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0. INTRODUCTION

Let H be a complex Hilbert space with scalar product {-,->. Let T be
an injective (i.e., with zero kernel) selfadjoint operator on H and let O,
and Q_ be the orthogonal projections onto the maximal 7-invariant sub-
spaces of vectors & for which {(Th,h) >0 and {Th, h) <0, respectively.
We do not assume that 7 is bounded. Let B be a compact operator on H
such that 4 =7— B has a positive semidefinite real part whose kernel
coincides with the kernel of 4, i.e., Ker(Re 4) =Ker A. Here I denotes the
identity operator. Consider the vector-valued differential equation

(TY) (x)= —A(x), 0<x<om, (0.1)
with boundary conditions

lim Q. y(x)=g¢,, limsup [Y(x)],;< +oo. (0.2)

x—0 X — + 00

Here ¢, eIm Q, is a given vector. The problem is to find the H-valued
function (x). The derivative in (0.1) is to be interpreted as an x-derivative
in the strong operator topology of H.

In this paper we study the stability of solutions of the boundary value
problem (0.1), (0.2). Here, stability is understood in the sense of robust-
ness; namely, a solution is said to be stable if every boundary value
problem with coefficients sufficiently close to the coefficients of (0.1), (0.2)
has a solution which is as close as we wish to the original solution, on any
finite interval prescribed in advance. In particular, we identify the stable
solutions, if such exist, of (0.1), (0.2).

The motivation for studying (0.1) with boundary conditions (0.2) stems
from the stationary 1D transport equation which appears in radiative
transfer, neutron physics, and rarefied gas dynamics (e.g., [6-8]). It has
been the subject of intensive study by physicists, mathematicians, and
engineers, resulting in thousands of articles and a variety of textbooks. The
boundary value problem (0.1)-(0.2) has been described in detail in [ 15,
16]. In the most widely studied applications, 4 is a positive semidefinite
selfadjoint operator on a Hilbert space H. However, stationary transfer of
polarized radiation in a plane-parallel atmosphere of infinite optical thick-
ness leads to boundary value problems of the form (0.1)-(0.2), where 4 is
often no longer selfadjoint but instead has a positive semidefinite real part
Re A =14(A+ A*), A* denoting the adjoint of A. Such an operator 4 will
be called accretive. For these polarized radiation models 4 and Re 4 turn
out to have the same at most one-dimensional null space. For this reason,
we now study the model problem (0.1)—(0.2) with 4 as indicated above.
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The existence and uniqueness theory for the boundary value problem
(0.1)—(0.2) is well developed and has been described in great detail in [ 15].
Essentially, there are two quite different families of transport problems. For
the first family B=1— A is a compact operator and the solution (x) is
sought in the given Hilbert space H. For the second family 4 is a bounded
operator or a Sturm-Liouville differential operator and the solution (x)
is sought in a suitable extension of the domain of 7 in H. One strategy for
tackling the first family of problems [19, 15] is

(1) to introduce the three complementary projections P, P_, and
P, commuting with the evolution operator T ~'A4, where P, corresponds
to the spectrum in the open right half plane, P_ to the spectrum in the
open left half plane, and P, to the zero spectrum,

(2) to write any solution of (0.1) in the form
Y(x)=e TP h+ Pyh, PyheKer A,

and
(3) to reduce (0.2) to the vector equation

Q+ V¢(0)=¢+a
where Y(0)=P_ h+ Pyh and
V=0,[P,+Py]+Q_P_.

The operator in this vector equation is then proved to be a compact per-
turbation of the identity. Another strategy for the first family of problems
is to write (0.1)-(0.2) as a vector-valued convolution equation and to
exploit Wiener—Hopf factorization and Fredholm theory. The strategy for
solving the second family of problems [2, 3] is similar to the first strategy
for the first family, except for a few notable differences. The operator A
must be positive semidefinite, but B=7— A need not have any compact-
ness properties. Moreover, the solution is sought in an extension of the
domain D(T) of the operator T in the original Hilbert space H.

The existence and uniqueness of the solution of the stationary equation
of transfer of polarized radiation were proved using invariance of the
positive cone of functions having their values in the positive cone of Stokes
vectors under the operators +7Q, and B, without using that Re 4
is positive semidefinite [21,23]. In [24] its unique solvability was
established using the accretiveness of A4, with the help of the Fredholm
alternative applied to the convolution integral equation version of (0.1)—
(0.2). In [27] another approach, based on the indicator function, has been
used to study the existence and uniqueness of the solution of a boundary
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value problem of the type (0.1)—(0.2); only the finite-dimensional case with
positive semidefinite 4 was considered there.

The stability of solutions of (0.1)-(0.2) has been proved in various situa-
tions. The case where T is bounded and A4 is positive semidefinite, with
some restrictions on the structure of the null space of 4, was established for
the first family in [20] and for the second family in [22]. For the first
family of problems similar results were obtained in [26] without making
restrictive assumptions on the structure of the null space of 4 and using
general results on the stability of invariant subspaces of matrices. In [26]
only A and in the finite-dimensional case both 7 and A were perturbed,
whereas the perturbations in [20, 227 only involved A.

The stability problem for the solution of the boundary value problem
(0.1)-(0.2) under suitable perturbations on 7 and for strictly positive
selfadjoint 4 or for A having a strictly positive selfadjoint real part is
standard [20, 26]. However, when 4 has a nontrivial null space, the
stability problem reduces to a stability problem for suitable subspaces of
the range of P,, which is a finite-dimensional space. Consequently, stability
results for matrices can be applied. The present problem, where 4 has a
positive semidefinite real part but need not be selfadjoint itself, requires one
to generalize the stability arguments used in [26].

The paper consists of three sections (besides the introduction) and an
appendix. In Section 1 we study the finite dimensional case, which is basic
in the sense that the problem of stability of the boundary value problem
(0.1)-(0.2) will be eventually reduced to a finite dimensional problem.
Section 2 is of a technical nature. There we introduce various spectral
decompositions of the operators involved and develop their properties. Our
main results, Theorems 3.3 and 3.5, are stated and proved in Section 3.
Finally, in the Appendix, a variation of a well-known result concerning
convergence of generators of strongly continuous contractive semigroups is
given.

Standard notation is used: Ker 4 and Im 4 stand for the kernel and
range of a linear operator 4, respectively; Re 4 = 3(A4 + A*) is the real part
of A; the domain of a densely defined linear operator 4 is denoted D(A);
R and C denote the real line and the complex plane, respectively.

1. THE FINITE DIMENSIONAL CASE

1.1. Preliminaries

In this section we consider the problem (0.1)—(0.2) in a finite dimensional
setting. So T is an invertible selfadjoint n x n matrix and A4 is an accretive
nx n matrix with Ker 4 =Ker(Re 4). A pair (7, A) with these properties
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will be called an accretive admissible pair (on C"). We are looking at the
problem

(TY) (x) = —AY(x), 0<x< + o0, (1.1)
with boundary conditions

lim O, y(x)=¢,, limsup [¥(x)] < +o0. (1.2)

x—0 x— 4+

Observe that iT ~'4 is dissipative with respect to the indefinite scalar
product generated by 7. This observation allows us to use the results from
[28, 29, 31].

We start with the spectral properties of 7 ~'A4.

ProrosiTiION 1.1.  Assume T is an invertible selfadjoint n x n matrix and
A is an n x n matrix with positive semidefinite real part such that Ker(Re A)
=Ker A. Then the following statements hold.

. ImA=1ImA* and Ker A =Ker A*.
2. T ~'4 does not have nonzero purely imaginary eigenvalues.
3. (Ker T 'A)"=Ker(T ~'4)* for n=2.

4, KerAnIm(T ~'d)=Ker A* nIm(T ~'4*). Let us denote this
subspace by N.

S. Let heKer A. Then he N, if and only if {Th, g> =0 for every
geKer 4.

Proof. Since the kernels of 4 and Re A4 coincide, the kernels of 4 and
A* coincide as well. Thus the ranges of 4 and A* must necessarily
coincide.

