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1 Introduction

The purpose of this short article is to present a classification of nonlinear partial
differential equations of second order of the general form

Uy = U —I—Cou2 +cruuy +coutyy +C3u)2c +d0u3 +d1u2ux —l—dzuzuxx +d3uu§, @))

which in the case that c; = O for j = 0,1,2,3 and dy = di = 0, d3 = 2dy,
includes the short pulse equation derived by Schifer and Wayne [29] as a model
of ultra-short optical pulses in nonlinear media; cf. Eq. (3) below. It was shown by
Sakovich and Sakovich [27] that the short pulse equation is integrable, in the sense that
it admits a Lax pair and a recursion operator that generates infinitely many commuting
symmetries; these authors also found a hodograph-type transformation connecting it
with the sine-Gordon equation. In fact, the short pulse equation and the construction of
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its associated linear scattering problem first appeared in differential geometry [1,26].
The integrability of the equation was further clarified by Brunelli [2], who obtained
a bi-Hamiltonian structure and used an alternative Lax representation to construct an
infinite sequence of conserved quantities.

Short pulses and their properties are a subject of current interest in nonlinear optics
and electrodynamics, both theoretically and experimentally. For instance, a rigorous
justification of the short pulse equation, starting from a quasilinear Klein-Gordon
equation (a toy model for Maxwell’s equations) was given in [25]. Moreover, for
electrons accelerated in short laser pulses, it was shown recently that, due to quantum
effects, the radiation reaction can be quenched by suitably tuning the pulse length,
although the lengths required are currently out of experimental reach [15].

In this paper we are concerned with generalized short pulse equations of the form
(1) from the viewpoint of integrability. The main result of the paper is the following.

Theorem If the Eq. (1) possesses an infinite hierarchy of local higher symmetries,
then up to rescaling u — Au, x — ux, t — vt it is one of the list

Uy = u + (uz) : 2)
XX

Uy = U+ (u3) , 3)
XX

Uy = U+ duttyy + u?, “4)

Uyt = U + (u2 — 4u2ux> s 5)

X

Uy = U+ 2uttyy 4 u?, (6)

e = U+ Uy, + uu’, @)

Uy = U+« (2uuxx + ui) + B (uzuxx + uui) , aff £ 0. (®)

Remark The nonlinear terms in Eq. (8) are a linear combination of those in Egs. (6)
and (7). Upon applying an affine linear transformation u — au + b together with a
Galilean transformation x — x — ct for suitable a, b, ¢, the derivative of (8), that is

uxxtzux+a<2uum+u%> +ﬂ<u2u”+uu§) ,
X X

can be transformed to the case « = 0, 8 = 1, which is the derivative of (7); but for
the original Eq. (8) the quadratic terms cannot be removed in this way.

Equations of the form (1) are of interest for various reasons. Observe that, as written,
(1) is not an evolution equation for u, and if it is rewritten as one, solving for u,, then it
becomes nonlocal, involving the integration operator D~ !, Physically, such equations
appear in the description of the short-wave behavior of nonlinear systems. For example,
the b-family of equations

my +umy +bu,m =0, m=mo+u— Uyy, mo = const, )
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Generalizations of the short pulse equation

which was introduced in [8] (see also [9,19]) and derived from shallow water theory
in [6,10], has a short-wave limit found by setting

X — €xX, t — €t, mo — —ue‘z, L = const,

and then taking € — 0, which yields

1
Uyxr + bty + uttyxy + buyliyy = (uxt + bpu + uuyy + E(b - 1)”)25) =0.
x
(10)

After sending t — —¢ and rescaling u, (10) is seen to be the x derivative of an equation
of the form (1). It is known from [22] that (for b # 0) the Eq. (9) is integrable, in the
sense that it admits an infinite hierarchy of commuting symmetries, if and only if b = 2
(Camassa—Holm [3]) or b = 3 (Degasperis—Procesi [7]). Surprisingly, comparison
with (2), (4) and (6) in the above theorem shows that in the short-wave limit, there are
three integrable cases of Eq. (10): not only » = 2 (Hunter—Saxton [17]) and b = 3
(Vakhnenko [30]), but also the case b = 3/2, which appears to be new.

