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This is a continuation of [Notes on solutions in Wronskian form to soliton equations:
Korteweg—de Vries-type, arXiv:nlin.SI/0603008]. In the present paper, we review solu-
tions to the modified Korteweg—de Vries equation in terms of Wronskians. The Wron-
skian entry vector needs to satisfy a matrix differential equation set which contains
complex operation. This fact makes the analysis of the modified Korteweg—de Vries
to be different from the case of the Korteweg—de Vries equation. To derive complete
solution expressions for the matrix differential equation set, we introduce an auxil-
iary matrix to deal with the complex operation. As a result, the obtained solutions
to the modified Korteweg—de Vries equation are categorized into two types: solitons and
breathers, together with their limit cases. Besides, we give rational solutions to the mod-
ified Korteweg—de Vries equation in Wronskian form. This is derived with the help of a
Galilean transformed version of the modified Korteweg—de Vries equation. Finally, typi-
cal dynamics of the obtained solutions are analyzed and illustrated. We also list out the
obtained solutions and their corresponding basic Wronskian vectors in the conclusion
part.

Keywords: The modified Korteweg—de Vries equation; Wronskian; breathers; rational
solutions; dynamics.
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1. Introduction
It is well known that the modified Kordeweg-de Vries (mKdV) equation,
v + 660%Vy + Vgge =0, €= 1, (1.1)

played an important role in the history of Soliton Theory. It was used to construct
infinitely many conservation laws of the Korteweg-de Vries (KdV) equation [2],
which triggered off the discovery of the Lax pair of the KdV equation and the
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breakthrough of the Inverse Scattering Transform (IST) [3]. The mKdV equation is
also famous for its special soliton behavior, i.e. breathers. This equation, sometimes
appearing as its Galilean transformed version,

Vi + 12e00VVx + 6eV2Vx + Vxxx =0, &= +1, (1.2)

(referred to as the mixed KdV-mKdV equation), arose in many physics contexts,
such as propagation of ultrashort few-optical cycle solitons in nonlinear media [4, 5],
anharmonic lattices [6], Alfven waves [7], ion acoustic solitons [8-10], traffic jam [11,
12], Schottky barrier transmission lines [13], thin ocean jets [14, 15], internal waves
[16, 17], heat pulses in solids [18], and so on. Besides, mathematically, the mKdV
hierarchy (both positive order and negative order) exhibit interesting integrable
structures (some pioneer investigation of this aspect can be found in [19-21]).

With regard to the exact solutions of the mKdV equation, many classical solving
methods, such as Hirota’s bilinear approach [22], the IST [23-25], commutation
methods [26] and Wronskian technique [27-29] has been used to solve it. For more
references on its solutions, one can refer to [26] and the references therein.

In general, for a soliton equation with bilinear form, its solutions can be
expressed through a Wronskian by imposing certain conditions on the entry vector
of the Wronskian [30-32, 1]. For convenience, in the following we refer to such con-
ditions as condition equation set (CES). Usually for an (1+1)-dimensional soliton
equation the crucial role in its CES is a coefficient matrix and this matrix and
its any similar form leads to same solutions for the corresponding soliton equa-
tion. Thus it is possible to give a complete classification (or structure) for the
solutions of the soliton equation according to the canonical form of the coefficient
matrix [32, 1]. It has been understood that the solutions generated from a coeffi-
cient matrix in Jordan form are related to the solutions generated from a diagonal
coefficient matrix via some limiting procedure [1]. Therefore the former solutions
can be referred to as limit solutions. From the viewpoint of the IST, N solitons
are identified by N distinct eigenvalues of the corresponding spectral problem, or
in other words, N distinct simple poles {k;} of the transparent coefficient ﬁ
When {k;} are multiple-poles, the related multiple-pole solutions can be obtained
through a limiting procedure like ks — ki from simple-pole solutions. This limiting
procedure is more easily realized for the solutions in Wronskian form [1]. Such a
procedure is also helpful to understand the dynamics of the limit solutions [33-35].

In [1] we mentioned four topics related to solutions in Wronskian form: to find
the CES, to solve the CES, to describe relations between different kinds of solutions,
and to discuss dynamics of the solutions. In the present paper, following this line,
we will review the Wronskian solutions of the mKdV (¢ = 1) equation

v + 600, + Vgpe = 0, (1.3)
together with its Galilean transformed version,

Vi + 1200V Vyx + 6V?Vx + Vxxx = 0. (1.4)
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The main results of the paper are the following.
e The CES of the mKdV equation can be given by

s = By, (1.5a)
Yt = _490:10:10:10’ (15b)

where ¢ is the Nth order Wronskian entry vector, bar stands for complex conju-
gate and B is a non-trivial N x N constant complex matrix. We note that there is
a complex conjugate involved in the CES and this makes difficulties when solving
the CES.

e There are only two kinds of solutions led by the CES (1.5): Solitons (together
with their limit case) and breathers (together with their limit case). No rational
solution arises from (1.5) due to |B| # 0.

e Rational solutions to the mKdV equation (1.3) can be derived with the help of
the KdV-mKdV equation (1.4).

e Dynamics of obtained solutions are analyzed and illustrated.

The paper is organized as follows. In Sec. 2, we give a general CES of the
mKdV equation and simplify the CES by introducing an auxiliary equation. Then
in Sec. 3, we solve the CES and classify the solutions into solitons and breathers.
In Sec. 4, we derive rational solutions to the mKdV equation. This is done with the
help of the KdV-mKdV equation (1.4). Section 5 consists of dynamic analysis and
illustrations. Finally, in the conclusion section we list out the obtained solutions
and their corresponding basic Wronskian vectors.

2. Wronskian Solutions of the mKdV Equation
2.1. Preliminary

A N x N Wronskian is defined as

© (1) (N-1)
¢1 1 1
QgO) (21) L (2N—1)
W(¢17¢2a"'a¢]\/) = ‘¢’¢(1)a"'a¢(N71)‘ = . . ) (21)
0 1) N—-1
4 o

where d)g»l) = 8l¢j/8xl and ¢ = (¢1,¢2,...,¢0n)7T is called the entry vector of the
Wronskian. Usually we use the compact form [30]

W) = ¢, ¢V, ...,V =10,1,...,N — 1| = |N — 1], (2.2)

where ]7—\] indicates the set of consecutive columns 0,1,..., N — j. In the paper

we also employ the notation N — j to indicate the set of consecutive columns
1,2,...,N —j.
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A Wronskian can provide simple forms for its derivatives and this advantage
admits direct verification of solutions that are expressed in terms of Wronskians.
The following matrix properties are usually necessary in Wronskian verification.

Proposition 2.1 ([36, 1]). Suppose that = is a N x N matriz with column vector
set {Z;}; Q is a N x N operator matriz with column vector set {€2;} and each entry
Qs being an operator. Then we have

N

N
DI Bl =Y [(Q7); «E7, (2.3)
j=1

j=1
where for any Nth-order column vectors A; and B; we define
AjoBj=(A1;B1,,A2;Bs;,...,An;Bn;)" (2.4)
and
|[A; «E| =1|21,...,5j21,4; 05, Ej41,.. ., EN| (2.5)
Proposition 2.2 ([30]). Suppose that D is a N x (N —2) matriz and a,b,c,d are
Nth-order column vectors, then
|D,a,b||D,c,d| —|D,a,c||D,b,d| + |D,a,d||D,b,c| = 0. (2.6)
Besides, to write solutions of CES in simple forms one may make use of lower

triangular Toeplitz matrices. A Nth-order lower triangular Toeplitz matrix is a
matrix in the following form

ag 0 0 - 00
aiy Qg 0 R 0 0
A= az aj aop cee 0 0 , a5 € C. (27)
aN-1 aN-2 aN-3 -+ a1 A0/ NN

All such matrices form a commutative semigroup G (C) with identity with respect
to matrix multiplication and inverse, and the set Gy (C) = {A|A € Gn(C),|A] # 0}
is an Abelian group. Besides (2.7), we will also need the following block lower
triangular Toeplitz matrix,

Ay 0 0 - 0 0
Aq Ay 0 - 0 0
AB =1 A, Ay Ay - 0 0 , (2.8)
An-1 An—2 An—s - A1 Ao/ o on

where A; = (4 a(;) and {a;s} are arbitrary complex numbers. All such block

matrices also compose a commutative semigroup with identity and we denote it
by GB\(C); and the set G\ (C) = {AB|AB e GB,(C),|AB| # 0} is an Abelian
group. If all the elements are real, then we correspondingly denote the above men-
tioned matrix sets by G (R), Gn(R), GBy(R) and GB, (R), respectively. For more
properties of such matrices, please refer to [1].
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2.2. CES of the mKdV equation

By the transformation

Uzi(ln%)w:iW, (2.9)

the mKdV equation (1.3) can be bilinearized as [22]
(De+D3)f - f =0, (2.10a)
D2f.-f=0, (2.10b)

where i is the imaginary unit, f is the complex conjugate of f, and D is the well-
known Hirota’s bilinear operator defined by [37, 38]
Dt Dwa’(ta .TZ‘) ' b(tv .TZ‘) = aS—mWa(t + 5,2+ y)b(t - 5T — y)\s:o,y:o,
m,n=20,1,....
To obtain the bilinear form (2.10), one needs first to rewrite the mKdV equation
(1.3) into its potential form
wi + 2(we)® + Wewe =0, (v =1wy), (2.11)
and then substitute w = iln% into it. It turns out that

fft - fft +ffxzz - ffmmm - fif[ffm(f T T Qfmfm) - ffm(ffmm _QfIfI)] =0.

