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Abstract

The principal results of this paper consist of an intrinsic definition of the Evans
function in terms of newly introduced generalized matrix-valued Jost solutions
for general first-order matrix-valued differential equations on the real line, and
a proof of the fact that the Evans function, a finite-dimensional determinant by
construction, coincides with a modified Fredholm determinant associated with a
Birman—Schwinger-type integral operator up to an explicitly computable nonvan-
ishing factor.

1. Introduction

In this paper we study connections between the asymptotic behavior of solu-
tions of the following first-order d x d matrix-valued systems of linear differential
equations on the real line R,

(@) =AX)yx), xeR, (1.1)

Y'(x) = (A(x) + R(x)y(x), x€R, (1.2)

which will often be referred to as the unperturbed and perturbed equation in the
following.
Three types of results are obtained:

e First, we establish the existence of special matrix-valued solutions of the per-
turbed equation (1.2), called the generalized matrix-valued Jost solutions, that
are asymptotic to some reference solutions of the unperturbed equation (1.1).
In spirit, these results resemble the Levinson Theorem [11, Theorem 1.3.1] (cf.
also Remark 7.11); however, we are using a new approach involving Bohl and
Lyapunov exponents [8, Chapter III]. We determine optimal conditions on the
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perturbation to guarantee the existence and uniqueness of the generalized matrix-
valued Jost solutions. In particular, we treat the new situation where the Bohl
segments of the unperturbed system do not degenerate into points, and show that
in this case the perturbation necessarily has to have exponential falloff for the
generalized Jost solutions to exist.

e Second, we use the determinant of a finite-dimensional matrix composed of ini-
tial data of the generalized matrix-valued Jost solutions to calculate an infinite-
dimensional modified Fredholm determinant of a Birman—-Schwinger-type inte-
gral operator associated with equations (1.1) and (1.2). These results generalize
a classical relation identifying the Jost function and a Fredholm determinant
in the case of one-dimensional half-line Schrodinger operators first derived by
Jost and Pa1s [25]. One of the main advantages of our analysis is that it does
not require any restrictive assumptions such as simplicity of spatial eigenvalues
often imposed in the literature (cf., for example, [3, 35]).

e Third, using the generalized matrix-valued Jost solutions, we give a coordinate-
free definition of the Evans function, and relate the Evans function to the afore-
mentioned finite-dimensional determinant. Simultaneously, this identifies the
Evans function with an infinite-dimensional modified Fredholm determinant
associated with a Birman—Schwinger-type integral operator associated with (1.1)
and (1.2) up to a nonvanishing factor (cf. (4.3)). As a result, the Evans function
is expressed via an infinite-dimensional modified Fredholm determinant, and,
for the special case of the Schrodinger equation, is proved to be equal to the
classical Jost function familiar in scattering theory. One of the main practical
advantages of relating the Evans function and the Fredholm determinant is that it
gives immediate and easy access to general properties such as analyticity of the
Evans function with respect to parameters such as energy and coupling constants.

The Evans function, E, is a Wronskian-type analytic function of the spectral
parameter that is widely used to trace the spectrum of ordinary differential operators,
L. Most frequently, the operators £ appear as linearizations of partial differential
equations along special solutions such as traveling waves and steady states. For
instance, £ can be the one-dimensional operator, d>/dx? + V, obtained by linear-
izing the reaction—diffusion equation, u; = u,, + r (1), about a steady state uq, so
that V(x) = r'(up(x)), x € R.

Recently, the Evans function became one of the most important tools in stability
analysis. It was originally introduced by J. W. EvaNs [13-16] to treat a particu-
lar model of nerve impulses, however, quite soon this object was generalized, and
numerous connections of the Evans function to many fields of mathematical phys-
ics have been discovered (from Chern numbers in topology [1] to scattering data in
quantum mechanics [27]). To give the reader just a small sample of the work done
in this rapidly developing area, we cite, for instance, [1, 3, 9, 17, 26-28, 35, 36,
38, 42, 43, 49], and [50]. In addition, excellent reviews of this subject and further
references can be found in [26, 41].

Rewriting the eigenvalue problem for L as a first-order system of differential
equations,

y'(x) =Bz, x)y(x), xeR, (1.3)
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where z € C is the spectral parameter, one is interested in conditions under which
this system has C“-valued solutions y on R exponentially decaying at -co. The
Evans function, E = E(z), is defined in such a way that E(z) = 0 if and only if
decaying C¢-valued solutions y exist (thus detecting the eigenvalues of £). Since
in this paper we are not concerned with function-theoretic properties of the Evans
function such as its analyticity, etc., deferring this topic to a forthcoming publica-
tion (see, however, Remark 9.5), we simply fix a value z( of the spectral parameter z
and study equations (1.1) and (1.2) (and hence (1.3) with B(zg, x) = A(x) 4+ R(x),
x € R). We note that, according to all definitions available in the literature, the
Evans function for (1.1) and (1.2) is not uniquely defined, and one of the central
issues in the current paper is to motivate a “‘canonical” choice of the definition of E.
The latter greatly simplifies the proof of global analyticity properties of E = E(z),
and we again refer to Remark 9.5. We also note that our choice of the Evans function
E agrees with the one used in Definition 1.8 of PEGO and WEINSTEIN [35] for the
concrete model considered therein.

To give an informal outline! of our results, let us temporarily assume for sim-
plicity of exposition, that A and R belong to L®(R)?*4 and, in addition, that
R € L' (R)?*4 On the Hilbert space L>(R)? consider operators, G 4 and G 4 g,
with domains H'(R)?, the usual Sobolev space, defined by

(Gau)(x) = —u'(x) + A)u(x), x €R,

14
(Gayrw)(x) = —u'(x) + (A(x) + R(x)u(x), x €R. 5

Next, we appropriately factor the perturbation R
R(x) = Re(x)R,(x), x €R, (1.5)

as described in detail in (2.18)—(2.21). Assuming the invertibility of G 4 and G 44 g,
one can write

—1 —1 —1 —1
Gilr =Gy = G'RiR.G L 4, (1.6)

and, in addition, one can show that the operator I + RrGZ1 Ry is invertible. Mul-
tiplying (1.6) from the left with R, and solving for RrG/Llr r then yields
Gulr =Gy =GRl +R.G,'R]'R,G . (1.7)

Conversely, assuming the invertibility of G4 and I + R,GZ1 R, we conclude that
G A+ r is invertible and (1.7) holds. Next, still assuming that G 4 is invertible, one
computes

—1/2 —1/2 —1/2 —1/2
G, 2GarrG, " =G (Ga+ ReRNG,
=1+G,""RR,G,'?, (1.8)

and, assuming that RZGXI/Z and RrGgl/2 are operators in B4(L2(]R)d) (for this it
suffices that Ry, R, € L? (R)‘“d , cf. Lemma 2.9; also, see [22, 23, 47] for general

I See the glossary of notation at the end of this introduction.
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information about the Schatten—von Neumann ideals 5, (-)), one obtains for the
symmetrized modified perturbation determinant

detz(Ggl/zGAJrRGZl/z) =detry (I + G;l/leRrGgl/z)
= detr(I + R,G'Ry). (1.9)

Here det, (I 4 T') denotes the modified Fredholm determinant of a Hilbert—Schmidt
operator T on L2(R)4 (and we used the fact that dety (1 + 71 T») = deta(I + T Th)
for T, T> bounded operators such that 717> and 7,7 are Hilbert—Schmidt; see
Section 4, where more details on modified Fredholm determinants are provided).
In removing the restriction A, R € L*®(R)?*¢ and permitting A to be locally
integrable on R one needs to supply proper operator closures in formulas (1.6)—
(1.9) (see, for example, [20] and the extensive literature therein for a more general
discussion of factorizations of perturbations).

To make the connection with (1.1) and (1.2) we recall that the operator G 4 is
invertible on L2(R)? if and only if (1.1) has an exponential dichotomy Q on R
(see, for example, [5, Chapter 3]). By a classical result in the theory of dichotomic
differential equations (see, for example, [6, Proposition 4.1], [8, Chapter IV]), since
(1.1) has an exponential dichotomy on R and the perturbation satisfies || R||caxa €
L'(R), one infers that the perturbed equation (1.2) has exponential dichotomies on
both half-lines R4 and R_, and moreover (by yet another well-known dichotomy
theorem, see [2, 33, 34, 40]), the operator G 4 is then a Fredholm operator with
zero Fredholm index. Thus, G 44 g is either invertible on L? (R)d , or has a nontrivial
null space (consisting exactly of the solutions of (1.2) that belong to H'! (R)4 due
to the assumption A, R € L®(R)4*9),

Due to the assumption || R|[caxs € L'(R), the Birman—-Schwinger-type opera-
tor

K =R.G,'R¢ (1.10)

is a Hilbert—Schmidt operator on L?(R)? (see Lemma 2.9). Thus, employing the
Birman—Schwinger argument we conclude from (1.7) that the operator G 44 g is not
invertible (that is, (1.2) has solutions in H'! (R)d ) if and only if —1 is an eigenvalue
of K, or, in other words, if and only if the 2-modified perturbation determinant
dety (I + K) is equal to zero.

Without going into further details at this point, we mention that the Birman—
Schwinger-type argument (cf. [39, Section X.II1.3] for this terminology) in our pres-
ent context provides a bijection between the geometric eigenspace (nullspace) of
G A4 g corresponding to the eigenvalue 0 and the geometric eigenspace of R, G 'R
corresponding to the eigenvalue —1 (see, for example, [18, 20], [39, Section XII1.3],
[44, Chapter III], [45] and the recent discussion in [20] which particularly targets
non-self-adjoint operators).

Equation (1.9) finally illustrates the sense in which det; (/ 4+ K') can be viewed as
a properly symmetrized modified perturbation determinant (cf. [23, Section IV.3])
associated with the pair (G 4, G o1+ g). We note at this point that det (I + K) will
be one of the central objects in this paper.

Our next step is to reduce the calculation of the infinite-dimensional determi-
nant dety (I 4+ K) to a finite-dimensional determinant. This is possible because the



Evans Functions, Jost Functions, and Fredholm Determinants 365

integral kernel of the operator K happens to be of a special type: it belongs to the
class of so-called semi-separable integral kernels (cf. [21], [22, Chapter XIII]; see
also (2.22)). For the integral operator with semi-separable integral kernel we con-
struct a finite-dimensional determinant, D, such that the following representation
holds:

deto(I + K) = e® D, (1.11)

where © is a certain constant (cf. (4.3)). It is known from the work in [21] that D can
be expressed in terms of solutions of certain Volterra integral equations associated
with (1.1) and (1.2). We make yet another step, and express D in terms of solutions
of (1.2) that are asymptotic to some reference solutions of (1.1). We called these
solutions of (1.2) the generalized matrix-valued Jost solutions, since they appear
as a generalization of the classical Jost solutions of the Schrédinger equation [4,
Chapter XVII], [32, Section 12.1] (cf. also the second part of Section 5). In particu-
lar, we prove that the determinant D in (1.11) is equal to the classical Jost function
in the case of the perturbed equation (1.2) corresponding to the eigenvalue prob-
lem for the Schrédinger operator L. The reference solutions are selected using the
Lyapunov exponents while the rate of approximation of the reference solutions by
the generalized matrix-valued Jost solutions is controlled by the Bohl exponents
for (1.1) (see the terminology in [8, Chapter III] and our treatment in Section 2).
The existence of the generalized matrix-valued Jost solutions is proved by a con-
traction mapping argument applied to a “mixed” system of integral equations of
Volterra and Fredholm type (this mixed system appears to be a new element in the
literature). In addition, we identify the abstract asymptotic properties of the gen-
eralized matrix-valued Jost solutions leading to (1.11). Finally, we complete the
picture by proving that the finite-dimensional determinant D in (1.11) is equal to
the Evans function when E is defined by means of the initial data of the generalized
matrix-valued Jost solutions, thus making this choice of E canonical.

We emphasize that our results on the existence of the generalized matrix-valued
Jost solutions can be viewed (cf. Remarks 7.11 and 8.5) as a further refinement of
the Levinson theorem (see, for instance, [11, Theorem 1.3.1], and also our Remark
7.11).

Some results of the current paper have been announced in [19]. A version of
this theory for difference equations, based on the material developed in this paper,
has been derived in [7].

The paper is organized as follows. In Section 2 we recall some known facts
from [6, 8] regarding exponential dichotomies and the Bohl and Lyapunov expo-
nents (which are our means to measure the asymptotic behavior of solutions of
differential equations), and also show that K is a Hilbert—Schmidt operator on
L*(R)? (Lemma 2.9). In addition, we formulate Lemmas 2.13 and 2.14 (proved in
Appendix B) to the effect that the exponential dichotomy on half-lines, and more
generally exponential splittings and the corresponding Bohl exponents for (1.1),
persist under L'-perturbations. Note that the robustness of the Bohl exponents can
also be proved under assumptions different from || R||caxa € L' (R) (for example,
assuming that the perturbation is continuous and decays at +00 to zero in norm),
and thus our subsequent results can be developed in this different setting, but to
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keep this manuscript at a reasonable length we do not pursue this in the current
paper.

In Section 3 we introduce in Definition 3.1 the matrix-valued Jost solutions,
Y+ on R4, which are proved to exist (and to be unique) under the assumptions
that (1.1) has an exponential dichotomy on R and || R||cax« decays exponentially
at o0 at a rate controlled by the width of the two Bohl segments corresponding
to the dichotomy projections (cf. Theorems 3.2 and 3.8). Although this result is
obtained under strong exponential decay assumptions, it is shown to be optimal if
one does not allow further exponential splitting of the dichotomy projections (cf.
Example 3.6).

In Section 4 (cf. Theorem 4.1) we establish formula (1.11) with

D = detga (Y+.(0) + Y- (0)) (1.12)

under the assumptions of Section 3. Here Y4 are the above-mentioned d x d matrix-
valued Jost solutions of the perturbed first-order system of differential equations
(1.2) that are asymptotic as x — =00 to appropriate solutions of the unperturbed
system (1.1). We note that the assumptions of Section 3 are satisfied for compactly
supported perturbations, and our method of proof of (1.11) is to establish this for-
mula for a truncated perturbation first, and then pass to the limit as the support of
the truncation expands. Formula (1.11) in the compactly supported perturbation
case (which is our main intermediate calculation) is proved using results from [21]
collected in Appendix A. We call D in (1.11) the Evans determinant.

Section 5 deals with the class of perturbed equations (1.2), where each of the
Bohl segments for the dichotomy projections degenerates to a single point (cf.
Theorem 5.3). In particular, this assumption covers the case of (1.2) corresponding
to the Schrédinger equation, and in this section we also show that our matrix-valued
Jost solutions indeed generalize the classical Jost solutions, and moreover that the
Evans determinant D in (1.11) coincides with the Jost function (see Theorem 5.4).
We refer to [27, 28] for results relating the Evans function and a Fredholm deter-
minant in the Schrodinger equation case.

In Sections 6 and 7 we introduce and study the generalized matrix-valued Jost
solutions, assuming that the exponential dichotomy for (1.1) admits further (and
finer) exponential splitting (of order two in Section 6 and of arbitrary order in
Section 7). The generalized matrix-valued Jost solutions are defined abstractly as
solutions of (1.2) that approximate decaying reference solutions of (1.1) at o0 at
an exponential rate which is better than the rate of decay of the reference solutions
themselves (cf. Definitions 6.2 and 7.2). Unlike the matrix-valued Jost solutions
from Section 3, the generalized matrix-valued Jost solutions are not unique due to
the possible appearance of lower-order modes, that is, solutions of the perturbed
equation (1.2) having worse exponential rate of decay than the corresponding refer-
ence solutions. However, they are unique up to terms that decay exponentially faster
than the respective reference solutions (see Corollary 6.6 and Theorem 7.3). Never-
theless, we prove in Lemma 7.6 that the Evans determinant D defined by means of
the generalized matrix-valued Jost solutions is determined uniquely. The existence
of the generalized matrix-valued Jost solutions is proved using a “mixed” system of
integral equations of Volterra and Fredholm type in Theorems 6.5 and 7.3. The use
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of the finer exponential splitting allows us to prove the existence of the generalized
matrix-valued Jost solutions and formula (1.11) under much weaker assumptions
on the exponential decay of the perturbation than those in Section 3: in Sections 6
and 7 the decay of the perturbation is controlled by the width of each of the Bohl
segments corresponding to the fine exponential splitting (cf. Theorems 6.5 and 7.8).
This constitutes one of the main new effects observed in this paper: passing from
the case of two- to the case of many Bohl segments in the unperturbed equation
(1.1) requires the replacement of the system of two Volterra integral equations by
a cascade-type mixed system of Volterra- and Fredholm-type integral equations
so that one can take care of the appearance of the aforementioned lower-order
modes. As a generalization in yet another direction, we express in Corollary 7.10
the infinite-dimensional determinant dety(/ 4+ K) in (1.11) as a ratio of two Evans
determinants corresponding to the perturbed and the unperturbed equation (1.1),
thus making the connection with the interpretation of det, (I 4+ K) as a (modified)
perturbation determinant (cf. [23, Section IV.3]).

In Section 8 we treat the special but important case of the constant-coefficient
unperturbed equation (1.1), A(x) = A, x € R. We introduce the generalized
matrix-valued Jost solutions as solutions of the “mixed” system of Volterra- and
Fredholm-type integral equations in Definition 8.2. Using the Jordan normal form
of A, the existence of the solutions and formula (1.11) are proved under the fol-
lowing mild assumptions in Theorem 8.3: either we suppose || R||caxa € L' (R) if
the spectrum of A is semi-simple, or we assume a polynomial decay of || R||caxa.
These hypotheses are shown to be optimal.

