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1116 J. FAUPIN & N. FRANTZ

RESUME. — Nous considérons une classe d’opérateurs non auto-adjoints sur un espace de
Hilbert, de la forme H = Hy + CWC, ou Hj est auto-adjoint, W est borné et C' est borné
et relativement compact par rapport a Hy. On suppose que C' est un opérateur métrique et
que C(Hgy — 2)71C est uniformément borné pour z € C \ R. Nous définissons les singularités
spectrales de H comme les points du spectre essentiel A\ € oo (H) tels que C(H — A +ie) " 1CW
n’a pas de limite quand € — 0. Nous prouvons que les singularités spectrales de H sont en
bijection avec les valeurs propres associées a des états résonants d’une extension de H a un
espace de Hilbert plus gros. Ensuite, nous montrons que les états qui disparaissent a I'infini
pour H, c’est & dire les ¢ tels que ety — 0 quand ¢t — oo, coincident avec les vecteurs
propres généralisés de H associés & des valeurs propres A € C, FIm(\) > 0. Finalement,
nous définissons le sous-espace spectral absolument continu de H et montrons qu’il satisfait
Hac(H) = Hp(H*)L, ott Hy,(H*) est le sous-espace spectral ponctuel de Popérateur adjoint H*.
Nous obtenons ainsi une décomposition en somme directe de ’espace de Hilbert en terme de
sous-espaces spectraux de H. L’un des arguments principaux de nos preuves est une formule de
résolution spectrale pour un opérateur borné r(H) régularisant ’opérateur identité au voisinage
des singularités spectrales. Nos résultats s’appliquent a des opérateurs de Schrédinger avec des

potentiels complexes.
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Spectral decomposition of some non-self-adjoint operators 1117

1. Introduction

We are interested in this paper in the evolution of a quantum system governed by
the time-dependent Schrodinger equation

(1.1) W0yp = Ho,

with a non-self-adjoint operator H.

Non-self-adjoint “Hamiltonians” in Quantum Mechanics are considered in vari-
ous contexts, see [BGSZ15, Krel7] and references therein. We mention here two
frameworks that are especially relevant for our study.

As effective or phenomenological operators, non-self-adjoint operators are used to
describe non-conservative phenomena. A celebrated example is the optical model in
nuclear physics describing both the elastic and inelastic scattering of a neutron — or a
proton — at a nucleus. It was introduced by Feshbach, Porter and Weisskopf [FPW54]
as an empirical model allowing, in particular, for the description of the formation of
a compound nucleus [Boh36]. In this model, the unnormalized state of the neutron at
a positive time ¢ is given by the solution ¢; = e to (1.1), with H = —A + V (z)
a dissipative Schrodinger operator in L*(R?), Im(V (z)) < 0. Part of the energy of
the neutron may be transferred to the nucleus, possibly leading to the absorption,
or capture, of the neutron by the nucleus. Mathematically, this is reflected in the
dissipative nature of the equation since, in particular, given a normalized initial state
¢ € L?(R?), we have that ||e=*Hp||;> < 1 for all t > 0. The probability of absorption
2
Pabs(@) == 1 — lim

HefitH
t— o0

|

L2
does not vanish in general.

The nuclear optical model leads to predictions that correspond to experimental
scattering data to a high precision. Theoretical justifications of the model have been
given in [Fes58a, FesH8b, Fes62| (see also [BGSZ15, Fes92, Hod71]). The idea of the
justification consists in projecting out, in the Schrodinger equation associated to the
total system nucleus — neutron, the degrees of freedom corresponding to the nucleus.
This can be performed using Schur’s complement formula and leads to a Schrédinger
equation for the neutron which is non-linear in energy. The effective, non-self-adjoint
Hamiltonian for the neutron is then obtained by averaging over energy.

PT -symmetric operators constitute another widely used class of non-self-adjoint
operators in Quantum Mechanics. It was observed by Bender and Boettcher [BB9S§]
that a large class of “P7T -invariant Hamiltonians” have real spectra and can therefore
be quantum mechanically relevant in many situations. For Schrodinger operators,
H=—-A+V(z) on L*(RY), with V' a complex potential, PT -symmetry means that

[H,PT] =0,

where P is the parity operator, (Py)(z) = ¢(—z), and T the time-reversal operator,
(Te)(x) = o(a)

In recent years, P7T-symmetric operators have attracted lots of attention, from
theoretical studies showing that P7T-invariant operators have real spectra under
suitable conditions [DDT01, KBZ06, Kre08, KSTV15, Mos02, Shi02], to experimen-
tal studies revealing PT-symmetry-like structures, in particular in optics [Lon09,
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1118 J. FAUPIN & N. FRANTZ

RBM*12, RMEG™10]. See [EGMK™18] for more references and more recent de-
velopments, [KSTV15] for results on the pseudo-spectra of PT-symmetric opera-
tors, and [BK08, BK12, WB20] for the study of P7-symmetric operators having
continuous spectra. It may also be worth mentioning that a mathematically re-
lated and, perhaps, more relevant concept than P7-symmetry, is that of quasi-
self-adjointness [Die61, SGH92]. We refer to [KSTV15] for a relationship between
quasi-self-adjointness and PT-symmetry.

In this paper, we consider an abstract class of non-self-adjoint operators in a
complex Hilbert space H, of the form H = H, + V. We suppose that H, is a
self-adjoint operator with purely absolutely continuous spectrum and that V' is a
relatively compact perturbation of Hy. In particular, the essential spectra of H and
Hy coincide. We suppose furthermore that V' admits a factorization as V = CWC,
with W bounded and C' a strictly positive operator such that

-1
zi%IzRHC(HO z) C’HB(H) < 00.
Such factorizations go back to the seminal work of Kato [Kat65], see also [KKG66].

We are interested in a spectral decomposition of the non-self-adjoint operator
H, in relation with the long-time behavior of the solutions to (1.1). Note that
H being a bounded perturbation of Hy, the operator —iH generates a strongly
continuous group {e 7}, r and hence, for any ¢ € H, (1.1) admits a global
solution R 3t e € H.

Roughly speaking, our main contributions can be summarized as follows. First,
defining the spaces of asymptotically disappearing states as

—itH

. [ e], =0},

li
t— +oo

H;tds(H) = {SD S Ha

we will show that HZ (H) coincide with the vector space spanned by all eigen-
vectors, or generalized eigenvectors, corresponding to eigenvalues A of ‘H such that
FIm(A) > 0. Next, defining the absolutely continuous spectral subspace Ha.(H) of
H as the closure of

{een 3e>ovven [[(eou) [Fd<e i} ]

we will prove that H,.(H) = H,(H*)*, where H* stands for the adjoint of H and
H,(H*) is the point spectral subspace of H*, i.e. the vector space spanned by all
eigenstates or generalized eigenstates of H*. These characterizations of H, (H) and
Hac(H) in turn imply a J-orthogonal decomposition of the Hilbert space (for some
conjugation operator .J, see Hypothesis 3.4 for precise conditions on J) given by

(1.2) H = Hao(H) & Ho(H) & Hoo (H) @ Hi(H),

where H,,(H) is the space of “bound states”, i.e. the closure of the vector space
spanned by all generalized eigenvectors of H corresponding to real eigenvalues. Hence
we obtain a decomposition of the Hilbert space into “scattering states” (corresponding
to elements of H,.(H)), asymptotically disappearing states and bound states. This
generalizes the well-known spectral decomposition for self-adjoint operators without
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Spectral decomposition of some non-self-adjoint operators 1119

singular continuous spectrum (in the case of self-adjoint operators H, of course, we
have H, (H) = {0}).

To prove these results, we will require that H only has finitely many eigenvalues
(counting algebraic multiplicities) and finitely many spectral singularities. As in
previous works concerning dissipative operators in Hilbert spaces [Fau2l, FF18,
FN19], the notion of spectral singularities plays a central role in this paper. In our
context, we will define a spectral singularity as a point A of the essential spectrum
of H such that one of the two limits

lim C(H — X\ +ie) 'CW
e— 07t
does not exist in the norm topology of B(H). We will prove that \ is a spectral
singularity of H if and only if it is an eigenvalue of an extension H' of H to a larger
Hilbert space H., corresponding to an eigenstate (a “resonant” state) belonging to
a suitable subspace of Hy, (the space Hy will be defined as the anti-dual of Ran(C),
equipped with a suitable norm).

Our results concerning the spaces of asymptotically disappearing states H;tds(H )
generalize previous results for dissipative operators recently obtained in [FF18]. Our
proof is more direct, in particular it does not rely on the scattering theory for the pair
(H, Hy), which was a crucial element of the proof in [FF18]. Our results showing that
Hac(H) = H,(H*)* seem to be new. It is worth mentioning that, contrary to previous
results on absolutely continuous spectral subspaces for non-self-adjoint operators
(see [Dav80a] for dissipative operators and [KN09, Nab76] and references therein
for a more general context), we do not use the theory of dilations of contractive
semigroups.

The abstract theory developed in this paper applies to Schrodinger operators
H = —A + V(x) on L*(R%), under suitable decay assumptions on the complex
potential V. In this case, spectral singularities correspond to real resonances. Some
of our results on spectral singularities may thus be seen as abstract versions of
corresponding well-known properties in the theory of resonances for Schrodinger
operators [DZ19]. On the other hand, the characterizations of the subspaces H, (H)
and H,..(H), as well as the spectral decomposition formula (1.2), seem to give new
results also in the context of Schrodinger operators.

Before stating our results in more precise terms in Section 3, we begin with
describing in details the abstract setting studied in this paper in Section 2.

Notations 1.1. — In what follows, given two Hilbert spaces H;, Hs, the notation
B(H1,Hs) stands for the set of bounded operators from H; to Ha. If Hy = Ho, we
set B(H1) := B(H1,H1). If E is a Banach space and E’ its anti-dual, we denote by

<u,<I>>E;E/ = @(U), NS E/, u € E,
the usual duality bracket.

The domain of an operator A on a Hilbert space H is denoted by D(A). The
spectrum and resolvent set of A are denoted by o(A) and p(A), respectively. For
z € p(A), we let

Ra(z) = (A—2)""
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1120 J. FAUPIN & N. FRANTZ

be the resolvent of A. In the case where A is the unperturbed operator Hy, we will
also use the shorthand Ry := Ry, .

We let C* := {z € C, £Im(z) > 0} and C* := {z € C, £Im(z) > 0}. The
complex open disc centered at A and of radius r is denoted by

D7) :={2€C, |z— A <r}.

2. Abstract setting
2.1. The model

Let (H,(.,.)5;) be a complex separable Hilbert space. On H, we consider the
operator
where Hj is self-adjoint and semi-bounded from below and V' € B(H) is a bounded
operator. In particular, H is a closed operator with domain D(H) = D(H,) and its
adjoint is given by
H*=Hy+V*, D(H")=D(H,).
Without loss of generality, we suppose that Hy > 0. Since H is a perturbation of

the self-adjoint operator Hy by the bounded operator V', —iH is the generator of a
strongly continuous one-parameter group {e~®},cp satisfying

=]

(see e.g [Dav07] or [ENOO]).
We assume that there exists a metric operator C' € B(H) such that C' is relatively
compact with respect to Hy and V' is of the form

(2.2) V =CWC,
with W € B(H). We recall that a metric operator is a strictly positive operator, i.e.
C > 0 and Ker(C) = {0}, see e.g. [AT13].

We mention that the semi-boundedness of Hy, which we assume throughout the
paper for simplicity, can be relaxed, assuming for instance that H, has a spectral

gap.

tl||V
00 < 6‘ Il HB(’H)7 te ]R7

2.2. Spectral subspaces, spectral projections

Recall that o(H) stands for the spectrum of H and p(H) = C\ o(H) its resolvent
set. As usual, the point spectrum of H is defined as the set of all eigenvalues of H,

op(H) = {\ € C, Ker(H — )) # {0} }.

The discrete spectrum of H, ogisc(H), is the set of all isolated eigenvalues \ with
finite algebraic multiplicities my(H ), where

mgﬂy:mm<GKmQH—nﬂ>.

k=1
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Spectral decomposition of some non-self-adjoint operators 1121

Under our assumptions, since V is a relatively compact perturbation of Hj, the
essential spectrum oess(H) := 0(H )\0aisc(H) coincides with the essential spectrum of
Hj and the discrete spectrum og;s.(H ) is at most countable and can only accumulate
at points of oess(H) (see [RS75, Corollary 2 of Theorem XIII.14]). See Figure 2.1.

Figure 2.1. Spectrum of H. The essential spectrum of H, represented by thick
lines, coincides with that of Hy and is contained in [0,00). Eigenvalues of H
are represented by crosses. The discrete spectrum of H consists of isolated
eigenvalues of finite algebraic multiplicities which may accumulate at any point
of the essential spectrum. The point spectrum of H may also contain eigenvalues
embedded in the essential spectrum.

It should be noted that there exist various definitions of essential spectra for
non-self-adjoint operators [EE87, Chapter IX], but these definitions coincide in our
context. This follows from the fact that H is a relatively compact perturbation of
the self-adjoint operator Hy together with [RS75, Corollary 2 of Theorem XIII.14]
and [EE87, Theorems IX.1.6 and IX.2.1]. In turn, this shows that oes(H) coincides
with the set of A € C such that H — X\ is not Fredholm.

We define in addition the set of all eigenvalues embedded in the essential spectrum
of H:

Temb(H) 1= 0p(H) Noess(H).

