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Classical gauged massless Rarita-Schwinger fields
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We show that, in contrast to known results in the massive case, a minimally gauged massless Rarita—
Schwinger field yields a consistent classical theory, with a generalized fermionic gauge invariance realized
as a canonical transformation. To simplify the algebra, we study a two-component left chiral reduction of
the massless theory. We formulate the classical theory in both Lagrangian and Hamiltonian form for a
general non-Abelian gauging and analyze the constraints and the Rarita—Schwinger gauge invariance of the
action. An explicit wave front calculation for Abelian gauge fields shows that wavelike modes do not
propagate with superluminal velocities. An analysis of Rarita—Schwinger spinor scattering from gauge
fields shows that adiabatic decoupling fails in the limit of zero gauge field amplitude, invalidating various
“no-go” theorems based on “on-shell” methods that claim to show the impossibility of gauging Rarita—
Schwinger fields. Quantization of Rarita—Schwinger fields, using many formulas from this paper, is taken

up in the following paper.
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I. INTRODUCTION

A. Motivations and background

Cancellation of gauge anomalies is a basic requirement
for constructing grand unified models, and the usual
assumption is that anomalies must cancel among spin—%
fermion fields. However, a 1985 paper of Marcus [1]
showed that in principle an SU(8) gauge theory can be
constructed with spin—% Rarita—Schwinger fermions play-
ing a role in anomaly cancelation, and we have recently
constructed [2] a family unification model incorporating
this observation. Using gauged spin—% fields in a grand
unification model raises the question of whether such
fields admit a consistent quantum or even classical theory.
It is well known, from the papers of Johnson and
Sudarshan [3] and Velo and Zwanziger [4] and much
subsequent literature (see e.g. Hortacsu [5], Deser and
Waldron [6]), that theories of massive gauged Rarita—
Schwinger fields have serious problems. Does setting the
fermion mass to zero eliminate these difficulties?

The lesson we have learned from the success of the
Standard Model is that fundamental fermion masses lead to
problems and are to be avoided; all mass is generated by
spontaneous symmetry breaking, either through coupling
to the Higgs boson or through the formation of chiral
symmetry breaking fermion condensates. So from a
modern point of view, the Rarita—Schwinger theory with
an explicit mass term is suspect. Several hints that the
behavior of the massless theory may be satisfactory are
already apparent from a study of the zero mass limit of
formulas in the Velo-Zwanziger paper. First, in their
demonstration of superluminal signaling, the problematic
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sign change that they find for large B fields (Eq. (2.15) of
Ref. [4]) is not present when the mass is set to zero. Second,
when the mass is zero, the secondary constraint that they
derive (Eq. (2.10) of Ref. [4]) appears as a factor in the
change in the action under a Rarita—Schwinger gauging
oy, = D,e, with D, the usual gauge covariant derivative.
[This statement is not in Ref. [4] but is an easy calculation
from their Eqgs. (2.1)—(2.3), with the D, of this paper their
—inm,.] Hence, the constrained action in the massless
gauged Rarita—Schwinger theory has a fermionic gauge
invariance that is the natural generalization of the fermionic
gauge invariance of the massless free Rarita—Schwinger
theory. Third, their formula for the anticommutator
(Eq. (4.12) of Ref. [4]) in the zero mass case develops
an apparent singularity in the limit of vanishing gauge field
B, and so their quantization does not limit to the standard
free theory quantization. However, since the massive theory
does not have a fermionic gauge invariance, Ref. [4] does not
include a gauge-fixing term analogous to that used in the
massless case, but gauge fixing is needed to get a consistent
quantum theory for a free massless Rarita—Schwinger field.
So these observations, following from the equations in
Ref. [4], suggest that a study of the massless Rarita—
Schwinger field coupled to spin-1 gauge fields is in order.

In a different and more recent setting, massless Rarita—
Schwinger fields appear consistently coupled to gravity as
the gravitinos of supergravity, as discussed by Das and
Freedman [7]. Grisaru, Pendleton, and van Nieuwenhuizen
[8] have shown that soft spin—% fermions must be coupled to
gravity as in supergravity, in an analysis based on the free
particle external line pole structure of spin—% fields that do
not have spin-1 gauge couplings. Their result has been
extended to gauged spin-% fields in various recent “no-go”
theorems based on “on-shell” methods [9,10], that again
assume a free particle external line pole structure. None of
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these papers has analyzed the gauged Rarita—Schwinger
equation to determine the asymptotic field structure. Thus,
these papers do not prove that there cannot be a consistent
theory of massless, gauged Rarita—Schwinger fields, so
again a detailed study of this possibility is warranted.

B. Outline of the paper and summary

With these motivations and background in mind, we
embark in this paper on a detailed study of the classical
theory of a minimally gauged massless Rarita—Schwinger
field. In Sec. II, we give the Lorentz covariant Lagrangian
for a gauged four-component Rarita—Schwinger spinor
field, derive the source current for the gauge field,
and check that it is gauge-covariantly conserved. We also
give the Lorentz covariant form of the constraints, of the
fermionic gauge transformation, and of the symmetric
stress-energy tensor and briefly discuss the generalization
to nonflat metrics. Since in the massless case left chiral
and right chiral components of the field decouple, in
Sec. III, we rewrite the Lagrangian for left chiral
components in terms of two-component spinors and
Pauli matrices, which simplifies the subsequent analysis.
We then give the Euler-Lagrange equations in two-
component form and use them to analyze the structure
of constraints and the fermionic gauge transformation of
the action. In Sec. IV, we introduce canonical momenta for
the Rarita—Schwinger field components, which are used to
define classical Poisson brackets, and discuss the role of
the constraints as generators of gauge transformations
under the bracket operation. We show that the constraints
group into two sets of four, within each of which there are
vanishing Poisson brackets. In Sec. V, we argue that
fermionic gauge transformations give a generalized form
of gauge invariance, corresponding to the presence of
redundant gauge degrees of freedom, by studying the
properties of both infinitesimal and general finite gauge
transformations. We show that infinitesimal gauge trans-
formations are an invariance of the constrained action
functional that governs the influence of Rarita-Schwinger
fields on gauge and gravitational fields. We show that
finite gauge transformations take the form of generalized
auxiliary fields, which lead to an extended action that has
an exact invariance under fermionic gauge transforma-
tions. In Sec. VI, we specialize to the case of an Abelian
gauge field (as in Ref. [4]) and analyze the wave front
structure, showing that physical wave modes propagate
with luminal velocities; an extension of this discussion,
showing that gauge modes are subluminal, is given in
Appendix B. In Sec. VII, making a transition to first
quantization, we analyze Rarita—Schwinger fermion scat-
tering from an Abelian gauge potential. We show that the
asymptotic state structure assumed in “on-shell no-go”
theorems is not realized but that a consistent scattering
amplitude can be formulated using an analog of the
distorted wave Born approimation. In Sec. VIII, we give
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a brief summary and discussion, and in Appendix A, we
summarize our notational conventions and some useful
identities. We suggest that the reader skim through
Appendix A before going on to Sec. II, since things
stated in Appendix A are not repeated in the body of the
paper. In the paper that follows this one, we build on our
analysis to discuss quantized Rarita—Schwinger fields.

II. LAGRANGIAN AND COVARIANT CURRENT
CONSERVATION IN FOUR-COMPONENT FORM

A. Flat spacetime

The action for the massless Rarita—Schwinger theory is

1 _
S(Wﬂ) = E/d4xw;¢auRﬂau’

R = 6 (157, )4, (D)
(Db = Ouh" + gALwh',
Al”/t'l/" = Aétz’l)’ (1)

with y#® =yt (x,t) a four-vector four-component
spinor, with four-vector index y =0, ..., 3, spinor index
a=1,....,4, and SU(n) internal symmetry index u =
1,....,n, with SU(n) gauge generators 1,,A =
1,....,n> — 1. Taking u to range from 1 to n means that,
for definiteness, we are assuming that the spinors transform
according to the fundamental representation of the SU(n)
internal symmetry group, but other representations and
other compact Lie groups can be accommodated by
assigning the internal indices u and A the appropriate
range. Note that 74, AY,, and D, all commute with the
gamma matrices and the Pauli spin matrices from which the
gamma matrices are constructed, and for an Abelian
internal symmetry group, the indices # and A are not
needed. Using

l/_//mu = W;ﬂui(yo)ﬁw (2)

together with the adjoint convention (;{D(Q)T =y for
Grassmann variables yq,y»,, it is easy to verify that S is
self-adjoint.

