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Abstract

Deformed sine-Gordon (DSG) models 9¢ 9, w+ +=V (w) = 0, with V (w) being the deformed potential,
are considered in the context of the Riccati-type pseudo-potential approach. A compatibility condition
of the deformed system of Riccati-type equations reproduces the equation of motion of the DSG models.
Then, we provide a pair of linear systems of equations for the DSG model and an associated infinite tower
of non-local conservation laws. Through a direct construction and supported by numerical simulations of
soliton scatterings, we show that the DSG models, which have recently been defined as quasi-integrable
in the anomalous zero-curvature approach [Ferreira-Zakrzewski, JHEP05(2011)130], possess new towers
of infinite number of quasi-conservation laws. We compute numerically the first sets of non-trivial and
independent charges (beyond energy and momentum) of the DSG model: the two third order conserved
charges and the two fifth order asymptotically conserved charges in the pseudo-potential approach, and
the first four anomalies of the new towers of charges, respectively. We consider kink-kink, kink-antikink
and breather configurations for the Bazeia et al. potential Vg (w) = 2—3 tan® 2(1 — |sin 2]7)% (¢ € R),
which contains the usual SG potential Va(w) = 2[1 — cos (2w)]. The numerical simulations are performed

using the 4th order Runge-Kutta method supplied with non-reflecting boundary conditions.


http://arxiv.org/abs/1801.00866v5

1 Introduction

While the soliton type solutions and the presence of infinite number of conserved charges are among the
remarkable properties of the integrable models, some non-linear field theory models with important physical
applications and solitary wave solutions are not integrable. Recently, it has been performed certain deforma-
tions of integrable models such that they exhibit soliton-type solutions with some properties resembling to
their counterparts of the truly integrable ones. In this context, it has been introduced the quasi-integrability
concept related to the anomalous zero-curvature approach to deformed integrable models [T}, [2]. For earlier
results on some non-linear field theories with solitary waves and the study of their collisions, see e.g. [3] and
references therein.

Recently, in a series of papers, the quasi-integrability concept has been developed and certain deformations
of the sine-Gordon (SG), Toda, Bullough-Dodd, KdV and non-linear Schrodinger (NLS) models [11 2] [4], [5, [6]
7] have been studied using their relevant anomalous zero-curvature representations. The main developments
have been focused on the construction of an infinite number of their quasi-conservation laws through the so
called abelianization procedure and the numerical simulations of two-soliton collisions, in order to examine
the behavior of the so-called ‘anomalies’ present in the in-homogeneous quasi-conservation laws for the
relevant currents. In this way, it has been shown that the quasi-integrable models possess an infinite number
of charges that are asymptotically conserved, i.e. conserved charges, such that their values vary during the
scattering of the two-solitons only. As a strong support for the quasi-integrability concept it has recently
been considered the relevant charges associated to three-soliton collisions of the various deformations of the
KdV model, and they have been shown to be also asymptotically conserved [7]; i.e. the quasi-conservation
laws exhibit certain anomaly terms which vanish when integrated on the space-time plane.

In [8], by two of us, strengthening the results of [I], 2], it has been shown the existence of several towers of
exactly conserved charges. In fact, it has been shown that the deformed SG models indeed possess a subset
of infinite number of exactly conserved charges for two-soliton field configurations being eigenstates of the
space-reflection parity symmetry [§]. Similar results were found for the deformed defocusing (focusing ) NLS
model with dark (bright) solitons [9, [10] for a variety of two-soliton configurations. These results have been
obtained by combining analytical and numerical methods.

Here, we provide, by direct construction, new types of two sets of dual towers of asymptotically conserved
charges with true anomalies. Through numerical simulations we verify the vanishing of the lowest order
anomalies with space-reflection odd parity. These novel charges turn out to be anomalous even for the
integrable sine-Gordon model. The only analytical explanation we have found, so far, for the unexpected
appearance of these anomalous charges are the space-time symmetry properties which the 2-soliton solutions
of the standard sine-Gordon model exhibit. It is expected that those types of charges will play an important
role in the study of soliton gases and formation of certain structures in (quasi-)integrable systems, such as

soliton turbulence, soliton gas dynamics and rogue waves [I1], [12]. In addition, these new kind of charges are



expected to appear in the other quasi-integrable theories considered in the literature.

Moreover, this work presents the first steps toward deformations of the sine-Gordon model following the
pseudo-potential approach. Our main goal is to uncover more specific integrability structures associated to
the deformed integrable models mentioned above. It starts by introducing a particular deformation of the
Riccati-type pseudo-potential equations related to the ordinary SG model [13, 14]. We introduce a deformed
sine-Gordon potential V into the Riccati-type system of equations and a new system of equations for a set
of auxiliary fields, such that the compatibility condition applied to the extended system gives rise to the
deformed sine-Gordon model (DSG) equation of motion. Then, we construct a first type of infinite number
of dual conservation laws, such that an infinite set of quasi-conserved charges, in the laboratory coordinates,
emerges as linear combinations of the relevant charges in the both dual formulations.

Then, by combining the analytical pseudo-potential and numerical methods, we provide explicitly the
first six conservation laws and the relevant four exactly and two asymptotically conserved charges, including
the energy and momentum charges, organized in powers of the spectral parameter, respectively. Remarkably,
we have shown that the so-called ‘anomaly’ terms, defined in the quasi-integrability approach, are indeed
immersed in the relevant higher order exact conservation laws, beyond energy and momentum conservation
laws. We show that the same holds for the third and fifth order quasi-conservation laws presented in [I]. In
fact, their ‘anomalies’ can be removed such that the inhomogeneous quasi-conservation laws become truly
conservation laws for the conveniently redefined new currents.

New pseudo-potential representations are introduced for the deformed sine-Gordon model. This is
achieved by performing certain transformations of the system of Riccati-type equations and writing them in
terms of convenient pseudo-potentials which carry the information of the deformed sine-Gordon potential.
In addition, in the framework of the pseudo-potential approach [I3], we propose two sets of linear system
of equations whose compatibility condition gives rise to the DSG equation of motion. As an application of
the proposed linear system of equations and its pair of linear operators, we have obtained the energy and
momentum conservation laws of the DSG model, and an infinite set of non-local conservation laws. One
of the lowest order non-local conservation law hides a related quasi-conservation law obtained by a direct
construction.

In order to simulate the soliton collisions we used the 4th order Runge-Kutta method provided that the
non-reflecting boundary conditions, allowing the radiation to cross the boundary points = +L freely [15],
are assumed. Our simulations show that some radiation is produced by the soliton configurations and the
rate of loss of the energy depends on the initial conditions of the system.

The paper is organized as follows. In the next section we introduce the deformed sine-Gordon model
(DSG) and briefly discuss the anomalous conserved charges. In subsection2-Ilnew towers of quasi-conservation
laws are obtained by direct construction. The section [3] presents our results on numerical simulations. In
subsection [3.I] we discuss the space-reflection symmetries of the associated charge densities. We numerically

simulate soliton collisions for kink-kink, kink-antikink and breather configurations of the DSG model and



compute the energy, momentum and the two sets of third and fifth order conserved charges in subsections
and [3.3] respectively. In 3.4 we numerical simulate the lowest order anomalies of the second and third type
of towers. Next, in section[d] in the framework of the deformed Riccati-type pseudo-potential equations, we
construct a dual set of infinite towers of conservation laws. In section Bl new pseudo-potential representations
are introduced. In subsection [5.1] the Riccati-type pseudo-potential framework is used to construct a linear
system of equations associated to the DSG model. In[E.2] the non-local conservation laws are constructed. In
section [6l we present some conclusions and point out the future prospects of our formalism. The appendices

A, B,..., and F present the relevant quantities which have been used to construct the series of charges.

2 The model and quasi-conservation laws

Let us consider Lorentz invariant field theories in (1 4 1)-dimensions with equation of motion, in light-cone

coordinates (1, &), given b
dedpw + VP (w) = 0, (2.1)

where w is a real scalar field, V(w) is the scalar potential, d¢ and 9, are partial derivatives and V() (w) =
%V(w). The family of potentials V' (w) will represent certain deformations of the usual SG model, and the
eq. (ZI) will be defined as a deformed sine-Gordon (DSG) model equation of motion. We would like to
study the properties of the theory using some modifications of the techniques of integrable field theories,
such as the deformations of the Riccati-type equations [13].

In [I] the authors have considered the so-called anomalous zero-curvature formulation and discussed the
quasi-integrability properties of the model (21I), such as the asymptotically conserved charges associated
to certain anomalous conservation laws. Following this formalism, in a previous paper by two of us [§], it
has been introduced an infinite subset of exactly conserved charges associated to space-reflection symmetric
kink-antikink, antisymmetric kink-kink and symmetric breather configurations, respectively, of the model
7). In this way, for this subset of anomalous conservation laws, the so-called ’anomaly’ terms of the quasi-
integrability formulation vanish. On the other hand, in recent papers by one of us and collaborators [9, [10], it
has been shown that the quasi-integrable modified (focusing and defocusing) non-linear Schrédinger models
supports a tower of infinite number of exactly conserved charges for two-soliton configurations (bright-bright
or dark-dark) possessing definite parity under space-reflection symmetry. Moreover, in the both type of
deformed NLS models it has been reported that for various two-soliton configurations without parity sym-
metry, the first nontrivial fourth order charge which presents an ‘anomalous’ term in the quasi-integrability
formulation, is exactly conserved, within numerical accuracy; i.e. its associated anomaly vanishes.

In the context of the anomalous zero-curvature formulation of deformed sine-Gordon models in [T}, 2] [§]

the authors have introduced the set of quasi-conservation laws by defining the so-called anomalies S(2"+1)

n the x and t laboratory coordinates: 7 = t-FTx’ &= t_Tx, Oy = 0y + Og, Og = O — O, 00 = 07 — D2



such that

%q}f"“) = /dm6(2”+1), n=1,23,.. (2.2)

where the quantities q¢(12"+1) define the so-called asymptotically conserved charges, provided that the time-

integrated ‘anomalies’ f dt f dz 32" +1) vanish for some two-soliton configurations. This condition, when

combined with eq. (Z2)), implies that the relationship qt(fnﬂ)(t — 4o00) = ql(12”+1)(

t — —oo) must hold,
realizing in this way the concept of asymptotically conserved charges.

It is a well known fact in (1 4+ 1)-dimensional Lorentz invariant integrable field theories to have dual
integrability conditions or Lax equations. So, as we will show below, there exist a dual formulation for each

equation as in (22) by interchanging £ > 7 in the procedure to obtain the relevant conservation laws. So,

one can get

d ~

qu}“” :/d:cﬂ@”“), n=123,.. (2.3)
where the quantities @fﬁnﬂ) define the dual asymptotically conserved charges, provided that the time-
integrated ‘anomalies’ [ dt [ dz 5>"+1) vanish. This result implies @2 (= 4o00) = Gt — —o0).

The importance and the relevance of such a dual construction will become clear below when linear
combinations of relevant charges of the new dual towers of asymptotically conserved charges are in fact
exactly conserved for special two-soliton solutions, a result first obtained by two of us in [§], for a couple of
towers involving charges bearing the same form as the standard sine-Gordon model. These types of quasi-
conservation laws which reproduce the same polynomial form as the usual sine-Gordon charges will be called

as the first types of towers.

2.1 New towers of quasi-conservation laws

The above first types of dual towers of quasi-conservation laws (Z2) and (23) are characterized by the fact
that their r.h.s. terms provide the relevant anomalies; whereas the l.h.s. terms bear the same polynomial
form as the usual sine-Gordon charges. In [ 2] the relevant anomalies were shown to vanish upon space-time
integration, then giving rise to asymptotically conserved charges, provided that the field w and the potential

V satisfy the symmetry
P:w — —w+ const.; V(w) — V(w), (2.4)
under the space-time reflection around a given point (za,ta)
P:(Z,t) = (=T, ~t), T=x—1aA, t=1t—tA. (2.5)

In the formulation of [1J 2] the relevant anomalies possess odd parities under ([2.4)-(23]), so that they must
vanish upon space-time integration. Below we will construct new towers of quasi-conservation laws, such

that their anomaly terms also possess odd parities under (2.4])-(23]).



2.1.1 Second type of towers
Multiplying by (G¢w)N =1 on the both sides of the eq. (1)) one can rewrite it as
1 _ _
an[ﬁ(agw)N] + 9 [V (0ew)N ] = (N = 2)(0ew)N P 0fwV, N =3,4,5,... (2.6)

This tower of infinite number of equations defines a family of anomalous conservation laws in the so-
called quasi-integrability approach to deformed integrable field theories. In fact, one can define the quasi-

conservation laws

%ng — A, (2.7)
QW) = /dx[%(&w)NnLV(agw)N_Q], al™) E/dz (N = 2)(0ew)NPFwV, N >3, (2.8)

where we have introduced the asymptotically conserved charges Q,(IN) and the corresponding anomalies a(™N).

The construction of the dual quasi-conservation laws is performed by multiplying by (9,w)¥~! on the

both sides of the eq. ([Z]). So one has
1
ag[ﬁ(a,]w)N] + 0y [V (0yw)N 2] = (N = 2)(0yw)¥ 20wV, N =3,4,5,... (2.9)

Similarly, this is another tower of infinite number of equations defining a set of anomalous conservation laws.

