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ABSTRACT. Using linear similarity of a certain class of Volterra opera-
tors to the squared integration, we derive an important representation
of the general-type fundamental solutions of the canonical systems cor-
responding to matrix string equations. Explicit fundamental solutions
of such canonical systems are constructed (via the GBDT version of
Darboux transformation) as well. Examples and applications to dy-
namical canonical systems are given. Explicit solutions of the dynami-
cal canonical systems are constructed. Three appendices are dedicated
to the Weyl-Titchmarsh theory for canonical systems, to the transfor-
mation of a subclass of canonical systems into matrix string equations
(and of a smaller subclass of canonical systems into matrix Schrédinger
equations), and to a linear similarity problem for Volterra operators.
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1 INTRODUCTION

Canonical (spectral canonical) systems have the form

d
w'(z,\) =N H(z)w(x, ), J:= L(:) 16)] (w’ = %w), (1.1)
where i is the imaginary unit (i = —1), A is the so called spectral parameter,

I, is the p x p (p € N) identity matrix, N stands for the set of positive inte-
ger numbers, H(z) is a 2p x 2p matrix valued function (matrix function), and
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584 A. SAKHNOVICH

H(x) > 0 (that is, the matrices H(x) are self-adjoint and the eigenvalues of
H(x) are nonnegative). Canonical systems are important objects of analysis,
being perhaps the most important class of the one-dimensional Hamiltonian sys-
tems and including (as subclasses) several classical equations. They have been
actively studied in many already classical as well as in various recent works (see,
e.g., [2,9,14,16,23,24,36-40,45,50,55,57] and numerous references therein). We
will also consider (and construct explicit solutions) for a more general class

w'(z,\) = iNjH (z)w(z, ), H(z)=H(z)*, j:= [Irgl ?m} (1.2)

where mq,mo € N. Here, we set
mi1 + mo =:Mm,

H is an m x m locally integrable matrix function, and H(z)* means the complex
conjugate transpose of the matrix H(z). System (1.2) will be called a generalised
canonical system and the corresponding matrix function H will be called a
generalised Hamiltonian.

In the case m; = mqy =: p, it is easily checked that j and J are unitarily similar:

1 [I —1
J =00, 0:.=_— |7 “Ir| 1.3
j ﬂ[lp I,,] (1.3)

that is (assuming H(z) > 0), system (1.2) is equivalent to (1.1) (see Appendix B
for details). We call the system

w'(z,\) =N H(z)w(z,\), H(z)>0 (mi=ms=p) (1.4)

canonical (as well as the equivalent system (1.1)). The matrix function H(z) is
called the Hamiltonian of this system.

In most works on canonical systems, the less complicated 2 x 2 Hamiltonian case
(i.e, the case p = 1) is dealt with although the cases with other values of p (p > 1)
are equally important. Interesting recent works [12,33,58] on 2 x 2 canonical
systems and string equations contain also some useful references. Here, we deal
with the case of 2p x 2p Hamiltonians (p > 1) although many results are new
even for p = 1.

Well-known Dirac (or Dirac-type) systems are equivalent to a special subclass of
canonical systems (see [16,18,45,50,55] and references therein). The Hamilto-
nians corresponding to Dirac systems (after we switch from the representation
(1.1) to the representation (1.4)), have the form

H(z) =~v(x)"y(z), ~(x)jy(@)" = —1Ip, (1.5)

where v are p X 2p matrix functions. For instance, formulas (1.7), (1.11), (1.12),
and (1.26) in [50] lead to the representation (1.5).
The Hamiltonians, which we consider in this paper, have the form

H(z) = p(z)"B(x), Bx)jfx)" =0 (p=1), (1.6)

where ( are again p x 2p matrix functions. Thus, canonical systems (1.4) with
Hamiltonians of the form (1.6) are dual in a certain way to the class of canon-
ical systems corresponding to Dirac systems. Under some natural conditions,
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systems (1.4), (1.6) are also equivalent to the matrix string equations (see [55,
Chapter 11] and Appendix B in our paper). Canonical systems (1.4) with some
special Hamiltonians of the form (1.6) appear, for instance, as the linear systems
auxiliary to nonlinear second harmonic generation equations [28,29].

We note that first order symplectic systems y'(x) = F(z)y(z) are actively stud-
ied (see [5,10,11,32] and the references therein). In the reformulation for our
case, simplecticity means the equality

F(x)*j +jF(x) + p(e)F(x)"j F(z) = 0.

Thus, generalised canonical systems (1.2) (where my = mg) are symplectic, with
@ = 0. Canonical systems (1.4), (1.6), which are our main topic in this paper,
remain symplectic for any choice of u(z).

The normalization condition

B'(@)jB(x)" =i, (1.7)

for Hamiltonians of the form (1.6) is essential for the construction of fundamen-
tal solutions and solving inverse problems. In Appendix B, we show that matrix
Schrodinger equations may be transformed into canonical systems (1.4), (1.6),
(1.7) satisfying certain additional condition. There is considerable interest in
the generalised Schrédinger equations (e.g., in Schrodinger equations with dis-
tributional potentials as well as with matrix and operator potentials, see some
references in [13,20]). One can say that systems (1.4), (1.6), (1.7) present an
important generalization of the matrix Schrodinger equations. Canonical sys-
tems with Hamiltonians satisfying (1.6), (1.7) were briefly considered in [54,55].
However, local boundedness of 3" was required there instead of the local square-
integrability of 8”7, which we require in the next section. In Section 2, we rep-
resent the fundamental solutions for this case as the transfer matrix function
from [52,54,55]. For this purpose, we use the linear similarity of the operator
K =ip(x)j fom B(t)*-dt to the operator (2.2) of squared integration as well as the
form of the corresponding similarity transformation operator V' (see Theorem
C.1 and its proof in Appendix C).

The representation of the fundamental solutions in Section 2 is important in
itself, and it presents also a crucial step in the study of the high energy asymp-
totics of Weyl-Titchmarsh functions [48] and in solving the inverse problem to
recover canonical system from the spectral or Weyl-Titchmarsh function [49].
Some basic results and notions on the Weyl-Titchmarsh theory of the general-
type canonical systems (1.4) are described in Appendix A. The results are conve-
niently reformulated in terms of system (1.4) instead of system (1.1), and, what
is essentially more important, certain redundant conditions contained in [50, Ap-
pendix A] are removed.

In other sections of the paper, we study explicit solutions of systems (1.2) with
generalised Hamiltonians dj + B(x)*8(x) as well as explicit solutions and cor-
responding Weyl-Titchmarsh (Weyl) functions of the canonical systems (1.4),
(1.6). We note that explicit solutions of Dirac systems and the corresponding
Weyl-Titchmarsh theory have been studied sufficiently well (see, e.g., [22,41,50])
but the situation with the systems (1.4), (1.6) is quite different.

Explicit solutions of canonical systems and their properties are of essential theo-
retical and applied interest. Various versions of Backlund-Darboux transforma-
tions and related dressing and commutation methods [7,8,17,19,25,30,34,35,59]
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are fruitful tools in the construction of explicit solutions of linear and inte-
grable nonlinear equations. Bécklund-Darboux transformations for canonical
and dynamical canonical systems, respectively, were constructed in [42] and [44].
More precisely, GBDT (generalised Bicklund-Darboux transformation) was con-
structed for these systems. It is important that GBDT (see, e.g., [22,30,41,46,50]
and references therein) is characterized by the generalised matrix eigenvalues
(not necessarily diagonal) and the corresponding generalised eigenfunctions. In
Section 3, the generalised matrix eigenvalues and the generalised eigenfunctions
are denoted by A and A(z), respectively.

