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Abstract We study the Faddeev—Jackiw symplectic Hamil-
tonian reduction for 3 4 1-dimensional free and Abelian
gauged Rarita—Schwinger theories that comprise Grassman-
nian fermionic fields. We obtain the relevant fundamental
brackets and find that they are in convenient forms for quan-
tization. The brackets are independent of whether the theo-
ries contain mass or gauge fields, and the structures of con-
straints and symplectic potentials largely determine charac-
teristic behaviors of the theories. We also note that, in contrast
to the free massive theory, the Dirac field equations for free
massless Rarita—Schwinger theory cannot be obtained in a
covariant way.

1 Introduction

In 1941, Rarita and Schwinger constructed a theory of spin-%
vector—spinor fields which has alocal fermionic gauge invari-
ance [1]. However, this symmetry is lost when the vector—
spinor field has mass or couples to the other lower spin fields.
More precisely, in 1961, Johnson and Sudarshan studied mas-
sive Rarita—Schwinger field minimally coupled to an exter-
nal electromagnetic field, and they showed that the equal-
time commutators and relativistic covariance of the theory
are in conflict, which makes the quantization a rather sub-
tle issue [2]. In 1969, Velo and Zwanziger found that the
massive gauged extension of the theory also admits superlu-
minal wave propagation. Thus, the causality principle is also
violated in the theory [3]. Despite these persistent problems,
the massless theory keeps its importance particularly in two
respects. First, the massless (Majorana) Rarita—Schwinger
field plays a central role in the construction of covariantly
interacting supergravity theory [4—6]. The theory describes
a generalization of the Rarita—Schwinger fermionic gauge
invariance and the vector—spinor fields are fermionic super-
partner of gravitons, namely gravitinos of the supergravity.
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By this concept, Das and Freedman showed that the mass-
less theory is free from the non-causal wave propagation and
has a unitary propagator structure [7]. Second, the massless
Rarita—Schwinger theory is valuable for the cancelation of
SU(8) gauge anomalies. Unlike the generic anomaly can-
celation mechanisms in which the anomalies are supposed
to be canceled withing the lower spin fermionic fields, it
was shown by Marcus [8] and later studied by Adler [9]
that a complete SU(8) gauge theory can be constructed via
Rarita—Schwinger fields. In this set-up, the vector—spinor
field acquires a crucial role in canceling anomalies arising
in the gauge theory. Thus, it is left to determine whether
the gauged Rarita—Schwinger fields describe well-behaved,
complete classical or quantum field theories. For this pur-
pose, Adler has recently studied minimally gauged mass-
less Rarita—Schwinger theories at both classical and quantum
levels in detail [10,11]. He showed that, unlike the massive
case, the massless gauged Rarita—Schwinger theory provides
consistent classical and quantum theories with a generalized
fermionic gauge invariance.

Taking the above mentioned observations as inspiration
points and noting the hard task of getting proper brack-
ets of constrained systems providing viable quantization,
we study the Faddeev—Jackiw (FJ) symplectic Hamiltonian
reduction [12,13] for free and gauged Rarita—Schwinger the-
ories. Unlike Dirac’s approach for constrained systems [14],
the FJ symplectic first-order formalism does not require any
classification of constraints.! In other words, the method
avoids analyzing systems by evaluating all commutation rela-
tions among the constraints and classifying them accordingly.
Apparently, the FJ approach supplies a rather economical
way of quantizing constrained systems. In doing so, we find
the fundamental brackets for the free and gauged Rarita—
Schwinger theories for both massless and massive versions.
Here, the brackets are in admissible structures to be quan-

! For the quantization of the constrained system, see for example [15—
17].

@ Springer


https://core.ac.uk/display/78072775?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-016-4411-3&domain=pdf
mailto:sdengiz@mit.edu

566 Page?2of 11

Eur. Phys. J. C (2016) 76:566

tized. We also observe that the brackets are identical for all
kinds of the theories; the brackets are independent of whether
the theory is massive or interacting with external electromag-
netic field or not. The differences between the theories arise
among the constraints they have. We also notice that, in con-
trast to the massive case, the Dirac field equations for free
massless Rarita—Schwinger theory cannot be obtained in a
covariant way.

The layout of the paper is as follows: In Sect. 2, we reca-
pitulate the fundamental properties of free massless Rarita—
Schwinger theory and apply FJ Hamiltonian reduction to the
theory. In Sect. 3, we turn our attention to the FJ Hamil-
tonian reduction for free massive Rarita—Schwinger theory.
Sections 4 and 5 are devoted to the first-order symplec-
tic analysis for Abelian gauged extensions of massless and
massive Rarita—Schwinger theories. In Sect. 6, we conclude
our results. In Appendix A, the derivation of the transverse
and traceless decomposition of the fields in the free mass-
less Rarita—Schwinger theory is given as a sample. In the
Appendix B, we briefly review the FJ approach for con-
strained and unconstrained systems. We also give an example
of the application of symplectic method to anti-commuting
spin—% Dirac theory.