Let 4 be purely imaginary and let /2 be a vector such that Ah = ATh. Then

0< Al hy +<h, Ahy = (A+ )< Th,hy =0,
so that heKer(Re 4). But then ATh=Ah=0 and hence either A=0 or
th(c)a.xt, suppose g, k,/ are vectors such that Ag=Tk, Ak=T/, and
A/ =0. Then (Re A) /=0 and hence A*/ =2(Re A) / — A/ =0. Therefore,
0< Ak, k) + ky, AkY =Tl k) +<k, Tt ) ={¢, Tk) + Tk, /)
=0, Ag) +<Ag, ) =<{A*!, g) +g, A*/) =0,

whence (Re 4) k=0 and thus 7/ = A4k =0 and 7 =0.
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Next, if 4 and k are vectors such that A7 = Tk and Ak =0, then the first
part of the proposition implies the existence of s, € H such that A*h, =Tk
and A*k =0.

Finally, if h e N,, then Ah = A*h =0 and there exists f such that Af = Th.
Thus for any vector g with Ag=A*g=0 we have {Th, g> =<{Af, g> =
{f, A*g> =0. Conversely, if {Th, g> =0 for every geKer 4, then Th is
orthogonal to Ker 4 and hence belongs to Im 4* =Im A4. Thus there exists
f'such that Af = Th, and hence he N,. |

The subspace N, described in the fourth part of the above proposition
consists of those vectors in Ker 4 that are part of a Jordan chain of 7 ~'4
of length two. This subspace also consists precisely of those vectors in
Ker A* that are part of a Jordan chain of 7 ~'4* of length two.

In view of Part 2 of the above proposition, we can define the spectral
projections P,, P_, and P, of T ~'4 corresponding to its eigenvalues
in the open right half plane, in the open left half plane, and at zero,
respectively. Then Im P, +Im P_ + Im Py =C".

Next we prove an important property of the pair (7, 4) that is reminis-
cent of a property that holds for the case where A4 is positive semidefinite.
A (T ~'A)-invariant maximal T-nonnegative subspace .# is called stable if
for every ¢>0 there is a 6 >0 such that for every accretive A and every
selfadjoint 7" with |4 — A| + | T— T| < there exists an (7~ 'A)-invariant
maximal T-nonnegative subspace ./" with gap(.#, /") <& Note that since
T is assumed to be invertible, the invertibility of 7" is guaranteed for J suf-
ficiently small. Here the well-known notion of a gap between two subspaces
M, N of C"is used:

gap(M, N') =P ,—P |,

where P ,, P, is the orthogonal projection onto .#, /", respectively.
(See, c.g., [ 12, 14, 17] for more details.) Analogously, stability of invariant
maximal nonpositive subspaces is defined.

THEOREM 1.1. Let (T, A) be an accretive admissible pair.

(1) Assume that Ker A is T-nonnegative, ie., {Tg, g> =0 for all
geKer A. Then there exist a unique (T ~'A)-invariant maximal T-non-
negative subspace M., such that o(T ~'A| J,,+) is contained in the closed
upper half plane and a unique (T ~'A)-invariant maximal T-nonpositive sub-
space M _ such that o(T ~'A| , ) is contained in the closed lower half plane.
In fact,

M, =Ker T'A+ImP,, M_=Ny+ImP_.

Both M. and 4_ are stable.
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(i1) Assume that Ker A is T-nonpositive, ie., {Tg, g> <0 for all
geKer A. Then there exist a unique (T ~'A)-invariant maximal T-non-
negative subspace M, such that o(T ~'A| ) Is contained in the closed
upper half plane and a unique (T ~'A)-invariant maximal T-nonpositive sub-
space A_ such that o(T ~'A| , ) is contained in the closed lower half plane.
In fact,

My=Ny+ImP,, M_=KerT'A+ImP_.

Both . and M _ are stable.

(1) If KerA is T-indefinite, then there exist infinitely many
(T ~'A)-invariant T-nonnegative subspaces M. such that O'(T_IA|/,{+) is
contained in the closed upper half plane, as well as infinitely many
(T ~'A)-invariant T-nonpositive subspaces M_ such that o(T ‘4|, ) is
contained in the closed lower half plane. None of these is stable; more
precisely, for every subspace ., as above there exist y>0 and a sequence
{B,,} 2_, of accretive matrices that converge to A and such that
gap(M ., N\ )=ey for every T ~'B,,-invariant maximal T-nonnegative (or
T-nonpositive, as the case may be) subspace N, .

Proof. Let {X; 1, X, 15X, 41,15 X; 1} De a basis for the subspace
Ker T '4, and let {x, ,, .., X, ,} be vectors such that iT ~'Ax; ,=x; 1,
(k=1,..,r), and

span{x;, ;} . ;=Ker(T ~'4)%
Introduce the square matrices
CM = ({Txp 15 X510 )k, j=r 41
of order s —r and
CM2=(<Txk,la xj,2>)lrc,j:1
of order r. Now consider the sets in the complex plane:
N, ={{CMx,xy:0#xeC*"};
No,={{CM,x,x):0#xeC"}. (2.4)

We note (see [29, 31]) that both CM, and CM, are nonsingular and that
the sets N; and N, do not depend on the particular choice of the Jordan
basis in Ker(7T ~'4)% Moreover, CM, is hermitian, so N; = R.

Corollary 3.2.2 and Theorem 3.2.6 in [31] now tell us that there exists
a unique (T ~'A)-invariant maximal 7-nonnegative subspace .#, such that
a(T 4| ) 1s contained in the closed upper half plane if and only if there
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is a unique (7 ~'A)-invariant maximal T-nonpositive subspace .#_ such
that o(7 ~'A4|, ) is contained in the closed lower half plane if and only
if both 0¢ N, and 0 ¢ N,.

We shall show that the latter condition 0¢ N, is automatically fulfilled.
Indeed, observe that for k=1, ..., r we have Tx; | =idx,; ,, so

CM2=(<iAxk,2, xj,2>)2,j:1 .

Introduce X' = (x¥,---x},)*, define the nr x nr matrix o/ = @} _, i4, and
put Im .o/ = (o —.o/*)/2i for the imaginary part of /. Then CM,=
X*o/ X. Assume that 0 € N,; then for some x=0 we have {CM,x, x) =0.
Consequently, also

0=Im {CM,x, x> =Im{.o/ Xx, Xx) ={Im o/ Xx, Xx).

As Re A>0 also Im .« >0. Thus (Im.o/) Xx=0. Since Ker (Re 4)=
Ker 4 it follows that Ker(Im .«/)=Ker .«/, and therefore .o/ Xx=0. This
implies that CM,x = X*o/Xx=0, and as CM, is invertible we arrive at
x =0, which is a contradiction.

The former of the two conditions above, ie., 0¢ N, is equivalent to
Ker A being T-definite. Indeed, span{x, ,, .., x, ;} is the isotropic part of
Ker A (ie., Ker An (T ~'Ker A)*) and span{x, 1, .., x,} is T-non-
degenerate. If the latter subspace is indefinite then 0€ Ny; if it is definite
then 0 ¢ N;.

From [31, Corollary 3.2.2] (see also [29]) the uniqueness statements
now follow. Moreover, in that case the unique invariant maximal semi-
definite subspaces are stable under perturbations of 7" and A within the
class of pairs {(H, C): H= H* invertible, Re C >0}, so they are definitely
stable under perturbations of 7 and 4 in the class of accretive admissible
pairs. Part (iii) can also be derived easily from [31] (see also [28]). |

We shall say that the pair (7, 4) satisfies the numerical range condition
if 0¢ N,. When 4 is selfadjoint, the numerical range condition reduces to
the sign condition used in [26].

1.2. Stability of Solutions

In this section we first derive necessary and sufficient conditions on an
accretive admissible pair (7, 4) for (1.1)—(1.2) to have a unique solution.
We then go on to establish conditions under which such solutions are
stable under perturbations of T and A.

Let us first study the existence and uniqueness of solutions. Recalling the
definitions of P,, P,, and P_, the general solution of (Ti{) = — Ay is
given by

Y(x)=e T p,
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where & =1(0). The solution y/(x) is bounded for 0 < x < oo if and only if
helm P, + Ker 4.

The condition Q, Y(0)=¢ , amounts to Q_ , h=¢ .

PROPOSITION 1.2. The subspace Im P, + Ker A contains a (T ~'A)-
invariant maximal T-non-negative subspace.

