SMALL-DATA SCATTERING FOR NONLINEAR WAVES OF CRITICAL
DECAY IN TWO SPACE DIMENSIONS

PASCHALIS KARAGEORGIS AND KIMITOSHI TSUTAYA

ABSTRACT. Consider the nonlinear wave equation with zero mass in two space dimensions.
When it comes to the associated Cauchy problem with small initial data, the known existence
results are already sharp; those require the data to decay at a rate k > k., where k. is a critical
decay rate that depends on the order of the nonlinearity. However, the known scattering results
treat only the supercritical case k > k.. In this paper, we prove the existence of the scattering
operator for the full optimal range k > k..

1. INTRODUCTION

We study the scattering problem for the nonlinear wave equation
O'u— Au=F(u) in R* xR, (1.1)

where F'(u) behaves like |u|? for some p > 1. When it comes to the associated Cauchy problem,

it is known that both the size of p and the decay rate k£ of the initial data play a crucial role

in the existence theory for small initial data. In fact, the condition £ > 2/(p — 1) is one of

the sharp conditions needed to ensure the existence of small-amplitude solutions. However, the

scattering operator for (1.1) has been constructed only in the supercritical case k > 2/(p — 1).

In this paper, we construct the scattering operator for the full optimal range k£ > 2/(p — 1).
Let us first focus on the associated Cauchy problem and prescribe initial data

u(z,0) = ¢(x), Oyu(z,0) = (x). (1.2)
A sharp existence result for (1.1) was obtained by Glassey [1] under the assumption that ¢,

are compactly supported. An extension of Glassey’s result to more general data was obtained
by Kubota [5] and independently by Tsutaya [10, 11]. In these results, one assumes that

Do 10%e@) + Y 1070(@)] < e(1+ [af) 7! (1.3)

o <3 I81<2

for some £ > 0 and some small ¢ > 0. To ensure the existence of classical solutions to the
associated Cauchy problem, it then suffices to require that
3+ V17 2

> —— k> ——. 1.4

p 5 S — (1.4)

Recall that p denotes the order of the nonlinear term. Conditions (1.4) are also known to be

necessary for the existence of small-amplitude solutions. That is, there exist arbitrarily small

initial data satisfying (1.3) for which the solution to (1.1) blows up in finite time, if either

l<p<(B3+V17)/20relse 0 <k <2/(p—1) for some p > 1; see [2, 7, 11].
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When it comes to the associated scattering problem, Tsutaya [12] established the existence

of the scattering operator for small initial data under the assumptions
3 17 2

A similar scattering result was obtained by Kubota and Mochizuki [6], however the additional
assumption k > 1/2 was imposed there. In view of the existence results stated above, the only
possible improvement of Tsutaya’s result [12] amounts to replacing his conditions (1.5) by the
conditions (1.4) which are necessary for the existence of solutions. Our goal in this paper is to
show that such an improvement is feasible for the two-dimensional problem (1.1). Namely, the
conditions which are necessary for the existence of solutions are also sufficient for the existence
of the scattering operator. It is perhaps worth mentioning that this is no longer the case for
the three-dimensional version of (1.1). In three space dimensions, that is, the sharp conditions
needed for the existence of the scattering operator are

2 5
p>14+v2, k>—"  kp>-~- (1.6)
p—1 2

and only the first two of those conditions are necessary for the existence of solutions; see our
previous work [4] for more details. Based on the results of [4], one would expect

n+1++vn2+4+10n—7 2 n
> k> —— kp>ot1
2(n— 1) M2 T et

to be the analogous sharp conditions in n space dimensions. Here, the rightmost condition is
redundant only when n = 2, as the middle condition already implies that kp > k + 2 > 2. For
a list of the known results in higher dimensions, see [3] and the references cited therein.

Let us now focus on the two-dimensional scattering problem for (1.1). In what follows, we
denote by u, the solution to the homogeneous wave equation

Oug — Aug =0  in R*xR (1.7)

subject to the initial data (1.2). As it is well-known, one can obtain a solution u to (1.1) by
solving the associated integral equation

u=uy, +ZLF(u), (1.8)
where the Duhamel operator .Z is defined by the formula
I Fu(x 4+ (t — 1)y, 7))
2Pl =5 [ - | ) 4y dr. 19)
27 J oo jyl<1 V1- 1yl

Regarding the existence of solutions to (1.8), we shall establish the following

Theorem 1 (Existence). Let ug be the solution to the homogeneous wave equation
at2uO - A'U/O = 07 ’Zj,o(iﬂ, 0) = 90(‘77)7 atU()(iU, 0) = w(@
Assume (1.3), (1.4) and take F(u) = £|u|P or F(u) = *|u[P~ u. If € is sufficiently small, then
the integral equation (1.8) has a unique C?-solution.
Remark 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).
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The proof of Theorem 1 is essentially based on the approach of [6, 12], where the existence
of solutions was shown for supercritical decay rates k > 2/(p — 1). To extend these results to
the critical decay rate, however, we need to establish a new estimate for the kernel associated
with the homogeneous wave equation in two space dimensions; see Lemmas 16 and 17. This
new estimate plays a key role in treating the logarithmic singularity that arises in the kernel,
and it also provides a crucial refinement of the estimates used in [6, 12].

