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Abstract

Let H be a Schrodinger operator on a Hilbert space H, such that zero is a non-
degenerate threshold eigenvalue of H with eigenfunction ¥y. Let W be a bounded
selfadjoint operator satisfying (¥g, W¥q) > 0. Assume that the resolvent (H — z)~1
has an asymptotic expansion around z = 0 of the form typical for Schrédinger oper-
ators on odd-dimensional spaces. Let H(g) = H +eW for € > 0 and small. We show
under some additional assumptions that the eigenvalue at zero becomes a resonance
for H(e), in the time-dependent sense introduced by A. Orth. No analytic continua-
tion is needed. We show that the imaginary part of the resonance has a dependence
on ¢ of the form £2+("/2) with the integer v > —1 and odd. This shows how the
Fermi Golden Rule has to be modified in the case of perturbation of a threshold
eigenvalue. We give a number of explicit examples, where we compute the “location”
of the resonance to leading order in €. We also give results, in the case where the
eigenvalue is embedded in the continuum, sharpening the existing ones.

1 Introduction

The main purpose of this paper is to study the following question. Consider a Schrédinger
operator
H=-A+V on L*R?,

where for the moment we assume that V' € C§°(R3?). The essential spectrum of H is the
half line [0, 00), and it is well-known that this spectrum is purely absolutely continuous.
H may have a finite number of negative eigenvalues, and there may also be an eigenvalue
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at the threshold zero. Suppose that zero is a nondegenerate eigenvalue with normalized
eigenfunction ¥y. Let W € C$°(R?), and assume that it is nonnegative. Consider for small
£ > 0 the family of Hamiltonians

H(e)=H +eW.

Since the perturbation is nonnegative, the zero eigenvalue cannot become an isolated nega-
tive eigenvalue, and since it is well-known that H(g) cannot have eigenvalues embedded in
(0,00), only two possibilities remain. Zero can remain an eigenvalue, or it can disappear.
In the latter case one expects that it becomes a resonance. This is the kind of question
that we will study.

The existence of the resonance can be verified in several ways, depending upon the
“definition” of what a resonance is. One may look at this question in the spectral form.
Thus one looks at a meromorphic continuation of the resolvent in some sense, and expects
to find a pole close to zero in the complex energy plane. One can also study the question
from the time-dependent point of view. Here one looks at the behavior of (¥, e~ ()W),
which describes the survival probability for e *#()W, i.e. the probability to remain in the
state Vg at time ¢. The resonance will then manifest itself in the form of a behavior of the
type

(Tg, e O ) = ) L 5(e 1), >0, (1.1)
i.e. corresponding to a metastable state. Here A(¢) = zo(e) — il'(¢) with zo(¢) > 0 and
['(e) > 0 and, as far as a resonance defined in the spectral sense exists, should coincide
with the resonance position. The error term in (1.1) should satisfy d(e,t) — 0 as ¢ — 0.

Our main theorem gives conditions on H and W that lead to such results, with ex-
pressions for the leading terms in z((¢) and I'(¢), as ¢ — 0. In the case of an eigenvalue
embedded in the interior of the absolutely continuous spectrum, formulae for computing
the leading term in I'(¢) are often referred to as the Fermi Golden Rule. Thus we find
versions of the Fermi Golden Rule in the case, where the eigenvalue is embedded at a
threshold.

Let us give an outline of the main results, referring to the theorems for precise as-
sumptions and conditions. The results are obtained in a semi-abstract framework. One
of the main tools needed is the asymptotic expansion of the resolvent R(z) = (H — z)™!
around zero. It is convenient to use the variable K = —iy/z, z € C\ [0, 00). We assume an
expansion of the form

N
1 ;
R(—K}z) = ?P() + E H]Gj + O(KJN+1) (12)

j=—1

as k — 0. This type of expansion is known to hold for Schrodinger operators in odd
dimensions, with sufficiently rapidly decaying V. The expansion holds in the topology of
bounded operators between weighted L?-spaces. See [18, 17, 25, 19]. For the perturbation
W we assume that it decays sufficiently rapidly, and as a crucial condition, we require

b= (U, W) > 0. (1.3)
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We do not assume that W is nonnegative. We assume that there exists an odd integer v,
such that
g = (Vo WGWWUy) #0, G; =0, j=-1,1.3,...,v—2.

Our main abstract result then states that (1.1) holds. Furthermore, we have the estimate
0(e,t)] < CePW),
with p(v) = min{2, (2 4+ v)/2}. We have the expansions

[(e) —i”_lg,,b”/252+(”/2)(1 + O(e)),
xo(e) = be(1 4 O(e)),

as € — 0. The proof of these results is based on the representation

(Wg, e MHEOW) = 1im = [ e Im(Wy, (H(e) — z — in) " W)dz.
N0 T

The idea is first to localize to an interval I, C (%bg, %be), depending on € and v, and then,
by using the resolvent expansion, replace the term

Im(Wo, (H(g) —x —in) ')
in the integrand by a Lorentzian function

[(e)
(z —20(e))* + T(e)*

To obtain this approximation we use the Schur-Livsic-Feshbach-Grushin (SLFG for short)
formula to localize the essential terms. During all steps one has to control the errors. The
detailed computations then lead to the result outlined above.

We apply these semi-abstract results to a number of cases involving Schrodinger oper-
ators in three and one dimensions, and on the half line. We consider both the one channel
and the two channel cases. As an example of the type of results obtained, assume as above
that H = —A + V on L*(R?) has zero as a nondegenerate eigenvalue (and no threshold
resonance), with Wy a normalized real-valued eigenfunction. Let

Xj = qfo(X)V(X)ZL’jdX, j = 1, 2,3
R3
Assume that at least one X; # 0. Then v = —1, and we have

b2

g-1

There is a large literature concerned with establishing the spectral form of the Fermi
Golden Rule in a rigorous framework. In particular, using dilation-analyticity, it was
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established in [30], in a large number of cases, including atoms and molecules. See also
the discussion in [29]. The case of bound states embedded at a threshold is much less
studied. The coupling constant case has been studied by several authors, see for example
28, 11, 12]. To compare with our results, one has to take W = —V, in order to satisfy
(1.3), since (—A+V)¥y = 0 implies (Vq, V¥q) = (¥y, AUy) < 0. Then the explicit results
in [11] correspond to our case v = —1, and the results agree. The spectral form of the
resonance problem has been studied near band edges for periodic Schrodinger operators in
the semi-classical limit, in [23]. A general framework for a unified treatment of resonances
and eigenvalues near thresholds has been given in [13], using meromorphic continuation of
resolvents. The first paper to rigorously establish the time-dependent form above, with a
remainder estimate, was the one by Skibsted [32].

The only work in the spectral form directly related to our study that we are aware of
(even at a nonrigorous level), is that of Baumgartner [4], where some simplified two-channel
models are considered. In these cases explicit computations can be performed, and one can
explain how the usual Fermi Golden Rule has to be modified to be applied in the threshold
case.

The time-dependent approach has been developed much later. Let us remark that
here there is no need of an analytic continuation. The time-dependent approach, without
analyticity, was initiated in [27] and continued in [21]. In [15] it was investigated how
to get a better error term by using the perturbation theory in the spirit of Simon [30]
in the dilation-analytic framework. In addition, again using the analytic continuation
of the resolvent, the Fermi Golden Rule has been rigorously established in some models
of quantum field theory and open systems (see [7, 16], and references therein). More
recently, a number of authors have developed a general time-dependent approach, without
analyticity, see for example [22, 34, 33, 24, 6, 35]. As far as we can determine, none of
these approaches can be applied directly to the threshold eigenvalue case. (See however the
remarks in [33, 6] concerning some examples of Schrodinger operators in high dimensions.)

It should be noted that all the time-dependent approaches (except [15]) use the SLFG
formula in some form, or something equivalent to it. As we already said, we also rely
heavily on the SLFG formula.

As in [4] one may describe the results stated above as explaining how the usual Fermi
Golden Rule has to be modified to be applied in the threshold case. In the case of a
resonance arising from the perturbation of an eigenvalue embedded in the continuum, one
finds that the imaginary part of the resonance behaves generically like £? as ¢ — 0. We find
the behavior e2t/? = —1,1,..., which is quite different. In particular, for v > 1 the
resonance arising from the threshold eigenvalue has a larger lifetime than one arising from
an eigenvalue embedded in the continuum, i.e. one has an enhancement of the lifetime.
On the contrary, for v = —1 the lifetime is smaller, i.e. one has an enhancement of the
decay. This is clearly seen in the two channel case, when a threshold resonance is present
in the open channel, and can be explained heuristically as the effect of the increase, due
to the threshold resonance, of the density of states near the threshold.

