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In this paper we have analyzed the x-deformed Minkowski spacetime through the light of the
interference phenomena in quantum field theory where two opposite chiral fields are put together in the
same multiplet and its consequences are discussed. The chiral models analyzed here are the chiral
Schwinger model, its generalized version, and its gauge invariant version, where a Wess-Zumino term was
added. We will see that the final actions obtained here are, in fact, related to the original ones via duality

transformations.
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I. INTRODUCTION

The fermion-boson mapping has been one of the most
investigated topics in theoretical physics during the past
three decades due to its importance in the quantization of
strings and also the Hall quantum effect. The possibility of
mapping a complicated fermionic model into a scalar
bosonic one was really attractive. This mapping is called
bosonization, and the chiral bosons can be obtained from
the restriction of a scalar field to move in one direction only,
as done by Siegel [1], or by a first-order Lagrangian theory,
as proposed by Floreanini and Jackiw [2]. A few years
later, Tseytlin [3] implemented the Floreanini-Jackiw (FJ)
construction on the world sheet.

In two dimensions (2D), scalar fields can be viewed as
bosonized versions of Dirac fermions, and chiral bosons
can be seen to correspond to two-dimensional versions of
Weyl fermions. As a generalization, in supergravity mod-
els, the extension of the chiral boson to higher dimensions
has naturally introduced the concept of chiral p-forms.
Harada [4] investigated the chiral Schwinger model via
chiral bosonization and analyzed its spectrum. He has
shown how to obtain a consistent coupling of FJ chiral
bosons with a U(1) gauge field, starting from the chiral
Schwinger model and discarding the right-handed degrees
of freedom by means of a restriction in the phase space
implemented by imposing the chiral constraint 7 = ¢'.
In [5], Bellucci, Golterman, and Petcher have introduced an
O(N) generalization of Siegel’s model for chiral bosons
coupled with Abelian and non-Abelian gauge fields. The
physical spectrum of the resulting Abelian theory is that of
a (massless) chiral boson and a free massive scalar field.
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Initially, several models were suggested for chiral
bosons, but later it was shown that there are some relations
between these models [6]. For instance, the FJ model is the
chiral dynamical sector of the more general model pro-
posed by Siegel. The Siegel modes (rightons and leftons)
carry not only chiral dynamics but also symmetry infor-
mation. The symmetry content of the theory can be
described by the Siegel algebra, a truncate diffeomorphism,
that disappears at the quantum level. As another applica-
tion, chiral bosons appear in the analysis of the quantum
Hall effect [7]. The introduction of a soliton field as a
charge-creating field obeying one additional equation of
motion leads to a bosonization rule [8].

The direct sum of two chiral fermions in 2D gives rise to
a full Dirac fermion; however, this is not true for their
bosonized versions as noticed in [9] (see also [10]).
Besides, the fermionic determinant of a Dirac fermion
interacting with a vector gauge field in D = 1 4 1 factor-
izes into the product of two chiral determinants but the full
bosonic effective action is not the naive direct sum of both
chiral effective actions as discussed in [11]. Stated differ-
ently, the action of a bosonized Dirac fermion is not simply
the sum of the actions of both bosonized Weyl fermions or
chiral bosons. Physically, this is connected to the necessity
to abandon the separated right and left symmetries, and to
accept that the vector gauge symmetry should be preserved
at all times. This restriction will force both independent
chiral bosons to belong to the same multiplet, effectively
soldering them together. In both cases it turns out that an
interference term between the opposite chiral bosonic
actions is needed to achieve the expected result; such a
term is provided by the so-called soldering procedure.

The concept of soldering has proved extremely useful in
different contexts [12,13]. This formalism essentially
combines two distinct Lagrangians carrying dual aspects
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of some symmetry to yield a new Lagrangian which is
exposed of, or rather hides, that symmetry. These so-called
quantum interference effects, whether constructive or
destructive, among the dual aspects of symmetry, are thereby
captured through this mechanism [I11]. The formalism
introduced by Stone [9] could actually be interpreted as a
new method of dynamical mass generation through the result
obtained in [11]. This is possible by considering the
interference of right and left gauged FJ chiral bosons.
The result of the chiral interference shows the presence of
a massive vectorial mode for the special case where the Bose
symmetry fixed the Jackiw-Rajaraman regularization param-
eter as a = 1 [14], which is the value where the chiral
theories have only one massless excitation in their spectra.
This clearly shows that the massive vector mode results from
the interference between two massless modes.

It was shown recently [15] that in the soldering process
of two opposite chiral fields, a lefton and a righton, coupled
with a gauge field, the gauge field decouples from the
physical field. The final action describes a nonmover field
(a noton) at the classical level. The noton acquires
dynamics upon quantization. This field was introduced
by Hull [16] to cancel out the Siegel anomaly. It carries a
representation of the full diffeomorphism group, while its
chiral components carry the representation of the chiral
diffeomorphism.

The same procedure works in D = 2 + 1 if we substitute
chirality by helicity. For instance, by fusing together two
topologically massive modes generated by the bosonization
of two massive Thirring models with opposite mass sig-
natures in the long wavelength limit. The bosonized modes,
which are described by self- and anti-self-dual Chern-
Simons models [17,18], were then soldered into two massive
modes of the three-dimensional (3D) Proca model [19].
More generally, the &1 helicity modes may have different
masses that lead after soldering to a Maxwell-Chern-
Simons-Proca theory. In this case, technical problems [20]
regarding a full off-shell soldering can be resolved by
defining a generalized soldering procedure [21].