As an immediate consequence of Theorem 1, we shall also establish the following

Theorem 3 (Scattering). Let the assumptions of Theorem 1 hold and define the energy norm

1/2
|w]|e = </ |0yw(z, t)? da:‘—l—/ |Vw(x,t)? dx) ) (1.10)
R2 R2

Then the unique solution u provided by Theorem 1 satisfies

lluw —ugylle =0 as t — —oo, (1.11)
and there exists a unique solution ug to the homogeneous equation (1.7) which satisfies

l|lu —uglle — 0 as t — +o0. (1.12)

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

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 we establish some useful
estimates involving our weight function (2.6). In section 3, we obtain a new estimate for the
associated kernel and we also establish the basic estimate for the existence proof. Finally, the
proofs of our main results, Theorem 1 and Theorem 3, are 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. 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(z). (2.2)
When it comes to the initial data, we shall assume that
Y 10se@) + ) |8v(@)] < e fa)™ (2.3)
la|<3 laf<2

where (x) = 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) eC(R*x R) for |a| <2, |[ul| <oo}. (2.4)
Here, the norm || - || is defined by
lull = D sup |07, t)] - wi(l], [t), (2.5)
|| <2 z€R?

teR
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where the weight function wy is of the form

(lz] + |t|>)_6’“’”2

el ) = e+ 1) Gl = ey {1+ S22

with # = min(k,1/2), v = max(k — 1/2,0) and 61 /2 the usual Kronecker delta.
For the proof of the following lemma, we refer the reader to [5, 10].

Lemma 4. Let p € C*(R?) and ¢ € C*(R?) be subject to (2.3) for some e >0 and 0 < k < 1.
Then the Cauchy problem (2.1)-(2.2) admits a unique solution uy, € X, where X is defined by
(2.4). Moreover, one has ||ug || < Coe for some constant Cy that depends solely on k.

Remark 5. Although Lemma 4 applies for the case k > 1 as well, the definition (2.6) of the
weight function needs to be slightly modified for that case. When it comes to the nonlinear
problem we wish to address, however, we need only treat the case 0 < k < 1 because the decay
rate k may be decreased without loss of generality; see (2.10).

Next, we turn to the nonlinear wave equation

Otu — Au = F(u) in R* x R. (2.7)
When it comes to the nonlinear term F'(u), we assume that
FeC*R);,  F(0)=F'(0)=F"0)=0 (2.8)
and that the estimate
|F"(u) = F" ()] < A(Jul + [v])"™ - |u — v| (2.9)

holds for some A > 0 and some p > 3+‘ﬁ
Recall that we seek a solution to the integral equation (1.8), where wu, is the solution of
Lemma 4. One of our assumptions 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 1 1 p

— <-4 -<z--1
p—1 2+p 2

whenever |u|, |v] < 1.

whenever p > 3+\ﬁ , this means there is no loss of generality in assuming
p%lgk<;+;<g—1 p>3+T\/1_7. (2.10)
Now, in the definition (2.6) of our weight function, we also introduced the parameters
8 = min(k, 1/2), v = max(k — 1/2,0). (2.11)
Under our assumption (2.10), those are easily seen to satisfy the conditions
0<~p<1, B+y=k<1, Bp > min(k + 2,p/2) > 3/2. (2.12)

In what follows, we shall frequently need to use the following four elementary facts.



SCATTERING FOR NONLINEAR WAVES OF CRITICAL DECAY 5

Lemma 6. Let r,t > 0 be arbitrary. Assuming that 0 < a <1/2 and 0 < k < 1, one has

1/2 o <y>a ek 1
rY /| r—try)e dy < Cla, k) - wi(r,t),
t—r

where the weight function wy is given by (2.6).

Lemma 7. Let b >0, y € R and z > |y| be arbitrary. Assuming that ¢ < —1, one has

/:o (z)° (1 +1In %)b dz < C(b,c) - (=) (1 +1In %)b

Lemma 8. Let w < 0 be arbitrary. Assuming that 0 < a <1 and a+ ¢ > 1, one has

/w (@L dy < Cla,c) - (w)' ¢,

—oo (W — y)a
Lemma 9. Let w > 0 be arbitrary. Assuming that 0 < a <1,b>0 and ¢ < 1, one has

R ( <w>)b I—a e
Aiz/ ————— (1+In-— ) dy <C(a,b,c) - w *(w) °.
o (wxy) (y)

Essentially, the proof of the first fact can be found in [10], where the case a = 0 is treated
in Lemma 3.5 and the case a = 1/2 is treated in Lemma 3.6. The proof of the second fact can
be found in [4], while the proof of the third fact appears in [3]. Finally, the fourth fact follows
easily from Lemma 3 in [4]; we only include its derivation here for the sake of completeness.

Proof of Lemma 9. Note that w £ y is equivalent to w whenever 0 < y < w/2, while (y) is
equivalent to (w) whenever w/2 <y < w. This gives

Ay <Cw™ /Ow/2 ()~ (1 +In @)b dy + C(w)™* /w (w+y)*dy,

<y> w/2

/Ow ()™ (1 +1In %)b dy < Cw (w)™*

is provided by Lemma 3 in [4]. Since a < 1 by assumption, the result follows easily. |

while the estimate

Lemma 10. Let r > 0 and t € R. Assume (2.10) through (2.12) and fix some
0 <& < min(Bp — 3/2, 1/2). (2.13)

Then we have

Ay X5+1/2 (A,
e [ S S v < ooy

where Ay =t — 7+, w 18 given by (2.6) and the constant C' is independent of r,t.

