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In N =1 conformal supergravity, we completely determine the transformation laws of the most general
multiplets with arbitrary external Lorentz indices, and -then define the spinor derivative operations.
Unconstrained (general type) multiplets exist for arbitrary external indices while chiral and linear
multiplets exist only for purely undotted spinor indices. This comes from the particular fact that the
superconformal spinor derivative is covariant only on multiplets satisfying some restrictive conditions.

. We define also a new class of spinor derivative operators each of which depends on the choice of a multiplet
u playing the role of covariantization but is applicable covariantly to any multiplets. New chiral and
linear multiplets defined through these spinor derivatives exist for arbitrary external Lorentz indices when
@ is a (real or complex) linear multiplet. The connections of these spinor derivatives and constrained
multiplets to those in superspace formulations of Poincaré supergravities are clarified.

§1. Introduction and summary

Supergravity has recently become of increasing interest, in particular, in connection
with realistic model building of grand unified theories. Indeed it has been recognized that
supergravity gives essential (and welcome) effects, for example, in spontaneous
supersymmetry breaking (through super-Higgs phenomenon), mass splitting between
particles and their superpartners and gauge hierarchy.”?

In spite of such increasing interest, the explicit calculations of, e.g., Lagrangian in
supergravity are not so simple enough for the non-experts to follow easily. Therefore it
would be much desirable to develop a simple practical calculational framework of
supergravity. .

The superconformal framework is presumably the simplest and most convenient one.
The conformal supergravity has larger local-symmetries but closes with fewer fields than
Poincaré supergravity, hence being much easier to handle. Poincaré supergravity
theories: (i.e., various auxiliary field formulations of Poincaré supergravity) are
systematically derivable in this superconformal framework. The variety of Poincaré
supergravities simply comes from various possibilities of the choice of the so-called
compensating multiplet, the component fields of which are used to fix the extraneous gauge
freedoms of superconformal theory. Tensor calculi of Poincaré supergravities also result
from the unique superconformal tensor calculus according to those particular gauge-fixing

- conditions. ~

At first sight one might regard the Poincaré tensor calculus as more practical than the

superconformal one since the extraneous gauge freedoms have to be fixed sooner or later,
- and hence the necessary gauge-fixing procedure in the latter is an extra task. But the fact
is contrary. The very existence of those extraneous gauge-fixing freedoms makes it

*) This is a revised version of our previous report with the same title, CERN Preprint TH-3672.
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236 T. Kugo and S. Uehara

possible to simplify the practical calculations greatly. Indeed the particular set of
gauge-fixing conditions corresponding to Poincaré tensor calculus is chosen (and fixed) so
as to fit only pure supergravity system. Therefore once the matters are coupled, it
becomes a bizzare choice of gauge; for instance, the dilatation gauge is such one that the
Einstein term does not take a canonical form —(1/2)R but the form multiplied by a
function of the matter fields. The price to be paid in order to cure this ridiculous gauge
is laborious tasks such as Weyl rescaling and chiral transformation in the component field
level. These are in fact tedious and complicated processes necessarily contained in
Poincaré tensor calculus calculations. But they are simply bypassed in superconformal
tensor calculus framework in which one retains the gauge freedoms to impose a “natural”
set of gauge conditions for each considered system. These points were demonstrated
explicitly by the present authors® for the Yang-Mills-matter-supergravity system which
had been first discussed by Cremmer, Ferrara, Girardello and Van Proyen? in Poincaré
tensor calculus framework.

A further superiority of superconformal calculus to the particular Poincaré one
resides in it§ universal nature as a framework. - For instance, the interrelation between
different auxiliary field formulations of Poincaré supergravity can be discussed only in
superconformal framework, since there is no way in a given Poincaré framework to
describe another Poincaré formulation. It was shown in Ref. 4) by using
superconformal framework that the class of interactions which can be described in the
new minimal and (Breitenlohner’s) non-minimal auxiliary field formulations are only
particular cases of the interactions describable in the old minimal one.”

The structure of N =1 and 2 conformal supergravities is now completely understood

through the long efforts by many authors including Kaku, Townsend, van Niewenhuizen,

Ferrara, Grisaru, de Wit, van Holten and Van Proeyen.”?~® For N =1 superconformal
tensor calculus, a rather complete list of formulae can be found in paper 9) by the present
authors, also in the excellent review articles by de Wit and by Van Proyen.!® (For N =2
superconformal tensor calculus, see Refs.11) and 12)). It is, however, very strange that
there has appeared no literature in which the spinor derivative operation Di(=D,, D) is
discussed in the superconformal framework. In order to define the spinor derivative of
supermultiplet, we need first of all clarify the properties of supermultiplets with external
Lorentz indices, which has not been discussed either up to now. In view of the increasing
importance of superconformal tensor calculus as a practical calculational tool, it is
absolutely necessary to do these tasks. This is the primary subject of this paper. The
spinor derivatives would immediately appear if we want to investigate the supergravity

effects for the matter-Yang-Mills system with “non-minimal” kinetic terms or in the higher

order quantum corrections. Further the knowledge of supermultiplets with external
indices would be necessary, for instance, to investigate the higher N supergravity in terms
of N =1 superfields, or to consider massive multiplets containing spin 3/ 2. particle.
Now we briefly recapitulate the basic points of conformal supergravity.”?
Conformal supergravity is essentially the gauge theory of superconformal algebra
SU(2, 2|1), the generators X of which are Poincaré generators Pn and Maux, dilatation D,
conformal boost K», @ and S supersymmetries and chiral U(1) symmetry A. The gauge
fields %.* and transformation parameters €4, as well as the curvatures (field strength) R4,

*) The proof of this statement is, however, restricted to. the classical level and to the interaction types not
containing spinor derivatives of matter supermultiplets.
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N =1 Superconformal Tensor Calculus 237
are denoted/ defined as

hp XA_e/J Pm _Cl);xmann"l_¢pQ+b/1D+ApA+§Dp.S+fu Km,

e"XA:S’"P,,,%—%A""”Mmﬁ— EQ+0D+0A+ ES+Ec" K,

R = Ru(X*)=0uhu*— 0uh+ P fos?, ' (1-1)

where fas° is the structure constant of superconformal algebra [Xa, Xz}=fasXc. In
order to relate the Pn-transformation to the general coordinate transformation, there are
imposed sultable constraints [Eq. (B-1)] on RZ(P), Ru(Q) and RE (M), by which gauge
fields ws™, @x and f." become dependent variables expressed in terms of other

independent fields e.™, ¢u, Ax and b.. Then the gauge transformations originally given
by '

8)013(68)h/1'4:a;48‘4+ h/uBngCBA , (1'2)

and the algebra receive some modifications: First the changes of gauge transformation
occur only on  and Pr transformations. All the modifications of Q-transformation are

the addition of following pieces to the original group law (1:2) only for the dependent
variables:*®

1

8é(e)wﬂ’""=7R’”"(Q)me , (1-3a)
S e)ou=rir* (roRul A)+ Run( Ale, (1-3b)
O A ——;—RS}%"(S)d"‘“e—%e”‘"ﬁﬁﬁ"(S)yss . : (1-3¢)

The P transformation is replaced by the following P transformation
8?(5’")=8cc(E”‘em“)—A;P&-A(E”‘hmA), (1-4)

where Jcc is the general coordinate transformation and the summation in the second term

runs over all the transformations other than P, transformation. With this replacement

Ppn— Pn always understood when the group index A becomes Pn, the commutator algebra
of the same form as the original group rule

[04(e?), 8a(e®)]= 26c(e“stBAc) (1-5)

holds except for [0p, 8¢] and [8r, §5]. These exceptional commutators are given by®

[82(¢m), dolell=, R Ouemdueat), (1-6a)

[82(6:7), 85(£™)]= E SalEmEREY ), (1-6b)

*) The superscript “cov” attached to the curvatures R#, represents the additional Q-covariantization
corresponding to this modification (1-3) of @Q-transformation law, which is hence necessary only for A=M™", S,
K™ [Eq. (B-3) in Appendix Bl.
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238 .T. Kugo and S. Uchara

For the convenience of practical use, we cite here the explicit form of (1-5)
[8M(/11ab ), aM(/izab )] = 5M(/12ac/1106 _/11“/1261’ ),

d#(£™) Op(A™"E" —p€™)
[(SK(SK”‘) 8;}:(:11”"‘&"-55&”‘))’

[51{(51{7"), Sp(ém)]=280(éx- $)+23M(5Ka5b—fxb§a),
[8a(e), 8x(Ex™1=05(— Ex™rme),  [85(8), 3o(E™)]=00(EmymE),

) 8(a%)+ 8500 )]:_(

[<6Q(6)) du(A%*)+80(0)+0 (0)]— 80(%/1%“6_%" £+%0"755)
8s(g) P A0)|=

N Bl

6510t + o0t — bt

[Balen), Satexl=0(F Exrmes),  [03(80), as( ) =0x( S Eir782),

[Sole), 65(()]:6D(*%E_§>+6M( E0%°8)+84(EiysE). 1-7)

All the other ¢ommutators than appearing in (1-7) and (1:6) vanish. Since the
transformation law of matter fields is determined such that the superconformal algebra
holds also on them, the whole commutation relations (1:6) and (1-7) hold on any fields.
The conformally covariant derivative D on the fields ¢ carrying only flat Lorentz indices,
which will be used frequently, is defined through the P, transformation as

ap(s%=5m<am¢—Agﬁa,,(hmf*)wz's’"pmqs : (1-8)

For more details, we refer the reader to Refs. 5), 9)~13) in particular to the previous
paper” of the present authors. For the notations and conventions we follow van
Nieuwenhuizen’s review article’® throughout this paper, except for some conventions
about two component spinor notations and the dual of anti-symmetric tensors which are
summarized in Appendix A.