The basic idea of the generalized soldering is the
introduction of a free parameter a with a freedom sign
which plays this role whenever interactions are present. In
the soldering of two chiral Schwinger models that results
either in an axial (¢« =—1) or in a vector (¢ = +1)
Schwinger model, which are dual do each other. In the case
of two Maxwell-Chern-Simons theories, the choice of the
parameter with opposite sign leads to dual interaction terms.
We can have either a derivative coupling or a minimal
coupling plus a Thirring term. After integration over the
soldering field the dependence on the sign of « disappears,
which proves that it corresponds to dual forms of the same
interacting theory. Recently, a new idea concerning the
construction of the so-called Noether vector, the concept
of which can be directly analyzed from an initial master
action [22]. We will discuss this issue here in the future.
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Recently, the soldering formalism was used to inves-
tigate the self-dual theories with spin s > 2 and opposite
helicities. In [23,24] the authors have demonstrated that the
linearized Fierz-Pauli action, which describes a doublet of
massive spin-2 particles can be obtained via the soldering
procedure of two second order self-dual models of opposite
helicities. Besides, one can recover the new massive gravity
[25,26] (also at the linearized level) by soldering two self-
dual models of opposite helicities of either third or fourth
order in derivatives.

Usually the noncommutativity of spacetime coordinates
can be implemented by using the Weyl operators or, for the
sake of practical applications, through the way of normal
functions with a suitable definition of star products [27].
Generally the noncommutativity of spacetime may be
encoded through ordinary products in the noncommutative
(NC) « algebra of Weyl operators. Or equivalently through
the deformation of the product of the commutative *
algebra of functions to a NC star product. For instance,
in the canonical NC spacetime the star product is simply the
Moyal product [28], while on the x-deformed Minkowski
spacetime the star product requires a more complicated
expression [29].

To treat the x-deformed Minkowski spacetime in a very
similar way to the usual Minkowski spacetime, the authors
in [30,31] have proposed a quite different approach to the
implementation of noncommutativity. To this aim a well-
defined proper time from the x-deformed Minkowski space-
time has been defined in such a way that it corresponds to the
standard basis. Therefore we encode enough information of
noncommutativity of the k-Minkowski spacetime to a com-
mutative spacetime in this new parameter, and then we set up
a NC extension of the Minkowski spacetime. This extended
Minkowski spacetime is as commutative as the Minkowski
spacetime, but it contains noncommutativity already.
Therefore, one can somehow investigate the NC field theories
defined on the x-deformed Minkowski spacetime by follow-
ing the way of the ordinary (commutative) field theories on
the NC extension of the Minkowski spacetime, and thus
depict the noncommutativity within the framework of this
commutative spacetime. With this simplified treatment of the
noncommutativity of the k-Minkowski spacetime, we unveil
the fuzziness in the temporal dimension and build NC chiral
boson models in [30].

The organization of the issues through this paper obeys
the following sequence: in Sec. I, we have written a review
of the x-Minkowski noncommutativity, and in Sec. III, we
have provided a review of the essentials of the soldering
formalism. In Sec. IV, we have analyzed the soldering of
the NC chiral Schwinger model (CSM), and in Sec. V, we
have presented the NC version of the generalized CSM.
In Sec. VI, we have discussed the gauge invariant CSM.
The (anti-)self-dual model in D =2 + 1 was analyzed in
Sec. VII. As usual, the conclusions and perspectives are
described in the last section.
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II. THE NC EXTENSION OF MINKOWSKI
SPACETIME

We have talked so far about the noncommutativity
that appears naturally through the Moyal-Weyl product
which introduces the NC parameter that deforms the
Heisenberg algebra. However, there are other generaliza-
tions of noncommutativity beyond the Moyal space [32].
The x-deformed space is one of theses formulations that
will be analyzed here. The x-deformed space, which is
the simplest case of a deformation of the Poincaré group,
is described by the coordinates satisfying Lie algebra
type commutation relations [33-38], which are Lie
algebra type

A A = i@ — a i), (1)
where x is a mass dimensional parameter. We can
classify this x-deformed noncommutativity as timelike
if a*a, <0, spacelike if a*a, > 0, as well as a light-cone
k-commutation relation if a*a, = 0 [39].

The unitarity property of quantum theories with Lie
algebra type noncommutativity was studied in [40]. In [41]
the authors discussed the violation of the basics concerning
causality and unitarity of NC theories. They have claimed
that it occurs at energies higher than the inverse scale of the
NC parameter. The obvious conclusion would be that, for a
NC theory, an upper bound on possible values of energy
would free the theory from these problems concerning the
violation of the basic physical concepts. In [42], dealing
with a Lie-algebraic theory, it was demonstrated that the
spacetime quantization leads to an energy spectrum con-
fined in an interval E € [0,7/4], where A is the NC
parameter. This interval for the energy shows an ultraviolet
behavior of the field theory on a specific NC Lie-algebraic
space. Namely, even planar diagrams in this specific case
have been shown to be convergent, which is an opposite
behavior occurring in the flat NC Minkowski space.

Back to Eq. (1), in this work we have that a,
(u=0,1,2,...,n— 1) are real and dimensionful constants
parametrizing the deformation of the Minkowski space
[43]. As is well known, in (1), the « space is defined by the
values a;=0 i=1,2,....,.n—1; ay=a=1/k. With
these values, the commutation relations concerning the
coordinates of k space (Lie-algebraic type) are given by
LA =0, [A° 4] = iﬁc/; =123 (2
and using the Minkowski metric ,, = diag(—1, 1,1, ..., 1),
we can define X* = nﬂyX Realizations of the NC coor-
dinates in terms of the commuting coordinates X and the
correspondent derivative operators 0, can be rev1ewed
in [43].

