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TIME DEPENDENT RESONANCE THEORY

A. SOFFER AND M.I. WEINSTEIN

Abstract

An important class of resonance problems involves the study of per-
turbations of systems having embedded eigenvalues in their contin-
uous spectrum. Problems with this mathematical structure arise in
the study of many physical systems, e.g. the coupling of an atom or
molecule to a photon-radiation field, and Auger states of the helium
atom, as well as in spectral geometry and number theory. We present
a dynamic (time-dependent) theory of such guantum resonances. The
key hypotheses are (i) a resonance condition which holds generically
(non-vanishing of the Fermi golden rule) and (ii) local decay esti-
mates for the unperturbed dynamics with initial data consisting of
continuum modes associated with an interval containing the embed-
ded eigenvalue of the unperturbed Hamiltonian. No assumption of
dilation analyticity of the potential is made. Our method explicitly
demonstrates the flow of energy from the resonant discrete mode to
continuum modes due to their coupling. The approach is also applica-
ble to nonautonomous linear problems and to nonlinear problems. We
derive the time behavior of the resonant states for intermediate and
long times. Examples and applications are presented. Among them
is a proof of the instability of an embedded eigenvalue at a threshold
energy under suitable hypotheses.

1 Introduction

The theory of resonances has its origins in attempts to explain the existence
of metastable states in physical systems. These are states which are local-
ized or coherent for some long time period, called the lifetime, and then
disintegrate. Examples abound and include unstable atoms and particles.

The mathematical analysis of resonance phenomena naturally leads to
the study of perturbations of self-adjoint operators which have embed-
ded eigenvalues in their continuous spectra. An example of this is in the
quantum theory of the helium atom, in which there are long-lived Auger
states [RSim]. The mathematical study of this problem proceeds by view-
ing as the unperturbed self-adjoint operator, the Hamiltonian governing
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two decoupled electron-proton systems. This system has many embedded
eigenvalues. The perturbed Hamiltonian is that which includes the effect
of electron-electron repulsion. In Examples 3 and 4 of section 6, we discuss
a class of problems with this structure. Another physical problem in which
resonances play an important role is in the setting of an atom coupled to
the photon-radiation field ([BFroSi], [JPil,2], [Kil,2]); see also Example 7
of section 6. Although initially inspired by the study of quantum phe-
nomena, questions involving embedded eigenvalues have been seen to arise,
quite naturally in spectral geometry and number theory [PhS]. The sys-
tematic mathematical study of the effects of perturbations on embedded
eigenvalues was initiated by Friedrichs [F].

The method of analyzing the resonance problem we develop here is re-
lated to our work on the large time behavior of nonlinear Schrédinger and
nonlinear wave equations [SoWei3-5].! In these problems, certain states of
the system decay slowly as a result of resonant interactions generated by
nonlinearity in the equations of motion. The methods required are nec-
essarily time-dependent as the equations are nonlinear and nonintegrable.
They are based on a direct approach to the study of energy transfer from
discrete to continuum modes.?

We consider the following general problem. Suppose Hj is a self-adjoint
operator in a Hilbert space H = L?(R"), such that Hy has a simple eigen-
value, A\g, which is embedded in its continuous spectrum, with associated
eigenfunction, y:

Hoo = Moo, l|1o]l2 = 1.

We now consider the time-dependent Schrodinger equation, for the per-
turbed self-adjoint Hamiltonian, H = Hy + W,

iOp = Ho (1.1)
where W is a perturbation which is small in a sense to be specified. The
choice of decomposition of H into an unperturbed part, Hg, and a pertur-

'Some of the results of this paper were presented in the proceedings article [SoWe2]
and in the preprint [SoWe3].

2Related to this is the observation that many nonlinear phenomena can be regarded as
(generic) instabilities of embedded eigenvalues for suitable linear operators. This point
of view is taken by I.M. Sigal in [Sil,2], who studies the non-existence of bifurcating
time-periodic and spatially localized solutions of certain nonlinear wave and Schrédinger
equations. The problem of absence of small amplitude breathers for Hamiltonian pertur-
bations of the Sine-Gordon equation (see, for example, [SeKr] and [BiMWe]) can also be
viewed in this context [Si2]. Other nonlinear wave phenomena, in which resonances have
been shown to play a role, are studied in [PWe], [CrHi].
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bation, W, depends on the problem at hand; see, for example, [D].

PROBLEM. Suppose we specify initial data, ¢ for (1.1) which are spectrally
localized (relative to H ) in a small interval A about Ag. Describe the time-
dynamics for t € (—o0, 00).

We shall prove that under quite general assumptions on Hy and W that
for small perturbations W,

(i) H has absolutely continuous spectrum in an interval about A,

(ii) the solution with such data decays algebraically as ¢ — 4o0o0. For
the special case of initial conditions given by g, the solution is char-
acterized by transient exponential decay. The exponential rate, I’
(reciprocal of the lifetime), can be calculated.

On the more technical side, we have imposed fairly relaxed hypotheses
on the regularity of the perturbation, W; in particular we do not require
any condition on its commutators. This may be useful in problems like the
radiation problem and problems where Dirichlet decoupling is used.

The decay of solutions due to resonant coupling to the continuum is
revealed by decomposing the solution of (1.1), with data spectrally localized
(relative to H) near Ao, in terms of the natural basis of the unperturbed
problem,

¢(t) = a(t)yo + o(t), (vo,0(-1)) =0. (1.2)
After isolating the key resonant contributions, the system of equations gov-
erning a(t) and ¢ is seen to have the form

ia' = (A —il)a + Ci(a, P)

i0rp = Hop + C2(a, ¢), (1.3)
where the C;, j = 1,2, denote terms which couple the dynamics of a and &,
and Cy lies in the continuous spectral part of Hy. If these coupling terms
are neglected, then it is clear that a(t) is driven to zero provided I'" > 0.
The quantity, I', is displayed in (2.7) and is always nonnegative. Its explicit
formula, (2.7), is often referred to as the Fermi golden rule. Generically,
I is strictly positive. The exponential behavior suggested by these heuris-
tics is, in general, only a transient; in general, e *Ho! has dispersive wave
solutions, and coupling to these waves leads to (weaker) algebraic decay as
t — +oo. At this stage, we wish to point out that although presented in
the setting of a Schrédinger type operator, acting in L?(R™), our results
and the approach we develop below can be carried out in the setting of a
general Hilbert space, H, with appropriate modifications made in the hy-
potheses. These modifications are discussed in the remark following our
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main theorem, Theorem 2.1. Their implementation is discussed in several
of the examples presented in section 6.

Historically, motivated by experimental observations, the primary focus
of mathematical analyses of the resonance problem has been on establishing
exponential decay at intermediate times. However, viewed as an infinite
dimensional Hamiltonian system, the asymptotic (¢ — 4o00) behavior of
solutions is a fundamental question. Our methods address this question and
are adaptable to nonautonomous linear, and nonlinear problems [SoWei4,5].

The time decay of such solutions implies that the spectrum of the per-
turbed Hamiltonian, in a neighborhood of Ag, is absolutely continuous. This
implies the instability of the embedded eigenvalue. More precisely, under
perturbation the embedded eigenvalue moves off the real axis and becomes
a pole (“resonance pole” or “resonance energy”) of the resolvent analyt-
ically continued across the continuous spectrum onto a second Riemann
sheet [Hu]. We will also show that in a neighborhood of such embedded
eigenvalues, there are no new embedded eigenvalues which appear, and give
an estimate on the size of this neighborhood. Most importantly, we find
the time behavior of solutions of the associated Schrodinger type evolution
equation for short, intermediate and long time scales. The lifetime of the
resonant state naturally emerges from our analysis. These results are stated
precisely in Theorem 2.1.

Many different approaches to the resonance problem in quantum me-
chanics have been developed over the last 70 years and the various charac-
terizations of resonance energies are expected to be equivalent; see [HSj].
The first (formal) approach to the resonance problem, due to Weisskopf and
Wigner [WeiWi], was introduced in their study of the phenomena of spon-
taneous emission and the instability of excited states; see also [L]. Their
approach plays a central role in today’s physics literature; see for example
[AIE], [LaLi]. It is time-dependent and our approach is close in spirit to
this method.

Another approach, used both by physicists and mathematicians is based
on the analytic properties of the S-matrix in the energy variable; see
[LaxPh]. Other approaches concentrated on the behavior of a reduced
Green’s function, either by direct methods, or by studying its analytic
properties [Ho],[O].

The most commonly used approach is that of analytic dilation or, more
generally, analytic deformation [CyFKS], [HiSi]. This method is very gen-
eral, but requires a choice of deformation group adapted to the problem at
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hand, as well as technical analyticity conditions which do not appear to be
necessary. In this approach, the Hamiltonian of interest, H, is embedded
in a one-parameter family of unitarily equivalent operators, H(f), 6 € R.
Under analytic continuation in € the continuous spectrum of H is seen to
move and the eigenvalue, which was embedded in the continuum for the
unperturbed operator, is now “uncovered” and isolated. Thus Rayleigh-
Schrodinger perturbation theory for an isolated eigenvalue can be applied,
and used to conclude that the embedded eigenvalue generically perturbs to
a resonance. The nonvanishing of the Fermi golden rule, (2.7), arises as a
nondegeneracy condition ensuring that we can see the motion of the em-
bedded eigenvalue at second order in perturbation theory. In our work, it
arises as a condition, ensuring the “damping” of states which are spectrally
localized (with respect to H) about Ag. Analytic deformation techniques do

not directly address the time behavior, which require a separate argument
[GeSi|, [Hu], [SK].