The proof of the above theorem consists of two parts. The first part consists of
applying the perturbative symmetry approach, as described in [22], to obtain a set
of necessary conditions on the parameters c;, d; in (1) for the existence of a formal
recursion operator with local coefficients (i.e., functions of u and its derivatives only).
This part of the proof requires the use of computer algebra, and further details are
omitted. Once a finite list of equations has been obtained as above (by scaling ¢;, d;
suitably), the remainder of the proof consists of explicitly constructing a recursion
operator and associated infinite hierarchy of symmetries for each equation found.
Thus, in the rest of the paper, we consider each equation on the list in turn, and for
each one present the first higher symmetry, with flow variable 7, and a recursion
operator R. The recursion operator is factored as R = H.J, in terms of a compatible
implectic—symplectic pair, with H being a Hamiltonian operator such that the flow
can be written as

ur =Hé, p,

where p is a density and §,, denotes the variational derivative, i.e.,

SH

Sup=—,
u P Su

where H:/pdx

is the Hamiltonian functional with density p; and the flow is also written as

Jur =08, p,
using the symplectic operator 7 with another density p. In addition, for each item on
the list, we use a conservation law to define a reciprocal transformation, i.e., a change

of independent variables of hodograph type, which provides a link to other known
integrable equations. We also present a Lax pair in each case.

@ Springer
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Throughout the paper, subscripts with numbers are used to denote higher deriva-
tives, so that u,, = gTﬁ,’ for n > 2, but we also write, €.g., Uyx = Uoy.

2 Properties of the generalized short pulse equations
2.1 Vakhnenko’s equation

The Eq. (2) was derived by Vakhnenko [30] as a model for the propagation of short-
wave perturbations in a relaxing medium. Its loop soliton solutions were studied
extensively in [23,31]. In [18], it was shown that the x derivative of (2) arises as
a short-wave, high-frequency limit of the Degasperis—Procesi equation. Sometimes
(2) is also referred to as the reduced Ostrovsky equation [12,13], since (up to rescal-
ing dependent and independent variables) it is the special case 8 = 0 of the Ostrovksy
equation

<ut + uuy + ﬂuxxx> —yu =0,
x

which is a model of weakly nonlinear ocean waves under the influence of the Coriolis
force [24].

Higher symmetry The first higher symmetry of the Eq. (2) is

u
Uy = (%) . (11)
(1 +6uze)3 /
Hamiltonian structure and recursion operator In terms of the quantity
1
w = (6buyy +1)73,
the symmetry (11) becomes
_.5 4 4

W = WWsyx + Swwywsy + 10w wo, wiy (12)

which takes the form
1
Wy = —§H8ww_1, where H = w4D§w4

is a Hamiltonian operator. The associated symplectic operator is

J = w_sz + wa_2 + <2w_1w2x — w_zw)zc) Dx_lw_2

+w 2D ! (Zuflwzx — wfzw)%) . (13)
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Generalizations of the short pulse equation

Thus, the recursion operator R = H.J generates the symmetries for (2) and

8 w’
3.2 2.3 2,2
Twe = 8y <—u) w3, + Fwiws, — dwwiwsy, — ﬁ .

Reciprocal transformation Viewed as a short-wave limit of the Degasperis—Procesi
equation, the x derivative of (2) can be written in the form

m; = 2umy + 6uym, m=1+ 6uyy,
giving a conservation law for the density p = w™" = (1 4 6u,,)!/3, that is
pi=2@p), p=m. (14)

This conservation law leads to the introduction of new independent variables X, T by
means of the reciprocal transformation

dX = pdx +2pudt, dT = dt,

so that (14) produces

(p_1>T+2ux —0, p®=1+6p(puy)x. (15)
If we use the letter W to denote u,, then we have
W = puy.
The Eq. (2) becomes
Wr = u +2W?,
and (15) can be rewritten as the pair of relations
(logp)r =W, p’—1=6pWx,

which implies that p satisfies the Tzitzeica equation in the form

(log p)xr = é(p2 - p_l).

Lax pairIn [32], a scalar Lax pair was presented for a reciprocally transformed version
of (2), and in [18] this was used to obtain a 3 x 3 matrix Lax pair for the original equa-
tion, which is equivalent to the following Lax representation with spectral parameter
A

@ Springer
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0 1 0 0 2u -1
O, =2, 0 1| @ &=[21(1-120uu) 0 2u | ®.
—h 20, 0 $hu T+ 120uuy) 0

(16)

2.2 The short pulse equation

The short pulse equation was first derived as an equation for pseudospherical surfaces
with an associated inverse scattering problem [1,26]. Its physical derivation in nonlin-
ear optics came later [29] and led to the construction of alternative forms of the Lax
pair, recursion operator and bi-Hamiltonian structure [2,27].

