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Abstract

We consider the periodic initial-value problem for the family of a-b-c-d Boussinesq systems, [8], [9], and their com-
pletely symmetric analogs, [10]. We approximate their solutions by the standard Galerkin-finite element method
using smooth periodic splines for discretizing in space. We prove optimal-order L? error estimates for the resulting
semidiscretizations. The numerical schemes are usual in computations of cnoidal-wave solutions of these systems, as
well as of solitary-wave solutions of systems with negative b and d.

1. Introduction

In this note we consider the so-called a-b-c-d Boussinesq systems of water wave theory, [8], [9]

N+ g 4+ (M) 2 + Qgge — bgar =0, (1.1)
Ut + N + Wy + Cllgaz — AUpey = 0, (1.2)
as well as the analogous problem for their symmetric relatives, [10]
N+ Uz + 2 (NU) g + AUy — Wggr =0, (1.3)
Ut + Mo + 57Me + WUy + Cllgza — AUger = 0. (1.4)

Here 1 and u are real-valued functions of x € R and ¢ > 0 and a, b, ¢, d are real constants, which for
modelling purposes should satisfy a+b = 3(6> —1/3), c+d = (1 —6?) for some 6 € [0, 1]. Three categories
of a-b-c-d systems were identified in [8] to have the property that their Cauchy problems are linearly well
posed. These were:

(Cl) >0, d>0, a<0, ¢<0,

(C2) v>0,d>0, a=c>0,

(C3) b=d<0, a=c>0.

The Cauchy problem for systems with coefficients belonging to (C1) and (C2) was shown in [9] to be
nonlinearly well posed, at least locally in time. The systems of category (C3) were not analyzed in [9] due
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2 where u = b = d. In [10] it was shown that the
‘completely’ symmetric systems of the form (1.3) — (1.4) with @ = ¢ and b,d > 0 are nonlinearly well posed
locally in time. Examples of well known Boussinesq systems include the family of the Bona-Smith systems
(a=0,b=d=(30>—-1)/6, c = (2—36%)/3, 2 < 6% < 1), cf. [14], [4], [5], whose member with 62 = 2/3,
ie.witha=0,c=0,b=d=1/6, is the BBM-BBM system, [7], the so-called ‘classical’ Boussinesq system
(a=b=c=0,d=1/3), [23], 1], [3], and the KdV-KdV system (b=d =0, a =c=1/6), [12], [13].
In the present paper we shall consider the periodic initial-value problem for (1.1) — (1.2) and (1.3) — (1.4)
on the spatial interval [0, 1] with given initial conditions

77(55,0) = 770(5”) ) u(xv 0) = UO(x)v T e [07 ]-] ) (15)

where 779 and ug are smooth 1—periodic functions. We shall assume that the periodic initial-value problems
for the systems that will be approximated numerically in the sequel possess sufficiently smooth unique
solutions at least on a temporal interval [0,7]. We shall discretize the periodic initial-value problems in
space using the standard Galerkin-finite element method, based on smooth, 1—periodic splines on a uniform
mesh in [0,1]. The resulting semidiscretizations are represented by initial-value problems for systems of
o.d.e.’s. After introducing the relevant notation and the approximation properties of the spline spaces in
Section 2, we prove, in Section 3, error estimates for the Galerkin approximations, that are of optimal rate
of convergence in L2, for several types of systems. Specifically, our convergence proofs are valid for the
usual systems (1.1) — (1.2) provided their coefficients belong either to a subset of the class (C1) that is
defined in Section 3 and includes e.g. the Bona-Smith, the BBM-BBM, and the ‘classical’ Boussinesq but
not the KdV-KdV system, or to a subset of the class (C2) or to the class (C3) provided that b # —ﬁ, for
n=1,2,3,.... The analogous Galerkin semidiscretizations of the completely symmetric systems (1.3)—(1.4)
with a = ¢, b,d > 0 are analyzed in Section 4; they all possess an L? optimal-order convergence theory.

The error analysis of the semidiscretizations is based on the properties of suitable quasiinterpolants of
smooth periodic functions in the space of periodic splines, that afford proving some crucial cancellation
properties used in the estimation of the truncation error of the semidiscrete approximations. This technique
was introduced by Thomée and Wendroff in [24] in the context of approximating periodic solutions of
linear p.d.e.’s, and has been utilized to prove optimal-order error estimates for nonlinear dispersive wave
equations in [6], [18], [11], for Boussinesq systems of Bona-Smith and ‘classical’ type in [2] and for completely
symmetric systems of KdV-KdV type in [21]. Here it is extended to cover more general cases. To discretize
the semidiscrete systems in the temporal variable one may use explicit Runge-Kutta methods in case the
systems are not stiff (as e.g. the Bona-Smith systems, [2], [5],) or mildly stiff (as e.g. the ‘classical’ Boussinesq
system, [2], [3]). Systems with purely KdV type dispersion terms are very stiff and should be discretized
by time-stepping methods having good nonlinear stability properties, such as the Gauss-Legendre implicit
Runge-Kutta schemes, [11], [21], [12], [13]. The error analysis of such full discretizations will not be carried
out in this paper; the reader is referred to the papers mentioned above.

