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Abstract

The initial-boundary-value problem for the Benjamin—Bona—Mahony (BBM)
equation is studied in this paper. The goal is to understand the periodic
behaviour (termed as eventual periodicity) of its solutions corresponding to
periodic boundary condition or periodic forcing. Towards this end, we derive a
new formula representing solutions of this initial- and boundary-value problem
by inverting the operator d;+«d, —y d,; defined in the space—time quarter plane.
The eventual periodicity of the linearized BBM equation with periodic boundary
data and forcing term is established by combining this new representation
formula and the method of stationary phase. The eventual periodicity of the full
BBM equation is obtained under a suitable assumption imposed on its solution.

Mathematics Subject Classification: 35Q53, 35B40, 76B15, 37K40

1. Introduction

This paper is concerned with the initial- and boundary-value problem (IBVP) for the Benjamin—
Bona—Mahony (BBM) equation in the quarter plane {(x, t), x > 0, ¢ > 0},

Uy + Uy + Putty — Yy = f, x=>0,1t>0,
u(x,0) = up(x), x 20, (1.1)
u(0,1) = g(), t >0,

where ¥y > 0, o and B are real parameters. Our goal is two-fold: first, to establish a new
representation formula for (1.1) by inverting the operator 9, +c 9, —y 9., ; second, to understand
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whether the solution of (1.1) exhibits certain time-periodic behaviour if the boundary data g
and the forcing term f are periodic.

The study on the large-time periodic behaviour is partially motivated by a laboratory
experiment involving water waves generated by a wavemaker mounted at the end of a water
channel. Itis observed that if the wavemaker is oscillated periodically, say with along period Ty,
it appears that in due course, at any fixed station down the channel, the wave elevation becomes
periodic of period Ty. Professor Jerry L Bona proposed the problem of establishing this
observation as a mathematically exact fact about solutions of the suitable model equations for
water waves. One goal of this paper is to determine whether the solution u of (1.1) exhibits
eventual periodicity. More precisely, we investigate whether the difference

ulx,t+Tp) —u(x,t) (1.2)

approaches zero as t — oo if g and f are periodic of period 7. Since the solution of (1.1)
grows in time (measured in the norm of Sobolev spaces H k with k > 0)(see [7]), the issue of
eventual periodicity appears to be extremely difficult.

The eventual periodicity has previously been studied in several works. In [7], Bona and
Wau thoroughly investigated the large-time behaviour of solutions to the BBM equation and the
KdV equation including the eventual periodicity. A formula representing the solution of the
BBM equation was derived through the Laplace transform with respect to temporal variable ¢
and the eventual periodicity is shown for the linearized BBM equation with zero initial data
and no forcing term. It appears that the formula derived there cannot be easily extended to
include a nonzero initial data or a forcing term. Bona et al in [6] established the eventual
periodicity in the context of the damped KdV equation

U+ Uy +Uly YU +u=0

with small amplitude boundary data u(0,7) = g(t). They were able to obtain time-
decaying bounds for solutions of this equation and the eventual periodicity follows as a
consequence. Through the Laplace transform with respect to the spatial variable x, Shen et al
in a recent work [10] obtained a new solution representation formula for the KdV equation
and re-established the eventual periodicity of the linearized KdV equation. In addition, the
eventual periodicity of the full KdV equation was studied there through extensive numerical
experiments. We also mention the work of Usman and Zhang [11], in which the eventual
periodicity of the KdV equation in a bounded domain is studied.
In this paper, we first derive a new solution formula for the IBVP

U + Uy — Yy = f, x=>0,120,

u(x, 0) = up(x), x>0, (1.3)
u(0,1) = g(t), t 2 0.
This explicit formula reads
oo
u(x, 1) =gt)e v +[ ['(x =y, Duo(y) dy
0
! o0 o y
+/ / dx —y,t—1) |:f(y, r)+—g(r)e_ﬁ] dydr, (1.4)
0o Jo JY

where I' and ® are given by

0 ixt—i—% ¢
T, ) = | &' we'de,
—00

© 1 ixE—i—
D(x,t) = / Se et dg.
—oo 1 +YE
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I' should be understood as a distribution. To obtain (1.4), we consider both the even and
odd extensions of (1.3) to the whole spatial line. By taking the Fourier transforms of these
extensions and solving the resulting equations simultaneously, we are able to represent

/ sin(x&) u(x, t)dx and / cos(x&) u(x,t)dx (1.5)
0 0

in terms of f, up and g. (1.4) is then established by taking the inverse Fourier transform of the
quantities in (1.5). Corollaries of (1.4) include explicit solution formulae of (1.3) witha = 0
and y > 0 and of (1.3) with y = 0. More details can be found in the second section.

