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STEADY SOLITARY WAVE SOLUTIONS OF THE GENERALIZED
SIXTH-ORDER BOUSSINESQ-OSTROVSKY EQUATION

An overview of models that lead to the nonintegrable Ostrovsky equation and its generalizations having no
exact solitary-wave solutions is given. A brief derivation of the Ostrovsky equation for longitudinal waves
in a geometrically nonlinear rod lying on an elastic foundation is performed. It is shown that in the case
of axially symmetric propagation of longitudinal waves in a physically nonlinear cylindrical shell interacting
with a nonlinear elastic medium the displacement component obeys the generalized sixth-order Boussinesq—
Ostrovsky equation. We construct an exact kink-like solution of this equation, establish a connection with
the generalized nonlinear Schrodinger (GNLS) equation and find the steady travelling wave solution of the
GNLS in the form of simple soliton with monotonic or oscillating tails.
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Introduction

In 1978 [1] the nonlinear evolution equation for internal waves in rotating ocean was derived:
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where 7 is the perturbation of the free surface of liquid layer with depth h, cg represents the speed
of propagation of perturbations, § is a high frequency dispersion parameter and {2 is the Coriolis
parameter characterizing the rotation of the liquid. Equation (1) called the Ostrovsky equation is
not integrated by the inverse scattering procedure and does not have exact soliton-like solutions.

In [2] it is noted that (1) actually refers to a great range of nonlinear systems characterized
by the presence of wide nondispersive band in the frequency spectrum that separates the regions
with low- and high-frequency dispersion. Examples of this can be the unusual electromagnetic and
oblique magnetosonic waves in a magnetized plasma, excitation of atoms in the chain described by
the Frenkel-Kontorova (FK) model, the waves in transmission lines of band-pass filter type, acoustic
waves in a curved rod and waves in randomly inhomogeneous media.

A large number of works are devoted to the truncated dispersionless version of equation (1):
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It is well known [3] that by introducing new independent and dependent variables, equation (2)
becomes integrable in a class of exact solutions [4].

Equations that can be considered in some way as generalization of (1) and have in contrast to
(1) exact solitary-wave solutions were obtained in [5,6] a few years before the publication of [1]. In
particular, in [5] the following evolution equations were proposed using FK model supplemented by
anharmonicity of interaction of neighbor atoms:

U = a Uy + 01Upzze — BULUL) — YU (a — U) (a — 2U), (3)
2 2
Uy =« (Um + aUpgzz — BUgUm) — ’y% sin <§U>. (4)

A reduction of (4) called the Konno-Kameyama-Sanuki (KKS) equation
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Uy = —osinU + bUFUy + %Utttt (5)

was considered in [6]. It was shown that at a certain ratio between the parameters of nonlinearity
and dispersion the KKS equation (5) becomes integrable and has the N-soliton solutions [7].

In 1997, the exact soliton solutions in generalized dynamic models of the quasi-one-dimensional
crystal were obtained in [8]. After analyzing the generalized Boussinesq equations
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where ¥ = A (U? — 1)2, & = B (1 + cos7U), the authors noted that [5,6] with equations (3)—(5)
are the only known papers related to the generalized models. In addition, they showed that simple
generalizations of the potentials ¥ and & —

W= A (U2—1)" + 4, (U2 —1)°,
¢ = B; (14 cosnU) + By (1 + cos2nU)

— lead to exact solutions without any restrictions on the relationships between the parameters in
the left sides of equations (6) and (7).

In the recent years, the interest in generalization of the Boussinesq and Ostrovsky equations and
corresponding mathematical models is growing. In [9,10], on the basis of the system of two coupled
Boussinesq-type equations

fit = fox = <%f2+ftt> —6(f—9),

Git — CGay = (%92 + 5gtt>m +v(f —9), (8)

it was shown that in a two-layer elastic waveguide with non-ideal glued layers a soliton of elastic
deformation may be followed by a zone of resonance radiation. The initial value problem for the
system (8) is examined in [11]. Using the method of multiscale expansions it was found that various
asymptotic regimes correspond to the coupled or uncoupled system of the Ostrovsky equations.
A system of coupled Ostrovsky equations for internal waves in the shear flows was studied in [12].
Shoaling oceanic internal solitary waves based on the Ostrovsky equation with variable coefficients
were asymptotically and numerically investigated in [13]. It was demonstrated that a combined
effect of shoaling and rotation is to induce a secondary trailing wave packet, induced by enhanced
radiation from the leading wave.