2.2.1. Eigenspaces corresponding to isolated eigenvalues

For A € 04isc(H), we denote by
1 1
9. L (H) = —/ Id—H)'d
(2.3 M) = o [ GH—H) e

the usual Riesz projection, where 7y is a circle oriented counterclockwise and centered
at A, of sufficiently small radius (so that A is the only point of the spectrum of H
contained in the interior of 7). The algebraic multiplicity of A satisfies my(H) =
dim Ran(II\(H)) (notice here that if A is a discrete eigenvalue, then H — A is Fredholm
as discussed above and hence Ran(H — \) is closed).
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1122 J. FAUPIN & N. FRANTZ

Since the restriction of H to Ran(II\(H)) may have a nontrivial Jordan form,
Ran(II)(H)) is in general spanned by generalized eigenvectors of H associated to A,
i.e., by vectors u € D(H*) such that (H — \)*u = 0 for some 1 < k < my(H). We
set

Haise(H) := Span {u € Ran(IT(H)), A € oaie(H)}*,

where A stands for the closure of a subset A C H. We will sometimes assume that
the discrete spectrum of H is finite. The spectral projection Igs.(H) onto Haisc(H)
is then defined by

(24) Hdisc(H) = Z H)\(H)
e Udisc(H)

We will also consider the following three subspaces of Hgisc(H):
(25) M (H) = Span {u € Ran (IL,(H)), A € ouwe(H), Im(}) < 0},
(26) MG (H) = Span {u € Ran (I{(H)) A € ogue(H), Im(A) = 0},
(27) Mg (H) = Span {u € Ran (I\(H)) , A € 0gue(H), Im(A) > 0}

Observe that HJ..(H) is the closure of the vector space spanned by all general-
ized eigenvectors corresponding to eigenvalues with negative imaginary part, and
likewise for Hg.(H). The reason for these conventions will be understood later
(see Theorem 3.7). Clearly, if ogisc(H) is finite, we have the following direct sum
decomposition:

Hdisc(‘H) = Hglsc(H) S H(Ohsc(H) S Hc—ﬁsc(H)

The corresponding spectral projections IT’

Gisc (H), where § stands for +, — or 0, are
defined as in (2.4).

2.2.2. Figenspaces corresponding to embedded eigenvalues

Suppose now that A is an eigenvalue of H embedded in its essential spectrum.
The Riesz projection corresponding to A is then ill-defined, but, under some further
conditions, one can define the spectral projection II,(H) as follows.

In the following (see Hypothesis 3.4 below), we will suppose the existence of a
conjugation operator J € B(H) satisfying

In particular, J establishes a one-to-one correspondence between Ker((H — A)*) and
Ker((H* — \)*) for all k € N and hence

my(H) =my(H").

To shorten notation, let my = my(H) = m;(H"*). In order to study the absolutely
continuous spectral subspace of H (see (2.13)—(2.14)), we will suppose that for each
embedded eigenvalue A\ € ge(H ), my is finite and the symmetric bilinear form

(2.9) Ker((H —MNY) x Ker((H — A\)Y) > (u,v) — (Ju,v)3 is non-degenerate.
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This implies that there exists a basis (@)1 <k

<J9027(10J>H :5ij7 1
We can then define the spectral projection II\(H) onto the generalized eigenspace
corresponding to \ as

of Ker((H — \)™) such that

<my
< Z,j < my.

mx

(2.10) I\(H)u = Z (Jor,u)y o, u€H.
k=1

It is not difficult to observe that II(H) is a projection commuting with H, such that
II\(H) € B(H) and II,(H)* = IT,(H*) (see Proposition 2.1 below for a more precise
statement). Note however that if (2.9) does not hold, it is not clear how to define
such a projection. In fact, in the simplest case where my = 1, one easily verifies that
the condition (Jo, @) # 0 for any ¢ € Ker(H — X) \ {0} is necessary to have the
existence of a projection onto Ker(H — \) commuting with H.

The closure of the vector space spanned by all generalized eigenstates corresponding
to embedded eigenvalues of H will be denoted by

Hemp(H) := Span {u € Ran(ITy(H)), A € Temn(H)} .
If Oen (H) is composed of finitely many eigenvalues with finite algebraic multiplicities
and such that (2.9) holds, we will also use the notation
Hemb<H) = Z H)\(H)

A€ Uemb(H)

2.2.3. Point spectral subspace

With the definitions of the spectral projections Il (H) given in Sections 2.2.1
and 2.2.2, we have the following proposition, which covers both cases of isolated and
embedded eigenvalues.

PROPOSITION 2.1. — Suppose that there exists a conjugation operator J such
that (2.8) holds. Let A be an eigenvalue of H with finite algebraic multiplicity m.
If \ € 0ess(H), suppose in addition that (2.9) holds. Then II\(H) € B(H), I\(H) is
a projection which preserves D(H) and commutes with H. Its range and adjoint are
given respectively by

Ran(Il)(H)) = Ker((H — A\)™), II\(H)* = (H").
We have
(HIL\(H))" = HTI5(H"),
and if \, \' are two distinct eigenvalues of H satisfying the assumptions above, then
I\ (H)ILy (H) = 0.

In the case of isolated eigenvalues, Proposition 2.1 follows from the definition (2.3)
of the Riesz projection IIy(H) (see e.g. [RS75, Theorem XII.5]). In the general case,
it suffices to observe that the restriction of H to H,(H) has a discrete spectrum
(since H,(H) is finite dimensional) and that the Riesz projections associated to its
eigenvalues are given by the restrictions of (2.3) or (2.10) to H,(H). For embedded
eigenvalue, we prove Proposition 2.1 in Appendix A.

TOME 6 (2023)



1124 J. FAUPIN & N. FRANTZ

We will assume below that H only has a finite number of eigenvalues with finite
algebraic multiplicities. Under this simplifying assumption, we set

I,(H) := Z( )HA(H)a

and observe that
Mo(H)" = >, Hx(H") =1,(H").
AEop(H)
The point spectral subspace of H is then defined by

Hy(H) := Ran(Tl,(H)),
and likewise for H*. It satisfies
HP<H) = Hdisc<H) & Hemb(H)-

We also observe that under our assumptions, the point spectral subspace corre-
sponding to eigenvalues with positive/negative imaginary parts identifies to the
corresponding discrete spectral subspace:

(2.11) Ht(H) = Span {u € Ran (IL,(H)) , A € 0, (H), Im(A) < 0} = Mz ().
(212) H, (H) = Span {u € Ran (IL(H)) A € o, (H), Im(A) > 0} = Hap, (H).

p
2.2.4. Subspaces of asymptotically disappearing states

We define the subspaces of asymptotically disappearing states as

HE(H) = {uEH lim H —itH HH:()}CI.

Note that H}\.(H) and H,,(H) are closed. Using that for a generalized eigenvector
¢ € H5(H), the norm |le™"" pl|3; decays exponentially as ¢ — o0, it is not difficult
to verify that

H;)t( ) - 7_[ads( )

(see Proposition 5.6). In Theorem 3.7 below, we will give conditions under which
this inclusion becomes an equality.

2.2.5. Absolutely continuous spectral subspace

Let
(2.13) M(H) = {uE?—L Jew>0,YveH, /\ o) [Pdt < cquHH}

We define the absolutely continuous spectral subspace of H, H,.(H), as the closure
of M(H) in H,
(2.14) Hoe(H) := M(H).

Note that if H is self-adjoint, then H,.(H) coincides with the usual absolutely
continuous spectral subspace of H (see [Dav80b, Theorem 6.24]).
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Such a definition of an absolutely continuous spectral subspace for non-self-adjoint
operators goes back to [Dav78|, where dissipative operators, Im(V) < 0, are consid-
ered, and the integral in (2.13) is taken over [0, 00) instead of R. For self-adjoint
operators, our definition and that of [Dav78| coincide; this is however not the case
for non-self-adjoint operators. See Section 3.4 for a discussion comparing our results
and those of [Dav78, Dav80a] for the absolutely continuous spectral subspace of
dissipative operators. Note also that other definitions of an absolutely continuous
spectral subspace for non-dissipative perturbations of a self-adjoint operator have
been considered in the literature, using the theory of dilations. See [KN09, Nab76]
and references therein.

Our definition of H,.(H) is motivated by the following fact: it is not difficult to
see that if v is a generalized eigenvector of H*, then t — (=14, v)4 cannot belong
to L*(R) unless (u,v) = 0 (see Section 5.5). In other words

Hae(H) C Hp(H)E.

Theorem 3.8 will show that, under suitable assumptions, H,.(H) = H,(H*)*. This
generalizes the equality Ha.(H) = H,(H)* which holds for self-adjoint operators
without singular continuous spectrum.

2.3. Extension of the Hilbert space

In this section, we construct an extension of the Hilbert space H containing
the “outgoing and incoming resonant states” that will be introduced below (see
Definition 2.3). To this end we consider a Gelfand triple defined in terms of the
metric operator C' appearing in the definition (2.1)—(2.2) of H.

2.3.1. Gelfand triple

Recall that C' is supposed to be relatively compact with respect to Hy. Let
He = Ran(C).

Since C' is self-adjoint and injective, its inverse C~! is a self-adjoint unbounded
operator with dense domain D(C™!) := H¢. We equip He with the scalar product

(U, V), = <C’_1u, C_IU>H, u,v € He.

It is not difficult to verify that the identity operator from H¢ to H is a continuous
embedding, He — H.
Let Hi be the anti-dual of He (the set of anti-linear continuous maps from

(Hey || - |l#) to €). Setting
(u,v)q == (Cu,Cv)y,, u,veEH,

one verifies that Hy, identifies with the completion of # for the norm ||.||, associated
to (-,-)c. Thus we obtain the Gelfand triple

He — H — He.
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1126 J. FAUPIN & N. FRANTZ

Now, given A € B(H¢) a bounded operator in H¢, the anti-dual of A, denoted by
A" € B(Hy), is defined by
(2.15) <U’A/W>HC,H’C = (A", W)y, YEHq u€He.
Since the restriction of C' to H¢ belongs to B(H¢), we can consider its anti-dual
defined by (2.15); we still use the symbol C” to denote the anti-dual of C'|y,.. It is
not difficult to show that, for all ¥ € H,, C'V¥ extends to an anti-linear continuous
form on H which identifies to an element of ‘H wvia the (anti-linear version of) the

Riesz representation theorem. The map C” : ‘Hy, — H then extends to a bounded
operator C' € B(Hy,, H) satisfying

1C 54,700 < 1-

Moreover, C” is an extension of C' and for all U € H, there exists a sequence
(Un)nen C H such that

HC"\I/ — CU”HH —0, n—oo.

Note that the anti-dual of C~' € B(Hc, H), denoted by (C~1) € B(H, Hy,), satisfies
C'~! = (C~1Y. Note also that H/, is equipped with the scalar product

(U, @), = (C'V,C'D),, T, 0eH,

which is an extension of (-, ), to H.

2.3.2. Extension of H

Our next concern is to define the anti-dual of the operator
H=Hy+V =Hy+CWC.

First, we observe that since V.= CWC belongs to B(Hg, Hc), its anti-dual V' €
B(Hp, He) is well-defined and given by

Vi =Cowcc".

Now, in order for the anti-dual of the unbounded operator Hy to be well-defined, we
will assume (see Hypothesis 3.5 below) that

D(HO|HC) = {U € D(Ho) N HC’, H()U € HC}
is dense in H¢ for the topology of He. The anti-dual H| of Hy is then defined by
D(H}) = {W € Hp,Fa > 0,Y u € D (Holuy) , |(How, U)ae 1,

and

< alully,},

(w, HyW)pye e, = (Hot, O)peng,, V€ D(Hp),  u € D(Holy,).
In the same way, we can define
D(H|y.):={u € D(Hy) N Hc, Hu € He},
(u, H W) g0 0, =(H ", W) 0, W€ D(H'), € D(H|yue).
Then it is not difficult to see that D(Ho|w,.) = D(H |n.), D(H}) = D(H'), and
H' =Hy+V'=H,+CwWCC"
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Clearly, H' is an extension of H since for all u € D(H,), we have
Vv € D(Holne),  [(u, Hov)yy| < [1Houllg, |Cl, (0]l »

which implies that v € D(H()) and that H'u = Hu, using the anti-linear version of
the Riesz representation theorem.

2.3.3. The resolvent of Hy

One of our main hypotheses (see Hypothesis 3.1) will imply that the limits
(2.16) CRo(A£i07)C = lim CRo(A £ ie)C
€—

exist for a.e. A € gess(Hp), for the topology of B(H). In other words, the family of
operators (Ro(A £ i€)).~o converges in B(Hc, Hy) as e — 07 and its limit is denoted
by

Ro (A £i0") € B(He, Hy).

2.4. Regular spectral points and spectral singularities

In this section we define the notions of regular spectral points and spectral singu-
larities that we consider in this paper.

DEFINITION 2.2 (Regular spectral point and spectral singularity). — Let A €
Oess(H).

(i) We say that X is an outgoing/incoming regular spectral point of H if \ is not

an accumulation point of eigenvalues located in A £ i(0, 00) and if the limit

(2.17) CRy(A+i0)CW := lim CRy(A+ie)CW

exists in the norm topology of B(H). If A is not an outgoing/incoming regular
spectral point, we say that X\ is an outgoing/incoming spectral singularity of
H.

(ii) We say that A is a regular spectral point of H if it is both an incoming and
an outgoing regular spectral point of H. If X is not a regular spectral point,
we say that \ is a spectral singularity of H.

Our definition of a spectral singularity is related to that of [Sch60] and to the notion
of spectral projections for non-self-adjoint operators [Dun58|, which will also be an
important tool in our paper. See (3.17) for the definition of the spectral projection
1;(H) corresponding to a spectral interval I C oe(H) without spectral singularities.
In [Sch60], a spectral singularity corresponds to an exceptional point \g outside
of which the “spectral resolution” I + 1;(H) is countably additive and uniformly
bounded. In our context, this is a weaker requirement than that of Definition 2.2,
see Section 5.1.

Definition 2.2 generalizes the definition of spectral singularities considered in the
context of dissipative operators in [Fau2l, FF18, FN19]. As we explain below (see
Section 3.3), for Schrédinger operators, H = —A+V (z) on L*(R?) with V' a complex,
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decaying potential, spectral singularities correspond to real resonances. Clearly, in
our abstract setting, Definition 2.2 depends on the choice of the decomposition V' =
CWC'. For Schrodinger operators, however, C' is usually chosen as a multiplication
operator C' = (x)~7/% for ¢ larger than some critical exponent oy > 0. It is then
natural to consider the intersection over all ¢ > o0y to define a resonance. See
Section 3.3 for more details.

