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Abstract

We study the existence and the continuity properties of the boundary values (H —\=i0) !
of the resolvent of a selfadjoint operator H in the framework of the conjugate operator
method initiated by E. Mourre. We allow the conjugate operator A to be the generator
of a Cy-semigroup (finer estimates require A to be maximal symmetric) and we consider
situations where the first commutator [H,iA] is not comparable to H. The applications
include the spectral theory of zero mass quantum field models.

1 Introduction

In this paper we describe an extension of the Mourre version of the positive commutator method
which can be used in situations where the commutator of the Hamiltonian H with the conjugate
operator A is not comparable with H and/or A is not a selfadjoint operator. This extension is
especially adapted to the study of the spectral theory of quantum field Hamiltonians.

The origin of the positive commutator method can be traced back to the following theorem,
proved by C. R. Putnam in 1956: if A is bounded and [H,1A4] > 0, then the range of [H,i4] is
contained in the absolute continuity subspace of H (see [P1] or [P2, page 20]). This result has
been improved and used by several authors to prove absolute spectral continuity of Schrodinger
operators, see [RS, vol. 4] for a review of some of these works. However, the applications were
rather restricted by the boundedness condition on A and the global positivity requirement on
the commutator. In 1981 E. Mourre [Mo| succeeded to treat the case when A is unbounded
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(but selfadjoint) and the positivity of the commutator holds (but in a stronger form) only on
the open set J where we want to prove absolute continuity, more precisely:

(1.1) [H,i4] > all;(H) — bl ;(H)(1+ |H])

for some numbers a,b > 0. It is easy to see that (1.1) is equivalent (under Mourre’s conditions)
to the usual form of the so called strict Mourre estimate. The main idea of Mourre was to control
the behaviour of the resolvent R(A+ipu) = (H—AFiu)~!, where A € J and u — 07, with the help
of A. There was a price to pay for this: the commutator [H,iA] and the second commutator
[[H,14],iA] had to be dominated, in a suitable sense, by H. It turned out, however, that
many physically interesting Hamiltonians can be easily studied in this framework. Moreover,
the domination conditions were weakened by various authors, which increased the power and
elegance of the theory (see [ABG]| and references therein).

Among the various extensions of the Mourre theorem which exist in the literature, two are
especially interesting for us: the first is due to M. Hiibner and H. Spohn [HuS] and the second to
E. Skibsted [Sk2] (this is further developed in [MS]). In [HuS] it is shown that Mourre’s results
remain true if A is only maximal symmetric, the main technical result being the extension of
the virial theorem to this context (the resolvent estimates extend easily because domination
conditions similar to those of Mourre are imposed). Moreover, the authors show the usefulness
of this generalization in the study of the spin-boson model with a particle number cut-off. But
the results of [HuS| cannot be used in the case of a massless quantum field because then the
commutator [H,iA] is not dominated by any power of H. This difficulty was overcome in [Sk2]
by assuming that there is a sequence of selfadjoint operators A, which converge strongly to A
and such that [H,14,] is H-bounded, so Mourre’s computations makes sense for each fixed n.
Suitable uniform in 7 bounds on the approximating operators allow one to take the limit n — oo
in the final estimate.

1.1 Presentation of the main results

In this paper we shall prove resolvent estimates under the assumption that the Hamiltonian H
is regular in a certain sense with respect to the operator [H,iA]. If [H,iA] is H-bounded then
this condition is satisfied, hence our condition on the first commutator is weaker than that from
[Mo, HuS]|, where H-boundedness (and boundedness from below) of [H,iA] is required.

On the other hand, some further technical conditions are necessary for the development of
the theory, and ours are not directly comparable with those of the quoted papers (these condi-
tions involve boundedness properties of the second commutator [[H,iA],iA] and the stability of
certain spaces under the (semi)group generated by A; see [ABG, Sec. 7.5.1, 7.5.2] for a detailed
discussion). However, in Section 5 we show that it is easy to deduce from Theorem 3.5 a result
which, for Hamiltonians with a spectral gap, covers those from [Mo] and also the more general
results of P. Perry, I. Sigal and B. Simon [PSS] (note that in [PSS| H is assumed bounded from
below). Since the operator A will be assumed maximal symmetric, it will be clear that the
abstract theory developed in [HuS] is also a particular case of ours. Later on in this introduc-
tion we shall explain why the results of [Sk2] are consequences of ours and we shall discuss the
relation with [MS].

We shall now summarize our main results. For simplicity, we present here only a particular
case, when A is assumed to be maximal symmetric. We refer to Section 3 for the general case,



when (a multiple of) A is the generator of a Cy-semigroup. We begin with some definitions and
notations.

The regularity notion we need in order to formulate our results is the following. Let S and
T be closed densely defined operators on a Hilbert space H. Assume that S has the following
property: there is a sequence of complex numbers z, in the resolvent set of S such that |z,| — oo
and sup,, |2, |[|(S — 2,) 7| < oo. We say that S is of full class C1(T) if for each number z in the
resolvent set of S the sesquilinear form [T, (S — z)~!] with domain D(T*) x D(T) is continuous
for the topology of H x H. Or, equivalently, if for each such z one has (S — 2)~'D(T) C D(T)
and T(S — 2)™' — (S — 2)7'T : D(T) — H extends to a bounded operator on H.

Now let A be a maximal symmetric operator on H. Then A has deficiency indices (N, 0)
or (0,N). In the first case there is a strongly continuous one parameter semigroup {W}i>o
of isometries on H such that u € D(A) if and only if |Wyu — u|| < ct, and in this case 1Au =
lim;_, g+ (Wyu—u)/t; then we write W; = e*4. In the second case, — A generates such a semigroup.
In order to have uniform notations, we define in the second case W; = elt4 := €lltl(=4) for ¢ < 0.
Thus we have in both cases iAu = limy_o(Wiu — u)/t for u € D(A), the parameter ¢ being
restricted by the conditions ¢ > 0 and ¢ < 0 in the first and second case respectively. We note
that {W;"} will be a Cyp-semigroup of contractions with generator —A*.

Assume that G is a Hilbert space continuously and densely embedded in H such that W;*G C
G for all t and supg|y<1 [Wi' [l Bg) < co. We denote by H* and G* the adjoint spaces and we
identify H* = H with the help of the Riesz isomorphism, which implies G C H C G* continuously
and densely. Denote by G the completion of D(A) under the norm ||lullgs = [ullg« + || Aul|g~.
We will see that Gi C G* continuously and densely. Now we define the spaces we are interested
in by real interpolation:

g:,p =(G7,G%)1—sp fO0<s<landl<p< 0.

Then let G_1 be the completion of G under the norm inf, (||v||g + ||u — A*v||g) with v € GND(A*)
such that A*v € G. Then G C G_; continuously and densely and we define again by real
interpolation

Gosp=1(G,G-1)sp ifO<s<landl<p<oo.

Details on these spaces and more explicit definitions in terms of the semigroup {W;} can be
found in Subsection 3.1. We mention only that G;, C G/ if s > ¢ or s = ¢ but p < q. Moreover,
one has a canonical identification (G ,)* = G_s if p < oo, where 1/p 4 1/p’ = 1. The space
Gs = G5y and its adjoint G_s := G_; are more commonly used: they are Hilbert spaces and
can be defined by complex interpolation or as domains of certain operators naturally associated
to A and A* in G* and G respectively.

We can state now the hypotheses of the next theorem. Besides the operator A introduced
above we consider a selfadjoint operator H and a symmetric closed densely defined operator H’
(one of the conditions below says that H' is a realization of the formal commutator [H,14]). We
denote by D the space D(H) ND(H') (equipped with the intersection topology). We assume:

(M1) H is of full class C*(H'), D is a core of H', and D(H) N D(H"*) = D.
(M2) A bounded open set J C IR is given and there are numbers a,b > 0 such that
H' > [al;(H) — blg\ ;(H)|(H) as forms on D.

Then there is ¢ > 0 such that H' + ¢(H) > (H) as forms on D. We define G as the completion
of D under the norm |[u|g = (u, (H' + ¢(H))u)Y/?; we have G C H continuously and densely.



Clearly H and H' extend to continuous symmetric operators G — G*. Our last hypotheses are:
(M3') WG C G for all t and supg <1 Wil Bg) < 0.
(M4) For all u € D we have: limy_o + [(Hu, Wyu) — (u, Wy Hu)] = (u, H'u).
(M5) There is H" € B(G,G*) such that lim_o + [(H'u, Wyu) — (u, WeH'v)] = (u, H"u),u € D.
We shall use the notations:

Ji={Atip|rxeJ p>0}, Je={ Ltip|AeJ, u>0}
Our main result is the next theorem.

Theorem 1.1 Ifze J? U JC then R(z)(H N g;/z,l) C G_1/2,00 and the restriction of the map
R(z) to HN Qik/ll extends to a continuous operator R(z) : Qik/ll — G_1/2,00- The functions
JS 2 2z R(2) € B(g;/z,l,g_l/zoo) are holomorphic and extend to weak® continuous maps
on Ji. In particular, the limits R(X £10) := lim,, 4o R(\ +iu) exist in the weak® topology of
B(QI/M, g_l/zvoo) locally uniformly in A € J and the boundary values maps

JoA— R(A£i0) € B(gf/m,g_l/gm)
are weak* continuous. If 1/2 < s < 1 then the maps
J3A— R(A+£i0) € B(G: «,G-s1)
are locally Hélder continuous of order s —1/2 .

Let us state explicitly the main estimates that we prove: for each compact I C J there is a
number C such that

(1.2) IR+ i) fllg_, p00 < Crllf]

Gijp, for A€ L,p#0and f € HNGi)21

and for each 1/2 < s <1 there is Cy(s) such that the boundary values satisfy
(1.3) IR\ £10) = R(As £10)l| p(gs ..g_...) < Cr(s)|Ar = X" ™/% for Ay, Ag € 1.

We stress that R(z) does not send G* into G in general, hence (1.2) is a rather subtle estimate.
Our Hélder continuity estimate is in fact more precise than (1.3). Indeed, we prove that

(1.4) HR(Zl) - R(ZQ)”B(Q* G-s1) < C[(S)’Zl - 22‘5_1/2 for 21,29 € [j:

where I is defined similarly to Jy. In particular, we see that R(z) converges in norm to its
boundary values in the space B(G; o, G—s1):

(1.5) [R(A +ip) — RAA £10)[| g ) < Cr(s)|pl*™"/? for A € I and p > 0.

;ocngfs,l —

We do not have any particular application in mind of these Holder continuity results. We
just mention here that they are an ingredient in the derivation of the Fermi Golden Rule in
second order perturbation theory of embedded eigenvalues, as presented in [AHS]. See also [MS]
and [DJ]. Higher orders of regularity have been used recently by S. Agmon and I. Herbst [AH]
to make a precise study of perturbations under which an embedded eigenvalue persists. Finally



we mention that higher order regularity of the resolvent is also an ingredient in the study of the
smoothness of scattering matrices, cf. e.g. [Sk1], and in some methods for obtaining propagation
estimates in scattering theory, see e.g. [Je].

The methods we use allow one to eliminate the condition on H involving the second com-
mutator H” (as in [ABG, Chapter 7]) and to determine the order of regularity of the boundary
values for all allowed s. The idea is to replace the operators H, = H —icH’ used in Subsections
3.4 and 3.5 by a more general family of operators H. € B(G,G*) such that H. = H —icH' + o(e)
as € — 0. For example, if G is b-stable under {W,} and {W;*} (see Definition 2.32) then the
condition H € C%(A;G,G*) from Remark 3.1 can be replaced by H € C%'(A;G,G*), where the
last space is defined by real interpolation: C1(4;G,G*) = (C*(A;G,G*), B(G,G*))1/2,1- We do
not give details because in the main application we have in mind (see [GGM]) such an extension
is not really relevant.

The condition that A be the generator of a Cp-semigroup is not always easy to check, so we
make an effort to go as far as possible without it. In fact we use it only in order to establish the
relation (3.22) (the approximations (3.30) could be replaced by other expressions suggested by
interpolation theory). In many cases a direct justification of (3.22) is easy. Incidentally, this is
the case in the examples presented later on in the introduction, but this is definitely not so in
the situation of [GGM]. Also, the case when H and H' commute is rather elementary and one
can obtain without much effort results of a certain interest. Of course, our main concern is the
case when H and H' do not commute.

Our assumption (M2) is a strict Mourre type estimate, i.e. it involves no compact remainder.
Such an estimate is difficult to obtain directly and the usual way to bypass this problem is to
invoke various versions of the virial theorem. In Section 4 we present some new results, adapted
to the context of [GGM], concerning this topic. We improve the standard version (see [ABG,
Proposition 7.2.10] and [GG]) of the virial theorem in two directions. First, we consider conjugate
operators A of a general form, including generators of Cy-semigroups. Thus we cover the known
results concerning selfadjoint A as well as the extension to maximal symmetric A obtained in
[HuS, Proposition 9]. Then we treat the case when the Hamiltonian H is not of class C1(A)
under some supplementary assumptions (H’ should be approximable by operators with better
properties). These results are sufficient for the situation studied in [GGM].

We shall make now some comments concerning the relation between our paper and [Sk2, MS].
The assumptions of [Sk2] involve, besides the selfadjoint operator H and the maximal symmetric
operator A, an auxiliary selfadjoint operator M > 1 (in applications this is the particle number
operator plus the projection onto the vacuum state) and a sequence of selfadjoint operators A,
which converge to A. Most of Skibsted’s hypotheses are formulated in terms of the commutators
between H and A,, and are similar to those of Mourre [Mo] with one notable exception: [H,iA4,]
does not satisfy the Mourre positivity condition. Instead, it is required that lim, . [H,iA4,]
exists in some sense and is of the form M + G, where G is an H-bounded symmetric operator.
Then Mourre positivity is imposed only on this limit operator. Also, instead of working directly
with second order commutators, Skibsted requires the existence of the limits lim, ..o [M,iA4,]
and lim,,_,~[G,14,] in a suitable sense.

The connection with our formalism is obtained by defining H' as the closure of the operator
M + G (see Lemma 2.26). One can then show that Skibsted’s assumptions imply ours. We shall
not explain this in detail, although the proof is not completely trivial. Note, however, that in our
notations Assumption 2.1(1) from [Sk2] can be written as: H € C1(M) and [H,iM]°D(H) C H.



In particular, D := D(H)ND(M) is a core for H and for M. It is also important to notice that
the semigroup of isometries W; generated by A satisfies a rather strong condition: WD C D
and WD C D for all ¢ > 0. In particular, these groups also leave invariant the interpolation
space (D, H)1 /22 and this is, under the conditions of [Sk2], our space G (see Proposition 3.8).

In the papers [Sk2] and [MS] the family H. is taken to be HMS = H —ie(M + f(H)G f(H)).
This choice differs from ours (namely H. = H — ieH') due to the appearance of the energy
cutoffs f(H). In [MS] it is observed that H and M appear symmetrically in HM, up to the
need for uniformity of estimates in €. This observation makes it possible to ease the assumption
on [H,iM] mentioned above, such as to cover the application considered there. An assumption
of the following form is introduced instead: [H,iM]® = T} + Ty, where Ty is H-bounded and T
is M2-bounded. (That M 3 and not M is used is due to the need for uniformity in €.) This type
of assumption could possibly also be considered in our context, but at the cost of some elegance.

We furthermore mention that the limiting absorption principle proved in [MS] is of the form
|]M%_ﬁ<A>_%_°‘(H - z)_1<A>_%_°‘M%_5H be uniformly bounded as z approaches a part of the
spectrum where a Mourre estimate holds. Here o > 0 and in particular it is required that § be
strictly positive. Our limiting absorption principle holds with § = 0 and is in this direction an
improvement over [MS] (when both sets of assumptions hold). Technically the need for g > 0
in [MS] is a consequence of the use of the energy cutoff f(H) in HMS.

1.2 Elementary applications

The main application of Theorem 1.1 is presented in [GGM], where we study the spectral theory
of massless Nelson models describing a quantum field of massless particles interacting with non-
relativistic electrons.

We shall give here two simple examples which allow us to illustrate some advantages of our
results in comparison with previous ones.

We consider the Hilbert space H = L?(IR™) and, if f : IR™ — IR is measurable, we denote
by f(Q) the operator of multiplication by f in H and we set f(P) := F*f(Q)F, where F is the
Fourier transformation. In particular, if & € IR™ then e*@ acts as follows: (e*Qu)(z) = e*®u(z).
Note that e *Q f(P)el*? = f(P + k).