These eqgs. allow us to define the quasi-conservation laws

%@gm — ), (2.10)
QW) = /dx[%(&]w)NnLV(&]w)N’z], 5<N>z/dz (N = 2)(0,w)N 202wV, N >3,(2.11)

where we have introduced the dual asymptotically conserved charges @,(IN) and the relevant anomalies 3.

The densities of the anomalies a®) and a¥) in [@2R) and (ZII), respectively, possess odd parities
under (Z4)-([Z3), so the quasi-conservation laws (286) and (23], respectively, allow the construction of
asymptotically conserved charges according to [T [2].

2.1.2 Third type of towers

Multiplying by V¥~ on the both sides of the eq. (ZI]) one can rewrite it as
Lo N1 2 1 N _ 1 2 N—1

This tower of infinite number of equations define a new family of anomalous conservations laws. In fact, one

can define the quasi-conservation laws

d
Lo = 4, (2.13)
1 1 1
oM = /dm[§VN71(85w)2 + NVN], AN = /d:z: 5(85w)28nVN*1, N>2, (214



where we have introduced the asymptotically conserved charges Q,(IN) and the corresponding anomalies (V).

The interchange 1 <> £ allows us to reproduce the dual quasi-conservation laws. So, one has
Lo No1 2 1 N_ 1 2 N-1

These egs. allow us to define the quasi-conservation laws

d ~

790 = A, (2.16)
~ 1 1 1
oW = /dm[§VN_1(85w)2 + NVN], 7N = /d:z: §(anw)205VN_1, N>2 = (217)

where we have defined the dual asymptotically conserved charges é,(lN) and the anomalies (V).

Similarly, the densities of the anomalies v¥) and 3V in @I4) and 2I7), respectively, possess odd
parities under ([2.4))-(2.5), so the quasi-conservation laws (2.12) and (215, respectively, allow the construction
of asymptotically conserved charges as in the previous cases.

The relevant anomalies of the lowest order asymptotically conserved charges of the above towers of
quasi-conservation laws will be simulated below for 2-soliton interactions.

The above charges turn out to be anomalous even for the integrable sine-Gordon model. In fact, the
relevant 2-soliton solutions have been constructed analytically [1l 2] [§] which possess a definite parity under
@4)- @3], such that the relevant anomaly densities, with odd parities, vanish upon space-time integration.
The only explanation we have found, so far, for the appearance of new towers of quasi-conserved charges in
the standard sine-Gordon model is the symmetry argument. The appearance of new towers of anomalous
charges in the (quasi-)integrable models such as KdV [12] is currently under investigation.

Let us briefly comment on some consequences and importance of that behavior for integrable systems.
The above type of integrals have been computed for two-soliton interactions which are thought to play
an important role in the study of soliton gases and formation of certain structures in integrable systems,
such as integrable turbulence and rogue waves. In the context of the integrable KdV model it has been
analyzed the behavior of the so-called statistical moments defined by the integrals of type (see e.g. [11])
M, (t) = f:f; v"dz, n > 1; where v is the KdV field. The cases M; 2 are exact conserved charges of
the model. It is remarkable that the 3rd and 4th moments, M3 4, respectively, in the interaction region
of two-solitons, exhibit a qualitatively similar behavior to the asymptotically conserved charges present in
quasi-integrable KdV models [7]. In fact, in the quasi-integrable KdV models the moments M> 3 are actually
asymptotically conserved charges [7,[12]. So, since the two-soliton interaction behavior is thought to play an
important role in the formation of soliton turbulence and the dynamics of soliton gases, we may expect they
will also play an important role in the quasi-integrable counterparts. Certainly, in the present case of the

SG model and its related soliton ensemble, to our knowledge, it is needed a further theoretical development.



3 Numerical simulations

In order to check our results we have performed several numerical simulations of the linear combinations of
the conserved charges: q,(l3) + (}fﬁ) and q,(l5) + §§5), respectively, in [Z2]) and (Z3)), of the first type of towers
of quasi-conserved charges. In addition, we numerically simulate the linear combinations of the lowest order
anomalies of the second and third type of towers (Z7)) and 2I0), and (ZI3) and (ZI4), respectively, of
quasi-conserved charges. We consider the Bazeia at. al. model, studying kink-antikink, kink-kink and a
system involving a kink and an antikink bound state (breather). We used various grid sizes and number
of points. The two-soliton (kink-antikink and kink-kink) simulations were performed on a lattice of 1200
points with spacing of Az = 0.025 (in the interval [—L, L] = [—15, 15]). The time step of our simulations was
At = 0.0005, and sometimes At = 0.00025. The breather-like simulations were performed on a lattice of 2000
lattice points with lattice spacing of Az = 0.025 (in the interval [L, L] = [-25,25]). The time evolution was
simulated by the fourth order Runge-Kuta method with non-reflecting (transparent) boundary conditions at
the both ends of the lattice grids [I5] [§].

The third order conserved charges qfi

¢ =@ £ ¢, (3.1)

where the dual charges were defined in (4.32)) and ([@.TT), respectively. Likewise, we will compute numerically

the fifth order conserved charges ql(fi

0l =37 40 (3.2)

a

where the dual charges were defined in ([L48]) and (93], respectively. Moreover, we will compute the lowest
order anomalies of the second and third types of towers of charges (2.7)- 211 and (ZI3)-(ZI7), respectively,

ay a® +3® (3.3)

v = 7B £F®. (3.4)

We will compute numerically the first six charges: the exactly conserved energy and momentum charges,
and the two sets of third order (exactly conserved) and fifth order (asymptotically conserved) charges,

respectively, for kink-kink, kink-antikink and breather configurations for the Bazeia et al. [18, [I] potential

64 w

V:a¢m€2@_mm%wﬂ (3.5)

This potential is a one-parameter family of deformations of the sine-Gordon model. Notice that for ¢ = 2 it

reduces to the usual SG potential [@6]). We have the following deformed SG equation of motion

Rw — Pw+V'(w) = 0, (3.6)
64 tan %

VW) = i aoray (L (6 1 H2 = 24 g+ geosull(sin )7/},



The kink and anti-kink solutions of the deformed sine-Gordon model [B:6) are the following [I1 18]

e2V2my(z—vt) 1
)} P+2wl, y=

w(x,t) = 21y arcsin { N (3.7)

1—2

where 1; = £1, i = 1,2; [ is any integer and v is the kink velocity given in units of the speed of light. The

+ e?ﬂnl'y(zfvt

topological charge of each solution is provided by the product 717s.

The simulations of the kink-kink and kink-antikink system of the deformed SG model will consider, as
the initial condition, two analytical solitary wave solutions of type (8.7)). In fact, in order to have a kink-
antikink system for t = 0 we consider a kink (91 = 1,12 = 1,1 = 0) and an antikink ( n; = 1,72 = 1,1 = 0),
according to the solution in (&1, located some distance apart and stitched together at the middle point
2 = 0. Similarly, in order to have a kink-kink system for ¢t = 0 we consider two kinks ( 71 = 1,72 = 1,1 =0)
from (B.1), located some distance apart and stitched together.

Breather solution of SG

Let us write the equation (Z]) with potential (£6) such that one has the usual SG equation of motion

02w — 02w + 4sin (2w) = 0. (3.8)

Since the general analytic breather solutions of the model ([B.6]) are not known, we will consider the breather
type solution of ([B.8]) as an initial condition for our simulations of the conserved charges. The SG breather

becomes

wpr(x,t) = 2arctan (3.9)

1— 02 sin (2v2vt)

v cosh (Qﬁm x) ] .

Some properties of the breather-like configurations of the deformed sine-Gordon models have been studied

in the quasi-integrability formulation [T} 2, [§] through numerical simulations. Here, we follow the approach

of [§] in order to generate a long-lived breather, so the initial condition will be an analytical function of the
SG breather at rest (3.9).

As we will present below, the numerically simulated energy and momentum charges are very well con-
served in all soliton-soliton scatterings and similarly so for the evolution of the breather-like structures.
However, in order to simulate the higher order charges, such as q((lsj)t and q,(fi, and numerically approximate
the higher order space derivatives which appear in their relevant charge densities, one must discretize space
in some way, and this inevitably introduces fictitious discretization effects into the charge densities, which
one should seek to minimize. In order to minimize these effects we will consider the decomposition of the
relevant charges as presented in (£.32) and (£77), and in (£48) and ([@93), respectively. We will write below
the relevant components in laboratory coordinates and present the charges (BI) and (B2]), respectively,
as summations of certain charge density terms which will exhibit special space-time symmetries and in a
manner that their densities present lower order space-time derivatives. This last idea was achieved in the
decomposition above by removing partial time-derivative terms out of the space integrals, by converting
the relevant terms in total time derivatives of the z—integrated densities. So, in the next sections we will

implement this program and make them to be more amenable to numerical simulations.



3.1 Space-reflection symmetry of the densities of charges and anomalies

The behaviour of the charges qut, qu)[ and anomalies a1 and v+ defined above, for soliton collisions, would

depend upon the symmetry properties of the relevant field configurations. In order to check the results
of the numerical simulations of the densities and their x—integrations we will resort to the behavior of
them under the space-reflection symmetry. As we will discuss below, some field configurations, such as the
kink-kink, kink-antikink and breather solutions of the usual SG model possess definite parity eigenvalues
under the space-reflection symmetry transformation. Moreover, the numerically simulated analogous field
configurations of the deformed model will present qualitatively the same properties.

Let us consider the space-reflection transformation
Pyt x> —x. (3.10)
The scalar field w for some soliton configurations is an eigenstate of the operator P,, so one has
Pr:w— pow, o==l. (3.11)
In addition, in our discussions below we will consider an even potential V' under P,
P(V)=V. (3.12)

Let us recall the space-reflection symmetries of special two-soliton configurations of the ordinary SG model
in the center of mass reference frame [§]. The kink-antikink solution possesses an even parity (p = +1) under
the space-reflection transformation (BI0)-BII). Whereas, the kink-kink solution possesses an odd parity
(p = —1) under the space-reflection transformation BI0)- BII). These two-soliton configurations can
be regarded as the zeroth order solution of DSG model in the expansion parameter ¢ = ¢ — 2. For those
two-soliton (kink-antikink and kink-kink) solutions in laboratory coordinates without space-reflection parity
symmetry one can recover the space-reflection symmetries by performing convenient Lorentz transformations
to the center of mass frame [8]. In addition, the breather solution (1) satisfies (BI1) with p = 1, and it
could also be used as the zeroth order solution of the deformed SG model in perturbation theory.

In our numerical simulations of soliton collisions and breather oscillation for the potential ([B.5]) one
notices the qualitative realization of the symmetry (BI1)) for equal and opposite velocity kink-kink solution
(odd parity p = —1) in the Fig. 1 and kink-antikink solution (even parity p = +1) in the Fig. 4. Likewise,
for breather oscillation in Fig. 13 one notices the even parity behavior (p = +1) of its oscillation around
a symmetric vertical axis. On the other hand, the Figs. 7 and 10 show, respectively, kink-kink and kink-

antikink collisions with different velocities and asymmetric behavior.

3.2  Third order conserved charges

In our numerical computations we will consider directly the expressions of the asymptotically conserved

charges qut, instead of their anomalies as in the previous literature. The explicit form of the charges (B.1I),



written in laboratory coordinates, become

1d°E 1
i) = 35+ [ g - 2O 4 @O0 4 (@O oD w0 -
Aw) — @O 4 w@0)2} (3.13)
1d°E (3)
E —_——_— .14
4 dt? + (3 )
1d%P
@ = 1z T dm{w(o’l)w(l’o) 2V — 4+ (w®Y)2 4 (wh9)2] — D [p2) 4 w<270>]}, (3.15)
1d’P
= 7=t Q¥ (3.16)

where the notation [w(®P) = f;—g;w(z, t)] has been used.

((lgi have been decomposed as a sum of second order time derivatives of the

energy and momentum, respectively, plus the components f ), which we will numerically simulate below.

Notice that the charges g,

The decomposition of the charges will minimize the fictitious discretization effects into the soliton dynamics,
as mentioned above. In fact, in previous computations [8, [I], the asymptotic behavior of the charges q((lgj)t
have been examined indirectly by performing the time integration of the anomalous conservation laws of
type (22). The second order time derivatives of E or P in the r.h.s. of BI3)-(@BI8) can be introduced as
partial time derivatives into their relevant x—integral expressions, then it can be traded by space derivatives
using the egs. of motion. Then, they would be added to the charge densities of the full q,(lgi expressions;
so, this process would introduce higher order space derivatives into them, which amount to introduce more
fictitious discretization effects in the simulations of q((l3j)[. So, our decomposition above have sought to reduce
these effects.

Another aspect which must be considered in order to check the results of our numerical simulations will
be the symmetries of the relevant charge densities above. In particular, the space reflection-symmetries of
soliton configurations will reflect on the space-reflection symmetry of each charge density in the integrals of

$, ) in BI3)-BI14) and BI0)-B.I6), respectively, as we will verify numerically.

In fact, the densities of the charge components Q(f ) in BI3) and BIH) will be even and odd functions,
respectively, under the space-reflection transformation (BI0) for soliton configurations with definite parity o
(BI1) and for potentials satisfying (BI12)). In particular, this observation holds for kink-kink, kink-antikink
and breather configurations.

Then, by symmetry arguments only, one expects the vanishing of the charge q(_3) for all soliton con-
figurations possessing definite parity under space-reflection transformations. The numerical results are in
accordance with this observation as we will see below.

