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We consider generalized Scherk–Schwarz reductions of E9 exceptional field theory to D = 2 space-
time dimensions and in particular construct the resulting scalar potential of all gauged supergravities
that can be obtained in this way. This provides the first general expression for a multitude of theories
with an interesting structure of vacua, covering potentially many new AdS2 cases. As an application,
we prove the consistency of the truncation of eleven-dimensional supergravity on S8 × S1 to SO(9)
gauged maximal supergravity. Fluctuations around its supersymmetric SO(9)-invariant vacuum
describe holographically the dynamics of interacting D0-branes.

Flux compactifications of string theory are central in
the AdS/CFT correspondence [1–3] and in probing the
quantum gravity swampland conjectures [4, 5]. Such
compactifications lead to gauged supergravity theories
in which some of the fields are charged under the vector
fields. The cases in which the classical solutions of gauged
supergravity uplift consistently to solutions of ten- or
eleven-dimensional supergravity are of particular inter-
est. The analysis of such solutions has allowed for many
precision tests of the AdS/CFT correspondence in a large
variety of AdS vacua, especially when the gauged super-
gravity has maximal supersymmetry, see e.g. [6, 7]. For
instance, in the prototypical examples of the AdS/CFT
correspondence the gravity side truncates consistently to
an SO(N) gauged maximal supergravity.

The structure and dynamics of gauged maximal su-
pergravities is well-understood in dimensions D ≥ 3
(see [8, 9] for reviews). Their appearance as consis-
tent truncations of a higher-dimensional parent theory
is most efficiently analysed using the recent frameworks
of generalized geometry [10, 11] or exceptional field the-
ory [12, 13]. The latter moreover allows for the derivation
of the Kaluza–Klein spectrum and the analysis of the sta-
bility of the compactification [14, 15].

Gauged maximal supergravity in D = 2 dimensions,
by contrast, is less developed and only partial results are
available [16–18]. At the same time, such theories are of
particular interest in that most of their (supersymmetric)
vacua are expected to contain an AdS2 factor, a feature
that has attracted attention recently in the context of ap-
plying the AdS/CFT correspondence to low-dimensional
(Jackiw–Teitelboim) gravity [19–21]. A major example
of the importance of D = 2 is the conjectured holo-
graphic correspondence between solutions of SO(9) maxi-
mal gauged supergravity and the matrix model capturing
the physics of the supermembrane modeled by stacks of
D0-branes [18, 22–26].

In this letter we report for the first time complete re-
sults for consistent truncations to D = 2 gauged maximal
supergravities. In particular, we give the general expres-
sion for the scalar potential of these theories. As an ap-

plication we constructively prove the consistency of the
truncation of the bosonic sector of type IIA supergrav-
ity on S8 to SO(9) gauged maximal supergravity [18],
thus extending the partial uplift of the U(1)4 invariant
sector derived in [27]. The full uplift of any solution of
the SO(9) model back to ten or eleven dimensions can be
derived from our expressions.

The original construction of gauged supergravities re-
lied on a careful analysis of the supersymmetry transfor-
mations [28–30], which can conveniently be phrased in
the embedding tensor formalism [31, 32]. This approach
allows one to treat all possible gaugings on equal footing
and to deal with expressions formally covariant under the
global symmetry group of the original ungauged theory.
The process of turning part of the global symmetry into
a gauge symmetry typically induces non-abelian interac-
tions for the gauge fields. This deforms the Lagrangian
and supersymmetry transformations and in particular in-
troduces an intricate potential for the scalar fields at sec-
ond order in the gauge coupling. The case of D = 2
space-time dimensions has thus far resisted a comprehen-
sive treatment from the point of view of supersymmetry
due to the intricacies of the relevant representation the-
ory [33, 34].

In order to bypass the technical difficulties encoun-
tered in the supersymmetry analysis, in this letter we
derive the scalar potential of D = 2 gauged maximal su-
pergravity by performing a generalized Scherk–Schwarz
reduction of the recently formulated E9 exceptional field
theory [35, 36]. Exceptional field theories capture the
complete dynamics of ten- and eleven-dimensional super-
gravities in a form that is covariant under the En groups
that appear as global symmetries after a torus reduc-
tion to D = 11 − n dimensions [37, 38]. In particular,
the infinite-dimensional affine Kac–Moody extension E9

of E8 appears in D = 2 dimensions [39, 40], where it
acts on an infinity of scalar fields that are related by on-
shell dualities. Exceptional field theories are especially
suited for studying consistent truncations to gauged max-
imal supergravities through the aforementioned general-
ized Scherk–Schwarz reduction. The truncation ansatz is
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then mainly encoded in an En-valued ‘twist matrix’ that
determines the embedding tensor and is subject to cer-
tain differential constraints. By construction, the poten-
tial of gauged supergravity only depends on the embed-
ding tensor. Exceptional field theory therefore provides
an alternative route to identifying the D = 2 scalar po-
tential for any (upliftable) gauging without resorting to
supersymmetry.

