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Abstract

In this paper, we propose integrable semi-discrete and full-discrete analogues
of the short pulse (SP) equation. The key construction is the bilinear form
and determinant structure of solutions of the SP equation. We also give
the determinant formulas of N-soliton solutions of the semi-discrete and full-
discrete analogues of the SP equations, from which the multi-loop and multi-
breather solutions can be generated. In the continuous limit, the full-discrete SP
equation converges to the semi-discrete SP equation, and then to the continuous
SP equation. Based on the semi-discrete SP equation, an integrable numerical
scheme, i.e. a self-adaptive moving mesh scheme, is proposed and used for the
numerical computation of the short pulse equation.

PACS numbers: 02.30.1k, 05.45.Yv, 42.65.Tg, 42.81.Dp

1. Introduction

Most recently, the short pulse (SP) equation
Uyt = u+é(u3)xx (11)

was derived as a model equation for the propagation of ultra-short optical pulses in nonlinear
media [1, 2]. Here, u = u(x,t) represents the magnitude of the electric field, and the
subscripts ¢ and x denote partial differentiation. Apart from the context of nonlinear optics,
the SP equation has also been derived as an integrable differential equation associated with
pseudospherical surfaces [3]. The SP equation has been shown to be completely integrable
[3-7]. The loop soliton solutions as well as smooth soliton solutions of the SP equation were
found in [8-10]. The connection between the SP equation and the sine-Gordon equation
through the hodograph transformation was clarified in [11], and then the N-soliton solutions,
including multi-loop and multi-breather soliton solutions, were given by using the Hirota
bilinear method.

Integrable discretizations of soliton equations have received considerable attention
recently [12—-15]. In our recent work, we proposed an integrable semi-discrete analogue
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of the Camassa—Holm (CH) equation and applied it as a numerical scheme, i.e. a self-adaptive
moving mesh scheme [16, 17]. The key discretization is an introduction of an non-uniform
mesh, which plays a role of the hodograph transformation as in the continuous case.

In this paper, we attempt to construct integrable semi-discrete and full-discretizations of
the SP equation by the same approach used in the CH equation. We also attempt to use the
semi-discrete analogue of the SP equation as a self-adaptive moving mesh scheme to perform
numerical simulations.

The rest of the present communication is organized as follows. In section 2, we review
the bilinear equations and determinant solutions of the SP equation. In section 3, we propose
an integrable semi-discrete analogue of the SP equation, whose N-soliton solutions are also
constructed in terms of determinant form. By using the semi-discrete analogue of the SP
equation as a self-adaptive moving mesh scheme, the numerical results for one- and two-loop
soliton solutions are also presented. In section 4, the full-discrete analogue of the SP equation
is proposed. The communication is concluded by section 5.

2. Bilinear equations and determinant solutions of the short pulse equation

In this section, the results in [11], regarding the bilinear equations and the solutions of the SP
equation, will be briefly reviewed.
First, by introducing the new dependent variable

rt=1+u?, (2.1
the SP equation is rewritten as

o= (su’r), . (2.2)
Introducing the hodograph transformation

dy = rdx + Lu’rdr, ds = dr, (2.3)
ie.

1, o ad d a

— = —ur—+—, — =r—,

ar 2 dy 0§ ox dy
we obtain

ry = rluuy, 24
where

2

rr=1 +r2u\,.

Equation (2.4) can also be cast into a form of

1 _ 1 2
() (),

Introducing new variables
1

r= s u = ¢y, (2.6)
equation (2.5) leads to the sine-Gordon equation
¢ys = sing. 2.7)
Moreover, as is shown in [18, 22], upon the dependent variable transformation
¢(y,s) =2iln m,
F(y,s)
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the sine-Gordon equation (2.7) leads to the following bilinear equations:
FFy — FF, = Y(F? — ), (2.8)

F*F} — FJF; = YJ(F? — F?%), 2.9)

where F* is the complex conjugate of F. Henceforth, the solutions of the SP equation are
obtained by F and F* through the dependent variable transformation
ad F*(y,s) )

ad .
u(y,s) = a‘ﬁ(y,s) = 3s <2llnm

In what follows, we will show that the bilinear equations (2.8) and (2.9) are actually
obtained as the 2-reduction of the two-dimensional Toda lattice (2DTL) equations [19-22]:

(2.10)

3Dy D5ty - T = T = T i, (2.11)

i.e.,

82Tn 81'” 31:,,
W3vas Ty gs = T BTl 212

where D, is the Hirota D-operator which is defined as

o NE a\"
g = <£ - @) g y=x-

Applying the 2-reduction 7,_; = o~ '7,,1 (a is a constant), we obtain
3%t, 0T, 0T, 2 5
Ty——— — =1, — 17,
"ayas oy as "

where the gauge transformation 7, — a1, is used. Letting f = 19 and f = 71, we have

(2.13)

fvs—frfs= 1= T (2.14)

ffys—fo5=f2—f2- (2.15)
Under the independent variable transformation y = 2Y, s = 25, we obtain

fhe = Kb =502 = 7, (2.16)

Flw—FFs =37 =1, 2.17)

which are bilinear equations of the SP equation.
Next, we give the Casorati determinant (N-soliton) solution of the SP equation. It is
known that the Casorati determinant solution of the 2DTL equation is of the form [21, 22]

w (. 8) = [y X9 i cws (2.18)
where wi(") (Y, S) satisfies linear dispersion relations
8 wi(”) . 8 wi(”) e
T Tl (A 219
For example, a particular choice of wi(") ,S)
Y, $) = cipp e T g g g e (2.20)
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with ¢; ; and ¢;  being constants, satisfies the linear dispersion relations and gives the N-soliton
solutions.

Applying the 2-reduction g; = — p; and the change of variables y = 2Y and s = 2§, we
obtain the determinant solution of bilinear equations (2.16) and (2.17):

f(y’S)ZT()(y,S)» ]?()’»S)Zfl(}’vs),

: 2.21
(v, 5) = [¥" (5, 5) 22D

I<i,j<N?

where
R X J R /
Y (v, 8) = ciapl 2P EIT qgy o (—py)t e 2P T I (2.22)

Since u is real and the dependent variable transformation of # includes the imaginary
number, we must consider the reality condition of u. Let us introduce o and 8 such that
F*=af and F = Bf, where F and F* are complex conjugate of each other. Note that F and
F* also satisfy the bilinear equations (2.16) and (2.17) because of

8(. F*) 8(.af) 8(. f .a) 8(. f)
u=—|2iln— )= —|(2iln— )= —(2iln=+2iln—- | = — (2iln= ). (2.23)
ds F ds Bf ds f B ds f

Thus, a set of F and F* gives solutions of the SP equation as well as a set of f and f. By
choosing phase constants appropriately, the functions f and f can be made to be complex
conjugate of each other to keep the reality and regularity of u. For example, the following
choice:

1yl smo—i S S T
wi(n) — pln ezply+2”/ s+no;i —imw /4 + (_pi)n e 2Py 3y, s+ng;+im /4 (224)
guarantees the reality and regularity of the solution.

Summarizing the above results, the determinant (N-soliton) solution of the SP equation is
given by

_ 0 (o fO.9)
u(y.s) = - <211n f(yJ)), (2.25)
x=y=2(nff), r=s,

f(y7s):t0(yvs)9 f(y’s):ﬁ(y»s),

j—1
Tn(yvs): iwi(n-'ﬂ )(yvs)|1<i!j<1vv
where

Ly =L sy —i I S
Iﬁi(n) = p! e2 iyt oy sHi—in/4 (—pi))ie 2P S+ HT /4

3. An integrable semi-discretization of the short pulse equation and numerical
computations

Based on the above fact, we construct the integrable spatial-discretization of the SP equation.
Consider the following Casorati determinant:

Tk, ) = [y 7V, )| o ey 3.1)

where wi(") satisfies the dispersion relations

Akwi(n) — wi(n+l)7 (32)
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o5y =y (3.3)

Here Ay is the backward difference operator with the spacing constant a:

ky— fk—1
pupty = LO=SED),

Particularly, one can choose
1

he ] 1
Uk, ) = ciapl (1 —ap) ™ e 4 cingl (1 —ag)Fen ", (3.4

which automatically satisfies the dispersion relations (3.2) and (3.3). The above Casorati
determinant satisfies the bilinear form of the semi-discrete 2DTL equation (the Backlund
transformation of the bilinear equation of 2DTL equation) [22, 23]