Let us briefly outline the contents of the paper. In Section 2 we give the SLFG formula,
and introduce the factorization method. In Section 3 we give our semi-abstract results,
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modelled on Schrodinger operators in odd dimensions. The main result is stated as Theo-
rem 3.7. In Section 4 we give some results on the case where the eigenvalue is embedded
in the continuum, sharpening (when no analytic continuation is available) the existing es-
timates on sup,.|d(e,t)| . In the differentiable case, as far as the dependence upon ¢ is
concerned, our estimate on sup,., |0(¢, )| is optimal. Let us note that these results are
applicable to Schrodinger operators in both even and odd dimensions.

Then in Section 5 we verify the assumptions in Section 3 in a number of cases: (i) A
Schrodinger operator on L?(R3), both in the one channel and the two channel cases. (ii)
A Schrodinger operator on L?(R). Here it only makes sense to consider the two channel
case, since for rapidly decaying potentials zero cannot be an eigenvalue. (iii) The operator
—d?/dr* + (¢ + 1)r=2 on L*(R,). The results in this subsection relate directly to [4,
Section V]. In all cases we determine the values of v and compute g, explicitly. Finally,
for the reader’s convenience, in the Appendix we reobtain the results we need from [18], in
the framework given in [19].

We conclude the introduction with the remark that in the case of a threshold eigenvalue
embedded in the continuum, as can be seen in atoms and molecules, one can combine the
approaches in Sections 3 and 4, to obtain results, which we refrain from stating in detail.

2 The Schur-Livsic-Feshbach-Grushin (SLFG) formula
and the factorization method

Let H be a self-adjoint operator in a separable Hilbert space H and F, a nondegenerate

eigenvalue of H,
HYy = EgVg, [Pl =1. (2.1)

We can without loss of generality in the sequel take Ey = 0. Suppose now that a pertur-
bation, described by the self-adjoint operator W, is added so the perturbed dynamics is
generated by

H(e)=H+eW, >0, (2.2)

Note that we only consider positive values of the parameter €. For the sake of simplicity
we shall assume that W is bounded, but all the results below extend to the case, when W
is bounded with respect to H, with bound less than one.

At the heuristic level, it is argued that due to the perturbation, for ¢ small enough, 0
turns into a resonance having an (approximate) exponential decay law,

(o, e HEN ) = 7O 4 5(e. 1), (2.3)
with d(e,t) — 0, as ¢ — 0, and
AMe) = E(e) —il(e), E(g) =0+ (Vo W) + O(£?). (2.4)

The goal is to compute A(e), and to obtain bounds on |§(e,t)|. Again at the heuristic
level, it is argued that the main contribution to the left-hand side of (2.3) is given by
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energies near to F(e), so one first considers (see [15])
Ags (t) = <\IJO7 e_iH(E)tga(H(g))\IJ0>a (25)

where g. is the (possibly smoothed) characteristic function of a closed interval I., containing
the relevant energies. Let us remark that usually (see e.g. [15, 6, 24, 35]) . is chosen to be
a neighborhood of Ey, independent of €. One of the key points of our approach is to make
an appropriate e-dependent choice of I.. Also, since we are interested in uniform (with
respect to t) estimates on d(e, t), we shall take g. to be the characteristic function of I..

From Stone’s formula (suppose that the end points of I. are not eigenvalues of H(¢))
one gets

Ay (6) = lim = [ awe miw, (@) — 2 —in) ). (2.6)

As in [27], in order to compute the integrand in (2.6), we use the well-known Schur-
Livsic-Feshbach-Grushin formula. More precisely, if P, is the orthogonal projection on
Uy, Qo = 1 — Py, and Ry.(2) is the resolvent of QoH (¢)Qp as an operator in QyH, then
in operator matrix form on H = PyH & QoH, we have for R.(z) = (H(e) — z)~' the
representation

RO oamrnna @D
with
Roy = Ry (2) +e°Ro . (2) QoW Py R (2) BBW Qo Ry - (2),
and

Reg(2) = (POH(g)PO — e?PWQoRo £ (2)QoW Py — ZPO)_I,

where, with a slight abuse of notation, we write Reg(2) = (Heg(2) — 2) ', and furthermore
(remember that we assume Rank Py = 1)

PO(Heﬁ‘(Z) — Z)PO = F(Z, E)PO
= (e(Wo, W) — z — eX(Vo, WRy . (2)WTg)) Py. (2.8)
Using (2.8), (2.7), and (2.6), one obtains

1 , 1 1
Ay () =lim — [ dze ™ - : 2.
ae (1 HI{I(IJQWi/IE re <F(x+i7],5) F(x—in,a)) (2.9)

The whole problem is to have a “nice” formula for F(z,¢), so that the integral in (2.9) can
be estimated. For that purpose we need some information on Ry .(z). Let

W = A*DA (2.10)



be a factorization 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, (2.11)

where we take D to be unitary by defining it to be the identity on Ker V.
Take Im 2 — 00, and use regular perturbation theory to obtain

QoRo-(2)Qo = Qo(H — )" Qo
—eQo(H — 2)'QoWQo(H — 2)'Qo + - - -
= Qo(H — 2)7'Qo — eQo(H — 2) 7' Qo
x A*[D + e AQo(H — 2) ' Qo A*] P AQo(H — 2)Qo. (2.12)

With the notation
G(z) = AQo(H — 2) *QuA*, (2.13)

one has for Im z — oo

F(Z, 6) = €<\I/0, W\I/0> —Z
— eX(Wy, A*D{G(2) — eG(2)[D + eG(2)] 'G(2)} DAV). (2.14)

Since F(z,¢) is analytic in z, the equality (2.14) holds true for all z, for which either the
right-hand side, or the left-hand side, exists. In particular, (2.14) holds true for Im z # 0.
The formulae (2.9) and (2.14) are the starting formulae of our approach. What is nedeed in
each particular case is the behaviour of G(z) in a neighbourhood of the energy of interest.

Remark 2.1. Let us comment briefly on our terminology. We call the formula (2.7) the
Schur-Livsic-Feshbach-Grushin formula. For matrices, it goes back at least to Schur in
a paper from 1917, and what we called the effective Hamiltonian, is known as the Schur
complement. It is widely used in matrix theory and related areas, see [8] and also [9] for
further references. In spectral theory related to quantum theories it is known as the Fesh-
bach or Livsic formula, and references can be traced from [14, 7]. In a slightly different
but equivalent form, the same formula appeared in the study of linear partial differential
operators, see [31] and references therein. We named it the SLFG formula to emphasize
the fact that all these scattered developments represent the same mathematical object: the
Schur complement.

3 Threshold eigenvalues in the case of odd dimensions

In this case the ingredient is the expansion of G(z) around z = 0. For the examples
considered here, the corresponding expansions are provided by the results or methods in
[18, 17, 25, 19]. In this section we shall use this expansion in a somewhat abstract setting,
having in mind Schrodinger and Dirac operators in odd dimensions. More precisely, we
assume H and W to satisfy the following conditions (A1)-(A5). Here p(H) denotes the
resolvent set, and o(H) the spectrum, with standard notation for the components of the
spectrum.



Assumption 3.1. (Al) There exists a > 0, such that (—a,0) C p(H) and [0,a] C 0ess(H).

(A2) Assume that zero is a nondegenerate eigenvalue of H: HWy = 0, with ||Vl = 1,
and there are no other eigenvalues in [0,a]. Let Py = |Wo)(Wo| be the orthogonal

projection onto the one-dimensional eigenspace.

(A3) Assume
(W, W) = b > 0.

(A4) For Rexk >0 and z € C\ [0,00) we let
K=—ivz, z=—kK.

(3.1)

(3.2)

There exist N € N and 69 > 0, such that for k € {k € C|0 < |k| < o, Rex > 0} we

have v
1~ - _
A(H + K2)_1A* = ?Po + Z Gjli] + fiN—HGN(H),
j=—1
where
Py = AP, A,

G; are bounded and self-adjoint,
G_, is of finite rank and self-adjoint,
éN(K) is uniformly bounded in k.

Taking into account that (remember that Qy =1 — )
1
(H + HQ)_I = ?PO + Qo(H + HQ)_lQo,

one has from (3.3), (3.4), and (3.8) that

N
G(z) = Z Gk + kN Gy (k).
=1
From (3.9) we get

N
(W, A"DG(2)DATg) = Y gi? + kN gn(r),

j=—1
where
g9; = (¥o, A*DG;DAT,),
gn (k) = (Uy, A* DGy (k) DAY,).
Notice that due to (3.5) we have

g; = 9;-
Finally, we need one further assumption.

