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Abstract

Some properties of the correspondence between the non-commutative versions of the (generalized)
sine-Gordon (NCGSGj,2) and the massive Thirring (NCGMT}1,2) models are studied. Our method relies
on the master Lagrangian approach to deal with dual theories. The master Lagrangians turn out to
be the NC versions of the so-called affine Toda model coupled to matter fields (NCATM; 2), in which
the Toda field g belongs to certain subgroups of GL(3), and the matter fields lie in the higher grading
directions of an affine Lie algebra. Depending on the form of g one arrives at two different NC versions
of the NCGSG1,2/NCGMT,2 correspondence. In the NCGSGq 2 sectors, through consistent reduction
procedures, we find NC versions of some well-known models, such as the NC sine-Gordon (NCSG,2)
(Lechtenfeld et al. and Grisaru-Penati proposals, respectively), NC (bosonized) Bukhvostov-Lipatov
(NCbBL;1,2) and NC double sine-Gordon (NCDSG1,2) models. The NCGMT; 2 models correspond to
Moyal product extension of the generalized massive Thirring model. The NCGMT; > models posses
constrained versions with relevant Lax pair formulations, and other sub-models such as the NC massive
Thirring (NCMT} 2), the NC Bukhvostov-Lipatov (NCBL; 2) and constrained versions of the last models
with Lax pair formulations. We have established that, except for the well known NCMT 2 zero-curvature
formulations, generalizations (np > 2, np =number of flavors) of the massive Thirring model allow
zero-curvature formulations only for constrained versions of the models and for each one of the various
constrained sub-models defined for less than nr flavors, in the both NCGMT}; 2 and ordinary space-time
descriptions (GMT), respectively. The non-commutative solitons and kinks of the GL(3) NCGSGi,2

models are investigated.
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1 Introduction

Field theories in non-commutative (NC) space-times are receiving considerable attention in recent years in
connection to the low-energy dynamics of D-branes in the presence of background B-field (see e.g. [1]). In
particular, the NC versions of integrable systems (in two dimensions) are being considered [2]. On the other
hand, conformal theories on the usual two-dimensional space-time play an important role in various aspects
of modern physics, from string theory to applications in condensed matter. So, one might ask about the
role played by QFTs in (1 + 1)-dimensional non-commutative space-time. Indeed there is reason to believe
that similar applications would emerge and they deserve further investigations, since it is possible to define
notions of conformal invariance, Kac-Moody and Virasoro symmetries in this context [3]. Furthermore, there
is some optimism regarding the following analogy with the usual known relationship: it is believed that the
integrable models, defined on two-dimensional NC Euclidean space, would be the NC versions of statistical
models in the critical points and in the off-critical integrable directions.

The sine-Gordon type and other related integrable systems have appeared frequently in diverse areas
of physics, from condensed matter to string theory, in connection to such properties as soliton solutions,
integrability and duality. So, the study of their properties and the search for their solutions have greatly
attracted the interest of the scientific community. In condensed matter, we can mention for example the
work [4] on the nonlinear dynamics of the inhomogeneous DNA double helices chain. In topics of string
theory we can mention the recent works on the magnon-type solutions on the R x S™ (n = 2,3) background
geometry [5, 6].

Some non-commutative versions of the sine-Gordon model (NCSG) have been proposed in the literature
[7,8,9, 10, 11, 12]. The relevant equations of motion have the general property of reproducing the ordinary
sine-Gordon equation when the non-commutativity parameter is removed. The Grisaru-Penati version [7, §]
introduces a constraint which is non-trivial only in the non-commutative case. The constraint is required by
integrability but it is satisfied by the one-soliton solutions. However, at the quantum level this model gives
rise to particle production as was discovered by evaluating tree-level scattering amplitudes [8]. On the other
hand, introducing an auxiliary field, Lechtenfeld et al. [12] proposed a novel NCSG model which seems to
possess a factorisable and causal S-matrix.

Recently, in ordinary commutative space the so-called si(2) affine Toda model coupled to matter (Dirac)
fields (ATM) has been shown to be a Master Lagrangian (ML) from which one can derive the sine-Gordon and
massive Thirring models, describing the strong/weak phases of the model, respectively [13]-[16]. Besides, the
ML approach was successfully applied in the non-commutative case to uncover related problems in (2 + 1)
dimensions regarding the duality equivalence between the Maxwell-Chern-Simons theory (MCS) and the
Self-Dual (SD) model [17].

In this paper we extend some properties of the so-called si(3) generalized affine Toda model coupled to

matter fields (GATM) [15] to the NC case. We define the NCGATM model by replacing the products of



fields by the x—products on the level of its effective action. The effective action associated to this model
in ordinary space gives rise to equations of motion which can be derived from a zero-curvature equation
plus some constraints. In fact, the ATM model is a constrained sub-model of an off-critical model related
to the so-called conformal affine Toda model coupled to matter fields (CATM) which possesses a Lax pair
formulation [18]. So, we expect the NCGATM model defined in this way does not belong to those class of NC
field theories associated to a Lax pair formulation [11]. The NC GL(2) case has been considered in [9], there
the master Lagrangians turn out to be the NC versions of the ATM model associated to the group GL(2),
in which the Toda field belongs to certain representations of either U(1) x U(1) or the complexified U(1)¢,
such that they correspond to the Lechtenfeld et al. (NCSGy) or Grisaru-Penati (NCSGz) proposals for the
NC versions of the sine-Gordon model, respectively. Besides, the relevant NC massive Thirring (NCMT} 2)
sectors are written for two (four) types of Dirac fields corresponding to the Moyal product extension of one
(two) copy (ies) of the ordinary massive Thirring model. The NCSG; 2 models share the same one-soliton (real
Toda field sector of model 2) exact solutions with their commutative counterparts, which are found without
expansion in the NC parameter 6 for the corresponding Toda field. Here the GL(3) extension presents the
above known feature regarding the appearance of two versions of the NC (generalized) sine-Gordon model
(NCGSG1 2) and the corresponding NC (generalized) massive Thirring models (NCGMT} 2), and some new
phenomena such as the appearance of the associated sub-models: three copies for each version of the NC sine-
Gordon (NCSG 2) models, (bosonized) Bukhvostov-Lipatov models (NCbBL; 3), double sine-Gordon models
(NCDSG; 2), and three copies for each version of the NC massive Thirring models(NCMT} 2), Bukhvostov-
Lipatov models (NCBLj2) and the constrained NCBL; 2 models, respectively. In addition, we have the
known NC soliton solutions in the NCGSGj 2 sectors and the appearance of a NC kink type solutions for the
NCDSGj 2 sub-models. Even though we have discussed the integrability properties of the NCGSG 2 models
only for certain integrable directions in field space, i.e. in the NCSG; 2 sub-models, the NC generalized
massive Thirring (NCGMT} 2) sectors present intriguing properties regarding integrability: the NCGMT o
models encompass a Lax pair formulation only for a sub-model with certain eqs. of motion provided that
some constraints are satisfied. Moreover, we established the integrability of certain constrained versions of
the NCBL; » models by providing a corresponding recipe to construct a Lax pair for each of them. The
extension of the above features for the GL(n) NCATM; » models are straightforward.

The study of these models become interesting since the su(n) ATM theories constitute excellent labo-
ratories to test ideas about confinement [16, 19], the role of solitons in quantum field theories [13], duality
transformations interchanging solitons and particles [13, 20], as well as the reduction processes of the (two-
loop) Wess-Zumino-Novikov-Witten (WZNW) theory from which the ATM models are derivable [18, 15].
Moreover, the ATM type systems may also describe some low dimensional condensed matter phenomena,
such as self-trapping of electrons into solitons, see e.g. [21], tunneling in the integer quantum Hall effect [22],
and, in particular, polyacetylene molecule systems in connection with fermion number fractionization [23].

It has been shown that the su(2) ATM model describes the low-energy spectrum of QCDs (one flavor and



N colors in the fundamental and N = 2 in the adjoint representations, respectively)[19]. The si(3) ATM
model and its related dual sub-models GSG/GMT have been used to provide a bag model like confinement
mechanism for “quarks” and it has been shown that the ATM spectrum comprises of solitons as baryons
and qualitons as constituent quarks in two-dimensional QCD [24]. Moreover, the sl(3) GSG model has been
found to describe the low energy effective action of QCDy with unequal 'quark’ masses, three flavors and N
colors. This model has recently been used to describe the normal and exotic baryon spectrum of QCDs [25].

The paper is organized as follows. In the next section we present the NC extensions of the ATM model
relevant to our discussions. It deals with the choice of the group representation for the Toda field g. We
introduce two types of master Lagrangians (NCATM; 5), the first one defined for g € [U(1)]* with the
same content of matter fields as the ordinary ATM; the second one defined for two copies of the NCATM;
such that in this case g, g € H C SL(3,C). In section 3 the non-commutative versions (NCGSGy 2) of the
generalized sine-Gordon model (GSG) are derived from the relevant master Lagrangians through reduction
procedures resembling the one performed in the ordinary GATM — GSG reduction. In section 4 we present
the two NC extensions (NCGSGq,2) of the GSG model, as well as their associated sub-models such as the
NCSGi,2, NCbBL 2 and NCDSGj 2 models. In section 5 we ’decouple’ on shell the theories NCGSGj 2
and NCGMT) 2, respectively. We discuss the conditions which must satisfy the constraints in order to
have a complete decoupling, in particular for the soliton solutions. In section 6 we consider the NCGMT] »
models, as well as their global symmetries, associated currents and integrability properties of the constrained
sub-models. In these developments the double-gauging of a U(1) symmetry in the star-localized Noether
procedure to get the currents deserve a careful treatment. We discuss their associated sub-models such as
the integrable NCMT} 2, the non-integrable NCBLq 2, and the (constrained) NCBL; 5 models regarded as
integrable sub-models. In section 7 we present the soliton and kink type solutions as a sub-set of solutions
satisfying the both GSG and NCGSG; 2 models simultancously. Some discussions and possible directions of
research to pursue in the future are presented in section 8. The Appendix A provides the usual GSG model
as a reduced sl(3) affine Toda model couple to matter. Some results of the zero-curvature formulation of the
CATM model are provided in Appendix B, and the Lagrangian formulation of the ordinary ATM model is

summarized in Appendix C.