This form can be rewritten in terms of the Hirota bilinear operator D as the fol-
lowing,

(&+D®ﬁf—%ﬂ%ﬁﬁdﬁﬂﬁ=m

which implies the bilinearisation (2.10).
The bilinear mKdV equation (2.10) admits a solution f in Wronskian form.

Theorem 2.1. A Wronskian solution to the bilinear mKdV equation (2.10) is given

as
f=w(e)=|N-1], (212)
provided that its entry vector ¢ satisfies
¢ = B(t), (2.13a)
bt = —4¢zzz + C(t)0, (2.13b)

where B(t) = (Bij(t))nxn and C(t) = (Cij(t))nxn are two N x N matrices of t
but independent of x, and satisfy
BOI£0, |BEl =0, w(C() € R(), (2.140)

Bi(t) + B(t)C(t) = C(t)B(t). (2.14b)
The proof is given in Appendix A.
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2.3. Simplification of the CES (2.13)

To solve the CES (2.13) with arbitrary B(¢) and C(t) which satisfy (2.14), we first
introduce a non-singular N x N complex matrix H(t) € Cyxn(t) such that ([39],
also see [1])

Hy(t)=—H(t)C(t). (2.15)
By H(t) we then introduce a new Wronskian entry vector
v =H(t)o, (2.16)
which transfers the CES (2.13) to the following,
by = By, (2.17a)
VY = =00, (2.17b)

where B = H(t)B(t)H(t). B has to be a constant matrix independent of both
x and t due to the compatibility condition (2.14b) (noting that now C(t) = 0 in
(2.17b)).

We note that the Wronskians composed by ¢ and v, which we respectively
denote by f(¢) and f(v), yield same solutions to the mKdV equation through
the transformation (2.9) due to f(¢) = |H(t)|f(¢). That means in the following
one only needs to focus on the CES (2.17). However, since there exists a complex
operation in (2.17), solutions can not be classified in terms of the canonical form of
B , as done in [32, 1]. To overcome the difficulty we introduce an auxiliary equation

where A = BB. Our plan now is to first solve the equation set composed by (2.18)
and (2.17b), which is nothing but the CES of the KdV equation and have been well
studied in [32, 1]. Then in the second step we impose the condition (2.17a) on the
obtained solution ¢ and finally get solutions for (2.17).

In addition, we can prove that A and its any similar form generate same solutions
to the mKdV equation. In fact, suppose that A = P~1AP where P is the similarity
transformation matrix. By introducing

=P Y, B=P 'BP,
we write (2.18) and (2.17) as

Vre = Ap, (2.19a)
v = Bp, (2.19Db)
Y = = AP0 (2.19¢)
As a consequence, first, A and B are connected through
A = BB. (2.20)

In addition, it is easy to find the Wronskians generated by ¢ and ¢ satisfy
f) = |Plf(p),
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which means ¢ determined by (2.18) and (2.17) and ¢ determined by (2.19) lead
to same solutions to the mKdV equation (1.3) through the transformation (2.9).
Moreover, based on the above analysis, hereafter we only need to focus on the CES
(2.19) and we only need to deal with the case where A is in canonical form.

In the next section we will see that solutions to the mKdV equation can be
classified in terms of the canonical form of A (rather than the canonical form

of B).

3. Solutions of the mKdV Equation

In this section, we list several possible choices of the matrix A and derive the
related Wronskian entry vectors, one of which is for breathers. We will also discuss
the limiting relationship of some solutions.

First, for the matrix A defined by (2.20), we have the following result on its
eigenvalues.

Proposition 3.1. The eigenvalues of A defined by (2.20) are either real or, if there
are some complex ones, appear as conjugate pairs.

We leave the proof in Appendix B.

According to the eigenvalues of A, we can categorize solutions to the mKdV
equation as solitons and breathers, which correspond to real eigenvalues and com-
plex eigenvalues of conjugate pairs, respectively.

3.1. Solitons

Case I. Solitons: When A has N distinct real positive eigenvalues {A3}, its canon-
ical form reads

A = Diag(A\, )3, ..., \%), (3.1)

where, for convenient to discuss, we let \; = ¢;]|k;|| # 0, in which ¢; = =1 and k;
can either real or complex numbers with distinct absolute values. We consider two
subcases.

(1) kj € R, ie.
A = Diag(k?,k3,. .., k3%). (3.2)
Following the relation (2.20), we can take
B = Diag(+k1, ks, ..., £kn). (3.3)

We neglect the sign & because this can be compensated by the arbitrariness of k;.
Therefore, we take
B = Diag(ki, k2, ..., kn), k;j €R. (3.4)
For the above matrix B, the solution to the CES (2.19) can be
@ =(p1,02,...,0n)", (3.5a)
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where
;= aj'eg-" + iaj_e_gj, & =kjo— 4k§-’t + 550), aj', a;, kj,gj(o) €R. (3.5b)
When o] = (=1)"",a; =1, (3.5b) reads
;= (—1)771e5 fie 4. (3.6)

In this case, the corresponding Wronskian solution f(¢) can be written as [40]

N
f= Hegi T -k

1<j<I<N

N
X Z exp Z/J,j (277j+gi) + Z titaAji ¢
=1

p=0,1 1<j<ISN
where the sum over u = 0, 1 refers to each of u; = 0,1 for j =1,2,..., N, and
N 2
n; = _5] - Z Ajla et = <— .
4 My ki + k']

This coincides with the N-soliton solution in Hirota’s exponential polynomial form
given in [41].

(2) k; = kj1 + ikj2 € C, ie.
A =Diag(A\],A3,...,A%), Al =k} +kD. (3.7)
In this case we have
B = Diag(k1, ko, ..., kn), k; €C, (3.8)
and the solution to the CES (2.19) can be given by (3.5a) with
p; =vi(ated +iaze ), & =Xz —4at+€”, af a7, eR, (3.9a)
where

(A — k)

7
V=l T Aj =gl (3.9b)
J

Now, if we compare (3.5b) and (3.9a), we can find that both of them provide same
solution to the mKdV equation through the transformation (2.9). In particular,
when kj; =0, i.e.

B = Diag(iklg, ikzg, ey ik}Nz), (310)
and we take \; = kj2, the entry function (3.9a) reduces to
p; = (1+i)(afeS +iaje™s), & =kja—4k3t+ €,

af,a;, & eR. (3.11)
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Such {¢;} were first given by Nimmo and Freeman [28] as Wronskian entries for
soliton solutions.
Let us remark this case as follows.

Remarks.

e When B in the CES (2.19b) and (2.19¢) is a diagonal matrix (3.8) of which
the diagonal elements have different absolute values, no matter these diagonal
elements are real or complex, the related Wronskian f(¢) generates N-soliton
solutions to the mKdV equation.

e Besides, we specify the non-degenerate condition®

1Kall # (%511, G # 5), (3.12)

i.e. k; and k; (¢ # j) do not appear on the same circle with the original point as
the center of the circle. Otherwise, the solution degenerates.

Case II. Limit Solutions of Solitons: Corresponding to Case I, we discuss two
subcases.