2 Free massless Rarita—Schwinger theory

The 3 + 1-dimensional free massless Rarita—Schwinger the-
ory is described by the Lagrangian

L= ="y ysyudu iy, (1

where v/, and &M are vector—spinor fields with spinor indices
suppressed. We work in the metric signature (+, —, —, —),
ys = iyOy1y2y3 and {y*, y¥} = 2n*¥. We consider the
fermionic fields as independent anti-commuting Grassman-
nian variables. Recall that, unlike the complex Dirac field,
for the Grassmannian variables there is no such relation as
Y, = vy, Instead, ¥, and v, are independent gener-
ators in the Grassmann algebra. Thus, one can define the
conjugation as follows:

Vi =00 @ =00 . 2)

Notice that this does not mean that Eq. (2) produces a
new element in the Grassmannian algebra. This is merely
the conjugation of independent variables. Therefore, with
the help of the conjugation of the Grassmannian variables
(6162)* = 0567, one can show that the Lagrangian in Eq. (1)
is self-adjoint up to a boundary term:

L = L+ 3Py ysyuby), )
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such that the total derivative term naturally drops at the action
level. Moreover, variations with respect to independent vari-
ables, respectively, yield

GMWPVSJ/uava =0, GAMUpavl/_fAVSVu =0, “)

which are the corresponding field equations. From now on,
we will work with the first of Eq. (4). But, by following the
same steps, one could easily obtain similar results for the
second equation. Notice that by using the identity

AV, p

P ysy, =iy — 0™ y? — vy + v Yy, (5)

one can recast the field equation in Eq. (4) as follows:
=o'y ) =y Y ) =0, (©)

Here § = y*9, and y - = y*y,. Contracting Eq. (6) with
¥ gives

3y —dy-¥)=0. (N

Finally, by plugging this result in Eq. (6), the field equation
reduces to

Jy* -3ty -y)=0. ®)

To obtain the real propagating degrees of freedom, let us
now study gauge transformation and corresponding gauge
conditions. For this purpose, let us recall that under the local
Rarita—Schwinger fermionic gauge transformation

89p(x) = 9pe(x), ©))
the Lagrangian in Eq. (1) transforms as
8L = 0 (=€"" P Eysyudyp). (10)

Here € is an arbitrary four-component spinor field. As is seen
in Eq. (10), the free massless Rarita—Schwinger Lagrangian
changes by a total derivative under the Rarita—Schwinger
gauge transformation, which drops at the action level and thus
we have a completely gauge-invariant theory. This means
that the theory admits a gauge redundancy. To find the correct
physical degrees of freedom of the theory, one needs to fix this
gauge freedom. For this purpose, let us assume the Coulomb-
like gauge condition

Y =0, (11)

where i = 1,2, 3. In fact, this is a reasonable gauge choice:
Any initial data I/Ii/ (x, t) that does not satisfy Eq. (11) can be
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tuned to the desired form via?

. a3 )
e(x, r)=—y‘ai/4—ywvfj(y, . (12)
TIX —y|

(See [7,18] for further discussions.) For the sake of the self-
completeness, one needs to examine the theory further to see
whether Eq. (11) imposes any additional conditions or not.
For this purpose, note that {9 component does not have a
time derivative, so it is a Lagrange multiplier. In other words,
as in the electromagnetic case, the zeroth component of the
vector—spinor field is a zero mode which is followed with a
constraint. More precisely, the . = 0 component of the field
equation in Eq. (8) reads

Y 8ivo — do(y i) = 0. (13)

One can also get a secondary constraint by contracting the
field equation with 9. But since our primary aim is not ana-
lyzing the system by examining all the existing constraints,
we leave it as a comment. As is seen in Eq. (13), gauge-fixing
condition yv; = 0 imposes y'd; ¥ = 0. Here, since the
operator is not invertible, we are not allowed to have ¥y = 0
as a corollary of y/v/; = 0; yet we assume an additional con-
dition of ¥/9 = 0. Furthermore, splitting the fully contracted
equation in Eq. (7) into its space and time components yields

3y =y 00 ) — v i "o — v i (i) = 0. (14)

In Eq. (14), one should notice that the gauge-fixing condition
yiy; = 0 together with the assumed condition ¥y = 0
impose 3'y; = 0. As a consequence of this, we obtain the
set of consistency conditions

y'i =0, 8" =0, yo=0. (15)
Observe that Eq. (15) can also be written in covariant forms
as follows:
Y =0, 3, =0, (16)
which are the Rarita—Schwinger gauge-fixing conditions.
Thus, with the gauge choices in Eq. (16), the field equa-
tion for the free massless Rarita—Schwinger theory in Eq. (8)

turns into the Dirac field equation for massless spin-% vector—
spinor field,

Jy* =o. (17)

2 Since the gauge choice 8 y; = 0 on the initial data will also arise due
to the self-consistency, one should also be able to regulate the gauge
parameter via € = — % ;v But since we start with Eq. (11), we have
to use Eq. (12).

