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ABSTRACT: Motivated by recent efforts to encode 11D supergravity in 4D N = 1 superfields,
we introduce a general covariant framework relevant for describing any higher dimensional
supergravity theory in external 4D A = 1 superspace with n additional internal coordinates.
The superspace geometry admits both external and internal diffeomorphisms and provides the
superfields necessary to encode the components of the higher dimensional vielbein, except for
the purely internal sector, in a universal way that depends only on the internal dimension n.
In contrast, the N’ = 1 superfield content of the internal sector of the metric is expected to be
highly case dependent and involve covariant matter superfields, with additional hidden higher
dimensional Lorentz and supersymmetry transformations realized in a non-linear manner.
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1 Introduction and motivation

A major difficulty in studying higher-dimensional supergravity theories is the absence of a
(finite) off-shell formulation. This leads to a number of complications, a major one being the
difficulty in writing down generic higher-derivative supersymmetric actions. This is in sharp
contrast to the situations in lower dimensions (and fewer supersymmetries) where off-shell
superspaces are available.

Standard techniques to address this always involve trade-offs. One can introduce infinite
auxiliary fields, using harmonic superspace [1, 2] (which is related to projective superspace
[3-8]) or pure spinor superspace [9-12], but the former does not seem applicable beyond six
dimensions and the latter leads to a very complicated Batalin-Vilkovisky form whose on-shell
component structure proves difficult to extract (see discussions in [13, 14]). One could take the
opposite extreme — eliminating auxiliary fields altogether — by working in light cone superspace
[15-18], but this breaks manifest Lorentz symmetry and leads to other complications — for
example, having to work only with gauge-fixed physical degrees of freedom.

A plausible middle ground is to keep manifest some number of auxiliary fields and some
amount of supersymmetry by working in some convenient low dimensional, low N superspace.
4D N = 1 superspace is the obvious choice, given its relative simplicity and presence of cer-
tain features (e.g. holomorphic superpotentials) absent in even simpler superspaces. Already
in 1983, Marcus, Sagnotti, and Siegel took this approach with the prototypical globally su-
persymmetric case by showing how to recast 10D super Yang-Mills in 4D A = 1 language
[19]. This breaks the 10D Lorentz group to SO(3,1) x SU(3) x U(1), but keeps off-shell 1/4
of the supersymmetry.!

The natural next step, discussed already in the conclusion of [19], would be to repeat the
exercise for 11D supergravity, but as Marcus et al. noted even AN/ = 2 supergravity had not yet
been fully written in A/ = 1 superfields at that time. In the intervening 35 years, a number
of papers have examined how to rewrite higher dimensional supergravity theories in N’ =1
superspace. These have included 4D N = 2 supergravity [21-26], 5D A = 1 supergravity
[27-30], and 6D N = (1,0) supergravity [31, 32], but the 11D case has remained open.

IThis was extended to lower dimensions in [20], motivated in part by brane-world scenarios.



In the last few years, that remaining case has been explored step-by-step. The initial
papers [33, 34] identified the structure of the N' = 1 tensor hierarchy that descends from
the M-theory 3-form and constructed the unique cubic N' = 1 Chern-Simons action. The
superfields in this tensor hierarchy turned out to encode all the spin <1 fields. In particular,
one of them contained a gauge-invariant 3-form field with which one can endow a Riemannian
7-manifold with a G structure [35]. Remarkably, the N' =1 Chern-Simons action, combined
with a natural choice of Kéhler potential, led to a 4D scalar potential that reproduces the
internal sector of the 11D action. Most of the kinetic terms were also correctly reproduced,
except for those terms involving fields in the 7 of G3. The explanation offered in [35] was
that the gravitino superfield, which encodes the additional seven gravitini, should include
auxiliary vector and tensor fields that when integrated out modify the kinetic terms in the 7.
This was demonstrated indeed to be the case in [36] where the entire linearized action was
written down in N' = 1 superspace. Then it was shown in [37] that the full action for fields of
spin < 1 could be linearly coupled to the gravitino and graviton supermultiplets consistently
using its supercurrent. What remained was to include the gravitino and graviton couplings
to all orders.

The main stumbling block to this task turns out to be N’ = 1 superspace itself. Unlike in
globally supersymmetric cases, the superspace covariant derivatives carry geometric data in
their connections and these must be made dependent on the internal coordinates. Put another
way, one must introduce new “internal” derivatives in A/ = 1 superspace, and these must have
non-trivial commutators with the “external” superspace derivatives. This introduces anew
the old problem of solving superspace Bianchi identities, but with the added wrinkle of an
additional set of coordinates and a slew of new superfields describing the mixed curvatures.

It turns out this can be done in a rather universal way, which seems as applicable to
minimal 5D supergravity as to 11D supergravity, although the details of intermediate cases
have not yet been worked out. In this paper, we provide such a generic reformulation of 4D
N = 1 superspace with n additional internal coordinates. (Our interest is n = 7, of course,
but the formulae are agnostic to the specific choice.) Our construction will be motivated by
the requirement that it consistently covariantize the 11D supergravity results. It will also
make contact with existing 5D [30] and 6D results [32], where the linearized version of this
supergeometry was built explicitly out of prepotential superfields.

This paper is organized as follows. In section 2, we review some details of how 11D
supergravity is recast in 4D N = 1 language to motivate a number of choices we will make
for the Kaluza-Klein supergeometry. Section 3 is devoted to a general discussion of bosonic
Kaluza-Klein geometry that readily generalizes to superspace. In sections 4 through 6, we
discuss how to solve the superspace Bianchi identities. Section 4 provides a general discussion
in terms of abstract curvature superfields and shows how, with a certain minimal set of
constraints, the Bianchi identities can be rewritten in terms of simpler abstract curvature
operators. This leads to a set of six abstract operator equations that must be satisfied. In
section 5, we discuss the linearized solution to these identities, and then in section 6, we
address the full solution. The existence of full superspace and chiral superspace actions is



established in section 7. In the conclusion, we sketch the remaining steps needed to rewrite
11D supergravity in A/ = 1 language, which will be the subject of a subsequent publication.

2 Elements of 11D supergravity and an A/ = 1 wishlist

In order to lay the groundwork for the Kaluza-Klein superspace we will construct, it will be
helpful to sketch what is currently known about the rewriting of 11D supergravity in N’ =1
language [33-37]. (See the introduction of [37] for more details.)

2.1 A sketch of 11D supergravity

Locally, we decompose 11D spacetime into four external coordinates 2™ and seven internal co-
ordinates y™. Four local supersymmetries are made manifest by introducing local Grassmann
coordinates (6*, éﬂ)7 which are combined with 2™ to give an external 4D N = 1 superspace.
The 11D spectrum comprises a metric, 3-form, and a 32-component gravitino, each of which
must be decomposed into 4D N = 1 multiplets. The structure of the 3-form is easiest to
understand as its abelian gauge structure has a unique encoding in A/ = 1 superspace. The
component form decomposes directly into a tensor hierarchy of forms

CS — CM ) Cm@ ) Cmng ) Cmnp (2'1)

extending from a 0-form to a 3-form in external spacetime. The N = 1 superspace encoding
of such a tensor hierarchy is known. In terms of AN/ = 1 superfields, it comprises a chiral
superfield ®,,,,, a real vector superfield Vi,, a chiral spinor superfield 3,,,, and a real
superfield Xﬁhey transform under abelian gauge transformations as (in form notation)

60 = OA | (2.2a)
§V =%(A—A)-0U , (2.2b)
680 = —31D*DoU + 0T o + WaoA | (2.2¢)
0X = 5;(DTq = D T%) — wn(Wa, U) (2.2d)

with 4 and 9 denoting the interior product and de Rham differential on the internal space,
and where we have used the shorthand

. 1 _
Wh(Xas V) == X 0Dav + Xa 1D + 3 (Daxaju + Dd)’(aﬂ)) . (2.3)

The gauge parameters are a chiral superfield A,,,, a real superfield U,,, and a chiral spinor
superfield T,. The 4D A = 1 derivatives involve a Kaluza-Klein connection, D := d — %4,
which acts via the internal Lie derivative, i.e. 24U := A.0U + O(ALU). The prepotential
V™ for the connection A describes the N' = 1 vector multiplet that includes the Kaluza-
Klein vector component of the higher dimensional vielbein. In this covariant formulation,
the Kaluza-Klein prepotential does not appear explicitly, but rather only via the covariant
derivative and its chiral field strength W,™ obeying the usual Bianchi identities,

DWW =0, D W™ =Dy WV (2.4)



The field strength superfields invariant under the gauge transformations (2.2) are given

in form notation as

E =090, (2.5a)
F=L(@®-®)-0V, (2.5b)
Wy = —1D?*D,V + 084 + Woo® | (2.5¢)
H = L(D*Sy — DeE%) — 0X — wh(Wa, V) , (2.5d)
G=—1iD’X + W.%, (2.5¢)
and satisfy Bianchi identities
0=0F, (2.6a)
0=g(E~E)-0F, (2.6b)
0= —1D?D,F + OW, + WaoE (2.6¢)
0= 5(D*Wo — DaW*®) — 0H — wn(Wa, F) , (2.6d)
0=—1D’H +0G +W*.W, . (2.6e)

From these superfields, one can construct the N’ = 1 supersymmetrization of the 11D Chern-

Simons term:
2 11 2 . 1 « i N2
1262 Sog = [ dMzd H{ZCD/\ <EG+§W AWa = 7D (F/\H))
N . 1 n2
+i% /\(E/\Wa D (F/\DQF)>}
+ /dllx 4o {V A <E/\H—|—F/\D“Wa 2DOF A (W, — iWaJF))

_XEA F}
+h.c. (2.7)

It turns out that the on-shell field content of the A/ = 1 superfields above involves more
than just the 3-form fields. They also encode all of the spin-1/2 components of the 11D
gravitino and all components of the 11D metric except for the purely external part. It also
turns out that the above superspace Chern-Simons action encodes the kinetic terms for the
4D vector fields. Together with just one other Kéhler-type term (whose precise form does not
concern us here), nearly the entire action of 11D supergravity for the spin < 1 fields can be
encoded in N = 1 superspace [35].

The above description turns out to miss a few critical elements. The external graviton
and spin-3/2 part of the gravitino must belong to additional higher superspin multiplets.
Naturally, the N’ = 1 gravitino combines with the external graviton into a single supermul-
tiplet, described by a prepotential superfield Hys = (0%)aaHa, subject to a linearized gauge
transformation

8Huq = Do L — Do Ly - (2.8)



This is the linearized prepotential of N' = 1 conformal supergravity. The remaining seven
spin-3/2 components of the gravitino live in a superfield ¥,,,, subject to the linearized trans-
formations

VWina = Ema + DaQpm + 200 Lo (2.9)

where 5, is a chiral spinor and (), is an unconstrained real superfield. This describes the
so-called N/ = 1 conformal graviton multiplet.

The parameter L, encodes local NV = 1 superconformal transformations, while Z and
Q are usually interpreted as encoding extended supersymmetry. The matter fields of the
tensor hierarchy necessarily also vary under these transformations, but the precise form will
not concern us here, except for the following observation. As discussed in [37], the E trans-
formations of ¥ and the other matter fields take a very simple form and do not strongly
constrain the action. Therefore, we are going to take the point of view that = is not really
an extended supersymmetry transformation, but rather a symmetry naturally associated with
the prepotential structure of the N' = 1 superspace we want to construct. The transformation
involving € will then be interpreted as an honest extended supersymmetry transformation.
Since any such transformation necessarily breaks manifest N' = 1 supersymmetry, it will not
play any further role in our discussion.

If we ignore the {2 parameter in the linearized transformation (2.9), it is possible to com-
bine the linearized H,4 and V,,, into an abelian tensor hierarchy, just like the 3-form fields,
where the Kaluza-Klein gauge field appears encoded in the covariant derivatives. It turns out
that a further chiral spinor superfield ®,,,, is needed. The linearized gauge transformations

read
5Had = Daid - ﬁdLa 5 (210&)
V14 =Z14+2i0L, , (2.10b)
5@2,1 == —8 Ela (210(3)

where we have written the internal degrees of the forms explicitly. The derivatives D include
the Kaluza-Klein connection as with the matter fields. The corresponding curvatures are

1 - .
W,ga = —D? iD,“DgHng + DyWaaWiq — 2W, DV, (
vBa

1
16 fo) + EW(,YJWQJ(I)QQ) ,

(2.11a)

1= _
Xiaa = 5;(Pa¥1a + Da¥ia) + OHaa (2.11Db)
Voo = oo + 0V14 , 2.11c)
P30 = 0Paq (2.11d)



and they satisfy the Bianchi identities?

Lt 1 1 1
8W—yﬁa =D [EDVQDBXlad — 1_6DVWB—'\P20! + gW»Y_IDB\Ifga (480) + %W(FY_IW5_|@3&) ,

(2.12a)

1 _ _
0X1as = %(Da‘l’za +DaVaa) , (2.12Db)
OVs = B3, (2.12¢)
)

0P34 =0 . (2.12d

The chiral spinor ®5, is necessary to ensure gauge invariance of the curvatures under =
transformations. The = transformations are important because they preserve the “gauge-for-
gauge” symmetry of L., whereby a shift of L, by a chiral spinor superfield can always be
balanced by some compensating gauge transformation elsewhere. For the case of ¥,,,, this
requires that =,,, shift by the internal derivative of that chiral spinor. This is another reason
to consider = transformations as part of the purely N = 1 sector and not an honest extended
supersymmetry transformation.

It is puzzling that ®9, was not encountered in our prior linearized analysis [36] or in
the supercurrent analysis [37]. The only sensible explanation is that when the prepotentials
above are coupled to the tensor hierarchy fields of 11D supergravity, it becomes possible to
absorb @5, by a field redefinition. We will argue in the conclusion that this is indeed so.

