DISPERSIVE ESTIMATES FOR HIGHER DIMENSIONAL
SCHRODINGER OPERATORS WITH THRESHOLD EIGENVALUES II:
THE EVEN DIMENSIONAL CASE

MICHAEL GOLDBERG AND WILLIAM R. GREEN

ABSTRACT. We investigate L'(R™) — L°°(R™) dispersive estimates for the Schrédinger
operator H = —A + V when there is an eigenvalue at zero energy in even dimensions
n > 6. In particular, we show that if there is an eigenvalue at zero energy then there is
a time dependent, rank one operator F; satisfying ||F¢| ;1 < [t[*7% for [t| > 1 such
that

e Pac = Fillpasypoe S 1'%, for [t > 1.
With stronger decay conditions on the potential it is possible to generate an operator-

valued expansion for the evolution, taking the form
T Pae(H) = [tIP 2 Ao+ |t|' "2 A1 + |t| 2 Ay,

with A_s and A_; mapping L'(R") to L°°(R"™) while Ay maps weighted L' spaces to
weighted L spaces. The leading-order terms A_; and A_; are both finite rank, and
vanish when certain orthogonality conditions between the potential V' and the zero energy
eigenfunctions are satisfied. We show that under the same orthogonality conditions, the
remaining [¢|”% Ao term also exists as a map from L'(R") to L*°(R™), hence e’ P,.(H)

satisfies the same dispersive bounds as the free evolution despite the eigenvalue at zero.

1. INTRODUCTION

In this paper we examine dispersive properties of the operator e where H := —A+V
with V' a real-valued potential on R™. The spatial dimension may be any even number
n > 6, just as Part I of this work, [13], considered odd dimensions n > 5. This operator is

the propagator of the Schrodinger equation
(1) tug + Hu = 0, u(x,0) = f(z),
as formally, one can write the solution to (1) as u(z,t) = e f(z).
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When V = 0, one has the dispersive estimate [e?||;1_, ;e < |t|”2. This can be easily
seen by the representation

1

—itA _
‘ J(@) = (47Tit)%

/R eV /4 () dy,

which one obtains through elementary properties of the Fourier transform. The stability of
dispersive estimates under perturbation by a short range potential, that is for a Schrodinger
operator of the form H = —A + V', where V is real-valued and decays at spatial infinity, is

a well-studied problem. Where possible, the estimate is presented in the form

(2) " PacCH)|| 1 gy oo ey S 1172

Projection onto the continuous spectrum is needed as the perturbed Schréodinger operator H
may possess pure point spectrum that experiences no decay at large times. Under relatively
mild assumptions on the potential one has an L? conservation law for the operator e, In
addition, if |V (x)| < C(1 + |z|)~# for some B > 1 and is real-valued, the spectrum of H is
composed of a finite number of non-positive eigenvalues and purely absolutely continuous
spectrum on (0, 00), see [25].

The history of this problem is more thoroughly discussed in part I [13]. We recall briefly
that the first results in the direction of (2), Rauch, Jensen-Kato, Jensen and Murata, [24,
19, 17, 23, 18], studied mappings between weighted L?(R™) in place of L!(R") and L*°(R").
Estimates precisely of the form in (2) are studied in [22, 29, 26, 14, 27, 15, 4, 6, 3, 16]
by a number of authors in various dimensions, and with different characterizations of the
potential V(z) respectively. The first result on these global, L' — L, dispersive estimates
was the work of Journé, Soffer and Sogge [22]. Much of the more recent work has its roots
in the work of Rodnianski-Schlag, [26]. For a more detailed history, see the survey paper
[28].

Our main concern is the effect of obstructions at zero energy on the time decay of the
evolution. Jensen and Kato [19] showed that in three dimensions, if there is a resonance at
zero energy then the propagator e’ P,.(H) (as an operator between polynomially weighted
L*(R?) spaces) has leading order decay of |t|~/? instead of |t|~3/2. In general the same
effect occurs if zero is an eigenvalue, even though P,.(H) explicitly projects away from
the associated eigenfunction. Global L! — L dispersive estimates are known in all lower
dimensions when zero is not a regular point of the spectrum, due to Yajima, Erdogan,
Schlag and the authors in various combinations, see [14, 10, 30, 9, 12, 7, 5]. The goal of

this work is to extend these studies to all higher dimension n > 3.
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In dimensions five and higher resonances at zero do not occur. In [17] Jensen obtained
leading order decay at the rate |¢|>~2 as an operator on weighted L2(R"™) spaces if zero is an
eigenvalue. For n > 5, the subsequent terms of the asymptotic expansion have decay rates
[t|'~2 and |t|”2 and map between more heavily weighted L?(R") spaces. We are able to
recover the same structure of time decay with respect to mappings from L!(R™) to L>(R"),
with a finite-rank leading order term and a remainder that belongs to weighted spaces. In
fact, our results imply Jensen’s results on weighted L?(R™) spaces with reduced weights.
Perhaps the most surprising result we prove is the full dispersive estimate (2) holds without
any spatial weights if the zero-energy eigenfunctions satisfy two orthogonality conditions,
see Theorem 1.2 part (3) below.

In addition we note that there has been much study of the wave operators, which are
defined by strong limits on L?(R"),
itH it

Wi =s lim e
t—+oo

The L? boundedness of the wave operators, see [31, 11, 21], relates to dispersive estimates by
way of the ‘intertwining property,” which allows us to translate certain mapping properties

of the free propagator to the perturbed operator,
f(H)Pac = W:I:f(_A)W;'

The identity is valid for Borel functions f. In dimensions n > 5, boundedness of the wave
operators on LP for -%5 < p < 7 in the presence of an eigenvalue at zero was established
by Yajima [31] in odd dimensions, and Finco-Yajima [11] in even dimensions. In particular,
with p’ the conjugate exponent satisfying %—i— 1% = 1, the boundedness of the wave operators

imply the mapping estimate
€ Poe(H) || 1o S [ 270

Roughly speaking, the range of p in the wave operator results yield a time decay rate of
|t|~2+%*. Similar results in lower dimensions can be found in [30, 21].

The main results in this paper mirror the ones obtained in odd dimensions [13] and we
will use the same notation and conventions where possible. Our work here is mostly self-
contained; we have omitted proofs that are proved verbatim, or those that require only
minor modifications of those in [13]. To state our main results, define a smooth cut-off

function x(A) with x(A) = 1if A < A\1/2 and x(A) = 0 if A > Ay, for a sufficiently small
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0 < A1 < 1. Further define (z) := (14 |z|), then we use the notation for weighted L spaces

[l zre = ML+ 2D f,

and the abbreviations a— := a — € and a+ := a + € for a small, but fixed, ¢ > 0. We prove

the following low energy bounds.

Theorem 1.1. Assume that n > 6 is even, |V (2)| < (x)7P, for some B > n and that zero
is not an eigenvalue of H = —A 4V on R™. Then,

v

€™ X (H ) Pac(H) || 1 pe S 172

~

Theorem 1.2. Assume that n > 6 is even, |V (x)| < (x)7, and that zero is an eigenvalue
of H=—A+V onR"™. The low energy Schridinger propagator e x(H)P,.(H) possesses

the following structure:

(1) Suppose that there exists v € Null H such that fRn Vi dx # 0. Then there is a

rank-one time dependent operator || Fy||p1_ 0 < |t272 such that for |t] > 1,

N (H)Pyo(H) — Fy = & (1).

n n

Where, [[E1llp1pee = o(|t*72) if 8> n and [|E1llp1spee = O(E]'"2) if B> n+ 4.
(2) Suppose that [, Vipder =0 for each ¢ € NullH but [z, x;Vpdx # 0 for some ¢
and some j € [1,...,n]. Then there exists a finite-rank time dependent operator G,

satisfying ||Gell p1 oo S P2 such that for |t > 1,

N (H)Poo(H) — Gy = E(t).

n

Where, [€allz1 e = OH'3) and |Eallpasspmo- = of[t3) if > n+ 4 and
|€2ll 11y poer = O(t]72) if B> n + 8.

(3) Suppose B >n+8 and that [, Vipdr =0 and [p, x;Vipdr =0 for all p € Null H
and all j € [1,...,n]. Then

HeitHX(H)Pac(H)HLIALN S |t|_%

We note that the assumption that fRn Vi dr = 0 for each ¢ € Null H is equivalent
to assuming that the operator P.V1 = 0 with P, the projection onto the zero-energy
eigenspace. Further, | gn TV dx =0 for each j =1,2,...,n is equivalent to assuming the
operator P.Vx = 0.

These results are fashioned similarly to the asymptotic expansions in [17], with particular

emphasis on the behavior of the resolvent of H at low energy. If one assumes greater
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decay of the potential, then it becomes possible to carry out the resolvent expansion to
a greater number of terms, which permits a more detailed description of the time decay
of e x(H)P,.(H). We note that while F; and G; above have a concise construction,
expressions for higher order terms in the expansion are unwieldy enough to discourage
writing out an exact formula.

The extension to the main theorem is as follows.

Corollary 1.3. If |V (z)| < (z)7"7%~, and there is an eigenvalue of H at zero energy, then

we have the operator-valued expansion
(3) N (H)Puo(H) = ct|> 2 P.VIVEP, 4 [t "2 Ay + || 72 Ao (2).

There exist uniform bounds for P.V1VP, : L' — L>®, A_1: L' — L™, and Ay(t) : L"? —
L2 The operator P.V1V P, is a rank one operator and A_; is finite rank. Furthermore,
if P.V1 =0, then Ag(t): LY — L1 If P.V1 =0 and P.Vx = 0 then A_1 vanishes
and Ao(t) : L' — L uniformly in t.

We note that this expansion could continue indefinitely in powers of |t|~2 %, k € N. The
operators would be finite rank between successively more heavily weighted spaces and it
would require more decay on the potential V. We do not pursue this issue.

High energy dispersive bounds in dimension n > 4 require more assumptions on the
smoothness of the potential, which was shown in the counterexample constructed by the
first author and Visan in [15]. In contrast the present work is concerned with the effect
of zero energy eigenvalues, which is strictly a low energy issue. Accordingly our theorems
stated above use the low-energy cut-off x(H) so that no differentiability on the potential is
required.

As in odd dimensions, we note that the estimates we prove can be combined with the
large energy estimates in, for example, [31, 11] to prove analogous statements for the full
evolution e*H P, .(H) without the low-energy cut-off. The work cited above assumes that

the polynomially weighted Fourier transform of V' satisfies

1 n—2
20 n n

F V)e L™ (R f — = .
((x)*°V) € (R™) 0r0>n* —

Roughly speaking, this corresponds to having more than "T_?’ + Z—:g derivatives of V in L2.
The statements of our main results are identical to those given in the companion paper,
[13] for odd dimensions n > 5. The analysis for even dimensions in this paper proceeds along

similar lines, but is technically more challenging. One reason for this is the appearance of
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the logarithms in the expansions and the inability to write a closed-form expression for the
resolvents, see (7) below.
The limiting resolvent operators are defined as

RE(NY) = lim (A +V — (A2 £ie)) L.

e—0+

These operators are well-defined on certain weighted L?(R™) spaces, see [2]. In fact, there is
a zero energy eigenvalue precisely when this operator becomes unbounded as A — 0. While
the number of spatial dimensions does not appear explicitly in the expression above, the
behavior of resolvents for small A is strongly shaped by whether n is odd or even. When odd

dimensional resolvents are expanded in powers of A, one has the operator-valued expansion

A B
R¢(A2):ﬁ+x+0(1), D<A< A <1,

In even dimensions one has expansions in terms of A\¥(log \). For instance, in [7] it was
shown that in R? if there is a zero energy eigenvalue that one has the operator-valued

expansion (for 0 < A < A1)

RF(\?) = % + /\Q(ak)gw +O0A %(log\)™?), acR\{0}, 2 C\R.
If, in addition, one assumes that there are no zero-energy resonances (solutions to Hip = 0
with ¢ ¢ L?(R?) but ¢ € L>(R?)), one has the expansion
RH(N?) = % + (alog A + 2)B + O((log \)™1),

with different constants a, z and a different operator B. We give only results for R‘t since
R, (\?) = m In [5] it was shown that the resolvents in four-spatial dimensions have
similar, though not identical, expansions as those written above for two dimensions. In these
lower dimensions it is known that, whether zero is an eigenvalue or not, time decay of the
Schrodinger evolution is faster if there is not a resonance at zero, see [23, 10, 30, 28, 7, 8, 5]
for example.

