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Abstract

The Novikov equation is an integrable generalization of the Degasperis-Procesi
equation. We develop a systematic method for solving the Novikov equation. In
particular, we present a parametric representation for the smooth bright multisoli-
ton solutions on a constant background and investigate their property. We show
that the tau-functions associated with the soliton solutions are related to those
of a model equation for shallow-water waves introduced by Hirota and Satsuma.
We also construct a new type of singular solution by specifying a complex phase
parameter. We demonstrate that both smooth and singular solitons recover the
peaked waves (or peakons) when the background field tends to zero.

1. Introduction

We consider the Novikov equation [1]
my + u’m; + 3uu,m = 0, m = U — Ug, u = u(z,t), (1.1)

subjected to the boundary condition u — uy as £ — F00. The Novikov equation
is an integrable generalization of the following Degasperis-Procesi (DP) equation

ms + umg + 3uzm = 0. (1.2)

There exists another type of integrable equation with cubic nonlinearity known
as the modified Camassa-Holm (CH) equation [2]

my + [m(u® —u2)], =0, (1.3)
which is an integrable generalization of the CH equation (3]

m; + umg + 2u,m = 0. (1.4)
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The purpose of this paper is:

e to develop a systematic method for obtaining the soliton solutions of the Novikov
equation
e to investigate the properties of the smooth and singular soliton solutions.

The details have been published in [4] and hence we summarize the main results.

2. Reciprocal transformation and SWW equation
2.1. Reciprocal transformation

We introduce the the coordinate transformation (z,t) — (y, 7)
dy = m?*® dx — m?**u? dt, dr = dt. (2.1)
It follows from (2.1) that the variable z = z(y, 7) satisfies a system of linear PDEs
z, =m~ 3, T, = u’. (2.2)

We apply the transformation (2.1) to the Novikov equation and find that it can
be recast into the form
m, + 3m**uu, = 0. (2.3)

On the other hand, u from (1.1) can be rewritten in terms of m as

2
u=m+mu,, + §m1/3myuy. (2.4)

If we define the new variables V and W by V = m?/3 and W = um!/3, respectively,
then equations (2.3) and (2.4) can be put into the form

(3).-(9),

Wy +UW +1=0, (2.6a)
where V2
V;Jy Yy 1
=-_H 4 ¥ 2.6b
U=s—sv+t7 7 (2.65)

The integrability of the Novikov equation is evidencede by the existence of the
Lax representation. Actually, it can be written in terms of the variables y and 7

as 2

1
Uyyy + Uy = N2, o, = 3z (W = Withy) = 355 - (2.7)
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Proposition 2.1. The variables U and W satisfies a linear partial differential
equation (PDE)
U, +3W, =0. (2.8)

If we eliminate the variable W from (2.6a) and (2.8), we obtain a single equation

for U:
UUyy — UyUry + U%U, + 3U, =0. (2.9)

2.2. SWW equation
We first seek the N-soliton solution of equation (2.9) of the form

U =Up+6(In f)yy, f=fy,7) (2.10)

The above dependent variable transformation enables us to recast (2.9) to the
bilinear equation for f

(DD — 3WoD2 + UpD:D,)f - f =0, Up=-u*", Wo=ug  (211)

Here, the bilinear operators D, and D, are defined by

m (9 o\" (0 o \" ,
poiio=(5-5) (2-3m) fwnow. |, -

Recall that the bilinear equation (2.11) can be transformed to a model equation
for shallow-water waves (SWW)

g + 3k g, — 3k%qq, +3K% g, / ¢-dy — K’qry =0,  q=4q(y,7), (2.12)
Yy

through the dependent variable transformation ¢ = 2(In f),,, where the positive
parameter k£ has been introduced for later convenience by the relation k = ug/ 8
so that Uy = —k~2 and Wy = 2. Substituting (2.10) into equation (2.8) and
integrating once with respect to y under the boundary condition W — K2, |y| — oo,

we obtain the expression of W in terms of the tau-function f
W = k%~ 2(In f)ry- (2.13)

Finally, it follows from (2.2) and the definition of W that the variable z = z(y, 7)
obeys the linear PDE
T, = Wz,. (2.14)

Thus, the problem under consideration is to solve (2.14) with the known function
W from (2.13).
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2.3. Bilinear identities for the tau-functions

The tau-function f for the N-solton solution of the SWW equation is given com-

pactly by
f= Z exp [Z pi&i + Z .Ui,uj%'j} ) (2.15a)
p=0,1 1<i<j<N
with
& = k; —————?ff——f— ; (t=1,2,..,N) (2.15b)
SR S T ] R '

vy _ (ki — k;)?[(k? — kikj + k3)K* — 3]

(ki + k)2 [(k7 + kik; + k3)k2 = 3]

Here, k; and y;q are the amplitude and phase parameters of the ith soliton, respec-

tively, and the notation 40,1 implies the summation over all possible combina-

tions of uy = 0,1, 40 =0,1,...,uy =0, 1.