2 The NC affine Toda models coupled to matter fields (NCATM, )

In this section we present the NC versions of the so-called affine Toda model coupled to matter fields
(NCATM; 3). The case of GL(2) NCATM model has been studied at the classical level in [9] and the
related NC sine-Gordon/massive Thirring correspondence has been considered at the quantum level in [10].
Even though we present detailed computations for the GL(3) case it can follow directly for any GL(n).
Two different NC extensions of the ATM model (182) are possible as long as each of them reproduce its

ordinary equations of motion in the commutative limit. The commutative Toda field ¢ in (172) belongs to



the complexified abelian subgroup of SL(3,C). The symmetry group SL(3) of the ordinary ATM model
(see Appendix B) when considered in the NC case is not closed under the Moyal product *; then, the NC
extension requires the GL(3) group. In the next steps we define two versions of the non-commutative GL(3)

affine Toda model coupled to matter fields (NCATM; 5). Let us define the first NC extension (NCATM; ) as
Sncarm, = Slg, W, F¥]
= Iwzwlg +/d2x 22:{% <O_Wy , *[Es, W,,] > —% <[E_3, WS x0 W5, >+
m=1
<F %0 Wh >4+ <0 W, xFf>+<F %xgxFfxg !>} (1)

where F'x G = Fexp(g(gﬁ_,> - ﬁa_ﬁ))G and g € [U(1)]3. In fact, we have written the NC version of the
ATM model presented in the eq. (182) of Appendix C. The fields Wt, FE as well as the generators E.3 of
the model are defined in egs. (166)-(171). Iy zw[g] is a NC generalization of the WZNW action for g

1
fwawld) = [ [a+g*agl+ | v w050 57 50,057 w0 ] 2)
0 *

where the homotopy path §(y) such that §(0) =1, §(1) = g ([y,z4+] = [y,2—_] = 0) has been defined. The
WZW term in this case gives a non-vanishing contribution due to the non-commutativity. This is in contrast
with the action in ordinary space, i.e. the WZW term in (182)-(183) vanishes for g belonging to an abelian

subgroup of SL(3,C). From (1) one can derive the set of equations of motion for the corresponding fields

2
0-(g ' *dg) = > [F;,Q*F;Q*g_l . (3)
m=1
OpF, = [E3,0.W5,],  0-Ff=—[E3,0-W;_,], (4)
oW = —gxFlxg ™  0W, =—-g'%xF, xg. (5)

Notice that these set of eqs. closely resemble their commutative counterparts (184)-(186) of Appendix
C. Substituting the derivatives of W=’s given in the eqs. (5) into the eqs. (4) one can get the equivalent set

of equations
0L F, = —[By,gxFf %97,  O-F =[Bs, g7 xFy,, *g]. (6)

Notice that in the action (1) one can use simultaneously the cyclic properties of the group trace and the

* product. Then, the action (1) and the equations of motion (3)-(5) have the left-right local symmetries

given by
g — ho(e-)*xg(@y, 2-) * hr(zq), (7)
Fi = hg'(e) x B (e, o)« hr(ey), W, = hg'(eq) » W, (24,22 ) % hr(zy), (8)
Fp = hp(x )« Fy(vp,x)xhp'(x2), Wi — hp(z)«Wh(ze, ) xh;'(z-). (9)

The system of eqs. (3)-(5) is invariant under the above symmetries if the following conditions are supplied

hr(zs) * Eshp'(v4) = B3, hp'(v—) xE_shp(z_) = E_s, (10)



where hy p(zs) € Hg/R, Hé/R being Abelian sub-groups of GL(3). These symmetry transformations

written in matrix form [15] are extensions of the ordinary ones to the NC case in a straightforward manner.
Notice that in the ordinary space-time, in terms of the field components, the above transformations are given
in the Appendix A [see egs. (150) and (152)-(153)]; obviously, the form of the expressions given in these egs.
will change in the NC case.

Next, we define the second version of the GL(3) NC affine Toda model coupled to matter NCATM; as

SNCATM2 = S[Q;Wi;Fi] +S[gawi7]:i]7 (11)

where the independent fields g and g, related to the set of matter fields {W=*, F*} and {W=*, F*}, respec-
tively, belong to a complexified subgroup H of GL(3) to be specified in the subsection 4.2. As above the
action S[., ., .] is defined as the Moyal extension of (182). The motivation to introduce a copy of the action
functional with the set of fields g, W*, F* will be clarified below. Let us mention, in the mean time, that
the second version of the NCATM; model has also been considered in [9] for the SL(2) case.

The equations of motion for the NCATM; model (11 ) comprise the eqgs. (3)-(5) written for g € H C
GL(3) and a set of analogous equations for the remaining fields g, 7+ and W*. Moreover, in addition to

the symmetry transformations (7)-(9) one must consider similar expressions for g, F* and W+,

3 NC versions of the generalized sine-Gordon model (NCGSG; »)

In order to derive the NC versions of the generalized sine-Gordon model (NCGSG1 2) we follow the master
Lagrangian approach [26, 15], starting from the NCATM; o models (1) and (11), respectively, as performed
in the GL(2) case [9]. So, let us consider first the equations of motion (3)-(5). We proceed by integrating
the egs. (4)

F~ =B, Wyl )+ fra(zo), F©=—[Bs, Wa_,)] = ff(24). (12)

with the f*(z4)’s being analytic functions. Next, we replace the F* of eqs. (12) and the 0+ W= of (5),

written in terms of W=, into the action (1) to get

2
1
S, W, 4] = Iwzw[g]+/d2x D AG < B Wil wg s filwg™ > +
m=1
1
5<g_1*f,;*g*[E3,W?;m]>+<g_1*f;*g*f$>}. (13)

As the next step, one writes the equations of motion for the f*(x4)’s and solves for them; afterwards,

substitutes those expressions into the intermediate action (13) getting

2
1 _ _
Sll[guwi] = IWZW[Q] - Z /de Z < [E—37W3+—m] *gx [E37W3—m] *xg ! > (14)

m=1



Notice that (14) has inherited from the NCATM action the local symmetries (7)-(9). Therefore, one

considers the gauge fixing
2iA,, = [E_s, W?j;m]a ZiAvJvrz = [E3, WBZm]’ (15)

where A* € G, are some constant generators in the subspaces of grade +1 in (180)-(181).

Then for this gauge fixing the effective action (14) becomes

Sncasa, g = Slg]
2
= IWZW[g]+/d2:17 Z[< A, xgx NS xg™t > (16)
m=1

Thus, we get the equation of motion for the field g as

2
d-(g7 ' *d49) = Z[A;79*A$g‘l] (17)

m=1
The action (16) for g € [U(1)]® will define the first version of the non-commutative generalized sine-

Gordon model (NCGSG). The second version requires a copy of the above action for the field g

Sncasa,lg] = Slgl+ Slgl, (18)

where g € H C SL(3) (H will be specified below).

Thus, the actions (16) and (18) are the multi-field extensions of the NC sine-Gordon models proposed
earlier by Lechtenfeld et al. and Grisaru-Penati, respectively. As we will see below, these models contain
as sub-models the relevant versions of the NCSGy 2 model (in fact, each version contains three NCSGy 5
sub-models) proposed in the literature, i.e. the Lechtenfeld et al. and Grisaru-Penati proposals for the
NC extension of the sine-Gordon model, respectively. Moreover, the NCGSG; 2 models give rise to new
phenomena with interesting properties, such as the appearance of two versions of the NC Bukhvostov-
Lipatov model and the NC double sine-Gordon model, respectively, as well as their NC soliton and kink type
solutions.

We present below the two NCGSG 2 versions related to GL(3), each one involving multi-field scalar
fields.

4 The Toda field g parametrizations

In this section we present the two possible parametrizations of the field g, thus obtaining the two NC
versions NCGSG 2 of the GSG model, and furthermore we obtain their relevant sub-models associated to

them through consistent reductions.



4.1 First parametrization: g € [U(1)]> C GL(3,0)

Let us write the field g in the representation

e 0 0

g= 0 €9 0 = g1 * g2 * g3, where (19)
0 0 el
e 1 0 0 00 0
g1 = 0 1 01, 2=]10 € 0],3=01 o0 (20)
0 0 1 0 0 1 0 0 e

with ¢; being real fields (i = 1,2,3). As we will see below, this parametrization constitutes the GL(3,C)
extension of the Lechtenfeld et al. proposal of the non-commutative version of the sine-Gordon model
(NCSGy) [12].

For the A;’s taken as

AT = AREQ, +ARED +AREL,

AT = MNE+AE, +AIE°, .

Af = ALES +ALE', +AREL,,

Ay = AME'+ANE+AIE,, (21)

the action (16) for g given in (19), upon using twice the Polyakov-Wiegmann identity

Iwzw (91 % 92) = Iwzw (91) + Iw zw (92) + /d22 < g ' x0_g1*01gaxgy ' >, (22)

can be written as

Snesail91,92,93] = Iwzwlg] + Iwzwlg2] + Iw zw [gs] +
[ (ARt e 4 R ARt e ) 4
(AL Rbei# ez 1 R} Abei®s xs01] 4
(AR ARl x el 4 R ARl e 7%7)). (23)
Notice that the last term in the Polyakov-Wiegmann identity (22) vanishes when written for each pair of

the fields in the parametrizations (20). Then, the relevant egs. of motion become

0 (e wiel®) = [ALAhei® w0 — AL ARel® wer %) +

[A%]\BRei% * e:wl - A%ABRei‘ﬁl * e:i%] (24)
O (er™ xdrei®) = [A3RRel e — K3 ABelt e 4

[ALAREl % 92 — Aj Ajel® x e 1], (25)
O (e w0 eifn) = (R AGelt e 0 — A Reit w0 +

[A2 AZei92 x93 — A2 A%l 4 o] 102], (26)



Setting
ALAG = e M; /8, §=1,2,3; (27)

for M;, §; some constants, we define the system of eqs. (24)-(26) as the first version of the non-commutative
generalized GL(3,C) sine-Gordon model (NCGSG1). Notice that it is defined for three real scalar fields.

