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ANALYSIS OF MALMQUIST-TAKENAKA-CHRISTOV RATIONAL
APPROXIMATIONS WITH APPLICATIONS TO THE NONLINEAR
BENJAMIN EQUATION

SERGEY SHINDIN*, NABENDRA PARUMASURY, AND OLABISI ALUKO?

Abstract. In the paper, we study approximation properties of the Malmquist-Takenaka-Christ-
ov (MTC) system. We show that the discrete MTC approximations converge rapidly under mild
restrictions on functions asymptotic at infinity. This makes them particularly suitable for solving
semi- and quasi-linear problems containing Fourier multipliers, whose symbols are not smooth at
the origin. As a concrete application, we provide rigorous convergence and stability analyses of a
collocation MTC scheme for solving the nonlinear Benjamin equation. We demonstrate that the
method converges rapidly and admits an efficient implementation, comparable to the best spectral
Fourier and hybrid spectral Fourier/finite-element methods described in the literature.
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1. Introduction. In the paper, we consider the nonlinear equation, proposed
by T.B. Benjamin in his study of internal waves arising in a two fluid system, see [6].
The equation reads

(1.1a) up = —aty + fH[Uzr] + Ylgoe — 6(u2)z, u(0) =ug, z€R,

where «a, 3, v and § are real parameters and

Hiulr) = 2= [ L

y—x

is the standard Hilbert transform. The problem is formally Hamiltonian, i.e.
(1.1b) uy = JVG(u),

where J = —0,, is the skew-symmetric first order automorphism of the Hilbert scale
H?*(R), s € R and

R

In recent years, problem (1.1) has received significant attention in both analytic
and numerical communities. The well-posedness analysis of (1.1a) can be found in
[15, 24, 25]. In particular, the arguments of [15], indicate that (1.1a) is globally well-
posed, provided the initial data wg is in H*(R), with s > —%. The global classical
solutions are obtained if ug € H*(R) and s > 3. The study of traveling wave solutions
is initiated in [6]. The existence of such solutions for all admissible values of the model
parameters is affirmatively settled by several authors (see e.g. [14, 30] and references
therein), while their stability is discussed in [4, 6, 30].
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On the numerical side, a variety of techniques, suitable for integrating (1.1), as
well as for finding associated traveling waves, is described in the literature. Among
others, we mention the pseudo-spectral Fourier-type schemes used in [4, 23], the hy-
brid Fourier-type/finite-difference scheme of [12] and the hybrid Fourier-type/finite-
element methods employed in [17, 18]. In all the techniques listed above, the spatial
domain is truncated to a large interval [—L, L], the resulting stationary and/or non-
stationary Benjamin equation, equipped with periodic boundary conditions, is solved
numerically. However, as observed by a number of authors, due to the jump discon-
tinuity in the Fourier symbol of the operator H, the exact solutions decay at most
algebraically at infinity.! This is a serious technical obstacle as an accurate numerical
approximation of such solutions requires very large values for the truncation param-
eter L (see e.g. the discussion and numerical experiments in [12, 17]).

In the paper, we adopt an alternative approach. We approximate solutions di-
rectly in the real line using a family of rational orthogonal functions proposed indepen-
dently by F. Malmquist [27], S. Takenaka [36] and, in context of spectral methods, by
C.I Christov [16]. The Malmquist-Takenaka-Christov (MTC) system has a number of
attractive computational features. As observed by J. Weideman [38], the MTC func-
tion are eigenfunctions of the Hilbert transform; the system behaves well with respect
to the product of its members [16]; the MTC differentiation matrices are skew sym-
metric and tridiagonal, while computing of the discrete spectral MTC coefficients can
be accomplished efficiently via discrete Fast Fourier Transform (FFT) [16, 39, 38]. In
fact, it is observed recently in [22] that the MTC system is the only complete rational
orthogonal basis in L?(R) that possesses the last two properties.

Unfortunately, not much is known about the convergence rate of the MTC-Fourier
series. Some preliminary results in this direction are obtained in [8, 38|, where it is
shown that the convergence rate is geometric, provided functions under consideration
are analytic in an exterior of some neighborhood of {i, —i} in the complex plane.
However, as noted in [22, 38|, these results have limited applications, specifically in
the context of differential equations.

In the paper, we derive several error bounds describing convergence of the contin-
uous and discrete MTC-Fourier expansions. It turns out that the convergence rate is
controlled solely by the regularity and asymptotics of the Fourier images of functions in
R\ {0}, while allowing square integrable singularities at the origin. As a consequence,
and in contrast to the Hermite or algebraically mapped Chebyshev bases [9, 13, 19] in
L?(R), the MTC-Fourier approximations converge spectrally under very mild restric-
tions on the functions decay at infinity. The latter circumstance makes them partic-
ularly suitable when dealing with semi- and quasi-linear equations containing Fourier
multipliers, whose symbols are not smooth at the origin (e.g. the Hilbert/Riesz trans-
forms, fractional derivatives, e.t.c.). In the concrete case of the Benjamin equation
(1.1), the MTC semi-discretization yields a spectrally convergent collocation scheme
that admits an efficient practical implementation, comparable to the best spectral-
Fourier and hybrid spectral-Fourier/finite-element methods, described in the litera-
ture.?

The paper is organized as follows: In Section 2, we fix the notation and provide a
basic function theoretic setup that is used in our analysis. Section 2 contains a tech-
nical result, for which we have no immediate references. For the readers convenience,
we sketched the proof in Appendix A. A detailed discussion of the MTC basis and its

IFor a recent study of the interplay between regularity and asymptotic of solutions see [37].
2Similar technique is employed recently in [10, 11] for the closely related Benjamin-Ono equation.
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approximation properties is the main subject of Section 3. A convergence analysis of
the MTC collocation scheme suitable for numerical integration of (1.1) is presented
in Section 4. Numerical experiments, illustrating computational performance of our
scheme, are reported in Section 5. Section 6 is reserved for concluding remarks.

2. Preliminaries. This section is introductory. Here, we fix a notation and
provide a basic function theoretic setup pertinent for our calculations.
Notation. Throughout the paper, symbols

FIAlE) = 96) = 75 [ e < pla)da,
Fgl@) = ola) = 75 [ ol

denote the normalized Fourier transforms and its inverse. Letters x and £ are reserved
for the physical and the frequency variables, respectively. Symbol * denotes the
standard Fourier convolution. Letter ¢ stands for a generic positive constants, whose
particular value is irrelevant.

Weighted Lebesgue spaces. Let Q C R be measurable and let w € L1°¢(Q) be
a.e. positive in 2. We employ

L2 B) = DM, wdw; B), 1< p < oo,

to denote weighted Lebesgue spaces with values in a Banach space B, we write shortly
L2 (), when B is either of R or C. In the sequel, we deal with power weights
Wpr(x) = 27, r > f%. For such weights, we use the shortcut L?(Ry). When r = 0,
we write simply LP(Q).

Variable weight Sobolev spaces. The error analysis of Section 3 in a natural way
gives rise to a scale of variable weight Sobolev spaces. For real valued functions, these
are defined by?

(2.1a) HY(R) = {f € ReS'|[|fllmsm) <o}, s> -3, 720,
(2.1Db) 11 ) = 311 2y + 1Pl S gy

where Re S’ is the space of real valued tempered distributions, P+ are Fourier multi-

plier (projectors) associated with the Heaviside functions h®(€) = li%n(g), KE() =

\/%(iﬁ + )" and H*(R) is the standard homogeneous Sobolev space of order s, see
e.g. [7]. The meaning of parameters s, r and ¢ is straightforward. Parameter s > 0
controls regularity of f, while r describes its asymptotic at infinity. The positive scal-
ing parameter ¢ is used in practical simulations to control the distribution of spatial
nodes and to tune up the convergence rate.

Basic properties of the variable weight Sobolev space H?(R) are contained in the
following

LEMMA 2.1. H:(R), with s > —% and r > 0, are Hilbert spaces. Further,
(2.2a) H*(R) — H!(R),
3For s € N, the HS(R)-norm is equivalent to IfllL2®) + >m=o ””:ESJmeef(m)”L?(R)v ie. | -

llzrs () is a Sobolev-like norm, where weak derivatives of different orders are integrated against
different weights, hence the name.
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provided

1
(2.2b) “y<sSsoSsitro-m, 0<rn<ro

Finally, for sg,s1 > —%, ro,71 > 0 and 6 € (0,1), we have

s s 1—-60)so+0s
(23) [Hr(? (]R)v Hrll (R)]g = H((l—e))rgierll (R)v

where [-,-]g denotes the standard complex interpolation functor of A. Calderon [7].

Proof. (a) In terms of Fourier images, (2.1b) reads
(2.4) 1 1y = W1 Zemey + 15 e ey, T 11 = Var (A, + f).

Note that supp ’%iz C Rz. Hence, for real valued distributions (whose Fourier images
are Hermitian) the choice of sign in (2.1b), (2.4) is irrelevant.

Operators JL[](§), § € Ry, defined in (2.4), are known as one-sided Bessel po-
tentials in the half line, [32]. In the context of the Laguerre basis in R, weighted
spaces of such potentials are discussed in [5]. In particular, it is shown that

L3 (Re) = JF[L2(Ry)], s>—3, >0,

equipped with the norm

I 2@y = 175 [l 2@ay.

are Banach spaces. Since L?(R) N ReS’ distributions are regular, we conclude that
the quantity || - || g+ ) is @ norm in H;(R). The completeness of H;(R) follows from
the completeness of L2"(Ry) N L?(R4). In view of (2.4), the bilinear form

(f 9 msm) = (f,@)r2m,) + (=", T=" (0D 2 vy

is the inner product in H?(R). Hence, the first claim of Lemma 2.1 is settled.