2.2 1In search of a covariant completion

The complete action involving the spin < 1 fields was presented in [37], but this was only
to linear order in H,s and W,,,. The main obstruction was that unlike the tensor hierarchy
fields, Hng and ¥,,, are expected to appear intrinsically non-polynomially in the action,
just like the Kaluza-Klein prepotential V.2 The solution to this should be, just as with
V™ to introduce new covariant derivatives in which these prepotentials are encoded, so that
they appear only via minimal substitution and their associated field strengths. When H,g is
y-independent and decouples from the supergravity hierarchy, this can be done using V' =1
conformal superspace [38], where new covariant derivatives V 4 are introduced so that the only
field strength is the N' = 1 super-Weyl tensor Wyg,. Then the L, pregauge transformations
of the prepotential H,g are absorbed into superdiffeomorphisms and all terms are manifestly
supercovariant. However, if the supergraviton multiplet depends on y™, the corresponding
supergeometry must be rebuilt from scratch to accommodate this. This means that we must
look for an N' = 1 superspace involving not only the usual covariant external derivatives
Va= (Va,Va,?‘j‘) but also curved internal derivatives. We can motivate the constraints

2There is an additional Bianchi identity of the form D(-fD'VW«,ga + DaBﬁﬂ"Wwd = ..., but this occurs at
rather high dimension, so we won’t have much use for it.

30ne could adopt a Wess-Zumino gauge and work to a certain order in these prepotentials, but that is
cumbersome in practice.



and structure of this new superspace by requiring it to consistently covariantize the matter
and actions we already have.

For example, one might expect that the internal derivatives should be valued in the
internal tangent space group, e.g. V, with a a vector of SO(n), but this would lead to an
immediate complication: we would need to introduce an internal vielbein e,,2 absent in [37].
Now, this is not an independent field, but is equivalent (up to an SO(n) transformation) to
the internal metric gy,,; however, the internal metric is, in our approach, a composite field
related to the tensor hierarchy field strength F),,, via the G9 structure relation

1
VY9 Gmn = _mgw Frnprpo Fpspaps Fpeprn - (2.13)

This equation is complicated enough without trying to take its square root to define e,,*. So

we should avoid introducing any SO(n) symmetry and take our internal derivative to carry a
GL(n) index,

Vi =0+ -+, (2.14)

where new connection terms (which may include external derivatives) must be added. Pre-
sumably such terms would be absent in flat space.
Let’s impose a number of additional conditions for the superspace we seek:

e In the absence of an internal vielbein, all the matter fields should be p-forms on the inter-
nal manifold. This includes chiral superfields ®,,,, and ¥,,,. The N' = 1 superspace
geometry must support the existence of such chiral superfields. This implies certain
constraints on the torsion and curvatures of the N' = 1 derivatives V4. In addition,
the structure of the Chern-Simons action requires the existence of chiral superspace in
addition to full superspace, leading to additional restrictions.

e In flat space, the Chern-Simons action as well as the entire structure of the 3-form
tensor hierarchy is written in differential form notation, and the internal derivative
appears only via the de Rham differential. We assume that the same should be true
of its curved space version. This means that we should only expect to build covariant
quantities using suitable internal covariant de Rham differentials.

e A related point follows: we should avoid introducing a metric-compatible affine connec-
tion into V,,, since we're going to use only covariant de Rham differentials. This means
the composite gy, should play no role in the superspace derivatives. In fact, we're
going to assume that none of the superfields of the tensor hierarchy play a role in the
construction of this superspace. They should appear only as consistent “matter”, that
is covariant superfields consistent with but not required by the supergeometry. This
means that the underlying supergeometry should be built only out of four fundamental
prepotentials, Hos, Yma, Pmna, and V™. The curvatures of the superspace geometry
should be built only out of their five corresponding field strengths, Wos+, Xmads Ymna,
D npa, and W™



e The tensor hierarchy transformation of ®,,,, should be something like 0®3 = ViAj
where A, is also chiral. This means thativm should preserve chirality. But if V,,
were to commute with both V4 and V,, then it would commute with V, as well, and the
supergeometry would trivialize to be y-independent. The only way to make sense of this
is to assume Pz = Vng where VI is a modified complex version of V,,, that preserves
chirality. Similarly, there will be a V.. for anti-chiral superfields, with V,, = (V;)*.
These should also look roughly like (2.1_4), meaning that they differ from each other and
from V,, only by connection terms. In fact, such derivatives have already been built at
the linearized level to describe 5D [30] and 6D supergravity [32] in N = 1 superspace.

3 Kaluza-Klein (super)geometry

The first step towards constructing a Kaluza-Klein supergeometry is to understand its dif-
ferential geometry. It will be useful to first review how Kaluza-Klein decompositions work
in more familiar bosonic spaces. Extending these results to superspace amounts to just ex-
tending commuting world and tangent space coordinates to include anticommuting ones, i.e.
replacing m — M and a — A below. This makes no difference in formulae but complicates
notation, so we will restrict to a bosonic space here for clarity.

In addition, this will allow us to overload notation in this section and use M and A
as indices for the coordinates and tangent space of the higher-dimensional theory that we
are decomposing. Since these higher-dimensional coordinates will only appear here, we hope
there will be no confusion later on when we restore super-indices.

3.1 Decomposition of the vielbein

Suppose we begin with some D-dimensional bosonic space with local coordinates 2. We
are interested in locally decomposing this space into a d-dimensional “external space” with
local coordinates ™ and an n-dimensional “internal space” with local coordinates y™. If
the D = (d + n)-dimensional space is equipped with a vielbein é w2, a natural choice for its
decomposition is

on? = (em A Ameﬂ) , (3.1)

Xma

where we have split the tangent space index as A = (a,a), with a and a indices associated to
the external and internal tangent spaces. We assume that the external and internal vielbeins
en® and e,% are invertible, with inverses e, and e,”. Then the inverse of (3.1) is

am - am14mm
eaM = < c ¢ ) . (3.2)

—egﬂxﬂbebm eq" + egﬁxﬂbeb”Anm

In conventional Kaluza-Klein scenarios, the higher dimensional tangent space is SO(D —
1,1) and allows one to choose an upper triangular gauge where x = 0. But this choice will not



be available to us for two reasons. The first is that we are actually interested in the situation
where 2™ above is extended to include the # variables of 4D N = 1 superspace — that is, ™
will be extended to (z™,60",0,,), with a extended similarly to (a,c, ¢); in this case, the local
symmetries are insufficient to fix all of y to zero. The second reason is that manifest N =1
supersymmetry actually seems to require even the bosonic part of x to be non-zero, at least
prior to a Wess-Zumino gauge fixing. We will elaborate on this momentarily.

The precise choice of decomposition above is motivated by how the fields transform
under external and internal diffeomorphisms. We denote these transformations by £ and
A™ and embed them into higher dimensional diffeomorphisms éM via ém = &M and ém =
A — ¢m AT Under internal diffeomorphisms,

onem” = A*0uen” (3.3a)
oAXm* = O A" Xn" + A Onxm” (3.3b)
OAAm™ = O A™ — Ay, Oy A™ + A0 Apy™ = Dy A™ (3.3¢)
onem™ = OmAten® + AOpen™ . (3.3d)

That is e,,* transforms as an internal scalar, while x,,* and e,,% transform as internal 1-forms,
and A,,™ transforms as a connection. Under external diffeomorphisms,

5§ema = Dmgnena + énDnema s (34&)

55Xma = gnDnXma + 8m§nena ) (34b)

5€Amm =" Fum™ (3.4c)

Seem®™ = €" Dnem® (3.4d)

where we have defined D,, := 8,, — 0Aa(Ay,) as the covariant external derivative (with £™

understood to be an internal scalar). The fields e,,* and e,,* transform as an external 1-form
and a scalar respectively. x,,* transforms as a scalar with an anomalous piece involving 0,,£",
and A, transforms as a connection with field strength F,,,,,2 given by

Frun® := 20 AP — 240, 0 A . (3.5)

The field strength automatically obeys the Bianchi identity f)[pan]g = 0 and transforms as
an internal vector and external 2-form under internal and external diffeomorphisms.

It is conspicuous in the transformation laws above that not all of the components of the
higher dimensional vielbein transform into each other. In particular, the external vielbein
em®, the Kaluza-Klein gauge field A,,™, and the additional field x,,* can be separated from
the internal vielbein e,,%. This is fortuitous, as this is exactly the sort of situation we require.

¢ and A,,”. It is natural to suppose

The two prepotentials H,s and V2 already encode e,
Vyna encodes xm,®, and this is not hard to see. At the linearized level, 6x,,* = 0,,£* arises

from 0V, = 2i Oy Lo provided we identify x as

1 o _
Xma = Z(a'a)aa(Dd\I’ma - Dawmd)‘ezo . (36)



Observe that the opposite combination Dd\I/ma + Dalilmd is what contributes to the field
strength X,,* (2.11b).

In 11D supergravity, it is possible to set the component field x,,* (as well as the bottom
component of X,,,%) to zero by an § transformation. That is, the usual Lorentz gauge-fixing
of Kaluza-Klein theory corresponds here to a choice of Wess-Zumino gauge, and precisely
this choice was made in the linearized analysis of [36]. But Wess-Zumino gauge fixing is
awkward at the superfield level. While we can set the bottom component of y to zero, higher
f components will survive, and so we cannot discard it completely. It is simpler to just keep
the Q gauge unfixed.

As we have already mentioned, the internal vielbein e,,% should not play any role. This is
because, at least in the N' = 1 case, the internal metric is not its own independent superfield
but is encoded in the bottom component of the 3-form field strength F,,,. Moreover, in
the /' = 1 spectrum we have already constructed, there is no internal Lorentz group. All
superfields are in 4D representations or representations of the internal diffeomorphism group
GL(7). This means that as we build covariant external and internal derivatives, we must
forbid the use of e,,% at any point. It is an important fact that this will be possible.

3.2 Covariant internal p-forms and a covariant de Rham differential

The transformation rules (3.3) and (3.4) motivate a uniform notion for how external and
internal covariant forms transform under external and internal diffeomorphisms. We remark
first that a field ¢ is a covariant scalar field if it transforms as

8¢ = "D + A%0,0 (3.7)

under external and internal diffeomorphisms. This definition naturally arises by taking ¢ to
be a scalar on the full space, i.e. d¢ = éN 3]\/(;5, and then decomposing éN . The extension
to external or internal 1-forms is obvious. A field wy, is a covariant internal 1-form if it
transforms as

0w = E" Dy + A0pwp + O AWy, (3.8)
Similarly, a field w,, is a covariant external 1-form if it transforms as
dwy, = £"l§nwm + ﬁmén wn, + A*Opwn, . (3.9)

Both of these definitions arise by requiring w, and w, to transform as scalars under external
and internal diffeomorphisms, and then defining w,, = €,%w, and wy,, = e,%w,. This is
quite natural if we have a 1-form wj; on the full spacetime. Then the usual way to define its
external and internal components is to flatten the indices with the higher-dimensional vielbein
and then to unflatten with the external or internal vielbein, i.e. wp = en*é,Mwy and

M

W 1= €€, wpr. This can be generalized to higher degree forms or mixed internal /external

forms. However, for the remainder of this section, we will mainly be interested in internal

— 10 —



p-forms, since the N' = 1 superfields we encounter for 11D supergravity will be in such
representations.

We now want to introduce a notion of internal and external covariant derivatives — that
is, generalizations of J,, and 0,, that preserve covariance. Let’s start with a covariant scalar
field ¢ transforming as (3.7). It is obvious that &, 9y¢ and é,M 9y ¢ transform covariantly,
as these are just the external and internal components of D 4¢. This suggests the definitions

D = em®Dy = e e.™M 0 = O — A0, (3.10a)
Dy = e 00 = O — Xm ™ (Om — Ap20y) (3.10b)

Then D,,¢ and D,,¢ indeed transform covariantly. Note that the former coincides with Dy,
for a scalar field, but D,, is not identical to 0,,. In neither case does e;,* appear in the
fundamental definition of the derivative.

For an internal 1-form w,,, the situation is a bit more subtle. The derivative D,, acts as
ﬁmwm = Dpwm, — O Am™wn

This turns out to be covariant under internal diffeomorphisms, but it fails to be covariant
under external ones. One finds that

3¢ (Dnwi) = DnéP Dpwrn + E° Dy Dy — O &P Fynwy (3.11)

The extra third term can be cancelled if we use instead the combination ﬁnwm + X" FnnPwp.
This suggests that we introduce an external GL(n) connection acting on the internal indiceg,
fmﬂﬁ, so that

Vo = Dnwm — ComPwp s D i= O An® — X Fan® . (3.12)
It is convenient here to consider the term 0,, A,”, originally part of the internal Lie derivative,
as part of the GL(n) connection. Or to put it another way, we define @m in terms of D,,
instead of D,,. We have denoted this specific choice of GL(n) connection with a circle accent
° to emphasize that it is the simplest choice to make. Any other connection I' will differ
from T by some tensor field. A different choice might seem artificial, but when we choose
natural N' = 1 superspace constraints, they will turn out to lead to such a modified GL(n)
connection.

Now consider the internal derivative of w,,. From flat space experience, we expect that
we should make do by covariantizing the de Rham differential, that is, J,wy. From the
scalar field case, we expect to use Dy, := Om — Xm"“Da plus some additional piece. Under
internal diffeomorphisms, we find that

A (D) = Oy ALDywpy + O ALDywy + AL, Dy, + OOy Ay . (3.13)

This indeed becomes covariant if we antisymmetrize n and m. However, under external
diffeomorphisms,

8¢ (D) = € Dy Dywry + €0 O AP — X" O™ Famewp - (3.14)
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While the second term drops out upon antisymmetrizing, the third term remains. To cancel
it, we now introduce an internal leg to the GL(n) connection so that the antisymmetric part
of Vypwp, is covariant. We write this contribution as

: : : 1 b
Viowm = Opwm — Xn"Vawm — Fwﬁwg , Lo = =xnXm Feb?

