DISPERSIVE ESTIMATES FOR SCHRODINGER OPERATORS IN DIMENSION
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ABSTRACT. We investigate L'(R2) — L°°(R?) dispersive estimates for the Schrédinger operator
H = —A+V when there are obstructions, resonances or an eigenvalue, at zero energy. In particular,
we show that the existence of an s-wave resonance at zero energy does not destroy the t—1 decay
rate. We also show that if there is a p-wave resonance or an eigenvalue at zero energy then there is
a time dependent operator Fy satisfying ||Ft||p1_, oo S 1 such that

€7 Pac — Fellpr o poe ST, for [t > 1.

We also establish a weighted dispersive estimate with t—1 decay rate in the case when there is an

eigenvalue at zero energy but no resonances.

1. INTRODUCTION

Consider the Schrédinger operator H = —A +V in R?, where V is a real-valued potential. Let P,
be the orthogonal projection onto the absolutely continuous subspace of L?(R?), which is determined

by H. In [24], Schlag proved that

it

[e"H Pocllpr ey oo rey S JE7°

under the decay assumption |V| < (z)73~ and the assumption that zero is neither an eigenvalue nor
a resonance of H.

Recall that (see, e.g., [15] or Section 5 below) there is a resonance at zero energy if there is a
distributional solution to the equation Hy = 0 where ¢ ¢ L?(R?) but ¢» € LP(R?) for some p € (2, o0].
There are two possible cases, either ¢ € L>°(R?) and ¢ ¢ LP(R?) for any p < oo or ¢ € LP(R?) for all
p € (2,00]. In the case of 1) € L°°(R?) only, the resonance is called an s-wave resonance. In the second
case, we say there is a p-wave resonance. We say that there is an eigenvalue at zero if ¢ € L?(R?).
This definition for resonances differs from the case of dimension n = 3 in which 1 lies in weighted L?
spaces.

We note that in the case of V' = 0 the function ¥ = 1 solves H1 = 0 which corresponds to an
s-wave resonance. It is important to note that in spite of this obstruction, the free evolution decays
in time at the rate ¢~1.

The first author was partially supported by NSF grant DMS-0900865.
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Much is known about dispersive estimates for the Schrodinger equation when zero is regular. The
history goes back to Rauch, [20], who studied the local decay in dimension three. In [20], he noted that
in the generic case, i.e. when there may be eigenvalues or resonances, the evolution decays at a rate
of [t|71/% as t — oo on exponentially weighted L? spaces. In the case when there are no eigenvalues
or resonances, it was shown that the decay rate is |t|~3/2. Jensen and Kato, [14], improved this result
to polynomially weighted L? spaces in dimension three, and higher dimensions, [12, 13]. In [14], it

was noted that the presence of a zero energy eigenvalue or resonance destroys the |t\_3/ 2

decay even
if one projects away from the eigenspace in dimension three.

Local decay estimates in the two dimensional case were studied by Murata in [19]. In the case
when zero is a regular point of the spectrum Murata was able to prove an estimate on weighted L2
spaces that decays like ¢! (logt)~2, which is integrable at infinity!'. Such estimates have been used in
analysis of the stability of certain two-dimensional non-linear equations. It is important to note that

the free evolution does not satisfy this estimate. In the general case, the following bound is implicit

in [19]
(1) e P, (H)=F, +0(1/t), t>2,

where F} is a time dependent finite rank operator between certain weighted L? spaces with operator

1

S ooy - The error term is also understood in the weighted L? setting.
~ log(t)

norm

The first result to discuss global decay, L' — L™ estimates, was due to Journé, Soffer and Sogge in
[17]. Their result relied on the integrability of t="/2 at infinity and is thus restricted to n > 3. Much
is now known in this direction, mainly in dimension three. Rodnianski and Schlag established such
estimates in dimension three, [22], in addition to establishing Strichartz estimates. Following from
their methods, a great number of results in dimension three followed, particularly [9, 10, 11]. The one
dimensional problem was studied by Weder, [26] and Goldberg and Schlag [11]. Also see [6, 28, 8] for
global estimates in the three-dimensional case when there is an eigenvalue and/or resonance at zero
energy, and [7] for a similar result for the matrix Schrodinger equation.

There have also been studies of the wave-operators in dimension two. In particular Yajima, [27]
established that the wave operators are bounded on LP(R?) for 1 < p < oo if zero is regular. The
hypotheses on the potential V' were relaxed slightly in [16]. This result would imply global dispersive
estimates if extended to the full range of p, 1 < p < co. High frequency dispersive estimates, similar

to those obtained in [24] stated as Theorem 1.3 below were obtained by Moulin, [18], under an

integrability condition on the potential.

1During the review process of this paper, the authors extended Murata’s result to the weighted L1 — L setting,

see [5].
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In this paper we investigate L' — L dispersive estimates in R? when zero energy is not a regular

point of the spectrum of the operator H = —A + V. Our goal is to prove the following theorem.

Theorem 1.1. Assume that |V (x)| < (x)~P. If there is only an s-wave resonance at zero energy,

then for B > 4, we have

e Pac(H) |21 S [8]7

If there is a p-wave resonance or eigenvalue at zero, then for 5 > 6, there is a time-dependent operator

F; such that
€™ Pac(H) = Fillpr e SIE7Y 6] > 1,
with

Sl;PHFtHLl—moo Sl

Note that it is natural to have the t~! decay rate in the case of an s-wave resonance since the free
Schrodinger has an s-wave resonance at zero energy. The reason that we can not get any decay in the
case of a p-wave resonance or the zero eigenvalue is the behavior of the resolvent around zero energy.

In the three dimensional case the resolvent (H — 2%)~! has an expansion of the form
(H—-2)"'= -G 2224+ G 127 +0O(1), 2—0, I(z) > 0.

The most singular term G_,2~2 gives the Riesz projection to zero energy eigenspace. If one projects

1/2 decay as t — 400, see

away from the zero eigenspace, the worst singularity is %, which allows for |¢|~
[6]. However, in the two dimensional case the resolvent expansion around zero contains logarithmic
terms. In particular, in the general case of zero energy resonances (even if one projects away the

zero energy eigenspace), the most singular term is of the form which does not allow for any

1
z2 log(z)’
polynomial decay in ¢. In light of (1), it should be possible to prove that F; is of finite rank and that
it decays at the rate @. We won’t pursue these issues in this paper. It turns out that it is possible
to improve Theorem 1.1 in the case when zero is an eigenvalue but there are no resonances at zero.

In particular, we show the following.

Theorem 1.2. Assume that |V (x)| < (z)~7 for some 3 > 11. If zero is an eigenvalue of H = —A+V

and there are neither s-wave nor p-wave resonances at zero, then

[ o R L

Here L' is the weighted L' space defined by L' (R?) := {f : [p. |f(2)|(z)*" dz < oo}. Simi-
larly, Lo>~1= = {f : (z) 71~ f € L>=}.
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Let x is an even smooth function supported in [—A1, A1] and x(z) =1 for |z| < A\1/2. Let K, be
the kernel of e®H x(H)P,.:

©) Ko e) = = [ N MOIREOP) - By (9], )d,

e 0
where
REMN?) = Ry (M2 4i0) = (H — (A2 +0)) !

is the perturbed resolvent. By the limiting absorption principle, these boundary values are bounded
operators on weighted L2-spaces, see e.g. [2].

The high energies were studied in [24]:
Theorem 1.3. [24] Assume that |V| < (z) 727, then for any A\ > 0
| Pae — € x(H) Pacl|,_, . < Cx,lt|7"

Therefore, in the proof of Theorem 1.1 and Theorem 1.2, it suffices to obtain the stated bounds for
the operator K, for some A\; > 0. Our analysis relies on expansions of the resolvent operator at zero
energy following those of [15], also see the previous work in [3, 4]. We repeat part of the argument to
obtain more flexible and favorable error bounds for our purposes.

We also note that standard spectral theoretic results for H apply. Under our assumptions we have
that the spectrum of H can be expressed as the absolutely continuous spectrum, the interval [0, c0),
and finitely many eigenvalues of finite multiplicity on (—o0,0]. See [21] for spectral theory and [25]
for Birman-Schwinger type bounds.

Our paper is organized as follows. We set out the necessary expansions for the resolvent in Section 2.
We then study K, to establish Theorem 1.1 in the case when there is an s-wave resonance at zero
in Section 3. In Section 4 we establish Theorem 1.1 in the case of a p-wave resonance or eigenvalue
at zero energy. In Section 5 we discuss the spectral structure of —A + V' at zero energy. Finally we

prove Theorem 1.2 in Section 6.

2. RESOLVENT EXPANSIONS AROUND ZERO ENERGY IN THE CASE OF AN S-WAVE RESONANCE

In this section, following [15], we obtain resolvent expansions around the threshold A = 0 in the
case when there is only s-wave resonance at zero (resonance of the first kind, see Definition 2.3 below

and the remarks following it). We now introduce some definitions and notation.

Definition 2.1. We say an operator T : L*(R?) — L?(R?) with kernel T(-,-) is absolutely bounded if
the operator with kernel |T(-,-)| is bounded from L?*(R?) to L*(R?).
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It is worth noting that a Hilbert-Schmidt operator is an absolutely bounded operator.
We say that an absolutely bounded operator T'(A)(-,-) is O1(A?) if the integral kernel satisfies the

following estimates:

—s .. < 1-s .. <
@ s AT SL ] sup ATl S 1

If only the first bound in (3) holds, we say that T'(\)(-,-) is O(A*). We also note that we can replace
A~ with f(A\)~!in (3), in which case we say T(\)(-,-) is O(f())).
Recall that

i
REO?)(2,) = + 1 HE O = y)
where Hy are the Hankel functions of order zero:
(4) Hyy (2) = Jo(2) £ iY5(2).

From the series expansions for the Bessel functions, see [1], as z — 0 we have

1 2 1 4 _ 2
(5) Jo(z)=1— 1 + 61’ +0(2%) =1+ 0(2?),
(6) Yole) = 2(op(:/2) + 1)) + 2 (177 - 35 + O))
(7) _ %log(z) +0(1).

We also have the following estimates for the derivatives as z — 0

(®) R =06), J(:)=00), ¥(:)=—+0().

Further, for |z| > 1, we have the representation (see, e.g., [1])

(9) HE(2) = ewi(z), W) S A+12)" 7% €=0,1,2,....

This implies that for |z| > 1

(10) Clz) = e®w(2) + e Pw_(2), |JwP)|<SA+])"27 €=0,1,2,...,

for any C € {Jy, Yy} respectively with different w..
Let U(z) =1if V(z) > 0 and U(z) = —1if V(z) < 0, and let v = [V|'/2. We have V = Uv?. We

use the symmetric resolvent identity, valid for S\ > 0:
(1) RE(ZN?) = RE(A2) — REOD)uM* (V)" oRE(N?),
where M*(\) = U + vRE(A\*)v. The key issue in the resolvent expansions is the invertibility of the

operator M*(\) for small A under various spectral assumptions at zero. Below, we obtain expansions

of the operator M*(\) around A = 0 using the properties of the free resolvent listed above. A similar
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lemma was proved in [24], however we need to expand the operator further and obtain slightly more

general error bounds. The following operators arise naturally in the expansion of M*()) (see (5), (6))

(12) Gofa) = —3= | 1ozl = 1) do
(13) Gifa) = [ o= ) do
(14) Gaf (@) = 5= [l = log o =/ (a) dy.