This paper is organized as follows. In §2, we discuss the most general
(unconstrained-) type of superconformal multiplets with arbitrary ‘external Lorentz

indices as well as arbitrary Weyl and chiral weights. They are found to exist with no

restrictions. Their full superconformal transformation laws are given in §2.A. We
present a basic theorem in §2.B which is very useful in constructing a new multiplet from
a given (generally reducible) multiplet through any operations (e.g., multiplication,
differentiation). On the basis of those, we define spinor derivatives 9., 9; as covariant
operations on superconformal multiplets in §2.C. We shall see that some restrictive
conditions on Weyl and chiral weights of the multiplet have to be satisfied in order for the
“spinor derivative operations to be superconformally covariant. This is a remarkable fact
particular to the superconformal theory; indeed, in any Poincaré versions, the spinor
derivative operations are applicable to any multiplets.

Section 3 is devoted to the discussion of constrained-type multiplets and tensor
calculus. It will be shown in §3.A, B that chiral multiplets exist only for the case of
purely undotted spinor external Lorentz indices. The same is. true for the linear
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N=1 Supercohformal Tensor Calculus 239

multiplets. These facts come from the above mentioned restrictions for the
superconformal spinor derivatives. The chiral projection operator I7 is also defined
there, and various identities for multiple operations of IT and 9., 9 are derived. The
constrained-type muitiplets are noticed to be expressible in terms of unconstrained
multiplet (i.e., prepotential) also in this superconformal case (§3.C). Multiplication rules
and explicit component formulae for arbitrary functions of multiplets are given in §3.D.

In §4, we introduce yet other spinor derivative operators 9., 9,"™ which we call
“u-associated spinor derivatives”. This new class of derivatives can be defined only
when we prepare a Lorentz scalar multiplet and use its component fields to covariantize
the operation in addition to the usual conformal gauge fields. Therefore these spinor
derivatives become dependent on the choice of the u multiplet but instead become
applicable (i.e, covariant) to any superconformal multiplets. On these points, the

u-associated spinor derivatives bear much resemblance to those in Poincaré
‘supergravities. In fact, in the last subsection 4.D, 9. and 9 ;™ are shown to coincide
essentially with the Poincaré spinor derivatives 9,° and 9 when u is chosen to be the
compensating multiplet of the corresponding Poincaré supergravity version (i.e., u=2»
(chiral), Lo (real linear) and £ o(complex anti- llnear) for the old minimal, new minimal
and non-minimal versions, respectively.

But before that, purely in superconformal framework, we first clarify the relation
between the previous conformal spinor derivative 94 and the u-associated one 9D ;™
(§4.A). Next, defining the vector derivative 9, also, we demonstrate how the
commutation relations of those u-associated derivatives (and hence “curvatures” and
“torsions”) are calculated from superconformal algebra (§4.B). These commutators
show remarkable facts: the “u-chiral multiplets” X4*, defined by the constraint
D, W2, M=(, exist for arbitrary external Lorentz indices A when & is a linear multiplet,
L (real) or .L (complex). Otherwise, e.g., when u= X(chiral), the u-chiral multiplets exist
only for purely undotted spinor indices. (These correspond to the facts which are
well-known in the context of the old minimal (u= %) and non-minimal (u=.,) Poincaré
supergravities,""'® but are less known in the new minimal case (z= L,).) All the u-chiral
multiplets reduce essentially to the usual superconformal chiral multiplets for purely
undotted spinor-index cases. Quite the same results hold also for the “wu-linear multiplets”
(§4.C). It should be noticed that the presence of the u-chiral multiplets in superconformal
framework implies that even in old minimal Poincaré supergravity framework one can
have chiral and linear multiplets with arbitrary external Lorentz indices if a matter
multiplet L or .L is prepared as u.

Appendix B gives a collection of identities and transformation laws of
superconformal curvatures R.(X*) which are necessary to check the vahdlty of
superconformal algebra on general-type multiplets.

§2. Conformal multiplets of general type; €V,

2. A. Superconformal transformation laws

Now in this section we concentrate on the multiplets of most general type in
superconformal framework and determine their superconformal transformation laws.
The general multiplet SV 4 carries an arbitrary external Lorentz index A representing
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240 T. Kugo and S. Uehara

a set of undotted and dotted spinor indices (@' @m; 81+ Bx). (If it is totally symmetric
both with respect to the undotted indices and to the dotted indices, it is an irreducible
representation of Lorentz group. We, however, do not require this irreducibility property
unless' stated otherwise). <V, has (8+8)Xdim A(dim A=dimension of Lorentz- -group
repr. A) complex components of fields which we denote by™®

CVa=[Ca DLia, Ha, Ka, B na, Nia, D4, ’ (2-1)

where %4 and Asa are spinors with respect to the internal index @ (4-component-spinor)
which we shall often omit hereafter. To the first component C 4, which is defined to have

the lowest Weyl weight in the multiplet, we assign the most general superconformal
transformation law:

0ole)Ca=y&irsBa, (2-22)
8w(A)C 4= A (%) C =229 C ), (2-2b)
80(0)Ca=up C s, (2-2¢)
54(0)Ca=FindCa, (2-2d)
0s(£)C 4=8x(&¢™)C 4=0. : (2-2e)

Here X“° is the representation matrix of the Lorentz generators and the (real) parameters
w and % in (2-2c and d) define the Weyl and chiral weight of C 4 fields. Properties (2-2e)
are enforced by the fact that the S-supersymmetry and conformal boost Kn
transformations lower the Weyl weight while C 4 is the lowest Weyl-weight component.
Since 24 in (2-2a) stands for a general spinor (with respect to internal index ) imposed no
constraint, equation (2-2a) may be regarded as defining the second component % rather
than specifying the property of C 4.

Once the transformation law is settled for the first component C 4, the superconformal
algebra (1-5), (1:6) determines the full transformation laws of the whole multiplet
uniquely (up to the definition convention of higher components) as will be explained
shortly. Therefore we obtain the following transformation laws for the general

multiplet <V

i)  Q-transformations

8Q(e)C’A— 5 ErsZa, (2-3a)
Bale)Ba=(— )5 (irsdla—Ha— Bt D C sirs)e, (2-3b)
5Q(é)ﬂA:‘%‘§i75(BZA+AA), (2-3c)

*) We denote complex component fields generally by script letters C, 2, except for the A-component for
which we use capital greek /. Real component fields are denoted by ordinary letters such as C, Z, or by
lowercase Greek A.
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N =1 Superconformal Tensor Calcukus
Sole)Ka= —%g(DzAJrAA),
6<,2(<‘5)$;n,4: _%E—(sz/{'}' ')’mAA)_%Rab( Q)i757m5(2ab C )A ,

Sale)Aa= (=5 0+ Fat irsD )+ 5 {rneRas( Q)7 5B )
+ 757 mERas(Q)7sym( X% 2% )4}

6Q(e)@A— 5 EirsDAs— g(Rab(A)+rsﬁab(A)xz“z)A

+(—)A e{zys(zab.% (2P C)a}Ra(Q),
where

gmnAE Dm-@nA_DanA_'_%iemnkl[Dk, DL] CA

L e mmn R (M52 C )

:DanA_DanA+ 4

+5 Rab(Q)zA"‘ WCARmn(A) _nCARmn(A)

241

(2-3d)

(23e)

(2-3f)

(2-3g)

(2-4)

and the sign factor (—)* denotes the even-odd of the number of spinor indices contained

in A. (The sign factors all disappear when the component fields Ca, Dia, =

kept on the right most among the factors in each term.)

it) S-transformation:

Bs(g)CAZO ,
5s(§)zA: _Z'(?H‘W}’s)g CA+iYSGab§(2abC )a y

8s(E)Ha=1iE{(w—27s+ m}Lat - Eirsca( 5B ),
é‘s(é’)JfA:%f(w—ZJr nys)ﬁmL%foab(Z“z);,
SS(C).@mA:%C_(erl-Fm's))'msz%fdabrm(S“bz)A,
0s(§)Na=(~ )A“—(ZYsﬂfAﬂLJCA-FQA D C aiys)w+nys)¢