Proof. Since A, =t — 7 4 r > r within the region of integration, it is clear that

A \041/2
I <7~1/2/ / A wM)I;D d\dr.
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First, we treat the part in which 7 > 0. For this part, we have to show that

Ay \041/2 —p
—1/2// A wk’ A)T) d\dr < Cwy(r,t) ™! (2.14)

)

whenever ¢ > 0. Let us recall the definition (2.6) of our weight function wy, and write

LT \6H1/2 () Bp A Pok,1/2
_ Tm/ / T gy (1 L A T>) d\dr.
t—7—r] /\+T+T—t) (A=)

Changing variables by = A — 7 and y = A + 7, we then get
t+r < >76p Yy <y> POk,1/2
Ts < C’r_l/2/ y—/ (x4 y)2 TV ()P (1 +In —) dx dy.
’ | (r—t+y) ), (z)
Since z 4+ y < 2y within the region of integration, this trivially leads to
t+r o+1/2—0p y Pok,1/2
T5 < CT_I/Q/ <y>—5/ ()P (1 +1In @> dx dy.
| (r=t+y)° Jo (z)
Since yp < 1 by (2.12), we may now apply Lemma 9 with @ = 0 to find
t+r 6+3/2—pBp—p
Y gy
-] (r—t+y)
Noting that Bp + yp = kp > k + 2 by assumption, this also implies
; t+r <y>5 1/2—k
I; < Cr! 2/ L dy < Cwy(r,t) 7"
’ t—p) (T =T+ y)°

by means of Lemma 6. In particular, the proof of (2.14) is complete.
Next, we treat the part in which 7 < 0. For this part, we have to show that

o min(0,t) At /\6+1/2 _T)*P 1
—— / / _)5 d\dr < Cuy(r, [t]) (2.15)
for any t € R whatsoever. Proceeding as above, let us first write

min(0,t) Ay )\6—1—1/2 >*ﬁp <)\ o 7_> POk.1/2
Ty =12 A P41 d\dr.
/ /| )\—1—7'+7“—t) A+ ( +n</\+7'>> T

Since 7 < t within the region of integration, we have A > |A_| >t —7 —r. Since 7 < 0, we also
have A > |A_| > |t — r| + 7. Changing variables by © = A — 7 and y = A + 7, we then get

% 1/2 i (y) " - 54+1/2 Bp (x) POk1/2
Iy < Cr- / — / (z+y) (x)~ <1 +1In —) dx dy,
’ t—r (T —t+ y)6 z <y>
where we have set z = max(|y|, [t — r|) for convenience. Since x + y < 2x here, we find

t+r —p 0o POg,1/2
75 < C’r_l/2/ w7 G / (z)O /20 <1 +In @) dzx dy.
t z

L (r—t+y (y)
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Moreover, § +3/2 — Bp < 0 by our assumption (2.13), so Lemma 7 applies to give

POk,1/2
i < C’r_l/2/ w7 Z)8/2=hp (1 +1In @) dy 2.16
’ A DR (y) (216)

with z = max(|y|, [t — r|) as above.
Case 1: When t > 0, we have t —r < |t —r| <t + r, so equation (2.16) reads

T < C’I“_l/Q/ <y
° [t—r| (T — 1+ y)(S
>_'YP

t=rl (t—r) Pokrs2
i Cr=Y2 (4 — 6+3/2ﬁp/ Ny (1 +1In —) d
{t—7) . (r—t+y) () !

because z = |y| within the former integral and z = |t — r| within the latter. When it comes to
the former integral, we have kp > k + 2, hence also

t4r <y>5+3/27kp t4r <y>571/27k
7’_1/2/ 5 dy < 7‘_1/2/ s dy < Cuwy(r, )™
v (1 =1+ Y) v (1 =1 +y)
by Lemma 6. In particular, it suffices to treat the latter integral
r—t —p ¢ POy, 172
1—(/;// = 7,—1/2 (T . t>6+3/2—[3p/ <y> = (1 +1n <T >> dy
o (r—t+y) {y)
whenever r > t. Since yp < 1 by (2.12), an application of Lemma 9 gives
I:S” < CT—l/Z(T _ t)l—é <7” . t>5+3/2—kp
< Cr P — )"0 (r— )R
Since 3 + v = k, we may thus deduce the desired (2.15) once we know that
2 =) = )T <O e+ 1) when r > ¢ > 0. (2.17)
If r >t and r < 1, then each of r £ ¢ is bounded and we easily get the desired
7;1/2(7, i t>175 <r . t>6—1/2—6 < C"rl/Q*‘; <C
because 6 < 1/2. If r > max(t, 1), then r is equivalent to (r +t) and we similarly get
R e e (e e e e el (S ) R SR A

because 5 < 1/2 by (2.11).
Case 2: When t < 0, we have |r +t| <r+ [t| = r — t, so equation (2.16) reads