In the commutative limit 8 — 0 the above equations can be written as

0*¢1 = Mysin(pa — ¢1 + 01) + Mzsin(ds — ¢1 + 03); (28)
O*¢o = Masin(¢s — ¢ + 02) + Mysin(er — d2 — 61); (29)
0?3 = Masin(ga — ¢3 — 02) + Mzsin(¢y — d3 — d3). (30)

From the above system of equations one gets a free scalar equation of motion
PP = 0, ®=¢1+ ¢+ ¢s. (31)

For the particular solution ® = 0 of (31) and making M; — —M;, ¢1 — —¢1, one can write the first
two equations (28)-(29) as
O ¢1 = Msin(pe + ¢1 + 01) + Mssin(2¢1 — ¢z + 03); (32)

52 P2 = Msosin(2¢2 — ¢1 — d2) + M, sin(¢1 + o+ 01). (33)

This system of eqs. is precisely the commutative generalized sine-Gordon model (GSG) [24, 25] [the form
written in (32)-(33) corresponds to egs. (161)-(162) of Appendix A].
In the following subsections we will examine certain sub-models obtained through consistent reductions

of the NCGSG; system (24)-(26).

4.1.1 Non-commutative sine-Gordon model (NCSG;): Lechtenfeld et al. proposal

We show that the model (24)-(26) contains as sub-models the Lechtenfeld et al. proposal for the NCSGy
model. So, setting My = M3 = 0, My = 8M, ¢3 = §; = 0 and changing ¢ — —¢2 we get the system of

equations [12]

- (e:i‘bl * 8+ei¢1) = Ml[e "2 xe 91 — ¢l®1 x ¢i92] (34)
0_ (ei¢2 * 8+e;i¢2) = Ml xelf2 — o192 4 g 101], (35)
In fact, there are additional two possibilities for meaningful reductions, i.e., 1) M; = My = 0, M3 =

8]\47 ¢2 = 5j = O, gbg — —(bg and 2) M, = M5 = O, My, = 8]\47 gf)l = 5j = O, gbg — —(bg respectively,
providing in each case a Lechtenfeld et al. NCSG; model.



4.1.2 Non-commutative (bosonized) Bukhvostov-Lipatov model (NCbBLzx;). First version

Another reduction is possible by making My =0, My = M3 = —M, and ¢1 — —¢1, in the eqs. (24)-(26)
followed by the substitution ¢3 = ¢1 — ¢2. So, one gets the set of equations

. . M e , , e
0_ (ef“z’“ * 8+efz¢“) = 3 [eﬁ” %2) 4 efita _ eFida 4o (¢1 ¢2)}, a=1,2 (36)
0 = 0_ [efbl *xOpe 1 £ e 2 5 9, €% 4 ey O1=02) 8+ei(¢1_¢2) , (37)

where the upper (lower) signs in (36) correspond to the index a = 1(2) for the field ¢,. In the commutative
limit the eq. (37) becomes trivial, whereas the set of equations (36) become 9%¢; = Msin(2¢; — ¢2) and
9%¢y = Msin(2¢, — ¢1). Defining the new fields 11 = 1(¢1 + ¢2), ¥2 = @(qﬁl — ¢3) we arrive at the
model 0%, = Msin(v;)cos(v/31z), 0%hs = M+/3cos(11)sen(v/31s). This system of equations is precisely
the bosonized form of the so-called Bukhvostov-Lipatov model [27, 28, 29, 20]. In view of these relationships
we define the model (36)-(37) as the first version of the non-commutative bosonized Bukhvostov-Lipatov

model(NCbBL;).

4.1.3 Non-commutative double sine-Gordon model (NCDSG,). First version

The usual double sine-Gordon model (DSG) is defined in terms of just one scalar field ¢ and the potential
terms [cos(¢) + cos(2¢)] in the action. So, we would like to reduce the above model in a consistent way
in order to get a sub-model defined for just one scalar field. Let us take advantage of a particular solution
of the free field equation (31). So, we consider the reduction ¢1 = —¢3 = ¢, ¢2 = 0 and substitute these

relations into the equations (24)-(26). Then we obtain the next two equations
0_ (e;w * 8+ei¢) = Mi(e]" —e') + Ms(e; @ e — €l x€?), (38)
0— (ei‘ﬁ * 8+e:i¢) = M(e? — e ') + Maz(el? el — e x e[ ?) (39)

plus an equation which reduces to a trivial identity (we have imposed M7 = Ma, 6; = 0).

The above two equations can be written in the equivalent form
o_ (eiff’ K Dpel i 4 a+ei¢) = 4iM, sin, ¢ + 4iMs sin, 2¢ (40)
0_ (e:i‘i’ * 04 elf + el « 8+e:i¢’) = 0. (41)

The system (40)-(41) constitutes the first version of the non-commutative double sine-Gordon model
(NCDSG1) defined for just one scalar field.

The first equation (40) contains the potential terms which is the natural generalization of the ordinary
double sine-Gordon potential, whereas the other one (41) has the structure of a conservation law and it can
be seen as imposing an extra condition on the system. In the commutative limit, the first equation reduces
to the ordinary double sine-Gordon equation (DSG), whereas the second one becomes trivial. The equations
are in general complex and possess the Zs symmetry of the ordinary DSG (the invariance under ¢ — —¢ is

easily seen in (38)-(39).



4.2 Second parametrization: g € H C GL(3,C)

Let us consider the parametrization

et xef? 0 0
g= 0 er 1Tz 4 o0 0 = g1 * g2, (42)
0 0 e, P2 xef®
with
ef? 0 0 1 0
g=1 0 "t 0 |,e=e] 010 |, (43)
0 0 ex 2 0 0 1

where the fields ¢;, j = 0, 1,2 are general complex fields. The additional field g is defined by substituting
the fields ¢; above as cp;-. The fields g and g are formally considered to be independent fields.

This parametrization becomes the GL(3) extension of the Grisaru-Penati proposal for the non-commutative
version of the sine-Gordon model (NCSG3) [7, 8.

The following equations of motion can be obtained directly from the first term S[g| of the action (18) for

the parametrization (42)

0- (e:‘ﬂo xe, 1%y (efl * efo)) — [AILA}%e:“’l'WZ x e, Pt — A}/A}%efl xef172] 4
3313 ,— - A3 A3
[A7ARe, P2 xe Pt — AT Apelt xef?]. (44)
o_ (e:@o xeP1TP2 5% 0, (e:mﬂaz * ef“)) — [A%A%e;‘” xef1me2 A%A%e:mﬂaz * e£2] 4
AL ARest e e — ApAper#*#2xe @] (45)
- (e;% o ef? % O, (e;w * efo)) = [A3A%e¥ xe¥? — A3A%er Pt xe 1]+
[A2 A2 e—P1tve g2 _ A2 N2 o—92 o esal—saz] (46)
L R%% * L R%% * :

Introduce the parameters M;, d; as in (27). So, we define the system of egs. (44)-(46), supplied with the
relevant egs. of motion for the fields gp} derived from the second term S[g] of the action (18), as the second
version of the non-commutative generalized GL(3,C) sine-Gordon model (NCGSG;), where the three scalar
fields ¢; are in general complex.

Next, let us examine the commutative limit. Redefining ¢, — i ¢, (where the new ¢! s are real), using

definition (27) and taking the limit  — 0 in the above system of equations (44)-(46) one can get

62(,01 = M sin(2cp1 — 2 — 51) + Ms; sin(gol + 2 — 63) (47)
62(,02 = M sin(2cp2 — Y1 — (52) + Ms; sin(gol + 2 — 63) (48)
62(,00 = 0. (49)

Thus, in (47)-(48) we recover again the equations of motion of the commutative generalized sine-Gordon
model (GSG) [24, 25]. Notice that the field ¢y decouples completely from the other fields in this limit,

becoming simply a free field.
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In analogy to the results of the first parametrization it is possible to get some sub-models as consistent
reductions of the system (44)-(46). In the following we discuss the reductions associated to this second

parametrization.

4.2.1 Non-commutative sine-Gordon model (NCSG;): Grisaru-Penati proposal

A reduced single field model follows by setting My = M3 = 6; =0, g = p2 =0, M1 = —M and ¢ = ip
(i, complex field). So, one gets the model

O_(eT%0, eTP) = £ M (eF2% — T2i¥), (50)

which is the Grisaru-Penati proposal for the NC extension of the sine-Gordon model (NCSGs) [7, 8]. In
fact, in this proposal one must consider additionally a couple of equations for ¢! obtained from the second
piece in the action (18). Additional reductions, each one providing a Grisaru-Penati NCSGs model, are
achieved by setting M1 = M3 =9; =0, po =1 =0, Mo = —M @3 = i, and My = Ms = §; =0, @9 = 0,
Ms = —M @1 = @2 = ip, respectively.

4.2.2 Non-commutative (bosonized) Bukhvostov-Lipatov model (NCbBL;). Second version

A reduction leading to a two field model follows as M3 = 0, My = My = —M, ¢, — v, (n =0,1,2). So,

one gets the model

. . . , M7 it . o
- (e:“"o * eF%a 5 O, (eFtPe % ef"”)) = —— {e (P1=p2) o eJiPa — eFiva 5 eile W)}, a=1,2 (51)

8 *
0 = 0_|e "™ xe "t x D (efft xel¥0) 4+ e "P0 % elP? x

a+(e:i802 * eiwo) + e:iwo * ei(#”l*tpz) % a+ (e:l(@lﬂf%) * eisao)} 7

(52)

where the upper (lower) signs in (51) correspond to the index a = 1(2) of the field ¢,. In the commutative
limit the eq. (52) reduces to a free scalar field equation of motion 8%¢y = 0, whereas the set of equations (51)
become 91 = Msin(2p1—p2) and 0%y = Msin(2p2—¢1). Defining the new fields 91 = 1 (p1+¢p2), V2 =
@(gal — g) we arrive at the model 0%¢); = Msin(t1)cos(v/31a), 9*hy = M+/3cos(¢)1)sen(v/31h2). As we
have seen before this is just the bosonized form of the so-called Bukhvostov-Lipatov model [27, 28, 29, 20].
In view of these relationships we define the model (51)-(52) as the second version of the non-commutative

(bosonized) Bukhvostov-Lipatov model(NCbBL3).

4.2.3 Non-commutative double sine-Gordon model (NCDSG;). Second version

In order to reduce the NCGSG system of equations into another version of the NC double sine-Gordon model
one takes advantage of certain properties of its commutative counterpart. In fact, the above commutative

model (47)-(49) possesses the symmetry @1 < @2; My <> My in the GSG sector, whereas the auxiliary
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o field completely decouples in this limit. So, in the second parametrization case (42) we can impose the
conditions ¢1 = wo2 = —ip, My = Ma>,d; = 0 into the system of eqs. (44)-(46) and obtain the following

system of equations for complex ¢

0_ (e:“’o * el %0, (e:w * efo)) = 2¢Mjsing ¢ + 2 M3 sin, 2¢
(53)
0_ (e:“"“ * 8+ef“) =0 (54)
O_ e %0 % el x 0, (e:“" * efo) +e P xe w0y (efé" * efo)} = 0. (55)

The system (53)-(55) constitutes the second version of the non-commutative double sine-Gordon model
(NCDSG2) defined for two complex scalar fields.