As usual (cf. [26, 14, 27]), the dispersive estimates follow by considering the operator
ey (H)P,.(H) as an element of the functional calculus of H. Using the Stone formula,

and the standard change of variables A — A2, we have

L / T RS (V) — Ry (WD) () dA,
0

- 21

"N (H)Poe(H) f ()

with the difference of resolvents R‘i/()\Q) providing the absolutely continuous spectral mea-

sure. For A > 0 (and if also at A = 0 if zero is a regular point of the spectrum) the
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resolvents are well-defined on certain weighted L? spaces. The key issue when zero energy
is not regular is to control the singularities in the spectral measure as A — 0.
Here R‘i/()\z) are operators whose integral kernel we write as R‘i/()\Q)(:L‘, y). That is, the

action of the operator is defined by

REO) (@) = [ RO @) ) d.

The analysis in this paper focuses on bounding the oscillatory integral

(4) / TP A WRE() — Ry ()] (2 y) dA

in terms of x,y and ¢. A uniform bound of the form sup, , [(4)] < [t[7* would give us
an estimate on ¢ P,.(H) as an operator from L' — L. We leave open the option of
dependence on z and y to allow for estimates between weighted L' and weighted L spaces.
That is, an estimate of the form |(4)| < [¢|~*(z)? (y)? implies an estimate for e P,.(H)
as an operator from L7 to Loo—7'

The paper is organized as follows. We begin in Section 2 by developing expansions for
the free resolvent and develop necessary machinery to understand the spectral measure
E'(A) = 5= [R{(A\?) — R;(A\?)]. In Section 3, we prove dispersive estimates for the finite
Born series series, (46), which is the portion of the low energy evolution that is unaffected
by zero-energy eigenvalues. Each of these terms experiences time decay of order \t\fg,
consistent with the generic dispersive estimate (2). Next, in Section 4 we prove dispersive
estimates for the tail of the Born series, (47), which is the portion of the evolution that
is sensitive to the existence of zero-energy eigenvalues and to the eigenspace orthogonality
conditions specified in Theorem 1.2. Finally, in Section 5 we provide a characterization of

the spectral subspaces of L? related to the zero energy eigenspace and provide technical

integral estimates required to establish the dispersive bounds.

2. RESOLVENT EXPANSIONS

In this section we first develop expansions for the integral kernels of the free resolvents
RE(N?) := (—A — (A2 40))~" to understand the perturbed resolvent operators R‘f()\Q) =
(=A+V — (A2 £i0))~! with the aim of understanding the spectral measure in (4).

In developing these expansions we employ the following notation used in [13] when con-

sidering odd spatial dimensions. We write
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to indicate that

&’ d’

Wf()\) = O<d)\jg()\)>'
If the relationship holds only for the first k derivatives, we use the notation f(X) = Og(g())).
With a slight abuse of notation, we may write f(A\) = O(A¥) for an integer k, to indicate
that %jj f(N) = O(N¥=7). This distinction is particularly important for when & > 0 and
Jj>k.

Writing the free resolvent in terms of the Hankel functions we have

P22 NT )
- = 120 —
5) Ren) = (5= ) HELE e - .
Here H 811() is the Hankel function of the first kind. When n is even we have the Hankel
2

function of integer order, which cannot be expressed in closed form. This stands in contrast
to the odd dimensional free resolvents which possess a closed form expansion composed of
finitely many terms, see for example [17]. That difference, along with the appearance of
the logarithm in the expansion (7) often makes the even dimensional case more technically
difficult.

We note that

HY (2) = Jo_1(2) + iV (2),

n_q
2
where J%_l and Y%_l are the Bessel functions of integer order. We note the small |z| < 1
expansions for the Bessel functions (c.f. [1])
2

(6) Ja 1(2) = <;>§_1 o (5"

2 KT (5 +F)
n_o
—1 (@ —k-2) 22\ 2
Yo_y(2) = R kzzo o (4) + ;log(z/Q)Jg_l(z)
n_q1 oo 1.2
z2 n (=127
7 - — k+1 —tk+2)
g S L D oG kD)) e
In addition, one has the large |z| 2 1 expansion

) Jaa(2) = €%y () + e Fw (), wal(s) = O(x}).

A similar expansion is valid for Yg_l(z) with different functions w4 (z) that satisfy the same
bounds. In fact, such an expansion is valid for any Bessel function of integer or half-integer

order for |z| 2 1.
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Recall that Ry (A?) = R§ (A2). In particular, using the expansions of the Bessel functions
(6) and (7) in (5) with z = Az — y|, we use the following explicit representation for the

kernel of the limiting resolvent operators RZ (\?) (see, e.g., [17]). In particular,
1
(9) Ry (W)(z,y) = )Y A (log V)G,

which is valid when M|z — y| < 1 for operators Gf which are defined by

A — o|2+25—m < i<
ay v Gy | | bsssn
(aj +1ibj)lz =y P27 +¢jle —yPF¥ M oglz —y| j=5 -1
0 0<j<2-2
(11) G;:{ T
bilw =y j>5 -1

where aj,bj,c; € R and bj # 0.
It is worth noting that GJ = (—A)~!. To make the expansions more usable for the
purposes of this paper, when j > 5 — 1, we break the operators into real and imaginary

parts. We define

(12) G5 = ajle =y + gyl log o — )
(13) G5 = bl =y

We choose to use this representation since it allows us to separate operators by the size of
its A dependence as A — 0 and explicitly identify the imaginary parts of the expansion.

In addition, the following functions of A occur naturally in the expansion.
(14) gf (A) = A"2(arlog A+ 21), g5 (A) = A*(azlog A + 22), g5 (A) = A" *(aglog A + 23)
with a; € R\ {0} and z; € C\ R. In addition, we have that

7 = gF V),

and
(15) g7 (N) —g; (N) =23(zp) A", =123,

It is worth noting that from the expansions of the Bessel functions, (7), we have
(16) 9t NGy + A"72GL g = A"THAT + Az log(Az — y)),
(17) 92 WG, +A"GL = N2 (N — y|)* (B + Balog(Alz — y))
(18) 95 NG + X726 = A2 (Mz — y ) (CF + Calog(Az — y]))



10 M. J. GOLDBERG, W. R. GREEN

for some constants AT, Ay, BY, By, Cf, Cy. This follows from (5) and the expansions (6),
(7). In particular, we note that the logarithmic factors occur from the log(z/2)Ju_1(2)
terms, which naturally factor to this form.

Define the function log™(z) := ~X{0<z<1} log(z). Here we note that
(19) (1 + log(Az — y))x(Me — y)x(N)] S 1+ [log Al + log™(Jz — ).
This can be seen by considering the cases of |x — y| < 1 and |z — y| > 1 separately.
Lemma 2.1. For A < \j, we have the expansion(s) for the free resolvent,

RENY)(z,y) = Gy + N2GY + - + APTAGY Ly + EX())
Where
EE(N) = (1+1og™(Jz — y)) 01 (M""2(1 + log A)).

Further, for 0 < < 2,
EE() = gENGS + X1 2GT_y + BE(N) with  BE() = |o — /'O (N"2),
EY(\) = g3 WG + A"G), + By (V), with By (\) = |z — y[*T O, (A1),
BE(N) = gE NG p + NG+ BEQN),  with  EF(N) = [z — y[*0y 5 (\7+2).

Proof. Using the expansion (9) when A|z — y| < 1, one has

n—4

2
RE(A\) =GO+ ) NG + g (NGs o+ NG o + g5 (NG + A"G,
j=1
(20) + 05 WGy + XT2G o + O™ (A2 — y) log(Alz — y)

This can, of course, be truncated eariler. For Ef)t()\) we note that for Az —y| < 1,
Ey (V) = —gf (\Gip = NGy + O (N — y])* log(Alz — y)
For the first two terms, using (16) and (19), we note that
NGy + gt (NG = AT (AT + Az log(Alz — y))
=(1+log™ |z — y|)5%,1()\"_2(1 +log \)).
The remaining error bounds for A\|z — y| < 1 are clear from (20), noting that
O (Nl — yl)* log(Alz — y])) = O *(Alz — y|)*))

for any 0 < ¢ < 2.
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On the other hand, if \|x —y| = 1 then the asymptotic expansion of the Hankel functions
in (5), see (8) or [1], yield

n—2
iANx— Az
(21) Ry(N) = eyl ——w (Ao - y)

|z —y| 2

where w4 (z) = 6(2_%) Here, differentiation in A in is comparable to either division by A

or multiplication by |z — y|. So that for 0 <k < § — 1,

n—3
A2 1—

_ n=3 n n—9—
(22)  |OYRy (W) (2, 9)| S APtz =y ) SAT |z -y AR

n—1

[z =yl >
Where we used |z —y|™' < A. If k > 2, we note that multiplication by |z — y| dominates
division by A in (22), and we have

(23) OFRE () (2,9)] S AF |o — M35 S A e -yl th,
The bound for EF (\) follows from the bounds here and the fact that
Ef(\) = RE(\) -G — NG9 — - — APAGE .
For these terms, we note that for Ajlz —y| 2 1 and j < § — 2 we have

)\2]'716‘1, _ y‘27n72j k< 2j

24 VNG| < SATER
(24) WIEISY k> 2

For the other error terms, we note that

EF(N) = By (\) + 97 (NG, _p + A"°G

n—2;
Ey(\) = Ef (V) + g5 (VG + \"GY,
E(A) = By (\) + g5 NGyp + X726,
For these terms, using (16), we note that when Az —y| 2 1,
NG+ gE NG = N2 (AF + Aglog(Mr — ) = [z — y[" O ).
Similarly, using (17),
N'G + gy (NG, = X[z — yP(BF + Bzlog(Alz — ) = |z —y*r O(A™),
and using (18)

NG o + 95 (N Ghpg = N a — y[H(CF + Calog(Mz —yl)) = |z — y|*FON"2).
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Finally, we note that for Az —y| = 1, it is acceptable to multiply upper bounds by powers
of M|z —y| . For E;E()\), j =1,2, we note that for & > 0 we have,

)\n—2—k k <

25 NREN) (z,y)| S Nz —y))*{ .
(25) [0x Ry (A)(@,9) S (Al ) N e g ks

[SISARNIS

The bounds then follow from selecting different values of a.

Corollary 2.2. We have the expansion

RENY)(x,y) = G+ N2GY + -+ A"1GY _, + gF (NG, + A"2GT

2

+ |.%' _ y|%+a6%(/\n—%+o¢)
3
Jor0<a< 3.
The hypotheses of the lemma below are not optimal, but suffice for our purposes.