From here on, we will usually not indicate the spinor
indices a, f and internal symmetry indices u, v explicitly,
but they are implicit in all formulas. Varying S with respect
to the Rarita—Schwinger fields, we get the equations of
motion

err ayl/_//) y" gelmw)l/_//)A? tA 7/17 ’
e”m/pynayl///) = _geﬂﬂw)ynAf tAl///) . (3)

Reexpressed in terms of the covariant derivative, these
are
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-

emwpl/_/pDuyq =0,
ey, Dy, = 0. (4)

The u =0 component of these equations gives the
primary constraints

P

"y Dy, =0,
€enr7/eDnWr =0, (5)
with e, n, r summed from 1 to 3. Contracting the equation

of motion for y, with g_lﬁﬂ and the equation of motion for
w, with g~'D,, we get the secondary constraints

eﬂr/l//)l/_//)F”yyn — 0,
6”1714)7/;1}7/41/1///1 =0, (6)

where we have introduced the gauge field strength

F;w = gil[DwDu} = gil[Du’Dv]
= ayAu - al/A[l + g[Aw Av]* (7)

which with the adjoint representation index A indicated
explicitly reads

F/ev = ayAf - ayAﬁ + ngBCAEAvC' (8)

Under a Rarita—Schwinger gauge transformation (with € a
four-component spinor), which is a natural gauge field
generalization of the fermionic gauge invariance for a free,
massless Rarita—Schwinger field discussed in Ref. [11],

l///l - l///t + 6Gl///u 5Gl//;t = Dﬂ€,

l/_/y - l/_/y + 5Gl/_//u 5Gl/_//4 = ED/U (9)

the action of Eq. (1) changes according to

1. _ y
56S(w,) = _Zlg/d4x[€}’5(€”” YnE )
+ ("™, F ,7,)7s€] + O(E...€). (10)

The factors bracketed in parentheses are identical to the
secondary constraints of Eq. (6). This equation holds with
finite (not necessarily infinitesimal) € and its adjoint et: the
precise form of the quadratic term is given in Eq. (72)
below. We will argue in Sec. V that Eq. (10) implies that,
even when coupled to gauge fields, the Rarita—Schwinger
theory has a generalized form of fermionic gauge
invariance.
Adding the gauge field action

1
S(Ad) = ~2 / d*xFi, FAwv (11)

and varying the sum S(y,) + S(A;) with respect to the
gauge potential, we get the gauge field equation of motion
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D, FM* = 0,FM 4 gf spc AFFH = gJ*,

1_ .
I = Sy sy Ay, (12)

A straightforward calculation using Eqs. (3) shows that the
gauge field source current J4 obeys the covariant con-
servation equation

DﬂJA” = 8#JA” + nggcAfjcﬂ = 0, (13)

as required for consistency of Eq. (12). So from the Rarita—
Schwinger and gauge field actions, we have obtained a
formally consistent set of equations of motion.

In addition to the gauge field source current, there is an
additional current J# that obeys an ordinary conservation
equation,

1_
T =S Wy sr
9, J" = 0. (14)

In the massive spinor case, Velo and Zwanziger [4] argue
that the analogous current, within the constraint subspace
of Eq. (5), should have a positive time component. In the
massless case, we see no reason for this requirement, since
Eq. (14) is the fermion number current and its time
component, giving the fermion number density, can have
either sign. However, we shall use parts of the positivity
argument of Ref. [4] later on in discussing positivity of the
Dirac bracket anticommutator.

The symmetric stress-energy tensor for the free massless
Rarita—Schwinger has been computed by Das [12] (see also
Allcock and Hall [13]). Changing ordinary derivatives to
gauge covariant derivatives, Das’s formula becomes

i _
TRs = =" Wars(r'o; +v75,)Duw,

|
+ 2 0aWarsrulr. v100 + [r. r1o0w,)l. - (15)
[This formula can be made manifestly self-adjoint by
replacing D, by 1(D, —D,), but this is not needed to
verify stress-energy tensor conservation.] Adding the gauge
field stress-energy tensor,

1
nguge — Z narFfMFA/IM + F?GFA/IT, (16)
alengthy calculation, using Eq. (13) together with identities
and alternative forms of the equations of motion given in
Appendix A, shows that the total tensor is conserved,

9o (TRs + Tgauge

) = 0. (17)

B. Generalization to general g,

The generalization of the Rarita—Schwinger action to
curved spacetime has been reviewed by Deser and Waldron
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[6]. In Eq. (1), d*x is replaced by the invariant volume
element d*x(—g)'/?, and the covariant derivative D,
becomes the curved spacetime covariant derivative

1
= ava - Fl[/)’pW/} + _wumnymnlpp + gAvW/J’ (18)

Dy, 1

with F,/f,, and w,,,, the affine and spin connections. The
Rarita—Schwinger equation of Eq. (4) and the primary
constraint of Eq. (5) have the same form as before, in terms
of the extended covariant derivative D,. The secondary
constraint of Eq. (6) now reads

€Mupl/_/p [5/47 50]7;1 =0,
6;4;114;},,1 [Dw Dv]Wp =0, (19)

with 5,, defined by the adjoint of D,. The commutator of
covariant derivatives is now given by [6]

1

[Du Dy, = —RiupWo + 3 Ruwmnt ™"y + gF . (20)
with R}, , and R,,,,,, components of the Riemann curvature
tensor, and as in flat spacetime involves only y, and not its
time or space derivatives. In terms of the extended covariant
derivative, the fermionic gauge transformation is still given
by Eq. (9), and under this gauge transformation, the change
in the action is now given by

1 ) )
56S(w,) = —7 / d*x[eys(e"™y,[D,. D,ly,)
+ (e, [D,, D, )y, )rs€] + O(...¢),  (21)

with the factors bracketed in parentheses now identical to
the secondary constraints of Eq. (19) (and again with € and
¢’ finite). The arguments to be given in Sec. V then imply
that in the presence of both gravitation and gauge fields the
Rarita—Schwinger theory has a generalized form of fer-
mionic gauge invariance. Having established this curved
spacetime generalization, we will continue in the remainder
of this and the following paper to work in flat spacetime,
but we expect everything done in what follows to have a
curved spacetime generalization when the covariant deriva-
tive is suitably extended.

III. LAGRANGIAN ANALYSIS FOR LEFT CHIRAL
SPINORS IN TWO-COMPONENT FORM

Although we could continue with the four-component
formalism to study constraints, the Hamiltonian formal-
ism, and quantization, it will be more convenient to first
reduce the four-component equation to decoupled equa-
tions for left and right chiral components of y; (with a the
spinor index and with the internal symmetry index
implicit). Since these are related by symmetry, we can
then focus our analysis on the two-component equations
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for the left chiral component, which is the component
conventionally used in formulating grand unified models
(see, e.g., Ref. [2]).

We convert the action of Eq. (1) to two-component
form for the left chiral components of w7, using the Dirac
matrices given in Eqs. (A2) and (A4). Defining the two-
component four-vector spinor Wy and its adjoint \IJ,L(, by

P ys = i =0,1,2,3 =1,2
Ll//ﬂ_ O ’ /’t_vvvv a=1,2

ViaPL = (T, 0). (22)
the action decomposes into uncoupled left and right chiral

parts. The left chiral part, with spinor indices a suppressed,
is given by

1 L, 2 - - N -
S(‘I’y)=5/d4x[—‘1160-DX\II+\IIT-axDqJO
+ U Dx U -0 5 x DoV (23)

Varying with respect to ', we get the Euler-Lagrange
equation

-

0=V=5xDVy+DxV—5x DV, (24)

while varying with respect to \IJ(T), we get the primary
constraint [given in four-component form in Eq. (5)]

0="V, 5-Dx . (25)

X

(The abbreviation V, =y conforms to the notation of
Ref. [4].) A second primary constraint follows from the fact

that the action has no dependence on d \II(T) /dt, which implies
that the momentum conjugate to \I'g vanishes identically,

P\Dg =0. (26)
Contracting V with & and with g_lﬁ, and using the

covariant derivative relations of Eq. (Al4), we get,
respectively,

g*‘ﬁ- V=io+ g 'Dyy, (27)

with

w=5-BUy— (B+5xE) . (28)

Since the Euler-Lagrange equations imply that V and X
vanish for all times, we learn that @ and w vanish also for all
times. Since @ involves a time derivative, its vanishing is
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just one component of the equation of motion for ¥,. But @
involves no time derivatives, so it is a secondary constraint
that relates ¥, to U [given in four-component form in
Eq. (6)]. For each of the above equations, there is a
corresponding relation for_the adjoint quantity.

The equation of motion V = 0 can be written in a simpler
form by using the identities of Eqs. (A10) and (All) as
follows. Using Eq. (A10) to simplify 0 = ¢ x V — iV, we
get an equation for Dy,

- - 1. . - = s o
A further simplification can be achieved by incorporating
the primary constraint y = 0, through applying Eq. (A11)
0A=DxU,

0=6y=056-DxV)=DxV—izx(DxT). (30)

Using this to replace the first term in square brackets in

Eq. (29), we get the alternative form of the equation of

motion, valid when the constraint y = 0 is satisfied,

DU = D, + iD x V. (31)

Writing the gauge field interaction terms in Eq. (23) in
the form

Sult) =9 [ axagsm + 23, ()
we find the left chiral contribution to the current of Eq. (12)
in the form

JAO = ', 5 x 0,

jA:WSIAEX@+@TX3tAWO—®TXtA@. (33)
Replacing 7, by —i, we find the corresponding singlet
current in the form

JO=ilU'-6x VU,

T=—i(Uox U+ 0 x50, -0 x¥). (34)
For the energy integral computed from the left chiral part of
the the stress-energy tensor of Eq. (15), we find

H= —/d3ng05 = —%/cﬁx\i}* DxVU. (35

To conclude this section, we verify that the action of
Eq. (23) has a fermionic gauge invariance on the constraint
surface w = 0, " = 0, as already seen in covariant form
following Eq. (9). Letting ¢ be a general space and time
dependent two-component spinor, we introduce the fer-
mionic gauge changes

PHYSICAL REVIEW D 92, 085022 (2015)
5Gi/ = 56,
5G\IIO = D0€

U — U+ 550,
\IJO g \IIO + 5G\P07 (36)
and their adjoints, which are the left chiral form of the
gauge change of Eq. (9). Substituting this into Eq. (23),
integrating by parts where needed, and using Eqgs. (A14) to
simplify commutators of covariant derivatives, we find that
Eq. (10) takes the two-component spinor form

56:5(0,) :%ig / dx(te —w) + O(".e), (37)

with the quadratic term given in Eq. (70) below. Hence, the
action on the constraint surface @ = o™ =0 has a fer-
mionic gauge invariance. Another gauge invariant, on the
constraint surface y = ' = 0, is the fermion number, given
by the space integral of the time component of the singlet
current of Eq. (34), [ @*xJ°, which has the gauge variation

5 / dxJ° = /d3x[—i(67;( +xt€) +ge'5-Be].  (38)

Again, these equations hold for € and its adjoint €' finite.