2
Note that there is a contribution to the GL(n) connection coming from the second term, so
that Xﬁ“ea"f‘nmﬂ is being added to the explicit fmﬂ.

The generalization to internal p-forms is obvious, but with the caveat that only the
totally antisymmetric part of the internal covariant derivative is actually covariant. In other
words, we covariantize only the internal de Rham differential, not the internal derivative in
general. It is remarkable that y and A alone are needed to build an internal covariant de
Rham differential.

Naturally, the next objects one might consider are external p-forms, with an eye to
generalize to mixed external/internal forms, but the situation grows more complicated. For
example, if w,, is an external 1-form, we find that 2D[nwm} + anﬂxgcecpwp transforms as
an external 2-form. This might suggest introducing a connection for the external coordinate
indices, but we should avoid doing this. Eventually, we want to reproduce as much as possible
the structure of existing 4D N = 1 superspace, and no affine connection plays any role there.
Instead, one deals solely with the Lorentz and other tangent space connections. In addition,
experience with 11D supergravity suggests we will deal only with covariant N' = 1 superfields
without any external coordinate indices, but only internal GL(n) indices (and possibly Lorentz
spinor or vector indices), and so such objects won’t be directly encountered.?

3.3 Including tangent space connections

We want to include additional connections for gauge symmetries that act on e,;,* and other
tensor fields. The prototypical example is Lorentz symmetry but we will be rather general
since later on we will be considering the N/ = 1 superconformal group. Suppose we have a
group H that acts on e, and x,* as

5Hema = emb)‘xfmba 5 57-[)(@& = me)‘xf:vba 5 (315)

where A" is a local gauge parameter and we use z,¥, - -- to label the generators g, of H. We
assume A,,™ is invariant. We suppose further that we are furnished an H connection with
external and internal components, h,,” and h,,”, transforming under H transformations as

Ophm™ = f)mgx + emagyfyax + hmyngzyx >
0rhm” = Ong” + Xm" 9" fya” + hm 9" f2)" - (3.16)

4The superfields of the A/ = 1 tensor hierarchy discussed in section 2.1 will turn out to be components of
mixed superforms in superspace.
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The constants f should obey the Jacobi identity associated with a Lie algebra that extends
H by a generator P,, with commutation relations®

[gmagy] = _fmyzgz s [gma Pa] = _fmbe - fmygy ) [Pa’Pb] =0. (3-17)

One can check that the commutator of dy transformations reproduces the [g, g] algebra.

Now we augment the covariant derivatives defined in the previous section with the H-
connections. At the same time, we will allow the GL(n) connection I' to differ from the
simplest choice I. Explicitly, we have

Vo= eam(am - Amﬁag - Fmﬂgggﬂ - hmmgx) )
Vi =0m — Xm"Va — L'mn®9™ — b g2 - (3.18)

The operator g¢,," generates GL(n) transformations, i.e. Im™wp = Op"wm. In order for

the above covariant derivatives to remain covariant with respect to external and internal

diffeomorphisms, we must take the H connections to transform as®

O™ = D€ hy® + € Dhin® + A% by
Ohm® = O A"y, ® 4 O hp® + " Dyhy™ + A0, (3.19)

They are also H-covariant in the sense that if ® is some field transforming as d® = A\¥g, P,
then

HVa® = N0, Vo® = XNo(V00e® — f0a"Vp®) ,
Vi ® = A0,V ® = A'V500,0 (3.20)

which amounts to the formal operator algebra

[gma va] = _fxabvb - fmaygy s [gaca vm] =0. (3'21)

Above, V, is playing the role of P, in the flat algebra (3.17). The vanishing commutators of
P, and 0, with each other are replaced with field-dependent curvature tensors

[vaa vb] = - abcvc - EFab - Rabmﬁggm - Rabxgm s
[Vay Vm] = _Tambvb - ﬁFaﬁ - Ramgggﬂ - Ramxgx )
Vans Vil = =TV — L, — Rununpl9e® — Reun” 9 (3.22)

where T is the external torsion tensor, F'™ is the internal Kaluza-Klein curvature, R,,™ is the
GL(n) curvature, and R” is the H-curvature. £ denotes the internal covariant Lie derivative,
defined so that any lower internal form indices of F* are spectators, e.g.

L Wp 1= ZFMQV[QQ@ + VE(Fmiwg) = Fmﬂvgwg + VgFmg Wy - (3.23)

SWe treat g, as an operator acting from the left that takes a covariant field to a covariant field, so that
(51(52‘13' = )\”f)\ggxqu).

5Note the anomalous term in the transformation of hm® that rotates it into hy,*: it is similar in structure
to the anomalous term in the transformation of x,“ that rotates it into e ®.
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We have chosen to package the internal curvature term in (3.22) as a covariant Lie derivative
(rather than a covariant derivative) because this ensures covariance of the curvature terms
separately when the commutator acts on an internal p-form. This amounts to a redefinition
of the GL(n) curvature R,,2.

The external torsion tensors in (3.22) are given by

Tnma = 2D[nem]a +2 e[nbhm}mfxba + anEXga ’
Tnma + meTnba = f)nXma - 8mena + enb hmmfxba - mehnmfxba )
Tonn® 42X Ten)* + X X" Tep® = 201X * + 2 X" )" fi” - (3.24)

Here one must plug the first equation into the second and both into the third to solve for
Thm® and T}, %, and then flatten external world indices with e,™. Similarly, the H curvatures
are given by

Rin® = 2Dpn by ® + 20 ey foy™ + i h® fo)” + FrunZhy”
Riin® + XnRonp™ = Dinhin® — Onhn® + hin? X" foy + em®hn? fi
+ b ha” fay”
R + 2X(m “Ben)” + Xim X" Rey™ = 20m i) + 2h(m Xn)* fay™ + P hn” f2y" - (3.25)

We do not give explicit expressions the GL(n) curvatures, although they can be worked out
straightforwardly. F,™ is given by flattening the form indices of F,,,™ in (3.5) with the
external vielbein. The expressions for the mixed F,,™ and internal F,,™ tensors can be
worked out explicitly. However, it is more helpful to observe that when T is chosen to be
I, one finds that ﬁamﬂ = ﬁwﬂ = 0. Then deforming the GL(n) connection by a purely
covariant pieces AT', defined so that

Vai=Va—ATan20,", V=V — ALyl g, (3.26)
one can show that
Fom™ = ATy ™ Fnt =2 AF[MJB . (3.27)

By construction the curvatures above must obey Bianchi identities,

Z[vav [Vb’ VCH =0, Z[vav [va vm]] = _[vmv [Vm Vb]] s etc.
[abc] [ab]

— 14 —



Particularly useful are the Kaluza-Klein field strength Bianchi identities, which read

0= Z (Vc—Fabm + ,Tabe—Fecm + FabﬂFQcm) )
[abc]

0= Z ( - Rabmﬁ + 2vanmﬁ + Tabe emﬁ + 2Tmae ebﬂ + FabgFgmﬂ + ZFmag Ebﬂ> s
[ab]

0= 3" (— 2Rumnl + VaFunl + TonnFeal + 2Tam Fenl + Fnn Fya? + 2Fumn Fyn? ) |

[mn]

0=>_ ( = Rynp? + Tinn“Fep® + FMKFQQ) : (3.28)

[mnp

The first equation ensures that F, ;™ is covariantly closed. The other three determine the
parts of the GL(n) curvature R that are antisymmetric in lower internal indices. Because
we will only be constructing internal covariant de Rham differentials, only the (internal)
antisymmetric parts of R will ever appear, and these are completely determined in terms of
the other quantities.

Finally, for reference we give the covariantized external diffeomorphisms of the various
connections, which arise by combining an external diffeomorphism with £ = £%,™ and an
‘H transformation with \* = —£%,™h,,”:

3% em® = Din&® + hn "€ foo® + €m € (T — FurPxp")
3% Xm® = Om&® + hn € fea + € (Tem™ + Xm"Tep")
08 ™ = €€ (Ray™ — Furhy®) + hunV€" fu,® |
5§ov " = & (Re® + me Ra™) + hmyfb Fou®
08 Am™ = €, € F ™ . (3.29)

These transformations are relevant when the relations discussed above are promoted to su-
perspace; then the fermionic component of €4 is identified with the local supersymmetry
parameter. Then it is crucial that the above transformations involve covariant tensors; this
ensures that the SUSY transformations are sensibly defined.

4 The supergeometry of 4D A = 1 Kaluza-Klein superspace

Now we are in a position to start building the general supergeometry of 4D N = 1 Kaluza-
Klein superspace. The first step is to extend the discussion of section 3 by allowing the
external space considered there to be a superspace. This is just a cosmetic change, promoting
the coordinates ™ to supercoordinates zM = (:Em,ﬁ“,éﬂ) and the tangent indices a to A =
(a,,&). This requires promoting the external vielbein e,,%, the Kaluza-Klein gauge field
A2 and the additional field x.,,, to superfields in the obvious manner, i.e.

em® — Ep? , m=— Ay, Xm® — XmA . (4.1)
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However, we do not modify the internal space — it remains a bosonic manifold with a GL(n)
index m. Let us not reproduce every formula, but only give a few that are directly relevant.
The superspace external covariant derivatives V4 and internal V,, are given by

VA - EAM(aM - AMﬁag - PMﬂgggﬂ) - HAxg:c 5
Vi =0m = Xm" Va — Tun0™ — Hp' 9o (4.2)
with the GL(n) connections defined as
T am? i= EaN 0 ANE — Xm B Fpa2 + AT 42

1
Tyl = —gxﬂmeAFABB + AT + o AT a2 | (4.3)

where the AT terms transform covariantly. The covariant derivative algebra reads

[VA, VB] = —TABCVC - ﬁFAB - RABmﬁng - RABmg:c ) (44&)
[VA, Vm] = —TAvaB — EFAQ — RAnggﬂ — RAmxgx , (4.4b)
Vi, Vil = =TV a = L5, — Runp2962 — Ronn” 9o - (4.4c)

In superspace, one is not generally interested in the precise expressions for the various
torsions and curvatures in terms of the potentials. Rather, one imposes some constraints on
the torsions/curvatures and solves the Bianchi identities in terms of some fundamental curva-
ture superfields (which obey Bianchi identities themselves).” These quantities, e.g. Weapy in
N =1 conformal superspace, or Wy, R, and G4 in the conventional ' =1 Wess-Zumino
superspace (see e.g. [39-41]), are, along with the covariant derivatives, supermeasures, and
any covariant matter superfields, sufficient to construct covariant Lagrangians. In our case,
we expect these curvature superfields to be built out of the basic curvatures Wogy, Xmaa,
Vimnas (I)MO“ and W, ™.

4.1 Abstract solution of the Bianchi identities

A great deal of progress can be made working almost entirely abstractly if a very strong set
of constraints is imposed from the beginning:®

{Va,Vs} = {?d,?ﬁ-} =0, {Va,?ﬁ} = —QZ'VQB . (4.5)

These coincide with the constraints of N' = 1 super Yang-Mills and were shown in A/ = 1 con-
formal superspace to be the appropriate constraints to describe N/ = 1 conformal supergravity
[38]. These imply the existence of a coordinate system and a gauge where V¢ = 9/00,. In

"In principle, the fundamental curvature superfields as well as all the potentials can in turn be solved in
terms of prepotential superfields explicitly. Usually this is highly non-polynomial and not immediately useful.
Typically only the linearized solution around a given background (e.g. flat space) is necessary.

8The last constraint is mainly a conventional constraint — that is, a definition of the connections in V,.
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such a gauge, covariantly chiral superfields are simply independent of . Such a set of con-
straints is not actually necessary for supergravity (conventional Wess-Zumino superspace does
not satisfy these constraints, for example), but we will find them to be the right constraints
in our case.

An immediate consequence of these constraints is the simplification of the external
spinor /vector commutator to only a spin-1/2 part:

[VQ,VBB] = ZEaBW' , Wd,vﬁﬁ] = 2€dBWB , (4.6)

where W, is a fermionic operator, that is, it has an expansion Wy, = W,BVp + Ly m +
Wamgn™ + Wa" gs. It must satisfy

{(VaWa} =0, {VEW,o} = {V4, WY .

The first relation implies that W, is a chiral operator — it takes chiral superfields to chiral
superfields. The second relation implies a reality condition reducing by half the number of
independent pieces in the 6 expansion of W. These two identities together guarantee that the
[V(4,[VB,V¢j]] = 0 Bianchi identity holds. The final external commutator is vector/vector
and is determined by the Bianchi identities to be

Vo Vi) = — 2 (000) (Vo Ws} + 2 (006 (Ve Wy} (4.7)

The upshot is that the external curvatures are completely determined by W,. Because the
constraints (4.5) are the same as imposed in N' = 1 super Yang-Mills, the solution looks
formally identical to that case.

Now we turn to the mixed curvature. Identifying the mixed curvature operator R, 4,

Vi, Val = —Rma , (4.8)

we can abstractly solve the [V 4,[Vp, V]| + - = 0 Bianchi identity. The lowest dimension

identities involving spinor derivatives imply that
Rpai = (0")aiRma = %{Va,Rmd} + %{%,R@} . ViaBms =0.  (49)

Because of the constraints (4.5), the second identity suggests to identify R, as the spinor

derivative of some other operator. By redefining V,,, one can always choose that operator to
be imaginary, so that

Rina = i[Va, Xm] (4.10)

for some real operator X,,,. This operator is thus responsible for generating all of the mixed
curvatures.

