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We devote effort to studying some nonlinear actions, characteristit tfieories, in the framework of the
soldering formalism. We disclose interesting new results concerning the embedding of the original\¢hiral
particles in different metrical spaces in the final soldered action; i.e., the metric is modified by the soldering
interference process. The results are presented in a weak field approximation)fgy tese whemN=3 and
also in an exact way for,. We promote a generalization of the interference phenomendWttheories of
different chiralities and show that the geometrical features introduced can yield a new understanding of the
interference formalism in quantum field theories.
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[. INTRODUCTION found remarkable applications in string thed¢sge[4]). This
study together with the investigation of critical phenomena
This paper is devoted to studying the effects of interfer-in statistical mechanic¢see[5] for selected reprinjshas
ence between the chiral modes carrying a representation gioduced a large-scale study of conformal field theories in
conformal spins of order higher than two in the context ofrecent years. For example, the study of so-called perturbed
the soldering formalism. These modes are described by cheonformal field theories has given rise to surprising new re-
ral Wy gravities forN=2. This study is a natural and deeper sults for certain massive integrable quantum field theories
extension of[1] where the soldering of two chiralV, par-  [6].
ticles (analogous to the Siegel particlgg]) was shown to Additional motivation for a detailed study of the infinite-
produce the action for a nonchiral 2D scalar field coupled tadimensional algebraic structure of conformal field theories
a gravitational background. It is therefore natural to considecomes from the study of two-dimensional gravity which re-
the possibility of soldering chiral modes carrying representalies heavily on conformal field theory techniques and from
tions of higher conformal spins. two-dimensional topological quantum field theories. Infinite-
There are two main reasons for studying extended symdimensional symmetry algebras are known to play a central
metries in conformal field theoy8]. Certain applications of role in 2D physics. There is an intrinsic connection of these
conformal field theory in either string theory or statistical algebras with two-dimensional gauge theories or string theo-
mechanics require some additional symmetry in addition taies, the most important example being the symmetry algebra
conformal invariance. Moreover, extended symmetries caf two-dimensional conformal field theories, i.e., the Vira-
help in the analysis of a large class of conformal field theosoro algebra.
ries (called rational conformal field theorieand in classify- The Virasoro algebra admits higher spin extensions,
ing certain types of conformal field theories. known as) algebras, containing generators with confor-
Conformal invariance in two dimensions is a powerful mal spins 2,3,4... N [7,8]. A W algebra is an extended
symmetry that allows certain two-dimensional quantum fieldconformal algebra that satisfies the Jacobi identities and con-
theories to be solved exactly. Conformal field theories haveains the Virasoro algebra as a subalgdl®;8]. WV algebras
are infinite-dimensional symmetry algebras with the restric-
tion that at least one of the generating currents has spin
*Present address: Depto. de Campos e ®aas, Centro =2. This algebra is generated by a set of chiral currents
Brasileiro de Pesquisasditas, Rua Xavier Sigaud 150, 22290-180, which are our main interest in the present study.
Urca, Rio de Janeiro, Brazil. Electronic address: In addition to the above motivation for the present study
everton@feg.unesp.br; eabreu@unifei.edu.br; everton@cbpf.br in extended conformal symmetry we would like to mention
Electronic address: dutra@feg.unesp.br that in perturbed conformal field theories the presenci/of
*Electronic address: clovis@if.ufrj.br; wotzasek@feg.unesp.br symmetries in the original conformal field theory may lead to
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additional integrals of motion in the perturbed thedtp],  ing, following closely Refs[9,33-35.
and for the relation with topological field theorids=2 ex-
tended superconformal symmetry is essentldl-13. Ex- A. W algebra
tended symmetries also appear to be particularly important
for the coupling of conformal field theory “matter systems”
to two-dimensional gravity14]. Classical and quanturi/
gravity, in particular; gravity, have recently been studied
by various group$3]. _sc

In order to apply the soldering formalism to the opposite {ta to} =fapte Cap, @
chiral W aspects we need an explicit field theoretical realizawherefgb are the structure constants aog, are constants
tion of these algebras. Realizations of the chifq| algebras  defining the central extension of the algebra. However, for

have been constructed, for example in termsif-(1) free  many)y algebras, the Poisson brackets structures give a re-
bosons via the Miura transformatioff]. Other realizations, gyt nonlinear in the generators,

using a generalizing Sugawara construction, have also been

given [15]. This seems important since tentative extensions {ta tp}=foptetCapt gggtctd+ o =Fp(te), (2)

