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Dichotomous Hamiltonians with unbounded entries
and solutions of Riccati equations
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Dedicated to Rien Kaashoek on the occasion of his 75th birthday

Abstract. An operator Riccati equation from systems theory is considered in the case that all entries of
the associated Hamiltonian are unbounded. Using a certain dichotomy property of the Hamiltonian and its
symmetry with respect to two different indefinite inner products, we prove the existence of nonnegative and
nonpositive solutions of the Riccati equation. Moreover, conditions for the boundedness and uniqueness of
these solutions are established.

1. Introduction

In this paper, we prove the existence of solutions of algebraic Riccati equations
A*X+XA+XBX—-C=0 €))

on a Hilbert space H where all coefficients are unbounded linear operators and B, C
are nonnegative. Riccati equations of this type, and in particular their nonnegative
solutions, are of central importance in systems theory, see e.g. [13,22] and the ref-
erences therein; recently, the case of unbounded B and C has gained much atten-
tion [26,31,32,39].

The existence of solutions X of the Riccati equation (1) is intimately related to the
existence of graph subspaces G(X) = {(u, Xu) |u € D(X)} that are invariant under

the associated Hamiltonian
A B
T ( L A*). @

Moreover, properties of a solution X of (1) such as selfadjointness, nonnegativity, or
boundedness can be characterised by properties of the corresponding graph subspace
G (X) with respect to certain indefinite inner products.
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In the finite-dimensional case, the connection between solutions of Riccati equations
and invariant graph subspaces of Hamiltonians led to an extensive description of all
solutions, see e.g. [10,22]. In the infinite-dimensional case, the existence of invariant
subspaces is a more subtle problem since the Hamiltonian 7 is not normal. If all
coefficients of the Riccati equation, and hence all entries of 7', are unbounded, the
spectrum of the Hamiltonian may touch at infinity and there are neither the spectral
theorem nor Riesz projections available to define invariant subspaces.

There are two different approaches to overcome these difficulties which require
different additional properties of the Hamiltonian 7. In [21,41,42], infinitely many
solutions of (1) were constructed in the case that 7 has a Riesz basis of (possibly
generalised) eigenvectors. In [11,24], the existence of a nonnegative and a nonpositive
solution and conditions for their boundedness were obtained in the case that T is
dichotomous and B, C are bounded.

In the present paper, we prove the existence of solutions of the Riccati equation (1)
and characterise their properties without the assumptions that 7 has a Riesz basis of
generalised eigenvectors or that B, C are bounded.

To this end, we follow the dichotomy approach, but essentially new techniques are
needed to establish the boundedness of solutions of the Riccati equation in the pres-
ence of unbounded B and C. In our main result (Theorem 5.3), we show that if T
is a nonnegative diagonally p-dominant Hamiltonian (i.e. B, C are nonnegative and
p-subordinate to A*, A, respectively, with p < 1), the state operator A is sectorially
dichotomous, and (), e ker(B(A* + in~h = {0}, then there exists a nonnegative so-
lution X4 and a nonpositive solution X _ of the Riccati equation (1) or, more precisely,
of

(A*X+ + X+ (A+BX1)—C)u=0, ueDAN XI'D(A"). 3)

In our second main result (Theorem 6.4), we show that if e.g. A is sectorial with angle
6 < /2, then the nonnegative solution X is bounded, uniquely determined and (3)
holds for all u € D(A); similarly, if —A is sectorial with angle 8 < 7 /2, then X_ is
bounded and uniquely determined.

The assumption (), ker(B(A* + ir)~1) = {0} is trivially satisfied if ker B = {0}.
A necessary condition for it is that ker B contains no eigenvectors of A*; if A has a
compact resolvent and the system of generalised eigenvectors is complete, it is also
sufficient. If A generates a Cp-semigroup and B is bounded, it is equivalent to the
approximate controllability of the pair (A, B).

A novel ingredient of our approach is stability theorems for p-subordinate per-
turbations of sectorially dichotomous operators. In brief, a linear operator R on a
Banach space V is called p-subordinate to a linear operator S on V with p € [0, 1]if
D(S) C D(R) and there exists ¢ > 0 with

IRl < cllull'=P1Sull?, u e D(S);

if p < 1, this implies that R is S-bounded with S-bound 0. A linear operator S on
V is called dichotomous if the spectrum o (S) has a gap along the imaginary axis iR
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and there is a decomposition V = V. @ V_ into S-invariant subspaces V4 such that
the restrictions S; = S|y, and S_ = §|y_ have their spectrum in the right and left
half-plane, respectively; note that, even in the Hilbert space case, orthogonality is not
assumed. If —S and S_ are generators of exponentially decaying semigroups, then
S is called exponentially dichotomous, see [9]; if these semigroups are even analytic,
then S is sectorially dichotomous, see Sect. 2 below.

The assumption that the state operator A is sectorially dichotomous implies that
A is bisectorial (i.e. a bisector around iR is contained in the resolvent set o(A) and
A(A — )~ is uniformly bounded on this bisector). Bisectorial operators play an im-
portant role in the study of maximal regularity of evolution equations u’ + Au = f
on R, see e.g. [4,5]. Exponentially dichotomous operators have a wide range of appli-
cations, e.g. to Wiener—Hopf factorisation, see [8,9,37]. The spectral decomposition
of a dichotomous Hamiltonian operator function may be used to show the conditional
reducibility of this operator function, see [6].

In systems theory, e.g. for systems with boundary control and observation, see [42],
the unbounded operators B and C need not have realisations as symmetric operators
on H but, instead, map into an extrapolation space. The results of this paper are a first
step in this direction; the generalisation to Riccati equations involving extrapolation
spaces is work in progress.

The article is organised as follows: In Sect. 2, we introduce sectorially dichotomous
operators and present some of their important properties. In Sect. 3, we study the
stability of bisectoriality and sectorial dichotomy under p-subordinate perturbations,
and we investigate their effect on the spectrum. In Sect. 4, we prove that a Hamilton-
ian (2) with sectorially dichotomous A and nonnegative B, C that are p-subordinate
to A*, A, respectively, is dichotomous. We employ the symmetry of 7' with respect to
two different indefinite inner products [-|-]1, [-]-]2, used before in [21,23,24], to show
that the corresponding invariant subspaces V., V_ are hypermaximal neutral in [-|-];
and nonnegative, nonpositive, respectively, in [-|-]2. In Sect. 5, we exploit these prop-
erties to prove, in Theorem 5.3, that V. are graphs or inverse graphs of operators X 4
and that X+ are solutions of the Riccati equation (1) if (), ker(B(A* +in~hH = {o}.
Moreover, we derive necessary as well as sufficient conditions for the latter assump-
tion. In Sect. 6, we prove, in Theorem 6.4, that X (or X_) is bounded and uniquely
determined provided that A (or —A) is sectorial with angle 6 < /2. Our proof ex-
ploits the continuous dependence of the subspaces Vi, and hence of X1, on B and
C, see Proposition 6.3; it differs substantially from the one in [24] for bounded B, C.
In the final Sect. 7, we illustrate our theory by three examples in which all entries of
the Hamiltonian are partial differential or unbounded multiplication operators; in all
cases, neither the results of [11,24] nor those of [21,41,42] apply, either because B, C
are unbounded or because the Hamiltonian does not have a Riesz basis of generalised
eigenvectors.

In this paper, the following notation is used. For a closed linear operator 7 on a
Banach space V, we denote the domain by D(T), the kernel by ker(T), the spectrum
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by o (T'), the point spectrum by o, (T'), and the resolvent set by o(T'). Further, by C
and C_, we denote the open right and open left half-plane, respectively.

2. Sectorially dichotomous operators

In this section, we introduce and study sectorially dichotomous operators. They
form a subclass of exponentially dichotomous operators for which there exist invariant
spectral subspaces corresponding to the spectral parts in the left and the right half-
plane, even if none of them is bounded.

We begin by briefly recalling the notions of dichotomous and exponentially dichoto-
mous operators, see [9,24], and of sectorial and bisectorial operators, see [4].

DEFINITION 2.1. A densely defined linear operator S on a Banach space V is called
dichotomous if there exist 1 > 0 and complementary closed subspaces V., V_ C V,
ie. V=V, @ V_, such that

(i) {z € C|IRez| < h} C o(S),

(ii) V4 and V_ are S-invariant, i.e. S(D(S) N Vi) C V4, and
(iii) o(S|ly,) C Cyando(S|y.) Cc C_;
in this case, the maximal 4y with (i) is called dichotomy gap of S. A dichotomous
operator is called exponentially dichotomous if
(iv) —Slv, and S|y_ are generators of exponentially decaying semigroups.

We call V4 the spectral subspaces corresponding to the dichotomous operator S; we
write S+ := S|y, for the restrictions of S to V4 and denote by P4 the spectral
projections onto V.

