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Nonlinear Kaluza-Klein theory for dual fields
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We present nonlinear uplift Ansdtze for all the bosonic degrees of freedom and dual fields in the S’
reduction of D = 11 supergravity to maximal SO(8) gauged supergravity and test them for the SO(7)*
invariant solutions. In particular, we complete the known Ansdtze for the internal components of the
metric and four-form flux by constructing a nonlinear Ansazz for the internal components of the dual
seven-form flux. Furthermore, we provide Ansdtze for the complete set of 56 vector fields, which are given
by more general structures than those available from standard Kaluza-Klein theory. The novel features
encountered here have no conventional geometric interpretation and provide a new perspective on Kaluza-
Klein theory. We study the recently found set of generalized vielbein postulates and, for the S’
compactification, we show that they reduce to the E; Cartan equation of maximal SO(8) gauged
supergravity in four dimensions. The significance of this framework for a higher-dimensional under-
standing of the embedding tensor and other gauged maximal supergravities is briefly discussed.
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L. INTRODUCTION

In this article, we continue the investigation of the
generalized geometry underlying maximal supergravity
on the basis of the SO(1, 3) X SU(8) invariant reformula-
tion [1] of D = 11 supergravity, which has been further
developed in very recent work [2—4]. Our main concern
here will be the question of whether the consistency results
of standard Kaluza-Klein theory can be extended to the
“nongeometrical’ structures that arise in this context, and
in particular from the vector and form fields and their
duals. Focusing on D = 11 supergravity [5], and more
specifically on its S7 compactification [6,7] to maximal
gauged SO(8) supergravity in four dimensions [8], is am-
ply justified by the fact that this theory presents by far the
richest structure of all Kaluza-Klein models studied so far,
but of course, we expect our results to be relevant also in a
more general context.

The question of whether a four-dimensional theory can
be obtained by dimensional reduction from higher dimen-
sions, and the question of whether a given compactification
of a higher-dimensional theory can be associated with a
consistent truncation is clearly an important and pertinent
one. Consistency here by definition is taken to mean that
any full solution of the lower-dimensional theory should
admit an uplift to a full solution of the nonlinear higher-
dimensional field equations. However, establishing such a
relation and its consistency is far from obvious in all but
the most trivial examples. In particular, due to the generic
emergence of non-Abelian gauge theories in Kaluza-Klein
compactifications, we have to deal with gauged supergrav-
ities. The most efficient framework for understanding these
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theories (in any dimension) is the embedding tensor for-
malism [9-12]. Therefore, any general scheme that aims to
address the issue of the higher-dimensional origin of four-
dimensional theories should provide a higher-dimensional
perspective on the embedding tensor. Furthermore, given a
consistent truncation, yet another challenging task is to
give explicit uplift Ansdgrze for all relevant fields, some-
thing that standard Kaluza-Klein theory cannot give for
fields other than the graviton and the vector fields.

In Ref. [1], a 4 + 7 splitting of D = 11 supergravity is
considered with an appropriate decomposition of all
11-dimensional fields with respect to this splitting, while
retaining full on-shell equivalence to the original theory.
This reformulation has manifest local SU(8) invariance,
and emphasizes and generalizes the structures that would
appear upon a toroidal reduction of the theory to four
dimensions [13,14]. The construction of Ref. [1] relies on
an analysis of the supersymmetry transformations of the
redefined fields, and a crucial object that emerges from
the supersymmetry transformation of the graviphoton is an
SU(8) tensor, the generalized vielbein. The graviphoton
gives rise to vector fields upon reduction. However, in the
reduced theory these are complemented by other vector
fields. In particular, the three-form potential also contrib-
utes to the vector degrees of freedom. The supersymmetry
transformation of these vectors in the D = 11 theory gives
rise to yet another generalized vielbein [2]. The observa-
tion made in Ref. [4] is that by considering dualization of
11-dimensional fields, a full set of 56 vectors is obtained
whose supersymmetry transformations give rise naturally
to an E;;) vielbein in 11 dimensions.

The emergence [4] of E;(;) structures in D = 11 super-

gravity gives a new perspective on the extent to which
duality symmetries play a role in the full unreduced
D = 11 theory and the necessity to transcend usual notions

© 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.88.125002

HADI GODAZGAR, MAHDI GODAZGAR, AND HERMANN NICOLAI

of geometry.! However, the framework that is developed in
Ref. [4]—based on the SU(8) invariant reformulation [1] of
D = 11 supergravity and extending the recent results of
Ref. [2]—is also the most natural setting in which to
understand the 11-dimensional origins of four-dimensional
gauged theories. The construction in Ref. [4] highlights
structures in 11 dimensions that are manifest in the reduced
theory, enabling one to address questions concerning uplift
Ansditze and the appearance of particular gaugings in four
dimensions from a reduction point of view.

In this paper, we use the 7 reduction to maximal gauged
supergravity to illustrate the effectiveness of the frame-
work presented in Ref. [4]. In particular, we extend the
Kaluza-Klein Ansdtze for the graviphoton [16—18] and the
vector associated with the three-form potential [2] to vec-
tors associated with dual fields, revealing novel features.
These Ansdtze allow us to derive a nonlinear Ansatz for the
internal components of the six-form potential complement-
ing the nonlinear Ansdtze for the internal components of
the metric [19] and the three-form potential [2]. A remark-
able feature of this analysis is the existence of a nonlinear
Ansatz not only for a dual field, but for all fields.

To illustrate the novelty of the present construction,
let us first recall some well-known facts from standard
Kaluza-Klein theory [16—18]. Starting from the higher-
dimensional vielbein E,A(z) = E,*(x,y), where the
higher-dimensional coordinates {z”} are split into four-
dimensional coordinates {x*} and internal coordinates
{y™}, respectively, one proceeds from the Ansatz

A*1/2 la B mgy a
EMA(x,y>=< u Fum ) (1)

a
0 en

where e,,%(x, y) is the vielbein associated with the internal
manifold on which the higher-dimensional theory is as-
sumed to be compactified, A = dete,,%, and e;ﬂ is the
Weyl rescaled vierbein of the compactified theory; the
triangular form of E,” is arrived at by making partial
use of the local Lorentz symmetry of the higher-
dimensional theory. A consistent truncation for the spin-2
field (graviton) is achieved simply by setting

e, (x,y) = e, “(x),

that is, by dropping all dependence on the internal coordi-
nates. Likewise, for the vectors B,"(x, y), the exact con-
sistent Ansatz has been known for a very long time [16-18];
it reads

B,"(x,y) = K™ (»)AL(x), (2)

where the index I labels the Killing vectors K™ (y) on the
internal manifold. It is a key result of Kaluza-Klein theory
that the non-Abelian gauge interactions of the compactified

"For alternative approaches to generalized geometry and a list
of recent references with bibliographies, see Ref. [15].
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theory then originate from the commutator of two Killing
vector fields

(K19, K" 9,1 = f17 5 K750, 3)

where 17  are the structure constants of the isometry
group of the internal manifold. In this way the gauge group
of the compactified theory is completely explained in geo-
metric terms. While this has been well understood for many
decades, the main difficulty in establishing the full consis-
tency of the Kaluza-Klein reduction resides in the scalar
sector, in particular involving the search for consistent
Ansditze for the internal vielbein e,,?(x, y) and other fields
of a tensorial nature under internal symmetries. The main
focus of the present work, then, is to develop a similar
theory for ““nongeometrical” vector fields and matter fields,
and in particular, for those fields arising from dual fields in
higher dimensions, for which no readily applicable formu-
las are available from general Kaluza-Klein theory—hence
the need for a ““generalized geometry.”

The structure of the paper is as follows: In Sec. II, we
review the main results of Ref. [4]. We briefly discuss how
the consideration of dual fields in 11 dimensions can be
used to construct 56 vectors, the supersymmetry transfor-
mations of which give rise to a set of generalized vielbeine
that are parametrized by the ‘““internal’” components of the
11-dimensional metric, three-form potential and its dual
six-form. The generalized vielbeine can be viewed as
components of an E;;) matrix and the supersymmetry
transformations of the bosonic fields can be cast into a
form that mirrors the analogous supersymmetry transfor-
mations in four dimensions. Furthermore, the generalized
vielbein postulates [1,4] are summarized in Sec. 11 C.