Finally, in Section 9 we show that the Evans determinant D equals the Evans
function for (1.1) and (1.2) defined via the generalized matrix-valued Jost solutions.

A glossary of notation: For d,d;,d> € N, let C%1* be the set of di x d»
matrices with complex entries; by trea (M) and detca (M) we denote the trace and
determinant of a d x d matrix M € C?*? || . ||ca denotes a vector norm in C%;
|| - llcaxa denotes a matrix norm in C4*¢; || . ||y a norm in a Banach space X.
For p = land J C R, LP(J), LP(J)%, and L?(J)?*4 are the usual Lebesgue
spaces on J with values in C, C4, and C4*4 | associated with Lebesgue measure
dx on J. Similarly, L? (J; w(x)dx), L?(J; w(x)dx)? and L? (J; w(x)dx)?*? are
the weighted spaces with a weight w 2> 0; the spaces of bounded continuous func-
tions on J are denoted by Cy(J), Cp(J Y4 and Cp(J)4*4, respectively. The identity
matrix in C?*? is denoted by I; and the identity operator on a Banach space X
is denoted by I (or by Iy if its dependence on X needs to be stressed). For a
projection Q we write ran(Q) and ker(Q) to denote the range and the null space
(kernel) of Q, respectively. If T is a linear operator on a Banach space X, then
T—! € B(X) denotes the (bounded) inverse operator of 7', with B(X) being the
Banach space of bounded linear operators on X. Moreover, o (T') denotes the spec-
trum of 7', and 7|y, denotes the restriction of 7 to a subspace ) of X. If X and
X, are two subspaces of X, then X;+X> denotes their direct sum. B »(H) denotes
the Schatten—von Neumann ideals of compact operators on a Hilbert space H with
singular values in €7, p = 1. A generic constant is denoted by ¢ or C, and we also
use the abbreviations Ry = [0, 00), R_ = (—o0, 0].
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2. Preliminaries

Throughout this paper we make the following assumptions on A and R in (1.1)
and (1.2):

Hypothesis 2.1. Suppose
AR e LL (R 2.1)

Let @ denote the fundamental matrix solution of the unperturbed equation (1.1)
so that @'(x) = A(x)®(x), x € R and ®(0) = 1. Throughout, we assume that
the propagator @ (x)® (x’ Y~ of (1.1) is exponentially bounded on R, that is, we
suppose that

sup @ (x)®(x") " caxa < 00, (2.2)

x,x'eR, |x—x'|<1

or equivalently, there exist constants C € [1, c0) and @ € R, such that
1@ () (x") Maxa £ Ce?H ¥ x x" eR. 2.3)

First, we recall basic definitions and some standard facts regarding Bohl and
Lyapunov exponents and dichotomies (see, for example, [6, Section 1], [8, Chap-
ter I11]).

A projection Q in C¢ is said to be uniformly conjugated by @ on R if

sup [|® (x) Q@ (x) | caxa < o0 (2.4)
xeR

The geometrical meaning of this condition is that the angle between the range and
the null space of the projection @ (x) Q@ (x)~! in C¢ is uniformly separated from
zero for all x € R (see, for example, [8, Corollary IV.1.1]).

Let Q be a projection in C? that is uniformly conjugated by @ on R. The upper
Bohl exponent on R associated with the projection Q, denoted by s(Q), is defined
as the infimum of all »» € R, such that for some constant C(s) € [1, c0), the
following inequality holds for all x, x” € R such that x = x’,

19 QP (") M gara £ C)e” . (2.5)

The lower Bohl exponent on R, denoted by 3¢/ (Q), is defined as the supremum
of all s« € R, such that (2.5) holds for all x < x’/, where x, x’ € R.

Similarly, given a projection Q that is uniformly conjugated by @ on R (resp.,
on R_), the upper Bohl exponent, s, (Q), and the lower Bohl exponent, 5, (Q),
on R associated with the projection Q (respectively, the Bohl exponents s_(Q)
and 5 (Q) on R_), are defined in the same way except that one takes x, x’ € Ry
(respectively, x, x’ € R_) in (2.5). The upper and lower Bohl exponents on R, can
also be expressed as follows (see [8, Theorem I11.4.4])

n—1
0 () = Jim sup log || 2(x) 0P (x) Ilcdxd’ 2.6)

/
(x—x")—00, x> 00 X=X
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1 o ' @ -1 d x
%ZF(Q) = - lim sup 0g [P (x") QP (x)” |Ic d;

/
(x—x")—00, x'—>00 X=X

2.7)

similar formulas hold for s»_(Q) and s (Q).
We introduce the upper, A (Q), and the lower, A, (Q), Lyapunov exponents on
R associated with the projection Q by the formulas

log ||® « 1 @ (x) 7| cax
3t (Q) =lim sup og [P (x)Qllcd < X, (Q)= — limsup 0g Q@ (x) ica ‘
x— X

oo xX—00 X

and the Lyapunov exponents on R_ by the formulas

—1
A (Q) = Tim sup log | Q@ (x) ||<cdxd’ 3 (Q) = — limsu log |2 (x) Qlcaxe

T —00 [x| X—>—00 |x]

We remark that the upper (lower) Bohl exponent measures the best (worst)
exponential growth of @ (x) Q® (x')~! and the upper (lower) Lyapunov exponent
measures the best (worst) exponential growth of the fundamental solution @ rel-
ative to the projection Q. Under the assumption that the propagator of (1.1) is
exponentially bounded, the Bohl exponents are finite [8, Theorem II1.4.2]. We note
the inequalities

#(Q) £ #(0) =M (Q) £ 2x(Q) = 21(0) = 5(0Q), (2.8)

and stress that they are strict in general (in particular, the possible inequality of the
Bohl and Lyapunov exponents is exhibited in the classical Perron example, see, for
example, [8, Section I11.4.4]).

Remark 2.2. The set of Bohl and Lyapunov exponents for the rescaled equation,
Y'(x) = (A(x) — plp)y(x), xeR, neC, (2.9)

with the associated propagator e “** ¥ N )@ (x")~!, x, x” € R, is obtained from
the set of the exponents of equation (1.1) by shifting the latter by the amount
—Re(w).

Example 2.3. If the unperturbed equation (1.1) is autonomous then the Bohl and
Lyapunov exponents are the same and equal to the real parts of the eigenvalues of
A. To give more details and fix notations, suppose that A(x) = A, x € R, for some
AeC®™ andletv € C,k = 1,...,d, be the eigenvalues of A. We split the
set of the eigenvalues as o (A) = U?;lz j, where 1 < d’ < d and for each j all
eigenvalues that belong to X'; have the same real part denoted by »;, j = 1,...,d’.
Let Q denote the spectral projection for A such that o (Alran(@;)) = Z;. Then the
Bohl and the Lyapunov exponents on R (and on R..) associated with Q ;, are equal
to s¢; (we note that we will always enumerate s; in increasing order of magnitude,
wj<xpforj<j,jj=1...4d).
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Returning to the general nonautonomous case, equation (1.1) is said to have
a bounded dichotomy Q on R if Q is a projection in C¢ (called the dichotomy
projection) so that, for some constant M € [1, co), the following inequalities hold
forall x, x’ € R:

/

1P () QP () gaxa £ M, x

L (2.10)
1P (x)(la — Q)P () llcaxa =M, x

/
X .

A1V

Equation (1.1) is said to have an exponential dichotomy Q on R if Q is a pro-

jection in C? so that, for some positive constants sz and > and some constants
C(5), C(5d) € [1, 00), the following inequalities hold for all x, x” € R:

12 () QP (") ligaxa £ Clr)e™ ),

1D () (U = QB () gaxa £ C)e 7,

@2.11)

x> x,
x < x. (2.12)
We note that Q is an exponential dichotomy for (1.1) on R if and only if the
following inequalities for the Bohl exponents hold:

#(0) <0< (g — 0). (2.13)

Dichotomies on R, respectively on R_, are defined in the same way except in
(2.10) or (2.11), (2.12) one takes only x, x’ € R, respectively, x, x’ € R_.

Example 2.4. Assume in Example 2.3 that 0 (A) Ni R = # and d’ = 2. Consider
ko € {1,...,d" — 1} such that 55, < 0 < se¢,+1. Then O = ZI;O:l Q) is the
exponential dichotomy projection for the equation y'(x) = Ay(x) on R, R, and
R_.

Definition 2.5. ([8, Section IV.4]) Assume d = 2, andlet 1 < d’ < d. A system
{0 j}‘/{/zl of disjoint projections in C4 is called an exponential splitting for (1.1) on
R if the following conditions hold:

i) X9, 0 =1l
(ii) Each projection Q; is uniformly conjugated by @ on R.
(iii) The segments [5'(Q ), 2(Q ;)] are disjoint.

The segments [ (Q ), (Q;)] of the real axis are called the Bohl segments
associated with Q;; they are determined by the lower and upper Bohl exponents
on R associated with the projections Q ;, and in what follows they will always be
numbered so that »2(Q;) < »'(Q41), j=1,...,d" —1.Ifd" 2 2 and (1.1) has
an exponential dichotomy Q on R, then for some kg, 1 < ko < d’ — 1, we have the
following splitting:

ko d’
0=>0; and Ii—Q= > Q. (2.14)
j=1 Jj=ko+1

so that 5¢(Qg,) < 0 < 3 (Qpy+1)-
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Replacing R by R or R_ in Definition 2.5, one can also consider exponential
splittings on R or R_. We note that the exponential dichotomy projection Q on R
is uniquely defined, while exponential dichotomy projections on R or R_ are not.
Indeed, for example, in the case of R, the subspace N; of initial data of bounded
solutions of (1.1) on R is determined uniquely; to obtain an exponential dichot-
omy projection Q on R one can choose an arbitrary direct complement N,, of the
subspace Ny in C? so that C¢ = Ny;+N,, and define the exponential dichotomy
projection Q such that ran(Q) = Ny and ker(Q) = N, (see [8, Remark 1V.3.4]).
We recall that, if Q is an exponennal dichotomy for (1.1) on R, then Q is also an
exponential dlchotomy on both semi-axes Ry and R_. Similarly, an exponential
splitting {Q ; ¥ i—jon R induces exponential splittings on Ry and R_; we stress that,
in view of (2. 8) the Bohl segments for R are generally wider than the segments
for R; and R_. This may happen since an exponential dichotomy on R does not
necessarily imply an exponential dichotomy on R.

Example 2.6. In Examples 2.3 and 2.4 each Bohl segment [5¢/(Q i), #(Q )] asso-
ciated with Q; degenerates into a single point »;, j = 1,...,d’, while the Bohl
segments associated with the (exponential dichotomy) splitting {Q, I; — Q} are
given by [s1, s, ] and [se+1, ¢4/ ]; we recall that in this case

s =inf{Re(v) |v € 6 (A)}, 4, =sup{Re(v)|v € a(A), Re(v) <0},

#io+1 = inf{Re(v) |[v € 0(A), Re(v) >0}, 4 =sup{Re(v)|v € o(A)}.

Remark 2.7. The Lyapunov exponents for nonzero C?-valued solutions y = y(x)
of (1.1) are defined as follows:

1 y
) = timsup PEENCD 50 (1) i ot

x—=o00 0

oy le) (15
X

For any nonzero C?-valued solution y of (1.1), and for any given exponential split-
ting {Qk}f;l, there exists a j € {1, ..., d'} such that all four Lyapunov exponents
A+ (y), AL (y) belong to the jth Bohl segment. One verifies that the actual jth Bohl
segment depends on the initial data yo = y(0) 7 O of the solution y of (1.1), say,
on R, as follows:

M-

If yo € ran Qi | then A (y) = A4 (Q)),

w-
Il
-

j —
if yo € ran Z O \ran Z Q¢ | then A (y) = A (Q)),

k=1
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j—1
if A4(y) < )\;(Qj) then yg € ran Z Or |, (2.16)
k=1

j
if 2/ (y) > 24(Q;) then y(0) € C¥\ran [ D" 0k |,
k=1

where j € {1, ...,d'} and we set Qo = 0. Similar assertions hold for the Lyapunov
exponents on R_.

For future references, we record the assumptions on the coefficient A of the
unperturbed equation (1.1).

Hypothesis 2.8. Assume that A € LlloC (R)?*4_ In addition, we suppose that the
propagator @ (x)® (x")~!, x, x” € R, is exponentially bounded on R, that is,

sup ()P (x") | caxa < 00, (2.17)

x,x'eR, |x—x’|§l
and that (1.1) has an exponential dichotomy Q on R.

Turning to the perturbed equation (1.2), we assume that the perturbation R in
(1.2) satisfies the condition
I R|lcaxa € L1 (R). (2.18)

Let U and |R| denote the d x d matrices in the polar decomposition of R:
R(x) =UWIRW), |R@)|=((RE)*R@)?, xeR, (2.19)
with U unitary. Throughout this paper we will use the notation
Re(x) = UWIRWIZ, Re(x) = [R@I?, x€R, (2.20)

so that
R(x) = Ry(x)R,(x), x eR. (2.21)

Lemma 2.9. Assume Hypothesis 2.8 and condition (2.18). Then the integral oper-
ator K with integral kernel given by

—R, (1)@ (x) QP (x") ' Re(x"), x 2z,

RO (L — Q)b () R, x <, T F € B2

K(x,x') = [

is a Hilbert—Schmidt operator on L*(R)?. Moreover, the map

(2.23)

LR — By(L2(R)?)
R— K

is continuous.
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Proof. Since by hypothesis equation (1.1) has an exponential dichotomy Q on R,
the projection Q is also a bounded dichotomy on R, and thus (2.10) holds. Using
(2.10), the Hilbert—Schmidt norm of the integral operator K can be estimated as
follows:

2
1K1l 3,22 ®)) =//]R><Rdde, 1K (¢, ") | Gaxa
X
- / dx / ARy (1) (1) 0 ()~ Ry ()2
R —00
o0
+ /]R dx / x| R, ()@ ()T — QD () Ry () 2

X

< M2/Rdx/Rdx/||R(x)||(cdxd||R(x/)||(cdxd

2
= M? (/Rdx ||R(x)||<cdxd> . (2.24)

In the last estimate we used the inequalities

1 1
IRy ()llcaxd = IR gasas  IRe@)llgaxd = IR | ganas x €R, (2.25)

which follow from the spectral theorem for self-adjoint matrices. The continuity
of the mapping in (2.23) holds because the mappings R +— R, and R +— Ry are
continuous from the Banach space LY (R)4*4 to the Hilbert space L2(R)4x4,

Remark 2.10. Since the propagator of (1.1) is exponentially bounded, the formula
(Ehu)(x) = ®(x —u(x —1), uel>®R)?, xeR, 120, (2.26)

defines a strongly continuous semigroup, { E’; },>(, on L?*(R)?, called the evolution
semigroup (see [5, Section 3.2] for a detailed discussion and extensive bibliogra-
phy). It is well known (see, for example, [5, Theorem 3.17]) that the generator,
G, of the semigroup in (2.26) has a bounded inverse if and only if (1.1) has an
exponential dichotomy Q on R and, if this is the case, the inverse operator G lis
an integral operator on L2(R)? with integral kernel given by

—P(x)QP(x) 1, x> x,

/ /

Fx,x") = ICD(X)(Id oG, x <, x,x €R, 2.27)
where Q is the dichotomy projection. Thus, under the hypotheses of Lemma 2.9,
the integral operator K admits the representation K = Mg G~ Mg,, where Mg,
and M, denote the maximally defined operators of multiplication by the matrix-
valued functions R,, Ry € L2(R)?*¢, and the operator § = /\/erG_lMRZ (with
the bounded closure S) is defined on the set of functions u € dom(M R,) such that
Su € L2(R)?*4_ We refer to [20] for a detailed discussion of Birman—Schwinger-
type operators and the Birman—-Schwinger principle.
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Remark 2.11. Using the semigroup in (2.26) one can describe the exponential
dichotomy projection Q for (1.1) on R by means of the Riesz spectral projection
for the operator Eé,, with ¢t = 11in (2.26), as follows (see [5, Theorems 3.13, 3.17]).
Assume that the generator G of the semigroup in (2.26) is invertible on L2(R)4.
By [5, Theorem 3.13], it follows that E ; has no spectrum on the unit circle. Let Q
denote the spectral projection for E é) on L2(R)“ such that o (E }p lran(Q)) 18 the part
of the spectrum of E Clp contained inside the unit disc. Theorem 3.17 in [5] states
that Q is an operator of multiplication in L*(R)¢ by a projection-valued func-
tion Q(-) € Cp(R)¥*4 and, in addition, Q = Q(0) is the exponential dichotomy
projection for (1.1) on R.

Remark 2.12. The proof of Lemma 2.9 shows that the assumption of an exponen-
tial dichotomy on R for (1.1) can be relaxed to require only a bounded dichotomy.
Under this weaker assumption the generator G of the semigroup in (2.26) may
not be invertible (cf. Remark 2.10), or may not even be a Fredholm operator on
L?(R)“. Indeed, by a well-known dichotomy theorem (sometimes called Palmer’s
theorem), the operator G is Fredholm on L?(R)¢ if and only if (1.1) has exponential
dichotomies Q_ on R_ and Q4 on Ry ; see [2, 33, 34, 40] or [41, Theorem 3.2],
and also [29, 37] for more recent versions of the dichotomy theorem.

Next, we will discuss the Bohl exponents and exponential splittings for the
perturbed equation (1.2). Since the propagator of (1.1) is exponentially bounded,
and condition (2.18) holds, it follows from the variation of constants formula and
Gronwall’s inequality that the propagator of the perturbed equation (1.2) is also
exponentially bounded (see, for example, [24, Lemma IV.4.1]). Thus, the Bohl
exponents for the perturbed equation (1.2) are finite.