Symplectic reduction for free massless Rarita—Schwinger
theory

In this section, we study the FJ Hamiltonian reduction for the
free massless Rarita—Schwinger theory which will lead us to
the fundamental brackets of the theory. For this purpose, let
us recast the Lagrangian in Eq. (1) in a more symmetric form:

1 - 1 7
L= —Eek”vpllfm/sl/uaul/fp + Eéww(autﬁx)ysmlﬂw (18)

To study the theory in the first-order symplectic formalism,
one needs to convert Eq. (18) into the desired symplectic
form. That is, one needs to split the Lagrangian into its space
and time components. After a straightforward decomposi-
tion, one gets

£ = AP+ A — Ho, Yo, i, Do) (19)

where the symplectic coefficients are

1 .., - |
k k
AP = _Eel]klﬁiys)/j, Ay = EéllkVWjWif 20)

and the corresponding symplectic potential reads
- - 1 .., -
HWo, Yo, Yi, Yi) = 56"’k¢0V5Vi3jl/fk
1 .- 1 .. -
- Eé”kl//iys)/oajlﬁk - Eel]kWiVSVjakWO
— LR+ e @ ysvo
) jV0)Y5ViVk ) JVi)V5YoVk
L ik (3 3y 21
+26 ¥i)ysvivo. (2D

As expected, all the non-dynamical components have been
relegated into the Hamiltonian part of the system. In analyz-
ing the theory, one could also choose the conjugate momenta
of ¥ as a dynamical variable. But in our analysis, we will
not work with it. Instead, we consider ¥, and ¥, as the
independent variables. Note that 1o and g are not dynami-
cal components, so they are Lagrange multipliers. Following
[12,13], the elimination of constraints gives the equations

e @vysy; =0, e ysyidjpn =0, (22)
To solve the constraint equations, one can decompose the

independent fields into its local transverse and y-traceless
parts as

vi=vl +9 Ui=vl + 1;1', (23)

where “T” and “"” stand for the transverse and traceless
parts, respectively. Here the y -traceless parts are

~ 1 . 2 _ 1 - .
Vi =i — 57/1')/]%', Vi =i — gwjyj)/h (24)

@ Springer
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such that yilﬁi = 0and y! 1;,- = 0. Then, by using the identity
Mysp = —yal where o'l = J1y'.y /], (25)

as well as the constraints in Eq. (22), one can show that
the transverse and traceless decomposition of the fields in
Eq. (23) can actually be written as follows:

3¢
V2’

Kl’izl/fir“‘ai_§

e (26)

Vi =y +
where ¢ = d(y - 7) and V2 = 9;8'. As a side comment,
one should note that as is done in [13], without addressing
the transverse and y -traceless parts Eq. (23), one could also
directly start with Eq. (26). Here, we further provide what
the explicit form of the Longitudinal part is. (See Appendix
A for the derivation of Eq. (26).) Accordingly, the constraint
equations in Eq. (22) turn into completely transverse ones

@I Nysy; =0, €*ysyaiul =o0. 27)

Finally, by inserting Eqs. (26) and (27) in the Eq. (19),
up to a boundary term, one gets a completely transverse
Lagrangian

£=APYT 4 ARG il gl (28)

Here the transverse symplectic coefficients and potential are

of | T _ 1
AP = =gl ysyi AY = Seltysyiv

_ 1 .., -
Hr Wl o) = =50 s uil
1 .. _
+ € @Dy (29)

Thus, by defining the symplectic variables as (§1, &) =
(wkT , wkr ), one gets the corresponding symplectic matrix,

0 eVrysy; ik
faﬁ <—61]kj/5)/j 0 ap VsV
which is clearly non-singular. Notice that the minus sign in
the sub-block is due to the anti-symmetric € tensor. There-
fore, by taking care of the epsilons contraction in the current
signature, one can easily show that the inverse symplectic
matrix is
1 . m 1
-1 0 —3€imkY5Y m
= = —€ByE€i .
faﬂ (%eimkVSVm 0 > B Ba€imkVs5Y
Once the inverse symplectic matrix is found, one can evaluate
the fundamental brackets. That is, by using the definition of
the FJ equal-time brackets for the Grassmann variables,

(&g, Ealrr = — o (30)

@ Springer

one gets the fundamental brackets for free massless Rarita—
Schwinger theory as follows:

- 1
Wl o, vl ey = —Eeimkysyma%x — ),

Wl vl e =0, (07 ), ¥ MYrs =0. (31

Note that, with the help of the identity in Eq. (25), the non-
vanishing bracket can also be rewritten as

T,y 7T R SO D
Wi 0. ¥ YFs = Syievived™(x = y), (32)

which is identical to the one found in [19].