The Fig. 1 shows the numerical simulation of kink-kink collision and the energy (E) and momentum (P)
charges for equal and opposite velocities vo = —v; = 0.15 and ¢ = 2.01. The Figs. 2 and 3 show, respectively,
the charge densities and the conserved charge components QSS ) for the kink-kink collision for vy = —v; = 0.7

and ¢ = 2.1. Whereas, the Figs. 7, 8 and 9 show the same quantities for kink-kink collision with different

10
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Figure 1: (color online) Top Fig. shows kink-kink collision with velocities v = —v; = 0.15 for
g = 2.01, with initial (green), collision (blue) and final (red) configurations. Bottom Fig. shows the

conserved energy (E) and momentum (P) charges of the kink-kink configuration,respectively.

velocities v = 0.75,v; = —0.5 and ¢ = 1.9.

The Fig. 4 shows the numerical simulation of kink-antikink collision and the energy (E) and momentum
(P) charges for equal and opposite velocities vo = —v; = 0.15 and ¢ = 2.01. The Figs. 5 and 6 show,
respectively, the charge densities and the conserved charge components ng’ ) for the kink-antikink collision
for vo = —v; = 0.7 and ¢ = 1.9. Whereas, the Figs. 10, 11 and 12 show the same quantities for kink-antikink
collision with different velocities vo = 0.4,v; = —0.8 and ¢ = 2.01.

The Fig. 13 shows the breather oscillation with period T' = 3.87 for three successive times and ¢ = 1.97,
and the plot of the energy versus time. Notice that the energy takes thousands of units of time to stabilize;
in fact, it achieves a constant value after t ~ 5 x 10% of the time interval ¢ = [0, 6 x 10%. The Figs. 14
and 15 show, respectively, the charge densities for three successive times within a period and the conserved
charge components ng ) (t) for the breather configuration.

As expected from the symmetry property of the relevant charge density of Q(_?’) in @I0)-@BI0); i.e. it is
an odd function for definite parity field configurations, one notices the vanishing of the numerically simulated
charge component Q(f’) as presented in the Figs. 2, 5 and 15, corresponding to kink-kink, kink-antikink and
breather configurations, respectively. Of course, this implies the vanishing of the related charge ql(f’l in
BI3). However, for asymmetric kink-kink (Fig. 7) and kink-antikink (Fig. 10) configurations one gets a
non vanishing constant charge component Q(E’) for kink-kink (Fig. 8) and for kink-antikink (Fig. 11) solitons,
respectively. These last results for Q(_g) arise from the dynamics of the system and they can not be foreseen

from the symmetry considerations discussed above.
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Figure 2: (color online) Top Fig. shows the charge density of QW (t) vs z for the kink-kink collision

with equal and opposite velocities vo = —v; = 0.7 for ¢ = 2.1, with initial (green), collision (blue)

and final (red) densities of the kink-kink scattering. Bottom Fig. shows the conserved charge Q(f) (t)

of the kink-kink solution.
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Figure 3: (color online) Top Fig. shows the charge density of QSS’) (t) vs x for the kink-kink collision

with equal and opposite velocities vo = —v; = 0.7 for ¢ = 2.1, with initial (green), collision (blue)

and final (red) densities of the kink-kink scattering. Bottom Fig. shows the conserved charge Qf) (t)

of the kink-kink solution.
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Figure 4: (color online) Top Fig. shows kink-antikink collision with velocities vo = —v; = 0.15 for

g = 2.01, with initial (green), collision (blue) and final (red) time configurations. Bottom Fig. shows

the conserved energy (F) and momentum (P) charges of the kink-antikink configuration.
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Figure 5: (color online) Top Fig. shows the charge density of Q(_3)(t) vs x for the kink-antikink
collision with equal and opposite velocities v = —vq = 0.7 for ¢ = 1.9, with initial (green), collision
(blue) and final (red) densities of the kink-antikink scattering. Bottom Fig. shows the conserved
charge Q(_g)(t) of the kink-antikink solution.
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Figure 6: (color online) Top Fig. shows the charge density of Qf)(t) vs x for the kink-antikink

collision with equal and opposite velocities v = —vq = 0.7 for ¢ = 1.9, with initial (green), collision

(blue) and final (red) densities of the kink-antikink scattering. Bottom Fig. shows the conserved

charge Qf)(t) of the kink-antikink solution.
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Figure 7: (color online) Top Fig. shows kink-kink collision with different velocities vy = 0.75, v; =

—0.5 for ¢ = 1.9, with initial (green), collision (blue) and final (red) time configurations. Bottom

Fig. shows the conserved energy of the kink-kink.
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Figure 8: (color online) Top Fig. shows the charge density of Q(_?’) (t) vs x for the kink-kink collision
with vo = 0.75, v; = —0.5 for ¢ = 1.9, with initial (green), collision (blue) and final (red) time
densities of the kink-kink scattering. Bottom Fig. shows the conserved charge Q@(t) of the kink-

kink solution.
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Figure 9: (color online) Top Fig. shows the charge density of Qf) (t) vs x for the kink-kink collision
with vy = 0.75, v1 = —0.5 for ¢ = 1.9, with initial (green), collision (blue) and final (red) densities of
the kink-kink scattering. Bottom Fig. shows the conserved charge Qf)(t) of the kink-kink solution.
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Figure 10: (color online) Top Fig. shows kink-antikink collision with different velocities vy =
0.4, v1 = —0.8 for ¢ = 2.01, with initial (green), collision (blue) and final (red) configurations.
Bottom Fig. shows the conserved energy of the kink-antikink.
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Figure 11: (color online) Top Fig. shows the charge density of QW (t) vs z for the kink-antikink
collision with vo = 0.4, v; = —0.8 for ¢ = 2.01, with initial (green), collision (blue) and final
(red) densities of the kink-kink scattering. Bottom Fig. shows the conserved charge Q(_g) (t) of the

kink-antikink solution.
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Figure 12: (color online) Top Fig. shows the charge density of Qf) vs z for the kink-antikink collision
with vy = 0.4, v1 = —0.8 for ¢ = 2.01, with initial (green), collision (blue) and final (red) densities
of the kink-kink scattering. Bottom Fig. shows the conserved charge Qf)(t) of the kink-antikink

solution.
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Figure 13: (color online) Top Fig. shows the breather oscillation with period T' = 3.87 for three
successive times and ¢ = 1.97. Bottom Fig. shows the energy vs time. Notice that the energy takes

thousands of units of time to stabilize.
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Figure 14: (color online) Top Fig. shows the charge density vs z corresponding to Qf) (t) and the

oscillating breather for three successive times with period T" = 3.87 and ¢ = 1.97. Bottom Fig.

shows the conserved charge Qf)(t) of the breather in the interval ¢t = [0, 6 x 10%].
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Figure 15: (color online) Top Fig. shows the charge density vs z corresponding to Q(_?’) (t) and the

oscillating breather for three successive times with period T' = 3.87 and ¢ = 1.97. Bottom Fig.

shows the conserved charge Q@(t) of the breather in the interval t = [0, 6 x 104].
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Therefore, our numerical simulations show that the charges q,(lgi are exactly conserved, within numerical

accuracy, as shown in the Figs. 2-3, 5-6, 8-9, 11-12 and 14-15 for the various kink-kink, kink-antikink and
breather configurations, respectively, i.e. the anomaly term in (2Z2) vanishes. In the previous literature
[T, [§], by simulating the behaviour of the time-integrated anomalies of type ([2.2)), i.e. [dt [ dz®) | these
charges have been regarded as merely asymptotically conserved ones. Despite of this fact, here we have
established through numerical simulations the exact conservation of these charges associated to the various
soliton configurations. It seems to be that the earlier simulations in the literature have been plagued with
some numerical artifacts due to the discretization of the higher order derivatives present in the anomaly
density and the numerical errors introduced in the space-time (z,t) integration process.

However, more numerical tests (e.g. for multiple n—kinks (n > 2) and wobble-type solutions) and the
corresponding analytical results (a formulation of a proper conservation law) are needed in order to establish
definitely the exact conservation of the charges ql(fj)[. Moreover, it would be a very interesting result if the

DSG theories supported wobble-type solutions (configurations of a breather and a kink) as suggested in [1],

with associated higher order conserved charges.

3.3 Fifth order conserved charges

Following similar reasoning in the simulation of the third order charges above, in order to minimize the
fictitious discretization effects into the charge densities, we will make relevant decomposition of the fifth
order charges as an addition of certain components. The explicit form of the charges ql(lsj)[ (B2) and their

components, written in laboratory coordinates, become

G _ G0, d ey, @ e
Ao+ = o+ Eanr E%Jr (3-17)
. 1
q((15.;_0) = g /dl‘{ . 12[(11}(0’1))4 + 6(10(0’1))2(11)(1’0))2 + (w(l,O))él] + [(w(O,l))Q + (w(l,O))2] >
(@ODY 4 1OV RO 4 (W) 4 12140 4 (@O 4 IR - (318)

5[8w(0’1)w(170)w(1’1)(w(0’2)+w(2’0))—|—(w(o’l))2[4(w(1’1))2+(w(0’2) +w(2,0))2]+
(w(1,0))2[4(w(1,1))2+(w(0,2)+w(2,0))2]] T
2‘/[3(10(0,1))4+18(10(0,1))2(10(1,0))2Jrg(w(l,o))4jL4(w(1,1))2jL(w(oz)er(2,0))21L

4w OV (03 4 3D 4 49910 (30912 4- w(?”o))} +

%[(w(o,s) + 3w(2,1))2 + (3w(1,2) + w(3,0)>2] _ V(1)(w(0,4) + 6w + w(4,o)>}
qgsjrl) - é/dm{ AV 2080 (D) 0D (1(0:2) 1y (20)] 4 (1) (342D +w(0’3))} (3.19)
qL(Isf) = %/dm [(w(o,l))2+(w(1,o))2 (3.20)
and
¢ = ¢+ %qff’il) + j—;qisf) (3.21)
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a —

q(s;O) — %/dm {48w(0,1)w(1,0)[(w(0,1))2 + (w(1,0))2] _ 2w(0,1)w(1,0)[3(w(0,1))2 + (w(1,0))2] %
[(w(O,l))2 + 3(10(1’0))2] o 4811)(1’1)(10(0’2) +w(2,0)) +

10[200 M0 M) 4 (01 (4902 442024001 gp (1) (120 (45(0:2) - 4(2:00)] —

SV [3(w(0,1))3w(1,0) + @D (O 4 20 1 p1.0) (5(03) 1 342Dy ¢ (3.22)
w @D (3((wL0)3 4 1(1:2)) +w(3,o))} — (@ ®3) 4 302D (3D 1 GO

AV D [(13) 4 w<3,1>]}

O = é/dz {4V[2w(0’1)w(1’1) + w0 ((02) 4 20 _ (1) (345(12) +w(3,0))} (3.23)
(52 = _% /dw w1 (10 (3.24)
- 7% P
where the notation (w(*?) = %w(z, t)) has been used. Notice that the charges ‘1((151)[ have been decom-

posed as an addition, with successively increasing time-derivatives, of the charge components qfff), a =

0,1,2.

These components exhibit some remarkable properties. The densities of the components exhibit definite
parities provided that the field w and the potential V' exhibit the symmetry I10)-B.I12). In fact, for soliton
configurations with space-reflection symmetry each charge density in the integrands of q((lsjra), a=0,1,2in
BI0)-@B20) will be even, whereas the integrands of q((lsia), a=0,1,2 in GZI)-B24) will be odd functions.

So, we will compute numerically the relevant components q(f ) (a = 0,1,2,3,4) and sum them up in

order to compute the fifth order charges ([B.2]). As in the third order case above, by symmetry arguments

®) for all soliton configurations possessing definite parity

only, one expects the vanishing of the charge ¢
under space-reflection. This will also be verified through our numerical simulations.

In the next Figs. 16-19 we present the simulations of the charges q(f ) (t), their relevant components and

densities, respectively, for the kink-kink collision. We consider the charges for definite parity (kink-kink with
odd parity) in Figs. 16-17, and the charges for asymmetric kink-kink configuration, in Figs. 18-19.

Similarly, in the Figs. 20-23 we present the simulations of the charges q(f )(t), their relevant components
and densities, respectively, for the kink-antikink collision. We consider the charges for definite parity (kink-
antikink with even parity) in Figs. 20-21, and the charges for asymmetric kink-antikink configuration, in
Figs. 22-23.

In the Figs. 24-25 we present the simulations of the charge densities ff”a), a =0,1,2vs z for the breather
with period T' = 4.967 and ¢ = 2.025, for three successive times ¢;(green), t(blue) and t; (red), as well as the
conserved charge components qf’a)(t), a =0,1,2 and the total charge qiS)(t) of the deformed SG breather.

