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Starting with a first-order derivative in a self-dual model which describes a massive spin-4 mode in
D =2 + 1 dimensions, we obtain a sequence of three more new descriptions, which then gives us an
interconnected self-dual chain SD(i) with i = 1, 2, 3, 4 indicating the order in derivatives. We demonstrate
that a powerful notation in terms of a self-adjoint operator €2 in the framelike scenario truly simplifies the
investigation for new models, and at the third-order level can be converted to a geometrical description in
terms of the much more usual totally symmetric double traceless field.
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I. INTRODUCTION

The present paper is devoted to the study of massive
higher-spin gauge theories in D = 2 4 1 dimensions. We
carry out our discussion analyzing the very first genuine
example of a higher-spin field, the spin-4. Such choice is
based mainly on two motivations: First, the study of planar
gauge field theories and their equivalences is partially well
understood for lower spins, and can give us several hints on
further higher spin steps. Second, once the spin-4 field is
equipped with all the higher spin Fierz-Pauli constraints
(i.e., totally symmetric fields, double traceless and trans-
verse) one could figure out if the results can be generalized
for truly arbitrary systems with spin s.

The reason for working with the specific planar world
is related to the very interesting existence of the so-
called self-dual models in such dimension. This kind of
model describes parity singlets of spins +s or —s. The
important thing about such models is that they are not
unique in the sense that there exists different descrip-
tions, interconnected and equivalents via dualization
procedures. Under a very interesting perspective, the
self-dual models can be viewed as building blocks to
the construction of parity-preserving massive gauge
theories in D dimensions; this can be done through
the so-called soldering procedure, see [1,2], through our
previous experience with the lower-spin cases one would
obtain the Fronsdal action by soldering lower-derivative
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self-dual models.' At the same time, but in the opposite
direction, the self-dual descriptions can be obtained
from massless theories in D =3 4 1 via Kaluza-Klein
dimensional reduction [5,6].

Despite the dualities involving the self-dual descriptions,
perhaps the most known example is the equivalence
between the Maxwell-Chern-Simons model and the self-
dual model describing massive spin-1 modes in D =2 + 1
[7,8]. Generalizations of these discussion for other spins
s =3/2,2,5/2, 3, and 4 are also interesting suggestions
[9-14], and the research for their equivalences reveals
remarkable features, specially regarding the spin-2 context
[4] because of its obvious relation with the study of massive
gravity in D =241 [15]. Besides, another interesting
topic is related to the constructive and natural emergence of
“geometrical objects” from theories originally formulated
in the framelike. This is precisely one of the issues
addressed here.

In this work we have used the first-order self-dual model,
suggested in [14], as the starting point for obtaining new
gauge invariant higher order derivative descriptions which
can be completely expressed in terms of geometrical
objects like the Einstein tensor. The models obtained are
complete in the sense that they contemplate the auxiliary
fields needed to eliminate spurious degrees of freedom.
The tool we have used for obtaining such descriptions
consists of the well-tested procedure called the Noether
Gauge Embedment (NGE) (see [16] for an introduction).

'Here, a very interesting issue can be maybe be answered.
Starting with the Fronsdal action resulting from the soldering
process can we apply the Noether procedure in order to fulfill
Table 1 of [3] on the hieararchy of higher-derivative actions of
higher spin fields? We think this is possible as we have
demonstrated, for example in [4] for the lower-spin case.

