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Abstract

We consider structure preserving numerical schemes for the Ostrovsky equation,
which describes gravity waves under the influence of Coriolis force. This equation has
two associated invariants: an energy function and the L? norm. It is widely accepted
that structure preserving methods such as invariants-preserving and multi-symplectic
integrators generally yield qualitatively better numerical results. In this paper we pro-
pose five geometric integrators for this equation: energy-preserving and norm-preserving
finite difference and Galerkin schemes, and a multi-symplectic integrator based on a
newly found multi-symplectic formulation. A numerical comparison of these schemes is
provided, which indicates that the energy-preserving finite difference schemes are more
advantageous than the other schemes.

keyword
Ostrovsky equation, Conservation, Multi-symplecticity, Discrete variational derivative
method, Discrete partial derivative method

1 Introduction

In this paper! we consider geometric numerical integration for the Ostrovsky equation [22]
under the periodic boundary condition of length L:

up + oty — Buger = Y0 u, u(t,x) = u(t,x + L), (1)

where a, 3,~ are real parameters and the subscript ¢ (or x, respectively) denotes the differ-
entiation with respect to time variable ¢ (or z). This equation models gravity waves under
the influence of Coriolis force. The parameter 5 measures the dispersion effects and v mea-
sures the effect of the rotation. For example, for § < 0, the equation models surface and
internal waves in the ocean and surface waves in a shallow channel with uneven bottom [2],
and for 8 > 0, it models capillary waves on the surface of a liquid and magneto-acoustic
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waves in a plasma [11, 12]. In the absence of rotation (v = 0), (1) leads to the well-known
Korteweg—de Vries (KdV) equation. Despite its physical importance for the case v # 0,
only a few numerical methods have been proposed. Hunter [14] used a finite difference
scheme to investigate solutions under both positive and negative dispersion effects. In [6, 13]
Fourier-pseudospectral and Fourier-Galerkin schemes are used to examine the evolutions of
soliton-like solutions. Liu—Pelinovsky—Sakovich studied the wave breaking phenomena for
the case § = 0 theoretically and numerically [15]. More recently Yaguchi-Matsuo—Sugihara
proposed four numerical schemes that inherit the following conservation properties of the
Ostrovsky equation [24].
The Ostrovsky equation has three first integrals [7]:

L
/ u dx = const. = 0, (2)
0
L
/ <au3 + éui + W(BI_1U)2> dz = const., (3)
o \6 2 2
L,>2
/ Y dz = const. (4)
0o 2

In what follows, we call them the mass, energy, and L? norm conservation laws, respectively.
Note that in the mass conservation (2), we claimed that u is a “zero-mean” function. This
is necessary so that 9, ' in the equation is also a periodic function. Generally, for mathe-
matical convenience, the inverse operator 8, ! is defined for any zero-mean and L-periodic

function as
T 1 L rx
O tu —/ u(t,s) ds — / / u(t,s) ds dx (5)
0 LJo Jo

(see, for example, [14]). Notice this maps the function back to a zero-mean and L-periodic
function:

L
/ 81_1u dz =0, (6)
0

as far as integration is allowed.

For the PDEs with such invariants, it is widely accepted that structure preserving meth-
ods, for example numerical methods that preserve the invariants, generally yield qualitatively
better numerical results, and in the last two decades much effort has been devoted in this
topic to finally find out several unified frameworks. For example, the Discrete Variational
Derivative Method (DVDM) was proposed by Furihata [9] (see also Furihata—Matsuo [10]),
the Average Vector Field Method (AVFM) was proposed by Celledoni et al. [5] in finite
difference context, and the Discrete Partial Derivative Method (DPDM) was proposed by
Matsuo [17] in finite element context.

From these standpoints, Yaguchi et al. have proposed four conservative numerical
schemes: a finite difference scheme and a pseudospectral scheme that conserve the energy (3),
and the same types of schemes that conserve the norm (4). The energy-preserving schemes
are based on the following Hamiltonian structure:

_ oG _a s Boo v o9
and the norm-preserving schemes are based on the following variational structure:
6H 2
wp = (—%(u@x + Oyu) + B, + yaﬁ) —.  H@)= % (8)
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They derived the conservative schemes based on the DVDM, but there was a difficulty that
the original DVDM did not support the non-local operator 8, . In order to work around

. . . . = (=1
this, they extended the DVDM so that it can handle a discrete inverse operator 5I< ) that
approximates 0, ! and correctly replicates the zero-mean property (6). In this sense their
trial was quite successful. There remained, however, a small drawback that their operator

(5;(_” failed to satisfy c5~x<_1>59<61> = id., which is naturally expected corresponding to another
basic property of 9, ': 9,710, = id. (precise mathematical meaning of this identity will
be described in Section 3.1.) This gave rise to unnatural average operators in the resulting
schemes, which seemed to provoke undesirable oscillations in their numerical results (the
detail will be reviewed later).

Taking these into consideration, we devote our effort to the following three points.

e Firstly, we propose new energy- or norm-preserving finite difference schemes where no
such unnatural average operator appears. The key here is to introduce the potential
function ¢ satisfying ¢, = u, and rewrite the Hamiltonian and variational structures
with it. The technique is natural in the context of dynamical systems. We then
apply the DVDM to obtain conservative schemes. Our numerical experiment strongly
suggests that the qualitative behavior of numerical solutions by the new schemes is
better than the existing schemes.

e Secondly, we show that this equation has a multi-symplectic formulation, and provide
a multi-symplectic scheme based on this formulation by applying the Preissman box
scheme. This formulation is motivated by the multi-symplectic formulation of the KdV
equation by Ascher—-McLachlan [1]. Although this multi-symplectic scheme does not
preserve the energy or the norm exactly, our numerical results show that the deviations
are very small .

e Finally, we propose energy- or norm-preserving Galerkin schemes. The existing frame-
work (the DPDM) does not directly apply to the Ostrovsky equation due to the non-
local term 9, ~'u. We solve this difficulty by introducing an L2-projection technique.

