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1 Introduction

The objective of the present paper is to investigate, analytically and numerically, the
concept of quasi-integrability, first proposed in [1], in the context of deformations of the
exactly integrable Bullough-Dodd model [2-6]. The motivation of our study is to try to
shed light on the mechanisms responsible for such interesting non-linear phenomenon which
has a large potential for applications in many areas of physics, mathematics and non-linear
sciences in general.

As it is well known, solitons in (1 + 1)-dimensions are solutions of non-linear field
equations which travel with constant speed without dispersion and dissipation, and when
they scatter through each other they keep their forms, energies, etc, with the only effect
being a shift in their positions relative to the ones they would have if the scattering have not
occurred. Such extraordinary behavior is credited to the fact that the solitons appear in
the so-called exactly integrable field theories in (1 4 1)-dimensions, that possess an infinite
number of exactly conserved charges. Therefore, the only way for the scattering process
to preserve the values of such an infinity of charges, is for the solitons to come out of it
exactly as they have entered it. In addition, in most of such theories the strength of the



interaction of the solitons is inversely related to the coupling constant, i.e. the solitons are
weakly coupled in the strong regime and vice-versa. Such behavior and the large amount
of symmetries (conserved charges) make the solitons the natural candidates for the normal
modes of the theory in the strong coupling regime, opening the way for the development of
many non-perturbative techniques in the study of non-linear phenomena. The drawback
of such approach is that exactly integrable soliton theories are rare, and few of them really
describe phenomena in the real world.

The observation put forward in [1] is that many theories which are not integrable
present solutions that behave very similarly to solitons, i.e. such soliton like solution scatter
through each other without distorting them very much. It was shown in [1] in the context
of deformations of the sine-Gordon model, and then in other theories [7-9], that such
quasi-integrable theories possess and infinite number of charges that are asymptotically
conserved. By that one means that during the scattering of two soliton like solutions such
charges do vary in time (and quite a lot sometimes) but they all return in the remote future
(after the scattering) to the values they had in the remote past (before the scattering). Since
in a scattering process what matters are the asymptotic states, such theories are effectively
integrable, and that is why they were named quasi-integrable.

The mechanisms behind such non-linear phenomenon are not well understood yet.
All the examples studied so far are deformations of exactly integrable field theories. The
zero-curvature condition or Lax-Zakharov-Shabat equation [10, 11] of the integrable theory
becomes anomalous when applied to the deformed theory, and so the Lax potentials fail
to become flat connections when the equations of motion hold true. Despite those facts,
techniques of integrable field theories can be adapted and applied to construct an infinite
number of charges Q) which present an anomalous conservation law

dQ(N)_ ™)
dt =5

(1.1)

The anomalies S(Y) have some interesting properties. They vanish exactly when evaluated
in one-soliton type solutions, and also vanish for two-soliton type solutions when the two
solitons are well separated. The anomalies are only non-vanishing when the soliton like
solutions are close together and interact with each other. For some special classes of soliton
like solutions the anomalies SV) have a further striking property. They have a mirror type
symmetry in the sense that the charges have the same values when reflected around a
particular value of time ta, which depends upon the parameters of the solution. In other
words, one finds that Q(V) (f) =QW) (—ﬂ, where t =t —ta. So, the charges are not only
asymptotically conserved, i.e. Q) (00) = QN) (—o0), but are symmetric with respect to
a given value of the time. The only explanation found so far for such behavior of the
charges, is that those special soliton like solutions transform in a special way under a
space-time parity transformation, where the point in space-time around which space and
time are reversed depend upon the parameters of the solution under consideration. The
proof of the connection between parity and mirror symmetry of the charges involves an
interplay of the Lorentz transformations and internal transformations in the Kac-Moody
algebra underlying the anomalous Lax equation. We do not believe however that such



parity property is one of the causes of the quasi-integrability, but it seems to be present
whenever such phenomenon occurs.

In this paper we investigate the concept of quasi-integrability in the context of defor-
mations of the Bullough-Dodd model [2-6] involving a complex scalar field ¢ in (1 + 1)-
dimensions with Lagrangian given by

1
L=50up0"0=VI(p) (1.2)
and the potentials being
1
— ¥ —(2+e) ¢ 1
Vip)=er+ 5 e (1.3)

with € being a real deformation parameter, such that the Bullough-Dodd model is recovered
in the case € = 0. Because of some particularities of the vacuum solutions of such models,
as explained in section 1, the physically interesting deformed theories exist only when the
parameter ¢ is restricted to rational values.

We construct the anomalous zero-curvature condition for the theories (1.2) with the
Lax potentials taking values on the twisted sl(2) Kac-Moody algebra AgZ). The charges
QW) satisfying (1.1) are obtained by the so-called abelianization procedure [12-16] where
the Lax potentials are gauge transformed into an infinite abelian sub-algebra of Ag). In
fact, due to the anomaly of the zero-curvature only one component of the Lax potentials can
be rotated into such sub-algebra, leading therefore to the anomalous conservation (1.1).
The Lax potentials do not transform as vectors under the (1 + 1)-dimensional Lorentz
transformations. However, the grading operator of the Kac-Moody algebra Ag) generates
a one-dimensional subgroup isomorphic to the Lorentz group, and we show that the Lax
potentials are vectors under the combined action of those two groups. That fact allows us
to show that the anomalies in (1.1) do vanish when evaluated on the one-soliton solutions
of the theories (1.2). In addition, we show that some special two-soliton solutions lead to
the existence of a space-time parity transformation P such that the complex scalar field
¢, when evaluated on them, transforms as P (p) = ¢*. For such two-soliton solutions we
show that the real part of the charges QUV) satisfy a mirror symmetry, as described above,
and are therefore asymptotically conserved. The imaginary part of the charges however,
are not asymptotically conserved.

We also implement a perturbative method to construct solutions of the deformed the-
ory (1.2) as a power series in the deformation parameter ¢, as ¢ = @g + @1 +e2 o + ...,
such that ¢g is an exact solution of the integrable Bullough-Dodd model. We then split
the fields into their real and imaginary parts and then into their even and odd parts un-
der the parity transformation P, i.e. cpf/l’i =3(1£P) @5/1, with ¢, = @ +i¢l. By
starting with an exact solution g of the Bullough-Dodd model that satisfies P (¢g) = ¢,
or P (goOR) = plt and P (gp{)) = —p}, we show that the pair of fields ((,ofi’Jr , w{’_> satisfy a

pair of linear non-homogeneous equations, and the pair of fields ((p?’_ ) gp{’+) satisfy a pair
of linear homogeneous equations. Therefore, it is always possible to choose solutions where
(gof“_ ) go{’Jr) = 0, and so the first order field satisfies, P (¢1) = ¢}. Once that is chosen,
one can show that the same structure repeats at the second order in the expansion and one



can choose solutions such that P (¢2) = ¢3. By repeating such procedure order by order
we show that the theories (1.2) always contain solutions with the property P (¢) = ¢*, and
so the charges evaluated on them present the mirror symmetry described above. So, the
dynamics of the deformed theories (1.2) favors the “good” solutions, in the sense that it is
not possible to have solutions satisfying the pure opposite behavior under the parity, i.e.
P (p) = —p*. That is an interesting interplay between the dynamics and the parity that
deserves further study. For instance, the production of “bad” modes could be energetically
disfavored and emission of radiation could be suppressed.