We conclude this section with two technical results to the effect that first,
the exponential dichotomy and exponential splitting of (1.1) on R persist under
L'(R,)?*?_perturbations, and second, that the corresponding Bohl exponents do
not change under these perturbations (similar facts hold for R_). A proof of the first
part of these results can be found in [6, Proposition 4.1] or [8, Theorem IV.5.1].
However, we were not able to find the second part in the literature, and so we
will briefly sketch a proof in Appendix B by modifying some of the arguments in
[8, Chapter IV]. Lemma 2.13 is used in Section 6, while its direct generalization,
Lemma 2.14, is used in Section 7.

Lemma 2.13. Assume that the propagator of the unperturbed equation (1.1) on Ry
is exponentially bounded, that the unperturbed equation (1.1) has an exponential
dichotomy Q on R, and the perturbation R satisfies || R||caxa € L'(R,). Then
the perturbed equation (1.2) has an exponential dichotomy P on R such that

#y(P) = 24(Q) and (I — P) =3 (la — 0), (2.28)

where sy (P) and >, (I; — P) are the Bohl exponents for the perturbed equation
(1.2) on R.. Here, P is the projection in (o parallel to ker(Q) onto the subspace
N consisting of the values y(0) at zero of all bounded solutions y of (1.2) on R.
In addition,

dim(ran(P)) = dim(ran(Q)) and dim(ker(P)) = dim(ker(Q)). (2.29)
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Lemma 2.14. Assume that the propagator of the unperturbed equation (1.1) on
R is exponentially bounded, that the unperturbed equation (1.1) has an exponen-
tial splitting {Qj}‘]':ﬂzl, 1 < d £ d, on Ry, and that the perturbation R satisfies
| R||caxa € LI(R_,_). Then, the perturbed equation (1.2) has an exponential split-
ting { P; }‘]1-/=1 on Ry such that

dim(ran(P;)) = dim(ran(Q;)), j =1, oo d (2.30)

and
wi(Pj) = »4(Q)), j=1,....d, (2.31)
where s, (P;) are the Bohl exponents for the perturbed equation (1.2) on R .

3. Matrix-valued Jost solutions

In this section we discuss optimal conditions on the perturbation R under
which, assuming an exponential dichotomy of (1.1), one can establish existence
and uniqueness of bounded matrix-valued solutions of (1.2) (we will call them
matrix-valued Jost solutions) that are asymptotically close with respect to an expo-
nential weight factor to bounded solutions of the unperturbed equation (1.1). These
results are motivated by the study of the one-dimensional Schrédinger equation on
the real axis,

—u"(x) + V@®)ux) = k*u(x), x€R, keC, (3.1)

with a potential V € LI(R; dx), where the Jost solutions, u4 (k, -), are introduced
as the solutions of (3.1) that are asymptotically close to the free plane waves:
u+ (k, x)~e** as x — o0 (see, for example, [4, Chapter X VII]).

Definition 3.1. Under Hypothesis 2.8, d x d matrix-valued solutions Y4 of the
differential equation

Yi(x) = (A(x) + R(x))Y+(x), x € Ry, (3.2)

with a locally integrable d x d matrix-valued function R, are called matrix-valued
Jost solutions if

. log || Y4 (x) — @(x) Q| gaxd
im sup

X— 00 X

< #(Q) (3.3)

and
. Jog|lY_(x) — @(x)(Ug — Q)llgaxa
lim inf

X—>—00 X

>3 (I — Q). (3.4)

To motivate this definition, we first note that the Lyapunov exponents A4 (Q)
and A’ (Q) of the bounded matrix-valued solution @ Q of (1.1) on Ry belong
to the Bohl segment [5, (Q), s, (Q)]. If Y, is a matrix-valued solution of (1.2)
satisfying (3.3), then Y4 is bounded and therefore Lemma 2.13 implies that its
Lyapunov exponents belong to the same segment. Thus, the significance of (3.3) is



376 FriTZ GESZTESY, YURI LATUSHKIN & KONSTANTIN A. MAKAROV

that the solution Y approximates the solution @ Q exponentially better than either
of these solutions decays as x — 0.

Our first result shows the existence and uniqueness of the matrix-valued Jost
solution Y, on R using a rather strong assumption on the exponential fall-off of
the perturbation R.

Theorem 3.2. Assume Hypothesis 2.8 and the condition
| R||caxe € L'(Ry; eP¥dx) (3.5)
for some constant B > 0 satisfying the inequality
B> A (Q) — 7 (Q). (3.6)

Then the perturbed differential equation (1.2) has a unique matrix-valued Jost
solution Y4 (x), x = 0. Moreover, the map

[LI(R+; ef}xdx)dxd N (Cdxd 3.7

R +— Y, (0)
s continuous.

Proof. We split the proof of Theorem 3.2 into three steps.

Step 1. Uniqueness. Suppose that Y | and Y, > are two different d x d matrix-
valued Jost solutions of (1.2), and introduce the nonzero solution Y (x) = Y 1(x)—
Y4+ 2(x), x = 0. Using (3.3), we infer:

log || Y x log || Y. - xa
fmsup 2N Ollgons (hmsup 0g [[¥4.4(x) = @) Qs )

X—>00 X T k=12 \ x>0 X

< #.(0). (3.8)

This shows, in particular, that Y is a bounded solution of (1.2). Since || R||gaxs €
L'(R,) by hypothesis, Lemma 2.13 yields an exponential dichotomy P for (1.2)
such that 5, (P) = »/,(Q). Since Y is a bounded solution, ¥ (0) € ran(P) and
hence we arrive at the contradiction

1 Y x
lim Supw > 3, (P) = #,(0Q), (3.9)
X

X—>0Q0

proving the uniqueness part of the theorem.

Step 2. Existence. By hypothesis, (1.1) has an exponential dichotomy Q on R...
Therefore, for any ¢ > 0 there exists a constant C(g) = 1 such that, applying (2.5)
in the definitions of 5, (Q) and 5, (I; — Q), we obtain the estimate

&) (x)  gaxa £ @) QP () caxa + 1@ (x)(Lg — Q)P (x) | caxa
< (e(’/ﬁ-(Q))(x*x/) + e(’é-(ld*Q))(x*x/))fgﬂx X)), 0<x<4, (3.10)

where we denoted
fe(x) = C(e)e®, x=0. 3.11)
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Since », (Q) < »/ (I — Q), we get the estimate
10 ()P () Migaxa £ 264D g (x —x')), 0<x<x. (3.12)
Next, fix ¢ > Osuchthat0 < 2 < § — (A (Q) — %Q_(Q)), introduce the function
p(x) = e*HO=ON L2 [R(x) [ gana,  x 20, (3.13)

and observe that 0 < p € Ll(R+) due to (3.5) and (3.6).
On the space Cp(R;)?*¢ we now define a Volterra integral operator, V, by

(VZ)(x) = / ” dx’ e D= £ ()=l (@ () D () TR Z (),

and consider the corresponding Volterra integral equation ey
Zx) =29 - (VZ)(x), x20, (3.15)

where Z(© is defined by
ZOx) =e+O@W () lo)Q, x=0. (3.16)

Using (3.12) and the inequality %;(Q) — A+(Q) £ 0 (cf. (2.8)), one derives the
following estimate for the integral kernel of the integral operator V:

IV (e, )l gasa < 2G5 @ A=) £ ()71 £ () £ (Jx — X' DR
< 264 @1t (@)x £ (1) =Te= (2 (Q=A+(Q)Y

X fEODIRG) | gaxa
= 2eCHO O (1)~ p() (3.17)
S2f(0) 7 p(x),  0Sx =y (3.18)
Since f:(x) = 1,x € Ry, and p € L'(R,), the estimate (3.18) shows that V
is a compact operator on Cp(R;)?*? with spectral radius equal to zero. Since
the exponential decay of ||@ Q||caxa is controlled by A4 (Q), we see that Z© e

Cp(R4)?*4 Thus, the integral equation (3.15) has a unique solution Z € Cp, (R,.)?*¢
that can be obtained by the iteration process

Z(x) = ZZ(j)(x), ZWx) =wvzUY)x), jeN, x=0. (319
j=1

Moreover, from (3.15) and (3.17) it also follows that

FeNZ(x) = ZO ) | gaxa

00 (3.20)
< 202l s OO [’ pia,

X

A straightforward computation shows that the function

Yi(x) =7 f(0)Z(x), x 20, (3.21)
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yields a solution of the perturbed differential equation (1.2), and hence (3.20) and
p € L'(Ry) imply

e DY)y, (1) — @ (1) Qll e = o). (3.22)

— 00

In addition, using (3.5) and (3.6) again, we may choose § > 0 sufficiently small
such that the function ps(x) = e p(x) is integrable on Ry. If x < x/, then
p(x") < e ps(x’), and thus (3.20) implies

JeONZ(x) — Z(O)(x)”(cdxd

< 20Zll gy (r, porae OO0 / ) 02
x
This gives a better asymptotic relation than (3.22),
O YL () = (@) Qllgaxt = o(e™), (3.24)
leading to
lim sup NV HW = PO Qlled 5y 50 g), (329
X—00 X

proving the existence part of the theorem.

Step 3. Continuity. Let {R,};° | be a sequence of d x d matrix-valued func-
tions converging to R in L'(Ry;ef*dx)?*? as n — oo. On the Banach space
Cp(R4)?*4 introduce Volterra integral operators V,, n € N, by

VaZ)(x) = / T e O £ (07 £ (0D () R () Z ().

X

An estimate similar to (3.18) shows that the sequence of the operators V;, converges
in operator norm to the integral operator V, which in turn, yields convergence in
Cp (R )?*? of the unique solutions Z, of the Volterra integral equations

Zy(x) = Z0 ) = (VaZ)(x), x 20, (3.26)
to the unique solution Z of the integral equation (3.15). In particular,

lim Z,(0) = Z(0) in C¥*¢ and hence lim Y, ,(0) =Y, (0), (3.27)
n—0oo n—0oo

where, similarly to (3.21), we denote Y ,(x) = eh+(Q)x fe(x)Z,(x). This proves
continuity of the mapping (3.7).

Remark 3.3. This theorem holds under a weaker assumption than the exponential
dichotomy hypothesis (cf. (2.13)). In fact, it is sufficient to require that s« (Q) <
», (Ig — Q) and »;.(Q) < 0 only.
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Remark 3.4. Replacing assumptions (3.5) and (3.6) by the hypothesis
IRl caxa € L'(Ry; ef*dx)  with B > —1/,(Q), (3.28)

the matrix-valued Jost solution Y, can be uniquely determined by solving the Vol-
terra integral equation

Y (x) =2(x)0 — /OO dx' @(x)®(x)'RGNHYL(x), x=0; (3.29)

that is, in this case, the “modified" Volterra integral equation (3.14), (3.15) on
Cp(R4)?*4 is not needed. Indeed, assume S > —1/(Q), choose & such that
0 < & < min{B + A/, (Q), <, (I — Q)}, and use the inequalities x" = x = 0 and
M (Q) <0< %; (I — Q) to estimate the integral kernel of the integral operator
in (3.29) as follows:

12 ()P (x") " R(xX") [l cana
< (1) Qlicenall Q2 () s
+ DU = Q)P () gwwa ) IRG g
< (C(g)e(—x;(QHs)x’ + C(g)e<»/+(1—Q>—s)<x—x’)) 1RGO | g
< 2C(e)e” MHOTA=O B R (1) | cuxa < 2C()eP | R() [l gaxa. (3.30)

We recall that 5, (Q) < 1/, (Q) < A4(Q) < 0. Condition (3.6) is formulated in
terms of the difference A1 (Q) — s, (Q) while condition (3.28) is formulated in
terms of the quantity —1’_(Q). These two numbers, A4 (Q) — », (Q) and —1/_(Q)
are fairly independent, and thus either of the two conditions, (3.6) and (3.28), can
be better than the other. Thus, the existence of matrix-valued Jost solutions follows
under the assumption g > min{A, (Q) — », (Q), =1/, (Q)}.

Remark 3.5. Example 3.6 below shows that the statement of Theorem 3.2 is opti-
mal in the sense that, under the exponential dichotomy hypothesis, the assumption
in (3.6) on the exponential fall-off of the perturbation R in general cannot be relaxed;
indeed, if condition (3.6) is violated, then the matrix-valued Jost solution may not
exist. Example 3.6 also shows that, if Definition 3.1 is modified to replace the strict
inequality in (3.3) by the condition

i log || Y (x) — @ (x) Qllgaxd
im sup

X—>00 X

< #,(0), (3.31)

then the matrix-valued Jost solution in this modified sense is generally not unique.

Example 3.6. Consider equations (1.1) and (1.2) with

-2 00 0 xr, (x)e™*cosx 0
Ax)={( 0 —-10 and R(x)= 10 0 0], xeR,
0 01 0 0 0

(3.32)
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where xg, (x) denotes the characteristic function of R4 = [0, 00). The fundamen-
tal solution @, the exponential dichotomy Q on R, and the bounded solution @ Q
of (1.1) on R are given as follows:

e 0 0 100 e 0 0
ox)=| 0 e*0), o0=(010]), 2x)0=| 0 e~0]),
0 0 e 000 0 00
x € R.

(3.33)

The Bohl and Lyapunov exponents on R, associated with the dichotomy projection
Q are »/ (Q) = A (Q) = =2 and 2, (Q) = A, (Q) = —1. Clearly, || R||cixad €
L! R4; eP*dx) with B=A:(0) — %’+(Q) = 1, and hence condition (3.6) is vio-
lated. A direct computation shows that the perturbed equation (1.2) has two linearly
independent bounded C?-valued solutions on R

e X e ¥ ginx
yix)y=1 0 |, y»kx= e , x20, (3.34)
0 0

and thus any bounded C4-valued solution of (1.2) on R is a linear combination
of these two. Hence, any bounded matrix-valued solution Y of (1.2) on Ry is
necessarily of the form

e 2 e (sinx + C) 0
Yx)=1[ 0 e 0], x=o0, (3.35)
0 0 0

where C € C is an arbitrary constant. Thus, it satisfies

. log [ Y (x) — @(x) Qllcaxd
im sup

xX—00 X

=-2=:(0). (3.36)

This observation shows that the d x d matrix-valued Jost solution as introduced in
Definition 3.1 does not exist if (3.6) fails, while the solutions satisfying (3.31) are
not unique.

Remark 3.7. In the proof of Theorem 3.2 we suggested a method of introducing
the Jost solution by Y, (x) = e**Z(x),x 2 0, where Z € Cy, (R+)dXd is a solution
of the “u-modified” Volterra integral equation

Z(x) =e M p(x)0 — /oo dx’ e =g ()@ (x) 'R Z(x), x =0,

3.37)
for an appropriate choice of 1 € R. We stress that this method fails if the expo-
nential fall-off hypothesis (3.6) is violated. Indeed, for the equations in Example
3.6,if u < A1 (Q) = —1, the term e™"* @ (x) Q in the integral equation (3.37) is
not a bounded function, while if u = s, (Q) = —1, the Volterra integral opera-
tor is unbounded, both in the Banach space Cb(R+)dXd and in the Hilbert space
LZ(R+)dXd.
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Similar to the proof of Theorem 3.2 (replacing %;(Q) by »_(I; — Q) and
A (Q)by A (1;— Q)) one proves the following result for the negative half-line R_.

Theorem 3.8. Assume Hypothesis 2.8 and the condition
IR||caxa € LY(R_; eP¥ldx) for some B> »_(I; — Q) — 1 (Ig — Q). (3.38)

Then the perturbed differential equation in (1.2) has a unique matrix-valued Jost
solution Y_(x), x < 0. Moreover, the map
Ll R_: Blx|\dxd (Cdxd
(R 5H5 > (3.39)
R+ Y_(0)

is continuous.

4. The perturbation determinant

In this section we employ results from [21], succinctly summarized in Appen-
dix A, to express the infinite-dimensional (modified) Fredholm determinant of the
integral operator / + K, given by (2.22), via a finite-dimensional determinant
obtained by means of the matrix-valued Jost solutions introduced in Definition 3.1.
This result is a generalization of the classical relation between a Fredholm determi-
nant and the Jost function due to JosT and PaIs [25] (see, also [32, Section 12.1.2]).
As we will see in Section 9, the finite-dimensional determinant is related to the
Evans function associated with (1.1) and (1.2). We recall Lemma 2.9, and also
the general fact (see, for example, [22, Chapter XIII], [23, Section IV.2], [46],
[47, Chapter 9]) that, if K is any Hilbert—Schmidt operator, then the 2-modified
Fredholm perturbation determinant det> (I 4+ K) is given by the formulas

deta(I + K) = det ((1 + K)e—K) =[] (@+ne?). @
reo (K)

counting algebraic multiplicites of the eigenvalues of K. Moreover, if K is a trace
class operator, then

deta(I + K) = e~ "8 det(I + K), where det(I + K) = H (14+21). (4.2)
reo (K)

Throughout, we will use the following notation:

O = /oo dx trea (@ () Q@ (x) "' R(x))
’ (4.3)
—/ dx trea (@(x)(ld — Q)(D(x)_lR(x)).

—0o0
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Theorem 4.1. Assume Hypothesis 2.8 and the condition
IRl caxa € L1(R; e?ldx) (4.4)
for some
B > max {4(Q) — 5, (Q), - (la = Q) = x_(Ia — Q)}. 4.5

Let K be the integral operator on L*(R)? whose integral kernel is given by (2.22).
Then the 2-modified perturbation determinant dety (I + K) admits the representa-
tion

detoy (I 4+ K) = eZdetca (Y(0) + Y_(0)), (4.6)
where © is defined in (4.3), and Y4 are the matrix-valued Jost solutions on R,
respectively.

