q matrix-valued solutions to (2.11) forz € T and n € Z.
Then, the Wronskian [¢(z*,n)T; o(z,n)] is independent of n.

Proof. From (1.5) we know that b(n) and w(n) are each selfadjoint for n € Z, and from definition 1.1(c) we
know that the scalars do, oo, and we are each real. Thus, replacing z with z* in (2.11), taking the adjoint of
both sides of the resulting equality, and using (2.12), we obtain

o@D a(nd )T Lo n) )t o(m— 1) agm = 2T ) b ety

Woo
(3.26)

10
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On the other hand, since (z,n) satisfies (2.11) we have

Ao (2+27") + boo

Woo

a(n+l)<p(z,n+1)+b(n)cp(z,n)Jra(n)T<p(z,n71): w(n) ¢ (z,n). (3.27)

We multiply both sides of (3.26) on the right with ¢(z, n) and multiply both sides of (3.27) on the left with
#(z*,n)T. We then subtract the resulting equations side by side. This yields the equality

o n+D)laln+ 1) pan) o n a(nt1) p(zn+1) (328)
+(n=1)"a(m) p(zn) o n) amoEn—1)=0. '

With the help of (3.25), we can write (3.28) as

_|:¢(Z*711)T;(p(2,1”l) +[¢(Z*an_l);§0(z7n_1)]:07 ﬂEZ,
from which we see that the Wronskian evaluated at n and the Wronskian evaluated at n — 1 are equal to each
other. Hence, the proof is complete. O

In the next theorem, we present the Wronskians of various pairs of solutions to the Jacobi sys-
tem (2.11) as n — %00, and we express those spacial asymptotics in terms of the corresponding scatter-
ing coefficients. The n-independence of those Wronskians yield various useful properties of the scattering
coefficients. Those properties are later used to determine various properties of the corresponding scatter-
ing matrix such as its unitarity.

Theorem 3.4. Assume that the q X q matrix-valued coefficients in (1.1) belong to the class A described in
definition 1.1. Let fi(z,n), f;(z,n), @1(z,n), and g (z,n) be the solutions to (2.11) with the respective spacial
asymptotics (3.10), (3.11), (3.15), (3.16), (3.20), and (3.21), and let T\(2), L(z), T;(2), R(z) be the scattering
coefficients appearing in (3.22). The aforementioned solutions satisfy the Wronskian relations for

z € T\ {—1,1}, which are independent of n, that are given by

[fl (z.n)" (z,n)} =(z—z N awl=(z2—2"")ax [Tl (Z)T] - {I—L(Z)TL(Z)} Ti(z)~", (3.29)

1

fiemsaen] =0= (-2 (=) [LE) - 1@ 1) (3.30)
[aen iG] =0= (- ax [1E@)] " [ 1@ n0T, @

[gl zn):g <z,n)] = (22 Vawl= ("' —2)ac [Tl (z*ﬂ‘1 [I—L(z’l)T L(zfl)} T (zl)(;m
ren'hen] =" -2 [LE] [-REORE|TEO " = (' -Paxl (333
seen)ifzn)] = (7 —2ax [LE)][RE) -RE|TE =0, G

[fl @) (2 n)} = (z-2")aR@) T (2) ' = (7'~ 2) ame [n (z)T]_lL(z)T, (3.35)
[fl(z*,n)f;fr (z,n)] =z Naw T (2) == (22 ) a [Tl (z*)q : (3.36)
[fr () f (z,n)] = (z—2") a0 [Tr (z*)*y1 =(z-z ) auTi(2) ", (3.37)

where the middle value in each set equalities represents the asymptotic value of the Wronskian as n — +oo and
the value on the right represents the asymptotic value as n — —oo.

11
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Proof. With the help of (2.12) and (3.19), we obtain the Wronskian values as n — +00 by using the spa-
cial asymptotics given in (3.10), (3.11), (3.15), (3.16), (3.20), and (3.21). For example, we establish (3.29) as
follows. Using (2.12) and the first equality of (3.19), we obtain

fl(z,n)T;fl(z,n)] = [gl(z*,n)T;ﬁ(z,n) , zeT\{-1,1}. (3.38)

By proposition 3.3 we know that the value of the Wronskian on the right-hand side of (3.38) is equal to its
asymptotic value as n — +00. From (2.12) and the first line of (3.20), we have the spacial asymptotics

q(z ) =z"I+0(1)]. n— +o0. (3.39)
Using (3.10) and (3.39) in (3.25), as n — 400 we get

[gl () i fi(zn)| = asz "2 I — a0z "' 2, (3.40)

which yields the first equality in (3.29) as a consequence of (3.38). To establish the second equality in (3.29),
we evaluate the asymptotics of the right-hand side of (3.38) as n — —oo. From the second line of (3.20),
with the help of (2.12), we have

"

a(zn)t=z" HTI (Z)_lr—l-o(l)] +z7" “Tl (z)_l} L(z)' —&—0(1)} , n— —oo. (3.41)

Using (3.15) and (3.41) on the left-hand side of (3.40), since that left-hand side is independent of 1, we
obtain

[gl (z*,n)T;fl (z,n)] =02 [Tl (z)_lyr T (z)_1 +asz ! [Tl (z)_l]TL(z)T L(z) T (z)_l
a7 ! [T](z)”r Ti(2) ™" — a2 [Tl(z)*l]T L L@ T,

where the right-hand side, after some simplification, yields the right-hand side of (3.29). The remaining set
of equalities (3.30)—(3.37) are established similarly. O

Let us use I to denote the 2q x 2q identity matrix, i.e. we define

I 0
I‘_[O 1]’

where we recall that we use I to denote the g x g identity matrix. With the help of (3.29), (3.33),
and (3.35), we obtain

Ti(2) Ti())+L(2) L(2) T RE@)+LE) T(2)| _
RO TR+T (0 L) T T +RE) RE)| - 2T (342)
which is equivalent to

S(2)'S(z) =1, zeT, (3.43)

where S(z) is the scattering matrix defined in (3.22). From (3.43) we conclude that S(z) is unitary, and
hence we also have

S(z)S(2) =1,  zeT. (3.44)

Since S(k) is a unitary matrix, the absolute value of its determinant is equal to 1. We note that (3.44) is
equivalent to

Ti(2) Ti(2) +R(2) R(2)! Ti(2)L(2)' +R(2) T; (2)°

L TR +T. R T T +L@) L@ L zeT. (3.45)
From (3.31), (3.34), (3.36), and (3.37), respectively, we obtain
L(Z)=L(E)", RE)=RE', TE)=T@", TLE)=T@E" :zeT (3.46)



10P Publishing

J. Phys. A: Math. Theor. 59 (2026) 145207 T Aktosun et al

which can equivalently be expressed as
S(z)'=QS(z*)Q,  ze€T,

where Q is the constant 2q x 2q matrix defined as

0 1
Q= [1 0] (3.47)

We note that the matrix Q is equal to its own inverse.

4. The transition matrices

In preparation for the factorization results in the next section, in this section we introduce the three rel-
evant 2q x 2q matrices Fi(z,n), Fi(z,n), G(z,n), and the pair of 2q X 2q transition matrices A(z) and
3(z) for (2.11). We also analyze the basic properties of those five quantities relevant to the factorization
formulas established later in Section 5.

In terms of the four solutions fi(z,n), f;(z,1), g(z,1), g&(z,n) to (2.11), we introduce the 2q x 2q
matrices defined as

— fl(Z’ n) 8 (Z’ n)
Fi(zn) = la(n+1) fi(z,n+1) a(n—kl)gl(z,n—l—l)}’ nez, S

o & (Za 1’[) fr(Z7 I’l)
Fi(z,n) := la(n+1)g(z,n+1) a(n—i-l)fr(z,n—kl)}’ nez, (4.2)

— fi(z,n) fi(z,n)
Glan) = _a(n—l—ll)fl(z,n—i—l) a(n—&—l)fr(zm—&—l)}’ nez. (43)

From theorem 3.2(b) we know that the z-domains of fi(z,n) and f;(z,n) are D, where we recall that D
is the closed unit disk in the complex plane. Consequently, with the help of (3.19), we conclude that the
z-domains of g(z,n) and g (z,n) are C\ . Thus, from (4.1) and (4.2) we see that, for each fixed n € Z,
the matrices Fi(z,n) and F;(z,n) have the common z-domain given by z € T, and from (3.33) we see
that, for each fixed n € Z, the matrix G(z,n) is defined when z € D.

In the next theorem we present the explicit expressions for the matrix inverses of F(z,n), F.(z,n),
G(z,n). The invertibility of the aforementioned matrices is needed later in the proof of theorem 4.2.

Theorem 4.1. Assume that the q x q matrix-valued coefficients in (2.11) belong to the class A. We then have
the following:

(a) The2q x 2q matrix Fi(z,n) defined in (4.1) is invertible when z € T\ {—1,1}, and we have

oo (z—271)

—N{Z Ta n f z,n t
Fi(em) = L [ gf((z,’:j 11))T a((n j 11))T ﬁgf (’Z, ,1)#] ne 7z, (4.4)

where we recall that fi(z,n) and g/(z,n) are the solution to (2.11) appearing in (3.10) and (3.20),
respectively.

(b) The 2q x 2q matrix F,(z,n) defined in (4.2) is invertible when z € T \ {—1,1}, and we have

E(om) = ~g(znt+ ) am+1)" g (zn)f
e Aoo (z—271) fr(zm—&-l)Ta(n—l—l)Jr —fr(zgn)Jr

], nez,

where we recall that f,.(z,n) and g (z,n) are the solutions to (2.11) appearing in (3.11) and (3.21),
respectively.