To proceed, let us introduce some notations. The N-soliton solution from (2.15)

is parametrized by the N phase variables & (i = 1,2,..., N) and hence we use a

vector notation f = f(£) with an N-component row vector € = (§1,&2,...,€n). Let
¢ = (¢1, P2, .., b ) be an N-component row vector with the elements

o9 — \/(i — %)(1 _ “kf), (i=1,2,..,N). (2.16)

Define the tau-functions fi, fi, f and f; by making use of the above notation

h=FfE-9), fi=fE-20), fi=fE+9¢), fr=F+2¢). (217)

(i,§ = 1,2,.., Nsi #5).  (2.150)

Proposition 2.2. The tau-functions f, f{ and f; satisfy the bilinear identities

Z (= D,D,f - f), (2.18)

Dyfi- fs+ f1f2

D.fi - fy+26°fifs = ( K f2+DIf - f), (2.19)

Difi- fy+ D3t f2+11D fi Bt (Afi= 1) =0, (220)
DTf{-fé+/~cDrDyf{-fé+%DTD§f{-fé+ff3(f{fé—f2)+-';—4Dyf{-fé+i§D§f{-fé

1

= o (D2D}f - f+ KODEf - f). (2.21)
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3. The N-soliton solution

Let us introduce the tau-function g = g(§)

N N
9= Z exp [Z(Hz + )& + Z(Qﬂz‘%’ — pi — vi)Ina;

p,w=0,1 =1 =1
1 1 &

+3 i;(#i#j +viv) Azimrpi-1 + 5 g;l(ﬂil/j + pivi) Azi-1,25 | - (3.1a)

(i) (i#4)

Here
K2k2

1-— :
a; = '1—_——’{,2—1‘:?, (’L = 1,2,...,N), (31b)
exp [Agi-1,2j1] = (P — 25)(6: = Qj), (4,5 =1,2,..,N;i #j), (3.1c)

(pi + ¢;)(g: + pj)

exp [A2i——1,2j] = (pl — QJ)(q’L ~ pj) (7'>.7 = 1’ 27 A Niz 7é .7)7 (31d)

(i + ¢;) (@i + q5)°

o= ’% [1 + jc\/':li (1 — i;&k@?)] . (i=1,2,..,N), (3.1¢)

k; 2 /1 1
=11 = Z 22 :
¢ = [1 Kki\/?) (1 i k)] (é

and & (i = 1,2, ..., N) are already given by (2.15b).
The tau-functions g; and g, are defined by

n=9¢-9), g=gE+9e), (3:2)

where ¢ is the N-component row vector introduced by (2.16).

I
:—‘
N

=2
~

(3.1f)

Theorem 3.1. The Novikov equation (1.1) admits the parametric representation
for the N-soliton solution

10 . ¢
2 2 =34+ -=InL 3.
u =u(y,7) =K +23T ngz, (3.3a)
z=z(y,7)= —z+n3T+%lnz——:+d, (3.3b)

where the tau-functions g, and go are given by (8.1) and (3.2) and d is an arbitrary
constant.

Remark 3.1. The tau-function g has already appeared in constructing the N-
soliton solution of the DP equation.



Proposition 3.1. The following relation holds among the tau-functions g, fi and

fe
9= fifa+&Dyf fo, (3.4)

where f1 and f; are defined by (2.17).

Proposition 3.2. The tau-functions f, g; and g2 satisfy the relations
2 2
D o+ Z Do = — f4 3.5
(y+,€)gl 92 /-cf’ (3.5a)
2
(Dr +26%) g1+ ga = ;(52 f2—=D.D,f - f)2. (3.5b)

4. Properties of soliton solutions

4.1. One-soliton solution

4.1.1. Smooth soliton

The tau-functions corresponding to the one-soliton solution are given by

=1 4.1
9 + 24+ a 2+a1+ae’ (4.1a)
41+a) , 2+al+a 2
= 4.1b
g =1+ 2 -« e+2_a1_ae, (4.16)
with 3t
. . K
§=k(y—c¢cr—uy), ¢ = (4.1c)

1—a?’
where we have put £ = &,k = ky, @ = kk; and Yo = Y10 for simplicity. We assume
k > 0 hereafter and the condition 0 < a < 1 is imposed to assure the smoothness
of the solution.