Published by the American Physical Society
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Through this procedure we have performed three rounds of
gauge impositions in order to achieve a fourth-order gauge-
invariant self-dual model. An important byproduct of the
study of these free theories under such technical procedure
is the trade between the auxiliary fields in higher deriva-
tives and gauge symmetries along the proccess. Once one
can demonstrate that the higher derivatives do not imply
ghosts; one can use the gauge symmetries as a guiding
principle for the introduction of interactions, see [17] for
example, where the authors study the construction of
cubic vertex for massless and massive higher-spin particles
in D dimensions in an electromagnetic background, there,
in order to provide gauge invariance they have used
Stueckelberg fields. We notice that there are several
similarities with the previous lower-spin cases [18] (and
references therein), which in some sense, reinforces the
robustness of the dualization method.”
The basic spin-4 field in the first-order self-dual model is
a generalized dreibein field w),(,43,) with four indices, where
those which are between the parenthesis are symmetric and
traceless. Here we have demonstrated that the suggestion of
a second-order, self-adjoint operator, we have called Q44
is very useful for obtaining new models. We have also
demonstrated that, by getting to third stage of gauge
imposition, the framelike description can be completely
converted in terms of a geometrical one, where the fields
are then totally symmetric and the useful second-order
operator is automatically substituted by the relevant sec-
ond-order self-adjoint Einstein tensor.
|
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Despite the results we have obtained here, an issue still
persists; looking back at the lower-spin cases, we observed
for spins 1,3/2, and 2 that the number of self-dual descrip-
tions corresponds to 2s. Apparently, when we address the
transition spin-3 case and subsequently the spin-4 case, this
rule seems to be broken. Besides the four descriptions we
connect and provide in this paper, it has been suggested
recently that for the highest-order models in [20,21] those
descriptions are also geometrical and written in terms of
totally symmetric nondouble traceless fields; surprisingly
they do not depend on auxiliary fields and despite this are free
of ghosts. So far, we can not see how and if, it would be
possible to find the connection between the models obtained
here and such higher-order descriptions.

IL. FROM SD(1) TO SD(2)

In this section we are going to recover the first-order self-
dual model for massive spin-4 particles in D =241
dimensions which was suggested in [14]. In such a model
the massive mode is described in terms of a partially-
symmetric tensor given by w,,,) where the set of indices
between parenthesis are symmetric and traceless in such a
way that #/7 @, 5, = 17 ©,5,2) = 1@y, = 0. On the
other hand, we are going to have non-null trace if, for
example, 7w, 5,;) = wp;, in other words if the trace is
taken with one indices inside and another outside of the
parenthesis. The first-order self-dual spin-4 action can be
written as

(1)

in the action (1), the spin-4 field is coupled to the auxiliary rank-2 field U and at the end of the expression we have an

auxiliary action,” which can be written explicitly as
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“Notice however, that in [4] we show that in some conditions, which are not witnessed here, we obtain examples when the NGE fails
to produce a physical gauge theory. Indeed, the appearance of ghosts via NGE has been noticed before in [19].

*Notice that the scalar field U can be eliminated with the help of its equations of motion, in such a way that U = 99, v* /44m, then,
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While the field U% guarantees that no spin-2 ghosts are
propagating, through the analysis of the equations of
motion of the pure spin-4 part of the action (1) the authors
in [14] conclude that we still have the propagation of spin-1
and spin-0 variables; that is precisely why we have to
consider the auxiliary vectors H* and V, and an additional
auxiliary scalar U which is indeed the trace of U%.*
Only the determination of each numerical coefficient by
itself in the auxiliary action deserves a whole paper. Our
point here is that once we have the first-order action,
with all the correct coefficients, can we obtain higher-
order gauge-invariant Lagrangians, through a rigorous and

|

systematic way without making a complete and compli-
cated analysis of the equations of motion. Indeed this is
possible through different dual procedures. Here, we
explore such an idea making use of the Noether Gauge
Embedment procedure.

Itis very useful to define a collaborative notation to help us
in the presence of too many indices and fields. We suggest
for example that /%0, = E*, while Er oY) = gnlbrh),
In order to check the gauge invariance of the action we think
that it is better to rewrite the mass term by opening the
product of Levi-Civita symbols. With the rearrangement of
the action it can be written as

2
m m
Ssp() = / d*x [— 5 Outap &P + = (@ @Y = @y @) 4 Mg U + Loy | (4)

The Chern-Simons like term in the action (4) (the first one) is invariant under the gauge transformation

Oy (apy) =

aﬂg(aﬂr)’ (5 )

where the gauge parameter is totally symmetric and traceless. However, it is straightforward to check that such a
transformation does not correspond to a symmetry of the action due to the presence of the mass and linking terms, i.e.,

m?w* + wU. We would like to make the whole action invariant under the gauge transformation (5). In order to do that we
proceed by defining what we will call the Euler tensor, which can be calculated through,