Lemma 2.3. If |V (z)| S (w)‘nTH_, o> 3% and k> "33, then

-3

I(Rg (\)?V)* "y, ) Ro (@) 20 S VAR
uniformly in x.

Proof. We note the bound

1 A

REO)(z,y)| £ +
RO IS oy + 2

which follows from the asymptotic expansion (21) when Alxz — y| 2 1 and the fact that
IRE| <|GY| < |lo —y[> ™ for M|z — y| < 1. The proof follows as in Lemma 2.2 in the odd

dimensional case, [13], by repeated use of Lemma 5.10.
[l

We use the symmetric resolvent identity, which is valid for S(\) > 0,
(26) RE(®) = REO?) — REODME(0) " oRE(A?),
with U the sign of V, v = |V|"/2, and w = Uv. We need to invert

M*E(\) =U +vRF(A\?)v

as an operator on L2(R™).
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Lemma 2.3 allows us to make sense of the symmetric resolvent identity, provided |V (z)| <

<x>7n7717, by iterating the standard resolvent identity
Ry(\%) = By (V) = Ry W)V R (V) = Ry (X*) = RE(\)V Ry (X?)

at least ”T_g’ times on both sides of M*(\)~! in (26) to get to a polynomially weighted L?
space, which multiplication by v then maps into L?.

In contrast to the odd dimensional case, [13], the expansions for the free resolvent in
Lemma 2.1 are useful for understanding the operators M jE()\)_1, but more care is required
for the dispersive estimates. The logarithmic nature of the resolvent causes certain technical
difficulties, see Sections 3 and 4.

Our main tool used to invert M*(\) = U +vRE (A?)v for small X is the following lemma
(see Lemma 2.1 in [20]).

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:=8—-S(A+9)"'S
has a bounded inverse in SH, and in this case
A=A+ 9+ A+ 97 1SBIS(A+85)
We use the following terminology.

Definition 2.5. We say an operator K : L>(R") — L?(R") with kernel K(-,-) is absolutely
bounded if the operator with kernel |K(-,-)| is bounded from L?(R™) to L*(R").

We recall the definition of the Hilbert-Schmidt norm of an operator K with integral

kernel K(z,y) ,
%
K |lms = (//R2 |K ()] dxdy) .

We note that Hilbert-Schmidt and finite rank operators are immediately absolutely
bounded.

Lemma 2.6. Assuming that v(z) < (z) 5. If B> % 4+ { for any 0 < { < 2, then we have
n—4

2
(27)  ME(\) =U+vGov+ Y X0G% + g MGy _yv + N'20G),_ov + M (N),
j=1
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Where the operators G?, G’]"- and G; are absolutely bounded with real-valued kernels. Further,

-1

(28) M s N2l N E () s < 1
1

V|3

=0
If B> 5 +2+1, for 0 <L <2, then

(29) MF(N) = g5 (M oGSv + XN'wGho + MiE(N),

[ s N MEON) [lis S 1.
=0 !

[

(30)

If B> 5 +4+1, then for 0 < £ <2

(31) MiE(A) = g5 (MvGS v + XT20GT v + MFE(N)
with
% . .
(32) | sup N TETERMG(N)||lws S 1
j=0 0< A<

Proof. The proof follows from the definition of the operators M*()\) and the expansion for
the free resolvent in Lemma 2.1. The bound on the error terms follows from the fact that if
k > —2 then (z)P|z —y|"(1+log |z —y|)(y)~° is bounded in Hilbert-Schmidt norm. To see
this we note that the kernel is bounded by the sum (x) =8|z —y|** (y) =P+ (2) B |z—y|F~ (y)?
which are Hilbert-Schmidt provided 8 > § + k.

O

Remark 2.7. The error estimates here can be more compactly summarized as
Mg(\) = Oz (A", MF(\) =02(\"), My (A) = Oz (A7)
as absolutely bounded operators on L2(R™), for 0 < A < 1.

We note that U +vGv is not invertible if there is an eigenvalue at zero, see Lemma 5.1.
Define S; to be the Riesz projection onto the kernel of U + ngv as an operator on L?(R"™).

Then the operator U + vGQv + S is invertible on L2, and we may define
(33) Dy := (U +vGJv + S1) L.

We note that U +vGJv is a compact perturbation of the invertible operator U, hence S is
finite rank by the Fredholm alternative. This operator can be seen to be absolutely bounded

exactly as in the odd dimensional case, see Lemma 2.7 in [13].
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Lemma 2.8. Ifv(z) < <x>_nT+1_, then the operator Dy is absolutely bounded in L*(R™).

We will apply Lemma 2.4 with A = M*()\) and S = S;, the Riesz projection onto the
kernel of U + vGQu. Thus, we need to show that M*(\) + S; has a bounded inverse in
L?(R™) and

(34) Bx(A) =81 — Si(M*(\) + S1)7'S)
has a bounded inverse in S;L?(R"™).

Lemma 2.9. Suppose that zero is not a reqular point of the spectrum of H = —A + V,
and let S1 be the corresponding Riesz projection on the the zero energy eigenspace. The for
sufficiently small Ay > 0, the operators M*(\) + S1 are invertible for all 0 < X\ < A\; as
bounded operators on L*(R™). Further, for any 0 < £ < 2, if 8 > 5 + £ then we have the

following expansions.

n—4
N
(ME(N) + S1) "' = Do+ Y XCy; — gi (\)DovG,_yvDo + N"2C_g + My (M)
j=1
where MSE()\) satisfies the same bounds as M (N) and the operators Cy are absolutely
bounded on L? with real-valued kernels. Further, if 5 > 5 +2+( then

M (\) = —gF (\)DovGEvDy + N2gE(A)CL + A"C,, 4+ M ()

where C} = DovGS_yvDovGYv Dy + DyvGvDovGE_yvDy, and Mli()\) satisfies the same
bounds as ME(X\). Finally, if 8 > 5 +4+( then

M (\) = —g= (\) DovGE, 19Do + A205 (N CL o + XN gE(N)C2, o + A"T2C 10 + M ()

with Cry2,C}. o, C2 o absolutely bounded operators with real-valued kernels and M;(A)

satisfies the same bounds as M3 (\).

Proof. We use a Neumann series expansion. We show the case of M and omit the super-

script, the ‘-’ case follows similarly. Using (27) we have

(M(X) +S1)~!
an4
= (U +vGov+ 81+ > _ NGl + g1(\oGS_gv + X206}, v + Mo(X) ™!
j=1
n—4

N
= Do(1 + Z )\ijG?vDo + g1 (\vGS_yvDg + X" 20Gh_yvDo + Mo(A)Dg) ™!
j=1
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n—4

2
=Dy — )\2D0UG(1)UD0 + Z >\2j02j — gl()\)vG%_szo — )\n_QUG;_QvDO
=2

— DoMoy(N) Doy 4+ A2[DovGYvDo[gy (NvGE_yv 4+ A" 20G" o + Mo(N)] Dy

+ Dolg1 (MvGE_ov 4+ X" 20G",_y + Mo(N)]DovGlv Do) + Ma ().

One can find explicitly the operators Cj, in terms of Dy and the operators G%, but this is
not worth the effort. The operator Co = DovGlvDg is important due to its relationship
with the projection onto the zero energy eigenspace, see Lemma 5.3.

What is important in our analysis in Section 4 are the imaginary parts, that is the terms

that arise with the functions g1 (), g2(A) or g3(A). The first of these occurs from
Dolg1 (MG _yv 4+ A" 20GT v + My(M\)] Do

This provides an most singular term of size A" ?log A as A — 0. The next \"log A term
arises from the contribution of the DyvMy(A)vDy term or the ‘z?’ term in the Neumann
series, that is the term with both G{ and G¢_,. The error bounds follow from the bounds
in Lemma 2.6 and the Neumann series expansion above.

For the longer expansions, one needs to use more terms in the Neumann series and take
more care with ‘z?’ and ‘2%’ terms that arise.

O

Remark 2.10. We note here that is zero is reqular the above Lemma suffices to establish
the dispersive estimates using the techniques in Sections 8 and 4. In this case, S1 = 0,
Do = (U + vGov) ™t is still absolutely bounded and we have the ezpansion

n—4

2
M*=(\)"' = Do+ Y XCyj — gi (\)DovGs,_yvDo + N'2Cp_g + My (M),
j=1

with Ca; real-valued, absolutely bounded operators.

Now we turn to the operators B4 (A) for use in Lemma 2.4. Recall that
Bi()\) =5 - S1(Mi()\) + 51)7151,

and that S1Dg = DyS1 = S1. Thus

n—4

2
Bi(\) = 8; — S1[Dg + Z N Cy; — gF (V) DovGE_yuDg 4+ A"2Ch,_g + M (N)] Sy
j=1
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n—4
2
= =) NS08 + g (N S10Gs_ovS1 — A'281Cr2S1 — S1 M (M) S
j=1
n—4
2
(35) = —A2S10Gh0S) = > AV 81Cy;S1 + g7 (\)S10G,_yvS:
j=2

— A"281C, 981 — S1ME(N) S,

So that the invertibility of Bi()) hinges upon the invertibility of the operator SjvG{vSy,
which is established in Lemma 5.2 below. Accordingly, we define Dy := (S19G%vS1)~! as
an operator on Sy L2. Noting that Dy = S1D1.51, it is clear that D; is absolutely bounded.

Lemma 2.11. We have the following expansions, if § > 5 + £ for 0 < < 2 then

n—
2

4
D A ~
Bi(\)7t= Al + ) A¥7By, g1 )DlvG;_Qle +A\"B,_5 + BT (\)
7j=2

)\

where Eoi()\) satisfies the same bounds as \"*Mi () and the operators By are absolutely
bounded on L? with real-valued kernels. Further, if 3 > 5 +2+( then

+
. Y A
Bgt()\):g?)\i ) DrwGe D, +91A( JBL 4 aip, 4+ BE()

where B = DjvGS_ovDovGvD; + D1wGlvDowGE_svDy + D1CyDovGE_qvDy +
DyvG¢_ouvDoyCyD1, and Ef()\) satisfies the same bounds as )\_4M1i()\). Finally, if
B>5+4+1

+ +
~ g3 A 92 A n—
BFf(\) = )\( )Bl+2 + /\(Q )Bz+2 + 97 (VB s+ X" Byyy + B (N)

with BZLJFQ absolutely bounded operators with real-valued kernels, and E;()\) satisfies the

same bounds as A\~ MFE(N).

Proof. As usual we consider the ‘+’ case and omit subscripts, the ‘-’ case follows similarly.

We begin by noting that

n—4
2
B! = [—)\QSlvG?vSl — 3T NUS105;81 — gE(N)S10GE 4081 + AV 281Cp 05
j=2
- S1]\75—L()\)S1} B

71,74

1+ Z A728,C9;81 D1 — gE (M) S10GE 4081 Dy
7j=2

Bd
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+ A"28,C,y 981 Dy — A28 M (M) Sy Dy -
where D := (S1vG%vS1)~! is an absolutely bounded operator on S L?(R") by Lemma 5.2
below.

We again only concern ourselves with explicitly finding the operators for the first few
occurrences of the functions g; (), g2(A) and g3(\). The terms that arise with only powers
of the spectral parameter A come with only real-valued, absolutely bounded operators which
are easier to control. This again follows by a careful analysis of the various terms that arise
in the Neumann series expansion.