(b) Embedding (2.2) is the direct consequence of (2.4) and the embedding in-
equality (21) from [5].

(c) Interpolation identity (2.3) follow from [7, Theorem 5.6.3] and formula
(25) (IR, IRl = IO (R,), 1< p < oo,
if we view H?(R) as a retract of the vector valued Banach space H?(R) = {(u,v)|u €
L2(R), b € L27(R_) N L7 (R.)}.

We remark that for so = s = 0, (2.5) is well known. Proving (2.5) in general,
even in the basic settings of the half-line, is a delicate issue® which is of an independent
interest. For readers convenience, we sketch the proof in Appendix A. ]

To conclude this section, we note that H3(R) = H*(R), where H*(R) is the
standard Sobolev spaces, as defined in [3]. When s > f%, the latter is known to be
a Banach algebra. As shown below, the property extends to H:(R), with s > % and
r > 0, this fact is crucial for the analysis of Section 4.

4 In fact, only the case £ = 1 and R4 is treated their, but the extension to R_ and arbitrary
£ > 0 is straightforward.
5 Specifically, when either of sg, s1 is outside the range (7%, i)
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LEMMA 2.2. Assume s > 1 andr > 0. Then HE(R) is a Banach algebra, i.e. for
any f,g € H:(R)

(2.6) 1 fallzs @y < cllfllas @) |9l s ®)

with ¢ > 0 independent of f and g.

Proof. (a) Using the elementary estimate |§o + &]° < ¢(|&]* + [£1]%),° combined
with the standard convolution Young inequality, for any two Hermitian functions
frg€ L2(RE) N L2 (Ry) = L?(Ry, (1 + [€]?%)d¢) =: L?(R4), we have

I <c(lf (Rs))-

By our assumption s > %, hence the direct application of Holder’s inequality yields

Hf||L1 ®e) < 1L+ [€1*%)~ 5 lze@ ) fllL2myy < CHfHL?(]Ri)

and we conclude

If

Il 2 (s)-
(b) We let

L3 (Ry) = JE[LI(Re)] = L7 (Re) N Ly (R)

and observe that L2"1(Ry) < L27(R.), whenever 0 < 79 < 71 (see [5, formula
(21)]). By definition, Py + P_ = Z, where T is the identity operator. Therefore,

Py [H;gfg} =Py ["i;ngPJr[’f;eg] + P+ [H;zf]lpf [’f;eg] +P- [’i%,ef]PJr[’f%,eg]'

Finally, n%,e = i%:() (T/Q) (2i0)5 ik i provided 3 is a positive integer. These facts,
combined with part (a) of the proof, yield the bound

r

IS * g||L§>T(Ri) =

520
(2.7) < C||fHL 5wy ||9||L§,§(Ri), 3 €N
(c) We note that for any s > f%, = 1+ [¢* € APS(Ry) N AL(R) (see

Appendix A). Hence, by Corollary A.8 in Appendlx A,
[L270(Ry), L2 (Ry))g = L2 O0t0m(Ry ),

0 € (0,1), 70,71 >0, s > —1. Viewing the convolution product in the Fourier space
as a bilinear map from E?’%(R+) X E?’%(R+) to L27(R), s > %, r > 2 and making
use of the classical multilinear complex interpolation theorem of A. Calderon (see e.g.
[7, Theorem 4.4.1]), we infer from (2.7)

1G]] = s>z, r>2.

||f*g||L§=7'(]R+ = Hf” 2, L Q(R ) 2

TE Ry

6 Which holds for all £,&; € R and s > —1, with an absolute constant ¢ > 0 that depends on s
only.
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By virtue of [5, formula (21)],

125y, < W25 ) + 11 25 ) S e,y 0SS

l\?\ﬁ

2% (Ry)

while the direct application of the convolution Young inequality in the Fourier space,
followed by [5, formula (21)], for all s > —1 and r > 0 gives

1f9ll2@®) < c(lfll2@llalzz@e) + 11 z2@a 9l L2 w))
<c(lflze@llglzz@ + £l p2r gy 191

Li”"(Ri)) :

Combining the last three inequalities, we conclude that (2.6) holds, with % <s< 3
and r > 2.

(d) To complete the proof, we remark that in the standard non-weighted Sobolev
settings (r = 0), (2.6) holds for any s > 3, see [3]. Hence, the interpolation identity
(2.3) and part (c) of the proof, combined together, yield (2.6) for any r > 0. |

3. Continuous and discrete MTC approximations. The Malmquist-Take-
naka-Christov functions {¢,}n>0 are defined as Fourier preimages of the classical
Laguerre functions.” That is, for k > 0, we have

(3.1a) Flon(€) = da(6) = ok (©), k>0,

(3.1b) Floans1)(€) = dars1(§) = —i L sgn(&)gy (&), k>0,
where

(3.2a) el©) = FLOWE. k=0, (>0

and L,(CS)(') are the standard generalized Laguerre polynomials [2]. Note that for

s > —1, the collection {gaz’f}kzo provides a complete orthogonal basis in the weighted
space L% (R4). In particular,

(3.2b) (wi’e,wif)@(M):/R o (Ol ()€ de = ATt s kom > 0.
2 +

Straightforward calculations show that

(3.3a) dor(x) = 2\/71m (Q(iztgl,zil = \/27?[ sin (2k+1)9 sin Q
(3.3b) Gokt1(z) = 2\/7Re 2926%';)6“1 = \/% cos (2]“'2"1)0 sin g,

where z = £ cot £, 6 € (0,2) and £ > 0. As evident from (3.1) and (3.2), the system
{bn}n>0 is a complete orthonormal basis in L?(R) and

(D, dm)L2®) = Okm, k,m > 0.

In context of spectral methods, functions ¢,, n > 0, were discovered by C.I.
Christov [16] in an attempt to obtain a computational basis that behaves well with

"For an alternative definition, and historical remarks see [22, 39, 38] and references therein.



respect to the product of its members. In particular, the following holds
(3.4a) o om = %\/ﬂ—@(%(mm) — Po(ktm)+2 + Pa(m—k) — P2(m—k)—2)>
(3.4b)  Gokt102m+1 = %m(*%(mm) + Ga(htm)+2 + P2(m—k) — P2(m—k)—2)
(3.4c) ok P2mi1 = Q%/ﬁ—z(qﬁz(mm)ﬂ — Po(ktm)+3 + Pa(m—k)+1 — P2(m—k)—1)-

The system {¢, }»>0 has a number of attractive computational features, e.g. in view
of (3.3), the MTC functions are connected with the trigonometric basis and hence
direct and inverse spectral transforms can be computed efficiently via Fast Fourier
Transform (FFT) algorithm [8, 16, 22, 39, 38]. Differentiation and computing of the
Hilbert transform are also easy [22, 39, 38]

(3.5a) Lo = L dorys — 2L bory1 + Edor_1,
(3.5b) L pony1 = —EH doppo + ZE op — Ehop_o,
(3.5¢) Hlpar] = Par+1, Hp2k+1] = —dak.

In the context of the Benjamin equation, identity (3.5¢) is particularly important.®

As far as we are aware, the only rigorous approximation result related to the
MTC basis is the geometric convergence rate of the continuous MTC-Fourier series
for functions analytic in the exterior of a neighborhood of {i,—i} in C (see [8, 38|,
the discussion in [22] and references therein). Unfortunately, in context of differential
equations (and in particular of (1.1)) the result is not very informative. In the sequel,
we derive several alternative error bounds directly in HZ(R) settings. The estimates
form a necessary theoretical background for the convergence analysis of an MTC
pseudo-spectral scheme, presented in Section 4.

3.1. Projection errors. Let n be a positive integer, P, be the finite dimensional

linear space spanned by {¢x(z)}}_,, © € R and P, be the finite dimensional space

a3} .
spanned by {e” 2 1‘5}2:0, € > 0. In connection, with P, and P,, we define two

families of orthogonal projectors P, : L?(R) — P, and 75;1 : L% (Ry) — I@’n, s> —1,
n > 0:

n
Pulfl =D ¢xfe  fu = {f,00) 2wy
k=0
A - STID(k4+1) 5,0 ps.e ps, 5,0
Palfl = St it R =t >L2‘%(R+)~
k=0

By virtue of (2.4) and (3.1), for real valued functions we have
A A 2 A A,
(3.6) I(Z - Pn)[f]“%[:(na) =z - P(()g})[f]HLz(R” +|(T - PPg])[f”

A comprehensive discussion of the Laguerre-type projectors 75,51, s > —1, is found in
[5]. In particular, for sg,s; > —% and rg,r; > 0, Theorems 1 and 2 of [5] give the
bounds’
A N sg—sior1 .
(3.7a) |(Z - Pl 2o,y < cl@n)t =[£Il 2
2

1
sot+r1 (R+) ?
2

2
L3 (Ry)’

(37b) S1 S S0 + To, T1 Z So — S1 + 2T0

8 For the closely related Benjamin-Ono equation, this property is used explicitly in [10, 11].
91n fact, only the case of £ = 1 is treated in [5]. Nevertheless, trivial modifications of arguments
yield (3.7), (3.8) for any ¢ > 0.
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and
P s{—sg=7r1 .
(3.50) 1= P2l e, < ) F 2y
2 2
(38b) §1 >89 +1rg, T1>81— 80

Combining (3.6), (3.7), (3.8) and (2.1), we have
LEMMA 3.1. Assume s > —1 and ro,71 > 0. Then

(390) 1T~ P)fllmy @ < ()" W fllug @y —% <
(3.95) 1@ =Pl @ < (%) M llugs @y 0<% <s<r

with a constant ¢ > 0 independent of n and/or f.

