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1 Introduction

Several years ago, two of us introduced a family of constrained Goldstino superfields [1],

in terms of which the models for spontaneously broken N/ = 2 Poincaré supersymmetry

are formulated. Some of these Goldstino superfields have been generalised to the case of

N = 2 anti-de Sitter supersymmetry [2]. The common feature of the constrained N' = 2

superfields given in [1] is that their only independent component fields are the two Goldstini.

Therefore, if such a Goldstino superfield is coupled to supergravity in order to describe

spontaneously broken N = 2 local supersymmetry, it does not bring in any new degrees of

freedom, except for making the gravitini massive and generating a positive contribution to



the cosmological constant, in accordance with the super-Higgs effect [3-5]. In particular,
the absence of scalars is an attractive feature for phenomenological applications.

Some of the N' = 2 superfield Goldstino models given in [1] have natural N' = 1
counterparts [6-10]. In particular, the constrained chiral scalar superfield, which will be
reviewed in section 2.2, is the A/ = 2 analogue of the A’ = 1 chiral scalar superfield ¢ [6, 7],
Dg¢ = 0, which is subject to the constraints [6]:

¢2 = 07 (lla)
fo = —306D%, (1.1b)

where f is a real parameter of mass dimension +2 which characterises the supersymmetry
breaking scale. As was shown by Rocek [6] (see also [11] for a recent review), the Goldstino,
which may be identified with D,¢|g—o, is the only independent component field contained
in ¢. In the case of N' = 1 supersymmetry, there is an alternative superfield approach to
describe the Goldstino dynamics, which was advocated in [12, 13]. It consists of getting
rid of the nonlinear constraint (1.1b) and working with a chiral scalar X', Dy X =0, which
is only constrained to be nilpotent,

x?=0. (1.2)

Unlike ¢, the chiral scalar X contains an independent auxiliary field in addition to the
Goldstino. Nevertheless, the former proves to be a function of the latter on the mass shell.
In practice, the use of X is somewhat simpler than that of ¢ from the point of view of
its couplings to supergravity and supersymmetric matter. Conceptually, however, the two
constrained superfield realisations ¢ and X are completely equivalent [14] (as long as one
deals with low-energy effective actions without higher-derivative terms). In particular, they
lead to equivalent couplings to supergravity and supersymmetric matter, see [14] for the
technical details. The N = 2 superfield analogue of X was given in [15], see section 2.3
below for a review. We will demonstrate that this realisation is equivalent to the A/ = 2
chiral scalar Goldstino model of [1].

In this paper we propose models for spontaneously broken local N = 2 supersymme-
try, which are obtained by coupling the standard off-shell supergravity-matter systems to
the Goldstino superfields introduced in [1, 15]. Recently, there has been much interest in
N = 1 supergravity coupled to nilpotent Goldstino superfields for several reasons. Firstly,
such theories are interesting from the point of view of cosmology due to the possibility of
describing inflation [16, 17]. Secondly, every Goldstino superfield coupled to supergravity
provides a universal positive contribution to the cosmological constant [14, 18-21], unlike
the supersymmetric cosmological term [22] which yields a negative contribution to the cos-
mological constant. The same property is true for the Goldstino brane [23]. Of course,
the observation that the coupling of the Volkov-Akulov theory [24-26] to supergravity gen-
erates a model-independent positive contribution to the cosmological constant was made
long ago in the frameworks of on-shell supergravity [5] and off-shell supergravity [18]. But
it seems that at that time nobody was interested in generating a positive cosmological con-
stant. Cosmological model building [16, 17] and the so-called de Sitter supergravity [19]



and its extensions [27, 28] have invigorated interest in the coupling of nonlinear super-
symmetry to supergravity. Nonlinear supersymmetries are also intriguing in the context
of amplitudes [29]. It is also worth recalling that A/ = 2 supergravity [30] realised Ein-
stein’s dream of unifying electromagnetism and gravity [31] by adding a massless complex
gravitino to the photon and graviton. When N = 2 supergravity is coupled to any of
the Goldstino superfields introduced in [1], the resulting theory describes (in a unitary
gauge) the Einstein-Maxwell system coupled to a massive complex gravitino. Integrating
out the massive gravitino fields leads to a low-energy Einstein-Maxwell theory of purely
supersymmetric origin.

This paper is organised as follows. In section 2 we review the Goldstino superfields
introduced in [1, 15] and elaborate on their properties and the explicit relationships be-
tween them. In section 3 we couple the chiral scalar and analytic Goldstino superfields
to supergravity and supersymmetric matter. Section 4 is devoted to the coupling of the
spinor Goldstino superfield to supergravity. Several generalisations of our results are given
in section 5. The main body of the paper is accompanied by four technical appendices.
Appendix A describes the component content of the nilpotent chiral scalar superfield ®.
Appendix B gives a summary of the SU(2) superspace [32], while appendix C briefly in-
troduces N = 2 conformal superspace [33]. Finally, appendix D discusses nilpotent N' =1
supergravity following and extending [21]. Our two-component notation and conventions
correspond to [34].

2 Goldstino superfields in Minkowski superspace
We start by reviewing some results of [1] and elaborating on them.

2.1 Spinor Goldstino superfields

The N = 2 analogue of the nonlinear realisation for A' = 1 supersymmetry [7-9, 35, 36],
in which there is a pair of Goldstone fields {¥(z) which mix only with themselves under
supersymmetry transformation, is based on the coset parametrisation [1]

g(z, &(x), 9 (x)) = i~ Pat 16X (2)QL) oif T4 (2)QF (2.1)

This yields the supersymmetry transformations
06 = feo —2if Lelelo, e (2.2a)
0, = fé, — 2if Ll 0,01 (2.2b)

The construction of N/ = 2 superfields associated with these Goldstino fields proceeds as
—a

in the N' = 1 case, and the resulting superfields ¢ and U, satisfy the following set of
constraints involving the A” = 2 covariant derivatives D4 = (9,, D%, D$):

DJEY = fo567, (2.3a)
D2 = —2if'2]0,,=2, (2.3b)
DLW =0, (2.3¢)
Dy, W = feped) —2if 200,00 . (2.3d)



The constraints (2.3a) and (2.3b) were derived for the first time by Wess [37] as a gen-
eralisation of the N/ = 1 construction [9]. The constraints (2.3) tell us that £ = =%|p—0
and @5}'1 = \i’g|g:0 are the only independent component fields contained in the Goldstino
superfields introduced.

The spinor superfields = and \I/l provide equivalent descriptions of the Goldstini. It
may be checked that the latter is expressed via the former as

. o _ 1 1_ 4

U, = LDYEE) =B, +O0@EY), == imig; =195, (24)

[ 3 "3
which extends the AV = 1 result given in [14]. Here and below we make use of the following
definitions!
1 1 .
Dt = @D”DZ] = —@Daﬁpaﬁ, Dij = D{Dsj, Das=D.Dg,  (2.5a)
D* = @D”Dw = —ZSDQBD Dij = DeiDj',  Dgy=DaiDjy . (2.5b)

The composites Z;; and Z,p in eq. (2.4) are defined similarly. Note that eq. (2.4) implies
that 'IE(ZX = 5}1 + - -+, where the ellipsis stands for nonlinear terms in £ and 5_’&

Eq. (2.3¢c) means that the spinor superfields W% are antichiral and their complex conju-
gates W,; are chiral, and so they provide ingredients for an action obtained by integration
over the chiral subspace of N’ = 2 Minkowski superspace:

1
SGoldstino = 2f2 /d4 d49 \114 f2 /d4 d49 \1’4 (26)

where W := LUUW,; Ui = UO,,; and U9 = e*el' Uy, Making use of (2.4) allows us to
reformulate the Goldstino action (2.6) in terms of =& and its conjugate:

1 A==
SGoldstino = *F /d4$d49d49 :4:4 . (27)

This action was given for the first time in ref. [38], which built on the earlier work [37]. At
the component level, the functionals (2.6) and (2.7) lead to nonlinear actions, which prove
to be equivalent to the ' = 2 supersymmetric Volkov-Akulov theory [24-26]. To quadratic
order in Goldstini, the action (2.7) is

