Validity of the Weakly Nonlinear Solution of the Cauchy
Problem for the Boussinesqg-Type Equation

By K. R. Khusnutdinova, K. R. Moore, and D. E. Pelinovsky

We consider the initial-value problem for the regularized Boussinesq-type
equation in the class of periodic functions. Validity of the weakly nonlinear
solution, given in terms of two counterpropagating waves satisfying the
uncoupled Ostrovsky equations, is examined. We prove analytically and illustrate
numerically that the improved accuracy of the solution can be achieved at the
timescales of the Ostrovsky equation if solutions of the linearized Ostrovsky
equations are incorporated into the asymptotic solution. Compared to the
previous literature, we show that the approximation error can be controlled in
the energy space of periodic functions and the nonzero mean values of the
periodic functions can be naturally incorporated in the justification analysis.

1. Introduction

Validity of the long-wave approximation for shallow water waves has been
considered in many recent works. Unbounded spatial domains and classes
of decaying initial data were typically considered. The first results in this
direction were found in the context of water waves by Craig [1], Schneider
[2], Schneider and Wayne [3,4], Ben Youssef and Colin [5], and Lannes [6].
Rigorous justification analysis was developed to control the approximation
error, and the bounds on the error terms were typically found to be larger than
those in the formal asymptotic theory.

Wayne and Wright [7] extended this analysis to the regularized Boussinesq
equation to incorporate the first-order correction to the leading-order
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approximation and to control the error term in Sobolev spaces (see [8] for a
similar treatment of the original water-wave equations). They also reported
numerical approximations that illustrated the validity of the main result, where
the bounds on the approximation error were controlled to be of the same size
as in the formal asymptotic theory.

Comprehensive treatment of the Boussinesq systems was developed by
Bona et al. [9], who explored the case of symmetric Boussinesq systems and
justified the long-wave approximation (where the first-order correction term
was added to the leading-order term) in a number of physical models that
included the water-wave equations and the regularized Boussinesq system. A
priori energy estimates and Gronwall’s inequalities were used to control the
error term in Sobolev spaces and to recover the error bounds of the formal
asymptotic theory. Initial data on the infinite line with sufficient decay at
infinity were treated on equal footing with the periodic initial data under the
zero mean-value assumption. The approximation error for the periodic data
with a nonzero mean value was found to be significantly larger.

Recently, in the framework of a system of coupled Boussinesq equations [10],
the long-wave approximation was extended to the regularized Boussinesq-type
equation

1
Urr — Ugz +0u = E(MZ)EE + Urrss, ()

where § > 0 and the subscripts denote partial differentiation. Equation (1) with
8 > 0 arises also in the context of oceanic waves, which takes into account
the effect of background rotation [11]. Therefore, it is sometimes called the
rotation-modified Boussinesq equation. This equation is a two-directional
version of the Ostrovsky equation [12], which constitutes a modification of the
Korteweg—de Vries (KdV) equation with an additional term for § # 0. More
recently, regularized Boussinesq-type equations with § > 0 have appeared in
the context of a modified Toda lattice on an elastic substrate [13] and a layered
solid waveguide with the soft bonding layer [14, 15]. For brevity, we will call the
Equation (1) the regularized Boussinesq equation regardless of the value of 8.
We shall note in passing that, in the water-wave context, the accuracy of the
Equation (1) does not exceed the accuracy of the KdV or Ostrovsky equations,
because the one-way propagation is assumed in order to derive this equation
from the Boussinesq system. However, we would like to emphasize that
Equation (1) with both § = 0 and § > 0 is a valid two-directional model in the
context of the waves in various solid waveguides (see, for example, [16,17] and
[13—15]). In particular, Equation (1) with 6 > 0 constitutes a reduction of the
system of coupled regularized Boussinesq equations describing waves in layered
elastic waveguides with the soft bonding layer (see [15]) in the limit when the
bonding coefficient in one of the layers is much smaller than in the other.
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A formal weakly nonlinear solution of the initial-value problem for a
system of coupled regularized Boussinesq equations on the infinite interval has
been constructed in terms of solutions of coupled and uncoupled Ostrovsky
equations for unidirectional counterpropagating waves in the recent work [10].
Numerical simulations showed generation of a radiating solitary wave (in the
case of strong interactions) and strongly nonlinear wave packets (in the case
of weak interactions) from localized initial data. Radiating solitary waves in
coupled KdV equations were previously observed in [18]. The emergence of
the strongly nonlinear wave packets for the Ostrovsky equation was reported
in [19]. A discrete version of the same phenomenon was studied in [13].
The weak interaction scenario leading to two uncoupled Ostrovsky equations
remains valid in the case of the scalar regularized Boussinesq equation (1) with
5> 0.

Explicit analytical solutions and more detailed numerical simulations were
developed in the follow-up work [20] in the context of the regularized
Boussinesq equation with § = 0. In particular, the explicit weakly nonlinear
solution of the regularized Boussinesq equation was constructed for the
initial data corresponding to the soliton solution of the KdV equation.
The solution shows generation of a small counterpropagating solitary wave,
which agrees with the numerical simulations. Explicit analytical solutions
have also been constructed for the initial data in the form of the N-soliton
solutions of the KdV equation and their perturbations. It was shown
in [20] that the error term is significantly smaller when the first-order
correction term is taken into account, but it grows with the time. No
detailed studies of the convergence rate for the error term were reported in
[10,20].

The purpose of this work is to develop a systematic approach to the
derivation and justification of the error terms of the weakly nonlinear solutions
for the regularized Boussinesq equation (1) when the first-order correction is
added to the leading-order term. We will also give a systematic comparison
of the convergence rates predicted by the theory and observed in numerical
simulations.

Our analytical results are obtained in the periodic domain, where derivation
and justification of the reduced equations become easy with the use of
Fourier series (see [21] for similar derivations). Our numerical examples
resemble localized waves on a long but fixed period, which still fits
well to the analytical theory. Additional assumptions on the spatial decay
of initial data are required to work in the infinite domains. See [22,23]
for recent works on justifications of the uncoupled KdV equations in the
context of the defocussing nonlinear Schrédinger equations in the infinite
domain.

The novelties of our paper (compared to the results obtained in [9], [10, 20],
and [7]) are the following. First, we discuss in details the role of the nonzero
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mean value of the periodic solutions in the justification analysis. For § = 0,
nonzero mean values were found to degrade the accuracy of the long-wave
approximation [9] because no corrections to the wave speeds were introduced
in the uncoupled KdV equations. For § > 0, all solutions of the Ostrovsky
equations must satisfy the zero-mean constraint [24] but the zero-mean
constraint does not have to be assumed for the regularized Boussinesq equation
(1). We will show how the mean value can be incorporated naturally in the
long-wave approximation for the regularized Boussinesq equation (1) both for
d=0andé > 0.