In other words, we can say that the spacetime
noncommutativity can be differentiated following the
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Hopf-algebraic classification by the three kinds, namely,
the canonical, Lie-algebraic, and quadratic noncommuta-
tivity. The x-deformed Minkowski spacetime is a specific
case of the Lie-algebraic type [30]. The interest in this
specific algebraic formulation has grown recently thanks
to its connection to the basics of the doubly special
relativity [44].

Following the ideas in [35], the concept of quantum
deformations applied to the D = 4 Poincaré algebra and
D = 4 Poincaré group (see [35] and references within)
leads us to the modification of relativistic symmetries but,
at the same time, not changing the D = 3 E(3) subalgebra.
The deformation parameter « depicts the underlying mass
in the theory. The limit x — oo is relative to the unde-
formed case.

Hence, the so-called noncommutativity is closely con-
nected to a NC spacetime like the x-deformed Minkowski
spacetime. It has no connection to a commutative spacetime,
such as the Minkowski spacetime. Consequently, the NC
field theories constructed in x-deformed Minkowski space-
time can be discussed by the way of the ordinary field
theories in the NC formulation (extension) of the Minkowski
spacetime. The noncommutativity may be described using
the framework of this commutative spacetime.

Let us describe from now on the relations that will be used
in the paper concerning the x algebra. The commutative
spacetime is characterized by the canonical Heisenberg
commutation relations

[ A2 =0, (A P]=is, [P,.P]J=0, (3

where p, v =0, 1, 2, 3. To introduce the x-deformed
Minkowski spacetime we have, following the algebraic
details of [30,35], the relations that can be chosen are

A :‘5(0_ [‘j‘(i,r]’ijr’

| —

y A 2 .
=X -+ A”l]’])j exXp (z Po) s (4)

where [0, @ZL = 2(01(92 + 0,0,), p* = diag(1, -1,
—1,—1), i,j=1, 2, 3, and A is an arbitrary constant
[30,35]. The NC parameter x has mass dimension, and it
is real and positive. The Casimir operator related to the
k-deformed Poincaré algebra is

. AN\ 2
e = (2ksinh%> — 2, (5)

and the momentum operators connected with the commu-
tative spacetime and the x-Minkowski spacetime can be
written as
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A

f)() = 2ksinh_1 723—2 s ﬁl‘ = Pi' (6)

With these last results we can construct our NC phase
space (%%, p,),

i

%0, %] = %xi, [#,3/] =0,
[Pys P} =0, [, pj] = id, (7)
C .
0 51— i cosh 20 RSN
(2%, po] = l(cosh 2k> : (2%, pi b
[, po] =0, (8)

which satisfies the Jacobi identity. It is easy to see that
when k — oo we recover the commutative phase space
in Eq. (3).

The Casimir operator described above in Eq. (5) can now
be written in a standard way,

where it is easy to see that this selection coincides with the
ones in Eq. (3). In the case that p, has standard forms like

po=—ig and p=—i-  (10)

the operator P, then reads

. (.10
Py = —21k<s1nﬂa>. (11)

In [30] the author has introduced a proper time 7 through
the operator

Po=—i (12)

E?

and using Eqs. (11) and (12) we have that

. 1d
2k<slnﬂa>f— 1, (13)

where the solution is

+o0

T=1+ Z c_, exp(—2knaxut), (14)
n=0

where n > 0, n € N. The coefficients c_,, are arbitrary real
constants. This property implies a kind of temporal
fuzziness coherent concerning the k-Minkowski spacetime.
Notice that as k — oo, the proper time turns back to the
ordinary time variable.
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To construct a NC extension of Minkowski spacetime
(7, x") (where the NC feature is inside the proper time), let
us define a twisted ¢ coordinate, such that the metric is

+00 2
Joo = 17> = {1 — Zkﬂz nc_, exp(—2knnt)| ,
n=0

g = 9 = g3 = —L (15)

So, we can use Eq. (15) to construct NC models in the
commutative framework. Namely, we can construct a
Lagrangian theory for the NC model in the extended
framework of the Minkowski spacetime.

III. THE CANONICAL SOLDERING
FORMALISM

The basic idea about the soldering procedure is to raise a
global Noether symmetry of the self- and anti-self-dual
constituents into a local one, but for an effective composite
system, with dual components and an interference term.
The objective in [45] is to systematize the procedure like an
algorithm and consequently to define the soldered action.
The physics considerations will be taken based on the
resulting action. For example, in [6], one of us has obtained
a mass generation method, which was the final result of
the soldering process.

An iterative Noether procedure was adopted to lift the
global symmetries into local ones. Therefore, we will
assume that the symmetries in question are being described
by the local actions S.(¢"), invariant under a global
multiparametric transformation

S = o, (16)

where 7 represents the tensorial character of the basic fields
in the dual actions S, and, for notational simplicity, it
will be dropped out from now on. Here the 4 subscript
refers to the opposite/complementary aspects of two
models at hand. For instance, ¢, may refer to a left chiral
field and ¢_ to a field with right chirality. As it is well
known, we can write

5Si = Jiﬁ‘ia, (17)

where J* are the Noether currents.

