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We show that the Lagrangian of a free spin—% field in the spinor-tensor representation with an auxiliary spinor
field depends on three arbitrary parameters. The first two parameters are associated with the spin-% and spin-%
sector of the theory while the last is related to the auxiliary degrees of freedom. We derive a corresponding
propagator of the system which represents a (2 x 2) matrix in the (¥, §) space. The diagonal terms stand for
the propagation of the spin—% and auxiliary fields whereas the nondiagonal ones correspond to the v,,,-§ mixing.
The resulting spin-% propagator contains nonpole contributions coming from the Spin-% and spin-% sector of the
spinor-tensor representation. A general form of the interaction vertex involving the spin-% field is discussed by
the example of the 7 N N3 coupling. It is demonstrated that lower spin degrees of freedom can be removed from

the theory by use of highér-order derivative coupling.
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I. INTRODUCTION

The description of pion- and photon-induced reactions in
the resonance energy region is faced with the problem of
the proper treatment of higher-spin states. In 1941 Rarita
and Schwinger (RS) suggested a set of equations that a field
function of a higher spin should obey [1]. Another formulation
has been developed by Fierz and Pauli [2] where an auxiliary
field concept is used to derive subsidiary constraints on the
field function.

Regardless of the procedure used, the Lagrangians obtained
for free higher-spin fields turn out to be always dependent
on arbitrary free parameters. For the spin-% fields, this issue
is widely discussed in the literature (see, e.g., [3-5] for the
modern status of the problem). The case of the spin—% fields is
less studied. The first attempts were made in [6,7], where
a theory of free fields was suggested. The authors of [7]
deduced an equation of motion as a decomposition in terms of
corresponding projection operators with additional algebraic
constraints on parameters of the decomposition. Schwinger
[6] derived a particular form of the spin-% equation which
coincides with the equation suggested in [7] for a specific
choice of the parameters.

The free-particle propagator is a central quantity in most
calculations in quantum field theory. In [7] the authors deduced
a spin-% propagator written in operator form. In practical
calculations, however, one needs an explicit expression of
the propagator. An attempt to construct a propagator only
from the spin-% projection operator has been made in [8].
We demonstrate that such a quantity is not consistent with the
equation of motion for the spin—% field. Another pathology
is experienced with the propagator [9] and projector [10]
used in calculations of the resonance production amplitudes:
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where G 0 is a spin—% propagator, and consequently are not
Hermitian. Therefore, it is important to derive the propagator
and investigate its properties in detail. To our knowledge no
such study has been done so far.

The aim of this paper is to deduce an explicit expression for
the spin-% propagator and study its properties. Guided by the

properties of the free spin-% RS theory, one would expect the
equation of motion for the spin-% field to have two arbitrary
free parameters which define the nonpole spin-% and spin—%

contributions to the full propagator. The coupling of the spin—%
field to the pion-nucleon final state, for example, is therefore
defined up to two “off-shell” parameters [11] which scale
the nonpole contributions to the physical observables. Hence,
one can ask whether this arbitrariness can be removed from
the theory.

The possibility of constructing consistent higher-spin mass-
less theories has already been pointed out by Weinberg and
Witten some time ago [12]. Pascalutsa and Timmermans
showed that, by use of a gauge-invariant coupling for higher-
spin fields, it is possible to remove the extra degrees of freedom
[13] in a particular case of the RS theory that maintains gauge
invariance in the massless limit.

As we demonstrated in [4], the demand for gauge invariance
may not be enough to eliminate the extra degrees of freedom
at the interaction vertex. The problem appears when the
theory does not have a massless limit. However, a coupling
that removes nonpole terms from the spin-% propagator can
be easily constructed by using higher-order derivatives. A
corresponding interaction Lagragian was deduced in [4] for
the case of spin-% fields and can be easily extended to higher
spins too.

The paper is organized as follows. In Sec. II we suggest
an alternative form of the free spin—% Lagrangian as compared
to [7] and discuss its properties in detail. The presence of the
auxiliary field complicates the derivation of the propagator.
Therefore, in Sec. III we first demonstrate how the free
propagator can be obtained for a vector field in the presence
of an auxiliary one. The method is then applied to the
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spin-% field in Sec. IV. The resulting spin—% propagator
contains contributions corresponding to the lower spin—% and
spin—% sector of the spin-tensor representation. In Sec. V
we discuss how these degrees of freedom can be removed
from the physical observables using the example of the pion-
nucleon scattering amplitude. The results are summarized in

Sec. VL.

