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Abstract In Bakhmatov et al. (Phys. Rev. D 105(8):
L081904, 2022) we presented a modification of 11-dimensio
nal supergravity field equations which upon dimensional
reduction yields generalized supergravity equations in 10-
dimensions. In this paper we provide full technical details
of that result which is based on SL(5) exceptional field the-
ory. The equations are obtained by making a non-unimodular
tri-vector Yang-Baxter deformation which breaks the initial
local diffeomorphism symmetry in 11 dimensions down to
separate coordinate transformations in external 7 and inter-
nal 4 directions. We also give some non-trivial solutions to
these equations.

1 Introduction

M-theory, whose low energy limit is the 11-dimensional
(11D) supergravity, is a framework that connects all 5 super-
string theories under compactifications and dualities, and
membranes and 5-branes are its solitonic objects [2—4]. For a
supersymmetric membrane of M-theory, as for a supersym-
metric string of string theory, one has classically equivalent
options for writing an action:

1. spinning membrane/string — with manifest world-volume
supersymmetry [5—11],

2. supermembrane/superstring — with manifest target space-
time supersymmetry [12-15],
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3. double supersymmetric membrane/string — with manifest
spacetime and world-volume supersymmetry [16,17].

The first two approaches are the most common ones in
string theory and are known as Ramond-Neveu—Schwarz
(RNS) and Green—Schwarz (GS) formalism respectively. The
RNS spinning string is formulated in terms of a Polyakov
type action [7—11], where one introduces an auxiliary two-
dimensional world-volume metric. At the classical level it
can be fixed by the Weyl and diffeomorphism symmetries
of the action, which also must be preserved at the quantum
level. Vanishing of Weyl anomaly then imposes two sets of
conditions. The first one requires the target space of the the-
ory to be 10-dimensional (10D) whereas the latter sets the
beta functions of the background fields to zero. At one loop
level, which dominates the high string tension limit, this is
equivalent to the 10D supergravity equations [18-22].
Alternatively, the GS superstring is described by a super-
space generalization of the Nambu-Goto action [14,15]. In
this formalism the string propogates in a supersymmetric tar-
get space with 10 bosonic and 32 anticommuting coordinates
with supervielbein and super Kalb—-Ramond fields set as a
background. The restriction on the dimension of the target
space again comes from the requirement of Weyl anomaly
cancellation. On-shell the GS superstring has 8 bosonic and
16 fermionic degrees of freedom, 8 of which have to be elim-
inated to ensure supersymmetry, which is done by imposing
k-symmetry, whose job is to gauge away half of the prop-
agating fermions. The requirement of k-invariance together
with Bianchi identities for the supertorsion and the superten-
sion condition for the super Kalb-Ramond field impose con-
straints that can be formulated in terms of a set of equations
for background fields. In [23] it has been shown that these
equations are a generalization of the usual 10D supergravity
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which are currently referred as the generalized 10D super-
gravity:

1
Rin — ZHmqunpq + 2V Zpy = Tinn,
1
- Ekakmn + Zkamn + 2V[mIn] = Kmun,

1
R — E|H3|2 +4(V"Zyy — "y — Z™Zy) = 0,

d*xF,—H3AN*Fpip— 1 By AxFp — 1% Fp_p =0,

ey

where

1 1 1
Toun = Ze2<1> ; [Ekalmkankl...kp - Egmn|Fp+l|2:| s

1 20 3 1 ki k
Kmn = Ze - EFkl...kamn L
)

We denote |a)p|2 = ﬁa)il._,-pw"lmip for a p-form w, and
Zy = 0P + I"Byy. . The generalization is encoded in
the appearance of an additional vector /™ in the field equa-
tions, which is a Killing vector for the background fields,
including the dilaton @. When I = 0 we get the usual 10D
supergravity equations. From the point of view of the RNS
spinning string the requirement for the background fields to
satisfy equations of generalized supergravity rather than the
ordinary ones leads to breaking of Weyl symmetry to scale
symmetry [24]. Recently there has been attempts to restore
Weyl symmetry by generalizing the corresponding Fradkin—
Tseytlin counterterm, which however might suffer from non-
locality (for more details see [25,26]).

The narrative above is quite different from the his-
torical development of this subject which begins with
the works on integrable o-models and their deformations
that preserve integrability such as: deformations of the
SU(2) principal chiral model [27], Yang-Baxter (YB) o-
models on group manifolds [28,29], q-deformations of inte-
grable o-models [30]. Particularly interesting results in
this respect are the integrability of the Metsaev—Tseytlin
superstring on the AdSs x S° background [31] and its
integrable n-deformation [24,32]. The corresponding 7-
deformed
AdSs x S° background has been found to violate 10D super-
gravity equations, but to preserve k -invariance. Moreover, it
is formally T-dual to a solution of Type IIB supergravity equa-
tions, the so-called HT background [24,33,34]. All fields of
the HT background respect isometry generated by the Killing
vector I except the dilaton. Finally, in [24] the 10D gener-
alized supergravity equations satisfied for such backgrounds
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were proposed and then derived in [23] from the k-invariance
constraints.

In comparison to the spinning string, the situation for the
spinning membrane of M-theory is significantly different
as there is no Weyl symmetry to fix the auxiliary world-
volume metric [5,6]. Hence, the most appropriate option for
its description is the GS supermembrane formalism [12,35].
As in the string case, for the consistency of this approach the
action is required to be k -symmetric that imposes restrictions
on the background fields in which the membrane evolves. It
has been long known, that the equations of 11-dimensional
supergravity for the background fields are sufficient for the
membrane to be «-symmetric [12,13,36].

However, it is natural to ask whether a more general solu-
tion of membrane x-symmetry constraints is possible, in
analogy to the case of the GS superstring. The common lore
says that while the generalization of the equations on the
string theory side is related to breaking of Weyl symmetry
down to scale symmetry, the membrane does not have Weyl
symmetry from the very beginning, and hence there seems
to be nothing to break. More technically, both for the super-
string and the supermembrane the k-symmetry implies that
the dimension % torsion component is expressed in terms of a
spinor superfield x,. In 10D after imposing the x-symmetry,
one has the option to require this to be a spinor derivative
of the dilaton or not according to which one gets either the
ordinary or generalized supergravity [23]. However, in 11D
there is no dilaton and hence there is no such choice.

All these difficulties might make one doubtful about the
existence of a generalization of 11D supergravity equations.
On the other hand, absence of a 11D parent of 10D general-
ized supergravity would be rather puzzling since one would
expect it to be part of the M-theory landscape. To resolve
this conundrum, in [1] we proposed a new approach that is
based on the bi-vector (Yang—Baxter) and tri-vector defor-
mations of supergravity solutions in terms of double (DFT)
and exceptional field theory (EXFT) [37-40]. They provide a
T/U-duality covariant approach to supergravity and are for-
mulated on an extended space endowed with a section con-
straint. We always assume this to be solved by keeping only
the ordinary geometric coordinates. For more detailed review
of DFT see [41-43] and of EXFT see [44—46]. These theo-
ries contain enough degrees of freedom for description of
such deformations as they are given by a local O (10, 10)
transformation for the bi-vector case and a local transforma-
tion in the corresponding exceptional group for the tri-vector
case. In the former case the deformation is defined by a bi-
vector B = ri/k;"k ;"", where k;" are Killing vectors of
the initial background and r*/ = r[¥/1 is a constant matrix.
The deformation generates a solution of the 10D general-
ized supergravity equations (1) if the r-matrix satisfies the
classical YB equation [37,47-54]
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ril[jlrjzliz\filizjﬂ =0, 3)

where f;,;,"? are the structure constants of the isometry alge-
bra [k, ki,] = fiji,’kj and 1™ is [38]

" =2 f g Tk )

Deformations with nonvanishing /12 f; ;,/ are called non-
unimodular since such an r-matrix defines a non-unimodular
subalgebra of the full isometry algebra [48,49] and gener-
alized supergravity solutions correspond to non-unimodular
YB deformations.

This approach extends naturally to backgrounds of 11D
supergravity by generalizing Yang—Baxter deformations [40,
55,56]. In this case generalized Yang-Baxter deformation is
a local E,4(g) rotation with a tri-vector parameter Qmnk —
%pilhhkilmkiz”ki}k, where pi112i3 = pli1i2i3] jg 3 get of con-
stants and k;" are the Killing vectors of the initial back-
ground. For the deformation to generate solutions of super-
gravity a generalization of the classical Yang—Baxter equa-
tion must be satisfied [56]

6p[i2|i7jlp\i3i4|j2fjlj2|55] + /Ojljz[izpisiu's]fjlj2 i7 _ 0, (5)

together with a generalization of the unimodularity condition

P18 fiyiy ™ = 0. (6)

As it was shown in [40] these conditions are sufficient for the
generalized fluxes of EXFT to be invariant under the general-
ized YB deformation and hence for a deformed background
to be a solution of the ordinary 11D supergravity.