However, neither the equation of motion, the constraints
x and o, the non-Abelian “charge” [ d@*xJ®°, nor the
integrated Hamiltonian H is gauge invariant in the inter-
acting case. Using J; to denote gauge variations, we have

56V = —ig(B+ 5 x E)e.
660 = —igo - Ee,

Scx = —iga - Be,

-
-

5Gw:8-§D0€—(B+0xE)‘B€,

5G/d3xJBO = g/d3x(€T[A, tg] -6 x U

N

+ 0" x5 15, Ale),

1 o o I
ScH = Eig/aﬂx(\lﬁ -Be—¢'B-V).  (39)

The only global fermionic gauge invariants are the action
integral and the fermion number integral, in both flat and
curved spacetimes.

These results have an interpretation in terms of the
distinction between a gauge transformation, customarily
defined as an invariance of the physical state of the system,
and a canonical transformation. The usual gauge trans-
formations in gauge field theories and general relativity are
invariances of the action without the imposition of a
constraint and consequently are invariances of the field
equations and the Hamiltonian. Such gauge transforma-
tions are a special case of canonical transformations, but the
converse is not true; canonical transformations in general
alter the action, the field equations, and the Hamiltonian.
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We will see in Sec. IV that the fermionic gauge trans-
formations of Eq. (36) are always canonical transforma-
tions, which reduce to gauge transformations of the
customary type only when the external gauge fields vanish.
However, by virtue of the Jacobi identity for the Poisson
bracket, canonical transformations preserve inner proper-
ties of the theory. As an example, that will be needed in our
further discussion of generalized fermionic gauge invari-
ance in Sec. V, we verify that the secondary constraint
following from the gauge-varied equation of motion V and
primary constraint Vi, = y agrees with the gauge variation
of the original secondary constraint @. From Eq. (27), we
have

- -

D -V —Dyy = igw. (40)

Preservation of inner properties under the fermionic gauge
transformation means that we should find that

D -85V — Dydgy = igdsam. (41)

Substituting Egs. (39) into the left-hand side of Eq. (41)
gives

ig[Dy5 - Be — D - (B + & x E)e))
= igl6- BDye — (B +5 x E) - De + Ce], (42)

with the commutator remainder C given by

C=5-[DyB—BDy+DxE+ExD|—(D-B—B-D)
=0, (43)

which vanishes by virtue of the gauge field Bianchi
identity.

In Sec. V, we will discuss in more detail why the fermionic
gauge transformation, because it leaves the constrained
action invariant, corresponds to an unwanted redundancy
in the time evolution. To break the gauge invariance, we can
introduce an additional constraint, in the form

N

f(¥) =0, (44)

with f a scalar function of its argument. This constraint,
together with the y constraint, leaves one independent two-
component spinor of the original three in ¥, corresponding
to the physical massless Rarita—Schwinger modes propa-
gating in the gauge field background. We will limit ourselves
to considering linear constraints of the general form

f=L-V, (45)
and the choice L = b, a gauge covariant radiation gauge

analog, plays a special role in our analysis. By not
specializing L in our formulas, we can also examine the
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consequences of omitting a gauge fixing condition, corre-
sponding to taking L = 0.

We proceed to examine the gauge covariant radiation
gauge condition in more detail. We note that, since

D5V =D-V+iy, (46)

the primary constraint y = 0 implies that

-

6DV =D-V. (47)

Hence, when o - D is invertible, which is expected in a
perturbation expansion in the gauge coupling ¢, the

covariant radiation gauge constraint D - ¥ = 0 implies that
G- =0. (48)

Conversely, Egs. (46) and (47) show that D-¥ =0 and
6 - ¥ = 0 together imply the primary constraint y = 0, and
also -V =0and y =0 imply D - ¥ = 0.

We next note that on a given initial time slice the
covariant radiation gauge is attainable. Under the gauge
transformation of Eq. (36), we see that

DU —D-VU+ (D). (49)

Hence, when (D)? is invertible, which we expect to be true
in a perturbative sense, then we can invert (D)% = —D - 0,

to find a gauge function e that brings a general ¥ to the
covariant radiation gauge. Since

(6-D)* = (D)® + g5 - B, (50)

the conditions for & - D to be invertible and for (13)2 to be
invertible, are related. For generic non-Abelian gauge
fields, both of these operators should be invertible, but
there will be isolated gauge field configurations for which
G- D has zeros.

However, although the covariant radiation gauge can be
imposed on any time slice, it is not preserved by the

equation of motion for W. To see this, let us consider the
simplified case in which the gauge potential is specialized

to Ap =0 and QOA =0, so that only a static B field is
present. From Eq. (31), we have

(D W) = (D)W, + gB - ¥ = [(D)* + g5 B,

= (- D)V, (51)
So 80(ﬁ : \i/) = 0 implies ¥, = 0, but this is one constraint
too many. Hence, at each infinitesimal time step, we must

make a further infinitesimal fermionic gauge transforma-
tion to maintain the covariant radiation gauge condition, as
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further discussed in Sec. V B below. Only in the absence of
gauge fields can we simultaneously impose the constraints

V-y=0,6-y =0,and y, = 0, as used in the discussion
of Ref. [11] for the free Rarita—Schwinger case.

IV. CANONICAL MOMENTA, CLASSICAL
BRACKETS, AND GAUGE GENERATORS

_ We next introduce the canonical momentum conjugate to
W, defined by

‘S 1o
A(yl) 2

P= (52)

which can be solved for ¥’ using the final line of
Eq. (A11),

U =iP—Pxa. (53)

We will use Eq. (53) when computing classical brackets

involving ¥ using the formula of Eq. (A17). Equation (52)
can be written as an explicit matrix relation for the six

components of P and \I/T,

Pi 0 1 0 0 —i\ /Y
Py 0o 0 0 -1 i o]|w
P} 1l-1 0 o o o 1 ||wl
pil 2 o o 1 oo |fet|
Pl 0 i 0 -1 0 0 |fgn
Pl =i 0 =1 0 0 0)\ 4y

(54)
showing that they are related by an anti-self-adjoint matrix

with the determinant —1/16.
The four constraints introduced in Sec. III are

(
=y =0" bx\f/
L

réu

(55)

In writing these, we are assuming that ¢ - B is invertible
in the non-Abelian case. We are writing the gauge-fixing

condition as a general linear gauge-fixing constraint L - ¥
so as to keep track of which terms in the final answers
arise from gauge fixing, which is not evident if we

specialize by replacing L by D at this stage. The
constraints of Eq. (55), including the gauge-fixing con-
straint ¢,, are all first class in the Dirac classification,
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since they have vanishing mutual classical brackets. This
is a consequence of the fact that, starting with a

constraint depending on ¥ but not on ¥ and taking
an arbitrary number of time derivatives, one still has a

constraint depending only on 0.

To preserve the adjoint properties of the Rarita—
Schwinger equation, for each of these four constraints,
we must impose a corresponding adjoint constraint. Using
Eq. (53) to express ¥ in terms of P, we write these as

11 (P\p;)) = —Py,,

12 =o' (G Q) ‘1’8
—P-[i(B+6xE)—6x(B+5xE)|(5-B)",

13 =x"=2P-D,

pa=V"L=P (iIL—5xL) (56)

(The reason for the minus sign in the definition P+ =
0

—P;;O will be given in Sec. II of the following paper
where we discuss the Hamiltonian form of the equations.)
The constraints ¢, are implicitly 2n-component column
vectors, and the adjoint constraints y, are implicitly
2n-component row vectors, with 2n arising from the
product of a factor of 2 for the two implicit spinor indices
and a factor of n for the n implicit SU(n) internal symmetry
indices.

When L = b, we see that ¢, becomes ¢, = D- U, and
¥a becomes yy=iP-D—P-5xD=(i/2)y;—P-5xD.
So a special feature of covariant radiation gauge, which
will be exploited later, is that the constraints ¢s, ¢p, are
contractions of & x D and D with WU, and the constraints
X3, ¥4 are contractions of linear combinations of the duals D
and & x D with P. That is, in the covariant radiation gauge,
the constraint spaces selected by y3, y4 and ¢3, ¢b4 are duals
of one another.

