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1 Introduction

Constrained superfields are useful in cosmology, both for the description of dark energy

via de Sitter supergravity, as well as for inflationary model building. However, it is often

believed that one can use non-linearly realized supersymmetry with constrained superfields

only at low energies, otherwise one may encounter a violation of unitarity. A simple example

of such a situation is when in supergravity in flat space the scalar component of a chiral

superfield is very heavy. As shown in [1], at energies above s. = 6v/27 m3/, Mp;, unitarity

may be violated. During inflation the relevant parameter is not the gravitino mass ms/;

but a combination of it with the Hubble parameter, which sets the scale of spontaneous



supersymmetry breaking F' ~ /m?,) ot H? Mpy, as shown in [2]. Therefore, generically, it

was argued in [3, 4], that no violation of the unitarity bound is expected during inflation
at sub-Planckian energy density. The issue of the unitarity bound during inflation was also
raised in the context of inflationary models in [5] where it was shown that during inflation
no violation of unitarity takes place, due to specific features of these models.

However, during the exit from inflation and reheating as well as in particle physics, the
situation with the unitarity bound still has to be investigated. The experimental searches of
supersymmetry are usually based on the assumption that super-partners have somewhat
different masses. However, if there are models with constrained superfields where the
unitarity bound is not violated, maybe one can speculate that in some cases the ‘linear
superpartners’ of known particles are absent/extremely heavy?

The arguments above serve as a motivation for our study of a consistency of models
with constrained superfields where the action is invariant under a non-linearly realized
local supersymmetry. This involves a derivation of these models from the underlying mod-
els with linear supersymmetry with additional multiplets, Lagrange multipliers, where all
superfields are unconstrained.

The most famous example is the Volkov-Akulov (VA) model [6, 7], which has a spon-
taneously broken global supersymmetry and only a fermion field in the spectrum. The
non-linear partner of the one fermion state is a two-fermions state, there are no bosons in
the spectrum. The relation between linear and non-linear supersymmetries, often in the
superspace context, was investigated from the early days of supersymmetry, e.g. in [8-12],
where the nilpotent chiral multiplet S? = 0 where S = S(x, ), was proposed to describe
the VA theory. Constrained superfields in global supersymmetry were suggested in the
past and many of them were described in [13]. The theory with a constrained nilpotent
superfield S? = 0 was shown to be equivalent to the VA model [14]. A superfield expres-
sion of the Volkov-Akulov-Starobinsky supergravity and the explicit bosonic part of it was
proposed in [15].

During the last couple of years the strategy to find a complete local supergravity
action with non-linearly realized supersymmetry was proposed. The first step [16] was
to introduce a set of Lagrange multipliers in the superconformal theory where the chiral
multiplet superconformal calculus was used, and the corresponding F-term action was
supplemented by a Lagrange multiplier (LM) term. The superconformal action in such
case was defined as follows

£ = [N(X. X)p + WE)r + [Fan ()N PPy + [2 A’“Ak(X)] R
k F

where the LM’s A* are chiral superfields. All supersymmetries are linearly realized as long

as the chiral LM’s are present in the action. When the equations of motion for the A* are
solved then they lead to constraints on the chiral superfields:

Ap(X) =0. (1.2)



A specific example! of one such LM in a superconformal theory is
L=[NX,X)]p+WX)r+ [fas(X)ANPLAP]p + [AX)?], . (1.3)

This is a linear superconformal model that becomes a theory of one nilpotent chiral mul-
tiplet (X!)? = 0, interacting with other multiplets, when the equations of motion for the
LM A are solved. Other such models are associated with holomorphic constraints like
X'X? =0 or X'W, = 0. In this last case the LM is a chiral multiplet A% with spin. We
will discuss various LM superfields in detail. The underlying linear models for chiral con-
straints are defined by (1.1). A class of superfield expressions for the supergravity models
with constrained curvature superfield, their dual with the nilpotent superfield, and their
bosonic actions were presented in [18].

A complete supergravity action with fermions and non-linearly realized local super-
symmetry of the VA type, generalizing the global case to the so called ‘pure de Sitter
supergravity’, was presented in [19, 20] for one nilpotent superfield interacting with su-
pergravity, and for a general coupling with supergravity and other multiplets in [21, 22].
Another interesting aspect of the relation between linear and non-linear supergravities with
a nilpotent multiplet was revealed in [23], where it was shown that one can derive the model
with non-linear supersymmetry by taking a formal limit in which the mass of the sgoldstino
goes to infinity, starting from a model with a linearly realized supersymmetry. Examples
of linear supersymmetry models that do not support constrained multiplets were reviewed
in [24]. For the consistency of the non-linearly realized supersymmetry models it is possible
but not necessary to derive them from linear models. The method of Lagrange multipliers
of a general nature, which will be developed in this paper, is a direct tool for constructing
consistent models of non-linear supersymmetry and constrained superfields.

New orthogonal nilpotent superfields, which were recently used in the context of su-
pergravity inflation in [3, 4, 25, 26|, are not described by the chiral LM’s. The so-called
‘relaxed set of constraints’ is given by the requirement that the inflaton superfield ® and
the stabilizer superfield S satisfy the following constraint

S2=0, D4(SB) =0, (1.4)

where 1
B:§(<I>—<T>). (1.5)
i

The orthogonal nilpotent constraints are
S?=0, SB=0. (1.6)

We will show that for the ‘relaxed set of constraints’ (1.4) the LM is a linear superfield,
whereas for the orthogonal nilpotent constraints (1.6) we will need a complex general
superfield, as was already proposed in [3]. This requires us to build superconformal models
with complex superfields as LM’s. In principle, the corresponding constructions may be

In a global supersymmetry model the LM for the square of the chiral multiplet was introduced and
studied in [17].



obtained from [27-29]. Here we will present them in the framework and in the notation
of [30] and with some modifications useful for the analysis of the non-linear supersymmetry.
Thus, our goal is to define the superconformal models of the type

[linear [N(X,X)]D + [W(X)]F + [fAB(X)/_\APL)\B]F + [ZAkAk(X)]
L F

+[ZVZBK(X,X,/\A, SR I (1.7)
/ D

Here V! are some linear or general complex superfields, LM’s. All supersymmetries are
linearly realized as long as the LM’s are present in the action (1.7). When the equations
of motion for the V! are solved, then the physical superfields satisfy the constraints

By(X, X, \,...)=0. (1.8)

Particular examples of such theories include the case of the ‘relaxed set of constraints’ (1.4)
and the orthogonal nilpotent supermultiplets in (1.6), studied in the supergravity context
in [3, 26]. An alternative method, not using LM’s, of relating linear supersymmetry and
supergravity models to non-linear ones, is developed in [31] for the constraints in (1.4)
and (1.6) by sending the masses of the sgoldstino, inflatino and sinflaton to infinity, as it
was done before for the case of one nilpotent multiplet in [23].