A real number X is a threshold value of a C' function w : R® — IR if there is a sequence
of points k; € IR" such that w(k;) — X and '(k;) — 0, where ' is the gradient of w. The
set of threshold values of w is denoted by 7(w). Clearly, A ¢ 7(w) if and only if there is
an open neighborhood J of A and a constant m > 0 such that |'(k)] > m if w(k) € J. If
lw(k)| + |’ (k)] — oo when k — oo then 7(w) is the set of critical values of w.

Now we fix w : R” — IR of class C? such that the Jacobian matrix w” is a bounded function.
We set @ = (1 +w? + w’2)1/2 and for 0 < o < 1 we introduce the space

K? = D(@”(P)) = D(|w|”(P)) N D(|'|° (P))

equipped with norm ||@7(P)u||. Then =7 := (K?)* is the completion of H under the norm
|o~?(P)ul| and we have as usual K7 C H C £~°.

It is easy to show that for each o € [~1,1] one has ¢*?K? = K7 for all k& € IR" and that
the n-parameter group induced by {e*?},cgr» in K7 is strongly continuous and of polynomial
growth: HeikQHB(;@) < C(k)?, where (k) = (1+ |k|>)'/2. Thus one can define the scale of Besov
spaces K7, with s € IR and 1 < p < co. If w(k) = (k) we get the usual weighted (Besov type)



Sobolev spaces H7 . If o = 0 then Ingp = H,, are usual weighted (Besov type) L? spaces.
Details of the construction can be found in [ABG, Chapters 3 and 4].
The proof of the following proposition can be found in the Appendix A.

Proposition 1.2 Let w: IR™ — R be a function of class C? with bounded second order deriva-
tives and let A be a compact real set disjoint from T(w). Set R(z) = (w(P)—2)~! for z € C\R.
If Rz € A then R(2)Hy/21 C ’C1—1/2,oo and for each —1 < o < 0 the restriction R(z)|H;/2.1

extends to a continuous operator ’C(f/zg C ICTI'/IQ’ ~ Satisfying

(16) IREulleery, < Cllully

1/2,1
for some constant C' independent of z and u.

This result is interesting in the context of the remark after (1.3) because the function w does
not necessarily dominate its gradient (e.g. let n = 2 and w(k) = k? — k3 or w(k) = k1 + k3) so
we do not have R(z)H C K'. Estimates like (1.6) have first been obtained by S. Agmon and L.
Hoérmander [Hor, Theorem 14.2.3] for simply characteristic differential operators of an arbitrary
order; see [BG] for a proof involving conjugate operators and a localization argument.

The condition naturally suggested by Theorem 1.1 is |w”| < C@ rather than |w”| < C. Tt is
indeed easy to obtain an analogue of Proposition 1.2 under this condition but with the spaces
ICf: ;/ ? replaced by the spaces géf‘g defined in terms of the operator A that we introduce below
(or other similar operators). In particular, one can deduce the results of [Hos|] from Theorem
1.1. Note also that |w"| < C© is the only condition needed to construct the Besov scales K,
(this follows easily from Proposition 2.34) but unfortunately it is not possible, in general, to
pass from the spaces géfg to the more natural K .

In order to prove Proposition 1.2 we make the choice A = (F(P)Q + QF(P)), where
F : R" — IR" is the vector field F(k) = /(k){w'(k))~'. This forces us to take H' =
|w'(P)|?(w'(P))~" which is of order |w’(P)|, hence not comparable with H, so the known ver-
sions of the Mourre theorem cannot be used. However, A is selfadjoint. Our next purpose is to
explain the usefulness of considering non selfadjoint conjugate operators. The following example
is relevant in the context of [GGM]. The corresponding class of operators A is considered in
detail in the Appendix A.

Let w : IR™ — IR be a continuous positive function such that the set Z = {k € R" | w(k) = 0}
is of measure zero. Let 2 := IR™\ Z. We suppose that the function w is of class C? on 2 and has
no critical points there. We take H = w(P) and formally define A by A = %(F(P)Q + QF(P))
with F(k) = % Then, again formally, we have [H,iA] = |w'(P)|. The advantage of such a
choice is seen in the case when |w'(k)| > a for some number a > 0; this happens, for example,
if w(k) is the distance from k to a given closed convex set Z of measure zero (the simplest
example being w(k) = |k|). Then we have a global strict positivity estimate H' > a which is
quite useful in many circumstances (the purpose of the theory developed in [HuS] was to cover
such situations).

We shall now make rigorous these facts. Let A be the closure of the operator %(F (P)Q +
QF(P)) with domain FC§°(§2). Then A is symmetric closed and densely defined, but this is
not sufficient for our purposes: we have to show that it is maximal symmetric.

Lemma 1.3 The symmetric operator A has deficiency indices of the form (N,0).



The proof is given in the Appendix. We have W, = ¢'t4 = F *W,F where the Cy-semigroup
of isometries {Wt}tzo is constructed as follows. For each k € Q let ¢t — pi(k) be the unique
solution of %pt(k‘) = F(pt(k)) satisfying po(k) = k. We show that the maximal domain of
existence of this solution is of the form ]7(k),oo[ with 7(k) < 0. If ¢ > 0 then p; is a C!-
diffeomorphism of € onto some open set _; C Q whose inverse is denoted p_; (the notations
are con51stent) Let f = divF and a_,(k) := exp(fy " f(ps(k))ds) for k € Q_,. Ift > 0 we
set Wy := XQ_y/O—tu © p +- Then W, is an isometry in L2(IR") = L%() with range equal to
L?(2_;). The case when «’ is only locally Lipschitz can also be treated along these lines.

Let H' be the (selfadjoint) operator |w'(P)|. Since H and H' commute, condition (M1) is
satisfied and D = KC! with the same notations as before. In the present context it is convenient to
define thresholds by an obvious extension of the definition given above, but also to include zero
in the threshold set. In particular, if w(k) — oco as k — oo then only zero is a threshold (note,
however, that zero could be a “ghost threshold”, i.e. irrelevant for spectral analysis; this happens
in the massless Nelson model [GGM], where w(k) = |k|). Then condition (M2) is satisfied if the
closure of J is compact and disjoint from the threshold set. As operators defined on FCg§°(€2),
we have: [H',iA] = w(P) where the function w is defined on Q by w = ‘:‘j—;‘(ﬁV)w’. We see
again that the condition |w”| < C® suffices to develop the theory, cf. the proof of Proposition
1.2.

In order to explain why it is useful for applications to admit non selfadjoint conjugate
operators, we shall consider a “toy version” of the model treated in [GGM]. Let us first describe
the one-particle space and one-particle kinetic energy: we take n = 1 and w( ) = |k|. Then
Q = R* := R\ {0} and F(k) = +1 if £k > 0. The generator A of {W;};>o has domain
D(A) = H(l)(]R*), the set of functions of Sobolev class H!(IR) which vanish at zero, and it
acts as follows: Au(k) = iw/(k) if k > 0 and Au(k) = —i/(k) if k < 0. Let 7+ be the
orthogonal projection onto the subspace L?(IR+) of L?(IR) and let U;f(z) = f(x —t). Then
W, = 7, Uty +7_U_ym_. If the Hamiltonian is w(P) then [w(P),i4] = 1, so the theory trivially
applies. Below we change notations: we denote by a the operator A introduced above.

Now we consider a perturbed second quantized version of this situation. Let H = I'(L?(IR))
be the symmetric Fock space over L?(IR) and H = dI'(w(P)) + ¢(v), where ¢(v) is the field
operator associated to some v € H}(IR*). If we take A = dI'(a) then H' = [H,iA] = N + ¢(v),
where N is the particle number operator and ¥ = —iav € L*(IR). Now we are in a situation
when A is not selfadjoint and H’ is not comparable with H. This choice of A is in fact the most
natural in order to prove the Mourre estimate (cf. [GGM)]): it replaces the strict positivity of
the mass used in an essential way in [DG2]. We note, however, that other (selfadjoint) operators
have been used to obtain Mourre estimates under a weak coupling condition, cf. [BFSS].

1.3 Plan of the paper

We make now some remarks concerning the organization of the paper. Section 2 is devoted to the
study of a regularity property of linear operators on a Hilbert space H with respect to a closed
operator A. The fact that the corresponding class C''(A) plays a role in our argument could seem
strange: after all, the main point of this paper is to develop the commutator method beyond
the usual C'(A) setting (especially emphasized in [ABG]). More precisely, we are interested in
Hamiltonians H which are not of class C'(A). But an important point of our approach is that
not the Hamiltonian but the non-selfadjoint approximations H. (chosen here equal to H —icH’)
have to be of class C'(A). This explains why we study arbitrary closed operators of class C*(A).



On the other hand, we consider a general closed densely defined A for two reasons. First, we
develop a substantial part of the theory for conjugate operators A which are only generators of
Co-semigroups. Second, our Hamiltonian has to be of class C'(H’) and H' is not more than
symmetric. In this context, we emphasize the role played by Theorem 2.25 in our arguments.
For completeness we have included in Subsections 2.1 and 2.2 some elementary material most
of which is part of the general theory of derivations on C*-algebras (see [BR]).

Section 3 is the heart of the paper: we present and prove there our main results. We did not
try to get statements of maximal generality in order to avoid heavy formulations. However, the
proofs are arranged so that extensions are easy. In Section 4 we discuss some new results on the
virial theorem, part of them adapted to the context of [GGM]. In Section 5 we prove a theorem
extending various classical results for operators of class C?(A) to the case when A is maximal
symmetric; we assume there that H has a spectral gap, which allows us to deduce it very easily
from our main result, Theorem 3.5. Finally, Appendix A contains more technical results used
in other parts of the paper.

2 The C'(A) class

In this section we consider a linear operator A and define a regularity property of linear operators
on a Hilbert space H with respect to A which is an extension of the C'(A) property (see [ABG])
when A is selfadjoint. Throughout this section A will be closed and densely defined on a Hilbert
space H. Note that since A is closed, D(A*) is dense in H.

2.1 C'(A) class of bounded operators

If S € B(H) we denote by [A, S] the sesquilinear form on D(A*) x D(A) defined by:
(u, [A, S]v) := (A", Sv) — (S*u, Av), u € D(A*), v € D(A).

Definition 2.1 An operator S € B(H) is of class C1(A) if the sesquilinear form [A,S] is
continuous for the topology of H x H. If this is the case, we denote by [A,S]° the unique
bounded operator on 'H associated to the quadratic form [A,S] (note that D(A*) x D(A) is dense
in H x H). We denote by C'(A) the linear space

CY(A) :={S € B(H)|S is of class C1(A)}.

Proposition 2.2 An operator S € B(H) is of class C1(A) if and only if S maps D(A) into
itself and AS — SA : D(A) — H extends to a bounded operator on H. In this case

AS = SA+[A,S]° as an identity on D(A).
Proof. If S € C'(A) then we have:
(A*u, Sv) = (u,[A4, S]°v+ SAv), u € D(A*), v € D(A).

Since A™ = A, this implies that if v € D(A) then Sv € D(A) and ASv = [A,S]°v + SAv.
Conversely, assume that SD(A) C D(A) and that there is T € B(H) such that Tv = (AS—SA)v
on D(A). If u € D(A*),v € D(A) then (A*u, Sv) — (u, SAv) = (u, ASv — SAv) = (u, Tv), hence
SeCl(A)and [A,S]°=T. O



Lemma 2.3 Let Ay, Ay be closed densely defined operators such that Ay + Ay (with domain
D(A1) N D(Az)) is closeable and densely defined. Denote by A the closure of Ay + Aa. If
S € CHA) NCY(Ay), then S € CY(A) and [A, S]° = [A1, S]° + [As, S]°.

Proof. If u € D(A;) N D(Az) then Su € D(A;) ND(Az) and, by Proposition 2.2,
[ASul| < [[(AS = SA)ull + [[SAul| = [[[A1, S]u + [A2, S]ul| + |SAul| < C(JJull + (| Aul]).

Thus SD(A) C D(A) and for u € D(A) we have (AS—SA)u = [A1, S]°u+[As, S]°u. The second
part of Proposition 2.2 gives the result. O

Proposition 2.4 Let S € B(H). Then S € C'(A) if and only if S* € C*(A*) and then:
(A% 5717 = =([4,5]°)".

Proof. Since A*™ = A,S5* = S, it suffices to prove the = part of the proposition. Let
u € D(A*), v € D(A). Then

(A*u, Sv) — (8*u, Av) = (u, [A, S]°v).
Taking the complex conjugates and using that v € D(A**) = D(A), we obtain:
(A" v, S*u) — (8™ v, A*u) = —(v, ([4, S]°)*u), u € D(A*), v € D(A™),
ie. S* € CY(A*) and [A*, 5*]° = —([4, S]°)*. O

2.2 Properties of the space C'(A)

Lemma 2.5 The linear map A : C'(A) — B(H) defined by S — [A, S]° is closed for the weak
operator topology.

Proof. Let {Sa}acr be a net in B(H) such that S, € C1(4), w—lim, S, = S weakly and
w—lim,[A4, Sy] = T. weakly. Then for u € D(A*), v € D(A) we have:

(u, [A, S4]°v) = (A%u, Sav) — (u, Sq Av).
Taking the limit over the directed set I, we obtain:
(u, Tv) = (A*u, Sv) — (u, SAv) = (A%u, Sv) — (S*u, Av).
Hence S € C*(A) and [A, S]° = T, which proves that A is closed for the weak topology. O
Proposition 2.6 (i) The space C'(A) is a sub-algebra of B(H) and A is a derivation on it,

i.e.

[A,ST]° = [A, S]°T + S[A,T]° if S,T € C'(A).

(ii) If S € CY(A) and z is a complex number in the connected component of infinity of C\c(S),
then R(z) := (S — 2)~' € CY(A) and

[4, R(2)]” = —R(2)[A, SI°R(2).
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Proof. Let us first prove (i). Let u € D(A*), v € D(A). Then
(u,[A,STw) = (A*u,STv) — (u, ST Av)
= (A*u, STv) — (u, SATV) + (u, (SAT — ST A)v),
using Proposition 2.2 for T'. Hence
(u,[A, STw) = (u, [A, S]°Tv) + (A*S™u, Tv) — (S*u, T Av),

using Proposition 2.2 and Proposition 2.4 for S*. Since T' € C1(A), we get:

(u,[A,STw) = (u,[A, S]°Tv) + (S*u, [A, T]|°v)

= (u, [A, S]°Tv) + (u, S[A, T]°v),

which proves (i).
To prove (ii) we first consider the particular case z = 1 and ||S|| < 1, and we follow the
method of proof of [BR, Lemma 3.2.29]. From (i) we see that if S € C1(A) then S™ € C'(A)

and
n—1

[A,87]° =Y S*[A, 878",
k=0

Since ||S|| < 1 the Neumann series
o0
1-5~"=> s
k=0

is norm convergent. By Lemma 2.5, (1 — S)~! € C'(A) and:

oo n—1
[A,(1=8)" =w->_ " SF[A,5]°8m 1+,
n=0 k=0

This series is norm convergent to (1 —.S)~![A,S]°(1 —S)~!, which completes the proof of (ii) in
the particular case considered above. The general case is treated in two steps. If |z] > [|S|| then
we can use (S — z)"' = —271(1 — 2719)~! and what was proved above. Then observe that

(2.7) R(z) = R(z0)(1 — (z — 20)R(20)) " for z, 29 € C\o(S).

If R(z9) € C'(A) and |z — 2|||R(20)|| < 1, then R(z) € C'(A). By analytic continuation, we
obtain that R(z) € C1(A) for each z in the connected component of €\c(S) containing 2. O

Remark 2.7 We do not know if the stronger version “I" € C'(A) invertible = T € C1(A)
and [A,T~Y° = —~T~[A,T|°T~” of part (ii) of the preceding proposition is true. A positive
answer would significantly simplify and improve some of our later arguments.

It is possible to avoid this problem for the following class of operators.

Definition 2.8 A closed and densely defined operator A on H is called regular if there is a
sequence (o) in C\o(A) and a constant C' such that |oy,| — oo and |[(A — o) 7Y < Clag| ™t

11



The notion of regular operators is suggested by that of positive operator in a Banach space,
which plays an important role in interpolation theory (see [ABG, Proposition 2.7.2] and [Tr]). We
note that selfadjoint operators, maximal symmetric operators and, more generally, generators of
Co-semigroups are regular operators (see Section 2.5). Symmetric but not maximal symmetric
operators are not regular. On the other hand, the condition of regularity is more convenient and
less restrictive than that of being the generator of a Cy-semigroup. For example, let A be the
operator of multiplication by #3 in the Sobolev space H = H'(IR). It is clear that A is regular,
but €4 is not a bounded operator in H for t € IR\{0}.

