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1. Introduction

Nonlinear partial differential equations (PDEs) arising in many physical fields like the condense matter physics, fluid
mechanics, plasma physics and optics, etc, exhibit a rich variety of nonlinear phenomena. Recently, many PDEs generated
from the systems of impulse and neural networks as well. The investigation of the exact solutions plays an important role
in the study of nonlinear physical systems and such neural networks. A wealth of methods have been developed to find
these exact solutions of a PDE though it is rather difficult. Some of the most important methods are the inverse scattering
method [1], Darboux and Backlund transformations [2], Hirota’s bilinear method [2-4], Lie symmetry analysis [5-8], CK
method [9,10], etc. It is well-known that the Lie group method is a powerful and direct approach to construct exact solutions
of nonlinear differential equations. Furthermore, based on the Lie group method, many other type of exact solutions of PDE
can be obtained, such as the traveling wave solutions, soliton solutions, fundamental solutions [11,12], and so on.

In this paper, we will consider the short pulse equation (SPE) which has the general form

1 3
U = ott + 2 B ), (1)
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where u = u(x, t) is the unknown real function and subscripts denote differentiation, x, t € R, @ and $ are real parameters,
o # 0.1In practical, Eq. (1) can be written as the more usual form

Uy = U + Z,Buuf( + ﬂuzuxx. (2)

This general SPE was derived by T.Schdfer and C.E.Wayne as a model equation describing the propagation of ultra-short
light pulses insilica optical fibres (see [ 13], p.94), and the numerical computations were presented in that paper. In particular,
ifwelete = 1and 8 = % then Eq. (1) will be changed to the special form uy, = u + %(u3)xx. In [14-20], many results
are obtained about the special SPE. In recent works [21-23], we have investigated the dynamical behavior of loop soliton
solutions for several equations.

In the present paper, by using Lie group analysis and the generalized symmetry method, we will investigate the short
pulse equation in detail, and the exact explicit traveling wave solutions and analytic solutions will be given.

For the sake of Lie symmetry analysis, we write Eq. (1) as the following another usual form in mathematical physics:

u; = oD 'u + Bulu, +p, (3)

where D™ = f -dx, p = p(t) is an arbitrary integral function. Moreover, we have

21 4 3 2,32 2.4
Uy =a“D” v+ gaﬂu + 487wy, + 2o Bouuy + Bu Uy + 2Bpuuy + 1, (4)

where v = D™ 'u, r = r(x, t) is an integral function. We note that Egs. (3) and (4) are necessary for Lie symmetry analysis
in what follows.

The outline of this paper is as follows. In Section 2, we perform Lie group analysis for the short pulse equation. In Section 3,
the generalized symmetry method was employed for investigating the symmetries of Eq. (1). In Section 4, we will present the
qualitative analysis and provide all the traveling wave solutions for this equation. In Section 5, the exact analytic solutions
are obtained by using the power series method. In Section 6, we conclude and make some remarks.

2. Lie symmetry analysis for SPE

In this section, we will perform Lie group method for Eq. (1).

The Lie group method is sometimes also called symmetry analysis. Roughly speaking, a symmetry group of a system of
differential equations is a group which transforms solutions of the system to other solutions. Once one has determined the
symmetry group of a system of differential equations, a number of applications become available. To start with, one can
directly use the defining property of such a group and construct new solutions to the system from known ones.

Firstly, let us consider a one-parameter Lie group of infinitesimal transformation:

x—> x+e&(x, t,u),
t—>t+et(x, t,u),
u— u+epx, t,u),

with a small parameter € < 1. The vector field associated with the above group of transformations can be written as

0 0 0
V=$(x,t,u)5+r(x,t,u)5 + ¢ (x, t, u)a. (5)

The symmetry group of Eq. (1) will be generated by the vector field of the form (5). Applying the second prolongation pr®V
of V to Eq. (2), we find that the coefficient functions &, T and ¢ must satisfy the symmetry condition

— o — 2Buze — 2Butieg — 4puig’ — PP + ¢ =0, (6)
where ¢, ¢*, ** and ¢* are all coefficients of pr®V = prlv + ¢""3£’7 + ¢"‘ﬁ’xt + ¢>“%{, and furthermore, we have

@ = Dx¢ — uxDy§ — ucDyt, (7

¢ = D2p — uyD2E — uD2T — 2uDyE — 2uy Dy, (8)

¢ = DDyp — uyDeDyE — tyeDxE — UDE — ueDDyT — U DT — Uy DT, 9)

where D, and D; are the total derivatives with respect to x and t, respectively.