Although GBDT for canonical systems was obtained in [42], a crucial step of con-
structing the generalised eigenfunctions A(z) (which is necessary for construct-
ing explicitly Hamiltonians and fundamental solutions) is done in the present
paper. More precisely, the procedure works in the following way. We start with
some initial systems (1.2), where initial Hamiltonians H (z) are comparatively
simple, and construct explicitly the fundamental solutions and generalised eigen-
functions for these systems. (In particular, some considerations from [46] were
helpful for this purpose.) Using generalised eigenfunctions, the transformed gen-
eralised Hamiltonians and so called Darbouz matrices are constructed as well.
Recall that Darboux matrix for generalised canonical systems is the matrix
function ¥(x, \) satisfying the equation

(2, ) = NG H () ¥, ) — U, )jH (),

where H is the initial generalised Hamiltonian and H the transformed one. In
this way, we obtain fundamental solutions W for a wide class of the transformed

systems (i.e., systems with the transformed generalised Hamiltonians H(x)).
Indeed, it is easy to see that W is expressed via the fundamental solution W of

the initial system and the Darboux matrix, namely, ﬁ//(z, A) = Uz, )W (x,\).
Some preliminaries on GBDT for the generalised canonical systems are given,
and the transformed generalised Hamiltonians and Darboux matrices are con-
structed in Section 3. The generalised eigenfunctions are constructed explicitly
in Section 4. Explicit formulas for fundamental solutions of the initial systems
and for the Weyl functions of the transformed canonical systems on the semi-
axis [0, 00) are established in Section 5. In Section 6, it is shown that the second
equality in (1.6) (i.e., the equality 5(z)j5(z)* = 0) for the initial matrix function
B(x) yields the equalities 3(z)jB(z)* = 0 and B(z)jB(x)* = B(z)jB(x)* for
the transformed matrix function E(m) Some interesting examples are treated
in Section 7.
There are important connections between spectral and dynamical characteristics
as well as between spectral and dynamical systems (see, e.g., [3,6,27,43,44, 56]
and references therein). In particular, GBDT for the spectral canonical systems
(1.4) is closely related to the GBDT for the dynamical canonical system
0 .0
H(z)=Y(x,t) =j=—Y(z,t) (mi=ma=p), H(x)>0, z>0. (1.8)
ot ox

We note that the invertibility of H(x) was assumed for the dynamical canonical
system considered in [44], and system (1.8) slightly differs from the one in [44].
Dynamical canonical systems are of interest in mechanics and control theory
(see, e.g., [26]). The GBDT formula for Y and some explicit examples of H
and Y are also discussed in Section 7.
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As usual, R stands for the real axis, Ry = {r: r € R, » > 0}, C stands for the
complex plane, the open upper half-plane is denoted by C,, and @ means the
complex conjugate of a. The notation R(a) stands for the real part of a, and
3(a) denotes the imaginary part of a. The notation diag{dy, ...} stands for the
diagonal (or block diagonal) matrix with the entries (or blocks) dy,... on the
main diagonal. The space of square-integrable functions on (0, b) (0 < b < 00)
is denoted by L2(0,b) and the corresponding space of p-dimensional column
vector functions is denoted by L5(0,b). By L5*9(0,b) we denote the class of
p X ¢ matrix functions with the entries belonging to L2(0,b). The notation I
stands for the identity operator. The norm ||A|| of the n x n matrix A means
the norm of A acting in the space ¢§ of the sequences of length n. The class
of bounded operators acting from Hilbert space H; into Hilbert space Hy is
denoted by B(H1,H2), and we set B(H) := B(H, H).

2 GENERAL-TYPE FUNDAMENTAL SOLUTIONS

In this section, we study canonical system (1.4) satisfying conditions (1.6) and
(1.7):

H(x) = p(x)"B(z), Bx)jf(x)" =0, B'(2)jB(z)" =il (2.1)

Let us consider the system (1.4), (2.1) on some finite interval [0, T] (T > 0).
The linear similarity of the operators K € B(L5(0,T)) and A € B(L5(0,T)),
where

Kf=iswy [ 607 fwin af= [¢-aon e

is essential for us. Here, the operator A is introduced as the squared integration
multiplied by —1. (Recall that in the case of Dirac systems the analog of A is
the integration multiplied by i.) It is easy to see that

T
K—K*= iﬁ(m)j/o B(t)* - dt. (2.3)

If 8" (z) € L5y**P(0,T), we have (according to Theorem C.1) K = VAV ™!,
which we substitute into (2.3). Multiplying both parts of the derived equality
by V! from the left and by (V*)~! from the right, we obtain the operator
identity

AS — SA* = illjIT", (2.4)

where
S=v-'(v* >0, Th=I(2)h, I(z):=(V'5)(z), (2.5)
Il € B(C?, L5(0,T)), I(z)€ LY**P(0,T), he C>. (2.6)

Note that II above is the operator of multiplication by the matrix function II(x)
and the operator V1 is applied to 8 (in the expression V~13) columnwise.
The transfer matrix function corresponding to the so called S-node (i.e., to the
triple {A, S, I} satisfying (2.4)) has the form

wa(N) = wa(T,\) = Iy — ijIT*S™HA — A7, (2.7)
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and was first introduced and studied in [52]. We introduce the projectors
P, € B(L5(0,T), L5(0,4)):

(Pof)(z)=f(z) (O<z<l (<T). (2.8)

Now, we set
Sy = PSP;, V,=P\VP;, A,=PAP;, TI,=PlIl, (2.9)
wa(l,\) = Iy — 51158, (A — M), (2.10)

Since V is a triangular operator, V! is triangular as wel, and we have P,V ! =
PV~ P} P,. Hence, taking into account (2.5) and (2.9) we derive

PVTIP}Vy = PVI'Pf PV P = PV'VP =1, (2.11)
Sy =PV VIR = PVTIPP(VF) TP (2.12)

It follows that
Vb =PVTPr, Se=VNv)Th (2.13)

We have also PyA = P,AP}P,. Thus, multiplying both parts of (2.4) by P,
from the left and by P; from the right (and using (2.9), (2.13), and the last
equality in (2.5)) we obtain

ApSy — SgA;f = ngsz, Hg(l‘) = (‘/2716) (.T) (O <xr < f) (2.14)
Clearly wa (¢, \) coincides with w4 (T, \) when ¢ = T.

REMARK 2.1. Relations (2.10), (2.13) and (2.14) show that S¢ and wa (¢, \)
may be defined via Vp (and B(x) given on [0,f]) precisely in the same way as
wa(T, ) is constructed via V' (and B(x) given on [0, T]). Moreover, according
to Remark C.2, V; may be constructed in the same way as V, and so wa (¢, \)
does not depend on the choice of B(x) for £ < x < T and the choice of T > {.
In particular, wa (€, ) is uniquely defined on the semi-azis 0 < £ < oo for (x)
considered on the semi-azris 0 < x < oo.

The fundamental solution of the canonical system (1.4), where Hamiltonian
has the form (2.1) may be expressed via the transfer functions wa (¢, \) using
continuous factorization theorem [55, p. 40] (see also [50, Theorem 1.20] as a
more convenient for our purposes presentation).

THEOREM 2.2. Let the Hamiltonian of the canonical system (1.4) have the form
(2.1), where B(x) is a p X 2p two times differentiable matriz function. Assume
that B"(x) € LE*?P(0,T), if the canonical system is considered on the finite
interval [0, 8], and that the entries of 5" (x) are locally square integrable, if the
canonical system is considered on [0, 00).

Then, the fundamental solution W (x, \) of the canonical system (normalised by
W(0,\) = I,) admits representation

W(l,\) = wa (z, %) (2.15)
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Proof. First, we fix some 0 < T < oo and counsider 8(z) on [0, T]. It is easy
to see that the projectors P, and the triple {A, S, II} satisfy conditions of
[50, Theorem 1.20]. Hence, according [50, Theorem 1.20] the matrix function

wa (6, %) is the normalised fundamental solution of the canonical system (1.4)

with Hamiltonian
d ¢ * o—1
H(l) = 7] Iy (x)*S, "Hy(x)de, (2.16)
0

where S; ! is applied to IIy(z) columnwise. Using the second equalities in (2.13)
and (2.14), we rewrite (2.16) in the form

£
1) = 5 | 8y swyis = sy s, (217)

and the statement of the theorem is proved on [0, T]. Taking into account
Remark 2.1, we see that the statement of the theorem is valid on [0,00) as
well. O

REMARK 2.3. The operators Sy satisfying (2.14) are so called structured op-
erators. The study of the structured operators in inverse problems takes roots
in the seminal note [31] by M.G. Krein and was developed by L.A. Sakhnovich
in [55-55].