For brevity and in order to reduce technicalities, we
restrict ourselves in this letter to the internal sector of
the minimal formulation of E9 exceptional field theory
as defined in [36]. The results presented here can be
generalized to include the full dynamics of the extended
formulation of the theory.

Elements of E9 exceptional field theory

E9 exceptional field theory and geometry are based on
the loop algebra extension of the split real e8, together
with a Virasoro algebra acting on it [35, 36, 41]. De-
noting the generators of E8 by TA0 with A = 1, . . . , 248,
the loop extension allows for an arbitrary mode number
TAn with n ∈ Z. We shall consider also the usual central
extension by an element K as well as the Virasoro gener-
ators Ln with the standard relations. E9 is generated by
{TAn ,K, L0}. Following [35, 36] we denote all these gen-
erators, including all Ln, collectively by Tα and define
a set of (degenerate) bilinear forms ηk αβ for k ∈ Z that
pairs the loop generators TAn and TAk−n as well as K and
Lk [42]. Fields in E9 exceptional field theory formally de-
pend on infinitely many coordinates YM , taken from the
so-called basic representation of E9. This corresponds
to the states of eight chiral bosons moving freely on the
torus that is obtained by identifying points according to
the E8 root lattice [43]. Due to this analogy, we write
elements of the basic representation in a Fock space no-
tation built on top of a ground state |0〉 (that is invariant
under TA0 and {L−1, L0, L1} as well as annihilated by TAn
for n > 0) by acting with the negative mode generators

· · ·TA2
−n2

TA1
−n1
|0〉 , (1)

with ni > 1. There is an intricate structure of null states
in this Fock space whose removal yields an irreducible
representation of E9 on which also the Ln act. Deriva-
tives ∂M with respect to YM are valued in the dual rep-
resentation to the coordinates and written as bra vectors
〈∂| = 〈eM |∂M , where 〈eM | is a basis of the dual basic
representation. The coordinate dependence of all fields
and gauge parameters, denoted here collectively by φi, is
restricted by the section constraint [41]

η0αβ〈∂φ1|Tα⊗〈∂φ2|T β=〈∂φ2|⊗〈∂φ1|−〈∂φ1|⊗〈∂φ2| . (2)

This implies that all fields and parameters only depend
on a finite subset of the YM . Choosing any such subset

breaks the manifest E9-invariance. Besides the depen-
dence on the ‘internal’ coordinates YM all fields also de-
pend on the two ‘external’ coordinates xµ with µ = 0, 1.
E9 exceptional field theory becomes equivalent to either
eleven-dimensional or type IIB supergravity upon choos-
ing one of the (maximal) solutions to (2). In this letter,
we focus on the internal sector of the theory that only
involves derivatives with respect to the internal coordi-
nates YM .

Gauge symmetries act on fields by the so-called gen-
eralized Lie derivative. It is defined by its action on a
‘generalized vector’ |V 〉 in the basic module

L|Λ〉,Σ |V 〉 = ΛM∂M |V 〉 − η0αβ〈∂|Tα|Λ〉T β |V 〉 (3)

− 〈∂|Λ〉|V 〉 − η−1αβTr(ΣTα)T β |V 〉 ,

where the gauge parameter |Λ〉 is also a generalized vec-
tor, ΛM = 〈eM |Λ〉 and the derivatives in the second and
third term act on |Λ〉. The parameter Σ is a so-called
ancillary gauge parameter which is required for closure
of the gauge algebra [41, 44]. It can be written as a sum
of tensor products of ket and bra vectors, with the bra
vectors algebraically constrained as in (2).

There are two types of scalar fields in E9 exceptional
field theory [36]. The first type corresponds to the in-
finitely many dualisations of the 128 propagating degrees
of freedom in D = 2 maximal supergravity [40] and they
are associated with the quotient of the Kac–Moody group
E9 by its maximal ‘compact’ subgroup K(E9). We rep-
resent them by a hermitian generalized metric M and a
special role is played by the field ρ that is the compo-
nent along the Virasoro generator L0. The second type
is given by a so-called constrained scalar field 〈χ|, where
‘constrained’ refers to the fact that it can replace 〈∂φi|
in the section constraint (2) and therefore there are effec-
tively at most nine independent components of 〈χ| that
are non-vanishing.