II. FREE SPIN-— FIELD

The field function of higher spins in the spinor-tensor
representation is a solution of the set of equations suggested
by Rarita and Schwinger in [1]. In a consistent theory the
description of the free field is specified by setting up an
appropriate Lagrange function L£(v,,,, d,v,,). The spin-%
Lagrangian in the presence of the auxiliary spinor field &(x)
can be written in the form

L=y r® +£(aUX)’ (1)

where the explicit expressions for LD, LD and £ read
£0 = iaf @I +y'g) D + (g + ')
&

$ Ve )+ DG 0 T = T e )

x (g*g¥g" + g“g“pg’“’ + g g g gt g™ g"”)
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XY ) 41107 G@.b) 5 og T - T)

X gpa wpa(x) +m GZ(a» b) I,Z//w(x)glwgpa %a(x),
LY = me[u(0)g"§ () + §(0)g" Ype (x)]

+B(a, b, c)E(x) (%(7 -+ 3m> £x), @

and Fi(a), F»(a), Gi(a,b), Gy(a,b), and B(a,b,c) are
functions of the free real parameters a, b, and c (see
Appendix B).

The Lagrangian equation (1) in general depends on only
three independent real parameters a, b, and c. This formulation
of the spin—% theory is simpler than that of suggested in [7].
In fact, the Lagrangian in [7] is written as a decomposition
in terms of projection operators with a number of free
parameters. These parameters are subjected to additional
subsidiary constraints that need to be resolved.

Independent variations of the v, and & fields give two
equations of motion, which in momentum space can be written
in the following form:

(AL o (P) + AL, (D] ¥’ (p) + emg™E(p) =0, (3)
meg” Y0 (p) + Ba, b, c) (p +3m)E(p) =0,  (4)
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where the operators A}, _(p)and A). (p) are

AL o (P) = (p — m)(8uoLup + Lupus)
+a(Yupp8uo + Vo PpLus + ViPoLup
+ YwPo8up + Vo Puvo + Yo Puup + Vo Pv8uc
+ Vapvgup) + Fi(a) (Vul’ypgva + vaypgua
+ VubYo&up + VoDVo&up) + mEF2a) (VuVp8uo

+ YWVo8uo + YuVoup + Vvyagup)7 (5)
A(fv) p(,(P) = b (YuPv&€oo + VvPupo + Vo Po&uv + Yo Pp&uv)
+ [pGl(a, b) + mGz(a, b)] g/u)gap~ (6)

The equations of motion (3) and (4) are written in the most
general form and are consistent with those defined in [6,7]. For
example, the equation suggested by Schwinger corresponds to
the choice of parameters a = —1, b = 1, and ¢ = —2. Note
that the functions Fi(a), F>(a), Gi(a, b), and G,(a, b) do not
contain the parameter ¢ which reflects the independence of
the spin-% field on the auxiliary degrees of freedom. The RS
constraints [1] follow from Egs. (3) and (4) with the additional
condition £(p) = 0 (see Appendix B).

It is interesting to note that the operator A'}). _(p) would
- (P)¥?? =0 for the spin-

g fields, provided g*"y,, = 0, where the latter property
is assumed a priori. However, the corresponding inverse
operator [A')). ., (p)]~" has additional nonphysical poles in the
spin—% sector. This indicates that the constraint g, =0
should also follow from the equation of motion and cannot

be assumed a priori. The second operator Aff‘),; 00 (D) acts

only in the spin-% sector of the spin-tensor representation.
This can be checked by a direct decomposition of the
operator Eq. (6) in terms of projection operators given in

Appendix A. The same conclusion can be drawn from the

po; IS(p) and

give an equation of motion A(l)

2

observation that A;ﬂ 200
3

P

5; 0:26(P) Projection operators, where i, j = 1, 2. Hence the

(p) is orthogonal to all P

parameter b is related only to the spin-l degrees of freedom,

whereas a scales both the spln-— and spln-z ones.

In practical calculations, one needs to know a free prop-
agator corresponding to the spin-% field. The derivation of
the propagator becomes complicated in the presence of the
auxiliary degrees of freedom. To demonstrate the procedure,
it is useful to consider first an example of the free vector field
¢,, in the presence of an auxiliary one. In the next section we
outline a general procedure that can be applied to the spin—%
case.

III. FREE VECTOR FIELD

The idea of using auxiliary degrees of freedom to describe
systems with higher spins was first utilized in the original
work of Fierz and Pauli [2]. As is well known, however, there
is no need for such complications in the case of spins J < 2
and J < % For higher spins the use of auxiliary degrees of
becomes inevitable [7]. Here we consider the case of the vector
field ¢* in the presence of an additional scalar field A and
derive the free propagator of the system. The Lagrangian of
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the (¢,, A) system can be written as

LY = —5"9)@u9") + 5m*pu9”
+am(d,9") A — 1a*m?)%, (7)

where ¢, is a vector, A is an auxiliary scalar field, and a is an
arbitrary free parameter. Independent variations of the vector
and auxiliary fields produce two equations of motion

(D—f—mz)(pu —amd, A =0,

amd, " —a m?in = 0. (8)

Diagonalization of the system (8) leads to the Proca equation
for the vector field ¢,, whereas the auxiliary field A vanishes.
Although A = 0, the propagator of the system always contains
a component associated with the auxiliary field and ¢,-A
mixing terms.