1
<—DS — l) Tk +1) - 7, (k) + Tpr1 (k + D7,y (k) = 0. (3.5)
a
Applying the 2-reduction

qi = —PDi>
and letting

N
e =10k, fi=uk = (1"[ p?) w1 k),

i=l1

we obtain
1 _
;Dsfk“ “fi = et fio + frar fi =0, (3.6)
1 _ _ _
EDsfkn “fr— frr1fe+ finn fe =0, 3.7

where the gauge transformation 7, — (]_LN= | p,-)"t” is used. Note that f; and f; can be made
complex conjugate of each other by choosing the phase constants properly. Under the change
of independent variable s = 2.5, equation (3.5) implies the following two bilinear equations:

2 _
;Dsfkﬂ S = frrrfi + fran fie =0, (3.8

2 - S
ZDs i fie= Jrnfut Jinr fie =0, (3.9

which can be readily shown to be equivalent to

B (% <ln fk+1> _ 1) _ fk+1fk7 (3.10)
a fi /s S fr

- (3 (ln f’.‘“) - 1) _ e fi (3.11)
a fx /s fre1 fu

where the subscript ‘s’ denotes the derivative with respect to the continuous variable ‘s’.
Subtracting the above two equations, one obtains

2 ((ln f1_<+1> B <ln fk+l> ) _ frnifi St fi . (3.12)
a fr /g fe /s Jertfe  frafr
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Introducing the dependent variable transformation ¢ (s) = 2iln (;féz))

i(d¢k+l B Chﬂ) — sin <¢k+1 +¢k> (3.13)
2a\ ds ds ) 2 ' '

), one arrives at

which is nothing but an integrable semi-discretization of the sine-Gordon equation. Note that
this is also known as the Bicklund transformation of the sine-Gordon equation [24, 25].
It is obvious that, from the semi-discrete sine-Gordon equation (3.13), the equation

R (CORES
2 s 4a ds ds

is implied. By introducing the variable transformations

d d f +
= 3 _ 4 (0 TKO ) 5 = acos [ oY (3.15)
ds ds fr(s) 2
it then follows that
o wpn —up (3.16)
ds 4
which is the first equation of a semi-discrete analogue of the SP equation.
From the facts
+ +
cos? (P F O | 2 (P Ok _ (3.17)
2 2
+ J—
sin Prr1 + G _ Uk Mk’ (3.18)
2 2a
and
1 ) +
~ =% _ o <M) (3.19)
Tk a 2
it follows that
8 (i —up)® |
a? 4q? o
i.e.
32
82 =a>— (i1 = )™ (3.20)

4 9
which becomes another equation of a semi-discrete analogue of the SP equation.

Summarizing the above results, we obtained an integrable semi-discrete analogue of the
SP equation

(g1 — u)* = 4(a* = 87), (3.21)
8 |y —ui (3.22)
ds 4

where the x-coordinate of the k-th lattice point is given by X, = X, + 25:0] 8 =
ka — %(ln fxfr). From the construction, the semi-discrete analogue of the SP equation

6
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has the following Casorati determinant solution:

uk(s)=i<2ilnﬁ), 5k=‘—l<M+M>,
ds Ji 2\ firrfe  freifr

d -
Xy = ka — a(lnfkfk)7 (3.23)
Je(s) = wo(k, s), fi(s) =k, s),
(n+j—1)

k. s) = ;" k)| o e
with
Yk, ) = p (L= apy) ™ e Ty ()L apy)THe I
where the phase constants £im/4 play the role of keeping the reality and regularity of the
solution.

