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The scattering matrix for the full-line matrix Schrodinger equation is
analyzed when the corresponding matrix-valued potential is selfadjoint, in-
tegrable, and has a finite first moment. The matrix-valued potential is de-
composed into a finite number of fragments, and a factorization formula
is presented expressing the matrix-valued scattering coefficients in terms of
the matrix-valued scattering coefficients for the fragments. Using the fac-
torization formula, some explicit examples are provided illustrating that in
general the left and right matrix-valued transmission coefficients are un-
equal. A unitary transformation is established between the full-line matrix
Schrédinger operator and the half-line matrix Schrodinger operator with a
particular selfadjoint boundary condition and by relating the full-line and
half-line potentials appropriately. Using that unitary transformation, the
relations are established between the full-line and the half-line quantities
such as the Jost solutions, the physical solutions, and the scattering ma-
trices. Exploiting the connection between the corresponding full-line and
half-line scattering matrices, Levinson’s theorem on the full line is proved
and is related to Levinson’s theorem on the half line.
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1. Introduction

In this paper we consider certain aspects of the matrix-valued Schrédinger
equation on the full line

— " + V(x)p = k%, r €R, (1.1)

where z represents the spacial coordinate, R := (—o00, +00), the prime denotes
the z-derivative, the wave function 1) may be an n x n matrix or a column vector
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with n components. Here, n can be chosen as any fixed positive integer, including
the special value n = 1 which corresponds to the scalar case. The potential V' is
assumed to be an n X n matrix-valued function of x satisfying the selfadjointness

Vi)t =V(z), z €R, (1.2)

with the dagger denoting the matrix adjoint (matrix transpose and complex con-
jugation), and also belonging to the Faddeev class, i.e., satisfying the condition

/Oo da (14 |2]) |V (2)] < +oo, (1.3)

with |V (x)| denoting the operator norm of the matrix V(z). Since all matrix
norms are equivalent for n X n matrices, any other matrix norm can be used in
(1.3). We use the conventions and notations from [5] and refer the reader to that
reference for further details.

Let us decompose the potential V' into two pieces V; and V5 as

V(z) = Vi(z) + Va(x), z € R, (1.4)

where we have defined

e R R I

We refer to V7 and Vs as the left and right fragments of V, respectively. We are
interested in relating the n x n matrix-valued scattering coefficients corresponding
to V to the n x n matrix-valued scattering coefficients corresponding to Vi and Vs,
respectively. This is done in Theorem 3.3 by presenting a factorization formula
in terms of the transition matrix A(k) defined in (2.26) and an equivalent factor-
ization formula in terms of (k) defined in (2.27). In fact, in Theorem 3.6 the
scattering coefficients themselves for V' are expressed in terms of the scattering
coefficients for the fragments V7 and V5.

The factorization result of Theorem 3.3 corresponds to the case where the
potential V is fragmented into two pieces at the fragmentation point x = 0 as
in (1.5). In Theorem 3.4 the factorization result of Theorem 3.3 is generalized
by showing that the fragmentation point can be chosen arbitrarily. In Corol-
lary 3.5 the factorization formula is further generalized to the case where the
matrix potential is arbitrarily decomposed into any finite number of fragments
and by expressing the transition matrices A(k) and (k) in terms of the respective
transition matrices corresponding to the fragments.

Since the potential fragments are either supported on a half line or compactly
supported, the corresponding reflection coefficients have meromorphic extensions
in k from the real axis to the upper-half or lower-half complex plane or to the
whole complex plane, respectively. Thus, it is more efficient to deal with the
scattering coefficients of the fragments than the scattering coefficients of the whole
potential. Furthermore, it is easier to determine the scattering coefficients when
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the corresponding potential is compactly supported or supported on a half line.
We refer the reader to [2] for a proof of the factorization formula for the full-line
scalar Schrodinger equation and to [4] for a generalization of that factorization
formula. A composition rule has been presented in [9] to express the factorization
of the scattering matrix of a quantum graph in terms of the scattering matrices
of its subgraphs.

The factorization formulas are useful in the analysis of direct and inverse
scattering problems because they help us to understand the scattering from the
whole potential in terms of the scattering from the fragments of that potential.
We recall that the direct scattering problem on the half line consists of the de-
termination of the scattering matrix and the bound-state information when the
potential and the boundary condition are known. The goal in the inverse scatter-
ing problem on the half line is to recover the potential and the boundary condition
when the scattering matrix and the bound-state information are available. The
direct and inverse scattering problems on the full line are similar to those on
the half line except for the absence of a boundary condition. For the direct and
inverse scattering theory for the half-line matrix Schrédinger equation, we refer
the reader to the seminal monograph [1] of Agranovich and Marchenko when the
Dirichlet boundary condition is used and to our recent monograph [6] when the
general selfadjoint boundary condition is used.

The factorization formulas yield an efficient method to determine the scatter-
ing coefficients for the whole potential by first determining the scattering coef-
ficients for the potential fragments. For example, in Section 4 we provide some
explicit examples to illustrate that the matrix-valued transmission coefficients
from the left and from the right are not necessarily equal even though the equal-
ity holds in the scalar case. In our examples, we determine the left and right
transmission coefficients explicitly with the help of the factorization result of
Theorem 3.6. Since the resulting explicit expressions for those transmission co-
efficients are extremely lengthy, we use the symbolic software Mathematica on
the first author’s personal computer in order to obtain those lengthy expressions.
Even though those transmission coefficients could be determined without using
the factorization result, it becomes difficult or impossible to determine them di-
rectly and demonstrate their unequivalence by using Mathematica on the same
personal computer.

In Section 2.4 of [6] we have presented a unitary transformation between the
half-line 2n x 2n matrix Schrédinger operator with a specific selfadjoint bound-
ary condition and the full-line n x n matrix Schrédinger operator with a point
interaction at x = 0. Using that unitary transformation and by introducing a
full-line physical solution with a point interaction, in [13] the relation between
the half-line and full-line physical solutions and the relation between the half-line
and full-line scattering matrices have been found. In our current paper, we elab-
orate on such relations in the absence of a point interaction on the full line, and
we show how the half-line physical solution and the standard full-line physical
solution are related to each other and also show how the half-line and full-line
scattering matrices are related to each other. We also show how some other
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relevant half-line and full-line quantities are related to each other. For exam-
ple, in Theorem 5.2 we establish the relationship between the determinant of the
half-line Jost matrix and the determinant of either full-line transmission coeffi-
cient, and in Theorem 5.3 we provide the relationship between the determinant
of the half-line scattering matrix and the determinant of a full-line transmission
coefficient. Those results help us establish in Section 6 Levinson’s theorem for
the full-line n x n matrix Schrodinger operator and compare it with Levinson’s
theorem for the corresponding half-line 2n x 2n matrix Schrédinger operator.

We have the following remark on the notation we use. There are many equa-
tions in our paper of the form

alk) =b(k), keR\ {0}, (1.6)

where a(k) and b(k) are continuous in k£ € R\ {0}, the quantity a(k) is also
continuous at k = 0, but b(k) is not necessarily well defined at k = 0. We write
(1.6) as

a(k) = b(k), ke R, (1.7)

with the understanding that we interpret a(0) = b(0) in the sense that by the
continuity of a(k) at k = 0, the limit of b(k) at k = 0 exists and we have

a(0) = lim b(k). (1.8)
k—0

Our paper is organized as follows. In Section 2 we provide the relevant results
related to the scattering problem for (1.1), and this is done by presenting the Jost
solutions, the physical solutions, the scattering coefficients, the scattering matrix
for (1.1), and the relevant properties of those quantities. In Section 3 we establish
our factorization formula by relating the scattering coefficients for the full-line
potential V' to the scattering coefficients for the fragments of that potential. We
also provide an alternate version of the factorization formula. In Section 4 we
elaborate on the relation between the matrix-valued left and right transmission
coefficients, and we provide some explicit examples to illustrate that they are in
general not equal to each other. In Section 5, we elaborate on the unitary trans-
formation connecting the half-line and full-line matrix Schrédinger operators,
and we establish the connections between the half-line and full-line scattering
matrices, the half-line and full-line Jost solutions, the half-line and full-line phys-
ical solutions, the half-line Jost matrix and the full-line transmission coefficients,
and the half-line and full-line zero-energy solutions that are bounded. Finally, in
Section 6 we present Levinson’s theorem for the full-line matrix Schrodinger oper-
ator and compare it with Levinson’s theorem for the half-line matrix Schrodinger

operator with a selfadjoint boundary condition.

2. The full-line matrix Schrodinger equation

In this section we provide a summary of the results relevant to the scattering
problem for the full-line matrix Schrodinger equation (1.1). In particular, for
(1.1) we introduce the pair of Jost solutions fi(k,z) and fr(k,x); the pair of
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physical solutions ¥(k, z) and ¥, (k, x); the four n x n matrix-valued scattering
coefficients Ti(k), T;(k), L(k), and R(k); the 2n x 2n scattering matrix S(k); the
three relevant 2n x 2n matrices Fi(k,x), Fy(k,z), and G(k,z); and the pair of
2n x 2n transition matrices A(k) and X(k). For the preliminaries needed in this
section, we refer the reader to [5]. For some earlier results on the full-line matrix
Schrodinger equation, the reader can consult [10-12].

When the potential V' in (1.1) satisfies (1.2) and (1.3), there are two particular
n x n matrix-valued solutions to (1.1), known as the left and right Jost solutions
and denoted by fi(k,x) and f,(k, x), respectively, satisfying the respective spacial
asymptotics

filk,z) =e* [I+0(1)],  fl(k,z)=ike®®[I+o0(1)], x — +oo, (2.1)
felk,z) = e * [T 4 0(1)], flk,z)=—ike** [I4+0(1)], z— —oco, (2.2)

where [ is the n x n identity matrix. For each x € R, the Jost solutions have
analytic extensions in k from the real axis R of the complex plane C to the upper-
half complex plane C* and they are continuous in k € Ct+, where we have defined
C+:= CTUR. As listed in (2.1)-(2.3) of [5], we have the integral representations
for fi(k,z) and f;(k,z), which are respectively given by

A 1 00 . )
R filka) =1+ oo | dy [P —1] Vi e MRk, (23)
k) =Tt oo [ dy[PRE A|V) Ay (24)
Q —00

For each fixed k € R\ {0}, the combined 2n columns of fi(k,z) and f(k,x)
form a fundamental set for (1.1), and any solution to (1.1) can be expressed as
a linear combination of those column-vector solutions. The n x n matrix-valued
scattering coefficients are defined [5] in terms of the spacial asymptotics of the
Jost solutions via

filk,2) = e* (k)™ + e L(E) Ty(k) " + o(1), T — —00, (2.5)
felk,z) = e * @ T (k)L 4+ e* R(k) T3 (k)1 + o(1), x — 400, (2.6)

where Ti(k) is the left transmission coefficient, T;(k) is the right transmission
coefficient, L(k) is the left reflection coefficient, and R(k) is the right reflection
coefficient. With the help of (2.3)—(2.6), it can be shown that

fl(k,z) =ik e*® Ti(k) ™t — ik e * L(k) Ti(k) ™! + o(1), r— —oco, (2.7)
flk,z) = —ike ™ T, (k) ™t + ik ™ R(K) To(k) ™ +0(1), = — 4o0. (2.8)

As a result, the leading asymptotics in (2.7) and (2.8) are obtained by taking the
x-derivatives of the leading asymptotics in (2.5) and (2.6), respectively. From
(2.16) and (2.17) of [5] it follows that the matrices Ti(k) and T;(k) are invertible
for k € R\ {0}. We remark that (2.5) and (2.6) hold in the limit £ — 0 as their
left-hand sides are continuous at k = 0 even though each of the four matrices
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Ti(k)~L, To(k)~Y, L(k)Ti(k)~!, and R(k)T(k)~! generically behaves as O(1/k)
when k — 0. The 2n x 2n scattering matrix for (1.1) is defined as

T(k)  R(k)

S(k) == {L(k) Tr(k)} ,  keR (2.9)

As seen from Theorem 3.1 and Theorem 4.6 of [5], the scattering coefficients can
be defined first via (2.5) and (2.6) for £k € R\ {0} and then their domain can
be extended in a continuous way to include £ = 0. When the potential V' in
(1.1) satisfies (1.2) and (1.3), from [11,12] and the comments below (2.21) in [5]
it follows that the n x n matrix-valued transmission coefficients Tj(k) and T} (k)
have meromorphic extensions in & from R to CT where any possible poles are
simple and can only occur on the positive imaginary axis. On the other hand, the
domains of the n x n matrix-valued reflection coefficients L(k) and R(k) cannot be
extended from k& € R unless the potential V' in (1.1) satisfies further restrictions
besides (1.2) and (1.3).

The left and right physical solutions to (1.1), denoted by ¥(k, x) and ¥, (k, x),
are the two particular n X n matrix-valued solutions that are related to the Jost
solutions fi(k,x) and f;(k,x), respectively, as

U (k,x) := filk,z) Ti(k), V(k,z):= fe(k,z) Ty (k), (2.10)

and, as seen from (2.1), (2.2), (2.5), (2.6), and (2.10) they satisfy the spacial
asymptotics

(k) = STk + o(1), % = +00, (2.11)
U, (k,z) = e "1 + e *R(k) + 0(1), z— +o0, (2.12)
Uy (k,z) = ™I + e ™ L(k) +o(1), = — —o0, (2.13)
U, (k,z) = e T (k) + o(1), T — —00. (2.14)
Using (2.11)—(2.14), we can interpret ¥(k, x) in terms of the matrix-valued plane
wave e*** ] of unit amplitude sent from z = —o0, the matrix-valued reflected plane
wave e~ ** [,(k) of amplitude L(k) at x = —o0, and the matrix-valued transmitted

plane wave e** Ti(k) of amplitude Tj(k) at z = +oo. Similarly, the physical
solution W, (k,x) can be interpreted in terms of the matrix-valued plane wave
e~ =] of unit amplitude sent from = = 400, the matrix-valued reflected plane
wave ¢** R(k) of amplitude R(k) at = 400, and the matrix-valued transmitted
plane wave e~ T;(k) of amplitude T} (k) at x = —oc.

The following proposition is a useful consequence of Theorem 7.3 on p. 28
of [7], where we use det and tr to denote the matrix determinant and the matrix
trace, respectively.

Proposition 2.1. Assume that the n X n matriz-valued potential V in (1.1)
satisfies (1.2) and (1.3). Then, for any pair of n X n matriz-valued solutions
o(k,z) and Y(k,x) to (1.1), the 2n x 2n matriz determinant given by

det j/((i’,z )) 5,((];;’71 )> , (2.15)
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1s independent of x and can only depend on k.

Proof. The second-order matrix-valued systems (1.1) for ¢(k,z) and ¥ (k, x)
can be expressed as a first-order 2n x 2n matrix-valued system as

= Lf(@?) 5(@?)] B [vmo— K é] Lf(éfv)) %?)]