Scaseino =~ [ dla (£ +i€05 ) +0(€Y) (23)

The constant term in the integrand (2.8) generates a positive (de Sitter) contribution to

the cosmological constant when the Goldstino superfields =

are coupled to supergravity,
see section 4.
In general, N/ = 2 supersymmetric Goldstino actions contain terms to sixteenth order

in the fields. The striking feature of the action (2.6) is that it is at most of eighth order

'We point out that the second-order operators Dij, Dagp, Di; and Da/% are symmetric in their indices.



in the fields &' and @fx, as a consequence of the constraints (2.3). To quartic order in
Goldstini, the component form of the action (2.6) is

Scotting =~ [ @t (312 4160000 — 113 €90000% Dy — 113 €7 00sdy0%
1 ) ) . 1 ) . 1 . . 4
+ 3 67 (0aa)05 s — 1 €1 (0aal)) 0550 — fﬁgaﬁaga«amwg)wf)
1 . _4 1 U
Y €2 (00a ™) 05507 + 3P €% (000550 )0 + c.c.> + ... (2.9)

This action turns into (2.8) once ¢ and @Z_Jé are expressed in terms of £ and E&

2.2 Chiral scalar Goldstino superfield

The chiral scalar superfield [1]

d:=v'  DIP=0 (2.10)
obeys the following nilpotency conditions
P? =0, (2.11a)
®DsDp® =0, (2.11Db)
®DDpDc® =0, (2.11c¢)
as well as the nonlinear relation
f®=oD'®, (2.12)

which is similar to Rocek’s constraint (1.1b). It follows from the definition of ®, eq. (2.10),
and from (2.3d) that D*® is nowhere vanishing.

The chiral scalar ® has been defined as the composite superfield (2.10) constructed
from W%, It can also be realised as a different composite,

d = D=z, (2.13)

which is constructed from = and its conjugate. In both realisations, the relations (2.11)

and (2.12) hold identically. On the other hand, if we view ® as a fundamental Goldstino
superfield, then (2.11) and (2.12) must be imposed as constraints. In addition, it is nec-
essary to require D*® to be nowhere vanishing. These properties guarantee that the two
Goldstini, which occur at order 63, are the only independent component fields of ®, see ap-
pendix A for the details. In this approach, the spinor Goldstino superfields can be realised
as composite ones constructed from ® and its conjugate. In particular, one finds
zo_ _Jf DVD;i®
12 Do
It is a constructive exercise to check that this composite superfield obeys the con-
straints (2.3a) and (2.3b).
The Goldstino action takes the form

(2.14)

SGoldstino = —g / d*zd*0 ® — g / d*zd*0® = — / d*zd*0d*0 o . (2.15)



2.3 Reducible chiral scalar Goldstino superfield

Instead of working with the Goldstino superfield ®, which contains only two independent
component fields — the Goldstini — one can follow a different path, in the spirit of the
N =1 constructions advocated in [12, 13]. Specifically, one can consider a chiral scalar X,
D?‘X = 0, which is only required to obey the nilpotency constraints

X% =0, (2.16a)
XDsDpX =0, (2.16b)
XDsDpDcX =0, (2.16c¢)

in conjunction with the requirement that D*X be nowhere vanishing, D*X ## 0. This ap-
proach was pursued in [15].2 The chiral superfield X contains two independent component

fields that we identify with the lowest components of the descendants x§ := —%Do‘j D;; X
and D*X, which have the obvious, albeit useful, properties
Xxi =0, (2.17a)
DIx§ = 656! D*X . (2.17Db)

The dynamics of this supermultiplet is governed by the action

SGoldstino = / d*zd*0d*0 XX — f / dizd*0 X — f / dizd*0 X . (2.18)
Making use of the constraints (2.16), it is not difficult to derive the following nonlinear
representation® for X [15]:

4
X a_ 1y
Yoy T

1 N

od s 2.19
X" Xap (2.19)

where \9 = X“xé and Xog = XQX,Bi- With this representation for X, the con-
straints (2.16) hold identically.

The Goldstino model (2.18) is equivalent to the one described by the action (2.15).
The simplest way to prove this is by extending the A/ = 1 analysis of [14] to the N/ = 2
supersymmetric case. The starting point is to notice that if X obeys the constraints (2.16),
then e ”X also obeys the same constraints, for every chiral scalar superfield p, D&p = 0.
This freedom may be used to represent

X =D, (2.20)

where @ is the Goldstino superfield described in the previous subsection. The superfield p
in (2.20) is defined modulo gauge transformations of the form

p — p+dp, Pip=0. (2.21)

2The chiral scalar X was the only novel ' = 2 Goldstino superfield introduced in [15], the others had
been given five years earlier in [1].

3Relation (2.19) has a natural counterpart in the case of N” = 1 supersymmetry. Given a nilpotent N' = 1
chiral superfield X, with the properties DgX = 0 and X2 = 0, it can be represented as X = —)(2(D2X)717
where x? = x%xa and xa = Do X.



We now make use of the representation (2.20) and vary the action (2.18) with respect to
p, which gives

XD'X = fX . (2.22)

We see that on the mass shell the nilpotent chiral superfield X, defined by (2.20), obeys the
same constraint as ®, eq. (2.12). This means that p = 1 modulo the gauge freedom (2.21).

It is worth giving an N/ = 2 extension of one more important result from [14]. The point
is that the representation (2.14) does not require ® to obey the nonlinear constraint (2.12);
only the nilpotency constraints (2.11) are essential. In other words, starting from X, it
turns out that the composite spinor superfield

zoop X (2.23)
! D*X
obeys the constrains (2.3a) and (2.3b) (see also [15]). Now, given =%, we know that

eq. (2.13) defines the chiral scalar Goldstino superfield ® subject to the constraints (2.11)
and (2.12). Therefore, we can always represent

X=0+7T, &=_-DY='E", (2.24)
for some chiral scalar T obeying the generalised nilpotency condition
207 +Y2=0. (2.25)

The two component fields of X now belong to the two different chiral superfields ® and T,
of which ® contains the Goldstino and Y the auxiliary field.

According to the terminology of [14], the N' = 2 Goldstino superfields described in sec-
tions 2.1 and 2.2 are irreducible in the sense that the Goldstini are the only independent
component fields of such a superfield, while the other component fields are simply compos-
ites constructed from the Goldstini. There also exist reducible Goldstino superfields. They
contain certain independent auxiliary fields in addition to the Goldstini. Any reducible
Goldstino superfield may be represented as a sum of an irreducible Goldstino superfield
and a “matter” superfield, which contains the auxiliary fields. The chiral scalar X is an
example of a reducible Goldstino superfield. It is represented in the form (2.24), where ®
is the irreducible Goldstino superfield and T the matter one.

2.4 Analytic Goldstino superfields

—_—
—

The superfields =¢, \T/g and ®, which we have described in sections 2.1 and 2.2, are not
the only irreducible Goldstino superfields considered in [1]. Another Goldstino multiplet
introduced in [1] is a complex linear superfield, H¥ constructed originally as a composite of
the spinor ones. Here we study its properties in more detail using an alternative realisation
for HY as a descendant of ®.

Our first observation is that the degrees of freedom of the chiral scalar ® can be encoded
in the following complex iso-triplet

y 1 ..
HY := DY (2.26)



and its conjugate H;; = HY = %Dij@. By construction, H% satisfies the analyticity
constraints

DYHM =0, D{HM =0, (2.27)

which mean that H is a N' = 2 linear multiplet [39-41]. Following the modern projective-

superspace terminology [42, 43], one may also refer to HY as a complex O(2) multiplet.
As shown in appendix A, the chiral scalar ® is expressed in terms of its descendants x{"

and F, defined by (A.1), according to (A.2d). These are given in terms of H% as follows:

1. 1 ..