2
03D _ _pyntpry 4+
3

0w, (5y2)

KHBrd) =

2
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3

where a partially symmetric-traceless combination of the auxiliary fields %) is codified in the function f#(¥r (U) which is

explicitly given by

FHED(T) = b TS g TP 4 pd G 0P) — % (P OWA) 4 g g 4 g gwh)), (7)

As part of the systematic procedure we define a first
iteration action by considering an auxiliary field aﬂ(ﬂﬂ),S

which give us

“The the rank-2 field Ugp, has the following algebraically
irreducible  representation; U,y = U (ap) T NapU /3 + €qp, H .
Then the vector H, actually comes from the antisymmetric part
of this field. We will also see that, when deriving the equations of
motion to the spin-4 field, we end up only with the symmetric
traceless part of U .

>The terminology here may be cause of confusion, but
differently of the auxiliary fields of the action, a4, have
nothing to do with the elimination of spurious degrees of
freedom; indeed it is added only as part of the procedure
of the embedding of the equations of motion and consequently
of the gauge symmetry.

S = SAD(]) - / d*x [a/)((lﬂy)Kﬂ(aﬁy)]' (8)

It is worth mentioning that the auxiliary field has the
same symmetry characteristics of the original field w,4,,).

Additionally, there is a prerequisite with respect to its gauge
transformation which is set to satisfy

Se@y(apy) = Ozlu(apy)- 9)

Then, taking the gauge transformation of the first iterated
action S we are going to have
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58 = / dx [~y (5, 5KV 7))
3 m?
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With these result in hand one can conclude that the action
defined by

2
¢ _g _m? / Px (aag, - PP aygs). (1)

is, by construction, automatically gauge invariant under the
transformation (5), in other words §:5” = 0. The next step
is to eliminate the auxiliary field by making use of its
equations of motion, which gives us

m2

Krlapr) _ 5 (2P’ + pPlPar® + " a® — a®PPr)
— aPre) — qrivap)y = 0, (12)

The inversion of the field a’???) in terms of K”(%") is quite
tedious, and after some manipulations one can obtain,

2 2
Ap(apy) = ﬁgﬂ(aﬁﬂ (K); dpy = WQﬁV(K)’ (13)
where we have defined the very useful symbol or notation
Q(@Pr) | which is applicable to different objects and has also
similarly been defined in the lower spin cases, for example
for s =3/2 [22], s =2 [23], and s = 3 [18]. Here, for the
Euler tensor it is explicitly given by

1
Qﬂ(aﬂy)(K ) = Kﬂ(aﬁy) ) (Ka(p/fr) + Kﬂ(/m) + Ky(p/fa))

(MpaK sy + NppKay + 1p, Kpa)

A|— OO —

+ (’7/1{11(/)7 + 77]/[)’[((1/) + n(lyKﬁ/))' (14)

The reader can easily check its trace obtaining
Qg (K) = 3Ky,/8. After some manipulation, the substitu-

tion of the auxiliary field a,(,,) as given by (13) in (11) one
can demonstrate that

1
S’ = S’—W / dPx K5, Q@A) (K). (15)

At this point we can finally perform the last complicated
substitution, that of the Euler tensor given by (6) in (15).
Such manipulation, taking in account the useful “self-
adjoint” property of the Q-symbol, i.e., AQ(B) = BQ(A),
for arbitrary A and B will leave us with the so called
second-order self-dual model which we explicitly write as

m
Ssp) = / d*x [—ép(aﬁ},)gﬂ(“ﬁ”(g) —Ewp(aﬂ”gﬂ(aﬁy)

11m? . -
” U(aﬁ)U(aﬂ)"i_'C;ux . (16)

