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Abstract

The problem of obtaining explicit and exact solutions of soliton equations of the
AKNS class is considered. The technique developed relies on the construction of
the wave functions which are solutions of the associated AKNS system; that is, a
linear eigenvalue problem in the form of a system of first order partial differential
equations. The method of characteristics is used and Bécklund transformations
are employed to generate new solutions from the old. Thus, families of new
solutions for the KdV equation, the mKdV equation, the sine-Gordon equation
and the nonlinear Schrodinger equation are obtained, avoiding the solution of some
Riccati equations. QOur results in the KdV case include those obtained recently
by other investigators.

1. Introduction

The Bicklund transformation (BT) is an important tool for constructing a new
solution of a nonlinear evolution equation (NEE) from a known solution of that
equation [5). Earlier, Konno and Wadati (3] had derived some BTs for the NEEs
of AKNS class [1]. These BTs explicitly express the new solutions in terms of the
known solutions of the NEEs and the corresponding wave functions which are
solutions of the associated AKNS system. Therefore the key step for obtaining
new solutions by the BT is to obtain the wave functions. In this paper, we shall
use some simple methods to find the wave functions and apply the BTs derived
by Konno and Wadati to obtain families of new solutions.

The main objective of this article is not to derive BTs but rather to implement
them in the construction of exact solutions. Indeed, our main contribution is the
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complete integration of the AKNS linear system when the field variable u(z,t)
is of the form u(z — kt), i.e., a travelling wave.

The second generation of solutions, obtained from the seed solution u being
a constant, is not all new. They include 1-soliton solutions. However, they are
also travelling waves, so that, by our method, the wave functions associated with
them can be found. Hence through the known BTs, a new third generation of
solutions has been obtained. One distinct feature here is that the value of the
parameter 7 is kept constant from generation to generation. This is unlike the
case in which solutions are generated by the algebraic method [5] (theorem of
permutability or nonlinear superposition) where the value of # must be kept

changing.
It is known that many NEEs can be derived from the following AKNS system
d, = PP, ®, =Q0, 1)
where
©1
o= , 2
(‘Pz) @
P and @ are two 2 X 2 null-trace matrices
_(n 4
P_'(f —n)’ )
A B
e-(2 Z). (4

Here 7 is a parameter, independent of z and ¢, ¢ and r are functions of z and ¢.
P and Q must satisfy the following integrability condition:

P -Q:+PQ-QP =0, ()
or in component form:
—A;+qC—1B =0, (6)
gt — Bz +2nB —2qA =0, (7)
ry—Cz+2rA—2nC =0. 8

By suitably choosing r, A, B and C in (6)-(8), we will obtain various NEEs
which ¢ must satisfy. Konno and Wadati introduced the function (3]

I'= ©1 /¢2a (9)
and, for each of the NEE, derived a BT with the following form:
¢ =q+ f(T,n), (10)

where ¢’ is a new solution of the corresponding NEE. For use in the sequel, we
list the NEEs and their corresponding BT in the following.
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(3] Exact solutions of evolution equations 315

a) The Korteweg-de Vries (KdV) equation.

P=<_"1 —qn>’ (11)

0= (—4n3 —2Mq-q: —4n°q—2¢> — gy — qn) (12)
4n® +2¢ 43 +2nq + ¢z ’

gt + Gzzz + 699z =0, (13)

g =q—2T;. (14)

b) The modified Korteweg-de Vries (mKdV) equation.

n o q
Pz(—q —n)’ 19
Q= ( —4n° — 2nq? —4n°q ~ 2¢° ~ g, — q:c:c) (16)
4n’q+2¢° — 2n¢z + 4z 4n® + 2nq° ’
Gt + Gzzz + 6¢%¢: =0, amn
¢ =q—(2Tz)/(1+T?%) =q—2(tan™' T),. (18)

¢) The sine-Gordon (SG) equation.