Proof. Assume temporarily that
supp (R) is compact. 4.7

Then || R||gaxd € L' (R; ef1¥ldx) for any real §. In particular, by Remark 3.4 and
its obvious R_-analog, the d x d matrix-valued Jost solutions Y4 are the unique
bounded solutions of the following Volterra integral equations on R,

Yi(x) =P(x)Q — /oo dx' @)@ ()R YL(X), x 20,
x (4.8)

X

Y_(x) =®(x)(Is— Q) +/ dx' @(x)@(x) 'R(XHY_(x), x<0.

—0Q
We note that Yy (x) = Yy (x)Q and Y_(x) = Y_(x)({; — Q) by uniqueness
of the solutions. Moreover, by (4.7) we have Y, (x) = ®@(x)Q for x = n and
Y_(x) = ®&(x)(I; — Q) for x £ —n for sufficiently large n € N.
Treating matrices as operators on respective spaces, we introduce the following
notations for x € R,

fix) = R (x)®(x)Q : ran(Q) — C,
fr(x) = R ()P (x) (I — Q) : ker(Q) — C,
g1(x) = Q@ (x) ' Ry(x) : C? — ran(Q),
©() =g — Q)P () 'Re(x) : C? — ker(Q).
In addition, let d; = dim(ran(Q)) and d, = dim(ker(Q)), and denote

H(x,x') = fi0)g1(x) = fa(0)g2(x") = Ry ()@ ()P (x) ' Re(x'), x, x" € R.

We note that the functions f; and g;, j = 1, 2, are compactly supported on R due to
(4.7), and thus assumption (A.1) holds. Hence, the results recorded in Appendix A
are at our disposal. Next, we introduce the Volterra integral equations

4.9)

fl(x)=f1(x)—/ dx' H(x,x) fi(x)), x €R,
* (4.10)

X

A = fr) + / A’ Hor, x) (), x eR,

—00
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and let fl (x) : ran(Q) — C? and f}(x) : ker(Q) — C4 be the unique solutions
of (4.10) that satisfy f; € L2(R)?*%, j = 1,2 (cf. Appendix A). The d x d
matrix U (x), x € R, defined in (A.9), written as a block-operator with respect to
the decomposition C? = ran(Q)-+ ker(Q), then reads as follows:

Uiy = (10 = ST a1 6D AG) [ ax e A6 @1D
[ e A1) gy — [T dx ga(x)) f(x)
Writing R(x) = R¢(x)R,(x), and multiplying (4.8) by R,(x) from the left, we
arrive at (4.10) and observe that
A1) = R(®)Y £ (®)lrn(o). ¥ 20,
() = R ()Y (V)lker(), ¥ 0.

Setting x = 0in (4.8), using (4.9) and (4.12), and writing the matrix Y (0) + Y_(0)
as a block-operator with respect to the decomposition Cd = ran(Q)+ ker(Q), we
conclude from (4.11) at x = 0 that U(0) = Y4 (0) + Y_(0). Since the integral
kernel K (x, x”) in (2.22) can be represented as

4.12)

—figix), x = x',
—f(x)g(x"), x <x',

Theorem A.1 (ii) gives (4.6) for compactly supported perturbations. Specifically,
one can use (A.13) with xo = 0 and then apply some elementary properties of
matrix traces.

To remove the compact support assumption on the matrix-valued function R
one proceeds as follows. Given n € N, we introduce the truncations

K(x,x) = | x,x' eR, (4.13)

R,(x) = [R(x)’ x| = n, (4.14)

0, |x| > n.

Let R, (x) = V,(x)|R,(x)], x € R, be the polar decompositions of R, (x), denote
Ry (x) = Vu(x)|Ry(x)|"/? and R, (x) = |R,(x)|'/2, and introduce the integral
kernels of Hilbert—Schmidt integral operators K, on L?(R)? by

—Ryn ()P (x) QP (') Ry (), x 2z,

Rrn(x)D(x)(Ig — Q)(p(x’)*lRZ’n(x/), x <, x,x €R.

Ky(x,x') = [

(4.15)
Since the support of R, is compact, one infers by the first step of the proof that

deta (I + Ky,) = e®detpa (Y4 (0) + Y_,(0)), n €N, (4.16)
where
6, = /OO dx trea (@ (1) QP (x) ' Ry (x))
0

0 (4.17)
—/ dx trea (@ (1) (Iy — Q)P (x) 'Ry (x))

—00
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and Y4 , are the matrix-valued Jost solutions of the truncated perturbed equation
y' = (A + Ry,)y on Ry. Since R,, converges to R in L'(R)¥*4 as n — oo, one
concludes that

lim ®, =06, (4.18)

n—o00

where ® is given by (4.3). Using the estimate in the proof of Lemma 2.9, one
checks that the operators K,, converge to the operator K in Hilbert—Schmidt norm,
and hence (see, for example, [22, Chapter IX], [47, Chapter 9])

lim dety(I + K,) = deta (I + K). (4.19)
n— 00

Finally, since the sequence R, converges to R in L' (R; e/*ldx)?*? as n — oo,
applying assertions (3.7) and (3.39) of Theorems 3.2 and 3.8, we obtain

Jim Yo, (0) = Y3 (0). (4.20)

Combining (4.18)—(4.20) then completes the proof.

Remark 4.2. The following heuristic argument may be helpful in understanding
the role of the factor ¢® in (4.6) and shows that the appearance of this factor is
quite natural. First, we observe that the integral kernel (2.22) of the operator K is
generally discontinuous on the diagonal x = x’. Accordingly, the definition of &
in (4.3) can be rewritten as follows:

0

—o = / "l trea (K (e +0,0) + / dx trea (K (x = 0,2)).  (4.21)
0 o

Heuristically, the right-hand side of (4.21) can be viewed as a “regularized integral
trace” of the operator K. Next, we assume in addition that K is a trace class opera-
tor (this requires quite a stretch of imagination!), and that tr(K') equals the integral
trace — O,

tr(K) = —0. (4.22)

Then formally applying (4.2) and (4.6) yields
deta(I + K) = e~ "®) det(1 + K) = e detca (Y (0) + Y_(0)) (4.23)
and hence formally,
det(I + K) = detca (Y4-(0) + Y_(0)). (4.24)

As we will see in Section 9, the determinant detge (Y4 (0) + Y_(0)) is in fact the
Evans function for the equations (1.1) and (1.2).

Remark 4.3. The proof of Theorem 4.1 shows that the 2-modified determinant of
the operator / + K can be computed by the formula

detr(I + K) = e® lim_detca (Y4,1(0) + Y- 2 (0)) (4.25)
n
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under the weaker assumption || R||caxa € L' (R) as opposed to (4.4) and (4.5). Here
Y. , are the unique matrix-valued Jost solutions of the Volterra integral equations

Yin(x) =2x)Q0 — /oo dx’ @)@ ()R, (X) Vs (X)), x 20,

X

Y_,(x)=®x)(Ig — Q) +/ dx' @ ()@ () 'R, (X Y-, (x), x Z0,
- (4.26)

and R, is the truncated perturbation (4.14). We also have the following identities:

Yi,0)=Y,,00Q, Y_,0)=Y_,0)Us— Q), (4.27)
since the solutions Y , are unique.

Remark 4.4. The exponential fall-off assumption (4.5) has been imposed in
Theorem 4.1 to make sure that the matrix-valued Jost solutions Y4 exist and are
unique (cf. Remark 3.5). Moreover, under this assumption, one uses the continuity
of the mapping (3.7) to conclude that

im_detu (V0 (0) + Y- 0 (0)) = detcs ( lim (Y,(0) + Y-, (0)))
= detga (Y4 (0) + Y_(0)).

(4.28)

Example 3.6 shows that the exponential fall-off assumptions (4.5) are indeed needed
to interchange the limit n — oo and the determinant in (4.28). In fact, in this
example one immediately verifies that the Jost solutions Y= ,, associated with the
truncated perturbation R, are given by

e > e > [sin(x) — sin(n)]) 0
0 e " 0], 05x<n,
0 0 0
Y+,n(x) = efzx 0 0
0 e*0], X >n, (4.29)
0O 00
000
Y_,(x)=1000], x=Z0.
00e*

Clearly, the sequence of the 3 x 3 matrices Y4 ,(0) does not converge as n —
oo, while lim,,_, oo detca (Y4 ,(0) + Y_ ,(0)) does exist since detga (Y4 ,(0) +
Y_ ,(0)) = 1 forall n € N. Consequently, (4.28) fails.
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5. Sub-exponential weights and the Jost function

As we have seen in Section 3, the exponential fall-off hypotheses (3.6) and
(3.38) on the perturbation R cannot be relaxed in general because the unperturbed
equation might have at least one of the following two properties: first, the upper
Lyapunov exponent associated with the dichotomy projection Q may not coincide
with the lower Bohl exponent and then, necessarily, the corresponding Bohl interval
is of positive width; and, second, the estimate (2.5) used in the definition of the lower
Bohl exponent »(Q) may not hold for » = »/(Q) but only for 3 = »/(Q) — ¢
for any ¢ > 0. This results in the de facto presence of an exponential weight factor
fe(x —x')) = C(g)ef 'l on the right-hand side of (2.5); cf. also (3.11) and the
effect of this on the proof of Theorem 3.2. In this section we restrict our attention
to the class of unperturbed equations (1.1) that do not have either of these proper-
ties. That is, we consider the case when each of the Bohl segments associated with
the dichotomy projections Q and (I; — Q) degenerates into a single point and, in
addition, we assume that the exponential weight factors in the estimates such as
(2.5) are replaced by sub-exponential weight factors induced by a given monotone
weight function f. For instance, autonomous equations with coefficients having
only simple eigenvalues constitute an important class of the unperturbed equations
satisfying these assumptions.

We introduce a weight function, f, which, by definition, is a nondecreasing
function f : Ry — Ry, satisfying the following conditions:

log(f(x))
X

lim sup =0, f(0)=1. (5.1)

X—>00

Hypothesis 5.1. Assume Hypothesis 2.8. Suppose that the Bohl segments on R
associated with the projections Q and (I; — Q) have zero width, that is,

A(Q) =2(0) <0< (g — Q) = »(Ig — Q). (5.2)

Given a weight function f, we asssume, in addition, that the following estimates
hold for all x, x" € R:

1D () QP () Mgaxa £ D) f(1x — '), 0<x <X,
1D (g — Q)P () gaxa £ T DD p(1x — '), 0= x = x',
(5.3)

Given Hypothesis 5.1 we now introduce the matrix-valued Jost solutions as
solutions of certain “modified” Volterra integral equations (cf. (3.14)—(3.15) and
(4.8)).

Definition 5.2. Assume Hypothesis 5.1 and suppose
IRl caxa € L'(R; f2(Ix])dx). (5.4)

Then matrix-valued solutions Y4 of (1.2) on R4 are called matrix-valued Jost
solutions of (1.2) if

Yi(x) = f(IxDe” 9" 21 (x), x =0,

5.5
Y_(x) = f(xe” =% z_(x), x £0, )
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where Z (x), x 2 0,and Z_(x), x < 0, are the unique bounded solutions of the
Volterra integral equations
Zi(x) =e D" f0) o (x) 0

- / T e 1O £ (07 £ BB ()T REDZ (), K20,
x
Z_(x) = DN p (T e () - Q) (5.6)

+/ " e Q6 £ (e (Db (0B () REDZ- (), x50,

—00

onRy and R_.

Almost literally repeating the proof of Theorems 3.2 and 3.8 (replacing f;
by f), one concludes that the matrix-valued Jost solutions Y1 in the sense of
Definition 5.2 satisfy the following asymptotic relations (cf. (3.22)):

e Y (1) = D) Qllcaxa = _o(L),
X

— 00

e DN Y_(x) = () = Qllgaxa = o(1). 0
Moreover, one obtains the following version of Theorem 4.1.
Theorem 5.3. Assume Hypothesis 5.1, suppose that
IRl caxa € L'(R; £2(|x])dx), (5.8)

and let the integral kernel of the operator K be given by (2.22). Then the 2-modified
perturbation determinant dety (I + K) admits the representation

deta(I + K) = edetca (Y4(0) + Y_(0)), (5.9)

where O is defined in (4.3) and Y4 are the matrix-valued Jost solutions on Ry
introduced in Definition 5.2.

In the remaining part of this section we will apply Theorem 5.3 to study the
Schrodinger equation (3.1) with an integrable potential,

Ve L'(R). (5.10)

We consider equations (1.1) and (1.2) with

0 1 0 0
a0 =(Sao). k0= (y0h0) xeR G

To avoid confusion we emphasize that A is an x-independent function of the
parameter k in (3.1). Clearly, (1.2), with A = A(k) and R as in (5.11), is the
first-order system corresponding to the Schrodinger equation (3.1). We note that
o(A(k)) = {ik, —ik}, where, without loss of generality, we choose k so that
Im(k) = 0. Since we intend to apply Theorem 5.3, we have to make sure
that Hypothesis 2.8 is satisfied. In particular, the unperturbed equation with the
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x-independent coefficient A (k) must have an exponential dichotomy on R. This is
equivalent to the requirement o (A (k)) Ni R = @ or, taking into account the choice
of k, to the inequality Im(k) > 0, which we will assume to hold in the remaining
part of this section.

Let Q(k) be the spectral projection for A(k) so that o (A(k)|ran(ok))) = {ik}.
We remark that

A (Q(k)) = 2(Q(k)) = Re(ik), ' (Ia — Q(k)) = »(la — Q(k)) = Re(—ik).
Next, we introduce the sub-exponential weight function by
f(x)=c, xeRy, (5.12)

for an appropriate constant ¢ = 1. Since the eigenvalues +ik of A(k) are simple,
the estimate (5.3) with @ (k, x) = e*A®) x ¢ R, holds, and thus Hypothesis 5.1 is
satisfied. The matrix-valued Jost solutions Y+ (k, -) in the sense of Definition 5.2
are the unique solutions of the Volterra integral equations

o0
Yy (k, x) = e ® 0 k) — / dx' e AR R YL (k, x'), x 20,
X
X

Y_(k,x) =401, — 0k)) +/ dx/ e A RGNY_(k, x), x <0,
—0Q0
(5.13)

such that the matrix-valued functions Z4 (k, x) = eFikx Yi(k,x), x € Ry, are
bounded. Since V e L'(R), the conclusion of Theorem 5.3 holds with Y (k, -)
given by (5.13).

Next, we will relate the finite-dimensional determinant in (5.9) and the clas-
sical Jost function (see, for example, [4, Chapter XVII], [32, Section 12.1] for
the latter). First, we recall some well-known notions from scattering theory (see
[21] for a detailed bibliography). The Jost solutions, u+(k, -), of the Schrédinger
equation (3.1) are defined as solutions of the Volterra integral equations

+o00
uy(k,x) = etikx —/ dx’ k~sin(k(x — X))V uy(k, X)),
X

(5.14)
Im(k) >0, x e R.
The Jost function, J = J (k) is defined by
1
J (k) = ﬁW(u_(k, Y, uy(k,-)), Im(k) >0, (5.15)
i

where W (u(x), v(x)) = u(x)v'(x) — u'(x)v(x) is the Wronskian of u and v with
u,v € C'(R). For k > 0, J(k) is the reciprocal of the transmission coefficient
(see, for example, formula (XVII.1.36) in [4]). We note that 7 (k) is independent
of x € Rsince tre2 (A(k)) = 0.

Next, we consider the factorization V = V,V, with

Vex) = [VOIY?, V() = V()| expliarg(V(x)), xeR. (5.16)
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To make the connection with (2.20), we remark that

(0 0 _(Ve(x) 0
Rg(x)—(w(x)o), R,(x)_( 0 o)’ x eR. (5.17)

Finally, we introduce the integral operator, L (k) on L?(R) with integral kernel

Lk, x,x') = ;—er(x)eik‘x_x/‘Vg(x/), Im(k) > 0, x,x' € R. (5.18)

The following corollary of Theorem 5.3 recovers a well-known relation between
the Fredholm determinant of the operator I + L (k) and the Jost function originally
due to Jost and Pais [25] (see also [30, 31], [32, Section 12.1.1] and, specifically,
[21, Theorem 4.7]). More importantly, it shows that the classical Jost function
coincides with the finite-dimensional determinant detca (Y4 (k, 0) + Y_(k, 0)) in
(5.9) obtained by means of the matrix-valued Jost solutions introduced in Defini-
tion 5.2. As we will see in Section 9, this determinant is, in fact, the Evans function
associated with equations (1.1) and (1.2).

Theorem 5.4. Assume that the potential of the Schrodinger equation (3.1) satisfies
Vell (R), and fix k € C such that Im(k) > 0. Let K (k) be the integral opera-
tor on L2(R)? with the integral kernel given by (2.22), where ®@ (k, x) = exAk)
x € R, and A(k) is defined in (5.11), and R, and R, are defined by (5.17). Let
L(k) be the integral operator on L*(R) with the integral kernel given by (5.18)
and J (k) be the Jost function of (3.1). Finally, let Y. (k, -) be the matrix-valued
Jost solutions (5.13) on Ry for (1.1) and (1.2) with A(k) and R given by (5.11).
Then the following assertions hold:

(i) J (k) = detea (Y4 (k, 0) + Y_(k, 0)).