Lemma 2.2. For A\ > 0 define M*(\) := U+vRE(A\2)v. Let P = v(-,v)|V|{* denote the orthogonal

projection onto v. Then
ME\) = gE (NP +T + ME(N).
Here g*(\) = aln A + z where a € R\{0} and z € C\R, and T = U + vGov where Gy is an integral
operator defined in (12). Further, for any % <k<2,
Mg (N) = 01(A")

if v(z) < {(x)=P for some B > 1+ k. Moreover,

+ _ =+ 2 +
(15) My (N) = g7 (M)vGrv + AN vGav + M7 (A).

Here Gy, Gy are integral operators defined in (13), (14), and giE(X\) = A2 (alog \+f+) where o € R\{0}
and B+ € C\R. Further, for any 2 < { < 4,

MEN) = 01(X)
if B>14¢.

Proof. The first part with k = % was proven in [24, Lemma 5]. To obtain the expansions recall that,

for A > 0,

REO) (@, y) = = { Hi O — ).

Using the definition of Hi (z), and the expansions (5) and (6) around z = 0, we have

. . 1 1 .
(16) :I:%Hét(z) = :l:%JO(z) - ZYE)(Z) =5 log(z/2) £+ % - % + az?log z + B+z? + O(z* log 2)

1 i v 2
1 -1 24 - — L ]
(17) 5 og(z/2) 17 % + O(2" log 2)

with & = 1/87 and 84 € C. The expansions are now obtained by setting z = A|x — y|. In particular,

we see

(13) 7)==Vl (5 Toe(v/2) + 37 1)
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Noting that
MFE(A) = [U +vR5 (X)v] — [gE(A\)P + U + vGov],
MEN) = [U +vREN)v] — [gF (V)P + U 4 vGov + g (NvGrv + A2vGau].
Using (17) and (16) for My and M; respectively, we obtain for z = Mz — y| < 1 that
Mg (M) (@, 9)X ale—yl<1y| S v(@)o(y) (A = y])*log(Mz — y]) S v(@)v(y)(Alz —y])*,
| M=) (@, 9)X (ra—yi<1y| S v(@)o(y)(Az = y])* log(Aa = y]) S v(@)v(y)(Alz —y)*.

For large z, using the expansion of the Hankel function about z = co, recall (9), we have |H (z)| < 1
and |d%Hoi(z)| < 2712, So that for large z > 1, for M (z) the log z term dominates and for M (z)

the z?log z term in (16) dominates, and we have
| Mg (N (@, )X (alz—yi>13| S v(@)o(y) log(Ae — y)xae—yi>1y S 0(@)o(y) Az = y) " X (rjamyl>1},
| M7 (M) (@, )X (Ale—y>13] S 0(@)0(@) Az = y)* T X rja—yi>1)-
Hence, for any 0 < k < 2, and for any 2 < £ < 4 we have
Mg~ (M) (@, )] S v(@)o() [(Mz = y)* Xqaa—yi<1} + Az = y) " X ajo—yi>13]) S v(@)o(y) Az —y))*,
|M=(A) (@, )| < v@)v(y) [(Mz = y)* Xaje—yl<1y + Az = yD)* X aa—yi>13] S v(@)oy) Az — )"

This yields the claim for My and M, since v(x)v(y)|z —y|* is Hilbert-Schmidt from L?(R?) to L?(R?)
for B8 > 1+ £. For A-derivatives, we note that

(19) om0l 5 (M52

and

NFAz —y|) = |z — y|0-F(2)

z=Az—y|
For the terms in My and M; other than Ry, the effect of 0y is comparable to division by A. However,

due to (19), on Alz — y| > 1 we have for any k > 1,

Mo e S wlaolo) | (2] S ol ol

Similarly,

M| S o)) | (1) A e =) | S ulehn e -t O

We now give the definition of resonances from [15], also see [24]. Recall that @ :=1 — P.
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Definition 2.3. (1) We say zero is a regular point of the spectrum of H = —A + V provided
QTQ = Q(U + vGoyv)Q is invertible on QL?*(R?).

(2) Assume that zero is not a regqular point of the spectrum. Let Sy be the Riesz projection onto
the kernel of QT'Q as an operator on QL?(R?). Then QTQ + Sy is invertible on QL?(R?).
Accordingly, we define Do = (QTQ + S1)™! as an operator on QL?*(R?). We say there is a
resonance of the first kind at zero if the operator Ty := S1TPTS; is invertible on Sy L*(R?).

(3) We say there is a resonance of the second kind at zero if Ty is not invertible on S1L?*(R?) but
T5 := SovG1vSy is invertible on SgLQ(RQ), where Sy is the Riesz projection onto the kernel
of Ty (recall the definition of G1 and Gz in (13) and (14)).

(4) Finally, if Ty is not invertible on SoL?*(R?), we say there is a resonance of the third kind at
zero. We note that in this case the operator Ts := S3vGovS3 is always invertible on S3L?,

where S3 is the Riesz projection onto the kernel of Ty (see (6.41) in [15] or Section 5 below).

Remarks. i) In [15], it is noted that the projections S; — Sa, So — S3 and S5 correspond to s-wave
resonances, p-wave resonances, and zero eigenspace respectively. In particular, resonance of the first
kind means that there is only an s-wave resonance at zero. Resonance of the second kind means that
there is a p-wave resonance, and there may or may not be an s-wave resonance. Finally, resonance
of the third kind means that zero is an eigenvalue, and there may or may not be s-wave and p-wave
resonances. We characterize these projections in Section 5.

ii) Since QT'Q is self-adjoint, S7 is the orthogonal projection onto the kernel of QT'Q, and we have
(with Dy = (QTQ + S1)~?)

SlDo = Dosl = Sl-

This statement also valid for So and (T} + S2)~!, and for S3 and (Ty + S3)~ L.
iii) The operator @Dy(Q is absolutely bounded in L?. This was proved in Lemma 8 of [24] in the case
S1 = 0. With minor modifications, the same proof works in our case, too.
iv) The operators with kernel vG;v are Hilbert-Schmidt operators on L*(R?) if v(z) < (z) = for 8 > 2
ifi=1and g >3 fori=2,3.

To invert M*(\) = U +vRE (A\?)v, for small \, we will use the following lemma (see Lemma 2.1 in

[15]) repeatedly.

Lemma 2.4. Let A be a closed operator on a Hilbert space H and S a projection. Suppose A+ S has

a bounded inverse. Then A has a bounded inverse if and only if

B:i=S—S(A+8)'S



DISPERSIVE ESTIMATES FOR THE SCHRODINGER EQUATION 9

has a bounded inverse in SH, and in this case
AP =(A+8) '+ (A+8)"1SBIS(A+ 95

We will apply this lemma with A = M*()\) and S = S;. Thus, we need to show that M*(\) + Sy

has a bounded inverse in L?(R?) and
(20) By =81 — Si(M*(\) + 51)7'S,

has a bounded inverse in S; L?(R?). We prove these claims and obtain expansions for the inverses for

each type of resonance in Lemma 2.5, Proposition 2.6, and Proposition 4.1 below.

Lemma 2.5. Suppose that zero is not a reqular point of the spectrum of H = —A+V, and let Sy be
the corresponding Riesz projection. Then for sufficiently small Ay > 0, the operators M*(\) + Sy are

invertible for all 0 < X\ < \; as bounded operators on L*(R?). Further, one has
(21) = he(N)7'S +QDoQ + 01 (A,

forany & <k <2 ifv(z) < (z)~ P~ Here hy(A\) = h_(\) = aln A+ 2 (with a € R\{0} and z € C,
Sz #0), and

P —PTQD,Q
—QDoQTP QDyQTPTQDyQ

(22) S =

s a finite-rank operator with real-valued kernel.

Proof. We will give the proof for M ™ and drop the superscript “+” from formulas. Using Lemma 2.2,
we write M (A) + S; with respect to the decomposition L?(R?) = PL?(R?) & QL?*(R?).
g\ P+ P(T+S1)P P(T+51)Q

M)+ S = + Mo(X).
QT+ S5,)P QT+ 51)Q

Noting that @@ > Sy, we have S; P = PS; = 0. Therefore,

M)+ 5 = gA)P+PTP Pro + Mo(A).

QTP QT+ 51)Q

2

Denote the matrix component of the above equation by A(\) = {ai;(A)}7 ;-

Since Q(T + S1)Q is invertible, by the Fehsbach formula invertibility of A(XA) hinges upon the
existence of d = (a1 — a12a95 az1) " Denoting Dy = (Q(T + $1)Q) ™' : QL? — QL?, we have

d= (9(\)P + PTP — PTQDyQTP)™* =h(\)"'P
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with h(A) = g(A\) + Tr(PTP — PTQDyQTP) = aln()) + z, with a € R and z € C. This follows from
(18) and the fact that Tr(PTP — PTQDyQTP) is A independent and real-valued, as the kernels of
T, QDoQ and v are real-valued. Therefore, d exists if A is sufficiently small.

Thus, by the Fehsbach formula,

d —daraay,
AN = 1 1 “12a212 1
—Qoy A21d A5y G21dA12055 + A5y
P —PTQD
—ht) QD@ +QDoQ
—QDoQTP QDoQTPTQDoQ
(23) = h"H(\)S + QDyQ.

Note that S has rank at most two. This and the absolute boundedness of QDyQ imply that A=*()\) =
O4(1).

Finally, we write
M) + S = AN) + My(\) = [1 + Mo(\) A7 (N)]AN).
Since A=*(\) = O;(1) and, by Lemma 2.2, My(\) = O1(\*) provided |v(z)| < (z) (%)~ we obtain
(24) (MEN) +S1) 7 = AT [1+ MFN AT V)] T R (V)7TIS + QD@ + 01 (AR,
by a Neumann series expansion. O

We now prove the invertibility of the operators By = S — Sy (M*()\) + S1)~1S;.

Proposition 2.6. Assume that |v(z)| < (x)~'F= for some k € [L,2). Then, in the case of a

~ 27

resonance of the first kind, B is invertible on S1L*(R?) and we have
(25) Bi' = —hi(N)D1 + O1(N\Y),
where Dy = Ty ' = (S1TPTSy)~Y, and he()\) is as in Lemma 2.5.

Proof. We again prove the case of the “4” superscripts and subscripts and omit them from the

notation. Using Lemma 2.5, we obtain
B =25 — Si(h(A\)7'S 4+ QDoQ)Sy + O1(\F).