We also perform numerical simulations, based on the fourth order Runge-Kutta
method, to study the scattering of two soliton like solutions of (1.2). We performed sim-
ulations for various rational values of the deformation parameter e, and found that in all
cases the predictions of the analytical calculations were confirmed, i.e. the real part of
charges do satisfy the mirror symmetry when we use as a seed for the simulations solu-
tions of the Bullough-Dodd model that have the right parity property, i.e. P(p) = ¢*.
So, the evolution of the fields under the deformed equations of motion seem not to de-
stroy the parity property of the initial configuration, again indicating that the dynamics
seem to favor the “good” modes as observed in the analytical perturbative expansion men-
tioned above. The mirror symmetry of the charges were checked in the simulations by
evaluating the first non-trivial anomaly 5®) (see (1.1)) as well as its integrated version
7)) = ffoo dt' B = Q) (t) — Q©® (—o0). All simulations show that the real part of v()
is symmetric under reflection around a given value of time close to ¢t = 0, and so leading
to the mirror symmetry for the real part of the charge Q(®, and then for its asymptotic
conservation. The imaginary part of 4(*) is not symmetric under reflection and does not
lead to the asymptotic conservation of the imaginary part of the charge Q).

The paper is organized as follows: section 2 discusses the properties of the vacuum
solutions of the theories (1.2) and their implications on the possible physically interesting
deformations of the Bullough-Dodd model. In section 3 we present the construction of the
quasi-conserved charges using techniques of integrable field theories based on the anoma-
lous zero-curvature or Lax-Zakharov-Shabat equation. The interplay between the Lorentz
and parity transformations leading to the mirror symmetry of the charges is dicussed in sec-
tion 4, and section 5 implements the perturbative method to construct solutions of (1.2) as
power series in the deformation parameter € and discusses the connection between dynam-
ics and parity. The Hirota’s one-soliton and two-soliton exact solutions of the integrable
Bullough-Dodd model are given in section 6. The numerical simulations are presented in
section 7, and our conclusions are given in section 8. The appendix A gives some basic
results about the twisted sl(2) Kac-Moody algebra A(QQ) used in the text.

2 The deformed Bullough-Dodd models

We shall consider models of a complex scalar field ¢ in (1+ 1)-dimensions with Lagrangian
given by (1.2) and the potentials being given by (1.3). The Euler-Lagrange equation
following from (1.2) is

Pp—2p+ef —e v — (2.1)



where we have taken the speed of light to be unity. The real and imaginary parts of the
equation (2.1) are given by

O2pR — 02pR + e cos (p1) — e PTIPR cos (24 ¢) ¢r) = 0
0201 — 21 + €7 sin (7)) + e~ CTIPE gin (2 + ) ¢r) = 0 (2.2)

where we have denoted ¢ = pr + i ;. The Hamiltonian associated to (1.2) is conserved
and complex, and denoting the Hamiltonian density as H = Hgr + i H, we get

1
Hr =5 (Bipr)? + (Opr)” — (Bipr)® — (@c@I)Q] + Vg
Hi = Oppr Ovpr + O Ouor + Vi (2.3)

with V = Vr + ¢V, and

Vi = €% cos (¢1) + e 2HR cos ((2+¢) or)

2+¢
1

24¢

Vi = e®® sin (pf) — e~ T PR gin (2+¢) 1) (2.4)
Note that the densities (2.3) are not positive definite, and so we can not really define
vacuum configurations as those having minimum energies. However, in order for the space
integrals of the densities (2.3) to be conserved in time, one needs the momenta to vanish
at spatial infinity, and so one needs the fields to be constants there. Therefore, from the
equations of motion (2.2) one gets that such constant configurations are extrema of the
potentials, i.e.

oVg OV ¢ —(2+4¢)
2R 2L e¥R cog —e PR cos((2+¢ =0
Son ~ Dor (1) ((24¢) v1)
ovy VR _ on . —(246) ¢r o
— = ——— = ¢e"F sin +e PR gin((2+¢ =0 2.5
on 901 (1) ((2+¢) ¢r) (2.5)
which implies
eBHIPR cos (pr) = cos (2 +¢) 1) eI sin (1) = —sin (2 +¢) ¢1) (26)

Squaring both equations and adding them up one concludes that ¢r = 0. Using that
fact and manipulating (2.6), by multiplying and adding them up, one concludes that
sin ((3+4¢) ¢r) =0 and cos ((3+¢) ¢r) = 1. Therefore, the extrema of the potentials are

2
(PR, ¢1) = <0, 3 it) with n integer (2.7)

Note that such extrema are not maxima or minima of the potentials. They all correspond
to saddle points.

We now come to a very interesting property of such models, which is a consequence of
the well-known fact that for static configurations the quantities

1

Er= 5 (OupR)” — (aa:(/?f)z] + Vg ; &1 = —0ppR 01 + Vi (2.8)



are constant in x as a consequence of the static equations of motion (2.2), i.e. % = % =

0. Indeed, those quantities correspond to the static Hamiltonian densities (2.3) with the
space coordinate z replaced by an imaginary time ¢ . So, the quantities (2.8) are conserved
in the time 7 x for a mechanical problem of a particle moving on a two dimensional space
with coordinates pr and ;. Therefore, for a given static solution of the model (1.2) that
goes, at spatial infinity, to vacua configurations (2.7), one concludes that the potentials Vg
and V7 (and so the complex potential V') are bound to have the same values at both ends
of spatial infinity. If one denotes by n4 and n_ the integers labeling the vacua (2.7) at
x — oo and x — —o0, respectively, then from (1.3) one gets that

i27'r(n+—n_)

e Gt =1 (2.9)

For the Bullough-Dodd model where € = 0, one gets that ny —n_ has to be a multiple of 3.
Indeed, the static one-soliton solutions of that model do not “tunnel” between consecutive
vacua as x varies from —oo to 400, like in the sine-Gordon model, but jumps 2 vacua and
ends in the third one.