Therefore, our numerical simulations show the exact conservation of the charge q(_5), within numerical
accuracy, for the kink-antikink (kink-kink) with even (odd) parity (see Figs. 17, 21) and for the breather con-

figurations (Fig. 25). Our simulations of the charges qgf’ ) for the kink-kink and kink-antikink configurations
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Figure 16: Left Figs. show the charge densities ff”a), a = 0,1,2 vs = for the kink-kink collision with
vy = v; = —0.5 for ¢ = 1.97, with initial (green), collision (blue) and final (red) densities of the kink-kink
scattering. Right Figs. show the conserved charge componensts qf’a) (t), a = 0,1,2 and the total charge
qg_5) (t) of the kink-kink solution.
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Figure 17: Left Figs. show the charge densities f£5’a), a = 0,1,2 vs z for the kink-kink collision with
vy = v; = —0.5 for ¢ = 1.97, with initial (green), collision (blue) and final (red) densities of the kink-kink
scattering. Right Figs. show the conserved charge components q(_s)’a)(t), a = 0,1,2 and the total charge
q(_5)(t) of the kink-kink solution.
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Figure 18: Left Figs. show the charge densities f +5’a), a = 0,1,2 vs x for the kink-kink collision with
vy = 0.35,v; = —0.5 for ¢ = 1.97, with initial (green), collision (blue) and final (red) densities of the kink-
kink scattering. Right Figs. show the conserved charge components qf’a) (t), a =0,1,2 and the total charge
qg_5) (t) of the kink-kink solution.
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Figure 19: Left Figs. show the charge densities f£5’a), a = 0,1,2 vs = for the kink-kink collision with
vy = 0.35,v; = —0.5 for ¢ = 1.97, with initial (green), collision (blue) and final (red) densities of the kink-
kink scattering. Right Figs. show the conserved charge componensts q(_E”a) (t), a =0,1,2 and the total charge
q(_5)(t) of the kink-kink solution.
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Figure 20: Left Figs.
Vo = V1 =

—0.5 for ¢ = 2.01, with initial (green), collision (blue) and final (red) densities of the kink-

antikink scattering. Right Figs. show the conserved charge components q(_‘r)’a) (t), a = 0,1,2 and the total

charge q£5) (t) of the kink-antikink solution.
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Figure 21: Left Figs. show the charge densities fS ,a =0,1,2 vs x for the kink-antikink collision with
vy = v1 = —0.5 for ¢ = 2.01, with initial (green), collision (blue) and final (red) densities of the kink-

antikink scattering. Right Figs. show the conserved charge components q(f)’a) (t), a = 0,1,2 and the total

charge q(_5) (t) of the kink-antikink solution.
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Figure 22: Left Figs. show the charge densities f+5’a), a =0,1,2 vs x for the kink-antikink collision with
ve = 0.33,v1 = —0.55 for ¢ = 2.015, with initial (green), collision (blue) and final (red) densities of the
kink-antikink scattering. Right Figs. show the conserved charge components qf’a) (t), a = 0,1,2 and the
total charge qi5)(t) of the kink-antikink solution.
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Figure 23: Left Figs. show the charge densities fSS’a), a = 0,1,2 vs z for the kink-antikink collision with
vy = 0.33,v3 = —0.55 for ¢ = 2.015, with initial (green), collision (blue) and final (red) densities of the
kink-antikink scattering. Right Figs. show the conserved charge components q(f”a) (t), a = 0,1,2 and the
total charge q(_5) (t) of the kink-antikink solution.
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Figure 24: Left Figs. show the charge densities ff’a), a =0,1,2 vs z for the breather with period T' = 4.967
and ¢ = 2.025, for three successive times ¢;(green), ¢t(blue) and t; (red). Right Figs. show the conserved
charge components qf’a)(t), a =0,1,2 and the total charge qs_5) (t) of the breather.
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Figure 25: Left Figs. show the charge densities fﬁs’a), a=0,1,2 vs x for the breather with period T' = 4.967
and ¢ = 2.025, for three successive times ¢;(green), t(blue) and t; (red). Right Figs. show the conserved

charge components q(_5’a)(t), a = 0,1,2 and the total charge q(_5)(t) of the breather.
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merely show a behaviour similar to an asymptotically conserved charge. In fact, in the regions of soliton

collision the charge qf) varies considerably, then it returns to its initial value after collision. In addition,

for the breather, one has that the charge qf) oscillates periodically. This behavior is in contradistinction to

the third order charge qf), which vanishes for the breather. These results were obtained in the conventional
discretization in which the x—derivatives were represented by the symmetric differences of the fields and the

potential evaluated uniformly on each lattice point.
(5)

Our results above show that for definite parity configurations the ¢>°’ charge is exactly conserved, within
numerical accuracy. In fact, this charge, as well as the momentum, vanishes for these type of configurations.
This behavior is in accordance with the expectations due to the odd parity symmetries exhibited by their
relevant charge densities under space reflection for the various soliton configurations. Whereas, the charge
density of qf) exhibits even parity under symmetry transformation, it is not possible to infer its value
based solely on symmetry arguments. So, the question then arises as to whether our numerical results are
‘robust’ with respect to another discretisation scheme, and if the results might have been contaminated by
some numerical artifacts during the soliton collision process and when the breather oscillation approaches
periodically the instantaneous vanishing value. This might be a consequence of discretising the higher
order space-time derivatives present in the charge density components qf;a), a = 0,1,2 in GI0)-E20).
For example, in order to assure that the kinks behave much as they do in the continuum and reduce
certain numerical artifacts, such as the Peierls-Nabarro (PN) barrier, it has been considered a topological
discretisation scheme [I9]. We believe that these issues deserve careful consideration in order to compute

the charge qf) for the configurations mentioned above.

3.4 Second and third types of towers and lowest order anomalies

In order to numerically simulate the behavior of the first two anomalies of the second type of towers ([2.7)- (28]

and (210)- (1), let us consider
ay = /d:c2[a§w+a§w]v (3.25)
a_ = /d:c 4[005w] V, (3.26)

where the anomalies a; were defined in ([3.3)).
Similarly, for the first two anomalies of the third type of towers [2I3)-(2I4) and (2I16)-2IT), let us

write

Y4 /dz [(Opw)? — (8,w)?]0:V (3.27)

yo— - / dz [(Ouw)? — (D,w)2)0,V, (3.28)

where the anomalies v+ were defined in (3.4).
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Moreover, under the space-reflection transformation (BI0)-(@3I2), the densities of the above anomalies

(3)

a8 @)

and 7y

, respectively, present definite parities, such that some of them vanish upon space integration.

Therefore, in such cases one can have exact conserved charges. These results will be verified for certain

solutions as we will see below in the numerical simulations of the anomalies ay

and kink-antikink configurations.

(3) (2)

and vy~ for the kink-kink
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Figure 26: Top Figs. show the anomaly densities of (3.25)-(B.20), respectively, plotted in x—coordinate for

three successive times ¢;(green), ¢(blue) and ¢y (red).

kink-antikink collision shown in Fig. 4.

Bottom Figs. show the relevant anomalies ay vs ¢, for
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Figure 27: Top Figs. show the anomaly densities of (B:27)-([B28), respectively, plotted in z—coordinate for
three successive times ¢;(green), t(blue) and ¢; (red). Bottom Figs. show the relevant anomalies v+ vs ¢, for

kink-antikink collision shown in Fig. 4.
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show the anomaly densities of ([3.25)-(3.26]), respectively, plotted in z—coordinate for

three successive times ¢;(green), t(blue) and ¢; (red). Bottom Figs. show the relevant anomalies ay vs ¢, for

kink-kink collision shown in Fig. 1.

200

100 A

—t

—100 -

—200

-20 =15 -10

500

250 1

— V+(f).

—250

-500 T

Figure 29: Top Figs.

20 30 40

200

100 A

—t

—100 -

=

—200 T
-20 =15

100

-10

50 1

m——

~50 -

—100

10

20 30 40

show the anomaly densities of (3.27)-(3.28)), respectively, plotted in z—coordinate for

three successive times ¢;(green), t(blue) and ¢; (red). Bottom Figs. show the relevant anomalies v+ vs ¢, for

kink-kink collision shown in Fig. 1.



Our numerical simulations in the Figs. 26-29 show the anomalies a4 and v+ and their relevant densities.
Notice that the anomalies a_ and _ vanish for symmetric kink-antikink collision (see Fig. 4), within
numerical accuracy, since their densities possess odd parity under space reflection. Similarly, for anti-
symmetric kink-kink collision (see Fig. 1) the anomalies a; and y_ vanish, since their densities possess odd
parity.

These developments strongly suggest that the quasi-integrable models set forward in the literature [1 2]
5, [, 10, 4 [7], and in particular the model [2.1I), would possess more specific integrability structures, such as
an infinite set of exactly conserved charges, and some type of Lax pairs (or linear formulations) for certain
deformed potentials. So, in the next section we will tackle the problem of extending the Riccati-type pseudo-
potential formalin, which has been used for a variety of well known integrable systems, to the deformed
sine-Gordon model ([ZI). Then, in the next subsections we formulate the dual Riccati-type representations

and then we discuss the conservation laws associated to the equation of motion (Z.IJ).

4 Riccati-type pseudo-potential and conservation laws

In [13] it has been generated the both Lax equations and Backlund transformations for well-known non-
linear evolution equations using the concept of pseudo-potentials and the related properties of the Riccati
equation. These applications have been done in the context of a variety of integrable systems (sine-Gordon,
KdV, NLS, etc), and allow the Lax pair formulation, the construction of conservation laws and the Backlund
transformations for them [13] [14].

So, in the next steps we consider a convenient deformation of the usual pseudo-potential approach to

integrable field theories. Let us consider the system of Riccati-type equations

227w+ Gpw + Oew v, (4.1)

65u
Ly ¢ Ly 2
Ogu = —20(V =2)u— AV + oAV 4 —us, (4.2)

where V(w) is the deformed sine-Gordon potential with V(1) = %V(w) and A is the spectral parameter.

We consider the following equations for the auxiliary fields r(&,7n) and s(§,n)

der = 22711+ Qcw(ur +5) + X, (4.3)
Oes = Ocw(us—r)+ AXu, (4.4)
V(2) 42
= RS _ 2 ===
X = Oew < S +2V 4) L VO = SV (). (4.5)

So, one has a set of two deformed Riccati-type equations for the pseudo-potential v ([@I])-([@2) and a system
of equations (£3)-([{4) for the auxiliary fields r and s.
Notice that, for the integrable SG model potential

V = —2cos (2w) + 2, (4.6)
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one has that X = 0, and so the auxiliary system of eqs. (£3)-([@4) possesses the trivial solution r = s = 0.
Inserting this trivial solution into the system (@I)-(Z2) and considering the potential (£G]), one has a set
of two Riccati equations for the usual SG model and they play an important role in order to study the
properties of the integrable SG model, such as the derivation of the infinite number of conserved charges
and the Backlund transformations, relating the field w with another solution @ [14].

Note that only the n—component 9,u of the Riccati equation associated to the ordinary sine-Gordon
equation has been deformed away from the SG potential ([&6]), and it carries all the information regarding
the deformation of the model which are encoded in the potential V(w) and the auxiliary fields (£, n) and
s(&,m). The form of the {—component d¢u remains the same as the usual Riccati equation associated to the
SG model.

We have computed the compatibility condition [0, 0¢u — 0:0,u] = 0 for the Riccati-type equations ([@.I)-
([#2), taking into account the auxiliary system of equations ([@3])- (4] and then rederived the eq. of motion
of the deformed sine-Gordon model ([21]).

Let us emphasize that for the usual SG model we have the trivial solution of the system (d3)-(44), i.e.
X =0 — r =s =0, and the existence of the Lax pair of de usual SG model reflects in its equivalent
Riccati-type representation, provided by the system (dI])-( .2]) with the well known potential (@8] [13], [14].

Next, let us discuss the relevant conservation laws in the context of the Riccati-type system (Z1])-(Z2])
and the auxiliary equations (E3)-(@4). So, substituting the expression for u? from (&I) into (£2) and

considering ([44]), one gets the following relationshi
1
Oy (1 dgw) + O [\ (V — 2) - iAuV(l)} = —&s. (4.7)

This equation will be used to uncover an infinite tower of conservation laws associated to the modified
SG model 2I). A truly conservation law character of this equation remains to be clarified. In fact, if
the function s(&, ) in the r.h.s. of ([@7) possessed non-local expressions containing terms such as [ d¢(...),
the conservation law property of the equation would be spoiled. In fact, this would give rise to certain
‘anomalies’, as in the context of the anomalous zero-curvature formulation associated to a deformed Lax
pair and its quasi-conservation laws [I]. We will show below that the r.h.s. of ([@7)) can be written in general
as [—0¢s] = 0:5 + O, R, with S and R being certain local functions of w and its £ and n—derivatives; i.e.
there exists a local expression for 9¢s, such that the eq. (7)) provides a proper local conservation law.

Next, let us consider the expansions

u:iun)\", s:isn/\”JrQ, r:irn/\”JrQ. (4.8)
n=1 n=0 n=0

The coefficients u,, of the expansion above can be determined order by order in powers of A from the Riccati

equation [I). In appendix [Al we provide the recursion relation for the u,’s and the expressions for the

2In fact, there are different expressions of this type, we follow below the construction such that the non-homogeneous r.h.s.
terms must contain the deformation variables {s, r}, such that for » = s = 0 one must recover in the L.h.s., order by order in A,

the polynomial conservation laws of the standard SG model.
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first u,,. Likewise, using the results for the u, ’'s we get the relevant expressions for the r,’s and s,,'s from
(#3)-[&E4). The recursive relationships for s, and r,, provided in the appendix [Bl allow us to find the explicit
expressions of these fields, order by order in powers of the spectral parameter .