Proof. This follows from the theory of dissipative operators in indefinite
scalar product spaces (see [29, 31]). |

Denote by Z, the set of all (T ~'A4)-invariant maximal 7-nonnegative
subspaces contained in Im P, + Ker 4. We consider the following two
cases.

Case 1. Im P, +KerdeZ,, ie., {(Tg, g> >0 for all geKer 4. Then
the map

Q.:ImP, +Kerd—>ImQ, (1.3)

is one-to-one and onto. Therefore, the boundary value problem (1.1)—(1.2)
has a unique solution given by

Y(x)=e T MW o, (14)

where W is the inverse of the map (1.3).

Case 2. Im P, + Ker A¢Z,. Then the map (1.3) is onto, but has a
nontrivial kernel. The boundary value problem (1.1)—(1.2) has infinitely
many solutions. To describe some of them, for every fixed .#, €Z,, a
unique solution is given by (1.4), where W, is the inverse of the map
Qi »>ImQ, .

We summarize our findings in the following result (cf. [10]).

THEOREM 1.2. Let (T, A) be an accretive admissible pair. Then the
boundary value problem (1.1)—(1.2) has at least one solution and the number
of linearly independent solutions of its homogeneous counterpart equals the
dimension of a maximal T-negative subspace of Ker A. Moreover, to each
maximal T-nonnegative subspace M, of Ker A+1m P there corresponds a
parametrized family of solutions  of the form (1.4), where W __ is the inverse
of the map Q : M, —>1Im Q. Thus (1.1)-(1.2) have a unique solution if
and only if Ker A is T-nonnegative.
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Next we study the stability problem. In the following stability result, we
will compare solutions of (1.1)—(1.2) for the accretive admissible pair (7, A)
to solutions of the boundary value problem

(TY) (x)= —AY(x), 0<x<+o0, (1.5)
lim O, f(x)=¢,, limsup [f(x)] < +o0, (1.6)
x—0 X — + o0

for the accretive admissible pair (7, 4). We will write hats for the corre-
sponding quantities for the pair (7, 4), often without further explanation.

A
i

THEOREM 1.3. Let (T, A) be an accretive admissible pair.

(1) Assume that Ker A is T-non-negative, ie., {(Tg, g> >0 for all
geKer A. Then for every ¢ >0 and x,> 0 there exists 6 >0 such that

— -1 —xT-14+% A
sup e T AW o —e T AW L b, | <e (1.7)
0<x<x)
whenever (T, A) is an accretive admissible pair and ¢ , is an initial vector
satisfying

lpr =@ I+ IT—T1 + | 4— A <0.

Here W, @, and W, ¢, are the values in x =0 of the unique solutions of
the boundary value problems (1.1)—(1.2) and (1.5)—(1.6).

(1) Assume that Ker A is T-non-positive, ie., {Tg, g> <0 for all
geKer A. Then for every ¢>0, xy>0, and maximal T-non-negative
(T ~'A)-invariant subspace M, of ITm P, + Ker A there exist >0 and a
maximal T-non-negative (T—'A)-invariant subspace M + of Im P + + Ker A
such that

gap(My, M )+ sup e T MW, o, —e T o | <e  (18)

O<xsx0

whenever (T, A) is an accretive admissible pair and ¢ , is an initial vector
satisfying

lo,—¢ | +IT—T|+|A4—All <o.

Here W,¢p,elmP, +Kerd and W,p,  elmP, +Ker A are the
values in x=0 of the unique solutions of the boyndary value problems
(1.1)~(1.2) and (1.5)~(1.6) with W, @, €M, and W, ¢, € M .

Proof. Theorem 1.1 contains the necessary results on the stable pertur-
bation of .#, to ./ , in the gap topology. The stable perturbation of the
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group e " uniformly in x on compact subsets of [0, +c0), is
immediate. So it suffices to prove the continuity of the maps W, when
perturbing 7 and A. But this is clear, because, as a result of the gap topology
continuity of .#, , the orthogonal projection of H onto ./, is stable under
perturbation and Q ,: .#, —Im Q_ is invertible with inverse W . |

Remark 1.1. In (1.7) and (1.8) we can replace supo<.<, Dy
SUPg<y<o- The proof of this result is slightly more complicated, in
particular in the case in which A4 is not invertible. Compare Lemma 3.3
below, where this is proved in a more general setting for the case where 4
is invertible.

2. SPECTRAL PROJECTIONS AND SUBSPACES

To facilitate formulating stability results and to stay in touch with the
terminology used in [ 19, 20, 26], we define an accretive admissible pair on
a Hilbert space H as a pair (7, A) of linear operators on H such that

(1) Tis a (possibly unbounded) injective selfadjoint operator,

(i1) A is a compact perturbation of the identity having positive semi-
definite real part, and the kernel of the real part of 4 coincides with Ker 4,

(iii) there exists «>0 such that Im(/—A)c<Im |T|*nD(|T|' %),
and

(iv) when 4 is not invertible, there exist projections P, and P} of the
same finite rank such that Im P, = D(|T|***) for some a >0, TP,= P} T,
AP,=P} A, and A[Ker P,]=T[Ker P,] =Ker P].

In [19, 20, 26] “admissible” pairs (7, B), where B=1— A (rather than
(T, A)), were considered.

In this section various spectral projections and subspaces of 7' ~'A4 are
introduced and their properties are derived. Here the technical assumptions
(iii) and the part Im P, = D(|T|*>**) for some o >0 of (iv) do not play a
role. Thus, throughout this section we assume that the pair (7, 4) satisfies
the conditions (i), (ii), and (iv), with Im P, = D(T) instead of
Im P, = D(|T|*>**) for some « >0 above. Under these conditions a three-
way decomposition of H into closed T ~'A4-invariant subspaces is obtained.

2.1. Spectral Decomposition if A Is Invertible

When A has a strictly positive selfadjoint real part, then 7 ~'4 does not
have any spectrum on the imaginary line. To verify this, compare with
Proposition 1.1, Part (2), and recall that 4 is a compact perturbation of
the identity, which shows that the same proof as in Proposition 1.1 can be
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used. For /he H, we then consider the vector-valued convolution equation
[ 15, Chap. 7]

i)~ [ T By TN A) Y(y) dy = B ~T =) b,

— o0

(2.1)

where 0 # x € R and

—e_’CTleJr:j e g(dt), x>0,
E(x, =T ') = °
0
_efxT—lQi _ _‘[ e—x/t O'(dl), x<()’

— 00

is the bisemigroup generated by —T ~! and o(-) is the resolution of the
identity of 7. The notion of a bisemigroup arises naturally in linear trans-
port theory (see [4, 9] and references in [9]). Equation (2.1) has a unique
solution in BC(H) := BC((—0,0]; H)® BC([0, + c0); H) that vanishes
strongly as x - + co. We denote here by BC([ 0, + o0); H) the set of H-valued
bounded continuous functions on [0, +o0). We define BC((—o0,0]; H)
analogously. We then define the bisemigroup generated by —7 ~'4 by

E(x; =T~ 'A) h=y,(x), 0#xeR,
and the spectral projections P, and P_ of T ~'4 by
Poh=y,(0%),  P_h=—,(07),

It is known [15, Lemma VIIL.2.1] that the constituent semigroups are
strongly vanishing as x - + oo, and that E(x; —T ~'4) —E(x; — T ') isa
compact operator for every xe R (and also for x=0%). Further, if T is
bounded, E(x; —T ~'A4) is an exponentially decaying bisemigroup in the
sense of [4].

Likewise, AT ~! also does not have any spectrum on the imaginary line,
and we can define the bisemigroup generated by —AT ~! in a similar way.
We introduce the spectral projections P'. and PT by

Pt h=+E0% —AT ") h,
and derive the relations

PLT=TP,,
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valid in the sense that P, leave D(T) invariant and on D(T) the above
relations hold. In a similar way we have

E(x; —AT Y)Y T=TE(x; — T ~'4), 0#xeR.

2.2. Spectral Decomposition if A Is Non-Invertible

When A has a positive semidefinite real part whose kernel is nontrivial
and coincides with Ker A4, the situation is more involved. For future use we
note the following easily verified fact:

ProPOSITION 2.1.  For every compression of A, i.e., operator of the form
noAny: Hy— H,, where ny is the orthogonal projection onto a (closed)
subspace H, of H, the kernel of myAmn, is contained in the kernel of A.

