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Abstract

Under the hypotheses of smoothness of the interactions in the coupling constant, locality,
Poincaré invariance, Lorentz covariance, and the preservation of the number of derivatives on each
field in the Lagrangian of the interacting theory (the same number of derivatives like in the free
Lagrangian), we derive the consistent interactions in D = 11 among massless gravitini, a graviton,
and a 3-form.

1 Introduction

It is well known that the field spectrum of D = 11, N = 1 SUGRA consists in a massless spin-2 field,
a massless spin-3/2 field and a 3-form gauge field [1]-[2]. In the free limit the action of simple SUGRA
in D = 11 reduces to the sum between Pauli-Fierz, Rarita-Schwinger, and a standard abelian 3-form
actions

SL
0 [hµν , ψµ, Aµνρ] = SPF

0 [hµν ] + SRS
0 [ψµ] + S3F

0 [Aµνρ]. (1)

In order to determine the consistent interactions that can be added to action (1) we must study, beside
the self-interactions, which are known from the literature, also the cross-couplings. The latter problem
can be solved in two steps: firstly, we determine the interaction vertices containing only two of the
three types of fields, and then the vertices including all the three kinds.

The plan of the talk :

• the derivation of consistent interactions between an abelian three-form gauge field and a Pauli-
Fierz graviton;

• the investigation of the consistent couplings between an abelian three-form gauge field and a
massless spin-3/2 field;

• the analysis of the cross-couplings between a Pauli-Fierz graviton and a massless Rarita-Schwinger
field;

• the determination of all possible interactions among a graviton, a massless spin-3/2 field, and a
three-form gauge field;

We investigate all these problems in the framework of the deformation theory [3] based on local
BRST cohomology [4].
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2 First problem: the derivation of consistent interactions among an
abelian three-form gauge field and a Pauli-Fierz graviton

2.1 Free model

Our starting point is the Lagrangian action represented by the sum between Pauli-Fierz and an abelian
three-form actions in eleven space-time dimensions

Sh,A
0 [hµν , Aµνρ] = SPF

0 [hµν ] + S3F
0 [Aµνρ] =∫

d11x

[
−1

2
(∂µhνρ) (∂µhνρ) + (∂µhµρ) (∂νhνρ)−

− (∂µh) (∂νh
νµ) +

1
2

(∂µh) (∂µh)− 1
2 · 4!

FµνρλFµνρλ
]
. (2)

The theory (2) is invariant under the gauge transformations

δεhµν = ∂(µεν), δεAµνρ = ∂[µενρ]. (3)

The gauge parameters εµ and εµν are bosonic, the last set being completely antisymmetric. The gauge
algebra of the free theory (2) is Abelian.

We observe that if in (3) we make the transformations

εµν → ε(θ)
µν = ∂[µθν], (4)

then the gauge variation of the 3-form identically vanishes

δε(θ)Aµνρ ≡ 0. (5)

Moreover, if in (4) we perform the changes

θµ → θ(φ)
µ = ∂µφ, (6)

with φ an arbitrary scalar field, then the transformed gauge parameters (4) identically vanish

ε
(θ(φ))
µν ≡ 0. (7)

Meanwhile, there is no non-vanishing local transformation of φ that annihilates θ
(φ)
µ of the form (6),

and hence no further local reducibility identity. All these allow us to conclude that the generating set
of gauge transformations (3) is off-shell second-stage reducible.

The structure of the reducibility relations is important from the point of view of the BRST sym-
metry as it requires the introduction of a tower of ghosts for ghosts, as well as of their antifields.