Now, the key idea of the approach we briefly reported in
[1] and to be described in detail in the current paper is to
allow non-unimodular tri-vector deformations. Under these,
fluxes of ExFT transform non-trivially acquiring additional
terms containing the tensor

1 ... .
Jmn — Z10111213 ﬁzi} l4ki1 mki4 I’l, (7)

whichis the 11D analogue of /™ (4). Note that this tensor van-
ishes for a unimodular deformation (6). Rewriting equations
of ExFT in terms of such shifted fluxes and decomposing all
expressions in terms of 11D fields (in the split form) we arrive
ata generalization of 11D supergravity equations. This proce-
dure guarantees that non-unimodular tri-vector deformations
(with some restrictions) solve the newly obtained equations
similar to non-unimodular YB deformed 10D backgrounds
solving equations of generalized supergravity.

Our most important findings can be summarized as fol-
lows: (i) the proper generalization of the Killing vector ™ is

the tensor J""* (7); (ii) the local 11D diffeomorphism symme-
try is broken to diffeomorphisms in 7 external and 4 internal
directions, i.e. the local GL(11) is broken to the local GL(11-
d)x GL(d), which might be the desired symmetry breaking;
(iii) the derived equations reproduce those of the generalized
10D supergravity (in the split form) once an isometric direc-
tion is singled out. For simplicity we work in a certain trun-
cation of 11D supergravity, which restricts the background
to be of the form M7 x My, where M7 is a constant curvature
space-time, and the only fields are the metric g,, on M7, the
metric h,,, on M4 and the 3-form field C,,;x on My. The
resulting equations are

0 = Rumnlh@] =7 VnZny + Tun

+8(1+ Vz)(J(mn)Jkk - 2Jkak,,)

+ 4V, V, (Jkl Ju — 278 Jlk)

+ 4VkVI<4Jka,,Z — Tl — ZJli(mn)>

+ 8Vi Vi (2]’,,)1"1 — T Ik — T TE + J"IJ,,)I),
0= %e% RIg7)] + % (YV) + V"7 — 6ZpZ"

Y LI gjan"m,
0= V" Fpni

_ 6<Z”’ it + 207" Cotuc Jiyp — J 7™ Jp[nc,d]m),

3
where Fuq = 4'a[mcnl’d], ym = %Gmnklcnkh Tun =
— M (VV) and
Zm =0 ¢—%e v

m 'm 3 €mn s )

Vm = Vm - 8m¢

Setting J"™" to zero above one gets equations of a truncated
version of 11D supergravity found in [55]. Finally, the tensor
J™ must satisfy the following set of conditions

0 — Jm[n]kl]

0 — amjkl + Jknanemaeal + J}’llanemaeak + Jnlgmkan(b’
0 = V(e @ty

0=J""0,9,

1
0 = V[mzn] - gjlemnkla
0=V, (e_¢Jk[le]),

0= Vi (JPOVKy — v (v gDky, (10
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Interestingly enough these conditions imply that $™" =
J ™ is a Killing tensor [1]. Although looking very restric-
tive, these actually allow for new solutions that are beyond the
standard 11D supergravity as we will illustrate in Sect. 3.5.
Hence, the theory is not trivial. It is important to mention,
that the membrane « -invariance has not been checked for the
proposed equations and remains an open question for further
investigation. Therefore, throughout the article, we prudently
refer to the proposed equations as a generalization of 11D
supergravity.

The paper is organized as follows. In Sect. 2 we first illus-
trate our method by deriving generalized 10D supergravity
equations of motion (EoM) from non-unimodular general-
ized YB deformation. For this we briefly remind all neces-
sary DFT ingredients and its flux formulation. Next we obtain
constraints on flux transformations from DFT Bianchi iden-
tities and show that they require ™ to be a Killing vector of
the deformed background. We complete this part by a com-
parison of our method of obtaining generalized 10D super-
gravity equations with others in the literature. In Sect. 3 we
repeat all these for the SL(5) ExFT that describes 11D super-
gravity in the 11=7+4 split. We will explain some details
of SL(5) ExFT and give its flux formulation for a particular
truncation that we use to keep calculations relatively sim-
ple. Using ExFT Bianchi identities we find constraints (10)
on J™"*. Finally, we derive Eq. (8) for the generalization of
11D supergravity using flux shift procedure. Some explicit
solutions of these equations, which illustrate richness of the
theory are presented in 3.5. Conclusions and further discus-
sion are in Sect. 4. Some technical steps are explained in two
appendices.

Large portion of our calculations were done using the com-
puter algebra system Cadabra [57] and the corresponding
worksheets can be found at [58].

2 Generalized supergravity in 10 dimensions from DFT

In this section we will show how equations of the 10D gener-
alized supergravity can be derived from non-unimodular bi-
vector Yang—Baxter deformations in DFT flux formulation.
The advantage of this method is that it can easily be gener-
alized to exceptional field theories and polyvector deforma-
tions.

2.1 Flux formulation of DFT

String theory possesses O(d, d; Z) symmetry called T-du-
ality on backgrounds of the form T¢ x Mjo—q where
M p—q4 is an appropriate (10 — d)-dimensional spacetime
[59-63]. This symmetry is transmitted to the supergravity
level as Cremmer—Julia O (d, d; R) symmetry of supergrav-
ity equations (and the action for d odd). Hence, Kaluza—Klein

@ Springer

reduced supergravity on T¢ can be formulated in an explic-
itly T-duality covariant way and its solutions of the form
T? x Mig_q fully preserve this symmetry.

Let us now focus at the massless NS-NS closed string
sector (gmn, bmn, ¢) and discuss equations governing its low
energy dynamics. The formalism that elevates the global
0 (d, d; R) T-duality symmetry to the level of a local sym-
metry related to geometry of the underlying (extended) space
is called double field theory. Initially this has been formu-
lated as a field theoretical framework in [62,63] based on the
earlier observation of doubling of coordinates of the closed
string [61,64,65]. Its present name “Double field theory”, its
formulation in terms of generalized metric and further devel-
opments towards its geometric understanding, deriving large
coordinate transformations and adding fermionic sector and
supersymmetry has been done later in [66—73]. For a com-
prehensive review of this approach see [41—43], while here
we will focus only at formulation of DFT dynamics in terms
of generalized fluxes.

The bosonic sector of DFT consists of a generalized met-
ric Hyny € 0(10,10)/(0O(10) x O(10)) and the invariant
dilaton d, living in the doubled space XM — (x™, X;n). Gen-
eralized Lie derivative acts on a generalized vector V¥ and
d as

LAVM = ANy VM — yN gy AM 4 MV e an AKVE,

1
Lad = AM3yd — EaMAM ) (11)

Closure of these derivatives into an algebra of local trans-
formations that is necessary for consistency of the theory
requires the so-called section constraints

"N o fovg =0, MV aydy f =0, (12)
that are differential constraints for any fields f and g of the

theory (first introduced in [62] and analyzed further in [74])
where

O 8"‘[
MN _ n
2 ‘(am" O), (13)

which can be used toraise and lower indices. More mathemat-
ically one may look at these constraints as conditions reduc-
ing the set of all functions of X to a certain subset. Basically
they project dependence of any fields to only 10 out of 20 XM
coordinates. In what follows we assume that nothing depends
on X, while keeping all expressions formally containing 8"
for covariance. In this case the formalism simply reproduces
the standard supergravity, however, in more convenient vari-
ables. Keeping more general dependence on dual coordinates
Xm allows to describe non-geometric backgrounds and exotic
branes (see [45,46] and references therein).
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Equations of the theory can be derived from the following
action

Sprr = /leXe_zd |:HAB.7:A.7:B — FaF4
+ FapcFpEF

1 1
« (ZHADnsEnCF _ EHADHBEHCF>

(14)

1
- ngBcfABC],

where the so-called generalized fluxes of DFT are given by

Fapc =3ENicIAEN g,  Fa =20ad —duEM 4. (15)
Here EV 4 is a generalized vielbein which transforms as a
generalized vector (11) and H4 2 is the flat O (10, 10) metric,
HMN — EM , EN pHAB The flat derivative is defined as
94 = EM 48y where nMN = EM JEN ppAB:

AB __ 0 &% AB _ ht 0
1 _<5ab0 M =10 ) (16)

To reproduce the NS-NS part of the 10D supergravity
action with fields e,,%, by, and ¢ we use the so-called B-
frame parametrization for the generalized vielbein and invari-
ant dilaton

1
d:d)—iloge, e = det ¢;¢,

em” 0 ey _ekabkm
EMA = s EMA =
_ekabkm ey 0 en’
(17)

and substitute into (14). Here we are interested in field equa-
tions rather than the action, for which we introduce variations

enPse™, 0
MBAZEMB(SEMAZ )
el " ,8by, —epSe™y (18)

1
8d =8¢ + Eem“&ema,

which explicitly keep the generalized vielbein in the B-frame.
For more covariant approach to field variations of DFT based
on projectors see [69]. Then, variation of generalized fluxes
becomes!

8Fa = FpuP s — EMgopu® 4 +2EM yop8d, (19)

I See the files Fl_variation,
udecomposition of [58].