(c) Foreachn € Z, the 2q X 2q matrix G(z,n) defined in (4.3) is invertible when z € T\ {—1,1}, and we have

o 1 Tiz) 0 ||—f(zn+D"am+1)" fiz5n)!
Glzn) [0 Tr(z)]lﬁ(z*,n+1)Ta(n+1)T 1(2*,11)4'
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Proof. We confirm (4.4) by direct verification. This is done by postmultiplying the right-hand side of (4.4)
with the matrix Fi(z, n) given in (4.1). The product yields the 2g x 2q matrix given by

I fien @] e g

s (z—271) —[g1(z,n)T;fl(z,n)} - {gl(z,n)T;gl (z,n)] (4.5)

where we have expressed the entries in terms of the relevant Wronskians with the help of (3.25). By compar-
ing the block entries of (4.5) with (3.29)—(3.32), we confirm that the matrix in (4.5) is equal to the 2q x 2¢

identity matrix. We exclude the points z= 1 and z = —1 because of the terms (z — z~!) appearing in the
denominator on the right-hand side of (4.5). Hence, the proof of (a) is complete. The proofs for (b) and
(c) are obtained by direct verification as in the proof of (a). O

We introduce the 2g x 2q left transition matrix A(z) for (2.11) as

Tim™ L) T

A(Z)::luz)n(z)‘ () ] e o)

where we recall that Tj(z) and L(z) are the left scattering coefficients appearing in (3.22). Similarly, we
introduce the 2g x 2q right transition matrix ¥(z) for (2.11) as

], zeT\{-1,1}, (4.7)

where we recall that T,(z) and R(z) are the right scattering coefficients appearing in (3.22).

In the next theorem we show that the transition matrices A(z) and X(z) relate the matrices F(z,n)
and F,(z,n) to each other, and we present some properties of those two transition matrices. In partic-
ular, we show that A(z) and X(z) are the matrix inverses of each other. We express the determinants
of those two transition matrices in terms of the determinants of the left and right transmission coeffi-
cients. The significance of our formulas for the determinants of the transition matrices is the following.
We establish that the determinant of a transition matrix is equal to 1 if and only if the determinants of
the left and right transmission coefficients are equal to each other.

Theorem 4.2. Assume that the q x q matrix-valued coefficients in (2.11) belong to the class A. We then have
the following:
(a) The matrices F\(z,n) and F,(z,n) defined in (4.1) and (4.2), respectively, are related to each other as

Fi(z,n) = F;(z,n) A(2), ze T\ {-1,1}, (4.8)

where A(z) is the left transition matrix defined in (4.6).

(b) The matrices Fi(z,n) and F,(z,n) are also related to each other via the right transition matrix ¥(z) defined
in (4.7) as

Fi(z,n) =F(z,n) X (z), zeT\{-1,1}. (4.9)
(c) The matrices A(z) and X(z) are inverses of each other for each z € T \ {—1,1}, i.e. we have
A2)Z(z)=2()A(z) =L (4.10)

(d) The determinant of the left transition matrix A(z) is related to the determinants of the left and right
transmission coefficients as

_ det[T; (2)]

det[A(2)] = et [T, (2)]’

zeT\{-1,1}. (4.11)

(e) The determinant of the right transition matrix A(z) is related to the determinants of the left and right
transmission coefficients as

_ det[Ti(2)]
det[T; ()]’

14

det[X (2)] ze T\ {-1,1}. (4.12)



10P Publishing

J. Phys. A: Math. Theor. 59 (2026) 145207 T Aktosun et al

Proof. For the proof of (a), we proceed as follows. With the help of (3.17) and the second equality of (3.19)
we obtain

filz,n) =g (z,n) Ti(2) " +fi(z,n) L(2) Ty (2) ", ze T\ {-1,1}. (4.13)
Replacing z by z7! in (4.13) and using (3.19) in the resulting matrix equality, we get
g(zn)=g@n)L(iz")T (zfl)_l+fr(z,n) Ti (zfl)_l, ze T\ {-1,1}. (4.14)

With the help of (4.14), we express the entries of the 2q x 2q matrix appearing on the right-hand side
of (4.1). That yields

{ filz,n) 8 (zn) }
an+1)fi(z,n+1) a(n+1)g(z,n+1) wis)
:[ g () i (z.m) } nE@" L) nE)” '
a(n+1)g(zn+1) a(n+1)fi(zn+1)] |L(z) Ti(2) " T(z) "

With the help of (4.1) and (4.2), we observe that (4.15) is the same as the equality in (4.8). Thus, the proof
of (a) is complete. The proof of (b) is obtained in a similar manner. Replacing z by z~! in (3.18) and
using (3.19), we obtain

g (z,n) =fi(z,n) Tr(z_l)71+g1(z,n)R(z_l) Tr(z_1)717 zeT\{-1,1}. (4.16)
Using the first equality of (3.19) in (3.18), we get
filzn) =fizn)RE) T(2)) " +a(zn) T~ zeT\{-1,1}. (4.17)

With the help of (4.16) and (4.17), we express the entries of the 2g x 2g matrix appearing on the right-hand
side of (4.2). That yields

[ & (z,n) fe(z,n) ]
a(nt D go(ent1) alnt 1) (ant1)
o 71 (4.18)
_ { filz,n) & (z,n) ] T: () R(2) T:(2)
a(n+1)filzn+1) a(n+1)g(zn+1)] R(z7Y) T, (z‘l)_l T.(z)~" |

With the help of (4.1) and (4.2) we see that (4.18) is the same as the equality in (4.9). Thus, the proof of (b)
is also complete. For the proof of (c) we proceed as follows. From theorem 4.1 we know that the matrices
Fi(z,n) and F,(z,n) are both invertible when z € T \ {—1,1}. Thus, from (4.8) and (4.9) we obtain

A(z) =F:(z,n) ' R(z,n), X(z)=F(zn) ' F(z,n), ze T\ {-1,1}. (4.19)

From the two equalities in (4.19) we obtain (4.10), and hence the proof of (¢) is complete. For the proof of
(d) we can use the block matrix factorization formula [11] involving a Schur complement, i.e.

M M) [ I 0] [M; 0 I M{'M, (4.20)
M; M| |[MsM;' I||0 My—MM;'M| |0 I ’ :

where each of My, M,, M3, and M, is any q x g matrix. From (4.20) we get the determinant identity given by

M, M
det[ ! 2

M, MJ = det[M;] det [My — M3 M; ' M,]. (4.21)

With the help of (2.12) and (3.46), we can write A(z) given in (4.6) as

i)™ L2 [Tr(z)TJI

T honet e

zeT\{-1,1}. (4.22)

Applying (4.21) on the matrix appearing on the right-hand side of (4.22), we get
. -1
det[A (z)] = det [Tl (2)~ } det [I— L(z) L(z)T] det [[Tr (z)q } . (4.23)

15
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From the (2, 2)-entries of the matrix equality in (3.45), we get
I-L)LE) =T.(2) T. (2)". (4.24)
Using (4.24) on the right-hand side of (4.23), we simplify the resulting equation and get
det[A (2)] = det[qa(z)“} det[T; (2)],

which yields (4.11). Thus, the proof of (d) is complete. From (c) we know that 3(z) is equal to A(z)~!.
Hence, (4.12) directly follows from (4.11). Thus, the proof of (e) is also complete. O

In the next theorem we explore further properties of the matrices Fy(z,n), F:(z,n), and G(z,n)
defined in (4.1), (4.2), and (4.3), respectively. We relate each of the matrices Fi(z,n) and F;(z,n) to the
matrix G(z,n) and the transmission coefficients. We also relate each of the determinants of F(z,n) and
F,(z,n) to the determinant of G(z,n) and the determinants of the transmission coefficients. Furthermore,
we express the spacial asymptotics of the determinants of Fy(z,1), F;(z,n), and G(z,n) in terms of the
determinants of the transmission coefficients. The results presented are later used in the establishment of
theorem 4.5.

Theorem 4.3. Assume that the q x q matrix-valued coefficients in (2.11) belong to the class A. We then have
the following:

(a) The2q x 2q matrices Fi(z,n) and G(z,n) are related to each other via the right scattering coefficients as

G(z,n) = Fi (z,n) {I

0 To(2) }7 zeT\{-1,1}, neZ. (4.25)

(b) The 2q x 2q matrices F,(z,n) and G(z,n) are related to each other via the left scattering coefficients as

Ti(z)~" 0

(2) Ti(2) " 1]’ z€T\{-L1}, neZ (4.26)

G(z,n) = F;(z,n) [L

(c) Whenze T\ {—1,1} and n € Z, the determinants of F\(z,n), F;(z,n), and G(z,n) are related to each
other via the transmission coefficients as

det[F (z,n)] = det[G(z,n)] det[T; (z)], det[F;(z,n)] = det[G(z,n)] det[T;(2)]. (4.27)

(d) The determinants of Fi(z,n), F.(z,n), G(z,n) are independent of n if and only if the determinant of the
q % q matrix a(n) appearing in (2.11) is real for all n € Z. This is a consequence of the determinant
equalities given by

(detla(m])” .

det[F(z,n)] = det[a (1) [F(z,n—1)], ze T\{-1,1}, neZz, (4.28)
det[Fr(z,n)]:mdet[ﬂ(z,n—l)], ze T\{-1,1}, neZ, (4.29)
det[G(z,n)]Wdet[G(z,nl)], ze T\{-1,1}, neZ. (4.30)

Consequently, in the special case where the matrix a(n) is selfadjoint for all n € Z, it follows that the
determinant of each of three matrices F\(z,n), F;(z,n), G(z,n) is independent of n.