To obtain a propagator for the system of fields (¢,,, 1), it is
convenient to rewrite Eq. (8) in the matrix form

A}, @M =0, ©)
where
0+ m?)g,, —amo, v
P awa o= (7).
K’ ama, —a*m? A
(10)

Since the system contains vector and scalar degrees of
freedom, the Lorentz indices in curly brackets of Egs. (9)
and (10) are associated with corresponding tensor and vector
elements of A}, and @7,
The inverse operator (propagator) can be obtained as a
solution of the following equation:
A G =10, 800 — X, (11)

{uv}

and the unit matrix I | are defined

(p9) (1)
Gl = G Gil and I7, = g 0 )
v GS;W) G {nv} 0 1

The four components of the matrix G}, have simple physical

where the propagator G e
as

meanings: Ggfv‘”) and G*" stand for the propagator of the
purely vector and auxiliary scalar fields, respectively, whereas
the nondiagonal G'¥* and G\’ terms are associated with the
@-A mixing. The solution of Eq. (11) in the momentum space
is

(- gﬁpim) i Pe
2
—m am
Gl =| 7 N (12)
—i Pv (P —m )
am? arm?

The pole (p> — m?)~! appears only in the vector component
G\#(p); this term completely coincides with the corre-
sponding expression well known from quantum field theory.
The remaining terms in the propagator depend on the free
parameter a associated with the auxiliary field A. From Eq. (12)
one can conclude that G**) gives contributions only off shell,
p* # m?. Note that the scalar component of the propagating
vector field ¢, mixes with the A field, which leads to the
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appearance of finite nondiagonal components in the propagator
Eq. (12).

Despite the complications related to the introduction of the
auxiliary field, the description in terms of the (¢, A) system is
completely equivalent to the conventional description in terms
of the pure vector field. It implies that physical observables do
not depend on the free parameter a appearing in the the full
propagator (12). For the free fields this conclusion immediately
follows from the fact that the auxiliary field can be excluded
from the upper equation (8). It also holds true in the case of
interacting fields provided there is no coupling to auxiliary
degrees of freedom.

IV. PROPAGATOR FOR THE FREE
SPIN-— FIELD

Similarly to the procedure described in Sec. III it is
convenient to rewrite the set of Eqgs. (3) and (4) in matrix

form,
Wy)
Vs po’(p) ng;w Wpa(l’) _
( A@a(p)) ( £(p) ) =0 )

CMepo
where ALY, (p) = AD. ,(P)+ AP, (p) and AO(p) =
B(a, b, c)(p + 3m). While the auxiliary field vanishes on
shell, the full propagator should also contain an off-shell part
related to the auxiliary field £(x). Hence, the full propagator
of the system is

IA o ™
g{rk;pn}(p) — ( (‘/“/lf) (») G(wg)(P)) (14)
Gy (P Geo(p)

and satisfies the equation

A po
( AT (p) megy, )( W (P) G<vfs>(1’))
Cmgz) A(Eé)(P) G(gi)(p) G(Eé)(p)

17y 0
(59

where 117 = gf g7 4 g7 g0. The diagonal terms G, (p) and

G ¢e)(p) are related to the fields v and &, respectively, whereas
the nondiagonal ones stand for mixing between the auxiliary
spinor field and the “off-shell” spin-% component of the spin—%
field. .

The propagator of the spin-% field G vpo (p) = ‘/f,‘/;,)g (p)
is obtained as a solution of the set of equations

A (P) Glyyy (p) + megy GGy (p) = 117
cmg Gy (p) + A9 (p) Gy (p) = 1.

In the literature one sometimes encounters a propagator
defined as

(16)

p+m

5
i Do) (17)

Glpoirs(P) = 2

5
where P, ..5(p) ig a spin-% projection operator in.the spinor-
tensor representation (Al). However, the quantity defined
above does not have an inverse and therefore cannot obey
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Egs. (16) for any choice of the free parameters. This can
be shown by replacing the G(flz%(p) in the upper equa-
tion (16) by the expression from Eq. (17) and multiplying

both sides of the resulting equation from the right by a

3
projection operator Py, .5(p). Using the general properties
of projection operators Eq. (A2), the expression obtained
reduces to

2P rs(P). (18)

This leads to a contradiction: From Eq. (18) it follows that

- 3
mcg,y GE§¢)(p)P222;pa,r8(p) =

Gf;/,)( p)sz; 0.25(P) cannot be zero but by multiplying both
sides of the same equation by g*¥ and using the property

3

2" P3y.v.c5(P) = 0, one can draw the opposite conclusion.
Hence, the quantity defined in Eq. (17) does not obey Egs. (16)
and cannot be a Spin—% propagator.