In Section 5 we check our fully discrete scheme with explicit, fourth-order Runge-Kutta time-stepping by

simulating cnoidal-wave solutions for one Bona-Smith system for which it is possible to derive closed formulas
for this type of solutions of the periodic initial-value problem. We also construct generalized solitary-wave
solutions of systems of class (C3) and use the numerical code to study the evolution that ensues from an
initial ‘heap of water’ for this type of systems.
In this paper, we denote by H;fer, for k > 0 integer, the usual, L?—based (real) Sobolev spaces of periodic
functions on [0, 1] with associated norm || - ||. The norm on L? = L?(0,1) will be denoted by || - || = || - [lo
and the associated inner product by (-,-). The norms on L®(0,1) and W°°(0, 1) will be denoted by || - ||
and || - ||1,00, respectively.

to the singular nature of the elliptic operator I — pd?

2. Smooth periodic splines and the quasiinterpolant

Let N be a positive integer, h = 1/N, and x; = jh, j = 0,1,...,N. For integer r > 3 consider the
associated N —dimensional space of smooth 1—periodic splines

Sn=1{p€Cp’10,1] : ¢, .  E€P1,0<j< N1},

Tji1]
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where
s s .k — f(k
Cror ={f €C°10,1] = FM(0) = fFP(1), 0 <k < 5},
and P,_; are the polynomials of degree at most » — 1. In what follows C' will denote a generic constant
independent of h.
It is well known that S has the approximation property that given a sufficiently smooth 1—periodic

function w, there exists a x € Sj, such that

s—1
Y bllw—=xll; < Cholw]s, 1<s<r, (2.1)
j=0

for some constant C' independent of h and w. In addition, the following inverse inequalities hold : There
exists a constant C independent of h such that

Ixlls < Ch= = yfla, 0<a<f<r—1, (2.2a)
Ixlloe < CR™Y2||x]|, (2.2b)

for all x € Sj. Following Thomée and Wendroff, [24], one may construct a basis {¢;}.; of Sy, with
supp(¢;) = O(h), such that for a sufficiently smooth 1—periodic function w, the associated quasiinterpolant

N
Qrw =Y _w(x;)d;,
j=1

satisfies
lw — Quwl| < Ch"w ™. (2.3)

In addition, it follows from [24] that the basis {¢; }é\le may be chosen so that the following properties hold :
(i) If ¢ € Sp, then
<Ch! |- .
Il < =t max 16,6 (2.4)

(ii) Let w be a sufficiently smooth 1—periodic function and v, k integers such that 0 < v,k <r — 1. Then
(Quw)™,6{”) = (=)"hw®*) (@) + O(W* 7 7%), 1<i< N, (2.5)

where j =1 if v+ k is even, and j = 2 if v + & is odd.
(iii) Let f, g be sufficiently smooth 1—periodic functions and v and & as in (ii) above. Let

B = (F(Qr)™, 6l™) — (=1)"(Qnl(f¢™) ], ¢:), 1<i<N.

Then
max || = O(h*+77V=") (2.6)

1<i<N

where j as in (ii) .
3. Semidiscretization of the usual a-b-c-d Boussinesq systems

In this section we consider the periodic initial-value problem on [0, 1] of the system (1.1) — (1.2), discretize
it in space in Sy and analyze the resulting semidiscrete problem, which is defined as follows : We seek 7y, ,
up € CH0,T;8y), so that for 0 <t < T

(77ht7 ¢) + (uhxa Qb) + ((nhuh)xv ¢) - a(uhxﬁm (b/) + b(nhtwa d),) =0, V¢ € Sh, (31)
(Unts X) + (Mhas X) + (Untina, X) — ¢(haas X') + d(untz, X') =0, Vx € Sy, (3.2)

where the initial values 1, (0), up(0) will be suitable approximations in Sy, of 79, ug, respectively. Here [0, T']
is a temporal interval in which smooth solutions of the periodic initial-value problem for (1.1) — (1.2) exist
uniquely. We first estimate a suitable truncation error of the system (3.1) — (3.2) as in [2].
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Lemma 3.1 Let H = Qpn, U = Qpu and define 1, € Sy, so that for0 <t <T

(Ht7 ¢) + (Uwa (b) + ((HU)w7 ¢) - a(Uxm ¢/) + b<Htwa (b/) = (1% ¢) ) V(b € Sh ) (33)
(Ut, X) + (H:Ea X) + (UUw7X) - C<Hzmaxl) + d<UtwaXI) = (CvX) ;. VX E Sh. (3'4)

