ON THE ASYMPTOTIC BEHAVIOR OF NONLINEAR WAVES IN THE
PRESENCE OF A SHORT-RANGE POTENTIAL

PASCHALIS KARAGEORGIS AND KIMITOSHI TSUTAYA

ABSTRACT. Consider the nonlinear wave equation with zero mass and a time-independent
potential in three space dimensions. When it comes to the associated Cauchy problem, it
is already known that short-range potentials do not affect the existence of small-amplitude
solutions. In this paper, we focus on the associated scattering problem and we show that
the situation is quite different there. In particular, we show that even arbitrarily small and
rapidly decaying potentials may affect the asymptotic behavior of solutions.

1. INTRODUCTION

Consider the nonlinear wave equation with potential
OPu—Au+V(z)-u=F(u) in R®*xR, (NWP)

where F'(u) behaves like |ul? for some p > 1. If the potential V' (z) is sufficiently small and
rapidly decaying, then one might expect solutions to (NWP) to behave like solutions to

Ou—Au=F(u) in R®xR. (NW)

When it comes to the associated Cauchy problems, for instance, the known sharp existence
results for (NW) coincide with those for (NWP), if the potential is sufficiently short-range.
In this paper, we focus on the associated scattering problems and we show that the situation
is quite different there. More precisely, we show that the sharp conditions needed to define
the scattering operator for (NW) are strictly weaker than those for (NWP), if the potential
is non-positive but not identically zero. In particular, even short-range potentials may affect
the asymptotic behavior of solutions.
Let us first focus on the associated Cauchy problems and prescribe initial data

u(z,0) = ¢(x), Oru(z,0) = P(z). (1.1)
Sharp existence results for (NW) go back to the classical work of John [6], where ¢, are
assumed to have compact support. An extension of John’s result to more general data was

obtained by Asakura [1] and then slightly refined by Kubota [9] and Tsutaya [16]. In these
results, one assumes that

Do 1ose@)+ D 1070(@)] < e(1+ Jaf) 7! (1.2)
jol<3 91<2

for some k£ > 0 and some small € > 0. To ensure the existence of classical solutions to the
Cauchy problem associated with (NW), it then suffices to require that

p>14+v2,  k>2/(p—1). (1.3)
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Recall that p denotes the order of the nonlinear term. Conditions (1.3) are also known to
be necessary for the existence of small-amplitude solutions. That is, there exist arbitrarily
small initial data satisfying (1.2) for which the solution to (NW) blows up in finite time, if
either 1 <p < 1++v2orelse 0 <k <2/(p—1) for some p > 1; see [1, 4, 6, 14].

When it comes to the Cauchy problem associated with (NWP), the above results apply
verbatim for all sufficiently short-range potentials. If either of the conditions (1.3) fails to
hold, then one can still have blow up for arbitrarily small data and short-range potentials;
see [7, 17]. And if conditions (1.3) hold, then a result of Strauss and Tsutaya [15] ensures
the existence of classical solutions, provided that

D 1V()| < Vo(l+ [z~ 6> 0 (1.4)

laf<2

for some small V > 0. Moreover, it was also shown in [15] that both the smallness and the
decay assumption (1.4) are sharp, if the potential is assumed to be non-positive. Namely,
a non-positive potential which is either large or decaying like |#|=2*° at infinity will force
solutions to blow up in finite time, even in the case that conditions (1.3) hold; see also [7].
For non-negative potentials, on the other hand, the smallness assumption does not seem to
be needed; this was illustrated in [2] for potentials of compact support.

Next, we turn to the associated scattering problems for initial data satisfying (1.2). When
it comes to (NW), the existence of the scattering operator was shown by Pecher [13] under
the assumptions

1+vV2<p<3,  k>2/(p—1). (1.5)

An extension of this result to (NWP) was obtained by the first author [8] under the slightly
different assumptions

1+vV2<p<3, k>2/(p-1) (1.6)

for all short-range potentials satisfying (1.4). To interpret these results, it is perhaps better
to think in terms of the energy norm

1/2
|ulle = (/ |6tu|2 dx + |Vu|2 dx) . (1.7)
R3 R3

As one might expect from the assumption (1.2) on the initial data, the solutions constructed
in [8, 13] behave like |z|~* at infinity. Thus, their first-order derivatives are in L*(R3) if and
only if £ > 1/2. This also gives the range of decay rates k for which finite-energy solutions
arise. The results of [8, 13|, on the other hand, are restricted to decay rates k > 1 because
of either (1.5) or (1.6). Thus, there exist finite-energy solutions to both (NW) and (NWP)
whose asymptotic behavior has not been studied yet.

Our main goal in this paper is to establish the sharp conditions needed to define the
scattering operator for both (NW) and (NWP) when the assumption (1.2) is imposed on
the initial data. There are related results which impose more general assumptions, avoiding
the pointwise estimate (1.2). Nevertheless, these results are not optimal with respect to the
order of the nonlinearity; see [5, 11] and the references cited therein.