Remark 1. Note the difference between “Hamiltonian structure” (7) and “variational struc-
ture” (8). As is well known, the KdV equation (y = 0) is a bi-Hamiltonian PDE; i.e., both
(7) and (8) give Hamiltonian structures. On the contrary, for v # 0, (8) should not give
a Hamiltonian structure. In fact, if the Ostrovsky equation were a bi-Hamiltonian PDE, it
would have infinitely many first integrals. But it has been reported that this equation is not
completely integrable [7], and the above three are believed to be the only invariants. O

This paper is organized as follows. In Section 2 notation is introduced and the schemes
by Yaguchi-Matsuo—Sugihara are summarized. In Section 3 two finite difference schemes are
presented. In Section 4 a multi-symplectic formulation and a multi-symplectic scheme based
on it are proposed. In Section 5 two Galerkin schemes are presented. In Section 6 some
numerical results are provided. Concluding remarks and comments are given in Section 7.

2 Preliminaries

In this section we prepare notation and review the approach by Yaguchi-Matsuo—-Sugihara
[24].
2.1 Notation

We first prepare notation used in Section 2, 3 and 4. The interval [0, L] is discretized by uni-
form grids with the space mesh size Az = L/N, where N is the number of nodes. Numerical
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solutions are denoted by U,gn) ~ u(nAt,kAx) or <I> ~ ¢(nAt, kAx), where At is the time

mesh size. We often write the solutions as a vector U(”) = (Ul(n), LU ](\? ))T. For simplic-

1
ity, we also denote U, (n+3) (U,gnﬂ) + U, Ign)) /2. In order to treat the periodic boundary

condition, we consider {U,C } an infinitely long vector, and then its /N-dimensional

k=—00"
restriction by the discrete periodic boundary condition U( "oy ,En)mo g (forall k € Z). We
denote the latter space by X4 := {U = {Ug }rez | U E R, Uk = Uk mod N, for all k € Z}, and
introduce its zero-mean subspace X4 := {U | Z]kv o Ur =0, U € X4}. These are natural

discretizations of continuous spaces X and X, which will be introduced in Section 3.1.
The standard central difference operators that approximate 9y, 952, 8>, 9,* are denoted

by 5501) , 5a<;2>, 5§3>, (5g<c4> respectively:
sy _ U,gi)l - U,Si)l

T Tk 2Ax

53 — 5251 54 — (5<2>)27

x T T ) x T

sOU® _ Ui — 20" + U
9 k - (Aﬂf)z 9

x

and the forward and backward difference operators, which are also the approximations of
0., are denoted by

U;Ei)l - U - — o - U
Az ’ z 7k Az '
(1)

We denote the approximations of 9, ! by 0, and (555_1), whose explicit definitions will be
provided later. We use the forward difference operator §; = (U, énH) - n)) /At which is the

discretization of 9;. In Section 5 we utilize the inner product defined by (f, g) fo fg dx.
As for the difference operators, the following summation-by-parts formulas are useful.

stuY =

Lemma 2.1 ([9]). The difference operators 5 and 58 are skew-symmetric in the sense
that for any two sequences U, V € X,

N-1
Z Upd{ Vi Az + Z VU VeAx = Z U@ ViAo + Y (0P U)VeAz =0, (9)
k=0 k=0

Eq. (9) corresponds to the integration-by-parts formula:

L L L L
/ udyv dz —i—/ (Ozu)v do = / udSv dx +/ (0:u)v daz = 0,
0 0 0

0
for any two L-periodic functions u(¢,-) and v(¢,-).
2.2 Approach by Yaguchi-Matsuo—Sugihara

In this subsection the previous approach by Yaguchi et al. [24] is summarized. They assumed
that the initial condition is given such that it satisfies

N-1
Z U,go)Ax =0,
k=0

. > (—1 .
which corresponds to (2), and defined the operator 633< ) by a summation operator

n k—1 n N-1 n j—1 (n)
Ué ) 15 ) 2 <Ué ) U )

5, 7™ = Ax

+ZU L

Jj=0



which corresponds to (5). The second term of the right hand side of (10) enforces

=2

5. MU Az =0,
0

>
Il

which corresponds to the zero-mean property (6).

We review the energy-preserving scheme first. A discrete version of the energy G =
au?/6 4 Bu2 /2 + v(9,'u)?/2, and accordingly a “discrete variational derivative” that ap-
proximates 6G/6u = au?/2 — Buge — ¥0, 2u are defined by

n « n B n (D
G = S+ 5 (Gruf? + e Uy ) S,
G o« (n+1)\2 (n+1) 7 (n)
UMD )y, 6 <<U"‘ ot Ui U )

1 ~ (= n+i

Then the scheme is defined as follows.

Scheme 1 (Yaguchi et al.’s energy-preserving finite difference scheme [24]). Given an initial
approzimate solution U© ¢ X4, we compute U™ (n=1,2,...) by

n+1 n
O S 3G

At T st pmy,

(k=0,...,N—1). (11)

Eq. (11) corresponds to the Hamiltonian structure (7). Numerical solutions by Scheme 1
conserve both the total mass and the energy.

Theorem 2.2 (Conservation of the total mass and the energy [24]). Under the periodic
boundary condition, the numerical solutions by Scheme 1 conserve the total mass and the
enerqy:

N-1 N-1 N-1
U(n Ax = ZUk x, ZG](:)AZL‘— ZG(O)A@" (n=1,2,...).
k=0 k=0 k=0

Next, the norm-preserving finite difference scheme is summarized. A discrete version of
the norm H = u?/2, and accordingly a “discrete variational derivative” that approximates
d0H/du = u are defined by

g _ (U)? 6H _pt)
k 2 7 sutth ), Tk

Then the scheme is defined as follows.