3 GBDT: DARBOUX MATRICES FOR GENERALISED CANONICAL SYSTEMS

Let us consider systems (1.2) on finite or semi-infinite intervals. Without loss of
generality, we choose either the intervals Zr = [0, T] (T < oo) or the semi-axis
Ry = [0,00). We fix also an initial generalised Hamiltonian H(x) = H(x)*.
Given an initial m x m generalised Hamiltonian H (z), each GBDT is (as usual)
determined by some n x n matrices A and S(0) = S(0)* (n € N) and by an
n x m matrix A(0) which satisfy the matrix identity

AS(0) — S(0)A* = iA(0)jA(0)*. (3.1)

Taking into account the initial values A(0) and S(0) (and using the matrix .4 and
the matrix function H(z)) we introduce matrix functions A(z) and S(x) = S(z)*
via the equations:

N(z) = —1AAN(z)jH (z), S'(z) = A(z)jH (z)jA(z)*. (3.2)
It is easy to see that (3.1) and (3.2) yield [42] the identity
AS(z) — S(x)A* = iA(x)jA(z)". (3.3)

REMARK 3.1. We note that, similar to the case of the general-type fundamen-
tal solutions in Section 2, we use also operator identities and transfer matriz
function in Lev Sakhnovich form in our GBDT constructions. However, instead
of the infinite-dimensional operators in Section 2, identities (3.1) and (3.3) are
written for matrices. Here, we use calligraphic letter A and S instead A and S
in Section 2 (and the notation A instead of II) for the elements of the S-node
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(of the triple {A,S,A}). The so called Darboux matriz from Darboux transfor-
mations is represented in GBDT (for each x) as the transfer matriz function.
More precisely, we will show that in the points of invertibility of S(x) (for the
case of the generalised canonical system) the Darbouz matriz is expressed via

wa(x,\) = I, —ijA(x)*S(z) " (A — A\L,) " A(x) (3.4)

(see (3.11)). The dependence of S,A and w4 on x is of basic importance and
greatly differs from the dependence of Se, Iy and wa(€, \) on £ in Section 2.

According to [42], wa(x, \) satisfies the equation
Wy, ) = (W H (@) — (@) wa(e. A) — Ddwa(e, NjH (@) (3.5)
Go(z) := jA(z)*S(x) ' Ax)jH(x) — jH(x)jA(z)*S(x) ' Az).

Note that (3.5) follows directly from (3.2)—(3.4). Moreover, (3.3) yields (see [42]
or [50, (1.88)]):

’w_A(SC,ﬁ)*j’LU_A(Z', /\) :.7 + i(ﬂ - /\)
x A(x)*(A* — pul,) ' S(x) " HA = ML) T HA(x). (3.7)

Relation (3.8) shows that, under conditions det((A — AI,,) # 0 and det(A* —
AlL,) # 0, w4 is invertible and

wa(z, \) 7" = jwa(z, X)*5. (3-8)
Further we assume that

det A 0, (3.9)

and so w4 (z,0) is well defined (in the points of invertibility of S(z)). We note
that (3.5) yields

wiy(2,0) = —go(x)wa(z,0), (3.10)
and we set
v(x, \) == wa(r,0) " wa(x, N). (3.11)
Formulas (3.5), (3.10) and (3.11) imply that
o' (2, \) = iAjH (2)v(z, \) — idv(z, \)jH (z), (3.12)
GH(x) = wa(z,0) " jH (z)wa(z,0). (3.13)

Thus, one can see that jI:j is linear similar to jH. Moreover, in view of (3.8)
we can rewrite (3.13) in the form

H(z) = wa(z,0)"H(z)wa(z,0). (3.14)
According to (3.14), the equality H(z) = H(z)* is valid. Hence, H(z) is the

transformed generalised Hamiltonian of the transformed generalised canonical
system

@' (2, \) = iNH(z)w(x, \), H(z)=H(z)* (z>0). (3.15)
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Clearly, H > 0if H > 0, and H>0if H > 0. Therefore, in the case of an
initial canonical system, the transformed system is also canonical. By virtue
of (3.12), a fundamental solution W of the transformed system is given by the
formula

W(xz,\) = v(z, )W (z, A), (3.16)
where W is a fundamental solution of the initial system.

REMARK 3.2. If H(xz) > 0 and S(0) > 0, the second equation in (3.2) implies
that S(z) > 0 for x > 0. In particular, S(z) is invertible.

REMARK 3.3. In view of (3.12) (or (3.16)) the matriz function v(x,\) is the
so called Darbouxr matrix of the generalised canonical system.

According to (3.7), (3.8) and (3.11), the representation of v(x, A) in terms of
A(z) and S(x) may be simplified. Namely, we have

v(x, \) = jwa(z,0)" jwa(z, A)
= Iy, — iINA(2)*(A*) 1S (z) A = ML) A (). (3.17)

4 EXPLICIT SOLUTIONS OF THE TRANSFORMED GENERALISED CANONICAL
SYSTEMS

Consider the case, where the initial generalised Hamiltonian H(z) has the form
H@) = dj + B@)B@), B@)i= [Ln, e a]. (1)
Here, §(x) is an m; X m matrix function, « is an my X mg matrix function and
o, deR;, aa” =1y, (m2>m). (4.2)
In view of (4.1) and (4.2), we have
B(z)jB(z)" = 0. (43)
Recall that the matrix function A(zx) is determined by A(0) and by the system
N (z) = —iAA(x)jH (). (4.4)
We counstruct generalised eigenfunction A(x) in the case (4.1) explicitly.
PROPOSITION 4.1. Let (4.1) and (4.2) hold. Then, the matriz function
Az) = [@1(z) Da(x)],

such that
®1(z) = exp{iz(cl, — dA)} (" f +e 79 f,), (4.5)
©y(x) = exp{—ia(cly + dA)} (P (A + el + Q)A™ fy
+e QU+ el — QAT fo)a, (4.6)

where fr are n X my matrices, Q is an n X n matriz and
AQ=QA, Q= c(2A+cly), (4.7)
satisfies (4.4).
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Proof. Using (4.1)—(4.6), we derive
Ax)jB(z)* = —e Al + Q)AT fi + 79 cl, — Q)AT f2). (4.8)
It follows from (4.5) that
d

%Q)l(z) = —idA®;(x) + iexp{iz(cl, — dA)}
X (el + Q) fy + e ey — Q) f2).- (4.9)
According to (4.6), we have also
%@2(1‘) = — id APy (x) + iexp{—iz(cl, + dA)}
X (9(Q — eln)(A + cly + Q)A™ fi
+e Q + clp)(Q — A—cly) AT f). (4.10)
Since A(z) = [®1(z) ®2(x)] and H(z) has the form (4.1) (where (4.2) holds)
relations (4.7)—(4.10) imply (4.4). O

It is easy to see that one can set @ = 0 (in the Proposition 4.1) in the case
¢ = 0. A more interesting case, where ¢ = 0 and (4.7) holds, is generated by the
matrices A and @ of the form

A=enor o 0 o o=f) 4w

(where A and @ are 2r X 2r matrices, A2 and Q12 are some r X r matrices) or
by the block diagonal matrices with the blocks of the same form as the matrices
on the right-hand sides of the equalities in (4.11).

The next immediate corollary of [46, Proposition B.1] and its proof (see also [47])
deals with the case ¢ # 0.

COROLLARY 4.2. Let ¢ # 0, let det(2A4 + cl,,) # 0, and let £ be the similarity
transformation matriz and J Jordan normal form in the representation

cRA+cl,) =ETE (4.12)
Then, Q satisfying (4.7) may be constructed explicitly and has the form
Q=EDE, (4.13)

where D is a block diagonal matriz with the blocks of the same orders as the cor-
responding Jordan blocks of J. Moreover, the blocks of D are upper triangular
Toeplitz matrices (or scalars if the corresponding blocks of J are scalars). If z
is the eigenvalue of some block of J, then the entries on the main diagonal of
the corresponding block of D are equal to /z (and one can fix any of the two
possible values of \/z for this main diagonal).