In [3,5], the IBVP (1.1) has been recast as an integral equation through the inversion of
the operator 9; — y 9.+,

u(x,t) = up(x) +g(t)e_% +/ /‘00 K(x,y) (otu + %,3142) (y, 7)dydr, (1.6)
o Jo

where the kernel function K (x, y) is given by

1o by
K =g [e 7 +sgn(x — y)e ‘ﬁ‘]. (1.7)

While this representation is handy in dealing with the well-posedness issue, we find it
inconvenient in studying the eventual periodicity of (1.1) due to the inclusion of the linear
term on the right. The new representation (1.4) allows us to show that any solution of (1.3)
is eventual periodic if f and g are periodic of the same period. The precise statement and its
proof are presented in the third section.

This new representation is also very useful in studying the eventual periodicity of the
full BBM equation. Borrowing some ideas from John Albert ( [1, 2]), we first obtain suitable
large-time decay properties of the kernel functions. By representing the solution of (1.1) in
terms of this new formula and taking advantage of these decay results, we are able to establish
the eventual periodicity for the IBVP (1.1) of the full BBM equation under a suitable ansatz
on its solution. The details of this result and its proof are provided in section 4.

We mention that there is adequate theory of well-posedness and regularity on the IBVP
(1.1). The following theorem of Bona and Luo [4] serves our purpose well. In the following
theorem, we write R* = [0, c0) and C ,’j is exactly like C¥ except that the functions and its first
k derivatives are required to be bounded.

Theorem 1.1. Let I = [0, T]if T is positive or I = [0, 00) if T = oo. Assume thatg € C'(I)
and ugy € Cg(RJ') N H>(RY). Then (1.1) is globally well-posed in the sense that there is a
unique classical solution u € C'(I, CrX(R)YNCU, H?(R")) which depends continuously
ongeC'(I)anduy e C,f(R*) N H*(R").

A more recent work [3] reduces the regularity assumptionsto g € C(/) andup € C g (R")
while (1.1) still has a unique global solution in a slightly weak sense. We shall not attempt to
optimize these regularity assumptions in this paper. The rest of this paper is divided into three
sections and two appendices.

2. The inversion of the operator 9; + €83, — YOzt

This section explicitly solves the IBVP of the linearized BBM equation
uptouy —yuy = f,  x20,120,

u(x,0) = up(x), x , 2.1

=
u(0,1) = g(), tz

)
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where y > 0 and « are real parameters. This amounts to inverting the operator d; + @0y — ¥ Oy
for the quarter-plane problem. Without loss of generality, we assume g(0) = 0.
In the case when y > 0, we consider a new dependent variable

wix, 1) = ulx, 1) — gty e 7, 2.2)
which satisfies the equations
Wy + AWy — YWexr = [ x=20,t>0
w(x, 0) = uo(x), x =0, (2.3)
w(0,1) =0, t >0,
where
fan= f(x,r>+%g<r>e‘ﬁ 2.4)

The IBVP (2.3) has its boundary data equal to zero and is solved through odd and even
extensions to the whole spatial line. The solution u of (2.1) is then obtained by (2.2).

Theorem 2.1. Let I = [0,T] if T is positive or I = [0,00) if T = oo. Let uy €
Cg(RJf) N H*(RY), g € C'(I) and f € C(I, L*(R*)). Without loss of generality, assume
ug(0) = g(0) = 0. Then the unique classical solution of (2.1) can be written as

u(x,t) = g(t)e_% +/ I'(x —y,Huo(y)dy
0

t [o¢] .

+/ / Q(x —y,t—1) [f(y, f)+ig(r)e_ﬁ] dydr, (2.5)

0o Jo JY
where I and ® are given by
ey
L(x,1) =/ et e gk, (2.6)
—0oQ
O(x, 1) = /OO L ist-iniat g 2.7)
T e T+ yE? ' '

I" in (2.6) should be understood as a distribution.

To gain an initial understanding of the formula in this theorem, we consider two special
cases. The firstiso¢ =0 and f =0. Whena =0,

['(x,t) = /OO e dE = 8(x),

o]

where § denotes the Dirac delta. Therefore, for x > 0,
o0
/ P — y, Dup(y) dy = ().
0

Corollary 2.2. The solution of (2.1) with« = 0 and f = 0 is given by
u(x, 1) = ug(x) + g(t)e” 7.