Substituting (2)-(4) into (7)-(9), respectively, then plugging (7)-(9) into (6), and equating the coefficients of the various
monomials in the first, second and the other order partial derivatives with respect to x and various powers of u, we can
find the determining equations for the symmetry group of the short pulse equation. Solving these equations, we get the
following forms of the coefficient functions

E=x+cs, T =—Ct 40, ¢ = cu,
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where ¢y, ¢; and ¢ are arbitrary constants. Thus the Lie algebra of infinitesimal symmetries of Eq. (1) is spanned by the three
vectors

v ad v 0 v a a 0]
S 2T TR T e
It is easy to verify that {V1, V5, V3} is closed under the Lie bracket. So we can see that the generator of invariant group
V =§&@K,t, u)% + 7(x,t, u)% + o(x, t, u)% of Eq. (1) construct three-dimensional Lie algebra, which is spanned by the
basis {V1, V>, V3}.
Thus, we have the corresponding one-parameter group of symmetries of the short pulse equation:

Gi:(x,t,u) > (x+e¢,t,u),
Gy:(x,t,u) > (x,t +¢,u),
Gs: (x, t,u) — (e“x, e t, e‘u).
We can see that G, is a space translation, G, is a time translation, and Gs is a scaling transformation.

3. Generalized symmetries for SPE

In Section 2, we have obtained the symmetry group of Eq. (1). Now we consider the symmetries of Eq. (1) by using the
generalized symmetry method. This method is also called the method of undetermined coefficient [24].
Let

ox, t,u) = alx, t)u, + b(x, t)u, + c(x, H)u + d(x, t) (10)
be a symmetry of Eq. (1), where a(x, t), b(x, t), c(x, t) and d(x, t) are coefficient functions to be determined. On the other
hand, by the definition of generalized symmetry [2,5,24], it is easy to show that 0 = o (x, t, u) is a symmetry of Eq. (1) if
and only if

Oyt — QO — Zﬂuia — 4Buuyoy — 2fully o — ﬂuzaxx =0. 11

Substituting (2)-(4) and (10) into (11). We note that the coefficient of D~ v in the left-hand side of (11) requires that ay, = 0,
so the coefficient a is a function of t only. The coefficient of u,, implies that b, = 0, so we can suppose b = b(x). The
coefficient of u,z‘ requires that d = 0. So it is not difficult to show that the coefficient functions a(x, t), b(x, t), c(x, t) and
d(x, t) are as follows:

a(x,t) = —cit + ¢, b(x,t) =cix+c3, cxt)=—c, dixt)=0, (12)
where ¢; (i = 1, 2, 3) are arbitrary constants. Substituting (12) into (10), we have

0 = Gy + C3lUy + 1 (XU, — LUy — u).
Hence, we obtain that the symmetries for Eq. (1) are of the forms as follows:

o1 = Uy, Oy =1U,, O3=XUy—tU—1U,

which coincide precisely with the vector field V7, V, and V3 are obtained in Section 2.
Since each G; (i = 1, 2, 3) is a symmetry group, it implies that if u = f(x, t) is a solution of the short pulse equation, then
u®, 4@ and u® as follows are solutions of Eq. (1) as well:

uM =fx—e,t), (13)
u® =f(x, t —e), (14)
u® = ef(e x, et), (15)

where € is an arbitrary real number.

Next, we reduce Eq. (1) to ordinary differential equations (ODEs) by using the above vector field.

(i) In general, the linear combination of the two generators V; and V;, will generate the traveling wave solutions for a PDE
(see Section 4).

(ii) For the generator of the scaling transformation V3, we have the following similarity variables

E=xt, w=tu,
and the group-invariant solution is w = f (&), that is

1
u= ?f(xt). (16)
Substituting (16) into (1), we reduce the SPE to the following ODE:
Ef" — BFf" = 2Bff"* — of =0, (17)

where f' = %. It implies that if @ = f(&) is a solution of Eq. (17), then (16) is a solution of Eq. (1). Note that Eq. (17) is a
nonautonomous and nonlinear ODE, we cannot obtain the exact solution by using the elementary functions.
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4. Exact traveling wave solutions of SPE

In this section, we consider the traveling wave solutions of the SPE equation.