As a result, ® turns into a composite superfield constructed from H%. In particular, the
Goldstini x%|p—o can be read off from H% by taking its first spinor derivative. Making use
of (A.2b), we observe that H% satisfies the nilpotency constraint

ij ij 20 5 L orij
HYUHM =0 — HYHy,= ga(kag)HQ, H? = o HY Hij . (2.29)
Moreover, it holds that
i prizdz frisis — () (2.30)

It may be shown that H% obeys the following nonlinear constraints

A T7id 'aaHilengjk Lo
and
L 1 ./D-H
HY = —DV | ——H? 2.31b
i = 0 () (2.31b)

which complete the list of conditions H% has to obey in order to be an irreducible Goldstino
superfield. The Goldstino action (2.15) turns into

SGoldstino = _% d4$ (DZ]HZ] + DZ]HU) . (232)
This action is supersymmetric because it is a variant of the A" = 2 linear multiplet action
proposed by Sohnius [44].

It follows from (2.31a) that the action (2.32) can be rewritten in the form

o . 1
SGoldstino = —TJ; d*z (D” + D”)Hz’ja HY = 5 (HY + HY) . (2.33)
One may see that the dynamics of the Goldstini can be described using the real linear mul-
tiplet H¥, which is an irreducible Goldstino superfield. It satisfies a nilpotency condition

of degree 3,

(i ppisiafyisie) — ¢ (2.34)



If HY is used as a fundamental Goldstino superfield, the Goldstini may be defined to be
proportional to D*Hj;;|g—o. The nonlinear constraint (2.31b) may be recast in terms of H%.

We now introduce one more Goldstino superfield that is a real O(4) multiplet associated
with HY and HY. Tt is defined by

Lk .= g gk = o) (2.35)
and obeys the analyticity constraints
plrikm) — pUrikim — ¢ (2.36)
The second form of the Goldstino action (2.15) may be recast in the alternative form
SGoldstino = —é /d4i15 DM Lij Dk = %D(UDM) : (2.37)

This action is N/ = 2 supersymmetric because it is a variant of the O(4) multiplet action
introduced for the first time by Sohnius, Stelle and West in [41].

To get further insights into the structure of the constrained superfield L% which is,
by construction, defined on V' = 2 Minkowski superspace M43, it is useful to (i) reformulate
Lkl a5 a holomorphic superfield on a superspace with auxiliary bosonic dimensions, M*/® x
CP!', which is the most relevant superspace setting for off-shell N' = 2 supersymmetric
theories; and (ii) make use of the modern projective-superspace notation [43].*

Let v* € C2\ {0} be homogeneous coordinates for CP'. Given a symmetric iso-spinor
of rank n, T"in = T(i1n) we associate with it a holomorphic homogeneous polynomial
T (v) = Vi, ... v;, T where the superscript “n” denotes the degree of homogeneity,
that is T (cv) = ¢ T (v), with ¢ € C\{0}. It is clear that 7™ (v) defines a holomorphic
tensor field on CP!. If T% (%) is a superfield constrained by

plTi-ine) = Pyrpizine) — 0 (2.38)
it is called an O(n) multiplet.® The holomorphic superfield T (z, v) on M*® x CP!, which
is associated with the O(n) multiplet, obeys the analyticity constraints

p{rm =9, DT =0, (2.39)

where we have introduced the first-order operators D&l) = vinX and DS) = viDé, which
anticommute with each other. The O(n) multiplets are examples of the so-called projective
multiplets [49, 50], see [43] for a modern review.

The constraints (2.27) and (2.36) tell us that the Goldstino superfields H% and L%
are O(2) and O(4) multiplets, respectively. They can equivalently be described in terms
of the projective superfields H?) (v) = v;v; HY and L™ (v) = vvjupo L7,

“The superspace M*/® x CP! was originally introduced by Rosly [45]. It is the superspace setting for both
the harmonic [46, 47] and the projective [48-50] superspace approaches to A/ = 2 supersymmetric theories
in four dimensions. The precise relationship between these approaches is thoroughly discussed in [43, 51].

5In case n is even, n = 2m, one can consistently define real O(2m) multiplets which are subject to the

reality condition Tit--i2m =T 0 = &; 41 « .. Eigyjom IT°172m.



The Goldstino superfield LY satisfies the nilpotency constraints

LWL® =, (2.40a)
LWDADL® =0, (2.40b)
LYWDuDpDeL™ =0, (2.40¢)
as well as the nonlinear relation
1 —on4

f2L® = @L(4)D(4) (3( 2)) LW (2.41)

which follows from eq. (2.31b). Here we have introduced the operators
DW = vvvp0, DM 92 = ! u’i (2.42)

I ’ (v,u) Qv

where (v, u) := viu;, and u; is an isospinor constrained by the only requirement (v, u) # 0
(which means that v* and u’ are linearly independent). It is not difficult to see that the
right-hand side of (2.41) is independent of u;. In what follows, given a symmetric iso-spinor
Tin we will associate with it not only 7 = Vi, ... v, THn but also the following
object

1 o
7" = oyt - Cug, THtn (2.43)

With this notation, the constraint (2.41) turns into
2L = LW pWp=4 (2.44)

It is worth pointing out that the constraints (2.40) and (2.41) are quite similar to (2.11)
and (2.12).

It may be seen that L*) is an irreducible Goldstino superfield. To demonstrate the
equivalence of this description to those discussed earlier, we point out that the following
composite real O(4) multiplet

4 4) (md=4
LW .= f6D< )(=4EY (2.45)
satisfies the nilpotency constraints (2.40) and (2.41). This relation may be inverted to
express = in terms of LW,
We believe that the Goldstino superfields H% and LY7* can be generalised to describe
spontaneously broken supersymmetry with eight supercharges in five and six dimensions

where chiral superfields are not defined in the SU(2) covariant formalism.

2.5 Reducible linear Goldstino superfield

The linear Goldstino superfield (2.26) is constructed from the irreducible chiral scalar
Goldstino superfield ®. Instead of using ®, we can choose X to define another complex
linear superfield,

1

HY = ZDUX, (2.46)

~10 -



which is a reducible Goldstino superfield. It satisfies the same analyticity and nilpotency
conditions, eqs. (2.27) and (2.29), that HY does. However, there is no constraint (2.31b)
in the case of H;g

Within the harmonic superspace approach [46, 47|, one deals with SU(2) harmonics
u:r and u; defined by

u; =utt, utlu; =1 = (uf,uﬁ) e SU(2) . (2.47)

K3 7

They may be related to the isospinors v’ and wu;, which we have used in the previous
subsection, as follows:

. . i D
v utii= Y U = U, = ——=, (2.48)

Voto

with @; := vi. Associated with H;g is the analytic superfield H;'F = ujujH;g
In terms of Hyt and H{ T, the Goldstino action (2.18) turns into

gGoldstino = /du/dg(_4) L(+4)7

LOD = BEHHE 4+ (012 + 0 (B + ) (2.49)

where the integration is over the analytic subspace of harmonic superspace,

1 _

dC(_4) = d*z (D_)47 (D_)4 = E(D_)z(D_Pa (2'50)
and the u-integral denotes the integration over the group manifold SU(2) defined as in [46].
The second term in the analytic Lagrangian (2.49) involves naked Grassmann variables,

however the action proves to be supersymmetric [52].

3 Chiral and analytic Goldstino superfields in supergravity

In this section we couple the chiral scalar (® and X) and the analytic (H%) Goldstino
superfields, which have been described in the previous section, to N/ = 2 supergravity and
supersymmetric matter. Since the two chiral realisations have been shown to be equivalent,
here we first provide the locally supersymmetric extension of X and then explain how to
read off the curved analogue of ®.