Then, there is a constant C' independent of h and t, such that
o) + 1K) < Ch™, Vtel0,T]. (3.5)

Proof: Applying (2.5) to (3.3) and using the p.d.e. (1.1) yields for 1 <i < N, 0<t<T

(¥, i) = B + g + QUage — Wtas) (24, ) + O(R*" 1) + (HU ), i)
= —h(nu)s(zi,t) + O(hW* 1) + (HU )4, 6i)
= —([Qu(n)]zs di) + (HU)z, ¢:) + O(h* 7).
Since
HU — Qu(nu) = ze + nu — us — ne — Qulnu)
where e :=n— H, e = u — U, we have, using (2.6), for 1 <i < N

(¥, 0:) = ((€)z, 61) + (ue, 8;) + (ne, ¢5) + ((7u)z — Qu[(nw)a], ¢1)
+ (Qn[(u)e] = [Qulnuw)] i) + O(R* )
= ((e€)ay #1) = ((Nu)x — Qn[(nu)a], ¢:) + O(R* 7).
Therefore, by (2.4) we obtain, using (2.3) and (2.1)

Il < Cllellllells + It = @nl(mu)o] | +h*72)
< O(lelllells +h7) < CR".

The analogous estimate for ||C]| follows similarly. O
We will now prove an optimal-order L? error estimate for the semidiscrete problem (3.1) — (3.2). For this

purpose we will assume that the dispersion coefficients a, b, ¢, d of the Boussinesq system (1.1) — (1.2) belong

to one of the following categories :

(Cli) b>0,d>0,a<0,c<0. (The ‘generic’ case.)

(Cl.ii) One of b, d is positive and the other is zero, and a < 0, ¢ < 0.

(Cl.ii) b>0,d >0,a<0,c¢<0,a-c=0.(This case includes the Bona-Smith systems for which b = d > 0,

a =0 and ¢ < 0, and the BBM-BBM system b =d > 0, a = ¢=0.)

(Cl.iv) One of the b, d is positive and the other is zero, and a = ¢ = 0. (This case includes the ‘classical’

Boussinesq system for whicha=b=¢=0, d > 0.)

(C2.i) b>0,d>0withb+d#0,a=c>0.

(C3) b=d<0,a=c>0.

Note that the union of (C1.i), (C1.ii), (C1.iii), (Cl.iv) is a proper subset of (C1) defined in the Introduction,

and that (C2.i) is a proper subset of (C2). In the sequel, we will examine (C3) separately.

Theorem 3.1 Suppose that a, b, ¢, d satisfy one of the conditions (C1.i), (Cl.ii), (Cl.%3), (Cl.iv) or

(C2.4). Let np(0) = Qrno, ur(0) = Qruo. Then, for h sufficiently small, the initial-value problem consisting

of (3.1), (3.2) and the specified initial values has a unique solution (nn,un) € (C*(0,T; Sh))2 which satisfies

s (= |+ lu = wnl) < CH. (3.
Proof: Let 0 := Qpn —np, § := Qpu — up, . Then, from (3.1) — (3.2), (3.3) — (3.4) there follows that
(&, X) + (02, %) + (U)o — €2, X) — b, X') + d(Eeas X') = (€, X), VX € Sh, (3.8)
6(0) =£(0) =0. (3.9)
Putting ¢ = 6 in (3.7) and x = ¢ in (3.8) and using periodicity we have
L (102 + B6,12) + (€2,0) + ((HE)w, 8) + L(U26,0) — L(620,6) — alCons0) = (0,0),  (3.10)
5 (IEIP 4+ dllal?) + (02, 6) + (UE)2,€) — (02, &) = (¢, (3.11)
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Note that (2.3) and inverse estimates like (2.2a,b) imply that ||H||1,c0 + |[U|l1,00 < C for 0 <t <T'.
Let t5, € (0,T] be the maximal temporal instance for which the initial-value problem (3.7) — (3.9) has
unique solution such that
[0(t)||oo <1 for 0<t<t,. (3.12)
Let first a, b, ¢, d satisfy condition (C1.i). Multiplying (3.10) by —c and (3.11) by —a, adding the resulting
equations, and using the Cauchy-Schwartz inequality, (3.12) and (3.5) we obtain for 0 <t < ¢,

le[L (1101 + ][0 1) + |al & (1€]1% + dll€|1?) < C IO + bll611?) + (€]1* + dll&a ) + r?T]
for some constant C' independent of h and ¢5, . Using (3.9) and Gronwall’s Lemma we see that
6@ + @)1y < Ch (3.13)

holds for 0 < ¢ < tp, which implies, by Sobolev’s inequality, that ||0(¢)||cc < Ch” for 0 <t < tj, . Therefore,
if h is sufficiently small, (2.2b) and (3.12) imply that ¢;, may be taken to be equal to 7. Existence-uniqueness
of solutions of the initial- value problem (3.1) — (3.2) in [0, T follows, as does (3.6) in view of (2.3).