(1) Let
K 0 0 -~ 0 0 0
2ky k¥ 0 -~ 0 0 0
A=11 26 kK -~ 0 0 0 , k1 eR (3.13)
0 0 0 - 1 2k K/,
In this subcase, general solution to the equation set (2.19a) and (2.19c¢) is [1]
¢ =AQF +BQ;, A,BeGy(C), (3.14)
where
Qf = (ko Qi > Qiw )’ Q. = R ™, (315)

& is defined in (3.5b), G (C) is the commutative set of all the Nth-order lower
triangular Toeplitz matrices, see Sec. 2.1.
For the matrix B satisfying (2.20) we take

ke 0 0 - 0 0
p=|! f 0 o 00 (3.16)
0 0 0 1k

2The above non-degenerate relation can also be described as follows. Define the equivalent relation
~ on the complex plane C:

ki~ kj Ikl = [|k;]]-

The quotient space C/~ denotes the positive half real axis. Then to get a non-degenerate soliton
solution one needs to take k; ~ kj, (i # 7).
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Then, substituting into (2.19b) yields

AQF, +BQy, =B(AQ] + BQy). (3.17)
Meanwhile, it can be verified that
Q. =BOf, Q,=-BQ;. (3.18)

Noting that B € éN(]R),fubstituting (3.18) into (3.17), and making use of the
commutative property of G (C), one finds

B(AQY — BQy) = B(AQ] + BQy). (3.19)
Then, compared with (3.17) we immediately get
A—A B--B, (3.20)

which means A is real and B pure imaginary. Finally, the solution to the CES (2.19)
can be described as

o=ATQf +iA"Q;, AT eGn(R). (3.21)

We note that solutions generated from (3.21) can also be derived from the
solution given in Case I.(1) by a limiting procedure (cf. [1]). Let us explain this
procedure by starting from the following Wronskian

f(@) _ WJ(V(PI’SO%. . w‘pN) (322)
H(’fj — k)’

with o1 = ¢1(k1,2,t) = ai e +ia] e~ as defined in (3.5b) and p; = ¢1(k;, x,t).
(3.22) gives a Wronskian solution to the bilinear mKdV equation (2.10). Taking
the limit £; — k1 successively for j = 2,3,..., N and using the L’Hospital rule, the
Wronskian (3.22) goes to a Wronskian W (y) with entry vector (3.21), where the
arbitrary coefficient matrices A, B can come from ali by considering ali to be some
polynomials of k; (see [1] for more details for the case of the KAV equation).

(2) Corresponding to Case I.(2), let us consider

k3, + k2, 0 0 0 0 0

2k k3 + k2, 0 0 0 0
A= 1 k1o kP 4K 0 0 0 ;o (3.23)

0 0 0 s 1 2kig kY 4K N
where ki1, k12 € R and k12 # 0. It then follows from (2.20) that one can take
—iky 0 o --- 0 0
| L LD D] ke @20
0 0 0o - 1 —ik

N
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For the matrix A defined by (3.23), the general solution to the equation set
(2.19a) and (2.19¢) can be written as
0= AP +BP;, A BeGn(C), (3.25)

whereP

]' S
P = (Poio Pos-- - Pon-1)' Pos = 0™ (3.26a)

&=z — a3t +60, A=\ + k. (3.26b)

Next, we substitute (3.25) together with (3.26) into (2.19b) so that we identify A, B
for (2.19b). This substitution yields

AP, + BP;, = B(APy + BPy ) = ABP; + BBP;, (3.27)
where we have made use of the commutative property of G ~(C). Then, noting that
ngz =WP{, Poo=-WPq, (3.28)
where
wo 0 0 0 0
w1 wo 0 e 0 0 1 .
W = wWo w1 wo . 0 0 , Wy = ﬁaiwAl, (329)
WN-1 WN-2 WN-3 -+ W1 Wo/

and substituting (3.28) into (3.27), we obtain the relation

AW = AB, —BW = BB. (3.30)
To have a clearer result, we write
A=A +iAdy, B=DB1+iB;, B=DB;+iBy, (3.31)
where Ay, As, By, Bs are in éN(]R) and
k12 0 —k1q 0
1 ko 0 —kn
Bo=| . . | B o . (33)
0 1 ko 0 0 —ki
Then (3.30) yields
A (W —=By) — AsBy =0, AiBy — A (B + W) =0, (3.33a)
Bi(W +B1) + BBy =0, BBy — B2(By — W) =0, (3.33b)

bHere we define 736':3 by taking derivative with respect to k12 rather than k11 because in this case
we always have k12 # 0.
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Rev. Math. Phys. Downloaded from www.worldscientific.com
by Dr. Da-jun Zhang on 08/05/14. For personal use only.

D.-J. Zhang et al.

which provides an equation set for A;, Ay, B1, B2. We note that since all the ele-
ments in (3.33) are in Gn(R), we can treat (3.33) as an ordinary linear equation
set. Let us look at (3.33a). First, it indicates

Ay =By H(W — By) A, (3.34)
and further, by eliminating A5 we have
(B? + B3 — WA =0. (3.35)
We note that
B? +BZ - W?=0. (3.36)

In fact, by calculation we find
0, 1< 7,
(W?); = I .
maklj(k% +k3y), 0>,
from which it is easy to verify (3.36) holds. Thus, it turns out that A; can be an
arbitrary element in Gy (R) and then from (3.34) and (3.31) we have

A=AM, M=Iy+iB' (W —B), (3.37)
where Iy is the Nth-order unit matrix. Similarly, we can find
B=iBsM, ByeGy(R).
Thus we conclude that the solution to the CES (2.13) can be given by
o= MATP +iA"P;), A* € Gn(R), (3.38)

where M is defined in (3.37). Obviously, the matrix M contributes nothing through
the transformation (2.9) to the mKdV equation. Therefore in practice we may
remove M and use the effective part

o=ATPf +iA Py, AFeGn(R), (3.39)

which is as same as (3.21).

3.2. Breathers

Case III. Breathers: When A has distinct complex (conjugate-pair) eigenvalues,
we may have breather solutions. Let us consider a 2/Nth order matrix,

A:Dlag(k%7]%%77k12\hk]2\[)21\fa k] #Oa (340)
where k; € C, j =1,2,...,N. The matrix B that generates breathers is
. U
B:Dlag(@17@27...7@]\1)2]\[, @j = ]% 0 . (341)
J
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For this case, the Wronskian entry vector, i.e. the solution to the CES (2.19), can
be taken as

@ = (P11, P12, P21, P22, -, N1, PN2) (3.42a)
where
pj1 = ajes +bie, g =a;e% —bje Y,
& =k -4kt +€2, a;,0;,6” eC. (3.42b)

With the above ¢ as a basic entry vector, the Wronskian f(y) will provide breather
solutions for the mKdV equation. For non-trivial solutions we need k;; # 0, (see
Sec. 5.3).

Case I'V. Limit Solutions of Breathers: In this case let us consider the following
block matrix,

K 0 0 0 0 0
K K 0 0

A=l K K 0o 0 of - (3.43a)
o 0 0 .. b K K

where

k% 0 ~ 2k 0 1 0
’C = _ s ’C = — 5 I == . 3.43b
(0 k%) ( 0 2k1> 2 (0 1) ( )

The matrix B satisfying (2.20) can be taken as

B 0 ... 0 0
0 0 I, B N
where
~ 0 1 ~ 0 ki
I = B = — . .44
=1 o) B=(0 %) (3.44b)
The Wronskian vector of this case is in the form of
¥ = (901,17 ©1,2, 92,1, 92,2, -+ -, PN, 1, <PN,2)T~ (345)
For convenience we set
e = (11,0215 on1) T, 0T = (012,022, on2) T (3.46)

Substituting (3.45) into (2.19) with the above A and B, i.e. (3.43a) and (3.44a), we
find

¢, = Anvgt, wr = AnyT, (3.47a)
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3 =BNgT, ¢; =Bngt, (3.47D)
or = —4pt,,, (3.47¢)
where

K0 0 0 0 0
2% k2 0 0

Av=1|1 2 k¥ -~ 0 0 0] - (3.484)
0 0 0 - 1 2k k)
ki 0 0 0 0

By= |t 0 00 (3.48)
0 0 0 1 ki),

From (3.47a), (3.47¢) and (3.48a), one first has
ot = AQf +BQ;, ¢ =CQf+DQ;, ABCDeGy(C), (3.49)

where QF are defined by (3.15) together with &, defined in (3.42b). Then substi-
tuting (3.49) into (3.47b) and making using of (3.18), one finds

C=A, D=-B. (3.50)
Thus, (3.49) reads
ot = AQF +BQy, ¢ =AQf —BQ;, A BeGn(Q). (3.51)

The Wronskian f(¢) with ¢ defined by (3.45) with (3.51) will provide a limit
solution of breathers for the mKdV equation. In fact, quite similar to the procedure
we described in Sec. 3.1 for the limit solutions of solitons, here the Wronskian f(y)
with (3.45) is related to the N-breather solution by taking the limit k; — ki
successively for j =2,3,..., N.