Specializing to the S7 reduction of D = 11 supergravity
to maximal SO(8) gauged supergravity in four dimensions
in Sec. III, we use the results summarized in Sec. II to
derive nonlinear Ansdtze for all bosonic degrees of free-
dom. In particular, extending the result in Ref. [2], we give
Kaluza-Klein Ansdtze for all 56 vector fields. These
Ansditze include not only Killing vector fields on S7, but
also tensors and the potential for the volume form on §7,
which is not globally defined. Comparing the 11- and four-
dimensional supersymmetry transformations of the vec-
tors, along the lines of Refs. [2,19], allows us to express
the generalized vielbeine in terms of the four-dimensional
scalars. These relations are then used to find a nonlinear
Ansatz for the internal components of the six-form dual
potential. The set of Ansditze for the vectors and the internal
components of the metric, three-form potential and its dual
comprise a set of uplift formulas for all bosonic degrees of
freedom. In section V, we test the nonlinear Ansatz for the
six-form field by explicitly checking that the Ansatz repro-
duces the internal component of the six-form potential of
the SO(7)* invariant solutions of D = 11 supergravity
[20,21] from the scalar expectation values of the SO(7)*
invariant stationary points [22] of maximal SO(8) gauged
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supergravity. The possibility to perform such explicit
checks of all formulas against various nontrivial compac-
tifications is a feature that distinguishes our formalism
from other approaches to generalized geometry.

From a four-dimensional point of view, the 56 vector
fields include the full set of electric and magnetic vectors
that can be gauged. In Sec. IV, we show that the generalized
vielbein postulates determine exactly which of the vector
fields are gauged in the S7 compactification. In particular, we
show that upon inserting the Anscitze relevant for the S’
compactification given in Sec. I1I, the magnetic vector fields,
which come from the reduction of the three-form potential,
drop out of the expressions. Moreover, the generalized viel-
bein postulates reduce to the E;(;) Cartan equation with an
SO(8) gauge covariant derivative. The SO(8) gauge fields
are solely electric and arise from the graviphoton and the
six-form potential. More generally, for any compactifica-
tion, the generalized vielbein postulates reduce to the four-
dimensional Cartan equation with the appropriate gauge
covariant derivative. Therefore, the generalized vielbein
postulates provide an understanding of how the gauge vec-
tors are selected from the 56 vector fields available. This
goes some way towards establishing the origin of the em-
bedding tensor in the higher-dimensional D = 11 theory.

We conclude in Sec. VI with a brief, general discussion
of other compactifications that could lead to more general
gaugings in four dimensions. Of particular interest are
examples of compactifications where both electric and
magnetic vectors are gauged. We also discuss the possibil-
ity of using our framework to provide an 11-dimensional
perspective on the recently discovered continuous family
of SO(8) gauged supergravities [23].

In summary, the key results and issues raised in this
paper are as follows:

(i) Kaluza-Klein theory is developed for ‘“‘nongeomet-

ric” vector fields.

(i1) Consistent nonlinear Ansdtze are obtained for all
fields, including dual fields.

(iii) All formulas can be tested against nontrivial com-
pactifications of D = 11 supergravity and the asso-

ciated stationary points of N = 8 supergravity.

(iv) With 56 “‘electric” and ‘“magnetic’ vectors present
in all D = 11 relations, one can now study the
higher-dimensional origins of the embedding
tensor.

(v) Preliminary evidence is presented that the
w-deformed SO(8) gaugings of Ref. [23] corre-

spond to w-deformations of D = 11 supergravity.

The conventions and index notations used in this paper
are as in Refs. [1,4].

II. DUAL FIELDS AND E;7 IND = 11
SUPERGRAVITY

In Ref. [4], the two generalized vielbeine previously
known from the literature [1,2] are completed to an E;¢)
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matrix in 11 dimensions by constructing two further
generalized vielbeine that are intimately related to the
dualization of the metric and the three-form potential in
11 dimensions. While the significance of this construction
from an 11-dimensional point of view is clear in that it
establishes the role of the E;) duality group in the full
D =11 theory, its importance from a practical point of
view in relating the four-dimensional maximal supergrav-
ity to D = 11 supergravity is what will be addressed in
this paper. In particular, the results of Ref. [4] give uplift
Ansdtze for all bosonic degrees of freedom including a
nonlinear Ansatz for the six-form potential dual to the
three-form potential. We will illustrate this in great detail
for the §7 compactification of D = 11 supergravity in the
following sections, but from the generality of our results it
should be clear that our construction furnishes similar
information for other compactifications of D = 11 super-
gravity. Consequently, we will first summarize the general
results in this section, without reference to any specific
compactification.

A. Dual vector fields and generalized vielbeine

Working in the context of the SU(8) invariant reformu-
lation of D = 11 supergravity, one identifies certain
SU(8) objects starting from an analysis of the fermionic
sector [1].2 In the bosonic sector, the most prominent of
these objects are the so-called generalized vielbeine, which
can be regarded as components of an E;) matrix in 11
dimensions. The generalized vielbeine appear when one
considers the supersymmetry transformation of those com-
ponents of the elfbein, three-form potential and their dual
fields which in a proper reduction to four dimensions
would give rise to vector fields. However, it is important
to keep in mind the main feature of the present analysis
(and of Ref. [1]), namely that we retain the full coordinate
dependence on all 11 coordinates throughout. Therefore,
we will not be dealing with a dimensional reduction in
the strict sense of the word, but rather a 4 + 7 split and a
subsequent reformulation of the theory. Furthermore, the
reformulated theory is on-shell equivalent to the original
D = 11 supergravity of Ref. [5] at all stages of the
construction.

Let us therefore first consider the spin-1 sector of the
theory. In the direct dimensional reduction of D = 11
supergravity to four dimensions there appear only 28 vec-
tor fields, namely [14]

B,™ and B, = Auum — B.PApun

“4)

The first seven of these are just the standard Kaluza-Klein
vector fields in the decomposition of the elfbein displayed
in Eq. (1), while the second set of vectors originates from
the three-form field Ayyp. As explained in our previous

2See also Sec. 3.1 of Ref. [4] for a brief description of the
SU(8) invariant reformulation.
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work [4], this set of vector fields is complemented by
another set of vectors related to the dual fields in 11
dimensions, viz.3

B,uml...mS = A,uml...m5 - B,u,pApml...mS
V2
o T (A,U«[mlmz o B#pAP[mlmz)Am3m4m5]’ ®)

B,uml...m7,n =A,um1...m7,n + (35 - 1)
X (A,u[m].“m5 - BILPAP[mln-ms)Amﬁmﬂ"
+ Ay Alulmyn = Bl Alpim1n)

V2
+ ;A = B, P A i ) A

m3m4mSAm6m7]n .

(6)

The vector components in Eq. (5) thus originate from the
six-form A which is the dual potential associated with
the three-form potential A3, whence it is clear that these
fields are simultaneously defined only on shell, as ex-
plained in Ref. [4]. The vector fields in Eq. (6) are related
to the dual gravity field in 11 dimensions, and are defined
only up to a real constant ¢. While the precise relation of
Ay, .m,n 1o the D =11 fields is not known, the inde-
terminacy encoded in the parameter ¢ can be traced back
to the fact that dual gravity does not give rise to scalar
degrees of freedom in the 4 + 7 split. We also note that
the nonlinear modifications in these equations which in-
volve the Kaluza-Klein vectors B,™ can be understood
geometrically via the conversion of curved to flat indices,
whereas the remaining nonlinear modifications are re-
quired by the consistency of the supersymmetry varia-
tions, but have no direct explanation in terms of
11-dimensional geometry.*

Thus, in all we have identified 56 such vector fields in
11 dimensions, starting from the fields of D = 11 super-
gravity and their duals. These make up part of the
bosonic sector of our reformulation of D = 11 super-
gravity in the framework of the ‘“‘generalized geometry”
introduced in Ref. [4]. However, not all of these vector
fields will correspond to independent propagating vec-
tors in a given compactification of the D = 11 theory. In
particular, for compactifications related to N = 8 super-
gravity and deformations thereof, we know that there
can be at most 28 propagating spin-1 degrees of

wlmym, mymy

Note the slight change in notation here compared with that
used in Ref. [4]. In particular, here, we reserve the notation
B ,..m; for the vector whose supersymmetry transformation
gives rise to the generalized vielbein e, . 45. A similar change
of notation is made for the fourth vector. In addition, the
arbitrary constant ¢ here is related to ¢ in Ref. [4] by ¢ =
5lc/V/2.