Additionally, “thresholds” may not be “uncovered” and therefore the
method of analytic deformation is unable to address the perturbation the-
ory of such points. Our time-dependent method can yield information
about thresholds, though it may be problematic to check the local decay
assumptions in intervals containing such points; see however Example 5 in
section 7, concerning the instability of a threshold eigenvalue of —A+V (z).
Finally, in many cases, previous approaches have required the potential to
be dilation analytic, where we only require C* behavior; see the concluding
remarks of Appendix D for a discussion of this point.

The paper is structured as follows. In section 2 the mathematical frame-
work is explained and the main theorem (Theorem 2.1) is stated. In section
3 the solution is decomposed relative to the unperturbed operator, the key
resonance is isolated and a dynamical system of the form (1.3) is derived.
Sections 4 and 5 contained the detailed estimates of the large time behavior
of solutions. In section 6 we outline examples and applications. Sections
7-11 are appendices. Section 7 (Appendix A) concerns the proof of the
“singular” local decay estimate of Proposition 2.1, and section 10 (Appen-
dix D) outlines a general approach to obtaining local decay estimates of the
type assumed in the hypothesis (H4). In section 9 (Appendix C) we present
the details of our expansion of the complex frequency, w, (see (2.12) and
Proposition 3.3). In section 11 (Appendix E) we give results on bounded-
ness of functions of self-adjoint operators in weighted function spaces which
may be of general interest.
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2 Mathematical Framework and Statement of the Main
Theorem

In this section we first introduce certain necessary terminology and no-
tation. We then state the hypotheses (H) and (W) on the unperturbed
Hamiltonian, Hy, and on the perturbation, W. The section then concludes
with statements of the main results.

For an operator, L, ||L|| denotes its norm as an operator from L? to
itself. We interpret functions of a self adjoint operator as being defined by
the spectral theorem. In the special case where the operator is Hy, we omit
the argument, i.e. g(Hp) = g.

For an open interval A, we denote an appropriate smoothed character-
istic function of A by ga(A). In particular, we shall take ga(\) to be a
nonnegative C°° function, which is equal to one on A and zero outside a
neighborhood of A. The support of its derivative is furthermore chosen to
be small compared to the size of A, e.g. less than 15|A|. We further require
that g% (A)] < e |A]™™, 0 > 1.

Py denotes the projection on vy, i.e. Pof = (¢, f)io.

P, denotes the spectral projection on prﬂ{wo}L, the pure point spec-
tral part of Hy orthogonal to 1g. That is, P, projects onto the subspace
of H spanned by all eigenstates other than y.

In our treatment, a central role is played by the subset of the spectrum
of the operator Hy, T#, on which a sufficiently rapid local decay estimate
holds. For a decay estimate to hold for e~*0!  one must certainly project
out the bound states of Hy, but there may be other obstructions to rapid
decay. In scattering theory these are called threshold energies [CyFKS].
Examples of thresholds are: (i) points of stationary phase of a constant
coefficient principle symbol for two-body Hamiltonians; and (ii) for N-body
Hamiltonians, zero and the eigenvalues of subsystems. We will not give a
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precise definition of thresholds. For us it is sufficient to say that away from
thresholds the favourable local decay estimates for Hy hold.

Let A, be union of intervals, disjoint from A, containing all thresholds
of Hpy, and a neighborhood of infinity. We then let

Py = Py +ga.
where ga, = ga,(Ho) is a smoothed characteristic function of the set A,.
We also define

(@) =1+ [z,
Q=1-Q and
PFr=I1-Py—P. (2.1)

Thus, P¥ is a smoothed out spectral projection of the set T# defined as
T# = o(Hy) — { eigenvalues, real neighborhoods
of thresholds and infinity}. (2.2)

—iHot to satisfy good local decay estimates on the range of ) iia ;

We expect e
see (H4) below.

Next we state our hypotheses on Hy.
(H1) Hjy is a self adjoint operator with dense domain D, in L?(R"™).
(H2) )\p is a simple embedded eigenvalue of Hy with (normalized) eigen-
function .
(H3) There is an open interval A containing Ay and no other eigenvalue
of Ho.
There exists o > 0 such that
(H4) Local decay estimate: Let r > 2 +¢ and € > 0. If (2)° f € L? then
[(@) e PEf|, < OO |[(2)7 £, (2.3)
(H5) By appropriate choice of a real number ¢, the L? operator norm of
(x)? (Hy + ¢) "1 {x)~° can be made sufficiently small.

REMARKS. (i) We have assumed that Ao is a simple eigenvalue to simplify
the presentation. Our methods can be easily adapted to the case of multiple
eigenvalues.

(ii) Note that A does not have to be small and that A, can be chosen
as necessary, depending on Hy.

(iii) In certain cases, the above local decay conditions can be proved
even when g is a threshold; see Example 5 of section 6.

(iv) Regarding the verification of the local decay hypothesis, one ap-
proach is to use techniques based on the Mourre estimate [JeMouPe], [SiSo].
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If A contains no threshold values then, quite generally, the bound (2.3)
holds with r arbitrary and positive. See Appendix D.

We shall require the following consequence of hypothesis (H4).

PROPOSITION 2.1. Let r > 24 ¢ and € > 0. Assume pu € T#. Then, for
t>0

[{x)=7e 0! (Hy — pu — i0) ' PF f[|, < C{&) " [{) £ »

For t < 0, estimate (2.4) holds with —i0 replaced by +i0.

The proof is given in Appendix A.

We now specify the conditions we require of the perturbation, W.
Conditions on W.

(W1) W is symmetric and H = Hy+W is self-adjoint on D and there exists
¢ € R (which can be used in (H5)), such that ¢ lies in the resolvent
sets of Hy and H.

(W2) For some o, which can be chosen to be the same as in (H4) and (H5),

IIWII = [[(2)* W ga(Ho)|| + [|{x) "W ga( Ho H
+ ()W (Hy + ¢) ! H <oo, (2.5)
and
()W (Ho + ¢) ™' {z)7 || < oo, (2.6)
(W3) Resonance condition — nonvanishing of the Fermi golden rule:
= 7 (Wepo, 6 (Ho — ©)(I — Po)Wehg) # 0 (2.7)

for & near )\0, and
I > 6ol[[W]|1? (2.8)
for some 6g > 0.
(W4) [|[W]]| < @ |A] for some 6 > 0, sufficiently small, depending on the
properties of Hy, in particular the local decay constants, but not on
Al
REMARK. Let FH0 denote the (generalized) Fourier transform with re-
spect to the continuous spectral part of Hy. The resonance condition (2.7),
can then be expressed as
T = n|FHo W) (Ao)|* > 0. (2.9)
We can now state the main result:

Theorem 2.1. Let Hy satisfy the conditions (H) and the perturbation W
satisfy the conditions (W). Then
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(a) H = Hp+ W has no eigenvalues in A.

(b) The spectrum of H in A is purely absolutely continuous; in particu-
lar local decay estimates hold for e~ "tga(H). Namely, for ¢o with
(x)7¢o € L?, as t — o0,

}|<$)_06_thgA(H)¢OH2 =0t (2.10)

(c) For ¢q in the range of ga(H) we have (for t > 0)

e Mo = (I + Aw) (e a(0)o + e ' 4(0)) + R(t).
(2.11)
Here, || Aw||gr2y < C||[W]|[, a(0) is a complex number and ¢4(0) is
a complex function in the range of Pf , which are determined by the
initial data; see (3.1)-(3.2).
The complex frequency, wy, is given by
wi =w—A =i+ O(|||W]|]*), where (
w = o+ (o, Wiko) (
A= (Wrpy, P.V. (Hy —w) 'Wrp) , and (2.14
' = 7(Webo, §(Ho — w)(I — Po)Wih) - (
We also have the estimates

[{)"R@)|[, < ClIWIII, t>0 (2.16)
[{@)="R)||, < ClIWIIF() ",
t> W20+ 5 >0, e =2(6) > 0. (2.17)

REMARK. Though phrased in the setting of the space L?(R"), our ap-
proach is quite general and our results hold with L?(R") replaced by a
Hilbert space, H. In this general setting, the weight function, (z), is to be
replaced by a “weighting operator”, A, in the hypotheses (H), (W) and in
the definition of the norm of W, |||[W]||. Additionally, P can be taken to
be a smoothed out spectral projection onto the subspace of H where the
local decay estimate (H4) holds.

Given an eigenstate 1y associated with an embedded eigenvalue, Ag,
of the unperturbed Hamiltonian, Hy, a quantity of physical interest is the
lifetime of the state 1 for the perturbed dynamics. To find the lifetime,
consider the quantum expectation value that the system is in the resonant
state, 1,

(%o, e *Mahy) . (2.18)
Note that
e~y = e Hlgn (H)aho + e " (ga(Ho) — ga(H))tbo -
(2.19)
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Theorem 2.1 and the techniques used in the proofs of Propositions 3.1 and
3.2 yield the following result concerning the lifetime of the state 1)y.

COROLLARY 2.1. Let
H, =H — Rew.I . (2.20)

Then, for any T > 0 there is a constant Cr > 0 such that for 0 < t <
T|wi||~>

| (o, e o) — e | < Orl|IWI], as [[[WI| — 0.
(2.21)

3 Decomposition and Isolation of Resonant Terms

We begin with the following decomposition of the solution of (1.1):

e Moo = o(t) = a(t)vo + (1) (3.1)
(10, B(t)) =0 —00<t<+400. (3.2)

Substitution into (1.1) yields
10y = Hop + W — (idra — Moa)iho + aW g . (3.3)

Recall now that I = Py + P; + P/, Taking the inner product of (3.3) with
g gives the amplitude equation,
idha = (Mo + (o, Weo))a+ (oW Pi9) + (o, Wéa) . (3.4)
where,
¢4=Flo. (3.5)
The following equation for ¢4 is obtained by applying P¥ to equation
(3.3):
i01¢a = Hoga + PFW (P1é + ¢q) + aPF Wy . (3.6)
Our goal is to derive a closed system for ¢4(t) and a(t). To achieve this,

we now propose to obtain an expression for P;¢, to be used in equations
(3.4) and (3.6). Since ga(H)¢(-,t) = ¢(-,t), we find
(I —9a(H))¢ = (I - ga(H))[avo + Pro+ PFg =0 (3.7)
or
(I — ga(H)g1(Ho))Pid = —ga(H)[avko + ¢d] , (3.8)

where gr(A) is a smooth function, which is identically equal to one on the
support of P;(A), and which has support disjoint from A. Therefore,

P1¢ = —Bga(H) (aho + ¢a) , (3.9)
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where .