(= P (Z% iyl + K+ B= D C ir)hacast

85(6)D4=iE (n+wr)(Aat5 DB+ Eirsou] 5 A+1D2)}

are always

(2+5)
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242 - T. Kugo and S. Uechara
iii) D-, A- and Kn-transformations; Spax=0p(0)+384(8)+5x(€™)
6DAKCA:wCAP+%Z'nCA9 ,
6DAKzA—<w+ )zA.0+< % %2'7’5)2,49 ,
_ 1. 3
S pax I a= (0 +1)H 0+ (7znﬂA+7J<A)e ,
A(SDAKLKA‘: (w +1 )‘—KAP +(%in‘]{A_%‘ﬂ[A>e ,
8DAK-@mA:(w+1)-@mAp +%Z”—@m,49+ {Zinamn cA+iEmnab(2ab C )A}Sn y
in+-3i75) A0

5DAK/1A (w +‘—)AAP +( ;

H{—(w+n7s)rnB at Casym( ZZE )4} €™,

SoaxDa=(w+2)D 40 +%m.@,49

- {ZWDmCA+2ZanA+2(ZmnDn c )A— iEmnab(Eab-CBn)A}Em . (2'6)

Here the obvious transformation laws under local Lorentz and general coordinate.

transformations are omitted. D stands for conformally covariant derivative defined in
(1-8). The explicit appearance of the curvatures Rm-(Q) and Rm.(A) in the Q-
transformation law (2-3) is a new feature particular to the multiplets with external
Lorentz indices. :

We now explain how uniquely these full conformal transformation laws (2:3)~(2+6)
are determined from the first component (C4) one (2-2). First Eq. (2-2a) defines the

second component %4 (with Weyl weight w+1/2), as remarked before; namely, in the
form

8eCa~%a4. (2-7)

This determines uniquely the transformation law of %1 under the transformations other
than @, ie. M, D, A, S and K» which we denote by X’ generically. Indeed, applying
the dx to (2:7), we obtain

SxZBa~[8x, 8] Cat8o(8x C ). - (28)

Since the transformation X" does not raise the Weyl weight of fields (it is only the Q-
transformation that can raise the Weyl weight), 8x C 4 in the second term is given in
terms of C 4 alone as is seen in (2- 2b~e) Therefore if we require the superconformal
algebra (1-7) of the form

[6X’, 50]—fQX'Y5Y (Y:Q, M, D, A, S,K) (2'9)

to hold, then, by (2-8), 6x24 is uniquely determined from the first component
transformation law (2-2). :
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N =1 Superconformal Tensor Calculus ‘ 243

The remaining Q-transformation J8o(e)%4 is determined by requiring the Q-Q
algebra

[Ba(es), Solea)l = E27™e) D (2:10)
to hold on the previous C 4 field; namely, for a general form
8el€)Ba=F at is@ut Var ™+ Amaiyrst T nso™ e

this requirement fixes uniquely Ama and < mna parts as.
» JmA:DmCA, 9—mnA:O, . (2'11)

and leaves the others %4, L4 and V4 arbitrary. The latter undetermined parts define
the third three components — X4, H4 and — DB 4 (with Weyl weight w+1) and hence we
obtain (2+3b). ‘

Clearly this procedure can be repeated. The (£+1)-th component field(s) ¢***? (with
. Weyl weight w+%/2) is (are) defined through the Q-transformation of the previous 4-th
component ¢®. This defining equation uniquely determines the transformation law
Ox @tV other than 8¢ with the requirement of superconformal algebra (2-9). The Q-
transformation 8¢**" is determined in such a way that the @-Q algebra (2-10) holds on
the previous component ¢®. The undetermined part there defines the next higher
component ¢**?, This procedure ends with the determination of 8¢(e)94 in which no
undetermined parts are left to satisfy the @-@Q algebra on A, thus completing the full
transformation laws given in (2-3)~(2-6).

Some comments are in order:

i) As a defining equation of the fourth component A4, we can choose either one of
8oH 4, 8oKaand 60Bna. Probably the choice doH 4 would be simplest. Thus we
can take the following four @-transformations as a complete set of the defining
equations for higher components

a) 00Ca4 (2-3a) defines 2.,

b)  8¢Za (2:3b) defines Ha Kiand Bna,

c) 8eda (2-3c) defines Aa,

d)  SoAa (2:3f) defines Da. - (2:12)

ii)  Although we have derived the full transformation laws (2:3)~(2+6), it should be
noted that »no¢ all of commutation relations of superconformal algebra have been
used in the above procedure. Therefore it is still quite a non-trivial matter to
check whether the full algebra actually holds on all the component fields. What we
have still to check is the unused commutation relations, @-X" algebra (2-9) on K,
Braand D4, Q-Q algebra (2-10) on D4 and the algebra [dxy, 0x.] (Xi', X2+ Q)
on all components. The authors have calculated these explicitly and confirmed
that the full conformal algebra is consistently satisfied by the transformation laws
(2:3)~(2-6). For the reader’s convenience we collect some useful identities
necessary for these calculations in Appendix B.
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244 T. Kugo and S. Uehara

iii) It should be emphasized again that the full transformation laws (2:3)~(2+6) are
uniquely determined from the first component transformation law (2-2) if we
demand the superconformal algebra. This is of course up to arbitrariness in

defining the higher component fields; for instance we could have defined the fourth
component by

Aut aivsRan(Q)Z® C )4 (@; arbitrary parameter)

instead of our /4. This type of arbitrariness is inessential and we have fixed our
convention by (2:3a, b, ¢ and f). We call the transformation laws (2+3)~(2-6)
“standard form” and the above procedure to define higher components by (2-12)
“standard procedure”.

2.B. Construction of multiplet V4 from another ¢

We will often have a necessity to construct a general multiplet €V 4 from another given
multiplet ¢ through some operations such as differential operations D., DD,
multiplication. We present in this subsection a theorem which is very useful generally for
such cases.

Let us start with the following probably well-known Lemma:!®

Lemma

Let ¢=[1, $2,dnl be any conformal multiplet (reducible, gemerally); that is, we
assume that a full superconformal algebra holds on ¢:’s.  Then the algebra holds also on
arbitrary function f(¢) of $:’s which may contain derivatives (8/dx*) in the coefficients.

Proof. 1t is sufficient if we can prove the validity of the algebra on 0.4 and on A*B
for arbitrary functions A(¢) and B(¢) on which the algebra is assumed to hold. This is
a trivial excercise and is omitted here. [

Now we can construct a new general multiplet V4(#) rather easily from é. Let us
suppose we have succeeded in constructing a suitable functions C.(¢) such that its
superconformal transformation law (other than Je) coincides with the standard first
component law given in (2-2). Then, starting with C 4($), we can determine the higher
components of the multiplet by performing the Je-transformation successively, i.e., by
following the standard procedure (2-12) described in the preceding subsection. The
following theorem guarantees that the set of fields [C a(¢), Z4(#), -+, Da($)] constructed
in this way actually becomes a conformal general multiplet <V 4:

THEOREM

Let Ca($) be a function of ¢:’s, the component fields of a (generally, reducible)
multiplet . Then a necessary and sufficient condition Jor a superconformal (general)
multiplet Y a($) containing C 4($) as its first component to exist, is that the superconformal
transformations Sx (other than 8q) of C (@) satisfy the standard form of first component
transformation laws (2-2b~ e).

Proof. Necessity of the condition is obvious since the form of the first component
transformation laws (2-2b~e) was a most general one. To prove it sufficient, we recall
the fact that the transformation laws of whole components of a multiplet €/, are uniquely
determined from the first component one by the requirement of superconformal algebra.
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On the other hand, the superconformal algebra is assured to hold on any function of ¢ by
the previous Lemma. Therefore if the transformation law of the first component C 4(¢)
coincides with the standard form one (2-2) and if the higher components are defined
through the standard procedure given in (2+12), the full transformation laws of the whole
multiplet coincide with those (2:3)~(2:6) of standard form. This guarantees for the set
of fields [C a($), Z4(d), -, Da(d)] to be really a consistent conformal multiplet. (]

Remarks. This theorem is very useful. (It may be implicitly known to the authors
of Ref. 8)). We have only to examine Jx transformation law of C4(#). Further, in
almost all cases, it is trivial to check Ju, Jp, 04, Ok transformations and the only
non-trivial point is to check whether

CA(¢):O

is satisfied or not. With this theorem, it is sufficient to calculate four @Q-transformations
(2-12) to determine higher components, and we need no tedious check of consistency such
as:
i) Does Aa(#), which is calculated from 8oH 4(#) in our procedure, coincide Wlth the
ones that would be obtained also from 8o KXa(@) or §Bma(d)?
ii) Does the @Q-transformation of 9D 4(¢) take the desired form (2-3g), So(e)D 4(4)
~ E_DAA(¢)+"'?
These are automatically satisfied.
Before concluding this subsection we introduce a convenient notation to denote a
conformal multiplet /4. Since the first component C 4 uniquely speaﬁes the whole
multiplet, we can use such a symbol as

Wa=[C4l . (2-13)
2.C. Sﬁnor derivative operations Da and D,

The theorem in the preceding subsection can be widely made use of for any type of
derivation of a multiplet from given multiplet(s). Here we discuss spinor derivative
operations 9., 9, superconformal analogue of D, Dy of rigid supersymmetry.