The parametric representation of the smooth one-soliton solution follows from
(3.3) and (4.1). It can be written in the form

12kaé cosh £ + 12+

3(4—a?+3a4)

2 3.
U K
4 — a? cosh 26+ __8&21.0?22) cosh £ + 1—a®)(4—a2)

2
2k3 (cosh £+ lli_i‘j‘—;)

_ _ e — (4.2a)
cosh 2¢ + ﬂij;Z cosh £ + (il(éﬁ)_(_m

2

£ 1 tanhzg—ztanhg-k%—oé—
X=r—ct—g =S4 h a Q , 4.2b
°T a2 tanh? § + 2 tanh § + 42 2

where
~ 3 A2

N T Gt ) (4.20)

K 1—a?
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Figure 1. The profile of smooth solitons with k = 1. « = 0.7 (dashed curve),
a = 0.85 (dotted curve), a = 0.95 (solid curve).

is the velocity of the soliton in the (z,t) coordinate system and zo = yo/-

Figure 1 depicts the profile of smooth solitons against the stationary coordinate
X for three distinct values of a with kK = 1. The one-soliton solution represents
a bright soliton on a constant background u = k3/2 whose center position z. is
located at z, = ct+zo. The amplitude of the soliton with respect to the background
field, which we denote by A, is found to be as

_ (32 2+’ _
A (¢<1 - ) 1) | 9

Eliminating the parameter o from (4.2c) and (4.3), we obtain the amplitude-
velocity relation

c= _;_ [(A+ K,3/2)2 + 4I€3 + (A + K/3/2)\/(A + 1‘83/2)2 + 8,{‘3} ) (44)

4.1.2. Singular soliton

The singular soliton is obtained from the smooth soliton (4.2) if one replaces the
phase variable zo and y by o + 7i/a and yo + 7i/k, respectively. In this setting,
cosh ¢ — —cosh ¢ and tanh(£/2) — coth(£/2), giving rise to the parametric
representation of u2

2
14+2a2
2k3 (— coshf—{——l%x"?)
= 2 ) 1) )
cosh 25—%2—:%2 cosh§+%%

u? (4.5a)




Figure 2. The profile of singular solitons with x = 1. a = 0.1 (dashed curve),
a = 0.85 (dotted curve), a = 0.95 (solid curve).

2

¢ 1. [coth®s —2coth § + 4%
X=z—ct—z9=2+=-In & & . 4.5b
a2 (:othzg-i—écoth§-+-43_a"‘22 (4.50)

Figure 2 shows the typical profile of singular solitons for three distinct values
of a with kK = 1. We can observe that the singularities appear both at the crest
X =0and at X = £X,, where X, is a positive constant.

4.1.8. Peakon

It has been shown that the Novikov equation admits no smooth solutions which
vanish at infinity. Under the same boundary condition, however it exhibits a
peaked wave (or peakon) solution of the form

u = \/celzet—ol (4.6)

We can show analytically that the smooth soliton recovers the peakon in the
limit of K — 0 with the velocity ¢ of the soliton being fixed, which we term the
peakon limit. Here, we provide a numerical evidence for the validity of the limiting
procedure. The passage to the peakon solution is illustrated in figure 3 for four
distinct values of k. We can observe that the profile drawn by the thin solid curve
fits very well with the peakon solution (4.6) with ¢ = 1. Figure 4 show the limiting
process of the singular soliton as well. Obviously, the singular soliton recovers the
peakon in the peakon limit.

4.2. Two-soliton solution

The tau-functions g; and g, for the two-soliton solution are given by

a1 = 1 + 2()16El -+ 2b2e§2 + (01 b1)2e251 + (agb2)262€2 -+ 21/blb2651+£2 + 251)2 (a1 b1)2b262€1+£2

223
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Figure 3. The peakon limit of the smooth soliton with ¢ = 1. « = 0.3 (dashed
curve), k = 0.2(dotted curve), k = 0.1 (bold solid curve), k = 0.01 (thin solid
curve).