3 Free massive Rarita—Schwinger theory

The Lagrangian that describes the 3 4 1-dimensional free
massive Rarita—Schwinger theory is

L= =Py ysyudu, +imino ™, (33)

where o = %[yk, Pl = iy’ — yPy*). Recall that
the fermionic fields are anti-commuting Grassmannian vari-
ables. Accordingly, the field equations of the independent
variables, respectively, read

GAMVPVSVuava - imakpl,[’p =0,

"3, ysyy + im0’ = 0. (34)
In dealing with the fundamental properties of the theory, as
we did in the massless theory, we will work only with the first

field equation in Eq. (34). Notice that by using the identity
in Eq. (5), one can recast the field equation as follows:

iliy* =" (v v) =y 8-y +y iy -yl —imo ™y, = 0.
(35)

Observe that the contraction of Eq. (35) with y,, yields

2i[d(y -y) — 3 -Y1+3my - ¢ =0, (36)

and the contraction of Eq. (35) with 9, gives

m[d(y -y) —3-y]1=0. (37

Combining both contracted field equations Eqs. (36) and
(37), one obtains

y-vy=0, 9-¢y=0. (38)
With these gauge-fixing conditions, the equation in Eq. (35)
turns into the Dirac field equation for a massive spin—%
vector—spinor field,
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(¥ + m)y* = 0. (39)

Note that, unlike the massless theory, one obtains the Dirac
field equation in Eq. (39) without addressing the space and
time decompositions of the field equations. On the other
hand, due to the mass term, the Rarita—Schwinger gauge
invariance is inevitably lost.

Symplectic reduction for free massive Rarita—Schwinger
lagrangian

Let us now study the symplectic Hamiltonian reduction of
the free massive Rarita—Schwinger theory. For this purpose,
let us recall that the Lagrangian in Eq. (33), up to a boundary
term, can be written as

1y -
L= _Eek'uva)»VSVﬂaul/fp

1 . o
+ Eewauw VsVuWp +imyno Py, (40)

In order to proceed the FJ symplectic reduction of Eq. (40),
one needs to separate the dynamical components from the
non-dynamical ones so that the non-dynamical components
can be relegated to Hamiltonian part of the Lagrangian.
Therefore, by splitting the Lagrangian into its space and time
components, one will obtain

= AP + ARG — HWo. Po. Ve, Vo). (41)

where the coefficient of the dynamical parts are

’ 1 .., - k 1 ..
AP = =3 iysys, A = ey, @)

and the explicit form of the symplectic potential is

Ho, Yo, Y, Yi) = —6” YoysYid; Vi

—16””‘1# d; _l 9
> V5700 Vi 6 “Giysyidvo

—leijk(awﬁ) A 4 l k(o .
> iY0)VsVivk 26 ;%) Ysvovk
1 .. _ o o
+ 5 € @i ysyvo — imoo ™ i — imiio g
—imy;o ;. (43)

Like the free massless theory, ¥ and ¥ are zero modes of
the system whose eliminations give rise the constraints

TR @) ysy; — imyrio’® = 0,
€Tk sy 9y — ima % y; = 0. (44)

As was done in the previous section, by decomposing the
fields into the local transverse and y-traceless parts as in

the Eq. (23), the constraints in Eq. (44) turn into completely
transverse ones,

TR @D ysy; — imlﬁTGiO =0,
elkysyia;yl —ime%yl = o0. (45)

In this case, the longitudinal part reads ¢ = (4 +im)y - ¥ T.
Thus, by plugging Eq. (23) and the transverse constraints
Eq. (45) into the Eq. (41), up to a boundary term, the
Lagrangian turns into

T . -
L= AV 4 AT im0 S
—i—im%om oWl BT, (46)

where the transverse symplectic coefficients and potential,
respectively, are

T 1
.A(k) — th
! 2

1.
—Eéljk%T)/sVoaﬂﬂkT

kT 1 .
vl ysy, AP =§6”k)/5)/j1/fi,
H Wl o) =

— iml/_fiTGij ij.
47

1 ...
+§6”k3j¢iTV5V0W1¢T

Observe that the middle two terms in Eq. (46) are not in
the symplectic forms. Therefore, by assuming the Darboux
transformation

’ i-$
W =l =y (48)
with an additional assumption of

A TR .

gl ysywl = me % gl o™, (49)
the undesired terms in Eq. (46) drop and thus we are left with
a completely transverse Lagrangian

L=APGT 4 AP GT _Hr ol 9
— v el ). (50)

Note that the extra condition Eq. (49) is enforced by the
Darboux transformation and the constraint equations; other-
wise, the coupled terms in the symplectic part could not be
decoupled. In fact, it seems there is a lack in the physical
interpretation of Eq. (49). Therefore, it will be particularly
interesting if one can show that it has a relation with the real
constraints or not. Here, as is mentioned in Eq. (117), the
remaining variables (i.e., the longitudinal components) are
called the Lagrange multipliers

<

3¢
Vi k=N

b = L= (51)

@ Springer
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such that
o ) = i Y] ysnoy]
& ) = =iy T ysyl . (52)