B = (I — gA(H)g[(H()))_ .
This computation is justified by the following result which is proved in
Appendix B.

PROPOSITION 3.1. The operator B = (I — ga(H)g;(Hy))™! is a bounded
operator on 'H

From (3.9) we get

o(t) = a(t)yo + ¢a + Pio
= ga(H)(a(t)vo + ¢a(t)), (3.10)
with
da(H) =1 — Bga(H) = Bga(H)(I — gr(Hy)) - (3.11)

Although g(H) is not really defined as a function of H, we indulge in this
mild abuse of notation to emphasize its dependence on H. In fact, we shall
prove that, in some sense, ga(H) ~ ga(H) ~ ga(Hy).

Substitution of the above expression (3.9) for P;¢ into (3.6) gives
i0ipa = Hoda + aPFWGa(H)o + PFW ga(H)¢a (3.12)

and
i0pa = [Xo + (Yo, Waga(H)bo)|a + (o, Wga(H)da)
=wa + (w1 — w)a+ (Yo, Wga(H)¢q) , (3.13)
where
w = Ao+ (Yo, Wiy), (3.14)
w1 = Ao + (Yo, Wga(H)io) - (3.15)

The decay of a(t) and ¢4 is driven by a resonance. From equation (3.13),
the second term on the right-hand side of (3.12) oscillates approximately
like e=*0!. Since )¢ lies in the continuous spectrum of Hy, this term res-
onates with the continuous spectrum of Hy. To make explicit the effect of
this resonance, we first write (3.12) as an equivalent integral equation.

t
balt) = e~ Hot g (0) — i / e~ HO(=5) () PRIV G (H )y
0
t
—i / eTHO(=3) pHEW G A (H ) pads
0

= d)O(t) + d’res (t) + ¢1 (t) : (316)
Our next goal is to obtain the leading order behavior of ¢.s(t). For
€ > 0 introduce the following regularization:

t
P (1) = —i / e~ Ho(t=9) () PHFW ga (H )tods . (3.17)
0
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Then, ¢¢.,(t) — ¢dres(t). To extract the dominant oscillatory part of a(t),
we let

A(t) = e™ta(t). (3.18)
We now expand ¢, (t) using integration by parts,

t
) = i [ eI ) P g (H) o
0
t . . . .
_ —i/ e—zHotez(Hg—ze—w)s [ezwsa(s)] Pc#WgA(H)des
0

= —je o / t e!(Ho=ie=)s A(s) PHW gia (H )tods
0
= —e M0t [(Hy — w — ie) e/ Ho=ie=)s A() PEW g (H o]~
t
4 ¢ Hot / (Hy—w—ie) ~telHomie=w)s g, A(s) PFW ga (H )ibods .
0 (3.19)
With a view toward taking ¢ | 0 we first note that by hypothesis (H),
since |||W]|| is assumed sufficiently small, we have that w € A. The limit is
therefore singular, and we’ll find a resonant, purely imaginary, contribution
coming from the boundary term at s = t. Furthermore, to study the last
term in (3.19) we will use the equation
WA = —ie™" (1o, Wia(H)da) + i(w — wi)A. (3.20)
Now, taking € — 0, we get in L?({z)~27 dx),
PROPOSITION 3.2. The following expansion for ¢res(t) holds:
Dres(t) = —a(t)(Ho — w —i0) " PFWga(H)vo
+a(0)e o (Hy — w —i0) "L PFW ga(H )bo

t
—i /0 e~ Ho=9) (Hy — w —i0) " PFW ga(H)bo - (1o, Wga(H)¢a(s))ds

t
+i(w — wi) / e HoU=9) (Hy — w — i0) ' PFW ga(H )ty - a(s)ds
0

= —a(t)(Hy — w —i0) "' PFWga(H)o + ¢2(t) + ¢3(t) + palt).
(3.21)
REMARK. To see that the terms in (3.21) are well defined we refer to the
proof of Proposition 2.1 in Appendix A. Localizing near and away from the
energy w
(H — w —i0)te Hol p# — (H — o — i0) " Le tHot pH g,

+ (H — w —i0) L tHotg
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=Tho+Sho-
In Appendix A it is proved that, for € > 0,
Tg,a StA,e : L2(<‘/L‘>20dl‘) = L2(<$>_2adl') s t>0.

Substitution of (3.16) and (3.21) into (3.13) yields the following equation

for a(t):
i0ya(t) = wia(t) + (o, Wga(H){do(t) + ¢1(t) + ¢2(t) + ¢3(t) + da(t)}) .
(3.22)

Here,
wy = Ao + (Yo, Wga(H )th)

— (Yo, Waa(H)(Ho — w — i0) ™ PFWga(H)vo) . (3.23)
In order see the resonant decay we must first consider the behavior of the
complex frequency w, for small |||W]||. The next proposition contains an

expression for w, which depends explicitly on the “data” of the resonance
problem, Hy and W, plus a controllable error.

PRropoSITION 3.3.
Wy = Ao + (1o, Wepo) — A — il + E(W), (3.24)
where
I =a (Wi, 8(Ho — w)(I — Po)Wih)
A= (Wepo,P.V. (Hy —w) "Wehy),
EW) < Gil[|[W][]?, (3.25)
where w is given by (2.13).

The term, I', in (3.25) is the Fermi golden rule appearing in resonance
hypothesis (W3) (I" # 0).

The proof of Proposition 3.3 is a lengthy computation which we present
in Appendix C.

We conclude this section with a summary of the coupled equations for
¢q(t) and a(t).

PRrRoOPOSITION 3.4.

iOa = wia+ (Yo, Wga(H){po + ¢1 + ¢d2 + ¢3 + ¢a}) , (3.26)
t
Ga(t) = e ol pq(0) — i / e~ 0= a(s) PFW ga (H )hods
0

t
—i / e~ Ho(t=9) PRV G A (H)da(s)ds , (3.27)
0



Vol. 8, 1998 TIME DEPENDENT RESONANCE THEORY 1099

where
Po(t) = e Hot P#,(0) (3.28)
P1(t) = —i / t e~ Ho(t=9) PRV G (H)pg(s)ds (3.29)
0
P2(t) = —a(0)e MU (Hy — w — i0) "L PFW ga (H)tho (3.30)
p3(t) = —i / il ) (Hy — w — i0) " P#FWga (H) o
0
- (0, Wga(H)¢a(s))ds (3.31)
¢a(t) = i(w—w1) /t e Ho=9) (Hy—w—i0) "' PFW ga (H )ty - a(s)ds
0 (3.32)

To prove the main theorem we estimate a(t) and ¢4(t) from (3.26)-
(3.32). Note that since Imw, ~ —ImTI" is negative, it is evident that this
resonant contribution has the effect of driving a(t) to zero.

REMARK. Although we have the general result of Theorem 2.1, in a given
example it may prove beneficial to analyze the system (3.26)-(3.32) directly
in order to exploit special structure.

REMARK. Using the above expansion and definitions, we have
o(t) = e ™a(0)yg + e NI — Py)gado
+ [9a(H) — ga(Ho)] [ a(0)¢o + e " PF¢o] + R(t), (3.33)

where

- [ZR o + res(t) + n(8)] (3.34)

See (4.10) and (4.8) for the definition of R;. The expansion in part (c)
of Theorem 2.1 is obtained by estimates of the terms in (3.33) and (3.34).
These estimates are carried out in sections 4 and 5.

In the next two sections we estimate the solution over various time
scales.

4 Local Decay of Solutions

In this section we begin our analysis of the large time behavior of solutions.
To prove local decay, we introduce the norms
[a](T) = iupT<s>a|a(s)\ and [pq]p(T) = sup H “Ta(s ‘

<s<
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for which we seek to obtain upper bounds that are uniform in T € R.
Because of terms like ¢;(t), j = 2,3,4 (see Proposition 3.4) and the singular
local decay estimate of Proposition 2.1, it is natural study these norms with
a = r — 1. In this section, it turns out that we require the restriction on «,
1 < a < 3/2. Thus, throughout this section we shall assume the constraints

a=r—1, 1<a<3/2.
In section 5 we relax the upper bound on «.

REMARK. In the estimates immediately below and in subsequent sections
we shall require bounds on the following quantities like || ()W ga (H)(z)?||
with a,b € {0,0}. That all these can be controlled in terms of the norm
[||W]]] is ensured by the following proposition, which is proved in Appen-
dix B.

PROPOSITION 4.1. For a,b € {0,0},
[[(@)* W ga(H)(@)"|| < Capl[[W]]] - (4.1)
We begin by estimating the local decay norm of ¢g4.