In case that (C1.ii) is satisfied with e.g. b =0, d > 0, similar considerations imply that

10+ 1€ < Ch™, 0=t <tn,

and the conclusion of the Theorem follows. If (C1.iii) holds, we argue, cf. [2], as follows. Suppose e.g. that
a =0, ¢c <0. We may then write (3.7) in the form

A0y, ) + ((+ HE+UO — 06)0,0) = (¥, ¢) VYo € Sy,

which implies that 8; = R;©, where © is the solution of the problem © — b0” = — (£ + HE + U6 — 6€),
on [0,1] with periodic boundary conditions, and R}, is the elliptic projection onto Sy defined in terms of
the bilinear form A(v,w) := (v,w) + b(v',w’) on H},,. It is not hard to see, cf. [2], [5], that R is stable
on ngr. This property and elliptic regularity of the above mentioned two-point periodic boundary-value
problem yields that
16]]2 < CUlPll + (1€ + HE + U0 — 08]|1) -

Suppose now that t, € (0,7] is the maximal time for which e.g. ||£(¢)||1 < 1 for 0 <t <t . Then the above
estimate and (3.5) yield that

102 < CR™ + (10 +[1€ll1), 0<t<th. (3.14)
Putting now xy = & in (3.8) we see that

1€l < CA" + (16l + [IEll), 0 <t <t (3.15)
Hence, (3.14), (3.15), and Gronwall’s Lemma imply that

10|z + [1E@) [l < CR™ for t € [0,ta],

and it may be seen again that ¢;, can be taken equal to T" and that the conclusion of the Theorem follows.
If a < 0, ¢ =0, the roles of 8 and ¢ are reversed. Finally, if a = ¢ = 0, the proof proceeds easily by putting
¢ =01in (3.7) and x = £ in (3.8), which leads again to an inequality of the type (3.13).

To treat the case (Cl.iv) suppose, for example, that b =0, d > 0, and a = ¢ = 0. Assuming ||0(t)||cc <1 for
0 <t <tp, adding (3.10) and (3.11), and using (3.5) we obtain

10|+ 1€@) || < Ch™,  for 0<t<ty,

and the conclusion of the theorem follows as before. In the case (C2.i) assume e.g. that b = 0, d > 0. Then
adding (3.10) and (3.11), using periodicity and the fact that a = ¢ gives, again under the hypothesis that
10(t)]|cc <1 for 0 <t <ty,that [|0()]|+][[£(t)]1 < Ch" for 0 <t <t, and the proof proceeds analogously.

O
Remark: The hypothesis in Theorem 3.1 that the initial values 7;,(0), uy(0) are taken as the quasiinter-
polants of 1, ug, respectively, is convenient in that it allows, in all cases, to apply Gronwall’s Lemma with
9(0) = £(0) = 0 and obtain (superaccurate in general) estimates like (3.13) etc., from which the L? estimates
for the errors n — n,, u — up follow. In several cases 1,(0) and uy,(0) may be taken, more generally, as
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optimal-order in L? approximations of 79, ug, respectively, for example as L? projections onto Sy, inter-
polants etc. Thus, e.g. in case (C1.ii), if b = 0, it suffices that 7,(0)—no = O(h") in L?. Similar observations
may be made in the cases (Cl.iv) and (C2.i). O
We proceed now to the case (C3). Here we assume that the periodic initial-value problem for the corre-
sponding Boussinesq system is well posed locally in time and that b = d # —1/(4n?7?), forn =1,2,..., so
that the problem
w4+ [bjw” =0 on [0,1],

with periodic boundary conditions, has only the trivial solution. From the Fredholm alternative and standard
o.d.e. theory it follows that for f € L?(0,1) the nonhomogeneous problem

—blw”" —w=f on [0,1], (3.16)

with periodic boundary conditions, has a unique solution w € ngr that satisfies the estimates

[wlle—; < Cllfll-5, 5=0,1,2, (3.17)
where the negative norms are defined as usual by

fiv .
£l = sup L0y
vens,, [1Vll;
v#0

We begin the error estimation by stating the following result due to Schatz, [22], including its proof for the
convenience of the reader.
Lemma 3.2 Let f € L?(0,1) and w be the solution of (3.16) with periodic boundary conditions, and |b| #

1/4n2m2, n=1,2,3,... . Then, there exist positive constants ho and C such that the discrete problem
bl(wh, &) — (wn,0) = (£,6), Vo€ Sh, (318)
has a unique solution for h < hg, for which there hold
= wnll < Chllw = wnlls (319)
and
lw —wplly < Cllwls - (3.20)
Proof: Assume that (3.18) has a solution wy, € S, and let ¢ = w — wy,. Then, from (3.16) and (3.18) we have
b(e/,¢") — (e,) =0, Vo €S). (3.21)