The other novelty of our work is that we extend the analysis to justify
the first-order correction terms to the long-wave approximation on the
timescale of the Ostrovsky equation. The first-order correction terms were
written explicitly in the previous works [10,20] but the validity of these
terms at times greater than order one can only be achieved if these terms
satisfy the linearized Ostrovsky equation. The linearized KdV equations
have also appeared in [7] in the framework of the regularized Boussinesq
equation (with § = 0). Compared to this work, we give precise expressions
in terms of solutions of the leading-order equations to solve the associated
initial-value problem up to the first-order correction terms and develop the
justification analysis in the energy space of the regularized Boussinesq
equation.

Before closing the introduction, we shall also discuss the reductive
perturbation schemes, which were used to obtain the integrable KdV hierarchy
from the shallow water-wave and Boussinesq equations [25-27]. It was later
shown in [28, 29] that there are obstacles to the asymptotic integrability of the
original physical equations reduced to the integrable KdV hierarchy in the
sense that the formal asymptotic expansions become nonuniform at higher
orders of €. Within the framework of our approach, we do not need to set up
the time evolution along higher flows of the KdV hierarchy if we are only
interested in the validity of the first-order correction terms at the timescale of
the KdV equation. In other words, we can fully control the approximation error
within the required order of accuracy of the asymptotic expansions without
analyzing the secular terms in the linearized KdV equations and the related
difference between asymptotically integrable and nonintegrable perturbation
terms.

This paper is organized as follows. In Section 2, we set up the long-wave
scaling and analyze dynamics of the nonzero mean value of periodic functions.
In Section 3, we describe the formal asymptotic theory and prove the
justification result about the approximation error of the asymptotic expansion,
in the framework of the regularized Boussinesq equation with § = 0. Section 4
extends analysis to the case of the regularized Boussinesq equation with § > 0.
Section 5 illustrates the main results with numerical computations. Section 6
concludes the paper.
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2. Long-wave scaling and dynamics of the mean value

Using the scaling transformation,

uE, ) =€eU(x, 1), x=4+/e&, t=4iler, §=€’y, €>0,

we rewrite the regularized Boussinesq equation (1) in the equivalent form:

1
Utt - Uxx =€ (E(U2)xx + Utrxx - VU> . (2)

Throughout this paper, we will interpret the right-hand side as a O(e¢)
perturbation and develop the asymptotic theory in the limit of small €. In
physical settings, the perturbed wave equation (2) has also the O(e?) correction
terms, which need to be incorporated in the asymptotic theory. However, these
modifications are technically straightforward and obey the same justification
analysis, hence we are going to neglect the O(¢?) terms in the Boussinesq
equation (2).
We consider the initial-value problem with the initial data

Uli=o = F(x), Uli=o = V(x), (3)

where the given functions /7 and V' are in the class of squared integrable
(2L)-periodic functions. We can expand them into the Fourier series

F(x)= ZFnei”,f’X . V()= Z Vneiﬂ%. 4)

neZ neZ

For the sake of simplification, we assume that F' and V' are e-independent,
although extension to a general case is also straightforward.

The following local existence result is similar to the local well-posedness
theory for regularized Boussinesq systems [30,31].

PROPOSITION 1. Fix s > % For any (F, V) € Hy (=L, L) x H}. (=L, L),
there exists an e-independent ty > 0 and a unique solution U(t) € C'([0, o],
Hj. (=L, L)) of the regularized Boussinesq equation (2) with any € > 0 and
y > 0.

Proofi The evolution problem can be written in the operator form:
Uy — LUy +eyL U = MU, (5)
where
1
Lo=(1—-€ed)', M := 5eajLe.

By using Fourier series, we realize that both operators L. and M, are bounded
for any € > 0 and y > 0 with the e-independent bounds:

1
ILUl, < WU, IMUN, < 51Ul

per ”
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Using Duhamel’s principle, we rewrite the evolution problem (5) with the initial
data (3) in the equivalent integral form:

Ut) = S,(t)x F + S(t)« V + /I S(t — )+ (M.U(x) — ey L U(1)) dr,
0
(6)

where the star denotes the convolution operator and S(¢) is the fundamental
solution operator with the Fourier image:

. sin(k€(k)t) 1
Sty = ———=, k)= ——.
© kl(k) ®) V1 + €k?
Because S(¢) and S;(¢) are bounded operators from Lger(—L, LytoL? (=L, L)

per

for any ¢ € R, the fixed-point iteration method (see, e.g., [32]) implies that
there exists a unique local solution of the integral equation (6) in the class

U(t) € C([0. o], Hi(~L, L)), )

for any (F, V) € Hy (=L, L) x Hj (=L, L) and any s > %, where #) > 0 is
an e-independent local existence time. On the other hand, U,(¢) is defined by

differentiation of the integral equation (6):
t
U(t) = S;(t)x F + Sy ()« V + / Si(t — 1) * (MgUz(r) — eyLeU(t)) dt.
0
Because S;,(¢) satisfies the bound

1
IS4(0)* Fliz, < —=IFlliz,. >0
and U(¢) is defined in the class (7), we have U,(1) € C([0, #], Hy.,(—L, L))
for any € > 0. As a result, U(¢) € C'([0, #], Hj (=L, L)). |

cr

In the long-wave approximation, we will need to extend local solutions of
the Boussinesq equation (2) in the energy space to the time intervals with
to = O(e~1). This continuation is achieved with energy methods resulting in
the following wave breaking criterion.

PROPOSITION 2. Let U(t) € C'([0, t], leer(—L, L)) be a local solution in

Proposition 1. The solution is extended to the time interval [0, tj] with ty > t, if

M := sup [U@®)lLy + sup [IU(0)llLy < 00. )

t€[0,4] t€[0,1)]
Proof: Let us define the energy function

L
E(U) :=/ (U2 + U? + eyU* + €U + €UUY) dx, ©)
—L
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for any local solution U(t) € C'([0, ], per( L, L)). Multiplying the
Boussinesq equation (2) by U; and integrating by parts, we obtain

x=L

dE(U)
dt

L
:G/ U,dex +2(U[Ux+€U[Uttx+€UU[Ux)
—L

x=—L

By standard approximation arguments in Sobolev space per( L, L), the trace
of the boundary values is zero and we obtain a priori energy estimate
dEU)
dt

L
2 2
—c [ UUkx < U UG, .
—L ©

Under the condition (8), there is a positive constant C(e M) that depends on
€ M such that

1Usl7,, < C(eM)E(U).
By Gronwall’s inequality, we then obtain
E(U) < E(Up)e MM ¢ e 0, 4],

such that the solution is extended to the time #; > #; in the energy space, that
is, in the class U(r) € C'([0, #], HL.(—L, L)). [ |

Remark 1. By Sobolev embedding of H,. (=L, L) to Ly (=L, L), we
have M = O(e~'/?) and C(eM) = O(1) as € — 0. The energy method of
Proposition 2 guarantees continuation of the local solution of Proposition 1
to the time intervals of #, = O(e~!/?). However, this is not sufficient as the
long-wave approximation requires us to continue the solution to the time
intervals of #y = O(e~'). We achieve this goal by controlling M with the O(1)
bound as € — 0 (see the proof of Theorem 1 below).

per

Remark 2. D’Alembert solution of the wave equation U;, — U,, = 0 (for
€ = 0) only requires us to set

(F,V)e H . (~L,L)x L2 (=L, L)

per per

to have U € C(R, per( L,L)NC'(R, Lper( L, L)). However, we actually
need to find a solution in the class U € C!(R, 1Der( L, L)) in order to bound
all terms in the energy (9). This is achieved in Proposition 1, which gives an
improved local well-posedness result for the regularized Boussinesq equation

2.