For the deformed Bullough-Dodd models where ¢ # 0, the only way of satisfying the
condition (2.9) for any real value of ¢ is to have ny = n_, i.e. for a static solution the vacua
are the same at both ends of spatial infinity. If one wants non-trivial one soliton solution
with non vanishing topological charge, then the deformation parameter € has to be taken
to be a rational number. That is a quite striking and interesting restriction on the ways
the Bullough-Dodd model can be deformed. If one takes

24+e="L with p and ¢ integers (2.10)
q

then the equations of motion (2.1) takes the form
Rop—05p+el? —e PP =0 (2.11)

where we have redefined the fields as ¢ = q ¢, and the space-time coordinates as r = ,/q T,
and t = \/éf.

3 The quasi-conserved charges

We now use techniques of exactly integrable field theories in (1+1) dimensions to construct
quasi-conserved charges for the non-integrable theories we are considering. We introduce
the connection (Lax potentials)

Ay = (=2V +m) bwg‘;Fu A-=ba—-0-¢F (3.1)

where we have used light-cone coordinates as x4 = &Tx, and so 04+ = 0y + 0,. In addition,
the operators b, and F,, are generators of the twisted loop (Kac-Moody) algebra Aég)
defined in appendix A. Even though we will be interested in potentials of the form (1.3),
in the connection (3.1) we shall assume that V is a generic potential that depends upon



the scalar field ¢ but not on its complex conjugate ¢*. In addition, we shall assume that
the potential does not involve complex parameters in its definition, such that its complex
conjugate can be obtained just by the replacement ¢ — ¢, i.e.

Vi=Vi(p—=¢") (3.2)

The reasons for assuming that property will become clear when we discuss below the
anomalies in the conservation of the charges.
One can check that the curvature of the connection (3.1) is given by
ov
8+A7 - 87A+ + [A+ 5 A,] = — <8+8g0 + 8) F(] — 8,(,0XF1 (33)
¥

with o2 5
1% v
=——4+— -2V 3.4
92 + 90 +m (3.4)
The coefficient of Fj in (3.3) corresponds to the equation of motion of the theory

0+0_p + g‘; =0 (3.5)
and, when it holds true the vanishing of the curvature depends upon the vanishing of the
anomalous term X. Note that by shifting the potential as V' — V + 3, one observes that
X vanishes only when V is a linear combination of the exponential terms e2¥ and e?. So,
the curvature (3.3) vanishes for the Bullough-Dodd potential, corresponding to (1.3) for
€ = 0, or then for the potential of the Liouville model, V' ~ e¥. The fact that the Liouville
model admits a zero curvature representation in terms of the twisted Kac-Moody algebra
Agz) is perhaps not know in the literature.

In order to construct the charges we use the so-called abelianization procedure [12-15]
or Drinfeld-Sokolov reduction [16]. We perform a gauge transformation of the deformed

connection (3.1) as

- Oug gt (3.6)

with g being an exponentiation of the positive grade generators Fj,, introduced in the

Ay —ay=9gA,9

appendix A,
g = ezzozl Fn Fn =CnEn (37)

Splitting things according to the grading operator (A.5), we have that the a_ component
of the transformed potential (3.6), becomes

a_ = io: a™ ; [d, a(_n)} =na™ (3.8)
n=—1

The components of it are

atY = b4

o = —[b1, Fi] - 00 Ry (3.9)
1

a(_l) = —[b_l,f2]+§ [[b-1, F1], F1] = 0-p [F1, Fo] —O0-F1

a™ = —[b_y, Fup1] +...



The crucial algebraic property used in the following calculation is the fact that b_; is a
semi-simple element of the algebra G = AgZ), in the sense that G is split into the kernel and

image of its adjoint action and they have an empty intersection, i.e.
G = Ker +Im [b_1, Ker] =0 Im=1[b_y1, 7] (3.10)

From the appendix A one observes that the elements of Ker are bg,+1, and the elements of
Im are F),. Since F,1 is in the image of the adjoint action of b_1, none of its components
commute with b_; . Therefore one can recursively chooses the parameters (11 inside the

(n)

Fna1 to kill the component of a*’ in the image, i.e. in the direction of F,. After that

procedure is done the connection a_ takes the form
a_ =b_1+ ali(l) b + alﬁ(g’) bs + ... (3.11)

The first two non-trivial components are

and
O = Lo o - B (@) 0.0 - 2 (37) (0.

—5(8%0)° (0_9)* + ; (810) (9-p)* + 135 (92¢) (22 9) (0-¢)
+0% ¢ (0_p) (3.13)

Once the parameters (, are chosen to rotate a_ into the abelian subalgebra (kernel) gen-
erated by bgn+1, there is nothing we can do about the a4 component of the transformed
connection (3.6). We only know it will have positive grade components only, since g is
generated by the positive grade F},’s. Therefore, it is of the form

o0 o0
ar = ai ™Moy + 3 M E, N=6l+1; 1=0,1,2,... (3.14)
N=1 n=1

In the case of integrable field theories where the quantity X, defined in (3.4), vanishes, it is
possible to show that by using the equations of motion the image component of a vanishes.
In our case, the use of the equations of motion (3.5) can show that all the quantities ai’(n)
are linear in X, given in (3.4).

When the equations of motion (3.5) hold true the transformed curvature reads

(see (3.3))

dva_ —0_ay+[ay,a_|=-0_pXgF g* (3.15)

We now write - -
gFlg_1 = Za(N) bN+Zﬁ(") F, (3.16)

N=1 n=1

and the first two components of the first term on the r.h.s. of (3.16) are
oM =0 (3.17)
2
al® = 4(0-9)* (% p) — 4 (20)” —2(0-¢) (I ¢) —2 (0" 9)



Since a_ does not have components in the direction of the F},’s, it follows that the com-
mutator in (3.15) does not produce terms in the directions of the by’s. Therefore, one
has that

aya”™ — 0 a" ™ = _5_p X o™ (3.18)

which in terms of the space-time coordinates x and ¢ becomes

dalN) — 855(11;’(1\7) = éﬁ_goX o) (3.19)
Defining the charges as
QW) = /OO dz a%™) (3.20)
we get 7
d?l(tN) = g BN = % /: dzd_p X o) (3.21)
where we have assumed boundary conditions such that a?’(N) (x — 00) —a?’(N) (x = —0) =

0. We call BN) the anomaly of the charge Q™). An useful quantity in our numerical
simulations is what we call the integrated anomaly v") defined as

t 00
AN = QW) (1) — QW) (—o0) = % / dt’ / dzd_p X V) (3.22)

From (3.17) one notes that the anomaly B vanishes and so the charge Q) is conserved.
It corresponds in fact to a linear combination of the energy and momentum. The first non
trivial anomaly corresponds to N = 5 and the expression for a(®) and X are given in (3.17)
and (3.4) respectively.