Then, making use of the u,, components of the expansion of u provided in (A1) or (A3)-(A4), one can
find the conservation laws, order by order in powers of A. So, by inserting those expansions into the eq. (7))

one has that the coefficient of the n/th order term becomes

anaén) + aga%") = —0¢sp—2, n=1,2,3,....;5-1=0 (4.9)
n 1
aé ) = UnOew, a%") =V —-2)01, — §un_1V(1), ug = 0. (4.10)

So, the first order O(A!) term provides

9, (%(8510)2) 49 (V —2) =0, (4.11)

Notice that the r.h.s. of ([@9) vanishes at this order, i.e. by definition one has s_y = 0. In fact, the

conservation law ([LI1)) provides the first conserved charge

M = /d:c E(agw)2 +(V = 2)|. (4.12)

The equations (ZIT)-([@I2), together with their duals and the relevant charge ¢V = [ da [£(9,w)>+(V —2)]
which will be provided below, give rise to the usual energy and momentum charges written in laboratory

coordinates (z,t) as

1
— Z|gW L g
E 2[ +3 } (4.13)
1
- / 2 S (0w)? + (V- 2)] (4.14)
and
1
— |z _ @
P o= 3 [q q } (4.15)
= /d:c[amwatw]. (4.16)
The next order term O(A\?) becomes
1 1
20 [0, (5(8510)2) +0e(V-2)| =0. (4.17)

Since from (B.3]) one has d¢so = 0 one notices that the r.h.s. of (J) also vanishes at this order. As usual,

we can define the charge

1
@ = /dmz (8§2w85w+85wV(1)) (4.18)
1d
= E-P 4.1
17 ) (4.19)
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So, the eq. ([@IT) does not provide an independent new charge in laboratory coordinates (z,t). So, there
is no an independent new charge at this order. Notice that also the usual SG model does not possess an
independent charge at this order [16].

From this point forward and for the higher order charges the term encoding the deformation away from
the usual SG model, i.e. the r.h.s. of [@3]), will play an important role in the construction of the conservation

laws. So, the third order O(A3) term provides
1 3, 3 Lo )
O [gagw ((Oew)? + D¢w) ] + O¢ gang = —0¢s1. (4.20)

Remarkably, the r.h.s. of [@20) can be written as

1 1
= 0,Ri+ 05 (4.22)
1 1 1
Ry = *g[aﬁw]Q + §[3§w]4, S1= *5[3571’]2‘/(2)- (4.23)

In order to write (£22]) starting from (£2]]) we have used the explicit expression for X in (@A) and the
deformed sine-Gordon eq. of motion (1)) and its derived expressions such as 8,7052 w+ V@ (w)dew = 0.

Therefore, the conservation law (£20) turns out to be

s02 [0 (50c02) + 0 v -] 0. (4:24)

Notice that this form of the third order conservation law holds strictly for deformed SG models, i.e. for
models such that X # 0. In the usual SG model the eq. (£20) with vanishing r.h.s., since in that case
X =0, provides the relevant conservation law at this order.

Next, the charge which follows from the above conservation law ({24 becomes

2
(3)71d

1. (425)

Therefore, in this formulation and at this order, in contradistinction to the ordinary SG model, there is
not an independent conserved charge for the deformed SG model (2.1).
However, one can show that the third order charge and anomaly of [T [2 [§] presented in (Z2]) can be

rewritten in our notation, respectively, in the form
@ — [ de[ Bew)* + 2oewdtw + ~020V D + 1x9 4.26
and
B = §8§wX = 0¢S1 + O Ry + Zag (65w X), (4.27)

with Ry, S1 given in ([@23)).
In view of the form that $®) takes in [@2T), the x—integrated ‘anomaly’ term on the r.h.s. of ([Z2)

(written for n = 1) can be promoted to the Lh.s. of that equation by adding some terms to the relevant
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3 . . . . .
charge q,(l ). So, the quasi-conservation law (2:2), in the case n = 1, can be rewritten as an exact conservation

law

%{ ® /del - /dle - /dm(ang)} — 0. (4.28)

In fact, a close examination reveals that the eq. (2.15), for n = 1, of ref. [I], turns out be the same as our
conservation law ([{.24)), except for an overall constant factor. So, the above results show that the third order
anomaly term, which appears on the r.h.s. of an inhomogeneous quasi-conservation law, has been removed
and incorporated into the components of a new redefined current which satisfies an exact conservation law.

Moreover, in the recent paper [8] by two of us it has been shown, through numerical simulation and
analytical method, that the ‘anomaly’ (), once linearly combined with its dual 5(3), gives rise to the
both anomalies ﬁf ), such that the r—integrated “anomaly” af) = f dmﬁf’) vanishes when evaluated on
some two-soliton configurations (kink-kink, kink-antikink and breather solitons with definite parity under
space-reflection symmetry ), and if the deformed potential, evaluated on such a solution, is even under the

(2n+1)
+

parity. In fact, it has been shown analytically that the 3 anomalies vanish for those special two-soliton

configurations, rendering the exact conservation of their associated charges qfffﬂ) = ¢t 4 gt

ﬁ(_2n+1)

[8]. For two-soliton configurations the space-time integration of the anomalies vanish, allowing the

existence of the so-called asymptotically conserved charges [I].
In order to see more closely the relationship between the charge q,(lg), its ‘anomaly’ 3®) and the exactly

conserved charge ¢(® one can write the next relationship from (Z20) or (E24)

d d
203 2,6 3) 4.2
Lo - 2q = [ (1.29)
d 1
= o[ da [Sl + Ry + 2 0gwX |, (4.30)

where the form of ) provided in ([E27) has been used. Therefore, upon integration in t the expression

(#30) the charge q,(lg) can be written as

@ q(3)+/d$[51+R1+iang}’ (4.31)
1 1 4 Lo o 1 2
_ g@[E—P]qL/d:c{g(agw) ~ S (0Rw)? + (0wl - 2]], (4.32)

where the expression of ¢(®) in ([#23) and the expressions of Ry and S7 given in ([@23]) have been used. So,
in view of the relationships (£28)) and (@3] one can argue that the asymptotically conserved charge qt(lg)
becomes embedded into the third order conservation law ([£24]) provided that the ‘anomaly’ term G s
considered in the form ([@ZT). So, as discussed above, this ‘anomaly’ term turns out to be removed and
incorporated into the conservation law ([@.24) once the expression ([{.27) is taken into account.

Even though the conservation of the charge q,(lg) has been reported before [8], it is not guaranteed to
happen a priori in the present formulation, and in order to check this property we have computed above

(see sec. B2)) this charge by numerical simulations of a variety of two-soliton collisions and the breather
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oscillations for a particular deformation of the SG model. From the analytical point of view, in sections 3.1l
and above, we discussed the exact conservation of the charge qt(lg) for some soliton configurations with
definite parities under space-reflection transformations.

The next order O(A*) conservation law becomes
5 o 3, 1 4 L a 34 53
dy <E85w(8§w) + Eagwagw> + O (1—61/( [(0¢w)? + OFw] | = —0eso. (4.33)

The r.h.s. of this equation turns out to be

Oesy = %X@gw - é@gwagX (4.34)
= é@g [0FwX — Oewde X] (4.35)
Therefore one has the conservation law
o, <ia§w(agw)3 + iagwagw) 40 <i[(a§w)3 + RV — Lozux - agwag)(]) — 0 (436)
16 16 16 8

Similarly, from (£36) one can define the charge

(4)

5 1, . 1 1
/dm {Eagw(agw)g + E@gwagw + E[(@gw)g + agw]V(l) - g[ang - agwagx]}, (4.37)

0. (4.38)

q

So, it has been shown that this charge vanishes identically for suitable boundary conditions.

The term of order O(A%) provides the next conservation law

11 7 1 1 1
Ay (B—Q(agw)Q(agw)Q + ﬁagw(agw)?’ + 1—6(5510)6 + B—Qagwagw) — O [§V<1>u4} = sy (4.39)

3 3 Lo 3 1 3
—O¢sg = fﬁ(agw) 0e X + T (Ofw + 0¢[(Oew)?]) X — Eagwafx. (4.40)
A remarkable fact is that the r.h.s. of the last eq. can be written as
—0¢s3 = anRg + 0:53 (4.41)

where R3 and S5 are defined in (EJ)-(E2). Then, a lenghty calculation allow us to write the eq. ([£39) as

the fifth order conservation law
1,1 )
3—285{557,(851@ 4OV — 2)} —0. (4.42)

From the above conservation law it follows the fifth order conserved charge

1 a* 1
6 = =2 - 2 _
@ = = / dxb(agw) +(V 2)}, (4.43)
1 d*
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So, the fifth order charge ¢(® in (@Z3) is not an independent charge of the deformed sine-Gordon model
1) even though it emerges from a truly conservation law in the Riccati-type formulation, beyond energy
and momentum.

We will define below a related embedded charge q,({r’) and its relevant anomaly term ). This charge
has been computed above (see sec. [33) by numerical simulations of two-soliton collisions for a particular
deformation of the SG model.

Notice that the ‘anomaly’ term 8% introduced in [1] can be written, in our notation, as a term of the

r.h.s. of (@39). So, one can define into ([@40) the relevant anomaly term as
—2%0es3 = 280 — 9¢[3(cw)’ X + FwX — PFwde X + 0cwdE X (4.45)

BB = [0dw + 6(0cw) > w] X. (4.46)

x
16

Therefore, the additional terms 9¢|...] appearing in the expression of (—2%9s3) and provided in (Z45)
can be incorporated into the Lh.s. of the conservation law ([@39). So, we have rederived the fifth-order
quasi-conservation law of [I] by incorporating the terms ¢ [3(9zw)3 X + 853wX - 8§w85X +agwa§X] into the

Lh.s. of ([@39), while leaving the anomaly term £ in the r.h.s. of the same equation. Since the anomaly

B®) can be written in the form d,[...] + 9¢[...], one can define the asymptotically conserved charge gt as
%qg) - 9 / dz §O) (4.47)
= s [ {50 + 0w — 2(070) @ew)? — 6(0w)* + 6(0Fw)? ~ S0tV +
2(20cwdbw + 5 (0w + 2 (ew)V } +
%j—; / dx {%angﬂ) - 2a§wa§wv} - %5—; / dz %(agw)? (4.48)

Finally, the fifth-order quasi-conservation law of [I] can also be written as an exact conservation law provided
the form (£41]) is used in order to write an exact conservation law. The outcome will be the conservation

law (£42).

The conservation law of order O(A\%) becomes

1
Oy (ugOgw) — O¢ (EU5V(1)) = —0¢sa (4.49)

1 1 5 1 1
0, (ugdew) — a§{§u5v<1> + 75 [3(0ew)* 0 X — 2 (9ew)?0fwX + SOewdiX — SORwOEX —

%agwx}} =0 (4.50)

where the relevant expression for d¢s4 has been incorporated in ([@49) to get the conservation law (£50).
In this way the r.h.s.’s [—0¢s, (n = 1,2,3,4)] of the relevant conservation laws have been written as
OpRy + 0¢Sy. We will show below that this property holds in general for each term [(—0gsy), n > 1], of this

tower of conservation laws. Therefore, the conservation laws ([£3) in general can be written as

Oplal™ — Ry—o] + 0clal™ — S, 5] =0, n=1,2,3,..(Sy =R =0, k=-1,0). (4.51)
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Then, the construction above provides an infinite tower of conservation laws ([EL5T]).

As a byproduct of our construction, we have shown that the third order asymptotically conserved charge
defined in [I] becomes embedded into the relevant conserved charge above ([@3I)-(#32). The concept of
quasi-integrability and its asymptotically conserved charges, as introduced in [I] and further extended in
[8, 9, 0] by introducing subsets of exactly conserved charges, depend on the particular field configurations
one applies it to, such as the kink-kink, kink-antikink and breather configurations of the deformed model.
This is in contradistinction to the usual integrability concept in which the conserved charges are defined for
all fields of the model.

Moreover, we have shown through symmetry property arguments and numerical simulations in sections
B and above, the exact conservation property of the charge q,(l3). Remember that this charge has been
shown to be embedded into the dependent charge ¢(* ([#23), as presented in the expressions ([£.28) and
(@E31)-(@32). The charge qt(lg) has been regarded simply as an asymptotically conserved one in [T} [§].

The presence of an infinite number of conservation laws is among the most important features of integrable
models, since they impose strong constraints on their dynamics, and allow the existence of soliton-type
solutions. As we have discussed above, in the context of deformed SG models, the set of conservation laws
can be constructed directly from some structures such as the deformed Riccati-type equations of the system
or the abelianization procedure in the anomalous Lax pair formulation [I]. However, the rigorous proof of
the mutual independence and non-triviality of the charges associated to the conservation laws (£5]]) is often
a non-trivial task. So, in the Riccaty-type pseudo-potential formulation above the charges do not match

these criteria and one has to examine order by order their non-trivialities and mutual independences.

4.1 Riccati-type pseudo-potential and dual conservation laws

We present below a new formulation of the deformed SG model (2) in the context of the Riccati-type
pseudo-potential approach. This will constitute a dual formulation to the model presented above and play
and important role, when combined with the previous constructions, in order to study the infinite towers of
conserved charges expressed in laboratory coordinates (z,t).