The first equation (53) contains the potential terms generalizing the ordinary double sine-Gordon po-
tential. The second and third ones (54)-(55) have the structure of conservation laws and can be seen as
imposing extra conditions on the system. Let us examine the commutative limit # — 0 of the NCDSGy

system. In this limit it reduces to the usual DSG model plus a free field ¢y equations of motion

9-0yp

—2Mi sin ¢ — 2M3 sin 2¢ (56)

0-0+¢o = 0. (57)

Notice that in this limit the field ¢ decouples completely from the DSG field ¢.

Some comments are in order here.

1) The NC models obtained above reproduce the usual models in the commutative limit # — 0. So, the
both versions of the GL(3,C) non-commutative generalized sine-Gordon model (NCGSGy,2) reproduce the
ordinary GL(3) GSG model in this limit. The both versions of the non-commutative double sine-Gordon
model NCDSG;, 2 reproduce the usual DSG model in the ordinary space. Likewise, the both versions of the
non-commutative bosonized Bukhvostov-Lipatov model NCbBL; » lead to the usual BL model. Notice that
the GSG model in ordinary space-time also contains as sub-models the variety of theories we have uncovered
above, i.e. the usual SG model, Bukhvostov-Lipatov model, and the double sine-Gordon model [20, 24].

2) Regarding the integrability of the NCGSGq 2 models they are hardly expected to possess this property
since they contain as sub-models the relevant NCDSGy o and NCBL; 5 theories. The NCDSGq 2 models
are not expected to posses this property since their commutative counterpart is not integrable. The same
behavior may be expected for the NCBL; 2 models since their commutative counterpart is not classically
integrable (see [20] and refs. therein), except for some restricted region in parameters space. Nevertheless,
see more on this point in subsection 6.1.2 when the relevant spinor version of the (constrained) NCBL; model
is discussed in relation to integrability.

Related to this issue, let us mention that we have not been able to write in a zero-curvature form the eq.

of motion (17) of the NCGSG; model (17), it mainly happens due to the presence of the summation index
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m = 1,2 on both entries of the commutator. Actually, the eq. (17) differs from the integrable system of
non-abelian affine Toda equations [30, 18].

3) The Letchenfeld et al. (34)-(35) and Grisaru-Penati (50) NC sine-Gordon models proposed in the
literature appear in the context of the generalized NC sine-Gordon models as reduced sub-models of the
corresponding NCGSG; and NCGSGs models, respectively. So, they are analogous to the results obtained
in the commutative case in which the GL(3) GSG model contains three SG sub-models as reduced models,
each one associated to the positive root of the gl(3) Lie algebra[24]. The group structure of the GL(3)
NCGSG1,2 models allowed us to get three NCSGy 2 sub-models, respectively, for each version, as in the
commutative case.

4) In the three-field space of the NCGSGy, 2 models it is remarkable the appearance of three integrable
directions as NCSGq, 2 sub-models, respectively. It suggests that there are at least three integrable directions
in reduced field space of each one of the NCGSG1 2 models . Examples of non-integrable reduced directions
are provided by the relevant NCDSG; 2 and NCBL;, 2 models. However, the existence of more integrable
directions is suggested by the presence of certain integrable sub-models in the spinor sector of the NCGMT] »
models, i.e. the scalar duals of the corresponding NC(c)GMT; 2 and NC(c)BL; 2 spinor models, respectively
(see section (6.1.1) and subsection (6.1.2)).

5) Finally, the role played by the SG model in the context of the generalized SG models is analogous to
the one which happens with the correspondence between the A¢* model and the deformed linear O(N)-sigma
model, as it was first noticed in [31]. It could be interesting to study several properties of the generalized
SG models, including their non-commutative counterparts, as for example by applying and improving the
quantization method described in the last reference. Let us mention that the ordinary DSG model has
recently been in the center of some controversy regarding the computation of its semi-classical spectrum, see

32, 33).

5 Decoupling of NCGSG; 2 and NCGMT, 3 models

In the commutative case some approaches have been proposed in order to recover the GSG and GMT dual
models out of the ordinary sl(n) ATM model [24, 13, 14, 15, 20]. Among them, the one which proceeds by
decoupling the set of equations of motion of the ATM model into the corresponding dual models [13, 15] has
turned out to be more suitable in the NC case [9]. This procedure is adapted to the NC case by writing a
set of mappings between the fields of the model such that the egs. (3) and (6) when rewritten using those
mappings decouple the scalar and the matter fields. So, following the procedures employed in the ordinary
sl(n) case [15] and in the non-commutative GL(2) ATM case [9] to the case at hand, let us consider the
mappings

2
> [FJ : gFJg’lL = Z:: [A; Y2ST (58)

n=1 n=1
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k ~

RN R R - (A el D SR ol [ 28 (59)

- kl
Es, g 'F - [EF } —L**[ Jt F+}L* 60
|: 3,9 3 mg_ 3 N 2( m) ; ( )
Frer = :F[Ei37 W3 m] (61)
(5 P ] = o ©)

4 %
where

j,T = [F‘;E_n, W;F_n ki, ko = constant parameters. (63)

The hatted fields have the same algebraic structure as the corresponding unhatted ones except that
they incorporate some parameters re-scaling the fields, those parameters will give rise to certain coupling
constants between the currents of the model. Notice that the fields j$ and the constant matrices L carry
zero gradation and these will be defined below. The field g in the relations above, as defined in section 2, is
assumed to belong to either [U(1)]3, as in subsection 4.1, or H C GL(3,C) , as in the second parametrization
in subsection 4.2.

The relationships (58)-(61) when conveniently substituted into the ATM eqs. of motion (3) and (6)
decouple them, respectively, into the NCGSGy eq. (17) and certain equations of motion incorporating only

matter fields, which in matrix form become

[E_3,6+W3+_WL = +[E_s, [B5, W]l

3222: J(E_s, Wit L (64)
[E3,6_W31m]* = [E:, [E_s, W, —

%i [ Bs, Wy, oL, (65)

We define these set of eqs. as the first version of the non-commutative (generalized) massive Thirring
model (NCGMT}).

The eqs. (62) are the constraints imposed in ref. [15] written in a compact form. These constraints, which
are missing in the GL(2) case, have been imposed in the non-trivial GL(3) extension in order to be able to
write a local Lagrangian for the off-critical and constrained ATM model out of the full set of equations of
motion of the so-called conformal affine Toda model coupled to matter (CATM) [15, 18] (see the Appendices).
Actually, the above 'decoupling’ egs. maintain the same form as their commutative analogs presented in
eqs. (6.1)-(6.5) of the ref. [15]. We must clarify that the above ’decoupling’ egs. (58)-(60) do not completely
decouple the scalar fields from the spinor-like fields due to the presence of the constraints (62). There are
some instances of total decoupling, e.g. in the soliton sector of the commutative limit [20, 15]. Notice that

we have not used the constraint equations (62) in order to get the eqs. (64)-(65). In order to be more specific
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in the discussions below we provide, in the following set of equations, the constraint eqs. (62) in terms of
the component fields. Let us take the spinors as defined in (166)-(171) and the scalar field g presented in

the first parametrization eq. (19), so one has

el xPpxe P xl = PP x et (66)

G kT ) = U x el ke €0k kel = 8 % el aaph e (67)
and

eI % 7 % €92 x J}% = {/;]2% * e P2 apl x eid1 (68)

eI w3 % it *{/% = —d *e:wg*{/j% xeifz; it *ZE > el = _{5}1% ey 1ah? % €1 (69)

associated to the grades (—1) and (+1) of (62), respectively.

Analogously, one can write another set of equations for the second parametrization (42) of g

et % ek hp ke PO X 1T wqh? = h] xef2TPL w0 wah% ke PO % P2, (70)

€27l 4 0w hh w e PO xef2 whd = 1 ke P2 xef0 whh xe PO ke P, (71)

e*—saz * €f0 * w% * e:sao * 6:4/71 * w}‘ _ _w% * efl * efo * w}% * 6:4/70 * efl—SDQ, (72)
and

eP0 b ke PO k€L xqhl xefl = ef2 kb %P2 P e b x el PO, (73)

eP0 w b ke PO ke x )t K ef2TFL = e P xS xe P2 %P0 wahh ke, ¥, (74)

eF0 Kk hp ke PO ke Pt xaht ke P2 = —ef1TP2xqhl x el Kk ef0 x b x ey PO, (75)

associated to the grades (—1) and (+1) of (62), respectively.

Even though that the full set of the ’decoupling’ equations have not been used in order to write the
eqs. (64)-(65), we expect that a non-commutative version of the usual (generalized) massive Thirring model
(GMT)) [15] defined for the fields W* will emerge from these equations. In fact, we assume this point
of view and study the properties of the system (64)-(65) in its own right. Nevertheless, we will recognize
below certain relationships between the relevant sub-models of the both NCGSG 2 and NCGMT] > sectors.
Remarkably, these relationships will arise for certain reduced sectors obtained such that the constraints (62)
become trivial, or completely decouple the spinors from the scalars in the soliton sector, which is equivalent
to take the commutative limit (see below). The model (NCGMT},) (64)-(65) is new in the literature and it is
expected to correspond to the weak coupling sector of the NCGATM; model whose strong coupling sector is
described by the first version of the non-commutative generalized sine-Gordon model (NCGSG;) presented
in subsection 4.1.

In the ordinary space the GMT equations of motion can be achieved through Hamiltonian reduction

procedures, such as the Faddeev-Jackiw method, as employed in [15] for first order in time Lagrangian;
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however, in the NC case, to our knowledge, there is no a similar procedure since the action of the NC GATM
model involves higher order in time derivatives; actually, an infinite number of terms of increasing order in
time derivatives. So, we have used the decoupling method and assumed the forms of the decoupling equations
(58)-(63) to resemble the ones in the ordinary case [15], important guiding lines being the gradation structure
and further, the locality of the Lagrangian in the NCGMT sector which will depend on the nature of the
terms appearing in the egs. of motion; e.g, notice the absence of terms bilinear in the spinors in the right
hand side of the eqgs. (64)-(65). In fact, the terms appearing in the above equations will give rise to usual
kinetic and mass terms, and four-spinor coupling terms in the relevant action. The Lagrangian for the model
(64)-(65) and a Lax pair formulation for a constrained version of it will be discussed below.

