


1 Introduction

Supersymmetric field theories are adequately formulated in superspace via
unconstrained superfields. Unconstrained superspace formulations make man-
ifest the invariance properties of a given theory (both on classical and quan-
tum levels) and bring to light its intrinsic geometry. One of central problems. .
in supersymmetry consists in finding out the group-theoretic and geomet-
ric structures inherent in the theories of interest (such as super-Yang-Mills,
supergravity or superstring theories) and selecting superspaces where these
structures reveal themselves in a most unambiguous way. For supergravity
(SG in what follows) that program is now completed in the cases of N =1
{1-5] and N = 2 [6]. ) _

Since supersymmetry in Nature is believed to be spontaneously broken,
it is of importance to understand in full how. this breakdown is inscribed in
the superspace geometric picture of supersymmetrlc theories.

An appropriate framework for analyzing theories with spontaneously bro-
ken symmetry is provided by nonlinear realizations (group realizations in
coset manifolds) [7].The main advantage of the nonlinear realization method
is that it allows one to reveal the geometric model-independent content of.
spontaneous breakdown by identifying the relevant Goldstone fields with the
coordinates of a coset manifold where the group of spontaneously broken
symmetry acts as left shifts. Given an invariant action with spontaneously. .
broken symmetry, one can always rewrite it, by means of an equivalence field
redefinition, in terms of fields having standard transformation properties with
respect to the ‘corresponding nonlinear realization. In this parametnzatlon,
the minimal self-interaction of Goldstone fields is described by a unique ef-
fective Lagrangian whatever the initial action is.The pure consequences of
spontaneous breakdown (low-energy theorems, Higgs effect, etc.) turn out to
be separated from those connected with the specific mechanism of this break-
ing.In fact, the range of applications of nenlinear realizations is not limited
to conventional spontaneously broken symmetries. For instance, gauge theo-
ries (including gravity) can be interpreted as nonlinear realizations of certain
(mﬁmte—dlmensmnal) symmetries [8]. Recently, it has been pointed out that
the theories of current interest, such as those of strings and membranes, can
also be understood as nonlinear realizations [9-12].

For rigid N = 1 Poincaré supersymmetry the nonlinear realization has
been constructed in the pioneering papers by Volkov and Akulov [13] (see
also {14]) with employing standard techniques of refs.. [7]. -These techniques
equally apply to other rigid supersymmetries (see, e.g., [15]). The relation-
ship between the nonlinear realization of N = 1 supersymmetry and linear
realizations of the latter in superspace has been investigated in detail in our
papers [16, 17] and in [18].

The standard nonlinear realization method as it was described in {7] ide-
ally suits to rigid supersymmetries but ceases to be too useful when trying to
construct nonlinear realjzations.of. spontaneously broken local supersymme-
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tries in the context of superspace geometric formulations of SG theories. The
origin of difficulties lies in that the underlying gauge groups of SG’s are

infinite-dimensional and, as a rule, cannot be obtained via a naive gauging’

of corresponding rigid supergroups [1,6]. Thus there emerges the problem of
how to set up nonlinear realizations of such nontrivial groups with preserving
the original group-theoretic and geometric structure.

Attempts to extend the geometric set-up of spontaneously broken rigid
N =1 supersymmetry [13, 16-18] to the case of SG have been undertaken in
[19-21]. In the letter [21] we argued that this can be done most naturally with
taking advantage of the unconstrained superspace formulation of N =1 SG
given by Ogievetsky and Sokatchev (OS henceéforth )[1,2]. We have shown
how to formulate a nonlinear realization of the N =1 SG group ‘consistently
with the intrinsic geometry of unbroken theory.

Our consideration in [21] was rather schematic and it concerned mainly
the case of conformal N' = 1°'SG. Now we find it timely to return to this
theme and to give a more detailed exposition of our approach il application
both to conformal and Einstein N = 1 SG’s. Our motivation is two-fold.
First, for the last years there was a considerable growth of interest in phe-
nomenological models based on N = 1 SG, especially in connection with the
study of the point-liké limit of superstring theories (see, e.g., [22]). Spon-
taneous breakdown of supersymmetry is an important ingrediént of these
models, so it is desirable to have a clear understanding of its intrinsic nature.
As a second reason, we wish to point out that the methods we tise to describe
spontaneously broken N: = 1 supersymmetry are in fact more universal and
can be applied for a model-independent treatment of spontaneous breakdown
of any symmetry realized by coordinate transformations. This regards higher
N SG’s, the theories of extended objects, etc. In particular, these techniques
may hopefully be used for analyzing the phenomenon of partial supersymmbe-
try breaking in the superstring and supermembrane theones along the lmes
of refs.[10-12].

The modified approach to nonlinear realizations of spontaneously broken
supersymmetries we have applied first in [21] and which we follow here has
the advantage of being equally suited for treating the rigid and curved cases.
It proceeds from the realization of corresponding unbroken supergroup in an
appropriate superspace and goes straightforwardly once a realization of that
sort is known. Surprisingly, it opens up a way to construct the nonlinear
realization covariants without resorting to the customary formalism of Car-
tan’s forms (at least, in the examples we are‘considering here).  One more
attractive feature of this approach is that it immediately yields the relations
between linear and nonlinear realizations of underlying symmetry.

The paper is planned as follows. In Sect.2 we illustrate the basic features
of our approach by the hand-book example of the Volkov-Akulov nonlin-
ear realization. In Sect.3 we construct the minimal nonlinear realization of
superspace group of conformal N = 1 SG containing only one extra field,
goldstino A*(z), in addition to the fields of SG multiplet and establish the
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relation of this realization to the OS geometric picture of conformal N =1
SG. Our consideration preserves manifest invariance and does not require
any gauge-fixing.  Sect.4 treats, along the same lines, the case of minimal
Einstein N = 1 SG in the formulation with a chiral compensator. In Sect.5
we extend to curved space the basic ingredients of the relationship between
the linear and nonlinear realizations of rigid N = 1 supersymmetry [16, 17]
and discuss the flat space limit of our formulas. Sect.6 collects concluding
remarks and outlines perspectives of applymg our methods in some theories
of similar nature. ;

2 Superspace view on Volkov-Akulov non-
linear realization

To fix the basic ideas of our approach, it is instructive to Begin with refor-
mulating the nonlinear realization of rigid N = 1 Poincaré supersymmetry
[13, 14].

2.1 Superspace genesis of N=1 goldstino

What we need to proceed is the familiar transformation law of N = 1 super-
symmetry in chiral N =1 superspace C*? = {27,607} = {¢}M} !

2P =G™() = P +a™+20,0™ +ieo™e
O =GMG) = o +et, (2.1)

™, €* being the parameters of ordinary and spinor translations. A d:rect way
to get the nonlinear realization is to restrict ¢ in (2.1} to the 4- dlmensxona]
hypersurface
=7 = yp0p = s* (L) (2.2)
This way, the Zumino’s version of nonlinear realization of N = 1 super-
symmetry [23] emerges. However, looking at the transformation laws of
yI, £*(y1) it is difficult to immediately figure out how to construct the rele-
vant covariant quantities.
Another, more suggestive possibility we shall follow is based on viewing
(2-1) as a finite element of N = 1 Poincaré supergroup (modulo_Lorentz
transformations) parametrized by a™,e*,&*. Successive transformations of

'We use the standard two-component spinor formalism with the conventions

(On)ap =(1,5)aps (82)° = P2eB(0,)g; = (1,-5)P°

e =en =1, 7™ diag(l,-1,-1,-1), B .y,



(M generate the left action of N = 1 supergroup in the space of its parameters
{a™, et &}
GI'(G(¢) = GM(¢) = - (2.3)
a™ =a™+ al* +1e0c™€; — te;o™E
=t et =t
Here the primes refer to the parameters of the resulting transformation rather

than to the superspace coordinates (M which are regarded to be unaffected.
In this language, the transformations of special form