First let T be bounded. Consider the operator polynomial L(1)=A — AT.

PropPoSITION 2.2. L(A) is invertible for 0<|A|<e¢ for some ¢>0
(independent of 1).

Proof. We represent 4 and T as block operator matrices with respect
to the orthogonal decomposition

H=((Ker A) n (Ker T,)) ® ((Ker 4) n(Im T,)) ® (Ker A)*,

where T, is the compression of the operator 7 on the finite dimensional
subspace Ker A4:

00 0 0 0 T,
A = O 0 0 N T= 0 Tzz T23
0 0 A3 TikS T;‘S T33

In these formulas, the operators 45: (Ker 4)* — (Ker 4)* and
Ty ((Ker 4) n(Im Ty)) — ((Ker 4) n (Im 7))

are invertible and 75 is onto (i.e., surjective); the latter condition follows
because 7' is assumed to have a zero kernel. Using a Schur complement, it
is now easy to see that, for 1 #0, L(A) is invertible provided both A; — AT5;
and T,3(A; — ATs;) ~! T# are invertible. Since A4, is invertible, the inver-
tibility of A; — AT55 is guaranteed for 0 < |4| <¢ for & > 0 sufficiently small.
Consider the compression 45, of A5 on the subspace (Ker T'5)*. It is easily
seen that

dim(Ker T3)* <dim(Ker 4 n Ker Tj).
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It follows in view of Proposition 2.1 that 45, has zero kernel and, being a
finite dimensional operator, is therefore invertible. Thus, the invertibility of
Ti5(A5— ATs3) "' T for 0 < || <e is also guaranteed. ||

Let I" denote the positively oriented circle with center 0 and radius ¢,
where ¢ is taken from Proposition 2.2. Then the operators

1

2mi

1
f L)\ Td), — Pi=—— f TL()~" d)
r 2ni Jr

Py=
are projections of finite and equal rank such that TP,= P} T, AP,= P} A,
and A[Ker Py]=T[Ker P,] =Ker P} (see, e.g., [11, 30]).

If T is unbounded, we must assume the existence of projections P, and
P} of the same finite rank such that Im P,<D(T), TP,=P}T,
APy=P} A, and A[Ker P,] =T[Ker P,] =Ker P].

In either case all statements of Proposition 1.1 hold. This implies Im P,
=Ker(7T ~'4)* and Im P} =Ker(AT ~')% Hence Ker P, is invariant under
T~'4 and Ker P} is invariant under AT ~'.

To define a three-way spectral decomposition of 7 ~'4, we consider an
operator f on Im P, without any zero or purely imaginary eigenvalues. We
then define

AﬁzTﬁ_1P0+A(1—P0). (2.2)
Then with respect to the decomposition H=Im P, @ Ker P, we have
A ' T=BO (T Algerp) " (2.3)

In the following, we shall choose ! to be T-accretive, ie., f~'Py=T ~'X
for some accretive X, in order to get that 44 is T-accretive as well.

Observe that both terms in the decomposition (2.3) are bounded. It is
easily seen (using the fact that 4 — I is compact) that any point in the spec-
trum of 7~'4, on the imaginary axis must be an eigenvalue, and from
(2.3) it is then clear that T ~'4 s does not have a spectrum on the
imaginary axis. Next we consider the vector-valued convolution integral
equation

i) = [ T By =TI = Ag) (y) dy=Ex T ) b,

— o0

where 0#x€eR, he H, and we put E(x; —T ~'4z) h=y,(x). We then
define

E(x; =T 'A)=(I—xT ~'4) Py+ E(x, — T ~'dz)(I— Py),
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which does not depend on the particular choice of f. Further, we define
P, by

P, =EO0*; —T~'A)I—P,), P_=—EO0";—T"'A)I—P,).

2.3. Signs of Scalar Products on the Spectral Subspaces

Let H; be the complex Hilbert space obtained by closing D(7') with
respect to the scalar product {h, g> 7 =<|T|h, g>. Then the projections
Q. , which leave invariant D(T'), have unique extensions from their restric-
tions on D(T) to complementary orthogonal projections on H;. Then H
is a Krein space with respect to the indefinite scalar product

Chyg)r=<(Q+—=Q )N gz (24)

This scalar product satisfies {h, g>=<Th, g) for h, ge D(T).

Now note that i T ~'4 is dissipative in the Krein space H, in the
following sense: Im{i T ~'Ah, h) =Re{ Ah, h) >0 for every he D(T ~'4).
In analogy with a well-known result on dissipative operators [ 1], we have

ProposITION 2.3.  For every helm P, n D(T) we have + {Th, h) =0.

Proof. First let A be invertible and helm P, n D(T). Then y(x)=
E(x; —T~'A) h is the unique solution of the boundary value problem
(0.1)—(0.2) with ¢, = Q, h. Hence, using again that 4 — I is compact, and
hence that Re 4 has closed range, we have

< d
Chy = <Th(0), ¥(0)) = — lim . T ST (), Y(x) ) dx

¢c— + oo

=2 lim [ C(ReA)plx). p(x)) dv e |~ ()l dv >0

¢c— +o0

for some ¢ >0, where the expression vanishes if and only if #=0. So, we
even show here that if A4 is invertible, then Im P, n D(T) is uniformly
T-positive.

The proposition follows for noninvertible 4 by considering 4, and
helm P, and observing that E(x; —T’IA,,)h satisfies the boundary
value problem (0.1)—-(0.2) with boundary vector ¢, =Q , h.

Replacing 7' and Q. by —T7 and Q_ in (0.1) and (0.2), one gets the
analogous result for Im P_. |i

PrOPOSITION 2.4. The subspace Im P, is nondegenerate with respect to
the indefinite scalar product in H.
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Proof. Let helm P, satisty {(Th, g» =0 for every g e Im P,. Then Th is
orthogonal to Ker 4* and therefore Th = Af for some f. Then

2{(ReA) [, f5>=<Th, f>+ [, Th) =0,
so that (Re 4) f =0 and hence Th= Af =0, implying 7=0. ||

To complicate life, we introduce the three complementary projections
Py .. P, ,, and P_ _ reducing T~'4* and their counterparts P{ ,,
PT, ,, and P'__ reducing A*T ~'. Then we have the following adjoint
relations:

(Po)*=Pj . (P,)*=P]

+, %

+ (P_)*=P!
(PO*=Po ., (PL)*=P,,, (PL)*=P

s

— %

ProposiTION 2.5. Put M, =[ImP_ ,®@ImQ,]1nIm P, and M_=
[ImP, . ®@Im Q_]1nImP,. Then 4. is a strictly positive subspace of
Im Py, and M _ is a strictly negative subspace of Im P with respect to the
indefinite scalar product of Hy. Moreover,

[, "KerA1®[AM_ nKer A]® Ny=Ker 4, (2.5)

and hence [ M, nKer A1 ® N, is a maximal positive and [ M_ nKer A1@
N, is a maximal negative subspace of Im P, which is contained in Ker A.

Proof. One immediately sees that {T7f, g>=0 for felm P, and
gelm P__, because in that case 7f e Im P{=[Ker P, ,]* <[Im P_ 1"

Now let f'e.#,. Then there exist unique geIm P_ , and helm Q
such that /=g + h. Then, as feIm P,

0<<Th, hy =<Tf, /> +<Tg. &,

where (Tg, g> <0 (see Proposition 2.3). Thus <{Tf, f> >0. Further,
(Tf, f>=0 1implies {Th,h) ={(Tg, g> =0 and hence, applying the
Cauchy-Schwartz inequality on Im Q, and Im P_ ., which we can do by
Proposition 2.3, we have g=h=0, implying f=0. Therefore .#, is a
strictly positive subspace of Im P,. Similarly, .#Z_ is a strictly negative
subspace of Im P,. As a result, .4/, n.#_={0}.