Scheme 2 (Yaguchi et al.’s norm-preserving finite difference scheme [24]). Given an initial
approzimate solution UY) € X4, we compute U™ (n=1,2,...) by

(n+1) n)
Ug " =U (o m+d) | 1yt 3) = (-1) 0H
(k=0,...,N—1).  (12)



Eq. (12) corresponds to the variational structure (8). Although Yaguchi et al. actually
described the scheme in a different form

(n+1) _ 7(m) )
% +% (U]gnJré)ég(cl)UlinJr%) 45t (Uém;)) ) B 56§3>U£”+%) _ 'y<5~x<_l>U]£"+%)’
(13)

it is easy to show it is equivalent to (12). Numerical solutions by Scheme 2 conserve both
the total mass and the norm.

Theorem 2.3 (Conservation of the total mass and the norm [24]). Under the periodic
boundary condition, the numerical solutions by Scheme 2 conserve the total mass and the
norm:

N—

—_

N— N-1 N-1
UAac =300z, S H"Ac=Y HOAz, n=01,....
k=0 k=0 k=0 k=0

—_

Remark 2. Actually, the scheme (13) corresponds to the discretization of
o
ug + g(uﬁxu + 0pu?) — B0 u = 79, 1,

by the midpoint rule. O

In this way, Yaguchi et al. succeeded in designing conservative schemes. There remained,
however, a small disadvantage that although in an analogy with the continuous case the

operator 5~x<71> is expected to satisfy 5;<71>53<;1> = id., it turned out not, and an unnatural
operator appears as follows.
Lemma 2.4. For any U € X, it holds

- (— < (= U1+ 20,4+ U,

5:0( 1>5§1>Uk _ 5;1>5x< 1>Uk _ YUk—1+2Uk + kel

4

The unnecessary average operator broadens the stencil in the resulting schemes, and the
behavior of the numerical solution can get slightly worse. Actually, Yaguchi et al. [24] found
in their paper that the schemes can get slightly unstable when the space mesh size Ax is
increased.

3 New conservative finite difference schemes

In view of the above background, we here propose two new conservative finite difference
schemes free of such an unexpected average operator. This is done by reformulating the
Hamiltonian and variational structures so that no inverse operator 9, ! is required explicitly.
In this section, we first consider the reformulation and then derive schemes based on the
reformulated structures.

3.1 Reformulation of the Hamiltonian and variational structures with the
potential ¢

We denote by X the set of L-periodic and sufficiently smooth functions, and by X its subset of
all zero-mean functions. In order to eliminate the inverse operator 9, ', we here introduce



a “potential” function ¢ = 8, 'u, where 9, ! is defined by (5). From this definition, it
immediately follows that ¢, = u, and that the equality (6) implies

L
/ pdr =0 (14)
0

in terms of ¢. This means that ¢ also belongs to X. It is easy to check that 0, 19, =
9,0, ! =id. in X; i.e., they map u € X back to u itself.
The equation (1) can then be rewritten with ¢ to

Gut + APy Py — /8¢:crzz = v¢. (15)

Note that this does not include the inverse operator d, ~!. By introducing an energy function,
this can be cast into

oG
oo’
If we further multiply both sides by 9, ' (note that 6G/5¢p = —adydrs + BOraws +70 € X),
we finally reach a Hamiltonian form:

B

bt = G) = G034 + 5% + 50" (16)

110G

5o
The skew-symmetry of 9, ! will be shown in Lemma 3.1 below. Although the Hamiltonian
form includes 9, !, actually the previous expression (16) suffices to show the energy preser-
vation (see Theorem 3.2 below). In the subsequent subsection, we will fully utilize this to

construct an energy-preserving scheme avoiding inverse operators.
Similarly, Eq. (15) can be rewritten in another variational way:

yoH
0

¢t :a:c

I

but = (5 (s + Opu) — 50, =10, (ax ) . H(9)

By multiplying 9, !, we find
«@

3

o
As above, the expression (17) can imply the desired norm preservation property (see The-
orem 3.2). But in this case the expression (17) still explicitly includes the inverse operator

9, L. Fortunately it can be avoided if we substitute 6H/0¢ = —pye into (17), and expand
the right hand side to obtain

ot = —%(uax + Opt) bz + Bduara + 10- (18)

¢t = azil ( (ua:v + 813“) - 68333 - 78x71> 8.7,‘

We will do exactly the same thing later in discrete setting to eliminate discrete inverse
operators.

The skew-symmetry of the operators in the Hamiltonian and variational forms are sum-
marized in the following lemma.

Lemma 3.1. If u(t,-) € X, then the operator (%(u@m + Opu) — BO3 —78;[1) 18 skew-
symmetric in the sense that for any v,w € X, it holds

/ ’ Vs <(%(u8$ + Opu) — BO3 — ’y&fl) wx) da
0

= - / ’ ((5 @0 + 0ow) = 50,* = 70" v2) s, dar
0



Proof. The skew-symmetry of (ud, + d,u) is well-known (see, for example, [18]). Since 9,>
is obviously skew-symmetric, it remains to show the skew-symmetry of 8, . From the
skew-symmetry of J,,

L L L L
/ 020, tw, dz = / vpw dr = —/ v, dr = —/ (81_1vr)wm dz.
0 0 0 0

We can prove the energy and norm conservation laws based on the expression (16) and
(17) as follows.

O

Theorem 3.2. Let ¢ € X be a solution to (15). Then it preserves the following quantities:

L L
d/ G dx =0, d/ H dz =0.
dt J, dt J,

Proof. The conservation of the energy G is immediate:

/de/ %@dx /¢mtqﬁtdx—0

The second equality follows from the expression (16). We next prove the norm H conservation
property:

d [r LsH
— | Hdz=| ¢ d
t/o v 0 5¢¢t ’

L oH
. -1
= /0 <8m (5q§> Gzt dx

L SH SH
_ -1 3 -1 -1
= /0 (ax 5¢>( (udy + Opu) — B0 — 7O, )(ax 5d>> dzw
:0'

Note that 9, 10 H /0¢ = —¢,. The first equality is just the chain rule. The second is from
the skew-symmetry of J,, and the third is from the variational structure (17). The last
follows from the skew-symmetry of (§(udy + dyu) — [, — 'y&fl). O

Based on these Hamiltonian and variational structures, we derive energy-preserving and
norm-preserving finite difference schemes in the following two subsections.