In order to recover the dual of the second version NCGSGs one must write similar decoupling expressions
for the full set of fields {g, F*,W*} and {g, F*,W*}. Thus, following similar steps to the previous
construction we expect to recover another version of the NC generalized massive Thirring model (NCGMT3)
defined for the fields {W*, W*}. In the next section we propose two versions of the non-commutative
(generalized) massive Thirring theories (NCGMT; 3) by providing the relevant equations of motion and

discussing their zero-curvature formulations.

6 The NC generalized massive Thirring models NCGMT,

We will consider the fields 97, Jj as c-number ones [9] in order to define the NC generalization of the so-called
(c-number) massive Thirring model (MT) [34, 35]. In ordinary space-time these type of classical c-number
multi-field massive Thirring theories have long been considered in relation to one-dimensional Dirac model
of extended particles [36]. The quantization of the two-dimensional fermion model with Thirring interaction
among N different massive Fermi field species has recently been performed in the functional integral approach
[37].

The assumption for the fields to be c-number fields will allow the zero-curvature formulations of the
NCGMT] > models to be constructed resembling analogous algebraic structures present in the GATM model
in the context of the affine Lie algebra SL(3). This means that the c-number fields 17, Jj will lie in certain
higher grading directions of the principal gradation of the affine SL(3) Lie algebra, as it is presented in the
eqs. (168)-(171) of the Appendix B.

In ordinary space the field components of the MT model are considered to be either anti-commuting
Grassmannian fields or some ordinary commuting fields (see [9] and refs. therein). Notice that the relevant
(Grassmannian) GMT model would need a slightly different algebraic formulation from the one followed here

for the c-number case.
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6.1 NCGMT,

We propose the NCGMT action related to the eqs. of motion (64)-(65) for the fields W as

M

1 1
SwE = /dﬁ[ [ < (B s Wi % 0u Wit > 2 < [y, Wy, ] %0 Wiy > -

m=1
2
1 ~ ~
< [B_s Wil % [Bs. W, ] >} — 5 S o< dhxdy > (76)

m,n=1
In the last action the first two terms inside the summation provide the kinetic terms, the third one
the mass terms and the last term the current-current interactions. The current-like matrices j$ with zero

gradation appearing in the eq. (63) have the same algebraic structure as the matrix-valued currents [15]

Jt = +

m

[[E$37Wni1]vw3im]*v (77>

RN,

except that they are defined in terms of some hatted variables W2 which are constructed from the relevant

unhatted ones W, in egs. (168)-(171) by making the re-scalings

i COMATL = GOV, - (G0, (78)
T e T M A GO (79)
k= (P4 UR > (VR vk > (G R (80)
vh— gk, vk - (Byigd, G- B, (31)

where the \; 0;, aj, B; are constant parameters. These constants are introduced with the aim of recovering
some coupling constants between the currents of the model.
Actually, in matrix form we have the following relationships W, = Lz Wt (L+)~" and W, = L;, W, (L;;,)"".

The LQjE7 LT matrices, respectively, take the following forms

12/ %3 0 0 12/ LEY 0 0
Z1 Y3
0 w/m 0 and 0 /o |, (82)

Y1
0 0wz 0 0 /e
3 Y2
supplied with the replacements x — A for L;r, y— P for Ly, x — afor L7, and y — ¢ for Lf.

Some relationships between these parameters will emerge below mainly arising from the consideration of
current-current (generalized Thirring) type interactions among the various flavor species and integrability
requirement through the zero-curvature formulation of the equations of motion.

In the following we will consider the egs. of motion (64)-(65) in term of the field components. For future
convenience let us introduce the fields A% | as

1 Bz
4

1Joapr
4

Ap = Vh* Uk + A (83)

17



AQR _ 4 a2 3o U)R J}% ifoiPr ~ 7/}R U)R (84)

1 1
AP}’% = 3 534% ‘/’R 1/’1% \ a2ﬂ2 1/’1% ‘/’??,- (85)
and
Ai = 61)\1 2/’L Q/N% 63)\3 wL 15% (86)
A = | ‘% U2 xR | M ) (87)
4= 5‘”3 Fad + 52“2 B2« (58)

In terms of these fields the currents in (76) become

(A, 0 o0 (AL o0 o0
/\_ /\_ /Z/ ~ N Z
Jp =J; = -3 0 A% 0 and J;" = Jf = -3 0 A2 0 (89)
0 0 —A} 0 0 —43

Therefore the action of the NCGMT; model (76) in terms of the Thirring field components become
Sncamr, = /dI2 Z { {ZiWL * 04y + 2005 % O_R + im, (Y7, * Y — Y * UR)
i=1
— oA x AR}, (90)

Next let us write the equations of motion for the field components derived from the action above. The

following three equations of motion

1 63)\3

Opy = —§m3¢R {0 * AR + A *vi} (91)
- 1 1/ 01 -

00y = —gmitk+ii| = (UL x Ap — AR x i1} (92)

OE = —gmah i 5”2 (VL » AR + AR v}, (93)

will correspond to the matrix form (64) for m = 1.

One can obtain the equations of motion

~ 1 4] 03\
o = —§m31/13 \/ s {A3 b} +d x A R} (94)
RO -;mle ‘“l {Ahx 0] — 0L« 43) (95)
9 1 52)\2
oYy, = —§m21/1R —={A% <} + 0] x AR}, (96)

which in matrix form corresponds to eq. (64) for m = 2.
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Similarly, one can obtain the equations of motion

1 id Ol3ﬂ3

o_vh = §m31/)L {0} * A} + AL x %} (97)
71 1 151 1 2 71

0_Yp = §m11/)L W’R *x Ay — AL * YR} (98)

09k = %mm A\ 0‘25 S {PRx AL+ AL % 0T}, (99)

corresponding to m = 2 in (65).
Finally, the equations

73 1 4 OZ3B3 3

0y = §m31/)L+ {A7 *U’R""/)R*A } (100)

1 1 4 alﬁl
0-vp = §m11/)L {AL 1/’R 1/’R * A7 Tt (101)

ovh = ymad—i{ Y a2ﬁ2 {AL * 0% + VR < ALY, (102)

can be obtained from (65) in the case m = 1.

The set of equations of motions (91)-(102) are the GL(3) extension of the equations of motion given
before for the case GL(2) NCMT; ( see eqs. (5.11)-(5.14) of ref. [9]). In fact, the later system is contained
in the GL(3) extended model. For example, if one considers 1)} = 12 =)} = )1 = 0 in the eq. (91) then
it is reproduced the equation (5.13) of reference [9] describing the single Thirring field ¢35 provided that the
parameters expression y/ % corresponds to the coupling constant % of that reference.

The four field interaction terms in the action (90) can be re-written as a sum of Dirac type current-current
terms for the various flavors (j = 1,2, 3). In the constructions of the relevant currents the double-gauging of
a U(1) symmetry in the star-localized Noether procedure deserves a careful treatment [38, 9]. So, one has

two types of currents for each flavor [9]

.(1)H — @k’?ﬂ*d’ka (103)
G = T ey, k=1,2,3. (104)
Notice that in the commutative limit one has j,(C - =7 ,(62) ", In order to write as a sum of current-current

interaction terms it is necessary to impose the next constraints on the «;, 5;,0;, \; parameters
;A
;3

Then the four-spinor interactions terms in (90), provided that (105) is taken into account, can be written

=k =const.; j=1,2 3. (105)

as current-current interaction terms

3
23" AL A, = —gu G ) x ) = gan (G5 % SR 4 G 8P —

g3 (75, % 35" + 350 % 55") + gua (333) % 35P) —

923 (35,3 x G5y — 913(J§23 < i), (106)
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where

1 1 . .
955 = 7§ VB0, gik = 5\4/ ;B i, (J # k), J,k=1,2,3. (107)

These parameters g;; define the coupling constants of the NC generalized Thirring model (NCGMT,),
even though that they are not mutually independent. Notice that considering the relationships (105) and

(107) one has the three constraints

9ij = 2/9i Gjj» 1 # . (108)
Taking into account the constraints (108) we are left with three independent coupling parameters at our
disposal, so in order to study further properties such as the integrability and the zero-curvature formulations

of the model one must consider the remaining three parameters, say the independent coupling parameters

J11, 922, g33. Then, substituting in the action (90) the current-current interaction terms (106) one has

1=3
Sxcamr, = /da;Q{ Z [zwg x 04l + 20 % O_ly + im; (Pl * Yy — Pl x %)
=1
— gu GO %G 4+ 52w 5P — g (5w S 4 G5 M) —
933 (38h, % G5 4 380 5 3 + gua (L) % 5 —
925 (38} % 57" = gus (513 % 57 |- (109)

We define this model as the NC (generalized) massive Thirring model NCGMT; written in terms of the
component fields. Its matrix version is understood to be the action (76) once the parameters relationships
(105) are taken into account.

The two types of U(1) currents j,(cllz, j,(fz (k=1,2,3), respectively, satisfy the conservation equations

Os (WF %K) + 0_ (Pl x k) =0, 04 (W «yf) +0_ (W k) =0, k=1,23. (110)

6.1.1 (Constrained) NC(c)GMT; zero-curvature formulation

The zero-curvature condition encodes integrability even in the NC extension of integrable models (see e.g. [9]
and references therein), as this condition allows, for example, the construction of infinite conserved charges for
them. In order to tackle this problem it is convenient to consider the matrix form of the equations of motion
of the GL(3) NC Thirring model (64)-(65) and intend to write them as originating from a zero-curvature
condition. So, taking into account the gradation structure of the model let us consider the following Lax

pair

A E_3 +Q[E*37W1+]* +b[E*37W2+]* +gl[[E*37W1+]aVAV2+]*+g?[[E*3aVAV2+]7W1+]*' (111)
Ay = —Ey+b[Eys, Wil +alBys, Wy ls+ GillEvs, Wi |, Wy L+ Gol[Eys, Wy |, Wi L, (112)

where a, b, g1, g2, g1, g2 are some parameters to be determined below. Notice that the potentials A4 lie in

the directions of the affine Lie algebra generators of grade Go 12,3 and Gy 1,2 _3, respectively.
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These matrix valued fields must be replaced into the zero-curvature equation

[a+ +AL, - +A| =0, (113)

*

We will use the following relationships which can easily be established

AJ; = 4dy = —([Ew, Wil Wy L = —[[Bes, Wo |, W1 L, (114)

4 = A =[[Eos, Wi, Wyl = [[B=s, WS, WL (115)

So, the Lax pair can be rewritten as

A. = E_sg+alE_3, W, +blE_s, Wy, + ki J;. (116)
Ay = —Ey3+0b[Eys, Wil +a[Bys, Wy |x + ko Jy, (117)
where we have introduced the new parameters k; o such that g; + g2 = —%, and g1 + g2 = %1

In order to get the relevant equations of motion (64)-(65) it is useful to take into consideration the
gradation structure of the various terms. So, the terms of gradation (—1) in (113), taking into account

(114), become

|:E*358+W2+:|* - +[E*37[E35W1_]]* _kQ(L;)il[‘jl_v[E*35VAV2+]]*L;+ |:F1+5F2_:|* (118)

The equation (118) has the same structure as the equation of motion (64) ( for m = 1) provided that we

set L3 = L] , and impose the constraint
[Ff, F{} =0 (119)
*
Next, looking for the gradation (+1) terms in (113) and using (115) we may get the equation

B, 0-Wr| = —[Bs (B Wil — (L) (B W Ly + [, B (120)

*

In a similar way, identifying L, = L, and imposing the constraint
|:F2+7F1_:| :Ov (121)
*

one notices that the equation (120) is equal to the equation of motion (65) (for m = 1).