of string theory based on extra bosonic symmery gym-

metry) on the worldsheet have been proposed and are callegahd the algebra is said to close in the sense that the right-
W strings[16—18; these are higher spin generalizations ofhand side is a function of the generators. Most of e
ordinary string theories, such that the string coordinates arglgebras that are generated by a finite number of currents are
coupled not only to the worldsheet metric but also to a set ofionlinear algebras of this type. At first sight, it appears that
higher spin worldsheet gauge fieltfer a review sed¢19]).  there might be a problem in trying to realize a nonlinear
Since ordinary string theory can be considered as a gaugdgebra in a field theory, as symmetry algebras are usually
theory based on the Virasoro algebra, one can analogoushje algebras. However, as will be seen, a nonlinear algebra
define aV string theory as a gauge theory based oWva can be realized as a symmetry algebra for which the structure
algebra[7,8,20 (or any other higher spin conformally ex- constants are replaced by field-dependent quantities.
tended algebrd19,21,23). The bosonic representations of A field theory with actionS, and conserved symme-
the chiral algebras will be the starting point for our applica-tric tensor currentsT ,,,W" (where A=1,2, ...

. . . L S Vo B AN
tion of the soldering formalism. labels the currents, which have spR) will be invariant

Recently, there has been great improvement in solderingnder global symmetries with constant parameters
together distinct manifestations of chiral and duality symme- s\ B1K2 s, 1 ) )
tries [23—-32. The procedure leads to new physical results<” M s » (translations andV translations generated
that include the idea of the interference effect. The solderindgy the Noether chargeB,, ’Q/A'Ll/"z"'/‘sA—l (momentum and
formalism was introduced 31,32 to solder together two ; _ 0 A
chiral scalars by introducing a nondynamical gauge field toW momentum given by P, = [tdx"T,, and Q“lf‘z"‘“sA—l
remove the degree of freedom that obstructs the vector gaugedeoWﬁlﬁz. g, 10" If the currents are traceless, then the

invariance. This is connected via chiral bosonization t0 thgheory is invariant under an infinite-dimensional extended
necessity that one has to have more than the direct sum of B1K2 " Hs,-1 e than

two fermion representations of the Kac-Moody algebra toconformal symmetry. The par.ameté{i . _

describe a Dirac fermion. In other words, we can say that th&aceless and the corresponding transformations will be sym-
equality of the weights in the two representations is physi/netries if the parameters are not constant but satisfy the con-
cally connected with the necessity to abandon one of the twditions that the trace-free parts 6f”k“),8(V)\i“‘ 2 #sy-1)
separate chiral symmetries and accept that only vector gaugge zero. This implies that-k*=0 andd-\x " =0 so
symmetry should be maintained.dln additic:)‘n, being just anpat the parameters are semilocak” =k*(x*) and
auxiliary field, it may be eliminatedntegrated a posteriori B N T TR ; _

in favor of the physically relevant quantities. This restriction ?oArmaI and}\)//?/ conf(())r(m)a{l \t,:g:]csrflo?:ﬁ ag:)ensp arameters of con
will force the two independent chiral representations to be- The soldering formalism, to be develdped in the next sec-

long to the same mL.J|tIp|et., effectwely spldermg 'them to'tion, promotes the lift of these global symmetries to their
gether. This is the main motivation for the introduction of thegauge invariant version. The global symmetries correspond-
solderlng field which permeates to the case of higher confori-ng| to the currentsT,, WA are promoted to local
mal spin currents. RS T SN _ _

In Sec. Il we give a review ofV theories. The soldering ones by coupling to the)V gravity gauge fields
formalism is briefly depicted in Sec. Ill. The fusion of chiral hMV,Bil'uzn.'usA' which are symmetric tensors transforming,
Wy particles is accomplished in Sec. IV. Conclusions andg |owest order in the gauge fields, as
final remarks are given in Sec. V. '

Let us consider Lie algebras under Poisson brackets, with
the generators, labeled by an indexa (which may be of
infinite range,

shuv=gkm 4 ...

II. YW GRAVITIES 1)
_ o _ SBRIZ ez pluy ke sy 3
In order to make this work self-contained, in this section

we will make a brief review of th&V realizations and gaug- The action is given by the Noether coupling
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, pestip pe A so that W,, ,=W,, ,(x*) and W__. _
5230+J d*x(h*"T,,+B, AW o )T =W__.. _(x") are right- and left-moving chiral currents,
) (4) respectively. For a given conformal field theory, the set of all
right-moving chiral currents generates a closed current alge-
plus terms nonlinear in the gauge fields. If the currentdra, the right-moving chiral algebra, and similarly for left
T WA are traceless, in the sense that there is arinovers. The right and left chiral algebras are exampleg/of
S

oWy ) _
extended conformal symmetry, then the traces of the gaugl%Igebras that are the main components of our construction

fields decouple and the theory is invariant under Weyl @ad
Weyl transformations given to lowest order in the gauge
fields by

Consider a se6 of right-moving chiral currents (x™)
=T, ,.(x"),W(x"), ... of spins Xy, ... . The main ex-
ample that will be of interest here is that in which the cur-
ShEv=Qpir+ . .., rents arise from some field theory and the brackets are Pois-
son brackets in a canonical formalism in whieti is
regarded as the time variable. The currdnsatisfies the
conformal algebra if