3.2 The new energy-preserving scheme

In this subsection a finite difference scheme that conserves both the total mass and the
energy is presented. We define a discrete version of the energy G = a¢? /6 + B¢2, /2 +~d?/2,
and accordingly a “discrete variational derivative” that approximates dG/d¢p = —a¢pppr +

BOrzze + 7P by

G = S el + S0P al2 + J(ef)
G o
Xs) (50t 1) gty (51 M (1) ()2
S0 B0, ~ 6 (<5 2 )+ e ) e e) + (0 2))?)



We can easily check the following key equality:

N-1 N—-1 (n+1) (n)
1 (1) A\ A _ oG LI 7
AL E (G, =G )Ar = g 5@, ) A7 Az. (19)
k=0 k=0 ) k

Using the above discrete variational derivative, we define the energy-preserving scheme as
follows.

Scheme 3 (Energy-preserving finite difference scheme). Given an initial approzimate solu-

tion ®©) € X4, we compute ™ (n=1,2,...) by

(n+1) _ g ()
"t _ o
(1) "k ko — oG (k=0,...,N —1). (20)

O At 5(®+D @),

Eq. (20) corresponds to the Hamiltonian structure (16). Notice that in this scheme we
claimed that the initial solution ®© should satisfy &) ¢ X4, which is natural in view
of the continuous case (14). The initial value & can be generated either by integrating
u(0, z) analytically or by the summing of U® via (10). Scheme 3 defines a map Xq — Xq
in the following sense.

Lemma 3.3. Consider one step of Scheme 3 starting from &M e Xy. If &) solves (20),
then @(nJrl) S Yd.

1
Proof. By applying fo:—ol (-) Az to both sides of (20), we find Z]k\[:—ol <I>l(€n+2)A:v = 0. Then
the assumption ™ € X4 implies @) € X . d

Numerical solutions by Scheme 3 preserve both the total mass and the energy.

Theorem 3.4 (Scheme 3 : Conservation of the total mass and the energy). Under the
periodic boundary condition, the numerical solutions by Scheme 8 conserve the total mass
and the energy:

N-1 N-1 N-1 N-1
sWelAr =Y 6o Ac=0, Y Ar=3 cPAr, n=0,1,....
k=0 k=0 k=0 k=0

Proof. The conservation of the total mass follows from the property of the difference operator

(5g<61> and the discrete periodic boundary condition. We prove the conservation of the energy:

1 N-1
k=0

N—-1 (n+1) (n)
S e ot —e

= 5@, @), At

N-1 n+1 n n+1 n
N (o e\ ()
— r At At
=0.

The first equality is from (19), the second is from (20), and the third follows from the
(1

skew-symmetry of d . O



3.3 The new norm-preserving scheme

In this subsection a finite difference scheme that conserves both the total mass and the norm
is presented. The story becomes slightly more complicated than the previous case.

We define a discrete version of norm H = ¢2/2, and accordingly a “discrete variational
derivative” that approximates 6 H/d0¢ = —¢z, by

(1) g (w)y2
) _ (62’ ®;") oH _sn2g (D)
Hyw = 2 ’ 5(@0 D M), = —(07)70y (21)
Note that these satisfy the key equality:
N— N-1 (n+1) (n)
H™Y — g Az = oH il S SN (22)
kz kzo s(@ D @), At

With this discrete variational derivative, we can formally define a prototype of the norm-
preserving scheme, analogously to the continuous variational structure (17).

Scheme 4 (Norm-preserving finite difference scheme: a prototype). Given an initial ap-
proximate solution 30 ¢ X4, we compute &™) (n=1,2,...) by

(I)(n—l-l) (I)](Cn)

s P <§(U]§n+%>5§1> L apTTy - gat 75<—1>> oH

(@t @)y,
(k=0,....,.N—=1), (23)

At v

(n+)_5<> (n+)

where Uy, , and 5g<;1> : X4 — Xq is a discrete inverse operator approzimat-
ing O, ' such that 5; 1>5§cl> = 6§;1>(59<C_1> =id. in Xgq.
(1)

Note that here we used a new discrete inverse operator 4
s (-1) (—1)
Oz

, which is different from

used in Yaguchi et al.’s scheme. Such an operator d, ~/ in fact exists.

Lemma 3.5. There exists an operator 5§_ ). : Xq — Xq such that 5( 1>5< ) = (5<1>6< U —id.
in Xq.
(1)

Proof. The Moore—Penrose pseudo-inverse of d,

(=1

is an example of d; . In fact, the matrix
expression of 55<01>, say DU is a circulant matrix which can be diagonalized via the discrete
Fourier transform. The eigenvalues are isin(27j/N)/Axz (7 =0,..., N — 1), which becomes
0 for the eigenvector (1,...,1)T. This corresponds to 9,1 = 0 (in other words, the vector is
orthogonal to X4). The Moore-Penrose pseudo-inverse of DM which we denote by (D<1>)+,
is also a circulant matrix with the same eigenvectors, and the corresponding eigenvalues are
the reciprocals and the zero (see, for example, [23]). This means that both (D)+ DD and
DM (DM * have the zero eigenvalue for (1,...,1)T, while all other eigenvalues are equal to
1. This implies the claim. O

(=1

Given such an operator d; ', Scheme 4 is in fact conservative.

Lemma 3.6 (Scheme 4 : Conservation of the total mass and the norm). Under the periodic
boundary condition, the numerical solutions by Scheme J conserve the total mass and the
norm:

N-1 N-1 N-1
s Ay = Z 5 0, BYAz =3 H Az, n=01,....
k=0 k=0 k=0

(24)



For the proof, we need the following lemma (cf. Lemma 3.1).

1
Lemma 3.7. If U € X4, then an operator (g‘(U,En+2)(5< )+ 5< >U ) 5(5 — ’)/(59(5_1>>

is skew-symmetric in the sense that for any sequences V., W € Xq,

N—1 N .
>0 ( (GO0 4+ sWu ) - g5 a0l ) 60w ) A

k=0
S (@ (n+3)
== (<3(Uk 25l 5y, T2y — gatd) —75§;1>) (5;1>Vk)> (6P Wy) Az,
k=0

.
Proof. The skew-symmetry of (U,g " )(5< ) 5< >U,£ Jr2)) is straightforward (for example,
see [18]). Since 58 is also skew-symmetric, it remains to show the skew-symmetry of s&Y.