Since the deformed SG model [2.]) is invariant under the transformation n +» £ there will be naturally
another Riccati-type formulation dual to the system (I))-([@4]) presented above. So, let us consider the next

system of equations for the new pseudo-potential u

O = —2\U+ dyw + Oyw u?, (4.52)
2 1 1
oeu = fx(vf2)afﬁv’+ﬁv’a2+?fa§. (4.53)

Notice that we have performed the changes A — A~! and £ < 7 in the linear system ([@I)-(Z2) and relabelled
the pseudo-potential and the auxiliary fields, while maintaining the field w and the deformed sine-Gordon

potential V(w) unchanged.
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Next, we consider the following equations for the auxiliary fields 7(£,n) and 5(&, n)

8yF = —2AT+ Qyuw(ur+3) + A"'X, (4.54)
O3 = Oyuw(@s—7)+A"1Xa, (4.55)
~ v ) d?
X = dw (T +2V — 4) , V@ = —=5V(w). (4.56)

So, one has a set of two deformed Riccati-type equations for the pseudo-potential u ([E52)-([£53) and a system
of equations ([{54)-([4E5H) for the auxiliary fields 7 and §. Likewise, for the particular potential (£6]) one
has that X vanishes identically, and the linear system ([£52)-([@53) will describe the ordinary sine-Gordon
integrable model, provided that § =7 =0 in (£353).

Similarly, as in the previous subsection, substituting the expression for a2 from ([@54) into ([f55) one can

get the following relationship
~ “1 Ly 1~ ~
O¢ (Woqw) + 0y (A7 (V —2) — 5)\ uV = —0,5. (4.57)

This equation can be used to uncover an infinite number of new conservation laws associated to the

modified SG model (ZT]). So, let us consider the expansions
U= U A" 5= 5 A F =N A (4.58)
n=1 n=0 n=0

The components u,, can be determined recursively by substituting the above expression into ([{52]). Whereas,
the components §,, and 7, can be obtained from the system of eqs. (#54)-([@53). In appendices C and D
we provide the expressions for the first w,, $,,7,. Then, making use of these components, one can find the
conservation laws, order by order in powers of A\~1, by inserting those expansions into the eq. ([@5T). So the

(—n)'th order conservation law becomes

0ea) +  0ya = —0yFn—2, n=1,2,3,..551=0 (4.59)
n 1 ~
" = Gy, @ = (V- 2)d1, - Fin-1V Y, G =o. (4.60)

So, the first order O(A™!) term provides

O (%(&711))2) 40, (V—2)=0. (4.61)
The last equation furnishes the conserved charge

i = / dx [%(anwf F(V—2). (4.62)

This charge combined to its dual in the last subsection has been used to write the energy and momentum

charges as in eqs. ([@I3)-(£16).

The next order term O(A~2) becomes
O Z@,Iw@nw + 0, Za,]wv = 0. (4.63)
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Notice that the r.h.s. vanishes since 9,50 = 0. As usual, we define the charge

1
? = /d:c 1 (8310&711) + &ﬂuv(l)) (4.64)
1d
= 15 (E+P). (4.65)

So, the eq. (LE3) does not provide an independent new charge. So, as in the dual case of last subsection,
there is no an independent new charge at this order.

As in the construction of preceding subsection, from this point forward and for the higher order charges
the terms encoding the deformation away from the usual SG model, i.e. (—0,5,—2) in the r.h.s. of ([@EJ),
will play an important role.

The third order O(A™3) term provides
1 1 N
e [g@nw ((Oqw)? + d3w) ] + 0 <§a,3wv<1>> = 0,31, (4.66)

The r.h.s. of ([G0) can be written as

- 1~ 1 =
—0ys1 = ZX@gw - Za,]w O X (4.67)
= O:Ry+ 9,5 (4.68)
~ 1 1 ~ 1
R, = 7§[8$w]2 + g[anw]‘*, S = fg[anw]Qv@ (4.69)

In order to write ([@68) starting from (ZGZ) we have used the explicit expression for X in (Z56) and the

deformed sine-Gordon eq. of motion (2.1)). Therefore, the conservation law ([466]) turns out to be
1 3 Lo 9 Lo oy, 1 217(2)
¢ [ SOw0w + S[02u] |+, [ga,]wv + S [0,V | =o. (4.70)

Notice that this form of the third order conservation law holds strictly for deformed SG models, i.e. for
models such that X # 0. In the usual SG model the eq. (E66) furnishes a conservation law at this order,
provided that the r.h.s. is set to zero, since in that case X =0. So, the charge which follows from the above

conservation law (£70) becomes

1 1 1 1
6{3) _ /d:c {gaﬁwasw + g[azw]Q + gang(l) + g[&,wpv@)} (4.71)
1 d?

Therefore, also in this dual formulation and at this order, in contradistinction to the ordinary SG model,
there is not an independent conserved charge for the deformed SG model 2.1)).
Moreover, as in (Z3]) one can show that the third order charge and anomaly in [I] 2, 8], in our notation,

can be rewritten, respectively, in the form

1 1 1 1=
W = [ aslgou)’ + oo+ RV 4 I Koy (473)
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and
B(S) = 18211))? =0,5 +8R Jr—la 0, X (1;1)
n m1 ¢l 1 n nW ) ’

with 1721, §1 given in (£G69). In view of the form that E(?’) takes in (@74]) this ‘anomaly’ term on the r.h.s. of
(23) can be promoted to the Lh.s. of that equation such that the quasi-conservation law (see eq. (2.31) of

[1] for n = 1) can be rewritten as a proper conservation law

%{@fﬁ) —/d:z:gl —/dmlfh —/dm(@nw)z)} =0. (4.75)

In fact, a close examination reveals that the eq. (2.31), for n = 1, of ref. [I], turns out be the same as our

conservation law (£T0), except for an overall constant factor.

It is possible to write a relationship between the charge (1(13)

charge ¢, so from (@66) or (@T0) one has

, its ‘anomaly’ 5 (3) and the exactly conserved

@ = §® +/ da [§1 + Ry + %anw)?}, (4.76)
_ 1 d? 1 4 1,9 o 1 2
- g@[EJrP]jL/ o[£ (00)" - < (@2w)? + S (0,02 — 2] (4.77)

The charge @f{o’), conveniently combined with its dual qt(l3) in (@31)-([432), has been computed above (see
sec. B2) by numerical simulations of two-soliton collisions for a deformed SG model.

The next order term O(A~*) becomes

5 1 1 B
O¢ (E&gw(&;wﬁ + Eanwaj;w) + Oy (1—61/(1)[(&711;)3 + 8210]) = 0,32. (4.78)

The r.h.s. of this equation can be written as

1 1 =

Oz = S XOw — 20wd X (4.79)
1 ~ ~

= gan[aﬁwx — Ohwo, X]. (4.80)

Therefore one has the conservation law

) 1 1 1 = =
e (Tﬁagw(anwﬁ + Ea,]wa;;w) + 9y (1—6[(6,7111)3 + 03wV — g[agwx — ana,]X]) =0. (4.81)

From (&38T]) one can define the charge

5 1 1 1 . N
i = /d;z: {l—ﬁagw(anwp + I_Ganwa;;w + 1—6[(3,71,})3 + PV — g[agwx — a,]wa,,X]}, (4.82)

0. (4.83)

So, it has been shown that the charge at this order also vanishes identically for suitable boundary conditions.

The term of order O(A~?) provides the next quasi-conservation law

11 7 1 1 1 ~ ~
O G5 0020y + S50y + G5 0y + g5oyudfn) 0y [FVOR] = <0y (4s)
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~ 3 s 1 > 1 =
—0y83 = f1—6(a,,w)3a,7X + 16 (Ohw + Oy [(Oyw)*]) X — Eanwagx. (4.85)
The r.h.s. of the last eq. can be written as
—8,7§3 = 8§§3 + 6,753 (486)

where Rs and S3 are provided in (E-I)-(E-2). Then, a lenghty calculation allow us to write the eq. [E84) as

the fifth order conservation law

%aﬁ{%ag(anwﬁ +0,(V — 2)} ~0. (4.87)

From the above conservation law it follows the fifth order conserved charge

¢d®» = 1d dx F(a w)? + (V — 2)} (4.88)
32 dt4 DR '
1 d*

So, the fifth order dual charge ¢®) in (&R8) is not an independent charge of the deformed sine-Gordon model
@) even though it emerges from a truly conservation law in the Riccati-type dual formulation, beyond
energy and momentum.

We will define below a related embedded charge @f{r’)

and its relevant anomaly term 5(5). This charge
has been computed above (see sec. [33) by numerical simulations of two-soliton collisions for a particular
deformation of the SG model.

Notice that the ‘anomaly’ term 5(5) introduced in [I] can be written, in our notation, as a term of the

r.h.s. of (£84). So, one can define in ([@84]) the relevant anomaly term as

249,35 = 28 —9,[3(8,w)*X + PBwX — P2wdy X + 9,wd>X] (4.90)
~ 1 -
BB = 1—6[8;;10 + 6(Opw)*0fw] X. (4.91)
Therefore, the additional terms inside 9,[...] appearing in the expression of (—219,s3) and provided in

(£90) can be incorporated into the Lh.s. of the conservation law ([@L84]). So, we have rederived the fifth-order
quasi-conservation law of [I] by incorporating the terms 0, [3(8nw)3)~( +82w)? - agwa,])? —i—@nw@%f( ] into the

Lh.s. of (£&4), while leaving the anomaly term 3(5) in the r.h.s. of the same equation. Since the anomaly

B (5) can be written in the form Opl...] + O¢[.. ], one can define the asymptotically conserved charge (}ff) as
dos) _ 36) 4
70 = 2 [ dxp (4.92)

ld 1 6, Loz 2 9 o0 o 2 4 2 2 Loy 1
= 3% dx {5(8,710) + Z(anw) — §(anw) (Oqw)* — 6(dyw)* + 6(d,w)” — §8nwV( )+

1 3

2[20,wiw + 5 (02w)? + 5(8nw)4]V} +

1 d? 1,4 1d3 1

- - (1) _ 2 - - 2

S 72 dm{QanwV 28nw8nwV} 5 7 dx 2(8,710) . (4.93)
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We have computed in sec. 3.3 this charge @f{r’)

, combined with its dual [@48]), by numerical simulations
of two-soliton collisions for a particular deformation of the SG model.

Finally, the fifth-order dual quasi-conservation law of [I] can also be written as an exact conservation
law provided the form (Z8@) is used in order to write an exact conservation law. The outcome will be the
conservation law (L87).

For completeness we provide the next conservation law of order O(A~°)
¢ (ugOyw) — 9y (%ag,vm) = 0,3,  (4.94)
~ 1 1 > 9 > 1 ~ 1 ~
D¢ (Tigdyw) — 5,7{§U5V(1) + 75 [300w)*9,X = 20,0 + Z0,w0iX — SOwdRX —
%aﬁlwi]} —0  (4.95)

where the relevant expression for 0,54 has been incorporated in (£94) in order to get ([A95).
In this way, the r.h.s.’s [—=0,5, (n = 1,2,3,4)] of the relevant dual conservation laws have been written

as agfzn + anls‘n. Therefore, the conservation laws (£59) can be written as
e[al) — Ros] + 0y[al” — Sua] =0, n=1,2,3,..(Sy = Re =0, k=-1,0). (4.96)

So, beyond the energy-momentum charges, the above towers of higher order asymptotically conserved
charges share the same form as the usual sine-Gordon charges, even though the dynamics governing their

behaviour is related to the deformed sine-Gordon with potential V (w) supporting solitary waves.

5 New pseudo-potentials and non-local conservation laws

In this section we provide new towers of conservation laws by considering other pseudo-potential represen-
tations of the deformed SG equation. The procedures will carefully take into account the structures of the
deformation encoded in the variable X in ([@3) and the auxiliary fields r and s of ([3)-(&4), as well as
encoded in the dual expressions X in ([@56) and the fields 7 and 5 in ({@54)-(E55).