If A is a regular operator we set I, = a, (o, — A)~! and A,, = Al,, with «,, as in Definition
2.8 (the operators A, are the usual bounded regularizations of A when A is the generator of
a Cp-semigroup, see [HP]; they also appear in [Mo] for selfadjoint A). Then I, and A, are
bounded operators such that s-lim,, . I, = 1 in H and D(A), in particular Au = lim,,_,o Apu
if u € D(A). Moreover, for each u € H one has u € D(A) < sup,, ||Apu|| < co. Note that A* is
also regular (consider the sequence (&,)).

Proposition 2.9 Let A be a regular operator and let A, be as above. A bounded operator S
is of class C1(A) if and only if ||[An,S]|| < C for some constant C. If this is the case, then
[A,5]° = s-limy—oo[An, S].

Proof. If u € D(A*) and v € D(A) then (u,[A,,S]v) = (A} u,Sv) — (u, SA,v), so we have
lim(u, [A,, SJv) = (A*u, Sv) — (u, SAv). If ||[An, S]|| < C then we clearly get S € C!(A) and
then [A, S]v = lim(A4,,S — SA,)v by the remarks made before the statement of the proposition
and the relation SD(A) C D(A) (see Proposition 2.2). Reciprocally, we have A, = a,I, — an,
hence for an arbitrary S we have [A,, S] = ay[I,, S]. Assume that S € C'(A). From Proposition
2.2 it follows now easily that [A,,S] = I,,[A, S]°I,, hence ||[A,, S]|| < C?||[A, S]°||, where C is
as in Definition 2.8. O

Corollary 2.10 If A is reqular and S € C'(A) is invertible then S~ € C1(A) and
[A,S71° = —S71[A4,5]° S,

2.3 ('(A) class of unbounded operators

In this subsection we extend the C''(A) property to unbounded operators, as in the case when
A is selfadjoint (see [ABG]).

Definition 2.11 If S is a closed and densely defined operator on H, then p(S,A) is the set of
z € C\o(S) such that R(z) := (S — 2)~! is of class C1(A).

Remarks 2.12 (1) p(S, A) is a union of connected components of C\o(S) (because (2.7) is
valid for an arbitrary closed S, so we can use the last argument of the proof of Proposition 2.6).
(2) If A is regular then either p(S, A) =0 or p(S, A) = C\o(S) (use (2.7) and Corollary 2.10).
(3) p(S*, A*) = p(S, A)* (see Proposition 2.4).

Proposition 2.13 For all z,zy € p(S, A) one has:
[A, R(2)1° = (1+ (2 — 20) R(2))[A, R(20)]°(1 + (2 — 20) R(2))
= (5 = 20) R(2)[A, R(20)]° R(2)(S — 20)-
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Proof. We write R(z) — R(z0) = (z — 20) R(2) R(z0) which by Proposition 2.6 yields:
[A, R(2)]° = [4, R(20)]° = (2 — zo)([A, R(2)]°R(z0) + R(2)[A, R(ZO)]")’
or equivalently:
[A4, R(2)]°(1 = (2 — 20)R(20)) = (1 + (2 — 20) R(2))[A, R(20)]°-
This gives the required relation, since
(1— (2 — 20)R(20)) = R(20)R(2) ™' = (1 + (2 — 20)R(2))"'.O0

Definition 2.14 Let S be a closed and densely defined operator. We say that S is of class
CY(A) if there is a sequence of complex numbers z, € p(S, A) with |z,| — 0o and such that the
operators J,, := z,(z, — S)71 satisfy ||J, || < C for some constant C. If S is of class C1(A) and
p(S, A) = C\o(S) then we say that S is of full class C1(A).

Remarks 2.15 (1) An operator S of class C1(A) is regular.

(2) For bounded operators the two definitions of the class C''(A) coincide (see Proposition 2.6).
(3) S € CY(A) if and only if S* € C*(A*) (use Proposition 2.4).

(4) If S is of class C'(A) and A is regular, then S is of full class C'(A).

Lemma 2.16 Let S be an operator of class C1(A) and let J, be as in Definition 2.14. Equip
D(A) N'D(S) with the intersection topology, defined by the norm ||u|| + || Au|| + ||Su||. Then:
(i) The space D := R(z)D(A) is independent of z € p(S, A) and is a core for S.
(ii) If u € D(A)ND(S) then J,u € D(A)ND(S) and J,u — u in D(A) ND(S).
In particular, D is a dense subset of D(A) ND(S).

Proof. Since R(z) : H — D(S) is a homeomorphism and D(A) is dense in H, we see that D is
dense in D(S), i.e. D is a core for S. Next, for z1, z0 € p(S, A) we have:

R(z1)D(A) = R(z2)(1+ (21 — 22) R(21))D(A) C R(22)D(A),

by Proposition 2.2 applied to R(z1). This shows that D is independent of z and completes the
proof of (i). Note that D C D(A) N D(S) by Proposition 2.2. Let us now prove (ii). Let now
u € D(A)ND(S) and set u, = J,u € D. Since by Remark 2.15(1) S is regular, we have u, — u
in D(S) and u, € D(A). Next A(u, —u) = (J, — 1)Au + [A, J,|°u. The first term tends to 0
when v — oo because s-lim J, = 1. For the second term we use Proposition 2.13 and obtain:

[A, J,]°u = (S — 20)R(2,)[A, R(20)]°J, (S — 2z0)u.
Since s-lim J,, = 1 and s-lim (S — 29)R(z,) = 0, we get lim [A, J,]°u = 0, so lim Au,, = Au. O

Remark 2.17 We stress that D(A) N D(S) is not, in general, a core for A (see, however,
Remark 2.35). For example, let H = L?(IR,dz) and let A be the usual selfadjoint realization of
i%. Observe that if S is the operator of multiplication by a real rational function (arbitrarily
defined at the poles of the function) then S is of full class C*(A). Let S be the operator of
multiplication by 1/, so that S is of full class C*(A). Then D(A) ND(S) is the set of functions
[ in the first order Sobolev space H!(IR) such that [ 272|f(z)|*dz < co. By Hardy’s inequality
this is just the set of f € H!'(IR) such that f(0) = 0, which is not dense in D(A) = H'(IR).
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We now characterize the C''(A) property in terms of the commutator [S, A].

Definition 2.18 Let A and S be two closed and densely defined linear operators on H. We
define [A, S] as the sesquilinear form with domain [D(A*) ND(S*)] x [D(A) ND(S)] given by:

(u,[A, S]v) := (A", Sv) — (S™u, Av).
Proposition 2.19 Let S be an operator of class C'(A). Then D(A)ND(S) and D(A*)ND(S*)

are cores for S and S* respectively and the form [A,S] has a unique extension to a continuous
sesquilinear form [A, S]° on D(S*) x D(S). One has:

(2.8) [A, R(2)]° = —R(2)[A, S]°R(2), z € p(5, A)

where on the right hand side of (2.8) we consider [A, S]° as a bounded operator D(S) — D(S*)*.
Proof. Let D = R(2)D(A) and D* = R(z)*D(A*). By Remark 2.15(3) and Lemma 2.16, D
and D* are cores for S and S*, D C D(A) N D(S), D* C D(A*) N D(S*), so D(A) N D(S)
and D(A*) N D(S*) are cores for S and S*. Let now v € D*,v € D, z € p(S,A). Note that
z € p(S*, A*) by Remark 2.12(3). We have:

u = R(z)"up, v = R(2)vg, for some uy € D(A"), vy € D(A).

Then:
(u,[A, S]v) = (A*u, Sv) — (S*u, Av)
= (A*u, (S — 2)v) — ((S* — 2)u, Av)
(2.9) = (A%, vo) — (uo, Av)

= (R(2)*ug, Avg) — (A*ug, R(2)vg)
= —(up, [A, R(2)]°v0).

Since R(z) € C1(A) this yields:

(2.10) [(u, [4, SJv)| < I[A, RIS — 2)"ull[|(S — 2)v]|.

Since, by Lemma 2.16, D and D* are dense in D(A)ND(S) and D(A*)ND(S*) for the intersection

topology, (2.10) extends to u € D(A*) ND(S*) and v € D(A) ND(S), i.e. [A,S]is bounded for

the topology of D(S*) x D(S). Since D(A) N D(S) and D(A*) N D(S*) are dense in D(S) and

D(S*), [A, S| admits a unique extension to a bounded sesquilinear form [A, S]° on D(S*) x D(S).
We can now rewrite (2.9) as:

(R(2)*uo, [A, S]°R(2)vo) = —(uo, [A, R(2)]°v0), up € D(A"), vo € D(A).
This identity extends to ug, vy € H and gives (2.8). O

Remark 2.20 The last assertion of Proposition 2.19 must be interpreted in the following sense.
Since S is closed and densely defined, if we equip D(S*) with the graph topology then we get a
dense continuous embedding D(S*) C H. Then, identifying the adjoint space H* with H with the
help of the Riesz lemma, we get a dense continuous embedding H C D(S*)*. Then the operator
S : D(S) — H has a unique extension to a continuous operator S : H — D(S*)*, namely the
adjoint of S* : D(S*) — H. We similarly get a continuous extension R(z) : D(S*)* — H, which
is the first operator on the right hand side of (2.8).
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The next result allows one to deduce that S is of class C'(A) starting from properties
of the formal commutator [A,S] and some (necessary) supplementary conditions. We define
lulls = (lull* + [[Sul*)'/? and [Julls- similarly.

Proposition 2.21 Let A and S be closed densely defined operators and let z € C\o(S). Assume
that:

(i) there exists ¢ > 0 such that |(A*u, Sv) — (S*u, Av)| < c||u
and v € D(A) ND(S),

(ii) {u € D(A*)|R(2)*u € D(A*)} is a core for A*,

(iii) {u € D(A)|R(z)u € D(A)} is a core for A.

Then R(z) € C1(A).

s+||vl|ls for all uw € D(A*) N'D(S*)

Proof. It is clear that we can assume z = 0. Set R = S~! and let u € D(A*) with R*u € D(A*),
v € D(A) with Rv € D(A). Then:

(u,[A,Rlv) = (A%u,Rv)— (R"u, Av) = (u, ARv) — (A*R*u,v)
= (S*R*u,ARv) — (A*R*u, SRv) = —(R"u, [A, S]Rv),

because R*u € D(A*) N D(S*) and Rv € D(A) ND(S). By (i) we have:
|(u, [A, RJv)| < ¢||[ R ul|s-[[Rulls < Cllull[v]].

Since by (ii) and (iii) the space of (u,v) for which this estimate holds is dense in D(A*) x D(A),
we obtain that R € C1(A4). O

2.4 ('(A) class of selfadjoint operators

If S is a selfadjoint operator then S is of class C''(A) if and only if p(S, A) contains one of the
half-planes {Sz > 0} or {Sz < 0}, and S is of full class C1(A) if and only if p(S, A) = C\o(S). If
S has a spectral gap or if A is regular then the two conditions are equivalent. From Proposition
2.19 and Proposition 2.21 we get:

Proposition 2.22 Let S be a selfadjoint operator on H. Then S is of class C'(A) if and only
if the following two conditions are satisfied:
(1) [(u,[A4, S])| < cllu||sllv]ls for some ¢ >0 and all u € D(A*) ND(S), v € D(A) ND(S),
(ii) there exists z € C\o(S) such that {u € D(A) | R(z)u € D(A)} is a core for A and
{u e D(A*) | R(2)u € D(A*)} is a core for A*.

Note that [A,S] is a quadratic form on [D(A*) N D(S)] x [D(A) N D(S)]. If S is of class
C1(A) then D(A) N D(S) and D(A*) N D(S) are cores for S and [A, S] has a unique extension
to a continuous sesquilinear form [A, S]° on D(S) x D(S). One has:

[A,R(2)]° = —R(2)[A, S]°R(z), z € p(S, A).

Observe also that p(S, A*) = p(S, A)* (see Remark 2.12(3)). In particular S is of class C*(A)
if and only if it is of class C*(A*) and in this case a simple computation gives [A4, S]°* = —[A*, S]°
as forms on D(S) or as continuous operators D(S) — D(S)*.
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Proposition 2.23 Let S be selfadjoint operator of full class C*(A). If ¢ € C(IR) then ¢(S) €
Cl(A).

Proof. The proof is based on a representation of [A, ¢(S)] in terms of [A, R(z)]° with the help
of the Helffer-Sjostrand formula (see [HeS]) and it is quite easy and standard, so we do not give
details. We mention, however, the main estimate one needs, namely

114, R(2)°[1 = I(S = D R(2)[A, RO (S = DR(2)]| < [[A, RO + |2 = if[S=2]7H)?
which follows from Proposition 2.13. O

Remark 2.24 The class of functions for ¢ for which the assertion of the lemma remains true
can be considerably extended. For example, it suffices that ¢ be of class C® and such that
| (s)] < e(1+ |s|)"F=17¢ for 0 < k < 3 (this requires only a small modification of the proof
given on page 43 of [BGS] for the case of selfadjoint A). But we stress that ¢(.S) could be not of
class C1(A) if ¢ is a symbol of class S°(IR). For example, let S be the operator of multiplication
by 1/z (arbitrarily defined at z = 0) in L?(IR,dz) and let A =i, Then S is of class C'(A)
but (S) is not of class C1(A) if ¢ is a C°° function equal to 0 for z < 0 and to 1 for = > 1.

Now assume that A is symmetric (closed and densely defined) and S € C*(A). Then [S,iA4]°
is a symmetric continuous sesquilinear form on D(S) equal to [S,14*]°. Indeed, these forms are
continuous and equal on [D(A) N D(S)] x [D(A) ND(S)], which is dense in D(S) x D(S). In
particular, there exists C' > 0 such that: £[S,i4]° < C(S? + 1) as forms on D(S). We set:

a(S, A) ;= inf{a € RT|38 € R" such that + [S,i4]° < aS* + 3},

The following theorem is an extension of [Sk2, Lemma 2.6], cf. also [MS, Lemma 2.6]. The main
idea of the proof is due to Skibsted but the technical details are rather different, so we give a
complete proof.

Theorem 2.25 Let S be selfadjoint and A symmetric, closed and densely defined. Assume
that S is of full class C1(A), D(S) N D(A) is a core for A, D(S) N D(A) = D(S) N D(A*) and
a(S,A) <2/3. Then (S £1A)* = S FiA, where D(S £iA) = D(S)ND(A).

Proof. The operators S+iA are obviously densely defined and S FiA C (S+iA)*, so it suffices
to show the opposite inclusion. We shall prove D(X*) = D(S) N D(A) = D, where X = S +1iA.
For v real with 0 < |v| < 1 we set J, = (1 +ivS)~!. Note that these are the operators
introduced in Definition 2.14 for the choice z, = i/v, in particular Remark 2.15(1) and Lemma
2.16(ii) are valid. Also J} = J_, and ||J,|| < 1.
We shall first prove that J,D(X*) C D. If v € D(X¥) then for u € D we have J,u € D, so:

|(Au, o) = |[(JopAu,v)| = [([J-v, A]°u + AJ_,u,v)|
< s AP Hull[o]] + [((X = S) Ty, v)|
< (=, AP+ ST DIl vl + (X T-yu, v)]

IN

(N7 AP o]l + 1Tl + X =l -
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Thus we have |(Au, J,v)| < C|lu|| for a constant C' and all u € D. Since D is a core for A, we
get Jyv € D(A*). But Jyv € D(S) and D(S) N D(A*) = D(S) N D(A) = D. This finishes the
proof of the relation J,D(X*) C D.

Observe that ivSJ}J, = J3J, — J,, hence SJ;J,D(X*) C D. Thus if v € D(X*) we get

(2.11) (XS Ty dyv, )] <[[STp Tyl | X o]l < S Tll[[ X 0.

Let L = SJ}J,, then
(2.12) R(X ST T v,0) = ||ST,|? + RGALv, v).

We shall compute the last term as follows. We know that s-lim. o J. =1 in B(D) (see Lemma
2.16(ii)). Since Lv € D we get Lv = lim._oJ.Lv = lim._o Lv. strongly in D(A), where
ve = Jev € D. Now clearly

2R(1ALve, ve) = (1ALve, ve) + (ve, 1ALV, ) = i(Ave, Lvg) — i(Lvg, Ave) = i(ve, [A, L] ve).