Y™((L) I'E’ + 2i0,0™E + teoc™E
. YHG) =0 +e C (2.4)

represent the left cosets of N = 1 supergroup over its Poincaré su%group
Clearly, the whole supergroup can be reallzed on these restricted elements
The supertranslations act as

i

G (Y () = YM(Gol((r)) (2.5)
5“’:6“ + 6‘; 7
GP((L) = 2l =2 +d™(c,e1) =« + teo™e, — ie10™E
Gy(¢L) = =9}

A difference as compared with (2.3) is that in (2:5) there appears an induced
4-translation with the composite parameter @™ (e, €,) = tec™&, — 2;0™é. This
phenomenon is typical for group realizations in coset spaces [7]. The left
action of some group G on the coset elements G'/H induces a “gauge” right
transformation belonging to the stability subgroup H, with the parameters
properly composed out of the original coset coordinates and the parameters
of the group transformation

9-9=9¢'(9.91)-hlg,91), 9:€G; g9 €G/H; heH (2.6)

- To construct a genuine nonlinear realization of given group in some coset
space, one has to regard the coset parameters as fields defined on some man-

ifold. For consistency, coordinates of this manifold should &ither be inert’

under the action of the group (this occurs in the case of interrial symmetries)
or transform through themselves and/or via the coset parameters.

In the case at hand one meets just the second’possibility. Let us change

the constant parameters €, € in (2.4) to the fields A(£L), \(£L) = (a@EhHt

Y™(l) = &P+ 20,0™AEL) +iMEL)o™MEL)
PHG) = B (E) | (2.7)

and keep for ¥ M((;) the same transformation law (2.5)

Gf‘(f’(fr.)): YM(Go((2)) (25
Here we have substituted (}f” for (f‘ because the newly mtroduced coordi-
nates (L “behave differently under N = 1:supersymmetry. One gets from

(2.5)

W(E) = X&)+

7 = E7+a™(AMEL) @) = E7 +iA(FL)o™e = ieio™A (L) (2.8)
ge — g*
L . L

The pair {£F, A#(Z.)} is easily recognized to constitute the Volkov-Akulov
nonlinear realization [13]? while the coordinate 8% turns out to be inert with
respect to N = 1 supersymmetry. The fact that 7 is complex whereas in the
original Volkov-Akuliov approach the space-time coordinate is real should not
lead to confusion because the transformation of A* at a fixed point i is given

by . - H
6',\“(:5() = ¢+ - &m()‘(z),el)am)\’,“(z) » o 4 -(2..81)

irrespective of whether z™ is real or complex.Nevertheless, the complexity
of Z' turns out to be important for deducing the covariants of nonlinear
realization in the present approach.

2.2 Covariants from an axial vector superfield

The coordinates (M = (87, 8%) aré adequate to sponfaneously broken super-
symmetry as they transform according to its nonlinear reahzatlon ‘On the
other hand, the transformation law (2. 5') 1mphes that ‘the coset space rep-
resentatives ¥ ((' ) transform under N =1 supersymmetry as the original
superspace coordmates ¢H (cf. (2.5') and (2.1) )'and $0 can be identified
with them - .

H=7ME) 9
This relatlon is just the one derlved by us ten years ago [16]. With.its help
any superspace action with spontaneously broken N =1 supersymmetry can
be expressed in terms of fields of the nonlinear realization.

In [16, 17] we did not to full extent exploit the property that £7* is com-
plex. One may take advantage of this property to reproduce the basic co-
variants of the nonlinear realization within the present framework.

To this end, we first recall the well-known relation between the flat chiral
and real N = 1 superspaces C? = {7,604} and R = {z™, 0%} =
{ZM} : . . i . :
=™ +if0™F, 0F =0*,(0F) =0 (2.10)

1This realization is related to (2.2) via changing variables as
YT = 2T +iM&L)o™MEL), #*(yL(2L)) = W(2L).
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Likewise, one may single out in C"’ = (27,04} = {(M} areal 4 | 4 dimen-

~ ~ =i
sional subspace R = {z™ §#,0 } = {zM} :

87 =& +il™(,0,0), 04 =0, (0%)=4 (2.11)
.and,taking into account (2.9) and (2.10),
™ = E™ 4+ ifo™A(E +iH) - iA(F - iii)&@
+iME +il)o™X(E +iH) - A(E - ifl)o™A(z - iH]) (2.120)
0% = 0¥ + M(E + zfz) , 0F = E" + Xh(E _ if) (2.12p)

00™8 = A™(2,6,0) + 1INz +il)o™\(E + ifl) + INE — ill)o™X(z — if])
+00™M(E + i) + Mz — iH)o™0 (2120
It is a simple exercise to evaluate f-I"f(Z) using (2.12 b,c )

a3z = (e [éa"§~ § (5a?a"vki)

b
+03 (V1 Ao"*5) + 66 6 (VEro™v ,‘7\)] (2.13)

where : . : ~
T7 =67 +ido™8, A — iBAe™A (2.14)
Vo = (T80, (T2 =6 ~ ido™V ) +1iV A0 ) (2.15)

So, the axial superfield A™ collects two basic entities of the Volkov-Akulov
nonlinear realization: the vierbein T and the covariant derivative of Gold-
stone fermion V,,A*(z).In the conventional approach |13] the same objects
come out as the coefficients of Cartan’s one-forms associated, respectively,
‘with the 4-translation and supertranslation generators. Notice a close resem-
blance at this point to the OS formulation of N = 1 SG where the primary
geometric object is the axial vector prepotential -H™(x,8,8) replacing the
flat quantity 0™ [1,2]. In the next Sect. we shall see that this similarity is
not accidental; the intrinsic geometry of spontaneously broken N = 1 SG in
superspace is formulated most elegantly via an axial vector superfield H™(z)
the flat limit of which is just (2.13). In fact, all the formulas of the super-
field formalism in the "splitting? basis [16] can be compactly rewritten via
am(3) (2.13) (with taking account of the remark below ). Thus, this super-
field proves to be the basic geometric object of the Volkov-Akulov nonlinear
realization re-examined within the superspace context.

Before closing this Sect. we remark that one could choose as a starting
point, instead of (2.1), the realization of N = 1 supersymmetry.in real N =1
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superspéce R = [zm g ﬁﬁ}._Proceeding as beforé, one again arrives at the
Volkov-Akulov realization. However, the relations (2.12a,¢) are replaced by
the following ones [16]

z™ = g™ 4 ifo™A(3) — i/\(:E)U"‘E, gt =™

6" = 6% £ N(2), BF =8 + Xi(z) (2.16)
N(&) = M(E) + e, 2 = 3™ +iME)o™E — ie,0™A(£) (2.17)
o = g*

Both changes of variables,although looking quite different at first sight, are
related to each other by the equivalence redefinition of the coordinates in-
volved ) “

™ = a4 iéé 08(VEV A0™3 - Ac™V4Y,3)
~F?(z,6,0)(T)p

6" = 6"+ FPV N £ i 0% — H6,(H'8,0%)

1f~~/= - == -

5 [00 (Bc?kapvk/\) +60 (v Ao?5*0)

!
3
—_
8
_.%l
Bl
—
Il

+ 100 §0(V iAot VPA viuakv,‘:\)] (2.18)

The transformation properties of z, 6,8 following from (2.8), (2.11) imply for
£,0,0 the transformation laws (2.17). o

To summarize, the main lesson one draws from the above consideration
is that nonlinear realizations of rigid supersy mmetries can be constructed in
an algorithmic way, if the coordinate realizations of these supersymmetries
in some appropriate superspaces (C*2 in the N = 1 case) are known. We
shall demonstrate in Sect.3 and 4 that the same procedure, with minor mod-
ifications, works in the case of spontaneously broken N = 1 SG's. With its
help it becomes possible to define nonlinear realizations of the superspace
SG gauge groups consistently with the intrinsic geometries of these theories.