(3.3)



Assumption 3.2. (Ab) There exists an odd integer, —1 < v < N, such that
Gw#0, Gi=0 forj=-11,...,v—2. (3.14)

A few remarks about the above assumptions: (A1) is nothing but the fact that we
consider the perturbation of eigenvalues lying at a threshold, and that the threshold is not
embedded in the essential spectrum. Assumptions (A2) is a simplifying “nondegeneracy”
condition. There are many interesting cases from a physical point of view, where these two
assumptions do not hold. The assumption (A3) is essential. It assures that the perturbation
“pushes” the eigenvalue into the positive continuum at a rate of order e, while (A5) implies
(see below) that the “width” T'(¢) behaves as €27/ as ¢ — 0. If (A3) does not hold,
and the perturbation pushes the eigenvalue into the continuum at a rate as say 2, then
an exponential decay law may not exist. Let us note that for every odd v > —1 there are
examples where (A5) holds with that choice of v. See Section 5.3. We shall consider the
problem of relaxing these assumptions in subsequent work. Assumption (A4) is our main
tool. In particular, it implies that on (0,d2] the spectrum of H is absolutely continuous.
We also notice that from (2.13), (3.10), and the first resolvent equation, it follows that

" tg, < 0. (3.15)

By the heuristics of naive perturbation theory, one expects that the perturbation turns
the zero eigenvalue into a “resonance”, whose real part, up to errors of order €2, equals be.
(Note that if (3.1) does not hold, then the eigenvalue may turn into an isolated eigenvalue
of H(e).) This suggests to take the interval of “relevant energies” to be contained in
(3bz, 3be):
I. C (3be, 3be). (3.16)

Now the idea of the proof that A, (¢) has the form of the right-hand side of (2.3), is
very simple: On the interval I, the function Im(F(x + i0,e)~!) can be approximated by a
Lorentzian function, whose parameters give A(g). There are two error terms to be taken
into account. The first one is coming from approximating Im(F(z + i0,¢)™!) on I, by a
Lorentzian function, and the second one from the Lorentzian integral on R\ I.. While the
first one is increasing with the length of I, the second one is decreasing. The length of I,
will be chosen as to balance between the two.

In what follows for e sufficiently small is a shorthand expression for there exists £y such
that for 0 < e < ¢q the given statement holds. All the constants appearing below are finite
and strictly positive. Consider

v+1

Y (3.17)

D.={z=ux+in|z € (3be,2be), 0 < |n| < (eb)**

Lemma 3.3. Let
2+v

p(v) = min{2, }. (3.18)
Then for € sufficiently small, and for z € D., we have

F(z,e) = H(z,e) +1(z,¢), (3.19)
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with

sup e PO (2 6)| < oo, (3.20)
0<e<eo
z€D.
and for v = —1
H(z,e) =¢eb—2z—e%g 1k}, (3.21)
while for v > 1
VT+3
H(z,e) = eb— 2z — *[a, ()K" + guar”> + ) _ fi(e)r™]. (3.22)
=0
Here (see (3.11) for g;)
a,(¢) = g, — e(Wg, A*D(G,Go + GoG, ) DAY, (3.23)

the f;(e) are polynomials with real coefficients of degree at most 2 + ”T_l, and

fole) = g0+ O(e). (3.24)

Proof. The crucial point is that (and this is one of the reasons for our conditions on I.),
since D, is “far” from the origin,

sup €||G
2€D,

()] < 051/2 for v = —1,
- for v > —1.

Accordingly, for sufficiently small ¢ we have

sup ||(D +eG(2) 7| < 2, (3.25)

z€D.

and then from (2.14)

F(z,e)=¢b—z— 52<\I/0, A <2m: )k“)A\I/ > + qm(z,€). (3.26)

k=0

v for v > 1, g(z,¢€)

Bych0031ngm—0for1/——1 m=1forv=1 and m =1+
satisfies (3.20), i

sup e~ PO g (2, )| < 0. (3.27)

0<e<eo
z€D.

Plug the expansion (3.10) into (3.26) with N = —1 for v = —1, N = 3 for v = 1, and
N =v+5for v > 1, and then keep in H(z, ¢) all the terms, which do not satisfy (3.27). O
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Consider now the function H(z,¢). From the definition of D,, it follows that for z € D,
one has | Im x”| > Ce”/? and | Im k2| < Ce2t*% . Since all the coefficients appearing in the
definition of H(z,¢) are real, it follows that for sufficiently small € we have

inf |Tm H(z,¢)| > Ce*ts. (3.28)

z€D.
Obviously, H(z,e¢) has limits as n — 0,

Hi(x,e) = 7171{% H(z £in,¢). (3.29)

Now (2.8) implies that nIm F(xz + in,e) < 0, and then from (3.28) and Lemma 3.3, it
follows that

nlm H(x 4 in,e) < 0. (3.30)
Notice also that
H+(l’,5) :H_(ZL’,&T), (331)
and on I, we have
|Hy(z,e)| > |Tm Hy(z, )| > Ce*T2. (3.32)

Let R(x,e) and I(z,e) be the real and the imaginary parts of H(z,¢), respectively,
such that

Hi(z,e) = R(x,e) £ il(z,¢). (3.33)
From (3.22) one has
R(z,e) =eb—x — & i(—x)jfj () (3.34)

(for v = —1 the sum in the right-hand side of (3.34) is zero, see (3.21)). For ¢ sufficiently

small we have R(%b,e) > 0 and R(%,g) < 0, and for = € [%b, %],

3 d 1
This implies that for sufficiently small ¢ the equation R(z,e) = 0 has a unique solution

xo(e), i.e.

R(zo(e),e) = 0. (3.36)
In addition,
zo(e) = b+ O(e?). (3.37)
Let now (see (3.33))
[(e) = —I(zo(e),e). (3.38)

Notice that for sufficiently small ¢ (see (3.30) and (3.15)) we have I'(e) > 0. At this
point we make the choice for I, as follows (notice that for all v and sufficiently small €,

I. C (%ba 3T€b>):
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e =

1o(e) — 2be, xo(e) + 1be]  for v =—1,1,
{[ o(e) — 3be, wo(e) + Fbe] (3:39)

[o(e) — %, To(e) + %] for v > 1.
The next lemma estimates the error, when F'(z,¢) is replaced with H(z,¢).

Lemma 3.4. For sufficiently small € we have

4,00 QLM /1 o [ T (135,5) - (135,5)} s < 02, (3.40)

Proof. For sufficiently small €, and z € D,, we have

|F(z,¢)| > 3|H(z,¢)|. -
Indeed, from Lemma 3.3 follows
[F(2,2)| > |H(z,2)] — Ce*+,

which together with (3.28), and the fact that p(r) > 3, implies (3.41). Furthermore, from
Lemma 3.3 and (3.41) follows

1 - 1 1 y 1
= e - d )<C 24p()+4 / d
‘zm/ff {mm,g) H(an,s)] = L H@+ i o

The estimate (3.28) implies that m is uniformly bounded for a fixed . Take the
limit n N\, 0 to get

1 , 1 1 v 1
lim —— —ixt _ d ) <C 2+p(1/)+§/ = dr
20 20 / {Fuim,@ H(xim,a] 1= L He@oP

(3.42)
Now due to (3.32), (3.35), and (3.36) we have
|Hs(z,6)| > C\/(x — 20(g))? + e, (3.43)
and then
1 o e © 1
spwrs [ L ) / dp — 2P / L
R T P | E i N P ) PR 7Y AN R
(3.44)
and the proof of the lemma is finished. O
We want to replace Hi(x,¢) with the following function
Ly(x,e) = —(x —xo(e)) £ i (z0(e),8). (3.45)

Inserted into (3.40), Ly (x,¢) leads to a Lorentzian function. The next lemma estimates
the error, when H(x,¢) is replaced by L. (z,¢).
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Lemma 3.5. For sufficiently small € we have

, 1 1
—ixt . < p(u)‘ 4
)/Is ¢ {Hi(a:,s) Li(x,s)] dx‘ < Ce (3.46)

Proof. As in the proof of Lemma 3.3 we have to estimate Hy(z,e)— Ly (z,¢). From (3.21),
(3.22), and (3.29) we have

d? d
- < C&? .
sup {)MR(:C,@)\ + ’de(x,&?) + 1)} <C: (3.47)
and
su iI(gc 5)) < Ce'*2; su d—zf(a: 5)‘ < Ce? (3.48)
xeg AR 7 xe}) dz? N ' .