Taking the limit ¢ — 0 here we obtain 2R(1ALv,v) = i(v, [A, L]°v) because [A, L]° is a bounded
operator (L being a linear combination of resolvents of S). Then (2.12) can be written as

1
R(X ST T,v,0) = ||STvl> + 5 (v, [i4, L]v).
Now from (2.11) we get
1 . o X
(2.13) 1S 7,0]* = S1(v, [i4, LI*v)| < (1S Tl X vl].

A straightforward computation based on the relation ivL = J;}.J,, —J, and involving Propositions
2.6 and 2.19 gives

1A, L]° = J; 1A, S1°J, + J, 1A, wS|° T, ST, — J; ST, [iA,iwS]°J,.
Set K, =ivSJ}. We then have
(v, 1A, L]°v) = (vy, [i4, S]°vy) + (vy, 14, S|°Kyv,) + (Kyvy, [1A, S]%v,).
But [i4, S]° is a symmetric form on D(S), hence
(2.14) (v, [i4, L]°v) = (vy, [i4, S]°vy) + 2R(K, vy, [i4, S]°v,).

The assumption «(S,A) < 2/3 implies the existence of o €]0,2/3[ and 3 > 0 such that
+[i4, S]° < a(S? + 4%). Then for all f,g € D(S) we shall have

(£, [14,81°9)] < all(S* + 83 FIII(S? + 5%) 2]
Taking into account that ||K, || < 1, the relation (2.14) gives
(v, 14, L]°0)| < 3al|(S® + 5°)" %0, |2,

We insert this estimate into (2.13) and get

3o .
1wl = 11057 + 6 2o, < (IS, ||| X 0]
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which can be written as

3a3?
2

Since 3a/2 < 1 and ||v,|| < ||v]| this implies that ||Sv,|| < C for a constant C. Letting v — 0
we obtain v € D(S) for each v € D(X™).

Finally, since we have |(Xwu,v)| < ||ul/[|X*v||, we get |(Au,v)| < ||ul|(|X*v] + ||Sv]|) for all
u € D. But D is a core for A, hence v € D(A*). Sov € D(S)ND(A*) =D. O

The following lemma will be used in [GGM] to check the hypotheses of Theorem 2.25 in a
concrete situation.

low 7.

3o N
(1= ZlSul* < [[Su [l X ] +

Lemma 2.26 Let S and M be selfadjoint operators such that S € CY(M) and D(S) N D(M)
is a core for M. Let R be a symmetric operator with D(R) D D(S) and let us denote by A the
closure of the operator M + R defined on D(S)ND(M). Then A is symmetric closed and densely
defined, S is of full class C1(A), and:

(2.15) D(S) N D(A) = D(S) N D(A*) = D(S) N D(M).

Proof. Clearly A is symmetric, closed and densely defined and D(S)ND(M) is a core for A. Let
us now check that D(S)ND(A) = D(S)ND(A*) = D(S)ND(M). Clearly D(S)ND(M) C D(S)N
D(A) C D(S)ND(A*) since A is symmetric, so it suffices to check that D(S) N D(A*) C D(M).
If w € D(S)ND(A*), we have |(Av,u)| < C||v| for v € D(A). In particular, if v € D(S)ND(M)
this yields:

(2.16) (M, u)| < Cllof| + | Rul[[v]-

But D(S) N D(M) is a core for M by hypothesis, hence (2.16) extends to all v € D(M), which
implies that u € D(M).

It remains to prove that S is of full class C'(A), i.e. that for each z € C\c(S) the operator
T = (S —2)"!is of class C1(A4) . We could use Lemma 2.3, but a direct check of the conditions
of Definition 2.1 is easy. We consider the quadratic form [A,T] on D(A*) x D(A). Using that
T :D(S)ND(M) — D(S)ND(M), we have:

(v, [A, Tu) = (v, ATu) — (v,TAu) = (v,(M + R)Tu) — (v,T(M + R)u),

for v € D(A*), u € D(S) N D(M). Now we note that since S € C*(M), we have T : D(M) —
D(M) and [M,T], a well defined operator on D(M), extends to a bounded operator on H. Using
also the fact that D(S) C D(R), we obtain that

(v, [A, TTw)| < Cllv|[lull, v € D(A"), u € D(S) N D(M).
Since D(S) ND(M) is a core for A, this proves that T € C*(A). O

2.5 Regularity with respect to Cy-semigroups

In this subsection we study the C'(A) class when A is the generator of a Cp-semigroup. We
first recall the definition of such a semigroup in a version convenient in our context.

Definition 2.27 A map R >t — W; € B(H) is a Cy-semigroup if:
(1) WO = ]17 WtWS = Wt+87 t7$ > 07
(ii) w—limy_o+ Wy = 1.
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Then by [HP, Theorem 10.6.5], the map IRt > ¢ — W, € B(H) is strongly continuous, hence
we get the more usual version of the definition. For an elementary introduction to the theory of

Cyo-semigroups we refer to [RS], here we recall only some basic facts.
We define the generator A of {W;} by the rule

D(A) ={ue™H| 1irgl+(it)_1(Wtu —u) =: Au exists}.
t—

Thus we formally have W; = €4, which is not the usual convention but is natural in our context.
Note that D(A) can also be characterized as:

D(A) = {u € H| there is a number C such that ||[Wiu —u|| < Ct if 0 <t < 1}.

The generator A is closed and densely defined. It is easy to see that there are real numbers
M, w such that ||W;]| < Me*t. In particular, if z is a complex number such that Rz > w, then z
belongs to the resolvent set of A and (A—z)~! =i [{° Wie *dz, so |[(A—2) 7| < M(Rz—w) L.
This clearly implies that A is regular, so by Remark 2.15(4) the full C*(A) class coincides with
the C1(A) class.

The map R" > ¢t — W;* € B(H) is weakly continuous, hence defines a Cp-semigroup. It is
easy to see that the generator of W/ is —A*.

Before going on into more technical aspects of the theory let us point out a formal relation,
reminiscent to Duhamel’s formula, which will play an important role below: if S € B(H) then

t t
(2.17) s.wi)= [ %Wt_SSWSds: [ weifs iawds
0 0

for all £ > 0. This formal computation, and natural extensions, will be rigorously justified when
we shall use it.

Definition 2.28 Let {W1 .}, {Wa.} be two Cy-semigroups on Hilbert spaces Hy, Ha with gener-
ators A1, Ay. We say that S € B(Hy, Ha) is of class C'(Ay, Ay) if:

||W27t5 — SWl,tHB(Hl,Hz) <Ct, 0<t<1.

Proposition 2.29 S is of class C1(Ay, A3) if and only if the sesquilinear form o[S, Al; on
D(A3) x D(Ay) defined by (u2,2[S, Aliui) = (S*ug, Ajur) — (Adug, Suy) is bounded for the
topology of Ha x Hy. If we denote by o[S, A]) € B(H1, Hs) the associated operator we have:

(2.18) oS, A]f = s lim (it) "' (W11 — Wa,S).

t—0t

Proof. Assume first that the sesquilinear form 5[S, A]; is bounded for the topology of Ha x Hy
and let u; € D(A1), ug € D(A5). We have:

td
(u2, (SW1y — WaS)ur) = /(]E(Wék,t_suz,SWLsm)ds
¢
=[Gz, ST ) + (W iz, SL1 Wi ) s
0
¢
= /0(WQ*J_SUQ,Q[S,iA]lWLSUl)dS

t
= /0 (W;7t_SUQ,2[S, iA]cl)WLsul)dS.
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This gives:
t

(2.19) SWl,t — Wg,tS = / W27t_52[5, iA]in,st,
0

as a strong integral, and hence:

t
1SWis—WauS| < |2[S, A9 /0 My Moe®2(t=5) @154 g

IN

Cll2[S, A9||t for 0 <t < 1.

This shows that S is of class C1(A;, A3). It follows also from (2.19) and the fact that {W; .}
and {Ws,} are Cp-semigroups that (2.18) holds.

It remains to prove the converse implication. Assume that |[SW;; — Wo.S|| < Ct for
0 <t <1. For u; € D(A;) and uy € D(A%) we have:

(ug,2 [S,1A]1u1) = (ug,iSAjur) + (iAug, Sui) = tli%l+ t ™ (ug, SW1 4 — WaySuy).

Since ||SWy — W, S| < Ct for 0 <t <1 we obtain that |(ug, 2[S, Aliu1)| < Cllugl||jui]]. O
Remark 2.30 In particular, if H; = Ho = H and Wy = Wa; = W, then Cl(Ay, Ay) = CH(A).

We give now a simple and natural characterization of the C'(A) property when A is the
generator of a Cy-semigroup. Note that this allows one to extend the notion to arbitrary closed
and densely defined operators.

Proposition 2.31 Let S be a closed densely defined regular operator. Then S is of class C1(A)
if and only if for each u € D(S*),v € D(S) there is ¢ < oo such that |(S*u, Wiv)—(u, WSv)| < ct
if 0 <t < 1. If this is the case, then lim;_,+ t~[(S*u, Wyv) — (u, W;:Sv)] = (u, [S,14]°v).

Proof. Suppose first that S is of class C*(A). Let z € €\ o(S) and R = (S—2)~L. If u/,v' € H
then
/ 1 / * o/ 1 / * ] * ./ 1 /
(u',[R, ZWt]v ) = (R™, ;Wt(S —2)RvV') — ((S* — 2)R™/, ;WtRu )
1 1
= (R* /, ;WtSR’U,) — (S*R*u', ZWtRU/)

But u = R*u' € D(S*) and v = Rv' € D(S), so the right hand side is bounded by a constant
c(u';v") for 0 < t < 1. The uniform boundedness principle (for sesquilinear forms) implies

supg;<1 [|[R, 1W;]|| < co. From Proposition 2.29 we get R € C1(A4) and
1
(W, [R,iA]°V") = %i ) ;[(R*u/, Wi SRv') — (S*R*u', W, Ru')].

The last formula from the statement of the proposition follows now from Proposition 2.19. The
reciprocal assertion can be proved in the same way. O

Let G, H be two Hilbert spaces with G C H continuously and densely. We identify the adjoint
space H* with H by using the Riesz isomorphism. Then by taking adjoints we get a scale of
Hilbert spaces with dense and continuous embeddings G C H C G*.
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Definition 2.32 Let G,H be as above and let {Wy} be a Cy-semigroup in H. We say that G is
b-stable (boundedly stable) under {W;}, or that {W;} b-preserves G, if W;G C G for all t > 0
and supg.y1 ||Wiullg < oo for each u € G.

Observe that from the closed graph theorem it follows that Wy := Wyg € B(G).
Lemma 2.33 If G is b-stable under {W;} then {Wy?} is a Cy-semigroup in G.

Proof. We must show lim;_.o(Wiu,v) = (u,v) if u € G,v € G*. Since supy, ||[Wiullg < oo it
suffices to prove this for v in the dense subspace H of G*, and then it is obvious. O

Note that if we only require that W;G C G for all ¢, then it is not difficult to show that
t — W¢ € B(G) is strongly continuous on |0, co[ (use [HP, Theorem 10.2.3]). However, it is not
clear whether this map is continuous at ¢t = 0.

In general we shall not distinguish {W;} from {W,} since it will be clear from the context
which of the semigroups is involved. If needed, we denote by Ag the generator of {W}. It is
not difficult to show that

(2.20) D(Ag) = D(A;G) := {u e GND(A) | Au € G} and Agu = Au if u € D(Ag).

The space C'(Ag, A) will be denoted by C(4;G,H).

It is easy to show that {I;} extends to a Cyp-semigroup in G* ( i.e. each W; extends to a
continuous operator in G* and these extensions form a Cy-semigroup in G*) if and only if G is
b-stable under {W;}. The extended semigroup is also denoted by {W;} but its generator is
sometimes denoted Ag«. It is easy to verify that A is the closure of Ag considered as acting in
H and that Ag- is the closure of A considered as acting in G*. In particular D(Ag) is dense in

D(A) and D(A) is dense in D(Ag+). The space C'(Ag, Ag+) will be denoted by C1(4;G,G*).
The next proposition is analogous to [GG, Lemma 2].

Proposition 2.34 Let A be the generator of the Cy-semigroup Wy and S a selfadjoint operator
on H. Then the following properties are equivalent:

(i) S is of class C*(A) and [S, A]° is bounded for the topology of H x D(S),

(ii) {W;} b-preserves D(S) and S is of class C1(A;D(S), H).

w

Proof. Let us first prove that (i) implies (ii). Replacing W; by Wie™*!, which amounts to
adding a constant to A and does not change [A, S], we may assume that |[W;|| < M for ¢ > 0.
Let for v > 0:

J, =M +ivs)"1 S, =87, = —iv "+iv,.

Then S, € C'(A) and by (2.19) for Wy; = Wy, = Wy, we obtain:
(2.21) S, Wiu — W, S,u = /Ot Wi g[Sy, 1A]° Wiuds.
By Proposition 2.19, we have:
(2.22) [S,,iA]° = J,[S,iA]°J, = J,[S,iA4]°(S +1) (S +i).J, = J,TS, +1J,TJ,,
for T = [S,iA]°(S +1)~! € B(H). This yields since ||.J, | < 1:
1S, Weull < [WeSpull + fy MITII(11S, Waull + [|Weull)ds

A

M| Syull + fg MIT(IS, Wull + Mull)ds,
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uniformly in 0 < v < 1. By Gronwall’s lemma, we obtain:
(2.23) IS, Wiu|| < C||Syul|l + Ctlu|l, 0 <t <1,

uniformly in 0 < v < 1. By Fatou’s lemma we deduce from (2.23) that Wyu € D(S) if u € D(S5)
and that supg<;<; ||[SWrul| < co. It remains to prove that S € C1(4; D(S), H), i.e.

(2.24) (WS — SW)(S +1)pay < Ct, 0<t< 1.

We first note that it follows from (2.22) that [S,,iA4](S +1i)~! is uniformly bounded in v. Now
for u € D(S), we have since Wyu € D(S):

H(SWt - WtS)UH = hm,/_>0 H(SVWt - WtS,/>U”

IN

SUPg<p<i fg [Wi—s[Sy,1A]°Wul|ds
< Mtsupg,<q ||[Sy, 1A](S +1) "t supg< <t Wsll ooy 1ullpes),

which proves (2.24).
Let us now prove that (ii) implies (i). Assume that S € C1(A4;D(S), H). By Definition 2.28
we have for z € C\o(S):

(2.25) (WS — SW)(S —2)7 Y| <Ct,0<t<1.

How (S —2)7 "W S(S — 2)7t — (S — 2)"LSW(S — 2)~ !

= (S—2)" Wi+ 2(S —2)7) — (14 2(S — 2) " HW(S — )L
= (S - z)_1Wt - Wt(S — Z)_l,
hence by (2.25) we have:
1S =2)" "W = Wi(S—2)7| < Ct, 0 <t <1,

ie. (S—2)"te CYA;H, H) for all z € C\o(S) and hence S € C'(A) by Remark 2.30.
It remains to prove that [S, A]°(S +1i)~! € B(H). Let Ag be the generator of {W;} as a
Co-semigroup on D(S). We recall that (see (2.20)):

D(As) ={u € D(A)ND(S)|Au € D(S)}, Asu = Au for u € D(Ag).

We first claim that D(Ag) is dense in D(A) N D(S) for the intersection topology. In fact let
u € D(A) ND(S) and set
T u:= 1/_1/ Wyudt, v > 0.
0
Then T,u € D(Ag) and T,u — u in D(S) when v — 0 since {W,} is a Cy-semigroup on D(S).

Moreover, since [A,T,] = 0, we have T,u — u in D(A) when v — 0.
By Proposition 2.29 we have:

(A%, Su) — (v, SAu)| < C||[(S +)ull[[v]}, v € D(A"), u € D(As).
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If v e D(A*) ND(S) and u € D(Ag) we get:
(2.26) (v, [A, STu)| < O (S + Dull[[o]-

Since we have seen that D(Ag) is dense in D(A) N D(S) for the intersection topology, we see
that (2.26) extends to v € D(A*) N D(S), u € D(A) ND(S), i.e. that [S, A]°(S +1i)~! € B(H).
This completes the proof of the lemma. O

Remark 2.35 This remark is relevant in the context of Theorem 2.25 and of Hypothesis (M1)
of Subsection 3.1. We saw that if S is of class C''(A) then D(A) N D(S) is a core of S but
not of A in general (see Remark 2.17). However, if A is the generator of a Cy-semigroup W,
and if W¢D(S) C D(S) for all t > 0, then D(A) N D(S) is a core of A. This is an immediate
consequence of the following lemma due to E. Nelson: if K C D(A) is dense in H and WK C K
for all ¢ > 0, then K is a core of A (see [BR, Corollary 3.1.7]).