We can now compute the classical brackets of the
constraints. We see that the brackets of the ¢s and ys
vanish among themselves,

[¢a7¢b]c =0,
b(a’)(b]c =0,
ab=1,...4 (57)

On the other hand, the brackets of the ¢s with the ys give a
nontrivial matrix of brackets M, which has a nonvanishing
determinant,

Mab(}’;;;) = [qﬁa(;c)v)(b(;))]C ?é 07

det M # 0. (58)
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Thus, in terms of the Dirac classification, the original first
class constraints ¢, have become second class, not from
adding new constraints that follow from differentiation with
respect to time or from imposing gauge-fixing conditions
but rather from adjoining the adjoint set of constraints. This
is a feature of the Rarita—Schwinger constrained fermion
system that has no analog in the familiar constrained boson
systems such as gauge fields.

Evaluating the brackets shows that M has the general
form

0 -1 0 0
1 U S T

M= , (59)
0V A B
o w C D

where in the SU(n) gauge field case each entry in M is a
2n x 2n matrix (corresponding to the fact that ¢, is
implicitly a 2n-component column vector and y;, is
implicitly a 2n-component row vector). Evaluating det M
by a cofactor expansion with respect to the elements of the
two unit matrices =1, we see that the submatrices
U,S,7,V, W do not contribute, and we have

detM = detN

L

So we need to only evaluate the brackets Ms; = A,
My, =B, My; =C, My, = D, giving

-

A= =2igs - B(x)8*(X — 7).
B=-2D;-L:5*(%—Y),
C=2L; D:8(%—7).
D= (i(L:)* +5- (L x L)) (R =F).  (61)

When L = E these become

A= 2igs - B()8(% 7).
B = ~2(D:)8(i - ).
C=2(D:)*8* (% — ),
D = i((D3)? — g5 - B(¥))5*(X - 3). (62)
Reflecting the fact that the ¢, and y, are adjoints of one
another, together with the fact that the matrix relating ¥ to

P is anti-self-adjoint [see Eq. (54)], these matrix elements
obey the adjoint relations

Mab(}’y)-r = _Mba(i;’})' (63)
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Applications of these bracket and determinant calculations
will be made in the subsequent paper, where we discuss
quantization by both the Dirac bracket formalism and by
the Feynman path integral.

To conclude this section, we note that the constraints
0, Py,, P\I,g play the role of gauge transformation gen-
erators. For example, we have (with common time argu-
ment ¢ suppressed)

[ x50 @), 56)| = Do)
[— / d3qu,0()?)Do€(?c),‘l/0(jz)} — Dye(3).  (64)
C

So the fermionic gauge transformation is a canonical
transformation. This is also evident from the fact that since
Eg. (36) is just a shift in the fermionic variables W and ¥,
by the quantities De and Dye, which have no dependence
on the feqnioyic variables, this shift leaves the canonical
brackets [¥;, P;]., [V, Py,].. etc., unchanged.

V. GENERALIZED GAUGE INVARIANCE OF THE

RARITA-SCHWINGER ACTION

We turn now to a justification of our claim that the
fermionic gauge transformation introduced in Eqgs. (9)
and (36) is a generalized form of gauge invariance, which
corresponds to redundant degrees of freedom and which
leaves essential attributes of the physics of gauged Rarita—
Schwinger fields invariant. In the most familiar gauge
invariant theories, such as Abelian or non-Abelian gauge
fields, the Lagrangian density is invariant under a
gauge transformation on the fields. These theories exhibit
what one could term “strong” gauge invariance. In a
weaker form of gauge invariance, which occurs for the
free Rarita—Schwinger equation, the Lagrangian density
changes by a total derivative under a gauge transformation
of the fields, and so only the action is gauge invariant.
Characteristic features of this case have been studied by
Das [12]. We argue in this section that there is a still
weaker form of gauge invariance, obeyed by the massless
Rarita—Schwinger equation with Abelian or non-Abelian
gauging, in which, under a gauge transformation, the
Lagrangian changes by a total derivative plus terms which
vanish when initial value constraints are obeyed.

We divide our argument that the transformation of
Egs. (9) and (36) is a generalized form of a gauge
invariance into two parts, first considering infinitesimal
transformations and then considering general finite
transformations.

A. Infinitesimal gauge transformations

In his seminal analysis of constrained systems, Dirac
[14] classifies as “first class” constraints the maximal set of
constraints that have vanishing mutual Poisson brackets
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and notes that “Each of them thus leads to an arbitrary
function of the time in the general solution of the equations
of motion with given initial conditions.” Elaborating on
this, he notes that “Different solutions of the equations of
motion, obtained by different choices of the arbitrary
functions of the time with given initial conditions, should
be looked upon as all corresponding to the same physical
state of motion, described in various way (sic) by different
choices of some mathematical variables that are not of
physical significance (e.g. by different choices of the gauge
in electrodynamics or of the co-ordinate system in a
relativistic theory.)”

These remarks suggest that gauge invariance, in its most
general form, corresponds to an arbitrariness in the time
evolution of a system, in the sense that the future evolution
of the system is not uniquely determined by the initial
conditions and the Euler—Lagrange equations following
from the action principle. Under this generalized definition,
the Rarita—Schwinger equation with coupling to gauge
fields has a fermionic gauge invariance. To see this, we note
the Euler—Lagrange equations yield equations of two types.
The first are the time evolution equations contained in
Eq. (3), that determine the field variables at a later time
t + At from those initially given at time 7. The second are
the primary and secondary constraints of Egs. (5) and (6),
which constrain the initial field values at time z. If we make
the gauge transformation of Eq. (9) at time ¢, with
infinitesimal gauge parameter ¢ (with €' its adjoint), we
see that the action at time ¢ changes, to first order in e,
according to Eq. (10). So assuming that the initial data at
time ¢ obey both the primary and secondary constraints,
then when the constraints at time ¢ are applied, the change
in the action is O((¢)?). After this gauge transformation, we
have seen in Eq. (39) that the Euler—Lagrange equations V,
the primary constraint y, and the secondary constraint w are
all changed at order ¢, but because the gauge transformation
is a canonical transformation that preserves inner proper-
ties, we have also seen that the altered secondary constraint
is the one implied by the altered V and ¥, with an error of at
most (¢)?. Hence, after the gauge transformation, we still
have consistent equations of motion and initial conditions,
which can serve as a starting point for time evolution.
However, by making the gauge infinitesimal gauge trans-
formation, we have introduced an arbitrariness into the
evolved solution. To get a unique time evolution path from
the initial data at time ¢ using the action principle, one
must impose a gauge-fixing condition, that selects one
member out of the equivalence class of equal action field
configurations.

In the gauged Rarita—Schwinger theory, only the con-
strained action and constrained fermion number, in both flat
and curved spacetimes, are invariant to first order under
infinitesimal fermionic gauge transformations. This has an
important physical significance. Consider a set of Rarita—
Schwinger fields that, as envisaged in the model of Ref. [2],
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are permanently bound into condensates. The only way to
see that these fields are present is through their gravitational
fields, through their gauge field polarizabilities, and pos-
sibly also through their influence on overall fermion
number counting. The constrained action is the functional
of the metric and the gauge fields that determines the
influence of the Rarita—Schwinger fields on the metric and
the gauge fields, respectively, so the fact that the con-
strained action is invariant under infinitesimal fermionic
gauge transformations means that the physical effects
induced by confined Rarita—Schwinger fields are similarly
invariant. (This statement is not contradicted by the
fermionic gauge noninvariance of the energy integral and
the gauge field source currents, since these are calculated
by varying the unconstrained action and do not take into
account the fact that the constraints that enter into the
constrained action are themselves nontrivial functions of
the spacetime metric and the gauge fields.)

The fermionic gauge invariance of the constrained action
functional of the metric and the gauge fields then allows us
to impose a gauge-fixing constraint, making the time
evolution determined by the action principle unique.
Gauge fixing eliminates the redundancy of gauge degrees
of freedom and so is a convenience in checking the correct
helicity counting for the Rarita—Schwinger fields but is not
needed for this purpose. In the following paper, where we
turn to quantization, gauge fixing is needed to get an
invertible constraint matrix in the weak field limit, and
when covariant radiation gauge fixing is used, one finds
manifestly positive semidefinite anticommutation relations
for the quantized Rarita—Schwinger fields.

B. Finite gauge transformations: Auxiliary
field and the extended action

Since the transformations of Egs. (9) and (36) are linear in
the Rarita-Schwinger field, the relations of Eq. (39) give the
most general form of the transformed equations of motion
and constraints. Thus, letting A denote a finite fermionic
gauge transformation, the general form of the equations of
motion and constraints are

0=w(A) = - B(Ty + DyA)
—(B+5xE)- (U +DA). (65)

Under the gauge shifts of Eq. (36), A is augmented to A + ¢,
or, equivalently, under the extended gauge transformation
that includes a shift of A,

-

WUy — Uy + Dye, ila\_ﬁ+De, A->A—eg,

(66)
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the formulas of Eq. (65) are left invariant. By using Eq. (43),
one can verify that

D -V(A) — Dy y(A) = igo(A). (67)

From Egs. (65), one deduces alternative forms of the T
equation of motion, subject to the constraint y(A) = 0,

U+ g(B — iE)A,
G-DUy—Dys- ¥ —

Do\i’ = E\Ijo + 15 X
0=0(A) = igs-EN.  (68)

From the first of these, one finds

iE)A),
(69)

DyD - U = (D)*Wy + g(B + iE) - ¥ + gD - (B —

which gives a condition on the gauge shift A for the
covariant radiation gauge condition D - ¥ = 0 to be main-
tained in time.