We shall now study the dynamics of the mean value of the (2L)-periodic
solution U(t) € C'([0, t], per( L, L)). Integrating Equation (2) in x over
the period (2L1) in the class of sufficiently smooth (2L )-periodic functions, we
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obtain the evolution equation for the mean value:

d2 L L
—/ Ux, t)ydx = —ey/ U(x, t)dx, (10)
ar J_, -L
which shows that
1 [t sin(,/€y't)
(U@) = —/ U(x, t)ydx = Fycos(Jeyt) + Vp———, (11)
2L .y 0 0 JVEY

where Fj and V; are mean values of the Fourier series (4).

To eliminate the linear growth of the mean value (U) in ¢ for y =0, we
should assume that V) = 0 (that is, V' has zero mean value). If y > 0, the
mean value (U) is oscillating with the frequency w = (¢y)'/?, and hence F,
and ¥, can be nonzero in general. However, for any ¢ € R, the mean value (U)
diverges as O(e~!/2) if ¥ # 0. Therefore, in both cases y = 0 and y > 0, we
would like to eliminate the growth of the mean value (U) by requiring that

1 L
Vo= — V(x)dx = 0. 12
0= 57 ., (x)dx (12)
In this case, the mean value (U) is bounded in r € R and ¢ € R, with a
uniform limit as € — 0 for any y > 0. For many physical applications, the
constraint V) = 0 is rather natural in the physical contexts of the regularized
Boussinesq equation (2) both for y =0 and y > 0.

3. Long-wave approximation for y =0

We shall consider the initial-value problem for the regularized Boussinesq
equation,

1
Utt - L]xx =€ <§(U2)xx + Uttxx> . (13)

The initial data are given by (3) and (4) subject to the zero-mean velocity
constraint (12). By the exact solution (11), the mean value of the solution U is
constant in ¢ with (U) = Fj.

Substituting U(x, 1) = ¢y + U(x, t) into the regularized Boussinesq equation
(13), where ¢ := Fy and U is the zero-mean part of the 2 L-periodic function
U, we obtain the evolution equation

~ ~ ~ 1 -~ ~
Utl - Uxx =€ (COUxx + E(Uz)xx + Utrxx) . (14)

By Proposition 1, there existsauniquelocal solution U € C'([0, %], Hi (=L, L))
of the evolution equation (14) for any (F, V) € Hj (=L, L)x Hj(—L, L)
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with s > %, where f) > 0 is a local existence time and the tilded variables

denote the zero-mean part of the (2L)-periodic functions.

3.1. Derivation

We shall look for a formal asymptotic solution of the evolution equation (14)
up to and including the O(e?) terms:

Ux, t) = Uy(x, t) + €Ui(x, t) + €2Us(x, 1) + O(€). (15)

In the formal theory, we collect together terms at each order.
Order O(e’): The leading-order U, satisfies the initial-value problem for
the wave equation:

(97 —8)Up = 0,
Uoli=o = F,_ (16)
0:Upli=o = V.

The d’Alembert solution of the wave equation (16) consists of a superposition
of two counterpropagating waves of zero mean:

Us(x. ) = [~(E)+ fH(ED), Er=x+1, (17)
where
N g Loy 1 LV, e
SHE) = S FEn) & 50,V (6e) = nez%} (Fn + m) et ., (18

and 9, ! denote the zero-mean antiderivative of the zero-mean periodic functions.

Order O(¢): At this point, we should realize that the next-order correction
terms are going to grow linearly in time ¢ unless we will modify the
leading-order solution on a slow timescale 7" = e¢. Therefore, we modify the
leading-order solution (17) with the slow time variable:

Uor. )= (6. D)+ [* 6 T) f5 @ D)= Y af(De
neZ\ (0}
\ (19)
where

n 1 LV,
a;lr—o=-\F,£——), neZ\{0}. (20)
2 win
We know the initial data for f* in slow time T = e¢, but we do not know yet
the evolution equations for f=(£., T). To derive these equations, we consider
the first-order correction terms:

(87 = 89U = =287 Up + codUs + 503(U7) + 8., Vo,

Uili=o =0, (21)
0;Uili=0 = —07Upls=o.
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Using the Fourier series, Uj(x, 1) = ) <7\ (0} &n (t)e T, we reduce the evolution
equation in the system (21) to the uncoupled system of differential equations:

d’g, mTn\?2
where
2.7‘[1}'1 da+ imnt da_ imnt JT4}’Z4 imnt imnt
(1) = 7 (d; L _d; L>+ 7 (a:[e +a,e L)
2,2 2,2
T n innt innt T n i (2k—n)t
— I co (a:e L +aq e L )— 12 Z a,j'anfke L )
keZ\{0,n)
2.2 2.2
men innt mTn innt
_ + + _ - -
712 Z a;a, ,|e 712 aga, ;. |e
keZ)\{0,n) keZ)\{0,n)
4 ixnt

The terms e~ ¢ in the right-hand side of differential equations (22) are
resonant (that is, they induce a linear growth of g,(¢) in a fast time ¢). To
remove these resonant terms, we define uniquely the evolution problem for the
Fourier coefficients of the leading-order solution (19):

> afar, =0, (23)

keZ\{O n}

2min daF

| wn?
+ an
L dT L* L?