Asnotedin [12,13], since the last two terms in Eq. (50) cannot
be dropped via elimination of constraints anymore, Eq. (52)
corresponds to the true constraints of the system. Note also
that the true constraints cannot be rewritten as linear combi-
nations of the ones that are obtained during the eliminations
of the constraints; otherwise, they would also drop when the
eliminations of constraint was performed. These are the con-
straints that cannot be eliminated anymore. Therefore, setting
q)k(wkT, tﬁkr) and &i(wkT, &kT) to zero provides an uncon-
strained fully traceless Lagrangian

T . T -
L=AY Gl + AV I —Hr @l D). (53)
Thus, with the definition of the dynamical variables (£, &) =

(lka , lﬁkT ), the non-vanishing equal-time FJ bracket for the
free massive Rarita—Schwinger theory becomes

Wl @, 9 ey = %ykyiyoa%x _— (54)

which is the same as the one found in [20].

4 Gauged massless Rarita—Schwinger theory
In this section, we study the massless Rarita—Schwinger field

minimally coupled to an external electromagnetic field which
is described by the Lagrangian

L ==Y ysyu Doty (55)
Here the gauge-covariant derivativeis D, = 9, +gA,, where

g istherelevantcoupling constantand A, is an Abelian gauge
field. The field equations read

— _ o«

M ysy, Dy, =0, €YDy ysy, = 0. (56)
As in the free massless and massive theories, while deducing
the some basic properties of the theory, we will only deal
with the first of Eq. (56). Notice that with the help of the
identity in Eq. (5), Eq. (56) turns into

Dy =Dy ) —y'D -y + Py ) =0 (57)
Moreover, contracting Eq. (57) with y, yields

Dy -¥)—D-y =0. (58)

@ Springer

Finally, substituting Eq. (58) in Eq. (57) gives
Pyt -Dry-y) =0. (59)
On the other side, contracting Eq. (56) with D, becomes

g P ysyu Favry = 0, (60)

which is a secondary constraint in the theory and does not
provide any further simplification in the field equation in
Eq. (59).

Symplectic reduction for gauged massless
Rarita—Schwinger theory

Let us now apply the first-order symplectic formalism to the
massless Rarita—Schwinger fields minimally coupled to an
external electromagnetic field. For this purpose, let us note
that the Lagrangian of the theory in Eq. (55) can be recast in
a more symmetric form as follows:

1 . =~ 1 5
L= —Eevalﬁm/syupulﬂp + EGA“V'OI/QDVVSVM/W' (6D

Similarly, by splitting the Lagrangian in Eq. (61) into its
space and time components, one gets

£ = A + AP Y — HWo. do. Y. Y. Ao, A, (62)

where the symplectic coefficients are

1 - o 1
— e giysy; AP = Selkysyn, (63)

Ab
1 2 2

and the related symplectic potential is
_ - 1 .., -
HWo, Yo, Vi, Vi, Ao, Ax) = Ee”klﬂoysl/iajlﬂk
1 .., - 1 ..._
- zé”klﬁiys)/oa/lﬁk - Eélk]‘ﬁiVSVkajWO
L ka7 1 ka7
3¢ 9 Yoysyivk + € i ysyovk
1 ... - o
+ 56"”3]'%)/5)/1(1#0 + g€ g ysyi Ao
+ g€ Uoysyi AW — g€ PiysvoA v
— g™ PiysyeAjyo. (64)

Note that although the gauge fields are non-dynamical vari-
ables, due to being external potentials, one cannot vary and
then impose these variations to be vanished. Otherwise, as
in the Quantum Electromagnetic Dynamics with external
potential, the gauge-field current would be enforced to be
zero which is not a desired situation. Hence, as in the free
theories, here vy and ¥ are the only zero modes of the theory.
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Therefore, variations with respect to g and 1/70, respectively,
give the following constraint equations:

Mo Wiysy — g PiysyiAj =0,

Xysyid i + g€ ysyiA i = 0. (65)
As was done in the free theories, by decomposing the fields
into the local transverse and y-traceless parts as in Eq. (23)3
and using the constraints in Eq. (65) as well as by assum-

ing the Darboux transformation Eq. (48), with an additional
assumption of

. il -
ik ylysyiul = ge "V elR g ysyeA;, (66)

the Lagrangian Eq. (62) turns into a completely transverse
one,

k T . k T = -
L=AY gyl + Ayl —Hrl o)
=M WD) = Rd WD, (67)

where the transverse symplectic coefficients and potential
read

k T 1 - k T 1 ..
Ai PR _Eel]kw[TVSVjs Ag) — zel]kysijiT’