We can now write down an action corresponding to the
generalized equations of motion and constraints. It is

1 L o >
S(A) = —/ d*x[~Ujs-D x ¥

2
+ 0" (6x DT+ D x ¥ —5 x Dy)

—igV' (B+6xE)-A+ighT(B+5xE)-V
ig\' - B,

ig\iG - BDyA].  (70)

+igWi5- BA —
+igA"(B+ 5 x E) - DA —

One can check that the final line of this action is self-
adjoint, by using Eq. (43), and one can also verify that this
action is invariant under the transformation of Eq. (66),
including quadratic terms in €, without using the constraints
following from the equations of motion. The extended
action of Eq. (70) gives the most general form of the gauged
Rarita-Schwinger action, in which A plays the role of
an auxiliary field that restores exact fermionic gauge
invariance.

Varying this action with respect to UT gives the gener-
alized equation of motion V(A) = 0, while varying it with
respect to W, gives the generalized primary constraint
x(A) = 0. Since these hold for all times, Eq. (67) then
shows that they imply the generalized secondary constraint
w(A) = 0. Varying this action with respect to AT gives just
the secondary constraint w(A) =0 as the equation of
motion for A. This shows that A is not an independent
dynamical variable but rather is a Lagrange multiplier for
the secondary constraint, which plays the role of a
generalized auxiliary field. This further supports our argu-
ment that the gauge transformation of Eq. (36) corresponds
to a generalized gauge invariance, and that the gauge
degrees of freedom are redundant degrees of freedom.
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Making the shift € = —A reduces A to zero, so that
action of Eq. (70) reduces to the original action of Eq. (23).
Conversely, this shows that Eq. (70) is just Eq (23) with the

substitutions Wy — ¥, + DyA and U U+ DA, that is

S(A) = % / d*x[—(W} + ATDg)5 - D x (¥ + DA)
+ (B + ATD) - (6 x D(Vy + DyA)

+ D x (U +DA) —5 x Dy(¥ + DA))],  (71)

which makes manifest the invariance of S(A) under the
shift transformation of Eq. (66). The simplicity of this way
of constructing the extended action is a reflection of the fact
that the fermionic gauge group is simply an Abelian group
under addition of gauge functions. If we now define ¥{, =

Wy + DyA and ¥ = U + DA and fix the choice of A by
imposing a gauge-fixing condition, such as the gauge
covariant radiation gauge, then we see that as a function
of the primed, gauge-fixed variables, the generalized action
S(A) takes the same form that the original action of Eq. (23)
took as a function of the original variables.

The above analysis in terms of two-component, left
chiral spinors can also be carried out in the original four-
component formalism. Making the substitution v, — v, +
D, A in Eq. (1) gives after some algebra using Eq. (7) the
four-component form of the extended action functional of
the Rarita-Schwingerfield v, and the auxiliary field A,

S(A) = / &3 [,757, D,
+35 I (~ArstaFuy + WarsraFoph
— AysryF prﬂA)} (72)
which is self-adjoint by virtue of the Bianchi identity
e [D,, F,,] = 0. (73)
Varying Eq. (72) with respect to y, gives the generalized

Euler—Lagrange equations (which include the generalized
primary constraint)

etip (Dpr + ngpA> =0, (74)

while applying g_lDﬂ to this and using Eq. (73) gives the
generalized secondary constraint

e F,(y,+D,\) = 0. (75)
Varying Eq. (72) with respect to A gives just the gener-

alized secondary constraint of Eq. (75), again showing that
A is a Lagrange multiplier for the secondary constraint,
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which acts as an auxiliary field, and thus corresponds to a
redundant degree of freedom, not a physical degree of
freedom.

VI. PROPAGATION OF A RARITA-SCHWINGER
FIELD IN AN EXTERNAL ABELIAN GAUGE
FIELD: ABSENCE OF SUPERLUMINAL
PROPAGATION

We specialize now to the case of a Rarita—Schwinger
spinor propagating in an external Abelian gauge field, as
studied by Velo and Zwanziger [4]. For an Abelian gauge
field,

<Y
oot

1

N
o

= E) > (76)

and so & - B is invertible as long as (B)? > 0, which we

(ool
—~
(3o}

assume. Provided the Lorentz invariant expression (79)2 —
(E)? is positive, (B)? will be positive in any Lorentz frame.
In discussing undamped wave propagation, we will not use
the inequality (B)2— (E) > 0, but in treating damped
longitudinal mode propagation in Appendix B, we will
assume that (E)2/(B)? is small, as motivated by the fact
that when (E)* is of order (B)*> the vacuum is
highly unstable against pair creation. (Strictly speaking,
the vacuum is stable against pair production only when
E-B=0 and (B)?> — (E)? > 0, that is, when there is a
Lorentz frame in which the Abelian field has vanishing
E [15]) .

Given that (B)? > 0, we can solve the constraint @ = 0
of Eq. (28) for ¥, giving

X
TR (17)

Q¢

(oo)}

where we have defined

-

0=56-B(B+6xE)=BxE+B&-(B+iE)—iB-E&.
(78)

Substituting the solution for W, into Eq. (31), we get an
equation of motion for ¥ by itself,

1

(B)?

To determine the wave propagation velocity in the
neighborhood of a spacetime point x, = (z,, X, ), we need
to calculate the equation for the wave fronts, or character-
istics, at that point. Writing the first-order Eq. (79) in the
form

+iDx . (79)
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By = V=
(B.)?

1

+iV x U+ AU, x,. x], (80)

with B, and Q, the values of the respective quantities at x,,

we see that B[\fl x,, x] involves no first derivatives of T at
X, and so is not needed [16,17] for determining the wave
fronts of Eq. (31). The reason is that, when taking an
infinitesimal line integral of Eq. (80), according to

o -
lim [ dZ[0,% = ..., (81)
5—>0 _5

discontinuities across wave fronts contribute through the
first derivative terms, but when the external fields are

smooth, the term A[W¥, x,, x| makes a vanishing contribu-

-

tion as 6 — 0. Dropping A and multiplying through by

(}_??*)2, we get the equation determining the wave fronts in
the form

(B,)20y0 =VQ, - T +i(B.)2VxT. (82

By similar reasoning, the constraint y can be simplified, for

purposes of determining the wave fronts, by replacing D
by V, giving

0=5-VxU. (83)

Since these are now linear equations with constant
coefficients, the solutions are plane waves, and without
loss of generality, we can take the negative z = x5 axis as
the direction of wave propagation. So making the Ansatz

U = Cexp(iQt + iKz), (84)
Eq. (82) for the wave fronts or characteristics takes the form
0=F=(B,)2QC—K20,-C—i(B,)*KzxC, (85)

with Z a unit vector along the z axis, and the constraint
Eq. (83) becomes an admissability condition on C,

0=5-2xC. (86)

Writing F,, as a matrix times C, (and dropping the
subscripts *, which are implicit from here on), we have

F, =N,,C,,
Non = (B8, — K6,30, — i(B*Key,.  (87)
The equation for the characteristics is now
det(N) =0, (88)

since this is the condition for Eq. (85) to have a solution
with nonzero C. However, since the evaluation of the
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determinant shows that it factorizes into blocks that
determine C;, and a block that determines C5, a simpler
way to proceed is to work directly from the equations
F,, =0, which decouple in a corresponding way.
Calculating from Eq. (85), we find

0=F" = (BR(Qc!t +ikclh),
0=FI' = (B(Qclt —ikcl),
0=F]* = (BPQCI' —K(Q - O)1,  (89)
where 1, | indicate the up and down spinor components,
labeled in Eq. (22) by a = 1,2. Similarly, the constraint
Eq. (86) becomes 0 = —¢,C, + 0,C, that is
cl =icl,
¢l =—ict, (90)

with no corresponding condition on C g . The first two lines
of Eq. (89) together with Eq. (90) have the solution

cl=c,
cl =c,

Q=K,
Q=-K, (91

with C arbitrary, corresponding to waves with a velocity of
magnitude [Q/K| = 1. Thus, the modes with C;, # 0 are
exactly luminal. Because general background gauge fields
are a nonisotropic medium, these modes have nonzero
longitudinal components given by solving the third line
of Eq. (89),

Cy = K((B’Q—KQ3) ' (0,C) + 0,C,). (92

The effect on the characteristics of a gauge change
U - U+ De, e = Eexp(iQt + iKz)f(t,z), where f has a
unit slope discontinuity along the z axis at x,, is to shift
Cg’i - Cg’i + E™, and thus C\I’i are gauge degrees of
freedom. In Appendix B, we continue this discussion and
show that the longitudinal gauge mode with C; = C, =
0, C5 # 0 also does not propagate superluminally, although
in general it is subluminal.

VIL. FAILURE OF ADIABATIC DECOUPLING AND
INAPPLICABILITY OF THE S-MATRIX
NO-GO THEOREMS

We show in this section that various no-go theorems that
claim to rule out the gauging of higher-spin theories do not
apply to the gauged Rarita—Schwinger field. The reason is
that there is a failure of adiabatic decoupling, arising from
the fact that the @ secondary constraint is homogeneous in
the gauge fields. For a recent paper on no-go theorems, see
Ref. [10], which has extensive references to the earlier
literature. In our analysis here, we shall refer specifically to
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the paper of Porrati [9], which uses so-called on-shell
methods to give limits on massless high-spin particles.