F2_variation and

8Fapc = 3uPaFpcip +3EM ancipmu® 5. (20)

As a result, the full variation of the DFT action (14) and
hence equations of the theory are written in terms of fluxes:

X SLprr =8d (2 FaFsHAE — 405 F4 HAB
+ é]:ABC]:D prHAP HBEHCF — %]-‘ABC]:ABDHCD
—2FAFA 440, F + %fABC]:ABC)
+u'p (2 mFcHPCEAM + %FACD}"CDGHBG
+ Facp FPCeHP G + %]:BAC]'—DHCD
a % omFP ac HPEp M + %fACchHBD
+ % apFae"HPE + %fBCD]:DHcA

—

1
+ = 9cFPP Hpa — 5 Faco FercHPEHCTHP O

— N

+ = Fep P FrHBCHP FH R

—

= 5 06 FcE” HECH  Hp o — 204"

—fACDfBCD—fBAch—ac]:BCA). 21)

The first two lines above give the equation for the dilaton,
which is precisely the same as in [71]. The terms with the ulp
prefactor contain the Einstein and the B-field equations. To
see this let us decompose generalized fluxes in the B-frame,
that give the following non-vanishing components

Fa= zeamvmd’ + fa

fabc = —Iabc,
fabc = fabcs (22)
fab® = =2¢" 0" bdmen)s  fa = far”-

The terms with the prefactors §d, e, and &b, give the
standard supergravity equations

1 2 m 2
bd: R~ H+4V"Vyp —4(V9) =0, (23)

1
8e"q 1 Rpn — ZHmlenkl +2VyVugp =0, (24)
. 1 kmn __ pykmn _
8byn - > ViH H Vi =0, (25)

where Hyuk = 3Vubuk) and V,, is a covariant derivative
with respect to metric g, = em®en’ gan.

Let us emphasize that, in general terms contracting e, ¢
are not necessarily symmetric when the flat index is turned
into a curved one. This is the case in the above calculation,
where one ends up with the usual Einstein equation. How-
ever, this will no longer be true when we shift fluxes with a

2 See the file EoM_gen10 of [58].
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YB deformation in the upcoming sections. In this case the
antisymmetric part of the equation becomes proportional to
a Lie derivative of the vielbein e,,“ along the Killing vector
I and hence vanishes.

2.2 Non-unimodular Yang-Baxter deformation

The flux formulation of equations of motion of the 10D super-
gravity that we reviewed above is very convenient for deriv-
ing their deformation. Indeed, on the one hand we know
that solutions to equations of 10D generalized supergrav-
ity are generated from ordinary supergravity backgrounds
by non-unimodular YB deformations. On the other hand, as
we remind below, generalized fluxes of DFT do not trans-
form under unimodular YB deformation but transform by a
simple shift under their non-unimodular generalization. The
narrative below is based mainly on [37-39]. In terms of the
generalized vielbein of double field theory a bi-vector defor-
mation is simply an O (10, 10; R) rotation

Ey* = 0y En?, (26)

that leaves the dilaton d invariant. The rotation Oy is
defined as an exponent of the negative level generators of
0 (10, 10; R) w.r.t. the GL(10) decomposition:

8™ 0
Ox™ = exp (B™ Tyun) = : (27)
,Bmk (Smk

The generators of O(10, 10; R) satisfy

[(Tun, Tkl = 2ngmTnie — 2nLim Tk s (28)

where Ty y are 20 x 20 matrices. The bi-vector parameter
B is taken in the bi-Killing ansatz ™" = ri/k;"k ;" where
{k;"} is a set of Killing vectors of the initial background and
r'J is a constant antisymmetric (Yang-Baxter) matrix. For
the rotation (26) to act as a solution generating mechanism
the r-matrix must satisfy

SFiih lipi2litlpisliz =, (classical YB equation),
fiip /rit2 =0, (unimodularity),

(29)

which is also the condition for generalized fluxes to stay
the same. Relaxing the second condition one obtains a non-
unimodular YB deformation that amounts to the following

@ Springer

transformation of fluxes?

81Fapc =0, m

81Fa =2EM [ 0 } : (30)
where 1" = Vi 5" = f; 1, Triti2k ;™ £ 0.

Here two important comments must be made. First, evi-
dently after a YB deformation the generalized vielbein fails
to remain in the B-frame and an additional O (1, 9) x O(9, 1)
transformation is required. However, we do not have to find
its specific form here as (i) to recover the deformed back-
ground one simply uses generalized metric; (ii) the trick to
be described below explicitly uses generalized vielbein in the
correct frame. The latter is related to our second comment,
that is the deformation of fluxes (30) has the undeformed
vielbein on the RHS. The crucial observation is that this can
be replaced by the deformed vielbein in all expressions. For
exceptional field theory this will be true up to a slight con-
straint on the tri-vector deformation parameter.

2.3 Constraints on I"™ from Bianchi identities

To generate equations satisfied by the deformed fluxes (30)
let us consider a general shift of generalized fluxes

/ f;\B/c = FaBcC, 31
Fu— Xy =Fa,
where fluxes on the RHS are constructed from a generalized
vielbein EoM, the vector X4 = EAMX ) = EAMXM =
X', for some vielbein E/,™ and we define X = (1™, 0).
At this point we do not require anything from /™ and hence
the expressions F, ;- and F/; can not be interpreted as gen-
eralized fluxes in general. For that they must satisfy Bianchi
identities, pretty much like the Bianchi identity for a Yang—
Mills 2-form d F = 0 allowing to write F' = d A as a field
strength of a 1-form potential (at least locally). Hence, we
require the LHS of (31) to satisfy Bianchi identities of DFT
given that the RHS satisfies them [71]:

3
0 =0aFBcD] — Zf[ABEfCD]E,
0223[A.7‘—B]+3C.7‘—CAB —]:CfCAB, (32)
1 1
0=0Fs — ~FAFa + =FABC Fupc.
2 12
Now, we would like to obtain field equations, that are
identically satisfied when E;‘M = OMyEAN and OM y isa

non-unimodular Yang—Baxter deformation as defined above.
Naturally, these must be equations of the generalized 10D

3 See the files 10D_F1 deformation and
10D_F3_deformation at [58].
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supergravity. Given that, we can now show that acting on
GL(10) scalars we have 3, = 94:

3y = E\" 8, = EAN 0" Ny

(33)
= EA" 3 + EanB™ 0m = Ea™dy = 84,

where in the last line we used 8”9, = 0 due to the Killing
vector conditions. Bianchi identities then give constraints on
XM The first equation of (32) does not change, while the
second becomes

0 = 20(aFp) + 0 Fcap — FC Fcan
=20, Fp1+ 3 Fcas — F  Fcan
= 20{, (Fiyy = Xp) + 9 Feap — (FC = XD Frap
= 20(4 Fy — 20{u X1 + 0’ Fpopp — F Feopp
+ X F(pp = —20{4 X1+ X Fip-
(34

where in the last line we required of the deformed fluxes to
satisfy Bianchi identities. Interestingly, the last line can be
written as a generalized Killing vector condition for the new
background E},*:

0=20(, X5 — X Flup
=2E{,Md),(EpN Xn) — XM E},© (20{, N E¢y
+3cENN Epy)
=2E,MELNouXn +2E{,Mou EpN Xy
—2XNE[ Moy ER" — XMooy E\NEpy
=EMERNouXy — ERNE Moy Xy
— XMy E\NEyy
- _E/BN(XMaMEgN —E\ My xN 4 E;MaNXM)
= —EpyLxEWM.
(35)

Hence, the second Bianchi identity implies, that XM =
E',™ X" must be a generalized Killing vector of the deformed
generalized vielbein, i.e. of the metric and the B-field solv-
ing generalized supergravity equations. Note that we haven’t
used the relation between ™" and I"™.

Similarly the third Bianchi identity gives vanishing of the
generalized Lie derivative of the invariant dilaton d along
XM

1 1
0=03"Fa— EfAfA + E]:ABC}"ABC

1,
= 9NF) — Xa) — EW‘ — XN (F, — Xa)

1

1
=" X4+F, XA~ EXAXA

= —E Moy (ENAXY) + Qoyd' — oy EYN EpHxM
— XXM = 2XMayd — oy XM — Xy XM
=2Lxd — Xy XM. (36)

Hence, we conclude that in order for the shifted general-
ized fluxes to again give generalized fluxes of a new vielbein
and new invariant dilaton, these fields must have general-
ized isometry w.r.t. to the shift X M — (1™, 0). As we show
below this is an exclusive property of double field theory:
for exceptional field theory the vector X™ is replaced by
tensor X 7y =, that apparently does not have a similar nice
geometric interpretation in terms of generalized isometries.

2.4 10D generalized supergravity EoM

We now turn to the derivation of equations of the 10D gen-
eralized supergravity from double field theory equations in
flux formulation. The main idea is to start with equations
written in terms of fluxes (Fapc, Fa) and derivatives d4
and use (31) to turn to new fluxes (}'ABC, }'A). Since the
initial fluxes correspond to a solution to DFT equations, we
still get an identity now written in terms of E},” and d’,
however with derivatives 94 = Es™dy. Finally, we recall,
that one gets backgrounds of generalized supergravity from
those of the ordinary supergravity by a non-unimodular YB
deformation, that allows us to replace d4 by 82. Hence, we
arrive at a set of equations, that are by construction satis-
fied by backgrounds obtained as non-unimodular YB defor-
mation of supergravity solutions, which must be precisely
the desired generalized supergravity equations. Apparently,
this procedure does not mean that all solutions to the new
equations are related to ordinary supergravity backgrounds
by such deformations. Indeed, after deriving the equations,
one is free to search for solutions without referring to Yang-
Baxter deformation techniques.