The existence of such a real operator lets us satisfy another of the entries on our wish list
in section 2.2 — the existence of a modified internal derivative VL that preserves chirality:

Ve =V £iXn , V. Vil = Ve, V] =0 (4.11)
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Provided X,, preserves covariance (and we will ensure it does), V; provides a chirality-
preserving internal de Rham differential. The remainder of the [V4,[Vp, V]l + -+ = 0
Bianchi is then solved provided

Vi Wl = =593 {77, [V, X

This intertwines the external curvatures with the mixed curvatures, implying they cannot be
fixed separately.
For later use, we define R;ﬁa and R . as the mixed spinor curvatures arising from VE

and V,,,, respectively. They turn out to be twice the original curvatures Ry, and Ry,
V3. Val = —R}o = —2Rma Vi, Val = =R} 4 = —2Rma - (4.12)

It is helpful to give R;, a name distinct from R,,, because when we expand them out in

mo
terms of derivatives and generators, we will write R,  in terms of VE while R, will be

mo
written in terms of V,,. For example

77L

where £1 denotes the covariant Lie derivative built from VE.
Now let us address the internal curvature. The existence of chiral internal derivative VL
suggests we should examine their curvatures, defined as

Vi Vil=-RS, (4.14)

and similarly for R.,,,. The content of the [V, [V, V,]] Bianchi identity is now succinctly
encoded in two condltlons The first is that R,ﬂ;m is a chiral operator, [?Q,R@] = 0. The

second condition is that R+ is related to the real R, via
R} = Ry — 2V 1 X ) + (X, X - (4.15)

The real part of this expression defines R,,, while its imaginary part links the mixed curva-
tures to the internal curvatures.
The final Bianchi identity, [[V [, Val, Vp}] = 0, can equivalently be formulated in terms

of V. It leads immediately to [VF];, R;Fm]] =

In summation, we have uncovered three basic operators: a complex spinor W, a real

1-form X, and a complex 2-form R+ that must obey six abstract Bianchi identities:

{Va,Wa} =0 (BL1)
{VEWa} = {%, W} (BL2)
[V Wal = ——[V AV, [V X]}] (BL3)
W‘i Ryn] =0 (BL4)
[V@,R& =0 (BL.6)
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In terms of these, the external curvatures Rqp = —[V 4, V] are given by
R, =10, Rdﬁ'zo, RaB:2ivaB’
Rap = —(0b)ac W, R% = ()" Wa »
i i apie
Rap = 5(0a)™{Vias Wa} = 5(Fa) " {Via, Wy} (4.16)
the internal curvatures Ry, = —[Vm, V,] are given by
1
Ry = 5(R& + Rﬁ) — [ Xm, Xl » (4.17)

and the mixed curvatures R4 = —[Vy,, V| are given by

Riyo = i[Va, Xm] » Rina = —i[Va, X
1 — \&a = 1 — Q[
Rina = =7(0a)"{Va, [Va, X} + 7(02)"{ Ve, [Va, X} (4.18)

For reference, it is also useful to give the mixed curvatures when written in terms of Vi :

R =2i[Va, Xm] Ri,=0,
1 L
R = 5(00)**{Va: [V, Xin]} - (4.19)

Our goal in subsequent sections will be to impose further constraints on the operators
appearing above and to identify the fundamental curvature superfields that comprise them.
Before doing that, we need to elaborate a bit more on the structure group H we will be using.

4.2 The superconformal structure group

The conformal superspace approach to N/ = 1 conformal supergravity introduced in [38]
involves choosing the generators g, to be the set of Lorentz transformations (My;), dilata-
tions and U(1)g transformations (D and A), S-supersymmetry transformations (S, and
S%), and finally special conformal boosts (K,). Together with the covariant derivatives
Va = (Va,Va, V%), they furnish a representation of the N’ = 1 superconformal algebra
with (anti)commutators

[Mab, Ve] = 21c/aVy [Map, Ke] = 20ca Ky} »
D,Va] =V, D, K,] = —K, ,
[Ka, V] = 210D + 2Myp [Map, Mea] = 2o Mpjq — 2 0gja My
[Mabav“/] = _(O-ab)“{ VB s [Mab,S'y] = _(Uab)’y SB )
[Map, V'] = —(0a)? v, (M, S7]) = —(Uab)#ggﬁ :
D, V4] = 3Va, D, So] = —3Sa,
D, 4] = 1% , D, 5% = ~15% |

— 19 —



[A, Vo] = —iVa, (A, Sy] = +iSa,

[A, VO] = +iVe A, 5% = —i5¢ |
[Ka, Va] = i(aa)aﬁgﬁ’ [Ka, ?d] = i(ﬁa)dﬁsﬁ )

[SO" Va] = Z‘(Ua)aﬁ.?ﬁ’ [Sda Va] = i(a'a)dﬁvﬁ )
{Sa; Vs} = cas (2D —3ih) —4Mag ,  {S%,V7} = (2D + 3ik) — 47,
{Sa:Sa} = 2i(0%)ac K - (4.20)

The operators g, = {My,D, A, Sy, S, K,} are taken to commute with Vm. Here we use
M,p = —%(a“b)agMab for the anti-self-dual part of My, and similarly for M o,

If the V 4 obeyed the flat N' = 1 superspace algebra, the algebra of the operators g, and
V 4 would just be the A/ = 1 superconformal algebra. Because the V 4 curvatures instead
involve the curvature operator W,, the flat superconformal algebra becomes deformed. This
is the sense in which the N' = 1 superconformal algebra has been gauged.

Consistency of the above relations with the algebra of covariant derivatives implies that
the basic curvature operators W,, X,,, and R, are conformal primaries. That is, their
(anti)commutators with S,, S¢, and K, all vanish. These imply a number of conditions on
the various pieces of these operators, which were useful in our analysis as checks, but we will
not comment on them explicitly. W, additionally carries dilatation and U(1)r weights 3/2

and +1, whereas the other operators are inert.

5 The linearized solution to the Bianchi identities

In this section, we are going to sketch a solution to the Bianchi identities (BI.1) — (BL.6)
at the linearized level, where it is possible to be very explicit about how the prepotentials
appear. This will allow us also to make more transparent contact with the 5D [30] and 6D
cases [32], which worked to linear order in the gravitino superfield ¥,,.

We treat the supergeometry as linearized around a nearly flat background, whose only
non-vanishing curvature is the Kaluza-Klein curvature. The background covariant derivatives
are Vi = Dy = Oy — La,, and V,, = 0y, with curvature operators

Wa = Wo™0m + 0mWagn™ | Xn=0, R' =0. (5.1)
The linearized fluctuations around this background are denoted
Vyu=Vyu+4iVy, Vi =0m+ 0V (5.2)
with linearized curvatures

Wo=Wa+Wa, Xm=0Xn, Rh,=0RL, . (5.3)
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The basic constraints (4.5) are solved (up to a gauge transformation) by choosing
Vo =—i[Va,V],  0Va=+iVa, )], (5.4)

with the linearized external curvature W, being given by

1~ =5 .
Wa = =D {D’, [Da, VI}] +i[Wa, V] - (5:5)
If we were discussing an abelian gauge theory, ¥V would be the vector multiplet prepotential
and 6W, would be its linearized field strength. Here both become operators, whose form we
will discuss shortly. Preserving the chirality constraint [VE , V] = 0 then tells us that

OV = i[O, V] — A, (5.6)

where Ay, is a chiral operator, [Dy, Ap) = 0. It follows that 6V, = —3(Ap + A) and
1 _
Xm = 0w V] = 5:(Am = Am) s Ry = 2[0ms Anl] (5.7)

Specifying the linearized geometry amounts to specifying the operators V and A,,,. There
is some redundancy to this choice, as they can be taken to transform under pregauge trans-
formations

W=—=A-A7A), 0Ap = [Om, A, (5.8)
where A is a chiral operator.

5.1 Structure of the prepotentials

The operator V is real but as yet unconstrained, with an expansion

V = HAD g + V20 + (0 V™ + Vi) gn™ + %V(M)abMab
+V(D)D 4 V(A) A+ V(S)*Ss + V(5)a5% + V(K) K, . (5.9)

We have denoted VA by H#, which is common in superspace literature. The superfield H® is
the N/ = 1 gravitational prepotential. The superfield V™ describes fluctuations of the Kaluza-
Klein prepotential about the background. All the other prepotentials must be constrained
in some way or turn out to be gauge artifacts as a consequence of the pregauge freedom
A. The proper way to uncover the constraints is to take certain curvature tensors to vanish
and to derive conditions on the prepotentials from these. We assume that V is a primary
operator, but, aside from H?, V2, and V,,, the individual prepotentials in its expansion are
not primary.

The chiral operator A,, has a similar expansion

1
Am = AmADA + Am,"On + (OnAm 2+ Am,ﬂg)ggﬂ + §Am(M)abMab
+ A (D)D + Ay (A) A 4+ Ay (S)4Sa + Am(S)dgd + Am(K)be . (5.10)
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The chirality constraint implies that the components of AmA are given by

A = —DW,,% | Ap* = %752\I/m°‘ ,  Ama unconstrained (5.11)
where V¥, will play the role of the gravitino superfield. The internal diffeomorphism and
GL(n) parameters are given as

Ayt

]

= om," — Wﬁﬂqjmﬁ ) A = Qmnl + 8@‘PmBWB£ (5.12)

where ¢, ™ and ¢y, ,2 are chiral superfields and W,™ is the background Kaluza-Klein field
strength. The other parameters are found to be

Am(D) = om — %ﬁ&Amﬁ ) Am(A) = %‘Pm - %@#Am‘y )
Am(M)dB = ID(OcAmg) s Am(M)aB = Pmap

1.
A (S)a = oma A (9)* = §D2Ama )
Am(K)* = —=iD%p® (5.13)

where ¢, and @pp are chiral and 0,,, is complex linear. If A,, is required to be primary,
then the extra superfields Apa, ©m; Pmag and opmq are not primary and should be written
in terms of other superfields that are.

The operator A describing pregauge transformations is identical to A,,, but with the m
index deleted. We relabel some of its components as

U, = 2600 om0 omal = 2

om =L, Pmap 2 lap s Oma — Oa - (5.14)

We emphasize that the £’s above are chiral while o, is complex linear. A few prepotentials
can already be eliminated by a gauge choice using the pregauge A transformations. As and

A® are unconstrained superfields and can be used to fix Hs and H®. In order to keep V as a
primary operator, one actually should choose

H® x _%'Zjdea , Hd l —%DaHad . (515)

We denote this equality with a * to emphasize that this is a choice. Similarly, the chiral
superfield £,," can be used to eliminate ¢,, ™,

om =0 (5.16)

The other extra parameters in V and A,,, must be eliminated by imposing curvature constraints
so that only H,g, V2, and VU,,, (and possibly some chiral superfield ®,,,,) remain.
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5.2 Choosing curvature constraints on W, and X,,

From the definition of X, one can show that

X3 = 0, Ho — %(ﬁd\yma + DY) (5.17a)
1 - i
Xpn® = 0, HY — —=D*V,,~ — —A,,% 1
= O DML — Sh (5.17b)
1 - i
Xpni = OmHa — 750" U + 5 Ama (5.17¢)

The presence of the unconstrained Ama and A4 mean X, and X,,4 can be set however
we wish, in analogy to H® and H,. X,;,“* matches the linearized curvature (2.11b). The
equations for X,,* and X,,s can be interpreted as definitions of ]Xma and Ay in terms of
these arbitrary curvatures. If we want X,,, to be a primary operator, the natural choice is
a * i = fa%e's * i fe
X, > = _gdem , Xma = _§D Xmad - (5.18)
It follows that

Ams = _épﬁﬁd%ﬁ . AR®

%ﬁﬁba@m

I

5 - (5.19)

Next, let’s impose a constraint on §WW,. The simplest constraint we can impose is that

Wob = sW,b = 0. Using (5.5) and being careful to account for the variation of the covariant
derivatives in the operator dW,,, one finds

1 _ _ _
V(M)o” + 56,7 (V(D) = 2iV(A)) = Do’ — 6,°D*Hy ip,-ypamﬁ
— %Waﬂ\ymﬁ + chiral superfield . (5.20)

The entire expression appears under D5 and so there is an undetermined chiral superfield on
the right-hand side. Assuming V is primary, this chiral superfield is also primary. In fact, it
can be eliminated using the chiral superfields ¢ and £,z in the A pregauge freedom:

V(M)o? + %5QB(V(D) — 2%V(A)) = Do HP — 5,5DH,, — ﬁ@DaHW - %waﬂxymﬁ .
(5.21)

From this and its complex conjugate, one can determine V(M)q,, V(D), and V(A).
Taking the same combination of X,,’s, one can show that

1 _  _ .
X (M)o” + 580" (Xpn(D) = 2iX,n(A)) = PaXps” = 6D X — iD&DaXmW

1 1

- éwaﬂquﬁ - §waﬂ<1>mﬁ
1
16

1

_ i
D’Do ¥, + §¢m5£ +3

‘Pmaﬁ . (5.22)
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In computing the above, we have introduced a new field ®,,,“ and required
U =20,9,)° + P (5.23)

to be invariant under Z transformations. At this point, the introduction of ®,,,,* was ad hoc
in order to ensure a Z invariance we are imposing by hand. The last four terms of (5.22) are
chiral potentials, while the rest are curvatures. Making the choice

)

2

1

@méaﬁ + 5

« 1 = i
@maﬁ = 1_6,D2,Da\l’mﬁ + §Waﬂ¢mﬁ R (5.24)

which also determines the chiral prepotentials ¢, and ¢,,,s separately, one finds
. 1ss : * B _ 5 Bpo
X (M) + 55(1 (X (D) —2iXp(A) = Do Xp)” — 00" D Xna
- i@&DaXmW + %Waﬁwwﬁ . (5.25)

From this expression, one can determine X, (M )qp, Xm (D), and X (A).