Dichotomous operators admit a block diagonal matrix representation with respect
to the decomposition V = V4 @ V_ in the following sense:

DEFINITION 2.2. ([17, §II1.5.6]) Let S be a linear operator on a Banach space V
and Vi, Vo C V complementary closed subspaces. Then S is said to decompose with
respect to the direct sum V = V| @ V, if

(i) Vi and V> are S-invariant, and
(i) D(S) = (D(S) N V1) @ (D(S) N Vo).
Note that even in the Hilbert space case, it is not assumed that V| and V, are

orthogonal, i.e. Vj is not a reducing subspace of § in the sense of [3,38].

REMARK 2.3. If S decomposes with respectto V = V| @ V,, then S admits the
block operator matrix representation

Slv, 0 )
S = ;
( 0 Slv,

in particular, o (S) = o(S|y,) U o (S|y,) and, for every z € o(S), the subspaces V;
and V5 are also (S — z)~!-invariant.
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LEMMA 2.4. If the linear operator S is dichotomous, then it decomposes with
respect to its spectral subspaces V. =V, @ V_.

Proof. We only have to verify property (ii) in Definition 2.2. The inclusion “D” is
trivial. Let x € D(S). Then Sx = y; + y_ with yx € V4. Since 0 € o(S+) by
condition (iii) in Definition 2.1, we can set x+ := (S+) " !y+ € D(S) N V+ and obtain

SOy +x)=8xy +S x_ =y +y = S5x.

Because 0 € o(S), this implies thatx = x. +x_ € (D) NV S (DS)NVo)., O

REMARK 2.5. There are two simple cases in which condition (i) in Definition 2.1,
{z e C||Rez| < h} C 0(S), already suffices for the dichotomy of S:

1. if S is a normal operator on a Hilbert space;
2. if one of 04 (S) = o (S) N C. is bounded.

In the first case, the existence of the subspaces V. is a consequence of the spectral
theorem; in the second case, the Riesz projection corresponding to the bounded part
o_(8) or 04 (S) of o(S) may be used to define V_ or V,, compare [17, §111.6.4].

The following result is essential in characterising dichotomous operators possessing
the additional property that the spectral projections are given by a resolvent integral
along the imaginary axis; its proof is based on an earlier deep result by Bart, Gohberg,
and Kaashoek, see [9, Theorem 3.1] and also [16, Theorem XV.3.1].

THEOREM 2.6. ([25, Theorem 1.1]) Let S be a closed densely defined linear op-
erator on a Banach space V and h > 0 such that
(i) {z € C||Rez| < h} C o(S) and supgej<p II(S — 27! < oo;
(i) 1imjs|— 0 SUP,ego py (S — 7 — i)' = 0;

(iii) the Cauchy principal value at infinity / (S —2)"'xdz exists forallx € V.
iR

Then S is dichotomous and the corresponding projections P4, P_ satisfy

1 /
— (S — z)_lx dz =Prx —P_x, xeV.
1 JiR

REMARK 2.7. A standard Neumann series argument shows that assumptions (i)
and (ii) in Theorem 2.6 are satisfied if

iR C o(S) and lim ||(S—in~ | =0.
|t]— 00

To obtain a sufficient condition for assumption (iii), we now introduce sectorially di-
chotomous operators, which form a subclass of exponentially dichotomous operators.
First, we need the notion of sectorial and bisectorial operators, see e.g. [4].

DEFINITION 2.8. Let S be a densely defined linear operator on a Banach space.
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(1) S is called sectorial with angle1 6 € [0, [ and radius r > 0 if
0(S) C X UB(0) where %p:={zeC||argz| <6} 4)

and for every 8’ €10, ] there exists M > 0 such that

—1 M /
(S —2) IISE, largz| > 0, |z| > r; 5
S is called sectorial with angle 6 € [0, [, or simply sectorial, if r = 0.
(i) S is called bisectorial with angle 6 € [0, w/2[ and radius r > 0 if

o (S) C Xy U (—X%p) UB,(0)

and for every 8’ €10, /2] there exists M > 0 such that

M
IS -2~ < o 0 <|argz| <m —0, |z >r; (©6)

S is called bisectorial with angle 6 € [0, 7 /2[ , or simply bisectorial, if r = 0.

The bisector on which the resolvent estimate (6) holds is denoted by, see Fig. 2,
Qp, ={z€C|0 <|argz| <7 -0, |z| > r}. 7

REMARK 2.9. (i) Insemigroup theory, often —S instead of S is called sectorial.
(i1) S is sectorial with angle & < 7/2 if and only if —S is the generator of a bounded
analytic semigroup, see e.g. [15, Theorem 11.4.6].
(iii) If V is a Hilbert space with scalar product (-|-) and

W(S) == {(Sx|x) |x e D(S), |x|l =1}
is the numerical range of S, then § is sectorial with angle 0 < 7 /2 if
W(S) C Zo and o(SH\W(S) # 2

in this case, for every 0’ €16, 6 + 7/2] the resolvent estimate (5) holds with
M = (sin(@’ —6))"landr =0, compare [17, Theorem V.3.2 and §V.3.10].

(iv) If S satisfies (5) for some 6’ €10, 7], r > 0 and M > 0, then there exists
0 € [0,0[ such that S is sectorial with angle 6 and radius r; this follows
from a standard Neumann series argument. Similarly, if S satisfies (6) for some
0’ €10,7/2], r > 0 and M > 0, then there exists & € [0, #'[ such that S is
bisectorial with angle 6 and radius r.

(v) If S'is the direct sum of two operators Sy and S_ where S and —S_ are sectorial
with angle 0 < /2 and radius r > 0, then § is bisectorial with angle 6 and
radius r, see the proof of Lemma 2.12 (ii) below.

1 Throughout the article we use the conventions —7 < argz < m and arg0 = O for the argument of a
complex number.
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Figure 1. Situation in the proof of Lemma 2.12 (ii) for sectorially
dichotomous §

DEFINITION 2.10. A dichotomous operator S on a Banach space is called secto-
rially dichotomous with angle0 € [0, 7w /2[ if S4, —S_ are sectorial with angle 6.

REMARK 2.11. (i) The operator S is sectorially dichotomous if and only if it
is exponentially dichotomous and the exponentially decaying semigroups gen-
erated by —S; and S_ are analytic.

(i) A simple example for an operator that is exponentially, but not sectorially di-
chotomous, is a normal operator with discrete spectrum and eigenvalues 1 + ik
and —1 + ik, k € N.

The next lemma shows that sectorially dichotomous operators are bisectorial (com-
pare Fig. 1) and satisfy condition (iii) in Theorem 2.6.

LEMMA 2.12. Let S be sectorially dichotomous with angle 6 € [0, w/2[ and
dichotomy gap ho > 0. Then
(i) 0(S) C{z € BgU(—%g)||Rez| > ho};
(ii) S is bisectorial with angle 6;
(iii) the spectral projections Py, P_ corresponding to S satisfy
— (S — z)_lx dz=Pix—P_x, xeV. (8)
Tl Jir
Proof. (i) The claim is immediate from Definitions 2.1, 2.8 and 2.10 because
o(S)=0(Sy)Uao(S-).
(ii) Let 6’ €16, 7/2]. Since S, and —S_ are sectorial with angle @, there exist
M. > 0 such that for |argz| > 0’ we have ||(£S+ — z)~'|| < M+/|z|. For
z € £2¢,¢ we thus obtain, with M := M4 ||Py| + M_| P_]|,

M
IS =2 < 1Sy =) ' PLll+1(S- — 7P| < =T

(iii) Since S; and —S_ are sectorial with angle 6 < 7/2 and 0 € o(S1), [24,
Lemma 6.1] implies that

I
/ (S —2) " 'xdz =inx, x e Vy.
iR
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Consequently,

/ / !/
/(s—z)*‘xdz=/ (S+—z)*‘P+xdz+/ (S_ —2)7'P_xdz
iR iR iR

=imrPyx —imP_x
forallx € V. O

REMARK 2.13. Not every bisectorial operator with 0 € o(S) is sectorially di-
chotomous, see [30, Theorem 3] for a counter-example; note that hence the second
implication of [37, Proposition 1.8] does not hold. The question whether a bisectorial
and dichotomous operator S is sectorially dichotomous will be considered in a forth-
coming paper; while we know that the restrictions S; and —S_ have their spectrum in
a sector Xy and satisfy resolvent estimates on £2g o, it is not clear that these estimates
also hold on the left half-plane, as required for sectoriality.

In Sect. 4 below, we will consider Hamiltonians whose state operator A is sectorially
dichotomous; in systems theory A is usually even assumed to generate a strongly
continuous semigroup. The following lemma characterises this situation.