The second special case is when y = 0 and f = 0. Although y = 0 is not allowed in
theorem 2.1, the solution formula for this case can still be obtained similarly as (2.5). Instead
of (2.2), one considers

wx,t) =u(x,t) —g(t)e™
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which solves

w; +aw, = (ag(t) — g'(t))e™™, x20,120,
w(x, 0) = up(x), x =0,
w(0,1) =0, t>0.

Then, as in theorem 2.1, the solution for this special case is

u(x, 1) = g(t)e™ +/ I'(x =y, Duo(y) dy
0

+/ /oo D(x -y, 1 —1)[ag(t)e™ —g'(D)e ] dydr.  (2.8)
0 Jo

This representation allows us to extract a simple solution formula for the IBVP (2.1) with
y =0and f =0.

Corollary 2.3. The solution of the IBVP (2.1) with y = 0 and f = 0 is given by

uo(x_at)v l'fXBat,

u(x,t) = g<t_§)’ ifx < at.

Proof of corollary 2.3. When y = 0,

o0
['(x,1) = / el T8 dg = §(x — at), D(x, 1) = 8(x — at).

—00

If x —at > 0, then
o0 o0
/ G — v Dup(y) dy = f 5(x — at — yuo(y) dy = up(x — ar) 2.9)
0 0

and

/ /oo d(x—y, 1 —1)[ag(t)e™ — g'(x)e™’] dydr
o Jo
= / [ag(r) — g/(r)] /Ooé(x —at+at —y)e Vdydr
0 0

= / [ag(t) — g'(D)] e~ aten) qr
0

t t
= e V! |:f ag(t)e * dr — / g(r)e ™ dri|
0 0

— (e 2.10)
Inserting (2.9) and (2.10) in (2.8) yields
u(x,t) = ug(x — at) ifx —at > 0.

If x — at < 0, then

/ 8(x —at — y)ug(y)dy =0
0

and

00 B g~ (x—attar) ift>tr—alx,
S(x —at+at —y)eVdy = )
0 0, otherwise.
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Thus,

/ /oo d(x—y, 1 —1)[ag(t)e™ — g'()e™’] dydr
o Jo

— / ef(xfat-f-ar) [Olg(‘[) _ g/(_[)] dr

—a~lx
=—g(e ™ +g(t —a ' x).
Therefore, for x < at,
u(x,t) =g — a ' x).
This completes the proof of corollary 2.3.

Proof of theorem 2.1. The major idea is to extend the equation of (2.3) from the half line
{x : x > 0} to the whole line x € R so that the method of Fourier transforms can be employed.
Both odd and even extensions will be considered. The rest of the proof is divided into four
major steps.

Step 1. Odd extension. Denote by W the odd extension of w in x, namely

w(x, 1) ifx >0,

—w(—x,1) if x <O.

Wx,t) = {

If Wy and F are the odd extensions of wg and f, respectively, then W solves the following
initial-value problem:

W, +asgn(x)Wy —yW,,, = F, xeR, t>0 211
W(x,0) = Wo(x), x € R. '
Let W denote the Fourier transform of W, namely
oo
WE D =FW)E 1= / e W (x, 1) dx.
—00
After applying a basic property of the Fourier transform, we obtain
(1 +yEH,WE ) +a F(sgn(x)W,) = F(E.1). (2.12)
According to the definition of W, we have
oo o0
W(E, 1) = / (e — e w(x, 1) dx = —Zi/ sin(x&)w(x, r) dx. (2.13)
0 0

In addition,
0

F (sen(x)W,) (&, 1) = /

—0Q

o0
e S sgn(x) W, dx + / e 5 sgn(x) Wy dx
0

0 . S .
=f e*léx(—wx(—x,z))dﬂf e ¥, (x, 1) dx.
_ 0

[e¢]

Making the substitution y = —x and integrating by parts yield

F (sen(x)W,) (£,1) = — / e wy(y, 1) dy + f e w, (x, 1) dx.
0 0
=i& /oo(e”‘S +e ) w(x, 1) dx
0

= 2i& /OO cos(x&) w(x, t)dx. (2.14)
0
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We can also write F in terms of f as

f(é, 1) = —Zifoo sin(x&) f(x, t)dx. (2.15)
0
Inserting (2.13), (2.14) and (2.15) in (2.12), we obtain
X, 1) —BEYE 1) =m(§, 1), (2.16)

where

X(E, 1) = /oo sin(x&) w(x, 1) dx, YE, 1) = /oocos(xg) w(x, 1) dx,
0

0
af

BE) = Tyéz

and hiE, 1) = %}/52 /Ooosin(xé') fx, 1) dx.