(ii) The 2-modified Fredholm determinant admits the following representation:

deta(I + K (k) = deto (I + L(k)) = e®® 7 (%), (5.19)
where .
Ok) = o /IR dx V(x). (5.20)

Proof. It is convenient to diagonalize A (k) and A x e R. To this effect we
introduce the matrices

N
o= (L) - (5

Ay =Tk "ABT (k) = (ig _(l).k), (5.21)

~ (10 1 (1 1
Q:(oo)’ S(k):ﬂ(—l—l)’

_ 1 -1
Qk) =T (k) QT (k)™ = 3 (llk (’kl) ) . (5.22)
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We note that é is the spectral projection for A(k) so that
5 (AW lran(3)) = 0 (AWM lrancoepy) = ik} (5.23)

Passing to the matrix-valued functions Y. (k,x) = T(k) "Yy(k, x)T (k), x € Ry,
in (5.13), we obtain the integral equations

~ — o0 N ~
Yilk,x) =400 — / dx’ e AR Y NS Y (k, x)), x =0, (5.24)
X

X

Y (k, x) = A1 — 0) +/ dx’ eC A0 Y () ST (k, x'), x <O0.
- (5.25)

The property } Y+ (k,-) = Y+ (k,)Q and (5. 24) imply that the second column of the
2 x 2 matrix Y+(k -) is equal to zero, while Y_ (k,) = Y_ (k, ), — Q) and (5.25)
imply that the first column of Y_(k,-) is equal to zero. Thus, in the matrix equa-
tions (5.24) and (5.25) we can separately consider the first and the second column,
respectively. Let y. Y+ (k, -) denote the first column of Y+ (k, ) and y_ (k, -) denote the
second column of Y_(k, -). Passing in (5.24) and (5 25) to the C2-valued functions
ye(k,x) = Tk)y+(k,x), x € Ry, we observe? that they satisfy the following
C?-valued integral equations:

vk, x) = (1 ik)T
o0 _
—/ dx’ VT (k)e 4O ST () y,s(k, x), x =0,
X

y_(k,x)=e 1 —ik)T (5.26)

X -
+/ dx' V)T (ke 4O s T k)~ y_(k, x"), x Z0.

—0o0

A direct calculation using (5.21) and (5.22) shows that

cos(k(x —x")) O
Imk) > 0, x,x’ e R.

~ —1 o /
T 030 § T (k) — (k sin(k(x — x)) 0) ’
(k)e ST (k) (527)

Since Y4 (k, -) are matrix-valued solutions of (1.2), it follows that yi(k, -) are
C2-valued solutions of (1.2). Next, we denote by u4 (k, -) the top entry of the 2 x 1
vector y4(k, -). Differentiating the first components in the 2 x 1 vector integral
equations in (5.26), we observe that y+(k, x) = (ux(k, x) u'y(k, x))T, x € Ry,
and thus u 4 (k, -) are (scalar-valued) solutions of the Schrodinger equation (3.1).
Moreover, it follows from (5.26) that u4 (k, -) satisfy (5.14), that is, uy (k, -) are

2 We use T for transposition so that (a b)T is a (2 x 1) column vector.
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the traditional Jost solutions of (3.1). This proves assertion (i) since

detca (Yo (k, 0) + Y_(k, 0)) = detca (Y4 (k, 0) 4+ Y_(k, 0))
= detca (74 (k, 0)F— (k, 0)))
= dete2 (T(0) ' (34 (k, 0) y-(k,0))

-1
=27 W(uy(k), u—(k)) = J (k). (5.28)
ik

Finally, we turn to the proof of assertion (ii). A direct computation in (4.3) using
(5.11) and the formula for Q (k) in (5.22), verifies the formula for ® (k) in (5.20).
Using (2.22) and (5.17), and with the help of the diagonalization described in (5.21)
and (5.22), one computes that the matrix-valued integral kernel K (k, x, x") in (2.22)
and the scalar-valued integral kernel L (k, x, x’) in (5.18) are related by the formula

Kk, x,x)=Lk,x,x)0, x,x €R, (5.29)

where é is the projection in (5.22). This implies dety (1 + K (k)) = deto (I + L(k)).
Thus, relation (5.9) and assertion (i) yield assertion (ii).

While we assumed Im(k) > 0 throughout this section, we note that continuity
of K (k) and L(k) with respect to k, Im(k) = 0, k # 0, in the Hilbert-Schmidt
norm, permits one to extend the results of Theorem 5.4 (i) and (i7) to all Im(k) = 0,
k # 0, by continuity.

6. Generalized matrix-valued Jost solutions

In this section we start the discussion of a generalization of the matrix-valued
Jost solutions introduced in Definition 3.1, and prove an extension of Theorem 3.2
assuming that the dichotomy projection Q admits further exponential splitting. As
we will see later on, the generalized matrix-valued Jost solutions will allow us to
relax the exponential fall-off hypothesis on the perturbation imposed in (4.5). We
recall from Remark 3.5 that these hypotheses are optimal, provided one merely
assumes the existence of an exponential dichotomy Q with no further splitting. To
simplify the exposition in this section, we will only consider the case where the
dichotomy projection Q admits a splitting of order two and postpone the general
case of the exponential splitting of arbitrary order until Section 7.

Hypothesis 6.1. Assume Hypothesis 2.8. In addition, assume that the dichotomy
projection Q can be represented in the form Q = Q1 + Q», where Q1 and Q> are
projections which are uniformly conjugated by @ on R such that the Bohl segment
[ (Q1), »#(Q1)] lies strictly below [ (Q2), »(Q2)], that is,

A (Q1) = 5(Q1) < #(Q2) £ #(Q2) <0 <5/ (la — Q) = 5(la — Q). (6.1)

We will consider the generalized d x d matrix-valued Jost solutions on R (cf.
Definition 3.1); the case of R_ can be treated similarly.
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Definition 6.2. Assume R € LlloC (R)?*¢ and Hypothesis 6.1. Then d x d matrix-

valued solutions YS> and Yf) of the perturbed differential equation (1.2) on R
are called generalized matrix-valued Jost solutions associated with the projections

Q1 and Q2 if

()
1 Y - (p i X
Jim sup og |IY; " (x) () Qjllcaxa
X—00 X

<, (0)) (6.2)

and ' '
Y0 =rY 00, j=1.2 6.3)

We emphasize that the additional technical requirement in (6.3) can always be
satisfied as soon as (6.2) holds for some solutions Y_f_] ), Jj = 1,2. Indeed, if the

solutions YJ(rj ) satisfy (6.2), then YJ(rj ) Qj, j = 1,2, are solutions of the perturbed
differential equation satisfying both (6.2) and (6.3).

Remark 6.3. We note that the generalized matrix-valued Jost solution Yf) is not
unique. Indeed, if Yf) is a solution satisfying (6.2) for j = 2, and Y is any solu-
tion of (1.2) whose upper Lyapunov exponent on R belongs to the Bohl segment
[%+(Q1), »#4+(Q1)], then the solution Yf) + Y, again satisfies (6.2) for j = 2
since

. log [V (x) + Y (x) — @ (x) Q2| casa
lim sup

X— 00 X

1 Y(z) _ ¢ .
< max[lim sup og [IY3™ (x) (x) Q2 |l gaxa

X—>00 X

,%+(Q1)} < (Q2). (6.4)

We start with the following elementary fact.

Lemma 6.4. Let > 0 and assume that 0 < p € L'(R.). Then,

X
lim ef‘“/ dx'e® p(x’) = 0. (6.5)
X—> 00 0

Proof. Assuming mes ({x = 0| p(x) > 0}) > 0 and introducing ¢ (x) = f(f dx’
p(x), x 2 0, an integration by parts yields

X X
e /0 e’ e p(x') = g (x) — e /O d'eg(), x 20, (66)

Since p is nonnegative and integrable on R, lim,_, o ¢ (x) is positive, and the inte-
gral f(f dx" e g(x") diverges. Using I’Hopital’s rule one obtains assertion (6.5).

The following result ensures the existence of the generalized matrix-valued
Jost solutions on R introduced in Definition 6.2 under much weaker exponential
fall-off assumptions on the perturbation than (3.5) and (3.6) (we recall that the
requirement (3.5) is optimal if we want to deal with the matrix-valued solutions
introduced in Definition 3.1 only).
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Theorem 6.5. Assume Hypothesis 6.1 and the condition
IRllcaxa € LY(Ry; eP*dx) 6.7)

with some

B> jﬁzlfllg{/\Jr(Qj) =7 Q) (6.8)

Then the perturbed differential equation (1.2) has generalized matrix-valued Jost
solutions Yij), j=172

Proof. Existence and uniqueness of the generalized Jost solution Yj_l) on R} asso-
ciated with the projection Q1 follows from Theorem 3.2 and Remark 3.3; to check
condition (6.3) for j = 1 we note that Yfrl)(x) = Yil)(x)Q, x 2 0, since the
solution Y_(Fl) is unique.

By hypothesis and the definition of the lower Bohl exponents (cf. (2.5)), for
any & > 0 there exists a positive constant C(¢) > 0 such that

@) — Q1)@ (x") | caxa
S 1Y) 020 () Migaxa + 19 (x)(La — Q)P (x") | caxa
< (OO0 4 CAUmDID) f(x — X)), 0ZxZa, (69)

where f.(x) = C(¢)e™!. Since #, (Q2) < #, (Ig — Q), we infer the estimate

1P = QNP () llgaxa £ 2eCHE@DED f(x — 1)), 0Sx S
(6.10)
By the definition of the upper Bohl exponent, one may also assume that

10 (x) Q1@ (x) [ gaxa £ 2eC+E@DE=D £ (1 '), 0<x' <x. (6.11)

Taking ¢ > O such that 0 < 2¢e < 8 — (A4+(Q2) — %;(Qg)), and introducing the
function

p(x) = eP+(Q)=5 (0% £2(1) | R(x) || caxa, X 20, (6.12)

one observes that 0 < p € L! (R4) by assumptions (6.7) and (6.8). For brevity we
denote © = A+ (Q2), @ = %+(Q2) — »4(Q1), and, for any T = 0, we introduce
the integral kernel
[y (G2 [—@(x)(l ~0NPW) 'R, TSx <X,
e fe() | @(x)Q12(x) ' R(X)), T <X Sx
(6.13)
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Using (6.10) and (6.11) and the inequalities >, (Q2) — A 4(Q2) < 0 and « > 0,
one derives the following estimate:

I F7 (e, x") | gaxa
S 26007 2O IRG) | gaxa

(4 (0)=1 (@)= ¢ < x <y,
] eCr@n=hi@—) L <y <y
< /
_ 14 (%, (02 (@)x oy | 1 TSx<x,
=2f(x)" e\ p(x’) [e_a(x_x,) r<x <, (6.14)
<2f(0) 7 p(), xx 21 (6.15)

)a’xd

On the space Cyp([1, 00) we define the integral operator F] by

(FyZ)(x) :/ dx' Fy(x,x)Z(x"), x 27, (6.16)

T

and consider the corresponding Fredholm-type integral equation
Zx) =29 - (Fi2)(x), x =T, (6.17)
where Z© is defined by
ZOw) =e ™ )@ ()02, x 21 (6.18)

Since f; = 1 and p € L'(R), the estimate in (6.15) shows that the integral oper-
ator F ﬁ is a contraction on Cp([7, 00))4*4 for t > 0 sufficiently large. Since

the exponential decay of ||® Q||caxs is controlled by w, we see that 70 ¢
Co([t, 00))4*4. Thus, the integral equation (6.17) has a unique solution Z €
Co([7, oo))dXd that can be obtained by the iteration process

Z(x) = ZZ(j)(x), ZV) = FZV" D)), jeN, x2t. (619
j=1

Clearly, by uniqueness of the solution,
Z(x) =Z(x)02, x2=T. (6.20)
A straightforward computation shows that the function
YO0 =™ f(0)Z(x), x =1, (6.21)

yields a solution of the perturbed differential equation in (1.2). Moreover, from
(6.17) and (6.14) it also follows that

FeZ@x) = ZO (1) [ gaxa < 264 (@402 (npnu([x,oo»

X
+e_‘”/0 dx/p(x/)e“x)||Z||Cb([,)oo))dxd, x>t
(6.22)
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Using p € L'(Ry) and Lemma 6.4, (6.22) implies the asymptotic relation
YD () — 2 Qallcaxs = _o(D). (6.23)

—>00

Moreover, using (6.7) and (6.8) again, choose § € (0, «) sufficiently small such
that the function ps(x) = edx p(x),x = 0,is integrable on R . Then (6.22) implies

FeNZx) = ZO(x) | gana

< 2e73%e(34(Q2) A1 (Q2))x (”p5||L1([x,oo))

X
+e_(a_5)x/0 dx/pa(x/)e(a—ﬁ)x) ||Z||Cb([r,oo))“’Xd’ x =1 (6.24)

Using ps € L' (R, ) and Lemma 6.4 again, one obtains the asymptotic relation

_ 2 -

o7 (Q2)x ||Y4(_ )(x) — D (x) Q2llgdxa oW 0(e™%). (6.25)
Finally, the matrix-valued solution Yf) can be uniquely extended to the interval
[0, T) by solving the initial-value problem

Y@ = A+ BoyP @, xzr ¥Pm =" LmZ). (6.26)

In addition, from (6.25) one derives (6.2), and from (6.20) it follows that Yf) 0) =
Yf) (0) @2, completing the proof.

In order to discuss uniqueness properties of the generalized d x d matrix-valued
Jost solution Yf) up to lower-order terms (cf. Remark 6.3), we recall that, if Q is the
(unique) exponential dichotomy projection for the unperturbed equation (1.1) on R,
then equation (1.1) also has an exponential dichotomy on R with the same dichot-
omy projection Q. However, the corresponding Bohl segment on R may be strictly
smaller than that on R, that is, [%QF(Q), »#1(0)] C [#(Q), »#(0)], see (2.8). By
Lemma 2.13, the perturbed differential equation with || R||¢axa € L'(R,) will also
have an exponential dichotomy on R with a dichotomy projection P having the
same Bohl exponents as the unperturbed differential equation for the dichotomy
projection Q. We emphasize that the dichotomy projection P is not unique; only the
subspace ran(P) is determined uniquely since it consists precisely of those initial
data yg such that the C?-valued solutions of the initial value problem

Y'(0) = (A) + R(x))y (), x =0, y(0) = yo, (6.27)

are bounded on R . Moreover, by Lemma 2.14, if Q = Q1 + Q> is an exponential
splitting for (1.1) on R (and therefore on R ), then the dichotomy projection P
for (1.2) on R also admits an exponential splitting P = P; 4+ P, with the same
Bohl segments, that is, [»¢, (P;), >4 (P;)] = [5/,.(Q}), %2:(Q)], j = 1,2. The
projection Pj is not uniquely determined but its range is, since ran(P;) consists of
precisely those initial data yo such that the Lyapunov exponent of the C?-valued
solution of (6.27) satisfies Ay (y) < sy (P1) < 2/, (P2) = 5/, (Q2) (cf. Remark
2.7). Thus, in view of Theorem 6.5 and Remark 6.3, we have proved the following
uniqueness result:
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Corollary 6.6. Assume the hypotheses of Theorem 6.5. Then:

(i) The generalized matrix-valued Jost solution Y J(rl) associated with the projec-
tion Q1 is unique.
i) If YJ(FZ) and Yf) are any two generalized matrix-valued Jost solutions associ-
. L 2 -2
ated with the projection Q> then ran(YJ(r )(0) - YJ(r )(O)) C ran(Py).

7. Exponential splitting of arbitrary order

In this section we consider the generalized matrix-valued Jost solutions of (1.2)
in the general case where the unperturbed equation (1.1) has an exponential splitting
of arbitrary order on R.

Hypothesis 7.1. Assume Hypothesis 2.8 with d = 2. Suppose, in addition, that for
somed’,2 £ d < dandky, 1 < kg £ d’ — 1, the dichotomy projection Q on R for
(1.1) admits an exponential splitting Q = Zl;ozl Q of order ko, and the projection
(I — Q) admits an exponential splitting I — Q = Z‘f:ko 41 Q; of order d’ — ko,
where the projections Q;, j = 1,2,...,d’, are uniformly conjugated by @ on
R and the corresponding disjoint Bohl segments [»'(Q ), »(Q )] are ordered as
follows:

A(Q)) £ 5(Q)) < (Qj11) = x(Qj11), 1=j=d 1 (7.1)

Definition 7.2. Assume R € LllOC (R)4*? and Hypothesis 7.1. Then d x d matrix-

valued solutions YJ(rj), j=1,...,kop,on Ry and ij), j=ko+1,...,d,onR_
of the differential equation

Y'(x) = (A) + R(x)Y (x), x € Ry, (7.2)
are called generalized matrix-valued Jost solutions associated with the exponential

splitting {Q}_ if

()
Jim sup log |V (x) = @(x) Q) llgaxa

X—>00 X

< (), (7.3)

YJ(rj)(O) _ YJ(rj)(O) Qj, j=12,... ko, (7.4)
and

()
1 Y - QD / X
lim inf 28 Y27 (%) (x)Qjllgaxd

xX——00 X

> 2 (Qj), (7.5)

v =v"00;, j=k+1,....d (7.6)
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Assuming Hypothesis 7.1, and referring to Lemmas 2.13-2.14, let
P.=P +P+- -+ P (7.7)

be the exponential splitting of order k¢ of the dichotomy projection P4 for (1.2) on
R such that

[ (P), 224 (PP = [5,.(Q)), 4. (O], j=1,....ko. (7.8)

Similarly, let
P_=Pyy1+ P2+ + Py (7.9)

be the exponential splitting of order (d’ — ko) of the dichotomy projection P_ for
(1.2) on R_ such that

[ (P), - (P)] = [#_(Q), (0], j=ko+1,....d".  (1.10)

Our next result shows that the generalized matrix-valued Jost solutions exist and
are unique up to lower exponential order terms.