Following the process we can write for the (+2) gradations and conclude that in order to obtain the two
equations of motion in (64)-(65) for m = 2, it is required the same conditions LE = LT as above, without
any new constraint.

We notice that the conditions Li = LT which are related to the equations of motion for the gradations

(1), (£2) provide the following constraints between the initial parameters (c;, i, Ai, 6;)

;B =711 N =rmra, 1=1,2,3; ry, r9 = constants. (122)
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In fact, these constraints are consistent with the parameters relationships (105) established above; how-
ever, eqs. (122) incorporate additional constant parameters r1, ro such that k = ry/rq. Additional re-
lationships between the parameters arise by requiring that the above matrix equations derived from the
zero-curvature equation to be consistent with the eqs. of motion (91)-(102). So, together with the relation-

ships (122), it is required
1y = ﬂlﬂQﬂg = T?/z; )\1/\2/\3 = 515253 = r;’/2, kl = 23/47";/8, kz = 23/47”;/8 (123)

So, the set of current-current coupling constants g;; in (109), which in the last section have been assumed
to be equivalent to three independent parameters, in view of the additional relationships (123) they reduce

to only one independent parameter g defined by

1 1 .
G2 = Y3 =013= 505 Gi = 9, 1= 1,2,3; g = (rra)'/". (124)

2

Finally, for the zero gradation term there appears the following equation
k10, Ji — ked_JT — abFy, Fy] — ab[F, FT| + kiko[J7, Ji] = 0. (125)

We require this equation to be consistent with the full equations of motion (91)-(102) and the constraints

(119) and (121). These constraints in terms of the fundamental fields become

VR UL =YL xR, VR *UE = —Up xRk, UL xR = —0k x UL (126)
and

Vi * 7 = —0] + R, ULk = —dR e v], OR xdp =97 g, (127)

respectively.
In order to establish specific relationships between the parameters a,b and 71,72 let us write (125) in

terms of the fundamental fields

(k0 AL — kot Ak) = kle(Al AL — AL AR) — 2ab{ima({ ﬂm% P+ 4 0”51% VR +
ims (3] 2205 + {2200 ) (125)

(ka0 AL — ko0 AR), =~ (43 A%—A%*A%)—%b{z‘mw‘“% B+ {220 w33 -
i (3 222 kv + () 220G s uh) (129)

i(k104 A3 — kpd_A3), = klk?(,aﬁ A A3 s AR — 2ablims( ] 22 2« + 63&3% ¥ +
ima ({20205 w2220 ). (130)
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Substituting the fields AR .- J =1,2,3 in the form (83)-(88) into the egs. (128)-(130) and taking into

account the set of equations of motion (91)-(102) one gets the following relationships

2ab = \/g% 2)Y4 = /8 4 ry/B, (131)

Therefore, we have established a zero-curvature formulation of a constrained version of the NCGMT;
model. From this point forward this constrained model will be dubbed as NC(c)GMT;.

Notice that the set of equations (128)-(130) contain the relevant eq. associated to the SL(2) NC massive
Thirring model written for its relevant zero gradation sector analogous to (125). So, for example, if one

reduces the eq. (130) to get an equation for just one field, say /%, one has

[l i) 20 = ) — b Lo eiR)] = —iabma ({2200 + {22000 03 +

kika 7‘17°2(¢R Vhx DTk} — Y x wh w)

2
(132)

Now, taking into account az = f3 = 63 = A3 [r1 = 75 = r] and the identifications ¢/®> — i7/16¢),
/2 )\ [mggi%] — my we arrive at the equation d_ (Y x Yr) — Oy (Vg * hr) = my (z/NJR *p 4+ U
wR) — iN(YRr * hg * ¥r, * b, — Pr, % Vr, * g * Yr), which is the eq. (5.18) of the ref. [9] .

6.1.2 NCGMT; sub-models

In the following we discuss some reduced models associated to the action (109) and its equations of motion
(91)-(102).
NC massive Thirring (NCMT;) models
The reduction of the NCGMT; model equations of motion (91)-(102) to a model with just one spinor
field, say the components g | , {/;}%)L (consider the reduction 1/)12%’)3L = 1’/;?%,)3L = 0) reproduces the NCMT;
model which has been presented in [9, 10]. Notice that in this case the constraints (126) and (127), as well
as the decoupling equations (62) [or in components (66)-(69)] become trivial. Let us emphasize that the full
decoupling eqs. are satisfied by a subset of soliton solutions of the field equations of the GL(2) NCATM;
model such that the two sectors NCSG;/NCMT; completely decouple [9]. Reducing in this way it is clear
the appearance of three copies of the NCMT,; model associated to the spinors ¢!, 12 and 3, respectively.
NC Bukhvostov-Lipatov (NCBL;) model
Consider a reduced model with two fields, say 1/)}1%1, J;?L, achieved through the reduction 4%, | = {/;% L=
0. So, the Lagrangian (109) becomes
i=2
Snerm = /dﬂfz){ > [21'1/32 * O], + iy % O_ W + imi (P, x U — ¥, % 1/335)}
i=1

1
—911 (]M *J§ & +I1

912 (G % 357"} (133)

(2 (2)u) 1 Wy _|_]( ) (2)M)

922 (Jo n*J2 * Ja
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+(1)

Remember that in ordinary space there is no distinction between the type of j;°’ and j (2)

;) currents for
each flavor 7 ; so, the model (133) when written in ordinary space-time is known in the literature as the
Bukhvostov-Lipatov model (BL) [29]. It has been claimed the classical integrability of the model in two
special cases g12 = 0 (2x MT model) and g11 = ga2 = 0 (BL model) [in both cases consider m; = mo](see
[27] and refs. therein). The quantum integrability of the BL model has been discussed in [28]. In view of
the above discussion we define the model (133) as the first version of the NC Bukhvostov-Lipatov model
(NCBL;). Actually, there are additionally two reduction processes to arrive at NCBL; models, i.e. by setting
!t =0 and % = 0 in (109), respectively.

(Constrained) NC Bukhvostov-Lipatov (NC(c)BL;) and Lax pair formulation

Let us discuss a constrained version of the model (133). In view of the developments above one can
establish the zero-curvature formulation of a constrained model associated to the model (133) by setting
Y3 =% o =0 in the matrices Wi, of the Lax pair eqs. (111)-(112), provided the constraints (126) and
(127) given in the form ¢k * ¥3 = o} * 9% and 9% * ¥} = 12 x bk, are considered. So, we claim that the
model (133) is classically integrable provided that the above constraints are taken into account. In this way,
provided that for version 2 one writes a copy of the model and their relevant constraints, one defines the
(constrained) NC(c)BL1 2 models amenable to a Lax pair formulation .

In connection to this development, let us mention that a version of the BL model for Grassmanian fields
in usual space-time has also been recently shown to be associated to a Lax pair formulation provided some
constraints are imposed [39].

In Fig. 1 we have outlined the various relationships. Notice that we have the two versions of NCGATMj, o
and their strong/weak sectors described by the models NCGSGy, 2 and NCGMT) o, respectively, as well as
the relevant sub-models. We have emphasized the field contents in each stage of the reductions.

Some comments are in order here.

1. The action (109) (or its matrix form (76)) defines a three species NC generalized massive Thirring
model. We have tried to write its egs. of motion (64)-(65) [or in components (91)-(102)] as deriving from a
zero-curvature formulation. We have proposed a Lax pair reproducing the same equations of motion provided
that the constraints (119) and (121)[or in components (126) and (127)] are imposed. This fact suggests that
the NCGMT; model (76) becomes integrable only for a sub-model defined by the eqs. of motion (91)-(102)
provided the constraints (119) and (121) are satisfied [40]. So, one expects that a careful introduction of the
constraints trough certain Lagrange multipliers into the action will provide the Lagrangian formulation of
an integrable sub-model of the NCGMT; theory.

2. Regarding the action related to the full zero-curvature equations of motion without constraints,
determined by the set of egs. (118) and (120), and the relevant eqs. in (64)-(65) written for m = 2, it is
interesting to notice that the quadratic terms in the spinors present in the first couple of eqs. of motion
(118) and (120) make it difficult to believe that one can find a local Lagrangian for the theory. Obviously, in

that case we could not have a generalized massive Thirring model with a local Lagrangian involving bilinear
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(kinetic and mass terms) and usual current-current terms. This fact is intimately related to the presence of
the egs. (62) [or in components (66)-(69)] in the set of decoupling egs. (58)-(63). In the commutative case
the equations of type (62) have been incorporated in order to write a local Lagrangian for the GATM model
in ref. [15]. Notice that the original theory (without constraints) allows a zero-curvature formulation; in
fact, its Lax pair is just the one of the so-called conformal affine Toda model coupled to matter fields [18].
However, it does not posses a local Lagrangian formulation in terms of the fields of the model; namely, the
Toda and the spinor (Dirac) fields.