2 Various constraints and Lagrange multipliers

In this section, we will consider various constraints on multiplets. We consider here only the
Lagrangian term that provides the constraint, hence the terms with A* or YV in (1.7). We
will consider the form of this term for various cases, and give the consistent Weyl weights
for the constrained multiplets and the Lagrange multiplier multiplets. Note that there may
be arguments for a particular Weyl weight from the way in which the fields appear in other
parts of the action, and they can be modified by redefinitions of the form X’ = (S°)? X, for
SY the compensating chiral multiplet and p some convenient power. Such a replacement
just amounts to invertible field redefinitions. We consider below chiral multiplets X, Y and
a gauge multiplet W,. The fields and possible (Weyl, chiral) weights are denoted as follows

multiplet fields weights (w, ¢) of defining field
X {X, PLQ)(, Fx} (w,w) (2'1)
Y {Y, P.Qy, Fy} (w',w')
Wa {PLAv V/M D} (%’ %)

In each case, there is the constraint X? = 0. We demand that the rest of the Lagrangian
is such that the auxiliary field

Fx #0. (2.2)

Other auxiliary fields can be zero or non-zero. In the latter case the Goldstino is a combi-
nation of various fermions. But in the following, we will take 2x to be the Goldstino.



We consider 5 models. The first 4 were already considered for rigid supersymmetry
n [13]. We give below the references to where the models were studied in supergravity.

model  constraint w, w Dependent Independent Physical References

X2=0 X Oy, Fx SUGRA
1 XY =0 Y Qy, Fy Qy [26, 32]
2 X(Y-Y*)=0w =0ImY, Qy, iy  ReY ReY  [3, 26]
3 XY*chiral w'=0 Qy, Fy Y Y [3, 26]
3 XDyY*=0
4 XW,=0 A Vi, D Vi (3, 26, 32]
5 XX'D,Y =0 Qy Y, Fy Y 126]

Here, the column w, w’ gives restrictions on these weights in (2.1), if there are any. ‘De-
pendent’ fields are the fields that become functionals of other fields due to the constraint.
The remaining fields are independent. After the super-Brout-Englert-Higgs mechanism
and solving the field equations, the remaining fields are in the column denoted by ‘Phys-
ical’. Note that the first row is always included. This first row contains at the end the
‘pure de Sitter supergravity’ model [19, 20]. The line 3’ is an alternative formulation of
the constraint 3. Model 2 is the one where only a real inflaton remains together with
supergravity.
These constraints are implemented by the following Lagrange multiplier multiplets:

model LM type (w, ¢)
Ao chiral (3 —2w, 3 —2w)
1 A chiral B-—w—w,3—w-—w)
Vo complex (2 —w, —w) (2.3)
3 V3 complex linear (2 —w, —w)
3 Ve spinor (g w, —% —w)
4 A§ chiral spinor (% w, % w)
5 V&  complex (3 —2w-—w, 23—

3’ is an alternative formulation of the linear multiplet, corresponding to V3 = fdvg‘ .

3 General principles in short

A complex multiplet corresponds to a complex superfield. In order that it can be upgraded
to supergravity, we need consistency with the Weyl and chiral weights, such that it can be
written in superconformal calculus. Complex multiplets have a first (complex) component
C, which can have (Weyl, chiral) weight (w, c) arbitrary.? Three noteworthy subcases are

real multiplet : C = C*, ifc=0,
chiral multiplet : PRZ =0, ifc=w,
antichiral multiplet : Pr.Z =0, if c=—w, (3.1)

“Fields in the superconformal algebra are defined by the eigenvalues of 4 Casimirs of SU(2,2) x U(1):
(w, ¢, J1, J2) (where J; and Ja determine the Lorentz transformations of the fields). Limits for these weights
are obtained in [33]. See also appendix B.



where Z is the (second) fermionic component of the complex multiplet. We will give
the detailed formulae below, including how to make general functions (e.g. products) of
complex multiplets to construct other such multiplets. One just has to take functions that
respect the homogeneity of the weights.

There are ‘density formulas’ producing real actions, that are denoted as [X], for X the
lowest component of a chiral multiplet, and [C]p for C the lowest component of a complex
multiplet. These formulas require

[X]F : X has (w,c) = (3,3),
[Clp = C has (w,c) = (2,0). (3.2)

Finally, an operation that is often used is to project a chiral multiplet out of a complex
multiplet, which is the analogue of D? in superspace. It is denoted as

T(C) for C having (w,c) = (w,w — 2) and then T'(C) has weights(w + 1,w +1). (3.3)

Many of these results were already given in [27, 28]. Other operations are possible
involving spinor multiplets, which are also treated in [29]. We recapitulate the requirements
on weights for these more general multiplets in appendix B.

4 Components and transformation rules of the complex multiplet

The general complex scalar multiplet V has components®
{C7 Za H? IC') Bav A7 D} 9 (41)

where C, H, IC and D are complex scalars, and Z and A are Dirac fermions. The ) and
S-supersymmetry transformation laws are [27]

SenC = eV 2,

SeqPrZ = 3P (i — B—iPC) e —i(w + )P C,
SenPrZ = 3 Pp (—iK — B+1iPC) € +i(w — ¢)Prn C,

beqM = —iePr (PZ+ A) +i(w+c—2)7PLZ,

beq = i€PL (PZ+ A) +i(—w + ¢ + 2)7iPrZ,

SenBa = —3€(DaZ + Yo ) + 57w + 1 + )7 2,
SenPLh = 5 [7% (DuBy — iDuDsC) +iD| Pre — L Py (i + B +iPC) (w + e ),
SenPrA =

{yab (DoBy +iDaDyC) — iD} Pre + 1Pg (iH — B+1DC) (w + cv.)n,
SeyD = Lie

1
2
$iey DA +if(c + wys) (A + 3PZ) . (4.2)

¥We redefined H and K w.r.t. [27-29]. Our H is in their terminology H +ik and our K is their H —iC. In
this way our fields have definite chiral weights. Note that we use A to denote the second to last component
of the complex multiplet V. It should be clear from the context whether we are referring to a chiral LM or
the component of V.



The (Weyl,chiral) weights of the fields are (complex conjugation changes the sign of ¢)

C: (w,c),
PLZ:(w c—%), PrZ (w+%,c+%),

H:(w+1 c—3), K: (w+1,¢c+3), B, : (w+1,¢),
PLA:(w+§,c+§), PRrA (w—i—%,c—%),

D:(w+20c). (4.3)

They determine dilatations and chiral transformations for any field ® according to
0P =wApP +icArP. (4.4)
Finally, there are special conformal transformations for the following fields

0B, = —2icCAkq ,
oA = (w+ ) Ax 2,
5D = 2 (WDoC + 2ic By) A . (4.5)

The covariant derivatives that appear in (4.2) are therefore

D,C = (0, —wb, —icA ) - %i@,ﬁ*z
PLD,Z = ( —i(c—2)A, + %%“%b) z
—3PL (IH - $ - 1@0) Yy —i(w+¢)PrLo,C,
PRrD, 2 = (au — (w+ Db, —i(c+ B)A, + 1w, %b) z
1Py (SK — B+ 1PC) s — i(w — ¢) PrgrC
DBy = el [(0, — (w + 1)b, —icA,) By + wyp. B¢
+350u (Do Z + wA) — 56u(w + 1+ ey ) w2 + 2icC fa]
PLDMA:PL(aM_(w+%)bu_( )A + Wu %b)A

-1 [’yab (DoBy — iDaDyC) + m} Priy + Py (K + B+1PC) (w + cv.)
(w

+ C)’YQPRZf;j )
PR'D#A = Pp <8ﬂ — w —|— (C - %)A“ + %Wuab')/ab) A
-1 [7 (DoBy + D DyC) — iD} Priby, — 1Pg (iH — B +1PC) (w + c72)bp

—(w - JrPLESS. (4.6)
Furthermore, (4.2) contains the anticommutator of covariant derivatives on C:
D DyC = —3 [w Rap(D) + ic Rap(T)] C — §iRap(Q) 1 Z - (4.7)

The superconformal curvatures for the dilatation D, U(1) symmetry 7', and supersymmetry
@, are defined in [30].



