ON THE FERMI GOLDEN RULE: DEGENERATE
EIGENVALUES

ARNE JENSEN AND GHEORGHE NENCIU

ABSTRACT. We review and further develop the framework in [10] of the sta-
tionary theory of resonances, arising by perturbation of either threshold, or
embedded in the continuum, eigenvalues. While in [10] only non-degenerate
eigenvalues were considered, here we add some results for the degenerate case.

1. INTRODUCTION

In this paper we consider the following question. Given a Schrédinger operator
H on a Hilbert space H with an eigenvalue either at a threshold or embedded in
the continuum. We add a perturbation and consider the family H(e) = H + W
for e small. We ask what happens to this eigenvalue. This question was considered
in detail in [10] in the case, where the eigenvalue is non-degenerate. In this paper
we consider the case of a degenerate eigenvalue.

We assume that the eigenvalue is located at Ey. We denote the projection onto
the eigenspace for eigenvalue Ey of H by Py. We assume Rank Py = N < co. We
also use Qg = I — Py. The problem we consider can be formulated as follows. We
want to find an effective Hamiltonian h(e) on PyH and an error term (g, t), such
that

PoeiitH(a)P() = eiith(E)PQ + 5(6, t). (11)
Furthermore, we want to have an estimate uniform in time of the form
sup|[d(e, t)]] < CeP, p>0. (1.2)
>0

This time-dependent approach to resonance behavior of the time evolution, with-
out analyticity assumptions, has its origin in the work by Orth [13]. See the
remarks in the introduction in [10], the recent review [4], and the remarks at the
end of this section.

We use a stationary approach to the problem, based on Stone’s formula

Pye” ) py = lim 1 dz e Im Py(H (g) — x — in) " . (1.3)
10T Jo(H(e))

A central idea is then to localize close to the energy Ey. We choose an interval

I. = (eo(e) —d(e), eo(e)+d(c)), and take the characteristic function g.(z) = xr.(z)

as the cut-off function. In some cases one may prefer to take a smoothed out
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characteristic function instead. With such a choice one can obtain a refinement of
(1.1) in the form

Poe M Py = (I + A(e))e ™ (I + A(e)) + 8(e, 1),

where A(g) = O(eP) for some p > 0, and (e, t) now exhibits decay in ¢ for ¢ large.
However, our concern in this paper is with error estimates uniform in time, so we
take just the characteristic function as our cut-off function.

A central point in our approach is to find the “right” location eg(¢), and the
“right” size function d(e), such that energies in I. give the resonance behavior,
and energies outside I only contribute to the error term §(e, t), via a split in the
integration domain in (1.3). This means that we consider first

, 1 ,
Pye " HE) g (H(e))Py = lirr%) — [ dee ™ Im Py(H(e) —x —in) *Fy.  (1.4)
n—0 7 1.
Suppose that by a careful choice of I. one can prove that

Poe @) g (H(e)) Py = e 4 5(e, 1), (1.5)
with d(e,t) satisfying (1.2). Then by Hunziker’s trick (see [6] or the proof of

Theorem 3.7 in [10]) one obtains (1.1) with C' in (1.2) replaced by 2C.
To deal with the localized part of the integral we use the Schur-Livsic-Feshbach-
Grushin formula (SLFG formula for short). We briefly recall it from [10]. Let

R:(2) = (H(e)—2)!, and let Ry (2) be the resolvent of Qo H (¢)Qo as an operator
in QoH. Then we have in the decomposed space H = PoyH & QoH

eff (2 —eReg(2)PoW e(z
Re(z) = —630,5('3;%@30;[/)1303&(2) e )}322 i ’ (16)
with
Ros = Ro - (2) + €2 Ro,-(2)QoW Po Rest (2) PoW Qo Ro = (2),
and

-1
Regi(2) = (PoH () Py — 2 PoW Qo Ro - (2)QoW Py — 2Py)
It is convenient (especially for the case of threshold eigenvalues) to work with a
factored perturbation, so we assume that we have a factorization
W =A*DA (1.7)
of W with D a self-adjoint involution. An example of such a factorization is the
polar decomposition of W,