Recall that S1 Dy = DoS; = S;. Further, from the definition (22) of S, and the fact that S1P =
PS, =0, we obtain 51551 = S1TPTS, = T,. Therefore

(26) B =—h(\)715188) + O1(N\FT) = —h(N) 7Ty + O1 (M),
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Recall that by the definition of a resonance of the first kind, the leading term T3 in the definition of
B is invertible on S; L2(IR?). Therefore, for sufficiently small ),

Bl = —h(N)[T1 — h(A)O1 (M) = —h(\) [Ty + O1 (V)] 7 = —h(M\)D1 + O1(\F).

Combining Lemma 2.4, Lemma 2.5, and Proposition 2.6, we obtain
Corollary 2.7. Assume that |[v(z)| S (x)~'7*~ for some k € [,2). Then in the case of a resonance
of the first kind, we have
MEN) ™' = —hi(N)S1D1S) — SS1 D1 Sy — S1D1S1S
— he(A) 71881 D151S 4+ b (A) 1S + QDoQ + O1(AF),
provided that A is sufficiently small.

Proof. Combining Lemma 2.4, Lemma 2.5, and Proposition 2.6, we have

MEN = (MEN) +8) 7L+ (MEN) +81) 718 B7LS (ME(N\) + 81) 7t
=h+(A)7'5 4+ QDoQ — h(A) (ht(A) 7S + QDoQ) S1 D151 (h£(A) 'S + QDoQ) + O1(A)
= —hi(N\)S1D1S1 — SS1D1S; — S1D151S — hie(N)"1SS1D1S1 S
+hie(N)7IS + QDoQ 4+ O1(NF).
Here we used the fact that S1QDoQ = QDoQS1 = S;. (]
Remark. Under the conditions of Corollary 2.7, the resolvent identity
(27) Ry (V) = Ry (X%) = Ry (\*)oM*(A)~'wRg (3?)

1_

holds as an operator identity on L22+(R2) — L2~ 2~ (R2), as in the limiting absorption principle, [2].
3. RESONANCE OF THE FIRST KIND

In this section, we establish the estimates needed to prove Theorem 1.1. We assume that there is
a resonance of the first kind, \; is sufficiently small (so that the analysis in the previous section is
valid), and that v(z) < (2)~0+R)~ for k = 1, or equivalently |V (x)| < (z)~*~. Tt suffices to prove
that

Theorem 3.1. Under the conditions above, we have

(28) |<K)\1fvg>| 5 |t|_17

for Schwartz functions f and g with ||f|l1 = |lg|l1 = 1.
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This theorem will be established in Propositions 3.2, 3.11, 3.12, and 3.13. All statements in this

section are valid under the conditions above.

Proposition 3.2. The contribution of the first term in Corollary 2.7 in (2) satisfies (28). More

explicitly, we have the bound

‘/ / eitAQAX()\)’C()\,P>Q)U($1)S1D151(3317y1)U(y1)f(fﬂ)g(y)d)\dmdyldwdy Sl
rs Jo

where p = |z — x1], ¢ = |y — 1|, and

(29) K\ p,q) = h*(\Hy () Hy (Aq) = b~ (M) Hy (Ap)Hy (Aq)
= 2ialog(A)[Yo(Ap)Jo(Aq) + Jo(Ap)Yo(Aq)] + 22[Jo(Ap) Jo(Aq) + Yo(Ap)Yo(Ag)]-
To prove this proposition, we need to consider the high and low energy contributions of the Bessel
functions separately. To this end we use the partitions of unity 1 = x(Ay — v1]) + X(Aly — v1|) and
1 = x(A|lz — 21]) + x(Alz — z1]). We divide the proof of Proposition 3.2 into Lemmas 3.4, 3.8, 3.10

and their respective corollaries, Corollaries 3.5, 3.9, due to the various terms arising in (29).

For the low energy parts, the following lemma will be useful:

Lemma 3.3. Letp= |z —z1|, ¢ = || + 1, and
F(A z,21) == x(Ap)Yo(Ap) — x(Ag)Yo(Ag),
G\, 21) = x(Ap) Jo(Ap) — x(Aq) Jo(Aq).
Then for any T € [0,1] and A < 2\ we have

(G @, 20)| S A ()7, OZG(N 2, 21)] S (21)TATH

> =

21
PO\ ,2)] < / OnF O\, 20\ + [0+, 2, 20)| < k(z21),  |0aF(h 21| <
0

Here k(z,z1) = 1+ log™ |z1] + log™ |z — z1|, where log” y = X{o<y<1}|logy| and log¥y :=
X{y>1}logy.G

Proof. We start with G. Let g(s) := x(s)Jo(s). We have ¢'(s) = O(1). Therefore, by the mean value

theorem and the boundedness of g, we have
|G(A @, 21)| S min(Alp — g/, 1) S min(Mz1),1) $ A"(z1)7,

forany 0 < 7 < 1.

Now consider

|ONG (N, z,21)| = |pg' (Ap) — a9’ (Aq)].
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Let g1(s) = sg’(s). We have |g1(s)| < 1 and |¢}(s)| < 1. Therefore, by the mean value theorem and

the boundedness of g1, we have

|a)\G()\7x’x1)‘ = )\ ~ A ~

91(>\p) - gl()‘Q) ‘ < ‘mln()\|p - (]|, 1) ‘ < <1,1>T>\7'71

for any 7 € [0, 1].
The bounds for F' were obtained in [24]. We repeat them for completeness. Note that F(0+,z,z1) =

log (‘mfi') + ¢ < k(x,x1). Therefore it suffices to bound

2)\1 2)\1 2>\1
(30) / ONF (2, 20)|dA < / P (Ap) log(Ap)|dA + / alx’ (Ag) log(Ag)|dA
0 0 0

21
(31) + [ SO0 = X0l

By inspecting the integrands on the right hand side, we see that |0\ F| is bounded by 1/A. To obtain
the statement for |F'| first note that, since x’ is supported in the set [A1/2,2\], the first line in (30)
is < 1. To estimate the second line note that x(Ap) — x(Aq) is supported on the set [;—;7 2%], which
implies that the last line is < |log (|I*$1‘>‘ S k(z,21). O

ER

Lemma 3.4. We have the bound
(32) ‘/8/ eit’\QAx()\) log Acx(M|lz — z1|) Yo (Mz — 21])v(21)S1D1S1 (21, y1)v(y1)
rs Jo

JoAly = y1Dx(Aly — y1]) dAf(2)g(y) dy dyy dae dy| S |87

Proof. Since S1 < @ are projections and @ is the projection orthogonal to v, we have

(33) [ v@s10181) e )bz dy = [ b@) (510181, g)oly) dedy =0

R R

for all h € L?(R?). As such, we can subtract functions of 2 (resp. y) only from xYy (resp. xJo) in the
integrand of (32). We use the functions defined in Lemma 3.3. Thus we replace x(A|z—z1|)Yo(A|z—21])
with F(A\, z,21) and x(My — 1)) Jo(A|ly —y1]) with G(A, y, y1) on the left hand side of (32). Therefore
the X integral of (32) is equivalent to

(34) /OOO "™ Ax(A\) log(A\)F(\, 2, 21)G(\, 1, y1) dA.

We integrate by parts once to get

(35) (34) S ¢~ /Ooo[log M (A) + ATNFO 2, 20| |Gy, 91)] dA
(36) 1 [T IO oI O 2 IGO g) d

(37) + / IX(A) Log A[[E(A, z, 1) [|OAG (X, y, y1)| dA.
0
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There is no boundary term since, by Lemma 3.3, we have that F(0+,y1,y) < k(z,z1) and G(0,y,y1) =

0. From Lemma 3.3 again, we have for any 7 € (0, 1]

21
(35)5/0 llog A+ A~ Jk(z, 20)A (1) dA < (3 k(z, 71).

Taking 7 = 0+, this term now contributes the following to (32),
(38) <l /RS k(, x1)v(z1)| D1z, yo)[o(y) (1) | f (@)lg ()| doy dys dee dy
S sup. 1z, JoO)ll2ll Dilllzszllvl 2o+ [l llglh < 171
zE

For the case of (36) and (37), we again note the bounds in Lemma 3.3, and that on the support of
X(A), |ATlog A| S 1 for any 7 > 0. The desired bound follows as in (38). O

We also need the following bounds taking care of the contributions of the remaining terms in (29):

Corollary 3.5. For C(z) = Jo(2) or C(z) = Yy(2), we have the bound

) | [ [ e Ol el - aiole)$i D1 o)
CAly = mil)x(Ny — y1]) dAf () g(y) da1 dy, dz dy| < [¢] 7
Proof. Using the notation of Lemma 3.4, we need to bound
‘/OOO N AN EN, 2, 21)F(A\, y, 1) dA|,

and the similar term when F' is replaced by G. This follows easily from one integration by parts and

the bounds of Lemma 3.3 as in the previous lemma. (]

We now need to bound the resulting terms when one of the Bessel functions is supported on large
energies. The following variation of stationary phase from [24] will be useful in the analysis. For

completeness we give the proof.

Lemma 3.6. Let ¢'(0) =0 and 1 < ¢" < C. Then,

o0 /
‘/ eit(b()x)a(/\) d/\’ ,S/ ) la(\)| dX + |t‘71/ 1 (|a(;\)| + a ()‘)|> d\.
—oo IA<[t]" % S ANLS Al

Proof. Let n € C°(R) be such that n(z) = 1 if |x| < 1 and n(x) = 0 if |z] > 2. Let na(z) =

n(x/2|t|~1/?). Writing 1 = 1 + (1 — 12), we rewrite the integral as follows

[ e 5| [T e anma + | [ e ana - mea
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The first term is bounded as in the claim since supp(nz) = [—|¢|~2, [t|~2]. For the second term, we
integrate by parts once in A to bound with

[ oo (80O |

-1
g Ao

By Taylor’s Theorem,
¢'(A) = ¢'(0) + Ag"(c) = Ag"(c) = A,
Considering the terms when the derivative acts on a(X), 1 —n2(\) and 1/¢'(X) finishes the proof. O

In addition we have the following high-energy analogue of Lemma 3.3. In light of the high energy
representations of the Bessel functions (10), recall that for C € {Jy, Yy, Ho},

COHIXW) = wi () +e M (y), WS W "
Lemma 3.7. Define for p,q >0
(40) GE(\p. @) = XOp)ws (Ap) — e P=DF(Ag)w (Ag).

with wy as in (10). Then for any 0 <7 <1 and A <2y,

X(Ap) %(/\Q))

G )l < (Ap - q),<

Apl2 [Aql?
~ X(A X (A
oG ) % lp—al(220) 1 X))
[Aplz |Aql2
Proof. We note first that from (10), we have
(41) G () 5 YO8 XOO)
[Ap[> [Agl

We consider the case of é+, the case of G~ is similar. Define the function
b(s) i= X(s)ws (5):
Using (10), one obtains that for £k =0,1,2, ...,
p® ()] < Xs)ls| 2.

We now rewrite G in terms of b:

G(A.p.q) = D) — b(Aq) + (1= e*P7D)b(Ag).
Note that the absolute value of the last summand is
X(Ag)

SAlp—dq IVE
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To estimate the difference of the first two we assume without loss of generality that p > ¢ and write

b(Ap) — b(Aq)| = ’ /:,, b’<8)ds\ S / N X(s)|s| "2 ds.