Now let’s compute another curvature in W,. It turns out that W,? vanishes as a conse-
quence of W, vanishing. The next curvature is WaB' Without going into great detail, one
can show that
1

. 1 .
Wai = =20Wa™Xms — 5 WD Xmas — D W Xmaa +1Ya(0")as (5.26)

where Y, is a real quantity given by
Yai = 2V(K )ag + 20DaV(S)4 + 2iDaV(S)a — iDcﬂde - i@diﬂHa
1 gy 1 N _
- 5(2)%22)5 +D5D*DP ) Haa + gpﬁwﬁ—(paxymd — DsVpna)
— WDy (O Hag = iDaVma) + 7 W™D (OnHat — iDa¥ima) - (5.27)

The choice of V(K), amounts to a choice of Y,. Two natural choices are to fix Y, =0 or to

choose Y, so that Wag = —Wsa, but the specific choice does not affect the following analysis.
Identifying W3, as (proportional to) the totally symmetric part of W, (M)gs,, we find

. n 1
Wi (M) gy = 2i Wapy = Wa0npa — Z2)21>(Q1J(M) ) - (5.28)

From the above expressions, one can show that

*

Y i
Wapy 1—6’])2 iDy"DgHs + Do (WpaV1,) — WaJDﬁ\I/yY] " — §W(Q_JW5_J(I>2.Y) . (5.29)

57)

This is exactly the expression for Wz, that we have been seeking. The remaining trace part
is also a chiral superfield Z,. Writing

WQ(M)B-Y = —Ea(BZ,Y) + 21 Waﬁ—y (530)
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we find that

- o . 5
Zo = —D* [4V(S)a + DaV(D) + gZDaV(A) + %WaJDﬁ‘I'lﬁ ~ 3V Xiaa
1
+ gwaJwchbgﬁ : (5.31)

The remaining undetermined prepotential V(S), lets one choose Z, however one wishes, at
least in principle. A natural choice is

Zoa=0 = V(5), determined . (5.32)

This determines V(5), up to a complex linear superfield, which corresponds to the pregauge

freedom £(S), within the chiral A operator. A curious feature of this choice is that it seems

to require a non-covariant expression for V(.5),, as one must introduce a prepotential for the

background W, or for the field ®5, in order to extract a D? from the last term in (5.31).
We have nearly exhausted all of the freedom to choose the components of the operator

V. The last element is V,,™t. This can be fixed by observing that

i

X" = V" + 0 V" + 5

(A ™= A ™) . (5.33)

)

We will then make the simplifying choice

X220 =— Vmﬁ;amyﬁ_,_f

(Ap®— Ap™) . (5.34)

Now that all components of the operator V have been fixed, all components of W, must
now be determined, up to terms coming from undetermined pieces in the chiral A,, operator.
Indeed, we find for the other dimension-1 components of W, that

Wa(M) g5 =~DWa3) -
Wa(D) = %ﬁwm — iﬁ(XmadWC@) + gza :
Wia(A) = %ﬁ*wm - %@%Xmamdm) + %ZQ ,
Wan® = 1% (Xunaa V%) + Wal (201 ™ + Bl Wt
1 iz?( X W) (5.35)

In the last equality, we have chosen ¢y, ,2 to simplify the expression and build a curvature.
This does not determine the symmetric part of ¢, 2, but this will drop out of explicit
expressions because lower form indices generally end up antisymmetrized.

The only remaining piece of A,, that is undetermined is the complex linear component
Oma- This contributes to X,,(5)a,

Xp(S)a = IV(S)a = 3-(An(S)a — An(S)a)
= O V(8)a — %(am — 1D?Ama) (5.36)
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This curvature then obeys the Bianchi identity

iﬁ 4 X0 (S)a + DaXm(D) + %DaXm(A) - %Waﬂpﬁmmﬁ - gam(wdﬂxmd)]
1
= —OmZa + gWaQWBBCI)Mﬁ : (5.37)

5.3 Some lower dimension results for Rj,‘m

The remaining curvature operator we have not directly addressed is R, , which is built by

taking the curl of the chiral operator Ap,. We find for T,/ and F,J,2 the results

T = =D Wy, (5.382)

T = %ﬁz\l’wa : (5.38b)
S

e = 20mAns = —5 D50 Vmn” (5.38¢)

*

Fh 2 =200 P = — T WL . (5.38d)

The other linearized curvatures can be computed directly in a similar way, but their forms
will not be terribly enlightening.

5.4 Comparison to 5D and 6D results and summary

We have now accounted for all of the prepotentials and field strengths and uncovered the
appropriate curvature constraints to remove all but one unconstrained spinor prepotential
V(S)q and a complex linear prepotential 0,,,. These unfixed prepotentials can be eliminated
by breaking manifest background covariance, but we will find it simpler to just leave them
unfixed in the remainder, keeping in mind that they appear mainly in two curvatures — a
chiral spinor superfield Z, and the curvature superfield X,,(S)q, which are related in terms
of a complicated Bianchi identity (5.37) involving the field strength ®,,p,q-

At this stage, we can make a few brief comments connecting with tEexisting 5D and 6D
work involving linearized supergravity. In the explicit linearized 5D construction of Sakamura
[30], the covariant derivative (?y can be identified with the linearized V!, when acting on chiral
superfields, with the rescaling of WP — %\I/ma.g Similarly, the gravit;cional superfield U* is
identified with —H, here (keeping in mind o# — —c®) and U* there is identified with —V™
here. Similar comments pertain to the 6D results of Abe, Aoki, and Sakamura [32].

The major difference between our linearized results and previous results is that those
papers fully describe 5D and 6D supergravity, whereas we aim only to describe the minimal
extension of A" = 1 conformal supergravity necessary to encode y-dependent superfields. We
make no effort to identify the internal sector of the metric, with the understanding that from
an N = 1 perspective that sector must correspond to “matter”, i.e. some appropriately
defined covariant superfields. Thus, in our formulation, there is no analogue to their gauge

9The precise identification requires going to a (complex) chiral gauge where V4 = Dy and Vz = Om — Am.
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parameter N; that parameter is the 5D or 6D analogue of the complex 11D parameter (™,
and it encodes details of the higher dimensional sector beyond what is purely required for a
covariant A/ = 1 supergeometry.

At this stage, we have developed enough intuition to address the full non-linear geometry.
That will be our next task.

6 Exploring the non-linear Bianchi identities

Solving the Bianchi identities (BI.1) — (BL6) in terms of curvature superfields Wagy, Xmaa-
Vinas Pmnpa, and W,™ is a rather involved task, as most of the Bianchi identities just serve
as consis‘;ncy checks on lower dimension ones. Typically in superspace, one can invoke some
version of Dragon’s theorem [42], which states that the curvature superfields are completely
determined by the torsion superfields, so solving the torsion tensor Bianchi identities is the
only necessary step. In its original formulation, Dragon’s theorem is limited to dimensions
higher than three and for a tangent space group consisting of the Lorentz and R-symmetry
groups. For this reason, it does not directly apply to either conformal superspace (where S and
K curvatures are present) or to its extension here with internal torsion and GL(n) curvatures.
Moreover, in boiling the Bianchi identities down to (BI.1) — (BL.6), we have already solved a
number of them! It is possible that a modification of Dragon’s theorem is possible, but we
found it more direct to analyze the identities (BI.1) — (BL.6) exhaustively, taking guidance
from the linearized case. In this section, we provide a summary of their solution, with some
guideposts for the enterprising reader to reproduce. The reader interested only in the result
may consult Appendix A where we summarize the supergeometry.

6.1 The chiral Bianchi identities (BI.1) and (BI.4)

The easiest Bianchi identities to solve are the ones imposing chirality on W, and R@, eqs.

(BI.1) and (BL.4). In both cases, to make the chirality analysis simpler, it is convenient to
choose a chiral basis of derivatives — that is, we will choose to use VL instead of V,,. In
general, this means W, must possess an expansion of the form

Wa = WalVy + WoP Vs + W, V7 + W20 + (V‘; Wa'™ + Wagm) gm™
+ Wa(D)D + WalA)A + Wa(M)P Mgy + W (M) 3, M5
+ Wa(8)?S5 + Wa(8) 55 + Wa (KK . (6.1)

We have chosen to include an explicit V,} W,™ term in the GL(n) piece so that it combines
with W™V}, to give the covariant internal Lie derivative £ built from V.
Now we impose the constraint

W.L=0. (6.2)
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In the linearized theory, recall this has the effect of fixing the underlying prepotentials V(M),
V(D), and V(A). The Bianchi identity implies several simple conditions:

WP =0, VW, =0, VWan=0, VW,( M)z, =0. (6.3)

No condition is imposed yet on W4, but higher curvatures are determined in terms of it:

1-. P _ . i
Wa(D) = §v7Wa'y + ¢ Wa(A) = %V'YWOFY + %(ba ,
_ 1=
aM":_ ; : « d:_2 e 4
WalM) g5 =~V (W3 . Wal(S)a = 5V2W (6.4)

where ¢, is an undetermined chiral superfield. The remaining chirality conditions amount to
VWL ()P =0,  Wa(K)P =iVPW,a(S) . (6.5)

The superfield W,™ corresponds in the flat limit to the Kaluza-Klein field strength, and
we have recovered its chirality condition. As in the linearized case, we expect the totally
symmetric part of W, (M)g, to be the superfield W3, and this is what happens if we drop
the internal derivatives to recover N' = 1 conformal superspace. The other superfields will
turn out to be composite, or correspond to curvatures that can be turned off by redefining
certain connections.

The chirality condition on R} is also simple to analyze. Taking a similar decomposition

Ry = TPV 5+ BV + (VB4 Ruunp?) 9

+ Ry (D)D + R (A)A + Ry (M) Mg, + R, (M) 5, M7
+ REn(S)°S5 + R, (5)55° + Ry (K)° K, (6.6)

one immediately finds that the chirality condition implies

1

T@ﬁﬁ — _ﬁﬁ\ywﬁ 7 T@B — <

Y (6.7)

for some 2-form spinor superfield ¥,,,,. The remaining components of the Bianchi identify
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impose no condition on T .. The other components are

mng-

FiP = =V Wol + @07 (6.8a)
Rr—;n(M)aB = =W Wy(M)ap + Prunas (6.8b)
R&(M)QB = V(dqij{nyB) + V(QT@B’) , (6.80)

o 1_. 1-_.

Rion(D) = ~Win® b+ uun — 5V Ty — 5V W W (6.8d)

7 VO S 2 o S R S R e
R, (A) = 5 Vmn” Ga + 5 Pmn = VT = TV W Wy (6.8¢)
R&(S)a = _\Pwﬁfwfy(s)a + Ewa s (68f)

1_ 1_ 1 _

R} (S)a = §v2T@d + gv%ymwvW -4V oV VW, (6.8g)
R} (K)aa = —iVaR 0 (S)a — iV W5 (S)a | (6.8h)
’R@ﬂ = U Wap? + Vg\PMaWag + Ppnp? (6.81)

In deriving these results, we used the explicit forms of some of the W, superfields. But there
remain certain undetermined pieces. These are the chiral superfields ®,,”, ®mnag; Pmn, and
®,np, as well as the complex linear superfield 3,5, which obeys ?22Ma = 0. From the
linearized analysis, we know that ®,,,2 can be eliminated by redefining a connection, so we
choose it to vanish,

Q2 =0.

6.2 Interlude: The X, operator and variant covariant derivatives

Let us pause to make a few comments that will be useful very soon. We take the operator
X, that translates between the chiral internal derivative and the antichiral one to have an

expansion as
X = X' Va+ X" g + XmnPgp™ - (6.9)

That is, we explicitly turn off any X,,2V,, term. This is sensible because X,,” has dimension
zero and no such superfield seems possible to construct given our constituents. It is also
justified from the linearized analysis. Recall that X,,* coincides at the linearized level to
(2.11b). Other X,, fields are of higher dimension and will correspond either to composite
quantities or fields that can be removed by redefinitions.

We observe that the primary condition, [Sy, Xy,] = 0, implies for the lowest three X,
fields that

SﬁXma =0, SBXma =0, SgXma = —1Xmpa (6.10)

and similarly for their complex conjugates. So X,,* is primary, as expected for a fundamental
curvature. The conditions on X,,“ suggest that it be written as

X, = —%?de‘m + primary superfield (6.11)
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and it is tempting to set the primary superfield above to zero, just as at the linearized level.
However, it is going to be more useful to keep the non-primary superfield X,,* unfixed and
work with it directly.

Assuming the above structure for the X operator, we can already compute some parts of
the mixed curvature R,,,. We are interested in the Kaluza-Klein curvature piece,

Fo™ = i Xpaa W . (6.12)

As anticipated, this is non-vanishing, which means the V 4 we are using do not coincide with
the V introduced in section 3.3 with the simplest GL(n) connections. Rather, we find that

Vo = Va — Fpa™ g™ . (6.13)
These derivatives do not satisfy the first constraint of (4.5), whereas they do lead to vanishing
mixed Kaluza-Klein curvatures, Fm 4% = 0. The advantage of using V, is that it anticom-
mutes with itself and the natural superfields we will be using are chiral or antichiral with
respect to it.
Actually, we are going to discover that, at least when working with V. there is yet
another spinor derivative that makes an appearance. It is defined by N

A

Vo = Va — 2Fn0" g™ . (6.14)

It is not hard to see that [V, V;i] has no Kaluza-Klein curvature. For this reason, {Vq, Vg, Vi }
turn out to be a convenient set of derivatives to use when dealing with chiral objects as we
have shoved all of the GL(n) connection into V. We will see this derivative begin to make
appearances very soon. Similarly, {V,, @d, Vé} turn out to be convenient to use with anti-
chiral objects, where V= V& — 2Fm‘j‘ﬂ gn™.

