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The only solitary wave that matters: the sech?-type

Abstract. In this note we show that on introducing an appropriate
point transformation, any solitary wave solution of a 1+1 partial dif-
ferential equation (PDE) in a single unknown is equivalent to the sech?
soliton of the Korteweg-de Vries (KdV) equation.
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1 - Introduction

Solitary waves are a special and very important class of solutions of some
partial differential equations (PDEs). From a physical point of view, they are
originated by the cancellation of the nonlinearities due to dispersive and/or
dissipative effects. From a mathematical perspective, they are non trivial solu-
tions in a fixed coordinate frame that we may choose in view of the invariance
of the PDE with respect to translations of the independent variables.

One of the most celebrated solitary waves is the soliton of the KAV equation

(1.1) U + Uy + Ugzr = 0.

As it is well known, this equation includes nonlinear terms due to transport phe-
nomena and dispersion. To find a solitary wave solution of (1.1), we introduce
the ansatz

(1.2) u(z,t) = f(§), {=z—d,
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with ¢ being a positive parameter and f such that

.df
(1.3) 61}1;100 aEn 0 for all n e Ny,

into (1.1) and reduce it to the ordinary differential equation (ODE)
(1.4) —cf'+ [+ " =0,

where the prime denotes differentiation with respect to £. Integrating once
(1.4) and taking into account the conditions at infinity (1.3) lead to the ODE

2

(1.5) f":cff?.

Next, by multiplying both sides of (1.5) by f’, integrating and, again, taking
into account (1.3) we obtain the energy integral

(1.6) 2= f? <c - g) .

Finally, limiting our search to bright solitary waves, i.e. to solutions in the form
(1.2) with f positive, from (1.6) we deduce that the amplitude of the solitary
wave is equal to 3¢ and

(1.7) 7=
f c—g if € <0.

Integrating (1.7) yields the well-known soliton solution

(18) 1) = sesea | Y (e - )]

The integration constant &y in (1.8) gives the location at which the wave form
attains its maximum and does not affect the shape of the solitary wave. Such
an integration constant is then unessential and, for simplicity, it can be set
equal to zero.

The method illustrated above to determine the bright solitary wave (1.8) of
the KdV equation can be used also for many other PDEs of interest in physics
and mechanics such as the generalised KdV, Gardner, Boussinesq and improved
Boussinesq equations as well as some classes of second order semi-linear wave

equations. In all these cases, on introducing the ansatz (1.2) and the conditions
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at infinity (1.3), and by following similar arguments as for the KdV equation
one arrives at the the second order autonomous equation

(1.9) " =F(f),
which admits the first integral
(1.10) 2=V,

where V' is twice the antiderivative of F' that vanishes at f = 0. An analysis a
la Weierstrass of (1.10) reveals that a bright solitary wave is admissible if and
only if the potential V' admits a positive zero (say f*) with multiplicity less
than two, f = 0 is a zero with multiplicity greater than or equal to two, and is
strictly positive in ]0, f*[. In other words, V is in the form

(1.11) V() =vNsrms—1r

with m > 2, 0 < p < 2 and V(f) > 0 for all f €]0, f*[. For illustration, the
potential in the energy integral (1.6) of the KAV equation is in the form (1.11)
withm =2, p=1, f* =3cand V(f) = 1/3. Equation (1.10) can be integrated
by quadrature. Only in particular cases (such as for the KdV equation) (1.10)
can be integrated analytically.

Due its simplicity, equation (1.6) can be regarded as an archetype for deter-
mining bright solitary wave solutions. It is then natural to investigate whether
a bright solitary wave of a general PDE which, after introducing the traveling
wave ansatz (1.2), reduces to (1.9) with V as in (1.11) can be obtained via a
point transformation of the soliton (1.8) of the KAV equation. This represent
the main goal of the present manuscript.

It is well known that the KdV equation may be obtained in the weakly non-
linear asymptotic limit from a very large class of nonlinear evolution equations,
and, in view of this, it is considered a universal nonlinear evolution PDE [2].
Here, by focusing on only a special class of solutions, the bright solitary waves,
we extend exactly (and not asymptotically) such a universality to other types
of nonlinear evolution PDEs.

This short note is dedicated to the memory of a profound and insightful
scholar who was also a great gentleman and, above all, a sincere and gentle
friend: Giampiero Spiga.

2 - An equivalence transformation

The energy integral (1.6) plays a fundamental role in determining the soliton
of the KdV equation. In order to determine the class of energy integrals that
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admit bright solitary wave solutions and can be determined via an equivalence
transformation from (1.6), we introduce the change of variables

(2.1) §=0(s,9), [f=uv(s,9),  with @shy—dgihs # 0.