In solving Eq. (16), we restrict ourselves to a solution with
a specific choice of the parameters a = —1, b = —1, whereas
c is kept arbitrary. This choice of parameters is discussed
in Sec. V. The independence of Gflzl;f"( p) of the parameter
c signifies that the auxiliary field does not contribute to the
physical observables. With this specific choice of the free
parameters, the resulting equations are

[(p— m)(gurgvA + gukgvr) - (Vupvgxr + Vv Pu8ic

+ VAP + Ve Paguw) + (b +m)gugen — (VuPrLue

+ Yo Pi8ur T YuPr8ui + Yo Pc8ur + YaPu8vr + Ve Puux
+ VaPv&ur + Vrpvgu)») + (Vp.py)»gvr + Vv‘by)»gu.r
+ ]/,u,ﬁyrgv)\ + vayrgu)\) +m (yuykgvr + Vvykgut

+ VuYr&un + Vvyrguk)]G(,/”/,) (p) + mcguy Gé;)([))
=g, g +g.8,
2

Mg Glf(p) = "o (b +3m(p) Geo(p) = 1. (19)

The obtained spin-3 propagator G% "’ (p) = Gy (P)
2

can be written as a decomposition in terms of projection
operators as follows [7]:

5 1 5
Gliv;pa(]?) = m <(f’ + m)P/iv;pa(P)

2 2
pT—m 3 p
T Tz [DIZW;M(P) + D;lv;pd(p)])’ (20)

3 1
where Dj,.p0(p) and D}y (p) stand for the contributions
from the spin—% and spin-% sector of the spinor-vector represen-
tation (see Appendix C). As expected, the spin-— propagator
itself does not depend on the parameter c related to the spinor
field &. This observation also holds for arbitrary values of a
and b in Eq. (16), as we have checked by explicit calculations.
The propagator obtained has a pole associated with the spin-%
part and so-called off-shell nonpole contributions coming from

3 1
the lower-spin components Dy, (p) and D}, (p).
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V. COUPLING TO HIGHER-SPIN FERMIONS

In the case of the spin—% field, in the spinor-tensor
representation we deal with a system (v, &) that contains
auxiliary degrees of freedom. One might raise the question
whether the unphysical degrees of freedom could be eliminated
from physical observables. Here we consider the simple case
of the spin—% resonance contribution to w N scattering, which
is valid for applications in hadron physics. The corresponding

7 N N? coupling can be chosen as follows:

£1 = SN, O e [PW) (‘”;)} 949" 7(x)

+H.c.,

where the nucleon field is written as (y (x), 0), which implies
the absence of auxiliary fields in the final state. The operator

. 1 0
Poyy) = 0 0

projects out the spin-% field and ensures that there is no
coupling to £. Hence, only the spin-% component of the

5

propagator G}y, (p), Eq. (20), contributes to physical ob-
servables at any order of perturbation theory. In Sec. III we
demonstrated that the inclusion of auxiliary degrees of freedom
in the vector field does not affect the physical observables.
To our knowledge, this statement is not generally proven
for the (y,,,%) system beyond the perturbation expansion.
The reason is that the equation of motion for massive spin-%
fields in the spinor-tensor representation is defined only in
the presence of an auxiliary field. This is unlike the case
of the vector field, where auxiliary degrees of freedom can
be removed by proper field transformations. Note that these
degrees of freedom contribute because of ,, — & mixing.
This mixing takes place only between the spin-% sector of the
spinor-tensor and the auxiliary spinor fields, as pointed out in
the previous section. One may therefore hope that the use of a
coupling that suppresses the spln—— contributions would also
prevent the appearance of the aux1hary degrees of freedom in
the physical observables in the nonperturbative regime.

The possibility of removing unwanted degrees of freedom
in the special case of spin-% fields has been demonstrated
by Pascalutsa in [3,13,14]. The idea of that approach is
based on the observation that the Lagrangian of the Rarita-
Schwinger fields for the specific choice A = —1 maintains
gauge invariance in the massless limit. Therefore, the use of a
gauge-invariant coupling suppresses the contribution from the
lower-spin sector.

Guided by the results obtained in the spin—% Rarita-
Schwinger theory [3,13,14], one might expect that the lower-
spin terms of the spin-% propagator, Eq. (20), would not
contribute to the physical observables as long as a gauge-
invariant coupling is used. This, however, is not true for
the spin-% fields in the spinor-tensor representation. Such a
conclusion can be drawn from the fact that the Lagrangian
equation (2) is not invariant under the gauge transformations
Y = VY + 09,6, + 0,6, in the massless limit for any
choice of the parameters a and b. We show this more explicitly
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by exploring the general structure of the gauge-invariant vertex
function for the example of the 7 N scattering amplitude in the
leading order of the perturbation expansion. The amplitude
can in general be written in the form

M ~ iy (P TH7(q) G2 s (@ TTP7 () ]
xuN(p)k’ k k. ke, 201

where p (k) and p’(k") are the momenta of the initial and final
nucleon (pion), respectively; g stands for the momentum of
the resonance and depends on the channel (s or u) of interest.
The gauge-invariant coupling to the spin—% field imposes the
following constraint on the vertex function g, I'*"*?(q) =
qs I'*VP%(g) = 0. For the transition matrix to be free from
any contribution from the lower-spin sector, the expression in
square brackets in Eq. (21) should be proportional to the spin-%
projection operator:

[P97(g) Gy @ T (@] ~ P (q). 22)