LEMMA 2.14. For a linear operator S in a Banach space the following are equiv-
alent:

(1) S is sectorially dichotomous and generates a strongly continuous semigroup;
(i) S is sectorially dichotomous with bounded S ;
(iii) S generates a (not necessarily bounded ) analytic semigroup and iR C o(S).

Proof. (1)=-(iii): Since S generates a strongly continuous semigroup, there are M > 0
and w € R such that

_ M
IS=27 = go =0 Rez>o.

Together with (6), it is not difficult to conclude that there exist M’ > 0, o’ > w and

¢ > 1 /2 such that

IS -2~ < larg(z — )| < @. )

lz — o'l

Hence S generates an analytic semigroup.

(iii)=(ii): Since S generates an analytic semigroup, it satisfies an estimate (9).
Together with the assumption iR C o(S) this implies that the part o4 (S) of the
spectrum in the right half-plane is bounded and hence S is dichotomous with bounded
Sy, see Remark 2.5; in particular, Sy is sectorial with angle less than /2. By (9),
also —S_ is sectorial with angle less than /2 and thus S is sectorially dichotomous.

(i1))=(i): Since S+ is bounded, it generates a strongly continuous semigroup. Due
to the sectorial dichotomy, the same is true for S_ and hence also for S. O
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Next we show that the adjoint $* of a sectorially dichotomous operator S on a
Hilbert space H is again sectorially dichotomous. The difficulty here is that the spectral
decomposition H = Hy @ H_ of S is not necessarily orthogonal; for the simpler
orthogonal case, compare [38, Exercise 5.39].

LEMMA 2.15. Let S be a closed densely defined linear operator on a Hilbert
space H that decomposes with respect to a (not necessarily orthogonal ) direct sum
H = H| @ H,. Then S* decomposes with respect to H = sz_ ® Hi, and we have®

G(S*IHZL) =0 (Slm)", U(S*IHIL) =0o(Slm)%
moreover, if Py are the projections onto Hy, associated with H = Hy @ H», then
1S* g = D71 < PGS i — 27,
1S g =27 < NP2 NCSTar, — 27 -

Proof. We have I = P| + P, and R(P;) = H;. Hence P}, P} are projections with
I =P+ Pfand

R(P}) = ker Pf = R(P,)* = Hs", R(P}) = Hi';
in particular, H = HZJ- [4>) HIJ-.

To show that Hi" is S*-invariant, let y € H;* N D(S*) and x € H; N D(S). Then
(S*ylx) = (y|Sx) = Osince Sx € Hj.Because D(S) C H isdense, HHND(S) C H;
is dense, too, and we obtain S*y € HIJ-. Similarly, one can show that HZJ- is §*-
invariant. Now let y € D(S*) and x € D(S). Since (SP;)* D P;'S* and hence
(SP)*|p(s+ = P;S*, we have that

(PIyISx) = (y|P1Sx) = (yISP1x) = ((SP1)*x|x) = (P{'S*y|x)
is bounded in x and thus P}"y € D(S™). This implies that P}y = y — Py € D(S5*).
Thus
D(§*) = (D(S*) N R(P]*)) &) (D(S*) N R(Pz*)),

and so S* decomposes with respect to H = H2L S H IL
Finally, let z€o(S|y,) and Ry := (S|g, —2) "' P1: H— H.Then

Pix =Ri(S—2)x, xe€D(S),
Pix = —2)Rix, x € H.
Wehave (R (S —2z))* = (5" —2) R} because R; is bounded and ((S —z) R1)*|p(s+) =
R} (S* — 7). Hence we obtain
Py =(S*-2Riy, yeH,
Py = Ri(S* =2y, yeD(S.

2 We denote the complex conjugate of aset G C Cby G* = {z € C|z € G}.
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Since R(R}) = (ker R))* = (ker P)* = H5" = R(P}), this yields

y= (S*lei —5) Ry, yeH;,

y=R{(S* Iy =Dy, yeDESHNH;.

Consequently, 7 € Q(S*|H2J_) with (S*|H2J_ - = RT|H2J_. Exchanging the roles of
S and §* as well as those of H; and H», we obtain o(S|x,,,) = Q(S*|H2L/1)* and

(s, -9

COROLLARY 2.16. If S is a sectorially dichotomous operator with angle 6 €
[0, 7w /2[ on a Hilbert space, then the adjoint S* is also sectorially dichotomous with

< IRl = IR 2]l < P12l (ST — 27 - O

angle 6.

Proof. Let H = H. @ H_ be the decomposition corresponding to S and /¢ > 0 the
dichotomy gap of S. Then $* decomposes with respectto H = H- & H i Moreover,

o (S*|Hf) =o(Slu,)" C {Z € Xy ‘ Rez > hO},
and for 6’ > 6 there exists M > 0 such that

679"

An analogous reasoning applies to —S*| HLs and we conclude that S* is sectorially

_ M| P.
NP Ll R ————

< 1P+ (Sla, —Z) H

dichotomous with angle 6. U

3. p-Subordinate perturbations

In this section, we show that bisectoriality is stable under p-subordinate perturba-
tions and that p-subordinate perturbations of sectorially dichotomous operators are
still dichotomous. To begin with, we briefly recall the concept of p-subordinate per-
turbations which was studied, e.g. in [20, §1.7.1] and [28, §5].

DEFINITION 3.1. Let S, R be linear operators on a Banach space.

(1) R is called relatively bounded with respect to S or S-bounded it D(S) C D(R)
and there exist a, b > 0 such that

[Rx| < allx|l + blISx|l, x € D(S); (10)

the infimum of all » such that (10) holds with some a > 0 is called the relative
bound of R with respect to S or S-bound of R.
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(ii) R is called p-subordinate to S with p € [0, 1]if D(S) C D(R) and there exists
¢ > 0 such that

IRx]| < cllx|'~PISx|I”, x € D(S); an

the minimal constant ¢ such that (11) holds is called the p-subordination bound
of Rto S.

Note that, in contrast to the relative bound, the infimum over all ¢ that satisfy (11)
does itself satisfy (11) and hence the p-subordination bound is indeed a minimum.

LEMMA 3.2. Let S, R be linear operators with D(S) C D(R) and let p € [0, 1].

(i) R is p-subordinate to S if and only if there exists a constant ¢’ > 0 such that
IRx]| < (e Pllx]| + &'~ PISx]), x € D(S), & > 0. 12)

(1) If R is p-subordinate to S with p < 1, then R is S-bounded with S-bound 0.
(iii) If 0 € o(S) and R is p-subordinate to S, then R is q-subordinate to S for every
q > p.
Proof. (i) was proved in [20, p. 146], (ii) follows from (i), and (iii) is a consequence
of the inequality [ x||'=7 < ||lx[|'=9|S~1|9=P||Sx|9=7, x € D(S). O

The following lemma provides conditions guaranteeing that e.g. a multiplication
operator R in L9(§2) withg € [1, oo[ and open §£2 C R" is p-subordinate to an elliptic
partial differential operator S of order m > 0; more generally, R may also be a partial
differential operator of order k < m.

In fact, if W"4(£2) denotes the usual Sobolev space of m times weakly differen-
tiable functions with derivatives in L?(£2), then we consider operators S on L9(£2)
such that D(S) c W™4(£2) and S satisfies a so-called a priori estimate,

lullwma2)y < co(lullzae) + 1SullLae)) . u € D(S), (13)

with some constant cp > 0; such an estimate holds e.g. if S is a properly elliptic
partial differential operator of order m with appropriate boundary conditions, see [27,
Chap. 2, §5], [36, §5.3].

LEMMA 3.3. Let S be a linear operator on L1(82), q € [1, ool so that O € o(S),
D(S) € W™4(82) and an a priori estimate (13) holds.

(i) Let 2 = R", g : R* — C a locally integrable function, and let R be the
corresponding (maximal) multiplication operator,

Ru:=gu, D(R):={uecLiR")|guec LIR")}.

If there exist s € [0, n] and ¢ > 0 such that

/ lg)9dx <cir®, x0eR", 0<r <1, (14)
By (x0)
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and if

s>n—mqif g>1,
s>n—m if g=1,

1
then R is p-subordinate to S with p = — (n — s).
mq
(i) If R is a partial differential operator on L1(82) of order k < m with coefficients
k
in L°°(82), then R is —-subordinate to S.
m

Proof. (i) Consider the measure p on R" given by u(A) = f 4 18(x)|9 dx. Then
llgullLawry = llullLacn). Due to assumption (14), we can apply [29, §1.4.7,
Corollary 1] and estimate

1—
lllzage < 2l ma o 1l o Fnye 1w € W9 (R, (15)

with some constant ¢, > 0. The estimate (13) together with 0 € o(S) implies
that

lullwma@ey < co(l+ ST DIISullLacn, u € DCS),

and hence the subordination inequality (11) follows.
(i1) The proof of (ii) is similar to that of (i) if, instead of (15), we use the interpolation
inequality for intermediate derivatives, see [2, Theorem 5.2],

k 1—k
lullwragay < cllulmy ol sty u e Whe(£2). 0

REMARK 3.4. The subordination property in (ii) was used e.g. in [28, §10] and
[40,41] to obtain expansions in eigenfunctions of S + R.