4. Rational Solutions
4.1. Backgrounds

Following solution structures of the KdV equation [1], rational solutions should be
led from zero eigenvalues of the coefficient matrix A. For the mKdV equation this
requires |B| = 0 which disobeys the condition in (2.14a). However, even this is
allowed, a trivial B will only bring a zero Wronskian in light of (A.1). Thus, it is
clear that to get non-trivial rational solutions to the mKdV equation, we need a
non-trivial matrix B.

To have rational solutions, let us go back to the KAV-mKdV equation (1.4), i.e.

Vi + 1200V Vyx + 6V2Vyx + Vxxx =0, (4.1)
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which is related to the mKdV equation (1.3) through a Galilean transformation
v(z,t) = v + V(X,t), x=X+6v’t, (4.2)

where vy is a real parameter. We note that Eq. (4.1) admits non-trivial and non-
singular rational solutions when vy # 0. Then using the transformation (4.2), ratio-
nal solutions to the mKdV equation can be obtained. This fact has been realized via
Bécklund transformation (BT) [42] and Hirota method with a limiting procedure
[41, 43], but in these literatures the presentation for high order rational solutions
is complicated. In the following we will derive rational solutions in terms of Wron-
skian, which provides not only explicit but also impact forms for high order rational
solutions.

4.2. Rational solutions

Still employing the same transformation as (2.9), i.e.
V=i <ln i) , (4.3)
) x

and after similar bilinearization procedure as for the mKdV equation in Sec. 2.2, the
KdV-mKdV equation (4.1) can be written into the following bilinear form [44, 45]

(De+ DX)f - f =0, (4.4a)
(D% — 2ivgDx)f - f =0. (4.4b)
For the solutions to (4.4) in Wronskian form, we have

Theorem 4.1. The bilinear equation (4.4) admits Wronskian solution

f=W(9) =N -1l (45)
where the entry vector ¢ satisfies

ipx = vo¢ + B(t)o, (4.6a)
¢y = —doxxx + C(t)9, (4.6b)

in which B(t) and C(t) are two N x N matrices of t but independent of x, and
satisfy

BI)| £0, B £0, t(C(1)) € R(2), (4.72)

Bi(t) + BO)C(t) = C(1)B(1). (4.7b)

The proof is similar to the one for Theorem 2.1, but (4.6a) results in complicated
expression for f and its derivatives. We leave the proof in Appendix D.
As in Sec. 2.3, with the help of the auxiliary matrix A and auxiliary equation

pxx = Ap, (4.8)
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one can simplify the CES (4.6) to
ipx = voy + By, (4.9a)
pr = —4pxxX, (4.9b)
where both A and B are N x N complex constant matrices and related by
A =BB—vly, (4.10)

in which Iy is the Nth-order unit matrix. It might be possible that here we discuss
all possible solutions according to the eigenvalues of A, as we have done in the
previous section. However, since we have had a clear description for solitons and
breathers of the mKdV equation in the previous section, and the parameter vy will
bring more complexity, in the following we neglect the discussion of A and let us
only focus on rational solutions. In fact, rational solutions correspond to the zero
eigenvalues of A.

To derive rational solutions, let us first look at solitons. The N-soliton solution
corresponds to

B = ding(— /v + K2, — [0} + K3, —Jod + k). (4.11)

where we take k; to be N distinct real positive numbers. In this case, a solution to
the CES (4.9) is

@ =(p1,02,...,on)", (4.12)
with

0 = \/2v0 + 2ik;e + /200 — 2ikje M, ;= kX — 4K+, (4.13)
where k;, 17](40) € R. This provides a N-soliton solution to the KdV-mKdV equation

(4.1) through the transformation (4.3) with f(¢).
Now we consider 1, i.e.

©1 = \/2ug + 2ik1€™ + /209 — 2ikie™ ™, n = k1 X — 4kt (4.14)
which satisfies

ip1,x =vop1 —\/V8 + k3p1, 1= —4o1xxX, (4.15)

where we have taken 7750) = 0 so that ¢ is an even function of k;.© We do Taylor

expansion for 7 with respect to k; at k3 = 0, which gives

N
p1 = Z Vii1ki?, (4.16a)
3=0

©This guarantees 1; defined by (4.16b) to be a polynomial of order 2(j — 1) with respect to X. If
1 is neither odd or even function of k1, then 4; is a polynomial of order j — 1 with respect to
X, which leads to a constant Wronskian f(v).
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where
1 9%
Vit = i gp - (j=0,1,...). (4.16b)
Define
¥ = (Y1,%2,....¥n)", (4.17)
and substitute the expansion (4.16a) into (4.15). It then can be found that
Wx = votp + B, (4.18a)
VY = —APxxx, (4.18b)
where
o
a1 o
B= : (4.19)
aN-—1 - ar o
with

O A .
a]:—ww U%+k%|k1:07 (_]:07].,7]\[—].) (420)

Obviously, |B| # 0.
The Wronskian with 1) as basic column vector, i.e.

f=W@)=|N-1], (4.21)
provides non-singular rational solutions to the KdV-mKdV equation (4.1). A sim-
plified form of these solutions is

—2(F xFy — FAFs x)

V(X7 t) = F12 —|—F22 s

Fl = Re[fL F2 = Im[f} (422)

We list the first three non-trivial f (for N = 2, 3,4, respectively) in the following,

161)0\/21)0
_ 19t — 22 4 22 4.23b
/ 3 [ + 4UO + 2vg ( 4110)] ( )
1 4X2 16 64
== - (126X + XY — —02(720t2 — 60t X3 — X©
/ vy vR 3 3 X% 45 i )
24t X 1
+ divg (——2 + 5 32X7 + 6X‘)> (4.23c)
Yo Yo
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For the rational solutions to the mKdV equation (1.3), we have

Proposition 4.1. The non-trivial rational solutions to the mKdV equation is given

by

2P xFy — F1 Py x)
F? 4+ F3 ’

where f is the Wronskian (4.21) composed with (4.17), F1 = Re[f], F» = Im([f].

v(z,t) =vg — X =z — 6v3t, 4.24
0

The first non-trivial rational solution to the mKdV equation reads
4'1)0

—g— —— 9 X — 2 — Gult 4.25
v =19 X2 T x — 6ugt, ( )
and the second one

120 (X4 + 2%2)(2 -7 63114 - 24Xt>

v =vg— u . , X =ux—6v3t. (4.26)
3X\? 1\’ 0
402 [ X3 412t — == X2+ —
i (x+ 4v3> ol *zmg)

We note that there is a bilinear BT [28] related to (4.4) and the BT admits
multi-soliton solutions [28] and rational solutions [46] in Wronskian form. Besides,
rational solutions of the mKdV equation (for both ¢ = +1) may also be derived
(through the Galilean transformed version) by using the long-wave-limit approach
described in [47] (also see [29, 48]).

In next section, we will discuss dynamics of solutions including these rational
solutions.

5. Dynamics Analysis

In this section, we investigate dynamics of two-soliton solutions, limit solutions,
breathers and rational solutions. To describe the relationship between two-soliton
solution and the simplest limit solution, let us start from the asymptotic behaviors
of two-soliton interactions.