4 The role of Lorentz and parity transformations

Consider the (1 + 1)-dimensional Lorentz transformation

r—0vt t—vx
A Tr — etz or T = —— t— — 4.1
V=2’ V1—102 (4.1)
where « is the rapidity and v the velocity, i.e. v = tanh ae. The Lax potentials (3.1) do not
transform as vectors under such Lorentz boost. However, consider the automorphism of
the loop algebra Ag)

Y(T) =e*@Te 4 (4.2)

where d is the grading operator defined in (A.5). It then follows that the Lax operators (3.1)
transform, under the composed transformation, as vectors, i.e.

Q(AL) = et AL with Q=AY (4.3)

Therefore, the curvature (3.3) is invariant under such combined transformation, and so is
the anomalous term 0_y X F. In order to see how the anomalies of the charges (3.20)



transform under , we have to inspect the properties of the quantities o), introduced
in (3.16).

Note that the term 0_¢ Fy, appearing on the r.h.s. of the second equation of (3.9),
transforms under 2 as

Q(0_p Fy) = €% 0_p Fy (4.4)

As explained below (3.9), we choose the parameter (; in F; such that the term [b_;, Fi]
cancels the term 0_¢ Fp, and so such two terms have to transform under the same rule
under €. Since Q (b_1) = e*b_1, it follows that

Q(F) =F (4.5)

Indeed, one finds that the cancelation implies that one should choose (; = —0_¢, and so
Q(F1) = e*F1, and Q (1) = e “ (. Now, using (4.5) one observes that the last three

@ under the action

terms on the r.h.s. of the third equation in (3.9) gets multiplied by e~
of 2. Therefore, in order to cancel the F; component on the r.h.s. of that equation one
needs Q([b_1, F2]) = e [b_1, F2], and so one has to have Q (F2) = F3. Continuing
such reasoning order by order, one concludes that all F,,’s have to be invariant under §2,

and so the group element performing the gauge transformation (3.6) is also invariant, i.e.

Q(g) =y (4.6)

Therefore, similarly to A,, the transformed connection a, also behaves as vector under
Q, ie.
Q(as) = e ¥ay (4.7)

According to the way the F,,’s are chosen in (3.9) to cancel the components of a_ in the
direction of the F},’s, it follows that the parameters (,,’s are functions of the x_-derivatives
of the scalar field ¢. But from (4.6) one concludes that

Q(Gn) =AGn) =" "G (4.8)

Therefore, each term in (, must contain n x_-derivatives of the field ¢. From (4.6) one
observes that 2 (g " gil) =e*gF g~!, and so every term on the r.h.s. of (3.16) have to
get mulplied by e under the action of . Therefore, since Q (by) = e * by, it follows that

Q (a(N)) =A (a(N)) = (TNFDa (V) (4.9)

From the definition of oN) in (3.16), it is clear that it is a function of the (,’s, and so a
function of the x_-derivatives of the field ¢. Therefore, from (4.9) one concludes that each

term in aV)

must contain (N — 1) z_-derivatives of ¢. Indeed, from (3.17) one observes
that o) contains four z_-derivatives of (.

We are now in a position to draw some conclusions about the anomalies of the charges
QW) defined in (3.20). Consider a solution of the equations of motion (3.5) which is a
traveling wave, i.e. ¢ = ¢ (z —vt). One can then make a Lorentz transformation and go

to the rest frame of such solution where it becomes static, i.e. z-dependent only. Clearly

~10 -



the charges QW) evaluated on such solution must be time independent, and so its anomaly
BN defined in (3.21), must vanish. But from (3.21) and (4.9) it follows that

Q (5<N ) dt) — A (5<N ) dt) — e No g gy (4.10)

Therefore, 3V dt, and so dQ), is a tensor under the (1 + 1)-dimensional Lorentz group.
Consequently, if dQY) vanishes on the rest frame of the solution, it should vanish in
all Lorentz frames. One then concludes that the charges Q) are exactly conserved for
traveling wave solutions (like one-soliton solutions) of (3.5). In fact, such conclusion applies
for any functional of the scalar field ¢ and its derivatives, which is a tensor under the
Lorentz group.

The one-solitons we treat in this paper are localized solutions in the sense that the field
o have non-vanishing space-time derivatives only in a small region of space. Therefore, the
integrand in the definition (3.21) of the anomaly /3 (V) is non-vanishing only in such a small
region of space, i.e., it gets exponentially suppressed outside such region. In addition, the
one-solitons interact with each other by short range interactions. So, a two-soliton solution
for the case when the two one-solitons are far apart should be just the superposition of
the one-soliton solutions. Therefore, the anomaly (N) evaluated on a two-soliton solution
when the one-solitons are far apart should vanish, because it reduces to the sum of the
anomalies of the two one-solitons, which by the argument above vanish. Consequently
one should expect the anomaly V) to be non-vanishing only when the solitons are close
together and interacting. That is in fact what we observe in our numerical simulations
described in section 7 . We do not have yet a good understanding of non-linear dynamics
governing the behavior of the charges and anomalies when the solitons interact with each
other. That is a crucial issue to be understood and is at the heart of our working definition
of the concept of quasi-integrability. What is clear so far is that special properties of the
solutions under a space-time parity transformation play an important role in all that. It is
not clear however if such properties are the causes or consequences of the quasi-integrability.
Let us explain how it works.

Let us then consider a (two-soliton like) solution of the equations of motion (3.5), and
a space-time parity transformation

P: (z,1) = (-2, —t) I=x—xzn t=t—ta (4.11)

where the values of xa and ta depend upon the parameters of that particular solution.
There are two important classes of two-soliton solutions according to the way they behave
under the parity transformation. The first one is that where the two-soliton solution is
invariant under the parity, i.e. P (¢) = ¢. From the arguments below (4.9) we concluded
that each term in o) must contain (N — 1) x_-derivatives of . From (3.14) we have
that the integer N is of the form N = 61 + 1, with [ any integer. Therefore, each term
in a™ contains an even number of z_-derivatives of ¢, and so it is invariant under the
parity. Therefore, P (6_<pX alv )) = —0_p X a™. Consequently

to %o
/~ df/ did_pX oM =0 (4.12)
—to —Z
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where #y and fy are any chosen values of & and ¢ respectively, i.e. we are integrating on
a rectangle with center in (za, ta) (see (4.11)). Therefore, the charges evaluates on such
two-soliton solutions satisfy the mirror like symmetry

QW) (t) = QW) (o) (4.13)

for any ¢y. The asymptotic conservation of the charges is therefore a particular case of such
mirror symmetry, corresponding to the case where £y — .