(e) We have the spacial asymptotics

Llr+n det[Fl(z,n)]:(z_l—z)q al,, zeT\{-1,1}, (4.31)
LiIP det[F; (z,n)] = (z_l—z)q al,, zeT\{-1,1}, (4.32)

lim det[F(z,n)] = (" _Z)q 4 det[T; (2)]

n——oo Wm’ ZET\{_I’I}v (4~33)

16
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nEdeet[Fr (z,n)] = (! —z)q al, m, ze T\ {-1,1}, (4.34)
lim det[G(z n)]zm ze T\ {-1,1} (4.35)
n—r+o0 ’ det[T; (2)] Y '
) (z! —z)q al,
ngr_noodet[G(z,n)]ZW, ze T\ {-1,1}. (4.36)

Proof. To establish (4.25), we proceed as follows. By using (4.17) we express f;(z,n) appearing on the right-
hand side of (4.3) in terms of fi(z,n) and g (z,n). For n € Z this yields
G(z,n)

B fi(z,n) fi(z,n) R(2) T; (z)_1 +g(z,n) T, (z)_1 (4.37)
" |atnr Dzt ) ad) [ient DRETE 4ot ) TE ]|

The matrix on the right-hand side of (4.37) is equal to the matrix product on the right-hand side of (4.25).
Hence, the proof of (a) is complete. To prove (b), we use (4.13) and express f(z, ) appearing on the right-
hand side of (4.3) in terms of g (z,#) and f;(z, n). For n € Z this yields

g (2,n) Ti(2) " +fi(zn) L(z) Ti(2) " fe(z,n) ]

Glzn) = a(n+1) [gr(z,n+1) Ti(2) "' +fi(zn+1) L(2) Tl(z)_l] a(n+1)f(zn)|

(4.38)

The matrix on the right-hand side of (4.38) is equal to the matrix product on the right-hand side of (4.26).
Hence, the proof of (b) is complete. By taking the determinants of both sides of (4.25), we get

det[G (z,n)] = det[F (z,n)] det [Tr (z)—l} ,
which yields the first equality in (4.27). Similarly, by taking the determinant of both sides of (4.26) we get
det[G(z,n)] = det[F; (z,n)] det [Tl (z)fl} ) (4.39)

which yields the second equality in (4.27). Hence, the proof of (c) is complete. For the proof of (4.28)
we proceed as follows. We replace the second row block on the right-hand side of (4.1) by its equivalent
obtained with the help of (1.1) satisfied by fi(z,1) and f;(z, n), respectively. For n € Z this yields

Fi(z,n)

fi(z,n) g (z,n) ] (4.40)
Aw(n) —b(n)] fi(z,n) —a(n) fi(z,n—1) [Aw(n)—b(n)] g (zn) —a(m) g(zn—1)]

where we recall that ) is related to z as in (2.10). Using an elementary block row operation on the right-hand
side of (4.40), which does not affect the determinant, we get

_ fl (Za fl) 8 (Za I’l)
detitam=det|_, S0 aen] 4
From (4.41) we have
_ 1 ﬁ (Zv ”) & (27 11)
det[F (z,n)] = det [a (n) } det {_ﬁ (n—1) —g(zn— 1)} . (4.42)
By interchanging the two row blocks in the second matrix on the right-hand side of (4.42), we obtain
_ ] go 1ER—1) &(zn—1)
det[F (z,n)] = det [a(n) } det { fi(zn) a(zn) } )
which is equivalent to
_ T —1 ﬁ(z7n_1> g1(2711—1)
det[F (z,n)] = det {a(n) ] det [a(n) } det [a () filzm) a(n) gz n)} . (4.43)
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With the help of (4.1), we recognize the third matrix on the right-hand side of (4.43) as Fj(z,n — 1). Hence,
we write (4.43) as

det[F (z,n)] = det [a(n)q det [a(n)—l} det[F (z,n— 1)]. (4.44)

Since det[a(n)'] = (det[a(n)])*, we observe that (4.44) is equivalent to (4.28). Thus, the proof of (4.28) is
complete. The transition matrix A(z) is independent of 1, and hence det[A(z)] is also independent of .
Thus, using (4.8) in (4.28), we establish (4.29). Since det[T(z)] # 0 for z€ T \ {—1, 1} as stated in the-
orem 3.2(e), using (4.39) in (4.29) we establish (4.30). Having established (4.28)—(4.30), we see that the
proof of (d) is complete. For the proof of (e) we proceed as follows. Since the determinant of a matrix is a
continuous function of its entries, we obtain (4.31) by using (3.10) and the first line of (3.20) on the right-
hand side of (4.1). We obtain (4.32) in a similar manner by using (3.11) and the second line of (3.21) on the
right-hand side of (4.2). From (4.27) we have

det[Fi (z,m)] _ det[T; (2)]
det[F; (z,n)]  det[Ti(z)]’

zeT\{-1,1}, neZ. (4.45)

Thus, using (4.32) and (4.45) we obtain (4.33). Similarly, using (4.31) and (4.45) we get (4.34). We
obtain (4.35) by using (4.31) and the first equality in (4.27). Finally, we obtain (4.36) by using (4.32) and
the second equality of (4.27). This completes the proof of (e). O

In the next theorem, we relate the matrix G(z,n) defined in (4.3) to the scattering matrix S(z)
defined in (3.22). In the previous theorem, we have expressed the spacial asymptotics of det[G(z,n)] in
terms of the determinant of a transmission coefficient. Thus, the next theorem relates the determinant of
the scattering matrix to the determinants of the transmission coefficients. Since we already know that the
scattering matrix is unitary, the expression in the theorem for the determinant of S(z) indicates that the
determinants of the left and right scattering coefficients have the same absolute value.

Theorem 4.4. Assume that the q x q matrix-valued coefficients in (2.11) belong to the class A. We then have
the following:
(a) The matrix G(z,n) defined in (4.3) satisfies

—R(z) Tz

G(z*vn):G(Z,ﬂ) |:Tr(Z) —L(Z)

}, zeT\{-1,1}. (4.46)

where we recall that an asterisk is used to denote complex conjugation.

(b) The equality in (4.46) is expressed equivalently with the help of the scattering matrix S(z) defined in (3.22)
as

G(z'\m) =G(zn)JS()]Q,  zeT\{-11}, (4.47)

where Q is the 2q X 2q constant matrix defined in (3.47) and ] is the 2q X 2q constant matrix defined as

I o
Jm [0 _I} (4.48)

(c) The determinant of the scattering matrix S(z) is given by

det[T; (2)]

4@ = fatr @)

zeT\{-1,1}. (4.49)

As a consequence of the unitarity of S(z), it follows that det[T}(z)] and det[T;(z)] have the same absolute
value for eachz € T\ {—1,1}.

Proof. Using (2.12) and (3.19) in (4.3) we get

8i(z,n) & (z,m)

CEMN= ot Dglan+1) an+1)gznt 1)

nez. (4.50)

From (3.13) and the second equality of (3.19), we obtain

& (z,n) =fi(z,n) T (z) — fr (z,n) L(2), ze T\ {-1,1}, (4.51)
18
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and from (3.12) and the first equality of (3.19) we have
g (z,n) =fi(z,n) T; (z) — fi(z,n) R(2), ze T\ {-1,1}. (4.52)
Using (4.51) and (4.52) on the right-hand side of (4.50), for n € Z we obtain

G(z*,n)

_ fe(z,n) T:(2) — fi(z,n) R(2) fiz,n) Ti(2) - fe(2,n) L(2) (4.53)
a(n+1) [fr(zn+1) Tr(2) = filzn+ 1) R(2)] a(n+1)[fi(z,n) Ti(z) = fr (z,n) L(2)] ]

The matrix on the right-hand side of (4.53) is equal to the matrix product on the right-hand side of (4.46).
Hence, the proof of (a) is complete. Using (3.22), (3.47), and (4.48) we have

JS(2)JQ= [_Ti(zz)) _TIL((ZZ))} . zeT\{-1,1}. (4.54)

From (4.46) and (4.54) we see that (4.47) holds, and the proof of (b) is complete. For the proof of (c) we
proceed as follows. With the help of (2.12), from (4.35) we get

(z! —z)q al,

nlirfoodet[G(z*,n)]:(fl)qW, ze T\ {-1,1}. (4.55)
From (3.47) and (4.48) we have
det[Q] = (-1)7, det[]] = (-1)". (4.56)
Taking the determinant of both sides of (4.47), as n — +00 we obtain
Jim_det[G(2",n)] = (det ])* det[Q] det S (2)] lim _det[G (z,n)]. (4.57)

Using (4.35), (4.55), and (4.56) in (4.57), after some simplification we get

1 _ det[S(z)]
det [T, (z*)]  det[T;(2)]’
which yields
det[S(z)]:m, ze T\ {-1,1}. (4.58)

From the fourth equality of (3.46) we know that det[T,(z*)] = (det[Ti(z)])", and hence (4.58) yields (4.49).
The unitarity of S(z) is seen from (3.43) or (3.44). Thus, the absolute value of the left-hand side of (4.58) is
equal to 1, which yields | det[T,(z)]| = | (det[Ti(z)])" |. This last equality implies | det[T;(z)]| = | det[Ti(z)]|,
and hence the proof is complete. O

In the next theorem we show how the determinants of the 2q x 2g matrices F(z,n), F.(z,n), G(z,n)
defined in (4.1)—(4.3), respectively, are affected by the presence of the term a(n)Jr appearing in (2.11)
when a(#n) is not selfadjoint. The explicit expressions we present in that case show that those determin-
ants are no longer independent of n when n € Z. From the previous theorem, as a consequence of the
unitarity of the scattering matrix, we already know that the determinants of the left and right transmis-
sion coefficients have the same absolute value. Our theorem below confirms this result directly by relat-
ing those two determinants to the determinants of the coefficient matrices a(n) for n € Z. The resulting
relationship also provides an explicit expression revealing the necessary and sufficient condition for the
determinants of the left and right transmission coefficients to be equal to each other. This latter result is
later used in the proof of theorem 4.6.

Theorem 4.5. Assume that the q x q matrix-valued coefficients in (2.11) belong to the class A. We then have
the following:

(a) The determinant of the 2q X 2q matrix Fi(z,n) defined in (4.1) is given by

o B dela)
delifent ==k 1] Gapge

19
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(b) The determinant of the 2q x 2q matrix F;(z,n) defined in (4.2) is given by

det[F, (z,n)] = (z_l—z)q al, H W7 nezZ, zeT\{-1,1}. (4.60)

j=—o0

(¢c) The determinant of the 2q x 2q matrix G(z,n) defined in (4.3) is given by

z71— aoo " dt
det[G(z,n)] = ( aet| Tl H deet al ]) nelZ, zeT\{-1,1}. (4.61)

where T\(z) is the left transmission coefficient appearing in (3.13).
(d) We have

det[Ti(2)] _ 77 (detla(j)’
r = 1 “Gapoy 2€TMELY, (162)

where Ty(2) is the right transmission coefficient appearing in (3.12). Hence, the determinants of T\(z) and
T, (z) have the same absolute value and differ from each other by a phase factor.