In this section we make use of the superspace formulation for A/ = 2 conformal super-
gravity, which was developed in [53] and employed in [53, 54] to construct general off-shell
supergravity-matter couplings.® A brief summary of the corresponding curved superspace

5This formulation is often called SU(2) superspace, since the corresponding superspace structure group is
SL(2,C) x SU(2) g, with SL(2, C) being the universal cover of the Lorentz group SO¢(3,1). There exist two
more superspace formulations for A' = 2 conformal supergravity, which are characterised by larger structure
groups, specifically: (i) the U(2) superspace of [55] with the structure group SL(2, C) xU(2) g, where U(2)r =
SU(2)r x U(1)r denotes the N' = 2 R-symmetry group; and (ii) the conformal superspace of [33], which
naturally leads to the superconformal tensor calculus [56-58]. In the latter formulation, the entire N’ = 2
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geometry is given in appendix B. The reason this superspace geometry is suitable to de-
scribe A/ = 2 conformal supergravity is that it is compatible with super-Weyl invariance.
The point is that the algebra of covariant derivatives (B.3) preserves its functional form
under the super-Weyl transformations [53]

) 1 ) . )
05D = 50D4 + D0 Mya = Dago Jk (3.1a)
_ 1 _ o _
06Dsi = 50770'@ +D]& My, + DG Ty (3.1b)
1 i s _; 1
0oPa = 5(0+0)Da + i(aa)agpiapf + i(aa)“[pf& Dy — §Db(a +0)Map,  (3.1c)

with the parameter o being an arbitrary covariantly chiral superfield, Dg;oc = 0. The
dimension-1 components of the torsion transform as follows:

g N
50823 = 5SY — ZD’Y(ZD%)O-’ (323)
_ 1
0oYap = 0Yap — Zpégapﬁ)k(j’ (3.2b)
0eWap = cWag, (3.2¢)
1 _ i _
0G5 = §(J+U)Ga5—173a3(0—0) . (3.2d)

As is seen from (3.2c), the covariantly chiral symmetric spinor Wyg transforms homoge-
neously, and therefore it is a superfield extension of the Weyl tensor, known as the N' = 2
super-Weyl tensor [55, 57, 61].

3.1 Two realisations for the chiral Goldstino superfield

The Goldstino superfield X is covariantly chiral,

DX =0, (3.3)
and obeys the nilpotency constraints
X2 =0, (3.4a)
XD,DpX =0, (3.4b)
XDADchX =0. (3.4C)

We choose X to be inert under the super-Weyl transformations,
06X =0. (3.5)

The constraints (3.4) are clearly super-Weyl invariant.

superconformal algebra is gauged in superspace. The three formulations prove to be equivalent, and they
are also related to each other in the following sense: (i) SU(2) superspace is a gauged fixed version of U(2)
superspace [59]; and (ii) U(2) superspace is a gauge fixed version of conformal superspace [33]. The most
general off-shell ' = 2 supergravity-matter couplings were constructed in SU(2) superspace [53, 54], a few
years before the conformal superspace was introduced. They can uniquely be lifted to U(2) superspace [59]
and also to conformal superspace [60]. For certain applications, SU(2) superspace is the simplest formalism
to deal with. We will use the conformal superspace setting in section 4.
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As in the rigid supersymmetric case, the Goldstino superfield is subject to the addi-
tional requirement that AX is nowhere vanishing, AX # 0, so that (AX)~! is well defined.
Here A denotes the complex conjugate of the N' = 2 chiral projection operator [62]

_ 1/ _. o L e
A= %<(D” +1689YD;; — (DY — 16Ya5)DdB)

1 _ . . _ _ . _ .
_ %(Dij(m +1659) — D, (DY — 16Ya5)) , (3.6)
with D .= T)l(ff)ﬁ)k. Its main properties can be summarised in terms of an arbitrary

super-Weyl inert scalar superfield U as follows:

DEAU =0, (3.7a)
U=0 = 0,AU = 20AU, (3.7b)
/ d*zd*edO EU = / d*zd*0 EAU . (3.7¢)

Here E~' = Ber(E4™) is the full superspace measure, and £ denotes the chiral density.
The derivation of (3.7¢) can be found in [63].
We postulate the Goldstino superfield action in curved superspace to be

SGoldsting = / d*zd*0d*0E XX — { f / d*zd*0EW2X + c.c.} ) (3.8)

as a natural curved-superspace extension of (2.18). Here W denotes the field strength of an
Abelian vector multiplet. It is a covariantly chiral superfield, Zjié‘W = 0, which is subject
to the constraint” [55, 64]

1 ) 1/_.. N
D9 = (D“ + 45”)W = ¢ (D” + 4S”>W, (3.9)
and is characterised by the super-Weyl transformation law
oW =W . (3.10)

It is assumed that W is nowhere vanishing, W # 0, and therefore it may be identified

8

with one of the two supergravity compensators.® The Goldstino action (3.8) is super-

Weyl invariant.
The constraints (3.4) are preserved if X is locally rescaled,

X - X, D=0, (3.11)

for an arbitrary covariantly chiral scalar 7. Requiring the action (3.8) to be stationary
under arbitrary displacements (3.11) gives

X=0, [fW?d=0A0. (3.12)

"Every covariantly chiral superfield W under the additional reality condition (3.9) is called reduced chiral.
8The choice of the second compensator is not unique. Different choices lead to different off-shell formu-
lations for N' = 2 supergravity [65].
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The constraint on ® is the curved-superspace generalisation of (2.12). Making use of (3.12),
the Goldstino action (3.8) reduces to

SGoldstino = *g /d4xd498 W2® 4 c.c. (3.13)

3.2 Spontaneously broken supergravity

In this subsection we present two off-shell models for spontaneously broken N = 2 super-
gravity. They are described by actions of the form

S = SGoldstino + SSUGRA - (3.14a)

Here the Goldstino action is given by (3.8), and Ssuygra stands for a pure supergravity
action. Requiring this action to be stationary under arbitrary displacements (3.11) turns
X into ® defined by (3.12), and the action (3.14a) into

S = SGoldstino + SSUGRA (3.14b)

with Sgoldstino being given by (3.13). Below we will consider two different off-shell formu-
lations for N' = 2 supergravity.

Let us first consider the minimal formulation for N = 2 supergravity with two com-
pensators, the vector multiplet and the (improved) tensor multiplet, proposed in 1983 by
de Wit, Philippe and Van Proeyen [65]. In superspace, the corresponding gauge-invariant
supergravity action can be written in the form given in [66]

1 1
SSUGRA = — / d*zd*o € {xpw - 1W2 - m\IIW} +c.c. (3.15)

where k is the gravitational constant, m the cosmological parameter, and W denotes the
following reduced chiral superfield?

G - _ G 1 ..
W= —2(Dij +453) (G?> ,  G= Wa (3.16)

which is associated with the tensor multiplet. The tensor multiplet is usually described
using its gauge invariant field strength G*, which is defined to be a real iso-triplet (that
is, GY = G and G;; := G = G;) subject to the covariant constraints [39—41]

DG = pliGiH =0, (3.17)
with the super-Weyl transformation law
6,GY = (0 +5)G" . (3.18)

The constraints (3.17) are solved [67-70] in terms of a covariantly chiral prepotential ¥,
DI = 0, as follows:

G = i(Dij + 45”’)\11 + %(ﬁiﬂ' + 45”)@, DU =0. (3.19)

9This multiplet was originally discovered in [65] using the superconformal tensor calculus. The regular
procedure to derive W within the superspace setting was given in [66].
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The field strength G% is invariant under gauge transformations of the form
S0 =iA, DEA=0, (Diﬂ' n 45“)/\ - (zﬁij + 45“7')]\, (3.20)

with A being an arbitrary reduced chiral superfield. The action (3.15) is invariant under
these gauge transformations, since both W and W are reduced chiral superfields. The
action (3.15) is also super-Weyl invariant, since the super-Weyl transformation laws of ¥
and W are [54, 66]

0oV =0V, 0o W =W . (3.21)

Since the iso-vector superfield G¥ is one of the two supergravity compensators, its length
G must be nowhere vanishing, G # 0.