5.1. Dynamics of solitons

Soliton solutions to the mKdV equation (1.3) can be described by
2P zFo — F1Foy)
F2 + F2 ’

v(x,t) = — Fy =Relf], F,=Im[f], (5.1)

where f = f(¢) = |]7—\1| is the Wronskian composed by the basic column vector
 which is defined by (3.5), or equivalently, by either (3.9a) or (3.11) in Case I. We
note that from the transformation (2.9) the solution to the mKdV equation (1.3)
can also be written as

F F
v=-2 <arctan —1> =2 (arctan —2) ., Fi=Re[f], Fo=Im[f], (5.2
F), F ),

while (5.1) gives a more explicit form.
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In the following we investigate 1- and 2-soliton solutions, which are, respectively,
corresponding to

f=fi=[f(p1) =1, (5.3a)

¥1 301,9:

f:fQ :f«@lﬂ@Q)T) = Y2 Y2

with ¢; defined by (3.5b), i.e

, (5.3b)

v; = aj Febi +iaje —& & = ko —4k§?t+§](o), af,kﬁg](-o) €R. (5.4)

) (5.5)

as depicted in Fig. 1, where for convenience, we call (a) soliton and (b) anti-soliton
due to the signs of their amplitudes.
Obviously, this soliton is identified by the amplitude

Then, one-soliton solution to the mKdV equation (1.3) reads

= —2-sgn [ ] k1 - sech <2k1x — 8kt —In
ay

el
+
ay

and top trace (trajectory)

x(t) = 4kt + — In |24

le (5.6)

1

or velocity 4k?. Obviously, solitons of the mKdV equation are single-direction waves.
Next, let us look at two-soliton solution. The two-soliton solution of the mKdV
(1.3) can be expressed by (5.1) where from (5.3b)

Fy = (ks — k1)(ay a5 — AR HE ) t— (ky k) t+atafe (k?+kg)t+(k1+k2)w)’ (5.72)

Fy = (ko +ky1)(ayafe? (k§ —k3)t—(ka ko) _ afa;e‘l(*k?*kg)”(kl*}”)m). (5.7b)

Fig. 1. (Color online) The shape of one-soliton solution given by (5.5) at t = 0. (a) Soliton for
air =a; =1,k =—1and {go) = 0. (b) Anti-soliton for air =a; =1,k =1and {go) =0.
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We assume that aj: # 0 and set sgn[‘;—i] = sgn[Z—Z;], so that Fy, Fy are not zero at
1

same time. Without loss of generality, we also take 0 < |k2| < |k1|. For the analysis

of asymptotic behaviors, it is convenient to use the following expression

Fy
=2 tan — | . 5.8
v (arc an & )m (5.8)

1

There are two types of 2-soliton interactions, soliton—soliton (or anti-soliton—
anti-soliton) interaction and soliton—anti-soliton interaction, as shown in Fig. 2.

To investigate asymptotic behaviors of the two solitons involved in interaction,
we first name them ki-soliton and ko-soliton, respectively. Then we rewrite the
two-soliton solution (5.8) in terms of the following coordinates,

(X) = a — 4k3t,t), (5.9)

which then gives
(a*a;e”ﬂxl _ a;a;eskg(kf—kg)t+2k2X1)(kl + k)

- — . (5.10)
(ay ay +af ag S22tk X0) (k) — k) )

v=2 (arctan

Noting that for any 0 < |ka| < |k1] it is always valid that k3 —k2 > 0 and % > 0,
we can keep X7 to be constant and let ¢ go to infinity. Then we can find there is
only kq-soliton remained along the line X; = const. and also find how the k;-soliton
is asymptotically identified by its top trace and amplitude, for both ¢t — +oc.

In details, when kg > 0, t — —o00 or kg < 0, t — 400, i.e. sgn[ks] -t — —o0, the
solution (5.10) becomes

+ 2k1X1
v:2<arctana1 (ki+k2)e )
aq (kl—kz) X,
a; a; k1 + ko
=2.sgn |—=| -k -sech 2k X; —In|—=| +1 ) 5.11
bgnl:af:l 1 - SecC ( 1441 n af kl—kg ( )

Fig. 2. (Color online) Two-soliton interactions. (a) Soliton-soliton for aj

by = —1, k1 = 0.8, ky = 0.5 and £\” = £”) = 0. (b) Soliton—anti-soliton for a} = a] =as = 1,
by = —1, k1 = —0.8, ks = 0.5 and £{*) = ¢{¥ = 0.

a; = a2 = 1,
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and when ko > 0, t — 400 or ky < 0, t — —o0, i.e. sgnlks] -t — 400, (5.10)
becomes

—a_(kl + k‘Q) )
=2 t !
v (arc an afe2k1X(k1 — ]{;2)
; ; ki +k
=2.sgn {a ] ki - sech <2k1X1 S Y R + 2) (5.12)
al al k‘l k‘Q

We can also rewrite the two-soliton solution (5.8) in terms of the coordinates
(X = 2 — 4k3t,t), (5.13)

and do a similar asymptotic analysis for the ks-soliton. Finally, we reach the
following.

Theorem 5.1. Suppose that sgn[%] = sgn[@], aji # 0 and 0 < |ko| < |k1| in
ay as
(5.10). Then, when sgn[ks] -t — oo, the ki-soliton asymptotically follows

1 ki + ko
top trace: = 4kTt L +—1n 14
op trace: x(t) = 4kit + o 5 My k) (5.14a)
amplitude: 2 -sgn [a } k1, (5.14b)
ay
and when sgnlky] -t — +o0, the ka-soliton asymptotically follows
5 1 ki + ko
. _ ay
top trace: x(t) = 4k3t + TQI —2+ + o7 In e (5.15a)
amplitude: —2 -sgn { } < ka. (5.15Db)
ay

The phase shift for the kj-soliton after interactions is % In %

Now it is completely clear how the two-soliton interactions are related to the
parameters {k;, a;,b;}. This will be helpful to understand the asymptotic behavior
of limit solutions. Here we refer the reader to an elegant survey [49] by Hietarinta
for asymptotic analysis of scattering of solitonary waves.

5.2. Asymptotic behavior of limit solutions

The simplest limit solution in Case II is

— 48kt + 4k
v =2 | arctan — aj oy (48Kt + lf) . (5.16)
a; egklt 2k x + al 678k1t+2k}1w ”
This is derived from (5.2) with
¥1 @1,z
= ’ 5.17a
f 8191 ®1 (8191 901)93 ( )
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Fig. 3. (Color online) Limit solution given by (5.16) for af = a; = 1, k1 = 0.5 and E%O) =0.
(a) Shape and motion. (b) Asymmetric wave shape at ¢t = 160.

where 1 is defined in (3.5b), i.e.
0, = af e Fiaye S, & = kix — 4kt + §§O), ai, kl,ﬁgo) eR. (5.17b)

The solution (5.16) is depicted in Fig. 3. We characterize dynamics of the solu-
tion by the following two points, which are typically different from the interaction
of two normal solitons that we described in the previous subsection. These two
points are

e Soliton—anti-soliton interaction with (asymptotically) asymmetric wave shape,
e Top trace of each soliton is asymptotically governed by logarithm and linear
functions.

The first point can be explained as follows. Recall the two-soliton interaction
with af = ai # 0 and k; - k2 > 0. According to Theorem 5.1, this is a soliton-anti-
soliton interaction and the absolute of amplitude of each soliton is 2|k;|. Obviously,
the asymmetric shape of limit solution (5.16) coincides well with the limit ko — k1.

To understand the second point, again we put the limit solution in the coordinate

system
(Y = x — 4k3t,t), (5.18)
and this gives
datfa; e Vi (Y — 8kt
v =2 [ arctan —1 a1762 :2( 8kit) ) (5.19)
ay " +af ety v

which is described in Fig. 4.

For convenience here we suppose that k; > 0. Then by analyzing the leading
terms as t — 400 in the numerator and denominator in (5.19), we can conclude
the asymptotic behaviors of the limit solution (5.19) as follows.
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(b)

Fig. 4. (Color online) Limit solution given by (5.19) for aj = a] = 1 and k1 = 0.5. (a) Shape
and motion. (b) Asymmetric wave shape at t = 160.

Theorem 5.2. Suppose that ai # 0 and ki > 0 in (5.19). When t — —oo there
are two waves moving with amplitudes F2 - sgn[“%] - k1 and top traces governed by
ay
the logarithm functions
1
Ye=—11

7 9 (n

where the subscript £ of Y stands for Y — foo. When t — +o0, there are also

W
+
ay

+ 1n(—32k§t)> , (5.20a)

two waves moving with amplitudes £2 - sgn[i—i] - k1 and top traces
1

1
Ye=—(1
+ 2k1(n

Replacing Y by 2 by using (5.18) the top traces of the waves in Fig. 3 are then
asymptotically governed by linear and logarithm functions of ¢.