3 Model-independent description of sponta-
neously broken conformal N=1 supergrav-
ity

3.1 Geometric basics of N=1 supergravity

To generalize the consideration of previous Sect. to the SG case we need

first to recall the basic facts about the geometric description of N = 1 SG in
superspace. ’



The most elegant superspace formulation of N = 1 SG is that due
to Ogievetsky and Sokatchev(OS)[1,2]. They have shown that the funda-
mental gauge group G of N = 1 SG has an adequate realization as the

group of analytic diffeomorphisms of complex chiral N = 1 superspace
C*® = {zF,07} = (¢}

2f = G™((u) = =] +a™(zr) + 6™ (L) + 050 (21) + 0,0,5™(a1)
C, 1
0, = G(GL) = 0] +e'(z) +07uwk(ar) + 1000un* (L) (3.1)

(factor 1/4 is introduced in (3.1) for further convenience). The basic geo-
metric object of N = 1 SG is the axial vector gauge superﬁeld H™(z,0,0)
appearing as the imaginary part of z

Ima7 = Hm(a:,ﬂ,‘ﬂ_)

Re 27 = z™, 0% = 0%, (6%) = §* (3.2)
e =1 [G™(z +iH,0) + C(z - iH, 9)] (3.3a)
H™(2,0',0) = L[G™(z +iH,0)- G™(z—iH,0)] (3.3b)

The role of the conditions (3.2) is to single out in C*? the real N = 1 super-
space R** = {z™ 0# 6%} = {zM} as a 4 | 4-dimensional hypersurface. As it
follows from (3.1), (3.3), H™(z) and the coordinates of R** are transformed
nonlinearly and nonpolynomially in H™(z2).,

The group (3.1), (3.3) with unconstrained parameters corresponds to con- ‘

formal N = 1 SG. The relevant gauge multiplet is comprised by H™(z). For
further use, we quote the #-decomposition of the latter

H™(z) = B™(z)+0*x7(z) + 0,%*™(z) + 00F™(z) + 60F™(z)
+00°0e(z) + 00 04 () + 00 B, (z)
+00 60 (A"‘(:c) i mnksg ,,ake';) | (3.4)

The components B™(z), x(z), F™(z) represent pure gauge degrees of free-
dom while ex(z), ¥ (), ¥7(z), and A™(z) are, respectively, the fields of
graviton (vierbein) and gravitino and the U(1) gauge field (canonical dimen-
sions for the fields ™(z), A™(z) are achieved by e'x"tracting from them the
Einstein constant «; we shall not-worry here about this).-All the superspace
geometric objects of conformal N = 1 SG (curvatures, torsions...) have an
adequate representation in terms of H™(z) [24].

To pass to Einstein N = 1 SG one should either constrain the group G
(3.1) by the condition of preserving the "volume” of C*2 [1}

Ber (632(,()) =1 ' (3.5)
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or add to H™(z,8,0) a properly chosen compensating superfield [3,4] with
maintaining the origina.l group structure. In this way, one arrives at the "old
minimal” version of Einstein N = 1 SG. The other known versions can be.
given a similar geometric description [3-5].

3.2 Nonlinear realization of N=1 conformal SG group

In this Section we consider the conformal case.® A nonlinear realization ad-
equate to spontaneous breaking of local supersymmetry in minimal Einstein
N =1 SG will be constructed in the next Sect. Hereafter, we shall refer to
theé standard unbroken realization of ‘N = 1 SG group G as the linear oné
(despite nonlinearities in H(z)) to distinguish it from the genuine nonlinear
realization of G involving a Goldstone fermxon in addxtxon to the ﬁelds of SG
gauge multiplet. !

In constructmg a nonlinear realization of G we shall closely follow the lmes‘ ‘
of previous Sect. Let both local supersymmetries present in (3.1) (para.me-
ters €*(z),n*(z) ) be spontaneously broken by some mechanism the precise
nature of which is of no interest for us here (- other patterns of spontaneous
breaking are also admitted, see the end of this Sect.). How to describe this
particular situation in a model‘independent way consistent with the under-
lying superspace geometry of N = 1 SG 7 The strategy is prompted by the
rigid case. One has to define the stability subgroup Gy, to construct-the-
coset space G/G, and to implement G as left shifts of the coset elements.
Among the coset parameters onie may then expect to find the corresponding
Goldstone fermions with the transformation laws completely spec1ﬁed by the
constructed coset realization of group G.

A specific feature of “linear realization” of N =1'SG group consists in
that the symmetries associated: with the parameters 8™(z. ), o7 (zL);s™(z1) "
in (3.1) are broken from the very beginning. Indeed, the group vanatlons of
pure gauge components of H™(z) start with these parameters '

§B™(z) = b'"(z)
& () - [(p (z) - 2i (c™€(z)) ] +.

§F™(z) —%s’"(z) . ~ (3.6)

indicating that the above symmetries are spontaneously broken and B™(z),

X (); F™(z) are corresponding Goldstone fields. When local supersymme-
tnes are also assumed to be broken, we are left with the ordinary general co-
variance transformations (parameters a™(z)) and the tangent space L(2,C)
rotations (parameters w¥(z)) as the only unbroken symmetries

2p = GP(G) = oF +a™(a1)

3 A brief account of this case has been already given in our letter {21].
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0L = Gh(¢e) = 0% +wh(aL)ey (3.7)

- The next step is to find an appropriate representation for the elements of
the coset G/Gy. One may proceed by observing that an arbitrary element
(3.1) of the group G can be uniquely decomposed as - a

GM(¢r) = Y”(Ge((,,)) . (3-8)
Y™(() = zf +ib™(2r) + 077 (zL) + 000,5™(zr)
YHG) = O+ (en) + S00uir(e) 9

where G¥((;) is given by (3-7) and the parameters with a hat are related
to the initial ones via an evident redefinition. The group elements (3.9)
collect all the parameters of the coset G/G, and hence can be taken as
the representatives of the latter. These are the true curved space analogs
of YM({;) (2.4). Doing as in Sect.2, one may now construct a nonlinear
realization of G in the coset space G/Gy by identifying the group parameters
in (3.9) as the Goldstone fields o

Y™{) = 7 +iB™EL) + 04R(5) + 800, F7 (1)
PG = BerE) i) 0 (30)
and postulating the following transformation law for them (cf. (2.5")
GM(Y(4e)) = M (Go((1)) , (3.11)
Gp(&) = &7 = 27 +am(GM, V) |
Gh(Co) = 0% = 0¥ + o (GM, V)" L (312)

The induced general covariance and L(2, C) transformation parameters ap-
pearing in (3.12) are composed out of the group parameters entering into
GM({y) and of the G/G, fields. They can be read off from the explicit form
of the transformations of 7 and 8% '

57 = > [m(@n +iB(80), Mew) + 6™ (Gr ~ iBGE) M&)| (313)

0% = 6;D,G*(& + ié(iL),éL)IH(m = @L(EL)0Y (3.14)
where
D 3 sm(~ ~1\n 5 3 " d
Dy = 0, +x0(EL AT 0,, Oy = =7
o ¢t .
AL = 8 +10,B™(3L) (3.15)

We quote the transformation laws of several coset fields
gt 1 _ L= . I o -
B (@) = [6™ (51 +iB(3L), ME1)) — G™(51 ~ iB(21),X(21))] (3.16)

10

X7 (3y) = %D,G™ (5 +ié(5L),éL)|§.L=A(m . (3.17)

() = G* (31 +iB(21), MZL)) - (3.18)

The group transformations of the remaining fields can also be explicitly writ-
ten (we give below the transformation law of g*, eq.(3.37)J but these do not
look too enlightening. As was expected, all these coset fields in their trans- -
formations involve inhomogeneous pieces typical for the Goldstone fields.
One may directly check that (3.13)—(3.18) indeed possess the group struc- -
ture inherent in transformations (3.1) we started with. 1t is worth mentioning
that these transformations involve nonlinearities in the coset fields even upon
restriction to the stability subgroup G,. Nevertheless, the latter preserves
the origin in the manifold of Goldstone fields, in full agreement with the gen-
eral definition of the stability subgroup in the theory of nonlinear realizations

1.