In general, the traveling wave solutions to a PDE arise as special group-invariant solutions in which the group under
consideration is a translational group on the space of independent variables. In the present case, we consider the translation
group (x,t,u) — (x+ ce,t = €, u) (¢ € R), generated by the generator c% + 2 3:» Where c is a fixed constant, which will
determine the speed of the waves. So we can obtain that the global invariants of this group are as follows:

E=xFct, ¢=u (18)

In view of (18), let & = x = ct, we have u(x, t) = ¢ (x = ct) = ¢(£), where c is the propagating wave velocity. Substituting
it into the original PDE, we obtain a traveling wave equation. Then, solving this equation by the bifurcation theory method
of dynamical systems, we will obtain the traveling wave solutions.

Now, we consider the traveling wave solutions of the general short pulse equation (1). Let £ = x + ct. We have
ulx,t) = ¢(x + ct) = ¢(&), where ¢ > 0 is the propagating wave velocity. Substituting it into Eq. (1), we obtain the
following ordinary differential equation (ODE):

cd” — Bp’¢" —26¢(¢")’ —ag =0, (19)

where ¢’ = ?j—‘é’. Furthermore, Eq. (19) is equivalent to the planar system

do dy ¢ +28y")
&=V & g -

This system has the first integral

1
H(,y) = (c = p¢*)’y* — ad’ (C - Eﬂqﬁz) = h, (21)

where h is the integral constant.
When 8 > 0, the right hand of the second equation of system (20) is discontinuous. We call such systems singular

traveling wave systems. The straight lines ¢ = =+ \/% in the (¢, y)-phase plane are called singular straight lines. It derives

the existence of some non-smooth behavior and breaking properties of traveling wave solutions of system (20). Making the
transformation dé = (c — B¢?)d¢, system (20) becomes its associated regular system

¢ _ 20 dy _ 2
i " (c— B9y, ac = ¢(a +28y°). (22)

Clearly, system (22) has the same invariant curve solutions as (20). But when g > 0, the variables £ and ¢ of Eqgs. (20) and
(22) have different scales near the straight lines ¢ = :I:\/%. The variable & is a slow variable, while the variable ¢ is a fast

variable (see [21]).
Whenap > Oora > 0, 8 < 0, system (22) has only one equilibrium point 0(0, 0). When« < 0, 8 > 0, system (22) has

f1veequ111br1umpomtsO(O 0) and A; (i[,i /— ) j=1,2,3,4.Lethg = H(0,0) = 0, h; _H<i[,i /— )

- —ﬁ defined by (21).

Let M(¢e, y.) be the coefficient matrix of the linearized system of (22) at an equilibrium point (¢, y.) and J(¢e, y.) be
its Jacobian determinant. Then,we have J(0, 0) = det M (0, 0) = —ac and TrM(0,0) = 0,J(A4)) =4ac <0( =1,2,3,4).
By the theory of planar dynamical system, we know that if « > 0, then the equilibrium point O(0, 0) is a saddle point; if
a < 0, then the equilibrium point 0(0, 0) is a center point of system (22), while the equilibrium points A; (i = 1, ..., 4) are
saddle points.

By qualitative analysis, we obtain the following phase portraits of system (22).

Fig. 1 gives rise to all possible traveling wave solutions of (1) for c > 0 in («, 8)-parametric plane.

We next consider the exact parametric representations of the bounded solutions of (20). The case @ > 0, 8 > 0 has been
discussed by Ref. [21].

4.1. o <0, B > 0(seeFig. 1(1-2))
Corresponding to the closed orbits defined by H(¢, y) = h, h € (0, hs), we have

\/Tﬂ (-0 +0)  J2@ 03—
c— B’ B c— Bo? '

y:
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(1-1) (1-2) (1-3)
(I-1) a>0, >0. (1-2) a<0, #>0. (1-3) a<0, #<0. (1-4) >0, F<0.