- 1 .., -

Hr s v = =€ 70 vswod v

1 .., - I
+§€”k3j1lfiTV5VolﬂkT + g Yl ysyj Ao

—ge" Yl ysyA v (68)
Note that the symplectic potential also contains gauge-field
parts. Furthermore, as is given in Eq. (117), the remaining

variables (i.e., the longitudinal components) are called the
Lagrange multipliers,

e - 0i¢
Ak = VI Ak = ﬁ, (69)
such that

ol D) = i€ ysyou ] + g sy Ao
+ g€ Riysy; Ao — g€ U yspo A
&' Wl ) = —ie g Tysyl + g ysy; Aoyl
— g ysyA vl — g ysyoA e, (70)

which cannot be dropped via elimination of constraints any-
more; so, according to [12,13], they are the true constraints
of the system. Thus, by setting ¢ (v, ¥ and ¢’ (¥, ])
to zero, one arrives at a completely transverse Lagrangian,

L=AP G 4 APGT 3l . (71)

3 Notice that, in this case, the longitudinal part becomes ¢ = (§+gy -
Ay -y —gA-yl.

Finally, with the definition of the symplectic dynamical vari-
ables (§1,&) = (Y[, ¥, one obtains the non-vanishing
equal-time FJ basic bracket for the gauged massless Rarita—
Schwinger theory as follows:

T T _i . 3 _
{i ), DYy = zykmyorS (x — ), (72)

which is consistent with the Pauli-spin-part of the funda-
mental bracket obtained in [10,11] in which Adler studies
the Dirac quantization of the non-Abelian gauged Rarita—
Schwinger theory via the left-chiral component of the
fermionic field. One should notice that such a difference is
expected because in [10, 11], the corresponding gauge fields
are non-Abelian variables; however, here the gauge fields are
Abelian vector fields.

5 Gauged massive Rarita—Schwinger
In this section, we study the massive Rarita—Schwinger the-

ory minimally coupled to an external electromagnetic field
which is described by the Lagrangian

L= ="y ysyu Do,y +imino ™y, (73)
where the gauge-covariant derivative is D, = 9, + gA,.
Accordingly, the field equations for the independent anti-

commuting fermionic fields are

N
EAMVPVSVuDvl/fp - ima“’wp =0,
MY Dy ysy, +imyo™ = 0, (74)

which with the help of the identity in Eq. (5) turns into

[DY* =D (y )=y D+ P (y - ¥) ] —imo*y, = 0.
(75)

Moreover, contraction of the equation in Eq. (75) with y,
gives

2i(P(y - ) = DY) +3my - ¥ =0. (76)

And contraction of the field equation in Eq. (74) with D,
becomes

g P ysy By +m[(D(y - ) —D-y1=0,  (77)
which, with the additional redefinition

Fl=FF =¢, " F", (78)
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turns into

m[P(y - ¥) —D-y] —gysy -Fo -y = 0. (79)

Combining Egs. (76) and (79), one gets the secondary con-
straint that determines the equation of motion of ¥/ compo-
nent as follows:

2 -2 d
V'1/f=—§m igysy - F - 4. (80)

Observe that using Eq. (80) in Eq. (79) gives the relation
3im\ 2 .
Dy =— (:/D - 7) §m‘%gySy Fy (81)

Finally, by plugging Egs. (80) and (81) into the field equation
in Eq. (75), one obtains

m 2
(m—m)«pu(mA + 5;/1) S Rigysy By =0, (82)

which is the equation that is used by Velo and Zwanziger
in deducing the acausal wave propagation of the solution by
finding the future-directed normals to the surfaces at each
point [3].

Symplectic reduction for gauged massive Rarita—Schwinger
theory

Finally, let us apply FJ symplectic Hamiltonian reduction to
the massive Rarita—Schwinger field minimally coupled to an

external electromagnetic field. In order to do so, let us rewrite
the Lagrangian in Eq. (73) in a more symmetric form:

1 - - 1 - <
L= _EG)LMVpWAVSVMIDvI/fp + EGK#Upw)»IDvVSVul/fp

+Himys oM, (83)

Subsequently, by splitting the Lagrangian in Eq. (83) into its
space and time components, one gets

£ = A+ APV — HWo. Yo, Ve Y. Ao. Ar), (84)

where the symplectic coefficients are

’ 1 .., - k 1 ..
AY = = sy A = ey (39)

@ Springer

and the relevant Hamiltonian H (o, Yo, ¥k, Yk, Ao, Ag) is
_ _ 1.
H(o, Yo, Vi, Vi, Ao, Ax) = Eé”klﬂoysl/iajlﬁk
1 .., - 1 ..._
—Ef”kwil/s)/oajlﬂk - Eélk’lﬁiysykaﬂﬁo