‘A geometrical explanation might, however, follow from E,
or Eq;, where the ‘““vielbein” comprises not only the gravita-
tional, but also the three-form and six-form fields.
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freedom. This is most easily seen in the 77 reduction
of Ref. [14], where the seven ‘“‘electric’’ vectors from
B,™ (corresponding to the seven Killing vectors on T7)
combine with 21 “‘magnetic” vectors from B, to give
28 Abelian vector fields. The other 28 vectors corre-
spond to their four-dimensional duals such that the 11-
dimensional duality relations reduce to the “‘twisted self-
duality constraint” of Ref. [14] in the reduction to four
dimensions. For nontrivial compactifications of the the-
ory, the situation is, however, much more complicated
because of the appearance of non-Abelian gauge inter-
actions, for which the usual (Abelian) dualization of
vector fields does not work.

A judicious analysis of the supersymmetry transforma-
tions of these 56 vector fields [1,2,4] leads to the general-
ized vielbeine. For the vector fields in Eq. (4), the latter
can be directly obtained from the D = 11 theory, while the
variation of B, ., in Eq. (5) is determined from the
variation of A) [4]. The supersymmetry transformation of
B i, ..m,n 18 also given in Ref. [4], but it cannot be obtained
from the D = 11 theory. It can, however, be obtained by
imposing consistency with the supersymmetry variations
of the other vector fields. Somewhat lengthy computations
show that [4]

2
SBMm — \/?_eQ"B[Z\/EéAQDﬁ + éc’yfu/\/ABc] + H.c,, (7)

|

SB,umn = ernnAB[z\/EéA¢ﬁ + éCYfLL/\/ABC] + H-C-’ (8)

oB =

pmmy ...ns

V2
g ¢

ml...m5AB[2\/§‘§A¢’ﬁ + éc'}"lu,)(ABC] +H.c.,

€))

oB

pmmy...mq,n

2
8€

m]...m7,nAB[2\/§éA¢ﬁ + éC’)/fu,XABC] + H-C-’

(10)

where ¢4 and x*8¢ are the (chiral) fermions in the
SU(8) invariant reformulation, and where y), = ¢, “v,
with the Weyl rescaled vierbein e}, “ from Eq. (1). The
scalar coefficients in front of the fermionic bilinears make
up the generalized vielbeine, and are given by [1,2,4]

ety = iATV2Ty, (11)
V2

€mnAB = T EiA_l/z(rmnAB + 6\/§Amnpr,{:3)r (12)
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1
eml...mSAB = 6'\/5

lA_l/z[rmlmSAB + 60\/§A[m1m2m3rm4m5]AB - 6!\/§(Apmlm5 o
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V2

TAp[m1m2A1n3m4m5])F£B ]’ (13)

2.
€m,..m7,nAB = _alA 1/2[(Fm1...m7rn)AB + 126\/5An[m1m2rm3...m7]AB

NG

+3v2 X 7!(An['"1~~’"5 * 4

These objects carry SU(8) indices A, B, ... and are to be
regarded as SU(8) tensors in a specific gauge, as explained
in Ref. [1]. As also shown there, one thereby enlarges
the original tangent space symmetry from SO(7) to a local
SU(8) symmetry that acts on the chiral fermions. Observe
that the new vielbein components, e, .45 and €, . naB>
which originate from the variations of the dual vectors (5)
and (6), themselves depend on the dual six-form field
A, .mg» and hence again are only defined on shell.

B. Emergence of E;(;, structure

One can make the relation of the above expressions to
E;(7y more explicit by combining the matrix blocks into a
single 56-bein in 11 dimensions [4],

V(z) = (V™ ,5(2), Vimag(2)), (15)

by means of the identifications

V2 3
ymgm}; = K3 enp anAB = - 5 €mnAB
3
V= EAEmnplmpsepl...pSAB’ (16)

9v2

Vosan = TAG”"”"7en]..,n7,mAB-

This E;(;) vielbein is equivalent (see Ref. [4]) to the one
considered in Ref. [24] in the context of another proposal
to realize an exceptional geometry. Note that complex
conjugation acts by raising or lowering the SU(8) indices,
viz.

(’VMNAB)* — 'VMNAB’

but leaves the position of the SL(8, R) indices M, N
unaffected. The 56-bein V(z) as defined above is a coset
element of E;;/SU(8) written in terms of the decom-
position of the 56 of E;) under initially its SL(8, R) and
then its GL(7, R) subgroups:

(Vu®)* = Vs, (17)

56 —28028—702102107. (18)

The world indices m, n, . .. labeling the seven-dimensional
directions and originally transforming under seven-
dimensional diffeomorphisms thus become associated
with the GL(7,R) subgroup of E;. In contrast to

9! V2

A"[mlmzAm3m4m5)rmom7]AB + _-<A’l[m1~~m5 + EA"[m1m2Am3m4m5)Amam7]PFpAB ]

2
(14)

Ref. [4], we have adjusted the normalization of the matrix
blocks in such a way that V(z), as defined in Eq. (16),
satisfies the following identity:

Vigap VL — VM VP =i8GP. (19)

This is simply the statement that the inverse of an E;(;
matrix is related to its complex conjugate; more specifi-
cally, Eq. (19) is a necessary condition expressing the fact
that any E;;) matrix automatically belongs to Sp(56, R)
[8,14]. The direct verification of Eq. (19) by substitution
of Egs. (11)—(14) into Eq. (16) is straightforward.

The vectors can be arranged into a similar object of the
form (B MMN, B MMN), such that

1

m8 — __ m —
B, ==5B."  Bum = 3V2B s
B#mn — 3\/§Aemnm.“p58#mmp5, (20)
Bms = —18A€""B,, .\ m

Thereby, the 28 + 28 vectors are combined into a 56 of
E;(). In this language, the supersymmetry transformations
in Egs. (7)—(10) can be compactly written as

1

6BMMN = _E’VM:NAB[z\/EéAQDﬁ + éc’yquABC] + H.C.,
1 - -
0B = — 5 VmAB[Z\/_isAqoﬁ + scyﬁt,\/ABC] + H.c.

2y

In Ref. [4], we have also shown that the matrix blocks
making up the 56-bein [Eq. (15)] transform uniformly
under local supersymmetry

5WAB(Z) = _\/EEABCDVMNCD(Z)’
6VM1\IAB(Z) = _\/EEABCDVMNCD(Z)

with the complex self-dual tensor

(22)

Sapcp = EaXpep) + ﬂEABCDEFGHéEXFGHr (23)

where we have discarded a local SU(8) rotation that
also acts uniformly on all components. In the forms of
Egs. (21) and (22), the supersymmetry variations of com-
pactified maximal supergravity can be read off directly
from the D = 11 formulas.
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C. Generalized vielbein postulates

The generalized vielbeine satisfy certain differential
constraints derived in Refs. [1,4]. These constraints are
generalizations of the vielbein postulate in Riemannian
geometry which establishes the relation between affine
and spin connections. For our subsequent analysis, here
we only need their components along the four space-time
directions, which are [1,4]

1
D,U«E.TB + 5 anB

+ Puapcpe™ P =0, (24)

c
uehg +0,B,"elp + Q/_L[Aeg‘]c

1
D,uemnAB + zapB/.LpemnAB + 2a[mB|ILL|pen]pAB

+ 390 Blutnpieias + Luaemsic + Puascoem ™ =0,
(25)