(1)

From the skew-symmetry of d, /,

N-—1 N—
Z (5<1>Vk)5<_1>(5§1>Wk Z 1>Vk WiAx
k= =0
N-1 N—-1
Vid WAz = — > (65 Vo V) sl WAz,
=0 k=0

O]

Proof. (Proof of Lemma 3.6). The conservation of the total mass is the same as before. The
conservation of the norm can be shown as follows.

N-1

K —
N-1 (n+1) ()
Z CIJk —@k Au
6 q) n+1 (n) At
(n+1) (n)
5 5<1>u Az
<n+1> q)(n)) . At
—0
> ( )
o\
(n+1 n
prt + ) q>( ))
& ) sty | syt E) (-1) ) 5(-1) oH
X ((3(Uk O+ 05U, %) — B8 — 6 Jy 5(@0TD, ), Ax
=0.

The first equality is from (22). In the second equality, we have used the assumption
565V = id. and the summation-by-parts formula (9) (also note that §H/5(®" 1), &) ¢
Xq). Then the scheme (23) and Lemma 3.7 were used. O

Scheme 4 is, however, not satisfactory as is in the following senses: (i) it still contains
the inverse operator 6§[1>, and (ii) it seems not straightforward to show for Scheme 4 a
counterpart of Lemma 3.3. In order to work around these difficulties, we consider slightly
modifying the scheme: by combining (23) with (21), we see that Scheme 4 is equivalent to

(n+1 n)
"t _ gl

50

w2 (25)
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(n+1) (n+3)

- -2, 25 4 sy st L st 45150 gl (26)
Note that the assumption 5g<g_1)(59<c ) —id. applies only to those in X4, and until <I>( 2 € X4

is proved, the operator 6§;1>5§1> in the right hand side cannot be erased. But let us put this

issue aside for the moment, and consider the following modified scheme, which corresponds
o (18).

Scheme 5 (Norm-preserving finite difference scheme). Given an initial approzimate solution
&0 c X4, we compute ™ (n=1,2,...) by

(1)(”+1) o (I)(n)

Qo (ntg) (

n—i—% (n+

+3) (n+3)

Ntz 4 gst

(k:O,...,N—l). (27)

+ 7P,

(1)

This scheme is completely free of the inverse operator d,
of Scheme 5 turns out to happily remain in X4 as follows.

. Furthermore, the solution

Lemma 3.8. Assume ®™ € X4, and consider one step of Scheme 5. Then &t e X 4.

Proof. From (27), we obtain

N-1 (n+1) (n)
Z ( 1>—<1> ! )Aaz

N—-1 1
( g5 4 sy D) gt |l ))Ax.

M

Since the left hand side, and the ﬁrst and second terms of the right hand side vamsh from
n n L n
the skew-symmetry of 53<;1>, (U]g T2 )5< ) +5< >U( +2)) and 5§ )7 we get Zk 01 (ID( +3 )A —o.

This implies the claim. O

Consequently, the solution of Scheme 5 also satisfy (26), and thus it is also a solution of
Scheme 4. This implies the conservation properties of Scheme 5; we summarize this in the
next theorem.

Theorem 3.9. Under the periodic boundary condition, the numerical solution by Scheme 5
engjoys the conservation properties (24).

4 Multi-symplectic integrator

In this section a new multi-symplectic formulation and the associated local conservation laws
are shown. The multi-symplectic discretization is also proposed by means of the Preissman
box scheme.

4.1 Multi-symplectic partial differential equations and their integrators

We start by briefly reviewing the concept of multi-symplecticity in a general context [3, 4,
16, 21]. A partial differential equation F'(u, ut, Uy, Uz, ... ) = 0 is said to be multi-symplectic
if it can be written as a system of first order equations:

Mz + Kz, = V.,5(z2), (28)

12



with z € R? a vector of state variables, typically consisting of the original variable u as one
of its components. The constant d x d -matrices M and K are skew-symmetric, and S is
a smooth function depending on z. A key observation for the multi-symplectic formulation
(28) is that it has a multi-symplectic conservation law:

Oyw + Ok = 0, (29)
where w and k are differential two forms:
w=dz A Mdz, k=dz N Kdz.

Another key property is the following conservation laws. The system (28) has local
conservation laws:

QE(2) + 0,F(2) =0,  9(2) + 8,G(2) = 0, (30)

where E(z), F(z), I(z), and G(z) are the density functions defined by

1 1
E(z)=5(z) — iz;KTz, F(z)= §thKTZ,

) =S() — g MTz 1) =55 M

Thus integrating the densities E(z) and I(z) over the spatial domain (under appropriate
assumptions on F'(z) and G(z)) leads to the global invariants:

a@:/ﬂ@m, ﬂ@:/u@m.

A scheme is called to be multi-symplectic if it satisfies some discrete version of the
multi-symplectic conservation law (29). As multi-symplectic schemes, the Preissman box
scheme and the Euler box scheme are widely known. We adopt the Preissman box scheme
in this paper. The Preissman box scheme (also known as the centered box scheme) was first
introduced by Preissman in 1960, and widely used in hydraulics. It reads?

1
= v.5(z"?

), (31)

1
M6F 2, + Kotz
2

where the sub-/super-indices k + 3 and (n + 1) mean the abbreviations:

n+1 n n n
I/ S S N L
k - ’ 1 - ’
2 k+3 2
(n+3) 1 (n (n) (n+1 n+1)
Zk—f—; =1 (Zk " Zpth 2 )+ ZliJrl ) :

In what follows we use the same abbreviation also for other quantities (i.e., all the quantities
with +1/2 index mean the averages; not the quantities on staggered grid).

The scheme was proved to be multi-symplectic by Bridges—Reich [4]; the result is sum-
marized in the next theorem. For the detail, including the definition of discrete symbols,
readers may refer [4].