The multiplet that starts with the complex conjugate field C* is
C C
{C*,Z S HE B, A ,D*} , (4.8)
where C' denotes charge conjugation, which in a Majorana spinor representation is the
complex conjugate.
4.1 The restrictions to real and (anti)chiral

The complex multiplet reduces to a real multiplet when C' = C is real. That implies that
its chiral weight vanishes ¢ = 0. Then Z = ¢ and A are Majorana, i.e. (Pr2)¢ = P.Z.
Furthermore, K = H* while B, = B, and D = D are real:

{C, ¢, H, H", By, A, D} . (4.9)

The complex multiplet reduces to a chiral multiplet for PrZ = 0. This then implies
for consistency with (4.2)

PRZ=0, K=0, B,=iD,C, A=0, D=0. (4.10)

The remaining components can then be expressed in terms of the variables { X, PV, F'} of
a chiral multiplet [27]:

{X, —iV2PLQ, —2F, 0, iD, X, 0, o} . (4.11)

However, for the conformal theory, this is only consistent when the chiral weight of C is
equal to its Weyl weight: (w, c¢) = (w, w).
Similarly for the antichiral multiplet {X™*, Pr{, F*}, we have

{X*, IV2PrQ, 0, —2F*, —iD, X", 0, 0} . (4.12)

5 Multiplication laws

The tensor calculus in conformal and Poincaré AN/ = 1 supergravity was developed in
several papers, the most complete version was given in [27, 29]. Other most relevant
papers are [28, 34-43].
The components of the multiplet C = f(C?) are*

[
leZ )
fit' =3 fi; 2" P27
fiK =L f 2 Pr27
u = [iBl + 1ifi; 2 v 2 = fiBl, + Yifi 2 Py 2
= fih" + L fij [i’Y*lgi + PLK + Ppi' — ﬁcz} Zl -1 Al
= [D'+ 1f; (K" — B'-BI —DC' - DCI — 20" 27 — Zip27)

Lz (17*18]' P+ PRHj) 2k LpanBPL2i 2R Pezt . (51)

o ??I il [\]1 o
Il

O >

4Note that we use the Majorana conjugate, i.e. Z = ZTC, which is for these complex spinors different
from the Dirac conjugate.



In case the superfields have some spinor indices they may be treated as part of the indices
i in these formula. One can also use the explicit expressions in [29]. Note that

PLfijx2' 292k = f,,PL2' 29 PR 2" (5.2)

due to the Fierz identity
PLzlzip R =0, (5.3)

where we indicated the symmetric part in (ijk).
If only chiral and antichiral multiplets occur, hence f(X®, X%), for multiplets
{X PLQY F*} and {X%, PrQ% F*} (and o and @ may run over a different range) this

reduces to

CN =1,
Z = iV2 (- faQ* + f207) |
H = —2foF + f150°0°,
K = —2faF% + f330°07,
By = ifaDpX® = 1f20, X% +1f,507,0°,
PLR = —V2ifag [(@XB)Q& _ ngﬂ} _ %f&ﬁ_vmﬁam’
PR]\ — ﬁifaﬁ [(@XB)QO‘ _ FQQB] + %foﬁ,—yQ’fYQaPLﬁﬁj

D = 2,5 (~DuX DX — 100 PO — 107 PrpQ” + FOFY)
fapy (~QUPFT + Q2 (DX)Q) + fo5, (-0°07F 4+ 05 (PX7)07)
=+ % a8 QQPLQBQ:YPRQS . (54)
We did not consider here chiral multiplets that transform under the gauge group, in which
case a few extra terms appear ([30], section 14.4.3).

On the other hand: if all multiplets are real multiplets f(C?) where the multiplets are
of the form in (4.9) we get [28]

f

fic"s

[t =1 f;¢PLc

fiH™ =11, Pr¢7

I szL + iifijg_l’)/*'?/u(] )

FN + 3 fis 1B+ ReH — i ImH! = PCT| ¢ = § finC TICE,

= ;D' + 1 f;; (H'H* — B"- BT —DC" - DC? — 2\'¢7 — (P

~finCt (1B + Ret =iy ImH ) ¢F + L fiyueC PLIC PR (5:5)

o al :EI t\)l [}
Il

S =



6 Chiral projection for the complex multiplets

The operation T" acts on a complex multiplet with ¢ = w — 2, producing a chiral multiplet
with first component
T(C)=—3K. (6.1)

This transforms left chiral according to (4.2). The condition on the weights follows from
the requirement that the Weyl and chiral weights of the components of I are equal. In
superspace T is the operation D? (see translation in appendix A).

It is useful to consider also T'(C*), for which we then need that C has ¢ = 2 — w. The

first component is then
T(C*)=—3H". (6.2)

In summary

re): ¢ : (w,w-—2), TC) : (w+1l,w+1)
7C*): C : (w,2—w), c*: (w,w—2), TC*) : (w+1l,w+1). (6.3)

We can thus express this as “T" carries weights (1,3)”. Further, note that in [29] this
operation has also been defined for multiplets with external spinor indices, with the same
restriction on weights, and restriction to multiplets with only chiral external indices.

The components of T'(C) are

7(C) = {-%/@ ~LV2iPL(PZ + A), YD+ 0°C + iDaB“)} . (6.4)

If C is a chiral multiplet, i.e. of the form (4.11) then the condition on the weights for
T'(C) is not compatible with w = ¢. However, if this chiral multiplet has w = 1, then T'(C*)
is defined and is a chiral multiplet with w = 2. This is then the map ([30], (16.36)) that
associates to a chiral multiplet {X, P, F'} the multiplet {X', P Q), F'}

X' =F*, P =DPPrQ, F =p%Xx*. (6.5)

Note that an antisymmetric tensor multiplet (or ‘linear multiplet’) is defined as a real
multiplet with 7'(C') = 0.

7 Action formulae

We will explain the notations for the actions: [C]p and [X]r. We start from the action
formula of a chiral multiplet, which is ([30] (16.35)), where the notation Sp is used. Here,
and in several other places we use another notation: [---|p, the corresponding actions differ
by a factor 2. For a chiral multiplet {X, P.{2, F'}, this is

1 - 1 -
[X]F—/d4xe [F—i—\/§¢#7“PLQ+2X¢H’YW/PRwu]+h'C'—/d4x62ReF+"'- (7.1)

Note that this is only applicable to a chiral multiplet with w = 3, such that F has
weights (4,0).

,10,



Then we define the action formula for a complex multiplet by
Clp = 5[T(C)]F - (7.2)

This is only consistent if the weights of C are (2,0). The fact that the last term in (6.4) is
a total derivative, leads to the equation

[T()]p = [T(C)]p (7.3)

when both sides of the equation are defined in the conformal setting, i.e. C should have
(w,c) = (2,0).