From Theorem 7.3 on p. 28 of [7] we know that (2.16) implies

i (205 402))

_ 0 1 p(k,x) ¢k, x)
(v s of) (0D FaD]) e
Since the coefficient matrix in (2.16) has zero trace, the right-hand side of (2.17)

is zero, and hence the vanishment of the left-hand side of (2.17) shows that the
determinant in (2.15) cannot depend on x. O

(2.16)

Since k appears as k2 in (1.1) and we already know that fi(k,z) and f.(k,x)
are solutions to (1.1), it follows that fi(—k,z) and f,(—k,z) are also solutions to
(1.1). From the known properties of the Jost solutions fi(k,z) and f.(k,z) we
conclude that, for each = € R, the solutions fi(—k,z) and f;(—k, z) have analytic
extensions in k from the real axis R to the lower-half complex plane C~ and they
are continuous in k € C—, where we have defined C— := C~ UR. In terms of the
four solutions fi(k,x), fi(k,x), fi(—k,z), fr(=k,x) to (1.1), we introduce three
useful 2n x 2n matrices as

EK(k,z) := fll,il;;” i)) JC}E:Z: i))] , xr € R, (2.18)
Fulk, z) == f,E:ig ;,Ezg] . zeR, (2.19)
G(k,x) = fll,il;;” f:)) fEE’Z:iH , z eR. (2.20)

Since the k-domains of those four solutions are known, from (2.18) and (2.19) we
see that Fi(k,z) and Fy(k,z) are defined when k € R and from (2.20) we see that
G(k,z) is defined when k € CT.

In the next proposition, with the help of Proposition 2.1 we show that the
determinant of each of the three matrices defined in (2.18), (2.19), and (2.20),
respectively, is independent of x, and in fact we determine the values of those
determinants explicitly. We also establish the equivalence of the determinants of

the left and right transmission coefficients.

Proposition 2.2. Assume that the n x n matriz-valued potential V in (1.1)
satisfies (1.2) and (1.3). We then have the following:
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(a) The determinants of the 2n x 2n matrices F\(k,x), Fy(k,z), and G(k,x)
defined in (2.18), (2.19), and (2.20), respectively, are independent of x, and

we have
det [Fi(k, z)] = (—2ik)", keR, (2.21)
det [Fy(k, z)] = (—2ik)", keR, (2.22)
det [G(k, z)] = (%, k e CF, (2.23)

(b) The n x n matriz-valued left transmission coefficient Ti(k) and right trans-
mission coefficient Ty (k) have the same determinant, i.e., we have

det[Ti (k)] = det[T;(k)], kecCt. (2.24)

(c) We have
det[A(k)] =1, det[X(k)] =1, ke R, (2.25)

where the 2n x 2n matrices A(k) and 3(k) are defined in terms of the scat-
tering coefficients in (2.9) as

Ty(k)~ L(_k)Tl(_k)l]7 keR\{0},  (2.26)

Alk) = [L(km(k:)—l Ti(—k)~

N(k) = {R(—leg_Tf()—_;)l R(Q(ﬁ)(kl)_l] ,  keR\{0o}. (227

Proof. As already mentioned, the four quantities fi(k,z), fi(k,x), fi(—k,x),
fr(—k, x) are all solutions to (1.1), and hence from Proposition 2.1 it follows that
the determinants of Fi(k,x), Fy(k,x), and G(k,z) are independent of x. In their
respective k-domains, we can evaluate each of those determinants as x — 400
and x — —oo, and we know that we have the equivalent values. Using (2.1) in
(2.18) we get

eik:ﬂl e—ik:cI

det [E(k? $)] = det |:Zk‘ eikx[ —ik efika:I

] +o(1), x — +00. (2.28)

Using an elementary row block operation on the block matrix appearing on the
right-hand side of (2.28), i.e., by multiplying the first row block by ikl and
subtracting the resulting row block from the second row block, we obtain (2.21).
In a similar way, using (2.2) in (2.19), we have

eikzl efikxl

det [Fr(kv w)] = det |:Zl€ ek ik etkrT

] + o(1), r — —00, (2.29)

and again using the aforementioned elementary row block operation on the matrix
appearing on the right-hand side of (2.29), we get (2.22). For k € R\ {0} using
(2.1) and (2.6)—(2.8) in (2.20), we obtain

G(k,z) = K;(k,x) + o(1), x — 00, (2.30)
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where we have defined

ethr ik ~1 ke 1
K%w%:[ I Ty (k)™ + ¢ R(k) Th(k) ]

ik eI —ike T (k)™ + ik e R(k) T, (k)™

Using the aforementioned elementary row block operation on the matrix K, (k, z),
we get,

eikaz] e—ikm Tr(k‘)_l 4 ezk:cR(k.) Tr(k‘)_l
det [K,(k,z)] = det { 0 ik e—ike T ()1 } , (2.31)
where 0 denotes the n x n zero matrix. From (2.30) and (2.31) we get (2.23).
Thus, the proof of (a) is complete. Let us now turn to the proof of (b). Using

(2.2), (2.5), and (2.7) in (2.20), we obtain
G(k,z) = Ki(k,x) + o(1), T — —00, (2.32)

where we have defined

K(k )_ eikxﬂUf)*l—I—eiikmL(k)Ti(k)il efikz]'
WL ik etbe Ty(k) =L — ike=**L(k) Ti(k)~! —ike—ihoT|"

Using an elementary block row operation on the matrix Kj(k,x), i.e., by multi-
plying the first row block by kI and adding the resulting row block to the second
row block, we get

(2.33)

@ﬂm%wﬂ—¢mﬁmﬂ%f“ﬂﬂ”M@ﬂwrle%w]

2ik e Ty(k)~! 0

Interchanging the first and second row blocks of the matrix appearing on the
right-hand side of (2.33), we have

2ik e** Ty(k) ! 0

det [K)(k, )] = (—1)" det |:eika: T](k)_l + e—ika:L(k)Tl(k)—l eikxI:| - (2.34)

Then, from (2.32) and (2.34) we conclude that
(—2ik)"

det [G(k,2)) = S TR

ke R\ {0}, (2.35)
and by comparing (2.23) and (2.35) we obtain (2.23) for k£ € R\ {0}. However,
for each fixed z € R the quantity G(k, ) is analytic in k& € CT and continuous
in k € CT. Thus, (2.23) holds for k € C* and the proof of (b) is also complete.
Using (2.5) and (2.7) in (2.18), and by exploiting the fact that det[Fi(k,z)] is
independent of x, we evaluate det[F(k,x)] as x — —o0, and we get the equality

det [Fi(k, z)] = det [g; Zﬂ : (2.36)

where we have defined

q1 = T (k)T + e *TL(k) Ti(k) T,
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g2 = e ML (—k) T 4 e L(—k) Ti(—k) 7
g3 := ik e T (k) ™! —ike ™ L(k) Ti(k) ",
g1 == —ike M T (—k) "t + ik e* L (- )TI( k)

Using two consecutive elementary block row operations on the matrix on the
right-hand side of (2.36), i.e., by multiplying the first row block by ikl and
adding the resulting row block to the second row block and then by dividing the
resulting second row block by 2ik and subtracting the resulting row block from
the first row block, we can write (2.36) as

(2.37)

det [Fl(k‘,:L‘)] — det [e—ikwL(k) Tl(k)_l e—ik:ch(_k,)—l :|

2ik e** (k)Y 2k L(—k) Ty(—k)~!

By interchanging the first and second block rows of the matrix appearing on the
right-hand side of (2.37) and simplifying the determinant of the resulting matrix,
from (2.37) we obtain
PTAY Ti(k)™  L(=k)Ti(=k)~"
det [Fi(k,z)] = (—2ik)"™ det [L(k:)Tl(k)_l Ty(—k)-1 ] . (2.38)
Comparing (2.21), (2.26), and (2.38), we see that the first equality in (2.25) holds.
We remark that the matrix A(k) defined in (2.26) behaves as O(1/k) as k — 0.
On the other hand, we observe that the first equality of (2.25) holds at k = 0 by
the continuity argument based on (1.6)—(1.8). In a similar way, using (2.6) and
(2.8) in (2.19), and by exploiting the fact that det[F;(k,z)] is independent of z,
we evaluate det[F;(k,x)] as * — +oo and we get the equality

mmmm:wﬁgj (2.39)

where we have defined

g5 = e* T (k) + e M R(—k) Ty (—k) !

= TR 4 P RO T (R,

g7 := ik etk Tr(—k:)f1 —ike” lka( k?) r(— )71v
gz = —ik e * T (k)" + ik e* R(K) To (k)

Using two elementary row block operations on the matrix on the right-hand side
of (2.39), i.e., by multiplying the first row block by ikl and adding the resulting
row block to the second row block and then by dividing the resulting second row
block by 2i¢k and subtracting the resulting row block from the first row block, we
can write (2.39) as

e R(—k) T (—k) ™! e * T (k)"

det [Fr(k,w)] = det | © o ik (Zpy=1 9ik cike R(k) Ty (k)1

(2.40)
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By interchanging the first and second row blocks of the matrix appearing on the
right-hand side of (2.40) and simplifying the determinant of the resulting matrix,
from (2.40) we obtain

Ti(—k)~ R(k) T (k)™

det {Fx(h. o)) = (C2R)det | p (-t Tl

(2.41)

Comparing (2.22), (2.27), and (2.41), we see that the second equality in (2.25)
holds. We remark that the matrix (k) defined in (2.27) behaves as O(1/k)
as k — 0, but the second equality of (2.25) holds at & = 0 by the continuity
argument expressed in (1.6)—(1.8). O

We note that, in the proof of Proposition 2.2, instead of using elementary
row block operations, we could alternatively make use of the matrix factorization
formula involving a Schur complement. Such a factorization formula is given by

My M| I 0] [My 0 I MM, (2.42)
Ms My| — [MsM7' I| |0 My— MsM;' M| |0 I |

which corresponds to (1.11) on p. 17 of [8]. In the alternative proof of Proposi-
tion 2.2, it is sufficient to use (2.42) in the special case where the block matrices
My, My, Ms, My have the same size n x n and M; is invertible.

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

[f(@);9(2)] = f(2) ' (x) = f'(2) g(2).

Given any two n X n matrix-valued solutions {(k, z) and 1 (k, z) to (1.1), one can
directly verify that the Wronskian [¢(+k*, z)T;4(k, z)] is independent of x, where
we use an asterisk to denote complex conjugation. Evaluating the Wronskians
involving the Jost solutions to (1.1) as 2 — 400 and also as x — —oo, respectively,
for k € R we obtain

[fi(k, 2)T; filk, )] = 2ikI = 2ik [Ti(k)T] [[ L(k) Lk }Tl(k) (2.43)
ik, )% filk, 2)] = 0 = 20k [Ty(~k)T] ! [L L(k)| Ti(k (2.44)
ek, )l fi(h, @) = 20k [T(R)1] ™ [T = R(R)' RO >] LK)t = —2ikI, (2.45)
(k@) fulk, )] = 2ik [Tx( k)*] 1 [R(k) ~ Rk (k)™ (2.46)
Uik, )t fo(k, )] = 2ik R(K) To(k) " = —2ik [T1(k)T] ' L(k)T, (2.47)
and for k € CT we get
A=K, 2)T; ok, 2)] = =20k T(k) ™" = —2ik [T(=k")T 71, (2.48)

(k" @)l fi(k, 2)] = 20k [T~k = 20k Ty (k). (2.49)
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With the help of (2.43), (2.45), and (2.47), we prove that

S(k)S(k) = [é ?] ., keR, (2.50)

where S(k) is the scattering matrix defined in (2.9). From (2.50) we conclude
that S(k) is unitary, and hence we also have

S(k) S(k)T = [é ?] . keRr (2.51)

From (2.44), (2.46), and (2.48) we obtain
L(-k) = L(k)", R(=k)=R(k), Ti(-k)=T(k)!, keR, (252
which can equivalently be expressed as
S(h)'=QS(-k)Q,  keR

where @ is the constant 2n x 2n matrix given by

Q= B é] . (2.53)

We remark that the matrix @ is equal to its own inverse.
For easy referencing, for k € R we write (2.50) and (2.51) explicitly as

(Y Tk + L) L) TR RO + L Ti()] _ [1 0
{<ﬂm> LK) LK) To(k) To(k) + (ﬁRw}kIy (2.54)
P()Kﬁ+M@R”T Tik) LY + RO T, qur’ﬂ o)
LT + Tk R TR Tk + LGy L) = o 1] 3

In Proposition 2.2(a) we have evaluated the determinants of the matrices
K(k,x), Fy(k,x), and G(k, x) appearing in (2.18), (2.19), and (2.20), respectively.
In the next theorem we determine their matrix inverses explicitly in terms of the

Jost solutions fi(k,x) and fr(k,x).

Theorem 2.3. Assume that the n X n matriz-valued potential V in (1.1)
satisfies (1.2) and (1.3). We have the following:

(a) The 2n x 2n matriz Fi(k,z) defined in (2.18) is invertible when k € R\ {0},
and we have

k) o)t
Filk, )™ = o [ﬂ{l_(zx;T _ﬁg’fk’)mﬁ], FeR\{0}.  (2.56)

(b) The 2n x 2n matriz Fy(k,x) defined in (2.19) is invertible when k € R\ {0},
and we have

O (k)
Fr(k,w)—l_;k[ ;E k)T) {J(C(Zx” keR\{0}. (2.57)
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(¢) The 2n x 2n matriz G(k,x) given in (2.20) is invertible for k € C+ \ {0}
except at the poles of the determinant of the transmission coefficient Ti(k),
where such poles can only occur on the positive imaginary azxis in the complex
k-plane, those k-values correspond to the bound states of (1.1), and the
number of such poles is finite. Furthermore, for k € C+\ {0} we have

-1 __ 1 T(k) 0 f;(_k*al‘ﬁ _flr(_k*ax)]L
Glk,2)™" I ) LDy S5 e

2ik

Proof. From (2.21) we see that the determinant of Fi(k,z) vanishes only at
k = 0 on the real axis. We confirm (2.56) by direct verification. This is done
by first postmultiplying the right-hand side of (2.56) with the matrix Fj(k,x)
given in (2.18) and then by simplifying the block entries of the resulting matrix
product with the help of (2.43) and (2.44). Thus, the proof of (a) is complete.
We prove (b) in a similar manner. From (2.22) we observe that det[F,(k,z)]
is nonzero when k € R except at k& = 0. Consequently, the matrix F.(k,z) is
invertible when k£ € R\ {0}. By postmultiplying the right-hand side of (2.57)
by the matrix Fy(k,x) given in (2.19), we simplify the resulting matrix product
with the help of (2.45) and (2.46) and verify that we obtain the 2n x 2n identity
matrix as the product. Thus, the proof of (b) is also complete. For the proof of
(c) we proceed as follows. From (2.23) we observe that det[G(k,x)] is nonzero
when k € CT except when k = 0 and when det[T}(k)] has poles. From (2.24) we
know that the determinants of Tj(k) and T, (k) coincide, and from [5] we know
that the poles of det[T}(k)] correspond to the k-values at which the bound states
of (1.1) occur. It is also known [5] the bound-state k-values can only occur on
the positive imaginary axis in the complex k-plane and that the number of such
k-values is finite. We verify (2.58) directly. That is done by postmultiplying
both sides of (2.58) with the matrix G(k,z) defined in (2.20), by simplifying the
matrix product by using (2.44), (2.46), (2.48), and (2.49), and by showing that
the corresponding product is equal to the 2n x 2n identity matrix. O

3. The factorization formulas

In this section, we provide a factorization formula for the full-line matrix
Schrodinger equation (1.1), by relating the matrix-valued scattering coefficients
corresponding to the potential V' appearing in (1.1) to the matrix-valued scatter-
ing coefficients corresponding to the fragments of V. We also present an alternate
version of the factorization formula, which is equivalent to the original version.