Let us end up this subsection with the following remark. With regard to the
limit solutions the top traces (or waves trajectories) are governed by (linear and)
logarithm functions should be a typical characteristic, which differs from normal
soliton interactions with straight line trajectories. (See [33-36] for more examples.)

ay 3
| * ln(32k1t)). (5.20b)

5.3. Breathers

Wronskian entries in Case III provides breather solutions to the mKdV equation
(1.3). The simplest one corresponds to

— P P B R, (5.21a)
P12 P12z
where
011 = a1es +bie 5, g = &1651 — 616_51, (5.21b)
& = kix —4k3t, ki,a1,b; € C, (5.21c)
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Fl = 4/€11(011b11 + a12b12) COS(24]€%1]€12t — 8]€i)’2t - 2k12$)

+ 4]611(0,12[)11 — a11b12) sin(24kf1k12t - 8]@%215 - 2]6121‘)7 (521d)
Fy = _2k12672k11(4kf1t+12k32t+m)[(b% + bfz)elﬁkfflt
+ (a%l + a%2)64k11(12k?2t+1)], (5216)

and we have written
k1 = ki +iki2, a1 = a1 +ia12, b1 = b + ibio.

Then the breather solution is expressed by (5.1) with the above Fy, F;. We further
assume that

. a11b1y + aizbia
sinf = — 4 %= V/(a11b11 + a12b12)? + (a12b11 — ainbi2)?,

and then rewrite (5.1) asd

P
v=-2 (arctan §> , (5.22a)

where
P = 2k asin2kio(x — 44(3k%, — k2,)) — 0], (5.22b)
Q= k12[(a%1 + a§2)e2k11(m+4t(3kf2—kf1))
+ (b3 + b2y)e™ 2 (AR, —HL D)) (5.22¢)

Such a breather is described in Fig. 5.

Figure 5(a) shows an oscillating wave moving along a straight line. The oscilla-
tion comes from the sine function and the frequency depends on both x and t. To
understand more on the wave we use the coordinates

(Z = a + 4t(3k1y — k3)),t) (5.23)
to rewrite the solution (5.22) as
2k11asin(2k1o(Z — 8t(k?, + k) — 0) (5.24)
ki2((ai; + afy)en? + (b3 + biy)e=2ku?) ) 7 .

and then fix Z = 0, i.e. looking at the wave along the straight line Z = 0. Then it
is clear that

v=—2 (arctan

e The breather travels along the straight line Z = 0, in other words, the wave speed
is 4(3k%, — k},), which means it admits bi-direction traveling.
e A stationary breather appears when 3kf, = k?,, as depicted in Fig. 5(b).

dFrom (5.22), we can see that k1; # 0 is necessary for getting non-trivial breather solutions.
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(c)

Fig. 5. (Color online) Breathers given by (5.22). (a) A moving breather with a1 = 1414, by =
24 0.5i, k1 = 0.8 — 0.6i. (b) A stationary breather with a1 = b1 = 1, k1 = v/3 4+ 4. (c) A 2D-plot
of (b) at t = 0.

e Under the coordinate system (5.23) the frequency only depends on ¢ and the
period reads

™

T=—-—+——-.
8k12(k%1 + k%z)

(5.25)

We note that in two dimensions (fixing ¢) the breather is in fact a spindle-shape
wave. Let us go back to the solution (5.22). If we fix time ¢, then the breather
oscillates with frequency @ and its amplitude decays by the rate e2/*k11l ag
x — +oo. That means if |ki2| is small and |k1q| is relatively large so that the
amplitude decay becomes the dominating factor, we get a “normal” breather as
shown in Fig. 6(a); while if |k11| is small enough and |ki2| > |k11] so that the
oscillation dominates, we will see a spindle-like wave shown in Fig. 6(b). In the
latter case, the wave will travel with high speed and high oscillating frequency.
This can lead to overlaps of “normal” oscillating waves (like Fig. 6(a)) during their
traveling, which makes a spindle shape.
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(a) (b)

Fig. 6. (Color online) Shape of breathers given by (5.22). (a) “Normal” shape at ¢ = 0 with
a1 =144, by =2+ 0.54, k1 = 0.8 — 0.6i. (b) Spindle-shape breather at ¢ = 0 with a1 = 1 + ¢,
by =144, k1 = 0.5+ 5i.

Finally, in this subsection we list and depict two-breather solution and the sim-
plest limit breather solution, without further asymptotic analysis. Both solutions
can be given by (5.1) with f being a 4-by-4 Wronskian

f=1¢, 0z, Pezs Prazl, (5.26)

where for the 2-breather solution

@ = (P11, P12, P21, P22) ", (5.27a)

pi1 = ajegf + bjeigj, P2 = Eljeéj — Bjeigj, gj = k‘j.ﬁC — 4k§)t + 550), (527b)
in which a;, b, k;, €\’ € C, and for the limit breather

© = (Y11, P12, Ok, 11, 3;;1<P12)T7 (5.28)

in which @11, p12 are defined by (5.27b).

Figure 7 shows the two-breather interaction where from the density plot (b)
one can clearly see that the two breathers are traveling along straight lines and a
phase shift appears after interaction. Figure 8 shows the shape and motion of a
limit breather solution, where from the density plot (b) one can clearly see that
the breather trajectories are not any longer straight lines. Here we conjecture that
they are governed by logarithm functions.

5.4. Dynamics of rational solutions
The first non-trivial rational solution to the mKdV equation is (4.25), i.e.

41}0

— X =z 60t 5.29
4’0(2)X2+].7 z UO ( )

V=Y —

This is a non-singular traveling wave moving with the constant speed 6vZ, constant
amplitude —3vy and asymptotic line v = vg. It is depicted in Fig. 9.
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(b)

Fig. 7. (Color online) Shape and motion of two breather solution given by (5.1) with (5.26) and
(5.27). (a) 3D-plot for a1 = b1 = ap = by = 1, ky = 1+ 0.5i, ky = 0.8 — 0.6i and &” = £ = 0.
(b) Density plot of (a) for z € [-12,12], t € [—4,4].

Fig. 8. (Color online) Shape and motion of the limit breather solution given by (5.1) with (5.26)
and (5.28). (a) 3D-plot for a1 = by =1, k1 = 0.8 + 0.5¢ and 5%0) = 0. (b) Density plot of (a) for
z € [~10,10], t € [-8,8].

The next rational solution is given by (4.26), i.e.
3 3
1200 X* 4+ =X2 - —
”°< t o 1608
3x\? 1\
o[ XP 412t — == 9(X*+—
x0T ) o (w0 o

It can be viewed as a double-traveling wave solution from the following form

— 24X t)

v =1y — X =x—6v3t. (5.30)

3 3
1200 X4+ S5 XY — —
”0( o 16v§>

37 \? 1\
2 3 2
41}0 (X — m) +9 (X +4_?}%)
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Fig. 9. (Color online) Shape and motion of the rational solution given by (5.29) for vg = —0.8
in (a), vo = —1 in (b) and vo = 1 in (c).
where
X =z —-6v3t, Y =ux— 220t (5.32)

However, it does not show interactions of two single rational solutions. Only one
wave is remained for large x,t (see Fig. 10). We re-depict Fig. 10(a) in Fig. 11 by
a density plot so that we can see the wave top trace clearer.

To realize the asymptotic behavior analytically, we rewrite the solution (5.30)
in the following coordinates system

X, T=X3+12t+ —= 5.33
( ’ M 16U§X> (5.33)
and this gives
4 3 2 3
1200 3X™ + FX —2TX + 1602
v = o — % & (5.34)

3 3X )’ 1\
w2 (1T - -2 — 25 X2 4 —
”O( 1603 X 4113) +9( +4v(2)>
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(a) (b)

Fig. 10. (Color online) Shape and motion of the rational solution given by (5.30) for vo = —0.8
in (a) and vg = 0.8 in (b).

(a) (b)

Fig. 11.  (Color online) (a) Density plot of Fig. 10(a) with X € [—10,10], t € [—30,30] (b) (a)
overlapped by the trajectory curve given by (5.36).

Then, by calculation it can be found that for given large X the wave (5.34) has a
single stationary point at 7' = 0 where v gets a local extreme value
vo(1 — 1203 X?)
== 5.35
T T e (5:35)
which goes to —3vg as X — 4o00. Thus we can conclude that for large X, ¢t the wave
asymptotically travels along the curve

3

T=X34+12t4+——"__ —
* +161}§X 0

(5.36)

with amplitude —3wg. Figure 11(b) displays a density plot overlapped by the above
wave trajectory curve.
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More details on the rational solutions to the mKdV equation can be
found in [46] where the rational solutions are derived via bilinear Bécklund
transformation.

6. Conclusions
6.1. Summary

In the paper, we reviewed the Wronskian solutions to the mKdV equation (1.3) in
terms of Wronskians. When a solution is expressed through the Wronskian

f=flp)=IN—1], (6.1)

one needs to solve the finalized CES (2.19) together with (2.20), i.e.