P= (u:/z _qi,n/z)’ 1o

1 fcosu sinu
= — 2
@ 4n<sinu —cosu)’ (20)
Uge = sinu, (21)
v =u+4cot™T. (22)
d) The nonlinear Schrédinger (NS) equation.
n q
P= . , -real), 23
(22). e (23)
2in? + iqq* 2inq + iqz
= X X . ) ) 24
“ (—Zznq‘ +ig;  —2in® — iqq” (24)
i9¢ + gzz + 29°¢" =0, (25)
¢ =—q—(4n0)/(1 +[T). (26)

Now we shall choose some known solutions of the above NEEs and substitute
these solutions into the corresponding matrices P and Q. Next, we solve the
equations (1) for ¢; and 2. Then, by (9) and the corresponding BT we will
obtain the new solutions of the NEEs.

https://doi.org/10.1017/50334270000006263 Published online by Cambridge University Press


https://doi.org/10.1017/S0334270000006263

316 W. L. Chan and Yu-kun Zheng {4)

2. The known solution is a constant ¢

a) The KdV equation.
Substitute go into the matrices P and Q in (11) and (12), then by (1) we have

d® = &, dr + ®,dt = P dp, (27)
where
_{n q
P_<—1 —n)’ (28)
p=z—kt, k= 2go +4n°. (29)

The solution of equation (27) is
® = (exp pP)®o = (I + pP + p P2 /2! + p3P3/3! + - - )&y, (30)

where ®g is a constant column vector. According to the sign of the quantity
n? — go, the solution (30) may take the following three forms:

Nn?—gq>0,02=n%—q
cosh ap + (n/a)sinh ap (go/a) sinh ap
d = ; . ®o; (31)
—(1/a) sinh ap coshap — (n/a)sinh ap

i) n2 — g0 <0, &® = go — n*

o= [cosap + (n/a)sinap (go/a)sinap B (32)
B —(1/a)sinap cosap — (n/a)sinap )
iii) #? — go = 0,
l1+np  qop )
® = Dy. 33
( - 1-np)° (33)
Now, we choose ®¢ = (1,0)T in (31)—(33) and use (9) and the BT (14); we
obtain the new solutions of the KAV equation (13) corresponding to the known
constant KdV solution ¢¢ as follows:

i) n% —qo > 0,
g=qo — 207 csch®(ap), o =n? —qo; (34)

ii) n? — g0 <0,
g=qo - 2% csc*(ap), o?=gqo-n% (35)

iii) 7% — go = 0,
g = g0 — (2/p%). (36)

These solutions had been obtained in [2] by a different method involving the
solution of some Riccati equations. If we choose ®, = (0,1)7 in (31)-(33),
we will obtain another group of solutions. Obviously all of these solutions are
travelling waves with velocity k = 4n% + 2qo.
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b) The mKdV equation.
Substitute g into the matrices P and @ in (15) and (16); then by (1) we have

d® = &, dz + , dt = PP dp, (37)
where
P= ( n U (4] )’ (38)
- -n
p=z— kt, k =2(2n% + ¢3). (39)

The solution of equation (37) is
® = (exp pP)®o = (I + pP + p?P%/2! + p®P3/3! + - - - ) ®o. (40)

Similar to the case of KdV equation, by (40), taking ®, = (1,0)", and by (9)
and (18), we obtain three new solutions of the mKdV equation corresponding to
the known constant solution g as follows:

i) n?~¢3>0,0=n?-g3,

b= coshap+ (n/a)sinh ap (go/@) sinh ap > (41)
- —(go/) sinh ap coshap — (n/a)sinhap / ~
g = go + 2{tan™"(1/go)[ecoth ap + 1]}z (42)
i) n? - g2 <0,a?=¢% —n?,
_ [cosap+(n/a)sinap (go/0) sinap
®= ( —(go/)sinap cosap — (n/a)sinap ®o, (43)
q = qo + 2{tan""(1/go)[x cot ap + n]}s; (44)
iii) n2 - g2 =0, p = z — 6¢3t,
1—qop qop )
D= do, 45
( —qp 1-qop) ° (45)
g = go + 2[tan™((1/g0p) + 1)]a- (46)

¢) The SG equation.
Let the constant solution of (21) be

gn = 1T, n=0x1,£2,---. 47
Substitute (47) into the matrices P and @ in (19) and (20), then by (1) we have

dd = d,dz + $,dt = PPdp,, (48)
where
n O
= 4
P (0 _n) , (49)
pn =z — (=1)""'t/(4n?). (50)
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The solution of (48) is

_ { coshnpy, +sinhnp, 0
On = ( 0 coshnp,, — sinhnp, ®o. (51)
Choose ®¢ = (1,1)T in (51), then we have
exp(1/n) )
®,, = . 52
" (exp(—npn) 52)

Substitute (52) into (9), then by (22), we obtain the new solutions of the SG
equation (21)
gn = nm + 4cot™* (exp 2np,,), n=0,1,2---. (53)
d) The NS equation.