Now, under local transformations these actions will not
remain invariant, and Noether counterterms become nec-
essary to reestablish the invariance, along with appropriate
auxiliary fields BV), the so-called soldering fields which
have no dynamics where the N superscript is referring to
the level of the iteration. This makes a wider range of
gauge-fixing conditions available. In this way, the N action
can be written as

Sy()® = S.(¢p)™ = 5, () N1 — BN,
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Here J iv) are the N-iteration Noether currents. For the
self- and anti-self-dual systems we have in mind that this
iterative gauging procedure is (intentionally) constructed
not to produce invariant actions for any finite number of
steps. However, if after N repetitions, the noninvariant
piece ends up being only dependent on the gauging
parameters, but not on the original fields, there will exist
the possibility of mutual cancellation if both gauged
versions of self- and anti-self-dual systems are put together.
Then, suppose that after N repetitions we arrive at the
following simultaneous conditions:

5S4 ()™ #0,
8Sg(p+) =0, (19)

with Sp being the so-called soldered action

Sg(p+) = S (¢+) + SW)(¢_) + contact terms, (20)
and the “contact terms” being generally quadratic functions
of the soldering fields. Then we can immediately identify
the (soldering) interference term as

S, = contact terms — ZBW)J(iN)- (21)

Incidentally, these auxiliary fields B®") may be eliminated,
for instance, through their equations of motion, from the
resulting effective action, in favor of the physically relevant
degrees of freedom. It is important to notice that after the
elimination of the soldering fields, the resulting effective
action will not depend on either self- or anti-self-dual fields
¢ but only in some collective field, say ®, defined in terms
of the original ones in a (Noether) invariant way

Sp(ds) = Sere(P). (22)

Analyzing in terms of the classical degrees of freedom, it
is obvious that we have now a theory with bigger symmetry
groups. Once such effective action has been established,
and the physical consequences of the soldering are readily
obtained by simple inspection.

IV. SOLDERING OF NC BOSONIZED CHIRAL
SCHWINGER MODEL

The CSM is a 2D (1 spatial dimension+ 1 time
dimension) Euclidean quantum electrodynamics for a
Dirac fermion. This model exhibits a spontaneous sym-
metry breaking of the U(1) group due to a chiral condensate
from a pool of instantons [46]. The photon in this model
becomes a massive particle at low temperatures. This model
can be solved exactly, and it is used as a toy model for other
complex theories. The bosonization of this theory can be
done in several ways that apparently lead to different
bosonized models. But these (apparently) inequivalent
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models are related by some gauge transformations [4].

Here we shall not enter into the details of this equivalence.

We will discuss the application of the soldering mechanism

in the different forms concerning these chiral models.
The CSM is described by the Lagrangian density

. 1
Loy = ¢ — (') + 2ed'(Ag— Ay) — zez(Ao —Ay)?

1
+ EezaA”A", (23)

where the last term is the CSM mass term for the gauge
field A,. In fact, this Lagrangian is the gauged version of
the FI's s Lagrangian, £, = ¢¢/ — (¢/)* [2]. On the 2D
extended Minkowski spacetime (z,x) the Lagrangian (23)
takes the following action form:

dpop  (0p 0P
S= /dd [———(ax> 26—8 (Ag—Ay)
1 1
—Ee 2(Ag—A;)? +2e anA,A, = Fu P, (24)

where n#* = diag(1, —1) is the flat metric of the extended
Minkowski spacetime (z,x) and a is a real parameter
(a>1).

By the coordinate transformation (14) we can rewrite
the above action in terms of (¢,x) with explicit non-
commutativity,

o 10pogp (O o¢p
S—/dtdx«/ g{ %% D <8x> 268 (Ag—Ay)
1 1
- Eez(AO —A)?+ Eezan’”‘AﬂAy

10A, O0Aq
< ot 8x> } (25)
where /=g is the Jacobian of the transformation and also
the nontrivial measure of the x-deformed Minkowski
spacetime. Note that always ,/—g = |7| but here we only
focus on the case 7 > 0.

Until now we have considered only the left chiral
Schwinger model, but the bosonization process gives us
both the left and right chiral bosons which depend on
the “chiral constraint” that we have imposed on it.
The corresponding Lagrangians for these chiral models
in the extended Minkowski spacetime are given by

Ly = —v/=9(@')
+vEa{ 26 (0= 4) = 30— A1)’
+3@allan? - (71}

— V=94)%. (26)
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A

L= —pi = =5p')

1
+ \/—9{28,0'(140 —A)) — 532(140 —A))?

2
1

+ J—
2\/=g

Notice that + and — signs are associated with the
left and right moving chiral bosons, respectively. These
models contain noncommutativity through the proper
time 7z with the finite NC parameter k. In the limit
k - +o0,,/—g =17 =1, these Lagrangians turn back to
their ordinary forms on the Minkowski spacetime.

Now we are ready to solder these two chiral
Lagrangians. To accomplish the task we calculate the
variations of Eqgs. (26) and (27) under the following local
variations:

Lo - <A1>2]}

(A1 = v/=gAp)". (27)

¢ =n(t,x) = 8p. (28)

In fact, we are imposing this local symmetry into
these models in order to obtain a gauge invariant
Lagrangian. Under this variation we have, after some
algebra, that

8Ly +L)=(J, +J_)8B, (29)

where

. =225 +2ey/g(Ag—A)  (30)

and

J_==2p—2/=gp 4+ 2e\/—g(Ay — A}), (31)

where B; (mentioned in the previous section) and B,
(which will be necessary) are auxiliary fields where
variations can be defined as

5B1 = (9x77 and 5B2 = 817’], (32)

and we can see,
S(L,+L_)#0.