In the problems of nonlinear wave dynamics of deformable systems, the Ostrovsky equation
arises naturally [14]. Consider the generalized Boussinesq equation

Utt - CgUx:c + aUxex + /BUSCSCSCZC = ’YU, (9)

which models the propagation of longitudinal waves in the geometrically nonlinear rod lying on the
linear elastic foundation [15]. Here U is the displacement, ¢ is the speed of sound in the rod, o, 3, ~
are the parameters characterizing nonlinearity, dispersion and effect of the elastic foundation.

Assuming that «, B, = are of the same order of smallness ¢, introduce the new independent
variables £ = x — ct, 7 = et and expand the displacement in powers of the small parameter:
U =Uy+¢eU; +.... Then, in the linear approximation, we obtain the expression for the velocity
of propagation of the disturbance ¢ = ¢y, and the first non-linear order in the parameter € gives us
the evolution equation

U()Tg + OélU()gU()gg + 51 Uogggg = 1 Up. (10)
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Differentiating both sides of (10) with respect to ¢ and denoting Uy = W for the component of
longitudinal deformation, we obtain the Ostrovsky equation

(W + OqWWg + ,81W555)£ =mW.
In the case of nonlinear elastic foundation the equation (9) takes the form
Uy — C?)Uxx + aU,Uyzy + 5Uxmvx = 'VIU + ’72U3, (11)

where the sign before the last term is selected depending on the type of nonlinearity: “hard”
corresponds to plus, and “soft” to minus. In the latter case, equation (11) substantially coincides
with the equation (6) and has the exact soliton-like solution.

The models of nonlinear wave dynamics of deformable media with microstructure can lead to
equations with spatial derivatives of the highest order. The work [16] contains a non-integrable
fifth-order evolution equation with cubic nonlinearity

Yt — 049029032 - 590mmm + 5190xmvxx =0, (12)

to model the axisymmetric propagation of longitudinal deformation waves in a physically nonlinear
cylindrical shell reinforced by ribs, the exact soliton-like solution to (12) founded on the method
of the singular manifold and nonlinear Schrédinger (NLS) equation derived from (12). Considering
the case of physical and geometric nonlinearity leads us to the fifth-order Gardner equation

Yt — 0490290m + a1ppg — 590mmm + 5190xmvxx =0 (13)

that has the exact solution [17]. When the shell interacts with external nonlinear-elastic medium,
the equation (13) written for the component of longitudinal displacement U will contain additional
terms similar to those in (11):

Uiz — OéUgUm + a1UpUyy — BUmmmm + 51 Uszzzzz = ’71U =+ ’72U3- (14)

The equation (14) which summarizes the KdV, mKdV, Gardner, Kawahara, Boussinesq and Ostro-
vsky equations, we shall call the generalized Boussinesq—Ostrovsky equation.

The main purpose of this paper is to find the solitary wave solution for (14). First, we show
that (14) has the exact kink-like solution for a certain ratio between the parameters of the equation.
Secondly, we establish a connection between (14) and the generalized nonlinear Schrodinger (GNLS)
equation. Finally, we find steady travelling wave solutions for the GNLS in the form of a simple
soliton with monotonic or oscillating tails and identify the modes that allow for existence and
distribution of such wave solutions.

§ 1. Exact soliton-like solutions
Consider the equation
Uf]z - alUgUzz + aU,U,, — 03Uz, + @4Ussznn, = asU — aGUg (15)

where all parameters a;—ag are positive numbers. Using the transformation

4/°3
asa a
_ 3%5 _ 5 4 3
Ulg,z) = u(t,z), == —z t=1/azaiq,
a2 ag
we obtain a simplified equation
2 3
Uty — aumuxaz + UgUgy — Uggzrr + /Bu:c:c:c:cx:c =Uu—9u (16)

with

arvasas 5o N/ o agy/ o
ai Vad ’ ai\/as

o =
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Fig 1. The velocity C of the soliton (17) at a =1

We will seek for the exact solution of (16) given by
u = Atanh [B (z — Ct)] (17)

with three constants A, B, C' to be determined. Substitute the solution (17) into (16) and collect
the terms proportional to tanh powers. Equating the coefficients in front of these collections to
zero, we obtain a system of four equations, where the solution can be as follows:

3 —184)2 _
A:L, B Nai C,_2(04 187) a — 90y

Nal 2(a — 187)’ 9y + 10(a — 187)2’
with the relationship between the parameters of the equation (16) given by

ala —187)?