The analysis of Porrati assumes that “the general helicity-
conserving matrix element of a U(1) current between on-
shell spin s states is (v, p 4 g|J,|u, p)...,” where u and v
are free-space spinors that obey the massless Dirac equation.
Porrati assumes that the matrix element is bilinear in « and v,
and “otherwise depends only on the momenta.” We shall see
in the following subsections that this assumed form is not
realized in the gauged Rarita—Schwinger theory, where,
because of the failure of adiabatic decoupling, the matrix
element in question also depends on the U(1) gauge field
polarization through the dual field strength F' w = %eM(;F ‘o,
In fact, the initial and final Rarita—Schwinger spinors both
must have a v dependence in order to obey the secondary
constraint of Eq. (6), and so the matrix element has the more
complicated form (v, p + g, IA’,?,/\J” u, p, Fm/>'

We show in Sec. VII A that the initial and final Rarita—
Schwinger spinors in the limit of a zero gauge field
amplitude are equal to free-space spinors u, v of the form
assumed by Porrati, plus a fermionic gauge transformation
that depends explicitly on the photon field strength F' yv- This
structure arises from the homogeneous form of the secon-
dary constraint and corresponds to an intrinsically non-
perturbative aspect of the gauged Rarita—Schwinger
equation. As another reflection of this, we show in
Sec. VII B that one cannot set up a covariant Lippmann—
Schwinger equation [18] for the Rarita—Scwhinger wave
function, and so the matrix element that enters into the
no-go theorems does not admit a Born approximation. In
Sec. VII C, we show that a matrix element that has all the
required invariances can be formulated using an analog of
the distorted wave Born approximation, in which the initial
and final Rarita—Schwinger states have an explicit depend-
ence on the photon polarizations.

A. Zero amplitude limit of the ¥ equation:
Retained memory of the gauge field
As in Sec. VI, let us consider a Rarita—Schwinger field
propagating in an external Abelian gauge field. For con-
venience, we assume that the ratio |E(¥)|/|B(¥)| = r(¥) is
bounded from above. In the limit as the vector potential
amplitude A is scaled to zero, Eqs. (77) and (78) become

I?’(?c) =6-BX)(B(X) + r(x)o x E(X)), (93)
with B = B/|B| and E = E/|E| unit vectors along the E and
B fields. When the external field is a propagating plane wave
with the wave vector direction §, the unit vectors §, B, and E
form an orthonormal set of constant unit vectors, and

|7(X)| = 1. We see that, because the secondary constraint
of Eq. (6) is homogeneous in the field strengths, the relation
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between ¥, and U retains a memory of the gauge field
orientations, and thus of the photon polarization, even in the
limit as the field amplitude approaches zero.

In the zero amplitude limit, D, = J, and D= V SO
substituting Eq. (93) into Eq. (79), the zero amplitude limit

for the equation of motion for ¥ becomes
9y¥ = VR-T +iV x b, (94)
with the primary constraint now & - Vx ¥ =0. Hence,

through R, the T equation of motion retains a memory of
the external fields in the limit of zero amplitude; that is,
adiabatic decoupling has failed. Let us now consider the
situation in which the Rarita—Schwinger field and the

external gauge fields are plane waves, so that R is a

constant and ¥ has the form

-

U — Cel(Qu+k¥) (95)

Making the fermionic gauge transformation

Vo0 =0 + Ve,
€ — Eei(QtJerc)’ (96)
¥ sl obeys the zero amplitude primary constraint since
6 -V x Ve = 0. Then the gauge choice
R-C
E=i-— (97)
R -k
reduces Eq. (94) to the free-space form
OV =iV x V. (98)

Thus, a Rarita—Schwinger plane wave in a zero amplitude
gauge field plane wave background is equal to a free-space
solution plus a gauge term that has a memory of the photon
polarizations.

B. Breakdown of the Lipmann-Schwinger equation:
No Born approximation to scattering

Let us now examine what happens if one tries to set up a
covariant Lippmann—Schwinger equation, so as to generate
a Born perturbation series for the Rarita—Schwinger wave
function in an external gauge field. Let us start from the
Rarita—Schwinger equation in the form [see Eq. (A6)]

Y™ Dy, = 0. (99)
Splitting D,, into 0, and gA,, this equation takes the form

ynypaul//p = _yﬂypgAul//p' (100)
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Let us now try to solve this equation as a perturbation series
around a free-space solution by writing

V)7 gAs(y)wi(y).

(101)

v, (x) = () + / ¥l —

where lpffee obeys the free-space Rarita—Schwinger
equation

Yoyl = 0. (102)
If the free-space Rarita—Schwinger Green’s function
S,a(x —y) obeyed

ynyl)axuspa<x - y) = _5254()( - y>’ (103)
then Eq. (101) would reproduce Eq. (100). But in fact the
free-space Green’s function cannot obey Eq. (103), because
Oyy™ 0y, S po(x — y) = 0; instead it obeys [19]

yny/)axvspa(x - y) = _6254()( - y) + ayagn(x - y)’
(104)

with Q necessarily nonvanishing. Integrating dy, by parts
onto the factor y*gA;(y)w,(y), one gets

VPR GF o5 ()W (105)

() + 7% 9A5(y) Oy (¥)-
The first term of this expression vanishes by virtue of the
secondary constraint, but the second term is nonvanishing
because the Rarita—Schwinger equation for the exact wave
function w,(y) is

v’ Dy () = 0; (106)
that is, it requires the full covariant derivative Dy, in
place of its free-space restriction d,,. The conclusion
from this analysis is that one cannot set up a covariant
Lippmann—Schwinger equation for the gauged Rarita—
Schwinger wave function, and thus one cannot develop
this wave function into a Born approximation series
expansion in powers of the coupling g to the external
gauge field.

C. Lorentz covariance and mode counting in on-shell
Rarita—Schwinger field-photon scattering: Distorted
wave Born approximation analog

We address finally the question [20] of whether one can
write down an amplitude for leading-order on-shell scatter-
ing of Rarita—Schwinger fields from an external electro-
magnetic field, which has the requisite relativistic
covariance while preserving the correct counting of mass-
less spm—f propagation modes. Looking ahead to the
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quantization, an operator effective action for this scattering
process can be inferred from the interaction term in Eq. (1),

Seff(l//wAu) = / d4x£eff(1//wAv)’

1 _ .
591///4 ()C)16”'7”[)7/5}/}714”()()[///,()(), (107)

‘Ceff(l//;uAu) =
where we have suppressed spinor indices as in the text
from Eq. (3) onward. For Abelian external fields A,, the
covariant derivatives in the equations of motion and
constraints are given by

Du = au + gAw EU = 51/ - gAl/ (108)
At the outset, we shall assume that A, (x) is of short range
and vanishes for |X| > R for some radius R. This effective
action, the equations of motion of Egs. (3) and (4), and the
primary and secondary constraints following from them,
given in Egs. (5) and (6), are all relativistically covariant
and so provide a starting point for calculating a covariant
scattering amplitude. Taking the matrix element of
Eq. (107) between an incoming Rarita—Schwinger state
of four-momentum p and an outgoing Rarita—Schwinger
state of four momentum p’, we get the corresponding
scattering amplitude

1, _
As = 219/ d4X1//,,(p’,x)e""”/’ys}'y,Au(x)ll/,,(p,X), (109)

where w, and y, are now wave functions, rather than
operators, that obey the Rarita—Schwinger equations of
motion in the presence of the external field A, .

We now introduce source currents for the gauge potential
A, and the Rarita-Schwinger wave functions y, and y,,,
and study their conservation properties. The source current
to which the gauge potential A, couples is defined by
writing the scattering amplitude as

1
Ag = Eig/d‘lel,(x)J”(x),
JY(x) =y, (P, )" ysyw,(p, X). (110)

The source current for the Rarita—Schwinger field v, (p’, x)
is defined by writing the scattering amplitude as

2
TH(p.x) = e"™ysy, A, (x)w,(p, x).

1
As =—ig/d4xt/7,4(p’,X)J"(P,X),
(111)

Finally, the source current for the Rarita—Schwinger field
w,(p, x) is defined by writing the scattering amplitude as

PHYSICAL REVIEW D 92, 085022 (2015)
1 i}
As = Etg/d“xjf’(p’,X)wp(p,X),

TP (P’ x) =, (p', x)e"™Pysy,A,(x). (112)

We now show that the three currents that we have just
defined are conserved. For the source current J* for the
gauge potential, we have

9,0 =, (P x)D e ysy,y,(p. x)
+ l/_/y (pl’ x>€m1ypy57/anl//p(p’ x)

=0, (113)

where the first and second terms on the right vanish by the
Rarita—Schwinger equations for y,(p’,x) and w,(p, x),

respectively. For the source current J*(p, x) for the spinor
w,(p', x), we have

Dﬂjﬂ (pv x) = eﬂnbp757n(8yAb (x))l//p (pv x)

+ €Mbp75771Av (X)Dﬂl//ﬂ (P, x)

=0. (114)

The second term on the right vanishes by the Rarita—

Schwinger equation for y,(p, x), while the first term on the
right can be rewritten as

1
ieunw)YS}/nFﬂu(x)Wp(p?x) (115)

and vanishes by the secondary constraint of Eq. (6). Finally,
for the source current J7(p', x) for the spinor y,(p, x), we
have

T (P'.x)D, = 1, (' x)e"™ 57, (9,A, (%))
+ ll_/ﬂ (p/’ x)D/}gﬂﬂ”ﬂys},nAy (x)
=0. (116)
Again, the second term on the right vanishes by the Rarita—
Schwinger equation, while the first term on the right
vanishes by the secondary constraint of Eq. (6).
Consider now the following three gauge transformations:

A (x) = Ay (x) + O,A,
l//p(p’x) - l///,(p,X) + D/)av
7,(p'.x) = P (p'. ) + BD,.. (117)

with a and f independent spinorial gauge parameters. From
Egs. (110)—(112), together with Egs. (113)—(116), we find
that these transformations each leave the amplitude A
invariant,
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i
5rAs = 5ig / & x(0,0)J" (x)
= —%ig/d“anl,J’“(x) =0,
S Ag = ;ig/d“xjf’(p’,x)Dpa

1 - -
= _Eig/ d*xJ?(p'.x)D,a =0,

1 _ e
opAs = Eig/d“xﬁDﬂj”(p,x)

:—%ig/d“xBD”j”(p,x) =0. (118)
This, together with the primary and secondary constraints,
implies the correct mode counting for the Rarita—
Schwinger wave functions, since the gauge degrees of
freedom do not change the amplitude and so are redundant.