We now compute

(T[M, nKer AD*=[(Im PT )" n(Im Q)" ]+ (Ker A*T ~1)*
—[(KerP_ )nIm Q_1+ImT 4
=[(KerP_)nIm Q_]+ N, ®Ker P,
=_ DN, ®Ker P,
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where .#/_ @ N, is a negative subspace of Im P,. As a result, we obtain

25). 1

When 4 is positive semidefinite, the situation simplifies because one can
prove that (T[.#, 1) =.#_ & Ker P,, which makes ./, into a maximal
strictly positive (and .#_ into a maximal strictly negative) subspace of
Im P, (see [15, 19]). However, the crux of the matter is proving that
Ker 4 contains both a maximal positive and a maximal negative subspace
of Im P, and this can be accomplished also if 4 only has a positive semi-
definite real part whose kernel coincides with Ker 4.

Let us now find the adjoint of the operator A, defined by (2.2). First
of all, A(I—P,) has adjoint A*(I— P, ,). Writing St*} for the unique
operator on Im P, , such that {TBhy, go 4> =< Thy, ft*1g, > for all
hyelm Py and g, , €Im P, ., we get

(Ag)*=(A*)pa=A*I— Py, o)+ T(fNH)7'P .

We now easily see that 4, has a positive semidefinite real part if and
only if

Re{ TR~ 'Pyh, h)y =0,
ie., if and only if T8~ 'P, has a positive semidefinite real part (in H). This
is equivalent to requiring that T(Bt*1)~'P, . has a positive semidefinite
real part. This occurs, for instance, if f§ is a positive operator on Im P, with

respect to the indefinite scalar product { f, g>=<Tf, g>.

2.4. Spectral Decompositions in an Extended Hilbert Space
First let 4 be invertible, and put

V=Q,P,.+Q_P_, Vi=o Pt +0_PT . (2.6)

Then V[ D(T)] =D(T) and TV = V'T. Also, using the scalar product (2.4)
on the extension space H; of D(T) we obtain

(Vhkyy=<h, Vk>,  hkeD(T),
where V=(Q, —Q_) V{(Q, —Q_). With the help of the identity
2V=I1=(Q,—=Q_)(P,—P_),
we easily obtain the important identity

2<Vh’ g>|T|:<hag>|T|+<h7g>|S|a hageD(T)a (27)
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where

Chy g1 =<T(P,—P_)h, g} (2.8)

The following result is due to Beals [2] when A is positive semidefinite.
For this case the present proof has been given before in [15].

PROPOSITION 2.6. Let A be invertible. Then (2.8) can be extended to a
positive semi-definite scalar product on Hp that is equivalent with (-, ),z
Moreover, V extends to a boundedly invertible, positive selfadjoint operator
on Hy.

Proof. Let us equip D(T) with the graph scalar product

Then the intertwining relation V[D(T)] < D(T) and TV = VT and the
boundedness of V and VT on H imply that V is bounded with respect to
the norm induced by (2.9). Putting V=(Q, —Q _)(VH*(Q, —0_), we
see that

Vhy gy iy=<h,Vg>z, h geD(T),

while Vg= Vg for every geD(T). According to a well-known result by
M. G. Krein [ 18], V extends to a bounded linear operator on H ;. Moreover,
as a result of (2.7), V is positive selfadjoint on H ;. Its invertibility on H
follows from the inequality ||[VA|,r =3 |h|,z for every he Hy (cf. (2.7)).
Since 2P, —I=1-2P_=P,—P_=(Q,—0Q_)2V—I) on D(T), the
projections P, and P_ extend to bounded projections on H, and P, —
P_ is invertible. As a result, 2} —1 is strictly positive selfadjoint on H;
hence, by (2.7), the scalar product (2.8) extends to a positive semi-definite
scalar product on H that is equivalent to (-, -);z. |

When 4 is not invertible, by using the operator 44 defined by (2.2) with
S an invertible operator on Im P, that is T-positive, as well as the spectral
projections of T ~'4 5> one easily proves that P, P_, and P, extend to
bounded projections on H ;. The solutions of the boundary value problems
(0.1)-(0.2) can then be extended to H;, where ¢, €e Q [H;] and ¢_ €
QO_[Hz]. Asin [2] for positive semidefinite 4, these results can be shown
to hold under the sole assumptions that T is injective selfadjoint, A4 is
accretive and bounded and has closed range, and, when A4 is not invertible,
there exist projections P, and P} of the same finite rank such that
Im Py = D(T), TPy=P) T, APy=P} A, and A[Ker Py]=T[Ker P,] =
Ker P} .
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3. STABILITY PROBLEM: THE INFINITE-DIMENSIONAL CASE

This section is devoted to the stability problem for accretive admissible
pairs (7, A) on an infinite dimensional Hilbert space H. First we consider
the case where A is invertible. Next, exclusively for pairs (7, A) with T
bounded, we reduce the infinite dimensional stability problem to a finite
dimensional stability problem. The latter is dealt with using the results of
Section 1.

3.1. Stability Problem for (T, A) with A Invertible

Given an accretive admissible pair (7, A) on H, with A invertible, we
consider the convolution equation

W)= [ TRy —T I — A ) dr=ox),  xeR (1)

— 00

Then the integral operator %, 4, appearing in (3.1) is bounded in any of
the Banach spaces L,(R; H) (1 <p < + o), the Banach spaces of strongly
measurable H-valued functions, and BC,(H) with norm bounded above by

foo I T—E(x; —T ~)(I—A)| dx, (32)

— o0

where the norm under the integral sign is the operator norm on H (see
[15]).

Let (7, A) be an accretive admissible pair on H where A=1—1B is
invertible. Then (3.1) is uniquely solvable in any of the Banach spaces
mentioned above, in particular in BC,(H). In fact, one can find an explicit
expression for the inverse by either applying Fourier transformation plus
simple algebra or reducing the integral equation to a vector-valued
differential equation in the case of a strongly continuous w with a jump
discontinuity in x =0 and with values in D(T) such that Tw has a strong
derivative in BC,(H), followed by a continuous extension of the solution
formula obtained. The unique solution is given by

V() = o(x) +j°° T—"AE(x—y; —T~'A) A~'Bw(y) dy

— 00

za)(x)+ro T 'E(x—y, —AT ~Y) Bw(y) dy.

— o0
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From (3.2) it follows [5, 13] that

f IT~'E(x; —AT ~") B dx < + 0.

— 0O

As a result, in any of the above Banach function spaces we have

I =L a) =11 | 1T E(x; —AT ) Bl dx < + 0.

ProrosiTiON 3.1.  Let (T, A) be an accretive admissible pair on H where
A =1— B is invertible. Then for any accretive admissible pair (T, A) for
which

§°° |T—'E(x; —T~"YB—T""E(x; —T") B| dx

1+[=, [T E(x; —AT ') B| dx <L (33)
the operator A =1— B is invertible, while
”(I_ZTA))_I_(I_ZTJ))_IH
[1+[ T B AT -9 Bldx| . (34)

Proof. Let us write & =%+ 4 and P = L, A and let us write (3.1)
and the analogous equations for the pair (7, 4) in the form

{lﬁ - LY=o,
V-2 =a
Then for | £ — Z| < |(I— %)~ ! the operator /— % is invertible and
we have the well-known estimate

(3.5)

1L —=2|1U-2)""
=2 =2 (I-2)7"

IU=2) ' = =2)71] < I(1=2)~".

Using the various upper bounds for the norms appearing in the right-hand
side we obtain (3.3) and (3.4). ||

We now derive an easy perturbation result if 4 =7— B is invertible
and only A4 is perturbed. Clearly, the (7-dependent) norm B»—>j°foo
|T ~YE(x; —T ~') B| dx is weaker than the usual operator norm. Indeed,
for every he H we have

jw T—'E(x—y; —T~')Bhdy=Bh, xeR.

— 0
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As a result,

in<( |

— o0

IT ~'E(x; =T ") B|| dy> |2, heH,

which proves the assertion.

THEOREM 3.1. Let (T, A) be an accretive admissible pair on H where
A=1—B is invertible. Then for any accretive admissible pair (T, A) for
which

J | T 'E(x; =T ~Y)[B—B]| dx<1 +J T ~'E(x; —AT ~1) B|| dx,
we have the estimates
A/
(14+&—-A)1+&)°
A/
(1+&=-a)1+6)°

|Py—P.|<

IE(x; =T ~'A)— E(x; — T ~'4)| <

0#xeR,
where

a=[" T Ee T OB~ B]| dx.