Higher symmetry The first higher symmetry of the Eq. (3) is

Ux

(1+ 6u§)%

Uur =

XX

Hamiltonian structure and recursion operator The above symmetry takes the Hamil-
tonian form

1 1
u,:—ngb‘up p=(6u§+1)2,

with’H = D, being the Hamiltonian operator. The symmetries of Eq. (3) are generated
by the recursion operator

R = ij = Dx (pilepil + 6P73M2xD;1P73M2x> ,

-5.,2
P u
jurzfsu( 22x>.

Reciprocal transformation The Eq. (3) has the conservation law

and

pi=3(u?p) an
which leads to the introduction of new independent variables X, 7" according to
dX = pdx +3u’pdr, dT =dr.

In the new variables, the conservation law becomes

(), 2 ), =o.
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Generalizations of the short pulse equation

and by setting W = u, the original Eq. (3) gives
Wr = upz,
where we have used

w
P> =14+6W2, ung.

Now if a new dependent variable is introduced as

C e (LYW

then from (18) and (19), it follows that

and ¢ satisfies the sine-Gordon equation, that is
@xT = Ssing.

Lax pair Equation (3) admits the Lax representation

0 1 + iv/6uy
q>x - . (I>,
(-m — in/6uy) 0 )

& — iv/6u/2 —ﬁ+3u2+3«/6iu2ux
"L A3u? + 3610 uy) —in/6u/2

2.3 Equation (4)

The Eq. (4) does not appear to have been considered before in the literature.

Higher symmetry The first higher symmetry of the Eq. (4) is

¥
= o — 30 = + 160 2 -
(I + 6uz,)3 (1 + 6uzy)3 (I + 6uzy)3

Usx U3x U4y

Uz

(18)

(19)

) ®. (20

21

2
Hamiltonian structure and recursion operator Let w = (6uz, + 1)73. Then the

symmetry (21) becomes

5
Wy = w5w5x + 5w4wxw4x + §w4w2xw3x + Tw3wxw3x = —2H8ww_l, (22)
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where
5.9 3 3.2 3
H=w2Diw2D,w?D;w?

is a Hamiltonian operator. In terms of the quantity w, its symplectic operator 7 has the
same form as that for (2), being given by (13). Thus, the recursion operator R = H.J
generates the symmetries for (4) and

Jwr =8 [ —wiw3 —i—lwzw% —lwwzw% - wj .
6 T4 48w

Reciprocal transformation After rescaling u and taking + — —¢, the x derivative of
Eq. (4) can be rewritten in the form

3 2
mt+umx+§uxm=0, m=§+uxx» (23)
which is a degenerate form of the b-family of peakon equations (9), with b = 3/2.
The quantity m2/3 is a conserved density, and the conservation law

pi+(pu)y =0, p=m?>3

can be used to define the reciprocal transformation
dX = pdx — pudt, dT =dzt.

Hence, (23) leads to the equations

(p")T =ux, pl= % +p(pux)X = % +p (p (p")T)X,

and the latter can be rewritten as

2
(log p)x7 + p'/* — gp—l =0, (24)

which is equivalent to the Tzitzeica equation.
Lax pair Starting from a 3 x 3 Lax representation for the Tzitzeica equation, it is
straightforward to obtain the following Lax representation for (23):

0 ixm O —_%ux —iAum %)»_1
e, = 0 0 ixm|® &=|Li" 0 —ium|® (25
—-2..0 0 a5 Lu,

@ Springer



Generalizations of the short pulse equation

2.4 Equation (5)
To the best of our knowledge, the Eq. (5) has not been studied before.

Higher symmetry The first higher symmetry of the Eq. (5) is

10 5 13 8 +40 16 11
(1= 2u) 3 (1 4 4uy)3 (1= 2uy) 3 (1 +4uy)s (1= 2u,) 3 (1 +4uy) s

MT:( i o B = D, (1= 6uy + 243, ) .
X

Hamiltonian structure and recursion operator The above symmetry takes the form
1
Uy = gH(Sup, where H = Dy(1 — 2uy) "' De(1 — 2uy) "' Dy
is a Hamiltonian operator, and p is given by
p=(1=2u)* (1 +4u)'”. (26)

The symmetry hierarchy of (5) can be generated by the recursion operator R = H.7,
where J is a symplectic operator given by

J =Dy (fDx+Duf +D; h+hD;'g) D,

with
; 1 8uy
- ;8= ;
2(1 — 2uy)2(1 + 4duy)? (1 —2ux)%(1 +4ux)%
. U3y N 2(10u, — 1)