Let us define 1) = r — us and write the Riccati-type eq. (£2) as

Opu = fzx(vfz)uf%w“u%w(” u® + . (5.1)

Therefore, imposing the compatibility condition to the pair of eqs. (@I and (5.I)), and taking into
account the auxiliary system of equations (£3)-([@4), one gets a linear first order equation for

Oeh 4+ 2071 — 2udcwp = (2 —2u — AOeu)Y, (5.2)

y = %v<2> (w) + 2V (w) — 4. (5.3)

This is a non-homogeneous ordinary differential equation for ¢ in the variable £, which can be integrated

by quadratures. Its general solution becomes

E " - ’
o3 S e ) P e

/ ow (&’ ,n) ’ , ow (e’ ,n) ,
(e, n) = Ce 3 xS de =% [ LAl m)%]d&/ y

41



a 1 a 1
V(e m{2ule’ )+ 2|25 22 g (54)

Imposing the condition 1) = 0 for Y = 0 to this solution, as it must hold for the usual SG model, one must
set C' = 0. In fact, this condition removes the contribution of the homogeneous sector of the differential

equation (5.2)) to the general solution in (54) . So, one has

w(E,n) = —e * JE =D’ ) 224 jag! /Eei JE (e ) 2 g
du £H’77 ow 5”5 n
Y(f”,n){Qu(g”,n) + )\[ (35// ) 2 éf// )} }dé/l' (5.5)

The expression for ¢ in (58] is highly non-local and, once inserted into (B.1]), the new system of eqs. (1))
and (&) will provide a new non-local Riccati-type representation for the DSG model ([2.1]).
However, we are interested in obtaining a new set of local conservation laws associated to the system of

Riccati-type equations () and (E)); so, let us define a new pseudo-potential as

U = —0s (5.6)

= —AXu+ 0w, (5.7)

where the eq. (£4) has been used in order to trade 9¢s for ¢, i.e. 9¢s = AXu — dgwp. So, the r.h.s. of the

conservation law ([£1) can be written as
1
Oy (udew) + O¢ <>\(V2) 5Auv<1>> = v (5.8)
The quantity ¥ satisfies a linear ordinary differential equation in the independent variable &
. 8§w
OgW = | = 227" + 2udew + 8£—w]\1/ — \uBew DeY. (5.9)

When the components u,, of the quantity u (£8) are taken into account from the appendix [A] the equation

(B9) can be solved for ¥ by expanding it as a power series in the spectral parameter A

o= N, (5.10)

n=1

The first set of components ¥,, are provided in the appendix [El

The conservation law (B.8]), taking into account the series expansion for ¥ and its components provided
in (E4), reproduces the set of conservation laws presented in section [l

An important observation is that from (2.9) one can write the Riccati-type pseudo-potential u in terms
of the quantity ¥ and the field w as

AVZw — Dew(2W + NI V)
CA2(0cw)3Y (D) — 20\ (Ogw) 2

u

(5.11)
Notice that by introducing (B.I1]) into the Lh.s. of equation (5.8)) one can get for ¥ an expression of the form
U =0,R+ 0¢S, (5.12)
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where R and S can be defined as some functionals of the field w and its derivatives, once the expressions for
U and its components ¥,, from (E.4) are substituted into the Lh.s. of (5.8)). The identity (5.12]) shows that
in general one must have ¥,,_s = 0,Rn—2 + 0¢Sn—2[= (—0¢Sn), n > 3]. This property has been verified,
order by order in powers of A, in the construction of the first set of conservation laws and their associated
charges ¢, n=1,2,...,6, in sec. @

Likewise, in order to write a dual set of local conservation laws associated to the system of Riccati-type

equations ([{52) and ([@353), one can define the quantity

U = —0,5 (5.13)

= A Xu+o,w, (5.14)

where the eq. (£5H) has been used in order to trade 0,5 for ’LZ, ie Ops = A IX T — Ohw ’LZ So, the r.h.s. of

the conservation law ([@357) can be written as
- 1,1~ =
¢ (U 0yw) + 0, ()\‘1 (V—-2)— ixl uv<1>) = U, (5.15)

where the pseudo-potential U satisfies a linear ordinary differential equation in the independent variable n

2

~ 0 ~
Oq% = [~ 2)+ 20w + ;—w] T A 'ad,wd,Y. (5.16)
nw

The equation (B.I6]) can be solved for ¥ by expanding it as a power series in the spectral parameter A
U= Y Ay, (5.17)
n=1

The first set of components \Tln are provided in the appendix [El
One can verify that the conservation law (B.I5]), taking into account the series expansion of U and its

components provided in the appendix[E] reproduces the set of dual conservation laws presented in subsection

ZT

5.1 Pseudo-potentials and a linear system associated to DSG

In this section we tackle the problem of writing a linear system of equations associated to the DSG model.
We will proceed by performing some transformations to the Riccati eq. ([@I]) and to the conservation law

D), as well as to the eq. ([9]) written for the the auxiliary field s. So, let us consider the transformation
L, (log ) (5.18)
u=——=——0¢ (log ¢). :
Jewe (08
Inserting (5.I8) into (@I) one gets the equation

B¢+ (0:w)’p + 23 9 — a%[log (Ocw)] e = L1 = 0. (5.19)
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Similarly, inserting (B.I8) into (1) and performing a {—integration once, one gets

V'(w)
Ocw

Oy — AV (w) — 2]¢ — %)\ Oeh— 5= Lop = 0. (5.20)

In addition, combining (G.I8) and (5.9), and taking into account the expression ¥ = —0gs defined in

(E6), one gets the next equation for the quantity s

I PN
. +a£w}a§s A DY (5.21)

From (5.19)-(5.20) one can show that the compatibility condition is satisfied, 9, (9 ¢) — ¢ (9,¢) = 0, provided

Ofs = | —2A71 2

that s satisfies the second order differential equation (5.21I]) and w the deformed sine-Gordon equation of
motion (Z1). In addition, from (E.20) and (G.2I) one can write the relevant expressions for 9, log¢ and
O¢ log ¢, such that their compatibility condition reproduces the conservation law (5.8)).

Notice that the pseudo-potential approach has been used in [13] in order to obtain the Lax pair of the
usual SG model. In fact, in the limit V' — Vsg one has that Y = 0 (SG limit) and ¥ = 0 implying s = 0 and
the set of operators {L1, Lo} in (B19)-(E20) turn out to be the Lax representation of the usual SG model,
provided that the potential V takes the form ().

On the other hand, the so-called non-homogeneous nonlinear Lax pair associated to an integrable system
has been discussed in [I7] starting from a known Lax pair and the Darboux transformation of the model.
Along the same lines, since the system of equations (5.19)-(E.20) satisfy the compatibility condition, as dis-
cussed above, the system (B.19)-(520) can be regarded as a non-local and non-linear Lax pair representation
of the deformed SG model (Z1)).

Therefore, following the results above and the same general lines suggested in [17], it is worth to pursue
a linear formulation of the DSG model. Next, we will undertake this goal by seeking a linear and a first

order in {—derivative (n—derivative) differential equation for the pseudo-potential ¢ as

e = Aco (5.22)
0y = Ao, (5.23)

such that the compatibility condition for the system above defines the equation of motion
6,7A5 — 05./47, =0. (5.24)

Therefore, substituting the above Ansatz (5.22)) into (5.19) one gets a Riccati equation for the quantity A

OcAe = —2a1 + <%8§ loga; — ;) Ae — AZ, a; = %(8@1})2. (5.25)

Notice that the linear system (B.22)-(5.23)), as well as the equation of motion ([5.24) are defined up to a gauge
transformation

¢ — o (5.26)

Ae — Ac+0:A, Ay, — A+ OpA, (5.27)
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for an arbitrary function A.

Taking into account (5.22))-(5.23) from (520) one can get an expression for the quantity s

1 v

Since s in (5.28) depends on the connection (Ag¢, Ay), defined in the linear system (.22)-([.23), and the
quantities V, V(1) and O:w, one can argue that s depends only on the field w of the model and its derivatives.
The above results and the careful inspection of the terms J:¢ and 0,¢ appearing in (G.I19)-(E21), as well
as the system ([0.22)-([5.23), suggest that the model might possess a linear formulation. In the following,
taking into account the gauge freedom (B.26)-(527) and a certain amount of guesswork, we will determine
the simplest expressions for the quantities A, and A¢ of the linear system (.22)-(E23). In this way, we

propose the following system of equations as a linear formulation of the deformed SG mode

L;1® = 0, (5.29)
L1 = 0 — A (5.30)
A = g(agw)22(%ﬁgfu) (5.31)
Lo® = 0, (5.32)
Ly = 0,4, (5.33)
A, = 22—V +¢ (5.34)

where the auxiliary non-local field ¢ is defined as

13 2 4
_ / (1) (Oerw) _o1/(2) (Ogw)
¢ = / de [6\/ X 2V 7(352'1“)2] (5.35)

In fact, taking into account the expression for the auxiliary field ¢, the compatibility condition of the linear

problem defined by the system of eqs. (0.29) and (.32) provides the equation

Ogw (Oew)? _
A€ A— Gag—wA(& n) +2 (agw)gf‘?sﬁ(ﬁ, n) =0, (5.36)
A(€,m) = dedyw + VD (w). (5.37)

The first term in the above equation is linear in the spectral parameter A, and then the quantity A(&,n)
must vanish, furnishing in this way the deformed SG equation of motion (2. The remaining terms in
(BE36) must also vanish once A(£,n) = 0 is imposed. So, the operators £; and Ly constitute a pair of linear
operators related to the deformed SG model 2.1)).

The linear systems (0.22)-(5.23) with connection (A¢, Ay) and (5:29)-(534) with connection (A¢, Ay),
respectively, are related by the gauge transformation of the type (5:26)-(E27). So, one has

b = e No (5.38)

3We will provide below a gauge transformation between the systems (.29)-(E34) and (522)-(E23).
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A§ = Ag—l—@gA (539)

Ay = Ay + 0, (5.40)

where the quantity 2 = 0¢A satisfies the Riccati equation

2 2 2
0 = 0o +ag 4+ 8a1 + 2\ apar + N\%a? — 4\ “ + Ocap — (X + 2ag + 2X a1 + 4ﬂ> Q4+ 02, (5.41)
ago Qg
(Ogw)®
= -2 bp=-2-7V, 5.42
a0 85210 r ’ (5.42)

which is obtained from (5.25) and (5.39).
Next, as a first application of the linear problem above, let us construct the energy and momentum

charges. Let us write the linear system (0.29)-(E34) as

0c® = A (5.43)
0,0 = A, (5.44)
Ae = ao+Aay; Ay, =bo+ Aby, (5.45)
ap = —2((’(9?%133; by = ¢ = /5 de’ [GV(l)(?%%)Q —oy®@ Eg%;} (5.46)
a; = %(8§w)2; bp=-2-V (5.47)

So, consider the identify 877(6%) - 85(6("5) = 0, which taking into account the linear system (&.43)-(5.44)

becomes

OnAe — 0:A, = 0. (5.48)

So, using (5:4H) one can write
(977(10 — agbo = 0 (549)
Gnal - 8§b1 =0 (550)

In fact, these eqs. define two conservation laws. Then considering the expresions of ag and by in (5.48) the

eq. (549) defines a non-local conservation law. However, the eq. (5.49) can be written conveniently as
1
an[g(agwﬁ] + 9¢[VOew] = VoFw. (5.51)

This is just the eq. ([26]) for N = 3, i.e. the rational non-local conservation law (5.49) hides a quasi-
conservation law.

Whereas, the second eq. (G50) together with the expressions for a; and by in (B47) provides the
energy-momentum conservation law 8, (1 (8¢w)?] + 9¢[V — 2] = 0, which has already been discussed in the

pseudo-potential approach (LIT).
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For the fields and potentials satisfying the symmetry (2.4]) one can get another linear system. So, from

EA3)-(&41), performing the transformation ([24)-(21), one gets

dex = Acx; (5.52)
oyx = Agx (5.53)
Ae = ao—Xay; A, =bo—\by. (5.54)

The new potentials Zg and gn can be obtained by making | — —[ in the potentials of (Z45]). The system
BE52)-[BE54) reproduces the same eq. of motion (2]) and the conservation laws (.49)-(E50).

In addition, taking into account the system of eqs. ([£52) and (515), as well as the eq. (516, of the dual
Riccati-type representation, one can introduce a new pseudo-potential (E through a transformation analogous
to the one in (BI8). Then, following similar steps as above, one can define a dual linear system of eqs. for
the new quantity ® and associate to it the new pair of operators {El, Zg} So, this construction will provide

the dual linear representation of the DSG model.

5.2 Non-local conservation laws

For non-linear equations, not necessarily integrable, which can be derived from compatibility conditions of
an associated linear system possessing a spectral parameter, a technique for obtaining explicit expressions
of local and non-local currents have been developed in the literature (see e.g. [23]). In certain models the
non-local conserved charges, as in the non-linear c—model, imply absence of particle production and the first
non-trivial one alone fixes almost completely the on-shell dynamics of the model (see e.g. [24, 25]). These
charges may be constructed through an iterative procedure introduced by Brézin, et.al. [26]. We follow
this method to construct a set of infinite number of non-local conservation laws for the system (5.43))-(5.44]).
In fact, this system satisfies the properties: i) (A¢, 4,) is a “pure gauge”; i.e. A4, = 9,271, u = & n;
ii) J, = (A¢, Ay) is a conserved current satisfying (G.48). So, we can construct an infinite set of non-local

conserved currents through an inductive procedure. Let us define the currents

Jl(tn) = 9™, p=&m n=0,1,2, .. (5.55)
AV = Agde + A,dn, (5.56)
= dIo(&m) + LI (€n); (5.57)
J;(AHH) — @Hx(n) _ AMX(n); X(O) =1, (5.58)
where

dZo(&,m) = ao(§, n)dS + bo(§,m)dn, dZy(§,m) = ax (€, n)dS + bi (&, m)dn. (5.59)

Then one can show by an inductive procedure that the (non-local) currents Jﬁ(bn) are conserved
D JMWHE =0, n=1,2,3,.. (5.60)
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The first non-trivial current conservation law 0,,J (W# = 0 reduces to the eq. (E48), and then provides the

first two conservation laws (5.49)-(5.50). The next conservation law 9,.J(2)# = 0 becomes

(977 Ag - aOIO - (0,011 + (1110)1 - a11112i| - 85 |:A77 - boIO - (boIl + bl:Z())l - b11112i| = 0, (561)

where 7y and Z; are defined in (559). From (5.61]), in addition to the conservation laws (5.48)) or (5.49)- (GE50),

one can get the new non-local conservations laws order by order in powers of A

an(aozo) — 65 (boIo) = O, (562)
8,7 (aoIl + alIO) - 85 (boIl + blzo) =0, (563)
877(&111) - 85 (blL) = 0 (564)

Notice that the linear systems (5.43)-(E44) and (E52)-(E53) have been obtained by deforming the po-
tential V' (w) away from sine-Gordon. The construction of analogous linear systems may be relevant for the
deformations of the well known integrable models related to the eq. of motion (2.]), such as the Boullogh-
Dodd model [4]. In addition, it would be interesting to uncover the classical Yangian as a Poisson-Hopf
type algebra underlying those set of non-local currents and charges [27] for the deformations of the inte-
grable models such as the sine-Gordon, sinh-Gordon, Boullogh-Dodd and Liouville. We will postpone those

important issues and some relevant applications for a future work.