— o0

g:jw T —E(x; — AT ") B|| dx.

— 0

Proof. The theorem follows immediately from Proposition 3.1, when
taking w(x)=FE(x; —T ")/ as in (2.1) and observing that w has norm
]l in BC(H). |

Following the terminology of [ 26], a family of accretive admissible pairs
{(T, A): Ae o/}, where </ is a set of operators A that satisfy conditions
(i1), (iii), and (iv) of Section 2 (for the same 7'), is called uniform if there
exists a common a > 0 such that

ImB<Im |T|*nD(|T|?**), A=I—Bed, (3.6)
and there exists a finite constant x (not depending on A) such that

max(|[| 7]~ BIl, || T1***Bl)<p, A=I-Bed. (3.7)
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In that case, for any ye (0, a), A €., and he H we have the estimates

[TV Bl < || T) == Bhjl 7« | Bh) <=,
(3.8)
| |T|2+y éh“ < |T|2+oc B‘h”(2+y)/(2+oc) |‘éh“(a_w/(2+a)-

To obtain (4.9), write
117177 BRI = [ 1172 Cotdr) Bh, Bhy
. R y/o
< U (1112 {o(dr) Bh, Bh>}

. . 1—yp/a
x “ 19@=1 o(dt) Bh, Bh>}

where Holder’s inequality was applied to [ |¢| =% <a(dt) Bh, Bh)y, and
analogously

[T+ Bhi = [ |o)**><a(dr) Bh. B>

L 1eenere
< U (|¢]#+2)@+2/C+D ( o(dr) Bh, Bh)}

(e
x“ 1@+~ ¢ 5(dr) Bh, Bh)} .

Estimates (3.8) can be employed to derive from Theorem 3.1 the following
corollary:

COROLLARY 3.1. Let (T, A) be an accretive admissible pair on H where
A=1I—Bis invertible. Let {(T, A): Ae s/} be a uniform family of accretive
admissible pairs and let o€ (0, 1) be the constant in (3.7). Then for every
ce(0,a/(2+a)) there exist constants 0 >0 and M only depending on (T, A)
and c such that

|P.—P,||<M|B—B|
IE(x; =T ~'4)—E(x; =T 'A)| <M ||B—B|°, 0#xeR,

whenever A e </ and |A— A|| <0.
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Proof. For y=(1—c)a, (3.7) and the first part of (3.8) can be applied
yielding

1T~ E(x; =T~ H[B—= Bl <(u)' = IT| "+ E(x; =T~ )| | B—BJ
(3.9)

In a similar way, (3.7) and the second part of (3.8) with y=(1—c¢) a—2c
imply

IT~'E(x; =T~")[B—B]|

ST P09 By =T BBl (3.10)

Using (3.9) for 0 < |x| <1 and (3.10) for |x| > 1 to estimate the quantity A’
appearing in the statement of Theorem 3.1, Corollary 3.1 is immediate. ||

So far we have only allowed perturbations of 4 while leaving T
invariant. When both 7 and A are varied, we must derive suitable
continuity properties of w(x)= E(x; —T ~')h as T varies [cf. (3.5)]. To
formulate the crucial Lemma 3.1 below, we need the concept of generalized
convergence of densely defined closed operators, which is based on the
norm

o(T, S) = gap(G(T), G(S)),

where G(T') and G(S) are the graphs of 7" and S and gap denotes the gap
between closed subspaces of H@® H (cf. [12, 14, 17]). When T (and hence
T*) is a closed and densely defined operator on a Hilbert space H, we find
for the orthogonal projection of H® H onto G(T)

o (I+T*T)"'  (I+T*T)"' T*
DT T+ T*T)™" TU+T*T)~'T*|

Thus restricted to the algebra of bounded operators, generalized con-
vergence is equivalent to convergence in the norm [ 17, Theorem IV.2.13].
Moreover, for two selfadjoint operators 7" and 7,

gap(7, T)

3 (I+TH'—U+TH' TU+TH'—TU+T*!
_HT(HTZ)—I—f(HTz)—I —(I+T2)_1-|—(I+T2)—1}
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LemMA 3.1. Let T, and T be injective positive selfadjoint operators on H,
and let T, converge to T in the generalized sense. Then

im [[E(x; =T, ") —E(x; —T~")]1h|=0, heH,

uniformly in 0 #x e R. When T is boundedly invertible, we have

lim [|E(x; =T, Y)—E(x; =T Y[ =0, (3.11)

n
n— oo

uniformly in 0 #xeR.

Details of the proof of this lemma are given in the appendix. The lemma
follows essentially from variants of either [17, Theorem IX.2.16, or from
[25, Theorem II1.4.27]. The precise variation that we need of the latter
theorem is stated and proved in the Appendix.

We now immediately have the following result.

THEOREM 3.2. Let (T, A) be an accretive admissible pair on H where
A=1—B is invertible. Then for any accretive admissible pair (T, B) for
which

AT, A) (T, A) = T B —T =) B~ T~'B(x; ~T) B dx

— 00

and gap(T, T') are small enough, and for every he H there exists a constant
C=C(h) such that

H[P P 1h|<Clgap(T, T)+ AT, A), (T, A))1,
I[E(x; —T ~'4) — E(x; A)1h| < CLgap(T, T)+ A((T, A), (T, 4))],
where 0 # x e R.

Proof. Under the hypotheses of Theorem 3.2, there exists for every
he H a constant C' (depending on /) such that

=@ | pe.en < C'gap(T, T),

where w,(x)=E(x; —T ') h and &,(x)=E(x; —T~')h. Theorem 3.2
now follows directly from Theorem 3.1. |

COROLLARY 3.2. Let (T, A) be an accretive admissible pair on H where
T and A =1— B are boundedly invertible. Then for any accretive admissible
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pair (T, A) for which |T—T| + |B—B| is small enough, there exists a
constant C such that

1P =P I<CLIT-TI+B- B,

|E(x; =T ~'4)— E(x; =T ') < CLIT— T+ |B— B,

where 0 # x e R.

Proof. When T is invertible and ||T— 7| < (1/|T "), (3.11) is true
and hence the right-hand sides of (3.5) satisfy

HCU—C?)HBC.(H)<C’ IT—T|

for some constant C’. Further, if 7 is invertible and hence also 7' for
|T—T| <(1/||T ~Y), we easily derive that

[T B =T = Py — T dx< O | T T

— 0

for some constant C”. The corollary now follows easily by using (3.3)
and (3.4). |

3.2. Reduction to a Stability Problem of Finite Dimension

In this section we will generalize Theorem 3.1 and Corollary 3.1 to
accretive admissible pairs (7, 4) where 4 =1— B is not necessarily invert-
ible. In that case the convolution integral equation is not uniquely solvable.
Thus the simple arguments used to derive the results of Subsection 3.1
can no longer be applied. Moreover, we confine ourselves to accretive
admissible pairs (7, A) with bounded T to avoid perturbing the spectral
projection P, of T ~'A4 corresponding to a nonisolated zero eigenvalue.