1
D eml .msAB + 28 B ml...msAB

s - Sa[mlBlulpemz-nms]l’AB

3
_ 4
+ \/_z a[mlB|,U«|mzms €myms]AB 68[’"13|M|m2-~-m5P]eAB

+ Qi[Aeml--.msB]C + T,u.ABCDeml...mSCD =0, (26)

_ p —
Dlx,enzl...m7,nAB EapB,u,I em,...m7,nAB anB,u,pem]...m7,pAB

+ Sa[mlB|ll«|m2m3 €my..myInAB Za[mlB|M|mz~-méem7]"AB

+ Qi[Aeml,..m7,nB]C + T/LABCDemI,..m7,nCD =0, (27)
where’
D, =d,—B,",. (28)

In comparison with Eq. (88) of Ref. [4], the generalized
vielbein postulate for e, ., .ap has been simplified by
using the Schouten identity over eight indices. The con-
nection coefficients Q, and P, appearing in these equa-
tions are valued in the E;(;) Lie algebra, and are related to
the connections and four-form field strengths of D = 11
supergravity as follows [1]:

1
AB - E[emaamB/L”enb - (epaD#ePb)]Fi%
V2o .
1A 26, (Faape D35 = Napys FP7°“Tarp),
(29)

*Below, we will work with a slightly modified operator D,
adapted to the S7 compactification, cf. Eq. (59).
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3
T/,I.ABCD = Z[emaamB,unenb - (6

NG

_ ?A—1/2efuaFabcal"a l"bc

[AB~ CD]
V2
48

Below, we will use them in a slightly modified form, again
adapted to the S7 compactification.

Pb)]F[AB CcD]

ATVl BV F g sToasl iy (30)

ITII. NONLINEAR ANSATZE FOR MAXIMAL
SUPERGRAVITY ON S’

We will now illustrate the usefulness of the results in
the foregoing section by specializing to the S7 compactifi-
cation of D = 11 supergravity [6,7], where our formalism
furnishes numerous new insights and results, most notably
with regard to the dual fields of D = 11 supergravity. To
this aim, we will present a detailed analysis of the non-
linear Ansdtze and the generalized vielbein postulate in the
context of the S7 compactification.

A. Compactification on S’

To begin with, and for the reader’s convenience, here we
collect some relevant (and well-known) formulas, see e.g.
Refs. [3,7], related to the seven-sphere. Denoting the S’

background covariant derivative by b,n, we recall that S7
admits eight Killing spinors 5’(y) obeying

o 1 .
(Dm + Eim7€mara)7]l = O, (31)

where I, J,...=1,...,8, and Em“ is the siebenbein on the
round S7. Written out in components, the Killing spinors
772 are orthonormal matrices; that is,

ning = 8% (32)

The 28 Killing vectors K™/(y) and their derivatives
K,,,'/(y) can then be represented as bilinears in terms of
Killing spinors, viz.

niny = &,

Km” = iémaﬁlra 7’!’ Kmn” = cm €n 77 I‘abﬁ"] ’ (33)

clearly,
D K = m,K! szK{,’ + D KV=0. (34)

Hence, D,K™/ = 0. Observe the different “‘canonical”
positions of the world indices on K™ and K,,, and
the fact that both of these are always and by definition
related to the “flat” objects by means of the S7 background

siebenbein and its inverse. The vector fields KV =

K™ bm generate the SO(8) isometry group of the seven-
sphere via the Lie bracket

[KY KKL] = _8m75[1|[KKL]IJ]’ (35)
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or equivalently

Knl]anmKL _ KnKLi)nKmIJ — —8m, SUIK gmLI],
(36)

However, in standard Kaluza-Klein geometry, there is no
corresponding interpretation for the tensor fields K,,,"
[nor for Eq. (47) below].

B. The nonlinear Ansdatze

The nonlinear Ansdtze for maximal supergravity are
obtained by comparing the supersymmetry transforma-
tions in Eq. (21) with the analogous supersymmetry
transformations of the vectors in D = 4 maximal super-
gravity [8,12]:

1
8AN =~

2(Ml-jl‘] + vij,J)[2\/§éig0L + ék’y;LXUk] + H.C.,

(37)

1. o .
0A 1 = _El(uij” — vijlj)[Z\/Es’gpL + aky;Llek] +H.c.

(38)

We will refer to the 28 + 28 vector fields A,”/ and A/,
as “‘electric” and ‘““magnetic” vectors, respectively.

In order to relate the D =4 vectors to the vector
fields identified in the previous section, we now need to
choose appropriate Kaluza-Klein Ansdtze for all vectors in
Egs. (4)—(6). For the Kaluza-Klein vector B, this Ansatz
is well known, as we explained in the Introduction; choos-
ing appropriate normalizations, we have

V2

B#m(x, y) — TKmIJ(y)A#IJ(X),
where K™/ are the 28 Killing vectors defined in Eq. (33).
However, for the remaining vector fields, and in particular
for those arising from the dual fields in higher dimensions,
there are no such Ansdtze available from general Kaluza-
Klein theory, and therefore we have to proceed in a differ-
ent manner. In fact, for the ‘““nongeometrical” vector fields
B mn(x, y), the appropriate Ansatz was already found in
Ref. [2]; it reads®

(39)

1
B,umn(x’ Y) = ﬂKmn”(y)A,uJ.l(x)-

We stress that the “‘canonical” position of the world in-
dices as defined in Ref. [2] is in accord with the position of

(40)

®Note that the difference between the coefficient in the Ansatz
for B,,,,, here and in Ref. [2] is due to differing conventions for
F = dA. In Ref. [2], this constant was fixed based on the tests of
the nonlinear flux Ansatz in Ref. [3] where F = 49A. However,
here, as in much of the related literature, we use the convention
F = 4!0A.
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indices on B,," and B ,,,,,. We emphasize again that, unlike
for the standard Kaluza-Klein vector, there is a priori no
geometric argument to fix the Ansatz for B,,,.
Furthermore, the normalization had to be determined in
Ref. [3] by comparison with the D = 4 theory.

Adopting the Kaluza-Klein Ansdtze (39) and (40) for B,,"™
and B, respectively, and comparing the 11-dimensional
supersymmetry transformations (7) and (8) with the respec-
tive four-dimensional transformations (37) and (38) gives a
relation between the generalized vielbeine e}, and e,,,,4 3 and
the four-dimensional scalars u; j’ J and v; j17- More precisely,
the identification between 11-dimensional and 4-dimensional
SU(8) indices is made by means of the orthonormal Killing
spinors on the round sphere 7‘,, which convert “curved” SU
(8) indices A, B, ... (appropriate to the D = 11 theory) into
“flat” SU(8) indices i, j, k, ... (appropriate to maximal
D = 4 gauged supergravity) and vice versa in the terminol-
ogy of Ref. [25]. Hence,

Xijk.. = ”7?77?775 .- Xapc. © @D
Xapc. = Mympme .. Xije..
for any SU(8) tensor by orthonormality of the Killing spinors
[Eq. (32)]. Accordingly, we define

6?}()6, y) = ele(x’ y)niA(y)njB(y),
i (6 Y) = €pmnap(x V)02 (00,5 ().

(42)

The nonlinear Ansdtze derived in previous work are then
given by

et y) = K™ 0lug" + i), (43)
2
Cmnij(% y) = = EiKmnIJ(y)[uijlj —vylx). @44

The Ansdtze for the remaining vectors originating from
the dual D = 11 fields are more tricky and, in fact, can
only be arrived at by imposing consistency of the relevant
supersymmetry variations. More specifically, our analysis
implies the identifications

B,u,ml...m5 ()C, y)
1 °
== m(Kml...mSU —6- 6!{m1...mSpr”)(y)A,u,”(x)!
(45)

B,uml ..m7,n ()C, y)

1 . °
= (nml...m7Kn” +6- 7!g[m]..‘m(,Km7:|n”)(y)A,u,IJ(-x);

92
(46)

where

I — ;, a o as =l J
Kml...ms - leml ce em5 n Fal...a577 (47)
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is again a bilinear in the Killing spinors. The quantity
{m,..mg(y) is defined such that

7!a[m1§m2...m7] = my ;Iml...m7’ (48)

and is thus to be regarded as a potential for the volume
form on the round seven-sphere.