To vary the action (3.14a) with respect to the vector multiplet, it is advantageous to
represent W in the form [66]

W= %A(D” +457)Vy, (3.22)

where A is the chiral projection operator (3.6). Here the unconstrained real iso-triplet
Vij = Vj; is the curved-superspace extension of Mezincescu’s prepotential [71] (see also [67]).
The equation of motion for the vector multiplet is

9 —mGY = —2fk2(HY + HY),  HY:= (DY +4S7)(WX). (3.23)

AN

In the limit f — 0, this equation reduces to the one given in [66]. Since the tensor multiplet
does not couple to the Goldstino superfield in (3.8), the equation of motion for the tensor
multiplet is the same as in pure supergravity'® [66]

W+ mW =0 . (3.24)
Making use of the nilpotency constraint (3.4a), from (3.23) we deduce
(2@ —ma@)3 =0, (3.25)

where () (v) = v;v;57 is the real O(2) multiplet associated with (3.9), and G®)(v) =
v;v;GY. Eq. (3.25) is a nilpotency condition of degree 3. It tells us that we are dealing
with nilpotent A = 2 supergravity. The equation (3.23) is similar to that in spontaneously
broken N = 1 supergravity [21, 23], see appendix D for a review of the construction of [21].

The supergravity theory (3.15) possesses a dual formulation in which the tensor mul-
tiplet compensator is dualised into a polar hypermultiplet compensator [54]. To obtain the
dual formulation, the first step is to recast the chiral action (3.15) as a projective action.

0Tn pure supergravity, the equation of motion for the A/ = 2 gravitational superfield, which describes
the Weyl multiplet, is G — WW = 0, as demonstrated in [66]. This equation has a natural counterpart at
the component level [65]. In the case of spontaneously broken supergravity described by the action (3.14a),
this equation gets deformed by terms involving X and its conjugate, G — WW[I +2fK*(X + X)} =0.
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Within the off-shell formulation for general supergravity-matter systems developed in [53],
a universal locally supersymmetric action is given by

_ 1 1 gz WWLE
S = 5 j{(v,dv)/d xd*0d 0 F @) (3.26)

The Lagrangian £ (v) in (3.26) is a covariant projective multiplet of weight two, which is
real with respect to the so-called smile conjugation, see [53] for the details. The projective
Lagrangian corresponding to (3.26) was given in [54]. It is

) G(2)

1
n——— — 5Vz<2> +mVG® | (3.27)

2 r(2) _ (2
K ‘CSUGRA =G IT(I)T(I)

where V' (v) is the tropical prepotential for the vector multiplet, and T(l)(v) is a weight-
one arctic multiplet (both TM and its smile-conjugate TM are pure gauge degrees of
freedom). The chiral field strength W is constructed in terms of the tropical prepotential
as follows [72]:

W = 8% 7{ (v, dv) (15“2) + 45(’2)>V(v), (3.28)

where we have used the notation defined in subsection 2.4. This field strength is invariant

under gauge transformations of the form:
SV =X+, (3.29)

with the gauge parameter A(v) being a covariant weight-zero arctic multiplet, and \ its
smile-conjugate.

Unlike the action (3.15), the tensor multiplet appears in (3.27) only via its gauge in-
variant field strength G®@ . With reference to the vector multiplet, it appears in (3.15) only
via its gauge invariant field strength, while the projective Lagrangian (3.27) involves the
gauge prepotential V. The locally supersymmetric action generated by (3.27) is invariant
under the gauge transformations (3.29).

Since the tensor multiplet compensator appears in the Lagrangian (3.27) only via
the gauge invariant field strength, G, the tensor multiplet can be dualised into an off-
shell polar hypermultiplet following the scheme described in [54]. The dual supergravity
Lagrangian is

"{25(82[)JGRA7dual = *%VE(Q) —iTWemV ), (3.30)

Under the gauge transformation (3.29), the hypermultiplet varies as HYW = —mAr®
such that the supergravity action is gauge invariant.

3.3 Matter couplings

General matter couplings for the Goldstini are obtained by replacing the Goldstino ac-
tion (3.8) with

SGoldstine  — / d*zd*0d*0 ENX X — { / d*zd*0 € 2X —I—C.c.} : (3.31)
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Here N is a super-Weyl invariant real scalar, 6, = 0, while Z is a covariantly chiral
scalar, 25?2 = 0, with the super-Weyl transformation law 0,2 = 20 Z. If the supersym-
metric matter consists of a set of Abelian vector multiplets described by covariantly chiral
field strengths Wy, then N’ = N (W;,W;) and Z = Z(Wj). In order to guarantee the
required super-Weyl transformation laws, the composites N (W, W) and Z(W;) must be
assigned certain homogeneity properties. Some of the reduced chiral superfields W; may
be composite. For instance, we may choose

| 7 _ .
Z=Ww, W=_— %(v,dv)(D(_Q) + 45(_2))K(T“, 19, (3.32)

where W is the chiral compensator, and K (¢%, @5) is the Kéahler potential of a real analytic
Kihler manifold, with a,b = 1,...,n. The hypermultiplet variables T¢(v) in (3.32) are
covariant weight-zero arctic multiplets, and T® denotes the smile conjugate of T, see [53]
for the technical details. The reduced chiral superfield 27 is invariant under Kéhler trans-
formations [72]

K(Y,T) = K(Y,T)+A(Y) +A(Y), (3.33)

with A(p) being a holomorphic function. The action (3.31) with Z given by (3.32) describes
the off-shell coupling of the Goldstino superfield to hypermultiplets.
Requiring the action (3.31) to be stationary under arbitrary displacements (3.11) gives

X =0, Z® = DdAND), (3.34)
which is a consistent deformation of the constraint (3.12).

3.4 Analytic Goldstino superfields

We now recast the Goldstino action (3.13) in terms of a linear Goldstino superfield. This
is achieved by recalling the observation [54, 63] that the A/ = 2 locally supersymmetric
chiral action

Sehiral = / d*zd* & L. + c.c., DL, =0, (3.35)

can be realised as a projective superspace action:

72
o1 1, qagaig  WWEL
Schlral = % (’U,d’U) /d xd*0d HEW’
@ _ lv (D@ + 45() Le + (D® 4 453) é (3.36)
c 4 W W ’

where V is the tropical prepotential for the vector multiplet with field strength W. Ap-
plying this general result to the Goldstino action (3.13) gives the projective Lagrangian

‘ngldstino = —gV(H(z) + EQ)) = _fVH(Q) ’ (337)
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where we have introduced the complex linear Goldstino superfield
H® = yu;HY, HY = %(Dij + 457 (WD) . (3.38)
It obeys the analyticity constraints
PVH® =DVH® =0 «— DUiHM =DIHM =0, (3.39)
as well as the nilpotency condition
HUHM =0 — (HP)?2=0. (3.40)
In terms of the real linear superfield H(?), the nilpotency condition is
(H2)? =0 . (3.41)

We now show how the spontaneously broken supergravity (3.14a) can be reformu-
lated as a nilpotent N = 2 supergravity theory. Varying the action (3.14a) with respect
to the tensor multiplet compensator leads to the equation (3.23). We then require the
action (3.14a) to be stationary under arbitrary displacements (3.11), which implies that
X = @ and the action (3.14a) turns into (3.14b). Then, the equation (3.23) takes the form

2@ —mG® = —4f?HO) | (3.42)

As a result, the projective Lagrangian for the theory (3.14b) can be written as

(2)
¢ _Lyserg szG(Q) . (3.43)

202 _ @7, G
£? = G®) u
" Yroyn 4

This has the form of the supergravity Lagrangian (3.27) with rescaled parameters. The two
conformal compensators have to obey the nilpotency condition (3.25) as well as curved-
superspace analogues of the nonlinear constraints (2.31).

4 Spinor Goldstino superfields in supergravity

In this section, we provide a curved-superspace extension of the spinor Goldstino superfield
=% defined by the constraints (2.3a) and (2.3b). It is known that some superfield represen-
tations of Poincaré supersymmetry cannot be lifted to the locally supersymmetric case. In
particular, covariantly chiral ' = 2 superfields with Lorentz and SU(2) indices cannot be
defined in general. This means that there is no straightforward curved-superspace general-
isation of the spinor Goldstino superfield W% defined by the constraints (2.3c) and (2.3d).
Fortunately, the constraints on = allow for a supergravity analogue.