C()n—

subject to the initial conditions (20).
In the equivalent differential form, the evolution problem (23) coincides
with the two uncoupled KdV equations
+ 3 ot +
%(:anf +af3 +cOaf + f* o ) 0.
§x aT 9E; GI I
We consider the initial-value problem for the uncoupled KdV equations
(24) starting with the initial values f*|;_y given by (18). By the local and
global well-posedness theory for the KdV equation [33], there exist unique
global solutions f* € C(R,, Hj (=L, L)) of the KdV equations (24) for any
fElr=0 € Hy,(—L, L) with s > —3.
After the constraints (23) are substituted back into the differential equations
(22), we obtain the linear inhomogeneous equations

24

2,2

ngn TNn\?2 T n i (2k—n)t

— + = —7
dr +(L> @=— 2 aae T
keZ\{0,n}

subject to the initial conditions

€:(0)=0, 3,,(0) = —dra, (0) — dra, (0).
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This initial-value problem admits the following bounded solution:

n2 in(k—n)t T Tnt
gn(t)_ Z mknke L +G COS(L)+HSIH(L>,

keZ\{0

where G, and H, are constants of integrations to be found from the initial
conditions for g,. Using the previous expression for g,, we rewrite the
first-order correction term in the implicit form:

Ui(x, 1) = fex, ) + ¢~ (-, T) + ¢ 75+, T), (25)
where f. is uniquely defined by
in(2k—n)t | imnx
fen=3 Y po——af(Da (Te 7 % (26)
neZ\[0} keZ\{0, n}
and ¢* are counterpropagating waves of the wave equation given by

$rETY= Y bET)T @7)

neZ\{0}

An explicit expression for the first-order correction term was derived recently
in [10,20] by averaging the differential equations with respect to the fast time
in characteristic coordinates. We check that our expression (26) coincides with
the one derived in [10,20]:

1
feeot)= = (27 7+ @ SO S+ @ fH0 ). @)

where 9, ! % denote again the zero-mean antiderivatives of the zero-mean
periodic functions f*.

Using the initial conditions for g,, we can express the initial data for the
amplitudes b explicitly:

Z n(n:l:(2k—n))( Lo

bni|T:0 = - 8k(k — n) a, an—k) [7=0

keZ\{0,n)

L (da} 4 da,
T2 \ar " ar ),
Order O(e?): The time evolution of ¢= with respect to the slow time 7 is
not defined at the O(¢) order. To derive the time evolution, we consider the
second-order correction terms:
(02 — 82)Uy = —23%.Uy — 32Uy + ¢0d2U; + 92(UpUy)
+a} U+ 28 U,

(29)

tTxx 30
U2|l:0 - Ov ( )

0;Usli=0 = —0rU1|/=0.
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Repeating the procedure of removing the resonant terms e*"T", we define

uniquely the evolution problem for the Fourier coefficients of the first-order
solution (25):

d*a* 2mindb: w'n* . 2im’nddar  nin?
dT? L dT L4 " L3 dT L?

2,2

T°n (n k)
LY an -ty s

keZ\{0,n} keZ\{0,n}

cobE  (31)

subject to the initial conditions (29).
In the equivalent differential form, the evolution equations (31) coincide
with the linearized KdV equations
B] dpT et AT R i)
— | F2 + +c + 0
T (; or T oe T0% Tl ?
82 + 84 + 82 +
LI LI L (32)
oT 053 T &L

where

+ (I’l—k)2 2 4+ imnEy
[FEaTy== 3 Y e (MPa(Me

neZ\{0} keZ\{0,n}

1
=/ D | X lef (P (33)

keZ\{0}

_ L e / U e TP
4L =), ’ '

The initial-value problem for the linearized KdV equations (32) starts with
the initial values ¢=|7—o given by (27) and (29) (the closed-form expressions
in terms of the leading-order solutions f* can be found in [10,20]).
There exists a unique global solution ¢* € C(R,, Hj (=L, L)) for any

OF|r—o € H. (=L, L) with s > —% provided that the source term on the
right-hand side of (32) is sufficiently smooth in 7 and &..

After the constraints (31) are substituted back into the differential equations,
we can obtain a bounded solution for U,(x, t). This completes the construction

of the formal asymptotic expansion (15) up to and including the O(e?) terms.

3.2. Justification

We shall now justify the long-wave approximation. The following theorem
gives the main result of the justification analysis.
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THEOREM 1. Assume that (F,V) € leer(—L, L) x leer(—L, L) subject to
the zero-mean constraint (12) on V. Fixs > 10 and let f* € C(R, H. (=L, L))
be global solutions of the KdV equations (24) starting with the initial data
(18). Let Uy and U, be given by (19) and (25) with (26), (27), and (29). There
is €9 > 0 such that for all € € (0, €y) and all e-independent Ty > 0, there is
an €-independent constant C > 0 such that for all ty € [0, Ty/€], the local
solution of the regularized Boussinesq equation (13) satisfies

sup [|[U —co —Up — €Uy, = Ce’ty. (34)
1€[0,10]
If. in addition, ¢~ in (27) satisfies the linearized KdV equations (32) subject to
the initial data (29) and s is sufficiently large, then for all € € (0, €y) and all
e-independent Ty > 0, there is an e-independent constant C > 0 such that

sup |U —co— Uy — €Uy ||l < Ce>. (35)
1[0, Ty /€] Per

Before proving the theorem, we make some relevant remarks.

Remark 3. The bound (34) of Theorem 1 generalizes the result of theorem
7 in [9] obtained in the context of Boussinesq systems. However, if the authors
of [9] restrict their consideration to the zero mean value for the initial data
(case (ii’) in theorem 7) and show that the nonzero mean values do not
produce good long-wave approximations (cases (ii) and (iii) in theorem 7), we
show that the mean value in the initial data for U|,—o = F can be naturally
incorporated in the justification analysis by modifying the velocity term of the
uncoupled KdV equations (24).

Remark 4. The difference between bounds (34) and (35) of Theorem 1 is in
the timescales, for which the first-order correction terms remain valid. Bound
(34) shows that the error of the long-wave approximation is of the O(e?) order
at the timescale 7y, = O(1) but becomes comparable with the O(¢) first-order
correction terms at the timescale #y = O(e~!). On the other hand, bound (35)
shows that the error of the long-wave approximation remains of the O(e?)
order at the timescale #, = O(e ") if the first-order correction terms satisfy the
linearized KdV equations (32). This improved result corresponds to theorem
1.1 in [7] on the infinite line with the only difference that the justification
analysis is performed in the energy space of the regularized Boussinesq
equation (13) compared to the space H° N H°*8 with o > 4 used in [7].

Remark 5. Figures 3(c) and 5(c) in [20] illustrate the growth of the
approximation error without the account of the linearized KdV equation (32)
at the timescale fy = O(e~!). Despite the fact that the first-order correction
terms were found to give a smaller approximation error, the comparable O(¢)
behavior between the first-order correction terms and the approximation errors
was observed on these figures at the timescale 7, = O(e ).
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Remark 6. It is customary to combine (24) and (32) to yields a higher
order KdV equation but the precise form of this higher order KdV equation is
not unique [25-27]. The problem of nonuniqueness does not occur in the
method we are using in our analytical work, where the system of reduced
amplitude equations (24) and (32) is uniquely determined for the Cauchy
problem associated with the regularized Boussinesq equation (13).