Ig < Cr—1/2 <T‘ . t>6+3/2—ﬁp /H_T <y>7ﬁ/p . (1 +1In <7’ — t>)p5k’1/2 dy. (2.18)
i (r=t4y) (y)
Subcase 2a: If it happens that || < 3r, we proceed as in the previous case to obtain
Z(/SI < Cp—1/2 (r— t>5+3/2—ﬂp /rt <y>—7p ) (1 +In (r— t>>p6k'l/2 dy
i (r=t+y) (y)
< CT_I/Q(T . t)l—ci <7, . t>6—1/2—k

t+r >*’Yp

t+r >5+3/2—kp

dy
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using Lemma 9. Since r — t = r + [t| < 4r for this subcase, we then get
IY < PP (g )R < O iy

because § < 1/2. This estimate is actually stronger than the desired (2.15).
Subcase 2b: If it happens that —t = |¢t| > 3r, then (r + t) is equivalent to (r — t) because

[r+t] <r+t|=r—t<-2r+t)

for this subcase. Since 6 < 1/2, equation (2.18) then trivially leads to

t+r
Zy < Cr P e ) [ )y
t—r
<P e )T < O )
This estimate already implies the desired (2.15), so the proof is finally complete. |

Lemma 11. Under the assumptions of Lemma 10, one also has

b= A= Nwi(\, 7)) 7P dhdr b
Jo= / / k(1/2|9 ) <Cr (i - 7“>1/2 e,
min(t—r,0) JO )\3_ A ()\, — )\)9

where 0 < 6 < 1/2 is arbitrary and v = 0, 6.

Proof. If t < r, then there is nothing to prove. Assume that ¢ > r and write

t=r Awg(A\, 7)7P dNdt
Ty = / / e (2.19)
In order to estimate the integrand, we use the fact that
A A AT
= <C ) 2.20
Ao t—T—1 " (t—r) (220)

This holds if 0 <7 < (¢t —r)/2, in which case t — r — 7 is equivalent to ¢ — r, but it also holds
if (t—7r)/2<7and0<\X<t—r—7,in which case A + 7 is equivalent to ¢t — r. Using (2.20)
and our assumption 0 < # < 1/2, one now easily finds that

1/2
PUD e D W t—r

Using (2.20) and the fact that A\, =¢ — 7+ r > 2r, one similarly finds

A _ONE I\
NS '

t—r

This proves the estimate

=0,0. (2.21)

t—r

A CNV (A 7\ 2
< . , v
N AT
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Inserting this estimate in (2.19) and changing variables by x = A\ — 7, y = A+ 7, we now get

CT_V /t—r yl/Q—V <y>_ﬁp

(t =)t/ t—r—y)°

y POg,1/2

/ (z +y)V/2H ()P (1 +In @> dx dy.

y (z)

Since yp < 1 by (2.12), we may apply Lemma 9 with a = 0 to obtain the estimate
y <y> Py 172
x
-y
for the inner integral. Since Op + yp = kp > k + 2 by assumption, this implies
ey T

(t =)tz t—r—y)
Noting that y/ (y) is an increasing function for all y, we thus arrive at

C?”_V(t - r)1/2+u t—r <y>—kz
e A =

o [ (y) "
<Orvi{t—r)" ”/ Mgy,
< ) o (t—r—y)
Since k < 1 by (2.12), we may then apply Lemma 9 with b = 0 to get
T < Crv (t— r>—1/2+u+(1—9)—k'

This is precisely the desired estimate for Jp, so the proof is finally complete. H

X

Jo <

Jo < 5 dy.

Jo <

Corollary 12. Under the assumptions of Lemma 10, one also has

Awg (A, |T])7P dAdr _V 1/2—0+v—k
Tl = /It 7"|/ NG _)\)9<C’r (t —r) ,

where 0 < 0 < 1/2 is arbitrary cmd v=20,0.

Proof. If ¢t < r, then there is nothing to prove. Assume that ¢t > r and write

Awg(A ) P d\dr
g79 j@ /T:t/O 1/2 9 } _)\)0 9 (222)

where Jp is given by the previous lemma. Since jg is known to satisfy the desired estimate, it
suffices to treat the remaining part J; — Jy. Since 7 < 0 for this part, one clearly has
A A A A—T
= < <

A t—T—1 " t—1 " t—r7

within the region of integration. Using this analogue of (2.20), one obtains the estimate

A )\1/2+I/ \— T 1/2—v
)\9)\1/20§ v .<t—r) ; v=0,0 (2.23)
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in the same way that we obtained (2.21). Once we now insert this estimate in (2.22), the change
of variables t = A — 7, y = A + 7 leads us to

. Cr—" t—r <y>*7p
G0 g |

3(t—r) <J}> POk,1/2
/ (l’ + y)1/2+u L pl/2ev <x>*ﬁp (1 +1n _) dz dy. (2‘24)
1y (y)

Let us denote the inner integral by [Ji,. Since x + y < 2x here, we certainly have

I < C (1 I @”)p /|y T(H) ()" da,

and this trivially leads to the estimate

Jn <C (1 +In %)PH <<t —r)> Py (y>27ﬂp>.