W = [W['2D|W|'/2, (1.8)
where we take D to be unitary by defining it to be the identity on Ker W. We
introduce the notation

G(2) = AQo(H — )~ Qo A", (1.9)
and (see [5])
Py(H —2)7'Py = F(z,6)" " (1.10)
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Then, using the factored version of the second resolvent equation, one can rewrite
F(z,¢€) as follows:

F(z,6) = PyH(e)Py — > PaW Qo Ro - (2)QoW Py — 2Py
= EgPy +ePyW Py — ?PyA*DG(2) DAP,
— PA*DG(2)[D +¢G(2)] ' G(2)DAP, — 2P
= EoPy +ecPoWPy —25(z,¢) — 2P, (1.11)

The localized part of Stone’s formula then takes the form

Pye @) g (H(e)) Py = 11711%% dre " Im PyF(x +in,e) ' Py.  (1.12)
e L.
At this point the hard work starts. We need to rewrite F'(z, ), show invertibility,
separate the resonance term, and estimate the remainder. All that depends cru-
cially on the smoothness properties of F(z,¢). From (1.11) it is clear that F(z,¢)
inherits the smoothness properties of G(z), and this explains, why those appear
in the formulation of the results below.

1.1. Comments on the literature. The reader may consult the paper [4] for an
extensive review on eigenvalues, resonances, and the Fermi Golden Rule. We also
refer to the introduction of [10] and the references given there. Here we comment
on results related to those presented in the following section, and some new results,
which appeared after the submission of [10].

With analyticity assumptions and for eigenvalues away from thresholds com-
plete and optimal results were obtained by Hunziker [6]. In particular, it follows
from [6] that with the choice of initial function ¢ € PyH the optimal error es-
timate for the behavior of (1, e *H()y) is O(e?). The problem at hand is to
extend, as much as possible, Hunziker’s results to the non-analytic case, as well as
to threshold eigenvalues.

For the case of a degenerate eigenvalue embedded in the continuum, the reduced
Hamiltonian used in [12, 15] contains only the first three terms in our h(e), see
(2.23), and they get an error estimate O(e). Our proof of Theorem 4 below is a
refinement of the argument given in [15]. One can apply our argument to case
of time-periodic Schrodinger operators, studied in [15]. Under the assumption of
the Fermi Golden Rule condition (2.21) an error estimate O(g?) follows from the
results in [3], in the non-degenerate case.

Concerning eigenvalues embedded at a threshold, then Theorem 5 gives a result
on two channel Schrodinger operators in a specific set-up with a doubly degener-
ate eigenvalue, and a threshold resonance. Further results will be given elsewhere.
Concerning two channel operators, we mention [11], where conditions are given
that imply a degenerate threshold eigenvalue gives rise to negative discrete eigen-
values. Only off-diagonal perturbations are used, and resonances are not studied,
in [11]. In the paper [14] both eigenvalues and resonances are studied for a two
channel Schrodinger operator, under small off-diagonal perturbations. To study
the location of resonances, dilation analyticity is assumed in [14]. The behavior
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of e=™1(2) is not studied in [14], whereas here it is our main concern. See also
Remark 6.

2. THE RESULTS

First we recall the main results in [10]. We start with a non-degenerate eigen-
value Fy embedded in the continuum. For a > 0 we define

D,(Ep) ={z€ C||z — Ey| < a,Imz > 0}. (2.1)

We denote by C™%(D,(FEjy)) the functions in D, (Fy) that are n times continuously
norm-differentiable, with the n'® derivative satisfying a uniform Holder condition
in Dy(Ep), of order 8, 0 < 6§ < 1. We assume that the derivatives also are
uniformly bounded in D,(Ep). We need to assume that G(z) € C™%(D,(Ep)).
Such conditions can be verified in an abstract setting, using the Mourre estimate
and the multiple commutator technique, see e.g. [1, 2, 3] and references therein.
Note that this implies that G(z) has boundary values G(x + i0), which are in
C™?([Ey — a, Ep + a]). For Schrédinger operators the smoothness of G(z) also
follows, if the potential decays sufficiently fast at infinity.