As in rigid case, the multiplet 9,V ,, if any definable, would be a multiplet whose first
component is Zaa,

Qac;_vVA:KzaAIl . (2'14)

But, in contrast to the rigid supersymmetry case, this can be a multiplet only when a
special condition is satisfied. Indeed the theorem says that it can be a conformal multiplet
if and only if the first component %.. satisfies the standard form transformation laws
(2:2b~e). The only non-trivial condition is the vanishing of S-supersymmetry
transformation law:

0=as(c)z.m=—i<w+n>:ac;+i<oabc>a<zabc a. (2-15)

In order to find the most general solution to (2-15), let us write the external index A more
expllcltly as

A?(Bx, B, ,Bm, 71, Y2, ', 7"1)5(31, *, Bm; P)

and assume only for the undotted spinor part (8, :**, B») to be totally symmetric (i.e.,

220z 1snbny |z uo 3senb Aq £01.9/81/5€Z/4/€ L/eIPIHE/d]d/W00"dno"dIWSPEIE)/:SA)Y WOL POPEOIUMO]



246 - T. Kugo and S. Uehara

irreducible repr. of Lorentz group only with respect to undotted spinor indices). Then the
second term of (2-15) is rewritten as

i(0%°8)e( X C )4= i(d“-”)/?rg:(dab )macﬂy-.g«-ﬂmﬁ+i(0“”)a’§7(2+“” )i C pypms, (2416)
where ¢ is the reminder of the place sitted originally by 8:. The last term of (2-16)

vanishes because X'+ % is selfdual while (6% )" =(6-%%).” is anti-selfdual (cf., Appendix A).
We now need the following formulae: One is the completeness relation

- (0°°)d(020)s* = 847847 — 28584, (2-17)

and the others are'®

m
& §?ﬁf§l~--ﬂm):#ﬂ[l+§(d, B E prtm

Hen =411~ (a, B.), (2-18)

where #™[A™] is the symmetrizer (anti-symmetrizer) with respect to the indicated m
indices (normalized with “unit strength”), and (e, 8:) denotes the transposition operator
between @ and 8:. By the help of (2:16)~(2-18), the RHS of (2-15) is rewritten as

8(8)Baa=—il(w+n—m)&aC ayoppit+ é 260,C pybpni]

= —i[(w+n—m)+2;::(a, BEaC prosmi

=i 2L ET 0 B, s+ D Sy g))]

m+1

X ygglx)-"ﬂm) gﬂ' c BrwBml”

== i| (w0t b m) PR+ 22 MAD B i N,

m+1
(2-19)
We can perform a similar decomposition to Zaa
zﬂ'ﬁl'"ﬁmi":['?&nﬂ‘(;}")ﬂm)+m—3_.]‘—i§]~d£251)]zaﬂl"-ﬂmi' y (2’20)
by using the identity derivable similarly from (2-18)
P Borbmy = G g+ mi—l §J§§¥g)-7 Bm) - (2-21)

Then, noticing that the terms with different symmetry properties are linearly independent
of each other, we obtain from (2:19) and (2-20) .

05(8) 2 wsymbmi = —i(w+n+m)&aC pypmi
65( C )zaaﬂz“--ﬁml." = _i{w+ n— (m+2)}§a C apy-Bmi” ’ (2' 22)

where we have used the fact A@hXas=Xien=(1/2)essX", and the notation Xas,-sm=
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ety Xasi-em. From (2-22) we see when condition (2-15) is satisfied and obtain the
following resuit:

1) DeYersmir=[Z@sr-smr] is a conformal multiplet if and only if w+n=—m,
(2-23a)

i) DVpyetmi =1 B%s-smi]  is a conformal multiplet if and only if w+n=m+2.
: (2:23b)

(Remember that m is the number of external undotted spinor indices of ¢/4). These are
the multiplets with Weyl weight w+1/2 and chiral weight #—3/2, and therefore the
operator 9, carries Weyl and chiral weights (1/2, —3/2).

The condition for 9; operation is also found similarly or simply by takmg complex
conjugate of (2-23) and changing the sign of chiral weight #:

1) DeYi,-gmr is a conformal multiplet if and only if w—n=—m, (2-24a)
ii) 99 uspsmr is a conformal multiplet if and only if w—n=m+2, (2-24b)

with m now being the number of dotted spinor indices of Va.

The results (2-23) and (2-24) state the desired most general conditions and otherwise
D iV 4 cannot be a conformal multiplet. In other words, the spinor derivatives D, D
are superconformally covariant only when special weight-conditions (2-23) and (2-24) are

. satisfied. (What would be worth mentioning here is the fact that quite the same is true
even in 7igid superconformal case. This is an interesting fact that is not well known.)
This situation is in sharp contrast with the rigid (non-conformal) supersymmetry case in
which D. and Dy are literally covariant operations for any multiplets €Y, with arbitrary
external indices.

The partleularly restrictive nature of the weight condition (2-23) or (2-24) Would
become clearer if we try to operate D, or D; twice on a multiplet Ya. Indeed, recalling
that the multiplet 9.CV,, if definable, carries Weyl and chiral weights (w+1/2, n—3/2)
and has (m+1) undotted spinor indices when €/4 has those numbers (w, #) and m,
respectively, we easily see that

. B .
DD 5.CY 5:8-8m} D (8, D Y g1yt

for instance, cannot be defined since the weight condition (2:23) for the second 9
operation is not satisfied whenever it is met for the first 9 operation. The only definable
second-order differentiations are the following two, but they in fact turn out to be zero
unfortunately:

DD &Y prsmi =0,
DHDECY 5 popgpmi- =0 . (2-25)

The vanishing property of these multiplets, which is easily understood by examining their
first components, is reminiscent of the anti-commutative nature of two 9.'s just like the
relation {Dq, Ds}=0 in rigid supersymmetry case. Nevertheless we have no such relation
as {Dq, D4}=0 here in superconformal case (rigid or local) since 9, is definable only in
some special cases (2:23) and furthermore no nontrivial second-order 9, operations exist.
These particular properties implies presumably the #mpossibility of superspace superfield
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formalism of local superconformal theory in which bot% dilatation and chiral U (1) are
gauged as the tangent group generators on superspace,” as is necessitated to

incorporate two free parameters (w, %) of Weyl and chiral weights of multiplets (cf., Refs.
17)~19)).

We give here the explicit full component expression of 9,5V, which can be
calculated by following the standard procedure:

Canl DY) =204,

Ziaa( DY )= (PrC el Hat+iKa)+(i7mPrC ™ )ia B matiDnC 4),
Haa( DY) =~ iKea( DY) = Naa— i (RE(Q))a( Z-2C )a,

B e DY )= i(ynAat 200D B a)a,

Nias DY) = (0™ Py C* )@{wwn Ca— (5% C VRS (M ™)

3 iR (Q)0mn( Z- B )a — (1nPuC NauD Hat i Ker)

+<@Rc—l>da{@A—z‘Dm$ﬂ+m Cati(5®C)aRin(A)
+5iRE(QE- 2 ),

QaA(-@C,y): - (DAA‘I‘ OZ4—206mnDuDn24)a— (X2 )aRa(A)
—{Omn(Z-®Z)a} RS (M ™ )+ 4 (RER(S))a( Z_%° C ) .
— i (RE(Q )l E- (I + i H))a| (2-26)

where C is charge conjugation matrix, Lx=(1+7s)/2, and the hat A and superscript R
attached to Ra:(Q) and RE'(S) implies Rao(Q)=(Rao( Q)C™)T and R2(Q)= PrRas(Q),
U being conformally covariant d’Alambertian D»Dn» Here, of course, in conformity
with restriction (2-23), formula (2-26) should be understood to be multiplied by % s,
or by €% depending on which condition w+»n=—m, or w+n=m+2 is satisfied by the
multiplet (‘;VA:(“;V,B1~--5,,,I".

To conclude this section we mention the fact that “partial integration” is possible with
respect to our spinor derivative 9, or Dz The basis of this fact is the identities:

[D°Yelo=0, [D:V =0, (2-27)

with =~ indicating the equality up to total derivative terms. Here [-*-]» denotes D-type
density formula, introduced in the previous paper,” which gives superconformally
invariant density for any (general-type) multiplet carrying Weyl weight 2 and chiral
weight 0¥ So %, and <7 here should carry Weyl and chiral weights (3/2, +3/2),
respectively. The proof of (2-27) goes similarly to the rigid supersymmetry case.

*) Indeed no one has ever carried such a programme out explicitly, aside from mentioning merely the
possibility. ‘
**) In Ref. 9), the D-type density formula [V], was mentioned to only for #eal (hence zero chiral weight)
multiplet ¥ with Weyl weight 2. However, the reality requirement was necessary only for the hermiticity of the
density but not for the conformal invariance.
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Recalling the relation between D-type and F-type density formulae,” we have, for
instance,

[PV 1o~ T (DY) - (2-28)

with /T being the chiral projection (or embedding) which was discussed previously® for
scalar case and will be extended below to general non-scalar case. The identity 17 9 .SV ¢
=0 shown in (3-9), proves the desired equation (2-27). Now applying (2:27) to W,
=Y +Y®T we directly obtain partial integration formula

0= D Wt VD o+ [(— VYR (Doy @i ], (2-29)
which is in fact covariant when C,ylez: and Y7 carry weights ((3/2)—z, (3/2)+x) and
(x, —x), respectively, with arbitrary number x.