3. Notice that in Fig. 1 we have emphasized the duality relationship NCGSG; < NCGMT]; since in
this case the symmetry U(1) x U(1) x U(1) of the NCGSG; model is implemented in the star-localized
Noether procedure to get the three U(1) currents of the NCGMT; sector. Regarding the relationships
between the sub-models of the both sectors NCGSG; and NCGMT},, it is clear the appearance of the duality
NCSG; <> NCMT; which has been discussed in the literature [9, 10]. In addition, it is expected the duality
relationship NCbBL; +» NCBL1, since in the ordinary space-time the former is the bosonized version of the
later model [27, 28]. Regarding this type of duality relationships between the remaining models a more careful
investigation is needed, e.g. we have not been able to describe neither the spinor model corresponding to the

NCDSG; model, nor the scalar sectors of the (constrained) NC(c)GMT; and NC(c)BL; models, respectively.

6.2 NCGMT,

As mentioned in the last paragraph of section 5 we expect that another NCGMT5 version, with twice the
number of fields of the NCGMT; theory, will appear when one performs a similar decoupling procedure for
the extended system with {FX, Wt} and {F£, W} fields. In fact, a copy of the NCGMT}; action (76), as
well as the relevant zero-curvature equation of motion can be written for the fields {F£, WE}. Following
similar steps one can construct a copy for each one of the sub-models presented above. Since it involves
a direct generalization we will not present more details; however, see a corresponding construction for the
GL(2) case in ref. [9]. In this way one can get the NCGMT3 model which is expected to be related to the
NCGSG; model. Similarly to the NCGMT; case, one can expect that only a sub-model of NCGMT, will
posses a zero-curvature formulation provided that a set of constraints similar to the eqs. (119) and (121),

and a copy of them written for the fields Ft (m = 1,2) are considered.

7 Non-commutative solitons and kinks

It is a well known fact that the one-soliton solutions of certain models solve their NC counterparts. This
feature holds for the SG model and its NCSGq 2 counterparts [9]. In the multi-field models, this feature
means that the GSG model and its NCGSG 2 extensions have a common subset of solutions, in particular
the one-soliton and kink type solutions as we will see below. Of course the additional constraints, in the

form of conservation laws which we have described before, e.g. the egs. (41) and (54)-(55), respectively in
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the two versions of NCDSG models, must also be verified for the common subset of solutions. In fact, as we
have noticed before they become trivial equations in the commutative limit.

The properties mentioned above reside on a simple observation: it is known that if f(xo, 1) and g(xo, 1)
depend only on the combination (z1 — vzg), then the product f % ¢ coincides with the ordinary product
f.g [11, 41]. Therefore, all the x products in the NCGSG; system (24)-(26) reduce to the ordinary ones,
so for these types of functions one has: NCGSG; — GSG model; the GSG model was defined in (32)-(33)
[see also eqs. (161)-(162)]. In the following we record the solutions with this property, i.e, the one-soliton
solutions of the NCGSG; model and the kink type solution of the NCDSG; sub-model. Actually, the same
analysis can be done for the NCGSGs case.

7.1 Solitons and kinks

Next we write the 1-soliton and 1-kink type solutions associated to the fields ¢; o of the NCGSG; model,
which in accordance to the discussion above reduce to the GSG system of egs. (32)-(33). We will see that
these solitons are, in fact, associated to the various sine-Gordon models obtained as sub-models of the GSG
theory, and the kink type solution corresponds to the double sine-Gordon sub-model [24].

1. Taking ¢ = —¢2 and M3 = My, §; = 0 in (32)-(33) one has

¢1 = 4darctan{d exp[yi(x — vt)]}. (134)
2. For ¢1 = ¢o and My = M3, M; = 0 one has
¢1 = 4arctan{d exp[yz(x — vt)]}. (135)

Another SG model is given by setting ¢1 = ¢2 and My = M3 = 0 in (32)-(33) which leads to another
soliton solution.

3. The kink solution is associated to the reduced double sine-Gordon model obtained by taking ¢; =
¢2 = ¢ and M3 = My, M; # 0. So, one has

¢ := 4arctan [dx sinh[yg (z — vt)]], (136)

which is the usual DSG kink solution [42].

The v1,2,7k,d,dk,v above are some constant parameters.

8 Conclusions and discussions

Some properties of the NC extensions of the GATM model and their weak-strong phases described by
the NCGMT; » and NCGSG 2 models, respectively, have been considered. The Fig. 1 summarizes the

relationships we have established, as well as the field contents in each sub-model.
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In the # — 0 limit we have the following correspondences: NCGATM; 5 — GATM; NCGSG; 2 (the real
sector of model 2) — GSG(plus a free scalar in the case of model 2); NCbBL; » — bBL; NCDSG; 5 (the
real sector of model 2) — DSG(plus a free scalar in the case of model 2); NCGMT; 2 — GMT (two copies
in case of model 2); NCBL; 2 — BL (two copies in case of model 2). In addition, the constrained versions
NC(c)GMT; 2 and NC(c)BLy 2 give rise, in this limit, to the relevant (constrained) GMT and BL models,
respectively, in ordinary space. To our knowledge, these are novel spinor integrable models.

The NCGMT; o Lagrangians describe three flavor massive spinors (case 2 considers twice the number
of spinors) with current-current interactions among themselves. In the process of constructing the Noether
currents one recognizes the [U(1)]? symmetry in both NCGMT} 5 models (in fact, as a subgroup of [U(1)¢]?
in the model 2). We have provided the zero-curvature formulation of certain sub-models of the NCGMT} ».
In fact, in order to write the egs. of motion (91)-(102) as a zero-curvature equation for a suitable Lax pair
one needs to impose the constraints (126)-(127), defining in this way the NC(c)GMT} 2 models. Likewise,
the (constrained) NC(c)BL; 2 models possess certain Lax pairs.

The generalized sine-Gordon model, the usual SG model, the Bukhvostov-Lipatov model and the double
sine-Gordon theory appear in the commutative limit of the both versions of the NCGSG; 2 models. We have
concluded that the NCGSGj 2 models possess the same soliton and kink type solutions as their commutative
counterparts. The appearance of the non-integrable double sine-Gordon model as a sub-model of the GSG
model suggests that even the NCGSG1 2 models are non-integrable theories for the arbitrary set of values of
the parameter space, since they possess as sub-models the corresponding NCDSG; » models. However, the
NCGSG1,2 models possess certain integrable directions in field space, as remarkable examples one has the
NCSG1,2 sub-models. In view of the presence of the (constrained) NC(c)GMT; 2 and NC(c)BL; 2 models
with corresponding zero-curvature formulations, it is expected the existence of other integrable directions in
the scalar sector, which we have not pursued further in the present work.

Actually, the procedures presented so far can directly be extended to the NCATM model for the affine Lie
algebra sl(n). Therefore one can conclude that, except for the usual MT model, a multi-flavor generalization
(np > 2, np =number of flavors) of the massive Thirring model allows certain zero-curvature formulations
only for its various constrained sub-models, in the both NC and ordinary space-time descriptions.

Except for the NCSG 2 models, which must correspond to the NCMT, » models, whose Lax pair formu-
lations have already been provided in the literature, we have not been able to find the Lax pair formulations
of the NCGSGj 2 remaining sub-models. The relevant scalar field models, and their Lax pair formulations,
which must be the counterparts of the (constrained) NC(c)GMT; 2 and NC(c)BLj 2 models are missing; if
such Lax pairs exist they are expected to contain certain nonlocal expressions of the fields of the NCGSG; »
models. These points deserve a careful consideration in future research.

Various aspects of the models studied above deserve attention in future research, e.g. the NC solitons and
kinks of the NCGATM, > models and their relations with the confinement mechanism studied in ordinary

space [24], the bosonization of the NCGMT 2 and their sub-models, the NC zero-curvature formulation of
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the bosonic sector of the NC(¢)GMT] 2 and NC(c)BLy 2 models, as discussed above. In particular, in the
bosonization process of the NCGMT, 5 models, initiated in [10] for the NCMT; o case, we believe that a
careful understanding of the star-localized NC Noether symmetries, as well as the classical soliton spectrum
would be desirable. In view of the rich spectra and relationships present in the above models it could be
interesting to apply and improve some quantization methods, such as the one proposed in [31], in order to
compute the soliton and kink masses quantum corrections. Another direction of research constitutes the NC

zero-curvature formulations of the NCGMT] 5 type models defined for Grassmannian fields.
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A GSG as a reduced affine Toda model coupled to matter

We provide the algebraic construction of the si(3,C) conformal affine Toda model coupled to matter fields
(CATM) following refs. [15, 18]. The reduction process to arrive at the classical GSG model closely follows
the ref. [24]. The si(3,€) CATM model is a two-dimensional field theory involving four scalar fields and six
Dirac spinors. The interactions among the fields are as follows: 1) in the scalars equations of motion there
are the coupling of bilinears in the spinors to exponentials of the scalars. 2) Some of the equations of motion
for the spinors have certain bilinear terms in the spinors themselves. That fact makes it difficult to find
a local Lagrangian for the theory. Nevertheless, the model presents a lot of symmetries. It is conformally
invariant, possesses local gauge symmetries as well as vector and axial conserved currents bilinear in the
spinors. One of the most remarkable properties of the model is that it presents an equivalence between a
U(1) vector conserved current, bilinear in the spinors, and a topological currents depending only on the first
derivative of some scalars. This property allow us to implement a bag model like confinement mechanism
resembling what one expects to happen in QCD. The model possesses a zero-curvature representation based
on the §l3(C) affine Kac Moody algebra. It constitutes a particular example of the so-called conformal affine
Toda models coupled to matter fields which has been introduced in [18]. The corresponding model associated
to 512(0) has been studied in [16] where it was shown, using bosonization techniques, that the equivalence
between the currents holds true at the quantum level and so the confinement mechanism does take place in
the quantum theory.

The off-critical affine Toda model coupled to matter (ATM) is defined by gauge fixing the conformal
symmetry [14] and imposing certain constraints in order to write a local Lagrangian for the model [15]. These

treatments of the sl(3,C) ATM model used the symplectic and on-shell decoupling methods to unravel the
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classical generalized sine-Gordon (GSG) and generalized massive Thirring (GMT) dual theories describing
the strong/weak coupling sectors of the ATM model [20, 15, 14]. As mentioned above the ATM model
describes some scalars coupled to spinor (Dirac) fields in which the system of equations of motion has a local
gauge symmetry. Conveniently gauge fixing the local symmetry by setting some spinor bilinears to constants
we are able to decouple the scalar (Toda) fields from the spinors, the final result is a direct construction of
the classical generalized sine-Gordon model (GSG) involving only the scalar fields. In the spinor sector we
are left with a system of equations in which the Dirac fields couple to the GSG fields. Another instance
in which the quantum version of the generalized sine-Gordon theory arises is in the process of bosonization
of the generalized massive Thirring model (GMT), which is a multi-flavor extension of the usual massive
Thirring model such that, apart from the usual current-current self-interaction for each flavor, it presents
current-current interactions terms among the various U(1) flavor currents [43].