+ 37’” £, 00 —

For the result obtained in (16) some comments are in order.
The first thing we observe is the emergence of a second-
order derivative term, the first one in the expression. Such a
term consists of the sum of three pieces which thanks to the
Q-symbol can be arranged in a single one. Next we give the
explicit expression for it. One can also notice that the Chern-
Simons-like term persists in the second-order model, but
now with a change in its sign. We also have a new linking-
term between the spin-4 field and the auxiliary field U (ap)
which is now a first-order derivative, see ~£Q(f). Lastly, we
mention that the auxiliary Lagrangian has received through
the process of embedment a new contribution, the term ~02,
and from now on we will incorporate it by redefining the
auxiliary Lagrangian by £}, — £2,,. Through our previous
experience dealing with a similar procedure in the much
simpler case of spin-3, such automatic corrections of the
auxiliary Lagrangian are indeed required to maintain the
correct spectrum of the theory; here, we are not going to
focus on demonstrating that. One can observe that all the
terms which were breaking the gauge invariance of the
action (4) have been completely eliminated in (16); as a
consequence, one can check that the remaining terms are in
fact gauge invariant. As far as we know the second-order
action obtained here is an original result.

III. FROM SD(2) TO SD(3)

It turns out that, similarly to what happens in the lower-
spin cases, the second-order term can be written in terms of
a totally symmetric field ¢,,5, as we will see in the last
section. This is an indication that this term is invariant
under the following gauge transformation,

5[\0)1/((1/3)/) = €zx(1/)A(p/}y) + €u/}/)A(pya) + €yy/)A(/)a/})1 (17)

which indeed can be verified. We also have to say that the
gauge parameter is symmetric and traceless. However such
a transformation does not correspond to a symmetry of the
action (16) because of the remaining terms. Then we can
perform another round of the Noether procedure, which
demands the calculation of the new Euler tensor

M) = e _zgv(ﬂﬂ)(g) + marPri) — 2?mgv(ﬂﬂ) (f)
= EH MY OrA) (18)
As we have done before, we introduce an auxiliary field

b*\Pr2) coupled to the Euler tensor defining the first-iterated
action,
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S" = Ssp(2) — / dx [P M (5], (19)

where b*(%P7) has been chosen in order to have the same
gauge transformation as the spin-4 field, §,w*Pr) =

5 b"Pr") Then, taking the gauge transformation of S’
we have

BpS' = / d’x 8 {_%bmﬁwﬂlbuaﬁn - (20)

Again, by construction, we have an invariant action
given by
§" = SSD(z)
- m
_ / dBx |:by(a/}y>Ey/1Ml(aﬂy) _ E bu((l/)’y) Euib/l(aﬁy) )
(21)
In order to eliminate the auxiliary field b4, in terms of

the Euler tensor we notice that the last expression can be
rewritten as

Wby
S = SSD(Z) _ / d3x |:_m (b”(“ﬁ)’) — )
2 m

M/l a
xE,/} (bwﬁy) - ,;M>
1 - -
A (e
+ %M/l(aﬂy)Ez/ M ( ﬁ}f):| P (22)

which by shifting b — b 4+ M/m completely decouple the
auxiliary field from the Euler tensor. The remaining
decoupled term on b is a Chern-Simons-like term, which
as we know has no particle content by itself and can be
neglected from now on, leaving us with the following
action

1 _ ~
S” = SSD(Z) - ﬁ/ d3x [M/l(aﬂ},)EDﬁMWaﬂY)]. (23)

After the substitution of # defined in (18), making use
of the properties of €, and some integration by parts we
finally have a third-order derivative self-dual action for the
spin-4 mode

Ssp(3)
2
= / d'x {fp(aﬂr)gp PE) =~y apy) () B Q1 (E)
1 g v 2lm - a 7r(ya
_Efp(aﬁy)(U)Equ ( ﬁ},)(f) +%U(aﬁ)E yU(y )+£§ux .