Given generalised eigenfunction A(z), one can construct (explicitly) the funda-
mental solution W(m, A) of the transformed generalised canonical system using
relations (3.4), (3.11), (3.16) and the second equality in (3.2). We note that an
explicit expression for W (x, \), which we need for this purpose, is constructed
similar to the way it is done in Proposition 5.1.
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5 THE CASE OF THE SPECTRAL CANONICAL SYSTEMS

1. It follows from (3.8), (3.14), and (4.3) that the transformed generalised
Hamiltonians constructed in Section 4 have the form

H(x) = dwa(w,0)" jwa(z,0) + B(z)"B(x) = dj + B(2)"B(z),  (5.1)
Bla) = B@)wa(x,0), B(x)jB(a)" = Bla)if(x)" = 0.
Here, B is the corresponding transformation of 3. Setting
d=0, mi=mz=:p, (5.3)
we obtain a class of canonical systems

@ (2, \) = INH (@)@, \), H(z) = B(z)*Blx) >0, Blx)jfx)* =0. (5.4)

Further in the text we mormalise the fundamental solutions W and W of the
systems (1.2) and (3.15), respectively, setting

W(0,A) = W(0,\) = L, (5.5)

We write down the Hamiltonian H(x) given by (4.1), (4.2), and (5.3) in the
form

H(z) = e kel K= [Iﬁ 0‘} (aa* = 1,). (5.6)
o I,

PROPOSITION 5.1. The fundamental solution of the canonical system (1.4),
where S(N\) # 0, the Hamiltonian H is given by (5.6) and ¢ # 0, has the
form

Wiz, \) = e I E(\ e VT, 0 EN"Y, E=[E, E 7
(‘rE, ) =€ ( ) 0 eiZQ()\)CEIp ( ) ) - [ 1 2} ) (5 )
- o 2 _ P — S

E;:= [%(A e Zi)fp] , zi=c(2x+¢) (1=1,2), (z1)>0. (5.8)

Proof. Tt is easy to see that F is invertible (one may consider, for instance, the
linear span of the rows of E, which coincides with C?P). Moreover, using the
equality

A %()\-l-c)()\—i—c—zi) - %()\-l—c—zi),
we have
EZE'E=EZ = (MK +cj)E for Z =diag{z11,, 221} (5.9)
It follows that
EZE™' = MK + ¢j. (5.10)
Relations (5.7) and (5.10) yield
Wz, \) = eicvdgia(AiK+ei) (5.11)
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and for W(z, \) of the form (5.11) we immediately obtain
W (2, \) = iAje e “™W (x,\), W(0,)\) = Iap. (5.12)

Taking into account (5.6) and (5.12), we see that W given by (5.7), (5.8) is,
indeed, the normalised fundamental solution of the canonical system described
in the proposition. O

2. Further in this section, we assume that
§(0) >0, c#0, (5.13)

so that the statements of Remark 3.2 and Proposition 5.1 may be used. After
normalization (5.5) formula (3.16) takes the form

W (z, A) = v(z, )W (2, \)o(0, A) L. (5.14)

For system (5.1)—(5.3), in view of (3.11), (5.7) and (5.14) we obtain

B(x)W (2, \)v(0, N By (A) = NV B(2)w 4 (2, N)e % By (N). (5.15)

Taking into account (5.15) (and some definitions and considerations on Weyl—
Titchmarsh theory in Appendix A), we derive the following theorem.

THEOREM 5.2. Canonical system (considered on on [0, 00)) with the Hamilto-
nian of the form (5.1)—(5.3), where (5.13) holds, has a unique Weyl function
(Weyl’s limit point case). This Weyl function is given explicitly by the formula

e\ = [0 L]0, NE (N ([, 0]v(0,NE(N) ", (5.16)
where Ey has the form (5.8).
Proof. First, we note that formulas (3.7)—(3.11) (and [50, Corollary E.3]) yield
v(0,\)*5v(0,A) > 4, v(0,A)jv(0,A)" >j (A eCy). (5.17)
It easily follows from (5.8) and (5.17) that

Bi(=Sra) im(—Sae) >0, [ 00,00 m >0,

where the first inequality holds (at least) for small ¢ > 0 and the second in-
equality holds for all A € C; (excluding the part of spectrum of A situated in
C4). Hence (see, e.g., [50, Proposition 1.43]),

det ([I, 0]v(0,\)E1(N) £0,
and so
det ([I, 0]v(0,\)E1(A)) #0 for XeCy, (5.18)

excluding, possibly, some isolated points. In other words, p(A) in (5.16) is well
defined.

DOCUMENTA MATHEMATICA 26 (2021) 583-615



FUNDAMENTAL SOLUTIONS OF CANONICAL SYSTEMS 595

Now, we will show that for such A that $(z1())) is sufficiently large (excluding,
possibly, isolated points) the relation

B(2)W (2, M) MPAJ € L2(0, 50) (5.19)

is valid. Indeed, the matrix functions 8(z) and e~1“*J on the right-hand side of
(5.15) are bounded. In view of (3.2), we have

[ S awip) i@ s = SO - S0 < S0)
Therefore, we obtain
B(z)jA(x)*S(x) "t € LE*™(0,00). (5.20)

Finally, Proposition 4.1 and Corollary 4.2 show that the matrix function
1 (MTA(z) is bounded for sufficiently large values of I(z1(\)). Taking into
account the definition (3.4) of w4 and considerations above, we see that the
right-hand side of (5.15) belongs L5*?(0,00) (for sufficiently large values of
$(21(N))). Thus, the left-hand side of (5.15) belongs L5*P(0,00) as well, and
so (5.19) holds for ¢(A) given by (5.16).

Assume that for some A = Ay € C4 we have (5.19) and have also

B (o) o0 | € 10,00, o) 000 (:21)

We will show (by contradiction) that this is impossible for sufficiently large
values of $(z1(Ao)). Indeed, since (5.19) implies

B@)W (2, 20)v(0, Xo) E1 (o) € LEP(0, 00),
additional relations (5.21) yield the existence of f € CP such that
B(a)W (2, 20)v(0, o) B2 (Xo) f € L5*1(0,00)  (f #0). (5.22)

On the other hand, taking into account that z2(A\) = —z1 () we similar to (5.15)
derive

B(@)W (2, \v(0, \) B2 (A) = e =1 N% B(2)w 4 (2, N)e I Ey (). (5.23)

Next, we should consider g(z,\) = B(x)w4(z, \)e™ '’ in a more detailed way,
and we note that according to (3.2), (3.4), (4.1), (4.2), (4.5), and (4.6) the
entries g;; of g admit representation

Ny No
gir(z, \) = ZPS(A):EESehsz/ (P()\) Zx”secsx> . (5.24)

where P and P; are polynomials, and Ny, Ps, ¢ and hs depend on 4, k. More-
over, similar to (5.18) one can show that (excluding isolated points ) we have

det (g(x, NVE) #0, E(\) := {((A +_c()l/x)1p] !
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where E is the “rational part” of Es. It follows that

9(5, N Ex(\) f # 0. (5.25)

Taking into account (5.23)—(5.25), we see that (5.22) (and so (5.21)) does not
hold for sufficiently large values of $(z1(o)).

Since (5.21) does not hold for sufficiently large values of S(z1(Xo)) (excluding,
may be, isolated points), there is an open domain in C, where ¢()\) (given by
(5.16)) is uniquely defined via (5.19). Thus, each Weyl function of our system
coincides with () in this domain (see the Definition A.2 of the Weyl functions).
Recall that Weyl functions are holomorphic in C,;.. Hence, the Weyl function of
our system is unique (and its existence follows from Proposition A.1). We see
that the Weyl function exists, is unique and coincides with ¢()) in some domain.
Therefore, () given by (5.16) is the Weyl function and admits holomorphic
continuation in all C;.. O

REMARK 5.3. In Proposition 5.1 and Theorem 5.2, we assume that ¢ # 0.
The constructions are much simpler when ¢ = 0. In particular, we recall that
Bif* =0 (see (4.3)). Moreover, K given in (5.6) equals 5*8 as ¢ = 0. Hence,
KjK = 0. Therefore, using (5.6) we have:

H(z)=K, W(z,\) =e?r = [, +i\zjK
for the case ¢ = 0.

REMARK 5.4. The so called limit point/limit circle problem is of essential inter-
est in spectral theory. In Theorem 5.2, we deal with the limit point case of the
unique Weyl function. The Weyl function is also unique in the case of Dirac
system on the semi-azis and of the corresponding canonical system even assum-
ing that my does no necessarily equals mo in (1.2) (see, e.g., [50, Section 2.2.1]
and references therein). For the canonical system of the form

0 -1

W(o) = TH@), @020, T=|]

}, x € [0,00),

where H is a 2 X 2 matrix function with real-valued entries, we have limit point
case if and only if H is not integrable near infinity or, equivalently, on [0, 00) [9]
(see also [1] and [37, Theorem 3.5]). For the canonical system (1.4), (1.6), (1.7),
the situation is more complicated. We plan to study it later in greater detail.