In order to lift = to supergravity, it is advantageous to employ the superspace formu-
lation for N = 2 conformal supergravity developed by Butter!'! [33] and further elaborated

" Conformal superspace was originally constructed for 4D N = 1 supergravity [73] and then extended to
the 4D N = 2 [33] case, 3D N -extended conformal supergravity [74], 5D conformal supergravity [75] and
recently to the 6D N = (1,0) case [76].

~ 18 —



n [77]. We denote by V4 = (Vg, Vi, V) the corresponding superspace covariant deriva-
tives. Throughout this section we use the notation and various results from ref. [77].
Appendix C includes those technical details on conformal superspace which are relevant
for our analysis.

We proceed by lifting the Goldstino superfield X, which has so far been defined in SU(2)
superspace, to conformal superspace. Such a reformulation is unique if X is required to
be primary, in addition to being covariantly chiral. Then the superconformal properties of
X are:

DX =0, YX=0, KiX=0, V¢X=0, (4.1)

where D, Y and K4 = (K9, S¢, S%) are respectively the dilatation, U(1) g, special confor-
mal and S-supersymmetry generators of the N' = 2 superconformal algebra. The nilpotency
constraints (3.4) turn into

X?=0, (4.2a)
XVaVpX =0, (4.2b)
XV4VpVeX =0. (4.2¢)

As in SU(2) superspace, AX is required to be nowhere vanishing, AX # 0, where the
covariantly antichiral projection operator is

A= ViV, = fgvaﬁva/g, Vij = V{Va), Vas = VLV, (4.3)

and this expression for A is much simpler than the same operator in SU(2) superspace,
eq. (3.6). For every primary superfield U with the properties DU = 0, YU = 0 and
KAU = 0, AU proves to be an antichiral primary superfield of dimension 2, that is:
DAU = 2AU, YAU = 4AU, KAAU = 0 and V!, AU = 0. An example of a superfield U
is provided by X. The Goldstino action (3.8) is uniquely lifted to conformal superspace to
describe the dynamics of X.

As in the flat case, the nilpotent chiral superfield X contains two independent compo-
nent fields which can be identified with the #-independent components of the descendants
X5 = —ﬁvaﬂ' Vi;X and AX. Unlike X and AX, the spinor superfield x§ is not primary.
It has two obvious properties:

Xx¢ =0, (4.4a)
Vixe = 050/AX .

It is much more difficult to derive the following relation
?fxf‘ = —i(AX)™! (Qankv%BXfyk + e EVIPxg + QXZZ-VO"BXW‘)>
i oAy T -
+(AX) 2<1Xijva5AX — e XV, AX + g&j(vf’;WM)szXal)

41 — A .
—gléij(AX)_g Wﬁ’yxklx’ykvaﬁxfy + 3i€ij(AX)_4 W’BFYXALVOLW',AX , (4.40)
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which involves the super-Weyl tensor. To completely specify the properties of x5, we also
need its S-supersymmetry transformations

SIXP =0, S)xq=2(ax)" (saﬂxz‘j + &jXQﬁ) : (4.5)

As in the flat-superspace case, we make use of the definitions: \¥ := Xaixi;, Xag = X’géxlfg
and x* == §x7xi5 = —5X*"Xap-

Making use of the constraints (4.2), it is possible to prove that X is a composite
superfield constructed from x§,

X4

(AX)3”

1 .
AX = ;VixS - (4.6)

Using this representation, the nilpotency conditions (4.2) are satisfied identically.

In the super-Poincaré case, the spinor Goldstino superfield =5 was constructed from

X according to (2.23). In the supergravity framework, we make use of a similar definition,

—o Xi
= = 4.

with x§ and AX given above. The superfield (4.7) proves to satisfy the
following constraints:

VIEY = f6500 (4.82)

VIEP = 2if V2, VPR — iy [V WONE! — ey fWHIVOLE
—Qiﬁijf_?)WB’yEklEakv'y‘yEvl _ ?f_SWMEk(iEO‘kVWE;)
_%eijf‘Q(WWB&)Eszal - %f”(@wwm)aﬁkaah (4.8b)

which are the curved-superspace generalisation of the constraints (2.3a) and (2.3b).

As with x§, 2% is not primary. Its superconformal properties are determined by the

relations
S7EY = 2P fIE  + 26y 1B, SlEr =0 (4.9)
On the other hand, the composites x* and Z* turn out to be primary superfields,
KY&*=0, KA%=2'=0. (4.10)
An important property of Z* is
VeEt = —oiztviiz,, . (4.11)

This relation can be used to check that X = Z*AX is chiral. The same relation is useful
to show that the dimensionless primary chiral scalar

AW?z1z1) (4.12)
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has the following properties:

P2 =0, OV4VRP=0, ®V,VRVcd=0, (4.13a)
f® =W 20AD . (4.13b)

This primary chiral scalar is the unique extension of the irreducible Goldstino super-
field (3.12) to conformal superspace. It is worth pointing out that (4.11) implies that
® defined by (4.12) is proportional to Z*.

The action for the Goldstino superfield Z§* coupled to supergravity is given by

1 ~ - _
SGoldstino = 7 / d*zd*od*d EWAw?2 ==t (4.14)
It can be recast in the form (3.13) if we make use of (4.12).

It is important to observe that the constraints (4.8) allow for the following unitary
gauge condition

=g =0, (4.15)

which completely fixes the local Q-supersymmetry invariance. We now evaluate the Gold-
stino action (4.14) in this gauge and show that it generates a positive contribution to the
cosmological constant upon imposing standard superconformal gauge conditions.

First of all, we recall that any action given by an integral over the full superspace can
equivalently be represented as an integral over the chiral subspace,

/ d*zd*0d*0 E L = / dlzd0 £ AL . (4.16)
Next, reducing the chiral action to components gives
f— 4 .. A

S—/d xe(A—i— )AE’GZO. (4.17)

Here the ellipsis denotes terms involving supergravity fields and at most three spinor deriva-
tives (see [33, 77] for the complete expression). In the unitary gauge, it is easy to see that
the component reduction of the action (4.14) is

1 _ _ -
Soldstino = — 75 / d%eWQW?(AE‘*)(A#)’H =—f? / d*z e W2W? by (418)
Here we have used the fact that in the unitary gauge we have
ViE o0 = f0567,  VIEX|o—0 =0, (4.19)

together with AZ*|y_g = f*. We also have to fix the local dilatation, U(1)z and supercon-
formal (K4) symmetries in a standard way [65] in order to end up with the canonically
normalised Einstein-Hilbert action. In superspace this requires choosing the gauge W = 1.
The final expression for the cosmological constant proves to be

2
A=f2- 3% . (4.20)
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Here the second term on the right comes from the supersymmetric cosmological term in
the supergravity action (3.15).

Let us conclude this section with a few comments. As mentioned above, =&

& is not a

primary superfield. However with the aid, for instance, of the chiral compensator W, a
primary extension of = can be constructed. It turns out that the superfield
1

oL (gai  gu-lgas )
: 12WAX(V WLV W))VU(WX) (4.21)

[1]

is primary. Its evaluation gives

B =5 - 2W(V°‘JW)_,]~ QW(vﬁlW) o
611/(/ (Vi) = W (V) (VW) )04
6W((VaﬁW) 3 (v ek (V) )24
121W <(VQJV”W) — 3 (VajW)(Vz'jW))E4 : (4.22)

In the derivation of (4.22), we have only used the fact that W is a chiral primary superfield.

The Bianchi identity VYW = V%W has not been used at all, and therefore the above

construction does not require W to be the field strength of a vector multiplet.
Multiplying (4.22) by AX gives a primary extension of x¢,

= fTIEYAX . (4.23)

It holds that

4

—_
— —
—_ —

[

Lot =xt (4.24)

For this reason the field redefinition =
terms of X or =4.