PRrROOF OF THEOREM 1. We shall first prove bound (34) on the approximation
error. We work in energy space of the regularized Boussinesq equation (13)
and write the approximation in the form

Ux, 1) = co+ Up(x, t) + €Uy(x, 1) + €U(x, 1), (36)

where ¢y = Fj is the mean value, Uj and U, are given explicitly by (19) and
(25) with (26), (27), and (29), f* satisfy the uncoupled KdV equations (24),
and U is the error term that depends on €. Substituting the decomposition (36)
into the regularized Boussinesq equation (13), we obtain the time evolution
problem for the error term:

~ A A A A 1 N A
Ui — (1 +ec))Uyy — €Uy, = €d? (UOU +eU,U + 5er2> + H, (37)

where the initial data are
Ulizo =0, U,li=o = —3rUi|r=0, (38)
and the source term is

H = —28,0rUy — 82Uy — €d2U, + cod’ Uy + (8, + €d7)* 02U, + 29,079>U,
1
+€d202Uy + 3X(UpUy) + 5eaf(Uf).

We use a priori energy estimates (see, e.g., [34,35] for similar applications
of this technique). By an extension of Proposition 1, there exists a unique
solution

U e C'([0. 4], Hy(—L, L))

of the perturbed regularized Boussinesq equation (37) for some e-independent
to > 0 starting with the initial data (38) provided that the source term satisfies

H € C(10, 1], H(—L, L)). (39)

By looking at the explicit expression for £, where U, and U, are given by (19)
and (25) and f* € C(R, Hj (=L, L)) are global solutions of the uncoupled
KdV equations (24), we realize that the term of the highest regularity is
8%8§U1 ~ Bgifi, hence H is from the class 39) if s > 10.
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Let us introduce the energy at the local solution U € C'([0, #], H,
of the perturbed regularized Boussinesq equation (37):

(=L, L))

cr

L
E= / (Uf + (1 + ec))U? 4+ €U?, + eUpU? + 2eUOxU(}x> dx.  (40)
)
Multiplying (37) by U, integrating in x over [—L, L], and using approximation
arguments in Sobolev spaces of higher regularity, we obtain
1dE Lr. . A a PN 1 ~s
= = HU, + € UOxIUUx+U0xUtUx+_UOZUx
2 dt _ 2

n n 1 .
— ertx<U1U + 56U2> ] dx.

Because x and ¢ derivatives of U, are e-independent, for sufficiently small
€, there is an e-independent positive constant C such that

72 T2 g 2 -
1Tl + 11Ul +ellUxnll, = CE.
per per per

By Poincaré’s inequality for (2L )-periodic mean-zero functions, there is another
positive constant C such that

2 T2 -
IUll: < ClUl;. < CE.
per per

By Cauchy—Schwarz’s inequality, we obtain from the energy balance equation
that

1dE <1 Hll2 N0l + Ce <||U e 4+ €| Ull e + €20 ) E
Sar = L2 MYz, 0llLy, LILES Loe ) &=
(41)

where the positive constant C is e-independent. Note that the terms ||Uy ||z ,

per

1Uox |2 5 | Uoxs |l , and || U« ”Lﬁﬁr are not listed in the inequality (41) because

per per

they are e-independent and bounded if f* € C(R, Hj.(—L, L)) with s > 10.
Setting E = Q2 and using Sobolev’s embedding 10| Ly < Ceme, we
rewrite a priori energy estimate (41) in the form
a0 _ g Yt +20) &
= = 1Al +Ce (1Unllzg, + €PNy, +€720) 0. (42)

for another positive e-independent constant C. By Gronwall’s inequality, we
integrate the a priori energy estimate (42) to obtain

tel0,10]

o) < (Q(0>+to sup ||ﬁ||Lger) e, 1 €0, 1], (43)

for any # > 0, sufficiently small €, and some (f, €)-independent positive
constant Cy. Since Q(0) = |97 Ui || L2 bound (43) yields the result (34) after
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returning to the original variables (36). By Proposition 2, the solution is
continued from 7y = O(1) to ty = O(e ") thanks to Q(¢) < oo forall ¢ € [0, #o]
and all sufficiently small € > 0, as well as to Sobolev’s embedding

27 2 A 2775 3/2 A
12Uy, < Ceomv€® Qs 1€°Usllg, < Cempe™? Q.

Bound (35) is proved similarly after writing U = U, + €U, where U, is a
bounded solution of system (30), whereas ¢= in (27) satisfy the linearized
KdV equations (32) subject to the initial data (29). The new error term U
satisfies a priori energy estimate similar to (42) with the new error term.
This energy estimate yields bound (35) after returning to the original variables
(36) thanks to the triangle inequality and the bound || U;|| HL, < C, where the

positive constant C is independent of 1, = O(¢~!) and e. |

4. Long-wave approximation for y > 0

We shall consider here the case of the regularized Boussinesq equation (2)
with y > 0. We consider again the initial-value problem starting with the
initial data (3) and (4) satisfying the zero-mean velocity constraint (12). By
the exact solution (11), the mean value of the solution is oscillating in ¢ with
(U) = Fycos(\/€yt).

Substituting U(x, 1) = ¢y cos(wt) + U(x, t) into the evolution equation (2),
where ¢y ;= Fy, o := /€y, and U is the zero-mean part of the 2L-periodic
function U, we obtain the evolution equation

~ ~ ~ 1 ~ ~ ~
U,—U,, =€ (co cos(wt)U,, + E(Uz)xx + Uptrx — yU) . (44)

By Proposition 1, there existsauniquelocal solution U € C'([0, 1], Hi. (=L, L))
of the evolution equation (44) for any (F, V) € H5 (=L, L) x Hy, (=L, L)

with s > %, where fy > 0 is a local existence time.

4.1. Derivation

We shall repeat steps of the formal asymptotic theory, which relies on the
decomposition (15) and the leading-order approximation (19), with the initial
conditions (20). In what follows, we first work implicitly with e-dependent
o and then estimate the size of the correction terms by using the explicit

dependence w = ,/€y.
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Order O(e): The first-order correction term satisfies the initial-value
problem:

(97 — 02Uy = —20%4.Uy + co cos(wt)d2 Uy + 502(U3) + 955, Uo — v U,
Uili=o =0,
0:Utli=0 = —9rUpli=0-
(45)
Using the Fourier series Uy (x, 1) = ), cz:\(0) &n (1)e"T ", we obtain the uncoupled
system of differential equations

d’g, N2
5+ () & =mo (46)
where
27‘[1” da,;’_ imnt dan_ __imnt 7T4I14 imnt imnt
hu(t) = — 7 dTeL_dTe L —l—L4 (a el +a,e L)
2.2 .
n innt imnt + imnt _ _imnt
— cocos(a)t)<a el +a,e L)—y(aneL +a,e L)
2,2 2,2
m°n imnt m°n imnt
_ + + mm - - -
2L2 Z G pr|€" ~ 572 Z ardyr|€ *
keZ\{0,n} keZ\{0,n}
2,2
mTn i (2k—n)t
+ —
- 12 Z apa, e "
keZ\{0,n)
4 imnt

The resonant terms at e
the evolution equations:

- are removed if the Fourier coefficients satisfy

4 4

2rindar  nw'n
Ty T —va Z afa; =0, (47)
keZ\{On

which are equivalent to the two uncoupled Ostrovsky equations

+ 3+ +
a(:Faf B f af)_yfi‘

— + — 48
AEL oT A&} 0 AEL (48)
We consider the initial-value problem for the uncoupled Ostrovsky equations
(48) starting with the initial values f*|7—o given by (18). By the local and global
well-posedness theory for the Ostrovsky equation [36—39], a unique global
solution f* € C(Ry, H: (—L, L)) exists for any f*|;_y € HS. (—L, L) with

3
S>Z'

per per

Remark 7. If y # 0, solutions of the Ostrovsky equations (48) must satisfy
the zero-mean constraints [24]. In our derivation, the zero-mean constraints
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are satisfied automatically because U, and f* are the zero-mean parts of the
(2L)-periodic functions. Note that the oscillating term (U) = ¢, cos(wt) does
not contribute to the Ostrovsky equations (48). Consequently, as y — 0, the
limiting KdV equation (48) is different from the KdV equation (24) if ¢y # 0.

After the constraints (47) are substituted back into the differential equations
(46), we obtain the linear inhomogeneous equations

dzgn mn 2 7T21’l2 innt innt
- - _ te L e L
e + ( 7 ) & 2 co cos(wt) <an el +a,e )
7'[2”[2 4 in(2k—n)t
2 § a,a,_e
keZ\{0,n}

subject to the initial conditions
g:(0)=0, 8,g,(0) = —dra; (0) — dra; (0).

This initial-value problem admits the following bounded solution:

imnt _ —imnt
(a+e L —aqa e L )

n(t) = n n
gn(1) I o

com’n? 2 ni sin(wt)
4722 — w?L?

2

imnt —innt n in(2k—n)t
— cos(a)t)(a:[eT +a, et )} + Z Wa;jd,;k@ L
keZ\{0,n} }’l)

mnt . (7nt
+ G, cos A + H, sin - )

where G, and H, are constants of integrations to be found from the initial
conditions for g,.

Remark 8. Since w = /€y, the first term in the explicit solution for g,
grows in ¢ in the limit € — 0 if ¢y # 0 but it is nevertheless bounded by the
O(e~'/?) constant for any € > 0. This fact implies that

Hdw%=O@W5asea0

If the zero-mean velocity constraint (12) is violated and ¥V, # 0, then the
asymptotic procedure will give [[eU; |1 = O(1) as € — 0 and the first-order
correction term (as well as all higﬁer order correction terms) become
comparable with the leading-order approximation. This will clearly prevent us
from justification of the long-wave approximation. This remark explains why
we have set V) = 0 for y > 0 in the constraint (12).

Using the explicit solution for g,, we rewrite the first-order correction term
in the implicit form:

Uix, ) = folx, ) + fule. ) + ¢~ (-, T) + ¢ (64, T), (49)



70 K. R. Khusnutdinova et al.

where £, is given by (26) and (28), f,, is uniquely defined by

sin(wt com’n’® 2 ni iz
—imnt | imnx C 7'[2712
— 4 (T)e P+ ) —cos(wt)n%() m
x (af (D) T 4 ap (e T (50)
and functions ¢= are given by
$HEs T) =Y bi(T)E T, (51)

neZ

subject to the initial conditions

com’n? aFlro — Z n(n:I:(Zk—n))( +

+ _ _
brlr0 = G = - )l

keZ\{0,n}
L (daf N da;
T2imn \ar " 4T =0

Order O(e?): The second-order correction term satisfies the initial-value
problem:

(52)

(0} — 07U, = —207:U; — 07Uy + ¢ cos(wi)0z Uy + 02(UoUy)
+ aftxxUl + 28t4TxxU0 —yUi, (53)

Uzli=0 =0,
0;Uz|=0 = —07U1|i=0.
Repeating the procedure of removing the resonant terms =" and using
again the fact that cos(wt) and sin(wt) do not produce the resonant terms,
we define uniquely the evolution problem for the Fourier coefficients of the

functions ¢+ in (51):

d*a* 2mindb: wint
- +
dar? L dT L+ "

- 2im3n’ da* B m’n? Z o w’n? Z (n— k)zaiIaqEIZ
L3 dT 212 U Onk ™ T2 Y
keZ\{0,n} ke€Z\{0,n}
—ybE =0. (54)

These equations are equivalent to the linearized Ostrovsky equations
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+ 340+
’ (3F2ai+a¢ +ifi¢i)=y¢i

e T~ &) 08
82 + 84 =+ 82 =+

PR I L (59)
aT dEIT  BEL

with the same definition for f* as in (33). The closed-form expressions for
the initial conditions in terms of the leading-order solutions f* can be found
in [10].

After the constraints (54) are substituted back to the initial-value problem
(53), we can obtain a bounded solution for U,(x, ¢). Note that the bounded
solutions satisfies

€Uzl = Olcoe) as € — 0,

because of the oscillatory behavior of the functions cos(w?) and sin(wt) with
w = . /€y. This completes the construction of the formal asymptotic expansion
(15) up to and including the O(e?) terms.

4.2. Justification

The following theorem gives the main result on the justification of the long-wave
approximation.

THEOREM 2. Assume that (F, V) € leer(—L, L) x leer(—L, L) subject to
the zero-mean constraint (12) on V. Fixs > 10 and let f* € C(R, Hi. (=L, L))
be global solutions of the Ostrovsky equations (48) starting with the initial
conditions (18). Let Uy and U, be given by (19) and (49) with (28), (50), (51),
and (52). There is €y > 0 such that for all € € (0, €y) and all e-independent
Ty > 0, there is e-independent constant C > 0 such that for all ty € [0, Ty/€],
the local solution of the regularized Boussinesq equation (2) satisfies

sup ||[U — ¢cocos(wt) — Uy — €Uy ||y < Cety(cy + €). (56)
1[0, 7] rer
If. in addition, ¢* in (51), satisfies the linearized Ostrovsky equations (55)
subject to the initial conditions (52) and s is sufficiently large, then for all

€ € (0, €9) and all e-independent Ty > 0, there is an e-independent constant
C > 0 such that

sup ||U —cocos(wt) — Uy — €U ||lg1. < Ce(co + €). 57
1[0, Ty /€] per

Remark 9. The bounds (56) and (57) of Theorem 2 are larger then the
bounds (34) and (35) of Theorem 1 if ¢y # 0 but they still complete justification
of the long-wave approximation up to the first-order correction term because
lleU; ”Hp‘er = O(coe'/?) as € — 0.
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Remark 10. If ¢y = 0, then bounds (56) and (57) become bounds (34) and
(35) because the periodic driving terms cos(w?) and sin(wt) are not present in
all the expansions.

The proof of this justification theorem is similar to the proof of Theorem 1
after the energy of the error term for the formal asymptotic expansion as in
(36) and (40) is modified to include the €y -term as in the energy function (9).