Proof. We obtain (4.59) by using iteration on the right-hand side of (4.28) and by using (4.31). Similarly,
we get (4.60) by using iteration on the right-hand side of (4.29) and by using (4.32). We obtain (4.61) by
using (4.60) in the second equality of (4.27). Finally, we get (4.62) by letting n — —o0 in (4.59) and then
using (4.33). The convergence of the infinite products in (4.59)—(4.62) are confirmed by using (1.6)—(1.8)
and the results given in section 10 of Chapter 8 in [21]. O

If the determinant of the coefficient matrix a(n) appearing in (2.11) is real for n € Z, then there are
simplifications in many of the results presented in this section. Such a simplification is already indicated
in theorem 4.3(d). In particular, if a(n) is selfadjoint for n € Z, then det[a(n)] is real and those simpli-
fications apply. In the next theorem we indicate the resulting simplification about the equality of the
determinants of the left and right transmission coefficients and the simplification that the determinants
of the left and right transition matrices each become equal to 1.

Theorem 4.6. Assume that the q X q matrix-valued coefficients in (2.11) belong to the class A. Furthermore,
assume that det[a(n)) is real valued for n € Z. We then have the following:

(a) The determinants of the transmission coefficients T\(z) and T,(z) appearing in (3.13) and (3.12),
respectively, are equal to each other, i.e. we have

det [T (2)] = det[T; (2)], zeT\{-1,1}.

(b) The determinants of the transition matrices A(z) and X.(z) appearing in (4.6) and (4.7), respectively, are
both equal to 1, i.e. we have

det[A(2)] =1, det[X(z)]=1, zeT\{1,—-1}.

Proof. We note that (a) follows directly from (4.62). Then, using (a) in (4.11) and (4.12) we complete the
proof of (b). O

5. The factorization formulas

In this section we partition the full-line lattice Z into two fragments, and we develop a factorization
formula expressing the transition matrix for the full-line lattice as an ordered matrix product of the
transition matrices corresponding to the left and right fragments. We then extend the result to the case
where the number of fragments is arbitrary, and we express the transition matrix for full-line lattice as
an ordered matrix product of the transition matrices for the fragments.

The key element in the proof of our factorization formula is to consider the matrix G(z,n) defined
in (4.3) at the partitioning point #=m and to express G(z,m) in two equivalent forms, the first of
which is related to the transition matrix for the left fragment and the other is for the right fragment.

20



10P Publishing

J. Phys. A: Math. Theor. 59 (2026) 145207 T Aktosun et al

We also show how the scattering coefficients for the full-line lattice are related to the scattering coeffi-
cients for the left and right fragments. Our factorization formula expressed in terms of the left trans-
ition matrices indicates how the scattering from the full-line lattice takes place as the wave moves from
the left to the right on the full-line lattice and how the scattering from each fragment contributes to the
whole scattering. By taking the matrix inverses in our factorization formula, we obtain a factorization
formula showing how the scattering from the full-line lattice takes place as the wave moves from the
right to the left by expressing the right transition matrix for the full-line lattice as an ordered matrix
product of the right transition matrices for the fragments.

When the matrix-valued coefficients in (2.11) belong to the class A, let us partition the full-line lat-
tice Z into two fragments as

L ="7,UZy, (5.1)
where we have defined
Zy:={-m—1m}, Zy={m+1m+2- -}, (5.2)
with m being an arbitrary but fixed integer. Let us define the matrix-valued coefficients a;(n), b;(n),

wy(n), ay(n), by(n), wa(n) for n € Z in terms of the three coefficients a(n), b(n), w(n) and their limiting
values appearing in (1.4) as

_ J(a(n),b(n),w(n),  n€Zy,
(a1 (n),by (n),wy (n)) == {(%OL bl l). e, (5.3)
(oo L, boo L woo I) ne i,
ay (n),by (n) ,wy (n)) := .
(a2 (n) by (n) w2 (n)) {(a(n%b(n),w(n)), nes. (5.4)

Let us consider the analogs of (1.1) and (2.11) when the matrix-valued coefficients a(n), b(n), w(n)
are replaced with a;(n), b;(n), wi(n), respectively. Thus, the analog of (2.11), for n € Z, is given by

s (2+271) + boo

Woo

ay (n+1) ¢1 (zn+1) + by (n) ¢y (z,n) + a1 (n) ¢y (zn—1) =

wi (n) ¢1(z,n). (5.5)

The analog of (2.11), when the coefficients a(n), b(n), w(n) are replaced with ay(n), by(n), wa(n),
respectively, is, for n € Z, given by

oo (z4+27") + boo

Woo

ay (n+1) ¢y (z.n+1) + by (n) ¢ (2,n) + ar (n) ¢y (zn—1) =

w (n) ¢2(z,n). (5.6)

In analogy with (3.10), (3.11), (3.15), and (3.16), the left and right Jost solutions fj;(z,n) and f;1(z,n),
respectively, to (5.5) satisfy

- Z'"[I+0(1)], n — 400,
M z" [Tn (2)~" +o(1)} +z7" [L1 (&) Tu ()" +o<1)] . n——oo,
o) = {zn [TH (2)" +o(l)} 42 [Rl (2) T (2) ! +o(l)} . n—+oo, 57
"[I40(1)], n— —oo,

where Tj;(z) and L;(z) are the respective left transmission and left reflection coefficients and T;(z)
and R;(z) are the respective right transmission and right reflection coefficients associated with (5.5).
Similarly, in analogy with (3.10), (3.11), (3.15), and (3.16), the left and right Jost solutions fj,(z,n) and
fr2(z,n), respectively, to (5.6) satisfy

Z"[1+0(1)] n— 400,
fi2 (z,n) = {zﬂ [le (Z) } +2z= [Lz le _|_ 0(1)} , n— —o0, (5.8)
folam) = {z:n [Trz (27" } 2 [Rz Tr (2)” +o(1)} , 1 — +o0,

z"[I+o(1 )]7 n— —o0,
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where T;(z) and L,(z) are the respective left transmission and left reflection coefficients and T;,(z)
and Ry(z) are the respective right transmission and right reflection coefficients associated with (5.6).
Analogous to (3.22) we define the 2q x 2q scattering matrices S;(z) and S,(z) corresponding to (5.5)

and (5.6), respectively, as

51 (2) = {Tn (2) ?1 (Z)}  Si(e) = [le (2)

Ly (2)

R2 (Z)
Trz (Z)

], €T\ {-1,1}.

(5.9)

In terms of the scattering coefficients for (5.5) and (5.6), respectively, we use A1(z) and A;(z) as
in (4.6) and use X(z) and ¥,(z) as in (4.7) to denote the transition matrices corresponding to (5.5)

and (5.6), respectively. Thus, we have

A ()= :Ll (72*1)1(;1)(21)_1
As(2) = :Lz (ZI)Z(TZ);)_I
S1(2) = :Rl (zTrll)(zT;1 221)
25 (2) = :Rz (;rlz )(ZTrz1 22‘11)

—1

L, (Z_l) Th (Z:ll)_l
Ty (z71)

L (z7') Tp (2:11)71
T (z71)

R1 (Z) Trl (Z)_1

—1 _
To(2)”"

Rz (Z) TrZ (Z)
Trz (Z) -1

—1

—1

ze T\ {-1,1}, (5.10)
ze T\ {-1,1}, (5.11)
ze T\ {-1,1}, (5.12)
ze T\ {-1,1}. (5.13)

In the next proposition we present some relevant properties of the Jost solutions to (5.5) and (5.6),
respectively. Those properties are needed later on in the proof of proposition 5.2.

Proposition 5.1. Assume that the q X q matrix-valued coefficients in (2.11) belong to the class A described in
definition 1.1, and let m be the integer appearing in the partitioning specified in (5.1)—(5.4). We then have the

following:

(a) Forz €T, the right Jost solution f;1(z,n) to (5.5) is related to the right Jost solution f;(z,n) to (2.11) as

(b) The right Jost solution fy1 (z,n) to (5.5) satisfies

(d) The left Jost solution fi;(z,n) to (5.6) satisfies

a(m+1)

fa(zn)=f(zn), n<m, (5.14)
a(m+1)

fr (va+1):a7fr(2,m+1)- (5.15)
fulzn)=2z"Ty(2) " +2'Ry (2) T (2) ", nxzm, ze€T\{-1,1}, (5.16)

where Ty (z) and R, (z) are the right transmission and reflection coefficients, respectively, for (5.5).