Theorem 1 ([10, Theorem 4.1]). Assume G(z) € C™?(D,(Ep)). Assume N =1
and n+60 > 0. Write F(x+1i0,e) = (R(z,e) +il(x,€))Py. Then for e sufficiently
small there exists a (unique for n+ 60 > 1) solution to R(x,e) = 0 in the interval
(Eo — a, Ey + a), denoted by xo(e). Let I'(e) = —1(xo(e),€), write

Ae = x0(e) —il'(e), (2.2)
and let Wy denote a normalized eigenfunction for eigenvalue Eg of H. Then for e
sufficiently small, and for all t > 0, the following results hold true:

(i) Assumen=10,0<6<1, and

2
Then we have
) . ) 1
(W, e~ HH(E) g ) — gmit(zo(e)=il(e))| < Cl — 0557 (2.4)
where
0=2—-~(1-0)>0. (2.5)

(ii) Forn+ 6 > 1 we have

. , . 21 =0,0=1
|<\I/0,€_ZtH(E)\I/0> _ e—lt($0(€)—'LF(6))| <C 62| Il6| fO?” n ) ; (26)
€ forn+0>1.

Consider now the case of a non-degenerate eigenvalue at the threshold Ey = 0.
The problem here is that the usual methods to prove the smoothness of G(z) do
not work at thresholds, and actually it may not be smooth, or even blows up,
in the neighborhood of the origin. The way out from this difficulty taken in [10]
is to use the asymptotic expansion of G(z) around threshold. Let us stress that
(see [10] and references therein) the asymptotic expansions of the resolvent around
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thresholds are not universal; e.g. in the Schrodinger case the type of expansion
depends on dimension and on the threshold spectral properties of the Hamiltonian.
The asymptotic expansion in the assumption below (see [10, Section 3]) is modeled
after Schrodinger and Dirac operators in odd dimensions.

Assumption 2.  (Al) There exists a > 0, such that (—a,0) C p(H) and [0,a] C

(A2)

(A3)

(A4)

(A5)

Oess (H)

Assume that zero is a non-degenerate eigenvalue of H: HUy = 0, with
[¥o|l = 1, and there are no other eigenvalues in [0,a]. Let Py = |Wo) (W)
be the orthogonal projection onto the one-dimensional eigenspace.
Assume

<\I/0, W\I10> =b>0. (27)
For Rek >0 and z € C\ [0,00) we let
k=—izZ, z=—r. (2.8)

There exist No € N and 69 > 0, such that for k € {k € C|0 < |k] <
do, Rek > 0} we have

G(z) = i Gir? + kNG (k) (2.9)
j=—1

where
(N?j are bounded and self-adjoint, (2.10)
G_1 s of finite rank and self-adjoint, (2.11)
Gy, (k) is uniformly bounded in k. (2.12)

From (2.9) we get
No
(W0, A*DG(2)DAg) = > g + kN0 g, (k), (2.13)
j=—1

where
g; = (Ug, A*DG; DAV,), (2.14)
gn, (k) = (Wo, A* DGy, (k) DA). (2.15)

Notice that due to (2.10) we have
95 =;- (2.16)
There exists an odd integer, —1 < v < Ny, such that

g #0, G;j=0 forj=-1,1,...,v—2. (2.17)

The main (semi)-abstract result in [10] is as follows:



6 ARNE JENSEN AND GHEORGHE NENCIU

Theorem 3 ([10, Theorem 3.7]). Suppose (A1)—(A5) in Assumption 2 hold true.
Then for sufficiently small € > 0 we have

(W, e~ HE @) — o= it@()=TE)| < Cop®), (2.18)

Here p(v) = min{2, (2 +v)/2}, and
I(e) = —i* g, b"/2e* /2 (1 4+ O(¢)), (2.19)
zo(e) = be(1 4+ O(e)). (2.20)

We send the reader to [10] for application of the above theorem to odd dimen-
sional Schrédinger operators.