Local decay estimates for ¢4(t). From equation (3.27)
{2y~ pa()]], < [[{2) =7 pa(0) |,

t
+ / |a(s)}||<x>—Ue—th)(f—s)wagA(HmoHst
0
t
+ / ()0 e~ H0=9) PEW g (H)a(5) | s
gC’(t)""H(a:)"gbd(O)HQ—l—C’H(x)"W@A(HWOHQ/O (t —s)7"|a(s)|ds

¢
@ Waan@e| [ =577 6uts)pds. (@2
This implies, for 0 <t < T, ’
[(@) "7 @a(®)||, < C&) || (x)70a(0)],
+ () (I{2)Wga (H)vholl2[a)(T) + |[{2) "W ga(H)(z)?|[¢a] L (T))
< C1{t) T [[{x) 7 9a(0) ||, + CollWII[{) = ([al(T) + [¢alLn(T)) - (4.3)
It follows that

[¢alLD(T) < C1|[{x)7¢a(0)]], + ColllWII|([a)(T) + [¢a]Lp(T)) )
and therefore |

(1= CollW1[])[¢alLn(T) < Ci|[(2)7da(0)]|, + Col[[W||[a(T) - )
5
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An additional simple consequence of (4.2) and the orthogonality of the
decomposition (3.10), is

@)~ 7da(t)], < )" [[{@)7@a(0)]|, + ClIWIIlIgollz- (4.6)

Estimation of a(t). We estimate a(t) using equation (3.26). This
equation has the form

4
i0a :w*a+ZFj, (4.7)
§=0
where
Fj(t) = (Yo, Waa(H)o;) - (4.8)
Therefore,
4
a(t) = e “"a(0) + > Rj(t), (4.9)
§=0
where
t
Ry(t) = —i / e+ (5 . () s (4.10)
0

We next estimate each R;. In the course of carrying out the analysis
we shall frequently apply the following:
LEMMA 4.1. Let I'ya and 8 denote real numbers such that I" > 0 and
(B > 1. Define

I 5(t) = (£)® / t e Tt=9) () Pds . (4.11)
0
Then,
(i) Lo(t) < C((H% 2 + (£)°r 7).
(4.12)
(ii) If a < B3, we have
sup I, 5(t) < C(T™*4+T71h). (4.13)
t>0

To prove this lemma, note that

st =t7( [ //2){ s
2

t t
et | ® s + oy [ ereas.
0 t/2
Part (i) follows by explicitly carrying out the integrals, using that g > 1,
and part (ii) follows by noting that the supremum over ¢ > 0 of the expres-
sion obtained in (i).

IA
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Estimation of Ry(t).

t
Ro(t) = —i / e~ (=9) (4o, Wga (H e "Hos PF $4(0)) ds
0 (4.14)

Estimation of the integrand gives

| (b0, Wga(H)e %¢4(0))] = |((2)ga (H) Wb, (x) " Te~"%¢4(0))|
< [[(@)7ga (H)W o, || (z) 7 *ZHOS%(O My
< Cl(@)7ga(H W%H [(2)7¢a(0) || (s)™"
< C||WI[[[{x)? ¢a(0) ||, () r' (4.15)
Use of (4.15) in (4.14) yields
[Rafo) < CUW )30, [ ¢ 5) 7.

(4.16)
Multiplication of (4.16) by (¢)¢, use of Lemma 4.1 and the lower bound
for T', (2.8), yields the bound

0% Ro(®)] < CIWIII-2] @64, t20.  (417)
It also follows from (4.16), since r > 1, that
|Ro(t)| < Cl[IWI]||[{z)76a(0)]], - (4.18)

Estimation of R;(t). We must bound the expression

t S
Ri(t)=— / e ws(t=5) (zpo, Wia(H) / eiHo(SﬂPj*WQA(H)qsd(T)dT) ds.
0 0 (4.19)
This can be rewritten as

Ri(t) = /0 t e_i“’*(t_s)ds<(I>”§A(H)W¢O,
/ S<x>Ue“"o(sT>Pg¢W§A(H)¢d(7)dT) . (4.20)

0
which satisfies the bound

[Ra(0)] < g (W], [ e

' /0 (@)=~ =) PEW g (H)ga(r)||dr . (4.21)

Use of the assumed local decay estimate (H4) gives that R;(¢) is bounded
by

a1 ga(EW bl oW (1)) [ e
/ (s — )| (@) galr)||, dr, (422)

0
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and therefore

Ra()] < WP [ e [ @),

Using Lemma 4.1, we have

O R(0)] < C(L+ IWIIE2) [0l o (D). (120
Furthermore, use of (4.6) in (4.22) gives
|R1(®)] < CHIWIII[[{) ol t=0. (4.25)

Estimation of Ry(t).

t
Ry(t) = ia(0) / e~ w(t=s)
0

- (Y0, Wga(H)e 0% (Hy — w — i0) "' PFW ga (H)vo)ds . (4.26)
Therefore, by Proposition 2.1,

t
[Ra(6) < Cla@[IWIIP [ T as. (a2)
0
A first simple consequence, since r > 2, is that
| Ra(1)] < Cla(0)[[[[W1]|%. (4.28)

Next, multiplication of (4.27) by (£)®, taking supremum over the interval
0 <t <T and applying Lemma 4.1 yields the bound

(0| Ro(t)] < C1a0)] (1 + [IIW]2-2) (429)
Estimation of R3(t). We begin by recalling

t .
R3(t) = —i / e~ W (t=9) [y (5)ds . (4.30)
0
Therefore,
t
|R3(t)] < C/ e_r(t_s)‘Fg(s)‘ds. (4.31)
0
F5(t) = (v, Wga(H)¢s(t)) is given explicitly by the expression
—i / Car (0, Wga(H)e o= (Hy — w —i0) "L PFW ga (H)1o)
0
x (o, Wga(H)a(T))
=i / dr ((x)7 ga(H)Wrbo, (x) =7~ (Fy — w —i0) "1 P# (2)~°
0

() "W ga(H)o) x ((x)7ga(H)Wrbo, (x) 7 ¢a(7)) (4.32)
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Estimation of F3(t) yields the bound
|F3(1)] < Cw / [ ()~ Ho=T) (Hy — w — i0) " P#(x) 7|
0

Az "7 ¢a(r)|, dr,  (4.33)

where

Cw = ||(@)7 ga(H)Wko |, - | @)W ga(H)o|, < ClIIWI*.
(4.34)

By Proposition 2.1 and (4.33)-(4.34),
B < CUWIE [ s =77 o) ut)
0 (4.35)
If we bound ||(x)"%¢4(7)||2 simply by ||¢o||2 we obtain, from (4.35) and
(4.31),
[Rs ()] < CHIWI| llgollz- (4.36)

On the other hand, bounding |[{(x) =7 ¢a(7)||2 by [¢alLp(T) (7)™ (0 = 1r—1)
in (4.35) we obtain

|Fs(s)] < ClIWIIP(s)™[¢a)n(T) - (4.37)
Finally, using (4.37) in (4.31) and applying Lemma 4.1 we have
(&) |Rs(0)] < C(IWIII+ WP~ [éal Lo(T) (4.38)

Estimation of Ry4(t).

¢
Ry(t) = —i / e =) (o, Wga(H)a(s))ds
0 .
= (w —wl)/ e~ iwn(t—s) <§A(H)W¢O,
0

/ ame“%@T>wagA<H>wo)dr
0

By Proposition 2.1,
t s
Ra(8)] < | — wr] W] /0 e T=9) g /0 (s — 7y~ a(r)|dr

< !w—W1!!\!W!\!2/O e 79 (s) " ds]a](t).

We now estimate the |w — wi|. By (3.14)-(3.15),

w1 —w = (Yo, Wga(H)bo) — (o, Wiho) = 3. (4.39)
An explicit expression, (9.6), is obtained for § in Appendix C,
B = —(Weo, Bga(H)(H — Xo) ™ W) - (4.40)
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From Theorem 11.1 of Appendix E and an argument along the lines of the
proof of (4.1) we have |3| < C|||W]|||>. Therefore, using Lemma 4.1, we
find

(&) |Ra(t)] < Cl[WI[*"**[a)(T) . (4.41)
If o < 3/2, then

() [Ra(t)| < CllIW|[a)(T) . (4.42)
Closing the estimates and completion of the proof. We can now
combine the upper bounds (4.17), (4.24), (4.29), (4.38) and (4.41) for the
R;(t),0 < j < 4 to obtain, via (4.9), the following upper bound for a(t)

provided |||W][] < 1/2:

[al(T) < e1|a(@)] W17 + eal W2 () o

+e3(L+ [[[WP72) [ba] L (T).
Substitution of this bound into (4.4) gives the following bound for ¢g4:
[balp(T) < Co(1+ [[[WIP72%) [{2)7 ¢a(0) ||, + 1 [|WII'~>*|a(0)]
+ Cs([[[WII[ + NIWIIP2%) [l Lp(T) . (4.44)
Use of (4.44) as a bound for the last term in (4.43) yields a bound for
[a)(T),
[al(T) < e1|a(@)] W72 + el [[W[['72*[|(2)7 ¢a(0)], -
(4.45)
Finally, for |||[W]]| sufficiently small and o < 3/2 we have

0dlzp(T) < C(1+ [[W]IP72) [ @) 6a(0)], + CIIWII>]a(0)].
(4.46)
Taking 7' — oo we conclude the decay of ¢(t), with initial data ¢ in the
range of Pa(H), with rate ()7, 0 < a < 3/2. It follows [RSim]| that the
interval A consists of absolutely continuous spectrum of H, as asserted in
parts (a) and (b) of Theorem 2.1.