Step 2. Even extension. Denote by V (x, t) the even extension of w, namely
w(x, 1) ifx >0,
Vix,n = .
w(—x,1) if x <O.
It can be easily verified that V satisfies
Vi+asgn(x)Vy, —y V.., = H, xeR, t>0
' gn(x) Y Vixt @2.17)
Vi(x,0) = Vo(x), x € R,

where H and V, are the even extensions of f and wy, respectively. As in step 1, we have
o
VE, 1) :2f cos(x&) w(x, t)dx, (2.18)
0
and
o~ o ~
HE ) = 2/ cos(x&) f(x,t)dx. (2.19)
0

Furthermore,

0 o0
F (sgn(x)Vy) (€, 1) / e S sgn(x)V, dx + / e ¥ sgn(x)V, dx
- 0

oo

0 00
= / e ¥ w, (—x, 1) dx + / e %, (x, 1) dx.
- 0

o0

Making the substitution y = —x in the first integral and integrating by parts leads to

f(sgn(x)VX)(E,t)z/ eif-"wy(y,t)dy+/ e, (x, 1) dx
0 0

—ié/ eiéxw(x,t)dx+i§/ e S w(x, 1) dx
0 0

=2¢ / sin(x£) w(x, t) dx. (2.20)
0
Taking the Fourier transform of (2.17) and applying (2.18), (2.19) and (2.20), we obtain
Y 1)+ pE)XE 1) =h(8,1), (2.21)

where

hy(E,1) = /Oocos(x“g‘)f(x,t)dx.
0

1+yg2
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Step 3. Solving for X (&,t) and Y (&, t). Solving the system of (2.16) and (2.21), we find

X(E, 1) = /OO sin(x& + Bt) up(x) dx + ! /t /‘00 sin(x& + B8(t — 1)) f(x, t)dxdr,
0 L+y& Jo Jo

Y(E, 1) = /OO cos(x& + Bt) uog(x)dx + ! /t /OO cos(x& + B(t — 1)) f(x, 7)dxdr.
0 L+y&2 Jo Jo

where f is defined in (2.4). We give the details of the derivation in appendix A.

Step 4. Finding w(x,t) through the inverse Fourier transform. To find w(x, t), we first
note that

/we‘”w(y, Ndy = Y(, 1) —iX (&, 1).
0

Applying the formulae in the previous step, we have

/ e w(y, Hdy =e f e ug(y)dy
0 0

1 /‘f ) /00 o

~ip(t—1) —iyt

+ e e f(y,)dydr. (2.22)
1+y&* Jo 0

We shall now establish a theorem that allows us to obtain w(x, ¢) by taking the inverse Fourier
transform of (2.22).

Theorem 2.4. Fixt > 0. Ifu(x,t) € L>(R"), then, for any x > 0,

/ eixé/ e_i—"gu(y, 1) dydé = u(x, 1). (2.23)
—00 0

Proof of theorem 2.4.. Recall that if g. (&) = exp (—em&?), then

~ 1 Tx?
8e(x) = ap P —— )

In addition, for any f € L?(R) with 1 < p < oo,
gexf— f in L”(R).

These basic facts can be found in Lieb and Loss [8]. Now, consider

/ e g (§) / e u(y, t)dy dé.
- 0

o0

According to lemma 2.5, if u(y, t) € L*(R*), then

oo
PuEn= [ e uindy e LR
0
Since g.(§) — 1 as € — 0, the dominated convergence theorem implies
geP(u) — P(u) in L>(R).
Then,

[t [T = [Tuvn [T et @aa
_ 0 0 —00

o]

:/0 u(y, g (y —x)dy. (2.24)
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As in the proof of theorem 2.16 of [8], we can prove

[e ]
/ u(y,0ge(y —x)dy — u(x, 1) in L>(R").
0
Letting € — 0 in (2.24) yields (2.23). This proves theorem 2.4.

Lemma 2.5. If u(y,t) € L>(R"), then

Pw)(&, 1) = /Ooe*i%u(y, 1 dy € L*(R).
0

Proof of lemma 2.5. For any € > 0,

/ |P(u)|* (&, 1)gc (&) d& = / Pu)(E, )P (u) (&, 1)g(§) d&

= /oo g (&) /00 e ¥y (x, 1) dx /DO eiygu(y, t)dydé
o) 0 0

_ / h / a1 / " e g (6) dé dr dy
0 0 )

=/) u(x,t)f0 ge(x —y)u(y, r)dydx.