In order to construct the BRST symmetry for (2) we introduce the field, ghost, and antifield
spectra

Φ∆0 = (hµν , Aµνρ) , Φ∗∆0
= (h∗µν , A∗µνρ) (8)

η∆1 = (ηµ, Cµν) , η∗∆1
= (η∗µ, C∗µν) , (9)

η∆2 = (Cµ) , η∗∆2
= (C∗µ) , (10)

η∆3 = (C) , η∗∆3
= (C∗) . (11)

In this case the anticanonical action of the BRST symmetry, sh,A· =
(
·, Sh,A

)
, is realized via a solution

to the master equation
(
Sh,A, Sh,A

)
= 0 that reads as

Sh,A = Sh,A
0 [hµν , Aµνρ] +

∫
d11x

(
h∗µν∂(µην) + A∗µνρ∂[µCνρ]

+C∗µν∂[µCν] + C∗µ∂µC
)

. (12)
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2.2 Construction of consistent interactions

We will associate with (12) a deformed solution

Sh,A → S̄h,A = Sh,A + λSh,A
1 + λ2Sh,A

2 + · · ·
= Sh,A + λ

∫
d11x ah,A + λ2

∫
d11x bh,A + · · · , (13)

which is the BRST generator of the interacting theory,
(
S̄h,A, S̄h,A

)
= 0, such that the components

of S̄h,A are restricted to satisfy the tower of equations:
(
Sh,A, Sh,A

)
= 0, (14)

2
(
Sh,A

1 , Sh,A
)

= 0, (15)

2
(
Sh,A

2 , Sh,A
)

+
(
Sh,A

1 , Sh,A
1

)
= 0, (16)

...

The interactions are obtained under the following (reasonable) assumptions: smoothness, locality,
Lorentz covariance, Poincaré invariance, and preservation of the number of derivatives on each field
(derivative order assumption).

By direct computation we obtain the first-order deformation in the interacting sector like

Sh,A
1 = Sh−A

1 + SA
1 + Sh

1 =

=
∫

d11x

{
k

[
−C∗ (∂µC) ηµ − 1

2
C∗

µ

(
Cν∂

[µην] − (∂νC) hµν

+2 (∂νCµ) ην) + C∗
µν

(
hµ

ρ∂ρCν − (∂ρCµν) ηρ − 1
2
Cρ∂

[µhν]ρ

+Cν
ρ∂

[µηρ]
)
−A∗µνρ

(
ηλ∂λAµνρ +

3
2
Aνρ

λ∂[µηλ] − 3
2

(
∂λCνρ

)
hµ

λ

−3
2
Cρλ∂[µh

ν]
λ

)
+

1
4
Fµνρλ

(
∂µ

(
Aνρσhλ

σ

)
+

1
4!

Fµνρλh

−1
3
Fµνρσhλ

σ

)]
+ qεµ1···µ11Aµ1µ2µ3Fµ4···µ7Fµ8···µ11

}
+ Sh

1 , (17)

where k and q are arbitrary real constants and Sh
1 reads as

Sh
1 =

∫
d11x

{
1
2
η∗µην∂[µ ην] + h∗µρ

(
(∂ρη

ν) hµν − ην∂[µhν]ρ

)
(18)

+LH−E
1 − 2Λh

}
.

In (18) we used the notations LH−E
1 and Λ for the cubic vertex of the Einstein-Hilbert Lagrangian and

respectively the cosmological constant.
The consistency of the first-order deformation (the existence of the second-order deformation)

requires that the real constant k satisfies the equation

k (k + 1) = 0, (19)

with the non-trivial solution
k = −1, (20)

and q arbitrary constant.
The previous results can be summarized in the following theorem.
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Theorem 1 Under the assumptions of: i) space-time locality, ii) smoothness of the deformations in
the coupling constant, iii) (background) Lorentz invariance, iv) Poincaré invariance (i.e. we do not
allow explicit dependence on the space-time coordinates), v) the maximum number of derivatives in
the interacting Lagrangian is two, the only consistent deformation of (2) involving a spin-2 field and
an abelian 3-form gauge field reads as

S̄h,A
0 [hµν , Aµνρ] = SPF

0 [hµν ] + S3F
0 [Aµνρ] +

+λ

∫
d11x

[
LH−E

1 − 2Λh− 1
4 · 4!

FµνρλFµνρλh+

1
2 · 3!