{TXD), Ty ND==8"(x" =y O[T +T(y")],
where Q(x”), Q2" "#s72(x”) are the local parameters. (10

This defines the linearized coupling W gravity. The full . . .
nonlinear theory is in general nonpolynomial in the gaugeIn which case |_ts modelsn_ generate the \ﬁrasoro algebra. A
urrentW is said to be primary of spis if

fields of spins 2 and higher, which makes matter harder. Thé

68'::1#2' i Ms_ Ql(Al’«llf-z‘ : '/"5*27]:“571:"'5) +.. -

©)

nonlinear theory can be constructed to any given order using [TX),W(y )= — 6" (x" —yH)[W(x")
the Noether method, but to obtain the full nonlinear structure '
requires a deeper understanding of the geometry underlying +(sw—1)W(y")]. (11

W gravity, which is beyond the scope of this study. ) )
The setS of currents will generate &/ algebra if the brack-

ets of any two currents give a function of currentsSiand if
the brackets satisfy the Jacobi identities.

Consider a field theory in flat Minkowski space with met-  Consider first the case in which there are just two currents
ric 7,, and coordinates?,x!. The stress-energy tensor is a T andW, whereW is primary of spins=s,,, and where the
symmetric tensorT,, which, for a translation invariant {W,W} brackets take the form
theory, satisfies the conservation law

B. W field theory

{W(x"),W(y™)}=—2x8" (X" =y )[A(X")

P M0, © + Ay (12)

A spin-s current in flat two-dimensional space is a rask-

. . . for someA, wherex is a constant. If the algebra is to close,
symmetric tensow,, ..., and will be conserved if

the currentA must be a function of the curreni§W and
iy _ their derivatives. Ifs=3, thenA is a spin-4 current and the
J WM1M2"'M5_O' () Jacobi identities are satisfied if

T

Recall that, in two dimensions, a rank-2 tensor can be A=TT. (13

decomposed as, e.g.V,,=V(,,tVe,, where V . . . o
P 9V (ur) r The algebra then closes nonlinearly. Notice that in the limit

=%EWVW. Thus, without loss of generality, all the con- ; _
served currents of a given theory can be taken to be symmetc_0 this contracts to a linear algebra. o 3, the algebra

fic tensors. A ranks symmetric tensor transforms as the spin-Will 2gain close and satisfy the Jacobi identitiesitlepends
s representation of the two-dimensional Lorentz group. " T,W but not on their derivatives. 1§ is even, the most
A theory is conformally invariant if the stress tensor 9€neral such\ is of the form
is traceless, T4/=0. Introducing null _F:oordinatesxi A=aTs 1+ gWT2-1 (14)
=1/\2(x°+xY), the tracelessness condition becorfes.
=0 and Eq.(6) then implies that the remaining componentsfor some constanta, 3, while if sis odd, such a\ must be
T. . satisfy of the form(14) with 8=0. The algebra given by EqgL0),
(1), (12), and(14) is the algebraVy_, of Ref.[35].
9,T-_=0, ¢-T,,=0. ) A large number ofV algebras are now known. The)
algebra[36] has currents of spins 2,3.. N (so thatW, is
If a spins currentW,, , ..., is traceless, it will have the Virasoro algebnathe V., [37,38 algebra has currents of
only two nonvanishing componentsW,,.... and spins 2,3... 9, while theW,, . algebra[38] has currents

W__..._. The conservation conditiof¥) then implies that  of spins 1,2,3. .. °. ‘
Consider a theory ofD free scalar fields¢' (i
d_W,, .,=0, o W__ . _=0 (9) =1,...,D) with action
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. . related to these by symmetry. The conserved currérifg
So:J d*xd, ¢'9_¢' (19 correspond to the invariance of the free act@nunder the
conformal symmetries
where the two-dimensional space-time has null coordinates _ _ 4 _
x*=(x*,x~) which are related to the usual Cartesian coor- Sd'=k_ 0, ' +N__dyd, dlo, B, (20)

dinates byx™ =1/1/2(x°*=x'). The stress-energy tensor
W va( ) 9y where the parameters satisfy

1 . .
T++:§a+¢'a+¢' (16) d_k_=0, dJ_N__=0. (22

. _ _ Symmetries of this kind whose parameters are functions
is conservedy_T. . =0, and generates the Poisson brackety, "o x+ (or only ofx~) will be referred to here as semilo-

aIgebra(l_O) (_in a canonical treatment r_egardi@ as time .41 The symmetry algebra closes to give
[32]), which is the conformal algebra with vanishing central

charge. For any rank-constant symmetric tensaf, ; .. ; [k +6,.,0+ 8. ]=6+8 (22)
1'277ls ki " ONp PRy T O, ks 9N,
one can construct a current