Schematically the procedure is illustrated by Fig. 1, details
of the pretty straightforward calculation can be found in the
file EoM_genl0 at [58].

A comment must be made concerning the form of the
generalized vielbein. As it has been mentioned above, the
Yang-Baxter deformation spoil the upper-triangular form of
the generalized vielbein by introducing a block proportional
to B™". This however does not break the described pro-
cedure as we first determine how fluxes shift under non-
unimodular deformation, then introduce a general shift X M
of the flux. Only after imposing constraints on X following
from Bianchi identities we are able to define the generalized
vielbein E’ 4. Note, that this is written already in the upper
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E]L{A —) E;MA = (OJV[NENA)|b—frame

N
|
|
|
:
~ ~
Fapc, FA —F Fape = Fapc, Fa = Fa+ Xa

EoMs(Fapc, Fa) =0 EoMs(Fapc, Fa— Xa)=0

EoMssvara(g,b,¢) =0 EoMs; (g/, v, ¢/) =0

Fig. 1 The algorithm to obtain generalized supergravity equations
from DFT equations in the flux formulation by shifting generalized
fluxes

triangular form and is related to the initial vielbein by a YB
deformation plus an O(1,9) x O(9, 1) rotation, whose par-
ticular form is not needed. The resulting equations are given
in terms of the metric, B-field and the dilaton and the issue
simply disappears.

2.5 Comparison with other approaches

Let us briefly comment on other approaches for deriving gen-
eralized 10D supergravity from extended field theories that
are present in the literature. Here we do not follow the chrono-
logical order in favor of emphasizing possible relations with
our approach.

Modified DFT approach of [75] is probably the closest
one to ours. Here the main idea is to construct a modification
of DFT where all derivatives of the generalized dilaton d are
shifted as

Vyd — Vyd + Xu. 37

This step looks very close to our shift of fluxes, if not the
same, and was one of the inspirations in developing our
approach. The above modification seems very natural since
generalized supergravity backgrounds are formally T-dual
along a coordinate y to usual supergravity backgrounds with
the dilaton linearly depending on y. All other fields are iso-
metric w.r.t. y and from the DFT point of view the formal
T-duality introduces a linear dependence on the dual coordi-
nate y in the dilaton [24,76]. The additional terms coming
from the above shift precisely corresponds to this depen-
dence. However, in this form it is not clear how to general-
ize the shift to exceptional field theories and hence to 11D
supergravity. We comment more on this possibility in the
conclusion Sect. 4.

The exceptional field theory approach of [77] takes
a similar perspective but focuses at dependence of back-

@ Springer

grounds on dual coordinates. Equations of generalized super-
gravity are reproduced from equations of exceptional field
theory by introducing a special Scherk-Shwarz ansatz with
a twist matrix depending on a dual coordinate. The relation-
ship of this method to ours is not very clear yet, however one
would expect that the twist matrix produces precisely the
required shift if the theory is written in terms of fluxes. This
is an interesting direction for a more detailed investigation.

The massive ITA from ExXFT derivation of [78] does not
reproduce generalized supergravity, however is ideologically
very similar to what we describe here. The idea is to shift
generalized Lie derivative as

LA —> Lo+ AMXyy,, (38)

where X is ¢, algebra valued and acts on tensors as a matrix
(Xp) k™. Closure of the deformed Lie derivative imposes
constraints on Xy, that in the original work is kept constant,
and actually contains the Romans mass parameter. Although
such a shift looks equivalent to our approach, given Xy
becomes a function, we were not able to make this relation
precise. If possible, this would provide a better understanding
of the flux shift procedure.

3 Generalization of eleven-dimensional supergravity

We now would like to apply the above procedure to 11D
supergravity equations formulated in terms of generalized
fluxes of exceptional field theory. For simplicity we consider
here the SL(5) ExFT, that corresponds to the 7+4 split of
the 11D spacetime. Moreover, we will restrict ourselves to
a truncated theory, where ExFT contains only scalar fields
left after dimensional reduction to D = 7. The whole pro-
cedure in principle can be repeated and extended to the full
theory with any U-duality group, with possible subtleties in
the Eg case related to the extra gauge fields. For more detailed
description of exceptional field theories the reader may refer
to the original papers [79—87] as well as to the reviews [44—
46]. Here we are working with the SL(5) exceptional field
theory whose scalar sector has been constructed in [79] and
the full action has been presented in [87].

3.1 Basics of the SL(5) exceptional field theory

Let us start with a brief reminder of the structure of the full
exceptional field theory with the SL(5) group and its trun-
cated version. Focusing only on the bosonic sector of 11D
supergravity one finds that under the 11 = 7 + 4 split the
metric and the 3-form give rise to fields transforming as 7-
dimensional tensors and collected into the following irreps
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of the SL(5) duality group:

{guvs AMN, Muyn, Buom). (39)

Here capital Latin indices M, N,--- = 1,...,5 label the
5 of (5), vector fields AMMN = —AMNM belong to the 10,
w,v,---=0,...,06, the generalized metric M,y labels the
coset SL(5)/USp(4). The theory is formally defined on a
(7+10)-dimensional spacetime parametrized by coordinates
(x*, XIMN1y with additional constraint

GMNKLpaMNO®3KLO=0, 40)

usually referred to as the section condition [74]. Here bullets
stand for any combination of fields and of their derivatives. In
what follows we will always assume that the section condi-
tion is solved by keeping only dependence on 4 coordinates
x™ = X" This choice restores the standard supergravity
(for further discussion in the framework of exceptional gen-
eralized geometry see [88]). The section condition is nec-
essary for local diffeomorphisms acting on tensors on the
extended space to form a closed algebra. On a generalized
vector of weight X these act as

1
SAVM = £ ,vM = 5A“aKLVM — v6ig g AMK

1
+ (Z + )») VMaKLAKL.

(41)

The Lagrangian of the full SL(5) theory is invariant under
local symmetries including the above generalized Lie deriva-
tive as well as diffeomorphisms in the external 7-dimensional
space, and reads

- A 1
e 'L=Rlgn] T gmMNmKLJTMuMKf”UNL

1
+ 5 g DyumynDym™MY 1L, (42)

1
T 3qagE” Fuom PN - eliop.

Covariant derivative D, is defined in the standard Yang—
Mills manner as follows

Dy =08, —La (43)

e
Its commutator [D,,, D, ] defines the field strength fwM i
and further tensor hierarchy, including the 2-form field B,
and its field strength F,,, 5. The scalar part, that gives the

scalar potential of maximal gauged supergravity upon gener-
alized Scherk—Schwarz reduction (see e.g. [89] for the SL(5)

theory), is given by

1
:I:e_lﬁsc = g dynmpQ 8KLmPQ mMEpNL

+ = dunmpg aKLmMP mNE L@

- aMNmLN aKLmMK

(44)

+ =mMEyymNE (g7 9k Lg)

+ mMKmNL(g

“loune) (g okre)

OO | M= OO = DN = N = DN =

+ =mMEmN gy N g Ok g

The topological term Ly, in (42) is of no relevance here
as will be set to zero by further truncation. The upper and
lower signs corresponds to Minkowski and Euclidean signa-
ture of the metric on the external 7-dimensional space respec-
tively. The generalized metric m sy is a generalized tensor
of weight zero, the external metric g, is a generalized scalar
of weight 2/5.

Explicit parametrization of the generalized metric in terms
of GL(4) fields reads

| h_jhmn _Vm
muyn = hT1 )
1
-V, £hi(1+WVVHh
. (45)
hZ(h™ £ ymyny ym
mMN — h’%

+V, +h3

with V™ = 1/31e™™C,1; and h = det hyyy,. The fields gy,
and h,,, encoding metrics of the external and internal spaces
of exceptional field theory respectively are related to the full
11D metric by the usual Kaluza-Klein ansatz

 [hse AyMhy0
Ef = , (46)
0 Fi

where h = det h,,* denotes determinant of the vielbein 4,,%.

Restricting dependence of all the fields to the coordinates
(x*, x™ = X>") the above Lagrangian becomes precisely
that of the 11D supergravity and the global GL(11) symme-
try gets restored. Hence, an important observation here is
that the action either has the GL(11) symmetry or symmetry
with respect to SL(5) duality transformations. As we will see
below, the latter is necessary to obtain a generalization of
supergravity equations of motion due to non-unimodular tri-
vector generalized Yang-Baxter deformations. To determine
the additional terms in the standard 11D supergravity equa-
tions we follow the framework of polyvector deformations
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developed in [40,55], for which we turn to a truncated theory.
It is worth mentioning here that, this step is not strictly nec-
essary and is done only to simplify the computations. Exten-
sion to the full exceptional field theory is straightforward but
rather tedious process.