(
Ase — 0,

/ 8e(x — yu(y,t)dy = u(x, 1) in L*(R")
0

and u(x, 1) € L*(R") implies [ |P(u)[*(§, 1)g(§) d& is bounded uniformly. Since
ge(§) = exp(—em[§*) > lase — 0,
we obtain by applying the monotone convergence theorem that

/ IP(M)IZ(E,t)dézfo lu(x, £)[* dx.

This proves lemma 2.5.
Taking the inverse Fourier transform (denoted by F~') of (2.22) and applying theorem 2.4
and the basic property F~!(fg) = F~'(f) * F~'(g), we obtain

w(x,z)=/ r(x—y,r>uo(y>dy+f/ O — y.1 — 1) f(y, D) dydr,
0 0 0

where, noticing 8 = %,

ok

T(x, 1) :/ e e g,
—00

© 1 ixE—i—ot

O(x,t) = / Se e dE.
—oo L+ Y&

Therefore, by (2.2),

u(x, 1) = wx, 1)+ g(t)e 77

— g T+ f Cx — v, Duo(y) dy
0

rope o L
d(x —y,t — , —_— V7 | dydr.
+/0/0 (x—y f)[f(y f)+ﬁg(r)e ] ydt

This completes the proof of theorem 2.1.
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3. Eventual periodicity for the linearized equation

This section studies the eventual periodicity of solutions to the IBVP for the linearized BBM
equation

Uy + Uy — YUy = (X, 1), x=>0,1t>0,
u(x,0) = up(x), x 20, 3.1
u(0,1) = g(), t >0,

where g and f are assumed to be periodic in 7. We prove the following theorem.

Theorem 3.1. Let y > 0 and o be real parameters. Let I = [0, T] if T is positive or
I =1[0,00) if T = o0o. Letug € C}(R") and u) € L'(R"). Let g € C(I) with g(0) = 0 and
feCd, L' (RY). Assume g and f are periodic of period Ty in t, namely, for all t > 0,

gt +To) =g(t) and fx,t+ Ty = f(x,1). 3.2)
Then, for any fixed x > 0, the solution u of (3.1) satisfies
tlim (u(x,t+To) —u(x,t)) =0. 3.3)
—00

That is, u is eventually periodic of period Ty.
Remark 3.2. When y = 0, the eventual periodicity is easily obtained from the explicit formula
in corollary 2.3.
Proof of theorem 3.1. Consider the new function
v(x, 1) = u(x, 1) — up(x),

which satisfies

Vi QU — YUx = f(x, 1) —aug(x), x=>0,1t>0,
(x,0) =0, x>0, (3.4)
v(0,1) = g(1), t>20

Applying the explicit formula in theorem 2.1 to (3.4) gives

v(x,t) = g(t)e_% +/ /oo dx —y,t—1) |:f(y, T) — auy(y) + 2 g(r)e_k:| dydr,
0o Jo NS

where @ is given by (2.7). Noting the conditions in (3.2), we obtain after making a substitution,

ulx,t+Tp) —ulx,t) =vx,t +Tp) —v(x,t)

t+Tp 00 ‘.
:/O /0 Sx—y,t+Th—71) |:f(y, T)—aué(y)+%g(f)e_ﬁi| dydr
_/0 ,/0 (x —y,t—1) [f(y, T)—aué)(y)+%g(f)eﬁi| dydr

0 o) N y
B Py L) —aup(y) + —=g(®e 7 | dydr. (3.5
/;To/o (x—y,t 7:)|:f(y 7) auo(y)+ﬁg(f)e ] ydr. (3.5)

To show (3.3), we first show that, for any € > 0, there is K > 0 such that

< 1 g
|<I>(x,t)|:‘/ 5 e d 1+V<’2td§ <€ whent > K.
—oo 1 +YE
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First, we choose M = M (¢) > 0 such that

Mo Sl | €
/ dé¢ +/ d¢ < —.
oo 1+ yE2 u 1+yE2 2

Next, we apply the method of stationary phase to show the following asymptotics.

Proposition 3.3. For any fixed M > 0,

M . .
f 1 ele—l&t dE -0 (L)
—m 1+ yE&? Vit

ast — oo. This large-time asymptotics is uniform in x € R*.

We note that the result of this proposition does not necessarily hold for

aé

<1 ixg—i— g
5 e et dg
o L+ 7§

because one of the conditions in the method of stationary phase is violated. More details on
this point will be provided in appendix B. The following estimate is a special consequence of
this proposition.