6 MATRIX STRING EQUATION
Consider again the case of the initial canonical systems
w'(z,\) = iNjH (z)w(z, \),
where H(z) = B(z)*f(z) and B(z) are p x 2p matrix functions. According

to (3.14), the transformed Hamiltonians (of the GBDT-transformed canonical
systems (3.15)) have the form

H(z) = B(x)*B(x), pz)=B(x)walz,0). (6.1)
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When the matrix functions §(z) have the form presented in (4.1) (and (4.2),
(5.3) hold), our assertions below show (in view of Appendix B) that the consid-
ered transformed canonical systems correspond to a special subclass of string
equations. Thus, our explicit formulas may be transferred for the case of string
equations as explained in Remark B.3.

PROPOSITION 6.1. Let B(x) satisfy the equality

B(x)jB(z)" = 0. (6.2)
Then, B(x) satisfies the relations
B(x)jBx) =0, Bx)jBx)" = Bz) jBz)". (6.3)
Proof. Recall (see, e.g., (3.8)) that
wa(z,0)jwa(z,0)" = j. (6.4)

The first equality in (6.3) easily follows from (6.4) (and was already stated in
(5.2)). Formulas (3.10), (6.4) and the second equality in (6.1) imply that

Bx) jB(a)" = B(z) wal,0)jwa(w,0)* Bla)* + Bla)wy(z,0)jwalz,0)* Hla)*

= B(2)'jB(z)" — B(z)qo(x)jB(x)" (6.5)

The definition (3.6) of gy and the equality (6.2) yield
B(x)qo(x)jB(x)* = 0. (6.6)
The second equality in (6.3) is immediate from (6.5) and (6.6). O

COROLLARY 6.2. Let B(x) be given by (4.1), where ¢ = % and o = 1I,. Then,
(6.2) holds and

B(x) jB(x)" =il (6.7)
7 EXAMPLES AND APPLICATIONS

1. Let us consider explicit examples of the Hamiltonians H(z) = B(z)*B(x),

corresponding Darboux matrices v(z, A), fundamental solutions W (z, A), and
Weyl functions ¢(A).

EXAMPLE 7.1. In our first example, we assume that
p=n=1, A=a#a (a€C), c#0, d=0, (7.1)
where the condition a # @ provides an easy recovery of S(x) from (3.3).

Recall that according to the second equalities in (4.1), (4.2), and (4.7), we have

B(x) = [eicz eficza} , Jal=1, Q=+v2ac+ 2. (7.2)

In order to define the sign of the square root above, we assume that $(Q) > 0.
By virtue of (4.5), (4.6)) and (7.1), we obtain

al(z) = [a(f179 + f2e779)  a((a+c+ Q) f1e? + (a + ¢ — Q) f279)]
x eied (7.3)
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where f; and fy are scalars and aA is written down more conveniently than A.
It follows from (3.3) and (7.3) that
i

S(z) =

(|fleimQ + f26—imQ|2

a—a

- ai|2|(a +c+ Q)fleixQ +(a+c— Q)fge*iIQ|2), (7.4)

and the requirement S(0) > 0 takes the form

i(@—a)(la(fi + )P~ [(a+ e+ Qfi + (atc—Q)f|") > 0. (7.5)
Relations (3.4), (5.2) and (7.1)—(7.3) yield

z) =0(z) — 71 a _16_”@ _gei””é
Bla) =5(a) = sy (Al + T ) )
—a((a+c+Q)fric P+ (a+c— Q)erimQ)) (aA(2)). (7.6)

According to (3.17) and (7.1), the corresponding Darboux matrix is given by
the formula
i

V)

j(aA(z))*(aA(z)). (7.7)

Formulas (5.7), (5.14) and (7.3), (7.7) give explicitly fundamental solutions of

the canonical systems with 3 of the form (7.6). In view of (5.16) and (7.7), the
Weyl functions ¢ of such canonical systems on [0, co) have the form:

90()\) 11/110\)/1/12()\)7 (7-8>
Y1 (A) =alal’S(0)(a — A) (A +c— z1(N))

+ia(@+c+Q)fi + @+c—Q)f2) \(N), (7.9)

Yo (N) =a@lal>S(0)(A — a)A — ia(fi + f2)Ah(N), (7.10)

where z1(A) = /e(2XA + ¢) (S(z1) > 0),

h(A) == aA(0)E1(N) =a((a+c+ Q) fi+ (a+c—Q)f2) (A +c— 21 (V)
—aa(fi + f2)A.

ExXAMPLE 7.2. Now, assume that

p=1, n=2 c=0, d=0 =[5 ¢ @er 20 (T

Q:|:8 g:|a f1:|:£:| f2:|:2:|7 Qafagec, f7é0, g;éo

In this case, we have

b= [1 a] . et = I 4 izQ, (7.12)
(A= XNL) ' =(E-N""L—(E-)N)"7 [8 g} : (7.13)
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Hence, formulas (4.5), (4.6) and simple calculations yield

Az) = |:f *giqu *qg(il'qu 5_1):| ) (7.14)

In view of (7.14), the required matrix identity (3.1) may be written in the form

a821(0) —aS12(0) aSQQ(O)} _i {IfIQ_— lag¢ ™! * G(f +9a87")
—aS32(0) 0 g(f+ga¢) 0

where S;; are the entries of S. Hence, we cannot choose an arbitrary entry a
in A but demand f+gqgé~! # 0 and choose a and Sa2(0) satisfying the following
conditions (which is always possible):

aS22(0) =g(f + 996~ "), a#0, Sxn(0)>0. (7.16)

Next, we choose S12(0) (and so S21(0) = S12(0)) such that (7.15) holds, and we
choose such &11(0) > 0 that S(0) > 0.

Since £ € R, we cannot use (3.3) in order to recover S(x) from A(x) and con-
struct S(z) in a different way. It follows from (4.1), (7.11) and (7.14) that

} . (7.15)

M@ = [T AL e i@ g, o= frmget, )

Cg = g(l - a). (718)

Therefore, the second equality in (3.2) yields

3(%)=8(0)+/ A()jB* (A(t)jB*) dt (7.19)
0
_ 50 4 [31OF £ R(CG)a® +|CofPe 3C1T50% + Collz
5C1C32% + C2C32 |C5 2

Using (7.17), we rewrite the equality (5.2) for g (transformed ) in the form
Bz)=[1 o] —i[Ciz+Ts  C5]S(x) LA 'A(z), (7.20)

where S(x), A and A(x) are given in (7.19), (7.11) and (7.14), respectively.
Finally, the Darboux matrix v(z, \) is expressed via A(z) and S(z) in (3.17),

and the expression for the corresponding fundamental solution W follows from
(5.14) and Remark 5.3.

2. Relations (3.2) and (3.3) imply an important equality (see [44, (2.13)]):
(A*S7Y) = iHjA ST A+ gg A S (7.21)

We assume that S(0) > 0 and H(x) > 0, that is, S(z) > 0 for z > 0, and so
S(x)7! is well defined (see Remark 3.2). In view of (3.8), (3.10) and (7.21),
for H of the form (3.14) and Y given by

Y (x,t) = jwa(z,0)"A(z)*S(z) e, (7.22)

we have

ﬁ(m)%Y(m,t) = j%Y(:E,t) (my =ma=p), x>0. (7.23)
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In other words, the 2p x n matrix function Y (or, equivalently, the columns
of Y) satisfies the dynamical canonical system (7.23).

Taking into account (3.3) and (3.4), we rewrite w_4(x,0)*A(z)*S(z)~! in a sim-
pler form (in terms of A(z) and S(z)):

1

wa(z,0)*A(z)*S(z) " = Az)* (A*) " S(z)~ AL

Hence,

1

V(x,t) = jA(z)* (A%) " S(z) te™A AL (7.24)

PROPOSITION 7.3. Let the initial Hamiltonian H(x) > 0 be given, and let the
relations (3.1), S(0) > 0, and det A # 0 hold. Then, Y of the form (7.24) sat-

isfies dynamical canonical system (7.23), where the transformed Hamiltonian H
is given by (3.14).