1 .. - 1 .. -
— EeljkajI/fOVSViWk + 56”"3]‘%)/53/01///«

1., - o R

+ zélkj 3 ysyeo — im0 ¥y — im0 Oy

—imyio"yj + g Yiysyj Aot

+ g€ Poysyi A — g M Piysyo A

— g™ iysyeA jio. (86)
Note that as is emphasized in the massless gauged part, since
the gauge fields are external potentials, one is not allowed to
set their variation to zero. Hence, here vy, v are the only
Lagrange multipliers that induce constraints on the system.
Therefore, eliminations of constraints yield
e oipriysy — imyio’ — geMiysy A =0,
e'Mysyiojyn — ima®yy; + ge*ysy Ay = 0. (87)
Like the free massive theory, by decomposing the dynamical
components into the local transverse and traceless parts as in
Eq. (23)* as well as using constraints in Eq. (87) and the Dar-

boux transformation Eq. (48), with the additional assumption
of

P i - A
i€ T ysyul = eV (myio™ + ge YT ysyiea)),
(89)
the Lagrangian, up to a boundary term, turns into
k T . k T = -
L=AY gl + Ay —Hr !l o)
—ud* WL VD =R Wl D). (90)
Here the transverse symplectic coefficients and potential are
T L ikzr w1 ik T
Al =iy Ay =S lysyivn
- 1 .., - 1 .., -
Hr W0 = =5 €MD yspod i +5€ 70,97 vsvou
+ gyl ysyiAowl — g U] s wl
—imy iy T, o1
Notice that, different from the free cases, the symplec-

tic potential involves mass and gauge potentials. Here in
Eq. (90), as in the previous sections, the Lagrange multipliers

4 In this case, from the constraint equation, one finds

t=@+im+gy- Ay -y’ —gA-yT. (88)
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are the longitudinal parts of the vector—spinor field and the
corresponding constraints read

o @l D) = i€ T ysyouT + g gl sy Ao

+ g€ RiysyiAo — g Myl ys A,
o'Wl ) = —ie Y ysyl + g ysyi Aol

— ge'M s A vl — g ysyoA i, (92)

which are the same as Eq. (70). Similarly, by setting Eq. (92)
to zero [12,13], one arrives at a completely transverse
Lagrangian,

T . T = —
L=AY G 4+ AP YT — Hr @l w), 93)

whose symplectic part is the same as the ones found so
far. Thus, with the definition of the dynamical variables
(&1,&) = (Y, yl), the non-vanishing equal-time bracket
for the gauged massive Rarita—Schwinger theory becomes

T T _ i X 3 _
(U ), ¥ DYrs = 2J/kl/z)/03 (x =), (%94)

which is identical to the one found in [21].

6 Conclusions

In this work, we studied 3 + 1-dimensional free and Abelian
gauged Grassmannian Rarita—Schwinger theories for their
massless and massive extensions in the context of Faddeev—
Jackiw first-order symplectic formalism. We have obtained
the fundamental brackets of theories which are consistent
with some results that we found in the literature but obtained
in a more simple way. The brackets are independent of
whether the theories contain a mass or gauge field or not,
and thus the structures of constraints and symplectic poten-
tials determine the characteristic behaviors of the theories.
It will be particularly interesting to find proper transforma-
tions that will relate the constraints obtained via the Faddeev—
Jackiw symplectic method with the ones that are obtained via
the Dirac method. But since the constraints obtained in both
methods are rather complicated, in this paper, we restrict
ourselves only to the Faddeev—Jackiw analysis of Rarita—
Schwinger theories and leave this as a future work. With
the comparison with the literature, we concluded that the
Faddeev—Jackiw symplectic approach provides a more eco-
nomical way in deriving the fundamental brackets for the
Rarita—Schwinger theories. In addition to these, we notice
that, in contrast to the massive theory, the Dirac field equa-
tions for free massless Rarita—Schwinger theory cannot be
covariantly deduced.
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Appendix A: Transverse and traceless decomposition of
fields

In this section, let us give the derivations of Eq. (26) and
Eq. (27). To solve the constraint equations, one can decom-

pose the independent fields into its local transverse and y-
traceless parts as

v =yl 49 =97 + (95)

where “T” and “*” stand for the transverse and traceless
parts, respectively. Here the y-traceless parts are

~ 1 . 2 _ 1 - .

Vi=vi =gy i =Y - S9ivine (96)
Therefore, we have

oiyl =o' gl =0 and yi; =y =0. 97)
To find how the constraint equations in Eq. (22) decompose
under Eq. (95), let us focus on the following constraint equa-
tion:

ehysyidjn = 0. (98)

Note that with the identity €% 5y, = —y %0/ and Eq. (95),
Eq. (98) turns into

-0

l}/ . ~

T[yk, y19; (W + ) = 0. (99)
Furthermore, by using the relation

DA vy =05 vl = 2piyf =20 =y, (100)

and the transverse and traceless properties of the fields in
Eq. (97), one gets
iy (00 = yiv*a ) =o. (101)
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Notice that after contraction with iy and relabeling of the
dummy indices, it becomes

i —y"y" om s =0, (102)
which yields

N al{ m,,n a

v = =) where ¢ =y"y" 0., . (103)

This structure is also valid for the other theories. The only
difference arises in the definition of ¢, which we give in
explicit form in each section. Finally, by substituting this
result into the constraint in Eq. (98), it turns into

ajaké‘
= =0. (104)

Gijk)/syiajlﬂkT + €kysy;

Because of the symmetric and anti-symmetric contraction in
the j, k indices, the second term drops, and we are left with
the transverse constraint equation

eMysyiojyl =0. (105)

Appendix B: Faddeev—Jackiw Hamiltonian reduction for
constrained and unconstrained systems

In this section, we review the Faddeev—Jackiw symplectic
first-order formalism which was introduced particularly to
quantize the constrained systems [12, 13]. The method works
on the first-order Lagrangian and does not require any classi-
fication of constraints. To better understand how the method
works, let us consider

L=p.g®—H(p.q), a=1,...n. (106)

With the definition of 2rn-component phase-space coordi-
nates,

£ =pg,a=1,...,n andéﬁzqﬁ, B=n+l,...,2n,
(107)

Eq. (106) can be rewritten as a Lagrangian one-form

&u—lyfoﬁﬁ—vgmt (108)
= 56" fup .