Aq

In the case, 1 < Ag < Ap, we estimate this integral by

X(Ag)
Alp — =,
lp— g IVE
In the case A\qg < 1 < Ap, we estimate it as follows
Ap Ap Ap)t/2 —1
R(s)lsi=Hds S K0w) [ 57%2ds S ROw) LR L
v 1 | Ap| /2
5('()\])) (/\p)l/2 B ()‘q)l/Q < | _ )?()\p)
| Ap|1/2 ~ |Ap|

Combining these bounds and interpolating with (41) we obtain the first assertion of the lemma.

We now turn to the derivative. We note that

G\, p,q) =pb' (Ap) — qb' (Aq) + (1 — PP~ D)gb'(Aq) — i(p — q)e*P~Db(Aq)

1 1 — ¢iMp—a)

01 () — b1 ()] + T b10a) = i(p — )P Db(Ag),

where by (s) := sb/(s) satisfies the same bounds that b(s) does. Therefore the second assertion of the

lemma follows as above. O

Lemma 3.8. We have the bound
(42) \ L[ e onae = ma Yol = aal)oten)$iD181 )00
RrR8 JO

Jo(Aly = y1)X(Aly — y1]) dAf(2)g(y) dy dyy da dy| S [t

Proof. Without loss of generality we assume that ¢ > 0. As in the proof of the previous statements,
it suffices to prove that for fixed x,z1,y,y; the M-integral is bounded by k(x,x1)(y1)t~!. This power
of {y1) necessitates extra decay on the potential to push through the L? mapping bounds as in the
previous lemmas. Accordingly, we assume that v(z) < (z)~2~ or equivalently that |V (x)| < (z)~4".

~

Let p = max(Jy — y1],1 + |y|) and ¢ = min(Jy — v1], 1 + |y|). Using (33), it suffices to consider

/ow e Ay (A) log A (A, 7, 21)(Jo(Ap)X(p) — Jo(Ag)X(Aq)) d,

where F'(\, z,21) is as in Lemma 3.3. The oscillatory term in the definition (10) of Jy for large energies
will move the stationary point of the phase. Pulling out the slower oscillation e***?, we rewrite this

integral as a sum of

[ =) log A FO 220G (0 p.g) A
0
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where ¢4 (\) = A2 £ Agt~!, and G is from Lemma 3.7. Note that this moves the stationary point of

. . i —y1|,1
the oscillatory integral to Ao = F5 = :Fw.
We first consider the contribution of the term with the phase ¢_(\) in which case the critical point

satisfies \g > 0. Let

a’()‘) = AX(>‘) 1Og )\F()\,"E,.’El)G()\,p, Q)

Using the bounds in Lemma 3.3 and Lemma 3.7 (with 7 = 04), we have

a < x, T 1 0+ i()\p) %()\q) an

(43) o)1) ) ) (0 4 X540 and
o - xX(Ap) | x(A9)

(49) OV ) ) (K28 + 229,

We now apply Lemma 3.6 with a()\) as above to bound the A-integral in this case by

- Al la' (M)
45 / a(\)|dA + t 1/ eI, X,
() |A—Ao\<t—1/2| Xl A= Ao[>t=1/2 (|A*A0|2 |/\*/\0|)

Using (43), we bound the first integral in (45) by

w0 e [

1
[A=Xo|<t™2

\5(?(%) + M) dA.

1
pz qz
There are two cases: Ag 2 t=% and Ao S t=%. In the former case, on the support of the integral, we

have A < A\g. Therefore,
1.1 1
(46) S k(@ 2) (1) 2N (072 +q72) St h(,20) ()0

In the last inequality, we used p~*A\g < ¢ 'X\g < t~!. In the latter case, on the support of the integral,
we have A < t=2. So that

(40) < ket [ VAT 4 X004y

pf q%

For the X(\p) term to have any contribution to the integral, we must have that p=1 < t_%7 similarly

~

for ¢~ !. So that,
(46) < K(z,21) ()t (072 + ¢~ 31 S k(1) (y) 0L

It suffices to bound the second integral in (45) by k(x,z1)(y1). We first establish the bounds for
the a(\) term and then consider the derivative a’(X).

We have two cases: \g < t~2 and Ao = +=%. In the former case, we have |\ — \g| & \. Thus, using
(43), we obtain

/ Ly < ) )t [ 48 (X(Alp) - XQg)) dX S k(w, 1) (1)
Aro|>t-1/2 [A = Ao R Dz qz
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In the latter case, we have
laM)] 0 / A (%Ap) wq))
== d\ < k(z, 21 (y1)O D) XD gy
/IAAo>t1/2 A= Aof? ) Brolst-F A=A\ pi q?

Changing the variable s = A — )¢ and recalling that p > ¢, we bound this by

L 1
_1 52 + A _1
k(z, 1) (y1) g2 / 1 TO ds < K, 20) () g (#/ + £120%) < k(w0 ()0
[s|>t™ 2

The last inequality follows from the assumption t=1/2 < \g = 5.
Now, we consider the contribution of a’(\). Again we have two cases: A\g < ¢~ 2 and A\g = ¢t~ 2. In

the former case, we have |\ — \g| & A. Thus, using (44), we obtain

(V) L (R00) | T0) »
/M A5 k) n) | ( T )dA§k<, D).

xo|>t-172 [A = Ao pz q:

In the latter case, we have

/A JACYIN < k(z,xl)@ﬁ/ 1 (%(Ap) N %(Aq)> I\

“aolmt-1/2 A = Aol Dedol>t 2 [A = o]z

, d dx (XOw) XA
Skofot [ S | 3(X( ) X(lq))]
A=xol>t72 [A=Ao|2  JrAZ\ p2 q2

< ke, z0) () [a7 2t + 1] S k(1) (1)

The second inequality follows from P )\(1)‘ i S P /\10‘ 573+ ﬁ, and the last one from the assumption
—1/2 _ 4
T2 < N = 4.
When considering the phase ¢ (\) = A2+ \qt ™!, integration by parts suffices to obtain the desired

bound since the phase has no critical points on (0,00). We have

el (game ) eon)

Using (43), (44), and ¢/, (X) > 2\, we bound the right hand side by

< ol ) ()t /Ooo A-% (’?;zm N ’?E]Aq)) A\ < Kz, 21) o)t 0

When switching roles of ¥ and x in (42), we note that from (10) the high energy Bessel function
representation holds for Yj(y) as well. The proof will move along the same line, with G(\,y,31) in
place of é()\, y,y1) and using C:'()\, x,21) in place of F(A, x,21). The case when both Bessel functions

are Yy or Jy is similar:

Corollary 3.9. For C(z) = Jo(2) or C(z) = Yu(2), we have the bound
an) | [ e e e - aiole)$ D1 o)
rs Jo

CAly — 1 )Xy — y1]) dXf(2)g(y) day dyy dady| S [t
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We now consider the case when both Bessel functions are supported on high energies. For this we

will use the first line of (29):

Lemma 3.10. We have the bound

(48) ‘/RS /OOO emz)\X()\)hi(A)%(Mw - $1|)H3[()\|33 — z1])v(x1)S1D1S1 (21, y1)v(y1)

Hy (AMy — 1 DXy — va]) dAf (@) g(y) day dyy dac dy| < [t~
Proof. Again we assume that ¢t > 0. Recall (9):
(49) Hy (2)X(2) = e wa(2)

with |w§f)(z)\ < (1+]z))"2*. Asin Lemma 3.8 we need to use the auxiliary function G. Denote p; =
max(|o—1], 1+]z]), ps = min(lz—1], 1+]al), @ = max(ly—pn, 1+|y) and g = min(ly—ya], 1+]y]).
Without loss of generality, p1,p2, g1, g2 > 0. We note that by (33), we can replace Hgt()\|x —x1]) with
G(\, p1,p2) (and similarly replace HE(Ay — 1)) as in Lemma 3.7. This changes the phase with

du(N) = A2+ A2 j Z

We first consider ¢_ (), which has a stationary point at A\g = % > 0. We apply Lemma 3.6 with
a(A) = AX(VRENG, 1, p2) G, 1, 42).

Using the bounds in Lemma 3.7 (with 7 = 0+ for é()\,pl,pg) and 7 = 0 for the other), we have

a 21)0+ %(/\Pl) ?()\Pz) Y()\lh) %()‘QQ) an

(50) OIS o)) R ) AR ). and
o . X(A) (X(Ap1)  X(Ap2) X(Aq1) | X(Ag2)

(51) @O S (o) )2 (p}/g P ) AR )

Let 7 = 2max(\g, ¢~ !/?). Since Y is a nondecreasing function supported on [1,00) and A < 7 on the

support of the integral, we have the bound

o+,—1/2 ( X(tp1) | X(mp2) \ [ X(7q1) | X(7q2)
(52) /_ L JadA S (@) /< 75+t 1 7 T 1
[A=ol<t D1 Do ¢ [

S (@)™ S ()

if 7 = 2¢='/2. On the other hand if 7 = 2\, we consider the contributions of the products of ¥’s more

carefully. Consider the contribution of

X(mpi)X(7q5)
1/2 1/2
(]
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0 (52). This term is zero unless p; 2 1/Ao and ¢; 2 1/Ag. Therefore, using p1 > po and ¢1 > g2, we

~

have

pz+<12<pz-+qj:l+i</\o P2+ Go

53 S ~
(33 big; Piq; Pi g 2t

Therefore, p;q; 2 t, and we can estimate the contribution of each product to (52) by (z1)" ¢
For the portion of a()\) supported on |A — Ag| > t~2, we note that if \g < t~2, then |A — Ag| = A

so that

I I XOwi) X(Agj) dA
/. DS ) 3 /

x>t A= Aof? ij=1"R P3/2 11]1*/2 A2
2 ~ 1 ~ 1
LSS (/Ww>(/ww>s<>+
S\ pi N r ¢ A

On the other hand if A\g 2 +=2 , we have

2

/ Iy < ot Z(piqj)*%/ XOpIX(Ag;) gy
A

“dol>t7E [A = Aof? = P B Al

Fix ¢,j and let m = min(p;,q;). We have two cases: A\g < 1/m and Ao 2 1/m. In the former case,

we note that |[A — A\g| = 1/m on the support of the cutoffs. Therefore,

/ X(Api)X(Ag;)
x>t d (A= Aof?