For the truncation we consider, background metric is in a
block-diagonal form, i.e. M1 = M4 x M7, where the internal
metric A, does not depend on the external coordinates x*.
In addition, equations of motion of the full SL(5) ExFT allow
to assume consistently vanishing of the 1-form and 2-form
fields, leaving us with the ansatz

Suy = g;w(x”, x™), myn =myn@E"),

(47)
AMMN — O,

Buvm =0.

By consistency we mean that the second line above does not
impose further constraints on the remaining fields. Moreover,
given the structure of the theory, the second line above can
be applied already at the Lagrangian level. This simplifies
the exceptional field theory setup, leaving us with only the
d = 7 Einstein—Hilbert term and the scalar potential for the
generalized metric in the action. To obtain a theory defined
completely in terms of a (rescaled) generalized metric we
restrict dependence of the external metric on the coordinates
x™ as gy (xh, x™) = e‘f’(xm)h%gw(x“). Finally, we rescale
the external metric and the generalized metric as

1 -
By = € 2?5 hyy,
. (48)
MmynN =e_¢hmMMN.

that allows to rewrite the Lagrangian in the form similar to
that of [79,90]

o - 1
L=eM 1(R[h(7)] — g MKLMMN‘()KMMPQ aLNMPQ

1
_ E aNKMMN 8MLMKL

1
+ E MKLMMNaMKMPQ 8PLMNQ

+ MEEMMN g p Mygy d oM "9
15
-5 MEEMMN (PO MRSy p Mk, 8NQMRS>a
(49)

where M = det Myy = e?h~1/2 & = (deth,,)"/? and
Rlh(7]is the Ricci curvature scalar of the metric 4,,,. Given
the truncation ansatz (47) and (48) the rescaled external met-
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ric h,, satisfies*
- 1- _
R/w [h(7)] - ?h/wR[hU)] =0. (50)

Here R[h (7] =constant which s true for the cases of interest,
namely AdS, and S*.

For the rescaling (48) the full d = 11 vielbein can be
written in the following nice form

R —¢—aA mp
o _ (e %ey W hm
gyp = (05 A, s

while the generalized metric becomes

172 R ~Va
Myy = ¢? ;
1
-V, +|h|2(1 £ V. V5)
o (52)
|h|7(hmn + ym Vn) Zi:Vn
MMN — o~¢

1V, +h| "2

with V™" = 3 e™™* C,1; and h = det hyyy,. Substituting this
into (49) and dropping dependence on all coordinates but x”
one gets for the Lagrangian:

L = e P RIh)

1
+e7 ¢ (R[h(4)] + 42103,y O F 5V vmvnvn> )
(53)

Note that when R[ﬁg)] = 0, the covariant Lagrangian (49)
reproduces the SL(5)xR™ Lagrangian of [90] up to total
derivative terms.

3.2 Flux Lagrangian and equations

In our approach, to derive a generalization of 11-dimensional
supergravity equations we need generalized fluxes and their
transformations under non-unimodular generalized Yang-
Baxter deformation. Hence, we now aim at equations of
the truncated SL(5) theory in flux formulation, where proper
non-unimodular shift of fluxes will give the desired gener-
alization. The most transparent and straightforward way of
doing this is to first rewrite the Lagrangian in terms of fluxes
and then vary it taking into account that variation of fluxes
can again be expressed in terms of fluxes.

Let us start with the Lagrangian and remind that gener-
alized fluxes are defined as a generalization of anholonomy
coefficients:

4 For details see the file External_SL5 of [58].
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L, EcM = FapcPEp™,
3
Fapc? = EENDa[ABENC] - EMcaMNEN[BSDA]

1
— EEM[B‘BMNEN\A](SDc.

(54)

Here E ﬁ” is the inverse of the generalized vielbein defined as
usual as My ny = EyAEnBMap with Map = diag[1, 1, 1,
1 £ 1] being the diagonal matrix with the sign depending on
the signature of the internal space as before. Explicitly for
the generalized vielbein E v and its inverse E 4™ one has

o120, 0 11247
A [
Ey” =e2 ,
0 61/2
Z (55)
. el/Zem, 0
EMA=8_7 .
—el2ym 12

The vielbein E g™V = 4E[Q{ E Bf‘]’ is in the 10 irrep of SL(5)
and we define 945 = EqpMN dm N - Explicit check as in [89]
shows that F4pc? contains only components in the 10, 15
and 40, which are called 6 15, Yap and ZABC respectively5

3
Fapc? = EZABCD + 50(a88c)” + 814 Yyc. (56)

The irreducible components can be written in terms of the
generalized vielbein as follows

1 1 _
OaB = I—OEM[AaMNENB] - I_OE LEMN  poyNE,

Yap = —EM 40unEN ),
1
Zane® = ENENERounEfey+ 5 (2E(4 omn ElY,
+ ESENE ounE )3,
(57)

It is important to comment here on the difference between
generalized Scherk—Schwarz reduction of the SL(5) theory
performed in [89], that relates it to D = 7 maximal gauged
supergravity, and flux formulation. In the former the gener-
alized fluxes Fupc? are required to be constants and have
the meaning of gaugings. In the latter these are not con-
stants and represent degrees of freedom that transform conve-
niently under tri-vector deformations. Asithas been observed
already in [91] for DFT, to rewrite (49) in terms of @4, Yap
and Z48€ one has to add terms that vanish upon the section
constraint:

5 See the file SL5_fluxes of [58].

Nl N2 N3 N4 M1
mAL = 381" m2" " m3 " M4 T ONIN2EA

M3ED M4mACmBD' (58)

M2
X dn3n4Ep T Ec
Up to total derivative terms this is equivalent to®

700
mlL = ——— QABQCD mACmBD

AC,, BD
3

+ YagpYcpm

1
-3 YagYcp mABmCP

9
+ 7 Zapc P Zppr AmBEmCF

3
c G AD _AlE, BF
+ ZZAAIB Zpgr “mcem”T mt T mPh

(59)

To express variation with respect to EM 4 in terms of fluxes
we define u® 4 as follows

SEM EByy =uB, = —SEB ) EM,. (60)

Components of u? 5 encode variation of the internal vielbein
em®, the XMV _dependent part of the external vielbein ¢ and
of the 3-form C,;,x:

1 1
ws = 5 dea"e" m = 5 30,
u? 5 = A A m+ Vet mebnaebnv (61)

1 X 1
u®y, =dep™e*, — E(Secme‘mS‘lb - 55(])8“;,.

Note that u? g is upper-triangular by construction, that is
to ensure the variation keeps the theory in the supergravity
frame.

Then variation of the fluxes can be written as follows

1 1
8048 = ——dcau’ —aagu’ ¢ —2uC (40pc,
AB 10 clAu- B + 0 ABU C u- 149p1c

dYap = dcau® py +2uC (AYp)c,

1
SZEFD — _ " 5. puP o EFABC _ o7 EF 1A, D]

16

_oylF ,7EIA.D DEFAB

—1 3 u
=+ AB €
|8 C

1
+ o I pu’ ¢ ePEFBC,

(62)

6 See the file SL5_flux_form of [58].
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Equations of motion in the flux formulation are’

14
? BACGBC —4 YBDQAD +4 YACyBC +2 YCCQAB

—204cYBC —64ZPBZpa + 0acYP pmBC
+80cpZEra€PEY +48cpZppa BCPER
+6478CcZapP — 128 28PZ e —2YABYC
+80°P 2 omP epcprn — 64 Zac® 2P p

+4mBH3CDZFGG €EACDFA —64ZBCAZCDD
14

+ 84 7(50°Pbcn +2YepY P =¥y

+ 128 Z°PE 7z + 128 ZPC - ZPG

14 cD
+ ?BCDQ ) =0,
(63)

where for compactness of notations we raise and lower the
indices by the constant matrix m4p and its inverse. Before
moving forward let us make a few comments on the equations
we obtained. First, note that although u®B 4 is fixed to be in
upper triangular form one can still consider equations of the
theory above without a projection or a contraction with u? 4
involved. The reason is that the (Eqns)5 o components of the
equations above are identically zero. This will not be true
in the generalized case, where these impose conditions on
the tensor J™". Second, it is useful to look at the equations
above for the undeformed case in the supergravity frame,
where they become

12 VmedJ — 42Vm¢ Ve — % Vi VTV, V"
+ Q2™ O fa — £ S
T a5 D fac?) =0,
ome I [’ + e me™ dn foe® — eom SO fo = 20m fC
o = 3 eom Y fea® + P e O
— e St e min f O+ e fpa
+ 14UV Vi — 1469V, Vpp
e m(vmv’" VoV 4+ VIV, VL VE Z 2V V6
+ 14V —TV"V,o vkv") =0
TV Va V' — VyuVu VI =0, (65)

where the standard anholonomy coefficients are defined as
usual as (see Appendix A for details)
fa= far” (66)

Jap© = —2e7 epdmey,

7 See the file EoM_varE for ordinary supergravity equations and
EoM_varE_ALL for the described generalization.
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and flat indices are raised and lowered by the flat metric 4,
(here we choose Euclidean signature). Taking into account
Vu VT = %em"kl Founki the above can be massaged into

5
8¢ 5e2¢ RIgmn] + Rlh@] + 12V, Vi ™"

1

— 42V, Vo K™ + 5 (VV)? =0,
sV™ .
Sh™ :

Om(VV) =T(VV)du¢ =0,

Ronlhay] — 7 0 9 + 7 Vi Vch 67

IV 1
+ hpn | — ¢ Rlgmn] — 2 Rlh@]
1
+ 280k dyp WM — TV Vi M+ i (VV)2> =0,

which is the set of equations of the usual 11D supergravity
in the split form for our truncation [55].