We end this section with some comments concerning the case when the operator A is symmet-
ric, closed and densely defined. We recall that such an operator is a generator of a Cy-semigroup
if and only if it has deficiency (NN, 0) for some cardinal N and that {W;} is then a Cyp-semigroup
of isometries. Assuming that this is the case, let S € B(H) and let us consider the following
conditions: there is C' > 0 such that

(1) W SWe = S| < €t (2) (|15, Willl < €t 3) IS, Wl < O (4) WSy = S| < Ct

for 0 <t < 1. Our definition of the class C''(A) amounts to ask (2) to hold and (3) is equivalent
to S € C1(A*). On the other hand, since WW; = 1 we have

[WiSWe — S| = [[Wi (SWy — WiS)|| < |SWy — Wi S|| = [[(S — Wi SWE)Wi|| < [W . SWy — S|

hence (4)=-(2)=(1). Taking adjoints we also get (4)=-(3)=-(1). It is easy to find examples which
show that these implications are strict if A is not selfadjoint.

It is possible to describe (1) and (4) directly in terms of A and to obtain characterizations
similar to Definition 2.1 and Proposition 2.2 in the case of condition (2) (the corresponding facts
in the case (3) follow from S € C1(A4*)). For this we use the rigorous quadratic form version of
the formal relation

t d t
WrSW, — S = / W STWds = —i/ WA (A*S — SA)W.ds
0 0

and arguments similar to those of the proof of Proposition 2.29. Thus we see that (1) is equivalent
to the fact that the sesquilinear form (Au, Sv)—(S*u, Av) with domain D(A)xD(A) is continuous
for the topology of H x H. And this is easily seen to be equivalent to: SD(A) C D(A*¥)
and A*S — SA* : D(A) — H extends to a bounded operator on H. Similarly we see that
(4) is equivalent to the fact that the sesquilinear form (A*u,Sv) — (S*u, A*v) with domain
D(A*) x D(A*) is continuous for the topology of H x H, which in turn is equivalent to: SD(A*) C
D(A) and A*S — SA* : D(A*) — 'H extends to a bounded operator on H.

A condition like (1) seems too weak for our purposes because an operator S satisfying it
does not leave the domain of A invariant. For example, if S is the orthogonal projection on the
subspace generated by a vector f € H, then (1) is equivalent to f € D(A*) and (2) is equivalent
to f € D(A); so if f € D(A*)\ D(A) we have (1) but SD(A) ¢ D(A).

On the other hand, the most restrictive condition (4) has the interesting feature that it is
expressed in terms of the map S +— W SW; which is a x-morphism (not unital if A is not
selfadjoint) of the C*-algebra B(H), and this could be useful in an algebraic setting.
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3 Boundary values of resolvent families

3.1 Hypotheses

Let us first introduce the abstract set of hypotheses under which we will study the boundary
values of the resolvent R(z) := (H —2)"!, 2 € C\o(H), of a selfadjoint operator H. We consider
three operators H, H' and A such that H is selfadjoint, H' is symmetric closed and densely
defined, and A is closed and densely defined. Note that one of the conditions below says that H’
is a realization of the formal commutator [H,iA]. We set D := D(H) N D(H’) (equipped with
the intersection topology).

Our first two assumptions are:

(M1) H is of full class C*(H'), D is a core of H', and D(H) N D(H™) = D.

(M2) A bounded open set J C IR is given and there are numbers a,b > 0 such that the inequality
H' > [al;(H) — bl s(H)](H) holds in the sense of forms on D.

These are the most important hypotheses and the only ones used in the proof of our main esti-
mates (established in Subsection 3.4). Note that they do not explicitly involve the operator A.

There is a rather large freedom in the choice of the other assumptions, as we shall see later
on. We consider here a set of conditions convenient for later applications (see [GGM]). We
first introduce some notations. Observe that the next condition (which will be of independent
interest later on) is a consequence of hypothesis (M2) (e.g. let c=b+1).

(M2') There exists a number ¢ > 0 such that H + ¢(H) > (H) as forms on D.

We consider a new norm on D, namely

(3.1) lullg =/ (u, (H' + c(H))u).
and we introduce the new space
(3.2) G := completion of (D, | -|lg).

Observe that the topology on D associated to the norm (3.1) is independent of the choice
of ¢ (two different ¢’s produce equivalent norms). Let G be the Friedrichs extension of the
positive operator H' + ¢(H) on D. Then G is a selfadjoint operator satisfying G > (H) and
|ullg = ||v/Gul|. Tt follows that (3.1) is a closeable norm, in particular G = D(G'/?) is embedded
in 'H.

We shall denote by || - |

g+ the norm dual to || - ||g. Thus for v € H
[ollg- = sup{|(u,v)| | u € D, |lullg <1} = |[G~/>v].

The completion of (H,|| - |
a scale of spaces
(3.3) DcGCHCG CcD*

g+) is canonically identified with the adjoint space G*. Thus we get

with dense and continuous embeddings.

We note that H and H' extend to continuous symmetric operators G — G* (the exten-
sions will be denoted by the same symbols). Indeed, this is an immediate consequence of the
inequalities +H < (H) < G and —bG < —b(H) < H' < G.
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We can now state our last hypotheses.
(M3) A is the generator of a Cy-semigroup {Wi}ti>o in H.
(M4) For all u € D we have: lim; g+ 1 [(Hu, Wyu) — (u, Wy Hu)] = (u, H'u).
(M5) There is H" € B(G,G*) such that lim, .+ 1 [(H'u, Wyu) — (u, W, H'u)] = (u, H"u),u € D.
Remark 3.1 If G is b-stable under {W,} and {W}*} then the conditions (M4) and (MS5) follow
from: H € CY(A;G,G*) with [H,iA]° = H' and H' € C'(A;G,G*) with [H',iA]° = H". So a
stronger but more natural version of (M4)-(MS5) is: H € C?(A;G,G*) and [H,iA]° = H'. The

notation C2(A;G,G*) has an obvious meaning (in fact, all the classes of operators introduced in
[ABG] for selfadjoint A have analogues in our context).

Remark 3.2 Our proofs extend trivially to the case when a multiple a4 of A is the generator
of a Cy-semigroup, where o € €, « # 0 (then the operators H' and H” in the second members
of the relations from (M4) and (M5) should be replaced by aH’ and aH”). In particular,
the operator A from Theorem 3.5 can be maximal symmetric with deficiency indices (IV,0) or
(0, N).

3.2 A general result

We can now state our first version of the so-called “limiting absorption principle”:

Theorem 3.3 Assume (M1)—(M5). For each compact I C J there is a constant C1 such that

2

g*) .

for allu € D(A)ND(A*) and z = N+ iu, A € I, u # 0 real. Moreover, if zy = A\ + iu1 and
z9 = Ao +ipo are two such numbers, and if p1 and po have the same sign, then

2
g* .

In particular, if u € D(A) N D(A*) then the limits lim,.40(u, R(A +ip)u) =: (u, R(A £i0)u)
exist uniformly in A € I and for all A, A5 € I we have:

(3.4) [, R(z)u)| < Cr (Ilull3- + [[Aullg- +]|A*u]

(3.5) |(u, (R(z1) = R(z2))u)| < Cilz1 = 20/ (g + | Au|Z + | A™]

(3:6)  [(u, (R(M %10) — R £10))u)| < Crlds — dol"? ([full3- + | dul3. + [ A%ul3. ).

3.3 Improved results in the symmetric case

The case when A is symmetric is especially interesting in applications. Then the result of
Theorem 3.3 can be substantially improved. To formulate these improvements, we first recall
some terminology and results about interpolation spaces associated to Cy—semigroups, whose
proofs can be found in [ABG, Chaps. 2 and 3].

Let F' be a Hilbert space and {U;};>0 a Cp-semigroup on F' with generator A. We set
Fy := F and denote by ||f|lo the norm on F, F; := D(A) equipped with the graph norm
I£1l1 = (IFI1> 4 [JAf)?)Y/2, and let F_; be the completion of F' for the norm

1fll=1 o= it {([foll® + | /12)2 | fi € Fsy f = fo+ AR}
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Then Fy C Fy C F_ and one defines the scale of Besov spaces F ), for =1 < s < 1,1 <p < 400
by real interpolation: Fj, = (Fi, F_l)%p. If s <t then F;, C F,, continuously for all p,q,
densely if p < co. If 1 < p < ¢q < oo then F,, C F,, continuously and densely and F, C Fs
continuously. We recall that {U;} is a Cp-semigroup on F™* and we associate to it the spaces F};
and the Besov scale F), for —1 < s < 1,1 <p < +oo. Then (Fy1)" = F}; and (F,p)* = F*
if 1 <p<ooand (p/)"' +p ! =1 (see [ABG, Thms. 3.3.28, 2.4.2]).

We shall now give a description of the spaces Fy ), for s # 0 in terms of the semigroup {U;}
(we use [ABG, Prop. 2.7.3 and Th. 3.3.23]). Note that {U;} restricts to a Cp-semigroup on F;
and extends to a Cp-semigroup on F_j, both still denoted by {U;} (see [ABG, Prop. 3.3.8)).
For 0 <s<1,1<p< 400 we set:

11—s pdiyi
1l ::{ £l -+ (o 1~ DFIR)7, p < oo,
[ fllo + Supjo,1] [t=2(Ue — 1) fllo, p = +o0.

Then F,, is the space of f € F' such that || f||s, < co equipped with the norm || f||s,. Similarly
we set:
114—s U, 1 p dt\i
e o LI+ G @ = 171,297, p < oc,
’ [fll=1 4+ suppqy [t*(Ur — D) f[|-1, p = +o00.

Then F_g,, is the space of f € F_; such that| f||_s; < co. Finally if we denote by F;2, the
closure of Fy' in Fy ., then F_ g is canonically identified with the dual of F 9. (see [ABG,
Theorem 2.4.2]).

We will assume in this subsection that A is symmetric (hence maximal symmetric, be-
cause it generates a Cp-semigroup) and that G is b-stable under {W;*}. Then {W/} induces a
Cp—semigroup on G and {W;} induces a Cy—semigroup on G*. We denote by D(A;G*) = D(Ag~)
the domain of the generator of the semigroup induced by {W;} in G*. Then the spaces G1; and
g%, and the Besov scales G, , and G, (=1 < s < 1,1 < p < +00) are defined as explained above,
taking ' = G and the semigroup {U;} := {W;"} acting on G. With the notations introduced
after Definition 2.32 we have G; = D(A*;G) and Gf = D(A4;G").

We will denote by & the space:

€:=Gi1;

and as recalled above £* = G_ /5 .
For later use we prove the following lemma.

Lemma 3.4 Assume that A is symmetric and that G is b-stable under {W;}. Then D(A) is
dense in D(A;G*), in € and in EN'H for the intersection topology.

Proof. For A > 1 the operator (A+4i)\)~! is equal to the restriction to H of (Ag« +i\)~!. Since
H is dense in G*, D(A) = (A+i\)"YH = (Ag- +i\) "'H is dense in (Ag- +i\)~1G* = D(A; G*).
Since D(A; G*) = G} is dense in € = Glan D(A) is dense in £.

Finally {W;} is a Cy—semigroup on G* and on D(A,G*) hence on &€ by real interpolation.
Let R, = ¢! [ Wydt. Then R : H — D(A), and by semigroup theory s-lim.o R = 1 in H
and in &, so that D(A) is also dense in £ N'H for the intersection topology. O

Before stating our next results, we introduce two more notations:

(3.7) Jo={Atig|Ned, p>0}, Jr={\tig|AeJ, pu>0.
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Theorem 3.5 Assume, besides (M1)—(M5), that A is symmetric and that G is b-stable under
{W{}. Then:
(i) if I C J is compact, there is a constant Ct such that

(3-8) [(u, R(z)u)| < Crlluliz

forallue ENH and z=X+ip, A€ 1, u# 0 real.

(ii) for each z = A+ ip with A € J, u # 0, the restriction of the sesquilinear form (u,v) +—
(u, R(z)v) to €N H extends to a continuous sesquilinear form on & and this extension has
the following property: for each f,g € € the maps J$ > z — (f,R(z)g) are holomorphic and
extend to continuous maps on Ji. In particular, the limits lim,_.4o(f, R(A +1ipn)g) exist locally
uniformly in A € J.

The polarization identity applied to estimates like (3.4), (3.5), or (3.8) allows one to express
the limiting absorption principle in more standard terms. More precisely, let ) be a sesquilinear
form on a complex vector space V and let us set g(u) = Q(u,u). Then 4Q(u,v) = Y eq(eu+v),
where the sum is over ¢ € € with ¢* = 1 and Q is antilinear in the variable u. Now assume that
|- lv is a norm on V such that |q(u)| < ||lu||} for all u € V. Writing Q(u,v) = Q(tu,t 1v) with
t> = |lv||v//||u||y and then using the polarization identity we get |Q(u,v)| < 4||ullv||v||y (one
can replace 4 by 2 if || - ||y is a quadratic norm). For example, (3.8) gives

|(u, R(2)0)| < 4Cq]|ullg|[v]le

for u,v € &N H, which implies that R(z)€ N"H C £* and that the map R(z) : ENH — &*
extends to a bounded operator £ — £* satisfying

(3.9) IR (2) || e.er) < 4CT

Corollary 3.6 Assume that the hypotheses of Theorem 8.5 hold. Then, if z = A+ iu with
A€ J and p # 0, R(z) induces a continuous operator R(z) : QT/M — G_1/2,00- The maps
JS 2z R(2) € B(g;m,l,g_l/zoo) are holomorphic and extend to weak® continuous maps
on Jy. In particular, the limits R(X £10) := lim,, 4o R(\ +iu) exist in the weak® topology of
B(Qik/ll,g_l/ZOO) locally uniformly in X € J and the boundary values J 3> X\ — R(A +1i0) €
B(QT/M,Q_I/ZOO) are weak™ continuous maps.

We mention that the space £ = G_y/5 o is not reflexive and one can not replace in the
Corollary 3.6 the weak® topology by the weak topology even in the simplest situations. More
precisely, even if u is a quite nice vector, e.g. u € D(A), the vector R(A£i0)u does not belong to
the closure of G in G_; /5 o and the map A +— R(A£i0)u € G_1 /5 o is not weakly continuous, cf.
[BGS]. But the situation improves if the "small” space G_ /5 o, is replaced by larger ones. As an
example, we give below an optimal Hélder continuity result which can be proved without much
effort. We note that the result remains true if s < 3/2, but is not so elementary. The methods
of [BGS] allow one to cover the case s = 3/2, but then a new type of regularity is involved (the
boundary values are not locally Lipschitz, as one could expect, but only of Zygmund class). One
cannot take s > 3/2 because the order of regularity of H with respect to A is too small; this
restriction can, however, be removed.

For s > 1/2 we have continuous embeddings G} ., C g;m and G_1/3 0 C G_s1, hence the
operators R(z) and R(A +i0) induce continuous maps G; ., — G5 1
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Theorem 3.7 If1/2 < s <1 andif I C J is a compact subset, then there is a number Cr(s)
such that
(3.10) 1R(21) = R(22)l|B(gs .. 6o < Ci(s)lz1 — 2|71/

for all complex numbers z1, zo with real parts in I and Sz - Sz9 > 0.

In particular

(3.11) HR()\l + iO) — R()\g + iO)HB(g* G_s1) S C[(S)p\l — )\2|S_1/2 for /\1,/\2 c I,

5,007 =5,

so the maps J 3 A +— R(A£i0) € B(G; ., G—s,1) are locally Holder continuous of order s —1/2.
Moreover:

(312) RO £iu) — RA£i0)|lpg: g,y < Cr(s)|pl*~/* for A€ T and u> 0.

These results remain true for the more usual space GF = G, and its adjoint G5 = G52
(these spaces can also be obtained by complex interpolation or as domains of suitably defined
fractional powers of A). For example, G; C G ., and G_51 C G5 continuously, hence the maps
J 3 A= R(A£1i0) € B(G,G_;) are also locally Hélder continuous of order s — 1/2.

We give an explicit description of the space G in an important particular case, cf. [GGM].