§3. Multiplets of constrained types and tensor calculus

3. A. Chiral multiplets X4 and chiral projection operation

There are smaller multiplets than the general type one CY4 considered in the previous
section. Among them the most familiar one would be the chiral multiplet X, which is
obtained from the general one €V, by imposing a constraint:

D:Y4=0. ' (3-1)

(Here no symmetry between the indices ¢ and A is implied). This constraint is
superconformally covariant only when

i) Weyl and chiral weights (w,7) of V. satisfy w=n
and
ii) the index A is purely undotted spinors; A=(a1-a:). (3-2)

This is because the two weight-conditions in (2:-24a and b) can never be satisfied
simultaneously unless m=0 [for which condition (2-24b) becomes empty]. We have
encountered the first weight condition i) w=# already for the chiral multiplet without
external Lorentz indices.” The second constraint ii) for the property of external Lorentz

index was previously found in the Poincaré supergravity context by Fishler'? and

probably by many authors working in superspace superfield approach. Fishler, however,
claimed that further constraints have to be imposed on the component fields for the chiral
multiplet 2¢,.o, to exist, but it is ot true; only conditions (3-2) are sufficient for the
existence of 34 (in Poincaré as well as conformal cases).

The chiral multiplet, defined by (3-1), has (2+2)XdimA (complex) independent
components denoted by

D@y = A, xra=Prya, F al, (3-3)
in terms of which solution of (3:1) is given by
C,l/(Za)= [uzlA, - iXRA, - 9",4, ig:A, Z.DmJA, 0', 0]. (3'4)

This equation (3-4) may be viewed as an embedding formula of chiral multiplet 24(3-3)

220z 1snBny |z uo 3senb Aq £01.9/81/5€2/1/€./o1o1e/d)d/Woo dno-oiapeoe)/:sdyy Woly papeo|umod



250 T. Kugo and S. Uehara

into a general multiplet CY/4, and takes the same form as was previously found for scalar
chiral multiplet case.” Owing to (3-4), the transformation law of the chiral multiplet is
readable from that of €/, In particular the Q- and S-transformations are given
explicitly by

6QSJAE(6Q(E)+6S(§))JA=—%‘E_RXRA ,
Bostra={(— V[P AserL+ F ser+ QwAs~(ZA )a0as} &),
6QSEA:%§LDXRA+ C—R{(l*w)XRA_%O'ab(ZabXR)A}- (3-5)

Let us now discuss a projection operation (or embedding) of general multiplet €/ 4 into
a chiral one Zx=II%Y4, which is an analogue of the operation DD, of the rigid
supersymmetry case. Therefore we look for the chiral multiplet I7€{, whose first
component is given by (H4—iK4)/2. But the Theorem says that such a conformal
multiplet exists if and only if (#s—iK4)/2 is S-inert. Thus we find from (2-5) that the
chiral projection /7€ 4 exists only when €Y/, satisfies the conditions

i) w=#n+2 and ii) A: purely undotted spinor indices. (3:6) .

Then, following the standard procedure we obtain*
Iy .= [%(‘9[,4— iKa), iPr(DZB s+ Na), _%(Q)A'*‘ OC .+ Z.DQOA):I. 3-7)

Again this takes the same form as the previous formula for the multiplet without external
indices. The chiral multiplet (3-7) carries Weyl and chiral weights (w+1, —3)=(w+1,
w+1). It should be noted that the chiral projection IT<Y/ 4 here has nothing to do with the
twice spinor derivative 9%(9;V4) since the latter is not definable as noticed in the
previous section.

A successive operation of Dlor D) after II, or vice versa, may however be
consistent and non-trivial. The following is the (complete) list of such operations
definable when the indicated conditions are satisfied by the operand multiplet <V 4:
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1) DY pypmy w=n=—m/2,
T D*CY 5 pytim w=n=m/2+1,
i) DIV gy ; w=n+2=—(m/2+1), _
DN Y pipppm;  w=n+2=mf2, (3-8) )

where ¢V 4 should not have dotted spinor indices. These operations raise Weyl and chiral
weights by the amount (3/2, 3/2). The other consistent operations with the same weights
lead to zero: : '

iii) T9Wur=0; w=n+3

iv) DallYr=0: o=t 2} I': undotted spinor indices . (3-9) |

*) We are using notation I7€Y, to denote the chiral embedded multiplet in place of the previous notation
Z(CY4) of Ref. 9). This is in order to emphasize the operator property of chiral projection /7 in distinction from
a mere chiral multiplet notation X. : )
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The only definable operation with weights (2, 0) is
v) 9°19.5Y; no external indices & w=n=0, (3-10)
and the following operators with weights (5/2, 9/2) are covariant but lead to zero:
vi) DI pypmy=0; w=n+2=—(m/2+1),
D" 0% ipr-2n=0; w=n+2=m/2. (3-11)

The formulae for the anti-chiral multiplet 24 and anti-chiral projection /7S, are easily
obtained by taking complex conjugation in all the above formulae for X4 and [TV 4.
[Notice that complex conjugation implies also the replacements: R (right-handed)-L,
n (chiral weight)» —#.] An interesting identity concerning (3-10) is

(DD o+ DT DY =0 (3-12)

valid on scalar general multiplet with w=#=0. Operatlons I and IIIT are not
- covariant but

vii) T ; no external indices & w=0, n=2
IOII<Y ; no external indices & w=0, n=—2,

are covariant. These are weight (2, 0) operations different from that in (3-10).
Identities (3-9) and (3+11) are of course analogues to (DD)Da=Di(DD)=0 and D"DZDa
+DaD?D?=0 of rigid supersymmetry.

3.B.' Linear multiplet L4

The linear multiplet .L4 is a multiplet subject to a constraint such that its chiral
projection vanishes

1I.L4=0 (3-13)

in analogy with DD.L4=0 of rigid supersymmetry. Owing to conditions (3-6) for the
chiral projection to be definable, the linear multiplet exists only when its weight satisfies
w=mn+2 and the external index A is purely undotted spinors. The solution of (3-13)
takes the form

I&w’&lwal)m_ [CA, zA, ‘g[A, - i‘g[A, QMA, ALA+DzLA, _'I:I CA_ iDQOA] (3'14)

with the suffix L implying left-handed (internal) spinor; Z1a=®. %4 The (6+6)Xdim
A(complex ) independent components are [C 4, 4, H 4, Bna, ALal.® Their transformation
laws are clear from the embedding form (3-14) into a general multiplet.

The multiplet L subject to a further constraint that the anti-chiral projection also
vanishes:JIL=IIL=0, was called real linear multiplet in the previous paper.” Such a
stringent constraint, however, can be imposed only to the multiplet carrying #o external
indices and the Weyl and chiral weights (2, 0), as is seen from condition (3-6) and its
complex conjugate. Therefore there is no non-scalar real linear multiplet.

In the absence of external Lorentz indices, all the meaningful constrained-type

*) In the previous paper,” we have chosen the real part (Majorana) A=Re/, instead of the present choice A,
as a parametrization of the last independent component of .L. In the presence of external Lorentz index A,
however, it becomes impossible in general to take such a Majorana field parametrization.
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multiplets are chiral and linear ones. In the present case with external indices, however,

it is clearly possible to have a more variety of constraints leading to new types of

multiplets. “Pseudo-chiral” multiplets mentioned in the next subsection is an example.
More important examples are the “u-chiral” and “u-linear” multiplets which will be found
and discussed in §4.

3.C. Constrained type multiplets as field strength of gauge fields

It is well known in the case of rigid supersymmetry that the chiral and linear
multiplets can be viewed as field strength of gauge field multiplets called prepotential
usually.”® Interestingly, despite the stringent conditions on spinor derivative and chiral
projection operations, such a view still holds in this superconformal framework for the
constrained multiplets with arbitrary (of course allowed) external Lorentz indices.

First and simplest is the chiral multiplet . It is written in a “field strength” form

Zgnszw=[[CYE3 - 315

in terms of a prepotential /,,..o, (general type multiplet). Indeed, because of iii) of (3+9)
the RHS is invariant under a pregauge transformation

8%2‘(:};"“3) =9 ﬁc’lv]'.?gf._—‘giz,n—siz) (3-16)

with a general-type multiplet parameter Uje,.a,, and further the original defining
constraint 9;X,=0 is viewed as a “Bianchi identity”
DIIYEE9=0, (3-17)

being identical with iv) of (3-9). Notice that these equations (3-15)~(3-17) are
consistent with the specific weight conditions required in superconformal case provided
that the multiplets appearing there carry Weyl and chiral weights indicated on their
shoulder. '

Second is the linear multiplet .L 4, to which is assignable a field strength form: -

L@u=d— ) FCy - lizw=1/2) (3-18)
This is invariant under the following transformation of the prepotential Vze,a;
SV w0 = P7Y o (3-19)

because of identity (2-25). Equation iii) of (3-9) plays the role of the Bianchi identity
assuring that L4 of the form (3-18) satisfies the linear multiplet constraint I7.£,=0.