O

Remark 2.12. The error estimates here can be more compactly summarized as

EBE(A) = 6%_1()\71—6-%)’ Eit(/\) _ 6 ()\n—4+€)’ Eél:(/\) _ 6 ()\n—2+é)

as absolutely bounded operators on L*(R™), for 0 < A\ < Ai. The leading N\* term in

1 and

By (M), (35), causes an effective loss of four powers of X in the expansion for By ()
hence later for M (A)~' and the perturbed resolvents R‘i,(/\z). Heuristically speaking, this
corresponds to being able to integrate by parts only § — 2 times in (4) before the integral
is too singular as A — 0, which is why a generic eigenfunction at zero causes a two power
loss of time decay. This loss in the spectral parameter in the expansions, necessitates going
out to size \"*2+ in the expansions for R (\?) to obtain the desired |t|™2 time decay in

Section 4.
To prove parts (2) and (3) of Theorem 1.2, we need the following corollary.

Corollary 2.13. Under the hypotheses of Lemma 2.11, if P.,V1 =0 then,

n—4
D 2 . =10\ ~
Bi(A\)'= _721 + > A TBy + XV OB, o+ 92;4 )DlvG;upl + X" B, + B ()
j=2
If, in addition, P.Vx =0 then
n—4
D1 &
Bi(\)7! = v D O NFTBy + A8, 5+ A"TB,
j=1
+
A ~
+ 80 g Bl B

2\
Proof. We note that Dy = S1D1.51, along with the identities

(36) S) = —wGHvS; = —S1vGYw.
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So that, using P. = GYvD1vGY by (69),
(37) Dy = 8,D15, = nglengw = wPw.
As a consequence, we have
(38) D1vGS_y = cp_awP. V1.

The first claim follows clearly from Lemma 2.11 since the coefficient of \»~% is a scalar

multiple of the operator P, V1. Further,
¢, ' D1wG¢vD = wP.V[z® — 2z -y + y*]V Pw
= wP. V2?1V Pow — 2wP.Vx - yV Pow + wP.V1y*V Pw.

We see that when P.V1 = 0 and P.Vz = 0, the operator D1jvGSvD; = 0. We also note
that it is now clear that when P.V1,P.Vx = 0, one has Bl = D1vG¢_,vDyvGvD; +
Dﬂ)G?UD(ﬂ)GfoQUDl + D104D0UG%727)D1 + D10G272UDDC4D1 =0 as well.

O

Effectively, all terms that have the function g ()\) become zero if P,V'1 = 0 and all terms
with the function gi(\) become zero if P.Vz = 0 as well.

We are now ready to give a full expansion for the operators M*(\)~!. We state several
versions of the expansions for M*(\)~!. These different expansions allow us to account for
cancellation properties of the eigenfunctions and have finer control on the time decay rate
of the error terms of the evolution given in Theorem 1.2 at the cost of more decay on the

potential.

Lemma 2.14. Assume |V ()| < (z)™8 for some 3 > n + 8, then

n—=8
Di o F(A
(30) M*(N)7h =T Y A My; + glA(4 I Mg+ AN,
=0

+ +
91 (A) g2 (A) n—
- 1A2 MH, 4+ 2A4 ME2, 4+ A4,y

+ +
)\ )\ ~ n
g%:()\)l 47%—12 92)\(2 )l 45—22 gg)\(4 )l 41%—32 )\n 2‘2 4'”/_2 O% ()\ 2 )

for sufficiently small A, with all operators M} and Mij real-valued and absolutely bounded.

Proof. This follows from the expansions in Lemmas 2.9 and 2.11, and the inversion lemma,

Lemma 2.4.
O
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Later on it will be important to explicitly identify the form of the operator MnL_6. We

use Lemma 2.9 to see that
(ME(\) 4 81)7' = Dy + O(\?).

Pairing this with the ¢i*(\) term in Lemma 2.11, the smallest A contribution that is not

strictly real-valued is

+
A
glA(4 ) D0D1UG%_2’UD1D0.

Since D1D0 = DOD1 = Dl, we have

(40) ML o = DywG¢ _yuD) = wP, V1V Pw.

n

The expansion (39) can be truncated to require less decay on the potential by using less of
the expansions in Lemmas 2.1 and 2.11. Specifically, stopping with the error terms Moi()\)
and E(jf()\) respectively with ¢ = 0+.

Corollary 2.15. Assume |V (z)| < (z)™"", then

n—=_8

D 2 , £\ ~
+ — 1 9 n— n—
(41) M*EN)~ = —F+Z)\23M2j+ 1A4 Mg+ A" "My g+ Oz (A"%).
=0
IfIV(z)] < (&)™, then
N +
D . A
M:l:()\)—l _ _)\721 4 Z /\2]M2j 4 glA(4 )Mé/—G + )\n_GMTL—G
§=0
+ +
(42) +2 IA(QA) ML+ 92;3) M2, 4 NAMy, g+ On (A7),

with the operators Maj and MZLJk all real-valued and absolutely bounded.

The lemma can also be modified to better account for cancellation properties of the

projection onto the zero-energy eigenspace.

Corollary 2.16. Under the hypotheses of Lemma 2.14, if P.V1 =0 and |V (z)| < (z) 774,
then

n—=_8

Mi A -1 _ _& ° )\QJM . )\TL*GM gét()\) ML2
A= )\2""2 2j + n—6 T == My

j=0
(43) +ATAM, g+ O (AT
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If V(@) < {x) "5, then

n—_8
D1 & =10
ME(N) = —)\*21 + Z A Maj + XM, g + 92/\(4 )

§=0

L2
M2y

(44) + NAM, y +

+ +
g ()‘) Y ()‘) n— ~ n—
2A2 M,532+3A—4M,f§2“ *My 5+ Oz (A"7F)

If in addition, P.Vx =0, and |V (z)| < (x)""8~, then

n—8

D 2 )
ME*(\)"! = 7721 + D NI Moy + XM, + N M,
=0

+
A ~
(45) + 93)\(4 )Mrr%EQ + )\n_QMn—Q + O%(AH—Q-F)

Proof. The proof follows as in the proof of Lemma 2.14 using Corollary 2.13 in place of

Lemma 2.11.
O

3. THE FINITE BORN SERIES TERMS

In this section we estimate the contribution of the finite Born series, (46) showing that
it can be bounded by ]t]_% uniformly in  and y. These terms in the expansion of the
spectral measure contain only the free resolvent Rg()\Q) and therefore are not sensitive to
the existence of zero energy eigenvalues or their cancellation properties. In even dimensions
the lack of a closed form representation for R(jf()\Q) causes much more technical difficulties in
these calculations as compared to the corresponding section in [13]. Many of the techniques
we develop here to overcome these difficulties are vital in controlling the more singular terms
considered in Section 4.

Iterating the standard resolvent identity
R (V) = B§ (V%) = Ry (\*)V R (A%) = Ry () = Rg(V)V Ry (X7),

we form the following identity.

2m+1
(46) Ry(\) = ) (=1"Rg \)[VRy (W)
k=0
(47) +[Ry (\)V]" Ry (W*)uM=(A) MRy (A*)[V Ry (A%)]™

n+1

In light of Lemma 2.3 the identity holds for m +1 > %2 and |V(z)| < (z)” 2 ~ as an

identity from L3+ Lz’_%_, as in the limiting absorption principle.
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Proposition 3.1. The contribution of (46) to (4) is bounded by |t|~2 uniformly in x and
y. That 1s,

o 2m+1 .
sup | [7 M| Y COMES VD - B (V| 0 | S .
z,yeR™ 0 k=0

We prove this claim with series of Lemmas. The following corollary to Lemma 2.1 is

useful.

Lemma 3.2. We have the expansion
(REOOV) RE(N) (2, y) = Ko+ N2Kz + - + A" 4K, g + EE (V) (2, 1),
here the operators K; have real-valued kernels. Furthermore, the error term ESE(/\) satisfies
EEON)(@,) = (1+log™ |o — | +log™ | - —y))05 1 (""",
Furthermore, if one wishes to have 5§ derivatives, the extended expansion
By W) (@) = 65 WKy + X2 KTy + B (V) (,9),

satisfies the bound

N

EE(\)(2,y) = ()2 ()2 02 (A" 2).

Proof. This follows from the expansions for RZ (\?) in Lemma 2.1 for ESE()\)(:U, y) or Corol-
lary 2.2 for Eif(\)(x,y).
For the iterated resolvents, the desired bounds come from simply multiplying out the

terms. It is easy to see that
Ko = (GV)*ay

and
k

Ky =) (GRV)YGYVGE)*
§=0
one can obtain similar expressions for the other operators, but they are not needed.
O

Remark 3.3. The spatially weighted bound lﬁfﬁfﬁ(A)(x,y)\ < (x)éx\nT_g is only needed
if all 5 derivatives act on the leading resolvent, RE(N?)(x,21), in the product. Similarly,
the upper bound (y)éx\% 18 only needed if all derivatives act on the lagging resolvent,

Ré()\z)(zk,y), in the product. All other expressions that arise would be consistent with
Efc()\) belonging to the class 6% (A"=27).
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The desired time decay follows from taking the difference and noting that

(R \)V)*RE (W) = (Ry (W*)V) Ry (A%)] (2, y)
= o7 (V) = 97 WKy + Ef (N (,y) — By (V)(@,y)
= eI  + (2)2 (1) 205 (V7).

The first term contributes |£|"% by Lemma 5.6 as an operator from L' — L, whereas the
second term can be bounded by [t|=2 (from Corollary 5.9), but maps LYz — [°~2. This
method fails to obtain an unweighted L' — L* only when all the \ derivatives act on either
a leading or lagging free resolvent. In the following Lemmas, we show how the unweighted
bound can be achieved.

The following variation of stationary phase from [27] will be useful in the analysis.

Lemma 3.4. Let ¢'(A\o) =0 and 1 < ¢" < C. Then,

‘/ "N a(X) d/\‘ 5/ la(\)]dA
—00 A=Xo|<|t|"2

_ la(V)] |a' (V)] )
+ |t 1/ ( + dX.
g A=rol>e 3 \A = Aol (A= Aol

Rather than use the expansions of Lemma 2.1, we need to utilize finer cancellation prop-

erties of the free resolvents than can be captured in these expansions.

We note that by (5) and the definition of the Hankel functions, we have

) n_q
4 po1)2 _if A N _
(48) R - B109e0) = 5 (5rr) Taa el
Noting (6), for M|z — y| < 1, we have
_ i A 31 Az —y 771 2
Ry - R0 = 5 () (M55 0)T el
k=0

2m|z — y|

(49) = N"72GS L, + O 2Nz —y])9), 0<e<2.

In particular, we note that there are no logarithms in this expansion. On the other hand,
if \|lz —y| 2 1, using (8), we have
Azt

(50) [R§ — Ry 1(X*)(z,y) = P

(e 3 = )+ e A~ ) )
Lemma 3.5. We have the expansion

[Ry = RyJ(W)(x,y) = Oz (A7)
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Proof. This follows from (49) with € = 0, (50) and (22) in the proof of Lemma 2.1.
O

To best utilize certain cancellations between the difference of the iterated resolvents, we

note the following algebraic fact,
M M M -1 M

1) TTa: - T4 =% (TTac )t - a0 IT )
k=0 k=0 (=0 k=0 k=41

When applied to the summand in Proposition 3.1 it yields operators of the form
(Ry VY (RS — Ry)(VR{)Y, with j + ¢ = k. We separate them further into cases where
the difference R§ — R occurs on the leading resolvent of the product (i.e. j = 0), the
lagging resolvent (¢ = 0), or a generic position in the interior.