Nl
ol

_ _ d\ 1
(pigy) d\ S (pigy) /I 7‘2 < (pigj) im < 1.
A

“olz1/m A= Ao

2 t. This implies the desired bound by ignoring

~

In the latter case, using (53), we conclude that p;q;
the cutoffs in the integral.
We now turn to the term in Lemma 3.6 that involves a’()). Using (51), we have
2

/ LS ) S ) [ XOPXOa)

—Xo|>t=1/2 |/\_/\O| [A—Xo|>t—1/2 )\|)\—)\0‘

i,j=1
2

_1 X(Api)X(Ag;) / X(Api)X(Ag;)
< iqi) 2 S =t dA + Sl .
~ <$1><yl>i§1(p QJ) [/IAAo>t1/2 A2 A do[>t-1/2 IA = Xo|? }

The required bounds for each of these terms appeared above in the bound for a(\)/|A — \|? integral.
This establishes the desired bound for the phase ¢_. For the case of ¢, integration by parts and the

bounds on a(A) and a’()\) suffice, we leave the details to the reader. O
With these estimates established, we are ready to prove Proposition 3.2.

Proof of Proposition 3.2. Lemmas 3.4, 3.8, 3.10 and Corollaries 3.5, 3.9 bound each term of (29) as
desired. (]

We now turn to the terms involving S§S1D15; and S1D151S in Corollary 2.7.
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Proposition 3.11. The contribution of the terms SS1D1S1, S1D1515 and QDyQ in Corollary 2.7
in (2) satisfies (28). More explicitly, we have the bound

/RS /Ooo e AN REN) (2, 21 )v(21)SS1 D1 S (1, y1 )v (1)

RE (X)) (y,y1) dXf(2)g(y) doy dys dzdy| < [t

The same bound holds when SS1D1S1 is replaced by S1D151S or by QD).

Proof. The QDy@ term can be handled as in Proposition 3.2, it is in fact easier since there is no
log(A) term.

The other terms are somehow different since they have a projection orthogonal to v only on one
side. Therefore, one can use (33) only on one side. However, since there is no log(\) term, the bounds

established in in Lemmas 3.4, 3.8, and 3.10 go through. For instance, to establish the bound

/Rs /Ooo 6it)\2>\X()\)X(>\‘ZZ? —z1)Yo(A|lz — z1])v(21)SS1D1S1 (21, y1)v(y1)

JoAly — yi)x(Aly — w1 |) dXf(z)g(y) doy dys da dy| S [t

we can use G(\,y,y1) in place of Jo(Aly — y1|). After an integration by parts the boundary terms
vanish since G(\,y,y1) — 0 as A — 0, and the A-integral can be bounded by

1 /OOC ’aA (X()\)X()\L’C —x1[)Yo(Alz — 21])G(A, y’yl)) A S

7 (1) (1 +log ™ (|2 — x1])) /0 (1 + [log(MDA™ 1A 71 {y) (1 +log™ (Jo — 1))

Here we used the bounds for G from Lemma 3.3, the bounds (7) and (8), and the following estimate:
(54) XA x(Alz = 21]) log(Alz — a1]) S (1 4 [log(M)[)(1 +log™ (| — 1))

This estimate follows easily by considering the cases |z — z1| < 1 and |z — x| > 1 separately.

When we have S; D151 instead, we must use F'(A, z, z1) instead of Yo(A|z—z1]), and the boundary
terms are now controlled by |t|~'k(z,z1) as in Lemma 3.3. The other cases when both projections
are onto low energies can be handled similarly.

The case when Y is replaced with X on both sides can be handled as in Lemma 15 from [24] since
the argument there does not make use of the projections orthogonal to v.

Similarly, in the case when Y is replaced with X on the side which does not have a projection
orthogonal to v, the proof of Lemma 14 from [24] applies.

It remains to prove that
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) | [ [ e Yol - aa)ole) 5018 o1 )oln)
R® JO

Jo(Aly — y1)X(Nly — 11]) dAf(2)g(y) dzy dys dx dy| S [¢]

Since S is not orthogonal to v, we can not replace xYy with F'. However, we can replace xJy with G
shifting the critical point of the A-integral as in the proof of Lemma 3.8. The argument in the proof

of that lemma relies on the bounds
(56) [log(MF(A\ z,21)| S log(Mk(z, 21), yaA(log()\)F()\,x,xl)H < k(z, ) log()\))\*l.

Since we don’t have an additional log()) in (55), it suffices to note that x(A\)x(A|z — z1])Yo(A|z — z1])
satisfies similar bounds as in (56) (with 1+ |log™ (|Jz — 1)| instead of k(z, 1), c.f., (54)). O

The terms arising from hy(A)~1S and hy(A)718S51 D151 S are handled in Lemma 17 in [24], which

we restate below for completeness.

Proposition 3.12. [24] The contribution of the terms h+(A\)™1S and hy(N\)~1551D151S in Corol-
lary 2.7 in (2) satisfies (28). More explicitly, we have the bound
+ ()2 +(32 -2 — ()2
’/ RIS <[Ro (A*)vSvRg (A%) Ry (A%)vSvR; (A )]f,g> d)\‘ < J¢~L
TEY O
A similar bound holds if we replace S with SS1D151S.

Finally the following proposition (Lemma 18 from [24]) takes care of the contribution of the error

term in Corollary 2.7 to (2).

Proposition 3.13. [24] Assume that ®()\) is an absolutely bounded operator on L*(R?) that satisfies
®(N\) = O1(\2). We have the bound

/Rs/ VAN RE (A) (2, 1) o(1) () (21, 91)o(y1) RE (A2) (y, 1) dA
F(@)g(y) day dyy dx dy| < [t~

4. RESONANCES OF THE SECOND AND THIRD KIND

We now consider the evolution in the case of a p-wave resonance and/or an eigenvalue at zero.
Recall that this case is characterized by the non-invertibility of 77 = S;TPTS;. To obtain resolvent
expansions around zero, we need to invert the operator By, (20). The expansions in this section
are considerably more complicated than those in the case of a resonance of the first kind given in
Proposition 2.6.

Recall the operators Sy, S3,T5, and T3 from Definition 2.3. With a slight abuse of the notation,
we define Dy := (11 + So)~! = (S1TPTS; + S2)~! as an operator on S;L?(R?). We define Dy :=
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(Ty + S3)~" = (SpvG1vSs + S3)~ ! on Sy L?(R?), we will also use D for Ty ' when T is invertible,
i.e. when Sy = 0. We also define D3 := Ty * = (S30G2vS3) ™" on S3L2(R?).

Proposition 4.1. Assume that v(x) < (x)~3~. Then, By is invertible on S1L*(R?). In the case of

~

a resonance of the second kind, we have

1 S2DyS, L Ly
(57) Bi' = + O\ "2 log A7),
* g (V)

where gli()\) is as in Lemma 2.2.
In the case of a resonance of the third kind, we have

_ S3D3S53 SoDS,
58 B! =
o ST TR

Here D = Dg + SngSg’UGQUS2D2SQ’[)GQUSngSg — SngSg’UGQ’USQDQ — DQSQUGQ’USngSg.

+ O\ ?|log \|7?),

Proof. We give the proof for the case of the “+” superscripts and subscripts and omit them from the

proof. Recall the definition (20) of B:
B =25, — Si(M(\)+S;)"1S;.

First we repeat the expansion that we obtained in Proposition 2.6 by keeping track of the error term

better. Using Lemma 2.5, the identity

ATTON[1+ MoA (V)] = A7) — AN ) MeAT (W) [T 4+ MoA™ (V)] 7

and the definition (23) of A71()\), we obtain
(59) B =81 — S1(h(\) 'S + QDoQ)S1 + E(N),

where

-1

60) B\ =S1A" W) Mo(NAT [T + MW A2 (V)] 'S

—1

= S1AT A Mo(M) AT (NS — S1ATH ) [Mo(MAT (N2 [1 + Mo(N) A~ (N)] ™ S

Since v(x) < (x) 737, by Lemma 2.2, we have My = O1(A\27). Also using A=*(\) = O;(1) (from (23)),

~

we conclude that
(61) B() = 010,

Recall that S1Dg = DyS1 = S;. Further, from the definition (22) of S, and the fact that S1P =
PS; =0, we obtain 51551 = S1TPTS,. Therefore

(62) B =—h(\)715,85 + E(\) = —h(\) 718\ TPTS, + E()).
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In the case of a resonance of the second kind (unlike the case of a resonance of the first kind), the

leading term 77 = S1TPT'S, above is not invertible. We will invert the operator
By :=—h(A\)B =Ty — h(N)E(N),

by using Lemma 2.4. Let S5 be the Riesz projection onto the kernel of Ty, and let Dy := (T} +S) 1.
We have

(By+ 85) 7" = [Ty + Sy — AN EN)] " = Dy [1 — h(A)E(\)Dy] ™"
(63) = Dy + D1h(N)E(N)D; + D, [h(/\)E()\)Dl]2 (1 — h(N)E(X) D] ' = Dy +00).
By Lemma 2.4, B is invertible if

By := S5 — Sg(Bl + 52)_152

is invertible on SaL?. Using (63), the identities SoD; = D1S3 = Sa, and the definition (60) of F (),
we have
1

By = —h(N)S2E(N)Ss — S [h(A)E(A) D] [1 — h(A) E(A)Dy] ™S,

= —h(N)Ss AT (AN Mo (M) A™H(N)S2 + Ex (M),

where

(64)  E1(A) = h(A\)S2 A" (N [Mo (M)A NP1+ Mo(M AL ()] 'S
— Sy [R(A)EN)D1]*[1 = h(A)E(\) D] ™" Ss.
We now claim that

(65) PTS; = S;TP = 0.

To see this, note that since Sy, T" and P are self-adjoint, and Sy is the projection onto the kernel of

S1TPTSq, we have
(PTSaf, PTSyf) = (SoTPTSsof, f) = (S251TPTS15:2f, f) = 0.
Therefore,
(66) ATE(N)Sy = SoA7H(N) = S,
Using this and the expansion (15) of My, we rewrite By as

B2 = —h()\)gl ()\)SQ'UG:['USQ — h()\))\2SQ’UGQUSQ — h()\)SQMl()\)SQ + El()\)

=1 —h(N)g1(\) [T + X297 " (A) S2vG20Ss + Ea(N)].
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By Lemma 2.2, we have My = O1(A\?>7) and h(\)SaM;(\)Ss = O1(A27). Also using A=1(\) = 04(1)
and (61), we conclude that E1(\) = O1(A*7). This yields that Ea(\) = O1(A\27). In the case of a

resonance of the second kind the leading term is invertible. Therefore, for small A,

1 [T2 + )\29;1()\)527}(;27}52 + EQ()\)} -1 _ Do 9 _3
0 B = AENPEY = gy OV e

Using Lemma 2.4, (63), (67), and the identities Sy D1 = D152 = S3, we have

(68) Bl = —h(\)By " = —h(N)[(B1 + S2) ' + (B1 + S2) ' S2B5 1 Sa(B1 + S2) ]
o SQDQSQ
B g1(A)

In the case of a resonance of the third kind, the leading term in B is not invertible. Analogously,

+O((Alog \)™2).

we will invert the operator
Bz = —h7*(\) gyt (N) By = Ty + X297 (N) S20GavSs + Ez(N)

by using Lemma 2.4. Let S5 be the Riesz projection onto the kernel of T, and let Dy := (T, + S3)~ 1.
We have

(Bs+S3)"" = [T5 + S5 + A2g7 (V) S20G20S5 + Ea(N)] ™

(69) = D2 — A2g;1()\)D282’UGQ'US2D2 + )\49;2()\)D2 [SQ’UGQ’USQDQ]Q + O(| IOg )\|_3).