(¢c) Forze T, the left Jost solution fiy(z,n) to (5.6) is related to the left Jost solution f(z,n) to (2.11) as
fa(zn)=filzn),  nz (5.17)
folzn)=2"Tp(2) ' +27"Ly(2) T (2) ", n<m, zeT\{-1,1}, (5.18)
fio (z,m+1) =" le(z)_l—l—Z*m*le(z) le(z)_l, ze T\ {-1,1}, (5.19)

oo

where Tyy(z) and Ly(z) are the left transmission and reflection coefficients, respectively, for (5.6).
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Proof. We establish (5.14) with the help of the uniqueness of the right Jost solution to (2.11). We know
from (5.1)—(5.3) that each side of (5.14) satisfies the same discrete system (2.11) when n < m — 1 and that
each side has the same spacial asymptotics as # — —oo given in (3.11). We extend f;; (2, n) specified for

n < mto a solution of (2.11) for n € Z, and we use frl (z,n) to denote that extension. We first determine
fur(z,m+1) in terms of f; (z,m) and f; (z,m — 1), and we do this by evaluating (2.11) when n = m. Then,
we iterate this process by evaluating (2.11) first when n = m + 1 and each time by increasing the value of

n by 1. Hence, we establish that each of ﬁl (z,n) and f,(z,n) satisfies (2.11) for n € Z and has the spacial
asymptotics as n — —oo given in (3.11). From theorem 3.2(a) we know that the right Jost solution to (2.11)
is unique. Thus, we have f, (z,n) = f;(z,n) for n € Z. Since we already have f;; (z, 1) = fi1(z,n) for n < m,
we conclude that (5.14) holds for n < m. Next, we establish (5.15) by proceeding as follows. With the help
of (5.3), we evaluate each of (2.11) and (5.5) at n = m satisfied by their respective right Jost solutions f;(z, n)
and f;1(z,n), and we get

a(m+1)f.(z,m+1)+by (m) f. (z,m) + a; (m)' f.(z,m — 1)

B (5.20)
_ Aoo (Z—‘rZ ) + boo wi (m) fi(z,m),

Woo

Ao fot (z,m+ 1) +b1 (m) for (z,m) + a1 (m)' fir (2,m— 1)

B 5.21)
:aoo(Z+Z )eroowl(m)frl(z,m). (

Woo

We remark that we have used a(m) = a;(m), b(m) = by (m), and w(m) = w; (m) in (5.20). Using (5.14)
in (5.20) and comparing the resulting equation with (5.21), we observe that (5.15) holds. Hence, the proof
of (a) is complete. Let us now prove (b). We introduce the quantity hrl (z,n) for n = m by letting

ha(z,n) =2 "Ty (2) ' +2'Ry (2) Tu (2) ", nzm, ze€T\{-1,1}. (5.22)

Using (5.22) in (5.5) we confirm that B (z,m) satisfies (5.5) when n > m + 1. Next, we extend ha (z,n) toa
solution of (5.5) for n € Z. For this, we proceed as follows. In order for h (z,m) to be a solution to (5.5), it
must satisfy (5.5) when n = m. In other words, we must have

ay (m+1) by (zym+ 1) +by (m) by (z,m) + ay (m)' by (z,m— 1)
Ao (z+z“) + b (5.23)

= e wy (m) ha (z,m).

The quantities /1 (z,m + 1) and hy, (z,m) are evaluated by using (5.22), and those values can be inserted

in (5.23). We solve the resulting equality for /1 (z,m — 1), and hence the value of the solution hy (z, 1)

to (5.5) is determined also when n = m — 1. Having the values of o (z,m) and hy (z,m — 1), this proced-
ure can be repeated to determine the value of the solution ﬁrl (z,n) to (5.5) at n = m — 2. We then iterate

this process by evaluating By (z,n) to (5.5) for all values of n when n < m — 2 by reducing the value of n by

1 each time. Hence, we establish that each of /iy (z,n) and f;1(z,n) satisfies (5.5) for n € Z. Furthermore,
from (5.22) and the first line of (5.7) it follows that fzrl (z,n) and f,1(z,n) each have the same spacial asymp-
totics as n — +00. From theorem 3.2(c) we know that the pair fi;(z,7) and fi; (z~!, n) for n € Z forms a fun-
damental set of g X q matrix-valued solutions to (5.5). Furthermore, (5.5) is a linear homogeneous equation,
and hence f;(z,1) — hy1 (z,n) is a solution to (5.5) for n € Z. Consequently, we have

fu(z,n) —ha (zn) =fu(zn) s (2) +fu (z7'n) 6 (2), ne€Z, zeT\{-1,1}, (5.24)

where ¢5(z) and ¢¢(z) are some g x g matrix-valued coefficients. Since ¢s(z) and ¢s(z) are independent of ,
we can evaluate them by letting n — +o00 in (5.24). Using (5.22) and the first line of (5.7) on the left-hand
side of (5.24), we see that that left-hand side vanishes as n — -+o00. Hence, we obtain ¢5(z) = 0 and ¢5(z) = 0,
which implies that the left-hand side of (5.24) vanishes for all n € Z. Thus, we get fy (z,n) = hy (z,n) for

n € Z. Consequently, (5.22) and (5.24) imply (5.16), which completes the proof of (b). The proof of (c)

is similar to the proof of (a), and for this we proceed as follows. We establish (5.17) with the help of the
uniqueness result for the left Jost solution stated in theorem 3.2(a). We note that each side of (5.17) satis-
fies (2.11) when n > m + 1 and has the same spacial asymptotics as n — +00 given in (3.10). We first extend
fi2(z,n) given on the left-hand side of (5. 17) to a solution of (2.11) fromn > mto n € Z. We usefz (z,n) to
denote that solution. Since we already have fi,(z, 1) = fi,(z,n) for n > m, we need to determine f;(z, n) for

n < m— 1. We first evaluate f, (z,m — 1) in terms of fi, (z,m) and fi,(z,m + 1) by using (2.11) at n=m and
then we iterate this process using (2.11) at n = m — 1 and then keep decreasing the value of n by 1. Thus,
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we establish that each of fi,(z, 1) and fi(z, n) satisfies (2.11) for n € Z and has the spacial asymptotics as

n — +o00 given in (3.10). From theorem 3.2(a) we know that the left Jost solution to (2.11) is unique, and
hence we conclude that f,(z,1) = fi(z, 1) for n € Z. Since we already have fi,(z, ) = fi2(z, 1) for n > m, we
confirm (5.17), which completes the proof of (c). Finally, we prove (d) by proceeding as in the proof of (b).
For this, we introduce the quantity hy,(z, 7) by letting

hp(z,n) :=2"Ty (2) ' +2 "Ly (2) T (2) 7", n<m, zeT\{-1,1}. (5.25)

From (5.25) we observe that ﬁlz (zln) satisfies (5.6) for n < m — 1. We extend lez (z,n) toa solution of (5.6)
for n € Z as follows. In order for hj,(z,7) to be a solution to (5.6), it is necessary that hy,(z, 1) satisfies (5.6)
when n = m. In other words, we must have

ay (m+1) hy (z,m+ 1) +by (m) by (z,m) + ay (m)' by (z,m — 1)

—1 R (5.26)
_ O (”; )b (m) s (2, m)

The quantities i, (z,m — 1) and hp(z,m) are evaluated by using (5.25), and those values can be inserted

in (5.26). We solve the resulting equality for i, (z,m + 1), and hence the value of the solution fy,(z, )

to (5.6) is determined also when n = m + 1. Having the values of hyy (z,m) and Iy (z,m+ 1), this proced-
ure can be repeated to determine the value of the solution lez (z,n) to (5.6) at n = m + 2. We then iterate
this process by evaluating hiy (z,n) to (5.6) for all values of n when n > m + 2 by increasing the value of

n by 1 each time. It then follows that each of fi,(z, ) and hy,(z, n) satisfies (5.6) for n € Z. Furthermore,
from (5.25) and the second line of (5.8) we see that fy(z,n) and fi,(z, n) each have the same spacial asymp-
totics as n — —oo. From theorem 3.2(c) we know that the pair f,,(z,n) and f,,(z7!,n) for n € Z forms a
fundamental set of g x g matrix-valued solutions to (5.6). In analogy with (5.24), we express the solution
fia(z,n) — hiy(2,1) to (5.6) as

fia (z,n) — b (z,1) = fia (z,1) &7 (2) + foa (zfl,n) cs (2), neZ, zeT\{-1,1}, (5.27)

where ¢;(z) and c3(z) are the g x q matrices that can be determined by letting n — —o0 in (5.27).

From (5.25) and the second line of (5.8) we observe that the left-hand side of (5.27) vanishes as n — —o0.
Hence, from (5.27) we get ¢;(z) = 0 and cs(z) = 0, which yields fi (z, ) = hi(z, n) for n € Z. Consequently,
(5.25) and (5.27) imply (5.18). Finally, by evaluating (5.6) at n = m, using (5.18), and observing that
a,(m+1) =a(m+ 1), we obtain (5.19). O

For the proof of our factorization formula, we need to relate the value at n=m of the matrix
G(z,n) defined in (4.3) to Fi(z,m) and F,(z,m), where the latter two matrices are defined in (4.1)
and (4.2), respectively. This is achieved by using the results of theorem 4.3 at n = m. Hence, from (4.25)
and (4.26), we respectively obtain

G(z,m) = F (z,m) LI) R(ZT)r(TZf)(_Z?_ } . zeT\{-1,1}, (5.28)
G(z,m) = F; (z,m) [L(Z)I(TZR(Z)I ?], ze T\ {-1,1}. (5.29)

In the next proposition, we relate the matrix G(z,m) to the matrices A,(z) and ¥,(z) appearing
in (5.11) and (5.12), respectively. The results presented in the proposition are needed later on to estab-
lish the factorization formulas in theorem 5.3.