+26b; (azbs) 2811 %2 4 §2(a1a9b1by) %X TH2 (4.7a)
2 2 1 1 2v
=1+ efl ef2 + e + %2 + ef1tée
92 O,%bl agbg (a1b1)2 (a2b2)2 (a1a2)2b1b2
2%, 26 52
I — §1+€2 + = efit2e + ________e2€1+252, 4.7b
(alag)zb%bg (alaz)zblb% (a1a2b1b2)2 ( )
where
b= hy -7 — o), G= e (1=1,2) (@70)
1 — g y C’I.T y’LO ) c’L - 1 _ (Kki)z, - ) ) A
1~ (b2 1— Kk
P = ; b; = “, (1=1,2), 4.7
%=\ T (k2 rr U= (4.74)
o (b= P[0k} — kukp + R3)R2 = 3] (2K — k2K + 2k3)R® — 6(KE + kD)
(k1 + ko)2[(k? + kiky + k2)k2 - 3]’ (k1 + ko)2[(K? + k1ky + k2)K2 (—4:;] )
(€

Figure 5 depicts the time evolution of the two-soliton solution as well as its
limiting profile in the peakon limit. The asymptotic analysis shows that the phase
shifts of solitons are given by

A Ly [(k1 — ko)H{(k? — kyko + k2)K2 — 3}] 1 (1+ =£2) (1 + rky)
VT Tk et k2)2{[(k? + kikq + k2)Kk% — 3} (1 — £82) (1 - kky) |’

(4.8a)
(1+ %) (1 +nk1)]
- .

Az = (1= 20) (1= k1)

2

1 In [ (kl —_ kz)z{(k% - k1k2 + kg)l‘&z - 3} ] + In
Kk (k1 + ko)2{[(k? + k1ks + k2)K2 — 3}

(4.80)



Figure 4. The peakon limit of the singular soliton with ¢ = 1. x = 0.3 (dashed
curve), K = 0.2 (dotted curve), k = 0.1 (bold solid curve), x = 0.01 (thin solid
curve).

It is interesting that the above formulas coincide formally with those of the
two-soliton solution of the DP equation. In the latter case, the parameter 3 is
the coefficient of the linear dispersive term u,. We can see that there exists a
critical curve along which A; = A, and beyond which A; < Ay, implying that
the phase shift of the small soliton is greater than that of the large soliton. Such
a phenomenon has never been observed in the interaction process of solitons for
the Korteweg-de Vries and SWW equations.

In the peakon limit, formulas (4.8a) and (4.9b) reduce respectively to

[c1(c1 + ¢2)]

Ay=In | RO T2} 4.9a
r . 21

Ap=n | LGS | (4.95)
_02(01 + 62)_1

This result reproduces the formulas for the phase shift of the two-pekaon solu-
tion of the Novikov equation. We recall that they coincide formally with the the
corresponding formulas for the two-peakon solution of the DP equation.

4.3. N-soliton solution

The asymptotic analysis of the N-soliton solution reveals that the phase shift of
the ithe soliton is given by

A = ki )2 {(k? — kikj + k2)k? — 3}]

i—1
1 (ki —

225
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Figure 5. The profile of the smooth two-soliton solution (k = 0.5, bold solid
curve) and its peakon limit (x = 0.01, thin solid curve) with ¢; = 2,¢, =1 and
Y10 = Y20 = 0.

1 SN [k = k)2{(k? = kik; + k2)K? —3} (14 5k) (1 + kk;)
pry 2 In [(ki + k)2 {(k2 + kik; + k2 ] + Zln [ _ _’%}.) (1- nki)]

21 [H%ﬁ) (H”k")], (i=1,2,..,N). (4.10)

j=itl E2&1) (1 — ki)

The peakon limit of (4.10) can be carried out straightforwardly to give the
formulas

A; = Zl[ 'c:fcj]—jilln[g(ff%], (=1,2,..,N), (411)

which reproduce the corresponding formulas for the N-peakon solution of the
Novikov equation and they coincide formally with those of the DP equation.

5. Summary

e We have constructed the smooth and singular multisoliton solutions of the
Novikov equation.



e The structure of the tau-functions associated with the N-soliton solution is
essentially the same as that of a model equation for shallow-water waves introduced
Hirota and Satsuma.

e The peakon limit of both smooth and singular solitons recovers the peakon when
the background field tends to zero.

e The formula for the phase shift coincides formally with that of the N-soliton
solution of the DP equation.
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