We next must specify more precisely the structure of the
spinor wave functions entering the formula for Ag. Since
the gauge field A, is assumed to vanish in the external
region |x| > R, the Rarita—Schwinger wave functions obey
free field equations in this region. So for |x| > R, they can
be taken asymptotically as plane waves at t - £oo,

wu(p' x) ~u,(pe?*, 1 +oo,

w,(p.x) ~u,(p)er™, t > —c0. (119)

With these boundary conditions, the formula for the
amplitude takes the final form

1. —
A=3ig / dxpy ) (P x)e ™y sy, A, (xws (p.x).
(120)

The out state (—) and in state (4) boundary conditions used
here are analogs of the boundary conditions used in the
distorted wave Born approximation [21], which the con-
struction of Eq. (120) resembles. Equation (120) then
gives an approximation to the matrix element for Rarita—
Schwinger scattering by the gauge potential.

Rather than invoking the presence of redundant degrees
of freedom to count physical Rarita—Schwinger states, we
can follow the usual procedure of imposing a gauge-fixing
constraint. To preserve relativistic and gauge covariance,
this can be taken as the gauge covariant Lorentz gauge
condition

(0 XD = Dy, (px) =0, (121)
which is attainable from a generic gauge by the gauge
transformation of Eq. (9), provided that DD, is invertible.
In the external region where the gauge field vanishes, one
can instead use the condition y”y, =0 in place of the
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secondary constraint together with the gauge condition
0y, =0, giving the usual covariant degree of freedom
counting for the incoming and outgoing Rarita—Schwinger
wave functions [22]. Alternatively, if we are not concerned
to maintain manifest Lorentz covariance, we can make a
gauge transformation in the external region to the gauge
wo = V- = 0 used in Refs. [11,19] to enumerate Rarita—
Schwinger degrees of freedom. When a non-Lorentz
covariant radiation gauge condition is used, scattering
matrix elements depend on a unit timelike vector in
addition to the particle momenta, and so the conditions
assumed in [9] are not obeyed.

Note that if one were to attempt to construct a Born
approximation amplitude, in which the Rarita—Schwinger
wave functions in the presence of the gauge field are
replaced by plane waves in the interior region where the
potential is nonzero, the arguments given above for the
compatibility of Lorentz covariance with degree of freedom
counting would fail. The reason for this is that the spinor
source currents would then no longer be conserved, even to
zeroth order in the gauge coupling g, because the free
particle plane wave solutions do not obey the secondary
constraint of Eq. (6). The nonexistence of a satisfactory
Born approximation for Rarita—Schwinger photon scatter-
ing agrees with the result obtained in Sec. VII B, that one
cannot construct a Lippmann—Schwinger equation for this
process. To establish compatibility, we have had to use an
analog of the distorted wave Born approximation [21], in
which the leading approximation to the amplitude is
constructed using interacting rather than free fermion wave
functions and does not have a perturbation expansion for
small coupling, g.

When the external Abelian potential is a plane wave field
which extends to infinity, there is no large || region where
the Rarita—Schwinger solutions reduce to free-space ones.
Rather, as shown in Sec. VII A, in the adiabatic decoupling
limit of a zero amplitude gauge field, the Rarita—Schwinger
solutions become free-space solutions plus gauge terms
that remember the photon polarization and which are
necessary to enforce the secondary constraint. Thus, one
cannot attain the kinematic form assumed in the on-shell
no-go theorems. But as shown here, using distorted Born
approximation waves, one can write down a consistent
covariant scattering amplitude.

VIII. SUMMARY AND REMARKS

To conclude, we see that, unlike the massive case, the
massless gauged Rarita—Schwinger equation leads to a
consistent classical theory. The theory has the correct
counting of propagating nongauge degrees of freedom
with no superluminal wave propagation. The theory admits
a generalized fermionic gauge transformation, and infini-
tesimal gauge transformations are an invariance of the
constrained flat and curved spacetime actions and of the
fermion number. The gauged Rarita—Schwinger equation
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has a nonperturbative aspect when the secondary constraint
 is eliminated, resulting in a breakdown of adiabatic
decoupling, leading to the inapplicability of various
S-matrix no-go theorems that claim to forbid gauged
massless Rarita—Schwinger fields. The extension of these
results to the quantized Rarita—Schwinger theory is given in
the following paper, where we show that a consistent
quantization by the Dirac bracket and path integral methods
is possible, with a manifestly positive semidefinite canoni-
cal anticommutator in the covariant radiation gauge.
Thus, in the massless case, our analysis eliminates the
various objections that have been raised to gauging Rarita—
Schwinger fields, showing that non-Abelian gauging of
Rarita—Schwinger fields can be contemplated as part of the
anomaly cancelation mechanism in constructing grand
unified models.

We conclude with several remarks:

(1) We have introduced gauge fixing to make the time
evolution of the Rarita—Schwinger fields unique, but
the analysis of this paper does not require gauge
fixing. Specifically, if gauge fixing is not imposed,
the correct helicity counting is still obtained because
fermionic gauge degrees of freedom are redundant
degrees of freedom and are not physical. Gauge
fixing makes this redundancy manifest by providing
a condition that excludes the gauge degrees of
freedom, but in analogy to the case of Maxwell
electrodynamics, gauge fixing is not needed to get
the correct physical state counting. On the other
hand, in the following paper, where we turn to
quantization, gauge fixing is needed. This can
already be anticipated from the form of the con-
straint matrix N of Eq. (60), which, when gauge
fixing is omitted, reduces to the single element A =
—2igo - B(%)83(X — ¥) which is not invertible in the
small B limit. Inversion of the constraint matrix does
not enter into the calculations of this paper but is
needed in the following paper both for the Dirac
bracket and path integral quantization.

(2) A possible exception to the nonperturbative behavior
detailed in Sec. VII is when the E and B gauge fields
are random, since if Eq. (77) is replaced by an
average, denoted by AV,

/2N g
< o>Av—<(E)2>AV B (122)
it becomes
W =35 (Bav,  (123)

which is compatible with (¥y) g = & - (U) 1y = O,
the customary free Rarita—Schwinger constraints
employed in Refs. [11,19]. This heuristic observa-
tion suggests that Rarita—Schwinger fields coupled
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to quantized gauge fields with a zero background
gauge field may have a perturbative g — 0O limit.

(3) In showing in the Abelian case that there is no
superluminal propagation, the inversion of 5-B to
get W, only required (B)* # 0. In the non-Abelian
case, where B is itself a matrix, the conditions for
invertibility are nontrivial and have yet to be
analyzed. We will see in the following paper that
this issue is side stepped when the constraints are
dealt with by the Dirac bracket or path integral
procedures, since these do not require the inversion
of 6 - B when a gauge constraint is included.
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APPENDIX A: NOTATIONAL CONVENTIONS
AND USEFUL IDENTITIES

We follow in general the notational conventions of the
book Supergravity by Freedman and Van Proeyen [19].
The metric 7, is (—.+,+,+), and the Dirac gamma
matrices y,,y" obey the Clifford algebra

Yulv + V¥ = 2y (A1)
They are given in terms of Pauli matrices o; by
0 -1
= — 0 =
Y0 4 <1 0 )
i 0 Gj
yj —r= (7]' 0 ’
) 1 0 (A2)
=1 = .
75 YoY1Y273 0 —1
We also note that
€0123 = -0 =1, (A3)
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the left chiral projector P; is given by

1
Py == (1+7s),

; (A4)

and the spinor ¥ is defined in terms of the adjoint spinor
y" by

=y’ (AS)

As noted in Ref. [19], the Rarita—Schwinger equation of

motion can be written in a number of equivalent forms.

When ordinary derivatives are replaced by gauge covariant
derivatives, these are the vector-spinor equations

eﬂnypynDywp = 0’

y’IUPDUWp e 0,

yp(Dul//p - DpWL/) =0,
yaDa(Dal//u - DyWo‘) = yﬂ([Dw Da]l//v + [Dv’Dp]l//ﬂ

+[D;.D.Jy,). (A6)

with only the fourth line, which is quadratic in the covariant
derivative, involving more than just a substitution 9, - D,
in the formulas of Ref. [19]. Using y,y™” = 2y*”, these also
imply the spinor equation y*”D,y, = 0. These formulas

play arole in verifying stress-energy tensor conservation, as
does the identity [23]

0 = e**(A,B,C,D,E, + A,B,.C,D,E, + A,B,C.D,E,
+ A(FBﬂ CyDrE/l + AiBacuDuEr)’ (A7)

with A, B;,C,,D,, E, five arbitrary four-vectors. This
identity follows from

0= 5g€/16;w + 51;60%0/4 + 54 61/0%0 + 5g€ﬂt/aﬂ + 5‘]; €am/a’

(A8)

which is easily verified by noting that A, o, u, v must take

distinct values from the set 0,1,2,3, and that 7 must be equal
to one of these values.