Then from the Taylor expansion (with remainder) we get (see (3.47) and (3.48))

|Ho(z,2) — Ly (2,2) — (14 L Hy (20(2), ) (2 — 20(2))] < Ce™™25 |z — ()2, (3.49)

|Hy(z,€) — Li(x,¢)| < CePWa — x4(e)). (3.50)
Now
1 1 _ Li(w,e) — Hi(z,e)  (Li(x,€) — Hi(z,€))?
Horo) Io@d)  Le@e? | Li(w.e)Hs(z.2) (8:51)

From (3.51), (3.49), (3.50), and the fact that (see (3.43) or (3.47))

|Hy(z,e)| > |R(z,¢e)| > Clz — x0(2)] (3.52)
we get:
. 1 1 x)
—ixt _ < 1 H ’/ —z:ct
‘/156 |iH:|:(JI,6) Li(]} € :| dx’ ‘ + * 3?0 | Li Z, 6 dx
C min{2, ¥ }/ |I‘ — fL’O d C 2p(v) ‘JI x0(€)|d (3.53
eE Le(n e |2 O | w35

With the notation {(g) = Llength I. we get (we always have I() > I['(¢), see (3.39))

2
C’gmin{?é}/ o= z©F | oo / ke =z,
| L, )] . [ Le(z, o)

< Cemn25Y(c) + Ce¥W In % < O, (3.54)
g

Furthermore, writing
(wo(e) —m) 1 n il'(e)
Li(z,e)2  Li(x,e)  Li(w,e)?

13



T'(e)

and using that L [¢ - dx = 1, one has

2_;’_]_"(5)2
iat d ‘ ) / T L, ) 3.55
‘/16 c Li (z,e)? - (x,¢€) r ( )
Finally,
‘/ - 1 U(e)/T(e) () c. ( )
e dx):)/ Gl dy) < 3.56
I. Li(z,¢) _I(e)/T(e) yFi

where the last inequality is obtained by estimating the last integral using the residue
theorem. From (3.47) and (3.48) follows that

114+ LH (z4(g),e)] < Cer)
which together with (3.51), (3.54), (3.55), and (3.56) finishes the proof. O
We can now evaluate A,_(t).
Lemma 3.6. For sufficiently small € we have
| Ay, (t) — e~ @0@=TE)| < CePl), (3.57)
Proof. By direct computation

L it 1 B 1 . l o—iat ['(e) )
2mi 1, {LWW L—<~m)} ! w/fg G- n@pFrE %)

Due to (3.37), (3.23), and (2.2) we have
T(e) = —i" lg,b2e®ts + O(32), (3.59)
which together with (3.39) implies

’(/R_ /Is)e_m (z — xo( + e df’?‘ < C/ ZrrEE s CeP® (3.60)

Since by the residue theorem

1 —ixt I'(e) —it —i

- i dr = it(xzo(e)—iI'(g)) 3.61

o R el R iE | 300
(3.57) follows from Lemmas 3.4, 3.5, and the results (3.58) and (3.60). O

We are now in a position to formulate the main result.

Theorem 3.7. Suppose (A1)—(A5) hold true. Then for sufficiently small € we have

‘<\IjOa e_itH(E)\Do> . e—it(xo(a)—ir(s))| < OEP(V). (362)

Here p(v) = min{2, (2 +v)/2}, and
D(e) = —* g, b"/2/2(1 + O(e)), (3.63)
xo(e) = be(1 4+ O(e)). (3.64)
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Proof. The theorem follows from Lemma 3.6 by an argument due to Hunziker [15]. For
completeness we reproduce it. Taking t = 0 in (3.57) one gets

[(Wo, g-(H (£)) W) — 1] < CePW),
which gives (recall that 0 < g.(z) < 1)
(1 — go(H(2)))2 Wo|? < CeP. (3.65)
Now
[(To, e HEOWe) — Ay (1) = [{(1 — g:(H(2)))2 o, e (1 — g.(H(e)))? o)
< |I(1 — g-(H(£)))> W[,

which together with Lemma 3.6 and (3.65) finishes the proof. O

4 Continuum eigenvalues

While the starting formulae are again (2.9) and (2.14), here we assume that G(z) is uni-
formly bounded and smooth (in the norm topology) in

D,={z||z] <a, Imz # 0} (4.1)

for some a > 0. We use the standard notation, C™?, 0 < § < 1,n = 0,1, ... for the
class of functions whose n'* derivative is uniformly Holder continuous of order 6 in D,. In
particular, C%! is the class of uniformly Lipschitz continuous functions in D,. Suppose
now that G(z) € C™? with n + 6 > 0. Then for # € (—a,a) and ¢ sufficiently small one
can define (recall (2.14))

Fi(x,e) = 7171{% F(z tin,e) = R(x,e) £il(x,¢). (4.2)

Since for sufficiently small e, R(—a,e) > 0, R(a,e) < 0, and R(z,¢) is continuous, the
equation

R(xz,e) =0 (4.3)
has at least one solution in (—a, a). Moreover, from the fact that (see (2.14))
R(z,¢) = eb—x —&*S(x, ¢), (4.4)

where (uniformly for € sufficiently small) S(z, ) € C™?| it is easy to see that any solution
equals eb+ O(g?). In addition, for n+6 < 1 (see also [6, Proposition 12]) any two solutions

zh(e), 23 (e) satisty |zt(e) — 22(e)| < CeT7, while for n + 6 > 1 the solution is unique.
Let now z((g) be one of the solutions of (4.3) and, as before, define I'(¢) by

T(e) = —I(zo(c), ). (4.5)

15



Notice that under our conditions
0<TI(e) < e (4.6)

We are now in a position to formulate the analogue of the first part of Theorem 3.7 for
embedded eigenvalues.

Theorem 4.1. Assume that G(z) is in C™ on D,. For sufficiently small ¢ we have the
following two results:

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

2
Then we have ]
|<\I’0, €_itH(€)\Ifo> . e—it(zg(a)—if(a))| < 01 986, (48)
where
d=2—7(1-0)>0. (4.9)

(ii) Forn+6 > 1 we have

e?llne| forn=0,0=1,

4.10
g2 forn+60>1. (4.10)

|<\1107 €_itH(€)\Ifo> . e—it(:co(a)—if(a))‘ < C{

Proof. The proof is similar to the proof of Theorem 3.7, but somewhat simpler, since
now we assume smoothness in a whole neighborhood of zero, and not just an asymptotic
expansion around zero.

Part (i): Choose in this case (notice that for sufficiently small ¢ we have I. C (—a,a))

]5 = [130(5) — 6—6,1’0(5) + ?], (411)

and take, as before,
Li(z,e) = —(x —x0(e)) £ il(xo(e), ). (4.12)

Now we estimate directly |Fi(x,e) — Li(x,¢)| on I.. Since we have Fi(zo(e),e) =
Li(zo(e),e), from (4.4) and Holder continuity one has on I. that

|Fi(2,e) — Le(z, )| < Ce|lz — mo(e)|” (4.13)

In particular, from (4.7), (4.9), and (4.11), for all x € I. we have

|Fy(z,e) — Lo(x,e)| < Ce? <_)9
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2
< OF(s)m < OT(e)e* =079 — O ()9 (4.14)

Since 0 < 6 < 2,0 <60 <1, and |Li(x,e)| > I'(e), from (4.14) one obtains that for all
x € I. and ¢ sufficiently small

|Fy(z, )] > %\Li(x,a)\. (4.15)

Again we estimate the error when replacing Fy(z,e) with Li(z,e). From (4.11), (4.13)
and (4.15):

‘/fg {Fié,e) - Li<1x,e>] da| < C / G _‘iozgffz(?‘;((g)zdﬂf

S 1\’ /a Y’ &2 1 \""’
ce (F(a) e S s A (4.16)

which together with (4.7) and (4.9) gives

‘/ e LR dw‘ < 05—6 (4.17)
I F:I:(x>€) L:I:(x>€) N 1—0 .

On the other hand, as in the proof of Lemma 3.6, we have

[t ee

From the Lorentzian integral (3.61), (4.17), and (3.60) one obtains

o

Ao (1) — ¢ O] < ¢ (4.19)

1-0
which together with Hunziker’s argument (see the proof of Theorem 3.7) finishes the proof
of the first part of the theorem.