Let us denote by wu, the solution to the homogeneous wave equation

Oug—Aug =0  in R*xR (1.8)
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subject to the initial data (1.1). As it is well-known, one can obtain a solution u to (NWP)
by solving the associated integral equation

u=u, +ZLF(u)—ZLVu), (1.9)
where the Duhamel operator . is defined by the formula
1 [
[(ZG(x,t) = —/ / G(y,T) dS, dr. (1.10)
47 0 t—1T1 ly—z|=t—T

Regarding the existence of solutions to (1.9), we shall prove the following

Theorem 1.1 (Existence). Let ug be the solution to the homogeneous wave equation
Oug — Aug =0,  up(x,0) = p(z), duo(x,0) = ().

Assume (1.2), (1.3), (1.4) and take F(u) = |ulP or F(u) = |ulP~ u. If e, Vy are sufficiently
small, then the integral equation (1.9) has a unique C*-solution.

Remark 1.2. The solutions we construct lie in a certain Banach space that we introduce in
the next section; see (2.4). We can similarly construct solutions for more general nonlinear
terms than the ones listed here; our precise assumptions on F' appear in (2.8), (2.9).

The proof of Theorem 1.1 is essentially based on the work of Pecher [13] as well as other
results for the Cauchy problem [1, 6, 15, 16]. However, our assumptions on the initial data
are more general than those in [13], while the domain of dependence does no longer extend
over a bounded region. To establish the existence of solutions, we thus need to derive a new
estimate for the inhomogeneous wave equation with a nonlinear term and a potential; see
Lemma 3.1. For the homogeneous wave equation (1.8), we use the weighted L*-estimates
of Lemma 2.1, which are pretty well-known by now.

Regarding the existence of the scattering operator, we shall prove the following

Theorem 1.3 (Scattering). Let the assumptions of Theorem 1.1 hold. Also, assume
kp >k + 2, E>1 for the case V(z) #£0; (1.11)
kp >k +2, kp > 5/2 for the case V(z) = 0. (1.12)
Then the unique solution u provided by Theorem 1.1 satisfies
llu—ug|le = 0 as t — —o0, (1.13)
and there exists a unique solution ug to the homogeneous equation (1.8) which satisfies

llu —ug|le =0 as t — +oo. (1.14)

In particular, one can define the scattering operator S: ug — ug .

Remark 1.4. The first condition in (1.11), (1.12) simply repeats one of our assumptions in
Theorem 1.1. It is one of the necessary conditions (1.3) for the existence of solutions. Here,
we have chosen to restate it explicitly in order to illustrate that the assumptions imposed in
the presence of a short-range potential (1.11) are strictly stronger than those imposed in its
absence (1.12). This fact only becomes clear when the first condition is included.
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Remark 1.5. Consider our finite-energy solutions, i.e., the ones with decay rates k > 1/2.
We assume the first condition in (1.12) to ensure their existence. Then the second condition
follows automatically. In particular, our theorem shows that all our finite-energy solutions
are asymptotically free in the absence of the potential. For short-range potentials, we have
the same conclusion, yet only if £ > 1; this excludes some of our finite-energy solutions.

To complement our scattering result, Theorem 1.3, we shall also show that the conditions
given there are actually sharp. More precisely, we shall also establish the following

Theorem 1.6 (No scattering). Let the assumptions of Theorem 1.1 hold. Also, assume
either

kp >k + 2, k<1, 0#£V(z)<0 (1.15)
or else

kp >k + 2, kp <5/2, V(z) =0. (1.16)
If the initial data are chosen so that

p(x) =0, @) <0,  [d)] > el +[z))*
for some small €1 > 0, then the solution u provided by Theorem 1.1 does not satisfy (1.13).
Remark 1.7. The smallness assumption on ¢; is merely needed to ensure the existence of

solutions, as Theorem 1.1 is only applicable for small initial data. For large initial data, on
the other hand, solutions to (NWP) need not even exist for all times; see [10].

Results analogous to Theorem 1.6 have been obtained by Glassey [3] and Matsumura [12]
in the context of the nonlinear Klein-Gordon equation. However, their approach cannot be
applied here because our solutions are not necessarily in L2. To briefly outline our method
of proof, our goal is to argue by contradiction. Assuming that (1.13) does hold, we are able
to find a function G(z,t) such that G(-,t) € L*(R?) for all times, whereas

/ G(z,t) - Op(u — ugy ) dx

R3

fails to approach zero as t — —oo. By Holder’s inequality then, one cannot really have
10 (v — ug)|[r2@®sy = 0 as t — —o0,

so the convergence (1.13) in the energy norm has to fail as well.

The remaining of this paper is organized as follows. In section 2, we give the well-known
weighted L*°-estimates for the homogeneous wave equation and then establish some useful
estimates involving our weight function (2.6). In section 3, we combine these facts to prove
our existence result, Theorem 1.1, and our scattering result, Theorem 1.3. Finally, the proof
of Theorem 1.6 is given in section 4.

2. A PRIORI ESTIMATES

In this section, we gather some estimates that will be needed in the proof of our existence
result, Theorem 1.1. Let us first focus on the homogeneous wave equation

Oug— Aug =0  in R*xR (2.1)
and impose the conditions

up(z,0) = ¢(x), Oyuo(x,0) = P(x). (2.2)
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When it comes to the initial data, we shall assume that
> 0@+ > [0d(x) < e fx) (2.3)
|| <3 1B1<2

where () = 1+ |z| and the constants ¢, k are both positive. To study the homogeneous
wave equation with such data, it is convenient to introduce the Banach space

X = {u(z,t) : Ou(z,t) e C(R*xR) for o] <2, |Jul| <oo}. (2.4)
Here, the norm || - || is defined by
lull =) sup |95u(x,t)] - Wi(lzl, |t]), (2.5)
jol<2 %2R

where the weight function W, is of the form

—0O1k
Walal, ) = (] + e (] Ja” (14§05 (26)

with g = min(k, 1), v = max(k — 1,0) and 6y, the usual Kronecker delta.
For the proof of the following lemma, we refer the reader to [1, 16].