The fundamental identity for the Pauli matrices is

640p = 5ah + ieabcac’ (A9)

with €153 = 1 and with the index ¢ summed. We repeatedly

use the following two identities that can be derived from

Eq. (A9), for a general three-vector A that is proportional to
a unit matrix in the spinor space and so commutes with o,

Gx(GxA)=-24+i5xA,

(AX5)x5=—2A+iAx5. (A10)
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Additional useful identities are

- - - L = 1
BZlA—AXG(—)AZE(BXG) (A11)
Gauge field covariant derivatives are
D, =0,+gA, (A12)

with the gauge potential A, = A;7, and the gauge gen-
erators f4 anti-self-adjoint and with the components A,/j
self-adjoint. The non-Abelian generators t, obey the
compact Lie algebra

[tas ts] = fanctcs (A13)
in the Abelian case, we replace 7, by —i. In writing field
strengths E and B, we pull out an additional factor of i to
make them self-adjoint, so that we have the identities

xl3:—ig§,

o O

,Do] = - lgE

[

We will also write a right-acting three-vector covariant

(A14)

derivative as D = V + g;i and define a left-acting three-

vector covariant derivative as D = V — gﬁ, so that we have
the integration by parts formulas

/ d*xAD:B = — / d®*xAD:B,

D83 (i —y) = — 6°(% — y)D;.

(A15)
An analogous definition is used for the operators Land L
which enter the gauge-fixing condition.

At the classical level, variables will be either Grassmann
even or odd. Irrespective of the Grassmann parity of
monomials A and B, the adjoint operation is defined
by [19]

(AB)" = BTAT. (A16)
For classical brackets, we follow the convention of
Henneaux and Teitelboim [24],
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OF G  OF 9G
F.Gle = (6_61" dp:  p; 861">
_(0'FOLG 0FOLG
=) <aea or, " on, aea)’ (A7)

with €, the Grassmann parity of F, with 9 a Grassmann
derivative acting from the left, and with ¢', p; (6%, x,)
canonical coordinates and the momenta of even (odd)
Grassmann parity. Using the classical bracket, the Dirac
bracket is constructed from the constraints as discussed in
Sec. II of the following paper. To make the transition to
quantum theory, the quantum commutator (anticommuta-
tor) is defined to be ifi times the corresponding Dirac
bracket (with 7 =1 in our notation). Classical canonical
brackets are always denoted, as above, by a subscript C,
with a subscript D used for the corresponding Dirac
bracket. We use the standard notations [A,B] =
AB — BA for the commutator and {A, B} = AB + BA for
the anticommutator.

To calculate the Dirac bracket, we use block inversion of

a matrix. Let
A A
M— ( i 2)7
Ay Ay

= (o 1)

By By)

with Ay, ...,A; themselves matrices. Then when A, is
nonsingular, the blocks By, ..., B, of M~! are given by

(A18)

A = Al —A2A11A3,

B] - Ail,
B2 - —AilAzAil,
B3 - —A21A3A71,

B, = AZI + A21A3A71A2A11. (A19)
Even though the blocks are noncommutative, Eqs. (A18)
and (A19) give an inverse that obeys M~'M = MM~! = 1.
When the constraints ¢, and y, are combined into an
eight element set of constraints k, = ¢, Koiq4 = Ya»
a=1,...,4, then the bracket matrix S, (X,y)=
[K.(X),k,(¥)] can be expressed in terms of the matrix

M, (x,y) of Eq. (58) as

. 0 M(x,y
S(x.y) = ( - ( y)>, (A20)
MT(y,X%) 0

where M7, (x,y) = M,,(x,y) is the matrix transpose.

Defining the inverse M~ ! (X, y) by [d*zM~'(X,2)M(Z.y) =
[dzM(x,Z)M~1(Z,5) =5 (X—Y), it is easy to verify that
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s = (0 ),

MG 0 A2

APPENDIX B: ANALYSIS OF THE
RARITA-SCHWINGER FIELD IN AN
EXTERNAL ABELIAN GAUGE
FIELD: PROPAGATION OF THE
LONGITUDINAL GAUGE MODE

We continue here the analysis begun in Sec. V to study
propagation of the longitudinal gauge mode. We must now
solve for Cg 4 starting from Eq. (89) with C;, = 0, so the
third line of Eq. (89) simplifies to

0 = (B)2QCI* — K(Q5C3) ™.

Qs = B\E, — BoE, + B35 - (B+ iE) — iB - Ecy.  (Bl)
Writing this as
0 Uy Up)[C)
(o)~ (o w)(@) @
0 Un Un/\c}

we find for the matrix elements

Uy, = (B)*Q — K[B\E, — B,E| — i(B,E, + B,E,) + B3],
Uz, = (B)*@ — K[B\E, — B,E, +i(B\E, + B,E,) — B3],
Uiy = —KB;[B, + iE; — (B, + iE;)],

U,y = —KBs|B, + iE; + i(B, + iE,)]. (B3)

The equation 0 =det(U) = U Uy — U,U,; reduces,

-

after dividing by an overall factor of (B)?, to

0 = (B)*Q* — 2QK(B,E, — B,E;) + K*(E? + E2 — B?),

(B4)
with the solution
Q X+y/?
K~ (B
X =B E; — ByEy,
Y = (B\E, — ByE)) — (B)(E} + E3 — BY).  (BS)

The analysis of the solutions of Egs. (B4) and (BS5)
divides into two cases, according to whether the roots of
Eq. (B5) are both real or both complex. The roots are both
complex if

(B\E, — B,E|)* < (B)*(E} + E3 — B3), (B6)

which can be rearranged algebraically to the form
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[(B)* — (E3 + E3)|B3 < (B} + B3)(E} + E3)cos’¢.

(B7)
where we have written
B\E, — B,E; =(B} + B3)'*(E} + E3)'/*sin ¢,
B\E| + ByE, =(B} + B3)'/*(E? + E3)'/?cos¢.  (BS)

Since the right-hand side of Eq. (B7) is non-negative, when
the left-hand side is negative, the inequality is satisfied,
and both roots are complex. Hence, a necessary (but not
sufficient) condition for both roots to be real is

(B)? — (E? + E2) > 0. (B9)

1. Hyperbolic case: Both roots real

When both roots are real, Eq. (B1) describes the hyper-
bolic case of propagating waves. Introducing the velocity
V =Q/K, Eq. (B4) can be written as

0 = (B)2V2 —2V(B\E, — B,E;) + E2 + E% — B2,

(B10)
which can be rearranged algebraically to the form
(B + B2 = (£} + )P o (BR(v2 — 1)
=2(B? + B3)"*(E? + E3)'/?(Vsing — 1). (B11)

Let us now assume that V> > 1 and show that this leads to
a contradiction. When V2?2 > 1, the left-hand side of
Eq. (B11) is non-negative, which implies that V sin¢ on
the right must be non-negative, and so can be replaced by
its absolute value. Hence, the right-hand side of Eq. (B11)
obeys the inequality

2(B? + B3)'2(E? + E3)'/?(Vsing — 1)
=2(B} + B3)'/2(E} + E3)"?(|[Vsing| — 1)
<2(B2(|V| - 1), (B12)

where we have used Eq. (B9). But the left-hand side of
Eq. (B11) obeys the inequality

PHYSICAL REVIEW D 92, 085022 (2015)
(B} + B3)'/? — (E} + E3)'?) + (B)*(V* — 1)

> (B)*([VI+ (V[ = 1) > 2(B)*(J[V|=1),  (B13)
which is a contradiction, since a real number cannot be
strictly less than itself. Hence, we must have V2 <1, and
there is no superluminal propagation.

2. Elliptic case: Both roots complex

When both roots are complex, Eq. (B1) describes the
elliptic case in which there are no propagating waves;
when a propagating wave enters an elliptic region from a
hyperbolic one, it will be damped to zero amplitude.
However, in the case of weak damping, one can still define
a wave velocity and ask what its magnitude is. When both
roots are imaginary, Eq. (B5) takes the form

Q X=xi(-y)"?
K (B)?
X = B\E, — B,E],

—Y = —(B\E, — B,E,)* + (B)*(Ef + E3 — B}). (Bl4)

Regarding € as real and the wave number K as complex,
the effective propagation velocity has the magnitude

Q
Kp

2 2 22
Xy BrB-B g
(B)2X| |BiEy— ByE,|

Vel —\

The condition for weak damping is —Y < X2, which can be
rewritten as

(B)*(E? + E} — B}) < 2(B\E, — B,E,)>,  (BI6)

and implies

2B\E, ~ B,E,| _2|E]

[Verr| < = =
(B)? |B|

(B17)

Hence, as long as 2|E| is not much larger than |B|, which is

required by the vacuum stability condition |E | < |79| the
damped wave propagation velocity is subluminal.
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