Note that @* must be always greater than or equal to 87 because (g1 — ux)* > 0. This
can be easily verified by

(¢k+1 + ¢k>
acos | ——=~
2

The mesh size of self-adaptive mesh |§| is always chosen as less than |a|.
We can rewrite the semi-discrete SP equation in an alternative form which converges to
the SP equation in the continuous limit §; — 0. Multiplying equation (3.22) by 2§;, we have

|8¢] = < lal. (3.24)

dﬁlf ui —u?
—k = g Rk 3.25
s - (3.25)
A substitution of 8,% from equation (3.21) into equation (3.25) leads to
d _
Qe — ) _ Sr(ps1 + ug). (3.26)
ds
Since
d (g — g _ 1 duper —up) — urn z_uk @ (3.27)
ds Sk Sk ds 8 ds
it follows that
d (g — ug e 4w o et U (Ui — U 2 (3.28)
ds 8k Tk k 4 8k ’ '

by using equations (3.26) and (3.22). Equation (3.28) gives another form of the semi-discrete
SP equation. In the continuous limit a — 0 (§; — 0), we have

Uyl — Ug du Ujyl + Uy
_— = —, —_— —u,
Sk dx 2
k—1 k—1
X 39X, ds; 1 ) 5 1,
B o 2w = a2 (e ) = g
= j=0
X
A =0, + — Ay — 8, — —u’dy,
as

Consequently, equation (3.28) converges to
(8, — %uzax) U, =2u+ %uug(
By the scaling transformation x = 2X, one arrives at

Uy = U+ uuff + %u2uxx,
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Figure 1. Numerical solution for one-loop soliton solution with p; = 0.5 at (a) t = 0.0;

(b) t = 10.0, dot line: numerical solution; solid line: exact solution.

which turns out to be the SP equation
Uy =u+ %(“3)xx~
In a similar way employed in [16, 17], the semi-discrete analogue of the SP equation can

be used as a novel numerical scheme, i.e. the so-called self-adaptive moving mesh method,
to perform numerical computations for the SP equation. However, the first equation (3.21)
has ambiguity for determining the sign even if the non-uniform mesh §; is solved from
the second equation (3.22). To avoid this difficulty, we introduce an intermediate variable
@1 = (re1 + ¢r)/2, and employ the following scheme:

Uge1 — Ug = 2a sin(¢y),

dr  per +ug (3.29)

s 2
which can be derived from equations (3.18) and (3.15). Equations (3.29) are equivalent to the
integrable semi-discrete analogue of the SP equation, and the relation between the non-uniform
mesh §; and ¢ is 8y = a cos(¢y). Figures 1 and 2 are numerical results for one-loop and
two-loop soliton solutions, respectively. The time stepsize is Ar = 0.01, the number of grid
points is N = 200, and the value of the spacing parameter is @ = 0.5. The detailed numerical
results by using the integrable semi-discrete SP equation will be reported somewhere else.

4. Full-discretizations of the short pulse equation

To construct a full-discrete analogue of the SP equation, we introduce one more discrete
variable / which corresponds to the discrete time variable.
It is known that the T-function

kD) = [y V&, l)|1<i,j<1v’ .1
with

N7 e
¥k, 1) = ciapl (1 —api)"‘<1 —b—) e "0

i

N7 o,
+cing' (1 — aﬂ]i)k<1 - b—> ez‘l“ o,
qi
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Figure 2. Numerical solutions for the collision of two-loop soliton solution with p; = 0.5,
p2=10at(a)t =0.0;(b)t =6.0;(c)t = 8.0; (d) t =10.0; (e) t = 15.0.
satisfies bilinear equations [23]

2
<_Ds - 1) Tk + 1,0 - tu(k, 1) + Tuar (k + 1, D71 (k, 1) = 0, 4.2)
a

and

2bDy — Dty(k, L+ 1) - Tusr (k, 1) + Tk, DTas1 (k, 1+ 1) = 0. 4.3)
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Applying the 2-reduction 7,_; = (H,N:1 piz)_lrnﬂ, i.e. adding constraints ¢; = —p; to the
N-soliton solution, we obtain
2
<_Ds - 1) T k+ 1,0 -7, (k, D) + Ty (k+ 1, D700k, 1) =0 (4.4)
a
and
2bDy — D, (k, L+ 1) - T (k, D) + 1, (k, DT (k, [+ 1) =0, 4.5)

where the gauge transformation 7, — (]_[lN= . p,-)nr,, is used. Letting
Jea = 1ok, 1), Jra =D,
the bilinear equations (4.4) and (4.5) imply the following four equations:

2 _ _
(ZDs - 1) Jisri - foa + frenifra =0, (4.6)
2 _ _
(ZDs - 1) Srerg - fra+ feni fea =0, 4.7
(2bDs — 1) fruwr - fra+ fiafiier =0, (4.8)
(2bDs — 1) frie1 + fra + frafie1 =0, 4.9

which are actually equivalent to

5 o

z <ln f"“") g S 0, (4.10)

a Jia /s Sirg fra

5 _

2 <ln f/_m,l) oy e fer _ 0. @.11)

a fri /g frerifra

2b (mM) g IetSe (4.12)
ki /s Seas1 fru

2b<1nﬂ> —1+M=0, (4.13)
ki /s SFras fra

where the subscript ‘s’ denotes the derivative with respect to a continuous parameter ‘s’.
Note that f and f can be made complex conjugate of each other by choosing the phase
constants properly. By introducing

U = <Ziln @> , (4.14)
S /s
and
Xy =ka —(n fr; fir)s, (4.15)

where X ; is the x-coordinate of the kth lattice point at time /, we find the following relations:

Wor 1 — gy = ia <fk+1,1fk,1 _ S fra ) ’ 4.16)
Jerifer i fr
: _ _
Mol + g = ~ (fk,lfk,_l+] B Jik,lfk,l+]> 7 @17
b\ fipfea  frun S

10
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Freri fr N Jrrt,0 Sr )
fertifea  Frenifra)’

1 + € <fk~lfk7l+1 + fk,lfk,z+1)
b 2b \ frifra Frwifea)

a
X1 — Xpy = 5

Xigp1 — Xp1 = —

It is straightforward to derive
2 2 _ g2
(upsr — urg)” = 4(a® — &)

from equations (4.16) and (4.18), and

1 1\?
(Up st +ug)* =4 (ﬁ - <Xk,l+1 — Xp + E) )

(4.18)

(4.19)

(4.20)

4.21)

from equations (4.17) and (4.19), where 8y ; = X417 — Xr;. Equations (4.20) and (4.21) give

a full-discrete analogue of the SP equation.

Let us consider another full-discrete analogue of the SP equation. Using equations (4.16)—

(4.19), we obtain

Srafer 1 Ukl — Uk
= = | Xpe1g — Xpy —i——— ],
Jenifer  a 2
S fr 1 Ul — Uk
_— = = (Xk+1,1 — Xk,l +1—],
fivafrg a 2
S Friet I g +ugg
———=b (Xk,1+1 =X+ L i,
Srae1 fra b 2
Frafers 1 upger + Uk
=———=b (Xk,l+1 —Xii+ T HI——— .
Sfraet fea b 2
From relations (4.22)—(4.25), we have
Xirt pot — Xppan — 1750 X g4y — Xpar g + 3 — i feLid T
. — - Uy 1+
Xistg — Xy — 1950 Xirat — Xpy + 3 1780000

Equating the real part and imaginary part respectively, we have

1 Ukl j+1 — Uk i+l Uk i1 + Up
(Xia1,041 — X 141) (Xk,l+1 — Xy + 5 5 7

Uk1,1+1 T Ukl Uk+1,0 — Uk,

2 2 '

1
= <Xk+l,l+l — X100 + Z) (Xgs1, — Xip) —
1
Xijet — Xy + 5 Wrst i1 — U ge1) — Xetge1 — Xira) Wi per + g )
1
= Xis1,01 — Xig1 + 5 Wrsr, — urg) + (Xie1g — Xir) Ureti41 + Ure11)s

which can be rearranged into the following simpler form:

1
(Xia1,041 — Xir1,0 — Xige1 + Xiep) <E — Xps1 + Xk,l+1>

Ukl 0+1 T Uks1,] — Uk 41 — Uk Uk+1,0 T Uk 141
2 2 ’

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

4.27)

(4.28)

(4.29)

11
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2
(Upr1,141 — Upr1,] — Uppo1 + Ug 1) (z + Xie1, 041 — Xiw11 + Xiir1 — Xy
= (Xis1,001 + Xir10 — Xir1 — Xpr) Upa1, 041 + U1, + Ug 141 + Ugp). (4.30)

Equations (4.29) and (4.30) constitute another form of integrable full-discretization of the SP
equation. Taking the continuous limit » — 0 in time, we obtain

Xie1 — Xp)s = —-(Mk+1 — up) (Upg1 + Ug), 4.3D)
and
(g1 — ug)s = (X1 — Xi) (Upe1 +up), 4.32)

which are nothing but the semi-discrete analogue of the SP equation (3.21) and (3.22). Here
we used % — o, F asb — 0.