Next we show that bisectoriality is stable under p-subordinate perturbations and we
study their effect on the spectrum, see Fig. 2.

LEMMA 3.5. Let S, R be linear operators, S bisectorial with angle 6 € [0, /2[
and radius r > 0, and Rp-subordinate to S with p € [0, 1].

(i) Forevery 8’ €10, m/2] there exists M' > O such that

/

IR(S —2)7 ' <

= 1€ Lo r, (16)

where Qp ,={z € C|0' <|argz| <m—0', |z] > r}, see (7).
(ii) If R is even p-subordinate to S with p < 1, then for every 0’ €160, w/2[ there
exists r' > r such that S + R is bisectorial with angle 0’ and radius r’.

Proof. (i) Let8’ €16, 7/2]. Then for z € §2y' ., we use (6) to estimate

1SS —2) " <T+1zl-I1S—2)7 ' <1+ M.
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Figure 2. The perturbation of the spectrum of a bisectorial operator
in Lemma 3.5

Hence if R is p-subordinate to S, then

M\
HMS—@”Msﬂw—arwkﬂww—¢VWPSa(EO (1+ M)P.
(ii) Let 0’ €16, /2[. By (16) there exists ' > r such that |R(S —z)~'|| < 1/2
for all z € £24/ ,». A Neumann series argument then implies that z € (S + R)
fOI‘Z S .Q@/’r/,

S+R-2' = -2 (I+RES-27")7",

and ||(S+R—2)"Y|| < 2||(S—z)~"||. This and (6) imply that S+ R is bisectorial
with angle ' and radius r’. 0

REMARK 3.6. If the unperturbed operator S in Lemma 3.5 is selfadjoint, and hence
bisectorial with angle & = 0, then the spectral inclusion implied by Lemma 3.5 (ii)
and displayed in Fig. 2 follows from the spectral enclosure [12, Corollary 2.4] since
p-subordinate perturbations with p < 1 have relative bound 0.

For bisectorial operators with radius r = 0, the estimate (16) is, in fact, an equivalent
characterisation of p-subordinacy:

LEMMA 3.7. Let S, R be linear operators, S bisectorial with angle 6 € [0, 7 /2[
and radius r > 0, D(S) C D(R), and p € [0, 1). If there exist 0’ €10, /2] and
M' > 0 with

/!

IR(S —2)7 M| <

|Z|17p, VS Qg/’o, (17)

where 29 0={z € C|0’ < |argz| < —0', |z| > 0}, then R is p-subordinate to S.

Proof. The estimate (17) implies that

4

M _
[Rx] = |Z|Tp”(S_Z)x” < M'(|zP x|l + |z1P 7 ISx 1), x € D(S).

Choosing z = ie~1, ¢ > 0, we obtain (12); Lemma 3.2 (i) thus yields the claim. [J
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REMARK 3.8. A result analogous to Lemma 3.5 holds for any subset £2 C
0(S)\{0} such that there is an estimate (6) on §2 instead of 2y ,; in this case, S
is not required to be bisectorial. In the same way Lemma 3.7 can be generalised if, in
addition, §2 satisfies the condition {|z| |z € 2} = R,.

The following theorem on p-subordinate perturbations of dichotomous bisector-
ial operators is crucial for the next sections. Compared to [25, Theorem 1.3] we use
p-subordinacy rather than an estimate of type (16) and we only assume that the imag-
inary axis belongs to the set of points of regular type of the perturbed operator, not to
its resolvent set.

Recall that for a linear operator S on a Banach space, z € C is called a point of
regular type if there exists ¢ > 0 such that

(S —2)xll = cllxll, x € D(S).

The set r(S) of all points of regular type is open and satisfies o (S) C r(S).1f 2 C r(T)
is a connected subset such that 2 N o(S) # @, then 2 C o(S), see [3, §78]. The
complement C\r(S) is the approximate point spectrum of S.

THEOREM 3.9. Let S be a closed densely defined linear operator on a Banach
space 'V such that
@) iR C o(S);
(ii) S is bisectorial with angle 0 € [0, /2[ and radius r > 0;

/
(iii) the integral/ (S — z)flx dz exists forallx € V.
iR

Let R be p-subordinate to S with p < 1. IfiR C r(S+ R), then S + R is dichotomous
with dichotomy gap h > 0, the corresponding projections Py satisfy

1 /
—./ (S+R—-2"'xdz=Px —P_x, x€eV, (18)
71 JiR

and S + R is bisectorial with some angle 0" €10, 7 /2[. Moreover; for every 6’ €
10, 7 /2[ there exists r' > r such that S + R is also bisectorial with angle 0’ and
radius r" and (see Fig. 3)

{zeC|IRez| <h} Uy oURy, Co(S+R). (19)

Proof. Lemma 3.5 implies the bisectoriality with angle 6’ and radius r’. In particular,
the connected subset iR of r(S + R) contains points from o(S + R) and thus iR C
0(S 4+ R). Since o(S + R) is open and (S + R — z)~! is uniformly bounded on
compact subsets, there exist & > 0, 8” €10, w/2[ such that § + R is bisectorial with
angle 0” and (19) holds. Consequently, S + R satisfies the assumptions (i) and (ii) in
Theorem 2.6. Furthermore, (16) and the estimate (6) for S 4+ R imply that

/ (S+R—-—2"'R(S—271dz
iR
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Figure 3. Region containing o (S 4+ R) in Theorem 3.9

exists in the uniform operator topology. From the resolvent identity
S+R-2'=E-2'-S+R-2'RS -2, zeiR,

we conclude that S + R also satisfies assumption (iii) in Theorem 2.6. O

In view of Lemma 2.12, the previous result immediately applies to sectorially
dichotomous operators.

COROLLARY 3.10. Let S be sectorially dichotomous with angle 6 € [0, 7 /2[. Let
R be p-subordinate to S with p < 1 and iR C r(S 4+ R). Then S + R is dichotomous
and all assertions of Theorem 3.9 hold.

4. Dichotomous Hamiltonians

Hamiltonian operator matrices are block operator matrices of a particular form.
Block operator matrices can be classified according to the domains of their entries
into diagonally dominant, off-diagonally dominant, and top dominant, see [33-35].
Here we introduce the new class of diagonally p-dominant block operator matrices.

DEFINITION 4.1. Let H;, H> be Hilbert spaces, consider densely defined linear
operators A in Hy, Bfrom H,to Hy, C from Hj to Hy,and D in H,andlet p € [0, 1].
Then the block operator matrix

A B

is called

(i) diagonally dominant if C is A-bounded and B is D-bounded;
(i1) diagonally p-dominant if C is p-subordinate to A and B is p-subordinate to D.

Note that for a diagonally dominant block operator matrix, the domain of 7 is given
by the domains of the two diagonal entries, D(7T) = D(A) x D(D). By Lemma 3.2
(ii), every diagonally p-dominant block operator matrix is diagonally dominant.
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If we decompose a block operator matrix 7 into its diagonal and off-diagonal part,

. L A 0 . 0 B
T =S+ R with S._(O D)’ R._(C 0), (20)

then 7 is diagonally dominant if and only if R is S-bounded, see [34, §2.2]. A similar
statement holds for diagonal p-dominance:

LEMMA 4.2. (i) A block operator matrix T is diagonally p-dominant if and
only if R is p-subordinate to S.
@) If 0 € o(A) No(D), C is py-subordinate to A, and B is pa-subordinate to D,
then T is diagonally p-dominant with p = max{p1, p2}.

Proof. (i) If T is diagonally p-dominant, then Holder’s inequality yields that, for
x = (u,v) € D(T) =D(S),

2 2 2 2 2(1— 2 2 2(1— 2
IRx|I* = 1Bvl* + ICull® < cgllvl* =PI Dvll*? + c llull* =P )| Au >
I-p P
< max(c}, ) (Jul? + 1I2) " (14ul + 1 Dvl?)
2 2 2(1— 2
= max{c, cg}l|x 2P| Sx||*.

Hence R is p-subordinate to S. Vice versa, let R be p-subordinate to S. Then
for u € D(A), we have x := (1, 0) € D(S) C D(R),i.e.u € D(C), and

1- 1-
[Cull = IRx|l < cllx""PISxI” = cllull ™~ Pl Aull?.

An analogous argument yields that B is p-subordinate to D.
(i) is an immediate consequence of Lemma 3.2 (iii). O

DEFINITION 4.3. A block operator matrix 7 is called Hamiltonian if Hy = Hy =
H and T has the form

A B .
T:(C —A*) in Hx H 21)

with A closed and B, C symmetric; 7 is called nonnegative if B, C are nonnegative.