Various characterizations of the notions introduced in Definition 2.2 will be given
in Section 4. Note in particular that, under the assumption that the limits (2.16)
exist, the operator W could have been put to the left of CR g (A +i01)C in (2.17),
i.e. the limits in (2.17) exist if and only if the limits WCRy (A £ie)C, e — 0T exist.
Moreover, under the same assumption, we will show that A is an outgoing/incoming
regular spectral point of H if and only if Id + Ro(A £i07)V” is invertible in B(Hy,).
(Here it should be recalled that V' € B(H¢., H¢) and, assuming that the limits (2.16)
exist, that Ro(A +i0%) € B(Hc, Hy). Hence spectral singularities are naturally
associated to resonant states defined as follows.

DEFINITION 2.3 (Incoming/outgoing resonant states). — Let A\ € oes(H) be
a spectral singularity of H. The space Hg (\) C H{ of outgoing resonant states
corresponding to \ is defined by

HE(A) = Ker (Id +Ro(A +i07)V7) .
The space Hg (\) C Hy, of incoming resonant states is defined by
He (A) = Ker (Td +Ro(A — i0%)V") .

As kernels of bounded operators, the vector spaces Hpa (M) are closed. We will
prove that eigenvectors associated to embedded eigenvalues of H belong to H ().

Note that in the case of complex Schrodinger operators, H = —A + V(z) on
L?*(R%), X is usually called an outgoing/incoming resonance if the quotient vector
space

Ker ((1d +Ro(A £i07)V") 5,,) / Ker ((Td +Ro(A £ i0H) V") [) # {0},

where (Id +Ro(A £ i07)V")[4, stands for the restriction of (Id +Ro(A £i07)V’) to

t, and likewise for (Id +Ro(A £ i0%)V")|. An outgoing/incoming resonant state
then corresponds to an element of Ker((Id +Ro(A £ i07)V”)|3,,) which does not
belong to H. See Section 3.3 for more details.

3. Assumptions and main results
3.1. Hypotheses

In this section we detail our main abstract hypotheses. In Section 3.3 we will show
that they are satisfied in the case of complex Schrodinger operators, under suitable
assumptions on the potential.

In our first hypothesis, we require that H, satisfies a limiting absorption principle
(with weight C') at any point of the essential spectrum.
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HypoTHESIS 3.1 (Limiting absorption principle for Hy). — We have
(3.1) sup HC’RO C’H < 0.
zeC*

Note that (3.1) implies (see e.g. [CFKS87, Proposition 4.1]) that the spectrum of Hy
is purely absolutely continuous, i.e. that op,(Ho) = 0, 0ac(Ho) = 0(Hy), 0s.(Hp) = 0,
where o,,(Ho), 0ac(Ho), 0sc(Hop) stand for the usual pure point, absolutely continuous
and singular continuous spectra of the self-adjoint operator Hj.

By Fatou’s Theorem, (3.1) yields that the limits CRo(A £i07)C' exist for almost
every A\ € 0es(H), in the norm topology of B(#H), and that the map R 5 A\ —
CRo(A£i07)C € B(H) is bounded (observe that CRy(A £ :07)C = CRy(N)C' if
AERN\ 0ess(H)).

Note also that Hypothesis 3.1 implies (see [Kat65] or [RS75, Theorem XIII.25 and
its corollary]) that C' is relatively smooth with respect to Hy in the sense of Kato,
i.e. that there exists a constant ¢y such that

. 2
(3.2) VueH, /R |cemittou] ar < & jul.

Recall that (3.2) is equivalent to
(3.3) YueH,

/R (HCRO (A —i0%) u}, + |ORa (A +i07) UHD A\ < 2me2 [Jull%,

where A — CRo(\ £ 40" )u denotes the limit of A — CRy(A £ ic)u in L*(R;H) as
e — 07 (see [Kat65]).
Next we will assume that the point spectral subspace of H is finite.

HypPOTHESIS 3.2 (Eigenvalues of H). — H has only a finite number of eigenvalues
and each eigenvalue has a finite algebraic multiplicity.

Hypothesis 3.2 prevents the essential spectrum of H from having an accumula-
tion point of eigenvalues. It does not exclude, however, the presence of eigenvalues
embedded in the essential spectrum of H.

Our next hypothesis concerns the spectral singularities of H. We will assume that
H has finitely many spectral singularities with a “finite order”, in the sense that the
map z — CRpy(z)CW blows up at most polynomially as z approaches any spectral
singularity A € oess(H ). We will also allow for singularities “at infinity”, in the sense
that z — CRpy(2)C may blow up polynomially as z tends to oo (z close to the real
axis).

HyPOTHESIS 3.3 (Spectral singularities for H). — H only has a finite number
of spectral singularities {\1, ... \y} C 0ess(H) and there exist g > 0 and integers
Vi, .., Un, Voo = 0 such that

Re(z) S Uess(H)a + Im(z)

(3.4) sup . ]z — 20]”00 (H P Zo”j]) HCRH CWH

< 00,

where z is an arbitrary complex number such that zy € p(H), zo € C\ R.
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The factors |z — A;|"7 “regularize” the singularities of z — CRpy(2)CW as z
approaches \;. Dividing them by |z — 25" produces bounded terms. The factor
|z — zo| 7" regularizes a possible singularity at co.

Observe that since A, ..., A\, are the only spectral singularities of H, for all
A€ Oess(H)\ {1, ..., A\u}, the limits CR (A £i01)CW exist in the norm topology
of B(H). The condition (3.4) then implies that the maps

(3.5) Oess(H) \{ A1, .-y An} 2 A

N (H P‘_W) CRy ()\ + fio*) CW € B(H)

A — o[> j=1 [A = zol"s

are bounded. Since, as we will show below (see Proposition 4.6), embedded eigenval-
ues are special spectral singularities, Hypothesis 3.3 is also a condition on embedded
eigenvalues.

As mentioned above, to study the absolutely continuous spectral subspace of H, we
require the existence of a conjugation operator J satisfying, in particular, JH = H*J.

HypoTHESIS 3.4 (Conjugation operator). — There exists an anti-linear continu-
ous map J : H — H such that

(1) JD(HQ) C D(H()) and V u € D(Hg), JHyu = HyJu.

(i) JC =CJ and JW = W*J.
Moreover, for all embedded eigenvalues A € oess(H ), the symmetric bilinear form
(3.6) Ker((H—-MNY) x Ker((H—M)3Y) 3 (u,v) — (Ju,v) is non-degenerate.

Here it should be recalled (see Section 2.2) that the main purpose of (3.6) is to
allow us to define suitable spectral projections for embedded eigenvalues.

Our last technical hypothesis is required in order for the anti-dual operators H,
H' to be well-defined, see Section 2.3 for more details.

HypPOTHESIS 3.5. — The domain of the restriction of Hy to Hc, defined as
D(H0|Hc) = {U < D(Ho) N HC, H()U € HC},
is dense in H¢ for the topology of He.

3.2. Main results

Now we can state our main results. First, we characterize the outgoing (respectively
incoming) spectral singularities of H as eigenvalues of H' associated to eigenvectors
belonging to the space of outgoing resonant states Hgi (A) (respectively Hg (A)).

THEOREM 3.6. — Suppose that Hypothesis 3.5 holds. Let A € o.(H) and sup-
pose that the limits

e—07t
exist in the norm topology of B(#H). The following conditions are equivalent:
(i) A is an outgoing/incoming spectral singularity of H,
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(ii) A is an eigenvalue of H' associated to an eigenvector ¥ € Hg (\).

Theorem 3.6 shows that A is a spectral singularity of H if and only if the equation
H'U = A\ has a solution W in Hz()\) (recall that H' is an extension of H, acting
in the Hilbert space H{ which contains the original Hilbert space #). For non-
self-adjoint Schrodinger operators, this corresponds to A being a real resonance of
H = —A+V(z) if and only if the equation (—A+ V' (x))¥ = AV has a distributional
solution such that ¥ belongs to suitable weighted L?-spaces. See Section 3.3 for a
more detailed discussion.

Theorem 3.6 also has various consequences that we will detail in Section 4. Here
we mention the following two consequences. We will show that the eigenvalues of H
embedded in the essential spectrum are special spectral singularities, see Proposi-
tion 4.6. Moreover, in the particular case where H is dissipative, we will prove that
H cannot have outgoing spectral singularities unless its self-adjoint part, Re(H),
already has some, see Section 4.6.

Our next result shows that the subspace i, (H) of asymptotically disappearing
states at 400 (recall that HZ, (H) has been defined in Section 2.2) coincides with the
vector space spanned by all generalized eigenstates of H corresponding to eigenvalues
A of H such that +Im(\) < 0. In other words, the only solutions to (1.1) that vanish
as t — Zoo are linear combination of generalized eigenstates corresponding to
non-real eigenvalues.

THEOREM 3.7. — Suppose that Hypotheses 3.1-3.3 hold. Then
+ +
(3.7) Ho(H) = H, (H).

ads

An analogous result was proven in [FF18| in the particular case of dissipative
operators, answering a question left as an open problem in [Dav80a]. The proof
in [FF18] relies in an essential way on the existence and properties of wave operators.
Besides the fact that we are considering non-dissipative operators, our proof here
is more direct — we do not use scattering theory — and allows for more general
assumptions (compare [FF18, Hypothesis 2.5] and Hypothesis 3.3 of the present
paper, where a singularity at infinity of the weighted resolvent is allowed). The core
of our argument is a suitable spectral decomposition formula, see Proposition 3.15
in the next subsection.

Next we will prove that the absolutely continuous spectral subspace of H defined in
Section 2.2 coincides with the orthogonal complement of the point spectral subspace.

THEOREM 3.8. — Suppose that Hypotheses 3.1-3.3 holds. If H has embedded
eigenvalues, suppose in addition that Hypothesis 3.4 holds. Then

Hae(H) = Ran (Id — I1,(H)) = H,(H*)*.

As mentioned before, in the particular case where H is dissipative, Theorem 3.8
may be compared with a result of [Dav80a]. The absolutely continuous spectral
subspace for dissipative operators is defined in [Dav80a] in the same way as in (2.13),
but with the integral taken over [0, 00) instead of R. Using the theory of dilations of
dissipative operators, it is then proven in [Dav80a] that within such a definition, the
absolutely continuous spectral subspace coincides with the orthogonal complement
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of “bound states” (generalized eigenstates corresponding to real eigenvalues). In our
context where H is not necessarily dissipative, the argument of [Dav80a] fails and
there is no reason to choose positive times over negative times to define H,.(H).

Our definition of H,.(H) is also justified by the following two facts. First, The-
orem 3.8 generalizes the well-known identity H..(H) = H,(H)* which holds for
self-adjoint operators without singular continuous spectrum. Another justification
comes from dissipative scattering theory. Indeed, combined with the results of [Dav78,
Dav80a, FF18, Mar75], Theorem 3.8 implies that, in the particular case where H
is dissipative, we have Ran(W_(H, Hp))" = Ha.(H), where W_(H, Hy) := s-lim
e itHitHo ¢ s oo, is the usual wave operator. This again generalizes the well-known
relation which holds in the self-adjoint case.

We mention that if H has no embedded eigenvalues, Hypothesis 3.4 can be dropped
in the statement of Theorem 3.8. This is also the case if H is supposed to be
dissipative (see Proposition 5.10). In the general case, it is however clear that some
assumption should be added to treat the pathological case where the map in (3.6) is
degenerate. Indeed, considering the simplest case where my = 1, if (Jp, @) = 0 for
any ¢ € Ker(H — )), then one can check that Ker(H — \) C H,(H*)*. Therefore,
since Ha.(H) should not contain eigenstates of H, we do not expect that the equality
Hoo(H) = H,(H*)* holds. Another possibility to handle such pathological cases
might be to suitably modify the definition of H,.(H). We do not consider this
possibility here.

To prove Theorem 3.8, we cannot rely on the theory of unitary dilations as in the
dissipative case studied in [Dav80al. In the same way as for Theorem 3.7, our proof of
Theorem 3.8 relies on the spectral decomposition formula stated in Proposition 3.15.

The next remark gives the J-orthogonal spectral decomposition of the Hilbert
space mentioned in the introduction.

Remark 3.9. — Combining Theorems 3.7 and 3.8, using in addition that J :
Hy(H) — Hp(H™) is bijective and that the bilinear form H,(H) x Hy(H) > (u,v) —
(Ju,v) is non-degenerate, we obtain the following J-orthogonal direct sum decom-
positions of the Hilbert space:

H = Hae(H) @ H,(H)
= Hac(H) ©® Hdisc(H) @ Hemb(H)
- HaC<H) S H;_ds(H) D %;ds(H) S Hgisc(‘H) @ %emb<H)7

the direct sum H.(H) © Hemn(H) =: Hp(H) being the space of “bound states”,
i.e. the closure of the vector space spanned by all generalized eigenvectors of H
corresponding to real eigenvalues (either isolated or embedded).

3.3. Application to Schrodinger operators

We suppose in this section that

H=L*R?), Hy=-A and V isa complex-valued potential.
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For simplicity, we suppose that d = 3. (The following arguments easily generalize to
any dimension d > 3 with d odd. In dimension d = 1 or if d is even the situation is
more subtle, due to the singularity of the weighted resolvent of —A at 0).

3.3.1. Spectral singularities for short-range complex potentials

We begin with showing that Theorem 3.6 can be applied to H = —A + V(x),
under a short-range condition on V. It is well-known that the limits

(3.8) () Ro(A £ i07)(z)™*, A >0,

exist in the norm topology of B(H), for any s > 1, where (z) := (1 + z?)
assuming that V satisfies the short-range condition

(3.9) x> (2)°V(x) € L®(R?),

with ¢ > 1, we can choose C to be the multiplication operator by (z)~?/2. The
Hilbert space H¢ then identifies with the weighted L?-space

He = L3/2 = {f R? = C, 2 (2)2f(x) € L2(R3)},
equipped with the usual norm, its dual being given by

Ho =17, ={f:R* > C x> (x) % f(z) € LA(RY)}.

N|=

. Hence,

Since the set of smooth functions with compact supports is contained in D(Hy) NHe,
one easily deduces that Hypothesis 3.5 is satisfied. Applying Theorem 3.6, we thus
obtain the following proposition.