(24)

In this third-order self-dual model, which is an original
result of this work, we can observe that we still have the
presence of the second-order term, but with a change of
sign, which is typical of this kind of self-dual model
connected by the dualization procedure. What is new now
is the presence of a third-order term, which is also typical,
with structure given by ~QEQ; as we will see in the next
section when we make the migration to a totally symmetric
notation such a term becomes a symmetrized curl of the
totally symmetric field. It is also interesting to notice
that the auxiliary Lagrangian L2, has gained a new
contribution ~UEU, and from now on we redefine it,
ie., L2, — L3, Last, we also mention that in order to
become gauge invariant, the linking term has also changed.

IV. “GEOMETRY” FROM THE DREINBEIN
DEPENDENT MODELS

It is well known, see for example Appendix A of [24],
that the number of independent components of a totally
symmetric field of rank-s in D dimensions is given by the
combination

(D+s—1)!

C(D+S—1,S):m,

(25)

where the tracelessness condition can be achieved by
removing C(D + s —3,s —2) from it, while the double
tracelessness condition can be achieved by removing
C(D+ s —5,s—4). Then, one can easily verify that the
number of independent components of @, ., is given by
N = 3[C(5,3) — C(3,1)] = 21. Such 21 components may
be organized in terms of a totally symmetric double
traceless field, through

1 1
Dy(pr) = Pupri 3 MuipPra) = 3Ny Pigu + Ceup(yy.  (26)
where we have chosen the numerical coefficients in order to
respect the tracelessness condition of the w4, field in the
left-hand side of the equation. Besides, such coefficients are
adjusted in order to reproduce the second-order term used
for example in [24]. Notice that the last coefficient c is kept
arbitrary once our terms are invariant under (17). The
parenthesis in this expression means unnormalized symet-
rization of the indices. On the right-hand side of (26) one
can check that the number of independent components are
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the sum of those given by the symmetric double trace-
less field ¢,4,,, given by C(6,4) —C(2,0) = 14, plus
those of the symmetrlc traceless field 7,, given by
C(5,3)-C(3,1) =

We would like to construct geometrical objects, like the
Einstein tensor, for the double traceless totally symmetric
field. In order to do that, one can mimic the procedure the
authors have done in [25] for the rank-three field. Here, we
aim to find an action invariant under the gauge transformation
& =0. (27)

Oxbuprn = 0(upyays

We look then for a “Christoffel” symbol transforming as
a gradient of the gauge parameter as closely as possible.
After that, we could aim to find gauge invariants. This is
respected by the first order in derivative symbol

(Da _
F;m = ﬂ‘ﬁww

. (Da _
P busps Ol 55 = 20,0,855.  (28)
and as in the rank-three case, one can also define a second-
order symbol, which, under arbitrary reparametrization
transforms as a multigradient of the gauge parameter, i.e.,

W/M - 8ﬂrvlﬂ zayrpbﬂﬁ’ 5§F e = 68 aua/lé};{)l
(29)
1

2

- 6¢/41/D¢ﬂy - 6¢/Avaﬂaa¢ya]'

Once the second-order derivative symbol is ay-traceless
we can define the “Ricci” symbol from it,

Ruwip = =5 ,w,w = Uduip — 00 bavip) + 0,0ubp)5

55 uvAp - 0 (30)

As in the lower-spin cases it is also convenient to define
along with the “Ricci” tensor its trace, which is given by

1
Ryp =2 |0dyp — 00 Puaip + 53(/13"6/)(11) . (31)

With the Ricci and its trace we can finally define the
second-order derivative Einstein tensor,

1
Gﬂu/lﬂ = Rﬂu/lﬂ - En(;tyRﬂﬁ)~ (32)

We have to remember that all such deductions and
definitions are merely illustrative as we know they are
precisely those obtained by Fronsdal. Actually, the so-
called Einstein tensor here, is the rank-four Fronsdal tensor
for many authors. The fact is, that once we have in hand
all these definitions, we can construct a second-order
term for the symmetric double traceless field, which is
given by

> / Bx PG (@) = % / X [ Pusp 0P + 40 P i) + 1260,,0,05""

(33)

Which is precisely the second-order term [see expression (4.2)] of [24]. It is also useful to notice that the operator

G (¢) is self-adjoint in the sense that [yG(¢p)

= [¢G(y)