2In the context of multi-symplectic integration, the discretization of z is usually denoted by Z*™ and the
numerical solution by U*™. But in this paper we use the same notation Z ,(C") or U,i") as in the finite difference
schemes.
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Theorem 4.1 ([4]). Let us define discrete differential two forms by
wen O VY = (U™ vy k@™, v = (kU™ v,

where (-,-) is the Euclidean scalar product on R?, and suppose that U,gn) and Vk(n) are any
two solutions of the discrete variational equation
+ 3 (n) 4 1,(nt3) 7t ) (n+3)
mstazg) sz = s Pz
associated with (31). The Preissman box scheme (31) is multz-symplectz’c in the sense that
the discretization satisfies

wk—&-%,n—l—l - wk-&—%,n I wk-&—l,n—i—% B wk,n—i—%

At Az
Remark 3. It is sometimes possible to derive schemes preserving discrete versions of the local
conservation laws (30), when S(z) is quadratic [8]. Unfortunately, however, it is not the case
for the Ostrovsky equation, as shown below. O

=0.

4.2 A multi-symplectic formulation and an integrator for the Ostrovsky
equation

In this subsection, a multi-symplectic formulation for the Ostrovsky equation is presented.
With z = (¢,u,v,w)", it is given by

0 -1/2 0 0 00 0 -1 —79

/2 0 o0 | foo -1 0| _ wt Vi) )
o 0 o0o0]™ 01 0 0 |7 —v ’

0 0 00 10 0 0 4

where S(2) = vw+V (u)+v?/28—~¢?/2 and V (u) = —au?/6. This formulation is motivated
by the multi-symplectic formulation for the KdV equation [1]. In fact, for v = 0, (32) reduces
to the one in [1].

From (32), the density functions E and I defined above are explicitly given by

_ 71 T T B 271 2 71 o B
E(z) = 5(2) 2Z$K z = 6+2 : 2¢) + uw 2[¢zw+uxv VU — Wy,
1) = 5ol M2 = 2 (600 — 1),

Under periodic (or vanishing) boundary condition, we have the following two global conserved

quantities:
5(2):—/<6u+§;€,+ ¢> I(z):;/qua;.

Based on this expression, we derive the following multi-symplectic scheme.

Scheme 6 (The multi-symplectic scheme). Given an initial approximate solution dO ¢ X4,
we compute ®™ (n=1,2,...) by

(1) gy(m) (D) o d)
U’”% U’”z U(n+ VUit ” — U, 2
At k+3 Az
(n+3) (n+3) (n+3) (n+3)
ﬁUk+2 — 83U 30, Uiy — o™ (o, N—1)
(Ax)3 kt3 Y ’
1 el
where U( D _ (@,&TP) - <I>,(~C +2))/Aa:.
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5 Conservative Galerkin schemes

In this section, we propose conservative Galerkin (finite element) schemes for the Ostrovsky
equation. As a framework to derive conservative Galerkin schemes, the DPDM [17] is known,
which also fully utilizes Hamiltonian or variational structures. But unfortunately one can
not apply the DPDM directly to the Ostrovsky equation due to the non-local operator 9, *.
Even worse, the Hamiltonian /variational structures with the potential ¢ = 9 tu are not so
useful in this case, since that would require expensive smooth elements.

We circumvent this situation by incorporating the idea of L2-projection. We here only
show the resulting schemes, and leave the discussion on the general framework to our future
work [19]. Below, we first consider two weak formulations for the energy and the norm
preservations, respectively. Then conservative Galerkin schemes are shown based on these
formulations.

5.1 Weak formulations

5.1.1 A weak formulation for the energy preservation

Recall that the energy function G is defined by G(¢, ¢s, ¢rz) = a3 /6 + B2, /2 + v¢?/2,
and the partial derivatives are
oG oG 0G
aL 7@57 =
Then we consider the following weak formulation: Find é(t,-), p(t,-) € H(S) such that for
any vy, vy € H(S),

a 5 .

@urvon) = (G ) + (i 00 ) = (o). (33)

(p,v2) = — <;;i, (U2)ﬂc> : (34)

The symbol S means the torus of length L, and H(S) is the standard first order Sobolev
space on the torus (we often drop (S) where no confusion occurs). From the weak forms
(33), (34), the desired conservation property can be deduced as shown in the next theorem.

Theorem 5.1 (Energy conservation property of the weak forms (33), (34)). Suppose ¢(t,-),
p(t,-) € HY(S) are the solutions of the weak forms (33), (34). Also assume that ¢y(t,-),
but(t,-) € HL(S), then it holds

d L
G a0 vt G0n6m) = Got 4 Gok 4 T6R
Proof.
d [t 0G oG oG
dt/o G(¢7 ¢:Ead)x:p) dx = (a(baqjt) + <a¢m,¢xt> + (%’qumt)
0G oG

= <a¢a¢t> + (a%»%t) — (P, Pat)
= (¢It7 (Z)m)
=0.

The first equality is just the chain rule. The second and third equalities follow from (34)
with vy = ¢4 and (33) with v = ¢y, respectively. The last is from the skew-symmetry of
0. O
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5.1.2 A weak formulation for the norm preservation

We next consider the following weak formulation: Find ¢(¢,-),p(t, ) € H(S) such that for
any vi,ve € HY(S),

(Gat,01) = (562 (1)) = (b, (01)a) + (6, 01) (35)
(p7 U2) = — (6¢mm ('UQ)&:) . (36)

From the weak forms (35), (36), the desired conservation property can be deduced as shown
in the next theorem.

Theorem 5.2 (Norm conservation property of the weak forms (35), (36)). Suppose ¢(t,-),
p(t,") € HYS) are the solutions of the weak forms (35), (36). Also assume that ¢.(t,-),
bux(t,") € HY(S), then it holds

d L 2
/dezo, with H = %
at J, 2

Proof.

d L

dt/o H dz = (¢xtv¢x>
= (590 6e) — (0.022) + (76,02)
=0.