PROPOSITION 3.10. — Suppose that V' is a complex-valued potential satisfy-
ing (3.9) with o > 1. Let C(x) = (2)~/2. Then for all \ > 0, the following conditions
are equivalent

(i) A is an outgoing/incoming spectral singularity of H in the sense of Defini-
tion 2.2,
(ii) There exists U € He (X) C L2, 5, U # 0, such that

(3.10) (—A + V(z) — AT = 0.

If U in (ii) belongs to L?(IR?), then A is an eigenvalue of H. Otherwise, A is usually
called a real resonance associated to a resonant state ¥ € Hr(\) \ L?(R?). Such a
resonant state satisfies the outgoing/incoming Sommerfeld radiation condition

u(x) = |z|FerrElel <a (él) 4 0(1)> 2] = oo,

with a € L?(S?), a # 0. By Proposition 3.10, one can choose any ¢ > 1. A resonant
state is thus a distributional solution to (3.10) belonging to Ny~ L%, Jo-

Note that if V' is real-valued, Agmon’s fundamental work [Agm75] shows that H =
—A +V has no spectral singularities in (0, 00). Likewise, if H is dissipative, a simple
argument combined with [Agm75] proves that H cannot have outgoing spectral
singularities in (0, 0o) (see [Wan12]). In general, however, spectral singularities cannot
be excluded (see again [Wan12] for an example showing that, for any A > 0, there
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exists a smooth, compactly supported potential V' such that A is an incoming spectral
singularity of H in the dissipative case).
At the threshold energy 0, the limiting absorption principle states that the limits

()" Ro (Hi0") (z) 7,

exist in the norm topology of B(#) for any s > 1. Note that, as we will argue in
Section 4, the two limits above in fact coincide with the limit

() *Ro(0)(x)~* := lim  (x)*Ro(z){x)"".

z—0,z€ C\R¢

(Note also that the limit (x)™*Ro(0){z)~ exists, more generally, provided that
s, > 1/2 and s + s > 2, see [JK79].) Assuming now that V satisfies the short-
range condition (3.9) with o > 2, we can choose C' to be the multiplication operator
by (x)~?/? and proceed as before. Since, as we will see in Section 4, 0 is an outgoing
spectral singularity of H if and only if it is an incoming spectral singularity of H,
this gives the following proposition.

PROPOSITION 3.11. — Suppose that V is a complex-valued potential satisfy-
ing (3.9) with o > 2. Let C(z) = (x)~7/2. Then the following conditions are equiva-
lent

(i) 0 is a spectral singularity of H in the sense of Definition 2.2,
(ii) There exists ¥ € HF(\) C L? 5 such that

(—A+V(x)¥ =0.

Anticipating results that we will prove in the abstract setting in the case where
H is dissipative (see Section 4.6), we also have the following proposition.

PROPOSITION 3.12. — Suppose that V is a complex-valued potential such that
Im(V) <0 and Im(V) < 0 on a non-trivial open set. Suppose that (3.9) holds with
o > 1 and let C(x) = (x)~°/2. Then

H has no positive outgoing spectral singularities.

In particular, H has no positive embedded eigenvalues. Suppose that (3.9) holds
with o > 2. Then
0 is not a spectral singularity of H.

See Section 4.6 for a proof of Proposition 3.12. Note also that the results of
Proposition 3.12 have been established in [Wan11, Wan12], using different arguments.

3.3.2. Spectral decomposition for compactly supported complex potentials

We now show that Theorems 3.7 and 3.8 can be applied to H = —A + V(x) under
the condition that

(3.11) Ve LX(R?) = {u € L™(R?), u is compactly supported} :
Similarly as in (3.8), we have

sup H () Ro(2)(x)~*

z€C*

sy < O
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for any s > 1. Hence, choosing C'(x) = (z)~*, Hypothesis 3.1 is satisfied.

Assuming (3.11), it is known that H has only finitely many eigenvalues with
finite algebraic multiplicities. See, e.g., [FLS16] and references therein. In particular,
Hypothesis 3.2 is satisfied.

To verify that Hypothesis 3.3 holds, we can rely on the theory of resonances, defined
as poles of the meromorphic extension of the weighted resolvent, see e.g. [DZ19].
Assuming (3.11), the map

{z€CIm(z) >0} 32 (H—22) : (R?) —» L*(R?)
is meromorphic and extends to a meromorphic map

(3.12) C> 2z R(2*): L2(R?) — L .(R?),

where L2(R?) := {u € L*(R3), u is compactly supported} and L% (R?) := {u : R? —
C,u € L*(K) for all compact set K C R3}. Poles of the map in (3.12) are called
resonances of H. One then verifies that a real resonance +Xy of H, with A\g > 0,
corresponds to an outgoing/incoming spectral singularity A2 in the sense of Defini-
tion 2.2. Moreover, H has only finitely many spectral singularities {A;, ..., A\,} and

Hypothesis 3.3 is satisfied, with v; the multiplicity of the corresponding resonances
£/, and vo, = 0. See e.g. [DZ19] and references therein for an exposition of the

theory of resonances of Schrodinger operators, and [FF18, Section 6] for a more
detailed comparison between the notions of resonances and spectral singularities
considered in this paper.

Applying Theorem 3.7, we obtain the following result.

PROPOSITION 3.13. — Suppose that V is a complex-valued potential such that
V € L¥(R?). Then
Hoa(H) =M, (H).

ads

To apply Theorem 3.8, we need to verify in addition that Hypothesis 3.4 holds.
Clearly, we can take the conjugation operator J as the complex conjugation. We
then obtain

PROPOSITION 3.14. — Suppose that V is a complex-valued potential such that
V € L¥(R?). Assume that, for all embedded eigenvalues A € [0, 00), the symmetric
bilinear form

(3.13) Ker ((H - )\)mk) S (u,v) = [ w(z)v(z)de is non-degenerate.
R3

Then

(3.14) Hao(H) = Hp(H")*.

In the case where H is dissipative, even if H has embedded eigenvalues, Propo-
sition 5.10 below shows that Condition (3.13) can be dropped. Moreover, under
some “form-subordinate smallness conditions”, it is possible to show that H has
no point spectrum (see [FKV18]; see also [CFK20] for similar results for Pauli and
Dirac Hamiltonians). If H does have embedded eigenvalues, as explained before,
(3.13) seems however necessary for (3.14) to hold. We mention that an assump-
tion comparable to (3.13) has been used, for threshold eigenvalues, in the recent
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works [Aaf21, Wan20] to study the large-time behaviors of solutions to Schrodinger
equations with a complex potentials.

3.4. Organisation of the paper and ingredients of the proof

The proof of Theorem 3.6 (given in Section 4.2) relies, in particular, on a “bound-
ary value version” of the Birmann—Schwinger principle that we state and prove in
Section 4.1, see Proposition 4.1. This proposition extends a related result for dissi-
pative operators proven in [FN19, Lemma 4.1]. Further results concerning spectral
singularities are proven in Section 4.

As mentioned in the previous section, the main ingredient in the proofs of Theo-
rems 3.7 and 3.8 is a spectral decomposition formula suitably modified to take into
account the spectral singularities {A;}7_, of H. It can be stated as follows. Assum-
ing Hypothesis 3.3, with vy,...,,, Vs defined by this hypothesis, we set, for all

z € C\ {2},
(315) T’(Z) = (Z _ ZO)—(Vl-‘r'"-‘rVn—‘rz/oo) ﬁ (Z . )\j)yj 7

j=1
where we recall that zg € p(H), zo € C\ R. We then write

() = Rig(aa) 0 [ (H = )"
j=1
which defines a bounded operator in B(#). Note that if ); is an embedded eigenvalue
of H, then for any generalized eigenstate ¢; corresponding to A;, we have r(H)p; =0
(provided that v; is large enough). We will prove the following proposition.

PROPOSITION 3.15. — Suppose that Hypotheses 3.1, 3.2 and 3.3 hold. Then

(3.16) r(H) =
1
r(H)Tgse(H) 4+ w-lim, g+ — / (V) (Rir(A+ig) = Rig(A — i) )dA.
270 J o (H)

Proposition 3.15 generalizes the well-known resolution of the identity formula for
self-adjoint operators to a class of non self-adjoint operators with finitely many
spectral singularities. In particular, if H has no spectral singularities and v,, = 0 in
Hypothesis 3.3, then we can take r = 1 and (3.16) reduces to

. 1 . .
1d = M (H) + w-lime o1 5 /U » (Ri(A+ i) = Ry (A — i) )dA,
which corresponds to Stone’s formula in the particular case where H is self-adjoint.

Equation (3.16) is also related to the notion of spectral projections for non-self-

adjoint operators [DS71, Dun58, Sch60], defined by

1
(3.17) 1,(H) := w-lim, o+ — / (Ri(X+ie) = Ru(X —ig))dA,
2o Jr

where [ C 0e(H) is a closed interval without spectral singularities. We mention
that such spectral projections were used in a stationary approach to non-unitary
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scattering theory, for differential operators in [Moc67, Moc68|, and in an abstract
setting in [Gol70, Gol71, Hui71].

We will recall in Section 5 that the spectral projections (3.17) are well-defined on
intervals without spectral singularities, and show that they induce a bounded Borel
functional calculus. In intervals containing spectral singularities, we will construct a
“regularized” functional calculus, which in turn allows us to prove Proposition 3.15.
Based on the latter, the proofs of Theorems 3.7 and 3.8 are given in Sections 5.4
and 5.5, respectively.

Some extensions of results already appearing in the literature are collected in
appendices.

4. Spectral singularities

In this section we prove various characterizations of our definition of spectral
singularities (see Definition 2.2). We will consider an arbitrary A € oes(H). Our
main assumption will be that the limits

(4.1) CRo(A£i0%)C = lim CRo(A £ ie)C.
e—

exist in the norm topology of B(H).

We begin in Section 4.1 with a characterization of spectral singularities analogous
to the Birmann—Schwinger principle for eigenvalues. Next we prove Theorem 3.6 in
Section 4.2. In Section 4.3, we define the set of spectral singularities for the adjoint
operator H* and show that it coincides with the set of spectral singularities of H.
Section 4.4 proves that eigenvalues embedded in the essential spectrum of H can be
seen as particular spectral singularities. In Section 4.5, assuming that (4.1) is regular
with respect to A in a suitable sense, we show that the notion of spectral regularity
introduced in Definition 2.2 is a local property. We also consider the special case of
spectral singularities located at “endpoints” of the essential spectrum, and show that
in this case outgoing and incoming spectral singularities coincide. Finally, Section 4.6
is devoted to the particular case where H is a dissipative operator.

4.1. Birmann—Schwinger principle for spectral singularities

Assuming that Hj satisfies a limiting absorption principle at A, as stated in (4.1),
we have the following characterizations of the definition of a regular spectral point.
Item (ii) can be seen as a “boundary value” version of the Birmann—Schwinger princi-
ple (see e.g. [BtEG20, GLMZ05, HK22] and references therein). The proof of the next
proposition is a quite straightforward extension to that of [FN19, Lemma 4.1], where
the result is proven for dissipative operators. It is therefore deferred to Appendix B.

PROPOSITION 4.1. — Let )\ € 0e(H) and suppose that the limits (4.1) exist in
the norm topology of B(H). Then the following conditions are equivalent:

(i) A is an outgoing/incoming regular spectral point of H,

(ii) Id +CRo(A £ :07)CW is invertible in B(H),
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(iii) Id + Ro(A £ 01)V" is invertible B(H().

Proof. — See Appendix B. O

It should be noted that, since C' is relatively compact with respect to Hy, the
operator CRo(Axie)CW is compact in B(H), for all ¢ > 0. Hence CRo(A+i0T)CW
is also compact in B(#). By the Fredholm alternative, (ii) is then equivalent to
Ker(Id +CRy(A £i07)CW) = {0}. Likewise, (iii) is equivalent to Ker(Id + Ro(A +
i07)V') = {0} since Ro(A £i07)V" is compact in B(H).

4.2. Proof of Theorem 3.6

Now we turn to the proof of Theorem 3.6, which characterizes outgoing/incoming
spectral singularities as eigenvalues of the extended operator H' corresponding to
eigenvectors belonging to the space HE(A) of outgoing/incoming resonant states.

Before proving Theorem 3.6, we need two preliminary lemmas. The first one is the
following well-known estimate of the operator norm ||Ry(A £ i€)C|, assuming that
the limits (4.1) exist.

LEMMA 4.2. — Let A € 0e(H) and suppose that the limits (4.1) exist in the
norm topology of B(H). There exists ¢y > 0 such that

(4.2) Ve>0, [[Ro(Axie)Clgyy < coe 2.

Proof. — See Appendix B. O
Next we show that, under our assumptions, Ro(A£:0") are right inverses of Hj— \.

N

LEMMA 4.3. — Suppose that Hypothesis 3.5 holds. Let \ € o.ss(H) and suppose
that the limits (4.1) exist in the norm topology of B(H). Then for all v € H¢,
Ro(A£i07)v € D(H|) and

(4.3) (Hy = NRo (A £i0%) v =0.

Proof. — Let v = Cyp € He. Since Ro(A + ie) converges to Ro(A +i07) in
B(Hc, Hi), we have, for all u € D(Ho|u,.),

((Ho — N\u, R (A%i0") U>HC% = lim, ((Ho — N\)u, Ro(A % ie)Cgp>H
= (u,Cyp), + Elin& ie (u, Ro(A £1ie)Cyp),, .
It follows from (4.2) that
Ro(A £1i)C|;, = (’)(8*%), e— 0"
Thus we obtain that, for all u € D(H|y,,),
((Ho = N)u, Ro (A£i07) v)

HoiHe - <U’U>H‘

Since | (u, v)y, | < ||ullae[|v]lag,, this shows that Ro(Ai0")v € D(H;) and that (4.3)
holds. U

Now we are ready to prove Theorem 3.6
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Proof of Theorem 3.6. — (i)=-(ii) Suppose for instance that A is an outgoing
spectral singularity. By Proposition 4.1, Id + Ro(A + i017)V’ is not invertible in
B(Hp). Since Ro(A + i07)V” is compact in B(Hg), it follows from the Fredholm
alternative that there exists ¥ € Hy,, ¥ # 0, such that

(4.4) ~Ro (A+i07) VW = W,
By Lemma 4.3, this implies that ¥ € D(H{) = D(H’) and that
(4.5) V' = (H} — \)U.