where
1 ) ) .
W++_A,+:gdi1i2“.is(9+¢llﬁ+¢|2~-~ﬂ+¢|5, (17) k3:[k2&+kl+4K()\2&+)\1)T++]_(1H2),
which is conservedi_W=0, and which is a spis-classical N3=[2Nd. K+ Kod N q]—(12). (23
primary field—its Poisson brackets withare given by Eq. _ ) )
(11). The Poisson brackets of s are Eq.(12), whereA In particular, the commutator of tw® transformations is
is given by a field-dependenk transformation, which is precisely the

transformation generated by the spin-4 curr&rt TT. The
1 : j ‘ | gauge algebra structure “constants” are not constant but de-
A=dil Ok mds @' 0+, 4% 9.4 (18)  pend on the fieldss through the curre, reflecting theT T
term in the current algebra.

(the indices ,j,- - - are raised and lowered with the flat met-  To gauge these symmetries to a loggldiffeomorphism,
ric ;). the spin-2 and spin-3 conformal Noether currents above are

Consider first the case=3. In general, closing the alge- introduced in the model with the corresponding Lagrange
bra generated by,W will lead to an infinite sequence of Multiplier fieldsh__ (the graviton andB_ _ _ (the)V gravi-
currents T,W, A, ...). However, if A=T2, for some con- ton), leading to the Lagrangian of the right; model as
stantk, then the algebra closes nonlinearly drand W, to h
give the so-called classic3l/; algebra depicted above. L=0.00 & +—a. dd.d

In [34], it was shown that for any numb& of bosons, +$9-¢ 2 +$ 04 d
the necessary and sufficient condition for Etg) to be sat- B
isfied and hence for the classioal; algebra to be generated +———dids ' a, Ppla, P, (24)
is that the “structure constantst;, satisfy 3

d{i digyim= & 8ij Sy - (199  Which is the result of the Noether couplings. Notice that the

free action is already invariant under “right-moving” trans-
This rather striking algebraic constraint has an interestingormations.
algebraic interpretatiohlt implies that thed;;, are the struc- It is well known that this model is invariant under the
ture constants for a Jordan algelfod degree 3)40], which  transformation20) and together with the symmetries
is a commutative algebra for which Ed.9) plays the role of

the Jacobi identities. Moreover, the set of all such algebras oh__=d k +k-dh_—h__d.k

has been classifidd 1], allowing one to write down the gen- +2k(N__9.B___—B___a.n_ )T..

eral solution to Eq(19) [40]. In particular, Eq.(19) has a '
solution for any numbeb of bosons. Examples of solutions 55 _ I N__+2N__a,h__—h__d.n__

to Eq.(19) are given forD=1 byd;;;= « and forD=8 by

takingd;;x proportional to thed symbol for the group SU(3) —2B___d.k_+k_9.B___, (25

[32]. For D=2, the construction of20] gives a solution of

Eq. (19) in which the only nonvanishing componentsdyf extends the original theory to)a’ gravity, so that the origi-

are given byd;;,= —k and d,,,= k, together with those nal semilocal conformal symmetries are promoted to a local
W diffeomorphism. In a similar way we may also gauge the
left-handed)V algebra generated by__ and W___ with

This identity has in fact occurred at least once before in thednalogous definitions and results. The terms with_ and
physics literature, in the study of five-dimensional supergravityk— are analogous to the gauging of the right-handed Virasoro
theories[39]. algebra. Hence we can see expressions similar to those for

105008-4



NEW APPROACHES INW GRAVITIES PHYSICAL REVIEW D 66, 105008 (2002

two-dimensional gravity in the chiral gaudd2] or from  theories[33], and nonlinear sigma mode[84,44], giving

Siegel’s analysis for the chiral bos¢a]. corresponding realizations of algebras.
The situation is similar fos>3. The algebra will close,
i.e., Eqg.(14) will be satisfied, if thed tensor in Eq.(17) Il. THE INTERFERENCE OF CHIRAL W THEORIES

satisfies a quadratic constra[85], and again this constraint

has an algebraic interpretatip®5]. Thek and\ transforma-

tions become Let us analyze théV, model for right-handed chirality,
which is obtained from Eq24) by makingd;;—0, i.e.,

A. W, gravity in the weak field approximation

op'=kd, ¢'+Ndi i 0 't -d Pl (26) )
LY=o, 0 ¢ +——0.¢'0,¢. (28)
where the parameters satisfyk=0, 9_A=0. The symme- 2
try algebra again has field-dependent struct_ure constants..l_he soldering transformation to be gauged, as described in
More generally, any set of constant symmetric tend@rs,k I

. the last section, is
labeled by some indeA can be used to construct a set of
conserved currents d—d+a (29)