3.3 Relation to initial superspace formulation

At this stage, the nonlinear realization constructed bears no direct relation
to the geometry of unbroken theory. One deals with the superspace C%2 =
{#p,04} = {64} and the superfields of specialform Y ({1 ) given on it. Put
together, these constitute a closed nonlinear representation of the group G -
in their own right. . .

Recall, however, that the fields possessing inhomogeneous transformation
laws similar to those of the above G/Gj coset fields (except for goldstinos) are
already contained in the linear realization gauge superfield H™(z) (eqs:(3.6)).
To avoid the doubling of degrees of freedom we are then led to relate both sets
of fields by an equivalence transformation. This can be dope after establishing
a link with the linear realization of N = 1 SG group.

A key step in revealing the relationship between the two realizations of
G is to get sight of the fact that }.’M(EL) transform under G in precisely the
same manner as the original coordinates (M of C*? and therefore can be
identified with them .

(o =YM) : (3.19)

This relation generalizes (2.9) to curved space.
Further, one may single out in C** = {(}*} a 4 | 4-dimensional real

hypersuiface R4 = {:7:'",5“,5“} = {zM} by the embedding conditions anal-
ogous to (2.11) . : :
Imir = A3,6,0)

Re it = 3 6L=§ (60)=0 (3:20)

Il

4 According to the linearization lemma [7], the transformations of this type can alw:{ys
be made linear by a field redefinition.
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Putting together eqs.(3.2), (3.19) and (3.20) yields the relations between the
coordinates of superspaces R4* and R :

o™ = % [f’"‘(:': +ill,6)+ V(& - iﬁ,ﬁ)]
6" = Y“(z +ill,0), ¢+ =V (z-if,5)  (321)
H™(2,0,0) = 5- [Y”‘(i vl ) - T (5 - zH,ﬂ)]  (3.22)

The G transformation properties of z* and H ™(Z, (5, 5) are as follows
# = 5m o+ L [an(E +if) +am(E - i) (3.23a)

A" (2, §,6) = H™(5,6,0) + & [a™(2 + i) - a™(3 - i) (3.23b)

By inspecting the transformation laws (3.23) one concludes that the lower-
dimensional components of H™(3), in contrast to those of H™(z) in (3.3b),
transform homogeneously, with no field-independent gauge shifts. Moreover,
their set is closed under the action of G because the components of higher
dimension do not enter into transformations of the components of lower di-
mension. Thus one can put

H™(3 )|a- =9 H”‘(z)I = 5u5,ﬁ”(2)}§=0 =0 .(3.24)

without conflicting with G covariance. These constraints settle the sought

equivalence relation between the Goldstone fields B™, X Fm™ and the pure
gauge components of H™(z)

B"'(::L) = H™(&r, M%), M%)

X&) = 28,H™(z,6, a)) _
Fm(3) = -2 [A“A H™(z,0,0) - q“(z)A H™(z,0 a)]' (3.25)

where [2]
. A, =08, +iAH"O,
CALH™ = (1- 1K) 9, H™, Hy, = 8, H" (3.26)
and the symbol |, hereafter means restriction to the four-dimensional hyper-
surface
maym, 0= X, O = 3).

Thus we succeeded in formulating the nonlinear realization of G in the
coset space G/G, via gauge multiplet of conformal N =1 5G and two extra
goldstinos A¥(z), ¢#(z). Substituting the expression (3.25) for B™(%;) into
(3.13) yields a model-independent transformation law of the first goldstino

in N =1 SG group. This field transforms through itself and the components
of H™(z).
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3.4 Ehmmatmg second goldstino

It turns out that the above set of fields is not yet minimal. It can be further
reduced by ellmmatmg g"(z) at the expense of the remaining fields.

To see this, we need to plunge into the structure of H™(z). After i 1mposmg
constra.mts (3. 24) it takes the form hlghly resembling H™(z) in the WZ gauge
A™(3,6,0) = Go°der ™(5) + 00 M'v-(i) T i

+ 06 'e(A'"(x) '"""'é.,,.(x)é,,a:(i))f; (3.27)

However, in contradistinction to the WZ gauge for H ”‘(z) this form of H ”‘(z)
is retained under the action of full group G N

FEme = E§,8E™ L 63", — SeE
P = Jpd.am - §a g - SILPr - SThgr - (3.28)
- P . - 1 - i ~ —i
5 A" = kg~ 635, Am — ~siA - 416"'(5&;; - 63) (3.29)

where §0* = 1/2(6°0°6w) +1/2(0" 5%6@) and 6@f, 65 (6w“)' 6a™ are

infinitesimal parameters of transformations (3.12). We see that &' and A™.
have the transformatlon properties characteristic of the v1erbem and the -
U(1) gauge field.- It is easy to check that they are related via an equ1valence

transformation to their counterparts in "‘(z) L

&m™z) = e'""(i:) + o
A™(E) = A™E) + ...
where dots stand for the terms of higher order in the involved fields. An

- —=mp . . .. .
important point is that Y™,  transform homogeneously and so carry de-
grees of freedom inherent in a massive spin 3/2 field. The lmea,rlzed structure
of g™ i is-as follows . ;

F™ = Y™ 4 5 (BuAa®t) + 6P (0%) + ...,  (3.30)

thus indicating that ™ is a covariant combination of massless spin 3/2 grav-
itino 9™ and goldstinos A#,¢*. It is worthwhile to mention that e, yp™*
are the obvious gauge-cova.ria.nt.iza.tlon of the flat space objects T™?, V ,, A*
(2.14), (2.15). In the flat space limit H™ (3.27) goes over to (2. 13)(see Sect.5).
In fact, it is'straightforward to find the explicit expressions for €™ ¢"‘“ Am

in terms of H™ and M, ¢*.. For our purpose it suffices to'know e‘"",t,(:

(@) = (T)]e" (3:31)

1 .
A';"rg;.,) — 2i(0°)3Erd A% ~ ;0% (332)

2

ad s . —=m 1 &
Y, = &n(8.) %Y, = srm
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= DpBzH™, T = ~(Aa’,,A‘- Aa,,A)H"" (3.33)

/g —6’"

: — 0, 0A H"‘, (3.34)

Here o ‘and ¢ are well-known bu1ldmg blocks of the differential geom-
etry formalism of N = 1 SG in the OS approach [2] (the vertical line
mdlcates as before that all these objects are placed on the hypersurface
™ = §™ 0% = A\¥(£),0% = Xi(%)). The matrix (3.34) is the genuine curved
space generahzatwn of the Volkov-Akulov vierbein (2.14) while (3.32) gauge-
covariantizes the flat space covariant derivative V,A*. Thus these quantities
can be regarded as the coefficients .of Cartan’s forms associated with the
nonlinear realization of N =1 $G group we have constructed.. _
The transformation property (3.28) and the explicit structure of e
suggest that ¢*(z) can be covariantly eliminated by imposing the constraint

Tt!ﬁ :
Y3 =0  andh.c. (3.35)
whence ‘ - '
¢“(z) = —r‘“’Aﬂrﬁd — 2iE7(Om x&“)" (3.36)

Eq (3.35) is manifestly covariant w1th respect to the group G which guar- ‘

antees that ¢#(z) (3.36) possesses correct transformation properties.