Since H' = H{j+ V", this proves (ii).
(ii)=(i) Suppose now that A is an eigenvalue of H’ associated to an eigenvector

U e HF(N), ¥ 0. Then
(H' =MW =0 with ¥=-Rg(A+i0")V'¥.

In particular,

(Id +Ro(A +i0T)V) T = 0,
and hence Id +Ro(A + i07)V” is not invertible in B(H(). By Proposition 4.1, this
proves (i). O

4.3. Spectral singularities of the adjoint operator

Recall that the regular spectral points and spectral singularities of H have been
defined in Definition 2.2. The corresponding definition for the adjoint operator H*
is the following.

DEFINITION 4.4 (Regular spectral point and spectral singularity for H*). — Let
A € Oess(H).
(i) We say that X is an outgoing/incoming regular spectral point of H* if X is
not an accumulation point of eigenvalues located in A\ F i (0, 00) and if the
limit

(4.6) CRu-(AFi0H)CW* := lim CRy-(\F ic)CW*

e— 0t

exists in the norm topology of B(H). If A is not an outgoing/incoming regular
spectral point, we say that \ is an outgoing/incoming spectral singularity of
H*.

(ii) We say that X is a regular spectral point of H* if it is both an incoming and
an outgoing regular spectral point of H*. If X is not a regular spectral point,
we say that \ is a spectral singularity of H*.

The following proposition shows that, under our assumptions, A\ is an outgo-
ing/incoming regular spectral point of H if and only A is an outgoing/incoming
regular spectral point of H*.

PROPOSITION 4.5. — Let A € oess(H) and suppose that the limits (4.1) exist in
the norm topology of B(H). Then the following conditions are equivalents:

(i) A is a regular outgoing/incoming spectral point of H,
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(ii) A is not an accumulation point of eigenvalues located in A +i(0,00) and

lim WCRy(A +i€)C

exists in the norm topology of B(H),

(iii) A is a regular outgoing/incoming spectral point of H*.

Proof. — Taking adjoints, it is clear that (ii)<(iii). We prove that (i)=-(ii). Sup-
pose for instance that A is an outgoing regular spectral point of H. By Proposition 4.1,
Id+CRo(A +i0T)CW is invertible in B(H). We claim that Id +WCRy(A + i01)C
is invertible in B(H). Indeed, for all ¢ > 0, a direct computation gives

Id = (Id —(W(Id +CRe(A + ie) CW) ' CRo(A + i) C) ) (Id +WCRo(A + i) C)
Letting ¢ — 07, we obtain that

Id =

(1d =(W(Id +CRo(A +i0T)CW) ' CRy(A +i0%)C) ) (Id +WCRo(A +i07)C) .

Thus Id +WCRy(A +i07)C is injective. Since WCR(A + i01)C' is compact, Fred-
holm’s alternative implies that Id +WCRy(A + i07)C is bijective in B(H). Now,
writing

WCRg(A+ie)C = Id+WCRo(A +ie)C) ' WCRy (N + ic)C,

for £ > 0 small enough and next letting ¢ — 07, we deduce that lim,_,o+ WCRyz(A+
ie)C' exists in B(H).

The proof of (i)=-(ii) in the case of an incoming regular spectral point as well as
the proof of (ii)=(i) are analogous. O

4.4. Embedded eigenvalues

In this section, we prove that given our definition of spectral singularities (see
Definition 2.2), an eigenvalue of H embedded in the essential spectrum is both an
incoming and an outgoing spectral singularity.

PROPOSITION 4.6. — Let \ € oess(H) and suppose that the limits (4.1) exist in
the norm topology of B(H). If X is an eigenvalue of H, then A is both an outgoing
and an incoming spectral singularity of H.

Proof. — Let X be an eigenvalue of H. There exists u € D(H), u # 0, such that
(H — M)u = 0. Suppose by contradiction that A is an outgoing regular spectral point
of H. Since A is not an accumulation point of eigenvalues located in A + (0, 00), we
can write, for € > 0 small enough,

(4.7) 0=CRo(A+ie)(H — Nu = (Id +CRy(A + i) CW)Cu + icCRy (A + ie)u.
Lemma 4.2 yields
lim eCRo(A+ic)u = 0.

e—0
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Inserting this into (4.7), we obtain that
(Id+CRo(A +i07)CW)Cu = 0,

which is impossible since Id +CRo(A 4+ i07)CW is injective by Lemma 4.1.
Similarly, A cannot be an incoming regular spectral point of H. This concludes
the proof of the proposition. [l

It should also be noted that, by Theorem 3.6, the eigenvectors associated to an
embedded eigenvalue A belong to Hit(\).

4.5. Local spectral regularity

In this section, we show that the notion of spectral regularity introduced in Def-
inition 2.2 is a local property. We will need to distinguish the case of a spectral
singularity embedded in the interior of the essential spectrum of H from the case of
an “endpoint spectral singularity”. It should be noted that endpoints of the essential
spectrum are sometimes called “thresholds”, but the notion of a spectral threshold
also has different meanings in some contexts (see e.g. [How74]). We mention that
spectral singularities embedded in the essential spectrum, either in the interior or at
endpoints, have been recently studied, in a Banach spaces setting, in [BC22].

Here we will say that a point \ € oe(H) is a spectral endpoint of H if there exists
r > (0 such that either

(4.8) Oess(H) N DX, 1) C [A, o0),
(4.9) Oess(H) N D(X, 1) C (—00, Al

We say that A is a left spectral endpoint if (4.8) holds and a right spectral endpoint
if (4.9) holds.

If A belongs to gess(H), we will in this section make the assumption that there
exists r > 0 such that the maps

(4.10) D\, 7)) NCE 3 2 CRy(2)C

extend by continuity to D(\,r) N C*.

The next proposition shows that the notion of spectral regularity is a local property.
Note that Item (ii) of Proposition 4.7 corresponds to the definition of a regular
spectral point in [FF18, FN19], in the particular case where H is dissipative. The
proof of the next result being a quite straightforward extension of the proof of [FN19,
Lemma 4.1], it is deferred to Appendix B.

PROPOSITION 4.7. — Let A € 0ess(H). Suppose that there exists r > 0 such that
the maps (4.10) extend by continuity to D(\,r) N C*. The following conditions are
equivalent:

(i) A is an outgoing/incoming regular spectral point,
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(ii) There exists a compact interval K, C R whose interior contains A, such that
K does not have any accumulation point of eigenvalues of H located in C*,
and such that the limit

CRy (p+i0") CW := lim CRy(u+ ie)CW
e—0t
exists uniformly in u € K in the norm topology of B(H).
Proof. — See Appendix B. O

Proposition 4.7 has the following consequence.

COROLLARY 4.8. — Suppose that for all A\ € oes(H), there exists r > 0 such

that the maps (4.10) extend by continuity to D(X,r) N C*. Then the set of spectral
singularities of H is a closed set whose Lebesgue measure vanishes.

Proof. — Let E := ET U E~, where
E* := {\ € 0s(Hy), ) is an outgoing/incoming spectral singularity of H}.

It follows from Proposition 4.7 that Et and E~ are closed. Hence E is closed.
Moreover, by the assumption that z — CRo(z)CW extends by continuity to the real
axis, we can apply [Yaf92, Theorem 1.8.3], which implies that Id +CRy(A +i0T)CW
is invertible in B(H) for a.e. A\ € gess(H). By Proposition 4.1, this proves that the
Lebesgue measures of E™ and E~ vanish. 0

Our next concern is to characterize outgoing/incoming regular spectral points
A € 0es(H) as nontangential limits of the weighted resolvent CRy(2)CW, as z — A.
If X is a left spectral endpoint, we will assume that there exists » > 0 such that the
map

(411)  {\+v, v <r 0<arg(y) < 2r} = DA, 7)\ [\, o0) 3 2 = CRy(2)C

extends by continuity to {A + v, [v| < r, 0 < arg(v) < 27}. Il X is a right spectral
endpoint, we will assume that there exists » > 0 such that the map

(412) {A+v, v <r, —1 <arg(v) <7} =D r)\ (=00, 3 2z = CRy(2)C

extends by continuity to {A + v, |v| < r, —7 < arg(r) < 7}. The next proposition
proves, in particular, that under these assumptions, outgoing and incoming spectral
singularities at endpoints coincide.

PROPOSITION 4.9. — The following properties hold true.

(i) Let X be in the interior of oess(H). Suppose that there exists r > 0 such

that the maps (4.10) extend by continuity to D(\,r) N C*. The following
conditions are equivalent:
(a) A is an outgoing/incoming regular spectral point,
(b) There exist a complex neighborhood Oy, of A such that OF := O, NC* C
p(H) and a continuous map = : (0,1] — OF such that

lim y(e) =X and lim CRy(y(e))CW
e—0t

e— 0t

exists in the norm topology of B(H).

ANNALES HENRI LEBESGUE



Spectral decomposition of some non-self-adjoint operators 1143

(ii) Let \ € 0ess(H) be a spectral endpoint of H such that (4.8) holds. Suppose
that there exists v > 0 such that the map (4.11) extends by continuity to
{A+v, |v| <r, 0 <arg(v) < 2r}. The following conditions are equivalent:

(a) A is an outgoing regular spectral point of H,

(b) A is an incoming regular spectral point of H,

(¢) There exist a complex neighborhood Oy, of A such that Ox\[A, 00) C p(H)
and a continuous map 7 : (0,1] — Oy \ [, 00) such that

(4.13) lirrol+ v(e) =X and lirgl+ CRu(v(e))CW

exists in the norm topology of B(H).
The same holds if (4.9) holds instead of (4.8), assuming that there exists
r > 0 such that the map (4.12) extends by continuity to {\+v, |v| <r, —1 <
arg(v) < m} and replacing Oy \ [A,00) by O, \ (—o0, A in (iic).

Proof. — Consider the most difficult case (ii). We prove that (iia)=-(iic). Let
A € 0ess(H) be an outgoing regular spectral point of H and suppose that (4.8) holds.
By Proposition 4.1, we know that Id +CRy(A+i0")CW is invertible in B(H). Since,
by assumption, the map (4.11) extends by continuity to {A\+v, |[v| <r, 0 < arg(v) <
27} for some r > 0, and since the set of invertible operators in B(#) is open, this
implies that there exists a complex neighborhood O, C b(A, r) of A, such that the
map

(4.14) Ox\ [\ 00) 3 2 = (I +CRo(z)CW)

is analytic. The usual Birmann—Schwinger principle yields O, \ [\, 00) C p(H). It
then suffices to take y(¢) = A\ +ide, with 6 > 0 small enough.

Next we prove that (iic)=>(iia). In the same way as in Proposition 4.1, the existence
of the limit (4.13) is equivalent to the invertibility of Id + CRo(v(07))CW in B(H).
Note that the limit CRy(y(07))C exists in the norm topology of B(#) since we
have assumed that there exists r > 0 such that the map z — CRy(z)C extends by
continuity to {A + v, |v| < r, 0 < arg(rv) < 2w}. We can then argue as before; this
gives the existence of a complex neighborhood O, of A such that the map (4.14)
is analytic and extends by continuity to {A + v, |v| < r, 0 < arg(v) < 27}. In
particular, Id +CRy(A +i07)CW is well-defined and invertible in B(#). Applying
Proposition 4.1, this shows that A\ is an incoming regular spectral point of H.

The proof of (iib)<>(iic) is identical. One proceeds analogously to prove (ii) in the
case where (4.9) holds instead of (4.8).

Finally, the argument easily adapts to prove (i). O

Note that in the case of an outgoing/incoming regular spectral point A € oes(H),
our proof shows that z — CRy(z)CW has a nontangential limit at A, in the sense
that the limit

(4.15) lilga CRu(y(e)CW

does not depend on the continuous curve 7 : (0,1] — C* such that v(¢) — X as
e — 07. See Figure 4.1. This property can also be deduced from Lindelof’s Theorem
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(see e.g. [Rud80]) if the map z — CRy(z)CW is known to be analytic and bounded
in the domain O5.

Pd

O,

Figure 4.1. Outgoing spectral singularity located inside the essential spectrum.
The figure shows an example of a curve v : (0,1] — Of, where Of = O, NC*
and O, is a complex neighborhood of A. The thick line represents the essential
spectrum of H.

Likewise, in the case of a regular spectral point A located at a spectral endpoint of
H, the limit (4.15) does not depend on the continuous curve 7 : (0,1] — C\ [X, 00)

(or 7y :

(0,1] — C\ (—o0, \], depending on whether (4.8) or (4.9) holds). This is the

reason why the incoming and outgoing spectral singularities coincide. See Figure 4.2.

Figure 4.2. Spectral singularity located at an endpoint. The figure shows an
example of a curve v : (0,1] — O, \ [\, 00), where O, is a complex neighborhood

of \.

The thick line represents the essential spectrum of H.

We conclude this section with the following consequence of the previous proposi-

tions.

COROLLARY 4.10. — The following properties hold true.

(1)

Let A be in the interior of oes(H). Suppose that there exists r > 0 such
that the maps (4.10) extend by continuity to D(\,r) N C*. If X is an out-
going/incoming regular spectral point of H, then there exists a complex
neighborhood Oy of A such that H has no eigenvalue in OF := O, N C*,
oo(H)NOY = 0.
Let A € 0os(H) be a spectral endpoint of H such that (4.8) holds. Suppose
that there exists v > 0 such that the map (4.11) extends by continuity to
{A+v, [v] <r 0<arg(v) < 2n}. If X is a regular spectral point of H, then
there exists a complex neighborhood O, of A such that H has no eigenvalue
in O,\,
op(H)N Oy =10.
The same holds if (4.9) holds instead of (4.8), assuming that there exists
r > 0 such that the map (4.12) extends by continuity to {\+v, |v| <r, —m <
arg(v) < 7}
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Proof. — 1t suffices to combine Propositions 4.7 and 4.9. U

4.6. Spectral singularities for dissipative operators

In this section, we focus on the particular case where the operator H is dissipative.