Theorem 7.3. Assume Hypothesis 7.1 and the condition

I R||caxa € LY(R; e?ldx) (7.11)
with some
g > max | max (1(Q) = Q). max §d,{%_(Qj)—AL(Q,/)}}. (7.12)

Then the following conclusion holds:

(1) The perturbed equation (1.2) has generalized matrix-valued Jost solutions in
the sense of Definition 7.2, Yij), j=12,..., ko, on Ry and ij), j =
ko+1,...,d, on R_ associated with the exponential splitting {Qj}‘]’tﬂzl.
For any set of generalized matrix-valued Jost solutions in the sense of Defini-
tion 7.2, the following assertions hold:

(i1) The generalized matrix-valued Jost solutions Y_f_l) and Y id/), associated with
the projections Q1 and Qy, are uniquely determined and satisfy

ran(¥{"(0)) C ran(Py), ran(¥')(0)) < ran(Py). (7.13)
(iii) The generalized matrix-valued Jost solutions YJ(rj ), j=2,....ko,and Y U ),

j=ko+1,...,d — 1, satisfy

j j-1
ran(Y{ (0)\{0} S ran | D P, \ran SR, j=2... k.
k=1 k=1
(7.14)
' d d
ran(Y" (0)\{0} S ran | D P, \ran > P kot d -
k=j k=j+1

(7.15)
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Gv) If Yj_j ) and ?_f_] ) are any two generalized matrix-valued Jost solutions asso-
ciated with the projections Qj, j = 2,..., ko, and Yy) and ?ﬁj) are any
two generalized Jost solutions associated with the projection Q j, j = ko +
1,...,d —1, then

. . J-l
ran (Y (0) = Y (©) Cran [ D P ). j=2.....k. (7.16)
k=1

d/

ran (Y ©0) - YV ©) Cran [ D> A |, j=kot+1.....d — 1.
k=j+1

(7.17)

Proof. We will provide a sketch of the proof for the case of R referring for details
to the proof of Theorem 6.5. The case of R_ is treated similarly.

To prove (i) and the uniqueness statement in (ii), we fix j € {1, ..., ko} and
denote w; = A4 (Q;) +¢€,j =1,..., ko, for some ¢ > 0. In addition, for some

7 = 0, we introduce the integral operator F, ,E/] with integral kernel

[ew [, oo Re, T <y,
o) [T ] pe) TR, TN Sx,
(7.18)
on the Banach space Cp([7, 00))?*¢. Repeating the arguments in the proof of

Theorem 6.5 under hypothesis (7.12), one concludes that the operator F,Z’/.j is a
)dxd

T,j 1 — e (x—x'
FM_ (x,x")y=e M

contraction on Cy([t, 00) , provided t is large enough and ¢ is sufficiently
small. Thus, for each such t, the Fredholm-type integral equation

ZW(x) =z (x) — (FpizM) ), xzr, (7.19)
where Z(()j ) is defined by
Z9 @) =e M d(x)Q;, x 2T, (7.20)

has a unique bounded matrix-valued solution on [z, c0) that can be obtained by
iterations similar to (6.19). We note that if j = 1, then equation (7.19) is a Volterra
integral equation, and there is no need to pass to a large t to ensure the contraction
property: indeed, the Volterra integral operator F 15’11 has zero spectral radius on
Cp([z, 00))4*4 for any T = 0 and one can start the iteration process to obtain the
solution even at T = O (cf. the proof of Theorem 3.2). In particular, this shows the
uniqueness part of (ii). If j = 2, ..., ko, then the generalized Jost solution Y_f_] ) on
Ry is first constructed on the interval [z, 00) by YJ(FJ)(x) =eti*ZzUW(x), x = 1,
and then extended to [0, t) by solving the initial-value problem

() ) = (4w + ROV ), xef0.7l ¥ @) =7 Z0 (),
(7.21)
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One verifies as in the proof of Theorem 6.5 that (7.3) and (7.4) hold. (We note the
fact that for j = 2, ..., ko, the generalized matrix-valued Jost solutions depend on
7.) This yields the existence of the generalized Jost solutions associated with the
exponential splitting Q = 21;021 Q; of the dichotomy projection Q.

Inclusion (7.13) in (ii), and assertions (iii) and (iv) follow from (7.3), (7.4)
and the elementary properties of Lyapunov exponents of C¢-valued solutions of
differential equations listed in Remark 2.7. Indeed, turning to the proof of (7.13)
and (7.14), we first remark that for j = 1, ..., ko,

log VY (x) | caa

lim sup
X—00 X

(7.22)

X—>00 X

)
1 Y — ¢ / X
gmaxllimsup og Yy () (00l d,)»+(Qj)]

does not exceed 4 (Q ;) = 54 (P;) by (7.3). Thus, the Lyapunov exponent A (y)
of the C?-valued solution y of (1.2) with initial data y(0) € ran (YJ(rj ) (0)) is strictly
smaller than A’ (Pj41), j = 1,...,ko — 1, and is negative for j = ko. Apply-
ing (2.16) to the perturbed equation (1.2), we obtain the inclusion ran (Yij ) (O)) -
ran (z,i:l Pk) for j =1, ..., ko. To finish the proof of (7.14) for j =2, ..., ko,
let us suppose that there is a nonzero vector yy = Yij )(0) y1, with some y; € ce,
such that yy € ran (Z,ﬁ;{ Pk). By (7.4) we have Q;y; # 0. Then the Lyapunov
exponent of the C¢-valued solution y of the initial-value problem (6.27) given by
y(x) = Yij)(x)yl, x 2 0, must satisfy Ay (y) < s (Pj—1) by Remark 2.7. This
leads to a contradiction proving (7.14). Indeed, adding and subtracting y(x) =
Y (x)y1 in @ (x)Q;y1lca» we conclude from (7.3) that

log(I[®(x) Qi yillca)

lim sup
X—>00 X
()
1 Y - @ i X
< max [lim sup og 74 () )9, llgixa , %+(Pj_1)]
X—00 X
< %;(Qj). (7.23)

But this is impossible since the Lyapunov exponent of the nonzero C¢-valued
solution @ Q;y; of (1.1) on Ry with initial data Q ;y; € ran(Q ;) must belong to
the Bohl segment [%Q_(Qj), #4(Q;)] (see again Remark 2.7).

Finally, to verify assertion (iv) we add and subtract @ (x) Q ; in Y_Y ) (x)— i(f ) ()
and use (7.3) to conclude that A4 (y) < A;(Pj) for every C9-valued solution y of

(1.2) with y(0) € ran (¥’ (0) — ¥(0)). This proves inclusion (7.16).

Remark 7.4. In addition to ass_ertions (ii)—(iv) in Theorem 7.3, the generalized
matrix-valued Jost solutions Y ), constructed in the existence part (i) of Theorem
7.3 by means of the Fredholm-type integral equations (7.19) and their analogs for
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R_, have the following property: If R,,, n € N, is the sequence of truncated pertur-
bations as in (4.14), and YLJ 31 denote the generalized matrix-valued Jost solutions
associated with the perturbation R, (see the proof of Theorem 4.1), then

o)y D)
lim vi),0) = ¥ (0). (7.24)

To see this one follows the course of the proof of Theorem 6.5. First one establishes
continuity of the map R +— ZU) from the space L! R4; eP*dx) to Cp ([T, 00))4*4,
defined in a neighborhood /(R) of R in L' (R ; e#*dx). Subsequently, one shows
that the convergence of the sequence {R,},cy from this neighborhood to R as
n — oo inthe L' (R, ; e#*dx)-topology yields (7.24).

Next, given any set of generalized matrix-valued Jost solutions, we introduce
the following Evans determinant (the terminology is related to the Evans function,
which is further discussed in Section 9).

Definition 7.5. For a given set of generalized matrix-valued Jost solutions YJ(rj ),

j=1,...,kp,on R, and Yﬁj),j =ko+1...,d, onR_, the Evans determinant,
D, is defined by

ko d '
D =detca (V4 + Vo). where Yy = > ¥, y_= > rY0).
j=1 j=ko+1
(7.25)

The following important and purely algebraic result shows that, although the
generalized matrix-valued Jost solutions are not unique, the Evans determinant D
is uniquely determined by equations (1.1) and (1.2).

Lemma 7.6. Assume Hypothesis 1.1. Then the determinant D in (7.25) is indepen-
dent of the choice of the generalized matrix-valued Jost solutions Y G ),
j=1,.. ko, and YV, j=ko+1....d.

Proof. Using the notation (7.7) and (7.9), let P4 and P_ be the dichotomy projec-

tions and { P; }1;0:1 and {P; }‘;/:ko 1 be the exponential splittings for (1.2) on Ry and

R_, having the same Bohl segments as the splitting {Q ; }‘j/: | for (1.1). Without loss
of generality, we will assume that the subspaces ran(P;), j = 1,..., d’, satisfy
ran(Py)+ ran(P>)+ - - - +ran(Py) = C? (otherwise the determinant D is equal to
zero for any choice of the system of the generalized Jost solutions). We note that
ran()+) C ran(P4) by assertions (ii) and (iii) of Theorem 7.3, and YV, = Y QO
and Y_ = Y_(I; — Q) by (7.4) and (7.6). Thus, treating the matrices Y+ in (7.25)
as operators Yy : ran(Q) — ran(P4) and YV_ : ran(ly; — Q) — ran(P-), we
observe that the block-operator )V = )4 + Y_ is diagonal in the following direct
sum decomposition:

Y= (JZ)+ 39 ) Sl = ran(Q)—'Han(Id - 0) — cd = ran(PJr)—i— ran(P_).
(7.26)
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Assertions (i7) and (iii) of Theorem 7.3 then also yield that the matrix of the
operator

Vi tran(Q) = ran(Q)+ - - - + ran(Qy,)

. . (7.27)
— ran(Py) =ran(Py)+ - - +ran(Py,)
is upper-triangular, while the matrix of the operator
_:ran(l; — Q) =ran +.--Fran(Qy
N2 (s — Q) (Qko+1) (Qa) (7.28)

— ran(Py) = ran(Pyy+1)+ - - - +ran(Py)

is lower-triangular. Moreover, from assertion (iv) in Theorem 7.3 it also follows
that the diagonal blocks of the operators )+ with respect to the decompositions
(7.27) and (7.28) are independent of the choice of the generalized Jost solutions,
completing the proof.

Remark 7.7. In fact, the proof of Lemma 7.6 only uses properties (7.4) and (7.6),
and properties (7.13)—(7.15) of the matrix-valued solutions of (1.2).

At this point we are ready to prove the principal result of this paper.
Theorem 7.8. Assume Hypothesis 7.1 and the condition
I R||caxa € LY(R; e?ldx) (7.29)

for some

p max | max (0= QD) max_ Lo (0)-KL(Q))}}. (7:30)

Let YJ(FJ), j=1,2,..., ko, and Yy), j=ko+1,2,...,d, beany system of matrix-
valued generalized Jost solutions. Let K be the integral operator on L*>(R) whose
integral kernel is given by (2.22). Then the 2-modified perturbation determinant
deta (I + K) admits the representation

deta(I + K) = e%detca(Vy + Vo), (7.31)

where © is defined in (4.3), Y+ are defined in (7.25), and D = detcd (V4 + V-)
is the Evans determinant (cf. (7.25)).

Proof. Let Y.}, j = 1.... ko, and Y. j = ko + 1,....d', be the general-
ized matrix-valued Jost solutions on R, respectively, on R_, constructed in the
existence part (i) and (ii) of the proof of Theorem 7.3 for a given T = 0 suffi-
ciently large. Here, the subscript F is added to remind the reader that these solu-
tions are obtained from solutions of the Fredholm-type integral equations (7.19)
and their analogs for R_. In general we note that the solutions Yj(EJ )F depend on
7, and they are not the solutions Yj(tj ) given a priori in the formulation of Theo-
rem 7.8. Introduce the truncated perturbations R,, n € N, by formula (4.14), and
denote by YJ(FJ,fI’F,j =1,..., ko, and Yi{L_F,j =ko+1,...,d the correspond-
ing generalized matrix-valued Jost solutions of the truncated perturbed equation
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y'(x) = (A(x) + R,(x))y(x), obtained by solving the Fredholm-type integral
equations (7.19) with R replaced by R, (see the proof of Theorem 7.3 (i)). Since
R, is compactly supported, there exist unique matrix-valued Jost solutions in the
sense of Definition 3.1 of the truncated perturbed equation on R and on R_; these
will be denoted by Y ,, and Y_ ,,. Using the solutions Y+ ,, and the projections Q ;,
define matrix-valued solutions of the truncated perturbed equation by

Y @) = Yeu)Q;. j=1..... ko, x 20,

Yy =YoaQ) j=ko+1,....d x

n

(7.32)
0.

A

Here, the subscript V is added to remind the reader that the solutions Y5 , are
obtained from the Volterra integral equations (4.26). Since the support of R, is
compact, equations (4.26) imply that the solutions Yi] L’V constitute a system of
generalized matrix-valued Jost solutions in the sense of Definition 7.2. In addition
to (7.25), introduce the notations

ko ) d )
Vir= 2 Y000, Yor= > Y0, (7.33)
j=1 j=ko+1
ko ) d’ .
Vinr=> YD 0, Your= > ¥V L0, (7.34)
j=1 J=ko+1
ko i ' .
Vimy =2 YD L0, Yoav= > YY) 0. (7.35)
j=1 Jj=ko+1

Using (4.27) and the definition of Yij L v in (7.32) we obtain

ko
Vinv =2 Yin0Q; =Y n(0)Q =Y, ,(0), (7.36)
j=1
and similarly,
Y_nv =Y_,(0). (7.37)
Using Remark 4.3 this results in
deto(I + K) = lim deted(Vanv + V- v). (7.38)
n—o0

Since both Yi’ L’V and Yi’ 31 F constitute systems of generalized matrix-valued Jost
solutions, Lemma 7.6 yields

det(cd (er,n,V + yi,n,\/) = det(cd (er‘n,F + yf,l’l,F)v ne€N. (7.39)

By the continuity argument discussed in Remark 7.4 (cf. (7.24)), we get

nlglgo detca (Vo r + V-nr) = detca (Vi r + V- F). (7.40)
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and next, again by Lemma 7.6,
det(cd (y+’F + y_’F) = det(cd (y+ + y_) (741)
Combining (7.38)—(7.41) yields (7.31), completing the proof.

Next, we will give an extension of Lemma 7.6 and Theorem 7.8 for the case
where the matrix-valued solutions @ Q;, j = 1,...,d’, of (1.1) in Definition 7.2
are replaced by arbitrary solutions of (1.1) with certain asymptotic properties. We
assume Hypothesis 7.1 and fix the splitting {Pj}‘;/:] for (1.2) described in (7.7)
and (7.9). Let Nj, j =1, ...,d’, be any matrices in C¥*4 satisfying the following
conditions:

(i) Nj=N;jQ;=0Q;N;, j=1,...,d"
d/
7.42
(i) detca(N) #0, where N = »"Nj. (742)
j=1

Let @ for j =1,..., ko, respectively, j = ko + 1, ..., d’, denote the matrix-val-
ued solutions of the unperturbed equation (1.1) on R, respectively, R_, satisfying
the initial conditions @;(0) = N;, j = 1,..., d'. By (i) in (7.42), the Lyapu-
nov exponents of the C?-valued solutions of (1.1) given by the columns of @ j
belong to the Bohl segments corresponding to the projections Q;, j = 1,...,d".
Next, assume that ?J(r/), j=1,2,...,ko,on Ry, and ?ﬁj), j=ko+1,2,...,d,
on R_, are any given d x d matrix-valued solutions of the differential equation
Y'(x) = (A(x) + R(x))Y(x), x € Ry, satisfying the following properties (cf.
Definition 7.2):

log | V3" (x) — @, (x) lcaxa

lim sup < A (Q)), (7.43)
X—>00 X
ﬁD(O) — ﬁj)(o)Qﬁ j=1,2,... ko, (7.44)
and
v
lo Y — @ x
liminf S =W Z @i Wlerd ) (7.45)
X——00 X
Y0 =vV0)0;, j=k+1,....d. (7.46)
Define the following matrix N (cf. Definition 7.5):
—~ ~ ~ ~ ko —~ e d —_
N=Yp+Y-, where Yo = > 7 0. Vo= 3 7V0. (747
j=1 J=ko+1

We remark that, if N; = Q; in (7.42), then detca (N) = 1 and Ia(t'" ) are generalized

matrix-valued Jost solutions Yij ) in the sense of Definition 7.2, and N = YVi+Y-,
in the notations of (7.25).
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Lemma 7.9. Assume Hypothesis 7.1. In addition suppose that N; satisfy (7.42),
that @; satisfy ®;(0) = Nj, and that ?j(tj ) satisfy conditions (7.43)—(7.46) for
j =1,...,d. Finally, assume that N is defined as in (7.47). Then the ratio of
the determinants detca (N) and detga (N) is independent of the choice of the solu-

tions @ j with the initial data satisfying (7.42) and the choice of the solutions 44 ),

j =1,...,d". Thus, one obtains for the Evans determinant D in Definition 7.5,
detca (N
_ Sl V) (7.48)
detca (N)

Proof. Using (ii) in (7.42), we denote Y\")(x) = Y (x)N-!, x € Ry, for
j=1,...,d. We claim that Yj(tj ) are generalized matrix-valued Jost solutions in
the sense of Definition 7.2. Indeed, since Q; = NJ-N_1 due to N; = Q;N, the
equalities

Y0 -0 =V 0N —o@N N = (YY) - &) N
(7.49)
show that condition (7.3) follows from (7.43). Also, since N~! and Qj commute,
condition (7.44) implies (7.4), proving the claim. By Lemma 7.6, the Evans deter-
minant D constructed using the solutions Yj([j ) as described in Definition 7.5, is
v ()

independent of the choice of N; and Y;’’, and hence equals

ko ) d .
D =detea (Vs + Vo) =detea [ DV ONT+ D ¥V 0N
Jj=1 Jj=ko+1

= detca(NN7Y),
(7.50)

proving (7.48).