This gives an additional constraint ¢q,I'*"*9(q) =
q,T"*"P?(q) = 0. The vertex function can be decomposed in
terms of the spln pI‘O_]eCthn operators. There are only three

MV Pﬂ(q) PZZ ,uv pa(q) and 7)22 Hv; ,oa(q) that

satisfy the properties q”PMU 00(@) =0, g 7322 wvipo (@) =0,
and so on. Hence, the decomposition can be written as

operators,

Ppvipo @) = 1) Piuipo (@) + @) P 1o @)
+ 3@ Pl e (@), (23)

where the coefficients of the decomposition o (¢), o2(¢), and
5
a3(g) are polynomials of m and ¢. Note, that Pj;..,s(q),
3 1

P;Z;,uv;pa(q)’ and szmv;pa(q) commute with ¢. The spin-.%
propagator can also be decomposed in terms of the spin
projection operators. Because of the orthogonality properties

of the projection operators, only those terms in G poap (g) con-

tnbute to the matrix element Eq. (21) that contain P,w 0 (q),

. uvipo (@), and Pzz; uvipo(q) operators. If the parameters
a and b in Egs. (15) and (16) could be chosen in such a

way that the propagator does not contain the P22 wvipo (@)

and 7?22 uv:po (@) operators, the lower-spin contributions to the
matrix element would be suppressed. This situation is realized
in the spin-% Rarita-Schwinger theory for the special choice
of the free parameter A = —1 (see [4] for a discussion). In
that case the use of a gauge-invariant coupling as suggested
by Pascalutsa [3,13,14] suppresses the remaining spin-%
components, and the overall vertex has the desired projection
properties.

For the spin-% fields of Eq. (4), the contribution of the
3
P uvpo (@) projector can also be suppressed by choosing

a = —1. As we already mentioned in Sec. II, this parameter
is associated with both spin-% and spin-% degrees of freedom,

whereas b regulates only the spin-l ones. Indeed the expres-
510n Eq. (C1) derived for a = —1, b = —1 does not have the

7722 uvipo (@) Projector. One might ask whether 7922 wipo (@)
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can also be removed from the free propagator. The general
conclusion is that the term G(:%);’ (p), l?eing a solution of
Eq. (16), always has contributions from P5,. , . (g). We have
checked this by explicit calculation for arbitrary values of the
parameter b.

This conclusion is ultimately linked to the fact that the
Lagrangian of the free spin-% fields (2) does not maintain
gauge invariance in the massless limit. The same conclusion
was also drawn in [7]. Therefore one can never remove the
corresponding degrees of freedom from the transition matrix
Eq. (21) provided the vertex function is written in the form of
Eq. (23).

The solution to the problem was suggested in [4], where
it was proposed to utilize the Rarita-Schwinger condition
Yu¥t’ =y, ¥ = 0 to constrain the interaction vertex. As
a result, the interaction vertex satisfies the condition y - I' =
I' - y = 0. By applying this constraint to the decomposition

5
Eq. (23), one can see that only the P,.,,(q) projector obeys
the desired property and the decomposition reduces to

Frvipo (@) = 1) Pivipe (@). 24)

Since the vertex function should be free from any singularities,
the minimal power of ¢ in the function «;(¢) should be of the
fourth order. Then the simplest coupling can be written as
follows:

gnNN

4 ‘(//‘ ()C)[ ,uv,oa(a)l/f ]8”3”71(x)+H.c.

2
‘CJINN* -

(25)

5

The use of Pjy.,-(d) ensures that only the spin-% part of
the propagator contributes, and the square of the d’ Alembert
operator guarantees that no other singularities except the mass
pole term (p?> — m?)~! appear in the amplitude. As a result,
the physical observables no longer depend on the arbitrary
parameters a and b of the free Lagrangian. The w N scattering
amplitude with intermediate N*( %), Eq. (21), then reads

gr NN~ 2_ ’ qz !
M=< m% ) MN(I’) (m_%g) p.v)tr(q)

X un(p) k™ k" k* kT (26)

The coupling in Eq. (25) can be generalized for the fields

{09} of the arbitrary spin J as

J __ Bann: -
‘CnNN* - (m,,)%”_lm l/IN(-X)

o \V™? (o0}
x (m—%) Plsipr) OV,

x {9} -+ {8°} 7w (x) + H.c., 27)
where the number of indices assigned to ¥ ") and
P{]M_“U; pma}(a) depends on the chosen representation. The cou-

pling constructed in Egs. (26) and (27) ensures that the physical
observables do not depend on the free parameters of the theory.
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VI. SUMMARY

In summary, we have investigated the general properties
of free spin-% fields in the spinor-tensor representation. The

Lagrangian is written in terms of spin-% and auxiliary fields
(Y0, &) and coincides with that suggested in the literature for
a specific choice of free parameters. We demonstrate that the
Lagrangian in general depends on three arbitrary parameters:
two of them are associated with the lower spin—z and spin—%
sector of the theory while the third one is linked to the auxiliary
field &.