Proposition 3.8 Let H, M be selfadjoint operators and R a symmetric operator on H. Assume
that: (1) H € CY(M) and [H,iM|°D(H) C H; (2) M > 0; (3) D(H) C D(R). Let H' be the
closure of the operator M + R defined on D(M) N D(R). Then H' is symmetric closed and
densely defined and the conditions (M1), (M2') are satisfied. Moreover, we have

(3.13) D=D(H)ND(M) and G = (D, H)n9 = D(H|'?) N DM?).

Proof. From Proposition 2.34 and Remark 2.35 it follows that D(H) N D(M) is a core for M.
Thus we can check (M1) with the help of Lemma 2.26. This also gives the first relation in
(3.13). The condition (M2') is satisfied because M + R > R > —C(H) for some number C.
Now observe that we can choose || - ||g such that

lullg = (u, (M + (H)yu) = [[M2ul? + [[(H) 2],

This implies that G is a closed subspace of K := D(|H|Y?) N D(M/?). 1f (D,H)1/2,2 = K then
D, hence G, is a dense subspace of K, so we get G = K. So it remains to show that

(3.14) (D(H)ND(M), H)1/22 = (D(H), H)1/22 0 (D(M), H)1/2,2

because the right hand side is clearly equal to K. To get (3.14) we apply a non-commutative
interpolation theorem due to Grisvard, see [ABG, Proposition 2.7.4]. More precisely, we take
there E = D(H), G = D(M) and V; = (1+irH)~! for 0 < 7 < 1. From Proposition 2.2 we get
V.G C G. Then Proposition 2.13 implies

M, V,]° = Vi[irH, M°V, = V,[iH, M]°Vi( + irH)V,
hence ||[M, V;]°]] < ||[iH, M]°V1]|| and for u € D(M) we have:
[IMVzul|| < [|Mul| + |[M, Vo ]*ul] < [[Mul| + [|LH, M]*Va|[|ull-
Thus we see that ||V;|g—g is bounded by a constant independent of 7. Hence we can apply

[ABG, Proposition 2.7.4] to finish the proof of the proposition. O
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3.4 Main estimates

In this subsection we collect the more technical estimates which will be needed to prove the
limiting absorption principle. We use only the pair of operators H, H' satisfying (M1), (M2).
We introduce some new notations. For real € # 0 we set

H.=H —icH', with D(H.) = D.

From Theorem 2.25 it follows that there is g > 0 such that HY = H_. if 0 < |¢| < gp. From
now on ¢ will always satisfy these inequalities (later on we shall require that g( satisfy stronger
conditions). In particular, note that H. is closed and densely defined.

From now on, if S is an operator on H, we denote S+ :=1— S.

Lemma 3.9 There is a number C' > 0 such that
lelllwld + [plllull® < CIS((He = 2)u, w)| + Clel|| 1y (H)*(H)"ul|?
forallue D, z=A+iu, A € R and u,e real and having the same sign.

Proof. We shall assume that p,e are positive. Observe first that H’ + (a + b)1;(H)*(H) is
greater than a(H) and H', hence

a

(u, (H' + (a+ b) 1y (H)(H))u) > P

-

Then:

S((He — 2)u,u) = ((eH' + p)u,u)
= e(u,(H' + (a+ )1y (H)"(H))u) — e(a+ b)[|1y(H)(H)"?ul|* + pl|u®

ga
lullg -+ sl = <l + )1 () (H) 2

=
a—+c

which is the required estimate. O

From now on we fix a compact set I C J and a function ¢ € C§°(IR) such that 0 < ¢ <1,
©(s) = 1 on a neighborhood of I and suppy C J. We set ¢ = ¢(H) and ¢~ = 1 — ¢. The
complex number z will always be of the form z = A 4+ iy with A € I and p € IR. We assume
0 < |e|] < eg with g small enough and ey > 0, so € and p have the same sign. We denote by C
a generic constant independent of the numbers e, A, 4 and of the vector u € D.

Lemma 3.10 One can choose ey such that
lo* (H)ul| < Cl|(He = 2)ul| + Clel[full
if 0 < le| <ep and u € D.
Proof. A simple computation gives
I(He = 2)ull? + e(u, [H,iH"u) = [|(H = Nl + [|(eH" + p)ul
But +[H,iH’']° < C(H)? by (M1), hence ||(H — Nu||?> < ||(H: — 2)ul|? 4+ C|e|||(H)ul|?, or

(u, [(H = X)? = Clel(1 + H*)u) < ||[(He = 2)ul|*.
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From Proposition 2.23 we get ¢ € C'(H’). In particular ¢-D C D, cf. Proposition 2.2, so that
we can replace above u by ¢u. Then

(u, (H = 2)? = Clel (1 + H?)) ¢™2u) < |[(H. — 2)¢™ ]
We estimate the left hand side from below by observing that one can choose ¢y such that
((s = 2% = Clel(1 4+ s2)]) (1= (s))* > Co(1 + 52 (1 = (s))*
for some constant Cp > 0 and all real s, if 0 < |¢] < gy. For the right hand side we use
I(H = )¢ ull < o (He = 2)ull + |el|[H', ¢]°ull < [|(Hz = 2)ull + Clel[[ull.0
The next proposition is the main technical result of this section.

Proposition 3.11 There are C ey > 0 such that for 0 < |e| < e, X\ € I and p real with pe > 0,
the operator H. — z : D — H is bijective and its inverse R. = R.(z) extends to a continuous
operator R. : G* — G satisfying for each f € G*:

(3.15) e[| fllg < CIS(f, R-f)M? + C|| f]

G*-
Proof. By using 1;(H)* < ¢? in Lemma 3.10 we get
10 (H) S (Yl <l |1 (H) S (H)ul| < Cllull[[(He = 2)ul| + Cle]|[ul*.

Inserting this into the estimate of Lemma 3.9 and taking into account that ||u|| < [jullg, we get
for g9 small enough:

lelllulg + elllull® < CIS((He = 2)u,w)| + Clelllullll(He — 2)ull < CQ+ [e)|lull|(He — 2)ul.

In particular, since |e| + |p| = |e + ul, we get |e + p|||u|| < C(1 + |e|)||(H: — 2)ul|. This implies
that H. — z : D — H is injective with closed range. But (H; — z)* = H_. — z by Theorem 2.25,
so the adjoint operator (H. — z)* is also injective, hence H. — z : D — H is surjective. Thus the
bijectivity assertion is proved and we also have shown that there is C' such that

(3.16) |Re|| < Cle+p|™

From Lemma 3.10 we now obtain [|¢-(H)R.|| < C. Taking adjoints we get ||R.¢(H)|| < C,
which is equivalent to:
(3.17) 1B-6™ 0] < CI{H) " o, v e H.

We recall that G is the Friedrichs extension of H' 4+ ¢(H) on D. Then if v € H, we know that
Re¢ptv € D C D(G) and

|GR-¢ v < |H'Re¢v|| + c|| (H) Rep™v] .
We estimate the last term as follows:

(3.18) IKH)Re¢-vl| < ||o(H)Redvl| + |0~ (H)Regv|| < Cllo].
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To estimate the first term, we write
1" Reg™l| = lel M I((He —2) — (H = 2))Redmo|| < |e| 7 (l¢™v]| +[|(H — 2) Rego]) < Cle ™ o]
where (3.16) and (3.18) have been used. Hence we have:
(3.19) |GR-¢ 0| < Cle| ™Yo, v € H.
A quadratic interpolation between (3.17) and (3.19) gives
IGY2Regt o < Cle|~2|[(H) /20|, v € H,

and this is equivalent to ||GY2R.¢-(H)'/?|| < C|e|~V/2. In other words, R.¢(H)'/? € B(H,G)
with norm less than Cle|~1/2. Taking adjoints we see that ¢ (H)/?R. € B(G*,H) with norm
less than C|e|~/2. In particular

| (HY V2R, f|| < Cle|~"/2||f]

g | €H.
Finally, we use this estimate in Lemma 3.9 with u = R.f, f € H, and obtain:

el Re fIIG + [l ReFIP < CIS(f. Ref)| + Clel| 1, (H)* (H)'/*R- f||*
< CIS(f, R )l + ClIS 13-

which implies (3.15). This estimate implies also that R. € B(G*,G) because if follows from
(3.20) that

(3.20)

5 1
U1 < SR + 5 C21G- + CIAIE:
hence [el[[Ref3 < Co(1 + Il ™) |13, or
(3.21) IRl 5g+.0) < Clel ™.

a

We shall discuss now some consequences of Proposition 3.11 which will be useful in the last
step of the proof of Theorem 3.5.

Lemma 3.12 Under the conditions of Proposition 3.11, we have:

(i) the operator Re(z) : G* — G is the inverse of (He — z) : G — G*,

(ii) for 0 < |e| < €o, the map z — R(z) € B(G*,G) is holomorphic in a neighborhood of I,
(iii) s-lim_, o= Re(2) = (H — )~ in B(H) for £3z > 0.

Proof. We have (H. — 2)(R¢)(2)u = u, v € H and Rc(z)(He — 2)u = u, u € D. Recall D is
dense in G and H is dense in G*. Since (H—z) € B(G,G*) and R.(z) € B(G*,G) by Proposition
3.11, these identities extend to u € G and u € G* respectively, which proves (i).

Let us now prove (ii). We recall (see (3.21)) that ||Re(2)||pg+.g) < Cle|™*. Since Re(z1) —
Rc(z2) = (21 — 22)Re(21)Re(22), for 21,20 € IS, we see that IS 5 z — Rc(z) is holomorphic
with (fz—nnRs(z) = n!R.(z)"*"1. Hence the Taylor expansion of R.(z) at z = 2y € IS converges
in |z — 20| < |¢|C~!, which shows that z — R.(z) extends as an holomorphic function in a
neighborhood of 1.

Finally it follows from (3.16) that for z € I}, R.(z) is uniformly bounded in B(H) for
0 < € < €. Next if v € D, R(2)v € D because R(z) € C*(H’) by hypothesis (M1), so

(Re(2) — R(2))v = ieR.(2)H'R(z)v — 0 when € — 0.

This proves (iii) since D is dense in H. O
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3.5 Differential inequalities

The estimate (3.15) of Proposition 3.11 is only one of the ingredients needed for the proof of
the limiting absorption principle. The second one is the differential equation

(3.22) d%Re(z) — [Ro(2), AP — eR.(2)H" R.(2).

which we shall establish below in a general context. This will then be used for the derivation of
the fundamental differential inequality from which the limiting absorption principle follows (this
is (3.26) in the case of Theorem 3.3 and (3.35) in that of Theorem 3.5). One can use this scheme
in order to treat situations when A is not a generator of a semigroup or when the semigroup
generated by it (or its adjoint) does not leave G invariant. Moreover, one can also consider
situations when H” is not a map G — G*. We shall not describe these possible extensions of
the theory because the main ideas will be clear from the concrete situation treated below, which
suffices for the applications we have in mind.

As before we assume that (M1) and (M2) hold and keep the convention used in the previous
subsection concerning the parameters €, A and p. In order to fix the ideas we shall, however,
take ¢ > 0 and p > 0. The constants C' and gy are as in Proposition 3.11. Observe that by
(3.16) the operator H. is regular.

The crucial property on which the rest of the proof depends is isolated in the next lemma.
Let A be a closed densely defined operator on H such that H. is of full class C'(A). Then,
according to Proposition 2.19, D(A) N D and D(A*) N D are dense subspaces of D and the
quadratic form [H,iA] with domain [D(A*) N D] x [D(A) N D] extends to a continuous form
[Hc,1A]° on D. We identify this form with a continuous operator [H,iA]° : D — D* and obtain

(3.23) [Re(2),1A]° = —Re(2)[Hc,iA]" Re(2).

Lemma 3.13 Assume that H. is of full class C1(A) and that there exists H" € B(D,D*) such
that

[H.,iA]°u = H'u —ieH"u if u € D.
Then [R.(2), A]° = R.(2)(iH' +cH")R.(2), the map € — R.(z) € B(H) is C* in norm on )0, go],
and (3.22) is satisfied.

Proof. We write R./(2) — R:(z) = (¢/ —¢€)iR. (2) H' R(z). We know that R.(z) is bounded from
‘H to D which implies that ]0,9[> ¢ — R<(z) is norm continuous and then norm differentiable
with

(3.24) d

de
Now we use (3.23) and the hypothesis of the lemma. O

R.(2) =iR:(2)H'R.(2).

Lemma 3.14 Assume that the conditions (M3) and (M4) are satisfied and that the limit
lim; ot~ [(H'u, Wyu) — (u, Wy H'u)] exists for all w € D. Then the conditions of Lemma 3.13
are satisfied.

Proof. By the uniform boundedness principle, there is H” € B(D,D*) such that for each
u € D one has limy ot~ [(H'u, Wyu) — (u, WeH'u)] = (u, H'u). Let u € D(A*),v € D(A).
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Then —iA*u = limy ot =Y (W — 1)u and iAv = limy_qt~1(W; — 1)v, hence
(u, [Re(2),1A]v) = }gl(l] ((Ra(z)*u,t_lwtv) — (t_lwt*u,RE(z)v))
= lim ((Re(2)"u,t ™' Wi H R (2)v) — (HZRZu, t ™' W, R.v))
Since by Theorem 2.25 R.(2)* = R_.(Z), we have R.(z)*u, R.(z)v € D and the last limit equals
—(Re(2)*u, H' R.(2)v) + ie(Re(2)*u, H" Ro(2)v) = (u, R(2)(—H' + ieH")R.(2)v).
This shows that R.(z) € C'(A) for all z € C\ o(H.) and hence H. is of full class C'(A). O

Proof of Theorem 3.3. We omit the z-dependence to simplify notations. Let u be an
element of D(A) N D(A*) and let us set F. = (u, R.u). From (3.22) we get

(3.25) F! = (u,[R:, A]°u) — e(Riu, H' R.u) = (Riu, Au) — (A*u, Rou) — e(Riu, H" Rou).

Then:
|FZ] < ||RZullg|Aul

g+ + [|[A%u|

g+ | Reullg + el H"|| (g,g+ | R ullgl| Reullg-

In the sequel, when we write an estimate containing the symbol L*) where L denotes some linear
operator, we mean that the estimate holds both for L and L*. From (3.15) (used for ¢ and —¢)
we get || REullg < CemV2(FL'2 4 ullg-). Now we set [u] = [ullg- + | Aullg- + [|A*u
obtain

(3.26) |Fl| < C|Fe| + Ce VPu]|Fe V2 + Ce™ P [u]? < C'e2([u)? + | F).

g+ and

By Gronwall’s lemma we get for 0 < ¢ < gq:
(3:27) |(u, Rew)| < C"|(u, Regu)| + C"[u]? < C[u)?,

because R., € B(G*,G). But s-lim._o R.(z) = R(z) in B(H) by Lemma 3.12. Combined with
(3.27), this gives the estimate (3.4).

It is easy to deduce now from (3.26) that the limit (u, R(A +i0)u) := lim,,jo(u, R(X + ip)u)
exists uniformly in A € I (see (3.39) below). We shall now prove that z — (u, R(z)u) is Hoélder
continuous of order 1/2, cf. (3.5). Let Iy be an open real interval whose closure is included in
the interior of I and U = {z | Rz € Iy, Iz > 0}. Let us define ¢(z,¢€) = (u, R(z)u) for z € U
and 0 < € < gg. Our purpose is to show that ¢ satisfies the conditions of Lemma A.2. From
(3.26) and (3.27) we get

(3.25) |S6(z,9)| = | Pl < O™l

On the other hand, from (3.25) we get:

d d * * * *
d—ggé(z,s) = (R*u, Au) — (A*u, R*u) — e(R**u, H"R.u) — (R} u, H" R?u)

hence

d d * *
=0l < lAulg | BPullg + | AMullg- | R2ullg

g*

+ el H e (IReullglR:Pullg + | Reullg| F2ulg)
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Now we use the estimate (3.21) and get

IRE?ullg < 1R | pg- 6) IR ullg- < O™ R ulg.

Thus

d d — * *
|89l < O [l (I Reullg + | Rzullg) + CllReulgl| REullg.