Wi, =d gLl 0" (27)  whered' is the semilocal gauge parameter.
The corresponding variation of the model under this trans-
which are classical primary fields, i.e., their Poisson bracketéormation is
with T are given by Eq(11). The current algebra will close - :
if the d” tensors satisfy certain algebraic constraints and the 0L =Ji dva, (30
Jacobi identities will automatically be satisfied as the algebra
occurs as a symmetry algebra. In this way, a large class ¥
classicalV algebras can be constructed by seekifigten-
sors satisfying the appropriate constrairidsboson realiza-
tions of theV\_/N algebras were constructed in this way in Ref. Following the soldering algorithm and computing only
[35], where it was shown that thiy d tensor constraints  the final steps, we have after two iterations that
had an interpretation in terms of Jordan algebras of degree
and this again allowed the explicit construction of solutions SL%=—2A 5A" , (32
to thed tensor constraints. These realizations of clasgical _
=0 algebras can be generalized to ones with0 by intro-  whereA!, are the soldering fields.
ducing a background chargg, so that the stress tensor  For the left chirality we can write
becomesT=4,¢'d, ¢ +a;d>¢ and adding appropriate
higher derivative termgi.e., ones involvingdT¢' for m £%=4 o9 o
. Z +pd_p+
>1) to the other currents. The classical central charge be- 2
comesc=a?/12, and, for theN— 1 boson realization ofV, o L
the structure of the higher derivative terms in the currgits ~Analogously, the variation of the model under this is
can be derived using Miura transform meth$@s,8]. i iy (34)
Another important realization of classicaV algebras is p=pre
as the Casimir algebra of Wess-Zumino-Witten-Novikov gnq
(WZWN) models[33]. For the WZWN model corresponding
to a groupG, the Lie algebra valued currenis =g~ 14,9 55(1:\]((9_ al, (35)
generate a Kac-Moody algebra and atassically primary
with respect to the Sugawara stress tenBerstr(J,J,). whereJ; is the right Noether current
Similarly, the higher order Casimir operators allow a gener- , _
alized Sugawara construction of higher spin current}ty( Ji =2d.p'+h, 9 p". (36)
For example, for G=SU(N) the set of currentswW,
=1/intr(J}) for n=2,3,... N generates a closed algebra
which is a classicalVy algebra[33]; similar results hold for SC2=—2Al SA 37)
other groups. - -
Quantum mechanically, however, the Sugawara expresye can see easily that the final soldered action is
sions for the currents need normal ordering and must be res- o
caled[15,43. For example, in the case of $8), thequan- Lema=L2+L2+2A A, (38
tum Casimir algebra leads to a closgd algebra(after a
certain truncationonly in the case in which the Kac-Moody which has the desired vectorial gauge invariance, b€.,
algebra is of level 115]. =0, as can be easily checked. Substituting all £4¥ pre-
W algebras also arise as symmetry algebras of many otheiously computed, we can write the final form of the action
field theories, including Toda theorids6], free-fermion explicitly as

hereJ;" is the left Noether current given by

Jr=20_¢'+h__o,. ¢ (31

h

a_pa_p. (33

Again, after two iterations we have that
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,C|:|NA|_:,C9_+£(1_ALJi+_Ai_\]i_
h-- iy2 Ryt iy2 i Al
+T(A+) +T(A,) +2A°AL . (39

Next, by solving the equations of motion for the soldering
fields we have

i 1 - 1 i

A+=§Ji —§h++A,, (40)
i 1 + i

AL=2J7—Sh Al (42)

and these fields can be eliminated in favor of the other vari
ables. _

Susbstituting the\', defined in Eq(41) into Eq.(40) and
solving the system iteratively we obtain

i 1 - 1 + 20
A+=§J —Zh++\] +h A+
=AO+h2Al (42
whereh?=%h, . h__. Now substituting the second equa-
tion in the first and so on we have
AL =AIO 4+ h A0 4 Al T
=f, Al (43
where
f.=1+h?+h*+h®+...
_ ! (44)
1-h?’

Using the same procedure &' and using Egs(31) and
(36),

(49)

Hence, bringing these results back into E§9) we have
finally that

2

czl_hza+<bia_q>i+ :*hz)a+<bia+cl>i
hyy i i
+—" 5 D D, (46)
2(1—h?)
where®'=¢' —p'. In other words
1 v i i
L= E\/—gg“ d,0'9,® (47)

PHYSICAL REVIEW 6, 105008 (2002

where

h._  1+h2

1+h?

1

1-h?

JV—gg*r=

: (48)

h .

and the metric has been modified by a constructive interfer-
ence phenomenon.