Note that go = 0 is the only constant solution of the NS equation. Substitute
it into the matrices P and Q in (23) and (24), then by (1) we have

d® =&, dz + &, dt = PO dp, (54)
where
p=(" O (55)
0 -/’
p=1z+ 2int. (56)
The solution of (54) is
exp(np) 0 )
® = Dy. o7
( 0  exp(-np)) ° (57)

Choosing ®, = (1,1)7 in (57), then, by (9) and (26), we obtain the new solution
of the NS equation which reads:

g = —2nexp(4in?t) sech(2nz). (58)

3. The known solution ¢ = ¢(z,t) is a simple function

In this case we cannot solve the system (1)-(4) for the vector ® as a whole,
but we can solve its components ¢; and @2 separately. From (1)-(4), after
inserting the known solution ¢(z,t) of the NEE into the corresponding matrices
P and Q, we will have the following system of partial differential equations for
the unknowns ¢; and 3:

P12 = NP1 + 9P2, (59)
P2z = TP1 — NP2, (60)
01t = Apy + B, (61)
p2r = Cp1 — Apa. (62)
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These equations are compatible under the conditions of the assumed values of
matrices P and @ connected with the considered NEEs. Solve ¢; from (60)

giving
p1 = (1/7)(p2z + npa2). (63)
Substituting this ¢; into (62) and together with (8) we get
Cp2: — rpa = (1/2)(Cz — 14)pa- (64)

This is a linear first order partial differential equation with ¢, as its unknown
function; it can be solved by the method of characteristics. After ¢; has been
obtained from (64), and substituting it into (63), we will obtain ¢;. Thus we have
obtained two general solutions ©; and @2 which contain an arbitrary function f.
This arbitrary function can be determined by demanding that the two solutions
1 and s satisfy either (59) or (61), which will yield a second order linear
ordinary differential equation with the function f as its unknown. If we can
solve for the function f, we will eventually obtain the two particular solutions
¢1 and p2. Finally, by applying (9) and the BT corresponding to the NEE we
shall obtain a new solution of the NEE.
Example 1. The KdV equation.
Let
g =z/(6t). (65)
By direct calculation one can check that (65) is a solution of the KAV equation
(13). Inserting (65) into (64), together with (11) and (12), gives
i) P2z + P2t = lm- (66)

(4n + 3 6t

Equation (66) has the following system of ordinary differential equations as its
characteristic equations,

dz/dt = (z/3t) + 492, (67)
dp2/dt = pa/(6t). (68)

Solving these two equations gives the general solution of the unknown 2 in
equation (66), which reads

w2 =t6f(€),  E=at7V3 —enit?/3, (69)

where f is an arbitrary differentiable function. Substituting (65) and (69) into
(63) gives the general solution of ¢, which reads

o1 = —t~ 18 dt/de — nt!/6 f(€). (70)

To determine the function f(§), we substitute (65), (69) and (70) into (59), and
find that f(£) must satisfy the following Airy equation [4]:

d’f/dg? + (€/6)f = 0. (71)
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Therefore we obtain the function f(£) as follows:

f=C1A+ (1B, (72)

where A and B are two Airy functions,
A = A(§), (73)
B = B(¢), (74)

and C; and C; are two arbitrary constants.
After f has been determined, (69), (70) and (9) lead to

I= -1/ %unf) _n; (75)

then substituting this I" and (65) into the BT (14), we arrive at the new solution
¢’ of the KdV equation (13) corresponding to the known solution (65):

2
y_ Z —2/3 d
== 42 —
Tt T e
Example 2. The NS equation.

We take (58) as the known solution of the NS equation. Referring to the
matrices (23) and (24), the PDE (64) now reads

(Inf). (76)

(g7 ~ 2inq" )2z + q"pae = ~(ing; +ilaf*q")p2. (77)
Substituting (58) into (77), after simplifying we have
2n(1 + tanh 29z) oz + t2: = 2n%(2sech® 2nz — tanh 2nz) ;. (78)
Solving (78) we obtain the general solution for ps:
p2 = exp(nz + (1/8)s — 2in’t) sech(2nz) f(), (79)
where f is an arbitrary differentiable function of ¢ and
¢ = 4nz + sinh 4nz — cosh 4nz + 167>t (80)
Substituting (79) into (63) we obtain the general solution for ¢;:
| o1 = exp(nz + (1/8) + 2in*t)[(1 — tanh 20z + p)f + 16pff],  (81)

where

p=1/(16n)¢z. (82)
To determine the function f(¢), (79) and (81) are substituted into (61) and using
(24) we arrive at a second order ordinary differential equation