Let v be the solution of the problem
—[b" —v=e on [0,1],
with periodic boundary conditions. Then, cf. (3.17), for some constant C' = C(|b]) it follows that
lolls < Clell. (3.22)
Moreover, using (3.21), for each x € Sp, we have

lel* = 1Bl(e",v") = (e, v) = [bl(e’, v = X) = (e;v = X)
< (16l + Dllellxllv = xll -

Hence, using (2.1), we obtain, for some constant Cy independent of h,
lell < Cihlle]ly - (3.23)
Now, from (3.21) it follows that
Bllle’lI* = llell = [bl (e’ w') = (e, w).
Therefore,

bllleld < (1 + Bl (llell* + llellxflwll) .
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and by (3.23)
Blllell < C1h*(1 + [pD el + (1 + b)) llell1]w]l1
so that, for h sufficiently small, |b| — C1h?(1 + |b]) > 0, and

llellx < Culjw]lx - (3.24)
It follows that (3.18) has a unique solution, since if f = 0 then w = 0, and by (3.24) wy, = 0. The required
estimates (3.19) and (3.20) are the inequalities (3.23) and (3.24). O
We may now prove a result analogous to that of Theorem 3.1 in the case (C3).
Theorem 3.2 Suppose a, b, ¢, d satisfy condition (C3) and that |b| # 1/47*n?, n=1,2,3,... . Let r > 4

and n,(0) = Qnno, up(0) = Qruo. Then, for h sufficiently small, the initial-value problem consisting of
(3.1), (3.2) and the specified initial values has a unique solution (ny,us) € (C*(0,T; Sh))2 that satisfies

— — < r. .
e (0 = mn| + lu = ) < Ch (3.25)

Proof: Let 6 := Qrn—npn, £ = Qru—wuyp. Then (3.7) — (3.9) hold with b =d < 0, a = ¢ > 0. The initial-value
problem (3.7) — (3.9) has a local in time solution for h sufficiently small, essentially because (3.18) has a
unique solution for such h. Let t;, € (0,7] be the maximal temporal instance for which the initial-value

problem (3.7) — (3.9) has a unique solution such that
1E() |l <1 for tel0,th]. (3.26)

Then, there holds that
(101 + 11€1%) < C(I01F + €T +h*), 0<t<tn. (327)
To see this, for 0 < t < t; let © be the solution of the problem
O+ |b|Opy = =& — alype — (HE+UO —E0) +¢, on [0,1],
with periodic boundary conditions, and = be the solution of
=) + |b|Emaz = _ex - afea;mw - ((Ug)w - ng) + Cv on [07 1] )
with periodic boundary conditions. Using periodicity to estimate the negative norms of the right-hand sides
of the above problems, we have by (3.17) and (3.5)
Ol < C(lll2 + 161 + ), (
101l < C(lIEllx + [16]] + A7), (3.29
1l < CI0ll2 + lI€]l + 7T) (
IEF <ol + lgl + "), (

with a constant C' independent of h and ¢j. If now ©;, € S}, is the solution of the problem

(On,8) = [bl(Ona; @) = —(2,0) + a(8aw, ') + (HE+ UG — £0)2,0) + (1,6), Yo € Sy,

then, by (3.7), 8; = ©,. Now, by Lemma 3.2 we have ||© — ©4|| < Ch||O||;. Therefore, by (2.2a), (3.28) and
(3.29) we see that

)

1On]] < [[© = Onll + (1O < C(lIEll + 16]] + 27,
and thus, for 0 <t <ty

35017 = (61,0) = (©1,0) < C(IE]IT + 10]° + h*"). (3.32)
In a similar manner we obtain, using (3.8), (3.30), (3.31) and (2.2a), that for 0 <t <ty
sa €l < Clols + gl* + r2r), (3.33)

and (3.27) follows by adding (3.32) and (3.33).
The final step of the proof consists in putting ¢ = —6 in (3.7), x = —¢ in (3.8), adding and using periodicity
to get

BLd (1192 4 ||¢|f2) = S (6] + [|€]12) — (HE, 0,) + L(U.0,0) + (€64,0) + L(ULE,€) — (v,0) — ((,€),
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for ¢t € [0, t]. Using (3.26), (3.27) and (3.5) yields
1013 + 111D < CAUOlT + €T +h*r), 0<t<tn,

from which, by Gronwall’s Lemma and (3.9) we get [|0]|1 +||¢]1 < Ch" in [0, t]. We conclude, as in Theorem
3.1, that the conclusion of Theorem 3.2 holds. O

4. Semidiscretization of the symmetric Boussinesq systems

We consider now the periodic initial-value problem on [0, 1] of the system (1.3) — (1.4), where a = ¢ and
b,d > 0, which we discretize again in space in S;, for 7 > 3. We seek 0y, up, € C1(0,T;Sy), so that for
0<t< T