So, following the method, we must add a counterterm to
both original Lagrangians (26) and (27) to cover the above
extra terms. Hence,

obviously from Eq. (29), that

2:+1 = 2+ —J.By, (33)
L ,=L_—J B,. (34)

Now let us check the wvariation of the above

Lagrangians,

PHYSICAL REVIEW D 93, 045012 (2016)
L, =—(8J,)By = — (2 — 2/=gn')B,

= —2B,(6B,) +2/—gB,(6B,), (35)
8L = —(8J_)By = (27— 2/=g1)B,
= 2B,(6B,) + 2/=gB:(5B)). (36)

As we can see, it is not zero, but the extra terms
are independent of the original fields. Therefore, the
iteration will finish in this second step by adding another
counterterm.

Finally we can solder these two Lagrangians in order to
construct an invariant one,

W=L +L_—(J,+J)B —2/=g(B)* (37
where the B, field was eliminated algebraically. On the

other hand, we can eliminate the auxiliary field B, by its
equation of motion

ow
gz 0 = —<J+ +J_> —4\/—931 = O = Bl
1
-1
=—U,+J). 38
By substituting Eq. (38) into WW we find
Al N 1 »
= — . 3
w £++£_+8\/__g(l++J_) (39)

Here we define a new field, the soldering field
U = ¢ — p. By this definition we can rewrite VV in a
compact and nice form,

A \/——9 7] 12 I
=— v U +2eP(Ayg—A 2
(40)

where £ is given by

E= V{5~ A0 + 3+ DA - (417
1
+2—\/__g

We can see that the final result, action (40), is not a
“chiral” theory anymore. It also has a symmetry group that
is bigger than both initial models. Hence, we have soldered
both chiral models, and as a consequence we have gained
an additional term in the final Lagrangian that did not exist
initially. One of the peculiar consequences of this action
is that the electromagnetic field interacts just with the
temporal derivative of the soldered field. This peculiarity
has its origin in the noncovariant initial Jackiw-Floreanini

(A1 = v/=gAp)". (41)
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Lagrangian. In fact, one can decompose the above action
into two distinct ones using the dual projection approach
[15]. The result is a self-dual and a free massive scalar field.

This mechanism, in some sense, is analogous to adding a
mass term into the Dirac action. Without this mass term, the
Dirac equation describes two chiral electrons, and by
adding the mass, we have merged these two chiral electrons
to obtain the real electron.

V. THE SOLDERING OF THE GENERALIZED
BOSONIZED CSM

Bassetto et al. [47] have constructed the generalized
chiral Schwinger model (GCSM), i.e., a vector and axial-
vector theory characterized by a parameter that interpolates
between pure vector and chiral Schwinger models. This 2D
model is given by the action

S= / drdx B (0,0) (D p) + eA, (€™ — r™)D,

1 1
t5e ZaA AF — ZFWF””] (42)

The quantity r is a real interpolating parameter between
the vector (r=0) and the chiral Schwinger models
(r==£1). This action can be rewritten in the extended
Minkowski spacetime

A 1 '2_\/__9 n”_ y /
L=y b 0 kit £ 6 (83)
where
ky =e(rAg+ Ay), (44)
ky = e\/=g(Ag + rAy), (45)
£ = 2%——9 (Ay = VEGAY? + 5 a4 — (A7
(46)

By defining the value of the parameter r in two extreme
points =1 we obtain two chiral Lagrangians

L=y =0 ety v A
T eyTg(Ag + AN + \}( = VA
+ a0ty =gl(40) ~ (A7, (@)

PHYSICAL REVIEW D 93, 045012 (2016)

L_= #_—g.bz - @P'z —e(=Ag+A)p
+ ey/=g(Ag — Ay)p’ +7—( a1
3 be /(A0 — (A, (48)

where a and b are the Jackiw-Rajaraman coefficients for
each chirality, respectively. Here, through the iterative
Noether embedding procedure, we will transform both
Lagrangians (47) and (48) into two embedded Lagrangians
that are invariant under transformations 6¢ = n(x) and
8p = n(x). After that, we will be able to solder these
new Lagrangians in order to obtain an invariant one that
describes a fermionic system. By varying the Lagrangians

with respect to the variables 9,9 and 0,P [P = (¢, p)],
we obtain the following Noether currents:
1 .
J1+:\/—_—g¢—€(Ao+Al), (49)
Jap = —/=gl¢' —e(Ag +Ay)], (50)
I,
Jl_:—Tgp+e(A0—A1), (51)
- =—V=glp’ —e(Ag — A)]. (52)

After two iterations and by adding the counterterms to
the original Lagrangians, we can find that

A2 _ o 1
LY=Ly =B~ ) By +5—— ﬁg(BO
Vo'l
5 (By)* + £, (53)
o 1
2 — _ _ L 2
2o -2 —J. B, J2,32+2\/__g(31)
Y _Z (Bz) + &, (54)

where &, are the nondynamical terms of L. The
embedding process ends after these two steps and these
Lagrangians are invariant under the desired transformation
6¢ = n(x)8p. Now we can solder them by adding up two
Lagrangians, Eqgs. (53) and (54),

W= 22 4 2

=L +L — (1o +J1)B = (o +12.)B,
+\/%_Q<Bl>2 B (55)

To express this Lagrangian just in terms of the original
fields, we can eliminate B; and B, through their equations
of motions, which read
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B =Y 00 a0, (56)
1

(Joy +J2-). (57)

After substituting these results into )V, defining a new
field ¥ = ¢ — p, and fixing the Jackiw-Rajaraman coef-
ficients a = b = 1, for simplicity, we can write that

n 1 - 5 /—g .
= U2 Y202 _ oAU+ eA =gV
VS

+ z%_—g (A1 — V=AY + e/ gl(Ao) —

(A1)?].
(58)

This Lagrangian describes a 2D fermionic system and
has a larger symmetry group than the initial Lagrangians
(47) and (48). As the previous case, the soldering process
included an extra noton term in the original Lagrangians to
fuse the chiral states. This nondynamical term can acquire
dynamics upon quantization [45].