Therefore, the action depends in fact on the real part of the multiplet. For a real
multiplet with Weyl weight w = 2 [27, 36]:

[Clp = % / d*ze[D +DDoC + § (ith - vPr(A + PC) — Ju Py H +he.)] . (7.4)

After using expressions for the dependent superconformal gauge fields and further
manipulations discussed in ([30], appendix 17B) it can be written as

[Clp = % / d4”[D — 5% 7i7A = 30 R(w) + 5 (Cuy"” =iy ) R0 (Q)
+ %gabcdija,ybqbc (Bd _ %@ZdC) } . (75)

7.1 Theorems on T-operation

The T-operation vanishes on a chiral multiplet, and moreover
T(ZC)=ZT(C), (7.6)

if Z is a chiral multiplet and the weights of C satisfy the first condition in (6.3). This
theorem follows directly from the expression of K in (5.4) applied to ZC. Indeed, the T-
operation consists in (up to normalization) taking the chiral multiplet defined by the K
component. Since in the chiral multiplet the IC component and the right-handed component
of Z vanish, the only remaining term is the product of the lowest component Z and the K
component of C.

Observe that this theorem remains true if the multiplets are spinor multiplets. The
extra spinor indices are then external indices, playing the same role as the indices 7, j in
the product rules (5.1).

One application of these equations is the following theorem [44]. For any two chiral
multiplets A (with w = 0) and Z (with w = 1) we have

[(A+A"ZZ¥|p = [AZT(ZY)|F . (7.7)
To prove this, the first step is to translate the left-hand side to the chiral form:
[(A+A")ZZ¥|p = %[T((A%—A*)ZZ*)]F . (7.8)

Then (7.3) implies that the term with A* is equal to the one with A, and (7.6) implies that
T acts only on Z*. This proves (7.7).

— 11 —



8 Solution of EOM for V versus constraints

It was shown in [45] that the equations of motion before or after the constraints are equiv-
alent. This means the following: we start with the action with Lagrange multipliers \’,
fields X“ and F“:

S(F* XY \) = 81 (F* X% + XNCi(F*, X%). (8.1)

Assume that
X% =a%F"), (8.2)

solves the constraints, i.e.
Ci(F*, x*(F*)) =0. (8.3)

In such a case, it was shown in [45] that such a solution of the constraints, solving also the
other field equations of (8.1), should be a solution of the effective Lagrangian where the
constraints are already inserted:

Se(F%) = 8y (F, 2%(F%)) . (8.4)

This solves in general a problem raised in ([17], appendix C).

We now prove that for any function of superfields f(C?) it is equivalent to impose the
constraint f(C*) = 0 or to add the Lagrange multiplier [V f(C*)]p to the action and solve
the equations of motion for the components of the complex multiplet V. Since [V f(C?)]p is
linear in the components of V and linear in the components of f(C?), we find trivially that
f(C%) = 0 solves the equations of motion arising from the LM term [V f(C%)]p. However,
since the equations of motion are linear combinations it is not immediately obvious that
f(C%) = 0 is the unique solution to the LM equations of motions.

We start with the action for our LM term: [Vf(C%)]p

[Vf(C’i)]D = % /d4xe [f) — %1& Cyiye A — %éR(w) + é (éiﬂu’y”p” — inpU’y*> R;U(Q)

+ %Eabcddjavbwc <Bd — ;¢dz>:| + h.c.. (85)

Denoting the components as follows

vV ={¢C 2 H, K, B, A, D},
fchy ={cf, 2 nl, k!, Bl A, DI Y, (8.6)
vicH)={¢C Z, H, K, B,, A, D},

we find from the multiplication rules in (5.1)
¢ =ccl,
z=cClz+cz/,
H=Hc+cHf 2P 2,

— 12 —



K =Kkcf +exf —Z ppz,

- i_f
B, = B.Cf +cBl + 52 W WZ

~ 1

A=cCl/A+cA + 5 (B + PLC + PrH —PC) zf

1
+5 (B + P! + P! —pet) 2,

~ 1 1 _ _
D =pC! + D! + JkH! + JHKS - BB~ Az - Z'A — (pre) (D)

1 1
~5 2Pz’ - iszz. (8.7)

One can see that the Lagrange multiplier D appears only in the component D. Therefore
its equation of motion is simply that C/ = 0. Therefore, the equations of motion of all the
Lagrange multipliers imply that all components of f(C?) vanish, as we now show.

Consider in general an invariant action
S=1L; Ci, ((5[/1) Ci—i-LZ‘ 8C=0. (8.8)

Here L; are some Lagrange multipliers that do not appear in other terms of the action,
and C* are the constraints that then follow from the equations of motion of L;. We
use the Bryce deWitt notation in which the sum over the indices ¢ contains a spacetime
integral. Now its clear that for any solution of the constraint, C* = 0, we should have
that 6C* = 0. Hence, if we have solved one particular constraint, then everything that
follows from taking transformations should also be true when all equations of motion of
the Lagrange multipliers are satisfied. At the end one checks that with the equations that
one has obtained, all C* vanish.

It can be nontrivial to know which initial equation is sufficient to get all the equations
that one needs. One has to look for an equation of low dimension, and supersymmetry
gives then constraints of higher dimension. E.g. in the case above, we obtain C/ = 0.
Then the transformation of this gives Z/ = 0, and so on for all the components. Hence all
constraints are solved.

9 Example of orthogonal nilpotent multiplets

If we want to treat a D-term as in ([3] (3.11)), we have to assign the weights as follows:
in order to be consistent with eq. (1.2) in that paper, and ® is a chiral multiplet, ®, ®
and B should have weights (0,0). Assigning weights (wg,wg) to S, the weights of the
LM V should be (2 — wg, —wg) in order to construct such a D-term. wg can be chosen
conveniently. Then the weights of the chiral A in (3.8) should be (3 — 2wg, 3 — 2wg).

If one associates S to one of the fields X7 /X? in the usual conformal approach, then
wg = 0.
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9.1 The Lagrange multiplier [VSB]|p

We take V to be a complex multiplet, S to be a (nilpotent) chiral multiplet and B =
%(® — @) to be a real multiplet. We use the notation

Vv={ ¢, Z, H, K, B,, A, D},
S ={ s —iV2PQ% —2F°% 0, iDys, 0, 0},
& = { p+ib, —ivV2P.Q%, —2F® 0, iD,(p+ib), 0, 0 }, (9.1)
& ={p—ib ivV2PrQ®, 0, —2F% —iD,(p—ib), 0, 0 },
B={ b, —%Q‘I’, iF® —iF®* Dy, 0, 0},

where b and ¢ are real and all other quantities are complex. Using the multiplication
formulas, we find the following components for S®

C5% = s(p - ib),

Z5% — _iy/2(p — ib) PO +1v2sPRQ°%,

H5® = _2FS(p —1ib),

]CS@ _ —23Fq’*,

BS® = i(p — ib)Dys — isDy(p — ib) + i Pv,Q%,

AS® = V2 (FS 4 Ps) PrQ® +iV2 (F* + P(p — ib)) PLOY,

D5 = 2FSF® — 2(DH(p — ib))(D,s) — Q5 PLPQ® — QP PLOS . (9.2)