We already know that fi(k,z) and fi(—k,z) are both n X n matrix-valued
solutions to (1.1), and from (2.1) we conclude that their combined 2n columns
form a fundamental set of column-vector solutions to (1.1) when k£ € R\ {0}.
Hence, we can express f;(k,z) as a linear combination of those 2n columns, and
we get

fr(kvx) = fl(kwr) R(k) Tr(k)il + fl(_k’x) Tr(k)ilv k€ R’ (31)

where the coefficient matrices are determined by letting x — +o0 in (3.1) and
using (2.1) and (2.6). Note that we have included £k = 0 in (3.1) by using the
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continuity of fi(k,z) at k = 0 for each fixed x € R. Similarly, f;(k,z) and
fr(=k,z) are both n x n matrix-valued solutions to (1.1), and from (2.2) we
conclude that their combined 2n columns form a fundamental set of column-
vector solutions to (1.1) when k& € R\ {0}. Thus, we have

fitk,z) = fo(k,2) L(k) Ti(k) ™" + fo(—k,2) Ti(K) ™', k€R, (3.2)

where we have determined the coefficient matrices by letting x — —oo in (3.2)
and by using (2.2) and (2.5). Note that we can write (3.1) and (3.2), respectively,
as

fl(_k’x) = fr(kvx) Tr(k) - fl(k’x) R(k)a keR, (3'3)
fr(_k’x) = fl(kvx) Tl(k;) - fr(k7$) L(k)’ k€ R. (34)

Using (3.2) in (2.18) and comparing the result with (2.19), we see that the
matrices Fi(k, z) and Fy(k, z) defined in (2.18) and (2.19), respectively, are related
to each other as

R(k,x) = Fy(k,x) A(k), keR, (3.5)

where A(k) is the matrix defined in (2.26). We remark that, even though A(k)
has the behavior O(1/k) as k — 0, by the continuity the equality in (3.5) holds
also at k = 0. In a similar way, by using (3.1) in (2.19) and comparing the result
with (2.18), we obtain

Fi(k,z) = R(k,2)2(k), keR, (3.6)

where Y(k) is the matrix defined in (2.27). By (2.21) and (2.22), we know that
the matrices Fi(k,x) and F;(k,x) are invertible when k € R\ {0}. Thus, from
(3.5) and (3.6) we conclude that A(k) and ¥(k) are inverses of each other for each
k € R\ {0}, i.e., we have

I 0

A(k) S(k) = D(k) A(k) = [0 /

} . keR, (3.7)

where the result in (3.7) holds by continuity also at k& = 0. We already know
from (2.25) that the determinants of the matrices A(k) and (k) are both equal
to 1. We remark that (3.7) yields a wealth of relations among the left and right
matrix-valued scattering coefficients, which are similar to those given in (2.52),
(2.54), and (2.55).

Using (3.3) and (3.4) in (2.20), we get

—R(k)  Ti(k)

G(—k,z) = G(k,z) [Tr(k) —L(k)

] ., keR (3.8)

We can write (3.8) in terms of the scattering matrix S(k) appearing in (2.9) as

G(~k,z)=Glk,z) JSk)JQ, kEeR, (3.9)
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where @ is the 2n x 2n constant matrix defined in (2.53) and J is the 2n x 2n
involution matrix defined as
I
Ji= [ 0 } . (3.10)

0 -1

Note that J is equal to its own inverse. By taking the determinants of both sides
of (3.9) and using (2.23) and the fact that det[J] = (—1)" and det[Q] = (—1)",
we obtain the determinant of the scattering matrix as

det [S(k)] = (m, keR. (3.11)
Because of (2.24), we can write (3.11) also as
det [S(k)] = m, keR.

From (2.24) and (2.52) we see that
det [Ti(—K)] = (det [[(R)*,  det[Tu(—k)] = (det [T(R)])*, kK ER, (3.12)

where we recall that an asterisk is used to denote complex conjugation. Hence,
(3.11) and (3.12) imply that

det [S(k)] = m, keR. (3.13)

The next proposition indicates how the relevant quantities related to the full-
line Schrodinger equation (1.1) are affected when the potential is shifted by b
units to the right, i.e., when we replace V(z) in (1.1) by V() (z) defined as

VO (z):=V(z+b), beR. (3.14)

We use the superscript (b) to denote the corresponding transformed quantities.
The result will be useful in showing that the factorization formulas (3.44) and
(3.45) remain unchanged if the potential is decomposed into two pieces at any
fragmentation point instead the fragmentation point z = 0 used in (1.4).

Proposition 3.1. Consider the full-line n X n matrix Schrodinger equation
(1.1) with the n x n matriz potential V satisfying (1.2) and (1.3). Under the
transformation V(x) — V) (z) described in (3.14), the quantities relevant to
(1.1) are transformed as follows:

(a) Then xn Jost solutions fi(k,x) and f.(k,x) are transformed into fl(b)(k:,a:)
and fr(b)(k,m), respectively, where we have defined

FOU,z) = e ®fi(k,x+b), fOk )= e*f(k,x+b).  (3.15)
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(b)  The n xn matriz-valued left and right transmission coefficients appearing in
(2.5) and (2.6) remain unchanged, i.e., we have

1 (k) = Ti(k), T (k) = Ta(k). (3.16)

The n x n matriz-valued left and right reflection coefficients L(k) and R(k)
appearing in (2.5) and (2.6), respectively, are transformed into L") (k) and
R®)(k), which are defined as

LOk) := L(k) e 2% RO)(k) := R(k) e¥*P. (3.17)

(c) The 2n x 2n transition matriz A(k) appearing in (2.26) is transformed into
AO(k) given by

eikb[ 0 e—ika 0
A0 = |00 A |70 Ry e

The 2n x 2n transition matriz 3(k) appearing in (2.27) is transformed into
YOk given by

eikb[ 0 e—ikb[ 0
O R ) L P 31)

Proof. The matrix fl(b)(k,a:) defined in the first equality of (3.15) is the
transformed left Jost solution because it satisfies the transformed matrix-valued
Schrodinger equation

— " (k,x)+ V(x4 b)Yk, z) = k2 Yk, ), zeR, (3.20)

and is asymptotic to e?**[I + o(1)] as x — +oc. Similarly, the matrix fr(b)(k:,a:)
defined in the second equality of (3.15) is the transformed right Jost solution
because it satisfies (3.20) and is asymptotic to e~***[I 4 0(1)] as z — —oc. Thus,
the proof of (a) is complete. Using fl(b)(k,x) in the analog of (2.5), as z — —o0
we have

£k, 2) = e (O (k)] 7+ e ®eLO (k) [T (k)] 71 + o(1). (3.21)

Using the right-hand side of the first equality of (3.15) in (3.21) and comparing
the result with (2.5) we get the first equalities of (3.16) and (3.17), respectively.

Similarly, using fr(b)(k, x) in the analog of (2.6), as x — 400 we get
Ok, ) = ™ [TO (k)] + e RO (k) [T (k)] + o(1), (3:22)

r

Using the right-hand side of the second equality of (3.15) in (3.22) and compar-
ing the result with (2.6) we obtain the second equalities of (3.16) and (3.17),
respectively. Hence, the proof of (b) is also complete. Using (3.16) and (3.17) in
the analogs of (2.26) and (2.27) corresponding to the shifted potential V), we
obtain (3.18) and (3.19). O
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When the potential V' in (1.1) satisfies (1.2) and (1.3), let us decompose it as
in (1.4). For the left fragment V; and the right fragment V5 defined in (1.5), let
us use the subscripts 1 and 2, respectively, to denote the corresponding relevant
quantities. Thus, analogous to (2.9) we define the 2n x 2n scattering matrices
S1(k) and Sy(k) corresponding to V; and Vb, respectively, as

T (k) Rai(k) Tia(k) R2(k3)]

Sy (k) = [Ll(k) Tﬂ(k)], So(k) = [L2(k) Lot FER (3:23)

where T}; (k) and Ti2(k) are the respective left transmission coefficients, 711 (k) and
Ty2(k) are the respective right transmission coefficients, L;(k) and Ly(k) are the
respective left reflection coefficients, and R; (k) and Ra(k) are the respective right
reflection coefficients. In terms of the scattering coefficients for the respective
fragments, we use Aj(k) and Ag(k) as in (2.26) and use X1(k) and Xo(k) as
in (2.27) to denote the transition matrices corresponding to the left and right
potential fragments V7 and V,. Thus, we have

(k)™ Li(-k Tngjk)l . keR\{0}, (3.24)

| L1 (k) T (k) ™t Tii (k)"

Tip(k)™"  La(—k , EeR\{0},  (3.25)

Trg(—k -1 RQ(]C) Trz(k?)_l
_RQ(—k‘) T —k)fl Trg(k))fl

)
Zl(k) = Rl(*k) Trlzk)_l Trl(lg_l :| ) keR \ {0}7 (326)
)( ] . keR\{0}.  (327)

In preparation for the proof of our factorization formula, in the next propo-
sition we express the value at x = 0 of the matrix Fj(k,z) defined in (2.18) in
terms of the left scattering coefficients for the right fragment V5, and similarly
we express the value at x = 0 of the matrix Fy(k,z) defined in (2.19) in terms of
the right scattering coefficients for the left fragment V7.

Proposition 3.2. Consider the full-line n X n matrix Schrodinger equation
(1.1), where the potential V satisfies (1.2) and (1.3) and is fragmented as in (1.4)
into the left fragment Vi and the right fragment Vy defined in (1.5). We then have
the following:

(a) Fork € R, the 2n x 2n matriz Fi(k,z) defined in (2.18) satisfies

[+ La(k)] Tia (k)" [+ Lao(—k)] Tia(—k) !

0= [ R —br e 529

where Tia(k) and Lo(k) are the left transmission and left reflection coeffi-
cients, respectively, for the right fragment V5.

(b) For k € R, the 2n x 2n matriz F.(k,z) defined in (2.19) satisfies

[+ Ri(—F)] T (—k)~! (L + Ry (k)] Tra (k)™

1
E(k,0) = [zk [ — Ri(—k)] T (—k)~" ik [~I + Ry(k)] Tﬂ(k)l] » (3.29)
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where Ty1(k) and Ry (k) are the right transmission and right reflection coef-
ficients, respectively, for the left fragment V.

(c) The matriz Fi(k,0) appearing in (3.28) can be expressed as a matriz product

" F(k,0) = q9q10 q11, keR, (3.30)
where we have defined
1= _é z'/SI] [é _II} [201 ?] [é —OI] [—II ?] bk, (3:31)
q10 = é LQ(;k)] [I_LQ(Bk) La(k) ?] keR, (3.32)
qi1 = _L;(k) ﬂ [Tm((’)f)_l le(—ok)l}’ ke R\ {0}. (3.33)

In fact, we have

I I
q9 = LM —ikI} ; keR, (3.34)
q10 q11 = A2 (k), ke R\ {0}, (3.35)

where Ao(k) is the transition matriz given in (3.25) corresponding to the
right potential fragment V5.
(d) The matriz Fy(k,0) appearing in (3.29) can be expressed as a matrixz product

as
Fy(k,0) = g9 q12 13, keR, (3.36)
where qg is the matriz defined in (3.31) and we have let
I Ry(k)] [T = Ryi(k)Ri(—k) O
q12 = [0 7 } [ 0 Ik k eR, (3.37)
[T 0] [T (—Fk)~? 0
i3 = [Rl(_k) I] [ . Trl(k)‘l} . keR\{0}. (3.39)
In fact, we have
q12 13 = ¥1(k), ke R\ {0}, (3.39)

where 31 (k) is the transition matriz in (3.26) corresponding to the left po-
tential fragment V1.

Proof. We remark that, although the matrices ¢1; and q13 behave as O(1/k)
as k — 0, the equalities in (3.30) and (3.36) hold also at £ = 0 by the continuity.
Let us use fi;(k,x) and fr1(k, z) to denote the left and right Jost solutions, respec-
tively, corresponding to the potential fragment V;. Similarly, let us use fi2(k, x)
and fio(k, ) to denote the left and right Jost solutions, respectively, correspond-
ing to the potential fragment V5. Since fi(k,z) and fi2(k,z) both satisfy (1.1)
and the asymptotics (2.1), we have

folk,x) = filk,x), fly(k,z2) = fl(k, ), x € [0,400). (3.40)



Factorization for the Matrix Schrédinger Equation 269

Similarly, since f;(k,z) and fi1(k, ) both satisfy (1.1) and the asymptotics (2.2),
we have

falk,z) = fo(k,x), fL(k,x)= fl(kx), x € (—00,0]. (3.41)
From (1.5), (2.5), (2.6), (3.40), and (3.41), we get

fro(k,x) = e* Tp(k) ™! + e ™ Ly(k) Ty (k),  x € (-00,0],  (342)
fra(k,x) = e M Ty (k)1 4 ™ Ry (k) Ty (), x € [0, +00). (3.43)

Comparing (3.40) and (3.42) at = = 0 and using the result in (2.18), we establish
(3.28), which completes the proof of (a). Similarly, comparing (3.41) and (3.43)
at = 0 and using the result in (2.19), we establish (3.29). Hence, the proof
of (b) is also complete. We can confirm (3.30) directly by evaluating the matrix
product on its right-hand side with the help of (3.31)—(3.33). Similarly, (3.34)
can directly be confirmed by evaluating the matrix products on the right-hand
sides of (3.31)—(3.33). Thus, the proof of (c) is complete. Let us now prove (d).
We can verify (3.36) directly by evaluating the matrix product on its right-hand
side with the help of (3.34), (3.37), and (3.38). In the same manner, (3.39) can
be directly confirmed by evaluating the matrix products on the right-hand sides
of (3.37) and (3.38) and by comparing the result with (3.26). Hence, the proof
of (d) is also complete. O

In the next theorem we present our factorization formula corresponding to
the potential fragmentation given in (1.4).