5 Local Decay of Solutions for Large r

In the preceding subsection we proved the decay of solutions, ¢(t,z), in
the local decay sense, with a slow rate of decay (t)~* with 1 < o < 3/2;
o =1 — 1. A consequence of this result is that, in the interval A, the spec-
trum of H is absolutely continuous. Now if A contains no thresholds of H,
we expect decay as t — oo at a rate which is faster than any polynomial.
(For example, this is what one has for constant coefficient dispersive equa-
tions for energy intervals containing no points of stationary phase.) In this
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section we show that this result holds in the sense of (2.17) in Theorem 2.1.
This requires some adaptation of the methods of section 4. We shall indi-
cate here only the required modifications to the argument of the previous
section.
(1) The origin of the restriction o < 3/2 can be traced to our application
of part (ii) of Lemma 4.1. In particular, in obtaining (4.13) we use that
sup(t)%e Tt = O(I'™9). (5.1)
>0
It follows that certain coefficients are found to be large for |||WW]|| small,
an obstruction to closing the system of estimates for [a] and [¢4]rp, unless
a < 3/2. This is remedied by taking the supremum in (5.1) over ¢ in the
interval [['~17% T, where 6 > 0.
LEMMA 5.1. Let M = T=17=% ~ |||[W]||72049); see (W3). There exists
0. > 0 such that 1f|||W|H <0, and t > M, then
(a) )= 1ft —T(t—s) TdS<CT§N|HW|H2‘S
(b) rlft 7Fts adS<CF1
(2) Assume r>2 (a > 1). The analysis of section 4 yields a coupled
system of integral inequalities for the functions a(t) and

t) = [[{x) " da(t)]], - (5.2)
The precise form of these inequalities can be seen as follows. Let
t
LI} (1) = / (t— )" L(s)ds. (5.3)
0

Then, by (4.2), (4.9) and the estimates for R;(t), j = 0,1,2,3,4, the in-
equalities for L(t) and a(t) take the form

L(t) < Co(t)™" + Cul|W[| I {lal}(t) + Col W[ {L}()

la(t)] < Aoe™" + Ad||[|WIIZ-{e™ 3 (1) + Aol [[WI[[PLr-1{e™" "} (2)

t
AW / e T (L) (s)ds
0
t
- AP / =91, (L}(s)ds
0
t
yWIE / e TE-91,_ {Jal}(s)ds (5.4)
0

where the C; and A; denote positive constants.

(3) The procedure is first to consider the functions L(t) and a(t) on
a large but finite time interval, 0 < t < I'"1=% = M, where § is positive
and suitably chosen. An explicit bound for L(¢) and a(t) can be found by
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iteration of the inequalities (5.4). For this, we use the following estimate
of I.{e~ "%}, which is proved using integration by parts,
r—2
Ir{efl“s} < Coefrt + ch Fk71<t>77“+k71 + cr_lrr727p<t>fl 7
k=1 (5.5)
where p > 0 is arbitrary.
(4) To show decay for arbitrary, in particular, large o = r — 1, and the
estimates of R(t) of Theorem 2.1, we introduce the norms

WM = sup (B%]a(t) (5.6)
M<t<T
and
[palrp(T) = sup (6)*|(x) "7 ¢a(t)]|- (5.7)
M<t<T

We now reexpress the system (5.4) for L(t) and a(t) by breaking the time
integrals in (5.4) into a part over the interval [0, M] and a part over the
interval [M,t]. Using the estimate of part (3) above, the integrals over
[0, M] are estimated to be of order |||W]||5(t)~"*! for some ¢ = ().

In this way, the resulting system for L(¢) and a(t) is now reduced to one
which can be studied using Lemma 5.1 and the approach of section 4. Using
this approach estimates for the norms (5.6) and (5.7), and consequently of
R(t) can be obtained.

6 Examples and Applications

In this section we sketch examples and applications of Theorem 2.1. Most
of these examples have been previously studied, under more stringent hy-
potheses on Hy and W, e.g. some type of analyticity: dilation analyticity
for the Helium atom, translation analyticity for the Stark Hamiltonian; see
[CyFKS] and references cited therein. Theorem 2.1 enables us to relax this
requirement and gives the detailed time-behavior of solutions near the res-
onant energy at all time-scales. Example 5 concerns the instability of an
eigenvalue embedded at a threshold, a result which we believe is new and
not tractable by techniques of dilation analyticity.

We begin with the remark that in the examples below, one can often
replace the operator, —A by H; = w(p), where p = —iV. The necessary
hypothesis on local decay, (H4), is reduced to its verification for Hy + V.
By the general discussion of local decay estimates of Appendix D (see also
[Si3]), we have
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Theorem 6.1. The operator H = Hy +V satisfies the required local decay
estimates of (H4) under the following hypotheses:

Hypotheses on w(p):

(i) w(p) is real valued and w(p) — oo as |p| — oo.
(ii) w(p) is C™ function, m > 4.
(ili) Vpw = 0 on at most finitely many points, in any compact domain.

Hypotheses on V (x): V(x) is real valued and such that
(V1) V(z), 2-VV, (- V)2V, (x- V)3V are all g(H;) bounded for g € C§°.
(V2) |V(z)| =0({x)~ ), e >0, |z| — 0.

(V3) xRV, xr(x- V)"V, m=1,2,3 are g(Hy)-compact, for xR=X[p,oc)(|Z)
with some R > 0.

The proof of this result follows from the procedure outlined in Appen-
dix D where we use the hypotheses on w(p) and V' and the choice for the
operator A is

A= 5@ Vyw+ Vpw o).
REMARK. Due to lack of assumptions on analyticity of w(p) or V(z) one
cannot simply apply the technique of analytic deformation used in other
approaches.

ExXAMPLE 1: Dispersive Hamiltonian. With the above assumptions on
w(p) and V(x), Theorem 2.1 applies directly to the operator Hy = w(p) +
V(x).

EXAMPLE 2: Direct Sum. Let

=70 a b))

acting on C? ® L?(R™), where ¢(z) is a well behaved potential having some
positive discrete eigenvalues. An example of this type is considered in [W].

Consider, for example, the case where ¢(z) = P(x), is a polynomial
which is bounded below. In this case, the spectrum of —A,+P(z) is discrete
and consists of an infinite set of eigenvalues A\; < Ao --- with corresponding
eigenfunctions 11,9, .... The spectrum of H is then

{eigenvalues of — A, + P(z)} U [0, 00)

and therefore Hy has nonnegative eigenvalues embedded in its continuous
spectrum.

Let

with W satisfying conditions (W).
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Theorem 6.2. For Hy and W as above, if for some strictly positive simple
eigenvalue X > 0 the resonance condition (Fermi golden rule) (2.7) holds,
then in an interval A around )\, the spectrum of H is absolutely continuous
and the other conclusions of Theorem 2.1 hold. Furthermore, if n > 4,
Theorem 2.1 holds even when A = 0 is an eigenvalue.

Proof. In this case local decay must be proved for —A,, with r > 2. This
is well known. What is more, if the spatial dimension is larger than four,
n >4, then A =0 is also allowed, since in this case we use

o)1l < )l
< 2l
Hence, for ¢ € D((z)"/ 2)+e) and n > 4 we have the necessary decay,
o5ty < 0
with r =n/2 > 2.

ExAaMPLE 3: Tensor Products. Let H = 1 ® hy+ ho ® 1 act on
L*(R2)) @ L*(R2,), where

hi =—Az, and he=—A,, +q(z2). (6.1)
Then,
U(H(]) = {)\ A=A+ A9 , Al € U(—Axl) and \g € U(—Amz + q(l’g))} .
(6.2)

Let W (z1, 22) act on L?® L2, satisfying (W), with ()2 = 14|z |2 +|z2|2.
Then we have

Theorem 6.3. The embedded eigenvalues of Hy are unstable and Theo-
rem 2.1 holds.

EXAMPLE 4: Helium Type Hamiltonians [RSim].  Consider Hj as in
Example 3 with
h1 = _Aml — ‘.%‘1‘_1, h2 = —Am — |.’L’2‘_1 . (6.3)

Also, let W be of the form
W(z1,22) = W(z1 — x2) .
In this case the weight (x)? = 14 |z1|*+ |z2|*>. We now discuss the hypoth-
esis (W).
Hj has infinitely many negative eigenvalues embedded in the continuous
spectrum [CyFKS]. If A is a subinterval of the negative real line containing
exactly one negative eigenvalue, F, then ga is a sum of terms of the form

ga-p(h) @P and P ®@gx_p(h). (6.4)
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Here, g4_p(hj) is a spectral projection onto the continuous spectral part
associated with an interval A — E, the translate of A by —F, and P denotes
a (negative) bound state projection. Thus, ga localizes either the x; or the
x5 variable, and so while (z)2°W is not bounded we do have that
(x)*Wga(Ho)

is bounded provided, for example, W is short range.

In the case, where W is long range, i.e.

W(l’l - 1’2) = O(<3§'1 — $2>_1) (6.5)

we first prove a minimal velocity bound and then use it to get local decay.

Going back to (3.27) we estimate

|5 < n)oatr) (6.6)
using the known propagation and minimal velocity estimates for Hy [SiSo].

The problematic term, which is the last term on the right-hand side of
(3.27) is then bounded by

c1 /:(t - s>_1_5‘|<:p)%+5W§A(H)H2 HF(% < n)qbd(s)H2ds

t
—1—02/ (t—s)~1e
0

_1
|@ i waaF (K =) | < clwiiis 5, (67)
we can close the inequalities and obtain

0 ||P (B < n)out)] < coten sup [(5)2a(s)] -
0<s<t (6.8)
The above estimate, together with the estimates for a(t) lead to local
decay with a rate (t)~(1/2+9_ This rate is not sufficient to preclude singular
continuous spectrum. However, the Mourre estimate holds in this interval
for Hy + W which implies local decay and absence of singular continuous
spectrum; see Theorem 10.1 and Theorem 10.2 in Appendix D.

EXAMPLE 5: Threshold Eigenvalues. Let Hy = —A + V(x) in L*(R"),
n > 4. Assume V(zx) is smooth and rapidly decaying for simplicity. Then,
under certain conditions on the spectrum of Hy, and the behavior of its
resolvent at zero energy, one can prove local decay and L*° decay with a
rate r > 2; see [JeK], [JoSoSog].

In such cases, it follows by Theorem 2.1 that a threshold eigenvalue at
A = 0, if it exists, is unstable with respect to small and generic perturba-
tions, W.