64, + 16f§’ +f=0. (83)
Solving this equation gives

f(s) = (e1s + c2) exp(—(1/8)¢), (84)
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where C; and C; are two constants. Now, by (9), (79) and (81) we have
T' = exp(4int)[1 — tanh 2nz + p + 16p(1nf).] cosh 2nz. (85)
Substituting (84) into (85) we get
T = exp(4in%t)(1 — tanh 2nz — p + (16pC1)/(Ci¢ + C2)) cosh 2nz. (86)

Finally substituting (58) and (86) into (26), we obtain the new solution of the
NS equation (25)

q = 2nexp(4in®t) sech 2nz
-{1-2(1 - tanh2nz — p + (16C1p)/(C1¢ + C2))
/[sech® 2nz + (1 — tanh 2nz — p + (16C1p)/(Cir¢ + Ca2))
(1 -tanh2nz — p+ (16C1p)/(Cis™ + C3)1} - (87).

4. The known solution is a travelling wave

g=4q{p), p=1z —kt, (k a constant). (88)

Such a solution does exist for many NEEs as we have seen in Section 2. In this
case the AKNS system (1)-(4) has a general solution. Let us consider the more
general case. Suppose that the components ¢ and r of the matrix P are functions
of p:

q=4qlp), r=r(p); (89)

then the components A, B and C of the matrix ¢ determined by equations
(6)-(8) are also functions of p:

A=A(p), B=B(p), C=C(p). (90)

Under these assumptions, we have the following result, which is crucial in our
subsequent exact solution.

PROPOSITION 1. The matriz
M = (kP +Q)? (91)

and the quantity
B=(A+kn)?+ (B + kq)(C + kr) (92)

are constants with respect to p (or = and t).
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PROOF. Substituting the matrices (4) and (5) into (91) we have
2 2
M=l 7 9),(A B _(A+kn B+kg
r—n C -A C+kr —A-kny

= [(A+kn)? + (B + kq)(C + kr)] ((1) ‘1))

=ﬂ((1, ‘1’) (93)

To prove the assertions of the proposition we only need to show that the deriva-
tive of the matrix M in (91) with respect to p is zero; this can be done by the
following direct calculation.
Using (88)-(90) and (5) we get
dM/dp = (kdP/dp + dQ/dp)(kP + Q) + (kP + Q)(kdP/dp + dQ/dp)
= (=P +Qz)(kP+Q) + (kP + Q)(-P: + Q)
= (PQ - QP)(kP +Q) + (kP + Q)(PQ — QP)
= kPQP + PQ? — kQP% — QPQ + kP%2Q — kPQP + QPQ - Q*P
= P(A? + BC) — kQ(n? + gr) + k(n® + qr)Q — (A* + BC)P
=0. (94)
We now solve the system (59)—(62) by applying the method of characteristics
as in Section 3. The PDE (64) possesses the following characteristic equations:
dt dr dpa

bt o ot 95
=TT T G- e (95)
Using (88)-(90), we have
dcC dr
Cz—n—d—+kdp (C+kr) (96)
Substituting (96) into (95) gives
dt dp dpa o)

—r C+kr HC+kr)ps
These equations yield the following system of ordinary differential equation:

d(Inps)/dp = (C + kr),/(2(C + kr)), (98)
dp/dt = —(C + kr)/r. (99)
Integrating equation (98) leads to
07 = ka(C + kr)/?, (100)
where k is an integration constant. Integrating (99) we get
—t+k = / ﬁdp, (101)
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where k; is another integration constant. Denote

7o) = [ oo do (102)
Substituting (102) into (101), we have
o(p)+t=ki. (103)
From (100) and (103), we obtain the general solution of the equation (64):
2 = (C +kr)'2£(c), (104)
where
s =0(p) +1, (105)

and f(¢) is a differentiable function of ¢. Substituting (104) into (63) gives the
general solution of ¢;:

o1 = (C+kr)"V2[fe + (A+ kn)f]. (106)