In the second line we used the definition of g;(A) in Lemma 2.2 and the estimate on Fa()).

By Lemma 2.4, Bj is invertible if
By := S5 — S3(B3 + S3) 753
is invertible on S3L2. Using (69), the identities S3Dy = D3S3 = S3, and T = S3vG2vS3, we have
By = Ng; H(NTs — Mg7?(X)S5[S2vG2082 Do) S5 + O(| log A ~2).
Since T3 is always invertible (see Section 4 of [15]), By is invertible for small A\, and we have
Byt =A"2g1(\)Ds + D2 + O(|log A| ).

where .52 = DgSgUGQUSQDQSQUGQUS3D3.
Using this, Lemma 2.4, and (69), we have

1 1
B—lz—iB_lz—i B —|—S 71_'_ B +S 71SB—IS B +S -1
’ h(N)gr(A) 2 h(N)g1(N) [(Bs + 53) (B3 +83) "' S3B, " S3(Bs + S3) 7'
S3D3S3 Dy + S3D253 — S3D3550G50S2 Dy — Do SavGavS3D3Ss . L,
= — — 1 .
X2h()\) ) (V) +O(A"[log A7)

Using this (instead of (67)) for B~! in (68) yields the assertion of the proposition. O
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Corollary 4.2. Assume that v(z) < (z)73~. Then, in the case of a resonance of the second kind, we

have
(10) A = L QUE(NQ + QTF () + TE Q@+ T
1
+ (MEN) +S1) 71+ 0, (\),
where TF, i = 1,2,3,4 are absolutely bounded operators on L*(R?) with TE(A) = O(A~2(log \)~2),

L3 (N),T5(A) = O(A2(log A) ™), and T (A) = O(A>(log ) ™*).

In the case of a resonance of the third kind, we have

_ S3D3S3 SQDSQ

+ -1
T A =T

+QIT(NQ+QTy(N) +T5(NQ +TT(N)

+ (ME(N) + 51) 7"+ 01(X7),

where D is as in Proposition 4.1, and T'; are absolutely bounded operators on L*(R?). These operators
are distinct from the T'; in the case of a resonance of the second kind, but satisfy the same size

estimates.

Proof. For a resonance of the second kind, combining Proposition 4.1 with Lemma 2.4 and Lemma 2.5

(taking the decay condition on v into account), we have

M) = (M) + 81"+ (M) +51)7 18, B8 (M(X) + S)

= (M) +51)"" + (AN "+ 01(N*7)) S2DaS2 (AN~ + 01 (X))

1
91(/\)
+ (AN T+ 01(A27))O((Alog A)72) (A(N) ! + 01(A*))).

Using (66) and the definition (23) of A~1, we obtain

1 S2D355
91()\)

+(QDoQ + O(|log A| 7)) O((Alog A) ) (QDoQ + O(| log A|™1)).

M(N) + (M(X) +S1) 7+ 01(37)

The second line leads to four different terms yielding (70).
For the case of a resonance of the third kind, the statement follows similarly using the formula (58)

for B~ 1. O

We now consider the dispersive estimates in the case when H has a p-wave resonance at zero
energy. Comparing (70) to the expansion in Corollary 2.7, we note that the many of the terms in

the expansion for resonances of the second kind are in the expansion for resonances of the first kind.
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Accordingly, it suffices to establish the estimates for the contributions of the terms:
S2DyS
gr(\)
We start with the following.

+QI1(N)Q + QT2(A) +T3(N)Q + T4(N).

Lemma 4.3. We have the bound

(72) ‘ /0 h e“*g)\x(A)< [RJ(AQ)”S;TD&%”R(T(V) - ROW);};D(?;RO(A?)] f,g> d)\‘ <1

Proof. We note that we must exploit some cancellation between the ‘4’ and ‘—’ terms. Recall that

Hi (y) = Jo(y) + iYy(y) and the definition of gF()\) in Lemma 2.2 give us
Ry (N)Rg () Ry (W)Ry (V) _ Jo(Ap)Jo(Aq) — Yo(Ap)Yo(Aq)
ey PREY Ne[(log A+ c1)? + ]

(Jo(Ap)Yo(Ag) + Yo(Ap)Jo(Ag))(log A + ¢1)
A2[(log A + ¢1)2 + 3]

(73)

We again must use the cut-offs y and x and consider the different cases depending the supports
of the resolvents. Let us first consider the case when both resolvents are supported on low energy.
Contribution of the first term in (73) satisfies the required bound since Jy = O(1), and m is
integrable on [0, A;]. Since the other terms have additional powers log A in the numerator, we need to
use (33) (recall that Se < Q).

Consider the contribution of the second term in (73). Using (33), we replace xYy with F(X,-, ),

and using Lemma 3.3, we obtain the bound:

o F()\,.’L‘7$1)F()\,y,y1)
/0 () A(log A + ¢1)2 + ¢3]

1
1
d\ Sk k ————d\Sk k .
~ (.T,.’E]) (yayl)/o )\(10g>\)2 ~ (l’,l'l) (yayl)
The mixed Jy and Y, terms in the second part of (73) are bounded similarly using |G(A, z,21)] <

)\O+ <$1>0+.

An analysis as in (38) shows that these terms satisfy the desired bound (72).

When one or both of the Bessel functions is supported on high energies, we use the functions
é()\,p, q) from Lemma 3.7. The bound |é(/\,p, q)| < \%F|p — ¢|°F suffices for obtaining the required
bound. The details are left to the reader. ]

Lemma 4.4. For C;(z) = Jo(z) or Yo(z) fori=1,2, we have the bound
[ e e (e ol QP QG )30 N ) A o)) o | S 1.
s Jo

Proof. Unlike in Lemma 4.3 we do not need to use any cancellation between the ‘4’ and ‘—’ terms.

We consider the terms that arise when both C; and Cs are supported on small energies. Consider,

/O N A (X ()C (AP QT (A)Qux (Ag)Ca(Ag) dA,
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where p = |z — z1|, ¢ = |y — y1]. In the worst case when C; = Cy = Yj, using (33), we replace xYp

with F' to obtain

Aaxazl)F(Avyv yl)

(74) ‘/01)\F()\,x,xl)Fl()\)F()\,y,yl)d/\’5‘/01 il A\ sup [A2(log 2T (V)]

A(log A)? 0<A<AL
S k(z,21)k(y,y1) sup  [A*(log A)?T1(N)].
0< A<

The last line follows from Lemma 3.3. Since supgy.y, |A?(log A)?I'1(\)| defines a bounded operator
on L%(R?) (by Corollary 4.2), we are done. The other low energy terms are similar using G instead
of F from Lemma 3.3.

For the large energies, we note that the argument runs in a similar manner. Using X(y)(|Jo(y)| +

[Yo(y)]) S 1, and an argument as in (74), it easily follows that the integral is bounded as desired. [

The following modification of Lemma 4.4 is necessary for the other T';()\) terms.

Corollary 4.5. For C;(z) = Jo(z) or Yy(z) fori=1,2, we have the bound

/ / e AN)CL Az — 1 ])o(21) QT2 (@1, y1)0(1)Ca(Aly — w1 ) dAdary dy| < 1.
RrR8 JO

The same bounds hold when QT3(X) is replaced by T's(A\)Q or T4(\.

Proof. We repeat the analysis of Lemma 4.4. Counsider the case when both C;(A-) are supported on

low energies and both are Y. We note that when A < 1, using (54), we have
(75) [Yo(Ap)x(Ap)| < (1 + [log A)(1 4 log™ p).
Using this and replacing Yy with F' on one side, we obtain the bound

MR Ax,xp)|(1+log™
/ [F( Bl -8 9 g sup  [N2(log \)PTa(N)] < k(x, z1)k(y, y1) sup  [A2(log A)3T2 ().
0 >\| log /\| 0<A<AL 0<A<A1

The same bound holds for T'3(A)Q. For the contribution of T'y(\), we have

\ / Yo ()T (A ¥ (Aq) d

< /1 (1+ [log A)(1 +log™ p)(1 + [log A[)(1 +log™ q)
0

d\ A2 (log \)*T 4 (A
Alog AT W Syp,, A los VT

~

S k(z,z)k(y,y1) sup  [A2(log A)*T4(N)].
0<A< A,

The other cases are similar.
When one of the C;(A-) is supported on high energies, the analysis is less delicate. The required
bound follows from x(y)(|Jo(y)| + |[Yo(y)|) < 1. O
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This completes the proof in the case of a resonance of the second kind.

We note that the above bounds in Lemma 4.4 and Corollary 4.5 also hold for the I'; term in (71).
Thus for a resonance of the third kind, it suffices to consider the leading A=2 term in (71). Noting
(29) and the fact that the kernel of Dj is real-valued, the following lemma completes the proof. We
will prove in the next section that GovS3D3S3vGq is the projection onto the zero eigenspace whose
contribution disappears since we project away from the zero eigenspace. We will ignore this issue in
the proof below since the eigenfunctions are bounded functions and hence the projection onto the zero
eigenspace satisfies the desired bound, and since removing this operator requires more decay from the

potential, see Section 6.

Lemma 4.6. We have the bound

e S3D3S.
@) | [ e a0l - aiote) 2oy - ) arde d
8J0

<1

Proof. We provide a sketch of the proof. Due to similarities to previous proofs, we leave the details to
the reader. We again consider the case when the Bessel functions are supported on low energy first.

Accordingly, we wish to control

[ O On RO TRl X )

< ‘ /OOC X(/\)G(/\»%wl)F(/\»%m)

y A\ < {z1) " k(y, y1).

Where we used (33), Lemma 3.3 with any 7 > 0.
For the case when one function is supported on high energy, we have
i ~ Ds

e A (AX () Jo(Ap)v (1) 50 (y1)x(Ag) Yo (Ag) dA
0
RN EP F(A
S‘/ X()\) ( ,!L‘7.’171) ( 7y7y1)
0

3 A\ S {x1) " k(y, y1)-

Similarly one uses é()\, y,y1) instead of F(\,y,y1) if we have X(Aq).

When both functions are supported on high energy, we have

‘ | e N NROR I p)oler) ()T Ya ) 4

A
e G\ z,21) G\, v,
<| [T EREIE R iy
0
An analysis as in (38) finishes the proof. d

We are now ready to prove the main theorem of this section.
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Theorem 4.7. Let V : R? — R be such that |V (x)| < (x)7P for some B > 6. Further assume that
H = —A 4+ 'V has a resonance of the second or third kind at zero energy. Then, there is a time

dependent operator F; such that
sup [Pl S 1, 1By = Filloore S = > L

Proof. If we denote the terms that arise from the contribution of the terms in the first lines of (70)

and (71) as Fy, Lemmas 4.3, 4.4, and 4.6 and Corollary 4.5 show that
Sgp”FtHLl—wm Sl

As the remaining terms in (70) and (71) are identical in form to those that arise in the proof of

Theorem 3.1, we can use the bounds from the previous section to establish the theorem. O

Finally, we note that Theorem 1.1 follows directly from Theorem 1.3, Theorem 3.1, Theorem 4.7,
and the first remark following Definition 2.3.