. Such mathematical property will be decisive for obtaining

equations of motion, as well as for interpolation with other self-dual models.
Once we are dealing with parity violating actions, it is useful to define from expression (5.1) of [25] a symmetrized curl,

C/Abyi (¢)

/d)ﬁuyl (34)

which in turn allows us to construct a third-order gauge-invariant term given by,

/d3x Cyvyl(qs)G#UM(qﬁ) = /d3x [_4¢ﬂvyﬂDEﬂy¢ﬂDM + 12¢ﬂﬂyﬂEﬂu8ﬂaa¢mM
— 243 B 0P+ 120, OEP 7 + 6h 5, EP, 000 p ™). (35)

6Maybe one could try another decomposition to the dreibein
field in such a way that the totally symmetric field would be
nondouble traceles—this would be an attempt to reproduce the
structures found, for example, in [20].

|
Similar to before, the operator C,,,,(¢) is also self-
adjoint and we are going to need that property in the next

section, i.e., [wC(¢) = [¢C(y)
check that the operators C and G commute with each

other [¢C[G(¢)] = [ $G[C(¢)]

. Besides, one can also
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As a final comment of this section we are going to verify that our w-dependent terms obtained in (24) can be translated to
the symmetric notation via the decomposition (26). Below, we give the explicit expressions for our terms as well as their
geometrical forms,

7 3
/ B xEp(ap) X P (E) = = 2 5y DD + 20,5 00,0V 42 0,y Ol
15 3
+ g Pulbri) aﬂaku(vﬂ) - 3“’/4(/f7/1>8”aﬂ°0M + 3 a)ﬂ(ﬁmDa}ﬁW’”
3
~ u/iria (’9(0/’”/’1
1
= E/d%(b,,mﬂ@‘”‘ﬂ((ﬁ), (36)
for the second-order term, and
2 BxQ Er QUaby) (£) = OE* @r(abr) 3 OE® P )
- X p(aﬂr)@) v (&) = @ (apy) p - Ewﬂ(aﬂy) P
3 3
+2CU/1 afy) E 8’16 a)/’”/jy —3—60/}J,DE ° o(pbr)
3 3
+ 3_2 wl(a/iy) aiaaE/mwﬂ(pﬂ” + Z w/l(ﬂﬂy) DE” Apr)
3 3
— ZC();L upy) E 8’13 o’ whr) — Ewﬁ(ﬂﬂy)DEﬂ/ﬁ”@awp(my)
3 OE? 9.0, wwvar) 33 SO o(prP)
+7wﬁ7 EF 00,0 +§w7(/1#/3> Eye®
33
— 3—20)/1/;8 8 E/O-C() o(pvp)
~ o | 5 Cun@6"7 () (37)
for the third order term. Finally, the linking term, given by
! & EP,Qapr) 0 d*x Uy, O 0 U ,0,0,0" %)
=5 | &% foapn(0) () =-g | dx Uy, +3 Up Ol
9(7 80(1/“’“7 9U 8/’8 @
T3V —g Y G
3 -
= En(uuUiﬁ)GMMﬁ(¢)' (38)

|

Once all the w-dependent terms can be translated, to the
geometrical description, which means that they can be
written in terms of G, one can wonder about the possibility
of finding a new self-dual fourth-order derivative model as in
the case of the spin-3 context. Finally, we have to point out a
difference in notation here. Under the approach we have used

V. FROM SD(3) TO SD(4)

In order to get a new self-dual fourth-order derivative
model from the third-order one, we have to investigate the
symmetries encoded in the third-order term which are
absent in the second and even in the linking term. One

here, based on [25], the Einstein tensor is a second-order
derivative; however, in [26] the authors have done a
systematic study on the conformal geometry of higher-spin
bosonic gauge fields in three spacetime dimensions where
the Einstein tensor is proportional to the Riemann tensor
which for a rank-s field is a derivative of order s.

could use the spin-3 case as an example; when passing
from SD(3) to SD(4) (see [18]) we suggested a generali-
zation of the traceless diffeomorphism where the gauge
parameter became tracefull. The analog of this would be
Oeuvip = O(uSuip)» but the circumstances are a bit more
subtle than this. Once the field must be double traceless
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according to our prescription given by (26) we have to
suggest a slightly different and unusual transformation,

4
Sebuvip = Owbuap) — E’I(/wr]/l/})aaga' (39)
Using the explicit expression for the third-order term
given by (35), we can check that such transformation (39)
will become a symmetry of this term, if and only if we have
the trace of the gauge parameter as a longitudinal vector.