To determine the function f, (104) and (106) are substituted into (59) and we
find that f must satisfy the following second order ordinary differential equation
1~ Bf =0, (107)

where J is a constant defined in (92). According to the sign of 8, (107) will have
the following three different solutions:

f=cig+ca, when 3 =0, (108)
f =esinhw(¢ + ¢2), when 8 > 0, w? = 3, (109)
f =cisinw(¢ + ¢c2), when 8 < 0, w? = -6, (110)

where ¢; and c2 are integration constants. Substituting these solutions into
(106) and (104) respectively, we obtain the corresponding different solutions of
the system (1)-(4):
(901) _ ((C + kr)~Y2[(A + kn)(cis + c2) + ¢1] )
va) (C +kr)1/2(ci6 + ca) ’
when # =0, (111)

((pl) _ (cl(C + kr)~Y2[(A + kn) sinhw(¢ + ¢2) + wcoshw(s + cz)])
0] ¢1(C + kr)Y/2 sinhw(¢ + c2) ’
when >0, (112)
(s01> _ <cl(C + kr)"Y2((A + kn) sinw(s + ¢3) + weosw(s + ¢2)] )
2] ¢1(C + kr)Y2 sinw(¢ + c3)
when § < 0. (113)
These results (111)-(113) are valid for any NEE contained in the AKNS sys-
tem (1)-(4), provided that they meet the assumptions (89) and (90).
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We now apply the results obtained here and the known travelling wave so-
lutions of the NEEs obtained in Section 2 to construct some new solutions of
the corresponding NEEs by means of the BTs. We will only consider the KdV
equation and the SG equation. In these cases, the constant § defined by (92)
is zero and therefore the corresponding solution of the AKNS system (1)—(4) is
(111). By substituting (111) into (9) we get the common expression of I' of these
NEEs.

D= (C+kr) ' (A+kn+1/(c+c0)), ¢co=C1/Cs. (114)

In the following, we omit some tedious calculations but only list the main results
of the KdV equation and SG equation.
(a) The KdV equation.
(i) q = go — 2a* csch?(ap), (115)
¢ = (sinh2ap — 2ap + 160°t) /(16a°), (116)
T = —acoth ap + 4asinh?(ap)/[sinh 2ap — 20p + 1603 (t + co)], (117)
g’ = qo — 80® {[2ap — 16a3(t + co)] sinh 2ap + 2(1 — cosh arp) }

/[sinh 2ap — 2ap + 1603(t + ¢o))?. (118)
(i1) q = go — 202 csc?(ap), (119)
¢ = (20p — sin 2ap + 16a°t) /(160°), (120)
T = —acot ap + 4asin(ap)/[2ap — sin 20p + 1603 (t + ¢o)), (121)
q' = qo + 80® {[2ap + 16a3(t + ¢o)] sin 2ap — 2(1 — cos 2ap) }
/[2ap — sin 2ap + 160> (t + ¢o))?. (122)
(iii) q=qo—2/p%, (123)
¢ =p3/12 + ¢, (124)
T =—1/p+30%/[0° + 12(t + co)), (125)
¢’ = qo — 6p[0® — 24(t + co))/[p® + 12(t + ¢co))*. (126)

(b) The SG equation.

gn = nm +4cot”exp(2npn)],  pn =2z — knt,

kn = (=1)"*1/4n? n=0,£1,£2,---, (127)
1 .
$n =t + 5n(=1)"*! (4npn + sinh dnpn — cosh 4npn), (128)
Tp = [(=1)"n(1 + cosh 29p,))/(s + cn) ~ 1, (129)
q), = nm + 4dcot ™ exp(2npn)] + 4cot ™! T,,. (130)
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5. Concluding remarks

In this paper, we have considered the construction of exact solutions to the
NEEs of the AKNS class. It has been shown that the implementation of certain
Bicklund transformations for a class of nonlinear partial differential equation
requires the solution of the underlying linear differential equation whose coef-
ficients depend on the initial known solution ¢(z,t) of the nonlinear equation.
We obtain the solution (wave function) of the underlying linear equations by
the method of characteristics. This solution has usually been given only for spe-
cific input solutions gg(z,t), but here our method produces some new explicit
solutions ¢;(z,t) from a wide class of input solution, including any travelling
wave solution ¢ = qo(z — kt). Employing Backlund transformations involving
explicitly the wave function, new solutions are generated. Some of our results,
when specialised to the case of KdV equation, include those obtained by Fung
et al. [2]. Our approach here is new and enables us to construct new second
and third generations of solutions of these NEEs. One other feature here is
that the parameter n of the AKNS system is kept unchanged from generation to
generation.
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