However, we emphasize that when we discuss the curvature tensors R& and REQ, they
are always here to be understood to be built using V,, rather than @a, so as to avoid
confusion.

6.3 The W, reality Bianchi identity (BI.2)

We introduce the abstract operator
1
Y= —Z{V“,Wa} (6.15)

The content of the Bianchi identity (BI.2) is that this is a real operator. Let’s take its lowest
engineering dimension components, Y™ and Y°. The first leads to

1 1. _.
ym — _Zvawam — _Zvdwam , (6.16)

which reduces in flat space to the Bianchi identity for the Kaluza-Klein field strength. Note
that it is V,, above, rather than V. The other lowest engineering dimension component is

. ) 1
iVai = Waa — §WﬁﬂTM ac + 7 VIV X maa

— ._3' Bmp+ lA m .
Waa 4W Tmﬁaa+4VW Xmaa (6.17)
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where the mixed torsion tensor is given in Appendix A. Because Y is real, this constrains
the real part of W4 to be

_ _ 1 R _ .
Waa — Waa = —2i Wa™Xma + Wa™Xma) — §w5mvﬁxmd — SV OV X p0a) - (6.18)

N —

From the linearized analysis, we know that J® can be fixed by a connection redefinition. One
convenient choice is

= 3 ﬁmT+
41/\/

mf ad

; 1.
Vo =0 = W — VWX o (6.19)

Another choice is to take

* -~ * 1 ~ — — .1
Wai = ~Wia = =i Wa™Xms + WaXma) = V2V Ximai = 7V (V™ Xmaq) -

(6.20)

I

The Bianchi identity involving Y is a bit more intricate. It allows one to determine the
non-linear version of the combination (5.25),

Xm(M)aB + %5aﬁ(Xm(D) - 2iXm(A)) = @aXmB - 50:6?&)(@*{ + iv#@aXmB*f

X W8 %Waﬁxymﬁ (6.21)

maf

where Vo =V, — 2Fna"gn™. In principle, there is an undetermined chiral superfield on the
right-hand side, but it can be set to zero by a connection redefinition as in the linearized
analysis. Separating W, (M)ga, into spin-1/2 and spin-3/2 pieces as in the linearized analysis,

WQ(M)QA/ = —ea(ﬁZﬁ/) + 21 Waﬁﬁ/ (6.22)

the Y Bianchi then relates Z, to ¢, in (6.4) as

2 1 .
g% = Ty — 6v2(wamead) ) (6.23)

The remaining Bianchi identities in (BI.2) are more complicated. The ones at dimension
two allow us to determine W, (S)”. Employing the shorthand,

Z = VW, +iIVWX, " + 2W R,
= VW," +iVOWX,, " + WORRE (6.24)
the remaining Bianchi identities provide a definition for W,(S)? as

Wa(8)® = $0.7(Z(D) ~ Z(D)) + 1502 (2(4) ~ Z(4)) -
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In addition, one finds a consistency condition
ViWa(8)* = Z(8)a — Z(S)a (6.26)
and a Bianchi identity
Z(K)* = Z(K)". (6.27)

The last corresponds to a complicated modification of the dimension-3 Bianchi identity that
relates derivatives of W, 3, to its complex conjugate. This is one of the fundamental Bianchi
identities of the geometry, mentioned in footnote 2, but it lies at such high dimension one
does not usually need its explicit form. As we have not worked out a useful compact way of
writing it, we do not give it explicitly here.

These relations are compact, but not necessarily useful. For example, it is not imme-
diately clear that the expression for W,(S)? satisfies the complex linearity condition (6.5).
This can be made more apparent by expanding it out:

WQ(S)B = (VVW«,(M)QB + QFmvmWW(M)aﬁ + WV@REV(M)O‘B>

1
4
1 1 27
B m Bwnm( p+ +
+ Eéa (V7y +2F, "™y ) + §5a WTR(R,,, (D) + ng'y(A))
S P
+Y, [ZWV(M)QB - %WV@XQ(M)QB
_ 1 _. . . 1 .
I RA [ - VD) + iwmxm(m - éW“’(A) - vame(A)} . (6.28)
The last two lines are manifestly complex linear. The first two lines are complex linear by

virtue of the Bianchi identities involving VEWV(M )o” and VE(%, which we will encounter
below. The expression could be evaluated further but we will postpone that for now.

6.4 The V; W, Bianchi identity (BL3)
The Bianchi identity that directly links W, to X,,, is (BL.3), which can be rewritten as

(Vi Wal = 5V A%, B} - (6.29)
We expand R}, in terms of V}\ , leading to

Rf, = F 2V + 17 Ve + RL " Xe + VI FLPo™ 4+ R anloy™ - (6.30)
Expanding out both sides of (6.29) leads to a number of identities. Simplifications occur
upon using

(&'T;aﬁ + NBT;(W) — WM (6.31)

| =
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which holds on account of the explicit expression (6.21). The terms in (6.29) involving

covariant derivatives become

0= Wap" + W, p<F+ L ) - 3?21@&@ , (6.32a)
0= WalT," — ;v2T+ aq vBT RACOS (6.32b)
0= W, T3, % — %v%@ﬁ , (6.32c)

0 = Vi Wai + Wa(Ti + W Wi )
-5 (v%;m + VaRha(D) + 20V a R (A) +2V R (M) 4 + 81—%(5)@) . (6.32d)
The first identity is solved by
Wam™ = ——V2Fma : (6.33)

The second and third identities hold automatically. The fourth identity leads to a definition
of X, (K), in terms of lower dimension quantities:

iXm(K)ac = iVLWaa + iWaﬂ( nmé + ‘I’anan)
+ VaXun(S)a = Fna"Xu(S)a + 1¢ v2 VoXma — 2Fmaﬂxﬁd]
+ %v 5 (0™ Va — 2Fma”) <XQ(M)BQ ; X (D) 8 4+ Xn(4) 675 )
—h.c. (6.34)
At dimension two, we find the Bianchi identities
0 = Vi Wa(D) + Wa(Rf(D) + W "W, (D) ) = % V2R (D) + 4670V 0 (5) 5]
0 = Vi WalA) + Wol (Bipy(4) + Tu W (4) ) - % [V2RE0(4) + 6ic¥ T B (5)]
— [P R (M) 55— 8T REL(S))]
0= VEWa (M) + Wo(RE, (M) + W Ws(M)*7) % [ORE,(00)7] (6.35)

0= ViWal(M)s + Waﬂ(R,Lm(M) sy W W, (M) B;y)

The first three Bianchi identities hold on account of (6.32d) provided that

Xn(S)a =~ [VaXn(D) + XnaV*(D)] = £ [VaXon(A) + Xaa W¥(4)] + 50
(6.36)

(1)

where X, is a non-primary superfield obeying

—%?22% =V} a0 + WP, - (6.37)
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From the trace part of V} Wa(M )#7, we find a similar relation

1. 1 iy :
Xun(S)a = £V Xn(M)ga = X5V (M) + %V;Fgaﬂ +3@) (6.38)
where
—%?22% = Vo — WD5, - (6.39)

Equating the two competing expressions for X, (S5)q, one can compute the difference between
E(mlzl and 2(221. This leads to

_ i - i 1 ‘
Whn <€aﬁq)m + <I>ma6) — Whn 2 [ _ gvﬁ‘l'ma _ _‘PMBFQQE + =7t T+ v)v] 7

4 16~ 2By (e,
(6.40)
which implies
) _ - L v o Fo? — ¥ (5 X s ¥ 0 X ] — W 2D
nmaf = [_g B ma)_z nm(B 20‘)_—1 (B [ny)y Y (v m) ]— (@~ Ppnm ) >
_ A ; 1
P = V? [%Vﬁymv + %‘I’vamB] + §W5£¢Mﬁ ; (6.41)

for some chiral primary 3-form superfield ®,,,,,. From the linearized analysis, we know this
should indeed be the curvature ®3, whose linearized form is 0®s,. Then one may define a
primary superfield ¥,,, by the relation

1e .y e . lege
Xn(8)a = =7 [ VaXn(D) + XpnaaWH(D)] = 2| VaXin(4) + XpaaWH(A)| = V3 VaXpna
2 i i i
Y aﬂ _vﬁanm _\IjntF P)— — +F aE Ema, 6.42
3" <16 —5+8—Bﬁ> gV m et ¥ Em (6.42)
where X,,, obeys
- 1
V8ma = =V Za = s Wa WPy - (6.43)

This is a natural generalization of (6.36), where we have aimed to make ¥,,, primary and to
express it in terms of Z, rather than ¢,. One could instead have aimed for a generalization
of (6.38) (or some combination of (6.36) and (6.38)). This would involve shifting ¥,,, by
some primary complex linear superfield.

From the totally symmetric part of the VEWQ(M )#7 Bianchi identity, we find

1 cole, <o - n v AT AY A
VioWasy = 1_6V2 [VO‘VVBX@W = VaWs™Wpmy) + 4Va Xy W Xy + 2i VQXMB&WVW] (aBv)
iy
+ §W(a—@mg.y) . (6.44)

This is the non-linear generalization of the fundamental Bianchi identity (2.12a).
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The three highest dimension Bianchi identities are
0 = VEWa(8)? + Wa (REwm(S) + Wam W, ()7) = £ [V Risa(S)° + 20V 3R ()
N v , n( p+ . v ) = 1 V2Rt .
0=V, WalS); +Wa <Rm(5) i W W, (S) ﬁ) - [V R (S) B] ,
0 = Vi Wa(K)® + waﬂ(Rg_m(K)b + \IIMVWV(K)I’> - % [W@Q(K)b] . (6.452)

The first should be a consequence of the explicit form of W, (S)? that we have derived in
(6.28). It is not hard to show that the second and third are consequences of lower dimension
identities.

6.5 The V{" R

mBnp) = 0 Bianchi identity (BI.6)

Next, we analyze (BI.6). The lower dimension ones are

+ + B+ + o+
= Rt Tian” Fitgy e+ Fitn Fiy® (6.46a)
_ytm+ B + Cp+ B qp+ B
0=ViTe P+ T, “Ta, " + Fn Ty (6.46h)
0=ViR: (D) + T, CR+](D) Fio Ry (D) (6.46¢)
+pt+ + Cp+ + +
0=V R (A) + T, R, (A) + Fif LR (A) (6.46d)
0=ViR:, (M) + 1k CRE }(M)BV + [mn‘ﬂR;'p}(M)BV : (6.46¢)
+pt+ + C + +
0=VERE (M)g + T, “RE (M) gy + FL 2RE (M) 55 (6.46f)

and the higher dimension ones involving S, S¢ and K, follow the same pattern.

In analyzing the Bianchi identity on 7.}, ¢, one discovers that

1= 1
VEI_’\II mn]a = _Zvﬁw[m”BTTB af + \I,[mn\ﬁwﬁgqqu 3(I>Ma ’ (6'47)

generalizing the linearized result (2.12c). This identity is found under an antichiral derivative,
so the chiral superfield @3, is undetermined. From our linearized analysis, we know it involves
acI)2o¢

The Bianchi identity involving T, mnj 18 not immediately useful because we do not yet
have an independent expression for it. The remainder of the Bianchi identities lead to

Vibo = —WolBpm + =7 [3R+ (D) + iR;a(A)] ,

8 27 "pa
VB = 5Py Ge SV [0 (3RA(D) + RS (4))]
VipPmnlas = %(I)MVWV(M)QB + gvz(‘l’[mn Rj (M)ag) ,
VBl = 5P Wa(S)a + £V (W B5(8)a) — 1V (W R, () ,5)
Ppnp = ;‘I’mnpo‘Waq - §v2(\y[mnﬁ Fish) - (6.48)
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The first corresponds to an identity we have seen already. The remaining ones should hold
on account of the definitions of these various quantities, although we do not here give explicit
forms for Xynq and @yl

As an integrabilitmndition, one can now check Vi V] Ws,. This leads to

1. . .
0= V¥ 0 + V2|0 Vsl + W05 W Fo™ Xiay X1 711054] (6.49)

where X, aBf = @(aXlﬁ)B' This is the non-linear generalization of (2.12d). It confirms that
one cannot set the field strength ®3, consistently to zero.

6.6 The RT — R~ Bianchi identity (BL.5)

The last batch of Bianchi identities to discuss are those arising from (BIL.5),
1 i
V[mXﬂ] = ZR& - ZRM .

In expanding this expression, we must write both sides in terms of V,, rather than VE or
V.- The lowest dimension pieces read

Ximn]? + X Frjp? = %F@B - EF@B ; (6.50a)
VimXn)® + Xim" Ty)p® = E(T@“ = Tn®) — E(T@B + T2 X" (6.50b)
VimXn)® + X T ® = E(T@“ —Ton™) — i(T@B + T2 X (6.50¢)
VimXnja + Xim " Typa = %(T@a = Trna) — E(T@B + Tp) Xpa - (6.50d)

The first equation defines X,,,2 up to the symmetric part. There is no constraint on the
symmetric part because lower GL(n) indices will always be antisymmetrized in our approach.
Writing it as a vector-valued 2-form, we have several equivalent expressions:

) 1 . 1 . . P
Xo! = = TU Wl — SX1 e X0 OVIW! — X VX W, 4 X SR o he.
‘ 1 . 1 .
_ _%%awal — g XX VIV = X VI
— ixwxnd"wd)h)({yawal +he. (6.51)

A useful chiral form of this expression is

. . . _ 1 . N )
Xt = (B = ) X PR VX T DX R (652)

The second equation (6.50b) gives

) 1
Vi X" + Xpn"Tg" = 2 (T = Toun) = 7 (Fot” + Fo)) X" (6.53)
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This gives the generalization of the linearized Bianchi identity (2.12b) relating X,nq to Yimna-
The remaining two equations (6.50c) and its complex conjugate (6.50d) give

Tfna = Topnis — i(Ff 2 + FippP) X — 4i<V[med n XmBTﬂBd>

= £V Wt~ i(Fy + Fpu?) Xps = 40 (Vi Xja + X" T (6.54)
as well as it complex conjugate. This defines the expression T} 4, which previously had not
been determined. o

The remaining identities, which we have not explicitly written out, lead to, among other
consistency relations, explicit but complicated expressions for ®,,,, Pmnag and X,u,. For
example,

i i i _ i bona ArE
Ppn = g‘l’ma(ﬁa + §VVT+ .+ ZV’YTmn’Y + §VV\I/MFYW’Y"Y + ZVV\I/MVWW

mny

+ V[m(XQ} (D) - 2iXQ}(A)) + X[mB(RQ}B(D) - 2iR@]B(A))

N | .