The zero-curvature condition (163) supplied with the potentials (164) gives the following equations of
motion for the CATM model [18§]

82¢a —i04 ] 0 7 —i03 ] i03 7
Tror = e URYL + UL YR] + maleT YRV + YL YRL 0= 1,2 (137)
2~ ~ ~ ~
_% = imie®" Y RYL 4 imae® 257 4 imae PR} + me®, (138)
=204 = mie" Ny, —20497 = mae" 203, (139)
. 1/2 ~ . ~, .
20_0h = mie Ty} +2i( T2 ) e (—phdte” — Ghufen ™), (140)
1
. 1/2 ~ . ~ .
28,1/)12% = m262"_192¢%+2i(%) e"(w?%wiewl—l—w}%d)%e_w?’), (141)
2
. 1/2 . .
2040} = mae Py 4212 ) e (<ufuhe” + vk ), (142)
3
2043, = mae"d, 20 4% = me™ ] (143)
o —i61 ], . (mamsz\1/2 73 —i % i
—28#/% = mye?" 911/1}34-22( i?znlg) e"(—d)%d)%e 03—1/)%1/}}23602), (144)
- . myma 1/2 ~ , ~ .
20,07 = mae? O 20T ) et (e e ™), (145)
20_0% = mae"t027, ~2044% = mae 43, (146)
~ . mimoN\1/2 o~ o~ . ~ o~
20_4% = m3€2n+1031/)%+2i( mln;) e (GLi2es — PR pleifn), (147)
*n = 0, (148)

where 01 = 201 — @2, 02 = 2¢0 — P1, 03 = P1 + ¢2. Therefore, one has
03 =601 + 05 (149)

The ¢ fields are considered to be in general complex fields. In order to define the classical generalized
sine-Gordon model we will consider these fields to be real.

2 2
Apart from the conformal invariance the above equations exhibit the (U (1) L) ® (U (1) R) left-right
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local gauge symmetry

ba — Gat+E&(v4)+E%(z-), a=1,2 (150)

v o= U, n—n (151)
wi N ei(l+V5)Ei(m+)+i(l—’Ys)Ei(1—) wi, (152)
{/;i N e—i(l‘f‘VS)(Ei)(1+)—i(1—V5)(Ei)(17)Ji7 i=1,2,3; (153)

=L = sl w2cl, 2=kl ok, =5l 422

One can get global symmetries for {{ = F¢& = constants. For a model defined by a Lagrangian these
would imply the presence of two vector and two chiral conserved currents. However, it was found only half
of such currents [44]. This is a consequence of the lack of a Lagrangian description for the s/(3)(X) CATM in
terms of the B and F'* fields (however see Appendix C for a local Lagrangian description of an off-critical

and constrained sub-model). So, the vector current

3
JE =" mpiytyd (154)
j=1
and the chiral current
3 —_ .
TP =" my s + 20, (magn + mago) (155)
j=1
are conserved

0, J" =0, 9,J°" =0. (156)

The conformal symmetry is gauge fixed by setting [14]

7 = const. (157)

The off-critical ATM model obtained in this way exhibits the vector and topological currents equivalence

[18, 14]

3
> mpp At = e, (migy + mada),  ms =my+ma, m; > 0. (158)
=1

In the next steps we implement the reduction process to get the GSG model through a gauge fixing of
the ATM theory [24]. The local symmetries (150)-(153) can be gauge fixed through

ipIpl =iA; = const.; PIysyd =0. (159)
From the gauge fixing (159) one can write the following bilinears
Dl vk =0, §=1,2,3; (160)
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so, the egs. (159) effectively comprises three gauge fixing conditions.

It can be directly verified that the gauge fixing (159) preserves the currents conservation laws (156), i.e
from the equations of motion (137)-(148) and the gauge fixing (159) together with (157) it is possible to
obtain the currents conservation laws (156).

Taking into account the constraints (159) in the scalar sector, eqs. (137), we arrive at the following

system of equations (set 7 = 0)

D261 = MLsin(2p1 — ¢o) + M3 sin(1 + o), (161)

Py = M7sin(2¢y — ¢1) + M sin(¢y + ¢o), M, =4A;m;, i=1,2,3. (162)

The system of equations above considered for real fields ¢, 2 as well as for real parameters pr defines

the generalized sine-Gordon model (GSG).

B The zero-curvature formulation of the s/(3) CATM model

We summarize the zero-curvature formulation of the sl(3) CATM model [18, 44]. Consider the zero-curvature

condition

04A_ —0_Ay +[AL A ]=0. (163)
The potentials take the form
A, =—-BFtB™', A_=-0_BB '+ F", (164)
with
Ft =F'+F, F~ =F +F,, (165)

where B and F/= contain the fields of the model. Let us define

Fy = q:[Eig, Wi (166)
Eis = [ (2mq + mQ)Hi (2mg + mq)H3 il I, mg=mi+me (167)
Wy = “\'m 1/}RE043 Vo 7/JRE7041 Vo 1/)RE7042 (168)
Wi = m—1¢iE21 +4/ m—2¢%Egz - ¢LE7043 (169)

_ 4 4i o
Wy, = - m_leEal - _Q/JREOQ + wRE*O‘?’ (170)
41
Wy = m_gw%Egﬁ - 1ﬁLEwd wLEw2 (171)
B = (if1H+i0:HS iC enQppaz = g€ enQppaz' (172)
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Ej  HY, HY and C (i = 1,2,3; n = 0,£1) are some generators of s1(3)); Qppar being the principal

gradation operator. The commutation relations for an affine Lie algebra in the Chevalley basis are

2
(Hy', Hy] = mchabaern,O (173)
[leln, Eia} = :tKaaEr;n (174)
m n - o n 2
[Er E™,] = Zza HM 4 ﬁmozsmm0 (175)
a=1
[E ER] = ela, ﬂ)ngB"; if o+ f is a root (176)
[D,EY] =nE:, D, H] = nH". (177)

where K., = 2a.aa/ag = ny'Kpq, with n§ and [ being the integers in the expansions o = nja, and
a/a? =1%,/a?, and €(a, B) the relevant structure constants.

Take K11 = Koo = 2 and K2 = K91 = —1 as the Cartan matrix elements of the simple Lie algebra si(3).
Denoting by a; and as the simple roots and the highest one by (= a; + az), one has [¥ = 1(a = 1,2),
and Ky1 = Kyo = 1. Take e(o, f) = —e(—a, =), 12 =c(ar,a2) =1, ec1g3=¢e(—aq,¢) =1land e_93 =
e(—ag, ) = —1.

One has Qppal = 22:1 SaAL.H +3D, where \! are the fundamental co-weights of si(3), and the principal

gradation vector is s = (1,1,1) [45]. This gradation decomposes m into the following subspaces

Go=CH, ®CH,®CC&CD=CH, ®CHy;®CC®CQppal, (178)
and
Gsm = CH"®CHY', m#0, (179)
Gami1 = CE™ @CET" @ CE™}, (180)
Gsmiz = CE™'@CE"'&CED. (181)

C The off-critical and constrained s/(3) ATM model

The off-critical and constrained si(3) affine Toda model coupled to matter fields (ATM) is defined by the

action [15]
1 2
EI(A3’)I‘M = Iwznwlg] + /M dzx{z [ <F,.,gFf¢g7' >
m=1
1
—5 < F-s, W, 0.Wst 1>+ < F,, 04w} >
+5 < W, 0-Ws_ 1, B3>+ <0_-W, , Et >}, (182)
where
1 1 .
Iwznwlg) = g/ dQ:CTr(BMga“g_l)-i-ﬁ/ Bx e I*Tr(g 019971 0,99  Org), (183)
M D
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is the Wess-Zumino-Novikov-Witten (WZNW) action for the matrix scalar field of the model. The first term
inside the summation of (182) defines the form of the interactions and the remaining terms are the kinetic

terms for the matrix fields associated to the spinors. The equations of motion derived from this action

2
0-(g7'0s9) = Y [Fu. oFhg (184)
m=1
8+F£ = [E*378+W37m]7 8*F1Jrg = _[E378*W3_7m]5 (185)
WS = —gFtg™',  0W, =-g'F,g, (186)

are equivalent to the above CATM equations of motion (137)-(148) provided the following constraints

=0 (187)

1
[F gFLEF il} (188)

are imposed. The first constraint defines an off-critical model, whereas the second ones allow a local La-
grangian description of the model. Let us emphasize that the constraints (188) amount to drop all the terms
with spinor bilinears on the right hand side of the set of equations (140)-(142), (144)-(145) and (147), re-
spectively. These constraints were introduced in refs. [20, 15] since they are trivially satisfied by the soliton

type solutions of the full CATM model.
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NCGA?MI doubling N(;GATM2
geU)] »  9,9€H CGlze
Wnianf € Gi1,42 W;E’F;E’f%’g\};g e Qil’ﬂ
NCGSG, NCGMT, NCGSG,
g € [U(l)]g < D > + 5 g,g € H C Gl(g o) NCGMII‘2
W5 € Gir 1o ’ ’ Wi Wik € Gi140
] ' L
\ NC()GMT, NC(e)GMT,
NCbBL, NCbBL,
P1, P25 Yo
¢17 ¢2 NCSGI NCSG2
Y g€ [U(l)]Q 91,92 € U(1)c
Lechtenfeld et al. NCDSGQ : .
NCDSGl Grisaru-Penati
) Yo, P < Y
vy |NCBL
NG NeBL|  \NCBET
1 1?1; ¢2 b1 \:[1177\:[]2
NC(c)BL, NC(¢)BLy

Fig. 1: NCGATM, 2: dual sectors, sub-models and field contents.

Duality: S= strong sector; W = weak sector; D= S - W duality. A Lax pair is

available for NCSGy 2/NCMT 2, NC(c)GMT; 2 and NC(c)BLy 2, respectively.

Dual sectors of the models NC(c)GMT, 2, NC(c)BL1 2 and NCDSG o are missing

i the table above and deserve future investigations.
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