Part (ii): At first sight the proof of the second part seems a bit more delicate, since we
do not impose a lower bound as in (4.7) for I'(¢). Since for all n > 0, Im F'(z £ n,¢) # 0
the idea is to make all the estimates in (2.9) before taking the limit n N\, 0. So, consider
Fi(x,n,e) = F(x £in,e) and subsequently (see (4.2), (4.3), (4.5)) R(x,n,¢), I(z,n,¢),
xo(n,€), T'(n,e), Li(x,n,¢). Consider first the Lipschitz case, i.e. n =0, 0 = 1. Fix ¢
sufficiently small. By choosing n as small as to assure that

'(n,e) ['(n,e) a a
I.= - e 42

one can mimic closely the estimates in the previous case. The only difference is that the
1
y? Zne| _y

77dy is replaced with Jo Ady < C|lne| and that in (3.60) g% is replaced
by €2|lne|. One obtains that (uniformly as 7 \, 0)

1
integral [i**

1 . 1 1 ; ;
L d —zxt( _ ) _ e~ it(@o(n,e)—il(n,€)) < C 2 1 . 4.21
Qm/lm X e F(x—l—in,é) F(x—in,é) € ‘— €‘n€| ( )
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Taking 7 N\, 0 in (4.21) and using lim,~ o zo(7, €) = zo(e) and lim,\ o ['(n,€) = I'(¢), one
obtains ' '
|Ay. (t) — e H@E=TE)| < Ce?|lng|, (4.22)

and again Hunziker’s argument finishes the proof.

In the last case, namely n + 6 > 1, a more careful estimate is nedeed in order to kill
the factor |Ine|, and we follow the proof of Lemma 3.5 in estimating the error due to the
replace of Fy(x,n,e) with Li(x,n,¢e). In this case we take (with a suitably small C)

he=loom2) - %D e+ PB (28 )

In the proof of Lemma 3.5 one then makes the changes necessary to take into account that
here

d d?
—1 s 1y ‘< 2; —1 s 1y ‘< 27
Sup | @ me)| < Ce Sup | gl (@me)| < Ce
11+ £ Fe(wo(n, €),m,6)] < C<?,
to obtain that . X
et { - ] dx‘ < Ce, 4.24
’/ln,s Fy(z,m,e)  Li(w,n.¢) - (4.24)
The rest of the argument remains unchanged. O

Remark 4.2. The regularity properties of G(z) assumed above can be obtained using the
Mourre method. See for example [27] and [2].

Remark 4.3. In the case n + 6 > 1, if actually I'(¢) = 0, then xy(e) will be an embedded
eigenvalus, which can be seen as in [27] or [7].

Remark 4.4. Estimates uniform in time on the remainder term in the formula (1.1) for
the survival probability in the non-analytic case can also be obtained from the general
results in [6, 24, 33, 35]. Our estimates improve the previous ones; for example in the
differentiable case (i.e. n+ 6 > 1) we have an estimate of order £2, while all the previous
results we are aware of have only an estimate of order €. Actually in this case, as it can be
seen from the discussion in [15], our result is optimal in the sense that a better estimate
cannot hold, unless one replaces Vg with a better adapted wave function.

Remark 4.5. Aside from the condition that uniformly on D,, €||G(z)|| < 3 one can replace
in all estimates leading to Theorem 4.1 ¢ by & = ¢||AV¥;||. This might be important in the
cases when [|AWq|| is very small, see [24].
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5 Examples

As examples we consider one and two channel Schrodinger operators in odd dimensions. We
shall restrict ourselves to the “physical” dimensions one and three. In the three dimensional
case we consider various cases for both one and two channel Schrodinger operators. In the
one dimensional case with local potentials we only consider the two channel case. We
obtain explicit examples with g, # 0 for v arbitrarily large. In each case we find v and g,,
which gives the leading term in ¢ of I'(¢) (see (3.63)).

In the one channel case

H=—-A+V(x), (5.1)
(Wf)(x) =W(x)f(x), (5.2)
in L2(R™), m = 1,3, with V, W satisfying
()PV € L=(R™), (5.3)
(VW e L®(R™), (5.4)

and [, v are sufficiently large, in order to obtain the expansions below (see [19]), and
we suppose that the singularity of (H + x?)~! at k = 0 is coming from the existence of
a nondegenerate eigenvalue at the threshold and/or a zero resonance. Note that we can
allow singularities in V' and W, but we have decided to omit the technicalities involved in
dealing with such singularities.

In the two channel case we consider examples of a nondegenerate bound state of zero
energy in the “closed” channel decaying due to the interaction with an odd dimensional
Schrodinger operator in the open 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?*(R™) @ C. As the unperturbed Hamiltonian we take

H_ {—AOH/ 8} ’ (5.5)

where V' satisfies (5.3), and as the perturbation we take

Wi W) (1]
=L " >0)
which is a shorthand for
< Wi (x) f(x) + Wia(x
W{f( >] :[ (%) (x) + Wis (x)¢ .
§ J Wha(x) f(x) + ¢
Here we assume
(VWi € L°(R™),  ()2W, € L®(R™), (5.8)

and furthermore that Wi, is real-valued. In order to satisfy (3.1) we assume b > 0 in (5.6).
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We use the following factorization of W. To simplify the notation below we introduce
the weight function
py = ()77, (5.9)

In the one channel case we write

W = p,Cp,, (5.10)

i.e., C'is the bounded operator of multiplication with (x)7WW (x). Writing the polar decom-
position for C' (with a self-adjoint D satisfying D? = I) as

C = |C|V*D|C|?, (5.11)
we have in this case
A=1[C|"?p,. (5.12)
In the two channel case let
_|p—~ 0
B = { 0 1] , (5.13)
and
C = BWB = |C|*D|C|?, (5.14)

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|V*B7, (5.15)

le.

W = B~Y|C|?D|C|V*B (5.16)
Now, since |C]*/? is bounded, it is clear from (3.3) and (5.15) that we need the expansion
of

p (A +V +r)"p, 0
BYH+r) B = o1, (5.17)
! 2
which, together with the fact that in our case
00
Py = {O 1} , (5.18)

reduces the problem of writing down (3.3) to the expansion of the resolvent in the scalar
case. Summing up, in all cases the needed expansion of (H + x2)~! follows at once from the
expansion of p,(—A 4+ V + k?)"!p,. The expansions of (—A 4+ V + x?)~! near x = 0 have
been written down in [18, 17, 25, 19]. For the first example, although one can take the
nedeed results from [18], for the reader’s convenience we rederive them in the Appendix
following the approach in [19] used in the rest of the paper . For the second example
we need to carry the computations further than was done in [19], in order to get explicit
expressions for the coefficients. The last example has not been treated previously, so we
give some details of the computations.
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5.1 Schrodinger operators in three dimensions

We first present the results in the case where the Schrodinger operator acts in three di-
mensions. The point zero is classified into four cases. It may be a regular point, in which
case there is no singularity in the resolvent expansion. In the other three cases there exists
at least one non-zero solution to (—A + V)¥ = 0, in the space L>7*(R?), 1/2 < s < 3/2.
It turns out that ¥ € L?(R3), if and only if (V,¥) = 0, see Lemma A.2. In case there
are solutions with (V, W) # 0, it is said that H has a resonance at the threshold. Among
these solutions, one can choose a distinguished one, V.., called the canonical zero resonance
function and all the others can be written as ¥ = aW, + U with o # 0 and ¥ € L*(R?).
See the Appendix for further details.

Our first result concerns the one channel case. Note that we take ¥, to be real-valued.

Theorem 5.1 (One channel case). Assume that V and W satisfy (5.3) and (5.4) with
B> 9 and v > 5, respectively. Assume that (A1-3) holds for H=—A+ V. Let

Xj = \I/()(X)V(X)(L’jdx, j = 1,273. (519)
R3
Assume either that X; # 0 for at least one j, or that (Vo, WV,.) # 0. Then v = —1, and

we have )

b
g1 = o (X7 + X3+ X3) + (o, WP, (5.20)

If H does not have a resonance at the threshold, but still X; # 0 for at least one j, then
the second term in the right hand side of (5.20) should be omitted, i.e.

b2
g1 = E(Xf + X5 + X3). (5.21)
Proof. Under our assumptions on V' we have an asymptotic expansion (3.3) with N = —1,
see Theorem A.4, and furthermore
G_1 = PVGV P+ |9 )(T,| (5.22)

Insert this expression into (3.11) and use the explicit kernel (A.3) together with the result
(see Lemma A.2)

/ Wo(x)V (x)dx = 0 (5.23)

to get (5.20).
If H does not have a resonance at the threshold, then (see Theorem A.4) the last term
in the right hand side of (5.22) should be omitted. O

Remark 5.2. Let us explain through an example the significance of the conditions in the

theorem. Take
—Vo, if <1
v = Vo A<
0, if |x| > 1.
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Here Vy > 0 is a parameter. By adjusting this parameter, one can get a radial solution to
(=A+V)y = 0 for any angular momentum £ = 0,1, .. ., which decays as |x| ¢, as |x| — oco.
Thus for ¢ = 0 we get a zero resonance. For ¢ = 1 we get zero eigenvalues, such that at
least one X; # 0, see (5.19). For ¢ > 2 all X; = 0. For ¢ > 1 the eigenvalue at zero is
not simple. Examples with a simple zero eigenvalue can be obtained using only the radial
part, see Remark 5.11. Note that in order to get (Vy, WW,) # 0 one will have to take a
non-radial perturbation W.