REMARK 4.4. A Hamiltonian T is diagonally dominant if and only if D(A) C
D(C) and D(A*) C D(B), see [34, Remark 2.2.2].

LEMMA 4.5. Let T be a nonnegative diagonally dominant Hamiltonian operator
matrix such that iR C o(A). Then iR C r(T).

Proof. Since B, C are nonnegative symmetric, they admit nonnegative selfadjoint
extensions. We may thus assume that B and C are selfadjoint. Then for 1 € R, the
operator C'/2(A —ir)~! is defined on H and closed; hence it is bounded by the closed
graph theorem. Analogously, B'/2(A* 4 it)~! is bounded. Suppose that it ¢ r(T).
Then there exist (u,, v,) € D(T) such that

H(“) ' =1L, neN, lim (T —ir) (“) = lim ((A_”)”"J’B“”) =0
Uy n—o00

Un n—oo \ Cu, — (A* +it)v,
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In view of |ju,|| < 1, |lu,]l <1, n € N, the latter implies that
(A = i)t o) + (Bug|vy) — O,
(Cuplun) — ((A*+it)vyluy) — 0,
Adding these two relations and taking the real part, we arrive at
(Cuylun) + (Bvylvy) — 0, n — oo.
Since B, C are nonnegative, we obtain
1CY2un > = (Cunlun) = 0, 1Bv,]1> = (Buglvy) = 0, n — oo.

Because of ||v, || < 1, n € N, the sequences ((A—it)"v,), and (C2(A —i) " up),
are bounded, and thus

0= lim (Cuy — (A* + i), (A — i) 'v,)
n—o0

= lim ((c1/2un|c1/2(A —in)hy,) - ||v,,||2) — — lim v,
n—oo n—0o0

i.e.v, — 0, n — oo. Analogous considerations for (A —it)up + Buy | (A* +it) " luy)

yield that u, — 0, n — o0, a contradiction to ||(u,, v,)|| =1, n € N. O

The following theorem is a perturbation result for Hamiltonians 7" with sectorially
dichotomous A; the corresponding spectral enclosure is displayed in Fig. 3.

THEOREM 4.6. Let T be a nonnegative diagonally p-dominant Hamiltonian with
p < 1 and let A be sectorially dichotomous with angle 6 € [0, /2[. Then, T is
dichotomous, the spectral projections P4, P_ satisfy
1 /

— (T—z)_lxdz:P+x—P,x, xe HxH,
Tl /iR

and there exist h > 0, 0” €10, /2[ and for every 0’ €10, w/2[ an r’' > 0 such that
{ze C|IRez| <h}UQproU R, Co(T).

Proof. We consider the decomposition 7 = S+ R into diagonal and off-diagonal part,

. A 0 0 B
T=S+R with S._(O _A*), R._(C 0). (22)

Since A and hence A* are sectorially dichotomous, see Corollary 2.16, the same is
true for S. Moreover, R is p-subordinate to S and iR C r (7). Thus Corollary 3.10
applies and yields all claims. 0

A Hamiltonian T as in (21) does not have any symmetry properties with respect to
the scalar product in the Hilbert space H x H. However, it exhibits some symmetries
with respect to two different indefinite inner products on H x H, see [24, Section 5].
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A vector space V together with an indefinite inner product [-|-] is called a Krein
space if there exists a scalar product (-|-) on V and an involution J : V — V such
that (V, (+]-)) is a Hilbert space and

[x]y] = (Uxly), x,yelV.

The so-called fundamental symmetry J and the scalar product are not unique, but the
norms induced by two such scalar products are equivalent.

A subspace U C V is called J-nonnegative (J-nonpositive, J-neutral, respec-
tively,) if [x|x] > 0 (< 0, = 0O, respectively) for all x € U. A subspace U is J-neutral
if and only if it is contained in its J-orthogonal complement U -,

Ucud .= {x e V|[x|]y]=0forall y € U},

and it is called hypermaximal J-neutral if U = U™,

A linear operator 7 on V is called J-accretive if Re[Tx|x] > 0 for all x € D(T).
A densely defined linear operator T is called J-skew-symmetric if [Tx|y] = —[x|Ty]
for all x, y € D(T). For more results on Krein spaces and operators therein, we refer
to [7,19].

PROPOSITION 4.7. Let V be a Krein space with fundamental symmetry J and let
T be a dichotomous operator on V with corresponding decomposition V. =V, @ V_
and projections Py, P_ such that

1 /

— [ (T -2 'xdz = Pix—P_x, xeV.

Tl /iR
() If T is J-accretive, then V4 is J-nonnegative and V_ is J-nonpositive.
(i) If T is J-skew-symmetric, then V. and V_ are hypermaximal J-neutral.

Proof. (i) The simple proof was given in [25, Theorem 1.4]; e.g. for x € Vy itis
nothing but the inequality

/

[x]x] =Re[Pyx — P_x|x] = %/ Re [(T — it)_1x|x]dt
R
= l/ Re [T(T — i) 'x|(T —ir)~'x]1dr > 0.
T JR

@ii) If T is J-skew-symmetric, then both 7" and —T are J-accretive. Consequently,
V4 are both nonnegative and nonpositive, thus neutral. To prove hypermaximal
neutrality, lete.g. x € Vf‘). Using the decomposition V = V. @ V_, we write
x =u+4+vwithu € Vi, v e V_.If v # 0, then there exists y € V such
that [v]y] # O (e.g. one may choose y = Jv). Since V_ is neutral, we may
assume that y € V.. The neutrality of V. then implies that [x|y] = [v|y] # O,

in contradiction to x € Vf‘). Therefore v = 0, 1i.e. x € V.. O
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Following [24, Section 5], we equip the product space H x H with two different
indefinite inner products, given by [x|y]; := (Jix]y) and [x|y]s := (Jox|y) with the
fundamental symmetries

0 —il 0 I
J1 = (i[ 0 ), Jr = (I O). (23)

As in the case of bounded B and C, the Hamiltonian has the following symmetry
properties with respect to J; and J5.

LEMMA 4.8. The Hamiltonian operator matrix T is Jy-skew-symmetric, and T is
nonnegative if and only if it is Jy-accretive.

Proof. The assertions are immediate from
[T (u, v)|(u,v)]1 =1 (2Re(Aulv) + (Bv|v) — (Culu)) € iR,
Re [T (u, v)|(u, v)]2 = (Bv|v) + (Culu). O

COROLLARY 4.9. In the situation of Theorem 4.6, let H x H = V. @ V_ be the
decomposition corresponding to the dichotomy of T. Then V., V_ are hypermaximal
Ji-neutral, Vi is Jo-nonnegative, and V_ is J>-nonpositive.

5. Invariant graph subspaces and Riccati equations

There is a close relation between the invariance of graph subspaces

o= |(5)

of linear operators X on a Hilbert space H under a block operator matrix and solutions
of Riccati equations, see e.g. [8,18,41]; in our setting it reads as follows:

ue D(X)]

LEMMAS.1. Let T be adiagonally dominant Hamiltonian and X a linear operator
on H. Then the graph subspace G(X) is T -invariant if and only if X is a solution of
the Riccati equation

(A*X +X(A+BX)—Cu=0, ueDANX 'DA*; (24)

in particular, (A + BX)u € D(X) forallu € D(A) N X~ 'Da").

Proof. G(X) is T-invariant if and only if for all u € D(A) ND(X) with Xu € D(A*)
there exists v € D(X) such that

Au+ BXu _7T ul) (v
Cu— A*Xu) Xu)  \Xv)’

and this is obviously equivalent to (24). 0
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Graph subspaces are closely related to the Krein space fundamental symmetries
J1, Jo introduced in (23), see also [14]:

LEMMA 5.2. ([41, Lemma 6.2]) Let X be a linear operator on H. Then

(1) X is selfadjoint if and only if G(X) is hypermaximal J-neutral;
if X is symmetric, then
(i1) X isnonnegative (nonpositive, respectively) if and only if G (X) is Jo-nonnegative

(J2-nonpositive, respectively).

The next theorem generalises [24, Theorem 5.1] where the off-diagonal operators B

and C were assumed to be bounded, and it complements results in [21,41,42] where

Hamiltonians 7 possessing a Riesz basis of generalised eigenvectors but without
dichotomy were investigated.

THEOREM 5.3. Let T be a nonnegative diagonally p-dominant Hamiltonian with
p < 1 such that A is sectorially dichotomous and

() ker (B(A* + it)_l) — (o). 25)

teR

Then

(1) T is dichotomous and its spectral subspaces are graph subspaces, Vo= G (X 1);
(i) X4 are selfadjoint, Xy is nonnegative, and X _ is nonpositive;
(i) D(A)NX ;ID(A*) are a core for X+ and X 1 satisfy the Riccati equations

(A*X1 + X+(A+ BXy) —C)u=0, ueDA)NXL'DAY. (26

Proof. (1) By Theorem 4.6 and Corollary 4.9, T is dichotomous, V., V_ are hyper-
maximal Ji-neutral, V, is Jr-nonnegative, and V_ is J>-nonpositive. To show that
Vi = G(X1) with some linear operator X4, it suffices to show that (0, w) € Vi
implies w = 0. Setting (u, v) := (T — ir)~1(0, w) for r € R, we have

(A—ihu+Bv=0, Cu—(A"+iH)v =w.