(@) Wga(H)F (4 = )| oa(s)]|,ds

Since
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EXAMPLE 6: Stark Effect - an atom in a uniform electric field. The Stark
Hamiltonian is given by

H=-A+V(z)+E- x (6.9)

acting on L2(R™). If V(z) is real valued and not too singular, then for E # 0
the continuous spectrum of H is (—o0,00). To see this apply Theorem 9.1
with A = E - p, p = —tV. Thus, if H has an eigenvalue, it is necessarily
embedded in the continuous spectrum.

Our results can be used to show that any embedded eigenvalue is gener-
ically unstable (i.e. provided the Fermi golden rule resonance condition
(W3) holds) and perturbs to a resonance.

To see this, one can proceed by a decoupling argument; see [CHi]. This
reduces the problem to a direct sum of Hamiltonians, as in Example 2, with
Hamiltonians of the form

Hy=-A+E-z+V(z,—iV),
Hy = —A+Vy(z),
W =W(x,—iV).
The strategy is then to use the techniques of Appendix B to verify hy-

potheses (W) and the techniques of Appendix D to prove the necessary
local decay estimates in (H) for the the operator Hy = diag(H1, H2).

ExXAMPLE 7: The Radiation Problem. The radiation problem is the
fundamental problem which motivated work on quantum resonances. See
the work of Weisskopf and Wigner [WeiWi], following Dirac [Di] and Landau
[L]. We present here a very brief description of the problem and the relation
to our methods. For a more detailed discussion of the formulation see

[BFroSi.

The free Hamiltonian, Hp, is the direct sum operator acting on
Ha © Hphoton- Here, H, is the Hilbert space associated with an atom
or molecule. Hppoton is the Fock space of free photons. Hy is then the
Hamiltonian of a decoupled particle and free photon system

Ho=H,®I+1® Hphoton - (6.10)

The next step is to introduce the interaction term W that couples the
photon-radiation field to the atom. In quantum electrodynamics, this cou-
pling is given by the standard minimal coupling, but in general it is suf-
ficient to consider a simple approximation e.g. the dipole approximation
[AIE]. The goal is to show that all eigenvalues of the original atom, except
the ground state, are destabilized by the coupling and become resonances.
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This is the phenomenon of spontaneous emission. One is also interested in
the computation of the lifetime and the transition probabilities.

A simplified Hamiltonian which incorporates the essential mathematical
features of the radiation problem is

H=H,®1+I® Hppoton + AW, (6.11)

where H, = —A + V(x) acting on L?(R") describes the atom, and the
coupling is given by

T2 ik (D) o—ik-T 7
W = / (w(k)) / (9(k)e k ap +g(k)e k a%)dk. (6.12)

The Hamiltonian associated with the photon field is given by
Hporon — / w(Ratagdk (6.13)

the second quantization of multiplication in Fourier space by w(k) in L2(R™).
Hence, Hppoton acts on the Fock space of bosons,

F = Ope_y @y LX(R?) (6.14)
where ®y,,, denotes the m-fold symmetric tensor product of L?(R3). The
operator a;% is the creation operator on F and ag, its adjoint.

For realistic photons, we must have ¢ = 1 and w(k) ~ |k| for k near
zero. However, to make mathematical sense of the above Hamiltonian we
need to introduce the ultraviolet cutoff;

g=0 for |k|>1. (6.15)

When the coupling constant A is zero, and so H = H), it is fairly easy to ver-
ify our conditions (H) for Hy, even in the massless photon case, w(k) = ||
[BFroSi],[BFSS]. The conditions (W) however fail when w(k) = |k| since
in this case the interaction AW is not localized. On the other hand, in the

massive case (w(E) =/m? + |E 12, m # O), the interaction is localized for

-,

quite general g(k); see [Ge]. In this case, our conditions (W) can be verified
and therefore the results of Theorem 2.1 can be applied.

7 Appendix A: Proof of Local Decay Proposition 2.1

Our aim is to prove local decay estimates for e *H0f(Hy — A — iO)_ch#
using the given local decay estimates for e_iHotPc# , where A € T#. The
proof is split into two parts: analysis near A and analysis away from A.
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Let A be a small interval about A and ga denote a smoothed out char-
acteristic function of A and g =1 — ga. We write

e ol (Hy — A —i0) "L P# = e7tHot (Hy — A —i0) " P# (ga 4+ GA)
=Th + 5%
We first estimate the operator T4. Let £ > 0 and set
TA. = e~ Ho=A=i)t (g — A —ie) " PFgn .
Then, by (H4),

o0
T£78 _ Z/ —i(Ho—A— lE)sP#gA ds .
t
Let (z)7h € L?. Then,

H<$>—O'T£78h”2 S/t H<x>—o—e—z‘(Ho—A_is)sPC#gAhH2d8

< /OO 6_55"<x>_06_iH°SPngh“2ds
t

< [T et wihlds
t

< o<t>1—fn<m>ahu2.
Therefore, taking € | 0, we get
1) TAR]l, < €6 [[@)7 A, -
To estimate S, we exploit that the energy is localized away from A,
and so the resolvent (Hy — A)~! is bounded,

() S {) ™ = (a) 70! (Hy — A — i0)~ PAgA(r) ™
= () "o HOPR ()70 - (1) (Ho — A — i0) Ygale) .

(7.1)
For the operator norm we then have the bound
1)~ Sade) 7| < [[(2) 7 e O P ()|
[{z)7 (Ho — A —i0) 'gale) 7| . (7.2)

We bound the first factor in (7.2) using the assumed local decay estimate
(H4). The second factor is controlled as follows. Note that

()7 (Ho — A —i0)"'ga(2) ™ = ()7 (Ho + ¢)"'galz) ™7
+ (A4 e){(x) (Hy + ¢) Hz) ™7 - (2)7 (Hy — A —i0) " 'galz) 7. (7.3)
Taking operator norms and using hypothesis (H5) and Theorem 11.2 of
Appendix E we obtain the following bound on the second factor in (7.2)

(1= A+ clll{z)7 (Ho + )" Ha) = |I) || (x)° (Ho — A — i0) ' gafz) 7| <
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1@)7 (Ho+e) ™ ga ) 7[| < (1+[1{2) 7 ga )7 ) [(2)7 (Ho+e) ™ (z) 7.
This completes the proof.

8 Appendix B: Operator Norm Estimates Involving ga (H)

In this section we prove Propositions 3.1 and 4.1. These propositions require
some operator calculus.

Let h()\) denote the Fourier transform of the function g, with the nor-
malization,

i) = (20)7 [ ().

Proof of Proposition 3.1. Recall that Ay denotes an embedded eigenvalue of
the unperturbed operator, Hy, ga is a smoothed out characteristic function
of the interval A, and [ is an open set which contains the support of P;
and is disjoint from A.

We need to show that

B = (I—ga(H)gr(Ho)) (8.1)
is bounded and we do this by showing that ||ga (H )gr(Ho)|| has small norm.
We use techniques of [SiSo].

Let A be an interval which contains and is slightly larger than A. Then

ga(H)gr(Ho) = ga(H)(I — gx(Ho))gr(Ho)
= ga(H)ga: (Ho)gr(Ho)
= ga(H) (9 (Ho) — gar(H))gr(Ho) , (8.2)
where A and A’ are disjoint.

We now obtain, an expression for the above difference, which is easily
estimated. Using the Fourier transform we have that

g (Ho) — gar(H) = / (emH0 — G )5 (1) (3.3)

-1

Furthermore,
ez,uHo _ ezuH — (I . ezuHe—z,uHo)ezuHo

o
_ d st —isHg iuHo
= / 75€ dse
K )
— / isH . (H H, ) stOdS ez,uHo
0

= —i /M esHyye—isto g ginto (8.4)
0
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Substitution of (8.4) into (8.3) yields

. woo 4
gA’(HO) — QA’(H) = _i/gA’(,Uf)ede/L/ e—ZsHWestOdS )
0 (8.5)
We now apply the operator ga(H) to the expression in (8.5) and estimate

“w
Joa () on(Ho) = gx ()| < [ o] [ o (W s d

< / (G ()| [l g (YW |

< CIA[T lga(H)W || < CIAITH[IWII] .- (8.6)
Therefore,
lga(H)gr(Ho)|| < CIAITHIIWII].
and (I — ga(H)gr(Hp))™! is bounded provided |A|7Y||W]|| < @ is suffi-
ciently small; see (W4).
Proof of Proposition 4.1. We estimate the norm of the operator
G = (2)"Wga(H)(z)" (8.7)
in terms of |||W]||, defined in (W2).
Recall that by (3.11)

ga(H) = ga(H) (I — ga(H)gr(Ho)) g7 (Ho) (88)
Using (8.8) we express G as the product of operators
()" Wga(H)(z)” =G1-G2-G3

= (2)"Wga(H)(z)" - (x) "7 [T = ga(H)gr(Ho)] " (2)7 - (x) =G (Ho){x)” .
(8.9)
Therefore it suffices to obtain upper bounds for [|G;||, j = 1,2,3. We
shall use some general operator calculus estimates of Appendix E, especially
Theorem 11.1.

Bound on G3: This follows from Theorem 11.1 of Appendix E, with
A = Hy and ¢ = g, a function which is smooth and rapidly decaying at
infinity.