(= 2u) (0 +4u)5  (1—2u) 5 (1+4u) s

Indeed, we have

Juq

=94 B 2 T
“(uy + DB = 2u,)163 \ 2 *3 (4uy + D) Quy — 1)
(360u2 — 62uy + 17)u3 u3,
iy + 1)?Quy — 1)
704 (12960ut — 4032u3 + 2340u2 — 324u, + 31)ul,
15 (4uy + D*Quy — 14 '

1 (uix 2 (60u, — Tul,

Reciprocal transformation The quantity p in (26) is a conserved density for (5), with
the conservation law

P = —4W?p)s, 27)
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leading to the reciprocal transformation
dX = pdx —4u’pdr, dT =dr. (28)

Under the latter change of independent variables, the conservation law (27) is trans-
formed to the system

B (1 =2W)2(1 +4W)
("), = 4w, : =1 W=pux., (9
T p
while the Eq. (5) becomes
2
up
Wr =—, (30)
1

where from the second equation in (29), it is consistent to introduce the quantity v
such that

1—-2w 1 14+4wW
Y= . o5 = . (€29)
p 4 p

Then by (29) and (30) it follows that

(log¥)1 = —2u,

and by taking the X derivative of the latter, using ux = W/ p, and taking the difference
of the two equations in (31), an equation for v alone results, namely

Gogvyxr =5 (v v 7). (32)

which is a form of the Tzitzeica equation.
Lax pair The Eq. (5) has the 3 x 3 Lax representation

0 1—2u, O

&, = 0 0 1+4u, | @,
Al =2uy) O 0
0 (1 —2uy) A7)
o, = 1 2u —4u%(1 + 4duy) | @. (33)

3
—4ku2(1 — 2uy) % —2u

It is interesting to apply the reciprocal transformation (28) to the Lax pair. Upon
making this change of independent variables, (33) becomes

@ Springer



Generalizations of the short pulse equation

0 pl=2ux 0 00 %
by = 0 0 pl4dux|® =12« 0 | @
ApT'=2ux) 0 0 0%+ —2u
(34)
The compatibility of the linear system (34) gives
u
(r7"), =40dx.  wxr === () =0, (35)
T p X

where the second equation above arises as a differential consequence of the system
(29), and can be integrated to yield the more general equation

(1 =2W)2(1 +4W)
p3

=14 F(X), W = puy,

where F is an arbitrary function. However, upon making a point transformation in X,
so that

X=GX), uXT)=iaXT), pX T =GX'pX,T),

the function F can be removed by choosing G(X) = f(l + F(X)'3ax.

The system (29) corresponds to a negative flow in the Sawada-Kotera hierarchy. To
see this, it is convenient to use the quantity ¥, as defined in (31), and then ¢, the first
component of the vector @, satisfies the scalar Lax pair

1
bxxx+Vex=re. o1 =317 (Voxx - vxéx), (36)

where

_¥xx

V =
v

If V is not specified a priori, then the compatibility conditions for the scalar linear
system are

Vr=—vx, Yxx+Vv¥v=k  kx=0, (37

and, up sending to T — —T', (36) is equivalent to the Lax pair found for the recipro-
cally transformed Vakhnenko equation in [32] (see [18] for more details). In the case
at hand, we have k = 0, and substituting for V in terms of ¢ in the first equation of
(37) and integrating produces

F(T
e <(log Wxr — %) - ¥

@ Springer
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where F is an arbitrary function; after sending ¢ — F(T)'/3 ¢ and making a point

transformation in 7', this becomes the Tzitzeica equation in the form (32).

2.5 The Hunter—Saxton equation

In addition to the short-wave limit which takes the Camassa—Holm equation [i.e., (9)
with b = 2] to the Eq. (6), a further limit can be applied to remove the linear dispersion
term. Taking the limit

1

X — €x, t —> —et, u—>§u, e—=>0

produces the equation

(y + uity), = %ui; (38)
a similar limit can be applied to remove the linear dispersion from other equations of
the form (1). The Eq. (38) was derived by Hunter and Saxton as an asymptotic model
of liquid crystals [17]. The x derivative of the Hunter—Saxton equation corresponds to
geodesic flow on an infinite-dimensional homogeneous space with constant positive
curvature (see [21] and references).

Higher symmetry The first higher symmetry of the Eq. (6) is

U3sx

(4t

Ur

Hamiltonian structure and recursion operator Notice that
1
Dyu, = _4_18” 1+ 4us,.

Thus, D, is a symplectic operator. The symmetries of (6) can be generated by a
recursion operator

1 1
R:HDx:(—Dx—f-D

- —8u; D 'u, | D,. 39
1+ 4uy, Tt dug, T u) ) &

The operators H and Dx_1 form a compatible Hamiltonian pair, which is a particular
case of case V in Theorem 4 in [33].