While the first terms on the right-hand side of the
Ansdtze (45) and (46) are not completely unexpected, the
crucial new feature in comparison with formulas (39) and
(40) is the presence of the nonglobally defined field

{m,..mg- One way of understanding its presence in the
above Ansdtze is to observe that the components of the
field strength F(4) along the four dimensions F wrpo is
nonzero and, for maximally symmetric solutions, is pro-
portional to the volume form in four dimensions [6].
Equivalently, this nonzero component of the three-form
potential A,,,, can be viewed as a nonzero component of
its six-form dual along the seven-dimensional directions
[4], namely

(49)

m] mg g my...mg*
Thus, even for the S7 solution [7] where the scalar expec-
tation values are essentially trivial, one would have to
obtain such a nonzero value for A, ,, from a nonlinear
Ansatz. Indeed, the coefficients in Ansdtze (45) and (46)
have been fixed by requiring consistency with the S’
solution. In fact, the “vacuum expectation value” of the
six-form field will be nonvanishing for any nontrivial
compactification (that is, other than the 7”7 reduction of
Ref. [14]) of D = 11 supergravity.
As before, comparing the four-dimensional supersym-
metry transformations (37) and (38) with their higher-
dimensional analogues (9) and (10) gives

1 °
%mmw@do=g@3“%hm”—6'&4mmwK“U@)

X [uy" + vi](0), (50)

2 .. .
em,...m7,nij(x’ }’) = al(nml.“nﬁKn” +6- 7!{[m]...m6Km7]n1J)(y)

X [u; i = vi](x), (51

where we have again converted “curved” to “flat” SU(8)
indices by means of the relations in Eq. (41).

The fact that we now have two expressions for the
generalized vielbeine, one in terms of 11-dimensional
fields [Eqs. (11)—(14)], and one in terms of four-
dimensional scalars [Egs. (43), (44), (50), and (51)], allows
us to derive nonlinear Ansdtze for internal fields. The
nonlinear Ansatz for the metric [19] is found by consider-
ing the expression

m nAB

e ge™’, (52)

PHYSICAL REVIEW D 88, 125002 (2013)

which gives [19]

1
A*lgmn(x’ y) — gI{ml./](nKL (y)

X [(ull tv JIJ)(M KL + UUKL)](X) (53)

Similarly, the nonlinear flux Amsatz [2] is found by
considering the expression

AB
emn”" €l zp,

(54)

which gives’

2 ; + . .
Apnp(X,y) = — —lAgpq(x, VK ™ KKL () (]}, — 011

X (I/l KL + UUKL)](X)

where one uses the metric Ansatz (53) to compute Ag,, in
the equation above. Now, considering

em, .msape"” (56)

(55)

gives a nonlinear Ansatz for the internal six-form compo-
nents. It is simple to show that by equating the contraction
of the two vielbeine using definitions (11) and (13) on one
side and definitions (43) and (50) on the other gives

V2

Anml...mS - TAn[mlmzAm3m4m5]
N :
= 16 6! Agnp([(ml mg —6- 6!§m1...m5qKqIJ)
X KPEE[ (M + vy g + 075, (57)

where the internal metric and three-form potential compo-
nents are derived using Ansdtrze (53) and (55). We note that
the complete antisymmetry of A,, ,, in all six indices
is not manifest from this expression; our explicit tests for
the SO(7)* invariant solutions (see Sec. V) show, however,
that this consistency requirement is met in nontrivial
examples.

An Ansatz for the six-form potential can also be obtained
by considering the fourth generalized vielbeine e,,, . na5-
The relation of this Ansatz to Ansatz (57) above will not be
obvious, but clearly the two Ansdtze must be equivalent.
This completes the set of uplift Ansdtze for all bosonic
degrees of freedom from maximal gauged supergravity to
11 dimensions.

IV. GENERALIZED VIELBEIN POSTULATES
AND THE S7 COMPACTIFICATION

The generalized vielbein postulate for el plays an
important role in establishing the cons1stency of the §7
reduction of D = 11 supergravity [25,26]. In particular, in

"See footnote 6 for an explanation of the extra factor of 6
between this expression and the nonlinear flux Amsatz in
Refs. [2,3].
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Ref. [25] it is shown that upon the S7 compactification, the
d = 4 generalized vielbein postulate reduces to the E;¢)
Cartan equation of gauged maximal supergravity, to wit

V700, — A ()X")V(x) = 0, (x) + P,(x), (58)

where X'/ generate the compact SO(8) subgroup inside
SL(8, R) C Ey(;), and g is the gauge coupling constant. In
this section, then, we explore the generalized vielbein
postulates in a more general context than Refs. [25,26]
by investigating the full set of relations [Egs. (24)—(27)] for
the extra vielbein components [Eqgs. (11)-(14)], hence
taking into account the full set of 56 vector fields identified
in Sec. I A. The presence of both electric and magnetic
vectors in these relations indicates that our construction
should eventually allow one to derive more general gaug-
ings of N = 8 supergravity from compactification, and
thereby to understand how the embedding tensor emerges
from the D = 11 theory upon different compactifications.
However, here we will concentrate on the S7 compactifi-
cation, as this case already by itself provides a wealth of
new insights, in particular concerning the role of dual
vector fields in non-Abelian gaugings. We will briefly
return to the more general case in the final section,
postponing a detailed discussion to later work.

One issue that we will specifically address and resolve in
this section is the following: The fact that not all of the 56
vector fields can correspond to independent propagating
degrees of freedom, and the generic emergence of non-
Abelian gauge interactions for nontrivial compactifications
(for which the standard Abelian dualization linking electric
and magnetic vectors no longer works), immediately raises
the question of how the theory can dispose of the unwanted
vectors and thereby ensure the consistency of compactified
theory. Here we will establish the consistency of the equa-
tions for the S7 compactification by explicitly showing how
the magnetic vector fields drop out of the generalized
vielbein postulates, leaving only electric gaugings.

For the S7 compactification, the reduction Ansatz of the
vector fields and the generalized vielbeine are given by
Eqs. (39), (40), (45), (46), (43), (44), (50), and (51),
respectively. To adapt to the S7 compactification, we in-
troduce a minor modification by replacing Eq. (28) with

D, =9, — B,"D,, (59)

and the connections in Egs. (29) and (30) with

m n _
e aDmB,U. €nb (epa

1
ﬁB == 2[ Dueﬂb)]rx%

2

12

— A7 1/2 ! a(FaachAB na,B'ySFBy 1_‘aAB)

(60)

PHYSICAL REVIEW D 88, 125002 (2013)
3 m T n
Z[e aDme, €np — (e

NG

_ ?A—1/2efuaFabcal"a l"bc

[AB~ CD]
V2
48
that is, replacing the partial derivative d,, with the S7 back-

MABCD — ph)]r [AB CD]

A_1/2e{uanaﬁyaFaﬂ75Fb[ABF%lb]; (61)

ground covariant derivative D,, everywhere. Likewise, this
replacement is to be made everywhere in the vielbein postu-
late [Eqgs. (24)—(27)].

As before [cf. Eq. (41)], we have to convert SU(8)
indices in order to relate the connection coefficients above
to their four-dimensional counterparts for the S7 compac-
tification. This change of basis is covariant for all fields,
with the exception of [25]

. : 2
fuj — 77277/3( ﬁB _ le AKLKnKL

aFaAB) (62)

Using the Killing spinor equation and the equation above,

D eAB+Q

A[ACBIC
= (8, = B," D)) mh(»ex, )] + QS e
= nAanDM i+ img B emaF“C[Aeg]c + Q#[AeB]C’

+ Q8 en). (63)

Analogous relations hold for the other generalized
vielbeine:

= 77A773(D,u ij

D w€mnAB + Q.M[AemnB]C T]A 773(@ €mnij + QM[,emn]]k)

(64)

C
p/.l, €m,...msAB + QM[Aeml ...msB]C

= ngné(puemlu,mﬂj + Q,Z[ieml.,.m5j]k)» (65)

D,ueml.‘.m%nAB + Qi[Aeml.‘.m%nB]C
= T]fqné(Dueml...m%nij + Q];L[ieml...rn7,nj]k)' (66)

The noncovariant term in Eq. (62) thus ensures that we
can freely convert between ‘“curved” and ‘“‘flat” SU(8)
indices in all relations.