A more interesting example is the real linear multiplet L, to which Siegel®” was the
first to give such a view in the rigid supersymmetry context. The field strength form of
L is now given in terms of chiral multiplet prepotential 2. and its complex conjugate 2::

L=9°3, 02324 ), 546i2312) (3-20)
This is indeed invariant owing to (3-12) under the pregauge transformation
83, =119 U (3-21)

with a 7eal (general-type) multiplet parameter U. The Bianchi identities [TL=ITL=0
for (3-20) are understandable from Eq. iii) of (3-9) and the identity
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93— . (3-22)

holding as a special case of (3-11).

This view presumably persists in any type of constrained multiplets. For example,
we can conceive new-type multiplets @’ j,..s. - [withweights (w, w+ m) and @%;,..5,r with
weights (w, w—m—2)] subject to a constraints

D@ iibmr=0, D1 ®%; 4, 5r=0 (3-23)

respectively, both of which may be called “pseudo-chiral”. Their field strength forms and
pregauge transformations are given by

P irbnr = D6 Y rtir @ i = DY s . (3-24)

~

SN 4sor = {Q_(izﬂjﬁsmﬁ}x)r for m=2,
- nyd for m=1,

OV a6 i = D U 461 imr (3-25)

The Bianchi identities and gauge invariance result from (2-25). One can also convince
oneself of the consistency of these equations with the various weight conditions.

3.D.  Multiplication rules and component formulae Jor functions of multiplets

The multiplication rules are easily derived by the help of the Theorem. Consider a
set of general multiplets {CV4,=[C 41}i=12-». Then we can define generally a function
Oa(Va)=@®4 so as to give a general multiplet having the first component @4(C 4,):
@,=[®4(C 4)]. This indeed can define a conformal multiplet because @4(C 4,) satisfies the
standard first component transformation law (2-2) for any function @, The higher
components are calculated by the standard procedure and are given in terms of the
function @4= Q4(C 4) of the first components C '

C(@)=04C ),

z((DA):z'@A,

(D) 9 . —1

K@) ||| 5 |+5Z i |20, (3-26)
Qm(mA) » le i')’s?’m

A@)=[ 4+ H iy + 78— b 0N 42 (FL)|0n,
| .cD(qp,,)z[@'+%(Jf'ﬂ'+x'x'—Qm"gzm'—p,,,c'D,;c')—_/I'zu%@Dz'
—L (I~ iy K+ 7B )2 +{:(E ENFL)|0n,
where the primed fields on the RHS’s denote differential operators
z=3 z,,,a%m, | ‘4['=iz::15{4,%, etc., (3-27)

operating on the function @4(C 4). Notice there that (9/6 C 4,) may be fermionic and then
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the order should be taken care of, e.g.,

22 =y (Zust, [ 2eats)

— SV A 0* NV \A( L o° .
—g( yrulart (zmzm)m~§( ) (zmzm)mm. (3-28)

For the case of a bilinear function @a(C 4,)=C4,C 4, this formula (3:26) of course
represents the simplest multiplication law, giving @V4,+Va4,. Formula (3:26). takes
quite the same form as the one previously obtained for Lorentz-scalar multiplet case in
Ref. 2). :

Similarly the arbitrary function ga(Z4,)=ga of a set of chiral multiplets {Zs,=[A4,
Ara, F al}ic12,n defines again a chiral multiplet. The components of this multiplet are
given by

yA'=[ga(JlAi)EgA, X&' Ga, (5"—%&’&')94] (3-29)

with similar notations to (3:27), e.g., ¥'=2:F 4(8/dA4). This type of formula for
Lorentz scalar multiplet case was first given in Ref. 22) in Poincaré supergravity, and was
given in superconformal context in Refs. 2) and 9). If we know the embedding formula
(3-4) of chiral into general, formula (3:29) is a special case of (3-26).

§4. wu-associated spinor derivatives and connection with
Poincaré supergaravity versions

4. A. w-associated spinor derivative

As we have noted in §2.C, successive operations of the spinor derivatives 9 7 are not
superconformally covariant in general and hence the (anti-) commutation relations like
{D s, D 5} cannot be discussed at all. Nevertheless that spinor derivative operation 9 ; was
the only definable one as far as the “covariantization” of the operation is done solely by
using the original superconformal gauge fields (e.™, ¢u,-:in (1-1)). But, here, if we
prepare a Lorentz-scalar (matter) multiplet, #, and use the component fields of z to
covariantize the operation, we can define yet other spinor derivative operators D, P
in such a way that their arbitrary successive operations become superconformally
covariant on any multiplets and hence their anti-commutation relations can be discussed.

Let us choose a multiplet # and denote the component fields of u by

u=[c u, zu, j[u, qu, -@umy Aa, Qu],

generically, although not all of them may be independent when u is a constrained type
multiplet. Assuming that u carries Weyl and chiral weights (wo, 7o) With wo+ #0+0, we
see from (2-5) the S-transformation laws of the first and second component fields as

85(£)Cu=0,  8s(§)Bua=—i(wotn0)aC . (4-1)
Therefore a spinor A.° defined by ,
Ahséizua/ (W0+n0)cu (4'2)

yields just the transformation parameter { under the S-transformation,
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8s(8)A’=¢a, (4-3)

and hence can be utilized for the “S-covariantization” (or “S-invariantization”) in
defining spinor derivative operations. ,

We define a new spinor derivative operation 9.* which we call “u-associated spinor
derivative”, on an arbitrary multiplet V4=[C 4, Z.4, ---] with weights (w, #) by

Qa(u)c,:,vAZKzaA'*‘i(n'l‘u))/lasCA'_Z.(O'ab)aﬁ/iﬂs(EabC)AB . ‘ (4'4)

Here we are using the notation [ C 4] introduced in (2-13) which denotes the multiplet
with its first component C 4. Notice that the first component of this multiplet is S-inert
(and K-inert, of course) since the second and third terms of the RHS are just “S-
covariantization” for 2.4 which transforms

8s(8)Zaa=—i(w+n)8aC a+i(0as)d’Es( 2% C)a. (4-5)

Therefore, by the Theorem, the RHS of (4:4) gives a superconformal multiplet for
any Vs in other words, the u-associated spinor derivative 9, is superconformally
covariant on Y€y, carrying arbitrary weights and Lorentz index. 9. carries Weyl and
chiral weights (1/2, —3/2) just as previous 9..

It is not difficult to relate 9, with the previous spinor derivative 9, defined in §2.C.
For a multiplet SV =SV%:",. (totally symmetric with respect to the m undotted spinor
indices B1, -+, Bm) carrying weight (w, %), the relation is given by

9 a(u)c’yA — u(m+w+n)/(wo+no)[ 9 (au—(m+w+n)l(wg+no)c’y%ul).,:z}m)i_.

1
m+1

- n e (w,n);
u 2(m+l)l(w°+"°)i2_1€aﬁ19 su(m+2 w n)l(wo+no)cy5r" ¥~-~ﬁm1"]- (4 . 6)

This is understandable as follows: In the RHS the various powers of u are multiplied so
that the weight conditions (2-23) for the applicability of the spinor derivative 9, are
satisfied and hence the RHS gives a superconformal multiplet with weight (w+1/2, »
+3/2) in accordance with the LHS. Therefore it is sufficient to check that the first
components of the both sides agree with each other. (Identity (2-21) is used there.)

The dotted spinor derivative 9™ is defined through the complex conjugation of 9,:

DY 4 =(D (Y a)*)* . (4-7)

From expression (4:6) (or (4-4) directly), we notice an important property of 9,*
on the multiplets €/« carrying purely dotted spinor indices A=1I" and satisfying the weight
relation w+#=0, the u-associated derivative 9. reduces to the ordinary spinor
derivative 9. independently of u:

g)a(u)cfyi,(w=—n)= éDaC;Vﬁ(’”="" . (4-8)
Similarly, for ¢/, with w—#»=0 and purely undotted spinor index I,
Q#"’%r"":"’:@a%/r"”:"’ . (4.9) »

Another interesting property of 9.* is
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D Yu=0 or D, Ya=0, (4-10)
which also follows from (4-4) or (4:6) immediately.

4.B. Commutation relations of u-associated derivatives

Expression (4:4) for 9, and a similar one for 92 can be rewritten in a more

convenient form if we suppress the spinor indices @ and ¢ by multlplylng a (4-component) .

dummy spinor 7 =(7°%, 7a):
: 77i75@(">c,1}A5 i(;;“@a(")— 77&97('!)'“‘)%4:[1 50(277 )C 4] s
5@(277 1=380(29 )+ 8n(— FAS)+04(27i7sA%)+ 61 (2 70asA%). (4-11)

Here A° is a 4-component Majorana A&®=(A°, 1°%)T with A.° of (4-2) and 1:5=(A°)",
i. e,, in 4-component notation,

s—_ 1 . (PrPE  PEC
/1—7,{}04‘%0‘5( c C*)

(4-12)

with LrL=(1£7;)/2 and Z°€ being the charge conjugation of %.