We can also calculate the components of SB

5B = sb,
1
298 — _ipv/2P 0% — — 0%,
L \/i_
HIB = —2F% +isF® —iQ°P Q%

9B = —isF®*
1._
B3P = ibDys + sDyyp — 5Qspm,ﬁqi
1 1
ASB = FS+ PrQ® — — —ib) 4+ F®) PO,
DSB = iFSF® — i(D!(p — ib))(Dys) — %QSPﬂDQq’ - %Qq’IDPLQS. (9.3)

Similarly, we find the following components for C =VSB

C = Csb,

~ 1

Z = Zsb—ivV20bPLQ° — —CsO?,

L \/§ 1

H = Hsb—2CFb +iCsF® +ivV2bQ P Z + EsQ‘I’PLZ —icQ°PLO%,

- 1 _

K = Ksb—iCsF® + —sQ®PpZ ,

V2ol

5 : .55 1 =a 1,55 o
B, = B,sb+iCbD,s + CsD,p + Eb@ Pry,Z + 2—\/559 VYV Z — §CQ Pry, ",
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5 i 1
A= Asb— —b (i B+ K —DC)PLO° — ——s (i B+ KP, + HPr — PC) 0%
ﬁ(’Ylg ZD)L 2\/5(713 L Rﬁ)
—b (Ps + FS) PRZ—%S (P(pys —ib) + F** P, — F*Pg) 2
1 1

—-—C — i)+ F*) PO+ —C + F%) Pr0°®

—%Z QP05 — %PLQSQ% — %Qq’QSPLZ,
D = Dsb

+b< — KF®¥ —iB,(D"s) — (D,C)(D"s)

FiV205P A + LZ?WDLQS + IQQSPL2D2>

V2 V2
+§ <1F‘I>/c —iF®*H — 2B, Do — 2(D,C)(D"b) + V20 A
1 o, 1o
N SEL L m) (9.4)

+C (iFSF‘P* — (D" (g — b))(Dyus) — %Q‘I’ﬁPLQS - ;QSPLsz‘I’)

J 1 - 1-
+——Q° . — 2FSPR)Z — —Q°P — F®™Z 4+ 0P (B - iK)Q®.
Wi (s R) 7 (D ) 5 (B —iK)

Using the result for SB in (9.3) we can rewrite this as

C

zZ

7:[ — HCSB o Z’?SBPLZ +CHSB,

K = KC%F — 258 prz + CK5P

~ 1 —

B, = BB — §ZSBVM7*Z +cB3P,

~ 1
A = AC®P + _ (ivB+ KPL + HPr — PC) Z2°F

2
1
+§ (17*$SB + ,CSBPL + HSBPR _ ﬁcSB) Z 4 CASB,
D = DC%B — Z5B\ + %ICHSB + %HICSB — BPB" — AP 2 + cDP — (DC)(D,CPP)
%2@253 — %ZSBZDZ. (9.5)

This example illustrates the general point of section 8 and demonstrates that once we solve
the equations of motion for the components of the general complex superfield V we find
that all components of the superfield SB must vanish.

10 Constraint that a multiplet is chiral, ‘relaxed constraint’

Another constraint that has been considered is imposing that a multiplet is chiral or for
the real case: that it is the sum of a chiral multiplet and its antichiral complex conjugate.
We will consider now this real case. We have a real multiplet (4.9) and want to impose
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that it is the sum of a chiral and antichiral multiplet as given in (4.11) and (4.12). Defining

X =—(A+iB), (10.1)

Sl

the multiplet should thus be of the form
{\/§A, —iV27.Q, —2F, —2F*, —\@DHB,O,O} . DuB=0,B+ iy, (10.2)

and it should have weights (0,0) to be consistent with chiral + antichiral. Comparing to
a general form of such a real multiplet, (4.9), the main constraint is A = 0. Then the form
of (10.2) can be shown to follow by supersymmetry.

A direct approach to describing the models with ‘relaxed constraint’ is to use the linear
multiplet L for the LM superfield: it is a real multiplet that satisfies

linear multiplet: 7T'(L) =0. (10.3)

Hence, in order to be well defined, L should have weights (2,0) [46]. Putting (6.4) to zero,
leads to a multiplet with components {L, x, E,, } where L is real, x is Majorana, and E,,,
is a gauge antisymmetric tensor. It is embedded in the complex multiplet in the form [27]

{L,x.0,0, E,,—Dx,-0°L} ,  DE"=0, (10.4)

where the last equation implies that E* is a covariant field strength of an antisymmetric
tensor, E,, [46]:
Ef = e et (9, By — e L) + XYy . (10.5)

The multiplet can also be written in terms of a chiral spinor prepotential L,:
L =Dy +D"Ly. (10.6)

The weight requirements on spinor multiplets are discussed in appendix B. They imply here
that Lo has weights (2,2, 2,0). The expression in (10.6) satisfies (10.3) using ([29] (3.22))
and ([29] (3.9)).

We will now prove the following result, already mentioned in ([47] (3.18)). If there is
a linear multiplet L that is used as a Lagrange multiplier with a term in the action of the
form [LU]p, where U is real (and has Weyl weight 0), then the equations of motion of L
imply that U is of the form (10.2), i.e. a chiral + antichiral multiplet.

First, we prove that if L is linear and U = X + X*, where X is chiral, then [LU|p = 0.
Indeed, starting with (7.2):

2[(X + X)L = [T((X + X)L)]p = 2[T(X L)}y =2[XT(D)]; =0, (10.7)

using in the different steps (7.3), (7.6) and (10.3).
Using the prepotential formulation we can also write

(LU, = [U (D“La +5de>}D . (10.8)
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If L, is chiral, then its field equation is 7D,V = 0. In order to work with primaries we
should have

Lo : (3,3,4,0), U :(0,0,0,0), D%Lq : (2,0,0,0), DU : (3,—2,3,0). (10.9)
The main step will be to prove that

[UD*Ly], = [Lo DU, . (10.10)
This follows from the fact that D, by its definition is distributive and
DV, =0. (10.11)
Then we write
(LU, =2[(D*Lo)U]p = 2[La DU = [T(LoDU) e - (10.12)

Then, using that (7.6) also holds for spinor multiplets, the field equations of L, imply that
T(D*U) = 0. Indeed, in the multiplication of chiral multiplets, nor in the action formula
appear derivatives on the fields, and the field equations are thus linear. T(D“U) = 0 is the
multiplet that starts with A\. Thus this is the condition that U is of the form (10.2): chiral
+ antichiral.