Let us first consider the generalized vielbein postulate
for €'}y, which is already analyzed in Ref. [25]. The super-
symmetry transformation of the graviphoton B,™ gives
rise to the generalized vielbein e’} [Eq. (7)]. In Kaluza-
Klein theory, the exact Ansatz relating the graviphoton
to the four-dimensional vector field is given by the the
Killing vectors of the internal space [Eq. (39)]. As we have
already mentioned, this Ansatz, via Egs. (37) and (7), also
furnishes an Ansatz (43) for the generalized vielbein elfs.
The emergence of the SO(8) covariantization of the
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four-dimensional derivative is then easily seen to be a
consequence, in accordance with general Kaluza-Klein
theory, of the appearance of the commutator of two
Killing vector fields in

(8, — B,"D,)el! + D,B,"el, (67)

and the fact that me x" = 0 for any Killing vector. More
precisely, plugging these Ansdtze into the generalized viel-
bein postulate (24) and using Eq. (63), the latter reduces to

ﬁ .
e?’}—?DnK””A#”eZ‘»
V2

+ Y5 (gt D KMKL — gnKL D K™
4 n n

Iy

XAMIJ[MI-]-KL +vinL:|+ Qﬁ[ieﬁk‘i‘ ?Mijkle’”kZZO.

(68)

Using Eq. (36), the first three terms in the generalized
vielbein postulate (68) reduce to

Km”(b‘f(a,u - Z\EA#IK)[MUKJ + 'Uinj], (69)
which is a contraction of the SO(8) gauge covariant de-

rivative on the scalar fields. Denoting

+ 1 —

Wl]

I - i, 1
wi vy, owo =ilu M — vyl (70)

and with w*¥/,, and w™"; as their complex conjugates,

respectively, the generalized vielbein postulate gives

KmIJ(DSO(S)W+ o4 Qk wro 4P otk )=0
I ij uli k wijkl 1 ’

(71)

Jl

where the SO(8) gauge covariant derivative is defined as
DiO(S)Wtile — aﬂwriju _ 2\/§m7AMK[IWtijJ]K' (72)
Thence, we identify A"/ as the SO(8) gauge fields and
v2m; as the SO(8) gauge coupling. Thus, the generalized
vielbein postulate reduces to a particular component of the
E;@7) Cartan equation with SO(8) covariant derivatives, as
claimed above.

While this part of the argument was already given in
Ref. [25], the SO(8) covariantization on the other compo-
nents of the generalized vielbein cannot be traced back to
geometrical arguments of this type. In Ref. [25], it is
argued that Eq. (71) in fact implies the E;y Cartan
equation with SO(8) covariant derivatives. However,
here, by considering all of the generalized vielbein pos-
tulates, we can see that this equation follows directly
upon compactification on S’. In other words, the rest
of the generalized vielbein postulates give rise to the
“missing” components of the Cartan equation in
Eq. (58). We will show this in turn for each of the
generalized vielbein postulates [Eqgs. (25)-(27)].

PHYSICAL REVIEW D 88, 125002 (2013)

The generalized vielbein postulate for e,,,4p [Eq. (25)]
becomes, after conversion to ‘““flat” SU(8) indices using

Eq. (64) and again using D,,B,," = 0,

Dyemnij T 2DB, " enpij + 3D B uinpiel;

+ Q,];[iemnj]k + ?,uijklemnkl =0. (73)

The new feature here is the presence of the ‘““magnetic”
vectors B ,,,,, which according to Eq. (40) could in prin-
ciple lead to the gauging of magnetic vector fields in the
four-dimensional theory. However, note that the relations
between e,,, 45 [Eq. (44)] and B ,,,,,, [Eq. (40)] and the four-
dimensional fields are not made with respect to Killing
vectors but via the tensor K%/, which from the Killing
spinor equation satisfies

DKy, = 2mag 1K, (74)
This immediately implies that

Dy Buinp) = 0. (75)

Hence, the magnetic vector fields drop out of relation (25)
in the S” reduction, thus ensuring that effectively only the
28 electric vectors appear in the four-dimensional theory
with their non-Abelian interactions, while the magnetic
vectors all decouple. Using Eqgs. (34) and (74), the gener-
alized vielbein postulate then further simplifies to

1
1~ KL Iy KL _ g Ny KL
a,uemnij +Em7A,u woij (Kp[m Kn]p K[m Kn] )
+ Q'I:L[iemﬂj]k + T,uijklemnkl = 0’ (76)
which, using Eq. (B6), gives another component of the
E;@) Cartan equation:
SO@®), — — _
KmnIJ(DM ( )w iju + Q],;[iw | li + ijkzw klU) =0

(77)

il

Next we consider the third equation, (26), which be-
comes, using D,,B,™ = 0 and Egs. (65) and (75),

.o— p L= p ..
a,u,eml...mszj B/.L Dpeml...msz] 5D[mlB|’u| €my...ms)pij

—6r k
6D["1|B|M|m2---m51?]elpj + Qf,u[iemln-msj]k
+ ?/Lijkleml‘..m5kl = 0. (78)

In this case, the reduction Ansdtze (45) and (50) not only
contain tensors, rather than Killing vectors, but they also
contain the potential for the volume form on the round

seven-sphere ¢, which is not globally defined. As we shall
see below, these terms are not only crucial for obtaining the
correct nonlinear flux Ansditze, but also equally crucial in
the reduction of the generalized vielbein postulate.
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Inserting the reduction Ansdtze for the generalized
vielbeine and the vector fields and using Egs. (B3), (34),
and (74), we obtain

1

B,upreml.‘.my'j P 6yA IJ + KLKPIJ(m77]m1 mquKqKL
—%6~6LDp§mLJ%qKWKL
+6-6!m7§ml._,m5qquKL), (79)

rr " r =
B,U« Dl’eml-nmslj + 6D[mlB|M|m2-<~m5P]etj

46!

A IJ + KL(7m77’ml

PHYSICAL REVIEW D 88, 125002 (2013)

- p
D[mlB|,U«|mz-~-m5P:|eij

1 .

— _ T 6'AM”W+1'J'KLKPKL(m7T]m]..

—6- 6'5['”1 Zmzn-msp]qKq”

qu.l

mspq

-6 6!m72q[m1...m5Kq ”)- (80)

rl

Hence,

MquKp”KqKL +6- 7!5[p§rn1~--msq]KpHKqKL

+ 66178, msg KT KKE 4 36 - 61mg g, K9 5 KPEE),

17y, + KL
m7A (nml

KPUKOKL + 48617,  SIKKIL
my...m

4 6! -mspq
+ 30 6! pgpm,..m, K9, 1" KPKE), (81)
f
where in the second equality above we have used Egs. (48) ;
ap,eml...m7,nij - B/Lpreml...m7,nij - anB;Lpemlu.m%pij

and (BS5). A straightforward substitution of the Ansdtze
(39) and (50) also gives

SD[ml Bl/.Llpemz ms]pij

85m67'A#IJ + KLKp

+ 126!, migpg KIKL). (82)

quKL

1Jge
[m, (nmz.‘,ms]pqr

Now, using the identity
SKp[ml”;’mz...mS]pququL = 2Kpr”7°7m]...m5ququL (83)

and Eq. (B6), the first terms on the right-hand sides of
Egs. (81) and (82) precisely combine to give

1

a,,n7A 1! + KL 77m1 mspg 51KquJL
2
= —am7A IJ + KL61KKm m5JL' (84)

Moreover, the third term on the right-hand side of
Eq. (81) cancels the second term on the right-hand
side of Eq. (82). Therefore, in all, Eq. (78) simplifies to

(Kml 1J —6- 6!§ml Kplj)[DiO(S)W+ijlj

-msp

+ Qk + + :Z):U“’./klw l.]] = 0. (85)
Using Egs. (71) and (B3), the above equation implies
KmnIJ(DSO(S) + IJ + Qk + ] J 4 ',P,ut/klw ”) = (.