We now can define “u-associated vector derivative” 9, in a very similar way. An
obvious candidate for the first component of 9 »“'Y, would be the conformally covariant
derivative DnC 4 defined in (1-8), but D C 4 unfortunately cannot be a first component of
conformal multiplet since it is neither invariant under S-transformation nor under K-
transformation:

3K(5n )DmCA=2w C’AE,,,—ZE,,(Z"‘" c )a y
3S(C)DmCA=%§Ai7’s7’m§ . (4-13)

Therefore the “invariantizations under K- and S-transformations” should be performed
by the help of u-multiplet component fields as before, and we are led to the definition:

D Y 4=[Dn C a—2w V¥ C 4+ 2 ViE(Z™ C )4

+%X_s7’mi7’5zx‘i+_}1'( ZS')’S')’mXS){é\mnn CA+(2~mn c )A}ﬂ . (4' 14)

Here Vi is the following “K-covariantization vector field”, characterized by 8x(&») VX
=&m, which is made from w-multiplet components C , and %,

Vi =(4wo) (C 4 'DnC 4+ C * ' DnCy*). (4-15)

The S-transformation of this V»* is non-trivial and defines x° in (4-14):
85(8) Vi =— Erma®,

125=Quwo)iys(C ' Zu+ Cu* 1 2Z.°). (4-16)

Interestingly this x° also gives an “S-covariantization spinor field” which is generally

*) The V»* in (4-15) is chosen to be a real field so as to be consistent with the * ‘reality” of vector derivative
D (u)
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different from the previous A° given in (4-12) as far as £+ 2°. It indeed transforms as
8s(8)x*=¢, x(&)x°= (4-17)

just as A° did, and is actually invariantizing quantity (4-14) under S-transformations.
Equation (4-14) is also rewritten in terms of superconformal transformations:

EQO(")C,L/A=K{&;;(E)-FSM[Z(& VbK“éb VaK)+%5abmnEm(X_s7'57mxs)]

85— 28" VE)+ 8a(—HEnireynz®)+ 8ol — 7 7mz)} C ). (418)

If we use expressions (4:11) and (4:18), we can easily calculate the commutation
relations between the u-associated derivatives 9:*=(9.,?, 9, 9,™) directly from
the superconformal algebra (1-7). Generally we obtain the commutation relations of the
form (cf., Refs. 23), 24))

(D4, D5} = — T1s°D '~ Ras*Mas— FasA— GasD, (4-19)

where Mas, A and D are Lorentz, chiral and Weyl transformation generators which
“count” the corresponding quanium numbers of multiplets, i.e., those of first components;
e.g., with a parameter A%,

%A“bmabc;w=%/1“"<zabav)ﬁKaM(A“b)CA)J : (4:20)

The torsion T4z and curvatures Ris, Fis, Gis are now all superconformal multiplets
(dependent on u). Therefore we now have a simple algorithm to obtain such geomet-
rical quantities as torsion and curvatures from the superconformal algebra (1-7)."

For instance, the commutator of the spinor derivatives is reduced to the commutator
of a superconformal transformation §o(27) of (4-11):

(757D, F2iysD@)=[[5o(2m1), §o(272)1C 4] . (4-21)

Let us calculate, in particular, the anti-cummutator {9 &%, D) corresponding to
simplest case in which both #: and 7. are taken right-handed. We calculate the RHS
commutator by using the algebra (1-7) and by taking into account that the A° field in the
arguments of dp.» terms in ¢ (4-11) should also be transformed:

[50(27]1}1), 5@(277212)]=—aM(-q'1 ﬁzRGabﬂlk),
CR=4(motwo) M Hy+iKu)C ' —2(mo+wo—2)(ArSARS). (4-22)
Noticing also that

K&M(-‘R 772R0'ab771R) c AI| = K@)] %ﬁzndabﬂmMabC,yA , ‘ (4° 23)

since R given by (4-22) is S- and K-invariant as it should be, we obtain

*) This kind of connection between supersymmetry algebra and geometrical quantities has been alré'ady
known to Sohnius and West* in a different context.
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(9u®, D, W)=~ [R] (6“)usMar (4-24)

with (6%°)s’€76= (6" )as, implying
Tei’ = Tas’ = Tas™=Fap= Gos=0, .
a=(0)es [R] . (4-25)
The calculations of other commutators such as {9.* 9:} are similar (although

become slightly more complicated) and are omitted here. [Such calculations for =3 , L
and .L can be found in the original version of this paper.?®']

4.C. wu-chiral and u-linear multiplets

We call conformal multiplets defined by a constraint
DY =0 (4-26)

“w-chiral multiplets” and denote them by .. As is well-known,'®*® constraint (4-26)
and commutation relation (4:24) imply

0={D:", W}z, = —% [R*] (6%)asMasZa™, (4-27)

and so it is necessary for the existence of non-trivial solutions X, that either the
condition that

i) [R] =0, ie, R=0 (4-28)

or :
ii) the Lorentz index A is purely undotted spinor; A=(ai, -, @1)

holds. The latter condition ii) is because (5%)s; is self-dual, 5%°=5.%°, and the
properties Mo, Z4=(23,)425 (i.e., anti-self-dual) for purely undotted spinor indices 4 and
G+2°X_%=( (see Appendix A).

As a matter of fact, Eq. (4-27) is the “integrability condition” of the “differential”
equation (4-26) and so the above condition i) or ii) is a sufficient condition for Z.®#0 to
exist. Indeed it is easy to see from the commutation relation (4-24) that the following
operators satisfy the chiral projection property 9™ 7*)cy,=0:

i) n(u):—%gw@(wa' (when R=0), (4-29a)

i) H(">=—%{Qa(")g(")‘i—ﬁg{*ﬂ}

(only on €V/4 with purely undotted spinor indices A) (4:29b)®

*) In deriving (4-29b) we need a property 9 +® [R*) =0 which follow from the definitions (4-22) and (4-4).
This property is made more manifest if we notice the equation

[(.‘R*j] =4 ﬁ_zl(w“+n°)ﬂﬁ2/(w°+"°) s

where IT is the chiral projection (3:7). This equation, also makes it manifest that [R*)] vanishes when @ is a
linear multiplet L or .[.
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for the above two cases, respectively, and hence II )y, gives a non-trivial solution of Eq.
(4-26). ' .

From expression (4-22), we see [R*] =0 when u is a complex anti-linear multiplet
L or a real linear multiplet L=L. Therefore the above result implies that .[-chiral and
L-chiral multiplets exist for arbitrary external Lorentz indices A and with arbitrary Weyl
and chiral weights, in sharp contrast to the usual conformal chiral multiplets in the
previous section. For the case R#0 as is the case when u= Z(chiral), on the other
hand, the u-chiral multiplets exist only for purely undotted spinor indices A.

The fact that here appears no restriction on Weyl and chiral weights is not surprising
since multiplication of powers of @ to >4 can change those weights without violating the
chirality constraint 9:;*Z® =0 because D:'”@&=0 [(4:10)]. Therefore we can
conveniently assume without loss of generality that X, carry equal Weyl and chiral
weights w=#. Then, for the cases when external indices A are purely undotted spinor
ones, all the u-chiral multiplets become identical with the usual conformal chiral
multiplets 24 in §3 independently of u since the u-associated spinor derivative D,
reduces to the ordinary spinor derivative 9; in the case m=0 and w=1# [see Eq. (4-9)].

Quite a similar discussion can be made on “w-linear multiplets” L4, which are
defined by a constraint

oL 9=0 (4-30)

with the u-chiral projection operator I/ @ of (4-29). They exist for arbitrary Lorentz

indices when u=. or L while exist only for purely undotted spinor case when, e.g., u=2" ~

4.D. Connection with Poincaré supergravity versions

As is well-known,®”~* various versions of Poincaré supergravity come from different
choices of compensating multiplets, by the component fields of which one fixes the
extraneous gauge freedoms of superconformal theory such as dilatation D, conformal
supersymmetry S.

The Poincaré supergravity versions, (I) old minimal,?” (II) new minimal*® and (III)
non-minimal,2® correspond to the choices of (I) a chiral Z,™",® (II) a real linear Lo*” "
and (I11) a complex linear -£,®>%°~2 ™% compensating multiplet, respectively (with Weyl
and chiral weights indicated on the shoulders).