Next, we insert this fact in (2.24). Since 8p + vp = kp > k + 2, we arrive at

, Crv (t—r)> PP [tr ()" n =)\
Ty — Jop < (t — )2 /0 (t—r+y) (1 1 (y) ) W
)

Cr—" t—r —k t— p+1
S L A
t—r)2Jo @E—rEy) (y)
Recalling that yp, k < 1 by (2.12), we may then apply Lemma 9 to get

% . j@ S CT’iV(t . r)1/279+1/ . <t - T>_k .
Since 1/2 — 6 + v > 0, this does imply the desired estimate. [

Lemma 13. Under the assumptions of Lemma 10, one can always find some 0 < 0 < 1/2 such

that the estimate
A wg (A, |7‘| )P d\dT N
e [ S < g

holds. In fact, one can simply take 6 = 1/2, except when 0 <t <2r andr >1and k> 1/2, in
which case one can simply take 0 = § with § as in (2.13).

Proof. We divide our analysis into three cases.
Case 1: Suppose t < 0 or t > 2r or r < 1. Then we need only show that

Awg (A, |T])7P dAdr —k
= < —
Kije = / / NI C({r—t)". (2.25)
First, we employ Corollary 12 with § = 1/2 and v = 0 to get the estimate

Aw(A, |T])7P dAdr k
= <C{(r—t)y .
j1/2 /t r|/ 1/2 )\)1/2 = <7’ >
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Next, we treat the remaining part
t=rl A= N\, |7]) 7P dX dr
Kija— Tl = / / a .
172 7 J1/2 1/2 t—?” )\_7_)1/2

We note that A < A, and A < A — 7 within the region of integration. Once we now switch to
characteristic coordinates xt = A — 7 and y = A + 7, we find

t—r =P 0o POg,1/2
T, < _ W' / 1/2-6p (x)
Kijp = Ti)s _C’/_OO G—r g7 ). (x) 1+In ™ dzx dy

with z = max(|y|, [t — r|). Since Op > 3/2 by (2.12), an application of Lemma 7 gives

3/2-Bp <Z> POk 1/2
Kija =T < C/ E (2) (1 +1In —) dy.

t—r—y (y)
Recalling that Sp 4+ vp = kp > k + 2, we then get

>’Yp

—Jt—r] —k—1/2
K2 — ﬂ/g < C/ W) dy

e

+C(t— ) /” _ (1 T T>)p dy

fpr] (E =T — )1/ ()

because z = |y| within the former integral and z = |t — r| within the latter. Using Lemma 8
for the former integral and Lemma 9 for the latter, we deduce the desired (2.25).
Case 2: Suppose 0 <t <2r and r > 1 and 0 < k£ < 1/2. Then we need only show that

Kija < Cwy(r,t) ™1 + Cr= V2 (t — p)27F (2.26)
Namely, r is equivalent to (t 4+ r) for this case, so one also has
rT V2 ) PR <Ot )T (- )T < Cu(r, )T (2.27)

because 5+ =k by (2.12) and 5 < 1/2 by (2.11).
To establish (2.26), we first use Corollary 12 with § = v = 1/2 to get the estimate

Awi(\, |T])7P dAdT 1 19—k
_ < Or V2 (g = )R
J1/2 /It rl/ 1/2 Ty r {t—r)

Next, we focus on the remaining part
=l A= X\, 7)) 7P dhdr
Kz — T = / / a .
1/2 = J1/2 1/275—7"—/\—7)1/2

Note that 2A,. > A+ A\, =t +r+ A — 7 within the region of integration. Once we now switch
to characteristic coordinates x = A — 7 and y = A + 7, we find

Kijz =Tl < C / o ; _@j;lm / x ; +<3;>1+_ip)1/2 (1 +1In %)pdx dy

— 00

with z = max(|y|, |t — r|). Since we are assuming that 0 < & < 1/2 for this case, we have

fp =min(k,1/2) -p=kp > k+2>2
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and then an application of Lemma 7 leads us to
t—r < —Yp 2—0Bp P
y) " (z) (2)
Kio— T/ <C/ 1+1In-—=) dy.
VTR ST ] ) P ) w) "
Since we also have t +r > r > 1 for this case, we trivially get

, oy P )
]C1/2—j1/2§0/00 mdQ-FCT /tr Wdy

+ Cr V2t — )2 /t_r Lp)m (1 +1In u)p dy,

e B =T =y (y)

as z = |y| within the first two integrals and z = |t — r| within the third one. Using Lemma 8
for the first integral, Lemma 6 for the second and Lemma 9 for the third, we then find

Kijg— Tl <C(t+ P 4 Cwp(r, t) "+ Cr Y2 (¢ — T>1/2—k .
Moreover, 3+ = k by (2.12) and v > 0 by (2.11), so we also have

)< )= )T <awg(rt)

Combining the last two equations, we may thus deduce the desired estimate (2.26).
Case 3: Suppose 0 < ¢ <2r and r > 1 and k£ > 1/2. Since (2.27) remains valid for this case as
well, it suffices to establish the estimate

Ks < Cr Y2 — )2 (2.28)

where 0 < § < 1/2 is given by (2.13). Once again, we divide s into two parts to be treated
separately. To treat the first part

KL = 5172 )\wk A, \T| )P dNdr
] 1/2 6 B _)\)5 ’

we need only apply Corollary 12 with 6§ = v = § to get the desired
K =12 gl < Cr V2 (t — 7")1/27]“.