(86)

Finally, we consider the generalized vielbein postulate
for e,,, m,n» Which, using the same equations as before,
simplifies to

_ k
26[m13|/1«|m2-~-m66m7]"ij + QM[,‘eml...m7,nj]k
+ ?Mijkleml...m7,nkl = 0. (87)
A similar calculation to the one outlined above for
em,...mSAB giVCS

p y
BLPDpem,..mnij

V2 :
Y 9[AM”W i (5m N, KPY K

+ 36 - 7!D[ml|§p|m2mm6Kp”KKL]n

~ K, 'KY),(88)

+6- 7!m7§[m]..‘m6(Km7:|”Krll(L

9,B,7

w €m

1.7, pij

V2
2-9!

+ 61 Ko,

1J,,— KL (. KL
m7A,u w ij Kpn (nm]..‘m7Kp

KL, (89)

200, Bl wlmy...mg €my nij

V2 . .
= 2.0 A}LIJW inL(6m7nm].,.m7Kp1JK§r{‘

+ 36 - 7!D[m]|§p|m2.__m6Kp”KKL]n

IJKanL)’ (90)

+6- 7!m7§[m1..-m6Km7]P

where we have used Egs. (34), (48), (74), and (B3) and
antisymmetrizations over eight indices, which vanish, to
simplify the expressions above. It is now simple to verify,
using Egs. (B5) and (B6), that
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P N P . y
BPDpen, mynij T 0nBu” €m, s, pijt200m, Blulmy..mg€m;nij

42

_ KI,,— JK(Z 1J Ty 1
=—rm AN Wy (Nm,..m, K’ +6 7!§[m],_4m6Km7]n ).

9!
oD

Hence, Eq. (87) reduces to
SO(8), — _ _
KmIJ(D/L ( )w iju + Ql;[iw j]ku + ijklw le) =0,
92)

where we have used Eq. (77) to eliminate the expression

proportional to £.

To sum up, in the reduction of Eq. (24), the SO(8) gauge
covariant derivative arose from the geometrical properties
of Killing vectors on S”. However, for the other generalized
vielbeine, the emergence of the SO(8) gauge covariant
derivative is not so direct. Indeed, the reduction of the
other generalized vielbein postulates is particularly novel
given that the postulates (25)—(27) contain fields (B ,,,, and
B m,..mg) for which the identification with the four-
dimensional vector fields is not made with the S7 Killing
vectors, but with more general structures on the seven-
sphere. We stress again that in the derivation of the last

two equations, (86) and (92), the { terms in the Ansdtze are
crucial for obtaining the SO(8) gauge covariant terms.
Therefore, the SO(8) gauge covariant derivatives emerge,
not in spite of but because of these more general structures.

The results that we have obtained from the reduction of
the generalized vielbein postulates, Eqs. (71), (77), (86),
and (92), can be summarized as

SO(8) .+ + + —
K“”(DM ( W iju + QZ[;‘W j]ku + :ijkzw kl”) =0,

93)

Kab”(DiO@)wiijlj + Ql;[iwi ku + ’ijkzwi“”) =0.
o4

Since K%’ and K" form a basis of antisymmetric
28 X 28 matrices, these equations are equivalent to

SO(8) 1J k 1J Kkl _
DOV + QK VA 4 Py VE =0, (95)

Jl

where V(x) is the E;(7)/SU(8) coset element parametrized
by the scalar fields. In Ref. [25] this equation was argued,
somewhat indirectly, to hold solely on the basis of the
generalized vielbein postulate for e}y [Eq. (24)]. Here
we see that it naturally follows from the full set of gener-
alized vielbein postulates.

In summary, we find that, in the case of the S” compacti-
fication, both B,™ and B,,,, . contribute to the electric
vector fields, while the magnetic vector fields drop out of
the expressions. Indeed, from Egs. (39) and (45) we see that
this is natural, because B,™ and B, ., project onto
different SO(8) components of the electric vector field A, /7.
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V. A FIRST TEST OF THE NONLINEAR
SIX-FORM ANSATZ

In this section, we check the consistency of the relations
derived in Sec. III, in particular the nonlinear Ansatz for the
dual six-form using the relatively simple, yet nontrivial
SO(7)* invariant solutions of gauged supergravity [22] for
which the higher-dimensional solutions are known [20,21].
For the convenience of the reader, we give a brief descrip-
tion of these solutions from both a four- and a higher-
dimensional perspective in Appendix A. The nonlinear
metric and flux Ansdtze, Eqs. (53) and (55), respectively,
have been subjected to some very nontrivial tests, which
they have passed with remarkable success, most recently in
Ref. [3] (where references to earlier work can also be
found). In particular, these Ansdtze correctly reproduce
the SO(7)* invariant solutions [3,19,26]. Therefore, let
us consider the nonlinear Ansatz, Eq. (57), for the dual
six-form potential of the SO(7)* invariant solutions.

Using the following E;(;) properties satisfied by u"/y,
and vVKL [8]

ij . KL _ KL — SKL
u yu;; vy vtt = o, (96)

Mij]JUinL - Uile”i‘iKL =0, o7
one can show that
(”,‘j” + Uile)(”inL + UUKL)
= 8, + 2vyn KN + 2 Re(uy, M vMNKL)(98)
Now, using the form of u”/, and vkl for the SO(7)*

invariant solutions, given in Appendix A, and the following
identifies satisfied by C//XL [20,27],

CI/MNCMNKL = 1258 4 4CI/KE, (99)
CHYMNCMNKL = 1288, — 4CIVKL, (100)

the above equation reduces to

(uij” + Uijlj)(uijl(L + vUkL)
= (3 + es?)Y, + %ecs(c + s)Cl/KL
- %(1 — €) cs?CUKL, (101)
where
_ {1 So(* (102)
0 SO(7)~

Dualizing I',, ,,, and using the identities satisfied by the
contraction of CYXL with K™/ and K™/ (see Ref. [3])
gives
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V2

nmy..ms 4

7

A A

n[mymyAmymyms)

Ag,lp{12 6!(c3 +es3)§m1 s

4 6!

cs(c+s) .. ° .
- fe[nm]...ngquq +6- 6!§m|...m5q((3 + 'f)gpq
~ QU HFEN - (1= ey, S

(103)

To compare this result, obtained from the uplift formula,
with the results directly obtained by solving the D = 11
field equations, let us first consider the SO(7)" invariant
solution. Using

cs(c + 5) = y1/2/5, A+ 53 =2y2/5 (104

and noting that A,,, = 0 for this solution, Eq. (103)

reduces to
A =21
1o 2 619 — ¢ £

where we have used the form of the metric g,,, given in
Eq. (AS5). Now, taking the exterior derivative of this equa-
tion gives

77m, mﬁpf _3\/_§m] .mg? (105)

18042

7!D[m|Am2..4m7:| = thnm]..,mf (106)
which agrees precisely with the expression found by dual-
izing the Freund-Rubin field strength for the value of y set
by the nonlinear Ansdtze, see Eq. (A9).

Next, consider the SO(7)~ invariant solution. Using the
expressions for A, , and g,,, in Appendix A, it is simple to

show that Eq. (103) reduces to

V2
16 - 6!

_1/3°Pq

m, mg 3\/_§ml m6

[m, nmz...mﬁ]pq'
(107)

However, the second term on the right-hand side vanishes
by the Schouten identity and the tracelessness of the tor-
sion. Hence,

m .m :_3\/_§m mg?
1---Mg 1---Mg

which agrees with the expression for A, . given in
Eq. (A19) for the particular value of vy set by the Ansdize.