We deduce a free propagator of the system that is given by
a 2 x 2 matrix in the (v, &) space. The diagonal elements
stand for the propagation of the spin-% and & fields, whereas
the nondiagonal ones correspond to v¥,,,-& mixing. The mixing
takes place between the spin-% sector of the spinor-tensor
representation and an auxiliary spinor field. While the free
propagator includes auxiliary degrees of freedom, they do not
contribute to the physical observables calculated within the
perturbation theory provided there is no coupling to &.

As an application to hadron physics calculations, the
interaction involving (¥, &) is discussed for the example of
7 N N coupling. The pure spin—% propagator contains nonpole

terms which contribute in the whole kinematical region. As
we demonstrate, invariance under gauge transformations is
not enough to remove these contributions. This is ultimately
related to the fact that the free Lagrangian of the (Y, %)
system does not maintain gauge invariance in the massless
limit for any choice of the free parameters. The desired result
can, however, be obtained by construction of a coupling with
higher-order derivatives. In that case, the amplitude of the 7 N
scattering does not depend on the arbitrary parameters of the
free Lagrangian. The suggested coupling is generalized to the
Rarita-Schwinger fields of any half-integer spin.
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APPENDIX A: SPIN PROJECTION OPERATORS FOR THE
SPINOR-TENSOR REPRESENTATION

The spin projection operators are taken from [7]. In the
momentum space they are given by

P,i;pa(q) (79/1073‘ +PLPy,) — 573;”73})(,
- —(P17f7’17’ +P\P, Py +P.PsPs,
+7P PoPip)s
Plrvpe (@) = (7> PO +PLPO 4Pl PO Pl PO )
- 672 e
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3 1
Piryuon @ = 15 PLPLPlo + PP, Pl +PLPIP,
+PPoPu,) — —7’1 Pos

1
21 AV 00 (@) = PIZZ 300 ;w(q) = quz (QP,P,],L,PJU

+4PyPhy + 4ePLP), + 4Py P
1
C3J5¢? PusOor
,PE Lipv; pa(q) PSUP,(O)(T’
PZEZ;uv;pd(q) = Pl 77;(,,
! 1
Pisivips (@) = 6_‘12 0 Op0,
PZEI;MV;pG(q) = PliZ;pa;uv(q) 7 P/ivpgﬂ’
: ; ! 0
7)31;uv;pa(q) 7)- 3;p07; ;w(q) \/6 B O IP %
2 _ _p2 1
PZS;uv;pa(q) - _PBZ;pU;uv(q) 3\/5 > O P ¢ (Al)

where the operators P},

PY,. P, and O, are defined as

1 _ dpqv
P;w =8&uw — q% P ,le)/ >

7)0 %r‘]v , Opw :Pqu + q;LP};

The projection operators Eq. (Al) satisfy the following
properties: They satisfy orthogonality conditions

P @) Pilisips @ =810 Plppe (@) (A2)
and the sum rules
5
I%V pa(q) + ZPH NIATH pa(q) + Z [INTATH pa
E(gupgvo + 1o 8up)- (A3)

APPENDIX B: LAGRANGIAN FOR THE
FREE SPIN-— FIELD

The functions Fi(a), F(a), Gi(a,b), Gy(a,b), and
B(a, b, c) of the free real parameters a, b, and ¢ used in the
definition of the Lagrangian equation (2) read
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1
Fi(a) = Z(Saz +2a+ 1),

1
F>(a) = g(15a2 + 10a + 3),

PHYSICAL REVIEW C 82, 015203 (2010)

5a* — 12a® — 20a® — 8a — 4b* — 4b(7a®> + 6a + 1) — 1

Gi(a,b) = )
i@ b) 2Ga + 17
—15a* + 18a% + 8a + 12b% + 6b(5a% + 6a + 1) + 1
Gy(a, b) = ,
2Ga + 17
24¢2(3a + 1)
B(a,b,c) = — . Bl
@b = =S o+ ab+ 1y (B1)
[
Using the variational principle, one obtains two equations of — 1UDIg” )V po + cm{—la + Fi(a)] p’
motion (3) and (4). Here we show that all Rarita-Schwinger
() and ¢ — 2mFya) p}§ = 0. (B6)

constraints [1] can be obtained from these equations. By
multiplying Eq. (3) by g**, y*p”, and p*p" and carrying
out the summation, we get

(gpo P[0 — 2Fi(a) + 2G(a, b) + 1] + m[2F»(a)
+2Ga(a,b) — 11} + 2(¥o pp + VpPo)la + b
+ Fi(@)Dy¥?° + 2cmé =0,
(I2a + 5b + 2F1(a) + G1(a. b)] p*gyo +mp [Ga(a, b)
—2F5(a@)lgpe + {—m + 6mFs(a) + [b — 1 + 4F(a)] p}
X (VoPo + Vo Pp) +(12a +4) p? p° )Y + cmp € =0,
(B3)

(B2)