Proposition 5.2. Assume that the q X q matrix-valued coefficients in (2.11) belong to the class A described in
definition 1.1, and let m be the integer appearing in the partitioning specified in (5.1)—(5.4). Then, the 2q X 2q
matrix G(z,m) appearing in (5.28) and (5.29) is expressed in two different but equivalent forms as

G(;m)z[(l) ail] Lﬂfl Zz;mfl] A (2) B R(;Z(T;)@l)l}, ZeT\{=1,1},  (5.30)
G(z,m):[é ail} Lﬂfl Zf;"ifl] 5 (2) [L(;F;(T?(_Z;_l ‘;] ZeT\{-1,1},  (531)

where Ay (z) and X\ (z) are the transition matrices appearing in (5.11) and (5.12), respectively.
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Proof. Note that (5.17) is valid when z € T, and hence it also holds if we replace z by z~! there. Thus,
from (5.17) we get

gu(zn)=g(zn), nxm (5.32)
By using (5.17) and (5.32) in (4.1), we get
_ fia (z,m) 82 (z,m)
Fi(z,m) = [a(m+l)ﬁ2 (m+1) a(m+1) g (z,m—i—l)]' (5.33)

Using (5.18) in the first row block and using (5.19) in the second row block in the matrix on the right-hand
side of (5.33), we get

[ o "1 ™I Ty (2) ! L (z7") T, (z’l)f1
Fl (Z, m) - |:0 Ao I:| |:Zm+l 1 mefl I:| |}2 (Z) le (Z)—l 2 le (271) 1 . (534)

Next, using (5.34) on the right-hand side of (5.28), we obtain (5.30). Let us remark that (5.14) and (5.15)

hold when z € T, and hence they remain valid if we replace z by z~! in them. Thus, when z € T we have

g (z,n) =g (z,n), n<m, (5.35)
1
& (Z,m+1)=@gr(z7m+l). (5.36)
o0

By using (5.35) and (5.36) in (4.2), we obtain in the resulting expression for F;(z,m) as

_ &1 (Zv m) frl (27 m)
Fe(z,m) = {aoogrl (z,m+1)  acofr (z,m+ 1)] ’ (5.37)

Next, with the help of (5.15) and (5.16), we express the right-hand side of (5.37) in terms of the right reflec-
tion coefficients Ty (z) and R, (z), and we get

[ o 2"z "] Ta (2’1)71 Ri(2) Tr (2) "
Fr (Z; m) - |:0 aooI:| |:Zm+11 Zm11:| |}Q1 (271) T‘,l (271)71 Trl (Z)_l . (538)

Finally, using (5.38) on the right-hand side of (5.29) we obtain (5.31). O

In the next theorem we present our factorization formula for (2.11) corresponding to the partition-
ing described in (5.1)—(5.4). The significance of the factorization formulas in (5.39) and (5.40) is the
following. If we know the scattering from the individual fragments of the full-line lattice then, by using
these two factorization formulas, we can determine the scattering from the full-line lattice. It is easier to
determine the scattering from a fragment than the scattering from the whole lattice. This is because the
expressions for the scattering coefficients from a fragment are simpler and hence easier to compute. We
remark that in the factorization formula (5.39) all the transition matrices are expressed in terms of the
left scattering coefficients and in the factorization formula (5.40) the transition matrices are expressed
in terms of the right scattering coefficients. Hence, (5.39) describes how the total scattering is composed
of the scattering from the fragments as we move from the left to the right on the lattice. On the other
hand, (5.40) describes how the total scattering is composed of the scattering from the fragments as we
move from the right to the left on the lattice.

Theorem 5.3. Assume that the q X q matrix-valued coefficients in (2.11) belong to the class A described in
definition 1.1, and let m be the integer in the partitioning specified in (5.1)—(5.4). Let A(z), Ay (z), and Ay (z) be
the 2q x 2q transition matrices defined in (4.6), (5.10), and (5.11), respectively. Similarly, let ¥.(z), ¥ (z), and
3,(z) be the 2q x 2q transition matrices defined in (4.7), (5.12), and (5.13), respectively. Then, we have the
following:

(a) The transition matrix A(z) is equal to the ordered matrix product A1 (z) Ay(z), i.e. we have
A(2)=A1(2) Ay (2), ze T\ {-1,1}. (5.39)

(b) The factorization formula (5.39) can also be expressed in terms of the transition matrices ¥.(z), ¥ (z), and
Y, (z) as

Y(z) =%,(2) Z1(2), zeT\{-1,1}. (5.40)
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Proof. We remark that the first and second matrices appearing on the right-hand sides of (5.34) and (5.38)
are both invertible. The invertibility of that first matrix is a consequence of the fact that a, # 0, as indicated
in definition 1.1(c). Hence, equating the right-hand sides of (5.30) and (5.31) to each other, we obtain

ol M5 mel Bl )

which is equivalent to

1

&@1“@_L£?é‘?HéR?5@T_' (54D

The inverse of the second matrix on the right-hand side of (5.41) can be expressed explicitly because that
second matrix is a block upper-triangular matrix. Furthermore, (4.10) indicates that the inverse of ¥, (z) is
equal to A;(z). Hence, we can write (5.41) as

Ay (2) Ay (2) = L(ZT)I(TZI)(Z;I ﬂ [(I) _T?((zz))}’

which is equivalent to

Ti(z)”" —~Ti(2) "' R(2) }
A A = _ i . 5.42
@00 500 rnis ke o4
By comparing the matrix on the right-hand side of (5.42) with the right-hand side of (4.6), we see
that (5.39) holds provided that we have the two identities given by
~T(@) 'R =L(z ) Ti(z)", zeT\{-1,1}, (5.43)
—L(@)Ti(2) 'R +T:(2) =T (z—‘)‘1 ,  zeT\{-1,1}. (5.44)

With the help of (2.12), we observe that the identities in (5.43) and (5.44) are equivalent to the respective
identities given by

T 'R(2)=L() ("), zeT\{-11}, (5.45)

—L(2)Ti(2) 'R+ T:(2) =Ti(z")"", zeT\{-1,1}. (5.46)

The proof of (5.45) is established as follows. Using the first and third equalities in (3.46) on the right-hand
side of (5.45), we see that (5.45) is equivalent to

“T& R =LE) [1.)] T zeT\{-11}. (5.47)

We remark that the (1, 2)-entries of the equality in (3.45) yields (5.47) and hence (5.43) is valid. In order to
complete the proof of (a), we still need to establish (5.46). For this, we proceed as follows. Using (5.47) on
the left-hand side of (5.46) we see that (5.46) is equivalent to the identity

-1
L) L(2) [Tr (z)q YT () =Ti(z")"", zeT\{-1,1}. (5.48)
From the (2, 2)-entries of the equality in (3.45) we obtain

L(z) L(2)! [Tr (z)q T = [Tr (z)q T zeT\{-11}. (5.49)

The equivalence of the right-hand sides of (5.48) and (5.49) directly follows from the third equality

of (3.46). Thus, we have proved that (5.39) holds and hence the proof of (a) is complete. We remark

that (5.40) is obtained from (5.39) by taking the matrix inverses of both sides of (5.39) and by using (4.10)
for each of the transition matrices A(z), A1(z), and A,(z). Thus, the proof of (b) is also complete. O

The result of theorem 5.3 can easily be extended from two fragments to any finite number of frag-
ments. This is due to the fact that any existing fragment can be partitioned into further subfragments by
applying the factorization formulas (5.39) and (5.40) to each fragment and to its subfragments. Since a
proof can be obtained by using an induction on the number of fragments, we state the result as a corol-
lary without a proof.
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Corollary 5.4. Assume that the q X q matrix-valued coefficients in (2.11) belong to the class A described in
definition 1.1. Let S(z), A(z), and X.(z) defined in (3.22), (4.6), and (4.7), respectively be the corresponding
scattering matrix and the transition matrices, with T\(z), T;(z), L(z), and R(z) denoting the corresponding left
and right transmission coefficients and the left and right reflection coefficients, respectively. Assume that the
full-line lattice Z is partitioned into P + 1 fragments as

Z=7,UZyU---UZpsq,
where P is a fixed positive integer and we have defined

Zl ::{"';ml_l;ml}a ZP+1 ::{mP+lamP+2a"'}7

Zj:={mji_y +1,mj_y +2,--- ,mj}, 2<j<P,

with the integers mj satisfying my < m, < --- < mp. Let the matrix-valued coefficients a;(n), bj(n), wj(n) be
defined in terms of the three matrix-valued coefficients a(n), b(n), w(n) and their limiting values appearing
in (1.2) as

(a(n),b(n),w(n)), n € Zj,

(5.50)
(aoo Lboo Lwso I) n ¢ Z;.

(aj (11) s bj (n) Wi (n)) = {

Let Tyj(z), Tyj(2), Lj(2), Rj(z) be the corresponding left and right transmission coefficients and the left and right
reflection coefficients, respectively, for the fragment described in (5.50). Let Sj(z), Aj(z), and ¥;(z) denote the
scattering matrix, the left transition matrix, and the right transition matrix, respectively, for the fragment
described in (5.50), where we have let

so-[38 B enean

oo | @ L) T I 2 _
Ai(a): [Lj (2) T]j(z)_1 T (Z—l)—l 1 ) e T\ {-1,1},

-1 1

Trj (Zfl) » RJ (Z) Tr] (Z)
R (z7") Ty (") Ty(2)™

Then, the transition matrices A(z) and 3(z) for the full-line lattice Z are expressed as the ordered matrix
products of the corresponding transition matrices for the fragments as

Yi(z) := [ , ze T\ {-1,1}. (5.51)

A(2)=A1(2) Ay (2)---Ap(2) Apyr (2), ze T\ {-1,1},

Y(2) =Xpsr1(2) Tp(2) - s (2) X1 (2), ze T\ {-1,1}.

In theorem 5.3 the transition matrix for the full-line lattice is expressed as an ordered matrix
product of the transition matrices for the two fragments described in (5.1)—(5.4). In the next theorem,
we express the scattering coefficients for the full-line lattice in terms of the scattering coefficients for the
two fragments. The results presented in the theorem are significant because it is easier to determine the
scattering coefficients from a fragment than the scattering coefficients from the full-line lattice. The for-
mulas in the theorem show how to combine the scattering coefficients for the fragments so that we can
determine the scattering coefficients for the full-line lattice.

Theorem 5.5. Assume that the q X q matrix-valued coefficients in (2.11) belong to the class A described in
definition 1.1, and let m be the integer in the partitioning specified in (5.1)—(5.4). Let S(z) given in (3.22) be the
scattering matrix for the full-line lattice 7 and let Sy (z) and S,(z) given in (5.9) be the scattering matrices
corresponding to the fragments described in (5.1) and (5.2), respectively. Then, the scattering coefficients in S(z)
are related to the right scattering coefficients in S, (z) and the left scattering coefficients in S,(z) as

Ti(z) = Ty (2) [[— Ry (2) Ly (2)] ' Twy (z*‘)*, z€ T\ {-1,1}, (5.52)

L@) = [T, ()] L@ -REYI-REOLE T (), zeT\{-L1}, (553
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T(2)=Ta@I-LE@RE@ T, zeT\{-1,1}, (5.54)

R(z) =Ty (2)[I— Ry (2) Ly (2)] " [Ri(2) =Ly (z7")] T (2_1)71, ze T\ {-1,1}, (5.55)

where we recall that I is the q X q identity matrix and the dagger denotes the matrix adjoint.