5. Numerical illustrations

5.1. Boussinesq equation with y =0

Let us consider the initial-value problem for the regularized Boussinesq

equation (13) starting with initial data
Uli—o = 3k* sech® (&),
{ Uli=o = 3k3 sech? (%x) tanh (%) , (53)

where k > 0 is an arbitrary parameter. The initial data are defined on the
periodic domain —L < x < L and the mean value is given by

1 [r 6k kL
o= — Ulj—odx = — tanh | — | .
2L J_; L 2

When L — o0, ¢g — 0, and the initial data (58) correspond at the leading
order to a solitary wave of the KdV equation (24) propagating to the right:

2
fT(EL, T)=0, [ (5., T)=3k’sech’(z), z= g (g — %T) . (59)

Combining (19) and (25), we obtain the weakly nonlinear solution in the
form

U=f (T +e[o (. T)+o"E, D]+ 06, (60)
where the correction terms ¢+ satisfy the linearized KdV equations
—207¢" +0; ¢T =0 (61)
and
e (207~ + 0 ¢~ + 0 (f @) =07/ +20r9; [, (62)

subject to the initial data
3kt k 3kt k&
¢ r=0 = Tsech2 <%> s @ lr=0= —Tsech2 (%) . (63)

In what follows, we consider simplification of all expressions in the case of
solitary waves with sufficiently large L.
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Because 97 f~ = —]‘2—2857 f~, we can integrate the linearized KdV equation
(62) in £_, subject to the zero boundary conditions, and obtain:
4

k
20r¢ +0; ¢ + 0 (f 7)) =0s (Zf — k28§f> )

Now, we recall that f~ solves the stationary KdV equation, which implies that
(K* =97 + 7)o f~ =0.
Using the decomposition

6 (6. T)=ak'Toc [+ Y (). == "%

where a is a constant to be defined, we integrate the linearized equation for
¥~ (z), with zero boundary conditions, to obtain

(4 — 37 — 12sech’(z)) ¥~ = 3k* ((3 + 8a)sech’(z) — 6sech®(z)) .

This equation is solved with ¥~ = 3k*sech®(z) and a = —%. Therefore, the
initial-value problem for the linearized inhomogeneous KdV equation (62) is
solved by the function

_ v 3 0 _
¢ =¢"(. 1)~ KT —+ k[,
8 0&_
where ¢~ (£_, T) is the solution to the Cauchy problem for the homogeneous
linearized KdV equation:

207 +03; ¢~ + 0 (f ) =0, (64)

starting with the initial data

. 15k% k&E_
¢ |lr=0 = 0 sech’ (%) .

Note that the solutions of the linearized homogeneous KdV equations (61) and
(64) disperse to zero, so the effect of nonzero initial data decays in time.

We now compare direct numerical simulations of the Boussinesq equation
(13) with the weakly nonlinear solution (60). We discretize the spatial domain
into N equally spaced points and solve the Boussinesq equation in Matlab
using a pseudo-spectral method, based on the fast Fourier transform (FFT)
[40]. The accuracy of the numerical method is far in excess of what is
required for comparisons with the weakly nonlinear solution (60), nevertheless,
extensions for further more accurate requirements are trivially achieved by
further decreasing the time step and/or increasing the number of harmonics
in the FFT. Similarly, we find the higher order terms ¢* numerically using
pseudo-spectral methods based on the FFT algorithm, analogous to the method
used to solve the KdV equation in [41].
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To consider the error of the weakly nonlinear solution, under the initial data
(58), we first introduce some notation. We define the numerical solution of the
Boussinesq equation (13) as Uy, and the weakly nonlinear solutions as

U=f", U=f +e(@"+o}"), (65)

where ¢"" are numerical solutions of the linearized KdV equations (61) and
(62). When ¢.. are fixed at their initial condition (63), we denote this solution
as Uj,. Note that the latter solution was previously studied in [10, 20].

Figure 1 presents numerical solutions for k = % and € = 0.1. The top pane-
Is of Figure 1 depict the evolution of the numerical solution Uy, and the
weakly nonlinear solutions Uy, Uj,, and U, at times t = 1 (left) and t = 1/¢
(right). The middle panels of Figure 1 show the close-up of the area near the
maximum of the right-propagating solitary wave at t = 1 (left) and of the
small left-propagating wave at ¢+ = 1/e (right). Note that the leading-order
approximation U; does not capture the generation of this left-propagating
wave at all. The bottom panels of Figure 1 also illustrate the error terms for
each of the weakly nonlinear solutions relative to the numerical solution Upyp,
for a particular €. For the time interval considered, it is clear that there is a
significant improvement in the error of the weakly nonlinear solutions U;, and
U, compared to the leading-order approximation Uj.

The important question is now: how does the error of the solutions U, U,
and U, scale with €? To analyze the error of the weakly nonlinear solutions in
more detail, we consider the maximum absolute error over x defined as

e = ?1<§§L|Unum(x,t)—U,~(x,t)|, i=1,12,2. (66)
We use a least-squares power fit to determine how the maximum absolute
error of the weakly nonlinear solution at each order varies with the small
parameter €. First, we write the maximum errors defined in (66) in the form

el = Cie, fori=1,12,2, (67)

corresponding to each order of € in the weakly nonlinear solution (65). Taking
logs of the errors in this form and considering a range of €, one can find the
coefficients C; and «;, with the latter revealing how the maximum absolute
errors scale with e. We find the coefficients using Matlab’s “polyfi” command.

In Figure 2, we display double log plots of the maximum absolute errors,
which we find explicitly from simulations against €, and the log of the errors
as defined in (67), both at times ¢ = 1 (left) and # = 1/€ (right). As depicted
in Figure 2, we find the weakly nonlinear solution U, dramatically improves
the scaling of the maximum absolute error at the time ¢t = 1/¢, in comparison
with the solution Uj,. Furthermore, the maximum absolute error of U, scales
almost precisely as O(e?), in agreement with the rigorous error estimates of
Theorem 1.
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Figure 1. Comparison of the weakly nonlinear solutions U;, U),, and U, with the numerical
solution Uyyn for k = 1/+/3, € =0.1, y =0 at (a) r = 1 and (b) ¢ = 1/e, with the close-up of
some areas (c) and (d) and the error plots (e) and (f) at the respective times. Numerical
parameters: Az = 0.01, AT = 0.00125, and L = 2000, N =2 x 10*.
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i 5 4 3 % 5 4 3
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Figure 2. Double log plot of absolute errors versus € at t =1 and # = 1/e. Numerical
parameters are the same as in Figure 1. Coefficients o 12, and C, 15, are given in Table 1.