Let us now worry about the remaining part

=rl A= NN, 7)) P dAdr
_ .0-1/2 k
Ko = Ks=r / / / A2 5 A —)\) :

Since Ay =t —7+7r > 2r and A < A_ within the region of mtegratiOn we easily find

Ks — Ky < Cr™! /t ﬂ/ AR wy (N [7]) 77 dhdr
o (t—r—XA—1)°

Switching to characteristic coordinates x = A — 7 and y = A 4+ 7, we thus find

—r —YP o0
Ks — K§ < C'r_l/2/ —<y> / <x>1/2+6_ﬁp (1 +In @) dz dy

foo (t=T—y) (y)
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with z = max(|y|, |t — r|). Since § < Bp — 3/2 by (2.13), we may apply Lemma 7 to get

. _IC/ - Cr71/2 /|t7“| <y>3/2+5—k’p dy
’ = —00 (t —-r—= y>5

t—r —p <t . 7,> P
+COr V2t — 7’)3/2+5_Bp/ " (1 +1In —) dy.
ep) (E =7 —y)° (y)
As kp > k + 2 by assumption and vp < 1 by (2.12), this actually implies

—|t—r —1/246—k
Ty e gy gy
)

_K. < -1/2
Gk et | N

in view of Lemma 9. Since we also have k > 1/2 for this case, we may then apply Lemma 8 to
deduce the desired estimate (2.28). This finally completes the proof. |

3. Basic ESTIMATE FOR THE EXISTENCE PROOF

In this section, we turn our attention to the Duhamel operator
I F t—
LLF(W))(2) = — / (t—7) / et 8.7 4 4r (3.1)
27 J oo yl<1 V1I=1lyP

and prove the following basic estimate for the existence proof.

Lemma 14. Suppose that F satisfies (2.8), (2.9) and assume that (2.10), (2.12) hold. Given
an element u € X of the Banach space (2.4) such that ||u|| < 1, one then has the estimate

|LF )] < Cyfull?

for some constant Cy which is independent of u.

To prove this lemma, we first use a direct differentiation to write
1 [t
0N ZLF )= — 02 F dzd
ngpwlen =g [ g [ aEee ) dedr
for each multi-index a. When it comes to the integrand, we have the estimate
|07 F (u(z, 7))| < Cllull” - wi(l2],[7))7", ol <2

One can easily obtain this estimate using our assumptions (2.8), (2.9) on F' and the definition
of our norm (2.5), so we omit its derivation. Combining the last two equations, we now get

t t — —p
esr@l <ol [ @-n [ EEREIRIDE gy
lyl<1 V1=lyP
Switching to polar coordinates y = p€ with || = 1, we thus get

t —
|08 L F(u)| §C||u||p/ (t—1) / / wllz + tl m)pel 1) pdSe dp dr
l§1=1 _

—0o0

wi(|x + o€, |7|)7?P dSedo dr.

_C||U||p/ / m/g =1

In order to proceed, we need to invoke the following elementary lemma from [5].
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Lemma 15. Let 0 > 0 and x € R%. Given a continuous function g: R — R, one has

o+r 4)\g<)\)
9|z + o€|) dSe = ——— d\,
/f|1 ¢ lo—r| H(A,r,0)
where r = |x| and we have also set
H\r o) =02 —=\=7)2(A+71)?—0o2 (3.2)
Applying this lemma, we now arrive at
t—1 o+r A\ )\
rmgp|<cmwf / / wk““Q s Do
lo—7| \/ t — T g T, U

Switching the order of integration in the two innermost integrals, we then get

t—1 )\ )\
|mfF\<cmw/ / / LG ) A ) g
t—T —0'2 H(A7T7J)

max( /\7 ,0) A+ A A —p
—i—CHqu/ / / W) o
—0 J0 [A—r| (t — 7')2 — 02 H<)\7 r, U)

where we have set Ay =t — 7 £ r for convenience. Write this equation as

00 L P |<C’||u||p/ / g [7) 7 - KOt — 1) dAdr

t—r A
+ CHqu/ / Mg\, [7]) P - KAt — 7) dAdr, (3.3)
—oco JO
where the kernel K(\,r,t) is defined by
min(A+r,t) o
K\ rt)= / —— - H(\r,0)"" do. (3.4)
IA—7| t2 —o?

To estimate this kernel, we shall use the following elementary fact.