Proof. From the (1, 1)-entries of the equality in (5.39), with the help of (5.10) and (5.11), we have
Ti(z) ' =Tu(2) ' Tu(z2) ' +Li(z7") Ty (z_l)_le(z) Ti(z) ", ze T\ {-1,1}. (5.56)
From the (2, 1)-entries of the equality in (3.42) we know that
R Th(2)+Ti(2) Li(z) =0, z€eT. (5.57)

Multiplying both sides of (5.57) by [T:1(2)T] ™! from the left and by Tj;(z) ™! from the right, we get

7. (Z)TIR1 @ 4L () Tu(2) =0, zeT\{-1,1}. (5.58)
In (5.58), after replacing z by z~! we obtain
L) Tu(z) " == [T (z—l)*}’lR1 ', zeT\{-1,1}. (5.59)

Next, using (2.12), (5.59), and the second equality of (3.46) in (5.56), we get

T2 =T () To(z2) " — [Trl (zfl)q T RE@LE TR,  zeT\{-1,1}.  (5.60)

Using (2.12) and the third equality of (3.46) in the first term on the right-hand side of (5.60), we have

—1

Ti(z) "' = [Tﬂ (Z_I)T] (I-R () L:(2) Ta(2)",  zeT\{-1,1}. (5.61)

We remark that (5.61) implies that I — R, (z) L,(z) is invertible because the transmission coefficients are
invertible as indicated in theorem 3.2(e). Then, taking the inverses of both sides of (5.61), we obtain (5.52).
Let us next prove (5.53). From the (2, 1)-entries of the equality in (5.39), with the help of (4.6), (5.10),

and (5.11), we have

LOTE =L@ ThE  Ta@ ' +Tu(z ) L@ T, zeT\{-1,1}. (562

In (5.59) by replacing z~! by z and using the resulting equality in (5.62), we get
—1 _ B
Li2) Ti(z) ' =— [Trl (z)q R T2 +Tu(z") "L Th()™", zeT\{-1,1}. (5.63)

Next, using (2.12) and the third equality of (3.46) in the second term on the right-hand side of (5.63), we
obtain

—1

RE @ +[Ta@]| LETE.  zeT\{-11},

—1

LATE " == [T@]

which is equivalent to

L@ Ti(2) " = [Tﬂ (z)q B [Lz (2) - Ry (z)*} To(z)™',  zeT\{-1,1}. (5.64)

Using (2.12) and the second equality of (3.46) in (5.64), we have

L@ Ti(z) " = [Trl (z)q L@ R ()] T@,  zeT\{-11}. (5.65)

Finally, postmultiplying the equality in (5.65) by the respective sides of (5.52), we obtain (5.53). Let us now
prove (5.54). From (2.12) and the fourth equality of (3.46) we have T,(z) = Ti(z~!). Thus, by taking the
matrix adjoint of both sides of (5.52), then replacing z by z! in the resulting equality, and then using (2.12)
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and the first two equalities of (3.46), we get (5.54). Let us finally prove (5.55). From the (1, 2)-entries of the
equality in (3.45), we have

R(z) = —Ty(2) L(2)' [Tr(z)q_l, 2T\ {-1,1}. (5.66)
Using (2.12) and the first and third equalities of (3.46) in (5.66), we get
R@=-TiL(ETi(z")", zeT\{-1,1}. (5.67)

Then, on the right-hand side of (5.67), we replace Tj(z) by the right-hand side of (5.52) and we also replace
L(z71)[Ti(z7")] ! by the right-hand side of (5.65) after the substitution z — z~!. After simplifying the res-
ulting modified version of (5.67), we obtain (5.55). O

6. Examples

In this section we illustrate the theory developed in section 5 with some explicit examples. The goal is
to demonstrate the usefulness of the factorization formula and help for a better understanding of the
theoretical results with some explicit examples.

In the first example, we determine the explicit expressions for scattering coefficients for (2.11) when
the nonhomogeneity is concentrated at a single point, namely when n = m. We recall that we use the
term an elementary fragment to refer to a fragment when the nonhomogeneity is concentrated at a
single point. Having those scattering coefficients for an elementary fragment in hand, we can use (4.6)
to obtain the explicit expression for the left transition matrix A(z) and use (4.7) to obtain the explicit
expression for the right transition matrix 3(z) corresponding to an elementary fragment. Once we have
the transition matrices A(z) and X(z) for an elementary fragment, we can evaluate the left and right
transition matrices corresponding to an arbitrary nonelementary fragment, i.e. a fragment where the
nonhomogeneity is concentrated at any finite number of points, and this can be achieved by using the
factorization formulas (5.39) and (5.40). Having the transition matrices for an arbitrary nonelementary
fragment, the corresponding scattering coefficients can be determined by using (4.6) and (4.7) with the
help of (6.25) given in our first example. In fact, using a symbolic mathematics software system such as
Mathematica, the process can be automated to evaluate the corresponding scattering coefficients expli-
citly, even though those expressions become lengthy as the number of nonhomogeneity points increases.

Example 6.1. We consider the special case where the nonhomogeneity is concentrated at the point n = m,
i.e. the case

(a(n),b(n),wn)) = (doo Lboo ,Wwoo 1), nezZ\{m}, (6.1)
and we assume that
(a(m),b(m),w(m)) # (acol,boo [, Woo I) . (6.2)

We evaluate the corresponding scattering coefficients and other relevant quantities. We use the partitioning
described in (5.1) and (5.2). From (5.2) and (5.4) we see that

(a2 (n) by (n), w2 (n)) = (acol, boo I, woo I, nez,
and hence we conclude that the corresponding Jost solutions are given by
fo(z,n)=2"1, fi(z,n)=z""I, ne 7. (6.3)

Associated with the Jost solutions in (6.3), we have the left transition matrix A,(z), the right transition mat-
rix 3,(z), and the scattering matrix S,(z) given by

AZZI, EZZI, Sz(Z):I, ZET\{—I,I},

where we recall that I is the 2g x 2q identity matrix. Next, we evaluate the scattering data corresponding
to (6.1) and (6.2) by writing

(ay (n),by (n), w1 (1)) = (Ao L, boo L Weo 1), neZ\ {m}, (6.4)
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(al (m) b (m) » W1 (m)) = (a (m) ) b(m) vW(m)) . (6.5)

We would like to determine the right Jost solution f;1(z,n) corresponding to the partitioning in (6.4)
and (6.5) in terms of the g x g matrix-valued coefficients a(m), b(m), w(m), and the scalars do, boo, and
Woo- For this, we proceed as follows. From (5.5) and the asymptotics given in (3.11), we have

falzn)=2z""1 n<m—2. (6.6)
Evaluating (5.5) at n = m — 1 we get

A (2+27") + boo

a(m) fu (z,m) + boo fr1 (z,m — 1) + Ao fr1 (z,m —2) = ” Woo fr1 (z,m—1). (6.7)
Using (6.6) in (6.7), after some minor simplification, we determine f;; (z,m) as
fur (z,m) = asoa(m)” 2™, (6.8)

Next, we evaluate (5.5) at n = m and we obtain

-1
Aoo (z+z )—i—boo "

aoofrl(z,m—i-1)+b(m)fr1(z,m)+a(m)Tfr1(z,m—1)= e

(m) fi1 (z,m). (6.9)

Using (6.6) and (6.8) in (6.9), after some simplification, we obtain f;;(z,m + 1) as

falzm+1)=qz " gz " gz ", (6.10)
where we have defined
q = %W(m) a(m) ™", q = %w(m) a(m)™ =b(m)a(m)”", (6.11)
qs = doe (m)a(m)™" — a(m)’ (6.12)
Woo Aoo
From (5.14) and (5.15), using a(m + 1) = a., I, we get
fi(z,m) =fiy (z,m), fi(zom+1)=f(z,m+1). (6.13)
Similarly, from (5.17) we get
filzym)=fa(z,m), fi(zzm—+1)=fi(z,m—+1). (6.14)
Using (6.3), (6.8), and (6.10) in (6.13) and (6.14), we get
filzym)=2"1, filzzm+1)=2""I,  fi(z,m) =asa(m)” " 27", (6.15)
filzm+ 1) =gz " '+ gz "+ gz " (6.16)

Having the values fi(z,m), fi(z,m + 1), f;(z,m), f;(z,m + 1), we can evaluate the scattering coefficients cor-
responding to (6.1) and (6.2). This can be accomplished by using the fact that the scattering coefficients can
be obtained explicitly with the help of the Wronskians appearing in (3.35)—(3.37) evaluated at n = m. For
example, we can obtain T, (z) with the help of

A (271 =2) T; () =fiz"m) asefi (zm+1) — fi(Z,m+ 1) ase fi (z,m), (6.17)

which is obtained from the first equality of (3.36). Using (6.15) and (6.16) in (6.17), we get

T, (z)_1 = ! {qlz_l +q+ <q3 —aooa(m)_l)z} . (6.18)

z7l—z
Similarly, we can obtain R(z) T;(z) ~! with the help of
A (z—2 ") R(2) T; () =filz,;m) anefi(z,m+1) = fi(z,m+1)" aefi (z,m), (6.19)
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which is obtained from the first equality of (3.35). Using (6.15) and (6.16) in (6.19), we get

_ 1 - —2m— —2m —2m
R(2) T; (2) 1227271 [(ql—aooa(m) l)z O L e (6.20)

From the third equality of (3.46) we have
Ti(2)=T.(z")", zeT\{-1,1}. (6.21)

Hence, using (6.21), from (6.18) we obtain

e p—— [qizl+ql+(q§am [a(m)*]_l>z] (6.22)

z7l—z

From the second equality of (3.35) we know that
i
L@@ == [R@TE™T],  zeT\{-11}, (623)

and hence with the help of (6.20) and (6.23), for z€ T\ {—1, 1} we obtain

L(z) Ti(2) " = ! qu — doo {a(m)q _1> 2 gl 2 g 2 (6.24)

z7l—z

The expressions in (6.22) and (6.24) enable us to construct A(z) defined in (4.6), and the expressions

in (6.18) and (6.20) enable us to construct Y:(z) defined in (4.7). The corresponding left transmission coeffi-
cient Tj(z) can be obtained from (6.22) by using the matrix inversion, the corresponding transmission mat-
rix T;(z) can be obtained from (6.18) by using the matrix inversion, and the reflection coefficients in turn
can be obtained with the help of matrix products from

L@ =L@ T ] i), RE=[REOT.E7] T, (6.25)
By comparing (6.18) and (6.22), we see that Tj(z) Z T;(z) in the matrix case in general, but the equality

holds for z € T\ {—1,1} if a(m) is selfadjoint and commutes both with b(m) and w(m).