B= 81072

We see that exact solitary wave solution (17) exists only in the case of “soft nonlinearity” of
the elastic foundation, when v > 0 and the summands in the right-hand side of (16) have opposite
signs. The velocity C' of the solitary wave tends to infinity as v — 0 or v — 5. There are two
values of v at which the velocity C' becomes zero (Fig. 1) and solution (17) is the standing wave.
The value of C is almost a linear function of v, if v > {%; the larger the value of v, the smaller the
amplitude A of the wave.

Thus, equation (16) has the exact kink-like solution (17). This solution does not belong to
localized solutions whose wave field vanishes at infinity: uw — 0 as |x| — co. To find such a localized

soliton-like solution we apply the approach based on the GNLS equation.
§ 2. Derivation of the GNLS equation

It is well known that the solitary wave solution of the ordinary nonlinear Schrédinger (NLS)
equation describes the solution of the original equation ((16) for the given case) in which the carrier
quasi-sinusoidal wave propagates with the linear phase velocity ¢ (k), while the envelope propagates
with the group velocity ¢, (k), where k is wavenumber [18]. In general, these velocities do not
coincide, therefore this is not a steady travelling wave solution. However, for the values k such that
c (k) = ¢4 (k) this becomes, at least to leading order, a steady solitary wave solution to the original
equation. It was shown in [18] that the condition of equality the phase and group velocities requires
consideration of higher-order corrections to the NLS equation leading to the GNLS equation.
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Fig 2. Linear phase velocity’s minimum ¢, (solid line) and the corresponding wavenumber k,, (dotted line)

In the case of small-amplitude perturbations we can neglect the nonlinear terms in equation (16)
and then seek for the solution of the reduced linear equation in the form of a travelling wave
u = Ae'k*=wt)  This leads to the following dispersion relation

w:ﬁk5+k3+%. (18)

The linear phase velocity ¢ = £ is positive and monotonically increases as k — 0 or £ — oo, hence
it has the minimum ¢, whose dependence on the parameter § is shown in Fig. 2.

This means that for any possible solitary wave propagating with the velocity v > ¢,,, there is
a synchronous linear wave which is radiated by the solitary wave and gradually destroys it due to
radiative energy losses [19]. Thus, localized solitary wave can exist only in the case v < ¢;,. Further
analysis using the GNLS equation confirmed this hypothesis.

At the first step of the GNLS derivation [20], we allow for function u to depend on the phase
variable 0 = kx — wt, slow coordinate X = ex and slow time T = &t, where ¢ is a small parameter,
so that equation (16) takes the following form

BePux xxxxx + 68 kugx xxxx + 158 K uggx x x x + 208 K ugoox x x +
+ 158k uggpox x + 6Bk ussosox + Bk usgsges — e uxxxx —
—43kugx xx — 662k uggx x — 4ekPugogx — kuggeg + *uxr + kugr —
- [as‘lu?x + (2as3k‘u9 + 63) ux + a52k32u3 — ezkzue] uUxx — (19)
— [2a€3ku§( + (4a€2k2u9 — 2€2k) ux + 2aak3u§ — 2ekPug + Ew] Ugx —
— [a52k2u§< + (2a€k3u9 — €k2) ux + ak4u§ — Kup + kw] Uggy +
+ 7u3 —u=0.
Next we substitute the solution into equation (19) (the bar designates complex conjugation)
u=¢e <A(X,T)ei9 —i—A(X,T)e_w) +

o | (20)
+ 2 <B (X,T)e 1+ B(X,T)e 2 4 C (X, T)> +0 (%)

and collect the terms proportional to €. At the leading order e-term, we obtain the dispersion
relation (18) as well as expressions for the phase and group velocities

1
cgza—w:5ﬁk4+3k2—

1
a4 2 -
c= Pk +k*+ % =k

ﬁ’ (21)
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while the remaining terms give

e? [i (68k° + 4k* — w) Ax +ikAr] +
+&° [(158K" + 6k*) Axx + Apx + (ok* + 3y) AA+ 2ik> AB] +

_ _ 22
+e* [~i (208K + 4k) Axxx — k*ACx + 3k*ABx — diak®AAAx] + 22
+0 (%) =0.
At the leading £2-term in (22), we have obtain
A+ cgAx = O (e). (23)

Turning to the superslow time 7 = €7 and running variable { = X — ¢,7" we can obtain the
solution of the last equation in the form of a travelling wave with a slowly varying amplitude
A(X,T) = A(& 7). After convertion Arx to Age by (23), we present the value of AB from &3-term
and substitute it to e*-term to get the factor %gST“; in the front of the third derivative Axxx.