Corollary 3.4. There exists K = K (M) such that

M 1 ixe—i—25 ¢
'/ elx ine d.’;:
-M 1+y$2

whenevert > K.

€
<_
2

We resume the proof of theorem 3.1. It then follows from (3.5) that, for t > K,
lu(x,t+T) —u(x, 1)l

0 00 0o 0
s U / 70 T)'dyd”“T/ lué(y>ldy+a/ g(t)dt]

This completes the proof of theorem 3.1.

Proof of proposition 3.3. We apply the method of stationary phase. To do so, we split the
integral into four parts

M 1 ixE—i—E
/ e L+yg2 df:]1+12+13+14

m 1 +yE?
1 1
- 0 Wi M
= + + + .
1 1
M -w 70 v

Note that &=1/,/y are the zero points of the derivative of p(§) = «&/(1 + y€%) and p'(£)
is nonzero for & in each of these intervals. It suffices to consider I and I,. Without loss of
generality, we assume « > 0. Direct applications of the method of stationary phase concludes
that

i (gt
JTe Few T

~ (3.6)
W RN
i L(x—%)
N 2

I~ JreTe 3.7

2204y T
For the readers’ convenience, this method is recalled in appendix B and the details leading to
these estimates can also be found there.
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4. Eventual periodicity for the full BBM equation

This section investigates the eventual periodicity of the IBVP for the full BBM equation (1.1).
The lack of suitable bounds on its solutions in terms of the time variable makes this problem
extremely difficult. By imposing a condition on the solution and making full use of the solution
representation formula derived in section 2, we are able to establish the eventual periodicity.

Theorem 4.1. Consider the IBVP for the full BBM equation (1.1) with real parameters y > 0
anda # 0. Let I = [0, 00) and assume ug, g and [ satisfy

uy € C3(R*) N H*(RY), geCl() and fecCd, HY(RY).

In addition, g and f are periodic of period T in t.
Let u be the corresponding solution of (1.1). Set

ui(x,t) =ulx,t)+ulx,t+1p)

and
o0 .
uy (g, 1) = f e uy(x, 1) dx.
0
Suppose that for some index p > 1 and a suitable constant Co > 0

At) = Coﬁ/ (A1(7) + Ax(7))dT < Ag < | forallt > 1,
0

where
1 o0
A‘L’:— u , T d,
(1) m/o jur(y, D)l dy

1

As(T) = [ | (&, f)lpdé}p :

7=
J1+t — T Jes—ry

Then, fort > 1,

Cq 1
sup |u(x,t+Ty) —ulx,t)| < ———— (1 +1)73, 4.1
+50 [—A®)
where C; = |lugllpt + lluollgs + uC, To)llor + lu(-, To) || g+ In particular, u is eventually

periodic of period Ty.
To prove this theorem, we need the following decay estimates.

Lemmad4.2. Let y > 0 and o # 0. Then, fort > 1,

ixE—i—2 _1
T e dEl < C(1+ )T, 4.2)
[E1< 1170
i& g~ 1
LSTEe del < cd+1)73. 4.3)
[E]< 1/

Proof of lemma 4.2. (4.2) is essentially lemma 5 of Albert [2]. To prove (4.3), we note that
i€ /(1 + y&?) is the Fourier transform of

_ xl

1 bl
E(x) = —— (signx)e v
2y
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and E € L'. Therefore, by Young’s inequality,

'/ i& eixg—ilfjezrd%_’ _ ’E*/ eixé—i]fjsztdg‘
gl<ro 1+y§? g1

ivE—i_9&
/ e lwsz’dé‘
1< e

< CIEl(1+1)75.

S E L

Proof of theorem 4.1. Consider the difference
w(x, 1) =u(x,t+To) —ulx, 1),

which satisfies

W + 0Wy — YWy = —Pux, t + To)uy(x, t +Tp) + Bu(x, Hu,(x, 1),
w(x,0) = wo(x) = ulx, Ty) — up(x), “4.4)
w(0,1) =0.

According to (2.5), w can be represented by

w(x,t) :/0 C'(x —y, ) wy(y)dy — N(x, 1), 4.5)

where

N(x, 1) = 2/0 /000 O(x —y,t — 1) [yu*(y, Ty + 1) — dyu’(y, 7)] dydr.