In other words,
J

y = y(x). (40)

Using the explicit expression for the second-order term, it
also easy to check that (39) with the additional condition
(40) does not configure a symmetry of that term, which
then allows us to try another round of Noether Gauge
Embedment. Perhaps it would be interesting to notice that
the double Weyl part of (39), the term given by ~nnd - &, is
by itself a symmetry even of the third as well as the second-
order term. We start by writing the SD(3) model in its
geometrical form

& = oy

1 1
Ssp3) = /d3x {— g (P) +8—mcﬂm<¢>@lm(¢) + Uy ip G () + Lo |- (41)

2

where we have defined U/, = 31,

U (1p))/40. Then, taking advantage that all the terms in the action are proportional to

the operator G, it can be factored and the equations of motion with respect to the totally symmetric field ¢,,,; are quite

simple

N#wB — Guib {gb 4 ﬁc((p) + u} = N (p), (42)

where we have defined b = ¢ + ﬁ C(¢) + U. Next, we proceed by suggesting an auxiliary field a,,,; transforming in the
same way the original field does, i.e., :a,,)3 = 8¢¢h,,;5 Which allow us to conclude that

Sl = SSD(3) - / d3x aﬂyﬂ/},NﬂIMﬁ’

1
5551 = —2/ d3x 5(61!“//1/5031#”/}(61)). (43)

By construction, we then get a £-gauge invariant action given by

1
Sy = Sspi) — / d’x [aumﬁﬁ”yw(b) - i%umﬁﬂyw(@]- (44)

The auxiliary field can be easily eliminated if we notice that the term under the integral (44) can be written as

1

1
Sy = Ssp(3) +§/d3x [(a = b),,,,6""(a—b)] - 5/ d®x [b,,,5,G"* (b)]. (45)

Considering that the second term in (45) is free of particle content and completely decoupled from the rest of the action

by performing a — a + b, we end up with

1
Sy = Sspi3) — 5/ dx [by15G" (b)]. (46)

Substituting back b, defined in (42), we finally get the fourth-order, gauge-invariant action

1

1
Sspw) = / & [— gy Gt (D) 74(P) = 35— Cpua(9)G7(C) = 1 Cpua(9) G (U)

1
- Euﬂuy/lﬁﬂuﬂ (u) + ‘Cgux:| .

(47)

The self-dual massive fourth-order model we have obtained here is complete in the sense that it contains all the auxiliary
fields needed to describe the unique spin-4 mode. As an automatic consequence of the procedure we used, the auxiliary

action has been corrected once more with
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1 81
—ZU =

 hrd 320

G U) = — (20, 00" - T ,,,8"0,0). (48)

3

By incorporating this correction to the previous auxiliary action we have £3,, — £#,.. The new gauge-invariant third-

order linking term ~UG(C) is explicitly given by

1 9

- % C,Lwyi(qs) Gﬂl/}’/{ (u) = @ [

Finally, we have generated the fourth-order term

1
32m?

26, OE* U — 28, E*50° 0 UPY + ¢, E*,0°0,UP)). (49)