1
+ Z(F@Q + Fon2) (X, (D) — 2iX,(A)) (6.55)
i 1 _
Z@MO‘B = Vi Xy (M)as + X[mDRﬂ]D(M)aﬁ t Z(Férﬂg + Fiun®) Xp(M)ap
1 - 1 _ 1
+ ZV(Q\I’MWWWB) + ZV(Q mnfB) T Z\IJMWW’Y(M)QB . (6.56)

It is a complicated exercise to check that the explicit solutions (6.41) that we found somewhat
indirectly are consistent with these relations. We have confirmed this to leading order in
curvatures.

7 Action principles

Having established the superspace geometry, we now turn to establishing the existence of
superspace actions and the various technical rules for manipulating these actions, both in
superspace and in components. The results in this section will not come as a surprise to the
superspace expert. In short order, we establish:

e the consistency of both full and chiral superspace integration, provided one is given a
suitable Lagrangian,

e the formula for converting a full superspace to a chiral superspace integral,
e the rules for integrating by parts in full and chiral superspace, and
e the expression for a component action arising from a chiral superspace integral.

Because the details are rather technical and only the results are important, we mainly sketch
the computations required.
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What we will not be concerned with here is describing how to build the Lagrangians
required. As mentioned elsewhere, this will be the concern of a subsequent paper. The reader
may keep in mind the 11D Chern-Simons action (2.7) as a prototype. It will turn out (with
some minor modifications) to take the same form in this superspace.

7.1 Consistency of full and chiral superspace integration

A full superspace integral can be written
1
S = /d4:13 d"yd*0E ¥ = — /d4:13 A"y d*0 E e oy, oy (7.1)

where Wy, ....m, 18 a real covariant n-form on the internal space and £ = sdet(Ey4) is the full
superspace measure, defined as the superdeterminant (or Berezinian) of the supervielbein.
Above we are denoting ¥ = 2

n!
€™M has constant entries of £1. Thus wy,, ..., is @ top-form on the internal manifold and

€™M Mn Wy, ., Where the antisymmetric tensor density

£ is its scalar density.

In order for the action to be gauge invariant, wp,..m, (equivalently, #) must be a
conformal primary (annihilated by S-supersymmetry) of Weyl weight two.

The vielbein transforms under external diffeomorphisms (with parameter £M), H-gauge
transformations (with parameter ¢*), and internal diffecomorphisms (with parameter A™) as

SEN = Dy VNENA + ENDNEy? + ExPo fop? + A0, En?t (7.2)
This means that the full superspace measure transforms as
OE = Dyf(EME) + A0, E + ¢ fua™ (—) E . (7.3)
We require .Z to transform as
0L = Dyl + 0 (AN™L) — % fun (—)A 2. (7.4)

This is consistent with requiring wy, ..., = to transform as an n-form under internal diffeomor-
phisms, a scalar field under external diffeomorphisms, and as a tensor with weight — f, 44 (—)%
under H-gauge transformations. The action (7.1) is manifestly invariant under all but external

diffeomorphisms. For these, we find (using internal form notation)
5S = / A4z d*0 Dy <£ME w) - / A4z d'e {aM <£ME w) - a(w AMwE)} —0  (7.5)

where we have used the property that w is a top form on the internal space.
Showing consistency of chiral superspace integration is more involved. The basic integral
looks like
4 n 2 1 4 n 2 mq---m,, C
Se= [ dlzd"yd0EL = — [ dzd"yd?0 & e nw (7.6)
n!

my--m,,
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is a covariant chiral n-form. The meaning of chirality here is that V&w¢ =

C
where Win, my-m,

my,

0. The measure £ must be defined. We are going to take the approach used in Appendix A
of [43]. Write the full supervielbein and its inverse as

a4 [Em? Ema v [ EaM Eap
with M = (m,u) and A = (a,«) describing the coordinates and tangent space of chiral
superspace. We have given special names to the blocks Ex* and gaﬂ and assume both of
these are invertible with inverses £4™ and £%4. The chiral measure is £ = sdet Ep.
Since EyA = EpA, we can use (7.2) for its transformations. Invariance of S, under
internal diffeomorphisms proceeds as before because € is a scalar and % is a scalar density.
Invariance under #-gauge transformations requires f,”“ = 0. This can be understood as an

integrability condition for the existence of H-invariant chiral superfields. It also means that
the chiral part of the vielbein only transforms into itself under H transformations, leading to

& = £ ¢ fur(—)A — L= L g fon () (7.8)

To show invariance under external diffeomorphisms, it helps to consider covariant ex-
ternal diffeomorphisms: these are a special combination of external diffeomorphisms and
H-gauge transformations with ¢® = €M Hj,/®. For the full supervielbein, these become

Scon (&) Ev™ = DN EN + €N Dy Ey? + Ex/PeN HN® fop?
= Ve + EyPeCTop? — BP0 Fop™xm™ (7.9)

where we have rewritten the last line in terms of £é4 = €M Ey;4. We remind the reader that
the field X@A’ discussed in detail in the bosonic case in section 3.1, can be understood as a
component of a super-sehrvielbein on a larger superspace.

We now consider separately chiral external diffeomorphisms with ¢¥ = (¢M,0) and
anti-chiral covariant external diffeomorphisms with ¢4 = (0,£4).!9 Chiral external diffeo-
morphisms lead to an invariant action just as before. Under anti-chiral covariant external
diffeomorphisms, one finds

SEMA = EpmPes (T;YBA - F'meXmA) =
158 = ¢, (TV a = P ) M B gt (TW‘ — Py, 4) (7.10)
Provided we satisfy the conditions
THAZy,  F¥m_q, (7.11)
the second batch of terms vanishes. The first batch of terms does not. In our case, it leads to

£710E = W, (30) " (X" — ) (7.12)

0These span the entire space of external diffeomorphisms only when £¢ 4 is invertible.
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In order for invariance to be maintained %, must obey
DY =2, (5b)dBW5ﬂ(ime - me) . (7.13)

This derivative D is the original D derivative augmented with the H connection. It does not
possess the GL(n) connection. Recall the GL(n) connection involves

Tan? ~ =X FNn+ ATl = T2~ — (@)% W2 (iX," — ) (7.14)

where we have used (3.27) for the shifted part of the GL(n) connection AT'. (The piece
involving 0, A2 is already contained in D) It follows that

Vi =DV —T4 L 2. =0 (7.15)

as the condition for chiral integration to be well-defined.

We emphasize that the redefinition of the GL(n) connection was key to finding this simple
chirality condition. With the original connection, we would have found V&L, # 0, which is
less convenient to work with.

7.2 Converting full superspace to chiral superspace

Now that we know that full superspace and chiral superspace separately exist, we should
establish how to move from one to the other. We claim that (generalizing the flat superspace
result)

1 _
/ dlzd"yd9FE ¥ = -1 / d*zd"yd*90EVEY . (7.16)

The proof goes as follows. Because of the basic condition {V¢, vh } =0, we can adopt a
chiral gauge where

. P .
V= — —T%"¢,"™" . 7.17
o6, L m"m (7.17)
The GL(n) connection is
T2 = =X % + FO2 = (i — iXn ) Wal . (7.18)

The full superspace and chiral superspace measures are equal, £ = £, and furthermore,
o = (T4 = FO2x") = EWa(3)* (X" — yu®) = ~Tw™  (7.19)
It follows that

/ dlzd"yd0F ¥ = —% / Az d"y d?0 € (O — Tan) (0% — T4, 2).2 (7.20)

The operators appearing in parentheses are just Vg in chiral gauge, so it follows that the
two sides of (7.16) are equal to each other in chiral gauge. But because they are both gauge
invariant expressions, they must be equal in all gauges.
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7.3 Rules for integrations by parts

There turn out to be three useful expressions for integrating by parts in superspace. These
are most simply formulated in terms of the vanishing (or near vanishing) of certain total
covariant derivatives.

The first expression is relevant for integrating by parts with external covariant derivatives
in full superspace. Suppose VA4 = (Ve V* V) is some covariant expression, with not nec-
essarily all of these entries nonzero. (Of course, V4 must be a scalar density under internal
diffeomorphisms.) Then one can show that

/ Az dryd0 EV VA (<) = — / dadyd*d (EVE(Tpa () + Fon™) + g (EV'))
=— / dtz d"y d*0 Hy®g. (EVM) . (7.21)

The first equality follows rather generally, while the second follows for the particular con-
straints on our superspace torsion and curvature tensors we have chosen. The residual term
arises if EVM = EVAELM is not a gauge singlet; in practice, this involves only the S and
K connections and such terms cancel out if, after a series of integrations by parts, the initial
and final forms are both primary.

The other expressions involve integrating by parts with internal covariant derivatives. In
full superspace, one can use either V,, or V,ﬁ and the results are structurally similar:

/ d*zd*yd*0 BV, V™ = — / d*zdrydte Ev™ (T; A+ F@ﬂ) =0 (7.22)
/ d*zd"yd*9 EVEV™ = — / d'zd"yd9 E Vm(Té PG F@ﬂ) =0. (7.23)

Here we assume EV™ is H-invariant for simplicity (as well as an internal vector density) so
that H connections do not appear. This will always be the case when we need to integrate
internal covariant derivatives by parts. As before, the expressions involving the traces of the
torsion and curvature tensors cancel out for our superspace geometry. In chiral superspace,
we will only need to integrate V; by parts. Its rule is similar:

/ dlzd"yd*EVIVE = — / d*zd"yd?0 € Vﬂ<T£ PGl F@ﬂ) =0. (7.24)
To be well-defined, V™ must be chiral, a vector density, and transform so that EV™ is H-
invariant.

The proof of (7.21) is completely standard. The proof of (7.22) is only a bit more
involved. We give a few steps to guide the reader. Discarding total derivatives in equalities
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and suppressing gradings,

EVp V2 = -V, EVE — NV N (EVig) = 2T [ “(EV™)
— Vy <EVmeN ) — EV™(Thua® + Fym™n™) = 2T (EV™)
= (Fnn™ — XQMFMNH) (EVmeN) - Evm(TmAA + FNmEXQN) — 2D (EV™)
= —EV™(Tppa™ + Fpn™) . (7.25)

The corresponding expression for (7.23) follows just by affixing + superscripts to the internal
connections and curvatures, defining them with respect to Vi. The rule for (7.24) is a
bit more involved but the fact that it vanishes follows from (7.23) by converting to chiral
superspace and identifying V2 = —inVm.

7.4 Chiral superspace to components

The final result we should discuss is how to convert a superspace integral to components. Since
any full superspace integral may be converted to chiral superspace using (7.16), it suffices to
show how to evaluate the chiral 6 integrations. The result we want to establish is

S, = /d4a: d"yd?0E %, = /d4x d"yeL. (7.26)
where
1 )~ _ _
£c — _ZV2$C + %(¢m5m)ava$c - wm5mn¢n fc
— 2 W™ (X + iX %) Lo + i €™ Ve WO (X + i X)L . (7.27)

Some of the above result may be guessed without much work. The first term is the flat
superspace result, and the rest of the first line is its generalization to conformal supergravity.
Additional terms essentially can only involve the terms found in the second line, and some of
the relative coefficients can be determined by S-invariance.

A standard way of deriving the above result is to exploit the ectoplasmic approach [44, 45].
In conventional N = 1 superspace, this amounts to treating the component Lagrangian as a
4-form in superspace, writing

1

S, =
R PP

EAEBECEP Jpepa (7.28)
where the integral is restricted to the bosonic spacetime M lying at # = 0. The condition
that the action is supersymmetric amounts to J being a closed superform. Choosing the
components of J appropriately then leads to the desired result. While the ectoplasmic ap-
proach does lead to (7.27), it is a bit subtle because in our case the full superspace is actually
extended by the n internal coordinates and so J is actually a (4 + n)-form. Care must be
taken to account for this.
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A technically simpler approach is to use a brute force normal coordinate method. Starting
from chiral superspace lying at # = 0, use the residual §-dependent coordinate and gauge
transformations to set Vo, = 0o — am®gn™ where I'pp > = —(xm® + iXm“)(Ja)adeﬂ. In
this gauge, £ = det(e;,*) = e, so evaluating the 0 integrals gives

1
el,= —Zaaaa(e.zc) . (7.29)
To evaluate these terms, the following results are useful (in this gauge):

Oaem® = Tam® — Fam®xp"* = (0" Ym)a + (Um)adwdg(xl_?a +iXp")

6_1aa€ = ’L'(O'm?zm)a - Famm )

1 — & .
§aocwmﬁ' = TamB - FamBX]_JB = (Um)adw B(X]_)B + ZXI_JB) )
O0a(eZ) = eV ol + i (0™ ) 0L . (7.30)

Putting these results together leads to (7.27).

8 Conclusion and outlook

The goal of this paper has been to construct a general framework in 4D N = 1 superspace that
is suitable for describing a higher-dimensional supergravity theory in 4+ n dimensions. While
this is motivated by previous work on 11D supergravity [33-37] and 5D minimal supergravity,
it is expected to be applicable to other cases.