Reciprocal transformation Considered as a short-wave limit of the Camassa—Holm
equation, the x derivative of (6) can be written in the form

my = 2um, + 4du,m, m=14+4u,,,

@ Springer
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giving the conservation law
pe=2@p)x, p’=m. (40)
Then introducing X, T according to
dX = pdx 4+ 2updt, dT = dt,

and setting W = u,, leads to the three equations
Wr =u+ W2, (p_1>T+2ux=O, P2 =1+4pWy, 41)

where the first equation, for Wy, comes from (6), the second equation from (40), and
the third from the definition of p in terms of m. Now from the second equation in
(41) and the definition of W it follows that (log p)7 = 2pux = 2W, so that upon
differentiating the latter with respect to X and using the third equation to eliminate
Wy, an equation for p alone results, namely

(log p)xr = %(p - p_l).

Thus, by setting p = ¢'%, this yields the sine-Gordon equation in the form g x7 = sin ¢.
Lax pair A Lax pair for the Hunter—Saxton equation in the form (38) was found in
[20]. For Eq. (6), with the inclusion of linear dispersion, a Lax representation is

(0 1+ duy,
‘I’X—<—)\ 0 )‘I”

1
® = <1 a _HJFZ”JFS“““) ®. (42)

7 — 2Au —Uy

2.6 The single-cycle pulse equation

The Eq. (7) was obtained recently by Sakovich [28] as a reduction of a coupled
integrable short pulse system due to Feng [11]. Sakovich showed that the envelope
soliton solution of (7) can only be as short as one cycle of its carrier frequency, and
hence called it the single-cycle pulse equation.

Higher symmetry The first higher symmetry of the Eq. (7) is

2
U3y Uxu
Uy = -3 2x

(1+12)° (1 +u2)*
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Hamiltonian structure and recursion operator Notice that

1 u?
Dyt = =8, —2 .
2" (1+ u%)3

Thus Dy is a symplectic operator. The symmetries of (7) can be generated by a recur-
sion operator

1 1

R=HD,=|—— D.+D,——
) ((1+u§)2 T 1+ k2)?

—4u, D uy — 4uth_lux> D.

The operators H and D ! form a compatible Hamiltonian pair, which is a particular
case of case IV in Theorem 4 in [33].
Reciprocal transformation From the conservation law

pe = (uzp)x, p=1+u;.
the reciprocal transformation
dX = pdx +u’pds, dT =dr (43)
yields the equations
(r71), + (), =0, p=1+p} (44)

To see how the latter system is related to the sine-Gordon equation, it is most convenient
to consider the Lax pair

—iA 1 0 B!
q”“(—x iA) e, ‘I’T—<_§ 0 ><I> (45)
where
-1 1 (pux +i — 1 (pux—i
A=uyxx+p pxux, B=—-|——]|, B=—-|—"—).
4 \ pux —1i 4 \ puyx +1i

The compatibility conditions for this Lax pair mean that it is consistent to set

1 1., — 1 .
A=——0x, B=-¢?, B=-¢7,
2 4 4

where ¥ satisfies

Ox7 +sint = 0.
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Generalizations of the short pulse equation

The solution of (44) is given in terms of the variable ¥ by

1
u=--0r, p= sec?(%/2).

Lax pair Using the inverse of the reciprocal transformation (43) to rewrite the Lax
pair (45) in terms of the original independent variables x, ¢ gives a Lax representation
for Eq. (7), namely

iuyy 2
b — T 1 + Ux iy
x = 2 1y x ’
Al 4 u?) e

1+u%
__iuzuxx (uy+i) + 2(1 + 2)
P, = 1+M§ Ar(uy—1) u U b} 46
r _ (ux—i) )ul/l2(1 + Ll2) iuquX : ( )
A(ux+i) x 14uZ

2.7 Equation (8)
As noted in the remark above, the Eq. (8) combines the nonlinear terms from (6) and

(7), but cannot be directly reduced to either equation.
Higher symmetry The first higher symmetry of the Eq. (8) is

use+ 3L (14 Bu2) etz + £ (1 4+ pu2)’ u,

Ur =

((l + ,Bu)%)2 + 4otu2x)%

This reduces to the first higher symmetry of (6) when 8 = 0 and o = 1, but does not
behave well in the limit @ — O.
Hamiltonian structure and recursion operator Similarly, to the previous case, we have

1

1 5 2 2
Dytr = =255, (1 +,8ux) + Aoy,

A recursion operator is given by

1 1
= 2 Dy + Dy 2
(1+ Bu2)” + dauz, (14 Bu2)” + daus,
2 2
—8a2u1D;1u, + izuxDx_lux> D,.
o

Notice that when § = 0 and « = 1, it leads to the recursion operator (39).