Recall that H = Hy+ V with V' € B(H). We write
Vi=Vi—iVa, Vi=CWiC, Vo=CW)C,
where W; = Re(W) and Wy := —Im(W). Here the real and imaginary parts

of a bounded operator A € B(H) are defined as usual by Re(A) := (A + A*),
Im(A) := (A — A*). We suppose that

W2>Oa

so that
H=Hy+V, —iVo = Hy, —iV;

is indeed dissipative. Our purpose is to prove that if A is an outgoing regular spectral
point of the self-adjoint part Hy, = Hy + Vi, then A is also an outgoing regular
spectral point for H. In other words, adding the “dissipative part” —:V5 cannot
create outgoing spectral singularities.

We begin with recalling the following easy lemma (see [Dav80a, Lemma 6.1]
or [FF18, Lemma 3.1]). We include a proof for the convenience of the reader.

LEMMA 4.11. — Let A € R be a real eigenvalue of H. Then )\ is an eigenvalue of
Hy, and
(4.16) Ker(H — \) C Hp(Hy,) N Ker(V3).
Proof. — Let v € Ker(H — A), u # 0. Then
1 2
A HuH?H = (u, Hu),, = (u, Hy,u),, —i|| Wy Cu .

1
Since A € R, identifying the real and imaginary parts, we obtain that u € Ker(W3C')
C Ker(V3) and therefore Hu = Hy,u = Au. This establishes (4.16). O

Note that Definition 2.2 of a regular spectral point of H applies to Hy, as well. In
other words, A € ges(Hy,) is an outgoing/incoming regular spectral point of Hy, if

CRy, (A£i07) CWy = lim CRy, (A +ie)CW,
e— 0t

exits in B(H). Otherwise, A is an outgoing/incoming spectral singularity of Hy,.

Moreover, Proposition 4.1 applied to Hy, shows that A is an outgoing/incoming

regular spectral point of Hy, if and only if Id +CRo(A £ i01)CV; is invertible in

B(#H), which is also equivalent to Id +Ro(A £ i0%)V/ being invertible in B(Hy).
The next proposition is the main result of this subsection.

PROPOSITION 4.12. — Suppose that Hypothesis 3.5 holds. Let A\ € oe(H ) and
suppose that the limits (4.1) exist in the norm topology of B(H). If A is an outgoing
regular spectral point of Hy, then A is an outgoing regular spectral point of H.
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Proof. — Suppose that A is an outgoing regular spectral point of Hy,. Suppose also,
by contradiction, that A\ is an outgoing spectral singularity of H. By Theorem 3.6,
there exists ¥ € H{ such that

(4.17) U =—Ro(A+i0") V' and (H —\)¥ =0.

Recall from Section 2.3 that V' € B(H,He) is given by V! = CWC'. Since
W =Wy — iWs, this yields

(VU W)y = (WACTD,CT0),, + i (Wo O, CT)
and hence, since W5 > 0,
(4.18) I (VW W)y, 5 ) = (WaC'W,C'T),, > 0.
Now, using (4.17), we have
(4.19) Im ((V',0),, 4 ) = —Tm (V'&, Ry (A +i07) V')
1
1

Hc,?‘l'c

(<WC"\IJ .CRo (A 1 z'o+) v’xp>H - <OR0 ()\ i z'0+) V0 WC’\I!>H)

- ;Zl ((Wew,CRe (A +i0%) V'W) — (WC'W,CRy (A—i0") VD) )
= lim —e (WC'V,CRo(A+ie)Ro(A — ie)V'¥),,

e— 07t

= ling+ —& (Ro(A —ie)V' U, Ro(A — 1e)V'¥),, < 0.
€—
Equations (4.18) and (4.19) imply that WoC"¥ = 0. Inserting this into (4.17), we
obtain that
U =—Ro (A+i0") /¥ and (Hj+V{—\)¥=0.
which is a contradiction since A is a regular spectral point of Hy,. 0

Remark 4.13. — The previous proof actually shows that, under the conditions of
Proposition 4.12,

(4.20) A is an outgoing spectral singularity of H = WoC'¥U = 0.
Since C” is injective, this in turn yields
Wy is injective = H has no outgoing spectral singularities.

In the context of Schrodinger operators, one can also combine (4.20) with the
unique continuation principle (see e.g. [RS75, Theorem XIII.63]) to obtain Proposi-
tion 3.12.

Proof of Proposition 3.12. — Let A > 0. Assuming that (3.9) holds with ¢ > 1,
suppose by contradiction that \ is an outgoing spectral singularity of H. Then, by
Proposition 3.10, there exists ¥ L%U/z, U £ 0, such that

(=A+V(z) = N = 0.

This implies that ¥ € HZ_(R?) and that |[AU(z)| < (||[V]|z= + N)|¥(z)| for a.e.
r € R®. Now, since there exists a non-trivial open set U such that Im(V) < 0 on

ANNALES HENRI LEBESGUE



Spectral decomposition of some non-self-adjoint operators 1147

U, (4.20) and the fact that C(z) = (z)~°/2 imply that ¥(z) = 0 on U. By [RS75,
Theorem XIII.63], we conclude that ¥ = 0. This is a contradiction.

The same argument holds for A = 0 under the condition that (3.9) holds with
o> 2. U

5. Spectral resolution formula and spectral subspaces

In this section, we begin with constructing a functional calculus for H. In Sec-
tion 5.1, we consider the simplest case of intervals without spectral singularities, next,
in Section 5.2, we construct a regularized functional calculus in intervals possibly
containing spectral singularities. The latter is subsequently used in Section 5.3 to
establish the spectral resolution formula stated in Proposition 3.15. Finally we prove
Theorems 3.7 and 3.8 in Sections 5.4 and 5.5, respectively.

5.1. Functional calculus in intervals not containing spectral singularities

Consider first a closed interval I C R that does not contain any spectral singularity
of H. We will furthermore assume that a limiting absorption principle holds for H
in I, in the sense that there exists €y > 0 such that
(5.1) sup HC’RH(Z)CWHB < 0.

Re(z) € I, £1Im(z) € (0,e0) (H)
Note that, in the same way as for Hy, Fatou’s Theorem and (5.1) yield that the
limits CRy(A£i07)CW exist for almost every A € I, in the norm topology of B(H),
and that the map I 5 A — CRy(A£i0")CW € B(H) is bounded.The main purpose
of this subsection is then to define a spectral projection for H in I by mimicking
Stone’s formula, setting

(5.2) 1;(H) := w-lim, _, o+ 217”/[ (RH()\ +ig) — Ru(A — i&?))d/\.

The next proposition shows that, under our assumptions, 1;(H) is a well-defined
non-orthogonal projection. The proof is similar to that given in [FF18] for dissipative
operators. For the convenience of the reader, a sketch of the proof of Proposition 5.1
focusing on the differences with [FF18] is reported in Appendix C.

PROPOSITION 5.1. — Suppose that Hypothesis 3.1 holds. Let I C R be a closed
interval and suppose that there exists g > 0 such that (5.1) holds. Then the weak
limit (5.2) exists in B(#H) and we have

(53) ]lfl(H)]lfz(H> = ]lflﬁb(H)?

for any closed intervals I, I C I without spectral singularity, with the convention
that 1y(H) = 0. In particular, 1;(H) is a projection. Its adjoint is given by

. o 1 . .
(54)  1;(H)" = 1;(H") = w-lim, _, o+ %/j (Rute (A + i) — R+ (A — i) )dA.
Proof. — See Appendix C. 0J
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We note the following representation formula which follows from our proof:
_ 1 O+ O+
(5.5) 17(H) = 1(Ho) — %/]Ro (AFi0") CWCR, (A £i0%) dX
1
+ 5 [Ro (A i07) CWCRy (A +i0%) CWCRg (A 0" ) dA,
2im J1

in the sense of quadratic forms on H x H. We recall that, for all u € H, A —
CRo(A+i0T)u denotes the limit of A — CRo(A+ic)u in L*(R;H) as e — 07, while,
for a.e. A\, CRy(A £i07)CW is the limit of CRy(A +ic)CW as e — 0%, in the
norm topology of B(H).

Under the same assumptions and using similar arguments, we also have the follow-
ing functional calculus. We denote by ¢, (/) the set of bounded continuous functions
on I.

PROPOSITION 5.2. — Under the conditions of Proposition 5.1, the map
(5.6) e(l)> fr f(H)
. 1 . .
= welime g o /I FO)(Ru(\+ie) = Ry (X — ie) )dX € B(H)
is a Banach algebra morphism. Moreover, for all t € R,
) 1 )
(5.7) 1 (H) = wlim, gs — / ¢ (Ryg(A +ig) = Rig(A — i) ) dA
2w J1

and for all zy € p(H),
1
(5.8) Ru(z0)1(H) = w-lim, , o+ 57 /I()\ — z)7? (RH()\ +ie) — Ru(A — is))d/\.
Proof. — See Appendix C. O

We mention that this functional calculus uniquely extends to a Borel functional
calculus, i.e. an algebra morphism L>(I) > f — f(H). See e.g. [GGH13, Theo-
rem 2.4].

5.2. “Regularized” functional calculus

Our next concern is to regularize the definition (5.2) in the case where the spectral
interval I contains spectral singularities. More generally, we will now consider a
closed interval I C R and a bounded holomorphic function

h:U—C, {2e€C,Re(z)el,|Im(z)] <e}CU,
with €9 > 0 and U open, such that
(5.9) sup |h(z)\H0RH(z)CWHB(H) < 0.

Re(z) € I, £ Im(z) € (0,e0)
We will also assume that

(5.10) A= sup  |W(\£ieg)| € L*(I),

0<e<eg
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where h' stands for the derivative of h. The “regularized spectral projection” for H
in [ is then defined by

1

(5.11) (hl)(H) = w-lim. .+ 5~ / (h(\+ie)Ru(Atic)—h(A—ig)Ru(A—ie) )dA.
T JI

In this context, Proposition 5.1 should be modified as follows.

PROPOSITION 5.3. — Suppose that Hypothesis 3.1 holds. Let I C R be a closed
interval. Suppose that there exist ¢g > 0 and a bounded holomorphic function
h defined on a complex neighborhood of {z € C, Re(z) € I,|Im(z)| < e} such
that (5.9) and (5.10) hold. Then the weak limit (5.11) exists in B(H) and its adjoint
is given by

(hlp)(H)" = (hl)(H")
= w-lima_yo+ 21m /1 (RN + ie) R (A +ig) — h(A = i) Rz (A — i) )dA.

Proof. — See Appendix C. O

It is not difficult to verify that, if H is self-adjoint, then (hl;)(H) = h(H)1;(H)
(see the proof of Proposition 5.3). However, under the assumptions of Proposition 5.3,
this formula does not make sense since 1;(H) is ill-defined in general.

Similarly as in (5.5), our proof will show that

(512) (L)(H) = (W) (Ho) — .- [ WOYRo(A F 10°)CW CRo(A  10°)
1

+ —
2im

in the sense of quadratic forms on ‘H x H.
One can also define a “regularized functional calculus” on the set of functions

Chaeg(1) = {f : T = C, I g € an(]), f = hg}.
PROPOSITION 5.4. — Under the conditions of Proposition 5.3, the map

Coreg(l) 3 f = f(H) € B(H),

/I RO Ro(A £ i0H)CWCR (A £ i0T)CWCR(A £ i0F)d,

where
1
f(H) = wlim 05— / g\ (A + i) R (A + i) — h(A — ie) R (A — ic) )dA
I
is an algebra morphism and there exists ¢ > 0 such that

(5.13) 1F () s < cllgllze
for all f € cpyreg(l), with f = hg. Moreover, for all t € R,

(5.14) €™ (h1;)(H)

o 1 i , : : :
= w-lim, _, g+ o /1 e (h()\ +ie)Ruy(A+ic) — h(A —ie)Ruy (A — zs))d)\
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and for all zy € p(H),

(5.15) Rpy(z0)(h1)(H)

1
= welim. g o /(/\ —20) (WA + ie)Ru (A + ie) — h(\ — ie)Ru (A — ie) )dA,

1
Proof. — See Appendix C. 0

Again, this functional calculus uniquely extends to a Borel functional calculus. For
other definitions of functional calculi for general operators on Banach spaces under
an assumption of polynomial growth of the resolvent near the real axis, we refer
to [Dav95, GGH13|.

5.3. Spectral resolution formula
We now turn to the proof of the resolution formula stated in Proposition 3.15. It
relies in particular on the following resolvent bounds.

LEMMA 5.5. — Suppose that Hypothesis 3.1 holds. Let I C R be a closed interval
and suppose that there exists g > 0 such that (5.1) holds.

(i) There exists ¢ > 0 such that, for a.e. A € I, for all € € (0, &),
IRa(A £ ig)| gy < ce .

(ii) There exists ¢ > 0 such that, for all € € (0, &), for all u € H,

/ IR (A £ de)ull?, d < ce™[lul,.
I

Proof. — See Appendix C. 0
To prove Proposition 3.15, we will rely on the following construction. Assume
that Hypotheses 3.2 and 3.3 hold. Let daiscreal(H) = {€1, ..., €,} be the set of real,

discrete eigenvalues of H, with e; < --- < e,. Note that ogiscrear(H) is finite by
Hypothesis 3.2. Let 6 > 0 be the distance between oaiscreal(H) and oes(H). For
e > 0 small enough, we consider the complex open set U, such that o(H) C U, and
the boundary of U, is given by (i) small circles surrounding each discrete eigenvalue
of H and no other point of o(H), (ii) rectangles whose opposite sides are given by
the complex segments [e)+ /2 +ic, ey — /2 +ic| and [ep+0/2 —ig, €41 —0/2 —ic]
and (iii) the curve given by the complex segments [e, + /2 £ ie,e ™% + ig], [e, +
0/2—1ie,e,+0/2+ig| and the (long) circle arc centered at the origin and joining the
complex points 73 + ie and e — ie. The circles and rectangles defined by (i), (ii)
are oriented counterclockwise, while the curve defined by (iii) is oriented clockwise.
See Figure 5.1. We denote by I';) the union of curves defined by (i) and by I'.; the
unions of curves defined by f, where § stands for (ii) or (iii). If ogiscreal(H) is empty,
then I ;) is absent and we replace e, —d > 2 by —1 in the definition of I, () (fixing
arbitrarily —1 as a real number such that —1 < inf o (H)).
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®
|
®

Figure 5.1. The contour I'.. The crosses and thick lines represent the eigenvalues
and essential spectrum of H, respectively.