An important property to be taken inté account when checkmg the last
statement is that the L(2, C) matrix $;#(£,) in (3.14) with §7*(3,) defined
from eqs.(3.25) coincides with the linear realization L(2,C) transformation
matrix [2, 24] restricted to the hypersurface 2™ = &7,0% = M(3;),0% =
A"(:BL)

Fh(E1) = D, G*(&1 +iB(21),01) |sore,y =

. =A,Gz+iH(z,0,0),0) |5, = (pf,‘(z)liL (3.37)

where A, is defined in (3.26). Note that the transformation law of ¢* is

essentially simplified after substitution of the explicit expressions (3. 25) for
the G/Gy coset fields

@) = T ENEENG (E) - ¢ (EAG),
PlE) = det Fi(E) (3.38)

One more remark concerns the uniqueness of constramt (3.35) and hence
of the non]mea.r realization constructed. ,Generally speaking, one might

equate "l’ﬁ to any extra spinor X* having the same transformation prop-
erties under G

% @)= 1x(2) (3.35)
| FRE) = - 8a"0.x(2) ~ 65LK7(E) + 625RN(&) (3.39)

14;

Although there is no appropriate % in the pure SG sector, a field of this kind
may be present among the components of matter or Yang-Mills superfields
written in the nonlinear realization superspace bases. The explicit expression
for ¢* deduced on the ground of (3 35') differs from (3.36) by a linear term
proportional to X%(z), so the expressions for the G/G, coset superfields (3.10)
with the coefficients (3.25) are modified in the 6.0, terms. However, one
returns to the prevrous case after the analytnc replacement ‘

, , ‘ ; , ceoai 2 :
0" — HL - 0L9LXM(IL) CL P (3 40) /

preservmg the transformatlon property (3.14). ThlS change of, Grassmann
variable cancells all the extra terms in q“ and F and also redefines '¢v"'“,¢ i

: 1,1, '_. 1,1, —»z"(&'*)"""‘

so that they satlsfy the previous constraint (3.35). Thus the latter is most
general and the nonlinear realization we are consxdermg is unique.

5

3.5 Resume

We have coustructed the nonlinear realization of the conformal N = 1 SG
group G in the coset space G/Gy, Gy being the subgroup of G consisting of
the general covariance transformations in R* and the tangent space L(2, C)
rotations. This realization is compatible by construction with the super-
space geometry, of conformal N = 1 SG and is minimal in the sense that:
it contains only one extra field, goldstino A*(z), in addition to the fields of
SG gauge multiplet (8 + 8 fields off shell in the W2 gauge). In Sect.5 we
shall demonstrate how to represent the superfield actions with spontaneously
broken local supersymmetry in mamfestly geometric terms of the nonlinear
realization (in application to the case of Einstein N = 1 SG).

Before ending this Sect. let us remark that other choices of Gy are in
principle admissible. All these can be treated along similar lines.” Ior in-
stance, it is a conceivable option to include into Gy the local supersymmetrv
with parameter 7*(z)

G
Ga (&)

5:? + a"'(:z':[,)

X T T
‘0{+w,‘,‘(:i:1,)0'i+—91,01,11“(u) o (341)

.

These transformatlons are easily checked to close. The correspondmg coset
representatives YM(CL) can be got from (3.10) by putting there ¢*(£) = 0. A
formal dlfference with the case already considered is that the relevant $™*(3)

and 1,[) (:z:) transform inhomogeneously under n-supersymmetry. However,
one may completely fix this gauge freedom by imposing the gauge condition
coinciding by form with constraint (3.35). Under this choice of gauge the
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theory in question coincides with the previous one taken in the gauge ¢*(z) =
0. . . ‘ N

" Finally, we wish to point out that it is a matter of the choice of a concrete
model which pattern of spontaneous breakdown G — Gj really comes about.
" However, once that pattern is fixed, it can be further treated in a model-

independent geometric way within the schemie presented here.
‘ b

4 Geometrlc structure of spontaneous su-

persymmetry breakdown in Emsteln N=1
supergrawty

For simplicity, we confine our conslderatxon in this paper to the old minimal
version of Einstein N = 1 SG.Other versions (nonminimal and new minimal
ones) can be treated analogously, based upon their geometric superspace
formulatlons i5)- .

¥

4.1 Sketch of unbroken case

Like in the preceding Sect. we start with a brief account of geometrlc basics
of the unbroken theory.

For our purpose most suitable is'the formulation of Einstein N = 1 SG via
a chiral compensator [3,4]. In this formulation, the underlying gauge group is
the same as in the conformal case and'it is given by transformations (3.1).The
crucial new feature is the presence of a compensating chiral superfield S({.)
which transforms under the group G according to "'

§'(¢) = I’I(CL)S(ﬁL), I((1) = Ber (%CCLLT) . 4.1)

This superfield is pure gauge and it is assumed to start with a unity. So it
can be made equal to unity by choosing an appropriate gauge. The subgroup
of G which preserves this gauge is just the subgroup singled out by. constraint
(3.5).This subgroup does not contain local conformal supersymmetry and lo-
cal L(2,C)/SL(2,C) transformations which thus turn out to be completely
compensated. Correspondingly, some components of the axial-vector prepo-
tential H™(z) lose their status of pure gauge degrees of freedom and become
auxiliary fields. This concerns the field A™(z) and the longitudinal part of
F™(z) (8,F™(z)) in the decomposition (3.4).. Besides, the gauge group act-
ing on the vierbein and gravitino degrees of freedom is reduced by one local
bosonic and four local fermionic parameters. As a result, the Einstein N ='1
SG multiplet contains 12 + 12 fields off shell (in the WZ gauge for H™(z)) as
distinct from 8 + 8 off-shell fields of conformal SG. In any other gauge, the

component fields of the SG multiplet are distributed between the superfields’

H™(z) and S(¢;). Thus these superfields are the primary geometric objects
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of minimal Einstein N =1 SG. In what follows, we shall not fix their gauge
with respect ‘to the group G in order to have manifest G covariance at each
step. .
From the geometric point of view, the distinction between conformal and
Einstein N = 1 SG’s roots in the different choice of the tangent space group
The latter is L(2,C) in conformal and SL(2,C) in Einstein cases. Having
at our disposal compensators S (CL), (CL), we may define the densmes FF
[2, 3] transformmg in G as

Fl=iF, P=@iF " (42
wnere - . .
p =det p(2), @l =A0G(2) - (43)

ahd construct SL(2, C) covariant spinor derivatives
Vu=FA,, Vi=FA;, V, =0i@ep ()0, = ()0, (44)

The objects V ,,,‘6;,, F and F are the basic building blocks of the differential
geometry formalism of Einstein N = 1 SG [2,3]. The explicit expresslon of
F, F through superfields H™(z), 5({z) is as follows

F=25"5185-55%, F=(F)t = 23-3rbs-35% (4.5)
r=)=detr®, "= :x"a(&,.)‘.m

where the matrix ro has been already defined in (3.33).

4.2 Nonlinear reallzatlon of N=1 SG group in Ein-
' stein case

After these introductory remarks we are prepared to turn to our task, i.e. to
constructing a nonlinear realization of G adequate to spontaneously broken'
Einstein N =1 SG. )

As before, we begin with specifying the stability subgroup Gg(). In
the present case it is natural to choose it-to consist of general covariance
transformations of 7' and the tangent space SL(2, C) rotations of §*

GEw((t) = 2f =2] +a™(z1) .
Cooy(C) = 0% = i (z)eh(z)0) = (=)0 (46)

Respectively, the relevant coset representatives }"IQ‘ (EL) should incorpo-
rate the L(2, C)/SL(2, C) parameters which have dropped from the stability
subgroup. It is convenient to represent f’lf;” ((. 1) as a result of the change of
variables in (3.10)

EP o 5P, 08 o fhetCo), YM VM (4.7
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whence - &

T+ iB™ (:1:1,) + aLx,, (£1)e*®0) + BLBLF"‘(:::L)e”("')

T=YF) =
0£= ~£(CL) — all ¢(¢L)+,\I‘($L)+ gLanJ‘(zL)eZN’L) . (4,8)

The addxtlona.l complex field qS(:cL) is the L(2 C)/.S'L(Z C) coset coordmate
All the remaining Goldstone fields are the same as.in (3.10).