Taking into account the role of compensating fields, one can convince oneself that the
usual covariant derivatives D F=E 9Dy (A=ea, ¢, m) in superspace formulation of
Poincaré supergravity?®~?2"? gshould be identified (aside from trivial weight
adjustment) with the present u-associated spinor and vector derivatives 9, D™ and
9, with the choices u= X, Lo and -L, for those three Poincaré versions, respectively.
[A suitable covariance argument would suffice for deriving this identification, although
there remains some arbitrariness in the convention of the choice of gauge fields in the
vector derivative 9 .. More detailed discussion was given in Ref. 26).] More precisely,

DF=CD ™, DLF=CCD", (4-31a)
where, respectively for each versions,
(I) u:Zo, C:Z—‘o—lZol/z s

(II) u:Lo, C:LQ_IMZC ,
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(III) u=-£o, C=-,£ou-,\zfov

with

= Htd)
4 Wo—2 Wo/’
—_1 V

~ (4:31b)
v= _I< wo3—2 +wLo) :

Here the weight adjustment factor C is multiplied so that 9, carries the desired weight
(w, n)=(0, 0) in versions (I) and (III) ((0, —3/2) in the version (I1)).® With the help of
Eq. (4-31), all the commutation relations of covariant derivatives 9 i in various Poincaré
supergravities are systematically derivable from the D ;) algebra in our conformal
framework, e.g., compare Eq. (4-24) with the corresponding Poincaré expressions in Refs.
24), 31), 32) and 15).

Equation (4-31) implies that the chiral projection operator II¥ of Poincaré theory
- defined by 9" I1°=0 also coincides with 7™ aside from the C factors in (4-31b):

oF= H(u)(/—vz .

[For instance, (4+29b) reproduces II® of Wess and Zumino®® for u=3,.]

Therefore the chiral multiplets X,f and linear multiplets L. in Poincaré
supergravities (I), (II1), defined by 9. X.f=0 and [T® L 4"=0, respectively, are nothing
but the wu-chiral and wu-linear multiplets when u is taken to be the corresponding
compensating multiplet (I) X0, (II) Lo or (I1I) .Zo. Therefore from the results of previous
subsections we see that chiral and linear multiplets exist only for purely undotted spinor
index case in the old minimal Poincaré supergravity (I), while they exist for arbitrary
external Lorentz indices in the new minimal (IT) and non-minimal (III) versions. [Further
they exist for arbitrary chiral weights in the case of (IT).] 'This result is well-known for
‘the old minimal'” and non-minimal’® versions, but is less known for the new minimal
case.

More importantly, our finding here in this section implies further that such u-chiral
and w-linear multiplets for general u (not necessarily set equal to the compensating
multiplet) can be defined and exist equally in any Poincaré versions. This is clear
because the correspondent of the u-associated derivative is definable also by using only
Poincaré spinor derivative 9. since the usual conformal spinor derivative 9, in Eq. (4+6)
can be expressed in terms of 9,F with the help of the compensating multiplet. This fact,
in particular, means that there exist “chiral multiplets” (as well as “linear multiplets”) with
arbitrary Loventz index A even in the old minimal Poincaré theory provided that we
prepare an associate multiplet L or .£ (which has to be a matter multiplet).

*) This is because 9% is a mapping of Poincaré multiplets <V 4* to Poincaré multiplets and CV.* are identified
with superconformal ones C¥4°® carrying zero Weyl and chiral weights in the versions (I) and (III). Whereas in
the new minimal version (II), in which the notion of chiral weight is still present, the Poincaré multiplets are

denoted by ¥ ,#™ with their chiral weight # and identified with superconformal ones /%™
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Appendix A
- — Notations and Conventions for Two Component Spinors
v and Second Rank Awnti-Symmetric Tensors —— ’
The relations between 4-component spinor ¢¢ and 2-component ones ¢, ¢z are

b= par gy ) =) F=97C=(0 g0)=(, ),

C&A=<_§” Eéx}?), C_1:<egﬂ _2:1'/9')' (A‘lj

Here €* and e are anti-symmetric 2X 2 matrix with e**=&,,=+1 and the raising and

lowering of spinor index are defined by
¢a=5aﬁ¢ﬁ, ¢a=‘/’peﬁa- (Saperﬂzara) (A-2)

(The same convention is adopted for dotted spinors.) Then y-matrices become

7m=( 0 (G’")"k) (On)ar=(—i0,1), -

(62)% 0
7’5=<(1) _(1)), O'mnz%[')’m, Yn]=((d’"(;‘)“p (6”3')%). | (A-3)

Notice that Cy»C™'=—va" says
(8m)*=6""e"(0n)sr=(0m)*" . (A-4)
The completeness relafions of o and on» matrices are
(6™)as(0™)7s =2€ a5, (Om)as(0n)* =28 mn, (A-5)
(6™")a" (Omn)s® —02705° = —28404" . (A-6)

For any second rank anti-symmetric tensors Fun, we df;ﬁne
Fri= e By, Fin=-1(Fant Fan). (A7)

(Notice that 1/2 was not introduced for the dual F™* in Refs. 9) and 13)). Then onn
matrix on the chiral spinors ¢r=Pr¢[=(1/2)(1—7s)¢] and ¢=P.¢ has a definite
self-dual property:

OmnfR=0Omnfr,  OmnL=Omndr . - (A-8)
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Conven_ient formulae for (anti-)self-dual tensors are
FiaGro+(aeb) =4 8a(F~+ G7), (a9

FreGro—(aeb)=0, F-G™=0 " (A-10)
with F+ G=FnxG™. Further for arbitrary anti-symmetric tensor Gmn,
FroeGno—(aeob)=H% is selfdual ,

FroeGno—(a—=b)=Hz is anti-selfdual . (A-11)
The formula following from (A-8) and (A-10) is also useful:
e P = ey B (A-12)
Appendix B

— Properties of Superconformal Curvatures Ru,(X4)—

We collect here various identities of the curvatures which are used to check the

superconformal algebra on the general multiplets <V in §2. Most of them result from the
constraints®

R,uu(Pm)=0, RﬂV(Q)Yu:O,
Rwl(an)e"M n __RM:(Q)VMZ’Il ZR/zu(A) 0 (B'l)

and/or the Bianchi identities (cf., Refs. 5), 12), 13)):
Ri(Q)=Ru(Q)Pr=—Ri(Q), R:(Q)=+Ru(Q),
‘Ru(@Q)0™=0,  &""Ru(Q)rs=0,
Rar(Q)7.0..0%=0,  Ras(Q)7a70"=4R.u(Q),
70" 1 (Rmnn(Q)726)=0, (e, #: arbitrary spinor)
"R (M) =€™*R' (M )= ~2Rmn(D)=iRmn(A),
RuZ(M")+(mon)=0, R (M.*)=Ri7(M-%)=0,
Rux(M°°)— R&y(M™ )= 8 maRns(D)+3-terms,
Ras(A)=ie®( ¢/l¢u_4f#memu_zaﬂbu) e¥™ D Rmn(A)=0,
c°"(S)ci”"'—() ¥ (DiRmn( Q)+ Re¥(S)7:)=0,
R (S)— 2[R°°V(S)Gkn—(m<—>n)] R (S)ys=0,
RE7(S)0r+ R (S)0mn= R (S )0n +3-terms,
¥ (DiRmn(D)—2R5% (K,))=0, RaZ(K™)=0,
DR (M*)=2R'(K™). ” (B-2)

Here RiV(X*)s are the additionally Q-covariantized curvatures corresponding to the
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modification (1-3) of Q-transformation law:®

RZ‘BI’(M“”)=R@(M“”)+%R@(Q)(?’usbu—7’u¢u),
R (S)=Ru(S)+- i{JuY”(rstu(A)¥1?pu(A))—(w—*u)},

R (K™)=Ru(K™)+-+ {(2R°°V(S)a’""+R°°"(S)7'se”“’)¢u—(#‘—W)}. (B-3)
We list also some necessary transformation laws:

So(&)Rmn(Q)= EGabR“"(M“)-I——zs(Rmn(A) YsRnn(A)),

Sl )RS (M) =] ~-DnRas(Q)yne+-5REN(S ome

+{un( RE(S)oae+ S RER(S )7s)e— (ab)} |~ (merm),

1

80(5)Rmn(A)— _RCOV(S)Z')’5€ s 8Q($)Rmn(D)= - COV(S)YSS

6Q(€)RCOV(S )_ -RCOV(KG)EYa ig{(75D¢Ran(A)+Dmﬁan(A))_(m‘_’”‘)}')’a ’

JSs( ¢ )R s ( Q)= 3K(§Km)Rab( Q):O ’
6S(C )Rab(A)ZRab( Q)Z.Ysg s SK(EKm)RCW(S):Rab(Q)?’mgKm ,
Os(E IR (M) =(Run(Q)0°°+2Ras(Q)0mn) €. | (B-4)
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Note added: Although the present paper dealt with the local symmetry case (i.e., supergravity), the rigid case of
superconformal algebra has long been discussed from the very start of the supersymmetry. In the rigid context,
the particular weight condition w=# for chiral multiplets (of Lorentz scalar case) was already known in the first
Wess-Zumino paper®® and was explicitly stated by Dondi and Sohnius (for N=2)3% The superconformal
multiplets with arbitrary external Lorentz indices were studied also in rigid case by the authors of Refs.35). We
thank Molotkov and Mikhov for bringing their work to our attention.
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