— B¢ does not affect any models constructed in

5 Generalisations
In conclusion we consider two generalisations inspired by the discussion in this paper.

5.1 N -extended case

Whilst the results in equations (2.3) were derived in [1] with the case of N' = 2 super-
symmetry in mind, they apply for arbitrary A -extended supersymmetry in four spacetime
dimensions.!? This is because they are derived from the coset parametrisation (2.1) using
only the anti-commutator

{QL, Qaj} = 2Paad! ihji=1,....N (5.1)

2The M = 1 case was also considered in [1].
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and the conjugation rule QQT = Q4i, which are still applicable regardless of the range of
the index i. However, the chiral action (2.6) is specific to the N' = 2 case, and in the
general N-extended case it must be replaced with

_ 1 412N g 2N 1 4 2N G 52N

where we have introduced the chiral scalar

oA oN o oN

_ L, SN SN g
U= vy Vi e = ey detly), - (63)
and as earlier, ¥;; = ¥&W,;. The normalisation of the composite superfield W2V g

chosen so that U2V = U11Was ... Wpra. The determinant form of the N-extended chiral
Lagrangian, eq. (5.3), makes it analogous to the Volkov-Akulov theory [24-26].

5.2 Generalisation of the Lindstrom-Roéek construction

Lindstrém and Rocek [18] proposed to describe the Goldstino using a real scalar superfield
V, which is nilpotent, V? = 0, and obeys the nonlinear constraint

_ 1 _
fSoSoV = EVDCY(D2 —4R)D,V , (5.4)

with Sy the chiral compensator, DsSy = 0, for the old minimal formulation for N’ = 1
supergravity [78-80].1% Actually, V was realised in [18] only as a composite superfield,

fSoSoV = o9, (5:5)

constructed from the covariantly chiral scalar Goldstino superfield ¢ (which is the curved-
superspace extension of Rocek’s nilpotent superfield [6]) constrained by

Dio=0, =0, [Sho=—16(D" —4R)5, (56)

compare with (1.1). If instead V is viewed as a fundamental Goldstino superfield, then it
has been shown [14] that one has to impose the three nilpotency constraints

Vi=0, (5.7a)
VDADBV =0, (5.7b)
VDADDcV = 0, (5.7¢)

in addition to (5.4). It is also necessary to require that the descendant D*W,, is nowhere

vanishing, where

1 _
W, = —Z(DQ — 4R)D,V . (5.8)

13Here we use the notation Sy for the chiral compensator following [81, 82]. In the superspace literature
reviewed in [83], it is usually denoted ®. The super-Weyl gauge So = 1 was used in [18].
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The constraints (5.4) and (5.7) guarantee that V' contains a single independent compo-
nent field — the Goldstino, which is the lowest (f-independent) component of W,. The
Goldstino action is

SGoldstino = _f/d4$d29d20E5050V . (59)

The constraints (5.4) and (5.7), as well as the action (5.9), are invariant under super-
Weyl transformations [84] of the form

1
06Dy = (O' - 20'> D, + (DBO') Maﬁ, (510&)
_ 1\ - o
06Dy = (0 - 20) D4 + (,DﬁO')MdB , (5.10b)
1 P - _
5sDac = 5(0+0)Dac + %(Dda—)Da + %(Daa)Dd
+(DPao) Mg + (Dagﬁ)Mdﬁ-, (5.10c)

where ¢ is an arbitrary covariantly chiral scalar superfield, Dgo = 0. It is assumed that V'
is super-Weyl inert, while Sy transforms as d,S5y = 0.5;.

It is possible to follow a different path than the one just discussed, in the spirit of
the nilpotent AN/ = 1 chiral construction of [12, 13]. Specifically, we consider a Goldstino
superfield V' which only obeys the nilpotency constraints (5.7), in conjunction with the
requirement that DWW, is nowhere vanishing. It has two independent component fields,
the Goldstino W, |g—o and the auxiliary scalar D*W,|p—¢. One may show that the con-

straints (5.7) imply the representation'*
W2 ,
V == —4W 5 W == WaWa 5 (511)

which ensures (5.7) is identically satisfied. The relation (5.11) is super-Weyl invariant,
since W, and D*W, transform as super-Weyl primary superfields, d,W, = %UWQ and
0o (DWy) = (0 + 7)D*W,,.

The constraints (5.7) are invariant under local re-scalings of V

V = ¢V, (5.12)

with 7 an arbitrary real scalar superfield. The dynamics of this supermultiplet is governed
by the action

- _ 1 _ _
SGoldstine = / d*zd?0d%0 E {161/23&(2# —4R)D,V —2 fSoSOV} . (5.13)

Varying the Goldstino superfield according to 6V = 7V, with 7 being arbitrary, gives the
constraint (5.4) as the corresponding equation of motion. Then the action (5.13) reduces
to (5.9).

'Tn the case that V obeys the constraint (5.4), the relation (5.11) reduces to (£S0S0)*V = 16W?W?2,
which was derived in [14] in the flat-superspace limit.
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Within the new minimal formulation for ' = 1 supergravity [85], the compensator is
a real covariantly linear scalar superfield,

(D> -4R)L=0, L=L, (5.14)
with the super-Weyl transformation 6,L = (o0 + )L, see [34, 82, 83] for reviews. The
action for supergravity coupled to the Goldstino superfield V is

L
|Sol?

where now Sy is a purely gauge degree of freedom.

_ 1 _
S = /d4:cd29d29E {32Lln + EVD"‘(D2 —4R)D,V — QfLV} . (5.15)
K

If V is a real unconstrained superfield, the action (5.15) describes new minimal su-
pergravity coupled to a massless vector supermultiplet with a Fayet-Iliopoulos term (see,
e.g., [82]). The action is invariant under U(1) gauge transformations 6V = A+ A, with the
gauge parameter A being chiral, Dg\ = 0. However, in our case V is subject to the nilpo-
tency conditions (5.7), which are incompatible with the gauge invariance. These nilpotency
conditions guarantee that the Goldstino and the auxiliary field are the only independent
component fields of V.

An important feature of unbroken new minimal supergravity is that it does not allow
any supersymmetric cosmological term [86, 87].1> Our action for spontaneously broken su-
pergravity (5.15) leads, at the component level, to a positive cosmological constant which is
generated by the Goldstino superfield. The cosmological constant in (5.15) is strictly posi-
tive since there is no supersymmetric cosmological term producing a negative contribution.
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A The component content of ®

In this appendix we elaborate on the component content of the chiral scalar Goldstino
superfield defined by the constraints (2.11) and (2.12). For this it is relevant to introduce
the two descendants of ®:

1 1
X{ = =5 DY Dy = —EDWDQ%, F:=D'd . (A1)

5 Among the known off-shell formulations for " = 1 (see [34, 83] for reviews), supersymmetric cosmo-
logical terms exist only for the old minimal supergravity [88, 89] and the n = —1 non-minimal supergravity
as formulated in [90].
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The Goldstini may be identified with x$|gp=¢. By assumption, the field F|y—o is nowhere
vanishing. The constraints (2.11) prove to imply the relations:

D,® = gx(mjx”F 2= %XBiXaﬁF -2, (A.2a)
DUd = 4yt (A.2D)
Dop® = dxapF !, (A.2¢)

d=F3 (A.2d)

where we have introduced the composites

y o y . 1 .. 1
X7 =X =X, Xag = XaXsi = Xpa, X = gXZinj = *gXaﬂXaB : (A.3)

The relations (A.2) imply that all the components of ® are expressed in terms of x%|s—o
and Flg—o. Furthermore, by applying the operator D* to both sides of (2.12) one can
derive the following nonlinear equation on F' and its conjugate

. Y _ XZJ X . XO(,B >—Caﬁ
JE = =230 00X + PF 4+ 7075 = Tp-0aa5 5
8ixUxS o x| e xt
—5 FQJ Daad ZFQ + EDQE . (A4)

This equation can be uniquely solved by iteration in order to express F' in terms of x* and

its complex conjugate Y& := (x%),

F=f- ?@wmxdi oY) . (A.5)

The series terminates since xj* and x** are anti-commuting.