To promote a profound investigation into this constructive
interference, let us consider a perturbative solution for this
problem. To this end let us write Eq&l0) and (41) as

i 1 i 1 i N
A+:§J+_Zh++\]—+h AL,

- i 1 i 1 i N
A,ZEJ,—Zh,,J+—h A,, (49)

and consider the weak field approximatiOWFA) where
terms ofO(h?)—0. Notice that with this procedure E(9)
gives the same result as E¢5). To simplify the notation we

introduce the vector in the internal space s ¢'e;, A.
=Al¢g, etc., whereeje;=4;; is an orthogonal basis. Ex-
panding these equations in powers fof we have, in the
zeroth order approximation,

1
A(f): dip+ §h++(077[3_077¢)1

A@’=a+¢—%h,,<a+p—a+¢>. (50)

The Lagrangian39) and the Noether currents are, respec-
tively,

L=r%+2-A 0 -A_J,

h__ h
(A ;+(A_)2+2A_A+ (51)
and
Jr=20_¢'+h__a,.¢', (52)
J =2d.p'+h, 9 p" (53

Substituting all the values in E¢51) we have that

h__
'CWFA:‘9+(I)‘9—(I)+T&+(I)&+(I)
hyy
+ 5 J_Po_d, (54
where, as usuatp=d'e' = (¢ —p')e'. Therefore,
1 v
Lywea= V™ 9(0)9(0)7 . P9, P, (55
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which is the result obtained from E@47) when (—gg** this is the action for lowest nonminimal couplifdf] with k,

h?—0 v o , . ) the expansion parameter for the Noether method, equal to
— V=9(0)9(0y- Considering the inclusion of higher orders _;

of the h? term inW, (djj—0) in The gauge transformation is

T Ji} (56) P+, (€0
+ K2 2 | 4 ek g 4
1-h leading to a gauge variation of the model as
we obtain from Eqgs(56) and(51) 5£3=Ji*a+ai, 61)
2
o= 9, D D+ h-- 9, Dg, whereJ" is the left Noether current
1-h? 2(1-h?) . . . .
Jr=20_¢'+h__o,¢'+B___dijd,dla.¢* (62
h . ‘

%a_dﬂa_@'. (57 Following again the soldering algorithm, we have after

2(1-h%) two iterations that
We can see clearly that E¢G4) is the zeroth order approxi- SL2=—2A1 A 63
mation of the actior(46) with h>—0: i.e., * T ©3

_ 2 WhereAii are the soldering fields. For the left chirality we
Lwra=Lp2(h"=0). 8 can write

Hence we can assume that the perturbative procedure in the h
soldering fields has disclosed an interesting behavior. The £%=0.p9_pi+ T d_pia_p
zeroth order approximation written in E¢p0) showed that - 2
in Eq. (54) the interference between the two distinct chirali- B
ties in)V; is, disregarding a cross term, the simple sum of +$dijkﬁfpiafpiafpk' (64)
both actions. However, taking into consideration the 3

terms we see that such a behavior is not true any longer.
we have stressed, E(G7) is not a trivial result: both chiral
particles are now parts of the same multiplet and we have a o =3"9 o (65)
modification of the metric through a constructive interfer- -

ence. We can see clearly that H§4) is just ah’>—0 ap- whereJ;” is the right Noether current

proximation of the exact action written in E¢h7) or com- '

pactly written in Eq.(46). Next we will prove in a precise ‘Ji7:2(9+Pi+h++‘9fpi+B+++dijkaf¢ja— X (66)
way that this behavior can be seen in all spinV theories.

A?he gauge variation of the model is

Again, after two iterations we have that
B. Weak field approach to the soldering of chiral VW,

_ SL%=—2A 5A!, (67)
Let us next analyze th&V; model for the right-handed
chirality, Eq.(24), and the final soldered action is
£|:|NA|_:£3_+£2_+2Ai_Ai+ (68)

) - h__ ) )

Li=0. 40 ¢'+——0.¢la, ¢
which has a vectorial gauge invariance, i&,=0.

Substituting all theZ V) we can write the final form of the

B . .
4. 9. dla, ¥
t5ikd+ $'9+ 4104 ¢7 59 4ction explicitly as

.  h._ . . h.. o 1.
Lenar=L2+L£0 —AL 3T —AlJ; +T(A'+)2+T(A'_)2+ B__ _dij A'+Al+a+¢k—§A'+A'+A5

o 1 . o
+B o dij| ALALg_pk— §ALALA'i +2AL Al (69)

Solving the equations of motion for the soldering fields, these can be eliminated in favor of the other variables,

Ak k
= _ 5P ) (70)

11 . _
ALZE‘Ji —§h++A|+B+++dijkAJ<?_ 2
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1 1 . (AR g, gk
A'_=§Ji+—§hA'++BdijkAL(?— >

(71)

Substituting Eq(71) in Eq. (70) and, to be concise, writing only the solution for thé , we have

i 1.1 + 1 + 9+ 1 +q+ k 1 i 1 j k
A+:§Ji _Zh++Ji +ﬂB+++dijk‘]j ‘Jk _ZB+++diijj Jk d_p +Zh++h77A++Zh++8777dijkA+3+¢

1 1 1 . 1
- 1—2h775+++diijJ+Ak+ - 1_282dijkdkmnlj+AT(7+ o "+ thfB+++dijkAJ+(ka+ ZBZdijkdjmnAT(7+ ¢"d_p*