(nht, ¢) + (uhmv ¢) + %((nhuh)xa ¢) - a(uhxra d)/) + b(nhtxa ¢I) =0, Vpebs, (41)
(uht7 X) + (nhwv X) + %(nhnhwv X) + %(uhuhwa X) - a’(nhwwa X/) + d(uht$7 X/) = 07 VX S Sh 3 (42)

with 7,(0) and u,(0) taken as suitable approximations of 7y, up in Sp. We assume again that smooth
solutions of the periodic initial-value problem for (1.3) — (1.4) exist uniquely for 0 < ¢ < T'. Taking ¢ = 7y,
and x = uyp, in (4.1), (4.2), adding, and using periodicity, we see that the quantity

Il + lunll? + 0llnne I? + dljuns |1

is a temporal invariant of the o.d.e. system (4.1) — (4.2). The proof of the following result is entirely analogous
to that of Lemma 3.1.
Lemma 4.1 Let H = Qpn, U = Quu, and define 1, € Sy, so that for 0 <t <T

(He, ¢) + (Us, ¢) + 5 (HU)zy 6) = a(Usa, @) + 0(Hiz, ¢') = (,0), Vo € Sh, (4.3)

(U, X) + (Ha, X) + 5(HHz, x) + 5(UUs, X) = a(Hyz, X') + Uiz, X') = (¢, X)), VX € Sh. (4.4)
Then, there is a constant C, independent of h and t, such that

@)+ 1<) < Ch™, Vte[0,T]. (4.5)

The main result of this section is
Theorem 4.1 Let n,(0) = Qrno, un(0) = Qpuo, and a = ¢, b,d > 0. Then, for h sufficiently small,
the initial-value problem consisting of (4.1), (4.2), and the specified initial values has a unique solution

(h,un) € (CH(0,T; S’h))2 that satisfies
max (/[ — |l + llu —uall) < CR". (4.6)

0<t<T

Proof: We proceed as in the proof of the analogous result in Section 3. Let 0 = Qpn — nn, £ = Qru — up.
Then it follows that

(01, 0) + (&2, 0) + s (HE+UO — 08) 0, ¢) — allan, @) + b(012,0') = (¢, 0), Vo € Sh, (4.7)
(& X) + (02, %) + 3 ((HO)w — 00, %) + 2 ((UE) s — &€uy X) — (b0, X') + A&ty X') = (C, X), VX € Sh, (4.8)
0(0) = £(0) = 0. (4.9)

Putting ¢ = 0 in (4.7) and x = £ in (4.8) and adding, using periodicity, we see that
5 a (1017401162 11*)+5 5 (&I +dll€x 1*)+ 5 (Hz0, €)+ 5 (€20, 0)+ 5 (Usb, 0)+3 (Ut €) = (¥,0)+(C, 6). (4.10)

As usual, we use the fact that ||H||1,00 + [|Ull1,00 < C for 0 < ¢t < T, and assume that ¢, € [0,7] is the
maximal temporal instance for which ||€;||cc < 1 for 0 < ¢ < t;,. Then, (4.10) and (4.5) give for 0 <t <ty

3 1012 + Bll6a[1* + 1I€N* + dliéal*] < C 1011 + llE)® + 12T) .
Hence, Gronwall’s Lemma and (4.9) yield
1011 + bl ]|* + [I€]1* + dl|€all* < CR*", 0 <t <ty
Arguing now as in Theorem 3.1 we obtain the desired result. U

Remarks: (i) Again, if e.g. b = 0, we may take 7;,(0) as an optimal-order in L? approximation to 19 in Sy;
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if d = 0 we may do the same for uy(0).

(ii) Note that the result (4.6) holds even if both dispersion coefficients b and d are equal to zero, e.g. in the
case of the symmetric KdV-KdV system with a = 1/6, [12], [13]. In the case a = 0, the semidiscrete scheme
provides an optimal-order (r can be taken now greater or equal to 2), L?—conservative approximation in Sy,
of the solution of the periodic initial-value problem for the symmetric shallow water equations

N+ g + 3(nu)e =0,

4.11
ut+nw+%nnw+%uuw:0, ( )

provided, of course, that a smooth solution of (4.11) exists for 0 <t < T.

5. Numerical examples

The semidiscrete schemes analyzed in the preceding sections may be discretized in the temporal variable by
a time-stepping method to provide full discretizations of the periodic initial-value problem for the Boussinesq
systems. In this section we show the results of some numerical experiments that we performed for two types
of systems for which the corresponding semidiscretizations are not stiff. This permitted using an explicit
time-stepping method, and we consequently employed in all examples shown the classical, explicit four-stage
Runge-Kutta method (analyzed in [2], [5]), coupled with cubic splines in space.