Theorem 3.3. Consider the full-line n xn matriz Schrodinger equation (1.1)
with the potential V' satisfying (1.2) and (1.3). Let Vi and Va denote the left and
right fragments of V' described in (1.4) and (1.5). Let A(k), A1(k), and Aa(k) be
the 2n x 2n transition matrices defined in (2.26), (3.24), and (3.25) corresponding
to V, Vi, and Va, respectively. Similarly, let 3(k), ¥1(k), and Xa(k) denote the
2n X 2n transition matrices defined in (2.27), (3.26), and (3.27) corresponding to
V, Vi, and Vs, respectively. Then, we have the following:

(a) The transition matrix A(k) is equal to the ordered matriz product

Ay (k) Ao (K), i.e., we have
A(k)) = A1 (k) AQ(k), k€ R\ {0} (3.44)

(b) The factorization formula (3.44) can also be expressed in terms of the tran-
sition matrices X(k), X1(k), and Xa(k) as

Y(k) = Xao(k) Z1(k), ke R\ {0}. (3.45)
Proof. Evaluating (3.5) at x = 0, we get

F(k,0) = Fi(k,0)A(k), keR. (3.46)
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Using (3.30) and (3.36) on the left and right-hand sides of (3.46), respectively,
we obtain

99 q10 q11 = qo q12 q13 A(k), ke R\ {0}. (3.47)

From (3.34) we see that g9 is invertible when & € R\ {0}. Thus, using (3.35) and
(3.39) in (3.47), we get

Ao(k) = 31(k) A(K), ke R\ {0},

or equivalently
1(k) " Ag (k) = A(k), kcR\{0}. (3.48)

From (3.7) we already know that 31 (k)~! = A1 (k), and hence (3.48) yields (3.44).
Thus, the proof of (a) is complete. Taking the matrix inverses of both sides of
(3.44) and then making use of (3.7), we obtain (3.45). Thus, the proof of (b) is
also complete. 0

The following theorem shows that the factorization formulas (3.44) and (3.45)
also hold if the potential V in (1.1) is decomposed into V; and V5 by choosing
the fragmentation point anywhere on the real axis, not necessarily at x = 0.

Theorem 3.4. Consider the full-line n xn matriz Schrédinger equation (1.1)
with the potential V' satisfying (1.2) and (1.3). Let Vi and Vo denote the left and
right fragments of V' described as in (1.4), but (1.5) replaced with

R UL TR FIa

where b is a fized real constant. Let A(k), A1(k), and Aa(k) appearing in (2.26),
(3.24), (3.25), respectively, be the transition matrices corresponding to V, V1, and
Va, respectively. Similarly, let 3(k), $1(k), and Xa(k) appearing in (2.27), (3.26),
(3.27) be the transition matrices corresponding to V, Vi, and Va, respectively.
Then, we have the following:

(a) The transition matriv A(k) is equal to the ordered matriz product
Ay (k) Ao (K), i.e., we have

A(k) = A1(k) Ay(k),  keR\{0}. (3.50)

(b) The factorization formula (3.50) can also be expressed in terms of the tran-
sition matrices X(k), X1(k), and Xa(k) as

S(k) = So(k) S (k), ke R\ {0} (3.51)

Proof. Let us translate the potential V and its fragments Vi and V5 as in
(3.14). The shifted potentials satisfy

VO(@) =vP@) + VP (@), zeR,
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where we have defined
VO@)=V(@+b), V@) =Vi@+0b), V{):=V@+b), zecR

Note that the shifted potential fragments Vl(b) and VQ(b) correspond to the pieces
of V() with the fragmentation point z = 0, i.e., we have

(b)
Vl(b) () = VON(z), x <0, VQ(b) (2) = 0, b T <0,
0, x>0, VO (z), x>0.

Since the shifted potential V®) is fragmented at = 0, we can apply Theo-

rem 3.3 to V(). Let us use Tlgb)(k:), Tr(jb)(k), Lg-b)(k), Rg-b)(k:), Ag-b)(k), and Eg-b)(k)

to denote the left and right transmission coefficients, the left and right reflections

coefficients, and the transition matrices, respectively, for the shifted potentials
(b) o o .

I‘l/j (x) with j =1 and j = 2. In analogy with (3.24)—(3.27), for k € R\ {0} we
ave

o TP L 1R 1
I O rOwt O | 0T
0 T (—k)) ! RV (k) [T (k)] B

Bl T 7 S R Al

From Theorem 3.3 we have
AOR) =AY R AD (), =Ok) =Pk P(k),  keR\{0}. (3.52)

Using (3.18) and (3.19) in (3.52), after some minor simplification we get (3.50)
and (3.51). 0

The result of Theorem 3.4 can easily be extended from two fragments to
any finite number of fragments. This is because any existing fragment can be
decomposed into further subfragments by applying the factorization formulas
(3.50) and (3.51) 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 corollary without a proof.

Corollary 3.5. Consider the full-line nxn matriz Schrédinger equation (1.1)
with the matriz-valued potential V' satisfying (1.2) and (1.3). Let S(k), A(k),
and Y (k) defined in (2.9), (2.26), and (2.27), respectively be the corresponding
scattering matriz and the transition matrices, with Ti(k), T(k), L(k), and R(k)
denoting the corresponding left and right transmission coefficients and the left
and right reflection coefficients, respectively. Assume that V is partitioned into
P +1 fragments V; at the fragmentation points b; with 1 < j < P as
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where P is any fized positive integer and

vy [V 2 e by,
’ ' 0, $¢ ( j—15 )

with bo = —0Q, bp+1 = 400, and bj < bj+1. Let T]j(k‘), Trj(k'), Lj(k‘), Rj(k') be
the corresponding left and right transmission coefficients and the left and right re-
flection coefficients, respectively, for the potential fragment V;. Let S;(k), Aj(k),
and ¥;(k) denote the scattering matriz and the transition matrices for the corre-
sponding fragment V;, which are defined as

s 1) 2],
()1 (_ (1
= | e | RERVO,
i ()1 ) (1
(k) = _Rj(TZSsz_k)—l Rjg(%(_k{) } k€ R\ {0}.

Then, the transition matrices A(k) and X(k) for the whole potential V are ex-
pressed as ordered matriz products of the corresponding transition matrices for
the fragments as

A(k) = Ai(k) Ao (k) - - Ap(k) Apyi(k), ke R\{0},
S(k) = Spar (k) Sp(k) - Da(k) S (k), ke R\ {0}

In Theorem 3.4 the transition matrix for a potential on the full line is ex-
pressed as a matrix product of the transition matrices for the left and right
potential fragments. In the next theorem, we express the scattering coefficients
of a potential on the full line in terms of the scattering coefficients of the two
potential fragments.

Theorem 3.6. Consider the full-line n xn matriz Schrodinger equation (1.1)
with the potential V' satisfying (1.2) and (1.3). Assume that V is fragmented at
an arbitrary point x = b into the two pieces Vi and Va as described in (1.4) and
(3.49). Let S(k) given in (2.9) be the scattering matriz for the potential V, and
let S1(k) and Sa(k) given in (3.23) be the scattering matrices corresponding to
the potential fragments Vi and Vs, respectively. Then, for k € R the scattering
coefficients in S(k) are related to the right scattering coefficients in S1(k) and the
left scattering coefficients in So(k) as

Ti(k) = Tio(k) [I — Ri(k) La(k)] " T (=FK)T, (3.53)
L(k) = [Ty (k)17 [La(k) — Ri(=k)] [T — Ry (k) La(k)] ™ T (—k)',  (3.54)
Ty(k) = Tra(k) [I — La(k) Ry()] ™" Tia(—k)1, (3.55)
R(k) = Tia(k) [T — Ry (k) La(k)] " [Ra(k) — Lo(—k)] Ta(—k) ", (3.56)

where we recall that I is the n X n identity matrix and the dagger denotes the
matriz adjoint.
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Proof. From the (1,1) entry in (3.50), for £k € R\ {0} we have
Tk = T (B) " Tia (k)™ + La(—k) T (—8) " LK) T(k) ™. (3.57)
From the (2,1) entry of (2.54) we know that
Ri(k) T (k) + T (k) Ly (k) = 0, keR. (3.58)

Multiplying both sides of (3.58) by [T;rl(k)]_1 from the left and by Tj; (k) ! from
the right, we get

[T (k)T Ry (k) + Ly(k) Th(k) ™' =0,  keR\{0}. (3.59)
In (3.59), after replacing k by —k we obtain
Li(=k) Ta(=k) 7" = =[Ta(=R)T T Ba(=R)T, R €R\{0}. (3.60)

Next, using (3.60) and the second equality of (2.52) in (3.57), for kK € R\ {0} we
get

Ti(k)™" = T (k)™ Tia(k) ™" = [Tra (= k)T Ru(k) La(k) Tia(k) ™. (3.61)

Using the third equality of (2.52) in the first term on the right-hand side of (3.61),
for k € R\ {0} we have

Ti(k) ™" = [T (=k)T " T (k)™ = [T (—k)T] " Ru(k) La(k) Tia(k) ™', (3.62)

Factoring the right-hand side of (3.62) and then taking the inverses of both sides
of the resulting equation, we obtain (3.53). Let us next prove (3.54). From the
(2,1) entry of (3.50), for £ € R\ {0} we have

L(k) Ti(k) ™" = Li(k) Ti (k)" Tia(k) ™" + T (=k) " La(k) Tia(k) ', (3.63)

In (3.60) by replacing k by —k and using the resulting equality in (3.63), when
ke R\ {0} we get

L(k) Ti(k) ™" = =T (k)1 Ra (k)Y Tia(k) ™" + Tia(—k) ™ Lo(k) Tia(k) . (3.64)

Next, using the third equality of (2.52) in the second term on the right-hand side
of (3.64), for k € R\ {0} we obtain

L(k) Ti(k) ™" = = [T (k)T Ra (k)Y Tia(k) ™" + [Toa (k)] Lo (k) Tia (k) ",
which is equivalent to
L) Ti(k) ™ = [T (B)]7 [La(k) = Ba(k)!| To(e) ™, ke R\{0}. (3.65)
Using the second equality of (2.52) in (3.65), we have

L(k) Ti(k) ™" = [T (k)17 [La(k) = Ri(=K)] Tia(k) ™', k€ R\{0}. (3.66)



274 Tuncay Aktosun and Ricardo Weder

Finally, multiplying (3.66) from the right by the respective sides of (3.53), we
obtain (3.54). Let us now prove (3.55). From the third equality of (2.52) we have
T.(k) = Ti(=k)'. Thus, by taking the matrix adjoint of both sides of (3.53), then
replacing k£ by —k in the resulting equality, and then using the first two equalities
of (2.52), we get (3.55). Let us finally prove (3.56). From the (1,2) entry of
(2.55), we have

R(k) = —=Ti(k) L(K)T [T.(k)T] 7Y, keR. (3.67)
Using the first and third equalities of (2.52) in (3.67), we get
R(k) = —Ti(k) L(=k) Ti(=k)™',  keR. (3.68)

Then, on the right-hand side of (3.68), we replace Ti(k) by the right-hand side
of (3.53) and we also replace L(—k)[Ti(—k)]~! by the right-hand side of (3.66)
after the substitution k — —k. After simplifying the resulting modified version
of (3.68), we obtain (3.56). O

4. The matrix-valued scattering coefficients

The choice n = 1 in (1.1) corresponds to the scalar case. In the scalar case,
the potential V' satisfying (1.2) and (1.3) is real valued and the corresponding
left and right transmission coefficients are equal to each other. However, when
n > 2 the matrix-valued transmission coefficients are in general not equal to each
other. In the matrix case, as seen from (2.48) we have

T(—-k*) =T.(k), keCT. (4.1)

On the other hand, from (2.24) we know that the determinants of the left and right
transmission coefficients are always equal to each other for n > 1. In this section,
we first provide some relevant properties of the scattering coefficients for (1.1),
and then we present some explicit examples demonstrating the unequivalence of
the matrix-valued left and right transmission coefficients.

The following theorem summarizes the large k-asymptotics of the scattering
coefficients for the full-line matrix Schrodinger equation.

Theorem 4.1. Consider the full-line matriz Schrédinger equation (1.1) with
the n x n matriz potential V' satisfying (1.2) and (1.3). The large k-asymptotics
of the corresponding n X n matriz-valued scattering coefficients are given by

1 o 1
= —_— - . +
Ti(k) I+2ik _OodacV(x)+O(k2>, k— oo inCH, (4.2)
1 [e's) 1
T.(k) =1+ — — in Ct 4.
(k) + o _Oode(a:)+O(k2), k— oo inCt, (4.3)
_ L= 2k 1 .
L(k) = 5i% /Oo dx V(z) e + O k2> , k— oo inR, (4.4)

_ L * —2ikx i ;
R(k) = 53k / dx'V(zx)e + 0 <k‘2> ) k— too inR. (4.5)

—00
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Proof. By solving (2.3) and (2.4) via the method of successive approximation,
for each fixed x € R we obtain the large k-asymptotics of the Jost solutions as

e R fik,x) =140 <]1€> , k— oo inCT, (4.6)
ek fi(k,x) =140 <]1> ) k— oo in CT. (4.7)

The integral representations involving the scattering coefficients are obtained
from (2.3) and (2.4) with the help of (2.5) and (2.6). As listed in (2.10)—(2.13)
of [5], we have

Tik)y ™ = 1 — ﬁ Z de V() e fy(k, 2), (4.8)
Tk =1 — ﬁ /_ Z do V() € £, (k7). (4.9)
L(k)Ti(k)™t = 5T _O; dz V(z) e*® fi(k, z), (4.10)
RO To(k) ™! = ﬁ Zd:p V(z) e fu(k, ). (4.11)

With the help of (4.6) and (4.7), from (4.8)—(4.11) we obtain (4.2)—(4.5) in their
appropriate domains. O

We observe that it is impossible to tell the unequivalence of Tj(k) and Ty (k)
from the large k-limits given in (4.2) and (4.3). However, as the next exam-
ple shows, the small k-asymptotics of Tj(k) and T;(k) may be used to see their
unequivalence in the matrix case with n > 2.