(2[Q2a + 1) p — m1p” p° + {p*[2a + b + 2F(a)]
+2mFy(a) p }(y"p° +v° p”) + p*{[2b + Gi(a, b)lp
+mGs(a, b)}g" ) Vpo + cmp € =0, (B4)

respectively. Expressing (¥, pp + ¥, Do)’ from the first
equation (B2) and substituting it in Eqs. (B3) and (B4), we
obtain
(4Ba + Dla + b+ Fi(a)] p p° + (= [6F>(a) — 1]
x [2F(a) + 2Ga(a, b) — 11m?> +2p {b + G1(a, b)
—2F(a) x la +3b +3G(a, b) + 1] + Fi(a)
x [1 =3Gy(a, b)] + [a + 11G(a, b)im
+ p*4a* +14ab+9b* + 12F}(a)
+ 2F(a)[4a + 6b — 3G (a, b) — 3]
+2(a+1)Gia, b) + 1})g" ) o + em {[1 — 6F2(a)]
xm+ pla—3F(a)+ 1]} =0, (BS)
(2la + b+ Fi@)][(2a + Dp —mlp’ p° + 3[=2Fx(a)
x [2Fy(a) + 2G1(a, b) — 1lm*p — p*(p{—3b* — 2ab
+b— 4F12(a) +2a +2a G(a, b) + Fi(a)[—4a — 4b
+2G(a, b) + 2]} + m{2Gy(a, b)a — 2a — b + F»(a)
X [4a +4b + 4G (a, b) + 2] + 2F(a)[Ga(a, b)

Now, multiplying Eq. (B5) from the left by (6a + 2)~'[(2a +
1)p — m], subtracting it from Eq. (B6), and using the defini-
tions (B1), we have
cmBa + 1)
8

3cm

2 2
((5"1 +3p)E+ B@.b.0

X (15 —3m) gpd wp(r) = 0. (B7)
From Egs. (4) and (B7), we obtain
Ba + em’s =0, (B8)

which means that the auxiliary field vanishes provided a #
—%. Having £ = 0, the remaining constraints

(V/va + vau) Y =0,
pupy ¥ =0,
guw ¥ =0

can be easily derived from Egs. (B2)-(B4) and Eq. (4).
Now multiplying Eq. (3) from the left by y” and p* and
using Egs. (B9), we have two equations,

{la +6Fi(a) — 11p +[6F>(a) — LIm}(y° g + y" " Wpo
+23a + 1) p” + p’ g W =0, (B10)

[(a+ Dp —ml(p° g™ + pg" Wpe + {P’la + Fi(a)]
+mpFE @)}y g + v’ 8" oo = 0. (B11)

Again, multiplying Eq. (B10) by (6a +2)"'[(a + 1)p — m],
subtracting the resulting equation from Eq. (B11), and using
definitions (B1) we get

(B9)

e +y? ") e =0, (B12)
provided a # —%, —%. Then the constraint
(P + p"e" ) VYpe =0 (B13)

immediately follows from Eqgs. (B10) and (B12). Having
VoY =0, pPYpe =0, £ =0, and g*°v¥,, =0, Eq. (3)
reduces to the Dirac equation (p — m)y,, = 0. Finally, we
have shown that all Rarita-Schwinger constraints can be
obtained from Eqs. (3) and (4). Hence, the function v,
obeying these equations describes the spin—% field.
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APPENDIX C: SPIN-; PROPAGATOR

The solution of Eq. (19) can be written in the form

5 2 _ 2
((p + P ipe () + E—

5 1
Givipe(p) = T —m

% [Divipo(p) + Dév;pa(p)]> : 1)

o 1 . . .
Glue(P) = g0 +m20r"p7 + v p") + 5mg”]
+6(p” —mp)g’ — 16p”p°}, (C2)

3
where the lower spin-% and spin-% parts Djy.p(p) and
1

D} vipo(p) are

Do (D)

4 3 m 3
= —g(ﬁ + m)Pn;W;pg(P) + E(lplz;ﬂv;pg(p)
+ P31 ivepo (D)) (C3)
ID,ZV;pU(p)

1
~ 80m?

[—%([(73;112 —12pHp + 3mQ2Tm?

- 8p2)]771%1;lw;p0(p) + [(35m* — 36p*)p — m(13m>
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+96p7) 1P, ipe (P) — N/31(43m* = 12p%)p
+m@Tm* = 281 Py 1o (P) + Pt e (P])

—[(16m* + 3p™)p + m(16m* — 15pM)] Py, 000 (P)

9 2 2 3 3
+ mﬁm —20") D [Pl jivipe (P) = Pt jspo (P)]

3m 2 N[ p3 3
+ 2—¢6(64m —21p )[PB;MV;PU(p) + P31;w;p<r(p)]

9 2 2 3 3
+ mﬁm + 202 D [P jivipe (P) = P jipo(P)]

m

Zﬁ(64m2 - 69172)[7)253;#1):00(17) + P;Z;MV:pa(p)]]

(C4)

The solution with arbitrary values of parameters a and b is
given in Appendix D.