Pz = Ap, (6.2a)
s = Bo, (6.2b)
0t = —4Paza, (6.2¢)
and
A =BB. (6.3)

A is the auxiliary matrix that we introduced to deal with the complex operation
in (6.2b) and it works in practice. As a result, with the help of A we solved the
above CES and then categorized the solutions to the mKdV equation in terms of the
canonical form of A (rather than the canonical form of B). Solutions are categorized
by solitons (together with their limit case) and breathers (together with their limit
case). There is no rational solution arising from (6.2) because rational solutions
correspond to zero eigenvalues of A while we need |[B| # 0 to finish Wronskian
verification. To derive rational solutions for the mKdV equation (1.3), we employed
the Galilean transformed equation, i.e. the KAV-mKdV equation (1.4) which admits
rational solutions in Wronskian form. Then the rational solutions to the mKdV
equation can be recovered through the inverse transformation. Dynamics of some
obtained solutions was analyzed and illustrated. Single soliton is always moving
along one direction but admits either positive or negative amplitude. Breather, as
wave package, can be bidirectional or stationary. Here, particularly, we would like to
sum up a typical characteristic of limit solitons: the wave trajectories asymptotically
follow logarithm curves (combined with linear functions). This point is based on
several examples we have examined [33-36, 50].

Obviously, through the Galilean transformation (4.2), all these obtained solu-
tions of the mKdV equation (1.3) can easily be used for the KdV-mKdV equation
(1.4) which often appears in physics contexts. In fact, in the paper we do not differ
them from each other. In addition to the KdV-mKdV equation, our treatment to
the complex operation in (6.2) can also be applied to the sine-Gordon equation.
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There are Miura transformations between the KdV equation
Up + 6UUy + Uppr = 0 (6.4)

and the mKdV equation (for both € = +1). For the mKdV(e = —1) equation, the
Miura transformation is

u=—v% %y, (6.5)
which provides a real map between solutions of the KdV equation (6.4) and the
mKdV equation (¢ = —1) (cf. [26]). However, when ¢ = 1, ie. for the mKdV
equation (1.3), the Miura transformation between (6.4) and (1.3) is

u = v? £ iv,. (6.6)

This means, for the real solution v of the mKdV equation (1.3), u defined by (6.6) is
a complex-valued function, which provides a solution to the complex KdV equation
(6.4). In other words, suppose that in (6.4)

u = uj + iug, (6.7a)
then
u =02, Uy = tu, (6.7b)

together with (6.7a) solves the complex KdV equation (6.4), where v is a real
solution that we already obtained for the mKdV equation (1.3). Such a relation has
been used to investigate solutions and dynamics of the complex KdV equation [51].

6.2. List of solutions

Let us list out the obtained solutions and their corresponding basic Wronskian
vectors. Solutions to the mKdV equation (1.3) can be expressed as

B Fy\  =2F  Fy— F1F )
v=2 (arctanFl)z = P2+ , (6.8a)
where
f=fp)=|N—1|=F +iF,, F =Relf], F=Im[f]. (6.8b)

The available Wronskian vectors are the following.
e For soliton solutions:

o =N = (01,02, on)T, (6.9a)

with
o, =ated tiase s, & =kr— 4kt +€”, af,a; k6" eR. (6.9b)

e For limit solutions of solitons:

o= (k) = ATQF +iA"Qy, AT € Gy(R), (6.10a)
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with
1
+ + + + T + +
Qy =(20,020,15---Qwn-1) s Los= 53216 o (6.10b)

where & is defined in (6.9b).
e For breather solutions:

Y= so[gbj]v = (11, P12, P21, P22, - - - PN1, PN2) (6.11a)

with
pi1 = ajegj + bje_5j7 pjo = djegj — Bj6_5j7 (611b)
gj = kjac — 4/€§’t + 53(0)7 kj = ]ﬂjl + ikjg, aj, bj7§](-0) e C, (6110)

and ]ﬂjl . kjg 7é 0.
e For limit solutions of breathers:

= Pha(k1) = (0T 1,972, 031, 022+ Pl 1, PN .2) T (6.12a)
and the elements are given through
ot = (o1, 031, 0k )" = AQ + BQg, (6.12b)
07 = (P19 P22 PN2) = AQ — By, (6.12¢)
where A, B € Gn(C),
QF = (050 Q1. Qy )" Q= %azleifl, (6.12d)
and &; is defined in (6.11c).

We note that, due to the linear property of the CES (2.19), one may also get
mixed solutions by arbitrarily combining the above vectors to be a new Wronskian

[s]
- ( [ls](le > (6.13)
o, kny+1)

The related solution corresponds to the interaction between N;-soliton and a (No —
1)-order limit-soliton solutions.
Finally, for the rational solution, it is expressed as

2Py x By — FiFy x)
F3 4+ F? ’

vector. For example, take

X=z-603t, vo#0€R, (6.14a)

v(z,t) = vo

where still

-

f=fW)=|N—1=F +iF, F =Re[f], F,=Im[f], (6.14b)
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and the Wronskian is composed by

¥ = (1, 02,....n)", (6.15a)
with
1 9%
i1 = Mo, (j=01,...,N—1), (6.15b)
and

01 = \/2vg + 2ik1e™ + \/2v9 — 2ikie” ™, =k X — 4k, ky € R, (6.15¢)
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Appendix A. Proof of Theorem 2.1

Proof. The compatibility of (2.13a) and (2.13b), i.e. ¢yt = ¢4, yields (2.14Db).
(2.13a) implies ¢ = B(t)0;'¢ or ¢ = B(t)"'¢,. Using the former we obtain the
complex conjugate form of f as

f=1B@ll-1.N -2 (A1)
If we use ¢ = B(t)"'¢,, we have
f=1B®)| NI (A.2)

Both of them can be used as the expression of f to implement Wronskian verifica-
tion. Here it is natural that we require |B(t)| # 0. Although it is allowed |B(t)| =0
in (A.1), this brings f = 0 which is trivial to the bilinear equations (2.10).

Then the necessary derivatives of f and f are presented as the following,

fo=IN-2,N|, (A.3a)
for=|N—3,N—1,N|+|N—2,N+1], (A.3b)
fooe =|N —4,N —2,N —1,N|+ [N —2,N +2|
+2IN—3,N—1,N+1]|, (A.3¢)
fi=-4(N—4,N—2,N—1,N|—|[N —3,N—1,N +1|

+IN —2,N +2|) + tr(C()|N — 1], (A.3d)
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and (using the expression (A.1))
fo=|B®)||-1,N —3,N — 1], (A.4a)
fow = [BO|(|-1,N —4,N —2,N — 1| + |-1,N — 3, N|), (A.4b)
feze = BO|(~1,N —3,N +1|+2|-1,N —4,N — 2, N|
+|-1,N—5,N—-3,N—2,N —1|), (A.4c)
fi=—4|B@t)|(|-1,N —5,N —3,N — 2, N — 1
—|-1,N—4,N —2,N|+|-1,N —3,N +1|)
+ Bl ~1, N =2| + tx(C(1))| B@)| -1, N = 2|, (A.4d)

where tr(C(t)) means the trace of C(t). Using ¢ = B(t)9, *¢ which is implied from
(2.13a), the complex conjugate of (A.3d) is

fi=—4B@t)|(|-1,N —5,N —3,N—2 N —1|— |-1,N —4,N — 2, N|
4 |-1,N =3, N +1|) + te(C@®)|B@)||-1, N — 2], (A.5)
which should be the same as (A.4d). This requires
|IB(t)]: =0, tr(C(t)) € R(¢), (A.6)

i.e. the condition in (2.14a).
Noting that ¢, = B(t)B(t)¢ and using Proposition 2.1 with ; ; = 92, we find

tr(B(t)B(t))|~1,N —3,N —1| = —|-1,N —5,N —3,N — 2, N — 1|
-1, N —3,N +1], (A7)

tr(B(t)B(t))|N —2,N| = —|N —4,N —2,N — 1, N|

+IN—2,N+2], (A-8)

tr(B(t)B(t))|~1,N — 2| = —|-1,N —4,N — 2, N — 1|
+|-1,N—3,N], (A.9)
tr(Bt)B(t))|N —1| = —|N —3,N —1,N|+|N —2,N +1|. (A.10)

Then, substituting (A.3) and (A.4) (with the condition (A.6)) into (2.10a) and
making use of (A.10), we have

= 6|B(t)|(~|-1,N —3,N + 1||N — 1
—|-1,N —4,N —2,N — 1||N — 2, N|
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+|IN—4,N-2,N—1,N||-1,N—2|— |[N—3,N—1,N +1||-1,N — 2|
+|N—2,N+1||-1,N—3,N—1|—|-1,N —4,N — 2, N||N — 1)),

which is zero in the light of Proposition 2.2. Similarly, one can prove (2.10b). Thus
the proof is completed. O

Appendix B. Eigen-Polynomial of A = BB

We prove the Proposition 3.1 through the following two lemmas.