Concerning the two channel case we have the following result.

Theorem 5.3 (Two channel case). Assume that V and W satisfy (5.3) and (5.4) with
6 >9 and v > 5, respectively.

(i) Assume that —A 4V has neither a threshold resonance nor a threshold eigenvalue.
Then v > 1, and we have

—1
91 = =1 {Wha, (T + GeV) (5.24)

(ii) Assume that —A + V' has a threshold resonance, and no threshold eigenvalue. Let
U, denote the canonical zero resonance function. Assume that (Wig, W.) # 0. Then
v=—1, and

g1 = [(Wia, W) 2. (5.25)

Proof. In the two channel case we have ¥y = [?]. We start with part (i). We get the re-
quired resolvent expansion (3.3) from Theorem A.3. Under the assumption on the potential
V' (3.3) holds for N =1 and

G - NI+ GWV) (I +GRv)~t1| 0
0 0]’

Now the proof consists in combining this expression with the definition (3.11) and the

matrix . This leads to the result stated in part (i). Concerning part (ii), then we use

Theorem A.4 (see (A.19)) and perform the same computations as for part (i). O

Remark 5.4. Note that the function ¢ = (I + G{V)~'1 satisfies (—A + V)3 = 0 in the
sense of distributions. Thus it is a generalized zero energy eigenfunction. Compare with
the discussion in [4].

5.2 Schrodinger operators in one dimension

Since in the case dimension m = 1 and local short range potentials there is no bound state
at the threshold, we can only consider the two channel case. For m = 1 the expansion of
py(—A +V + k?)"1p, is much more complicated, due to the 1/x singularity in the free
resolvent. The result needed is obtained from [19]. Since it was not written down explicitly
in [19], we reproduce some results needed to complete the computation.
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The kernel of the free resolvent has the expansion

1
(-2 + 1) y) = 5 e

2K
1 =y Jr—yf? 2
= ﬂ - 9 + K 1 + O(I{ )
1
= ;G(ll(x, y) +Go(x,y) + kGl(x,y) + O(k), (5.26)

where we also introduced the notation used here. Note that the G‘; here are different from

those defined in (A.3). We also use the notation v(z) = |V (2)|Y?, U(z) = 1, if V(z) > 0,

U(z) = —1, if V(x) < 0, such that the factorization used is V' = vUv. We write w = vU.
The expansion results are obtained by studying the operator

M(k) = U +v(—=A + &%) 1o,
and its inverse, see [19, (4.3)]. We have
M(k) = %OzPIi_l + My + Mk + &*r(k), (5.27)

where

P=a o) v, a=|v? (5.28)
and My — U and M; are the integral operators given by the kernels

(Mo = U)(z,y) = —3v(x)|z — ylv(y). (5.29)

2

Mi(z,y) = qu(@)lz — y*o(y), (5.30)

and, for # > 7, the remainder r(x) is uniformly bounded in norm. Let @ = 1 — P, and
let S: QL*(R) — QL?*(R) be the orthogonal projection onto Ker QMy@. Then (see [19,
Theorem 5.2 and (5.18)]) Rank S < 1, and the formula for M (x)~! is as follows.

DO

—~

M(r) = 220 4wl ()
+ %(1 + kM) 7' Q(mo + S + kmy () Q1 + kM (k)™
2 (1 4 kM (1)) Q(mo + S + rma (k)" Sq(k) 1S

x (mo + S + rmy (k) 'Q(1 + kM (k)Y (5.31)

where we use the notation

M(Ii) = (M() + IiMl) -+ O(Fdz),

m(k) =

Qoo |

QMHQ — ZKQENE — M)Q + O(r?)
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= mo + k(my + kma(K))
= mg + kmy(k), (5.32)

and

q(k) = qo + O(k) (5.33)
as an operator in SL?(R), with

q(0) = g0 = Smy S. (5.34)

In the formula (5.31), if QMy(Q is invertible as an operator in QL?*(R), i.e. S = 0, the last
term vanishes. If S # 0, we have the following result (see [19, Theorem 5.2]).

Proposition 5.5. Assume S # 0. Let ® € SL*(R), ||®|| = 1. If U is defined by

U(z) = L (v, My®) /|x—y\v (y)dy, (5.35)

then
w¥ = P, (5.36)

U ¢ L?(R), ¥ e L>®(R), and in the distribution sense
H = 0. (5.37)

Conversely, if there exists ¥ € L*(R) satisfying (5.37) in the distribution sense, then

® =w?¥ € SL*(R). (5.38)
In addition,
2
q(0) = —=&8, (5.39)
(0%
with 5 1
ﬁzaﬂwﬂﬁ®ﬁ+§MmX®P>0, (5.40)

where X is the operator of multiplication with x. The function (unique up to a factor of
modulus one)

1
U, ==V (5.41)
¢
1s called the canonical resonance function.
We are prepared to state the main result of this subsection.

Theorem 5.6 (Two channel case). Assume V satisfies (5.3) with 3 > 7, and W satisfies
(5.8) with v > 5. Then we have the following results.
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(i) If in the open channel there is no threshold resonance (i.e. S =0), then v > 1.

(ii) If there is a threshold resonance in the open channel (i.e. S #0), and (Wia, ¥.) # 0,
where W, is the canonical resonance function, then v = —1, and

g-1 = [(Wia, U,) 2. (5.42)
Proof. We have to insert the expansion (5.31) into
Py (A +V +5) 7 py = py (A + ) p,
—py(=A + &) TToM (k) (A + &%) tp,, (5.43)

and compute the % term. The main observation is that most of the singular terms vanish
or cancel each other. Observe that

QL+ kM (k) "v(=A + £%) ' p,
1 2
= EQ|U><P7‘ - EQMOUGQI/L, — QuGYp, + O(k)
2
= =~ QMG p, = QuGop, + O(k), (5.44)

since by definition Pv = v and QP = 0. Insertion of the expansion (5.31) into (5.43) gives
four terms to be considered. From (5.44) follows that the third one is O(1). Computing
the + contribution from the first two terms, one obtains (see (5.28))

10 on] = 507, D] =0 (5.45)

Since in the regular case (i.e. S = 0) the fourth term does not exist, the first part of the
theorem follows from (5.44) and (5.45). Moreover, in the case S # 0, one has to consider
only the fourth term. The computation of the % coefficient leads to (observe that SQ = S,
and see also (5.26), (5.33), (5.39), (5.34), (5.35), and (5.40)),

_ 1
py(—A+V + K?) 'y = %‘PW\PNPW\H +0(1), (5.46)

which gives (5.42), and the proof is finished. O

5.3 Schrodinger operators on the half line with ¢/ > 1

In this subsection we consider the operator

> l+1)
Hy,=——
0.t dr? - rz
on the space H = L?(R.). Tt will provide us with examples of resolvent expansions, where
we can verify Assumption (A5) with v > 3 odd and arbitrarily large. Note that the cases

v = —1 and v = 1 were covered in the preceding sections.

(=1,2,..., (5.47)
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It is well-known that the operator Hy, is essentially selfadjoint on C§°((0,00)). We now
give the integral kernel of the resolvent (Hy, + £2)~'. To this end we need some results
on special functions. We denote by j,(z) the spherical Bessel functions of the first kind,
and by h?) (z) the spherical Bessel functions of the third kind. We follow the notation and
normalizations given in [1, Section 10.1]. We then define

ue(2) = zje(2), we(z) = izhél)(z).

We need the expansions of these two functions around zero. Using [1, (9.1.10),(10.1.1)],
we get after some simplifications,

Bk + 0)!
L1t 2k
(2) 2 E k' k: O+ 1) z (5.48)

For the function wy(z) we change the variable to get a simplified expression. Using [1,
(10.1.16)], we get, computing as in [17],

w(i¢) =i '¢Y " dnC™, (5.49)

n=0

e (e R(=2)
dn = (=1) kz : k!(£>—(lc)!) (n—0+k) (5.50)

k>l—n

We recall from [17] the following result on the expansion coefficients of hgl). Note that we
have not made the /-dependence in d,, explicit, in order to avoid a complicated notation.