3.3 Non-unimodular tri-vector deformations

To generalize the procedure of Sect. 2 to equations of 11-
dimensional supergravity in the form of equations on gener-
alized fluxes of the SL(5) exceptional field theory one has to
determine transformation of F4 gc? under non-unimodular
tri-vector deformation. The non-unimodularity parameter
J™" to be defined below is the 11-dimensional analogue of
the vector ™. As it has been discussed in detail in [40,55]
tri-vector deformations are defined as the following SL(5)
transformation

S 0
EWM=0MyELN, oy = , (68)
A€mpgr 271 1

where "kl is the Levi-Civita symbol and the tri-vector
Qmmams = 4 phti2isg; mijg; m2k; m3 s defined in terms of
Killing vectors k;”" and an antisymmetric constant matrix
pilim, The indices iy = 1,..., N enumerate Killing vec-
tors. Under tri-vector deformations generalized flux trans-
forms as®

8pFapc? = E™ AE" EX CE PP €
1
3 e Es ©E™™ (apcikinpkionkismkiackis”
x (6211 pli3i4112 £ 5]
Y pili2Ni2 i3S p i)
(69)

where the expression in the parentheses in the third line is pre-
cisely the generalized classical Yang—Baxter equation. The

8 This is shown explicitly in deltaF_to_X of [58].
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first line is the non-unimodular part of the transformation
where we define

Jmn — %kil mki4 npi1i2i3 fi2i3 i4 _ S(mn) + I[mn]. (70)

Observe that while in the case of bi-vector deformation the
non-unimodular part had an interpretation of a generalized
Killing vector, now this is not the case already due to the
index count. Indeed, given generalized YB equation holds
the transformation can be written as

8pFanc? = XapcP. (71)

To eliminate dependence on the generalized frame fields the
X-tensor is defined as

ankl = €mnkp I (72)

Hence Xynx™ does not include the metric and the C-
field and therefore is a complete analogue of Xj;. More
complicated structure of the non-unimodular part of defor-
mation in the exceptional case compared to DFT causes
certain issues one should be careful about. The first one,
namely the lack of a generalized symmetry interpretation, has
already been mentioned. The second one is that the equality
Xapc? =X "B CD which we will be using in the procedure
does not hold in general. Instead one finds

X'y pe? = Xapc? — EAMENECKEsSPW X ynk!. (73)

The last term apparently vanishes when the deformations
are restricted to bi-vector only and the theory reproduces
generalized Type IIA supergravity in 10D. More generally
one may require

Wi€mnipJ'? = 0, (74)

which is true for all our examples. In principle, this is a condi-
tion on the deformation tensor and seems to only restrict the
way one generates solutions to our generalized equations by
non-unimodular tri-vector deformations. Indeed, the result-
ing set of equations to be presented below by construction
does not contain the deformation tensor W,,, while J™" is
understood as a set of additional parameters subject to certain
constraints. Then the condition (74), if satisfied, guarantees
that backgrounds obtained by a non-unimodular tri-vector
deformation of a solution to equations of 11-dimensional
supergravity satisfy the generalized set of equations.

3.4 Conditions and equations

Given the explicit form of a non-unimodular tri-vector trans-
formation of the generalized flux consider now a general shift

Fapc? = Flpc? — Xapc?, (75)

where Xapc? = E;‘ME%NE’CKEQDXMNKL and the only
non-vanishing component of the latter is X mnkl = €mnkpJ Ip,
Now J!7 is an arbitrary tensor, E4™ solves equations of
the usual 11D supergravity and E ;‘M will encode fields, that
enter the set of generalized 11-dimensional equations. From
the calculations below it follows that the equations are satis-
fied if (i) E,™ are related to E4™ by a non-unimodular tri-
vector deformation, (ii) the vector J”" is defined by (70) and
(ii1) the condition (74) holds. In this case non-unimodular tri-
vector deformation is a solution generating transformation.

It is crucial that F/, CD has precisely the same form
as in (54), which is required for it to satisfy generalized
Bianchi identities. Formally, Bianchi identities in exceptional
field theory follow from the condition that generalized fluxes
defined as non-linear expressions in terms of the vielbein
Ep® and its derivatives, transform linearly under general-
ized Lie derivative, i.e.

1
8aFapc® = EAMNaMN}—ABCD~ (76)
Apparently, variation of the flux under

1
SAECM = ZAABY g EcM — Ect o x AMK
’ (77)
+ ZECM3KLAKL,

is precisely of that form, if one simply substitutes the above
into the flux definition (54) which is basically a consistency
check. In order to obtain a condition on fluxes one rewrites
the vielbein variation back in terms of flux as follows

SAECM = FapcFEEM A2 — ExMycpAAB

1 (78)
—EcMy pAAB.
+ 1 Cc 9JAB

Now the condition (76) gives non-trivial constraints on gen-
eralized fluxes called Bianchi identities

ZprF.asct
1 g ] LY G
= EaAB}—DFC + EBBC}—DFA - ESA dcFpra
1 1 1
- 15£3BG7:DFAG + Z(SgaAG]:DFBG + ESgachDFAG
- EaAC}—DFBE — FpocEFpra© + FaccE Fprs®©
1
+ FapcEFprc® — Fapc® Forc® — z0prFapct = 0.

2
(79
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For clarification let us comment on the logic here. One can
approach Bianchi identities from two different perspectives.
The first one is to start with the explicit definition of flux
as in (54), in which case Bianchi identities hold identically.
The condition (76) is satisfied and the expression (54) is
proved to be a generalized scalar. The other perspective is to
start with a tensor Fap ¢ D that is required to satisfy Bianchi
identities. In this case (54) appears as an explicit solution to
Bianchi identities expressing F4pc D in terms of generalized
vielbein E 4. This is similar to the situation in Yang-Mills
theory, where one (locally) solves Bianchi identities d FF = 0
as F = dA. Bianchi identities of the Yang-Mills theory can
be obtained in a similar manner; for illustration consider the
Abelian theory with F,, = 20, A,]. Now one requires this
expression to transform as a tensor under coordinate shift
parametrized by £*, which is apparently true. To derive a
non-trivial condition we write

‘SSA;L :éfvavAu"f‘Avap.gV :EUFUM—'—aM.(AVEU)' (80)
For the field strength this transformation gives
8¢ Fp = 201,06 Ay) = Le Fyp — 35’08[qu,0], (81)

where L denotes the standard Lie derivative and the last
term is precisely the Bianchi identities.

We will stick to the understanding of Bianchi identities
as a requirement for the generalized flux to be expressible in
terms of vielbein. Hence, it is natural to require the shifted
generalized flux 7/, BCD to satisfy the same Bianchi iden-
tities, so it can be expressed in terms of some (deformed)
generalized vielbein E), 4. Substituting 7 = F' — X into
Bianchi identities and taking into account that these hold for
FapcP we obtain (antisymmetrization in [AB] and [C D] is
assumed)

1
0= 3 'cp XaBE o 8 cEXABD F

1
— =3 apXcpe "
2
1
+ 3 8eF9coXapp ¢ —8c T EGXapp ©
~2Xapc  Fooe " +F ape “Xcepo ©
+ Xape S Fepet —F ape " Xcpe©
~ X " F epeC +2F apc Xpec t
— Xp6cEXpra® + XaccEXprp® + XancE XprcC,
(82)

where as before 3/, , = E;‘ME%NBMN = 0d4p due to the
deformation ansatz:
31/43 = E;‘ME/BNBMN = E;‘KE%LOMKONLSMN
= 2E{, X Ep 0’k 0" Lo
=2E[, Ep)| 0°50™ 135y + 2E{ " E}p)! 0, 0™ 05
= EAMEp"0my + 2E[, Ep)" Widsn. (83)

@ Springer

The first term is of the desired form while to show that the
second term is vanishing on EXFT scalars we write

Wimdn) = Emnki€ PIWpdy = €mnia 25193, = 0. (84)
In analogy to the case of double field theory we con-

sider constraints coming from terms linear and quadratic in
XapcP separately. For the latter we have

1 :
— — EX JE' gE™ CE" pEP pE, E U g1

16 (85)
S (lemnéprst - lempenrxt) =0,

which is satisfied if

Jmin gk — (86)

Linear conditions require more work and eventually the full
list of conditions takes the form (10). Details of the deriva-
tion of these conditions are collected in Appendix B and can
be tracked in the Cadabra file BI_to_X of [58]. Interest-
ingly, the fourth linear condition on J ensures that equations
following from the antisymmetric part of §e,,“ are satisfied
identically. This is essential, as only the symmetric part gives
a generalization of the Einstein equation. Similarly in the 10D
case the antisymmetric part is zero given /" is a Killing vec-
tor. Multiplying the first linear condition on J with ¢, we
can rewrite it as

Lo, J* + 7" 8, e,k =0, (87)

where L., is the standard Lie derivative along e, = e, 9.
Equivalently this can be rewritten as

lea, JIM + T 8pe* =0, (88)

where the bracket [, ] is the Schouten—Nijenhuis bracket of
degree (1, 2) defined as

[A, B]"1- "+t

— pAn[mlmmp—l an Bmp-~-mp+q—l]

+ g(=1)Pa Brlmi-mg—1y AMg-Mptg-1
(39)

for antisymmetric tensors and similarly for symmetric ones.