Lemma 3.1 provides a complete description of the MTC projection errors in H#(R)
settings. In particular, it explains a peculiar disparity in the asymptotic of the MTC-
Fourier coefficients of closely related holomorphic functions f(z), g(x) = e%o® f(x),
& € R, see e.g. examples and discussion in [22, 39, 38|.

By virtue of Lemma 3.1, | fk| — 0 spectrally (faster than any inverse power of
k), provided f(g) is smooth in R4 and decreases faster than any inverse power of
€| at infinity. Since §(&) = f(€ — &), the latter condition is violated if f(£) has an
integrable singularity at the origin. This is particularly the case when f(z) is rational,
with poles in the upper and lower complex half planes.

3.2. Interpolation errors. Operators P, are hard to use in practice as the inte-
grals of the form (f, ¢y,)12(r) are impossible to compute in most realistic applications.
The practical approach consists in replacing the inner products with quadratures. In
the no boundaries setting of the real line R, it is natural to use Gaussian quadra-
tures. The quadrature approximation leads to a rational interpolation process, whose
properties are briefly discussed below.

For n =2p—1, we let

2p—1

(3.10a) (foon) = fu = 455 D> (€ + 43w (@) f (wm),
m=0

(3.10b) Ty = %cot(%z;rlﬂ), 0<m<2p—1.

The discrete inner product (?1.10) is exact, provided f € P,,. In practice, we use the
discrete spectral coefficients fi and approximate f by

(3.11) Lf1 =) fudn-
k=0

Directly from (3.3), (3.10) and (3.11), it follows that
(3.12) fl(@m) = f(xm), 0<m<2p-—1,

i.e. Z,[-] is an interpolation operator.

Computational properties of Z, are very similar to those of rational Gauss-
Chebyshev interpolants, discussed in [34] and the generalized Gauss-Laguerre inter-
polants of [5]. In particular, we have



LEMMA 3.2. Assume f € P,, s > —% and r > 0. Then

r+|s|—min{0,2s}
(3.13) 1f ez my < e(3%) I £l 22 (m)

with a constant ¢ > 0 independent of n and/or f.

Proof. Since f € P,, n=2p— 1, we have f € ]ﬁ’p, ¢ € Ry, In [5, Lemma 6], it is
shown that for such functions

2,y < lp) 02| fl o,
P2y < c(Ep) | floge

In view of (2.4), these inequalities imply (3.13). d

LEMMA 3.3. Assume s > % Then

(3.14) |Zoll = @) £2r) < (),

with ¢ > 0 independent of n.

Proof. Since the discrete inner product (3.10) is exact for f € P,,, we have

2p—1
IZalf11 2y = 155 D (€° +4a3,) f* (@m)-
m=0
In view of the classical Sobolev embedding [3], || f|| 2= (&) < cslfl|lm=(r), s > 3. Con-
sequently,
2p—1
1Tl ey < G2 [ D (€ + 422)| 1/ 3
m=0
2p—1
= o[> oy | ey = €SS2
sin ((2m+l)7-r) Hs(R) Hs(R)"
m=0 4
In [34, Lemma 4] it is shown S2 = 2(2¢p)?. Hence, (3.14) is settled. ]
The interpolation error bounds are obtained combining Lemmas 3.1-3.3.
COROLLARY 3.4. Let s > —f, rog >0,e>0 and r > 19+ |s|. Then,
n\ 5+e+ro+|s|—max{0,2s}—r
(3.15) 1(Z = Z) [f ] a2 L®) S C(?) oo * 1||fHH;31(R)7

with a constant ¢ > 0 independent of n and/or f.

Proof. In view of Lemmas 3.2 and 3.3, we have
IZ = Zo) [l mz, @) < T = Pu)lfll g, @) + 1 Z0(Z = Pr)[f 1l 25, m)
n\7o+|s|—min{0,2s
< T = Pl s + ()TN (@ - Pl ey

n\ 1+7o+|s|—min{0,2s
< T = Pad Al @ + ()OI = Py -

Hence, (3.15) is the direct consequence of Lemma 3.1. d
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4. An MTC collocation scheme. To obtain a spatial semi-discretization, for
a given n = 2p — 1, p € N, we approximate the automorphism J by the finite
dimensional skew symmetric map J,, = —P,0,P,, : P,, = P, and replace (1.1) with

(4.1a) Uy = InVaGn(@), a(0) = Ly [uol,
w) =1 [ (ala]® - Bu a al? + 2az,[u?) ) dx
@) Gu(@ =4 [ (alal - suriual + o\l + FaL, (o) do

where @ € P,,. Note that if n = 2p—1, the operator 7, is non-degenerate. This follows
from identities (3.5a)-(3.5b) and the fact that the eigenvalues of the differentiation
matrix —J, are given explicitly by :I:i%, 1 < k < p, where & are roots of the
classical Laguerre polynomial L,(x) (see the proof of Lemma 4.1 below and [39]).
As a consequence, the finite dimensional semi-discrete system (4.1) of ODEs is again
Hamiltonian.

By construction, the semi-discrete vector field VG, (@) is smooth and hence the
initial value problem (4.1a) is locally well-posed. Unfortunately, the only conserved
quantity'® G, () is indefinite. As a consequence, we have insufficient amount of
a priori information to establish uniform global bounds on the growth rate of the
numerical solution u. To alleviate the problem, we proceed indirectly. Instead of
estimating @, we compare it to the reference solution 4 = P,[u] € P, where u (the
exact classical solution to (1.1)) is assumed to be globally defined and regular.'*

4.1. Auxiliary estimates. In our analysis, we make use of three technical es-
timates. The first one is a discrete analogue of the classical Gagliardo-Nirenberg
inequality, the second is used to estimate discrete power nonlinearities and the last
one is an extension of the classical Gronwall’s Lemma.

LEMMA 4.1. Letu € P,, n=2p—1. Then

Nl

(4.2a) a2y < ()

1 1
(4.2b) [ull o @) < C(%n) ! Hulliz(R)HJnulliz(Ry

| Tnull L2 w),

where ¢ > 0 is an absolute constant.

Proof. Identities (3.5) imply

2

HUmH%z(R) = ||»7nu||2L2(R) + B [lagp-n|? + agp-1 ],
where @y, = (u, or)r2(r), 0 < k < n. Our main task is to bound the sum |dy(,_1)[* +
|t2p—1 .

Let dc = (do, ..., Ugp—1y)" and d, = (U1, .. ,ﬂgp_l)T be RP vectors that contain
the even and the odd MTC-Fourier coefficients of u € P,,. Then, by virtue of (3.5), the
even and the odd MTC-Fourier coefficients of —7,u are given by %Dﬁo and —%Dﬂe,
respectively, where D = (d;;) € RP*P is the symmetric three-diagonal matrix, whose
entries are given by d;; = —2i —1, d; j41 = diy1,; =7, 0 < 7 < p. Using the three-term

)T

10This is in contrast with the exact classical solutions, where, in addition to the Hamiltonian, the
L?(R) norm is preserved.

11 The approach is a manifestation of an elementary observation that in the Cauchy problem
y' = y®, y(0) = yo, s > 1, the blow up time is inverse proportional to the size of the input data. The
idea is widely used in numerical analysis, see e.g. [26] for an application in the context of spectral
methods.
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recurrence formula for the classical Laguerre polynomials L, (z) (see [2, 39]), we find
that

. LG
D =QAQT, A=diag(&,....&-1), Qi = VE L)

plLp—1(&5)]’
where &;, 0 < i < p — 1, are the (strictly positive) roots of L,(x) and that matrix
Q@ € RP is orthogonal.
Let e, be the standard unit vector in R? and | - |, - denote the usual Euclidean
norm and the inner product in RP. With this notation, we obtain

|ﬁ2(p71>|2 + |a2p—1|2 = |ep ) 7:‘6|2 + |ep : 120|2
<IN e P | Tnull T sy -

Note that o
& < <cog, 0<i<p-1,

for some absolute constants ¢, C' > 0 (see e.g. [29, formula (2.3.50), p. 141]). Hence,
|A71QT6p|2 =5 L <
and (4.2a) follows. Bound (4.2b) follows from (4.2a) and the standard Gagliardo-

Nirenberg inequality. a
LEMMA 4.2. Assumev €P,, m>0,2<k<5andl1 <r <2. Then

} k k—2 2(k+2)

(4.3a) |<In[um],In[v ‘ < C )6 * ||UHL2(R) +e(k — )||\7nv||L2(R
2(r+1)

(4.3b) |<In[u L, Za[v" Tnv)) L |<c€ 3- T(Z") ||UHL2(R) +5||L77LU||L2(]R)a

where € > 0 is arbitrary and ¢ > 0 depends on k and ||i| o ) only.