B SU(2) superspace

This appendix contains a summary of the formulation for N' = 2 conformal supergrav-
ity [53] in SU(2) superspace [32]. A curved N' = 2 superspace is parametrised by local
coordinates zM = (mm,ﬁf,% = 0,,), where m = 0,1,2,3 and p,f,2 = 1,2. The su-
perspace structure group is chosen to be SL(2,C) x SU(2), and the covariant derivatives

Dy = (Dq, Di, DY) read
1
Dy = FEp+ @Akljkl + iﬂAbCMbc
= E'A+<I>AlikZ+QAB7M,37+QABﬁMB;Y . (B.1)

Here E4 = ExM 0y, M, and Jy,; are the generators of the Lorentz and SU(2) groups re-
spectively, and 4% and ® 4% the corresponding connections. The action of the generators
on the covariant derivatives are defined as:

[Mag, Di) = 5W(QDE)7 [, D] = —5kaa1), (B.2)

together with their complex conjugates.
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The algebra of covariant derivatives is [53]

{D.,, Dé} = 4SijMa5 + 25ij5a5Y75M75 + 25”'5,1@17[/;75]\_475
+2e4,56 SH Ty + 4Y o509 | (B.3a)
(DL, D} = ~2i61(0%)a" Do + 481G Mo + 461 Gas M7P +8G, 5, (B.3b)

together with the complex conjugate of (B.3a), see [53] for the explicit expressions for the
commutators [Dg, Dé] and [Do, 75? |. Here the real four-vector G4, the complex symmetric
tensors SY = 87", Wy = Wga, Yas = Ypo and their complex conjugates Sj; = S¥,
Wy = Wag, Y5 1= Yop are constrained by the Bianchi identities [32, 53]. The latter
comprise the dimension-3/2 identities

DS = DYSH) =0, DiWgy =0, Di,Ys) =0, DiSij+D/Ysa=0, (B.da)

(e
. 1. 1 1
DZGBB = *ZDEYag + EeaﬂDﬁjS” — Zeo(gDmWB,.y, (B.4Db)

together with their complex conjugates as well as the dimension-2 relation

(DyDgy; — AYus) W = (DIDI — 47401, .

o - (B.5)

C Conformal superspace

This appendix contains a summary of the formulation for ' = 2 conformal supergravity
in conformal superspace [33] employed in section 4. We use the notations of [77] which are
consistent with those of [53] and appendix B and review the results necessary for deriving
results in section 4. The structure group of N' = 2 conformal superspace is chosen to be
SU(2,2(2) and the covariant derivatives V4 = (Vg, V%, V) have the form

1 g
Va=E4+ §QAabMab + BT +iPAY + BaD + FAPKp
= Ea+ Q4" Mg, + Qa7 Mg, + ®47 ;5 +1@4Y + BaD + FaPKp . (C.1)

Here, as in SU(2) superspace, F4 = ExMoy, M.y and Jy are the generators of the
Lorentz and SU(2) R-symmetry groups respectively, and Q4% and ® 4*! the corresponding
connections. The remaining generators and corresponding connections are: Y and ® 4 for
the U(1) R-symmetry group; D and B, for the dilatations; K4 = (K¢, 5S¢, S5%) and §a8
for the special superconformal generators.

The Lorentz and SU(2) generators act on V4 as in the SU(2) superspace case, see
eq. (B.2). The U(1)gr and dilatation generators obey

[V, Vol = Ve, [V, Vi) = -Vi, (C.2a)
. 1_. _ 1_.
D,V, =V, D, V] = §V;, D, V§] = §V? . (C.2b)
The special superconformal generators K4 transform under Lorentz and SU(2) as

[Ma67 KC] = 27Ic[aKb] ) [Maﬁu S;Y] = 62/0(5[3)@ ’ [Jl]) S];;Y] = _Ek(zs;y) ) (Cg)
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together with their complex conjugates, while their transformation under U(1) and dilata-

tions is:
[szia]:_sz('x’ [ngéc]:‘gfw
D, K] = K., D, 57 = —35° D8] =-38 . (Cda

The generators K4 obey
{58, 87} = 2i67 (6*)* 4 Ka (C.5)
while the nontrivial (anti-)commutators of the algebra of K4 with Vg are given by
[K% V] = 26D +2M%,,
(57,3 = 205D — 40" — O3V 48507

KV = =i(e")s S, S8, Vi) = i(w)° V)

7 )

(C.6a)

together with complex conjugates.
The (anti-)commutation relations of the covariant derivatives V 4 [33, 77| relevant for
calculations in this paper are

{Vv¢, Vz;} = 26”504517[/%]\74475 + %eijaaw%wﬁ‘i@g - %s%aﬁvﬁw%m% (C.7a)
Vi, VP = 2i5iv,7, (C.7h)
[Voa: V] = —izasWag ¥ — LeasVHW, 5D — 2eqsVHIW, 57 +icas VI, 59

iz VWl — Lo s VRV, ST 4 Ce0s VI,

i

"1

€QB?EV7&W;YBK,YB s (C.7C)

together with complex conjugates. The superfield W,3 = Wp, and its complex conjugate
Wa 5= Wap are dimension one conformal primaries, K4W,3 = 0, and obey the additional
constraints

ViWs, =0,  VEVeW = Vevow,, . (C.8)
D Nilpotent A/ = 1 supergravity

Consider N’ = 1 supergravity coupled to a covariantly chiral scalar X, DsX = 0, subject
to the nilpotency condition

x?=0. (D.1)

The complete action, which is equivalent to the action used in [19, 20], is

S = /d4xd29d2§E ( - %Soso - 222{) + {/d4md29553<:2 - féf) - c.c.} . (D.2)
0
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Under the super-Weyl transformation (5.10), X transforms as a primary dimension-1 su-
perfield, §,X = o X.
Varying (D.2) with respect to the chiral compensator Sy gives the equation

2 X
R—p=—fr2 D.3
where we have introduced the super-Weyl invariant chiral scalar
1 _ _
R = jsﬁ(p? —4R)S, . (D.4)

Eq. (D.3) allows for two interpretations. Firstly, it is the equation of motion for Sy, with
X being a spectator superfield. Secondly, it allows us to express X as a function of the
supergravity fields. The nilpotency constraint (D.1) and the equation of motion (D.3)
imply that the chiral curvature becomes nilpotent [21, 23],

(R—p)?=0. (D.5)
Making use of (D.3) once more, the functional (D.2) can be rewritten as a higher-derivative

supergravity action [21]

3 2 4 12p12] 17 & 2 1p 4_ 12 3
S:<2f/12) /d xd®0d*0 E SpSo|R — p]” — 2/@2/(1 xd“0ES; +cc.p, (D.6)

where R is subject to the constraint (D.5). This action does not involve the Goldstino

superfield explicitly.
The nilpotency condition (D.1) is preserved if X is locally rescaled,

X — "X, Dyt =0. (D.7)
Requiring the action (D.2) to be stationary under such re-scalings of X’ gives

where ¢ is the Lindstrom-Rocek chiral scalar defined by (5.6). If the compensator satisfies
its equation of motion (D.3), then the chiral curvature obeys the nonlinear constraint

2 1 _ _

SRR — ) = (R — 1) (D — 4R) [ So(R — ) (D.9)
in addition to the nilpotency condition (D.5). Making use of (D.9) turns the ac-
tion (D.6) into

3 4..920320 7 © H 4,32 3
S:_W/d xd“6d <9ESOSO+{4/{2 d*zd“0 &Sy +c.c.p . (D.10)

This is a pure supergravity action with rescaled Newton’s constant and cosmological pa-
rameter, k2 — 2x% and p — %,u. The chiral compensator Sy in (D.10) obeys the nilpotency
condition (D.5) and the nonlinear constraint (D.9). In a super-Weyl gauge Sy = 1, these
conditions turn into

(R—u)?=0, (D.11a)
S(FRP(R— ) = (R — (D~ 4R)(R — p) (D.11b)

Other approaches to nilpotent A = 1 supergravity were developed in [16, 23, 91-93].
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