Since Vy is Jj-neutral and invariant under (T — i) 1, this implies that
=[] -
w v/,

0= (wlu) = (Culu) — (W|(A —it)u) = (Culu) + (Bv|v).

and thus

Since B and C are nonnegative, it follows that 0 = (Cu|u) = (Bv|v). Thus for all
r € Rand v € D(B),

0 < (B(rv+v)|rv+ v) = 2r Re(Bv|v) + (Bv|v),
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which yields Bv = 0. Similarly, we obtain Cu = 0 and so w = —(A* + ir)v. We
conclude that B(A* +ir)"'w = —Bv = 0. Ast € R was arbitrary, (25) implies that
w=0.

(ii), (iii) Since V4 = G(X4) are hypermaximal Ji-neutral and J,-nonnegative/
nonpositive, Lemma 5.2 shows that X are selfadjoint and nonnegative/nonpositive,
while Lemma 5.1 shows that X satisfy (26). Moreover, we have (u, X1u) € D(T)
ifand only if u € D(A)N X;ID(A*). Since V4 N'D(T) are dense in V., this implies
that D(A) N X;lD(A*) are a core for X4. O

Next we derive necessary as well as sufficient conditions for assumption (25).

PROPOSITION 5.4. Let A be a closed densely defined linear operator with iR C
0(A) and B symmetric with D(A*) C D(B). Then the assertions

(1) ker B = {0},

(i) (),er ker(B(A* + i~ = {0}, see (25),
(iii) span{(A —it)"'B*u|t € R, u € D(B*)} = H,

(iv) YA € 0,(A%) : ker BNker(A* — 1) = {0}

satisfy the implications

(i) = (ii) < (i) = (iv);

if A has compact resolvent and possesses a complete system of generalised eigenvec-
tors, then even

(iii) <= (iv).

REMARK 5.5. For the special case of bounded B, instead of (25), the equivalent
condition (iii) in Proposition 5.4 was used in [24, Theorem 5.1]. For the special case
of normal A with compact resolvent, the equivalence (iii)<>(iv) in Proposition 5.4 was
established in [41, Proposition 6.6].

For the proof of Proposition 5.4, we need the following lemma.

LEMMA 5.6. Let A be a closed densely defined linear operator with iR C o(A)
and B symmetric with D(A*) C D(B). Let py be the connected component of 0(A)
containing iR. If p C po has an accumulation point in py, then

[ ker(B(A* +in~") = (| ker(B(A* — 27
teR zep

= (span{(A — 27 'B*u |zep,ue D(B*)})L

Proof. The second identity is immediate from the identities

ker (B(A™ = 97") =R ((B(A* - z>—1>*)l =R (4~ z)‘lB*)L;
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note that we have used that B(A* —7)~! is bounded and that (B(A* —7)~1)* DBy =
(A — z)~! B*. Moreover, by the identity theorem, if ((A — z)~'B*u|x) = 0 for all
z € p, then this continues to hold for all z € py and thus

ﬂ ker (B(A* — Z)_l) = ﬂ ker (B(A* — Z)_l) .
z€p

2€p0
Since iR is one possible choice for p, the proof is complete. 0

Proof of Proposition5.4. The implication (i)=(ii) is clear and (ii)<-(iii) follows
from Lemma 5.6. For the implication (ii)=>(iv), we observe that if A € 0,(A*) and
x € ker BNker(A* — 1), then B(A* +if)"'x = (A +ir)"'Bx = O forallr € R and
hence x = 0 by (ii).

To show the reverse implication (iv)=>(ii) under the additional assumptions on A,
we first prove that the closed subspace

N = ﬂ ker (B(A* + it)_l)

teR

is (A* — z)~!-invariant for every z € o(A*). Let x € N. Since A has compact
resolvent, o(A) is connected. Thus Lemma 5.6 implies that B(A* —z)~'x = 0 for all
z € 0(A*). Hence by the resolvent identity, we find that for all r € R, z # —ir,
1
B(A* +in N(A* — )7 'x = ——(B(A* — ) 'x — B(A* +in~'x) = 0.

1t +z

Therefore A is (A* — z)~'-invariant for all z € o(A*)\iR and thus, by continuity, for
all z € p(A™).

Secondly, we use induction on n € N to show that V"N ker(A* — 1)" = {0} for all
L € 0,(A*). The case n = 0 is trivial. For n > 1, let x € N’ N ker(A* — )" and
set y := (A* — A)x. Since A was assumed to have compact resolvent, the subspace
N Nker(A* — )" has finite dimension; by the first part of the proof, it is invariant under
(A*—2z)~! and hence also under A*. Therefore y € A'Nker(A*—2)"~!. By induction,
this yields y = 0. Hence x € ker(A* — 1) and 0 = B(A* +if)"'x = (A +ir) "' Bx;
thus Bx = 0. From (iv), we then obtain x = 0.

Now let A € 0,(A) be arbitrary and let P be the Riesz projection onto the corre-
sponding generalised eigenspace of A. Then the Riesz projection corresponding to the
eigenvalue A of A* is given by

Pt = (A* =27 dz
2 JoB. ()

with & > 0 such that B; (A)\{A} C 0(A*). Since NV is (A* —z)~'-invariant and closed,
it is also invariant under P*. Moreover, R(P*) = ker(A* — X)" for some n € N. For
x € N, we obtain P*x € N Nker(A* — 1)" and so P*x = 0, i.e. x L R(P). Since

A € 0, (A) was arbitrary, x is orthogonal to the system of generalised eigenvectors of
A, which was assumed to be complete, hence x = 0. O
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REMARK 5.7. If, in addition to being sectorially dichotomous, A generates a
strongly continuous semigroup and B is bounded, then (25) is equivalent to the ap-
proximate controllability of the pair (A, B), compare [13, §4.1].

REMARK 5.8. There is a second Riccati equation corresponding to the Hamilton-
ian T': A linear operator Y in the Hilbert space H is a solution of the Riccati equation

(AY + Y(A* = CY)+ B)v =0, v e DAY NY'D(A), 27

if and only if the “inverse” graph subspace

G (V) = i(YU ”) ve D(Y)]

is T-invariant. The Riccati equations (24) and (27) are dual to each other in the follow-
ing sense: Giny (Y) is T-invariant if and only if G (Y) is invariant under the transformed

Hamiltonian
7 0 I\ [A B 0 1y _ (-A" C
“\7 oJ\c -AJ\u o)  \ B A}

For example, the dual version of Theorem 5.3 states that if, instead of (25),

ﬂ ker C(A — i)~ = {0}
teR

holds, then V4 = Gipy (Y+) where Y4 is a selfadjoint nonnegative/nonpositive solution
of (27), and D(A*™) N Y;ID(A) is a core for Y.

6. Bounded solutions of Riccati equations

In this section, we consider Hamiltonians T for which A is a sectorial operator with
angle & < /2. Then the spectra of the diagonal entries A and —A™* of T lie in the
sectors Xg and X_y in the right and left half-plane, respectively.

We show that then the solution X of the Riccati equation in Theorem 5.3 is bounded
and uniquely determined; if —A is sectorial, then X_ is bounded and uniquely deter-
mined.

LEMMA 6.1. Let T be a nonnegative diagonally p-dominant Hamiltonian with
p < 1 and let A be sectorially dichotomous. If the linear operator X : H — H
is bounded and G (X) is invariant under T and under (T — z)~', z € o(T), then
XD(A) C D(A*) and X is a solution of the Riccati equation

(A* X+ XA+ XBX —Cu=0, ueD(). (28)
Proof. We consider the isomorphism ¢ and the projection pr; given by

¢o: H—> G(X), pry: HxH — H,

ur (u, Xu), (u,v) — u,

(29)
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which are related by ¢! = prilc(x). Using the decomposition 7 = § + R from

(22) into diagonal and off-diagonal part, we define the operators E := pr;7T¢ and
F :=pryRpon H,i.e.

D(E) =DA)N X" 'D(A*), Eu= Au+ BXu,

D(F) =D(C)NX"'D(B), Fu = BXu.
By assumption, D(A) C D(C), D(A*) C D(B) sothat D(E — F) = D(E) C D(A)
and (E — F)u = Au; hence E — F is arestriction of A. We aim to show that, in fact,
D(E — F) =D(A).