Let (T, A) be an accretive admissible pair in H for which 4 =1— B is not
invertible and 7 is bounded. Let I" be a simple positively oriented Jordan
contour enclosing zero such that the rest of the spectrum of 7 !4 is con-
tained in the exterior domain of /. Then there exists ¢ >0 such that I
separates the spectrum of 7 ~'A4 for all accretive admissible pairs (T, A),
with A =1— B, for which |B— B| <e. Put

5 1 P \ _1 s T _ 1 —1
Pr=—s_ L(A—AT) Td, Pl=—— jFT(A—AT) d,
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thus generalizing P, and P} . Then P, and P are projections of finite and
equal rank such that

TP, = PLT,  AP,=PLA,  and
A[Ker P;.] = T[Ker P.]=Ker P};
see, e.g., [ 11, 30].
ProrosiTiON 3.2.  Let (T, A) be an accretive admissible pair where T is

bounded, and let M,=max,_, |(A—AT)~"|. Then for every accretive
admissible pair (T, A) satisfying |B— B|| <(1/M ) we have

((I) M7 |T| |B—B|

max (|| Po— Pr|, | P§— Pl|) < —,
T T (1= M |B—B))

where £ (I') is the length of I
Proof. The proof is immediate from the estimate

|(4—=2T)""1* | B—B||

(A=2T) "' = (4=2T) 7" < 1 —
L= (4=2D)""| | B~ B]

which is valid if |B— B| < (1/M,). |

We now reduce the stability problem to a stability problem on the finite
dimensional space Im P,. First we choose an arbitrary operator ﬁ on
Im P, without zero or purely imaginary eigenvalues and modify the
accretive admissible pair (7, A) by putting

Aﬁ:Tﬁ_lpr+A(1—ﬁF)a éﬁ*:I—/I/;,
Then we have the decomposition
AF' T=F® (T "Alxers,) "

and hence T~'4 4 does not have zero or purely imaginary eigenvalues. We
then obtain

E(x; =T 'A)=e T P+ E(x, —T ~'Az)(1— P}),

which does not depend on the particular choice of f and where the group

e~*T"'4 i5 defined on a finite dimensional subspace of H. We then have

P, (I-Pp)=EO0*; —T'A)I-P)),
P (I—P))=—E0; —T 'A)I—P,).



504 VAN DER MEE, RAN, AND RODMAN

Since f can be chosen in such a way that (7, 4 4) 1s an accretive admissible
pair on H with A; invertible, Theorem 3.1 and Corollary 3.1 can be
applied. As a result, we have

ProposITION 3.3. Let (T, A) be an accretive admissible pair on H where
A=I1—B is not invertible and T is bounded. Then for any accretive
admissible pair (T, A) for which

A’:j 1T 'E(x; —T Y[ B— B]| dx
is small enough, there exists a constant C such that
{|Pi —PL(I-Pp<cCa,
|E(x; =T ~'A)(I—Po) —E(x; =T 'A)I—Pp)| < CA',

where 0#xeR. Moreover, if {(T,A): Ae.</} is a uniform family of
accretive admissible pairs and o is the constant in (3.6), then for every
ce (0, /(24 a)) there exist constants 6 >0 and M depending only on (T, A)
and c such that

IP,—P (I-P)|<M|B-B|
|E(x; —T ~'4)I— Py)— E(x; — T 'A)I— P,)| <M |B— B,
whenever 0£xeR, Ae .o/, and |B— B| <.

We have now taken care of the stability issues involving the complement
of the finite dimensional spaces Im P, where P, is Lipschitz stable under
perturbations of B and tends to P, as B tends to B. We now exploit the
stability of the family of subspaces Im P} to reduce the remaining stability
issue to a stability problem on the finite-dimensional subspace Im P,,.

If

. 408 -!
1881 <| atp 12011 (14 520071 )|

then |[Py,— P, || <1/|2P,—I|| and hence |I— V| <1, where
Vi=PoPr+(I—Po)I—Pp).

Indeed, I— V,=(2P,—I)(Py— P,). Then the invertibility of ¥, implies
that

Im P,y ®Ker P,.=Ker P, @ Im P, = H.
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We now define the families S, and H, of operators on Im P,:

Sr= VF(T_I/ihmﬁr) V;l’

(3.12)

<HFh9g>=<TV;lha V;1g>5 ha geImPO'

Then H is an invertible selfadjoint operator on Im P,, while
CHrh, gy =<{TV'"h, V'g>,  h gelm Py, (3.13)

is a nondegenerate indefinite scalar product on Im P,. Moreover,
Re{HSyh by =Re{ AV 'h, Vi'hy =0,  helm P,.

Hence iS is dissipative with respect to the scalar product (3.13). Putting
Ap=H/ S, we immediately have

LemMA 3.2.  The pair (Hp, Ay) is an accretive admissible pair on Im P,,.
Moreover, {Tg, g> is positive (zero, negative) on Ker A if and only if, for
h="Vrg, (Hph, by is positive (zero, negative) on Ker A .

The following result is immediate from Theorem 2.4, Proposition 3.3,
and Lemma 3.2. We leave its detailed proof to the reader.

THeEOREM 3.3. Let (T, A) be an accretive admissible pair on H where T
is bounded and A is not invertible. Then the following statements are true:

(1) Let Ker A be T-nonnegative, ie., {Tg, g> =0 for all geKer A.
Then there exist a unique (T ~'A)-invariant T-nonnegative subspace .
given by Ker T ~'A 4+ 1Im P, and a unique (T ~'A)-invariant T-nonpositive
subspace . _ given by No+Im P_. Moreover, for every ¢ >0 there exists
5> 0 such that for all accretive admissible pairs (T, A) on H satisfying

jw 1T E(x; —T Y[ B—B]| dx<0o (3.14)

— 00

there exist a unique (T ~'A)-invariant T-nonpositive subspace M _ given by
No+1Im P_ and a unique (T ~'A)-invariant T-nonnegative subspace A +
given by Ker T ~'4 +Im P satisfying

gap( My, M ;) +gap(M_, M _)<e, (3.15)

where N, denotes the T-isotropic part of Ker A.

(i1) Let Ker A be T-nompositive, ie., {Tg, g> <0 for all geKer A.
Then there exist a unique (T ~'A)-invariant T-nonnegative subspace M.
given by Ny +1Im P and a unique (T ~'A)-invariant T-nonpositive subspace
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M given by Ker T~'A 4+ Im P_. Moreover, for every e>0 there exists
0> 0 such that for all accretive admzsszble pairs (T, A) on Hsatlsfymg (3.14)
there exist a unique (T ~'A)-invariant T-nonnegative subspace ./ , given by
No+Im P, and a unique (T ~'A)-invariant T-nonpositive_ subspace M
given by Ker T—'A+1Im P_ satisfying (3.15), where N, denotes the
T-isotropic part of Ker A.

3.3. Stability of Solutions

In this section we combine the results of the previous sections to arrive
at stability results for solutions of (1.1)-(1.2). We assume throughout the
section that (7, A) is an accretive admissible pair on H satisfying either of
the following sets of assumptions:

(i) A is invertible, and T may be either bounded or unbounded,
(i1) A is not invertible, but 7 is bounded.

In the second case, we shall say that (7, 4) satisfies the positive
(negative) numerical range condition if {Tg, g> is nonnegative (non-
positive) for every g e Ker 4, respectively. We say that (7, A) satisfies the
numerical range condition if (Tg, g> does not change sign for g e Ker 4.
From Lemma 3.2 it is clear that the perturbed accretive admissible pair
(T, A) satisfies the positive (negative) numerical range condition if and
only if the pair (H, A) satisfies the positive (negative) numerical range
condition, and that (7, A) satisfies the numerical range condition if and
only if (H,, A) satisfies the numerical range condition.

Recall that the solution of (1.1)—(1.2) is given by

Y(x)=e TP h+ Poh=e T '"A(P, + Py) h,

where heKer 4 and Q (P, +Py) h=¢.,.

Our first result focuses on existence and uniqueness of the solution. To
formulate it, in analogy with the finite dimensional case, we denote by Z ,
the set of all closed (7 ~'A)-invariant maximal T-nonnegative subspaces
contained in Im P + Ker 4 and consider the following two cases.

Case 1. ImP, +KerdeZ,,ie, {(Tg, g> >0 for all geKer 4. Then
the map (1.3) is one-to-one and onto. Therefore, the boundary value
problem (1.1)—(1.2) has a unique solution given by (1.4), where W is the
inverse of the map (1.3).

Case 2. Im P, +KerA¢Z . Then the map (1.3) is onto, but has a
nontrivial kernel. The boundary value problem (1.1)—(1.2) has infinitely
many solutions. For every fixed .#, € Z_,, a solution is given by (1.4),
where W is the inverse of the map Q,: . #, - Im Q.
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THEOREM 3.4. Let (T, A) be an accretive admissible pair on H. Then the
boundary value problem (1.1)—(1.2) has at least one solution and the number
of linearly independent solutions of its homogeneous counterpart equals the
dimension of a maximal T-negative subspace of Ker A. Moreover, to each
maximal T-nonnegative closed (T ~'A)-invariant subspace ./, of Ker A +
Im P, there corresponds a parametrized family of solutions \ of the form
(1.4), where W is the inverse of the map Q,: #,—1Im Q. Thus
(1.1)~(1.2) has a unique solution if and only if (T, A) satisfies the positive
numerical range condition.