Lemma 2.1. Suppose ¢ € C3*(R3) and ¢ € C*(R®) are subject to (2.3) for some e,k > 0.
Then the Cauchy problem (2.1)-(2.2) admits a unique solution u, € X (2.4). Moreover, the
estimate ||ug || < Coe holds for some constant Cy that depends solely on k.

Next, we turn to the nonlinear wave equation with potential
Hu—Au+V(z)-u=F(u) in R*xR. (NWP)
When it comes to the potential term V' (x), we shall assume that
S|V < Vole)™",  1>2 (2.7)
|a|<2
for some small V5 > 0. When it comes to the nonlinear term F'(u), we require that
FeC*R);  F(0)=F'(0)=F"(0)=0 (2.8)
and that the estimate

Alu —v[P2 if 1+v2<p<3
" o <
P - PO { s it 29

holds for some A > 0 and p > 1 4 /2 whenever |u, [v] < 1.

Recall that we seek a solution to the integral equation (1.9), where u; is the solution of
Lemma 2.1. One of our assumptions (1.3) ensures that k > 2/(p — 1), where k is the decay
rate of the initial data. There is no loss of generality in decreasing the decay rate k, as long

as the lower bound is not contradicted. Since we actually have
2
— < mi —1,1+1
P min (p — 1,1+ 1/p)

whenever p > 14 v/2, this means there is no loss of generality in assuming

2
— <k<min(p-1,1+1/p),  p> 14+ V2. (2.10)
p_
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Now, in the definition (2.6) of our weight function, we also introduced the parameters

p = min(k, 1), v =max(k — 1,0). (2.11)
Under our assumption (2.10), those are easily seen to satisfy the conditions
0<v<wvp<l, w+v==k, pup > min(k + 2, p) > 2. (2.12)

Remark 2.2. In what follows, we shall frequently use the bracket notation (s) =1+ |s|.
For the proof of the following lemma, we refer the reader to [1, 16].

Lemma 2.3. Let r,;t > 0 be arbitrary. Assuming that k > 0, one has
t+r
[t arow g
|t—r|

where the weight function Wy, is given by (2.6).

Lemma 2.4. Let w > 0 be arbitrary. Given constants a < 1 and b > 0, one has

w b

AbE/ ()™ (1+1n@) dy < C(a,b) - w{w)™". (2.13)
0 (7

Proof. When 0 < w < 1, the desired estimate is easy to obtain. Assume now that w > 1.

Since the given integral is increasing in b, it suffices to treat the case that b is an integer.

Integrating by parts and using the fact that a < 1, we find

1-a b]Y w —a b—1
4= | '(1+1n—<w>) +/ el ~(1+1n—<“’>) dy
1—a M/l _, Jo 1-a ()
v=0
<w>1—a b
< . .
~ 1l—a +1—a Ao
Since the desired (2.13) holds trivially when b = 0, the result follows by induction. |

Lemma 2.5. Let v € R and z > || be arbitrary. Suppose that (2.10), (2.11) hold. Given
any constants b > 0 and | > 2, one has

it (4 D
r= [Tt (1+1 M) 46 < O (2) (2.14)

as well as

Jy = /:O (By P (1 +In %)b dB < C (z)*7HP (1 +1In %)b (2.15)

Besides, the constant C' is independent of v and z.

Proof. To prove (2.14), it is convenient to divide the given integral into two parts. Let

h= [T e (1 ¥ ln@)b as.

max(z,2|7|) <7>
Since 2(1 4§ + ) > 1 + 3 within the region of integration and since [ > 2, we find

L<e / TUBY (B (B dB = ()
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because p > 0 by (2.11). Thus, it remains to now treat

P /zmax(z,2|’)’|) 5 7>1—z B (1 h %)b ”

Since |y| < z < § < 2|y| within the region of integration, we find

I—L<Cz)" /Oo B+Nrdg< )"

because | > 2. This proves our first assertion (2.14).
To prove (2.15), we modify our approach in the previous lemma as follows. Integrating by

parts, we get
- | (onl)| - ()

2 — up v)

(z)27H7 < ( )b b
S G (I IG5 e
pup — 2 W) w2

since up > 2 by (2.12). Iterating this fact a sufficient number of times, we thus obtain

Jb§C<z)2_“p<1+l ) +C/ 1W~<1+1n%>b/dﬂ

for some b < 0. Here, the logarithmic factor in the integrand is bounded since § > z > |y
within the region of integration. Recalling that pup > 2, we may thus deduce (2.15). |

Lemma 2.6. Letr >0 and t € R. Assuming (2.10), (2.11) and that [ > 2, one has

/ / V'L W ) dhdr < Cr Wi o)

where Ay =t — 1+ 1, Wy is given by (2.6) and the constant C' is independent of r,t.