FµνρλFµνρσhλ
σ −

1
4
Fµνρλ∂µ

(
Aνρσhλ

σ

)
+

+qεµ1···µ11Aµ1µ2µ3Fµ4···µ7Fµ8···µ11 ] + O
(
λ2

)
, (21)

and it is invariant under the gauge transformations

δεhµν = ∂(µεν) + λ

(
1
2

(
hρ(µ∂ν)ε

ρ − ερ∂(µhν)ρ

)
+ ερ∂ρhµν

)
+ O

(
λ2

)
, (22)

δε,εAµνρ = ∂[µενρ] + λ

[
ελ∂λAµνρ +

1
2
Aλ

[µνδ
σ
ρ]∂[σελ]−

−1
2

(
∂λε[µν

)
hρ]λ +

1
2
ελ

[µ∂νhρ]λ

]
+ O

(
λ2

)
, (23)

which remain second-order reducible, with the first-order reducibility given by

εµν → ε(θ)
µν = ∂[µθν] +

λ

2

[(
∂ρθ[µ

)
hν]ρ + θρ∂[µhν]ρ

]
+ O

(
λ2

)
, (24)

and the second-order redundancy expresses by

θµ → θ(φ)
µ = ∂µφ− λ

2
hµν∂

νφ + O
(
λ2

)
. (25)

The results summarized here are presented in detail (including the computation of the second order
deformation for the solution to the classical master equation) in [5]. In this way we obtain that the
first two orders of the interacting Lagrangian resulting from our setting originate in the development
of the full interacting Lagrangian (in eleven space-time dimensions)

L̃ =
2
λ2

√
g

(
R− 2λ2Λ

)
+ Lh−A,

where the cross-coupling part reads as

Lh−A = − 1
2 · 4!

√
gF̄µνρλF̄µνρλ + λqεµ1...µ11Āµ1µ2µ3F̄µ4...µ7F̄µ8...µ11 ,

with g = det gµν , Λ the cosmological constant, λ the coupling constant, and q an arbitrary, real
constant. Consequently, we showed [5] the uniqueness of interactions described by L̃. The above
interacting Lagrangian for Λ = 0 is a part of D = 11, N = 1 SUGRA Lagrangian. We note that the
graviton sector is allowed at this stage to include a cosmological term, unlike D = 11, N = 1 SUGRA.
This is not a surprise since it is the simultaneous presence of all fields (supplemented with massless
gravitini) that ensures the annihilation of the cosmological constant, as it will be seen in the last part
of this talk.
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3 Second problem: the investigation of the consistent couplings be-
tween an abelian three-form gauge field and a massless spin-3/2
field

3.1 Free model

The starting point is the free theory whose Lagrangian action is written as the sum between an abelian
three-form and a non-massive Rarita-Schwinger actions in eleven space-time dimensions

SA,ψ
0 [Aµνρ, ψµ] = S3F

0 [Aµνρ] + SRS
0 [ψµ] =

=
∫

d11x

(
− 1

2 · 4!
FµνρλFµνρλ − i

2
ψ̄µγµνρ∂νψρ

)
. (26)

In the above the fermionic fields ψµ are considered to be real (Majorana) spinors (ψ̄ = ψc). We work
with the metric σµν = diag (+,−, · · · ,−), the gamma matrices (γµ) are all purely imaginary. We take
the matrix γ0 to be antisymmetric and Hermitian, γi (i = 1, 10) are symmetric and anti-Hermitian.

The theory described by action (26) possesses an Abelian, off-shell, second-order reducible gener-
ating set of gauge transformations

δεAµνρ = ∂[µενρ], δεψµ = ∂µε. (27)

Related to the gauge parameters, εµν are bosonic and completely antisymmetric and ε is a fermionic
Majorana spinor. The redundancy of the generating set of gauge transformations for the three-form
gauge field has been presented in the above [in the part that solves the problem of constructing
consistent interactions among an abelian three-form gauge field and a Pauli-Fierz graviton].

The structure of the reducibility relations is important from the point of view of the BRST sym-
metry as it requires the introduction of a tower of ghosts for ghosts, as well as of their antifields.