The first case of the difference occuring on a leading or lagging resolvent is the most
delicate. If the difference acts on an inner resolvent, we obtain an extra A" 2 smallness
from Lemma 3.5. This extra smallness, along with using some recurrence relationships for
the free resolvents in Lemma 3.7 allow us to avoid using expansions for the leading and
lagging resolvents to more easily obtain the time decay. This is done in detail in Lemma 3.8
and follows quickly from the arguments in the more delicate case considered in Lemma 3.6.

With respect to avoiding spatial weights Remark 3.3 explains that we need only consider
when the first § — 1 derivatives when integrating by parts act on a leading (respectively
lagging) resolvent. Instead of integrating by parts the final time, we use a modification of

stationary phase from Lemma 3.4 to attain the time decay and avoid the spatial weights.
Lemma 3.6. If |V (x)| S <x>7n7+27, we have the bound

sup
z,yeR™

Aﬁwuﬂm%—amwwwwwnwwwsmﬁ

Proof. By Lemma 3.2, Remark 3.3 and the discussion following it, we need only consider
the contribution when, upon integrating by parts, all of the derivatives act on the leading
or lagging free resolvent. In the proof we consider when all derivatives act on the leading
difference of free resolvents, which we regard as the most delicate case. As the remaining
operator (VR{)¥x()) is left undisturbed, it suffices to note that it has a bounded kernel,
uniformly in A. The case where all derivatives act on the lagging free resolvent is somewhat
delicate as well; this term fits best in the framework of Lemma 3.8 below.

For all other placement of derivatives, we note that if any derivatives act on ‘inner
resolvents’ or the cut-off, an error bound with polynomial weights suffices as growth in

these variables is controlled by the decay of the surrounding potentials. Meanwhile, at
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most 5 — 1 derivatives would act on a leading or lagging resolvent so that they too can be
bounded without weights.
Unlike in the odd dimensional case, one must consider the small and large A|x — z{]

regimes separately. Using (49), the small A|z — z1| regime requires bounding

(52)

/ e A (N2 + (A2 — z1))|x — 21| O 2H) dA| < [t 5.
0

The contribution of the first term follows from Lemma 5.6. The second term is bounded
by using a slight modification of Lemma 5.7. In particular, we can safely integrate by parts

5 — 1 times without boundary terms to get

e / N (N — 21 )]z — 21 OA*) dA.
0

The integral can be broken up into two pieces, on 0 < A < ]tlfé we take € = 0 and integrate
to gain the extra power of [t|~!. On ]t]_% < A, we wish to gain another [¢t|~!. First, if no

derivatives act on the cut-off x(A|x — z1|) we see that

oo N _ €)\€

[, P O = sl = OO A S Jz = 21X
L I A=[t] "2
1

_'_7
It Jyy-%

XN = 1)) — 21O d

Integrating by parts again on the second term and taking € > 0 small enough (say € = %),

we can bound with

|z — z1|°A€ |z — 2] A2
t] A=t~ % t]?

1 [ _
, +2/ X)Xz — 21))| — 21 O(A?) dA
ampd P g

|.CC _ Zl|€)\€*2

A=t "2 t[?

L
)\:\tr% |t|2

< |z — 21|\
I

(53) Sl =27+ 72 S e

The last inequality follows from 1 2 Az — 21| > ]t!7%|x — z1|, which implies |z — 21| < |t|%
We also used that x/()\) is supported on A ~ 1, so the bound |x'(\)| < A~! is true.

If, when integrating by parts, the derivative acts on the cut-off x(A|x — z1|) we can bound
by

|z — 21|\

+/ |z — 2177 (A — 21|) A€ dA
t

1+e€
T—Z
gt—1+’1’/ AdX <t
t A~z —z1| 1
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Here the boundary term is bounded by [t|~! as before, and the support of X'(\z — 21|)
implies that A ~ |z — z1|~!. A similar argument covers the case when the derivative acts
on x(A|lz — z1]) in the second integration by parts in (53).

For the Az — z1| 2 1 regime, we still consider only the most delicate term arises when all
the derivatives act on the leading difference of free resolvents. Without loss of generality,
we take ¢ > 0. We note that the most difficult term from the contribution of (50) occurs

with the negative phase. Here, one has to bound

oo A Azl
/ pitN? )\X()\>€—z/\|96—21| 272_1(*)_()\\16 — 21]) dA
0 |z — 21|2

We note that the A smallness and the support of the cut-off x(\) allow us to integrate by

parts § — 1 times without boundary terms, noting the second to last bound in (22) with

k=735 —1, we need to control

1 > WitA°—iA|z—2z
(54) e i
where by (8),
A2 1
(55) la(M)] S LGV

~ |x—zl|%’ )\%|x—zl|%.

_ |z—z1]
= T

The stationary point of the phase occurs at Ag . By Lemma 3.4, we need to bound

three integrals,

_ Al la’(N)]
56 / a(\)|dA + |t 1/ < LICYI dA
(56) |A7Ad<t7%| @l g Nedol>t2 VA= o2 T []A=Xo

=A+t|TYB+0).

We begin by showing that A < [t|~!. There are two cases to consider. First, if \g > t_%,
we have A < Ao, so that

1
A —143 |
A< LT AN StTRAg e — ]2 St
A=Xol<t™2 |x — 21|2
Here we used that Ao = |x — z1|/2t in the last inequality.
In the second case one has Ag < t_%, then A < t_%, so that
_1

t—2 )\% N B N
AS —— XAl = z1]) dXN St Az — 2| 2.
0

|x—zl|%
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Here ¥ = 1 — x is a cut-off away from zero which we employ to emphasize the support
condition that A|x — z1| 2 1. For this integral to have a non-zero contribution, one must
have [z — 2| 7P <A S t_%, which then yields A < ¢! as desired.

We now move to bounding B, the first integral supported on |A — X\g| = 3. By
Lemma 3.4, we need only show that B < 1. Again we consider two cases. First, if \g < t_%,
one sees that |A — \g| & A. So that

g ~ ,
B</Md)\§|x—z1|5/ A2d) < 1.
R

TR o - )20 o=z |1

In the second case one has \g = t_%. In this case, we let s = A — Ag

1
Ao)2 1 1
BS/ ) (s + (1)) ds < 1(/ lsg+)\582ds>
ls|>t=2 |z — 21|2|s|? |z — 2z1]2 \Jjs|>t™2

1
ta 1202

< <1.
~ 1 1 ~
|z — 21|12 |z — 22
The last inequality follows since t3 < Ao = |z — z1]/2t implies that t2 <z — 2.
We now turn to the final term C', we need only show C' < 1. The first case is again when

Ao < ¢~2, in which case |\ — \o| ~ \, and

CS/X(/\LT_ZlDd)\<1.
R

)\%|$—Zl|% ~

In the second case Ag 2 ¢~2, which yields that |x — z1| 2 ¢2. In this case,

~\lp —
A=Xo|>t72 |z — 21|2AZ|A — Ag|
§|$—Zl\_%</ | A 3 +/X(M$;21Dd)\> Stile -z 7 +15 1L
IA=Xol>t72 |[A — Xgl2 R A2

¢

We note that if the ‘+’ phase is encountered instead of the ‘-’, in place of (54), after

again integrating by parts § — 1 times, one needs to bound

1

o7 —
o fF!

/ eit/\2+i>\‘x—21‘x()\)a()\) d\
0

. . N2 | . . N2y
In which case, one can simply use that & (e FAe=21l) = (24N + i|z — 2])eN FiAe—2]

and integrate by parts. The bound on a()) shows that the boundary terms are zero, so that

1 1
n [CIAT2|e — 2|2 X (M| — n YAz — n
om) s [T PP A=A gy gy [ XRRZE gy g,
0 2\ + |z — 21| R Az|x — z1|2
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The assumed decay rate on the potential is chosen so that all spatial integrals are abso-
lutely convergent. The analysis here is essentially the same as in the odd dimensional case.

We note that
(58) |8§;R§(A2)($7y)| < |$_y|j+2fn+)\nT*3‘$_y’j+1—Tn’

as developed in the proof of Lemma 2.1. The second term decays more slowly for large
x,y, so it dictates the decay requirements for the potential. In the iterated resolvent,
differentiated % times, we need to control integrals of the form

k

1 V(zj) .
REn |3 — 2| 2 =112 =zl T T

where a; € Ng and ) o = 5, 2341 = y and dZ = dz1 dz - - - dzp,. (There is a caveat that if
ap = 5 then the last derivative is applied as in the stationary phase argument (54) and does
not yield a factor of |z — 21 ]% in the numerator. Similarly if aj = Z, the value of 2= — ay,
should be treated as zero rather than —3 ) Using arithmetic- geometrlc mean 1nequaht1es
any integral we need to control is dominated by the sum

k
1 V(Z') n—1
/ n—1 H ’ nl<|x_zl| 2
R |z — 21|72 50 |25 — 241 2

k-1
n n—1
+ ) lze— 2| + | —y) 2 )dZ

(=2

Choose a representative element from the summation over ¢. This negates a factor of
|z¢ — ZgH] (1=1)/2 in the product and replaces it with |z¢ — ZgH]% < (z)2 <zg+1>1. With

[V (2;)| < (2j)~#, we have to control an integral of the form

1 N 1 i - -
/ M<Hm<zﬁ>2><zf+l 2H )dz
R |z — 2172 \G |25 — z541] 2 Zolz - Z]+1|

with y = zx41. Assuming that g > "T“, this is bounded uniformly in z,y by iterating the
single integral estimate
1
(59) sup / M dz; S 1,
i€k JRn |25y — 2| "

starting with j = ¢ we can iterate the above bound and work outward the integating in zp;
to 2z, and zy_1 to z1.

To make certain that the local singularities of the resolvent are integrable uniformly in

z and y, cancellation in the first factor (Ry (A\?) — Ry (A?))(z,21) is crucial. By (48), this
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is a bounded function of the spatial variables. Differentiation of resolvents with respect to
A generally improves their local regularity, so for this purpose the worst case is when all

derivatives act on the cut-off function x(\) instead. Then we are left to control an integral

kol =B -8
/ <H (25) _2> (z1) e
RFkn |zj — zj41|"72 ) |2 — y|

Jj=1

of the form

which is bounded so long as § > 2, using an estimate analogous to (59). We note that the
lack of the |z — 21|27 " singular terms is vital to this iterated integral being bounded for any
k=1,2,.... If the ‘+/-" difference acts on an inner resolvent, say on Rg (A\?)(z¢, ze+1) —

Ry (A\?)(z¢, 2041) we are lead to bound

k—1 _ _ _
/ 1 (H (z)~" ><z;€> Blag — zepa|” de
ren |2 — 21" 2\ LA |25 — 2 P2 P 7

Here, one simply integrates dZ first in the z, variable and proceed outward through the rest

of the product.
O

We still need to consider the case in which all derivatives act on the leading or lagging
free resolvent and the ‘+/-” difference affects a different free resolvent, that is we wish to
control the contribution of
o A (Gi) IROM] V(Ry OOVY(RF(O?) — Ry O)(VESOD), 020
Here if we simply integrate by part the final time, we have polynomial weights in the
spatial variables when the final derivative also acts on the leading free resolvent. As noted
in the discussion preceeding Lemma 3.6, this is somehow simpler than the previous case.
In particular, the argument follows using the techniques of the previous lemma, and the
resulting calculation is streamlined using the following Lemma. We first define G,,(\, |z —y|)
to be the kernel of the n-dimensional free resolvent operator Ry (A\?), and hence G,,(—, |z —

y|) is the kernel of Ry (\?), then
Lemma 3.7. For n > 2, the following recurrence relation holds.
1d 1
()\d)\) gn()\ar) — %gnf2(>\7 7").