Proof. We divide the given integral into two parts.
First, we treat the part in which 7 > 0. For this part, we have to show that

T, = / / VLWL, T) T dA dr < Cr - W(r, t) (2.16)

for each ¢t > 0. Recalling the definition (2.6) of Wy, let us then write

T, = //:+| )\+T>”()\—T>V<1+ln%)élk d\dr

and change variables by 6 =X — 7, v = A+ 7 to arrive at

T, < 0/+ ()" / G+ (o) (1 tin %)m d dy.

According to Lemma 3.2 in [7], one does have the estimate

/ et (1 ln%flk 45 < C )™



8 PASCHALIS KARAGEORGIS AND KIMITOSHI TSUTAYA

whenever [ > 2 and v < 1. In view of (2.12) then, the last two equations imply that
t+r t+r X
nec| prra=cf @t
[t—r| [t—|

Once we now invoke Lemma 2.3, we arrive at the desired estimate (2.16).
Next, we treat the part in which 7 < 0. For this part, we have to show that

min(0,t) Ay
I, = / / N WL, =) AN dr < Cr - Wi [E) 7Y (2.17)
—o0 (2|

for any ¢ € R whatsoever. Recalling the definition (2.6) of Wy, let us then write
min(0,t) A4 . d1k
I, = / / M= TE N+ )T (1 +1In (A T>) d\dr.
— 00 2| </\ + 7'>

As 7 < t within the region of integration, we have A > |A_| >t —7 —r. As 7 <0, we also
have A > |A\_| > |t — r| + 7. Changing variables by 5 = A — 7 and v = A + 7, we then get

%éclﬂuw”/m W+wk“wr%ﬁ+m@§mdmw

— max(l ) )

g?[ﬂwr”wrwm

-r

by Lemma 2.5 with z = max(|y|, |t — r|). Note that this trivially implies

7, < O/:r ) () (1 +n %)b d

for any b > 0 and that we also have v < 1 by (2.12). To establish the desired (2.17), we
shall now show that the more general estimate

= [ o QHWW)MSC Wi(r. 1) (2.18)

holds whenever z = max(|y[,[t —r|),b>0,c; <land ¢; +co=pu+v =k.
Case 1: When t > 0, we have t —r < |t —r| <t 4+ r and our definition (2.18) reads

%z/ﬂ%wkm+a—w”/W%w“-Q+m“®”fwy

t—r| t—r

because z = || within the former integral and z = |t — r| within the latter. This gives

[t—r| -r b
Ty < Or Wi(r,t) ™ + (t — 1)~ /t_ - <1+ln <1t<7> >) o

by Lemma 2.3. Since ¢; < 1 and since we may henceforth assume that r» > ¢, we find

T, < Cr-Wi(rt) h+2(r —t) /Or—t {(y)~"- (1 +In <T<;>t>>b dry

<Cr-Wi(r,t) '+ C(r—t)- (r—t)y "™
by Lemma 2.4 with w = r —¢ > 0. To deduce the desired (2.18), it remains to show that
(r—t)-(r—t)""<Cr-(r+t) " (r—t)7" when 7 >t > 0.
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If r >t and r < 1, this is easy to see because r —t < r and (r — t) is equivalent to (r +t).
If » >t and r > 1, on the other hand, r is equivalent to (r + t) and we similarly get

(r—t)-(r=0)""" <+t =t <Cr-(r+t)y " r—t)"

because p < 1 by (2.11).
Case 2: When ¢t < 0, we have |r +t| <r+ |t| = r — t, so our definition (2.18) reads

Iy =(r—t)y /tt+ (y)~ - (1 +In %)b dy. (2.19)

Subcase 2a: If it happens that || < 3r, we proceed as in the previous case to obtain

B0 [ e (e scr-n -0

by Lemma 2.4. Since r —t = r + |t| < 4r for this subcase, the desired (2.18) follows.
Subcase 2b: If it happens that —t = |t| > 3r, then (r + ) is equivalent to (r — t) because

Ir+t| <r+lt|]=r—t < -=2(r+t)

for this subcase. In particular, equation (2.19) trivially leads to

t+r
I§§C<r:|:t>“y/ dy < Cr{(r+t) ",
t

-

which implies the desired estimate (2.18) whenever (r + t) is equivalent to (r — t). |

Lemma 2.7. Let r > 0 and t € R. Assuming (2.10) and (2.11), one has
J = / / A Wi\ 7)) dhdr < Cr - Wy(r, [t)) 7,

where Ay =t — 1+ 1, Wy is given by (2.6) and the constant C' is independent of r,t.

Proof. We proceed as in the proof of the previous lemma.
First, we treat the part in which 7 > 0. For this part, we have to show that

J = / / A Wi\, 7) P dXdr < Cr - Wy(r, )" (2.20)

for each t > 0. Let us then change variables by f = A — 7, v = A+ 7 to get

s /| T [ :w w43y (14 1%) 4 dv.

According to Lemma 3.3 in [7], one does have the estimate

/ :wm @ (1 +1n%)p‘”’“ <Oyt

whenever (2.10) and (2.11) hold. In particular, the last two equations also imply

t+r
jl SC/ <’}/>_k d’}/SCT'Wk(T,t)_I
|

t—r|

by means of Lemma 2.3. This proves the desired estimate (2.20).
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Next, we treat the part in which 7 < 0. For this part, we have to show that
min(0,¢)
T2 = / / - Wi\, =7) P dhdr < Cr - Wi(r, [t]) (2.21)

for any ¢t € R whatsoever. Recalling the definition (2.6) of Wy, let us then write

min(0,t) <>\ _ 7_> Poik
—pp
To = / / A7) <1+ln <A+T>> d\dr.