, 1 1 . 1 .
hy  B___dijAL A + o= dijdimnd; ATAT + S2h? B+++dijkAJ+A5—+TzhffBzdijkdkmrAjﬁ-ATaJr(ﬁn

12 36 24—~
1 2 map n q 1 2 man k 1 2 K Aman
+ 52B-—-BijkdjmnGkpAT AL+ 970+ ¢ — 5B djmnATAL I p"— zeh— B dijkdjmnAL ATAL
. 2 map AN gan naqQ 1 2 maP AN AQ
—7,8---B dijdjmndip ATALAL (4 PIAL + 9, ¢"AT) + >168---B dijdjmndipATALALAL, (72
|
whereB?=B, ,,B___. 1+ h2 ' ‘ h o . _
Now we can solder the Lagrangian witf}, #0 and take L 2= —2a+¢>'a,d>'+ —zrud)'agb'
the terms of zero ordeth—0) of A" in Eq. (72), with the - 2(1-h%)
Noether currents
hss i i
J_®'9_d
[ i 1 [ i 2(1-h?)
AL =dip+ §h++(ﬁ—P —d-¢")
+———B, g P9 _dlg_ ok
1 . . 2 +++Yijk
+§B+++dijk‘9—Pk(‘9—PJ_¢9—¢J) 3(1=h%
1 . +———B___dij 9, D9, Do, DX (76)
5B 9o gk, (73) 3(1-h?) e
. 1 ) . ;
A =g ¢+ Eh__(l9+pl_07+ &) where we can see again that
1 ) : _ 2
+EB,,,dijk&+¢k((9+¢J—apr) Lwea=Ly2(h*—=0), (77)
+ EB,, _di a4 plapk. (74  demonstrating that what occurred to #1& theory happened
6 . to W, and again we have a constructive interference modi-

fying the metric.

Substituting in Eq.(69) and computing the soldering  The first-order action(75) is similar to that found by
fields through the equations of motion we have the solderegchoutens, Sevrin, and van Nieuwenhuiz&SN [45] for
action for the WFAW; model and, after an arduous algebrathe spins theory (the SSN actiop to describe a/ string
where we have considered thé terms, with®'= ¢'—p', propagating on a flat background spacetime metric. The
d.®' substitutes the so-called “nested covariant deriva-
tives.” In addition we have also obtained a reduction in the
infinite nonlinearity. The soldered action couples both chiral
scalar fields to a dynamical gauge field. This action is char-
acteristic of an interference process which leads to the new
and nontrivial result of the modification of the metric by
1 constructive interference, and proves that the SSN action can

+ i - K be an approximation of a more general action. Next we will
T3 B0, ', P10, @ (79) look at the spins>3 generalization of the SSN-like action.

) 1 . )
‘C’WFA: §+CDI(?,(I)|+ Eh,,ﬁ+q)l0”+(bl

A | S
+5h 0 @9 D'+ 2B, dijd_P'I_Dlg_dX

3

N| =
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C. Wy, N=4

In this section we will write only the final results of the
interference mechanism, i.e., for th&), algebra, as we
know,

) - h__ ) )
Li=0.dl0 ¢+ 0. 4o, ¢

B___ i ) ‘
+Tdijk5+¢ dy ¢Jf9+¢

B_.___ . .
+Tdijk|3+¢'0+¢m+¢kﬁ+¢l, (78)

: o1 ) 1 . :
EWFAz (?+<DI(9_CI)I+ Eh__(?+q)l(9+¢)l+ §h++(9_q)lc7_q)l+ +

PHYSICAL REVIEW D 66, 105008 (2002

h,.

i i
> Jd_pd_p

L=d,p'd_p+

= i -
Tdijkﬂ—P'a—PW—Pk

Biiio i .
+————did_p'd_pla_p*a_p,

7 (79

whered;;,, is another symmetric tens85].
After applying the whole interference method, the WFA
andh?-term actions are, respectively,

1

3 Bisilijpd-®'9_dlg_dk

1 o 1 o 1 o
+ 2B _dijk 0. @' DI D+ —BL i d_D'I_DII_DKI_D'+ -B____dijqd P9, Plo, DKo, D',