The physically important two-soliton solutions however, are not invariant under the
parity transformation. The complex scalar field ¢, evaluated on such two-soliton solutions,
satisfy the property

P(p)=¢" (4.14)

We are assuming that the potentials V' of our theories satisfy the property (3.2), i.e.,
the potential depends only on ¢ and not on its complex conjugated ¢*, and the complex
conjugated of V' is obtained just by the replacement ¢ — ¢*. Therefore the anomaly X,
defined in (3.4), also satisfy the same property, i.e.,

X* =X (¢ — %) (4.15)

In addition, the Lax potentials Ay, defined in (3.1), do not involve complex parameters,
and according to the appendix A the structure constants of the loop algebra Ag), in the
basis by and F),, are all real. Consequently, the complex conjugate of the charges QY)
and of the quantities o), defined in (3.20) and (3.16) respectively, are also obtained just
by the replacement ¢ — ¢*, i.e.

(Q(N))* = QW (p = ¢") ; (a(N))* =a™ (p — o) (4.16)

(N)

As we have argued above, each term in the quantity « contains an even number of

x_-derivatives of ¢, and so for the two-soliton solutions satisfying (4.14), one gets that

P (6_90X0z(N)> — Ot X* (a(N))* (4.17)
Consequently
to _ [0 *
/ dt/ dz (8_<pX04(N) +0_p* X* (a(N)> ) =0 (4.18)
—to —o
where, like in (4.12), we are integrating on a rectangle with center in (za , ta) (see (4.11)).

Therefore, for the two-soliton solutions satisfying (4.14), the real part of the charges QW)

satisfy the mirror like symmetry
(Qw) I (qu))*) (fo) = (qu) I (Q(m)*) (~%0) (4.19)

for any £y. Consequently, in the limit g — oo, we get that the real parts of the charges are
asymptotically conserved, i.e., they have the same values before and after the scattering of
the solitons.

- 12 —



5 The interplay between parity and the perturbative expansion

Let us consider potentials V' that are perturbations of the Bullough-Dodd potential, in the
sense that they depend upon a parameter € such that they become the Bullough-Dodd
potential for ¢ = 0. The potential (1.3) is an example of it. We shall expand the solutions
in a power series in the parameter ¢ as

(p:goo—i—sgol—l—ngoQ—i—... (5.1)

Therefore the potential depends explicitly upon ¢ and also implicitly through ¢, and so we
have the expansion

oV oV PV 0’V dyp
A oY rree 2
do Oy le=0 +¢ [858g0+ de? de ], _, (52)
2 3 3 2 2 3 2
e 8V+ OV dp 07V ITp 0V (Do L0 ()
2 |0e20¢p 0edp? 0e D2 02 Jp3 \de _0

From the equation of motion (3.5) we then get the equations for the components of the
field ¢ in the expansion (5.1), as (02 = 9?2 — 92)

D*py +ef0 —e 2P0 = (5.3)
v
2 _ L
Opn+ Gz le=0 on = fn i=123... (5.4)
with
v
_ _ 5.5
o L[BV v Y
2T T2 0209 T T 0ea 2 0 T s 0 A
and so on.

Let us split the fields into the even and odd parts under the parity transforma-
tion (4.11), and into their real and imaginary parts as well

1 1
pr=-(1£P); eh=-(1+0) ; ph =

5 ( 5 (1-0) (5.6)

1
21
with C being the complex conjugation operation. By splitting the zero order equation (5.3)
into its even and odd parts under the parity one gets

Pt +% PO L P (6—2(¢3+w5) ie—z’(soo*—%)ﬂ ~0 (5.7)

Note therefore that one should not expect non-trivial solutions for the case goar = 0, since
¢, would have to assume some very special (vacuum) constant values. On the other hand
the case ¢, = 0 can lead to non-trivial solutions. Following (4.14) we shall therefore
consider solutions of the pure Bullough-Dodd equation (5.3) which satisfies

P (o) = ¢ ; ie. P(od) =i  P(eh) =—vb (5.8)
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Note that f; given in (5.5) is a function of the order zero field ¢y only. But since we are
assuming that the potential satisfies the property (3.2), it follows from (5.8) that the action
of the parity P on f; is the same as the action of the complex conjugation C. Therefore

Lasp

5 (1+0) f1 = fF; (1£P) - (1FC) =0 (5.9)

1
2

DO |
N | =

But since g%‘g |e=0 is also a function of g only, it follows from the same reasoning that

2
1£P) L0500y

1 92V 92V +
; (9(,02 ‘620: O

1 1
- 1+P)-(1+0C) =5 |le== | == |e= -
Therefore splitting the equation (5.4) for fi into its even and odd parts under P and its
real and imaginary components one gets

2V - (O T
%ot + (3902 !50> ot i <2 !so> T =

(Vv 2% o
32%’ +(8¢2 !5:o> 80{’ - (902 |a:0> 90{%’+:—Zf1

v\ 02V

I, I, . R,—

o1 + (&02 |e:0> o —i G2 l==0) @l =0 (5.10)
_ [V R 2 Ve -

Py + <3¢2 ’60> P i (3902 ’eo> 1t =0

So, the pair of fields (gof“ﬂr , go{’_> satisfy a pair of linear non-homogeneous equations, and
the pair of fields <g0f’_ , cp{’Jr) satisfy a pair of linear homogeneous equations. In addition,

the two pairs of equations are decoupled. Therefore, (gp?’_ , gp{’—’_) = 01is a solutions of such

equations, but the pair (4,0?’Jr , go{’_) can never vanish. If one has a given solution (go{z , go{ )

of the equations above, then the configuration ((ﬁf’Jr , 4,5{’_> = (o1, 1) — ((pf’_ ) (p{’+>,
is also a solution. Therefore, given a solution one can always make its real part even under
P, and its imaginary part odd under P, i.e. one can always choose the first order solution
to satisfy

P(p1) =1 (5.11)
The quantity fo given in (5.5) is a function of ¢y and ¢; only. If the potential V' satisfy
the property (3.2) then it follows, by the same arguments used above, that

(1+P) % (1FC) f2=0 (5.12)

N | —

(1iP)%(1j:C) fo=ff;

DN |

Consequently the pairs of fields (gof’Jr , cpé’_> and (@5’_ ) <P£7+>, satisfy equations identical

to (5.10) with f; replaced by fo. Therefore, by same arguments as above, one can always
choose the second order solution to satisfy

P (p2) = ¢3 (5.13)
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Continuing with such process order by order, one concludes that is always possible to choose
a solution, as long as the perturbative series converge, that satisfies the property (4.14)
which was used to prove the mirror symmetry property (4.19) satisfied by the real part of
the charges QWV).