Table 1
Maximum Absolute Error Scaling Parameters Corresponding to Results
[lustrated in Figures 2 and 4

y=0 y >0

t=1 t=1/e t=1 t=1/e
o) 1.0032 0.9906 1.0026 0.9690
o 1.9870 0.9928 — —
o 1.9970 2.0103 1.9302 1.9515
C 0.03576 0.04979 0.1668 0.4851
Cpy 0.01648 0.02896 ~ —
G 0.02407 0.07417 0.5474 9.2062

We note from Figure 2 the strong similarity in the error scalings of the
leading-order solution U; with the higher order solution Uj, at t = 1/¢. This
was not observed in [10,20] since the detailed analysis of the error term
was not undertaken. However, it must be noted, upon direct comparison of
the two solutions, that the maximum absolute error of the solution Ui, is
still significantly smaller than the error of the solution U;. This is because
the constant C), in the error term (67) is smaller than the corresponding
leading-order constant C; (see Table 1).
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5.2. Boussinesq equation with y > 0

Let us now consider an initial-value problem for the regularized Boussinesq
equation (2) starting with initial data

2
Uilimo = 3k° sech’(%2) tanh(2) — ka[ sech? (%) tanh (M)(&;)

2 [ k(x—xp) k(x—x0)
+sech (TO> tanh <TO ],

where x( is an arbitrary shift along x. The initial data are defined on the
periodic domain —L < x < L. If we choose @ to be

3k? tanh(kL/2)
tanh(k(L + x0)/2) + tanh(k(L — x)/2)’
then the mean value of U|,— is zero, ¢y = 0.
The weakly nonlinear solution is still given by the expansion (60) but the

leading-order term f~ is now a solution to the Ostrovsky equation (48) starting
with the initial data

£ |7=0 = 3k* sech? (7557_) _ 07|:sech2 (M)

Ul,—o = 3k* sechz(’%) —d [sech2 (M) + sech? (k(x_x‘)))] ,

a=

2

+ sech? <M) ] (69)

The higher order terms ¢+ satisfy the linearized Ostrovsky equations
O, @7 (—207¢" 4+ 0. ¢7) = yo™, (70)
and
0= (2019~ + 87 ¢~ + 0 (S ¢))) =y~ + 07/ +20r9] [, (T1)
starting with the initial data

¢t lr—o = —P(4)
{¢|T:0 =®¢-) 72)

where @ can be expressed in terms of the leading-order solution f~ as

1 X 1 L y
o) =5 ([ o= [ ([ rroas)a)

The function f~ is a solution to the Ostrovsky equation (48), and therefore the
derivative f; in (73) can be readily expressed as

(73)

=0

1
fr=5 (=10 r = 1 +yorf).



78 K. R. Khusnutdinova et al.

Then, the formula (73) shows, in particular, that the magnitude of the higher
order corrections will be smaller if the initial data for the function f~ are
localized, and for smaller values of the constant y. To simplify our numerical
simulation, we choose the initial data accordingly.

The Cauchy problems for Equations (48), (70), and (71) are solved
numerically and simultaneously at each time step. The Ostrovsky equation (48)
can be solved numerically using both pseudo-spectral and finite difference
methods (e.g., [19,42—44]). We extend the spectral method used to solve the
KdV equation in [41] in order to solve the linearized Ostrovsky equation
(70) and the forced linearized Ostrovsky equation (71). The method used
to solve the Boussinesq equation is an extension to the numerical method
in [40].

We now compare direct numerical simulations of the Cauchy problem for
the Boussinesq equation (2) with the weakly nonlinear solutions U; and U,
defined by (65), as well as analyze the approximation error from (66) and (67).

Figure 3 presents numerical solutions for k£ = %, € = 0.025, and y = 0.1.
The top panels of Figure 3 depict the evolution of the numerical solution
Unum and the weakly nonlinear solutions U; and U, at times ¢ = 1 (left) and
t = 1/e (right). The middle panels of Figure 3 show the close-up of the area
near the maximum of the right-propagating wave at ¢t = 1 (left) and of the
small left-propagating wave at ¢t = 1/¢ (right). We again note, similarly to our
first example, that the leading-order approximation U; does not capture the
generation of this left-propagating wave at all.

We also note the important qualitative change in the dynamics of the
solution, compared to the Boussinesq equation with y = 0: the initial data
generate the right-propagating nonlinear wave packet instead of a solitary
wave. This dynamics agrees with the well-known behavior of solutions
of the Ostrovsky equation [19,45], where initial solitary-like disturbances
lead to the formation of unsteady wave packets. The initial condition used
in our example is closer to this wave packet than the pure solitary-like
disturbance, and it has zero mass, which explains why there is less
radiation.

The bottom panels of Figure 3 illustrate the evolution of errors for each of
the weakly nonlinear solutions U; and U, relative to the numerical solution
Unum, for a particular €. One can note a distinct improvement in the accuracy
of the weakly nonlinear solution U, compared with U;.

Figure 4 displays double log plots of the maximum absolute error found
explicitly from simulations and the log of the absolute maximum error as
defined by (67). As one can see, the leading order maximum absolute error
scales as O(¢) for U; and as O(e?) for U,. This scaling agrees with the error
estimates in Theorem 2. It must be noted, however, that the constant C, of the
higher order error term (67) is substantially larger than the corresponding
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Figure 3. Comparison of the weakly nonlinear solutions U; and U, with the numerical

solution Upum for k= 1/4/3, € =0.025, y = 0.1 at (a) t =1 and (b) ¢ = 1/e, with the
close-up of some areas (c) and (d) and the error plots (e) and (f) at the respective times

Numerical parameters: At = 0.01, AT = 0.000125, and L = 80, N =4 x 10*.
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Figure 4. Double log plot of absolute errors versus € at t =1 and ¢ = 1/e. Numerical
parameters are the same as in Figure 3. Coefficients o, and C;, are given in Table 1.

leading-order error term constant Cy, and both constants are larger than in the
case of the Boussinesq equation (see Table 1). Therefore, although the error term
scales as O(e?), as expected, it is substantially larger than in the case of y = 0
(compare the Figures 1(f) and 3(f) and note the difference in the values of ¢).

6. Conclusions

In this paper, we constructed a weakly nonlinear solution of the Cauchy
problem for the regularized Boussinesq equation (1) with § > 0 in the
periodic domain. The weakly nonlinear solution is constructed in terms of
solutions of two uncoupled Ostrovsky equations, extending the results obtained
in [10,20]. In our present paper, it was shown how the accuracy of the
weakly nonlinear solution can be improved by using the linearized Ostrovsky
equations for the two functions present in the first-order correction term.
Although our consideration exceeded the accuracy of the physical problem
formulation because the second-order correction terms were not included in
the original Boussiness-type equation (1), the methodology can be generalized
and extended to the case when the main equation includes these higher order
terms.

Analytical results have been illustrated numerically, for the regularized
Boussinesq equation with § = 0 and § > 0 in the large domain. The behavior
of the error terms has been studied in details and the numerical results have
shown excellent agreement with the analytical predictions.
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