5. SPECTRAL STRUCTURE OF —A + V AT ZERO ENERGY

In this section, we prove some of the claims made in the remark following Definition 2.3. In
particular, we show the relationship between the spectral subspaces S;L?(R?) for 1 = 1,2,3 and
distributional solutions to H1 = 0.

Let w = Uv. First we characterize Sy L2.

Lemma 5.1. Ifv < (2)71~ and if ¢ € S1L2, then ¢ = wi) where 1 € L, Hyp = 0 in the sense of

distributions, and

Y =co— Govp, co (v, Te).

_ 1
IVl
Moreover, if v < (x) 727, then 1 — cg = —Gove € LP for any p € (2, 00].
Proof. Since ¢ € S1L%, we have Q¢ = ¢. Using this and P = I — @), we have
0=QTQ¢p=QTp=T¢— PTp=Uo¢+ vGyvp — PT¢.

Thus,
¢ = —wGovp + UPT¢) = —wGovd + weg = wip.

Also note that since v(z) < (x)~!~ and ¢ € L?, we have —AGq(vg) = vo. Therefore, we see that
H1 = 0 by taking the distributional derivative.
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Now we prove that ¢» € L>. The boundedness on B(0,4) is clear. To see that ¢ is bounded for
|z| > 4, use P¢ = 0 to obtain

T —
Gavoa) = 5= [ oalhe ~ o) = tou(la oty = - [ 108 (E=2Yutmstuian
The bound follows by using the inequality (for |z| > 4)
T — _
() og ()| 5 1+ og(t) + 1o~ (1 o)

Note that this only requires that v(x) < (z)~1.

The final statement follows if we can prove that Govg = O(|z|~!) for large z. To see this, write

Govd(z) = — = / )ow)é(w)dy

—/|y|>|x/210g(| |wy|>”(y)¢(y)dy+/lyl<lx/210g(|x|wy|>v(y)¢(y)dy.

The first integral can be estimated by

/I|>| \/2[1 +log((y)) +log™ (|l — yl)]Wdy

On the other hand, the bound for the second integral follows from

1og (I 20)) = J1og (1-+ ==y — o (1222120 — oy,

O(1/x])-

O

Lemma 5.2. Let v < (x)~27. Assume that the function 1 = ¢ + Ay + Ao, with Ay € LP, for some

p € (2,00), and Ay € L?, solves Hy = 0 in the sense of distributions. Then ¢ = wyp € S1L%, and

we have ¢ = ¢ — Govo, ¢ IVH (v,T®). In particular, by the previous claim, ¢ — ¢ € LP for any
€ (2,00].

Proof. Since Hip = 0, we have
Ay =V = vo.
This easily implies that [ v(y)é(y)dy = 0, see [15, Lemma 6.4]. Thus ¢ € QL?.
Now consider the function ¢ + Gove. By the calculation above, we see that Ay + Gove) = 0.
Since 1 + Govp € L? + L* (by assumption and the proof of the previous claim), we see that it has

to be a constant. Thus
Y = c— Govo.
Using this, we have
TQo=Top=U¢dp~+vGovdp =Udp —vip +co=U¢p — U + cv = cv,

and hence QT Q¢ = 0, and ¢ € S;L?. Finally, this implies that ¢ = W(v, T¢). |
L
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Note that Lemma 5.1 and Lemma 5.2 imply that all zero eigenfunctions are bounded. We now

characterize SoL?.

Lemma 5.3. Assume that |v(z)| < (x)737. Then ¢ = wiyp € SoL? if and only if v» € LP, for all

~

p € (2,00] (or equivalently co =0).
Proof. Recall that S < Sy is projection onto the kernel of S1TPTS;. We have (since S1¢ = ¢)
(78) SiITPTS1¢ =0 = |PT9||* = (I'PT¢,¢) =0,

and hence ¢y = 0 and ¢ € LP for p > 2.
On the other hand if ¢» € LP for p > 2, we have ¢y = 0. This implies that PT¢ = PTS1¢ = 0 ,and
hence S1TPTS1¢ = 0. O

Lemma 5.4. If v < (x)73~ then the kernel of the operator Sz3vGavSs on S3L? is trivial.

Proof. Given f in the kernel of S3vGovS3, we have
(79) [ Ty dy =0, and S,0GrvSaf =0,
since f € S3L? C QL2
Also note that the expansion we used for R (A\?) in the proof of Lemma 2.2 gives that
Ry (W) (x,9) = g* (V) + Go(z,y) + g7 NG1(w,y) + A Ga(x,y) + OO | —y|*).

3—

This and the assumption v < (z) 72~ imply that

+ +
0= (S50GouSs . f) = (Gavf, ) = lim <R° () g™ — Go =g/ (NG vf>.

22
Now, using (79), we have

_ _ o/ Ro(3?) — Go 1 1 1Y e
0_<”G2”f’f>_ilmo< e bl ) = lim /RQ proreany i mrol LU

1 1 1 o f|?
= Iz /R 52(47r2g2+v)|”f [ ds = (2n)4 /R g &

Where we used the monotone convergence theorem in the last step. By the assumptions on v and f,

vf € L', and hence vf = 0. We also know that f € S;L? and hence f = w1, which implies that
f = 0. This establishes the invertibility of the operator SsvGavS3 on S3L2.
Further, we have the identity for any f € SsL?,
L[ [fP 1 [vf(§) vf(©) . -
G = d¢ = =((-A -A
(Gt ) = sy [ e = (L D) — () or (-8) o)
(80) = (Govf, Govf).
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Lemma 5.5. Assume that v(z) < (x)737. Then ¢ = wyp € S3L? if and only if 1 € L? with Hy = 0.

Proof. For ¢ € S3L? C S1L?, we proved above that ¢ = we, with

1

Hy =0, ¢ =cy— Govo, CO:W

(v, T).

Also note that ¢y = 0 by (78) since ¢ € Sy L?. Therefore, using (80), we have

1915 = (¢, 9) = (Gove, Govg) = (vGav¢, $) < o0

by the decay assumption on v.

On the other hand if we assume that ¢ € L? with Hy = 0, we have that ¢y = 0, and hence by
Lemma 5.3, we have ¢ = wip € Sy L?. We need to prove that SovGivSa¢ = 0. Note that, as operators
on L2, SovG1vSs = SovWvSs, where W is the integral operator with kernel —2x - y. This is because
Gi(x,y) = |z —y|> = |2|* —22.y+|y|?, and the contribution of |z|?+ |y|? is zero since PSy = SoP = 0.

We claim that if ¢ € L? with Ht = 0, then

(s1) [ ey =o.

This implies that
SovG1vSa¢ = SovWuSsp = —2S5v(x)x - / yu(y)o(y) dy =0,
R2
and hence ¢ € S3L2.
It remains to prove the claim above. In what follows below we can assume that |z| > 4 since
1 € L. Define the set B := {y € R?: |y| < |x|/8}. Recall that we have 1) = —Gov¢, and as Pp =0

we have

) v =1 [ (oot dy

|z[?

z —yl? v ol
: 1n< |a:|g| )”(3/)¢(y)dy+417T RQ\Bln<| |a:|3| )v(y)qﬁ(y)dy,

:EB

First we note that the second term is in L?. Indeed, using (77), and then 1 < (y)/(x), we see that

| /W 8 <|x . y|2>”<y)¢<y> ay| 5 /RQ\BG + [l + 2 — o) o() ()| dy

||

i L B e =yl dy S T < )

<

We now examine the integral on B. We note that on B,

|z —yl? lyl> 2z-y 2z -y (yyt*
1 :1 1 —_— = — .
“( 7z ) U e T e w2 PO\

ly|? — 22 - y|/|=|* < &, and hence
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So that
1 |z —y|? oz ) T lu(y)e(y)| dy
[ (BB sy = s [ wwot)dy + o (LWt
The error term is in L2. We also note that
<y>1+ —1— 2 mp2
y)dy| < dy < L2(R?).
[ el s [ heewld s )7 € 1)

Therefore, we can rewrite the main term as

x x
. = . d O;r2(1).
onla? /Byv(y)¢(y) dy CRE /Rz yo(y)o(y) dy + Or2(1)
Using this in (82), we obtain
x
B2 - .
0@) =06 - s [ sy
with ¥ € L2, As z/|z|? is not in L?(R?), we must have (81). O

Lemma 5.6. The operator GovS3[S3vG2vS3]~1S30Gy is the orthogonal projection on L? onto the
zero energy eigenspace of H = —A+ V.

Proof. Let {¢; }§V=1 be an orthonormal basis for the S3L?, the range of S3. Then, we have
(83) @; + wGove; =0, 1<j <N
We have ¢; = wi); for each j with ¢; € L?. Since PS3 = 0, we also have

[ v@psads = [ oo ds o

Since {¢;}Y¥ =1
from (83) that

is linearly independent, we have that {1;}2; is linearly independent, and it follows

Jj=1

P+ GoVip; =0, 1<j<N.

Using the orthonormal basis for S3L?, we have that for any f € L?(R?), S3f = Z;.Vd(f, ) 0;-
Therefore, we have

N

N
(84) SsvGof = (f,Gove;)d; = — > _(f,1;)¢;.

j=1 j=1
Let A = {Aij}f\szl be the matrix representation of SsvGovSs with respect to the orthonormal basis

of S3L%. Using (80),

Aij = (¢i, S3vG2vS30;) = (Govei, Govd;) = (GoVhi, GoVipy) = (i, ;).
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Let P, := GovS3[S3vG2vS3] 71 S30G,. Then by (84), for any f € L?(R?),

N
Pof == GovSs[S5vGavSs] ¢ (f, ;)
j=1
N
= Z GovSs(A™1)iydi(f,05) = Y il A N)is(f,)-
7,7=1 1,j=1

Note that for f =1, 1 < k<N,

ewk = Z wz Zj wkawj Z wz zg ]k = Q/Jk

3,7=1 1,j=1

Thus, we can conclude that the range of P, is equal to the span of {% *, and that P, is the identity

on the range of P,. Since P, is self-adjoint, the claim is proven. O

6. A WEIGHTED ESTIMATE

In this section we prove Theorem 1.2. Recall that if zero is an eigenvalue but there are neither
s-wave nor p-wave resonances at zero, then S; = Sy = S3 # 0. We note that in this case many terms

in the expansions of M*(\)~! in Corollaries 2.7 and 4.2 disappear. This follows as now
(85) PSl = Slp = O, SlTP = PTSl = O7 Sl’UGﬂ)Sl =0.