The conclusion is that the deformations of the Bulough-Dodd model we are considering
seems to possess a subclass of solutions that present an infinite number of real charges
which are quasi-conserved. By quasi-conserved we mean charges satisfying the mirror
symmetry (4.19). In the case of two-soliton like solutions such properties imply that the
infinity of real charges preserve the same values, after the scattering of the solitons, that
they had prior the scattering, even though during the scattering process itself they may vary
considerably. It is that sub-sector of the model, consisting of solutions satisfying (4.14),
that we call a quasi-integrable theory.

6 The Hirota’s solutions of the Bullough-Dodd model

We now show that the pure Bullough-Dodd model possesses soliton solutions satisfying the
property (5.8). We shall use the Hirota’s method to construct such solutions, and so we

introduce the 7-functions as
-
@ =In— (6.1)

T1
One can check that if such 7-functions satisfy the Hirota’s equations

T0 —T0 — ToO_To = T1 — Ty
9,0 D410 0 22

T1040_T — 04T O—T) = T9T1 — 712 (6.2)
then the zero order field g, given in (6.1), satisfy the Bullough-Dodd equation (5.3).

6.1 One-soliton solutions

The one-soliton solutions of the pure Bullough-Dodd model correspond to the following
solutions of the Hirota’s equations (6.2)

o=1—4ae +ae?"; 71:(1+aer)2 (6.3)

with

r::¢5(2x+-%;) (6.4)

where z and a are complex parameters. The one-soliton solutions leading to the quasi-

integrable sector of the deformed theories we are interested in, correspond to the cases

@ and define v = tanh «, where v is
—/32(0)

the soliton velocity and so « is the rapidity. We now write a = e’¢e vi-+> and define
ael = eV, with
V3

Vv1—9?

7o coshW —2
71 coshW +1 (6.6)

where z is real. Then we parameterize it as z = e~

w

(vatfx(o)) +i& (6.5)

Therefore, we get from (6.3)
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Note that if the phase £ vanishes, then :—(1) vanishes whenever cosh W = 2, and that cor-
responds to a singularity in the solution for ¢g. Therefore, we shall restrict to the cases
where £ # 0. We have that

cosh W = cos & cosh (\/% (x—vt—:v(o))> +1 sin & sinh (\/% (:L‘—vt—x(o)>)

6.7
Therefore, under the space-time parity transformation o0
(x - x(0)> — — (a: — x(o)) t— —t (6.8)

one gets that
cosh W — cosh W* and so w0 — ¥ (6.9)

Therefore, the one-soliton solutions (6.6) satisfy the property (5.8). By the arguments of
section 5 such one-soliton solution of the pure Bullough-Dodd model can serve as a seed to
construct, by a perturbative approach, one-soliton solutions of the deformed theory that
satisfy the property (4.14).

However, by the arguments presented below (4.10), for any traveling wave solution,
and so for any one-soliton solution, the charges QN given in (3.20), are not only quasi-
conserved but exactly conserved.

6.2 Two soliton solution

The solutions on the two-soliton sector of the pure Bullough-Dodd model are obtained by
solving (6.2) by the Hirota’s method, and the result is

T =1-— dajelt — dage? + aj 2e20 4 a2 20

2
+8a1a2 22% - Z%Z% + 2Z2 ehithe 4a%a2 (21 = 2) (Zl At 22) 2I'1+T'2
(21 + 22)° (27 + 2122 + 23) (21 + 22)° (27 + 2122 + 23)
2 4 (.9 2
—4a1a2 — 29 (Zl — R1Z2 + 22) €F1+2F2 +a%a§ (Zl - 22) (Zl — Z1%2 + 22)2 o', 42T
(21 + 22) (zl + 2129 + 22) (21 + z2)4 (z% + z129 + z2)
=1+ 2ale + 20/26F + a 2e20 4 a%eQF?
2 (.2
+4a1a2 Zl _'2_4221 ZQ + 22 5 €F1+F2+2a%a2 (Zl 22)2 (2]2_ — Z1%9 + 23) oT 4T
(21 + 22)7 (27 + 2122 + 23) (21 + 22)" (27 + 2122 + 23)
2 4 2
o (21 — 22) (z% — 2129 + z%) 42Ty | 2.2 (21 — 22) (z% — 2129 + 22) oT', 42T,
+2a1a;3 5 o € +ajas 1 7€
(21 + 22) (21 + 2129 + 22) (21 + 22) (z% + 2129 + 22)
(6.10)

where
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and where z; and a;, i = 1,2, are complex parameters. As in the case of the one-soliton

solutions, we shall deal with the two-soliton solutions where z; are real, and parameterize
(0)

the solutions with six real parameters v;, § and x;”, i = 1,2, as

—V3 z£0>

) 2
a; = e'Sie V17U

z=e % : v; = tanh oy (6.12)

Similarly to what we have done in the case of one-soliton let us define a; e’ = eV, with

(x —v;t— .I‘Z(-O)>

W; =3 +i&; i=1,2 (6.13)
1-— ’UZ-Q
In addition we introduce the real quantities A, ¢y and c; as
A — (21 — 22)2 (zf — 2129 + z%)
C(m+ 22)2 (zf + 21 29 + z%)
2 4 2.2 9 4
cov)) = —— A ABTIH (6.14)
(21 — 22) (zl — 2129 + z2)
o1 (v) = 2t +423 22 + 25
i) =

(21 — 22)2 (zf — 2129 + z%)
Therefore, the Hirota’s 7-functions become

7o =1—4e" —4e"2 W1 4 2W2  MHFW2HA [y — 41 — 42 4 MN1TW2FA]

m 142 €W1 +9 €Wz + 62 Wi + 62 Wo + eW1+W2+A [4 e+ 2 eW1 +9 eWz + eW1+W2+A]

We then introduce the new space-time coordinates as

_<$—U1t—$g0)> (:L'—
imd

X+ = V3 +A

X—- =

V3

-<x—v1t—aj

(0)
1

) (rvta

(0)
2

V1=

\/1—11%

)

(6.15)

Note that as long as v; # va, x+ are independent coordinates. In fact, one can check
if v1 = vo the two-soliton solution (6.10) reduces to a one-soliton solution (6.3) (taking
21 = 22 = z and a1 + a2 = a) . In addition we denote