Corollary 7.10. Under the assumptions of Theorem 7.8 and Lemma 7.9, the
2-modified perturbation determinant dety (I + K) admits the representation

o detca (N)

detr(I + K) = ,
e+ K) = V)

(7.51)

where O is defined in (4.3), and N and N are defined in (7.42) and (7.47).

Remark 7.11. Theorem 7.3 can be viewed as a further development of the Levinson
theorem (see, for example, [11, Chapter 1] and the bibliography cited therein). The
Levinson theorem for the asymptotically diagonal perturbed equation (1.2) on R
deals with the situation when A(x) = diag{A; (x)}‘}zl, x € Ry, and ||R||gaxa €
L'(R,), and asserts the existence of C?-valued solutions of (1.2) satisfying the
asymptotic relation

— 00

yi(x) = (ej—i-o(l))exp/ Aj(s)ds, j=1,....d, (7.52)
* 0
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wheree;, j =1,...,d, are the vectors of the standard basis in C“. The underlying
assumption in the traditional Levinson theorem (that is, for (7.52) to be valid) is that
the following alternative holds: for each pair of integers j, k € {1,...,d}, j # k,
either

liminf /j (0, x) = —oo and sup Ijx(x,x) < o0, (7.53)

X—>00 > 0>

x2Zx' 20
or
inf 7 4(x,x") > —o0, (7.54)
xZ2x'20 !

where we denote /; i (x', x) = fxx, ds Re(Aj(s) — Ak(s)), 0 < x” < x. To com-
pare our results and the traditional Levinson theorem, we first note that, unlike the
assumptions in the Levinson theorem, we do not assume that A is diagonal. In the
class of diagonal unperturbed equations (1.1) our assumptions on the unperturbed
diagonal system are more special (since we are interested only in bounded solutions
on R, and assume the exponential dichotomy on R), but in turn we derive more
conclusions in addition to the asymptotic relation (7.52), see assertions (ii)—(iv)
in Theorem 7.3. If, in addition, we assume that the diagonal unperturbed system
has d disjoint Bohl segments, then the aforementioned alternative holds; thus our
assumptions are stronger than that in the Levinson theorem in this particular case.
However, generally, our hypotheses are more flexible since we can group the diag-
onal elements of A related to the same Bohl segment, thus avoiding conditions
on all pairs j, k as in the traditional Levinson theorem. Our assumptions (7.11)
on the perturbation are stronger than those in the Levinson theorem, but in turn
(cf. (7.52)), we conclude that the columns of the generalized matrix-valued Jost
solutions approximate the reference solutions up to terms o(e %*) as x — oo for
a positive 6 (cf. (7.3) and (6.25)). Finally, the generalized matrix-valued Jost solu-
tions yield formula (7.31) for the perturbation determinant, a feature that is not
discussed in the context of the traditional Levinson theorem.

8. Autonomous perturbed equations

In this section we treat the case of an autonomous unperturbed equation (1.1),
that is, we consider the differential equations

Y(x) =Ay(x), xeR, (8.1)

Y(xX) = (A+RX)yx), xeR, (8.2)

C9%4d jg a constant matrix and R € L}

onR, where A € loc (R)?*4 (cf. Examples 2.3,
2.4), and 2.6). Our objective is to show that the conclusions of Theorems 7.3 and
7.8 hold for (8.1) and (8.2) under much weaker assumptions on the perturbation
R than the exponential decay imposed in (7.11) and (7.12). Specifically, we will
merely assume that || R||caxa € L' (R) when the eigenvalues of A are semi-simple,

or || R||caxa decays polynomially when A has non-diagonal Jordan blocks. Under
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these weaker assumptions, the asymptotic behavior of the generalized matrix-val-
ued Jost solutions will no longer be measured in terms of exponential weight factors
as indicated in Definition 7.2. Instead, we will define the generalized matrix-valued
Jost solutions of (8.2) by means of solutions of a certain mixed system of Volterra-
and Fredholm-type integral equations in the spirit of Definition 5.2.

Hypothesis 8.1. Assume that d > 2, A € C?*? and 6 (A) NiR = . Let oy
denote the spectral projection of A corresponding to the spectral subset of the
eigenvalues of A having equal real parts denoted by »;, j = 1,...,d’, where
2 £ d’ < d.In addition, assume that for some kg, 1 < kg < d’ — 1, the inequalities
2 < o0 < atgy < 0 < sy < -+ < 2¢p hold, so that O = Zl;ozl Q) is the
dichotomy projection for (8.1) on R and on R..

Passing to an appropriate coordinate system, we may assume that the matrix A
is in Jordan normal form, and thus for each j = 1, ..., d’ the operator A|mn(Q_/.)
is represented by a direct sum of diagonal matrices v/ and/or matrices vI + J,
where v € o (A), Re(v) = x;, and J is the matrix of an appropriate size with 1’s
above the main diagonal and all other entries equal to zero. We introduce m; € N
such that m; + 1 is equal to the maximal size of the nondiagonal Jordan blocks
of A|ran(Q_,), noting that m; = 1 if such blocks exists, and setting m; = 0 if all

Jordan blocks are diagonal (that is, if all eigenvalues v of A with Re(v) = s; are

. . Alran(0 ; o
semi-simple). Clearly, the matrix exponent e/ can be computed explicitly

using the Jordan blocks of A |ran(Qj) (see, for example, [12, Example 1.2.5]), so that
with this notation one has the estimate

e @ | < e ¥ (1 4 |x)™, j=1,....d", x€eR, (8.3)

for some constant ¢ > 0. Finally, we introduce m = max; <;<g{m }.

Next, we fix T > 0, and consider the following “mixed” system of Volterra-
and Fredholm-type integral equations (cf. (5.6) with the weight function f(x) =
(I 4+ |xP™/, x € R,and (7.19) with u; = 5;):

200 = (A + xh e A g,

© ’
— _/ dx/ e(x—x )(A—%j)(l + |x|)—mj

d/
x (Z O | 1+ 1™ R(HZ (x')

k=j

X
+ dx/ e(x—x’)(A—;{j)(l + |x|)—mj

T

—_

j_
x(ZQk A+ XD RENZV ), j=1,... ko, x=7, (84)
k=1
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2P ) = (L4 x) et g

X
=/ dx/ e(x—x’)(A—;{j)(l + |x|)—mj
—0Q

‘/ .
<[00 | 1+ M RGN ZY ()

k=1

-1
_/ dx/e()cfx/)(Af%j)(l _|_ |x|)7m.,'
X

d/
< S o) a+pmRGHZO W,
k=j+1
j=ko+1,....d, x< -1 (8.5)

Here, we set Z,ﬁ;ll Or = 0when j = 1in(8.4) and ZZ;H_I Qr =0when j =d’
in (8.5); thus, the first and the last equations in (8.4) and (8.5) are of Volterra type,
and the remaining equations are of Fredholm type.

Definition 8.2. Assume Hypothesis 8.1 and R € LIIOC(R)dXd. Then d x d matrix-

valued solutions YJ(rj), j=1,...,ky,on Ry and Yij), j=ko+1,...,d,onR_
of the differential equation

Y(x) =(A+ R@x)Y(x), x € Ry, (8.6)

are called generalized matrix-valued Jost solutions associated with the exponential
e 4 .
splitting {Qj}‘j:1 if

Y %) = A+ x)"e* 2P0, j=1,....k, x2=T, (8.7)

YO =+ x)"es 2w, j=k+1,....d\ x< -1 (838)

where Z(j), j=1,..., ko, are bounded solutions of equation (8.4) on [t, o) and
Z(;/), Jj = ko+1,...,d, are bounded solutions of equation (8.5) on (—o0, t].
The solutions YJ(rj ) and YY) are extended to [0, T) and to (—T, O], respectively, by
solving the initial value problem for equation (8.2) with initial data Yij )(:l:r) =
(14 1)™i ei”lfzg)(j:r) for the corresponding valuesof j = 1,...,d’.

We emphasize that the generalized matrix-valued Jost solutions in the sense of
Definition 8.2 are not unique (unless d’ = 2, see Definition 5.2) and depend on the
choice of 7 in (8.4) and (8.5). We will continue to use Definition 7.5 of the Evans
determinant, but the generalized matrix-valued Jost solutions in this definition will
be understood in the sense of Definition 8.2. We recall the exponential splitting
{P; }‘},:1 in (7.7) and (7.9), for which the Bohl and Lyapunov exponents for the

perturbed equation (8.2) are also equal to »¢;, j =1,...,d".
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Theorem 8.3. Assume Hypothesis 8.1 and the condition
IRl caxa € LY(R; (1 + |x)*™ dx), (8.9)

where m + 1, m 2 1, is the maximal size of the nondiagonal Jordan blocks of A
(if such blocks exist), or m = 0 if all Jordan blocks of A are diagonal. Then the
following conclusions hold:
Assertions (1)—(ii) of Theorem 7.3 hold, where the generalized matrix-valued Jost
solutions are understood in the sense of Definition 8.2.
In addition:
(iv) The generalized matrix-valued Jost solutions satisfy
— X ) XA .
e Y (x) — e " Qjllgaxa = o(l), j=1,..., ko,

o0

— X ) _ XAy _ . / (810)
e YV (x) —eQjllcaxa = o), j=ko+1,....d.
X——00

(v) The 2-modified perturbation determinant dety (I + K ) admits the representation
detay(I + K) = edetca (Vi + Vo), (8.11)

where

oo 0
e =/ dx trea[QR(x)] —/ dx trea[(Ig — Q)R(x)], (8.12)
0 o0

V4 are defined as in (7.25), and D = detga (V4 + V-) is the Evans determinant
(cf. (7.25)).

Proof. We will sketch the proof for the case of R referring for details to the proofs
of Theorem 7.3, Lemma 7.6, and Theorem 7.8. The proof for the case of R_ is

similar. We fix j € {1, ..., ko}. Starting the proof of assertion (i), let F’ ;}.j denote

the integral operator on Cy ([, 00))4*4 defined by the right-hand side of (8.4) (cf.
(7.18)).
We claim that under assumption (8.9) the following assertions hold:

(a) F f{/ is a contraction on Cp([7, 00))4*¢ for T sufficiently large.
(b) There exists a function g € Cp([7, 00)) so that limy_, » g(x) = 0 and

IFE ) () I gaea < g+ XD N Zll g 1,00y (8.13)

for all x € [1, 00) and Z € Cp([, 00))4*4.
To prove the claims (a) and (b) we use (8.3) and bound the norm of the first integral
in (8.4) by the expression
N Z M ey r.00yyixa (1 + x5
o d/
. / dx' D eCH PO 4 =) D™ RGN | gaa
X k:j

. o]
écllzﬂ)llcqu»m/ dx’ (14 |x')?™i | R(x)|| caxa (8.14)

X
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since, due to x < x’, for k = j + 1 in the sum above, we have s — 5; > 0
and exp((sex — »j)(x — x)(1 + |x — x'|)"* = ¢, while for k = j we have
(I+|x—=x"D™i < (1 + |x’|)™i. Similarly, the norm of the second integral in (8.4)

is dominated by the expression

N Z My te.mopyixa (1 + [x)"

X j—1
x [ a3 AT D) RGO
T k=1
< oz
= cllZE ey rr,00pyixd
j-1

X
x / dx’ D" eCATD DR 4 2| R () | gaa (8.15)
T k=1

since exp((sx — ;) (x — x')/2)[1 + |x — x'|[]"™ =< c due to s — »; < 0 and
x — x’ =2 0. Now condition (8.9) and Lemma 6.4 yield claims (a) and (b).

Using claim (a), assertion (i) follows. Also, the uniqueness part in assertion
(ii) holds since (8.4) is a Volterra integral equation for j = 1. Assertions (7.13),
and (iii) in Theorem 7.3, and assertion (iv) in Theorem 8.3 follow from claim (b)
similar to the proof of Theorem 7.3. For instance, to prove (iii), we note first that
claim (b) implies the estimate

||Y4(_j)(x) —e¥ Qjllgixa = cg(x)e”™, x =2, where xll)néo gx) =0.
(8.16)

If y is a nonzero C¢-valued solution of (8.2) with y(0) € ran(Yi" )(O)) then, using
(8.16), its Lyapunov exponent satisfies the inequality

) N
10 Y — ex . «
Ay(y) = max {lim sup gy () Qjllcaxa ’ %j}

X—00 X
< #jt1 ZAQ_(P]'_H), j=2,...,ko—1, (8.17)
rr(¥) <0, j=ko. (8.18)

Applying Remark 2.7 to (8.2) we conclude that y(0) € ran (Z/{:l Py) for j =

1,..., ko.However,for j =2, ..., ko, the assumption y(0) = yg € ran (Zi;ll Pk)
leads to a contradiction similar to the proof of Theorem 7.3 (ii7). Indeed, using the
same notation as in that proof, we have

I Qjyilict < clle Q@ — Y () llaxa + ly@)lica < cglx)e™™ + ce™i-1%,
. (8.19)
where we used (8.16), the assumption y(0) € ran (Zi;; Pk), and Remark 2.7
applied to (8.2). It follows that e ~>%¥||e*4 Q;ivillce — 0asx — oo, in contradic-
tion with the explicit formula for " Aln)) i terms of the Jordan blocks (cf. [12,
Example 1.2.5]). This proves assertion (iii). Assertion (iv) follows from (8.16).
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It remains to prove assertion (v). For this purpose we consider the truncated
perturbed equation, y'(x) = (A + R,(x))y(x), x € R, with R, as in (4.14).
For a sufficiently large 7 > 0, we define the operator F f{/ » on Cy([7, oo))dXd
by the right-hand side of equation (8.4) with R replaced by R,. Since R, e

Rin L'(R; (1 + |x])?" dx)?*9, estimates similar to (8.14) and (8.15) show that

F3!yw — F3 inoperator norm on the Banach space Cy(z, 00))4*4 Tt follows
n—od
that ) )
J J
Yy, r0) o Yy (0), (8.20)
where Yj(Ej 3:  are the generalized matrix-valued Jost solutions corresponding to the

truncated perturbed equation, and Yj(EJ ) = Yf )F are the generalized matrix-valued
Jost solutions of (8.2) constructed in part (i )’of the current proof. The rest of the
proof is similar to the arguments in the proof of Theorem 7.8. Indeed, using the
notations introduced in that proof, to establish formula (8.11), we need to show that
detr(I + K) = e@det(cd (V+.F + Y- F). The latter equality follows from (7.38),
(7.39), and (7.40). As before, (7.38) follows from Remark 4.3, and we already know
from (8.20) that (7.40) holds. Thus, it remains to prove (7.39). For this we will take
advantage of the fact that the support of R, is compact (and thus we may drop the
improper integral in (8.4) for sufficiently large x > 0). Indeed, we may assume
that n > 7. It follows from (4.26) and (7.32) that Y\/) |, (x) = e*4Q; for x > n.
On the other hand, for x > n we also have (cf. (8.4))

) n , i1 .
Vrw =ty [Fax' e (S o) ROV p(). - G2y
T k=1

Thus, using (8.3) for x > n and a sufficiently small ¢ > 0, we obtain the estimate

1YY @) =Y L)l gaxa

n j—1
<o [ ar T et
T

k=1
)
X IR caxa 1Y) () gana

n j—1
< c/ dx’ Ze(%k—sxx—x) max [e(xk+s><x—x>(1 Flx _x/|)mk]
T pry x2x'eR

RGO gaxa 1Y) o ()| ana

n

< e with ¢ = c(n, 1), (8.22)

since »; < s fork = 1,..., j — 1. Using Remark 2.7 we therefore obtain the

' j i—1 .
YY) w0 =YY 0) € ran (Y42 P, j = 2..... ko. Now

(7.39) follows as in the proof of Lemma 7.6 since YJ(FJ Zl 7 and YJ(r’ ;’V possess all
properties (ii)—(iv) in Theorem 7.3 (see Remark 7.7). This concludes the proof of
assertion (v) in Theorem 8.3.

inclusion ran (
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Remark 8.4. We emphasize that, although the generalized matrix-valued Jost solu-
tions in the sense of Definition 8.2 are not uniquely determined and depend on the
choice of 7 in (8.4) and (8.5), formula (8.11) shows that the Evans determinant D
is independent of the choice of the solutions and hence independent of 7.

Remark 8.5. We note that Theorem 8.3 (iv) also follows from the Levinson theo-
rem (cf. Remark 7.11) for asymptotically constant coefficients under the additional
assumption that the spectrum of A is simple. In this context we refer to [11, Theorem
1.8.1]and alsoto[11, Section 1.10] for additional results on the asymptotic behavior
of solutions of (1.2) with A of Jordan block type.

9. The Evans function

In this section we relate the Evans determinant D introduced in Definition 7.5
to the Evans function, E. First, we recall one of many equivalent definitions of
the Evans function available in the literature (see, for example, [1, 3, 26]), namely,
the definition using exponential dichotomies, see [41, Definition 4.1]. Consider a
family of differential equations

vy (x) = B(z, x)y(x), x €R, (9.1)

parameterized by a complex spectral parameter z € §2, where §£2 C C is open and
simply connected. It is assumed that the locally integrable C?*“-valued functions
B(z, -) depend on z € £2 analytically. Since in this paper we are not concerned?
with function theoretic issues related to the Evans function such as its analytic
continuations, etc., we will fix a value zg € £2 in what follows, and will give
the definition of E = E(z¢) for this 79 € §2. Accordingly, we will suppress the
z-dependence in the notations for the differential equations above, and consider
just one differential equation y’(x) = B(x)y(x).