From (3.15) and (3.27) we have 61/2HR5*)U”Q < Cfu] which inserted above implies

(3.29) =20zl < Ce

Finally, we also have the easy estimate |%¢(Z,60)| = |(u, Rsy (2)%u)| < C[u)?. Thus, from (3.28)
and (3.29) we see that the conditions of Lemma A.2 are satisfied with 0 = 1/2 and M = C[u]%.
As a consequence, since ¢(z,+0) = (u, R(z)u), we see that

|(u, R(z1)u) = (u, R(z2)u)| < Clul|z1 — 2z2|'/?

for some number C independent of v and 21, z0 € U. Since Iy and [ are arbitrary, this completes
the proof of the theorem. O

Proof of Theorem 3.5. Let f € £ and let us consider the vectors
1 €
(3.30) fo= g/ W, fdt € D(A; G*).
0
Then Af. = (ie)™'(W. — 1)f and the map € — f. € G* is C'' on |0, co[ with
L1 1, 1 11
flm SWef = 2fo= Z(We=Df 42 [ (1= Wa)fds
€ € € e Jo

Let us abbreviate I(¢) = || Afe|

g« + || fllg+. Then

1 1
g+ = [ I =11

(331) I€) < (W ~ 1)

g+ds.

It follows by a change of variables and [ABG, Proposition 2.7.3] that

d
(3:32) [0 <5 [T 10v. - vfle S5 < e

where C' is a constant independent of f.
Observe now that for each u € D(A;G*) one has

d
—(u, Reu) = (Riu, Au) — (Au, Reu) — e(Riu, H" Rou).

(3.33) =

Indeed, if u € D(A) then this follows from (3.25) and the symmetry of A. Now arguing as in
the proof of Lemma 3.13 we see that € — R. € B(G*,G) is of class C* on ]0,&0[ and that (3.24)
holds in B(G*,G). Thus the left hand side in (3.33) is a continuous function of v € D(A) for
the topology induced by G*. The same is true for the last term in (3.33), thanks to hypothesis
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(M5), while the two remaining terms are continuous for the topology induced by D(A; G*), since
R, : Gx — G. Since by Lemma 3.4, D(A) is dense in D(A; G*), we get (3.33) for all u € D(A4;G*).
Now let us set F. = (f., Rcf:). Then from (3.33) we get

(3.34) Fel = (R:feafé + Af) + (fé —Afe,R.f.) — €(R:f5,H”R€f€),

hence
[FY| <) (|[Re fellg + IREfollg) + el H" || Bg.g) | RE fellg | Re fellg-

Our main estimate (3.15) (used for € and —¢) gives

IR fellg < Ce™ 2(|F|M2 + | f-|

g*)-

We obtain
|Fl| < CIE| + CUe)e 2| + Ol fellg- (He)e™ 2 + |1 2]

).
But clearly || fzlg~ < C|[fllg- < C|[flle. Thus
(3.35) [!| < O]+ Cle)e IR 4 Ol flls (1) + 1]
We apply now the improved version of Gronwall’s lemma stated as Lemma A.1 with ¢(e) = C,

b(e) = Cl()e=/? and a(e) = C||f||le(l(e)e~/? + | f|l¢). Taking into account the estimate (3.32)
we see that there is a constant C independent of ¢,z and f € £ such that

(3.36) |(fes Re(2) f2)| < C|(fegs Reg(2) foo)| + CI f112-
By (3.21) the right hand side is less than C||f|%. Thus
(3.37) |(f=, Re(2) f2)] < C fII-

Assume for a moment that f € £ N H. Recall that by Lemma 3.12 s-lim,_,g Rc(2) = R(2)
in B(H). Clearly f. — f in H. Since R, is uniformly bounded in B(H), we get |(f, R(2)f)| <
C||f||2 for f € ENH, A€ I and p > 0. Using the polarization identity (see the comment after
Theorem 3.5) it follows that the sesquilinear form (f, R(z)g) on £ N H uniquely extends to a
continuous sesquilinear form on &, for which we shall keep the same notation (recall that by
Lemma 3.4 €N H is dense in &£).This completes the proof of (i).

Let us now give another description of (f, R(z)g) for f,g € £. From (3.35) and (3.37) we see
that there is a constant C' such that

(3.38) [F < Clflle (W)= + I flle)

and, because of (3.32), the right hand side is an integrable function of € on ]0,00[. Thus
lim._,g Fr =: q(f) exists and ¢(f) defines via the polarization identity and (3.36) a continuous
sesquilinear form on €. Since this form coincides with (f, R(z)g) on € N'H they are identical.
Hence (f, R(2)f) = lim._o F. for all f € £.

It remains to prove (ii). We write for f € £

(3.39) (1R = (s Reo(fe0) = | " Fl(2)de
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This holds for all z = A + iy with A € [ and p > 0, i.e. for 2 € I{. We saw in Lemma 3.12
that for 0 < ¢ < gg the map z — R.(z) € B(G*,G) extends to a holomorphic function on a
neighborhood of Iy. Thus the first term on the right-hand side above extends to a holomorphic
function of z on a neighborhood of Iy. From (3.34) and since H” € B(G,G*) it follows that
for each € > 0 the map z — F!(z) has the same property; note that its domain of holomorphy
depends on ¢ but contains I. Moreover, we have the bound (3.38). A standard application of
the dominated convergence theorem (or use [Di, Theorem 13.8.6(iii)]) shows that the last term
in (3.39) is a holomorphic function of z on I$. So the map z — (f, R(z)f) is holomorphic on
IS.

Finally, we show that for f € &, lim,,_o+ (f, R(A +ip)f) exists uniformly in A € I. It suffices
to treat the integral term in (3.39). For each € > 0 the limit lim,_,o+ F/(\ +iu) =: F/(A +1i0)
exists uniformly in A € I, the function F! being holomorphic on a neighborhood of I;. Let us
set ¢c (1) = supyey |[FL(A +ip) — FL(A +10)|. Thus ¢-(u) — 0 when g — 01 and, because of
(3.38), we have ¢.(1) < 6(e) for some integrable function #. Hence [;° ¢.de — 0 if p — 07,
which is more than required. O

Proof of Theorem 3.7. We shall proceed as in the proof of the corresponding assertion of
Theorem 3.3. Let U be as in that proof and let ¢(z,¢) = F.(z) = (fe, Re(2)f:) for z € U and
0 < e < gg. By (3.38), there is constant C' such that

(3.40) Lo(z.91 < Clflle (1) + 1)

Then from (3.34) we get
dd
de dz

hence

(2, €) = (R:2f€> fé + Afe) + (fé - Afsngfs) - E(R:2f€, H”Refe) - E(R:fsyH”Rgfs)

d d .
ZnfEal < 10 (IRl + IR flls)
+ el " |5@gr) (IR fellG I R fellg + | B2 felgI R llg ) -

But, according to (3.21), we have HRg*)zfaHg < C€_1|]R§*)f5Hg, so we have

d d — * *
|d_<€&¢(276)’ < Cl(e)e ! ([[Re fellg + |1RZ fellg) + ClIRe fellg | RZ fellg
for some new constant C. On the other hand, the estimate (3.15) gives us

g < C'|flle-
Inserting this into the preceding inequality we finally see that there is C' such that

d

d
(3.41) I ntEal <Ol (U + 11 fle)

Until now there was no assumption on f besides f € £. Now we choose 1/2 < s < 1 and
assume f € G7 . As explained in Subsection 3.1, this is equivalent to f € G* and

/]

e |RY follg < CIE:|'? + C|I -]

6: = | flg- + sup 47 (W, — 1) llg- < o0
0<t<1
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Then from (3.31) we obtain

l(e) <3e™! sup [|(W —1)fllge < 3" | fllgz..
0<t<e

We use this estimate in (3.40) and obtain

d s— s—
|32 < Cllflle (721 fll: o, +1£le) < O£

Similarly, from (3.41) we get
d 15—5/2) £112
|d_a¢(z’€)| <Ce ||f||g;m-

Note also the trivial estimate | ¢(z,e0)| = |(foo, Reo(2)2f20)| < C|f[|3+. Thus we can apply
Lemma A.2 with 0 = s — 1/2 and M of the form C’||f||é§oo. We obtain

- 22‘3—1/2

[(fs R(z1)f) = (f, R(z2) )] < C|If]

3;,00 |21

for some number C' independent of f and z1,29 € U. From the polarization identity (see the
comment after Theorem 3.5) it follows now that

(3.42) (9, R(z1)f) — (9, R(22) f)| < 4Cgllgz , I /]

for all f,g € G . We know that R(z)f € G_1/200 C G-s1 for z = 21, 2.

We recalled in the beginning of Subsectionimproved that if G{%  is the closure of Gf =
D(A;G*) in G ., then the adjoint space of Gi%, is canonically identified with G_g ;. Taking into
account that the anti-duality between G and G* is defined with the help of H, we obtain after
taking in (3.42) the supremum with respect to g € G, with norm equal to one that

22|S_1/2

Grool?1 —

[R(z1)f — R(22) fllg_... <4C|f]
This finishes the proof of the theorem. O

gr . |z1 _ Z2|s—1/2‘

4 The virial theorem

In this section we improve the standard version of the virial theorem [ABG, Proposition 7.2.10]
in two directions. First, we allow a general class of conjugate operators A, thus extending [HuS,
Proposition 9]. Then we consider the case when the Hamiltonian H is not of class C1(A): we
have in mind the framework of Section 3, but we are forced to require that the commutator H’
can be approximated by operators with better properties.

This version of the virial theorem will be needed in [GGM] for application to massless Nelson
models. Let us also mention the recent paper [FM], where another version of the virial theorem
has been shown. In our case the virial theorem for a pair H, A and an eigenvector 1 of H is shown
by approximating A by a sequence A,, of operators such that H € C1(4,,). The method used in
[FM] is different and consists in approximating i) by a sequence 1, of vectors in D(H) N D(A).

Proposition 4.1 Let H be a selfadjoint operator and A a regular operator (e.g. a generator of a
Co-semigroup) such that H is of class C1(A). Ifu is an eigenvector of H, then (u, [H,iA]°u) = 0.
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Proof. Assume Hu = \u, let z € p(H,A) = C\o(H) (because A is regular), and let us set
p=(z— A"t Then R(z)u = pu and R(z)*u = jiu, hence

(u, [A, H]*u) = p~2(R(2)"u, [A, HIR(2)u) = —(u, [4, R(2)]°w),
because of (2.8). Now we use Proposition 2.9:
(u,[A, R(2)]°u) = liyrln(u, [An, R(2)]u) = li1§1[(u, ApR(z)u) — (R(2)*u, Apu)]
= lirrln[(u, Appu) — (fu, Apu)] = 0.0

We mention one more result of a similar nature. If D(H) C G then the next proposition,
although its proof is quite trivial, is an extension of the virial theorems from [Mo| and [HuS].
The general case requires a supplementary condition on the eigenvector u (which is fulfilled in
our applications). The notations are chosen to fit those of Section 3, see Remark 3.1.

Proposition 4.2 Let H be a selfadjoint operator and A the generator of a Cy-semigroup {Wy}
i H. Let G be a Hilbert space with G C H continuously and densely, identify G C H C G*, and
assume that G is b-stable under {W,} and {W}}. Finally, assume that D(H) NG is dense in G
and that the restriction of H to D(H) NG extends to a continuous operator H € B(G,G*) which
is of class C'(A;G,G*). Ifu is an eigenvector of H such that u € G, then (u, [H,iA]°u) = 0.

Proof. Note first that H G — " will be a symmetric operator. Then the result is an
immediate consequence of [H,i1A]° = lim;_o %(H Wi — WiH) with the usual interpretations of
the two symbols W, (the first one acts in G the second one in G*). O

Proposition 4.1 covers the case when the commutator [H,iA] is dominated by H?. The next
result can be used in the context of Subsection 3.1, where H and [H,iA] are not comparable, as
it happens in the main application considered in [GGM].

In the sequel we adopt the following standard convention: if @ is a symmetric bounded
below quadratic form on a Hilbert space H with domain D(Q), then we extend @ to H by
setting Q(u) := +oo if u € D(Q). We recall the following easy fact, which can be checked using
the concept of gauges on topological vector spaces (see e.g. [ABG, Prop. 2.1.1]):

Let Hy, Hs be two Hilbert spaces with Hs C Hy continuously. Then if @) is a symmetric bounded
below quadratic form on Hy, @ is closed (resp. closeable) on Hy if @ is closed (resp. closeable)

on H;. Moreover if ) is closeable on H1, then the domain of the closure of @ on Hs is D(Q)NHa.

Let H, H and G be as in Subsection 3.1. We assume that condition (M1) and the weakened
version (M2') of (M2) hold. Let H; = H, Ho = D(H) and Q(u) = (u, H'u) + c(u, (H)u), with
domain D. We saw in Subsection 3.1 that @ is closeable on D with closure (u, Gu) with domain
G. By the above remark, the quadratic form given by (u, H'u) with domain DND(H) is closeable
on D(H). We denote its closure by (u, Hu), which has domain G N D(H). The following result
is an immediate consequence of Proposition 4.1.

Proposition 4.3 Assume that there is a sequence of reqular operators A, such that for each n
the operator H is of class C1(Ay,) and [H,iA,]° is a symmetric form on D(H) and such that

lim (v, [H,iA,]°v) = (v, Hv),

n—oo

for allv € D(H), where in the Lh.s. we mean the limit in RU+o00. Then, if u is an eigenvector
of H one has u € G and (u, Hu) = 0.
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5 Hamiltonians of class C*(A)

In this section we fix a mazimal symmetric operator A on H. The semigroup of isometries
W, = ' associated to it is defined as in Subsection 1.1, so ¢t > 0 if A has deficiency indices
(N,0) and ¢t <0 if A has deficiency indices (0, N). For Hamiltonians H with a spectral gap, we
shall deduce from Theorem 3.5 a result which covers those from [Mo, HuS, PSS], as well as the
results from [ABG] under the C?(A) assumption.

Let us say that a bounded operator S is of class C?(A) if it is of class C1(A4) and S’ := [S,1A4]°
is also of class C'(A); then we set S” := [S",iA]°. A selfadjoint operator H is called of class
C?(A) if there is z € €\ o(H) such that R(z) € C%*(A). Note that this property is independent
of z. Indeed, assume that it holds for some zy and let us set Ry = R(zp), R = R(z). Then
R € C*(A) by Remark 2.15(4). From Proposition 2.13 and with the notation o = z — 29 we get
R' = (1+ aR)R)(1+ aR), hence R € C'(A) and

(5.1) R" =2a(1+ aR)R)(1+ aR)R,(1+ aR) + (1 + aR)R) (1 + aR).

Proposition 2.19 and the comment before Theorem 2.25 give us a continuous symmetric operator
H' := [H,iA]° : D(H) — D(H)* such that " = —RH'R. In particular, the Mourre estimate
makes sense in the usual form.

We denote by H,, the Besov spaces associated to the operator A. We stress that the adjoint
spaces ‘H , are similarly constructed, but involve the operator A* (see Subsection 3.3). The main
result of this section is the next theorem. We shall not explicitly mention the Hélder continuity
properties of the boundary values, but it should be clear from the proof how to deduce them
from Theorem 3.7.

Theorem 5.1 Let H be a selfadjoint operator of class C?(A) and having a spectral gap. As-
sume that J C IR is a bounded open set and that there are a number a > 0 and a compact
operator K such that 1;(H)H'1;(H) > al;(H) + K. Then J contains at most a finite number
of eigenvalues of H and these eigenvalues are of finite multiplicity. The limits lim,,_,+o R(A+ip)
exist in the weak™ topology of B(H1/2,17HT/2,1) locally uniformly in A € J \ o,(H).

Proof. The assertion concerning the eigenvalues follows by an easy and standard argument from
the virial theorem (Proposition 4.1). For the rest of the proof we may assume that 0 ¢ JNo(H)
and we denote S = —H ! € B(H). Let I be a compact subset of J which does not contain
eigenvalues of H. Then z — ¢ = —z~! is a holomorphic map of the open upper half plane C_
onto itself which extends to a homeomorphism of C U I onto €4 U L, where the compact real
set L is the image of I. For z € €4 we have R(z) = —((S —¢)"'S and S € B(Hy/1) (this
follows by real interpolation from S € C*(A) and Proposition 2.2). Hence it suffices to prove
that for each u € Hy/p; the map Cy > ¢ — (u, (S — ¢)"u) extends to a weak™ continuous
function on €4 U L. Since S € C%(A), from Theorem 3.5 it follows that it suffices to prove that
S satisfies a strict Mourre estimate on small subsets of L. As we explained before relation (5.1),
we have S" = SH'S and clearly 1(S) = 1;(H), hence

17(S)S'1L(S) > aly(S)S? + SKS > abl(S) + SK S

where b = minger 22 > 0. Let ¢ < ab. Since S has no eigenvalues in L and SKS is compact,
for M C L small we clearly get 13;(S5)S"1p;(S) > clpy(S). O
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One point remains to be discussed: how should one check the C? property of H? The problem
arises because in general the resolvent of an operator is not a simple object. Proposition 2.31
allows one to check rather easily the C!' property: indeed, it suffices to show that for each
u € D(H) there is a number C,, such that

(5.2) |(Hu, Wyu) — (u, WeHu)| < Cylt]  if 0 < || < 1.