Reciprocal transformation In this subsection, we will make use of the higher symmetry
above to show that the Eq. (8) has a reciprocal link to an equation of third order, given
by (56) below, which is a symmetry of the Calogero—Degasperis—Fokas equation.
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For our purposes, it will be necessary to consider a solution ¥ = u(x, ¢, 7), which

depends on the time 7 of the higher flow, in addition to x, #. Our ultimate goal will be

to show that, by means of a further change of dependent and independent variables,

the third-order equation we obtain can itself be reduced to the sine-Gordon equation.
The Eq. (8) can be rewritten as

1
Uyt =u+vuxx+§vxux, v =2au+ﬁu2, “n

which leads to an equation with a form analogous to the Camassa—Holm equation [3],
namely

m; = vmy + 2v,m,
where
5\2

m = (1 + ﬂux) + 4oy, (48)
and this gives the conservation law

pi=@p), p=m'? (49)
Upon introducing the reciprocal transformation

dX = pdx + pvds, dT = ds,

the above relations between u and p are transformed to

2
(lf])T +2(@+Buyux =0, p*= (1 + ﬁpzui-) +4dap(pux)x. (50)

In order to identify this symmetry in terms of known integrable equations of third
order, we take u = u(x, t, t) and extend the above reciprocal transformation to include
this additional flow. First of all, note that

Ug

1 (&_'_ﬂuxP

- ) P:1 27
200 \ p? ozp) +pu

which allows us to write
dX = pdx + pvdt + F dr, dT = dt, dS =dr,

where

po e300 ﬁ(_Pz).

pPo2pt 42U p?
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By applying the above reciprocal transformation to the symmetry, we consider the
ratio p = p/ P, and then set

_ P _
p= p ¢
to find the equation
1 5 3B .2
l?s = ﬂXXX + Eﬁx — ﬁ l?x sin 19, (51)

which is a form of the Calogero—-Degasperis—Fokas equation (see [4,14,16]). The Eq.
(51) is related via the Miura transformation

y:—i———(p—p*‘)=0x—i*/—3sin0 (52)
to the modified KdV (mKdV) equation in the form

3
ys = yxxx + Eyzyx' (53)

Thus we see that under a reciprocal transformation, the Eq. (8) corresponds to a
symmetry of the mKdV equation.

The calculations involving the reciprocal transformation are most conveniently
carried out by introducing the variable W = u,, so that (8) becomes

Wr =uP +aW?,  with W=puyx, P=1+BW?,
and the second equation in (50) gives

2 2 :
s W
S St SRR (54)

W
X 4ap P 20

Then, for p = p/P, we find

Gogpyr =22V L W _1, (55)
OEAIT =" P 2l

Upon computing the X derivative of both sides, this yields
1 —1 1 -1
(logp)x7 + E(p - p ) = F(P —p )

or equivalently

2 Uxr
Z 1,
P sin ¥ +
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which indicates that the symmetry of the Calogero—Degasperis—Fokas equation corre-
sponding to (8) is not the sine-Gordon equation, but something of higher order. Indeed,
differentiating the above equation with respect to X and using Px = 28W Wy together
with (54) and (55) leads to the third-order equation

D
( .XT) +£2(cosﬁ) —0. (56)
sin? )y« T
In terms of these transformed coordinates, the Lax pair for the T flow takes the form
b 0nar!
— 2 _ n
‘I’X—<_ _%y><1’, ‘PT—({ 0 )‘P, (57

where y is given by (52) and

i0 0 :
p— (ﬂ ﬁer), {=—2yr —n. (58)

4 \sin6 20
With the introduction of the KdV potential

V=—gyx+ 5%

59
2 4 (59)
this corresponds to the negative KdV flow (see [18]) given by

Vr =2nx, nxxx +4Vnx +2Vxn =0, (60)

but not the general solution of this. Indeed, integration of the second equation in (60)
gives

_l 2 2
nnxx 2r;X+2Vn = F(T),

[a form of the Ermakov—Pinney equation, cf. equation (4) in [5]] but from the expres-
sion (58) and (56) it follows that