' The transformation law of ¥4 is given by the generic formula (3.11)

with the obvious replacement éo - G E(r). One may easily check that the

R* coordinate 7 and the old coset fields have the same laws as in the

conforma.l case. The quantities 0 a.nd $(£1) are transformed according to

v

= ¢ (21)@h(20)0% = .‘r.,(u)ﬂm i D = 33 (#1)e**) (4.9)

SP.,(EL) = ob(2)l;,

It follows from this consideration that constraints (3.24) and (3. 35) remain,
covariant in the case'in quéstion, therefore expressions (3.25) and (3.36) for
the fields present in (4.8) do not change. The components of the nonlinear
realization prepotential H™(£) are slightly modified as a result of substitution
(41

t

ROROPEIE

ar(E) = e
~E“(:‘i:) = e M(z) ¢(=)¢,Mu(z) .
p@) = oo [A“(=)+ Lomis- 9) (410)

The meaning of this-modification is transparent The ob]ects in the Lh.s.of
(4.10) undergo only induced general covariance and SL(2,C) transforma-
tions while the G transformations of the old quantities &*™ , 9™, A™ involve
in addition the induced L(2,C)/SL(2,C) terms (recall (3.28) and (3.29)).
These terms are now compensated by the transformation of ¢(z).

4.3 Passmg to 1rreduc1ble set of ﬁelds

The last’ questlon to be answered is how to relate qS(:c) to the fields of linear
realization. Indeed, like in the preceding-Sect. we aim at having the mini-
mally possible set of fields in the nonlinear realization of G, that is 12 + 12
components of SG multiplet plus four fermionic degrees of freedom associated
with goldstino A#(z).

We proceed by rewriting the compensatot S(¢) in the nonlmear realiza-
tion superspace basis {1}

5(¢2) = Ber™ (a?) 5&) (a1)

18

.

a¢ ' acy sz Y
‘Be?‘ (a(i") = I((L) - Ber (%) I7Y¢) (4.12)
§(1) =158 (4.13)
I((L) = Ber <6Q ) = det (ai’g') = det(8™ + 8,6™(%1)) 414
aziv 35:’5 - n n zL ( . )

where ¢ and (¥ are related by (4.8).The conformal densxty F(z) (4. 5)
redefined as

F(z) = 54(3) () (4.15)
o(2) = det(A,07(3))
F(z) = 237 iRgET ; (4.16)

where

©(2) = det 9(3), wi(2) = A,0" = (&) + (A ,,7,,) 6 (4.18)
and A, 7,1 are defined by eqs. (3.26), (3.33) and (4.5) with H™(z) i'eplaced
by AE ().

Keeping in mind (4.16), the transformation law (4.17) of F'(3) and the
property det % = 1 one reveals that the lowest component of F( ) starts
with a constant (which can be put equal to unity without loss of generality)
and does not transform i‘l'nder the group G. So, the constraint

4 F)|,_ =1 ' o (419)
is manifestly G covariant.Taking into account that
A8 (3) |5 = 824D ' (4.20)
one readily deduces from (4.15) and (4.19‘)
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e¢(i)§F(z) s=e b s S¢(2)S, %(5:)+O(z\,:\) (4-21)

e = det e]'(Z)
where 5y(%), 55(Z) are the lowest components of S, 5 and dots denote the
terms of higher order in fields.
Thus all the originally introduced coset fields proved to be expressed as
functions of the SG fields and goldstino A#(z). This shows that the nonlin-
ear realization of spontaneously broken Einstein N = 1 SG group we have

gmstl)'ucted is indeed minimal (for the glven choice of the stability subgroup
E(0)
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From (4.16) and (4. 19) it follows that :
s|,_ =él= (det i (a:))_ | (4.22)

thus mdlca.tmg that S((L) has the form
S(G) =g 1+ 8 5,‘(” )+ 010, M (1)) (4.23)

“IThe component M(%;) iswa scalar of G while E“(IL) undergoes also the
induced SL(2, C) rotations

G: E(F) =3 "(E)E (L), M'(3)) = M(z,) (4.24)

Of course, these fields are related by an equ1valence transformation to their

counterparts from the SG multiplet.

The ultimate result of our study is that the basic geometric objects of
spontaneously broken Einstein N = 1 SG are superfields HE(2), 5({1) acco-
modating the set of fields

- —=mg - - -
{e5°(2), ¥E"(2), ¥ (8), AF(2), £(2), M(2)} (4.25)
Note that the Goldstone fermion /\“(:E)A proves to be completely hidden in-
side these objects which can be regarded, like in the conformal case, as an
appropriate generalization of Cartan’s forms of the nonlinear realization of
rigid N =1 supersymmetry. One can be easily convinced that they carry
just. 12 + 16 essential degrees of freedom. This is verified with taking ac-
count of constraint (3.35) * and the fact that the group G is realized on
these fields by induced general covariance and local SL(2,C) transforma-
tions. Though goldstino A\*(z) does not appear explicitly in the set (4.25),
it essentially enters into the induced transformation parameters. One should
keep in mind this property when analyzing the Lle bra.cket structure of these
transformations.
_ Finally, we mention that a.nother way to construct the nonlinear real-
ization adequate to the Einstein case is to proceed from the supervolume-

preserving subgroup of G singled out by. constraint (3.5) [21]. It can be,

shown that the arising theory is related, via an equivalence redefinition of
superspace coordinates, to the S(¢;) = 1 gauge of the theory constructed
here. In terms of the nonlinear realization objects this gauge is implemented
as (see eq.(4.11))
S(éY=B (2(_!{)
(CL) = per azgf

S According to the remark in the end of Subsect.(3.4), one is free to choose equivalent

forms for-this constraint, e.g. to set
—uf . L .
¥s (2) = £4(2)
All these options are related by the analytic changes of 6# of type (3.40).
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5 Discussion and comments -

Having defined the adequate nonlinear reahza.tlon of N =1 SG group and
being aware of how it is related to the conventional superspace formulation
of N =1 SG we are ready to promote to curved space all the considera-
tions carried out earher in rigid V = 1 supersymmetry [16-18]: to rewrite
the actions with spontaneously broken supersymmetry in terms of nonlinear
realization, to construct superfields from the nonlinear realization fields, etc.
Here we briefly concern all these issues with emphasis on the peculiarities
brought about by local supersymmetry. We shall restrict ourselves to the
case of Einstein SG.

5.1 SG actions'in terms of nonlinear realization

Given any G invariant model exhibiting the spontaneous breakdown G =
Gg(o), one can equivalently rewrite its superfield action in the superspaces
cHz = {CM} and [ or R.""4 ='{z} possessing standard transformation proper-
ties relative to the nonlinear realization G/GEg(o) constructed in Sect.4. To do
this, one has to make the change of variables (M = 52” ,2M = M in the ac- -
tion (with taking account of (3.25) and (3.36)). A crucial difference from the
analogous procedure in the rigid case {16, 17] lies in that these changes have
the form of original gauge transformations (3.1), (3.3) and (4.1), though with
the field-dependent parameters.So their net effect on the action is reduced to
replacing elsewhere H™(z), S({1) by I?E;"(E), 5’((},) In this splitting™ basis
all the other superfields ( the matter or Yang-Mills ones) are represented. by
components which are transformed. under the whole SG group G according
to its stability subgroup Gg(o), with the induced parameters @™ (%), 4(z). '
To match the numbers of independent degrees of freedom in the initial and -

new parametrizations, one also needs, like in the ngld case {17}, to set

() =0 ' ()

where x*(z) is composed out of the spinor fields of the nonlinear realization in
precisely the same fashion as the goldstino of the linear realization out of the
initial spinor fields. This manifestly covariant constraint gives the equivalence
relation between the goldstinos of the linear and nonlinear realizations.