Fig. 1. The different phase portraits of (20) when « and § are changed.

By using the first equation of (20), we obtain

JledB e _ /¢ cdg _ f¢ ¢?dg .
20 b Ju-ea-en 0 ot - 903 - e

Introducing a new variable x, the above integral implies the parametric representation of the family of periodic traveling
wave solutions of (1):

d(x) =rsn(x, k),

2 c i (23)
E(X)=x+ct= [——||—= —pra)x+ praE(arcsin(sn(x, k)), k) | ,
le|B [\ 11
where k? = 2.
1
Corresponding to two heteroclinic orbits of (22) givenbyy = + % we have two breaking wave solutions of (1):

Py | i P N (24)
2 o] o]

42. o <0, B < 0(seeFig. 1(1-3))

Corresponding to the closed orbits defined by H(¢, y) = h, h € (0, co0), we have

/% (B+50-9)  JLi 02—

¢+ |Blo? B ¢+ |Blg?

By using the first equation of (20), we obtain

[%B _ f cdg _g /"’ ¢*de
20 e Juz-enairen 0 Jul 002 - 97)

Introducing a new variable yx, the above integral implies the parametric representation of the family of periodic traveling
wave solutions of (1):

d(x) =nren(y, k),

2 c+ |B]r: 25
e =xtat= |2 | [P g | x4 iBIEGrecosen(x. k. ko) | (25)
af /12 + 2
1 2
where k2 = —2
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5. Exact analytic solutions for SPE
In general, we cannot obtain the exact and explicit solutions for the nonlinear ordinary differential equations (ODEs)
such as Eq. (17) by using the elementary functions. But we know that the power series can be used to solve ODEs, including
many complicated nonlinear differential equations with nonconstant coefficients, [25-28]. Next, we will consider the power

series solution for this reduced equation.
Now, we seek a solution of Eq. (17) in a power series of the form

o0
FE =) ", (26)
n=0
where co = f(0) # 0 (see Remark 3). Substituting (26) into (17), we have

o0
2Bc3c2 + B(BCIes + 4coc1C2)E + By Y (M + 1)(n + 2)Cp 28"

n=2
k
+ ﬂ Z |:Z Z(n + 1 - k)(n + 2 _ k)CiCkiCn+2ki| 51’1 + 2/3C0C12
1 i=0
00 n  k+1
+20[(C1 + 4coci102)€ + 28 Z |:Z Z itk+2— 1)CiChga—iCn "i| En
n=2 | k=0 i=1
+ac +ac§ +o chén — 206 — Z nn + 1)cyq1E" = 0. 27)
n=2 n=2

From (27), comparing coefficients, we obtain (for n = 0)

co(2Bcocy; +2Bct +a) =0, (28)
and (forn = 1)
6,363C3 + 128cpc102 + Z,Bcf + ac; — 2c; = 0. (29)
Generally, for n > 2, in view of (27), we have
1 n  k+1
Cni2 = ———— | n(n+ 1)cpyp1 —acy, — 2 itk + 2 — i)CiCrya—iCn—
n+2 ﬁCé(n-l—l)(Tl—FZ) ( )n-H n ﬂ;;( )zk+21nk
n k
- B> (n+1—-kn+2- k)cickicn+2kj| , n=2.3,.... (30)
k=1 i=0

Thus, from (28), for arbitrary chosency = n # 0andc; = A, we have C = _—1(2,3)3 + «). Furthermore, in view of (29) and
(30), we have c; = o —L(128nxrcy + 28)3 + ah — 2¢5), ¢4 = 12;;;2 (24Bnics + 12Bnc2 + 8BA%c, + ac, — 6c3), and so on.