Changing variables by 3 = )\ —7and v = A+ 7, we find

@solm%w”/m <&mmw>”0+mggmﬂwm

—r max(|y|,[t—r])

t+r - 00 - <ﬂ> Po1k
<c[ o o (Lem ) sy

t—r max(|vy],|[t—r|) <7>

because 8+ v < B+ |y| < 23 within the region of integration. This already implies

e e (1+m %) d

by Lemma 2.5 with z = max(]y|, |t — r|). Moreover, we also have
2—up=2—kp+vp< —-k+vp
because p+ v =k and k > 2/(p — 1) by assumption. This allows us to conclude that

7, < C/:T ()P (2) ) (1 +ln %)pm dr.

As vp < 1 by (2.12), we may then invoke our estimate (2.18) to complete the proof. |

3. EXISTENCE OF THE SCATTERING OPERATOR

In this section, we turn to the proofs of Theorem 1.1 and Theorem 1.3. Our first step is
to establish the basic estimate for the existence proof.

Lemma 3.1. Suppose V() satisfies (2.7) and F(u) satisfies (2.8), (2.9). Assume that (2.10)
and (2.11) also hold. Letting £ be the Duhamel operator (1.10), one then has

ILF )] < GillullP, [[Z(Vu)ll < CiVol[ull (3.1)
for each uw € X (2.4) with ||u|| < 1. Besides, the constant C is independent of u, V.

Proof. Recall the definition (1.10) of the Duhamel operator, according to which

L)) (2, 1) 4i / (t—7) A | Pl (076, 7) dS b

Tr—OO

Using a direct differentiation, we then find

PLLE W) (2,1) = — / ! 02 F(u(y, 7)) S, dr (3.2)

47 0o t—1T1 ly—z|=t—

for each multi-index «.
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To estimate the integrand, we use the fact that
|0, F(u(y, 7)) < Cllull”- Wiyl I7)7", [ol <2. (3-3)

One can easily obtain this fact using our assumptions (2.8), (2.9) on F' and the definition of
our norm (2.5). Let us merely treat the case |a| = 0 here, as the cases |a| = 1,2 are quite
similar. First, we combine (2.8) with (2.9) to find that

|F(u)| < Clul? if Ju| < 1.
Next, we recall the definition (2.5) of our norm, according to which

[uly, 7)| < [lull - Wi(lyl, [7)) ™

Since ||u|| < 1 by assumption and since W}, > 1 by definition (2.6), we do have |u| < 1 here.
Once we now combine the last two equations, we obtain (3.3) for the case |a| = 0.
In order to proceed, we shall also need to invoke the following lemma from [13].

Lemma 3.2. Givent > 0, v € R? and a continuous functz’on f: R —=R, one has
1

27r
- ds, = YT A\,
P rnas, =25 [

where we have set r = |x| for convenience.
Inserting our estimate (3.3) into (3.2) and using Lemma 3.2, we now find that

P t—7+4r
0.2 F(u)| < 0 C”“” / / A Wi\ 7)) 7P dhdr
=

T—r|

whenever |a| < 2. In view of our estimate in Lemma 2.7, this actually implies
08 L F(u)] < Cllull”- Wi(r, [t)™, ol <2.

In view of the definition (2.5) of our norm, it thus implies our first assertion in (3.1).
To prove our second assertion in (3.1), we slightly modify our approach as follows. First,
we return to (3.2) and replace F'(u) by Vu. To estimate the integrand, we now note that

05TV () - uly, DI < CVollull - ()~ Willyl, 1T ™", Jal <2
because of (2.5) and (2.7). Using this fact and Lemma 3.2, we find that

CV t— 'r-‘,—r
v < o / [ m ) dnar
[t—7— 'r\
whenever |a| < 2. In view of Lemma 2.6 and (2.5), the desired estimate follows. |

We are finally in a position to give the proofs of Theorem 1.1 and Theorem 1.3.

Proof of Theorem 1.1. Our iteration argument is almost identical with that of [1, 6], so
we only give a sketch of the proof. As we have already mentioned earlier, one may decrease
the decay rate k of the initial data to ensure that (2.10) holds without loss of generality. We
let up = ug be the solution given by Lemma 2.1 and recursively define

According to Lemma 2.1, we then have ug € X (2.4) and we also have

HUOH S 006.
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In order to proceed, we shall assume that e,V are so small that
201 (2Coe)P t + 201V < 1, 200 < 1
when (] is the constant appearing in Lemma 3.1. Then we have
201 (2||uo||)P~t +2C1Vp < 1, 2||uol| < 1.

Using Lemma 3.1 and induction, we now find that ||u;|| < 2||ugl|| for all 4. In particular, the
whole sequence {u;} lies in X. Using Lemma 3.1 and a contraction argument, as in [1, 6],
we deduce the existence of a unique solution v € X to the integral equation (1.9). |

Proof of Theorem 1.3. Our first step is to establish (1.13), which asserts that
llu—ug|le =0 as t — —oo.