(108)

VI. OUTLOOK: MAGNETIC VECTORS
AND THE EMBEDDING TENSOR

Having established the full consistency of all equations for
the S7 compactification, we now return to the most remark-
able feature of the vielbein postulate equations (24)—(27),
namely the fact that they simultaneously involve the
Kaluza-Klein vectors, the ‘“nongeometric vectors” coming
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from the three-form field, and the D = 11 dual vector fields.
In principle, it is therefore clear that both the ““electric” vector
fields, coming from the reduction of B, and B, . 5, and
the “magnetic” vector fields, coming from the reduction of
B, mn» can be gauged. This is a feature that our construction
shares with the embedding tensor formalism as applied
to gaugings of maximal supergravity in four dimensions
[10-12]. There as well, one initially works with the full set
of 56 electric and magnetic vector fields, replacing the Cartan
equations (58) with the more general Ansatz

V00, — gAY (00,2 YA
— Ay (0O L, YATV(x) =

ms»

0,(x) + P,(x), (109
where Y2 (A =1,...,133) are the generators of E7),
(0754, ® ,) is the embedding tensor, and Al and A,
are the electric and magnetic vectors introduced in Egs. (37)
and (38), respectively. The embedding tensor thus transforms
in the product 56 ® 133, but a consistent gauging with 28
propagating gauge fields exists only when © restricts to the
912 representation of E;(7) in this product [10-12] (and in
addition satisfies a quadratic identity). The choice of embed-
ding tensor not only determines the gauge group, but also
decides which 28 vector fields out of the initial 56 vectors
become propagating non-Abelian vectors. Consequently,
studying the vielbein equations (24)—(27) in parallel with
Eq. (109) should thus enable one to understand the embedding
tensor and its relation to any particular compactification
directly from the 11-dimensional perspective. Although we
will leave the full exploration of these possibilities to future
work, we conclude with some comments.

In the S7 compactification considered in Sec. IV, the
SO(8) gauge covariant derivative term comes from the
following terms in the generalized vielbein postulates:

amBM" and a[mlB|M|mz~-m6]' (110)
In particular, terms of the forms
3mBlum and a[mBmmp] (111)

do not contribute. The first expression above vanishes
because the Kaluza-Klein Ansatz for the graviphoton is
given by S’ Killing vectors, which are divergence-free,
while the second expression vanishes because of the form
of the Kaluza-Klein Ansarz for B,,,,, Eq. (40), and prop-
erties of S’ Killing spinors.

A natural question to ask is whether one can find ex-
amples of compactifications where the expressions (111),
that vanish for the S7 reduction, contribute to the four-
dimensional Cartan equation (109). For example, while the
first expression vanishes for Killing vectors, it is nonzero
for conformal Killing vectors, which also form a simple
Lie algebra. An interesting question is whether one can
carry out more general reductions of this type.

Furthermore, a particularly interesting class of gaugings
to investigate in this context are the Scherk-Schwarz
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compactifications [28] and twisted seven-torus flux com-
pactifications [29-33], which lead to various gaugings in
four dimensions (see Ref. [12] for a review of known
gaugings in four dimensions). While the original Scherk-
Schwarz reductions on flat groups are known to lead to
electric gaugings [34], flux compactifications provide ex-
amples where both electric and magnetic vector fields
contribute to the gauging [31].

A study of the generalized vielbein postulates may also
shed light on the higher-dimensional origins of the recently
discovered continuous family of inequivalent maximal
SO(8) gauged supergravities [23]. While the original
SO(8) gauged supergravity [8] in the SL(8, R) symplectic
frame only contains electric gaugings, there is a deforma-
tion that allows both electric and magnetic gaugings in the
aforementioned symplectic frame. For a given range of the
angle of rotation between gaugings of electric and mag-
netic vector fields, the theory is inequivalent to the original
theory. While D = 11 supergravity apparently cannot ex-
plain the existence of these new supergravities, with the
framework presented here it is possible to investigate
whether D = 11 supergravity admits an analogous defor-
mation that rotates B, and B ;. defined in Eq. (20), into
each other and that would be implemented by a rotation on
the 56-bein [Eq. (15)] in complete analogy with the D = 4
theory [2]. The S7 compactification of these putative theo-
ries would then give rise to the magnetic gaugings in the
deformed theories found in Ref. [23].

APPENDIX A: SO(7)" INVARIANT SOLUTIONS

In this appendix, we summarize the SO(7)* invariant
stationary points of maximal gauged supergravity [22] and
their respective 11-dimensional counterpart solutions
[20,21]. The nonlinear metric and flux Ansdtze have been
confirmed for these solutions in Refs. [3,19]. Much of
the necessary information regarding these solutions is ex-
plained in Ref. [3], and in particular its Appendix A.
Therefore, for brevity, we refer the reader there for the
definitions of the relevant structures and content ourselves
here with a list of the most important properties of these
solutions that will be relevant for the calculations in Sec. V.

The scalar profile for the SO(7)* invariant stationary
point is given by [19,27]

1
ully = p oy + 5 pg’ CYEE, (AD)
1
v = @7 8%) + 5 pPaCE, (A2)
where constants p and ¢ are such that [22]
2 _ (2 e 1
= (p?+ P =5(3/¥5+1) (A3)
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1

2= (Q2pg)? = E(3/\/5 - 1). (A4)

The 11-dimensional solution is of the form [20]
gun = ,y7/18 30—2/3(9 _ é':)2/3
.oy A
X (n,u,w ﬁ[30 8mn — (21 + é‘:)gmé‘:n]): (AS)
V6 . .
Fynpo = (?1m775/6n,u1)p0':0 , (A6)

where vy is an arbitrary constant, which takes the value
y =52 (A7)

when the solution is constructed via the nonlinear Ansdtze
[3]. Note that the determinant of the siebenbein

A = det(e,,") = ydet (g,,,) = y /83039 — &)/,
(A8)

In addition, due to the existence of the Freund-Rubin
term, the dual potential A is nonzero and of the form

7Dy, An,... 7]
_ { - 180\/-1_6’”77_1/3(9 - f)_2;7m|...}n7 [ml s m7]

0 otherwise
(A9)

The scalar profile of the SO(7)” invariant stationary
point of maximal supergravity is of the form [19,27]

1

W = PO, =3P (AL
1

VKL = sl — EipqugKL’ (A11)

where constants the ¢ and s, related to p and g as above,
take the values [22]

5 1
2 =", 2 ="_, Al2
c 1 S 1 ( )
The 11-dimensional solution is of the form [21]
g = V"M v 8n), (A13)

. o \/5 _ ° °rst
FMNPQ = (2\/§lm775/677,u,1/pm ?mf)/ 1/677mnpqrstS )’
(A14)

and in particular,
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2\2iv%%¢,,, [uvp]

A — B °
MNP %7 l/6Smnp [mnp] ’

0 otherwise

(A15)

where { uvp 18 the potential for the Freund-Rubin field
strength

4!8[,M§Vp0'] = nmy F;],uvpa" (A16)

As before, y is an arbitrary constant that is fixed by the
nonlinear Ansdtze to take the value [3]

y'3 =5/4. (A17)
Furthermore,
A = det(e,") = y/det (g,) = y 8, (A18)

The six-form potential for this solution is of the form [4]

V2

Ziy3L o Smnp  Luvpmnp]
A = - p b
M. Mg - % Y 1/3§m1...m6 [ml s m6]
0 otherwise

(A19)

where 2,"1.“,,,6 is defined in Eq. (48).
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APPENDIX B: USEFUL IDENTITIES

We list some useful identities satisfied by seven-
dimensional I matrices. These identities already appear
in Refs. [1,14].

R (B1)
Tar-ts = —jet-abT, (B2)
Tai-as = i Ea,...asbcl"bc’ (B3)
2
Ta1as = L 6a1...a4bcd1"bcd (B4)
3! ’
Taslen — Thsleh = 83(cital oy (BS)
claypblc a b a
FA[BFC]D + FExBFc]D = 45[C|[AFBIJJ|D]- (B6)

These identities are exactly identities (A.1), (A.6), and
(A.7) in Appendix A of Ref. [1].
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