We will also need a finer expansion for My(A) then it is given in Lemma 2.2 to prove the theorem.
Define g3 (\) = M (aglog A + by 1) and g3(\) = azA\* with ap,a3 € R\ {0} and by _ = by ;. Also let
G'3 be the integral operator with the kernel |z —y|*, and G4 with the kernel |z —y|* log |z —y|. Similar

to the expansion given in Lemma 2.2 we obtain
(86) MG () = g (MvGrv + NvGav + g5 (\vGsv + gs(\vGav + 01 (X?),

by expanding the Bessel functions to order z%log z and estimating the error term as in Lemma 2.2.

This requires that |V (x)| < (z)~11~.

Proposition 6.1. Assume that S; = S = Ss, and that |V (x)| < (z) 7=, Then, By is invertible on
S1L2(R?), and we have

Ds g5 (N
22 2\

97 (V)?
JXTERDY!

(87) Bi'= D3T5D3 + D3T3 Dy + D3T4Ds + D3T5D;

1
hE(A)

91 ()‘) 1/2
+ WD3F6D3 + O1(A / )s

where T'; are real-valued, absolutely bounded operators on L2.
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Proof. We will modify the proof of Proposition 4.1. Using (85) in (62) we see that B = E(\) where
(from (60))

E(\) = S1A A Mo(N) AT (NS — 1A () [Mo(AN AT (W21 4+ Mo(W) A~ (V)]

Sy.
Since S; = Sy = S3, using (85) and (23) we have

(88) S1ATYA) = A7 (NS, = Ss.

Using this, Lemma 2.2 and the fact that A=1(\) = O4(1), we obtain

(89) B = E(\) = SsMy()\)S5 — SsMy(A) A7 (A) My(N)Ss + O1(A%/?).

Using (86) and the fact that S3vG1vS3 = 0, we get

SgMo(/\)Sg = )\QSg’UGQ’US[; + QQ(A)Sg’UGgUSg + 93()\)531)(;41)53 + 01(>\9/2).

We now note that by writing G1(z,y) = |z|*> — 2z - y + |y|?, and using (81) and P L Q > S, one

obtains
(90) S3UG1UQ = Q’UG1US3 =0.

Using this and (85) in (23) and (86), we have

2 4
SgMQ(/\)A_l(/\)MQ()\)Sg = gl(/\) Sg’UlevalUS?, + LS&}UGQUS’UGQ’US?,
h()) h(\)
)\291()\)

+

h()\) [Sg’l)Gl'USUGQUSg + Sg’UGQ’US’UGl'USg]

+ )\4S3UG2’UQD0QUG2US3 + 01()\6_).

Therefore, using these expansions in (89), we have

GEOV? N NgE)
o) et ey

B =X\ + gFf (\Ty 4+ M5 + T + O1(\?),

where I'; are absolutely bounded operators on L? with I'; = S3I';S3, and Fl_l = Dj. Inverting this

via Neumann Series yields the claim of the proposition. O

Corollary 6.2. Assume that Sy = Sy = S3, and that |V (z)| < (x) 711~ Then

1 Ds b3, +
91) M*T\) =22 logA+b = 14 ————— )=
(91) MEN)T' = 33 + (a1log A+ b +)Z1 + ( +a210gHb2’i) 2

1

———E3+ (ME\) + 81) 7+ O,(A\Y?).

+hi()\) 3+ (MT(N)+S1) + 01 (M%)
Here, Z; are real-valued absolutely bounded operators, Zo and Z3 have a projection orthogonal to P
on at least one side, and Z1 have orthogonal projections on both sides. Further a; € R\ {0} and

bi’+ = bi’f .
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We should note that in the statement of the corollary we listed only one term of each form. For

b3, +

example there are several different terms of the form ——2=——
az log A b 4

=5 in the expansion.
Proof of Corollary 6.2. Using (24), (23) and (88), and then (85) and (90), we have

(M(X) +S1)7 185 = S5+ AL (A)Mo(N)S3 + O1 (A7)

2
= 5'3 + ghl(()/\\)) [P’UGﬂ}Sg — QDoQTPUGl’l)Sg} + )\QQDOQUGQUS?, + h/(\)\)S’UGQ’USg + 01()\4_),

Ss(M(N) + S1)7 = S5 4+ SsMo(MAE(N) + O (A1)

2
=S5+ ghl(()/\\)) [SgUGﬂJP — S3UG1’UPTQDOQ} + )\253’0G2’UQD0Q + h/(\)\)Sz;UGQUS + O4 ()\4_).

Using these and (87) yields that
-1 -1 -1 Dy -
(M(X\) 4+ 51)""S3B " Ss(M(\) + 51) " = p—&-(al log A+ b1 4)51
b3+ = L - 1/2
14— 2 )= = AL/,
+ ( + a210g/\+b2,i) 2t a0y 3 +O01(A?)

Applying Lemma 2.4 finishes the proof. O

Using Corollary 6.2 and Lemma 5.6 in (27), we see that the contribution of the D3/\? term can be

written as
RE (202 uRE (V) = 15 (RS (V) — g () eDsw (R O) — (V)
(92) = 55 (BE0?) = % () = Go)Dsw (R %) = g () - Go)
(93) + %Gongv(RS_(Az) —g"(\) = Go) + % (RE(N?) — gT(\) — Go)vD3vGo
(94) + %Pe.

In the first line above, we used the fact that PD3 = D3P = 0 to subtract off g™ (\).

Lemma 6.3. Under the assumptions of Theorem 1.2, if we project away from the eigenspace of

H =—-A+YV at zero energy, for Schwartz functions f and g the following bound holds.
Oo@it’\QX(/\) + ()2 + ()2 —(\2 — 2 -1
SN RS 02)uDy0RE (2) = Ry (02)oDgoRg (1, g) dA| S 1l gl oo
0

Proof. First note that since we project away the zero eigenspace, the contribution of (94) cancels out.
To bound the contribution of other terms recall that the expansion for Ry (A\?) used in Lemma 2.2

gives

|RE(A?) (2, y) — g7 (A) — Gola,y)| S A |z =yt S AT (@) + (»)'),

|2 (5 0%) ) — ¥ () — Golan)| S 27+ ()™ + (™).



38 M. B. ERDOGAN, W. R. GREEN

Note that if [®(A\)] + A|®'(X)| < AT and same for ¥, then

S [ | (ML) < g

oo ez’t/\2
(95) \ / XN g2 w(3) ax (255

Also using that |Ds|: L? — L? and (z)**v(x) € L?, the contribution of (92) satisfies the claim of the
lemma.
For the contribution of the terms in (93), we need to use the cancellation between the ‘+’ and ‘-’

terms in Stone’s formula.

GovDsv([Ry (V) — g (V)] = [Rg (A*) — g~ (V)])
= GoUDg’U(QiJQ(M . |) — 22%(2’)) = 2iG0’l)D3UJO(/\| . |)

Where we used (33) in the last step. As in the case of an s-wave resonance, we separate into the high

and low energies. For the low energy part we use (33) and investigate

a2 X(A
06 [ e X (30l — DOl 1)~ XA+ DO + ) ) ar
0
After an integration by parts, the result relies on proving the following bound.

Hd (xOly =y oy — v1l) = XA + [y ) Jo (AL + [pa]))
/O d/\( 2 )‘dx<cy,yl.

We need not consider when the derivative acts on the cut-off function as this restricts us to an annulus

where A ~ |y — y1|71 or A~ (1+ |y1])~* and we can bound (96) by

1
/ NS by~ ol < ) ).
1A
A ly—yi |1
The analogous bound holds for A ~ (1 + |y;|)~!. With this in mind, it suffices to prove that

/1 f()‘|y - yl') f()‘(l + ‘le) A\l < <y>2+<y1>1+
0

>\3

with f(2) := x(2)[-2Jo(2) + 2J}(z)]. As we are restricted to low energy, we have the expansion for

Jo(#) and its derivative in a powers of z from (5). So that
f(2) = ag + a1z + ax2* + O(2*).

Since f(0) = —2Jp(0) = —2 we have that ag = —2. Further f/(0) = —J5(0) + 2J§(z)|._, = 0, and

f"(z) = 2J}"(z). Therefore, we have a; = as = 0, and
f(z)=-2+0("),  f'(z)=0("").

Now,

Aly—y1l
PO = = FOa+ D =] [ e

(1+]y1l)
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SNy =yl = A+l (ly — s '+ @) ) S X))
Thus, we have

05| / 1Oy = 1)

as desired.

_Sf()\(l + [y1)) d)\’ < (y>2+<y1>1+ /1 A a < (y>2+<y1)1+,
A 0

Now, for the high energy we proceed along the lines of the proof of Lemma 3.8. We employ the
function GE(A, [y — y1|, 1+ |y1|) of Lemma 3.7. Specifically, we need to bound

e Dsv ~
| e XG0 G 0 pa)
0

with p = max(Jly — y1|,1 + |y1]) and ¢ = min(ly — y1],1 + |y1]). We will apply Lemma 3.6 to

Using the bounds of Lemma 3.7 with 7 = 1, we have

] 5 ) (oot + iy ) £ 0ROV + R0 V),
: Loy XOp) | X(Ag) px(Ap) | ax(Ag)
005 310 (gt + ) = 0 (Bt + )

Here we used that on the support of X(Ap), we have 1 < Ap. At this point, the proof follows exactly

along the lines of Lemma 3.8 with the extra weights of p + ¢ < (y){y1), which yields the required
bound. O

We are now ready to prove the theorem. We provide a sketch, as there is a significant overlap with

the proofs of previous estimates in Section 3.

Proof of Theorem 1.2. We already proved the theorem for the contribution of the D3/\? term in
Corollary 6.2 to (27). The contribution of the =; term and the terms in the second line of (91)

satisfies the dispersive bound by the results of Section 3. It remains to control the contribution of

b -
(1 + as log zj\i ba,+ >:2'
We will only provide a brief sketch. Recall that =5 has projection orthogonal to P only on one side,
say on the right. On high energy, we can use A\|z — z1| 2 1 to extract positive powers of A for the
integration at the loss of a weight as in the proof of Lemma 6.3. The polynomial weights arising are
either ameliorated by the decay of the potential v or goes into the weight of the weighted dispersive
bound. For the low energy part, the worst case is when we have Y on both sides. This arises only

with the term containing log A in the denominator due to the cancellation between the + terms. On
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the right hand side, using (33), we replace xYy with F from Lemma 3.3 to reduce to bounding the

following integral

b3

oo
itA?
AX(A)x(Alz — Yo(A|lz — _
A e e

F(\y,91) d/\’~
After an integration by parts it suffices to prove that

b3

| d
/0 CZ,\{X()\)X(/\:U_%DYO(Ax_x1|)(z210g)\+b2

F(\y,y1) }’d)\
S k@, x)k(y, ya) (@) () () )t
We note, from (6), that

2
XAz = 21)Yo(Az — 1)) = —[log A +log |z — 21| + 9] + O |& — 21 |'F).

The first log A is the most troubling, we note that to control it we use the following facts

b3 bs 1
log(\)———— | <1 — [ log(\ < .
8N o T b | = ‘d/\( o8 ( )aglogwrbg)‘ ~ Mlog )2
The contribution of the other terms can be bounded by similar arguments. (]
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