One more possibility to describe the models with ‘relaxed constraints’ is the following.
In [46] the action for the product of the linear multiplet and another real multiplet,

U: {07C7H7]€7 BllvA:D} ) (1013)
has been obtained:

LU, =3 / d'ze [LD — Y\ — SL Y "\ —e"P V0 Epe, Vi = By— 310, . (10.14)

This is in agreement with the calculation in (10.7): it says that the only components of
the real multiplet that appear are those that are invariant under C — C + A + A. Here
one can see immediately that the field equations are

D=X\=0, V,=09,B — B,=-v20,B—i4,(=-v2D,B, (10.15)

where B is a priori an arbitrary field, which can be identified with the one in (10.2), where

(= —iﬂ'y*ﬂ.
11 Summary

The action (1.7) has a linearly realized supersymmetry and in addition to the physical
superfields there are Lagrange multiplier superfields A*¥ and V¢, all superfields are un-
constrained. Integrating the LM’s out from the action (1.7) we derive the action with
constraints imposed and a non-linearly realized supersymmetry. This is a property of the
action (1.7) after the equations of motion for all LM are solved:

Lnon—lin _ [N(X, X)]D + [W(X)]F 4 [fAB(X)S\APLAB]F + [ZAkAk(X)]
k F

+[ZV£B5(X,X',)\A,-~)] (11.1)
14

rlin

sclin s _ ’
=0, %yr =0

D sAK
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But since we also have an underlying model with linear supersymmetry (1.7) where the LM
superfields are off shell, our non-linear action (11.1) follows from the linear one. Likewise
the corresponding non-linear supersymmetry transformations can be deduced from the
linear ones. A clear example of this was given in the case of one nilpotent superfield
and one chiral LM superfield in [16] which led to the explicit action of ‘pure de Sitter
supergravity’ in [19, 20].

Now we have a general understanding of the relation between linear and non-linear
models with LM superfields in F-terms and in D-terms: the non-linear models arise in
our approach as models where the equations of motion for the LM superfields have been
solved. This explains why they are consistent and how the non-linear supersymmetry
transformations rules follow from the linear ones. Since now our LM’s are of a general
nature, not constrained to be chiral, our new analysis includes the constrained superfields,
like the orthogonal nilpotent superfields and the relaxed version of it, studied in the global
supersymmetry case in [13, 25] and developed to a local supersymmetry in [3, 26]. Here
we presented the underlying linear superconformal models for the constrained non-linear
models, which are of a particular interest to cosmology [4].
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A Translation to superspace

The recent work on component versus superspace approaches to conformal supergravity is
in [48]. Here we will use the translations to superspace as in ([30], appendix 14A). We use
the shortcuts

D?=_-DP D, D?=—-DPgD, (A1)

where the bar in the right-hand sides is the Majorana bar. With spinor indices, D? =
—DO‘(PL)aﬁDg for « = 1,...,4 or in the 2-component notation: D?> = —D*D,, = D,D*.
It satisfies

D*0PL|,_, = —4. (A.2)

Comparing with (7.1) and (7.4), we have

[Clp = /d% D?D%C,  [X]p= /d4a: D?X +he.. (A.3)
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To facilitate the writing we will define [ d?6 and i d* as
/d20 = D?, /d49 = /d20 d%’0 = D?D?, (A.4)
such that (identifying superfields by their first components)
[Clp = /d4x dec, (X|r = /d4a: d?0 X +h.c.. (A.5)

For global supersymmetry, the complex superfield is of the form

® =C+ §i0v.Z — §0PL0H — $0PROK + . .. . (A.6)

B General multiplets

Now we consider general multiplets that have spin. We denote the spin as (J1, J2), where
e.g. a scalar multiplet has (0,0), and a multiplet like W, has (%, 0). We use here the indices
« for left-handed projections, and & for right-handed projections of spinors.

There are a few ways to constrain multiplets and to build multiplets from other mul-
tiplets. The D, operation consists in taking the PrZ component of the multiplet C as
first component, while Dy, takes the PgrZ component. The T operation is defined in (6.1)
from the K component. However, we require then that these do not transform under S-
supersymmetry, i.e. they are primary superconformal fields. Here is a table of requirements
on the weights in order that these objects are primary [29]:

Primary superconformal fields weights of C relations
Cal---()é'méél---één (w, C, Jl, Jg) m = 2J1, n = 2J2
real Coy. apmén...con (w,0,J,J) C=C=C*m=2J (B.1)
DCofy .. i (w,e,2(w+c)—1,J2) m=2J; — 1, n=2J; '
D, Cas...tpmyir ..o (w,e,—3(w+e),Joa) m=2J1+1,n=2J
T(Co..rn) (w,w—2,J,0) m=2J

The weights of the operations are

Do i (3:=5:5:0) Da: (3

[\GI[eV]

0.4), T:(1,3,00), T:(1,-300). (B2)
Therefore the final weights of some of the expressions in (B.1) are

DCopy. Brcn.in  (WH3,0— 2, 2(w+c—3),J2) ,
D(alcag...am)dl.‘.an (’IU+ %76_ %,—%(M—FC— 1)>J2) ) (B3)
T(Cas...am) (w+1,w+1,J,0).

Note that the conditions for the operations D*Cqng, .. 8,.¢;..4, and D(alc%,,am)dl,_.an
are never compatible. This means that D,C only exist if J; = 0 in which case the first
condition is not applicable. Thus

DuCa,.. .4, exists for V(w, —w, 0, J2) and has (w + %, —w — %, %, J2) , m=2Jy. (B.4)
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If we further want to apply 7" on D,C, we need Jo =0 and w = 0. Thus
T(DaC) exists for €(0,0,0,0) and has (2,3,3,0) . (B.5)

These restrictions define also which multiplets exist. The first example of this is the
(anti)chiral multiplet, which is defined by the vanishing of (B.4), which determines the
conditions when this exist. Similarly, a linear multiplet is defined from the condition that
T(L) = 0. In order that this is well defined, £ should thus have weights (w,w —2,J,0). A
real linear multiplet is thus only possible for (2,0,0,0). This gives the following table of
multiplets defined by restrictions on a general C

Multiplet weights
real (w,0,J,J)
chiral (w,w, J,0)
antichiral (w, —w, 0, J)

linear (w,w — 2,J,0)
real linear  (2,0,0,0).

Densities in the Lagrangian should have weights (4,0,0,0). Therefore the formulas for
densities apply for multiplets with weights

[X]F : X has (3,3,0,0), [Clp : C has (2,0,0,0). (B.7)
Some further examples of these rules are the following:

1. The T operation cannot be applied on a chiral multiplet. On an antichiral multiplet
it requires that the latter has (1,—1,0,0).

2. For a supercurrent we demand that D%V, . exists and that V is real. Then V
should have (w,O, %w — 1, %w — 1). One can e.g. have J; = Jy = % and w = 3.

3. In order that D%, exists for a chiral 1, we need that v, has weights (%, %, %, O),

such that D%, has (2,0,0,0), which are the weights of a real linear multiplet.
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References
[1] R. Casalbuoni, S. De Curtis, D. Dominici, F. Feruglio and R. Gatto, When does supergravity
become strong?, Phys. Lett. B216 (1989) 325 [Erratum ibid. B 229 (1989) 439].

[2] R. Kallosh, L. Kofman, A.D. Linde and A. Van Proeyen, Superconformal symmetry,
supergravity and cosmology, Class. Quant. Grav. 17 (2000) 4269 [Erratum ibid. 21 (2004)
5017] [hep~th/0006179] [INSPIRE].

[3] S. Ferrara, R. Kallosh and J. Thaler, Cosmology with orthogonal nilpotent superfields,
Phys. Rev. D 93 (2016) 043516 [arXiv:1512.00545] InSPIRE].