In this way, explicit expressions for A and S in Examples 7.1 and 7.2 give us
explicit expessions for Y (x,t). Moreover, it is immediate from (7.11) that el*4
in (7.24) takes under assumptions of Example 7.2 a simple form

i i . 0 1
oo (1) 1) -

A CANONICAL SYSTEMS: WEYL-TITCHMARSH THEORY

Consider generalised canonical system (1.2). It is immediate that the funda-
mental solution W of (1.2) satisfies the equality

W)W (X)) = i~ W ) H @)W, Y. (A1)

In view of (A.1) (for the case = A) and of the normalization W (0,\) = I,
always assumed in this appendix, we have

i

TS W), (A.2)

/OT Wz, \)*H(z)W (2, \)dx =

for A ¢ R and r > 0. Moreover, (A.1) for the case p = A implies that
W(r, \)* W (r,\) = j = W(r,\)jW(r, \)*. (A.3)

Further in the appendix, we will deal with the general-type (i.e., not necessarily
related to explicit solutions) canonical system (1.4) on [0, co). Since H > 0,
formula (A.2) yields

W(ra, \)*jW (ra2, A) < W(ri, \)*jW(r1, A) <4, (A.4)
j < W(Tl,X)*jW(Tl,X) < W(TQ,X)*jW(Tg,X) (7“1 < ra, A€ (C+) (A5)

Next, introduce the families N'(r) of linear-fractional (M6bius) transformations

o(r, ) = (ng (r, \)P1(A) + Waa (1, \) P2 ()\))
X (Wii(r, )P1(A) + Wia(r, )P2(N) 7, (A.6)
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where W, and Py, are p X p matrix functions,
W(r, A) = {Wir(r, N} g=1 = JW (r, X)), (A.7)

and P1(A), P2(A) are pairs of meromorphic in C; matrix functions (so called
nonsingular pairs with property-;) such that

P1(N)

P1()\)*P1()\) + 7)2()\)*7)2()\) > 0, [7)1(/\)* 'PQ()\>*} J |:P2(/\)

] >0, (AS8)

where the first inequality holds in one point (at least) of C,, and the second
inequality holds in all the points of analyticity of Py (k = 1,2).
It follows from (A.8) by contradiction that

det (W11(7’, /\)Pl (/\) + Wu(?", )\)PQ()\)) % 0. (Ag)

Indeed, formulas (A.3), (A.4) and (A.7) imply that W(r, \)*jW(r, \) > j, which
yields

P1(N)

[P Pa) WA WG | 2

} >0 (A.10)

in the points of analyticity of P;(A) in C4. On the other hand, if we have
det (Wll(T, A)P1 (A) + ng(T, )\)PQ()\)) = 0, (All)

then (for some g # 0)

(Wi1(r, )P1(X) + Wia(r, A)P2(N))g =0 (g € CP), (A.12)
and so we obtain (for such A in C that (A.8) and (A.11) hold):
g" [PV Pa(N)* ] W(r, \) W (r, \) [%Em g<0. (A.13)

Clearly, (A.13) contradicts (A.10).
Let us rewrite (A.6) in the form

Mi)] = JW(r,A)"j {%8” (W1 (r, )P1(A) + Wiz (r, A)P2(V)

Now, setting
A(r, A) := W(r, \)* W (r, \), (A.14)

and using (A.3), we see that formulas (A.6) and (A.8) (i.e., the relation ¢ €
N(r)) yield

[T, (N 2A(r,\) Lﬁ%‘)] > 0. (A.15)

Moreover, according to (A.4), (A.14) and (A.15), ¢(A) is holomorphic and con-
tractive in C4. On the other hand, if meromorphic ¢ satisfies (A.15), we set

23] -wen )
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and see that the relations (A.6) are (A.8) are valid. Thus,
d(N) € N(r) (A.17)

is equivalent to (A.15). Therefore, according to (A.4), N(rz) is embedded in
N(Tl)i

N(rz) CN(r1) (r1 <ra). (A.18)
By virtue of Montel’s theorem, there is a sequence {¢g(A)} such that
or € N(r), 1 — oo (for k— 00), (A.19)

and ¢r(N) tend uniformly (on any compact in C1) to some matrix function
©(A). Thus, ¢(A) is holomorphic and satisfies (A.15) for any r > 0. In other
words,

p(\) € [ N(). (A.20)

r>0

Let us write down N (r) in the Weyl matrix disk form. Taking into account
(A.4) and (A.14), we obtain

— 2[22(7’2, /\) > 72[22(7"1, )\) > Ip (TQ > 7’1); (A21)

Ql(TQ))\)_l Zm(rla)\)_l 2.73 (A22)

@, A7), = @Al A) = Ara(r, Moo (1, A) A1 (1, A) T > 1, (A23)
where 2, (r, A) and (2A(r, A)_l)ik, respectively, are p x p blocks of 2(r, \) and
A(r,A\)~L. The invertibility of 2y — %12%5212121 in (A.23) follows from the
invertibility of 2 and (55 (for this and for the equality in (A.23) see, e.g., [55, p.
21]). In particular, we derive from (A.21) and (A.23) that the following positive
definite square roots are uniquely defined:

pr(r,A) = (= Aaa(ra, /\)71)1/2, (A.24)
pR(T, )\) = (Qlu(?‘, )\) — Qllg(r, )\)ngg (7‘, )\)719[21(7“, )\)) 1/2.
Here, pr and pg are the so called left and right semi-radii of the Weyl disk. The
inequality (A.15) may be rewritten in the form of the Weyl disk parametrization

of the values ¢(r, A) (similar, for instance, to the parametrization [15, (2.19)]
for Dirac systems):

o(r, A) = pr(r, Nw(r, \)pr(r,\) — Aaa(r, /\)_19[21(7’, A) (W'w<1Ip), (A.26)

where w(r, ) are p x p matrices and ¢ € N,.. Recall that the matrix inequality
By > By > 0yields By/? > B}/? (see, e.g., [4]). Hence, in view of (A.21)~(A.25)
the left and right semi-radii are non-increasing.

By L%(H) we denote the space of vector functions on R with the scalar product

(f1, f2)m = /OOO Jo(z)* H(z) f1(z)dx.
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PROPOSITION A.1. Let H(x) (z > 0) be the Hamiltonian of a canonical system.
Then, there is p(\), which satisfies (A.20), for this system. If (A.20) holds, the
columns of W(x, \) LO%‘J belong L*(H), that is,

= x « I,
/0 (L, o\ W (z,\) H(z)W (z,\) LO()‘)] dr <oo (AeCg). (A.27)

Proof. We already proved that ﬂr>0/\/ (r) is non-empty. Moreover, in view of
(A.15), for any ¢ satisfying (A.20) and any r > 0 we have

(L, o(\)*]2A(r,A) M&)} > 0. (A.28)

Taking into account (A.2) and (A.28), we derive

" * * Ip
/0 [Ip ©(N) } Wz, \)"H(x)W (x,\) [@(A)} dx
i oL i
<l iG] < (4.29)
and (A.27) follows. O

DEFINITION A.2. Holomorphic (in C1) p X p matriz functions p(\), such that
the inequality (A.27) holds, are called Weyl-Titchmarsh (Weyl) functions of the
canonical system (1.4) on [0, 00).

Proposition A.1 implies that Weyl function always exists.

B CANONICAL SYSTEMS AND MATRIX STRING AND SCHRODINGER EQUA-
TIONS: INTERCONNECTIONS

1. In view of (1.3), canonical systems (1.4) with Hamiltonians H () of the form
(1.6) may be transformed into systems (1.1) with Hamiltonians H:

Y'(z,\) = iINTH(z)Y (2, ), H=29x)I(z), Iz)JI(z)* =0, (B.1)
using the transformation
T(z,\) = Qw(z, ), H(zx)=0H(z)0", J(z)=p(z)0". (B.2)

Clearly, the inverse transformation works as well, that is, systems (1.4), (1.6)
and systems (B.1) are equivalent.