2
F(T)=0, y=—ilogn)x, v:_’W_XWL”_XZ,
2n o 4n

in accordance with the compatibility of the linear system (57). Substituting the latter
expression for V in terms of 7 into the first equation in (60) yields an equation of third
order for n, which integrates to yield

n(og nxr + 210> = 2G(T),

and, after rescaling n — +/G(T) n and redefining T so that 07 — +/G(T) dr, we see
that ¢ = ilog n satisfies the sine-Gordon equation in the form ¢px7 + 4 sing = 0.
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Lax pair In order to obtain a Lax pair for the Eq. (8), it is sufficient to rewrite (57) in
terms of the original independent variables x, r. However, due to the dependence on
p, this does not directly produce matrices which are rational functions of the original
field u and its derivatives. To obtain a rational Lax pair, it is convenient to put (57)
into scalar form and carry out a gauge transformation, which leads to the scalar linear
system

foo o fE
wxx“l‘(m)h‘i‘T_zF) ¥ =0,

- ! ! fx 61
1/ft—<v—m>1/fx—<ivx+4f—3k)1/h (61)

where m is given in (48), v is as in (47), and

f=1+i/Bus.

The scalar system (61) can readily be put into matrix form if desired.

3 Conclusions

The list of integrable generalized short pulse equations appears to contain three new
equations, namely (4), (5), and also (8), which combines the nonlinear terms of the
Hunter—Saxton equation and the single-cycle pulse equation. All of the equations
considered here are related by a reciprocal transformation to either the sine-Gordon
equation or the Tzitzeica equation. However, although Egs. (2), (4) and (5) are all
related to the Tzitzeica equation, by comparing the expression for the differential
dX = pdx +--- ineach case, it is apparent that there are no direct links of Béacklund
type between these three equations, without changing the independent variable x via
a hodograph-type transformation; the same remark applies to the Egs. (3), (6) and (7).
In the case of Eq. (8), the link to the sine-Gordon equation is rather indirect, and the
equation that arises directly is the symmetry (56) of the Calogero—Degasperis—Fokas
equation, which does not seem to have been considered before. These reciprocal links
should be examined further, in order to derive explicit solutions of the new equations
in parametric form. Since the reciprocal transformation is only defined for sufficiently
smooth solutions, it is worth investigating situations where it breaks down: these
equations may admit interesting weak solutions, e.g., distributions with non-empty
singular support, as is the case for the b-family (9) mentioned above.

Acknowledgements ANWH is supported by Fellowship EP/M004333/1 and JPW is partially supported
by EP/P012698/1 from the Engineering and Physical Sciences Research Council (EPSRC). We are grateful
to the referees for their comments on the original version of the article.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if changes were made.

@ Springer


http://creativecommons.org/licenses/by/4.0/

A.N. W. Hone et al.

References

10.

11.
12.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.
25.

26.

27.

28.

. Beals, R., Rabelo, M., Tenenblat, K.: Bicklund transformations and inverse scattering solutions for

some pseudospherical surface equations. Stud. Appl. Math. 81, 125-151 (1989)

. Brunelli, J.C.: The bi-Hamiltonian structure of the short pulse equation. Phys. Lett. A 353, 475-478

(2006)

. Camassa, R., Holm, D.D.: An integrable shallow water equation with peaked solitons. Phys. Rev. Lett.

71, 1661-1664 (1993)

. Calogero, F., Degasperis, A.: Reduction technique for matrix nonlinear evolution equations solvable

by the spectral transform. J. Math. Phys. 22, 23-31 (1981)

. Common, A K., Musette, M.: Two discretisations of the Ermakov—Pinney equation. Phys. Lett. A 235,

574-580 (1997)

. Constantin, A., Lannes, D.: The hydrodynamical relevance of the Camassa—Holm and Degasperis—

Procesi equations. Arch. Ration. Mech. Anal. 192, 165-186 (2009)

. Degasperis, A., Procesi, M.: Asymptotic integrability. In: Degasperis, A., Gaeta, G. (eds.) Symmetry

and Perturbation Theory, pp. 23-37. World Scientific, Singapore (1999)

. Degasperis, A., Holm, D.D., Hone, A.N.W.: A new integrable equation with peakon solutions. Theor.