Therefore, the other terms of the sequence {c,};2, can be determined successively from (30) in a unique manner. This
implies that for Eq. (17), there exists a power series solution (26) with the coefficients given by (28)-(30).
Now we show that the convergence of the power series solution (26) of Eq. (17). In fact, from (30), we have

n  k+1
|Casal <M[|cn|+|cn+1|+ZZ|cz|ck+z illcn k|+ZZ|c, |ck—illcnsa u], n=23,...,

0 i=1 =1 i=0

1 el
> 18IS 18Ik

where M = max{ 2 }. If we define a power series u = P(§) = Y o2 pn&" by

Po=|C0|=|77|7 p1 = a1l = |Al p2 = |cal, p3 = |c3]

and

n k41
Pny2 = (pn + Dn+1 + Z ZP:PHZ iPn—k + Z szpk iPn+2— k) , n=2,3,...,

=0 i=1 =1 i=0

then it is easily seen that

|Cn|5pn7 n=12,....
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In other words, the series u = P(§) = Zﬁio prE™ is a majorant series of (26). Next, we show that this series © = P(£) has
a positive radius of convergence. Indeed, note that by formal calculation, we have

P(E) = po + P1& + P2E” +D3E> + Y patat™

n=2

[ee] o0
= po+pi§ +pat’ +pst’ + M [Z PuE™? + > praE"?

n=2 n=2

oo n  k+1 00

n k
+ Y DD pipkr2- ek P+ Y D D pibk-iPri2 k€ n+2:|

n=2 k=0 i=1 n=2 k=1 i=0
= po + p1& + p2E° + p3&’ + M[2P*(§) — (3po + p1&)P*(€) + (6% + & — 2pop1€ — 2p)P(§) + 3pg
+ (11p3p1 — Po)é + (6p3p2 + 6pop} — P1)&? + (10pop1p2 + 6p3ps + 2p] — P2)&°1.
Consider now the implicit functional equation
F(&, 1) = i —po— p1§ — pa&° — ps&” — M[21° — (3po + p1&)i” + (62 + & — 2pop1§ — 2pg) i + 3p;
+ (11p3p1 — Po)€ + (6p3p2 + 6pop; — p1)&> + (10pop1p2 + 6p3ps + 2p; — p2)&°] = 0.

Since F is analytic in the (¢, u)-plane and F(0, pg) = 0, F[L 0,po) =1+ 2Mp§ # 0, by the implicit function theorem [29,30],
we see that © = P(£) is analytic in a neighborhood of the point (0, pg) of the plane and with a positive radius. This implies
that the power series (26) converges in a neighborhood of the point (0, po) of the plane. This completes the proof.

Hence, the power series solution of Eq. (17) can be written as follows:

fE) =cot+af +0E +GE + ) g (31)

n=2
Note that in terms of the above computation, we can write the approximate form of (31) as follows:

FE) = 1+ A — ——(2BX +a)E? — —
= 281 6612

(24Bnics + 128ncZ + 8BA%c, + acy — 6e3)Ed + - - -

(12Bnhca + 2B0° + ah — 202)8°

1282
Thus, we can obtain that the power series solution of Eq. (1) is as follows
[o¢]
u(x, t) = cot !+ 1x + X%t + x5t + Z Cpaa X" T2 (32)
n=2

where ¢4, (n = 2, 3, ...) can be determined successively by (30) in a unique manner.
Corresponding to the approximate form of (31), we have the approximate form of (32) as follows:

1 1
u(x, t) = gt~ 4+ ax — — (28A% + )Xt — 5
2fn 667

(24Bnics + 128nc2 + 8B8r%c; + ac, — 6e3)x* > + - - -
2

(12BnAcs + 2823 + ah — 20)x°t?

12812
6. Summary and remarks

We have performed Lie symmetry analysis for the short pulse equation and investigated the algebraic structure of the
symmetry groups for this equation. Furthermore, by the generalized symmetry method, we also get the symmetries for the
SPE, it is precisely the same as the former. In addition, by using the bifurcation theory method of dynamical system, we have
obtained the traveling wave solutions of the equation. It is a geometric consideration actually. Moreover, the power series
solution of the reduced equation are given simultaneously. These are new solutions for the SPE.

Remark 1. o; and o, are obvious symmetries for Eq. (1). Substituting o3 = xu, — tu; — u into (11), it is easy to show that
o3 is also a symmetry of Eq. (1).

Remark 2. We reiterate that the power series solution (26) for the short pulse equation is an exact analytic solution.
Moreover, the solution of the power series converges quickly, so it is convenient for computations in both application and
physical systems.

Remark 3. Note that we assumed ¢ = f(0) # 0 in the power series solution (26). It is necessary for our arguments.
Otherwise, we cannot get the exact analytic solution for this equation.
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