Lemma 5.7. The coefficients (5.50) have the following property
d,=0 forn=1,3,...,2( —1. (5.51)

We now recall (see any standard text, for example [3, 26]) that the kernel of the resolvent
is given as .
(Hou + £2) " (r, 1) = ——uy(irr)we(inrs). (5.52)
K
Here we have introduced the standard notation
rv =max{r,r'}, ro=min{r,r'}. (5.53)

The expansion results for u, and w, then lead to asymptotic expansions for the resol-
vents. We keep the same notation as in the previous subsection, so we introduce the weight
function p,(r) = (r)=/2, now for r € R,.

Proposition 5.8. Assume that v > 2p + 3. We then have an expansion

p—1
py(Hog + K*) " 'p /#G + kPry(k). (5.54)
7=0
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Here the expansion coefficients are bounded operators on 'H, and the error term r,(k) is
uniformly bounded for k small. We have

G;=0, 7=13,...,20—-1. (5.55)
We have the following integral kernel expressions (assuming vy > 20 + 5)

(ro) ™ (rs)~

éo(rv 7”/) = p’y(T’) 20+ 1 p,y(T’,), (5.56)

. re {+1 rs —/ ) ) ,

T R L A R R | 2 G0
Garia (1) = ¥ 325 (1) (=r-1) o, (). (5.58)

Proof. The results (5.48), (5.49), and (5.52) yield, after some computations, the existence
of an asymptotic expansion of the form given in (5.54). The result (5.55) is a consequence
of Lemma 5.7, since the expansion of z=*~u,(z) only contains even powers of z. The kernel
expressions follow after some tedious computations, which we omit. In the expression for
(5.58) we used the relation ro - rs =771’ O

We can now describe our results. We consider the two channel set-up, where we now
take the Hilbert space H = L*(R,) @ C, and replace (5.5) by

H= {Hg@ 8] . (5.59)

Theorem 5.9 (Two channel case). Consider the two channel case with H given by
(5.59). Assume that W given by (5.6) satisfies (5.8) with v > 2( + 5. Assume that

<W12, ’f’£+1> 7é 0.

Then we have v =20+ 1 and

o= (0 |G| 10V (5.60)

where I' denotes the usual Gamma function.

Proof. We insert the expansion coefficients into (3.11), and after some simple computations,
the result follows. A computer algebra computation using (5.50) yields the closed form of
the coefficient, given in the theorem. O

Remark 5.10. The above result should be compared with the results in [4]. Here the same
Hamiltonian is investigated using analytic continuation of the resolvent. The expression in
(5.60) agrees with the one in [4].
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Remark 5.11. One can also consider the operator

d? ((0+1
FRI(ES)

H=—
dr? 72

+ V(r), (5.61)
where V' decays sufficiently rapidly at infinity. The analysis of the threshold can be carried
out along the same lines as above. In this case one can get a simple eigenvalue at the
threshold for suitable V. The detailed analysis shows that also in the one channel case one
can get examples, where (A5) is satisfied with v arbitrarily large.

Remark 5.12. The results obtained here are similar to those in [17] for —A + V on
L?(R™), m > 5 and odd. The free Schrédinger operator has an asymptotic expansion with
coefficients having the same properties as above. The link between the two cases is given
by m = 2¢ 4+ 3. One could use the results in [17] to get one channel examples similar to
those mentioned in the previous remark.

6 Further results

In this short section we list a few possible generalizations of the results obtained above.

(i) More examples, e.g., the one channel case in one dimension with nonlocal interactions,
higher dimensions etc. The only problem is that the computations are more tedious.

(ii) Degenerate case, i.e. the case when 0 is a m-fold degenerate eigenvalue, m < oo. If
all the eigenvalues by < by < --- < b, of BhW Py on FPyH are strictly positive and
nondegenerate, one can apply the method in Section 3 to each of them by replacing
I. (see (3.16)) with I;. C (e(b; — a),e(b; + a)), where

.
a=3 rﬁig{bl, |b; — bk}

(iii) Even dimensions. In extending the theory developed in Section 3 one has to cope
with the more complex asymptotic expansions for the resolvents [17, 19].
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A Resolvent Expansions in Three Dimensions

In this Appendix we show how to use the technique from [19] to derive the results on the
asymptotic expansion of the resolvent of a Schrodinger operator in three dimensions and
in particular to compute G_; in (1.2).

This Appendix is included for the convenience of the reader. The results are also
obtainable from the paper [18]. Moreover the expansion of the resolvent of a Schrédinger
operator in three dimensions following the approach in [19] has been obtained in [10];
however the computation were not pushed far enough as to have an explicit formula for G_;.
We also refer to the survey paper [5] and the references therein. We start by introducing
the setup. We refer to [18, 19] for several results, but provide an outline of the arguments
needed to obtain the resolvent expansions. Let H = —A 4V be a Schrédinger operator on
H = L*(R?). We assume that V(x) is real-valued, and that for some suitably large 3 > 0
we have

(VPV € L*®(R?). (A1)
Let R(2) = (—A — 2)7! be the resolvent of the free operator. Let H® = L**(R?), s € R,

denote the weighted space. The expansion of RJ(z) follows from the Taylor expansion

of the well known kernel 4ﬂi_y|e_”‘x_y‘ (see e.g. [18] for the mapping properties of the

coefficients):
o, . . 3 .
Proposition A.1. Let p > 1 be an integer. Let s > p+ 5. Then we have the expansion
p .
R)(—r%) =Y WG+ O (A.2)
5=0

as k — 0, Rex > 0, valid in the norm topology of B(H*, H™*). The expansion coefficients
are given by the integral kernels

(=1

0 _ oli-1 -
Gi(xy) = yr x—yl’™", j=0,12,.... (A.3)
We have
G8 - B(H317H—32>’ 81,82 > %, S1 1+ So Z 2, (A4)
G} e B(H™, H ™), si,sa>j+5 j=12.... (A.5)

Following [19] we write the resolvent formula in the symmetric form

R(—#2) = (H + k%) = RY(—#%) — BY(—k2)oM(x) WRO(—2),  (A.6)

where
M(k) = U +vR)(—k*)v = My + kM, + k2 My + £*Ms + O(k%), (A.7)
My =U +vGv, M; =vGv; j=1,2,... (A.8)
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with V =ovUv,
+1 for V(x) >0,

—1 for V(x) <0, (A.9)

v(x) = V()% Ux) = {
and provided 3 > 9. Notice that U? = I. The analysis of the invertibility of M (k) starts
with an analysis of Ker My (see also [18, 10]) .

Lemma A.2. (i) Assume that ® € Ker My. Let ¥V = —Glv®. Then U € H™* for any
s> 3, and HY = 0 in the sense of distributions. We have U € 'H, if and only if (v1,®) = 0
(or equivalently (V1,¥) = 0).

(ii) Assume W € H™* for some s, % <s< %, and HV = 0 in the sense of distributions.
Let ® = UvW. Then ® € Ker M,.

Proof. Part (i): Let ® € Ker My and ¥ = —Glv®. Thus (U + vGJv)® = 0, and we have
— AV = —p® in the sense of distributions. Now v¥ = —vGJv® = U®, such that ® = Uv¥.
We conclude that H¥ = 0 in the sense of distributions. The mapping properties of G
imply together with the decay of v that ¥ € H™* for any s > %

Use the definitions to write

B 47r/|x y\ (v®)(y)dy
o [eRwy - = [ (- ) e

47T \X| x—yl x|

Now the estimate
< b
x =yl [T [x =yl
implies the last claim in Part (i).

Concerning Part (ii), then let W satisfy the assumptions, and define ® = UvW. We
have —AU = —V¥ = —p®. Define ¥ = —Gvd. Then —AU = —p®. We conclude that
—A(V — ‘If) = 0. Since ¥ — U € H~* for some s, 5 <s< ;’, it follows that ¥ — U = 0,
since the only harmonic function in H™* for these values of s is the zero function. We have
shown that ¥ = —GJu®. Thus ® = Uv¥ = —UvGJu®. Since U? = I, it follows that
® € Ker M(). ]

This lemma leads to the classification of the point zero in the spectrum of H. Notice
first that since My = U +vGYv = U + compact, Ker M is finite dimensional. Let S be the
orthogonal projection on Ker My and S; be the orthogonal projection on Ker SM;S (as an
operator in L?(R?)) . Now (see (A.8) and (A.3) )

SM,S = —4i|sv1><sv1| (A.10)
T

which imply that dim S; > dim S — 1 and ® € Ker SM;S, if and only if (®,v1) = 0. There
are four cases to be considered.
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(0) dim S = 0. This is the regular case and M(x)~! can be computed by Neumann
expansion (see Theorem A.3).

(1) dim S = 1 and Sy = 0. In this case there are no bound states, but there is a threshold
resonance described by the function ¥ = —Gv®. We say that zero is an exceptional point
of the first kind.