Here the symplectic 2n x 2n matrix is

01
f°=< )
ap ~10/.,

where [ is the identity matrix; Ay = %50‘ f o?ﬂ d&# is the canon-
ical one-form; [0 = dAg = %fgﬂdé"‘déﬂ is the symplectic

@ Springer

two-form. Note that f 0 is constant [12,13]. But, in general,
the symplectic two-form does not have to be constant. There-
fore, let us now consider the following generic Lagrangian:
Ldt = AgdE® — H(§)dt,

a=1,...,2n, (109)

where A, is an arbitrary one-form. The variation of Eq. (109)
with respect to & yields

dA, A
dkp &%

. oH
fpaba = —— where fgo = (110)
d&p

In the case when the symplectic matrix is non-singular,
Eq. (110) becomes

. _1 0H(&)
Sot = faﬁl W

(111)
Thus, by using Eq. (111) and the Poisson brackets for the
bosonic variables, one obtains the FJ fundamental brackets
as follows:

(&g, Eadrr = fof - (112)

Note that, in the case of the Grassmannian variables, using
the anti-commutation property of the variables as well as the
Poisson brackets for the Grassmannian variables [22], one
has

dH (&)

: —1

= — , 113
SO( 3%_/3 (f )ot/S ( )
and the corresponding fundamental brackets become
(€6 8alrs = —(f " Dap- (114)

On the other side, when there are constraints in the system
which are induced by the existence of the zero modes, then the
symplectic matrix cannot be inverted. In that case, according
to the Darboux theorem, which states that, for any given
one-form A = A,d&® where = 1, ..., N, one can always
make the following changes in the variables:

, N—2n,
(115)

£Y — (pﬁ,qyzp), B,y=1,....n, p=1,...

so that A turns into A = A,dg®. As is seen above, when
there is no constraint, Eq. (115) diagonalizes fyg. However,
when there are constraints, only a 2n x 2n sub-block of fyg
is diagonalized and the remaining N — 2n degrees of free-
dom (corresponding to the zero modes z”) will not be in the
symplectic form [12,13]; yet they occur in the rest of the
Lagrangian:

L = pedq® — @(p, q,2)dt. (116)
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ekl

The equations 7z = 0 can be used to eliminate the zero
e 920 . .
modes of z’s only if % is non-singular. In the generic

case, after diagonalization and elimination of as many z as
possible, one ultimately arrives at

L= pag® —H(p,q) = 1p8"(p. 9. arn

where the remaining z are denoted by A, (namely, Lagrange
multipliers) and the ¢” are the only true constraints in the
system

" = 0. (118)

Symplectic reduction for Dirac theory of spin-% fields

In this section, to see how the method works, we provide a
FJ Hamiltonian reduction for the Dirac theory for the spin-%
theory as an example. For this purpose, let us note that the
Lagrangian can be written

cz—éxﬁt/ﬂr%&gw—mw. (119)

Asmentioned above, we assume that the independent dynam-
ical variables are anti-commuting Grassmann variables. In
order to pass to the symplectic analysis of the system, one
needs to separate the dynamical components from the non-
physical ones by splitting the Lagrangian Eq. (119) into its
time and space components. In doing so, one arrives at

_ oy ooz [l g i Lo 7
£ = Sy Wiy i S0y =50y oprmiy |
(120)

whose variation, up to a boundary term, yields
5L = (w(z’y%) + 51&(1';/%)
—[s0 iy o+ my) + v =iy o —mi) ],
(121)

from which one gets the Dirac field equations as follows:
iy = =iy o f —mi, iy = =iy iy my. (122)

As is seen from Eqgs. (121) and (122), the symplectic matrix
for the Dirac theory and its inverse are

_ 0 i yo -1 _ 0 —i yo _
focﬁ— <i)/0 0 )1 faﬁ - —ij/o 0 —_faﬁ-
One should observe that, in contrast to the bosonic case, the

symplectic matrix for the Grassmannian variables is sym-
metric and the fundamental brackets are defined as follows:

(&g, &l rr = —(f g, (123)

from which one gets the basic bracket for the Dirac theory

(W, Urs =iy’ (124)

This is also valid for the massless theory. Note that, since the
theory does not have any gauge redundancy, one does not
need to assume any gauge fixing.
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