Proof. Let w; = (% + 422), 0 < i < 2p — 1, where z; is defined in (3.10b).
Since quadrature (3.10a) is exact in P,, and in view of Lemma 4.1, we have

(Tal@™), Zalv*]) Loy | < ZWIM%)WU(%W

< [l P iy 0117 5y 1011 2
+2
< CH'ELH?OO(]R)”USUHL?’C(]R)HU”Lg(R)
en\ 52~ m £ a2
< () T lallFoe @y 1Tn0ll 3 gy 10l L3 e

Hence, Young’s inequality, with exponents ,;%2 and ﬁ, yields (4.3a). The proof of
(4.3b) is identical. d

LEMMA 4.3. Let u € C[0,T] be non-negative. Assume that

(4.4a) u(t) < f(t) + a/o u(s)ds + b/0 (t — s)u(s)ds, te€][0,T],

where a,b > 0 and f(t) is integrable and non-negative. Then

(44b)  ult) < f(0) 4 = / 3

Lt —s)?| f(s)ds, te0,T).
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Proof. Let U(t) = e ft(t — s)u(s)ds, where \ = —a+va-+ab V’§2+4b is the negative root
of the quadratic equation A\* 4+ aA — b = 0. Then (4.4a) is equivalent to
U"(t) < (a+20)U'(t) + f(t), U(0)=U'(0)=0, tel0,T].

Since a + 2\ < 0, integrating twice, we obtain

e MU(t) = /0 (t—s)u(s)ds < e_’\t/o (t—s)f(s)ds.

Upon substitution into (4.4a), we have

u(t) < ’Mb/ ds+a/0t u(s)ds,

which, combined with the standard Gronwall’s inequality, gives (4.4b). ]

4.2. Stability. Now, we turn to the study of the numerical error e = @ — .
Applying operator P,, to both sides of (1.1), subtracting (4.1) and passing to the
quadrature (as we did in Lemma 4.2), we infer

(4.5a) et = TnVe|Gn(—€) + En(e, t) + Dile, )],  €(0) = eo.
(4.5b) Enle,t) = 26(a(t), Znle®]) 11 )

Dy(e,t) = (e, a(Z — Pu)[ul(t) + BH[(0s + Tn)ul (1),
(4.50) — (O = TIE) + 6 (4 () = T [12] (1)) gy

where V. denotes the gradient with respect to variable e. Equation (4.5a) is not
Hamiltonian. Nevertheless, differentiating and using the skew-symmetry of the dis-
crete automorphism 7,,, we obtain

417G, (—€) + Enle,t) + Dule,t)] = [Enle,t) + Dyle, t)],
which, after integration in time, gives

Gn(—€)| < |Gn(—eo)| + [En(eo, 0)[ + [Dn(eo, 0)]
+ |Enl(e )] + | Drle, t)]

(4.6) /’@ s) + Dp(e(s ’ds

We use (4.6) to control the L?(R) norm of J,e.
LEMMA 4.4. Let v>0,0<e < T and

1

(4.7a) lell 2 < (52)

in some interval [0,T]. Then for each t € [0,T], we have

| TnelZqey < (19 (~e0)l + 1Ea(eo; 0)] + [Dueo, 0)
t
ng®+luﬂ@®m

t
(4.7b) VDOl ry + [ IV0D 0] ayds).

where ¢ > 0 depends on a, B, 7, 6, ||i| oo @) and ||| oo (r) only.
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Proof. We bound each term in (4.6) separately. First, we use the Cauchy-Schwartz
inequality, unitarity of # and Lemma 4.2 to obtain

1 10

Gn(—€) 2 (3 — &) TnellZz ) — callellZaqm) — c1(52)* llell =,
with ¢; > 0 that depends on the parameters a, 3, v and ¢ only. Using Lemma 4.2,
we have also
[Enle,t)] < eallelTam),
|0:Enle, t)] < csllellF2my,
where co > 0 depends on § and [|@||r) and c3 > 0 depends on ¢ and ||i¢ ||z (r)
only. The quantity D, (e, t) is linear in e and by the Minkowski inequality,
2|Dn(e, )| < llell @) + IVeDnle, D)lIZ2 )
210D (e, )] < llellZay + Ve Dale, )72 )-
Hence (4.7b) is the direct consequence of the above bounds, (4.6) and assumption
(4.7a). ad

We remark that the assumption v > 0 appearing in Lemma 4.4 is not restrictive,
for if v < 0 one can use —G, (-) instead of G, (-).

THEOREM 4.5 (Stability). Assume that for some fized C > 0, T > 0 and € > 0,
(4.8a) max{||@]| o (jo,71xR), |1Utll Lo (0. 11xR) } < C,

leoll 2y + 1Gn(—€0) | + |En(e0, 0)|% + [Dn(eo, 0)|2
+|VeDnl(e, t)| 20,1 xr) + [10:VeDnl(e, )| 2 (0,11 xR)

(4.8b) - O((%")’%)?

uniformly for large values of n = 2p —1 > 0. Then there exists ¢ > 0, that depends
on C, T and parameters «, 3, v and § of (1.1) only, such that

lellcqom.za) < ¢lleolliae) +Ga(=€o)lF + [Enleo, 0)I% + [Duleo, )|
(4.8¢) + IVeDule, 1)l L2 (0,11 xr) + HveatDn(eat)”LQ([O,T]xR))a

for all sufficiently large values of n > 0.

Proof. (a) We multiply both sides of (4.4a) by e, integrate with respect to  over
R and take into account the skew-symmetry of the automorphism 7,. This gives

salleliem = —(Tnlel, Tule®]) L2 m)
- <L7n[e]avegn(e7t)>L2(lR) - <\7n[e]aveDn(evt)>LQ(R)-

Lemma 4.2 and the Cauchy-Schwartz inequality give the bounds
[(Tnle], Zule*D 12m)| < ellTnellZamy +c1(52)ellelfomy

[(Tnle], Velale,t) 12| < 1 Tnell o) + c2llellZ),
[(Tnle], VeDn(e, 1)) 2@ < [ Tnelliz gy + sl VeDnle, t)l|72(g),
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where c;,c3 > 0 are absolute constants and ¢z > 0 depends on ||| o ([0, 7]xr) only.

(b) In view of (4.8b) and local continuity of He||%2(R), we see that (4.7a) holds
locally in some nonempty closed interval [0, 7], 0 < 79 < T. Therefore, combining
our estimates from part (a) of the proof and using (4.7a) with e = O(1), 0 < e < 3,
we conclude that the following holds

%%HeHQLz(R) < (a+ 02)||€||%2(1R)

+(2+e)|Tnellem + esllVeDnle, )72 z).

uniformly in [0, 79]. Integrating the last formula with respect to time and combining
the result with Lemma 4.4, we obtain

lellZz) < lleollZa(g) + cat(IGn(—eo)l + |En(eo, 0)] + D (eo, 0)])

t t
tes / (14— 5)e]2agayds + 1 / IV Do, 1) 2103
0 0

t
(4.9) tes /O (t = $)||V e DD (e, D][2 gy s,

where ¢t € [0,79] and ¢ > 0 depends on C' > 0 and parameters «, 38, v and § of the
model (1.1) only.

(¢) Inequality (4.9) falls in the scope of Lemma 4.3, hence, definitely (4.8¢) holds
in the small interval [0, 79]. Furthermore, from the same Lemma 4.3, it follows that the

é 1
constant ¢ > 0 in (4.8¢) behaves like ¢/ (1472 )e® ™, where ¢/, ¢”” > 0 are independent

n > 0 sufficiently large, (4.7a) is satisfied at the endpoint 79. In view of the last fact
and by continuity of HGH%Z(R), we conclude that (4.9) can be extended to a larger

of n > 0 and 7. The observation implies that He(TO)H%Q(R) = (9(( ), i.e for

interval [0,71], 0 < 79 < 71 < T, without increasing the size of the constant ¢4 > 0.
The assertion of Theorem 4.5 follows from the standard continuation argument.
Repeating the continuation step described above inductively, we construct an ascend-
ing sequence 0 < 79 < 71 < --- < T, such that (4.9) (with ¢4 > 0 being fixed) holds
in each [0,7;], ¢ > 0. Assuming 7* = sup7; < T, we arrive at the contradiction; for if
7% < T, the continuation step extends (4.9) beyond the interval [0, 7*]. d

4.3. Consistency and convergence. In what follows, we use the results of
Sections 2 and 3 to demonstrate that assumptions (4.8a), (4.8b) are satisfied, provided
the exact solution w is sufficiently regular. We begin with (4.8a).

LEMMA 4.6. Assume u,u; € L°([0,T], H3,(R)), s > 1. Then
~ n\1—s
(4.10a) Iall e o, rxmy < e[+ () Tllull oo o7y, 15, %)
~ n\1l—s
(4.10b) el 2= oryxry < e[1+ (5) " Tlluell o= o7, 5, 20

where ¢ > 0 is an absolute constant.