Out of the scalar fields one can construct an e9-valued
current 〈Jα| via the usual Maurer–Cartan derivative
M−1∂MM, as well as a shifted current 〈J−α | in which
the mode numbers are shifted by one negative unit and
whose K-component is the constrained scalar 〈χ|. The
transformation of 〈χ| under rigid E9 involves the compo-
nents of 〈Jα| such that 〈J−α | transforms as a tensor.

The E9 exceptional field theory potential is bilinear in
these two currents [35]

ρVExFT = 1
4η
αβ
0 〈Jα|M−1|Jβ〉−ρ−1〈∂ρ|TαM−1|Jα〉 (4)

− 1
2 〈Jα|T

βM−1Tα†|Jβ〉+ 1
2ρ

2〈J−α |T βM−1Tα†|J−β 〉 ,

and is invariant under gauge tranformations up to a total
derivative. We stress that the standard factor

√
−g of the

D = 2 integration measure is absorbed into VExFT. We
also use the notation |Jα〉 = (〈Jα|)† and similarly for
other bra vectors in the following.
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Generalized Scherk–Schwarz ansatz

Generalized Scherk–Schwarz reductions [10–13] give a
factorization ansatz of the YM dependence of all fields
(subject to the section constraint), such that the dynam-
ics reduce to those of a gauged (maximal) supergravity
and all solutions of the latter uplift to solutions of the
full theory. They are mainly encoded in a twist matrix
U(Y ) ∈ E9, where U(Y ) decomposes into r(Y )−L0 and
an element of the loop group over E8. In particular, we
define the e9-valued Weitzenböck connection

〈Wα| ⊗ Tα = r−1〈eM | U−1 ⊗ ∂MU U−1 . (5)

The tensor product ⊗ indicates that the bra vectors are
not acted upon by the operators on its right.

The gauge transformations (3) with the reduction
ansatz [41]

|Λ〉 = r−1U−1|λ〉 , Σ = r U−1Tα|λ〉〈W+
α | U , (6)

must reduce to those of a gauged supergravity. Here,
|λ〉 is only allowed to depend on the external coordinates
xµ. This requirement translates to a differential con-
straint on the twist matrix. In analogy with 〈J−α |, we
define 〈W±α | as the Weitzenböck connection with mode
number shifted by ±1 and whose central K-components
〈w±| are independent functions of YM , constrained in the
same way as 〈χ|. While 〈w±| were not considered in [41],
they are necessary to describe the most general Scherk–
Schwarz ansatz and ensure manifest rigid E9 covariance.
One then computes

r U
(
L|Λ〉,Σ |V 〉

)
= η−1αβ〈θ|Tα|λ〉T β |v〉 (7)

+ η0αβ〈ϑ|Tα|λ〉T β |v〉 ,

with |V 〉 = r−1U−1|v〉, where |v〉 is YM -independent and

〈θ| = −〈W+
α |Tα , 〈ϑ| = 〈Wα|Tα . (8)

Consistency of the truncation requires 〈θ| and 〈ϑ| to
be constant, in which case they are identified with the
components of the embedding tensor of two-dimensional
gauged maximal supergravity [17, 41]. The closure of
the gauge algebra in supergravity is ensured by the so-
called quadratic constraint [31, 32]. In the generalized
Scherk–Schwarz ansatz this follows from closure of the ex-
ceptional field theory gauge algebra for both parameters
|Λ〉 and Σ in (6). We have checked that the additional
necessary condition on Σ is automatically satisfied.

The reduction ansatz for standard scalar fields follows
the ones of lower-rank exceptional field theories:

M(x, Y ) = U†(Y )M(x)U(Y ) , (9a)

ρ(x, Y ) = r(Y )%(x) , (9b)

where M(x) and %(x) encode the scalar fields of (gauged)
maximal supergravity. Equation (9) needs to be supple-
mented by a reduction ansatz for the constrained scalar

〈χ|. This is determined such that the shifted current
splits into

〈J−α | U−1 ⊗ UTαU−1 = (10)

〈W−α | ⊗ Tα + %−2〈W+
α | ⊗M−1Tα†M .