Proof. The proof follows from the recurrence relations of the Hankel functions, found in [1]
and the representation of the kernel given in (5).
O
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This tells us that the action of %% takes an n-dimensional free resolvent to an n — 2

dimensional free resolvent. With this, we are now ready to prove
Lemma 3.8. If |V (z)| S (:U)‘nTH_ and j,£ >0, we have the bound

sup
z,yeR™

/0°° e MNRy W)V (Rg W)VY[RS = Ry IOV (VRS ()] (2, y) dA| S Jt] 5.

Proof. As in the proof of Lemma 3.6, we need only consider the case when all the derivatives
act on the leading resolvent. The other cases are less delicate and can be treated identically.

At this point, by using Lemma 3.7 a total of § — 1 times the leading free resolvent is a
constant multiple of the two-dimensional free resolvent. Thus, we can we can reduce the

contribution of (60) to
2 / e Y (MAGETo(Nz — ) + Yo(A|z — ) VO1 (A" 2) dA.
0

The Bessel functions of order zero appear as the kernel of a two-dimensional resolvent. The
O1(A"2) expression is much smaller than necessary (O1(A°") would be adequate), so it can
absorb singularities of the Bessel functions with respect to .

Expansions for these Bessel functions, see [1], [27] or [7], show that for A\|z — z;| < 1,
liJo(Az = z1]) + Yo(Alz — z1])| = 1+ log(Alz — z1) + Or (Al — z1)%7),
[OA[iTo(N& = 211) + Yo(Alw — 2]l = A7 + O1((Az = z1)'7)
Recall that
(1 +log(Alz — z1]))x(Alz — z1[)x(A)] S 1+ [log A[ +log™ [z — 21|

The log\ = 61()\0_) singularity is easily negated by 51()\"_2) as mentioned above. The
log™ |z — 21| singularity is integrable, and is managed by the estimate
sup / log™ |z — z1|(z1) P dz <1
zeR" n
for any 8 > n.
For Az —y| 2 1, one has the description

iJoNz — z1]) + Yoz — z1]) = eN* 21l Nz — 21]) + e P20 (Nz — 21])

similar in form to (8) but with different functions w4 (z). Differentiating directly with
respect to A is not advised, as the resulting |x — z1|wx (A|z — 21|) term grows like A2 (.’L‘>%

for large x.
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However this issue was encountered once before while evaluating (54). The same argu-
ment from Lemma 3.6 applies here as well and yields the desired unweighted bound, again
with more than enough A smallness to ensure the argument runs through.

O

This provides all we need for the proof of the main proposition in this section.

Proof of Proposition 3.1. The proposition follows from Lemma 3.6, the discussion following
this Lemma and finally from Lemma 3.8.
O

4. DISPERSIVE ESTIMATES: THE LEADING TERMS

In this section we prove dispersive bounds for the most singular A terms of the expansion
for R{;(A\?) — R;;(A?). These terms are sensitive to the existence of zero energy eigenvalues
and are the slowest decaying in time. This behavior arises in the last term involving the
operator M*(\)~! in (47).

From the ‘+ /-’ cancellation, we need to control the contribution of

(RS OR)V)™ R ()M () oR§ () (VRS (0%)™
(61)
— (Ry (\)V)™ Ry (\)oM ™~ (N~ wRg (*)(V Ry (A%))™
to the Stone formula, (4). Thanks to the algebraic fact (51), we need to consider three
cases. The difference of ‘+’ and ‘-’ terms may act on the operators M*(X)~! or on the free
resolvents. As in the treatment of the finite Born series terms in Section 3, if the difference
acts on free resolvents we need to distinguish if they are ‘inner’ resolvents which require less

care than the case of ‘leading’ or ‘lagging’ resolvents.

4.1. No cancellation. We first consider the case in which there are no cancellation prop-

erties to take advantage of, that is when P.V'1 # 0.
Lemma 4.1. If P.V1#0 and |V (z)| < (z)"", then

(61) = A" CPVIV P, 4+ Ox_1(A")
which contributes c|t|>~2 P,VIV P, + O([t|*"27F) to (4).

If P.V1#0 and |V(z)| < (x)™"4~, then
Ry (A\?) — Ry (\?)
22
which contributes c|t|>*~2 P,VIV P, + O(|t|'"2) to (4).

Ry (X*) — Ry (%)

(61) = X" CPVIVP, + v

VP, + PV

+EWN)
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Here we cannot write the final error term £()) accurately as Op(A\%), as there are too
many fine properties of this error term that this notation fails to capture if one hopes to
attain the faster ]t]l_% decay rate. One can explicitly reconstruct £(\) from our proof,
though we do not think it worthwhile to do so.

We note that the terms

Ry (\) — Ry (\?)
\2

Ry (A?) — Ry (V%)

VP, +P.V ~

appear in the expansion in all cases, see the statements of Lemmas 4.1, 4.2 and 4.3. The
different cancellation assumptions on P.V1 and P.Vx allow us some flexibility on how to
control their contribution to (4). To avoid presenting three proofs of how to bound these
terms, which would have a certain amount of overlap, we control these terms separately in

Lemma 4.4 and Corollary 4.6 below.

Proof. The first statement is a straightforward application of Lemma 2.1 and Corollary 2.15
in the context of applying (51) to (61). Lemmas 5.6 and 5.7 then control the respective
integrals in (4) due to the leading term and the remainder.
More precisely, the leading term appears if the ‘+ /-’ difference in (51) falls on M*(\)~1.
In that case Corollary 2.15 indicates that
M) = M) = QIL(A);QJL_()\)M#_G +0s (A0
= 23(2) A" Mg + Oz (A"5F),

where we used (15) in the last line. Meanwhile RZ (\?) = G + 5%_1()\(”). Together with
the fact that V is integrable, this establishes the remainder as 6%,1()\”_6*). The operator
in the leading term is seen, using identities (36), (38) and (40), to be

(GGl ME vGS(VGH™ = (GIV)™GOvD1vGE_yuD1vGY(VGY)™ = P,VIVP..

If the +/- difference acts on any one of the resolvents in (61), we see that Rj (A\?) —
Ry (A?) = 02 _1(A\"2), Ry (A\)(2), zj41) = (1 +1log™ |2 — 2j41)0z_1(1) and M*(\)~! =
5%_1()\_2). Recall that the notation 6%_1(1) indicates that differentiation in A is compa-
rable to division by A. That more than suffices to place all of these terms in the remainder.

Now assume that |V (z)| < (x)~"~4~. Carrying out the power series expansion further in

Corollary 2.15, one obtains
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=+ —
92 (N) — 95 (N)
24
= 28(2) A" Mg + 28 (2) AT MLy 4 28 () AT M2 + O (AT,

+ M2, + On (A1)

Similarly, we have R (A\?)(x,y) = G+ A\2G) + (1 +log™ |z — y\)agfl()\‘l). Thus the term
featuring M+ (A)~! — M~ (\)~! has the form

(GoV)"Go[M*(\) ™ = M~(N) " uGo(VGH)™
+ NT1 A+ (L+log™ o — )05 . (AD]IMF ()™ = M~ (0) T oGR(VGH)™

+ (GRV)"GRu[MT(N) T = MT(ATYAT + (1 +log™ [ — )0z 1 (AY)]
. + VT + (1 +1log™ |z — )0z 1 (AH)MFTN) ™ = M~ ()]
X [N°T1+ (1+1log™ |- —y) Oz 1 (X*)]
= N"OSPVIVP, + X" Ky 4 Oz 1 (A" ) K,

with K1, Ky operators that map L' — L.

If the +/- difference falls on a free resolvent in the interior of the product, we have
(R§ (W) = Ry (M))(2), 2j41) = X" 2G5 o + |27 — 21| " 021 (A"2F)

and ME(\)"t = -\"2Dy + 5%_1(1). The resulting term of (61) takes the form A"~*K3 +
O%_l()\”*‘l*), with K3 another operator from L' to L.

We note that the extra power of |z; —z;1+1|%" that appears in the remainder term is acted
on by Ry (A2)V on the left and VR (A\2) on the right, so that the decay of the potentials
ensures that the product remains bounded between unweighted spaces.

The terms in which the ‘+ /-’ difference acts on the first (or last) free resolvent are
trickier because one cannot differentiate too many times, or go too far into the power series
expansion of Ry (A\?) — Ry (A?) without introducing weights. Suppose the difference acts on
the leading resolvent; the other case is identical up to symmetry. Once again we can use
the expansions for M*(\)~! and RF (\?) along with Lemma 3.5 to express this term as

R0~ R 020V G)™ o (= 53 )GV 68 + O (3
_ Rg(Z) =Ry (V)
= 3z

One can quickly show using Lemma 5.7 that the remainder contributes at most |t|17% to

VP, +0s_1(\"?)

the Stone formula. In fact this contribution is of the order |t|™%, seen by adopting the
methods of Lemma 3.6. The contribution of A"2(Rg (A\?) — Ry (A\?))V P. to (4) is rather

intricate, and is discussed fully as Lemma 4.4. For the purpose of this Lemma, we note
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that A2(R¢ (A\?) — Ry (A\?))V P, is bounded by t|'~2 as an operator from L' — L® by
Lemma 4.4, which finishes the proof.
[l

The remaining terms in the Born series are smaller than these for large |¢t| by Proposi-

tion 3.1. In fact using the identities for S; and Lemma 5.3, at this point we can write
(63) P (H) = c|t|* 2 P.VIVP, + O(Jt|*~2),

where the operator P.V1V P, is rank one, and the error term is understood as mapping
L' to L. The weaker claim, with error term of size o(|t|>~2) follows by using the first

statement of Lemma 4.2.

4.2. The case of P.V1 = 0. Here we consider when the operator P,V1 = 0. This cancel-
lation makes the initial term in Lemma 4.1 vanish, clearing the way for time decay at the

faster rate of |t|'~2. Here we provide more detail on the behavior of the next term in the

evolution.

Lemma 4.2. If P.V1 =0 and |V (x)| < ()8, then
Ry (V) — Ry (W) Ry (V) — Ry (V)
A2 A2

where T'1,Ty : LY — L. The error term belongs to the class <x>%<y>%6g()\”*2+), how-

(61) = A" + VP, + PV + AV720, + E(N),

ever its contribution to (4) is O(|t|™2) without spatial weights. Assuming the result of

Lemma 4.4, the total contribution to (4) of all terms is |t|'~2 + (x)(y)O(|t|~2).

We note that the error term £(\) here is distinct from the error term in Lemma 4.1.

Proof. The structure of the argument is the same as in the preceding lemma. The extra de-
cay permits us to evaluate more terms of each power series, or better control the remainder.
The fact that P.V1 = 0 causes some of the leading order expressions to vanish.
When the ‘+/-" cancellation in (51) acts on M*(\)~!, the first nonzero term has size
A"~4_ In detail, we note that by Corollary 2.16, specifically (44) we have
M) - M-() = 92+(A>;195<A)M;}E4 gz*(k);grj(k)Man ()
= XM+ XM, 4 On (AP)

=

Writing the resolvents as Ra[()\Q)(:L“,y) = G+ N2GY + (z)

Corollary 2.2, we can see that

<y>%6%(A4), as suggested by

[Rg W)V Ry (A)o[M*(X) = M~ (N]oRg (\)[V R (X)) (2, y)
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)

SIS

— o NHGIV )G ME oG (VG)™ + A2 Ky + ()2 ()2 O (A2F)

o3

Here K is a finite rank operator made out G3’s and v M 2,v along with all the combinations
consisting of GJ’s, vM2,v and exactly one instance of GY. Lemma 5.6 shows that the first
term contributes |t|'~2 to (4) and the second term contributes |¢|~2. Lemma 5.8 shows
that the last term generates a map from L%2 to L2 with norm |t|~2. The half-power
weights only arise if one allows % derivatives to fall on the first or the last free resolvent in
the product. The argument in Lemma 3.8 of using the stationary phase bound of Lemma 3.4
in place of the last integration by parts shows how that situation can be prevented, so that
all the expressions with time decay \t\_% are bounded operators from L' to L.