Next we present two new results for degenerate embedded eigenvalues. The
first one concerns eigenvalues embedded in the continuum. The error estimate in
the following result is optimal, when one considers PyH. By modifying this space
one may obtain better results, see [6].

Theorem 4. Assume N > 2 and G(z) € C™?(D,(Ey)) with n + 60 > 2. Assume
there exists v > 0 such that

Then there exists a function 0(e,t) satisfying (1.2) with p = 2, such that
Pye @) py — ¢~ th(&) By 4 §(e, t). (2.22)

Here h(e) on PoyH is given by
h(e) = EoPy + ePoW Py — 2PoWQo(H — Eo — i0) ' QoW Py

— 53{P0WQO(H — By —i0) ' QoW Qo(H — Ey — i0) QoW Py

d .
+1 [POWPOWd—EQO(H — E —0) 1Q0‘E:EDWP0

d o
+ oW —=Qu(H — E = i0) QO‘E EOWPOWPO} } (2.23)

The condition (2.21) is the usual Fermi Golden Rule condition for an embedded
eigenvalue.

We turn now to the case, when the Fermi Golden Rule (2.21) does not hold
true. We believe that by refining the proof of Theorem 4 one can replace the
Fermi Golden Rule condition (2.21) by a weaker one (see (1.11) for the definition
of S(z,¢)):

Im S(x +i0,¢) > 0, (2.24)
sup |Tm S(z + 40, &)|| - [|(Im S(z + 30, )~} < oo. (2.25)
IG(E‘OI—G,,EOJF(Z)
€ SCO

Recall that ||[Im S(z + 0, ¢)]| - ||(Im S(x + i0,€))~!| is the condition number of the
matrix Im S(z + 40, €).

Unfortunately (2.24) does not cover the case, when by perturbation of a degen-
erate eigenvalue one obtains both eigenvalues and resonances, which is the generic
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case at threshold. However even in this case one can obtain partial results under
additional conditions on the spectrum of PyW Py. Suppose that PyW P, (as an
operator in Py’H) has a non-degenerate eigenvalue by with eigenfunction ¥y,

U(P()WPO) = {bl} Uoa, diSt(bl, 0'2) =d>0 (226)

and consider (U, e " (5)\I/1>. The idea is to reduce the problem to the non-
degenerate case already studied. For, write F'(z,¢) (see (1.11)) as

F(z,€) = EgPy +ePyW Py — €%S(z,¢) — 2Py, (2.27)
and apply once again the SLFG formula to obtain
1
Uy, (H(e) — 2)7"y) =
(W1, (H(e) — 2)7 W) Fio)

= [Eo — 2+ e(Uy, W) — (U, 5(z,6)¥y)
—e'(U1,5(2,6)Q1(Eo — 2+ eQ1WQ1 — 52@15(%5)@1)_1@15(275)‘111>]
= [Ey — 2+ (U, W) — 251 (2,¢)] 71, (2.28)

where Q)1 = Py — |¥1)(¥1|. The point of (2.28) is that as far as dist(z,c02) > C¢,
S1(z,¢€) inherits the smoothness properties of S(z,¢e), and then one can apply
the methods in [10] to the problem at hand, both for threshold and embedded
eigenvalues.

As an example we shall consider a doubly degenerate threshold eigenvalue in
a two channel Schrédinger operator in three dimensions. The setting is the one
described in [10]. In particular, in this case Ey = 0. In the “open” channel we
take an operator modeling Schrodinger operators in three dimensions with a non-
degenerate bound state at threshold. As for the “closed” channel, since only the
bound state in the closed channel is relevant in the forthcoming discussion, we shall
take C as the Hilbert space representing the closed channel, i.e. H = L?(R3)® C.
As the unperturbed Hamiltonian we take