Note that the proof of Proposition 3.15 is the only place where we use the assump-
tion that Hj is semi-bounded from below. Without much efforts, we can replace this
assumption by the condition that H, has a spectral gap.

We are now ready to prove Proposition 3.15. Recall that the function r has been
defined in (3.15), for some zy € p(H), zp € C\ R.

Proof of Proposition 3.15. — 1In order to be able to apply Proposition 5.4 for
a suitable function h, it is convenient to add a decaying term to the regularizing
function r. Hence we set

(5.16) 7(2) = (2 — 20) 'r(2) = (z — zo)*(”ﬁ"'“’"“’“*l) f[l(z — )",

so that 7 satisfies (5.10) in any interval I C R. Let C := CU{0o} denote the Riemann
sphere. We note that o(H) U {oo} C U. U {co} and that U. U {oo} is an open set
in C. The function 7 is extended to C by setting 7(co) = 0. By the Riesz-Dunford
functional calculus (see e.g. [DS71, Section VIIL.9]), using in particular that 7 is
analytic in a neighborhood of o(H) U {co} in C, we have that

(5.17) HH) = 5 [ #(2)Ru(2)dz

2im Jr.
We consider successively the contributions to this integral from Iy, I'; ) and
' iii)- The contribution from Iy gives, by definition, the Riesz projection onto the
discrete spectral subspace of H,

(5.18) ! /F F(2)Ru(2)dz = F(H ) e (H).
(i)

2ir
The contribution from I, ;) gives, for each rectangle, four terms. The integrals
over the vertical segments are of order O(e). This easily follows from the fact that

TOME 6 (2023)



1152 J. FAUPIN & N. FRANTZ

z = |F(2)|||Ru(2)|| sz is uniformly bounded on these segments, whose lengths are
equal to 2. The sum of the integrals over the horizontal segments can be rewritten
as

1 e 176/2
= / fw (FA+ ie)Rig (A + i) — F(A — i) Rig (A — i) ) dA.
€y

Applying Proposition 5.4, we deduce that

epy1—0/2

w-lim,_,o+ /

s (FO\+ i) Ru(\ + i) — F(A — ie) R (X — ie) ) dA

eg41—0/2
= FO) (R (A +i07) = R (X — i07))d.
ez+§/2

Therefore, the contribution to (5.17) from T’ ;) gives

1
(5.19) w-lim. o+ ——— 7(2)Ru(z)dz
2 JT, i)

1 P2 reri—6/2
/ TN (R (A +i07) = Ryg(A—i0h))d).

20 = Jep+6/2

It remains to consider the contribution from I'; (). As before, the integral over the
small vertical segment is of order O(g). The sum of the integrals over the horizontal
segments can be rewritten as

-3

1 €
= / o (FOA +ie)Rar (A +ig) — FA — ie)Rag(A — iz))dA.
First, we note that
/5 (FO i) Ru(A +ie) — F(A — ie)Ru(A — ie) )dA = O(e).
Indeed, we have |F(\ & ig)| < ¢|A|™! for ) large enough and hence, by the Cauchy—
Schwarz inequality,
1
o0 - . ) 3 0 . 2 2
/573 ‘<u, T(ALie)Ryu(A+ Z€)U>H‘d)\ < ce2 HuHH(/ES HRH(A + ze)vHHd)\>
< celfulla[v]l,
the second inequality being a consequence of Lemma 5.5 (ii). Hence

2; /;'5/2 (u, (FO\ + i) Ru (A + ie) — F(A — ie) R (A — is))v>Hd)\
_ 2; /:5/2 (u, (FA+ ie)Rar (A + ie) — F(A — ie)Rur(A — ie) Jv)_dX
+ O0(e)|[ullacllvl2.
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Combining this with Proposition 5.3, we obtain that

-3

1 €
w-lim, g+ — /
e

A (FOA + ie)Rar (A + ie) — F(A — i) Ry (A — i) )dA

B 0+ 0+
_ m/@ﬁmr(x) (R (A+i07) = Ry (A —i07) )d.
The integral over the circle arc in I'; (i) can be estimated as follows. Denote by C.
this circle arc. For z € C., [Im(2)| < o, Lemma 5.5 (i) implies that ||Ry(2)| smx) <
ce~!. Using in addition that |7(z)] < C|z|™' = O(?) for z € C., we obtain

(z2)Rg(z)dz
/cm{|1m<z>|<so} (2R (z)

For z € C., |Im(z)| > ey, it suffices to use that [|[Ru(2)|sm) < c¢ together with
I7(2)| < C|z|7 = O(&?) to conclude that

7(2)Ru(2)dz| = O(e?).

/Csﬂ{llm(Z)l >eo}
Putting together the previous estimates, we have shown that

1
/ (2R (2)dz
Ie i)

2 -li e
(5.20) w-lim, _, g+ 50

_ 211% / :/2 FO)(Ru (A +i07) = Ry (A —i0%) )d.

Equations (5.17), (5.18), (5.19) and (5.20), together with the fact that Ry (A4i0") =
Rur(A —i0%) = Ry (\) if A € p(H), yield

(5.21) 7(H)
1

2im

— F(H) e (H) + /0 Y (Rir (A+i0%) = Ry (A —i0*) )dA.

It remains to show that one can replace ¥ by r in the previous equation. For the
first two terms, we have that 7(H) = Rpy(20)r(H) by definition, while (5.15) in
Proposition 5.4 implies

/UGSS(H) () (RH ()\ + i0+) — Ry (/\ _ i0+) )d/\

— Rulz) /

UCSS(H)

Hence, applying (H — zo) to both sides of (5.21), we obtain (3.16). This concludes
the proof of of Proposition 3.15. OJ

r(A) (R (A+i07) = Ry (A —i0") )dA.

5.4. Proof of Theorem 3.7

Now we prove Theorem 3.7. We recall that ’Hlf(H ) is the vector space spanned by
all generalized eigenstates corresponding to eigenvalues A € C such that FIm A > 0
and that HZE,, is the closure of {u € H, lim; . |le**ul| = 0}. We begin with
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proving the following easy inclusion, H; (H) C HE(H), which holds under the
assumption that H has finitely many eigenvalues with finite algebraic multiplicities.

PROPOSITION 5.6. — Suppose that Hypothesis 3.2 holds. Then
Hi( ) - Hads( )

Proof. — We prove that H}(H) C Hji (H). Let A € 0gisc(H) with Im(\) < 0 and
let w € Ran(II(H)). For all t > 0, we estimate

1 tIm(z)
Hgig/ VR (2)ully, dz,

where ~ is the circle defined as in (2.3). Since 7 C C~, we have

—itH

o]

—t6
e, < / 1R (2)ull, dz,

for some ¢ > 0. Hence u € My (H). The proof of H_ (H) C H,y(H) is analogous.
U

To prove the converse inclusion, we will use the following easy lemma. Recall that

Hisc(H> = Z H)\(H)v H?hsc(H) = Z H/\(H>

A€ agisc(H), FIm(A) >0 A € agisc(H), Im(N)=0
LEMMA 5.7. — Suppose that Hypothesis 3.2 holds. Then
M (H) C Ker (T (H) + 1. (H)).
Proof. — Let u € H},(H). We have
(5.22) (Magee () + Mo (H) e~ = &7 (Mg (H) + Mo (H) )

The restriction of H to Ran(Ilg (H) + . (H)) = Haw(H) ® Hioo(H) is a lin-
ear mapping from a finite dimensional space to itself, whose eigenvalues have non-
negative imaginary parts. Hence, by Lyapunov’s Theorem,

lim [l (Mo (H) + e () )u|, # 0 unless  (Mguo(H) + Mo (H) )u = 0.

t— oo

Since the left-hand-side of (5.22) tends to 0 as t — oo (for u € HS (H)), we conclude
that indeed (II5..(H) + I1%..(H))u = 0. Hence we have proven that HJ, . (H) C
Ker(Hdlsc<H) + Hdlsc(H)) The prOOf of Hads( ) - Ker(H$sc(H) + Hdlsc(H)> is
similar. 0

Now we are ready to prove Theorem 3.7. We will use the regularizing function r
defined in (3.15), for some zy € p(H), 2o € C\ R.

Proof of Theorem 3.7. — In view of Proposition 5.6, it remains to show that
HEL(H) C ’H?f( ). We prove that H, (H) C H(H), the inclusion H, 4 (H) C
‘H- (H) can be proven in the same way.

p
Let u € H,,(H). By Proposition 3.15, we can write

(5.23) r(H)u = Hgise(H)r(H)u + ress(H)u,
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where
1
Fess(H) 1= w-lim, _, o+ 7/ ( )r(A)(RH(/\ +ig) = Rg(A — ic) ) dA
Oess (H

271

is a bounded operator.

Clearly, since r(H) is bounded and commutes with e~ we have that r(H)u €
H(H). Lemma 5.7 then implies that 7(H)u € Ker(Il5, (H) + I%..(H)). Inserting
this into(5.23) gives
(5.24) r(H)u =T (H)r(H)u + res(H)u.

disc

Now we show that u € Ker(res(H)). We have Ker(res(H)) = Ran(ress(H)*)* where,
by Proposition 5.3,

| 1 — | |
P ()" = wlim, g+ 5 /U ey (Rir- (A + i) = Rz (A — i) )dA.

For all v = 1o (H)*w € Ran(res(H)*), we can write
(5.25) (v, uyy| = ‘<e*itH*v,e*itHu>H‘ < He*itH*vH

By (5.13) and (5.14) in Proposition 5.4, we have

efthuH

—q *
itH v

e ], = e ress (B Y]], < clleolae

Inserting this into (5.25), letting ¢ — oo and using that v € H (H), we obtain that

ads

(v,u) = 0. Hence u € Ker(ress(H)) and therefore (5.24) reduces to
(5.26) r(H)u =14, (H)r(H)u.

We have proven that r(H)u belongs to H,.(H) = H;F (H). Now the Riesz-Dunford
functional calculus shows that the restriction of r(H) to H.7 (H) is bounded invertible.
Hence we deduce that « € H}(H). This concludes the proof of of Theorem 3.7. [

5.5. Proof of Theorem 3.8

Recall that #H,(H) is the closure of the vector space spanned by all generalized
eigenvectors of H, and that the absolutely continuous spectral subspace of H has
been defined in Section 2.2. We want to prove that H..(H) = H,(H*)*. We begin
with the following proposition which only requires that H,(H) be finite dimensional.

PROPOSITION 5.8. — Suppose that Hypothesis 3.2 holds. Then
Hae(H) C Ran(Id —T1,(H)) = Hy(H*)™*.
Proof. — Let u € M(H). We decompose
u=1II,(H)u+ (Id —II,(H))u.

Suppose by contradiction that II,(H)u # 0. Then there exists v € H,(H*) such
that (u,v),, = 1. Indeed, if (u,v),, = 0 for all v € Hy(H*), then u € H,(H*)* =
Ker(II,(H)).
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Now, if v € H,(H*) satisfies (u,v) = 1, the map t — (e~ "Hu, v)3; cannot belong
to L*(R, C) since
—itH _ itH*
<e u,v>H = <u, e U>H

and the restriction of iH* to H,(H"*) is a linear mapping on a finite dimensional

vector space.
This proves that II,(H)u = 0 and hence that M(H) C Ran(Id —II,(H)). Finally
taking the closure of M(H), we get the proposition. O

To prove the converse inclusion, we will use the following easy lemma. Recall that
r has been defined in (3.15), for some zy € p(H), zp € C\ R.
LEMMA 5.9. — Suppose that Hypotheses 3.2 and 3.3 hold. Then
Ran (T(H) (Id —Hp(H))) is dense in H,(H*)".

Proof. — Since H commutes with II,(H), r(H) preserves H,(H*)* = Ran(Id —
II,(H)). The adjoint of »(H)(Id —II,(H)) is given by

[T(H) (Id —H } |:ﬁ ] RH*(_ ) i+ Hvn+r) (Id _HP(H*)) )

Since the restriction of H* to Ran(Id —II,(H*)) has no eigenvalues, the right-hand-
side of the previous equation is an injective operator, which concludes the proof of
the lemma. O
Now we prove Theorem 3.8.
Proof of Theorem 3.8. — By Proposition 5.8, we know that H..(H) C H,(H*)* .
To prove that Hy(H*)* C Hae(H), since H,.(H) is closed, it suffices by Lemma 5.9
to show that

Ran (r(H) (Id ~T1,(H)) ) C Hae(H).

Let u = r(H)(Id —=II,(H))v € Ran(r(H)(Id —II,(H))). Let (vp)nen = (Cwp)nen
be a sequence in He = Ran(C') such that v, — v as n — oo (recall that H¢ is dense
in H). We claim that

(5.27) = 1(H) (1d ~ I, (H)) v, € Hae(H).