Proof. By the standard Gagliardo-Nirenberg inequality,
[Gl17 oo ) < ellill L2y el L2 (R)-

Since the Christov functions form a complete orthogonal basis in L?(R), we have
@)l 2ry = |Pnlu]ll L2r) < |lull2(r). To bound the norm of ., we write

[t || 2y < lluallL2@®) + (2 = Po)lulll 1 @),
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and apply Lemma 3.1. This gives (4.10a). Bound (4.10b) follows along the same
lines. d

Next, we show that each term in (4.8b) is small.
LEMMA 4.7. Assume u,u; € L*([0,T], H5,(R)) and s > 2 and € > 0. Then

3
(4.11a) ||€0||L2 R) < C(ZQ )2+ HUOHH . (R)>
n +e—s 3
(4.11D) Gu(—e)l* < () (luollug, ) + ol my)-
1 n\ 5 te—
(4.11c) |En(e0,0)]2 < C(%)z s”“OHHs S(R)?
1 n 74:12 %
(4.11d) Du(e0, 01> <e(F) 7 (luollmg, ) + lluoll 75 )

IVeDne, )|z (omm) < ()

(4.11e) (HU”LZ (0,17, H3, (R)) T ||u||2L4([0,T],H55(R)))a
106V e Dn (e, )|l 2 (0,1 x ) < (B )2 )

(4.11f) (HutHquo,T],Hss(R)) + HWH%%[&TLHSS(R)))'

In each inequality the generic constant ¢ > 0 is independent of u, ug, T > 0 and
n > 0.

Proof. (a) Since eg = Z,, [(Z —Pn)[uo]], as in the proof of Corollary 3.4, we obtain
(4.11a).

(b) We employ the Cauchy-Schwartz inequality and Lemma 4.2 (with ¢ = 1) to
obtain

2Gn(—eo)| < clleollZz) + el Tneolliz +c(5)° leoll s

< €T ~ Zo) o] sy + €T — P o] sy + () *lleo ¥

with ¢ > 0, depending on parameters «, 3, v and 6 only. Hence, (4.11a) and Corol-
lary 3.4 imply (4.11b).
(¢c) From the definition of &, (e, t) and Lemma 4.2, we have

|€n(e0,0)] < 2|5|HﬂoHLoc(R)H€0||2L2(R)

and (4.11c) is a consequence of Lemma 4.6 and (4.11a).
(d) The functional D,,(eq,0) is linear in eg. Consequently,

D (0, 0)| < lleollL2®) IVeDnleo, 0)|| L2 ()

and (4.11d) follows directly from (4.11a) and the proof of (4.11e) below.
(e) From (4.5¢) we have

VeDyle,t) = a(T — Py)u] + SH (0 + Tn)[u]]
— (0} — Tl + 6(v* — T, [Pu[u]?])
= aE1 + /BEQ + ’}/E3 + 5E4.

We bound each term separately. First of all, by Lemma 3.1,

1B 2 0,m1xm) < €(5) ™ ull 2o, 15, )
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Further, using the definition of 7,, we obtain
|23y = 19 (T = Pl 2 gy + 2552 (Ja | + [2a]?)
< T = Pl ey + ()N = Pl 2o ay:
so that by Lemma 3.1,

n 1—s
1Bl L2 (o,m1xmy < () Nl 2o,y a5, ()

Similar calculations give also

1B5 2wy < 1(Z = Po)[ulll 2wy + (B) T = Pr2)[u]ll22(r)

and
15 2o, 1yxmy < C(%)%SHU||L2([0,T],H;S(R))~
Finally,
By = (T —L,)[u? + T, [u* — Pulu)?] = Eq1 + Eyo.
First, we employ Lemma 2.2 and Corollary 3.4 to obtain

@)%+675|

1B 1]l L2 o, r)xm) < ¢(F [l 0,71, 115, )

Second, from Lemmas 2.2 and 3.2, we infer

1Bssllza@y < (G T = Pa)lul(T + Pu)lulll gve

< () (2ll e gy + 1 = Pad ] e I = Pl 30
The last bound and Lemma 3.1 yield

ej) %+efs

1Bzl 220,17 xm) < (% [l Za 0,7, 115, ) -

Combining all our estimates together, we arrive at (4.11e). To obtain (4.11f), replace
u with wu. 0
Combining Theorem 4.5 and Lemmas 4.6, 4.7, we obtain

COROLLARY 4.8 (Convergence). Assume u,u; € L>=([0,T], H5,(R)), s > L and
€ > 0. Then the numerical solution @ satisfies

_ n §+e—s
lu = @l Lo o172 (Ry) < (%)

5
(4.12) (HUOHH';S(R) + ||U0||13{255(R) + ||UHH1([O,T]7H§S(R)))’

uniformly for large values of n > 0, with ¢ > 0 that depends on the terminal time
T > 0, parameters a, 3, v and & of the model (4.1) and on the regularity of the exact
solution u only.

Proof. Note that
lu — all 2y < llellzz@) + (2 = Po)[ulll L2 w)-

Hence (4.12) follows from Lemma 3.1 and the fact that under the assumption s > 1l
the numerical error e = u — @ fells in the scope of Theorem 4.5. ]

To conclude this section, we remark that if u,u, € L*°([0,T], H5,(R)), for any
5> %, then, according to Corollary 4.8, the convergence rate is spectral, i.e. the semi-
discretization error ||u — ||z ([o,7],.2(r)) decreases faster than any inverse power of
n > 0.
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5. Implementation and simulations. The semi-discretization (4.1) leads to
a finite dimensional system of ODEs whose solution is not known explicitly and itself
requires an appropriate numerical treatment. Below, we discuss briefly a suitable
time-stepping algorithm and then switch to simulations.

5.1. Implementation. The semi-discretization (4.1) can be written in the form
(5.1) Y' = (aJ +BHI* —~vJ*)Y + JF(Y) = DY + JF(Y), Y(0) =Y,
where, the neutral symbol Y € R™*!, n = 2p — 1, represents either the vector

Y = (tg, ..., d2p-1)7,
of the discrete MTC-Fourier coefficients or the vector of physical values
Y = (a(xo), ..., u(x,))7,

computed at the nodal points x,,, 0 < m < n. The square skew-symmetric ma-
trices J, H € RO+Dx(+1) provide suitable realizations of the discrete operators 7,
and P, HP,, respectively. The concrete form of J and H depends on the particular
representation of Y. For instance, in the MTC-Fourier (frequency) space J and H
have simple two-by-two block structure with nonzero three-diagonal, respectively di-
agonal, blocks in the reverse block diagonal (see identities (3.5)), while both matrices
are dense in the physical space. The nonlinearity F(Y), representing Z,,[a?], is given
explicitly by
F(Y) = 6(@®(z0),...,u%(zn))?,

in the physical space.

Time-stepping. The spectrum of operator J, computed explicitly in the proof of
Lemma 4.1 (see also [39]), indicates that (5.1) is stiff and hence, fully explicit time-
stepping schemes cannot be unconditionally stable. Furthermore, since the nonlin-
earity F(Y) is multiplied by J, the semi-implicit splitting-type schemes that separate
stiff and nonstiff components of the vector field (see e.g. discussion in [34], in con-
nection with the nonlinear Schrédinger equation) are also not plausible here. From
the prospective of numerical stability, we are forced to use fully implicit A-stable
algorithms.

In our simulations, we make use of the implicit 4-stage 8-order Gauss-type Runge-
Kutta method (IRKS in the sequel)

¢ 54, bceRY, Ae R4

of J. Kuntzmann and J. Butcher, (for the concrete values of the coefficients A, b and
¢ see [21, Table 7.5, p. 209]). A single IRKS time step of length 7, applied to (5.1),
reads

(5.2a) Zy = (pﬂA@D})*l(ﬂ®Y0+T[A®J]G(Zl)),

(5.2b) Zy=, . )T G(Z) = FM)" . Fa)h)T,
4
(52C) Y1 = YO + T Z biF(Yl,i)a

=1
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where 1 = (1,1,1,1)7 and ® is the standard Kronecker product. We observe that the
spectrum of A contains two pairs of complex conjugate eigenvalues with a nontriv-
ial real part and therefore, from Lemma 4.1 we deduce that the spectrum of matrix
(I-7[A® D])fl[A ® J] is uniformly bounded with respect to the space discretiza-
tion parameter n > 0. Further, the theory of Section 4 indicates that for smooth
exact solutions of the Benjamin equation (1.1), the semi-discrete nonlinearity F(Y)
is bounded uniformly in n > 0 along the trajectories of (5.1). Hence, the fully dis-
crete scheme (5.2) is unconditionally stable. Moreover, it follows that for a fixed Yy,
moderately small values of time step 7 and independently of n > 0, the nonlinear
map, defined by the right-hand side of (5.2a), is a contraction. As a consequence, the
nonlinear equation (5.2a) can be solved efficiently via basic fixed point iterations. The
observation is important from practical point of view as Newton-type iterations are
prohibitively expensive for large values of n > 0. We note also that the exact flow ¢,
generated by (5.1), is symplectic. The IRK8 scheme is known to be symmetric and
symplectic [21], hence, the discrete flow of (5.2) preserves this property automatically.

Computational complexity. A single fixed point iteration, applied to (5.2a), in-
volves: solving linear systems with matrix I — 7[A ® D]; the matrix-vector multi-
plication with matrices D and J and finally; computing the nonlinearity F(Y). In
view of the special structure of J and H, in the Fourier-Christov space each matrix-
vector operation requires O(n) flops, while computing of F'(Y") involves the use of the
discrete direct and inverse MTC-Fourier transforms (see formulas (3.10a) and (3.11),
(3.12), respectively). Because of (3.3) and (3.10b), both operations can be accom-
plished in O(nlog, n) flops via the direct and inverse discrete Fast Fourier Transforms
[8, 16, 22, 39, 38] and the cost of a single iteration is O(nlog,n). As noted earlier,
for any given tolerance ¢ the total number of such iterations is finite and depends on
the time step 7 only. Hence, the overall complexity of a single time step of (5.2) is
O(nlogyn).