The first equality is just the chain rule. The second and third equalities follow from (35)
with v; = ¢, and (36) with ve = ¢y, respectively. The last is from the periodic boundary
condition and the skew-symmetry of 0,. O

5.2 An energy-preserving Galerkin scheme

In this subsection, an energy-preserving Galerkin scheme based on the weak forms (33) and
(34) is constructed and its properties are shown. Before presenting schemes, we define the
L?-projection operator Py onto the finite-dimensional approximation space W C H' C L2
We also denote Py u, by Dwu for convenience. Roughly speaking, (D )? (p > 1) is the
operator that approximates 9,°. As for the above operators, the following formulas are
straightforward.

Lemma 5.3. For any u € L? and v € W, it holds
(u,v) = (Pwu,v), (37)
and for any u € H' and v € W, it holds
(Dw)Pu,v) = (Dw)P'u)e,v)  (p>1). (38)

Utilizing the above operator, we define the following Galerkin scheme. Let S C H(S)
be an appropriately chosen trial space, and W C H'(S) a test space. For example, we can
simply choose the standard periodic piecewise linear function space. In what follows, we
basically assume this.
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Recall that the energy function G(¢, ¢, ¢rr) is defined as G = ag2 /6 + Bp2, /2 + yp? /2
, and the corresponding partial derivatives are dG/0¢ = v¢p,0G /0P, = %qﬁ%,aG [0y =
Bzr- In view of this, we define discrete partial derivatives by

9Gy p( ) 4 ()
B +D, Gm) ~ 2 ’
0G4 _a (Dwo™ )2 + (D¢ (D ¢™) + (D o™)?
d(Dw el Do) 2 3 ’
0Ga _ 5 Dw)%ot) + (D)
O((Dw )20, (Dw)2¢l) 2 '

It is easy to check that they satisfy the following discrete chain rule

1 L

il (n+1) (n+1) 2 (n+1)y _ (n) (n) 2 4(n)

37 | (GO D, (D 20) — G, D™, (D o))
. 0Gyq ¢(n+1) _ (b(n) 0G4 DW¢(n+1) _ DW¢(n)
“otr ey A )T\ aDwet ), Dy gy At

2 1(n+1) _ 2 1(n)
((Dw )20 +Y), (Dw)26() At

Scheme 7 (Energy-preserving Galerkin scheme). Suppose ¢ (x) € S is given. Find
o) e S and p(”‘%) € S such that, for any vy € W, vo € W,

7 _ g oG ile

T T d d
— | = |+ | P , (V1)
( At 1) <8(¢<H+l>,¢<n>> 1) ( ¥ o(Dw ™D, Dy o) =

_ (10(n+%)7 (Ul)z) (40)

ntd B oG
(p( +2), ’[)2) = - (8((DW)2¢(TL+1)C,1 (DW>2¢(n)) ) (U2)z> . (41)

Obviously (40) and (41) correspond to (33) and (34), respectively. Numerical solutions
by Scheme 7 conserve both the total mass and the energy.

Theorem 5.4 (Scheme 7 : Conservation of the total mass and the energy). Assume that
the trial and test spaces S,W are given such that S C W. Then Scheme 7 is conservative in
the sense that

L L
/ ¢§C”+1> de = / gb;”) dr =0,
0 0

L L
/ G(6* D, Dy o™tV (Dyy )26 ") da = / G(6™, Dwo™, (D)%™) da.
0 0

Proof. Since

/O U do = [¢<">]§ 0,

the conservation of the total mass is obvious. We next prove the conservation of the energy:

L
N / (G, Dw g™, (Dw)?6 ) — G(6™), Dw o™, (Dw)?¢™)) du
0
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B 0G4 ¢(n+1) _ ¢(n) N 0G4 DW¢(H+1) — DW¢(H)
—\ o(pn D), ¢(n)) ’ At O(Dw (1), Dy ()’ At
.\ (D26 — (D20
I(DPw)? ¢(”+1 (Dw) <Z>(" )’ At
B 0Gy ¢(n+1) 0G4 Dw ™D — Dy (™)
- 8(¢(n+1)7¢(n)) Dy ¢+ Dy ()’ At
N (Dw ¢t — Dy ™),
3((DW)2¢("+1), (Dw)2¢™)’ At
9G4 Pt — () 9G4 (o) — p(M),
“\owrm oy ar ) T\ amwer Dy T A
— | pnt3) Dy ¢+t — Dy ™
p ) At

0Ga  ¢tH — ¢t P 9G4 (") — M)y
“otr ey A ) T\ oDy et D, Dye) At

(e, @ =6,
’ At

(qu”*” A <z><”>>
t

At ’ A

The first equality is just the discrete chain rule (39). In the second equality, we have used (37)
and (38) with p = 2. In the third equality, (38) with p = 1, and (41) with vy = (Dyo™+1) —
Dw ™) /At € W were used. The fourth equality follows from (38) with p = 1, and the fifth
from (40) with v; = (oD — ¢(M) /At € S C W. O

5.3 A norm-preserving Galerkin scheme

In this subsection a norm-preserving Galerkin scheme based on the weak forms (35) and (36)
is constructed, and its properties are shown.

Scheme 8 (Norm-preserving Galerkin scheme). Suppose ¢™) (x) € S is given. Find ¢("t1) €
S and p("+%) € S such that, for any vy € W, vo € W,

(75 1) = (5 Grsesb) o) - (502D, + (0.0,

(P2, 00) = = (BOW)?6™*2) (v2).) (43)

where ¢ T2) = (o +1) 4 p()) /2.

Eq. (42) and (43) correspond to (35) and (36), respectively. Then the scheme enjoys the
following the total mass and the norm conservation properties.
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Theorem 5.5 (Scheme 8 : Conservation of the total mass and the norm). Assume that the
trial and test spaces S,W are set such that S C W. Then Scheme & is conservative in the
sense that

L L L L
/ ng(gm_l) dzr = / ¢§cn) dz =0, / HOH) 4z = / H™ dz =0,
0 0 0 0

where H™ = (Dyy¢(™)2/2.