Math. Phys. 133, 1463-1474 (2002)

. Degasperis, A., Holm, D.D., Hone, A.N.W.: Integrable and non-integrable equations with peakons. In:

Ablowitz, M.J., Boiti, M., Pempinelli, F., Prinari, B. (eds.) Nonlinear Physics: Theory and Experiment.
II, pp. 37-43. World Scientific, Singapore (2003)

Dullin, H.R., Gottwald, G.A., Holm, D.D.: Camassa—Holm, Korteweg—de Vries-5 and other asymp-
totically equivalent equations for shallow water waves. Fluid Dyn. Res. 33, 73-95 (2003)

Feng, B.F.: An integrable coupled short pulse equation. J. Phys. A Math. Theor. 45, 085202 (2012)
Feng, B.F., Maruno, K., Ohta, Y.: On the t-functions of the reduced Ostrovsky equation and the Agz)
two-dimensional Toda system. J. Phys. A Math. Theor. 45, 355203 (2012)

. Feng, B.F.,, Maruno, K., Ohta, Y.: Integrable semi-discretizations of the reduced Ostrovsky equation.

J. Phys. A Math. Theor. 48, 135203 (2015)

Fokas, A.S.: A symmetry approach to exactly solvable evolution equations. J. Math. Phys. 21, 1318—
1325 (1980)

Harvey, C.N., Gonoskov, A., Ilderton, A., Marklund, M.: Quantum quenching of radiation losses in
short laser pulses. Phys. Rev. Lett. 118, 105004 (2017)

Hlavaty, L.: Painlevé analysis of the Calogero—Degasperis—Fokas equation. Phys. Lett. A 113, 177-178
(1985)

Holm, D.D., Staley, M.: Nonlinear balance and exchange of stability in dynamics of solitons, peakons,
ramps/cliffs and leftons in a 1 4+ 1 nonlinear evolutionary PDE. Phys. Lett. A 308, 437-444 (2003)
Hone, A.N.W., Wang, J.P.: Prolongation algebras and Hamiltonian operators for peakon equations.
Inverse Probl. 19, 129-145 (2003)

Hunter, J.K., Saxton, R.: Dynamics of director fields. SIAM J. Appl. Math. 51, 1498-1521 (1991)
Hunter, J.K., Zheng, Y.: On a completely integrable nonlinear hyperbolic variational equation. Physica
D 79, 361-386 (1994)

Lenells, J.: The Hunter—Saxton equation describes the geodesic flow on a sphere. J. Geom. Phys. 57,
2049-2064 (2007)

Mikhailov, A.V., Novikov, V.S.: Perturbative symmetry approach. J. Phys. A Math. Gen. 35, 4775-4790
(2002)

Morrison, A.J., Parkes, E.J., Vakhnenko, V.O.: The N loop soliton solution of the Vakhnenko equation.
Nonlinearity 12, 1427-1437 (1999)

Ostrovsky, L.A.: Nonlinear internal waves in a rotating ocean. Oceanology 18, 119-125 (1978)
Pelinovsky, D., Schneider, G.: Rigorous justification of the short-pulse equation. Nonlinear Differ.
Equ. Appl. 20, 1277-1294 (2013)

Rabelo, M.L.: On equations which describe pseudospherical surfaces. Stud. Appl. Math. 81, 221-248
(1989)

Sakovich, A., Sakovich, S.: The short pulse equation is integrable. J. Phys. Soc. Jpn. 74, 239-241
(2005)

Sakovich, S.: Transformation and integrability of a generalized short pulse equation. Commun. Non-
linear Sci. Numer. Simul. 39, 21-28 (2016)

@ Springer



Generalizations of the short pulse equation

29.

30.
31.

32.

33.

Schifer, T., Wayne, C.E.: Propagation of ultra-short optical pulses in cubic nonlinear media. Physica
D 196, 90-105 (2004)

Vakhnenko, V.O.: Solitons in a nonlinear model medium. J. Phys. A Math. Gen. 25, 41814187 (1992)
Vakhnenko, V.O., Parkes, E.J.: The two loop soliton solution of the Vakhnenko equation. Nonlinearity
11, 1457-1464 (1998)

Vakhnenko, V.O., Parkes, E.J.: The calculation of multi-soliton solutions of the Vakhnenko equation
by the inverse scattering method. Chaos Solitons Fractals 13, 1819-1826 (2002)

Wang, J.P.: The Hunter-Saxton equation: remarkable structures of symmetries and conserved densities.
Nonlinearity 23, 20092028 (2010)

@ Springer



	Generalizations of the short pulse equation
	Abstract
	1 Introduction
	2 Properties of the generalized short pulse equations
	2.1 Vakhnenko's equation
	2.2 The short pulse equation
	2.3 Equation (4)
	2.4 Equation (5)
	2.5 The Hunter–Saxton equation
	2.6 The single-cycle pulse equation 
	2.7 Equation (8)

	3 Conclusions
	Acknowledgements
	References