3 4 4
(80)
2
L= +—ha+<b‘a,q)i+ 5, D9, D+ N i et —  _B,,,d 0 ®g_dlg_dk
1—h? (1-h?) 2(1—h?) 3(1—h?) !
f B 40,010, 0  ga lg dlg kg @
3(1—h2) ———Hijkv+ + + 4(l—h2) ijkl ¢ — - - -
—— dii 0, D9, Do, DK9 D' (81)
4(1-h% "
Finally, for a)V gravity of spins, for both chiralities, respectively,
0 i i h-- i i B--—- i j L i j k [
Li=0d,¢9'd_¢'+ Ta+¢ @'+ Tdijk¢9+¢ dp@Pldy P+ ZB————dijk|5+¢ Iy Ppla P+
1 i i i
+gB__.A._dilizA..isou_d)15+¢2~-~§+¢5, (82
0 i i hss i i Biss i j k 1 i j k I
Lo=0:p'd-p'+——d-p'd_p'+—3—diyd-p'd_p'd_p°+ 7B i dijad_p'd_p'd_p d_p+---
1 : _ _
+gB++...+di1i2..4is&7¢|1077¢|2"'(9,(#5, (83

and the final actions are

. o1 . o1 . o1
CWFA:3+¢'&_(I>'+Eh__&+<b'&+<b'+§h++¢9_¢>'(9_<1)'+§

4

Biv. ..y
Td|1|2

. . A =
L0 DG Diz...g Dlst ———g
s S

o 1 o
By Gijd_®'9_Dlg_dk+ §B___dijka+c1>'a+q>la+¢>k

1 . . 1 o
+ =By 1 i d-P'9_Dlg_d*g_d'+ ZB____dijk|a+<l>'a+c1>la+<bka+q>'+ e

i 0+ @110, D25, D, (84)

iqig--
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c 2=1+—h2a Do Dt B g Bt — B, .dg Do Dl P
A T Y B R Y& T ) VR T Y2

+——B___did. P9, Do, P+ ————B diig 0D o_Dlg_dKg_d'
3(1—h2) ijk¥+ + + 4(1—h2) ++ + + Hijkl

+—|3____o|--k|(9+c1>ia+c1>ia+c1>ka+c1>'+-.-+h L0 D1y 2.9 Ds
4(1-h?) ! s(1—h?) vz

+Ld. 0, D19, D29, Ds, (85)
S(l_hZ) Iqlp - 1g

Now we have a first-order action for spg®4 theories. of two self-dual and anti-self-dual actions to their local ver-
Hence, we can conjecture if the SSN action is h&r-0 sion[31,29. We remark that the direct sum of the classical
approximation of a more general action as can be seen bgctions depending on different fields would not give anything

comparing Eqs(84) and (85). new. It is the soldering process that leads to a new and non-
trivial result.
IV. FINAL REMARKS AND PERSPECTIVES The basic idea of the soldering procedure is to raise a

global Noether symmetry of the constituent actions into a
The quantization of such a system of matter coupled tdocal one, but for an effective composite system, consisting
gravity defines a string theory. This interesting behavior warof the dual components and an interference term. This algo-
rants a study of the fusion & algebras coupled to gravity. rithm, consequently, defines the soldered action. Here we
We have obtained an action similar to that obtained by SSNhall adopt an iterative Noether procedure to lift the global
for spin-3 gravities. The result showed us that the SSN actiosymmetries. Therefore, assume that the symmetries in ques
can be an approximation of a more general action where thgon are being described by the local actiég ¢7), invari-

metric is modified. We have demonstrated in a precise waynt under the global multiparametric transformation
that this behavior is confirmed in spg>3 gravities.

As a final remark, in particular for further studies, we can SpT=a. (A1)
analyze chiraW; gravity, where to cancel the anomaly we

have to add finite local counterterms. Considering the non- Here 7 represents the tensorial character of the basic
chiral W5 gravity, the relation between the dynamiceliiral)  fields in the dual action$. and, for notational simplicity,
decomposition and the factorization that occurs in a closegi|| be dropped from now on. Now, under local transforma-
Wj string can be analyzed. There, the Hilbert space factortions these actions will not remain invariant, and Noether
izes as usual into a tensor product of the Hilbert spaces of theounterterms become necessary to reestablish the invariance,

left-moving states with those of the right-moving states. Thealong with appropriate compensatory soldering fieBd¥),
Hilbert spaceH of the left movers is then the product of the

single-boson Fock spade, with the Hilbert space of the S () =S, ()N
effective conformal field theord, andH=F ;& H.

=S. (¢, )N"D-MNIN (A2)
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APPENDIX: A REVIEW OF THE INTERFERENCE
MECHANISM 5S.(¢.)N %0,
The technique of solderingnterference essentially com-
prises simultaneously lifting the gauging of global symmetry 6Sg(¢p+)=0, (A3)
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with BN may be eliminated, in some cases, from the resulting
N) N) _ effective action in favor of the physically relevant degrees of
Sp(¢+)=S"(¢p4)+SV(¢-)+contact terms; freedom. It is important to notice that, after elimination of
(Ad)  the soldering fields, the resulting effective action will not
depend on either self- or anti-self-dual fields but only in
some collective field, sagp, defined in terms of the original
ones in aNoethej invariant way:

then we can immediately identify thgoldering interference
term as

S, = contact terms % BN (A5) Sg( =)= Set(P). (A6)

Once such an effective action has been established, the
where the contact terms are generally higher order functionphysical consequences of the soldering are readily obtained
of the soldering fields. Incidentally, these auxiliary fields by simple inspection.
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