-1

_|-A+V 0
H= [ 0 0] , (2.29)
and as the perturbation we take
0 [Wia)(1]
W = , 2.30
el (230)
which is a shorthand for
Wia(x)€
w [f(x)} - l 712( ) . (2.31)
J Wiz (x) f(x) + b¢
Here we assume
(VPV e L¥R?), ()/2Wiy € L®(R?) (2.32)

with > 9 and v >5 .
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We use the following factorization of W. To simplify the notation below we
introduce the weight function

py = ()72 (2.33)
Let
_|p—~ O
B= [ 0 J , (2.34)
and
C = BWB = |C|*?D|C|'/?, (2.35)

where D is defined to be the identity on Ker C, such that D is self-adjoint with
D? = I. The operator C is bounded and self-adjoint, and we take

A=|C|'?B7, (2.36)
ie.
W = B~ C|%D|C|V?B 71, (2.37)
About —A + V' we suppose that it has a non-degenerate threshold eigenvalue
(“A+ V)T =0, [Tl =1. (2.38)

as well as a threshold resonance with canonical resonance function ¥, (for defini-
tion and further details see [10, Appendix A] for an approach based on [8, 9], or
see [7]). We use the notation

= | = |0 = |0,
f [0, 1=[) e[y o)
We have in this case o
Po = [Wo)(¥o| + [1)(1] (2.40)
and 1
G(z) = |C|1/2 [pVQO(_A + V(;“r K%) 7 Qopy 8] |C|1/2. (2.41)
As in the non-degenerate case at threshold, the smoothness of G(z) is replaced
with its asymptotic expansion in kK = —i+/z, and from (2.41) it follows that what is
needed is the asymptotic expansion of (with a slight abuse of notation) p,Qo(—A+
V + %) 71 Qop~, which has been written down in [10].
Consider now the spectrum of PyW Py. In the basis {W¥q, 1}:

0 c
PaWPRy = [E b} , (2.42)
where
Cc = /\I/()(X)ng (X)dX (243)
is assumed to be different from zero. The eigenvalues are
b+ /b2 +4|c|?
Ay = —+|C|, (2.44)

and we denote by W the corresponding normalized eigenfunctions. Notice that
Ar >0and A_ < 0.
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Under the above conditions the following holds true. Note that we do not need
any condition on b except that it is real. This is in contrast to the case considered
in [10], see also (2.7).

Theorem 5. For sufficiently small € > 0 we have the following results:

(i) Fort >0 we have

|<\I/+, efitH(a)\Ij+> _ efit(:p+(5)7iF(e))| < 061/2. (245)
Here
_ 9-1 32
].—‘(8) = Wf‘: y (246)
+
x4(e) = Ay, (2.47)
with
Uy, We)|? -
g1 = W WY i w,, w2, (2.48)
127
where
X = Uo(x)V(x)x;dx, j=1,2,3. (2.49)
R3
(ii) We have
|<\I/_,e—itH(s)\I/_> _ e—itx_(s)| < 061/2, (250)
where
z_(e) =z_(e) = eA_(1+ O(Y?)). (2.51)

Remark 6. (i) If one computes the eigenfunction W explicitly, then one finds
after some calculations that we have

x

9-1= 5 19
N2 1|

1
(Tl Wiz, WP IXP + (W2, ). (252)

(i) Contrasting the above results with the results in [11, 14], one notices that the
coupling constant dependence is different. For a purely off-diagonal perturbation
and eigenvalue only in the closed channel (or only at the threshold), the coupling
constant dependence for both discrete eigenvalues and resonances is O(g2), as
shown in those papers.

3. OUTLINE OF PROOFS

We now outline the proof of Theorems 4 and 5, full details will appear elsewhere.
We use the notation C for a positive constant, which may change from line to line
in the computations. We also assume throughout that |e| < ¢o for some small
constant, which is determined by the computations.
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3.1. Proof of Theorem 4. From (1.11) and the smoothness assumption on G(z)
it follows that S(z,¢) has an extension as a C? function to the closure D,(Fp).
With a slight abuse of notation we write S(x,¢) instead of S(x + i0,¢) for z €
(Eg — a, Ep + a). We write out the Taylor expansion with remainder as follows

S(z,e) = S(Eg,e) + 5 (Eo,e)(x — Eo) + 25" (%,)(z — Eo)*. (3.1)
Condition (2.21) implies, perhaps with a smaller a, that we have
Im S(z, ) > %PO, € (By —a,Ey +a). (3.2)
This estimate implies that
—ImF(z,¢) > %EQPO. (3.3)
We also note that for x € (Ey — a, Ey + a) we have
[Tm F(z,€)|| < Ce2. (3.4)
We need the following lemma.