To be a bit more specific, let us give the generic form of the nonhnea.rly
parametrized action of N =1 SG in the chlral representation

I=-3 / 05 Als) + [ FLSG) +he (52)

where « is the Einstein constant, 5 and Hy are defined by egs.(3.27),(4.10)
and (4.23), £({1) is the Lagrangian density of matter and Yang-Mills super-
fields brought into the splitting basis and .

—f =2

R(Ag) = R(H) = AA,F* = AR, F  (53)
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After performing f-integration the first piece in s'um""('5.2) takes the fa-
miliar form of component Einstein N = 1 SG action in one of WZ gauges
employéd in [3,4}, with the SG fields replaced by the corresponding quantities
from the set (4.25).°Recall that the latter objects asdistinct from the former
ones carry a representation of the full group G which closes on them with
the same (field-indépendent) bracket parameters as in the initial superspace
realization (3.1). : B o

If supersymmetry is spontaneously broken, £ neéessarily’ starts with a -

field-independent term - :
£(Cr) =mb(626L) + ...

where m,; is a mass characterizing the scale of spontaneous breaking.In view
of the structure of S((z), (4.23), this term produces the self-interaction of
goldstino A#*(z) .. : s - S

) /dGELE(ELI)éLéL = /d’iLdetéf,.(iL) = /d‘iLdetT,:(iL) +... (5.4) )

where detT}?, is the familiar Volkov-Akulov Lagrangian density and so it gen-
erates an induced cosmological term proportional to.m¥, [25, 26]. If there
is also an independent. supersymmetric cosmological term in the pure SG
sector (it amounts to the presence of #-independent constant piece in £ [3]),
the component M (%) in S((z) (4.23) acquires a non-zero vacuum expecta--
tion value, M (£) = const + ..., and,.as a result, additional contributions
to (5.4) appear both from the first and second pieces in (5.2). The effective
cosmological constant can;be then made equal to zero by adjusting param-
eters (simultaneously this fixes. the mass of a gravitino). This mechanism
of annulling thé cosmological constant by the super-Higgs effect has been
diséoveped in [26, 27].. The nonlinear realization form of N = 1 SG action
permits one to see how this mechanism works without entering into details
of C(C L)-
Let us_now dwell on the relation with the.pioneering paper by Volkov
and Soroka [25] where spontaneously broken local N = 1 supersymmetry
- has been implemented as a direct gauging of nonlinearly realized rigid su-
pérsymmetry in ordinary space-time and where the super-Higgs effect has
been discussed for the first time. The basic objects of this theory are also
some gauge-covariantized Cartan’s forms 5"z}, $7*(z) built up from the
goldstino and the gauge fields of spins 2 and 3/2. Local supersymmetry is
realized as induced general coordinate transformations of these objects, with
the parameters composed in a proper way out of the goldstino and spinor
gauge functions. However, the explicit expression of these objects in terms

®For entire coincidence with the minimal Einstein SG component action as it is given

- =B —pm
in [3], it is convenient to identify £#,{ with the spinorial parts of ¥5 ,%%" using the
freedom mentioned in the previous footnote.
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of the goldstino and gauge fields essentially differs from that of the quanti-
ties g™, Y5* given above. Besides, the Lie bracket structure associated with
the invariance group of this theory does not-coincide with that of N = 1 SG
group and, respectively, the transformation laws of the goldstino are different
in both theories. Nevertheless, despite these distinctions, any action com-
posed of the Volkov-Soroka Cartan’s forms in the invariant way with respect
to general covariance and local SL(2, C) transformations will be automati-
cally invariant under N =1 SG group. Indeed , one may identify both sets
of forms ”by hand” and re-express the Volkov-Soroka gauge fields in terms of
fields of N =1 SG multiplet and the relevant goldstino. By this procedure,
one implements N = 1 SG group on the objects of the Volkov-Soroka theory.
Invariance of the action follows from the fact that this group is again realized
as general coordinate and local SL(2, C) transformations. In other words,
.both the Volkov-Soroka and standard N = 1 SG gauge groups tan be real-
ized on the same set of objects and, as a matter of fact, these groups coincide
modulo some field-dependent general coordinate transformations and local
SL(2, C) rotations. From that standpoint, the component form of the first
integral in (5.2) (with the nonpropagating fields A7, A™ eliminated”) can be
interpreted as a special choice of the Volkov-Soroka action containing a non-
minimal term which is quartic in ;{:?“,w“ and enters with a fixed coupling
constant.

It is noteworthy that any G invariant action in ordinary space-time con-

-, 7 Zmu .
structed from e, 5" »¥ g can be equivalently rewritten in terms of gauge
superfields of the linear realization S(¢;), H™(z) and goldstino A¥(z). To
this end, one should simply complete the integrals over R* 'in these actions
to those over R** or C*12 by using the identities ' .

1= [ @@ or 1= JEAD,
and then perform the change of variables ¢ MM and/or M, M Extra

terms appearing in the SG action exhibit in general an explicit dependence
on A¥(z) which disappears only in the unitary gauge A*(z) = 0.

5.2 Superfields from nonlinear realization fields

The main advantage of the present approach should be seen in its manifestly

. geometric character that allowed us, among other things, to find the explicit

relation between original N = 1 §G superspaces C*2, R** and the noulinear
reallzat.lon ones C*? R, The knowledge of this relation makes it possi-
ble, as in the rigid case, to work out simple general recipes for constructing

7 et -
As distinct fr.om the case of linearly realized G, elimination of nonpropagating de-
grees of freedom in the nonlinear realization does not destroy the off-shell closing of G

_transformations on the rest of fields because all the nonlinear realization fields transform
independently of each other. ‘
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superfields of the linear realization from the quantities of the nonlinear real-
ization, viz. goldstino A*(z} and the fieldsof N =1 SG gauge multiplet. To

have such recipes is important, e.g., for the model building along the lines of

refs.[28]. . . ) .
The simplest exercise is to build superfields having no external SL(2,C).
indices. One way to do this is as follows - :

w(CL) = 5“((1,)5,‘(&) : (5.5)

where 6# are to be expressed through (! from egs. (4.8) (this can be done
by iterations).A more complicated problem is to set up superfields possessing
nontrivial transformation properties with respect to local SL(2,C). The
origin of difficulty lies in that the SL(2, C) frames of the linear and nonlinear
realizations do not coincide and one needs "bridges” relating these frames to
each other. ’ . :

To construct the bridges, we first introduce the objects

a¥ = 8,0, aym=0nET . : (5.6)

transforming as (the coordinates with prime are deéfined by (3.1),(3.12) and’

(4:9))

3 N' M ~=lv(=x —1m! _ ot /M ~1n 4 ~m'
»af =0MCL =@ Yy “(21), ay " =OnCL oM - On 27

Using them we may convert any covariant world tensor or SL(2, C)"spinor )

of the nonlinear realization. (e.g., in the left basis) into appropriate chiral
world tensors of the linear realization (contravariant world tensors of the
nonlinear realization can always be transformed into covariant ones by means
of contraction with the metric fmn = E5mEEan)- These objects can further be
converted into SL(2, C) tensors of the linear realization by contracting them
with proper components of the left or right supervielbeins lﬁl,_rf," = (M)t [2]
and of their inverses. For our purpose; it is sufficient to have the components
M ‘ t

M2 v z)-lg(z)-aﬂ(L '
U() = ) Bele) O (5.7)
where 7§(z) are defined in (4.4). The explicit form of these objects can be
found, e.g., in [2] and we do not give it here. As a simple example of applying

this procedure we quote a spinor N =1 superfield whose ;omyponents are
functions of the goldstino and the components of SG multiplet

¥*(2z) = l?v(z)af(CL)é“(CL)

It possesses normal transformation properties under the linea.r realization
of Einstein N = 1 SG group. Note that from the standpoint of the linear
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realization the superfields of that kind are singled 6ut by the nonlinear con-
straints of the type considered in [20]. The latter look rather complicated
and, like iq the rigid case, it is difficult to indicate any general principle of
how to seek them.