We do not have such a simple criterion for the C? property. One can show that a bounded
operator S is of class C?(A) if and only if there is a number C such that

(5-3) IS, Wil Willl = [|SWay — 2W,SW; + Wou S| < G2 if 0 < [¢] < 1.

However, if S = R(z) it is not possible to eliminate the resolvent completely from this relation.
Instead, we have the following criterion. The space G that we introduce below could be the form
domain G = D(|H|'/?) of H, but this choice is not always convenient (cf. [ABG, p. 316]).

Proposition 5.2 Let H be a selfadjoint operator of class C*(A). Assume that G is a Hilbert
space with D(H) C G C H continuously and densely and such that G is b-stable under {W;}
and {W;}. We identify D(H) C G C H C G* C D(H)* and assume (H —i)7'G* C G and
H'D(H) C G*. Then H is of class C*(A) if and only if for each w € D(H) there is a number
C, such that

(5.4) |(H'w, Wyu) — (u, Wy H'u)| < Cylt]  if 0 < Jt| < 1.

Proof. Below we abbreviate D(H) = D. Note first that, by the closed graph theorem and our
hypotheses, the operator H € B(D, D*) belongs in fact to B(D,G*). By symmetry we also get
H' € B(G,D*). Then observe that {W;} extends to a Cy-semigroup in G* (cf. the comments
after Lemma 2.33). Thus for u € D the term (H'u, Wyu) = (u, H'Wyu) is well defined because
H'u € G* and Wyu € G, and (u, Wy H'u) is well defined because W H'u € G*. Moreover, by the
uniform boundedness principle, the relation (5.4) is equivalent to || H'W; — W, H'|| gp,p+) < C|t|.
Let R = (i— H)™!. Then R is of class C'(A) and R = RH'R. We have to show that
R’ is of class C1(A). By Remark 2.30 it suffices to prove ||[[R/, W;]|| < CJt| for some constant
C. Taking into account the preceding explanations one can check that the following formally
obvious relation is indeed true (the two operators [R, W] in the right hand side act in different
spaces):
(5.5) [R',W,] = [R,W,]JH'R + R[H',W;|R + RH'[R, W]

Thus there is a number C such that
I[R', Wil < C|I[R,Willlpg= ) + CIH' Willl 5p,p+) + CII[R, Willl B21.,6)-

We shall prove that [|[R, W] p(r,g) < C|t|; the first term in the right hand side above is similarly

estimated and this finishes the proof. Since R € C'(A) we have [R,W;] = [f W,_sR'Wyds as
a strong integral in B(H), cf. (2.17) and (2.19). But clearly R = RH'R € B(H,G) so the
integrand is a strongly continuous B(H,G) valued function. This gives the required estimate. O

To see the relation with the results from [Mo, HuS, PSS] we use their notations H? = D(H),
H' = D(|H|"/?) and H~2 = (H?)*, H~! = (H')*. This gives us the scale of Hilbert spaces:

(5.6) HcH' cHCH ' cH™
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We choose G = H' in Proposition 5.2 and we assume that 2 is b-stable under {W;} and
{W}}. By interpolation it follows that H! has the same property. With notations introduced
in Subsection 2.5 we see that if H € C?(A;H?,’H~2) and H'H? C H~! then H € C%(A) and we
can apply Theorem 5.1. Thus we obtain an extension of the results of [PSS] (here A is assumed
maximal symmetric, not necessarily selfadjoint, and there are some supplementary hypotheses
in [PSS]). In particular, we also cover those from [Mo, HuS] when H has a spectral gap.

The preceding result is quite efficient when the domain H? of H is known, e.g. if H = Hy+V
and one can use the Kato-Rellich theorem (the operator Hy being easy to control). A second
possibility one may consider is that when the preceding sum exists in the sense of forms, so
only the form domain H' is explicitly known. In this case it suffices to require b-stability
of H' under {W;} and {W;}, which is weaker than the stability of H2, but then one needs
H € C?(A;H',H™1), an assumption stronger than H € C?(A;H?,H~2). From Proposition 5.2
it follows that Theorem 5.1 covers this situation too, in fact it is obvious that it implies [ABG,
Theorem 7.5.4] (for H with spectral gap and with C? type conditions). One can also replace in
Theorem 5.1 the space H; /5 by H1_/1271' This follows easily from [ABG, Proposition 7.4.4].

We stress, however, that in Theorem 5.1 there is no assumption concerning the stability of H*
or H? under the semigroups and this is useful when there is not enough information concerning
these spaces (see, e.g. [Am, DG2]). Proposition 5.2 describes just one method of checking the
C?(A) property, in some concrete situations other methods could be more efficient.

One final comment on the regularity condition we imposed on H in Theorem 5.1. One can
replace the assumption H € C%(A) by H € CY1(A), which means fol I[R(2), W], Wt]||%§ < 00
for some (hence for all) z € C\ o(H) (compare with (5.3)). The resulting theorem extends all
the results from [ABG, Sec. 7.4] to the case when A is only maximal symmetric. We do not give
details because this extension is of no interest for [GGM].

A Appendix

A.1 We state here two results needed in Subsection 3.5. The first one is an improved version
of the Gronwall’s lemma; the proof can be found in [ABG, Appendix 7.A]:

Lemma A.1 Let (0,g0] 3 e+ F. € C be a C' function such that
|| < ale) +b(e) [ Fx|2 + efe) |

for some locally integrable functions a,b and c. Then for all € < eqg one has:

|F.| < l(|F€O| + /:0 a(7’)d7’) v + %/:O b(T)exp <—% /;0 c(a)da) dT] 2 exp (/:0 c(a)da)

We also need the following elementary fact.

Lemma A.2 Let U C € be an open convex set, £g a number in ]0,1], and ¢ : Ux]0,e9[— C
a function such that for each € the map z — ¢(z,€) is holomorphic and for each z the maps
e — ¢(z,e) and e — %gb(z,e) are of class C'. Assume that there are numbers 0 < o < 1 and
M > 0 such that for all (z,e) € Ux]0, e[ the following inequalities hold:

d 1 d d 9 .. d
A. _ < Me® _ < Me® _ < M.
(A1) |d€¢(2,5)| S Me o, |d€ dz¢(z’€)| =S e o, llallllafgf|dz¢(275)| >
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The the limit lime_,o ¢(z,€) =: ¢(z,+0) exists uniformly in z € U and satisfies

2M
(A2) |¢(21,+0) — (25(2'2, +0)| < m‘zl — 22|0 if 21,29 € U and |Zl — Z2| < £€0-
Proof. Writing for £ < g1 < gg
d d c1 d d
G =goa) - [ gtendr

and taking €1 — ¢ along a convenient sequence after the obvious estimate, we get

2M

(A3) \%qﬁ(z,s)\ <M+M / “ oty < 2L o

Now we have ¢(z,40) = ¢(2,€) — [5 L¢(z,7)dr hence

(A4) |¢(21,+0) — ¢(22, +0)| < [@(21,€) — d(22,€)| + 2 sup /6 ’dié(zkﬁ)\df
k=12Jo dT

The first term on the right hand side is less than |21 — 22|e? 12M/(1 — o) by (A.3). The last
term is less than 2Me? /o because of (A.1). It suffices now to take € = |z; — 29|.0

A.2 We prove now Proposition 1.2. In all this proof we keep the notations and refer to the
relations from the Introduction. We take H = w(P) and H' = |o'(P)[*(w’(P))~! in Theorem
1.1. Thus H and H’ are commuting selfadjoint operators and H' > 0. Clearly D = K! and
G = K'2. Then J will be a bounded open set containing A with closure disjoint from 7(w).
By the comments after the definition of the threshold set we see that there is m > 0 such that
|w' (k)| > m if w(k) € J. Thus H > H'1;(H) > m?(m)~'1;(H) and conditions (M1) and
(M2) are satisfied.

We define A such that formally A = 1(F(P)Q + QF(P)), where F : R" — IR" is the
vector field F(k) = o'(k){w'(k))~!. In order to have a rigorous definition and to show that A
is essentially selfadjoint on C§°(IR™) it suffices to note that F' is a Lipschitz vector field and
to use [ABG, Proposition 7.6.3(a)]. However, we stress that the proof in [ABG] of the quoted
proposition is wrong (it works if div F' is of class C! for example). A correct proof when F € C*
is given in the next subsection in a more general context; observe that the proof, modulo some
measure theoretic technicalities, extends to locally Lipschitz F. This also proves that W; = el*4
leaves invariant the set FCy(IR™) of Fourier transforms of continuous functions with compact
support. Let us show that W; leaves invariant K7 for each ¢ and t (in particular condition
(M3') is fulfilled). By interpolation and duality it suffices to consider the case o = 1. We have,
with natural notations:

W' (P)w"(P)F(P) + w(P)F(P)w'(P)
w(P)

@(P),iA] = F(P)&'(P) =

as operators on FCy(IR™). Thus [0(P),iA4] is bounded with respect to @(P) and we can apply
Proposition 2.34.

Now it is easy to check that condition (M4) is fulfilled and that H” as an operator on K' is
given by the relation: H” = (2+ |w'(P)[>)(1 + |/ (P)[?)~/2(Fw"F)(P). Hence H" is a bounded
operator and thus condition (M5) is satisfied. We see that all the hypotheses of Theorem 1.1
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are fulfilled so R(z) € B(G]/5:9-1/2,00) With norm bounded by a constant independent of z.
We recall that G7 /2.1 is obtained by interpolating between G* = K~1/2 and g7, which is the
g« But A = F(P)Q — 5(div F)(P) and F
g+ + |lul
FCy(IR™). Thus we get IC1_1/2 C Gf and then, by interpolation, lCl_/lz/f C QT/M. Then taking

adjoints we have G_1 /3 o C ICE;SOO Thus the estimate (1.6) holds if 0 = —1/2. Now we prove

it for an arbitrary o. For this we set 7 = 1/2 + o and we observe that @™ (P) is a unitary map
K — K~1/2. Since |V&"| < C&™ we then see that @ (P) is an isomorphism of K¢ onto ICl_l/z.
Duality and interpolation give us that @ (P) : ICC1’/271 — IC1_/12/7 f Exactly in the same way we see

that CNUT(P) : K:i—il_/lgpo - ’Cl—/12/2,oo

suffices to replace u by @” (P)u in (1.6).

completion of D(A) under the norm ||ul|g« + || Aul
and div F' are bounded, hence the preceding norm is dominated by 37 [|Q;ul

g on

is an isomorphism. To finish the proof of Proposition 1.2 it

A.3 We prove here Lemma 1.3 and more general facts. Recall that F(k) = % defines a

vector field F : Q — IR™ of class C'. For each k € Q consider the differential equation

(A.5) S p(t) = F(p(1)) with p(0) = k.

Since F is of class C! on ), a unique solution exists for ¢ in a neighborhood of 0. We have

(o) = /(1) Tp(0) = |/ (1) > 0

on the interval of existence of the solution. Thus the function ¢ — w(p(t)) is strictly increasing,
in particular for ¢ > 0 we have w(p(t)) > w(p(0)) = w(k) > 0. On the other hand, |F (k)| =1
so the local solution satisfies |p(t)| < |k| + | [3 F(p(s))ds| < |k| + |t|. By [Ha, Theorem 3.1] the
maximal interval of existence of the local solution is of the form |7(k), oo with 7(k) < 0.

In the rest of the proof we shall not use the explicit form of F'. The only fact which matters
is that the solution of (A.5) is defined on such an interval. This is useful, for example, in the
proof of Proposition 1.2, where we are in the situation Q = IR” and F of class C' and bounded;
then the solution of (A.5) exists on IR.

Lemma A.3 Let Q C IR™ be an open set with complement of measure zero and let F : Q — IR™
be of class C* and such that for each k € Q the equation (A.5) has a solution t — p(t) € €
defined for allt > 0. Then the closure in L*(IR™) of the operator —4(F(Q)P + PF(Q))|C§°(Q)
is a mazimal symmetric densely defined operator with deficiency indices of the form (N,0).

Proof. Let ¢t — p;(k) be the solution of (A.5) with maximal domain |7(k), co| with 7(k) < 0.
For each real t we denote €, the open set of k € Q such that 7(k) < ¢. In other words, € is
the domain of the map p;. Then Qy € Q; if s < ¢t and Q = Q if t > 0. For t > 0 we have
Q1 =p(Q) and p; is a C'-diffeomorphism of Q onto Q_; with inverse p_,.

Let us denote f = div F. Then for each real ¢ and k € ; we have

(A.6) aul) = det Vpu(h) = exp( [ F(p.())ds) > 0.

Note that o is a continuous function and, by the inverse function theorem, ay(p_;(k))a—_i(k) =1
if k€ Q_;. We define for t > 0

(A7) Wi := xa_,v/a_uop_y = xa_ (a0 p_y) M uop_,.
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A change of variables shows that W, is an n isometry in L?(Q) = L%(IR™) with range equal to
L2(Q_,), and Wyu = Vagu o pg. Clearly {W,}1>0 is Co-semigroup of isometries in L2(IR")

Let us compute the generator of this semigroup. Let u € C¢(Q) and t > 0. Then Wi €
Co(2—¢) and if k € Q_; we have Wtu(k:) = a_i(k)"?u(p_;(k)). From (A.6) and (A.5) we get

—qgVeulk) = %f(l)—t(k))a—t(/f)l/2u(17—t(k))+Oé—t(k)l/zF(P—t(k))(VU)(P—t(k))

= [W(FV + 5 f)ul(h)

Denote A the closure of the operator acting on C3(9) as follows:

-~

u = %fu%—iFVuz %fu—FPu: —%(F(Q)P—I—PF(Q))u.

Thus for u € C}(2) we have —i%f/l\/tu = W, Au.

If f e CYHQ), e.g. if F is of class C?(2), then clearly WtC&(Q) C CYHQ—y) € C}() and we
can apply Nelson’s lemma (see Remark 2.35) to obtain that A is the generator of {W;} (note
that CZ(€) is a dense subspace of L2(IR™)). Thus, the closure A of —1(F (Q)P—I—PF( Q))|CH ()

is a symmetric densely defined operator with deficiency indices (N, 0) and Wt =e tA

In general, f is only continuous and the argument has to be modified as follows Let us
denote, for a moment, A the generator of {Wt} By what we proved above, we have Ac A
Since A is symmetric, we have AcCc Ac A c A% 1tis easy to see A* is the operator
—1(F(Q)P + PF(Q)) acting in the sense of distributions on the domain

D(A*) = {u € LA(R™) | (FV + %f)u € L3(Q)).

In particular, both A and A are restrictions of the operator —3(F(Q)P + PF(Q)) acting in the
sense of distributions.

Now let C{'(2) be the set of u € Cp(€2) such that FVu € Cy(Q) (distributional derivatives).
We shall prove later on that C{'(Q) C D(A). More precisely, for each u € CE(Q) we shall
construct a sequence of functions u. € C}(£2), with support in a fixed compact subset of , such
that v, — u and Au6 — Au uniformly. We make ¢ — 0 in WtAu€ VVtAu6 = AWtu6 and take
into account that A is a closed operator. We obtain that Wyu € D(A) forall tif u € CO (©2) and
W, Au = AW,u.. Taking into account the way A acts we thus obtain W,C{’ () c CF () for all
t > 0. Now we can apply Nelson’s lemma and get that C{'(Q) is a core for A. Hence A = A.

It remains to construct the functions wu.. Let § € C§°(IR™) with support in the unit ball and
such that [0dz = 1 and let 0.(z) = e "(x/¢). If u € CE () we set u. = 6. *u and from now on
¢ > 0 is small enough. We have u. — u and 6. x (FVu) — FVu uniformly because F'Vu € Cj.
Thus it suffices to show that F'Vu, — 6. % (FVu) — 0 uniformly. A straightforward computation
gives:

F(z)— F(z —ey
€

FV0. % u(z) — 0. + (FVu)(z) = / ( )00 + F(o — Ey)H(y)) u(w — ey)dy.

But this clearly converges uniformly to [(yV)F(x)VO(y)dy + f(z)u(z) = 0.0
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