Proof. Similar to Scheme 7, the conservation of the total mass is obvious. The conservation
of the norm goes as follows.

1 L
= /0 (HH) — M) dy
At ’ 2
(n+1) ()
_ P — ¢z (n+1)
= ( At aDWd) 2
2
- (5 (wveh) (Puseeb) ) - (D (o) ) o (100 ot
n+i n+i
_ <<; (DW¢(n+2)) (DW¢(n+;))x> _ (p(n%)’ (Dw)2¢( +2)) i (W(M;)@; +2)>
2 il
_ <‘2“ (Dwon+h) ,(qub(”*é))gc) — (B0, (D)2 )
+ (w(”*%) ¢>§[‘*5))
=0.

6 Numerical examples

Table 1: Numerical schemes used in this paper.

Scheme 1 | The Energy-Preserving Finite Difference Scheme by Yaguchi et al.
Scheme 2 | The Norm-Preserving Finite Difference Scheme by Yaguchi et al.
Scheme 3 The Energy-Preserving Finite Difference Scheme

Scheme 5 The Norm-Preserving Finite Difference Scheme

Scheme 6 The Multi-Symplectic Scheme

Scheme 7 The Energy-Preserving Galerkin Scheme

Scheme 8 The Norm-Preserving Galerkin Scheme

We compare the proposed schemes numerically. The parameters are set to a = 1,8 =
—0.01,7 = —1. The length of the spatial period was set to L = 2w. The initial condition
was set to u(0,z) = sin(z), and accordingly the potential to ¢(0,z) = — cos(z). Hunter
reported that oscillations were observed in this setting [14], and Yaguchi et al. confirmed
this with the above parameters [24]. We took mesh sizes At = 0.1 and Az = L/N, with
N = 101 for Scheme 1, 2, 3, 5, 6, and N = 102 for Scheme 7, 8 (the difference is to avoid
singularities in the coefficient matrices). Although in principle we can use non-uniform grids
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in the Galerkin schemes, we did not do this since in the following numerical examples non-
uniform grids does not necessarily seem advantageous. We employed the P1 elements, for
which it is easy to check the assumptions in Theorem 5.4 and 5.5. In order to solve the
proposed implicit schemes, we used “fsolve” in MATLAB with the tolerances TolF'un and
TolX set to 10716,

Figs. 1 and 2 show the evolutions of the energies and the norms. As shown in the theorems
in the previous sections, Scheme 1, 3 and 7 conserve the energies, and Scheme 2, 5 and 8 the
norms. Scheme 6 conserve neither of them, but the deviations are small. In fact, as for the
norm, the deviation by Scheme 6 is smaller than those by Scheme 1, 3 and 7 which do not
conserve the norm. A similar result is also observed for the energy. Thus Scheme 6 seems
to be the best of all the proposed schemes. We also notice that if we compare Scheme 1, 3
and 7, Scheme 3 and 7 seem better than Scheme 1, because the deviations of the energy are
smaller. As for the energy-preserving schemes, in a similar way, Scheme 5 and 8 seem better
than Scheme 2.

Next, let us evaluate each scheme in view of qualitative behaviors. The numerical so-
lutions are shown in Figs. 3-9 respectively. All figures show the oscillation that Hunter
reported and Yaguchi et al. observed. But as Yaguchi et al. observed, there exist small
differences in the qualities of the solutions. The results by the conservative finite difference
schemes (see Figs. 5 and 6) are smoother, especially in ¢ > 2, than other schemes. From
this standpoint, conservative finite difference schemes, especially the energy-preserving finite
difference scheme (Scheme 3), are the most advantageous in all schemes. These results seem
to support the effectiveness of the schemes expressed in the potential ¢.
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ﬂgﬂ

O oop

SS!IWWQDDDDDDDDDDDEEE‘°"

-2 r ®eco00°?® |

25 .
>
o

Q 3+ 4
e
L

Scheme 1 +
-35 | Scheme 2 _
Scheme 3 *
Scheme 5 o

-4 - Scheme 6 1
Scheme 7
Scheme 8 .
_45 1 1 1 1
0 1 2 3 4 5

time

Figure 1: Evolution of the energy for each scheme.
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Figure 2: Evolution of the norm for each scheme.
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Figure 3: The numerical solution obtained by Scheme 1 (the energy-preserving finite differ-
ence scheme by Yaguchi et al.) with N = 101 and At = 0.1.
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Figure 4: The numerical solution obtained by Scheme 2 (the norm-preserving finite difference
scheme by Yaguchi et al.) with N = 101 and At = 0.1.
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Figure 5: The numerical solution obtained by Scheme 3 (the energy-preserving finite differ-
ence scheme) with N = 101 and At = 0.1.
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Figure 6: The numerical solution obtained by Scheme 5 (the norm-preserving finite difference
scheme) with N = 101 and At = 0.1.
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Figure 7: The numerical solution obtained by Scheme 6 (the multi-symplectic scheme) with
N =101 and At =0.1.
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Figure 8: The numerical solution obtained by Scheme 7 (the energy-preserving Galerkin
scheme) with N = 102 and At = 0.1.
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Figure 9: The numerical solution obtained by Scheme 8 (the norm-preserving Galerkin
scheme) with N = 102 and At = 0.1.
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7 Concluding remarks

We have proposed five new structure preserving numerical schemes for the Ostrovsky equa-
tion: the energy-preserving finite difference scheme, the norm-preserving finite difference
scheme, the multi-symplectic integrator, the energy-preserving Galerkin scheme and the
norm-preserving Galerkin scheme. We also like to emphasize that in this paper we have also
found a multi-symplectic formulation of the Ostrovsky equation. Numerical examples con-
firmed the effectiveness of the proposed schemes, in particular, the finite difference schemes
based on the potential expression. The reason why this approach improved the results, and
whether or not it works also for other PDEs, such as the KdV, are interesting future re-
search topics. For the Galerkin schemes, in the present paper we have introduced the idea
of L?-projection. This technique seems useful in more general context; the discussion and
the extension of the DPDM are left to our future work[19], which will be reported soon
elsewhere.
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