To prove this fact, as it is well-known, it suffices to obtain an estimate of the form

t t
/ 1 ()] 2o, d7+/ Vil dr < C (1), 1<0 (3.5)

for some § > 0. Let us then focus on the derivation of (3.5), instead.
We recall that we are making two different kinds of assumptions in this theorem, as we
can get better results in the absence of the potential. More precisely, we are assuming either

kp >k +2, kp > 5/2, V(z)=0 (3.6)
or else
kp >k + 2, kE>1, V(z) #0. (3.7)

For the latter case, however, we are additionally assuming that V' (z) satisfies (2.7).
Case 1: Suppose (3.6) holds. To establish (3.5), it then suffices to show that

G (7) /R Flu(z, 7)) de < Cr)™72 . 7<0 (3.8)

for some ¢ > 0. Now, using our assumptions (2.8), (2.9) on F' and the definition (2.5) of our
norm, one easily finds that
F(u(z,7))* < Clu(z, 7)< Cllu|[* - Wi(|«, |7])~*
because u € X by Theorem 1.1. Recall that the weight function (2.6) is given by
(7l + |=) ) o
(7| = |«) 7

where p = min(k, 1), v = k — p and dy; is the usual Kronecker delta. Inserting the last two
equations in our definition (3.8), we now switch to polar coordinates to find that

Wiz, 7]) = (7] + |2l)* (Ir] — [2])" (1 thn

i) < C / Tl )2 (| -y (1 i 1n§:j:—f;§) (39
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Note that each of (|7| £ ) is equivalent to (r) whenever r > 2|7|, while each of (|| £r) is
equivalent to (1) whenever |7| > 2r. Thus, the last equation also implies

= fr1/2
(Mﬂgc/ m*wwwm+cm%wﬂf/ dr
2|7| 0
2|7| 2p01 4,
e Qﬂ+wf4WQﬂ—ry”PO44nﬂiiﬁ) .
|71/2 (|T] =)

Here, 11 + v = k by definition (2.11), so we actually have

2-2pu+v)p=2—-2kp<-2k—-2< -2
because 2kp > 2k + 4 by (3.6). Combining the last two equations, we then get

Gi(1) < C(r)* 7P 4 ¢ (7)> 2010 /|2|/T| (I7| =)~ dr
/2
for any 6 > 0. Note that this trivially implies
Gi(r) < C <7_>3—2kp LC <7_>2—2,u,p+6 s <T>3—2(,u+l/)p+2§

<C <7_>3—2k:p+25 O <7_>2—2up+25 (3.10)

because p + v = k by above. Now, our assumption (3.6) ensures that
kp >k + 2, kp > 5/2.
In view of our definition (2.11), this also gives
pup = min(kp, p) > min(k + 2,p) > 2
because k > 0 and p > 1 + /2. In particular, we can always choose some § such that
0 <20 < min(kp —5/2, up — 2).

For this choice of 4, it is now easy to check that (3.10) implies the desired (3.8).

Case 2: Suppose (3.7) holds. Then kp > k+2 > 3, so the estimates of the previous case are
still applicable. Thus, to establish (3.5), we need only worry about the potential term now.
As in the previous case, it suffices to show that

Go(T) = /}R3 Viz)? u(z,7)?de < C (1) 772, 7<0 (3.11)

for some € > 0. Arguing as before and using our assumption (2.7), we find

[e%S) r 201k
Go(1) < C/O Y2 4+ ) | =) (1 +1In Il +1m) >> dr.

In analogy with (3.9), we divide this integral into three parts, and we now get

@mgo/m

2|7|

2|7| 261k
+C <T>2_2l_2“/ (7| —r)™> (1 +1In (Il +r) T>) dr

|7]/2 (|7l =)

IT1/2
<T>2_2l_2k dT’+C<T>_2k/ <T>2_2l dr
0
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because 1+ v = k. Since [ > 2 by our assumption (2.7), we then get

2|7|
Go(7) < C ()22 4 0 (1) 72 4 © ()02t / (el =) dr

|71/2
for any € > 0. Note that this trivially implies
Go(r) < C <7_>72k O <7_>272l72,u+€ . <7_>372172k+2s
<C <7_>—2k+25 s, <T>2—2l—2u+26 (3.12)
because | > 2. Now, our assumption (3.7) ensures that k£ > 1, hence
p=min(k,1) =1
by our definition (2.11). In particular, we can always choose some ¢ such that
0<2 <min(k—1,up+1-2).

For this choice of ¢, it is now easy to check that (3.12) implies the desired (3.11).
This finally completes the proof of (3.5), which also implies our first assertion (1.13). To
prove the remaining assertions of the theorem, we set

u;(x,t)_u@t)—i/oo ! /| ) tF(u(y,T))dSydT

T—1

~u(y, 7)dS, dr.
/ T—1 y:v|7't ( ) !

As one can readily check, ug is then a C?-solution to the homogeneous wave equation (1.8).
Besides, the expression u — ug bears a close resemblance to the Duhamel operator (1.10), so
one may establish the convergence

l|lu —ug|le =0 as t — 400

in the exact same way that we obtained (1.13). Given some other C?-solution with the same
properties as ug, the difference w of the two must satisfy the homogeneous equation (1.8)
and its energy norm ||w||. must tend to zero as ¢ — +o00. Since this implies that w = 0, the
uniqueness assertion of the theorem follows as well. H

4. NON-EXISTENCE OF THE SCATTERING OPERATOR

In this section, we give the proof of Theorem 1.6. One of the key ingredients in the proof
is a standard fact about the wave equation. We only include its derivation here for the sake
of completeness.