It is worth mentioning that in the local case there are much more possibil-
ities to construct the superfields of this sort compared to the rigid case. The
reason is that in the nonlinear realization of SG one may form the quantities
with the tensor type transformation laws not only from g~ (as in the rigid
case) but also with making use of fields (4.25) and the covariants constructed
from them by standard rules of Riemann geometry.

Surprisingly, the SG multiplet, in its own right, can be covariantly con-
structed entirely from the goldstino, the linear realization vierbein and pure
gauge components of N = 1 SG multiplet. All the other components (the
gravitino field and auxiliary fields) can be expressed as nonlinear functions of
these entities by equating to zero all the fields in the set (4.25) except for the
vierbein field that is a manifestly G covariant procedure. Of course, such a
composite SG multiplet, though possessing correct transformation properties
under SG group, at the classical level does not give rise to any new dynam-
ics beyond that connected with ordinary gravity (in the gauge A*(z) = 0
and a WZ gauge for the SG multiplet we are left with the single vierbein
field). However, it could generate nontrivial supergravity interactions after
quantization, as it was suggested, e.g., in a similar context in [29].

5.3 Flat-space limit

Finally, we discuss the flat Minkowski space limit of formulas obtained in
Sect.3,4. This limit can be achieved by letting x — 0 elsewhere or, equiv-
alently, by equating to zero all the members of the SG multiplet except for
the vierbein which reduces to its flat Minkowski part e*™ = n*™. We have

ARz = H™() (2.13)

#z) => 0
B™ = Xo™}, ¥ = 2i(0™N)a
J AN %qa’":\, ¢ = 2i(0™V . A)*
&(F act
5(&) = Ber (— | (5.8)
acy!

Correspondingly, relations (4.8) go over to
2T = FP 4 iA(EL)o™MEL) + 2i0,0™A(FL) + %e"Lt?Lq(iL)a“?\(in)
0 = B + N(31) + S0u0L(e™V mAY"
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After the additional replacement of Grassmann variable
e g8 _.%élél(amvm:\)"

one arrives at the familiar relations of the rigid case quoted in Sect.2.Note
that in the flat Minkowski space limit the Lagrangian density of pure SG in
(5.2) reduces to a full divergence and hence the relevant part of the whole
action vanishes. The Volkov-Akulov low-energy Lagrangian may appear in
this case only from the matter and Yang-Mills sectors.

6 Summary and outlook

In this paper we have constructed the nonlinear realizations adequate to
conformal and minimal Einstein 'SG’s with spontaneously broken local u-
persymmetry. In our study we proceeded from the manifestly invariant geo-
metric description of N =18G’s in superspace via unconstrained superfield

prepotentials.- We have defined the superspaces where these nonlinear real-r

izations are formulated in a most natural way and established their relation
to conventional N '= 1 superspaces. Qur consideration directly generalizes
the analogous one for rigid N = 1 supersymmetry {16, 17] and makes traxs-
parent the underlying geometry of spontaneous supersymmctry breakdown
in the N = 1 SG theories.

Note that many questions we addressed here were earlier treated within
the component [19] and constrained superfield [20] formalisms. Like in .the
case of unbroken theory, the group-theoretic and geometric foundations of
spontaneously broken SG remain implicit when employing these approaches.
In particular, none of the previous authors succeeded in extendmg to curved
space the change of variables which relates ordinary N = 1 superspaces
R**,C*? to their nonlinear realization counterparts R, C*2, (eqs.(3.19),
(3.21), (3.22) and (4.8)). This relation lies.in the basis of our consideration
and it is of key importance for understanding the géometric structure of
spontaneous supersymmetry breakdown in N = 1 SG. It should be pointed
out that all the main conclusions of refs. [19, 20] can be reproduced without
difficulties within the present framework. For instance, the transformation
law of the goldstino found in [20] follows from ours, (3.18), upon passing to
a new basis _

&y = &7 4+ iH™(81, ME1), ME1))
3 (Z1) = X*(%1)
and choosing a proper gauge with respect to the group G.

The methods we have applied throughout the paper are greatly general
and can readily be adapted for other versions of N = 1 SG and for higher
N SG’s in unconstrained superspace formulations. What one really needs to
know is the realization of relevant unbroken SG group in some appropriate
superspace.
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Perhaps, the most perspective new area of possible applications of our
machinery is provided by recent developments in the string and membrane
theories. It has been suggested [10-12] that these theories (in a fixed gauge)
could be understood as an effective approximation of appropriate theories
in higher dimensions which describes self-coupling of the Goldstone modes
associated with spontaneous breaking of some continuous symmetries or su-
persymmetries. It seems that the methods worked out in (16, 17, 21] and
in the present paper may turn out helpful for singling out such Goldstone
modes in a manifestly covariant manner and for revealing relations between
linear and nonlinear realizations of underlying spontaneously broken symme-
tries (like it has been done by us for spontaneously broken supersymmetry).
We end the paper with a bit more detailed discussion of how this could work.

As a matter of fact, the generic transformation formula (2.5) we perma-
nently relied upon applies to any situation where

i.There is a group (or supergroup) G acting as coordinate transformations
on some manifold {n™} (it may involve both bosouic and fermionic variables)

G: M =GM) : (6.1)

and ‘
ii.There occurs a spontaneous breaking of G down to symmetry with
respect to some subgroup Gy leaving invariant a subspace {1} C {n*'}

Go: ™ =Gp(n") n* =9"GLn",0™) S (62)

where we have split indices as {M} = {m, u}. Such breaking may arise, e.g.,
due to some classical solution displaying no dependence on ™. -

To describe this situation irrespective of the choice of a concrete model,
we may proceed by analogy with the supersymmetry case worked out in this
paper. First, we decompose GM(n) in a series in * (in the cases we dealt
with before n* was a Grassmann coordinate) and further define the G/Gy
coset representatives Y™ (7™, ™) by setting to zero all those coefficients in
this series which parametrize the stability subgroup Gy. The remaining coef-
ficients are then the G/Gj coset parameters and they can be identified with
the relevant Goldstone fields. Their behaviour under G is fixed by postulating
for the G/G, coset elements the generic transformation law (2.5)

GM(Y) = Y™ (Go) = Y™ (G (™). 7)) (6.3)

The Goldstone fields are defined to live on the manifold {##™} and they trans-
form under G through themselves and the coordinates 7™ while the latter
transform under the whole G according to the induced G, transformations
(6.2), with the parameters explicitly involving the Goldstone fields. llence
these fields together with coordinates 7™ constitute a closed nonlinear real-
ization of group G in the coset space G/G,. The remaining coordinates 7j*
parametrize the quotient of {7j¥} over {7/} and transform homogeneously,
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also according to the induced Gy transformation law (6.2). As before, the
relation to the original "linear” realization of G- is lmmedxately revealed by
identifying .

: V—Y“(“ ") : (6.4)

and further by imposing the constraints of type (3 24), (3.35) and (5.1).
,The Jacobian of the cha.nge (6.4), J = det (%ﬂ"%) ( Ber in the case of
.. graded manifold), being expanded in powers of homogeneously transforming
- coordinates 7}*, yields in the lowest order the ‘minimal Lagrangian density
of Goldstone modes. The examples presented in [10 12] naturally fit in this
general scheme.
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