Example 4.2. Consider the full-line Schrédinger equation (1.1) when the po-
tential V' is a 2 x 2 matrix and fragmented as in (1.4) and (1.5), where the
fragments V; and V5 are compactly supported and given by

Vi(z) =

3 —241
[ +Z, -2 <z <0,

—2—3 -5
2 1+
1—47 =2

(4.12)

Vao(z) = , O<z<l,

with the understanding that V) vanishes when = ¢ (—2,0) and that V5 vanishes
when z ¢ (0, 1). Thus, the support of the potential V' is confined to the interval
(—2,1). Since V3 vanishes when = > 1, as seen from (2.1) the corresponding Jost
solution fio(k, z) is equal to ’** T there. The evaluation of the corresponding scat-
tering coefficients for the potential specified in (4.12) is not trivial. A relatively
efficient way for that evaluation is accomplished as follows. For 0 < z < 1 we
construct the Jost solution fio(k,x) corresponding to the constant 2 x 2 matrix
V5 by diagonalizing V5, obtaining the corresponding eigenvalues and eigenvec-
tors of Vo, and then constructing the general solution to (1.1) with the help of
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those eigenvalues and eigenvectors. Next, by using the continuity of fio(k, z) and
fio(k,x) at the point = 1, we construct fi2(k,x) explicitly when 0 < = < 1.
Then, by using (3.42) and its derivative at x = 0 we get the corresponding 2 x 2
matrix-valued scattering coefficients Tj2(k) and Lo (k). By using a similar proce-
dure, we construct the right Jost solution f;1(k,x) corresponding to the potential
V1 as well as the corresponding 2 x 2 matrix-valued scattering coefficients Ty (k)
and R (k). Next, we construct the transmission coefficients 7i(k) and Ty(k) cor-
responding to the whole potential V' by using (3.53) and (3.55), respectively. In
fact, with the help of the symbolic software Mathematica, we evaluate Tj(k) and
T (k) explicitly in a closed form. However, the corresponding explicit expressions
are extremely lengthy, and hence it is not feasible to display them here. Instead,
we present the small k-limits of 71(k) and T} (k), which shows that Ti(k) # T;(k).
We have

Ti(k) ™ = [‘;183 ZIIE’;%] +O(), k=0 inCT (4.13)
T.(k)~' = [ngg Z’“Em +O(k?), k—0 inCH, (4.14)

where we have defined

7.05652 — 74.1352 4

ai(k) == — p — (133.844 4 14.35221)
+ (19.0756 — 170.827 i) k + (160.955 + 18.17294) k>, (4.15)
(k) = — 229539 _]{:22'417& — (50.5188 + 39.0893 1)
+ (51.280 — 68.66154) k + (65.0516 + 48.40894) k2, (4.16)
(k) = 100752 ;15'21727’ + (26.0265 + 19.95294)
— (25.8548 — 33.07524) k — (31.8705 + 24.17834) k?, (4.17)
d(k) = 7.05652 —14:2.555282 © (727335 4+ 14.35227)
— (19.0756 — 11.16594) k — (10.4903 + 18.17294) k?, (4.18)
0r (k) = 7.05652 274.13522 (133841 — 14.35931)
— (19.0756 + 170.8274) k + (160.955 — 18.172914) k2, (4.19)
be(k) = — 205752 2152172@ + (26.0265 — 19.95294)
+ (25.8548 + 33.07521) k — (31.8705 — 24.1783 1) k?, (4.20)
(k) = 259 222‘417& — (50.5188 — 39.0893 %)
— (51.289 + 68.6615 ) k + (65.0516 — 48.4089 ) k, (4.21)
dy(k) == — 705652 1 2.500287 (7.27335 — 14.35224)

k
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+ (19.0756 + 11.16591) k — (10.4903 — 18.17294) k*. (4.22)

Note that we use an overbar on a digit to denote a roundoff on that digit. From
(4.13)—(4.22) we see that Tj(k) # Tr(k), and in fact we confirm (4.1) up to O(k3)
as k — 0.

In Example 4.2, we have illustrated that the matrix-valued left and right
transmission coefficients are not equal to each other in general, and that has
been done when the potential is selfadjoint but not real. In order to demonstrate
that the unequivalence of Tj(k) and Ty(k) is not caused because the potential
is complex valued, we would like to demonstrate that, in general, when n > 2
we have Tj(k) # Ty(k) even when the matrix potential V in (1.1) is real valued.
Suppose that, in addition to (1.2) and (1.3), the potential V' is real valued, i.e.,
we have

V(z)" =V(x), keR,
where we recall that we use an asterisk to denote complex conjugation. Then,
from (1.1) we see that if ¢(k,z) is a solution to (1.1) then ¥ (£k*, z)* is also a
solution. In particular, using (2.1) and (2.2) we observe that, when the potential
is real valued, we have

fi(=k*,2)" = filk,x), fi(=k",2)" = fi(k,2),  keCT. (4.23)
Then, using (4.23), from (2.5) and (2.9) we obtain
T(—K) =Ti(k), T(—K) =T(k), keCF (4.24)
R(—k)* = R(k), L(—k)* = L(k), keR. (4.25)
Comparing (4.1) and (4.24), we have
Ti(k) = T.(k), keCT, (4.26)

and similarly, by comparing the first two equalities in (2.52) with (4.25) we get
RO = R(E), L)' =L(F), keR

where we use the superscript ¢ to denote the matrix transpose. We remark that,
in the scalar case, since the potential V' in (1.1) is real valued, the equality of the
left and right transmission coefficients directly follow from (4.26). Let us mention
that, if the matrix potential is real valued, then (3.53)—(3.56) of Theorem 3.6 yield

Ti(k) = Tia(k) [I — Ra(k) Lo (k)] T (k)" keR, (4.27)
L(k) = [T (k)17 [La(k) = Ru(k)*] [ = Ra(k) Lao(K)] ™ Tu (k) k €R,
Ty(k) = T (k) [I — La(k) Ru(k)] " Tia ()", keR, (4.28)
R(k) = Tia(k) [T — Ru(k) Lo(k)) ™" [Ra(k) — Lo(k)*] Tio(=k) ™", ke€R.

In the next example, we illustrate the unequivalence of the left and right
transmission coefficients when the matrix potential V in (1.1) is real valued. As
in the previous example, we construct 7j(k) and 7;(k) in terms of the scattering

coefficients corresponding to the fragments V; and Vs specified in (1.4) and (1.5),
and then we check the unequivalence of the resulting expressions.
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Example 4.3. Consider the full-line Schrodinger equation (1.1) with the ma-
trix potential V' consisting of the fragments V; and V5 as in (1.4) and (1.5), where
those fragments are real valued and given by

Vi(z) = B i] , -2 <z <0, (4.29)
Va(z) = ﬁ ﬂ , 0<z<l (4.30)

The parameter ¢ appearing in (4.29) is a real constant, and it is understood that
the support of V; is the interval z € (—2,0) and the support of V5 is x € (0,1).
The procedure to evaluate the corresponding scattering coefficients is not trivial.
As described in Example 4.2, we evaluate the scattering coefficients corresponding
to V1 and Vs by diagonalizing each of the constant 2 x 2 matrices V7 and V5 and by
constructing the corresponding Jost solutions f;1(k, z) and fi2(k, ). We then use
(4.27) and (4.28) to obtain 7i(k) and T;(k). As in Example 4.2 we have prepared
a Mathematica notebook to evaluate Tj(k) and T;(k) explicitly in a closed form.
The resulting expressions are extremely lengthy, and hence it is not practical
to display them in our paper. Because the potential V is real valued in this
example, in order to check if T1(k) # T;(k), as seen from (4.26) it is sufficient to
check whether the 2x 2 matrix Ti(k) is symmetric or not. We remark that it is also
possible to evaluate 7j(k) directly by constructing the Jost solution fi(k,z) when
x < 0 and then by using (2.5). However, the evaluations in that case are much
more involved, and Mathematica is not capable of carrying out the computations
properly unless a more powerful computer is used. This indicates the usefulness
of the factorization formula in evaluating the matrix-valued scattering coefficients
for the full-line matrix Schrodinger equation. For various values of the parameter
¢, by evaluating the difference Tj(k) — T1(k)! at any k-value we confirm that Tj(k)
is not a symmetric matrix. At any particular k-value, we have Ti(k) = Ti(k) if
and only if the matrix norm of Tj(k) — Ti(k)! is zero. Using Mathematica, we are
able to plot that matrix norm as a function of k in the interval k € [0, b] for any
positive b. We then observe that that norm is strictly positive, and hence we are
able to confirm that in general we have Ti(k) # T:(k) when n > 2. One other
reason for us to use the parameter ¢ in (4.29) is the following. The value of ¢
affects the number of eigenvalues for the full-line Schréodinger operator with the
specified potential V, and hence by using various different values of ¢ as input
we can check the unequivalence of Ti(k) and T} (k) as the number of eigenvalues
changes. The eigenvalues occur at the k-values on the positive imaginary axis in
the complex plane where the determinant of 7j(k) has poles. Thus, we are able to
identify the eigenvalues by locating the zeros of det[T}(ix)~!] when s > 0. Let us
recall that we use an overbar on a digit to indicate a roundoff. We find that the
numerically approximate value ¢ = 1.13725 corresponds to an exceptional case,
where the number of eigenvalues changes by 1. For example, when ¢ > 1.13725
we observe that there are no eigenvalues and that there is exactly one eigenvalue
when 0 < ¢ < 1.13725. When ¢ = 0 we have an eigenvalue at k& = 0.551i, the
eigenvalue shifts to k = 0.0695; when ¢ = 1. When ¢ = 1.3 we do not have any
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eigenvalues and the zero of det[Tj(k)~!] occurs on the negative imaginary axis
at k = —0.794i. We repeat our examination of the unequivalence of Tj(k) and
T:(k) by also changing other entries of the matrices Vj(x) and Va(x) appearing
in (4.29) and (4.30), respectively. For example, by letting

Vi(z) = [_32 :ﬂ : —2<z<0, (4.31)
Va(z) = E _12] ,  O0<ax<l, (4.32)

we evaluate Ti(k) using (4.27). In this case we observe that there are three
eigenvalues occurring when

k=0.005635i, k=1.27374, k= 2.088021,

and we still observe that Ti(k) # T;(k) in this case. In fact, using Vi and V5
appearing in (4.31) and (4.32), respectively, as input, we observe that the corre-
sponding transmission coefficients satisfy

. 1 [~130.267 28.3981
2ik Tik) ™ = [—43.555 9.46508| TOK): k=0,

o [~130.267 —43.555
2ik (k)™ = [28.3984 946508 TOW) k=0,

confirming that we cannot have Tj(k) = T} (k). In Figure 4.1 we present the plot
of the matrix norm of Tj(k) — T;(k) as a function of k, which also shows that

Ti(k) # Tr(k).
0.7F
0.65
05
0.4f
0.33
o.2§

0.1F

1 . . . | . . . . | . . . . |

5 10 15 k

Fig. 4.1: The matrix norm |T)(k) — Ty(k)| vs k in Example 4.3 for the poten-
tial fragmented as in (1.4) and (1.5) with V7 and V4 given in (4.31) and (4.32),
respectively.
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5. The connection to the half-line Schrodinger operator

In this section we explore an important connection between the full-line n x n
matrix Schrodinger equation (1.1) and the half-line 2n x 2n matrix Schrédinger
equation

—¢" +V(z) o =k?9, r e R, (5.1)

where R* := (0, +00) and the potential V is a 2n x 2n matrix-valued function
of . The connection will be made by choosing the potential V in terms of the
fragments V; and V5 appearing in (1.4) and (1.5) for the full-line potential V' in an
appropriate way and also by supplementing (5.1) with an appropriate boundary
condition. To make a distinction between the quantities relevant to the full-line
Schrodinger equation (1.1) and the quantities relevant to the half-line Schrodinger
equation (5.1), we use boldface to denote some of quantities related to (5.1).

Before making the connection between the half-line and full-line Schrédinger
operators, we first provide a summary of some basic relevant facts related to
(5.1). Since our interest in the half-line Schrédinger operator is restricted to
its connection to the full-line Schrédinger operator, we consider (5.1) when the
matrix potential has size 2n x 2n, where n is the positive integer related to the
matrix size n X n of the potential V in (1.1). We refer the reader to [6] for the
analysis of (5.1) when the size of the matrix potential V is n x n, where n can
be chosen as any positive integer.

We now present some basic relevant facts related to (5.1) by assuming that
the half-line 2n x 2n matrix potential V in (5.1) satisfies

V(z)' = V(z), r € R, (5.2)
/OOO do (14 2) |V(2)] < +oo. (5.3)

To construct the half-line matrix Schrodinger operator related to (5.1), we sup-
plement (5.1) with the general selfadjoint boundary condition

— B1g(0) + AT¢/(0) = 0, (5-4)
where A and B are two constant 2n X 2n matrices satisfying
ATA+B'B>0, B'A=A'B. (5.5)

We recall that a matrix is positive (also called positive definite) when all its
eigenvalues are positive.

It is possible to express the 2n boundary conditions listed in (5.4) in an un-
coupled form. We refer the reader to Section 3.4 of [6] for the explicit steps
to transform from any pair (A, B) of boundary matrices appearing in the gen-
eral selfadjoint boundary condition described in (5.4) and (5.5) to the diagonal
boundary matrix pair (A, B) given by

(5.6)

et

{fl = — diag {sin 6y,sinfy, - - ,sin by, },

= diag {cos 0y, cos by, - ,cosba,},
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for some appropriate real parameters 6; € (0,7]. It can directly be verified that
the matrix pair (A, B) satisfies the two equalities in (5.5) and that (5.4) is equiv-
alent to the 2n uncoupled system given by

(cos 0;) ¢;(0) + (sin ;) ¢(0) = 0, 1<j<2n. (5.7)

We remark that the case 6; = m corresponds to the Dirichlet boundary condition
and the case §; = /2 corresponds to the Neumann boundary condition. Let
us use np and ny to denote the number of Dirichlet and Neumann boundary
conditions in (5.7), and let us use ny to denote the number of mixed boundary
conditions in (5.7), where a mixed boundary condition occurs when 6 € (0,7/2)
or 0 € (m/2,m). It is clear that we have

np + nN + nym = 2n.

In Sections 3.3 and 3.5 of [6] we have constructed a selfadjoint realization of
the matrix Schrédinger operator —d?/dx? + V() with the boundary condition
described in (5.4) and (5.5), and we have used H4 g v to denote it. In Section 3.6
of [6] we have shown that that selfadjoint realization with the boundary matrices
(A, B) and the selfadjoint realization with the boundary matrices (A, B) are
related to each other as

Hapv =MHj g yiyaM'. (5.8)

for some 2n x 2n unitary matrix M.

In Section 2.4 of [6] we have established a unitary transformation between
the half-line 2n x 2n matrix Schrédinger operator and the full-line n x n matrix
Schrodinger operator by choosing the boundary matrices A and B in (5.4) ap-
propriately so that the full-line potential V' at x = 0 includes a point interaction.
Using that unitary transformation, in [13] the half-line physical solution to (5.1)
and the full-line physical solutions to (1.1) are related to each other, and also
the corresponding half-line scattering matrix and full-line scattering matrix are
related to each other. In this section of our current paper, in the absence of a
point interaction, via a unitary transformation we are interested in analyzing the
connection between various half-line quantities and the corresponding full-line
quantities.

By proceeding as in Section 2.4 of [6], we establish our unitary operator
U from L?(R*;C?") onto L?*(R;C") as follows. We decompose any complex-
valued, square-integrable column vector ¢(x) with 2n components into two pieces
of column vectors ¢ (z) and ¢_(x), each with n components, as

sor= o] e

Then, our unitary transformation U maps ¢(z) onto the complex-valued, square-
integrable column vector 1 (z) with n components in such a way that

) — ¢5+(JE), z >0,
Vi) {qb_(—x), x < 0.