(2) dim S = dim S; > 1. Then zero is an eigenvalue of H of multiplicity dim S. In this
case we say that zero is an exceptional point of the second kind.

(3) dimS > 2 and dim S; = dimS — 1. In this case zero is an eigenvalue of H of
multiplicity dim .S — 1, and in addition there is a threshold resonance. In this case we say
that zero is an exceptional point of the third kind. There is an ambiguity in writing the
resonance function, since for all (®,v1) # 0, ¥ = —Giv® ¢ L*(R?) and is a candidate for a
resonance function. However there is a distinguised one ¥, = —G81}<I>C named the canonical
resonance function. It is defined by the condition that the resonance contribution to the
singular part of R(—k?) takes the form X|¥.)(¥.|. The proof of Theorem A.4 gives the
following formula for W.:

Var

All the other resonance functions can be written as ¥ = aW. + T with a # 0 and T e
L?*(R3), satisfying H¥ = 0 in the sense of distributions. In the rest of this appendix we
write down the expansions in the cases of interest .

Theorem A.3. Assume that zero is a regular point for H. Assume 3 > 5 in (A.1).
Assume s1, 89 > 5/2. Then we have

R(—k?) = Gy + kG + O(K?) (A.12)
in the topology of B(H**, H™%2). We have
Go=GYI+VGH™, (A.13)
1
G, = —4—|(I+G8V)‘11)<(]+G8V)‘11\. (A.14)
T
Proof. We only outline the main steps. Assume zero is a regular point for H. Thus we
assume that Ker My = {0}. Since U has spectrum contained in {—1,+1} and vGQv is
compact, it follows that M, is invertible. We want to compute explicitly the first two

expansion coefficients in R(—x?). If we assume 8 > 5, then we have, using the Neumann
series,

M (k) = My + kM, + O(K?), (A.15)
M(k)™ = Myt — My "My Myt + O(K?). (A.16)

Now we insert this last expansion into (A.6) and compute to find that we have an expansion

R(—Féz) = Go + IiGl + O(F&2),
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with
Gy = G8 - vaMo_lng

and
G1 = GY — GovMy ' My My 'vG) — GloM; Gy — Gov M, 'vGe.

These coefficients can be rewritten in various ways. We show how to rewrite Gy. We have
Go = G — Gov(U + vGov) MGy
= Gy — Go(I + UvGyw) ' UvGy
= Gy — GYI +vUvGY) wlUvGY
=Gy -Gy + VG 'VGE)
= GoI+VG) ™,

by straightforward arguments. The coefficient is a bounded operator in B(H*, H~*) for
s > 1. An analogous, but somewhat longer computation, gives the expression (A.14) O

We also look at the case, when zero is an exceptional point of H. In this case we only
carry the computations far enough to identify the coefficients of the singular terms in the
expansion.

Theorem A.4. Assume that zero is an exceptional point for H. Assume that § > 9 in
(A.1). Assume s1,s9 > 9/2. Then we have an asymptotic expansion

1 1
R(—I{Q) = ?G_g + EG_l + O(l) (A17)

for k small, in the topology of B(H®*', H™ %), where

Gy =0, (A.18)
G—l = ‘\Dc><\pc|> (Alg)

for an exceptional point of the first kind,

G_2 - Po, (A20
G_1 = PRVGLYV Py, (A.21

~— ~—v

for an exceptional point of the second kind, and

G2 =Hh, A.22)
G_1 = P)VGV Py + |V (T, (A.23)
for an exceptional point of the third kind. Here Py is the orthogonal projection onto the

zero eigenspace, and V. is the canonical zero resonance function defined in (A.11). The
operator GY is defined in (A.3).
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Proof. We give the proof in the case of an exceptional point of third kind; the other two
cases are particular cases when S = S; and S; = 0, respectively. The essential ingredient
is [19, Corollary 2.2] (see also [20]). Rewrite (A.7) as

M (k) = My + kM (k). (A.24)

Then by [19, Corollary 2.2] M (k) is invertible for small &, if and only if the operator

m(k) = (1)K S[Mi(k) (Mo + S)7] 'S (A.25)

=0
is invertible in SH. In the affirmative case we have

M(k)™t = (M(k)+8) '+ %(M(/i) + 8)1Sm(k)tS(M (k) + S) 7. (A.26)

Now rewrite the expression for m(x) by inserting the expansion (A.7) and retaining terms
up to order 2. The result is

m(k) = mo + kmy + k*my + O(K?), (A.27)
where
mo = SMS, (A.28)
my = SMQS — SMl(MO -+ S)_lMlS, (A29)
my = SM3S — SMy (Mo + S) "' MaS — SMy(My + S)~ ' M,.S
+ SMy(My + S) "My (My + S) ™' M, S. (A.30)

We iterate the procedure (the “telescoping principle”) by applying [19, Corollary 2.2] to
m(k). Notice that due to (A.28) and (A.10) the orthogonal projection on Ker m, equals
S1 (see the discussion following Lemma A.2 ) . The result is

m(k)~h = (m(k) +S1) 7" + %(m(ﬁ) +51) 7 S1g(k) T Sa(m(k) + S1) T (A.31)
with

q(k) = qo + K + O(K?)
= SlmlSl + R[SlmQSl — Slml(mo + Sl)_lmlSl] + O(K}z). (A32)

Now ¢ is invertible, othervise one continues the procedure leading to stronger singularities
than = for M (k)" and then for R(—x?). Accordingly

9(R) " =qp " = Kgy @iyt + O(K?), (A.33)

It is a matter of computation to extract G_o and G_; from (A.6), (A.26), (A.31), and
(A.33). Using
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MS; =5 M; =0, (My+S)"'S=85My+89)"'=38,
(mo + 51) Sl Sl(mo + Sl) = Sl, (A34)

and S5 = 515 = 91, a straightforward but somewhat tedious computation leads to:

G_y = —GuSiq; ' S1vGy, (A.35)
G_1 = vaslqo_lSlmgSlqo_lSlng
— G(S — S1qytSyma)(mo + S1) (S — miSiqy 1 S1)vGY. (A.36)

The last step is to check that (A.35) and (A.36) equal (A.22) and (A.23) respectively.
As always in perturbation theory, there are a lot of identities originating in the resolvent
equation which can be used to put the expansion coefficients in a simpler form. The one

relevant here is given in Lemma A.5 below. We also include the proof from [18, Lemma
2.6].

Lemma A.5. Assume that f,g € L**(R?) for some s > 5/3, and that (f, 1) =0, (g,1) =
0. Then we have
(f, Go9) = —(Gof, Gog). (A.37)

Proof. Since f,g € L**(R3), it follows from (A.5) that (f, G3g) is well defined. Note also
that the argument in the first part of the proof of Lemma A.2 shows that GJf € L*(R3).
Furthermore, GYf = 0. Thus it follows from the resolvent expansion (A.2) that

(F. Co) = Tim 5 (F, (Ro(~+") — GB)g) (A.38)

- ;gm 3 [ FOHE + ) = @) Mo (4.39)

——tim (& R a6 (A.40)

- / (€72 F(©)(6)dé = —(Gh S, Ghg). (A1)

Above we have assumed x > 0. O

We start the simplification process by rephrasing the results in Lemma A.2. Let
T=-GWS, and T =UvP,. (A.42)

The operator T is a priori only bounded from H to H~* for s > 1/2, but Lemma A.2 shows
that it is actually bounded on H, with RanT = PyH. We also have that 7" is bounded on
‘H with RanT = S1H. Now Lemma A.2 implies that

TT =Py and TT =5, (A.43)

as operators on H. The adjoint T* is the closure of the operator —S;vGY. Combining these
observations with Lemma A.5 one has the result that ¢y is invertible in S;H with

Slqo_lSl = —TT* (A44)
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Now insert into (A.35) to get -
G o=TTT"T* = P,.
Similarly, using also (A.30), (A.34) and (A.8):

GuS1qy " SimaSigy ' S1vGY = T*S1my ST = PyV GV By, (A.45)

As for the last term in (A.36), from (A.10) and (A.32) it follows that

4
(mo+S1) L =8, — w\smxsvu, (A.46)

(S — Slqo_lSlml)Sl =0. (A47)
Using these results, (A.43), and (A.45), one obtains that (A.36) has the form (A.23) with

B A
R

(GOv|Svl) — P,V GYv|Svl)). (A.48)

This concludes the proof of the theorm. O

Remark A.6. It is clear that if V' decays sufficiently rapidly, then we can expand to any
finite order, and in principle compute the coefficients explicitly in terms of the operators
related to the zero resonance, zero eigenprojection, V, G‘;, and operators constructed from
these components. The computations rapidly get very complicated, and the many identities
between the various expressions complicate matters further.
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