At the next step in the transformation of the equation (22) to the GNLS equation, we need to
express B and C as the functions of A. To do that, we ought to collect the terms proportional to
e?% and get

e? (—ik®A? — (60BK° + 12k* — 3) B) +

2
+ &3 [z <1905/<;5 + 30%3 — %) Bx + 2ikBp — 3k*AAx | + (24)

+0 (54) =0.
Note that B, a similar way as A, can be regarded as a function of { and 7; we can convert By to By
and then seek the solution of (24) in the form B =By (§) + B (§). Equating to zero the real and
imaginary parts of the equation (24) will allow us to find By and B; separately, so that function B
can be written as

k3 o Kk (60BKS + 4k* + 3)

B=—i
"3(208k8 1 4kT — 1) " 3(208K5 + 4kT 1)

AA¢ + 0 (£%). (25)

Finally, we collect the “mean flow” terms which are independent on #, and obtain
—e2C +e%k? (AA), + O (¢*) = 0. (26)
Similarly introducing the variables £ and 7, one can see that the equation (26) has the solution
20 AR 2
C =ck (AA)5+O(6 ). (27)

As a final step in the derivation we substitute (25) and (27) into (22) to obtain the GNLS equation

’iAT + 511455 + 52 |A|2 A+ ie (5314555 + % <|A|2 A>§ + 54 |A|2 Ag) +0 (52) = 0, (28)

where
10%w 1 2k° 3y
= ——— = 108k> + 3k + — = ak? =L
L= ggr = 10PF +3k+ 45, b= ol B e =1y T R
10%w 1 4k* (4k* — 3)
= - = —108k? — 1+ —, = — | 4ak® + .
s = =5 053 p A ba < 3(208k6 + 4k* — 1)

Note that as 208k% + 4k* — 1 — 0 coefficients 2 and 4 tend to infinity as a result of the
resonance of the fundamental and second harmonics of the solution (20) [19], but investigation of
the case is beyond the scope of this paper.
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§ 3. Solution of the GNLS equation

Consider a simplified case of the equation (28) when the value of the wavenumber k satisfies

the equation 4k* —3 =0, i.e. k= {l/g if we assume that & > 0. The condition of equality of the

phase and group velocities (21) leads to the values = \/_ and c = ¢4 = M For any dlﬁerentlable

function w (k) the necessary condition for the extremum of ¢ can be wrltten in the form o’ = ¥,
hence the phase velocity ¢ = % can coincide with the group Velocity cg = w’ only at the extreme
point (kn,, ¢my) of function c. Thus, going in the GNLS equation (28) back to the variables 7" and X

and putting k = k,,, = {‘/g, Cg=Cp = 5‘[, 8= \f we can write the GNLS equation as

5}
<AT + iA}() + \/4 12¢ <3AXX + 71 |A|2A) +
(29)

2
+ 2% <—§AXXX +tmn <|A|2 A)X —V3a |A|2 AX> =0,

where v = 18 4+ Y34 4 V/37. At leading order (29) reduces to the ordinary NLS equation with
a well-known Sohtary wave solution

A = asech [ (¢ — evT)]elte—eoT), (30)

where £ = X — %g T,v==6v12l, 0 = -3v12 (52 — 12), a’ = %2 and [, § are free parameters. Note
that in general the solution (30) is not a steady solitary wave solution of the original equation (16).
In [18] it was shown that the requirement ¢ = ¢, needed for steady solitary wave solution leads to
the parameters v and [ of (30) to be O (g). Therefore, the requirement ¢ = ¢, can be correctly taken
into account only when considering the full GNLS equation (29) with the last e2-term. Following
the paper [18], we will seek for the solution of (29) in the form

A=R(n) ei€[¢>(n)+ln—0T], (31)

where n = X — ¢,,7 — €?VT and R, ¢ are functions to be determined. The total phase of the first
harmonic of the solution (20) is

O+clp(n)+in—0oT] =
=kt — cpkmt + ¢ [6 (x —cmt —62Vt)] + &2 [l (:1: —cmt —€2Vt) — o—t].