The final step for deriving equations of the generalization
of 11D supergravity is to substitute flux shift as in (75), with
X apc? given by (72) contracted with the proper general-
ized vielbein, to the exceptional field theory equations (63).
Taking into account conditions on J”" the equations can be
written compactly as in (8).

9 See the file EoM_varE_ALL of [58].
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3.5 Solution examples

Although conditions (10) on the tensor J™" seem to be
quite severe, the theory is not empty and permits interest-
ing solutions. Below we present three examples, obtained
by performing a non-unimodular tri-vector deformation on
the AdS4 x S’ background. The J-tensor for all these solu-
tions satisfies conditions (10). Note however, that although
these conditions are essential for derivation of the equations
(8) from tri-vector deformations, one may consider this set
of equations without reference to deformations. In this case,
conditions (10) can be ignored and then theory would allow
solutions beyond non-unimodular tri-vector deformations.
At least, at our current understanding we haven’t found any
other consistency constraints that would require (10).

Let’s arrange the deformations of AdS; x S’ by pow-
ers of coordinates inside the tri-vector expressed as 2 =
% 0°Pky A kpy A ke. We will use the Killing vectors of the
AdS4 space given as:

P, =0, Kg=x23, +2x,D,

90
D = —x"0,,, ©0)

Myp = x40p — Xp0g,

where a,b = 0,1,2 and m,n = 0, 1, 2, z, and we define
x2 = Dunx™x" and x, = napx?.

e PAPAM

We first consider the deformation with a linear tri-vector

1 . 1
2 = 2p"™ Py n Py A Mea = 5[(0: — o )x0 + (B — B)xi

+ (- )//)xz]ao A1 A B2,

1)
where
o =,001’02, B =,00]’12, y =p02‘12, o
o = p0201 gl pl201 s 12,02

The resulting background was originally found in [55] and
although £2 is non-Abelian, it is a solution of the ordinary
11D supergravity for any values of p:

2

R
ds? = 4—1(% [—(dx°)2 +dx")? + (dx2)2]
Z
d 2
+RKY | raed |
472 )
3R3 &)
F = —8—4K_2dx0 Adx' A dx? Adz,
Z
K=14+ pa);a7
Z

where pg =a —a’, py =B —pB', pp =y —y’ and R is the
Ad S radius.

In the present context we are interested in this deforma-
tion for a different reason: a specific choice of p renders it a
solution to generalized 11D supergravity. Indeed, examina-
tion of the quadratic Bianchi constraints J”" J¥1 = 0 yields
as one possible solution
o= —Ol/, ﬂ = _:3/’ Yy = _y/' (94)
With this choice, the generalized Yang—Baxter equation (5)
reduces to a single constraint:
o =B+ 2 (95)
For any p satisfying this, the deformed background is non-

unimodular and is a solution to generalized supergravity with
J=2@HAd+BHAY+Y AN

e DAPAP

This deformation was first found in [55]. The p-matrix is
three-parametric and the tri-vector is

2
2= —3 DA (pa€™ Py A P).

R (96)

The p-tensor chosen in this way satisfies the generalized
Yang-Baxter equation for any values of p,. The solution to
the generalized 11-dimensional supergravity equations reads

R2
ds* = 4—21(—% [ — (dx)? + (dx")? + (dx*)?
Z
x4 1 1
+ (1 + p; ) dz* — Z—Z,Oadx“dz} + R°K3d,),
3R’ p’ -2 7.0 1 2
F:—S—Z4<l+@>K dx /\dx Adx /\dZ,
4
Jab — _méabcpc’
pax®  p?
K=14+———,
L= e
o7
where we denote p2 = p,ppn??. 1t is worth mentioning,
that for p> = 0 the deformed background solves equa-

tions of motion of the usual supergravity [55]. This is an
11-dimensional example of what was called trivial solutions
to generalized supergravity equations in [92], when terms
with ™ (or in the present case J"") vanish separately.

e DAMAM
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Our last example is a non-trivial solution to the equations
of the 11D generalized supergravity and is based on the defor-
mation given by the tri-vector

4 ,
=13 0a€"¢ D A Mpg A M4

4pqx

(98)

The p-matrix should have p?> = p,ppn® = 0 due to the
generalized YB equation and the solution is

, R* > 1 b
ds? = — K73 | dxadx® + = pax“x"dxpdz
4z z
a b
Z
3RS, 1 xqxpppextx®
Fore = —>— K2 (14 22202 ) 0 (99)
012z 3 Z4 < + 12 Z4 )
32
Jma — preabcxcxm’
a c
_ b PcX
K=1+~—-p (1 e )

4 Conclusions and discussions

In this paper we present a detailed description of the gen-
eralization of equations of 11D supergravity announced in
[1]. These equations are satisfied by non-unimodular tri-
vector generalized YB deformed supergravity backgrounds.
In this respect our result is a natural extension 10D gener-
alized supergravity to 11D. The approach we develop here
is based on the formalism of exceptional and doubled field
theory, where (generalized) YB deformations become sim-
ply a local T/U-duality transformation, that preserve fluxes.
Non-unimodularity then shifts fluxes generating the Killing
vector /* in 10D and a tensor J™" with no index symmetry
in 11D. The tensor J™" enters explicitly into the general-
ized equations (8) and additionally satisfies a list of condi-
tions (10). Although looking quite restrictive, these allow
non-trivial solutions several examples of which are given
here.

The equations obtained contain those of 10D generalized
supergravity for particular backgrounds of the form M7 x M3,
that is dictated by the formalism and the truncation we used.
In general, we expect no obstacles for repeating the deriva-
tion for arbitrary backgrounds, which is however an inter-
esting task for the reason we discuss below. The reduction
to 10D goes basically along the lines of the reduction of
the scalar sector of SL(5) ExFT to the O (3, 3) DFT [93].
On top of that one must restrict to only bi-vector defor-

@ Springer

1
<xbxb B A 01 A B — 52 €?dxy 9. A g A az> .

mations, which is done by choosing on of the Killing vec-
tors entering the deformation ansatz to commute with the
others. Choosing the adapted basis and denoting the cor-
responding direction x* we decompose the tensor J™" as

Jmn g Ja Jax Jab (100)
where m,n =1,...,4and a = 1, 2, 3. From the definition
(7) it follows that only

T = R 0k e = 1, (101)

must be kept. All the others vanish that is guaranteed by
restricting to only bi-vector deformations, i.e. r®1%2 =
prae2 p¥1@@ = (. and by setting fy,0,* = 0. Hence,
10D non-unimodular Yang-Baxter deformed backgrounds
(of the appropriate 10=7+3 form) also solve our equa-
tions.

A natural question that arises here is whether the equations
(8) are enough for the GS supermembrane to preserve «-
symmetry in analogy to 10D generalized supergravity equa-
tions, which ensure x-symmetry of the GS superstring. As it
has been discussed in the Sect. 1 for the superstring the gener-
alization is possible since a spinor superfield corresponding
to the dimensions % of the supertorsion is no longer simply a
spinorial derivative of the dilaton and contains an additional
vector /*. From the DFT point of view the vector /™, that
enters in X™, is related to derivative of the dilaton w.r.t. a
dual coordinate. A similar interpretation for the supermem-
brane lacks both the vector superfield and the dilaton to allow
dependence on dual coordinates. The approach considered
here resulting in a generalization of 11D supergravity, gives
a clue to how to overcome the above obstacles. The main
observation here is that EXFT is a theory with explicitly bro-
ken global GL(11) symmetry as part of it enters the U-duality
group. Similarly, the local symmetry of diffeomorphisms in
11 dimensions is broken such as its 4-dimensional part enters
the generalized Lie derivative. The diagonal GL(1) manifests
itself in a scalar field ¢, which arises e.g. in the non-linear
realization of the SL(5)xR™ U-duality symmetry [90]. A
natural expectation would be that similar symmetry breaking
in 11D would generate a proper superfield, that can be gener-
alized to contain J™". A hint for why this could be possible is
precisely the breaking of the local 11-dimensional diffeomor-
phism symmetry, which is the analogue of the Weyl-to-scale
symmetry breaking for the RNS superstring on a generalized
supergravity background. Most probably, to see the complete
picture one should repeat our procedure for the full ExFT.