In order to construct the BRST symmetry for (26) we introduce the field, ghost, and antifield
spectra

Φ∆0 = (Aµνρ, ψµ) , Φ∗∆0
= (A∗µνρ, ψ∗µ) , (28)

η∆1 = (Cµν , ξ) , η∗∆1
= (C∗µν , ξ∗) , (29)

η∆2 = (Cµ) , η∗∆2
= (C∗µ) , (30)

η∆3 = (C) , η∗∆3
= (C∗) . (31)

In this case the anticanonical action of the BRST symmetry, sA,ψ· =
(
·, SA,ψ

)
, is realized via a solution

to the master equation
(
SA,ψ, SA,ψ

)
= 0 that reads as

SA,ψ = SA,ψ
0 [Aµνρ, ψµ] +

∫
d11x

(
ψ∗µ∂µξ + A∗µνρ∂[µCνρ]

+C∗µν∂[µCν] + C∗µ∂µC
)

. (32)

3.2 Construction of consistent interactions

We will associate with (32) a deformed solution

SA,ψ → S̄A,ψ = SA,ψ + λSA,ψ
1 + λ2SA,ψ

2 + · · ·
= SA,ψ + λ

∫
d11x aA,ψ + λ2

∫
d11x bA,ψ + · · · , (33)

which is the BRST generator of the interacting theory,
(
S̄A,ψ, S̄A,ψ

)
= 0, such that the components

of S̄A,ψ are restricted to satisfy the tower of equations:
(
SA,ψ, SA,ψ

)
= 0, (34)
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2
(
SA,ψ

1 , SA,ψ
)

= 0, (35)

2
(
SA,ψ

2 , SA,ψ
)

+
(
SA,ψ

1 , SA,ψ
1

)
= 0, (36)

...

The interactions are obtained under the following (reasonable) assumptions: smoothness, locality,
Lorentz covariance, Poincaré invariance, and preservation of the number of derivatives on each field
(derivative order assumption).

By direct computation we obtain the first-order deformation

SA,ψ
1 = SA−ψ

1 + SA
1 + Sψ

1 =

=
∫

d11x

[
k̃

(
1
2
C∗µν ξ̄γµνξ − 3A∗µνρξ̄γµνψρ+

+
1
9
ψ∗µFµνρλγνρλξ − 1

3 · 4!
ψ∗µF νρλσγµνρλσξ +

−1
4
ψ̄µγνρψλFµνρλ − 1

2 · 4!
ψ̄αγαβµνρλψβFµνρλ

)
+

+m

(
ψ∗µγµξ +

9i
2

ψµγµνψν

)
+

+qεµ1···µ11Aµ1µ2µ3Fµ4···µ7Fµ8···µ11 ] , (37)

where k̃, m and q are arbitrary constants. In the above the terms proportional with m contain
only fields/antifields from the Rarita-Schwinger sector, those proportional with q include only the
three-form gauge field and the other pieces mix both sectors.

The consistency of the first-order deformation (the existence of the second-order deformation)
requires

k̃ = 0 and m = 0, (38)

and q remains an arbitrary constant.
The previous results can be summarized in the following theorem.

Theorem 2 Under the assumptions of: i) space-time locality, ii) smoothness of the deformations in
the coupling constant, iii) (background) Lorentz invariance, iv) Poincaré invariance (i.e. we do not
allow explicit dependence on the space-time coordinates), v) the maximum number of derivatives in the
interacting Lagrangian is two, the only consistent deformation of (26) involving an abelian three-form
gauge field and a massless spin-3/2 field reads as

S̄A,ψ
0 [Aµνρ, ψµ] = S3F

0 [Aµνρ] + SRS
0 [ψµ]

+qλ

∫
d11xεµ1···µ11Aµ1µ2µ3Fµ4···µ7Fµ8···µ11 , (39)

and it is invariant under the original gauge transformations.

This result does not contradict the presence in the Lagrangian of D = 11, N = 1 SUGRA of
a quartic vertex expressing self-interactions among the gravitini. We prove in [7] and [8] that this
vertex, which appears at order two in the coupling constant, is due to the simultaneous presence of
gravitini, three-form, and graviton.