5.1. Cnoidal waves of the Bona-Smith systems

Cnoidal-wave solutions of the periodic initial-value problem for the KdV equation are well known, cf. [25].
The existence of such solutions for the a-b-c-d Boussinesq system (1.1) — (1.2) has been studied in [16]. In
this paragraph we derive a family of cnoidal-wave solutions in closed form for some of these systems. These
exact solutions are then used to test the accuracy of the fully discrete Galerkin scheme.

To derive the exact solutions, we follow the procedure used in [15] to construct exact solitary waves.

Assume that n(€), u(€) are travelling-wave solutions of (1.1) — (1.2) with & = x—¢,t, such that u(§) = Bn(§).
2(b—c—2d) _ 2-B2

Consistency of the Boussinesq system with this type of solutions yields, [15], B? = b—a—aq > Cs =

(provided that b —a — 2d # 0, B > 0) and that the o.d.e.

an’' +B(m*) +n" =0, (5.1)

holds, where ' = d/d¢ and a = B(B — ¢s), 8 = B?, v = B(aB + bc,). Integrating (5.1) twice, looking as
usual, cf. [25], for bounded solutions that oscillate between zero and a maximum value denoted by 79, we
may derive the following family of cnoidal-wave solutions of (1.1) — (1.2):

n(&) = noen®[A&m],  u(é) = Bn(¢), (5.2)

where 79 = (3 — 3B + /9 + 6(24 — 3)BZ + 9B%)/2B?, k = \/9 + 6(24 — 3)B2 + 9B*/B2, m = (no/k)"/?,
A= (ﬁ/@/67)1/ 2 all quantities under the square roots and 7y assumed to be positive. These solutions
have period 2K (m), where K(m) is the complete elliptic integral of the first kind, given by K(m) =
J: ~/ 2(1 —m?sin® 7)~1/2dr. The solutions depend on a free parameter A, the constant of the first integration
of (5.1) with respect to £. Hence, given a suitable a-b-c-d system, one positive value of ¢; and B is determined
by this procedure and one may find a family of cnoidal waves depending on A. As A — 0, since (kK —ng)no =
3A/B, we have m — 1, and the solution (5.2) tends to a solitary-wave solution of sech? type, cf. [15].
In the case of Bona-Smith systems, where

a=0, c=(2-30%)/3, b=d=(30>-1)/6, 2/3<6#*<1,

one may derive from the above formulas the family of cnoidal waves, corresponding to the following values
of the constants and provided 62 € (7/9,1):



a=z3—=—-6, B=gmg-2, 7=20"-4/3,

. 2(1792) _ M
B=\g=m, &= 2(1-62)(62~1/3) ’

_ —(7-90%)+4/(7—962)2 —8 A(1—462+304)
o = 1(1-07) )

N:= /B85 3,/(7—90%)2 —8A(1—402+30%) \ /2
TV ey — ( 4(2—902+964) ) ’
_ A/(7-962)2—8A(1-462+364)
k= 2(1-07) :

(5.3)

In Figure 1 we show profiles of the 77 component of these cnoidal waves (over one period) for various values
of A € [0,1/2] in the case of the Bona-Smith system for 2 = 9/11. These profiles were computed using
the formulas (5.2) and (5.3). As A tends to zero, the height 7y of the cnoidal wave decreases and its period
increases. In the limit A = 0 we obtain the solitary wave of sech? type given in [17]. The speed ¢; of all these
waves is equal to 5v/3/6 « 1.4434. In Figure 1 they are depicted over one period [—L, L], where

25 T T T T T T 2
A=0

- - A=0.05

---A=0.1

2r —A=0.5

1.5
oL

0.5F

ol

5 10 15 20 o5 -15 -1 -0.5

50 -15 -10 -5 0.5 1 15

o 0

T T
Fig. 1. Profiles of n-cnoidal waves for various values of A; Fig. 2. Evolution of an n-cnoidal wave, A = 0.5; Bona—
Bona-Smith system, 2 = 9/11 Smith system, 2 = 9/11

A=0.5, L =1.82390
A=0.1, L = 2.79656
A=0.05, L=3231353
A=0, L=0c0.

Using these profiles as initial values we integrated in time the periodic initial-value problem on [—L, L] for
the Bona-Smith system with 62 = 9/11 using our fully discrete numerical method. Three profiles of the
7 component of the numerical solution in the case A = 0.5 are shown at ¢ = 0, 50 and 100 in Figure 2.
(This simulation was done with 240 spatial mesh intervals and a timestep At = 1072.) At T = 10 (i.e. after
about four revolutions) the amplitude of the wave 1y = 2 was conserved to 9 digits, and so was also the

Hamiltonian of the problem H := [ fL (n* +|c|n2 4 (1 4+ n)u?)dz. The speed ¢, was conserved to 8 digits and

the shape and phase errors (see e.g. [17] for the relevant definitions) were equal to about 0.405 x 10~% and
0.464 x 1078 respectively. We obtained similar results for other values of A.