It will be convenient to repeat here the transformation (from [53, Ch. 4] or [55,
Section 11.1]) of the system (B.1) into the matrix string equation. We partition
p x 2p matrix function ¥(z) into p x p blocks J(z) = [V1(z) Va2(x)]. We
assume that det(;(z)) # 0, and we require also that 91 (z) 192 (z) is absolutely
continuous and its derivative is invertible. We set

V() =9(2)Y(z,)), Z(z,\) =91(x)" I(x)Y(z,N), (B.3)
w(x) == (1(191(50)*1192(95))’)_ = s(z)*. (B.4)
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The self-adjointness of »(x) above follows from the last equality in (B.1). Ac-
cording to (B.1) and (B.3), we have

Y'(z,\) = iNJI(x)* Y(z, N), (B.5)
2'(@,\) = (91 (2)" (@) T, \) = [o (ﬂl(z)*lﬁg(z))/} Y(z,)). (B.6)

Finally, taking into account (B.4)—(B.6), we see that Z(z, \) satisfies the matrix
string equation

% (%(x)%Z(x, )\)) = M1 (2)* Yz, \) = Aw(z)Z(, N, (B.7)
w(z) == 91 (z)* 91 (x) > 0. (B.8)

2. Now, consider the matrix Schrodinger equation
— Z"(x,\) +u(@)Z(x,A) = AZ(z,A)  (u(z) = u(z)"), (B.9)

where u is a px p matrix function. The transformation of (B.9) into the canonical
system of the form (B.1), such that

V' (z) = u(z)d(x), (B.10)

and ¥(z) is normalised at = 0 by

B(0) = ©; = \/% Eg —Iij , (B.11)
where
B(z) = Lg,((”;))] , (B.12)

is described in [55, Section 11.2]. The interconnections between the spectral
theories of systems (B.1), (B.10) and equations (B.9) are also studied there. It
is easily checked (see also [37] for the case p = 1) that the above-mentioned
transformation in [55, Section 11.2] works in the opposite direction as well.
Namely, starting from the canonical system (B.1), (B.10), (B.11) one comes to
the Schrodinger equation (B.9). Indeed, according to [55, (2.10)], we have

B(0)* 1 B(0) = ©11,0, = J, Jy =i [? ‘(ﬂ : (B.13)
p

where J is given in (1.1). Moreover, the equalities (B.10) and (B.12) yield

B'(x) = L(Om ﬂ B(x). (B.14)

The relations (B.13) and (B.14) imply that
B(a)*J1 B(z) = B(0)*J1B(0) = J, (B.15)
and so
B(z)JB(z)* = J;. (B.16)
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REMARK B.1. Formula (B.16) shows that the equalities
Hx)JI(z)* =0, ¥ (z)Jd(x)" =i, (B.17)
follow from (B.10)—(B.12).

Finally, setting

Z(z,\) = Hz)Y (z, \) (B.18)
and taking into account (B.1), (B.10) and (B.17), we derive

2 —uZ —NE 4+ AZ,

that is, Z(x,\) satisfies matrix Schrodinger equation (B.9). Formula (B.18)
describes the connection between the solutions of the canonical system (B.1),
(B.10), (B.11) and of the corresponding Schrédinger equation (B.9).

3. Since matrix Schrodinger equations may be transformed (see [55]) into canon-
ical systems satisfying (B.10)—(B.12) (and by virtue of Remark B.1), they are
also equivalent to a subclass of canonical systems (1.4) with Hamiltonians of
the form (2.1).

REMARK B.2. [t is easy to see that in the case of our explicit formulas (4.1),
(4.5), (4.6) the matriz function 9(x) = B(x)O* satisfies the equality (B.10),
where u = —c*I,. However, J(z) = B(x)O* does not satisfy (B.10) (excluding,
possibly, some special cases).

REMARK B.3. Formulas (B.3), (B.4), (B.7), and (B.8) show that explicit ex-
pressions for the Hamiltonians and fundamental solutions constructed in this
paper generate explicit expressions for the matriz string equations and their so-
lutions as well.

C  ON LINEAR SIMILARITY TO SQUARED INTEGRATION

We will consider similarity transformations of linear integral operators K in
L0, T) (0 < T < o00):

K =if(x)j /OI B) -dt, B(x)jB(x)" =0, p'(x)jf(x)" =i,  (C.1)

where () is a p X 2p matrix function and
.|, 0
j= {0 —Ip] . (C.2)

Recall that the operator A is introduced in (2.2). The class of operators

K = fom K(z,t) - dt, which are linear similar to A above, was studied (for the
case of the scalar kernel function K (z,t)) in the essential for our considerations
paper [51]. Here, we study an important special subclass (C.1) of such operators
under reduced smoothness conditions on K (z,t). We include the matrix case
(i.e., the case p > 1) and present a complete proof of the similarity result.
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THEOREM C.1. Let the operator K be given by the first equality in (C.1), and
let B(x) satisfy the second and the third equalities in (C.1). Assume that 5(z)
is two times differentiable and the entries of 5" (x) are square-integrable, that
is, () € LE*?P(0,T). Then, K is linear similar to A :

K=VAV™', V=u(z)(I+ /z V(z,t) - dt), (C.3)
0

where u(x) is a two times differentiable px p matriz function (such that u* = u=*

and v € LY*P(0,T)), and
sup [V(z,t)[| <oo (0<t<z<T). (C.4)

Proof. In the proof, we construct an operator V', which satisfies theorem’s con-
ditions. This V is closely related to transformation operators in inverse spectral
and scattering theories.

Step 1. Together with K, we consider the operators:
K = iﬂ”(z)j/ By - dt, (I-K)'= 1+/ R(x,t) - dt. (C.5)
0 0

The operator K has a semi-separable kernel, and so (see, e.g., [21, Section IX.2])
the matrix function R in (C.5) has the form

R(z,t) = 1" (z)ur (@)ur () "HjAE)" (0 <t <a), (C.6)

where the 2p x 2p matrix function w; is the normalised fundamental solution of
the system

i (x) = 1jB(x)" 8" (x)ur(x),  u1(0) = Izp. (C.7)

Introduce the p x p matrix function g(x) by the equalities

90) =T, §/(0)= 2808 (0)" (e

o'(@) = (T — ) (8" (@) () (G5 0)" + 23B0) 7 058 ©0)")),  (C9)

where the operator (I—K) on the right-hand side of (C.9) is applied columnwise
to the p x p matrix function above. Further in the proof, we study the matrix
function

y(x, 2) = (I — 22K) tg(z). (C.10)

(Since K has a semi-separable kernel, one can write down a more explicit ex-
pression for y as well.) Differentiating two times both parts of the equality
(I — 22K)y(x,z) = g(x) and taking into account (C.1), (C.5), we derive

Y (2,2) = ¢"(2) — 2y(z, 2) + 126" () / " B0y, 2)dt
e

=¢"(z) — 2*(I — K)y(z, (C.11)
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It easily follows also from (C.1), (C.8), and (C.10) that
i . N

Applying (columnwise) (I—K)~! to both parts of (C.11), using (C.5) and (C.9),
and integrating by parts, we obtain

- /0 "R, )y (1 2t

I () () (G (0)° + 535(0)°F'(0)8(0)7) — y(, 2)
+ (Grenwea)|;
+18" () () (jﬁ 0)" + §j5(0)*5'(0)j5'(0)*) — 2%y(z, 2)
- /OI (23R 0)y(r,2)dt. (C.13)
In view of the last equality in (C.1), we have (ﬁ’(w)jﬁ(m)*)/ = 0, which yields

uz(x) = 18" (x)jB(x)" = —if'(z)jB' (x)". (C.14)

Here, ug is a p x p matrix function. Relations (C.6), (C.7), and (C.14) imply:

— ~ Ra,t)y' (%)

Rz, x) = uz(x); %R(z t) = —ug(z)? + us(x), (C.15)
ug(w)' = us(x)" —us(z), us(x) :=1ip"(x)jp' (z)"; (C.16)
O R0 =8 @u@ (80" 80 w0);  (©17)
R(5,0) = 18" (2hus(a)5(0)" (©18)

Taking into account (C.12) and (C.14)—(C.17), we rewrite (C.13) in the form:
y'(,2) + 22y (3, 2) = — wa(@)y (3, 2) — (ua(2)? — us(@))y(z, 2)
x 82
/0 (@R(z,t))y(t,z)dt, (C.19)

where
82 2 2
ﬁR(gg t) = hi(x)ha(t), h1 € LE**P(0,T), hoe€ L3P*P(0,T);  (C.20)

and
hi(z) := 18" (x)ur(x),  ha(t) :=ua ()71 (FB(E) u2(t)? — jB(E) us(t)*
— 3B (&) ua(t) + jB"(1)"). (C.21)
We introduce the p x p matrix functions y;(x, z) and u(z) by the equalities

Yy(z,2); o'(z) = _1U2($)U(.T), uw(0) = I,,. (C.22)

ni(a,2) = ulx)” :
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Since uy = —uy and u(0) = I,, we obtain u* = u~!.