The results synthesized in this part are developed in [6].
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4 Third problem: the analysis of the cross-couplings among a Pauli-
Fierz graviton and a massless Rarita-Schwinger field

4.1 Free model

The Lagrangian action for the free theory is represented by the sum between Pauli-Fierz and a non-
massive Rarita-Schwinger actions in eleven space-time dimensions

Sh,ψ
0 [hµν , ψµ] = SPF

0 [hµν ] + SRS
0 [ψµ] =

=
∫

d11x

[
−1

2
(∂µhνρ) (∂µhνρ) + (∂µhµρ) (∂νhνρ)−

− (∂µh) (∂νh
νµ) +

1
2

(∂µh) (∂µh)− i
2
ψ̄µγµνρ∂νψρ

]
. (40)

Action (40) possesses an irreducible and Abelian generating set of gauge transformations

δεhµν = ∂(µεν), δεψµ = ∂µε, (41)

with εµ bosonic and ε fermionic gauge parameters.
In order to construct the BRST symmetry for (26) we introduce the field, ghost, and antifield

spectra

Φ∆0 = (hµν , ψµ) , Φ∗∆0
=

(
h∗µν , ψ∗µ

)
, (42)

η∆1 = (ηµ, ξ) , η∗∆1
= (η∗µ, ξ∗) , (43)

In this case the anticanonical action of the BRST symmetry, sh,ψ· =
(
·, Sh,ψ

)
, is realized via a solution

to the master equation
(
Sh,ψ, Sh,ψ

)
= 0 that reads as

Sh,ψ = Sh,ψ
0 [hµν , ψµ] +

∫
d11x

(
h∗µν∂(µην) + ψ∗µ∂µξ

)
. (44)

4.2 Construction of consistent interactions

We will associate with (44) a deformed solution

Sh,ψ → S̄h,ψ = Sh,ψ + λSh,ψ
1 + λ2Sh,ψ

2 + · · ·
= Sh,ψ + λ

∫
d11x ah,ψ + λ2

∫
d11x bh,ψ + · · · , (45)

which is the BRST generator of the interacting theory,
(
S̄h,ψ, S̄h,ψ

)
= 0, such that the components of

S̄h,ψ are restricted to satisfy the tower of equations:
(
Sh,ψ, Sh,ψ

)
= 0, (46)

2
(
Sh,ψ

1 , Sh,ψ
)

= 0, (47)

2
(
Sh,ψ

2 , Sh,ψ
)

+
(
Sh,ψ

1 , Sh,ψ
1

)
= 0, (48)

...

The interactions are obtained under the following (reasonable) assumptions: smoothness, locality,
Lorentz covariance, Poincaré invariance, and preservation of the number of derivatives on each field
(derivative order assumption).
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By direct computation we obtain the first-order deformation

Sh,ψ
1 = Sh−ψ

1 + Sψ
1 + Sh

1 =

=
∫

d11x

{
k̄

[
i
4

(
1
2
ψ̄µ

(
γρψν − 2σνργλψλ

)
∂[µhν]ρ − hψ̄µγµνρ∂νψρ

+ψ̄µγµνρ
(
∂λψρ

)
hνλ − 1

2
ψ̄µγµνρψλ∂[νhρ]λ

)
+

1
4

(
ih∗µν ξ̄γµψν

+
1
2
ψ∗µγαβ

(
ψµ∂[αηβ] − ξ∂[αhβ]µ

)
+ 4ψ∗µ (∂νψµ) ην + 2ψ∗µψν∂[µην]

−2ψ∗µ (∂νξ) hµν) + ξ∗ (∂µξ) ηµ − 1
8

(
i
2
η∗µξ̄γµξ − ξ∗γµνξ∂[µην]

)]

+imψ∗µγµξ − 9m

2
ψ̄µγµνψν

}
+ Sh

1 , (49)

with k̄ and m some arbitrary constants.
The consistency of the first-order deformation (the existence of the second-order deformation)

imposes
k̄ = 0 and m = 0. (50)

The previous results can be summarized in the following theorem.