5.2. Solitary waves of Boussinesq systems of type (C3)

In this paragraph we study numerically some issues related to solitary-wave solutions of a-b-c-d Boussinesq
systems of type (C3), i.e. when b = d < 0 are such that the homogeneous problem w + |b|w” =0 on [—L, L]
with periodic boundary conditions at x = £+ L has only the trivial solution, and a = ¢ > 0. As was mentioned
in the Introduction, these systems are linearly well posed, [8], but the question of their nonlinear local well-
posedness remains open.

For values of the speed c¢s close to one, a local theory, [21], [20], shows that some of these systems
possess solitary-wave type solutions. In fact, for a range of values of b and a, specifically when b < —a and
the spectrum of the matrix of the linearized solitary-wave equations of the system consists of two pairs of
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imaginary eigenvalues (i.e. we are in region No. 4 of Figure 3.3 of [19]), the local theory predicts the existence
of generalized solitary waves (gsw’s) for this type of systems, just as in the case of the KdV-KdV systems of
[12] and [13]. These are travelling wave solutions with a single hump that are symmetric about their crest

%520 -5 -10 -5 5 10 15 20 25 %520 15 -10 -5

gor
Roft

Fig. 3. Generalized solitary wave (n profile) of the (C3) Fig. 4. Numerical solution of (C3) Boussinesq system with
Boussinesq system with a = 1/5, b = —1/6. a=1/5b=-1/6,t=100

and decay to small-amplitude periodic structures (instead of to zero) as their spatial variable becomes large.
1

As an example, we constructed such gsw’s in the case of the system with a = £, b = f%. For this purpose,
we derived the o.d.e. system for [,7,u,u’]” in the standard way, i.e. by assuming travelling wave solutions
for (1.1) — (1.2), integrating once and converting to a first-order o.d.e. system, on which we imposed periodic
boundary conditions at the endpoints of the interval [—25,25]. Taking ¢; = 1.05 and as initial guess for all
components of the system the function 0.2sech?z, we employed the collocation routine bvp4c of MATLAB
as in [12] to compute (with relative tolerance less than 1071°) the n-gsw profile shown in Figure 3. As a
check of its travelling-wave property we integrated forward in time with our evolution numerical code the
periodic initial-value problem (using h = 0.01 on [—25,25] and At = h) with initial profile (7o, uo) given
by the n- and u- components of this gsw. The wave propagated with speed c; = 1.05 with no perceptible

0.1r — l:lO}»
0.08 B
0.06 b
n
0.04 E
0.02 B
-0.41- B
o -0.61- B
-0.81- B
~0.0 . . . . . . . . . .
9250 -100 -50 o 50 100 150 “1so -100 -50 50 100 150
T

L L
50 100 150

Kot

-0.02, L L L L L -1 L L
=fso -100 -50 o 50 100 150 -150 -100 -50
T

(b) (b)

Fig. 5. Evolution from the Gaussian ng = 0.1 exp(—x2/5), ug = 0; n-profiles of the (C3) Boussinesq system with a = 1/5,
b= —1/9. (a’) is a magnification of (a), and (b") of (b).
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change of shape. In Figure 4 we show its 7n-profile at ¢ = 100. During this evolution, the Hamiltonian
H= ffL 7% + (1 + n)u? — a(n? + u2)]dx of this problem was preserved to 9 digits.

In another series of numerical experiments we tried to study the evolution that ensues from a ‘heap-of-
water’ initial profile of the form ny(z) = Aexp(—kxz?), ug(x) = 0 for such a Boussinesq system. This type
of initial profile for the system with @ = 1/5, b = —1/6 produced numerical solutions that blew up soon.
An apparently stable evolution was produced by the system with a = 1/5, b = —1/9 with a Gaussian for 79
with A = 0.1, k = 1/5. (We took h = 0.01, At = h/10 on [—150,150].) Figure 5 shows the n-profile of the
emerging solution at t = 10 and at ¢ = 30. We observe that by ¢ = 10 the initial profile has separated into
two symmetric wavetrains travelling to opposite directions (Figure 5(a)). Figure 5(a’) shows a magnification
of the profile in 5(a). Small oscillations radiate in front of the larger pulses as in the case of the KdV-KdV
systems, [13]. These oscillations decay in amplitude as |z| grows. By ¢t = 30 (Figures 5(b) and 5(b’)) these
oscillations have wrapped around the boundary due to periodicity and are interacting, apparently stabilizing
in mean amplitude. We are not sure if the leading, larger pulses of the wavetrains are (radiating) general-
ized solitary waves that will eventually separate from their dispersive tails; they could be linear dispersive
structures due to the small size of the initial data.

Acknowledgment: D. Mitsotakis was supported by the Marie Curie Fellowship No. PIEF-GA-2008-219399
of the European Commission.
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