VI. THE SOLDERING OF THE GAUGE
INVARIANT GENERALIZED
BOSONIZED CSM

In [48], the authors have introduced the Wess-Zumino
(WZ) term for the GCSM and constructed its gauge invariant
formulation by adding the WZ term into the Lagrangian of
the model. This gauge invariant model is described by

S= /dtdx{% (0,0)(0"p) + eA¥ (e, — 11,,) 0" P

1

1 1
+3 e*aA, AF — 7 P+ (a—r*)(0,0)(0"9)

+ eAt[re,, + (a — r2);7,w]av.9}, (59)
where 6(x) is the WZ field. The Lagrangians of left/right
moving bosons are given by defining the parameter r at
its two opposite points +1

N 1 . — .
Bo= g @ = Y @ = bbb
b . .
+ ¢f—g (0)2 = byy/=g(0')> + b30 + byt + &,
~ 1 —
o=y Fg(p)Z—*/z_g ()2 = b+ bsy/ 5"
b, .
+ (1)* — by /=g(n')* + bei + by + £_,

V=9
(60)

where 7 is also another WZ field and
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a—1 b—1
by =e(Ag+Ay), by = 7 by =——,
by=elAg(a—1)—A|], by=ey/—glAg—A(a—1)],
bs=e(Ag—A), bg = e[Ag(b—1) + A{],

by = ey/=gl-Ao — Ay(b - 1),
fi = 5= =Y (14 + o))
< (A0 — (A)?] — Aty 61

The goal here is to gauge these Lagrangians under the
following transformations:

S = 6p = a(x),
80 = én = B(x). (62)
The Noether currents under these transformations are
1 - |
J1+:\/—_—g¢—b1, Jl,:\/—__gp—bS,
T = =V=g +biV=G. oo === + b5/,
2b, . 20,
Jy =—2 9+b3, Ji = gn+b6,
J4+ = —2b2\/—ga +b4, J4, :—Zb/zyl_gn/‘i‘b%
(63)

The first iteration Lagrangians read

—Jo By = J3. B3 — J4 By,

LY =L, 1.8
W= —Jy By —J3 B3 —J4 By, (64)

LY =, —J,_B,

where B/, B,, B3, and B, are new auxiliary fields that have
the following variations:

531 = 8ta, 532 = Gx(x, 533 = 8,ﬂ, 5B4 = 3xﬂ

The variation of the first iterated Lagrangians are
given by

(65)

R 1
stV — —_—_(5B,)B, + /=g(6B,)B
+ \/—_g( 1)By 9(6B,)B,

2b
- _Zg(5B3)Bs+2bz\/—9(534)34, (66)
S20 = — L (5B))B, + 7g(6B,)B, — 2 2 (688,
N
+ 2b2\/—g(534)34. (67)

As we can see, these variations are completely indepen-
dent of the original fields. Therefore the embedding
process has finished here, and, by adding the counterterms
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associated with these variations, we can obtain our desired
invariant Lagrangian. Now we are ready to fuse both
Lagrangians in Eqgs. (64) by adding them up and by
introducing a counterterm,

W = 2+ +2— —Ji1By = Joy By —J3. B3 — Jy By

1
S A (B,
2b
—/=9(By)* + \/—_ig (B3)* —2by\/=g(B4)*,  (68)

where we have fixed the Jackiw-Rajaraman coefficients
a = b for simplicity. To express the final result only in
|

PHYSICAL REVIEW D 93, 045012 (2016)

terms of the original fields, one can eliminate the auxiliary
fields by using their equations of motions

Ve
B, ZT(J1+ +J12).

B, = 2\/—(Jz++fz ),

B; = 4y (Jz++J3 ),

B __ -t _ 6
4 4b2\/—_g(J4++J4_> (69)

By substituting these results into Eq. (68) and introduc-
ing two soldering fields ¥ =¢ —p and Q =60 —1n, we
obtain an effective action

j LAV 0 ba/Tg .
War = 3= (02 = VL (02 el + eygan 0 452 (@ - 2V (@ —enr
4/=g 4 Ner 5
! V=g e’\/=g 2¢2A
+5ledo+ev=g(Ag = 241b2) + 2A 5] — 2¢%b31/=g(A0)* + gg\gj(Ao —24,b,)7 - 8b20 (Ag —2A,D,)
= Ao, 42 (4~ A (g — 24,0 + 2 (70)
8/—gb, 0 2\/_ 041 N 5 1o 102 ,

where £ = & + £, . The initial Lagrangians were invariant
under a semilocal gauge group, but this effective Lagran-
gian is invariant under the local version of the initial gauge
group; moreover, it is invariant under the gauge trans-
formations (62).