Lemma 16. Let r,t > 0 and suppose that max(0,r —t) < A < r+t. Using the notation above,
one can then write the kernel (3.4) in the form

K r) = (8rA) "2 - T(u(A 1)), (3:5)
where p(A,r,t) denotes the rational function
A2 42— 2
A\rt) = ——— 3.6
p(A, 7, 1) 5 (3.6)

and we have also set

ﬂMz/ (s — ) V2 (1— )12 ds

max(—1,u)
for convenience. Here, the function J(p) is well-defined for each pu <1 and satisfies

J(w) SC’ln(l—H,u—i—lrl/Z) near = —1 (3.7)

as well as
J() = O(|ul™?)  as p— —o0. (3.8)
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Proof. We shall merely establish the identity (3.5), as the proof of our remaining assertions
can be found in section 8.2 of [8].
Suppose first that [t — r| < X\ < ¢+ r, in which case our definition (3.4) reads

t
g
K\ rt) = ———— - H(\7r,0)" do. 3.9
(A7, t) /Hl s (Asr0)™ do (3.9)

We note that p(A,r,|A£r|) =F1 and 0,u(\,7,0) = —c/(rA). Moreover, we have
2= o =2rh- (u(rr,0) = p(A 7 1)),

while the equations
ANtr+o)(Atr—o)

p(A, o)1= 5 (3.10)
r
combine to give
H(\ r o0)?
1—p(\ o) = IV
with H(\,r,0) as in (3.2). Using the substitution s = (X, 7,0) in (3.9), we now find
! 1/2
K\ rt) = (87‘)\)_1/2/ (s —p(A\rt) / (1—5%)7Y2 ds.
w(A,rt)
This is precisely our assertion (3.5), since |u(A,r,t)| <1 whenever [t — 7| < A <t +r.
Suppose now that 0 < A <t —r. Arguing as above, one finds that
1
K\ t) = (87“)\)_1/2/ (s — p(Ar, 15))_1/2 (1—s*)712 ds.
-1
This is precisely our assertion (3.5), since (A, r,t) < —1 whenever 0 < A <t —r. |

Lemma 17. Suppose that 0 < 0 and 0 < 6 < 1/2. Using the notation above, one then has

J(u()\,r,t))gC( T >5< A )5 (3.11)

t+r A1 —1

whenever [t —r| < X <t+r; and also

r )9 )\1/2<t _ 1,.)9—1/2 (312)

J(#(A%t))gc(wrr (t—r—2A)

whenever 0 < X\ <t —r. In either case, the constant C' is independent of \, r and t.

Proof. Suppose first that [t —r| < XA <t +r, in which case |p(A, r,t)] < 1. Then (3.7) gives

Y é
A
< 0= :
J(u(\, 7)) < O+ p(\,r,t)] C(HHA) ()\+r—t)

in view of (3.10). Since ¢+ r + A is equivalent to ¢ + r here, our assertion (3.11) follows.
Suppose now that 0 < A <t —r. Using the fact that ¢ > r here, one can easily check that
the rational function (3.6) is increasing in A with

lim pu(X, 7, t) = — t—rrt) =1
i po(A,rt) = —oo,  p(t —n7,)
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Thus, we shall need to use the asymptotic expansions of J(u) at each of these points. To obtain
the desired estimate (3.12), we divide our analysis into several cases.
Case 1: Suppose that 0 < A < (¢ —r)/2. Then we need only establish the estimate

J(u(\ 1) < C (tir)e (t — j_ A)m (3.13)

because t — r is equivalent to t —r — A. For the values of A\ we are considering here,

t—r 5r + 3t
Art) < _— t)] =— < -2
/’L( ,7", )—/’[’( 2 7717 ) 4T —

because ¢ > r by above. Thus, the asymptotic expansion (3.8) ensures that

e . 1/2 A 1/2
) < ClL+pr ) =0 (=) (7=

t+r+ A t—r—

in view of (3.10). Since t + r + A is equivalent to ¢ + r here and since 0 < 1/2 by assumption,
this does imply the desired (3.13).
Case 2: When (t —r)/2 < A <t —r and r <t < 2r, it suffices to show that

A 0
J(p\rt) <C|———| . 3.14
o) = (=) (3.14)
For the values of A we are considering here, however, one has
t—r or + 3t 11
> = — > -
u(%mﬁ)_u( 5 ,r,t> w2
because ¢ < 2r for this case. Recalling (3.7), one then easily obtains the estimate

0 4
A
< < :
‘](/'L(/\7T7t))—C|1+M(/\7T’t)| —C(t+r> (t—?"—)\) ’

which trivially implies the desired (3.14).
Case 3: When (t —7)/2 <A <t—randt>2rand A >t — 3r/2, it suffices to show that

0 0
J(u(\ 1) < C (tir) (t — ?_ A) . (3.15)
Note that A is equivalent to ¢ 4= r for this case. For the values of A\ we are considering here,
p(A,rt) > p (t— 3—T,r,t) = _La= s > _u
2 8t — 12r 4

because ¢ > 2r for this case. Recalling (3.7), one then easily obtains the desired

0 0
A
< < - '
J(u(A, 7, 1)) < CI1+ p(X, 7, t)] _C(tH) (t_r_A)

Case 4: When (t —7)/2 < A <t—randt>2r and A <t — 3r/2, it still suffices to show that
(3.15) holds. For the values of A\ we are considering here, however, one has

3r ) 12t — 13r 3
<

M()\,T,t) S/,L(t—?,’l",t

T Rt—12r = 27
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Thus, the asymptotic expansion (3.8) is now applicable and we get

woemze (i) (=)

ol () ()
t+r t+r t—r—2A

Since A is equivalent to ¢ + r and since r/2 <t — r — X for this case, we thus get