Now suppose the ‘+ /-’ difference acts on a free resolvent in the interior of the product.

We may write

(RS (V) = Ry (M) (25, 241) = A" 72 Gy + "Gl + 25 — 201 [P O (™),
1 1 ~
Ry (\)(2), 2j11) = GY + NGY + (2)7(2j41)2 02 (A*F),
MEN) ! = =A72Dy + My + Oz (A°F).

Note that P,V1 = 0 causes the leading term (A\""*K3 in the previous lemma) to vanish
because (VGB)m_le = VPow and G$_5(2j,2j41) = cn—21 is a constant function. Thus

©_,(VGY)™iD; = 0.

Expressions with A”~2 occur by replacing the leading term in exactly one of the above
power series by its successor. That is when A"G¢ occurs in place of A" 72G¢_,, A?GY in
place of G8 or My in place of —A?D;. The operator G¢ has spatial growth of |zj — zj+1|2
but it is controlled by the decay of the potentials as it is multiplied on both sides by V'(z;)
and V(zj41).

Remainders in the class 53(/\”_%) are mostly bounded from L' to L™ as well, except
that once again weights of <$>% or (y>% arise if all § derivatives fall on the first or the last
free resolvent. Following the calculations in Lemma 3.8, one can see that the contribution
of these remainder terms to (4) has time decay [t|”2 as a map between unweighted L' and
L.

Now suppose the difference of free resolvents occurs at the leading resolvent of the prod-
uct (61). The expression where one approximates all other free resolvents by GY, and
M*(X\)™t by —A72Dy, is considered separately in Lemma 4.4. Under the assumption
P.V1 = 0, its contribution to (4) is an operator with kernel bounded by (z)|t|"2. The

analogous expression when the +/- difference is applied to the very last resolvent in the
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product yields a bound of <y>\t\7% Put together, these operators form a map from L' to
L1 with time decay |t|~2.
Finally there is an assortment of remainder terms found by applying (51) to
(R§ (A%) — Ry (A%)) [(VR(T()\Q)V)%J\W(A)_IURJ(AZ)(VRJ()\Q)W
m Dy m
— (VGY) v( _ V)vczg(vag) ]

Each one is headed by (R§ (\2) — Ry (A?)), concludes with either Rj (A?) or GY, and is of
order \"~2. Following the calculations in Lemma 3.6 one can show that they contribute
[t|=2 to (4).

[l

Hence we have if P,V1 =0
¢ Py(H) = (5T + O(t] %)

where T is a finite rank operator mapping L' to L, which we do not make explicit and
the error term is understood as an operator between weighted spaces. Combining this with

the analysis for when P.V'1 # 0, we have the expansion
P (H) = c|t|* 2 P.VIVP, + |t|' 2Ty 4+ O(|t|~2),
with I's : L' — L™ a finite rank operators, which is valid whether or not P.,V1 = 0.

4.3. The case of P.V1 = 0 and P.Vx = 0. Finally we consider the evolution when we

have both cancellation conditions on the zero-energy eigenfunctions.

Lemma 4.3. If P.V1 =0, P.Vx =0 and |V(x)| < (z)7" 8", then
Ry (A\?) — Ry (V) Ry (V) — Ry (W)
A2 A2

where T3 : L' — L. The error term contributes O(|t|™2) as an operator from L' — L.

(61) = VP.+ PV + A" 05 4 E(N),

Assuming the result of Lemma 4.4, the total contribution to (4) of all terms is O(|t|™2).

Again the error term £(\) is distinct from the previous lemmas.

Proof. As in the proofs of Lemmas 4.1 and 4.2 we have to consider when the ‘4 /-’ difference
in (51) acts on either a resolvent of M*(\)~!. In the latter case, the same argument as
above goes through, though we note (from Corollary 2.16) that the operator M2, = 0, so
that

TN — g5 (A . ~ , ~
w3y = B A s, 4 5, 2 x4 Oy (2
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This easily gives us the bound of |t|7% when combined with the previous sections as an
operator from L' to L.

When the ‘+ /- difference acts on free resolvents, we can control the contribution by |¢|~2
as an operator from L' — L™ if the difference acts on an ‘inner’ resolvent as before. For
the remaining two terms, when the ‘+ /-’ acts on a leading or lagging free resolvent, we use
the following estimates of Lemma 4.4.

O

Lemma 4.4. The operator
REO) = Ry (%)
2
contributes |t|'"2 to (4) as an operator from L' to L. If P,V1 = 0, then it contributes

\t\_% as an operator from L' to L°>~1. If in addition P.Vx = 0, then the contribution still

VP,

has size |t|~2, but acts as an operator from L' to L.

Here we need to be careful with the spatial variables to see that the orthogonality con-
ditions allow us to move the dependence on x or y into an inner spatial variable, which can
be controlled by the decay of the potential. To make this clear, we note that we wish to

bound the integral

1
(64) /0 N Y (WAL(RE (VD) — Ry (A2)) (2, 20)V (1) Pulz1, ) dA

in terms of ¢,z and .
To prove this lemma, we first need to following oscillatory integral estimate, whose proof

is in Section 5.

Lemma 4.5. Let m be any positive integer. Suppose |QF)(2)| < <z)kTm*k for each k > 0.
Then

(65) / ¢ \M=LeEN O3y (A) dA < [t -3
0

with a constant that does not depend on the value of r > 0.

We note that m in this lemma is an arbitrary integer, not that value chosen in (47) that

ensures the iterated resolvents are locally L2.

Proof of Lemma 4.4. According to (48), the integral kernel of R (A\?) — Ry (\?) can be
expressed (modulo constants) as

o731\ = 21))

K\lz—z]) =X -
Ol =21 = A2
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= N2 (NI (N = z1)) + e IO (A - 1)),

where the functions Q1 and their derivatives satisfy |Q(ik ) (2)] < (z>an*k. Derivatives with
respect to the spatial variable r = |z — z1| are obtained by differentiating (6) and (8)
according to whether Ar is small or large. Since the expansion of 217%{]%_1(,2) in (6) has
only even powers of z, its first derivative is bounded by |z| rather than a constant. Thus
we can write

O K (A1) = N7 (e 1 (W) + e _(\r))
(96) RPE (A1) = A" (e Q1 (A1) + e _ (M)
where ]QEkj)E(z)\ < <z>%_j_k for j=1,2 and all & > 0.

Roughly speaking, the bound on 9, K (A, ) gains two powers of A at the cost of one power
of r = |z — z1|. This gains us an extra power of time decay in the contribution to the Stone
formula, (4), at the cost of one power spatial weight. The bound on 92K (A, r) allows us to
gain the desired time decay with no spatial weights.

As an immediate consequence we can apply Lemma 4.5 with m = n — 2 to obtain

[ et (o - sy da 5 2
and therefore fooo eitAQAflx(A)(Rg()\Q) — Ra()?))VPe d)\ maps L' to L™ with norm decay
of [t['~2.

When P.V1 = 0, we can extract a leading-order term by replacing K(\, |z — z1|) by
K(\ |z — z1]) — K(\, |z|) each place that it occurs. From an operator perspective this
amounts to approximating RJ (A\?) — Ry (A?) by K (Ax|)1. This term vanishes from the
Schrédinger evolution precisely when P.V1 = 0.

The remainder can be written using the expression

—z1) - (x — s21)
|x — sz

ds.

1
KO\ |z — 21]) — KO\, |a]) = /0 OK (O |z — sz1) ¢

Based on the decomposition in (66) and Lemma 4.5 with m = n, we have the bound

‘ / AT N K (O — 52 ) L E =) ) =g )
) |z — sz

for each s. If s € [0,1] we also have |x — sz1| < |z| + |21] < (z)(z1). It follows that
I eit>‘2/\*1x(A)(R3(A2) — Ry (N%) — K(\, |2])1)V P. dX\ maps L' to L>~! provided V has
enough decay so that the range of V P, belongs to L2, which follows from the fact that
P.: L' — L, see Corollary 5.5, and the decay of V.

Now if in addition PVx = 0 we can gain more by going to the second order expression
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KO\l = 21l) = KO o) + K O Jal) T
_/1(1— )| OFK (A, |z — |)<21'(a:—821))2
A 5)|Or 1T 54 |z — sz1|?
. BP (e (o s2))?
+ 0. K(\, |x SZ1|)(‘$_SZ1’ iz — sz1]3 ) ds.

Thanks to the bounds in (66) and Lemma 4.5 with m = n, there is a uniform estimate

(21 (x — sz

S 2 n
‘/ VATV NPE (A, | — s21) ) AN S 175 ()%,
0

|z — 5212
and similarly for each of the terms with 0, K (A, |z — sz1|) using (66) repeatedly. Plugging

this back into the original operator integral yields

H / NN (RE(A?) = Ry (A2) — K(\, |2)1 + 0, K (), 2] gy - 21) VP dA
0

Ll— Lo
S,

provided V P, has range in L2, which is ensured by Corollary 5.5 and the decay of V.

O

Corollary 4.6. The operator
Ry (A%) — Ry (V)
22
contributes [t|'~2 to (4) as an operator from L' to L®. If P,V1 =0, it contributes |t|"2

PV

to (4) as an operator from LY to L. If in addition P.Vx = 0 the contribution is as an

operator from L' to L.

We are now ready to prove Theorem 1.2.

Proof of Theorem 1.2. We note that the Theorem is proven by bounding the oscillatory

integral in the Stone formula (4),
> itA2 — —a
(7 [T RO - RO ) | S 1

We begin by proving Part (1), where there is no z,y dependence. The proof follows
by expanding Ri()\?) into the Born series expansion, (46) and (47). The contribution of
(46) is bounded by |t|~2 by Proposition 3.1, while the contribution of (47) is bounded by
t>"2P.VIVP, + O(Jt|'~ %) by Lemma 4.1.

To prove Part (2), one uses Lemma 4.2 in the place of Lemma 4.1 in the proof of Part (1).

Finally, Part (3) is proven by using Lemma 4.3.
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O

We note that the proof of Theorem 1.1 is actually simpler. If zero is regular, the expansion
of M*(\)~! is of the same form with respect to the spectral variable A as (M*(\) + S1)~!
given in Lemma 2.9 with different operators that are still absolutely bounded and real-
valued, see Remark 2.10. The dispersive bounds follow as in the analysis when zero is not
regular without the most singular terms that arise from —D1/)\2.

We note that we need one further estimate on the operator

Ry (N) — Ry (\?)
)\2
that is not contained in Lemma 4.4 to prove the Corollary 1.3 in the case that P.V'1 # 0.