6 Conclusions and future prospects

In this paper, we have made the first steps toward deformations of the pseudo-potential approach to the
sine-Gordon integrable model and applied, as an example, to the models of Bazeia et. al. [I8]. We showed
that when the Riccati-type pseudo-potential equations are deformed, away from the sine-Gordon model,
one can construct infinite towers of quasi-conservation laws associated to the deformed sine-Gordon models
of type (2I)). The first order set of conserved charges are related to the usual energy and momentum
charges. In addition, a related linear system of equations allowed us to construct an infinite tower of
non-local conservation laws. Moreover, by direct construction, we have obtained additional towers of quasi-
conservation laws.

Then, we have shown analytically that the second, third and fifth order set of exactly conserved charges
becomes the first, second and fourth order time-derivatives of the energy (E) and momentum (P) charges,
respectively. In this way, they are trivially conserved. It is also shown that the fourth order conservation law
is a trivial identity. The redefined third and fifth order asymptotically conserved charges, which are embedded
into the relevant conservation laws, have been decomposed as a summation of z—integrals of certain densities,
such that each density exhibits space-reflection symmetries for definite parity soliton configurations.

It has been verified, up to the fifth order and through numerical simulation, that there exist embedded

into the relevant third and fifth order conservation laws, a pair of independent exactly conserved charges ql(lsj)[
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BI3)-@BI8) and a pair of asymptotically conserved charges q((lsi BI0)-@324), within numerical accuracy.
The pair of exactly conserved charges ql(fi have been regarded as simply asymptotically conserved ones in
the quasi-integrability approach [I, [8]. In general, in the pseudo-potential approach for the DSG models
we have shown the absence of the so-called ‘anomalies’ which are present in the quasi-conservation laws of
[1]. We were not able to trace the relation between our numerical results for conserved charges q((lgj)[ and the
corresponding analytical construction of their associated exact conservation laws.

We have checked through numerical simulations of soliton collisions (kink-kink, kink-antikink and breather
configurations) the conservation properties of the first two sets of higher order charges: the two third and
two fifth order ones. We have used, as a particular example, the models of Bazeia et. al., which depend on
a deformation parameter ¢ (such that for ¢ = 2 it reduces to the ordinary sine-Gordon model) and have one
kink solutions (for any ¢ € IR) and no other analytic solutions of these models (when ¢ # 2) are known yet.
We have studied these models numerically and computed their first six nontrivial charges E, P, ql(f’j)[ and q(f )
for various two-soliton and breather configurations. Our numerical simulations allow us to argue that for

(3)

general two-soliton configurations the charges ¢} are exactly conserved, within numerical accuracy; whereas
the charges q,(fi can be considered, in general, as asymptotically conserved ones. In addition, the charge
qff’l becomes exactly conserved for soliton configurations possessing definite parities. Similarly, for definite
parities of kink-kink and kink-antikink solutions, the lowest order anomalies of the new quasi-conservation
laws presented in sec. 3 vanish.

Moreover, in sec. 2.1l we have found new towers of quasi-conservation laws with true anomalies. We
discussed some of their properties and simulated their relevant anomalies in sec. 3.4l It is remarkable that
the anomalies a_ and 7_ vanish for symmetric kink-antikink collision (see Fig. 4). Similarly, for anti-
symmetric kink-kink collision (see Fig. 1) the anomalies a; and «y_ vanish. These kind of anomalous charges
also appear in the standard sine-Gordon model, and they are expected to appear in the other integrable
systems and their quasi-integrable deformations [11], [12].

In the framework of the Riccati-type pseudo-potential approach we have constructed a pair of linear
system of equations, (B.43)-(E47) and (52)-(BE54), respectively, whose relevant compatibility conditions
furnish the DSG model (Z1). The study of the properties of these linear systems, as well as their dual
constructions, deserves a carefull consideration. In particular, the relation of their associated non-local
currents with the so-called classical Yangians [27].

In view of our results above, one can ask if the quasi-integrable systems studied in the literature, such as
the deformations of the non-linear Schrodinger, Bullough-Dodd, Toda, SUSY sine-Gordon and KdV systems
[5L 9L 10, [41 [6] 20} [7], might possess more specific integrable structures, such as an infinite number of (non-
local) conservation laws. So, they deserve careful considerations in the lines discussed above.

Finally, following the work of Krasil’shchik and Vinogradov [2I] about non-local trends in the geometry
of differential equations, in which the partial differential equations (PDEs) have been regarded as infinite-

dimensional manifolds, it has been introduced the so-called differential coverings, which have been used to
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study some of the PDEs properties including the constructions like Lax pairs and Backlund transformations
(see e.g. [22]). Moreover, it has been shown that all kinds of Lax pairs, zero-curvature representations
and Bécklund transformations in soliton theory are special types of coverings [21I]. In particular, an auto-
Béacklund transformation is associated to an automorphism of the covering. Then, it would be interesting to
study the properties of the system (@I))-{2) and [3)-([E4) as some types of differential coverings of the
DSG model ZTJ).
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A The us of the first set of charges

The u),s can be determined recursively by substituting the expansion (L8] into (£1]). Then the first quantities

become
1
uy = 56510
1
Uy = —505u1
1
- —ﬁﬁgw
Loy
us = 3 (ulagw - 8§u2)
1
= ? ((agw)g + 85311;)
1
Uy = 5[( 1U2 + uzul)agw — (9EU3]
1 1
= (0w’ 0w — ;0¢ ((cw)® + Bw) (A1)
1
us = 5[(ug + 2uqu3)0cw — O ua]
B v SNV IR
= 32(851”) (Ocw) + 328£w(85w) + 16(5510) + 3205111
1
Ug = 5[(2“2U3 + QU1U4)65’LU — 65u5]
1
uy = 5[(’&% + 2uqus + 2U2U4)a§’w — 65U5] (AQ)

The above expressions can be written recursively for the u,,’s

Up ==

[( Z Uplg)Oew — Dgun—1], n=2,3,4,.. (A.3)
prg=n—1

N~
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B The rs and s/ s of the first set of charges

Substituting the expansions (@8] into the system of eqs. [@3)-(@4) the components r,’s and s,’s can be

written recursively as

m—1
1 1
Tm = 75 (afrml - Smflafw - afw ]; kal“k) , m=1,2,3,...5m0 = §X7 (Bl)
Oesm = Xtmir = rmOgw + w ) sm_gur, m=0,1,2,... (B.2)

k=1
Next, making use of the expressions for the u/,s presented in the appendix [Al and the recursion relations

above we list the first components O¢s,, for n =0,1,2,3,4,5

deso = 0, (B.3)
Desy = —%X&?w - Q—Zagwagx, (B.4)
desy = %X@?w - %agwagx, (B.5)
Bess = féxagw + Q%agw [3(0cw)*0e X — 38X 00w + 03X, (B.6)
ess = %X@?w - %agw [5(0cw)02X — 10X (92w)? + 5dew (20 X0Fw — XOfw) + 04X |, (B.T)
Dess = f%xagw + %agw [11(02w)?0¢ X — 36X 2wdfw + 07X | + (B.8)
%(agwf (2202002 X + 140 X 03w — X Ofw] + (B.9)

% [10(0510)565)( — 10X (Fgw)* 92w — 11X (P2w)? + 7(agw)Sa§X}, (B.10)

..... (B.11)

C The u)s of the second set of charges

Similarly, the «s can be determined recursively by substituting the expansion (58] into [@52). The first

quantities become

- 1
U = 58,710
- 1, -
Uy = —5677U1
1
= ?anw
uz = 5 (ula,]w — aan)
1



| -~ ~
Uy = 5[(u1u2 + Ustiy )Opw — Opus]

= w0k — 0, (0,0 + ) .

n 94 71

us = [(ﬁ% + 2ﬂ1ﬂ3)6,7w - 6,754]

NI

1
= ?anw(agwf + 57 ((Onw)® + af;w) (Oyw)?
2 2

1 3 L
+?&7 ((87710)28210 + 5(87711))2872710 + 58;4710)
1 — ~ ~ ~
ug = 5[(2uzu3 + 2U14) Oy w — Oys]

() Uplig)Oyw — Dylin 1], 1 =2,3,4,... (C.2)
p+qg=n—1

Ohgw;  ug = 0. (C.3)

D The 7s and s/s of the second set of charges

Substituting the expansions (£58) into the system of eqs. ([@54)-([{55) the components 7,’s and 3,,’s can be

written recursively as

T'm

Onsm

m—1
1 - - - - - 1~
= -3 <8nrm1 — Sm—10pw — Oyw kgil kaluk> , m=1,2,3,..;79 = §X, (D.1)
= X1 — TmOygw + 0w > Smli, m=0,1,2,... (D.2)

k=1

Next, we list the first components 0,5,, n =0,1,2,3,4,5

6,,50

8,751

8,752
6,753

87754

OnSs

0, (D.3)
—%X@%w + %a,]wanf(, (D.4)
2—13)?63;w - %anwagff, (D.5)
—%X@éw + %a,]w (30,0, X — 3X0,uw02w + 93X, (D.6)
%X@Sw - 2—15an [5(0,)*02X — 108 (02w)* + 50, (20, X 02w — Xo%w) + 93X ], (D.7)
f%)?agw + 21—6an (1102020, X — 36X 020w + 03X | + (D.8)
o (0?2202 X + 140, Ko — 7X 0] + (D.9)
2—16 [10(8,0)°8, % — 10X (0,)* 63w — 11X (@30)° + 7(0,u) 63X |, (D.10)

(D.11)
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E The U/ s of the first set of charges

Next, we provide the first components of the pseudo-potential ¥. Substituting the expansion (B.I0) into the

eq. (59) and taking into account of the components u,, provided in the appendix [Al one can get

1
U, = 7Y<1>(a£w)3
1 1
= —50[(Gew) V@] - 20, [(0Fw)? — (Gew)*
1 0Fw )
U, = ——agq/l + 2 28 %y, + 1y ) (Ow)? 0w
= 5o
Uy = —i0 15w 1 ewly — YO [(@ew)? + (Bew)?02
3. = 5% 2+28 2 T U0 W T (Ogw)® + (Dgw) cw
= 0 3 + (9553,
10w L
U, = ——85\1/3 + = 5 a —— W3 + ulag’w\llg + ugc')gwllll — —(65w) Uy Y( ).
10¢w .
Uy = 7—(95\114 + = 5 a -, + ulag’w\lfg + ’LLQag’w\Ifg + ’l,Lgag’w\Ifl — —(8§w) us Y( )
ew
19w o
Ug = ——55\1/5 + = 5 a —— Uy + ulag’w\l/4 + UQaf’w\I/3 + u;;af’w\l/g + U465’LU\I/1 — —(agw) ugY

where R3,S3 in the expression for U3 are defined as

Ry = i<a§w>2 + e (0cw)® — o (OFwdw)”, (E.1)

S3 = 85[(8gw) YW+ 82 (Oew)*y ) — —8gw<95wY+ (8gw) 8gw85w+ (8gw)
Zagwang - Zagw(agw) 2y g(agw) v+ Eagwagww ) — (a w)v 3, (E.2)

Yy = %v@) +2V—4; YW = %Y. (E.3)

The recursion relation for the components ¥,, becomes

1 185210 n—2
U, = —=0:U, 4+ -2_ B) W, ——a LY. E.4
50% 1+28£w n—1+ 5w;w€ k-1 — = (Ocw) u (E.4)

F The \Ifgls of the second set of charges

Finally, we provide the first components of the pseudo-potential 0. Substituting the expansion (B.I7) into

the eq. (EI6) and taking into account of the components i, provided in the appendix [C] one can get

1
\Ill = —ZY(l)(anw)g

~ Lo o] - Lo, [0 - o
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_ 197w

= (1)
U, 8\I/1+26 \II+8Y (310)87710
= f—an\il
Uy = a\p Loy T OywV YW (8,w)° + (8,w)?d?
3 = 2+§8— 2 + U1 w1—1—6 (Oyw)® + (Ogw)*Ow|.
= 8§R3+8 Sg,
~ 102 — n
v, = 6\113+§8 \Ifg—i—ul(') wlllg—i-ug(') w\Ifl——(G ’LU) U4Y().
~ 1 02w ~ )
Uy = 8 ‘114 + 58”—‘1’4 +u18 ’w‘Ifg +'U/26 w\112 +u38 w\111 — —(6 ’LU) Us Y( .
T 1, = 18727 2~ v,(1)
Ug = 7—877\115 + \115 +u18 ’LU\I/4 +u28 ’LU\Ilg +U38 ’LU\IIQ +U4a ’LU\Ill (8nw) ug Y .

2 2 Ohw

where §3, §3 in the expression for @3 are defined as

Ry = as(0uw) + 10 — = (@wd,u)’ (F.1)
S = eV )+ @)Y — LO%udu + ()Y — Souwdw + (0w +
i@g’w&?w‘/ — i@%w(@nw)QV(l) — %(6310)2‘/ + %Gagwa,]w(?) — %(anw)‘*w%. (F.2)
The recursion relation for the components \T/n becomes
1.~ 1 2
U = —50pUns +§a’7— - 1+0w;ukllln . 1——(0 w)? T, Y. (F.3)
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