— 20 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/0370-2693(89)91123-4
http://dx.doi.org/10.1088/0264-9381/17/20/308
http://arxiv.org/abs/hep-th/0006179
http://inspirehep.net/search?p=find+EPRINT+hep-th/0006179
http://dx.doi.org/10.1103/PhysRevD.93.043516
http://arxiv.org/abs/1512.00545
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.00545

[4]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

J.J.M. Carrasco, R. Kallosh and A. Linde, Minimal supergravity inflation,
Phys. Rev. D 93 (2016) 061301 [arXiv:1512.00546] [INSPIRE].

G. Dall’Agata and F. Zwirner, On sgoldstino-less supergravity models of inflation,
JHEP 12 (2014) 172 [arXiv:1411.2605] [INSPIRE].

D.V. Volkov and V.P. Akulov, Possible universal neutrino interaction, JETP Lett. 16 (1972)
438 [INSPIRE].

D. Volkov and V. Akulov, Is the neutrino a Goldstone particle?, Phys. Lett. B 46 (1973) 109.
M. Rocek, Linearizing the Volkov-Akulov model, Phys. Rev. Lett. 41 (1978) 451 [INSPIRE].

E.A. Ivanov and A.A. Kapustnikov, General relationship between linear and nonlinear
realizations of supersymmetry, J. Phys. A 11 (1978) 2375 [INSPIRE].

U. Lindstrom and M. Rocek, Constrained local superfields, Phys. Rev. D 19 (1979) 2300
[INSPIRE].

S. Samuel and J. Wess, A superfield formulation of the nonlinear realization of
supersymmetry and its coupling to supergravity, Nucl. Phys. B 221 (1983) 153 [INSPIRE].

R. Casalbuoni, S. De Curtis, D. Dominici, F. Feruglio and R. Gatto, Nonlinear realization of
supersymmetry algebra from supersymmetric constraint, Phys. Lett. B 220 (1989) 569
[INSPIRE].

7. Komargodski and N. Seiberg, From linear SUSY to constrained superfields,
JHEP 09 (2009) 066 [arXiv:0907.2441] INSPIRE].

S.M. Kuzenko and S.J. Tyler, Relating the Komargodski-Seiberg and Akulov-Volkov actions:
Ezact nonlinear field redefinition, Phys. Lett. B 698 (2011) 319 [arXiv:1009.3298|
[INSPIRE].

I. Antoniadis, E. Dudas, S. Ferrara and A. Sagnotti, The Volkov-Akulov-Starobinsky
supergravity, Phys. Lett. B 733 (2014) 32 [arXiv:1403.3269] [INSPIRE].

S. Ferrara, R. Kallosh and A. Linde, Cosmology with nilpotent superfields,
JHEP 10 (2014) 143 [arXiv:1408.4096] [INSPIRE].

S.M. Kuzenko and S.J. Tyler, On the Goldstino actions and their symmetries,
JHEP 05 (2011) 055 [arXiv:1102.3043] [INSPIRE].

E. Dudas, S. Ferrara, A. Kehagias and A. Sagnotti, Properties of nilpotent supergravity,
JHEP 09 (2015) 217 [arXiv:1507.07842] [INSPIRE].

E.A. Bergshoeff, D.Z. Freedman, R. Kallosh and A. Van Proeyen, Pure de Sitter
supergravity, Phys. Rev. D 92 (2015) 085040 [arXiv:1507.08264] [INSPIRE].

F. Hasegawa and Y. Yamada, Component action of nilpotent multiplet coupled to matter in /
dimensional N =1 supergravity, JHEP 10 (2015) 106 [arXiv:1507.08619] [INSPIRE].

R. Kallosh and T. Wrase, de Sitter supergravity model building,
Phys. Rev. D 92 (2015) 105010 [arXiv:1509.02137| InSPIRE].

M. Schillo, E. van der Woerd and T. Wrase, The general de Sitter supergravity component
action, arXiv:1511.01542 [INSPIRE].

R. Kallosh, A. Karlsson and D. Murli, From linear to nonlinear supersymmetry via
functional integration, Phys. Rev. D 93 (2016) 025012 [arXiv:1511.07547] InSPIRE].

— 21 —


http://dx.doi.org/10.1103/PhysRevD.93.061301
http://arxiv.org/abs/1512.00546
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.00546
http://dx.doi.org/10.1007/JHEP12(2014)172
http://arxiv.org/abs/1411.2605
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.2605
http://inspirehep.net/search?p=find+J+%22JETPLett.,16,438%22
http://dx.doi.org/10.1016/0370-2693(73)90490-5
http://dx.doi.org/10.1103/PhysRevLett.41.451
http://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,41,451%22
http://dx.doi.org/10.1088/0305-4470/11/12/005
http://inspirehep.net/search?p=find+J+%22J.Phys.,A11,2375%22
http://dx.doi.org/10.1103/PhysRevD.19.2300
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D19,2300%22
http://dx.doi.org/10.1016/0550-3213(83)90622-3
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B221,153%22
http://dx.doi.org/10.1016/0370-2693(89)90788-0
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B220,569%22
http://dx.doi.org/10.1088/1126-6708/2009/09/066
http://arxiv.org/abs/0907.2441
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.2441
http://dx.doi.org/10.1016/j.physletb.2011.03.020
http://arxiv.org/abs/1009.3298
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.3298
http://dx.doi.org/10.1016/j.physletb.2014.04.015
http://arxiv.org/abs/1403.3269
http://inspirehep.net/search?p=find+EPRINT+arXiv:1403.3269
http://dx.doi.org/10.1007/JHEP10(2014)143
http://arxiv.org/abs/1408.4096
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.4096
http://dx.doi.org/10.1007/JHEP05(2011)055
http://arxiv.org/abs/1102.3043
http://inspirehep.net/search?p=find+EPRINT+arXiv:1102.3043
http://dx.doi.org/10.1007/JHEP09(2015)217
http://arxiv.org/abs/1507.07842
http://inspirehep.net/search?p=find+EPRINT+arXiv:1507.07842
http://dx.doi.org/10.1103/PhysRevD.93.069901
http://arxiv.org/abs/1507.08264
http://inspirehep.net/search?p=find+EPRINT+arXiv:1507.08264
http://dx.doi.org/10.1007/JHEP10(2015)106
http://arxiv.org/abs/1507.08619
http://inspirehep.net/search?p=find+EPRINT+arXiv:1507.08619
http://dx.doi.org/10.1103/PhysRevD.92.105010
http://arxiv.org/abs/1509.02137
http://inspirehep.net/search?p=find+EPRINT+arXiv:1509.02137
http://arxiv.org/abs/1511.01542
http://inspirehep.net/search?p=find+EPRINT+arXiv:1511.01542
http://dx.doi.org/10.1103/PhysRevD.93.025012
http://arxiv.org/abs/1511.07547
http://inspirehep.net/search?p=find+EPRINT+arXiv:1511.07547

[24]

[25]

[26]

[27]

28]

[29]

[30]

[32]

[33]

[34]

[35]

[36]

D.M. Ghilencea, Comments on the nilpotent constraint of the goldstino superfield,
arXiv:1512.07484 [INSPIRE}.

Y. Kahn, D.A. Roberts and J. Thaler, The goldstone and goldstino of supersymmetric
inflation, JHEP 10 (2015) 001 [arXiv:1504.05958] [INSPIRE].