Theorem 3 Under the assumptions of: i) space-time locality, ii) smoothness of the deformations in
the coupling constant, iii) (background) Lorentz invariance, iv) Poincaré invariance (i.e. we do not
allow explicit dependence on the space-time coordinates), v) the maximum number of derivatives in
the interacting Lagrangian is two, the only consistent deformation of (40) involving a spin-2 field and
a massless spin-3/2 field reads as

S̄h,ψ
0 [hµν , ψµ] = SPF

0 [hµν ] + SRS
0 [ψµ]

+λ

∫
d11x

(
LH−E − 2Λh

)
+ O

(
λ2

)
, (51)

and it is invariant under the gauge transformations

δεhµν = ∂(µεν) + λ

(
1
2

(
hρ(µ∂ν)ε

ρ − ερ∂(µhν)ρ

)
+ ερ∂ρhµν

)
+ O

(
λ2

)
, (52)

δεψµ = δεψµ = ∂µε. (53)

As in the above, LH−E represents the cubic vertex of the Einstein-Hilbert Lagrangian.
The absence of self-interactions among the gravitini in D = 11 at this level does not contradict

the presence in the Lagrangian of D = 11, N = 1 SUGRA of a quartic gravitini vertex.
The results shortly addressed here are presented in detail in [7]. In the same paper we also make the

comparison with the case D = 4, where gravitini are known to allow self-interactions in the presence
of a graviton, such that their ‘mass’ constant becomes related to the cosmological one.

5 Fourth problem: all possible interactions among a graviton, a
massless spin-3/2 field, and a three-form gauge field

The starting point of the last problem is represented by the free model with the Lagrangian action
given by the sum between Pauli-Fierz, an abelian three-form and a non-massive Rarita-Schwinger
actions in eleven space-time dimensions

Sh,A,ψ
0 [hµν , Aµνρ, ψµ] = SPF

0 [hµν ] + S3F
0 [Aµνρ] + SRS

0 [ψµ] =∫
d11x

[
−1

2
(∂µhνρ) (∂µhνρ) + (∂µhµρ) (∂νhνρ)− (∂µh) (∂νh

νµ)

+
1
2

(∂µh) (∂µh)− 1
2 · 4!

FµνρλFµνρλ − i
2
ψ̄µγµνρ∂νψρ

]
. (54)
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The theory described by action (54) possesses an Abelian, off-shell, second-order reducible generating
set of gauge transformations

δεhµν = ∂(µεν), δεAµνρ = ∂[µενρ], δεψµ = ∂µε. (55)

In order to construct the BRST symmetry for (54) we introduce the field, ghost, and antifield spectra

Φ∆0 = (hµν , Aµνρ, ψµ) , Φ∗∆0
=

(
h∗µν , A∗µνρ, ψ∗µ

)
(56)

η∆1 = (ηµ, Cµν , ξ) , η∗∆1
= (η∗µ, C∗µν , ξ∗) , (57)

η∆2 = (Cµ) , η∗∆2
= (C∗µ) , (58)

η∆3 = (C) , η∗∆3
= (C∗) . (59)

In this case the anticanonical action of the BRST symmetry, sh,A,ψ· =
(
·, Sh,A,ψ

)
, is realized via a

solution to the master equation
(
Sh,A,ψ, Sh,A,ψ

)
= 0 that reads as

Sh,A,ψ = Sh,A,ψ
0 [hµν , Aµνρ, ψµ] +

∫
d11x

(
h∗µν∂(µην) + ψ∗µ∂µξ

+A∗µνρ∂[µCνρ] + C∗µν∂[µCν] + C∗µ∂µC
)

. (60)

5.1 Construction of consistent interactions

We will associate with (60) a deformed solution

Sh,A,ψ → S̄h,A,ψ = Sh,A,ψ + λSh,A,ψ
1 + λ2Sh,A,ψ

2 + · · ·
= Sh,A,ψ + λ

∫
d11x ah,A,ψ + λ2

∫
d11x bh,A,ψ + · · · , (61)

which is the BRST generator of the interacting theory,
(
S̄h,A,ψ, S̄h,A,ψ

)
= 0, such that the components

of S̄h,A,ψ are restricted to satisfy the tower of equations:
(
Sh,A,ψ, Sh,A,ψ

)
= 0, (62)

2
(
Sh,A,ψ

1 , Sh,A,ψ
)

= 0, (63)

2
(
Sh,A,ψ

2 , Sh,A,ψ
)

+
(
Sh,A,ψ

1 , Sh,A,ψ
1

)
= 0, (64)

...

The interactions are obtained under the following (reasonable) assumptions: smoothness, locality,
Lorentz covariance, Poincaré invariance, and preservation of the number of derivatives on each field
(derivative order assumption).