Let us say a few words on that point. One potential argument against the wider applica-
bility of this framework is that both 11D and 5D minimal supergravities correspond to very
particular cases where the number of internal dimensions and the number of hidden supersym-
metries coincide (respectively, 7 and 1). This is important because the superfield ¥,,,, which
here plays only the role of the prepotential of the lower left block of the higher-dimensional
vielbein, should pull double duty as a prepotential for the additional spin-3/2 gravitino mul-
tiplets. The simplest way this can work is when the number of additional gravitini matches
the internal dimension. Nevertheless, we can learn a lesson from the 6D situation [32]. There,
one indeed has two fields ¥y, ,, but in constructing minimal 6D supergravity, one encounters
a constraint that permits one of these fields to be eliminated (see section 5 of [32]) — this is
important as there is only one additional gravitino (not two) in this framework. This may
well persist for other cases where the number of extra gravitini is smaller than the number
of extra dimensions. For the reverse situation, where the number of extra gravitini is larger
than the internal dimension, we may point to ITA supergravity, which can be constructed by
dimensionally reducing 11D supergravity in this framework. In that case, one of the gravitini,
say Wrs, is “ungeometrized” and becomes a matter superfield, albeit a high superspin one.
It would be interesting to understand both of these cases better.

There are several topics that we did not directly address in this paper. One outstanding
issue is the application to 11D supergravity itself. This paper only provides the geometric
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superspace framework necessary to describe that case. We still must analyze how the flat
results reviewed in section 2.1 are generalized. This involves constructing the abelian tensor
hierarchy descending from C3 in the curved supergeometry we have introduced. In principle,
this should be fully fixed by the supergeometry itself so that the intricate structure described
in flat space in section 2.1 is maintained. As we have stressed throughout, this will be the
subject of a future publication.

A technical issue that we have sidestepped is how to address the differences in the su-
pergeometry we have encountered relative to the linearized results [36, 37]. The point of
mismatch is the three additional prepotentials — the chiral superfield ®,,nq, the complex lin-
ear superfield 0y, and the unconstrained superfield V(S),. These appear in the curvatures
P@rnpa, Lmae (Which is a part of X,,(5),), and Z,. These are related by (6.43) and it is
temipting to declare them all to vanish. However, we have shown this is not possible due to
the integrability condition (6.49). While Z, may consistently be turned off, ®,,,po and thus
Yma appear inescapable. o

One potential solution to this is that the additional prepotentials can be eliminated by
field redefinitions even in the presence of additional matter fields of the tensor hierarchy. This
would be similar to the way in which the conventional Wess-Zumino superspace (see e.g. [39]),
which manifestly describes old minimal Poincaré supergravity, may actually be understood to
describe conformal supergravity, by introducing a super-Weyl transformation that acts as a
Weyl rescaling of the metric. Provided one only couples to matter in a super-Weyl invariant
way, only the conformal part of the gravity multiplet survives. It is plausible that the same
sort of mechanism occurs here.

Indeed, we have already seen in the linearized case that Z, and ¥,,, can be shifted
around by redefinitions of underlying prepotentials V(5), and o,,o. The same can be done
by analyzing linearized fluctuations about a generic curved background. Showing that the
same is true for ®,,,, is a bit more involved, as we have introduced that prepotential by
hand in defining the linearized V¥,,,o. Seeing this at the non-linear level is a bit involved.
The key idea is to introduce a shift 0,V mna = Pmnas Where pmnq is a chiral superfield 2-form.
This corresponds just to a shift d®,uma = Pmne in the underlying extraneous prepotential.
One must then demonstrate that p-transformations can be consistently imposed at the non-
linear level on curvatures and covariant derivatives. Ome finds, for example, that Wz,
shifts under p exactly as one would expect from its linearized expression (5.29). Provided
p transformations can be extended to the p-form superfields of 11D supergravity, one can
guarantee that the extraneous prepotential can always be removed. We will describe this in
greater detail elsewhere.
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A Superspace curvatures

Our superspace and spinor conventions follow [39]. The curvatures of GL(n) Kaluza-Klein
superspace are abstractly given in terms of three operators Wy, X, and R}, in the following

manner. Letting R ;5 := —[V 4,V ]| where A= (a, a, &,,m), we find that

Ras=0, Ryy=0, R;=2iV,,,
Rop = —(00)ac W, R%, = (33)% W, ,

1 o Lo NaBre . A
Rap = 5(0w) (Vo W} = £ (00)*{ Vs Wy} .

2
Rye = Z'[Va,Xm] , Ry = —i[Vd,Xm] ,
1 ~ G« = 1 — \QQ [T
Rppa = _Z(Ua) {Va, [Véme]} + Z(Ua) {Va, [Vome]} )
1
Ripn = 5(R@ + Rp) — [Xm, X - (A1)

When written in terms of Va =V + Xy, the mixed curvatures become

Rt =2i[Va, Xl , RY,=0,

Ry = %(c‘m)d“{%, Vo, Xu]} - (A.2)

A.1 Expressions for W,
The chiral operator W, is defined as:

Wa =W, sV7 + W,V + (vgwam + Waﬂm) Im™
+ Wa(D)D + Wa(A)A + Wa(M)P Mg, + Wa(M) 3, M
+ Wal9)? S5 + Wa(89) 557 + Wa(K)'Ky . (A.3)

The Kaluza-Klein superfield W, ™ is chiral and obeys a reduced chirality condition,

VOWS™ = VaW™ | Vo=V = 2Fma0n™ ,  Fopa” = iXpmaa W . (A4)

The superfield W, is related to its conjugate by

_ , _ 1 .
Wai = Waa = =2 (Wa™ Xina + Wi Xima) = 5 WV s Xmag —

VW2 X 0s) . (A5)

N =
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The other linear combination Wag + Wae can be fixed to whatever we wish by a redefinition
of the superspace connections. Other terms are related to those above:

Wa(D) = %vﬁwa;, + ¢a s Wa(A) = %?W\&m - %qﬁa ,
Wa(M)gy = —€a(gZy) + 21 Wagy Wa(M)aB = _?(dWaB) ?
Wam? = —EWFEQE : Wal(S)a = éWwad :
Wi (K)PB = iVPW,L(S)P . (A.6)

The chiral superfields ¢, and Z, are related by

3

(ba = §Za - Wamm (A?)

Z, can be fixed to whatever we wish by a connection redefinition. The superfield Wy (S)? is
complex linear and can be written

Wa(S)P = (V’YW,Y(M)QB +2F, W, (M) + WWﬂR@,(M)ﬁ)

2i

3

1
4
1 m 1 m
+ ﬁéaﬁ(v’y(b'y + 2Fmﬂy_¢'y) + géaBW’y_(REFy(D) +

_ 1 .
+ V"y [ZWW(M)QB -

R}, (4))
' VVY@Xm(M)aB]
1

i
2
) 6

_ 1 . TR i . .
+ 6,7 v&[— V(D) + 27, (D) = V() WV—XM(A)} . (AS8)

A.2 Expressions for X,,

7

The operator X, = —5(V,, — V,,) is given by

Xon = X V4 + Xon(D) D + Xpu(A) A + Xu (M) Moy + Xpn (M) ;M
+ Xn20p™ + Xn(9)* o + X (5)a S + X (K) K, - (A.9)

We leave X, and X, unfixed and give other quantities in terms of these. X, (M), X, (D),
and X,,(A) are determined by

X (M)a® + 3022 (Xn(D) — 2iXn(4)) = VoXns® — 0,29 Xows + TV 1Va X

_ i
+ XV + W T (A.10)

The antisymmetric part of the GL(n) component X2 is

7 1 NN 1 N .
Ximn? = =7 ¥mn Wak = 7 X(ma X VWL = 2 X s VI Xy Wk

+ ’L'X[mdaFmagngI—) + h.c. (All)
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The S-supersymmetry piece is

1r. . i . 1o ..
Xn(S)a = —7 [VQXQ(D) + Xmadwa(D)] _ %[vaxm(A) + XmaaW(4)] = TV VaXma

- iw&(@%mﬁ + 20 Py ) — %v;@az + D (A.12)

where X,,, obeys an inhomogeneous complex linearity condition,
= 1
v22ma = _VLZOC - gWaﬂwﬁg@mﬁ . (A13)

Because @, cannot be set to zero, we cannot eliminate X,,,. However, a connection
redefinition shifts it by an arbitrary complex linear superfield.
Finally, X,,,(K)* is given by

1 1
iXm(K)aa = ZVLWad + ZWaE(TTT_ma + W Woa)
_ 1 _
+ VaXun(S)a = Fna"Xu(S)a + 797 [vaxm - 2Fmaﬁxﬁd]
1 - . 1 . .
i v n _ n B. - B ; B .
+5Y (% Ve — 2Fpa ) <XQ(M) o+ 5Xn(D) 875 +iXy(4) a)
—h.c. (A.14)

A.3 Expressions for R;fm

The operator R}, is given abstractly by

R& — T@BVB + F@BVE + (VEF@Q + Rm29> 94"

+ R (D)D + R (A)A + R (M) Mg, + R, (M) 5, M7
+ B (8)7 S5 + Ry (8) 557 + R (K)°K. . (A.15)

The torsion and KK curvature parts are

. . 7 _
75 = —VP" . ThP = gvzwmﬁ ,

i | . .
Tt = =V Wi — 1Py + Foaa®) Xpis — 41 (Vi Xgas + X" Tra )

Fopn? = = WoP . (A.16)
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The other components are

R&(M)aﬁ = _WMVW’Y(M)QB + Prnag
B

+ .y o LN T
Rt (M) = VoY W, + VT
a 1-. 1.
R@(D) = Vi “ba + P — §VA/T@& - §V’Y\I/M“/W_y_.y )
=ty e i Bigipr  Bigag
RM(A) Q\I’m Pa + 2(I)m 4 \ Tm‘y 4 VI Wes

Rpn()a = =W Wy (S)a + Emmar
1_- 1._ 1_ .
By (S)a = §V2T+ vt gvijMWWvV - vai)mmwvd’ww )

mno

RE(K)aa = —iVaR5, (S)a — iV W5(S)a
Rmnpg = _WMQWOCBE + V;\PMQWOCE + (I)Mg s (Al?)

where

s = 5 V2| V(e ¥uma) + 2Wam(Fper” ~ 20 V(5 X3 V(o X | = WPy

o e 1
q>w = 1Z_6V2 [VPY\II%’Y + 2\IIMA/F£“/£ + 5W6E¢pnmﬁ ’
1 « = 2 a
cI)[mnp}g = _gq)mnp Wag - ZV (\I,[M Fg}ag) . (A18)

In practice, only the antisymmetric part of ®,,,,? given in the last line is relevant. We do
not give an explicit expression for ¥,,,, but it can be worked out.

A.4 Fundamental Bianchi identities

Below we list the fundamental Bianchi identities that generalize (2.12):

1 - A ~ ~ _ .
VaWasy = —V? [VoﬂvﬁXmW = VoW Vrmy) + 4Va Xy WXy

16
+2 VaXmmW”w} iy T2 Vle Pampy) - (A.19a)
: 1

VimXn® = _X[mBTﬂ}Ba * i(T@a = Ton®) — Z(F@B + En ) Xp" (A.19b)

N i N 1
VipYmn] o = —gvﬁ‘l’mﬁTgwa@ + \If[mﬁwﬁwg@a + gq’ma ) (A.19¢)

1 . .

Vi, = —5V? [i%ﬁvﬁ%a + iU W s Fra™ — Xians X197 00 (A.19d)

The last we have written in form notation. In addition to these, one must also specify the
inhomogeneous complex linearity condition of ¥,,, see (A.13).
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A.5 Some explicit expressions for torsions and KK curvatures

For reference, we give some explicit expressions for torsion and Kaluza-Klein curvatures.
Some of the mixed torsion tensors are particularly simple in the + basis:

T o = 2iVaX 55+ 8€ap Xy (A.20a)
T = iﬁ T O+ Wl (A.20Db)
Thop = 20VaX,5 (A.200)
T i 56 = %%T@ g T 2€45Wa"Vnms (A.20d)
Thos’ = 1_16?2T£0"dﬁ - %Waﬁ?a\l’mﬁ (A.20e)
The mixed Kaluza-Klein curvatures are

Fyr=2i Xnaa W Fgaaﬁ — %@QFEQQ _ %Tgaﬁdwvﬂ ) (A.21a)

In a real basis written in terms of V,,, one has
Fpo™ = %F;aﬂ , Ta® = %(TEQB +iF 2 X, (A.22a)
Fua" =ReFf™, T = Re (TEGB + z‘FgaﬂXQB) . (A.22b)

The external torsion and Kaluza-Klein curvatures found in the [V, V;] commutator are

oo™ = (o) g W, Fy = —(03) " W2 (A.233)

Tha® = —i(03) W2 Xy Ty5¢ = —i(0y) P Wsn X, (A.23D)

Tha? = (00) gV — IWI2X,T) T = —(00) % (W5 + W52 X5 (A.23¢)

Thas = —i(00) (s WX 5 T,97 = —i(03)*P WX, (A.23d)
Those found in the vector-vector commutator are most easily written by decomposing the
curvature operator into self-dual and anti-self-dual pieces, Ry, = —(aab)aﬁ Raﬁ — (6ab)‘j‘5 Ra 5
Fog™ = —%@(awﬁ)m : (A.24a)
Tos® = iFog™ X" + %W(aﬂTgﬁ)c — Wias (0957, (A.24b)
Toy" = iFogXa" + %w(aﬁ:rgﬁ)“f - %5@ (V" Ways +2Z5) - W) + Wag? . (A-240)
Topy = iFag™Xns + %‘W(QHT;B);, - %v(awﬁw . (A.24d)

From the second equation, one can see that T,;¢ does not vanish.
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