Lemma B.1. For two arbitrary Nth-order complex matrices A and B,
det(My — AB) = det(AIny — BA), (B.1)

where Iy is the Nth-order unit matrix.

Proof. Assuming that rank(A) = r, then there exist Nth-order non-singular matri-

ces P and @ such that
I, 0
A=P( 7 . B.2
(0 0)@ (B.2)

Thus

In a similar way we have

det(AMy — BA) = det (MN — QBP (IO 8)) (B.3)

If we rewrite the matrix @QBP into the following block matrix form with same

I, 0\ .
structure as (\§ ), i-e.

(B B2
QBP_(B21 322), (B.4)

then we have
I, 0 Bi1 Bia I, 0 By 0
BP = BP = B.
(5 o)emr=(5 52) e (G o) =G0 o) @)
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which further means
det(My — AB) = AN="det(M, — By1) = det(Mx — BA). (B.6)

We complete the proof. |

Lemma B.2. Assuming that B is an arbitrary Nth-order complex matriz and B is
its complex conjugate, then det(\ — BB) is a polynomial of A\ with real coefficients.

Proof. Write

f(A) = det(My — BB) = anA™ + -+ + a1\ + ap. (B.7)

Then using Lemma B.1 with A = B we have

f(A) =det(\y — BB) = det(\[y — BB) = det(\y — BB) = f(\), (B.8)

which means all the coefficients {a;} are real. O

Appendix C. Discussions on the Trivial Solutions to the CES (2.19)
Let the square matrices A, B follow the relation
A = BB. (C.1)

We start from the 2 x 2 case. Noting that the product of all the eigenvalues of
A is non-negative, in the following we first look at

2
A:( (’)“1 %2) ki £ ko 20, Ky, ks € R, (C.2)
g

and suppose

B = (CC‘ Z) (C.3)

with undetermined a,b,c,d € C. However, in this case it can be found that the
matrix relation (C.1) does not have any solutions unless k? = k3. So next we turn
to consider

—k> 0
A= ( 0 —k2>’ ke R. (C4)
In this case, Eq. (C.1) admits a non-diagonal matrix solution B as
J d? + k2
B = c el ¢#0, ¢,d, 0 eR. (C.5)
c d

We note that such a B does not lead to any non-trivial solutions to the mKdV
equation. In fact, in the CES (2.19), the general solution to the equation set (2.19a)
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= () ()

with arbitrary matrix H € Cy2 and
E=kr+ 4kt + 69, kO eR. (C.6b)

and (2.19¢) is

However, no matter what condition the matrix H should satisfy under the equation
(2.19b), the Wronskian

flo) = [H|f((e*,e7)T)

is always a constant, which leads to a trivial solution to the mKdV equation. In the
case of the N x N matrix (N is even)

A = diag(—k* —k? ..., —k?), keER,
similar to (C.6), the general solution to (2.19a) and (2.19¢) is
¢=H x (e%,e7%,0,0,...,0)T, HeCpyxun,

which leads to a zero Wronskian f(y).
With these discussions we can conclude that for the CES (2.19) with an N x N
matrix

A = diag(a, o, ..., ), «a€R, (C.7)

the possible solution ¢ to (2.19) composes a trivial Wronskian f(y).

Appendix D. Proof for Theorem 4.1

Proof. The compatibility of (4.6a) and (4.6b), i.e. (¢px)r = (¢+)x, yields the con-
dition (4.7b). Besides, we will use ¢ = iB(t) 1¢x —voB(t) ¢ to calculate f. Then
|B(t)| # 0 is required.

The parameter vy will lead to complicated expressions for f and its derivatives.
For simplification let us introduce the notation |- |; where the subscript j indicates
the absence of the ¢() column [28], for example,

|]/\\[|] = ‘d)(O)’ ctt ¢(]_1)’¢(]+1)7 R ¢(N)"

Derivatives of f have already given in (A.3). For f, using the CES (4.6) we can
reach

N
|Z UO]N ]‘N|Jv

=0
N—-1 N—-1
fx = )| (—wo) PN TN+ D ( (—vo)iN N —1,N + 1, |,
Jj= 7=0
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N—-1
Fxx = 1BTX O] [ (—vo)VIN =2, N+ 1]+ > (—vo)/i"~ IIN=1,N +2];
7=0

N—-2 N-—-2
+Z(v)]N7\N 2,N,N +1[;+ Y (—vo) V72N
j=0 j=0
+2)  (—u)y TN TN 1, N + 15 |,
j=0

N-3
fxxx =B @) |3 (o) 2N TN — 1, N +1]; + (—vo) N[N =2, N + 2|
j=0

N—-2
+3 3 (~wol LN I TN 1N + 2]+ 2(~uo) N[N — 3,N — 1, N + 1
=0
N-1 4 S N—2
+ 3 (o) iV IN LN 43 +2 Y (—uo)l NN -2, N, N + 2],
=0 =0
N-3
+3 ) (=) TN TN — 2, N, N + 1] + 2(—vo) VT HIN — 3, N, N + 1|
j=0
N-3 4 o N-3
+ 3 (~w)iNTIN =3, N = 1,N,N +1]; + Y _ (o) ¥ 73|N]; |,
Jj=0 7=0
N—-1 N-3 N
fo==AB7Y O] [ D (—vo)i~ IN—1,N+3];+ D (o) TN TITEIN
7=0 =0
+ ) (—w)iNTIN =3, N = 1,N,N +1|; + (—v)¥|N =2, N + 2|
=0
- (—vo)iNI|N — 2, N, N +2|; — (—vo)V"1i|N — 3, N, N + 1|
j=0
—(—wo)VIN =3, N =1, N+ 1] | +[B®) " >_(—vo)i" 7|N|;
j=0
N
+ tr(C( \Z UOJN]\N|
=0
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Solutions to the modified Korteweg—de Vries equation

Using ¢ = iB(t) " '¢x — voB(t) ' ¢, the complex conjugate of f; given in (A.3d) is

N—-1 N-3
Fo=—4B7' ) [ Y (~uol NN 1N 3]+ Y (—uo) BN 3N,
Jj=0 Jj=0
N-3 . .
+3  (—v)?iVIN =3, N —1,N,N 4+ 1|; + (—vo)V|N — 2, N + 2|
j=0
N-—-2 - -
- (—=vo) i TIIN — 2, N,N +2|; — (—vo)N "H|N — 3, N, N + 1|
7=0
- N
—(=vo)NIN =3,N = 1,N + 1| | + tx(C( L)) (—vo)iNIIN;.

Jj=0

This should be the same as the f; that we previously derived from f, which requires
|B(t)~|; = 0 and tr(C(t)) € R(¢), i.e. the condition in (4.7a).

Besides, noting that ¢xx = (B(t)B(t) — v3Ix)¢$ and using Proposition 2.1 with
Qs = 0%, we can have the following identities:

tr(B(t)B(t) — v2In)|N|; = [N —1,N+2|, — [N —2,N,N +1|;
—|N|;—2, (j=0,1,...,N—2),
tr(B(t)B(t) — v?IN)[N =L, N+1|; =[N —1,N+3|; — [N —3,N — 1, N, N + 1|;
—IN—1,N+1]j_2, (j=0,1,...,N—3),
tr(B(t)B(t) — v2IN)|IN — 1| = =[N —3,N — I, N| + [N — 2, N + 1,
tr(B(t)B(t) — v2IN)|[N —2,N| = —|[N —4,N —2,N —1,N| + |[N — 2, N +2|.
With these results and (A.3) in hand, for (4.4a), we have
fof = Ffe+ Fxxxf—3Fxxfx +3fxfxx — [fxxx
= 6(—vo)N V([N —3,N,N+ 1[N — 1| - |[N —2,N||[N —3,N — 1, N + 1|
+|IN=2,N+1||[N—3,N —1,N]|)
=0.

Similarly, one can prove (4.4b). O
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