282 Tuncay Aktosun and Ricardo Weder

We use the decomposition of the full-line n x n matrix potential V' into the
potential fragments V; and V5 as described in (1.4) and (1.5). We choose the
half-line 2n x 2n matrix potential V in terms of V; and V5 by letting

V(z) = [VQ((;”) - (O_x)} . zeRT (5.9)

The inverse transformation U~!, which is equivalent to UT, maps 1(x) onto ¢(x)

via (@)
Pz ] +
T) = , reRT.
ot = |1
Under the action of the unitary transformation U, the half-line Hamiltonian
H 4 p v appearing on the left-hand side of (5.8) is unitarily transformed onto the
full-line Hamiltonian Hy , where Hy is related to Hj pv as

Hy =UHapvU', (5.10)
and its domain D[Hy| is given by
DlHy] = {¥ € L2(R;C") : Ut € D[H pv]},

where D[H A, B,V] denotes the domain of H4 pv. The operator Hy specified in
(5.10) is a selfadjoint realization in L?(IR; C") of the formal differential operator
—d?/dx*+V (z), where V is the full-line potential appearing in (1.4) and satisfying
(1.2) and (1.3).

The boundary condition (5.4) at z = 0 of R satisfied by the functions in
D[H 4 pv] implies that the functions in D[Hy | themselves satisfy a transmission
condition at x = 0 of the full line R. In order to determine that transmission
condition, we express the boundary matrices A and B appearing in (5.4) in terms
of n x 2n block matrices Ay, Ao, By, and B> as

A= [Al] , B=: [gﬂ : (5.11)

Using (5.11) in (5.4) we see that any function ¢(x) in D[Hy | satisfies the trans-
mission condition at x = 0 given by

— B 4p(0%) = By p(07) + Al ¢/(0%) — AJw(07) = 0. (5.12)

For example, let us choose the boundary matrices A and B as

A:[g ﬂ B:[_II 8] (5.13)

where we recall that I is the n x n identity matrix and 0 denotes the n X n zero
matrix. It can directly be verified that the matrices A and B appearing in (5.13)
satisfy the two matrix equalities in (5.5). Then, the transmission condition at
x =0 of R given in (5.12) is equivalent to the two conditions

P(07) =4(07), ¢/ (07) =¢'(07),
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which indicate that the functions 1 and v’ are continuous at x = 0. In this case,
Hy is the standard matrix Schréodinger operator on the full line without a point
interaction. In the special case when the boundary matrices A and B are chosen
as in (5.13), as shown in Proposition 5.9 of [13], the corresponding transformed
boundary matrices A and B in (5.6) yield precisely n Dirichlet and n Neumann
boundary conditions.

We now introduce some relevant quantities for the half-line Schrodinger equa-
tion (5.1) with the boundary condition (5.4). We assume that the half-line po-
tential V is chosen as in (5.9), where the full-line potential V' satisfies (1.2) and
(1.3). Hence, V satisfies (5.2) and (5.3). As already mentioned, we use boldface
to denote some of the half-line quantities in order to make a contrast with the
corresponding full-line quantities. For example, V is the half-line 2n x 2n matrix
potential whereas V' is the full-line n x n matrix potential, S(k) is the half-line
2n x 2n scattering matrix while S(k) is the full-line 2n x 2n scattering matrix,
f(k,x) is the half-line 2n x 2n matrix-valued Jost solution whereas fi(k,z) and
fr(k,x) are the full-line n x n matrix-valued Jost solutions, ®(k, x) is the half-line
2n x 2n matrix-valued regular solution, W(k, x) denotes the 2n x 2n matrix-valued
half-line physical solution whereas W(k,z) and W,(k,z) are the full-line n x n
matrix-valued physical solutions. We use I for the n x n identity matrix and use
I for the 2n x 2n identity matrix. We recall that J denotes the 2n x 2n constant
matrix defined in (3.10) and it should not be confused with the half-line 2n x 2n
Jost matrix J(k).

The Jost solution f(k,z) is the solution to (5.1) satisfying the spacial asymp-
totics

f(k,z) =™ [T+ 0(1)], f'(k,z)=1ike [I+0(1)], x — +oo. (5.14)

In terms of the 2n x 2n boundary matrices A and B appearing in (5.4) and the
Jost solution f(k,x), the 2n x 2n Jost matrix J(k) is defined as

J(k) :==f(—k*,0)'B — f'(—k*,0)TA,  keCH, (5.15)

where —k* is used because J(k) has [6] an analytic extension in &k from R to C*

and J(k) is continuous in C*. The half-line 2n x 2n scattering matrix S(k) is
defined in terms of the Jost matrix J(k) as

S(k) == —J(—k)I(k)~, k e R. (5.16)

When the potential V satisfies (5.2) and (5.3), in the so-called exceptional case
the matrix J(k)~! has a singularity at k = 0 even though the limit of the right-
hand side of (5.16) exists when k — 0. Thus, S(k) is continuous in k£ € R including
k = 0. It is known [6] that S(k) satisfies

S(k)y"'=8(k)t =S(-k), keR.

We refer the reader to Theorem 3.8.15 of [6] regarding the small k-behavior of
J(k)~! and S(k).
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The 2n x 2n matrix-valued physical solution ¥(k,z) to (5.1) is defined in
terms of the Jost solution f(k,z) and the scattering matrix S(k) as

W(k,z) = f(—k, z) + £(k, ) S(k). (5.17)

It is known [6] that ¥ (k,x) has a meromorphic extension from k& € R to k € C*
and it also satisfies the boundary condition (5.4), i.e., we have

— BYW(k,0) + AT/ (k,0) = 0. (5.18)

There is also a particular 2n x 2n matrix-valued solution ®(k, x) to (5.1) satisfying
the initial conditions

&(k,0)=A, & (k,0)=B.
Because ®(k, ) is entire in k for each fixed z € R™, it is usually called the
regular solution. The physical solution ¥(k,z) and the regular solution ®(k,x)
are related to each other via the Jost matrix J(k) as

U(k,x) = —2ik®(k,z) I (k)" .

In the next theorem, we consider the special case where the half-line
Schrodinger operator H4 pv and the full-line Schrodinger operator Hy are re-
lated to each other as in (5.10), with the potentials V and V' being related as in
(1.4) and (5.9) and with the boundary matrices A and B chosen as in (5.13). We
show how the corresponding half-line Jost solution, half-line physical solution,
half-line scattering matrix, and half-line Jost matrix are related to the appro-
priate full-line quantities. We remark that the results in (5.21) and (5.22) have
already been proved in [13] by using a different method.

Theorem 5.1. Consider the full-line matriz Schrédinger equation (1.1) with
the n x n matriz potential V' satisfying (1.2) and (1.3). Assume that the cor-
responding full-line Hamiltonian Hy and the half-line Hamiltonian Hy pv are
unitarily connected as in (5.10) by relating the half-line 2n x 2n matriz potential
V toV asin (1.4) and (5.9) and by choosing the boundary matrices A and B as
in (5.13). Then, we have the following:

(a) The half-line 2n x 2n matriz-valued Jost solution f(k,x) to (5.1) appearing
in (5.14) is related to the full-line n x n matriz-valued Jost solutions fy(k,x)
and fy(k,x) appearing in (2.1) and (2.2), respectively, as

k,x) 0

0 filk,—z)|’

(b) The half-line 2n x 2n scattering matriz S(k) defined in (5.16) is related to
the full-line 2n x 2n scattering matriz S(k) defined in (2.9) as

S(k)=S(k)Q, keR, (5.20)

where Q is the 2n X 2n constant matriz defined in (2.53). Hence, the half-
line scattering matriz S(k) is related to the full-line n x n matriz-valued
scattering coefficients as

f(k,z) = Al reRY, keCt. (5.19)

] . keR. (5.21)
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(¢c) The half-line 2n x 2n physical solution ¥ (k,x) defined in (5.17) is related
to the full-line n X n matriz-valued physical solutions Vi(k,z) and V,(k,x)
appearing in (2.10) as

| Uk, x) Uy(R, o) n =
W (k,x) = [\Ilr(k, —2) Uk, —1)|° r€eR", keCt. (5.22)
(d) The half-line 2n x 2n Jost matriz J(k) defined in (5.15) and its inverse
J(k)~! are related to the full-line n x n matriz-valued Jost solutions fi(k,x)
and fr(k,x) appearing in (2.1) and (2.2) and the n X n matriz-valued trans-
mission coefficients Ti(k) and T:(k) appearing in (2.5) and (2.6) as

—fi(—Fk* 0V —f(—k* O —
=70 A et 02

1 _ L[ Ak0) f{(k,0) ] [Ti(k) O _
)= o [—fr(k,o) —3"1(k,0)H ! Tl(k)], ke T\ {0}. (5.24)

Proof. The Jost solutions fi(k, z) and f;(k, z) satisfy (1.1). Since k appears as
k% in (1.1), the quantities fj(—k, z), and f.(—Fk, z) also satisfy (1.1). Furthermore,
fi(k,z) and f,(k,z) satisfy the respective spacial asymptotics in (2.1) and (2.2).
Then, with the help of (1.5) and (5.9) we see that the half-line Jost solution
f(k,z) given in (5.19) satisfies the half-line Schrédinger equation (5.1) and the
spacial asymptotics (5.14). Thus, the proof of (a) is complete. Let us now prove
(b). We evaluate (5.17) and its z-derivative at the point = 0, and then we use
the result in (5.18), where A and B are the matrices in (5.13). This yields

A=k, 0) —fo(=k,0)] | [fi(k,0) —Ffe(k,0) _
fi(=k,0) f!(k,O)]+[f1’(k,o) Fi(k,0)| SR =0 (5.25)

Using the matrices G(k,x) and J defined in (2.20) and (3.10), respectively, we
write (5.25) as

G(—k,0)J +G(k,0)JS(k) =0, keR,

which yields
S(k) = —J G(k,0)"' G(—k,0) J, keR. (5.26)

We remark that the invertibility of G(k,0) for £ € R\ {0} is assured by Theo-
rem 2.3(c) and that (5.26) holds also at £ = 0 as a consequence of the continuity
of S(k) in k € R. From (3.9) we have

Gk,0)"*G(~k,0)=JS(k)JQ, kER, (5.27)

where we recall that S(k) is the full-line scattering matrix in (2.9) and @ is the
constant matrix in (2.53). Using (5.27) in (5.26) we get

S(k)=—J[JS(k)JQ]J, keR. (5.28)
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Using J2 = I and JQ = —Q.J in (5.28), we obtain (5.20). Then, we get (5.21) by
using (2.9) in (5.20). Thus, the proof of (b) is complete. Let us now prove (c).
Using (5.19) and (5.21) in (5.17), we obtain

_ [fil=k,z) + fi(k,z) R(k) Nk, z) Ti(k)
w2 = O ey ) 62
The use of (3.3) and (3.4) in (5.29) yields
_ fr(k7x) Tr(k) f](k,l‘)T](k‘)
¥lh,2) = [fr(k, ) T(k) il —x)Tl(k)] | (5:30)

Then, using (2.10) on the right-hand side of (5.30), we obtain (5.22), which
completes the proof of (¢). We now turn to the proof of (d). In (5.15) we use
(5.13), (5.19), and the z-derivative of (5.19). This gives us (5.23). Finally, by
postmultiplying both sides of (5.24) with the respective sides of (5.23), one can
verify that J(k)J(k)~! = I. In the simplification of the left-hand side of the last
equality, one uses (2.44), (2.46), (2.48), and (2.49). Thus, the proof of (d) is
complete. O

We recall that, as (5.10) indicates, the full-line and half-line Hamiltonians
Hy and Ha v, respectively, are unitarily equivalent. However, as seen from
(5.20), the corresponding full-line and half-line scattering matrices S(k) and S(k),
respectively, are not unitarily equivalent. For an elaboration on this issue, we refer
the reader to [13].

Let us also mention that it is possible to establish (5.24) without the direct
verification used in the proof of Theorem 5.1. This can be accomplished as follows.
Comparing (2.20) and (5.23), we see that

J(k)=—-JG(-k*,0), keC+. (5.31)
By taking the matrix inverse of both sides of (5.31), we obtain
Ik = - [G(=k,07T T, keTT\ {0}, (5.32)
With the help of (2.20), (2.53), and (3.10), we can write (2.58) as

_ 1
G(k,x) 1 = _ﬂ I:

il Tr?k)} JOG(—k.2) QJ,  keTT\{0}. (5.33)
From (5.33), for k € CT\ {0} we get

(k)7 0 ] (5.34)

_L* -7 _ _L

[G( k*, x) ] = 2ikJQG(k’x)QJ [ 0 Ty(— kY|
Using (4.1) in the last matrix factor on the right-hand side of (5.34), we can write
(5.34) as

G~k 2)"] = —ﬁ JOG(Hk2)QJ {Tré]‘ﬁ) Tl?k)} . ReTT\{0}. (5.35)
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Finally, using (5.35) on the right-hand side of (5.32), we obtain

J(k)! = ﬁ JQG(k,0)Q [Trék) Tl(()k)] : ke C+\ {0}, (5.36)

which is equivalent to (5.24).

In the next theorem, we relate the determinant of the half-line 2n x 2n Jost
matrix J(k) to the determinant of the full-line n x n matrix-valued transmission
coefficient Ti(k).

Theorem 5.2. Consider the full-line matriz Schrédinger equation (1.1) with
the n X n matriz potential V' satisfying (1.2) and (1.3). Assume that the corre-
sponding full-line Hamiltonian Hy is unitarily connected to the half-line Hamil-
tonian Ha gy as in (5.10) by relating the half-line 2n x 2n matriz potential V
to V as in (1.4) and (5.9) and by choosing the boundary matrices A and B as
in (5.13). Then, the determinant of the half-line 2n x 2n Jost matriz J(k) de-
fined in (5.15) is related to the determinant of the corresponding full-line n X n
matriz-valued transmission coefficient Ti(k) appearing in (2.5) as

(2ik)™

det[J (k)] = det TR’

ke CT. (5.37)
Proof. By taking the determinants of both sides of (5.36), we obtain

detI(k)] ~ (@ k)):n det[G(k, 0)] det[Ti(k)] det[T:(k)], ke CF\{0}, (5.38)

1 (-1
(2

where we have used Q% = I and det[J] = (—1)", which follow from (2.53) and

(3.10), respectively. Using (2.23) in (5.38), we see that (5.37) holds. O

When the potential V satisfies (5.2) and (5.3), from Theorems 3.11.1 and
3.11.6 of [6] we know that the zeros of det[J(k)] in CT\ {0} can only occur on the
positive imaginary axis and the number of such zeros is finite. Assume that the
full-line Hamiltonian Hy and the half-line Hamiltonian Hy4 p v are connected to
each other through the unitary transformation U as described in (5.10), where
V and V are related as in (1.4) and (5.9) and the boundary matrices are chosen
as in (5.13). We then have the following important consequence. The number
of eigenvalues of Hy coincides with the number of eigenvalues of Hj v, and
the multiplicities of the corresponding eigenvalues also coincide. The eigenvalues
of Hy pv occur at the k-values on the positive imaginary axis in the complex
k-plane where det[J (k)] vanishes, and the multiplicity of each of those eigenvalues
is equal to the order of the corresponding zero of det[J(k)]. Thus, as seen from
(5.37) the eigenvalues of Hy occur on the positive imaginary axis in the complex
k-plane where det[T1(k)] has poles, and the multiplicity each of those eigenvalues
is equal to the order of the corresponding pole of det[Tj(k)]. Let us use N to
denote the number of such poles without counting their multiplicities, and let us
assume that those poles occur at k = ix; for 1 < j < N. We use m; to denote
the multiplicity of the pole at & = ix;. The nonnegative integer /N corresponds to
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the number of distinct eigenvalues —H? of the corresponding full-line Schrodinger
operator Hy associated with (1.1). If N = 0, then there are no eigenvalues. Let
us use NV to denote the number of eigenvalues including the multiplicities. Hence,
N is related to N as

N
N=> my. (5.39)
j=1

From (5.37) it is seen that the zeros of the determinant of the corresponding Jost
matrix J(k) occur at k = ix; with multiplicity m; for 1 < j < N. It is known [6]
that J(k) is analytic in C* and continuous in C*. Thus, from (5.37) we also see
that det[Tj(k)] cannot vanish in C*+ \ {0}.