Through an integration by parts, N can be rewritten as

N(x,t) = g/ /00 Uix —y,t—t)w(y, )u(y, r)dydr 4.6)
0o Jo
with
‘If(x,t)=/oo 1:;2 eI g (4.7)

To estimate the first term in (4.5), we recall the formula for I (2.6) and write

a

. . £ - . ak
T(x, 1) =/ e et d§+/ e e de.
1<t |§]> 1179

Applying (4.2) in lemma 4.2, we have

f F(x—y,t)wo(y)dy‘ <C(1+t)7%f) lwo(y)| dy
(

0
+ /
&[> 179

To further bound (4.8), it suffices to consider the integral over [#

o0 o0 . o0
/ f e—‘yfwo<y>dy‘ds< / g
1o |Jo t

1/9

o0
/ e 5wy (y) dy‘ . 4.8)
0
179, 00). By Holder’s inequality,

3

g / e wo(y) dy
0

_1 o~ _1
<Ct s ||E* Wl S Ct7o lwollys.  (49)
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Combining (4.8) and (4.9) and noticing that wy = u(x, To) — uo(x), we obtain
o0
'/ [(x —y, 1) wo(y)dy
0

To bound N in (4.6), we split the integral in (4.7) into two parts: |&| < ¢'/% and |£| > ¢!/°
and bound the first part through lemma 4.2. Therefore, for 7 < ¢,

<Ci(1+1)73. (4.10)

o0
/ Vx—y,t—w(y, Du(y, 1)dy < 01+ 0> (4.1
0
with
1 o0
O1=C+t—-1)73 / lw(y, Dui(y, )| dy,
0
* 1§ -y, (-0
0, = / f ——e 1+7E2 dé w(y, tu(y, t)dy.
o Jigsa—oe 1+yE?
Obviously,

0 < Csuplw(y, 1) 4.12)

1 )
—_— ui(y, v)ldy.
sup 3—1”_1/0 lur(y, ©)ldy

Exchanging the order of the integrals in Q,, we find

& /°° i
< YEw(y, ,7)d
0, /|s|>(rr>'/9 T2 |), e P w(y, Dui(y, t)dy

By symmetry, it suffices to consider the interval £ > (r — 1)
[e.¢]
/ e w(y, D ui(y, 1) dy = W, 1) % w1 (-, 7),
0

we apply Holder’s and Young’s inequalities to obtain

q . 1
0> < [/ <L2> dé} / lw(&, 1) d& [/ |it\1(',f)|pd§:| ,
e>a—oy \1+v§ £ (1—1)1/9 £ (t—7)1/9

where 1/g + 1/p = 1. These integrals can be further bounded as follows.

/ £ V' é SCU+r—1)P ™) —CU+t—1) %
< +t — 9 q’ = +f— P,
E>(1—1)1/° 1+V‘§2 E ’ ’

/ B )] dE < /mvme—iyfw<y, r)dy’ de
E>(t—1)1/° 0 0

o . 00 .
f e“‘f/ e Y w(y, 7)dy dé'
0 0

< sup |w(x, 7)|

de.

179, Realizing that

= sup
x>0

x>0
Therefore,
1 »
< Csuplw(x, 7)| | —onm— wi (£, 7)|7d ) 4.13
0> x;())l ( N[‘)—lﬂ—tfsw—rw@l 1§, 7)l é] (4.13)
Combining (4.6), (4.11), (4.12) and (4.13), we obtain
N < A(t) sup sup|w(x, 7). (4.14)

7€[0,1] x30
Finally, we obtain (4.1) by putting together (4.5), (4.10) and (4.14). This concludes the proof
of theorem 4.1.
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Appendix A

This appendix provides the details of solving the system of ODEs (2.16) and (2.21). Consider
the general nonhomogeneous linear systems

d
Ew(t) = P)x(t)+g(), x(to) = o,

where x € R", P € R"" and g € R". By variation of parameters, its solution can be
written as

t
z(t) = V()W (tg)xo + \y(r)/ U (s)g(s) ds, (A1)
fo
where W denotes a fundamental matrix of the homogeneous system
d
5:::(1) = P(t)x(t).
Since the system of equations we are solving can be written as
L [x@n] _[o s [X@, z)} . [hl(s, r)}
"Iy, n| | -8 o|lYED]| |hE

and a fundamental matrix of the corresponding homogenous system is given by

eiﬁt e—iﬁt
v = [ieiﬁ’ —je i |”

we apply (A.1) to obtain that

XEDT _ giyuto €0 / . [hl(é,r)i|
[Y(é,t)] =V@Hv(0) [Y(S,O)]+qj(t) A (1) ha(E. 7) dr. (A.2)
Inserting