5.2. Simulations. Below, we provide several simulations illustrating the accu-
racy of (4.1) in several computational scenarios.

5.2.1. Slowly decreasing solutions. We begin with the generic situation whe-
re, due to the nature of the Fourier symbol in the linear part of (1.1), solutions decay
at most algebraically.

Ezample 1. First, we simulate (1.1) in time interval [0,2], with a = =~v=¢ =
1. Since for these values of the model parameters, analytic formulas for solutions are
not available, we augment (1.1a) with a source term f(z,t). The latter is chosen so
that the exact solution reads

3
u@,) = ) rramasemane
k=1
7’1:2, 7“2:].7 7’3:3, (11:].7 agzl, a3:2,
C1 = 1, Cy = —2, C3 = 0, 1,0 = —1, 2,0 = 1, 3,0 = 0.

Note that u(x, t) is smooth (in fact u € H*(R), s € R), but has a polynomial decay rate
at infinity (u = O(|z|72) at |z| — oc). In view of this fact, accurate approximation of
such functions with the aid of standard trigonometric basis requires huge number of
spatial grid points. Nevertheless, straightforward calculations show that the quantity
FPilu] is smooth and decreases exponentially in the positive half line R.. Hence,
u falls in the scope of the theory presented in Sections 3 and 4 and we expect rapid
error decay already for moderate values of n > 0.
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FIGURE 1. The left diagrams (top to bottom): the numerical solution of the Benjamin equation
(1.1) @ and the pointwise error |u — a|, with n = 27 — 1. The right diagram: |u — |l oo (0,175 12 (R))
(orange, pentagon), |lu — oo (j0,7]xR) (teal, diamond).

The numerical results, for 2 —1 < n <29 -1, £ =23 and 7 = 2- 1072, are
plotted in the right diagram of Fig. 1. Both || - ||z (jo,77,2(r)) and || - ||z ([0,7]x®)
errors decrease spectrally (note that both curves are concave) as n increases. For
n > 27, the numerical errors settle near 10~!'. This is a consequence of the inexact
time-stepping procedure employed in our calculations. Simulations, not reported here,
indicate that for n > 27 the error can be further reduced by choosing smaller time
integration steps.

To illustrate the quality of the approximation, we plot the numerical solution «
and the associated pointwise error |u — /|, obtained with n = 27 — 1, in the two left
diagrams of Fig. 1. It is clearly visible that the pointwise error does not exceed the
magnitude of 5-10~® uniformly in the computational domain.

Example 2. In our second simulation, we keep the numerical parameters of Ex-
ample 1 unchanged, but make use of another source term which gives the following
exact solution
3
k=1
In this settings u(z,t) = O(|z|~!), as |x| — oo. Nevertheless, the truncated Fourier
image FP4[u] has exactly the same qualitative features as in Example 1 and the
resulting convergence rate is spectral (see the left diagram in Fig 2). In the particular
case of n = 27 — 1, the numerical solution and the pointwise error are shown in the
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FIGURE 2. The left diagrams (top to bottom): the numerical solution of the Benjamin equation
(1.1) @ and the pointwise error |u — a|, with n = 27 — 1. The right diagram: |u — |l oo (0,175 12 (R))
(orange, pentagon), |lu — oo (j0,7]xR) (teal, diamond).

top- and bottom-left diagrams of Fig. 2, respectively. The observed behavior is very
much alike to the one, reported in Example 1.

5.2.2. The Korteweg-de Vries scenario. The Benjamin equation (1.1) con-
tains two special case v = 0 and 8 = 0, which are of independent interest. The first
one corresponds to the Benjamin-Ono equation, and is not considered here. In the
second case, we have the classical Korteweg-de Vries (KdV) equation. The latter is
known to be completely integrable and possesses a large number of special solutions.
For instance, when

O[:BZO, ’Y:_la 6:_37

the inverse scattering transform yields the so called N-solitons (see e.g. [1])

(5.3a) u(xz,t) = =204, Indet( + A(x,t)),
(5.3b) Az, 1) = (b 525 1< 4,5 < N),
(5.3c) i =2V by =2X0e*"N 1 <i<N,

which describe evolution of N traveling waves, whose velocities and the phases are
controlled by v; and ¢;, respectively. Directly from (5.3), it follows that N-solitons
are smooth and decay exponentially to zero as |z| increases. Hence, such solutions
fall in the scope of the theory developed in Sections 3 and 4.
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FIGURE 3. The left diagrams (top to bottom): the numerical solution of the Benjamin equation
(1.1) @ and the pointwise error |u — 4|, with n = 27 — 1. The right diagram: |u — |l oo (0,175 12 (R))
(orange, pentagon), |lu — il oo (j0,7]xR) (teal, diamond).

Ezample 3. To illustrate the above statement, in (5.3) we let

(][]

) ¢1 = _3a ¢2 = 07

N

v =3, Vg =
choose ug according to (5.3), take £ = 23, 7 = 1072 and integrate (4.1) numerically in
time interval [0,5]. The results of simulations (see in Fig. 3) are qualitatively similar
to those obtained in Examples 1 and 2. In particular, the plots of || - || L ([0,7],22(r))
and ||- || Lo ([o,7]xr) errors indicate that the convergence rate is spectral. Note however
that in the bottom-left diagram of Fig. 3 the pointwise error is smaller than in the
two previous Examples. This is connected with the exponential decay of the 2-soliton
at infinity (its accurate spatial resolution requires fewer grid points than in Examples
1 and 2).

By construction, the scheme (4.1) is conservative and the semi-discrete Hamilto-
nian G, (@) remains constant along the exact trajectories of (4.1). In order to test the
conservation properties of the fully discrete scheme, in the right diagram of Fig. 3,
we added the plot of the quantity max;cjo, 7] |Gn(tio) — Gn(4)|, measuring the largest
deviation in the Hamiltonian. We observe that the deviation remains several orders
of magnitude smaller than either of the || - || Lo ([0,17,2(r)) and || - || Lo ([0, 7]xr) errors,
until the latter settle near 10711,

Ezample 4. We repeat calculations of Example 3, but this time with

; ¢1 = 747 ¢2 = 727 (7753 =0.

N[

1)1:1, 1}2:1, V3 =
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FIGURE 4. The left diagrams (top to bottom): the numerical solution of the Benjamin equation
(1.1) @ and the pointwise error |u — 4|, with n = 27 — 1. The right diagram: |u — |l oo ([0,17;22 (R))
(orange, pentagon), ||u — il oo (j0,7xR) (teal, diamond).

This scenario describes an elastic collision of three traveling waves, see the top-left
diagram in Fig. 4. The exact 3-soliton has exactly the same qualitative features as
the 2-soliton of Example 3, with the exception that now the exponential decay rate is
slightly slower. This manifests in larger numerical errors, see the bottom-left diagram
in Fig. 4.

5.2.3. Traveling waves. In our last two simulations, we model an interaction
of traveling waves. In the context of the Benjamin equation (1.1), the traveling wave
solutions are given by u(z,t) = v,(x — ct), where v, satisfies

) 2 _
(5.4a) Vo — 204/ 7= H[0u06] — 712002 + 5220, =0, z €R,
B

5.4b =
(5.4b) vyt

For a rigorous treatment of (5.4), see [6, 4, 30, 23, 12, 17, 18] and references therein.

The exact solutions to (5.4), apart from the trivial case of a = 0, are not available.
In our simulations, the even traveling waves are constructed numerically. We employ
a simple continuation scheme, which works as follows: for a given «, 3, 7, § and c,
that satisfy (5.4b) and 0 < o < 1; (i) we let

v,0,v >0, c¢<a.

_ — PPN
Vo = In[’UOL ’Uo(l') = _3(02‘75C) SeCh( Iy 37) ;
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FiGure 5. Inelastic collision of two traveling waves, Example 5.
(ii) introduce a continuation grid 0 < o1 < ... < oy = o and (iii) apply simplified

Newton’s iterations to the sequence of the discrete nonlinear problems

(5.5) Vo, + 205\ 1 TnTo,] — 75 T0 00, + 75 Tal05,] =0, 1<j <N,

a—cC a—cC

where for each j, U, is restricted to be even. The iterations terminate when the L*(R)-

norm of the defect in (5.5) drops below the accuracy threshold of &, = 10712/ w
A comprehensive analysis of (5.5) falls outside the scope of the present paper, we
mention only that in all our simulations the simplified Newton’s process converges
rapidly to the discrete solutions v, but, as observed by many authors, the number
of iterations increases when o approaches its upper bound of 1.