It is not yet clear whether there exists an interpreta-
tion of J™" in terms of derivatives along dual coordi-
nates. The most naive expectation based on similarity of
the truncated EXFT and DFT is that dual derivative of
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the field ¢ entering the generalized metric would give
at least the antisymmetric part JU o 9™"¢. How-
ever, our preliminary analysis suggests that this may not
be enough as the external vielbein might also need to
depend on dual coordinates to reproduce the correspond-
ing shift of generalized flux. We plan to return to this issue
soon.

Another interesting direction for further investigation is to
ask what happens if one reduces the generalized supergravity
equations obtained here to 10D as above but keeping tri-
vector deformations, i.e. p*1%2*3 £ 0. This would give an
extension of 10D generalized supergravity by adding tensor
components J°. Naturally one is interested to see whether
such equations ensure k-symmetry of the superstring and
whether such deformations preserve integrability of the 2D
o-model.
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Appendix A: Ricci tensor and Ricci scalar in terms of
anholonomicity coefficients

As we showed in this paper supergravity equations and their
deformations can be derived from generalized flux formu-
lation of extended field theories. To identify Einstein (and
dilaton in the 10D case) equations in the standard form using
this method we need to rewrite Ricci tensor and Ricci scalar
in terms of anholonomicity coefficients (here referred to as
fluxes) defined as usual as [e,, ep] = fupec. Since we keep
these general and non-constant, f,, are convenient variables
that encode geometric properties of the background. For the
vielbein components ¢,”, ¢“,, we have

fa = fabh~ (1

fabc = _2eumebnalmenlc,

All covariant objects built from vielbeins, such as Rie-
mann and Ricci tensors and Ricci scalar, can be expressed in
terms of these fluxes. To show that, we start with the expres-
sion for Christoffel symbols

1
ank = > hkl((?mhln + 0nhim — Ohmn )
1

b - d kl
z_zeame neclfac hpah

k b
- Efabcec e’ e n

1 .
-5 € ne 1 foe Thaah®, )

and we obtain the Ricci tensor as

RnZZBanlk _aanlk +Fnlkapk_Fklpank

1 1
b d ‘ b
:_Eeale n Joe facd_zamfa cebmeclean

1 1
+ E ea[eh nfcfbca - 5 e’ lebnfacdfbdc
1

c_, m_a b
— = Omfap“ec e je” y —

2
1
+ z eaneblfcfbca + 0 fa eal

1
b
E Om fa cepet 1€y

1 1
+3e 1€ fofan € + i eateon fea " <1, )

and the Ricci scalar as

R=huy@u* — 8, Tu* + LuPLip* — T P 1 ©)
1
= _E fahcfcdahbd
1 X
= Ja“ fay $hegh® P + By, fu ep ™ P

— fufoh®™ + 8y fu e k™. 4)

Appendix B: Linear part of the Bianchi identities on J™"

Here we give details of the computation of the linear con-
straints on J™" listed in (10) where Cadabra computer alge-
bra with the code BI_to_X of [58] was used. To ana-
lyze constraints on J™" coming from Bianchi identities
ZMN.KL,P Q — O written in “curved” indices, it is convenient
to decompose all expressions under the gl(4) subalgebra of
51(5). For that we first split the index M = (5, m) and list all
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non-vanishing components of Zyn k1. p Q.

Zinsas)! = 0p,JP + JP18,e, e, — TP 0
+ P 9,0, " eq ¥

Zimn1, k1" = 8m P (—€nkiq0r I +2 TV €nr10q9
—que,,klsaqe, 4eu?’
—J1 €,k104€5 “ €q ‘Y)
— €mklgOn JP4 — Jpqemkl,.a,leq Yeu”
+ Jpqémqklan¢
+ JPeppngrorer “ e
+ Jpqémnqkaler Yeu”
- Jpqémnqkarel Yo, — Jpq€mnqk31¢

a, r
- Jpqeqklramen €q

&)

r a .
- Ja Emrklaqen ea’;

1 3
Zm,l.[nk]p =0 r (5 Gmnkqar J — 5 quGmrnkaq¢

1 1 .
+§ quemnksaqer e, + E quemrnkaqes “eq b)

- (Sm p\]qr6rlnkaq¢ + €lnkq 8m Jht — €mnkq al]pq

+ JP ey ameq “e,"

+ Jpqqunkam¢

— TP epnir aleq e, + Jpq6man 019

-2 ]pqémq]ranek Yeu”

-2 Jpqémqlnaker e

+2 Jpqemqln orer“eq” +2 Jqumqln8k¢

— Jra 6anramel “eq”

+ JPe Eanralem “eq"

- quemrnkaqel Teq P — qufrlnkaqem e, P
Z[mn],k,lp =5 pquemnr13q¢ - emnlqakqu

-2 Jqumqernek Ye," +2 ]‘”qémqlraken Y,

- Jpqemnqlaker e, + Jpqemnqlarek Te,"

+ JPre Emnqlak¢

-2 Jpqemqlkan(p

— Jri Emnqralek e, + Jpqemnqr oker“eq”

—Jr 5mnqkal¢ — JP €y 3keq Teq"

+ qufmnrlaqek “eg?.

(6)

These in general belong to reducible representations of gl(4)
and can be further decomposed. The first line Z" € 4 is
already an irrep, hence, we proceed with the second line:

Zimn).ik)7 € 6 x 6 X 4 — 1 +15+20) x 4. (7)

Direct check shows that for the given X 4p¢ D the part in 20/
identically vanishes, leaving us with

Zimme)” € (1+15) x 4 =4+ 4420+ 36. (8)

@ Springer

In tensor components these can be written as follows

4: emnkl Zmnka” s

- 1

4 6mnkl Zonnk P _ _Gmnkpzmnk l,
p 4 p )

20: Mklez 94—

36: "z 9D —tr.

where the trace parts include the irreps in the first two lines
and hence vanish. Explicitly these give the following con-
straints

B ™™ — 21" 3,p + "M e B0 = 0,
—A U0 I + 12U J"dy — 8 U I 0er @ €™
— AU, T dper “ ea® — 200, J™
+ 33U ™ dy +2U I 0pen  eq ™
— 22U, I e @ eq &
20 ApnUN(=I" 0 e + T der “eq " — R J™)
+ Apn U (M 011 e — TM1e1 % e ™)
+6 Ay U T dy = 0,
36: Su U QUM der ey + 20 0™ 42786 ey ™)
+ Spn U (=T dy +2 T dyy; = 0,

F I |

(10)

where J"" = ™" 4 S™" . Note that expressions in the third
and the fourth line are not irreducible representations, but
some combinations of that with the trace part.

Consider now Zj;).k,17, whose lower index structure
decomposes as

Zimnlki €6 x4 x4 — 6 x (6+ 10)
= (14 15+ 20") + (15 + 45). (11)

As before, direct check shows that the 20’ and 45 identically
\_/anish. Hence, in total we have Zju 1.7 € (1415 +15) x
4. Before proceeding with decomposing these irrep products
we notice that the difference between the two 15 x 4’s can
be represented in the following nice form
I+ T8 emes + T dpem e + T8, 0,0
+J"8,% 8,4 =0, (12)

given which it is enough to keep only one of these represen-
tations. Next we consider the 4’s, which given the previous
conditions both boil down to

J" 3,4 = 0. 13)
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Given these conditions the remaining parts in the 20 4 36 are
equivalent to the previous constraints. The same is true for
Zm n.kn? . Collecting all the conditions together we have

1. J"3,¢ =0,
2. 3pdP 4+ JP90peqeq! — TPapg + TP 9peq Veqd =0,
3. 80" = 20"y + 1" e Lope = 0,
4. = 2Umdn ™ +6Und"dy — A Up " dper “ ea™
—2Um " e “ea ¥ — UponJ™
+ Und™gen®eq™ — UnJ™dner“ea* =0,
I+ T emedt + T dpem@ed + I8, 0,0 =0,
Apn UK (=T e eq " + T oper @ e — 9 ™M)
+ Aanm(Jklakel Cog " — Jklalek Yeq™
+ 6 Apa UM T ay, = 0,
SunUX(T™ djex e + ™ + JMjer e ™)
+ Spa U TFM gy = 0.

AN

~

(14)
A combination of 2, 3 and 4 gives
8. — UrJ™0menes”
FS U J"™dyy + UpJ ™ e “ ea* = 0. (15)

Sum of 6 and 7 together with 8 gives 5. Trace of 5 together
with 8 gives 2. Trace of 6 together with 8 gives 3. Hence, the
only independent conditions are
0 =0 J" 4+ T8 em%es + T 0pem® e + T 8,5 0,0,
5

0=1""3pe, e, — 5]“‘3;(}5 — Va(e7?1™) =0,
0=J""3,¢.

(16)

Terms in Bianchi identities that are proportional to the
gauge field V" appear independently from the above. Fol-
lowing the same steps we arrive at

1 kl
V[mZn] - §J ankl = Os
Vi(em? v =,

Vi (JPOVEY — v (v P Ry = 0.

7)

Interestingly enough, the first condition ensures that equa-
tions following from the antisymmetric part of de,,* are sat-
isfied identically.
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