\I/*I(t) _ l |:C—iﬁt —ie—iﬂl:| I:X(Sv O)] B /0 Sin(xé:)uo(x) dx
2| eift et |° Y(,0) f cos(xE)uo(x) dx
0

and

1 o )
[hl(s,t)] _ T)/i’z/o sin(x&) f (x, 1) dx
60 l cos(x&) f(x, 1) dx

1+y&2 )y
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in (A.2), we find after some simplification
o0 l t o ~
X(E, 1) = / sin(x& + Bt) up(x) dx + —2/ f sin(x& + B(t — 7)) f(x, t)dxdr,
0 1+y&% Jo Jo

Y(E,t) = /Oocos(x$+ﬂt)u0(x)dx+;/Z/wcos(x$+ﬂ(t—r)) f(x,r)dxdt.
0 L+y&2 Jo Jo

Appendix B

This appendix offers an expanded commentary on the asymptotic analysis of the oscillatory
integrals discussed in section 3. This analysis relies upon standard results in the theory of
stationary phase, e.g. theorem 13.1 in Olver’s book [9]. For readers’ convenience, we first
recall this theory here.

Suppose that in the integral

b
1) = / 70 g (y) dy

the limits @ and b are independent of ¢, a being finite and b(> a) finite or infinite. The functions
p(y) and g (y) are independent of ¢, p(y) being real and ¢ (y) either real or complex. We also
assume that the only point at which p’(y) vanishes is a. Without loss of generality, both 7
and p’(y) are taken to be positive; cases in which one of them is negative can be handled by
changing the sign of i throughout. We require

(i) In (a, b), the functions p’(y) and g (y) are continuous, p’(y) > 0, and p”(y) and ¢'(y)
have at most a finite number of discontinuities and infinities.
(i) Asy — a+,
p(y) —pla) ~ P(y —a)", q(y) ~ Q(y —a)* !, (B.1)

the first of these relations being differentiable. Here P, i and A are positive constants,
and Q is a real or complex constant.
(iii) For each € € (0,5 — a),

b /
V| Z/(<yy)> = / (%)

(iv) Ast — b—, the limit of ¢(y)/p’(y) is finite, and this limit is zero if p(b) = oo.

dy < oo.

With these conditions, the nature of asymptotic approximation to 7 (¢) for large ¢ depends on
the sign of . — w. In the case A < u, we have the following theorem.

Theorem B.1. In addition to the above conditions, assume that . < [, the first of (B.1) is
twice differentiable and the second of (B.1) is differentiable, then

itp(a)
1) ~ it Lp (2)
wo \pm/) (PHMr

ast — oQ.

We now provide the details leading to (3.6). It suffices to check the conditions of
theorem B.1. Setting
1 O[.‘;-' eisx

az_ﬁ7 b:O, p(é):Tyéz and q(é): 1+y§_—21
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we have
(i) p, p', p”, q and g’ are all continuous in (—1/,/y, 0), and p’(§) > 0.

(i) As & — _ﬁ"-’

pE —p (—%) ~ % (E + %)2 q (—%) ~ %e‘i%".

Thatis, P = %, u =2, 0 = Le 77  and A = 1.
(iii) For any fixed € > 0, V_%qu(q/p’) < 00. In fact,

a _ (+yghe v 1:/0
P oa(l—yEd)’ 0\ p -

%+€
(iv) Asé - 0—,q/p — 1/a.
Theorem B.1 then implies

0 1 ixg—i—%_; Cail e 1 el 2 )
Tt dE~eioe WIS o
5 Irrs (@/2471)

d¢ < o0.

()

<]

JTe F e )
2 \/201\4/7\/?

Estimate (3.7) also follows from theorem B.1. The conditions can be similarly checked
for this integral. In fact, for

——1 b=M = _oz& d ——eiéx
a—ﬁ, =M, p(é)__1+)/$2 an q(é)_1+y52’
we have

(L N“«/7< _L>2 Ly L
p(§) p<ﬁ> > & ) q<ﬁ) FeV

It is also easy to verify that V% +e.m(q/p") < oo for any fixed € > 0. In fact,
q _ _(+ygher (1>_/’” (L)
P all-yE)’ M) e N
In addition, as &€ — M, g/ p’ tends to a finite limit. It then follows from theorem B.1 that
/M 1 ST g JTed eﬁ("’%).
L l+yg? 2V2ayy i

When M = oo, (B.2) cannot be verified and theorem B.1 does not apply to the integral on
(—o00, 00).

dé < 00. (B.2)
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