Hypothesis 9.1. Assume that the differential equation y’(x) = B(x)y(x), x € R,
has an exponentially bounded propagator on R and, in addition, an exponential
dichotomy P, on R and an exponential dichotomy P_ on R_. Moreover, assume
that the ranks of the projections Py and P_ are equal, and denote the common
value by n so that

n = dim(ran(P4)) = dim(ran(P-)),

. . (9.2)

d — n = dim(ker(P4)) = dim(ker(P-)).
Definition 9.2. Assume Hypothesis 9.1. Choose any basis {ey, ..., e,} of the sub-
space ran( P ), and any basis {e,+1, ..., €4} of the subspace ker(P_). The Evans

function, E, is then defined as the determinant of the d x d matrix with columns
e, k=1,...,d.

3 See, however, Remark 9.5 below.
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Clearly, E = 0 if and only if the subspaces ran(P;.) and ker(P_) have a non-
zero intersection. C¢-valued solutions yﬂ() on R, with initial data yﬂ()(O) = e,

k =1,...,n, form a basis in the subspace of all bounded solutions of the differ-
(k)
on

ential equation y'(x) = B(x)y(x), x € R,. Similarly, C¢-valued solutions y*"
R_ with initial data y(_k) 0) =ex,k =n+1,...,d, formabasis in the subspace of
all solutions bounded on R_. Thus, E = 0 if and only if the differential equation
has a C9¢-valued solution bounded on R; see the Introduction. We emphasize, that
the Evans function E just defined is not unique, and depends on the choice of the
vectors ex, k = 1, ..., d. Moreover, this definition does not assume any perturba-
tion structure in the differential equation, and, in particular, can be used to define
the Evans functions for both (1.1) and (1.2). We note that our choice of E agrees
with the one used in Definition 1.8 of PEGO and WEINSTEIN [35] for the concrete
model considered therein.

Returning to the principal theme of the current paper, we will set B(x) =
A(x) + R(x), x € R, with the matrix-valued functions A and R as in (1.1) and
(1.2). Next, we intend to show that, in fact, D = E, where D is the Evans determi-
nant in Definition 7.5, and E is the Evans function defined using a special choice
of the vectors ex, k = 1, ..., d, given by the initial data of the generalized matrix-
valued Jost solutions of (1.2).

For this, we assume in accordance with Hypothesis 2.8, that the unperturbed
d x d matrix differential equation y'(x) = A(x)y(x),x € R,with A € L} (R)?*4,
has an exponentially bounded propagator and an exponential dichotomy Q on R.
Assume, in addition (see Hypothesis 7.1), that the unperturbed equation (1.1) has an
exponential splitting of orderd’,2 < d’ < d,sothat C¢ =ran(Q)+ - - - +ran(Qy),
and that the Bohl segments corresponding to the projections Q; are disjoint. We
also have Q = lem:l Qjand I — Q = Z;l/:koH Q; forsome 1 < ko = d'.
Suppose that a d x d matrix-valued function R is such that ||R||cixs € L'(R).
Under these assumptions, due to Lemma 2.13 and its analog for R_, we conclude
that the perturbed equation y'(x) = (A(x) + R(x))y(x), x € Ry, has an expo-
nential dichotomy P, on R, and an exponential dichotomy P_ on R_ such that
dim(ran(Q)) = dim(ran(P4)) and dim(ker(Q)) = dim(ker(P-)). Thus, (9.2)
holds if we let

ko
n = dim(ran(Q)) = > dim(ran(Q)). 9.3)
j=1
The same conclusions hold provided the unperturbed equation (1.1) is autonomous,
and we assume Hypothesis 8.1. We summarize our assumptions as follows.

Hypothesis 9.3. For the unperturbed equation (1.1), respectively, (8.1) assume
Hypotheses 2.8 and 7.1, respectively, Hypothesis 8.1. Also, assume that || R ||caxa €
L' (R). In addition, assume that the perturbed equation (1.2), respectively, (8.2) has

a system of generalized matrix-valued Jost solutions YJ(rj ), j=1,...,kp,on Ry
and YE/ ), j=ko+1,...,d,onR_ in the sense of Definition 7.2, respectively, in

the sense of Definition 8.2.

Our final result then reads as follows.
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Theorem 9.4. Assume Hypotheses 9.3. Define the matrices )+ and the Evans deter-
minant D as indicated in Definition 7.5. In addition, with n as in (9.3), let ey, k =
1, ..., n, denote the nonzero columns of the matrix Y and ey, k =n+1,...,d,
denote the nonzero columns of the matrix Y_. Letting B(x) = A(x)+ R(x), x € R,
and using the vectors er, k = 1, ...,d, define the Evans function E for the per-
turbed equation (1.2) as indicated in Definition 9.2. Then

E=D. 9.4)

Moreover, if, in addition, the perturbation R satisfies the assumptions in
Theorem 7.8, respectively, Theorem 8.3, then the 2-modified perturbation deter-
minant dety (I + K) admits the representation

detr(I + K) = e®E, 9.5)
where O is defined in (4.3), respectively, in (8.12).

Proof. We claim that n nonzero columns yi(x) of the d x d matrix YV (x) =

Z];‘): 1 Yfrj ) (x), x = 0, provide a basis in the space of all bounded C?-valued solu-

tions of the perturbed equation (1.2) on R, while d — n nonzero columns y (x)
of the matrix )_(x) = Z”;lzkoﬂ Yij)(x), x £ 0, yield a basis in the space of all
bounded C¥-valued solutions of the perturbed equation y’(x) = (A(x)+R(x))y(x)
on R_. Indeed, the claim follows from (7.3) and (7.5) (or, for the autonomous
unperturbed equation (1.1), from assertion (iv) in Theorem 8.3) and the fact that
the nonzero columns of the matrix @ (x)Q, respectively, @ (x)(I; — Q), provide
a basis in the space of all bounded solutions of the unperturbed equation (1.1) on
R4, respectively, R_.

As a result, letting ex = yx(0), k = 1,...,d, we selected a basis eq, ..., e,
in the subspace ran( Py ), and a basis e,+1, . . . , €4 in the subspace ker(P_) needed
for the definition of the Evans function E as above. In particular, this proves that
the Evans determinant D equals the Evans function E defined with this choice of
bases. The result in Theorem 7.8 (or, for the autonomous unperturbed equation
(1.1), Theorem 8.3 (v)) now states that, under additional assumptions on R (see
(7.11) and (7.12) or (8.9)), the 2-modified perturbation determinant dety(/ 4+ K)
admits the representation (9.5).

Remark 9.5. Assume that the matrix-valued functions A(z, -) and R(z, -) in (1.2)
analytically depend on a spectral parameter z € 2 € C. Moreover, assume that
the equation y'(x) = A(x, z)y(x), x € R, has an exponential dichotomy on R
for each z € £2. Then the dichotomy projection Q = Q(z) for (1.1) on R is an
analytic C9%d_yalued function on £2 as well. This follows, for instance, from the
discussion in Remark 2.11 (alternatively, see [37] or [41, p. 995]). Thus, ®(z)
in (4.3) is an analytic function for z € £2. Moreover, the corresponding function
K (z) is also analytic as a function with values in the space of Hilbert—Schmidt
operators equipped with the B(L*(R)?)-norm. Hence, the 2-modified perturbation
determinant dety (/ + K (z)) is also analytic for z € £2. As a final result, it follows
from formula (7.31) in Theorem 7.8 (or from formula (8.11) in Theorem 8.3) that
the Evans determinant D(z) also depends on z € £2 analytically. In view of the
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discussion in this section we just proved that the Evans function E(z) is an analytic
function of the spectral parameter z € §2 (cf. also [1] for an entirely different proof
of this result).

Remark 9.6. The assertions in Lemma 7.9 and Corollary 7.10 (which are more gen-

eral than Lemma 7.6 and Theorem 7.8) can be used in the context of this section as
(

i .
j=1,...,d andlet N denote the d x d matrix with the columns e}’ ) For brevity,
we enumerate the columns as eg, k = 1, ..., d. We note that {ek}zz1 is a basis in
cd. Passing from the standard basis in C4 [that is, (1,0,...,0),...,(0,...,0, D]

to this new basis, we observe that for each j = 1, ..., d’, the matrix (q l%))

follows. Let e j), i =1,...,dim(ran(Q)), denote an arbitrary basis in ran(Q ;),

15¢,k<d
corresponding to the operator Q ; in the basis {ek}z: | is a diagonal matrix with all

entries being equal to zero except the entries qéé) =1lforé=n; 1+1,...,n;.

Here we denote np = 0 and nj; = z,’(zl dim(ran(Qy)) for j = 1,...,d’. Next,
we introduce the C¥-valued solutions of the unperturbed equation (1.1) by yx(x) =
Px)eg, x e R,k =1,...,d. Let yy(x), x € R,k = 1,...,d, be (not neces-
sarily unique) solutions of the perturbed equation (1.2) that satisfy the asymptotic
conditions

T = ) Fo(e DY), k=1,...,n,
X

— 00

) = @) +o(e W) k=n+1,....4d,
X —00

—

(9.6)

where n = dim(ran(Q)). Now consider two Evans functions, E,; and E{y,
for the perturbed and unperturbed equations, (1.2) and (1.1), respectively. Here,
E(y; = detca(N), and E5,; = detga (V) with the matrix N defined in (7.47)
and constructed using the matrices N; = NQ; = OQ;N, j = 1,..., d’. The
representation

E
dety(I 4+ K) = @ =21 9.7)
(o}

now follows from Corollary 7.10.

Appendix A: Operators with semi-separable kernels

In this appendix we recall some of the results derived in [21]. Let d;, ds € N,

d =dy +dp, and let f; and g;, j = 1, 2, be given matrix-valued functions on R
satisfying

fie PR, g;e LAR)%™, j=1,2. (A.1)

On the space L*(R)? we consider the Hilbert—Schmidt integral operator defined by

(Ku)(x) = /dx’K(x,x’)u(x/), u € L>(R), (A.2)
R
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where K (-, -) is a semi-separable d x d matrix-valued integral kernel defined by

fi)gi(x), x = x',

hmea), x<x, TF R (A3)

K(x,x') = H

In addition, we introduce the d x d matrix-valued integral kernel

H(x,x') = fi(0)g1(x") — fr(x)g2(x"), (A.4)

and the corresponding Volterra integral equations

A = fitx) — / A’ Hx, ) fi (), (AS)

X
X

A = fHo0 + / dx' Hix, x) o). (A6)

We note that equations (A.5) and (A.6) have a unique pair of solutions satisfying
fi € LZ(R)dXd-f, Jj =1, 2. Finally, we introduce the d x d matrix-valued function

B by
[ a0 fikx) g1(x)falx)
B = (—gz(x>f1 x) —gz(X)fz(X)) , *eR A7)

Theorem A.1. [21] Assume (A.1). Then:

(1) The first-order d x d matrix differential equation
U'(x) =Bx)U(x), x€R, (A.8)
permits an explicit particular solution given by the formula

Iy — [Cdx g1 Ay [Fdx g1 (x) frx)
U = oox/ NPt OOX / N £ () ’ R.
0 ( [y (N i) Iy — [F dx gz(x)fz(X)) te

(A.9)
(i1) The modified Fredholm determinant dety (I — K) has the following represen-
tation:
dety (I — K) = detcn (U(—00)) exp (/ dx trem (f1 (x)gl(x)))
R (A.10)

= detcn (U (00)) exp (/R dx trem (fz(X)gz(X))> .

By Liouville’s formula (cf., for example, [24, Theorem IV.1.2]) one infers for
any x, xg € R,

detca (U (x)) = detca (U (x0)) exp (/X dx’ trea (B(x/))) , (A.11)

0
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and thus, for any xo € R, one has from Theorem A.1 (ii),

detz2(I — K) = detga (U(00)) exp (/ dx trea (fz(x)gz(x)))
R

e¢]

= detca (U (xp)) exp (/ dx trea (g1(x) f1(x) — gz(X)fz(X)))

0

X exp (/R dx trca(fz(x)gz(x))) . (A.12)

This results in the representation

X0

dety (I — K) = detga (U (xp)) exp (/ dx trea (f2(x)g2(x))

+/ dx tr(cd(fl (x)g1(x)))

0

= detga (U (xp)) exp (tr(cd (/ ' dx K(x —0,x)

+/Oode(x+0,x))). (A.13)

0

We note that if K is a trace class operator with a continuous integral kernel, then
trea (B(x)) = 0, and applying [10, pp. 1086-1087] the Fredholm determinant can
be represented in the simpler form

det(I — K) = detga (U (xp)) = deta (U(—00)) = detea(U(00)).  (A.14)

Appendix B: The Proof of Lemmas 2.13 and 2.14

Proof of Lemma 2.13. Using rescaling (see Remark 2.2), we will assume without
loss of generality that s« (Q) = —%Q_(Id — Q). We choose s so that 0 < 3 <
—74(Q). We claim that:

(i) dim N = dim(ran(Q)),
and
(i1) for a constant C(sr) > 0 solutions y of (1.2) satisfy:

ly@)llcs € CGAe |y ca, x =x' =0, if y(0) € N, (B.1)
ly)llcs € CGA ¥ y(x)llca, x' 2 x 20, if y(0) € ker(Q). (B.2)

As soon as these claims are proved, the assertions in the lemma follow. Indeed,
since C¢ = N @ ker(Q) by (i) and (B.1)—(B.2), the exponential boundedness of
the propagator of (1.1) implies that P is an exponential dichotomy for (1.2) by the
proof of Lemma IV.3.2 in [8]. (We note that in the proof of this lemma only the
exponential boundedness of the propagator has been used.) Since — ¢ can be cho-
sen arbitrary close to s (Q), it follows from (B.1) and the definition of - (P)
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(cf. (2.5)) that s, (P) < 5, (Q). Considering (1.1) as an L!-perturbation of (1.2),
we obtain the opposite inequality; the second equality in (2.28) is proved similarly
using (B.2).

Turning to the proof of the claim, let T > 0, and denote by FT the integral
operator on Cy([7, 00))? with the integral kernel F(x, x")R(x’) for x,x" > ,
where F(x, x") is defined in (2.27). By a direct estimate, inequalities (2.10) and
condition || R||paxa € L'(R,) imply that F7 is a contraction on Cy,([7, 00))? for
sufficiently large. Thus, the formula

y(x) =@(x)g + (F'y)(x), g €ran(Q), x € [r,00), (B.3)

gives a one-to-one correspondence between the solutions y, y(0) € N, of (1.2)
bounded on R, and the solutions ®@¢, g € ker(Q), of (1.1) bounded on Ry. In
particular, (i) in the claim above holds. Also, due to (B.3), the bounded solutions
y of (1.2) admit the representation (cf. [8, p. 181])

Y®) = @) QD) y() + (FY @), x2x' 2T (B.4)

Taking € > 0O such that « = —s (Q) — ¢ > i, and applying the exponen-
tial dichotomy estimates in the right-hand side of (B.4), we arrive at the integral
inequality

ly()llce < a@)e ™ y(x") | ca

—l—c(s)// ds e P R(s) | caxally(s) | ca- (B.5)

Thus, the function u(x) = e**||y(x)||ca, x = x’ 2 7, satisfies the inequality
u(x) < a(e)e Ty | ca
o0
+c(e) / ds e W SFZE=) | R (5) || caxau(s). (B.6)
X/

Claim (B.1) can now be proved using arguments in [8, Section III.2]. Indeed, on
the space Cy([t, 00)) we consider the integral operator 7 with integral kernel

T(x,x') = c(e)e K+ R | gaxa, x 2 x> 1. (B.7)

Using equation (2.15) in [8, Section III.2] one then shows that || T'|| is bounded by
the expression

x+1
c@[1+1—e @)~y (1—e @) ~] sup/ ds || R(s)||caxa. (B.8)

xe[r,00)

Thus, the operator T is a contraction for T = (3¢, ¢) > 0 sufficiently large. Pass-
ing to equality in the inequality (B.6), solving the resulting integral equation for
u by applying (I — T)~!, and using [8, Lemma II1.2.1], we derive (B.1) from the
estimate

u(@) < a@ @ — I Iy@)lcs, x =2 >t (B.9)
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Turning to the proof of (B.2), we note that any solution y of (1.2) on R with
v(0) € ker(Q) solves the equation

y(x) = @)Uy — Q)P () Iy + /O ds @ (x) QP ()" R(5)y(s)

—/x ds @(x)(Ig — Q)P (s) ' R(s)y(s), 0=x=x/,  (B.10)

which yields the integral inequality
’ x .
Iy@llcs < ale)e* ™ y(x)llcs + 6(8)/ ds *“ [ R(s) | caxa lly(s) [l ca
0

x/
+e(e) / ds e O R(s) | caxa [y ()l e
X
= a(e)e® ) |y (x') [l caxd

x/
+c(5)/ ds e PSR () | caxa |l y$)llca, 0 < x < x'. (B.11)
0

Arguments as in the proof of (B.1) conclude the proof of Lemma 2.13. O

Proof of Lemma 2.14. We will use the rescaling from Remark 2.2: for each j =
1,....,d" —1wefix uj € (54(Q;), %, (Qj+1)), and for j = d" we fix uy >
74 (Qy). Then,foreach j =1, ..., d’, therescaled unperturbed equation (2.9) with
w = [ has an exponential dichotomy on R with dichotomy projection Q; =

Zi:1 Q. By Lemma 2.13, the rescaled perturbed equation, y'(x) = (A(x) +
R(x) — njly)y(x), x € R, has an exponential dichotomy P;, where P; is the
projection parallel to ker(Q;) on the subspace N; consisting of the values y(0)
of the bounded solutions of the rescaled perturbed equation on R. We note that
Py = Iz and set Py = 0. Letting P; = P; —Pj_1, j = 1,...,d’, finishes the
proof of Lemma 2.14. O
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