Example 5. Welet n =22 -1, (=2 a=y=6=1,¢ = %7 02:—%,
o1 =0.95, 8 =01 /4v(a — ¢1) and 09 = —— B . As an initial condition, we take

VAaAv(a—c2)

the sum of two translated traveling waves
U () = Vo, (x + 20) + g, (x — 20)

and integrate (4.1) numerically in time interval [0,80]. With this settings, the so-
lution describes a collision of two traveling waves moving towards each other. The
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FiGure 6. Inelastic collision of two traveling waves, Example 6.

collision occurs near ¢ = 40, past that time the waves continue to move in the oppo-
site directions. The initial profile of the numerical solution and its profiles near the
collision time and at the terminal time are shown in the top three diagrams of Fig. 5.
As observed in [23, 17], an interaction of the Benjamin traveling waves is inelastic —
after collisions, numerical solutions develop a persistent small amplitude oscillating
tail. In agreement with these observations, the latter is clearly visible in the bottom
diagram of Fig. 5, where the magnified view of the terminal profile is presented.
Ezxample 6. In our last example, we use n =22 -1, £ =23 a =y =§ =1,

c1 = i, cy = 1—10, o1 =095, 8=0c1/4v(a—c1), 02 = \/ﬁ,

o (x) = Vg, (z + 30) + Ty (x + 4)

and [0,80] for the time integration interval. The scenario describes propagation of
two traveling waves moving in the same direction and colliding near ¢ = 40. The
numerical results are shown in Fig. 6, where as before, the top three diagrams contain
the solution profiles at the initial, near collision and the terminal times, while the
bottom diagram contains a magnified view of the solution at terminal time ¢ = 80.
Once again, the small dispersive tails (of the amplitudes ~ 10~* before the slow wave
and ~ 1072 after the fast wave) are clearly visible.



25

6. Conclusion. In the paper, we study in detail approximation properties of
the Malmquist-Takenaka-Christov (MTC) system. Theoretical analysis of Sections 3
indicates that the MTC approximations converge rapidly, provided Fourier images of
functions, being approximated, are regular away from the origin and decay rapidly at
infinity. The latter situation is generic for solutions of semi- and quasi-linear equations
containing Fourier multipliers, whose symbols are irregular at the origin. Typical ex-
amples are models involving Hilbert/Riesz transforms (e.g. the Benjamin and the
Benjamin-Ono equations), fractional derivatives (e.g. fractional dispersion or diffu-
sion), e.t.c. We believe that for such problems the spectral/collocation MTC schemes
have clear theoretical advantage over conventional trigonometric-Fourier, Hermite or
algebraically mapped Chebyshev spectral approximations.

It is worth mentioning, that unlike earlier approximation results [8, 38], we derive
MTC error bounds directly in the functional settings of HS(R). As far as we are
aware, these results are new and can be used directly in a theoretical analysis of
spectral/collocation MTC schemes. As a concrete application, in Sections 4 and 5 we
provide a comprehensive treatment of the nonlinear Benjamin equation. In particular,
we demonstrate that the MTC collocation scheme converges rapidly and admits an
efficient implementation, comparable to the best spectral Fourier and hybrid spectral
Fourier /finite-element methods published in the literature up to the date.

Though in the paper we mainly deal with the analysis of the MTC system and
its applications, Appendix A contains some extensions of recent results in the theory
of weighted function spaces, which are of independent interest.

Appendix A. Proof of (2.5).
In this section, (2.5) is derived as as a consequence of a more general result,
concerning complex interpolation of weighted Bessel potential spaces in Ry. In our

proof, we combine the notion of one-sided AL , classes of [33] with the localization
ideas of [31].

A.1. AP (Q) weights. Let Q be an open subset of R and w € L1°¢(Q) be a.e.
positive function (weight) in 2. With w and parameter 1 < p < 0o, we associate new

weight w, = w7, fix some t > 0 and define

P
(A.la) [w]+ _ sup w? ([a, z])wy ([z,b])
ot [a,b]CQ,0<|b—a|<t, zE(a,b) ‘b - a‘ ’
_ 1
(A ]_b) [U)}i _ sup wp ([a7x])wp([x7b])
. ;=
P lablc.0< b—al<t, z€(a.b) b —al

The Ag’i(Q), 1 < p < o0, class consists of all a.e. positive locally integrable functions

+

5.t is finite.'” The following result

w in €2, such that for some ¢ < 0, the quantity [w]
can be viewed as an analogue of [31, Lemma 1.2].

LEMMA A.1. The classes Aé"ft(ﬂ) are well defined, i.e. independent of a partic-
ular choice of the cut-off parameter t > 0.

p,t
[a,b] C Q, with 0 < |b—a| < tp and any = € (c;7 b), formula (A.la), combined with

Proof. (a) Assume for a fixed to > 0, [w], = [Wp), 4, is finite. Then for any
12 A;’; () class is the local version of A4 , weights of E. Sawyer, introduced in connection with

one-sided Hardy-Littlewood maximal functions in [28, 33]. The idea of localizing the A, condition
of B. Muckenhoupt is due to V.S. Rychkov, see [31].
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Holder’s inequality, implies

pP (. 0)w([a, 2]) < ([w] )71 (la, B)w([z, b]).

This allow us to conclude that
|z—b] \” w([z.b])
(A.2a) <|b_a|) < ()P + 1) el

In complete analogy, formula (A.1b) implies

r—a p/ — Wp|Q,T
(A.20) (F)” < (@l + D2t
(b) Consider now an interval [a’,b'] C 2, 0 < |/ — a'| < 2ty and chose a/ < a <

21 < b< b sothat |a —d| = |z1 —a| = |b— 1| = |/ —b|. By virtue of (A.2) and
(A.1a), we have the estimate

=

w ([alv'xl])wﬁ (['rlvbl]) < C/N([alvb/])a

1 ’
Wlth C - 4[ ]p to (([w]p to)p + ]‘) i (([ ];’:to)p + 1) P
the last inequality yields either

When z € (a/,V') is arbitrary,

wh ([, ) @g ([, ) < wh (a2} (2 21]) + wh (@, 21))a@d (a1, b)),

for ' <z <z, or

wh ([, ) @F ([, ) < wh (w1, 2))@F (21, V) +wh (@, e ))a@d (a1, 6)),
for 1 <z < V. In both cases, we obtain
wh ([, a)@f ([2,b) < ¢ (e, b)),
where ¢’ = [w]} <1 + 4(([wlf )P + 1)%(([ ]p,to) +1)7 ) Hence, [w]},, <’ <
0. ]

Properties of AIOC < (Q) and A, 1 weights are quite similar. In particular, the one-
sided local Hardy- thtlewood maximal functions

b
(A.30) M@ = sy [ fld,

[z,b]CQ,0<b—2|<t

(A.3) M@ = st [ ifla,

la,2]CQ,0<|z—al<t
are bounded from L2 (02), 1 < p < oo, into itself, i.e
(A.3c) ||Mti[f]||L?3,(Q) <crwllfllen@, 1<p<oo, t>0,

if and only if w € A% (€2). The claim follows e.g. from the verbatim repetition of
the arguments presented in 28, 33].13

13 In the context of local Muckenhoupt classes A}DOC, such results are obtained via local extensions
of a weight w € A%,OC tow € Ap, see Lemma 1.1 in [31]. This approach is not plausible in the one-sided
settings, due to the asymmetric nature of (A.1), the adjoint weight w, might have non-integrable
singularities at the boundary points of €.
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A.2. Bessel potential spaces with A‘L‘?j[ (R1) weights. The Bessel potential
spaces in Ry (see [5]) are defined as the images of the weighted Lebesgue spaces
L% (R4 ) under the action of one-sided Bessel fractional integrals JZ[-], i.e. LE*(Ry) =
JZLE,(R4)], s > 0, (see Section 2 also).

For a fixed t > 0 and ¢* € C§°(R), with supp ¢* C Ry N (—t,t), we define

Tor o[fl(x) = T 5 f, xRy

LEMMA A.2. Let ¢ € C’f)’o(—%, %) be radially non-increasing. Assume ¢ = const,

€T E (i’ _i)! fR ngCC = ]_ and deﬁne Sai(.) = gp(:l:% + ~), Then
(A.4) 7% 4]

Lo (Ry)—LE (Ry) < 00,
provided 1 < p < oo and w € AYS (Ry).

Proof. (a) Under our assumptions, we have'
(A.5) | Tow o [f]l < 2MF[f], z €R..

Indeed, any function ¢ that satisfy the above conditions is uniformly approximated
from the above by step functions ¢, = Z?:o a;X(—t;,t;), where 0 < a;, t < 4t; < 2t,
and fR pndx = 1. For such functions, we have

n FLot
Teealfllie) < s [ 1flGa = yar
i=0 +

gt

A

n

< Zaﬂtit thl/\/lit[f](x) < 2ME[f](x).
i=0 v

(b) In view of (A.5) and the inclusion w € Al°S (R,), the assertion is the direct
consequence of (A.3c¢). |

Operators jq‘i are invertible for all s > 0 in the class of smooth functigns restricted
to Ry, respectively (see [32]). We denote the associated inverses by J-°. For 0 <
e <1 and T from Lemma A.2, let pF(-) = e 1pF(e™!), T2 = J+ T,z , and

g,F —
Tz f) = lim T2 ().

LeEMMA A.3. Operators J.° @ LE*(Ry) — LE(Ry), 1 < p < o0, s > 0, are
one-to-one, provided w € A;f;fci (Ry).

Proof. Straightforward calculations show that 7_= , and J3 commute.'® There-
fore, for each f € LP:°(Ry) (by definition f = jf;[qﬁ] for some ¢ € LP(Ry)), we
have

T2 f] = dlln ey = 1T ,5 4[0] — dlln ey = 0, as e —0.
The conclusion follows from the uniqueness of strong limits. O

Lemma A.3 indicates that J3, s > 0, are isomorphisms of the scales L}, (R4) and
LPs(Ry), 1 <p < oo, w € A;f;(Ri). Hence, L25(Ry), 1 < p < oo, equipped with
the norms || - [zzs®,) = | T5 °[llzr, (m. ), are Banach spaces.