Lemma 4.1. Let the assumptions of Theorem 1.1 hold. Also, assume

e(x) =0, Y(z) <0, V(z) <0  forall x € R’
Denote by u and ug the solutions of Theorem 1.1 and Lemma 2.1, respectively. Then
I

u(z,t) > ug (z,t) = i o

(2 + t€)| dSe (4.1)

for all x € R® and each t < 0.
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Proof. Repeating the iteration argument in the proof of Theorem 1.1, we let ug = u, and
then recursively define a sequence of functions {u;} by setting

Due to our assumption that ¢ = 0, we have the explicit representation

P(x + t€) dSe.

up(z,t) = uqy (z,t) = yym "

Due to our assumption that ¢ < 0, we thus have uy = u, > 0 for each ¢t <0.
Suppose u; > u, > 0 for some ¢ and each ¢ < 0. When it comes to the expression

[(LF(u;)](x,t) = %/ L /| . F(u;(y, 1)) dS, dr

o b= T

we defined in (1.10), we then have F'(u;(y, 7)) = u;(y, 7)? whenever ¢t < 0. Thus, the whole
expression is non-negative for each ¢ < 0. The same is true for —Z(Vu;) because V' < 0 by
assumption. Using (4.2) and induction, we thus find u; > ug > 0 for all i and each ¢ < 0.
Since the solution u arises as the limit of the sequence {u;}, the result follows. |

We are now ready to give the proof of Theorem 1.6. We divide the proof into two parts,
as we are making two different kinds of assumptions in this theorem.

Proof of Theorem 1.6 assuming (1.15). Our goal is to show that the unique solution of
Theorem 1.1 does not exhibit the asymptotic behavior

llu—ug|le = 0 as t — —oo. (4.3)

When it comes to this theorem, we are assuming the initial data are such that

px) =0, P(2) <0,  |Y() = e () (4.4)

for some £; > 0. In this case, we also assume that (1.15) holds, i.e., we assume that
kp >k +2, 0<k<1, 0% V(z) <0. (4.5)

With R > 0 to be specified below, let us fix a smooth test function ¢ > 0 such that
((z)=1 if |z| < R; (4.6)

A¢(@) < (2)" i [a] 2 Ry
[C(@)] +[VC(@)| = O(z™)  as [2] — o0

We remark that our test function ¢ lies in L*(R?) because of the last equation.
Suppose now, for the sake of contradiction, that (4.3) does hold. Since ¢ € L? by above,
we may then use Holder’s inequality to see that

Hi(t) = g C(z) - O(u —uy ) de (4.9)

is absolutely convergent on (—oo, —ty) for some ¢, > 0 and that
Hi(t) —0 as t — —oo. (4.10)
By definition, the functions u, u; are solutions to the equations

Otu = Au+ F(u) — V(z) - u, Otuy = Auy .
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Differentiating (4.9) under the integral sign, as we may, we thus obtain the identity
Hit)=[| ¢-Alu—uy)de+ | (F(u)de— [ (Vudx (4.11)
R3 R3 R3
for all times t < —t.

To handle the first integral, we use the estimates of Theorem 1.1 and Lemma 2.1. Since
both u and u; are known to lie in the Banach space (2.4), we certainly have

> 105 Tule, t) —ug (2, 0] < OWi(Ja], 1),
|| <2
where Wy, is our weight function (2.6). We remark that the last equation reads

(Jo] + ™
(Jof - |t|>)

in this case, as k < 1 by our assumption (4.5). In particular, we trivially get

Y 108 ule, t) = ()] < O (Ja| + [H) 7" - () (4.12)

o <2

> 10Elute, ) = w0 < € (ol + i)~ (14 1

o <2

because the logarithmic factor is bounded whenever [t| > 2|z].
Let us now return to our identity (4.11) and integrate by parts to obtain

Hi(t) :/R?)Ag-(u—ua)dx—i— RSCF(u)dx— RBCVudx

One can easily justify this integration by parts using the decay properties (4.8) of ¢ and our
estimate (4.12). Next, we recall (4.6), according to which A¢ = 0 whenever |z| < R. Once
we now employ (4.7) and (4.12) to estimate the first integral, we find

A< [ @t W de <o BT
lz|>R
Inserting this estimate in (4.13), we thus find
Hi(t)> | ¢(Fu)dr— | (Vudz—C &) (R)™Y? (4.14)
R3 R3
for all times t < —ty and some constant C' which is independent of R.
To handle the last two integrals, we recall the various sign conditions we have imposed.