For a steady wave the total phase must be a function on 7 alone, hence we have to put ¢ = k,,,V.

After substituting (31) into (29), equating the real and imaginary parts of the resulting equation to
zero, and omitting terms of O (52), we obtain:

1
3Ry + 5VR + 7R =0,

(32)
18k (R + 2Ry 0y) +3 | (671 — 2v/30) B2 412k = V| Ry — 4Ry = 0.

The first equation in the set (32) has a solitary wave solution

R = asech <w/%a (X—CmT—E2VT)>, (33)

where V = —a?y;. From physical considerations it follows that a > 0, v > 0, hence V < 0 and
velocity of the steady solitary wave is less then ¢,,, in accordance with the previously formulated
hypothesis.
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Fig 3. Plots of the steady solitary wave defined by (31) with a =5, =0.1, a =~v = % atTT=0and T =1

With R given by (33), the second equation of the set (32) becomes the equation for the function ¢
alone with the solution of the form

_ 3a(11V3y1 — 9a) N B By
¢ = S tanh <\/;a (X —enT —¢ VT)>, (34)

7V2
108V/3
The plots of the steady solitary wave (20) for leading order at T'= 0 and 7' = 1 show that the

wave form really does not change over time (Fig. 3).

Therefore, the GNLS equation (28) in its simplified form (29) has a one-parametric solution in
the form of a steady solitary wave defined by (31), (33), and (34). The larger the amplitude of the
wave, the smaller its scale and lower its velocity. With the increase of the small parameter ¢, the
oscillating tails of the soliton (Fig. 3) gradually transformed into monotonically decreasing tails.

y1a?. It follows that the wavenumber correction for the first harmonic is negative.

where | = —
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A.U. Bemasnyrun, A. B. Boukapes

¥YcroiituuBble yeaIWHEHHO-BOJIHOBBIE peIlleHus o00oDOINmeHHoro YypaBHeHus DyccuHecka—
OcTpOBCKOTO MIECTOro HOpsaKa

Karouesoe caosa: HelnHeilHbIE IBOJIONMOHHBIE YDAaBHEHUsI, YeIMHEHHO-BOJIHOBbIE DelleHHs, OOODIIeHHOe
HequnneitHOe ypaBHenne IIIpénmarepa.

VIK 517.95

[Tposesen 0630p Mozee, TPUBOJALIIMX K HEUHTErpUpyeMoMy ypaBHeHuio OCTPOBCKOro u ero 0600IIeHusIM,
HE UMEIOIUM TOYHBIX YeINHEHHO-BOJHOBBIX pernenuii. [IpuBemen kparkuit BoiBOj ypaBueHus OCTpOBCKOTO
JIJIsE IPOIOJIBHBIX BOJIH B T€OMETPUYIECKY HEJIMHEHHOM CTEpIKHE, JIeKalleM Ha ynpyrom ocHoBanuu. [lokaza-
HO, 9TO B CIy9ae OCECUMMETPUYIHOTO PACIPOCTPAHEHUS IIyYKa MPOIOIbHBIX BOJH B (DU3NIECKU HEJIMHEHHOMN
IWTHHIPAIECKON 0060109Ke, B3auMOAEHCTBYIOMEN ¢ HETMHEHHO-yIPYro#l cpeoil, /i KOMIIOHEHTBI [IepeMe-
Iennsi BO3HukaeT 0bobinennoe ypasuenue Byccunecka—Ocrposekoro mecroro nopska. [Tocrpoeno rounoe
KUHKOIIOZOOHOE DEelIeHUe ITOr0 YPABHEHUsI, YCTAHOBJIEHA CBA3b C ODOOIIEHHBIM HEJMHEHHDbIM yPaBHEHUEM
[Ipéaunurepa v HANIEHO peIIeHUE MOCIETHEr0 ypaBHeHus B (DOpME YCTONIMBOM COMUTOHOMOA00HOH Oeryimeit
BOJIHBI C MOHOTOHHO 3aTYXAIOIUMHU UJIU KOJIEOATEIbHBIMU XBOCTAMHY.
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