W+ EW1+W2+A:X++i (514—52) 3 Ww_ EW1—W2 ZX_-I-i (51 —52) (616)

Wi+Wa+A

Therefore, by factoring out from 7y and 71, the term 2e , one gets that

o coshW, +4¢y — 8e 22 cosh (%) cosh <%) +e 2 coshW_

T coshWi +2c + 4e 22 cosh (%) cosh (%) +e A coshW_

(6.17)
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Note that under the space-time parity transformation

P O+, x=) = (=x+, —x=) (6.18)

one gets that
P(Wy)=-W;i (6.19)

and consequently
P (TO) =0 (6.20)

Therefore, from (6.1) one observes that such two-soliton solutions of the pure Bullough-
Dodd model satisfy the property (5.8). By the arguments of section 5 such two-soliton
solution can serve as a seed to construct, by a perturbative approach, two-soliton solutions
of the deformed theory that satisfy the property (4.14).

7 The numerical simulations

We performed various simulations of the proposed deformed Bullough-Dodd model to check
the ideas behind the concept of quasi-integrability, specially the behavior of the anoma-
lies (3.21) and (3.22) during the scattering of two solitons. To do so we had first to generate
static solutions to the deformed equations of motion. Then we stitched two of them together
to perform a kink-kink colision and analysed the results.

In all our numerical work the time evolution was simulated by the fourth order Runge-
Kutta method. After several lattice sizes were tested we found that a lattice extending
from —25 to +25 was enough to obtain reliable results. We also found that a grid spacing
of 0.01 in space and of 0.003 in time discretization provided enough accuracy. Our initial
condition for the kink-kink scattering is not exact, thus radiation was generated. This
radiation was absorbed at the boundaries through a viscous force acting from x = —25 to
x = —22 and from z = 422 to x = +25. Such a boundary condition effectively simulates
an infinite grid.

7.1 Generating the initial condition

To obtain static solutions of (2.1) we used a minimization method that consists in solving
Orp — 02 + ¥ — e~ PH)P — . (7.1)

This equation is an evolution in the fake time 7. The static solutions of (7.1) and those
of (2.1) are the same, but only the former is dissipative. The dissipative nature and the
absence of sources means that any initial condition will lead to a static solution in the
infinite-time limit. We used the exact solutions of the Bullough-Dodd model as seeds to
this method, and labeled the results with the original parameters — i.e. seeding the kink
obtained with £ = 0.9 from the original model (¢ = 0) into (7.1) results in the deformed
kink with & = 0.9.

Once we stitch two kinks together we can use two facts to generate the complete initial
condition: first, the two kinks (let’s call them the left kink and the right kink) are far from
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each other and can be treated as free kinks; second, each independent kinks have Lorentz

invariace so
Opi 10y

oxr v Ot
where ; denotes any of the two kinks in the absence of the other. We use ; as the left

vi = @iz —vt) = (7.2)

kink in (7.2) from the grid’s left edge to position = 0, and as the right kink for the rest
of the grid. This also introduces some perturbation with respect to the exact two kink
solution, but one that is small for small colision velocities.

7.2 Kink-kink interaction

Once we have generated our initial conditions we simulated the colision between two kinks,
and calculated the first non-trivial anomaly ™) and integrated anomaly 4N, for N = 5,
given in (3.21) and (3.22) respectively. Using (3.4), (3.17), (3.21) and (3.22), and for the
potential (1.3) one gets that (with the choice m = 0 in (3.4))

(5) o 13 (E + 3)

= - 2
5 _2(2"'5)/ dxa_(pe (24+e)p [4(6—(,0)28%90—4(8390) —28_(,0(93@—28%@}
(7.3)

and

A0 = @ /t /OO dz 0_pe~ (2o {4 (8_g0)2 2o —4 (63@)2 —20_¢d3 ¢ — 28&0]
2(24¢) Jooo oo
(7.4)
Note that € = —3 is special because the potential (1.3) vanishes in that case.

We have performed a large number of simulations of the scattering of two kinks for
various values of the deformation parameter € and for the phases &;, ¢ = 1,2, which appear
in the exact soliton solutions (see (6.5) and (6.16)). Note that such phases are parameters of
the exact soliton solutions but we do not know how the deformed solitons depend upon them
for € # 0. However, as explained above, we have constructed the static kink numerically
(with € # 0) from an exact kink (with e = 0) for a given choice of the phase &;. So, we still
use the phases &; to label the deformed kink.

The results for the scattering of two kinks for various choices of the parameters € and
&, 1= 1,2, were qualitatively the same, and we show in the figures 1, 2, 3, 4 and 5, some
representative cases. On those figures we show on the top plots, the real and imaginary
parts of the anomaly 3 (®), given in (7.3), and on the bottom plots the real and imaginary
parts of the integrated anomaly (%), given in (7.4).

Note that, in the cases shown in figures 1-5, the real part of the integrated anomaly
~0) is symmetric under reflection around a point close to t = 0. From (3.22) one has

_ _ _ _ 1 to o0
1™ (f9) =AY (~Fo) = @) (fo) — QW) (~ho) = / "t / dro_pXa™ (75)
—to —00

According to the numerical simulations, the real part of [7(5) (fo) — 7(5) (—fo)] vanishes,
and so one gets a numerical confirmation of (4.19), for N = 5 at least. Remember
from (4.11) that ¢ = ¢ — ta, and for the simulations shown in figures 1-5, one has ta
close to zero.
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Figure 1. Scattering of two kinks for the choice of parameters e = 1, £; = 0.9 and £, = 0.9. On the
top plots it is shown the real and imaginary parts of the anomaly (), given in (7.3), and on the
bottom plots are shown the real and imaginary parts of the integrated anomaly (%), given in (7.4).
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Figure 2. Scattering of two kinks for the choice of parameters ¢ = 1, £&; = 0.9 and & = 1.4. On the
top plots it is shown the real and imaginary parts of the anomaly 5%, given in (7.3), and on the
bottom plots are shown the real and imaginary parts of the integrated anomaly v(*), given in (7.4).
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Figure 3. Scattering of two kinks for the choice of parameters e = 1, {1 = 0.9 and £ = 2.0. On the
top plots it is shown the real and imaginary parts of the anomaly 5%, given in (7.3), and on the

bottom plots are shown the real and imaginary parts of the integrated anomaly ~(
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Figure 4. Scattering of two kinks for the choice of parameters ¢ = 2, £&; = 0.9 and & = 2.0. On the
top plots it is shown the real and imaginary parts of the anomaly 5%, given in (7.3), and on the
bottom plots are shown the real and imaginary parts of the integrated anomaly v(*), given in (7.4).
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Figure 5. Scattering of two kinks for the choice of parameters e = —1, & = 0.9 and & = 2.0.
On the top plots it is shown the real and imaginary parts of the anomaly 5, given in (7.3), and
on the bottom plots are shown the real and imaginary parts of the integrated anomaly v(%), given
in (7.4).