The unitary equivalence given in (5.10) between the half-line matrix
Schrodinger operator H4 pv and the full-line matrix Schrodinger operator Hy
has other important consequences. Let us comment on the connection between
the half-line and full-line cases when k& = 0. From Corollary 3.8.16 of [6] it follows
that

det[J (k)] = 1 k* [1 + o(1)], k—0 inCH, (5.40)

where p is the geometric multiplicity of the zero eigenvalue of J(0) and ¢; is
a nonzero constant. Further, from Proposition 3.8.18 of [6] we know that u
coincides with the geometric and algebraic multiplicity of the eigenvalue +1 of
S(0). In fact, the nonnegative integer y is related to (5.1) when k = 0, i.e., related
to the zero-energy Schrodinger equation given by

—¢"+V(x)p =0, r € RT. (5.41)

When the 2n x 2n matrix potential V satisfies (5.2) and (5.3), from (3.2.157)
and Proposition 3.2.6 of [6] it follows that, among any fundamental set of 4n
linearly independent column-vector solutions to (5.41), exactly 2n of them are
bounded and 2n are unbounded. In fact, the 2n columns of the zero-energy
Jost solution f(0,x) make up the 2n linearly independent bounded solutions to
(5.41). Certainly, not all of those 2n column-vector solutions necessarily satisfy
the selfadjoint boundary condition (5.4) where the 2n x 2n boundary matrices A
and B are as in (5.5). From Remark 3.8.10 of [6] it is known that u coincides
with the number of linearly independent bounded solutions to (5.41) satisfying
the boundary condition (5.4) and that we have

0<u<2n. (5.42)

From (5.37) and (5.40) we obtain

det[Ti(F)] = — (20" k" [1+ o(1)], k—0 imCT.  (5.43)
C1

We have the following additional remarks. Let us consider (1.1) when k = 0, i.e.,
let us consider the full-line zero-energy Schrodinger equation

" +V(z)y =0, z € R, (5.44)
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where V' is the n X n matrix potential appearing in (1.1) and satisfying (1.2) and
(1.3). We recall [4] that, for the full-line Schrédinger equation in the scalar case,
i.e., when n = 1, the generic case occurs when there are no bounded solutions to
(5.44) and that the exceptional case occurs when there exists a bounded solution
to (5.44). In the n x n matrix case, let us assume that (5.44) has v linearly
independent bounded solutions. It is known [5] that

0<v<n. (5.45)

We can call v the degree of exceptionality. From the unitary connection (5.10)
it follows that the number of linearly independent bounded solutions to (5.44) is
equal to the number of linearly independent bounded solutions to (5.41). Thus,
we have

U= . (5.46)
As a result, we can write (5.43) also as
1 _
det[Ti(k)] = o (20)" K"V [1+o(1)], k—0 inCH. (5.47)
1

From (5.42), (5.45), and (5.46) we conclude that
0<pu<n. (5.48)

The restriction from (5.42) to (5.48), when we have the unitary equivalence
(5.10) between the half-line matrix Schrédinger operator H4 g v and the full-line
matrix Schrodinger operator Hy , can be made plausible as follows. As seen from
(5.9), the 2n x 2n matrix potential V(z) is a block diagonal matrix consisting
of the two n x n square matrices Vo(z) and Vi(—z) for x € RT. Thus, we can
decompose any column-vector solution ¢(z) to (5.41) with 2n components into
two column vectors each having n components as

¢2(5L‘>] +
T) = , reRT. 5.49
o) = |92 (549
Consequently, we can decompose the 2n x 2n matrix system (5.41) into the two
n X n matrix subsystems

{ _¢/2,+V2(x)¢2:07 xERJ’_a

5.50
—¢,1/+V1(—5L‘) (Z)l :07 xeRJ’_v ( )

in such a way that the two n X n subsystems given in the first and second lines,
respectively, in (5.50) are uncoupled from each other. We now look for n x n
matrix solutions to each of the two n x n subsystems in (5.50). Let us first solve
the first subsystem in (5.50). From (3.2.157) and Proposition 3.2.6 of [6], we know
that there are n linearly independent bounded solutions to the first subsystem in
(5.50). With the help of (5.49) and the boundary matrices A and B in (5.13),
we see that the boundary condition (5.4) is expressed as two n x n systems as

$1(0) = ¢2(0),  ¢1(0) = —¢5(0). (5.51)
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Thus, once we have ¢o(x) at hand, the initial values for ¢1(0) and ¢/ (0) are
uniquely determined from (5.51). Then, we solve the second subsystem in (5.50)
with the already determined initial conditions given in (5.51). Since the first
subsystem in (5.50) can have at most n linearly independent bounded solutions
¢2(z) and we have ¢ () uniquely determined using ¢2(x), from the decomposi-
tion (5.49) we conclude that we can have at most n linearly independent bounded
column-vector solutions ¢(x) to the 2n x 2n system (5.41).

In (3.13) we have expressed the determinant of the scattering matrix S(k) for
the full-line Schrodinger equation (1.1) in terms of the determinant of the left
transmission coefficient 7j(k). When the full-line Hamiltonian Hy and the half-
line Hamiltonian H4 pv are related to each other unitarily as in (5.10), in the
next theorem we relate the determinant of the corresponding half-line scattering
matrix S(k) to det[S(k)].

Theorem 5.3. Consider the full-line matriz Schrodinger equation (1.1) with
the n X n matriz potential V' satisfying (1.2) and (1.3). Assume that the cor-
responding full-line Hamiltonian Hy and the half-line Hamiltonian Hy v are
unitarily connected as in (5.10) by relating the half-line 2n x 2n matriz potential
V toV asin (1.4) and (5.9) and by choosing the boundary matrices A and B as
in (5.13). Then, the determinant of the half-line scattering matriz S(k) defined in
(5.16) is related to the determinant of the full-line scattering matriz S(k) defined
in (2.9) as

det [S(k)] = (—=1)"det [S(k)], k eR, (5.52)

and hence we have

det[T} (k)]

et [S(4)] = (~1)" ({rm e

keR, (5.53)
where we recall that Ti(k) is the n x n matriz-valued left transmission coefficient
appearing in (2.5).

Proof. The scattering matrices S(k) and S(k) are related to each other as in
(5.20), where @ is the 2n x 2n constant matrix defined in (2.53). By interchanging
the first and second row blocks in () we get the 2n x 2n identity matrix, and hence
we have det[Q] = (—1)". Thus, by taking the determinant of both sides of (5.20),
we obtain (5.52). Then, using (3.13) on the right-hand side of (5.52), we get
(5.53). O

6. Levinson’s theorem

The main goal in this section is to prove Levinson’s theorem for the full-line
matrix Schrédinger equation (1.1). In the scalar case, we recall that Levinson’s
theorem connects the continuous spectrum and the discrete spectrum to each
other, and it relates the number of discrete eigenvalues including the multiplicities
to the change in the phase of the scattering matrix when the independent variable
k changes from k£ = 0 to k = +00. In the matrix case, in Levinson’s theorem one
needs to use the phase of the determinant of the scattering matrix. In order to
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prove Levinson’s theorem for (1.1), we exploit the unitary transformation given
in (5.10) relating the half-line and full-line matrix Schrodinger operators and
we use Levinson’s theorem presented in Theorem 3.12.3 of [6] for the half-line
matrix Schrodinger operator. We also provide an independent proof with the
help of the argument principle applied to the determinant of the matrix-valued
left transmission coefficient appearing in (2.5).

In preparation for the proof of Levinson’s theorem for (1.1), in the next the-
orem we relate the large k-asymptotics of the half-line scattering matrix S(k) to
the full-line matrix potential V' in (1.1). Recall that the half-line potential V is
related to the full-line potential V" as in (5.9), where Vj and V5 are the fragments
of V' appearing in (1.4) and (1.5). We also recall that the boundary matrices
A and B appearing in (5.13) are used in the boundary condition (5.4) in the
formation of the half-line scattering matrix S(k).

Theorem 6.1. Consider the full-line matriz Schrédinger equation (1.1) with
the n X n matriz potential V' satisfying (1.2) and (1.3). Assume that the cor-
responding full-line Hamiltonian Hy and the half-line Hamiltonian Hy v are
unitarily connected by relating the half-line 2n x 2n matriz potential V to V
as in (1.4) and (5.9) and by choosing the 2n x 2n boundary matrices A and B
as in (5.13). Then, the half-line scattering matriz S(k) in (5.16) has the large
k-asymptotics given by

1
S(k):Soo%—f;{leo(k) , k— +oco in R, (6.1)

where we have

0 /OO dx V(x)
/OO dx V(z) 0 ’ 62

—00

SOO:Q7 Gl:

N |

with Q being the constant 2n x 2n matriz defined in (2.53).

Proof. We already know that the half-line scattering matrix S(k) is related
to the full-line scattering coefficients as in (5.21). With the help of (4.2)—(4.5)
expressing the large k-asymptotics of the scattering coefficients, from (5.21) we
obtain (6.1). O

Remark 6.2. We have the following comments related to the first equality
in (6.2). One can directly evaluate the eigenvalues of the matrix @ defined in
(2.53) and confirm that it has the eigenvalue —1 with multiplicity n and has the
eigenvalue +1 with multiplicity n. By Theorem 3.10.6 of [6] we know that the
number of Dirichlet boundary conditions associated with the boundary matrices
A and B in (5.13) is equal to the (algebraic and geometric) multiplicity of the
eigenvalue —1 of the matrix S, and that the number of non-Dirichlet boundary
conditions is equal to the (algebraic and geometric) multiplicity of the eigenvalue
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+1 of the matrix S,,. Hence, the first equality in (6.2) implies that the bound-
ary matrices A and B in (5.13) correspond to n Dirichlet and n non-Dirichlet
boundary conditions. In fact, it is already proved in Proposition 5.9 of [13] with
a different method that the number of Dirichlet boundary conditions is equal to
n, and that the aforementioned n non-Dirichlet boundary conditions are actually
all Neumann boundary conditions.

Next, we provide a review of some relevant facts on the small k-asymptotics
related to the full-line matrix Schrédinger equation (1.1) with the n x n matrix
potential V' satisfying (1.2) and (1.3). We refer the reader to [5] for an elaborate
analysis including the proofs and further details.

Let us consider the full-line n x n matrix-valued zero-energy Schrodinger equa-
tion given in (5.44) when the n x n matrix potential V satisfies (1.2) and (1.3).
There are two n X n matrix-valued solutions to (5.44) whose 2n columns form a
fundamental set. We use ¢1(x) to denote one of those two n x n matrix-valued
solutions, where ¢(z) satisfies the asymptotic conditions

d(z) =z +o(1)], ¢x)=I+0(1), x— oo

Thus, all the n columuns of ¢)(z) correspond to unbounded solutions to (5.44). The
other n x n matrix-valued solution to (5.44) is given by fi(0,z), where fi(k,z) is
the left Jost solution to (1.1) appearing in (2.1). As seen from (2.1), the function
£1(0, ) satisfies the asymptotics

f(0,2) =T+ 0(1), f{(0,2) =o(1), T — +00,

and hence f)(0,z) remains bounded as  — +o00. On the other hand, some or all
the n columns of fi(0,z) may be unbounded as x — —oc. In fact, we have [5]

A0,2) =2 [Ar+o()],  fl0.2) = Ar+o(1), - —oc,
where /] is the n X n constant matrix defined as

Ay = lim 2ik Ti(k) L, (6.3)
k—0

with the limit taken from within C*.

From Section 5, we recall that the degree of exceptionality, denoted by v, is
defined as the number of linearly independent bounded column-vector solutions
to (5.44), and we know that v satisfies (5.45). From (5.45) we see that we have
the purely generic case for (1.1) when v = 0 and we have the purely exceptional
case when v = n. Hence, n — v corresponds to the degree of genericity for (1.1).
Since the value of v is uniquely determined by only the potential V in (1.1), we
can also say that the n x n matrix potential V is exceptional with degree v.

We can characterize the value of v in various different ways. For example, v
corresponds to the geometric multiplicity of the zero eigenvalue of the n xn matrix
A defined in (6.3). The value of v is equal to the nullity of the matrix Aj. It is
also equal to the number of linearly independent bounded columns of the zero-
energy left Jost solution fi(0, z). Thus, the remaining n—v columns of f;(0, z) are



Factorization for the Matrix Schrédinger Equation 293

all unbounded solutions to (5.44). Hence, (5.44) has 2n — v linearly independent
unbounded column-vector solutions and it has v linearly independent bounded
column-vector solutions.

The degree of exceptionality v can also be related to the zero-energy right Jost
solution f;(0,x) to (5.44). As we see from (2.2), the function f,(0, z) satisfies the
asymptotics

£:(0,2) =T+0(1), f(0,2)=o0(1), T — —00, (6.4)
and hence f;(0,x) remains bounded as  — —oo. On the other hand, we have
[:(0,2) = —x[Ar +0(1)],  fl(0,2) = —A; + o(1), x — 400, (6.5)
where A, is the constant n x n matrix defined as

A, = lim 2ik Ty (k)71 (6.6)
k—0

with the limit taken from within C+. From (4.1) it follows that the n x n matrices
Ay and A; satisfy
A=Al (6.7)

With the help of (6.4)—(6.7) we observe that the degree of exceptionality v is
equal to the geometric multiplicity of the zero eigenvalue of the n x n matrix
A, to the nullity of A;, and also to the number of linearly independent bounded
columns of f;(0, ).

One may ask whether the degree of exceptionality for the full-line potential
V can be determined from the degrees of exceptionality for its fragments. The
answer is no unless all the fragments are purely exceptional, in which case the
full-line potential must also be exceptional. This answer can be obtained by
first considering the scalar case and then by generalizing it to the matrix case
by arguing with a diagonal matrix potential. We refer the reader to [3] for an
explicit example in the scalar case, where it is demonstrated that the potential
V may be generic or exceptional if at least one of the fragments is generic. In
the next example, we also illustrate this fact by a different example.