Bound on Gs2: By our hypotheses and the proof of Proposition 3.1,
llga(H)gr(Ho)|| is small and
-1 > n
(I —ga(H)gr(Ho)) = Z (9a(H)gr(Ho)) (8.10)
n=0
converges in the norm. We need to show this in the weighted norms. For
this, we will show that the norm of ga(H)gr(Hp) is small in the weighted
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(2)? ga(H)gr(Ho){z)~" = O(||IW]l]) - (8.11)
Since the supports of ga and g; are disjoint
(x)7 ga(H)g1(Ho)(x)™" = ()7 (9a(H) — ga(Ho)) g1 (Ho){z) ="
= ()7 (9a(H) — ga(Ho)) ()" - ()" g1 (Ho)(x)~°
By parts (a) and (b), respectively, of Theorem 11.1 both

H 7gr(Hop)( UH < 0o and
()7 (9a(H) - gA(Ho))<w>*" = O([[[Wl]]) - (8.12)
Bound on G;: Expanding about the unperturbed operator, Hy, we

have
G1 = (z)"Wya(H)(z)?
= (2)"W(H +¢)" ()7 - (2) "7 (H + ¢)ga(Ho){z)" .
(8.13)

Taking norms, we get

G2 < [[(2)TW (H + )" Ha) || - [[{x) = (H + ¢)ga(Ho)(z)7||
(8.14)

Consider the first factor in (8.14). We show that it is of order [||WV]|| as
[|[W]|| — 0. Note that

(@)W (H +¢)"Ha) = (&)W (Ho + ¢)~ )7 — (z) W (Ho +¢) ' (z) ™7
()W (H + )" Hx) .
Taking norms we obtain
(1 — [[{=)"W (Ho + ¢)~ "||)H YW(H+c¢)” ’
< |z "W(H()Jrc )7 (8.15)
Therefore, if |||W]|| < 1/2 the first factor of (8.14) is bounded by 2||[W]]].
The second factor of (8.14) is bounded by Theorem 11.1.

Finally, we note that the above bounds on G; complete the proof of
Proposition 4.1.

9 Appendix C: Expansion of the Complex Frequency, w,

In this section we prove Proposition 3.3, in which an expansion of the
complex frequency, wy, is presented. In particular, our goal will be to obtain
an expansion of w, which is explicit to second order in the perturbation,
W, with an error term of order |||W]|[3.
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Recall that

We = Ao +wa —wp, (9.1)
where
wa = (Yo, Wiga(H)tp) =wi — Ao (see (3.15)), (9.2)
and
wp = (Webo, ga(H) Ry (w + i0) PFW ga(H)tho) - (9.3)

FEzxpansion of wa:
wa = (o, Wga(H )io)
= (Y0, Wbo) + (Wb, Blga(H) — ga(Ho)]to)
= (Yo, Wiho) + 8. (9.4)
In what follows, we shall frequently use the notation (H — \)~! and ﬁ
interchangeably.

PROPOSITION 9.1.

[9a(H) — ga(Ho) |1 = —ga(H — Xo) "Wk (9.5)
Proof. Noting that H — Hy = W, we have the expansion formula

9a(H) = ga(Ho) = [ GaO)(E - i
_ /gA()\)eiAH(l ¢ miMH A 1

A
= / ga(n)e™M / e HWesHods dx.
0

We next apply this expansion to ¥y, where Hyotyg = A\g1pp and obtain

(9a(H) — ga(Ho)) o =i / ga(\)eM /0 e SHW 200 ds dX

A
=i / Ga(\)eM / e SHFIS o0 ds dA

0

L e—IAH+IA0 _
=i [ ga(N)eM W dA
Z/QA( ;s WA

ei>\>\0
H— X

INH
T —
Wi

==/ 9a WipodA

AW + / aa(V)

H_)\OWwoJrgA(H)H_)\O
1

= (L= 9a(H) =y Wo. (92 (%) = 1)
= —ga(H)(H = o) "Wy .

= —ga(Xo)
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This completes the proof of the proposition.
Substitution of (9.5) into the above expression for g yields

B =—(Wipo, Bga(H)(H — Xo) ' W) . (9.6)
Let h(A) be a function which is equal to one on the support of ga and

is zero outside a small neighborhood of the support of ga. Therefore,
(Ho — Ao)~'h(Hp) is bounded. A computation yields

ProrosITION 9.2.
wa = (Yo, Wiho) + 8
= (Yo, Wepo) — (Wbo, ga (Ho)(Ho — Xo) ™" Wek) (9.7)
— (Wepo, ga(H)(H — o) (W(H) — )W)
— (W0, g (Ho) (Ho — Xo) ™ [h(H) — h(Ho)]W /o)
+ (Wb, [ga(H) — ga(Ho)JR(H)(H — Xo) ™ W)
+ (Webo, ga(Ho) (Ho — M) ™'W (H — Xo) ™ h(H )W)
— (W, Bga(H)g1(Ho)ga(H)(H — Xo) "' Weky) . (9.8)
Note also that the second term in (9.7) can be expressed as
(Wepo, ga(Ho)(Ho — Xo) ' W) = (WTZJD,QA (Ho)(Ho — w) ™' Wih)
— (Weo, %) - (Wtho, ga(Ho) (Ho — do) ™ (Ho — w) ™' Wk (9.9)

Expansion of wg. Let Ry()\) = (H — A\)~!. Recall that wp is given
by the expression

wp = (Wtho, a(H) Ry (w + i0) PFW ga(H)iho) ,
and ga(H) = Bga(H)(I — P;). We find after some computation
ProposITION 9.3.
wp = (Webo, ga(Ho) Ry (w + 10) PFW )
+ (Wb, [B = Iga(Ho) Ruy (w + i0) PFW Bga (H )tbo)
+ (Wb, [ga(H) — ga(Ho)] R (w + i0) PFW ga (H )o)
+ (Wb, 9a(Ho) Riy (w + i0) PFW Bga (H) — ga(Ho)]tho)

+ (Who, (B —1)[ga(H) — ga(Ho)|g;(Ho) Rz (w + z'O)PfWBgA(Hw(o) o
9.10

Here, we have used that Bty = vg. More generally, (B — I)ga(Hp) =
Bga(H)gr(Ho)ga(Ho) = 0, and therefore the second term in (9.10) is zero.
It follows from (9.4), (9.9) and (9.10) that

we = Ao twa —wp
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9
= o + (o, Wpo) — (A+iT) + > Ej, (9.11)
=1
where ]
A+l = (Wibo, ga(Ho) (Ho — w) " Weh)
+ (Webo, ga(Ho) (Ho — w — i0) ' PF W) . (9.12)
and
= (Wrho, ¥0) - (Wbo, ga(Ho — M) ™' (Ho — w) ™' Wih)
= (Wi, (H — Xo) " (h(H) — I)ga(H) W)
B3 = —(Wllfo,gA(Ho)(Ho — o) [h(H) — h(Ho)]W 1)
= (Wb, [ga(H) — ga(Ho)|h(H)(H — Xo) ™' Wiky)
= (W, ga( Ho (Ho — Ao)""W(H — o)™ h(H)Weby)
E6 = (Wb, Bga(H)gr(Ho)lga(Ho)
— ga(H)]gr(Ho) Rz (w +i0) P W Bga (H ))
E7 = (W, ga(Ho)Rp,(w + i0) PFW Blga(Ho) — ga(H)]to)
Es = (W4, [9a(Ho) — 9a(H)| R, (w + i0) P W Bga (H o)
Ey = (Wtbo, Blga(Ho) — ga(H))g1(Ho)ga(H)(H — Xo) ™' W)

We now claim that the terms Ej, j = 1,...,9, are all of order |||W]|]3.
Consider first £y = Ef - EY. Estimation of the first factor gives

[E| < ClIWIIL, (9-13)

by Proposition 4.1.
Estimation of the second factor gives

|EY| = |(W ga(Ho)vo, Ga (Ho)(Ho — Ao) ™" (Ho — W)AWQA(HO)%)\
< H<33>0W9A(H0)¢0H§H<$>_U§A(H0)(Ho —Xo) ' (Ho — ndl
< O||WII*[[{a) =g a(Ho) (Ho — Ao) ™ (Ho — w) () ”H S C|||W|||27
by Theorem 11.1. Therefore, |E1| < C|||W]||3.
The term FEj is zero; (h — 1)ga = 0 since h = 1 on the support of ga.
The term Ej5 can be treated by the same type of estimates as F1. The
remaining terms are Ej, j = 2,3,4,6,7,8,9. Each of these expressions has
two explicit occurrences of the perturbation, W, as well as a difference of
operators: ga(H) — ga(Hp) or h(H) — h(Hyp). By (8.12), these differences
are O(|||[W||[), so we expect each of these terms to be O(|||[W]|[?). We

carry this argument out for the term Ey. The other terms are similarly
estimated.



1120 A. SOFFER AND M.I. WEINSTEIN GAFA

Consider Fy. Let A be an interval properly containing A so restricted
to the interval A, gz =1 and ga = gagx. Then,

|Ex| = |((x) ga(H)Wbo, (x) 7 g5 (H) Ro(w + i0) P (x) =7
- (z)"W Blga(Ho) — ga(H)]tho)|
< (@) ga (H)Who, (x) =gz (Ho) Ro(w + i0) P ()~
- {x)7W Blga(Ho) — ga(H)]to)|
(@) ga (H)W o, (@)~ g5 (H) — g5 (Ho))(x)7 (@)~ Ro(w + i0) P ()7
- (x)7W Blga(Ho) — ga(H)Jto)| . (9.14)
Using Proposition 4.1, Theorem 11.1 and (8 12) we have that
e < CIIWIP| )" (Ho —w— i) P 7| (9.15)
That the term |[[(x)~7(Hy — w —i0)~ <:U> || is finite is a consequence of
Proposition 2.1 with ¢ = 0. Thus we have the following proposition from
which Proposition 3.4 follows.
PRropOSITION 9.4.
(1) A+l = (Wi, P.V.(Hy — w) ™ W)
+ im (Webo, 6(Ho — w) (I — Po)Weky)
2) |Bjl <collw]]’,  1<5<09,
(3)  ws =X+ (o, Wahg) — A — il + E(W), where |[E(W)| < C|||[W]|]*.
(9.16)

It remains to verify part (1). This follows from an application of the
well-known distributional identity

(xFi0)"t = li%1+(a: Fie) ' =P.V. 27! + ind(x) (9.17)
E—

to the second term in equation (9.12) and the identity ga (HO)PC# =I1-PF.