In the next example, we illustrate a special case of the general Jacobi system (2.11) corresponding to
the matrix Schrodinger Equation on the full-line lattice. We again consider the case where the nonhomo-
geneity is concentrated at the single point # = m. When the matrix coefficients a(n) are all equal to the
asymptotic value a..I, there are no nearest-neighbor interactions and the force at n=m is only due to
the potential V(m). This simplifies the expressions for the corresponding scattering coefficients. In this
case, our example also demonstrates that if the matrix V() is selfadjoint then the left and right trans-
mission coefficients become equal to each other.

Example 6.2. Using
(a(n),b(n),w(n)) = (=LV(n)+2L1), (doo,boo,Weo) = (—1,2,1), (6.26)
we see that (2.11) reduces to
p(zn+1)+¢(zn—1)=[V(n)+zl+z 'I|¢(z,n), neZ,

where the first equality of (1.5) yields V()" = V(m). If the nonhomogeneity is concentrated at # = m, then
the corresponding potential V(1) is zero for n # m and its value is equal to V(m) when n = m. In this spe-
cial case, using (6.26) in (6.11) and (6.12) we get

q =1, =0, qs=V(m). (6.27)

Using (6.27) in (6.18), (6.20), (6.22), and (6.24), we obtain

Tl(z)*lzf—zv_(j_)w Tr(z)*lzz—zv_(zq)l, Ze T\ {=1,1}, (6.28)
L) Ti(z)" = VZ(T);Z:" R(E) T (2) ' = V;(;i);:lzm’ zeT\{-1,1}. (6.29)
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Using (6.28) and (6.29) in (4.6) and (4.7), we obtain the corresponding transition matrices as

A(z)[é (I)%Z_IZ_I[V(S’ZZ)," VE/”%M}, ZeT\{-1,1}, (6.30)
E(z)—[(l) (I)]+Z_1Z_1{VV(;”;)ZM V(”z/)(fﬂ;m], ze T\ {~1,1}.

In the next example, we show that the matrix-valued left and right transmission coefficients asso-
ciated with (2.11) in general are not equal to each other. On the other hand, in this example we are
in the case where the coefficient matrix a(n) is selfadjoint and hence theorem 4.6 applies. Thus, in the
example, although the left and right transmission coefficients are unequal, their determinants are equal
to each other. To illustrate our findings in a clear way, we use the special case of (2.11) corresponding to
the matrix Schrodinger equation on the full-line lattice with the nonhomogeneity is concentrated at two
consecutive lattice points.

Example 6.3. When the coefficients in (2.11) are chosen as in (6.26), where the g X g matrix V() is the
zero matrix for n # m and is nonzero only when n = m for a fixed integer m, from (6.28) we conclude that
the g X g matrix-valued left and right transmission coefficients are equal to each other. However, the case
where the nonhomogeneity is concentrated at one point is really a special case. In order to illustrate that in
general we have T1(z) # T;(2), let us consider the case where the nonhomogeneity is concentrated on two
consecutive lattice points. For this, let us use the partitioning given in (5.1) and (5.2) with m = 0, and let us
use (5.3) and (5.4) in the respective special cases given by

(—1,21,1), I’IEZ\{O},

(al (n),bl (I’l),W1 (1’1)) = {(—LZI—&-V(O)J)a n=20,

(=L2LI), neZ\ {1},
(=1214+V(1),I), n=1.

(a2 (1), b2 (n) ;w2 (n)) := {

The transition matrices A;(z) and A, (z) appearing in (5.10) and (5.11), respectively, are obtained with the

help of (6.30) as
Al(z)z[é ﬂ—'—z—lzl[_V\E(()())) _V‘Z(()()))}’ ze T\ {-1,1}, (6.31)
Az(z):{(l) ?]*lel[;gglz)z ‘Vég)ﬂ}, ZeT\{=1,1}. (6.32)

In this case, theorem 4.6 applies. By using block-row operations or block-column operations on (6.31)
and (6.32), we can verify that the determinants of A;(z) and A,(z) each are equal to 1 forz € T\ {—1,1}.
Using (6.31) and (6.32) in (5.39), for z € T\ {—1, 1} we obtain the transition matrix A(z) as

A@:{I 0} 1 [— (0) - <1>2 V) V(1) z —V(0)— V(

1)z2=V(0) V(1) 2!
0 I| z—z1|V(0)+V(1)z2+V(0)V(1)z V(0)+ V(1 (6.33)

)+ ( )V z!

As a concrete case, let us use the matrix size g =2 in (2.11) and

1 i 3 —7i
V(0) = {_i 2}7 V(1) = {71. A } (6.34)
Using (6.34) in (6.33), we evaluate the corresponding left transition matrix A(z) and determine the corres-
ponding scattering coefficients with the help of (4.6). We obtain Tj(z) ! from the (1, 1)-entry of the mat-

rix A(z). Then, using the (2, 1)-entry of A(z) and the first equality of (6.25) we get L(z). We then recover

T, (z) ! with the help of the third equality of (3.46). Finally, we obtain R(z) with the help of (5.67). We have

1 (z—1)(z+1)(6z+1) 3iz(z—1)(z+1) (z+2)

E&=50 Liz(z_l)(zﬂ)(uzw) —(z—l)z(z—l—l)(Sz—&—l)}’ (6.35)
1 [ oDt (6z41)  iz(z—1)(z+1)(11z+6)

LEO=55 [—3iz(z—1)(z+1)(z+2) (=17 (24 1)(52+1)} (6.36)
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I 1 —z(7724 4572 +2822 —8z—1)  iz(z—1)(z+1) (42— 1) (11z+1)
)= P(2) [—iZ(Z—1)(z+1)(4z—1)(1lz+1) —z(4lz4+64z3+6522—152—2)]’

R(z) = 1 324 — 2122 — 1102 —28z+3  i(z—1)(z+1) (627 +21z+7)
T ZP(2) |—i(z—1)(z+1) (622 +212+7)  z*—242 — 1097 —25z+4 |’

where we have defined
P(z) :=33z"+ 1142 + 172 — 10z — 1.

From (6.35) and (6.36) we see that we have Tj(z) # T,(z) but the third equality of (3.46) holds. The determ-
inants of Ti(z) and T (z) are equal to each other and we have

) 2
det [T} (2)) = det [T, (2)] = (;(2)1), zeT\{-1,1}.

In the next example, we further illustrate Example 6.1 where the nonhomogeneity is concentrated at
a single point, namely at n = m. We show that we may or may not have the equivalence of the left and
right transmission coefficients and we also demonstrate that we may or may not have the equivalence of
the determinants of those two transmission coefficients. The result in theorem 4.5(d) shows that we have
det[Ti(z)] = det[T,(z)] if and only if the right-hand side of (4.62) is equal to 1, and hence our example
illustrates various cases based on the specific choices of the matrix a(m).

Example 6.4. Let us consider the nonhomogeneity described in (6.1) and (6.2) further. By comparing (6.18)
and (6.22), we see that Tj(z) = Ty(z) forz € T\ {—1,1} if we have

d=aq, d=a dq=a,

where we recall that q;, g,, g3 are the quantities defined in (6.11) and (6.12). Furthermore, from (4.62) we
observe that we have det[T}(z)] = det[T;(2)] for z € T\ {—1,1} if the determinant of a(m) is real valued. For
example, if we use (6.1) and replace (6.2) with

(a(m),b(m), w(m) = (a(m)! boc LwscT). (6.37)

with a(m) # ao I, then from (6.18) and (6.22) we get

which yields
Ti(z) = Ti(2), det[Ti(z)] = det[T:(2)], ze T\ {-1,1}.
On the other hand, if we use a(m) # a(m)" in (6.37) then we get

Ti(z)' = ! Ha(m)T]lz_l—a(m) z} . Te(2)7 ' = a(m)™ 2 —a(m) 2|,

z7l—z z7l—z

which yields Ti(z) # T;(z). In this case we have det[T}(z)] = det[T;(2)] if det[a(m)] is a real constant. For
example, if we choose

a(m) = [1 Z} , (6.38)

then, forz€ T\ {—1,1} we get

which shows that Ti(z) # T.(z). We also obtain

1-222+7

det[Ti (2)] = det[T: (2)] = T 5>

ze T\ {-1,1},
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because det[a(m)] = 1, which is real valued even though a(m) is not selfadjoint. On the other hand, instead
of (6.38) if we use

then forz € T\ {—1,1} we get

i@ = Y e =g Y te=l g re=|o o

which corresponds to the reflectionless case. In this case we have det[a(m)] = i, which is not real valued, and
hence we have det|[Tj(z)] # det[T:(z)] and det[Tj(z)] = —i and det[T;(z)] = i. Instead of (6.38), if we use

[w]
o

|1+ 0
a(m)—[ 0 1:|a
then forz € T\ {—1,1} we get
r1+1 7
_ 1 (141 0
Tl(z) 1: — D ( +l)Z 7
z zZ| 0 z 1t —z]
1 _
_ 1 -1 _(1—i
T, (2" = - 5% (1—i)z 0 7
zZ —Z i 0 Z—l_Z_
(1—i)(1-2%) (1+1)(1-2%)
det [n (Z)] = T, det [Tr (Z)] = T,

and hence we again have Ti(z) # T;(z) and det[Ti(z)] # det[T;(z)]. These two inequalities are caused by the
fact that we have det[a(m)] = 1 + i, which is not real valued.
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