Lemma 7. For z € (Fy — a, Ey + a) we have

C
A& .
192 € ey (35)
where
d(z,e) = dist(x,0(Eg + ePoW Ry)). (3.6)

Proof. Since F(z,¢) is an operator on the finite dimensional space Py'H, it suffices
to prove that for all u € PoH, ||u|| = 1, we have

| F (2, e)u| > Cmax{d(z,e),e*}. (3.7
Now (3.3) implies that
|F(z.epul = < (3.8)

For z € (Ep — a, By + a) with d(z,&) > Ce? the spectral theorem and (3.4) imply
that

d(z,¢€)
1E (G, e)ull 2 == (3.9)
Combining these estimates we obtain the estimate (3.5). O

We introduce the operator
L(x,e) = EgPy + e PoW Py — €2S(Ey, €) — €28 (Eo, e)(z — FEo) — zPy.  (3.10)

As in [10] we estimate the error incurred by replacing F(z,¢) with L(z,&) in the
integral (1.12).

Lemma 8. We have the following estimate

Eo+a N
/ |F(z,e)"t — L(x,e) " |dx < O (3.11)
Eofa



THE FERMI GOLDEN RULE 11

Proof. Note that F"'(z,e) = —¢?S"(x,e) = O(?). This result, and the definition
of L(z,¢), yield

| F(z,e) — L(z,€)|| < Ce2|x — Eo|?. (3.12)
and thus
IL(z, )l = 51 F (). (3.13)
Using the estimate (3.5) we then get
Eog+a Eo+a 2 2
17 - e*|lz — Ey|
|F(z,e)~! = L(z,e)7Y|dx < C dz
/Eo—a Eo—a [max{d($7€)7€2}]2
Eop+a |x _ EO|2
< Ce? ——————du. 3.14
=" /an d(ﬂj‘,é‘)z + 54 ! ( )

It remains to estimate the integral (3.14). Let € be fixed. We then introduce the
notation

O'(E()P() +EPOWPO) = U{Jij}, Ij = {33 S (E() —a, Ey —|—a) | d(l‘,e’:‘) = |1‘ —$j|},

where the z; are the n < N distinct eigenvalues. Note that |Ey — z;| < Ce by
perturbation theory. We can assume all eigenvalues are in the interval (Eg—a, Eg+
a). Then the integral in (3.14) equals the sum of the integrals over the intervals
I;. We estimate one of them as follows.

/ |fC—EO|2 (@ — ;) + (2 — Bo)”
d(z,e)? + 64 I d(z,e)? + ¢
2a 2 2
Y+ 2lyle + ¢
< = —dy<C.
o /2a y2 + 54 V=
O
Thus it remains to study the term
Eot+a 5 )
/ (E(x,e) " — (Ez,e)") Ve da, (3.15)
Eofll
We introduce the operator
D(e) = (Py + €25'(Ey,e))/? = Py + O(¢?) (3.16)
on PyH, and rewrite L(z, ) as follows.
L(z,e) = D(¢)[D(e) ' (ePoW Py — €2S(Ep,¢))D(e) ™! — (z — Eo) Py | D(e)
= D(e)(he — (z — Eo)Po)D(e).
This equation also defines h.. We note that
[hel| = O(e), (3.17)

and that (2.21) implies
Imh. <0, [Imh.| =0O(?). (3.18)
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It follows that (L(z,e)*)~! has an analytic continuation across the real axis into
the lower half plane, denoted by L_(z,e)~!. The meromorphic continuation of
L(z,e)~" into the lower half plane is denoted by Ly (z,e)~'. Due to (3.17) the
poles of this continuation lie in an e-neighborhood of Fj.