A non-vanishing 〈ϑ| induces a gauging of L0, which
is only an on-shell symmetry and the resulting gauged
supergravities do not admit a Lagrangian description,
in analogy with trombone gaugings in higher dimen-
sions [45]. We will henceforth focus on Lagrangian gaug-
ings, so that 〈ϑ| = 0. One can then choose 〈W−α |Tα = 0
without loss of generality, thereby simplifying the fi-
nal expression of the scalar potential. By plugging the
ansatz (9) and (10) into the potential of exceptional
field theory (4), we compute the scalar potential of two-
dimensional gauged maximal supergravity:

%Vpot =
1

2%2
〈θ|M−1|θ〉+

1

2
η−2αβ〈θ|TαM−1T β†|θ〉

+
%2

2
η−4αβ〈θ|TαM−1T β†|θ〉 , (11)

up to total derivatives. It is non-trivial that the potential
can be fully expressed in terms of the quantities (8). The
expression (11) is one of the two main results reported in
this letter. It defines, for the first time, the scalar poten-
tial of all two-dimensional gauged maximal supergravi-
ties admitting a geometric uplift to higher dimensions.
As a cross-check, we have verified that it reproduces the
potential of all three-dimensional gauged maximal super-
gravities also admitting an uplift.

Consistent Kaluza–Klein truncation on S8

In order to illustrate the usefulness of the generalized
Scherk–Schwarz procedure and of the general scalar po-
tential (11), we now construct the consistent truncation
of type IIA supergravity on S8 (or equivalently, of eleven-
dimensional supergravity on S8×S1). It leads to a gaug-
ing of D = 2 maximal supergravity that includes an
SO(9) subgroup of E9 that is not contained in E8. This
case relates to previous studies [16, 18] using a different
approach. To define the gauging we must give the twist
matrix U in (9a) whose Weitzenböck connection deter-
mines the embedding tensor components (8). The corre-
sponding ansatz for the twist matrix involves an SL(9)
subgroup of E9 containing the SO(9) gauge group. This
SL(9) is conjugate under E9 to the one that acts on the
T 9 compactification of D = 11 supergravity. The two
share a common GL(8) subgroup containing the struc-
ture group of the S8 compactification manifold.

The dual of the basic representation decomposes as

9 4
9
⊕ 36 7

9
⊕ 126 10

9
⊕
(
9⊕ 315

)
13
9

⊕ (36⊕ 45⊕ 720) 16
9
⊕ . . . (12)
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under this SL(9), where the subscripts denote the eigen-
values with respect to a redefined Virasoro generator L0.
It is determined such that it commutes wih SL(9) instead
of E8. We write the basis vectors of the first two SL(9)
representations in (12) as

〈0|I , 〈 13 |
IJ = 〈0|KTIJK1/3 , (13)

where I, J are fundamental SL(9) indices and TIJK1/3 ( 1
3

being the L0-eigenvalue) is the first raising operator in E9

decomposed under this SL(9) and is fully antisymmetric
in its indices. The solution to the section constraint that
is relevant for our examples consists in breaking SL(9)→
SL(8) and keeping eight out of the 367/9 → 8⊕ 28 com-

ponents of 〈 13 |
IJ . For a further embedding in D = 11 one

can add one more Kaluza–Klein circle whose coordinate
is the singlet in 4516/9 → 1⊕ 8⊕ 36.

The E9 representation (12) not only governs the coor-
dinates but also the embedding tensor components. We
find a generalized Scherk–Schwarz ansatz for an embed-
ding tensor defined as a symmetric tensor ΘIJ in the
4516/9. The gauge group stabilizes the embedding ten-
sor and when ΘIJ = gδIJ , with g the gauge coupling, we
get SO(9) ⊂ SL(9) gauged supergravity.

We choose the (inverse of the) twist matrix as

U−1 = rL0esK u−1 , (14)

where u is an element of SL(9). Computing the
Weitzenböck connection corresponding to the twist ma-
trix (14), one can work out the components of (8). They
simplify to finite expressions which are still a bit unwieldy
but simplify further when using the standard sphere re-
duction ansatz [10, 12] for the SL(9) matrix u. The latter
can be written using nine embedding coordinates yI of a
round S8 in a nine-dimensional ambient space as

(u−1)iI = (det g)1/9
(
gij∂jyI + ciyI

)
, (15a)

(u−1)0
I = (det g)−7/18yI . (15b)

Here gij is the induced metric on S8 and we have split
I = (0, i); ci is the 7-form type IIA gauge potential,
satisfying ∂i

(
(det g)1/2ci

)
= 7(det g)1/2. The solutions

for r and s appearing in the twist matrix are given by

r = (det g)1/2 , es =
g

14
(det g)7/18 . (16)

This ansatz requires 〈w+| = 0. Alternatively, one could
reabsorb ci into a non-vanishing 〈w+|, something that is
not possible for lower-dimensional spheres and is related
to the fact that the eleven-dimensional uplift of ci is a
component of the dual graviton.