(C.16), (C.20), and (C.22), we rewrite (C.19) in the form

Thus, using formulas

Vi (@.2) + 24 (2, 2) = ua(@)n (2 2) — u(z)*h () / " ha(tyult)n (¢, 2)dr,

(C.23)
* 1 * 3 2
wa(z) = u(z) (§(U3(:c) +ug(a)*) - Jus(x) )u(z). (C.24)
In view of (C.12) and (C.22), the initial conditions for y; take the form
y1(0,2) = I, y1(0,2) = y'(0,2) — u'(0) = 0. (C.25)

Step 2. Let us construct the solution of system (C.23) with the initial conditions
(C.25) as a series

yi(w,2) =Y Pr(z,2), o(x,2) = cos(zz)ly, (C.26)
k=0
Yz, 2) = /OI cos (z(m - t)) /0 (u4(s)1/1k_1(s, 2)
- /Osf(sm))wkl(mZ)dn)dsdt (k> 1), (C.27)
F(x,t) :=u(z)"hi(z)ha(t)u(t). (C.28)

Clearly, for k > 1 we have

Kz, 2) = 7221/%(:072)+U4(w,2)1/)k71(5072)*/O F (@, m)¢p—1(n, 2)dn.

Thus, if the corresponding series converge, the matrix function y; given by
(C.26)—(C.28) satisfies (C.23). Convergences follow from the representation

Yr(x, z) = /OI cos(z0)Vi(x,)d¢ (k> 1), (C.29)

which is proved by induction. Indeed, setting £k = 1 in (C.27), taking into
account that ¢y(s, z) = cos(zs)I, and

cos (z(z —t)) cos(zs) = %(cos (2(z—t—s)) + cos (z(x —t + s))), (C.30)

cos (z(z —t)) cos(zn) = %(COS (2(x—t—n)) +cos(z(z —t+ 77))),

and changing variables and order of integration, we derive:

inle,) = [ costzile (€31)
0
1 a0/ (@=0)/2 . §
Vilz, () == t)dt + t)dt — Flt,z —t+O)dt
1(2,0) 2(/ wa [© wwa [ Fee-te0

z—( T
f/ F(t,x—t—¢)dt — / Ft,¢+1t— z)dt) , (C.32)
( (

z—=()/2 z—()

F(t,m) :=/ F(s,n)ds. (C.33)
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Assuming that (C.29) holds for k£ —1 and 1)y, is given by (C.27), we use a similar
procedure (i.e., formulas of the (C.30) type, change of variables and change of
order of integration) and obtain (C.29) for k, where

2V (x, ¢) / / $)Vi—1(s,¢ +t — x)dsdt
z—( J(Ht—z

/ / $)Vi—1(s,¢ +a — t)dsdt
(m+§)/2 CHx— t

+ﬂm /t (s)Vi1(s,@ — t = Q)dsdt (C.34)

/ / F(s,mVi1(n,¢ +t — x)dndsdt
CHt—x J(+Ht—a

- / / F(s,mVe-1(n,¢ + & — t)dndsdt
(I+C)/2 +z—t J(+z—t

¢
t s
/ / / F(s,mVi—1(n,x —t — ¢)dndsdt.
(z—¢)/2 Jx—t—C Jx—t—C

Thus, the representation (C.29) is proved. Moreover, one can choose such
C(T) = C > 0 that

T T
/ he(@®)lldt < C (k= 1,2), / ua(t)dt < C2, (C.35)
0 0
sup  [[Vi(z, Q)| < C. (C.36)
0<¢<a<T

We assume that the inequalities (C.35) and (C.36) hold. In particular, the
inequality

(BCH* ko

— k>1 .
= Cx (k>1) (C.37)
is fulfilled for k = 1. If (C.37) is valid for Vy_1, relations (C.34)—(C.36) imply
that (C.37) is valid for Vi. Hence, (C.37) is proved. Therefore, the series
> ey IVk(z, Q)] is convergent. Thus, the series in (C.26) converges as well, and
(in view of (C.26), (C.29), (C.37)) we have

Ve(z, Ol <

y1(z, z) = cos(zx)I, + /OI cos(z{)V(x, ()d¢, (C.38)

Q)= Vi@, Q),  sup [V(x,Q)l < oo. (C.39)
_ 0<(<z<T

It is immediate from (C.38) and (C.39) that y1(0,2) = I,. In order to calculate
the initial value ¥} (0, z), we differentiate both sides of (C.27) and obtain

. (z,2) = — z/om sin (z(z — t)) /Ot (U4(s)wk_1(s, z)
_ /OS F(s,1) 01 (n, z)dn) dsdt (C.40)

[ (uatsirn — [ Femvain)ds (> ).

DOCUMENTA MATHEMATICA 26 (2021) 583-615



610 A. SAKHNOVICH

Now, the equality 3} (0, z) = 0 easily follows from (C.26) and (C.40). Summing
up, we have shown (in this step of the proof) that y; of the form (C.38) satisfies
(C.23) and (C.25).

Step 3. Next, we show that the solution y; of (C.23), (C.25) is unique. Multi-
plying both parts of (C.23) by the operator A (given in (2.2)) and using (C.25),
we derive

By = I, + 2° Ays, (C.41)
Bf=f- / Bz, t)f(t)dt := f+ A(uaf) — / F(x,t)f(t)dt. (C.42)
From (2.2), (C.28), (C.41) and (C.42), after simple calculations we obtain

us(t) — tua(t)
B(x,t)=[I, xI, wur(x)] | uat)+us(t) |, (C.43)
ha(t)u(t)
us(t) :/O su(s)*hi(s)ds ha(t)u(t), wue(t) :/O u(s)*hy(s)ds ha(t)u(t),
ur(x) == /OI(S — z)u(s)"hi(s)ds. (C.44)

Here, u4 is given in (C.24) and the following transformation is used:

/0 tfz/]'—ts - dsdt = / s—T / F(s,t)ds - dt (C.45)
/ / 5 — 2)u(s) h(s)ds ha(t)u(t) - dt
- /0 /O (5 — )u(s) h (s)ds ho(E)u(t) - dt.

Since B is a triangular operator and the integral part of B has a semi-separable
kernel, it easily follows (see, e.g., [21, Section IX.2]) that B is invertible and B~*
is a bounded operator. (In fact, the integral part of B is a Volterra operator
from Hilbert-Schmidt class and B~! — I is again a triangular Volterra operator
with a semi-separable kernel.) Thus, we rewrite (C.41) as

= —2*B7*A)" B, (C.46)

Now, it is easy to see that y; is unique. Recall that this unique solution admits
representation (C.3), and so, taking into account (C.22), we obtain

y(z,z) = V(cos(za)lp), (CA47)

where V' is given by the second equality in (C.3) and is applied to cos(zx)I,
columnwise. One easily checks that

(I —22A)7'I, = cos(zx)I,. (C.48)
In view of (C.10), (C.47), and (C.48), we have
(I-22K) tg=V(I—-2*A)"'1, (C.49)
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Presenting the resolvents in both parts of (C.49) as series, we rewrite (C.49) in
the form K"g = VA™I,. In particular, setting n = 0, we derive g = VI,. The
substitution g = VI, into K"g = VA"I, yields

K"VI,=VA"l, (n>0). (C.50)
It follows that
(KV)A"I, = K(VA"IL,) = K""'VI, = VA", = (VA)A"I,.  (C.51)

One can easily see (using, e.g., Weierstrass approximation theorem) that the
closed linear span of the columns of the matrix functions A”I,, (n > 0) coincides
with L(0,T). Therefore, (C.51) implies KV = VA, and (C.3) follows. The
required properties of v and V have already been proved. O

REMARK C.2. It is important for the study of the canonical systems on the semi-
azis [0,00) that, according to (C.26)—(C.28), (C.29), and (C.39), the matriz
function V(x, ) in the domain 0 < ¢ < x < £ is uniquely determined by B(x) on
[0,4] (and does not depend on the choice of B(x) for £ < x < T and the choice
of T>10).
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