G. Dall’Agata and F. Farakos, Constrained superfields in supergravity, JHEP 02 (2016) 101
[arXiv:1512.02158] [INSPIRE].

T. Kugo and S. Uehara, Conformal and Poincaré tensor calculi in N = 1 supergravity,
Nucl. Phys. B 226 (1983) 49 [iINSPIRE].

A. Van Proeyen, Superconformal tensor calculus in N =1 and N = 2 supergravity, in
Supersymmetry and supergravity 1983, XIXth Winter School and Workshop of Theoretical
Physics, Karpacz Poland (1983), B. Milewski eds, World Scientific, Singapore (1983).

T. Kugo and S. Uehara, N = 1 Superconformal tensor calculus: multiplets with external
Lorentz indices and spinor derivative operators, Prog. Theor. Phys. 73 (1985) 235 [INSPIRE].

D.Z. Freedman and A. Van Proeyen, Supergravity, Cambridge University Press, Cambridge
UK. (2012).

R. Kallosh, A. Karlsson, B. Mosk and D. Murli, Orthogonal nilpotent superfields from linear
models, arXiv:1603.02661 [INSPIRE].

G. Dall’Agata, S. Ferrara and F. Zwirner, Minimal scalar-less matter-coupled supergravity,
Phys. Lett. B 752 (2016) 263 [arXiv:1509.06345] [INSPIRE].

S. Ferrara and A. Zaffaroni, Superconformal field theories, multiplet shortening and the
AdSs/SCFTy correspondence, hep-th/9908163 [INSPIRE].

S. Ferrara and P. van Nieuwenhuizen, Tensor calculus for supergravity,
Phys. Lett. B 76 (1978) 404 [INSPIRE].

S. Ferrara and P. Van Nieuwenhuizen, Structure of Supergravity, Phys. Lett. B 78 (1978) 573
[INSPIRE].

K.S. Stelle and P.C. West, Relation between vector and scalar multiplets and gauge
invariance in supergravity, Nucl. Phys. B 145 (1978) 175 [INSPIRE].

E. Cremmer, B. Julia, J. Scherk, P. van Nieuwenhuizen, S. Ferrara and L. Girardello,
Super-Higgs effect in supergravity with general scalar interactions,
Phys. Lett. B 79 (1978) 231 [ixSPIRE].

E. Cremmer, B. Julia, J. Scherk, S. Ferrara, L. Girardello and P. van Nieuwenhuizen,
Spontaneous symmetry breaking and Higgs effect in supergravity without cosmological
constant, Nucl. Phys. B 147 (1979) 105 [iInSPIRE].

P. van Nieuwenhuizen, Lectures in supergravity theory, in NATO Advanced Study Institutes
Series. Vol. 44: Recent developments in gravitation, Cargese 1978, M. Levy and S. Deser
eds., Springer, Berlin germany (1979), pg. 519.

M.F. Sohnius and P.C. West, Supergravity with one auxiliary spinor,
Nucl. Phys. B 216 (1983) 100 [INSPIRE].

E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Coupling supersymmetric
Yang-Mills theories to supergravity, Phys. Lett. B 116 (1982) 231 [INSPIRE].

— 922 —


http://arxiv.org/abs/1512.07484
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07484
http://dx.doi.org/10.1007/JHEP10(2015)001
http://arxiv.org/abs/1504.05958
http://inspirehep.net/search?p=find+EPRINT+arXiv:1504.05958
http://dx.doi.org/10.1007/JHEP02(2016)101
http://arxiv.org/abs/1512.02158
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.02158
http://dx.doi.org/10.1016/0550-3213(83)90463-7
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B226,49%22
http://dx.doi.org/10.1143/PTP.73.235
http://inspirehep.net/search?p=find+J+%22Prog.Theor.Phys.,73,235%22
http://arxiv.org/abs/1603.02661
http://inspirehep.net/search?p=find+EPRINT+arXiv:1603.02661
http://dx.doi.org/10.1016/j.physletb.2015.11.066
http://arxiv.org/abs/1509.06345
http://inspirehep.net/search?p=find+EPRINT+arXiv:1509.06345
http://arxiv.org/abs/hep-th/9908163
http://inspirehep.net/search?p=find+EPRINT+hep-th/9908163
http://dx.doi.org/10.1016/0370-2693(78)90893-6
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B76,404%22
http://dx.doi.org/10.1016/0370-2693(78)90642-1
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B78,573%22
http://dx.doi.org/10.1016/0550-3213(78)90420-0
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B145,175%22
http://dx.doi.org/10.1016/0370-2693(78)90230-7
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B79,231%22
http://dx.doi.org/10.1016/0550-3213(79)90417-6
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B147,105%22
http://dx.doi.org/10.1016/0550-3213(83)90489-3
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B216,100%22
http://dx.doi.org/10.1016/0370-2693(82)90332-X
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B116,231%22

[42]

E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Yang-Mills theories with local
supersymmetry: Lagrangian, transformation laws and superhiggs effect,
Nucl. Phys. B 212 (1983) 413 [INSPIRE].

A. Van Proeyen, Massive vector multiplets in supergravity, Nucl. Phys. B 162 (1980) 376
[INSPIRE].

S. Cecotti, Higher derivative supergravity is equivalent to standard supergravity coupled to
matter. 1., Phys. Lett. B 190 (1987) 86 nSPIRE].

E. Bergshoeff, D. Freedman, R. Kallosh and A. Van Proeyen, Construction of the de Sitter
supergravity, to be published in the proceedings of the Workshop About various kinds of
interactions’ in honor of Philippe Spindel, Mons Belgium (2015) arXiv:1602.01678
[INSPIRE].

B. de Wit and M. Rocek, Improved tensor multiplets, Phys. Lett. B 109 (1982) 439.

S. Ferrara, L. Girardello, T. Kugo and A. Van Proeyen, Relation between different auxiliary
field formulations of N = 1 supergravity coupled to matter, Nucl. Phys. B 223 (1983) 191
[INSPIRE].

T. Kugo, R. Yokokura and K. Yoshioka, Component versus superspace approaches to D = 4,
N =1 conformal supergravity, arXiv:1602.04441 [INSPIRE].

— 23 —


http://dx.doi.org/10.1016/0550-3213(83)90679-X
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B212,413%22
http://dx.doi.org/10.1016/0550-3213(80)90345-4
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B162,376%22
http://dx.doi.org/10.1016/0370-2693(87)90844-6
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B190,86%22
http://arxiv.org/abs/1602.01678
http://inspirehep.net/search?p=find+EPRINT+arXiv:1602.01678
http://dx.doi.org/10.1016/0370-2693(82)91109-1
http://dx.doi.org/10.1016/0550-3213(83)90101-3
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B223,191%22
http://arxiv.org/abs/1602.04441
http://inspirehep.net/search?p=find+EPRINT+arXiv:1602.04441

	Introduction
	Various constraints and Lagrange multipliers
	General principles in short
	Components and transformation rules of the complex multiplet
	The restrictions to real and (anti)chiral

	Multiplication laws
	Chiral projection for the complex multiplets
	Action formulae
	Theorems on T-operation

	Solution of EOM for V versus constraints
	Example of orthogonal nilpotent multiplets
	The Lagrange multiplier [Omega S B](D)

	Constraint that a multiplet is chiral, `relaxed constraint'
	Summary
	Translation to superspace
	General multiplets