Example 6.3. We recall that, in the full-line scalar case, if the potential V in
(1.1) is real valued and satisfies (1.3) then generically the transmission coefficient
T(k) vanishes linearly as k& — 0 and we have T'(0) # 0 in the exceptional case.
In the generic case we have L(0) = R(0) = —1 and in the exceptional case we
have |L(0)| = |R(0)] < 1, where we use L(k) and R(k) for the left and right
reflection coefficients. Hence, from (3.51) we observe that, in the scalar case, if
the two fragments of a full-line potential are both exceptional then the potential
itself must be exceptional. By using induction, the result can be proved to hold
also in the case where the number of fragments is arbitrary. In this example, we
demonstrate that if at least one of the fragments is generic, then the potential
itself can be exceptional or generic. In the full-line scalar case, let us consider
the square-well potential of width a and depth b, where a is a positive parameter



294 Tuncay Aktosun and Ricardo Weder

and b is a nonnegative parameter. Without any loss of generality, because the
transmission coefficient is not affected by shifting the potential, we can assume
that the potential V is given by

—p, -2 <z < a
V(r) = ’ 2 2’ (6.8)
0, elsewhere.
The transmission coefficient corresponding to the scalar potential V' in (6.8) is
given by
Ak/b L+ k2 —ika
T(h) = 2T (6.9)
d6 + q7 + g8
where we have defined
g6 = —b—k* + kV/b+ k2,
g = [—kQ + Vb + k?} exp (ia\/b n k2> ,
qs := [b + 2k% + 2k\/b + kQ} exp (—ia\/ b+ k:Q) .
From (6.9) we obtain
1 \/l; —iavh
=V (e —1> o1 k— 0. 6.10

Hence, (6.10) implies that the exceptional case occurs if and only if avb is an
integer multiple of 27, in which case T'(k) does not vanish at k = 0. Thus, the
potential V' in (6.8) is exceptional if and only if we have the depth b of the
square-well potential is related to the width a as

- Ap* 2

: (6.11)

a2

for some nonnegative integer p. For simplicity, let us use a = 2 and choose our
potential fragments V; and V5 as

Vi(z) =

b, —-l<z<eg
{ Va(z) =

0, elsewhere,

{—b, c<x<l,

0, elsewhere,
where ¢ is a parameter in [—1, 1] so that the potential V in (6.8) is given by

b, —-l<z<l,
V(z) = v (6.12)
0, elsewhere.

We remark that the zero potential is exceptional. With the help of (6.11), we
conclude that V7 is exceptional if and only if there exists a nonnegative integer

p1 satisfying
Vb P1

Y7 6.13
2r 14¢’ ( )
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that V3 is exceptional if and only if there exists a nonnegative integer ps satisfying

vh_ p (6.14)

o 1-—¢

and that V is exceptional if and only if there exists a nonnegative integer p
satisfying
Vb _p

2t 2
In fact, (6.15) happens if and only if p = p; + p2. From (6.13)—(6.15) we have the
following conclusions:

(6.15)

(a) If V4 and V5 are both exceptional, then V' is also exceptional. This follows
from the restriction p = p; + po that if p; and ps are both nonnegative
integers then p must also be a nonnegative integer. As argued earlier, if V;
and V5 are both exceptional then V' cannot ever be generic.

(b) If the nonnegative integer p; satisfying (6.13) exists but the nonnegative
integer po satisfying (6.14) does not exist then the nonnegative integer p
satisfying (6.15) cannot exist because of the restriction p = p; +p2. Thus, we
can conclude that if V7 is exceptional then V5 and V' are either simultaneously
exceptional or simultaneously generic. Similarly, we can conclude that if
V5 is exceptional then Vi and V are either simultaneously exceptional or
simultaneously generic.

(c) If both Vj are V5 are generic, then V' can be generic or exceptional. This can
be seen easily by arguing that in the equation p = p; + p2, it may happen
that p1+p2 is a nonnegative integer or not a nonnegative integer even though
neither p; nor ps are nonnegative integers.

Finally in this section, we consider Levinson’s theorem for (1.1). We refer the
reader to Theorem 3.12.3 of [6] for Levinson’s theorem for the half-line matrix
Schrédinger operator with the selfadjoint boundary condition. With the help of
that theorem, we have the following result for the half-line matrix Schrodinger
operator associated with (5.1) and (5.4). As mentioned in Remark 6.2, the result
given in (6.17) in the next theorem has been proved in [13] by using a different
method.

Theorem 6.4. Consider the half-line matriz Schrodinger operator corre-
sponding to (5.1) with the 2n x 2n matriz potential V satisfying (5.2) and (5.3),
and with the selfadjoint boundary condition (5.4) where the boundary matrices
A and B satisfy (5.5). Let Ny denote the number of eigenvalues including the
multiplicities, S(k) be the corresponding scattering matriz defined as in (5.16),
and So be the constant matriz appearing in (6.1) and (6.2). Then, we have the
following:

(a) The nonnegative integer Ny, is related to the argument of the determinant of
S(k) as

arg[det[S(0T)]] — arg[det[Ss]] = 7 [2 M, + i — 21 + np], (6.16)
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where arg is any single-valued branch of the argument function, the nonneg-
ative integer u is the algebraic and geometric multiplicity of the eigenvalue
+1 of S(0), and the nonnegative integer np is the algebraic and geometric
multiplicity of the eigenvalue —1 of Seo.

(b) Assume further that the boundary matrices A and B appearing in (5.4) are
chosen as in (5.13). Then, we have

np = n, (6.17)
and hence in that special case, (6.16) yields
arg[det[S(0T)]] — arg[det[Ss]] = 7 [2 M, + 1 — 1] . (6.18)

Proof. We remark that (6.16) directly follows from (3.12.15) of [6] by using
the fact that the matrix potential V has size 2n x 2n. Hence, the proof of (a) is
complete. In order to prove (b), it is sufficient to prove (6.17). We can explicitly
evaluate the large k-asymptotics of S(k) when A and B are chosen as in (5.13).
From (3.10.37) of [6] we know that So is unchanged if the potential V is zero,
which is not surprising because the potential cannot affect the leading term in
the large k-asymptotics of the scattering matrix. Thus, S, and its eigenvalues
are solely determined by the boundary matrices A and B. When the potential is
zero, as seen from (3.7.2) of [6] we have

S(k) = —(B +ikA)(B — ikA)~'. (6.19)

When we use A and B given in (5.13), we get

(6.20)

S il

I —ikl

Using (6.20) in (6.19) we evaluate the large k-asymptotics of S(k) given in (6.19)

N I T
o =-[7 (]2 1))

which yields the exact result
S(k) = @, (6.21)

where we recall that @ is the 2n x 2n constant matrix defined in (2.53). Thus,
we have S, = (). As indicated in Remark 6.2, the matrix @) has eigenvalue —1
with multiplicity n. Hence, (6.17) holds, and the proof of (b) is complete. O

We remark that (6.21) also follows from the first equality in (6.2) of The-
orem 6.1 by using the unitary transformation (5.10) between the half-line and
full-line Schrodinger operators. However, we have established Theorem 6.4(b)
without using that unitary transformation and without making any connection
to the full-line Schrédinger equation (1.1).
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Using (4.2)—(4.5) in (2.9), we see that the full-line scattering matrix S(k)
satisfies
Seo =1,

where we have defined
Soc :=lim S(k).
k—+o0
In the next theorem we state and prove Levinson’s theorem for the full-line
matrix-valued Schrédinger equation (1.1). As in Theorem 6.4, we again use arg
to denote any single-valued branch of the argument function.

Theorem 6.5. Consider the full-line matriz Schrodinger operator corre-
sponding to (1.1) with the n X n matriz potential V satisfying (1.2) and (1.3).
Let S(k) be the corresponding 2n x 2n scattering matriz defined in (2.9). Then,
the corresponding number N of eigenvalues including the multiplicities, which
appears in (5.39), is related to the argument of the determinant of S(k) as

arg[det[S(07)]] — arg[det[Seo]] = 7 [2N —n + 1], (6.22)

where we recall that the nonnegative integer v is the degree of exceptionality ap-
pearing in (5.45) and denoting the number of linearly independent bounded solu-
tions to (5.44).

Proof. Even though we can prove (6.22) independently without using any
connection to the half-line 2n x 2n matrix Schrédinger equation (5.1), it is il-
luminating to prove it by exploiting the unitary connection (5.10) between the
full-line Hamiltonian Hy and the half-line Hamiltonian H 4 g v, where the half-
line 2n x 2n matrix potential V is related to V as in (1.4) and (5.9) and the
boundary matrices A and B are chosen as in (5.13). Then, from (5.52) it follows
that the left-hand side of (6.22) is equal to the left-hand side of (6.18), i.e., we
have

arg[det[S(07)]] — arg[det[Ss]] = arg[det[S(0T)]] — arg[det[Soo]], (6.23)

where S(k) is the 2n x 2n scattering matrix corresponding to Hx pv. Further-
more, because of (5.10) we know that both the number of eigenvalues and their
multiplicities for Hy and H4 g v coincide, and hence we have

Ny =N, (6.24)

where we recall that N, is the number of eigenvalues of H A,B,v including the
multiplicities. We also know that (5.46) holds, where u is the geometric and
algebraic multiplicity of the eigenvalue +1 of S(0). Thus, using (5.46) and (6.24)
on the right-hand side of (6.18), with the help of (6.23) we obtain (6.22). Hence,
the proof is complete. O

An independent proof of (6.22) without using the unitary connection (5.10)
can be given by applying the argument principle to the determinant of Tj(k). For
this, we can proceed as follows. As indicated in Section 5, the Hamiltonian Hy
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has N distinct eigenvalues —Ii?, each with multiplicity m; for 1 < j < N. In
case N = 0, there are no eigenvalues. The quantity det[7j(k)] has a meromorphic
extension from k € R to CT such that the only poles there occur at k = ix; with
multiplicity m; for 1 < j < N. Furthermore, except for those poles, det[Tj(k)]
is continuous in C* and nonzero in C* \ {0}, and it has a zero at k = 0 with
order n — v, as indicated in (5.47). We note that det[Tj(k)] is nonzero at k = 0
when v = n. To apply the argument principle, we choose our contour C. , as the
positively oriented closed curve given by

Cep = (—1,—e)UC.U(g,7)UC,. (6.25)

Note that the first piece (—r, —¢) on the right-hand side of (6.25) is the directed
line segment on the real axis oriented from —r to —e for some small positive e
and some large positive . The second piece C. is the upper semicircle centered
at the origin with radius € and oriented from —e to €. The third piece is the real
line segment (g,r) oriented from e to r. Finally the fourth piece C, is the upper
semicircle centered at zero and with radius r and oriented from r to —r. From
(4.2) we see that the argument of det[7i(k)] does not change along the piece C,
when r — +o00. In the limit ¢ — 07 and » — +o00, the application of the argument
principle to det[7}(k)] along the contour C; , yields

arg[det[T}(+00)]] — arg[det[73(07)]] + arg[det[73(07)]]

—N] : (6.26)

n—v

— arg[det[T}(—o0)]] = 27 [

where the factor 1/2 in the brackets on the right-hand side is due to the fact
that we integrate along the semicircle C.. From the first equality in (3.12), we
conclude that

arg[det[T}(07)]] —arg[det[7i(—o0)]] = arg[det[T}(+o0)]] —arg[det[Z;(07)]]. (6.27)

Using (6.27) in (6.26), we obtain

arg[det[T}(+00)]] — arg[det[T1(01)]] = = [n ; v ] . (6.28)

Finally, using (3.13) in (6.28) we get

arg|det[Sa]] — arg[det[S(0)]] = 27 [” v ] :
which is equivalent to (6.22).
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dakTopusailis marpudHoro piBusiHHg IlIpesainrepa Ha
npsiMiii i yHITapHE IIepeTBOPEHHS /10 PO3CiIOBaHHS Ha
HiBIIPSIMiii
Tuncay Aktosun and Ricardo Weder

IIpoanasizoBaHO MaTpPHUIO PO3CIIOBAHHA JIIsi MaTPUIHOTO PIBHAHHS
IIpeninrepa Ha mpsMiil, KOJIU BIIIMOBIAHUN MATPUYHOZHAYHUN MTOTEHITIAT
€ CaMOCIPSI?KEHIM, IHTETPOBHUM 1 Ma€ CKiHYeHHUit mepIriit MmomenT. MaTpu-
THO3HAYHUI MOTEHIHAJ PO3KPAJEHO Ha CKIHIYEHHY KiTbKICTh (DparmMeHTiB i
HaJaHo paxkTopu3aIiiiny GpopMysy, sika 300pakye MaTPUIHO3HAYHI Koedi-
IIEHTH PO3CiIOBAHHS B TepMiHAX MAaTPUYHO3HAUHUX KoedillieHTiB st dpa-
rMeHTiB. BukopucroByrwoun 1o (axTopusariitay (hopMyiLy, HaBeIeHO JIesiKi
ABHI MPUKJIJIN, AKi LIIOCTPYIOTH Te, IO, B3araJii, JIBUU I mpaBuil MaTpu-
THO3HATHI KOeMIIi€HTH TPOXOKeHHsT € HepiBHUME. [10B’sI3yroun BiamoBim-
HUM YUHOM TIOTEHIaJIu Ha NPAMIN 1 MiBIPAMii, BCTAHOBJIEHO yHITapHE ITe-
peTrBOpeHHs MixK MarpudHuM omnepatopom IlIpesinrepa Ha mpswmiit i MaTpu-
qauM oneparopom Ilperminrepa Ha miBOpsMiil 3 TEBHOIO CaMOCIPIKEHOIO
KpaitoBOIO0 YMOBOIO. BUKOPUCTOBYIOUN TIe YHITAPHE MEPETBOPEHHSI, BCTAHOB-
JIGHO CIIBBIIHOIIEHH:A MiXK 00’€KTaMu Ha UpAMiil 1 miBnpsMmiit TakuMu sik
poss’ssku Mocra, dbisuani poss’ssku i Marpuri posciosanns. 3acToCOBYIO-
91 3B’S30K MiXK BiJIMOBIIHUME MATPHUIAMHU PO3CIIOBAHHS HA TpsAMiil 1 miB-
psiMift, noBejsieHo TepeMy JIeBiHCOHA Ha TIPAMIif i OB sI3aHO 11 3 TEOPEMOIO
JleBiHCOHA Ha TiBIPAMIi.

KmrouoBi ciioBa: matpuanosnadne pisusunas [Ipeainrepa na mpsmiit, da-
KTOPHU3AIlisl JAHUX PO3CIIOBaHHS, MATPUIHO3HAYHI KOeDIllieHTH PO3CifoBaH-
He, TeopeMa JIeBiHCOHA, YHITApHE TEpEeTBOPEHHS JI0 PO3CIIOBAHHS HA IiBIIPsI-
Mift
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