The case ¢ = —1, shown in 5, has an asymmetry however, in the oscillations of the
anomaly, which is perhaps due to numerical errors. Therefore, our numerical results confirm
the existence of a mirror symmetry given in (4.19), and obtained from the analytical
calculations based on the parity properties of the solutions. In addition, such results
imply that real part of the charge is asymptotically conserved, i.e. ReQ® (t = —o00) =
ReQ®) (t = 00). The plots of the imaginary part of the integrated anomaly ) show
that the imaginary part of the charge Q) is not asymptotically conserved, and so it is in
agreement with our analytical calculations that lead to the asymptotic conservation of the
real part of the charge only.

8 Conclusions

We have considered deformations of the exactly integrable Bullough-Dodd model defined by
the Lagrangians (1.2) and potentials (1.3), involving a deformation parameter e. We have
shown that such deformed theories possess sectors where the soliton-like solutions present
properties very similar to solitons in exactly integrable field theories. They possess an
infinite set of quantities which are exactly conserved in time for one-soliton type solutions,
i.e. solutions traveling with a constant speed, and are asymptotically conserved for two-
soliton type solutions. By asymptotically conserved we mean quantities which do vary in
time during the scattering process of two one-solitons but that return, in the distant future
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(after the collision), to the values they had in the distant past (before the collision). Since
what matters in a scattering process are the asymptotic states, such behavior is effectively
what we observe in scattering of solitons in integrable field theories, and that is why we
call such theories quasi-integrable. The mechanism behind the asymptotic conservation of
such an infinity of charges is not well understood yet, but in all examples where it has been
observed so far [1, 7-9], the two-soliton type solutions present special properties under a
space-time parity transformation. In the case of the deformations considered in this paper,
the complex scalar field ¢ of the theory, when evaluated on the two-soliton solutions, is
mapped into its complex conjugate under the parity transformation (see (4.14)). It is
worth mentioning that the point around which space and time are reversed, under the
parity transformation, depend upon the parameters of the solution under consideration.

The infinity of asymptotically conserved charges was constructed using techniques of
integrable field theories based on an anomalous zero-curvature (Lax) equation, where the
Lax potentials live on the twisted sl(2) Kac-Moody algebra Aéz). We have used the proper-
ties of the Lax potentials under Lorentz transformation and internal Ag) transformations
to prove that two-soliton type solution satisfying the property (4.14) under the parity trans-
formation, present an infinity of asymptotically conserved charges. In addition, we have
shown that by starting with a two-soliton solution of the integrable Bullough-Dodd model,
satisfying (4.14), one can always construct by a power series expansion on the deformation
parameter ¢, a solution of the deformed model that also satisfies the parity property (4.14)
and leading to the asymptotic conservation of the charges. So, the dynamics of the de-

formed model seems to favor the quasi-integrable sector of the theory.

The numerical simulations have confirmed the predictions of our analytical calcula-
tions. The numerical code was divided in two main parts: the first part uses an exact
static one-soliton solution of the integrable Bullough-Dodd model as a seed to constructed
a static one-soliton of the deformed model under a relaxation procedure. The second part
of the code takes two of such deformed one-solitons far apart and stitches them at the
middle point, and then performs the scattering of them, absorbing the radiation at the
edges of the grid. The anomalies of the charge’s non-conservation are evaluated to verify
their asymptotic conservation. It is interesting to note that the initial configurations of
the simulations are built from exact solutions of the Bullough-Dodd model that satisfy
the parity property (4.14). The simulations could well drive them into solutions of the
deformed model that do not satisfy (4.14). However, in all our simulations the real part of
the charges were observed to be asymptotically conserved indicating that they do satisfy
the property (4.14). That corroborates the conclusion of our analytical perturbative cal-
culation, mentioned above, that the dynamics of the deformed model favors the solutions
satisfying (4.14).

We do not believe that the parity property (4.14) is causing the phenomena we call
quasi-integrability, but it seems to be present whenever such non-linear phenomena manifest
itself. We need further investigations to fully understand the mechanisms behind the quasi-
integrability. That is a quite interesting phenomena that may have several applications in
many areas of non-linear sciences.
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A The twisted loop algebra Ag)

We consider here the twisted loop algebra Ag), which corresponds to the twisted Kac-

(2)

Moody algebra A;~ with vanishing central term. For our applications it is convenient to

work with a realization of such algebra based on SU(3) matrices, and the following basis

bons1 =N b1 bon1 =AN'boy Foy =XF; j=0,1,2,3,45; neZ
(A.1)
where A is the so-called spectral parameter, and
__1 w
0 T 01 0 0 B
h=| 0 0 - ba=|-% 0 0
V2N 0 0 4w
V3w V3
100 0 == 0
Fo=1000 F=| 0 0 - (A.2)
_ 2v/A
00 -1 R 0O O
VA
0 00 200
B=|-% 00 F=| 0 22 9
VA
0 Y20 0 0 \/\55
04 0 0 0 22
Fr=(00 -% F=|25 0 0
00 0 2
where w is such that
Wwh=-1 ie. w=¢ @ItN/6 5012345 (A.3)

The commutation relations are given by (independently of the choice of the w given

in (A.3))

by, b 1] =0 (A4)
[b1, F] = Flqq k=0,1,2,3,4; [b1, F5] = AFy
[b—17ﬂ]:ﬂ—1 l:1727374)5; [b—17F0]:)\71F5
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[ |=-2b—F [F1, Fo] = —F3 [Fa, Ful=—AFp

[ | = -1 [F1, B3] =—Fy [Fy, F5] = —2Aby
[Fo, F3] =0 [F1, Fi] =2Ab_ [F3, Fu]=2Abj — \Fy
[ | = Fy [F1, F5]=\Fp [F3, F5] = —AF;

[ | = —2Xb_1 + F; [Fo, F5]=—2Xb_1 — F5 [Fy, F5] = —\F3

The subindices of the generators (A.1l) correspond to the grades given by the grading

operator
d
with
Gon = {\" Fo} Gont1 = {A" b1, \"F1} Gon+2 = {\"Fo} (A.6)
Gonts = {\" Fs} Gonta = {\"Fy} Gonts = {\"T1 by, A" Fy}
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