First of all, the test function ¢ was chosen to be non-negative, while V' < 0 by (4.5). Due to
our choice (4.4) of initial data, we can also invoke Lemma 4.1 to get

wwt) > W @t asesopl [ @t dse (4.15)

4T Jig1=1 g[=1

This shows that u is non-negative, so the same is true for F'(u) = u? as well. Ignoring the
first integral in (4.14) and using the fact that (Vu < 0, we then trivially get

HO= [ Vilds- oo () (4.16)
|z <[t]/2

for all times t < —ty and some constant C' which is independent of R.
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When it comes to the integral in (4.16), we have |t| > 2|z| within the region of integration.
Assuming that |t| > 1 as well, we may now use (4.15) to find that

u(z,t) > Clt| (z +t&) "1 dSe > Cy|t| 7
lgl=1
within the region of integration. In particular, (4.16) also implies

H0) = Cili ™ | /|

x| <[t[/2

Cvlde = oty
for all times t < —ty — 1, so it actually implies

H() > Gyl [/l

z|<R

ICV| dz — Cs (R)l/ﬂ (4.17)

for all times t < —ty — 2R — 1. Besides, the constants C, Cy are independent of R.
Since ((z) = 1 whenever || < R by (4.6), the expression in brackets is given by

/|<R V] da — Cy (RY V2 = / V| do — Cy (R) V2

lz|<R

Recalling (4.5), we now fix some Ry > 0 so that V' £ 0 in the ball |z| < Ry. Since

/ V| dz — Cy (R ™2 > / V| dx — Cy (R)™/?
lz|<R

|z|<Ro
for each R > Ry, we then have

1
/|<R (V| de — Cy (R)™V? > 5/ V| dz

|z|<Ro

for a sufficiently large choice of R.
Fixing R and inserting the last inequality in (4.17), we find

Hi(t) > Csft|™
for all times t < —t;, where t; =ty + 2R + 1. Since k < 1 by (4.5), this also gives
Hi(t) > Cslt|™ = Cyft[™
and we may now integrate to get
Hy(t) — Hy(2t) > C51n?2

for all times t < —t;. Note that this is contrary to (4.10). Since we obtained (4.10) under
the assumption that (4.3) holds, the contradiction above disproves (4.3), as needed. |

Proof of Theorem 1.6 assuming (1.16). Once again, we consider initial data with
p(x) =0,  (x) <0,  [P@)]>e (x)™ (4.18)
for some £; > 0 and our goal is to disprove the convergence
|lu—ug|le =0 as t — —oo. (4.19)
In this case, however, we assume that (1.16) holds, i.e., we assume that
0 <k, k+2<kp<5/2, V(z)=0. (4.20)
Since 2kp > 2k +4 > 4, it is clear that (|| 4 [t|) ™™ € L%(R3) for all times.
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Suppose now, for the sake of contradiction, that (4.19) actually holds. Then
Hat) = [ ol + i)™ - 0w = ) d (421)
is well-defined on (—oo, —Tj) for some T > 0, and one easily finds that
0 = kp [ (ol + 177 0= ) do
[ el 41007 A=) da

+ / (el + [6) ™ - F(u) de
RS
= By + By + Bs (4.22)

for all times t < —Tg.
First, we focus on By. According to Holder’s inequality, we have

1/2
Bl < = wg - ([ fal 1) o)
and since 2kp + 2 > 6 by above, this also implies that
|Bi| < Clu—uglle - (17 (4.23)
Next, we obtain the exact same estimate for By. Integrating by parts, we get
—kp— _
Bl <€ [ (el + 1) V(0= )] do

and then an application of Holder’s inequality gives

1/2
Bal < Cllu=wlle- [ Gl + 1) 772 o)

- 1/2—k
< Cllu—ug |l - (&) (4.24)
exactly as before.

Finally, we obtain a lower bound for Bs. Note that Lemma 4.1 applies to give

u(z,t) > C|t] - (x +t&)"" ds,
within the region of integration for all times; < —Tj. Since this implies
u@wzcw€|@+ﬁde&zcw*
=1
whenever [t| > 1 and |t| > 2|z|, we then easily find that

By > / (| + [t - w(a, t)P do > C (£)* > (4.25)
j4/3<]zl<]0)/2

for all times t < —Tj — 1.
Let us now return to (4.22). Using our estimates (4.23), (4.24) and (4.25), we get

Hy(t) = Oy ()" = Collu — ug || - (1)
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for all times ¢t < —Ty — 1. Moreover, our assumption (4.20) ensures that

<t>1/2—k:p < <t>3—2kp

because it ensures that kp < 5/2. Combining the last two equations, we then find

Hy(t) = |Cy = Callu = ug ||| - 87

for all times ¢t < =Ty — 1. In view of (4.19), this also implies

Hy(t) = Cy (1)~

for all sufficiently negative times, say, for all times t < —T7.
Next, we integrate the last inequality to get

Hy(t) — Hy(2t) > Cy (t)* 72 (4.26)

for all times t < —T}. Recalling our definition (4.21), we also have

1/2
(o) < 040 = )z ([ Gl 1) o)

for any s whatsoever. Since 2kp > 2k + 4 > 4 by (4.20), this actually implies

|Hy(s)| < C|lu— ug||e(s) - (s)*/*7

for any s whatsoever. Once we now combine this fact with (4.26), we find

Cy (t)* < sup 2|Hy(s)]

2t<s<t

<O sup [lu—ug|le(s)
2<s<t

for all times ¢t < —T7. Since kp < 5/2 by our assumption (4.20), this also gives

sup ||u — ug ||e(s) > C5 (1)**7 > Cs,
2t<s<t

contrary to (4.19). Thus, the convergence (4.19) cannot possibly hold, as needed. |
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