Since G(X) is T-invariant, £ = (p_1T|G(X)<p and hence o(E) = o(T|g(x)). Fur-
thermore, we have o(T) C o(T|g(x)) since G(X) is also (T — z)~ -invariant. By
Theorem 4.6, the operator 7' is dichotomous and thus iR C o(T) C o(E). From
IR(S —it)~'|| < M/|t|'~P with some M > 0, see (16) and Lemma 4.2, and from

F(E —it)™! = pr;Rpg (T —it) o = pr R(T —it) g
=pr RS —in ' (I+RS—in"") "
we see that |F(E —it)™'|| < 1 for large |t|. Consequently, it € o(E — F) for
large |¢|. Since it € o(A) forallt € R and E — F is a restriction of A, this implies
that D(A) = D(E — F) = D(A) N X~ 'D(A%), i.e. XD(A) C D(A*). The Riccati
equation (28) now follows from Lemma 5.1. O

LEMMA 6.2. Let T be a nonnegative diagonally p-dominant Hamiltonian with
p < 1. Let A be sectorial with angle 0 < w/2 and 0 € o(A). If X is a bounded
selfadjoint solution of (28) with XD(A) C D(A*), then there exists a constant L =
L(A, p, cc) depending only on A, p, and the p-subordination bound cc of C to A
such that

(Xulu) < Lllul®, u € H;
in particular, || X || < L if X is nonnegative.
Proof. From (28) and since T, and thus B, is nonnegative, we obtain
(AulXu) + (Xul|Au) = (Culu) — (BXu|Xu) < (Culu), u € D(A).
Hence for arbitrary ¢ € R,
2Re((A —in)u|Xu) < (Culu),  u € D(A).

Together with the p-subordinacy of C to A, this implies that for arbitrary v € H,
letting u := (A — ir)~lo,
2Re(v|X (A —in)""v) = (C(A — i) v|(A —in~1v)
<lc—in~" A —in~vl?
< ccll(A =iy PP A —in~ 1P |v].
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Lemma 2.12 applied to the sectorial operator A (for which P_ = 0) yields that

1 /
—/(A—it)_lvdtzv, vev,
T JR

M
A =in~" < wr e ROk
in particular, ||A(A — i~ is uniformly bounded in ¢ € R. Altogether, we obtain
/
2n(Xv|v) = 2w Re(Xv|v) = / 2Re(X(A — it)_1v|v) dt
R

<cc (/ I(A — ir>—1||2—"dr) sup [|A(A —it) 1P ||v)?
R teR
=: L(A, p, co)v]*. O

The following proposition is the crucial step in proving the boundedness of a solution
of the Riccati equation (26) in the presence of unbounded B and C.

PROPOSITION 6.3. For r € [0, 1], let X, be linear operators on H and P;
projections on H x H such that R(P,) = G(X,). Suppose that

(1) Py depends continuously on r in the uniform operator topology;
(i) Xg is bounded;
(iii) there exists L > 0 so that for all r € [0, 1], if X, is bounded, then || X,| < L.

Then all X,, r € [0, 1], are bounded.

Proof. Let J := {r € [0, 1]| X, bounded}. Then by assumption (ii), 0 € J. We will
show that J is closed and open in the interval [0, 1] and hence equal to [0, 1].
Let (ry)peny C J, lim, o1, = r,and u € D(X,). Set

u Un
= P = N.
! (Xru) 7 rnx (Xrnun) 7 "<

Then lim, o Pr,x = Prx = x, which implies that u, — u and X, u, — X,u as
n — o0o. By assumption (iii), we obtain

[ Xrull = lim [|X,,u,ll < L Tim |lu,|| = Ljull
n—o0 n—o0

and hence r € J. Therefore J is closed.

Now suppose that J is not open. Then there exist r € J and (r,),en C [0, 1]\J
such that lim,,_, r, = r. So all X,, are unbounded. Hence there are u, € D(X,,)
with [|u, || < 1/n and || X, u,| = 1. Set

Up Wy
= ., Px, =: , N.
xn (Xrn Mn) rxn (Xr wn) n e
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Since x, € G(X,,,) = R(P,,) foralln € N, we have P, x, = x, and

1= 11Xy, unll < 1 Xp,un — Xpwpll + 1 Xe 1l (lwn — wnll + unl)
<P, xn — Prxpl + ”Xr”(”Prxn — Prxp |l + ”un”)
= A+ IXADIPr, — Prll llxnll + N1 XA Nl lunll-

Since [|x, 1% = llunll® + | X, unl?> < 1/n> + 1 and P, — P,, uy — Oasn — oo,
this is a contradiction. O

THEOREM 6.4. Let T be a nonnegative diagonally p-dominant Hamiltonian with
p < L. Suppose that iR C o(A) and assumption (25) holds, i.e.

() ker(B(A* +in™") = {0}.
teR
(1) If A is sectorial with angle 0 < 1 /2, then the nonnegative solution X4 of the
Riccati equation (26) in Theorem 5.3 is bounded, satisfies X . D(A) C D(A*)
and hence

Moreover, X+ is the uniquely determined bounded nonnegative operator such
that X1 D(A) C D(A*) and (30) hold.

(ii) If —A is sectorial with angle 0 < m /2, then the nonpositive solution X_ of the
Riccati equation (26) in Theorem 5.3 is bounded, satisfies X _D(A) C D(A™),
and hence

(A*X_ + X_A+X_BX_ —Cu=0, uecD(A). 31)

Moreover, X_ is the uniquely determined bounded nonpositive operator such
that X_D(A) C D(A*) and (31) hold.

Proof. Suppose that A is sectorial. We consider the family of operators 7, = S +rR,
r € [0, 1], where S, R are the diagonal and off-diagonal part of T', respectively, as
in (22). By Theorem 4.6, each 7, is dichotomous and the corresponding projections
P, 4 and P, _ satisfy

/
2Pryx —x =P yx — P _x = %/ (T, — it)_lx dr, x € HxH.
R
For r > 0, Theorem 5.3 applies to 7} since ker(B(A* +ir)~!) = ker(r B(A* +ir)~!)
if r > 0. Hence there are nonnegative selfadjoint operators X,, r > 0, such that
R(Pr+) = G(X,);inparticular, X1 = X .Forr = 0wehave Tp = Sand R(Pp +) =
H x {0} = G(Xop) where Xo = 0, see also Lemma 2.12. If we set P. := P, 4, then
we obtain, for r, s € [0, 1],

1 /
Px — Pix = 2—/ (S+rR—iy™ ' = (S+sR—in"")xdr, xeH x H.
T JR
(32)
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Since [|[R(S — i)' < M’/|t]'~P, see (16), and r € [0, 1], a Neumann series
argument yields ||(/ +rR(S — i)™~ < 2 for |t| > 19, where the constant 7p > 0
is independent of r. Using ||(S —ir)~!|| < M/|t| and

(S+rR—in"'—(S+sR—ir)"!
=S +sR—i) ' —rRES +rR—i)"!
= (=i (I +sRES —in") (s = NRES =i (I +rRS —in)™) 7,

we find that

/

AMM
||(s+rR—it)*1—(S+sR—it)*1||g|s—r|-|t|2—_p for |t] >1t9. (33)

The identity
(S+sR—i" = (S+rR—i) (I + (s =R +it —iD)( S +rR—in)"")”"

implies that the mapping (r, 1) — (S +rR —ir)~! is continuous in the operator norm
topology. On the compact set {(r,) € R*|r € [0, 1], |t| < 1o} it is thus uniformly
continuous. Hence for ¢ > 0, there exists § > O such that

IS+ rR—in)"' = (S+sR—it) Y <& for |t| <ty |s—r|<8. (34)

From (32), (33), and (34) we now obtain, for |s — r| < &,
4MM’ )

1
||P—P.||§—(2t08+|s—r| —
' ’ 27 1t1>to |t]>~P

Consequently, the mapping » — P, is continuous. Since G (X,) = R(P,) are invariant
under 7, and its resolvent, Lemmas 6.1, 6.2 apply; using ¢,c < cc¢ forr € [0, 1], we
obtain a constant L = L(A, p, cc) > 0 independent of r € [0, 1] such that if X, is
bounded, then || X, || < L. Hence Proposition 6.3 yields that all X, are bounded.

To show the uniqueness of X, suppose that X is another bounded nonnegative
solution of (30) with XD(A) C D(A*). Lety : H — G(X), ¢u = (u, Xu) be the
isomorphism defined in (29) in the proof of Lemma 6.1. Our assumptions on X imply
that G(X) is T-invariant and that (p_lT(p = A + BX. Consequently, o (T'|g(x)) =
o(A+ BX).