One can ask about the counterpart of this model in the
commutative spacetime. We can find it just by putting

/—¢g = 1. It reads

1
Weff = 18”\1’8”\11 + ee’”’A”&,\If + (a - l)aygaﬂg
1 1
—eA,e"0,Q + 3 e’al, Al — ZF,,,,F’”, (71)
where &' =¢&| ;. We have succeeded in the issue

concerning the inclusion of the effects of interference
between rightons and leftons (right/left moving scalar).
Consequently, these components have lost their individu-
ality in favor of a new, gauge invariant, collective field that
does not depend on ¢ or p separately.

As it can be seen, this Lagrangian is apparently different
from the initial ones, and the new fields ¥ and Q are not
chiral anymore. If we fix the Jackiw-Rajaraman coefficients
a = b =1, the field Q2 becomes nondynamical, and it will
just interact with the electromagnetic field. The combina-
tion of the massless modes lead us to a massive vectorial
mode as a consequence of the chiral interference. The noton

field that was defined before propagates neither to the left
nor to the right directions.

VII. THE SOLDERING OF NC (ANTI-)SELF-DUAL
MODELSIND =2+1

The Thirring model is an exactly solvable QFT that
describes the self-interactions of a Dirac theory in (2 + 1)
dimensions. For the first time, Coleman has discovered an
equivalence between this model and the sine-Gordon one,
which is a bosonic theory [49].

In D=1+1, the starting point is to consider two
distinct fermionic theories with opposite chiralities. The
analogous thing is to take two independent Thirring
models with identical coupling strengths but opposite mass
signatures,

/12

L =p(id+my == (Frrw)?,

= &0 —m')é -

2
yRp
@, (72

where the bosonized Lagrangians are, respectively,

1 1
L= ﬁewf"a”fﬂ o fuf”s

1 1
L= _meﬂuigﬂaygl + igﬂgﬂv (73)
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where f,, and g, are the distinct bosonic vector fields. The
current bosonization formulas in both cases are given by

. _ A
];tL =Yy = Ee;wpayfp?

A

]; = EYﬂé = _Eelwpaygo‘ (74)

These models are known as the self- and anti-self-dual
models [50-52].

On the extended Minkowski spacetime (z,x) the
Lagrangian (73) takes the following action form:

1 on ‘
<€”0/1h” — + €Mi/1hﬂalhi>:| P

R 1
= 2x|l=hth + —
3, /drd th S o

(75)

where h* = f¥, g*.
After making the coordinate transformation, we obtain
the action written in terms of the coordinates (¢, x),

N 1 1 .
Si = /dtdzx\/—g |:§hﬂhﬂ ﬂ:weﬂiﬂhﬂalhi]
1 Oh*

+— h* —.
a5,

M (76)

By taking a hint from the two-dimensional case, let us
consider the gauging of the following symmetry:
Of y = 6G, = €,,,0°°. (77)

Under these transformations the bosonized Lagrangians
change as

A 1 .
68, = /dtdzx [\/—g{d‘/"’h” + Meﬂijeﬂf’”alh’l}

1
+ M€”Oi€”paaohl:| 8/,056. (78)
We can identify the Noether currents
(e} 1 [
I (h,) = 1/—g{€"""hﬂ + Meﬂme"””@’h’l}
1
+ M €”0/1€”[maohﬂ. (79)

As a comment about the form of the gauge trans-
formation in Eq. (77) we can say that the simpler form,
such as the one we have assumed in the 2D case, will not be
suitable and the variations cannot be combined to give a
single structure like (79). Now we will introduce the
auxiliary field coupled to the antisymmetric currents. In
the two-dimensional case, this field was a vector. In the
three dimensional case, as a natural generalization, we

PHYSICAL REVIEW D 93, 045012 (2016)

adopt an antisymmetric second rank Kalb-Ramond tensor
field B,, where its transformation is given by
0B,; = 0,0, — 0,a,. (80)
It is worthwhile to mention that in the canonical NC
approach, one must include the variation of the current
associated with the NC field/parameter concerning the
transformation of the auxiliary tensor field in order to obtain
an effective Lagrangian after the soldering procedure [53].
To eliminate the nonvanishing change (78), we add a
counterterm into the original Lagrangian. So, the first
iterated Lagrangian is

1 1 -
£ = £y =22 () B, (81)
which transforms as

1
scl) = — 5015 By,.

(82)
The variation of the currents coupled to the auxiliary
field is given by

1 ‘
5‘])3:63/)0 =v—3g 6BPGB/)0:F M 6/179(8[87“9)31‘2

4236'179(808},0(9)30,1. (83)
M

As we can see, the above Lagrangians also are not
invariant under the transformation (77); hence we must go
further and add another counterterm. As a key point in the
soldering formalism, the invariance of one Lagrangian
alone is not the task. We are looking for a combination
of both Lagrangians that is gauge invariant. To this aim, the
second iteration Lagrangians are defined by

(84)

2 1 N -
£ = £+ =B"B,,

By this definition, a straightforward algebra shows that
the following combination is invariant under transforma-
tions (77) and (80). So,

Ly=LP +cO
1 _ v
= £+ +L_— EBPU(‘]/TG(JC) + Jpa(g)) +TBPGB/J5'
(85)

The gauging procedure of the symmetry is finished now.
But the final result would be more interesting if we
write the above Lagrangian in terms of the original fields.
By using the equation of motion for B, we can eliminate
this auxiliary field,
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Byo = 2\/_( Too(F) + J50(9))- (86)

Including this solution in (85) the final soldered
Lagrangian is expressed only in terms of the original
fields,