J(,u()\,r,t))gc(t:r)g(t—g—)\)l/Q‘e(ﬁ>l/z

because 6 < 1/2 by assumption. This is precisely the desired estimate (3.15). |

Let us now return to the proof of Lemma 14. As we already know from (3.3), we have

t Ap
L) < o||u|v’/ / Mo\ 7)) KO r b —7) dXdr
—oo J A

t—r A
+C|\u|]”/ / Awi (A 7)) - K(A\, r,t — 1) dAdr,
—00 0

where AL =t — 7 £ and the kernel K (\,r,t) is given by (3.4). Using (3.5) and the estimates
of Lemma 17, we then find

p 5+1/2
0L F (u)| < C|[ull? - 1~ 1/2/ / A ;”’“(AA”)D d\dr

t—r A
+ Clul P - r?~ 1/2/ / Awi(A, |TD d\dr,
)\9 1/2 9 _ )\)9

where 0 < § and 0 < 6 < 1/2 are arbitrary, while C' is mdependent of r,t. Note that the last
equation can also be written in the form

|07 LF (u)| < Cllul]” - (Zs + Ko),

where Zs and ICy are the integrals treated in Lemmas 10 and 13, respectively. Once we now fix
the parameters 0, # in accordance with these lemmas, we get

07 L F ()] < Cllul|” - wi(r, [t))
In view of the definition (2.5) of our norm, this actually implies
12 F(w)]] < Cllulf”

and also completes the proof of Lemma 14.

4. EXISTENCE OF THE SCATTERING OPERATOR

In this section, we turn to the proofs of our main results, Theorem 1 and Theorem 3.

Proof of Theorem 1. Our iteration argument is almost identical with that of [12], so we only
give a sketch of the proof. As we have already mentioned earlier, one may decrease the decay
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rate k of the initial data to ensure that (2.10) and (2.12) hold without loss of generality. We
let uy = uy be the solution given by Lemma 4 and then recursively define

Uir1 = uy + LF(u), i>0. (4.1)
According to Lemma 4, we then have up € X with X as in (2.4), and we also have
l|luol| < Coe.
In order to proceed, we shall assume that e is so small that
2Che < 1, 201(2Cee)P 1t < 1
when (' is the constant appearing in Lemma 14. Then we have
2/l <1, 2C1(2lJuol[)" < 1.

Using Lemma 14 and induction, we now find that ||u;|| < 2||ug|| for all . In particular, the
whole sequence {u;} lies in X. Using Lemma 14 and a contraction argument, as in [12], we
deduce the existence of a unique solution u € X to the integral equation (1.8). |

Proof of Theorem 3. Our first step is to establish (1.11), 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
/ |F(u)]|p2ey dr < C ()5, +<0 (4.2)

o0

for some € > 0; see [9] for more details. In particular, we need only show that
Gr) = / Flu(e, 7)) de < C (72, r<0 (4.3)
R2

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, ) < Cllul | - wi (||, |7])

because u € X by Theorem 1. Recall that the weight function (2.6) is given by

—0k,1/2
an(el ) = (i + 1ol G| = ol (14w T2

where # = min(k,1/2), v = k — [ and 01/ is the usual Kronecker delta. Inserting the last

two equations in our definition (4.3), we now switch to polar coordinates to find that

G <C [~ (el 40 ] 0y (1 n 1%) e a
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Note that each of (|7| & r) is equivalent to (r) whenever r > 2|7|, while each of (|7| £ ) is
equivalent to (1) whenever |7| > 2r. Thus, the last equation also implies

> |7l/2
G(r) < C/ ()20 g g O <7‘>12(ﬁ+7)p/ dr
2|7| 0
2|7 2
+C <|T’—|—T>1_2ﬂp<|ﬂ —T>_2w (1+1n—<|7|+r>> dr.
i GRS

Here, 5 + v = k by definition (2.11), so we actually have
2-2B+vp=2—-2kp < —2k—2< -2
because 2kp > 2k + 4 by (2.10). Combining the last two equations, we then get
2|7
G(r) < C{(r)> 2 4 O (r)! 200 / (7| —7) 2" dr
|71/2
for any € > 0 whatsoever. Note that this trivially implies

G(T) <C <7_>272k:p +C <7_>172,6’p+€ +C <T>272(ﬁ+’Y)P+25
S C <7_>2—2k‘p+25 +C <T>1—2ﬁp+28 (45)
because [ + v = k by above. In addition, (2.10) and (2.12) ensure that

1
e=3 min(kp — 2, Bp — 3/2)

is positive. Invoking (4.5) for this choice of ¢, it is now easy to deduce the desired (4.3).
This finally completes the proof of (4.2), which also implies our first assertion (1.11). To
prove the remaining assertions of the theorem, we set

1 [ F —t
g (z,) = u(x, ) ——/ (T—t)/ (e (0= y7) 4 ar
2m Jy lyl<1 V1=lyP
As one can readily check, ug is then a C%-solution to the homogeneous wave equation (1.7).

Besides, the expression u —ug bears a close resemblance to the Duhamel operator (1.9), so one
may establish the convergence

lu —uglle — 0 as t — 400

in the exact same way that we obtained (1.11). Given some other C?-solution with the same
properties as ug , the difference w of the two must satisfy the homogeneous equation (1.7) and
its energy norm ||w||. must tend to zero as ¢ — +4o0o. Since this implies that w = 0, the
uniqueness assertion of the theorem follows as well. [
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