The operator A*X is closable and D(A) C D(A*X), hence A*X is A-bounded.
Thus since 0 € g(A), there exists ¢ > 0 such that || A*Xu|| < c¢||Au|| for u € D(A).
Together with the p-subordination property of B to A*, we then find

IBXull < cplXull'" PIlA*Xu|” < cpeP | X|"7P|ul'"PAull?,  u € D(A),

i.e. BX is p-subordinate to A. Since A is sectorial with angle 6 < m/2, Remark 3.8
implies that A + BX is sectorial with some angle 8’ € [0, /2[ and radius r > 0, in
particular,

o(A+ BX) C ¢ U B (0). (35)
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We will now show that o (A + B X) is, in fact, contained in the open right half-plane;
this shows, in particular, that A 4+ B X is sectorial with radius 0. In view of (35), it is
sufficient to prove that A € r(A + BX) whenever Re A < 0. Suppose, to the contrary,
that A € C with Re A < 0 and there exist u, € D(A), |u,| = 1, with

lim (A+ BX — Mu, =0. (36)
n—o00
This implies
lim ((A+4+ BX — Mu,|Xu,) =0. 37
n—oQ

Moreover, the Riccati equation (30) for X yields that

Re (A + BX)ulXu) = %((AMIXM) + (Xu|Au)) + (BXu|Xu)
(38)
= %((Culu) + (BXu|Xu)), u € D(A).

Combining (37) and (38) and using B, C > 0, we find

lim sup ((Re A)~(Xun|un)) = lim sup Re ((A + BX)u,,|Xun)

n— 00 n— 00

1
= lim sup E((Cu,,lu,,) + (BXu,,|Xu,,))

n—o00

1
> — lim sup (BXu,|Xu,) > 0.
2 n—oo
On the other hand, X > 0 and Re A < 0 imply lim supnﬁoo((Re A)- (Xunlun)) <0
consequently, lim,—, oo |BY%Xuy,|| = 0. This, the fact that B/2(A* — 1)1 and thus
(A — 1)~ ' B!/2 is bounded, and (36) now yield that
lim u, = lim (u, + (A — 1)~ 'BY2.B'?Xu,)
n— oo

n— o0

=(A—2)""lim (A+ BX — Mu, =0,
n—od

a contradiction to |ju,| = 1.

Since A 4+ BX is sectorial of angle < /2 and its spectrum is contained in the open
right half-plane, (A+BX — ) —!and hence (T| G(X)—A) —Lare uniformly bounded on
C_. Therefore (T —A)~!(u, Xu) extends to a bounded analytic function on C_ which,
inturn, implies that (u, Xu) belongs to the spectral subspace V. = G(X 1) of T, see[9,
Sect. 2 and Theorem 3.1]. This proves that G(X) C G(X4) and hence X = X since
the bounded operators X and X are both defined on the dense subset D(A) C H.

The case when —A is sectorial is a consequence of the first case since —X_ is
nonnegative and a solution of the Riccati equation corresponding to

A B
c a*) -
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REMARK 6.5. In[1, Section 7] the existence and uniqueness of solutions of Riccati
equations was proved under the weaker assumption that B, C are uniformly accretive,
but only in the case where all entries A, B, and C are bounded and using a different
approach.

7. Examples

To illustrate the results of the previous sections, we consider three examples of
Hamiltonians involving partial differential and multiplication operators. None of these
examples is covered by the earlier results in [11,21,24,41,42].

In all examples, B and C are unbounded and hence [11,21,24] cannot be applied.
Moreover, B and C do not map into an extrapolation space of H and thus do not fit
into the setting of [42]. In the first example, the operator A has continuous spectrum
and hence no Riesz basis of generalised eigenvectors exists as required in [41].

EXAMPLE 7.1. We consider the Hilbert space H = L?(R") and the operators
Au=(—A+eu, DA =W R"),
Bu = gu, D(B)={u<c H|gueH}
Cu = gou, D(C) ={u € H|gu € H},

with ¢ > 0 and nonnegative locally integrable functions g1, g2 : R” — R. Suppose,
in addition, that g; is positive almost everywhere and that g1, g» satisfy estimates

/ |gj(x)|2dx§crs, xeR", 0<r<l1, j=1,2,
By (x0)

with constants ¢ > 0 and s € [0, n] such that s > n — 4; e.g. one could choose
g(x) = |x|79 with0 < g <min{2,n/2} and s = n — 2q.
The operator A is positive and selfadjoint, 0 € p(A), and the a priori estimate

lullw22gey < collAull,  u € D(A),

can easily be verified by Fourier transformation. The multiplication operators B and
C are selfadjoint, B is positive, and C is nonnegative. By Lemma 3.3, B and C are
p-subordinate to A with p = ‘1—‘(11 — ) < 1. We can thus apply our results to the

Hamiltonian
A B
T = ;
(¢ 2):

note that condition (25) holds because ker B = {0}.
Hence Theorem 6.4 yields the existence and uniqueness of a bounded nonnegative
selfadjoint solution X of the Riccati equation

(AX{ + X, A+ X4BX, —Cu=0, uecDA):;
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Theorem 5.3 yields the existence of a nonpositive selfadjoint solution X _ of the Riccati
equation

(AX_ +X_(A+BX_)—Cu=0, ueDANX_'DA).

In the next two examples, A, and hence also 7', has compact resolvent and pure point
spectrum. However, A is not normal as required in the known existence results for
Riesz bases of generalised eigenvectors, e.g. [28, Theorem 6.12], [40, Theorem 6.1],
and thus [41] cannot be applied.

EXAMPLE 7.2. Let £2 C R" be open and bounded with smooth boundary 02
such that no point of 352 belongs to the interior of 2. Let H = L?(£2) and consider
the operators

Au = A%u, D(A) = {u e W(2)|u = Au+ fd,u =0on 3},

n
Bu=— > 8;(gjdku) + gou.  D(B) = WA(2) N Wy>(£2),
jik=1

n
Cu=— > 8j(hjdeu) +hou,  D(C) = WA(2) N Wy2(82),
jk=1

where f € C*°(0£2) withRe f > 0, gk, hjk, g0, ho € C*°(£2), go, hp = 0, and the
matrices (g jk) j k=1..n and (h ) j k=1..., are positive definite and positive semidefinite,
respectively, almost everywhere on §2. The outward normal derivative is d,.

From the theory of elliptic partial differential operators, see e.g. [27], it follows that
B and C are selfadjoint, B is positive, and C is nonnegative. The operator A is closed
and its adjoint is given by

Afu=ANu, DAY ={ueW*(2)|u=Au+ fd,u=0o0ndR};

note that A is not selfadjoint (not even normal) if Im f # 0. Integration by parts shows
that

(Aulu) =/ [Au|? dx +/ flayul?do,  u € D(A). (39)
2 a2
Consequently, there exist cg, c; > 0 such that for u € D(A)
Re(Aulu) = [|Aull® = collulfyon g, 1Tm(Aulw)] < cillulfyan g, (40)

This implies that ker A = {0}, that R(A) is closed, and that the numerical range W (A)
is contained in a sector Xy, see (4), more precisely,

W(A) C {z € Zg| Rez > cp} with6 = arctan(c;/cop). “41)

Since (39) (with f replaced by f ) and (40) also hold for A*, this yields R(AL =
ker A* = {0} and thus 0 € o(A). In view of Remark 2.9 (iii), we obtain that A is
sectorial with angle 6. Finally, (40) also implies

lullwazcoy < co lul1Aul?, u e D(A),
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and the same with A replaced by A*. Consequently, B and C are %—subordinate to
A* and A, respectively. Moreover, ker B = {0} since B is positive and thus assump-
tion (25) is satisfied.

Hence Theorem 6.4 shows that there exists a unique bounded nonnegative selfadjoint
solution X of the Riccati equation

(A*X4 + X4 A+ X.BX; —Cu=0, ueDA);

Theorem 5.3 shows that there exists a nonpositive selfadjoint solution X _ of the Riccati
equation

(A*X_+X_(A+BX_)—Cu=0, ueDANX_"DA".

In our final example, we consider a Riccati equation with coefficients A , B , and
C such that A is sectorially dichotomous, but neither A nor —A are sectorial. Hence
Theorem 6.4 does not apply and both solutions X+ will be unbounded in general.

EXAMPLE 7.3. Let 2 C R" and the operators A, B, C in L2(.Q) be as in the
previous example. Consider the block operator matrices

~ (A 0 ~ (B BB ~ (C yC . .2 2
A—(O —A*)’ B_<,BB B), C_()/C C) in L°(82) x L“($2)

whereﬂ e [0, 1[, y € [0, 1] Then A is sectorially dichotomous, B C are symmetrlc
B is positive since 8 < 1, C is nonnegative, and B, C are z—subordmate to A*, A,
respectively. By Theorem 5.3, the Riccati equation

(A*X+ + X+ (A+BX:) —Clu=0, ueD(A)NXI'D(AY),

has two selfadjoint solutions X, where X is nonnegative and X_ is nonpositive,
both of which are unbounded in general.
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