We now connect the points —a and a by a semi-circle in the lower half plane,
denoted by C. The positively oriented closed contour consisting of this semi-circle
and the interval [—a, a] is denoted by I'. This allows us to deform the integration
contour in (3.15). We also change the variable to y = x — Ey. This leads to the
following result.

Eo+a ~ .
/ (E(x,e) " — (E(w,0)") V) e it da

FEo—a
71tE0/ y+E07 ) (i,(y+E0,E)*)71)€7itydy
/ (B (ze)) V) e (3.19)

—’LtEo

+ e WEo ]{ Ly(z,e) te " dz. (3.20)
r

We consider first the integral (3.19). We have || L+ (z,e)"!|| < C for z € C. Using
the properties of D(g), see (3.16), we get

/C(L(z,s)—l C(E(ze)) e Mz
_ /((hs )T (B - 2) Ve dz + O(e?)
C

_ o /(hs — ) N Imho)(hE — 2) e "2 dz 4+ O(2)
c
= 0(e?),
due to (3.18) and sup,cc(||(he — 2) 7| 4 [|(hf — 2)7!]) < C < oo. The residue
theorem is now applied to the integral in (3.20). It leads to

74 Ly(z,e) e ™ dz = D(e)te ™= D(e) ™! + O(e?).
r

Compute the derivatives in the definition of h. Then h. + EqPy = h(e) + O(e*),

with h(e) as defined in (2.23). Using the Duhamel formula to estimate
”efithe _ efit(h(a)onPo) ”7

one finds that this term is of order O(g?), uniformly in ¢ > 0. Thus this term
can be absorbed into the error term d(e,t). Putting everything together and using
(3.16), we have shown that

Poe—itH(s)PO — e—itEge—ith€ + 0(52).

The error term is uniform in time ¢ > 0. That concludes the proof of Theorem 4.
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3.2. Proof of Theorem 5. We choose I . = [5%,35)‘7*] andI_ . = [35%,6)‘7’],

respectively. Applying twice the SLFG formula (see the argument leading to (2.28)
above) one obtains

, 1 ,
(Uy,e g, (H(e))Ty) = lim = dr e Im Fy (x +in,e) "t (3.21)

n—0 7 Iy,

where (see (2.28), (1.11) and take into account that QoW Qo = 0 giving S(z,¢) =

Fi(z,6) = —2+e(Uy, W) — (U, A*DG(2) DAV L)
— YWy, A*DG(2) DAY 1)
X (—z+e(Ug, Wly) —e2(Ug, A*DG(2) DAV )~
x (Uz, A*DG(2)DATL). (3.22)

1

Consider first (¥, e~ g, (H(e))¥, ). Notice that on the set
D..={z€C|lz—eXi| < 8)\TJF,Imz > 0},
for € sufficiently small:
(=2 +e(U_, WW_) —e2(W_, A*DG(2) DAV _))"'| < C/e. (3.23)

It follows that on D, i the last term in Fl(z,¢) is bounded by O(e?) and then,
since v = —1, it can be absorbed in the error term (see the proof of Lemma 3.7 in
[10]). The remaining terms are precisely those appearing in the proof of Theorem
3.7 in [10]. Application of Theorem 3 (Theorem 3.7 in [10]) together with the
computation of g_p finishes the proof of Theorem 5(i).

Consider now (¥_, e~ *HE) g _(H(¢))T_). Due to the assumption (2.32) the
negative spectrum of —A + V' does not accumulate at zero. Thus, for £ small
enough, F_(z,¢) is analytic in a complex neighborhood of I_ . and real on I_ ..
Moreover, by inspection, on I_ .:

D= 10 524

Since by Cauchy-Riemann equations, Im F_(x + in,e) # 0 for sufficiently small
n# 0 and z € I_ . it follows that in a complex neighborhood of I_ . has a unique
real simple zero

z_(e) = eA_(1+O(/?)). (3.25)
Then by the residue theorem and (3.24):

(W, e Oy (HEW) = e LR (5 (2),2) = e~ L O(?),

dz
(3.26)
and applying once again Hunziker’s trick (see [10, Theorem 3.7]) one obtains (2.50).
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