With these choices we obtain the following embedding
tensors

〈θ| = − g

56
δIJ〈 13 |

KITJ1K , 〈ϑ| = 0 , (17)

which reproduce the embedding tensor of the SO(9)
gauging. These expressions straightforwardly generalize
to SO(p, q) and CSO(p, q, r) gaugings, corresponding to
other signatures of ΘIJ in the 4516/9 [17, 18, 46].

For evaluating the potential (11) on (17) we must also
parametrize the supergravity scalar fields, i.e. M(x) =
V †V in (9a), where V is the coset representative on
E9/K(E9). This takes a form similar to (14)

V −1 = · · · eh
I
JT

I
−1 J e

1
6a

IJKT− 1
3

IJK%L0eσK v−1 , (18)

where now v labels the supergravity fields in our SL(9)
and aIJK is anti-symmetric in its indices and couples to
the first lowering generator of E9 outside the loop alge-
bra of SL(9). The fields associated to all generators not
shown explicitly in (18) drop out of the potential, includ-
ing the one associated to TIJK−2/3. Substituting this into

the general potential (11) leads to the following scalar
potential for SO(9) gauged supergravity

Vpot =
g2e2σ

2%3
δIJδKL

((
2mIKmJL −mIJmKL

)
+

1

2
%−2/3

(
aIPQaKRSmJLmPRmQS − 2aIKPaJLQmPQ

)
+ 2%−2hIPh

K
Qm

Q[PmJ]L + %−8/3aIPRhJPa
KQShLQmRS

+
%−2

72
hJPa

KQ1Q2aLQ3Q4aQ5Q6Q7εQ1...Q9
mIQ8mPQ9

+
3

8
%−4/3aI[M1M2aM3M4]JaK[N1N2aN3N4]LmM1N1

mM2N2
mM3N3

mM4N4

+
%−2

2 · 1442
aIN1N2aJN3N4aN5N6N7εN1...N9

aKP1P2aLP3P4aP5P6P7εP1...P9
mN8P8mN9P9

+
%−8/3

576
aIRPhJRa

KN1N2aLN3N4aN5N6N7aN8N9QεN1...N9
mPQ

+
%−8/3

11522
aIN1N2aJN3N4aN5N6N7aN8N9QεN1...N9a

KP1P2aLP3P4aP5P6P7aP8P9SεP1...P9mQS

)
. (19)
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This potential agrees with the one that can be deduced
from [18, Eq. (4.22)] up to conventions. The main result
here is the constructive proof that appropriate extrem-
ization of this potential yields solutions that all uplift to
vacua of eleven-dimensional supergravity. Here, m = v†v
encodes the metric on S8, the dilaton and the type-IIA
seven-form, while aIJK encodes the type-IIA two-form
and five-form. One can straightforwardly uplift further to
D = 11, but the reader should be warned that aIJK is not
the three-form on the nine-dimensional space. The fields
hIJ are auxiliary fields and they only appear through the
anti-symmetric combination δP [Ih

P
J]. Integrating them

out generates the two-dimensional Yang–Mills term for
SO(9). The 128 propagating degrees of freedom are de-
scribed by mIJ and aIJK [18].

When looking for “vacuum” solutions based on the
scalar potential (19), one must take into account that
the conformal factor σ of the D = 2 metric as well as the
dilaton % are necessarily running. One must then extrem-
ize only with respect to the loop scalars to find dilaton-
supported configurations. The simplest extremum is
given by aIJK = hIJ = 0 and mIJ = δIJ . It consis-
tently uplifts to the warped AdS2 × S8 × S1 half-BPS
solution in D = 11 [16, 18]. Supersymmetry implies
stability of this solution, and one indeed checks that de-
spite some negative signs in the potential the appropriate
Breitenlohner–Freedman bound is respected for all modes
in the two-dimensional theory.

The results of this letter open a new window on the
study of AdS2 vacua and matrix model holography. The
generalized Scherk–Schwarz ansatz (6), (9) and the scalar
potential (11) allow for a systematic search of new consis-
tent truncations to two-dimensional gauged supergravi-
ties with interesting extrema. Besides the analysis of the
two-dimensional fluctuations, the explicit uplift ansatz
enables one to analyse the full Kaluza–Klein spectrum in
eleven dimensions using the techniques developed in [14].
This would provide a streamlined re-derivation of previ-
ous results [24] and allow for a straightforward general-
ization to less symmetric vacua, thus paving the way to
precision tests for AdS2 holography.

We wish to thank B. König, H. Nicolai and H.
Samtleben for discussions. This work was supported by
the European Union’s Horizon 2020 research and innova-
tion programme (grant agreement No 740209). AK and
FC gratefully acknowledge the hospitality of Ecole Poly-
technique while part of this work was carried out.
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