From the construction of the full-discrete analogue of the SP equation, the determinant
solution of the full-discrete SP equation is

ukl:1<@—&> d (21 @> (4.33)

fei  fru ds Seu
s
xkz_ka—-(%+§"’) = ka— S(n i i, (4.34)
k,l k,l
Ser =10k, D), Fra =1k, D),
8k = polk, 1), 8k1 = p1(k, 1),
vkl VG e YTV D
(n) (n+1) (n+N—1)
k,l k,l k,l
f,,(k,z>=‘/’2F R () ' ¥ ‘( ) and
Wy (k, 1) W*”(k o Yy kD
wl(”—l)(k, l) wl(’l“’])(k’ l) L. 1’01(11+N—l)(k’ l)
ook, ) = %(”‘”(kﬁ (N N ()
v “(k ) w‘“”(k [ IR A ()|
with
1 —1
00D = = ap (10 ) e
Pi

1 -l
+(=p)" (L +ap)™ (1 ¥ b_> SR
Pi

where the phase constants i /4 play the role of keeping the reality of the solution and s is an
auxiliary parameter. Note that o' can be expressed as p;' = 20,7, (k, I) because the auxiliary
parameter s works on elements of the above determinant by 209, wi(”) k, ) = I//i(n_l) (k,1). In
the lattice KAV and lattice Boussinesq equations, one of t-functions is also expressed by the
derivative of another r-function with respect to an auxiliary parameter [26, 27]. This is a
common property of discrete soliton equations which are directly connected to the Biacklund
transformations of continuous soliton equations.

12
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Let us consider equations (4.20) and (4.21) again. Rewriting equations (4.20) and (4.21),
we have

2
<—”"”JZ ”"”) +82, = a?, (4.35)
Uk g+l + Uk 2 1 2 1
(+T> + (Xk,1+1 — Xk,l + Z) = ﬁ (4.36)
These equations actually give conserved quantities because a” and 1/b> are constants.
Introducing
o Wkerg — Uk ? 2
L = — +8; 1 4.37)
U141 + Uk \2 1\’
Jey = (T) + | Xeaer — Xiy + 5) (4.38)

equations (4.35) and (4.36) imply the following conserved quantities:

1
L =a’, Jet = = (4.39)
for arbitrary integer values of k and /. Hence, we have
I ivr = Iy =0, Jerig = Jii = 0. (4.40)
A substitution of the corresponding conserved quantities leads to
WiealJ+1 + Ukl ] — Wk gel — Wil \ Wkl 141 — Uke1,] — Uk 41 + Uk ]
2 2
= = (X141 + Xirr,r — Xt — Xio) X101 — Xirr 1 — Xaer + Xi1)s (4.41)

(Mk+1,1+1 U1l F UK T Mk,l) Uj1,0+41 T Ukl — Uk 1+1 — Ukl
2 2

2
= —(Xk+1,1+1 = Xpg1+ Xie1 — Xy + Z)(an.m — X1, — Xige1 + Xi ). (4.42)

We can readily show that the difference of equations (4.42) and (4.41) gives equation (4.29),
whereas, the quotient is nothing but equation (4.30). In summary, equations (4.35) and (4.36),
which imply conserved quantities, can also be derived from the full-discrete analogue of the
SP equations (4.29) and (4.30).

5. Conclusions

In this paper, we proposed integrable semi-discrete and full-discrete analogues of the short
pulse equation. The N-soliton solutions of both the continuous and discrete SP equations
were formulated in the form of Casorati determinants, which include multi-loop soliton and
multi-breather solutions. Based on the semi-discrete SP equation, a self-adaptive moving mesh
method is proposed and used for the numerical solutions of the SP equation. The examples of
one- and two-loop soliton solutions show the potential of this novel method for the numerical
study of the short pulse equation.
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