To prove (5.27), applying Proposition 3.15 and the fact that (Id —II,(H))gs.(H) =
0, we first observe that, for all p € H,

(un, @) = (r(H) (1d=TLy(H)) v, )
= —}/ rV (R (A +07) = Rir (A= i0") Jvn, 10 )d,

21 Ja

where, to simplify notations, we set A := 0ess(H) and ¢ := (Id —II,(H*))p. Next we
apply (5.14) in Proposition 5.4 and Plancherel’s Theorem to obtain

(5.28) /] un,@’ dt

= [0 (R (A= 107) = Ras (A+i0%)) ), [
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Using the resolvent identity
RH(Z) = RO(Z) — Ro(Z)VRo(Z) + Ro(Z)VRH<Z)VRO<Z),
for all z € p(H), we decompose

(5.29) /\

RH(A+ze))vn,¢> \ d\

o ), [
( DRGNS
(Ro(A+ ie)VRo(A + ie) )vn,@ \ dx
(Ro )

ie) —
/\ <(R0 — Ro(A + ie
/ (A ((Ro(A — i) VRo(A — ic
N
N

AL
AL

[ OV ((Ro(d + i)V R (A + i) VRo(A + i) o, ), [

Ro(A — ie) VR (A — ie)VRo(A —ze))vn,w> \ d\

We claim that each term of the right-hand-side of the previous equation is bounded
by ¢, Hg0||3{, for some positive constant ¢, depending on n. We estimate each term
separately.

For the first term in the right-hand-side of (5.29), it suffices to use that H, is a
self-adjoint operator with purely absolutely continuous spectrum (by Hypothesis 3.1),
which yields

(5.30) / (A A—i0*) = R (A+i0%)) v, )| dX < callrllie 101

Next, remembermg that v,, = Cw,, and V = CWC(C, the second and third terms in
the right-hand-side of (5.29) are estimated as

(5.31) /\ ((Ro(A % ie) COWCRo(A £ i€) )y, )] A
< ||W||B(H) Il sup (IORo(A £ i)l el [ IOR0(A ie)usff X

< call¥ 13,

where we used Hypothesis 3.1 (and (3.3)) in the second inequality.
Finally, to estimate the fourth and fifth terms in the right-hand-side of (5.29), we
write similarly

(5.32) / r(0) ((Ro(A £ i) CW CRyy (A i) CWCRo(A % i) ) Cuy ), [
< MWl 50 (IrNHICR (% i€)CW I3
sup ([[CRo(A  i€)Clz0) llwal

x [ ICRo(AF i) A
< a9l
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where we used Hypotheses 3.1 and 3.3 in the second inequality.
Inserting (5.29)—(5.32) into (5.28) and using that ||[¢||% < ||¢|l%, we deduce that

L (e un, o), at < Cullgl

Therefore, u,, € Ha.(H) for all n € N. Since u, — u in ‘H as n — oo, and since
Hao(H) is closed, this implies that u € H,.(H) and hence the proof of Theorem 3.8
is complete. 0

Our last proposition shows that in the case where H is dissipative, Hypothesis 3.4
can be dropped in the statement of Theorem 3.8. Using the notations from Section 4.6,
we know that the only possible generalized eigenvectors corresponding to a real
eigenvalue of H are eigenvectors in the usual sense, and that they are also eigenvectors
of Hy, (and of H*). In other words, if A € R is an eigenvalue of H, then Ker((H —\)?)
= Ker(H — \) and we have

u € Ker(H —\) = ue Ker(Hy, — A\) NKer(V2) = u e Ker(H* — \),

see also Lemma 4.11. Choosing an orthogonal basis {ej,...,e,} in Ker(H — \), the
spectral projection corresponding to A can then be defined in the usual way, setting

H,\(H)u = Z(ej,u>ej, u € H.

j=1

One readily checks that II\(H)* = II\(H*). The spectral projection II,(H) onto the
point spectral subspace of H can then be defined as in Section 2.2. Modifying the
previous proof in a straightforward way, we deduce the following.

PROPOSITION 5.10. — Suppose that Hypotheses 3.1-3.3 hold and that H is
dissipative, Im(H) < 0. Then

Hae(H) = Ran(Id — T, (H)) = H,(H*)™ .

Appendix A. Proof of proposition 2.1

In this appendix, we give a proof of properties of spectral projections associated
to embedded eigenvalues.

Proof of Proposition 2.1. — We are in the case where ) is an embedded eigen-
value of H. Let (¢r)1<k<m, a basis of Ker((H — X\)™) permitting to define II,(H)
(see (2.10)). Then the properties are proved in the following way

o II,(H)> =TI,(H) : Let u € H, then

n

(Jor, IN(H)u)y 06 = > (Jo1, 0k)y (Jok, 1)y 01

k=1

(Jor, )y or = IL(H)u.

M:

I (H)I(H )u =

e
Il
—

I
[M]=

i
I
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o Vue D(Hy), lI\(H)Hu = HII\(H)u : Let u € D(H,), then

n n

HIL(H)u =Y (Jor, )y 00 = Y (Jou, )y (JHO1, 0r)y 01
k=1 k=1
= (JHe,u)y 00 = (Jor, Hu)y o
=1 =1

Appendix B. Appendix to Section 4

In this appendix, we provide the proofs of Propositions 4.1 and 4.7. They consist
in a suitable adaptation of the corresponding proofs in [FN19] where the particular
case of dissipative operators have been considered.

Proof of Proposition 4.1. — We prove the result in the case of an outgoing regular
spectral point, the proof in the case of an incoming regular spectral point is identical.

First we prove that (i)=-(ii). Suppose that A is an outgoing regular spectral point
of H. There exists g > 0 such that, for all ¢ € (0,g¢), Ry (A + ic) exists in B(H).
The resolvent identity gives

(B.1) (Id —=CR (A + ie)CW)(Id +CRo(A + ie)CW) = 1d..

Thus Id +CRy(A + ie)CW is injective on H. Since CRy(A + ie)CW is compact, the
Fredholm alternative implies that Id +CRo(A+ic)CW is invertible in B(H). Letting
e — 07, using that the limits in (4.1) exist, we obtain from (B.1) that

(1d =CRu(A+i0F)CW)(Id +CRo(A + i0H)CW) =1d.

Thus Id +CRy(A 4 i0T)CW is surjective, and hence invertible in B(#) by the Fred-
holm alternative.

Next we prove that lemma (ii)=-(i). Suppose that Id +CRy(A +i07)CW is invert-
ible in B(H). Suppose by contradiction that A is an accumulation point of eigenvalues
of H located in A + i(0,00). Then there exists a sequence (g,,),cn of positive real
numbers such that £, — 0 as n — oo and, for all n € N, vectors u,, € H, ||u,||lx = 1,
such that

(H — (A +ig,))u, = 0.
Applying CRy(A + ig,,) to this equations yields
CRo(A+ien)(H — (A +ien))u, = (Id+CRo(A + ig, ) CW)Cuy, = 0.
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Since Id +CRo(A +i0T)CW is invertible in B(H), for n large enough, Id +CRy(A +
ie,)CW is also invertible. Therefore CRo(A +ie,,)(H — (A +igy,)) is injective, which
is a contradiction since u,, # 0.

It remains to show that CR (A + ie)CW converges in B(H) as ¢ — 0T. Since for
e > 0 small enough Id +CRy(A + ie)CW is invertible in B(#), (B.1) gives
1

CRu(\+ie)CW = (1d+CRo(A +ie)CW)  —1d,
This proves that
CRu(A+i0%)CW = (1d+CRo(A+i07)CW) ' ~1d

exists in B(H). O
Before proving Proposition 4.7, we recall the proof of Lemma 4.2 which was used
several times in the main text.

Proof of Lemma 4.2. — Consider for instance the operator Rg (A +ic) C. Let
e >0, u € H. We have

[Ro (A +ig) Culls, = (Ro (A + i) Cu, Ro (A + i) Cu),,
_ 215 (Chu, [Ro (A + i) — Ro (A — i2)] Cu,
_ i Im ((u, CRo (A + i€) Cu,)
Since the limits (4.1) exist, there exists ¢q > 0 such that
sup Im ((u, CRy (A +ig) Cu)y,) < 2 |ull3, -
Hence
Ro (A +i6) Cully < 2 lully.

This proves the lemma for Ry (A + i) C. The proof for Ry (A — ic) C is identical. O

Proof of Proposition 4.7. — Again, we prove the result in the case of an outgoing
regular spectral point, the proof in the case of an incoming regular spectral point
being identical.

(ii)=-(i) is obvious. We prove that (i)=-(ii). Suppose that A is an outgoing regular
spectral point. By Proposition 4.1,

AN) == Td+CRy(X +i0T)CW
is invertible in B(H). Since the maps in (4.10) extend by continuity to D(X, ) N C=,
there exists a compact interval K, C R whose interior contains A such that, for all
p € Ky, A(p) is invertible. By Proposition 4.1, this implies that each p € K is not

an accumulation point of eigenvalues located in p + (0, 00) and that, for all u € K,
CRu(pn+ i0T)CW exists in B(H). Finally, the fact that the limit

CRy(p+i0)CW = lim CRy(p+ie)CW = (Id+CRo(u +i0F)CW) ™" ~1d

is uniform in p € K follows from the continuity of the map z — (Id +CRy(z)CW) !
on D(\,7)NC*. O
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Appendix C. Appendix to Section 5

Proof of Propositions 5.1 and 5.2. — To prove the existence of the weak limit
in (5.2), we use twice the resolvent formula, which gives for € € (0, ¢¢), g9 > 0 small
enough,

Ro(A £ i) — Ro(A £ ie)VRo(A £ ie) + Ro(A £ ie) VR (A % ie)VRo(A + ic).

Stone’s formula for the self-adjoint operator Hy shows that
1
(C.2) w-lim, _, o 7/ (Ro(A+ ie) = Ro(A — i) )dA = 1;(Ho)
2me J1

in B(H). Since for all u € H CRy(\ £ ic)u converge in L?(I;H) as ¢ — 0T by
Hypothesis 3.1, we deduce that the weak limits
(C.3)

w-lim, g+ / Ro(A+ie)VRo(A+ic)dA = w-lim, _, o+ / Ro(Aie) CWCR(Atiz)dA
I I
exist in B(H). For the last term from (C.1), we write

(C.4) w-lim, , or / Ro(A £ ie) OWCR (A £ ie) W CRy(A £ i)dA
I
— wlim, _, g+ / Ro(A £ i0)CWOR g (A £ ie) CWCORo(A £ i07)dA,
I

where we used that, for all u € H, A — CRo(A+ie)u converge in L*(I; H) as e — 0T,
together with the fact that CRy(\ £ ie)CW is uniformly bounded in € € (0, )
by (5.1). Since A — CRo(A+4i0")u belongs to L*(I,H) for all u € H, combining the
fact that CRy (A £ ie)CW converges to CRy(A £ i07)CW in B(H) for a.e. A € T
and again that CRy (A £ ie)CW is uniformly bounded in e € (0, &), we obtain

(C5) lim <u Ro(A £ ie) OWCR i (A £ ie) OWCRo(A + is)v>d)\

e—=0tJr

_ / <CR0(>\ 0" )u, WORm(A + i0H)CW R (A + ¢o+)v>dA,
I

by Lebesgue’s dominated convergence theorem.
Equations (C.1)-(C.5) prove that the weak limit in (5.2) exists. Moreover, for all
u,v € H, we have that

(u, 1;(H)) = (u, 1;(Ho)v) — Q;T /1 (CRo (A Fi0%) u, WORg (A £i07) v)dA
+ 221% /I <CR0 (AFi0") u, WCRy (A £i0") CWCR, (A+i07) v>d>\.

By the same argument, we obtain that (5.6) is a Banach algebra morphism. Equa-
tion (5.4) is easily proven, while (5.3), (5.7) and (5.8) follow as in [FF18]. O
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Proof of Propositions 5.3 and 5.4. — The proof has the same structure as that of
Propositions 5.1 and 5.2, with the following modifications. First, (C.2) is replaced
by the following argument. We write

/ (h(A+ ie)Ro(A + i) — h(A — i2)Ro(A — i) ) dA
- /h (Ro(A + i) = Ro(A — ic) ) dA
+ / B+ i2) — h(N)]Ro(A + i) — [h(A — ig) — h(\)]Ro(A — ic) ).
For the first term, since Hj is self-adjoint, we have

(C6)  wlime o o / BN (Ro(A + i) — Ro(A — ie) )dA = h(Ho).

For the second term, we use the mean-value Theorem together with the Cauchy—
Schwarz inequality, writing for all u,v € H,

(C.7) /\ B(A £ ie) = h(N)|Ro(A % ie)0), |dA

< €Hu||H(/I <0<sg£360|h’(/\j:z'5)|>2d/\>;(/IHRO(Aj:is)vHid)\f.

The first integral is bounded by (5.10). The second integral can be rewritten as

/1 HRO()\ + ig)UHid/\ - /1 (v, Ro(A F ig) Ro(\ £ ig)v>Hd)\

L / (v, (Ro(A — i) = Ro(A +ie) )v), dA,

2ie J1

(C.8)

from which we deduce that

ENE 3 1
(C.9) (/ HRO()\ize)vHHd)\> < ce H ol

I
Together with (C.6), (C.7) and (C.8), this implies that
1
w-lim, _, o+ %/ (RN + ie)Ro(A + ie) — h(\ — ie)Ro(\ — i€) ) A\ = h(Hy).
I

The rest of the proof follows in the same way as in the proof of Propositions 5.1
and 5.2 (see in particular (C.3) and (C.4)), using that h(\ £ic) and h(A £ic)CRy
(A £ ie)CW are uniformly bounded in € € (0, ). O

In the proof of the spectral resolution formula stated in Proposition 3.15, we used
Lemma 5.5 which we now prove. The arguments are similar to those used in the
previous proofs.

Proof of Lemma 5.5. — To prove (i), it suffices to use the resolvent equation (C.l)
together with the fact that V = CWC and the estimates ||Ro(X £ i€)||gm) < 7',
|CRo(A£ie) | sy < ce™/? (see Lemma 4.2) and ||CR(H £ie) CW |53 < ¢ by (5.1).
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To prove (ii), we use again (C.1), writing
JIRu( £ iyullf <2 [ [Ro(r £ i)ull dn
+ 2/I IRo(A £ ie) CW O Ro(A £ ie)ul%, dA
+ 2/1 IRo(A £ ie) CWOR (A £ i€) CW CR(A + ie)u 2, d.
By (C.9), the first term is bounded ce™'. The same holds for the second and third

terms, using again that ||CRo(A % ie)||pa) < ce /2 and ||OR(H + ie)CW ||g)
< ec. O
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