In the new variables s and g = g(s) defined by (2.1), equation (1.6) takes the
form

dg\ 2 d
o oo (e 3)a] () oo o 3)on] 2

|- (-3 ] -0

which represents an energy integral providing that

(2.3&) ¢s¢g - 1!}2 (C - 1§> Cbsd)g =0
and
1/}3(8,9) - ¢2(5,9) |:C - QIZ)(?);Q):| ¢§(Sag)
(2.3b) Vig) = — . 9) .
B(6.9) = 02(5.9) [e - 52 g3(o.0)

A special solution of the nonlinear equations (2.3) is given by

(24) £:¢(579) =35 fZﬂJ(Sag):‘I’(g)’
with W, # 0, in which case (2.2) reduces to

p_ W) [ Y] _
(2.5) g? = w2(9) [c— 3 ] =V(g).

In view of the discussion in the previous section, equation (2.5) admits
bright solitary wave solutions if and only if ¥ is a monotonically increasing
function such that

2.6 lim ¥(g) =0.

(2.6 Tim,W(g)

Indeed, if this is the case, the potential V' on the right-hand side of (2.5) admits
a simple zero at g = g* = U~!(3¢), a zero with multiplicity greater than or
equal to two at g = 0, and is strictly positive in the interval |0, g*[. In other
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words, the potential is in the form (1.11), with m > 2 and p = 1, which implies
that the necessary and sufficient conditions for the existence of a bright solitary
wave solution are satisfied.

We may then conclude that, given an arbitrary function ¥ that satisfies
(2.6) and is such that ¥, > 0, one can map the energy integral (1.6) of the
KdV equation into the first integral (2.5) which admits a bright solitary wave
solution. In particular, since W is fixed, the potential V' that allows the existence
of this particular traveling wave is determined by ¥ and its first derivative
according to the expression in the right-hand side of (2.5).

Vice versa, given a potential V(g) = V(g)g*(g* — g), with V(g) > 0 for all
g €]0, g*[, one can determine the map f = ¥(g) which defines the equivalence
transformation (2.4). More precisely, by requiring that ¥(g*) = 3¢ we find that
the equivalence transformation is given by

*

= = JdCSsecC 2 ﬁ ! dv
(2.7) f = W(g) = 3esech [2/g e

From the inverse ! of this transformation and the soliton (1.8) of the KAV
equation, the bright solitary waves deducible from (2.5) is found to be

(2.8) g(¢) =01 <3csech2 (f )) :

3 - Some examples

In this section we report some examples of equivalence transformations
thanks to which one can easily determine the bright solitary waves of some
nonlinear evolution equations of particular interest in mechanics.

3.1 - The generalised Korteweg-de Vries equation

The generalised Kortewev-de Vries equation is given by [8]
(3.1) w4 1P ug + Uggy = 0,

with & being a positive parameter. In looking for bright solitary waves of (3.1),
one arrives at the energy integral
29"

(3.2) 9/2 = 92 c— m )
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which, in view of (2.7), can be deduced from the energy integral (1.6) of the
classical KAV equation by means of the transformation

c(k 4+ 1)(k + 2)

1
(3.3) f = ¥(g) = 3csech? [arccosh\/ 29t

k

Next, by inverting (3.3) one obtains the bright solitary wave solution of the
generalised KdV equation

1

(3.4) g(&) = [Wsechz <kf )} k .

3.2 - Shear strain waves in nonlinear dispersive solids

The dimensionless equation governing the nonlinear waves in an incompress-
ible hyperelastic dispersive material reads [3]

(3.5) uy = [(0% + a2 u?)u) e + VP Uste0

where a7, a,,; and v are positive constants. It is easy to prove that the energy
integral associated with (3.5) is given by

2 2
g «
(3.6) 9° = 202 <C2 — a7 - 5192> ;

which, on using (2.7), can be deduced from (1.6) by means of the transformation

2(c? — aQT)
Ve o [ VIS

24/ — a2 nl

(3.7) f = 3c¢sech?

From the inverse of this transformation and the soliton of the KdV equation
the bright solitary wave solution of (3.6) is found to be

2 2 2 2 2
58) o= VAT (Ve er

Qpl ve

3.3 - Semilinear Klein-Gordon equations

The propagation of transverse waves in an incompressible hyperelastic solid
supported by an elastic foundation is given by the semi-linear Klein-Gordon
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equation [6]
(3'9) Ut — C%“u:m + 7(“2)’“ =0,

where ¢ is a positive constant and +y is the restored force corresponding to the
substrate potential I'(u?)/2. The energy integral associated with (3.9) is given
by

(g%
T

In what follows we assume that ¢ < cp, and the potential ¥ is polynomial in g
and of the form

(3.11) T'(g) = aog® + a1g® + azg?,

where ag, a1 and as are constants. We now consider two cases of particular
interest.