VP,

To establish that the operator with the \t]l_% decay rate is indeed finite rank, and to see
why the operator Ag(t) must map L2 to L>~2 if P,V 1 # 0, we need the following lemma

Lemma 4.7. The operator
Ry (V) — Ry (W)
2
contributes c|t|'" 21V P, + O(|t|2) to (4), where the error term is an operator from L' to

Loo,—2

VP,

Proof. The desired bound follows using (48) as in Lemma 3.6. We first concern ourselves
with when Az — 21| < 1, in this case we note that using (49) out to one further term, we

have
(68) [RE (M%) — Ry (\)](x,21) = A"2GS_o + A"GS + O(N"2(N|z — z1])?7), 0 < e < 2.
Recalling that G¢(z,21) = cp|z — 21/, we can now write (for M|z — 21| < 1)

Ry — Ry (\*)(x, 21)
A2

V(z1)Pe(z1,y) = Cn—2)\n74v(zl)Pe(Zl7 y)+)‘n72|$_21|2V(21)Pe(217 y)
+ O Az — 21) )V (21) Pa(21, 1)
The first A" ~* term can be seen to contribute ¢|t|'~2 to (4) by Lemma 5.6. Similarly the
second term with \"~2 is seen to contribute (x)2|t|~% to (4) by Lemma 5.6. The final error
term is controlled identically to how one bounds (52) in Lemma 3.6 (with an additional

factor of |# — z1|?), from which one again has a contribution of size (x)2[t|™2 to (4).

On the other hand, if A|z — 21| 2 1, we can write

[RE — Ry1(A2)(x, 21) = Mo =#IOA 2 (A2 — 21[77%)) + e =202 (N — 2 [279)).
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As usual, the most delicate term is the ‘-> phase. We need to control the contribution of

/ eit)\Q)rlX()\)efi)\\xle\6()\1172()\’3: _ Zl,)%+a> d\.
0

Upon integrating by parts § —1 times against the imaginary Gaussian, we are left to bound

an integral of the form
n o 2 .
|t‘1_2/ ezt>\ —z)\|x—z1\a()\) d\
0

where

=

A
A S A N — 21 )F < A b - z1]f <o - |()
|l — 21]2

where we took a@ = 1 in the second to last line. Similarly,
/ < 2 1
@M Sz -z =)
Az|z — 212
Now, one can employ Lemma 3.4 as in the proof of Lemma 3.6 (with an extra factor of
|z — z1]2) to see that this term contributes at most (2)2[t|"2 to (4). The ‘4’ phase again

follows more simply from another integration by parts, this time against it FiNe—z]

O

Corollary 4.8. The operator

Ry (A?) — Ry (\%)
A2

PV

contributes c|t|' "2 P,V1 + O(|t|"2) to (4), where the error term is an operator from L

to L°°.

The proof of the corollary is identical in form to the proof of Lemma 4.7 with the spatial

variables = and y trading places.

5. SPECTRAL CHARACTERIZATION AND INTEGRAL ESTIMATES

We provide a characterization of the spectral subspaces of L?(R") that are related to the
invertibility of certain operators in our expansions. This characterization and its proofs are
identical to those given in [13], as such we provide the statements and omit the proofs. As in
the odd case, the lack of resonances in dimensions n > 4 simplifies these characterizations.
In addition, we state several oscillatory integral estimates from [13] and provide proofs for

new integral estimates that are required in this paper.
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Lemma 5.1. Assume that |V (z)| < (2) 727 for some > 2, f € S{L*(R")\ {0} forn >5
iff f =wg for g € L?\ {0} such that —Ag+Vg=0inS'.

Lemma 5.2. The kernel of S1vGvS is trivial in Sy L*(R™) for n > 5.

We note that the proof in the odd dimensional case involves the operator Gy in place
of the operator GY. This is a notational discrepancy only, both of these operators have

integral kernel which is a scalar multiple of |z — y|*~™.

Lemma 5.3. The projection onto the eigenspace at zero is G8v51 [SlvG?vSl]_lSlng. That
18,
(69) P. = GYvD1vGY.

Lemma 5.4. Assume that |V(z)| < (x)78 for some B > 2, If g € L? is a solution of
(—A+V)g=0 then g € L*™°.

Corollary 5.5. P. is bounded operator from L' to L.

In addition we have the following oscillatory integral bounds which prove useful in the
preceding analysis. Some of these Lemmas along with their proofs appear in Section 6 of

[13], accordingly we state them without proof.

Lemma 5.6. If k£ € Ny, we have the bound
’/ e (AN d>\' <=
0

Lemma 5.7. For a fited o > —1, let f(\) = Opi1(A%) be supported on the interval [0, \]
for some 0 < Ay < 1. Then, if k satisfies —1 < o« — 2k < 1 we have

‘/ e F () d)\‘ < |t~
0

The following two bounds take advantage of the fact that n is even and hence 7 is an

integer.

Lemma 5.8. Ifa>n—3 and f(\) = 5%_1()\0‘) supported on the interval [0, \1] for some
0< XA < 1. Then,

/ ¢t £(2) d/\' < |3,
0
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Proof. The powers of A allow us to integrate by parts § — 1 times with no boundary terms,

we are left to bound
|t|1—§/ e ON1) dA.
0

By the assumption that the integral is supported on [0, \1] the integral is bounded.
O

Corollary 5.9. Ifa>n—1 and f(A\) = O
0< X < 1. Then,

(AY) supported on the interval [0, A\1] for some

n
2

R 2 n
e s a < s,
0
The following proof completes the dispersive bounds proven in Section 4.

Proof of Lemma 4.5. Assume that ¢ > 0. The proof for ¢ < 0 is identical with the + signs

r

reversed. Suppose the phase angle e*" carries a positive sign. In this case there is no

stationary phase point of A i the domain of intergation. One can estimate trivially

that
1—1/2
| / O AM=10 )y (V) dA| S %
0

& times if m is even, mT“ if m is

1-m

odd) gives the result. It is convenient to note that |(:5)*Q(A\r)| < max(r, \"1)*(\r) 2", so

and repeated integration by parts against IO HAT) (

differentiating this expression has a similar effect as when derivatives act on the monomial
A"~ and is better behaved when \r is small.

All boundary terms of the repeated integration by parts can be controlled using the
crude bound |A + 5| > |A|. Most of the integral terms are controlled this way as well, but
if m is even this creates a few apparent terms of the form [, ’A‘lﬂ()\r)x()\)} dX if all
derivatives fall on powers of A or (A + g7). In fact no such terms occur, due to cancellation
r

)\j‘%) = G That leads instead to integrals of the form

. . . d
in the derivative ﬁ(

o[ -2 < [T 1 <1
5 [0+ Q(Ar)x()\)|d)\N2t/0 G EE st

; . ; 2_
AT which causes e!(tA”—A7)

Now consider the phase angle e~ to have a stationary point
Ao =g Ifr < 4+/t, then 0 < Ao < 2t_%, and the integral can be estimated in the same
manner as above, splitting the domain into the two pieces (0, 475_%) and (475_%, o0). On the

first interval, the bound is clear. On the second interval, the comparison [A — \g| & |}
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controls all boundary terms and most of the integral terms as before. For the exceptional

integrals, the last bound comes from estimating

r [ _9 r [ 1
r r)20)20 R I
% Jyyrje |27 T/20TAONIXN]AA S o / o= PR

If r > 4/t, then \g > 2t=3. Here we apply stationary phase estimates to the interval
(Ao — tfé,)\o + f%). On this interval one can approximate A = )\, and consequently
IAPTIQO)] & (AT (Aor)| S 72", So this integral over the interval A — No| < t71/2
contributes no more than t~"/2 as desired.

Noting that 8)\(3”@_’\0)2 = 2it(\ — /\O)eit()‘_ko)z, integration by parts on the interval
o +t~Y2 +00) is relatively straightforward. Since A > X — \g > t_%, the worst behavior
occurs when all derivatives act on powers of (A — Ag). For all boundary terms arising in
this manner it suffices to observe that A — Ao = t~1/2 and [\~ 1Q(\r)| < 2" at the left
endpoint. The integral terms is controlled by the estimate

00 )\m_lﬂ()\r) 2Xo ’)\m_lg()\orﬂ 00 |Q()\7“)|
t_k/ dA<t‘k/ Od)\th_k/ LA
otz (A= Ao rort-12 (A= Xo)?F 23y NZRFL—m

We note that we still have |Aj" 'Q(Xor)| < tl_Tm, thus by a simple change of variables we

can bound the first integral by
1— o0 m
t2_k/ sk ds <77,
t
provided 2k > 1. For the second integral, we have that |Q(Ar)| < ()\T)PTM, and 2\g = r/t,

so we need to bound

1— X 1 1— T -2k +1
P [ g ’“M() A P
r/t t
provided 2k > max(1, 1), Here we used that r > 4v/% in the last inequality.

Integration by parts on the interval [0, \g — t~'/2) is only slightly more complicated. For
all m > 2 there are no boundary terms at A = 0, and if m = 1 the boundary term has
size (\ot) ™! ~ r71 < 72 since r > 4v/f. The boundary terms at A\g — 73 are handled
identically to the ones at Ay + =% in the previous case.

When m is even, after integrating by parts % times, the main integral consists of expres-

sions with the form

Nl

Ao_ti . .
(70) 2 / XTI (= X)) QO ()] d
0
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with j 4+ ¢ < . There are three regimes to consider: A € (0, %), PSS (%,%), and \ €
(%, Ao — f%). In the first regime we use that |Q© (Ar)| <1 and |A — A\g| & X, to see that
this integral contributes at most t_%(r%)m*j4 < t7% to the (70). On the second regime,
we again have |\ — \g| = Ao but now [QO(\r)| < ()\T)l_Tm_Z. The contribution of this
regime to the integral is now bounded by
e [Ty et < s (W) g
0

r

Since mT_l —j— £ > —1, we safely extended the lower limit of integration to zero.

On the last regime we note that A ~ Ay, so that if we use s = Ay — A\ we can bound the
contribution by
m 1—4 )\O .
72N _jQ(Z)()\Or)ré/ ) sIHm s,
t— 2
We first consider the case in which j + ¢ —m < —1, then we can bound this integral by

1 j4e0
_m o 1om M=l [0 _m (12 It _
t72r 2 )\ ! /15]+£ Mds <t 2() <t
) r

vf3

The one exception is if m = 2 and j4¢ = 1, then we cannot extend the region of integration

off to infinity, but instead note that

Xo/2 ) >\0/2 A
/ ) sﬁé_md.s:/ ) s_lds:log< 01)
t732 t72 2t 2

So that in this case the third region instead contributes t_%(é)‘log(%‘/i)‘ which is still

uniformly bounded by ¢~ since v/t/r < %.

When m is odd the representative expressions are

m Ao—t . .
i / AT = OO () | dA
0

with j + 0 < mTH After breaking the integral into the same three regimes, one can
similarly show that the contribution of each one is bounded by ¢~ 2 as above. There is
again a logarithmic issue in the second regime if j + ¢ = mTH
and j 4+ ¢ = 1. Both are resolved by the fact that (#)mﬂog(%ﬁﬂ is uniformly bounded

over 7 > 4+/t.

and in third regime if m =1

O

Finally we note the non-oscillatory integral estimate which is proven in [7].
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Lemma 5.10. Fiz uy,us € R" and let 0 <kl <n, >0, k+L+8>n, k+L#n. We

have

< [u1—u2
n |z —ui[Flz — ualf iz = (L ymin(hbitri—n)
[u1—ug]

/ (z)=P~ () O lup —ug| <1
R

]ul—u2| >1

Furthermore,

Lot ()
re |2 — u1]F|z — ug| lup — ug|

where one can take o = max(0,k + ¢ —n) or a = min(k,{,k+{+ 5 —n).
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