Ls=L,+L_
1

8\/_( po () + T (9)) (T2 (f) + T77(g))-

(87)

The crucial point of the soldering formalism becomes
clear now. By using the explicit structures for the
currents, the above Lagrangian is no longer a function
of f, and g, separately, but it is a function of the
combination

Ay = \/_M< — u)- (88)

By this field redefinition we can obtain the final effective
action as

M?. /= ~ ! '
Lg—= ;/_QAMA,, + 0;A00°A" — = oA 0°A!
B @ (8iA08iAO + aiAjaiAj - ainaiAj)’ (89)

In the usual commutative Minkowski spacetime we
obtain the Proca theory by soldering two (anti-)self-
dual theories [52]. As a generalization, we can claim
that the Lagrangian (89) is the NC version of the
Abelian Proca theory in the x-deformed (24 1)D
Minkowski spacetime. To check that our result is correct
we can directly obtain this Lagrangian by applying the
coordinate transformation (z,x) — (¢, x) in Proca theory.
The Abelian Proca model on the extended Minkowski
spacetime (z,x) is

S:/dnﬂ [—iF’”’F +A”A]
_ / s { {8A <aA 6A0>
ot

+8A° dAg  0A; 8A/
3)6,- 8xi T

)

M2
+ 5 AA, } , (90)

where F* = OFAY — 0YA*. By coordinate transformation
(14) we can rewrite the above actions in terms of (¢, x)
with explicit noncommutativity,

PHYSICAL REVIEW D 93, 045012 (2016)

1[ 1 0AT/ 1 0A, 0A

S= [ didPxy=g{ — |— —
/ e { [,/— Y (,/_—g Y 8x’>
0A° (5‘A0 1 aA,)

ox; \oxi /=g Ot
DA (0A; 9AN] M2
_ Sy
+ Ox; <8xi 8xj>] + 2 A A”}' (°1)

Here we have assumed that 7 = ,/—g > 0. After some
straightforward manipulation we find that

~ 1 ; i AJ
5=3 / did’x <230AlaiAo +V/=gIAD;A;
— V=GP AIDA; — /=g A°D,A,
1 .
———0AIQyA; + M?/—gA*A ) 92
N o ()

and, as we expected, this action is equal to the model
described by the Lagrangian (89).

Notice that, in this NC version, besides the modification
of the field dynamics in this new spacetime, the mass term
has also changed, and it is not equal to the usual Minkowski
spacetime so the particle associated with this field must
have a different mass term in this spacetime.

It is noteworthy that the transformations (77) are not the
unique ones that lead to this result. We can also use the
transformation

8fy = —0g, = €,,,0’a”. (93)

By assuming the above transformation and defining the
final soldered field

1
A, :m(fﬂ — Gu)» (94)

we can arrive at the same Lagrangian as in (89). This result
led the authors of [21] to the idea of generalizing the
soldering formalism. As it was mentioned before, the
basic idea of soldering is that, adding two independent
dual Lagrangians, it does not give us new information and,
to construct a gauge invariant model, we have to fuse two
Lagrangians via the Noether procedure. This idea was
successfully applied to different models in various dimen-
sions such as the chiral Schwinger model with opposite
chiralities.

Some years after proposing this idea, it was shown that
the usual sum of opposite chiral bosonic models is, in fact,
gauge invariant, and it corresponds to a composite model,
where the component models are the vector and axial
Schwinger models [21]. As a consequence, we can reinter-
pret the soldering formalism as a kind of degree of freedom
reduction mechanism.
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In the case at hand, the two transformations (77) and
(93) result in the same effective action, but in a general
case, we may obtain two apparently different actions.
For example, if we add an interaction term to the
Lagrangians (73), the final result will be different.
This property is the subject of the generalized soldering
formalism [21]. Now this question may arise whether
these two actions are describing two distinct phenom-
ena. However, by calculating the generating functional
of these two Lagrangians we have the same result. This
shows that we are dealing with the same physics but
described by different Lagrangians.

VIII. CONCLUSIONS AND PERSPECTIVES

The idea concerning the construction of a bosonized
version of some fermionic models in order to study the
properties of the target model through a theoretically easier
version, the bosonized one, has dwelled in the theoretical
physicist’s mind during the 1980s and 1990s. In two
spacetime dimensions, the concept of chirality together
with bosonization was discussed after the influence of the
chiral boson version in string theories.

In this way, Stone provided a method in which the
objective is to put together in the same multiplet two chiral
versions of a bosonized model in such a way that an
effective final model was obtained. The target is to analyze
physically the properties of the last resulting one. Another
result obtained in the soldering technique is to discuss the
fact that the final action is connected to the first ones
through duality properties.

PHYSICAL REVIEW D 93, 045012 (2016)

There was a relevant production of papers considering
several models but none of them have considered NC
models, which in fact is our objective here. We have
analyzed the k-Minkowski noncommutativity where some
variations of the CSM were soldered and the soldered
(final) action obtained was discussed in the aftermath.

However, as a perspective, we can provide a constraint
analysis via Dirac and symplectic formalisms, in order to
compare the before-and-after soldering. The comparison
can also be made together with the one concerning the
commutative models; namely, we can see clearly what is
new in the NC parameter introduction. Another path is to
investigate soldering in the light of the canonical non-
commutativity, where the NC parameter is constant.

The conversion of NC second-class constraints into first-
class ones concerning the soldered actions can reveal
interesting properties involving the gauge invariance of
NC models. These ideas are, as a matter of fact, ongoing
research that will be published elsewhere.
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