3.3.1 - Algebraic solitary wave

If ap = 0, a1 > 0 and as < 0 in (3.11), then, with the aid of (2.7), one
deduces that (3.10) can be obtained from (1.6) via the transformation

\/e(c2 — c?)
(3.12) f = 3c¢sech? 27,/%—1-@ ,
1

which, once inverted and combined with (1.8), yields the algebraic bright soli-
tary wave solution

(3.13) f(&) =

ai
afe”
4(ck — 2)

— a9

3.3.2 - Flat-top solitary waves

If ap > 0, a1 <0, ag > 0 and a? < 4apas in (3.11), from the analysis in the
previous section we deduce that (3.10) can be obtained from (1.6) by means of
the transformation

1 2 —c? 2
(3.14) f = 3csech? | = Marccosh _ oot mg
2 ag g a% — 4dapas
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la1|—+/ a2 —4agas

2(12

flat-top solitary wave solution

soliton of the KdV equation

Ve

Fig. 1. Flat-top solitary wave of the semi-linear Klein-Gordon equation (3.9) as a
transformation of the soliton pf the KAV equation under the map ¥—!, with ¥ as in
the right-hand side of (3.15).

whose inverse, once combined with (1.8), gives the bright solitary wave

(3.15) f€)

N 2&0
a
la1] + /a3 — 4agasy cosh ( 202§>
\/ 5 —c¢

It is worth pointing out that if a? —4agas < 1, then the solitary wave (3.15)
becomes almost flat at its top (see Figure 1). This is due to the fact that the
bright solitary wave (3.15) dissolves into a kink when a? = 4agas [6,7].
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4 - Concluding Remarks

In this short note we highlight the centrality and universality of the soliton
of the KdV equation. In particular, we prove that any bright solitary wave
solution of a large class of models can be related to the celebrated sech? soli-
ton. This sort of universal property is interesting and not at all surprising as
the KdV equation itself is, in some sense, universal. In mechanics there are
many situations in which systems of PDEs or ODEs represent a sort of hyphen
between various theories. Just think of the small oscillations around a stable
equilibrium configuration of any discrete mechanical system. This problem is
always investigated by means of a system of harmonic oscillators which, except
for the values of the entries of the mass and stiffness matrices, are identical.

The equivalence transformation that we have used to show the centrality
of the soliton solution of the KdV equation is not the usual one as the appro-
priate change of variables to be introduced has to satisfy additional conditions
necessary to preserve the characteristics of the solitary wave solutions.

The results in this note can be generalised in several directions. For instance,
by using the geometrical methods developed in [5], one might find more general
solutions of (2.3) and determine other transformations of mathematical and
physical interest.

Other aspects worth to be investigated are the generalisation of our method
to other classes of nonlinear evolution PDEs and/or to other classes of solutions
such as kinks and cnoidal waves. The analytical approach developed here may
be used to investigate the universality of these wave solutions starting from the
identification of archetypal equations.

Finally, a possible generalisation of the present work could involve more
general transformations such as the Sundman transformation [4].

Acknowledgments. This research has been partially supported by
GNFM of Italian INDAM, by Fondo di Ricerca di Base 2022 of the University
of Perugia, and by the Next GenerationEU PRIN 2022 research project ‘The
Mathematics and Mechanics of nonlinear wave propagation in solids’ (grant n.
2022P5R22A).

References

[1] M. F. BEATTY, Topics in finite elasticity: hyperelasticity of rubber, elastomers,
and biological tissues with examples, Appl. Mech. Rev. 40 (1987), 1699-1734.



proofs

GIUSEPPE SACCOMANDI and LUIGI VERGORI [10]

F. CALOGERO, Universality and integrability of the nonlinear evolution PDE’s
describing N-wave interactions, J. Math. Phys. 30 (1989), 28—40.

M. DESTRADE and G. SACCOMANDI, Nonlinear transverse waves in deformed
dispersive solids, Wave Motion 45 (2008), 325-336.

S. V. MELESHKO, On linearization of third-order ordinary differential equa-
tions, J. Phys. A: Math Gen. 39 (2006), 15135-15145.

P. J. OWVER, Equivalence, invariants and symmetry, Cambridge University
Press, Cambridge, 1995.

C. ROGERS, G. SACCOMANDI and L. VERGORI, Helmholtz-type solitary wave

solutions in nonlinear elastodynamics, Ricerche di Matematica 69 (2020),
327-341.

P. RoseENAU and A. ORON, Flatons: Flat-top solitons in extended Gardner-like
equations, Commun. Nonlinear Sci. Numer. Simul. 91 (2020), 105442.

B. SANDSTEDE, Stability of Travelling Waves, In “Handbook of Dynamical
Systems”, Elsevier Science, vol. 2, North-Holland, Amsterdam, 2002, 983-1055.

GIUSEPPE SACCOMANDI

University of Perugia

via Goffredo Duranti 93

Perugia, 06125, Italy

e-mail: giuseppe.saccomandi@unipg.it

Luict VERGORI

University of Perugia

via Goffredo Duranti 93
Perugia, 06125, Italy

e-mail: luigi.vergori@unipg.it