For this situation, the first-order deformation of the solution to the classical master equation can
be written as

Sh,A,ψ
1 = Sh−A

1 + Sh−ψ
1 + SA−ψ

1 + Sψ
1 + Sh

1 + SA
1 . (65)

The consistency of the first-order deformation (the existence of the second-order deformation) requires
that the constants k, k̄, k̃, q, m and Λ to satisfy the following algebraic equations

k̃2 +
k̄2

32
= 0, 180m2 − k̄Λ = 0, (66)

k (k + 1) = 0, k̃2 − kk̄

32
= 0, (67)

mk̃ = 0, k̃

(
q +

k̃

3 · (12)3

)
= 0, (68)
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k̄
(
k̄ − 1

)
= 0, k̃

(
k + k̄

)
= 0. (69)

There are two types of nontrivial solutions, namely

k = −1 or k = 0, k̃ = k̄ = m = 0, Λ, q = arbitrary, (70)

k = −k̄ = −1, k̃1,2 = ± i
√

2
8

, q1,2 = − 4k̃1,2

(12)4
, m = 0 = Λ. (71)

The former type is less interesting from the point of view of interactions since it maximally allows the
graviton to be coupled to the 3-form (if k = −1).

For this reason in the sequel we will extensively focus on the latter solution, (71), which forbids
both the presence of the cosmological term for the spin-2 field and the appearance of gravitini ‘mass’
constant.

The previous results can be summarized in the following theorem.

Theorem 4 Under the assumptions of: i) space-time locality, ii) smoothness of the deformations in
the coupling constant, iii) (background) Lorentz invariance, iv) Poincaré invariance (i.e. we do not
allow explicit dependence on the space-time coordinates), v) the maximum number of derivatives in
the interacting Lagrangian is two, the only consistent deformation of (54) involving a spin-2 field, an
abelian three-form gauge field and a massless spin-3/2 field reads as

S̄h,A,ψ
0 [hµν , Aµνρ, ψµ] = SPF

0 [hµν ] + S3F
0 [Aµνρ] + SRS

0 [ψµ]

+λ

∫
d11x

[
LH−E − 1

4 · 4!
FµνρλFµνρλh+

1
2 · 3!

FµνρλFµνρσhλ
σ −

1
4
Fµνρλ∂µ

(
Aνρσhλ

σ

)
+

+qεµ1···µ11Aµ1µ2µ3Fµ4···µ7Fµ8···µ11

−k̃i

(
1
4
ψ̄µγνρψλFµνρλ +

1
2 · 4!

ψ̄αγαβµνρλψβFµνρλ
)

+
i
4

(
1
2
ψ̄µ

(
γρψν − 2σνργλψλ

)
∂[µhν]ρ − hψ̄µγµνρ∂νψρ

+ψ̄µγµνρ
(
∂λψρ

)
hνλ − 1

2
ψ̄µγµνρψλ∂[νhρ]λ

)]
+ O

(
λ2

)
(72)

and it is invariant under the gauge transformations

δ̄ε,εhµν = ∂(µεν) + λ

[
1
2
hρ(µ∂ν)ε

ρ − 1
2
ερ∂(µhν)ρ + ερ∂ρhµν +

i
8
ε̄γ(µψν)

]
+ ..., (73)

δ̄ε,εψµ = ∂µε + λ

[
−1

2
hν

µ∂νε + (∂αψµ) εα +
1
2
ψν∂[µεν] +

1
8
γαβψµ∂[αεβ]

−1
8
γαβε∂[αhβ]µ +

ik̃i

9

(
γνρλεFµνρλ − 1

8
γµνρλσεF νρλσ

)]
+ ..., (74)

δ̄ε,εAαβγ = ∂[αεβγ] + λ

[
εδ∂δAαβγ +

1
2
Aδ

[αβδσ
γ]∂[σεδ]

−1
2

(
∂δε[αβ

)
hγ]δ +

1
2
εδ

[α∂βhγ]δ − k̃iξ̄γ[αβψγ]

]
+ ..., (75)

which remain second-order reducible.

The effective expression of the second-order deformation and the interpretation of the interacting
theory are exposed in [8].
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