1
532 Cur )G (€) = =3 By P 4 2001, D D™

9 15
- Z 45/41/}/2 Daﬂ 6D¢M - § ¢/w}/iaﬂ ayaaaﬁ ¢aﬂyﬂ

9 15
+ g¢yuD2¢”D - Eqﬁﬂuaﬂayaaaﬁgbaﬁ

15 27
+ Z ¢;wyllaﬂ aya)/aa¢w1 - R q’),uyljaﬂ a(l¢(w7 (50)

which is invariant under all the previous gauge trans-
formations. It is also interesting to notice that all the
results we have obtained here are quite similar to those
we have found in the spin-3 case. As in that case, we have
also observed that, as far as we can investigate there is no
gauge transformation to implement into the fourth-order
model. In other words, the fourth-order term does not have
an invariance under a new symmetry which would be
broken by the third-order term. One can also notice that the
fourth-order term we have obtained here does not corre-
spond to the fourth-order term suggested in the very
interesting thesis [21,27] where the author has defined a
generalized fourth-order Einstein tensor in such a way that
LY = ¢,,15E,“E,JE;"Ef § - In fact, that term is invari-
ant under the unconstrained gauge transformation 6¢,,,5 =
O&ip) which is broken by (50). It has been quite
challenging to overcome this barrier in order access the
highest-order models; for example those obtained in [20].
Perhaps this will remain impossible even once those
highest-order models are unconnected ab initio.

VI. CONCLUSION

In this work we have used a spin-4 self-dual model in
D =2 + 1 dimensions suggested for the first time in [14],
as a starting point to obtain a sequence of three more self-
dual descriptions which are second, third, and fourth order
derivatives. All of them are achieved through a dualization
procedure we have similarly used in lower-spin cases for
both, bosons and fermions; the procedure is called the
Noether Gauge Embedment.

It turns out that the descriptions of first, second, and third
order derivatives are written in terms of dreibein fields

|

@y (apy) @nd the complicated terms of higher derivatives, as
well as the procedure by itself, become manageable thanks
to a powerful notation which introduces the self-adjoint
operator £2,,s,) (14). Similar structure has already been
used in the lower-spin bosonic cases, spin-2 and spin-3.
The spin-4 field is the very first representative of a genuine
higher-spin description (due to the double traceless con-
dition) and we believe that further generalizations of such
operators for higher spins, i.e., €, ( can be suggested
using this case as an example.

We have demonstrated that, once we get to the
third-order self-dual description, it is possible to make a
conversion of the framelike notation in terms of a “geo-
metrical” one, which is entirely described in terms of a
totally symmetric field, ¢,,,5. Such a geometrical descrip-
tion is reached by extending the steps of [25] for the case of
rank-four fields, which allows us to obtain the so-called
Einstein tensor G, 3 (32) and symmetrized-curl C,, 5 (34),
both of which are symmetric. Such operators enjoy useful
algebraically properties such as self-adjointness and com-
mutation and this is precisely why we have been able to
obtain a fourth-order self-dual model. The last self-dual
model is invariant under the complete set of gauge trans-
formations implemented along the procedure, i.e., (5), (17),
and (39). As far as we can investigate, there is no new
gauge transformation to be imposed, and again, as we have
verified this in the much simpler case of spin-3—we are
stuck in the fourth stage.

Some directions must be better investigated after this
work. We have observed that, once we have the auxiliary
fields established in the very first self-dual model SD(1),
the subsequent models receive new step-by-step corrections
and new gauge-invariant linking terms substituting the

Ha---Hs)
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nongauge-invariant ones. A next and important step would
be the consideration of a source term coupled to the spin-4
field in SD(1). From this source-field coupling we can
obtain the corresponding dual maps among the descrip-
tions, connecting for example the equations of motion in
the classical level. Additionally, and much more interesting
and important, with such dual maps one can also verify the
quantum equivalence between the suggested models via a
unique master action interpolating among the descriptions
by comparing the correlation function calculated for N
points. In this sense the Q notation is a technical prerequi-
site in order to construct such master action; besides, one
has to demonstrate the absence of particle content of the so-
called mixing terms and this seems to be tricky for example
for the third-order term. Finally, we hope to be able to

develop the Q notation in order to find out higher-derivative
versions from the arbitrary massive spin-s bosonic and
fermionic actions introduced by [28]. Another interesting
point would be the study of the dual map connecting the
models given by the expressions (4.5b and 7.1) in [29]
which are higher-spin analogs of the self-dual descriptions
we have studied through the systematic Noether Gauge
Embedment approach.
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