APPENDIX D: SPIN-% PROPAGATOR FOR ARBITRARY
VALUES OF a AND b

The spin-% propagator for arbitrary values of the parameters
a and b can be written in the form of Eq. (C1), where the lower
3 1

spin-3 and spin-1 parts Djy.0(p) and Djy,p0 (p) are

3 1 Ga+ 172 75a*+50a +7 3 (a+ DGa+1) 3 3
DliU;PU(p) = (Sa + 1)2 |:_< 5 p + 10 m Plzl;uv;p(r(p) + T p(P122;/4v;p(r (p) - P;];uv;pa (p))
15a% + 10a + 3 3 3 302 +2a — 1 3
+ T m(Plzz;w;pa(P) + Pfl;uu;po(p)) + ((a + 1% - - m>7)222;/w;p0 (p)],
1 1 3
D2yoo(p) = — 2000a® + 4000a> + 5(640b + 353)a”* + 20(128b — 25)a*
ivipo (P) 20(3a+1)2m2[ 8™ + ba 1 &b + 12 1200007 4400007 4 5(640D 4 353)a” 4 20( a

+2(640b% — 444b — 205)a’ — 4(128b* + 148b + 17) a — 256b> — 56b — 31m* — 48(54° + 54>
+4ba + a + b)?p*}p + {[6000a® + 18 400a> + 25(384b + 793)a”* + 20(896b + 479)a> + 2(19205>
+ 51206 + 1043)a” + 4(640b> + 512b + 43)a + 256b* + 128b + 1]m* — 24[150a® + 3254° + 5(48b + 53)a*

1
+20(17b + 5)a® + (96b> + 157b + 17)a” + (64b” + 26b + )a + b (10b + D]p*}m) P, 1,0 (P)

1
" 8(5a%+ 6a + 4b + 1)

({[2000a® 4 4000a° + 5(640b — 943)a”* + 4(640b — 2717)a’ + 10(128b> — 348b

—617)a® — 4(128b% + 580b + 353) a — 256b> — 344b — 1151m> — 48[5a> + 144> + (4b+Ta+ b + 11> p}p
+{[6000a°® + 18 400a° + 5(1920b + 2021)a* + 20(896bh — 169)a> + 2(1920b> + 5120b — 2197)a>
+4(640b% 4 512b — 317) a + 256b° + 128b — 119]m* — 24[150a® + 865a> + 16(15b + 106)a*

1
+4(193b + 340)a’ + (96b” + 589b + 523)a” + (64b” + 170b + 97)a + 106” + 17b + 71 p*}m) P30 (P)

+{[4(5a* + 14a + 5)m® — 32a + 1)’ p*1p — [4(15a* + 10a — D)m® — 3(12a* + 8a + 1) p*1m} 773%3;W;p0(p)

. V3
8(5a% + 6a + 4b + 1)2

({12000a® + 4000a° + 5(640b + 353)a* + 4(640b — 341)a’ + 2(640b> — 1092b

—565)a’ — 4 (128b% + 364b + 65)a — 256b*> — 200b — 191m?* — 48[25a° + 954° + 10(4b + 11)a*
+(86b + 54)a* + (16b* + 51b + 12)a* + (8> + 12b + 1)a + b(b + 1)]p*}p + {[6000a® + 18 4004’
+5(1920b + 4937)a”* + 20(896b + 803)a> + 2(1920b% + 5120b + 2663)a’ + 4(640b* + 512b + 223)a
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+256b% + 128b + 611m> — 12[300a® + 11904’ + 5(96 b + 295) a* + 4(278b + 203) a* + 2(96b*> + 373b
1 1
+108)a” + 2(64b% +98b + 13)a + 20b° + 185 + 11p°}m) (Pl 1y pe (P) + P pvipe (P))

V3
+
22(5a% + 6a + 4b + 1)

{[200a* + 480a> + (160b + 287)a> + 6(32b + T)a + 32b — 1]m?

1 1
—12Q2a 4+ 1)(5a° + 5a* + 4ba + a + b)p*} p (P, 110 (P) = P31 jvipo (P))

N&)
+
23/2(5a% + 6a + 4b + 1)

{8(15a* + 10a + 3)(5a* + 6a + 4b + 1)m* — 3[120a* + 170a°

1 1
+(96b + 81)a”® + 16(4b + 1)a + 12b + 11p*}m (Pl wvipo (P) + P pvipe (P))

1
2V2(5a% + 6a + 4b + 1)

{[200a* + 480a> + (160b + 611)a* + 6(32b + 43)a + 32b + 351m>

—12Qa + D)[5a° + 14a” + (4b + T)a + b+ 11p*} p (P, pvpe(P) — P pipe (P))

1
C2V2(5a% + 6a + 4b + 1)

{8(15a* 4 10a + 3)(5a> + 6a + 4b + 1)m* — 3[120a” + 386a> + 3(32b + 99)a>

+8@8b+ 11)a+ 12b+91p*}m (77253;Mv;p0(p) + P;zw;pa(p))].
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