10 Appendix D: General Approach to Local Decay
Estimates

Hypothesis (H4) for our main theorem is one requiring that our unper-
turbed operator, Hy, satisfy a suitable local decay estimate, (2.3). In this
section we give an outline to a very general approach to obtaining such
estimates based on a technique originating in the work of Mourre [Moul];
see also [PeSiSim]. In the following general discussion we shall let H de-
note self-adjoint operator on a Hilbert space, H, keeping in mind that our
application is to the unperturbed operator Hy. Let E € o(H ), and assume
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that an operator A can be found such that A is self-adjoint and D(A) N'H
is dense in H. Let A denote an open interval with compact closure. We
shall use the notation

adi(H) = [---[H,A],A,--- A] (10.1)
for the n-fold commutator.
Assume the two conditions
(M1) The operators
ga(H)ady(H)ga(H), 1<n<N (10.2)
can all be extended to a bounded operator on H.
(M2) Mourre estimate:

ga(H)i[H, Alga(H) > 0ga(H)* + K (10.3)
for some 6 > 0 and compact operator, K.

Theorem 10.1 (Mourre; see [CyFKS, Theorem 4.9]). Assume conditions
(M1)-(M2), with N = 2. Then, in the interval A, H can only have abso-
lutely continuous spectrum with finitely many eigenvalues of finite multi-
plicity. Moreover, the operator

(A) " ga(H)(H - 2)"1(A4) 7! (10.4)
is uniformly bounded in z, as an operator on ‘H. If K = 0, then there are
no eigenvalues in the interval A.

Theorem 10.2 (Sigal-Soffer; see [SiSo],[GeSi], [HuSi]). Assume conditions
(M1)-(M2) with N > 2 and K = 0. Then, for alle >0

HF<|I:;| < 9>e‘thgA(H)sz2 < C<t>—%+EH|A’%

10.5)
and therefore
(A7 gn (H)Y |, < CO 7| A2l (10.6)
for o < N/2. Here, F is a smoothed out characteristic function, and
F(]A|/t < 0) is defined by the spectral theorem.

Let A; denote an open interval containing the closure of A.

COROLLARY 10.1. Assume that (x)~%ga,(H)(A)? is bounded. Then, in
the above theorems we can replace the weight (A)~7 by (z)~°.

The strategy for using the above results to prove local decay estimates
like that in (H4) is as follows. Then

() =7 e ga (H) ]|, = || {x)="ga, (H)e ™ ga(H)¥
= [[{x) =7 ga, (H)(A)7 - (A)~7e~ Mt ga(H)y||
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< @) =7ga, (H){A)7|| - [|(4) e ga (H)y|
< CH<A>70'672'HtgA(H)¢H

<[ <o)eareeostin],

+Cy HF(@ > 9) <A>—Ue—thgA(H)¢H .

?(10.7)
Theorem 10.2 is used to obtain the decay of the first term on the right-hand
side of (10.7), while we can replace |A| by 6t in the second term.

REMARK. Here we return to our comment in the introduction on the
relation between our assumption (H4) (local decay for e~**) and the hy-
pothesis of dilation analyticity, used in previous works. Dilation analyticity
or its generalization, analytic deformation, is the requirement that the map,

d(0) : 0 — (€94 Hye 4 f, f), (10.8)
has analytic continuation to a strip, for f in a dense subset of H. Since the
n'" derivative of d(0) at @ = 0 is (ady(Ho)f, f), by the above local decay

result, the assumption (H4) is the requirement that the mapping, d() be
of class C3.

11 Appendix E: Weighted Norm Estimates for Functions
of Operators

In Appendices A, B and C we frequently require facts and estimates of
functions of a self-adjoint operator. In this section we give some basic
definitions and provide the statements and proofs of such estimates. We
shall refer to certain known results and our basic references are [RSim] and
[AmMoG].

Let A denote a self-adjoint operator with domain D which is dense in a
Hilbert space H. Then we have that for any bounded continuous complex-
valued function, ¢ € L!(R),

©(A) = weak — 1%1 ! /@(A)SRA(A +ig)"td, (11.1)
€

where R4(\) = (A — \)~! denotes the resolvent of A. Here and through-
out this section all regions of integration are assumed to be over R unless
explicitly stated otherwise.

Theorem 11.1. Let A and B denote bounded self-adjoint operators, and
let T' be a contour in the complex plane, not passing through the origin,

surrounding o(A) U o(B) and lying in the strip |3¢| < 1.
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(a) Let ¢ : R — C be a W2 function. Suppose
n;i= H<LL‘>0/~1<{L‘>_UH < 3 min [distance(T",0),1] .

(11.2)
Then, there exists a positive number C1 = C1({|1||y2.1,n5) such that
[{2)79(A) ()77 < C1. (11.3)

(b) Let 1) be as in part (a). Assume that A and B both satisfy condition

(11.2). Then, there is a constant Cy = Ca(||9|lw2.1,7n4,m53) such that
)7 1(A) = Y (B)](2) =7 || < Caf ()7 (A = B) ()~ -

(11.4)

The following result shows that the case of unbounded self-adjoint op-
erators is reducible to Theorem 11.1.

Theorem 11.2. Suppose that Theorem 11.1 holds, and let I' and ¢ be
as in Theorem 11.1. Furthermore, assume that x%¢"(x) and z¢'(x) are L'
functions. Let A and B be densely defined self-adjoint operators for which
(A+c)~! and (B + ¢)~! are bounded for some real number ¢ and satisfy

the estimate (11.2). Then,
[{@)7p(A) (@) 77| < Cr(v). (11.5)
and
[{@)7p(A) = o(B))(z) || < C2(¥)[[{2)7 (A = B){2) ™[,

D
~—

(11.
where the constants C}(¢) and Ca(v) are as in Theorem 11.1, with ¢ (x)
ozt — o).

Proof. Let A = (A+ ¢)~' and note that o(A) = p(A~' — ¢) = ¥(A).
It suffices to show that (z) = ¢(z~' — ) satisfies the hypotheses of
Theorem 11.1. It is simple to check that &y (z) € LY, for j = 0,1,2.
This proves Theorem 11.2.

We now embark on the proof of Theorem 11.1. A key tool is an expan-
sion formula for ¢(A); see Proposition 6.1.4 on page 239 of [AmMoG].

Theorem 11.3. Let A be a densely defined self-adjoint operator and ¢ be
as in the statement of Theorem 11.1. Then,

o) = 1 [ GOIRAO+i)A+ L / o/ (NSiRA(N + )N

/ TdT/ 2 Ra(N +iT)d\

=p1+tp2+es. (11.7)



1124 A. SOFFER AND M.I. WEINSTEIN GAFA

where all integrals exist in the norm of the space of bounded operators
on H.

To prove Theorem 11.1 we first obtain a simple expression for the third
summand in (11.7) by interchanging order of integration. We begin with a
calculation of the 7-integral

1 1
/ 7drS(i* Ra(\ +i7)) = —/ T2 (Ra(A+i1) — Ra(A —iT))
0 0

— —/1 dTT2[(A—>\)2+TQ]_1
0

= f(4;A) -1,

where
1

z—A
FEN) = = [T ) (11.8)
For each A in the support of ¢, the function f(z;A) is analytic in the strip

|Sz| < 1; this corresponds to choice an appropriate branch of the function
z+ (z — N)arctan (2 — \)~1. By (11.7)

w%@z%/%@ﬁ@ﬂmk (11.9)

The strategy is as follows:

First, we observe that (x)%¢;(A)(x)~7 is bounded for j = 1,2. This is
true because ¢, ¢’ € L' and (11.2) can be used to bound the weighted norm
of the resolvent by a convergent geometric series. Therefore, it remains to

bound the operator p3(A), where 3 is given explicitly (11.9).

LEMMA 11.1. Let A and B denote bounded self-adjoint operators and
f(¢) be a function which is defined and analytic in a neighborhood of

o(A)Uo(B). Let I' be a smooth contour in the domain of analyticity
of f, surrounding o(A) U o(B), not passing through the origin and such
that the estimate,

(@70 (a)~"| < Smind] (11.10)

holds with M = A and M = B. Then, there exist positive constants C,
and Cy such that
()7 F(A)(x)~7|| < Cy (11.11)
[(@)7[f(A) = F(B)(z) || < Cal|(2)7(A - B)(z)~7||
(11.12)
Proof. By the Cauchy integral formula we have

£A) = i)™ [ FQA-cnac. (11.13)
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Part (a) follows by use of (11.10) to expand the resolvent in a geometric
series and by termwise estimation in the weighted norm.

Part (b) follows by the same method; by (11.13) applied to B and
computation of the difference, we get

f(A) — [(B) = (2mi) ! /F FOIA - )™ = (B -

— (2ri) ! /F FOI(A =) (A - B)(B - ¢I)Ydc.

Estimation in the weighted space yields (11.12). This completes the proof
of the lemma.

To complete the proofs of Theorems 11.1 and Theorem 11.2, we need to
estimate the operator (z)%ps3(A)(z)~7, where A is the bounded self-adjoint
operator defined by A = (A + ¢)~!. We accomplish this by applying the
previous lemma to the function f(¢;\) defined in (11.8), where A is in the
support of ¢. The function f({;\) is analytic in the strip |S¢| < 1, and T’
is, by hypothesis, a contour in its domain of analyticity, surrounding o (A)
(respectively, o(A) U o(B),) and so that (11.10) holds. Then, by Lemma
11.1 we have that f(A;\) and f(B;\) satisfy (11.11) and (11.12). Finally,

using the representation formula for ¢3, (11.9), we have
[{z)7e3(A){(z) 7| < Cille"lla

1) [pa(A) = @a(B)(2) ™| < Call¢” |l 1] {)7[A = Bl(z) 7.
(11.14)

This completes the proof.
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