Next we study the stability problem. In the following stability result, we
will compare solutions of (1.1)—(1.2) for the accretive admissible pair (T, 4)
to solutions of the boundary value problem (1.5)—(1.6) (with 7 and Q,
instead of 7"and O, ) for the accretive admissible pair (T, A). We will write
hats for the corresponding quantities for the pair (7, A), often without
further explanation. First we deal with the comparatively easy case when A4
is invertible.

Lemma 3.3  Let (T, A) be an accretive admissible pair on H where A is
invertible. Then for every ¢ >0 there exists 6 >0 such that

sup e T MW o, —e T AW o, | <e

0<x<+w

whenever (T, A) is an accretive admissible pair on H and ¢ , is an initial
vector satisfying

lps =@, +] 1T Ex —T~H[B—B]| dx <.

Proof. Theorem 3.1 gives perturbation results on the bisemigroup
E(x; —T ~'A4) and the spectral projection P . Further, we have

W,=[0,P,+0_P_17'0Q,, W,=[0,P,+0_P_17'0,,
from which the lemma follows. ||

The following result is easily obtained using Theorem 1.3, Proposition 3.3,
and Lemmas 3.2 and 3.3. We leave its proof to the reader.

THEOREM 3.5. Let (T, A) be an accretive admissible pair on H.
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(1) Assume that Ker A is T-nonnegative. Then for every ¢>0 and
Xo >0 there exists 6 >0 such that

— -1y _ —-14+% A
sup e ™ AW o, —eTT AW p|l<e
0<x<x)

whenever (T, A) is an accretive admissible pair and ¢ , is an initial vector
satisfying

g =@ |l +114—A| <.

Here W, @, and W, ¢, are the values in x =0 of the unique solutions of
the boundary value problems (1.1)—(1.2) and (1.5)—(1.6).

(i) Assume that Ker A is T-nonpositive. Then for every ¢>0, x,>0,

and maximal T-nonnegative subspace M, of Ker A there exist 6 >0 and a
maximal T-nonnegative subspace ./ . of Ker A such that

gap(ImP, + .4, , Im P, + .4 ,)

+ sup ‘|e_XT71AW+(p+_e_XTil[iW-r@-rH<6

0<x<x,

whenever (T, A) is an accretive admissible pair and ¢ , is an initial vector
satisfying

g — ¢l +114—A| <.

Here W, @, elm P, +Ker Adand W, ¢, eIm P, + Ker A are the values
in x=0 of the unique solutions of the boundary value problems (1.1)-(1.2)
and (1.5)~(1.6) with W ¢, e M, W, el .

We remark that in the case T is bounded we can replace supg <, <y, in
both parts of the theorem by supy . ... This is based on Lemma 3.3 and
the remark following Theorem 1.3. The case where A is non-invertible only
involves technicalities which are more difficult than for the case where A4 is
invertible, and requires 7 to be bounded. We leave the details to the
interested reader.

APPENDIX A

In what follows, we denote by R(A: A) =(Al— A)~! the resolvent of an
operator A.

THEOREM A.l. Let A, A, be the generators of the strongly continuous
contraction semigroups T(t) and T,(t) of linear operators on a Banach space
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X, respectively. Assume that S(‘,’o |T(2) z|| dt is finite for every ze€ D(A). Then
the following are equivalent:

(a) For every x € X and for a fixed Ae C with Re >0, R(1: A4,) x—
R(Z:A)x as n— 0.

(b) For every xe X and t 20, T,(t) x — T(t) x as n — o0.
Moreover, the convergence in Part (b) is uniform in t€ [0, + o).

Proof. We start by showing that (a)=-(b). Fix x € X and consider

I(T(1) = T(2)) R(Z: A) x| < | T,(1)(R(A: A) = R(4: 4,)) x|
+ [|R(4: A,)(T,(1) — T(1)) x||
+I(R(4:4,)—R(A: A4)) T(1) x|

=D, +D,+D. (A1)

Since ||T,(¢)]| <1 for =0 it follows from (a) that D; -0 as n— o
uniformly on [0, + o).

We consider next D;. First observe that the contractivity and strong
integrability of 7'(¢) imply

lim | 7(¢) x| =0
t— oo

for every xeX. Since the function s— 7T(s/(1—s))x extends to a
continuous function from [0, 1] into X, the set {7(¢)x:0<r< oo} is
relatively compact in X. Since the strong convergence as described in (a)
holds uniformly on (relatively) compact subsets of X, it follows that D; — 0
as n — oo uniformly on [0, c0).

Finally, using Lemma II1.4.1 of [25] with B= A4, we have

IRG:: A,)[ T, (1) = T(1)] R(.: 4) x|
< [Tt =) ILRG:: )= RU: 4,)1 TUs) ] ds
<wa I[R(.: A)— R(A: A,)] T(s) x| ds. (A2)

The integrand in the right-hand side of (A.2) is bounded by 2 | x|/(Re 4)
and it tends to zero as n— c0. By Lebesgue’s dominated convergence
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theorem, and assuming in addition that x € D(A4), the right-hand side tends
to zero as n — oo and therefore

lim [|[R(A: A)[T,(t)—T(t)] R(.: A) x| =0, (A3)

n— oo

and the limit in (A.3) is uniform on [0, 4 c0). Since every x € D(A?) can be
written as x=R(4: A) y for some ye D(A) it follows from (A.3) that for
xeD(A?), D, =0 as n— oo uniformly on [0, +o0). From (A.l1) we then
deduce that for x e D(A43%)

lim [[(7,(z) = T(z)) x| =0 (A4)

n— oo

and the limit in (A.4) is uniform on [0, +o0). Since ||T,(z)— T(¢)| are

uniformly bounded on [0, +o0) and since D(A4%) is dense in X, it follows

that (A.4) holds for every x € X uniformly on [0, + c0) and that (a) = (b).
Assume now that (b) holds and Re A>0. Then

[R(A:4,)x—R(A:A4)x|| < foo e~ ReDL\(T (1) —T(1)) x|| dt.  (A.5)
0

The right-hand side of (A.5) vanishes as n— oo by (b) and Lebesgue’s
dominated convergence theorem and therefore (b)=(a).

Note that the implication (a)=-(b) holds for every xe X for which
T(-) x is integrable on [0, c0). Notice also that the equivalence of parts (a)
and (b) holds for subsets F of vectors x € D(A4) that are orbit closed in the
sense that F={T(t) x:xe F,1>0} = D(A).

Proof of Lemma 3.1. We first show that the conditions of the theorem
above are satisfied in our case. As T=T7T%* and T,= T} the semigroups
E(x, =T, "0, . (for x>0)and E(—x, T, ") Q, _ (for x<0) as well as
E(x, —T~Y Q. (for x>0) and E(—x, T ~') Q_ (for x<0) are contrac-
tion semigroups.

To get the integrability condition, when T is bounded | E(x; —T ~1)| is
exponentially decreasing as x — + oo and in that case Lemma 3.1 follows
directly from Theorem A.l. When T is unbounded, the vector x in the
proof of the transition (a) = (b) of the theorem above should be taken in
the range of o(FE), where o(-) is the resolution of the identity of 7 and E
is bounded. Note that the set of such x is orbit closed. Under these condi-
tions 7(s) x (still in the notation of [25]) is exponentially decreasing and
the theorem of dominated convergence can be applied to prove (A.3)
above, which implies (A.4) uniformly on [0, + c0). Moreover, for such x
we can prove as above that D; — 0 uniformly on [0, c0) as n — c0. When
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is boundedly invertible, the bisemigroups involved allow a Cauchy
tegral representation over a contour enclosing the spectrum of 7" and 7,

(for n large enough) in either the right or the left halfplane. In that case,
(3.11) is immediate.

Finally, condition (a) of the theorem above is satisfied under the

assumptions of Lemma 3.1. Indeed, the graph of T (respectively, of T,) is
the same as the graph of the resolvent of 7" (respectively, of T,,). Thus con-
vergence in the generalized sense implies convergence of the resolvents. So
we can apply Theorem A.l to prove Lemma 3.1.
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