14This is the one-sided analogue of the Proposition in [35, Section I1.2.1].
15Note supp]—'[ffz:[}, supppT C Rx.
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A.3. Interpolation. Consider a regular vector valued one-sided singular inte-
grals of the form

(A.6a) Tet (@) = (55 % f)(2), = €Ry,

where By, B; are two given Banach spaces, f : R, — By and x*(z) € £L(Bg, By). As
in the classical theory (see [35, 20]), we assume

(A.6Db) T.+ € L(L*(R; By), L*(R; By)).

In view of our applications, we consider only compactly supported kernels, i.e. kernels
with supp T C (—t,t) "R, which for all x,y, 7 € supp £, with |z| > 0 and |y —g| <
La — yl, satisfy

(A.6¢) 5% (@)l By 0 < 757,
(A.6d) |65 (x —y) = k" (& = )l Boony < C|5/:yg\|2'

In connection with 7.+, we define

(A7) M []=sup [Ty, .= [ll5, -

e>0
The following result is a straightforward adaptation of the classical "good-\ inequal-
ity" to the one-sided settings, see e.g. [35, Proposition 6, Section V.4.4] or [20,
Theorem 9.4.3].

LEMMA A.4. Assume f € L'(Ry) satisfy supp f C U;I;, where |I;] < t and
dist(I;,Iy) > 2t, j # k. For k™ as above and w € AL° (see [31]), there emists
0 < ay < 1 such that for any 0 < B < 1 one can find v > 0 so that the following
holds

(A.8) w{Mx[f] > & N{MELf] < 7€} < aww({Me=[f] > BED),

for all € > 0.

Proof. (a) We consider the right-sided operators M, -, M;" only. The proof in the
left-sided case is identical. Standard arguments (see [35, 20]) indicate that under our
assumptions, the level set Ege(f) = {M,-[f] > B¢} is open. The support assumption
guarantee that every open connected component I of Ege(f) satisfies |I| < 2¢t. It is
sufficient to establish (A.8) for a single component I = (a, b), the general result follows
by summation.

(b) The set I = I/{M},[f] > 7€}) is closed in the relative topology of I. If
the Lebesgue measure || of I is zero, (A.8) holds trivially. So assume || > 0, let

r=minl, i =b+(b—-21), /i = Xiz,zf and fo = (1 = X[5,4))f and observe that
w(Ee(f) N 1) < w(Ere(f1) N 1)+ w(Eq_ne(f2)NI), 0<7 <1

We estimate each term separately.
To bound w(E,¢(f1) NI), we employ the standard weak-type inequality (see e.g.
[35, Corollary 2, Section 1.7.3]) to obtain initially

MEne(f)nT) / 1Flmdy < ZITME(@) < 221,
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and then, using the inclusion w € A%¢,

w(Ere(f1) N 1) < aww(I),

with 0 < ay, < 1, provided 1 < v < 0 is sufficiently small.
(c¢) To bound w(E;¢(f1) N I), we note that in view of (A.6¢c) and (A.6d), for
€ (z,b), we have

H X|z|>ek [fQ]( ) x‘ |>ek™ [ 2](5)”31 =0,
if&>b+1t, or

H X|z|>eh™ [fZ]( ) X|T|>5 [fﬂ(b)HBl
b+t
S/ 1f()lBolls™(y — 2) = K7 (b = 2) || By B, d=

te

b+t
<yl [ 176z

byl (27T 1) (b—y)
S Pam— / 110 X0 012
> — T 1) (b—9)|2 [&,b+t]

e L L E LT ’

(27 -1)(b—y)
<4CZ F—a1( 21+1 1)(b y)\/ | f Il Bo X[w,b+4)d%

7=>0

< 8eMG[f)(x) < BeME[f](2) < 8eng,

when & < b+ t. In either case, since b ¢ Ege(f), taking supremum over € > 0, we
obtain

Mu-[fal(y) < (B+8ec7)§ < (1 -7)¢  y € (x,b),
provided 0 < v < 1 is small and 0 < 7 < 1 is chosen appropriately. Hence,
w(Eq—me(f2) NI) =0 and we conclude that (A.8) holds. d

COROLLARY A.5. For k* as above and w € Aloc cRy)N Alee 1 < p < oo, the
following holds

(A.9a) M
(A.9b)

ot || im0 > Loy <00

1T ot 0y 1) <

Proof. (a) Consider f € C§°(Ry; Bp) initially. Without loss of generality, we may
assume that f satisfies the support condition of Lemma A.4 (for any function in R
is a sum of at most four functions satisfying this condition). By our assumptions,
9e = Tutxup». [f] is compactly supported and smooth, with ||gc ||z~ (® 5,) bounded
independently of € > 0. Since w € L*'°¢(R,.), we conclude that [|M, .« [f]llzz @, ) <
00. Once this fact is established, we make use of Lemma A.4 and (A.3c) to obtain

H/\/lf@i [f]HL{;,(R+) < CHMZU]HLP Ry) = < fllze, (R4;Bo)»

for all f € C§°(R4; Bg). The standard density argument allows one to pass from
C§°(R4; By) to L2 (R4; By). Hence, the bound (A.9a) is settled.
(b) Estimate (A.9b) is the direct consequence of (A.9a), as

1T [f1l By < Mt [f] + cll fll 3o
a.e. in Ry, see e.g. [35, Section 1.7.4]. d
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To proceed further, we employ the following local reproducing formula of V.
Rychkov (see [31] for the details)

(A.10a) 6= Z @J‘i * wjia

i>0

where o, = € C$°(R), with supp T, suppy® C (—t,t) N Ry for some ¢t > 0,
have non vanishing zeroth moment; o*(-) = i (-) — 2 '¢T(271), ¥*(-) = ¥F(-) —
2-1ypF(271) and (pji() = Dt (27, wji() = 279*(27.), j > 1. Furthermore, both
©F and 97 can be chosen so that

(A.10Db) / zFotde = / FypFde =0, 0<k<L,
R R

for any given positive integer L > 0 (in the sequel, we employ symbol {¢},, to denote
the number of vanishing moments of a function ).
For ¢ as above, with {¢*},, > max{0,s}, s € R, we define

;:l:[f] = (ZQ%SW? >kf|2)§7 r e Ry.

Jj=0

THEOREM A.6. For1<p < oo, s>0 and w € A% (Ry) N ALC, we have

oo 7

(A.11) £ LB (Ry) ™ ||5;— bl LE (R4 )
where =~ means the bilateral estimate.

Proof. (a) To begin, we show that
(A.12) Hf”Lﬁ,(]R+) ~ ||Sgi[f]||L{;(R+)7

provided w € APS (Ry) N AR
Define x* : R+ — 3 by means of the formulas k¥ (-) = {cpji(~)}j20. Operator
Ti LP (Ry) — LP (Ry; ¥€2) fells in the scope of Corollary A.5. Hence,

IISS,i Fllen, )y = 1Tex flle g e < cllfllor, .y

provided w € APS (Ry) N ALe,

The converse mequahty follows from the standard duality argument and the local
reproducing formula (A.10a). Indeed, for g € L* (,) supported in R, we let g=(-) =
g(£-) and note that (¢*)~ = gF. Then

[(F.9) = 1£ % g710) = | D206 + ) * (65 % g S0 (18 lgldr

720 Ry

< 12 M 8%y e, < IS0 Al lolyy
Hence, (A.12) is settled.

16 The proof of (A.12) is identical to that of Theorem 1.10 in [31], with the exception that, instead
of [35, Theorem 2 and its Corollary, Section V.4.2|, we invoke Corollary A.5.
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(b) The general result follows from [31, Theorem 2.18], invertibility of 7”, Lem-
ma A.3 and (A.12). Indeed, letting

Ly (Ry) = {f|supp f € Ry, [|S5-llrpry) < o0},

from [31, Theorem 2.18] we infer that J*[L%°(R})] C LE*(Ry), B > 0 and the
map is onto, as J*° is invertible. Hence, by (A.12) and Lemma A.3, LP:*(R,) =
TPILEO(R,)] = T2[LE, (R, )] = LP#*(R, ) as Banach spaces. o

Remark A.7. The key feature of Theorem A.6, as compared to its analogue [31,
Theorem 1.10], is the use of condition w € A% (Ry) N ALS, instead of w € A)°°. The
former class is significantly larger than the latter one. For instance, wq(x) = |z|* €
Ac if and only if —1 < a < &, while wq(z) € ARS (Ry) NARS, for all a > —1.

=

In view of Theorem A.6 and Remark A.7, the interpolation identity (2.5) is a
simple consequence of the following

COROLLARY A.8. Assume 1 < p < oo and wo,w; € AG (Ry) N AL (R,). Then
(A13)  [LE (R, L (Ry)lp = L2357 (R4). 50,81 2 0, 0 € (0,1),

where [-,-]p denotes the standard complex interpolation functor of A. Calderon [7].

Proof. Directly from (A.1) and definition of A% weights in [31], it follows that

wé_awa;‘fj_ (Ry) N A¢(R,), while, in view of Theorem A.6, L2;*(R,) is a retracts

of LP (R4;¢5). Hence, combining the arguments of [7, Theorem 5.1.2] and [7, Theo-
rem 5.5.3], we have the desired result. |
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